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ABSTRACT 

 

Periodontium is the supporting tissue for teeth and is composed of alveolar bone, 

periodontal ligament (PDL), gingiva and cementum. Periodontal tissues are known to 

undergo constant turnover supported by the stem cell population. However, this process 

remain poorly understood because of the failure to identify and locate periodontium 

mesenchymal stem cells (MSCs) in vivo. Advanced periodontitis, which results in 

periodontium impairment (including alveolar bone loss and PDL space enlargement), is 

a major cause of tooth loss in adults. However, why MSCs fail to maintain periodontium 

integrity in infectious conditions is largely unknown.  

The goal of my thesis was to test a dual hypothesis: the transcription factor 

glioma-associated (Gli1) + cells surrounding the neurovascular bundle (NVB) inside 

PDL are periodontium MSCs, which play a critical role in periodontal tissue turnover 

and injury repair under the control of Wnt-ß-catenin signaling. Secondly, during 

periodontitis pathogenesis, the bioactivity of Gli1+ periodontium MSCs is compromised. 

To test the hypothesis, we used newly developed tissue clearing and multiple imaging 

techniques in Gli1-CreERT2; Ai14 transgenic fluorescent reporter mice line, plus the 

conditional knockout strain in combination with the  ligation-periodontitis model. Our 

key findings were:  1). The newly developed tissue clearing method revealed a three-

dimensional view of Gli1+ MSCs distribution in adult mouse molar periodontium for the 

first time. 2). The Gli1+ cells surrounding NVB are periodontium MSCs, which actively 

maintain periodontium integrity during the animal`s adult stage. Likewise, to facilitate 

this integrity, 3). Wnt signaling is essential in the regulation of Gli1+ MSCs. However, 
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we also discovered that a loss of ß-catenin within the Gli1+ MSCs (Gli1-CreERT2; ß-

catenin loxP; Ai14 line) leads to severe periodontal tissue defects. For example, 4). over-

activated Wnt signaling within Gli1+ MSCs (Gli1-CreERT2; ß-catenin-(Exon3) loxP; 

Ai14 line) leads to periodontium overgrowth in vivo. 5). Periodontitis also inhibits Gli1+ 

MSC' activation and lineage commitment activity. 6). Accordingly, chronic periodontitis 

compromises Gli1+ MSC maintenance. In addition to the issues above, PDL vasculature 

is compromised in advanced periodontitis. 8). Lastly, we found out that Wnt signaling 

activity is downregulated during periodontitis while 9) over-activation of Wnt signaling 

within Gli1+ MSCs restores normal periodontal morphology.  

Overall, our study found a reliable in vivo marker to label adult mouse molar 

periodontium MSCs and successfully localized them for the first time. Therefore, our 

work provides an effective animal model to further study the in vivo response of 

periodontal MSCs on pathological conditions, thereby providing insight for treatment 

planning in dental clinics. We further demonstrated the impact of infectious periodontitis 

on Gli1+ MSCs and revealed part of the mechanism behind the persistence of advanced 

periodontitis. 



 

iv 

 

ACKNOWLEDGEMENTS 

At this moment, all of my memories resurfaced in my mind. I still remember the 

first day I came here knowing nothing about my upcoming life. I was freaked out. 

However, Nancy toured me around the building and introduced me to a big warm family. 

Suddenly, I felt relieved. Everybody was so nice. The seniors helped me fit in with the 

environment and professors were supportive. All of the faculty was ready to assist you at 

any time. On the first day, I could really see myself enjoying the next four years of Ph.D. 

study life. 

I would like to thank my Ph.D. advisor, Dr. Hu Zhao for supporting me during 

the past four years. Dr, Zhao is a talented, ambitious, and knowledgeable young scientist. 

Under his guidance, I realized how charming science could be. He took me to numerous 

lectures and I had the opportunity to meet and know many outstanding scientists in 

various fields. My horizons were broadened and I really learned a lot. Though I made a 

multitude of mistakes during the past three years, Dr. Zhao has always patiently taught 

me and helped me with troubleshooting. I'm very grateful for his scientific advice, 

insightful discussions, and suggestions. He has been so supportive and gave me the 

freedom to pursue my career dream. I really appreciate his support no matter if I go back 

to China for a job interview or travel for dental school interviews. 

I would also like to thank my committee members for their guidance and support 

throughout the whole course of this research. Dr. Jian Q. Feng’s positive attitude on life, 

and research affects me considerably. He has offered many constructive suggestions not 

only about research but also regarding my future career plans. Dr. Lynne A. Opperman, 



 

v 

 

our department head, has been taking good care of not only myself but all graduate 

students. Her wisdom and elegant speech, behavior, and attitude are what I need to learn 

in my entire lifetime.  She consistently gave great advice during the committee meetings. 

Furthermore, her insight always inspired me to think about this project in another 

perspective. She demonstrated great efforts in teaching me how to write a decent 

proposal and perform a clear oral presentation as well. In addition, Dr. Yongbo Lu’s 

kind heart and rationality have inspired me to do better. He is always available for all of 

the students and he cares about them. I still remember once I asked a question in a 

seminar and the entire audience including even the invited speaker did not take it 

seriously. Yet, Dr. Lu found me after the seminar and told me his viewpoints- that was 

touching.  

Likewise, our program director, Dr. Kathy Svoboda, has been helpful in 

providing advice many times during my graduate school career. She has helped to 

guarantee the graduation process for my fellow classmates and I. Her work included 

teaching us us how to write, present, and conduct experiments appropriately. Dr. Larry L. 

Bellinger, Associate Dean for Research & Graduate Studies, also helped to ensure 

scientific research goes on smoothly here. Moreover, Dr. M. Douglas Benson used to 

help perform spinal cord injury for us. His humor and meticulous attitude about research 

impress me greatly. Moreover, he helped me substantially with my preliminary exams. 

Besides, Dr. Xiaohua Liu and I often talked during lunchtime in the break room. He has 

been really nice and gave me some suggestions about my career development. Next, I 

can tell Dr. Chunlin Qin is a very responsible mentor. Each time we met in the elevator 



 

vi 

 

or the hallway, "How's everything going on?" was always the first thing he asked. When 

I complained about stress, he provided useful ideas. Dr. Qian Wang and I also had a 

wonderful research trip in Puerto Rico. Further, I rotated in Dr. L-Bruno Ruest`s lab 

during my very first semester. He taught the very basic but important genotyping and 

cryo-sectioning techniques. In addition, Dr. Hua Zhang and Dr. Shuzhen Wang have 

also been so gentle and considerate. Meanwhile, Dr. Groppe`s lessons were inspiring and 

cultivated our critical thinking ability. Besides, Drs. Tao, Kramer, and Xiaofang Wang`s 

care and compliments really cheered me up. The department is so supportive and lovely- 

it wouldn`t be like that without the service of Nancy, Marge, Jeanne, Valeria, Darla, Kim, 

Richard, Jill, and Willie. 

Thanks also go to my lab mates. Dr. Yi Men was a postdoc in our lab. We had 

discussions with each other and came up with good ideas. Dr. Shiwen Zhang not only 

helped me with lab work but was a good listener when I felt stressed and disappointed. 

Yating Yi and I collaborated in another project and supported each other when facing an 

overwhelming workload. Furthermore, I co-authored a paper with Dr. Dian Jing and we 

worked together in a big project. She let me know how to handle interpersonal 

relationships as well. Secondly, the short-term visiting students Sirong Shi and Xiaoru 

Shao helped everyone in the lab perform genotyping and change medium. 

I also thank Dr. Wooping Ge, a collaborator from UT Southwestern Medical 

Center. Our lab had a joint meeting with his lab many times and he offered constructive 

suggestions about our projects. Accordingly, I appreciate all the efforts of his lab 

members: Dr. Xiaofei Gao, Dr. Fei Cheng, Dr. Yihui Wang, and Dr. Hong Wang. Dr. Bo 



 

vii 

 

Shen, (also from UTSW) helped enormously with flow cytometry experiments and 

microCT scanning.  

To be honest, I encountered lots of tough situations during my four years of study 

life. I suffered from a heavy workload and complicated interpersonal relationship issues. 

I could not pull through without my friends' support. Bei Chang and I have been 

classmates for over ten years. We turned pretty close when we both came to TAMU 

College of Dentistry and shared our pleasures and troubles. She has always been there to 

support and help me. Ke Wang, Yongxi Liang, and I had a happy time in the student 

office together. Next, I want to thank Runyi Mao for listening to my complaints patiently 

each time we went for dinner. Another important group was Jingya Wang, Chi Ma, Yan 

Jing, Ju Wang, Zhiai Hu, Xudong Xie, Yuanchao Li, Ruixin Wu, Lu Han, and Hui Li 

who all taught me research techniques. I would also like to thank the entire population of 

graduate students in the program for their company. Too many to list here but you know 

who you are! 

Finally, I really want to thank family members: my mother, father, sister, 

brother-in-law, and nephew for their unconditional love and care. Without them, I 

wouldn’t have been able to pursue my dream in such a carefree environment. I love them 

so much and I would not have made it this far without them. They are the ones who 

always love me no matter how mean I was sometimes. They are my spiritual pillar. Also, 

I want to thank Adrian N. Morales for backing me up and encouraging me to stand up 

for myself. His advice and guidance led me to maturity. 



 

viii 

 

CONTRIBUTORS AND FUNDING SOURCES 

Contributors 

This work was supervised by a thesis committee consisting of Dr. Hu Zhao 

[advisor, Department of Restorative Sciences], Dr. Jian Q. Feng [Department of 

Biomedical Sciences], Dr. Lynne A. Opperman [Department of Biomedical Sciences], 

and Dr. Yongbo Lu [Department of Biomedical Sciences]. 

The work conducted for section one and two was completed by a cooperation 

between Dr. Yi Men (postdoc in our lab) and I. Flow cytometry of Gli1+ MSCs relative 

number counting was performed by Dr. Bo Shen of UTSW. All other work was 

conducted independently by the student. 

Funding Sources 

This work was made possible in part by the Department of Biomedical Sciences 

as well as Department of Restorative Sciences under the NIH/NIDCR K08 

(K08DE025090) and NINDS R21 (5R21NS099950) grant. Its contents are solely the 

responsibility of the authors and do not necessarily represent the official views of the 

National Institutes of Health.  



 

ix 

 

NOMENCLATURE 

MSCs                Mesenchymal Stem Cells  

CD                    Cluster of Differentiation  

DPSCs              Dental Pulp Stem Cells 

SHED               Stem Cells of Human Exfoliated Deciduous Teeth  

PDLSCs            Periodontal Ligament Stem Cells  

SCAP                Apical Papilla Stem Cell  

DFSCs              Dental Follicle Stem Cells 

GMSC              Gingival Mesenchymal Stem Cells   

TGF-β1             Transforming Growth Factor-β1  

FGF-2               Fibroblast Growth Factor-2  

HA                    Hydroxyapatite   

TCP                  Tricalcium Phosphate   

DSPP                Sialophosphoprotein 

Oct-4                Octamer-Binding Transcription Factor 4 

PDL                  Periodontal Ligament  

PDLMSCs        Periodontal Ligament Mesenchymal Stem Cells 

αSMA               Alpha Smooth Muscle Actin  

Axin2               Axis Inhibition Protein 2  

DSCs                Dental Stem Cells  

NVB                 Neurovascular Bundle  

NG2                 Neuron-Glial Antigen 2  



 

x 

 

SCA1               Spinocerebellar Ataxia Type 1 

THY1              Thy-1 Cell Surface Antigen 

IHH                  Indian Hedgehog  

SuMSCs            Suture Mesenchymal Stem Cells  

BMP                  Bone Morphogenetic Protein 

CXCL12           C-X-C Motif Chemokine Ligand 12 

SHH                  Sonic Hedgehog 

SCF                   Stem Cell Factor 

TGFß                Transforming Growth Factor   

PCP                   Planar Cell Polarity 

Lgr5                  Leucine-Rich Repeat-Containing G-protein Coupled Receptor 5 

Rac1                 Ras-Related C3 Botulinum Toxin Substrate 1  

RhoA               Ras Homolog Gene Family, Member A  

PKC                 Protein Kinase C  

JNK                  c-Jun N-Terminal Kinases  

FzD                  Frizzled 

FYN                 Proto-Oncogene Tyrosine-Protein Kinase 

LRP                 Lipoprotein Receptor-Related Proteins  

APC                 Adenomatous Polyposis Coli  

CK1                 Casein Kinase1 

GSK3              Glycogen Synthase Kinase 3  

Dvl                  Disheveled Protein  



 

xi 

 

TCF                 T Cell Factor 

LEF                 Lymphoid-Enhancing Factor 

ROR2              Tyrosine Kinase-Like Orphan Receptor 2 

RYK                Receptor Tyrosine Kinase  

DAMM1         Disheveled Activator of Morphogenesis 1  

JNK                 c-Jun Amino-Terminal Kinase  

PLC                 Phospholipase C  

IP3                  Inositol Triphosphate 3 

DAG               Diacylglycerol  

PIP2                Phosphatidylinositol-4,5-Bisphosphate 

ER                   Endoplasmic Reticulum  

CaMKII          Calmodulin-Dependent Protein Kinase II 

NFAT             Nuclear Factor of Activated T-Cells 

MAPKs          Mitogen-Activated Protein Kinases  

TAK1             TGF- Activated Kinase 1  

NLK               Nemo-Like Kinase  

LEF1              Lymphoid Enhancer-Binding Factor 1  

STAT3           Signal Transducer and Activator of Transcription 3  

EMT               Epithelial–Mesenchymal Transition  

HF-MSCs       Hair Follicle Mesenchymal Stem Cells 

Dkk3              Dickkopf3  

TCF-4            Transcription Factor 4   



 

xii 

 

IFE                 Interfollicular Epidermal  

p21Cip1/Waf1        Cyclin-Dependent Kinase Inhibitor 1  

sFRP4            Secreted Frizzled-Related Protein 4   

BIO                6-Bromo-Indirubin-3’-Oxime  

MHC               Major Histocompatibility Complex   

NF-κB             Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells  

TLR                Toll Like Receptor  

IL-1                 Interleukin 1   

MYD88          Innate Immune Signal Transduction Adaptor  

Hsp70s           70 Kilodalton Heat Shock Proteins  

PRRs              Pattern Recognition Receptor  

PAMPs          Pathogen-Associated Molecular Patterns  

NLRs             Nucleotide-Binding Oligomerization Domain-Like Receptors  

RLRs             Retinoic Acid-Inducible Gene-I-Like Receptors  

CLRs             C-Type Lectin Receptors  

AIM2             Absence in  Melanoma 2  

DNA              Deoxyribonucleic Acid  

LPS                Lipopolysaccharides  

TNFα             Tumor Necrosis Factor   

TIR                Interlukin-1 Receptor  

IRAK-4         IL-1 Receptor-Associated Kinase-4  

TRAF6          TNF Receptor Associated Factor 6  



 

xiii 

 

TAK1            Transforming Growth Factor Beta-Activated Kinase 1 

IKK                IκB Kinase  

MKKs            Mitogen-Activated Protein Kinases Kinase  

MAPKs          Mitogen-Activated Protein Kinase  

ERK               Extracellular Signal-Regulated Kinases  

TRIF               TIR-Domain-Containing Adapter-Inducing Interferon-β  

IRF3                Interferon Regulatory Factor 3  

BM-MSCs       Bone Marrow Mesenchymal Stem Cells 

AD-MSCs        Adipose Mesenchymal Stem Cells 

mRNA             Messenger Ribonucleic Acid 

GSK-3           Glycogen Synthase Kinase 3 

PGE2               Prostaglandin E2  

AKT                Protein Kinase B   

PI3Ks              Phosphoinositide 3-Kinases  

LRRFIP2        Leucine-Rich Repeat Flightless-Interacting Protein 2  

DAMPs          Damage Associated Molecular Patterns  

LRR                Leucine-Rich Repeat   

CARD            Caspase Recruitment Domain  

PYD                Pyrin Domain  

NLRA             Acidic Transactivating Domain  

RIP2               Receptor-Interacting Protein Kinase 2  

BIRs               Baculovirus Inhibitor Repeats   



 

xiv 

 

ASC               Speck-Like Protein  

MCP-1           Monocyte Chemoattractant Protein 1  

hUCBMSCs   Human Umbilical Cord Blood-Derived Mesenchymal Stem Cells    

LYPD6           Ly6/PLAUR Domain–Containing Protein 6   

FoxD3            Foxhead Box D3 Protein  

IFN                 Interferon  

XIAP              X-Linked Inhibitor of Apoptosis Protein  

FLIP               FLICE-Like Inhibitory Protein  

RUNX2          Runt-Related Transcription Factor 2  

COX2             Cyclooxygenase-2  

ROS               Reactive Oxygen Species   

NADPH         Reduced Form of Nicotinamide Adenine Dinucleotide Phosphate   

NOX4            NADPH Oxidase 4   

HIFs              Hypoxia-Inducible Factors  

NRX              Nucleoredoxin  

ECs                Endothelial Cells  

NFP               Neurofilament Protein  

DHH             Desert Hedgehog  

PFA               PFA Paraformaldehyde  

EDTA            Ethylenediaminetetraacetic Acid  

PBS               Phosphate-Buffered Saline  

RT                 Room Temperature 



 

xv 

 

PEGASOS    Polyethylene Glycol (PEG) Associated Solvent System 

EDTP            N,N,N',N'-Tetrakis(2-hydroxypropyl) Ethylenediamine 

TB                 Tert-Buturnol  

BB                 Benzyl Benzoate  

R.I                 Refraction Index 

NIR               Near-Infrared  

TIFF             Tagged Image File Format 

DAPI             4′, 6-Diamidino-2-Phenylindole 

PES                Polyethersulfone  

DMEM          Dulbecco’s Modified Eagle’s Medium  

3D                  Three Dimension 

PBST             Phosphate-Buffered Saline With Triton 

P1                  Postnatal Day 1 

SHG              Second Harmonic Generation  

PDGFR          Platelet-Derived Growth factor Receptor  

TGG              Trigeminal Ganglion  

NIH               National Institutes of Health 

NIDCR          National Institute of Dental and Craniofacial Research 

Micro-CT      Micro Computed Tomography 

ABL              Alveolar Bone Loss 

CEJ               Cementoenamel Junction 

AC                Alveolar Crest  



 

xvi 

 

H&E             Hemotoxylin and Eosin 

EdU              5-Ethynyl-2’-Deoxyuridine  

MI                 Myocardial Infarction  

FITC             Fluorescein Isothiocyanate  

TRITC          Tetramethylrhodamine  

HBSS            Hanks’ Balanced Salt Solution  

PCR              Polymerase Chain Reaction  

Cdh5             Vascular Endothelial-Cadherin  

NK                Natural Killer  

Tregs            Regulatory T Cells  

RANKL       Receptor Activator of Nuclear Factor Kappa-Β Ligand  

Pg                 Porphyromonas Gingivalis 

CMC            Carboxymethylcellulose  

CGRP          Calcitonin Gene-Related Peptide  

OCN            Osteocalcin  

COL-1         Collagenase 1  

PMNs          Polymorphonuclear Neutrophils 



 

xvii 

 

TABLE OF CONTENTS 

 

Page 

ABSTRACT .......................................................................................................................ii 

ACKNOWLEDGEMENTS .............................................................................................. iv 

CONTRIBUTORS AND FUNDING SOURCES .......................................................... viii 

NOMENCLATURE .......................................................................................................... ix 

LIST OF FIGURES .......................................................................................................... xx 

LIST OF TABLES .........................................................................................................xxii 

1. INTRODUCTION .......................................................................................................... 1 

1.1. Identified Dental and Craniofacial MSCs ....................................................... 1 
1.1.1. Dental MSCs (DSCs) ....................................................................... 2 

1.1.2. Craniofacial SuMSCs ....................................................................... 7 
1.2. Wnt Signaling Regulation in the MSCs Niche ................................................ 8 

1.2.1. Wnt Signaling Pathway .................................................................... 9 
1.2.2. The Function of Wnt Signaling in Regulating MSCs Activity ...... 12 

1.3. Wnt Pathway Regulation on MSCs During Tissue Infection........................ 16 

1.3.1. The Regulation of MSCs Through Crosstalk Between TLR 

and Wnt Signaling .................................................................................... 19 
1.3.2. The Regulation of MSCs Through Crosstalk Between NLRs 

and Wnt Signaling .................................................................................... 23 

1.3.3. Proinflammatory Cytokines and Their Impact on MSCs via 

the Wnt Pathway ...................................................................................... 25 

1.3.4. ROS and Their impact on MSCs via the Wnt Pathway ................. 26 

2. GLI1+ CELLS ARE PERIODONTIUM MSCS IN ADULT MICE MOLARS ......... 30 

2.1. Introduction ................................................................................................... 30 
2.2. Method and Materials .................................................................................... 34 

2.2.1. Animals and Tamoxifen Administration ........................................ 34 

2.2.2. Cryosection ..................................................................................... 34 
2.2.3. X-gal/ LacZ Staining Assay ........................................................... 34 

2.2.4. PEGASOS Tissue Clearing Method .............................................. 35 
2.2.5. Two-Photon Imaging and Image Analysis ..................................... 36 
2.2.6. The Periodontal MSCs’ Culture and in Vitro Differentiation ........ 36 
2.2.7. Immunofluorescent Staining .......................................................... 37 
2.2.8. Injury Assay ................................................................................... 38 



 

xviii 

 

2.3. Results ........................................................................................................... 38 
2.3.1. Gli1+ Cells Were Gradually Restricted to the Apical Region 

of Adult Molars During Postnatal Development ...................................... 38 

2.3.2. Gli1+ Cells Tightly Surrounded the Neurovasculature 

Bundle (NVB) and Multiplied Within PDL Along Vasculature .............. 39 
2.3.3. Gli1+ Cells Were Negative for Periodontium Lineage 

Differentiation Markers and Express Typical MSCs Markers in 

Vitro ......................................................................................................... 40 

2.3.4. Gli1+ Cells Expressed Typical MSC Markers and 

Underwent Multi-Lineage Differentiation in Vitro .................................. 41 
2.3.5. Gli1+ MSCs Contributed to Periodontium Physiological 

Turnover in Adulthood ............................................................................. 42 

2.3.6. Gli1+ Cells Supported Periodontium Tissue Injury Repair ........... 43 
2.3.7. Multipotent Gli1+ Cells Gave Rise to the Entire Molar 

Periodontium at the Young Age ............................................................... 43 
2.3.8. Gli1+ Cells Were the Primitive Stem Cell Population of the 

Adult Molar Periodontium ....................................................................... 44 

2.4. Discussion ..................................................................................................... 46 

3. CANONICAL WNT SIGNALING IS ESSENTIAL FOR PERIODONTAL 

MSCS REGULATION .................................................................................................... 49 

3.1. Introduction ................................................................................................... 49 
3.2. Materials and Methods .................................................................................. 51 

3.2.1. Animals and Tamoxifen Administration ........................................ 51 

3.2.2. X-Gal/ LacZ Staining Assay .......................................................... 51 
3.2.3. Micro-CT Scanning and Assessment of Alveolar Bone Loss ........ 52 
3.2.4. H&E Staining ................................................................................. 52 

3.2.5. EdU Incorporation Assay ............................................................... 53 
3.2.6. Confocal Imaging Assay ................................................................ 53 

3.2.7. Statistical Analysis ......................................................................... 54 
3.3. Results ........................................................................................................... 54 

3.3.1. Wnt Signaling Was Gradually Restricted to the Adult Molar 

Apical Region and Corresponded to Gli1+ MSCs Activity ..................... 54 
3.3.2. Blockage of the Canonical Wnt Pathway within Gli1+ 

MSCs led  to Deactivation and Severe Periodontium Tissue Loss .......... 55 
3.3.3. Constitutive Activation of Wnt Signaling Led to 

Periodontium Overgrowth and Enhanced Gli1+ MSCs Activation ......... 56 
3.4. Discussion ..................................................................................................... 57 

4. THE INHIBITORY REGULATION OF GLI1+ MSCS DURING 

PERIODONTITIS ............................................................................................................ 59 

4.1. Introduction ................................................................................................... 59 



 

xix 

 

4.2. Methods and Materials .................................................................................. 61 
4.2.1. Animals and Tamoxifen Administration ........................................ 61 
4.2.2. Ligation-Induced Periodontitis Model ........................................... 61 

4.2.3. Micro-CT Scanning and Assessment of Alveolar Bone Loss ........ 62 
4.2.4. Paraffin sectioning and H&E staining assay .................................. 62 
4.2.5. EdU Incorporation Assay ............................................................... 63 
4.2.6. Confocal imaging assay ................................................................. 63 
4.2.7. Real-Time PCR .............................................................................. 64 

4.2.8. X-Gal Staining ................................................................................ 65 
4.2.9. The FACS (Fluorescence-Activated Cell Sorting) Analysis 

of Gli1+ Cells Counting ........................................................................... 66 
4.2.10. PEGASOS Tissue Clearing Method ............................................ 66 

4.2.11. Statistical Analysis ....................................................................... 67 
4.3. Results ........................................................................................................... 67 

4.3.1. Periodontitis Compromised Gli1+ MSCs’ Contribution to 

Periodontal Tissue Through De-Activation ............................................. 67 
4.3.2. Chronic periodontitis inhibited Gli1+ MSCs maintenance ............ 70 

4.3.3. Vasculature Density was Reduced in a Periodontitis 

Situation ................................................................................................... 71 

4.3.4. Wnt Activity Was Down-Regulated During Periodontitis ............. 71 
4.3.5. Over-Activation of Wnt Signaling Partially Rescued Tissue 

Loss and Gli1+ MSCs Inhibition During Periodontitis ............................ 73 

4.4. Discussion ..................................................................................................... 74 

5. CONCLUSION ............................................................................................................ 78 

REFERENCES ................................................................................................................. 83 

APPENDIX A FIGURES ............................................................................................... 107 

APPENDIX B TABLES ................................................................................................ 127 

 



 

xx 

 

LIST OF FIGURES 

 Page 

Figure 1 Overview of the Canonical and Noncanonical Wnt Pathway .......................... 107 

Figure 2 TLR Pathway and NLR Pathway Including Their Modification to 

Wnt/ß-Catenin Signaling ................................................................................ 108 

Figure 3 Gli1+ Cells Were Gradually Restricted to the Apical Region of Adult 

Molars During Postnatal Development. ......................................................... 109 

Figure 4 Gli1+ Cells Tightly Surrounded the Neurovasculature Bundle (NVB) 

and Multiplied  Within PDL Along Vasculature ............................................ 110 

Figure 5 Gli1+ Cells Were Negative for Periodontium Lineage Differentiation 

Markers and Expressed Typical MSCs Markers in Vitro ............................... 111 

Figure 6 Gli1+ Cells Expressed Typical MSC Markers and Underwent 

Multilineage Differentiation in Vitro .............................................................. 112 

Figure 7 Gli1+ MSCs Contributed to Periodontium Physiological Turnover in 

Adulthood ....................................................................................................... 113 

Figure 8 Gli1+ Cells Supported Periodontium Tissue Injury Repair. ............................ 114 

Figure 9 Multipotent Gli1+ Cells Gave Rise to the Entire Molar Periodontium at 

a Young Age. .................................................................................................. 115 

Figure 10 Gli1+ Cells Were the Primitive Stem Cell Populations of Adult Molar 

Periodontium. .................................................................................................. 116 

Figure 11 Gli1+ Cells Were the Primitive Stem Cell Populations of Adult Molar 

Periodontium. .................................................................................................. 117 

Figure 12 Wnt Signaling was Gradually Restricted to the Adult molar Apical 

Region and corresponded to Gli1+ MSCs Activity. ....................................... 118 

Figure 13 Blockage of the Canonical Wnt Pathway Within Gli1+ MSCs Led to 

Deactivation and Severe Periodontium Tissue Loss ...................................... 119 

Figure 14 Constitutive Activation of Wnt Signaling Led to Periodontium 

Overgrowth and Enhanced Gli1+ MSCs Activation ...................................... 120 

Figure 15 Periodontitis Compromised the Contribution of Gli1+ MSCs to 

Periodontal Tissue Through Deactivation One Month After Ligation ........... 121 

file:///D:/thesis%20final%20Wenjing%20Luo.docx%23_Toc14512642
file:///D:/thesis%20final%20Wenjing%20Luo.docx%23_Toc14512642
file:///D:/thesis%20final%20Wenjing%20Luo.docx%23_Toc14512650
file:///D:/thesis%20final%20Wenjing%20Luo.docx%23_Toc14512650
file:///D:/thesis%20final%20Wenjing%20Luo.docx%23_Toc14512651
file:///D:/thesis%20final%20Wenjing%20Luo.docx%23_Toc14512651


 

xxi 

 

Figure 16 Chronic Periodontitis Compromised Gli1+ MSCs Lineage 

Commitment Activity ..................................................................................... 122 

Figure 17 Chronic Periodontitis Inhibited Gli1+ MSCs Maintenance ........................... 123 

Figure 18 Vascular Density was Reduced in a Periodontitis Situation .......................... 124 

Figure 19 Wnt Activity was Down-Regulated During Periodontitis. ............................ 125 

Figure 20 Over-Activation of Wnt Signaling Partially Rescued Tissue Loss and 

Gli1+ MSCs Inhibition During Periodontitis ................................................. 126 

 



 

xxii 

 

LIST OF TABLES 

 Page 

Table 1 Mice Line Information Used in Section 2 ......................................................... 127 

Table 2 Available Wnt Signaling Reporter Mice Strains ............................................... 128 

Table 3 Primer Sequences Used in Section 4 for the qPCR Assay ................................ 129 

 

 

 

 

 

 

 

 

 



1 

1. INTRODUCTION 

 

1.1. Identified Dental and Craniofacial MSCs 

Craniofacial tissue and tooth loss are a big issue in dental clinical practice, impacting 

patients' physiological and psychological health. Nowadays, regenerative therapy has become a 

hotspot in dental medicine research. Mesenchymal stem cells (MSCs) are promising therapy 

candidates. Namely, orofacial MSCs are ready to harvest. Their high proliferation rate and 

multipotency deem them a unique cell source for tissue engineering and cell-based therapies not 

only in dentistry but also in general 1 2 3 4 5. Recently, many  dental and craniofacial MSCs were 

identified, such as dental pulp stem cells (DPSCs) 6 2, stem cells from human exfoliated 

deciduous teeth (SHED) 7 3, periodontal ligament stem cells (PDLSCs) 4, apical papilla stem 

cells (SCAP) 5, dental follicle stem cells (DFSCs) 8 and gingival MSCs (GMSCs) 9 . Furthermore, 

to date there have been several dental stem cell banks for human use around the world. They are 

in the USA (Bioeden, Stem Save, Store a Tooth), Europe (Bergen, Future Health), India 

(Stemade Biotech), Japan (Teeth Bank, Advanced Center of Tissue Engineering, Hiroshima 

University, Nogoya University) and China (National Dental Stem Cells Bank, Taipai Medical 

University). However, only a few stem cell-based therapies were registered as clinical trials and 

none of them have been established as the standard protocol for oral and craniofacial tissue 

regeneration so far. This lack of knowledge is also experienced in other study settings which 

would benefit from the use of these cells.  

For instance, there are three minimal criteria based on previous studies to define MSCs in 

vitro, including trilineage differentiation ability, specific surface marker expression (such as 

CD73, CD90, or CD105), and adherence to a plastic plate 10 11. Yet, in vitro culture does not 

faithfully replicate an actual in vivo situation due to a different microenvironment 12. On the 
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other hand, a variety of MSCs derived from embryonic mesoderm were identified in situ such as 

bone marrow 13 , skeletal muscle 14, adipose tissue 15, endometrium 16, synovial membrane 17, 

menstrual fluid 18, umbilical cord blood 19 20 and bone 1 since around 2010. However, although 

lineage tracing and label-retaining techniques have become the gold standard for the in vivo 

identification of many other MSCs as of late 21, application in identifying dental and craniofacial 

MSCs remains deficient 22. In spite of the current problematic nature of craniofacial MSCs study, 

there is some background knowledge on dental pulp MSCs, which will be briefly explained in 

the next section.  

1.1.1. Dental MSCs (DSCs) 

1.1.1.1. DPSC 

The first identified dental MSCs were dental pulp stem cells (DPSCs) in the early 2000s 

from human adult third molar pulp 2. These cells were characterized by osteogenic, chondrogenic, 

and adipogenic differentiation ability together with highly active proliferation and self-renewal. 

Their in vitro expression profile indicates they are positive for typical MSC surface markers such 

as CD44/73/90/146/105 and Strol but negative for CD34, CD45, and CD14. In addition, under 

special conditions with transforming growth factor-β1 (TGF-β1) and/or fibroblast growth factor-

2 (FGF-2), DPSCs can differentiate into odontoblast-like cells 23. In fact, transplantation studies 

demonstrated that DPSCs generated functional dentin/pulp-like complexes in 

immunocompromised mice 2 24 25 when mixed with hydroxyapatite-tricalcium phosphate 

(HA/TCP) scaffolds. The newly formed pulp tissue is vascularized and the outer  dentin-like 

structure contains dentinal tubules and expresses sialophosphoprotein (DSPP) 2 26. Besides, 

DPSCs are found to form myoblast-like cells and induce endogenous axon guidance 27 28 29. For 

instance,  engrafted DPSCs can be involved in the treatment of stroke and heart infarction by 
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promoting neurogenesis, gliogenesis, vasculogenesis and muscle regeneration 30 31 32 33. 

Additionally, DPSCs have already been used to replace dead pulp tissue in patients after 

traumatic dental injuries. In fact, hDPSC implantation led to dental pulp regeneration with 

normally functioning blood vessels and sensory nerves during a twenty-four month follow up 

observation 34.  In addition to the MSCs found in human molar pulp, there are SHEDs, which 

differ from DSPCs in several ways.   

1.1.1.2. SHEDs 

SHEDs are stem cells isolated from human exfoliated deciduous incisor pulp 3. Their 

proliferation rate is much higher than bone marrow MSCs or DPSCs 2 35 36. Further, they highly 

express embryonic stem cell pluripotency markers including Oct4, Nanog, SSEA 3,4, TRA-1-60 

and TRA-1-81 as well as MSC markers CD105, CD146, Stro-1, and CD29, but are negative for 

CD31 and CD34 37. Moreover, SHED could undergo osteogenic, chondrogenic, adipogenic, 

neurogenic, myogenic, endothelial and odontoblastic differentiation 37 35. However, transplanted 

SHED can only give rise to odontoblast-like cells and dentin-like structure instead of complete 

dentin-pulp complex 2 3.  Though also derived from dental pulp, SHED displayed higher 

osteoinductive potential than DPSCs. Therefore, they are regarded as a possible cell source for 

calvaria and mandible bone defect repair 3 38 39 40. In addition, SHED have been discovered to 

express a nerve tissue-specific marker called nestin with an optimized induction medium and 

help treat neurodegenerative diseases 41 42. Another type of cell beyond SHEDs is SCAPs, which 

we will uncover with a focus on proliferation levels in comparison to DPSCs.  

1.1.1.3. SCAPs 

SCAPs are extracted from the apical papilla tissue which is loosely attached to human 

immature permanent teeth root apex. They are supposed to participate in root development. The 
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SCAP variety was discovered because of its strong STRO-1 expression activity 5. SCAP in vitro 

expression profile showed the expression of CD73, CD44, CD105, CD146, and CD166. They are 

able to give rise to odontoblast, osteoblast, neural cells and adipocytes 5 43. Compared with 

DPSCs, SCAPs are more robust in terms of proliferation level, migration ability and telomerase 

activity which may be related to developing tissue origin 5 44. SCAP is also majorly used in bio-

teeth root formation 5. Besides SCAPs, DFSCs play a large role in dental development.  

1.1.1.4. DFSCs 

The dental follicle is a loose mesenchymal connective tissue which surrounds the 

developing tooth at its early stage. This tissue houses cementoblasts, osteoblasts, PDL progenitor 

cells, and plays a critical role in whole tooth development. The first group of DFSCs was 

harvested from an impacted human third molar's dental follicle 8. They express MSC markers 

Notch1, STRO-1, nestin, CD105, CD44, and CD29 while being negative for hematopoietic 

markers CD34 and CD117 in vitro 45 8. DFSCs, like SCAP, are derived from developing tissue 

and are featured with high plasticity, stemness, and multipotency. They can give rise to 

osteoblasts, chondrocytes, adipocytes, cementoblasts, and neurons in vitro 8 46. Also, under 

proper culture conditions, DFPCs can differentiate into cementum 8. Moreover, both in vivo and 

in vitro models verified their potential in PDL regeneration 47. For instance, transplanted DFSCs 

could regenerate root-like tissue with pulp-dentin complex and PDL-cementum complex in the 

host alveolar socket in combination with dentin matrix and an  HA scaffold 46 48.  

1.1.1.5. GMSCs 

On the other hand, gingival MSCs have their own positives apart from DFSCs, such as an 

easy isolation from the gingiva lamina propria layer (with minimum discomfort to patients) via 

gingivectomy and de-epithelialization during standard periodontal surgeries 49. They highly 
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express pluripotency-related markers such as Oct-4, SSEA-4, and STRO-1 but with decreased 

expression of MSCs surface markers such as CD29, CD90 and CD105 50 9 51. Likewise, GMSCs 

have self-renewal capability. Their population doubling time is about thirty to fifty hours in vitro. 

Further, they are committed to osteoblastic, adipocytic, chondrocytic, endothelial, and neural 

directions 51 52 9. Various in vivo transplantation experiments in connection to these discoveries 

have been performed for skin wound healing, tendon and periodontal regeneration including 

alveolar bone, cementum and PDL 49. 

1.1.1.6. Mouse Incisor MSCs 

The above DSCs are isolated from human dental tissues and are mostly defined based on 

in vitro cellular properties. However, the response of MSCs in vivo to physiological and 

pathological conditions is more meaningful in terms of clinical application. The mouse incisor 

provides an excellent model for dental MSC study. It grows continuously throughout life, 

implying DSCs are highly active and respond quickly to inner and external stimulus 53.  

Generally, MSCs in any tissue or organ are heterogeneous, consisting of various sub-

populations with different molecular characteristics 54 55 56 57. Through lineage tracing analysis 

on transgenic mice, Gli1 was identified as one of the in vivo markers for mouse incisor MSCs. 

Gli1+ MSCs are located in the apical region surrounding the neurovascular bundle (NVB) 58 59. 

They actively proliferate following injury, while also giving rise to undifferentiated dental 

mesenchyme and odontoblasts. Correspondingly, Gli1+ mouse incisor MSCs are typically 

negative for CD44, CD146, CD105, CD73, NG2, or Sca1 in vivo; while under ex vivo culture, 

Gli1+ MSCs meet minimal criteria for expressing classic MSCs surface markers. Any 

subsequent population is under the regulation of sonic hedgehog (SHH), secreted by the sensory 
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nerves within the incisor mesenchyme. The blockage of the Hedgehog signaling pathway via 

denervation leads to dentin differentiation defects 59. 

Furthermore, NG2+ cells have been  found  surrounding all of the arteries inside the 

incisor 54. Lineage tracing results demonstrate that NG2+ pericytes represent a small portion of 

incisor MSCs or secondary progenitor cells because they can differentiate into odontoblasts 

during incisor growth and contribute to reparative dentin formation upon injury 54.  

In addition, flow cytometry indicates that CD90/Thy1+ cells accounted for 30% of 

incisor MSCs. Under tissue homeostasis, CD90/Thy1+ MSCs tend to be quiescent. Upon 

mechanical injury, they activate rapidly to re-establish incisor length60. 

1.1.1.7. PDLMSCs 

While the other aforementioned types of MSCs are important, PDLMSCs are especially 

promising due to their regenerative potential in animals and around titanium implants.  The first 

group of PDLMSCs was isolated from extracted human 3rd molar PDL in 2004 4 5. PDLMSCs 

show high levels of STRO-1, CD44, CD90, CD105, and CD146 expression during in vitro 

culture. They can form colonies on culture dishes and undergo multi-potential differentiation into 

osteoblasts, chondrocytes, adipocytes, neurons, and even hepatocytes 61. Actually, when 

transplanted into immunocompromised mice, these cells can re-establish PDL tissue 47. Also, in 

clinical trials, researchers have employed these cells to avoid dento-alveolar ankylosis or 

replacement resorption in delayed avulsed teeth transplantation 62. Accordingly, extensive 

research is ongoing to explore PDLMSC potential in periodontal disease treatments. Even to the 

present, transplanted PDLMSCs exhibit excellent periodontium regenerating capacity in mice, 

rats, dogs and mini-pigs 63 64 65. In addition,  some researchers have now started to apply 

autologous PDLMSCs in clinical trials to establish PDL attachment around titanium implants 
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plus treat intrabony and  peri-implant defects 66 67. Improved clinical outcomes and defect 

reconstruction hold great potential for PDLSCs as an exciting source for periodontal tissue repair. 

The first related study for PDLMSC in vivo identification was done by Roguljic et al in 

2013 68. In this paper, they concluded that αSMA+ cells could serve as periodontal progenitor 

cells giving rise to cementocytes and osteoblasts 68. Wnt-responsive Axin2+ cells have been 

found to be a quiescent population within PDL proper, but turn proliferative upon tooth 

extraction. This population migrates from the PDL remnant to the tooth extraction socket center 

and differentiate into osteoblasts and osteocytes 69. Recently, PTHrP+ cells have gained notice 

by being involved in mice molar root development by giving rise to PDL and alveolar bone 70. 

But αSMA+ cells’ labeling efficiency was fairly low even seven weeks after lineage tracing-only 

a small portion of periodontium was derived from them. Axin2+ cells’ expression is not specific. 

They were multipotential and widely expressed in adult mouse molars including osteoblasts, 

odontoblasts, PDL cells and so on. In fact, PTHrP+ cells contribution to adult periodontal tissue 

turnover is minor. Hence, all three of these in vivo markers for periodontal MSCs are not ideal. 

In this project, we aim to identify a reliable in vivo marker for adult molar periodontium MSCs 

which can precisely give rise to the whole periodontium in adult mouse molars effectively and 

efficiently.  

1.1.2. Craniofacial SuMSCs 

Most of the craniofacial bones share the same developmental origin with dental 

mesenchymal tissues—the cranial neural crest. Namely, craniofacial sutures are the major 

osteogenic sites during postnatal development. Gli1+ cells are found to be the suture MSCs 

(SuMSCs) supporting craniofacial bone physiological turnover and injury repair 71. Gli1+ cells 

do not express CD44, CD73, or CD146 in vivo but do express all of the typical MSC markers in 
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vitro and undergo tri-lineage differentiation. The specific ablation of Gli1+ cells caused 

craniosynostosis and severe osteoporosis. Further, Indian Hedgehog (IHH) from the osteogenic 

front regulates Gli1+ SuMSC. Blockage of the IHH signaling pathway leads to severe 

osteoporosis but no craniosynostosis, suggesting its regulation is limited to MSCs lineage 

commitment activity instead of maintenance 71. Further research indicates that bone 

morphogenetic protein (BMP)-IHH signaling synergistically balances Gli1+ SuMSCs mediated 

osteogenesis and osteoclastogenesis activity 72.  

Axin2 is another marker for the SuMSC population. In particular, Axin2 knockout causes 

premature suture closure in mice 73. Axin2+ cells have long-term self-renewal, clonal expanding, 

and differentiation abilities during calvarial development and homeostatic maintenance. These 

cells specifically reside in the suture midline, co-localized with slow-cycling cells. They are also 

highly responsive to calvaria injury. Lineage tracing analysis shows that Axin2+ cells constitute 

46% of cells residing in the skeletogenic mesenchyme and that number increases to 98% during 

damage-induced repair 74. All of the aforementioned activity can be impacted by the MSCs niche.  

1.2. Wnt Signaling Regulation in the MSCs Niche 

The stem cell niche is the microenvironment where stem cells reside, containing various 

critical regulating factors. Crosstalk between various niche signals keeps stem cells in a dynamic 

balance 75 76. Niche components include the perivascular nerve, endothelial cells, special 

megakaryocytes (which secrete various bioactive proteins such as SHH 59, SCF 77, CXCL12, 4 

78), and TGFß 79 to participate in MSC maintenance, quiescence, activation, lineage commitment 

activity, and so on. In fact, when niche components are ablated, stem cells fail to respond to 

tissue regeneration cues 80, underscoring the significance of the niche in dictating stem cell 

behavior 81. Additionally, tissue regeneration-based studies report that the majority of engrafted 
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MSCs die within days and the remaining small percentage is not enough to replace lost tissue 82. 

Therefore, the low survival percentage of transplanted MSCs could be ascribed to the niche loss 

during transplantation.  

Further, several lines of evidence suggest that a critical player in regulating the MSCs 

niche is a group of proteins encoded by the Wnt gene family which was previously known for 

influencing various stages of embryonic development and cell fate determination 83 84. In adults, 

Wnt has been proven to be important for MSC bioactivity in various types of mesenchyme 

tissues such as the maintenance of hair follicle MSCs 85, preservation of Lgr5+ intestinal stem 

cell proliferation and pluripotency, liver homeostasis 86, respiratory epithelial MSC renewal, and 

differentiation 87, 88  (which includes osteogenic differentiation of bone marrow MSCs 89). 

Besides these processes, there are many other factors which are influenced by Wnt.  

1.2.1. Wnt Signaling Pathway  

The Wnt protein family was first found in 1976 due to the fact that one gene mutation 

resulted in  Drosophila melanogaster wing loss 90.  Moreover, throughout  the past decades, 

researchers consistently found that the Wnt signaling cascade was important for embryonic 

development and tissue homeostasis in adulthood through regulating various cellular activities 

covering proliferation, survival, apoptosis, angiogenesis, and cell polarity 91 92. Thanks to 

extensive studies on Wnt signaling, two classical pathways have been well-established, including 

canonical and non-canonical pathways based on the difference of downstream responsive 

elements to Wnt ligands. Specifically, the canonical pathway is mediated by ß-catenin, playing 

indispensable roles in governing MSC activity. Until now, three non-canonical signaling 

pathways have been characterized: the planar cell polarity pathway (Wnt-PCP pathway) through 

Rac1 and RhoA, a Wnt/calcium pathway involving protein kinase C (PKC) and c-Jun N-terminal 
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kinases (JNK), and the Wnt5a/frizzled (FZD) pathway regulating tumor metastasis via proto-

oncogene tyrosine-protein kinase (FYN). Nevertheless, the Wnt signaling system is complicated 

by the presence of different subtypes including LRPs, WNTs, FZDs, regulatory inhibitors, 

interaction between canonical and non-canonical pathways, and crosstalk with other signaling 

pathways. Throughout the abundant varieties of Wnt, there are many signaling steps involved, 

which will be further explained in the following sections.  

1.2.1.1. Canonical Wnt Signaling 

The ß-catenin dependent canonical Wnt pathway appears to be evolutionarily conserved 

in both vertebrates and invertebrates and  plays a dual role in adherent junctions and 

transcriptional regulation 93 94 95. The receptors in Wnt signaling pathways include a single-pass 

transmembrane co-receptor LRP 5/6 and seven-transmembrane signaling receptor FZD. The key 

element is a destruction complex consisting of scaffold protein Axin, adenomatous polyposis coli 

(APC), and casein kinase1 (CK1). Without Wnt ligands, the destruction complex in the 

cytoplasm is activated to phosphorylate downstream ß-catenin. APC binds ß-catenin and CK1 

primes the protein for subsequent phosphorylation mediated by recruited glycogen synthase 

kinase 3 (GSK3) at threonine and serine residues. The phosphorylated ß-catenin is then 

degenerated by E3 ubiquitin ligase and transferred to proteasomes (Fig. 1B). With Wnt ligands 

bonded, disheveled (Dvl) protein is recruited by Fzd. Consequently, phosphorylated Dvl inhibits 

GSK3 through phosphorylation. Thus, ß-catenin is protected from GSK3-dependent 

phosphorylation. Unphosphorylated ß-catenin is then translocated into the nucleus where it 

displaces the co-repressor Groucho from the transcriptional factor Groucho/ T cell 

factor/lymphoid-enhancing factor (TCF/LEF) complex, thereby triggering the transcription of 

Wnt target genes which mediates MSCs' bioactivity 96 97 98 (Fig. 1A). 



 

11 

 

1.2.1.2. Non-Canonical Wnt Signaling 

Non-Canonical Wnt pathway research is ongoing. So far, two distinct pathways have 

been well-identified with different impacts on cell activities. One is the Wnt-PCP, pathway, 

which begins from Wnt binding to Fzd, either through a tyrosine kinase-like orphan receptor 2 

(ROR2) or a receptor tyrosine kinase (RYK). Similarly, Dvl is recruited and activated. The 

following cascade is mediated by the associated disheveled activator of morphogenesis 1 

(DAMM1) or Dvl associated small signaling G-protein Rac1. DAMM1 activates the small G-

protein Rho through a guanine exchange factor 49. Consequently, the downstream Rho-associated 

protein kinase is activated by a regulating cytoskeleton 99. Alternatively, Rac1 can activate 

transcription factors via c-Jun amino-terminal kinase (JNK) activation, which is involved in 

cytoskeleton modification as well as targeting  gene expression regulating cell survival, 

movement, and polarity 100 101 (Fig. 1C). 

Secondly, the Wnt-calcium pathway is involved in cell movement and cell adhesion 

regulation. For instance, phosphorylated Dvl triggers phospholipase C (PLC) activation and the 

formation of inositol triphosphate (IP3) and diacylglycerol 102 from the cell membrane 

component phosphatidylinositol-4,5-bisphosphate (PIP2). First, IP3 binds to its receptor on the 

endoplasmic reticulum (ER) membrane, resulting in the release of intracellular calcium 98 100 101. 

Calcium movement in cytoplasm then activates calcium-/calmodulin-dependent protein kinase II 

(CaMKII), which causes nuclear import attributed to an activated T cell family of transcription 

factors (NFAT) via mitogen-activated protein kinases (MAPKs) phsphyorylation 103. Meanwhile, 

DAG activates PKC and MAPKs which are all targeted at NFAT inside the nucleus to govern 

cell movement and adhesion. In addition, the non-canonical Wnt-calcium pathway has been 

reported to inhibit the canonical Wnt/b-catenin pathway, because CaMKII could trigger TGF-b 
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activated kinase 1 (TAK1) phosphorylation.  This action in turn enhances the activity of the 

nemo-like kinase (NLK), leading to lymphoid enhancer-binding factor 1 (LEF1) ß-catenin/DNA 

dissociation 104 (Fig. 1D). Recently, another special non-canonical pathway was been discovered 

to facilitate epithelial-mesenchymal transition in cancer 105. Upon Wnt5a ligand binding, Fzd2 

exclusively recruits and phosphorylates Dvl. The following activation and nuclear transportation 

pertaining to signal transducer and activator of transcription 3 (STAT3) by FYN triggers cell 

migration-related target gene expression. Consequently, abnormal cell migration occurs, which 

underlies EMT and tumor cell invasion responsible for tumor metastasis (Fig. 1E).  

1.2.2. The Function of Wnt Signaling in Regulating MSCs Activity 

While non-canonical signaling is connected to cancerous activity, canonical Wnt 

signaling is known to be one of the most critical stem cell niche regulating pathways for tissues 

such as the hair follicle, intestinal epithelium, respiratory epithelia and epidermis 106 107 108 109. 

For example, Wnt signaling is significant in the maintenance of hair follicle MSC (HF-MSC) 

undifferentiated status. Furthermore, Axin2 is the reporter protein of the canonical Wnt pathway 

found constantly expressed in the outer bulge of HF-MSC niche. Without Wnt, HF-MSCs lose 

their stemness and exit the quiescent phase to contribute to hair growth in the inner bulge, where 

most of the differentiated cells are located and Wnt inhibitor-Dickkopf3 (Dkk3) is localized 85. 

Short-range canonical Wnt signaling has been proven to be important for the preservation of 

Lgr5+ intestine stem cells via Wnts secreted by Paneth cells or Gli1+ cells 110, 111 86. Moreover, 

genetic disruption of the pathway's ultimate effectors TCF4 112 113 or β-catenin (Ctnnb1) 114 are 

associated with the demise of  intestinal crypts. Similarly, Dkk1 collapses intestinal architecture 

deriving from the counteraction to the Wnt cascade 115 116. Likewise, overactivation of the Wnt 

pathway increases intestinal stem cell numbers after the administration of Wnt agonist R-
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spondin-1(RSPO1) 105. Furthermore, recent investigation indicates that the Wnt targeted gene c-

Myc directly represses cell cycle inhibitor cyclin-dependent kinase inhibitor 1 (p21Cip1/Waf1), 

and thus facilitates mesenchymal stem cell proliferation 117. Expectedly, c-Myc ablation results 

in the exhaustion of intestinal progenitor cells as the result of G1 arrest and concomitant 

differentiation 118.  Moreover, Wnt/ß-catenin signaling is necessary for activation and 

proliferation of Axin2+ interfollicular epidermal (IFE) progenitor cells 119. These Axin2-

expressing cells produce Wnt signals as well as long-range secreted Wnt inhibitors, suggesting 

an autocrine regulatory mechanism for stem cell self-renewal 119. Correspondingly, SuMSCs 

express Axin2 and are characteristic of long-term self-renewal and clonal expansion during 

calvarial development and homeostatic maintenance 74. Not long ago,, an exogenous Wnt 3a 

protein delivered in the form of liposomes was found to accelerate craniofacial tissue healing 120 

98, which suggests a potential therapeutic strategy to promote MSC-based tissue regeneration via 

high levels of the Wnt signaling pathway 121. In the liver, Wnt proteins secreted by central vein 

endothelium are found to regulate adjacent Axin2+ cells for self-renewal g and liver homeostasis 

57. Similarly, Axin2+ -Wnt responsive cells are proven to contribute to lung epithelial self-

renewal and differentiation 87. Numerous studies underscore the importance of Wnt signaling as 

a powerful stem cell factor that controls stemness, self-renewal, and proliferation of multiple 

adult stem cell populations 122. What's more, the Wnt signaling pathway exerts non-identical  

impacts on MSCs tri-lineage differentiation 81. 

1.2.2.1. Wnt and MSCs Adipogenic Differentiation 

The Wnt signaling pathway inhibits MSCs adipogenic differentiation. It has been 

demonstrated that Wnt antagonists secreted frizzled-related protein 4 (sFRP4), and their 

associated Dkk1 expression level is higher in adipogenic differentiated MSCs than 
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undifferentiated MSCs 123.  One example of this concept is that a short 48 hour treatment with 

sFRP1 and sFRP4 on human MSCs was seen to upregulate adiponectin secretion 124 98. In clinics, 

a few researchers attempted to test out the relationship between Wnt activity, obesity, and 

diabetes. The sFRP4 level was concluded to be positively related to impaired glucose and 

triglyceride metabolism. Some researchers even use sFRP4 as a predictor of type II diabetes 

mellitus 125. Conversely, a previous study showed that GSK-3ß inhibitor-6-bromo-indirubin-3'-

oxime (BIO) could inhibit MSC adipogenesis as a result of enhanced Wnt signaling 126. In brief, 

all of this evidence depicts inhibitory regulation of Wnt on MSCs differentiation into adipocytes, 

implying the possibility to treat obesity with Wnt activators. However, this claim remains   under 

extensive investigation. 

1.2.2.2. Wnt and MSC Chondrogenic Differentiation 

Generally speaking, there are many controversies on the functions of Wnt pathways in 

MSC chondrogenesis, which may come from complicated interactions within the Wnt signaling 

network. On one hand, enhanced chondrogenesis activity on sFRP1-deficient mice highlights the 

positive effect of Wnt signaling on MSCs' chondrogenic differentiation 127. Activation of non-

canonical Wnt after Wnt5a ligand binding was also seen to induce the chondrogenesis of MSCs 

derived from the chicken wing bud 128. An in vitro study showed that overexpression of Wnt3a 

was associated with the chondrogenic differentiation of C3H10T1/2 murine mesenchymal cells 

129. Increase of pre-cartilage condensation in ex vivo MSCs cultured in the presence of Wnt5a 

protein further confirmed Wnt signaling's supporting effect on MSCs chondrogenesis 128.  Indeed, 

the related underlying mechanism of the procedure indicates Wnt5a activates non-canonical Wnt 

pathways but blunts the canonical one. On the other hand, one study reported reduced expression 

of chondrogenic-specific markers such as collagen II, Sox9, and aggrecan after continuous 
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treatment with Wnt1 protein for twenty-one days, while treatment with the Wnt antagonist Dkk1 

increased their expression in human adipose-derived MSCs 130. To make the matter even more 

complicated, many in vitro studies consistently emphasize the importance of suppressed Wnt 

signaling during chondrogenesis. For example, sFRP1 and Dkk1 could help with human MSC 

chondrogenesis at the initial stage indicated by enhanced glycosaminoglycan synthesis, Sox9, 

and type II collagen expression 131. These Wnt antagonists also exhibit a chondrogenesis-

promoting effect in long-term pellet cultures 132. Most of these conclusions are based on an in 

vitro study where the concentration of Wnt pathway regulators and the absence of other 

interacting pathways may be the reason behind the controversy. 

1.2.2.3. Wnt and MSC Osteogenic Differentiation 

Beyond the other functions above, it has been well-established that the Wnt signaling 

pathway is indispensable for MSC osteogenesis. The canonical Wnt signaling pathway activates 

differentiation of MSCs into osteoblasts 133. In addition, the disruption of Wnt signaling by 

targeted destruction of LRP5 in mice has been shown to promote osteoporosis and low bone 

mass phenotype 134, while its overexpression leads to a high bone mass syndrome 135. The Wnt/ 

ß-catenin signaling works as a "switch" favoring MSC osteogenesis at the expense of 

adipogenesis by modulating the availability of cell-type-specific transcription factors 136. 

Recently, Src homology region 2 domain-containing phosphatase-1(SHP1) was found to bind to 

GSK3, suppressing its kinase activity. Hence, SHP1 deficient mice (mev/mev) developed 

osteoporosis as a result of increased ß-catenin degradation by phosphorylated GSK3. Cultured 

bone marrow MSCs extracted from the mutant mice also displayed less osteogenesis and more 

adipogenesis 89. Further, Wnt antagonism has been reported to inhibit osteogenesis as expected. 

For instance, sFRP4 is reported to inhibit periodontal MSCs commitment to osteogenic 
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progenitor cells 137. Additionally, sFRP1 overexpression is found to inhibit in vivo bone 

formation 138 and deteriorate osteoblast and osteocyte apoptosis 139. Conversely, a lack of sFRP1 

reduces apoptosis, accelerates MSC osteogenic differentiation, enhances trabecular bone 

formation, and improves fracture healing 140, confirming the inhibitory effect of Wnt antagonists 

on osteogenesis. Besides, sFRP3 represses the non-canonical Wnt pathway through binding to 

Wnt5a, which in turn blocks Wnt5a's inhibitory effect on the canonical pathway, promoting 

osteogenesis 137. This fact further proves the positive regulation of the canonical Wnt pathway in 

MSCs osteogenic differentiation. Thus, the extensive crosstalk contributed by the Wnt signaling 

network during osteogenic differentiation can be considered when devising possible new 

therapeutic approaches for bone-related diseases.  

1.3. Wnt Pathway Regulation on MSCs During Tissue Infection 

MSCs have a niche homeostasis, which is influenced by inner and external 

microenvironments including pathogens, DNA damage, and metabolic stress. During 

homeostasis, the concerted action of local positive and negative regulatory niche signals helps 

keep adult MSCs in dynamic balance. However, if one stimulus goes beyond control, stem cells 

cannot maintain their normal function. For instance, microbiota are the external regulators which 

play a critical role in MSCs health. Furthermore, the absence of MHCII and a low expression 

level of class I endow MSCs with a low immunogenic properties, (which is also the basis of 

MSC tissue regeneration medicine 7), whereas tissue injury and the following healing process are 

accompanied by mild inflammation or even infection. Unexpected or prolonged infection always 

leads to tissue repair failure, suggesting implanted MSCs may be susceptible to the recipient`s 

immune system 137. Thus, irreversible tissue loss under serious tissue infection conditions defines 

the inhibitory effect of infection-related signals on MSCs.  In addition, MSCs seeded tissue 
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engineering shows low success rates in various tissues when injury sites are under severe 

infection despite the immunomodulatory properties. 

To clarify, coordinated and precise cross-talk between microorganic endotoxins, 

inflammatory cells, cytokines, regulatory signaling cascades, and MSCs is critical for the success 

of tissue regeneration during the damage repair process 141. Loss of harmony is associated with 

arrested MSC activity, which subsequently leads to wound healing defects, inflammatory 

disorders, and even malignant transformation 142. In particular, the regenerative capacities of 

endogenous or transplanted stem cells are significantly modified by the immune 

microenvironment at the injury sites 143 144 145. For example, it has been shown that recipient T 

cells negatively regulate autologous MSC mediated bone formation in mice and the NF-kB 

major transcription factor in both innate and adaptive immune response represses bone formation 

in rats 146. Likewise, lung tumor cell-derived exosomes could educate naïve MSCs into pro-

inflammatory MSCs (P-MSCs) by activating TLR2/IL1/MyD88 signaling through HSP70 147. 

Besides, radiation-induced injury produced damaged RNA strands, causing the death of crypt 

stem cells through TLR3 signaling 145. Hence, an in-depth understanding of patterns and how the 

infectious niche governs MSCs behavior could provide insight into therapeutic avenues for 

restoring damaged tissues efficiently and effectively 143 144. 

Despite the fact that more information is necessary on some parts of MSCs, the 

mechanisms of tissue infection have been well studied, thanks to the continuous efforts of 

immunology researchers.  Their work includes the recognition of typical pathogens, molecules, 

immune cell recruitment, inflammatory cytokines secretion, and molecular pathway interaction 

with local tissue cells such as MSCs. First, there are five classes of germline-encoded host-

pathogen sensors which are collectively termed pattern recognition receptor (PRRs). These 
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elements can recognize the specific molecules on microorganisms, which are named pathogen-

associated molecular patterns (PAMPs). However, PRRs include: (1) toll-like receptors (TLRs), 

which are transmembrane proteins located mainly at the cell surface (or in some cases, in 

endosomes), nucleotide-binding oligomerization domain-like receptors (NLRs) defined as 

intracellular sensors inside the cytoplasm, and (3) retinoic acid-inducible gene-I-like Receptors 

(RLRs) that are intracellularly located and are primarily involved in antiviral responses. PRRs 

also encompass: (4) C-type lectin receptors (CLRs), known as a carbohydrate-binding 

transmembrane receptor functioning in immune response to pathogens and apoptosis and (5) 

absence in melanoma 2 (AIM2)-like receptors specifically characterized by a pyrin domain and a 

DNA-binding HIN domain detecting intracellular microbial DNA. Each PRR triggers 

inflammatory pathways to fight against microorganisms in various forms, among which TLRs 

and NLRs are two key components in the innate immune response.  

Some researchers hold the opinion that MSCs age rapidly under long term infection. 

Consequently, those aged stem cells are reported with a down-regulated Wnt pathway, which 

implies the inhibitory regulation of infection on stem cells through the Wnt pathway 148. In fact, 

the TLR inflammatory pathway 149, inflammatory macrophages 150 and ROS 151 are reported to 

age or deplete the MSC population via Wnt signaling down-regulation. Moreover, some previous 

studies have indicated that the relationship between inflammatory signaling pathways and Wnt 

pathways may participate in the regulation of the immune system on MSCs. For example, tissue 

repair macrophages activate stem cells via Wnt pathway upregulation through secreting Wnt7b, 

Wnt10a,  and progenitor cells through Wnt3a 150.  
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1.3.1. The Regulation of MSCs Through Crosstalk Between TLR and Wnt Signaling  

1.3.1.1. TLR pathways  

TLRs are dominantly expressed on the membranes of leukocytes including dendritic cells, 

macrophages, natural killer cells, along with T and B lymphocytes. Until now, thirteen members 

of the TLR family have been identified, of which TLR1, TLR2, TLR4, TLR5, TLR6, and TLR11 

are expressed on the cell surface and TLR3, TLR7, TLR8, and TLR9 localize to the 

endosomal/lysosomal compartment. Notably,TLR12 and TLR13 are not found in humans 152. In 

spite of this variation, each TLR binds and becomes activated by different ligands. For example, 

LPS exclusively binds to TLR4 but TLR4 can be activated by many other pathogens. Further, 

TLR3 can be activated by PolyI:C- a mismatched double-stranded RNA in viral infection 153. 

Additionally, lipoteichoic acid 154, the immune-stimulant of Gram-positive bacteria, is 

recognized by TLR2. The downstream responsive adaptors are also different. Overall, TLR 

inflammatory pathways act via two major signaling cascades: a myeloid-differentiation primary-

response protein 88 (MyD88)-dependent pathway and a MyD88 independent pathway which acts 

via type I interferons 155. The dominant MyD88-dependent pathway originates from the 

cytoplasmic Toll/Interleukin-1 receptor (TIR) domain. Upon stimulation with extracellular 

PAMPs, MyD88 attaches to TLRs via the TIR domain and recruits IL-1 receptor-associated 

kinase-4 (IRAK-4) to TLRs. Then, the IRAK1/2/4 complex is connected to TNF receptor-

associated factor 6 (TRAF6) after phosphorylation, and goes on to activate transforming growth 

factor beta-activated kinase 1 (TAK1). This procedure leads to IκB kinase complex activation 156. 

Next, the downstream IκB kinase phosphorylates the inhibitory IκBα protein 157. This 

phosphorylation dissociates IκBα from NF-κB. The free NF- κB is able to migrate into the 

nucleus to activate target genes responsible for pro-inflammatory cytokines transcription, such as 
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pro-IL-1 ß or pro-IL-18. Enhancement of the same target genes’ transcription can also be 

mediated by activated mitogen-activated protein kinases kinase (MKKs) to phosphorylate 

mitogen-activated protein kinase (MAPKs), including c-Jun N-terminal kinase (JNK), 

extracellular signal-regulated kinases (ERK), and p38 158. Lastly, another related issue is that 

activation of MyD88-independent pathways occurs via TIR-domain-containing adapter-inducing 

interferon-β (TRIF) and TRAF3 when MyD88 is deficient. This action induces recruitment of 

IKKε/TBK1, phosphorylation of interferon regulatory factor 3 (IRF3), and expression of 

interferon-β (Fig. 2B). So far, the majority of TLR related inflammation is mediated by the 

MyD88-dependent pathway, whereas PolyI:C-TLR3 antiviral innate immunity is found 

independent on MyD88 159 as described in Fig. 2A.  

1.3.1.2. The Impact of TLR Signaling on MSCs and Interaction With the Wnt Pathway 

Foremost, TLR and IL-1R ligands are highly expressed in tissue injury and wound repair 

sites 160. TLR signaling substantially impacts the repair process 161.  Many in vitro studies have 

proven that MSCs express a number of TLRs. So far, consistent results have demonstrated 

expression of TLR 1, 2, 3, 4, 5, and 6 in adipose-MSCs and bone marrow-MSCs from both 

humans and mice at mRNA and protein levels, while inconsistent results have been reported on 

the expression of TLR 7 to 10 162. Besides, TLR/Myd88/ILR1 signaling inhibits BM-MSCs 

colony formation, proliferation, migration, and osteoblastic differentiation after activation by IL-

1b. Interestingly, BM-MSCs are more vulnerable to inhibitory effects of TLR/Myd88/ILR1 

signaling than osteoblasts 163. For instance, Pevsner-Fischer et al. found that TLR2 activation 

reduced mouse BM-MSC differentiation into the three mesodermal lineages 164. Likewise, the 

activation of the TLR4 or 2 pathway in a pro-inflammatory environment negatively regulates 

human AD-MSCs differentiation to adipocytes 165 166.  However, the effect of TLR pathways on 
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MSCs lineage commitment potential varies depending on different culture conditions, tissue 

origins, and species 164. Unfortunately, the most available evidence about the relationship 

between TLR pathways and MSCs is based on in vitro studies. MSC behavior in vivo in an 

inflammatory environment may be different. A good example of this scenario is the fact that in 

BMMSCs based calvaria regeneration, delivering Myd88-/- MSCs induced better regeneration 

compared to wild-type MSCs, while in vitro culture of Myd88-/- and wild-type MSCs showed 

equal ability to differentiate and proliferate 163.  

To complicate this matter further, it is well-known that the oral cavity is subjected to 

daily assault from external microbiota, which may result in periodontitis. In periodontitis, LPS 

could cause periodontal tissue degeneration in a dosage-time-dependent fashion 167, which 

indicates the failure of periodontal MSCs to support physiological turnover and pathological 

wound repair. Although, modulation of Wnt/b-catenin signaling helps attenuate periapical bone 

lesions 168. An in vitro study by Wang et al. demonstrated that LPS activated p38-MAPK and 

inhibited the canonical Wnt/b-catenin signaling pathway with an increased level of p38, c-Myc, 

cyclin D1 mRNA, and phosphorylated GSK-3b 169. In the wound repair process, PGE2 is 

released from neighboring apoptotic cells that activate the Wnt/b-catenin pathway in MSCs via 

Wnt3. Researchers also discovered LPS enhanced Wnt5a expression through the 

TLR4/MyD88/phosphatidylinositol 3-OH Kinase/AKT/NF-kB/MAPK pathway, based on an in 

vitro study of human dental pulp stem cells 170 171 and osteoblasts 172. However, there is a 

paradox about the Pg-LPS influence on dental MSCs' function and the mediating pathways. It 

has been shown that Pg-LPS modified periodontal ligament stem cells' lineage commitment in 

inhibiting osteogenesis and stimulating fibrosis via the ERK1 2 signaling pathway 173. Also, Pg-

LPS inhibited osteogenic differentiation of BMMSCs 173.  However, LPS upregulated gingival 
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MSCs to proliferate without attenuation of their regenerative capacity and this positive effect is 

mediated through NF-kB but not the Wnt/b-catenin pathway. These results indicate that the 

effect of TLR pathways on MSCs lineage commitment potential varies depending on different 

culture conditions, tissue origins, and species 164. 

The digestive system is another non-sterile environment exposed to microorganisms 

where infectious bowel diseases are quite common. Under infectious circumstances, intestinal 

MSCs can differentiate into inflammatory cells and secrete inflammatory cytokines such as IL-

1b, IL-8, and TNF-a 174. When treating intestinal MSCs with LPS, flow cytometry analysis 

showed that conditioned MSCs were arrested at the G1 phase, and cell pyroptosis was severe. 

Moreover, researchers have determined that LPS inhibits Wnt signaling by activating GSK3β, 

which then leads to a dramatic inhibition in enterocyte proliferation both in vitro and in vivo 175. 

This particular phenomenon links the LPS/TLR4 pathway with Wnt signaling in terms of 

intestinal MSCs bioactivity regulation. What's more, Liu et al. found that AvrA, a bacterial 

effector protein present in certain intestinal microorganisms of Salmonella and E. coli, 

specifically upregulated the expression of Wnt genes and phosphorylation of β-catenin, leading 

to a marked increase in crypt proliferation 176. 

All the above findings imply the influence of TLR inflammatory pathways on the 

regulatory Wnt pathway to MSCs. Undoubtedly, the molecular mechanism is partially uncovered 

and TLRs can modulate Wnt activity at different points with various terminal effects. First, TLRs 

can modulate b-catenin degradation through binding to LRP5/6 FzD receptor complex, 

promoting the function of the β-catenin destruction complex and subsequently blocking Wnt 

target gene expression. This behavior helps explain the fact that transient Wnt3a could counteract 

the inhibitory effect of Pg-LPS. Secondly, phosphorylation of TAK1 in TLRs signaling attributes 



 

23 

 

to NLK activation, which negatively relates to the canonical Wnt pathway downstream TCF/LEF 

transcription 177. In contrast, TLRs can lead to the activation of AKT via interaction with P13K 

and IKK, thus inhibiting GSK3b, enhancing b-catenin expression and upregulating TCF/LEF 

transcription. TLR4/Myd88/LRRFIP2 has also been revealed as an activator of Wnt because it 

interacts with Dvl to activate catenin/LEF/TCF-dependent transcriptional activity 149. 

1.3.2. The Regulation of MSCs Through Crosstalk Between NLRs and Wnt Signaling 

1.3.2.1. NLRs Pathways  

In addition to TLRs, vertebrates have evolved strategies to sense pathogens in  cytosol 178. 

Their bodies have NLRs- intracellular receptors which play key roles in innate immune system 

regulation by sensing PAMPs together with cell stress related damage associated molecular 

patterns (DAMPs) 152, entering the cell via phagocytosis or pores. NLRs are composed of three  

major domains- central NACHT (NOD- nucleotide-binding domain), C-terminal leucine-rich 

repeat (LRR) and the variable N-terminal interaction domain 160. LRR recognizes ligands, while 

the central NACHT domain mediates ATP-dependent self-oligomerization. Furthermore, the N-

terminal domain triggers homotypic protein interaction, which consists of a caspase recruitment 

domain (CARD) (on NLRC subfamily), pyrin domain (PYD) (NLRP), acidic transactivating 

domain (NLRA) or baculovirus inhibitor repeats (BIRs) (NLRB) 179. 

NLRs mediate programmed cell death in an infectious condition by pyroptosis via 

inflammasome. This manifestation includes pyknosis, chromatin condensation, a DNA break, 

plasma membrane permeabilization, and cellular swelling 180. After TLRs associated "priming" 

and "activating", NLR ligand uptake triggers inflammasome assembly and IL-1, IL-18 

maturation. NLRs then directly bind to apoptosis associated speck-like protein (ASC), via its 

PYD domain, and the ASC binds to procaspase-1 via its CARD domain 181. NLR signaling 
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driven pyroptosis can be achieved through the canonical or noncanonical inflammasome 

pathway.  In the canonical inflammasome pathway, the combination of NLRs/ASC with pro 

inflammasome 1 transforms it into a functional caspase-1 and then composes into a multiprotein 

oligomer complex. Afterwards, the activated caspase-1 induces IL-1ß and IL-18 secretion from 

pro-IL-1ß and pro-IL-18. As a consequence, inflammatory immune cells are attracted, such as 

pro-inflammatory cytokines TNF-α and IL-6, including chemokines like IL-8, CXCL8, 

monocyte chemoattractant protein 1 (MCP-1) and an adhesion molecule are released. What's 

more, a K+ selective hemichannel on the inflammatory cell surface is open upon ATP binding. 

Subsequent K+ efflux causes pore formation on the cell membrane via pannexin-1 and 

extracellular pathogen. Influx then further deteriorates pyroptosis. Accordingly, the non-

canonical pathway works synergistically with the canonical pathway. Released IL-1ß and IL-18 

and proteolytic cleavage of Gasdermin-D into Gasdermin-N domain by caspase-4,5,11 then 

either directly activate caspase-1 or indirectly activate the canonical inflammasome/NLR 

pathway to induce pyroptosis 182 183. 

1.3.2.2. The Impact of NLR Signaling on MSCs and Interaction with the Wnt Pathway 

In vitro studies displayed that hUCB-MSCs expressed bioactive NOD1 and 2 genes. 

Correspondingly, the administration of NLR agonists led to IL-8 production. Activated NLR 

pathways also enhance hUCB-MSC osteogenesis, chondrogenesis, and inhibit adipogenic 

differentiation, but have no remarkable effects on MSC proliferation 184. Controversially, another 

in vitro BM-MSC culture study demonstrate increased adipogenesis and decreased osteogenesis 

of MSCs in the presence of NLRP3 inflammasome, which may due to the difference in tissue 

origins. Likewise, the inhibition of caspase-1 offered a novel therapeutic target for aging-related 

chronic inflammatory diseases like osteoporosis 185. Though many disputations exist, the above 
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facts suggest pivotal roles of NLR pathways in MSC regulation. However, literature discussing 

the impact of NLR pathways on Wnt signaling is limited. The available evidence depicts that 

NLR pathways could negatively regulate Wnt pathways through a TAK/NLK cascade, while 

other researchers found NOD2 could upregulate Wnt in a non-canonical RIP2–TGFß–TAK1-

independent manner 186. As an alternative approach, NOD2 can stimulate and mediate the Wnt 

pathway through the Ly6/PLAUR domain-containing protein 6 (LYPD6), which synergizes the 

ligand-receptor combinations in the Wnt pathway 186. 

1.3.3. Proinflammatory Cytokines and Their Impact on MSCs via the Wnt Pathway 

While some varieties of MSCs have an established sensor system, it has been implied 

within various in vivo and in vitro studies that inflammatory cytokines secreted during tissue 

infection affect stem cells' bioactivity. In most cases, pro-inflammatory cytokines repress MSC 

behavior in various aspects. For instance, endogenous pro-inflammatory cytokine IL-1ß activates 

IL-1R/MyD88 signaling and thus impairs MSC proliferation, migration, and differentiation by 

inhibiting the Akt/GSK-3ß/ß-catenin pathway 163. Similarly, a  loss of function study proved that 

IL-1 ß initiated IL-1R/Myd88 signaling and depleted stem cells under in vitro culture conditions 

187 188.  In addition, IL-1ß was found to inhibit BMSCs osteogenesis by activating foxhead box 

D3 protein (FoxD3) mediated microRNA-496 expression 189. Moreover, IFN-α works as a 

central mediator of adaptive immunity and its net effect under inflammation is to stimulate bone 

loss 190. Likewise, a combination of IFN-γ and TNF-α can accelerate MSC apoptosis via 

internalization of FAS, with a reduction of the anti-apoptotic factors NF-κB, X-linked inhibitor 

of apoptosis protein (XIAP), and FLICE-like inhibitory protein (FLIP). TNF-α alone, however, 

induces MSC apoptosis in a dose-dependent manner. Meanwhile, administration of recombinant 

TNF-α inhibits MSC adipogenesis and osteoblastogenesis, therefore promoting bone resorption 
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191 192. Accordingly, IFN-γ and TNF-α secreted from lymphocytes synergistically block MSC-

based bone regeneration 146. On the other hand, When treating bone marrow MSCs with IFN-γ 

alone or a combination of IFN-γ and TNF-α in vitro, we found that IFN-γ blocks osteogenic 

differentiation  concomitant with  SMAD Family Member 6 (SMAD6) up-regulation and 

inhibition of runt-related transcription factor 2 (RUNX2) 193. Both IFN𝛾 and TNF𝛼 promote the 

phosphorylation of the p38 MAPK, and this phosphorylation is associated with the 

downregulation of cyclooxygenase-2(COX2)/PGE2, which results in a gradual decrease in 

MSCs immunomodulatory ability 194. 

1.3.4. ROS and Their impact on MSCs via the Wnt Pathway 

Even if MSCs can detect infections, activation of the TLRs and the NLRs pathways 

triggers the production of a common byproduct: an antimicrobial reactive oxygen species called 

ROS 195. ROS are short-lived oxygen-containing molecules in the form of free radicals including 

the superoxide anion (O2-), hydroxyl radical (OH), hydroxyl ion (OH-), or nitric oxide (NO). 

There are also nonradical varieties such as hydrogen peroxide (H2O2) 
196. Their production 

happens under different physiological and pathological circumstances aided by active enzymes 

197. Further, ROS is ubiquitously found in the extracellular space 198, plasma membrane 199 and 

intracellular compartments, including mitochondria 200, peroxisomes, ER 201 and cytosol 202, 

among which mitochondrial complexes I,III, and the corresponding NADPH oxidase isoform 

NOX4 are major sources of ROS production  roles in MSCs regulatory niches 203. However, 

many researchers  now regard local hypoxia as the culprit for the failure of MSC based tissue 

regeneration and MSC aging 204 205.  

In addition, ROS is known to influence MSC survival in a concentration-dependent way. 

Generally speaking, the appropriate concentration of ROS is necessary and advantageous to 
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maintain cellular proliferation and survival but beyond that, too high ROS levels cause cellular 

damage and dysfunction after chemical reactions with RNA, DNA, proteins, and lipids 196 206 207. 

Indeed, Eto et al. declared that AD-MSCs are extremely sensitive to oxygen concentrations so 

that only cells implanted less than 300mm from an oxygen source would survive and any others 

undergo apoptosis 208. Meanwhile, extra ROS are attested to activate MAPK pathways and 

apoptotic proteins as well as suppress antiapoptotic pathways 208 209.Then, antioxidants 

concordantly stimulate MSC proliferation 210. 

In the larger context, ROS involvement in the regulation of MSCs differentiation is 

depicted by the dissimilarity in ROS level within differentiated and undifferentiated MSCs. 

During homeostasis, undifferentiated MSCs are supported more by glycolysis energy with higher 

levels of glycolytic enzymes and more lactate production. In contrast, MSC-differentiated 

osteoblasts rely more on oxidative mitochondrial metabolism 211.  In comparison to mature 

differentiated cells, MSCs exhibit relatively low levels of ROS but also low antioxidant activity, 

suggesting they are more sensitive to oxidative stress 212 213 214. Actually, the impact of ROS on 

MSCs lineage differentiation varies depending on the dosage. In vivo and in vitro studies 

collectively suggest that excessive ROS could suppress osteogenesis but induce adipogenic 

differentiation 215. Furthermore, highly defined levels of ROS activate MSC differentiation into 

chondrocytes 184, adipocytes 216, osteocytes 97 and neuronal cells 217 through enhanced activity of 

regulatory signaling pathways, including Wnt. Besides., an in vitro study has verified that the 

exogenous addition of H2O2 suppresses TCF-mediated transcription. Nonetheless, 

overexpression of ß-catenin and the application of antioxidants could rescue the inhibition. In 

addition, ROS increases with age, and aged MSCs are reported with a reduction of Wnt target 

genes such as Axin2 and Opg in thirty-one month old mice compared with four month old mice, 
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and thus diminishes osteogenesis 151. Moreover, in vivo investigation revealed that irradiation 

injury could cause intestine tissue regeneration via activation of Wnt signaling achieved through 

the ROS-HIF-Wnt2b signaling axis 218. One explanation of the mechanism behind this tissue 

change is that superoxide-generating NADPH oxidase (Nox) induces ROS production, which 

leads to the inactivation of nucleoredoxin (NRX) in the b-catenin destruction complex. This 

sequence activates the Wnt/b-catenin pathway 219. Conversely, in the MSCs niche, binding of 

Wnt ligands to its receptor complexes triggers sequential activation of Src kinase, followed by 

Rac1 activation through Src-dependent tyrosine phosphorylation. Activated Rac1 then induces 

Nox1-derived ROS which, in turn, results in the oxidation of NRX. Afterwards, oxidative NRX 

detaches Dvl. Liberated Dvl subsequently suppresses the β-catenin destruction complex, 

resulting in stabilization of β-catenin and activation of Wnt signaling 219 220.  

Therefore, as our literature review here indicates, the in vivo identification of periodontal 

MSCs and their niche is not precise, even to the present day. Also, their response to periodontal 

infectious diseases and the underlying mechanisms remain largely unclarified. Hence, these 

obstacles inspire this research project. Based on preliminary results, we hypothesize that Gli1+ 

MSCs are the dominant stem cell population within the periodontium and are regulated by 

canonical Wnt signaling pathway. Subject to periodontitis, Gli1+ MSCs are negatively regulated 

upon down-regulated Wnt cascades. In this project, we aim 1). to investigate if Gli1+ cells are 

the dominant and primitive MSCs for periodontium in vivo. 1a. To investigate if Gli1+ cells 

contribute to tissue turnover of the periodontium; 1b. To investigate if Gli1+ cells contribute to 

tissue homeostasis during periodontal tissue injury repair; 1c. To investigate if Gli1+ cells give 

rise to previously known MSCs marker positive cells; 2). To define the roles of canonical Wnt 

signaling within periodontium MSC niche. 2a. To determine canonical Wnt pathway blockage’s 
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impact on the activation and apoptosis of Gli1+ MSCs. 2b. To determine the impact of canonical 

Wnt pathway over-activation on Gli1+ MSCs’ activation; 3). To investigate the inhibitory 

regulation of Gli1+ MSCs under periodontitis. 3a. To investigate if periodontitis inhibits Gli1+ 

MSCs activation; 3b. To investigate if periodontitis inhibits Gli1+ MSCs maintenance; 3c. To 

investigate if periodontitis negatively regulates Gli1+ MSCs bio-activity through Wnt pathway.  

Our findings will help solve some puzzles regarding the persistence of periodontitis, 

provide insights for effective and efficient periodontal tissue regeneration strategy.  
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2. GLI1+ CELLS ARE PERIODONTIUM MSCS IN ADULT MICE MOLARS 

2.1. Introduction 

Though MSCs have been thoroughly investigated in many other tissues, study of 

periodontal MSCs and their regulating niche is fairly limited 98. During tooth development, PDL, 

alveolar bone and cementum all originate from cranial neural crest cells and undergo constant 

turnover which is supported by periodontal MSCs 221. Specifically, the first group of verified 

periodontal stem cells was isolated from human molar PDL and cultivated in vitro 4. Despite that 

discovery, the in vivo identification, localization, and regulatory niche are poorly understood. 

Hence, even when  αSMA+ cells, Axin2+ cells, and PTHrP+ cells have been proven to be 

subpopulations of periodontal stem cells 68 69, they were determined with low labeling efficiency. 

The first goal of this project is to find a precise in vivo marker which could label dominant and 

primitive MSCs for periodontium and efficiently contribute to the majority of periodontium. 

Also, this marker may enable localization of a PDL niche for these cells and provide an efficient 

animal model for periodontal MSC in vivo study in the same way.  

Furthermore, considering the similarities between MSCs and perivascular cells, MSCs 

were proposed to be located nearby pericytes in the perivascular niche within  various tissues 222 

223 224 225. This knowledge helps to explain why MSCs are widely spread in the whole body 224. 

In addition, MSCs within the perivascular niche either have close contact to endothelial cells 

(ECs), or reside in the adventitia matrix and do not contact ECs directly 226.  

The periodontal ligament is a group of specialized connective tissue which links teeth and 

the highly vascularized alveolar bone. There are three principal sources of supportive blood 

vessels in this area, including apical vessels (in the apical region derived from vessels supporting 

dental pulp), perforating vessels (on the lateral side of teeth originating from lamina dura, 
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perforating the socket wall) and gingival vessels. Cervically, arterioles, venules, and the profuse 

capillary network within gingiva anastomose together, forming a complex blood vessel network. 

At the same time, the middle part of the PDL contains occluso-apically coursing arterioles and 

venules close to the alveolar wall, while the capillaries form vasculature loops at the regions 

close to the root surface. At the apical region, arterioles originate from vascular canals in the 

alveolar bone marrow and then course upwards, branching into an interconnected network of 

capillaries. These capillaries transform into hairpin loops pointing coronally. At the loop tip, 

capillaries enlarge in diameter and are irregular in shape. The capillaries then turn apically, 

running together into a vein. Moreover, venules coursing next to each other in the uniformly 

coronal-apical path show a palisade-like appearance. These blood vessels either leave the PDL 

through vascular canals or are confluent in the apex, forming a venous cap exiting through the 

apical foramen. Generally, the apical blood vessels are extremely dense compared to other parts 

of the tooth vascular complex with numerous confluent vessels. Accordingly, in the coronal 1/3 

of the PDL, the complex vasculature system may be responsible for antimicrobial defense and 

rapid tissue turnover. Furthermore, in the middle 1/3 of the segment, vasculature supports the 

suspensory structures and the venous cap in the 1/3 of the apical region is presumed to cushion 

masticatory forces 227. Accordingly, it has long been suggested that PDL stem cells/progenitors 

are located around blood vessels. For example, cultured PDLSCs were positive for pericyte 

markers, including CD146, NG2, and CD140b. When cultured with human umbilical cord 

endothelial cells, PDLSCs localized adjacent to endothelial cells just like pericytes 227. However, 

the spatial relationship between PDLMSCs and blood vessels in vivo has not yet been identified. 

Recently, Zhao et al. identified Gli1 as the marker of perivascular MSCs in mice incisors 

59. Later, more perivascular Gli1+ MSCs were localized in bone marrow, muscle, heart, lung, 
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liver, and kidney in vivo 228. These Gli1+ cells form an extensive perivascular network and meet 

the minimal criteria of mesenchymal stem cells. Actually, to support stem cell homeostasis, SCF 

is primarily expressed by perivascular cells as a key niche component. For example, 

hematopoietic stem cell bioactivity was not repressed when SCF was conditional knocked out 

from hematopoietic cells, osteoblasts, and nestin+ cells, whereas if SCF was deleted from 

endothelial cells or perivascular stromal cells, HSC was completely gone. This absence implies 

importance of the perivascular niche for stem cell maintenance 229. 

PDL is also heavily innervated for the functions of mechanoreception, nociception and 

reflexes. The nerve fibers are always closely related to blood vessels. Within the molar 

periodontal ligament, thick neurofilament protein (NFP) + nerve fiber bundles enter through slits 

at the alveolar socket bottom and thinner ones penetrate the PDL from the lateral wall of alveolar 

socket. Comparatively, nerve fibers are densely distributed around the molar root tip, similar to 

blood vessel patterns. These NFP-immunoreactive nerve fibers terminated in free endings. 

Besides these structures, a small group of coiled nerve endings exist in molar PDL 230. 

Likewise, nerves always run along vasculature in adult tissues. In Dr. Zhao's paper, the 

Gli1+ mouse incisor MSCs were found surrounding only arterioles accompanied by nerves, aka 

the neurovascular bundle (NVB), which indicates the indispensable role of nerve in the MSC 

niche 59. Correspondingly, Gli1+ MSCs are subjected to the precise regulation of Shh secreted 

from the inferior alveolar nerve. The ablation of Shh via inferior alveolar nerve denervation led 

to a decrease in label-retaining cells (LRCs) and the proliferating cell number, suggesting the 

regulation of Shh for MSCs' maintenance and activation. In fact, the whole incisor is susceptible 

to fracture with low odontogenic activity. Within the bone marrow space, norepinephrine-the 

neurotransmitter from the sympathetic nervous system yields osteoblast suppression and thus 
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reduces CXCL12 synthesis. Decreased CXCL12 then enforces nestin+ hematopoietic stem cells 

to migrate out of the bone marrow niche under the regulation of the nerve system 231 232. On a 

different note, parasympathetic innervation is essential for the undifferentiated status of 

keratin5+ epithelial progenitor cells during salivary gland organogenesis. Parasympathetic nerve 

apoptosis could compromise salivary gland stem cells or progenitor cells' regeneration capability 

after irradiation 233 234.  

Taking together with the above information in mind, we presume that periodontal MSCs 

are also surrounding the NVB, with the majority at the apical region where blood vessels and 

nerve fibers are confluent. PDL, alveolar bone, cementum, dentin, and the majority of cranial 

bones are all derived from cranial neural crest cells. Hence, the Hedgehog signaling pathway is 

essential for neural crest cells based embryonic development including tooth development. There 

are three Hh proteins highly conserved in mammals: sonic hedgehog (SHH), indian hedgehog 

(IHH), and desert hedgehog (DHH) 235. DHH and IHH are mainly involved in embryonic 

development 236 237 238, while SHH is most widely expressed in adult tissues 239. Shh signaling 

triggers downstream Gli to translocate into the nucleus, which promotes specific gene expression, 

including NANOG and SOX associated with stem cell self-renewal 240. Similarly, recent studies 

revealed the Gli1+ cells as MSCs in various tissue 59 228. Gli1+ cells have already been proven to 

be the MSCs for various maxillofacial tissues such as craniofacial sutures and mice incisors 59 71. 

Considering the same developmental tissue origin, we presume that Gli1+ cells may also be 

MSCs inside mouse molar periodontal tissue in vivo. 
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2.2. Method and Materials 

2.2.1. Animals and Tamoxifen Administration 

All animal models used in this section, their source of origin, and original reference 

papers are listed in Table 3. In addition, all mice experiments were conducted in accordance with 

protocols approved by the Department of Animal Resources and the Institutional Animal Care 

and Use Committee of Texas A&M University College of Dentistry. Tamoxifen (Sigma, T5648) 

was dissolved in corn oil (Sigma, 47112U) (20 mg/ml) and injected intraperitoneally (i.p. 200 ml 

daily for two days). 

2.2.2. Cryosection 

Mandibles were carefully dissected and fixed in 4% PFA overnight at room temperature. 

Samples were then decalcified in 0.5M EDTA (Sigma-Aldrich, E9884) and shaken for seven 

days at 37 ℃. Afterwards, decalcified samples were dehydrated with a 30% sucrose solution for 

one hour and another 60% sucrose solution overnight at room temperature. Samples were then 

embedded in an OCT compound (Tissue-Tek, Sakura) under a stereomicroscope (Olympus) and 

immediately transferred into dry ice to solidify. The OCT block was set on a base and cut at 

10μm thickness using a cryostat machine (Leica CM1850). Slides were incubated in 37 ℃ oven 

for at least one hour.  

2.2.3. X-gal/ LacZ Staining Assay  

Mice mandibles were fixed in a 0.5% glutaraldehyde solution (Sigma, G5882) containing 

2mM MgCl2 (Sigma, M8266) at 4℃ overnight and decalcified in 0.25M EDTA (Sigma, E9884) 

with 2mM MgCl2 at 4℃ for one week. Next, samples were dehydrated with a gradient of 30% 

sucrose and 60% sucrose and 2mM MgCl2 at 4℃ until the sample sank down. Frozen sections 

were then obtained. After PBS with 2mM MgCl2 wash for 10min on ice, slices were postfixed in 
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cold 0.5% glutaraldehyde solution along with 2mM MgCl2 for ten minutes (also on ice). Slides 

were rinsed with cold PBS plus 2mM MgCl2 solution for 2*10min. ß-gal staining solution 

(Sigma, B4252) was used to stain LacZ positive cells at 37℃ for two days. Slides were then 

washed with PBS at RT twice for five minutes. Next, 4% PFA was used to postfix the slices at 

RT for thirty minutes. Then, Nuclear Fast Red was used to counterstain the slices for two 

minutes. After two-minute dehydration in 70% ethanol, Eosin was used to stain the cytoplasm. 

The slices were later dehydrated with gradient ethanol solutions at 80% and 95% for two minutes 

and then 100% 2*2min. At last, slides were mounted with mounting medium (Vol ratio xylene: 

permount =1:1). 

2.2.4. PEGASOS Tissue Clearing Method 

Mice were sacrificed by transcardial perfusion with 50ml 0.02% heparin-PBS (w/vol) 

(Sigma-Aldrich, 84020) and 20ml 4% PFA as described in a previous study 241 under the 

administration of xylazine and ketamine anesthetics (Xylazine 10-12.5 mg/kg; Ketamine, 80-100 

mg/kg body weight). Mandibles were then collected and fixed in 4% PFA overnight at RT. 

Afterwards, samples were immersed in 0.5 M EDTA (pH=7.0) solution at 37°C to decalcify for 

four days. This step was followed by decolorization with a 25% (vol % in dH2O) EDTP solution 

(Sigma-Aldrich, 122262) for one day to remove remaining blood heme under constant shaking at 

37°C. Then, the mandibles underwent stepwise delipidation at 37°C, shaking for six hours in 

each of the following sequentially: 30% (vol% in dH2O) Tert-Buturnol (TB, Sigma-Aldrich, 

360538), 50%TB, 70%TB and overnight dehydration with TB-poly (ethylene glycol) methyl 

ether methacrylate average Mn500 (PEGMMA500) (Sigma-Aldrich, 447943) (vol ratio7:3). All 

the above mediums' pH was adjusted to 9.5 or above with 3% vol pure EDTP. Finally, samples 
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were immersed in the clearing medium benzyl benzoate (BB) (Sigma-Aldrich, B6630) -PEG-

MMA500 (R.I=1.543) with 5% EDTP before imaging.  

2.2.5. Two-Photon Imaging and Image Analysis 

After PEGASOS clearing, transparent mandibles were placed in BBPEG-MMA RI 

matching medium and fixed in a cassette with a glass cover. Three-dimensional images were 

taken under a Zeiss LSM 780 two-photon microscope with 950nm pulsed NIR excitation and a 

Zeiss BiG two-channel nondescanned detector. Bone was then outlined by second harmonic 

generation (SHG). The endogenous tdTomato signal was captured with a 561nm visible laser. 

Afterwards, the FITC signal was imaged with a 488nm visible laser. Tiling or individual images 

were taken at 1024x1024 frame resolution with recommended Z stack interval and speed, and the 

pinhole for the internal detector was set as 1A.U. All raw image data was collected afterwards in 

a 16-bit TIFF format. Image 3D reconstructions were generated using Imaris X64 software. 

2.2.6. The Periodontal MSCs’ Culture and in Vitro Differentiation 

Periodontal MSCs were obtained from the lower molars of mice as previously described 

241. Molars were extracted, placed on a culture peri-dish, and incubated with low glucose DMEM 

(Gibco, 11885084) + 10% fetal bovine serum (GIBCO, 16140071) containing ascorbic acid, 

glutamate (Gibco, 25030081), 50U/mL penicillin and 50U/mL streptomycin at 37°C in 5% CO2 

atmospheric conditions. After two weeks, MSCs colonies were selected for a further osteogenic, 

adipogenic, or chondrogenic differentiation assay as previously described 71. Cells were then 

seeded at 1x105 cells per well in a fibronectin-coated six well tissue culture plate using MSC 

Growth Medium Two (promocell, C-28009). Next, MSCs were induced with an osteogenic 

(Gibco, A1007201), chondrogenic (Gibco, A1007101) and adipogenic (Gibco, A1007001) 

differentiation medium for a respective fourteen to twenty-one days.  The medium was changed 
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every third day. Then, cells were gently washed with Dulbecco's PBS w/o Ca2+/Mg2+ 

(promocell, C-40232) and Saccomanno fixation solution (Morphisto, #13881.00250) was added 

to fix the cellular monolayer. One hour later, cells were washed with distilled water. 2% Alizarin 

Red S (pH=4.1-4.3) (Sigma, A5533) was added for osteogenic differentiation detection. Cells 

were then incubated at RT in the dark for ten to fifteen minutes and washed with distilled water. 

1% (in 3% acetic acid) Subsequently, Alcian Blue staining solution (Sigma, B8438) was used to 

detect cartilage extracellular matrix. After incubating in dark at RT for forty-five minutes, cells 

were washed with PBS.  For the adipogenic differentiation assay, cells were preconditioned by 

incubating in 60% isopropanol solution (Sigma, W292907) for five minutes at RT. Cells were 

then incubated in Perilipin Solution (Morphisto #10396.00500) at RT for ten to fifteen minutes.  

2.2.7. Immunofluorescent Staining  

The following antibodies were used in our study: Anti-αSMA (Sigma, F3777, 1:200), 

Anti-β3-tubulin (R&D system, MAB1195, 1:20), Anti-Nestin (Millipore Sigma, MAB353, 

1:100), Anti-CD 31 (BD Bioscience, 550274, 1:25), Anti-CD146 (BD Biosciences, 562230, 

1:500), Anti-CD44 (BD Biosciences, 553134, 1:100), Anti-CD73 (BD Biosciences, 561545, 

1:500), Anti-Periostin (Santa Cruz, sc-49480, 1:100), Anti-Col1(Abcam ab21286, 1:40), Anti-

SP7 (Abcam ab22552, 1:100),CD34 (BD Biosciences, 560238, 1:500), Gs-iB4 (Invitrogen, 

I21411, 20µg/mL) and LepR (R&D systems, MAB497, 1:20). The secondary antibodies  used in 

this study included goat anti-rabbit IgG (H+L) 488 (Invitrogen, A11034, 1:100), goat anti-rabbit 

IgG (H+L) 488 (Invitrogen, A11036, 1:100), goat anti-mouse IgG (H+L) 488 (Invitrogen, 

A11029, 1:100), donkey anti-rat IgG (H+L) 488 (Invitrogen A21208, 1:100), goat anti-rat IgG 

(H+L) 568 (Invitrogen, A11077, 1:100), and rat anti-mouse IgG (H+L) 568 (Invitrogen, A11004, 

1:100). To conduct immunofluorescent staining, slides were first washed with PBST (1000ml 
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PBS+1ml TritonX100) for five minutes. 10% v/v 10x Casein blocking solution (Vector, SP5020) 

was used for blocking for 1 hour. Then, slices were incubated with 1st antibody overnight in a 

4°C refrigerator. After PBST wash for 3*5min, a 1:100 diluted secondary antibody was added 

and incubated at RT for one hour.  Slices were mounted with DAPI mounting medium (Vector 

laboratories, H-1200). 

2.2.8. Injury Assay 

For the molar injury assay, adult mice (6-8 weeks old) were anesthetized with an i.p 

injection of xylazine and ketamine (Xylazine 10-12.5 mg/kg; Ketamine, 80-100 mg/kg body 

weight). Next, mice were posted on a small animal plate in semisupination. A 25G needle was 

used to puncture holes at the furcation area into the alveolar bone of the right lower first molar. 

The left lower first molar was set as control. 

2.3. Results 

2.3.1. Gli1+ Cells Were Gradually Restricted to the Apical Region of Adult Molars During 

Postnatal Development 

To investigate if Gli1+ cells were the dominant and primitive MSCs for periodontium in 

vivo, it was necessary to first determine the Gli1 gene expression pattern within the 

periodontium. We used Gli1-Lacz reporter mice and conducted LacZ staining on postnatal day 1 

(P1), was well as P7, P21, P28, and P60 mice. At P1, strong LacZ staining was detected 

throughout the whole tooth germ, including the enamel organ, dental papilla, and the dental 

follicle (Fig. 3a, i). Similarly, at P7, a powerful LacZ signal was observed within 80% of tooth 

germ tissues (Fig. 3b, i). Also, Gli1+ cells number decreased with time. After P14, Gli1+ cells 

were gradually restricted to the root tip area (Fig. 3c, arrow in Fig. 3d), until at P28 and P60 

when they were mainly located in apical PDL space (periodontal ligament) space (Fig. 3e, f, 
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arrow in Fig. 3e1, f1), with a few sparsely distributed in the pulp (asterisk in Fig. 3e2, f2) and 

other parts of PDL such as furcation areas (arrow in Fig. 3e2, f2). Furthermore, quantification 

indicates that the percentage of Gli1+ cells within the entire periodontium reduces from 100% at 

P1 to ~20% at P21 and maintains at ~5% from P30 to P90 (Fig. 3i).  

Afterwards, Gli1-CreERT2; Ai14 mice of 6-8 weeks old were induced with tamoxifen for 

two days and cleared with the PEGASOS method to visualize Gli1+ cells distribution within 

their adult molars. Deep imaging of the lower first molar mapped the Gli1+ cells spatial 

distribution within the periodontium at a 3D scale. Moreover, Second Harmonic Generation 

(SHG in green) signal displayed type I collagen enriched hard tissue. Similarly, in adults, Gli1+ 

cells were found concentrated in root tip area (Fig. 3g, h, g1-g3, h1). Quantification results then 

indicated that two days after induction, ~60% of Gli1+ cells were located within the apical PDL 

space, ~15% in the middle 1/3 PDL space, and <10% in the cervical 1/3 PDL space. The rest of 

Gli1+ cells were sparsely distributed within the alveolar bones, cementum and pulp (Fig. 3j).  

2.3.2. Gli1+ Cells Tightly Surrounded the Neurovasculature Bundle (NVB) and Multiplied 

Within PDL Along Vasculature 

The distribution pattern of Gli1+ cells within periodontium was similar to that of the 

adult mice molar vasculature and nerve system. Specifically, Cdh5-Cre; Ai14 mice were used to 

label the vascular endothelium 242. In addition, mandibles were harvested from six week old 

Cdh5-Cre; Ai14 mice and cleared with the PEGASOS method to visualize the molar vasculature. 

Deep imaging revealed an enriched vascular network within the pulp chamber and PDL space in 

3D without sectioning (Fig. 4a). We found that the molar root tip is the region where numerous 

blood vessels are confluent (arrow in Fig. 4b). Then, the mandibles of adult Synapsin-CreERT2; 

Ai14 mice were collected and cleared to display nerve distribution pattern of adult mice molar 
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roots. Deep imaging showed nerve fibers within root pulp (arrowhead in Fig. 4c) and the inferior 

alveolar nerve (arrow in Fig. 4c). Correspondingly, intensive nerve fibers gathered at the root tip 

area. Thus, the 3D reconstruction of tooth vasculature and nerve helps explain why most Gli1+ 

cells gather around root apical regions. To further investigate the spatial relationship between 

Gli1+ cells and NVB, 6-8 week old Gli1-CreERT2;Ai14 mice were induced for four days and 

β3-Tubulin or GS-IB4 immunofluorescence staining were performed on horizontal cross-

sections of molars to label respective nerves and vasculatures. Besides, all Gli1+ cells were 

found exclusively surrounding vasculatures (Fig. 4d). Moreover, local magnification indicated 

that Gli1+ cells had pare-vasculature located surrounding the pericytes (Fig. 4e). Additionally, 

Gli1+ cells were closely around nerve bundles (Fig. 4f). Molars were also collected at 3 days, 7 

days or 14 days after tamoxifen induction. GS-IB4 staining was performed on horizontal sections 

and Gli1+ cells were found multiplying centered in blood vessels inside PDL within a short 

range (Fig. 4g,h, i).  

2.3.3. Gli1+ Cells Were Negative for Periodontium Lineage Differentiation Markers and 

Express Typical MSCs Markers in Vitro 

Stem cells were  defined as undifferentiated cells 243. In order to clarify if Gli1+ cells 

were MSCs, we further studied their expression profiles with immunofluorescence staining. To 

start, primitive Gli1+ cells were labeled two days after tamoxifen administration. CD44 did not 

show an obvious overlap with Gli1+ cells (Fig. 5a) and CD73 expression was not detected in the 

periodontium (Fig. 5b). However, CD146 was detected to surround vasculatures but rarely 

colocalized with Gli1+ cells (Fig. 5c). The absence of in vitro MSCs surface markers on Gli1+ 

cells suggested that in vitro could not faithfully replicate in vivo situations. Whereas 

immunofluorescence assays indicated that periostin (a widely accepted PDL specific marker 244) 
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was detected in almost the entire PDL except for the apical region where Gli1+ cells were 

located (Fig. 5d). To continue, Sp7 and type1 collagen were known to be expressed by respective 

osteoblasts and osteocytes. No obvious overlap between Gli1+ cells and Sp7 or type I collagen 

was noticed at the root tip (Fig. 5e,f). These results implied that Gli1+ cells were in a primitive 

undifferentiated state. 

2.3.4. Gli1+ Cells Expressed Typical MSC Markers and Underwent Multi-Lineage 

Differentiation in Vitro 

In larger context, the classical definition of the mesenchymal stem cell is set based on in 

vitro study. There are three criteria to determine MSCs: 1) the ability to attach to plastic culture 

dishes and undergo clonal culture,  2) high expression of typical surface markers (including 

CD44, CD146, CD73, etc; 3), and to be capable of  experiencing osteogenic, chondrogenic, and 

adipogenic differentiation under defined culture conditions 245. Therefore, to see if Gli1+ cells 

are stem cells, we performed an in vitro study. Gli1+ cells were labeled two days after tamoxifen 

injection. PDL cells were then collected from adult (6-8 weeks of age) Gli1-CreERT2; Ai14 

mice molar root and cultured in vitro. Afterward, immunohistochemistry staining for cultured 

Gli1+ cells demonstrated that hematopoietic or endothelium markers including CD31 and CD34 

were not present in the culture (Fig. 6a, b). Although, typical stem cell markers such as CD44, 

CD146 and CD73 were highly expressed in Gli1+ cells (Fig. 6c-e). Next, Gli1+ cells were 

positive for Sp7 but negative for periostin, αSMA, or nestin (Fig. 6f, h, i). Quantified results 

confirmed that Gli1+ cells were typical MSCs in vitro (Fig. 6j). Under in vitro culture condition, 

Gli1+ cells were found colonized and adhered to a culture dish (Fig. 6k). When induced, these 

Gli1+ cells displayed osteogenic differentiation with positive Alizarin red staining (Fig. 6l) and 
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chondrogenic differentiation with positive Alcian blue staining (Fig. 6m). No adipogenic 

differentiation was observed when performing perilipin staining (Fig. 6n). 

2.3.5. Gli1+ MSCs Contributed to Periodontium Physiological Turnover in Adulthood  

Adding to the parameters above, stem cells are supposed to support physiological tissue 

turnover 243. To track the fate of Gli1+ cells within periodontium in vivo, lineage tracing was 

performed on 6-8 week old Gli1-CreERT2; Ai14 mice.  Three days after tamoxifen induction, 

Gli1+ cells were found mainly located within the apical PDL area (Fig. 7a, a1) with some in the 

dental pulp (Fig. 7a2) and other segments of PDL, such as the furcation area (Fig. 7 a3). In time, 

more Gli1+ cells were detected within PDL 30 days after induction (Fig. 7b). During 60 days of 

tracing, we found Gli1+ cells could give rise to the entire PDL space (Fig. 7c), cementum 

(asterisk in Fig. 7c1), and alveolar bone (arrow in Fig. 7c3). A slight increase of Gli1+ cells was 

also observed in dental pulp (Fig. 7c2). This result was confirmed by 3D deep imaging results, 

which demonstrated that quite a few Gli1+ cells were in sparse distribution along the molar root 

(Fig. 7d, d') 3 days after induction while Gli1+ cells multiplied along the molar root 60 days after 

tamoxifen injection (Fig. 7e). Moreover, Gli1+ cells compromised the majority of cementum and 

alveolar bone areas (Fig. 7e'). Accordingly, our quantification result indicated that Gli1+ cells 

could give rise to 60% PDL cells thirty days after induction whereas the labeling efficiency 

could reach to 90~100% within PDL space 30 days after induction. Meanwhile, in terms of 

Gli1+ cells’ lineage tracing in cementum, ~20% cementum cells were labeled by Gli1 30 days 

after tamoxifen administration. Furthermore, lineage tracing was performed for 60 days and ~50% 

cementum cells were labeled as Gli1 positive. Likewise, Gli1+ cells contributed to a small 

proportion of pulp and alveolar bone (Fig. 7f). 
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2.3.6. Gli1+ Cells Supported Periodontium Tissue Injury Repair 

Stem cells are known to support not only tissue turnover in normal physiological 

conditions but are also involved in injury repair processes 243 246. To test if Gli1+ cells contribute 

to periodontal tissue injury repair, an injury model was conducted on adult Gli1-CreERT2; Ai14 

mice. Two shots of tamoxifen were given after the injury. Then, molars were collected seven and 

thirty days later for Gli1+ cells tracing. Additionally, mice littermates were set as a control group 

without the punching injury. Lineage tracing results indicated that Gli1+ cells were highly active 

7 days after injury (Fig. 8a). To illustrate, intensive Gli1+ cells were noticed gathering in the 

molar root tip and injury region-furcation area (arrow in Fig. 8a1). Compared with the control 

group (Fig. 8c, c1), we found that Gli1 activity was significantly increased thirty days post injury 

(Fig. 8b). In fact, more active Gli1+ cells were detected within the root tip and furcation PDL 

space. Further, a dramatic increase of osteocytes was found derived from Gli1+ cells in the 

injury area, indicating the contribution of Gli1+ cells to reparative alveolar bone formation 

(arrow in Fig. 8b1). 

2.3.7. Multipotent Gli1+ Cells Gave Rise to the Entire Molar Periodontium at the Young 

Age 

To analyze Gli1+ cells' contribution to molar periodontium at a young age. A lineage 

tracing assay was performed on P3, P7, and P14 Gli1-CreERT2; Ai14 mice. One month after 

injection, mandible bones were collected for confocal imaging as shown in Fig. 8d. Gli1+ cells 

from P3 mice could give rise to most dental pulp, except for portions of the crown and dentin 

(Fig. 9a, asterisks in Fig. 9a1). Specifically, the whole periodontium was labeled as Gli1 positive, 

including the entire PDL, alveolar bone (Fig. 9a2) and cementum (Fig. 9a3). Then, when 

induction started from P7, Gli1+ cells derived from dental pulp cells were slightly decreased, 
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especially in the crown pulp area (Fig. 9b, b1). Despite this finding, Gli1+ cells still supported 

complete PDL and cementum turnover (Fig. 9b2, b3). Next, we discovered that Gli1+ cells in 

P14 mice gave rise to PDL, cementum, alveolar bone, and root tip pulp (Fig. 9c, c1, c2, c3). 

Quantification results indicated that P3 Gli1+ cells were highly multipotent, contributing to 100% 

PDL, 100% cementum, 100% alveolar bone, 100% apical, 1/3 of root tip pulp, and ~60% dental 

pulp in other regions. Similarly, Gli1+ cells from P7 mice gave rise to 100% PDL, 100% 

cementum, 100% apical, 1/3 in root tip pulp, ~60% alveolar bone, and ~30% pulp in other areas. 

In contrast, Gli1+ MSCs multipotency slightly decreased in P14 mice. Gli1+ cells gave rise to 

100% PDL and 100% cementum, as well as ~50% alveolar bone, ~90% apical, 1/3 of root tip 

pulp, and ~10% in other pulp areas (Fig. 9e).  

2.3.8. Gli1+ Cells Were the Primitive Stem Cell Population of the Adult Molar 

Periodontium  

To demonstrate that Gli1+ cells are the primitive stem cell population for adult molar 

periodontium, it is essential to analyze the expression profiles of other MSCs markers. Recently, 

MSCs or mesenchymal progenitor cells have been identified with specific gene markers in other 

mesenchymal tissues. For example, LeptinR and Gremlin 1 are regarded as the bone marrow 

MSCs markers 247 55, 224, 248. Likewise, NG2+ pericytes have been found to contribute to 

osteoblasts, chondroblasts, fibroblasts, adipocytes 249, myogenic cells 224, and odontoblasts 250 , 

while αSMA+ cells are proposed to be periodontium progenitor cells 68. Correspondingly, 

PDGFRα or PDGFRβ is thought to label adipose MSCs 54, 58. For this reason, we repeated a 

lineage tracing assay on NG2-CE; Ai14, PDGFRβ-CE; Ai14, αSma-CE; Ai14 and LeptinR-Cre; 

Ai14 adult mice to define the fate of each particular cell group. Mandible sections were then 

analyzed to compare these markers' labeling efficiency with Gli1. Three days after injection, 
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NG2+ cells were mainly detected in alveolar bone (Fig. 10a, a2), with quite a few in PDL, 

cementum (Fig. 10a1), and dental pulp (Fig. 10a3).  One month later, NG2 expressing cells were 

noticed in dental pulp (Fig. 10b1), but most NG2 + cells were mature cementocytes and 

osteocytes (Fig. 10b, asterisks in Fig. 10b2, arrow in Fig. 10b3). At the same time, the majority 

of PDL space was free of NG2+ cells. Further, the expression profile of PDGFRβ cells indicated 

that they were not the major periodontium MSCs in adult mouse molar. PDGFRβ+ cells were 

mainly located in the dental pulp (Fig. 10c, c3), part of cementum (asterisk in Fig. 10c1) and the 

bone marrow space (Fig. 10c2) three days after tamoxifen administration. Additionally, after 

tracing for one month, PDGFRβ+ cells expressed in pulp tissue (Fig. 10d, d3). On the other hand, 

PDGFR labeled cementum (asterisk in Fig. 10d1) and mature osteocytes in alveolar bone (arrow 

in Fig. 10d2) but PDL was sparsely labeled. Meanwhile, in αSMA-CreERT2; Ai14 mice, 

aSMA+ cells gave rise to very limited cells which were mainly around the artery (Fig. 11a, a1) 

two months after induction. Co-localization between aSMA+ cells and aSMA antibody 

immunofluorescent staining validated the lineage tracing results (arrow in Fig. 11b). In LeptinR-

Cre; Ai14 mice, small groups of LepR+ cells were observed in PDL (Fig. 11c, c1,c2), alveolar 

bone (Fig. 11c2) and dental pulp (Fig. 11c3) at one month of age.  The distribution pattern was 

similar to that of six month old mice but with more cells within PDL and alveolar bone (Fig. 11d, 

d1, d2). LeptinR + cells were identified as pericytes surrounding Gs-ib4 labeled blood vessels, 

which are in line with the previous study (Fig. 11e). Moreover, Gli1+ cells closely surrounded 

aSMA+ and LepR+ cells two days after induction in Gli1-CreERT2; Ai14 mice (Fig. 11f, g). In 

contrast, Gli1+ cells co-localized with aSMA+ cells 60 days after induction (Fig. 11h) and 

LepR+ cells were found derived from Gli1+ cells 30 days after induction (Fig. 11i). Therefore, 
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Gli1+ cells were demonstrated as the primitive stem cells giving rise to the subpopulation of 

aSMA+ and LepR+ cells.  

2.4. Discussion 

The classic definition of MSCs is based on a loose set of criteria according to a series of 

in vitro observation. However, through our investigation, the in vitro culture properties and 

expression profiles may not precisely represent in vivo MSCs characteristics, as shown in Fig. 5 

and 6. These images show that the majority of Gli1+ cells do not express classical surface 

markers in vivo. Hence, two fundamental questions of periodontal MSCs study are centered on 

the in vivo identification and localization of these MSCs. Considering the same tissue origin with 

incisor pulp, we speculated Gli1 as one of the specific markers for molar periodontal MSCs. In 

adult molar periodontium, Gli1+ cells have been proven to be multipotent, contributing to 

physical tissue turnover and pathological injury repair and simultaneously remain in 

undifferentiated status under normal conditions. In this way, we successfully identified an in 

vivo marker for periodontal MSCs for the first time and as a result, related transgenic fluorescent 

reporter mouse models can be applied for periodontium studies. Besides, in comparison with 

other stem cell markers such as LeptinR, NG2, αSMA, PDGFRβ, and Gli1+, MSCs are endowed 

with higher labeling efficiency, indicating their multipotency and primitiveness.  Although this 

information is true, we are not ruling out the possibility that there are other subpopulations of 

periodontal MSCs which could also support periodontium homeostasis. 

We found Gli1+ MSCs localized perivasculature. However, the underlying mechanism 

for the perivasculature niche, which regulates MSCs such as the particular blood vessel type, 

secreted molecules, and regulatory signaling remains largely unknown. The co-
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immunohistochemical staining results indicated that αSMA+ arteries comprise the MSC niche. 

Therefore, studies regarding the role of veins and capillaries are still needed.  

Conversely, the previous study proved that nerves are indispensable in the MSC niche, 

since mouse incisor Gli1+ MSCs surround the only arterioles accompanied by nerves 59. Though 

we displayed close spatial relationship between respective vasculature and Gli1+ cells, nerve, 

and Gli1+ cells, co-immunostaining of αSMA, β3-tubulin, and Gli1 are necessary to investigate 

if NVB is the only niche for periodontium Gli1+ MSCs. On another note, Shh is produced by 

trigeminal ganglion (TGG) sensory neurons, which can activate Gli1+ incisor MSCs 59. In adult 

molars, it is possible to have a similar regulatory function. In background literature, Shh as a 

member of the mammalian Hedgehog (Hh) family and plays  a key role during tooth 

development 252. Actually, the Gli1 gene is one of the downstream target genes in Shh canonical 

signaling. Nevertheless, the role played by Shh/Gli signaling in PDL growth is largely unknown 

253. However, Shh from the dental epithelium has been proposed to regulate the differentiation of 

dental mesenchymal cells —their HH signaling is critical for stem cells' osteogenic commitment 

254. Unfortunately, we did not focus on this point during this project. In the future, more efforts 

should be spent on exploring the detailed regulation of nerve on periodontium MSCs through a 

denervation experiment and a Shh agonist and antagonist administration approach. 

In addition, there are still a multitude of unveiled issues pertaining to the NVB niche. 

This piece contains not only nerves and arteries but also other cells, such as glial and 

endothelium varieties. These components secrete more than one type of molecule and participate 

in a complicated signaling network to regulate MSCs. It will be a big project to elucidate each 

contribution to the MSC niche. Furthermore, based on our current data, we presume that Gli1+ 
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MSCs initially localize around NVB, go through self-renewal, give rise to daughter cells, and 

differentiate into terminal tissues within the short spatial range centered on each NVB niche.  

Collectively, our discoveries help establish Gli1 as a reliable in vivo marker for adult 

molar periodontium and we will be able to have a good animal model to investigate periodontal 

MSCs related questions in vivo. 

Lastly, an extremely noticeable feature of our study was application of the PEGASOS 

tissue clearing method to acquire 3D images of MSCs comprehensive distribution map within 

adult molars. PEGASOS tissue clearing workflow consists of fixation, decalcification, 

decolorization, delipidation, dehydration, and refraction index (R.I) matching as described 

previously 255. After PEGASOS tissue clearing, the whole tooth turns transparent, thereby 

enabling the endogenous fluorescence to be directly visualized with a regular two-photon or 

confocal microscope. Images can then be acquired at differing  depths of the tissue and  re-

constructed after to form a three-dimensional  image stack 256 257 248 255. In contrast to the 

traditional 2D imaging process, PEGASOS tissue clearing needs no cut, which is more 

convenient and efficient. The 3D images could also provide more precise information and 

straightforward views. From this aspect, the PEGASOS aided 3D imaging technique will become 

a useful new tool for MSC studies. 
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3. CANONICAL WNT SIGNALING IS ESSENTIAL FOR PERIODONTAL MSCS 

REGULATION 

3.1. Introduction 

Insight into cross-talk between regulatory factors within MSCs and their niches is fairly 

important for both normal tissue homeostasis and disease conditions, as exemplified in tissue 

infection and injury. For instance, various craniofacial tissues were found responsive to Wnt 

signaling. Using an Axin2-lacz strain, researchers mapped the distribution of Wnt–responsive 

cells in the mouse incisor cervical loop and discovered that both stem cell populations and 

differentiated odontoblasts are laczhi 258. In subsequent lineage-tracing experiments on Axin2-Cre 

ERT2; R26mTmG/+, Wnt-responsive cells and their daughter cells were found in the pulp, 

cervical loop, odontoblastic, and ameloblastic layers 106. With the same methods, Wnt 

responding cells were discovered to populate PDL space and the thin layer on the surface of 

alveolar bone. The cementoblasts close to the dentin surface are also responsive to the Wnt 

signal 259. Likewise, knockout of Wnt signaling within osteoblasts led to the decrease of alveolar 

bone volume and density, cementum volume, as well as craniofacial bone thickness. In contrast, 

the Sharpey's fibers of Wnt conditional knockout mutant mice, within PDL turned unattached 

and disorganized along the entire root surface with time 260. As a matter of fact, aberrantly 

elevated Wnt signaling has been shown potentially leading to cementum overgrowth, tooth 

impaction, and dental ankylosis 261. Comparatively, the liposomal formulation of Wnt3a protein 

has been demonstrated to enhance autografts’ osteogenic ability and rescue failure of oral 

implants 262 263. In fact, adenovirus Dkk1-treated mice showed decreased osteogenic markers 

expression and increased PDL width 264. Though these studies have concluded that periodontal 

tissues are all Wnt-responsive or Wnt-dependent 260 while Wnt protein could work as a stem cell 
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activator in vitro, direct in vivo evidence of Wnt signaling`s significance to periodontal MSCs is 

lacking . In this project, we hope to define the roles of canonical Wnt signaling within the 

periodontium MSC niche. Through this investigation, we may obtain valuable information to 

start instigating periodontal tissue regeneration. 

Hence, to an appropriate way to investigate the regulation of Wnt signaling to 

periodontium stem cells is using Wnt reporter or lineage tracing strains to demonstrate 

endogenous Wnt responsiveness within periodontal tissue. To date, various transgenic mice lines 

have been generated by directly placing the lacz or GFP gene behind the Wnt related genes' 

promotor. Other strains for lineage tracing of Wnt responsive cells involve using the Cre/ERT2 

or rtTA/tTA (tet on/off system) inserted into Wnt target genes. Furthermore, in our studies, when 

crossing with Rosa26-tdTomato or GFP, the Wnt signaling activity or Wnt responding cells were 

conditionally visualized under the control of Wnt-responsive elements. Additionally, the 

available mice Wnt reporter strains are listed in Table 2. Among those reporter mice models, we 

choose Axin2-lacz as the real-time reporter for Wnt signaling activity because Axin2 is widely 

expressed throughout the whole body with consistent expression.   

Overall, the stem cell niche integrates various molecular signals and mediates the balanced 

response of stem cells to the needs of organisms. For the first time, we are able to locate and 

study the regulating niche of the periodontal stem cells with the identification of Gli1+ MSCs in 

vivo. Therefore, to take our research further and determine the canonical Wnt pathway's 

regulation on Gli1+ periodontium MSCs, we performed a loss and gain of function study by 

using Gli1-CE; β-Cateninflox/flox; Ai14 and Gli1-CE; Ctnnbfl/-(exon3); Ai14. We hypothesize 

that blockage of canonical Wnt activity from Gli1+ MSCs will inhibit their activation and vice 

versa. 



 

51 

 

3.2. Materials and Methods 

3.2.1. Animals and Tamoxifen Administration 

The entirety of animal experiments were approved by the Texas A&M University 

Institutional Animal Care and Use Committee in accordance with guidelines from the 

NIH/NIDCR. Gli1-CreERT2 (JAX 007913) mice were crossed with Ai14 mice (JAX 007908) to 

generate Gli1-CreERT2;Ai14 mice. β-Catenin flox (JAX 004152) mice were bred to Gli1-

CreERT2;Ai14 mice in order to generate Gli1-CreERT2;β-Cateninflox/flox;Ai14 mice for the loss 

of function study. To further clarify, a group of, Ctnnbfl/-(exon3) mice participating in the study 

were kindly given by Dr. Jerry Feng of Texas A&M University College of Dentistry. When these 

specimens were crossed with Gli1-CreERT2;Ai14 mice, Gli1-CE; Ctnnbfl/-(exon3);Ai14 mice 

were generated for the gain of function study. Meanwhile, all mice were housed in a twelve 

hours light/dark cycle. Tamoxifen was dissolved in corn oil (20 mg/ml) and injected 

intraperitoneally (i.p.; 200 ml daily for two days) into G.T and Gli1-CreERT2;β-Cateninflox;Ai14 

mice. As for Gli1-CE; Ctnnbfl/-(exon3);Ai14 mice, the dosage was deducted to 50 ml daily for two  

days. 

3.2.2. X-Gal/ LacZ Staining Assay  

Mice mandibles were fixed in 0.5% glutaraldehyde solution containing 2mM MgCl2 at 4℃ 

overnight and decalcified in 0.25M EDTA with 2mM MgCl2 at 4℃ for one week. Next, samples 

were dehydrated with a gradient of 30% and 60% sucrose with 2mM MgCl2 at 4℃ until the 

sample sank down. Then, frozen sections were obtained. After PBS with a 2mM MgCl2 wash for 

ten minutes on ice, slices were postfixed in a cold 0.5% glutaraldehyde solution with 2mM 

MgCl2 for ten minutes on ice. Subsequently, slides were rinsed with cold PBS plus 2mM MgCl2 

solution for 2*10min.  ß-gal staining solution was then used to stain LacZ positive cells at 37℃ 
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for two days. Following this time period, slides were washed with PBS at RT twice for five 

minutes and 4% PFA was used to postfix the slices at RT for thirty minutes.  Next, Nuclear Fast 

Red was used to counterstain the slices for two minutes. Then, after 2 minutes dehydration in 70% 

ethanol, Eosin was used to stain the cytoplasm. The slices were dehydrated with gradient ethanol 

solutions at 80% and 95% for two minutes and 100% 2*2min. At last, slides were mounted with 

mounting medium (Vol ratio xylene: permount =1:1). 

3.2.3. Micro-CT Scanning and Assessment of Alveolar Bone Loss 

The mice mandibles were analyzed with a high-resolution micro-CT scanner (Scanco 

Medical, Basserdorf, Switzerland). The scanning protocol was set at high resolution, and the X-

ray energy settings were 70 kV and 114 μA (as previously described in 267).  When scanning 

was complete, the slice stack was reconstructed into a three-dimensional model and evaluated in 

Imaris software. Namely, Alveolar Bone Loss (ABL) is represented by the linear distance of the 

Cementoenamel Junction (CEJ) to the Alveolar Crest (AC). The CEJ-AC distance becomes 

higher in accordance with severity of bone loss. Similarly, CEJ and AC were localized by two 

pinpoints in the "measurement" tab of Imaris. 

3.2.4. H&E Staining 

Slides were stained in Hematoxylin solution for three minutes and then rinsed with 

distilled water till the water was clear. After being dipped in 1%HCl-Alcohol for two seconds 

and rinsed with distilled water, slides were immersed in 1% ammonia (Vol% in distilled water) 

for ten seconds to undergo nuclear blue staining. Samples were then moved into Eosin solution 

and stained for thirty seconds to stain the cytoplasm. Moreover, tap water was used to remove 

extra Eosin stain. Then, slides were dehydrated with 80% EtOH and later mounted with xylene 
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based Permount solution (Vol ratio 1:1). Pictures were taken afterwards under a 40x objective 

using Olympus BX51 microscope. 

3.2.5. EdU Incorporation Assay 

5-ethynyl-2'-deoxyuridine (EdU) can incorporate into the proliferative DNA chain and be 

detected through its reaction with fluorescence azides. In particular, EdU staining is a highly 

sensitive and efficient method to assay cell proliferation activity. Also,  reagents are almost 

1/500th the size of an antibody molecule, so they easily  penetrate  intact hard tissue 265. To 

perform EdU staining, adult mice were given an intraperitoneal injection of EdU (Invitrogen, 

#A10044) in a dosage of 60ug/g their body weight two hours before sacrifice. Next, cryo-section 

slices were incubated in an EdU labeling cocktail for 30 minutes following a PBST wash 3 * 

5min. The labeling dye used contained Tris-buffered saline (100 mM final, pH 7.6), CuSO4 (4 

mM final, Acros #197730010), Sulfo-Cyanine 3 Azide (2-5 uM final, Lumiprobe #D1330) and 

Sodium Ascorbate (100 mM final, made fresh each use, Acros #352685000).  

3.2.6. Confocal Imaging Assay 

Confocal images were captured under a Leica SP 5000 fluorescence microscope with 

filter settings for DAPI/FITC/TRITC and acquired using Leica LAS AF software. Laser energy 

was set at an equal rate of 40% for all sample imaging. Further, corresponding band-pass filters 

were set as for DAPI (Ex. 405 nm, BP410-490) and tdTomato (Ex. 543 nm, BP550-595). Tiling 

or individual images were taken at a 1024x1024 frame resolution, 200 Hz frequency with 

recommended Z stack interval while the pinhole for the internal detector was set as 1A.U. Then, 

the Gli1+ cells number was counted manually in six randomly chosen areas of interest within 

PDL space separately at root tip area, furcation, and interdental septum area. In the end, the 
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relative percentage of Gli1+ cells was calculated as Gli1+ cells number/total cells (DAPI+) 

number on both the ligation and non-ligation side. 

3.2.7. Statistical Analysis 

    SPSS software version 21.0 was used for statistical analysis. A paired t-test was 

conducted for mean comparison. P value of less than 0.05 was considered statistically significant. 

*p<0.05, ** p<0.01, ***p<0.001. Furthermore, Prism 7 was used to display the quantification 

results. Data were shown as Mean ± SEM.  

3.3. Results 

3.3.1. Wnt Signaling Was Gradually Restricted to the Adult Molar Apical Region and 

Corresponded to Gli1+ MSCs Activity  

Wnt signaling proteins have been proven essential for stem cell bioactivity in various 

other mesenchyme tissues. However, the direct evidence of Wnt regulation on periodontal MSCs 

in vivo is limited. To analyze the Wnt responsiveness within periodontium, we generated Axin2-

LacZ reporter mice and performed lacZ staining on molars of different developmental stages. At 

P1, nearly the entire dental follicle and dental epithelium expressed Axin2 (Fig. 12a). Then, from 

P7 to P21, Wnt responsive cells were gradually restricted to the root tip area (Fig. 12b, c, d). At 1 

month old, LacZ staining was particularly strong in the apical region (Fig. 12e). Also, Axin2+ 

Wnt-responsive cells were detected within the odontoblasts and cementoblasts (arrow in Fig. 

12e1, asterisks in Fig. 12e2). In addition, to visualize the spatial relationship between Axin2+ 

cells and Gli1+ MSCs, Lacz/ß-Gal immunohistochemical staining was conducted on adult Gli1-

CreERT2; Ai14; Axin2-Lacz mice two days after induction. Co-localization of Gli1+ cells and 

Axin2+ cells suggested the responsiveness of Gli1+ MSCs to Wnt signaling (arrow in Fig. 12f).  
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3.3.2. Blockage of the Canonical Wnt Pathway within Gli1+ MSCs led  to Deactivation and 

Severe Periodontium Tissue Loss 

The canonical Wnt pathway is mediated by β-Catenin. To investigate the potential 

regulatory effects of the Wnt pathway on Gli1+ periodontal MSCs, a Gli1-CreERT2; β-

Cateninfl/fl mouse model was generated for Wnt signaling conditional loss of function study 

within Gli1+ cells after tamoxifen administration. Blockage of the canonical Wnt pathway 

prevented Gli1+ MSCs from populating the periodontium. As comparison, in the littermate 

control Gli1-CreERT2; Ai14 mice, Gli1+ MSCs were found mostly located in molar root apical 

regions (Fig. 13a). They could normally populate the entire PDL two months after tamoxifen 

administration (Fig. 13b). Further, in adult Gli1-CreERT2; β-Cateninfl/fl; Ai14 mice, the 

distribution pattern of Gli1+ cells was similar to Gli1-CreERT2; Ai14 mice three  days after 

induction (Fig. 13a,g). There was no significant difference in Gli1+ cells percentage between 

control mice and mutant mice at the time, (Fig. 13m) which indicated  that the canonical 

signaling pathway has no significant roles in the maintenance of Gli1+ periodontium MSCs. In 

contrast, later at two months after induction, Gli1+ MSCs in the mutant mice arrested at their 

original locations (mostly at the apical area) and failed to give rise to the major periodontium 

(Fig. 13h). Consequently, quantification results showed that in a normal condition, ~90% of PDL 

space was occupied by Gli1+ cells, while when β-catenin mediated canonical Wnt signaling was 

knocked out within Gli1+ cells for two months, the relative Gli1+ cells percentage in PDL 

decreased to ~15% (Fig. 13m). The decrease suggested that β-catenin conditional knocking out 

disrupted the activation of Gli1+ cells. 6 months after Wnt blockage, severe periodontal tissue 

loss was found on Gli1-CE;β-Cateninfl/fl mice. The alveolar bone height and density in the 

knockout mice reduced significantly (Fig. 13i,j) compared with control mice (Fig. 13c,d). In 
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addition,  the distance between the CEJ and alveolar bone crest increased by two  folds in mutant 

mice than in control mice (Fig. 13n). Correspondingly, histological sections displayed a 

significant reduction of alveolar bone amount and cementum volume (asterisk in Fig. 13k), 

disorganized PDL fiber, and widened PDL space (Fig. 13k,l) compared to the normal 

periodontium morphology in control mice (Fig. 13e,f). Based on both lineage tracing and micro-

CT analysis data, we concluded that canonical Wnt signaling in mouse molar mesenchyme was 

critical for Gli1+ MSCs activation. 

3.3.3. Constitutive Activation of Wnt Signaling Led to Periodontium Overgrowth and 

Enhanced Gli1+ MSCs Activation 

To further demonstrate the role of Wnt pathways in Gli1+ periodontal MSCs regulation, 

gain of function study was performed on 6~8 week  old Gli1-CreERT2; Ctnnbfl/-(exon3); Ai14 

mice to over-activate Wnt signaling after two injections of tamoxifen. EdU incorporation was 

used to assay the proliferation status of Gli1+ cells. 3 days after induction, an increase in 

EdU+/Gli1+cells of  mutant mice demonstrated a positive impact of the canonical Wnt signaling 

pathway on Gli1+ MSCs activation (arrow in Fig. 14a, d) compared with  littermate control Gli1-

CreERT2; Ai14 mice.. Correspondingly, abnormal cementum overgrowth was detected through 

micro-CT and H&E staining assays on mutant mice compared with control mice (arrow in Fig. 

14b, e and Fig. 14c, f). On a different note, the mice`s  striking phenotype changes implied the 

importance of Wnt signaling in periodontal tissue homeostasis. Gli1+ MSCs experienced 

enhanced activation especially the cementum area two weeks after Wnt over-activation,  (Fig. 

14g, h, asterisk in Fig. 14h1). Correspondingly, only ~60% PDL space and less than 10% 

cementum were occupied by Gli1+ cells in control mice (Fig. 14i, j). Meanwhile, Gli1+ MSCs in 

mutant mice could prompt ~90% PDL and ~90% cementum (Fig. 14i, j). Also, Gli1+ MSCs 
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gave rise to  osteocytes in alveolar bone (arrow in Fig. 14h2), which did not occur in control 

mice. Thus, the reuslts above suggest that canonical Wnt signaling is critical for the homeostasis 

of Gli1+ MSCs participating in periodontal MSCs activation as well as lineage commitment.  

3.4. Discussion 

An abundance of data demonstrates that Wnt signaling is essential for periodontium 

development. For instance,  the absence of Wnt signaling caused arrested periodontium 

formation during embryogenesis 266 and disrupted homeostasis in adulthood 267. By employing 

reporter mice, we demonstrated that Wnt responsive cells gradually restrict to the root apex, 

which is similar to the dynamics of Gli1+ cells within molar periodontium. Afterwards, the co-

localization of Gli1 and Axin2 suggested the presence of Wnt signaling within Gli1+ MSCs. In 

addition, we performed a loss of function study achieved through constructing a β-catenin 

conditional knockout mice model, which implied the importance of canonical Wnt signaling in 

the activation of MSCs. We also found that transient β-catenin knockout rarely affects Gli1+ 

MSCs maintenance. However, this phenomenon could be explained as the result of incomplete 

Wnt signaling blockage via  an induction period of only three days. The decreased Gli1+ cell 

population within periodontium two months after tamoxifen injection may ascribe to initial 

Gli1+ MSCs apoptosis instead of or more than MSCs activation interruption. To solve this 

puzzle, cell proliferation and apoptosis should be further examined at different induction time 

points. Another issue to take into consideration is that the effects of the experiment may be time 

and dosage-dependent. Similarly, a gain of function study on Exon3 conditional knockout mice 

(with inhibited β-catenin expression) verified the upregulation of canonical Wnt signaling on 

Gli1+ periodontal MSCs. Wnt responsive cells then spread out the whole body. Thus, due to this 

activity we noticed a  striking phenotype  in Gli1-CreERT2; Ctnnbfl/-(exon3); Ai14 mice even 
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after a short time (two weeks) along with a small dosage (50ul/adult mouse) of tamoxifen 

induction. The resulting features included skin thickening, tachypnea, excessive secretion of 

sebum, osteopetrosis, and craniosynostosis (pictures not shown). The death rate was fairly high 

one month after induction. Likewise, in each area of periodontal tissue, consequent over-active 

Gli1+ cells were detected in both PDL and cementum but not in the alveolar bone. This finding 

may be related to the slow turnover rate of mature alveolar bone or a relatively short induction 

duration. Accordingly, previous studies implied that both osteoblasts and cementoblasts produce 

and respond to Wnt signaling 261. However, the Wnt overaction is limited in our study to within 

Gli1+ MSCs and the daughter cells. Hence, we provided evidence in this manner that periodontal 

tissue overgrowth is initialized by the direct response of Gli1+ periodontal MSCs upon elevated 

canonical Wnt signaling. 

As for future research directions, recent studies reported the antagonism between the 

canonical Wnt pathway and the noncanonical Wnt/Ca2+ pathway. For example, decreased β-

catenin levels could activate the Wnt/Ca2+ pathway, restoring the lost osteogenic differentiation 

potential of PDLSCs 268. Conversely, non-canonical Wnt/Ca2+ pathway mediated an elevated 

Ca2+ concentration in cytoplasm, which then activates TAK1 and NLK kinase, thus inhibiting 

TCF/β-catenin signaling 269. Given the common crosstalk between canonical and noncanonical 

Wnt signaling, it is necessary to investigate the noncanonical Wnt signaling's role in periodontal 

MSCs regulation from this point forward.  

 Altogether, this section provided direct evidence that showed canonical Wnt signaling is 

important for Gli1+ periodontal MSCs' activation and the subsequent periodontal tissue 

homeostasis, which offers insight for stem cell strategies and in dental tissue defect treatment or 

engineering. 
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4. THE INHIBITORY REGULATION OF GLI1+ MSCS DURING PERIODONTITIS 

4.1. Introduction 

Adult periodontitis is a chronic periodontal tissue infection manifested by soft and hard 

tissue loss. Clinical signs of inflammation such as changes in color, contour, consistency, or 

bleeding on probing are noticed first. Furthermore, radiographic changes include loss of lamina 

dura, horizontal or vertical bone resorption, and thickening of the periodontal ligament space. 

Periodontal disease progression goes through four stages of lesions: initial, early, established, 

and advanced. The initial lesion is a protective response of resident leukocytes and endothelial 

cells to the bacterial biofilm. Besides, metabolic products produced by pathogenic microbes 

cause local vasculature vasodilatation while neutrophils chemotaxis toward the inflammation site 

fights against pathogen infiltration. Next, the early lesion stage is characteristic with additional 

neutrophils and the appearance of macrophages, lymphocytes, plasma cells, and mast cells. Then, 

in the established lesion stage, host body immunity switches from its innate immune response to 

an acquired immune response. Moreover, lymphocytes are the predominant immune cells and 

collagenolytic activity is increased during this time period. During advanced lesion stage, 

Irreversible attachment loss and bone loss are observed histologically and clinically.  

37% of the adults in the United States suffer from severe periodontitis. This affliction is 

closely associated with systemic diseases including those of the liver, diabetes, atherosclerosis, 

MI, and stroke 270.  Worse yet, tissue wound repair is difficult to achieve during periodontitis 271.  

Although simple tooth scaling and root planning can remove pathogenic insult and stop 

pathogenesis, it fails to restore periodontitis induced soft and hard tissue loss. Collectively, these 

observations suggest that chronic infections may significantly affect the function of periodontal 

MSCs— the progenitor cells of all periodontal tissues, even the alveolar bone, which has been 
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proven to be mainly derived from PDL 272. Therefore, understanding the long-term effect of 

periodontitis on periodontal MSCs is a matter of key clinical importance. 

LPS is well known as the major PAMP for periodontitis. LPS exclusively bonds to TLR4, 

leading to the production of cytokines, chemokines, and antimicrobial peptides. Previously, flow 

cytometry confirmed the heightened expression of the LPS-sensing TLRs2 and 4 on PDLSCs 273 

274. Then, after P. gingivalis-LPS was added into culture medium, PDLSCs showed enhanced 

proliferation 275, while E. coli-LPS stimulation had no such effect 276. Similarly, IL-1β/TNF-α, 

(known as the major inflammatory cytokines in periodontitis models) could decrease PDLSCs’ 

population doubling time twenty-four hours after in vitro culture 277 with β-catenin pathway 

activation and noncanonical Wnt/Ca2+ pathway suppression 268. Nevertheless, when the 

inflammatory stimulus exceeds a certain level, the effect is reversed. P. gingivalis-LPS42 as well 

as E. coli-LPS90 stimulation represses the osteogenic potential of PDLSCs, especially when 

combined with a hypoxic state or TNFα or IFN 278 279 280 281 282 , and promotes  adipogenic and 

the chondrogenic differentiation abilities 276. The impaired osteogenic differentiation of PDLSCs 

could be partly attributed to downregulated Wnt signaling after TNF-α /TNFR binding via NF-

kB pathway 279 280.  

However, most of the above conclusions were drawn upon in vitro studies. The 

commonly implemented approach is to compare PAMP ligands’ precondition of PDLSCs with 

unconditioned MSCs to determine if the pro-inflammatory environment could change MSCs 

bioactivity in vitro. In fact, the most available in vivo study was achieved through periodontitis 

model construction on various mammalians 283 284 285 286. To date, there have been several 

experimental models used to induce periodontitis in animals, among which the mechanical 

ligation model is well established and widely used due to high efficiency, repeatability and 
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convenient operation. Most importantly, the mechanical ligation model could ideally represent  

periodontitis pathogenesis in humans and simulate the infection outcome akin  to what is 

observed in clinic 287. 

 Regardless of advances made so far, researchers were still unable to demonstrate MSC 

changes upon periodontal tissue infection due to the lack of an effective animal model. Thanks to 

previous efforts, we successfully identified an in vivo marker for periodontal MSCs - Gli1, 

therefore making it possible to further investigate the in vivo response of periodontal MSCs to 

tissue infection. In this thesis, we aim to investigate the periodontal MSC response to 

periodontitis in vivo and to unravel its underlying mechanism. Our findings will help solve some 

puzzles regarding the persistence of periodontitis for a better periodontal tissue regeneration 

strategy, especially during periodontitis.  

4.2. Methods and Materials 

4.2.1. Animals and Tamoxifen Administration 

In this section, the same Axin2-lacZ, Gli1-CE;Ai14 and Gli1-CE;Ctnnbfl/-(exon3);Ai14 

mice lines were used as in the previous section. All animal experiments were approved by Texas 

A&M University Institutional Animal Care and Use Committee in accordance with guidelines 

from the NIH/NIDCR. The same tamoxifen administration was also performed as previously 

described in sections two and three.   

4.2.2. Ligation-Induced Periodontitis Model 

Adult mice (6~8 weeks old) underwent general anesthesia with a mixture of ketamine 

hydrochloride (80 mg/kg) and xylazine (10 mg/kg) administered via intraperitoneal injection. 

Mice were then postured in a small animal plate in semisupination. To conduct the mechanical 

ligation model, a sterilized 6.0 nylon thread was wrapped around the right lower first molars. The 
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suture was gently pushed into gingival sulcus without damaging normal tissue and bilaterally 

knotting mesio‐buccally. The left side remained un-ligated as control. 

4.2.3. Micro-CT Scanning and Assessment of Alveolar Bone Loss 

After ligation, the mice mandibles were analyzed with a high-resolution micro-CT 

scanner (Scanco Medical, Basserdorf, Switzerland). The scanning protocol was also set at high 

resolution, and the X-ray energy settings were 70 kV and 114 μA as previously described 288. 

The scanned slice stack was reconstructed into a three-dimensional model and evaluated in 

Imaris software. Alveolar bone loss (ABL) is represented by the linear distance of 

Cementoenamel junction (CEJ) to the alveolar crest (AC). The more severe bone loss is, the 

higher the CEJ-AC distance is. Specifically, CEJ and AC were localized by two point-pins in the 

"measurement" tab of Imaris. 

4.2.4. Paraffin sectioning and H&E staining assay 

Next, right and left side mandibles from adult mice following ligation were harvested and 

fixed in 4% paraformaldehyde overnight, then underwent decalcification in 0.5M EDTA (pH 7.4) 

at room temperature and shaken for three weeks.  Later, the decalcified jaws were dehydrated in 

gradient ethanol in each different percentage for an hour 50%, 70% Ethanol, 80%, 95% 

overnight, along with 100% Ethanol 1h *3 times and xylene 1h *3 times. After immersion in a 

xylene-paraffin (1:1 vol ratio) solution for two hours and paraffin for 1h *3 times, samples were 

embedded in paraffin, and cut into 5-μm serial proximal-distal sections. Subsequently, slides 

were deparaffinized, rehydrated, and went through serial solutions as 3* 3 min in Xylene, 3 * 3 

min in 100% ethanol, 3 * 3 min in 95% ethanol, 3 * 3 min in 70% ethanol, 3 * 3 min in 50% 

ethanol and 1 * 5 min in distilled water. Then, sections were stained with Hematoxylin & Eosin 

for morphology analysis as described in section three.  
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4.2.5. EdU Incorporation Assay 

5-ethynyl-2'-deoxyuridine (EdU) can incorporate into the proliferative DNA chain and be 

detected through its reaction with fluorescence azides. Likewise, EdU staining is a highly 

sensitive and efficient method to assay cell proliferation activity. Also, the reagents are almost 

1/500th the size of an antibody molecule, and easily penetrate intact hard tissue. To perform EdU 

staining, we gave adult mice an intraperitoneal injection of EdU (Invitrogen, #A10044) two 

hours before sacrifice in the dosage of 60ug/g per body weight. Cryo-section slices were later 

incubated in EdU labeling cocktail for thirty minutes after a PBST wash 3 * 5min. Additionally, 

the labeling used for this process dye contained Tris-buffered saline (100 mM final, pH 7.6), 

CuSO4 (4 mM final, Acros #197730010), Sulfo-Cyanine 3 Azide (2-5 uM final, Lumiprobe 

#D1330) and Sodium Ascorbate (100 mM final, made fresh each use, Acros #352685000). 

4.2.6. Confocal imaging assay 

Confocal images were captured under a Leica SP 5000 fluorescence microscope with 

filter settings for DAPI/FITC/TRITC and acquired using Leica LAS AF software. Accordingly, 

laser energy was set equally at 40% for all sample imaging. Corresponding band-pass filters 

were set as for DAPI (Ex. 405 nm, BP410-490) and tdTomato (Ex. 543 nm, BP550-595). 

Furthermore, tiling or individual images were taken at a 1024x1024 frame resolution, 200 Hz 

frequency with a recommended Z stack interval, while the pinhole for the internal detector was 

set as 1A.U. Then, Gli1+ cells number were counted manually in six randomly chosen areas of 

interest within PDL space separately at the root tip area, furcation and interdental septum.  

Moreover, the relative percentage of Gli1+ cells was calculated as the Gli1+ cells number/total 

cells (DAPI+) number on both the ligation and non-ligation side.  
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4.2.7. Real-Time PCR 

Molars from five mice were gathered for a one-time assay. One month after ligation, first 

molars on both sides were extracted with intact PDL attached for real-time PCR assay. Total 

RNA was also extracted from PDL using RNA Miniprep Kit (Bioland R01-01). Then, the molars 

were immediately transferred into a 1.5ml tube containing 500ul Buffer LY with the addition of 

10ul b-mercaptoethanol and the tissue was homogenized by a rotor starter for a period of seconds. 

Next, lysis buffer was repeatedly pipetted with a 28G syringe needle on ice twenty times. The 

solution was then centrifuged at 13,000 rpm for two minutes and the supernatant was transferred 

to a clean 1.5 mL tube. 1/2 volume 96-100% ethanol was added into the lysate and pipetted five 

times to mix the solution. Afterwards, the solution was transferred to an RNA column and 

centrifuged at 13,000 rpm for one minute and flow-through was discarded. Following this 

process, 400 µL Buffer RB was added to the column and centrifuged at 13,000 rpm for thirty 

seconds.  Then, 500 µL RNA wash buffer was added to the column and centrifuged at 13,000 

rpm for thirty seconds—this step was only repeated once. Next, the column was centrifuged with 

the lid open at 13,000 rpm for one minute.  At last, the column was transferred to an RNase-free 

1.5 mL tube and 50 µL DEPC-treated ddH2O was added to the center of the column. After 

centrifuging at 13,000 rpm for one minute, the RNA was eluted for the following cDNA 

synthesis. The reaction system involved consisted of a 10ul 2x Reaction Mix (Bioland FS01), 9ul 

total RNA templates, and a 1ul PowerScript Plus RNase. After brief centrifugation, the reaction 

system was incubated at 25°C for ten minutes and another fifteen minutes at 50°C. The reaction 

was later halted by heating it at 85°C for five minutes. Then, the system was chilled at 4°C.Next, 

real-time PCR was performed using a 2x qPCR MasterMix (No ROX) kit (Bioland QP01-00) 

assay with a SYBR Green I. 10ul reaction solutionprepared as 5ul 2x qPCR MasterMix (No 
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ROX) + 0.1ul forward primer +0.1ul reverse primer + 4.3 nuclease-free water+ 0.5ul temple 

DNA. For subsequent thermal cycling, a CFX96 Real-Time System (Bio-Rad iCycler) was used 

at 95 °C for ten minutes, then forty cycles of 95 °C for fifteen seconds and 60 °C for sixty 

seconds. Furthermore, the relative mRNA expression level of each gene was calculated on the 

basis of a standard curve of cycle thresholds and normalized to reference genes with either β-

actin, tubulin or GNDPH expression as the internal control. Afterwards, real-time PCR was 

performed in triplicate for each sample. Additionally, all experiments in this section were 

repeated four times. Also, the osteogenic related genes’ expression level was evaluated via real-

time PCR following the same protocol. The result was calculated as follows: 

ΔCq=Cq target gene-Cq reference gene 

ΔΔCq= ΔCq ligation side- ΔCq non-ligation side 

2- ΔΔCq=fold difference of target gene expression 

All the primers used are shown in Table 3 

4.2.8. X-Gal Staining 

Both ligation and non-ligation side mandibles were harvested from Axin2-Lacz reporter 

mice one month after ligation model construction. They were fixed in 0.5% glutaraldehyde 

solution containing 2mM MgCl2 at 4℃ overnight and decalcified in 0.25M EDTA with 2mM 

MgCl2 at 4℃ for one week.  Next, samples were dehydrated with a gradient 30% and then 60% 

sucrose with 2mM MgCl2 at 4℃ until the sample sank down. Frozen sections were soon 

obtained.  After PBS with 2mM MgCl2 wash for ten minutes on ice, slices were postfixed in cold 

0.5% glutaraldehyde solution with 2mM MgCl2 for ten minutes also on ice. Slides were later 

rinsed with cold PBS plus 2mM MgCl2 solution for 2*10min. Additionally, the ß-gal staining 

solution was used to stain LacZ positive cells at 37℃ for two days.  Slides were then washed 
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with PBS at RT twice for five minutes. 4% PFA was also used to postfix the slices at RT for 

thirty minutes.  Next, Nuclear Fast Red was used to counterstain the slices for two minutes. Then, 

after a two minutes dehydration in 70% ethanol, Eosin was used to stain the cytoplasm. The 

slices were further dehydrated with gradient ethanol solutions at 80% and 95% for two minutes 

and 100% 2*2min. At last, slides were mounted with mounting medium (Vol ratio xylene: 

permount =1:1).  

4.2.9. The FACS (Fluorescence-Activated Cell Sorting) Analysis of Gli1+ Cells Counting 

Mandibular first molars were carefully extracted from the alveolar bone. Attached bone 

debris was then gently removed. Molars were placed into 1.5ml tube containing 600 µl tissue 

digestion solution (200 U/ml DNase I (Sigma; 1:100), 4 mg/ml Dispase (1:10) and 3 mg/ml 

Collagenase, type 1 (Worthington Biochemical Corporation; 1:10) in HBSS plus Ca2+ and 

Mg2+). Next, ten molars were gathered into one tube and incubated at 37 ℃ for two hours. After 

a brief vortex (three times for five seconds at medium speed), the supernatant was transferred to 

another tube which contained 600 µl staining medium (2% goat serum in HBSS without Ca2+ 

and Mg2+) on ice and centrifuged at 1,500 rpm for five minutes at 4℃. Later, the pellet was 

resuspended with 500 µl staining medium by pipetting five times. Each sample was then 

examined using a flow cytometry machine with a gating analysis. The results were analyzed and 

displayed by Flowjo software to obtain the relative Gli1+ cells’ percentage on the ligation side 

and non-ligation side of molar PDL.  

4.2.10. PEGASOS Tissue Clearing Method 

Mice were sacrificed by transcardial perfusion with 50ml 0.02% heparin-PBS (w/vol) 

(Sigma-Aldrich, 84020) and 20ml 4% PFA —as described in a previous study 241 under the 

administration of xylazine and ketamine anesthetics (Xylazine 10-12.5 mg/kg; Ketamine, 80-100 
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mg/kg body weight). Afterwards, mandibles were collected and fixed in 4% PFA overnight at 

RT. Samples were then immersed in 0.5 M EDTA (pH=7.0) solution at 37°C to decalcify for 

four days. This step was followed by decolorization with 25% (vol % in dH2O) EDTP solution 

(Sigma-Aldrich, 122262) for one day to remove remaining blood heme under constant shaking at 

37°C and also stepwise delipidation. This segment was performed at 37°C, with shaking for six 

hours in each of the following sequentially: 30% (vol% in dH2O) Tert-Buturnol (TB, Sigma-

Aldrich, 360538), 50%TB, 70%TB and overnight dehydration with TB-poly (ethylene glycol) 

methyl ether methacrylate average Mn500 (PEGMMA500) (Sigma-Aldrich, 447943) (vol 

ratio7:3). All the above mediums' pH was adjusted to 9.5 or above with 3% vol pure EDTP. 

Finally, samples were immersed in clearing medium benzyl benzoate (BB) (Sigma-Aldrich, 

B6630) -PEG-MMA500 (R.I=1.543) with 5% EDTP before imaging. 

4.2.11. Statistical Analysis 

SPSS software version 21.0 was used for statistical analysis. A Paired t test was 

conducted for mean comparison and P value of less than 0.05 is considered statistically 

significant. *p<0.05, ** p<0.01, ***p<0.001. Moreover, Prism 7 was used to display the 

quantification results. Data was shown as Mean ± SEM. 

4.3. Results 

4.3.1. Periodontitis Compromised Gli1+ MSCs’ Contribution to Periodontal Tissue 

Through De-Activation 

Ligation model was constructed on 6~8 weeks old Gli1-CreERT2; Ai14 mice. Two 

weeks were given for periodontitis establishment. Then, two shots of tamoxifen were given to 

trace Gli1+ cells for another two weeks and two months. Both ligation side and non-ligation side 

mandibles were collected for micro-CT, H&E staining and lineage tracing assay. Four weeks 
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after placement, the ligature caused severe alveolar bone loss compared with the non-ligation 

side (Fig 15.a-d). Next, H&E staining showed a widened PDL space and decreased AC height of 

the ligated molar (Fig. 15 d) when compared with the un-ligated molar (Fig. 15b). Also, 

inflammatory polymorphonuclear neutrophils (PMNs), lymphocytes were noticed infiltrating 

into PDL (arrow in Fig. 15d1), which was identical to clinical periodontitis pathological 

manifestation. However, there was no obvious inflammatory cell infiltration on the non-ligation 

side (Fig. 15b1). Quantification results indicated that alveolar bone height decreased ~500 mm 

compared with the non-ligation side (Fig. 15e) whereas PDL width increased ~45 mm on the 

ligation side (Fig. 15f). Furthermore, an overview of lineage tracing results implied that two 

weeks after the ligation model establishment, the Gli1+ cells normally distributed within PDL on 

both the non-ligation side and ligation side two days after tamoxifen induction (Fig. 15g,h). 

Meanwhile, three weeks after ligation, reduced EdU+/Gli1+ cells were noticed on the ligation 

side compared with the non-ligation side (Fig. 15i,j). Correspondingly, due to compromised 

Gli1+ MSCs activation, less cells in the ligation side of the periodontium were detected in 

contrast to non-ligation side periodontium and Gli1+ cells in periodontium on the ligation side 

were less than the control side as indicated by two weeks of lineage tracing (Fig. 15k,l). In 

addition, quantification results showed that Gli1+ cells accounted for ~18% of PDL cells and 

there was no significant difference between the ligation and non-ligation side. Likewise, two 

weeks lineage tracing results showed that Gli1+ cells could be normally activated and gave to 

~60% PDL cells on the control side but only to ~20% on the ligation side (Fig. 15m). Then, local 

magnification revealed that on the non-ligation side, Gli1+ cells normally contributed to PDL in 

the root tip, furcation and interdental septum areas (Fig. 15k1-3) which accounted for around 60% 

PDL cells (Fig. 15n). While on the ligation side, a dramatic decrease in Gli1+ cells inside PDL 
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was noticed (Fig. 15l1-3,n), especially in furcation and interdental septum areas where Gli1+ 

cells occupied only 15%~20% PDL because of  to the closer distance to the pathogenic ligature 

insult (Fig. 15n).  

Besides the results above, ABL was found more severe with ligation time (Fig. 16a-d). 

Later, at ten weeks post ligation, CEJ-AC distance increased by two folds on the ligation side 

than the non-ligation side (Fig. 16e). Accordingly, ligation led to increased PDL width by ~50 

mm (Fig. 16d,f). Also, PMNs infiltration was found in PDL tissue (arrow in Fig. 16d1) which 

was absent on the non-ligation side (Fig. 16b1). Subsequently, Gli1+ cell distribution reduced on 

the ligation side (Fig. 16g,h). On a different note, following a tracing period of two months on 

the non-ligation side, Gli+ MSCs showed the possibility of contributing to the majority of PDL 

(80%~100%).  Yet under periodontitis, Gli1+ MSC activation was compromised. For instance, 

only about 60% PDL component was at the root tip, considering the remainder that was 50% in 

furcation and 20% in interdental septum areas, derived from Gli1+ periodontal MSCs (Fig. 16g1-

3,h1-3,i). Also, Gli1+ MSC commitment to cementum (Fig. 16g1) and alveolar bone (Fig. 16g2) 

was compromised on the ligation side in comparison with the non-ligation side (Fig. 16h1,h2). 

Similarly, quantification results indicated that Gli1+ MSCs derived cementocytes accounted for 

~50% cementum cells on the non-ligation side while only ~25% cementocytes were Gli1 

positive on the ligation side (asterisks in Fig. 16 g1,h1, Fig. 16j).  In return to the non-ligation 

side, about 60% osteocytes inside the furcation area alveolar bone were Gli1+ MSCs derived, but 

on the ligation side only ~40% were Gli1+ (arrows in Fig. 16g2,h2, Fig. 16k). Therefore, 

evidence proves that chronic periodontitis ultimately repressed lineage commitment ability of 

Gli1+ periodontal MSCs. 
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4.3.2. Chronic periodontitis inhibited Gli1+ MSCs maintenance 

One connected issue caused by chronic periodontitis is its refractory nature towards 

conventional treatment. Tooth scaling and root planning are not effective enough for alveolar 

bone regrowth. Hence, failure of tissue regeneration after pathogenic insult removal suggests the 

existence of inhibited Gli1+ MSCs in a periodontitis situation. To investigate chronic 

periodontitis' impact on Gli1+ MSCs maintenance, we performed an intervention experiment. 

First, a ligature was placed on the lower right first molars of mice. One month later, the ligature 

insult was removed and two or three months were given for Gli1+ MSCs to regenerate 

periodontal tissue while the lower left first molars remained un-ligated as a control. 

Unfortunately, no regain of alveolar bone was noticed on the ligature removal side no matter if 

two or three months passed after removal (Fig. 17a, b, d, e). However, CEJ-AC distance 

increased by 50% on the ligature removal side than the non-ligation side (Fig. 17c). This fact 

implied the compromised MSCs maintenance. 

To testify this point, we collected total PDL cells on both the non-ligation and ligation 

side molars of adult Gli1-CreERT2; tdTomato mice four days after tamoxifen injection. Gli1+ 

periodontal MSCs (Dapilow/PE-Ahi) were then sorted and their frequency within total isolated 

cells was calculated automatically after FACS assay. Later, quantification demonstrated that 

Gli1+ MSCs accounted for ~1.2% of total cells collected from non-ligation side molars whereas 

within ligation side molars, Gli1+ MSCs only accounted for ~0.3% (Fig. 17g). Therefore, 

significant decrease of Gli1+ MSCs percentage suggested that periodontitis consumed Gli1+ 

periodontal MSCs. 

Then, we performed a longer-term ligation-periodontitis model on Gli1-CreERT2; 

tdTomato mice. Two days after tamoxifen injection, Gli1+ MSCs were shown reduced on the 
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ligation side three and six months after ligation (Fig. 17h-k). Then, quantification results 

indicated that in comparison with the non-ligation side, Gli1+ cells percentage reduced 40% ~50% 

on the ligation side (Fig. 17l). 

4.3.3. Vasculature Density was Reduced in a Periodontitis Situation 

PDL is known as the highly vascularized supporting tissues of the teeth. This vasculature 

provides a reliable microenvironment for the homeostasis of Gli1+ periodontium MSCs. 

However, little is known so far about the vasculature changes under untreated advanced 

periodontitis. Further, Vascular Endothelial-Cadherin (Cdh5) is a specific marker to label blood 

vessel endothelial cells 242. Thus, we conducted research using a ligation-induced periodontitis 

model on six weeks old Cdh5-Cre; tdTomato mice. Two months later, both side mandibles were 

collected to clear with the PEGASOS method as described earlier 255 (Fig. 18a,b). Under the 

confocal microscope (Leica, SP8), the whole vasculature system of the ligated and non-ligated 

first molar was visualized for morphological comparison at a three-dimensional scale. The 

overall vascularity of PDL on the ligation side decreased significantly compared with the un-

ligated molar (Fig. 18c, d). Vasculature shrinkage was also noticed on the ligation side molar 

regardless if it was in the coral 1/3, middle 1/3 or apical 1/3 segment of PDL, featured by a 

reduction in blood vessel diameter and density (Fig. 18c1, d1, c2, d2, c3, d3, e-g). Likewise, 

quantification results indicated that the vasculature density decreased by ~20% in coronal 1/3 

PDL, ~15% in the middle 1/3 PDL and ~40% in apical 1/3 PDL. Overall, loss of the vasculature 

niche helps explain the compromised periodontal MSCs bioactivity.  

4.3.4. Wnt Activity Was Down-Regulated During Periodontitis 

Our data has proven the significance of Wnt signaling for Gli1+ periodontal MSCs 

activation under normal conditions. To evaluate Wnt signaling activity in periodontitis 
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conditions, a  ligation-periodontitis model was completed on 6~8 week old Axin2-lacZ mice. 

Following a one month time period, a stronger lacz stain was observed inside the non-ligation 

side PDL than the ligation side no matter if it was in the root apical region (Fig. 19a in 

comparison of  Fig. 19d), furcation (Fig. 19b versus Fig. 19e) or the interdental septum areas 

(Fig. 19c compared with Fig. 19f). Quantification also demonstrated that on the non-ligation side, 

~60% cells inside the root apex part of PDL were Axin2 positive and responded to Wnt signaling, 

while on the ligation side only ~30% cells were Axin2+ (Fig. 19g). In the furcation area, Wnt 

responsive cells occupied ~60% PDL on the non-ligation side and ~40% on the ligation side (Fig. 

19h). Similarly, Axin2+ cells accounted for ~60% cells within non-ligated molars' PDL in the 

interdental septum area and ~40% PDL cells on the ligation side were labeled by Axin2 (Fig. 

19i). To further examine Wnt signaling activity at the molecular level, RNA was separately 

extracted from ligated and un-ligated molars' PDL for RT-PCR assay one month after 

periodontitis induction. Hence, the results of this experiment confirmed that Wnt signaling 

activity was down-regulated at all checkpoints under periodontitis. For example, on the ligation 

side, relative expression of target genes in canonical Wnt signaling pathway reduced to various 

extents, including Axin2 (down to 40% of the non-ligation/control side level), Ctnnb (decreased 

by 20%), TCF7 (reduced ~60%), LEF1 (half decrease), cyclin D (only had a remaining 60% of 

expression activity) (Fig. 19j). Along with Wnt down regulation, osteogenic genes were also 

negatively affected. The expression of Bone Morphogenetic Protein 4 (BMP4), which is 

involved in MSCs’ osteoblastic commitment, experienced a 60% reduction. Furthermore, 

transcription factor SP7 (also called Osterix) functions as a master regulator of bone formation 

through promoting osteogenic precursors to differentiate into osteoblasts. Its relative expression 

was down-regulated to about 50% of the non-ligation side. Correspondingly, Runt-Related 
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Transcription Factor 2 (Runx2) is responsible for osteoblasts’ differentiation into terminal 

osteocytes. On the ligation side, its expression level was only 60% of that of the non-ligation side 

(Fig. 19j). Collectively, the above data convinced us that chronic periodontal tissue infection 

depressed canonical Wnt signaling activity.  

4.3.5. Over-Activation of Wnt Signaling Partially Rescued Tissue Loss and Gli1+ MSCs 

Inhibition During Periodontitis 

Since our experiment showed that Wnt activity can be subject to periodontitis, it gave us 

a hint that over-activation of Wnt signaling may counteract periodontitis induced tissue loss. We 

implemented a ligation model on adult Gli1-CreERT2; Ctnnbfl/-(exon3); tdTomato mice. Two weeks 

after ligature placement, tamoxifen was given to induce b-catenin/Wnt signaling overexpression 

within Gli1+ cells and tracing took place meanwhile for another two weeks. Both sides of the 

mandibles were then collected from the mutant mice for a micro-CT and confocal imaging assay.  

Micro-CT results showed that in the Wnt over-activated mutant mice, the distance 

between CEJ and AC was similar on both the ligation and non-ligation side (Fig. 20a-d) and 

statistics analysis showed no significant difference (Fig. 20e). The increase of Wnt signaling 

activity could help maintain alveolar bone height even under periodontitis. Then, confocal 

images showed that two weeks after tamoxifen injection, Gli1+ MSCs were activated to populate 

among the entire periodontium on both sides (Fig. 20f, g, f1-3, g1-3) with ~85% of PDL 

components labeled  as Gli1+ cells on the non-ligation side while on the ligation places, the 

labeling efficiency was equally high within PDL space by ~75% in the root tip area, ~85% in the 

furcation area, and ~70% in interdental septum area, which is not much different from non-

ligation side, as indicated in the quantification (Fig. 20h). Thus, the over-activation of Wnt 
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signaling could alleviate periodontal tissue loss under periodontitis by counteracting Gli1+ MSC 

deactivation.  

4.4. Discussion 

 Complicated crosstalk exists between stem cells and the immune system. In basic 

science, MSCs are non-immunogenic in favor of their allogeneic transplantation without host 

immunosuppression 289. In fact, mesenchymal stem cells do not trigger CD4+ cell activation. 

They are able to escape lysis by CD8+ cytotoxic lymphocytes and Natural Killer (NK) cell‐

specific lysis 290 and are comparatively more resistant to cytotoxic T cells lysis. By the same 

token, MSCs inhibit dendritic cells' maturation and antigen presentation capability 291, 

transforming the  M1 pro-inflammatory macrophage to a M2 anti-inflammatory phenotype 9 292 

and suppressing  the de novo production of TNF-a from mast cells 291. As for the existence of an  

acquired immune system, MSCs negatively regulate the proliferation and activation of 

lymphocytes, NK cells, and T Helper (Th) cells but promote Regulatory T Cells’(Tregs) 

proliferation as well as immunomodulatory properties 9 292. MSCs inhibit Th1 cell development 

but induce a bias towards Th2 differentiation 293. Accordingly, a high concentration of MSCs 

negatively affect the chemotactic properties of B cells by downregulating the expression of 

chemokine receptors CXCR4, CXCR5 and CCR7B as well as the chemotaxis to CXCL12, the 

CXCR4 ligand, and CXCL13, the CXCR5 ligand. Therefore, an abundance of studies are 

focusing on the application of ex vivo MSCs to enhance biomaterials' tissue regeneration ability 

under infection. Interestingly, the compromised tissue regeneration under periodontitis 

contradicts this fact, which suggests the impaired MSCs function.  

Even with all of the information discovered thus far, another point of discussion is that 

Wnt signaling has been proven important in Gli1+ periodontal stem cell bioactivity. In fact a 
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canonical Wnt signaling blockage in the periodontium results in major defects within PDL and 

alveolar bone formation 260. Meanwhile, enhancing Wnt activity by genetically knocking out 

Wnt inhibitors such as SOST or pharmacologically administering sclerostin antibody could 

restore alveolar bone osteocyte morphology, PDL phenotype, and bioactive molecule function in 

a periodontitis mouse model 272. However, our current data indicated a major treatment 

problem— the vasculature niche and canonical Wnt signaling activity within Gli1+ MSCs were 

both interrupted during periodontitis. The resultant inhibition of Gli1+ periodontal MSCs 

maintenance and activation is closely related to periodontal tissue loss. Yet, we also did not 

exclude the involvement of osteoclasts in the alveolar bone loss. For instance, varying studies 

have demonstrated that RANKL-mediated osteoclastogenesis played a pivotal role in 

periodontitis bone resorption 294 102. Likewise, activated T lymphocytes may mediate bone 

resorption through excessive secretion of RANKL 102 295 296. Accordingly, a ligation-induced 

periodontitis model induced upregulation in osteoclastic related mRNA expression 297. 

Furthermore, inhibition of osteoclastogenesis could attenuate ligation induced periodontitis in 

rats 298.  

To continue on the path of disease knowledge, in vivo MSCs are subjected to an 

undermined microenvironment which is under chronic tissue infection. In periodontitis, the 

major source of PAMPs is LPS from P.g. TLR4, the exclusive receptor for LPS. It has been 

found expressed on PDLMSCs’ surface in various in vitro studies. However, in our experiments, 

we found no overlap between Gli1+ MSCs and TLR4 in either PDL or a sagittal suture. Instead, 

TLR4 was particularly located on blood vessels’ lumen while the Gili+ cells were on the outside 

of it. Then, we crossed TLR4flox mice with G.T mice and performed the ligation model on their 

offspring which yielded no anti-periodontitis effects on the mutant mice. In addition to that 
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revelation, the ABL on the ligation side was substantially more severe than the non-ligation side 

(data not shown). Collectively, this data indicated that Gli1+ MSCs were negative for TLR4. 

Thus, the underlying mechanism for the suppression of Gli1+ MSCs under periodontitis is more 

complicated than expected. It is a combined effect of proinflammatory factors instead of sole 

TRL4/MyD88 signaling within Gli1+ MSCs. However, we have reservations about this 

statement because some previous studies conclude that under inflammation, the TLR expression 

of pre-conditioned MSCs is positively related to the dosing of inflammatory ligands and 

incubation time. Also, transplanted IL1r1/MyD88 KO MSCs were shown with higher 

regeneration ability than widetype MSCs 163. In this experiment, we might not have given a long 

enough time for periodontitis to induce TLR expression in Gli1+ periodontal MSCs.  

Despite some time-related ponderings on other parts of the experiments, the ligation 

model for the study was widely used in the field with good reproductivity regardless of the 

mice’s background. Two weeks was enough time to establish periodontitis with soft and hard 

tissue loss. In our  investigation, we also discovered that some researchers modified this model 

by soaking their ligature in a  P.gingivalis (Pg) suspension 299. Gavage is another method to 

induce an oral cavity infection. In this scenario, animals are subjected to an oral inoculation of 

Pg suspension placed directly into the oral cavity carefully with a micropipette in two days 

intervals 297. Unfortunately, the operation is challenging and repetitive with a low efficacy rate.  

Usually, it takes longer than four weeks to reproduce significant alveolar bone loss. The final 

way found to purposely infect the oral cavity is to directly inject heat-killed P.g into vestibular 

and oral gingiva using a microfine insulin syringe. The protocol needs to be repeated in two-day 

intervals throughout the whole experiment duration. The localized injection could cause rapid 

and severe periodontal tissue destruction and an increase in pro-inflammatory cytokine 
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expressions, such as IL‐1β, IL‐6, and TNF‐α 300 301. The disadvantage of this method is the 

demanding nature of the operation.  

One item impacted by this intentional infection is periodontal tissue, known as highly 

vascularized supporting tissues of the teeth. However, little is known about the vascular changes 

in chronic periodontitis. Some studies mentioned a significant increase in blood vessel diameters, 

basement membrane thickness, and numerical density within the connective tissue subjacent to 

the periodontal pocket lining epithelium 302. Accordingly, morphological changes were explained 

as an epithelial response to microbial flora in the local environment. However, in our study, we 

compared the vasculature differences within PDL between physiological and pathological 

conditions for the first time using a PEGASOS based 3D imaging technique. A three-

dimensional view indicated vessel shrinkage and decrease in vasculature density during late 

stage periodontitis which could be the origin of impaired MSCs bioactivity. This fact also 

implies the necessity to enhance blood vessel regeneration when transplanting MSCs for 

periodontal tissue wound repair in a periodontitis situation. 

In addition, we demonstrated in this study that enhanced Wnt signaling was able to 

counteract the depression from tissue infection to maintain periodontal tissue homeostasis, which 

may provide insight for potential stem cell-based tissue regeneration for biomaterials study and 

periodontal disease treatments. 
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5. CONCLUSION 

 

Stem cells play a critical role in tissue homeostasis. To illustrate, periodontal MSCs are 

supposed to be a hierarchical priority, giving rise to the whole periodontium and obtaining 

involvement in the tissue injury repair process. The disease which directly influences this process 

is called periodontitis, a common chronic periodontal tissue disease that affects millions of 

people worldwide. The hardness of tissue regeneration under periodontitis implies the 

dysfunction of periodontal MSCs within the infectious microenvironment. Hence, researchers 

wanted to find out more about the disease. To date, there have been various studies focusing on 

phenotype changes caused by periodontitis, its underlying mechanism, and potential treatment 

strategies including periodontal tissue engineering and drug administration. In addition, all 

relevant studies are either in forms of in vitro MSCs culture treated with periodontitis PAMPs or 

the evaluation of periodontitis impacts on terminal differentiated tissues. However, the in vivo 

response of periodontal MSCs to periodontal diseases is poorly understood due to the lack of a 

reliable in vivo marker for periodontal MSCs. An in vitro study could never replace an in vivo 

study because the stem cell niche is extremely important for stem cell behavior.  

To assist in remedying the lack of the latter study, there have been several in vivo 

periodontal MSCs markers reported, including αSMA, Axin2, and PTHrP. Among this group, 

αSMA's labeling efficiency is pretty low with only a small portion of osteoblasts and 

cementocytes expressed in SMA9 even seven weeks after labeling 68; Wnt-responsive Axin2+ 

cells are quiescent within PDL and highly proliferative upon injury. They migrate away from the 

PDL into the tooth extraction socket and become osteoprogenitors 69. Unfortunately, their 

contribution to PDL and cementum is unknown. Likewise, Axin2 is not a unique marker for 

periodontium. Although there could be exceptions, cementoblasts and odontoblasts were also 
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found Axin2 positive. Another MSC marker is PTHrP+ cells, which are important for molar root 

development and give  rise to the majority of PDL and parts of osteocytes. However, PTHrP+ 

cells’ contribution to tissue turnover in adults is minor 70. For adult periodontal MSCs 

identification, all of the above markers are not convincing enough. Therefore, we examined Gli1 

expression within adult molar periodontium based on a previous study about Gli1 as the perfect 

marker for mouse incisor MSCs and suture MSCs. In our study, lineage tracing experiments 

proved that Gli1+ cells could give rise to the majority of the periodontium complex no matter if 

it was at a young age such as P3-P14 or in adults. Also, Gli1+ cells could quickly respond to 

injury with an accelerated lineage commitment activity. Surprisingly, we found that in vivo 

Gli1+ cells express none of the traditional MSCs surface markers such as CD73, CD44 or 

CD146, although in vitro Gli1+ cells did. In this way, we successfully identified Gli1 as a good 

in vivo marker for periodontal MSCs. 

Besides just performing that successful marker search, we took advantage of the 

PEGASOS tissue clearing technique and detected a neurovascular bundle as the Gli1+ 

periodontal MSCs niche in vivo. In this scenario, we found that Gli1+ cells closely surround 

blood vessels and nerves, populating along with them. Because nerve and blood vessels are 

confluent at the root tip area, the primitive Gli1+ MSCs are mostly located at the apex region. 

This conclusion was in line with previous studies on Gli1+ cells 228 59 and other stem cells 303 224. 

In addition, this observation asserted that when compared with other tissue stem cell markers 

including aSMA, LepR, NG2, and PDGF, Gli1+ cells not only show the best performance in 

labeling periodontium, but also more primitively give rise to some populations such as aSMA+ 

cells and LepR+ cells.  
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Even though there has been notable activity in our work so far pertaining to the advance 

of periodontal MSC markers and a designated niche, we decided to take the project a step farther.  

Many past studies have clarified the importance of Wnt signaling in periodontium homeostasis 

304 267 259 with the conclusion that Wnt signaling helps balance between fibrous tissue and 

osseous tissues. Nevertheless, few of them have linked Wnt to periodontal MSCs in situ. In our 

study, we first proved the existence of Wnt signaling within Gli1+ periodontal MSCs. Then, 

through a gain and loss of function study, we directly demonstrated the functional reliance of 

Gli1+ cells on Wnt signaling activation. A β-catenin knockout led to the failure of Gli1+ cells 

activation and periodontium loss. Conversely, a gain-of-function mutation in β-catenin enhanced 

the proliferation and activation of Gli1+ cells, which resulted in cementum overgrowth.  

After those procedures were finished, we were able to investigate the in vivo response of 

Gli1+ MSCs to periodontitis and the associated regulatory mechanism through performing 

ligation induced periodontitis model on Gli1-Cre mice. Lineage tracing data at different time 

points after tooth ligation revealed the failure of Gli1+ cells’ activation to populate along PDL, 

as well as form a commitment to cementum and alveolar bone. We found severe alveolar bone 

loss and widened PDL detected by Micro-CT and H&E staining on the ligation side. The data 

was finally gathered from multiple phases of the experiments and we came to several brief 

conclusions. First, established periodontitis could consume Gli1+ MSCs behind what may be 

their impaired vascular niche. Accordingly, canonical Wnt signaling activity was evaluated by 

Axin2-LacZ reporter mice and Realtime PCR. Later, down-regulation was noticed on the ligation 

side of the mice. Further, the rescue experiment by Wnt over-activation confirms the necessity of 

Wnt signaling in Gli1+ MSCs mediated periodontal tissue regeneration. Thus, all of the data 

collectively implied that Wnt agonists or genetic Wnt signaling activation could be a possible 
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approach to treat periodontitis.  Additionally, blood vessel regrowth is essential for tissue 

regeneration. 

Nonetheless, there are some questions remaining to be answered. First, we need to further 

explore the NVB niche. Our current data implied that Gli1+ periodontal MSCs are in spatially 

close relation to vasculature and nerves.  However, we have not identified the specific 

vasculature and nerve type that support Gli1+ MSCs function and how these structures 

participate in the regulation of periodontal MSCs. To answer this question, we need to isolate 

Gli1hi and Gli1low cells from adult molar periodontium to run an RNA sequence to screen out 

highly expressed genes, especially those related to vasculature and nerves. Then, to confirm their 

role in MSCs regulation, we will do a traditional gain and loss of function study to examine  

phenotype changes and lineage tracing maps of Gli1+ MSCs. If possible, physically cutting off 

specific blood vessels or nerves can be used to verify their function. 

Secondly, we want to perform additional research on Wnt signaling. This concept is 

known as a short-range intercellular signal in an autocrine model 85 305. During our study, we 

verified that Gli1+ MSCs themselves express Wnt, but stem cells are quiescent. The MSCs niche 

cells are presumed to be the major Wnt source controlling MSCs' bioactivity. In future studies, 

Wnt canonical and noncanonical signaling activity will be monitored after niche cell depletion to 

demonstrate Wnt`s distribution within the NVB niche. Besides considering the interaction 

between the dual types of Wnt signaling, it is necessary to elucidate the precise role of the non-

canonical Wnt signaling pathway in Gli1+ MSCs regulation. To solve this puzzle, non-canonical 

Wnt signaling reporter mice are required to map the distribution pattern within adult molar 

periodontium. Afterwards, a loss and gain of function study should be performed for detailed 

information.  
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Third, the underlying mechanism causing the inhibition of Gli1+ MSCs during 

periodontitis should be further studied. To move forward with this investigation, we will digest 

and isolate adult Gli1+ cells from ligated and un-ligated adult molar PDL for an RNA 

sequencing assay. Differently expressed genes will then be analyzed via a loss and gain of 

function study for the ultimate purpose of a building and implementing a detailed mechanism 

study. Also, with supplementary efforts, we hope to have a better understanding of the molecular 

pathogenesis in periodontal disease. This awareness is especially relevant to periodontal MSCs, 

which will help us to design a stem cell treatment therapy for periodontitis in the near future. 
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APPENDIX A 

FIGURES 

 

 

Figure 1 Overview of the Canonical and Noncanonical Wnt Pathway  

(A). In the canonical pathway, without Wnt ligands, the destruction complex phosphorylates ß-

catenin is later ubiquitinated and targeted to degradation in the proteasome. The absence of ß-

catenin represses Wnt downstream genes. (B). For a canonical pathway with the binding of 

Wnt ligands, recruited Dvl blocks GSK and destruction complex disassembled to stabilize ß-

catenin. The nucleus translocation elicits target genes’ expression. (C). Depiction of the 

noncanonical Wnt-PCP pathway. With the Dvl and coreceptor ROR2/RYK bonded, two Rho 

family GTPases, RhoA, and Rac1 stimulate respective ROCK and JNK activity. Both kinases 

directly regulate the cytoskeleton and JNK also triggers the expression of target genes 

regulating cell survival, movement, and polarity. (D). Schematic representation of the Wnt-

Calcium pathway. Wnt ligands’FZD binding mediates Dvl activation with a G protein-coupled 

receptor. Then, Dvl activates PLC to decompose PIP2 into IP3 and DAG. IP3 leads to an 

intracellular Ca2+ release from the ER, which in turn phosphorylates CAMKII. CAMKII 

activates NFAT to regulate cell movement and adhesion via MAPK. Wnt-Calcium pathway 

inhibits Wnt/ß-catenin signaling through TAK-NLK, which is mediated through a LEF1-b-

catenin dissociation from DNA. DAG activates NFAT downstream genes through PKC. (F). 

Schematic of the Wnt5a/Fzd2 pathway involved in tumor metastasis-related genes expression 

via FYN activated STAT3.  
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Figure 2 TLR Pathway and NLR Pathway Including Their Modification to Wnt/ß-Catenin 

Signaling 

(A). Depiction of the TLR-MyD88 independent pathway with a terminal IFN-1ß secretion. Intracellular 

PAMPs-dsRNA in endosomes are recognized by TLR3 and IKKε/TBK1 are recruited to phosphorylate 

IRF3 via TRIF and TRAF3. IRF3 translocates into the nucleus to trigger IFN-1ß expression. (B). 

Overview of the TLR-MyD88 dependent pathway inducing pro-inflammatory cytokines such as pro-

IL-1ß and pro-IL-18. Upon extracellular PAMPs binding, TLRs recruit MyD88 to cytoplasmic TIR. 

Consequently, MyD88 associates with IRAKs, a process in which IRAK4 phosphorylates IRAK1 and 2 

and promotes association with TRAF6. TAK1 and IKK complex is then activated. The subsequent 

IkBα degradation frees NF-kB to translocate into the nucleus for target gene expression. TAK1 can also 

mediate pro-inflammatory cytokines’ expression through MKKs/MAPK cascades. (C). Diagram 

indicating the positive and negative influence of inflammatory pathways on Wnt signaling. Negatively, 

TLRs/MyD88 inhibits the binding of Wnt ligands to the LRP5/6 Fz receptor complex. Phosphorylated 

TAK1 activates NLK, which separates b-catenin/TCF-LEF from DNA. Activated NLR could also 

inhibit Wnt through the same TAK1/NLK pathway after RIP2 attachment and phosphorylation. 

Positively, the combination of MyD88 triggers an anti-inflammatory pathway via PI3K/AKT activation. 

AKT then enhances the level of b-catenin and Wnt target genes’ expression. Alternatively, activated 

NLRs interact with Wnt receptors via LYPD6. (D). The NLR pathway, including the 

canonical/noncanonical inflammasome pathway.  After the recognition of extracellular PAMPs by 

NLRs, ASC directly attaches on NLRs via the PYD domain and pro-caspase1 via CARD. 

Inflammasomes are self-assembled, leading to the cleavage of caspase-1. The activated caspase-1 

catalyzes pro-IL-1ß and pro-IL-18 into functional IL-1ß and IL-18. The K+ ion channel on the 

inflammatory cell surface is open, dependent on active caspase-1.   This circumstance results in pore 

formation in the cell membrane. In the noncanonical pathway, an activated caspase-11 can directly 

enhance IL-1ß and IL-18 release and promote the caspase-1 pathway as well.  
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Mandibles were collected from Gli1-lacZ mice. Lacz staining took place in the lower first molar of groups P1(a), 

P7(b), P14(c), P21(d), P28(e), and P60(f). The asterisk indicates Gli1+ cells in dental pulp tissue and the arrow 

indicates Gli1+ cells in PDL. Two doses of tamoxifen were given to Gli1-CreERT2; Ai14 mice to label Gli1+ cells. 

Four days after injection, mandibles were harvested and cleared with PEGASOS. (g). Three-dimensional images 

show initial Gli1+ cells distribution within the mice’s lower first molar periodontium two days after induction. 

Boxed regions are enlarged in the right panels (g1-g3). (h). The optical section was acquired to indicate the pulp 

chamber. Boxed regions are enlarged in the panel on the right (h1). The color green denotes SHG+ mineralized 

tissue to outline the tooth structure while red areas are Gli1+ cells. Relative Gli1+ cell percentage within molar of 

differing development ages is quantified in (i). (j). Three-dimensional quantification of relative Gli1+ cell 

percentage within adult mice molar periodontium in different regions. Values are plotted as mean ± SEM. Scale bars 

are as shown in panels. 

Figure 3 Gli1+ Cells Were Gradually Restricted to the Apical Region of Adult Molars During 

Postnatal Development. 
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Figure 4 Gli1+ Cells Tightly Surrounded the Neurovasculature Bundle (NVB) and 

Multiplied  Within PDL Along Vasculature 

Mandibular molars were collected from adult Cdh5-Cre; tdTomato mice and processed 

following the PEGASOS clearing method. (a). Three-dimensional view of the vasculature 

system supporting the lower first molar of adult mice.  Arrows highlight the supportive 

vasculature within PDL. The boxed area was enlarged in (b). Arrows indicate the blood vessels 

supporting the molar. Mandibular molars were collected from adult Synapsin-Cre; Ai14 mice 

and cleared with PEGASOS. SHG (in green) was used to label tooth structure. (c). Local three-

dimensional view of nerve bundles from an adult first molar surrounding its lower root. 

Arrows mark the connected nerve. (d). Sagittal section and (e) cross-section of a Gli1-

CreERT2; Ai14 mouse molar which was tamoxifen-induced for four days (initial Gli1+ cells 

appear red) after Gs-IB4 (green) immunohistochemical staining. Gs-IB4 labels vasculature. (f). 

ß3-tubulin (green) staining of the cross-section in a four days induced Gli1-CreERT2; Ai14 

mouse molar`s PDL. Dapi is blue. (g-i). Immunohistochemical staining of Gs-IB4 (vasculature 

in green) in adult Gli1-CreERT2; Ai14 mouse molars collected on three days (g), seven days 

(h) or fourteen days (i) after tamoxifen induction. Dotted lines outline the PDL space on the 

cross-section of mice molars. Scale bars are as shown in each panel. 
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Figure 5 Gli1+ Cells Were Negative for Periodontium Lineage Differentiation Markers and 

Expressed Typical MSCs Markers in Vitro 

Gli1+ cells were marked by inducing adult Gli1-CreERT2; Ai14 mice for two days. (a-c). 

Immunohistochemical staining of CD44, CD73, and CD146 in induced Gli1-CreERT2; Ai14 

mice mandible molars. Red, Gli1+ cells; Green, typical in vitro MSC markers. (d-f). Co-

staining assay of periostin (d), type1 collagen (e), and Sp7 (f). Red, Gli1+ cells; Green, 

markers for mature periodontium tissues. Blue, Dapi, labelled nuclei. Scale bars are as shown 

in each panel.  
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Figure 6 Gli1+ Cells Expressed Typical MSC Markers and Underwent Multilineage 

Differentiation in Vitro 

Adult Gli1-CreERT2; Ai14 mice were induced for two days with tamoxifen and Gli1+ cells 

were isolated from their molar root surfaces. In vitro expression profile of Gli1+ cells was 

shown in (a-i). (j). Quantification of results in a-i. Values are plotted as mean ± SEM. (k). 

Gli1+ cell colony formed on the culture dish. (i). Alizarin red staining of Gli1+ cells two 

weeks after osteogenic induction. (m). The Alcian blue staining result of Gli1+ cells two 

weeks after chondrogenic induction. (n). Perilipin staining result of molar mesenchymal Gli1+ 

cells two weeks after adipogenic induction. Green, MSC markers; Blue (Dapi), Nuclei. The 

Scale bars, 10um. 
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Figure 7 Gli1+ MSCs Contributed to Periodontium Physiological Turnover in Adulthood 

One month old Gli1-CreERT2; Ai14 mice were induced with two injections of tamoxifen. Then, their mandibles 

were collected and sectioned for confocal assay after different time points. (a-c3). The time course of Gli1+ cells 

tracing (red) for adult Gli1-CreERT2; Ai14 mice three days after tamoxifen induction (a, a1-a3), 30 days after 

induction (b), and 60 days after induction (c, c1-c3). Boxed areas are shown magnified in the right panels. The 

asterisk indicates Gli1+ cells in cementum. The arrow represents positively labeled osteocytes and dotted lines 

outline tooth structure. (d). A three-dimensional view of Gli1+ cells (red) distribution in adult Gli1-CreERT2; 

Ai14 mice molar periodontium three days after tamoxifen induction.  Next, an optical section was acquired to 

show the dental pulp, cementum and alveolar bone regions inside. (e). Three-dimensional view of Gli1+ cell (in 

red) distribution in adult GT mouse molar periodontium 60 days after tamoxifen induction. (e'). The optical 

section was captured to display the dental pulp, cementum and alveolar bone regions inside. SHG appears green 

to show the tooth structure. (f). Quantification of Gli1+ cells’ lineage tracing results from the first two months 

within adult molar PDL, cementum, alveolar bone, and pulp. Values are plotted as mean ± SEM. Scale bars are as 

shown in panels. 
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Figure 8 Gli1+ Cells Supported Periodontium Tissue Injury Repair. 

An injury model was performed on 6~8 week old Gli1-CreERT2; Ai14 mice on their molars at 

the furcation area.  The mice were induced with two injections of tamoxifen immediately after 

the injury. Littermate Gli1-CreERT2; Ai14 mice without injury were set as the control group. 

Then, mandibles were collected 7 and 30 days after injury. Images were acquired afterwards 

under a confocal microscope. (a). The Lineage tracing result from injured molar sections seven 

days after receiving a syringe punch. (a1). The local magnification of the injury site indicated 

in box area (a). The asterisk indicates enhanced Gli1+ activation within PDL at the injury site. 

(b). The lineage tracing result of molar sections 30 days after injury and tamoxifen 

administration. (b1). Local magnification of an injury site as the box area in (b). The arrow 

indicates Gli1+ osteocytes in the injury site. (c). Lineage tracing results of Gli1+ cells within 

the no injury control group’s molar periodontium. (c1). Local magnification of the furcation 

area as boxed in (c). DAPI is present in blue. Scale bars are as displayed in panels. 
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Figure 9 Multipotent Gli1+ Cells Gave Rise to the Entire Molar Periodontium at a Young Age. 

(a). The lineage tracing result of P3 Gli1-CreERT2; Ai14 mice one month after tamoxifen injection. Additionally, 

boxed areas are magnified in the right panels of the figure, demonstrating Gli1+ cells' distribution in the 

respective crown pulp (a1), furcation (a2), and root tip areas (a3). (b). Lineage tracing result of P7 Gli1-CreERT2; 

Ai14 mice one month after tamoxifen injection. Boxed areas are enlarged in the right panel, demonstrating Gli1+ 

cells' distribution in corresponding crown pulp (b1), furcation (b2), and root tip (b3) areas. (c). Lineage tracing 

result of P14 Gli1-CreERT2; Ai14 mice one month after tamoxifen injection. Boxed areas are magnified in the 

right panels, demonstrating Gli1+ cells' distribution in several places such as crown pulp (c1), furcation (c2), and 

root tip on the mice. (c3). Dotted lines outline tooth structure. Asterisks indicate Gli1+ cells in pulp. (d). 

Tamoxifen administration scheme. (e). Quantification results of a lineage tracing assay as shown in the above 

panels. Values are shown as mean ± SEM. Scale bars are as shown in panels. 
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Figure 10 Gli1+ Cells Were the Primitive Stem Cell Populations of Adult Molar Periodontium. 

6~8 week old NG2-CreERT2;Ai14 and PDGFRb-CE;tdTomato mice were induced with two  injections  of 

tamoxifen. Then, mandibles were collected three days and one month after induction. (a). NG2+ cells’ 

distribution pattern three days after injection. Boxed areas are magnified on the right panels, which display their 

respective distribution in the molar root tip (a1), furcation (a2) and crown pulp (a3) areas. (b). Lineage tracing 

results of NG2+ cells one month after injection. Boxed areas are magnified to the right panels showing the root tip 

(b1), furcation (b2) and crown pulp areas (b3). Asterisk marks the NG2+ cells in cementum. The arrow marks 

osteocytes derived from NG2+ cells. (c). PDGFRb+ cells’ distribution pattern three days after injection. Boxed 

areas are magnified to the right panels displaying PDGFRb+ cells' specific distribution in the molar root tip (c1), 

furcation (c2) and crown pulp (c3). Asterisk marks the PDGFRb+ cells in cementum. (d). Lineage tracing results 

of PDGFRb+ cells one month after tamoxifen injection. Boxed areas are magnified to the right panels showing 

the root tip area (d1), furcation (d2), and crow pulp areas (d3). Asterisk marks the PDGFRb+ cells in cementum. 

The arrow designates osteocytes derived from PDGFRb+ cells. Dotted lines outline tooth structure. Red denotes 

positive cells while blue DAPI represents the nucleus. Scale bars are as shown in panels.  
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(a).aSMA+ cells’ distribution pattern two months after tamoxifen induction in 6~8  week old aSMA-CreERT2;Ai14 

mice. Boxed areas are magnified on the right panels, displaying aSMA+ cells’ distribution in the mice`s 

corresponding molar furcation (a1) and root tip (a2) areas r. The scale bar, 500um in a, 100um in a1 and a2. (b) 

aSMA immunofluorescent staining in a two month induced aSMA-CreERT2;Ai14 mice molar shows co-localization 

of an aSMA antibody (green) and aSMA+ cells (red). Scale bar, 50um. (c). Confocal images of LepR+ cells’ 

distribution in a one month old LepR-Cre;Ai14 mouse molar. Boxed areas are magnified to the right in panels which 

display LepR+ cells’ distribution in respective root tip (c1), furcation (c2), and crown pulp (c3) areas. Scale bar, 

500um in c and100um in c1-c3. (d). Confocal images of LepR+ cells’ distribution in a six month old LepR-cre;Ai14 

mouse molar. Boxed areas are magnified to the right, with panels displaying LepR+ cells’ distribution in the 

assigned root tip (d1), furcation (d2) areas. Scale bar, 500um in d and100um in d1, d2. (e). Gs-IB4 

immunofluorescent staining in a six month old LepR-cre; Ai14 mouse molar shows LepR+ cells (red) surrounding 

GS-IB4 stained blood vessels (green). Scale bar, 50um. (f). Merged confocal image of aSMA antibody and initial 

Gli1+ cells in two day induced Gli1-CreERT2; Ai14 mice. (g). aSMA immunofluorescent staining in six day 

induced Gli1-CreERT2; Ai14 mice. (h). Merged confocal image of LepR antibody and initial Gli1+ cells in two day 

induced Gli1-CreERT2; Ai14 mice. (g). LepR immunofluorescent staining in thirty day induced Gli1-CreERT2; 

Ai14 mice. Red, positive cells and blue, DAPI, nucleus. Scale bars are as shown in panels. 

Figure 11 Gli1+ Cells Were the Primitive Stem Cell Populations of Adult Molar Periodontium. 
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Figure 12 Wnt Signaling was Gradually Restricted to the Adult molar Apical Region 

and corresponded to Gli1+ MSCs Activity.  

 
 

LacZ staining was performed on Axin2-LacZ mice molars during the following time periods: P1 

(a), P7 (b), P14 (c), P21 (d) and postnatal 1 month (e). Boxed areas in (e) are enlarged in (e1) and 

(e2). The arrow marks Gli1+ cells gathering in the root apex area. Asterisk denotes Gli1+ 

odontoblasts. (f). Co-localized Axin2 staining within Gli1+ cells. Red, Gli1+ cells; green, 

Axin2+ cells; blue, DAPI. Scale bars are as displayed in panels.  
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Figure 13 Blockage of the Canonical Wnt Pathway Within Gli1+ MSCs Led to Deactivation and 

Severe Periodontium Tissue Loss 

Gli1-CreERT2; β-Cateninflox/flox; Ai14 and littermate Gli1-CreERT2; Ai14 mice at 6~8 weeks of age 

were induced with tamoxifen and sacrificed three days and two months later. (a,b). Control of the lower 

first molar showed normal respective Gli1+ cell distribution three days and two months after induction. 

(c). µCT results of the control lower first molar six months after tamoxifen induction. (d). Longitudinal 

µCT images of the control lower first molar six months after induction. (e). H&E staining of the control 

group`s molar root apical region. The asterisk indicates normal cementum morphology. (f). H&E 

staining of the control molar furcation area. (g,h). Mutant lower 1st molar showed corresponding 

inhibited Gli1+ cells distribution three days and two months after induction. (i). Overview of µCT 

results from the mutant lower first molar six months after tamoxifen induction. (j). Longitudinal µCT 

images of the mutant mice molar six months after induction. (k). H&E staining of the mutant molar’s 

root apical region. The asterisk indicates reduced cementum volume. (l). H&E staining of the mutant 

molar furcation area. (m). Quantification of results from (a), (b), (g) and (h). (n). Quantification of 

alveolar bone loss in (c) and (i), represented by the distance between CEJ and ABC. CEJ designates 

cementum-enamel junction and ABC. Values are plotted as mean ± SEM (***p < 0.001; n = 6). NS 

means no significant differences. Red indicates Gli1+ cells and  blue is DAPI use.  Scale bars are as 

shown in panels.  
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Figure 14 Constitutive Activation of Wnt Signaling Led to Periodontium Overgrowth and Enhanced Gli1+ 

MSCs Activation 

Gli1-CreERT2; Ctnnbfl/-(exon3); Ai14 and littermate Gli1-CreERT2; Ai14 mice at 6~8 weeks of age were induced 

with tamoxifen for two consecutive days. (a). The control group`s lower first molars showed normal EdU+/Gli1+ 

cell distribution four days after tamoxifen induction (arrow). (b). Micro-CT result of the control lower first molar. 

Arrow indicates normal cementum. (c). H&E staining of the control lower first molar root apical region. (d). The 

Mutant lower first molar showed increased EdU+/Gli1+ cell numbers four days after tamoxifen induction (arrow). 

(e). Micro-CT scanning results of the mutant lower first molar. Arrow points to enlarged cementum. (f). H&E 

staining of the mutant lower first molar`s root apex. (g). Lineage tracing of the control lower first molar showed 

normal Gli1+ cell distribution two weeks after induction. Boxed places were magnified to display Gli1+ cells in 

the root tip (g1) and furcation areas (g2). (h). Lineage tracing of mutant lower first molar showed over-active 

Gli1+ cells in periodontium two weeks after induction. Boxed sections are magnified to display details in the root 

tip (h1) and furcation areas (h2). The asterisk indicates cementocytes derived from Gli1+ MSCs. The arrow 

highlights osteocytes expressing Gli1 inside the alveolar bone, specifically in its furcation area. (i). Quantification 

of results from (g1), (h1). (j). Quantification of results from (g2) and (h2). Values are plotted as mean ± SEM 

(**p<0.01; ***p < 0.001; n = 6). Red is designated for Gli1+ cells, green is , EdU+ cells, and  Blue is shown for 

DAPI.  Scale bars are as presented in panels.  
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Figure 15 Periodontitis Compromised the Contribution of Gli1+ MSCs to Periodontal Tissue Through Deactivation One 

Month After Ligation  

Ligation-periodontitis model was performed on 6~8 week old Gli1-CreERT2; tdTomato mice.  Two weeks after ligation, 

tamoxifen was injected for lineage tracing. (a). Micro-CT result of the non-ligation side molar one month after ligation. (b). 

H&E staining of the non-ligation side’s first molar one month after ligation. (b1). Local magnification of boxed areas in (b), 

showing no inflammatory cells inside the PDL space. (c). Micro-CT results of the ligation side`s first molar one month after 

ligation. (d). H&E staining of the ligation side`s first molar one month after ligation. (d1). Local magnification of boxed areas 

in (d), showing infiltrated inflammatory leukocytes within PDL. (e). Quantification of the CEJ-AC distance in (a) and (c). (f). 

Quantification of the PDL width of both non-ligation and ligation side molars in (b), (d). (g,h). Gli1+ cells tracing (red) in 

adult Gli1-CreERT2; tdTomato mice two days after tamoxifen induction on respective non-ligation and ligation sides two 

weeks after ligation. (i,j). EdU+/Gli1+ cells inside root tip area PDL on non-ligation and ligation side 3 weeks post ligation. 

(k,l). Two week lineage tracing results of the non-ligation side (k) and ligation side (l) of Gli1+ periodontal MSCs one month 

after ligation. Boxed areas are highlighted in (1-3), representing distribution of Gli1+ cells at the root tip (1), furcation (2), and 

interdental septum (3) areas. (m). Quantification based on the first two weeks of Gli1+ cell lineage tracing results in (g,h,k,l). 

(n). Quantification of relative Gli1+ cell percentage within PDL in the above three areas. Data is shown as Mean ± SEM 

(*p<0.05; ***p < 0.001; n = 6). Red indicates Gli1+ cells and green is  EdU+ cells while  blue is DAPI.  Scale bars=200 μm in 

(a-d), (i,j), (k1-3), (l1-3), 500 μm in (g,h,k,l), and 10 μm in (b1,d1).  
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Figure 16 Chronic Periodontitis Compromised Gli1+ MSCs Lineage Commitment Activity 

6~8 week old Gli1-CreERT2; tdTomato mice were ligatured on the right side of their lower first molar. Two weeks after 

ligation, tamoxifen was injected for two months of lineage tracing. (a). Micro-CT results of the non-ligation side’s first molar. 

(b). H&E staining of the non-ligation side`s first molar. (b1). Local magnification of boxed areas in (b) showing no obvious 

inflammatory cells inside PDL. (c). Micro-CT results of the ligation side’s first molar. (d). H&E staining of the ligation side`s 

first molar. Boxed areas in (d) were enlarged in (d1) to show inflammation characteristic in PDL. The arrow marks 

inflammatory PMNs’ infiltration into PDL tissue. (e). Quantification of the distance between the CEJ and AC of both non-

ligation and ligation side molars. (f). Quantification of PDL space in width of both the non-ligation and ligation side molars. (g, 

h). Overview of lineage tracing result belonging to Gli1+ cells in the periodontium of respective non-ligation and ligation side 

molars. Boxed areas are magnified in g1-3, h1-3 representing the distribution of Gli1+ cells at the root tip, furcation and 

interdental septum areas. An arrow indicates osteocytes derived from Gli1+ MSCs. The percentage of Gli1+ cells within PDL 

in the three boxed areas are quantified in (i). (j). Quantification of lineage tracing in (g2) and (h2), indicating the relative 

percentage of Gli1+ MSCs derived osteocytes in the furcation area. (k). Quantification of lineage tracing in (g2), (h2) 

demonstrating the relative percentage of Gli1+ MSCs derived cementocytes in the root tip. Data is shown as Mean ± SEM 

(*p<0.05; ** p<0.01, ***p < 0.001; n = 6). Red marks Gli1+ cells and blue represents DAPI.  Scale bars, 200 μm in (a-d), (g1-

3), (h1-3), 500 μm in (g-h), and 10 μm in (b1, d1). 
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Figure 17 Chronic Periodontitis Inhibited Gli1+ MSCs Maintenance 

Ligation-periodontitis model was performed on the lower right first molars.  One month after ligation, the ligature was 

removed and two or three months were given for possible regeneration. Lower left first molars remained un-ligated. (a), (b). 

Micro-CT result of the non-ligation side and ligature side two months post ligature removal. (c). Quantification of the CEJ-AC 

distance for both non-ligation and ligature removal side molars in (a),(b). (d), (e). Micro-CT result of the non-ligation side and 

ligature removal side of the mice three months post ligature removal. (f). Quantification of the CEJ-AC distance within both 

non-ligation and ligature removal side molars in (d),(e). (g). FACS result of Gli1+ MSCs percentage in PDL cells six weeks 

post ligation. (h),(i). Local magnification showing Gli1+ MSCs’ distribution in PDL three months after ligation model on 

corresponding areas of non-ligation and ligation. (j),(k). Local magnification showing Gli1+ MSCs distribution in PDL six 

months after ligation model on respective non-ligation and ligation sides. (l). Quantification result of Gli1+ MSCs’ percentage 

in (h-k). The Gli1+ cells’ percentage on the non-ligation side is normalized to 1.0. The ligation side relative to the Gli1+ cells 

percentage was the ratio to the non-ligation side. n=4. Data is shown as Mean ± SEM (*p < 0.05; n = 6). Red, Gli1+ cells; blue, 

DAPI.  Scale bars, 200μm in a, b, d, and e; 100 μm in h, i, j, and k. 
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Figure 18 Vascular Density was Reduced in a Periodontitis Situation 

Ligation model was performed on adult Cdh5-Cre; tdTomato mice. Two months later, both of 

their   non-ligation side and ligation side mandibles were collected for PEGASOS tissue 

clearing and 3D imaging. (a), (b). Transparent mandibles were found after PEGASOS tissue 

clearing on their individual non-ligation and ligation sides. (c), (d). Three-dimensional 

overview images show PDL vasculature morphology of mice`s lower first molars during non-

ligation and ligation. Boxed areas were enlarged to also show the vasculature morphology in 

coronal 1/3 (c1,d1), middle 1/3 (c2,d2) and apical 1/3 (c3,d3) of PDL. (e-g). Quantification of 

relative vasculature density on non-ligation and ligation side in respective coronal 1/3, middle 

1/3, and apical 1/3 segments. Data is shown as Mean ± SEM (*p < 0.05; **p<0.01, n = 5). The 

vasculature density of non-ligation side PDL is normalized to 1.0. Glow is categorized as 

Cdh5+ blood vessels. Scale bars are set as 200 μm in a, b; 100 μm in c,d, c3, d3; 50 μm in 

c1,d1,c2, and d2. 
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Figure 19 Wnt Activity was Down-Regulated During Periodontitis. 

6~8 week old Axin2-lacZ mice were ligatured on lower right 1st molar and sacrificed one month later. LacZ 

staining was performed on both non-ligation and ligation side molars. (a-c). Axin2+ cell distribution inside non-

ligated molars’ PDL in the root tip a, furcation, and interdental septum areas. (d-f). Axin2+ cell distribution inside 

ligated molars’ PDL in respective root tip, furcation, and interdental septum areas. Scale bars, 20 μm. Relative 

Axin2+ cell percentage within PDL in the above three representative areas, quantified accordingly in (g), (h), and 

(i).  Data is shown as Mean ± SEM (*p<0.05; ***p < 0.001; n = 6). (j). Real-time PCR results coming from the 

relative expression levels of Wnt signaling target genes. (k). Real-time PCR results of the relative expression 

levels of osteogenic genes. The expression level of the non-ligation side is normalized to 1.0. n=4. 
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Figure 20 Over-Activation of Wnt Signaling Partially Rescued Tissue Loss and Gli1+ 

MSCs Inhibition During Periodontitis 

6~8 week old Gli1-CreERT2; Ctnnbfl/-(exon3); Ai14 mice were ligatured on their right side lower 

first molar. Two weeks after ligation, tamoxifen was injected to over-activate Wnt and trace 

Gli1+ cells for two weeks. (a,b). Micro-CT assay of the non-ligation side molar alveolar bone 

height in mutant mice. (c,d). Micro-CT assay of alveolar bone height on the ligation side. CEJ-

AC distance is quantified in (e). (f). Two weeks lineage tracing results of Gli1+ cell 

distribution within PDL on the non-ligation side in mutant mice. Boxed areas are magnified in 

(f1), (f2), and (f3) which highlight respective root tip, furcation, and interdental septum areas. 

(g). Lineage tracing results of Gli1+ cells within PDL on the molar ligation side in Gli1-

CreERT2; Ctnnbfl/-(exon3); Ai14 mice. Boxed areas are magnified in (g1), (g2), and (g3), 

highlighting the root tip, furcation, and interdental septum areas. (h). Quantification of relative 

Gli1+ cells percentage within PDL in the above three areas. Data is shown as Mean ± SEM. 

n=6. n.s, no significant differences. Red denotes Gli1+ cells and blue markings are DAPI.  

Scale bars, 200mm in (a-d), (f1-3), and (g1-3), 500mm (f, g).  
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APPENDIX B 

TABLES 

Table 1 Mice Line Information Used in Section 2 

Mouse Lines Source References 

Gli1-LacZ JAX#008211 (Bai et al., 2002) 

Gli1-Cre ERT2 JAX#007913  (Ahn and Joyner, 2004) 

NG2-Cre JAX#008533 (Zhu et al., 2008) 

ROSA26 JAX#007905 (Madisen et al., 2010) 

Cdh5-CreERT2 Obtained from Dr. Woo-Ping Ge (UTSW) (Zhou, Bo et al.,2015) 

Synapsin-Cre JAX#003966 (Repem, D et al., 2006) 

LeptinR-Cre JAX#008320 (Ding, L et al., 2012) 

PDGFR-CreERT2 Obtained from Dr. Sean. J Morrison (UTSW) (Xie et al., 1999) 

αSma-CreERT2 Obtained from Dr. Sean. J Morrison (UTSW) (Perl et al., 2002) 
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Table 2 Available Wnt Signaling Reporter Mice Strains 

Animal Strain Reporter Reference 

TOP-GAL TCF sites, c-fos promoter, LacZ (Gupta and Fuchs, 1999) 

BAT-GAL TCF sites, Siamois promoter (Maretto et al, 2003)  

LEF-EGFP  TCF sites, EGFP  (Currier et al, 2010) 

TCF/Lef:H2B-GFP reporter TCF sites, H2B-GFP (Ferrer-Vaquer et al, 2010) 

ins-TOPEGFP,  

ins-TOPGAL  

TCF sites, LacZ or GFP (Moriyama, 2007)  

Axin2-LacZ   Insert of LacZ into Axin2 (Lustig et al, 2002)  

Axin2-d2EGFP   Axin2 promoter, EGFP  (Jho et al, 2002) 

Axin2-mTurquoise2 Insert of mTurquoise into Axin2 (de Roo, 2017)  

Axin2-rtTA   Axin2 promoter, rtTA (Maruyuma, 2010)  

Lgr5tm1-cre/ERT2  Cre/ERT2 insert into LGR5 (Barker et al, 2007)  

Axin2-Cre/ERT2 Cre/ERT2 insert into Axin2 (Van Amerongen, 2012)  

Tcf3-CreER  Cre/ERT2 into TCF3 (Howard et al, 2014)  
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Table 3 Primer Sequences Used in Section 4 for the qPCR Assay 

 name Forward primer 5’-3’ Reverse primer 5’-3’ 

Reference 

Genes 

mouse β-

actin 

ATCAAGATCATTGCTCCTGAG CTGCTTGCTGATCCACA

TCTG 

mouse 

GAPDH 

CCTTCATTGACCTCAACTACAT CAAAGTTGTCATGGATG

ACC 

mouse 

Tubulin 

CGTGTTCGGCCAGAGTGGTGC GGGTGAGGGCATGACG

CTGAA 

Wnt 

Signal 

Related 

Genes  

mouse c-

myc 

GCTGTTTGAAGGCTGGATTTC GATGAAATAGGGCTGT

ACGGA 

mouse 

cyclin D 

TGCGTGCAGAAGGAGATTGT CTTCTTCAAGGGCTCCA

GGG 

mouse 

TCF7 

AGGAGATGAGAGCCAAGGTCA

TTG 

TTTTCCTCCTGTGGTGG

ATTCTTG 

mouse 

Axin2 

TTATCCAGCGACCTGAC GGTTCCACAGGCGTCAT

CTC 

mouse 

Runx2 

CCATCCATCCACTCCACCAC GCCAGAGGCAGAAGTC

AGAG 

mouse 

Ctnnb 

AGACAGCTCGTTGTACTGCT GTGTCGTGATGGCGTAG

AAC 
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Table 3 Continued  

 name Forward primer 5’-3’ Reverse primer 5’-3’ 

Osteogenic 

Related 

Genes 

Mouse 

Osteoprotegerin 

GCCACGCAAAAGTGTGGAA

T 

TTTGGTCCCAGGCAAACT

GT 

mouse BMP4 GGAGGAGGAGGAAGAGCA

GA 

TGCTGCTGAGGTTGAAGA

GG 

mouse SP7 CGATTCCCCCTGAGCTTTGT CCCATTGGACTTCCCCCTT

C 

 

 

 

 

 

 

 


