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ABSTRACT  OF  DISSERTATION  

  

The  Characterization  of  Dental  Mesenchymal  Stem  Cells  from  Human  Dental  Pulp  and  

Periodontal  Ligament  Based  on  Cell  Surface  Markers  

  

  

by  
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Doctor  of  Philosophy  in  Oral  biology  

University  of  California,  Los  Angeles,  2016  

Professor  Cun  Yu  Wang,  Chair  

  

Mesenchymal  stem  cells  (MSCs)  are  a  promising  tool  in  regenerative  medicine  due  to  their  

capacity  to  differentiate  into  multiple  lineages.  In  addition  to  MSCs  isolated  from  bone  marrow  

(BMSCs),  adult  MSCs  are  isolated  from  craniofacial  tissues  including  dental  pulp  (DP)  and  

periodontal  ligament  (PDL)  tissues  using  various  stem  cell  surface  markers.  However,  there  has  

been  a  lack  of  consensus  on  a  set  of  surface  makers  that  are  reproducibly  effective  at  isolating  

putative  multipotent  dental  mesenchymal  stem  cells  (DMSCs).  In  this  study,  we  used  different  

combinations  of  surface  markers  (CD51/CD140α,  CD271,  and  STRO-­1/CD146)  to  isolate  

homogeneous  populations  of  DMSCs  from  heterogeneous  dental  pulp  cells  (DPCs)  and  

periodontal  ligament  cells  (PDLCs)  and  compared  their  capacity  to  undergo  multilineage  

differentiation.  Fluorescence-­Activated  Cell  Sorting  (FACS)  revealed  that  27.3%  of  DPCs  were  



iii  
  

CD51+/CD140α+,  10.6%  were  CD271+,  and  0.3%  were  STRO-­1+/CD146+;;  whereas  24%  of  

PDLCs  were  CD51+/CD140α+,  0.8%  were  CD271+,  and  2.4%  were  STRO-­1+/CD146+.  Sorted  

cell  populations  were  further  assessed  for  their  multipotent  properties  by  inducing  

odonto/osteogenic,  chondrogenic,  and  adipogenic  differentiation.  All  three  subsets  of  isolated  

DMSCs  exhibited  differentiation  capacity  into  odonto/osteogenic  and  chondrogenic  lineages  but  

with  varying  degrees.  CD271+  DMSCs  demonstrated  the  greatest  odonto/osteogenic  potential  

with  strong  induction  of  odonto/osteogenic  and  periodontal  markers  such  as  DLX5,  RUNX2,  

BGLAP,  DMP1,  DSPP,  and  PLAP-­1.  Based  on  these  results,  the  role  of  CD271  in  odontogenic  

differentiation  was  further  evaluated.  CD271  is  one  of  the  receptors  which  Nerve  Growth  Factor  

(NGF)  exerts  its  biological  effects  through.  Although  NGF  is  known  for  its  role  in  the  the  

development  and  maintenance  of  the  nervous  system,  it’s  capability  to  promote  odontogenic  

differentiation  has  made  it  an  interesting  candidate  for  its  role  as  a  mineralizing  agent  in  

regenerative  therapies.  We  found  that  exogenous  treatment  of  NGF  further  increased  

odonotogenic  potential  of  CD271+  DMSCs  from  DP  with  induction  of  odontogenic  markers  

DLX5,  RUNX2,  and  BGLAP,  and  increased  MAPK,  AKT,  MTOR,  and  NF-­κB  signaling  pathways  

in  a  time  dependent  manner.  Furthermore,  knockdown  of  tropomyosin  trkA  tyrosine  kinase  

receptor  (trkANGFR)  and  low  affinity  nerve  growth  factor  receptor  (p75NTR/CD271/LNGFR)  

decreased  odontogenic  differentiation  of  CD271+  DMSCs.  Our  study  provides  important  

insights  into  the  use  of  DMSCs  and  growth  factors  for  regenerative  therapies  in  dentistry,  and  

improves  our  understanding  of  the  molecular  mechanisms  involved  in  odontogenic  

differentiation      
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1  
  

1   INTRODUCTION	
  

1.1   Specific  Aims  

Dental  caries  and  periodontal  disease  are  the  most  common  oral  diseases  affecting  

Americans  today.1  85%  of  adults  aged  18  and  older  are  affected  with  dental  caries,  while  47.2%  

of  Americans  suffer  from  mild,  moderate  or  severe  periodontitis.1  This  increases  to  70.1%  for  

those  65  and  older  with  periodontal  disease.1  Both  diseases  can  lead  to  infections,  bone  and  

tooth  loss,  and  a  lower  quality  of  life.  Current  therapies  for  dental  and  periodontal  disease  focus  

on  managing  the  disease,  use  of  bio-­inert  materials  for  replacement  of  lost  tissues,  

debridement,  antimicrobial  treatments,  surgery,  or  consequently  extractions.  A  promising  

approach  to  restoring  tissue  structure  and  function  is  the  use  of  tissue  engineering.  The  

activation  of  signal  transduction  pathways  conducive  to  tissue  regeneration  would  be  achieved  

by  identifying  and  understanding;;  cells,  signals,  and  biomaterials:  the  triad  of  tissue  engineering.  

The  discovery  of  dental  stem  cells  is  offering  the  possibility  of  using  a  patient’s  own  stem  cells  

for  regenerative  therapies.2  This  is  of  great  interest  to  dentistry  since  it  may  provide  an  

innovative  generation  of  clinical  material  and/or  tissue  regeneration.2  Specifically,  mesenchymal  

stem  cells  (MSCs)  have  been  found  in  dental  tissues:  dental  pulp,  periodontal  ligament,  apical  

papilla,  and  the  dental  follicle.  2  These  dental  mesenchymal  stem  cells  (DMSCs)  can  be  isolated  

and  grown  under  defined  conditions  and  can  be  used  for  tissue  engineering,  including  uses  for:  

dental  tissue,  nerves,  and  bone  regeneration.  2  DMSCs  are  characterized  by  the  positive  

expression  of  stromal  associated  markers  and  lack  expression  of  hematopoietic  antigens.3  The  

identification  of  novel  surface  markers  that  consistently  isolate  putative  DMSCs  and  growth  

factors  that  can  lead  to  the  development  of  therapeutics  for  regenerative  medicine  and  dentistry  

is  of  great  importance.    
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Currently,  numerous  cell  surface  markers  including  STRO-­1,  CD29,  CD44,  CD73,  CD90,  

CD105,  CD106,  and  CD146  have  been  utilized  to  isolate  homogenous  and  multipotent  MSC  

populations.4,5  However,  a  consensus  on  surface  markers  to  isolate  DMSCs  with  high  

differentiation  potential  is  lacking.  In  this  study  we  investigated  the  use  of  CD51/CD140α,  

CD271,  and  STRO-­1/CD146  for  the  isolation  of  DMSCs.  All  three  surface  marker  combinations  

have  been  used  for  the  identification  of  BMSCs,  yet  CD51/CD140α  and  CD271  have  not  been  

used  in  the  isolation  of  DMSCs.  6,7,8  Although  our  data  demonstrates  that  all  combinations  were  

able  to  identify  DMSCs  from  dental  pulp  (DP)  and  periodontal  ligament  (PDL),  CD271  was  

sufficient  to  isolate  a  strong  odonto/osteogenic  population.  Based  on  these  findings  we  decided  

to  investigate  the  role  of  CD271  in  odontogenic  differentiation  of  DMSCs  by  further  assessing  

the  effects  of  Nerve  growth  factor  (NGF)  on  CD271+  DMSCs  from  DP.  It  is  well  documented  

that  NGF  plays  an  important  role  in  the  survival  and  differentiation  of  neurons,  but  there  is  now  

evidence  that  it  plays  important  roles  in  tooth  development  and  might  modulate  the  proliferation  

and  differentiation  of  developing  epithelial  and  mesenchymal  cells.9  We  found  that  exogenous  

treatment  of  NGF  on  CD271+  DMSCs  increased  odontogenic  activity  and  activated  MAPK,  

AKT,  MTOR  and  NF-­κB  signaling  pathways.  Furthermore,  knockdown  of  CD271  significantly  

decreased  odontogenic  potential  of  DMSCs.  Although  the  identification  DMSCs  are  important  

for  the  development  of  regenerative  therapies  in  dentistry,  the  identification  of  signals  such  as  

NGF  are  essential  for  understanding  signaling  pathways  during  odotongenic  differentiation  and  

consequently  tissue  regeneration.    

In  the  current  study  we  hypothesized  that  CD271  is  a  sufficient  marker  for  the  isolation  of  

a  multipotent  population  of  DMSCs  from  DP  and  PDL,  and  exogenous  NGF  treatment  leads  to  

increased  odontogenic  potential  of  DMSCs  through  activation  of  signaling  pathways  important  

for  cell  survival  and  differentiation.  Furthermore,  CD271  is  crucial  for  odontogenic  differentiation  
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and  for  NGF  signaling  pathways  in  DMSCs.  Our  hypothesis  will  be  addressed  in  the  following  

specific  aims  

  

Specific  Aim  1:  Investigate  multilineage  capacity  of  purified  CD51+/CD140α+,  CD271+,  

and  STRO-­1+/CD146+  DMSCs  from  DP  and  PDL  in-­vitro.  

DMSCs  were  purified  by  fluorescent  activated  cell  sorting  (FACS)  from  human  DP  and  PDL.  For  

in-­vitro  differentiation  assays,  sorted  cells  were  induced  into  odonto/osteogenic,  chondrogenic,  

and  adipogenic  lineage  cells.  Differentiation  potential  was  determined  by  alkaline  phosphatase  

(ALP)  assay,  Alizarin  Red  Staining  (ARS),  Alcian  Blue  Staining,  Oil  Red  O  staining,  and  mRNA  

levels  of  various  lineage  specific  genes.    

Specific  Aim  2:  Investigate  effect  of  NGF  on  odontogenic  differentiation  of  CD271+  

DMSCs  from  human  DP  in-­vitro.  

FACS  purified  CD271+  DMSCs  from  human  DP  were  induced  into  odontogenic  lineages  

supplemented  with  NGF  in-­vitro,  odontogenic  potential  was  determined  by  ALP  assay,  ARS,  

and  mRNA  levels  of  specific  odontogenic  marker  genes.  In  order  to  investigate  the  molecular  

signaling  involved  with  NGF  in  CD271+  DMSCs  protein  expression  of  select  candidates  were  

investigated  by  western  blot.  Furthermore,  TrkANGFR  and  P75NTR  siRNA  were  used  to  investigate  

their  role  in  odontogenic  differentiation,  and  in  NGF  signaling  of  DMSCs.  
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1.2         Mesenchymal  Stem  Cells    

1.2.1   Definition  of  Mesenchymal  Stem  Cells    

Stem  cells  have  the  ability  to  renew  themselves  and  to  differentiate  into  various  

specialized  tissues,  making  them  an  attractive  treatment  modality  in  regenerative  medicine.10        

Embryonic  Stem  Cells  (ESCs)  isolated  from  embryos  have  provided  a  powerful  tool  for  

biological  research,  and  are  considered  the  most  promising  cells  for  cell  based  therapy.10  

However,  due  to  ethical  concerns  of  isolating  and  using  ESCs,  great  interest  has  focused  on  

adult  mesenchymal  stem  cells  (MSCs),  which  are  also  characterized  by  their  self-­renewal,  

multipotent  capacity,  and  lack  of  teratoma  formation.10,11,12  A  subset  of  non-­hematopoeitic  adult  

stem  cells,  MSCs  originate  from  the  mesoderm  and  have  the  ability  to  differentiate  not  only  into  

the  mesoderm  lineages:  chondrocytes,  osteocytes,  and  adipocytes,  but  also  into  ectodermic  

and  endodermic  cells.  10  MSCs  exist  in  almost  all  tissues,  and  can  be  easily  isolated  from  bone  

marrow,  adipose  tissue,  umbilical  cord,  fetal  liver,  muscle,  and  lung  and  successfully  expanded  

in-­vitro.  10  MSCs  are  believed  to  be  responsible  for  growth,  wound  healing,  and  replacement  of  

cells  that  are  lost  through  daily  wear  and  tear  as  well  as  pathological  conditions,  suggesting  that  

they  are  important  for  tissue  repair  and  maintenance.10  Although  MSCs  have  multilineage  

potential,  they  also  have  the  ability  to  secrete  a  broad  spectrum  of  bioactive  macromolecules  

that  are  both  immunoregulatory  and  serve  to  structure  regenerative  microenviornments  in  fields  

of  tissue  injury.  10,11    

  

1.2.2   Definition  of  Dental  Mesenchymal  Stem  Cells    

While  MSCs  derived  from  bone  marrow  (BMSCs)  are  the  most  widely  recognized  and  

studied,  alternate  sources  for  MSCs  have  been  investigated  due  to  the  complications  

associated  with  harvesting  BMSCs,  such  as  pain,  morbidity,  and  low  cell  number.  Evidence  has  

suggested  that  MSCs  may  be  present  in  virtually  any  vascularized  tissue  in  the  body.13,14  In  
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recent  years,  MSCs  derived  from  craniofacial  tissues  including  dental  mesenchymal  stem  cells  

(DMSCs)  have  been  identified  as  a  putative  alternative.2  Similar  to  BMSCs,  these  DMSCs  are  

multipotent  progenitor  cells  with:  (1)  the  capability  to  self-­renew  and  differentiate  into  a  variety  of  

cell  types  (2)  ease  of  isolation,  and  (3)  lack  of  immunogenicity.15  When  compared  to  BMSCs,  

DMSCs  may  be  more  advantageous  for  regenerating  craniofacial  defects  because  they  are  

readily  available  without  risk  as  DMSCs  can  be  easily  isolated  from  discarded  tissues  such  as  

third  molars.16  Approximately  70%  of  dental  patients  have  third  molars  that  require  extractions  

consequently  providing  an  abundant  source  of  DMSCs  that  can  be  cryopreserved  for  potential  

future  use.17  Currently  DMSCs  can  be  obtained  from  dental  pulp  tissues  (DP),  exfoliated  

deciduous  teeth,  periodontal  ligament  (PDL),  apical  papilla,  dental  follicle,  and  gingiva  stem  

cells.3,4    

  

1.3         Dental  Pulp  

1.3.1   Definition  of  Dental  Pulp  

The  tooth  is  mainly  composed  of  mineralized  dentin;;  surrounded  by  enamel  in  the  crown  

of  the  tooth  and  cementum  in  the  roots.5  DP  is  the  only  soft  tissue  in  the  tooth  and  it  maintains  

its  own  homeostasis  and  that  of  dentin.5  Characterized  by  a  heterogeneous  cell  reservoir,  DP  

consists  of  odontoblasts  and  interstitial  fibroblasts  located  on  its  blood  vessels  and  nerve  

endings.5  DP  originates  from  the  dental  papilla,  which  originates  from  cranial  neural  crest  

cells.5,18    The  function  of  dental  pulp  cells  (DPCs)  are  to  regenerate  dentin  and  provide  it  with  

oxygen,  nutrition  and  innervation,  whereas  the  hard  dentin  can  protect  soft  DP  tissue.  Together  

they  maintain  the  integrity  of  tooth  shape  and  function.2    
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1.3.2     Dental  Mesenchymal  Stem  Cells  Isolated  from  Dental  Pulp  

DMSCs  isolated  from  DP  have  a  fibroblastic  morphology  with  the  ability  to  adhere  to  

solid  surfaces,  good  proliferative  potential  and  capacity  to  differentiate  in-­vitro,  and  the  ability  to  

repair  tissues  in-­vivo.3  DMSCs  can  differentiate  into  osteoblasts,  chondrocytes,  adipocytes,  

myocytes,  neurons,  and  hepatocyte  lineages  in-­vitro.  3  Their  differentiation  capacity  is  

determined  by  the  components  of  the  local  microenvironment,  such  as  growth  factors,  receptor  

molecules,  signaling  molecules,  transcription  factors  and  extracellular  matrix  protein.2  They  are  

characterized  by  the  positive  expression  of  markers  such  as  CD90,  CD29,  CD73,  CD105,  

CD44;;  negative  expression  of  CD45,  CD34,  CD14.  3  In  addition,  they  also  express  STRO-­1,  

collagen,  vimentin,  laminin,  and  fibronectin.  3  In  addition,  some  of  the  pluripotent  stem  cell  

markers,  such  as  Oct4,  Nanog,  Sox2,  Klf4,  SSEA4,  &  c-­myc  have  been  reported  to  express  on  

DPSCs.  3  

  

1.3.3   Potential  Biological  Uses  of  Dental  Mesenchymal  Stem  Cells  from  Dental  Pulp  

  Dentin  matrix  protein  1  (DMP1)  a  non-­collagen  extracellular  matrix  protein  extract  from  

dentin,  can  significantly  promote  odontoblastic  differentiation  of  DMSCs  and  formation  of  

reparative  dentin  over  the  exposed  pulp  tissue.  2  Transforming  growth  factor  β1  (TGFβ1)  alone  

or  in  combination  with  fibroblast  growth  factor  (FGF2)  have  been  shown  to  induce  DMSCs  into  

the  odontoblast  lineage.  2  DMSCs  express  bone  markers  such  as  bone  sialoprotein,  osteocalcin,  

alkaline  phosphatase,  and  type  1  collagen,  indicating  their  differentiation  commitment  to  bone  

tissues.  2  In-­vivo  transplantation  of  DMSCs  into  immunocompromised  mice  demonstrated  that  

ability  to  generate  functional  tissue  in  the  form  of  dentin/pulp  complexes.  2  This  provides  a  new  

alternative  for  the  regeneration  of  pulp  tissue  for  endodontic  diseases.    Interestingly,  DMSCs  

express  neural  markers  and  differentiate  into  functionally  active  neurons  suggesting  their  

potential  as  cell  therapy  for  neuronal  disorders.  2  
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1.4      Periodontal  Ligament  

1.4.1   Definition  of  Periodontal  Ligament  

The  PDL  is  a  dynamic  and  specialized  connective  tissue  derived  from  the  dental  follicle  

that  originates  from  neural  crest  cells.19,20  PDL  tissues  contain  a  heterogeneous  population  of  

cells,  including  fibroblasts,  epithelial  cells,  endothelial  cells,  cementoblasts,  osteoblasts,  and  

neural  cells.21  Embedded  between  the  cementum  and  the  inner  wall  of  the  alveolar  bone  socket,  

the  PDL’s  primary  functions  are  to  anchor  the  teeth  to  the  alveolar  bone  and  to  provide  them  

with  protection  against  mechanical  loads  generated  by  mastication.22  In  addition  to  mechanical  

support,  the  PDL  has  many  critical  biological  functions  including  providing  tooth  nutrition  and  

regenerating  periodontal  tissues  damaged  by  inflammatory  periodontal  disease  or  mechanical  

trauma.22    

The  role  of  the  PDL  is  especially  important  in  repair  after  periodontal  disease,  which  can  

have  acute,  chronic,  or  systemic  manifestations,  ultimately  leading  to  destruction  of  periodontal  

tissue,  progressive  alveolar  bone  loss,  and  eventual  tooth  loss.23,24,25,26,27  This  periodontal  

regeneration  is  challenging  due  to  the  complexity  of  the  PDL  attachment  apparatus  requiring  

finely  orchestrated  formation  of  new  cementum,  bone,  and  PDL  fibers  followed  by  the  insertion  

of  these  fibers  into  the  bone  and  cementum.28    

  

1.4.2   Dental  Mesenchymal  Stem  Cells  from  Periodontal  Ligament    

Putative  periodontal  mesenchymal  progenitor  cells  that  present  properties  similar  to  

BMSCs  have  been  characterized  from  parental  PDL  cells  (PDLCs).4,19,29,30,31,32,33,34  These  cells  

were  shown  to  differentiate  into  various  distinct  cell  types,  such  as  osteoblasts,  fibroblasts,  

chondrocytes,  cementoblasts,  adipocytes,  and  neural  like  cells.  4,19,29,30,31,32,33,34  They  express  

MSC  surface  markers  such  as  STRO-­1,  CD146,  STRO-­3,  CD13,  CD29,  CD44,  CD90,  CD105,  
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CD106,  and  CD166.31,35,36,37  In  addition,  progenitor  cells  from  the  PDL  express  higher  levels  of  

scleraxis  than  MSCs  from  other  tissues  including  bone  marrow  and  dental  pulp,  making  them  a  

unique  population  of  MSCs.31    

  

1.4.3   Potential  Biological  Uses  of  Dental  Mesenchymal  Stem  Cells  from  Periodontal  

Ligament  

DMSCs  selectively  isolated  from  the  PDL  with  high  odonto/osteogenic  potential  are  therefore  

expected  to  be  the  best-­suited  source  of  progenitor  cells  for  regenerative  periodontal  

therapy.38,39  Additional  uses  of  DMSCs  from  the  PDL  to  improve  clinical  outcomes  in  dentistry  

include  regeneration  of  PDL  on  the  root  surface  of  extracted  or  avulsed  teeth  and  on  titanium  

implants.40,41,42    

  

1.5         Isolation  of  Mesenchymal  Stem  Cells    

1.5.1   Isolation  of  Mesenchymal  Stem  Cells  with  Surface  Antigens  

MSCs  are  a  heterogeneous  population  of  cells  with  varying  magnitudes  of  differentiation  

potential  among  single  clones  of  MSCs.43  It  was  documented  that  in-­vitro  single  cell  cloning  of  

human  MSCs  demonstrated  that  approximately  30%  of  the  clonal  cells  were  multipotent  and  

thus  “true”  MSCs.43  Currently,  there  is  no  consensus  on  a  single  surface  molecule  to  identify  

MSCs  from  various  sources.  The  minimum  criteria  of  MSCs  include:  (a)  remain  plastic-­adherent  

under  standard  culture  conditions;;  (b)  express  CD105,  CD73,  and  CD90,  and  lack  expression  of  

CD45,  CD34,  CD14,  or  CD11b,  CD79a  or  CD19,  and  HLA-­DR;;  (c)  differentiate  into  osteoblasts,  

adipocytes,  and  chondrocytes  in-­vitro.  Other  surface  antigens  generally  expressed  by  MSCs  

and  used  for  the  isolation  of  homogenous  and  multipotent  populations  include  CD13,  CD29,  

CD44,  and  CD10,  CD105,  CD106,  CD146,  STRO-­1,  Oct4,  Nanog,  and  Nestin  4,5,14    
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1.5.2   Sole  Markers  versus  Stem  Cell  Markers  

Currently,  the  markers  proposed  for  MSCs  fall  into  two  categories:  sole  markers  and  

stemness  markers.  A  sole  marker  is  an  alternative  MSCs  selection  tool  to  plastic  adherence,  

which  alone  is  sufficient  to  identify  or  purify  MSC  like  cells  from  their  in-­vivo  environment.  A  

stemness  marker  is  able  to  identify  a  subset  of  MSCs  with  high  CFU-­Fs  and  trilineage  potential  

or  even  identify  ESC-­like  population.  14    Based  on  these  two  different  types  of  markers,  the  sole  

markers  are  normally  highly  expressed,  while  the  stemness  markers  may  be  moderately  

detected.  14  The  majority  of  MSC  markers  are  identified  in  BMSCs,  whether  these  markers  can  

be  applied  to  other  sources  is  unclear.  14    Consequently,  a  consensus  on  surface  markers  to  

isolate  MSCs  from  various  sources  with  high  differentiation  potential  is  lacking.  As  the  future  of  

successful  craniofacial  defect  repair  is  dependent  on  the  ability  to  isolate  specific  subsets  of  

DMSCs  with  potent  differentiation  capacity  into  appropriate  cell  types,  the  identification  of  

markers  that  isolate  multipotent  DMSCs  effectively  is  critical.    

  

1.5.3     Surface  marker  combinations  CD51/CD140α,  CD271,  STRO-­1/CD146  

Recent  studies  showed  that  surface  marker  combinations,  CD51/CD140α  and  

CD271/CD90/CD106,  isolate  highly  enriched  clonogenic  cells  from  human  bone  marrow.6,7  

Intermediate  filament  protein  Nestin  labels  population  of  stem/progenitor  cells,  including  self-­

renewing  MSCs,  which  is  a  major  constituent  of  the  HSC  niche.  Pinho  et  al,  identified  that  

combination  CD51/CD140α  characterized  a  large  population  of  Nestin+  cells,  containing  most  

fibroblastic  CFUs,  mesenspheres,  and  self-­renewal  capacity  after  transplantation.6  

CD51+/CD140α+  subset  of  Nestin+  cells  were  also  enriched  in  major  HSC  maintenance  genes,  

supporting  the  notion  that  niche  activity  co-­segregates  with  MSC  activity.6    
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Mabuchi  et  al,  found  that  the  use  of  CD271/CD90/CD106  allowed  for  the  selection  of  

highly  enriched  clonogenic  cells.7  Their  group  found  that  CD271+/CD90+  cells  demonstrated  

cellular  heterogeneity  among  the  clones.  7  In  addition,  rapidly  expanding  clones  exhibited  robust  

multilineage  differentiation  and  self-­renewal  potency,  and  uniquely  also  expressed  CD106;;  

leading  to  the  conclusion  that  CD271/CD90/CD106  can  be  used  selectively  to  isolate  the  most  

potent  and  genetically  stable  MSCs.  7    

Previously,  STRO-­1  and  CD146  have  been  used  for  the  isolation  of  MSCs.  STRO-­1  is  a  

cell  membrane  single  pass  type  1  protein  that  translocates  from  the  endoplasmic  reticulum  to  

the  cell  membrane  in  response  to  the  depletion  of  intracellular  calcium.14  Although  STRO-­1  is  

not  universally  expressed  in  all  MSCs,  it  has  been  used  for  the  isolation  of  DMSCs.14  While,  

CD146  is  a  key  cell  adhesion  protein  in  vascular  endothelial  cell  activity  and  angiogenesis.  14    

Interestingly  the  expression  of  CD146  is  consistently  found  not  only  in  BMSCs  but  in  all  other  

sources  of  MSCs.  14  STRO-­1/CD146  combination  has  previously  been  used  to  obtain  DMSCs  

from  PDL.32  No  previous  attempts  have  been  made  to  isolate  DMSCs  from  DPCs  or  PDLCs  

using  CD51/CD140α  and  CD271.    

  

1.6       Growth  Factors    

1.6.1   Definition  of  Growth  Factors  

Growth  factors  are  poplypeptides  or  proteins  that  bind  to  specific  receptors  on  the  

surface  of  target  cells.44  These  can  initiate  a  cascade  of  intracellular  signaling  and  my  act  in  an  

autocrine  or  paracrine  manner.  44  Cytokines  are  sometimes  used  interchangeably  with  growth  

factors  because  they  share  similar  actions  with  growth  factors.  Compared  with  hormones  which  

have  systemic  effects,  growth  factors  and  cytokines  typically  act  on  locally  target  cells.  44  
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1.6.2   Growth  factors  and  Regeneration  of  Dental  Pulp-­like  Tissues      

It  has  been  documented  that  regeneration  of  dental  pulp  like  tissues  occur  in-­vivo  with  

the  delivery  of  dental  and  non-­dental  stem  cells.  44  Yet  an  alternative  approach  would  be  to  

combine  the  use  of  these  cells  with  growth  factors,  which  are  important  to  the  homing  of  host  

endogenous  cells.  Growth  factors  which  have  been  implicated  in  dental  pulp  regeneration  are:  

Platelet-­Derived  Growth  Factor  (PDGF),  transforming  growth  factor-­β  (TGF-­β),  Bone  

Morphogenic  Protein  (BMP),  Vascular  Endothelial  Growth  Factor  (VEGF),  Fibroblast  Growth  

Factor  (FGF),  Insulin-­like  Growth  Factor  (IGF),  NGF,  Stromal  Cell-­Derived  Factor-­1  (SDF-­1).  44  

The  use  of  growth  factors  in  dentistry  offer  the  possibility  of  regenerating  dental-­pulp  dentin  like  

tissues  by  cell  homing  and  with  direct  delivery,  an  important  advancement  towards  clinical  

translational  science.  It  is  important  to  fully  understand  the  actions  of  these  growth  factors,  and  

their  how  their  signaling  pathways  are  involved  in  the  regeneration  of  dental  tissues.  44    

  

1.6.3   Nerve  Growth  Factor  

NGF  is  the  first  discovered  member  of  the  neurotrophin  family.  45  It  is  well  known  for  its  

ability  to  stimulate  growth,  differentiation,  survival,  and  maintenance  of  peripheral  sensory  and  

sympathetic  neurons  during  development  and  after  injury.46,47  Like  other  neurotrophins,  NGF  is  

produced  in  the  nervous  system  by  accessory  cells,  yet  it  has  also  been  found  to  be  produced  

and  utilized  by  several  non-­nervous  cell  types,  including  immune  inflammatory  cells,  epithelial  

cells,  keratocytes,  and  smooth  muscle  cells,  indicating  that  NGF  may  have  roles  outside  the  

nerouvs  system.46,48,49,50  Because  of  its  activities  outside  the  nervous  system,  NGF  is  

considered  a  pleiotropic  factor.    
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1.6.4   Nerve  Growth  Factor  Signaling    

NGF  exerts  its  effect  through  two  receptors:  tropomyosin  trkA  tyrosine  kinase  receptor  

(termed  p140trkANGFR  or  simply  trkANGFR)  and  the  p75  pan-­neurotrophin  receptor  (named  

p75NTR).46,51,52,53  P75NTR  binds  all  neurotrophins  with  equal  affinity  (1nm  kd),  trkANGFR  is  very  

specific  in  its  binding  (10pm  Kd).  In  the  presence  of  of  trkANGFR,  p75NTR  can  participate  in  the  

formation  of  high  affinity  binding  sites  resulting  in  enhanced  NGF  responsiveness,  as  well  as  

selective  binding,  in  which  duration  and  magnitude  depend  on  the  ratio  of  p75NTR  and  trkANGFR  

on  the  cell  surface.46,54,55  trkANGFR  is  a  transmembrane  glycoprotein  belonging  to  the  family  of  

receptor  typrosine  kinase,  called  trks.  The  cascade  include  the  MAPK-­RAS-­ERK  pathway,  

phospholipase  Cy1,  P3I  kinase  and  SNT  proteins.  46,54,55  Interestingly  the  activation  of  the  Smad  

signal  transduction  pathway,  a  typical  pathway  used  by  members  of  the  TGFB  family.46,56  Most  

NGF  biological  activates  are  due  to  ligand-­dependent  trkANGFR  autophosphorylation  and  

subsequent  activation  of  several  signal  transduction  cascades.  Whereas  the  role  of  p75NTR  is  

more  complex  and  clearly  defined.  It  is  a  type1  transmembrane  protein  whose  extracellular  

domain  contains  four  repeated  modules  of  six  cysteines,  a  typical  structure  of  the  TNFR  

superfamily  (FAS/TNF  receptor  superfamily),  and  devoid  of  intrinsic  catalytic  activity.  P75NTR  

signaling  involves  activation  of  NF-­kB  and  the  phosphorylation  of  the  transcription  factor  c-­Jun  

kinase  (JNK),  as  well  as  increased  ceramide,  leading  to  gene  transcription  or  programmed  cell  

death.46,51,53    

  

1.6.5   Role  of  Nerve  Growth  Factor  on  Odontogenic  Differentiation  

Although  it  has  been  extensively  studied  for  its  physiological  role  in  neurobiology,  NGF’s  

importance  in  non-­neural  cells  has  broadened  its  therapeutic  potential.45,58  Previously,  NGF  was  

found  to  increase  proliferation  and  differentiation  of  DP  cells  during  mineralization,  and  promote  
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differentiation  of  odontoblast-­like  cells  of  rat  apical  papilla  cells.59,60  The  expression  of  NGF  and  

p75NTR  increases  in  dental  pulp  cells  at  the  injury  site.44,61  Also,  during  development  NGFs  play  

a  role  in  regulating  tooth  morphogenesis  and  tooth  innervation  in  rat  tooth  development.44,62  

These  findings  offer  the  possibility  of  using  NGF  for  pulpal  regeneration,  in  order  to  stimulate  

reparative  dentin  formation.59  Yet  the  molecular  mechanisms  whereby  NGF  activates  

odontogenic  differentiation  need  to  be  to  elucidated  in  order  to  understand  its  therapeutic  

potential.  

  

1.6.6   Signaling  pathways  implicated  in  odontogenic  differentiation  

Identifying  signaling  pathways  in  odontogenic  differentiation  is  important  for  the  

development  of  regenerative  therapies  in  dentistry.  Interestingly,  downstream  signaling  

implicated  in  the  differentiation  of  odontoblasts  is  not  well  defined.  Previous  studies  have  found  

that  dentin  phosphoryn  (DPP),  an  extracellular  matrix  protein  synthesized  by  odontoblasts,  

activates  AKT  and  MTOR  signaling  which  further  leads  to  the  activation  of  NF-­κB.  von  Kossa  

staining  and  Alizarin  red  staining  indicated  that  pre-­odontoblasts  had  terminally  differentiated  to  

odontoblasts  with  DPP.  63  Wu  et  al.,  also  found  that  Dentin  Matrix  phosphorotein  1  (DMP1)  

which  is  expressed  in  bone  and  dentin,  activates  downstream  effectors  of  the  MAPK  pathways,  

namely  ERK  and  JNK,  after  DMP1  treatment.64  These  studies  provide  a  basis  for  understanding  

the  molecular  mechanisms  occurring  during  the  odotogenic  differentiation  of  DMSCs,  and  the  

possible  candidates  by  which  NGF  is  activing  as  a  mineralizing  agent.      
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2   	
  	
  	
  MATERIALS	
  AND	
  METHODS	
  

  
2.1     Cell  Isolation  and  Culture  

Primary  dental  pulp  cells  (DPCs)  and  periodontal  ligament  cells  (PDLCs)  were  isolated  

from  the  DP  and  PDL  of  extracted  adult  third  molars  (IRB#13-­000241-­CR-­00001)  as  previously  

described.34  DPCs  and  PDLCs  were  cultured  in  alpha  modified  Eagle’s  medium  (α-­MEM)  

(Invitrogen,  Carlsbad,  CA,  USA)  containing  20%  FBS,  non-­essential  amino  acids,  100  units/mL  

penicillin,  and  100  units/mL  streptomycin,  in  a  humidified  5%  CO2  incubator  at  37°C  (all  

reagents  were  from  Invitrogen,  Carlsbad,  CA,  USA).  Media  was  changed  every  2  days,  and  

cells  were  passaged  at  80–90%  confluency.  DMSCs  used  in  this  study  were  from  passages  4–

8.  

  

2.2   Fluorescent  Activated  Cell  Sorting  (FACS)  

Expression  of  stem  cell  surface  markers  in  DPCs  and  PDLCs  was  determined  by  FACS  

analysis.  The  cells  were  detached  using  trypsin  in  0.25%  EDTA.  After  neutralization,  single-­cell  

suspensions  were  washed  with  phosphate-­buffered  saline  (PBS)  supplemented  with  2%  FBS  

and  0.01%  NaN3  (FACS  buffer).  Quantities  of  1×106  cells  were  incubated  with  direct  conjugated  

antibodies  for  20  minutes  on  ice  in  the  dark.    After  washing,  fluorescence  intensity  was  

measured  on  FACS  Aria  II  cell  sorter  (BD  Biosciences,  USA).  The  following  anti-­human  

antibodies  were  used:  Phycoerythrin  (PE)-­  CD271  (Miltenyi  Biotec,  Auburn,  CA),  Fluorescein  

Isothiocyanate  (FITC)-­CD90  (Biolegend  Inc,  San  Diego,  CA,  USA),  allophycocyanin  (APC)-­

CD106  (Biolegend  Inc,  San  Diego,  CA,  USA)  or  dual  color  combinations  APC-­  STRO-­1/PE-­  

CD146  (Both  from:  Biolegend  Inc,  San  Diego,  CA,  USA),  and  PE-­CD51  (Biolegend  Inc,  San  
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Diego,  CA,  USA)  /APC-­CD140α  (BD  Biosciences,  USA).  PE-­IgG  was  used  as  a  negative  

control.    

  

2.3   Cell  Proliferation  Assay  

Sorted  DMSCs  were  plated  at  5  ×  103  cells  per  cm2  in  96  well  plates  in  α-­  MEM  with  10%  

FBS.  Medium  was  refreshed  every  2  days.  On  days  1,  3,  5,  and  7,cells  were  incubated  for  4  h  

with  10µl  of  5mg/mL  of  3-­(4,5-­dimethylthiazol-­2-­yl)-­5-­(3-­carboxymethoxyphenyl)-­2-­(4-­

sulfophenyl)-­2H-­tetrazolium  (MTT)  (Promega,  Madison,  WI).  Cells  were  washed  with  PBS  and  

followed  with  the  addition  of  200µl  DMSO  and  gentle  shaking  for  10  min  so  that  the  complete  

dissolution  was  achieved.  Absorbance  was  recorded  at  570nm  using  the  microplate  reader.      

  

2.4   Induction  of  Odonto/Osteogenic  Differentiation  

Sorted  DMSCs  were  plated  at  1×105  cells/well  into  12-­well  plates.  To  induce  

odonto/osteogenic  differentiation  into  odonto/osteogenic  lineages,  sorted  DMSCs  were  grown  in  

odonto/osteogenic  induction  medium  (OIM).  OIM  contained  α-­MEM  (Invitrogen,  Carlsbad,  CA,  

USA)  supplemented  with  10%  FBS  (Invitrogen,  Carlsbad,  CA,  USA),  50  μg/mL  ascorbic  acid,  5  

mM  β-­glycerophosphate,  and  100  nM  dexamethasone  (all  from  Sigma-­Aldrich,  St  Louis,  MO,  

USA).  For  experiments  involving  human  recombinant  β-­nerve  growth  factor  (NGF)  (R&D  

Systems,  Minneapolis,  MN)  2ng/ml  and  10ng/ml  was  supplemented  into  media.  OIM  was  

changed  every  2-­3  days.  For  ALP  staining,  after  odonto/osteogenic  induction  for  7  days,  cells  

were  fixed  with  4%  paraformaldehyde  and  incubated  with  a  solution  of  0.25%  naphthol  AS-­BI  

phosphate  and  0.75%  Fast  Blue  BB  (Sigma-­Aldrich,  St  Louis,  MO,  USA)  dissolved  in  0.1  M  Tris  

buffer  (pH  9.3).  ALP  activity  assay  was  preformed  using  an  ALP  kit  (Sigma-­Aldrich,  St  Louis,  

MO,  USA)  according  to  the  manufacturer’s  protocol  and  normalized  based  on  protein  
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concentrations.  To  detect  mineralization  potential  cells  were  induced  for  2  weeks  using  OIM,  

fixed  with  4%  paraformaldehyde  and  stained  with  2%  Alizarin  Red  (Sigma-­Aldrich,  St  Louis,  

MO,  USA).  For  quantification,  Alizarin  Red  was  destained  with  10%  cetylprydiniumcholoride  in  

10mM  sodium  phosphate  for  30  min  at  room  temperature.  Optical  absorbance  was  measured  at  

562nm  using  a  multiplate  reader  with  a  standard  calcium  curve  in  the  same  solution.  The  final  

calcium  level  in  each  group  was  normalized  with  the  total  protein  concentrations  prepared  from  

a  duplicate  plate.  

  

2.5   Induction  of  Chondrogenic  Differentiation  

Sorted  DMSCs  were  plated  at  1  x  105  cells/well  into  12-­well  plates.  To  induce  

differentiation  into  chondrogenic  lineages,  sorted  DMSCs  were  grown  in  chondrogenic  inducing  

media  (CIM)  containing  α-­MEM  (Invitrogen,  Carlsbad,  CA,  USA)  supplemented  with  10%  FBS  

(Invitrogen,  Carlsbad,  CA,  USA),  100  mM  sodium  pyruvate,  40ug/mL  proline,  100  nm  

dexamethasone,  200  μM  ascorbic  acid  (all  from  Sigma-­Aldrich,  St  Louis,  MO,  USA),  and  

10ng/mL  TGF-­β3  (R&D  systems).  Culture  medium  was  changed  every  2-­3  days.  After  4  weeks  

of  differentiation  in  vitro,  Alcian  blue  staining  (Sigma-­Aldrich,  St  Louis,  MO,  USA)  was  performed  

as  previously  described.35  For  quantification,  stained  Alcian  blue  was  eluted  with  6M  guanidine  

hydrocholoride  for  8hrs  at  room  temperature.  The  optical  absorbance  was  measured  at  620  nm  

using  a  microplate  reader.  

  

2.6   Induction  of  Adipogenic  Differentiation    

Sorted  DMSCs  were  plated  at  1  x  105  cells/well  into  12  well  plates.  To  induce  

differentiation  into  adipogenic  lineages,  sorted  DMSCs  were  grown  in  adipogenic  inducing  

media  (AIM)  containing  90%  Dulbeco’s  Modified  Eagle’s  Medium  (DMEM)  high  glucose  
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(Invitrogen,  Carlsbad,  CA,  USA),  10%  FBS  (Invitrogen),  1  μM  dexamethasone,  10  μg/mL  

insulin,  0.5  mM  3-­isobutyl-­1-­methylxanthine,  and  0.2  mM  indomethacin  (all  from  Sigma-­Aldrich,  

St  Louis,  MO,  USA).  Culture  media  was  changed  every  3  days.  After  3  weeks  of  differentiation  

in  vitro,  Oil  Red  O  (Sigma-­Aldrich,  St  Louis,  MO,  USA)  was  performed  as  previously  described.  

35  For  quantification,  stained  Oil  Red  O  was  eluted  with  75%  ethanol  for  30  minutes  at  room  

temperature.  The  optical  absorbance  was  measured  at  500nm  on  a  microplate  reader.    

  

2.7   Quantitative  RT-­PCR  

The  total  RNA  was  isolated  from  DMSCs  using  Trizol  reagents  (Invitrogen,  Carlsbad,  CA,  

USA).  Two-­μg  aliquots  of  RNAs  were  used  to  synthesize  cDNAs  using  random  hexamers  and  

reverse  transcriptase  according  to  the  manufacturer’s  protocol  (Invitrogen,  Carlsbad,  CA,  USA).  

The  real-­time  PCR  reactions  were  performed  using  the  QuantiTect  SYBR  Green  PCR  kit  

(Qiagen,  Valencia,  CA,  USA)  and  the  Icycler  IQ  Multicolor  Real-­time  PCR  Detection  System  

(Bio-­Rad).  The  primers  that  were  used  are  listed  on  Table  1.    

  

2.8   Western  Blotting  

Proteins  was  isolated  from  cells  using  CelLytic  MT  solution  (Sigma),  supplemented  with  

protease  inhibitor  cocktail  (PIC,  Promega,  Southampton,  USA).  40µg  aliquots  or  protein  were  

separated  by  SDS-­polyacrylamide  (PAGE)  gel  and  transferred  to  a  PDVF  membrane.  The  

primary  antibodies  rabbit-­anti:  Phospho-­p44/42  MAPK  (ERK1/2)  (THr202/Tyr204);;  p44/42  

MAPK  (ERK1/2),  Phospho-­AKT  (Ser473)  (D9E)  XP,  AKT,  phospho-­MTOR  (Ser2448)  (D9C2),  

MTOR,  phospho-­NF-­κB  p65  (Ser536)  (93H1),  NF-­κB  p65,  (all  from  Cell  Signaling  Technology,  

Danvers,  MA  USA)    and  mouse  anti-­tubulin  (Santa  Cruz  Biotechnology;;  Dallas,  TX  USA).  

Secondary  antibodies  for  mouse  anti-­Rabbit-­IgG-­horseradish  peroxidase  (HRP)  were  used  
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(Promega,  USA).  Detection  was  performed  with  the  Luminal/Enhancer  Solution  and  Super  

Signal  West  Stable  Peroxide  Solution  (Thermo).    

  

2.9   Matrigel  Invasion  Assay    

The  migration  ability  of  CD271  DMSCs  with  NGF  was  determined  using  24-­well  Matrigel  

invasion  chambers  (BD  Biosciences  Discovery  Labware).  Cells  were  seeded  into  upper  inserts  

at  1×105  (24-­well)  per  insert  in  serum-­free  α-­MEM.  Outer  wells  were  filled  with  α-­MEM  

containing  2ng/mL  or  10ng/mL  of  NGF  as  chemoattractant.  Cells  were  incubated  for  24hrs,  and  

then  non-­invading  cells  were  removed  by  swabbing  top  layer  of  Matrigel  with  a  cotton  swap.  

Membranes  containing  invading  cells  were  stained  with  a  HEMA-­3  kit  (Fisher).  The  invading  

cells  on  the  entire  membrane  were  counted  under  light  microscope.  

  

2.10   si-­RNA  transfection  

DMSCs  were  transfected  with  non-­specific  scrambled  siRNA  or  siRNA  targeting  human  

TrkA  (sc-­36726),  NGFR  p75  (sc-­36058),  AKT  (sc-­29195)  (Santa  Cruz  Biotechnology;;  Dallas,  

Texas  USA)  at  a  concentration  of  10nM  using  Lipofectamine  reagents  (Invitrogen)  according  to  

the  manufacture’s  instructions.  DMSCs  were  induced  to  undergo  odontogenic  differentiation  

after  24  hours  post-­transfection,  and  harvested  at  48,  72hrs  post  transfection  for  mRNA  

isolation.  For  protein  isolation,  after  24hrs  post-­transfection  DMSCs  were  treated  with  NGF  for  4  

hours.        
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Genes   Forward  (5’-­3’)   Reverse  (5’-­3’)  

DLX5   GCTCTCAACCCCTACCAGTAT   CTTTGGTTTGCCATTCACCATTC  

RUNX2   TGGTTACTGTCATGGCGGGTA   TCTCAGATCGTTGAACCTTGCTA  

BGLAP   AGCAAAGGTGCAGCCTTTGT   GCGCCTGGTCTCTTCACT  

DMP1   GACAGCAAGGGTGACTCTCA   AGATGACAGGTTGGCCTCTT  

DSPP   TCAACAGCAAGAGAAATGGG   TCGTCTTCATCCTCATCTGC  

PLAP-­1   TATTCAACAACCCGGTGAA   ACATTCCAAAGTTCCCAAGC  

SOX9   CACACAGCTCACTCGACCTT   CAAAGGGAATTCTGGTTGGT  

COL2A1   CAAGAAGAACTGGTGGAGCA   CATAGCTGAAATGGAAGCCA  

ACAN   TCGAGGACAGCGAGGCC   TCGAGGGTGTAGCGTGTAGAGA  

PPARy   GGGATCAGCTCCGTGGATCT   TTGCACTTTGGTACTCTTGAAGTT  

trkANGFR   GCCACACGCAACTGTCTAGT   GCCTCCCACACGGTAATAGT  

P75NTR   CCTCATCCCTGTCTATTGCTCC   GTTGGCTCCTTGCTTGCTTGTTCTGC  

  

Table  1.  Human  primer  sequences  used  for  quantitative  RT-­  PCR  
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3   SINGLE	
  CD271	
  MARKER	
  ISOLATES	
  MESENCHYMAL	
  STEM	
  CELLS	
  FROM	
  

HUMAN	
  DENTAL	
  	
  

  

3.1   Isolation  of  DMSCs  with  surface  markers  CD51/CD140α,  CD271,  and  STRO-­1/CD146  

from  DPCs    

Many  available  MSC  surface  markers  fail  to  represent  MSCs  in  vivo  as  markers  are  not  

homogenously  expressed  across  cultures.65  Recent  studies  showed  that  specific  combinations  

of  surface  markers  including  CD51/CD140α  and  CD271/CD90/CD106  isolated  highly  enriched  

clonogenic  cells  from  human  bone  marrow,  respectively.6,7  In  addition,  STRO-­1/CD146  

combination  has  successfully  characterized  DMSCs  from  dental  tissues  such  as  periodontal  

ligament  and  apical  papilla.32,66  However,  whether  these  verified  combination  of  surface  markers  

are  capable  of  isolating  multipotent  and  self-­renewing  progenitor  cells  from  human  DP  remains  

to  be  investigated.  Using  two  surface  combination  of  CD51/CD140α  or  STRO-­1/CD146,  FACS  

revealed  that  27.3%  of  DPCs  were  CD51+/CD140α+  and  0.3%  of  DPCs  were  STRO-­

1+/CD146+  (Fig.  3.1A).  Interestingly,  we  found  that  the  majority  (99%)  of  DPCs  expressed  

CD90  (Fig.  3.1B),  indicating  that  CD90  might  not  be  useful.  The  combination  of  CD271/CD106  

yielded  extremely  few  positive  cells  (Fig.  3.1C).  Therefore,  we  decided  to  use  single  CD271  

marker  to  isolate  MSCs  from  DPCs  and  found  that  10.6%  of  DPCs  were  CD271+.  In  addition,  

the  proliferation  of  sorted  cell  combinations  was  assessed,  and  CD271+  DMSCs  had  a  higher  

proliferation  capacity  compared  to  the  other  two  combinations.  (Figure  3.2)  
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Figure  3.1    The  expression  profiles  of  stem  cell  surface  markers  in  human  primary  cells  
from  dental  pulp  tissues  determined  by  FACS.  (A)  CD51/CD140α,  CD271,  and  STRO-­
1/CD146  (B)  CD90  (C)  CD271/CD106.  Cells  were  isolated  from  dental  pulp  of  adult  third  molars  
and  stained  with  antibodies.  
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3.2   Isolated  DMSCs  exhibited  differential  odontogenic  potential  depending  on  surface  

markers  

To  evaluate  and  compare  differentiation  capacity,  isolated  CD51+/CD140α+,  CD271+,  

and  STRO-­1+/CD146+  DMSCs  were  induced  to  undergo  odontogenic  differentiation.  All  three  

types  of  isolated  DMSCs  exhibited  the  capacity  to  differentiate  into  the  odontogenic  lineage  as  

demonstrated  by  ALP  staining  on  the  seventh  day  (Figure  3.3A).  Quantification  of  ALP  activity  

revealed  the  most  significant  increase  of  ~5  fold  in  induced  CD271+  DMSCs  compared  to  

noninduced  CD51+/CD140α+.  Induced  CD51+/CD140α+  DMSCs  exhibited  2.5  fold  increase  in  

ALP  activity  while  induced  STRO-­1+/CD146+  DMSCs  showed  1.25  fold  increase  (Figure  3.3B).  

All  three  isolated  DMSC  groups  had  formation  of  mineralized  nodules  after  prolonged  treatment  

with  odontogenic  induction  media  for  14  days  as  demonstrated  by  ARS  (Figure  3.3A).  The  

quantification  of  ARS  also  showed  significant  mineralization  potential  in  CD271+  DMSCs  (4.5  

fold)  followed  by  CD51+/CD140α+  DMSCs  (2.75  fold)  and  STRO-­1+/CD146+  DMSCs  (1  fold)  

(Figure  3.3C).  

Using  these  isolated  DMSCs,  we  further  confirmed  their  odontogenic  potential  by  

examining  mRNA  expression  of  several  odontogenic  marker  genes  including  DLX5,  RUNX2,  

BGLAP,  DMP1,  and  DSPP  at  different  time  points:  0,  3,  7,  and  10  days  after  odontogenic  

induction.  Consistent  with  ALP  and  ARS  results,  odontogenic  marker  gene  expression  was  

upregulated  for  all  three  subsets  of  DMSCs.  In  particular,  marked  increase  of  DLX5  expression  

was  found  in  CD51+/CD140α+  DMSCs  at  day  7  of  induction  compared  to  CD271+  and  STRO-­

1+/CD146+  DMSCs  (Figure  3.4A).  The  expression  of  RUNX2  in  both  CD51+/  CD140α+  and  

CD271+  DMSCs  were  more  significantly  upregulated  in  a  time  dependent  manner  at  day  3  and  

day  7  of  induction  (Figure  3.4B)  compared  to  STRO-­1+/CD146+  DMSCs.  Significant  BGLAP  

expression  induction  was  found  in  CD271+  DMSCs  at  day  10  of  odontogenic  induction  (Figure  
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3.4C).  Lastly,  in  all  three  isolated  DMSC  populations,  DMP1  and  DSPP  expression  were  

significantly  upregulated  at  day  10  of  induction  (Figure  3.4D  &  E).  

Collectively,  this  data  suggested  that  homogenous  populations  of  DMSCs  isolated  using  

FACS  with  different  surface  marker  combinations  are  capable  of  differentiating  into  odontogenic  

lineages,  but  at  different  magnitudes.     
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Figure  3.2    Proliferation  of  isolated  CD51+/CD140α+,  CD271+,  and  STRO-­1/C  
D146+  DMSCs  from  DP  *p<0.05  versus  CD51+/CD140α+,  and  #p<0.05  versus  STRO-­
1+/CD146+  by  Two-­Way  ANOVA  
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Figure  3.3    Odontogenic  differentiation  of  isolated  CD51+/CD140α+,  CD271+,  and  STRO-­
1/CD146+  DMSCs.  (A)  ALP  staining  and  Alizarin  Red  staining  after  these  cells  were  induced  to  
differentiate  into  odontogenic  lineages  for  7  days  and  14  days  respectively.  (B)  Quantification  of  
ALP  activity  (C)  Quantification  of  ARS.  Values  were  normalized  to  non-­induce  
d  CD51+/CD140α+  DMSCs.  *  p<0.05,  **  p<0.001.  
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Figure  3.4    mRNA  expression  of  odontogenic  genes  after  0,  3,  7,  and  10  days  of  
odontogenic  induction  in  CD51+/CD140α+,  CD271+  and  STRO-­1+/CD146+  DMSCs.  (A)  
DLX5  (B)  RUNX2  and  (C)  BGLAP  (D)  DMP1  and  (E)  DSPP.  Values  were  normalized  to  
CD51+/CD140α+  DMSCs  at  day  0.  *  p<0.05,  **p<0.001.  
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3.3   Isolated  DMSCs  exhibited  differential  chondrogenic  potential  depending  on  surface  

markers  

We  further  evaluated  and  compared  chondrogenic  differentiation  capacity  of  isolated  

DMSCs  under  chondrogenic  conditions.  All  three  isolated  DMSC  groups  showed  the  presence  

of  glycosaminogylcans  as  demonstrated  by  Alcian  Blue  staining  after  prolonged  treatment  with  

chondrogenic  induction  media  for  28  days  (Figure  3.5A).  The  quantification  of  Alcian  Blue  

staining  exhibited  the  greatest  chondrogenic  differentiation  in  CD271+  DMSCs,  followed  by  

STRO-­1+/CD146+  DMSCs  and  CD51+/  CD140α+  (Figure  3.5B).  mRNA  expression  of  Sox9,  the  

master  gene  of  chondrogenic  differentiation,  was  significantly  upregulated  confirming  their  

chondrogenic  potential  in  all  three  populations  of  isolated  DMSCs  (Figure  3.5C).    

  

3.4   Isolated  DMSCs  exhibit  weak  adipogenic  potential    

We  evaluated  and  compared  the  adipogenic  differentiation  capacity  of  isolated  DMSCs  

under  adipogenic  conditions.  All  three  isolated  DMSC  groups  showed  weak  presence  of  lipid  

droplets  as  demonstrated  through  Oil  Red  O  staining  after  prolonged  treatment  with  adipogenic  

induction  media  for  21  days  (Figure  3.6A).  The  quantification  of  Oil  Red  O  staining  did  not  

exhibit  significant  differentiation  of  sorted  DMSCs  (Figure  5B).  Interestingly,  mRNA  expression  

of  PPARγ,  the  master  gene  of  adipogenic  differentiation,  was  significantly  upregulated  in  

CD51+/  CD140α+  and  CD271+  DMSCs  (Figure  3.6C).  Further  studies  need  to  be  completed  to  

validate  these  results.    
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Figure  3.5    Chondrogenic  differentiation  of  CD51+/CD140α+,  CD271+,  and  STRO-­
1+/CD146+  DMSCs.  (A)  Alcian  Blue  staining  after  cells  were  induced  to  differentiate  into  
chondrogenic  lineages  for  28  days.  (B)  Quantification  of  Alcian  Blue  (C)  mRNA  expression  of  
Sox9  after  0  and  28  days  of  chondrogenic  induction.  Values  were  normalized  to  
CD51+/CD140α+  DMSCs  at  day  0.  *  p<0.05,  **p<0.001.      
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Figure  3.6    Adipogenic  differentiation  of  CD51+/CD140α+,  CD271+,  and  STRO-­1+/CD146+  
DMSCs  from  DPCs.  (A)  Oil  Red  O  staining  after  cells  were  induced  to  differentiate  into  
adipogenic  lineages  for  21  days.  (B)  Quantification  of  Oil  Red  O  (C)  mRNA  expression  of  
PPARγ  after  0  and  21  days  of  adipogenic  induction.  Values  were  normalized  to  
CD51+/CD140α+  DMSCs  at  day  0.  *  p<0.05,  **p<0.001.      
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4   CHARACTERIZATION	
  OF	
  OSTEOGENIC	
  POTENTIAL	
  OF	
  MESENCHYMAL	
  

STEM	
  CELLS	
  FROM	
  HUMAN	
  PERIODONTAL	
  LIGAMENT	
  BASED	
  ON	
  

CELL	
  SURFACE	
  MARKERS	
  

  

4.1   Isolation  of  DMSCs  with  surface  markers,  CD51/CD140α,  CD271,  STRO-­1/CD146  

from  PDLCs      

It  has  been  established  that  the  surface  maker  combination  of  STRO-­1/CD146  has  

successfully  isolated  DMSCs  from  dental  tissues  such  as  the  PDL  and  apical  papilla  using  

FACS  analysis  32,66  Additional  markers  including  CD51/CD140α  and  CD271/CD90/CD106  have  

been  suggested  for  the  purpose  of  identifying  multipotent  homogenous  population  of  BMSCs  

and  these  marker  combinations  were  not  previously  evaluated  in  DMSCs.6,7  Using  two  surface  

marker  combinations  of  CD51/CD140α  and  STRO-­1/CD146,  FACS  revealed  that  24%  of  

PDLCS  were  CD51+/CD140α+  and  2.4%  of  PDLCs  were  STRO-­1+/CD146+.  (Figure  4.1A  and  

C).  The  isolation  of  STRO-­1+/CD146+  DMSCs  is  consistent  with  previous  studies,  which  

indicated  a  2.6%  isolation  of  DMSCs  from  PDL.32  Interestingly,  we  found  that  the  majority  of  

PDLCs  (99%)  expressed  CD90  (Figure  4.1D),  indicating  that  CD90  is  not  sufficiently  selective  

for  sorting.  On  the  contrary,  FACS  using  dual  markers,  CD271  and  CD106,  revealed  that  an  

extremely  low  proportion  of  PDLCs  were  double  positive  for  this  combination.  (Figure  4.1E).  

Therefore,  we  used  a  single  maker,  CD271,  to  isolate  DMSCs  and  found  that  0.8%  of  PDLCs  

were  CD271+,  representing  the  smallest  proportion  among  our  combinations  (Figure  4.1B).  

Consistent  with  our  results,  a  second  patient  sample  expressed  similar  percentage  of  surface  

marker  combinations  (Fig  4.2A,  B,  C).  Interestingly  the  expression  CD271  in  the  other  two  

combinations  CD51+/CD140α+  and  STRO-­1+/CD146+  of  DMSCs  was  low  4%  and  .2%  
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respectively,  making  isolation  of  cells  difficult  (Fig  4.2D,  E).    CD51+/CD140α+  DMSCs  exhibited  

increased  proliferation  compared  to  the  other  two  sorted  combinations  (Fig  4.3)     
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Figure  4.1    The  expression  profiles  of  stem  cell  surface  markers  in  human  primary  cells  
from  periodontal  ligament  tissues  determined  by  FACS.  (A)  CD51/CD140α,  (B)  CD271,  (C)  
STRO-­1/CD146,  (D)  CD90,  and  (E)  CD271/CD106.  Cells  were  isolated  from  the  periodontal  
ligament  of  adult  third  molars  and  stained  with  antibodies.  
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Figure  4.2    The  expression  profiles  of  stem  cell  surface  markers  in  human  primary  cells  
from  a  second  sample  of  periodontal  ligament  tissues  determined  by  FACS.  (A)  
CD51/CD140α,  (B)  CD271  (C)  STRO-­1/CD146  (D)  CD271  in  CD51/CD140α  and  (E)  CD271  in  
STRO-­1/CD146  
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Figure  4.3    Proliferation  of  isolated  CD51+/CD140α+,  CD271+,  and  STRO-­1/C  
D146+  DMSCs  from  PDL  *p<0.05  versus  CD271+  and  #p<0.05  versus  STRO-­1+/CD146+  by  
Two-­Way  ANOVA  
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4.2   Sorted  DMSCs  exhibited  significant  differential  odonto/osteogenic  potential  

    

To  evaluate  and  compare  differentiation  capacity,  isolated  CD51+/CD140α+,  CD271+,  

and  STRO-­1+/CD146+  DMSCs  were  induced  to  undergo  odonto/osteogenic  differentiation.  All  

three  combinations  of  DMSCs  displayed  the  capacity  to  differentiate  into  the  odonto/osteogenic  

lineage  as  demonstrated  by  ALP  staining  on  the  seventh  day  (Figure  4.4A).  Quantification  of  

ALP  activity  revealed  significant  increase  of  approximately  5  to  9  fold  in  all  three  populations  of  

induced  isolated  DMSCs  compared  to  non-­induced  CD51+/CD140α+  cells  (Figure  4.4B).  In  

addition,  all  three  isolated  DMSC  groups  had  formation  of  mineralized  nodules  after  prolonged  

treatment  with  OIM  for  14  days  as  demonstrated  by  ARS  (Figure  4.4A).  Quantification  of  ARS  

also  showed  significant  mineralization  potential  in  all  induced  DMSCs  with  a  2.5  to  4-­fold  

increase  compared  to  non-­induced  CD51+/CD140α+  DMSCs.    

Using  these  isolated  DMSCs,  we  further  confirmed  their  odonto/osteogenic  potential  by  

examining  mRNA  expression  of  several  odonto/osteogenic  marker  genes  including  DLX5,  

RUNX2,  and  BGLAP,  at  different  time  points:  0,  3,  7,  and  10  days  after  odonto/osteogenic  

induction.  Consistent  with  ALP  and  ARS  results,  odonto/osteogenic  marker  gene  expression  

was  significantly  upregulated  for  all  three  subsets  of  isolated  DMSCs.  In  particular,  marked  

increase  of  DLX5  and  RUNX2  expression  was  found  in  CD271+  DMSCs  at  day  7  of  induction  

compared  to  CD51+/CD140α+  and  STRO-­1+/CD146+  DMSCs  (Figure  4.5A,  B).  Significant  

BGLAP  expression  induction  was  found  in  CD271+  DMSCs  at  day  7  and  10  of  osteogenic  

induction  (Figure  4.5C).  In  addition,  periodontal  marker  gene,  periodontal  ligament  associated  

protein  (PLAP-­1),  was  assessed  at  0,  7,  10  days  after  osteogenic  induction.  PLAP-­1  expression  

was  significantly  upregulated  in  all  3  subsets  (Figures  4.5D).      



36  
  

Collectively,  this  data  suggested  that  homogenous  populations  of  DMSCs  isolated  using  

FACS  with  different  surface  marker  combinations  have  capacity  to  differentiate  into  osteogenic  

lineages.  

     



37  
  

  

Figure  4.4    Odonto/Osteogenic  differentiation  of  isolated  CD51+/CD140α+,  CD271+,  and  
STRO-­1/CD146+  DMSCs.  (A)  ALP  staining  and  ARS  after  these  cells  were  induced  to  
differentiate  into  odonto/osteogenic  lineages  for  7  days  and  14  days  respectively.  (B)  
Quantification  of  ALP  activity  (C)  Quantification  of  ARS.  Values  were  normalized  to  non-­induced  
CD51+/CD140α+  DMSCs.  *  p<0.05,  **  p<0.001  
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Figure  4.5  mRNA  expression  of  odonto/osteogenic  and  periodontal  genes  after  0,  3,  7,  
and  10  days  of  odonto/osteogenic  induction  in  CD51+/CD140α+,  CD271+  and  STRO-­
1+/CD146+  DMSCs.  (A)  DLX5  (B)  RUNX2  and  (C)  BGLAP  and  (D)  PLAP-­1.  Values  were  
normalized  to  CD51+/CD140α+  DMSCs  at  day  0.  *  p<0.05,  **p<0.001.  
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4.3   Isolated  DMSCs  exhibited  significant  differential  chondrogenic  potential    

Furthermore,  we  evaluated  and  compared  chondrogenic  differentiation  capacity  of  

isolated  DMSCs  under  chondrogenic  conditions.  All  three  isolated  DMSC  groups  showed  the  

presence  of  glycosaminogylcans  as  demonstrated  by  Alcian  Blue  staining  after  prolonged  

treatment  with  CIM  for  28  days  (Figure  4.6A).  Quantification  of  Alcian  Blue  staining  exhibited  a  3  

to  4.5  fold  increase  in  chondrogenic  differentiation  in  all  three  isolated  DMSC  groups  compared  

to  non-­induced  CD51+/CD140α+  DMSCs  (Figure  4.6B).  mRNA  expression  of  several  

chondrogenic  genes  including  SOX9,  collagen  type  2  alpha  1  (COL2A1)  and  aggrecan  (ACAN)  

were  significantly  induced  confirming  their  chondrogenic  potential  (Figure  4.7A-­C).  In  particular  

all  three  chondrogenic  markers  were  significantly  upregulated  in  STRO-­1+/CD146+  DMSCs  

(Figure  4.7A-­C).    

  

4.4   Isolated  DMSCs  exhibited  significant  differential  adipogenic  potential    

We  evaluated  and  compared  the  adipogenic  differentiation  capacity  of  isolated  DMSCs  

under  adipogenic  conditions.  All  three  isolated  DMSC  groups  showed  presence  of  lipid  droplets  

as  demonstrated  through  Oil  Red  O  staining  after  prolonged  treatment  with  adipogenic  induction  

media  for  21  days  (Figure  4.8A).  The  quantification  of  Oil  Red  O  staining  exhibited  a  1  fold  

increase  in  STRO-­1+/CD146+  DMSCs  (Figure  4.8B).  Interestingly,  mRNA  expression  of  PPARγ  

was  significantly  upregulated  in  CD271+  and  STRO-­1+/CD146+  DMSCs  (Figure  4.8C).  Since  

Oil  Red  O  staining  and  mRNA  findings  are  not  consistent;;  further  studies  looking  at  additional  

adipogenic  markers  need  to  be  completed.    
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4.5   Expression  of  combinations  CD51+/CD140α+,  STRO-­1+/CD146+  ,  and  CD271+  

decreases  with  time  

The  expression  of  all  three  sorted  combinations  decreased  with  cell  passage,  but  

CD51+/CD140α+  decreased  the  less  (Fig  4.9).  This  most  likely  is  associated  with  the  ability  of  

CD51+/CD140α+  to  isolate  the  largest  population  of  cells  from  PDL.    
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Figure  4.6    Chondrogenic  differentiation  of  CD51+/CD140α+,  CD271+,  and  STRO-­
1+/CD146+  DMSCs.  (A)  Alcian  Blue  staining  after  cells  were  induced  to  differentiate  into  
chondrogenic  lineages  for  28  days.  (B)  Quantification  of  Alcian  Blue  
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Figure  4.7    mRNA  expression  of  chondrogenic  genes  after  0  and  28  days  of  
chondrogenic  induction  in  CD51+/CD140α+,  CD271+  and  STRO-­1+/CD146+DMSCs  (A)  
SOX9  (B)  COL2A1  and  (C)  ACAN.  Values  were  normalized  to  CD51+/CD140α+  DMSCs  at  day  
0.  *p<0.05,  **p<0.001.  
  
     



43  
  

  
  
  
  

  

  

  

  

  

  

  

  

  

  

     

A  

B
  

C
  

Figure  4.8  Adipogenic  differentiation  of  CD51+/CD140α+,  CD271+,  and  STRO-­1+/CD146+  
DMSCs  from  PDLCs.  (A)  Oil  Red  O  staining  after  cells  were  induced  to  differentiate  into  
adipogenic  lineages  for  21  days.  (B)  Quantification  of  Oil  Red  O  C.  mRNA  expression  of  PPARγ  
after  0  and  21  days  of  adipogenic  induction.  Values  were  normalized  to  CD51+/CD140α+  
DMSCs  at  day  0.  *  p<0.05,  **p<0.001.      



44  
  

  

Figure  4.9    The  expression  profiles  of  stem  cell  surface  markers  in  the  positive  selected  
DMSCs  from  PDL  expanded  in  culture  determined  by  FACS.  (A)  CD51/CD140α,  (B)  CD271  
(C)  STRO-­1/CD146.  Cells  were  evaluated  at  passage  9           
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5   NGF	
  and	
  CD271	
  PROMOTE	
  ODONTOGENIC	
  DIFFERENTIATION	
  OF	
  

DMSCs	
  

  

5.1   Isolated  CD271+  DMSCs  from  DP  exhibit  increased  differential  odontogenic  

potential  with  exogenous  NGF    

To  evaluate  the  effect  of  NGF  on  differentiation  capacity,  isolated  CD271+  DMSCs  from  

DP  were  induced  to  undergo  odontogenic  differentiation.  Compared  to  OIM  alone,  2ng  and  

10ng  of  NGF  with  OIM  increased  CD271+  DMSCs  capacity  to  differentiate  into  the  odontogenic  

lineage  as  demonstrated  by  ALP  staining  on  the  seventh  day  (Figure  5.1A).  Quantification  of  

ALP  activity  revealed  significant  increase  of  approximately  5  to  10  fold  in  CD271+  DMSCs  

treated  with  either  2ng  or  10ng  of  NGF  compared  to  OIM  only  (Figure  5.1B).  In  addition,  isolated  

DMSCs  treated  with  NGF  had  formation  of  mineralized  nodules  after  prolonged  treatment  with  

OIM  for  14  days  as  demonstrated  by  ARS  (Figure  5.1A).  Quantification  of  ARS  also  showed  

significant  mineralization  potential  in  NGF  treated  DMSCs  with  a  3.5  to  4-­fold  increase  

compared  to  only  OIM  induced  DMSCs.      

Using  CD271+  isolated  DMSCs,  we  further  confirmed  the  effect  of  NGF  on  their  

odontogenic  potential  by  examining  mRNA  expression  of  several  odontogenic  marker  genes  

including  DLX5,  RUNX2,  BGLAP,  DMP1,  and  DSPP  at  different  time  points:  0,  3,  7,  and  10  

days  after  odontogenic  induction.  Consistent  with  ALP  and  ARS  results,  odontogenic  marker  

gene  expression  was  significantly  upregulated  for  isolated  CD271+  DMSCs  treated  with  NGF  

(Figure  5.2).  In  particular,  marked  increase  of  DLX5  and  RUNX2  expression  was  found  with  

2ng/mL  of  NGF  at  day  3  of  induction  compared  to  10ng/mL  of  NGF  (Figure  5.2A,  B).  At  day  7  

there  was  a  marked  increase  of  DLX5,  RUNX2,  and  BGLAP  expression  with  2ng/mL  of  NGF,  
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but  an  almost  20-­fold  increase  of  DLX5  with  10ng/mL  of  NGF  (Figure  5.2A,  B,  C).    Lastly,  

significant  DMP1  and  DSPP  expression  induction  was  found  at  day  7  and  10  of  induction,  with  

increasing  NGF  concentrations  (5.2D,  E).  In  particular,  there  was  a  marked  increase  of  DMP1  at  

Day  7  of  odontogenic  induction  with  2ng/mL  of  NGF  (5.2D).    
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Figure  5.1  Odontogenic  differentiation  of  isolated  CD271+  DMSCs  from  DP  with  NGF  
treatment.  (A)  ALP  staining  and  Alizarin  Red  staining  after  these  cells  were  induced  to  
differentiate  into  odontogenic  lineages  for  7  days  and  14  days  respectively.  (B)  Quantification  of  
ALP  activity  (C)  Quantification  of  ARS.  Values  were  normalized  to  non-­induce  
d  CD51+/CD140α+  DMSCs.  *  p<0.05,  **  p<0.001.    
  

  

A  

B   C  
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Figure  5.2    mRNA  expression  of  odontogenic  genes  after  0,  3,  7,  and  10  days  of  
odontogenic  induction  in  CD271+  DMSCs  with  NGF  treatment.  (A)  DLX5  (B)  RUNX2  and  
(C)  BGLAP  (D)  DMP1  (E)  DSPP.  Values  were  normalized  to  day  0  with  0  ng/mL  of  NGF                        
*  p<0.05,  **p<0.001.  
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5.2   NGF  has  no  effect  on  the  migration  of  CD271+  DMSCs    

Since  NGF  increased  the  odotonogenic  potential  of  DMSCs  we  wanted  to  see  if  it  had  the  

capacity  to  promote  migration  of  CD271+  DMSCs  from  DP.    The  effect  of  2ng/mL  and  10ng/ML  

of  NGF  were  examined  by  Matrigel  invasion  assay.  We  found  no  difference  between  NGF  and  

FBS  control.    (Fig  5.3)  

  

5.3   NGF  activates  signaling  through  the  MAPK,  AKT,  MTOR,  and  NF-­κB  pathways  in  

CD271+  DMSCS  

Based  on  previous  studies  that  have  shown  the  significance  of  MAPK,  AKT,  MTOR,  and    

NF-­κB  in  both  odontogenic  differentiation  and  NGF  signaling  we  first  decided  to  investigate  if  

NGF  activates  through  similar  signaling  pathways  in  DMSCs.  To  determine  if  intracellular  

MAPK,  AKT,  MTOR,  and  NF-­κB  were  activated  by  the  presence  of  extracellular  NGF,  DMSCs  

were  treated  with  2ng/mL  of  human  recombinant  β-­NGF  for  0,  30min,  1hr,  2hrs,  and  4hrs;;  and  

then  analyzed  on  western  blot.  As  shown  in  Fig  5.4  all  were  activated  by  NGF  in  a  time  

dependent  matter,  but  with  varying  degrees.  MAPK  activity  increased  significantly  compared  

with  the  AKT,  MTOR,  and  NF-­κB  at  4hrs.  In  addition,  we  also  observed  a  decrease  in  p38  with  

NGF  treatment.    

  

5.4   TrkA  and  p75  promotes  odontogenic  differentiation  of  DMSCs  

To  evaluate  whether  TrkA  and  p75  play  a  role  in  the  fate  determination  of  DMSCs  we  

knocked  down  both  TrkA  and  p75  with  siRNA.  When  DMSCs  were  induced  to  undergo  

odontogenic  differentiation,  siRNA  of  p75  cells  lost  their  capacity  to  differentiate  as  

demonstrated  by  ALP  staining  on  the  seventh  day  more  so  than  TrkA  siRNA  (Fig  5.5A,  B).  

Furthermore,  the  formation  of  mineralized  nodules  with  prolonged  treatment  with  odontogenic  
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media  for  14  days  was  suppressed  with  p75  siRNA  (Fig  5.5A,  B).  We  further  confirmed  that  p75  

siRNA  inhibited  odontogenic  potential  by  examining  mRNA  expression  of  several  odontogenic  

marker  genes  at  different  time  points  after  induction.  In  particular,  p75  siRNA  significantly  

suppressed  the  expression  of  marker  genes  DLX5,  RUNX2,  BGLAP  during  odontogenic  

differentiation  indicating  that  p75  is  required  for  odontogenic  differentiation  of  MSCs  (Fig  5.6A,  

B,  C).    
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A  

B  

Figure  5.3    NGF  has  no  effect  on  migration  ability  of  CD271+  DMSCs.  (A)  Light  microscopy  
images  of  CD271+  DMSCs  with  2ng/mL  and  10ng/mL  of  NGF  alone,  and  with  1%  FBS  after  24  
hours.  Magnification  was  10x.  (B)  Quantification  of  Matrigel  Invasion  Assay  
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Figure  5.4    NGF  activates  MAPK,  Akt,  MTOR,  and  NF-­κB  signaling  pathways  in  CD271+  
DMSCs.  Western  blot  was  performed  to  evaluate  the  expression  of  MAPK,  Akt,  MTOR,  NF-­κB,  
and  p38  with  2ng/mL  of  NGF  at  0,  30min,  1hr,  2hrs,  and  4hrs.      
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Figure  5.5    TrkA  and  p75NTR  promotes  odontogenic  differentiation  of  DMSCs  (A)  ALP  

staining  and  Alizarin  Red  staining  after  24hr  siRNA  knockdown  and  cells  were  induced  to  

differentiate  into  odontogenic  lineages  for  7  days  and  14  days  respectively.  (B)  Quantification  of  

ALP  activity  (C)  Quantification  of  ARS.  Values  were  normalized  to  SCR  *  p<0.05,  **  p<0.001.  
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Figure  5.6    mRNA  expression  of  odontogenic  genes  after  0,  3,  7,  and  10  days  of  
odontogenic  induction  after  siRNA  knockdown  of  TrkA  and  p75NTR  receptors  in  DMSCs.  (A)  
DLX5  (B)  RUNX2  and  (C)  BGLAP.  Values  were  normalized  to  day  0  SCR.  *  p<0.05,  **p<0.001.  
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5.5   NGF  activation  of  MAPK,  AKT,  MTOR,  and  NF-­κB  pathways  is  mediated  via  the  TrkA  

and  p75NTR  receptors    

As  our  results  demonstrate,  both  TrkA  and  p75  promote  odontogenic  differentiation;;  with  p75  

having  a  greater  effect.  To  test  whether  NGF  signaling  through  MAPK,  AKT,  MTOR,  and  NF-­κB  

is  mediated  by  TrkA  and  p75  receptors  we  assessed  the  activation  of  these  pathways  after  

knockdown  of  TrkA  and  p75  in  DMSCs.  After  24hours  of  siRNA  knockdown,  we  treated  cells  

with  2ng/mL  of  NGF  for  4hrs.  Compared  to  the  SCR  control,  we  saw  that  MAPK,  AKT,  MTOR,  

and  NF-­κB  signaling  were  significantly  affected  with  TrkA  knockdown  (Fig  5.7).  MAPK  and  AKT  

pathways  were  affected  with  p75NTR  siRNA,  but  not  as  dramatic  as  with  the  TrkA  knockdown  

(Figure  5.7).  Although  these  results  indicate  that  TrkA  has  a  greater  effect  on  signaling  

pathways  compared  to  p75  after  4hr  treatment,  longer  time  course  assessment  would  be  

important  since  odontogenic  differentiation  is  assessed  at  7  and  14  days  with  ALP,  ARS,  and  

mRNA  expression  of  marker  genes.        
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Figure  5.7    MAPK,  Akt,  MTOR,  and  NF-­κB  after  TrkA  and  P75NTR  siRNA  knockdown  in  
DMSCs.  Western  blot  was  performed  to  evaluate  the  expression  of  MAPK,  Akt,  MTOR,  NF-­κB  
after  36hrs  of  siRNA  knockdown  and  4hr  of  2ng/mL  of  NGF  
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Figure  5.8  Proposed  model  of  NGF  signaling  in  DMSCs  
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5.6   Discussion  

While  numerous  stem  cell  surface  markers  have  been  routinely  used  to  identify  putative  

MSCs,  specific  markers  for  successful  isolation  of  DMSCs  that  lead  to  potent  differentiation  into  

multiple  lineages  are  lacking.4,5  In  this  study,  we  systematically  used  three  different  sets  of  

surface  markers  (CD51/CD140α,  CD271  and  STRO-­1/CD146)  to  isolate  putative  stem  cell  

populations  from  primary  DP  and  PDL  cultures  and  compared  their  differentiation  capacity  into  

odonto/osteogenic,  chondrogenic,  and  adipogenic  lineages.  CD51/CD140α  and  CD271  have  

been  previously  used  to  isolate  neural  crest  cell  progenitors  while  STRO-­1/CD146  combination  

has  been  used  to  isolate  MSCs  localized  to  blood  vessels.6,8,32,67    In  addition,  the  utilization  of  

CD51/CD140α  combination  for  DMSC  isolation  is  not  known.  Our  results  demonstrated  that  

although  all  three  combinations  of  surface  markers  were  able  to  isolate  DMSCs  from  DP  and  

PDL  with  varying  magnitudes  of  differentiation  capabilities,  CD271  was  the  best  single  marker  

for  isolating  the  DMSC  progenitor  population  with  greatest  differentiation  potential.    

Mabuchi  et  al.  first  utilized  CD271/CD90/CD106  combination  of  surface  markers  to  

selectively  isolate  a  distinct  subpopulation  of  highly  potent  MSCs  in-­vivo.7  Therefore,  we  initially  

decided  to  explore  the  use  of  all  three  markers  in  DPCs  and  PDLCs.  Our  data  showed  

unreasonably  high  proportion  of  both  DPCs  and  PDLCs  expressed  CD90  (Fig  3.1D)  suggesting  

that  CD90  may  cause  non-­specific  isolation  of  DMSCs.  Conversely,  FACS  analysis  revealed  

that0,1%  of  DPCs  and  0%  of  PDLCs  expressed  both  CD271  and  CD106  (Fig  3.1E).  As  such,  

CD271  alone  was  used  in  this  study  to  identify  DMSCs  from  DPCs  and  PDLCs.  CD271,  or  p75  

neurotrophin  receptor  (p75NTR  or  low  affinity  nerve  growth  factor  receptor  /LNGFR),  is  a  

common  receptor  for  all  neurotrophins  that  stimulate  neuronal  cells  to  survive  and  

differentiate.68,69  Of  particular  use  with  BMSCs,  it  has  been  demonstrated  that  CD271  

consistently  isolates  highly  multipotent  BMSCs  and  has  been  described  as  the  most  selective  

marker  for  the  purification  and  isolation  of  BMSCs.7,70,71,72,73,74    
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10.6%  of  primary  culture  DPCs  were  positive  for  CD271  (Figure  3.1).  On  the  contrary  to  

our  studies,  CD271+  cells  from  CD44+/CD90+  MSCs  of  human  deciduous  dental  pulp  tissues  

could  not  differentiate  into  osteoblasts  and  adipocytes.67  Currently,  the  reasons  for  these  

conflicting  results  are  unknown.  It  could  be  due  to  the  discrepancy  in  tissue  sources  for  MSC  

isolation.  Our  study  showed  that  CD271+  DMSCs  exhibited  the  most  significant  odontogenic  

differentiation  potential  with  high  ALP  activity,  mineralization  capacity,  and  upregulated  

expression  of  DLX5,  RUNX2,  and  BGLAP  (Figure  3.3,3.4).  Similarly,  during  chondrogenic  

lineage  differentiation,  CD271+  DMSCs  exhibited  the  greatest  chondrogenic  potential  

demonstrated  by  increased  Alcian  Blue  Staining  and  SOX9  expression  levels.  Therefore,  

CD271  can  be  identified  as  a  single  specific  surface  marker  for  isolating  putative  DMSCs  that  

are  highly  multipotent.    

We  successfully  isolated  DMSCs  from  PDL  using  CD271  but  the  expression  was  minimal  

at  just  0.8%  of  PDLCs.  This  low  percentage  of  CD271+  cells  is  consistent  with  the  results  in  

BMSCs,  which  reported  less  than  1%  are  CD271+.7,70,71,72,73,74  Although  CD271  isolated  only  

0.8%  of  DMSCs,  CD271+  cells  had  highly  significant  osteogenic  potential  and  produced  the  

greatest  upregulation  of  osteogenic  and  periodontal  marker  genes  during  induction.  Alexander  

et  al.  previously  reported  that  CD271  is  an  early  surface  marker  of  osteogenic  capacity  in  vitro  in  

human  jaw  periosteum-­derived  progenitor  cells  (JPCs)  as  CD271  was  able  to  distinguish  

between  mineralizing  JPCs  and  non-­mineralizing  JPCs  using  FACS  analysis.75      

The  use  of  CD51/CD140α  to  isolate  DMSCs  from  DP  or  PDL  has  not  been  previously  

studied.  The  intermediate  filament  protein,  Nestin,  identifies  a  distinct  population  of  highly  

multipotent  MSCs  from  mouse  bone  marrow.6  However,  because  of  the  intracellular  location  of  

Nestin,  its  utilization  to  identify  BMSCs  in-­vivo  would  require  cell  permeabilization  preventing  the  

isolation  of  live  cells.6  In  order  to  address  this  shortcoming,  Pinho  et  al.  used  CD51/  CD140α  

cell  marker  combination  to  isolate  a  stromal  population  that  is  Nestin+  and  highly  enriched  in  
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MSCs  in  the  mouse  and  human  bone  marrow.6  Clonally  expanded  CD51+/  CD140α+  cells  

exhibited  robust  differentiation  potential  into  osteoblastic,  adipocytic,  and  chondrocytic  lineages  

in  vivo.6  Our  results  demonstrated  that  CD51  and  CD140α  markers  are  also  useful  for  isolating  

DMSCs  that  exhibit  multilineage  potential.  (Figures  3.3,3.4,3.5)  On  average,  27.3%  of  DPCs  

were  positive  for  both  CD51  and  CD140α,  providing  the  largest  proportion  of  DPCs  among  the  

three  surface  marker  combinations  in  this  study  (Figure  3.1).  Consistent  with  these  findings,  a  

high  proportion  (24%)  of  PDLCs  were  positive  for  CD51  and  CD140α(Figure  4.1).  This  large  

yield  of  CD51+/CD140α+  DMSCs  from  the  PDL  is  consistent  with  high  Nestin  expression  in  the  

majority  of  adult  neural  crest  stem  cells.76,77    

STRO-­1  and  CD146  are  considered  to  be  early  MSC  surface  markers  that  have  been  

identified  in  BMSCs  and  are  derived  from  perivascular  cells.78    STRO-­1  was  initially  associated  

with  the  identification  of  osteogenic  precursors  isolated  from  bone  marrow  and  later  described  

as  a  promising  marker  for  MSCs.19  However,  it  was  suggested  that  the  use  of  STRO-­1  as  a  

single  marker  for  MSC  isolation  is  limited;;  as  it  is  not  universally  expressed  in  all  types  of  MSCs  

and  it  can  gradually  decline  with  increasing  culture  passages.14,79,80  In  this  study,  CD146  was  

used  with  STRO-­1  to  address  these  STRO-­1  related  concerns.  The  lowest  proportion  of  DPCs,  

0.3%,  was  STRO-­1+/CD146+  (Figure  3.1),  making  it  challenging  to  expand  the  STRO-­

1+/CD146+  DMSCs  for  further  use.  The  proportion  of  STRO-­1+/CD146+  cells  was  significantly  

smaller  in  these  DPCs  compared  to  periodontal  ligament  cells  (2.6%)  and  apical  papilla  cells  

(13.4%).32,66  While  ALP  activity  and  mineralization  capacity  was  increased  in  induced  STRO-­

1+/CD146+  DMSCs  compared  to  non-­induced  STRO-­1+/CD146+  DMSCs,  the  enhancement  

was  not  as  significant  as  CD271+  or  CD51/CD140α  DMSCs.  Less  significant  odontogenic  and  

chondrogenic  potential  was  found  in  STRO-­1+/CD146+  DMSCs  compared  to  the  other  two  

combinations  (Figures  3.3,3.4,  3.5).  Although  STRO-­1  is  a  widely  utilized  MSC  marker,  it  is  not  

the  best  surface  marker  for  isolating  DMSCs  with  high  differentiation  capabilities  from  DPCs  
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even  when  combined  with  CD146.8,19,80  Our  study  with  FACS  analysis  using  the  STRO-­1/CD146  

combination  isolated  2.4%  of  PDLCs  and  these  sorted  STRO-­1+/CD146+  DMSCs  

demonstrated  high  odonto/osteogenic  potential  (Figure  4.1C),  confirming  the  results  of  a  

previous  study.32  Consistent  with  the  study  by  Xu  et  al,  the  adipogenic  potential  of  STRO-­

1+/CD146+  DMSCs  was  insignificant  confirming  a  preferential  bias  of  STRO-­1+/CD146+  

DMSCs  toward  odonto/osteogenic  and  chondrogenic  differentiation  (Figure  4.7).32    

It  is  noteworthy  that  DP  and  PDL  are  originally  derived  from  neural  crest  cells  that  have  

both  ectodermal  and  mesenchymal  components  and  can  provide  a  pure  MSC  population.5,18,81,82  

As  some  recent  studies  hypothesized  that  MSCs  are  neural  crest  derived,  isolating  DMSCs  with  

surface  markers  of  a  neural  crest  origin  such  as  CD51/CD140α  and  CD271  may  be  

desirable.83,84  In  line  with  this  notion,  our  study  indicated  that  CD271+  and  CD51+/CD140α+  

DMSCs  exhibited  more  significant  multipotent  populations  from  DP  and  PDL  compared  to  

STRO-­1+/CD146+  DMSCs.  Therefore,  isolation  of  DMSCs  using  surface  markers  of  neural  

crest  origin  other  than  CD271  and  CD51/CD140α  may  be  important  to  further  evaluate  their  

potency  in  differentiation  potential.  

In  conclusion,  our  findings  demonstrated  the  successful  isolation  of  distinct  

subpopulations  of  DMSCs  from  human  DP  and  PDL  with  the  use  of  CD51/CD140α,  CD271,  and  

STRO-­1/CD146  surface  markers  and  demonstrated  their  capacity  to  undergo  differentiation  into  

odonto/osteogenic  and  chondrogenic  lineages.  Each  marker  yielded  a  different  quantity  of  

isolated  mesenchymal  progenitor  cells  with  varying  magnitude  of  multi-­lineage  differentiation  

potential.  As  CD51/CD140α  produced  isolation  of  significantly  higher  proportion  of  DPCs  and  

PDLCs  than  the  other  two  cell  surface  marker  combinations,  CD51/CD140α  may  be  a  sufficient  

marker  combination  to  use  with  FACS  analysis  to  obtain  highly  multipotent  MSCs  from  the  PDL.  

Further  studies  are  needed  to  validate  whether  these  isolated  cells  may  differentiate  into  

functionally  different  lineages  in-­vivo.    
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Based  on  these  findings,  we  decided  to  investigate  the  role  of  CD271  in  the  odontogenic  

differentiation  of  DMSCs.    Since  CD271  was  sufficient  for  the  isolation  of  a  strong  odontogenic  

progenitor  population  of  DMSCs  from  DP,  we  isolated  these  cells  and  studied  the  effect  of  NGF  

on  odontogenic  differentiation.  We  decided  to  use  NGF,  since  it  exerts  its  effect  through  the  

trkANGFR  and  p75NTR  /CD271  receptors.70  Our  results  demonstrate  that  exogenous  treatment  of  

NGF  increased  odonotogenic  potential  of  CD271+  DMSCs  from  DP  as  demonstrated  through  

the  increase  of  ALP,  ARS,  and  expression  of  odontogenic  marker  genes.  Although  it  is  well  

known  for  its  physiological  role  in  neurobiology,  NGF  has  been  found  to  be  produced  and  

utilized  by  several  non-­neuronal  cell  types.  Previously,  NGF  has  been  found  to  be  associated  

with  tooth  morphogenesis  and  induce  the  differentiation  of  immortalized  dental  papilla  cells  into  

odontoblast-­like  cells  in  vitro,  suggesting  that  NGF  acts  as  a  stimulant  for  mineralization  which  is  

consistent  with  our  findings.68  Since  our  results  indicated  that  NGF  increases  odontogenic  

activity,  we  decided  to  asses  if  NGF  increases  migration  ability  of  DMSCs  with  a  Matrigel  

invasion  assay.  2ng/mL  and  10ng/mL  of  NGF  produced  no  effect  on  migration  of  DMSCs.    

NGF  is  a  glycoprotein  consisting  of  3  subunits  (α2,β,γ2).  This  form  of  NGF  is  also  known  

as  proNGF.58  The  γ  subunit  of  this  complex  acts  as  a  serine  protease,  and  cleaves  the  N-­

terminal  of  the  β  subunit,  thereby  activating  the  protein  into  a  functional  NGF.  58  Its  effects  are  

mediated  by  the  TrkA  and  p75NTR/CD271  receptors.58  The  cascade  involved  in  TrkA  signaling  

features  MAPK-­Ras-­ERK  pathway,  phospholipase  Cy1,  P3I  kinase  and  SNT  proteins.85  Less  

known  NGF  signaling  is  through  p75NTR.  It  involves  activation  of  Nf-­κB  and  phosphorylation  for  

the  transcription  factors  JNK  as  well  as  increased  production  of  ceramide,  leading  to  gene  

transcription  or  programmed  cell  death.46  Previously,  NGF  has  been  found  to  activate  PI3K/Akt  

and  MAPK  signaling  during  MSC  differentiation  into  neurons.85,86  Nf-­κB  activation  is  specific  to  

p75NTR,  and  dentin  phosphoryin  promoted  odontoblastic  survival  and  differentiation  through  

activation  of  Akt  and  mTOR  pathways  leading  to  the  activation  of  Nf-­κB.63,87  Yet,  the  role  of  NGF  
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signaling  in  the  odontogenic  differentiation  of  DMSCs  has  never  been  done.  Based  on  this  

knowledge  we  decided  to  investigate  NGF  signaling  in  DMSCs.  We  selected  a  few  candidates:  

MAPK,  AKT,  MTOR,  and  Nf-­κB  based  on  previous  studies.  2ng/mL  of  NGF  was  used  on  

DMSCs,  since  this  concentration  was  sufficient  in  promoting  odontogenic  potential.  We  found  

that  activity  of  all  candidates  increased  in  a  time  dependent  manner,  yet  MAPK  was  significantly  

upregulated.  Our  findings  are  consistent  with  previous  studies,  and  provide  novel  knowledge  of  

the  effect  of  NGF  on  DMSC  signaling.    

In  order  to  understand  the  functional  role  of  TrkANGFR  and  p75NTR/CD271  in  the  

odontogenic  differentiation  of  DMSCs,  we  used  siRNA  to  knockdown  both  receptors  and  

evaluate  their  effect.  Decreased  ALP  and  ARS  activity  compared  to  the  SCR  control  was  seen  

with  both  TrkANGFR  and  p75NTR/CD271  knockdown,  but  p75NTR  produced  a  greater  effect.  This  

was  further  confirmed  with  decreased  expression  of  odontogenic  genes  DLX5,  RUNX2,  BGLAP.  

The  functional  role  of  p75NTR/CD271  has  not  been  investigated  in  DMSCs.  Since  most  NGF  

signaling  has  been  associated  with  the  TrkA  receptor,  our  results  are  novel  and  provide  insight  

into  the  role  of  P75NTR/CD271  during  odontogenic  differentiation.  To  further  investigate  the  role  

of  both  receptors  in  NGF  signaling,  we  looked  at  the  effects  of  TrkA  and  P75NTR/CD271  

knockdown  on  the  protein  level.  After  knockdown,  we  treated  cells  with  2ng/mL  of  NGF  for  4  

hours  and  evaluated  MAPK,  AKT,  MTOR,  and  Nf-­κB  pathways.  Our  results  show  that  TrkA  

knockdown  provided  a  greater  effect  on  NGF  signaling  compared  to  P75NTR/CD271.  This  is  

interesting  since  P75NTR/CD271  promotes  odontogenic  differentiation.  Although  TrkA  appears  to  

play  an  important  role  in  NGF  signaling,  assessing  longer  time  points  would  be  necessary  to  

further  understand  the  role  of  P75NTR/CD271  in  NGF  mediated  odontogenic  differentiation  of  

DMSCs.    

In  conclusion,  our  findings  demonstrated  the  successful  isolation  of  homogenous  

populations  of  DMSCs  from  heterogenous  DPCs  and  PDLCs  with  the  use  of  specific  neural  
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surface  markers  and  showed  their  ability  to  differentiate  into  odontogenic  and  chondrogenic  

lineages.  The  most  effective  marker  was  CD271,  which  isolated  DMSCs  from  DP  and  PDL  and  

had  the  strongest  odontogenic  and  chondrogenic  potential.  Further  studies  are  needed  to  

validate  whether  these  isolated  cells  may  differentiate  into  functionally  different  lineages  in-­vivo.  

Furthermore,  NGF  was  found  to  promote  odontogenic  differentiation  of  CD271+  DMSCs  from  

DP  and  activated  MAPK,  AKT,  MTOR,  and  NF-­κB  pathways  (Figure  5.8).  Interestingly,  the  

functional  role  of  P75NTR/CD271  was  found  to  promote  odontogenic  differentiation  in  DMSCs  as  

demonstrated  through  differentiation  assays  and  expression  of  odontogenic  genes.  Although  

NGF  signaling  appears  to  be  occur  mostly  through  the  TrkA  receptor  at  early  time  points,  further  

studies  are  need  to  evaluate  signaling  at  later  time  points.    Collectively,  the  findings  of  this  study  

present  the  possibility  of  using  the  synergistic  ability  of  DMSCs  and  NGF  to  promote  

odontogenic  differentiation  for  tissue  regeneration,  but  these  results  need  to  be  further  

confirmed  in-­vivo.    
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6   SUMMARY	
  AND	
  CONCLUSION	
  

  

Our  findings  provide  important  insight  into  using  specific  surface  markers  for  identifying  

DMSCs  in  human  DP  and  PDL  for  their  improved  utilization  in  regenerative  medicine.  Secondly,  

our  findings  will  contribute  to  the  use  of  growth  factors  such  as  NGF  with  DMSCs  in  developing  

novel  therapeutics  for  pulpal  regeneration  that  would  benefit  patients  suffering  of  dental  caries;;  

a  leading  infectious  disease  in  the  United  States.    

In  Chapters  4  and  5: 

1.   We  used  different  combinations  of  surface  markers  CD51/CD140α,  CD271,  and  STRO-­

1/CD146  to  isolate  homogenous  populations  of  DMSCs  from  human  heterogeneous  DP  

and  PDL.    

2.   We  found  that  all  three  combinations  (CD51/CD140α,  CD271,  and  STRO-­1/CD146)  

successfully  isolated  DMSCs  with  significant  odont/osteogenic  differentiation  and  

chondrogenic  potentail.  Adipogenic  potential  was  minimal.  

3.   CD271  was  effective  in  isolating  a  significant  multilineage  population  from  both  DP  and  

PDL.  Surprisingly,  CD271  has  not  been  used  in  the  isolation  of  DMSCs.    

In  Chapter  6:  

1.   We  found  that  exogenous  treatment  of  NGF  increased  odonotogenic  potential  of  

CD271+  DMSCs  from  DP.    

2.   Furthermore,  we  investigated  NGF  signaling  in  DMSCs  and  found  that  MAPK,  Akt,  

mTOR,  and  NF-­κB  increased  with  2ng/mL  of  NGF  treatment  in  a  time  dependent  

manner.    

3.   In  order  to  fulling  understand  the  role  of  CD271  in  NGF  signaling  we  used  siRNA  to  

knockdown  both  trkANGFR  and  p75NTR  receptors,  and  found  that  both  decreased  

odontogenic  potential  of  DMSCs,  but  p75NTR  affected  differentiation  of  DMSCs.  This  was  
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confirmed  with  ALP  and  ARS  assays,  and  decreased  expression  of  odontogenic  genes.  

Most  NGF  signaling  has  been  studied  with  the  trkANGFR  receptor,  our  provides  novel  

information  about  the  importance  of  p75NTR  in  mineralization  and  odontogenic  

differentiation.    

4.   Furthermore  on  the  protein  level,  knockdown  of  trkANGFR  and  p75NTR  demonstrated  that  

loss  of  trkANGFR  produced  a  greater  effect  with  NGF  signaling.  Yet,  longer  time  points  

need  to  investigated  to  understand  the  role  of  p75NTR  in  NGF  signaling.    

  

Our  findings  may  provide  an  efficient  method  to  use  DMSCs  and  NGF  in  regenerative  medicine,  

dental  therapeutics  for  pulpal  regeneration  or  craniofacial  defects,  and  improve  our  

understanding  of  the  molecular  mechanisms  involved  in  odontogenic  differentiation  and  NGF  

signaling.     
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