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Studies	  of	  the	  Carcinoma-‐Associated	  Fibroblast	  in	  Human	  Oral	  Squamous	  
Cell	  Carcinoma	  

	  	  	  	  	  	  	  	  	  	  	  	  	  S.	  Thaddeus	  Connelly	  
	  
Abstract	  
	  
Our	  understanding	  of	  the	  development	  and	  progression	  of	  oral	  squamous	  cell	  
carcinoma	  (Oral	  SCC)	  remains	  limited.	  This	  is	  reflected	  by	  the	  fact	  that	  oral	  
cancer	  is	  associated	  with	  one	  of	  the	  poorest	  5-‐year	  survival	  rates	  of	  any	  
malignancy	  in	  the	  body.	  It	  is	  becoming	  increasingly	  evident	  that	  the	  underlying	  
stroma	  has	  an	  important	  role	  to	  play	  in	  tumorogenesis.	  Our	  studies	  focus	  on	  the	  
central	  controller	  of	  the	  stroma,	  the	  fibroblast	  and	  its	  tumor-‐associated	  
counterpart,	  the	  carcinoma-‐associated	  fibroblast	  (CAF).	  The	  molecular	  and	  
functional	  characteristics	  of	  CAFs	  associated	  with	  Oral	  SCC	  remain	  incomplete.	  
Thus,	  we	  studied	  the	  influence	  of	  the	  stroma	  on	  the	  tumor	  microenvironment	  
through	  a	  histologic	  evaluation	  of	  cancerous	  and	  pre-‐cancerous	  lesions.	  
Additionally,	  we	  assessed	  the	  molecular	  response	  that	  CAFs	  and	  fibroblasts	  
display	  to	  TGFβ	  or	  TGFβ-‐mediated	  stimulation	  by	  direct	  measurement	  of	  
expression	  levels	  of	  downstream	  genes	  and	  in	  an	  organotypic	  co-‐culture	  system,	  
respectively.	  Lastly,	  we	  used	  expression	  profiling,	  immunofluorescence	  and	  
functional	  assays	  of	  CAFs	  and	  normal	  fibroblasts	  (NFs)	  in	  an	  attempt	  to	  classify	  a	  
CAF	  specific	  expression	  signature,	  CAF	  subsets	  or	  cellular	  origin	  and	  to	  identify	  
CAF	  genes	  or	  gene	  pathways	  that	  might	  contribute	  to	  proliferation,	  migration	  
and	  invasion.	  The	  results	  demonstrate	  that	  the	  stromal	  lymphocytic	  infiltrate	  
increases	  with	  lesion	  severity	  of	  pre-‐cancers	  with	  the	  most	  in	  Oral	  SCC,	  
indicating	  a	  causal	  relationship.	  Fibroblast	  response	  to	  TGFβ	  or	  TGFβ-‐mediated	  
stimulation	  was	  varied	  based	  on	  anatomic	  site	  and	  this	  heterogeneity	  was	  
further	  appreciated	  in	  the	  results	  of	  the	  immunofluorescence	  and	  expression	  
profiling,	  however	  these	  studies	  confirmed	  that	  αSMA	  is	  a	  robust	  CAF	  marker.	  
Despite	  the	  heterogeneity	  in	  the	  CAF/NF	  expression	  profiles,	  a	  set	  of	  genes	  was	  
found	  and	  validated	  to	  be	  differentially	  expressed	  between	  gingiva	  CAFs	  and	  NFs	  
and	  tongue	  and	  gingival	  fibroblasts	  in	  general.	  Finally,	  analysis	  of	  fibroblast	  
groups	  defined	  through	  functional	  assays	  reveal	  differential	  gene	  expression	  
between	  fibroblasts	  that	  are	  most	  or	  least	  inhibitory	  to	  keratinocyte/tumor	  cell	  
line	  proliferation	  and	  those	  that	  increase	  or	  decrease	  invasion/migration.	  SFRP2	  
from	  the	  proliferation	  assay	  and	  DKK1	  from	  the	  invasion/migration	  assay	  are	  
both	  differentially	  expressed	  negative	  modulators	  of	  WNT	  signaling,	  indicating	  a	  
potentially	  important	  pathway	  in	  the	  reciprocal	  tumor/stroma	  evolutionary	  
relationship.	  
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	   2	  

Introduction.	  

The	  importance	  of	  the	  interactions	  between	  epidermal	  tumor	  cells	  and	  their	  

surrounding	  microenvironment	  has	  been	  increasingly	  brought	  to	  light.	  The	  main	  

components	  of	  the	  tumor	  microenvironment	  are	  the	  tumor	  cells	  themselves	  and	  

the	  various	  tumor	  associated	  elements,	  which	  include	  the	  endothelial	  cells	  and	  

supporting	  elements	  of	  the	  vasculature,	  neural	  processes	  and	  associated	  cells,	  

protein	  constituents	  of	  the	  extracellular	  matrix,	  local	  and	  infiltrating	  cells	  of	  the	  

immune	  system	  and	  fibroblasts1.	  Their	  importance	  and	  role	  in	  the	  development	  

and	  progression	  of	  cancers,	  including	  human	  oral	  squamous	  cell	  carcinoma	  (Oral	  

SCC)	  are	  being	  elucidated.	  For	  example,	  the	  vascular	  mediators	  VEGF	  and	  VEGFR	  

have	  been	  shown	  to	  be	  a	  reliable	  prognostic	  tool	  in	  Oral	  SCC,	  predicting	  poor	  

disease-‐free	  survival,	  poor	  overall	  survival	  and	  metastatic	  disease2.	  The	  neural	  

system	  is	  not	  only	  present	  to	  relay	  to	  the	  brain	  information	  from	  distal	  sources	  

but	  it	  is	  a	  highly	  interactive	  component	  of	  the	  microenvironment	  controlling	  

such	  processes	  as	  neurogenic	  inflammation.	  As	  an	  illustration	  of	  this	  fact,	  

patients	  that	  have	  Oral	  SCCs	  that	  are	  associated	  with	  high	  levels	  of	  pain	  have	  a	  

lower	  disease	  free	  survival	  rate	  and	  lower	  overall	  survival	  rate3,4.	  Hyaluronic	  

acid,	  a	  major	  building	  block	  of	  the	  extracellular	  matrix,	  has	  been	  shown	  to	  

interact	  with	  CD44	  receptors	  in	  complexes,	  which	  include	  the	  often	  over	  

expressed	  (in	  head	  and	  neck	  cancers)	  epidermal	  growth	  factor	  receptor,	  leading	  

to	  downstream	  activation	  of	  components	  of	  the	  Ras	  and	  RhoA	  pathways	  leading	  

to	  cell	  migration,	  growth	  and	  tumor	  survival5.	  The	  presence	  of	  carcinoma-‐

associated	  fibroblasts,	  the	  main	  topic	  of	  this	  thesis	  are	  often	  present	  in	  the	  

microenvironment	  of	  Oral	  SCC,	  and	  patients	  that	  have	  tumors	  with	  increased	  
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numbers	  have	  a	  poorer	  disease-‐free	  rate	  and	  lower	  rates	  of	  overall	  survival.	  

Then,	  finally,	  the	  inflammatory	  infiltrate,	  the	  subject	  of	  this	  current	  chapter,	  has	  

been	  shown	  to	  play	  a	  role	  in	  solid	  tumors	  in	  general6	  and	  Oral	  SCC7	  in	  particular.	  	  

	  

In	  order	  to	  explore	  the	  role	  of	  the	  inflammatory	  infiltrate	  we	  have	  studied	  a	  rare	  

clinical	  entity	  of	  the	  oral	  cavity	  called	  proliferative	  verrucous	  leukoplakia	  (PVL).	  

PVL	  is	  a	  persistent,	  recurrent,	  multi-‐focal	  pre-‐cancerous	  lesion	  that	  has	  a	  higher	  

rate	  (50-‐70%)	  of	  malignant	  transformation	  than	  all	  other	  oral	  pre-‐malignant	  

lesions.	  It	  predominately	  occurs	  in	  middle-‐age	  women	  and	  is	  not	  generally	  

associated	  with	  any	  of	  the	  traditional	  oral	  cancer	  risk	  factors	  such	  as	  tobacco	  and	  

alcohol	  use8.	  Thus,	  PVL	  contrasts	  with	  the	  more	  common	  and	  much	  better	  

studied	  form	  of	  pre-‐cancer,	  oral	  epithelial	  dysplasia	  (OED),	  which	  has	  a	  

transformation	  rate	  of	  less	  than	  16%	  and	  is	  strongly	  associated	  with	  tobacco	  and	  

alcohol	  use.	  Little	  is	  known	  about	  the	  underlying	  causes	  of	  PVL,	  whether	  the	  

precipitating	  lesions	  are	  located	  in	  the	  epithelial	  or	  stromal	  cells	  and	  although	  an	  

association	  with	  HPV	  infection	  has	  been	  supported	  by	  some	  studies,	  this	  has	  not	  

been	  confirmed	  by	  others	  ref.	  It	  is	  clear,	  histologically	  that	  the	  normal	  pattern	  of	  

epithelial	  differentiation	  has	  been	  disrupted	  and,	  interestingly	  the	  initial	  clinical	  

appearance	  often	  resembles	  lichen	  planus,	  and	  in	  fact	  taken	  out	  of	  clinical	  

context,	  PVL	  can	  be	  mistaken	  for	  lichen	  planus.	  Lichen	  planus,	  has	  a	  well-‐

characterized	  immunologic	  pathogenesis	  and	  classically	  has	  a	  readily	  

identifiable	  dense	  band	  of	  inflammatory	  infiltrate	  just	  underlying	  the	  epidermal	  

lesion	  upon	  histologic	  examination9.	  Thus,	  we	  have	  a	  rare	  disease	  entity	  with	  a	  

high	  propensity	  for	  transforming	  into	  a	  more	  malignant	  form,	  which	  shares	  
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clinical	  characteristics	  with	  another	  more	  common	  oral	  mucosal	  disease	  that	  has	  

a	  well	  characterized	  associated	  inflammatory	  infiltrate.	  Additionally,	  given	  that	  

PVL	  presents	  as	  an	  increasingly	  severe	  spectrum	  of	  lesions	  (see	  below),	  it	  seems	  

as	  though	  it	  would	  be	  informative	  to	  investigate	  the	  association	  between	  the	  

levels	  of	  the	  inflammatory	  infiltrate	  within	  this	  spectrum	  of	  related	  lesions	  and	  

then	  compare	  them	  to	  lesions	  with	  lower	  rates	  of	  transformation,	  the	  OEDs	  as	  

well	  as	  Oral	  SCCs.	  In	  summary,	  it	  is	  the	  aim	  of	  this	  chapter	  to	  present	  our	  initial	  

observations	  regarding	  the	  relationship	  of	  lesion	  severity	  and	  the	  level	  of	  the	  

inflammatory	  infiltrate	  in	  PVLs,	  OEDs	  and	  Oral	  SCCs.	  Potentially,	  these	  data	  will	  

lead	  to	  more	  meaningful	  functional	  and	  prognostic	  characterizations	  of	  the	  

infiltrate	  associated	  with	  preneoplasias	  and	  neoplasias	  of	  the	  oral	  cavity.	  	  	  	  

	  

Methods.	  

	  

A	  pathology	  report	  review	  was	  carried	  out	  on	  cases	  selected	  from	  the	  University	  

of	  California	  San	  Francisco’s	  Oral	  Cancer	  Tissue	  Bank	  using	  the	  key	  words	  

“Proliferative	  Verruccous	  Leukoplakia”	  and	  “PVL”.	  	  	  Data	  were	  gathered	  from	  a	  

total	  of	  102	  pathology	  reports,	  including	  demographic	  data,	  anatomic	  site	  of	  the	  

biopsy,	  whether	  a	  previous	  biopsy	  had	  been	  performed	  and	  whether	  there	  was	  

dysplasia	  detected	  within	  the	  biopsy	  specimen.	  From	  this	  initial	  review,	  a	  

detailed	  histological	  review	  of	  haematoxylin	  and	  eosin	  (H&E)	  slides	  was	  

undertaken	  using	  65	  randomly	  selected	  PVL	  cases	  from	  the	  pathology	  report	  

review,	  and	  then	  for	  comparison,	  60	  oral	  squamous	  carcinoma	  and	  61	  oral	  

epithelial	  dysplasias	  were	  randomly	  selected	  from	  the	  Tissue	  Bank.	  The	  PVL	  
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cases	  were	  graded	  on	  a	  5-‐point	  scaling	  system	  based	  on	  Hansen’s	  original	  10-‐

point	  system	  (Figure	  1.1)10.	  The	  5-‐point	  scaling	  system	  grades	  lesions	  in	  an	  

increasing	  order	  of	  severity	  from	  hyperkeratosis,	  verruciform	  hyperkeratosis,	  

verrucous	  hyperplasia,	  verrucous	  carcinoma	  and	  ending	  with	  squamous	  cell	  

carcinoma.	  The	  oral	  squamous	  cell	  carcinoma	  specimens	  were	  evaluated	  for	  

being	  either	  poorly,	  moderately	  or	  well-‐differentiated.	  Additionally,	  the	  oral	  

epithelial	  dysplasias	  were	  scored	  as	  being	  mild,	  moderate,	  severe	  or	  carcinoma-‐

in	  situ.	  For	  each	  slide,	  a	  score	  was	  given	  quantifying	  the	  amount	  of	  inflammatory	  

infiltrate	  that	  was	  present	  in	  the	  surrounding	  stroma,	  which	  was	  designated	  as	  

none,	  mild,	  moderate	  or	  severe.	  All	  evaluations	  were	  carried	  out	  at	  both	  10X	  and	  

20X	  on	  a	  Zeiss	  upright	  microscope	  and	  a	  board-‐certified	  Oral	  Pathologist	  did	  the	  

scoring.	  	  
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Figure	  1.1	  Histological	  criteria	  for	  the	  progressive	  PVL	  lesions.	  	  
Results.	  

	  

PVL	  pathology	  report	  review	  is	  consistent	  with	  previous	  published	  data	  showing	  

that	  PVL	  is	  more	  a	  problem	  for	  women	  than	  men	  and	  that	  it	  tends	  to	  be	  a	  recurrent	  

multifocal	  disease	  entity.	  The	  results	  of	  the	  PVL	  pathology	  report	  review	  are	  

consistent	  with	  previously	  published	  results	  (Table	  1.1)	  demonstrating	  that	  PVL	  

tends	  to	  affect	  females	  more	  often	  than	  males.	  Additionally,	  the	  multifocal	  and	  

recurrent	  nature	  of	  PVL	  is	  reflected	  in	  the	  relatively	  equal	  anatomic	  distribution	  

of	  the	  biopsy	  sites	  and	  high	  percentage	  of	  pathology	  reports	  that	  were	  associated	  

with	  a	  previous	  biopsy.	  Haematoxylon	  and	  eosin	  (H&E)	  stained	  slides	  from	  65	  

PVL	  cases	  were	  randomly	  selected	  for	  review	  from	  the	  102	  cases	  in	  the	  report	  
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review.	  Thirty-‐one	  percent	  of	  the	  cases	  in	  the	  report	  review	  stated	  that	  there	  

was	  dysplasia	  in	  the	  primary	  lesion,	  whereas	  43%	  of	  the	  H&E	  slides	  had	  

dysplasia.	  The	  differing	  ratios	  of	  dysplasia	  between	  the	  two	  groups	  was	  mainly	  a	  

result	  of	  the	  random	  nature	  in	  which	  the	  H&E	  cases	  were	  selected	  out	  of	  the	  

report	  review	  group,	  there	  were	  only	  three	  cases	  which	  were	  deemed	  to	  have	  

dysplasia	  in	  the	  H&E	  review,	  but	  not	  listed	  as	  such	  in	  the	  pathology	  report	  and	  

this	  was	  not	  significant.	  	  It	  seems	  you	  might	  want	  to	  say	  that	  the	  difference	  is	  not	  

significant.	  

	  
	  
	  

Table	  1.	  1	  Patient	  characteristics	  for	  pathology	  review	  cohort	  
	  	   Number	   %	  

Total	  patients	   102	  
	  Males	   44	   43	  

Females	   58	   57	  
Previous	  Biopsy	   54	   53	  

	   	   	  Anatomic	  site	  
	   	  Anterior	  Maxillary	  Gingiva	   17	   17	  

Posterior	  Maxillary	  Gingiva	   18	   18	  
Hard	  Palate	   10	   10	  
Anterior	  Mandibular	  Gingiva	   16	   16	  
Posterior	  Mandibular	  Gingiva	   17	   17	  
Buccal	  Mucosa	   10	   10	  
Tongue	   15	   15	  

	   	   	  Dysplasia	  
	   	  Positive	  in	  the	  path	  report	   31/102	   31	  

Positive	  per	  slide	  review	   28/65	   43	  
Path	  report	  and	  slide	  discrepancy	   3	   1	  
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Oral	  SCC	  has	  a	  significantly	  higher	  level	  of	  inflammatory	  infiltrate	  than	  either	  PVL	  

or	  OED.	  

For	  the	  between	  group	  analysis,	  scoring	  of	  the	  inflammatory	  infiltrate	  in	  the	  

underlying	  stroma	  from	  the	  PVL	  cases	  (n=65)	  as	  compared	  to	  oral	  squamous	  cell	  

carcinoma	  (Oral	  SCC,	  n=60)	  and	  oral	  epithelial	  dysplasia	  (OED,	  n=61)	  reveals	  

that	  there	  is	  a	  significantly	  more	  intense	  inflammatory	  infiltrate	  associated	  with	  

Oral	  SCC	  compared	  to	  PVL	  and	  OED	  (p=0.003,Kruskal	  Wallis	  rank	  sum	  test).	  

When	  comparing	  the	  inflammatory	  infiltrate	  scores	  by	  pairs,	  there	  is	  a	  

statistically	  significant	  difference	  between	  the	  OEDs	  and	  the	  Oral	  SCCs	  

(p=0.0096,	  Wilcoxon	  rank	  sum	  test)	  and	  the	  PVLs	  and	  the	  Oral	  SCCs	  (p=0.02,	  

Wilcoxon	  rank	  sum	  test)	  but	  not	  between	  the	  PVL	  and	  OED	  groups	  (p=0.25,	  

Wilcoxon	  rank	  sum	  test)	  (Figure	  1.2).	  	  
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Figure	  1.2	  :	  Top	  left	  graph	  is	  a	  box-‐plot	  demonstrating	  the	  results	  Kruskal	  Wallis	  rank	  
sum	  test	  comparing	  the	  levels	  of	  inflammation	  among	  the	  PVL,	  Oral	  SCC	  and	  OED	  
groups.	  The	  other	  3	  figures	  so	  the	  results	  of	  the	  Wilcoxon	  rank	  sum	  test	  comparing	  
types	  in	  pairs.	  Inflammation	  from	  dysplasia	  is	  significantly	  different	  from	  SCCA	  
inflammation.	  PVL	  inflammation	  is	  also	  significantly	  different	  from	  that	  of	  SCCA	  at	  
the	  5%	  level	  of	  significance	  but	  is	  less	  so	  than	  when	  comparing	  dysplasia	  and	  SCCA.	  
	  
	  
The	  level	  of	  inflammatory	  infiltrate	  increases	  as	  the	  severity	  of	  dysplasia	  increases	  

in	  OED	  and	  PVL	  and	  as	  the	  grade	  on	  the	  modified	  Hansen	  scale	  for	  PVL	  increases.	  

Analysis	  of	  the	  inflammatory	  infiltrate	  within-‐group	  scores	  demonstrates	  that	  in	  

the	  OED	  group,	  as	  the	  grade	  of	  dysplasia	  increases	  from	  mild,	  moderate,	  severe	  

and	  carcinoma-‐in	  situ	  (CIS),	  the	  level	  of	  infiltrate	  increases	  (p=0.0014,	  Kruskal	  

Wallis	  rank	  sum	  test).	  Figure	  1.3	  represents	  typical	  OED	  graded	  as	  mild,	  
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moderate	  and	  severe	  and	  the	  increasing	  inflammatory	  infiltrates	  associated	  with	  

each	  increasingly	  severe	  lesion.	  

	  
Figure	  1.3.	  Increasingly	  severe	  levels	  of	  OED	  are	  associated	  with	  increasing	  levels	  of	  
inflammatory	  infiltrate.	  
	  
	  
This	  relationship	  becomes	  even	  more	  statistically	  significant	  if	  the	  analysis	  is	  

done	  excluding	  CIS	  (p=0.0005,	  Kruskal	  Wallis	  rank	  sum	  test)	  (Figure	  1.4).	  In	  a	  

similar	  manner,	  as	  the	  grade	  of	  PVL	  increases	  from	  hyperkeratosis,	  verruciform	  

hyperkeratosis,	  verrucous	  hyperplasia,	  verrucous	  carcinoma	  and	  Oral	  SCC,	  so	  

does	  the	  level	  of	  infiltrate	  increase	  (p=3.98x10-‐5,	  Kruskal	  Wallis	  rank	  sum	  test)	  

(Figure	  1.5).	  Further,	  for	  PVL	  lesions	  that	  have	  dysplasia	  within	  them,	  there	  is	  a	  

statistically	  significant	  increase	  in	  the	  inflammatory	  infiltrate	  as	  the	  level	  of	  
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dysplasia	  increases	  from	  none,	  mild,	  moderate	  and	  severe	  (p=0.02,	  Kruskal	  

Wallis	  rank	  sum	  test)	  (Figure	  1.6).	  This	  relationship	  is	  less	  significant	  than	  

between	  PVL	  grades	  and	  infiltrate.	  Lastly,	  Figure	  1.7	  demonstrates	  that	  there	  is	  

no	  statistical	  difference	  in	  the	  level	  of	  stromal	  infiltrate	  among	  Oral	  SCCs	  from	  

lesions	  graded	  as	  poorly,	  moderately	  or	  well	  differentiated.	  	  

	  

	  
	  
	  
Figure	  1.4.	  The	  boxplots	  are	  derived	  from	  the	  Kruskal	  Wallis	  rank	  sum	  test,	  testing	  
for	  differences	  in	  inflammatory	  infiltrate	  within	  the	  dysplasia	  group	  at	  increasing	  
severity	  of	  dysplasia.	  The	  top	  2	  figures	  and	  corresponding	  statistics	  consider	  all	  
dysplasia	  samples	  while	  the	  bottom	  2	  figures/statistics	  exclude	  the	  2	  CIS	  cases.	  Note	  
that	  the	  significance	  and	  correlation	  increases	  when	  the	  CIS	  samples	  are	  excluded.	  
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The	  correlation	  between	  grade	  severity	  and	  inflammation	  level	  is	  positive,	  as	  
expected.	  

	  
	  
	  
Figure	  1.5.	  The	  p-‐values	  below	  are	  boxplots	  from	  Kruskal	  Wallis	  rank	  sum	  tests.	  
There	  is	  significant	  association	  of	  inflammation	  with	  grade	  within	  PVLs	  and	  they	  have	  
a	  positive	  correlation.	  
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Figure	  1.6.	  The	  p-‐values	  below	  are	  from	  Kruskal	  Wallis	  rank	  sum	  tests.	  Among	  PVLs,	  
there	  is	  significant	  association	  of	  inflammation	  with	  dysplasia	  but	  the	  association	  is	  
less	  significant	  than	  that	  between	  inflammation	  and	  grade.	  
	  

	  
Figure	  1.7.	  There	  is	  no	  significant	  association	  of	  inflammation	  with	  grade	  within	  Oral	  
SCCs.	  
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Discussion.	  

	  

The	  data	  presented	  in	  this	  chapter	  are	  consistent	  with	  the	  previously	  described	  

characteristics	  of	  PVL	  in	  that	  the	  majority	  of	  the	  patients	  in	  the	  chart	  review	  

were	  females	  and	  the	  even	  distribution	  of	  sites	  confirms	  a	  multifocal	  lesion	  with	  

the	  high	  number	  of	  pathology	  reports	  associated	  with	  a	  previous	  biopsy	  

suggesting	  a	  highly	  recurrent	  lesion.	  Such	  characteristics	  suggest	  a	  dysfunction	  

not	  necessarily	  of	  the	  epithelial	  cells	  but	  elements	  of	  the	  stroma	  ,	  this	  is	  in	  

contrast	  to	  OED,	  which	  typically	  develops	  in	  one	  location	  and	  has	  a	  relatively	  low	  

recurrence	  rate	  after	  excision,	  indicating	  that	  removal	  of	  the	  dysfunctional	  

epithelium	  is	  the	  critical	  step,	  whereas	  in	  PVL	  this	  is	  usually	  not	  sufficient	  to	  

obtain	  a	  cure,	  signaling	  a	  problem	  with	  the	  soil	  rather	  than	  just	  the	  seed11,12.	  

Further,	  analogous	  to	  lichen	  planus	  where	  there	  is	  an	  underlying	  dysfunction	  of	  

the	  immune	  response	  producing	  a	  multifocal	  recurrent	  lesion	  of	  varied	  clinical	  

presentation	  (from	  white	  lacey	  superficial	  lesions	  to	  red	  angry	  erosive	  lesions),	  

PVL	  may	  also	  represent	  a	  similar	  abnormality	  of	  the	  underlying	  stromal	  

processes.	  The	  results	  of	  this	  chapter,	  which	  demonstrate	  that	  as	  the	  grade	  of	  

PVL	  lesion	  increases	  (hyperkeratosis,	  verruciform	  hyperkeratosis,	  verruccous	  

hyperplasia	  etc.)	  the	  level	  of	  the	  inflammatory	  infiltrate	  increases	  are	  in	  

agreement	  with	  this	  hypothesis	  and	  might	  indicate	  a	  dysfunction	  of	  the	  immune	  

system	  as	  being	  the	  underlying	  pathological	  driver.	  	  

	  

This	  relationship	  between	  the	  lesion	  and	  stromal	  infiltrate,	  however,	  is	  also	  

present	  in	  OED,	  as	  the	  severity	  of	  dysplasia	  increases	  from	  mild,	  moderate,	  to	  
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severe	  so	  does	  the	  level	  of	  infiltrate.	  OED	  has	  a	  much	  different	  clinical	  

presentation	  than	  PVL,	  as	  stated	  it	  occurs	  in	  males	  of	  late-‐middle	  age	  with	  a	  

strong	  history	  of	  smoking	  and	  drinking	  and	  has	  a	  much	  lower	  transformation	  

rate	  of	  around	  16%.	  Thus,	  it	  is	  difficult	  to	  conclude	  that	  the	  pathogenesis	  of	  PVL	  

is	  exactly	  analogous	  to	  lichen	  planus	  given	  that	  both	  types	  of	  lesions,	  PVL	  and	  

OED	  are	  associated	  with	  increasingly	  severe	  inflammatory	  infiltrates.	  The	  

opposing	  possibility	  is	  that	  the	  lesion,	  itself,	  is	  solely	  responsible	  for	  attracting	  a	  

normally	  functioning	  inflammatory	  infiltrate	  to	  an	  unaltered	  stroma	  and	  as	  a	  the	  

PVL	  becomes	  increasingly	  severe	  it	  produces	  more	  chemotactic/stimulatory	  

mediators	  drawing	  in	  more	  inflammatory	  cells	  in	  the	  manner	  characteristic	  of	  a	  

normal	  immune	  response	  to	  antigenic	  stimulation.	  There	  are	  tumor	  antigens	  

specific	  to	  Oral	  SCC,	  the	  MAGE	  cancer	  testis	  antigens,	  which	  could	  be	  responsible	  

for	  such	  an	  immune	  response13.	  Alternatively,	  as	  a	  combination	  of	  the	  individual	  

epithelial	  and	  stromal	  pathogenic	  mechanisms,	  there	  may	  be	  a	  reciprocal,	  co-‐

evolving	  relationship	  that	  exists	  between	  the	  preneoplasia	  and	  the	  associated	  

stroma	  and	  depending	  on	  how	  this	  interaction	  evolves,	  will	  dictate	  the	  

aggressiveness	  of	  a	  specific	  lesion.	  Work	  by	  several	  authors	  supports	  such	  a	  

proposal,	  where	  the	  stroma	  actually	  develops	  a	  specific	  phenotype	  or	  

polarization	  in	  the	  presence	  of	  a	  lesion	  and	  that	  stromal	  phenotypes	  can	  become	  

polarized	  to	  be	  either	  tumor	  rejecting	  or	  tumor	  promoting	  depending	  on	  the	  

mediators	  produced	  in	  the	  tumor	  microenvironment14.	  Further,	  the	  stromal	  

phenotype	  is	  a	  reflection	  of	  the	  phenotype	  of	  the	  cellular	  constituents	  including	  

lymphocytes,	  macrophages,	  and	  mast	  cells.	  
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Previous	  authors	  have	  investigated	  the	  relationship	  of	  the	  inflammatory	  

infiltrate	  with	  varying	  severities	  of	  oral	  lesions.	  Similar	  to	  our	  study	  results,	  

Gannot	  et	  al.	  observed	  an	  increasing	  level	  of	  infiltrate	  in	  the	  series	  of	  lesions	  they	  

studied	  from	  hyperkeratosis,	  OED	  to	  Oral	  SCC15.	  The	  cell	  types	  included	  T	  helper	  

cells,	  T	  cytotoxic	  cells,	  monocytes/macrophages,	  B	  cells	  and	  other	  antigen	  

presenting	  cells,	  which	  all	  displayed	  increased	  numbers	  as	  the	  severity	  of	  the	  

lesions	  worsened.	  A	  specific	  characterization	  of	  cell	  type	  and	  phenotypic	  

polarization	  (as	  mentioned	  above)	  in	  the	  specimens	  examined	  in	  our	  series	  of	  

PVL	  lesions	  may	  help	  to	  clarify	  which	  cells	  are	  more	  important	  in	  guiding	  the	  

progression	  of	  a	  preneoplasia	  and	  the	  surrounding	  microenvironment.	  	  

	  

Lastly,	  The	  literature	  that	  investigates	  the	  role	  of	  the	  infiltrate	  in	  carcinoma	  

development	  and	  progression	  seems	  to	  largely	  ignore	  the	  role	  of	  the	  cell	  type	  

that	  is	  the	  central	  controller	  of	  the	  stroma,	  the	  fibroblast.	  The	  influence	  the	  

fibroblast	  has	  on	  the	  stroma	  is	  clear	  when	  one	  examines	  the	  mechanisms	  of	  

wound	  healing	  and	  observes	  that	  fibroblast	  defects	  greatly	  affect	  this	  process16.	  	  

The	  subject	  of	  the	  following	  chapters	  will	  investigate	  the	  role	  of	  the	  fibroblast	  

and	  its	  tumor	  associated	  counterpart	  the	  carcinoma-‐associated	  fibroblast	  (CAF)	  

and	  how	  this	  central	  stromal	  controller	  influences	  the	  cancer	  microenvironment.	  
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Chapter	  2:	  Derivation	  of	  Oral	  Fibroblast	  Strains	  from	  Human	  Surgical	  
Specimens.	  
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Introduction.	  

The	  5-‐year	  survival	  rate	  for	  oral	  squamous	  cell	  carcinoma	  has	  remained	  at	  less	  

than	  50%	  for	  decades	  now	  despite	  surgical	  and	  scientific	  advances.	  It	  is	  well	  

established	  that	  oral	  squamous	  cell	  carcinoma	  is	  the	  result	  of	  oncologic	  genetic	  

alterations	  within	  the	  epithelial	  layers	  of	  the	  oral	  mucosa17.	  	  However,	  it	  is	  

becoming	  increasingly	  evident,	  even	  from	  the	  early	  dysplastic	  stage	  that	  the	  

underlying	  stroma	  has	  an	  important	  role	  to	  play	  in	  tumorogenesis18,19.	  Through	  

reciprocal	  interactions	  between	  tumour	  and	  tumour	  stroma,	  a	  carcinoma-‐

associated	  microenvironment	  (CAM)	  is	  generated	  with	  cellular,	  extra-‐cellular	  

components	  and	  signalling	  systems	  having	  the	  effect	  of	  phenotypically	  altering	  

the	  CAM	  to	  be	  either	  tumour	  promoting	  or	  tumour	  inhibiting,	  as	  suggested	  in	  the	  

previous	  chapter.	  Thus	  it	  becomes	  important	  to	  understand	  the	  elements	  of	  the	  

CAM	  and	  how	  their	  individual	  phenotypes	  can	  contribute	  to	  the	  global	  

phenotype.	  	  One	  approach	  is	  to	  develop	  primary	  cell	  cultures	  of	  the	  cell	  types	  

found	  in	  the	  tumour	  microenvironment	  to	  allow	  for	  specific	  cell	  characterization	  

and	  functional	  analysis.	  	  

The	  tumour	  and	  CAM	  consists	  of	  many	  cell	  types.	  Including	  resident	  elements	  

such	  as	  tumour	  cells,	  fibroblasts,	  endothelial	  cells,	  mesenchymal	  cells,	  neuronal	  

elements,	  lymphatic	  elements,	  mast	  cells,	  eosinophils	  and	  other	  antigen	  

presenting	  cells	  such	  as	  Langerhans’s	  cells,	  additionally,	  there	  are	  transient,	  

invading	  elements	  such	  as	  T	  and	  B	  lymphocytes,	  neutrophils	  and	  macrophages	  

as	  well	  as	  bone	  marrow-‐derived	  stem	  cells.	  Many	  of	  these	  cell	  types	  have	  been	  

show	  to	  exist	  in	  varying	  phenotypic	  states	  in	  the	  CAM,	  which	  itself	  has	  been	  

shown	  to	  be	  either	  tumour	  promoting	  or	  inhibiting.	  Studies	  of	  tumour-‐associated	  
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macrophages	  illustrate	  the	  interconnectedness	  between	  the	  tumour	  and	  stromal	  

elements.	  Tumours	  and	  their	  CAMs	  produce	  chemokines	  such	  as	  MCP,	  M-‐CSF	  

and	  VEGF,	  which	  serve	  to	  recruit	  macrophages	  and	  promote	  their	  survival	  and	  

TGFβ,	  which	  promotes	  macrophage	  differentiation.	  The	  macrophage	  in	  turn	  

produces	  growth	  factors,	  TNF,	  nitric	  oxide,	  matrix	  mettaloproteinases,	  TGFβ,	  

VEGF,	  FGF2	  which	  increase	  tumour	  cell	  proliferation	  and	  survival,	  progression	  

and	  metastasis,	  matrix	  remodelling	  and	  angiogenesis20.	  	  The	  most	  generic	  

classification	  of	  the	  polarized	  macrophage	  is	  between	  the	  M1	  macrophages	  

which	  develops	  in	  the	  presence	  of	  IFN-‐ϒ,	  LPS	  and	  the	  M2	  macrophages	  which	  

arise	  due	  to	  CSF-‐1,	  IL-‐4,	  IL-‐13,	  IL-‐10	  and	  immunocomplexes	  associated	  with	  

either	  IL-‐1R	  or	  TLR	  ligands.	  The	  M1	  macrophage	  is	  an	  inflammatory	  actor	  

producing	  reactive	  oxygen	  species,	  IL-‐1,	  TNF,	  IL-‐6,	  presents	  MHC	  I	  on	  the	  surface	  

and	  is	  polarized	  towards	  the	  affect	  of	  tumour	  eradication.	  Conversely,	  the	  M2	  

macrophage	  is	  a	  tissue	  reparative	  cell	  type,	  making	  polyamine,	  TGFβ,	  IL-‐10	  and	  

presenting	  MHC	  II	  on	  the	  cells	  surface,	  contributing	  to	  its	  protumoral	  

characteristics21.	  A	  similar	  phenotypic	  delineation	  is	  emerging	  for	  the	  

carcinoma-‐associated	  fibroblast	  (CAF).	  	  The	  CAF	  is	  an	  activated	  fibroblast	  

analogous	  to	  the	  myofibroblast,	  which	  is	  a	  central	  player	  in	  the	  wound	  healing	  

process.	  Both	  are	  characterized	  by	  expression	  of	  α-‐smooth	  muscle	  actin	  (α-‐SMA).	  

The	  presence	  of	  α-‐SMA	  expressing	  fibroblasts	  in	  the	  CAM	  is	  positively	  correlated	  

to	  poor	  clinical	  outcomes	  in	  a	  variety	  of	  tumour	  types,	  including	  oral	  squamous	  

cell	  carcinoma22,23.	  Despite	  this,	  our	  understanding	  of	  CAF	  biology	  is	  limited,	  

especially	  regarding	  the	  existence	  of	  either	  protumoral	  or	  antitumoral	  

subgroups	  as	  has	  been	  described	  for	  the	  macrophage.	  Thus,	  it	  is	  important	  to	  be	  
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able	  to	  isolate	  and	  propagate	  individual	  fibroblast	  cell	  strains	  in	  order	  to	  

understand	  their	  influence	  on	  the	  CAM	  and	  tumorogenesis	  more	  completely.	  	  

	  

Isolating	  animal	  cells	  and	  propagating	  them	  outside	  of	  the	  body	  was	  first	  

credited	  to	  Roux	  in	  1885.	  In	  1961,	  Hayflick	  and	  Moorhead	  reported	  that	  a	  cell	  

type	  called	  a	  fibroblast	  divides	  only	  a	  finite	  number	  of	  times	  when	  removed	  from	  

the	  body	  and	  placed	  in	  a	  cell	  culture	  system24.	  More	  contemporary	  investigators	  

have	  gone	  on	  to	  describe	  the	  successful	  cultivation	  of	  not	  only	  fibroblast	  cell	  

cultures	  but	  also	  keratinocyte	  and	  tumour	  cell	  cultures.	  The	  purpose	  of	  this	  

chapter	  is	  to	  detail	  the	  techniques	  our	  laboratory	  used	  to	  derive	  the	  cellular	  

components	  that	  principally	  comprise	  the	  epidermis	  and	  dermis,	  the	  

keratinocyte	  and	  fibroblast,	  respectively.	  Further,	  this	  chapter	  will	  analyse	  the	  

success	  rates	  of	  each	  individual	  attempted	  cell	  strain	  based	  on	  cell	  type,	  

anatomic	  site,	  age,	  sex	  and	  technician	  experience.	  It	  is	  hoped	  that	  this	  knowledge	  

will	  increase	  the	  success	  rates	  of	  cell	  strain	  derivation	  in	  the	  future	  for	  studies	  

investigating	  the	  effect	  of	  the	  CAFs	  on	  tumorogenesis.	  An	  additional	  application	  

of	  this	  information	  is	  apparent	  based	  on	  the	  relatively	  recent	  advent	  of	  tissue	  

engineering	  used	  to	  repair	  oral	  defects	  that	  arise	  as	  a	  result	  of	  the	  surgical	  

treatment	  of	  oral	  squamous	  cell	  carcinoma.	  Utilization	  of	  this	  knowledge	  may	  

contribute	  to	  more	  physiologically	  compatible	  organogenesis	  and	  the	  generation	  

of	  functional	  tissue	  that	  have	  a	  greater	  chance	  of	  being	  able	  to	  more	  faithfully	  

restore	  a	  patient’s	  original	  anatomy.	  
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Methods.	  

Establishment	  of	  primary	  keratinocyte	  and	  fibroblast	  cell	  cultures	  

Human	  oral	  tissues	  were	  obtained	  from	  patients	  undergoing	  routine	  oral	  

surgical	  procedures	  at	  the	  University	  of	  California	  San	  Francisco	  Dental	  Clinic,	  

the	  Oral	  Surgery	  Department	  at	  the	  Veteran’s	  Affairs	  Medical	  Center	  in	  San	  

Francisco	  and	  the	  Oncologic	  Service	  at	  the	  University	  of	  California	  San	  Francisco	  

Department	  of	  Oral	  and	  Maxillofacial	  Surgery.	  	  Patients	  were	  consented	  and	  

ranged	  in	  age	  from	  17	  to	  85.	  Each	  tissue	  specimen	  was	  given	  an	  anonymous	  code	  

for	  sample	  identification	  purposes	  and	  a	  patient	  specific	  identifier.	  	  A	  clinical	  

information	  database	  was	  created	  and	  stored	  at	  an	  encrypted,	  password	  

protected	  server	  location.	  

Generally,	  the	  anatomic	  derivation	  and	  the	  tissue	  type	  of	  the	  specimens	  

depended	  on	  the	  primary	  procedure	  and	  are	  as	  follows.	  Normal	  gingival	  samples	  

were	  taken	  from	  non-‐cancer	  patients	  undergoing	  routine	  dentoalveolar	  

procedures,	  most	  often	  tooth	  extractions.	  Gingival	  tissues	  were	  harvested	  

immediately	  adjacent	  to	  the	  extraction	  site	  and	  included	  all	  of	  the	  tissue	  from	  the	  

base	  of	  the	  gingival	  sulcus,	  the	  free	  gingiva	  or	  marginal	  gingiva,	  the	  attached	  

keratinized	  gingiva	  and	  varying	  amounts	  of	  un-‐attached	  gingiva	  past	  the	  

mucoginigival	  junction.	  The	  entire	  thickness	  of	  the	  tissue	  was	  harvested.	  In	  cases	  

where	  a	  completely	  impacted	  third	  molar	  was	  extracted	  then	  the	  tissue	  

immediately	  adjacent	  and	  distal	  to	  the	  second	  molar	  was	  taken.	  Gingival	  samples	  

were	  also	  taken	  from	  patients	  undergoing	  carcinoma	  resections.	  In	  those	  cases,	  

carcinoma-‐associated	  gingiva	  was	  harvested	  immediately	  adjacent	  to	  and	  often	  

including	  the	  primary	  tumour	  and	  clinically	  normal	  gingival	  tissue	  was	  
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harvested	  from	  the	  same	  patient	  at	  a	  site	  away	  from	  the	  primary	  tumour.	  Tongue	  

samples	  were	  most	  often	  derived	  from	  patients	  undergoing	  carcinoma	  resection.	  

As	  with	  the	  gingival	  samples,	  	  a	  specimen	  was	  	  taken	  from	  tissue	  immediately	  

adjacent	  to	  and/or	  containing	  the	  tongue	  tumour	  and	  one	  taken	  from	  a	  clinically	  

normal	  area	  at	  some	  distance	  away	  from	  the	  tumour.	  Two	  tongue	  samples	  not	  

associated	  with	  a	  carcinoma	  resection	  were	  the	  source	  of	  the	  fibroblast	  (OF)	  and	  

keratinocyte	  (OK)	  strains	  107	  and	  118	  (OF/OK107	  and	  OF/OK118).	  The	  first	  

(OF/OK107)	  included	  tissue	  from	  the	  dorsal	  tongue	  and	  the	  second	  (OF/OK118)	  

was	  from	  the	  lateral	  tongue.	  Buccal	  and	  floor-‐of-‐mouth	  mucosal	  specimens	  were	  

submitted	  with	  the	  majority	  originating	  from	  patients	  undergoing	  mandibular	  

vestibuloplasties,	  a	  procedure	  designed	  to	  lower	  the	  floor-‐of-‐mouth	  and	  buccal	  

vestibule	  to	  assist	  in	  prosthesis	  fabrication.	  There	  were	  also	  buccal	  and	  floor-‐of-‐

mouth	  specimens	  that	  were	  derived	  from	  carcinoma	  resections.	  As	  with	  the	  

tongue	  and	  gingival	  samples,	  tissue	  was	  taken	  from	  the	  center	  of	  a	  tumour	  and	  

normal	  tissue	  was	  taken	  from	  a	  clinically	  normal	  site	  away	  from	  the	  primary	  

tumour.	  	  

Once	  harvested,	  tissue	  specimens	  were	  transported	  from	  the	  operatory	  suite	  in	  a	  

15	  ml	  tube	  with	  10	  ml	  of	  media	  containing	  standard	  DME	  H-‐16	  with	  gentamycin	  

(50	  µg/ml)	  or	  a	  Pen/Strep	  solution	  containing	  100	  units/ml	  of	  penicillin	  and	  100	  

µg/ml	  of	  streptomycin	  and	  fungizone	  (2.5	  µg/ml).	  	  All	  antimicrobials	  were	  

obtained	  from	  the	  University	  of	  California	  San	  Francisco	  Cell	  Culture	  Facility.	  	  

Once	  in	  the	  laboratory,	  tissue	  specimens	  were	  placed	  at	  4˚	  C	  until	  further	  

processing.	  The	  time	  period	  from	  patient	  to	  laboratory	  was	  variable	  but	  
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averaged	  approximately	  3	  hours,	  with	  the	  minimum	  time	  being	  1	  hour	  and	  the	  

maximal	  time	  approaching	  5	  hours.	  	  

Further	  processing	  of	  the	  tissues	  then	  proceeded	  as	  follows.	  	  Oral	  tissues	  were	  

incubated	  in	  5	  ml	  of	  70%	  ethanol	  for	  five	  minutes,	  and	  then	  rinsed	  in	  5	  ml	  Hank’s	  

balanced	  salt	  solution	  (University	  of	  California	  San	  Francisco	  Cell	  Culture	  

Facility).	  Using	  a	  #11	  scalpel,	  the	  tissue	  was	  cut	  into	  small	  pieces	  (~	  0.25	  cm2)	  

and	  placed	  in	  4	  ml	  of	  dispase	  solution	  (4.8	  mg/ml	  in	  PBS,	  Roche)	  supplemented	  

with	  gentamycin	  (50	  μg/ml,).	  After	  an	  overnight	  incubation	  at	  4˚	  C,	  the	  epidermis	  

was	  separated	  from	  the	  dermis	  by	  holding	  the	  dermis	  in	  place	  in	  a	  sterile	  dish	  

using	  one	  scalpel	  and	  sliding	  the	  epidermis	  off	  using	  another	  scalpel.	  

Epidermal	  tissue	  was	  minced	  and	  incubated	  in	  3	  ml	  0.25%	  trypsin	  in	  0.02%	  

EDTA	  at	  37˚	  C	  for	  five	  minutes,	  after	  which	  time	  10	  ml	  of	  a	  soy	  bean	  trypsin	  

inhibitor	  solution	  (250	  mg/L,	  Roche)	  in	  PBS	  was	  added.	  To	  further	  dissociate	  the	  

cells,	  the	  mixture	  was	  pipetted	  up	  and	  down	  vigorously	  approximately	  20	  times	  

using	  a	  glass	  pipette.	  The	  epidermal	  keratinocytes	  were	  collected	  by	  

centrifugation	  at	  1000	  rpm	  for	  3	  minutes	  in	  a	  15	  ml	  tube	  and	  ~50-‐200	  µl	  of	  cells	  

were	  placed	  in	  a	  T75	  flask	  containing	  10	  ml	  of	  keratinocyte	  serum-‐free	  media	  

(KSFM,	  Gibco,	  Invitrogen)	  supplemented	  with	  gentamycin	  (50	  µg/ml)	  or	  

Pen/Strep	  (100	  units/ml	  and	  100	  µg/ml,	  respectively)	  and	  fungizone	  (2.5	  

µg/ml).	  Keratinocyte	  culture	  media	  was	  replaced	  every	  other	  day.	  

Antimicrobials	  were	  eventually	  omitted	  from	  the	  culture	  media	  by	  reducing	  the	  

concentrations	  by	  one-‐half	  for	  each	  medium	  change	  over	  the	  course	  of	  3-‐4	  media	  

changes.	  	  
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Dermal	  tissue	  was	  minced	  and	  placed	  in	  3	  ml	  of	  collagenase	  type	  IA	  (Sigma)	  

solution	  (1	  mg/ml	  in	  DMEM)	  supplemented	  with	  gentamycin	  (50	  µg/ml).	  After	  

incubation	  overnight	  at	  room	  temperature,	  20	  ml	  of	  DME	  H-‐16	  (University	  of	  

California	  Cell	  Culture	  Facility)	  supplemented	  with	  10%	  fetal	  calf	  serum	  (Gibco)	  

was	  added	  and	  the	  mixture	  was	  pipetted	  up	  and	  down	  a	  number	  of	  times	  to	  

further	  dissociate	  the	  cells.	  Fibroblasts	  were	  collected	  by	  centrifugation	  at	  1500	  

rpm	  for	  3	  minutes	  and	  ~50-‐200	  µl	  of	  cells	  were	  placed	  in	  a	  T75	  flask	  containing	  

10	  ml	  of	  DME	  H-‐16	  supplemented	  with	  10%	  fetal	  calf	  serum	  and	  gentamycin	  (50	  

µg/ml)	  or	  Pen/Strep	  (100	  units/ml	  and	  100	  µg/ml,	  respectively)	  and	  fungizone	  

(2.5	  µg/ml).	  As	  with	  the	  keratinocyte	  cultures	  the	  antimicrobials	  were	  eventually	  

omitted	  from	  the	  culture	  media	  by	  reducing	  the	  concentrations	  by	  one-‐half	  for	  

each	  medium	  change	  over	  the	  course	  of	  3-‐4	  media	  changes.	  	  

Oral	  squamous	  cell	  carcinoma	  tissue	  was	  minced	  and	  a	  small	  piece	  (~0.25	  cm2)	  

was	  placed	  in	  each	  well	  of	  a	  6-‐well	  plate	  with	  1	  ml	  of	  either	  keratinocyte	  serum-‐

free	  media	  or	  1	  ml	  of	  DME	  H-‐16	  supplemented	  with	  10%	  fetal	  calf	  serum	  and	  

gentamycin	  (50	  µg/ml)	  or	  Pen/Strep	  and	  fungizone	  (2.5	  µg/ml).	  The	  tissue	  was	  

monitored	  on	  a	  daily	  basis	  and	  when	  a	  well	  had	  become	  populated	  with	  

fibroblasts,	  0.5	  ml	  of	  0.25	  %	  trypsin	  in	  0.02%	  EDTA	  (University	  of	  California	  San	  

Francisco	  Cell	  Culture	  Facility)	  was	  added	  to	  the	  well	  which	  was	  placed	  in	  the	  

incubator	  for	  five	  minutes	  to	  allow	  cells	  to	  detach	  and	  then	  2	  ml	  of	  DME	  H-‐16	  

supplemented	  with	  10%	  fetal	  calf	  serum	  was	  added	  and	  centrifuged	  at	  1000	  rpm	  

for	  3	  minutes	  in	  a	  15	  ml	  tube	  and	  	  ~50-‐200	  µl	  of	  cells	  were	  placed	  in	  a	  T75	  flask	  

containing	  10	  ml	  of	  DME	  H-‐16	  supplemented	  with	  10%	  fetal	  calf	  serum	  and	  

gentamycin	  (50	  µg/ml	  )	  or	  Pen/Strep	  (100	  units/ml	  and	  100	  µg/ml,	  
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respectively)	  and	  fungizone	  (2.5	  µg/ml).	  As	  with	  the	  keratinocyte	  cultures	  the	  

antimicrobials	  were	  eventually	  omitted	  from	  the	  culture	  media	  by	  reducing	  the	  

concentrations	  by	  one-‐half	  for	  each	  medium	  change	  over	  the	  course	  of	  3-‐4	  media	  

changes.	  	  

Cell	  strains	  were	  maintained	  under	  normal	  culture	  conditions	  as	  described	  

above.	  For	  passaging	  or	  freezing	  the	  cells,	  a	  4	  ml	  volume	  of	  0.05%	  (for	  

keratinocytes)	  or	  0.25%	  trypsin	  (for	  fibroblasts)	  with	  0.02%	  EDTA	  was	  placed	  in	  

a	  T75	  containing	  an	  adherent	  cell	  strain	  and	  put	  in	  the	  incubator	  for	  5	  minutes	  to	  

allow	  cells	  to	  detach	  and	  then	  6	  ml	  of	  keratinocyte	  serum-‐free	  media	  or	  DME	  

supplemented	  with	  10%	  fetal	  calf	  serum	  was	  added.	  	  The	  cell	  suspensions	  were	  

transferred	  from	  the	  T75	  to	  a	  15	  ml	  tube	  and	  centrifuged	  at	  1000	  rpm	  for	  3	  

minutes	  and	  then	  either	  the	  cells	  were	  placed	  back	  in	  additional	  T75	  flasks	  with	  

10	  ml	  of	  keratinocyte	  serum-‐free	  media	  or	  DME	  supplemented	  with	  10%	  fetal	  

calf	  serum	  for	  passaging	  or	  frozen	  in	  a	  1	  ml	  cryogenic	  vial	  (Corning)	  using	  1	  ml	  of	  

cell	  culture	  preservation	  media	  (10%	  fetal	  calf	  serum	  and	  10%	  DMSO)	  or	  

keratinocyte	  serum-‐free	  preservation	  media	  	  (University	  of	  California	  San	  

Francisco	  Cell	  Culture	  Facility).	  Cells	  were	  either	  temporarily	  stored	  at	  -‐80˚C	  or	  

more	  permanently	  stored	  in	  liquid	  nitrogen.	  To	  unfreeze	  a	  cell	  strain,	  a	  cryogenic	  

vial	  containing	  the	  desired	  cell	  strain	  was	  thawed	  in	  a	  37˚C	  bath,	  the	  cell	  

suspension	  was	  then	  placed	  in	  a	  15	  ml	  tube	  with	  5	  ml	  of	  keratinocyte	  serum-‐free	  

media	  or	  DME	  supplemented	  with	  10%	  fetal	  calf	  serum	  and	  spun	  down	  at	  1000	  

rpm	  for	  3	  minutes,	  then	  	  ~50-‐200	  µl	  of	  cells	  were	  placed	  in	  a	  T75	  flask	  

containing	  10	  ml	  of	  medium	  and	  cultured	  as	  appropriate	  for	  keratinocytes	  or	  

fibroblasts	  as	  described	  above.	  
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Results	  and	  Discussion.	  

Derivation	  of	  Human	  Oral	  Cavity	  Primary	  Keratinocyte	  and	  Fibroblast	  Cell	  Strains	  	  

Tissue	  specimens	  from	  volunteer	  patients	  undergoing	  oral	  surgical	  procedures	  

were	  collected	  over	  a	  three-‐year	  time	  span.	  There	  were	  two	  categories	  of	  

patients	  who	  participated	  in	  the	  study.	  The	  first	  were	  those	  who	  were	  

undergoing	  an	  oncological	  resection	  of	  a	  primary	  oral	  cavity	  squamous	  cell	  

carcinoma	  and	  the	  second,	  mainly	  were	  undergoing	  a	  tooth	  extraction	  or	  pre-‐

prosthetic	  surgery.	  From	  the	  cancer	  resection	  group	  there	  was	  generally	  

harvested	  a	  piece	  of	  the	  tumour	  itself,	  which	  was	  unimportant	  for	  either	  

diagnostic	  or	  prognostic	  purposes	  or	  the	  evaluation	  of	  resection	  margins	  and	  a	  

piece	  of	  anatomically	  equivalent,	  histologically	  non-‐tumour	  bearing	  tissue	  taken	  

as	  far	  away	  from	  the	  primary	  tumour	  as	  surgically	  feasible.	  So,	  if	  for	  instance,	  a	  

tongue	  squamous	  cell	  carcinoma	  was	  being	  resected,	  then	  a	  section	  of	  the	  

resected	  tumor	  would	  be	  donated	  along	  with	  a	  piece	  of	  normal	  tongue	  tissue	  

from	  the	  contralateral	  side,	  in	  the	  ideal	  situation.	  The	  non-‐ideal	  situation,	  such	  as	  

in	  the	  case	  where	  there	  is	  a	  resection	  of	  a	  very	  large	  tumour	  with	  a	  complicated	  

reconstructive	  plan,	  may	  preclude	  the	  harvesting	  of	  normal	  tissue	  at	  a	  significant	  

distance	  from	  the	  margin	  of	  the	  tumour.	  From	  the	  tooth	  extraction	  group	  there	  

was	  generally	  harvested	  a	  small	  piece	  of	  clinically	  normal	  tissue	  adjacent	  to	  the	  

surgical	  site,	  the	  size	  and	  location	  of	  which	  the	  individual	  surgeon	  had	  

determined	  would	  have	  no	  effect	  on	  normal	  post-‐operative	  healing.	  In	  the	  case	  of	  

the	  tumour	  tissue,	  for	  all	  specimens	  an	  attempt	  was	  made	  to	  culture	  both	  the	  

tumour	  cells	  and	  the	  fibroblasts	  from	  the	  tumour	  stroma.	  For	  the	  normal	  tissue	  

from	  both	  patients	  with	  cancer	  and	  those	  undergoing	  tooth	  extractions,	  an	  
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attempt	  was	  made	  to	  culture	  the	  keratinocytes	  from	  the	  mucosal	  layer	  and	  the	  

fibroblasts	  from	  the	  dermal	  layer.	  Table	  2.1	  lists	  in	  detail	  the	  entirety	  of	  the	  cell	  

strains	  that	  were	  attempted	  and	  the	  associated	  clinical,	  anatomical	  and	  

histological	  information.	  	  

There	  was	  a	  total	  of	  52	  patients	  who	  participated	  in	  the	  study	  with	  

approximately	  equal	  participation	  of	  males	  and	  females	  with	  their	  ages	  ranging	  

from	  as	  young	  as	  11	  to	  as	  old	  as	  85	  with	  the	  median	  age	  being	  61	  (Table	  2.2).	  

Further,	  a	  total	  of	  23	  cancer	  patients	  and	  28	  tooth	  extraction	  patients	  donated	  

tissue	  for	  which	  a	  total	  of	  155	  unique	  primary	  cell	  cultures	  were	  attempted	  from	  

the	  tumour,	  tumour	  stroma,	  epidermal	  or	  dermal	  compartments.	  Of	  the	  155	  

attempted	  cell	  cultures,	  67	  were	  successfully	  established	  and	  88	  were	  not	  

successfully	  established.	  In	  this	  case,	  successfully	  established	  means	  that	  the	  

cells	  under	  culture	  were	  able	  to	  grow	  to	  near	  confluency	  and	  have	  the	  ability	  to	  

survive	  through	  multiple	  passages,	  although	  in	  future	  chapters	  low	  passage	  

number	  cells	  were	  exclusively	  used.	  For	  the	  cell	  strains	  that	  were	  not	  

successfully	  established,	  the	  cells	  either	  failed	  to	  grow,	  in	  which	  case	  they	  were	  

classified	  as	  died,	  or	  they	  grew	  to	  some	  extent	  but	  the	  culture	  became	  dominated	  

by	  microbes,	  despite	  the	  use	  of	  antimicrobials,	  and	  the	  cultures	  had	  to	  be	  

discarded,	  these	  were	  classified	  as	  contaminated.	  Overall,	  in	  the	  cell	  strains	  

which	  were	  unsuccessfully	  established,	  it	  was	  much	  more	  common	  that	  the	  

failure	  was	  due	  to	  death	  or	  failure	  to	  establish	  a	  growing	  population	  of	  the	  cells	  

rather	  than	  the	  issue	  being	  a	  problem	  with	  contamination.	  The	  reason	  for	  this	  is	  

most	  likely	  the	  use	  of	  the	  cocktail	  of	  the	  three	  antimicrobials	  added	  to	  the	  media	  

throughout	  the	  initial	  stages	  of	  the	  culture	  preparation.	  Further,	  for	  the	  cell	  
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cultures	  that	  failed	  and	  were	  classified	  as	  died	  or	  dead	  there	  could	  be	  multiple	  

reasons	  that	  led	  to	  such	  a	  result.	  One	  reason	  is	  the	  length	  of	  time	  the	  tissue	  

specimen	  spends	  after	  resection	  or	  excision	  from	  the	  patient	  until	  it	  is	  placed	  in	  

the	  collection	  media.	  If	  this	  time	  is	  extended	  then	  the	  tissue	  may	  dry	  out	  or	  

become	  hypoxic	  and	  the	  cells	  within	  the	  specimen	  may	  simply	  die.	  This	  variable	  

was	  mostly	  surgeon	  and	  situation	  dependent.	  For	  instance,	  cancer	  resections	  can	  

be	  long	  procedures	  and	  obvious	  attention	  has	  to	  be	  paid	  to	  the	  surgical	  

procedure	  at	  hand,	  which	  at	  times	  may	  result	  in	  a	  tissue	  specimen	  that	  has	  been	  

separated	  from	  the	  patient	  and	  not	  placed	  in	  the	  collection	  media	  in	  a	  timely	  

manner,	  resulting	  in	  decreased	  viability.	  On	  the	  other	  hand,	  in	  a	  relatively	  short	  

tooth	  extraction	  procedure,	  the	  time	  from	  the	  patient	  to	  collection	  media	  is	  often	  

less,	  presumably,	  resulting	  in	  greater	  viability.	  Other	  variables	  that	  may	  affect	  

cell	  viability	  and	  culturability	  will	  be	  discussed	  below	  and	  in	  the	  following	  

sections.	  	  

One	  of	  those	  possible	  variables	  that	  may	  affect	  the	  outcome	  of	  an	  attempted	  cell	  

culture	  is	  the	  sex	  of	  the	  patient	  from	  which	  the	  tissue	  was	  derived.	  The	  results	  of	  

the	  comparison	  of	  the	  male/female	  ratios	  of	  the	  cell	  strains	  that	  were	  

successfully	  established	  versus	  those	  that	  were	  not	  (Figure	  2.1	  and	  Table	  2.3)	  

demonstrate	  that	  there	  was	  no	  statistically	  significant	  differences	  found	  within	  

each	  group,	  leading	  to	  the	  conclusion	  that	  sex-‐dependent	  variables	  (hormones	  

etc.)	  do	  not	  seem	  to	  contribute	  to	  the	  successful	  establishment	  of	  a	  primary	  cell	  

strain.	  	  
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Establishment	  of	  Primary	  Cell	  Strains	  by	  Cell	  Type	  and	  Anatomic	  Subset	  

	   As	  stated,	  attempts	  at	  primary	  cell	  strain	  creation	  were	  undertaken	  with	  the	  

tumour,	  tumour	  stroma,	  epidermal	  and	  dermal	  components.	  Thus,	  there	  are	  three	  

cell	  types	  for	  which	  primary	  cell	  strains	  were	  ultimately	  established;	  normal	  

keratinocytes	  (NK)	  from	  the	  epidermal	  layer	  and	  normal	  fibroblasts	  (NF)	  from	  the	  

dermal	  layer	  of	  normal	  tissue	  from	  the	  tooth	  extraction	  patients	  and	  the	  normal	  

tissue	  taken	  from	  the	  cancer	  resection	  patients,	  and	  carcinoma-‐associated	  

fibroblasts	  (CAF)	  derived	  from	  the	  tumour	  stroma	  of	  a	  particular	  carcinoma	  

specimen.	  All	  attempts	  (n=155)	  at	  developing	  primary	  cell	  strains	  of	  carcinoma	  

were	  unsuccessful	  and	  these	  were	  not	  included	  in	  the	  analysis.	  	  

	   Figure	  3.2	  demonstrates	  the	  success	  rate	  between	  the	  various	  cell	  types.	  

There	  was	  a	  significantly	  higher	  percentage	  of	  normal	  fibroblast	  and	  carcinoma-‐

associated	  fibroblast	  cell	  strain	  development	  (66%	  and	  61%,	  respectively)	  when	  

compared	  to	  the	  success	  rate	  of	  the	  normal	  keratinocyte	  cell	  strain	  formation	  

(19%).	  This	  is	  consistent	  with	  prior	  studies25,26	  and	  may	  reflect	  the	  overall	  

differentiation	  of	  each	  cell	  type	  in	  its	  respective	  compartment.	  The	  epidermal	  layer	  

consists	  of	  keratinocytes	  which	  follow	  a	  very	  well-‐defined	  differentiation	  pattern	  

with	  the	  basal	  layer	  being	  least	  differentiated	  and	  even	  containing	  a	  population	  of	  

epidermal	  stem	  cells	  which	  would	  be	  most	  amenable	  to	  propagation	  and	  as	  the	  

keratinocytes	  become	  more	  differentiated	  towards	  the	  surface	  their	  ability	  to	  divide	  

decreases	  in	  order	  to	  form	  a	  structure	  that	  is	  a	  physical	  barrier	  to	  the	  outside	  world.	  

This	  would	  result	  in	  a	  relatively	  small	  number	  of	  cells,	  which	  could	  readily	  divide	  
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and	  populate	  a	  culture	  dish.	  In	  contrast,	  throughout	  the	  literature	  fibroblasts	  have	  

proven	  to	  be	  relatively	  easy	  to	  cultivate27,28.	  As	  the	  main	  cellular	  component	  of	  the	  

dermal	  compartment,	  the	  fibroblasts	  do	  not	  have	  the	  same	  differentiation	  pattern	  as	  

found	  in	  the	  epidermal	  layer	  and	  indeed	  one	  of	  the	  main	  functions	  of	  the	  fibroblast	  

is	  to	  be	  able	  to	  divide	  and	  coordinate	  a	  general	  tissue	  response	  such	  as	  the	  actions	  

found	  in	  wound	  healing.	  Thus,	  the	  overall	  result	  of	  a	  decreased	  success	  rate	  of	  cell	  

strain	  establishment	  in	  normal	  keratinocytes	  is	  not	  surprising	  given	  the	  inherent	  

physiologic	  functions	  of	  each	  cell	  type.	  	  

Another	  variable	  that	  may	  affect	  the	  outcome	  of	  an	  attempt	  to	  create	  a	  primary	  cell	  

strain	  is	  the	  anatomic	  derivation	  of	  the	  tissue	  specimen.	  The	  four	  anatomic	  locations	  

in	  the	  oral	  cavity	  from	  which	  the	  specimens	  were	  derived	  are	  buccal	  mucosa,	  floor-‐

of-‐mouth,	  gingiva	  and	  tongue.	  It	  is	  possible	  given	  each	  area’s	  unique	  embryologic	  

formation	  and	  physiologic	  functioning	  that	  there	  may	  exist	  differences	  in	  success	  

rates	  of	  cell	  strains	  attempted	  from	  each	  area.	  Table	  2.4	  lists	  in	  detail	  the	  cell	  type	  

(NF,	  NK	  and	  CAF)	  and	  the	  anatomic	  subset	  (tongue,	  buccal,	  floor-‐of-‐mouth,	  gingiva)	  

of	  each	  cell	  strain	  attempted	  and	  lists	  whether	  or	  not	  they	  were	  successfully	  

established.	  Figures	  2.3	  a,	  b	  and	  c	  graphically	  demonstrate	  that	  there	  were	  no	  

significant	  differences	  in	  cell	  strain	  establishment	  rates	  found	  comparing	  the	  

various	  anatomical	  subsets	  within	  each	  cell	  type	  (NF,	  NK	  and	  CAF	  groups).	  Further,	  

there	  was	  no	  significant	  affect	  of	  sex	  on	  establishment	  of	  cultures	  with	  tissue	  from	  

different	  anatomic	  subsets	  within	  each	  cell	  type,	  (figure	  2.4	  a,	  b,	  and	  c).	  However,	  

when	  comparing	  the	  success	  rates	  across	  each	  cell	  type,	  significantly	  fewer	  
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keratinocyte	  cultures	  were	  successfully	  derived	  from	  females	  than	  males	  as	  

compared	  to	  normal	  fibroblasts	  and	  carcinoma-‐associated	  fibroblasts.	  In	  fact,	  no	  

keratinocyte	  cell	  strain	  was	  successfully	  derived	  from	  a	  female	  donor.	  	  This	  

difference,	  however,	  may	  be	  due	  to	  the	  small	  sample	  size.	  

	  

	  

Table 2.2. Study Population Characteristics. 
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Success	  of	  Primary	  Cell	  Strain	  Establishment	  Based	  On	  Age	  

One	  obvious	  contributor	  to	  the	  successful	  establishment	  of	  a	  cell	  strain	  may	  be	  the	  

age	  of	  the	  individual	  from	  whom	  the	  tissue	  specimen	  originated.	  This	  supposition	  

comes	  mainly	  from	  the	  observation	  that	  as	  individuals	  age,	  cells	  and	  fibroblasts	  

specifically,	  change	  and	  can	  undergo	  senescence	  where	  their	  replicative	  abilities	  are	  

reduced29.	  However,	  as	  demonstrated	  in	  figures	  2.5	  a,	  b	  and	  c	  there	  were	  no	  

significant	  differences	  found	  within	  the	  cell	  types	  based	  on	  age,	  where	  three	  age	  

groups	  were	  defined	  as	  less	  than	  or	  equal	  to	  30,	  between	  31	  and	  60,	  and	  older	  than	  

60.	  
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Figure	  2.1.	  Success	  of	  culturing	  according	  to	  sex	  of	  tissue	  donor.	  	  Shown	  is	  the	  
male/female	  makeup	  of	  the	  overall	  attempted	  cell	  strains,	  then	  according	  to	  the	  cell	  
strains	  that	  were	  established	  or	  died.	  	  There	  were	  no	  significant	  differences	  in	  the	  
number	  of	  males	  and	  females	  between	  the	  established	  and	  dead	  groups.	  In	  this	  analysis	  
dead	  includes	  both	  died	  and	  contaminated	  classifications.	  	  	  
	  

	  
Figure	  2.2.	  Success	  of	  cell	  strain	  establishment	  in	  the	  normal	  keratinocyte,	  normal	  
fibroblast	  or	  carcinoma-‐associated	  fibroblast	  groups.	  The	  survival	  rate	  for	  normal	  
keratinocytes	  is	  significantly	  lower	  compared	  to	  normal	  fibroblasts	  and	  carcinoma-‐
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associated	  fibroblasts	  and	  there	  is	  no	  significant	  difference	  in	  the	  success	  rate	  between	  
the	  normal	  fibroblast	  group	  and	  the	  carcinoma-‐associated	  fibroblast	  group.	  	  
Figure	  2.3a.	  	  	  

	  

Figure	  2.3b.	  	  	  
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Figure	  2.3c.	  	  	  

	  
Figure	  2.3.	  	  Cell	  strain	  survival	  according	  to	  cell	  type	  and	  tissue	  of	  origin.	  The	  percentage	  
of	  established	  cell	  strains	  according	  to	  anatomic	  subsite	  is	  shown	  for	  normal	  
keratinocytes	  (a),	  normal	  fibroblasts	  (b)	  and	  carcinoma	  associated	  fibroblasts	  (c).	  There	  
were	  no	  significant	  differences	  found	  in	  the	  rates	  of	  culture	  survival	  between	  the	  
anatomic	  subsites.	  
	  

Figure	  2.4a.	  	  
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Figure	  2.4b.	  	  

	  

Figure	  2.4c.	  	  
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Figure	  2.4d.	  	  

	  	  

Figure	  2.4.	  	  Culture	  success	  according	  to	  sex	  of	  the	  tissue	  donor.	  	  Percentage	  of	  
established	  cell	  strains	  from	  males	  versus	  females	  is	  shown	  for	  normal	  keratinocytes	  (a),	  
normal	  fibroblasts	  (b)	  and	  carcinoma	  associated	  fibroblasts	  (c).	  	  There	  were	  no	  
significant	  differences	  found	  in	  the	  rates	  of	  culture	  survival	  between	  the	  anatomic	  
subsites	  based	  on	  sex	  of	  tissue	  donor.	  The	  percentage	  of	  established	  cell	  strains	  from	  
males	  versus	  females	  by	  anatomic	  site	  across	  the	  three	  cell	  types	  (d)	  did	  show	  a	  
significant	  difference	  in	  the	  survival	  rates	  of	  cultures	  derived	  from	  female	  versus	  male	  
patients	  for	  normal	  fibroblasts	  and	  carcinoma-‐associated	  fibroblasts	  and	  normal	  
keratinocytes	  (p=0.046	  and	  p=0.0005	  respectively,	  Fisher	  Exact	  Test).	  	  There	  were	  no	  
significant	  differences	  between	  the	  normal	  fibroblast	  and	  carcinoma-‐associated	  
fibroblast	  group.	  	  
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Figure	  2.5a.	  

	  

Figure	  2.5b.	  	  
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Figure	  2.5c.	  	  

	  	  

Figure	  2.5.	  Success	  of	  cell	  strain	  establishment	  by	  age	  group.	  Percentage	  of	  established	  
cell	  strains	  from	  the	  three	  age	  groups,	  Group	  A:	  1-‐30	  (n=9),	  Group	  B:31-‐60	  (n=16)	  and	  
Group	  C	  61	  and	  older	  (n=34),	  is	  shown	  for	  normal	  keratinocytes	  (a)	  and	  normal	  
fibroblasts	  (b)	  and	  in	  Group	  A:	  1-‐30	  (n=1),	  Group	  B:31-‐60	  (n=9)	  and	  Group	  C	  61	  and	  
older	  (n=13)	  for	  the	  carcinoma	  associated	  fibroblasts.	  There	  were	  no	  significant	  
differences	  found	  in	  the	  rates	  of	  culture	  between	  the	  anatomic	  subsites	  based	  on	  age	  
group.	  	  
	  

Success	  of	  Primary	  Cell	  Strain	  Establishment	  Based	  on	  Researcher	  Experience	  

One	  variable	  that	  is	  outside	  the	  physiologic	  realm	  of	  possibilities	  affecting	  the	  

successful	  establishment	  of	  a	  primary	  cell	  strain	  is	  the	  experience	  of	  the	  person	  

attempting	  to	  cultivate	  the	  various	  cellular	  components	  from	  the	  tissue	  specimen.	  

To	  investigate	  this	  question,	  the	  three	  year	  time	  period	  over	  which	  this	  study	  was	  

carried	  out	  was	  divided	  into	  three	  time	  groups	  that	  consisted	  of	  the	  first	  15	  months	  

(early	  in	  time),	  16-‐30	  months	  (middle	  time),	  and	  more	  than	  or	  equal	  to	  31	  months	  
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to	  present	  (recent	  time).	  In	  comparing	  the	  results	  within	  the	  three	  cell	  types,	  

experience	  appears	  to	  not	  significantly	  contribute	  to	  survival	  rates	  in	  normal	  

fibroblasts	  or	  carcinoma	  associated	  fibroblasts.	  However,	  in	  the	  normal	  

keratinocyte	  group	  it	  does	  appear	  that	  experience	  contributed	  to	  the	  successful	  

outcome	  of	  cell	  strain	  cultivation	  with	  the	  most	  recent	  time	  period	  having	  a	  

significant	  increase	  in	  success	  rates	  (Figure	  2.6).	  Interestingly,	  this	  corresponded	  to	  

a	  change	  in	  the	  supplier	  of	  the	  primary	  keratinocyte	  media,	  which	  is	  the	  only	  

variable	  that	  was	  altered	  at	  the	  beginning	  of	  this	  time-‐period	  as	  the	  personnel	  

performing	  the	  cultivation	  did	  not	  change.	  	  

	  

Figure	  2.6a.	  
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Figure	  2.6b.	  	  

	  

Figure	  2.6c.	  	  

	  

Figure	  2.6.	  Success	  of	  cell	  strain	  establishment	  over	  time.	  Percentage	  of	  established	  cell	  
strains	  from	  the	  three	  year	  study	  was	  divided	  into	  three	  time	  periods,	  early:	  0	  to	  15	  
months,	  middle:	  16	  to	  30	  months,	  recent:	  31	  months	  to	  present	  is	  shown	  for	  normal	  
keratinocytes	  (a),	  normal	  fibroblasts	  (b)	  and	  carcinoma	  associated	  fibroblasts	  (c).	  	  The	  
success	  rate	  of	  normal	  keratinocyte	  cell	  culture	  significantly	  improves	  over	  time	  with	  the	  
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last	  time	  period	  being	  more	  productive	  than	  the	  initial	  two	  time	  periods	  (p=0.015	  and	  
0.014,	  Fisher	  Exact	  Test),	  whereas	  the	  success	  rate	  of	  normal	  fibroblasts	  and	  carcinoma	  
associated	  fibroblasts	  had	  no	  significant	  relationship	  to	  the	  time	  periods.	  	  
 
 

	  

Figure	  2.7.	  The	  survival	  rate	  of	  gingival	  fibroblasts	  and	  keratinocytes	  from	  maxillary	  
versus	  mandibular	  donor	  sites	  is	  shown.	  There	  is	  no	  significant	  difference	  in	  survival	  
rates	  of	  primary	  cell	  strains	  between	  maxillary	  or	  mandibular	  gingival	  donor	  sites.	  
	  

Chapter	  summary	  and	  future	  directions	  

We	  have	  shown	  that	  sex	  and	  age	  of	  the	  donor	  as	  well	  as	  anatomic	  subsite	  do	  not	  

seem	  to	  have	  a	  major	  influence	  on	  the	  successful	  derivation	  of	  any	  one	  specific	  cell	  

strain.	  However,	  we	  have	  demonstrated	  higher	  success	  rates	  for	  normal	  fibroblasts	  

and	  carcinoma	  associated	  fibroblasts	  than	  for	  keratinocytes	  overall	  and	  specifically,	  

we	  have	  found	  that	  it	  very	  difficult	  to	  generate	  keratinocytes	  from	  female	  donors.	  

Additionally,	  with	  experience	  the	  success	  rate	  for	  generating	  keratinocyte	  cultures	  

increases,	  which	  is	  consistent	  with	  the	  overall	  difficulty	  and	  low	  percentage	  of	  
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successfully	  generating	  keratinocyte	  cultures,	  in	  general,	  compared	  to	  normal	  

fibroblasts	  and	  carcinoma	  associated	  fibroblasts.	  	  

	   In	  the	  future,	  we	  hope	  to	  expand	  our	  current	  “library”	  of	  cell	  strains	  to	  

include	  more	  examples	  from	  other	  anatomic	  sites	  such	  as	  the	  floor-‐of-‐mouth	  and	  

buccal	  mucosa.	  This	  may	  potentially	  lead	  to	  further	  insights	  regarding	  the	  innate	  

differences	  that	  exist	  between	  both	  the	  normal	  fibroblasts	  and	  carcinoma	  associated	  

fibroblasts	  from	  different	  anatomic	  sites.	  Further,	  having	  cell	  strains	  from	  these	  

different	  sites	  may	  allow	  us	  to	  address	  unresolved	  questions	  such	  as	  the	  cell	  of	  

origin	  of	  the	  carcinoma	  associated	  fibroblasts,	  whether	  there	  are	  subsets	  of	  

carcinoma	  associated	  fibroblasts	  and	  whether	  they	  have	  differential	  influences	  on	  a	  

particular	  carcinoma	  that	  may	  be	  responsible	  for	  the	  typical	  clinical	  behaviour	  

observed	  from	  tumours	  arising	  from	  the	  varied	  anatomic	  locations.	  In	  the	  following	  

chapters,	  we	  will	  begin	  to	  address	  the	  questions	  of	  anatomic	  variability	  in	  fibroblast	  

biology	  (Chapter	  3)	  and	  then	  further	  investigate	  the	  question	  of	  carcinoma	  

associated	  fibroblast	  subsets	  and	  cellular	  origin	  (Chapter	  4)	  utilizing	  a	  portion	  of	  the	  

cell	  strains	  we	  have	  described	  here.	  
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Chapter	  3:	  Anatomic	  Variation	  in	  Oral	  Fibroblast	  Response	  to	  TGFβ	  or	  TGFβ-‐	  

Mediated	  Stimulation.	  
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Introduction.	  

Despite	  years	  of	  effort,	  our	  understanding	  of	  the	  development	  and	  progression	  of	  

oral	  squamous	  cell	  carcinoma	  remains	  limited.	  This	  is	  reflected	  by	  the	  fact	  that	  oral	  

cancer	  is	  associated	  with	  one	  of	  the	  poorest	  5-‐year	  survival	  rates	  (40%)	  of	  any	  

malignancy	  in	  the	  body.	  The	  current	  treatment	  strategies	  of	  surgery	  and	  

radiotherapy	  result	  in	  considerable	  morbidity	  and	  often	  fail,	  resulting	  in	  loco-‐

regional	  recurrence	  and	  distant	  metastatic	  spread.	  Clinically,	  it	  has	  been	  observed	  

that	  some	  areas	  of	  the	  oral	  cavity	  develop	  carcinomas	  more	  frequently	  than	  others	  

and	  even	  rates	  of	  invasion	  and	  metastasis	  differ	  between	  the	  different	  subsites30.	  

Nevertheless,	  differences	  in	  genomic	  alterations	  in	  tumors	  from	  different	  oral	  

subsites	  have	  not	  been	  revealed	  by	  genomic	  DNA	  copy	  number	  analysis31.	  It	  has	  

been	  previously	  suggested	  that	  the	  stroma	  surrounding	  these	  lesions	  can	  have	  a	  

profound	  influence	  on	  their	  genesis	  and	  progression	  and	  these	  observations	  raise	  

the	  possibility	  that	  inherent	  differences	  in	  the	  stroma	  from	  different	  sites	  contribute	  

to	  the	  clinical	  characteristics	  observed	  in	  patients	  with	  oral	  squamous	  cell	  

carcinoma.	  Thus,	  it	  becomes	  important	  to	  better	  understand	  the	  influence	  of	  the	  

stroma	  on	  these	  mechanisms.	  

	  

Carcinoma/stromal	  interaction	  

	  

In	  recent	  years	  a	  significant	  amount	  of	  literature	  has	  been	  devoted	  to	  exploring	  the	  

reciprocal	  relationship	  between	  cancer	  and	  the	  surrounding	  stroma.	  Much	  of	  this	  
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interest	  has	  been	  focused	  on	  the	  contributions	  of	  the	  inflammatory	  system32.	  Many	  

types	  of	  tissues	  exposed	  to	  chronic	  inflammation	  have	  a	  higher	  risk	  of	  developing	  

cancer	  and	  interestingly,	  non-‐steroidal	  anti-‐inflammatories	  have	  been	  shown	  to	  

reduce	  this	  risk	  ref.	  Further,	  as	  discussed	  in	  Chapter	  1,	  inflammatory	  cells	  and	  their	  

associated	  mediators	  are	  a	  major	  feature	  of	  the	  microenvironment	  of	  most	  tumors	  

and	  often	  increased	  cell	  numbers	  of	  certain	  lymphocytic	  populations	  can	  be	  a	  poor	  

prognostic	  indicator.	  	  

	  

However,	  the	  microenvironment	  surrounding	  tumors	  consists	  of	  more	  than	  just	  the	  

inflammatory	  infiltrate;	  there	  are	  also	  endothelial	  cells,	  adipocytes,	  neuronal	  

elements,	  extracellular	  matrix	  and	  fibroblasts.	  Interestingly,	  the	  fibroblasts	  located	  

in	  the	  stroma	  adjacent	  to	  the	  invasive	  front	  of	  carcinomas	  often	  acquire	  an	  altered	  

phenotype	  and	  become	  what	  some	  have	  termed	  “carcinoma	  associated	  fibroblasts”	  

(CAFs).	  These	  CAFs	  are	  analogous	  to	  the	  activated	  fibroblasts	  or	  myofibroblasts	  

seen	  in	  normal	  wound	  healing	  and	  interact	  with	  the	  microenvironment	  in	  several	  

ways.	  First,	  in	  the	  process	  of	  becoming	  CAFs	  the	  fibroblasts	  in	  the	  surrounding	  

stroma	  respond	  to	  signals	  generated	  by	  the	  cancer	  cells	  and	  transdifferentiate	  from	  

a	  resting	  fibroblast	  phenotype	  to	  an	  active	  myofibroblast	  phenotype,	  the	  hallmark	  of	  

which	  is	  the	  production	  of	  the	  highly	  contractile	  protein	  α-‐smooth	  muscle	  actin	  

(SMA,	  ACTA2).	  Importantly,	  it	  seems	  that	  this	  is	  a	  process	  only	  observed	  in	  

malignancy	  and	  not	  dysplastic	  precancerous	  conditions33.	  Secondly,	  as	  part	  of	  the	  

desmoplastic	  response,	  the	  fibroblasts	  also	  up	  regulate	  production	  of	  connective	  
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tissue	  growth	  factor	  	  (CTGF)	  which	  is	  a	  member	  of	  a	  multi-‐functional	  family	  of	  

proteins	  that	  play	  a	  role	  in	  regulating	  angiogenesis,	  cell	  adhesion,	  migration	  and	  

differentiation34.	  Thirdly,	  the	  fibroblasts	  alter	  the	  relationship	  and	  the	  structure	  of	  

the	  extracellular	  matrix	  (ECM)	  by	  mechanisms	  other	  than	  production	  of	  SMA,	  

including	  increasing	  the	  number	  and	  strength	  of	  cellular-‐ECM	  adhesions,	  increasing	  

the	  production	  of	  ECM	  components,	  production	  of	  matrix	  metalloproteinases,	  tissue	  

inhibitors	  of	  metalloproteinase,	  and	  by	  the	  elaboration	  of	  a	  myriad	  of	  cytokines	  and	  

chemokines35.	  Lastly,	  as	  the	  carcinoma	  progresses,	  the	  stromal	  environment	  created	  

by	  the	  smooth	  muscle	  actin	  expressing	  myofibroblasts	  becomes	  increasingly	  

permissive	  to	  cancer	  cell	  growth	  and	  invasion.	  Recent	  evidence	  demonstrates	  that	  

isolated	  myofibroblasts	  and	  CAFs	  can	  directly	  convey	  invasive	  capacity	  upon	  cancer	  

cells36,37.	  In	  fact,	  in	  a	  study	  of	  tongue	  squamous	  cell	  carcinomas	  by	  Kellermann	  et	  al.	  

the	  increased	  presence	  of	  myofibroblasts	  and	  positive	  smooth	  muscle	  actin	  staining	  

was	  significantly	  correlated	  with	  a	  greater	  likelihood	  of	  lymph	  node	  metastasis,	  

extracapsular	  lymph	  node	  infiltration,	  vascular	  and	  neural	  invasion,	  and	  an	  overall	  

decreased	  survival	  rate	  when	  compared	  to	  those	  lesions	  with	  a	  scarcity	  of	  

myofibroblasts	  and	  SMA	  staining38.	  Similar	  results	  were	  seen	  in	  a	  study	  by	  the	  same	  

authors	  of	  oral	  squamous	  cell	  carcinoma	  where	  it	  was	  found	  that	  nearly	  60%	  of	  oral	  

SCCs	  contained	  myofibroblasts	  in	  the	  tumor	  stroma	  and	  again	  they	  found	  a	  

significant	  correlation	  between	  N	  stage,	  disease	  stage,	  regional	  recurrence	  and	  

proliferation	  of	  tumor	  cells39.	  This	  same	  study	  demonstrated	  that	  carcinoma	  cells	  

were	  able	  to	  transdifferentiate	  normal	  oral	  fibroblasts	  into	  myofibroblasts	  in	  a	  TGF-‐
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β	  dependent	  manner	  in	  co-‐culture.	  In	  a	  study	  on	  ductal	  breast	  cancer40	  the	  authors	  

observed	  the	  most	  numerous	  transformed	  fibroblasts	  in	  the	  most	  advanced	  cases.	  

Additionally,	  in	  a	  mouse	  model,	  CAFs	  were	  generated	  from	  a	  mammary	  carcinoma	  

and	  implanted	  into	  the	  backs	  of	  syngeneic	  mice,	  which	  gave	  rise	  to	  sarcomatoid	  

tumors	  whose	  characteristics	  shared	  many	  similarities	  to	  the	  stroma	  seen	  in	  wound	  

repair	  and	  carcinogenesis41.	  Thus	  the	  evidence	  demonstrates	  that	  the	  

cancer/stroma	  interaction	  is	  analogous	  to	  wound	  healing	  where	  the	  fibroblasts	  

create	  an	  environment	  for	  the	  wound	  to	  contract	  and	  give	  the	  opportunity	  for	  the	  

keratinocytes	  to	  migrate	  and	  re-‐epithelialize	  the	  wound.	  One	  could	  imagine	  that	  the	  

carcinoma	  cells	  use	  these	  mechanisms	  to	  their	  advantage	  to	  proliferate,	  invade	  and	  

populate	  the	  resident	  tissues.	  Further,	  keep	  in	  mind	  that	  unlike	  the	  normal	  wound	  

healing	  processes	  where	  the	  activated	  fibroblasts	  either	  become	  phenotypically	  

quiescent	  fibroblasts	  or	  apoptose,	  carcinomas	  are	  essentially	  “wounds	  that	  do	  not	  

heal”42	  and	  the	  desmoplastic	  reaction	  persists	  with	  continued	  myofibroblast	  

activation	  and	  promotion	  of	  a	  pro-‐carcinogenic	  environment.	  	  

	  

TGF-‐β,	  Endothelin-‐1,	  Connective	  Tissue	  Growth	  Factor	  

	  

There	  are	  three	  major	  signaling	  mechanisms	  that	  drive	  the	  desmoplastic	  response.	  

These	  are	  the	  TGF-‐β	  pathway,	  the	  endothelin	  pathway,	  CTGF	  (connective	  tissue	  

growth	  factor)	  pathway	  as	  well	  as	  mechanical	  stress	  generated	  from	  interactions	  of	  

the	  fibroblasts	  with	  the	  extracellular	  matrix	  fibers.	  	  	  	  	  
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TGF-‐β	  

	  

TGF-‐β	  is	  one	  of	  the	  major	  cytokines	  induced	  during	  the	  wound	  healing	  process43.	  It	  

stimulates	  fibroblasts	  to	  make	  and	  contract	  ECM44.	  In	  TGF-‐β	  signaling,	  there	  are	  

three	  TGF-‐β	  isoforms	  synthesized	  as	  latent	  precursors	  that	  form	  a	  complex	  with	  

latent	  TGF-‐β	  proteins,	  which	  are	  later	  removed	  by	  proteolysis.	  Once	  this	  happens,	  

TGF-‐β	  is	  in	  its	  active	  form	  and	  can	  bind	  a	  heterotrimeric	  receptor	  made	  up	  of	  one	  

TGF-‐β	  type	  I	  receptor	  and	  one	  TGF-‐β	  type	  II	  receptor.	  The	  remainder	  of	  the	  

canonical	  pathway	  involves	  phosphorylation	  of	  the	  receptor	  activated	  SMADs	  

(SMAD2	  and	  3)	  which	  go	  on	  to	  bind	  with	  SMAD4	  enabling	  the	  entire	  complex	  to	  

translocate	  into	  the	  nucleus	  and	  affect	  transcriptional	  regulation	  of	  fibrotic	  

mediators.	  There	  are	  at	  least	  three	  other	  non-‐canonical	  signaling	  mechanisms	  

induced	  by	  TGF-‐β	  stimulation	  and	  include	  the	  ras/MEK/ERK,	  p38	  and	  JNK	  

pathways45.	  There	  is	  long	  standing	  evidence	  that	  demonstrates	  that	  TGF-‐β	  is	  

important	  in	  inducing	  desmoplasia.	  Mesenchymal	  cells	  exposed	  to	  TGF-‐β	  are	  

transdifferentiated	  into	  myofibroblasts	  that	  make	  as	  well	  as	  contract	  ECM	  and	  this	  

situation	  remains	  as	  long	  as	  TGF-‐β	  is	  present46.	  TGF-‐β	  has	  the	  effect	  of	  enhancing	  

deposition	  of	  ECM	  when	  injected	  subcutaneously	  or	  into	  surgically	  implanted	  metal	  

chambers47	  and	  in	  animal	  models	  of	  wound	  repair,	  incisions	  treated	  with	  anti-‐TGF-‐β	  

antibodies	  or	  anti-‐sense	  oligonuleotides	  show	  a	  drastic	  reduction	  in	  scarring	  and	  

synthesis	  of	  ECM48.	  Recent	  evidence	  from	  our	  laboratory	  using	  an	  organotypic	  co-‐

culture	  model	  has	  demonstrated	  that	  under	  the	  influence	  of	  GLI2	  over-‐expressing	  
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keratinocytes,	  foreskin	  fibroblasts	  can	  be	  induced	  to	  trandifferentiate	  into	  

myofibroblasts	  and	  produce	  a	  desmoplastic	  stroma.	  Further,	  it	  was	  found	  that	  

specific	  TGF-‐β	  receptor	  II	  inhibition	  strongly	  attenuated	  this	  response,	  providing	  

evidence	  that	  the	  production	  of	  desmoplasia	  in	  this	  model	  is	  mainly	  a	  TGF-‐β	  

mediated	  event33.	  

	  

Endothelin-‐1	  

	  

Although	  it	  seems	  as	  though	  TGF-‐β	  is	  the	  most	  potent	  mediator	  of	  the	  desmoplastic	  

reaction	  in	  the	  stroma	  during	  normal	  wound	  healing	  and	  carcinogenesis,	  there	  are	  

other	  pathways	  that	  may	  have	  an	  important	  influence	  on	  the	  threshold	  of	  the	  

response	  that	  fibroblasts	  have	  to	  TGF-‐β	  signaling	  or	  may	  even	  act	  independently	  or	  

in	  concert	  with	  TGF-‐β.	  One	  of	  these	  pathways	  is	  the	  Endothelin	  pathway.	  

Endothelin-‐1	  (ET-‐1,	  EDN1),	  the	  major	  isoform	  in	  humans,	  is	  made	  by	  a	  wide	  variety	  

of	  cell	  types	  including	  endothelial	  cells,	  epithelial	  cells,	  mast	  cells,	  macrophages	  and	  

fibroblasts49.	  Its	  expression	  is	  increased	  in	  hypoxic	  states,	  low	  shear	  stress,	  and	  by	  

cytokines	  including	  TGF-‐β50,51.	  Endothelin-‐1	  is	  made	  as	  the	  precursor	  prepro-‐ET-‐1	  

which	  is	  enzymatically	  cut	  twice	  to	  produce	  an	  active	  molecule52	  that	  can	  then	  

stimulate	  either	  of	  the	  G-‐protein-‐coupled	  receptors	  EDNRA	  or	  EDNRB.	  Different	  cell	  

populations	  can	  express	  varying	  levels	  of	  EDNRA	  or	  EDNRB	  and	  these	  receptor	  

levels	  and	  sensitivities	  can	  be	  further	  altered	  in	  disease	  states.	  Aberrant	  EDN1	  

expression	  and	  signaling	  may	  play	  a	  role	  in	  pathologies	  such	  as	  cancer,	  congenital	  
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heart	  disease,	  pulmonary	  hypertension	  and	  fibrosis53-‐55.	  Current	  evidence	  suggests	  

that	  in	  fibroblasts	  derived	  from	  lung	  tissue	  in	  scleroderma	  patients,	  EDN1	  can	  act	  

synergistically	  with	  TGF-‐β	  to	  cause	  fibroblasts	  to	  increase	  production	  of	  ECM	  and	  

exert	  contractile	  forces	  and	  that	  the	  EDNRA	  receptor	  seems	  most	  responsible	  for	  

SMA	  synthesis	  and	  contraction	  of	  the	  ECM,	  while	  both	  receptors	  appear	  to	  be	  

needed	  for	  ECM	  production56,57.	  Induction	  of	  EDN1	  by	  TGF-‐β	  in	  normal	  lung	  

fibroblasts	  in	  an	  ALK5/JNK	  dependent	  manner	  leads	  to	  much	  of	  the	  desmoplastic	  

response	  attributable	  to	  TGF-‐β,	  including	  SMA	  and	  CTGF	  production	  as	  well	  as	  

contraction	  of	  the	  ECM58.	  In	  diseased	  fibroblasts,	  such	  as	  those	  derived	  from	  

scleroderma	  patients,	  general	  antagonism	  of	  the	  ET-‐1	  receptors	  with	  bosentan	  

results	  in	  reduced	  SMA,	  CTGF	  and	  type	  I	  collagen	  expression,	  as	  well	  as	  decreased	  

ECM	  contraction59.	  Thus,	  it	  appears	  as	  though	  endothelin	  and	  TGF-‐β	  together	  play	  

major	  roles	  in	  the	  desmoplastic	  response.	  	  

	  

In	  addition	  to	  contributing	  to	  the	  desmoplastic	  response,	  endothelin	  also	  seems	  to	  

play	  a	  major	  role	  in	  neovascularization	  in	  tumor	  development	  and	  progression60.	  

Endothelin	  has	  been	  shown	  to	  stimulate	  a	  dose-‐dependent	  increase	  in	  VEGF	  

expression	  in	  cultured	  ovarian	  cancer	  cells	  through	  endothelin	  receptor	  A61.	  

Endothelin	  receptor	  A	  antagonism	  with	  ABT-‐627	  significantly	  reduced	  VEGF	  

secretion62	  however,	  in	  endothelial	  cell	  lines	  VEGF	  and	  endothelin	  receptor	  B	  

induced	  increased	  migration	  and	  invasiveness63.	  Thus,	  the	  evidence	  suggests	  that	  
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endothelin-‐1	  plays	  an	  important	  role	  in	  promoting	  angiogenesis	  in	  association	  with	  

VEGF.	  	  	  

	  

	  

Connective	  Tissue	  Growth	  Factor	  (CTGF)	  

	  

CTGF	  is	  a	  protein	  that	  belongs	  to	  the	  CCN	  family	  of	  modular	  matricellular	  proteins,	  

which	  are	  adhesive	  molecules	  that	  alter	  signaling	  responses	  to	  external	  signals	  like	  

ECM	  and	  growth	  factors,	  thus	  the	  receptor	  is	  an	  integrin64,65.	  Induction	  of	  CTGF	  is	  

through	  stimulation	  by	  TGF-‐β,	  SMADs,	  EDN1,	  protein	  kinase	  C	  and	  

ras/MEK/ERK66,67.	  In	  rodents,	  CTGF	  and	  TGF-‐β	  work	  together	  to	  promote	  a	  

prolonged	  desmoplastic	  response47.	  Mouse	  embryonic	  fibroblasts	  lacking	  CTGF	  are	  

able	  to	  respond	  to	  TGF-‐β	  stimulation	  via	  the	  SMAD	  pathway	  but	  they	  have	  

attenuated	  stimulation	  of	  adhesive	  signaling68	  lending	  support	  to	  the	  notion	  that	  the	  

CTGF	  receptors	  are	  indeed	  integrins	  and	  that	  CTGF	  is	  a	  cofactor	  of	  TGF-‐β.	  Lastly,	  

anti-‐sense	  oligonucleotides	  to	  CTGF	  suppress	  fibrosis	  in	  several	  animal	  models69,70.	  

So,	  the	  evidence	  supports	  a	  role	  for	  all	  three	  molecules	  in	  the	  desmoplastic	  response	  

or	  stromal	  transdifferentiation	  in,	  at	  the	  least,	  diseased	  fibrotic	  states	  and	  normal	  

wound	  healing	  but	  maybe	  also	  in	  carcinogenesis.	  	  
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Anatomic	  variation	  

	  

The	  major	  line	  of	  evidence	  that	  generated	  one	  of	  the	  underlying	  hypothesis	  of	  this	  

chapter	  originated	  from	  previous	  observations	  made	  in	  our	  laboratory	  that	  GLI2	  

over-‐expressing	  keratinocytes	  stimulate	  a	  desmoplastic	  response	  in	  the	  fibroblast	  

layer	  in	  three-‐dimensional	  organotypic	  reconstructs33.	  GLI2	  is	  a	  member	  of	  the	  GLI	  

family	  of	  transcription	  factors	  that	  are	  downstream	  mediators	  of	  hedgehog	  

signaling.	  This	  pathway	  is	  activated	  in	  as	  many	  as	  25%	  of	  oral	  SCCs	  and	  it	  has	  been	  

demonstrated	  that	  GLI2	  transcriptional	  targets	  may	  promote	  tumor	  formation,	  

including	  suppression	  of	  contact	  inhibition	  and	  differentiation.	  It	  was	  our	  

observation	  that	  GLI2	  over-‐expressing	  keratinocytes	  in	  organotypic	  co-‐culture	  with	  

fibroblasts	  induced	  cancer	  associated	  characteristics	  in	  the	  epithelium	  and	  stroma,	  

both	  recapitulating	  known	  features	  and	  predicting	  previously	  unappreciated	  

aspects	  of	  GLI2	  amplifying	  tumors.	  	  One	  of	  the	  interesting	  findings	  was	  that	  the	  

desmoplastic	  response,	  measured	  as	  enhanced	  SMA	  and	  collagen	  IV	  staining	  by	  

immunohistochemistry	  and	  immunofluoresence,	  was	  produced	  only	  when	  foreskin	  

or	  tongue	  fibroblasts	  were	  used	  in	  co-‐culture	  with	  GLI2	  overexpressing	  

keratinocytes	  and	  not	  gingival	  fibroblasts.	  This	  observed	  difference	  generated	  the	  

obvious	  question	  why?	  	  

	  

There	  is	  longstanding	  evidence	  that	  supports	  the	  idea	  that	  fibroblasts	  derived	  from	  

different	  anatomical	  sites	  display	  phenotypic	  variability.	  For	  example,	  fibroblasts	  
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derived	  from	  one	  area	  of	  the	  body	  that	  support	  one	  characteristic	  epithelial	  cell	  type	  

will	  continue	  to	  generate	  that	  specific	  epithelial	  type	  as	  separate	  transplants71.	  

When	  gene	  expression	  programs	  from	  fibroblasts	  are	  evaluated,	  it	  is	  observed	  that	  

there	  are	  large-‐scale	  differences	  between	  fibroblasts	  populations.	  	  The	  differences	  

were	  so	  striking	  that	  there	  was	  just	  as	  much	  variation	  between	  diverse	  populations	  

of	  fibroblasts	  as	  there	  was	  between	  fibroblasts	  and	  hematopoietic	  cells72.	  Further,	  

these	  differences	  in	  gene	  expression	  programs	  followed	  anatomic	  divisions	  

including	  anterior-‐posterior,	  proximal-‐distal,	  and	  dermal	  versus	  non-‐dermal	  

patterns.	  Also,	  fibroblasts	  in	  these	  different	  cell	  populations	  maintained	  their	  unique	  

embryologic	  HOX	  gene	  expression	  patterns.	  There	  are	  other	  examples	  of	  phenotypic	  

variability	  among	  fibroblasts	  derived	  from	  different	  tissues	  in	  the	  body.	  When	  oral	  

fibroblasts	  were	  compared	  to	  skin	  fibroblasts	  in	  wound	  contraction	  models,	  it	  was	  

found	  that	  oral	  fibroblasts	  accelerated	  collagen	  gel	  contraction,	  produced	  more	  KGF	  

and	  HGF,	  but	  expressed	  lower	  levels	  of	  SMA	  than	  their	  dermal	  counterparts	  in	  the	  

same	  model	  system73.	  In	  another	  wound	  contraction	  model	  focusing	  on	  ECM	  

reorganization,	  significant	  differences	  in	  collagen	  lattice	  contraction	  was	  found	  in	  

oral	  fibroblasts	  versus	  skin	  fibroblasts74.	  	  Phenotypic	  differences	  are	  seen	  in	  

different	  fibroblast	  populations	  even	  within	  the	  oral	  cavity.	  Irwin	  et	  al.	  found	  that	  

fibroblasts	  derived	  from	  the	  papillary	  tips	  of	  the	  gingiva	  behaved	  like	  fetal	  

fibroblasts	  with	  cell	  density	  migration	  measures	  and	  migration	  stimulating	  factor	  

levels	  significantly	  higher	  than	  the	  more	  adult-‐like	  fibroblasts	  derived	  from	  deeper	  

reticular	  tissue	  of	  the	  gingiva	  and	  that	  these	  phenotypic	  differences	  had	  implications	  
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for	  wound	  healing	  in	  the	  oral	  cavity75.	  When	  HGF	  and	  KGF	  production	  was	  

compared	  in	  fibroblasts	  derived	  from	  periodontal	  ligament	  (PDL)	  versus	  those	  from	  

buccal	  mucosa,	  it	  was	  observed	  that	  PDL	  fibroblasts	  constitutively	  make	  more	  of	  

these	  cytokines76.	  Thus,	  the	  literature	  is	  replete	  with	  examples	  illustrating	  the	  

differences	  between	  regionally	  distinct	  fibroblasts.	  

	  

If	  one	  looks	  for	  reasons	  why	  the	  fibroblast	  should	  display	  such	  distinct	  phenotypes	  

based	  on	  regional	  location,	  three	  major	  influences	  must	  be	  considered.	  These	  factors	  

are	  (a)	  embryologic	  origin,	  (b)	  the	  characteristics	  of	  the	  surrounding	  ECM	  and	  

associated	  cells/tissue	  types	  and	  (c)	  functional	  differences.	  	  

	  

During	  embryonic	  development,	  the	  primitive	  oral	  cavity	  is	  lined	  with	  both	  

ectoderm	  and	  endoderm.	  From	  the	  ectoderm	  arises	  the	  anterior	  two	  thirds	  of	  the	  

tongue	  and	  all	  of	  the	  hard	  palate,	  whereas	  the	  endoderm	  generates	  the	  posterior	  

third	  of	  the	  tongue,	  the	  floor	  of	  mouth,	  the	  palato-‐glossal	  folds,	  and	  the	  soft	  palate77.	  

Thus,	  it	  follows	  that	  the	  ectomesenchyme	  develops	  from	  neural	  crest	  cells	  from	  the	  

midbrain	  and	  anterior	  rhombomeres	  and	  the	  tongue	  mesenchyme	  derives	  from	  

occipital	  somites78.	  The	  epithelial	  structures	  further	  differentiate	  with	  varying	  levels	  

of	  keratinization,	  development	  of	  teeth,	  taste	  buds	  and	  salivary	  glands.	  	  So,	  

embryologic	  origin	  is	  one	  obvious	  reason	  for	  differences	  between	  fibroblast	  

subtypes	  within	  the	  oral	  cavity	  and	  as	  discussed	  above	  these	  fibroblasts	  maintain	  

their	  homeobox	  expression	  profiles,	  which	  were	  uniquely	  established	  during	  
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development.	  Interestingly,	  the	  gene	  expression	  profiles	  are	  preserved	  when	  

primary	  cultures	  are	  made	  of	  regionally	  distinct	  fibroblasts	  and	  it	  has	  been	  

demonstrated	  that	  the	  profile	  characteristics	  are	  maintained	  for	  many	  passages79.	  	  

	  

Another	  reason	  for	  regional	  variation	  in	  fibroblasts	  is	  that	  they	  affect	  and	  react	  to	  

other	  cell	  types	  as	  well	  as	  the	  ECM	  in	  the	  environment	  and	  their	  phenotypes	  can	  be	  

either	  maintained	  or	  altered	  as	  a	  result.	  This	  is	  best	  demonstrated	  by	  observations	  

based	  on	  three	  dimensional	  tissue	  reconstruction	  models	  and	  animal	  tissue	  transfer	  

models	  as	  discussed	  here	  and	  above.	  In	  heterotypically	  recombined	  scenarios,	  it	  is	  

observed	  that	  keratinocytes	  from	  one	  anatomic	  location	  can	  influence	  fibroblasts	  

from	  a	  separate	  location	  to	  phenotypically	  resemble	  fibroblasts	  from	  the	  tissue	  

source	  of	  the	  keratinocytes80.	  The	  same	  is	  true	  in	  the	  opposite	  direction;	  foreign	  

fibroblasts	  can	  influence	  the	  development	  of	  native	  keratinocytes	  to	  more	  closely	  

resemble	  keratinocytes	  derived	  from	  the	  original	  foreign	  fibroblasts81.	  	  

	  

Lastly,	  the	  fibroblasts	  in	  the	  oral	  cavity	  are	  exposed	  to	  varying	  functional	  demands	  

that	  contribute	  to	  their	  phenotype.	  The	  oral	  cavity	  is	  a	  complex	  environment	  with	  

correspondingly	  complex	  anatomy.	  For	  example,	  if	  one	  just	  draws	  a	  comparison	  

between	  gingiva	  and	  tongue,	  the	  gingiva	  consists	  of	  keratinized	  (attached)	  and	  non-‐

keratinized	  (unattached)	  mucosa	  and	  is	  generally	  a	  non-‐mobile	  structure,	  whereas	  

the	  tongue	  is	  completely	  keratinized	  and	  is	  a	  highly	  mobile	  structure.	  This	  should	  

have	  implications	  for	  the	  types	  of	  stresses	  and	  ECM	  organization	  the	  fibroblasts	  are	  
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exposed	  to	  and	  this	  would	  be	  reflected	  in	  the	  phenotypic	  differences	  between	  the	  

two	  populations.	  Further,	  these	  phenotypic	  differences	  influenced	  by	  the	  different	  

anatomic	  environments	  may	  lead	  to	  gene	  expression	  profiles	  that	  may	  explain	  why	  

one	  type	  of	  stroma	  has	  a	  higher	  propensity	  to	  transdifferentiate	  than	  another.	  

Whether	  this	  difference	  is	  due	  to	  alterations	  in	  receptor	  levels,	  to	  the	  varying	  levels	  

of	  responsiveness	  in	  down	  stream	  events,	  or	  with	  changes	  in	  integrin	  signaling	  

within	  the	  fibroblasts	  remains	  to	  be	  determined.	  Clinically,	  this	  is	  important	  because	  

it	  is	  the	  differences	  in	  the	  ability	  of	  one	  stroma	  to	  transdifferentiate	  over	  another	  

that	  we	  are	  interested	  in	  investigating	  because	  of	  the	  implication	  that	  a	  transformed	  

stroma	  has	  a	  positive	  influence	  on	  the	  development	  and	  progression	  of	  carcinomas.	  	  	  

	  

In	  this	  chapter	  we	  hypothesize	  that	  fibroblasts	  from	  different	  anatomic	  sites	  have	  

varying	  thresholds	  to	  stimulation	  by	  TGF-‐β	  as	  measured	  by	  the	  secretion	  of	  fibrotic	  

products	  such	  as	  SMA.	  It	  is	  important	  to	  better	  understand	  how	  these	  influences	  

interact	  to	  produce	  an	  altered	  stroma,	  which	  is	  more	  permissive	  to	  oral	  cancer	  

progression	  
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Methods.	  

	  

Cell	  Culture	  	  

	  HaCaT	  cells	  transfected	  with	  pBABE-‐puro	  or	  pBABE-‐puro-‐GLI2	  were	  cultured	  in	  the	  

presence	  of	  puromycin	  (1	  μg/ml,	  Sigma-‐Aldrich,	  St.	  Louis,	  MO).	  Double	  stable	  

inducible	  HaCaT	  GLI2	  cells	  expressing	  6xHis-‐GLI2ΔN	  in	  pcDNA4/TO	  and	  the	  

tetracycline	  repressor	  in	  pcDNA6/TR	  were	  grown	  in	  the	  presence	  of	  25	  μg/ml	  

zeocin	  and	  8	  μg/ml	  blasticidin-‐S	  (Sigma-‐Aldrich,	  St.	  Louis,	  MO).	  GLI2	  protein	  

expression	  was	  induced	  by	  adding	  1	  μg/ml	  doxycycline	  to	  the	  culture	  media.	  Control	  

HaCaT	  Tet	  Cells,	  stably	  expressing	  only	  the	  tetracycline	  repressor,	  were	  grown	  in	  

the	  presence	  of	  8	  μg/ml	  blasticidin-‐S.	  	  

	  

Organotypic	  Cultures	  	  

Dermal	  equivalents	  were	  prepared	  by	  adding	  1	  ml	  of	  acellular	  collagen	  mixture,	  

consisting	  of	  bovine	  collagen	  type	  I	  (0.78-‐1.0	  mg/ml,	  Organogenesis,	  Canton,	  MA),	  

Minimal	  Essential	  Medium	  with	  Earle’s	  Salts	  (Cambrex,	  East	  Rutherford,	  NJ),	  1.7	  mM	  

L-‐glutamine,	  10%	  fetal	  calf	  serum	  (Hyclone,	  Thermo	  Scientific,	  Hudson,	  NH)	  and	  

0.15%	  sodium	  bicarbonate	  to	  each	  well	  of	  a	  6-‐well	  tissue	  reconstruct	  tray	  

(Organogenesis,	  Canton,	  MA).	  The	  tray	  was	  incubated	  at	  37°C	  for	  15-‐30	  minutes,	  

and	  then	  3	  ml	  of	  a	  second	  layer	  of	  collagen	  mixture,	  supplemented	  with	  7.5X104	  

primary	  fibroblasts,	  was	  added	  to	  each	  well.	  After	  the	  tray	  was	  incubated	  at	  37°C	  for	  

45	  minutes	  to	  completely	  polymerize	  the	  cellular	  collagen	  layer,	  10	  ml	  of	  the	  
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fibroblast	  growth	  media	  (DMEM	  H-‐16	  supplemented	  with	  10%	  FCS)	  was	  placed	  

underneath	  and	  2	  ml	  on	  top	  of	  each	  insert.	  After	  seven	  days,	  the	  fibroblasts	  had	  

contracted	  the	  collagen	  layer	  forming	  a	  mesa	  shaped	  plateau.	  The	  tissue	  reconstruct	  

tray	  was	  washed	  twice	  for	  30	  minutes	  each	  with	  a	  mixture	  of	  DMEM	  and	  F-‐12	  media	  

(3:1).	  After	  removing	  the	  media,	  50	  μl	  of	  DMEM	  and	  F-‐12	  media	  (3:1)	  containing	  

5x105	  HaCaT	  cells	  or	  primary	  foreskin,	  tongue	  or	  gingiva	  derived	  keratinocytes	  

were	  placed	  on	  the	  plateau.	  Trays	  were	  incubated	  at	  37°C	  for	  30-‐60	  minutes	  after	  

which	  time	  10	  ml	  of	  media	  I	  [DMEM	  and	  F-‐12	  media	  (3:1)	  supplemented	  with	  4	  mM	  

L-‐glutamine,	  1.48	  μM	  hydrocortisone,	  1xITES	  (insulin,	  transferrin,	  ethanolamine,	  

selenium	  (BioWhittaker,	  Lonza,	  Walkersville,	  MD)),	  0.1	  mM	  o-‐

phosphorylethanolamine,	  0.18	  mM	  adenine,	  2.4	  mM	  CaCl2,	  4	  pM	  progesterone,	  20	  

pM	  triiodothyronine	  and	  0.1%	  chelated	  newborn	  calf	  serum]	  were	  placed	  

underneath	  and	  2	  ml	  on	  top	  of	  each	  insert.	  Two	  days	  later,	  media	  was	  replaced	  with	  

media	  II	  (media	  I	  with	  non-‐chelated	  newborn	  calf	  serum	  at	  0.1%).	  Doxycycline	  (1	  

μg/ml,	  Sigma-‐Aldrich,	  St.	  Louis,	  MO)	  was	  added	  to	  media	  II	  and	  media	  III	  in	  control	  

HaCaT	  Tet	  reconstructs	  or	  to	  induce	  GLI2	  in	  reconstructs	  containing	  HaCaT	  GLI2	  

cells.	  After	  two	  days,	  the	  media	  underneath	  each	  insert	  was	  replaced	  with	  7.5	  ml	  of	  

media	  III	  (media	  I	  with	  DMEM	  and	  F-‐12	  media	  1:1,	  no	  progesterone	  and	  2%	  non-‐

chelated	  newborn	  calf	  serum).	  No	  media	  was	  placed	  on	  top	  to	  allow	  

epidermalization	  of	  the	  keratinocytes.	  Media	  underneath	  the	  inserts	  was	  replaced	  

every	  other	  day	  for	  six	  days.	  Reconstructs	  were	  removed,	  cut	  in	  half,	  fixed	  overnight	  

in	  10%	  buffered	  formalin	  and	  processed	  for	  routine	  paraffin	  embedding.	  Sections	  of	  
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each	  reconstruct	  were	  stained	  with	  H&E	  and	  evaluated	  using	  a	  light	  microscope.	  	  

For	  the	  TGF-‐β	  inhibitor	  studies,	  2	  μM	  of	  the	  TGF-‐β	  receptor	  I/II	  kinase	  inhibitor	  

LY2109761	  or	  control,	  dimethyl	  sulfoxide	  was	  added	  to	  the	  organotypic	  cultures	  

and	  then	  harvested	  in	  the	  same	  manner	  as	  above.	  

	  

Immunohistochemistry	  (IHC)	  and	  immunofluorescence	  (IF)	  

	  Sections	  were	  deparafinized	  in	  three	  separate	  xylene	  washes	  of	  5	  minutes	  each.	  

Slides	  were	  washed	  two	  times	  for	  5	  minutes	  each	  in	  100%,	  95%	  and	  75%	  ethanol	  

and	  then	  placed	  in	  dH2O.	  	  Different	  antigen	  (AG)	  retrieval	  methods	  were	  used	  (Table	  

3.1).	  After	  antigen	  retrieval,	  sections	  were	  washed	  in	  dH2O	  followed	  by	  PBS/0.05%	  

Tween20	  for	  5	  minutes	  each	  and	  endogenous	  peroxidase	  activity	  was	  blocked	  in	  3%	  

H2O2	  in	  PBS	  for	  15	  min.	  	  Sections	  were	  washed	  three	  times	  for	  3	  minutes	  each	  in	  

PBS/0.05%	  Tween20	  after	  which	  sections	  will	  be	  blocked	  in	  a	  solution	  containing	  

3%	  BSA	  in	  4x	  SSC	  for	  30	  minutes	  at	  room	  temperature.	  	  Sections	  were	  incubated	  

with	  the	  primary	  antibody	  for	  60	  minutes	  in	  Antibody	  Diluent	  Solution	  with	  

background	  reducing	  agents	  (DAKO).	  	  Sections	  were	  washed	  three	  times	  for	  5	  

minutes	  each	  in	  PBS/0.05%	  Tween20	  after	  which	  sections	  were	  incubated	  with	  

appropriately	  labeled	  secondary	  antibodies	  (e.g.	  Alexa	  488,	  Alexa	  594)	  for	  45	  

minutes	  at	  a	  1:1000	  dilution	  in	  Antibody	  Diluent	  Solution	  with	  background	  reducing	  

agents	  (DAKO).	  	  Sections	  were	  washed	  three	  times	  for	  5	  minutes	  each	  in	  PBS/0.05%	  

Tween20	  and	  mounted	  or	  counterstained	  with	  Vectashield	  mounting	  media	  

containing	  DAPI.	  
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Table	  3.1	  Antibodies	  used	  for	  immunofluorescence	  and	  immunohistochemistry.	  

	   	   	   	   	  IF	   Vendor	   Cat#	   Dilution	   AG	  retrieval	  
Ki67	   DAKO	   N1633	   prediluted	   Citrate	  pressure	  cook	  
GFP	   ABCAM	   AB290	   1	  -‐250	   Citrate	  pressure	  cook	  
ITGB4	   ABCAM	   AB6136	   1-‐100	   EDTA	  steam	  
SMA	   DAKO	   M0851	   1-‐100	   0.01	  M	  TRIS	  pressure	  cook	  

	   	   	   	   	  IHC	   Vendor	   Cat#	   Dilution	   AG	  retrieval	  
Ki67	   DAKO	   M720	   1-‐100	   Trypsin	  &	  Citrate	  MW	  
Involucrin	   ABCAM	   AB20202	   1-‐15000	   Citrate	  MW	  

Loricrin	   COVANCE	  
PRB-‐
145P	   1-‐200	   Non	  

COL	  IV	   ABCAM	   AB6311	   1-‐200	   Citrate	  pressure	  cook	  
ITGB4	   ABCAM	   AB6136	   1-‐100	   Steam	  
Vimentin	   Zymed	   18-‐0052	   1-‐400	   None	  
SMA	   DAKO	   M0851	   1=100	   Target	  retrieval	  solution	  MW	  
	  

	  

	  

	  

TGF-‐β	  Dose	  Response	  Curve	  	  

	  Foreskin	  and	  oral	  fibroblast	  cell	  strains	  were	  grown	  to	  approximately	  80%	  

confluence	  in	  10	  ml	  of	  DMEM	  H16	  with	  10%	  FBS	  and	  were	  released	  from	  T75	  

culture	  flasks	  (Corning,	  NY)	  using	  4ml	  of	  0.25%	  trypsin,	  pelleted	  by	  centrifugation	  at	  

1	  g	  for	  3	  minutes	  and	  suspended	  in	  3	  ml	  of	  DMEM	  with	  10%	  FBS.	  	  A	  

haemocytometer	  (Reichert,	  Buffalo,	  NY)	  was	  used	  to	  determine	  the	  fibroblast	  

concentration	  per	  ml	  so	  that	  1x104	  cells	  were	  plated	  onto	  a	  flat	  bottom	  96-‐well	  plate	  

(Corning,	  Corning,	  NY)	  in	  a	  150	  µl	  volume	  of	  DMEM	  H16	  with	  10%	  FBS.	  	  These	  cells	  
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were	  allowed	  to	  attach	  overnight.	  The	  next	  day	  the	  media	  was	  removed	  and	  DME	  H-‐

16	  without	  supplementation	  was	  added	  to	  the	  wells	  in	  order	  to	  provide	  for	  a	  serum	  

starvation	  period	  of	  24	  hours	  to	  cease	  active	  proliferation	  of	  the	  fibroblasts.	  At	  the	  

end	  of	  the	  24	  hour	  period	  the	  serum	  free	  media	  was	  removed	  and	  DME	  H-‐16	  

supplemented	  with	  5%	  fetal	  bovine	  serum	  containing	  TGF-‐β	  (R&D	  Systems)	  in	  the	  

following	  concentrations	  0,	  0.1,	  1,	  5,	  10,	  20	  ng/ml	  was	  added	  for	  72	  hours.	  At	  the	  

end	  of	  that	  period	  the	  medium	  was	  removed	  and	  cells	  washed	  with	  cold	  PBS.	  Next,	  

mRNA	  extraction	  was	  performed	  using	  an	  in-‐well	  extraction	  protocol	  (ABI,	  Life	  

Technologies,	  Carlsbad,	  CA)	  Briefly,	  a	  lysis	  buffer	  is	  added	  to	  the	  wells	  for	  5	  minutes	  

with	  a	  DNase	  treatment,	  this	  is	  followed	  by	  a	  stop	  buffer,	  which	  halts	  the	  reaction.	  

The	  lysate	  is	  then	  added	  to	  an	  RT	  master	  mix,	  and	  a	  thermal	  cycler	  (ABI,	  Carlsbad,	  

CA)	  was	  used	  to	  incubate	  and	  then	  inactivate	  the	  RT	  enzyme.	  Then	  an	  ABI	  real-‐time	  

PCR	  instrument	  (ABI,	  Carlsbad,	  CA)	  was	  used	  to	  carryout	  the	  remainder	  of	  the	  

Taqman®	  Gene	  Expression	  assay	  to	  include	  an	  UDG	  incubation	  period	  and	  an	  

enzyme	  activation	  period	  followed	  by	  PCR	  cycling.	  The	  following	  mRNA	  gene	  

expression	  levels	  were	  measured	  using	  assays	  from	  Taqman®	  Gene	  Expression	  

Assays-‐on-‐Demand	  (ABI,	  Life	  Technologies,	  Carlsbad,	  CA),	  they	  included	  ACTA2	  

(smooth	  muscle	  actin,	  Cat#	  HS00426835_G1),	  CTGF	  (CCN2,	  connective	  tissue	  

growth	  factor,	  Cat#	  HS01026927_G1),	  ET-‐1	  (EDN1,	  endothelin-‐1,	  Cat#	  

HS00174961_M1),	  EDNRA	  (Endothelin	  Receptor	  type	  A,	  Cat#	  HS00609865_M1),	  

and	  EDNRB	  (Endothelin	  Receptor	  type	  B,	  Cat#	  HS00934968_G1).	  	  
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Results.	  

Disclosure:	  The	  first	  section	  in	  the	  results	  section	  was	  taken	  from	  a	  previously	  

published	  report	  by	  Snijders	  et	  al,	  to	  which	  the	  author	  of	  this	  thesis	  made	  a	  

minor	  contribution	  as	  indicated	  in	  the	  acknowledgements	  page.	  	  

Over-‐expression	  of	  GLI2,	  a	  gene	  amplified	  in	  oral	  SCC,	  blocks	  differentiation	  and	  

induces	  transdifferentiation	  of	  fibroblasts	  into	  myofibroblasts.	  

Oral	  SCC	  typically	  amplifies	  narrow	  regions	  of	  the	  genome.	  	  These	  genomic	  

alterations	  identify	  genes	  likely	  to	  contribute	  to	  development	  or	  progression	  of	  this	  

disease	  when	  over-‐expressed.	  	  To	  investigate	  the	  oncogenic	  functions	  of	  GLI2,	  a	  gene	  

amplified	  in	  oral	  SCC,	  we	  have	  generated	  organotypic	  co-‐cultures	  using	  GLI2	  over-‐

expressing	  HaCaT	  cells	  or	  normal	  HaCaT	  cells	  for	  the	  epithelial	  component	  with	  

foreskin,	  tongue	  and	  gingival	  fibroblasts	  for	  the	  dermal	  component.	  The	  normal	  

epithelial/dermal	  relationship	  is	  recapitulated	  in	  organotypic	  cultures.	  	  The	  

preparation	  of	  these	  cultures	  is	  summarized	  in	  Figure	  3.1a.	  	  In	  this	  model	  system,	  

fibroblasts	  are	  initially	  cultured	  for	  a	  week	  in	  collagen	  gels	  submerged	  in	  tissue	  

culture	  medium.	  	  Growth	  of	  the	  fibroblasts	  results	  in	  contraction	  of	  the	  collagen	  gel	  

to	  form	  a	  cup.	  	  Keratinocytes	  are	  then	  added	  on	  top	  of	  the	  collagen/fibroblast	  layer	  

and	  the	  co-‐cultures	  further	  propagated	  for	  four	  days,	  before	  exposure	  to	  air.	  	  Within	  

three	  weeks,	  a	  stratified	  and	  differentiated	  epithelium	  is	  formed	  that	  recapitulates	  

the	  phenotype	  of	  the	  tissue	  source	  of	  the	  cells.	  	  For	  example,	  when	  normal	  

keratinocytes	  are	  cultured	  with	  foreskin	  fibroblasts	  they	  form	  a	  stratified	  

epithelium	  with	  basal	  layers	  and	  differentiated	  layers	  including	  a	  stratum	  
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granulosum	  and	  orthokeratotic	  stratum	  corneum.	  	  On	  the	  other	  hand,	  when	  cultures	  

are	  prepared	  with	  oral	  fibroblasts	  a	  parakeratotic	  stratum	  corneum	  is	  present	  

consistent	  with	  the	  normal	  differentiation	  of	  oral	  epithelia	  (Figures	  3.1b	  and	  c).	  	  

Immunohistochemical	  staining	  of	  differentiation	  markers	  shows	  appropriate	  

expression	  of	  basal	  and	  suprabasal	  markers	  (Figure	  3.1d).	  	  	  

	  

By	  contrast,	  in	  our	  experiments,	  we	  have	  observed	  that	  the	  GLI2	  over-‐expressing	  

cells	  do	  not	  differentiate	  properly.	  	  They	  also	  are	  able	  to	  stimulate	  a	  desmoplastic	  

response	  in	  a	  TGF-‐β	  dependent	  manner	  in	  the	  dermal	  compartment	  composed	  of	  

foreskin	  and	  tongue	  fibroblasts.	  However,	  when	  gingival	  fibroblasts	  are	  used	  under	  

!

! ! !
!
Figure 3.1. Organotypic culture.  (a)Flow chart of in vitro organotypic cultures.  Initially, a 
thin acellular matrix containing nutrients and bovine collagen is polymerized into each 
well of a transwell plate.  Subsequently, a thicker matrix containing nutrients, bovine 
collagen and primary fibroblasts (7.5 x 104) is poured on top.  After the cellular collagen 
layer has completely polymerized, fibroblast growth media is placed underneath and on 
top of each transwell.  The growth media is replaced every other day leading to 
contraction of the collagen matrix into a mesa type shape.  Seven days after seeding the 
fibroblasts, the growth media is replaced with epidermal reconstruct growth media I and 
keratinocytes (5 x 105) are pipetted inside each transwell on top of the mesa shaped 
collagen matrix (Day 1 of epidermalization).  On “Day 3” media is replaced with 
epidermal reconstruct growth media II (not shown).  On “Day 5” all media is aspirated 
and only a small amount of media is placed underneath each transwell, leaving the top 
of each reconstruct exposed to air. Reconstructs are harvested on “Day14 and 28” and 
processed for routine histology.  (b) H&E stained section of reconstruct prepared with 
primary foreskin keratinocytes and fibroblasts.  (c) H&E stained section of reconstruct 
prepared with primary foreskin keratinocytes and oral fibroblasts.  (d) 
Immunohistochemical staining for differentiation markers in sections from reconstructs 
comprised of primary foreskin keratinocytes and fibroblasts.   
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the	  same	  conditions	  there	  is	  no	  resultant	  desmoplastic	  reaction	  in	  the	  dermal	  

compartment	  (Figure	  3.2).	  	  

	  

	  

	  We	  have	  shown	  this	  response	  is	  TGF-‐β	  dependent,	  because	  it	  can	  be	  significantly	  

attenuated	  by	  a	  specific	  TGF-‐β	  receptor	  II	  inhibitor	  (LY2109761)	  and	  by	  

introduction	  of	  a	  dominant	  negative	  TGF-‐β	  receptor	  II	  construct	  lacking	  the	  kinase	  

domain.	  Additionally,	  we	  have	  shown	  that	  this	  desmoplastic	  response	  is	  stimulated	  

by	  the	  close	  proximity	  of	  the	  GLI2	  over-‐expressing	  keratinocytes	  because	  when	  a	  

collagen	  layer	  separates	  the	  two	  compartments	  again	  the	  desmoplastic	  response	  is	  

significantly	  reduced	  (Figure	  3.3).	  	  
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TGF-‐β	  dose	  response	  curves	  demonstrate	  differential	  responses	  in	  fibroblasts	  derived	  

from	  anatomically	  diverse	  areas	  of	  the	  oral	  cavity.	  

In	  order	  to	  further	  explore	  the	  differential	  desmoplastic	  response	  between	  gingival	  

and	  tongue	  fibroblasts	  to	  the	  presence	  of	  GLI2	  over-‐expressing	  cells,	  we	  have	  

completed	  the	  TGF-‐β	  dose	  response	  curve	  for	  26	  separate	  primary	  cell	  strains	  in	  

two-‐dimensional	  culture	  (Figure	  3.4).	  Our	  observations	  comparing	  foreskin	  

fibroblasts	  (n=6)	  with	  tongue	  (n=3)	  and	  gingival	  fibroblasts	  (n=10)	  show	  that	  the	  

initial	  mRNA	  levels	  of	  SMA	  and	  CTGF	  are	  equivalent	  in	  magnitude.	  Endothelin-‐1	  

initial	  mRNA	  levels	  are	  lower	  for	  gingival	  fibroblasts	  compared	  to	  tongue	  and	  

foreskin	  fibroblasts,	  which	  are	  equivalent.	  Opposite	  results	  are	  seen	  for	  the	  

endothelin	  receptors,	  the	  initial	  mRNA	  levels	  of	  endothelin	  receptor	  type	  A	  are	  
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lowest	  in	  tongue	  fibroblasts	  compared	  to	  gingival	  fibroblasts	  and	  foreskin	  

fibroblasts	  which	  have	  the	  highest	  initial	  levels.	  However,	  for	  the	  endothelin	  

receptor	  type	  B	  the	  lowest	  initial	  levels	  are	  seen	  in	  the	  foreskin	  fibroblasts	  

compared	  to	  gingival	  and	  tongue	  fibroblasts,	  which	  demonstrated	  the	  highest	  initial	  

levels	  of	  mRNA	  expression.	  	  

	  

	  

	  

For	  the	  TGF-‐β	  dose	  response	  curves	  it	  appears	  that	  the	  maximal	  induction	  of	  SMA,	  

CTGF	  and	  EDN1	  occurred	  at	  the	  1	  ng/ml	  dose,	  but	  the	  EDN1	  mRNA	  expression	  

levels	  over	  the	  entire	  curve	  were	  lowest	  in	  gingival	  fibroblasts	  compared	  to	  foreskin	  

and	  tongue	  fibroblasts	  which	  showed	  equivalent	  levels.	  There	  were	  opposing	  values	  

seen	  in	  the	  dose-‐response	  curve	  results	  for	  the	  endothelin	  receptors.	  In	  response	  to	  

increasing	  levels	  of	  TGF-‐β	  the	  EDNRA	  mRNA	  levels	  were	  overall	  higher	  in	  foreskin	  

fibroblasts	  compared	  to	  tongue	  fibroblasts	  but	  the	  opposite	  was	  true	  for	  the	  EDNRB	  

!
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mRNA	  levels	  which	  show	  that	  the	  tongue	  fibroblasts	  have	  overall	  higher	  levels	  

compared	  to	  foreskin	  fibroblasts.	  However,	  for	  both	  the	  EDNRA	  and	  EDNRB	  the	  

mRNA	  expression	  levels	  in	  the	  gingival	  fibroblasts	  significantly	  decreased	  through	  

the	  increasing	  doses	  of	  TGF-‐β,	  whereas	  in	  tongue	  and	  foreskin	  fibroblast	  the	  mRNA	  

expression	  levels	  increased.	  	  

	  

When	  examining	  the	  mRNA	  expression	  levels	  in	  response	  to	  the	  initial	  induction	  

dose	  of	  0.1	  ng/ml	  we	  observed	  that	  SMA	  and	  CTGF	  expression	  was	  highest	  in	  

foreskin	  fibroblasts,	  next	  highest	  in	  gingival	  fibroblasts	  and	  lowest	  in	  tongue	  

fibroblasts.	  For	  EDN1,	  EDNRB,	  EDNRA	  expression	  levels	  were	  higher	  in	  the	  gingival	  

fibroblasts	  compared	  to	  foreskin	  and	  tongue	  fibroblasts,	  which	  were	  equivalent.	  	  

	  

Discussion.	  

In	  an	  organotypic	  co-‐	  culture	  system,	  keratinocyte	  overexpression	  of	  GLI2	  results	  in	  a	  

TGFβ1	  dependent	  differential	  desmoplastic	  response	  in	  tongue	  vs.	  gingival	  fibroblasts	  

This	  chapter	  has	  demonstrated	  that	  as	  a	  pleiotropic	  oncogene,	  GLI2	  overexpression	  

in	  HaCaT	  cells	  in	  an	  organotypic	  culture	  system	  produces	  many	  of	  the	  hallmarks	  of	  

an	  epidermal	  cancer	  and	  results	  in	  a	  differential	  response	  of	  fibroblasts	  derived	  

from	  unique	  anatomical	  locations	  in	  the	  oral	  cavity	  (tongue	  vs.	  gingiva).	  Further,	  

this	  differential	  response	  is	  TGFβ1	  mediated	  as	  evidenced	  by	  the	  reduction	  in	  

fibroblast	  α-‐SMA	  production	  with	  the	  addition	  of	  the	  TGF	  β	  receptor	  I/II	  kinase	  

inhibitor,	  LY2109761.	  These	  observations	  suggest	  that	  there	  may	  be	  differential	  
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intrinsic	  capabilities	  of	  the	  anatomically	  diverse	  fibroblasts	  to	  respond	  to	  TGFβ1	  

and	  indeed,	  we	  demonstrate	  differential	  expression	  of	  desmoplastic	  mediators	  in	  

the	  TGFβ1	  dose	  response	  curves.	  	  

	  

The	  differential	  results	  of	  the	  TGFβ1	  dose	  response	  curve	  are	  consistent	  with	  anatomic	  

variations	  of	  the	  stromal	  fibroblasts	  derived	  from	  different	  areas	  of	  the	  oral	  cavity	  

Of	  the	  mediators	  whose	  mRNA	  expression	  levels	  were	  measured,	  α-‐SMA,	  CTGF	  and	  

EDN1	  seem	  to	  be	  universally	  elevated	  but,	  importantly,	  there	  were	  significant	  

differences	  seen	  in	  the	  level	  of	  TGFβ1	  required	  to	  increase	  expression	  of	  EDN1	  to	  a	  

level	  of	  significance.	  In	  particular,	  the	  gingival	  fibroblasts	  increased	  expression	  of	  

EDN1	  at	  a	  lower	  concentration	  of	  TGFβ1	  compared	  to	  foreskin	  and	  tongue	  

fibroblasts.	  This	  result	  would	  be	  consistent	  with	  the	  proposed	  role	  of	  EDN1	  to	  act	  

synergistically	  with	  TGFβ1	  to	  up-‐regulate	  the	  production	  of	  ECM	  components	  in	  

fibrotic	  disease	  states	  and	  it	  is	  also	  consistent	  given	  the	  specific	  functional	  demands	  

placed	  on	  gingival	  tissue	  as	  compared	  to	  foreskin	  and	  tongue	  tissue.	  Gingival	  tissue	  

is	  situated	  so	  as	  to	  receive	  nearly	  direct	  masticatory	  force	  and	  thus,	  one	  would	  

expect	  the	  gingival	  fibroblasts	  that	  are	  responsible	  for	  making	  the	  ECM	  have	  an	  

intrinsic	  ability	  to	  make	  ECM	  that	  is	  appropriate	  to	  withstand	  the	  forces	  placed	  upon	  

it.	  So,	  in	  gingival	  fibroblasts,	  a	  smaller	  amount	  of	  TGFβ1,	  compared	  to	  foreskin	  and	  

tongue	  fibroblasts,	  is	  required	  to	  up-‐regulate	  EDN1,	  it’s	  synergistic	  partner,	  

resulting	  in	  a	  more	  exuberant	  production	  of	  fibrotic	  components	  through	  a	  feed-‐

forward	  loop.	  Further,	  our	  result	  showing	  that	  there	  is	  a	  down-‐regulation	  of	  EDNR	  
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(A	  and	  B)	  mRNA	  as	  a	  result	  of	  TGFβ1	  stimulation,	  is	  entirely	  consistent	  with	  this	  

theory	  and	  represents	  the	  feedback	  loop	  that	  is	  in	  place	  to	  ensure	  that	  the	  fibrosis	  is	  

not	  overly	  exuberant	  by	  lowering	  the	  cells’	  responsiveness	  to	  EDN1	  and	  essentially	  

putting	  the	  brakes	  on	  the	  feed	  forward	  loop.	  Both	  the	  feed	  forward	  and	  feed	  back	  

signaling	  mechanisms	  are	  in	  place	  to	  ensure	  the	  underlying	  dermis	  has	  an	  

appropriate	  level	  of	  fibrosis	  to	  meet	  the	  site-‐specific	  functional	  demands.	  Not	  

observing	  this	  relationship	  in	  tongue	  and	  foreskin	  fibroblasts	  does	  indicate	  that	  

there	  maybe	  underlying	  site-‐specific	  differences	  in	  the	  stroma	  that	  explain	  the	  

differences	  in	  the	  clinical	  characteristics	  of	  tumors	  which	  arise	  from	  varied	  locations	  

in	  the	  oral	  cavity	  and	  that	  this	  is	  merely	  one	  example.	  

	  

Future	  directions	  

In	  future	  chapters	  we	  will	  extend	  our	  characterization	  of	  the	  mRNA	  levels	  of	  just	  a	  

few	  genes	  to	  profiling	  the	  entirety	  of	  the	  expressed	  mRNA	  and	  comparing	  a	  much	  

larger	  set	  of	  tongue	  fibroblasts	  and	  gingival	  fibroblasts.	  We	  will	  be	  profiling	  

carcinoma	  associated	  fibroblasts	  and,	  where	  possible,	  paired	  normal	  fibroblasts.	  If	  

one	  believes	  the	  literature,	  that	  states	  that	  oral	  squamous	  cell	  carcinoma	  is	  

associated	  with	  high	  levels	  of	  TGFβ1	  compared	  to	  normal	  tissues82,	  by	  comparing	  

CAFs	  with	  NFs	  we	  will	  be	  repeating	  the	  above	  experiment	  but	  on	  a	  larger	  scale.	  This	  

will	  hopefully	  provide	  us	  with	  a	  larger	  picture	  of	  the	  TGFβ1	  related	  signaling	  

mechanisms	  and	  downstream	  mediators	  that	  contribute	  to	  the	  development	  of	  a	  

carcinoma-‐associated	  microenvironment.	  
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Chapter	  4:	  Immunofluorescence	  Study	  Seeking	  to	  Identify	  Carcinoma-‐

Associated	  Fibroblast	  Subsets	  and	  Cell-‐of-‐Origin.	  
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Introduction	  

The	  previous	  chapter	  discussed	  in	  detail	  the	  inherit	  differences	  in	  fibroblast	  biology	  

based	  on	  anatomic	  site	  and	  that	  may	  contribute	  to	  the	  varied	  influences	  the	  CAFs	  

have	  on	  the	  microenvironment	  surrounding	  a	  carcinoma.	  The	  potential	  influences	  

are	  diverse,	  in	  a	  comprehensive	  review	  by	  Rasanen	  et	  al.,	  CAFs	  have	  been	  shown	  to	  

have	  multiple	  pro-‐tumorigenic	  effects	  such	  as	  being	  a	  source	  of	  classical	  growth	  

factors	  (EGF,	  TGFβ	  and	  HGF)	  serving	  to	  directly	  stimulate	  tumor	  cell	  growth,	  having	  

direct	  pro-‐metastatic	  effects	  possibly	  through	  the	  chemokine	  CCL5,	  maintaining	  

homeostasis	  of	  the	  tumor	  microenvironment	  by	  serving	  as	  a	  buffer	  for	  the	  highly	  

metabolic	  cancer	  cells,	  the	  recruitment	  and	  transformation	  of	  pro-‐tumorigenic	  

inflammatory	  cells	  and	  even	  as	  a	  modifier	  of	  sensitivity	  of	  cancer	  cells	  to	  chemo	  or	  

radiotherapy83.	  	  It	  is	  noted	  that	  this	  research	  is	  largely	  based	  on	  defining	  a	  CAF	  via	  

classic	  markers,	  namely,	  αSMA,	  vimentin	  and	  collagen	  I.	  However,	  recent	  literature	  

suggests	  there	  are	  at	  least	  two	  subsets	  of	  CAFs,	  one	  is	  fibroblast	  specific	  protein-‐1	  

(FSP1)	  positive	  and	  negative	  for	  neuron-‐glial	  antigen-‐2	  (NG2),	  α-‐SMA	  and	  platelet	  

derived	  growth	  factor	  receptor	  beta	  (PDGFRβ),	  the	  other	  group	  is	  just	  the	  opposite,	  

positive	  for	  NG2,	  α-‐SMA	  and	  PDGFRβ	  and	  negative	  for	  FSP184,85.	  Fibroblast	  activated	  

protein	  (FAP)	  has	  also	  been	  used	  as	  a	  CAF	  marker	  and	  depending	  on	  the	  CAF	  

population	  under	  study	  displays	  overlap	  with	  the	  above	  markers86.	  

	  In	  addition	  to	  subset	  identification,	  different	  cells	  of	  origin	  for	  the	  CAFs	  have	  been	  

proposed.	  The	  genesis	  of	  CAFs	  from	  the	  local	  fibroblast	  population	  was	  the	  original	  

supposition87	  but	  evidence	  suggests	  that	  they	  may	  also	  arise	  from	  epithelium	  via	  
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epithelial-‐to-‐mesenchymal	  transition88,	  endothelium89	  and	  bone	  marrow	  stem	  

cells90.	  This	  all	  suggests	  that	  CAFs	  are	  actually	  a	  very	  heterogeneous	  population	  of	  

cells	  with	  potentially	  different	  origins	  and	  functions.	  Having	  the	  ability	  to	  identify	  

the	  different	  subsets	  and	  study	  their	  specific	  genetic	  expression	  profiles	  would	  lead	  

to	  an	  increased	  understanding	  of	  how	  they	  contribute	  to	  tumor	  progression.	  

Further,	  verification	  that	  unique	  CAF	  subsets	  exist,	  may	  completely	  alter	  how	  we	  

think	  about	  CAF	  influences	  on	  tumorogenesis.	  Thus,	  that	  is	  what	  we	  attempt	  to	  do	  in	  

this	  chapter,	  we	  use	  immunofluorescence	  to	  label	  each	  of	  the	  fibroblast	  strains	  with	  

antibodies	  specific	  for	  the	  above	  mentioned	  markers	  to	  attempt	  to	  identify	  subsets	  

of	  CAFs	  and	  potentially	  their	  tissue	  of	  origin.	  	  

	  

Methods	  

Fibroblast	  cell	  strains	  were	  grown	  to	  approximately	  80%	  confluence	  in	  10	  ml	  of	  

DMEM	  H16	  with	  10%	  FBS	  and	  were	  released	  from	  T75	  culture	  flasks	  (Corning,	  NY)	  

using	  4ml	  of	  0.25%	  trypsin,	  pelleted	  by	  centrifugation	  at	  1	  g	  for	  3	  minutes	  and	  re-‐

suspended	  in	  3ml	  of	  DMEM	  with	  10%	  FBS.	  	  A	  haemocytometer	  (Reichert,	  Buffalo,	  

NY)	  was	  used	  to	  determine	  the	  fibroblast	  concentration	  per	  ml	  so	  that	  1x104	  cells	  

were	  plated	  in	  a	  volume	  of	  2	  ml	  of	  DME	  H-‐16	  with	  10%	  FCS	  on	  sterile	  glass	  cover	  

slips	  in	  6	  well	  plates	  and	  allowed	  to	  attach	  overnight.	  Medium	  was	  aspirated	  and	  

cells	  were	  washed	  with	  PBS	  for	  3	  minutes.	  Cells	  were	  fixed	  with	  acetone-‐methanol-‐

formaldehyde	  (19:19:2,	  Sigma,	  St.	  Louis,	  MO)	  for	  3	  minutes	  and	  fixative	  was	  

aspirated.	  	  Cells	  were	  washed	  twice	  with	  PBS	  Tween	  (1Liter	  PBS	  with	  0.5	  mL	  Tween	  
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20,	  Sigma,	  St.	  Louis,	  MO)	  for	  3	  minutes	  each,	  and	  wash	  solution	  aspirated.	  Cells	  were	  

incubated	  in	  3%	  bovine	  serum	  albumin	  (BSA)	  for	  30	  minutes	  to	  block	  non-‐specific	  

binding	  sites	  following	  which	  BSA	  was	  aspirated	  off.	  Cells	  were	  incubated	  in	  50	  μL	  

of	  primary	  antibody	  (1:100	  dilution,	  see	  Table	  I)	  at	  RT	  for	  2	  hours.	  Primary	  antibody	  

was	  washed	  off	  with	  3	  washes	  of	  PBS	  Tween	  with	  agitation	  for	  5	  minutes.	  Cells	  were	  

incubated	  with	  50	  μL	  secondary	  antibody	  (1:500	  or	  1:1000	  dilution,	  see	  Table	  4.I)	  

for	  30	  minutes	  in	  the	  dark.	  Secondary	  antibody	  was	  washed	  off	  with	  3	  washes	  of	  

PBS	  Tween	  with	  agitation	  for	  5	  minutes.	  Cover	  slips	  with	  attached	  cells	  were	  

mounted	  in	  Vectastain	  DAPI	  (Vector	  Labs,	  Burlingame,	  CA),	  transferred	  to	  slides	  and	  

imaged.	  
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Table	  4.1:	  The	  antibodies	  used	  to	  label	  the	  specific	  protein	  markers	  are	  listed	  along	  with	  
their	  clonality,	  species	  host,	  species	  reactivity,	  the	  dilution	  it	  was	  used	  at	  and	  the	  
associated	  catalogue	  number.	  
	  

	  

	  

Results	  

The	  immunofluorescence	  results	  verify	  the	  mesenchymal	  origins	  of	  the	  fibroblast	  

strains	  with	  the	  majority	  having	  less	  than	  1%	  of	  the	  cells	  positive	  for	  pancytokeratin	  

whereas	  there	  was	  universal	  positivity	  for	  vimentin.	  (Table	  4.2).	  There	  were	  two	  

cell	  lines,	  which	  had	  approximately	  10%	  of	  the	  cells	  positive	  for	  pancytokeratin1	  

00(OF77	  and	  OF97).	  Figure	  4.1	  demonstrates	  the	  typical	  immunofluorescent	  

pattern	  observed	  in	  the	  positive	  control	  cells,	  the	  immortalized	  keratinocyte	  line,	  

HaCaTs	  (upper	  left	  panel),	  in	  contrast	  to	  the	  typically	  negative	  fibroblast	  strain	  
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(upper	  right	  panel).The	  figure	  also	  shows	  that	  HaCaTs	  are	  negative	  for	  vimentin	  

(lower	  left	  panel)	  whereas	  the	  filament-‐like	  cytosolic	  staining	  in	  the	  fibroblast	  

strains	  (lower	  right	  panel)	  was	  always	  strongly	  positive.	  	  

	  
Table	  4.2:	  The	  table	  lists	  the	  fibroblast	  cell	  strains	  used,	  including	  tissue	  of	  origin,	  
whether	  it	  was	  from	  normal	  tissue	  or	  carcinoma,	  the	  patient	  identification	  number	  (5/6	  
of	  the	  tongue	  pairs	  and	  1/6	  of	  the	  gingival	  pairs	  came	  from	  the	  same	  patient),	  the	  
passage	  number	  and	  the	  percentage	  of	  cells	  that	  were	  positive	  for	  pancytokeratin	  and	  
vimentin.	  
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In	  order	  to	  investigate	  the	  possible	  origins	  of	  the	  various	  fibroblast	  strains	  and	  

potentially	  identify	  subgroups	  of	  carcinoma-‐associated	  fibroblasts,	  additional	  

primary	  antibodies	  were	  tested.	  (α-‐SMA,	  FSP-‐1,	  PDGFRβ,	  FAP	  and	  NG2.	  	  Figure	  4.2	  

and	  3	  demonstrate	  the	  typical	  immunofluorescent	  patterns	  for	  each	  of	  these	  

antibodies	  in	  a	  strongly	  positive	  and	  weakly	  positive	  cell	  line	  (HaCaT)	  or	  fibroblast	  

strain.	  α-‐SMA	  positivity	  is	  the	  hallmark	  of	  the	  “activated”	  fibroblast	  or	  carcinoma-‐

associated	  fibroblast	  and	  appears	  as	  long	  intra-‐cytosolic	  fibers	  traversing	  the	  length	  

of	  the	  cell	  (Figure	  4.2	  upper	  right	  panel).	  FSP-‐1	  is	  located	  more	  diffusely	  within	  the	  

cytosol	  but	  can	  have	  intense	  nuclear	  staining	  (Figure	  4.2	  lower	  right	  panel)	  
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Figure	  4.1:	  Upper	  left	  and	  upper	  right	  panels	  are	  pancytokeratin	  fluorescence	  in	  HaCaTs	  and	  tongue	  
normal	  fibroblasts,	  respectively	  and	  the	  lower	  left	  and	  lower	  right	  panels	  are	  vimentin	  staining	  in	  
HaCaTs,	  and	  tongue	  normal	  fibroblasts,	  respectively.	  	  	  
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consistent	  with	  its	  known	  nuclear	  translocation	  upon	  activation.	  PDGFRβ	  generally	  

showed	  a	  bright	  punctate	  pattern	  (Figure	  4.3	  upper	  right	  panel),	  reflecting	  its	  role	  

as	  a	  receptor	  located	  at	  the	  cell	  surface	  and	  the	  cytoplasm,	  NG2	  typically	  

demonstrated	  a	  diffuse	  pattern	  as	  well	  (Figure	  4.3	  lower	  right	  panel),	  however	  as	  

seen	  in	  melanoma	  cell	  line,	  A375,	  there	  was	  a	  tendency	  for	  the	  signal	  to	  be	  much	  

more	  intense	  at	  a	  leading	  edge.	  	  Finally,	  although	  several	  antibodies	  for	  FAP	  were	  

tried,	  we	  failed	  to	  identify	  one	  that	  was	  reproducible,	  thus	  we	  were	  unable	  to	  

characterize	  the	  fibroblast	  strains	  for	  this	  protein.	  	  
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Figure	  4.2:	  Upper	  left	  and	  upper	  right	  panels	  are	  αSMA	  fluorescence	  in	  tongue	  normal	  fibroblasts	  and	  
carcinoma-‐associated	  fibroblasts,	  respectively	  and	  the	  lower	  left	  and	  lower	  right	  panels	  are	  FSP-‐1	  
staining	  in	  tongue	  normal	  fibroblasts	  and	  carcinoma-‐associated	  fibroblasts,	  respectively.	  	  	  

40	  μm	  
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	  Analysis	  of	  the	  immunofluorescence	  for	  each	  of	  the	  24	  cells	  strains	  separated	  into	  

tongue	  and	  gingival	  CAF	  groups	  versus	  NF	  groups	  reveals	  that	  there	  is	  a	  statistically	  

significant	  difference	  in	  the	  α-‐SMA	  positivity	  in	  the	  gingival	  CAF	  strains	  compared	  to	  

the	  gingival	  NF	  strains	  (32±5	  vs.	  6±2,	  p=0.0006,	  student’s	  t-‐test,	  Table	  4.3	  and	  

Figure	  4.4).	  Although	  there	  was	  a	  trend	  towards	  higher	  α-‐SMA	  staining	  in	  the	  tongue	  

CAF	  group	  compared	  to	  the	  tongue	  NF	  group,	  there	  appeared	  to	  be	  too	  much	  

variation	  in	  the	  data	  and	  thus	  significance	  was	  not	  reached	  (29±11	  vs.	  13±10,	  N.S.,	  

Table	  4.3	  and	  Figure	  4.4.	  Of	  the	  other	  three	  antibodies	  tested	  only	  NG2	  seemed	  to	  

have	  a	  trend	  towards	  significance	  in	  both	  the	  tongue	  and	  gingival	  CAF	  versus	  NF	  
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Figure	  4.3:	  Upper	  left	  and	  upper	  right	  panels	  are	  PDGFRβ	  fluorescence	  in	  tongue	  normal	  fibroblasts	  
and	  carcinoma-‐associated	  fibroblasts,	  respectively	  and	  the	  lower	  left	  and	  lower	  right	  panels	  are	  NG2	  
staining	  in	  tongue	  normal	  fibroblasts	  and	  carcinoma-‐associated	  fibroblasts,	  respectively.	  	  	  
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comparisons	  (20±10	  vs.	  12±4	  and	  21±11	  vs.	  12±4,	  N.S.,	  respectively	  Table3).	  Both	  

FSP1	  and	  PDGFRβ	  displayed	  roughly	  equivocal	  staining	  across	  the	  groups.	  	  

	  

Table	  4.3	  Table	  3	  demonstrates	  the	  mean	  percentage	  ±	  standard	  error	  representing	  the	  
positive	  fluorescence	  for	  each	  of	  the	  individual	  markers	  for	  each	  anatomic	  subgroup	  (n	  
for	  each	  group	  is	  listed	  in	  Figure	  4).	  
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Discussion	  

αSMA	  positively	  identifies	  CAF	  populations	  in	  the	  gingival	  subgroup	  

We	  have	  verified	  that	  αSMA	  is	  a	  reliable	  CAF	  marker	  in	  the	  gingival	  anatomic	  

subgroup	  and	  there	  was	  a	  trend	  towards	  this	  in	  the	  tongue	  subgroup.	  The	  other	  

markers	  assessed	  did	  not	  reach	  significance.	  Among	  the	  reasons	  for	  this	  is	  that	  

despite	  labeling	  one	  of	  the	  largest	  collections	  of	  CAFs	  and	  NFs	  existing,	  the	  n	  is	  still	  

Figure	  4.4	  The	  figure	  represents	  the	  average	  percentage	  and	  standard	  error	  of	  α-‐SMA	  positive	  cells	  
for	  each	  of	  the	  anatomic	  subgroups.	  The	  connecting	  bars	  represent	  a	  statistically	  significant	  	  
difference	  between	  the	  gingival	  carcinoma-‐associated	  fibroblasts	  and	  gingival	  normal	  fibroblast	  
populations.	  
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relatively	  small	  and	  variation	  in	  just	  one	  or	  two	  strains	  is	  enough	  to	  increase	  the	  

standard	  deviation	  to	  the	  point	  were	  the	  differences	  no	  longer	  reach	  statistical	  

significance.	  	  Additionally,	  although	  a	  low	  passage	  number	  was	  preferentially	  used	  

in	  this	  study	  (between	  passage	  3	  and	  5),	  cell	  culture	  is	  unavoidably	  artificial	  in	  the	  

sense	  that	  the	  fibroblasts	  are	  grown	  from	  harvested	  tissue,	  removing	  them	  from	  the	  

chemical	  milieu	  and	  forces	  they	  are	  normally	  exposed	  to.	  This	  may	  result	  in	  a	  

certain	  number	  of	  the	  CAFs	  that	  were	  activated	  (positive	  αSMA),	  switching	  

phenotypes	  to	  the	  inactivated	  form	  (negative	  αSMA)	  or	  also	  there	  could	  be	  a	  

preferential	  selection	  for	  fast	  growing	  and	  dividing	  cells	  which	  may	  favor	  a	  larger	  

number	  of	  non-‐activated	  fibroblasts	  in	  the	  strain	  population.	  There	  are	  additional	  

concerns	  in	  tongue	  group,	  in	  which	  5/6	  of	  the	  CAF/NF	  pairs	  were	  same	  patient	  

pairs,	  whereas	  there	  was	  only	  one	  such	  pair	  in	  the	  gingival	  group,	  where	  it	  becomes	  

problematic	  to	  verify	  that	  the	  tissue	  of	  origin	  for	  the	  tongue	  NFs	  was	  from	  true	  

“normal”	  tongue.	  CAFs	  are	  derived	  from	  tissue	  taken	  from	  the	  center	  of	  a	  cancer	  

specimen	  and	  the	  NFs	  are	  grown	  from	  a	  piece	  of	  tissue	  taken	  from	  a	  site	  away	  from	  

the	  tumor	  in	  clinically	  and	  histologically	  normal	  tissue.	  The	  problem	  is	  that	  unlike	  

gingiva	  where	  one	  can	  obtain	  normal	  tissue	  from	  a	  truly	  distant	  site	  such	  as	  the	  

contralateral	  side	  of	  the	  oral	  cavity,	  the	  tongue	  is	  more	  or	  less	  a	  tubular	  organ	  and	  it	  

is	  difficult	  to	  get	  far	  enough	  away	  from	  the	  lesion	  to	  be	  sure	  you	  are	  in	  an	  unaffected	  

zone,	  anatomy	  limits	  this.	  Secondly,	  and	  this	  is	  true	  for	  the	  gingiva	  as	  well,	  tumors	  

secrete	  a	  wide	  variety	  of	  messengers	  such	  as	  cytokines	  and	  chemokines	  which	  may	  

be	  intended	  to	  act	  locally	  but	  might	  also	  have	  distant	  effects.	  Additionally,	  cancers	  
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also	  elaborate	  more	  exotic	  characters	  such	  as	  small	  RNA	  species,	  microRNA91,	  and	  

exosomes,	  which	  have	  been	  detected	  in	  patients	  blood	  and	  saliva92	  and	  recent	  work	  

has	  implicating	  them	  in	  prepping	  distant	  sites	  to	  receive	  metastatic	  islands	  for	  

propagation93.	  So,	  there	  is	  a	  question	  as	  to	  what	  extent	  NFs	  are	  affected	  by	  these	  

systemic	  influences	  elaborated	  by	  the	  tumor	  and	  whether	  or	  not	  they	  become	  more	  

like	  CAFs	  in	  the	  process,	  thus,	  making	  it	  difficult	  to	  determine	  differences	  between	  

the	  two	  populations.	  Despite	  all	  this,	  it	  is	  reassuring	  that	  we	  are	  able	  to	  identify	  

differences	  between	  CAFs	  and	  NFs,	  in	  a	  statistically	  significant	  manor,	  in	  the	  gingival	  

subgroup	  using	  αSMA	  as	  a	  marker.	  This	  indicates	  that	  although	  there	  maybe	  other	  

markers	  of	  CAFs,	  αSMA	  is	  the	  most	  robust	  and	  perhaps	  the	  most	  suitable	  marker	  to	  

use	  to	  delineate	  cells	  into	  a	  specific	  population,	  which	  gives	  more	  meaning	  to	  the	  

molecular	  characterization	  of	  CAFs	  going	  forward.	  In	  fact,	  in	  the	  next	  chapter	  we	  use	  

mRNA	  expression	  profiling	  to	  further	  characterize	  the	  differences	  between	  CAFS	  

and	  NFs.	  	  	  
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Chapter	  5:	  mRNA	  Expression	  Profiling	  of	  Carcinoma-‐Associated	  and	  Normal	  

Fibroblasts.	  
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Introduction.	  

For	  some	  time	  now,	  investigators	  have	  been	  measuring	  single	  genes,	  panels	  of	  genes	  

and	  more	  recently,	  entire	  transcriptomes	  in	  order	  to	  discover	  the	  critical	  drivers	  of	  

carcinomas.	  The	  majority	  of	  this	  work	  has	  focused	  on	  measuring	  RNA	  derived	  from	  

either	  whole	  tumors	  or	  cultured	  tumor	  cell	  lines,	  which	  has	  left	  the	  stromal	  specific	  

gene	  expression	  characteristics	  largely	  unknown.	  However,	  recent	  work	  has	  begun	  

to	  investigate	  the	  gene	  expression	  characteristics	  of	  stroma	  as	  well	  as	  stromal	  CAFs	  

and	  the	  results	  so	  far	  have	  been	  promising.	  One	  such	  study	  examined	  the	  gene	  

expression	  patterns	  of	  the	  micro-‐dissected	  stroma	  of	  the	  well-‐characterized	  

neoplastic	  progression	  of	  Barrett’s	  esophagus	  to	  dysplasia	  and	  then	  finally,	  

esophageal	  adenocarcinoma.	  These	  authors	  were	  able	  to	  identify	  stromal	  genes	  that	  

discriminated	  pre-‐invasive	  disease	  from	  invasive	  disease	  and	  found	  that	  they	  were	  

predictive	  of	  outcome94.	  Still	  others	  have	  isolated	  fibroblast	  populations	  by	  primary	  

cell	  culture	  from	  the	  carcinoma-‐associated	  microenvironment	  and	  compared	  them	  

to	  normal	  fibroblasts	  and	  have	  reported	  results	  similar	  to	  ours,	  described	  in	  Chapter	  

4,	  namely	  that	  fibroblast	  populations	  are	  heterogeneous	  in	  nature	  with	  variability	  

between	  individuals	  and	  even	  within	  the	  same	  individuals95.	  Yet,	  despite	  this	  

heterogeneity,	  other	  authors	  have	  gone	  on	  to	  draw	  useful	  conclusions	  from	  

fibroblast	  gene	  expression	  data,	  including	  one	  group	  that	  demonstrated	  a	  

correlation	  between	  the	  fibroblast	  gene	  expression	  profile	  and	  the	  genomic	  stability	  

and	  stage	  of	  tumor	  progression	  of	  the	  associated	  oral	  squamous	  cell	  carcinoma96.	  
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Still	  others	  have	  used	  expression	  data	  in	  concert	  with	  functional	  studies	  to	  elucidate	  

important	  gene	  signaling	  networks	  and	  mechanisms97.	  	  

In	  this	  chapter	  we	  utilize	  the	  Affymetrix	  Human	  1.0	  ST	  Exon	  Array	  to	  develop	  an	  

expression	  profile	  of	  each	  of	  the	  fibroblast	  cell	  strains	  we	  describe	  in	  Chapter	  4.	  

Using	  these	  data,	  we	  will	  attempt	  to	  identify	  differentially	  expressed	  genes	  that	  

differentiate	  a	  CAF	  from	  an	  NF	  as	  well	  as	  tongue	  fibroblasts	  from	  gingival	  

fibroblasts.	  With	  this	  information	  we	  will	  then	  be	  able	  to	  further	  describe	  the	  genes	  

and	  their	  functions	  that	  are	  important	  in	  the	  tumor/stromal	  interaction	  and	  

neoplastic	  progression.	  	  

	  

Methods.	  

Fibroblast	  cell	  strains	  were	  grown	  to	  approximately	  80%	  confluence	  in	  10	  ml	  of	  

DMEM	  H16	  with	  10%	  FBS	  and	  were	  released	  from	  T75	  culture	  flasks	  (Corning,	  NY)	  

using	  4ml	  of	  0.25%	  trypsin,	  pelleted	  by	  centrifugation	  at	  1	  g	  for	  3	  minutes.	  The	  

supernatant	  was	  aspirated	  and	  2.5	  ml	  of	  Trizol	  (Invitrogen,	  Life	  Technologies,	  

Carlsbad,	  CA)	  was	  added	  with	  repeat	  pipetting	  to	  lyse	  the	  cells.	  Next,	  1.25	  ml	  of	  the	  

Trizol	  cell	  lysis	  solution	  was	  placed	  in	  a	  2	  ml	  tube	  and	  then	  0.25	  ml	  of	  chloroform	  

(Sigma,	  St.	  Louis,	  MO)	  was	  added,	  followed	  by	  15	  seconds	  of	  vigorous	  shaking	  and	  

then	  a	  3	  minute	  incubation	  period	  at	  room	  temperature.	  The	  samples	  were	  

centrifuged	  at	  12,000	  g	  for	  15	  minutes	  at	  4˚C	  to	  achieve	  phase	  separation.	  The	  

aqueous	  phase	  containing	  the	  RNA	  was	  then	  pipetted	  into	  a	  new	  2	  ml	  tube	  into	  

which	  0.625	  ml	  of	  isopropyl	  alcohol	  was	  introduced	  and	  then	  a	  10-‐minute	  
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incubation	  period	  at	  room	  temperature	  was	  followed	  by	  centrifugation	  at	  12,000	  g	  

for	  10	  minutes	  at	  4˚C	  to	  precipitate	  the	  RNA	  into	  a	  gel-‐like	  pellet.	  The	  supernatant	  

was	  then	  removed.	  The	  RNA	  pellet	  was	  washed	  with	  a	  1.25	  ml	  volume	  of	  70%	  

ethanol	  followed	  by	  centrifugation	  at	  7,500	  g	  for	  5	  minutes	  at	  4˚C.	  The	  supernatant	  

was	  removed	  and	  the	  RNA	  pellet	  was	  allowed	  to	  briefly	  dry	  for	  10	  minutes.	  The	  RNA	  

was	  then	  re-‐dissolved	  in	  15-‐30	  µl	  of	  water.	  All	  samples	  were	  then	  subjected	  to	  an	  

RNA	  “clean-‐up”	  procedure	  utilizing	  an	  RNeasy®	  Mini	  Kit	  (Qiagen,	  Life	  Technologies,	  

Carlsbad,	  CA)	  following	  the	  manufacturer’s	  recommendations	  which	  included	  an	  in-‐

column	  DNase	  treatment.	  Next,	  the	  quality	  of	  the	  mRNA	  samples	  was	  evaluated	  

using	  an	  Agilent	  Bioanalyzer	  (Wilmington,	  DE)	  and	  the	  concentration	  was	  measured	  

using	  a	  Nanodrop	  instrument	  (Thermoscientific,	  Wilmington,	  DE).	  	  Samples	  that	  had	  

A260/A280	  and	  A260/A230	  ratios	  above	  1.8,	  total	  RNA	  (28S/18S)	  ratios	  above	  1.6	  

and	  RNA	  integrity	  numbers	  (RIN)	  above	  7	  (Table	  I)	  were	  considered	  suitable	  for	  

expression	  analysis	  using	  the	  Affymentrix	  Human	  ST	  1.0	  Exon	  Arrays.	  Analyses	  

were	  carried	  out	  with	  24	  fibroblast	  strains	  by	  the	  Gladstone	  Institute’s	  Genome	  Core	  

(Gladstone	  Institute,	  San	  Francisco,	  CA)	  following	  the	  manufacturer’s	  

recommendations.	  	  Briefly,	  100	  ng	  of	  total	  RNA	  is	  aliquoted	  in	  a	  RNase	  free	  tube	  and	  

added	  to	  that	  was	  the	  diluted	  poly	  A	  control,	  which	  was	  prepared	  by	  making	  serial	  

dilutions	  of	  the	  GenChip	  PolyA	  controls	  using	  the	  polyA	  dilution	  buffer	  supplied	  

with	  the	  kit,	  to	  a	  final	  concentration	  of	  1:50,000	  of	  the	  original	  stock.	  Next,	  a	  master	  

mix	  composing	  of	  1	  μl	  ribominus	  probe	  and	  30	  μl	  of	  the	  betaine	  buffer	  is	  added	  and	  

incubated	  at	  70°C	  for	  5	  minutes	  and	  then	  placed	  on	  ice.	  Then	  50	  μl	  of	  the	  



	   93	  

resuspended	  bead	  solution	  is	  placed	  into	  a	  fresh	  tube	  with	  50	  μl	  of	  RNase-‐free	  water	  

added	  and	  spun	  down,	  the	  supernatant	  was	  aspirated	  and	  discarded	  and	  the	  process	  

was	  repeated.	  The	  beads	  were	  then	  resuspended	  in	  the	  hybridization	  buffer	  with	  

the	  betaine	  solution,	  followed	  by	  centrifugation	  and	  resuspension	  of	  the	  beads	  in	  	  
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20μl	  of	  hybridization	  buffer	  with	  betaine	  and	  incubated	  at	  37°C	  for	  10	  minutes	  

mixing	  once	  during	  the	  incubation.	  Next,	  the	  master	  mix	  is	  combined	  with	  the	  bead	  

suspension	  and	  incubated	  at	  37°C	  for	  10	  minutes,	  this	  is	  then	  transferred	  to	  a	  fresh	  

tube	  as	  the	  rRNA	  reduced	  sample.	  Then	  350	  μl	  of	  cRNA	  binding	  buffer	  from	  the	  

GenChip	  IVT	  cRNA	  cleanup	  kit	  is	  added	  to	  each	  rRNA	  reduced	  sample,	  vortexed	  and	  

250	  μl	  of	  100%	  ethanol	  is	  added	  and	  run	  through	  the	  IVT	  cRNA	  cleanup	  column,	  

centrifuged	  at	  15s	  at	  8,000xg,	  a	  wash	  buffer	  is	  then	  added	  followed	  by	  another	  15	  s	  

centrifugation,	  the	  same	  process	  is	  followed	  with	  80%	  ethanol.	  Lastly,	  11	  μl	  of	  

RNase-‐free	  water	  is	  added	  directly	  to	  the	  membrane,	  spun	  at	  20,000x	  for	  1	  minute	  

to	  elute	  the	  rRNA	  reduced	  total	  RNA/PolyA	  RNA	  control	  mix.	  Then	  we	  checked	  the	  

samples	  on	  a	  bioanalyzer	  to	  ensure	  that	  the	  ribosomal	  peaks	  are	  reduced,	  there	  

should	  be	  greater	  than	  80%	  reduction	  followed	  this.	  	  

For	  synthesis	  of	  labeled	  cDNA	  a	  dilution	  of	  the	  supplied	  t7-‐(N)6	  primers	  was	  added	  

to	  the	  rRNA	  reduced	  total	  RNA/Poly	  A	  RNA	  control	  mix,	  spun	  down,	  and	  incubated	  

for	  5	  minutes	  at	  70°C	  followed	  by	  2	  minutes	  at	  4°C	  and	  then	  placed	  on	  ice.	  The	  

double-‐stranded	  cDNA	  was	  prepared	  using	  the	  GeneChip	  WT	  cDNA	  synthesis	  kit	  as	  

per	  the	  manufacturer’s	  protocol,	  which	  is	  converted	  to	  complimentary	  RNA	  by	  in	  

vitro	  transcription	  using	  the	  GeneChip	  WT	  cDNA	  amplification	  kit	  as	  per	  the	  

manufacture’s	  protocol,	  this	  typically	  yielded	  1.5	  to	  3	  μg	  of	  cRNA.	  The	  cRNA	  is	  then	  

reverse	  transcribed	  back	  to	  cDNA	  using	  random	  primers	  and	  a	  10	  mM	  nucleotide	  

mix	  containing	  dNTP	  and	  dUTP,	  which	  is	  fragmented	  using	  Uracil	  DNA	  glycolase	  and	  

human	  apurinic/apyrimidine	  endonuclease	  fragmenting	  the	  cDNA	  reproducibly	  at	  
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locations	  where	  dUTP	  is	  incorporated	  and	  this	  is	  labeled	  using	  terminal	  

deoxynucleotide	  transferase	  (TdT)	  and	  the	  kit	  supplied	  DNA	  labeling	  reagent	  that	  is	  

linked	  to	  biotin.	  Lastly,	  the	  labeled	  cDNA	  is	  mixed	  with	  20x	  eukaryotic	  hybridization	  

controls,	  denatured	  and	  hybridized	  to	  Human	  Exon	  1.0	  ST	  arrays	  as	  recommended	  

in	  the	  kit	  and	  after	  18	  hours	  of	  hybridization	  the	  arrays	  are	  subjected	  to	  a	  fluidics	  

protocol	  that	  washes	  and	  stains	  the	  array	  with	  streptavidin	  phycoerithrin.	  The	  

arrays	  are	  then	  scanned	  in	  a	  GeneChip	  3000G	  scanner	  and	  data	  is	  exported	  as	  CEL	  

files.	  	  

The	  24samples	  were	  hybridized	  to	  the	  Affymetrix	  GeneChip	  Human	  Gene	  1.0	  ST	  

Array.	  	  Each	  of	  the	  28,869	  genes	  on	  the	  array	  is	  represented	  by	  approximately	  26	  

probes	  dispersed	  across	  the	  length	  of	  the	  gene.	  	  Only	  perfect	  match	  probes	  are	  

included	  on	  the	  array.	  	  Gene-‐level	  and	  exon-‐level	  expression	  summaries	  were	  

derived	  using	  the	  Robust	  Multichip	  Average	  (RMA)	  method98.	  The	  RMA	  method	  was	  

utilized	  through	  the	  Affymetrix	  Power	  Tool	  software	  suite.	  	  In	  particular,	  the	  

program	  apt-‐probeset-‐summarize	  program	  was	  used.	  	  All	  arrays	  passed	  quality	  

control	  cutoffs.	  

The	  10%	  of	  genes	  (2887)	  with	  the	  highest	  variance	  were	  clustered.	  	  Traditional	  

hierarchical	  agglomerative	  clustering	  of	  both	  samples	  and	  genes	  was	  utilized.	  In	  this	  

form	  of	  clustering,	  every	  object	  (sample	  or	  gene)	  begins	  as	  it	  own	  cluster.	  The	  two	  

closest	  objects	  are	  clustered,	  and	  this	  process	  is	  repeated	  iteratively	  until	  all	  objects	  

are	  in	  a	  single	  cluster.	  	  A	  dendrogram	  describes	  the	  order	  in	  which	  samples	  

clustered	  and	  a	  heat	  map	  shows	  the	  patterns	  of	  the	  expression	  values	  in	  the	  



	   96	  

clustering.	  The	  distance	  metric	  used	  was	  one	  minus	  correlation	  and	  the	  linkage	  

method	  was	  Ward’s	  method.	  	  	  	  	  A	  cluster	  of	  genes	  that	  had	  particularly	  strong	  

expression	  was	  examined	  for	  over-‐representation	  of	  gene	  themes	  using	  DAVID99	  .	  

The	  samples	  were	  taken	  either	  from	  tongue	  or	  gingiva	  and	  were	  either	  cancer-‐

associated	  fibroblasts	  (CAFs)	  or	  normal	  fibroblasts	  (NFs).	  	  	  	  There	  were	  5	  tongue	  

CAFs,	  7	  tongue	  NFs,	  5	  gingiva	  CAFs,	  and	  6	  gingiva	  NFs.	  	  Because	  all	  the	  tongue	  CAFs	  

were	  paired	  with	  tongue	  NFs,	  differences	  in	  expression	  between	  CAFs	  and	  NFs	  for	  

the	  tongue	  samples	  were	  assessed	  in	  a	  paired	  manner.	  	  The	  gingiva	  samples	  of	  CAFs	  

and	  NFs	  were	  unpaired	  so	  an	  unpaired	  analysis	  was	  undertaken.	  	  	  For	  CAF	  samples,	  

differences	  were	  identified	  between	  the	  tongue	  and	  gingiva,	  and	  a	  similar	  analysis	  

was	  performed	  for	  the	  NF	  samples.	  	  These	  comparisons	  were	  unpaired.	  	  	  

The	  Limma	  method100	  was	  used	  for	  all	  the	  differential	  expression	  analyses.	  	  This	  test	  

is	  based	  on	  the	  moderated	  t-‐statistic.	  	  In	  this	  statistic,	  the	  standard	  error	  is	  

calculated	  by	  borrowing	  strength	  across	  genes.	  	  This	  can	  be	  helpful	  for	  small	  sample	  

sizes	  for	  which	  it	  can	  be	  difficult	  to	  properly	  estimate	  it	  for	  every	  gene.	  	  The	  cutoff	  

for	  significance	  was	  a	  p-‐value	  less	  than	  0.001.	  	  With	  nearly	  30,000	  genes,	  

approximately	  30	  genes	  would	  be	  expected	  to	  be	  significant	  even	  if	  there	  was	  no	  

signal	  in	  the	  data.	  

For	  the	  validation	  study,	  the	  total	  RNA	  used	  for	  the	  mRNA	  expression	  profiling	  was	  

assayed	  using	  the	  Qiagen	  (SABiosciences,	  Frederick,	  MD)	  RT2	  Profiler	  Custom	  PCR	  

array	  in	  a	  384-‐well	  format;	  the	  genes	  selected	  for	  validation	  are	  shown	  in	  Table	  2.	  

The	  quality	  of	  the	  total	  RNA	  was	  assessed	  as	  described	  above	  for	  the	  expression	  
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arrays	  as	  well	  as	  run	  with	  the	  RT2	  Profiler	  QC	  PCR	  array	  to	  ensure	  appropriate	  

performance	  of	  the	  RNA	  with	  Qiagen’s	  SYBR	  Green	  probes.	  Both	  the	  QC	  PCR	  array	  

and	  the	  custom	  array	  have	  the	  same	  protocol	  for	  preparing	  the	  cDNA	  and	  PCR	  mixes	  

and	  briefly	  are	  as	  follows,	  the	  genomic	  DNA	  elimination	  mix	  is	  prepared	  and	  

centrifuged,	  incubated	  for	  5	  minutes	  at	  42°	  C	  and	  then	  placed	  on	  ice	  for	  1	  minute.	  

Next,	  the	  reverse-‐transcription	  mix	  is	  made	  and	  is	  added	  to	  each	  tube	  containing	  the	  

genomic	  DNA	  elimination	  mix	  followed	  by	  an	  incubation	  at	  42°	  C	  and	  then	  95°	  C	  to	  

stop	  the	  reaction.	  RNase-‐free	  water	  is	  added	  and	  the	  reactions	  are	  placed	  on	  ice	  and	  

then	  the	  real-‐time	  PCR	  protocol	  was	  followed	  using	  an	  aliquot	  of	  the	  diluted	  cDNA	  

template.	  Next,	  the	  RT2	  SYBR	  Green	  Mastermix,	  water	  and	  cDNA	  synthesis	  reaction	  

is	  centrifuged	  and	  then	  the	  PCR	  component	  mixes	  are	  added	  into	  the	  RT2	  RNA	  QC	  

PCR	  Array,	  the	  array	  is	  sealed	  and	  centrifuged	  at	  1000xg	  for	  1	  minute	  to	  remove	  any	  

bubbles	  and	  then	  placed	  in	  the	  Applied	  Biosystems	  real	  time	  cycler.	  Lastly,	  the	  CT	  

values	  for	  all	  wells	  were	  exported	  to	  a	  blank	  Excel®	  spreadsheet	  for	  analysis	  with	  

the	  RT2	  RNA	  QC	  PCR	  Array	  Data	  Analysis	  Excel	  template	  and	  the	  RT2	  Profiler	  qPCR	  

Array	  Data	  Analysis	  template.	  
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Figure	  5.1.	  RT2	  RNA	  QC	  PCR	  Array	  layout.	  Row	  A	  contains	  replicate	  assays	  for	  a	  highly	  
expressed	  housekeeping	  gene,	  HK1	  (the	  ACTB	  gene).	  Row	  B	  contains	  replicate	  assays	  for	  
a	  lowly	  expressed	  housekeeping	  gene,	  HK2	  (The	  HPRT1	  gene).	  Expression	  levels	  of	  these	  
housekeeping	  genes	  enable	  prediction	  of	  CT	  values	  in	  future	  analyses	  and	  assessment	  of	  
RNA	  integrity.	  Row	  C	  contains	  replicate	  assays	  for	  the	  reverse	  transcription	  control	  
(RTC),	  which	  test	  the	  efficiency	  of	  the	  RT2	  First	  Strand	  Kit.	  These	  assays	  detect	  external	  
RNA	  control	  template	  built	  in	  to	  the	  RT2	  First	  Strand	  Kit.	  Rows	  D	  and	  G	  contain	  replicate	  
positive	  PCR	  controls	  (PPC),	  which	  comprise	  an	  artificial	  DNA	  sequence	  and	  the	  assay	  
that	  detects	  it.	  Template	  cDNA	  is	  added	  to	  row	  D	  and	  water	  is	  added	  to	  row	  G.	  This	  tests	  
for	  PCR	  inhibitors.	  Row	  E	  contains	  replicate	  assays	  for	  the	  genomic	  DNA	  control	  (GDC).	  
These	  assays	  specifically	  detect	  nontranscribed	  genomic	  DNA	  contamination	  with	  a	  high	  
level	  of	  sensitivity.	  Row	  F	  contains	  replicate	  assays	  for	  the	  no	  reverse	  transcription	  
control	  (NRT).	  These	  assays	  test	  for	  genomic	  DNA	  contamination	  in	  the	  RNA	  sample	  by	  
trying	  to	  amplify	  a	  housekeeping	  gene	  directly	  from	  the	  RNA	  sample.	  Row	  H	  contains	  
replicate	  assays	  for	  the	  no	  template	  control	  (NTC).	  These	  assays	  test	  for	  general	  DNA	  
contamination	  in	  the	  PCR	  system	  introduced	  during	  plate	  setup.	  During	  experimental	  
setup,	  template	  cDNA	  and	  master	  mix	  are	  added	  to	  rows	  A-‐E;	  RNA	  and	  master	  mix	  are	  
added	  to	  row	  F;	  and	  master	  mix	  only	  is	  added	  to	  rows	  G	  and	  H.	  The	  384-‐well	  format	  of	  
the	  RT2	  RNA	  QC	  PCR	  Array	  includes	  4	  replicates	  of	  each	  well	  of	  the	  96-‐well	  format.	  	  
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Results.	  

All	  24	  RNA	  samples	  pass	  rigorous	  quality	  control	  measures.	  	  

The	  results	  of	  the	  quality	  control	  steps	  are	  shown	  in	  Table	  5.1.	  The	  majority	  of	  the	  

samples	  passed	  with	  A260/A280	  ratios	  above	  1.8	  and	  acceptable	  RNA	  integrity	  

numbers	  above	  7	  which	  were	  generated	  on	  a	  bioanalyzer,	  that	  also	  generated	  an	  

electropherogram	  with	  sharp	  peaks	  for	  the	  18S	  and	  28S	  ribosomal	  RNA	  with	  no	  

shoulders	  or	  smearing	  of	  the	  associated	  bands	  indicating	  degradation	  of	  the	  sample.	  

The	  two	  samples	  with	  low	  A260/A280	  ratios,	  OF6	  CAF	  and	  OF50,	  had	  acceptable	  RIN	  

numbers	  and	  very	  reasonable	  bioanalyzer	  tracings	  and	  bands,	  so	  it	  was	  decided	  to	  

proceed	  with	  these	  samples.	  It	  is	  notable	  that	  our	  original	  protocol	  did	  not	  include	  a	  

DNase	  digestion	  step	  and	  that	  there	  were	  samples	  that	  had	  significant	  genomic	  DNA	  

contamination	  resulting	  in	  failure	  of	  the	  quality	  control	  measures,	  specifically	  the	  

bioanalyzer	  electrophreogram	  and	  RIN	  number.	  We	  altered	  the	  protocol	  to	  include	  

an	  RNA	  purification	  step	  using	  the	  RNeasy	  Mini	  Kit	  with	  an	  on-‐column	  DNase	  

digestion	  step,	  which	  resulted	  in	  a	  high	  pass	  rate	  for	  the	  RNA	  samples.	  	  	  

	  

Unsupervised	  hierarchical	  clustering	  of	  the	  top	  10%	  most	  differentially	  expressed	  

genes	  in	  the	  entire	  data	  set	  indicates	  possible	  clustering	  in	  the	  tongue	  versus	  gingival	  

groups.	  

Using	  the	  statistical	  analysis	  described	  in	  the	  methods,	  the	  top	  10%	  most	  

differentially	  expressed	  genes	  in	  the	  entire	  data	  set	  were	  subjected	  to	  unsupervised	  
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hierarchical	  clustering	  in	  an	  attempt	  to	  define	  group	  specific	  clusters	  based	  on	  those	  

genes.	  Although	  there	  was	  nothing	  statistically	  significant	  there	  was	  an	  indication	  of	  	  

	  

Figure	  5.2.	  Unsupervised	  hierarchical	  clustering	  of	  top	  10%	  most	  differentially	  expressed	  
genes	  in	  the	  entire	  24-‐sample	  data	  set.	  Top	  row	  CAFs	  are	  black,	  NFs	  are	  white	  and	  
bottom	  row	  tongues	  are	  black	  and	  gingiva	  is	  white.	  This	  reveals	  the	  heterogeneous	  
nature	  of	  the	  fibroblast	  populations;	  there	  is	  an	  indication	  of	  clustering	  in	  the	  tongues	  
versus	  the	  gingival	  groups.	  Red	  represents	  areas	  of	  over-‐expression	  and	  blue	  under-‐
expression.	  	  
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clustering	  between	  the	  tongue	  and	  gingiva	  groups	  (Figure	  5.2).	  As	  described	  in	  

detail	  in	  Chapter	  4,	  the	  reasons	  for	  this	  most	  probably	  reflect	  the	  relatively	  small	  n	  

and	  also	  the	  very	  heterogeneous	  nature	  of	  the	  fibroblast	  strains	  themselves.	  Such	  

fibroblast	  gene	  expression	  heterogeneity	  has	  been	  described	  for	  other	  tumors	  such	  

as	  for	  breast	  cancer	  95,101.	  	  

	  

There	  is	  an	  indication	  of	  group	  clustering	  between	  the	  gingiva	  CAFs	  and	  NFs.	  

When	  examining	  the	  results	  of	  the	  unsupervised	  hierarchical	  clustering	  of	  the	  top	  

10%	  most	  differentially	  expressed	  genes	  within	  the	  gingival	  data	  set,	  there	  does	  

seem	  to	  be	  clustering	  in	  the	  gingiva	  CAFs	  compared	  to	  the	  gingiva	  NFs.	  As	  for	  the	  

entire	  data	  set	  there	  is	  no	  statistically	  significant	  clustering,	  however	  this	  is	  

consistent	  with	  the	  results	  seen	  for	  the	  total	  data	  set	  (Figure	  5.3).	  	  This	  is	  contrary	  to	  

the	  results	  of	  the	  unsupervised	  hierarchical	  clustering	  within	  the	  tongue	  groups,	  

where	  there	  was	  not	  even	  a	  clear	  indication	  of	  separation	  between	  the	  CAFs	  and	  NFs	  

(Figure	  5.4).	  	  

	  

Ten	  genes	  have	  been	  identified	  as	  being	  differentially	  expressed	  between	  the	  gingival	  

CAF	  and	  NF	  groups.	  

Based	  on	  the	  level	  of	  fold	  change	  in	  expression	  and	  the	  significance	  level,	  ten	  genes	  

have	  emerged	  as	  being	  differentially	  expressed	  between	  the	  gingival	  CAF	  and	  NF	  

groups.	  All	  ten	  of	  the	  genes	  display	  a	  higher	  level	  of	  expression	  in	  the	  gingival	  CAFs	  
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compared	  to	  the	  gingival	  NFs	  and	  their	  differential	  expression	  is	  demonstrated	  in	  

Figure	  5.5.	  Of	  the	  genes	  (ACTA2,	  OLFML1,	  USP53,	  RHOJ,	  PHLDB2,	  TNSF18,	  FLJ21075,	  

CYYR1,	  TIAM1,	  TUFT1),	  it	  is	  most	  reassuring	  that	  ACTA2	  appears	  as	  more	  highly	  

expressed	  in	  the	  gingival	  CAFs	  compared	  to	  the	  gingival	  NFs,	  this	  verifies	  the	  	  
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Figure	  5.3.	  Unsupervised	  hierarchical	  clustering	  of	  top	  10%	  most	  differentially	  expressed	  
genes	  among	  the	  gingival	  data	  set.	  CAFs	  are	  black	  and	  NFs	  are	  white.	  There	  does	  seem	  
to	  be	  clustering	  indicating	  differential	  expression	  between	  the	  CAFs	  and	  NFs	  in	  the	  
gingival	  group.	  
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Figure	  5.4.	  Unsupervised	  hierarchical	  clustering	  of	  top	  10%	  most	  differentially	  expressed	  
genes	  among	  the	  tongue	  fibroblast	  data	  set.	  CAFs	  are	  black	  and	  NFs	  are	  white.	  The	  
expression	  in	  this	  group	  is	  very	  heterogeneous	  with	  no	  apparent	  clustering	  appreciated.	  
	  

findings	  in	  Chapter	  4	  as	  well	  as	  being	  consistent	  with	  the	  established	  literature94,102,	  

which	  describes	  the	  over-‐expression	  of	  αSMA	  (ACTA2)	  in	  CAFs	  compared	  to	  NFs	  in	  

the	  stroma	  surrounding	  tumors.	  	  



	   105	  

	  

	  

	  

	  
Figure	  5.5.	  Ten	  genes	  were	  identified	  as	  being	  differentially	  expressed	  based	  on	  the	  
level	  of	  fold	  change	  in	  expression	  and	  the	  significance	  level	  for	  gingival	  CAFs	  compared	  
to	  gingival	  NFs.	  There	  were	  no	  such	  genes	  identified	  for	  the	  tongue	  anatomic	  subgroup.	  
For	  each	  panel;	  column	  1	  represents	  gingival	  CAFs,	  column	  2	  represents	  gingival	  NFs,	  
column	  3	  represents	  tongue	  CAFs	  and	  column	  4	  tongue	  NFs.	  
	  

Eight	  genes	  have	  been	  identified	  as	  being	  differentially	  expressed	  between	  the	  tongue	  

and	  gingival	  groups.	  

In	  comparing	  the	  total	  tongue	  group	  with	  the	  total	  gingiva	  groups	  (CAFs	  and	  NFs,	  

together)	  one	  finds	  seven	  genes	  that	  have	  a	  lower	  expression	  in	  the	  gingival	  group	  

(MEIS2,	  PDPN,	  ZNF608,	  FHL1,	  ALDH1A1,	  TXNDC16,	  LAMB1)	  and	  only	  one	  gene	  had	  a	  

lower	  expression	  in	  the	  tongue	  group	  (MAB21L2,	  Figure	  5.6).	  The	  gene	  specific	  

function	  and	  possible	  implications	  for	  cancer	  for	  both	  groups	  of	  differentially	  

expressed	  genes	  are	  given	  in	  Table	  5.2.	  	  
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Figure	  5.6.	  Eight	  genes	  were	  identified	  as	  being	  differentially	  expressed	  based	  on	  the	  
level	  of	  fold	  change	  in	  expression	  and	  the	  significance	  level	  for	  tongue	  fibroblasts	  
compared	  to	  gingival	  fibroblasts.	  For	  each	  panel;	  column	  1	  represents	  gingival	  CAFs,	  
column	  2	  represents	  gingival	  NFs,	  column	  3	  represents	  tongue	  CAFs	  and	  column	  4	  
tongue	  NFs.	  
	  

The	  qPCR	  validation	  study	  affirms	  the	  differential	  expression	  of	  the	  genes	  in	  the	  

gingival	  CAF/NF	  and	  the	  tongue/gingival	  groupings.	  

The	  total	  RNA	  from	  all	  24	  samples	  was	  run	  on	  the	  RT2	  RNA	  QC	  PCR	  Array	  to	  test	  for	  

RNA	  integrity	  and	  to	  ensure	  there	  was	  an	  acceptable	  level	  of	  contamination	  (Figure	  

5.1).	  The	  results	  of	  this	  quality	  control	  measure	  indicated	  that	  OF6	  CAF,	  OF50	  and	  

OF108	  RNA	  were	  not	  acceptable	  and	  they	  were	  excluded	  from	  further	  analysis	  

(Supplementary	  Data	  A).	  This	  did	  not	  reflect	  the	  RNA	  quality	  of	  the	  samples	  used	  for	  

the	  Affymetrix	  expression	  array	  because	  those	  samples	  each	  passed	  their	  own	  

independent	  quality	  control	  measures	  both	  prior	  to	  array	  loading	  	  (Nanodrop	  and	  
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Bioanalyzer)	  and	  internal	  controls	  built	  into	  the	  array.	  Table	  5.3	  lists	  the	  genes	  that	  

were	  included	  in	  the	  validation	  study,	  of	  note	  there	  are	  only	  15	  genes	  that	  were	  

validated,	  this	  was	  due	  to	  the	  limitations	  of	  the	  qPCR	  array,	  which	  could	  only	  

accommodate	  a	  total	  of	  16	  genes,	  including	  a	  housekeeping	  gene.	  Three	  genes	  were	  

excluded	  from	  the	  validation	  study	  either	  due	  to	  a	  marginal	  differential	  expression	  

or	  a	  paucity	  of	  literature	  to	  identify	  functional	  significance.	  	  

	  

Of	  the	  seven	  genes	  from	  the	  gingival	  CAF/NF	  grouping,	  six	  were	  validated	  as	  being	  

differentially	  expressed.	  In	  addition,	  ACTA2	  and	  C7orf69	  were	  differentially	  

expressed	  in	  the	  CAF/NF	  grouping	  and	  OLFML1	  was	  differentially	  expressed	  in	  the	  

tongue/gingiva	  grouping.	  Of	  the	  eight	  genes	  from	  the	  tongue/gingiva	  grouping,	  six	  

were	  validated	  as	  being	  differentially	  expressed	  with	  no	  additional	  significance	  

differences	  in	  any	  of	  the	  other	  groupings.	  	  

	  

Exon-‐level	  microarray	  analyses	  of	  the	  18	  identified	  differentially	  expressed	  genes	  did	  

not	  reveal	  alternative	  splicing.	  

Often,	  genes	  will	  display	  alternative	  splicing	  events,	  which	  produce	  alternative	  

transcripts	  that	  may	  be	  undetected	  with	  conventional	  mRNA	  expression	  

quantification	  methods	  such	  as	  a	  typical	  Taqman®	  assay,	  which	  has	  a	  defined	  set	  of	  

probes	  and	  primers	  that	  identify	  a	  transcript	  over	  a	  specific	  region.	  In	  such	  a	  

situation,	  if	  an	  alternative	  splicing	  event	  occurs	  outside	  of	  this	  defined	  region,	  the	  

message	  may	  not	  be	  accurately	  quantified.	  Past	  authors	  have	  identified	  alternative	  	  
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splicing	  events	  that	  differed	  between	  tumors	  and	  normal	  tissue103	  with	  such	  

discoveries	  possibly	  leading	  to	  development	  of	  protein	  isoform	  specific	  markers	  or	  

even	  targeted	  cancer	  treatment104.	  The	  Affymetrix	  Human	  1.0	  ST	  Exon	  Array	  is	  

designed	  to	  have	  multiple	  probes	  across	  the	  entire	  transcript	  (in	  the	  range	  of	  30-‐50	  

probes),	  which	  allows	  for	  alternative	  transcript	  detection.	  However,	  analysis	  of	  the	  

18	  genes	  that	  were	  determined	  to	  be	  differentially	  expressed	  failed	  to	  reveal	  any	  

alternative	  splicing	  events	  and	  no	  alternative	  transcripts	  (Supplementary	  Data	  B).	  
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Discussion.	  	  

Expression	  array	  analysis	  reveals	  differential	  expression	  between	  the	  gingiva	  CAF/NF	  

and	  tongue/gingival	  groupings.	  

In	  this	  chapter	  we	  have	  demonstrated	  and	  validated	  differential	  expression	  of	  genes	  

in	  the	  gingiva	  CAF	  versus	  the	  gingiva	  NF	  groups	  and	  the	  entire	  set	  of	  tongue	  

fibroblast	  strains	  versus	  the	  gingiva	  fibroblast	  strains.	  These	  data	  further	  define	  the	  

potential	  molecular	  differences	  that	  exist	  between	  CAFs	  and	  NFs,	  hopefully	  leading	  

to	  a	  better	  understanding	  of	  how	  the	  CAF	  functions	  to	  produce	  a	  more	  tumor	  

permissive	  microenvironment.	  Additionally,	  the	  results	  will	  hopefully	  lead	  to	  an	  

increased	  understanding	  of	  how	  anatomic	  context	  may	  alter	  fibroblast	  biology	  

contributing	  to	  site-‐specific	  differences	  in	  tumor	  biology	  and	  clinical	  characteristics.	  

The	  results	  of	  the	  expression	  array	  provide	  further	  evidence	  of	  the	  inter-‐individual	  

heterogeneity	  of	  gene	  expression	  in	  CAF	  and	  NF	  cell	  populations.	  Similar	  

heterogeneity	  has	  been	  demonstrated	  for	  CAFs	  and	  NFs	  derived	  from	  breast	  cancer	  

stroma	  and	  normal	  mammary	  tissue	  where	  it	  was	  found,	  to	  the	  authors	  surprise,	  

that	  the	  inter-‐individual	  NF	  gene	  expression	  variability	  actually	  was	  more	  than	  the	  

matched	  CAF	  variability,	  suggesting	  a	  relative	  synchronization	  of	  gene	  expression95.	  

Others	  have	  shown	  that	  the	  fibroblast	  gene	  expression	  profile	  is	  able	  to	  distinguish	  

between	  genomically	  stable	  and	  unstable	  oral	  squamous	  cell	  carcinomas96,	  

indicating	  another	  possible	  application	  of	  our	  data	  set.	  	  
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Table	  5.4.	  The	  qPCR	  results	  validate	  the	  majority	  of	  the	  differences	  found	  from	  the	  
Affymetrix	  expression	  array.	  There	  was	  additional	  significant	  differential	  expression	  
detected	  between	  groups	  that	  was	  not	  apparaent	  from	  the	  original	  comparisons;	  ACTA2	  	  
and	  C7orf69	  are	  differentially	  expressed	  between	  the	  CAF	  and	  NF	  groups	  and	  OLFML1	  is	  
differentially	  expressed	  between	  the	  tongue	  and	  gingiva	  groups.	  LAMB1,	  TXNDC16	  and	  
PLCXD2	  show	  no	  significant	  differences	  between	  any	  of	  the	  groups.	  	  
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TIAM1	  and	  OLFML1	  are	  proteins	  that	  may	  be	  secreted	  by	  CAFs	  and	  have	  the	  potential	  

to	  directly	  affecting	  tumor	  cell	  activity.	  

	  Of	  the	  differentially	  expressed	  genes	  that	  have	  been	  identified,	  TIAM1	  and	  OLFML1	  

are	  two	  genes	  that	  produce	  a	  secreted	  protein,	  which	  may	  then	  directly	  influence	  

tumor	  cells	  in	  the	  microenvironment.	  Increased	  TIAM1	  expression	  in	  colon	  tumor	  

cells	  is	  associated	  with	  increased	  migratory	  activity	  and	  metastatic	  potential110.	  

TIAM1	  is	  a	  guanine	  nucleotide	  exchange	  factor,	  which	  may	  be	  recruited	  to	  integrin	  

complexes	  on	  a	  cell’s	  leading	  edge	  by	  14-‐3-‐3ζ,	  where	  it	  mediates	  integrin-‐dependent	  

RAC1	  activation,	  thereby	  initiating	  downstream	  motility-‐inducing	  pathways111.	  In	  

order	  to	  test	  whether	  this	  is	  a	  possible	  tumor	  promoting	  mechanism	  is	  present	  in	  

our	  population	  of	  CAFs,	  one	  would	  first	  have	  to	  verify	  that	  TIAM1	  was	  secreted	  into	  

the	  culture	  media	  with	  a	  TIAM1	  specific	  ELISA	  or	  another	  detection	  method.	  Then	  a	  

functional	  assay	  could	  be	  established,	  such	  as	  demonstrated	  in	  Chapter	  6,	  where	  a	  

Boyden-‐type	  chamber	  could	  be	  used	  to	  assess	  for	  the	  differential	  affects	  of	  varying	  

levels	  of	  TIAM1	  on	  cancer	  cell	  migration	  and	  invasion.	  This	  could	  be	  done	  by	  either	  

varying	  the	  levels	  of	  the	  TIAM1	  protein	  in	  the	  cell	  media,	  or	  through	  siRNA	  

technology	  to	  reduce	  TIAM1	  expression	  in	  a	  high	  TIAM1	  expressing	  cell	  strain.	  	  

OLFML1	  is	  a	  novel	  secreted	  extracellular	  glycoprotein	  with	  an	  olfectamine	  domain	  

in	  its	  C-‐terminus	  that	  has	  been	  demonstrated	  to	  increase	  the	  percentage	  of	  HeLa	  

cells	  in	  S	  phase	  and	  to	  promote	  proliferation,	  while	  knock	  down	  of	  OLFML1	  protein	  

expression	  by	  siRNA	  lead	  to	  decreased	  cellular	  proliferation	  and	  a	  delayed	  entry	  

into	  S	  phase106.	  Considering	  the	  robust	  differential	  expression	  of	  OLFML1	  in	  gingiva	  
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CAFs	  compared	  to	  gingiva	  NFs	  it	  may	  be	  worthwhile	  to	  follow	  a	  similar	  discovery	  

strategy	  as	  described	  for	  TIAM1	  to	  determine	  whether	  this	  novel	  secreted	  protein	  

plays	  a	  role	  in	  oral	  cancer	  microenvironment.	  	  

PDPN	  and	  TXNDC16	  are	  membrane-‐associated	  proteins	  that	  may	  be	  expressed	  by	  

CAFs	  and	  affect	  the	  progression	  of	  tumorogenesis.	  

Among	  the	  possible	  classes	  of	  mediators,	  which	  are	  expressed	  by	  CAFs,	  that	  are	  

most	  likely	  to	  directly	  affect	  the	  progression	  of	  the	  carcinoma-‐associated	  

microenvironment	  is	  secreted	  proteins	  and	  cell	  surface	  or	  membrane-‐associated	  

proteins,	  for	  the	  obvious	  reason	  that	  they	  are	  available	  to	  interact	  extracellularly	  

with	  either	  other	  cells	  or	  matrix	  components.	  Podoplanin	  (PDPN)	  is	  a	  sialomucin-‐

like	  transmembrane	  glycoprotein	  that	  is	  currently	  being	  used	  as	  a	  marker	  for	  

lymphatic	  vessels121.	  PDPN	  has	  been	  shown	  to	  mediate	  signaling	  that	  facilitates	  

collective	  cell	  migration	  and	  invasion	  both	  in	  vivo	  and	  in	  vitro122,123.	  Additionally,	  

PDPN	  has	  been	  observed	  in	  squamous	  cell	  carcinomas	  from	  different	  anatomic	  

regions,	  including	  oral	  squamous	  cell	  carcinomas124	  as	  well	  as	  the	  intratumoral	  

stroma	  in	  cervical	  cancers	  where	  the	  strongest	  signal	  for	  PDPN	  expression	  was	  

observed	  at	  the	  proliferating	  edge	  of	  tumor	  nests125.	  It	  is	  interesting	  that	  PDPN	  is	  

overexpressed	  in	  the	  tongue	  fibroblasts	  compared	  to	  the	  gingival	  fibroblasts.	  

Increased	  PDPN	  in	  the	  tongue	  microenvironment	  may	  provide	  a	  mechanism	  to	  

explain	  why	  tongue	  oral	  squamous	  cell	  carcinoma	  has	  a	  higher	  rate	  of	  lymph	  node	  

metastasis	  than	  gingival	  oral	  squamous	  cell	  carcinoma;	  the	  PDPN	  could	  create	  a	  
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stroma,	  which	  is	  more	  permissive	  to	  invasion	  by	  acting	  on	  the	  leading	  edge	  of	  the	  

advancing	  tumor	  cells.	  	  

TXNDC16	  is	  a	  thioredoxin-‐related	  transmembrane	  protein,	  which	  has	  been	  shown	  

to	  be	  involved	  in	  oncogenesis	  and	  tumorogenesis.	  This	  member	  of	  the	  thioredoxin-‐

thioredoxin	  reductase	  system	  provides	  a	  unique	  mechanism	  of	  microenvironment	  

alteration	  in	  that	  it	  is	  primarily	  involved	  in	  metabolism	  and	  may	  function	  to	  buffer	  

the	  waste	  products	  of	  the	  highly	  metabolic	  carcinoma	  cells108.	  

The	  approach	  to	  investigating	  the	  functions	  of	  membrane-‐associated	  proteins	  is	  

different	  than	  for	  secreted	  proteins.	  One	  does	  first	  have	  to	  verify	  that	  the	  individual	  

fibroblast	  strain	  expresses	  the	  protein	  and	  that	  it	  is	  localized	  to	  the	  membrane,	  

again	  this	  is	  best	  done	  with	  either	  immunohistochemistry	  or	  immunofluorescence.	  

Then,	  as	  in	  Chapter	  3,	  a	  3	  dimensional	  organotypic	  co-‐culture	  system	  would	  be	  best	  

suited	  to	  investigate	  the	  effects	  of	  the	  fibroblast	  strains	  which	  either	  differentially	  

express	  PDPN	  or	  TXNDC16	  on	  an	  epidermal	  cell	  type	  either	  normal,	  benign	  or	  

neoplastic.	  One	  would	  be	  able	  to	  observe	  any	  leading	  edge	  effects	  or	  indications	  of	  

metabolic	  distress	  through	  specific	  immunohistochemical	  stains.	  	  

Future	  directions.	  

There	  are	  several	  additional	  strategies	  we	  can	  employ	  to	  investigate	  the	  possible	  

role	  of	  the	  genes	  found	  to	  be	  differentially	  expressed	  in	  the	  fibroblast	  strains.	  One	  

method	  would	  be	  to	  carryout	  immunohistochemistry	  or	  immunofluorescence	  on	  a	  

sample	  of	  oral	  squamous	  cell	  carcinoma	  tumors,	  dysplasia	  and	  normal	  tissue.	  This	  

would	  provide	  verification	  that	  the	  protein	  was	  present	  in	  the	  tumor	  
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microenvironment	  and	  the	  specific	  cellular	  localization	  may	  provide	  clues	  to	  its	  

functional	  significance.	  Another	  method	  is	  to	  over-‐express	  a	  gene	  of	  interest	  in	  a	  

fibroblast	  cell	  line	  and	  then	  use	  that	  over-‐expressing	  cell	  line	  in	  a	  functional	  assay	  

such	  as	  the	  one	  described	  above	  and	  used	  in	  the	  final	  chapter.	  In	  the	  final	  chapter	  

we	  assess	  the	  ability	  of	  the	  various	  fibroblast	  cell	  strains	  to	  influence	  the	  

proliferative	  capacity	  of	  a	  tongue	  oral	  squamous	  cell	  carcinoma	  cell	  line	  and	  an	  

immortalized	  keratinocyte	  cell	  line	  in	  a	  2	  dimensional	  co-‐culture	  assay	  and	  then	  we	  

assess	  if	  the	  same	  fibroblast	  cell	  strains	  can	  affect	  the	  migratory	  or	  invasive	  capacity	  

in	  a	  3	  dimensional	  Boyden-‐type	  co-‐culture	  system.	  We	  will	  then	  use	  the	  expression	  

data	  generated	  in	  this	  chapter	  to	  identify	  genes	  that	  may	  be	  preferentially	  

expressed.	  
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Chapter	  6:	  Proliferation	  and	  Invasion/Migration	  Assays	  Reveal	  Subsets	  of	  

Fibroblasts	  with	  Differential	  Gene	  Expression.	  
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Introduction.	  

Fibroblasts	  have	  been	  proposed	  to	  modify	  growth,	  migration	  and	  invasion	  of	  

keratinocytes	  and	  carcinoma	  cells.	  Recent	  work	  has	  demonstrated	  several	  

methodologies	  used	  to	  discover	  the	  molecular	  mechanisms	  underlying	  these	  effects.	  

Some	  authors	  have	  used	  high-‐throughput	  fibroblast/cancer	  cell	  co-‐culture	  systems	  

and	  have	  found	  largely	  inhibitory	  effects1,	  while	  others	  have	  observed	  both	  

inhibitory	  and	  stimulatory	  effects,	  combining	  the	  results	  with	  gene	  expression	  

profiling2.	  	  

The	  overall	  aim	  of	  this	  chapter	  is	  to	  assess	  whether	  NF	  and	  CAFs	  differentially	  affect	  

proliferation	  of	  a	  tumor	  and	  “normal”	  cell	  line.	  We	  will	  use	  a	  straightforward	  2-‐

dimensional	  co-‐culture	  assay	  to	  assess	  for	  affects	  on	  proliferation	  and	  a	  Boyden	  

chamber	  type	  of	  assay	  to	  assess	  for	  effects	  on	  invasion/migration.	  Then	  using	  the	  

expression	  data	  derived	  in	  Chapter	  5,	  it	  is	  hoped	  that	  we	  will	  be	  able	  to	  produce	  a	  

list	  of	  differentially	  expressed	  genes,	  which	  are	  amenable	  for	  molecular	  and	  

functional	  validation	  in	  the	  future.	  

	  

Methods.	  

Proliferation	  

Fibroblast	  cell	  strains	  were	  grown	  to	  approximately	  80%	  confluence	  in	  10	  ml	  of	  

DMEM	  H16	  with	  10%	  FBS	  and	  were	  released	  from	  T75	  culture	  flasks	  (Corning,	  NY)	  

using	  4ml	  of	  0.25%	  trypsin,	  pelleted	  by	  centrifugation	  at	  1	  g	  for	  3	  minutes	  and	  

resuspended	  in	  3ml	  of	  DMEM	  with	  10%	  FBS.	  	  A	  haemocytometer	  (Reichert,	  Buffalo,	  
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NY)	  was	  used	  to	  determine	  the	  numbers	  of	  fibroblasts	  per	  ml	  so	  that	  2X104	  cells	  

were	  plated	  onto	  a	  black	  flat	  bottom	  96-‐well	  plate	  (Corning,	  Corning,	  NY)	  in	  a	  150	  µl	  

volume	  of	  DMEM	  H16	  with	  10%	  FBS.	  	  These	  were	  allowed	  to	  attach	  over	  a	  24-‐hour	  

period.	  	  

Next,	  HaCaT	  (human	  epidermal	  keratinocyte)	  and	  OSC20	  (human	  tongue	  oral	  

squamous	  cell	  carcinoma	  cell	  line,	  ATCC,	  Manassas,	  VA)	  cells	  were	  transfected	  with	  

an	  FG12	  vector	  construct3	  highly	  overexpressing	  the	  eGFP	  gene	  through	  lentiviral	  

transduction.	  Briefly,	  the	  FG12	  lentivirus	  construct	  was	  transiently	  transfected	  into	  

293FT	  cells	  using	  36	  µl	  of	  Lipofectamine	  2000	  (Invitrogen,	  Carlsbad,	  CA)	  in	  a	  total	  of	  

3	  ml	  of	  Opti-‐MEM	  I	  (Invitrogen).	  Thereafter,	  cells	  were	  maintained	  in	  DMEM	  H21	  

and	  10%	  FBS.	  Culture	  supernatants	  containing	  lentiviral	  particles	  were	  harvested	  

24	  hours	  after	  a	  fresh	  media	  change	  and	  then	  again	  24	  hours	  after	  that,	  with	  

centrifugation	  at	  1	  g	  for	  3	  minutes	  to	  remove	  cell	  debris	  and	  filter	  sterilized	  (45	  µm	  

PES	  filter,	  Whatman,	  Piscataway,	  NJ).	  The	  processed	  supernatant	  was	  added	  to	  a	  

T75	  tissue	  culture	  flask	  containing	  either	  OSC20	  or	  HaCaT	  cells	  and	  incubated	  for	  a	  

24-‐hour	  period	  with	  this	  process	  being	  repeated	  once.	  Then,	  the	  HaCaT	  and	  OSC20	  

FG12	  eGFP	  over-‐expressing	  cells	  were	  sorted	  using	  a	  flow	  cytometer	  (BD	  FACS	  Aria,	  

BD	  Biosciences,	  San	  Jose,	  CA)	  and	  grown	  in	  DMEM	  H16	  with	  10%	  FBS	  and	  with	  

gentamycin	  (50	  µg/ml)	  or	  penicillin	  (100	  units/ml	  and	  streptomycin	  (100	  µg/ml)	  

and	  fungizone	  (2.5	  µg/ml).	  	  (All	  antimicrobials	  were	  obtained	  from	  the	  University	  of	  

California	  San	  Francisco	  Cell	  Culture	  Facility).	  HaCaT	  and	  OSC20	  cells	  that	  were	  not	  

transfected	  to	  over-‐express	  eGFP	  were	  also	  grown	  in	  T75	  culture	  flasks	  with	  DMEM	  
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H16	  with	  10%	  FBS	  containing	  antimicrobials.	  All	  cell	  lines	  were	  harvested	  at	  

confluence	  (logarithmic	  growth)	  by	  addition	  of	  4mls	  of	  0.25%	  trypsin	  to	  detach	  the	  

cells	  and	  then	  subsequently	  5	  ml	  of	  DMEM	  H16	  with	  10%	  FBS	  was	  used	  to	  

neutralize	  the	  trypsin.	  	  The	  cell	  suspension	  was	  centrifuged	  at	  1	  g	  for	  3	  minutes.	  The	  

resulting	  cell	  pellet	  was	  re-‐suspended	  in	  3	  ml	  of	  DMEM	  H16	  with	  10%	  FBS	  and	  the	  

cellular	  concentration	  was	  determined	  using	  a	  hemocytometer	  (Reichert,	  Buffalo,	  

NY).	  Either	  2X103	  or	  5X103	  cells	  (HaCaT	  or	  OSC20,	  both	  eGFP	  overexpressing	  and	  

non-‐transfected	  cells)	  in	  a	  volume	  of	  50µl	  were	  added	  to	  the	  appropriate	  wells	  in	  

the	  96-‐well	  plates	  containing	  the	  fibroblast	  strains.	  The	  plates	  were	  then	  maintained	  

for	  a	  period	  of	  14	  days	  with	  media	  changes	  on	  days	  3,	  6,	  9	  and	  12.	  Twenty-‐four	  

hours	  after	  the	  addition	  of	  the	  epithelial	  cells	  and	  then	  every	  24	  hours	  thereafter,	  

fluorescence	  readings	  were	  taken	  using	  a	  plate	  reader	  (Biotek	  Synergy	  II,	  Winooski,	  

VT)	  at	  485	  nm	  (excitation)	  and	  528	  nm	  (emission).	  	  Filter	  settings	  and	  

measurements	  were	  reported	  as	  relative	  fluorescence	  units	  (RFUs).	  Six	  replicates	  

were	  tested	  in	  the	  following	  co-‐cultures:	  fibroblast	  strain	  +	  OSC20	  FG12	  eGFP,	  

fibroblast	  strain	  +	  OSC20,	  fibroblast	  strain	  +	  HaCaT	  FG12	  eGFP,	  fibroblast	  strain	  +	  

HaCaT.	  The	  wells	  with	  the	  non-‐transfected	  epithelial	  cell	  lines	  allowed	  for	  the	  

subtraction	  of	  the	  autofluoresence	  generated	  by	  the	  fibroblast/epithelial	  cell	  co-‐

culture.	  Monocultures	  of	  HaCaT	  eGFP,	  OSC20	  eGFP,	  HaCaT	  and	  OSC20	  were	  also	  

grown	  in	  6	  replicate	  wells	  and	  were	  used	  as	  a	  control	  to	  compare	  against	  the	  growth	  

rates	  of	  the	  co-‐cultures.	  	  
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To	  assess	  for	  cell	  detachment,	  on	  days	  6	  and	  15	  the	  media	  in	  each	  well	  of	  the	  96-‐well	  

plate	  containing	  the	  co-‐cultures	  was	  collected	  and	  placed	  in	  an	  empty	  96-‐well	  plate.	  

The	  collection	  plate	  was	  then	  centrifuged	  at	  1	  g	  for	  2	  minutes	  to	  concentrate	  any	  

detached	  cells	  towards	  the	  bottom	  of	  the	  plate	  to	  facilitate	  fluorescence	  detection.	  

As	  above,	  a	  plate	  reader	  (485	  nm/529	  nm,	  excitation/emission)	  was	  used	  to	  

measure	  the	  fluorescent	  signal	  emanating	  from	  the	  eGFP	  cells	  that	  had	  detached	  

from	  the	  co-‐cultures.	  	  

Invasion/migration	  experiment	  

For	  the	  following	  experiment,	  the	  invasion	  and	  migration	  chambers	  refer	  to	  a	  

Boyden-‐type	  chamber	  consisting	  of	  a	  basal	  well	  and	  an	  apical	  insert	  (refer	  to	  

diagram).	  The	  fibroblast	  cell	  strains	  are	  grown	  on	  the	  bottom	  surface	  of	  the	  basal	  

wells.	  This	  allows	  for	  the	  production	  of	  chemotactic	  factors	  by	  the	  fibroblasts	  that	  

can	  influence	  the	  activity	  of	  the	  epithelial	  cells	  that	  are	  placed	  in	  the	  apical	  insert	  or	  

wells.	  For	  the	  invasion	  assays,	  the	  apical	  insert	  has	  as	  the	  bottom	  limit	  a	  plastic	  

membrane	  with	  8	  μm	  holes	  allowing	  for	  cellular	  movement	  from	  the	  top	  to	  the	  

bottom	  surfaces	  of	  the	  membrane.	  In	  the	  invasion	  system,	  the	  membrane	  has	  a	  thin	  

coating	  of	  matrigel,	  which	  consists	  of	  basement	  membrane	  proteins	  that	  serve	  as	  

the	  “barrier”	  to	  cellular	  invasion,	  forcing	  the	  cells	  to	  posses	  the	  ability	  to	  alter	  those	  

membrane	  components	  and	  meet	  at	  least	  a	  minimal	  requirement	  for	  a	  cell	  to	  be	  

considered	  invasive.	  For	  the	  migration	  system,	  the	  chambers	  have	  exactly	  the	  same	  

design	  except	  for	  the	  absence	  of	  the	  matrigel	  layer,	  thus	  there	  is	  no	  basement	  

membrane	  alteration	  required	  for	  movement	  of	  the	  cells	  from	  the	  top	  of	  the	  
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membrane	  to	  the	  bottom	  where	  they	  adhere	  and	  are	  ultimately	  measured.	  

Fibroblast	  cell	  strains	  were	  grown	  to	  approximately	  80%	  confluence	  in	  10	  ml	  of	  

DMEM	  H16	  with	  10%	  FBS	  and	  were	  released	  from	  T75	  culture	  flasks	  (Corning,	  NY)	  

using	  4ml	  of	  0.25%	  trypsin,	  pelleted	  by	  centrifugation	  at	  1	  g	  for	  3	  minutes	  and	  

resuspended	  in	  3ml	  of	  DMEM	  with	  10%	  FBS.	  	  A	  haemocytometer	  (Reichert,	  Buffalo,	  

NY)	  was	  used	  to	  determine	  the	  number	  of	  fibroblasts	  per	  ml	  so	  that	  8X104	  cells	  were	  

plated	  into	  the	  basal	  chambers	  of	  a	  24-‐well	  plate	  tumor	  invasion	  system	  (matrigel,	  

8.0	  µm	  membrane,	  BD	  Biosciences,	  Bedford,	  MA)	  and	  a	  24-‐well	  plate	  migration	  

assay	  (non-‐matrigel,	  8.0	  µm	  membrane,	  BD	  Biosciences,	  Bedford,	  MA)	  in	  a	  volume	  of	  

500	  µl.	  The	  cells	  were	  allowed	  to	  attach	  overnight	  and	  the	  next	  day	  the	  medium	  was	  

changed	  from	  DMEM	  H16	  with	  10%	  FBS	  to	  750	  µl	  of	  DMEM	  H16	  with	  0.5%	  FBS.	  The	  

plates	  were	  returned	  to	  the	  incubator	  for	  an	  additional	  24-‐hour	  period.	  	  Next,	  HaCaT	  

cells	  grown	  in	  DMEM	  H16	  with	  10%	  FBS	  and	  antimicrobials	  were	  released	  by	  0.25%	  

trypsin,	  pelleted	  by	  centrifugation	  at	  1	  g	  for	  3	  minutes	  and	  then	  resuspended	  in	  3ml	  

of	  DMEM	  H16	  with	  antimicrobials	  but	  without	  serum.	  	  A	  haemocytometer	  was	  used	  

to	  determine	  the	  numbers	  of	  HaCaT	  cells	  so	  that	  5X104	  cells	  were	  plated	  in	  the	  

apical	  chambers	  of	  the	  invasion	  and	  migration	  systems	  in	  a	  volume	  of	  500	  µl.	  The	  

plates	  were	  then	  incubated	  for	  22	  hours	  at	  37˚C	  and	  5%	  CO2.	  	  Next,	  the	  invasion	  and	  

migration	  systems	  were	  removed	  from	  the	  incubator	  and	  the	  membranes	  on	  the	  

inserts	  were	  stained	  with	  crystal	  violet	  (4%	  in	  12	  %	  aqueous	  methanol,	  Sigma,	  St.	  

Louis,	  MO),	  rinsed	  in	  water	  and	  a	  moist	  cotton	  applicator	  used	  to	  clear	  the	  upper-‐

side	  of	  the	  membrane	  in	  the	  insert	  of	  non-‐invading	  or	  migrating	  cells.	  Then,	  using	  a	  
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Zeiss	  inverted	  microscope	  (Germany),	  invading	  or	  migrating	  cells	  were	  counted	  in	  

three	  random	  fields	  of	  the	  under-‐side	  of	  the	  membrane	  at	  40X.	  	  	  	  	  	  	  

	  

Results.	  

All	  of	  the	  fibroblast/keratinocyte	  co-‐cultures	  were	  less	  proliferative	  than	  either	  HaCaT	  

or	  OSC20	  alone.	  	  

A	  2-‐dimensional	  co-‐culture	  system	  was	  used	  to	  assess	  whether	  CAFs	  derived	  from	  

the	  tumor	  microenvironment	  and	  NFs	  derived	  from	  the	  dermis	  of	  normal	  tissue	  

have	  an	  affect	  on	  the	  proliferation	  rate	  of	  the	  human	  tongue	  oral	  squamous	  cell	  

carcinoma	  cell	  line,	  OSC20,	  or	  the	  well-‐characterized,	  immortalized	  keratinocyte	  cell	  

line,	  HaCaT.	  The	  daily	  fluorescent	  readings	  for	  each	  co-‐culture	  over	  the	  course	  of	  the	  

14-‐day	  experiment	  were	  tabulated	  and	  the	  trapezoid	  rule	  was	  applied	  to	  calculate	  

the	  area	  under	  the	  curve,	  which	  was	  then	  normalized	  to	  the	  area	  under	  the	  curve	  for	  

the	  cell	  lines	  grown	  in	  monoculture.	  This	  analysis	  reveals	  that	  all	  of	  the	  co-‐cultures	  

were	  less	  proliferative	  than	  either	  of	  the	  HaCaT	  or	  OSC20	  monocultures	  (Figure	  

6.1).	  When	  the	  proliferation	  rates	  are	  compared	  between	  CAFs	  versus	  NFs	  and	  

across	  anatomically	  defined	  groups,	  tongue	  versus	  gingiva,	  there	  was	  no	  significant	  

difference	  observed	  in	  either	  the	  HaCaT	  or	  OSC20	  co-‐cultures	  (Figure	  6.2).	  	  

Additionally,	  the	  effects	  on	  proliferation	  rates	  did	  not	  differ	  with	  respect	  to	  

keratinocyte	  line	  as	  seen	  in	  the	  scatter	  plot	  of	  HaCaT	  proliferation	  versus	  OSC20	  

proliferation	  in	  Figure	  6.3.	  However,	  there	  were	  significant	  differences	  found	  

between	  three	  paired	  samples	  derived	  from	  the	  tumor	  stroma	  and	  normal	  tissue	  
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stroma	  of	  the	  same	  individual	  (OF6	  gingiva/OF6	  CAF,	  OF82/OF81	  and	  OF84/OF83)	  

where	  two	  of	  the	  NFs	  produced	  a	  greater	  inhibition	  of	  the	  proliferation	  rate	  

compared	  to	  CAFs	  (Table	  6.1).	  This	  was	  true	  for	  the	  OF82/OF81	  pair	  when	  co-‐

cultured	  with	  both	  HaCaT	  and	  OSC20,	  and	  for	  OF84/OF83	  only	  when	  co-‐cultured	  	  

	  

Figure	  6.1.	  The	  results	  of	  the	  co-‐culture	  experiments	  demonstrate	  that	  all	  fibroblast	  cell	  
strain/HaCaT	  pairings	  (top	  panel)	  and	  all	  fibroblast	  cell	  strain/OSC20	  pairings	  were	  less	  
proliferative	  compared	  to	  the	  monoculture	  of	  the	  respective	  cell	  line.	  	  
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with	  OSC20.	  	  On	  the	  other	  hand,	  for	  the	  OF6	  gingiva/OF6	  CAF	  pair,	  a	  significant	  

reduction	  in	  proliferation	  was	  observed	  when	  the	  OF6	  CAF	  fibroblasts	  were	  co-‐

cultured	  with	  HaCaT	  cells	  compared	  to	  the	  OF6	  gingiva	  fibroblasts	  (NF).	  	  

	  

	  

	  

	  

Figure	  6.2.	  The	  effect	  of	  the	  fibroblast	  strains	  on	  proliferation	  of	  the	  HaCaT	  (left	  panel)	  
or	  OSC20	  (right	  panel)	  cell	  lines	  did	  not	  differ	  significantly	  for	  NF	  versus	  CAF	  or	  tongue	  
versus	  gingiva	  groups.	  The	  solid	  black	  line	  represents	  the	  mean	  for	  that	  group.	  	  
	  

	  

Figure	  6.3.	  Scatter	  plot	  of	  HaCaT	  versus	  OSC20	  proliferation	  shows	  that	  the	  effect	  on	  
proliferation	  did	  not	  differ	  with	  respect	  to	  keratinocyte	  line	  (R^2=0.78).	  	  
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Table	  6.1.	  Same	  individual	  paired	  samples	  with	  significantly	  greater	  inhibition	  of	  
proliferation	  for	  the	  NF	  compared	  to	  the	  CAF.	  
	  

	  

	  
	  

Discovery	  of	  differential	  gene	  expression	  amongst	  the	  fibroblast	  strains	  which	  were	  

most	  or	  least	  inhibitory	  for	  proliferation	  of	  HaCaTs	  in	  2-‐dimensional	  co-‐culture.	  	  

The	  most	  and	  least	  inhibitory	  fibroblast	  strains	  for	  proliferation	  of	  HaCaT	  and	  

OSC20	  were	  identified	  from	  Figure	  6.1.	  The	  proliferation	  rate	  between	  the	  least	  and	  

most	  inhibitory	  fibroblast	  groups	  was	  significantly	  different	  (least	  inhibitory	  group;	  

mean=0.26	  s.d.=0.05	  and	  most	  inhibitory	  group;	  mean=0.79	  s.d.=0.10,	  p=7.02x10-‐5,	  

t-‐test).	  To	  generate	  a	  list	  of	  differentially	  expressed	  genes,	  the	  mean	  expression	  

levels	  of	  genes	  within	  the	  two	  groups	  was	  determined	  and	  the	  list	  was	  filtered	  on	  

fold	  change	  greater	  than	  1.5	  and	  p<0.05	  (two-‐sided	  t-‐test).	  Genes	  mapping	  to	  the	  Y	  

chromosome	  were	  excluded.	  Then	  we	  mean	  centred	  and	  clustered	  the	  genes	  and	  

samples	  by	  Euclidean	  distance	  and	  complete	  linkage	  using	  Cluster	  software	  and	  Java	  

TreeView	  to	  show	  the	  expression	  values	  of	  the	  51	  differentially	  expressed	  genes	  as	  
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color	  maps	  (Figure	  6.4).	  	  The	  majority	  of	  the	  identified	  differentially	  expressed	  

genes	  were	  expressed	  more	  highly	  in	  the	  more	  inhibitory	  fibroblasts,	  while	  only	  11	  

genes	  were	  more	  highly	  expressed	  in	  the	  least	  inhibitory	  fibroblast	  strains.	  	  	  

	  
Table	  6.2.	  Fibroblast	  strains	  were	  divided	  into	  least	  and	  most	  inhibiting	  for	  the	  
proliferation	  of	  HaCaTs	  in	  co-‐culture.	  	  
	  

	  

	  	  The	  invasion/migration	  experiments	  reveal	  highly	  reproducible	  fibroblast	  strains	  

that	  confer	  increased	  or	  decreased	  invasive	  capacity	  to	  HaCaTs.	  

A	  modified	  Boyden	  chamber	  was	  used	  to	  determine	  the	  migration	  and	  invasion	  

rates	  of	  the	  HaCaT	  keratinocyte	  line.	  The	  chamber	  consists	  of	  an	  upper	  well	  with	  a	  

porous	  membrane,	  into	  which	  keratinocytes	  (benign	  or	  carcinoma	  cells)	  are	  seeded.	  	  

Cells	  can	  migrate	  through	  the	  8	  μm	  wide	  pores	  of	  the	  membrane	  in	  response	  to	  an	  

Strain Site Type Sex Inhibition Proliferation SD 

OF82 Tongue NF F Most 0.25 0.03 

OF84 Tongue NF F Most 0.28 0.09 

OF77 Tongue CAF F Most 0.33 0.06 

OF108 Gingiva CAF M Most 0.38 0.08 

       OF78 Tongue NF F Least 0.65 0.35 

OF47 Gingiva NF M Least 0.76 0.12 

OF49 Gingiva NF M Least 0.76 0.10 

OF6 CAF Gingiva CAF F Least 0.90 0.26 

OF117 Tongue NF M Least 0.90 0.06 

!
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attractant	  or	  the	  membrane	  can	  be	  coated	  with	  a	  thin	  layer	  of	  modified	  basement	  

membrane	  to	  model	  invasion.	  The	  top	  chamber	  sits	  in	  a	  bottom	  chamber,	  which	  has	  	  
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Figure	  6.4.	  The	  color	  map	  shows	  the	  51	  differentially	  expressed	  genes	  in	  the	  least	  and	  
most	  inhibitory	  fibroblast	  strains.	  The	  top	  rows	  indicate	  CAF/NF,	  tongue/gingiva	  and	  
least/most	  inhibitory	  status	  of	  the	  cell	  strains	  listed	  on	  the	  bottom	  of	  the	  color	  map.	  Red	  
indicates	  high	  expression	  and	  green	  indicates	  low	  expression,	  as	  demonstrated	  by	  the	  
scale	  bar	  on	  the	  right.	  	  
	  

serum	  depleted	  media	  alone	  or	  including	  fibroblasts	  seeded	  on	  the	  bottom	  of	  the	  

well.	  Thus,	  the	  assays	  without	  the	  matrigel	  component	  are	  the	  migration	  assays	  and	  

determine	  the	  rate	  at	  which	  the	  keratinocytes	  move	  from	  the	  top	  of	  the	  membrane	  

to	  the	  bottom	  of	  the	  membrane	  through	  the	  pores	  in	  a	  specified	  time	  period.	  

Similarly,	  the	  assays	  with	  the	  matrigel	  component	  are	  the	  invasion	  assays	  and	  

determine	  the	  rate	  at	  which	  the	  keratinocytes	  are	  able	  to	  invade	  through	  the	  

basement	  membrane-‐like	  matrigel,	  move	  through	  the	  pores	  and	  end	  up	  on	  the	  

underside.	  In	  our	  experimental	  system	  we	  measured	  the	  invasion	  rates	  and	  the	  

migration	  rates	  of	  the	  various	  keratinocyte/fibroblast	  pairs	  as	  well	  as	  for	  the	  

keratinocyte/serum	  depleted	  pairs	  and	  then	  calculated	  an	  invasion	  ratio	  by	  dividing	  

the	  invasion	  rate	  by	  the	  migration	  rate.	  All	  keratinocyte	  cell	  lines	  are	  going	  to	  have	  a	  

certain	  invasion	  and	  migration	  capacity,	  so	  to	  account	  for	  this,	  we	  finally	  divide	  the	  

test	  assay	  invasion	  ratios	  (keratinocyte/fibroblast	  co-‐culture)	  by	  the	  control	  assay	  

ratios	  and	  arrive	  at	  an	  invasion	  index	  for	  each	  individual	  fibroblast	  strain,	  which	  is	  a	  

true	  measure	  of	  stimulatory	  or	  inhibitory	  signals	  affects.	  	  

For	  the	  majority	  of	  the	  fibroblast	  strains,	  we	  repeated	  the	  experiment	  twice	  in	  

triplicate	  wells	  each	  time,	  the	  results	  of	  which	  are	  displayed	  in	  Figure	  6.5.	  We	  then	  	  
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Figure	  6.5.	  Represented	  are	  the	  ratios	  of	  invasion/migration	  for	  each	  of	  the	  fibroblast	  
strains.	  Series	  1	  and	  series	  2	  are	  separate	  experiments	  done	  in	  triplicate.	  The	  higher	  
ratios	  represent	  increased	  invasion	  relative	  to	  migration	  of	  the	  HaCaT	  cell	  line.	  	  
	  

	  

Figure	  6.6.	  The	  ratios	  of	  the	  ratios	  from	  Figure	  6.5	  were	  calculated	  and	  displayed.	  The	  
blue	  bars	  represent	  the	  fibroblast	  strains	  that	  had	  highly	  reproducible	  affects	  on	  HaCaT	  
invasion	  and	  migration	  and	  the	  fibroblast	  strains	  represented	  by	  the	  green	  and	  red	  bars	  
were	  less	  reproducible	  and	  not	  included	  in	  further	  analysis.	  	  
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Figure	  6.7.	  There	  is	  a	  significant	  difference	  between	  the	  fibroblast	  strains	  that	  increased	  
versus	  decreased	  the	  invasion/migration	  index.	  Upon	  examination	  of	  the	  same	  
groupings	  affects	  on	  proliferation	  rate,	  there	  is	  a	  trend	  for	  the	  group	  that	  increased	  
invasion/migration	  towards	  a	  lower	  proliferation	  rate	  and	  for	  the	  group	  that	  decreased	  
invasion/migration	  towards	  a	  higher	  proliferation	  rate.	  The	  figure	  represents	  the	  mean	  ±	  
s.d.	  values	  (Invasion/migration;	  decreased=0.22±.04,	  increased=0.55±0.1,	  *	  p=1.87X10-‐
5,	  Proliferation;	  decreased=0.34±0.13,	  increased=0.5±0.07,	  not	  significant)	  
	  

took	  the	  ratios	  of	  the	  two	  experiments,	  which	  resulted	  in	  fibroblast/keratinocyte	  

pairings	  that	  were	  considered	  highly	  reproducible	  and	  those	  that	  were	  not.	  The	  

highly	  reproducible	  strains	  consisted	  of	  those	  that	  had	  either	  increased	  (OF116,	  

OF84,	  OF107,	  OF82,	  OF35)	  or	  decreased	  (OF78,	  OF99,	  OF77,	  OF81,	  HN112,	  OF83,	  

OF100)	  invasion	  indexes	  and	  were	  the	  only	  ones	  considered	  for	  further	  analysis	  

(Figure	  6.6).	  	  
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The	  fibroblast	  strains	  that	  increased	  the	  invasion	  index	  trended	  towards	  a	  lower	  

proliferation	  rate	  compared	  to	  the	  strains	  that	  decreased	  the	  invasion	  index,	  which	  

trended	  towards	  a	  higher	  proliferation	  rate.	  

Upon	  examination	  of	  the	  affect	  on	  proliferation	  rate	  of	  HaCaTs	  in	  the	  fibroblast	  

groups	  that	  increased	  versus	  decreased	  the	  invasion	  index,	  one	  finds	  that	  the	  group	  

that	  increased	  the	  invasion	  index	  trended	  towards	  a	  lower	  proliferation	  rate	  and	  the	  

groups	  that	  decreased	  the	  invasion	  index	  trended	  towards	  a	  higher	  proliferation	  

rate	  (Figure	  6.7).	  

	  

DKK1	  is	  one	  of	  the	  differentially	  expressed	  genes	  that	  emerged	  from	  the	  analysis	  of	  the	  

fibroblast	  strains,	  which	  displayed	  increased	  or	  decreased	  affects	  on	  the	  invasion	  index	  

of	  HaCaT	  keratinocytes.	  	  

The	  fibroblast	  strains	  were	  divided	  into	  two	  groups	  based	  on	  whether	  they	  affected	  

an	  increase	  or	  a	  decrease	  in	  the	  invasion	  index	  of	  HaCaTs	  as	  described	  above.	  Then	  a	  

procedure	  similar	  to	  that	  followed	  to	  generate	  the	  differentially	  expressed	  genes	  in	  

the	  proliferation	  assay	  resulted	  in	  a	  list	  of	  14	  genes	  that	  were	  either	  over-‐expressed	  

or	  under-‐expressed	  in	  the	  invasion	  index	  subgroups	  (Figure	  6.8).	  Among	  the	  more	  

interesting	  genes	  is	  Dickkopf-‐1	  or	  DKK1,	  which	  has	  significantly	  lower	  expression	  

levels	  in	  the	  group	  of	  fibroblasts	  that	  had	  an	  increased	  invasion	  index,	  the	  

ramifications	  of	  which	  will	  be	  explored	  in	  the	  discussion	  section.	  	  
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Figure	  6.8.	  Differential	  expression	  of	  14	  genes	  is	  displayed	  following	  a	  similar	  algorithm	  
as	  for	  Figure	  6.4	  a	  color	  map	  was	  generated	  separating	  fibroblast	  strains	  that	  had	  
increased	  versus	  decreased	  invasion/migration	  ratio.	  The	  top	  rows	  indicate	  CAF/NF,	  
tongue/gingiva	  and	  increase/decreased	  invasion/migration	  ratio	  status	  of	  the	  cell	  strains	  
listed	  on	  the	  bottom	  of	  the	  color	  map.	  Red	  indicates	  high	  expression	  and	  green	  indicates	  
low	  expression,	  as	  demonstrated	  by	  the	  scale	  bar	  on	  the	  right.	  	  
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Discussion.	  

All	  fibroblast/keratinocyte	  interactions	  were	  inhibitory	  with	  NFs	  producing	  a	  

significantly	  greater	  inhibition	  than	  CAFs	  in	  individually	  paired	  fibroblast	  strains.	  

In	  the	  2-‐dimensional	  co-‐culture	  system,	  proliferation	  of	  HaCaTs	  or	  OSC20	  was	  

monitored	  in	  real-‐time	  over	  a	  14-‐day	  period.	  The	  results	  demonstrate	  that	  all	  of	  the	  

fibroblast/keratinocyte	  interactions	  resulted	  in	  a	  decreased	  proliferation	  rate	  of	  the	  

epithelial	  cells	  as	  compared	  their	  proliferation	  rate	  in	  monocultures.	  	  Further,	  there	  

were	  three	  same	  individual	  CAF/NF	  pairs,	  which	  showed	  differentially	  effects	  on	  

proliferation.	  	  For	  two	  pairs,	  the	  NF	  was	  more	  inhibitory	  than	  the	  CAF,	  while	  for	  the	  

third	  pair	  the	  CAF	  was	  more	  inhibitory.	  These	  results	  are	  generally	  in	  agreement	  

with	  what	  is	  reported	  in	  the	  literature.	  Wadlow	  et	  al.	  found	  fibroblast/carcinoma	  co-‐

cultures	  that	  were	  both	  growth	  promoting	  and	  inhibiting,	  although	  the	  percentage	  

of	  growth	  promoting	  cells	  were	  a	  clear	  minority1,2.	  In	  a	  study	  by	  Flaberg	  et	  al.,	  it	  was	  

demonstrated	  that	  all	  fibroblast	  cells	  types	  were	  growth	  inhibiting	  and	  indicated	  

that	  normal	  fibroblasts	  were	  more	  inhibiting	  than	  fibroblasts	  derived	  from	  areas	  

close	  to	  tumors,	  specifically	  fibroblasts	  that	  could	  potentially	  be	  CAFs	  derived	  from	  

a	  prostate	  biopsy	  of	  a	  prostate	  cancer	  patient.	  They	  go	  on	  to	  suggest	  that	  expression	  

profiling	  of	  most	  and	  least	  inhibitory	  fibroblasts	  could	  lead	  to	  the	  discovery	  of	  novel	  

molecular	  mechanisms.	  This	  is	  the	  general	  approached	  that	  we	  followed	  in	  deriving	  

the	  list	  of	  differentially	  expressed	  genes	  in	  Figure	  6.4.	  	  

SFRP2	  and	  THBS4	  are	  secreted	  proteins	  that	  are	  more	  highly	  expressed	  in	  fibroblast	  

cell	  strains	  that	  inhibit	  proliferation	  the	  most	   	  
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Fifty-‐one	  genes	  have	  been	  identified	  as	  being	  differentially	  expressed	  between	  the	  

least	  and	  most	  inhibitory	  fibroblast	  strains.	  Of	  those	  genes,	  two	  secreted	  proteins	  

over-‐expressed	  in	  the	  most	  inhibitory	  fibroblast	  strains	  are	  of	  particular	  interest,	  

the	  soluble	  frizzled	  receptor	  protein	  (SFRP2)	  and	  thrombospondin	  4	  (THBS4).	  	  

Interestingly,	  SFRP2	  is	  methylated	  in	  oral	  cancer	  and	  cell	  lines	  4,5	  and	  the	  up-‐

regulated	  expression	  of	  this	  soluble	  mediator	  inhibits	  colony	  formation.	  

Additionally,	  the	  WNT-‐pathway	  is	  often	  activated	  in	  the	  absence	  of	  beta-‐catenin	  

and/or	  APC/Axin	  mutations	  during	  oral	  carcinogenesis.	  Thus,	  if	  SFRP2,	  an	  inhibitory	  

mediator	  of	  the	  proliferative	  WNT-‐pathway,	  is	  epigenetically	  silenced	  in	  cancer	  

cells,	  then	  over-‐production	  and	  secretion	  by	  CAFs	  may	  be	  able	  to	  overcome	  the	  

inhibitory	  affect	  leading	  to	  decreased	  proliferation.	  THBS4	  is	  similarly,	  a	  secreted	  

protein,	  belonging	  to	  the	  extracellular	  calcium-‐binding	  protein	  family.	  Proposed	  

functions	  include	  calcium	  binding,	  cell	  attachment,	  cell	  migration	  and	  proliferation,	  

cytoskeletal	  organization,	  neurite	  growth,	  binding	  other	  extracellular	  matrix	  

components	  and	  cell-‐cell	  interactions.	  It	  has	  been	  promoted	  as	  being	  a	  putative	  

tumour-‐suppressor	  gene	  that	  is	  hypermethylated	  in	  colorectal	  cancer	  6,	  with	  the	  

additional	  observation	  that	  over-‐expression	  in	  colon	  carcinoma	  cells	  suppressed	  

growth	  as	  demonstrated	  by	  a	  failure	  to	  recover	  colonies.	  THBS4	  has	  also	  been	  found	  

to	  be	  over-‐expressed	  by	  stromal	  CAFs	  in	  diffuse	  type	  gastric	  adenocarcinomas	  7	  and	  

secretion	  by	  CAFs	  is	  stimulated	  by	  the	  presence	  of	  tumor	  cells	  in	  a	  co-‐culture	  model	  

but	  its	  role	  has	  yet	  to	  be	  fully	  elucidated.	  	  
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DKK1,	  a	  WNT	  antagonist,	  is	  a	  differentially	  expressed	  gene,	  which	  has	  lower	  

expression	  levels	  in	  fibroblast	  strains	  associated	  with	  an	  increased	  invasion	  index.	  	  

Similar	  to	  the	  proliferation	  experiments,	  the	  invasion/migration	  experiments	  

yielded	  a	  list	  of	  differentially	  expressed	  genes	  derived	  from	  the	  comparison	  of	  

fibroblasts	  that	  increased	  or	  decreased	  the	  invasion/migration	  ratios.	  Of	  all	  of	  the	  

genes,	  DKK1	  had	  the	  largest	  differential	  expression.	  DKK1	  is	  a	  secreted	  glycoprotein	  

that	  has	  been	  shown	  to	  act	  as	  a	  potent	  inhibitor	  of	  the	  canonical	  Wnt/β-‐catenin	  

signalling	  pathway8,9.	  	  Through	  competitive	  binding	  of	  the	  low-‐density	  lipoprotein	  

receptor-‐related	  proteins,	  DKK1	  results	  in	  degradation	  of	  cytosolic	  β-‐catenin10.	  

Epigenetic	  silencing	  of	  DKK1	  has	  been	  described	  in	  colorectal	  cancer11	  and	  

overexpression	  of	  DKK1	  inhibits	  epithelial	  cell	  proliferation	  in	  a	  mouse	  model12.	  

Proinflammatory	  cytokines	  have	  been	  shown	  to	  induce	  expression	  of	  DKK1,	  where	  

its	  presence	  or	  absence	  may	  have	  direct	  consequences	  on	  a	  cancer-‐associated	  

microenvironment.	  In	  an	  LOH	  study	  looking	  at	  head	  and	  neck	  squamous	  cell	  

carcinoma,	  cases	  that	  retained	  DKK1	  had	  less	  distant	  metastasis	  and	  a	  tendency	  for	  

longer	  disease	  free	  survival13	  and	  in	  oral	  squamous	  cell	  carcinoma,	  DKK1	  positive	  

cases	  were	  correlated	  significantly	  with	  a	  low	  risk	  of	  regional	  lymph	  node	  

metastasis14.	  

Emergence	  of	  the	  WNT	  signalling	  system	  and	  future	  plans	  on	  investigating	  its	  role	  in	  

shaping	  the	  tumor/stromal	  relationship.	  

Our	  analysis	  of	  the	  differentially	  expressed	  genes	  derived	  from	  the	  2-‐dimensional	  

and	  3-‐dimensional	  co-‐culture	  experiments	  has	  yielded	  a	  very	  strong	  signal	  from	  two	  
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genes	  that	  are	  involved	  in	  regulating	  WNT	  signalling,	  SFRP2	  and	  DKK1.	  In	  fact,	  

another	  group	  has	  found	  that	  tumor	  fibroblasts	  secretes	  WNT2	  to	  promote	  tumor	  

progression	  in	  oesophageal	  cancers15.	  So,	  perhaps	  there	  exists	  a	  balancing	  act	  

between	  the	  promoters	  and	  inhibitors	  of	  the	  WNT	  system,	  which	  helps	  determine	  

the	  fate	  of	  a	  carcinoma	  and	  its	  microenvironment.	  Future	  experiments	  to	  further	  

elucidate	  this	  question	  involve	  verification	  that	  SFRP2	  and	  DKK1	  are	  secreted	  at	  

different	  levels	  by	  the	  least/most	  inhibiting	  fibroblasts	  and	  increasing/decreasing	  

fibroblasts	  in	  relation	  to	  proliferation	  and	  invasion/migration,	  respectively.	  Then	  

SFRP2	  and	  DKK1	  can	  be	  applied	  exogenously	  to	  HaCaT	  or	  OSC20	  cultures	  to	  

determine	  the	  affect	  on	  proliferation	  and	  invasion.	  
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Supplementary Figure A. RT2 QC Profiler Results. OF108, OF6 CAF and OF50 did not 
pass and were not included in the validation study. 

OF51 OF51 OF52 OF52 OF78 OF78 OF77 OF77
ACTB 17.82 17.70 19.30 19.27 20.57 20.64 16.78 16.76
HPRT1 24.85 24.99 28.28 28.21 26.72 26.86 24.86 25.14
RTC 22.50 22.42 21.66 21.53 23.13 22.91 22.17 22.18
PPC 18.30 18.30 18.38 18.45 18.27 18.63 18.21 18.30
GDC 39.87 UndeterminedUndeterminedUndetermined33.17 UndeterminedUndeterminedUndetermined
NRT UndeterminedUndetermined35.29 UndeterminedUndetermined39.37 UndeterminedUndetermined
PPC - H2O15.91 18.66 18.29 18.53 18.40 18.74 18.52 18.70
NTC 37.74 Undetermined36.35 UndeterminedUndetermined38.99 UndeterminedUndetermined

OF82 OF82 OF81 OF81 OF84 OF84 OF83 OF83
ACTB 18.88 18.63 18.33 18.37 17.46 17.41 18.74 18.75
HPRT1 26.13 26.29 25.61 25.72 24.38 24.75 25.49 25.37
RTC 21.81 21.76 21.98 21.79 21.74 21.83 22.25 22.19
PPC 18.46 18.64 18.27 18.40 18.70 17.95 17.99 17.92
GDC UndeterminedUndeterminedUndeterminedUndetermined34.98 Undetermined34.99 31.33
NRT UndeterminedUndeterminedUndetermined36.33 UndeterminedUndetermined33.76 34.27
PPC - H2O18.46 18.33 18.61 18.48 18.25 18.39 18.50 18.60
NTC UndeterminedUndetermined38.06 UndeterminedUndeterminedUndeterminedUndeterminedUndetermined

OF99 OF99 OF100 OF100 OF6 TONGUEOF6 TONGUEOF107 OF107
ACTB 21.22 21.25 16.89 16.98 17.45 17.53 16.31 16.41
HPRT1 27.87 28.16 25.61 25.94 24.31 24.47 24.10 24.30
RTC 22.75 22.68 22.61 22.44 22.54 22.41 22.16 22.22
PPC 18.00 17.94 18.21 18.28 17.90 18.20 17.89 18.20
GDC UndeterminedUndetermined39.99 Undetermined33.23 UndeterminedUndetermined39.30
NRT 33.93 36.16 UndeterminedUndetermined35.90 33.22 31.84 Undetermined
PPC - H2O18.12 18.44 18.35 18.45 18.27 18.49 18.29 18.53
NTC UndeterminedUndeterminedUndeterminedUndeterminedUndeterminedUndetermined31.76 Undetermined

OF 108 OF 108 OF6 GINGIVAOF6 GINGIVAOF6 CAF OF6 CAF OF40 OF40
ACTB 24.16 24.10 18.39 18.45 32.91 Undetermined18.40 18.36
HPRT1 27.60 27.64 27.22 27.45 32.93 32.82 25.14 25.22
RTC 23.96 23.88 22.91 22.81 28.81 28.26 23.01 22.72
PPC 19.12 18.32 18.39 18.32 18.44 18.34 18.44 18.37
GDC UndeterminedUndetermined39.12 UndeterminedUndeterminedUndeterminedUndeterminedUndetermined
NRT UndeterminedUndeterminedUndeterminedUndeterminedUndeterminedUndeterminedUndeterminedUndetermined
PPC - H2O18.64 18.61 18.58 18.76 18.75 18.85 18.40 18.65
NTC UndeterminedUndeterminedUndeterminedUndeterminedUndeterminedUndeterminedUndetermined39.99

HN112 HN112 OF50 OF50 OF79 OF79 OF49 OF49
ACTB 17.67 17.68 25.51 25.37 16.97 16.77 17.76 17.70
HPRT1 25.93 25.92 28.90 28.80 24.82 25.13 25.30 25.26
RTC 22.60 22.59 24.34 24.12 22.45 22.43 21.88 21.77
PPC 18.21 18.28 18.27 18.23 18.34 18.12 18.25 18.02
GDC UndeterminedUndeterminedUndeterminedUndeterminedUndeterminedUndeterminedUndeterminedUndetermined
NRT UndeterminedUndeterminedUndeterminedUndeterminedUndeterminedUndeterminedUndeterminedUndetermined
PPC - H2O18.59 18.56 18.43 18.86 18.57 18.60 18.52 18.54
NTC UndeterminedUndetermined38.97 UndeterminedUndeterminedUndeterminedUndeterminedUndetermined

OF97 OF97 OF76 OF76 OF47 OF47
ACTB 16.71 16.72 17.34 17.22 17.99 17.99
HPRT1 22.97 23.04 25.94 25.84 28.81 25.68
RTC 22.38 22.28 22.44 22.24 22.55 22.53
PPC 18.51 18.19 18.24 18.01 19.17 18.55
GDC 38.69 33.00 UndeterminedUndetermined32.56 31.53
NRT UndeterminedUndeterminedUndetermined34.17 32.51 26.96
PPC - H2O18.56 18.64 18.63 18.57 18.66 18.59
NTC UndeterminedUndeterminedUndeterminedUndeterminedUndeterminedUndetermined
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Supplementary	  Figure	  B.	  Probe	  set	  graphs	  for	  representative	  genes.	  For	  the	  validated	  genes,	  no	  
alternative	  splicing	  events	  were	  detected.	  Green	  circles	  =	  gingival	  CAF,	  Blue	  circles	  =	  gingival	  NF,	  Black	  
circles	  =	  tongue	  CAF,	  Red	  circles	  =	  tongue	  NF.	  
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