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CHAPTER  1:  

INTRODUCTION  

  

Metastasis  and  Cell  Adhesion  

  

Metastasis  is  generally  considered  the  deadliest  aspect  of  cancer.  As  such,  

significant  effort  has  been  dedicated  to  early  detection  and  prevention  of  disease  

progression.  However,  it  is  becoming  apparent  that  prevention  and  early  detection  are  

only  one  piece  of  the  puzzle  that  is  cancer  treatment.  Understanding  the  mechanisms  

by  which  tumor  cells  spread  from  the  primary  tumor,  or  metastasize,  will  continue  to  

reveal  more  therapeutic  targets  to  be  investigated  in  the  fight  against  cancer.  This  

dissertation  examines  the  relationship  between  the  dynamic  regulation  of  cell  adhesion  

and  the  progression  to  metastasis.  In  this  chapter,  I  will  define  metastasis,  outline  the  

major  classes  of  cell  adhesion  molecules,  and  summarize  their  known  contributions  to  

cancer  progression.    

  

Definition  and  clinical  concerns  

   Metastasis  is  the  process  by  which  tumor  cells  disseminate  from  their  site  of  origin  

to  a  distant  location  (1).  This  dissemination  takes  place  as  a  sequential  series  of  steps  

in  which  the  cell  escapes  the  primary  tumor,  evades  cell  death  and  immune-mediated  

clearance  in  circulation,  and  arrives  in  a  distant  organ  to  survive  in  an  environment  

distinct  from  its  origin.  Fundamentally,  investigations  of  this  highly  inefficient  process  

consider  the  dissemination  of  even  a  single  cell  to  a  distant  organ  a  metastatic  event.  

Clinically,  however,  metastasis  is  less  about  the  behavior  of  individual  cells  and  more  

about  the  disease  state  and  its  presentation  in  the  patient.  Metastatic  disease  is  

clinically  recognized  when  the  secondary  tumor  is  detectable  by  diagnostic  tools  such  

as  imaging  and  biopsy.  For  most  cancers,  only  a  small  proportion  of  patients  progress  

to  metastatic  disease;;  for  example,  only  4%  of  prostate  and  bladder  cancer  patients  

ultimately  progress  to  this  terminal  state  (2).  Nevertheless,  metastatic  disease  accounts  

for  more  than  90%  of  cancer-related  deaths  (3).  Despite  significant  advances  in  

detection  and  treatment  of  early  disease,  very  few  therapies  effectively  target  
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metastases.  Indeed,  while  an  increasing  portion  of  patients  are  diagnosed  with  and  

successfully  treated  for  early  stage  disease,  survival  and  prognosis  for  patients  with  

aggressive  metastatic  disease  remains  poor  (2).  In  prostate  and  bladder  cancer,  

respectively,  five-year  survival  rates  fall  from  >99%  and  70%  for  patients  with  localized  

disease  to  29%  and  5%  for  patients  with  disseminated  disease  (2).  Consequently,  the  

detection  and  treatment  of  metastatic  disease  remains  an  unsolved  clinical  challenge.  

   Alterations  to,  and  dysregulation  of,  the  mechanisms  that  control  tumor  cell  

adhesion  and  migration  commonly  promote  disease  progression  and  metastasis  (4).  

However,  the  regulation  of  these  mechanisms  is  still  poorly  understood  and  not  easily  

targeted  for  therapeutic  interventions  (5).  Because  of  the  limited  options  in  treating  

metastatic  disease,  current  treatment  plans  for  patients  presenting  with  early,  localized  

disease  often  focus  on  assessing  and  reducing  the  patient’s  risk  of  future  disease  

progression.  For  example,  prostate  cancer  patients  with  localized  disease  can  undergo  

one  of  two  treatment  plans:  1)  Active  surveillance  or  watchful  waiting  observation  with  

continuous  monitoring  of  the  patient’s  symptoms  and  prostate-specific  antigen  (PSA)  

levels,  or  2)  Active  treatment  that  could  include  radiation  therapy,  hormone  therapy,  

and/or  radical  prostatectomy,  each  of  which  carries  significant  potential  for  complication  

and  morbidities  (6).  However,  it  has  been  difficult  to  find  reliable  predictive  markers  of  

progression,  especially  ones  that  stratify  patients  with  indolent  disease  from  those  with  

aggressive  disease.  Even  PSA,  often  touted  as  the  gold  standard  of  biomarkers,  is  only  

60-80%  accurate,  in  sensitivity  and  specificity,  as  a  diagnostic  marker  (7).  A  more  

complete  understanding  of  mechanisms  controlling  a  tumor  cell’s  progression  to  

metastasis  will  provide  a  knowledge  base  from  which  better  therapeutics  for  and  

biomarkers  of  metastatic  disease  can  evolve.  

  

The  metastatic  cascade  

   The  steps  a  tumor  cell  has  to  undertake  in  order  to  metastasize  are  referred  to  as  

the  metastatic  cascade  (Fig.  1).  The  steps  are  defined  as  (I.)  escape  from  the  primary  

tumor,  (II.)  intravasation  into  local  vasculature,  (III.)  circulation  through  the  vasculature  

and  dissemination  to  a  distant  site,  (IV.)  arrest  within  and  extravasation  from  the    
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Figure  1.  The  metastatic  cascade.  The  metastatic  cascade  consists  of  five  sequential  steps:  I.)  escape  
from  the  primary  tumor,  II.)  intravasation  into  local  vasculature,  III.)  systemic  circulation  IV.)  extravasation  
from  the  vasculature,  V.)  colonization  of  the  secondary  site.  (a)  amoeboid-like  migration  from  the  primary  
site,  (b)  mesenchymal,  single  cell  migration  from  the  primary  site,  (c)  collective  cell  migration  from  the  
primary  site,  (d)  platelet  shielding  of  circulating  tumor  cells,  (e)  circulation  of  tumor  cell  aggregates,  with  
and  without  microenvironmental  “passengers”,  (f)  extravasation  aided  by  microenvironmental  
“passengers”,  (g)  overt  metastasis  at  secondary  site,  (h)  dormant  tumor  cells  at  secondary  site.  
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vasculature,  and,  finally,  (V.)  colonization  at  a  secondary  site  (1).  Moreover,  each  of  

these  steps  must  occur  in  sequence  in  order  for  a  cell  to  metastasize,  making  this  an  

inefficient  process  (8,9).  These  broad  steps  each  encompass  several  different  biological  

processes  in  order  to  occur,  and  not  everything  is  known  about  the  mechanisms  

regulating  each  of  these  steps.  This  chapter  will  summarize  the  contribution  of  cell  

adhesion  to  each  step  of  the  metastatic  cascade.    

  

Escape  from  the  primary  tumor  

   The  “linear  progression  model”  of  cancer  considers  metastasis  the  final  step  in  

disease  progression,  but  a  growing  body  of  evidence  suggests  that  metastasis  can  

occur  even  from  tumors  that  are  considered  early  stage,  reflected  by  the  “parallel    

progression  model”  (10,11).  The  latter  model  has  proven  to  be  especially  true  for  the  

first  step  of  the  metastatic  cascade.  As  primary  tumors  grow,  neovascularization  is  

induced  in  order  to  prevent  hypoxia  and  provide  growth  factors  to  the  entirety  of  the  

tumor.  Vessels  formed  during  tumor-induced  neovascularization  are  often  disorganized  

and  leaky  (12).  The  increased  permeability  of  these  new  vessels  provides  a  doorway  for  

tumor  cells  into  the  host  vasculature.    

   In  order  for  tumor  cells  to  escape  the  primary  tumor  into  the  new  tumor-induced  

vasculature,  they  must  both  migrate  and  remodel  the  surrounding  extracellular  matrix  

(ECM)  (4).  There  are  conflicting  hypotheses  regarding  the  reasons  for  departure  from  

the  primary  tumor  mass.  It  is  unknown  whether  tumor  cells  begin  to  migrate  away  from  

the  primary  tumor  using  intrinsic  migratory  mechanisms  stimulated  by  external  cues  

such  as  hypoxia,  or  paracrine,  cytokine,  or  growth  factor  signaling,  or  because  genomic  

instability  results  in  gain-of-function  mutations  that  confer  the  ability  to  migrate  on  

normally  immotile  epithelial  cells  (10,13).  

   Beyond  the  stimulus  for  tumor  cell  migration,  there  is  existing  controversy  

regarding  the  method  of  cell  migration  away  from  the  primary  tumor.  The  classical  

dogma  of  metastasis  depicts  a  single  tumor  cell  breaking  cell  adhesions  with  

neighboring  cells  and  navigating  the  surrounding  ECM  with  ameboid-like  migration  

mechanisms;;  this  type  of  migration  requires  little  to  no  remodeling  of  the  ECM  (4,14,15).  

Alternatively,  these  single  cancer  cells  may  undergo  epithelial-to-mesenchymal  
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transition  (EMT),  which  is  the  process  of  epithelial  cells  losing  the  expression  of  key  cell  

adhesion  molecules  such  as  epithelial-cadherin  (E-cadherin)  to  adopt  a  more  

mesenchymal-like  phenotype  with  polarized  migration  assisted  by  remodeling  of  the  

ECM  by  matrix  metalloproteases  (MMPs)  (4,14,16,17).  Conversely,  a  growing  body  of  

evidence  suggests  that  tumor  cells  escape  from  the  primary  tumor  most  effectively  

when  they  undergo  collective  migration,  often  in  a  follow-the-leader  process  similar  to  

that  seen  in  angiogenesis  or  mammary  gland  development.  This  method  of  migration  

often  requires  significant  remodeling  of  the  ECM  by  the  leader  cells  or  by  co-migrating  

tumor-associated  fibroblasts  (18-20).  Regardless,  there  is  general  agreement  that  

alterations  in  both  cell  adhesion  and  migration  mechanisms  must  occur  for  cells  to  

escape  the  primary  tumor  (21,22).    

  

Intravasation  

   After  escape  from  the  primary  tumor,  cells  can  disseminate  through  both  the  

lymphatic  and  blood  vessels.  Although  hematopoietic  dissemination  is  often  considered  

the  dominant  mode  of  tumor  cell  dissemination,  growing  evidence  suggests  that  the  

cancer  type  and  location  of  metastasis  strongly  influence  the  dominant  mode  of  

dissemination  (23,24).  In  order  for  this  dissemination  to  occur,  tumor  cells  must  migrate  

into  the  vessels,  a  process  called  transendothelial  migration.  It  is  still  a  matter  of  debate  

whether  tumor  cells  passively  or  actively  undergo  transendothelial  migration  (25).  The  

disorganized,  immature  vessel  growth  induced  in  the  primary  tumor  lends  support  to  

passive  transendothelial  migration  (26).  However,  differences  in  response  of  metastatic  

and  non-metastatic  cells  to  paracrine  signaling  from  tumor  vessels  lend  support  to  the  

model  of  active  transendothelial  migration  (13,27,28).    

  

Circulation  

   Even  in  models  of  early  disease  progression,  millions  of  tumor  cells  can  be  

detected  in  circulation  (9).  Very  few  of  these  circulating  tumor  cells  survive  long  enough  

to  extravasate  and  form  secondary  tumors.  Circulating  tumor  cells  are  subjected  to  an  

onslaught  of  challenges,  from  the  mechanical  stresses  of  blood  flow  and  high-pressure  

capillaries,  to  the  environmental  stresses  of  anoikis  induced  by  detachment  from  the  
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ECM,  to  immune  detection  and  subsequent  lysis  (29).  Several  factors  have  been  shown  

to  improve  tumor  cell  survival  in  circulation.  For  example,  platelet  aggregation  on  

circulating  tumor  cells  shields  the  surface  of  these  tumor  cells,  protecting  them  from  the  

shear  forces  of  blood  flow  and  from  immune  detection  by  natural  killer  cells  (30-32).  

Additionally,  several  groups  have  shown  that  circulating  aggregates  of  tumor  cells  are  

far  more  likely  to  survive  circulation  and  successfully  extravasate  than  single  circulating  

tumor  cells  (33,34).  Moreover,  the  number  of  tumor  cell  aggregates  detected  in  patient  

circulation  is  a  better  prognostic  marker  of  progression  than  single  circulating  tumor  

cells,  indicating  that  tumor  cell  aggregation  indeed  promotes  survival  in  circulation  

(33,35).    

  

Extravasation  

   Cells  that  survive  circulation  must  ultimately  leave  the  vasculature  to  form  a  

secondary  tumor  in  a  process  called  extravasation  (36).  Extravasating  cells  must  first  

arrest  within  the  vasculature  either  through  activation  of  rolling  adhesion  mechanisms  

(often  aided  by  circulating  “passengers”  such  as  platelets  and  tumor-associated  stromal  

cells)  or  by  embolization  within  capillary  beds  (37,38).  Similar  to  intravasation,  

extravasation  requires  transendothelial  migration  (39).  Again,  aggregates  composed  of  

multiple  tumor  cells,  tumor  cells  and  platelets,  or  tumor  cells  and  tumor-associated  

stromal  cells  have  been  shown  to  be  more  efficient  at  extravasation  than  single  

circulating  tumor  cells  (33,40).    

  

Colonization  at  secondary  site  

   The  final  step  of  metastasis  is  colonization  at  the  secondary  site.  Clinically,  this  is  

the  most  important  step  because  disseminated  tumor  cells  rarely  cause  life-threatening  

complications.  Overt  metastases  are  most  commonly  associated  with  complications  that  

cause  cancer-related  deaths.  This  is  also  considered  the  rate-limiting  step  in  

metastasis,  as  not  all  cells  that  extravasate  are  able  to  colonize  the  secondary  site  

(41,42).    

   In  1889,  Stephen  Paget  made  a  pivotal  discovery  suggesting  that  the  site  of  

metastasis  is  determined  by  “seeds”  (tumor  cells)  reaching  their  favorable  “soil”  (the  
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host  microenvironment)  (43).  Forty  years  later,  James  Ewing  challenged  this  discovery  

by  suggesting  that  the  site  of  metastasis  was  a  random  event  influenced  only  by  the  

path  of  blood  flow  from  the  tumor  (44).  However,  it  is  now  well  established  that  the  sites  

of  metastasis  can  typically  be  predicted  from  the  primary  tumor  type,  a  phenomenon  

referred  to  as  organotropism  (43,45).  The  mechanisms  directing  organotropism  are  still  

being  unraveled.  One  model  suggests  that  the  exchange  of  systemic  cues  from  the  

primary  tumor  to  the  secondary  site  “prime”  the  tumor  cells  for  that  site  and  create  a  

favorable  environment  or  “pre-metastastic  niche”  at  the  secondary  site  (46).  These  

systemic  cues  can  come  in  the  form  of  exosomes  or  other  vesicles,  cytokines,  or  

“resident”  immune  cells  (47,48).  Another  model  suggests  that  the  physics  of  the  

secondary  site  affect  organotropism.  For  example,  many  groups  hypothesize  that  the  

pliability  or  stiffness  of  the  tissue  at  the  secondary  site  directs  mechanotransduction  

signals  that  support  survival,  migration,  and  proliferation  of  metastases  (49-51).  Yet  

another  model  suggests  that  tumor  cells  “carry  along”  supportive  stromal  cells  from  the  

primary  microenvironment  to  the  secondary  site  in  order  to  quickly  establish  a  favorable  

environment  for  metastatic  outgrowth  (52).  After  arrival  at  the  secondary  site,  some  

tumor  cells  will  immediately  begin  proliferating  and  form  overt  metastases  quickly,  while  

others  will  remain  dormant  for  months,  years,  or  decades  before  growing  into  clinically  

detectable  tumors.    

   Dormancy  at  the  secondary  site  has  complicated  the  treatment  of  cancer.  In  some  

cancers,  such  as  hormone-dependent  breast  cancer,  patients  will  survive  for  ten  to  

fifteen  years  after  the  successful  resection  and  treatment  of  what  appears  to  be  

localized  disease,  only  to  succumb  to  metastatic  disease  following  outgrowth  of  a  

previously  dormant  metastasis  (53).  Because  dormancy  at  the  secondary  site  occurs  

before  metastases  become  clinically  detectable,  it  is  difficult  to  predict  which  patients  

have  dormant  metastases  and  when  those  tumor  cells  will  escape  dormancy.  Tumor  

cell  dormancy  is  a  growing  field  of  cancer  biology  in  which  many  proponents  suggest  

that  understanding  how  to  induce  or  maintain  dormancy  will  significantly  advance  the  

treatment  of  metastatic  disease  (54).    
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Cell  adhesion  in  metastasis  

   As  summarized  previously,  each  step  of  the  metastatic  cascade  involves  

alterations  in  cell-cell  and  cell-matrix  adhesions.  Changes  in  cell  adhesion  are  common  

in  the  normal  physiological  processes  of  embryonic  development  and  tissue  

maintenance  and  repair,  such  as  regeneration  of  neurons  and  mammary  gland  

alveologenesis  during  pregnancy  and  lactation  (55,56).  Thus,  mechanisms  regulating  

the  dynamic  control  of  cell  adhesion  are  intrinsic  to  normal  cells,  but  are  altered  in  tumor  

cells.  It  is  more  common  to  see  epigenetic  and  post-translational  modifications  to  cell  

adhesion  pathways  than  it  is  to  see  genomic  alterations.  These  alterations  shift  the  

regulation  of  cell  adhesion  mechanisms  to  favor  that  of  a  pro-migratory  state  that  is  

essential  for  metastasis.    

   The  field  has  made  significant  progress  in  understanding  the  different  mechanisms  

of  cell  adhesion.  The  investigation  of  EMT,  collective  versus  single  cell  migration,  and  

the  interplay  of  cell  adhesion  and  proliferation  have  all  greatly  expanded  our  knowledge  

of  the  importance  of  cell  adhesion  in  cancer  progression.  However,  these  advances  in  

knowledge  have  not  been  met  with  equal  advances  in  patient  care.  We  hypothesize  that  

understanding  the  mechanisms  regulating  the  dynamic  control  of  cell  adhesion,  rather  

than  the  mechanisms  of  cell  adhesion  themselves,  will  provide  the  largest  benefit  to  

improvement  of  patient  care.  This  dissertation  explores  such  regulatory  mechanisms  

and  identifies  two  tunable  mechanisms  of  adhesion  that  exist  in  normal  physiological  

contexts,  but  are  disproportionately  activated  in  malignant  cancers.  

  

Families  of  Cell  Adhesion  Molecules  

  

   Cell  adhesion  is  a  critical  mechanism  by  which  cells  communicate  with  each  other  

and  their  microenvironment.  It  is  critical  to  cell  cycle  regulation,  proliferation,  tissue  

morphogenesis  and  maintenance,  immunological  response,  and  wound  healing,  among  

many  other  biological  processes.  As  essential  as  cell  adhesion  is  to  normal  physiology,  

it  is  often  dysregulated  in  disease  states,  especially  in  cancer.  In  this  section,  I  will  

discuss  three  of  the  major  classes  of  cell  adhesion  molecules:  the  cadherins,  the  

integrins,  and  the  immunoglobulin  super  family  of  cell  adhesion  molecules.  I  will  briefly  
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review  their  structure  and  basic  mechanism  of  adhesion  and  highlight  some  of  the  

mechanisms  by  which  they  contribute  to  cancer  progression.  

  

Cadherins  

Structure  and  function  

   The  cadherins  refer  to  a  large  family  of  calcium-dependent  cell  adhesion  

molecules  (57,58).  They  are  the  main  cell  adhesion  molecules  associated  with  the  

formation  of  adherens  junctions  (59).  In  normal  physiology,  the  cadherins  play  an  

important  role  in  the  development  of  tissue  layers  (60).  The  differential  expression  of  the  

over  100  cadherins  helps  define  specific  tissue  structures  during  development  (61).  

There  are  eight  different  classes  of  cell  adhesion  molecules,  but  the  “classical”  

cadherins  are  most  closely  associated  with  the  changes  in  cell  adhesion  observed  

during  cancer.    

   Cadherins  are  a  type  I  transmembrane  protein  defined  by  extracellular  cadherin  

domains.  These  domains  are  each  around  110  amino  acids  long  and  adopt  a  Greek  key  

motif  composed  of  seven  β-strands  (62,63).  The  classical  cadherins,  including  epithelial  

(E-)  and  neuronal-cadherin,  have  six  extracellular  cadherin  domains.  The  short  

connecting  amino  acid  sequences  between  each  domain  house  the  Ca2+  binding  sites,  

which  are  integral  to  establishing  the  active  binding  conformation  (64).    

   Upon  binding  of  the  Ca2+  ions,  the  N-terminal  cadherin  domain  is  primed  for  trans  

interaction  with  cadherin  from  an  adjacent  cell.  Trans  interaction  leads  to  lateral  cis  

clustering  and  the  formation  of  a  zipper-like  structure  (65,66).  The  cytoplasmic  domain  

interacts  with  adaptor  and  signaling  proteins,  like  the  catenins  and  vinculin,  anchoring  

the  adherens  junction  to  the  actin  cytoskeleton  (67).    

  

Cadherins  in  cancer  

   The  dysfunction  of  classical  cadherins  has  been  a  known  driver  of  epithelial  cancer  

progression  for  several  decades  (68).  These  early  studies  showed  that  loss  (by  somatic  

or  germline  mutation,  or  by  transcriptional  silencing)  or  mislocalization  of  E-cadherin  in  

human  disease  correlates  with  disease  progression  and  that  experimental  models  of  E-

cadherin  loss  promote  invasion  and  metastasis  (65,69-71).  Conversely,  early  animal  
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and  cell  model  studies  showed  that  re-expression  of  E-cadherin  in  invasive  cells  

decreased  invasion  and  metastasis  (72).  Furthermore,  loss  of  E-cadherin  is  a  hallmark  

of  EMT  (73,74).    

   The  effect  of  dysregulated  cadherin  function  on  cancer  goes  beyond  the  loss  of  

adhesion  associated  with  its  down  regulation  or  mislocalization.  The  loss  of  cadherin  

also  has  significant  effects  on  oncogenic  signaling  pathways,  namely  Wnt/β-catenin  and  

growth  factor  signaling.  Independent  of  its  activity  with  E-cadherin,  β-catenin  is  essential  

for  canonical  Wnt  pathway  activation  (75).  Additionally,  aberrant  Wnt  pathway  activation  

is  a  common  oncogenic  driver  (76-78).  In  environments  of  high  E-cadherin  expression,  

β-catenin  is  sequestered  away  from  the  Wnt  pathway  (79),  while  loss  of  E-cadherin,  

although  not  alone  sufficient  to  cause  aberrant  activation  of  Wnt  signaling,  potentiates  

the  activation  of  the  Wnt  pathway  in  several  cancer  types  (80,81).  Finally,  association  of  

E-cadherin  and  VE-cadherin  with  ErbB  and  VEGF  family  receptors,  respectively,  has  

been  shown  to  inhibit  mitogenic  signaling  of  these  receptors,  indicating  another  role  for  

the  cadherins  in  down-regulating  oncogenic  signaling  (82,83).    

  

Integrins  

Structure  and  function    

   The  integrins  are  a  family  of  transmembrane  adhesion  receptors  regulating  ECM  

adhesion  (84).  They  are  obligate  dimers  of  α-  and  β-subunits  (85).  In  mammals,  there  

are  twenty-four  α-subunits  and  nine  β-subunits.  Different  combinations  of  these  subunits  

confer  selectivity  of  the  integrin  for  its  ligand,  including  fibronectin,  collagen,  laminin,  

and  vitronectin.  Expression  of  the  subunits,  and  their  combinations,  is  tissue  specific  

(86).    

   Inactive  integrins  are  present  on  the  cell  surface  in  an  “unprimed”  or  bent  shape.  

They  can  be  primed  either  by  binding  of  Talin  to  the  cytoplasmic  domain  of  the  β-

subunit,  in  so-called  “inside-out”  signaling  (87,88),  or  by  binding  of  divalent  cations  

(Ca2+  or  Mg2+)  to  the  extracellular  domain,  in  so-called  “outside-in”  signaling  (86).  Some  

integrins  can  also  be  primed  “outside-in”  by  cytokines  (89).  Both  “outside-in”  and  

“inside-out”  activation  of  integrins  result  in  an  extended  or  “unbent”  conformation  of  the  

extracellular  domains  of  the  subunits  that  allow  for  ligand  binding  (88).  This  activation  
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leads  to  the  assembly  of  focal  adhesions,  which  serve  to  link  the  network  of  the  ECM  

surrounding  the  cell  to  the  network  of  the  actin  cytoskeleton  within  the  cells.  Focal  

adhesions  also  contain  a  plethora  of  signaling  molecules,  including  receptor  tyrosine  

kinases,  that,  upon  integrin  activation  and  focal  adhesion  assembly,  instruct  the  cell  on  

what  biological  processes  to  initiate:  proliferation,  migration,  adhesion,  differentiation,  or  

death  (90).    

  

Integrins  in  cancer  

   Changes  in  integrin  expression  are  commonly  associated  with  transformation  (91).  

Altered  integrin  expression  can  mediate  changes  to  matrix  adhesion  as  well  as  to  

signaling  pathways  influencing  biological  processes  such  as  proliferation,  differentiation,  

and  migration.  For  example,  expression  of  αVβ3  in  melanoma  is  associated  with  

increased  invasion  and  is  considered  a  marker  of  disease  progression  in  melanoma  

(92).  In  breast  cancer,  expression  of  α3β1  has  been  shown  to  promote  metastasis  

through  up-regulation  of  MMP2  and  9,  while  loss  of  α2β1  is  also  associated  with  

progression  (93,94).  Finally,  loss  of  α3β1  and  α6β1  promotes  loss  of  polarity  and  

increase  in  invasiveness  in  prostate  cancer  (95).    

  

Immunoglobulin  superfamily  

Structure  and  function  

   The  immunoglobulin  superfamily  (IgSF)  is  a  large  superfamily  of  proteins  that  each  

contain  an  immunoglobulin-like  domain  (96).  These  proteins  are  mostly  transmembrane  

molecules,  but  some  IgSF  members  are  secreted.  The  transmembrane  IgSF  members  

are  mostly  type-1  molecules,  with  a  single  α-helix  traversing  the  membrane  (97).  IgSF  

members  fall  into  a  wide  range  of  different  protein  classes  such  as  antigen  receptors,  

cell  adhesion  molecules,  cytokine  receptors,  and  growth  factor  receptors  (96).  Many  

IgSF  members  play  significant  roles  in  immunological  processes  such  as  antigen  

detection  and  presentation,  immune  co-stimulation  or  inhibition,  and  Ig  binding  (98).  

However,  many  IgSF  members  such  as  Izumo,  a  protein  essential  for  sperm  and  egg  

fusion,  and  Titin,  a  4200  kDa  protein  important  for  muscle  contraction,  function  outside  

of  the  immune  system  (99,100).  The  diversity  of  the  IgSF  is  linked  by  the  
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immunoglobulin-like  domain.  This  ~100  aa  domain  adopts  a  Greek  key  motif  similar  to  

the  cadherin  domain  (98).  Often,  protein-protein  interactions  occur  at  the  Ig-like  

domains  of  IgSF  proteins.  This  is  especially  true  for  the  IgSF  cells  adhesion  molecules  

(Ig-CAMs),  the  focus  of  this  thesis.    

  

Ig-CAMs  

   Ig-CAMs  are  cell  surface  glycoproteins  that  contribute  to  cell-cell  adhesion  at  the  

points  of  cell-cell  contact.  Ig-CAM-mediated  adhesion  is  Ca2+  independent.  Many  Ig-

CAMs  engage  in  both  homophilic  and  heterophilic  interactions,  in  cis  and  trans.  Most  

trans  interactions  occur  at  the  most  N-terminal  Ig-like  domain  and,  similar  to  cadherins,  

result  in  cis  clustering  to  form  a  zipper-like  structure  (101).  Cis  clustering  of  Ig-CAMs  

strengthens  trans  interactions  and  often  anchors  the  cytoplasmic  domain  to  the  actin  

cytoskeleton.  Alternatively,  as  in  the  case  for  neuronal  cell  adhesion  molecule  (NCAM),  

trans  interactions  may  potentiate  intracellular  signaling  through  cytoplasmic  binding  

partners  (102).  It  is  not  necessary  for  Ig-CAMs  to  localize  to  specific  adhesion  

complexes  such  as  tight  junctions  and  adherens  junctions.  Instead,  they  are  able  

regulate  adhesion  across  the  intercellular  boundary  (101).    

  

Ig-CAMs  in  cancer  

   Because  of  the  diversity  of  this  superfamily,  Ig-CAMs  have  been  implicated  in  

nearly  every  step  of  cancer  progression.  At  the  primary  site,  ALCAM  and  NCAM  

promote  apoptotic  evasion,  and  PECAM-1  and  ICAM-1  promote  angiogenesis.  During  

metastasis,  MCAM,  L1-CAM,  ALCAM,  and  NCAM  enhance  local  invasion  and  

potentiate  effective  intravasation  and  extravasation.  Moreover,  MCAM,  NCAM,  and  

ALCAM  are  all  likely  to  affect  immune  evasion  (reviewed  in  detail  in  (22)).    

   This  group  of  Ig-CAMs  have  been  known  to  control  proliferation,  migration,  matrix  

degradation,  angiogenesis,  and  cell  polarity.  This  makes  them  attractive  targets  for  

therapy;;  however,  few  Ig-CAMs  are  themselves  considered  targetable  because  they  

lack  traditional  signaling  motifs  and  are  rarely  genetically  altered  in  cancer  (5,103).  

Nevertheless,  many  Ig-CAMs  are  differentially  regulated  in  cancer  through  epigenetic  

and  post-translational  processing  (104).  Therefore,  understanding  how  the  function  of  
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these  molecules  is  dynamically  regulated,  and  how  that  regulation  is  appropriated  by  

tumor  cells,  may  reveal  new  therapeutic  targets  for  cancer  progression  and  metastasis.    

  

Activated  Leukocyte  Cell  Adhesion  Molecule  

  

   ALCAM,  also  commonly  known  as  Cluster  of  Differentiation  166  (CD166),  is  an  Ig-

CAM  known  to  participate  in  both  homophilic  and  heterophilic  (namely  with  CD6)  

interactions  (105,106).  ALCAM  is  critical  to  several  biological  processes  including  

neuron  development,  T-cell  activation,  and  certain  types  of  transendothelial  migration  

(Fig.  2)  (107-110).  Pathologically,  ALCAM  expression  and  function  have  been  

associated  with  invasiveness  and  progression  in  several  cancers  including  melanoma,  

liver,  colorectal,  and  urogenital  cancers  (111-114).  In  this  section,  I  will  provide  a  

comprehensive  review  of  ALCAM  structure,  function,  regulation,  and  known  

interactions.  This  information  will  lay  a  foundation  that  highlights  the  importance  of  

understanding  the  dynamic,  and  often  context-dependent,  regulation  of  ALCAM-

mediated  adhesion  in  the  context  of  both  normal  and  pathological  processes.    

  

Structure  

Gene  structure  and  expression  

   ALCAM  is  a  large  gene,  spanning  nearly  150  kilobases,  located  on  the  3q13.1-

3q13.2  locus  in  humans.  The  gene  contains  16  exons,  15  of  which  are  coding.  ALCAM  

has  been  cloned  in  several  vertebrate  organisms  and  shows  high  sequence  similarity  

across  organisms,  with  greater  than  90%  identity  between  mouse,  chicken,  and  human  

(115).    

   The  promotor  region  lacks  a  canonical  TATA  box,  but  is  instead  enriched  with  

several  GC  boxes  (116).  Functional  binding  sites  for  p65/NFκB,  GATA-1,  and  AP-1  

have  been  identified  in  the  promoter  region  of  ALCAM  (116-118).  Transcription  of  the  

gene  is  also  regulated  epigenetically  by  hypermethylation  in  some  breast  cancer  cells  

(116).  Post-transcriptionally,  ALCAM  is  regulated  by  alternative  splicing.  Four  splice  

isoforms  of  ALCAM  have  been  identified  and  validated  at  the  mRNA  level.  Two  of  these  

splice  isoforms  have  been  verified  on  the  protein  level:  isoform  1,  the  canonical  isoform,    
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Figure  2.  Known  biological  functions  of  ALCAM.  Schematic  depicting  known  functions  of  ALCAM  and  
their  attribution  to  either  homotypic  or  heterotypic  ALCAM  interactions.      
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and  isoform  2,  which  lacks  exon  13.  Functional  and  biochemical  differences  between  

the  canonical  isoform  and  the  understudied  ALCAM-Iso2  are  examined  in  Chapter  II  of  

this  dissertation.  Further  post-transcriptional  regulation  occurs  by  microRNAs.  Exon  16,  

a  3’  untranslated  region  (UTR)  contains  a  binding  site  for  miR-215,  which  down-

regulates  ALCAM  expression  by  destabilizing  ALCAM  mRNA  (119).  Additionally,  miR-9  

inhibits  ALCAM  translation,  and  because  miR-9  expression  is  also  positively  regulated  

by  p65/NFκB,  this  indicates  an  auto  regulatory  loop  in  ALCAM  expression  (118).    

   ALCAM  is  expressed  in  most  epithelial  and  endothelial  cells.  It  is  also  expressed  in  

several  highly  specialized  cell  types.  ALCAM  expression  is  a  considered  a  marker  of  

several  stem  cell  niches,  including  those  in  bone  marrow  and  colonic  crypts  (120,121).  

Additionally,  expression  of  ALCAM  is  essential  to  the  proper  function  of  several  cell  

populations,  such  as  antigen  presenting  dendritic  cells  and  retinal  neurons  (109,110).    

  

Protein  structure  and  mechanisms  of  adhesion    

   ALCAM  is  a  type  I  transmembrane  molecule  with  single  transmembrane  α-helix.  

The  extracellular  domain  is  composed  of  five  Ig  domains  (Fig.  3).  The  two  most  N-

terminal  Ig  domains  are  variable  and  the  remaining  three  are  type-2  constant  domains,  

resulting  in  a  VVC2C2C2  configuration  (115).  The  small  intracellular  domain  is  

composed  of  32  amino  acids  predicted  to  take  a  coiled-coil  conformation  by  in  silico  

models.  Both  homophilic  and  heterophilic  ALCAM  interactions  are  mediated  in  trans  by  

the  V1  domain  (105,122).  Similar  to  other  Ig-CAMs,  trans  ALCAM  interactions  are  

strengthened  by  lateral  cis  clustering,  which  is  thought  to  be  mediated  by  the  membrane  

proximal  C2  domain  (105).  The  intracellular  domain  of  ALCAM  has  been  shown  to  

anchor  ALCAM  to  the  actin  cytoskeleton  through  scaffolding  proteins  such  as  syntenin-1  

to  further  stabilize  and  strengthen  trans  ALCAM  interactions  (123).  Moreover,  both  

ALCAM  heterophilic  and  homophilic  interactions  are  also  stabilized  through  

intramembrane  binding  partners,  namely  the  tetraspanins  (124).  Association  with  CD9  

mediates  cis  clustering  of  ALCAM  and  down-regulates  post-translational  modification  of  

ALCAM  by  ADAM17,  a  process  discussed  later  in  this  chapter  (125).  Chapter  III  of  this  

thesis  also  examines  CD151  as  a  novel  tetraspanin  binding  partner  of  ALCAM.    

  



 16  

  
Figure  3.  Molecular  interactions  of  ALCAM.  (a)  Interaction  with  tetraspanin  CD9  and  scaffolding  protein  
syntenin-1  stabilize  ALCAM  hemophilic  and  heterphilic  interactions  by  anchoring  ALCAM  to  the  actin  
cytoskeleton.  In  Chapter  III,  we  show  that  tetraspanin  CD151  also  interacts  with  ALCAM.  (b)  The  
ectodomain  of  ALCAM  is  shed  by  ADAM17.  In  Chapter  II,  we  demonstrate  that  an  alternatively  spliced  
isoform  of  ALCAM  (ALCAM-Iso2)  is  also  shed  in  an  MMP14-dependent  manner.  (c)  In  Chapter  III  we  
show  that  ALCAM  is  processed  by  ɣ-secretase  to  release  soluble  intracellular  domain  (ICD).  This  process  
disrupts  CD151/syntenin-1/ALCAM  interactions.  It  is  unknown  if  ɣ-secretase  also  processes  ALCAM-Iso2.    
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Known  biological  functions  

   ALCAM  has  been  shown  to  function  in  a  broad  array  of  biological  and  pathological  

processes.  ALCAM  was  originally  identified  in  humans  as  the  only  known  ligand  of  CD6  

(106).  ALCAM-CD6  interactions  are  essential  for  T-cell  activation.  Moreover,  

prolongation  of  this  interaction  is  vital  to  activated  T-cell  proliferation  (109).  Anchoring  

ALCAM  to  the  actin  cytoskeleton  through  scaffolding  proteins  ezrin  and  syntenin-1  

stabilizes  ALCAM-CD6  interactions  and  promotes  T-cell  activation  and  proliferation  

(123).  Reinforcing  its  importance  in  the  immune  system,  ALCAM  is  expressed  on  both  

pulmonary  endothelial  cells  and  monocytes.  ALCAM  in  pulmonary  endothelial  cells  

localizes  to  adherens  junctions  at  points  of  cell  to  cell  contact  (107).  Inhibition  of  ALCAM  

activity  with  either  soluble  recombinant  ALCAM  or  function-blocking  antibodies  

specifically  decreased  monocyte  transendothelial  migration  without  affecting  monocyte  

migration  or  adhesion  to  the  endothelium.    

   In  addition  to  its  role  in  transendothelial  migration,  ALCAM  has  also  been  

implicated  in  angiogenesis  and  lymphangiogenesis.  Cell  surface  interactions  with  the  

lectin,  gal-8  promote  vascular  endothelial  cell  migration  and  tube  formation  in  both  

microvascular  endothelial  cells  and  aortic  endothelial  cells  (126).  Additionally,  ALCAM  

expression  mediates  cell-cell  adhesion,  migration,  and  tube  formation  in  lymphatic  

endothelial  cells  as  well  as  lymphatic  transendothelial  migration  in  dendritic  cells  (127).  

   In  development,  ALCAM  is  expressed  in  several  stem  cell  populations  and  has  

been  implicated  in  hematopoiesis  and  osteogenesis.  Studies  with  whole-organism  

ALCAM-knockout  in  mice  show  that  ALCAM  is  required  for  the  proper  outgrowth,  

organization,  and  termination  of  retinal  ganglion  cells  and  motor  neurons  (110).  

Furthermore,  the  zebrafish  ortholog  of  ALCAM,  alcama  is  important  for  neural  crest  

differentiation  (128).    

  

ALCAM  in  disease  

   Both  increased  and  absent  ALCAM  expression  has  been  associated  with  disease  

pathologies.  ALCAM-knockout  mice  are  more  susceptible  to  experimentally  induced  

autoimmune  encephalomyelitis  due  to  increased  permeability  in  the  blood  brain  barrier  

(108),  enforcing  the  importance  of  ALCAM  in  maintaining  endothelial  cell-cell  
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adhesions.  Given  the  role  of  ALCAM  and  CD6  in  the  transendothelial  migration  of  

leukocytes,  ALCAM  has  also  been  examined  in  the  context  of  multiple  sclerosis,  and  

individuals  harboring  an  ALCAM  polymorphism  (rs6437585C>T)  have  more  than  2-fold  

greater  risk  of  disease  and  experience  disease  onset  around  two  years  sooner  than  

other  individuals  (129).    

   ALCAM  has  been  shown  to  positively  mediate  cancer  hallmarks  such  as  survival,  

invasion,  and  angiogenesis  in  several  different  tumor  types  (22).  Expression  of  ALCAM  

in  breast  cancer  cell  lines  is  associated  with  increased  survival  and  decreased  

apoptosis  through  positive  regulation  of  the  anti-apoptotic  protein  Bcl-2  (130).  

Additionally,  ALCAM  expression  positively  correlates  with  tamoxifen  resistance  in  breast  

cancer  cells,  and  this  resistance  can  be  overcome  through  down-regulation  of  ALCAM  

expression  by  miR-148a  and  -152  (131).  ALCAM  expression  in  melanoma  is  associated  

with  increased  invasion  through  positive  regulation  of  matrix  metalloprotease-2  and  -14  

expression  (111).  In  multiple  myeloma,  ALCAM  expression  promotes  tumor  growth  and  

osteolysis  by  suppressing  RUNX-2  expression  and  promoting  osteoclastogenesis  (132).  

Finally,  in  several  models  of  lung  metastasis,  stromal  ALCAM-knockout  is  associated  

with  decreased  tumor  neovascularization  which  leads  to  decreased  dissemination  to  

and  growth  within  the  lung  (133).  

   ALCAM  has  emerged  as  a  significant  and  well-studied  biomarker  of  disease  

progression  in  several  different  cancers;;  however,  there  is  little  consensus  on  whether  

ALCAM  positively  or  negatively  predicts  progression.  Mislocalization  of  ALCAM  to  the  

cytoplasm  is  predictive  of  invasive  disease  in  breast  cancer  patients  (134).  While  the  

loss  of  ALCAM  protein  in  both  bladder  and  prostate  cancer  tissue  is  indicative  of  

advanced  disease,  down  regulation  of  ALCAM  expression  is  not  reflected  on  the  mRNA  

level  (114,135).  Conversely,  high  expression  of  ALCAM  in  liver  and  pancreatic  cancer  is  

associated  with  aggressive  disease  (112,136).  ALCAM  expression  in  early  endometrial  

cancer  positively  predicts  recurrence  (137).    Discrepancies  between  mRNA  and  protein  

levels,  as  well  as  across  the  field  regarding  the  correlation  of  ALCAM  expression  and  

disease  progression,  may  be  explained  by  examining  the  post-translational  regulation  of  

ALCAM.    
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Post-translational  regulation  of  ALCAM  

Subcellular  localization  

   As  with  most  cell  surface  receptors,  subcellular  localization  of  ALCAM  is  critical  to  

proper  activity.  The  signal  peptide  coded  by  exon  1  facilitates  the  translocation  of  

ALCAM  from  the  golgi  to  the  cell  surface.  Once  at  the  cell  surface,  ALCAM  can  be  

internalized  through  endocytosis  (138).  This  process  is  clathrin-mediated  and  has  been  

shown  to  negatively  impact  axon  fasciculation.  Finally,  surface  biotinylation  studies  

show  that  endocytosed  ALCAM  can  be  recycled  back  to  the  cell  surface  (139).    

   Furthermore,  interactions  with  other  cell  surface  proteins  have  been  shown  to  

stabilize  ALCAM-mediated  adhesion.  In  breast  cancer  cells,  glycosylation-dependent  

interactions  with  the  lectin  gal-8  segregate  ALCAM  at  the  cell  surface  and  promote  cell  

adhesion  (140).  Several  studies  show  that  ALCAM,  when  localized  to  adherens  

junctions,  functionally  supports  members  of  the  cadherin  family.  In  prostate  cancer  cells,  

this  association  is  dependent  on  the  cadherin-binding  molecule  α-catenin  and  promotes  

an  epithelial  morphology  (141).  In  endothelial  cells,  ALCAM  is  localized  to  the  adherens  

junctions  through  interaction  with  VE-cadherin  and  β-catenin  to  promote  endothelial  cell-

cell  adhesion  (142).    

  

Ubiquitin-mediated  degradation  

   ALCAM  has  been  shown  to  mediate  stem  cell-like  properties  in  several  cancer  

types  including  head  and  neck  cancer.  Targeting  ALCAM  to  proteasomal  degradation  

with  the  E3  ubiquitin  ligase,  CHIP,  significantly  decreases  stem  cell-like  phenotypes  in  

head  and  neck  cancers  (143).  ALCAM  is  targeted  by  a  viral  RING  ubiquitin  ligase  to  

prevent  T-cell  activation  during  Kaposi  sarcoma-related  herpesvirus  infection  (144).  

Although  the  specific  ubiquitin  ligase  was  not  identified,  other  studies  also  indicated  that  

increased  ubiquitination  of  the  intracellular  domain  of  ALCAM  decreases  surface  

ALCAM  expression  in  retinal  ganglion  cells  and  negatively  impacts  axon  navigation  

(145).    

  

Proteolytic  processing  

   As  previously  mentioned,  the  extracellular  domain  (ECD)  of  ALCAM  is  essential  for  
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mediating  cell  adhesion.  The  ECD  can  be  cleaved  from  the  cell  surface  by  the  protease  

a  disintegrin  and  metalloprotease-17  (ADAM17,  (146)).  This  process,  also  referred  to  as  

ectodomain  shedding,  is  an  important  and  well-known  method  of  regulating  ALCAM  

function.  It  serves  both  as  a  mechanism  of  recycling  ALCAM  from  the  cell  surface  and  

as  a  process  to  interrupt  both  homophilic  and  heterophilic  interactions  (105).  Several  

groups  have  hypothesized  that  proteolytic  release  of  the  ECD,  creating  soluble  ALCAM-

ECD,  also  serves  as  mechanism  to  antagonize  ALCAM  interactions  (122,147,148).  

Studies  with  recombinant  soluble  ALCAM,  comprised  of  only  the  most  N-terminal  Ig  

domain,  support  this  hypothesis  and  show  antagonism  of  homophilic  ALCAM  

interactions  in  melanoma  and  vascular  endothelial  cells  (122,148).  Shed  ALCAM  also  

functions  as  a  biomarker  of  disease  progression  in  several  cancers.  The  generation  of  

soluble  ALCAM-ECD  by  ADAM17  was  first  identified  in  ovarian  cancer  cell  lines  (146).  

In  ovarian  cancer,  ALCAM  shedding  positively  correlates  with  disease  progression  

(149).  Direct  quantification  of  shed  ALCAM  in  the  urine  of  bladder  cancer  patients  

shows  that  increased  ALCAM  shedding  correlates  with  poor  prognosis  (114).  Finally,  

ALCAM  shedding  detected  in  the  tumor  tissue  of  colorectal  cancer  patients  also  

correlates  with  reduced  survival  (113).  Importantly,  in  all  of  these  studies,  expression  of  

ALCAM  measured  at  the  mRNA  level  did  not  correlate  with  disease  progression.  This  

process  of  ectodomain  shedding  is  a  likely  explanation  for  discrepancies  between  

ALCAM  mRNA  and  protein  expression  that  were  highlighted  previously.      

  

Purpose  of  this  study  

  

   As  outlined  here,  ALCAM  is  involved  in  a  diverse  set  of  biological  and  pathological  

functions.  Its  functional  contribution  to  cell  adhesion  is  heavily  context  dependent  and  is  

strongly  mediated  by  the  proteins  with  which  it  is  associated.  In  cancer,  ALCAM’s  

contribution  as  both  a  functional  mediator  and  biomarker  of  disease  progression  is  still  

contested.  Similarly,  the  previously  held  dogma  that  lowered  cell  adhesion  equates  to  

increased  tumor  cell  migration  and  invasion  is  now  known  to  be  a  gross  

oversimplification  of  dynamic  interplay  between  cell  adhesion  and  metastasis.  

Discrepancies  within  the  ALCAM  literature  regarding  its  contribution  to  disease  
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progression  are  better  understood  in  the  context  of  the  dynamic  regulation  of  cell  

adhesion  during  metastasis.     

   This  dissertation  outlines  two  novel  mechanisms  of  ALCAM  regulation.  In  Chapter  

II,  we  examine  the  biochemical  and  functional  consequences  arising  from  the  alternative  

splicing  of  exon  13  in  ALCAM  through  a  structure-function  analysis  of  ALCAM  isoforms  

1  and  2.  Here,  we  find  that  ALCAM-mediated  adhesion  is  tunably  regulated  through  

differential  proteolysis  of  these  splice  isoforms.  This  differential  regulation  specifies  

ALCAM-Iso2  as  a  metastasis-promoting  isoform.  In  Chapter  III,  we  identify  ALCAM  as  a  

novel  binding  partner  of  CD151.  ALCAM-CD151  interactions  can  be  stabilized  using  the  

anti-CD151  antibody  1A5,  leading  to  increased  cell  adhesion  and  decreased  

metastasis.  Furthermore,  by  disrupting  the  intracellular  mechanisms  anchoring  ALCAM  

to  the  actin  cytoskeleton,  the  effect  of  1A5  can  be  disrupted.    

   The  studies  presented  herein  define  two  mechanisms  of  dynamic  regulation  of  

ALCAM-mediated  cell  adhesion.  They  are  presented  in  the  context  of  cancer  

progression  and  metastasis;;  however,  because  ALCAM  is  known  to  contribute  to  

several  dynamic  adhesion  processes,  such  as  axon  fasciculation  and  transendothelial  

migration,  these  findings  have  much  further  reaching  implications.  These  data  also  

reinforce  the  notion  that  the  function  and  regulation  of  ALCAM  (and  many  other  cell  

adhesion  molecules)  cannot  be  studied  in  isolation,  but  must  be  considered  in  the  

context  of  extracellular,  intramembrane,  and  intracellular  binding  partners.  Moreover,  

considering  the  structural  commonalities  across  the  IgG  superfamily,  understanding  the  

regulation  of  ALCAM  function  not  only  clarifies  this  molecule-specific  mechanism,  but  

also  informs  more  globally  regarding  the  tunable  regulatory  mechanisms  available  to  

control  cell-cell  adhesion  in  both  normal  physiology  as  well  as  pathology.  
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CHAPTER  I I :   
  

ALTERNATIVE  SPLICING  OF  ALCAM   ENABLES  TUNABLE  
REGULATION  OF  CELL-CELL  ADHESION  THROUGH  DIFFERENTIAL  

PROTEOLYSIS  
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Summary  

  

   While  many  adhesion  receptors  are  known  to  influence  tumor  progression,  the  

mechanisms  by  which  they  dynamically  regulate  cell-cell  adhesion  remain  elusive.  We  

previously  identified  Activated  Leukocyte  Cell  Adhesion  Molecule  (ALCAM)  as  a  

clinically  relevant  driver  of  metastasis  and  hypothesized  that  a  tunable  mechanism  of  

ectodomain  shedding  regulates  its  contribution  to  dissemination.  To  test  this  hypothesis,  

we  examined  an  under-explored  ALCAM  splice  variant  (ALCAM-Iso2)  and  

demonstrated  that  loss  of  the  membrane-proximal  region  of  ALCAM  (exon  13)  

increased  metastasis  four-fold.  Mechanistic  studies  identify  a  novel  MMP14-dependent  

membrane  distal  cleavage  site  in  ALCAM-Iso2  which  mediates  a  ten-fold  increase  in  

shedding,  thereby  decreasing  cellular  cohesion  and  promoting  metastatic  

dissemination.  Importantly,  the  loss  of  cohesion  is  not  limited  to  the  cell  capable  of  

shedding  because  the  released  extracellular  domain  diminishes  cohesion  of  non-

shedding  cells  through  disruption  of  ALCAM-ALCAM  interactions.  ALCAM-Iso2-

dominated  expression  in  bladder  cancer  tissue,  compared  to  normal  bladder,  further  

emphasizes  that  ALCAM  alternative  splicing  can  contribute  to  clinical  disease  

progression.  The  requirement  for  both  the  loss  of  exon  13  and  the  gain  of  

metalloprotease  activity  suggests  that  ALCAM  shedding  and  concomitant  regulation  of  

dissemination  is  a  locally  tunable  process.  
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Introduction  

  

Dynamic  control  of  cell-cell  adhesion  is  central  to  many  normal  biological  

processes,  including  neuronal  guidance,  cell  differentiation,  tissue  morphogenesis,  and  

immune  cell  activation  and  function  (reviewed  in  (21)).  Dysregulation  of  cell-cell  

adhesion  can  lead  to  pathologies  of  the  muscle,  skin,  and  kidney,  as  well  as  the  

nervous  and  immune  systems  (reviewed  in  (150)).  In  other  diseases,  such  as  cancer,  

the  dysregulation  of  adhesion  is  a  central  mediator  of  malignant  progression  that  can  

support  not  only  invasion  and  dissemination  but  also  cell  survival  and  proliferation.    

All  major  classes  of  adhesion  molecules  have  all  been  shown  to  contribute  to  

cancer  progression.  For  example,  loss  of  epithelial  cadherin  (E-cadherin)  expression  is  

a  canonical  indication  of  changing  cell-cell  adhesions  that  facilitate  motility  during  

oncogenic  transformation  (151),  while  changes  in  integrin  expression  correlate  with  

tumor  progression,  metastasis,  and  chemoresistance  (152-155).  Additionally,  following  

the  loss  of  E-cadherin,  the  immunoglobulin  superfamily  of  cell  adhesion  molecules  (Ig-

CAMs)  is  upregulated  in  tumor  cells  where  they  modulate  cellular  proliferation  and  

survival,  while  promoting  disease  progression  through  modulation  of  matrix  

metalloprotease  (MMP)  expression,  collective  cell  migration,  and  tumor  cell-endothelial  

cell  interactions  (22,122,131,156).  While  changes  in  the  expression  of  these  adhesion  

receptors  have  been  associated  with  tumor  progression,  the  mechanisms  underlying  

dynamic  regulation  of  their  activity  remain  poorly  understood.  

The  Ig-CAM,  Activated  Leukocyte  Cell  Adhesion  Molecule  (ALCAM),  has  been  

shown  to  modulate  cell-cell  adhesion  in  two  distinct  fashions,  through  homophilic  

ALCAM-ALCAM  interactions  and  through  heterophilic  ALCAM-CD6  interactions.  In  

normal  physiology,  homophilic  ALCAM  interactions  modulate  cell-cell  interactions  of  

epithelial  and  endothelial  cells  and  mediate  neuronal  guidance,  while  ALCAM-CD6  

interactions  are  essential  for  antigen  presentation  in  immune  cell  adhesion  

(107,109,157,158).  ALCAM  is  also  essential  for  monocyte  transendothelial  cell  

migration  specifically  in  the  brain,  but  it  is  currently  unknown  whether  this  function  can  

be  attributed  to  homophilic  or  heterophilic  ALCAM  interactions  (159).    
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In  cancer,  ALCAM  has  emerged  as  a  significant  factor  in  disease  progression,  

however  the  relationship  between  the  expression  of  ALCAM  and  its  correlation  with  

aggressive  disease  have  been  debated.  Changes  in  ALCAM  subcellular  localization  

from  the  cell  surface  to  the  cytoplasm  in  breast  cancer  correlate  with  poor  prognosis  

(134).  However,  loss  of  ALCAM  by  immunohistochemistry  correlates  with  advanced  

stage  in  prostate  and  bladder  cancer,  but  the  loss  of  ALCAM  protein  in  the  tumor  tissue  

is  inconsistent  with  the  persistent  and  sometimes  elevated  expression  of  ALCAM  mRNA  

(114,160).  Finally,  ALCAM  expression  positively  correlates  with  increased  

tumorigenicity  and  invasiveness  in  melanoma,  pancreatic  cancer,  and  liver  cancer  

(112,161,162).  Additional  mechanistic  studies  support  the  role  of  ALCAM  in  promoting  

tumor  progression.  It  has  been  shown  to  promote  survival  in  breast  cancer  cells  through  

the  anti-apoptotic  protein  B-cell  lymphoma  2  (Bcl-2),  modulate  invasion  of  melanoma  

through  expression  of  MMP2  and  MMP14,  and  promote  metastasis  through  collective  

cell  invasion  (22,111,163).  Despite  this  large  body  of  evidence  indicating  that  ALCAM  is  

important  to  cancer  progression,  the  mechanism  by  which  ALCAM  contributes  to  tumor  

progression  remains  unclear.    

In  the  absence  of  evidence  for  an  activation  mechanism,  such  as  

phosphorylation,  the  regulation  of  ALCAM-mediated  adhesion  is  thought  to  be  achieved  

by  controlling  ALCAM  binding  availability.  Regulation  of  ALCAM-ALCAM  interactions  

can  occur  through  changes  in  expression  and  membrane  localization,  proteolytic  

release  of  the  ALCAM  ectodomain,  or  antagonistic  competition  by  this  shed  ectodomain  

and/or  a  soluble  ALCAM  isoform  (22,122,134,164).  ALCAM,  like  many  other  Ig-CAMs,  

can  be  cleaved  from  the  cell  surface  by  the  protease  ADAM17,  a  process  referred  to  as  

ectodomain  shedding  (22,165).  However,  the  regulation  of  this  process  is  not  well  

characterized.  Work  from  our  laboratory  and  others  has  demonstrated  that  the  level  of  

shed  ALCAM  in  biofluids  is  elevated  in  a  variety  of  cancer  patients,  suggesting  that  

ALCAM  shedding  increases  during  oncogenesis  and  malignant  progression  

(114,149,165).  As  previously  noted,  changes  in  total  mRNA  expression  rarely  correlate  

with  the  changes  in  protein  expression  in  tumor  tissues,  therefore  suggesting  that  

ALCAM  shedding  is  the  likely  cause  for  these  discrepancies  reported  in  the  literature.  
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Thus,  we  aimed  to  elucidate  the  intrinsic  regulatory  mechanisms  controlling  ALCAM  

shedding  in  cancer  progression.    

A  review  of  the  gene  structure  of  ALCAM  revealed  the  existence  of  a  splice  

variant  missing  the  membrane  proximal  region  stalk,  a  region  targeted  by  ADAM17  

cleavage.  This  led  us  to  hypothesize  that  dynamic  changes  in  ectodomain  shedding  

might  be  achieved  through  changes  in  protease  susceptibility  between  ALCAM  splice  

isoforms.  ALCAM  has  nine  recognized  splice  variants,  four  of  which  have  open  reading  

frames  (Ensembl,  (166)).  However,  only  two  isoforms  have  been  confirmed  on  both  

mRNA  and  protein  levels  (Table  1).  Full  length  ALCAM  (ALCAM-Iso1)  is  composed  of  

all  15  coding  exons.  ALCAM-Iso2  lacks  exon  13,  which  corresponds  to  13  amino  acids  

in  the  stalk  region  of  the  protein  (Fig.  4,  Ensembl,  (166)).  Despite  the  fact  that  both  

isoforms  are  expressed  in  normal  human  tissues  (Fig.  4),  biochemical  and  functional  

differences  between  the  two  isoforms  have  never  been  explored.    

In  this  chapter,  we  examined  the  functional  and  biochemical  differences  between  

ALCAM-Iso1  and  ALCAM-Iso2  in  the  context  of  tumor  progression.  We  investigated  the  

effect  of  ALCAM-Iso1  and  ALCAM-Iso2  expression  on  metastasis,  tumor  cell  

aggregation,  and  ALCAM  homophilic  interactions.  We  defined  differences  in  proteolytic  

susceptibility  between  ALCAM-Iso1  and  ALCAM-Iso2,  as  well  as  the  impact  of  isoform-

dependent  proteolytic  susceptibility  on  cell-cell  adhesion.  Finally,  we  conclude  that  

differential  expression  of  ALCAM-Iso1  and  ALCAM-Iso2  correlates  with  malignancy  in  

bladder  tissue.  

  

  

Materials  and  Methods  

  

Cell  culture,  plasmids,  transfections,  and  inhibitors  

HT1080  (fibrosarcoma)  and  UMUC-3  (transitional  cell  carcinoma)  cells  were  

obtained  from  the  ATCC  (CCL-121  and  CRL-1749,  respectively).  Cell  lines  were  

maintained  in  RPMI  (HT1080)  or  DMEM  (UMUC-3)  supplemented  with  

penicillin/streptomycin,  sodium  pyruvate,  nonessential  amino  acids  and  10%  fetal  

bovine  serum  and  cultured  at  37°C  with  5%  CO2.  Knockout  cell  lines  were  generated    
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Figure  4.    ALCAM  is  expressed  as  two  distinct  splice  isoforms  in  normal  human  tissue.  (a)  
Reported  potential  splice  isoforms  of  ALCAM.  Black  arrow  indicates  exon  13.  Gold  indicates  protein  
coding  transcripts  with  identical  annotations  in  both  Ensembl  and  HAVANA  systems.  Red  indicates  
protein  coding  transcripts  with  non-identical  annotations  in  Ensembl  and  HAVANA  systems.  Blue  
indicates  non-coding  transcript.  Schematic  depicts  protein  structure  of  ALCAM-Iso1  and  ALCAM-Iso2.  (b)  
Isoform  expression  in  indicated  normal  human  tissue.  Data  extracted  from  GTEx  Portal.  
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Table  1.  ALCAM  predicted  splice  isoform  information.  CCDS=consensus  coding  sequence  project  
identification  number,  TSL=transcript  support  level,  APPRIS  P1=APPRIS  principal  isoform  (Ensembl).     

Name Transcript ID bp Protein Biotype CCDS UniProt RefSeq Flags

ALCAM-001 ENST00000306107.9 4701 583aa  Protein coding CCDS33810 Q13740

NM_001243281  
NM_001627  
NP_001230210  
NP_001618

TSL:1, GENCODE 
basic, APPRIS P1

ALCAM-002 ENST00000472644.6 4189 570aa  Protein coding CCDS58841 Q13740 NM_001243280  
NP_001230209

TSL:1, GENCODE 
basic

ALCAM-007 ENST00000465413.6 2496 344aa  Protein coding - H7C543 - CDS 5' incomplete, 
TSL:2

ALCAM-005 ENST00000486979.6 1818 532aa  Protein coding - F5GXJ9 - TSL:5, GENCODE 
basic

ALCAM-004 ENST00000481337.5 1242 No protein  Processed transcript - - - TSL:2

ALCAM-008 ENST00000460954.1 564 No protein  Processed transcript - - - TSL:4

ALCAM-006 ENST00000491388.6 2845 No protein  Retained intron - - - TSL:2

ALCAM-003 ENST00000470756.5 1770 No protein  Retained intron - - NM_001243283 TSL:1

ALCAM-009 ENST00000489178.1 783 No protein  Retained intron - - - TSL:2
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using  a  CRISPR/Cas9  gRNA  targeting  the  signal  peptide  of  ALCAM  

(AGACGGTGGCGGAGATCAAG,  Horizon  Discovery,  St.  Louis,  Missouri).  The  level  of  

protein  expression  was  verified  by  flow  cytometry  for  cell  surface  ALCAM  and  by  

immunoblot  for  total  ALCAM  expression  in  whole  cell  lysates.  HT1080  isoform  variants  

were  stably  transduced  with  lentiviral  particles  to  express  the  ALCAM  isoform  indicated  

as  well  as  a  labeling  vector  containing  firefly  luciferase  with  either  Cerulean  or  TagRFP2  

fluorescent  protein  (Fig.  6).  Viral  plasmids  were  constructed  using  MultiSite  Gateway  

(ThermoFisher  Scientific,  Waltham,  Massachusetts)  on  the  pLenti6.2/V5-DEST  

backbone.  Viral  particles  were  produced  in  LentiX  293T  cells  (Clontech,  Mountain  View,  

California).  Transductions  were  performed  with  5  μg/mL  polybrene.  Transient  

transfections  were  performed  using  X-tremeGENE  HP  (Sigma  Aldrich,  St.  Louis,  

Missouri)  with  2  μg  plasmid  DNA,  or  800  ng  siRNA  (Mission  esiRNA  human  MMP14,  

Sigma  Aldrich),  as  indicated.  Protease  inhibitors  are  listed  in  Table  2.    

  

Fluorescence  activated  cell  sorting  (FACS)  and  flow  cytometry  

Following  transduction  described  above,  cell  populations  were  purified  by  FACS.  

Cells  were  stained  for  cell  surface  ALCAM  for  30  min  (0.8  μg/106  cells,  anti-ALCAM  

(extracellular  domain),  MAB6561,  R&D  Systems,  Minneapolis,  Minnesota).  Primary  

antibody  binding  was  detected  with  Alexa647-conjugated  anti-mouse  IgG  (0.25  μg/106  

cells,  A28181,  ThermoFisher  Scientific).  Cells  were  sorted  for  either  the  

RFP+/GFP+/ALCAM+  or  the  Cerulean+/GFP+/ALCAM+  population,  as  appropriate.  To  

quantify  the  amount  of  cell  surface  ALCAM  and  verify  success  of  FACS,  cells  were  

stained  as  described  above  and  analyzed  by  flow  cytometry.    

  

Avian  embryo  metastasis  models  

Spontaneous  and  experimental  metastasis  experiments  were  performed  as  

described  previously  (167,168).  In  accordance  with  the  Public  Health  Services  policy  on  

Humane  Care  and  Use  of  Laboratory  Animals,  Vanderbilt  Institutional  Animal  Care  and  

Use  Committee  (IACUC)  has  determined  that  avian  embryos  developmental  day  17  and  

younger  are  not  considered  vertebrate  animals  and  therefore  do  not  require  specific  



 29  

protocol  approval.  Vanderbilt  IACUC  has  reviewed  and  approved  the  following  

experimental  and  euthanasia  procedures.    

  

Spontaneous  metastasis  (Xenografting)    

Fertilized  chicken  eggs  (Tyson  Foods,  Inc.,  Springdale,  Arkansas)  were  placed  in  

a  37°C  incubator  at  55%  relative  humidity  on  day  1  post-fertilization.  The  chorioallantoic  

membranes  (CAM)  of  day  10  embryos  were  dropped  away  from  the  eggshell  by  

displacing  the  air  cell.  Cells  were  dissociated,  counted,  and  resuspended  in  sterile  0.9%  

saline  at  20  x  106  cells/mL.  The  dropped  CAM  was  damaged  slightly  with  sterile  cotton  

tipped  swabs.  25  μL  of  cell  suspension  (500,000  cells)  were  placed  on  the  dropped  

CAM  and  eggs  were  returned  to  the  incubator.  After  5  days  of  growth,  embryos  were  

euthanized  by  decapitation,  and  xenografts  were  harvested,  weighed,  and  fixed  in  10%  

zinc  formalin.  Fixed  tumors  were  paraffin  embedded,  sectioned,  and  stained  with  

hemotoxylin  and  eosin  to  visualize  local  invasion.  To  quantify  metastasis  to  the  distal  

CAM,  the  eggshell  was  cut  in  half  along  the  long  axis,  chicks  were  dissected  from  the  

shell,  and  sections  of  the  distal  CAM  were  dissected  using  a  cork  borer.  Dissected  CAM  

tissue  was  incubated  with  D-luciferin  (600  μg/mL)  for  45  minutes,  and  luciferase  activity  

was  quantified  using  a  digital  gel  documentation  system  (G:Box;;  Syngene,  Frederick,  

Maryland)  as  a  measure  of  cell  number.    

  

Experimental  metastasis  (Intravenous  injection)    

Fertilized  chicken  eggs  were  placed  in  a  37°C  incubator  at  55%  relative  humidity  

on  day  1  post-fertilization.  Day  11  embryos  were  candled  to  locate  the  allantoic  vein  and  

the  direction  of  blood  flow.  Cells  were  dissociated,  counted  and  resuspended  at  0.25  x  

106  cells/mL  in  sterile  0.9%  saline.  A  window  was  cut  into  the  eggshell  at  the  injection  

site  using  a  Dremel™  tool  (Racine,  Wisconsin).  100  μL  of  cell  suspension  (25,000  cells)  

were  injected  intravenously  using  an  insulin  syringe.  Eggs  were  returned  to  the  

incubator  for  5  days.  Upon  harvest,  embryos  are  euthanized  by  decapitation  and  

metastasis  was  quantified  by  luciferase  activity  as  described  above.  
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Ex  Vivo  imaging  of  tumor  colonies    

To  analyze  colony  morphology,  we  performed  the  experimental  metastasis  assay  

as  described  above.  However,  upon  harvest  at  6  days  post-injection,  eggs  were  cut  in  

half  along  the  long  axis,  chicks  were  dissected  from  the  shell,  euthanized  by  

decapitation,  and  three  sections  of  CAM  were  dissected  using  a  cork  borer.  Colonies  

were  imaged  using  an  upright  fluorescent  microscope  (BX-61  WI,  Olympus,  Pittsburgh,  

Pennsylvania)  and  Volocity  Imaging  Software  (Perkin  Elmer,  Waltham,  Massachusetts).  

Colony  size  was  determined  using  a  custom  KNIME  (169)  workflow  (Zurich,  

Switzerland).  In  brief,  images  were  thresholded  and  segmented,  after  which  object  size,  

reflective  of  colony  size  and  morphology,  was  determined  for  each  colony.  All  images  

were  processed  with  the  same  workflow.  Objects  were  assigned  to  one  of  four  bins  by  

size  including  single  cells  (150-1,000  pixels),  small  colonies  (1,001-20,000  pixels),  

medium  colonies  (20,001-100,000  pixels),  and  large  colonies  (>100,000  pixels).  Data  

are  presented  as  percent  of  total  area  for  each  bin  category.  

  

Detecting  ALCAM  shedding  

Cells  were  plated  in  6-well  plates  at  80%  confluency  and  allowed  to  adhere  

overnight.  Complete  medium  was  removed  and  cells  were  incubated  with  indicated  

protease  inhibitors  or  vehicle  in  serum-free  medium  for  24  h  (Table  2).  Conditioned  

medium  was  collected,  centrifuged  at  500  g  for  5  min  to  remove  cell  debris  and  half  of  

the  sample  was  concentrated  25X  by  acetone  precipitation.  Cells  were  lysed  using  1%  

Triton  X-100  lysis  buffer  for  30  min  on  ice.  Lysates  were  clarified  by  centrifugation  at  

14,000  g  for  15  min  at  4°C.  Following  deglycosylation  with  PNGase-F  (New  England  

Biolabs,  Ipswitch,  MA),  ALCAM  protein  expression  (whole  cell  lysate)  and  shedding  

(conditioned  medium)  were  detected  by  immunoblot  with  anti-ALCAM  (intracellular  

domain;;  1G3A  (113)  and  anti-ALCAM  (extracellular  domain;;  MOG/07,  Leica  

Biosystems,  Buffalo  Grove,  Illinois),  respectively.  ALCAM  protein  expression  and  

shedding  were  quantified  using  human  ALCAM  DuoSet  ELISA  (R&D  Systems)  from  un-

concentrated  whole  cell  lysate  and  conditioned  medium,  respectively.    
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Adhesion  to  immobilized  ALCAM-Fc  

A  96-well  high-binding  plate  was  coated  with  protein  G  (2  μg/mL  in  100  mM  

bicarbonate/carbonate  buffer,  pH  9.2)  overnight  at  4°C.  The  plate  was  washed  with  

phosphate  buffered  saline  (PBS)  and  coated  overnight  at  4°C  with  recombinant  Fc-

tagged  ALCAM  extracellular  domain  (ALCAM-Fc,  1  μg/mL)  in  appropriate  wells,  

negative  control  wells  were  not  coated  with  ALCAM-Fc.  The  plate  was  washed  with  

PBS  and  positive  control  wells  (equated  to  100%  binding)  were  then  coated  with  

Collagen  Type  1  (100  μg/mL)  overnight  at  4°C.  The  plate  was  washed  with  PBS  and  2.5  

x  104  cells/well  were  added  and  incubated  at  37°C  and  5%  CO2  for  4  h.  Non-adherent  

cells  were  washed  away  by  gentle  pipetting  and  aspiration.  Cells  were  fixed  with  4%  

paraformaldehyde  (4%  w/vol)  and  stained  with  crystal  violet  (0.5%  vol/vol  in  20%  

methanol).  Stain  was  extracted  with  acetic  acid  (20%  vol/vol).  Absorbance  was  read  on  

automated  plate  reader  (BioTek,  Winooski,  VT).  Cell  adhesion  was  quantified  as  

percent  of  adhesion  compared  to  wells  coated  with  collagen  type  I  coated  (considered  

100%  adhesion).  

  

In  vitro  cell  aggregation  

Cells  were  detached  using  non-enzymatic  cell  dissociation  buffer  and  plated  in  

24-well  low-attachment  plates  at  2.5  x  104  cells/well.  For  conditioned  medium  

experiments,  EGTA  was  added  to  a  final  concentration  of  1  mM  to  inhibit  calcium-

dependent  cell  adhesion.  Cells  were  incubated  with  indicated  treatments  for  12  hours  

and  cell  clusters  were  imaged  using  a  light  microscope  (TMS-F,  Nikon,  Tokyo,  Japan)  

fitted  with  a  D90  SLR  camera  (Nikon).  Ten  images  were  captured  for  each  experimental  

group  and  analyzed  in  FIJI  (ImageJ,  (170))  by  segmenting  with  Weka  Trainable  

Segmentation  (171)  and  calculating  cluster  size  with  the  Particle  Analysis  plug-in.  

Clusters  were  assigned  to  one  of  four  bin  categories  by  size  including  single  cells  (200-

400  pixels),  small  colonies  (401-2,000  pixels),  medium  colonies  (2,001-4,000  pixels),  

large  colonies  (4,001-10,000  pixels),  and  extra-large  (>10,000  pixels).  Data  are  

presented  as  percent  of  total  area  for  each  bin  category.  

  

  



 32  

Isoform  expression  in  human  tissue  

GTEx  Transcript  reads  per  kilobase  per  million  mapped  reads  (RPKMs)  were  

downloaded  from  the  GTEx  Portal  (172)  (Analysis  version  6,  normal  bladder  tissue),  

and  transcripts  ENST00000306107.5  (ALCAM-Iso1)  and  ENST00000306107.5  

(ALCAM-Iso2)  were  analyzed.  For  TCGA  (urothelial  bladder  carcinoma,  

(173)),  per  quantile  normalized  RPKMs  for  bladder  cancer  were  downloaded  from  the  

GDC  portal  (https://portal.gdc.cancer.gov),  and  transcripts  ENST00000306107.5  

(ALCAM-Iso1)  and  ENST00000306107.5  (ALCAM-Iso2)  were  analyzed.  RPKM  values  

were  transformed  using  Log2(x+1)  for  ALCAM-Iso1  and  -Iso2  and  reported  for  normal  

bladder  (GTEx  Portal)  and  bladder  cancer  (TCGA)  datasets.  In  addition,  the  relative  

abundance  of  ALCAM-Iso2  was  calculated  for  each  patient  and  used  to  compare  

isoform  expression  in  normal  bladder  compared  to  bladder  cancer.    

  

Statistical  analysis  

All  statistical  analyses  were  performed  using  Prism  5  for  Mac  OS  X  (GraphPad  

Software,  Inc,  La  Jolla,  California).  For  statistical  analysis  of  xenograft  weight,  

metastasis  to  distal  CAM,  ELISA  quantifications,  and  colony  size,  experimental  groups  

were  compared  to  control  groups  using  Kruskal-Wallis  test  with  Dunn’s  post-test.  Chi-

square  test  for  trend  was  used  to  determine  statistically  significant  differences  in  size  

distribution  between  two  groups  for  colony  sizes  and  aggregation  assays.  All  pair-wise  

Chi-square  test  for  trends  are  reported  in  Tables  3,  4,  5,  and  6.  ALCAM-Iso1  expression  

was  compared  to  ALCAM-Iso2  expression  in  both  normal  bladder  and  bladder  cancer  

using  paired  t-test  on  Log2(x+1)  transformed  data,  while  Mann-Whitney  U  was  used  to  

compare  differences  in  relative  abundance  of  ALCAM-Iso2  between  normal  bladder  and  

bladder  cancer.  

  

Data  availability  

The  datasets  analyzed  in  this  manuscript  are  publicly  available  using  the  GTEx  

Portal  (https://www.gtexportal.org/home/)  and  The  Cancer  Genome  Atlas  (TCGA)  

urothelial  bladder  carcinoma  cohort  

(https://cancergenome.nih.gov/cancersselected/UrothelialBladderCarcinoma).  ALCAM  
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isoform  expression  was  extracted  for  transcript  accession  codes  ENST00000306107.5  

(ALCAM-Iso1)  and  ENST00000306107.5  (ALCAM-Iso2).  

  

Results  

  

Alternative  splicing  of  ALCAM  (ALCAM-Iso2)  promotes  metastatic  dissemination  

ADAM17  is  known  to  cleave  its  substrates  in  the  “stalk  region”,  which  is  the  

extracellular  region  between  the  transmembrane  motif  and  the  first  globular  region  of  

the  protein  (174-176).  In  ALCAM-Iso1,  the  stalk  region  corresponds  to  amino  acids  502-

527  (Uniprot  (177))  encoded  by  exons  12-14.  Alternative  splicing  of  exon  13  in  ALCAM-

Iso2  removes  the  majority  of  the  stalk  region  (13  amino  acids),  which  could  impact  the  

proteolytic  processing  of  ALCAM-Iso2  (Figs.  4a,  5a)  and  therefore  alter  its  adhesion  

function  (122,165).  Since  ALCAM  ectodomain  shedding  is  elevated  in  patients  with  

advanced  disease  (114,149,165)  and  both  isoforms  are  present  in  many  tissues  (Fig.  

4b),  we  hypothesized  that  alternative  splicing  could  impact  metastatic  dissemination.  To  

test  this  hypothesis,  we  generated  a  panel  of  HT1080  cell  lines  in  which  expression  of  

the  ALCAM  isoforms  was  experimentally  controlled  (Fig.  6).  Overexpression  (OE)  of  

ALCAM-Iso1  or  ALCAM-Iso2  (Iso1-  and  Iso2-OE,  Fig.  5b,  Fig.  6a)  generated  a  modest  

increase  in  surface  ALCAM  compared  to  levels  observed  in  the  parental  HT1080  cells  

(Fig.  6b).  Using  the  avian  embryo  spontaneous  metastasis  assay  (Fig.  5c,  

(167,168,178))  no  differences  in  xenograft  size  were  observed  (Fig.  5d,  e).  However,  

overexpression  of  ALCAM-Iso2  showed  increased  incidence  of  intravascular  invasion,  

as  scored  by  a  pathologist  (Fig.  7),  with  a  concomitant,  four-fold  increase  in  

spontaneous  metastasis  compared  to  overexpression  of  ALCAM-Iso1,  as  quantified  by  

bioluminescent  detection  of  tumor  cells  (Fig.  5d,  f).    

To  distinguish  defects  in  distant  site  colonization  from  defects  in  primary  tumor  

dissemination,  ALCAM-mediated  changes  in  colonization  were  evaluated  in  the  avian  

embryo  experimental  metastasis  model,  where  colony  formation  within  the  CAM  is  

evaluated  following  intravenous  injection  (Fig.  8a).  Quantification  of  colonization  by  

bioluminescent  activity  revealed  no  significant  difference  in  the  number  of  colonies  

formed  by  parental,  Iso1-OE  or  Iso2-OE  cells  (Fig.  8b,  c).  These  observations  suggest    
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Figure  5.  Alternative  splicing  of  ALCAM  (ALCAM-Iso2)  promotes  metastatic  dissemination.  
(a)  Schematic  describing  ALCAM  splice  isoforms  1  and  2.  (b)  Immunoblot  of  parental  HT1080  cells  (Par)  
and  HT1080  cells  stably  overexpressing  ALCAM-Iso1  (Iso1-OE)  or  ALCAM-Iso2  (Iso2-OE);;  ICD:  
intracellular  domain.  (c)  Schematic  describing  avian  embryo  spontaneous  metastasis  assay.  (d)  
Representative  images  of  gross  (tumor  is  outlined  in  dashed  line)  HT1080  xenografts  and  metastasis  to  
the  distal  chorioallantoic  membrane  (CAM),  indicated  by  bioluminescence  (Biolum.).  (e)  Wet  weight  of  
HT1080  xenografts  removed  from  CAM  of  chicken  embryos.  Three  independent  experiments  were  
combined  for  the  analysis  (N=  23,18,  25,  respectively).  (f)  Quantification  of  metastasis.  Metastasis  was  
measured  by  luciferase  activity  in  a  1.5  cm  core  of  distal  CAM.  Two  cores  per  embryo  from  at  least  10  
embryos  were  measured.  Relative  bioluminescence  (RL)  represents  mean  value  of  two  CAM  sections  per  
chick  and  was  calculated  using  the  integrated  density  tool  (IntDen,  1x106)  in  ImageJ.  (e,  f)  P-values  were  
calculated  using  Kruskal-Wallis  test  with  Dunn’s  post-test,  ns:  not  significant,  *P<0.05.  Graphs  display  
mean  with  95%  confidence  interval.  Medians  are  reported.       
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Figure  6.  Stable  cell  line  description.  (a)  Table  describing  each  of  the  main  stable  cell  lines  used.  (b)  
Surface  ALCAM  expression  of  cells  described  in  (a),  as  determined  by  flow  cytometry.  
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Figure  7:  ALCAM-Iso2  cells  show  higher  incidence  of  intravascular  invasion  at  the  primary  site.  
Hematoxylin  and  Eosin  (H&E)  stained  tumor  sections  from  xenografts  of  parental  HT1080  cells  
overexpressing  ALCAM-Iso1  (Iso1-OE)  or  ALCAM-Iso2  (Iso2-OE).  Tumor  adjacent  blood  vessels  were  
scored  positive  ( )  or  negative  ( )  for  intravascular  invasion  by  a  blinded  pathologist.    
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that  alternative  splicing  of  ALCAM  alters  metastatic  success  by  contributing  to  

dissemination  from  the  primary  tumor.  

  

Full  length  ALCAM  (ALCAM-Iso1)  mediates  tumor  cell  cohesion  

While  growth  of  metastatic  colonies  was  not  diminished,  close  examination  of  

colony  morphology  revealed  dense  cell-cell  cohesion  among  cells  overexpressing  

ALCAM-Iso1  (Iso1-OE,  Fig.  8d-g).  High  magnification  ex  vivo  imaging  of  metastatic  

colonies  formed  in  the  CAM  after  intravenous  injection  revealed  dense,  multicellular  

colonies  formed  by  HT1080  cells  overexpressing  ALCAM-Iso1  (Iso1-OE)  while  the  

colonies  of  the  parental  line  were  comprised  of  dispersed,  single  cells  (Fig.  8d).  

Conversely,  HT1080  cells  overexpressing  ALCAM-Iso2  (Iso2-OE)  formed  colonies  

composed  of  both  diffuse  single  cells  as  well  as  densely-packed,  cohesive  cell  colonies  

(Fig.  8d).  Unbiased  quantification  of  colony  size  confirmed  a  five-fold  increase  in  

cohesive  colonies  formed  by  Iso1-OE  cells  compared  to  parental  cells  (Fig.  8e).  Each  

colony  was  subsequently  classified  as  “Single  Cell”,  “Small  Colony”,  “Medium  Colony”,  

and  “Large  Colony”  based  on  its  pixel  area.  This  classification  was  pseudo-colored  in  

the  original  image  for  visualization  (Fig.  8f)  and  significant  differences  were  assessed  by  

Chi-squared  test  for  trend  (Fig.  8g).  This  analysis  revealed  that  Iso1-OE  cells  primarily  

formed  large  colonies  (50%)  while  the  parental  cells  formed  mostly  single  cells  and  

small  colonies  (91%).  In  contrast  to  Iso1-OE,  Iso2-OE  cells  formed  few  large  colonies  

(14%)  and  persisted  primarily  as  small  colonies  and  dispersed  single  cells  (61%)  similar  

to  the  parental  cells  (Fig.  8g).  These  data  suggest  that  ALCAM-Iso1  promotes  cell-cell  

adhesion  while  ALCAM-Iso2  enables  single  cell  dispersion.  

  

Alternative  splicing  of  ALCAM  leads  to  enhanced  proteolytic  susceptibility  

Because  ALCAM-Iso2  is  generated  through  the  loss  of  13  amino  acids  in  the  

stalk  region  of  the  protein,  we  hypothesized  that  the  functional  difference  between  these  

two  isoforms  may  be  driven  by  changes  in  ADAM17-mediated  shedding  of  the  

ectodomain.  To  assess  this,  shedding  of  ALCAM-Iso1  and  ALCAM-Iso2  was  quantified  

by  ELISA,  with  detection  of  intact  ALCAM  in  the  whole  cell  lysate  (WCL)  and  shed  

ALCAM  in  the  conditioned  medium  (CM).  Unexpectedly,  ectodomain  shedding  from    
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Figure  8.  Full  length  ALCAM  (ALCAM-Iso1)  mediates  tumor  cell  cohesion.  (a)  Schematic  describing  
avian  embryo  experimental  metastasis  assay.  (b)  Representative  images  of  CAM  colonization,  measured  
by  bioluminescence,  following  intravenous  (IV)  injection  of  indicated  HT1080  cells.  (c)  CAM  colonization  
was  quantified  using  luciferase  activity  in  a  1.5  cm  core  of  CAM.  Two  cores  per  embryo  from  at  least  10  
embryos  were  measured.  Relative  bioluminescence  (RL)  represents  mean  value  of  two  CAM  sections  per  
chick  and  was  calculated  using  the  integrated  density  tool  (IntDen,  1x106)  in  ImageJ.  P-values  were  
calculated  using  Kruskal-Wallis  test  with  Dunn’s  post-test,  ns:  not  significant.  (d)  Representative  images  
of  metastatic  colonies  imaged  6  days  post  intravenous  injection  into  CAM  of  chicken  embryo.  (e)  Colony  
size  was  quantified  using  custom  KNIME  workflow.  P-values  were  calculated  using  Kruskal-Wallis  test  
with  Dunn’s  post-test,  ****P<0.0001.  Graphs  display  mean  with  95%  confidence  interval.  Medians  are  
reported.  (f)  Colonies  were  binned  into  single  cell,  small,  medium,  and  large  colonies  using  KNIME.  
Colonies  are  pseudo  colored  by  size  bin:  Single  Cells  (Red),  Small  colonies  (Cyan),  Medium  Colonies  
(Magenta),  and  Large  colonies  (Yellow).  (g)  Distribution  of  colonies  across  size  bins  was  represented  as  
percent  of  total  area  of  all  colonies.  P-values  were  calculated  using  Chi-square  test  for  trend,  
****P<0.0001.  Graphs  display  mean  with  95%  confidence  interval.  Medians  are  reported.  
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Iso1-OE  cells  was  ten-fold  lower  than  that  from  Iso2-OE  cells,  despite  nearly  equal  

expression  of  ALCAM-Iso1  and  ALCAM-Iso2  (Fig.  9a).  To  verify  that  the  proteolytic  

susceptibility  was  a  function  intrinsic  to  the  isoforms,  rather  than  dominant-negative  or  

dominant-active  interactions  between  the  isoforms,  CRISPR/Cas9-mediated  ALCAM-

KO  cells  (KO)  were  generated  along  with  re-expression  of  either  ALCAM-Iso1  or  

ALCAM-Iso2  (KO+Iso1  and  KO+Iso2,  respectively,  Fig.  6).  The  difference  in  ALCAM  

shedding  was  recapitulated  in  KO+Iso1  and  KO+Iso2  cells,  demonstrating  that  the  

increased  susceptibility  to  proteolysis  is  intrinsic  to  the  alternative  splicing  of  ALCAM  

(Fig.  9a).  

Analysis  by  immunoblotting  with  antibodies  specific  to  the  intracellular  domain  

(ICD)  and  extracellular  domain  (ECD)  of  ALCAM  was  subsequently  used  to  assess  

intact  ALCAM  in  the  WCL  and  shed  ALCAM  in  the  CM,  respectively  (Fig.  9b).  This  not  

only  confirmed  that  the  loss  of  exon  13  in  ALCAM-Iso2  led  to  an  increase  in  the  

proteolytic  sensitivity,  but  also  showed  a  change  in  the  proteolytic  profile,  as  evidenced  

by  the  production  of  two  distinct  soluble  fragments  (Fig.  9b,  right  panel).  CM  from  

KO+Iso1  cells  contains  a  single  ECD  of  relative  molecular  weight  (rMW)  58  kDa  (ECD-

58),  which  corresponds  to  the  expected  ALCAM-ECD  shed  by  ADAM17  (Fig.  9b,  right  

panel).  However,  CM  from  Iso2-OE  and  KO+Iso2  cells  contain  the  predicted  ECD  of  

rMW  55  kDa  (ECD-55),  as  well  as  a  second,  more  abundant  ECD  fragment  of  rMW  40  

kDa  (ECD-40)  (Fig.  9b,  right  panel).  While  the  residual  ICD  generated  by  ECD  shedding  

from  ALCAM  Iso1  is  undetectable,  the  appearance  of  a  new  intracellular  fragment  of  

rMW  20  kDa  (ICD-20)  in  the  WCL  from  ALCAM  Iso2  indicates  that  the  alternative  

splicing  has  exposed  a  novel  proteolytic  site  (Fig.  9b,  left  panel).  Based  on  relative  

molecular  weights,  this  cleavage  is  predicted  to  occur  at  a  site  distal  to  the  membrane  in  

the  fourth  IgG-like  domain  (Fig.  9c).  

  

Alternative  splicing  of  ALCAM  introduces  sensitivity  to  MMP14  dependent  shedding  

Because  ADAM17  has  been  identified  as  the  sheddase  of  ALCAM-Iso1,  we  

performed  a  directed  protease  inhibitor  screen  to  determine  if  this  protease  was  also  

responsible  for  the  shedding  of  ECD-40  from  ALCAM-Iso2.  Following  treatment  with  

indicated  protease  inhibitors,  immunoblotting  for  ALCAM  was  performed  in  WCL  and    
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Figure  9.  Alternative  splicing  of  ALCAM  introduces  sensitivity  to  a  metalloprotease  other  than  
ADAM17.  (a)  ALCAM  ELISA  for  quantification  of  basal  extracellular  domain  shedding  in  parental  HT1080  
cells  (Par)  overexpressing  ALCAM-Iso1  (Iso1-OE)  or  ALCAM-Iso2  (Iso2-OE),  as  well  as  in  ALCAM-KO  
HT1080  cells  (KO)  rescued  with  either  ALCAM-Iso1  (KO+Iso1)  or  ALCAM-Iso2  (KO+Iso2).  ALCAM  
expression  was  measured  in  whole  cell  lysate  (WCL)  and  shedding  was  measured  in  conditioned  medium  
(CM).  P-values  were  calculated  using  Kruskal-Wallis  test  with  Dunn’s  post-test;;  ns:  not  significant,  
*P<0.05,  ****P<0.0001.  (b)  Immunoblot  analysis  of  ALCAM  expression  and  basal  extracellular  domain  
shedding  in  indicated  cell  lines.  ICD:  intracellular  domain,  ECD:  extracellular  domain.  ALCAM  fragments  
generated  by  shedding  are  marked  as  follows:  20  kDa  intracellular  domain  fragment  (ICD-20,     ),  58  kDa  
extracellular  domain  fragment  (ECD-58,   ),  55  kDa  extracellular  domain  fragment  (ECD-55,   ),  and  40  
kDa  extracellular  domain  fragment  (ECD-40,   ).  (c)  Schematic  of  antibody  epitopes  and  cleavage  sites  in  
ALCAM-Iso1  and  ALCAM-Iso2.  (d)  Immunoblot  analysis  of  extracellular  domain  shedding  of  indicated  cell  
lines  treated  with  an  ADAM17-specific  inhibitor,  Compound  32  (Cmpd32,  10μM),  or  a  global  
metalloprotease  inhibitor,  GM6001  (10μM).  (d’)  Changes  in  shedding  were  quantified  as  a  ratio  between  
intact  ALCAM  (WCL),  and  shed  ALCAM  (CM),  with  the  untreated  control  normalized  to  1.  Samples  were  
derived  from  the  same  experiment.  Gels  and  blots  were  processed  in  parallel.  (e)  Immunoblot  analysis  of  
extracellular  domain  shedding  of  ALCAM-KO  HT1080  cells  expressing  ALCAM-Iso2  (KO+Iso2)  
transfected  with  anti-MMP14  siRNA.  Results  are  representative  of  two  independent  experiments.  (e’)  
Changes  in  shedding  were  quantified  as  percent  decrease  in  ECD-40  band  density  compared  to  control  
(siGRP),  or  ratio  of  ECD-40  density  to  ECD-55  density.  Samples  were  derived  from  the  same  experiment.  
Gels  and  blots  were  processed  in  parallel.  (e’’)  Knockdown  (KD)  of  MMP14  was  quantified  as  percent  
decrease  in  band  density  compared  to  control  (siGRP).  Samples  were  derived  from  the  same  experiment.  
Gels  and  blots  were  processed  in  parallel.  (b,  d,  e)  5  min  exposures  are  shown.  Individual  blots  are  
outlined  in  black.  WCL  blots  were  redeveloped  with  HRP-tagged  anti-GAPDH  for  loading  control.  
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CM  with  antibodies  directed  to  the  ICD  and  ECD,  as  described  above.  Changes  in  

shedding  were  quantified  as  a  ratio  between  intact  ALCAM,  detected  in  the  WCL,  and  

shed  ALCAM,  detected  in  the  CM,  with  the  untreated  control  normalized  to  one  (1).  

Treatment  of  KO+Iso1  with  the  ADAM17-specific  inhibitor  (Cmpd32)  or  a  broad-

spectrum  metalloprotease  inhibitor  (GM6001)  inhibited  ALCAM-Iso1  ectodomain  

shedding  (ECD-58)  by  60%  and  90%,  respectively  (Fig.  9d,  d’,  right  panel).  This  level  of  

inhibition  is  consistent  with  previous  publications(147,165).  Conversely,  the  novel  

proteolytic  cleavage  of  Iso2  that  generated  ECD-40  was  inhibited  by  GM6001  but  not  by  

Cmpd32.  (Fig.  9d,  d’,  right  panel).  The  loss  of  ICD-20  from  the  WCL  upon  treatment  

with  GM6001,  but  not  with  Cmpd32  (Fig.  9d,  left  panel),  suggests  that  ICD-20  and  ECD-

40  are  indeed  the  products  of  the  same  novel  cleavage  event.  The  activity  of  other  

classes  of  proteases  against  ALCAM-Iso2  was  analyzed  with  a  panel  of  broad  spectrum  

protease  inhibitors  targeting  metallo-,  serine,  cysteine,  aspartyl,  and  trypsin-like  

proteases  (Table  2).  ALCAM-Iso2  shedding  was  only  inhibited  by  the  broad-spectrum  

metalloprotease  inhibitor  GM6001  (Fig.  10).    

Because  the  novel  cleavage  site  was  more  distal  to  the  typical  juxtamembrane  

ADAM  sites,  we  focused  on  matrix  metalloproteases  (MMP)  as  the  most  likely  candidate  

metalloprotease  family.  MMP14,  also  known  as  membrane-type  1-MMP-1  (MT1-MMP),  

was  the  top  candidate  because  ALCAM  expression  is  associated  with  the  upregulation  

of  MMP14  expression  and  subsequent  MMP2  activation  (111).  Specific  siRNA-mediated  

knockdown  of  MMP14  in  KO+Iso2  cells  significantly  decreased  the  generation  of  ECD-

40  in  the  conditioned  medium  (91%),  indicating  that  MMP14  is  a  novel  participant  in  

ALCAM-Iso2  ectodomain  shedding  (Fig.  9e,  e’,  right  panel).  Taken  together,  these  data  

confirm  that  ALCAM-Iso1  is  shed  by  ADAM17  through  membrane-proximal  cleavage  in  

the  stalk  region,  while  ALCAM-Iso2  is  predominantly  shed  in  a  MMP14-dependent  

manner  at  a  novel,  membrane-distal  proteolytic  site.    

  

Alternative  splicing  of  ALCAM  diminishes  ALCAM-ALCAM  adhesion  

To  further  assess  the  functional  consequences  of  this  alternatively-spliced  

ALCAM  isoform,  we  examined  ALCAM-dependent  adhesion  in  vitro.  HT1080  ALCAM-

knockout  (KO)  cells  expressing  ALCAM-Iso1  (KO+Iso1)  or  ALCAM-Iso2  (KO+Iso2)    
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Figure  10.  ALCAM-Iso2  shedding  is  dependent  on  metalloprotease  activity.  Immunoblot  analysis  of  
extracellular  domain  shedding  of  ALCAM-KO  HT1080  cells  expressing  ALCAM-Iso2  (KO+Iso2)  treated  
with  various  protease  inhibitors  (listed  in  Table  2).  Results  are  representative  of  three  independent  
experiments.  (a)  whole  cell  lysate  (WCL),  (b)  conditioned  medium  (CM),  (b’)  Changes  in  shedding  were  
quantified  as  a  ratio  between  intact  ALCAM  (WCL),  and  shed  ALCAM  (CM),  with  the  untreated  control  
normalized  to  1.  Samples  were  derived  from  the  same  experiment.  Gels  and  blots  were  processed  in  
parallel,  (c)  WCL  GAPDH  loading  control,  (a,  b,  c)  5  min  exposures  are  shown.  Individual  blots  are  
outlined  in  black.    WCL  blots  were  redeveloped  with  HRP-tagged  anti-GAPDH  for  loading  control.  ICD:  
intracellular  domain,  ECD:  extracellular  domain.  ALCAM  fragments  generated  by  shedding  are  marked  as  
follows:  20  kDa  intracellular  domain  fragment  (ICD-20,     ),  58  kDa  extracellular  domain  fragment  (ECD-
58,   ),  55  kDa  extracellular  domain  fragment  (ECD-55,   ),  and  40  kDa  extracellular  domain  fragment  
(ECD-40,   ).  
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Table  2.  Compounds  used  in  protease  inhibitor  panel  (Fig.  10).    
   

Inhibitor Targets Concentration

Aprotinin  Serine proteases 0.3 µM

Compound 32 ADAM17 10 µM

E64 Cysteine proteases 10 µM

GM6001 Metalloproteases 10 µM

Leupeptin Trypsin-like proteases  
Serine proteases 100 µM

Pepstatin A Aspartic proteases 1 µM

PMSF Serine proteases 
Papain 1 mM
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were  seeded  onto  ALCAM-Fc  directionally  adhered  to  protein  G-coated  surfaces  (Fig.  

11a).  KO+Iso1  cells  adhered  to  ALCAM-Fc  two-fold  more  than  KO+Iso2  cells  (Fig.  11b),  

suggesting  that  the  differences  in  cell-cell  adhesion  in  Iso1-OE  cells  and  Iso2-OE  cells  

are  caused  by  differences  in  homophilic  ALCAM  interactions.    

  

Isoform-specific  differences  in  cell-cell  adhesion  are  controlled  by  ectodomain  shedding  
The  enhanced  colony  cohesion  in  vivo  (Fig.  8)  and  enhanced  ALCAM-ALCAM  

adhesion  of  ALCAM-Iso1  in  vitro  (Fig.  11)  suggests  that  the  differential  shedding  

between  ALCAM-Iso1  and  ALCAM-Iso2  (Fig.  9)  controls  the  cell-cell  adhesion  function  

of  ALCAM.  To  test  this  hypothesis,  we  evaluated  ALCAM  splicing  and  proteolysis-

dependent  changes  in  cell-cell  adhesion  using  a  cell  aggregation  assay  (Fig.  12).  

Representative  phase  contrast  images  taken  at  100x  magnification  are  shown  (Fig.  

12a).  Unbiased  automated  image  analysis  was  used  to  quantify  the  cell  cluster  size.  

Similar  to  our  in  vivo  colony  size  analysis,  we  analyzed  cell  cluster  size  distribution  

within  each  group  (Fig.  12b)  and  used  Chi-square  analysis  to  define  the  significance  of  

the  changes  across  groups  (Table  3).    

Untreated  parental  HT1080  cells  and  ALCAM-KO  cells  maintained  for  12  h  in  

suspension  persisted  primarily  as  a  mixture  of  single  cells  (34%  and  37%,  respectively)  

and  small  clusters  (51%  and  50%,  respectively)  with  a  few  medium  size  clusters  (14%  

and  12%,  respectively)  but  no  large  or  extra-large  clusters  (Fig.  12a,  b).  Expression  of  

ALCAM-Iso1  greatly  enhanced  cohesion  and  caused  untreated  KO+Iso1  cells  to  form  

mostly  large  and  extra-large  clusters  (78%)  with  few  small  clusters  and  single  cells  

(21%)  (Fig.  12a,  b).  Conversely,  the  expression  of  ALCAM-Iso2  caused  a  significantly  

smaller  portion  of  the  untreated  KO+Iso2  cells  to  form  large  and  extra-large  clusters  

(18%),  with  the  majority  of  cells  persisting  as  small  clusters  and  single  cells  (57%,  Fig.  

12a,  b,  p<0.0001,  Untreated,  Table  3).    

Disruption  of  ALCAM-ALCAM  interactions  by  incubation  with  soluble  recombinant  

ALCAM-Fc  diminished  aggregation  by  significantly  inhibiting  the  formation  of  medium,  

large  and  extra-large  clusters  in  all  cell  lines  (Fig.  12a,  b,  A-Fc,  P=0.0022  -  <0.0001,  

Table  3),  except  in  ALCAM-KO  cells,  where  aggregation  was  already  at  a  minimum  

(Fig.  12a,  b,  A-Fc).  Preventing  ALCAM  shedding  with  a  metalloprotease  inhibitor  (MPi;;    
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Figure  11.  Alternative  splicing  of  ALCAM  diminishes  ALCAM-ALCAM  adhesion.    (a)  Representative  
images  of  ALCAM-KO  HT1080  cells  (KO)  expressing  ALCAM-Iso1  (KO+Iso1)  or  ALCAM-Iso2  (KO+Iso2)  
adhered  to  immobilized  ALCAM-Fc.  (b)  Cells  attached  to  ALCAM-Fc  were  stained  with  crystal  violet  dye.  
Percent  of  cells  attached  at  4  hours  was  quantified  compared  to  cells  attached  to  collagen  type  I  coated  
wells.  P-values  were  calculated  using  Kruskal-Wallis  test  with  Dunn’s  post-test,  ***P<0.001,  
****P<0.0001.  
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Figure  12.  Isoform-specific  differences  in  cell-cell  adhesion  are  controlled  by  ectodomain  
shedding.  (a)  Representative  images  of  in  vitro  cell  aggregation  analysis  of  parental  HT1080  (Par)  and  
ALCAM-KO  HT1080  cells  (KO)  expressing  ALCAM-Iso1  (KO+Iso1)  or  ALCAM-Iso2  (KO+Iso2).  Veh:  
vehicle  (0.4%  DMSO),  A-Fc:  soluble  ALCAM-Fc  (10  μg/mL),  MPi:  metalloprotease  inhibitor  (GM6001,  10  
μM).  (b)  Quantification  of  in  vitro  cell  aggregation  assay.  Clusters  were  binned  into  single  cell,  small  (Sm),  
medium  (Med),  large  (Lrg)  or  extra-large  (XL)  clusters  based  on  pixel  area.  Distribution  of  clusters  across  
size  bins  was  represented  as  percent  of  total  area  of  all  clusters.  P-values  were  calculated  using  Chi-
square  test  for  trend  and  are  listed  in  Table  3.  Results  are  representative  of  three  independent  
experiments.  (c)  Diagram  representing  aggregation  phenotypes  observed  in  indicated  conditions.  
sALCAM:  soluble  ALCAM.  
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GM6001)  promoted  cell-cell  adhesion  leading  to  the  formation  of  large  and  extra-large  

clusters  in  parental  cells  (from  0%  to  35%),  while  ALCAM-KO  cells  had  an  increase  in  

large  clusters  (from  0%  to  7%),  but  no  extra-large  clusters  with  MPi  treatment  (Fig.  12a,  

b,  MPi,  P<0.0001  and  P=0.0141,  respectively,  Table  3).  Conversely,  aggregation  in  

KO+Iso1  cells  was  enhanced  modestly  (1.4-fold  for  extra-large  clusters)  when  shedding  

was  inhibited  by  GM6001  (Fig.  12a,  b,  P=0.0004,  Table  3).  Unlike  KO+Iso1  cells,  

aggregation  in  KO+Iso2  cells  was  strongly  increased  by  treatment  with  GM6001  (four-

fold  for  extra-large  clusters,  Fig.  12a,  b,  p<0.0001,Table  3).  All  of  these  findings  were  

recapitulated  in  parental  HT1080  cells  overexpressing  ALCAM-Iso1  or  -Iso2  (ISO1-OE  

and  Iso2-OE,  respectively,  Fig.  13,  Table  4).  Finally,  upon  co-treatment  with  ALCAM-Fc,  

the  clustering  in  response  to  MPi  treatment  was  significantly  diminished,  resulting  in  

dispersed  single  cells  and  small  clusters  for  all  cell  lines,  except  ALCAM-KO  cells  which  

are  incapable  of  ALCAM-ALCAM  mediated  clustering  (Fig.  12a,  b,  A-Fc+MPi,  

P<0.0001).  Together,  these  data  support  our  hypothesis  that  alternative  splicing  of  

ALCAM  increases  the  sensitivity  of  ALCAM-Iso2  to  proteolysis,  leading  to  increased  

shedding  and  isoform-specific  differences  in  cell-cell  cohesion  (Fig.  12c).  

  

Shed  ALCAM-Iso2  can  disrupt  ALCAM-Iso1-mediated  cell-cell  adhesion  in  paracrine-

like  manner  

In  order  to  determine  if  elevated  ectodomain  shedding  from  ALCAM-Iso2  could  

antagonize  ALCAM-mediated  cell-cell  adhesion,  we  analyzed  cell  aggregation,  as  

described  above,  in  the  presence  of  fresh  complete  medium  (Untreated),  conditioned  

medium  from  ALCAM-KO  cells  (KO  CM),  or  conditioned  medium  from  KO+Iso2  cells  

(Iso2  CM).  EGTA  was  added  to  inhibit  non-specific  effects  from  calcium-dependent  

adhesion  molecules.  In  the  presence  of  EGTA,  KO+Iso1  cells  formed  significantly  larger  

clusters  than  KO+Iso2  cells  (P=0.0031,  Table  5),  confirming  that  this  phenotype  is  

ALCAM  specific  and  Ca2+  independent  (Fig.  14,  Untreated).  Treatment  of  KO+Iso1  or  

KO+Iso2  cells  with  KO  CM  did  not  substantially  alter  their  ability  to  aggregate  nor  did  

the  treatment  with  Iso2  CM  affect  aggregation  of  parental  or  ALCAM-KO  cells  (Fig.  14,  

KO  CM  and  Iso2  CM).  Conversely,  the  treatment  of  KO+Iso1  and  KO+Iso2  cells  with  

Iso2  CM  greatly  reduced  the  formation  of  extra-large  and  large  clusters,  respectively    



 49  

  
Figure  13.  ALCAM-Iso1  promotes  cell-cell  adhesion  through  intercellular  homotypic  ALCAM  
interactions.  (a)  Representative  images  of  in  vitro  cell  aggregation  analysis  of  parental  HT1080  cells  
overexpressing  ALCAM-Iso1  (Iso1-OE)  or  ALCAM-Iso2  (Iso2-OE).  Veh:  vehicle  (DMSO),  0.4%;;  A-Fc:  
ALCAM-Fc,  10  μg/mL;;  MPi:  metalloprotease  inhibitor  (GM6001),  10  μM.  (b)  Quantification  of  in  vitro  cell  
aggregation  assay.  Clusters  were  binned  into  single  cell,  small,  medium,  large,  or  extra-large  clusters  
based  on  pixel  area.  Distribution  of  clusters  across  size  bins  was  represented  as  percent  of  total  area  of  
all  clusters.  P-values  were  calculated  using  Chi-squared  test  for  trend  and  are  listed  in  Table  4.  Results  
are  representative  of  three  independent  experiments.    
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Figure  14.  The  shedding  of  alternatively  spliced  ALCAM  (ALCAM-Iso2)  can  disrupt  cell-cell  
adhesion  mediated  by  full-length  ALCAM  (ALCAM-Iso1)  in  paracrine-like  manner.  (a)  
Representative  images  of  in  vitro  cell  aggregation  analysis  of  parental  HT1080  (Par)  and  ALCAM-KO  
HT1080  cells  (KO)  expressing  ALCAM-Iso1  (KO+Iso1)  or  ALCAM-Iso2  (KO+Iso2)  treated  with  24  hr  
conditioned  medium  (CM)  collected  from  either  HT1080  ALCAM-KO  cells  (KO  CM)  or  HT1080  KO+Iso2  
cells  (Iso2  CM).  (b)  Quantification  of  in  vitro  cell  aggregation  assay.  Clusters  were  binned  into  single  cell,  
small  (Sm),  medium  (Med),  large  (Lrg)  or  extra-large  (XL)  clusters  based  on  pixel  area.  Distribution  of  
clusters  across  size  bins  was  represented  as  percent  of  total  area  of  all  clusters.  P-values  were  calculated  
using  Chi-square  test  for  trend  and  are  listed  in  Table  5.  Results  are  representative  of  three  independent  
experiments.  
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(Fig.  14,  KO  CM  vs.  Iso2  CM,  P<0.0001  and  P=0.0015,  Table  5).  In  fact,  KO+Iso1  cells  

treated  with  Iso2  CM  formed  clusters  nearly  identical  in  size  to  untreated  KO+Iso2  cells  

(P=0.1013,  Table  5).  Taken  together,  these  data  indicate  that  alternative  splicing  of  

ALCAM  not  only  diminishes  intrinsic  adhesion,  but  that  shed  ALCAM-Iso2  (ECD-55  and  

ECD-40)  can  also  disrupt  cell-cell  adhesion  by  antagonizing  homophilic  ALCAM  

interactions  in  a  paracrine-like  manner.  

  

Isoform-specific  differences  in  cell-cell  adhesion  are  controlled  by  ectodomain  shedding  

in  a  bladder  cancer  cell  line  

Previously,  we  have  shown  that  shed  ALCAM  is  detected  in  the  serum  and  urine  

of  bladder  cancer  patients  at  a  median  level  of  74.880  and  2.177  ng/mL,  respectively  

(114).  Our  current  data  suggest  that  shed  ALCAM-Iso2  can  antagonize  homophilic  

ALCAM  interactions  at  a  concentration  of  30  ng/mL  (Fig.  9a,  Fig.  14).  Because  shed  

ALCAM-Iso2  can  disrupt  cell-cell  adhesion  at  a  physiologically  relevant  concentration  

and  high  ALCAM  shedding  is  prognostic  of  poor  patient  outcome  in  bladder  cancer  

(114),  we  explored  the  phenotype  of  ALCAM-Iso1  and  ALCAM-Iso2  in  the  bladder  

cancer  cell  line,  UMUC-3.  Similar  to  HT1080  cells,  UMUC-3  ALCAM-KO  cells  (KO)  

transfected  with  ALCAM-Iso2  (KO+Iso2)  shed  ALCAM  2.3-fold  more  than  cells  

transfected  with  ALCAM-Iso1  (KO+Iso1,  Fig.  15a).  Additionally,  by  immunoblot,  

ALCAM-Iso2  is  shed  equally  at  two  distinct  sites  in  the  ECD,  while  ALCAM-Iso1  is  shed  

primarily  at  the  site  corresponding  to  ADAM17  proteolysis  (Fig.  15b).  These  data  

suggest  that  the  differential  processing  of  ALCAM-Iso1  and  ALCAM-Iso2  is  evident  in  

multiple  cancer  cell  types.    

We  then  used  parental  UMUC-3  transiently  transfected  with  control  vector  

(U_Par)  and  ALCAM-KO  UMUC-3  cells  transiently  transfected  with  control  vector  

(U_KO),  ALCAM-Iso1  (U_KO+Iso1),  or  ALCAM-Iso2  (U_KO+Iso2)  to  verify  that  

alternative  splicing  of  ALCAM  confers  differential  susceptibility  to  proteolysis  and  

controls  cell-cell  adhesion.  U_Par  cells  formed  cell  clusters  of  varying  sizes  with  17%  

extra-large  clusters,  34%  large  clusters,  21%  medium  clusters,  23%  small  clusters,  and  

5%  single  cells,  while  U_KO  cells  formed  significantly  smaller  clusters  with  single  cells  

and  small  clusters  accounting  for  69%  of  the  cells  and  medium  and  large  clusters    
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Figure  15.  Alternative  splicing  of  ALCAM  leads  to  enhanced  proteolytic  susceptibility  in  the  
bladder  cancer  cell  line  UMUC-3.  (a)  ALCAM  ELISA  for  quantification  of  basal  extracellular  domain  
shedding  in  parental  UMUC-3  cells  (U_Par)  and  UMUC-3  ALCAM  knockout  cells  (U_KO)  transiently  
expressing  ALCAM-Iso1  (U_KO+Iso1)  or  ALCAM-Iso2  (U_KO+Iso2).  WCL:  whole  cell  lysate,  CM:  
conditioned  medium.  P-values  were  calculated  using  Kruskal-Wallis  test  with  Dunn’s  post-test,  ns=not  
significant,  ****P<0.0001.  (b)  Immunoblot  analysis  of  basal  extracellular  domain  shedding  of  ALCAM-Iso1  
and  ALCAM-Iso2  in  parental  UMUC-3  cells  (U_Par)  and  UMUC-3  ALCAM  knockout  cells  (U_KO)  
transiently  expressing  ALCAM-Iso1  (U_KO+Iso1)  or  ALCAM-Iso2  (U_KO+Iso2).  ICD:  intracellular  domain,  
ECD:  extracellular  domain.  ALCAM  fragments  generated  by  shedding  are  marked  as  follows:  20  kDa  
intracellular  domain  fragment  (ICD-20,     ),  58  kDa  extracellular  domain  fragment  (ECD-58,   ),  55  kDa  
extracellular  domain  fragment  (ECD-55,   ),  and  40  kDa  extracellular  domain  fragment  (ECD-40,   ).  5  min  
exposures  are  shown.  Individual  blots  are  outlined  in  black.    WCL  blots  were  redeveloped  with  HRP-
tagged  anti-GAPDH  for  loading  control.  Full-length  blots  are  shown.  
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accounting  for  31%  of  cells  (Fig.  16a,  b,  Untreated,  p<0.0001,  Table  6).  Rescue  with  

ALCAM-Iso1  (U_KO+Iso1)  promoted  cell  clusters  larger  than  that  of  parental  cells  with  

extra-large  clusters  accounting  for  41%  of  cells  and  large  clusters  accounting  for  25%  of  

cells  (Fig.  16a,  b,  P=0.0113,  Table  6).  Meanwhile,  cells  with  ALCAM-Iso2  rescue  

(U_KO+Iso2)  formed  clusters  significantly  smaller  than  both  U_Par  and  U_KO+Iso1  

cells  (P=0.0094,  P<0.0001,  respectively,  Table  6)  with  41%  small  clusters  and  single  

cells  and  only  35%  large  and  extra-large  clusters  (Fig.  16a,  b,  Untreated).    

Consistent  with  our  previous  findings  (Fig.  12),  soluble  ALCAM-Fc  disrupted  

ALCAM-ALCAM  interactions  in  all  groups  except  KO  cells,  leading  to  significantly  

smaller  cell  clusters  (Fig.  16a,  b,  A-Fc;;  p<0.0001,  Table  6).  In  U_Par  cells,  small  

clusters  and  single  cells  accounted  for  83%  of  the  cell  distribution  after  ALCAM-Fc  

treatment,  while  ALCAM-Fc  treatment  in  U_KO+Iso1  and  U_KO+Iso2  resulted  in  70%  

and  69%  small  clusters  and  single  cells,  respectively  (Fig.  16a,  b).  Finally,  treatment  

with  GM6001  significantly  increased  the  size  of  cell  clusters  in  U_KO+Iso2  cells,  

increasing  large  and  extra-large  clusters  to  54%  (Fig.  16a,  b,  MPi;;  P=0.0003,  Table  6).  

Again,  these  data  suggest  that  the  effects  of  alternative  splicing  of  ALCAM  on  cell-cell  

cohesion  persist  across  multiple  cancer  cell  types.    

  

Changes  in  ALCAM  isoform  expression  correlate  with  disease  progression  in  bladder  

cancer  

Together,  these  data  indicate  that  differences  in  ALCAM  isoform  expression  can  

be  important  for  bladder  cancer  progression.  To  investigate  this  further,  we  evaluated  

ALCAM  expression  in  both  normal  bladder  and  bladder  cancer  tissue.  Using  the  publicly  

available  Genotype-Tissue  Expression  (GTEx  Portal,  (172))  dataset,  we  quantified  

ALCAM-Iso1  and  ALCAM-Iso2  expression  in  normal  bladder  and  showed  that  ALCAM-

Iso1  and  ALCAM-Iso2  are  expressed  in  relatively  equal  levels  (Fig.  16c,  left  panel).  

Additionally,  using  The  Cancer  Genome  Atlas  (TCGA)  urothelial  bladder  carcinoma  

cohort  (173),  we  quantified  ALCAM  isoform  expression  in  human  bladder  tumors  and  

showed  that  ALCAM-Iso2  is  expressed  two-fold  higher  than  ALCAM-Iso1  (P<0.0001,  

Fig.  16c,  right  panel).  These  data  indicate  that  there  is  a  switch  to  ALCAM-Iso2  

dominated  expression  in  bladder  cancer,  compared  to  normal  tissue.  This  was  validated    
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Figure  16.  ALCAM-Iso2  expression  correlates  with  disease  progression.  (a)  Representative  images  
of  in  vitro  cell  aggregation  analysis  of  parental  UMUC-3  cells  (U_Par)  and  UMUC-3  ALCAM  knockout  
cells  (U_KO)  transiently  expressing  ALCAM-Iso1  (U_KO+Iso1)  or  ALCAM-Iso2  (U_KO+Iso2).  Veh,  
vehicle  (0.4%  DMSO),  A-Fc,  soluble  ALCAM-Fc  (10  μg/mL),  MPi,  metalloprotease  inhibitor  (GM6001,  10  
μM).  (b)  Quantification  of  in  vitro  cell  aggregation  assay.  Clusters  were  binned  into  single  cell,  small  (Sm),  
medium  (Med),  large  (Lrg)  or  extra-large  (XL)  clusters  based  on  pixel  area.  Distribution  of  clusters  across  
size  bins  was  represented  as  percent  of  total  area  of  all  clusters.  P-values  were  calculated  using  Chi-
square  test  for  trend  and  are  listed  in  Table  6.  Results  are  representative  of  three  independent  
experiments.  (c)  Expression  of  ALCAM-Iso1  and  ALCAM-Iso2  in  normal  bladder  and  bladder  cancer.  
Data  for  normal  bladder  tissue  were  extracted  from  the  GTEx  Portal.  Data  for  bladder  cancer  tissue  were  
extracted  from  the  TCGA  bladder  cancer  cohort.  p-values  were  calculated  using  paired  t-test,  
****p<0.0001.  Graphs  display  mean  with  95%  confidence  interval.  Medians  are  reported.  (d)  Relative  
abundance  of  ALCAM-Iso2  in  normal  and  bladder  cancer  tissue.  P-value  calculated  with  Mann-Whitney  U  
test.  Graphs  display  mean  with  95%  confidence  interval.  Medians  are  reported.     
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by  directly  comparing  the  relative  abundance  of  ALCAM-Iso2  between  the  GTEx  

(normal  bladder)  and  TCGA  (bladder  cancer)  cohorts  (P=0.0224,  Fig.  16d).  This  clinical  

data  supports  our  mechanistic  data  and  suggests  that  ALCAM-Iso1  expression  

promotes  high  cell-cell  cohesion,  while  a  switch  to  ALCAM-Iso2  dominated  expression  

promotes  lower  cell-cell  adhesion,  a  permissive  environment  for  single  cell  dispersion  

and,  as  a  result,  enhanced  migration  and  metastasis.  Thus,  we  suggest  that  differential  

splice  isoform  expression  provides  an  explanation  for  increased  ALCAM  shedding  in  

patients  with  cancer  and  provides  a  mechanism  by  which  ALCAM  detected  in  biofluids  

is  prognostic  of  poor  outcome.  

  

Discussion  

  

The  overarching  goal  of  this  study  was  to  determine  how  ALCAM  shedding  

regulates  tumor  cell  biology.  In  this  manuscript  we  describe  how  alternative  splicing  of  

ALCAM  controls  the  functional  contribution  of  ALCAM  to  tumor  biology.    

Dynamic  alteration  of  cell  adhesion  is  an  integral  step  to  cancer  progression  

(21,179).  While  many  adhesion  molecules  can  control  cancer  progression,  the  

mechanisms  underlying  dynamic  control  of  these  molecules  remain  unclear.  Unlike  

many  of  the  classic  oncogenes  and  tumor  suppressors,  the  cell  adhesion  molecules  that  

control  malignant  progression  are  rarely  genetically  mutated,  amplified  or  deleted.  

Rather  than  genomic  alterations,  the  contributions  of  these  adhesion  factors  appear  to  

be  controlled  primarily  at  the  transcriptional  and  post-transcriptional  level.  The  function  

of  many  Ig-CAMs,  including  ALCAM,  is  regulated  through  proteolytic  shedding  of  the  

ectodomain  from  the  cell  surface  (104).  ALCAM’s  participation  in  malignant  progression  

has  been  recognized  in  numerous  studies  (22,111,112,134,160-163),  and  we  recently  

linked  elevated  ALCAM  shedding  directly  to  poor  patient  outcome  (113,114).  However,  

the  mechanism  controlling  proteolytic  shedding  of  ALCAM  was  unknown.      

In  this  study,  we  demonstrate  that  alternative  splicing  is  responsible  for  

controlling  the  susceptibility  of  ALCAM  to  proteolytic  shedding.  Loss  of  exon  13  in  

ALCAM-Iso2  allows  for  MMP14-dependent  proteolytic  cleavage  at  a  membrane-distal  

site  which  leads  to  a  10-fold  increase  in  ALCAM-Iso2  shedding  compared  to  the  
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canonical  isoform,  ALCAM-Iso1  (Fig.  9).  Since  many  proteases  are  promiscuous  and  

target  several  substrates  (180,181),  changing  proteolytic  susceptibility  through  

alternative  splicing  allows  for  specific  and  dynamic  control  of  ALCAM  proteolysis.  

Therefore,  differential  expression  of  ALCAM-Iso1  and  ALCAM-Iso2,  as  opposed  to  

altering  protease  activity,  allows  for  intrinsic  control  of  ALCAM  shedding  and  adhesion  

function  without  affecting  other  targets  of  ADAM17  or  other  metalloproteases.    

We  originally  hypothesized  that  exon  13  might  contain  the  ADAM17  cleavage  site  

and  the  splicing  would  therefore  remove  proteolytic  susceptibility  to  ADAM17  in  a  

manner  similar  to  what  has  been  reported  for  Cell  Adhesion  Molecule  1  (CADM1)  and  

the  epithelial  growth  factor  receptor  family  member  (ErbB4)  (182,183).  However,  we  

discovered  that  the  loss  of  exon  13  by  splicing  is  unique  in  the  fact  that  it  makes  ALCAM  

more  susceptible  to  proteolytic  cleavage  in  a  separate,  membrane-distal  site,  outside  of  

exon  13.  Moreover,  this  proteolytic  event  is  MMP14-dependent  and  distinct  from  

ADAM17  activity.  Thus,  the  ALCAM  ectodomain  appears  to  contain  a  second  proteolytic  

site  that  is  exposed  or  unmasked  upon  alternative  splicing  of  exon  13.  To  our  

knowledge,  this  is  the  first  observation  of  a  masked  proteolytic  site  revealed  distal  to  an  

alternatively  spliced  exon.    

The  specific  regulation  of  ALCAM  function  through  differential  expression  of  

ALCAM  isoforms  has  implications  in  various  biological  processes.  ALCAM  has  known  

roles  in  non-pathologic  processes  requiring  static  and  stable  cell  adhesion  such  as  T-

cell  activation  and  maintenance  of  the  blood-brain  barrier  (108,124,158),  as  well  as  

roles  in  dynamic  processes  such  as  transendothelial  migration  and  neuronal  guidance  

(109,159).  To  this  point,  the  vast  majority  of  ALCAM  function  has  been  investigated  

using  the  canonical  isoform,  ALCAM-Iso1.  We  hypothesize  that  dynamic  regulation  of  

cell  adhesion  through  differential  expression  of  ALCAM  isoforms  would  be  vital  to  all  

ALCAM-mediated  functions,  both  pathological  and  non-pathological.  Our  results  clearly  

indicate  that  the  role  of  ALCAM  in  many  physiological  processes  may  be  more  

complicated  and  more  dynamic  than  first  indicated.    

While  broadly  applicable  in  the  field  of  cell  adhesion,  our  findings  highlight  the  

importance  of  regulating  ALCAM  shedding  in  cancer  progression.  In  our  direct  

comparison  of  ALCAM-Iso1  and  -Iso2,  we  show  that  expression  of  ALCAM-Iso2  
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increases  ectodomain  shedding  up  to  ten-fold  (Fig.  9a,  15a)  which  diminishes  cell-cell  

adhesion  (Fig.  12,  13,  14,  16)  while  promoting  metastasis  and  tumor  cell  dissemination  

(Fig.  5f  &  8d-g).  We  also  show  a  switch  from  nearly  equal  isoform  expression  in  normal  

bladder  tissue  to  ALCAM-Iso2-dominated  expression  in  bladder  cancer  (Fig.  16c,  d).  

While  the  regulation  of  alternative  splicing  has  not  been  studied  for  ALCAM  specifically,  

aberrations  in  alternative  splicing  in  cancer  can  be  attributed  to  several  factors  such  as  

genetic  abnormalities  in  spliceosome  machinery  or,  more  commonly,  to  dysregulation  of  

expression  and  localization  of  trans-acting  splicing  factors  (184).  Therapeutic  targeting  

of  alternative  splicing  in  cancer  is  an  active  field  of  research;;  therefore,  identifying  the  

regulatory  mechanisms  guiding  alternative  splicing  in  ALCAM  could  potentially  lead  to  

novel  cancer  therapies.  Additionally,  given  our  previous  work  that  indicates  that  high  

ALCAM  shedding  is  predictive  of  poor  patient  outcome  (113,114),  we  hypothesize  that  

elevated  ALCAM-Iso2  expression  may  be  the  cause  of  increased  ALCAM  shedding  in  

patients  with  aggressive  disease.  This  combination  of  experimental  and  clinical  

observations  warrants  future  investigations  into  the  value  of  ALCAM-Iso2  tissue  

expression  as  a  predictive  and  prognostic  biomarker.    

Although  this  is  the  first  study  that  attributes  differential  proteolysis  of  ALCAM  to  

alternative  splicing,  smaller  soluble  forms  of  ALCAM  generated  by  proteolysis  of  the  

ECD  have  been  observed  in  other  studies.  Fabbi  and  colleagues  observed  the  

generation  of  two  soluble  ALCAM  fragments  (95  kDa  and  65  kDa  (glycosylated))  and  

attributed  the  generation  of  both  fragments  to  ADAM17  activity  in  neuroblastoma  cell  

lines  (185).  Bongarzone  and  colleagues  also  observed  the  generation  of  soluble  

ALCAM  fragments  at  96  kDa  and  60  kDa  (glycosylated)  or  55  kDa  and  35  kDa  

(deglycosylated)  in  thyroid  cancer  cell  lines  (147).  These  soluble  forms  align  well  with  

the  soluble  forms  we  observed  from  the  proteolysis  of  ALCAM-Iso2  and  may  indicate  

that  the  cell  lines  used  in  these  reports  may  express  ALCAM-Iso2.  The  findings  we  

report  here  enable  further  interpretation  of  the  existing  literature  on  ALCAM  and  its  

function.    

Our  work  also  provides  an  opportunity  to  direct  further  research  into  the  biology  

of  ALCAM  and  the  cell-adhesion  it  controls.  Understanding  how  the  alternative  splicing  

is  regulated  and  identifying  the  mechanism  by  which  MMP14  selectively  cleaves  
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ALCAM-Iso2  will  provide  further  insight  into  the  intrinsic  regulatory  mechanisms  that  

control  the  physiology  and  pathology  of  multi-cellular  adhesions.  Further  structure-

function  studies  of  this  masked  proteolytic  site  can  reveal  dynamic  regulatory  systems  

intrinsic  to  normal  physiology  that  are  co-opted  by  cancer  to  provide  this  disease  a  

dynamic  and  tunable  mechanism  to  control  migration,  dissemination,  and  metastasis.  In  

cancer,  detecting  ALCAM  shedding,  as  well  as  the  switch  from  ALCAM-Iso1  to  ALCAM-

Iso2,  may  function  as  an  indicator  of  disease  progression.  Additionally,  it  may  be  

possible  to  target  this  regulatory  process  with  a  therapeutic  intervention  that  can  benefit  

cancer  patients  as  well  as  other  individuals  with  cell  adhesion-related  pathologies.  

In  conclusion,  we  have  shown  that  alternative  splicing  of  ALCAM  can  specifically  

and  dynamically  regulate  ALCAM-mediated  cell-cell  adhesion  by  introducing  a  

proteolytic  susceptibility  adjacent  to  the  spliced  exon  (Fig.  17).  The  increased  shedding  

of  ALCAM-Iso2  leads  to  reduced  cell-cell  adhesion  and  increased  metastasis  in  

experimental  models,  while  differential  expression  of  ALCAM  isoforms  is  evident  in  the  

tumor  tissue  from  bladder  cancer  patients.  Given  our  previous  work  that  indicates  that  

high  ALCAM  shedding  is  predictive  of  poor  patient  outcome  (113,114),  we  hypothesize  

that  elevated  ALCAM-Iso2  expression  may  be  the  cause  of  increased  ALCAM  shedding  

in  patients  with  aggressive  disease.  This  is  the  first  evaluation  of  biochemical  and  

functional  differences  between  ALCAM-Iso1  and  ALCAM-Iso2,  and  our  results  warrant  

further  investigation  into  the  role  of  alternative  splicing  of  ALCAM  in  both  normal  and  

pathological  processes.  
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Figure  17.  Expression  of  alternative  ALCAM  splice  isoforms  modulates  cell-cell  adhesion  through  
differential  susceptibility  to  proteolysis.  Our  data  demonstrate  that  alternative  splicing  of  ALCAM  can  
alter  cell-cell  adhesion  through  differential  susceptibility  to  proteolysis  of  the  extracellular  domain.  Cells  
expressing  ALCAM-Iso2  are  more  likely  to  undergo  single  cell  dispersion  and,  therefore,  metastasize  
more  frequently  from  the  primary  tumor.  
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CHAPTER  III:  
  

INTEGRIN-FREE  CD151  CONTROLS  TUMOR  CELL  ADHESION,  
MIGRATION,  AND  METASTASIS  VIA  A  TRIMERIC  COMPLEX  WITH  

ALCAM  AND  SYNTENIN-1  
  

  
  
Contributing  Authors:  Katie  E.  Hebron,  Trenis  D.  Palmer,  Ariana  K.  Von  Lersner,  
Elizabeth  Y.  Li,  Antonio  Mazzocca,  Amanda  G.  Hansen,  Hiroaki  Ishida,  Matthew  E.  
Hyndman,  Hans  J.  Vogel,  and  Andries  Zijlstra  
  

  

Summary  

  

   Members  of  tetraspanin  superfamily  (TSPAN)  are  important  membrane  

scaffolding  proteins  responsible  for  controlling  the  availability,  organization  and  activity  

of  non-TSPAN  membrane  partners.  The  TSPAN  CD151  is  a  key  regulator  of  cellular  

adhesion  and  motility.  Much  of  the  TSPAN’s  ability  to  regulate  migration  was  initially  

linked  to  its  association  with  laminin-binding  integrins.  However,  integrin-free  CD151  

(CD151free)  was  revealed  to  be  a  potent  regulator  of  adhesion  whose  clustering  on  the  

cell  surface  led  to  increased  cellular  cohesion  and  reduced  tumor  cell  migration  and  

metastasis.  Utilizing  an  antibody  specific  for  CD151free,  we  investigated  partners  that  

associate  with  this  specific  CD151  population  in  order  to  elucidate  the  mechanism  by  

which  CD151free  controls  adhesion,  motility  and  metastasis.  Proteomic  analysis  of  

CD151free-associated  proteins  identified  Activated  Leukocyte  Cell  Adhesion  Molecule  

(ALCAM)  as  a  novel  CD151  partner  that  is  required  for  CD151free  to  control  adhesion.  

NMR  of  interacting  peptides  and  subsequent  co-immunoprecipitation  revealed  that  

CD151free  interacts  with  ALCAM  through  the  scaffolding  protein  syntenin-1.  

Furthermore,  we  show  that  the  intracellular  domain  of  ALCAM  (ALCAM-ICD)  is  

susceptible  to  ɣ-secretase  cleavage  which  releases  a  PDZ-binding  peptide  capable  of  

disrupting  the  CD151/syntenin-1/ALCAM  trimeric  complex.  Disruption  of  this  complex  by  

expression  of  free  ALCAM-ICD  or  genetic  ablation  of  ALCAM  impedes  CD151free-

mediated  regulation  of  tumor  cell  adhesion  and  metastasis.  Together,  these  
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observations  demonstrate  that  CD151free  controls  tumor  cell  migration  through  a  trimeric  

complex  of  CD151/syntenin-1/ALCAM.  

Introduction  

  
   While  clinical  progression  to  metastasis  is  a  lethal  aspect  of  cancer,  the  process  

of  tumor  cell  dissemination  is  highly  inefficient.  The  speed  at  which  this  sequential,  

multistep  process  progresses  is  dependent  on  the  contribution  of  many  individual  

molecular  processes  (9).  Because  tumor  cells  must  actively  modulate  adhesive  

interactions  as  they  disseminate  from  their  point  of  origin,  the  dynamic  regulation  of  cell  

adhesion  becomes  a  major  contributor  to  metastatic  success  (21).  TSPANs,  such  as  

CD9  and  CD151,  are  membrane  scaffolding  proteins  that  have  been  shown  to  be  

important  regulators  of  adhesion  and  cancer  progression  (186-189).  They  organize  

macromolecular  complexes  known  as  TSPAN-Enriched  Microdomains  (TERM)  by  

facilitating  interactions  between  themselves  and  their  non-TSPAN  partners,  such  as  

integrins,  immunoglobulin-like  cell  adhesion  molecules,  proteases,  and  signaling  

receptors  (reviewed  in  (190,191)).  The  interactions  between  TSPAN  and  their  binding  

partners  have  been  shown  to  modulate  adhesive  processes  that  are  critical  to  tumor  cell  

dissemination  such  as  matrix  remodeling,  migration,  and  extravasation  (reviewed  in  

(191,192)).    

   The  TSPAN  CD151  is  a  potent  regulator  of  cell  adhesion,  migration,  and  

metastasis.  In  mice  and  humans,  the  genetic  loss  of  CD151  disrupts  epithelial  integrity  

leading  to  physiological  malfunction  in  kidney,  lung,  and  the  endothelium  (193-195).  In  

this  context,  CD151  is  a  central  component  of  the  laminin-binding  integrin  complex  α3β1  

and  is  required  for  maintaining  adhesion  to  the  basement  membrane  (196,197).  

Conversely,  genetic  ablation  of  this  TSPAN  in  cancer  models  diminishes  metastasis,  

suggesting  that  CD151  contributes  to  dissemination(198-200).  Several  CD151-specific  

antibodies  have  demonstrated  the  ability  to  inhibit  cell  migration  (178).  We  have  

demonstrated  that  these  migration-inhibiting  antibodies  engage  integrin-free  CD151  

(CD151free)  through  its  integrin-binding  domain  and  clusters  the  TSPAN  in  a  manner  

that  emulates  its  aggregation  at  areas  of  cell-cell  contact.  This  clustering  promotes  

adhesion  and  subsequently  prevents  metastatic  dissemination  by  inhibiting  migration  
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(178,189).  These  observations  demonstrate  that  CD151  can  control  migration  through  a  

α3β1-independent  mechanism,  which  is  particularly  relevant  in  tumors  that  exhibit  

reduced  α3β1  after  oncogenesis  (189).  

   To  determine  the  mechanism  by  which  CD151free  could  achieve  α3β1-

independent  regulation  of  motility,  we  set  out  to  identify  CD151free-associated  proteins  

and  dissect  the  underlying  mechanism.  We  identified  Activated  Leukocyte  Cell  

Adhesion  Molecule  (ALCAM),  a  member  of  the  immunoglobulin-like  superfamily  of  cell  

adhesion  molecules,  as  a  CD151free-associated  protein  and  performed  structure-

function  analyses  to  determine  how  this  complex  could  control  adhesion  and  

metastasis.  We  discovered  that  this  interaction,  enabled  by  the  scaffolding  protein  

syntenin-1,  is  required  for  CD151free-mediated  control  of  cell  adhesion,  motility,  and  

metastasis.  This  work  reveals  a  novel  integrin-independent  mechanism  by  which  CD151  

regulates  adhesion  and  migration  and  suggests  that  CD151  may  modulate  adhesion  

and  motility  by  switching  binding  partners.  

  

Methods  

  

Cell  culture,  plasmids,  transfections,  inhibitors,  and  antibodies  

   HT1080  (fibrosarcoma)  cells  were  obtained  from  the  ATCC  (CCL-121)  and  

maintained  in  RPMI  supplemented  with  penicillin/streptomycin,  sodium  pyruvate,  

nonessential  amino  acids,  and  10%  fetal  bovine  serum  and  cultured  at  37°C  with  5%  

CO2.  Knockout  cell  lines  were  generated  using  a  CRISPR/Cas9  gRNA  targeting  the  

signal  peptide  of  ALCAM  (AGACGGTGGCGGAGATCAAG,  Horizon  Discovery).  The  

level  of  protein  expression  was  verified  by  flow  cytometry  for  cell  surface  ALCAM  and  by  

immunoblot  for  total  ALCAM  expression  in  whole  cell  lysates.  HT1080  cells  expressing  

the  intracellular  domain  of  ALCAM  (ALCAM-ICD)  were  stably  transduced  with  lentiviral  

particles  containing  vectors  for  the  ALCAM-ICD  fragment  as  well  as  a  labeling  vector  

containing  firefly  luciferase  with  mTagRFP2  fluorescent  protein.  Viral  plasmids  were  

constructed  using  MultiSite  Gateway  (ThermoFisher  Scientific)  on  the  pLenti6.2/V5-

DEST  backbone.  Viral  particles  were  produced  in  LentiX  293T  cells  (Clontech).  

Transductions  were  performed  with  5  μg/mL  polybrene.  Transient  transfections  were  
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performed  using  X-tremeGENE  HP  (Sigma  Aldrich)  with  2  μg  plasmid  DNA.  CD151-

GFP  was  kindly  provided  by  Dr.  Kiyo  Sekiguchi  (Osaka  University,  Japan).  Syntenin-1-

GFP  and  syntenin-1-PDZ1  plasmids  were  kindly  provided  by  Dr.  Pascale  Zimmermann  

(The  Cancer  Research  Center  of  Marseille,  France).  ALCAM  and  GFP  siRNA  were  

purchased  from  Invitrogen  (Grand  Island,  NY).  Anti-CD151  (mAB  1A5)  was  generated  

as  previously  described  (201).  ALCAM  was  detected  with  commercially  available  

antibodies  (ThermoFisher  Scientific,  clone  L50;;  Abcam,  Cambridge,  Massachusetts,  

EPR2759  (2);;  or  R&D  Systems,  MAB6561).  Syntenin-1  was  detected  with  commercially  

available  antibody  (Abcam,  Cambridge,  Massachusetts,  EPR8102).  The  control  

antibody,  29-7,  was  generated  in  the  same  fashion  as  mAB  1A5  (201).  ɣ-secretase  

activity  was  inhibited  with  L-685,458  (InSolution  ɣ-secretase  Inhibitor  X,  Millipore  Sigma,  

Burlington,  Massachusetts).    

  

Immunoblot  and  immunoprecipitation  analysis  

Metabolic  labeling  

   HEp3  cells  were  labeled  overnight  in  methionine/cysteine  free  DMEM  containing  

35S-label.  Cells  were  washed  thoroughly  with  PBS  and  lysed  in  1%  Brij  99  lysis  buffer.  

The  lysates  were  incubated  with  control  antibody  or  mAB  1A5  and  immunoprecipitated  

as  described  below.  The  gels  were  dried  and  then  exposed  to  film  at  -80°C  .  

  

Cell  surface  biotinylation    

   For  cell  surface  labeling,  confluent  HEp3  cells  were  treated  with  mAB  1A5  or  

control  antibody  for  1  h  on  ice  and  then  washed  with  cold  PBS.  Cultures  were  

subsequently  biotinylated  with  sulfoccinimidyl-6-[biotin-amido]  hexanoate  using  the  EZ-

Link  Sulfo-NHS-Biotinylation  Kit  (ThermoFisher  Scientific)  according  to  manufacturer’s  

instructions.  Cells  were  lysed  in  1%  (vol/vol)  Brij  99  followed  by  extraction  of  the  

insoluble  material  in  1%  (vol/vol)  Triton  X-100.  Immunoprecipitation  was  performed  as  

described  below.  Biotinylated  proteins  were  detected  with  peroxidase  conjugated  

streptavidin.  
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Immunoprecipitation    

   500µg  total  cell  lysate  was  incubated  with  2  µg  of  the  immunoprecipitation  

antibody  and  the  antibody/lysate  solution  was  incubated  overnight  at  4°C  with  end-to-

end  rotation.  Protein/antibody  complexes  were  captured  with  protein  G  sepharose  

beads  (GE  Healthcare)  for  4  h  at  4°C  with  end-to-end  rotation.  The  lysates  were  cleared  

by  centrifugation  at  4000  rpm  for  4  min  and  the  unbound  material  saved  for  further  

analysis.  The  beads  were  washed  3  times  with  lysis  buffer  and  the  immune  complexes  

were  eluted  by  incubation  in  100  µL  Laemmli  sample  buffer  (Bio-Rad  Laboratories,  

Hercules,  California)  for  10  min  at  95°C.  The  samples  were  then  prepared  for  SDS-

Page  analysis,  as  described  below.  

  

Immunoblotting  

   For  immunoblot  analysis,  HT1080  cells  were  lysed  in  1%  (vol/vol)  Brij-98  lysis  

buffer  and  incubated  on  ice  for  30  minutes.  The  lysates  were  cleared  by  centrifugation  

at  14,000  rpm  for  15  min  and  the  cleared  lysates  were  then  transferred  to  fresh  tubes.  

Protein  concentrations  were  determined  by  BCA  assay  (ThermoFisher  Scientific).  Equal  

amounts  of  protein  were  loaded  in  to  SDS-PAGE  gels  and  subsequently  transferred  to  

polyvinylidene  fluoride  membranes  (PVDF,  Millipore  Sigma,  Burlington,  Massachusetts).  

The  membranes  were  blocked  for  1  h  in  5%  (wt/vol)  non-fat  dry  milk  in  phosphate  

buffered  saline  with  0.05%  Tween-20  (PBSt).  The  membranes  were  incubated  overnight  

at  4°C  with  specific  antibodies  prepared  in  blocking  buffer;;  after  which  the  membranes  

were  washed  3  times  with  PBSt  and  incubated  with  the  appropriate  species-specific  

horse  radish  peroxidase-conjugated  secondary  antibodies  for  1  h  at  room  temperature.  

After  washing,  antibody  binding  was  visualized  by  chemiluminescence  using  a  digital  

gel  documentation  system  (G:Box;;  Syngene).  

  

Mass  spectrometry  

   HEp3  and  HT1080  cells  were  lysed  in  1%  (vol/vol)  Brij99  lysis  buffer  as  

described  above.  Lysates  were  incubated  with  control  antibody  29-7  or  anti-CD151  

antibody  (mAB  1A5)  overnight  at  4°C  and  immunoprecipitated  with  protein-G  sepharose  
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beads.  The  immunoprecipitated  complexes  were  then  resolved  by  SDS-PAGE.  Each  

lane  was  excised  and  prepared  for  mass  spectrometry  analysis  by  the  Vanderbilt  

University  Mass  Spectrometry  Core.  Mass  spectrometry  analyses  were  performed  with  

a  LCQ-Deca  or  LTQ-Orbitrap  mass  spectrometer  (ThermoFisher  Scientific).  Tandem  

mass  spectra  were  extracted  from  raw  files  and  used  to  search  the  database.  Only  

proteins  identified  from  two  independent  matrix  preparations  were  considered  candidate  

components  of  the  matrix.  

  

Nuclear  magnetic  resonance  (NMR)  

   The  15N-  or  13C-labeled  syntenin-1  tandem  PDZ1/2  fragment  (amino  acid  

residues  113-273)  was  expressed  and  purified  as  a  GST-fusion  protein  with  a  linker  

containing  a  TEV-protease  cleavage  site.  A  synthetic  gene  designed  with  optimized  

codon  usage  for  expression  of  PDZ1/2  in  Escherichia  coli  was  obtained  from  GeneArt.  

The  E.  coli  BL21(DE3)  strain  was  used  for  protein  expression  and  the  protein  was  

purified  on  a  glutathione-Sepharose  column.  The  GST-tag  was  removed  by  on-column  

cleavage  with  the  TEV-protease  (202).  NMR  samples  contained  0.2-0.3  mM  isotope-

labeled  syntenin-1  PDZ1/2,  150  mM  KCl,  20  mM  Bis-Tris  (pH  6.9),  10  mM  2H-labelled  

dithiothreitol,  and  0.5  mM  2,2-dimethyl-2-silapentane-5-sulfonate  (DSS)  in  10%  

D2O/90%H2O.  Chemical  shift  assignments  for  syntenin-1  PDZ1/2  were  obtained  on  a  

Bruker  Avance  700  MHz  NMR  spectrometer  by  acquiring  three-dimensional  HNCACB,  

CBCA(CO)NH,  HN(CA)CO,  HNCO,  HNCA,  and  HN(CO)CA  experiments  using  the  
13C,15N-labeled  protein.  Peptides  corresponding  to  the  PDZ  binding  motifs  from  CD9  

(Ac-  AIRRNREMV-OH),  CD63  (Ac-VKSIRSGYEVM-OH),  CD151  (Ac-LYRSLKLEHY-

OH),  and  ALCAM  (Ac-KKLEENNHKTEA-OH)  in  the  same  buffer  were  titrated  into  the  

NMR  sample  containing  15N-labeled  protein  up  to  a  1:6  protein-peptide  ratio.  All  

peptides  were  purchased  from  Genscript  (San  Diego,  CA)  and  were  synthesized  with  

>98%  purity.  The  peptide  titrations  were  monitored  by  serial  1H,15N-HSQC  experiments  

performed  on  a  Bruker  Avance  500  MHz  NMR  spectrometer  at  30°C.  DSS  was  used  as  

a  reference  to  obtain  the  1H,  13C,  and  15N  chemical  shifts.  The  spectra  were  processed  
with  NMRPipe  (203)  and  analyzed  using  NMRView  (204).    
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In  vitro  cell  aggregation  

   Cells  were  detached  using  non-enzymatic  cell  dissociation  buffer  and  plated  in  

24-well  low-attachment  plates  at  2.5  x  104  cells/well.  Cells  were  incubated  with  indicated  

treatments  for  8  h  and  cell  clusters  were  imaged  using  a  light  microscope  (TMS-F,  

Nikon)  fitted  with  a  D90  SLR  camera  (Nikon).  Ten  images  were  captured  for  each  

experimental  group  and  analyzed  in  FIJI  (ImageJ,  (170))  by  segmenting  with  Weka  

Trainable  Segmentation  (171)  and  calculating  cluster  size  with  the  Particle  Analysis  

plug-in.  Clusters  were  assigned  to  one  of  four  bin  categories  by  size  including  single  

cells  (300-600  pixels),  small  colonies  (601-3,000  pixels),  medium  colonies  (3,001-6,000  

pixels),  large  colonies  (6,001-12,000  pixels),  and  extra-large  (>12,000  pixels).  Data  are  

presented  as  percent  of  total  area  for  each  bin  category.  

  

Avian  embryo  metastasis  models  

   Spontaneous  and  experimental  metastasis  experiments  were  performed  as  

described  previously  (167,168).  In  accordance  with  the  Public  Health  Services  policy  on  

Humane  Care  and  Use  of  Laboratory  Animals,  Vanderbilt  Institutional  Animal  Care  and  

Use  Committee  (IACUC)  has  determined  that  avian  embryos  developmental  day  17  and  

younger  are  not  considered  vertebrate  animals  and  therefore  do  not  require  specific  

protocol  approval.  Vanderbilt  IACUC  has  reviewed  and  approved  the  following  

experimental  and  euthanasia  procedures.    

  

Spontaneous  Metastasis  (Xenografting)  

   Fertilized  chicken  eggs  (Tyson  Foods,  Inc)  were  placed  in  37°C  incubator  at  55%  

relative  humidity  on  day  1  post-fertilization.  The  chorioallantoic  membranes  (CAM)  of  

day  10  embryos  were  dropped  away  from  the  eggshell  by  displacing  the  air  cell.  Cells  

were  dissociated,  counted,  and  resuspended  in  sterile  0.9%  saline  at  20  x  106  cells/mL.  

The  dropped  CAM  was  damaged  slightly  with  sterile  cotton  tipped  swabs.  25  μL  of  cell  

suspension  (500,000  cells)  were  placed  on  the  dropped  CAM  and  eggs  were  returned  

to  the  incubator.  After  5  days  of  growth,  embryos  were  euthanized  by  decapitation,  and  

xenografts  were  harvested  and  weighed.  To  quantify  metastasis  to  the  distal  CAM,  the  
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eggshell  was  cut  in  half  along  the  long  axis,  chicks  were  dissected  from  the  shell,  and  

sections  of  the  distal  CAM  were  dissected  using  a  cork  borer.  Dissected  CAM  tissue  

was  incubated  with  D-luciferin  (600  μg/mL)  for  45  minutes  and  luciferase  activity  was  

quantified  using  a  digital  gel  documentation  system  (G:Box;;  Syngene)  as  a  measure  of  

cell  number.    

  

Experimental  Metastasis  (Intravenous  Injection)  

   Fertilized  chicken  eggs  were  placed  in  a  37°C  incubator  at  55%  relative  humidity  

on  day  1  post-fertilization.  Day  11  embryos  were  candled  to  locate  the  allantoic  vein  and  

the  direction  of  blood  flow.  Cells  were  dissociated,  counted,  and  resuspended  at  0.25  x  

106  cells/mL  in  sterile  0.9%  saline.  A  window  was  cut  into  the  eggshell  at  the  injection  

site  using  a  Dremel™  tool.  100  μL  of  cell  suspension  (25,000  cells)  was  injected  

intravenously  using  an  insulin  syringe.  Eggs  were  returned  to  the  incubator  for  5  days.  

Upon  harvest,  embryos  are  euthanized  by  decapitation,  and  metastasis  was  quantified  

by  luciferase  activity  as  described  above.  

  

Ex  Vivo  Imaging  of  Tumor  Colonies  

   To  analyze  colony  morphology,  we  performed  the  experimental  metastasis  assay  

as  described  above.  However,  upon  harvest  at  6  days  post-injection,  eggs  were  cut  in  

half  along  the  long  axis,  chicks  were  dissected  from  the  shell,  euthanized  by  

decapitation,  and  three  sections  of  CAM  were  dissected  using  a  cork  borer.  Colonies  

were  imaged  using  an  upright  fluorescent  microscope  (BX-61  WI,  Olympus)  and  

Volocity  Imaging  Software  (Perkin  Elmer).  Colony  size  was  determined  using  a  custom  

KNIME  (169)  workflow.  In  brief,  images  were  thresholded  and  segmented,  after  which  

object  size,  reflective  of  colony  size  and  morphology,  was  determined  for  each  colony.  

All  images  were  processed  with  the  same  workflow.  Objects  were  assigned  to  one  of  

four  bins  by  size  including  single  cells  (150-1,000  pixels),  small  colonies  (1,001-20,000  

pixels),  medium  colonies  (20,001-100,000  pixels),  and  large  colonies  (>100,000  pixels).  

Data  are  presented  as  percent  of  total  area  for  each  bin  category.  
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Migration  assays  

In  vitro  transwell  migration  

   Tumor  cells  in  a  single  cell  suspension  were  plated  into  the  top  chamber  of  8  μm  

Transwell  inserts  (Corning,  Tewksbury,  Massachusetts)  in  the  presence  of  serum  

free/insulin  free  media.  Cell  culture  media  containing  10%  fetal  bovine  serum  was  

placed  in  the  bottom  chamber  to  serve  as  a  chemoattractant.  Migration  assays  were  

carried  out  for  12  h  in  a  37°C  cell  culture  incubator  containing  5%  CO.  The  top  surface  

of  the  inserts  was  cleaned  with  a  cotton  swab  soaked  with  PBS  to  remove  the  non-

migrated  cells.  The  Transwell  inserts  were  subsequently  fixed  in  methanol  and  stained  

with  0.2%  crystal  violet.  Migrated  cells  were  counted  in  3  independent  fields  under  20x  

magnification  with  a  light  microscope  (TMS-F,  Nikon)  fitted  with  a  D90  SLR  camera  

(Nikon).    

  

Two-dimensional  migration    

   Tumor  cell  migration  on  immobilized  ALCAM-Fc  was  performed  by  adhering  it  to  

glass  coverslips  with  protein-G.  Briefly,  glass  coverslips  were  coated  with  protein-G  (2  

µg/ml)  followed  by  rat  tail  collagen  type  1  (100  µg/ml).  Unbound  surface  was  blocked  

with  BSA  (0.5%  in  PBS),  the  surface  was  washed  then  incubated  with  ALCAM-Fc  in  

0.5%  BSA.  Control  migration  was  performed  on  identical  surfaces  with  the  exception  of  

ALCAM-Fc.  Tumor  cells  were  seeded  at  low  density  and  tracked  by  live  cell  imaging  

every  10  min  over  a  6  h  period  with  a  fully-automated  microscope  (BX61,  Olympus)  

equipped  with  a  digital  camera  (Orca  ER,  Hammatsu).  Data  acquisition  and  analysis  

was  performed  using  Volocity  image  acquisition  software  (Perkin  Elmer).  

  

Statistical  analysis  

   All  statistical  analyses  were  performed  using  Prism  5  for  Mac  OS  X  (GraphPad).  

For  statistical  analysis  of  xenograft  weight,  metastasis  to  distal  CAM,  ELISA  

quantifications,  and  colony  size,  experimental  groups  were  compared  to  control  groups  

using  Mann-Whitney-U  test.  Chi-square  test  for  trend  was  used  to  determine  statistically  
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significant  differences  in  size  distribution  between  two  groups  for  colony  sizes  and  

aggregation  assays.  

  

Results  

  

Identification  of  CD151free  associated  proteins  

   The  ability  of  TSPAN  to  organize  higher-order  structures  in  the  membrane,  

known  as  TSPAN-enriched  microdomains  (TERM),  leads  to  complex  interactions  of  

variable  affinity  with  a  variety  of  transmembrane  and  membrane  proximal  proteins  (Fig.  

18,  (205)).  Immunoprecipitation  (IP)  of  CD151free  with  the  motility-inhibiting  antibodies  

mAB  1A5  and  14A2  from  lysates  extracted  with  mild  detergents  (Brij)  or  stringent  

detergent  (TX-100)  co-precipitates  several  proteins  visible  after  metabolic  labeling  

(S35),  and  cell-surface  biotinylation  (Biotin)  (Fig.  19a).  In  order  to  identify  the  

components  of  the  CD151-TERM  complex  responsible  for  regulating  tumor  cell  motility  

and  metastasis,  we  used  tandem  Mass  Spectrometry  (LC-MS-MS)  to  identify  CD151free  

partners  that  co-IP  with  mAB  1A5  (Fig.  19b).  IPs  were  performed  with  the  CD151free-

binding  antibody  mAB  1A5.  Control  samples  included  IPs  with  an  isotype-matched  

control  IgG  and  protein  G  alone.  The  precipitated  complexes  were  separated  by  SDS-

PAGE,  excised,  and  analyzed  by  LC-MS-MS.  CD151-specific  candidates  were  identified  

by  eliminating  non-specific  targets  precipitated  with  an  isotype  control  or  protein  G.  

Candidates  identified  by  two  or  more  peptides  in  two  or  more  independent  analyses  

were  selected  as  viable  targets.  A  total  of  228  proteins  were  identified,  of  which  51  

candidates  distributed  across  five  phenotypic  subgroups  were  detected  repeatedly  (Fig.  

19b,  pie  chart).    

   To  prioritize  candidates  with  the  potential  to  participate  in  CD151free  regulation  of  

migration,  we  emphasized  candidates  with  the  potential  to  influence  cell-cell  adhesion  

Based  on  validated  interactions  from  published  studies  and  the  observed  cell-cell  

accumulation,  a  short  list  of  known  binding  partners  (Fig.  19c,  established  partners)  and  

possible  novel  partners  (Fig.  19c,  putative  partners)  was  established.  Nearest  neighbor  

analysis  was  performed  on  each  putative  candidate  using  the  Broad  Institute  Cancer  
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Cell  Line  Encyclopedia  (http://www.broadinstitute.org/ccle/home,  (206)).  Activated  

leukocyte  cell  adhesion  molecule  (ALCAM)  was  identified  as  the  nearest  neighbor  of    

  
Figure  18.  Tetraspanin  enriched  microdomains. (Left  panel)  Schematic  depeicting  general  tetraspanin  
structure  with  the  small  extracellular  loop  (SEL)  and  the  large  extracellular  loop  (LEL)  highlighted.  (Right  
panel)  Schematic  representation  of  the  steps  necessary  for  tetraspanin-enriched  microdomain  (TERM)  
assembly  including  (I.  &  II.)  tetraspanin-partner  interaction,  (III.)  tetraspainin-tetraspanin  clustering,  (IV.)  
assembly  into  lipid  raft-independent  microdomain,  and  (V.)  interaction  with  intracellular  signaling  
molecules.  
  
     

Supp. Figure 1



 75  

  
Figure  19.  ALCAM  is  a  novel  binding  partner  of  CD151.  (a)  Detection  of  CD151  and  associated  
proteins  by  metabolic  labeling  (S35),  cell-surface  biotin  labeling  (biotin),  or  CD151-specific  immunoblot  
after  immunoprecipitation  of  HEp3  whole  cell  lysate.  (b)  SDS-PAGE  stained  with  coomassie  blue  of  
proteins  co-immunoprecipitated  with  CD151  from  HEp3  cell  lysates.  Proteins  were  identified  by  mass  
spectrometry,  filtered  to  eliminate  proteins  co-immunoprecipitated  by  control  antibody  (29-7),  and  
categorized  according  to  their  particular  cellular  functions,  if  known.  (c)  Table  of  known  CD151-
associated  proteins  and  putative  partners  that  control  migration  identified  by  mass  spectrometry.  
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integrin  α3,  one  of  the  primary  partners  of  CD151.  Moreover,  ALCAM  has  been  shown  

to  associate  with  the  TSPAN  CD9  which  can  promote  cis  ALCAM  clustering  at  the  cell  

surface  and  thereby  enhance  both  homophilic  and  heterophilic  ALCAM  interactions  by  

(125).  Consequently,  we  prioritized  ALCAM  as  the  putative  partner  of  CD151free  capable  

of  mediating  its  ability  to  control  adhesion,  migration,  and  metastasis.  

  

The  immunoglobulin-like  superfamily  member,  ALCAM,  is  coupled  to  CD151free  through  

syntenin-1  

   ALCAM  is  broadly  expressed  in  epithelial  tissues,  their  corresponding  tumors,  

(Fig.  20a),  and  continuous  cell  lines  derived  from  these  tumors  (Fig.  20b,c).  Its  primary  

function  is  to  mediate  cell-cell  adhesions  through  both  heterophilic  trans  interactions  

with  CD6  and  homophilic  ALCAM-ALCAM  trans  interactions,  which  enables  it  to  

function  as  a  contributing  factor  in  both  normal  and  pathological  processes  of  cell  

adhesion  (105,115,124).  ALCAM  is  a  known  regulator  of  cancer  cell  adhesion,  migration  

and  metastasis  (111,136,146,165).    We  have  recently  demonstrated  that  the  function  of  

this  clinically  relevant  adhesion  molecule  is  largely  regulated  by  proteolytic  shedding  of  

the  extracellular  domain  ((114,165),  Hebron  et  al.,  under  review)  

   ALCAM  is  anchored  to  the  actin  cytoskeleton  through  the  scaffolding  protein  

syntenin-1,  enhancing  both  homophilic  and  heterophilic  interactions  (123,124).  Since  

both  CD151  and  ALCAM  contain  PDZ-binding  motifs,  we  hypothesized  that  synthenin-1  

might  link  these  two  membrane  proteins.    Indeed,  syntenin-1  was  among  the  CD151free-

associated  proteins  identified  in  our  LC-MS-MS  screen  (Fig.  19c).  To  test  this  

hypothesis,  we  analyzed  the  binding  of  CD151  and  ALCAM  carboxy-terminal  (c-

terminal)  fragments  to  the  PDZ  domains  of  syntenin-1  by  nuclear  magnetic  resonance  

(NMR).  Incubation  with  C15-labeled  c-terminal  fragment  of  CD151  causes  significant  

chemical  shifts  in  the  N13-labeled  PDZ-1  domain,  indicating  protein  interactions.  

Conversely,  incubation  with  the  c-terminal  fragment  of  C15-labeled  ALCAM  causes  

significant  shifts  in  the  N13-labeled  PDZ-2  domain  of  syntenin-1,  indicating  protein  

interactions  (Fig.  21a).  Considering  that  CD151  and  ALCAM  interact  with  distinct,  

adjacent  PDZ  domains  in  the  same  molecule,  these  observations  indicate  that  syntenin-  
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Figure  20.  ALCAM  is  expressed  in  several  tissue  types  and  their  corresponding  cancers.  (a)  
Expression  of  ALCAM  in  several  tissue  types  and  corresponding  cancer  tissues.  Images  obtained  from  
Human  Protein  Atlas.  (b)  mRNA  expression  analysis  of  the  NCI-60  dataset  demonstrates  that  the  
expression  of  ALCAM  varies;;  however,  epithelial  derived  cancer  cell  lines  have  the  highest  expression.    
(c)  Western  blot  analysis  of  ALCAM  expression  in  commonly  used  cancer  cell  lines.  GAPDH  is  shown  for  
loading  control.  
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Figure  21.  CD151  associates  with  novel  binding  partner,  ALCAM,  through  scaffolding  protein,  
syntenin-1.  (a)  Chemical  shift  perturbations  (CSPs)  measured  in  1H,15N-HSQC  NMR  spectra  of  syntenin-
1  PDZ1/2  upon  addition  of  the  CD9,  and  CD63  peptides.  HSQC  spectra  with  0  (black),  1  (red),  2  (cyan),  3  
(blue),  4  (yellow),  5  (magenta),  and  6  (green)  molar  equivalents  of  the  peptides  are  overlaid  (top  panel).  
CSPs  are  plotted  as  a  function  of  the  residue  number  (middle  panel).  The  residues  that  experienced  
CSPs  of  more  than  0.05  (yellow)  and  0.1  ppm  (red)  are  highlighted  on  the  crystal  structure  of  syntenin-1  
PDZ1/2  (PDB  code:  1N99).  (a’)  Schematic  depicting  putative  binding  sites  of  CD151  and  ALCAM  to  
syntenin-1.  (b)  Co-immunoprecipitation  of  ALCAM  and  syntenin-1  with  CD151  (mAB  1A5)  from  HT1080  
cells  (c)  Reciprocal  co-immunoprecipitation  of  CD151  and  syntenin-1  with  ALCAM  from  HT1080  cells.  
WCL:  whole  cell  lysate  (10  µg),  Unb.:  unbound  fraction  (10  µL),  Bound:  protein  G  bound  fraction  (20  µL),  
1A5:  anti-CD151  immunoprecipitation  anybody  (0.1  µg),  L50:  anti-ALCAM  immunoprecipitation  antibody,  
IP:  immunoprecipitation,  IB:  immunoblot.  (d)  Co-immunoprecipitation  of  CD151  and  syntenin-1  with  
ALCAM  (L50)  from  HT1080  cells  overexpressing  PDZ1  domain  of  syntenin-1.    
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1  may  indeed  bind  to  both  CD151  and  ALCAM  to  form  a  previously  unknown  trimeric  

complex  (Fig.  21a’).  

  

The  scaffolding  protein,  syntenin-1  is  required  for  CD151/ALCAM  interaction  

   To  validate  the  existence  of  a  trimeric  CD151/syntenin-1/ALCAM  complex,  we  

immunoprecipitated  CD151-associated  proteins  from  HT1080  cells  lysed  with  1%  Brij-

98  lysis  buffer  using  anti-CD151free  antibody  (mAB  1A5).  Both  ALCAM  and  syntenin-1  

co-immunoprecipitated  with  CD151  (Fig.  21b).  Additionally,  reciprocal  

immunoprecipitation  of  ALCAM  (L50)  resulted  in  the  co-immunoprecipitation  of  both  

CD151  and  syntenin-1  (Fig.  21c).  Overexpression  of  a  single  PDZ  domain  of  syntenin-1  

can  disrupt  syntenin-1-coupled  complexes  (207);;  therefore,  we  transiently  transfected  

syntenin-1-PDZ1  into  HT1080  cells  to  determine  if  ALCAM’s  interaction  with  CD151  was  

syntenin-1  dependent.  Immunoprecipitation  of  ALCAM  in  cells  transfected  with  PDZ1  

reduced  co-immunoprecipitation  of  CD151  by  70%,  Conversely,  expression  of  PDZ1  

only  reduced  syntenin-1  co-immunoprecipitation  slightly  (38%)  supporting  our  NMR  data  

indicating  that  ALCAM  interacts  with  syntenin-1  through  the  PDZ2  domain  (Fig.  21d).    

  

The  intracellular  domain  of  ALCAM  is  released  by  ɣ-secretase,  disrupting  the  

CD151/syntenin-1/ALCAM  complex  

   Metalloprotease-mediated  shedding  of  the  extracellular  domain  (ECD)  disrupts  

ALCAM-mediated  cell-cell  adhesion  (146),  Hebron  et  al,  under  review).  ECD  shedding  

is  a  common  regulatory  mechanism  for  cell  adhesion  molecules  and  is  often  followed  by  

ɣ-secretase-mediated  release  of  the  intracellular  domain  (ICD)  from  the  plasma  

membrane  (104).  However,  release  of  the  intracellular  domain  by  ɣ-secretase  has  not  

been  previously  observed  in  ALCAM.  To  determine  the  activity  of  ɣ-secretase  against  

ALCAM,  we  treated  cells  expressing  GFP-tagged  ALCAM  with  a  ɣ-secretase  inhibitor  

(L-685,458)  and  monitored  the  generation  of  soluble  ALCAM-ICD.  Immunoblot  analysis  

of  cells  treated  with  ɣ-secretase  inhibitor  (GSI)  shows  a  dose-dependent  accumulation  

of  a  38  kDa  intracellular  ALCAM  fragment  that  corresponds  to  the  membrane-anchored  

intracellular  product  that  remains  after  ADAM17-mediated  shedding  of  the  ectodomain  

(ΔECD-GFP,  Fig.  22a).  Furthermore,  treatment  with  10  µM  GSI  inhibits  the  generation    
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Figure  22.  The  intracellular  domain  of  ALCAM  is  released  by  ɣ-secretase,  disrupting  the  
CD151/syntenin-1/ALCAM  complex.  (a)  Immunoblot  analysis  of  proteolytic  processing  of  ALCAM.  WCL:  
whole  cell  lysate;;  ΔECD-GFP:  membrane-anchored  ALCAM  intracellular  domain,  ( )    ICD-GFP:  soluble  
ALCAM  intracellular  domain,  ( );;  TPA:  tetradecanoylphenol-13-acetate;;  Cmpd32:  10  µM  compound  32;;  
GSI:  ɣ-secretase  inhibitor,  L-685,458  (b)  Immunoblot  analysis  of  proteolytic  processing  of  ALCAM.  CM:  
conditioned  medium;;  ECD:  cleaved  ALCAM  extracellular  domain  ( ).  (c)  Schematic  of  ALCAM  proteolytic  
processing  by  ADAM17  and  ɣ-secretase.  (d)  Co-immunoprecipitation  of  CD151  and  syntenin-1  with  
ALCAM  from  HT1080  cells  overexpressing  the  intracellular  domain  of  ALCAM  (ALCAM-ICD).  
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of  a  34  kDa  fragment  corresponding  to  soluble  ALCAM-ICD  by  approximately  50%  

(ICD-GFP,  Fig  22a).  These  observations  indicate  that  ɣ-secretase  indeed  cleaves  

ALCAM  and  provides  an  endogenous  mechanism  by  which  the  interaction  of  CD151  

and  ALCAM  may  be  regulated.  

   The  ability  of  the  soluble  ALCAM-ICD  fragment  to  disrupt  the  CD151/syntenin-

1/ALCAM  complex  was  investigated  by  expressing  ALCAM-ICD  in  HT1080  cells  and  

immunoprecipitating  the  trimeric  complex  with  anti-ALCAM.  Similar  to  overexpression  of  

PDZ1,  overexpression  of  ALCAM-ICD  inhibited  the  co-immunoprecipitation  of  CD151  

and  syntenin-1  by  50%  and  80%,  respectively  (Fig.  22c).  Taken  together,  these  data  

indicate  that  syntenin-1  is  necessary  for  intracellular  coupling  of  CD151  and  ALCAM.    

  

CD151free  regulation  of  in  vitro  cell  adhesion  and  migration  is  ALCAM  dependent  
   To  determine  if  the  regulation  of  cell  adhesion  and  migration  through  CD151free  is  

ALCAM  dependent,  the  ability  of  mAB1A5  to  promote  adhesion  and  inhibit  migration  

was  tested,  following  disruption  of  the  interaction  between  CD151  and  ALCAM.  Two  

distinct  methods  of  disrupting  the  CD151/syntenin-1/ALCAM  complex  were  analyzed:  1)  

Complex  formation  was  disrupted  through  overexpression  of  ALCAM-ICD,  which  mimics  

the  ICD  released  by  ɣ-secretase  and  antagonizes  the  ALCAM-syntenin-1  interaction,  or  

2)  The  complex  was  disrupted  by  CRISPR/Cas9  (Hebron,  et  al.,  under  review)  or  RNAi  

mediated  ablation  of  ALCAM  expression  (Fig.  24b).  

   Using  cell  aggregation  assays,  we  tested  the  ability  of  CD151free  to  mediate  cell  

adhesion  after  ablation  of  ALCAM  or  disruption  of  the  trimeric  complex  with  ALCAM-

ICD.  Unbiased,  automated  image  analysis  was  used  to  determine  cell  cluster  size  and  

each  cluster  was  assigned  to  indicated  size  category.  Representative  bright  field  images  

taken  at  100X  are  presented  (Fig.  23a).  Engaging  CD151free  with  mAB  1A5  promoted  

cell-cell  adhesion  and  aggregation  significantly  more  than  in  cells  treated  with  mouse  

IgG,  increasing  the  number  of  extra-large  cell  clusters  from  0%  to  30%  with  a  

concomitant  decrease  in  the  number  of  small  clusters  and  single  cells  from  69%  to  36%  

(Fig.  23b,  Parental,  P<0.0001).  Subsequent  disruption  of  the  CD151/ALCAM  complex  

by  overexpressing  ALCAM-ICD  or  CRISPR-mediated  knockout  of  ALCAM  (ALCAM-KO)  

inhibited  the  effect  of  CD151free-mediated  clustering.  mAB  1A5  treatment  of  ALCAM-ICD    
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Figure  23.  CD151free  regulation  of  in  vitro  cell  adhesion  and  migration  is  ALCAM  dependent.  
  (a)  Representative  images  of  in  vitro  cell  aggregation  analysis  of  parental  HT1080  (Parental)  expressing  
ALCAM-ICD  (ALCAM-ICD)  and  ALCAM-KO  HT1080  cells  (ALCAM-KO).  (b)  Quantification  of  in  vitro  cell  
aggregation  assay.  Clusters  were  binned  into  single  cell,  small  (Sm),  medium  (Med),  large  (Lrg)  or  extra-
large  (XL)  clusters  based  on  pixel  area.  Distribution  of  clusters  across  size  bins  was  represented  as  
percent  of  total  area  of  all  clusters.  P-values  were  calculated  using  Chi-square  test  for  trend,  
****P<0.0001,  ns:  not  significant.  Results  are  representative  of  three  independent  experiments.  (c)  
Transwell  migration  of  parental  HT1080  cells  (white  bars)  or  ALCAM-knockdown  cells  (black  bars)  in  the  
absence  or  presence  of  mAB  1A5.  (d)  2D  migration  of  parental  HT1080  cells  (white  bars)  or  CD151-
knockdown  cells  (black  bars)  in  the  absence  or  presence  of  mAB  1A5.  Migration  velocities  are  reported.  
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Figure  24.  Analysis  of  CD151  and  ALCAM  cooperation  in  the  regulation  of  tumor  cell  migration.  (a)  
Schematic  for  the  analysis  of  2D  migration  in  the  presence  of  the  anti-CD151  antibody.  Tissue  culture  
plates  are  coated  with  Rat  tail  collagen  type  I,  (a’)  represents  the  CD151TERM  complex  being  engaged  
with  the  anti-CD151  antibody  mAB  1A5  (b’)  depicts  the  presence  of  the  Integrin  α3β1  which  is  expressed  
on  the  surface  of  HEp3  cells  and  associates  closely  with  CD151  (mAB  1A5).  (b)  Immunoblot  and  
immunofluorescence  analysis  of  ALCAM  and  CD151  expression  in  HT1080  cells  transfected  with  
ALCAM-specific  siRNA,  demonstrating  ~90%  loss  of  protein  expression  compared  to  the  control  siRNA  
transfected  cells.  (c)  Schematic  for  the  analysis  of  2D  migration  on  immobilized  ALCAM-Fc.  Tissue  
culture  plates  are  coated  with  Rat  tail  collagen  type  I  and  protein  G,  (b’)  represents  the  adhesion  
mediated  by  integrin  α3β1  binding  (c’)  represents  the  binding  of  ALCAM  on  the  tumor  cell  surface  to  
ALCAM-FC.  (d)  Immunoblot  and  immunofluorescence  analysis  of  CD151  expression  in  HT1080  cells  
transfected  with  CD151-specific  siRNA,  demonstrating  ~100%  loss  of  protein  expression  compared  to  the  
control  siRNA  transfected  cells.   
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cells  failed  to  induce  cell  clustering  when  compared  to  mouse  IgG-treated  ALCAM-ICD  

cells  and,  when  compared  to  mAB  1A5-treated  parental  cells,  this  prevention  of  

clustering  by  ICD-expression  was  highly  significant  (Fig  23b,  Parental-1A5  vs.  ICD-1A5,  

P<0.0001).  Similarly,  the  ablation  of  ALCAM  (HT1080-KO)  greatly  diminished  mAB  1A5  

induced  clustering  (Parental-1A5  vs.  KO-1A5,  P=0.0021,  9%  vs  30%).  

   Similarly,  ALCAM  is  required  for  CD151-regulation  of  in  vitro  migration.  

Promoting  CD151free-mediated  cell-cell  adhesion  with  mAB  1A5  inhibits  HT1080  tumor  

cell  in  vitro  transwell  migration  on  a  collagen  matrix  (Fig.  24a).  After  RNAi-mediated  

depletion  of  ALCAM  (Fig.  24b),  tumor  cells  are  no  longer  sensitive  to  the  immobilization  

by  clustering  of  CD151  (Fig.  23c).  To  test  if  this  CD151free-mediated  regulation  of  

migration  extended  to  collective  cell  migration,  we  modeled  ALCAM-ALCAM  

interactions  by  seeding  cells  on  ALCAM-Fc  coated  surfaces  (Fig.  24c  and  (125)).  

Similar  to  mAB  1A5  treatment,  engaging  ALCAM-ALCAM  interactions  inhibited  tumor  

cell  motility  (Fig.  23d).  The  inhibition  of  cell  motility  upon  ALCAM-ALCAM  ligation  is  

enhanced  by  mAB  1A5-induced  clustering  of  CD151  (Fig.  23d).  Conversely,  shRNA-

mediated  knockdown  of  CD151  in  HT1080  cells  (Fig.  24d)  not  only  eliminates  sensitivity  

to  the  anti-CD51  antibody  mAB  1A5,  but  also  prevents  the  inhibition  of  motility  by  

ALCAM-ALCAM  ligation  (Fig.  23d,  black  bars).    

   Taken  together,  these  data  demonstrate  that  the  association  of  ALCAM  with  

CD151free  is  necessary  in  order  for  this  adhesion  complex  to  promote  adhesion  and  

control  migration.  

  

CD151free  regulation  of  in  vivo  motility  and  metastasis  is  ALCAM  dependent  
   Targeting  CD151free  with  mAB  1A5  in  vivo  inhibits  tumor  cell  migration  and  

metastasis  (178,189).  To  determine  if  this  CD151free  functionality  is  ALCAM  dependent,  

we  assayed  for  mAB  1A5-induced  alterations  in  both  tumor  cell  dissemination  and  

spontaneous  metastasis  with  disruption  of  the  CD151/syntenin-1/ALCAM  complex.  

Tumor  cell  migration  was  analyzed  using  the  avian  embryo  model  of  experimental  

metastasis  (Fig.  25).  In  this  model,  local  dispersion  of  tumor  cells  within  a  metastatic  

colony  is  indicative  of  tumor  cell  motility  (178).    
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Figure  25.  Avian  embryo  models  of  metastasis.  (a)  Schematic  describing  avian  embryo  experimental  
metastasis  assay.  (b)  Schematic  describing  avian  embryo  spontaneous  metastasis  assay.     
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Figure  26.  ALCAM-KO  promotes  amoeboid  migration.  Representative  images  of  metastatic  colonies  
imaged  6  days  post  intravenous  injection  of  parental  HT1080  or  ALCAM-KO  cells  into  CAM  of  chicken  
embryo.   
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Because  colonies  formed  by  ALCAM-KO  HT1080  cells  display  a  morphology  indicative  

of  ameboid  migration  with  poorly  dispersed  colonies  (Fig.  26),  the  effect  of  disrupting  

the  CD151/ALCAM  complex  on  mAB  1A5-mediated  inhibition  of  motility  was  

investigated  through  antagonistic  disruption  of  the  CD151/syntenin-1/ALCAM  complex  

using  cells  overexpressing  ALCAM-ICD.  As  expected,  colonies  formed  by  parental  

HT1080  cells  exhibit  a  highly  motile  phenotype  while  treatment  with  mAB  1A5  strongly  

inhibits  migration  and  gives  rise  to  compact  colonies  (Fig.  27a),  which  reflected  

quantitatively  by  the  increase  in  large  clusters  (Fig.  27b)  and  is  indicative  of  inhibited  

tumor  cell  migration.  Conversely,  HT1080  cells  overexpressing  ALCAM-ICD  were  

largely  unaffected  by  treatment  with  mAB  1A5,  with  no  significant  increase  in  cluster  

size  over  ALCAM-ICD  treated  with  mouse  IgG  (Fig.  27a,b,  ns)  and  colony  size  

remaining  significantly  smaller  than  mAB  1A5-treated  parental  cells  (Fig.  27a,b,  

P>0.0001).    

   Concomitant  with  the  inhibition  of  mobility,  mAB  1A5  inhibits  spontaneous  

dissemination  from  the  primary  tumor  (178).  Using  the  avian  embryo  model  of  

spontaneous  metastasis  (Fig.  25b),  we  determined  that  mAB  1A5  suppressed  

metastasis  of  parental  HT1080  cells  3-fold  without  affecting  xenograft  growth  (Fig.  

27c,d).  Conversely,  knockout  of  ALCAM  in  HT1080  cells  completely  abrogated  the  

effect  of  1A5  on  metastasis  (Fig.  27d).  Interestingly,  overexpression  of  ALCAM-ICD  

alone  significantly  decreased  spontaneous  metastasis  over  7-fold  (Fig.  28).  This  

suggests  that  dynamic  regulation  of  the  interaction  between  ALCAM  and  CD151  may  be  

critical  to  efficient  metastasis  because  both  overt  disruption  (by  ALCAM-ICD)  and  long-

term  stabilization  (by  mAB  1A5)  are  capable  of  suppressing  spontaneous  metastasis.  

However,  ALCAM-ICD-mediated  suppression  of  metastasis  was  lost  in  the  experimental  

metastasis  model  (Fig.  25a,  29),  indicating  that  the  interaction  between  ALCAM  and  

CD151  may  be  most  critical  in  the  initial  steps  of  metastasis.  

   Cumulatively,  these  data  demonstrate  that  the  association  of  ALCAM  with  

CD151free  is  necessary  in  order  for  this  adhesion  complex  to  inhibit  motility  and  

metastasis  in  vivo.  
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Figure  27.  CD151free  regulation  of  in  vivo  motility  and  metastasis  is  ALCAM  dependent.  
(a)  Representative  images  of  metastatic  colonies  of  parental  HT1080  cells  (Parental)  and  HT1080  cells  
expressing  ALCAM-ICD  (ALCAM-ICD)  imaged  6  days  post-intravenous  injection  into  CAM  of  chicken  
embryo  in  the  absence  and  presence  of  mAB  1A5.  (b)  Colony  size  was  quantified  using  custom  KNIME  
workflow.  P-values  were  calculated  using  Mann-Whitney-U  test,  ****P<0.0001.  Graphs  display  mean  with  
95%  confidence  interval.  Medians  are  reported.  Parental:  closed  circles;;  ALCAM-ICD:  open  circles.    
(c)  Wet  weight  of  HT1080  xenografts  removed  from  CAM  of  chicken  embryos.  Three  independent  
experiments  were  combined  for  the  analysis  (N=  20,  15,  24,  22  respectively).  P-values  were  calculated  
using  Mann-Whitney-U  test,  ns:  not  significant.  Graphs  display  mean  with  95%  confidence  interval.  
Medians  are  reported.  Parental:  closed  circles;;  ALCAM-KO:  open  circles.  (d)  Quantification  of  metastasis.  
Metastasis  was  measured  by  luciferase  activity  in  a  1.5  cm  core  of  distal  CAM.  Two  cores  per  embryo  
were  measured.  Relative  bioluminescence  (RL)  represents  mean  value  of  two  CAM  sections  per  chick  
and  was  calculated  using  the  integrated  density  tool  (IntDen,  1x106)  in  ImageJ.  Three  independent  
experiments  were  combined  for  the  analysis  (N=  20,  15,  24,  22  respectively).  P-values  were  calculated  
using  Mann-Whitney-U  test,  ns:  not  significant.  Graphs  display  mean  with  95%  confidence  interval.  
Medians  are  reported.  Parental:  closed  circles;;  ALCAM-KO:  open  circles.  
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Figure  28.  Intracellular  disruption  of  the  CD151/syntenin-1/ALCAM  inhibits  metastasis.  (a)  Wet  
weight  of  HT1080  xenografts  removed  from  CAM  of  chicken  embryos.  Three  independent  experiments  
were  combined  for  the  analysis  (N=  14  and  17,  respectively).  (b)  Quantification  of  metastasis.  Metastasis  
was  measured  by  luciferase  activity  in  a  1.5  cm  core  of  distal  CAM.  Two  cores  per  embryo  from  at  least  
10  embryos  were  measured.  Relative  bioluminescence  (RL)  represents  mean  value  of  two  CAM  sections  
per  chick  and  was  calculated  using  the  integrated  density  tool  (IntDen,  1x106)  in  ImageJ.  (c)  Correlation  
of  tumor  size  to  respective  metastatic  burden.  P-value  corresponds  to  difference  in  slopes  of  linear  
regression.     
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Figure  29.  Overexpression  of  ALCAM-ICD  suppresses  spontaneous  metastasis,  but  not  
experimental  metastasis.  CAM  colonization  was  quantified  using  luciferase  activity  in  a  1.5  cm  core  of  
CAM.  Two  cores  per  embryo  were  measured.  Relative  bioluminescence  (RL)  represents  mean  value  of  
two  CAM  sections  per  chick  and  was  calculated  using  the  integrated  density  tool  (IntDen,  1x106)  in  
ImageJ.  P-values  were  calculated  using  Kruskal-Wallis  test  with  Dunn’s  post-test,  ns:  not  significant.  (n=  
27,  25,  28)  
  
  
  

   

Compiled IntDen

Control ICD KO-1
0

1000000

2000000

3000000

4000000
ICD
Control

KO-1

In
te

gr
at

ed
 D

en
si

ty

Supp. Figure 7

ns4.0 

3.0 

2.0 

1.0 

0

R
L 

(In
tD

en
, 1

x1
06 )

Parental ALCAM-ICD

Dissemination

ALCAM-KO
Median = 
355238

Median = 
234475

Median = 
202485



 91  

Discussion  

  

   The  regulation  of  migration  is  a  complex  process  that  relies  on  the  integration  of  

many  different  molecular  processes.  TSPAN-driven  molecular  scaffolding  is  one    

mechanism  by  which  signal  integration  is  accomplished.  Like  many  biological  functions,  

cell  adhesion  is  “tunable”,  meaning  that  it  is  neither  “on”  nor  “off”  but  rather  in  a  

perpetually  dynamic  state  in  which  activity  can  range  from  promoting  to  inhibiting  

adhesions  (5,208).  Consequently,  many  factors  that  control  adhesion  can  both  promote  

and  inhibit  migration.  There  have  been  several  investigations  into  the  molecular  

mechanism(s)  by  which  CD151  regulates  cell  motility  (reviewed  in  (5,209,210)).  The  

characterization  of  direct  interaction  with  laminin-binding  integrins  evolved  to  define  the  

ability  of  CD151  to  promote  adhesion  and  migration  through  direct  interaction  with  these  

integrins.  Consistent  with  this  hypothesis  is  the  reduction  of  migration  on  a  laminin  

substrate  (211)  and  the  reduction  in  metastasis  seen  with  CD151  knockout  mice  (199).  

However,  recent  work  has  revealed  that  direct  interactions  with  laminin-binding  integrins  

may  not  be  responsible  for  some  of  the  cancer-associated  activities  of  CD151  (189).  In  

fact,  the  loss  of  α3β1  in  prostate  cancer  cells  promotes,  rather  than  inhibits,  metastasis  

(95),  suggesting  that  CD151  may  regulate  cell  motility  through  α3β1-independent  

mechanisms.  Indeed,  α3β1  expression  is  frequently  reduced  during  carcinogenesis  

while  CD151free  becomes  detectable  in  the  tumor  tissue  and  is  prognostic  of  cancer  

progression  and  patient  survival  (189).  

   In  the  present  study  we  identify  ALCAM  as  a  novel  CD151  partner  that  

associates  with  integrin-free  CD151  via  the  intracellular  scaffolding  protein  syntenin-1.  

ALCAM  is  a  cell  adhesion  molecule  belonging  to  the  immunoglobulin  superfamily  

(IgSF).  ALCAM  is  expressed  broadly  in  human  tissues  and  cells,  with  predominant  

expression  in  neuronal  cells,  immune  cells,  epithelial  cells,  and  stem  cells  of  

hematopoietic  and  mesenchymal  origin.  It  is  functionally  associated  with  many  cell  

adhesion  events  including  T-cell  activation,  endothelial  adherence  junction  formation,  

neuronal  guidance,  and  epithelial  integrity  (Fig.  2,  (212,213)).  ALCAM  expression  and  

function  has  been  associated  with  many  solid  cancers  and  their  progression.  While  the  
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molecular  mechanism  of  action  has  not  been  defined,  its  expression  has  been  broadly  

recognized  to  be  altered  during  cancer  progression  (Fig.  20,  (116)).    

   The  data  presented  in  this  study  strongly  suggest  that  the  interaction  between  

CD151  and  its  novel  binding  partner,  ALCAM,  is  very  dynamic  and  enables  tunable  

regulation  of  cell-cell  adhesion,  migration,  and  metastasis.  Our  data  suggest  that  the  

CD151/ALCAM  interaction  closely  represents  the  classical  dogma  that  adhesion  and  

metastasis  interact  on  a  bell  shaped  curve,  whereby  very  weak  adhesion  is  just  as  

inhibitory  to  efficient  metastasis  as  very  strong  adhesion.  Disruption  of  the  

CD151/syntenin-1/ALCAM  complex  by  antagonistic  overexpression  of  ALCAM-ICD  

significantly  inhibits  metastasis  (Fig.  28),  as  does  stabilization  of  this  complex  by  

treatment  with  mAB  1A5  (Fig.  27d,  (178)).  However,  the  molecular  switch  of  CD151  

from  integrin-binding  to  integrin-free  promotes  migration  and  correlated  with  poor  patient  

survival  in  prostate  cancer  (189).  Because  the  dynamic  regulation  of  tumor  cell  

adhesion  is  essential  for  efficient  metastasis,  understanding  the  regulation  of  this  elastic  

complex  during  cancer  progression  presents  an  attractive  therapeutic  target.    

   One  potential  mechanism  regulating  CD151/ALCAM-mediated  adhesion  and  

migration  is  the  proteolytic  processing  of  ALCAM.  Similar  to  many  Ig-CAMs,  the  function  

of  ALCAM,  is  regulated  through  proteolytic  shedding  of  the  ectodomain  from  the  cell  

surface  by  the  metalloprotease  ADAM17  (104,146).  Moreover,  high  levels  of  ALCAM  

shedding  are  associated  with  poor  patient  outcome  in  several  cancers  (113,114,146).  

While  it  is  well  established  that  ADAM17  is  responsible  for  shedding  the  ectodomain  of  

ALCAM  (146,165),  less  is  known  about  how  this  shedding  is  regulated.  Previous  studies  

have  associated  the  interaction  of  ALCAM  and  TSPAN  CD9  with  a  decrease  in  ALCAM  

shedding  by  ADAM17.  This  interaction  with  CD9  has  been  shown  to  stabilize  and  

strengthen  ALCAM-mediated  cell  adhesion  in  immune  cells.  The  effect  of  CD151  

binding  on  ALCAM  shedding  has  yet  to  be  explored,  however  it  is  reasonable  to  

hypothesize  that  the  proteolytic  processing  of  ALCAM  can  be  regulated  through  its  

TSPAN  binding  partners,  thus  regulating  ALCAM-mediated  adhesion.  Beyond  shedding,  

ALCAM-mediated  adhesion  is  also  known  to  be  positively  regulated  by  it’s  interaction  

with  the  actin  cytoskeleton  (123,124,214).  ALCAM’s  association  with  the  actin  

cytoskeleton  is  dependent  on  PKCα  activation  (214)  and  PKCα  is  a  known  binding  
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partner  of  CD151  (215,216).  Therefore,  PKCα  may  regulate  ALCAM  adhesion  through  

CD151.    

   Here,  we  explore  the  interaction  of  CD151  in  the  context  of  cancer  progression  

and  metastasis.  However,  this  data  also  has  implications  for  several  biological  

processes.  As  previously  mentioned,  both  ALCAM  and  CD151  are  critical  to  processes  

requiring  dynamic  regulation  of  cell  adhesion,  raising  the  questions:  1)  Does  CD151  

interact  with  ALCAM  in  normal  tissue?  and  2)  If  so,  does  this  interaction  facilitate  any  of  

these  processes?  

   TSPAN  interactions  with,  and  organization  of,  seemingly  unrelated  and  divergent  

proteins  and  signaling  molecules  allow  them  to  function  as  molecular  integrators  of  

cellular  behaviors.  In  the  present  study,  we  aimed  to  determine  the  mechanism  by  

which  the  clustering  of  CD151  is  able  to  promote  adhesion  and  control  tumor  cell  

motility.  As  motility  is  required  for  metastasis,  TSPANs  are  considered  attractive  targets  

in  the  design  of  anti-metastatic  treatment  (5,103).  These  data  demonstrate  that  the  

novel  binding  partner,  ALCAM,  is  required  for  clustering  of  integrin-free  CD151,  and  

subsequent  inhibition  of  motility  and  metastasis.  Considering  that  both  CD151  and  

ALCAM  are  strongly  associated  with  increased  virulence  in  cancer,  this  interaction  is  an  

attractive  target  for  understanding  tumor  cell  dissemination.  

  

Acknowledgements  

  

We  want  to  thank  Dr.  Guido  Swart  for  insightful  discussion  of  ALCAM  biology.  AZ  

was  supported  by  R01  CA143081,  P01  CA040035,  and  R01  CA120711.  KEH  was  

supported  by  the  Microenvironmental  Influences  in  Cancer  Training  Program  (NIH/NCI  

T32CA009592)  and  F31CA189764.  TDP  was  supported  by  F31  CA136228.  AGH  was  

supported  by  P50  CA098131.  
  

  

  

  

  



 94  

Author  Contributions  

  

Study  was  conceived  and  designed  by  KEH,  TDP  and  AZ.  Experiments  were  

performed  by  KEH  and  TDP  with  help  from  EYL  on  avian  embryo  metastasis  assays,  

AKvL  on  immunoblots,  AGH  on  evaluation  of  ALCAM  expression,  AM  on  mass  

spectrometry  and  surface  labeling  assays,  and  HV,  HI,  and  MEH  on  NMR  experiments.  

Data  analysis  was  performed  by  KEH  with  help  from  AZ.  Manuscript  was  written  by  

KEH,  and  AZ  and  edited  by  EYL.  

   



 95  

CHAPTER  IV:  

  

DISCUSSION  AND  FUTURE  DIRECTIONS  

  

Summary  

  

   In  Chapter  I,  I  outlined  an  unanswered  question  remaining  in  the  field  of  

metastasis  research:  How  are  the  normal  mechanisms  that  regulate  dynamic  cell  

adhesion  appropriated  by  tumor  cells  to  promote  cancer  progression  and  

dissemination?  The  data  presented  in  this  dissertation  begin  to  address  that  question  

and  provide  two  novel  mechanisms  by  which  ALCAM’s  function  is  regulated  to  modulate  

cell-cell  adhesion  and  allow  it  to  function  as  a  tunable  element  that  can  be  adjusted  to  

suppress  or  promote  migration  and  dissemination.  ALCAM,  a  member  of  the  

immunoglobulin  superfamily  of  cell  adhesion  molecules,  has  been  shown  to  mediate  

several  processes  requiring  dynamic  regulation  of  cell  adhesion,  including  T-cell  

activation,  transendothelial  migration,  and  axon  fasciculation  (107,109,110).  However,  

in  the  absence  of  a  conventional  activation  mechanism,  such  as  phosphorylation,  

binding  of  a  metal  ion  cofactor,  or  conformational  change,  the  regulation  of  ALCAM’s  

function  was  not  self-evident.  Currently,  two  processes  have  been  shown  to  contribute  

to  ALCAM’s  function:  1)  The  proteolytic  processing  of  the  extracellular  domain  (ECD)  

(146,165),  Hebron  et  al.  under  review)  and  2)  Anchoring  ALCAM  to  the  actin  

cytoskeleton  though  the  intracellular  domain  (123,125).  However,  the  regulation  of  

ALCAM’s  function  in  these  processes  remain  unclear.    

   In  Chapter  II,  we  present  the  first  study  to  examine  the  biochemical  and  

functional  consequences  of  alternative  splicing  of  exon  13  in  ALCAM.  We  show  that  

alternative  splicing  of  ALCAM  alters  susceptibility  to  proteolysis  and,  in  turn,  modulates  

tumor  cell  adhesion,  dissemination,  and  metastasis.  Moreover,  we  show  that  ALCAM-

Iso2,  which  is  more  susceptible  to  proteolysis  than  ALCAM-Iso1,  is  preferentially  

expressed  in  bladder  cancer,  compared  to  normal  bladder  tissue.  Together,  these  data  

present  an  alternative  splicing-dependent  mechanism  by  which  tumor  cells  alter  cell  

adhesion  to  promote  metastasis.  Furthermore,  this  work  raises  several  novel  questions  
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including:  1)  ALCAM-Iso2  is  expressed  in  normal  tissues,  what  is  its  role  in  normal  

physiology?  2)  How  does  the  loss  of  13  amino  acids  in  the  juxtamembrane  region  of  

ALCAM-Iso2  both  increase  ectodomain  shedding  and  unmask  a  novel  proteolytic  site?  

3)  To  our  knowledge,  this  is  the  first  documented  observation  in  which  alternative  

splicing  is  responsible  for  unmasking  a  cleavage  site  distal  to  the  spliced  exon.  Is  this  a  

common  mechanism  by  which  the  function  of  immunoglobulin  superfamily  of  cell  

adhesion  molecules  is  regulated?  

   In  Chapter  III,  we  identify  ALCAM  as  a  novel  binding  partner  of  tetraspanin  

(TSPAN)  CD151.  We  have  previously  shown  that  integrin-free  CD151  (CD151free,  which  

is  not  associated  with  its  canonical  partner,  integrin  α3β1)  is  an  important  regulator  of  

cancer  metastasis  that  can  be  targeted  by  a  metastasis-inhibiting  monoclonal  antibody  

mAB  1A5  (178,189).  We  show  integrin-free  CD151  (CD151free)  binds  to  ALCAM  through  

intracellular  interaction  with  the  scaffolding  protein,  syntenin-1.  This  interaction  is  

necessary  for  regulation  of  cell  adhesion,  migration,  and  metastasis  by  CD151free  in  

response  to  mAB  1A5.  Disruption  of  the  interaction  between  ALCAM  and  syntenin-1  by  

release  of  the  intracellular  domain  or  ablation  of  ALCAM  expression  prevents  CD151free  

from  promoting  adhesion  and  inhibiting  metastasis  in  response  to  mAB  1A5.  Moreover,  

ablation  of  CD151  expression  prevents  ALCAM  from  suppressing  motility.  Cumulatively,  

our  observations  describe  a  unique  trimeric  complex  responsible  for  tunable  regulation  

of  cell  adhesion.  These  findings  prompt  further  investigation  into  several  areas:  1)  Is  this  

complex  found  in  normal  cells?  If  so,  what  is  its  role?  Is  it  cell  type-specific?  2)  

Disruption  of  the  CD151/syntenin-1/ALCAM  complex  significantly  dampened  the  effect  

of  mAB  1A5,  but  did  not  completely  ablate  it.  Does  CD151free  have  other  undiscovered  

binding  partners  that  participate  in  the  regulation  of  tumor  cell  behavior?  3)  Does  ɣ-

secretase-mediated  cleavage  regulate  ALCAM’s  interaction  with  molecules  other  than  

CD151  and  syntenin-1?  4)  Does  the  ALCAM-ICD  released  by  ɣ-secretase  antagonize  

other  PDZ  motifs  other  than  syntenin-1?  If  so,  what  are  the  broader  consequences  of  

antagonizing  syntenin-1  and  other  PDZ-containing  proteins?  

   This  dissertation  identifies  two  regulatory  mechanisms  of  ALCAM  function  that  

are  broadly  applicable  to  both  normal  and  pathological  processes  requiring  modulation  

of  adhesion.  ALCAM  has  known  roles  in  non-pathologic  processes  requiring  static  and  
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stable  cell  adhesion  such  as  T-cell  activation  and  maintenance  of  the  blood-brain  barrier  

(108,124,158),  as  well  as  roles  in  dynamic  processes  such  as  transendothelial  migration  

and  neuronal  guidance  (109,159).  Additionally,  CD151  has  known  roles  in  platelet  

aggregation,  maintenance  of  epithelial  integrity,  and  tubule  formation.  To  this  point,  the  

vast  majority  of  ALCAM  function  has  been  investigated  using  the  canonical  isoform,  

ALCAM-Iso1,  and  much  of  the  investigation  into  CD151  has  been  in  the  context  of  its  

integrin-binding  partners.  We  hypothesize  that  dynamic  regulation  of  cell  adhesion  

through  either  differential  expression  of  ALCAM  isoforms  or  through  novel  binding  

partners,  such  as  CD151,  would  vastly  improve  our  understanding  of  ALCAM-  and  

CD151-mediated  functions,  both  pathological  and  non-pathological.    

   Below,  I  highlight  the  major  metastasis-related  questions  raised  by  the  two  

regulatory  mechanisms  described  in  this  dissertation.    

  

Future  Directions    

  

   With  more  than  90%  of  cancer-related  deaths  being  attributed  to  metastatic  

spread  of  the  disease,  a  deeper  understanding  of  tumor  cell  dissemination  has  the  

potential  to  significantly  improve  patient  care.  The  investigation  of  metastasis  has  three  

overarching  objectives:  (1)  Identifying  the  patients  most  likely  to  progress  to  metastatic  

disease,  (2)  preventing  the  spread  of  localized  disease,  and  (3)  discovering  therapies  

that  effectively  target  both  localized  and  systemic  disease.  The  work  presented  herein  

has  the  potential  to  impact  all  three  objectives.    

  

Alternative  splicing  of  ALCAM  as  a  prognostic  marker  of  progression  

   The  expression  of  ALCAM  has  been  examined  extensively  as  a  marker  of  tumor  

progression  with  conflicting  results  (111,112,134,135,162).  However,  shedding  of  the  

ALCAM  ectodomain  has  consistently  correlated  with  aggressive  disease  and  poor  

patient  outcome  (113,114,147,149).  In  Chapter  II,  I  demonstrated  that  the  alternatively  

spliced  ALCAM-Iso2  is  significantly  more  susceptible  to  ectodomain  shedding  than  the  

canonical  isoform,  ALCAM-Iso1.  Additionally,  I  demonstrated  that  ALCAM-Iso2  is  

expressed  3-fold  higher  than  ALCAM-Iso1  in  bladder  cancer  tissue.  Taken  together,  
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these  data  present  a  strong  foundation  for  an  investigation  into  using  the  expression  of  

ALCAM  isoforms  as  a  prognostic  marker.    

   While  ALCAM  shedding  has  emerged  as  a  reliable  marker  of  aggressive  disease,  

quantifying  this  process  is  not  always  straightforward.  Quantification  of  ALCAM  

shedding  in  biofluids  by  ELISA  is  an  attractive  and  clinic-friendly  method,  but  not  a  

viable  option  for  all  tumor  types.  In  tumors  with  adjacent  biofluids,  such  as  ovarian  

(ascites)  and  bladder  (urine),  proteolysis  of  ALCAM  is  strongly  associated  with  poor  

survival;;  however,  that  association  is  weakened  or  lost  when  it  is  measured  in  patient  

serum  (114,149).  Therefore,  this  method  is  not  ideal  for  tumors  without  adjacent  

biofluids  available.  Direct  detection  of  intratumoral  ALCAM  shedding  by  

immunofluorescence  is  possible  (113);;  however,  standardizing  quantification  of  

immunofluorescence  in  the  clinical  environment  is  difficult.  Examining  ALCAM  isoform  

expression  as  a  prognostic  biomarker  may  resolve  this  issue.    

   ALCAM  isoform  expression  can  be  measured  by  two  means.  Traditional  RNAseq  

analysis  of  isoform  expression  from  bulk  tumor  tissue  is  straightforward  and  has  been  

used  extensively  in  the  establishment  of  databases  such  as  The  Cancer  Genome  Atlas  

(TCGA,  (173)).  Because  ALCAM  is  expressed  in  both  stromal  and  tumor  cells,  it  may  be  

useful  to  analyze  ALCAM  isoform  expression  by  cell  type,  rather  than  in  the  bulk  tumor  

tissue.  A  commercial  mRNA  in  situ  hybridization  technology  called  RNAscope®  is  a  

promising  candidate  for  quantifying  isoform  expression  in  situ  (217).  This  technology  

requires  the  detection  of  mRNA  at  two  distinct  sites  for  signal  amplification  to  occur,  

thereby  reducing  noise  and  increasing  specificity.  With  this  technology,  the  

quantification  of  ALCAM  isoform  expression  in  situ  in  paraffin  embedded  tissue  may  be  

developed  as  a  reliable  prognostic  marker  in  several  tumor  types.  

  

Combining  ALCAM  shedding  and  CD151free  as  prognostic  markers  in  prostate  cancer  

   In  Chapter  III,  we  describe  the  discovery  that  ALCAM  is  a  novel  binding  partner  

of  integrin-free  CD151  (CD151free).  We  demonstrated  that  modulation  of  this  complex  

regulates  adhesion,  migration,  and  metastasis.  Previously,  ALCAM  was  shown  to  

interact  with  TSPAN  CD9.  This  TSPAN  stabilizes  ALCAM’s  interaction  with  the  actin  

cytoskeleton  and  prevents  ADAM17-mediated  ectodomain  shedding  of  ALCAM  (125).  In  
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Chapter  II,  we  show  that  alternative  splicing  of  exon  13  in  ALCAM-Iso2  unmasks  a  

MMP14-sensitive  proteolytic  site  distal  from  the  previously  identified  ADAM17  site.  This  

discovery  is  especially  interesting  and  exciting  because  this  site  is  outside  of  the  

alternatively  spliced  exon  13.  Therefore,  both  ALCAM-Iso1  and  ALCAM-Iso2  contain  the  

site,  yet  only  ALCAM-Iso2  seems  to  be  cleaved  at  this  membrane  distal  site.  This  

suggests  that  either  1)  the  alternative  splicing  of  exon  13  causes  structural  changes  that  

reveal  a  cryptic  proteolysis  site,  or  2)  that  structural  modifications  in  the  juxtamembrane  

region  regulate  intramembrane  protein  interactions  (such  as  with  TSPANs)  that  facilitate  

proteolytic  processing  at  this  membrane  distal  binding  site.  I  hypothesize  that  differential  

TSPAN  binding  partners  could  be  the  mechanism  by  which  ALCAM  isoform  shedding  is  

regulated.    

   TSPAN  are  scaffolding  proteins  known  to  regulate  the  activity  of  their  binding  

partners  by  coupling  extracellular,  transmembrane,  and  intracellular  binding  partners  to  

potentiate  transmembrane  signaling  (190,191).  In  Chapter  III,  we  show  that  ALCAM  and  

CD151  are  linked  through  the  scaffolding  protein  syntenin-1.  NMR  data  suggests  that  

the  carboxy-terminal  cytoplasmic  tail  of  CD151  interacts  with  syntenin-1  PDZ1  domain  

while  the  intracellular  domain  of  ALCAM  interacts  with  syntenin-1  PDZ2.  We  also  have  

data  suggesting  that  TSPANs  CD9  and  CD63  interact  with  syntenin-1  PDZ1  (Fig.  30).  

Furthermore,  CD151  is  known  to  associate  with  and  regulate  MMP14.  Remembering  

that  CD9  has  been  previously  shown  to  dampen  ALCAM  shedding  (125)  and  that  we  

have  shown  that  ALCAM-Iso1  is  shed  up  to  10-fold  less  than  ALCAM-Iso2,  it  is  

reasonable  to  hypothesize  that  ALCAM-Iso1  may  associate  with  CD9  while  ALCAM-

Iso2  may  associate  with  CD151.  

   By  identifying  isoform-specific  binding  partners,  we  not  only  learn  more  about  the  

regulation  of  ALCAM’s  function,  but  we  may  also  strengthen  the  prognostic  value  of    
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Figure  30.  Tetraspanins  CD9  and  CD63  interact  with  syntenin-1  through  PDZ1.  Chemical  shift  
perturbations  (CSPs)  measured  in  1H,15N-HSQC  NMR  spectra  of  syntenin-1  PDZ1/2  upon  addition  of  the  
CD9,  and  CD63  peptides.  HSQC  spectra  with  0  (black),  1  (red),  2  (cyan),  3  (blue),  4  (yellow),  5  
(magenta),  and  6  (green)  molar  equivalents  of  the  peptides  are  overlaid  (top  panel).  CSPs  are  plotted  as  
a  function  of  the  residue  number  (middle  panel).  The  residues  that  experienced  CSPs  of  more  than  0.05  
(yellow)  and  0.1  ppm  (red)  are  highlighted  on  the  crystal  structure  of  syntenin-1  PDZ1/2  (PDB  code:  
1N99).     
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ALCAM  by  combining  it  with  the  expression  of  CD151free.  We  have  shown  that  

CD151free  correlates  with  poor  patient  outcome  in  prostate  cancer  patients  (189).  We  

have  also  demonstrated  that  ALCAM  is  necessary  for  bone  metastasis  in  mouse  

models  of  prostate  cancer  (165).  We  are  currently  investigating  ALCAM  shedding  as  a  

prognostic  biomarker  in  bone  metastatic  prostate  cancer  with  promising  preliminary  

results  (data  not  shown).  Future  investigations  into  isoform-specific  TSPAN  binding  

partners  may  support  combining  both  ALCAM  shedding  or  isoform  expression  with  

CD151free  to  create  a  robust  model  for  predicting  prostate  cancer  patient  outcome.    

  

Modulating  ALCAM  function  to  prevent  tumor  cell  motility  

   This  thesis  describes  two  mechanisms  by  which  ALCAM  function  is  regulated.  It  

may  be  possible  to  exploit  these  two  mechanisms  to  prevent  the  dissemination  of  tumor  

cells  from  the  primary  tumor.  In  Chapter  II,  I  show  that  expression  of  ALCAM-Iso1  

increases  cell-cell  adhesion,  thereby  reducing  metastasis.  In  Chapter  III,  we  show  that  

tumor  cells  maybe  immobilized  through  clustering  of  CD151free  in  an  ALCAM-dependent  

manner.  Together,  these  data  suggest  that  manipulation  of  ALCAM,  either  by  

modulation  of  alternative  splicing,  or  through  the  TSPAN  CD151,  may  be  a  mechanism  

by  which  tumor  cell  dissemination  can  be  prevented.    

   Currently,  the  mechanisms  controlling  alternative  splicing  of  ALCAM  are  

unknown.  However,  controlling  alternative  splicing  is  emerging  as  an  attractive  

therapeutic  target  in  cancer  research  (184).  Collaborations  with  the  laboratory  of  John  

Lewis  have  also  identified  Serine/Arginine-Rich  Splicing  Factor  Kinase  1  (SRPK1)  as  a  

metastasis  promoter  in  a  tumor  migration  screen  deployed  in  the  chick  CAM,  which  

further  supports  the  notion  that  alternative  splicing  mechanisms  are  altered  during  

cancer  progression.  Significant  effort  has  been  made  to  understand  how  aberrant  

dysregulation  of  alternative  splicing  occurs  in  cancer.  Similar  to  adhesion  molecules,  

spliceosome  machinery  is  rarely  mutated  or  deleted  in  cancer.  The  most  common  

mechanism  by  which  alternative  splicing  is  dysregulated  in  cancer  is  through  changes  in  

expression  or  mislocalization  of  spliceosome  trans-actors.  By  identifying  the  mechanism  

by  which  ALCAM  is  alternatively  spliced,  we  may  be  able  to  promote  cell-cell  adhesion  
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and  reduce  tumor  cell  dissemination  by  therapeutically  targeting  alternative  splicing  

machinery  to  promote  ALCAM-Iso1  expression.    

   In  Chapter  III,  we  show  that  stabilization  of  the  CD151/syntenin-1/ALCAM  

complex  increases  cell-cell  adhesion,  thereby  decreasing  cell  motility  and  metastasis.  

While  mAB  1A5  is  capable  of  stabilizing  this  complex,  it  is  not  a  viable  therapy  because  

of  severe  on-target  side  effects,  such  as  blot  clotting  due  to  platelet  aggregation.  

Because  we  now  know  that  ALCAM  is  necessary  for  the  effect  of  mAB  1A5,  it  may  be  

possible  to  identify  other  antibodies  or  biotherapeutics  capable  of  stabilizing  the  

complex  through  either  ALCAM  or  syntenin-1,  in  order  to  avoid  these  on-target  side  

effects.    

  

ALCAM-Iso1  and  ALCAM-Iso2  have  diverging  effects  on  proliferation  

   Although  this  dissertation  focuses  on  the  effect  ALCAM  in  the  context  of  cell  

adhesion,  it  has  been  investigated  in  several  other  biological  processes  including  

proliferation  and  prevention  of  apoptosis  (112,165,218).  We  have  preliminary  evidence  

suggesting  that  alternative  splicing  of  ALCAM  may  affect  tumor  cell  proliferation.  Both  in  

vitro  and  in  vivo,  cells  expressing  ALCAM-Iso2  proliferated  significantly  faster  than  cells  

expressing  ALCAM-Iso1  (Fig.  31).  In  vitro,  cells  expressing  ALCAM-Iso1  have  a  

doubling  time  of  38.7  h,  while  ALCAM-Iso2  cells  have  doubling  time  of  just  25.4  h,  

indicating  that  expression  of  ALCAM-Iso1  slows  cell  proliferation  by  more  than  50%  

(Fig.  31a).  In  vivo,  this  translates  to  a  two-fold  reduction  in  tumor  size  for  cells  

expressing  ALCAM-Iso1  (Fig.  31b).  Because  of  this  drastic  difference  in  proliferation,  

cells  expressing  ALCAM-Iso2  may  be  more  sensitive  to  chemotherapeutics  than  cells  

expressing  ALCAM-Iso1.  If  this  hypothesis  is  indeed  true,  ALCAM  isoform  expression  

may  emerge  as  a  useful  biomarker  capable  of  predicting  response  to  therapy.    

  

ALCAM-mediated  regulation  of  adhesion  is  cell-  and  context-dependent  

   Data  in  Chapter  III  suggests  that  KO  of  ALCAM  in  the  fibrosarcoma  cell  line  

HT1080  not  only  increases  cell  proliferation  (as  measured  by  xenograft  weight),  but  also    



 103  

  
Figure  31.  Alternative  splicing  of  ALCAM  affects  tumor  cell  proliferation.  (a)  In  vitro  proliferation  of  
ALCAM-knockout  HT1080  cells  (ALCAM-KO)  expressing  ALCAM-Iso1  (KO+Iso1)  or  ALCAM-Iso2  
(KO+Iso2).  Proliferation  was  measured  as  fold  change  in  bioluminescence  compared  to  initial  reading  
(day  1).    ***P<0.0001.  (b)  Wet  weight  of  HT1080  xenografts  removed  from  CAM  of  chicken  embryos.  
Three  independent  experiments  were  combined  for  the  analysis  (N=  16,  13,  12,  respectively).  P-values  
were  calculated  using  Mann-Whitney-U  test,  **P<0.001,  ***P<0.0001.     
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promotes  metastasis  in  the  avian  embryo  model  of  metastasis.  However,  we  have  

previously  shown  that  ALCAM  knockdown  in  the  epithelial-derived  PC3  prostate  cancer  

cell  line  inhibits  the  formation  of  bone  metastases  in  nude  mice  (165).  Because  these  

data  differ  in  both  cell  type  and  model,  the  conflict  is  difficult  to  interpret  and  warrants  

further  investigation  into  the  effect  of  the  loss  of  ALCAM  on  metastasis.  These  data  

suggest  that  ALCAM’s  contribution  to  metastasis  is  likely  very  cell-type  and  context  

dependent.  This  emphasizes  the  need  to  investigate  the  modulation  of  ALCAM  function  

in  multiple  models  and,  most  importantly,  to  validate  as  many  of  these  findings  in  human  

tissue  as  possible.  

  

Concluding  Statements  

  

   This  dissertation  identifies  two  mechanisms  by  which  the  function  of  ALCAM  is  

regulated.  The  nuances  of  the  data  suggest  that  processes  such  as  alternative  splicing  

and  microdomain  localization  are  largely  responsible  for  regulation  of  ALCAM’s  function.  

As  we  learn  more  about  how  the  function  of  ALCAM  is  regulated,  we  will  be  able  to  

better  predict  the  effect  of  ALCAM  in  specific  contexts  by  considering  isoform  

expression  as  well  as  known  binding  partners.  Our  work  presented  herein  not  only  

furthers  our  understanding  of  the  ALCAM’s  contribution  to  tumor  cell  adhesion  and  

dissemination,  but  also  lays  the  groundwork  for  future  studies  with  the  potential  to  

advance  cancer  patient  care  through  the  establishment  of  a  robust  biomarker  of  cancer  

progression,  as  well  as  revealing  previously  unexplored  therapeutic  targets.    

   Furthermore,  our  work  focuses  on  the  role  of  ALCAM  in  metastasis.  However,  

the  impact  of  our  findings  reaches  far  beyond  cancer.  ALCAM  has  established  roles  in  

hematopoiesis,  immune  cell  function,  and  neuronal  migration  (108-110,219).  The  function  

of  ALCAM  in  these  processes  must  be  re-examined  in  the  context  of  our  findings,  

especially  the  differential  function  of  ALCAM  isoforms.  By  reevaluating  the  function  and  

expression  of  individual  ALCAM  isoforms  in  each  of  these  processes,  we  will  

exponentially  increase  our  understanding  of  ALCAM  as  an  adhesion  molecule.    

   Finally,  this  work  provides  two  mechanisms  of  function  regulation  that  may  be  

broadly  applicable  to  other  cell  adhesion  molecules.  Many  Ig-CAMs  lack  the  
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aforementioned  traditional  activation  motifs.  The  function  of  these  molecules  is  often  

context  dependent.  This  work  warrants  further  investigation  into  the  alternative  splicing  

and  differential  binding  partners  of  Ig-CAMs  whose  regulation  is  not  yet  elucidated.    
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Appendix  A:  
  

FLUORESCENT  BARCODING  OFFERS  INCREASED  DIMENSIONALITY  IN  
TRACKING  TUMOR  CELLS  IN  VITRO  AND  IN  VIVO  

 
 
Contributing  Authors:  Katie  E.  Hebron,  Tatiana  Ketova,  Shanna  Arnold  Egloff,  Patrick  
Mulcrone,  H.  Charles  Manning,  Julie  Sterling,  Florent  Elefteriou,  and  Andries  Zijlstra   
 

 

Summary  

  

   The  understanding  of  metastasis  has  greatly  improved  as  the  field  has  developed  

tools  allowing  researchers  to  visualize  the  process.  However,  investigators  are  still  quite  

limited  in  their  ability  to  track  the  metastasis  of  multiple  cell  populations.  This  is  

becoming  increasingly  important  because  tumor  heterogeneity  has  been  shown  to  

significantly  affect  metastasis.  Therefore,  it  is  important  to  develop  novel  technologies  

that  will  help  us  investigate  tumor  heterogeneity  and  how  it  affects  patient  care.  Here  we  

present  a  novel  fluorescent  protein  barcoding  system  that  will  aid  in  the  study  of  tumor  

heterogeneity  and  metastasis.  Real-time  and  longitudinal  imaging  of  tumors  in  animal  

models  is  a  critical  element  in  monitoring  tumor  burden,  growth,  and  metastatic  

dissemination.  To  improve  utility  of  current  imaging  technologies,  we  have  developed  a  

library  of  fluorescent  and  luminescent  tracking  vectors  designed  to  permit  in  vivo  

multiplexing  through  fluorescent  barcoding.  Our  vectors  express  firefly  luciferase  and  

one  of  six  unique  fluorescent  proteins.  The  combination  of  luciferase  and  fluorescent  

labeling  allows  us  to  monitor  tumor  growth  by  luciferase  activity  and  distinguish  

individual  cell  populations  by  their  fluorescent  label.  Using  barcoded  cell  lines,  we  have  

demonstrated  that  the  six  FPs  are  uniquely  identifiable  by  spectral  imaging  and  by  flow  

cytometry.  We  have  improved  quantification  and  evaluation  of  metastasis  in  avian  

embryo  metastasis  models.  We  have  used  these  lines  to  investigate  tumor  

heterogeneity  in  a  mouse  model  of  skeletal  metastasis.  Additionally,  we  determined  that  

dissemination  of  breast  cancer  cells  to  the  bone  is  a  cooperative  event,  whereby  

multiple  tumor  cells  are  able  to  seed  and  proliferate  in  a  single  site.      
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Introduction  

  

   The  vast  majority  of  cancer-related  deaths  are  due  to  dissemination  from  the  

primary  tumor  (2).  However,  improvement  to  the  care  of  patients  with  metastatic  

disease  has  been  slow.  Metastasis  research  often  revolves  around  three  broad  

questions:  1)  Why  do  tumor  cells  leave  the  primary  tumor  microenvironment?  2)  What  

mechanisms  allow  tumor  cells  to  leave  the  primary  tumor  and  survive  at  a  secondary  

site?  3)  Why  do  metastases  often  respond  to  therapy  differently  from  the  primary  

tumor?  While  the  field  has  made  significant  advances  in  understanding  the  process  of  

metastasis,  technical  difficulties  limiting  the  visualization  and  quantification  of  

metastasis  continue  to  hinder  metastasis  research  (36,  220).  Furthermore,  the  inherent  

heterogeneity  of  metastasis  calls  for  the  examination  of  several  subpopulations  in  a  

single  experiment  (221).  The  development  of  tools  that  allow  for  the  simultaneous  

tracking  and  quantification  of  several  cell  populations  would  greatly  improve  

investigators’  ability  to  address  the  three  major  questions  outlined  above.    

   Several  technologies  have  been  developed  in  the  past  two  decades  in  an  effort  to  

aid  metastasis  research,  however,  the  visualization  and  quantification  of  multiple  cell  

populations  in  a  single  model  remains  difficult  without  the  use  of  highly  specialized  

equipment  that  is  not  commonly  accessible.  For  example,  intravital  multiphoton  

microscopy  has  revolutionized  realtime,  in  vivo  investigation  of  cell  behavior  (36,  220).  

However,  this  technology  is  not  readily  accessible  to  all  investigators.  Furthermore,  

while  this  technology  is  well  suited  for  analysis  of  individual  cell  phenotypes,  it  is  not  

particularly  useful  for  broad  quantification  of  metastatic  subpopulations.    

   Another  imaging  modality,  bioluminescence,  has  greatly  improved  investigators’  

ability  to  quantify  tumor  burden  in  a  highly  sensitive,  non-invasive,  longitudinal  fashion  

(222).  However,  due  to  lack  of  diversity  in  the  luciferase  genes,  multiplexing  the  analysis  

of  several  cell  populations  within  a  single  in  vivo  model  is  difficult.  Renilla  and  firefly  

luciferases  (RLuc  and  FLuc,  respectively)  are  often  multiplexed  in  vitro  for  dual  reporter  

assays,  but  their  usefulness  as  dual  quantitative  markers  in  vivo  is  complicated  by  

substrate  bioavailability  and  enzyme  kinetics  (223).    

   Cloning  and  exogenous  expression  of  green  fluorescent  protein  (GFP)  from  
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Aequorea  victoria,  allowed  for  direct  visualization  of  cells  and  proteins  marked  with  this  

gene  (224,  225).  This  finding  lead  to  significant  advances  in  the  understanding  of  cell  

and  molecular  biology.  The  discovery  and  development  of  additional  fluorescent  

proteins  with  different  spectral  profiles  has  allowed  for  the  effective  marking,  tracing,  

and  multiplexed  analysis  of  several  cell  populations  at  once.  To  date,  the  most  notable  

uses  of  this  technology  rely  on  red-green-blue  (RGB)  marking,  which  is  the  random  

expression  of  one  or  more  fluorescent  proteins  in  each  cell  and  it’s  subsequent  progeny  

(226,  227).  This  method  of  cell  marking  provides  an  effective  method  of  lineage  tracing  

and  has  lead  to  significant  discoveries  in  the  investigation  of  the  cell  of  origin  in  several  

cancers  (228,  229).  However,  because  this  technology  relies  on  random  recombination,  

it  does  not  provide  investigators  complete  control  over  the  labeling  of  diverse  cell  

populations.    

   DNA  barcoding,  which  is  the  insertion  of  short  DNA  tags  into  a  cell’s  genome,  

allows  for  effective  quantification  of  subpopulations,  but  lacks  modalities  for  in  vivo  

visualization  and  tracking  (230).  Additionally,  because  the  DNA  barcode  is  quantified  by  

polymerase  chain  reaction,  concomitant  analysis  of  cell  properties,  such  as  protein  

expression,  is  difficult.    

   Ideally,  to  effectively  investigate  the  heterogeneity  of  metastasis,  and  thereby  

begin  to  address  the  three  questions  posed  above,  investigators  require  accessible  

tools  that  1)  allow  directed  and  stable  labeling  of  cell  subpopulations,  2)  provide  

longitudinal  monitoring  of  tumor  burden,  3)  enable  direct  visualization  within  the  model,  

and  4)  permit  simultaneous  single  cell  analysis  of  properties  such  as  protein  expression.  

Herein,  we  describe  a  technology,  pRainbow,  that  meets  the  aforementioned  

requirements  and  demonstrate  its  effectiveness  as  a  tool  for  metastasis  research.      

  

  



 109  

Materials  and  Methods 

 

Cell  culture  

   HT1080  (fibrosarcoma)  and  HEK293T  cells  were  obtained  from  the  ATCC  (CCL-

121  and  CRL-1573,  respectively).  MDA-MB-231  cells  were  obtained  from  Dr.  Julie  

Sterling  at  Vanderbilt  University  and  subsequently  genetically  fingerprinted  to  verify  

identity.  To  obtain  a  bone  metastatic  cell  line,  MDA-MB-231  cells  were  injected  into  a  

nude  mouse  via  intracardiac  injection  and  subsequently  isolated  and  expanded  from  

tibial  metastases  to  generate  bone-specific  variants  of  MDA-MB-231.  Cell  lines  were  

maintained  in  RPMI  (HT1080)  or  DMEM  (HEK293T  and  MDA-MB-231)  supplemented  

with  penicillin/streptomycin,  sodium  pyruvate,  non-essential  amino  acids  and  10%  fetal  

bovine  serum  and  cultured  at  37°C  with  5%  CO2.   

  

Vector  library  construction  

   The  pRainbow  vector  library  was  constructed  using  Gateway  Multisite-Pro  vector  

recombination  system  (ThermoFisher  Scientific).  Vectors  were  constructed  using  a  

three  fragment  recombination  strategy  where  fragment  “A”,  human  codon-optimized  

firefly  luciferase  gene,  was  synthesized  in  pENTR  221  L1-L4,  fragment  “B”,  P2A  self  

cleaving  peptide  sequence,  was  synthesized  in  pENTR  221  L4r-L3r,  and  fragment  “C”,  

one  of  the  six  human  codon-optimized  fluorescent  protein  genes  (TagBFP  (231),  

Cerulean  (232),  TagGFP2  (Evrogen),  Citrine  (233),  TagRFP  (234),  mKate2  (235)),  was  

synthesized  in  pENTR  221  L3-L2.  The  three  pENTR  vectors  (50  ng)  were  mixed  with  

pLenti  6.2/V5-DEST  (150  ng)  and  incubated  with  LR  Clonase  II  enzyme  at  room  

temperature  for  1  hour  for  recombination.  Successful  recombination  was  verified  by  

PCR  and  enzyme  digest.    

  

Stable  cell  line  generation  

   Lentiviral  particles  were  produced  in  LentiX  293T  cells  (Clontech).  Transductions  

were  performed with 5 μg/mL polybrene. Cells were selected with blasticidin 

(ThermoFisher Scientific, 25 μg/mL for MDA-MB-231 or 10 μg/mL for HT1080) for 2 

weeks. Cells were expanded in the absence of blasticidin for 3-4 weeks and selected for 
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the top 25% of the fluorescent population by fluorescent activated cell sorting (FACS).   
  

In  vitro  proliferation  assay  

   MDA-MB-231  cells  stably  transduced  with  pRBow  vectors  and  parental  MDA-MB-

231  cells  were  plated  in  96  well  tissue  culture  treated  plates  (2,000  cells/well).  Plates  

were  incubated  at  37°C  with  5%  CO2.  Beginning  24  h  after  plating,  cells  were  incubated  

with  20  μL  MTT  (5  mg/mL)  for  4  h.  Medium  was  gently  removed  and  crystals  were  

dissolved  with  150  μL  solvent  (100%  isopropanol,  0.1%  w/vol  NP-40,  4  mM  HCl).  

Reduction  of  MTT  was  quantified  by  absorbance  at  590  nm  with  reference  at  620  nm  

using  an  automated  plate  reader  (BioTek).  

  

Avian  embryo  metastasis  assays  

Spontaneous  and  experimental  metastasis  experiments  were  performed  as  

described  previously  (167,  168).  In  accordance  with  the  Public  Health  Services  policy  

on  Humane  Care  and  Use  of  Laboratory  Animals,  Vanderbilt  Institutional  Animal  Care  

and  Use  Committee  (IACUC)  has  determined  that  avian  embryos  developmental  day  17  

and  younger  are  not  considered  vertebrate  animals  and  therefore  do  not  require  specific  

protocol  approval.  Vanderbilt  IACUC  has  reviewed  and  approved  the  following  

experimental  and  euthanasia  procedures.    

  

Ectopic  cell  titration  

   Fertilized  chicken  eggs  were  placed  in  a  37°C  incubator  at  55%  relative  humidity  

on  day  1  post-fertilization.  On  day  15  post-fertilization,  eggs  were  removed  from  the  

incubator,  the  eggshell  was  cut  in  half  along  the  long  axis,  chicks  were  dissected  from  

the  shell,  embryos  were  euthanized  by  decapitation,  and  sections  of  the  distal  CAM  

were  dissected  using  a  cork  borer.  HT1080  cells  stably  expressing  pRBow-RFP  were  

dissociated,  counted,  and  resuspended  in  sterile  0.9%  saline  at  2.5  x  105  or  2.5  x  104  

cells/mL.  A  suspension  of  25,000;;  12,500;;  6,250;;  3,125;;  2,500;;  1,250;;  625;;  or  312  cells  

was  ectopically  placed  on  dissected  CAM  sections  in  duplicate.  D-luciferin  (150  μg/mL)  

was  added  to  the  cell  suspension  and  luciferase  activity  was  quantified  using  a  digital  

gel  documentation  system  (G:Box;;  Syngene).    
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Ex  ovo  experimental  metastasis  (Intravenous  injection)  

   Fertilized  chicken  eggs  were  placed  in  a  37°C  incubator  at  55%  relative  humidity  

on  day  1  post-fertilization.  On  day  4  post-fertilization,  embryos  were  removed  from  their  

eggshell,  transferred  to  a  sterilized  square  polystyrene  weighing  dish,  covered  with  a  

square  petri  dish,  and  returned  to  the  incubator.  Day  10  embryos  were  injected  with  100  

μL  HT1080  pRBow-RFP  cell  suspension  (25,000;;  12,500;;  6,250;;  3,125;;  or  1,500  cells)  

and  returned  to  incubator  for  72  hours.  Day  13  embryos  were  injected  with  50  μL  D-

luciferin  (15  mg/mL)  and  luciferase  activity  was  quantified  using  a  digital  gel  

documentation  system  (G:Box;;  Syngene).    

  

In  ovo  spontaneous  metastasis  (Xenografting)  

   Fertilized  chicken  eggs  (Tyson  Foods,  Inc.,  Springdale,  Arkansas)  were  placed  in  

a  37°C  incubator  at  55%  relative  humidity  on  day  1  post-fertilization.  The  chorioallantoic  

membranes  (CAM)  of  day  10  embryos  were  dropped  away  from  the  eggshell  by  

displacing  the  air  cell.  HT1080  cells  stably  expressing  pRBow-BFP,  pRBow-Citrine,  or  

pRBow-RFP  were  dissociated,  counted,  and  resuspended  at  a  1:1:1  ratio  in  sterile  0.9%  

saline  at  20  x  106  cells/mL.  The  dropped  CAM  was  damaged  slightly  with  sterile  cotton  

tipped  swabs.  25  μL  of  cell  suspension  (500,000  cells)  were  placed  on  the  dropped  

CAM  and  eggs  were  returned  to  the  incubator.  After  5  days  of  growth,  embryos  were  

euthanized  by  decapitation,  xenografts  were  harvested,  the  eggshell  was  cut  in  half  

along  the  long  axis,  chicks  were  dissected  from  the  shell,  and  sections  of  the  distal  CAM  

were  dissected  using  a  cork  borer.  Xenografts  and  dissected  CAM  sections  were  

imaged  in  blue,  green  and  red  fluorescent  channels  using  stereo  microscope  

(Lumar.V12,  Zeiss,  Oberkochen,  Germany).  

  

Mouse  experimental  metastasis  assay  

Vanderbilt  IACUC  has  reviewed  and  approved  the  following  experimental  and  

euthanasia  procedures.  
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Intracardiac  injection  and  longitudinal  monitoring  

   Intracardiac  (IC)  injection  was  performed  as  described  previously  (ref).  Briefly,  

cells  were  dissociated,  counted  and  resuspended  at  1  x  106  cells/mL  in  sterile  PBS.  All  

six  MDA-MB-231  pRBow  cell  lines  were  mixed  at  equal  proportions  prior  to  injection.  

100  μL  cell  suspension  (100,000  cells)  were  injected  into  the  left  ventricle  of  Nude  mice.  

Beginning  72  hours  post  IC  injection,  skeletal  metastases  were  monitored  weekly  by  

detection  of  luciferase  expressing  cells  and  formation  of  bone  lesion  by  X-ray.  Whole  

animal  luminescent  imaging  was  performed  with  the  IVIS™  system  (Caliper  Life  

Sciences,  Hopkinton,  MA).  D-luciferin  (150  mg/kg  in  sterile  PBS,  Biosynth  International,  

Itasca,  IL)  was  delivered  via  intraperitoneal  injection  10  minutes  prior  imaging.  

Radiographic  images  (Faxitron  X-ray  Corp,  Lincolnshire,  IL,  USA)  were  obtained  using  

an  energy  of  35  kV  and  an  exposure  time  of  8  seconds.  

  

Sample  harvest  and  preparation  

   Animals  were  euthanized  upon  meeting  end  point  criteria.  Lung,  liver,  brain,  long  

bones,  skull,  mandible,  spine,  and  pelvis  were  harvested.  Muscle  tissue  was  dissected  

from  bones  before  ex  vivo  spectral  imaging  (see  below)  of  all  samples.  After  ex  vivo  

imaging,  soft  tissue  and  bone  tissues  were  minced  with  a  clean  razor  blade  and  

digested  for  1.5  h  at  37℃  in  digestion  buffer  (2  mg/mL  collagenase  Type  II,  100  U/mL  

Hyaluronidase  in  antibiotic  free  complete  medium).  As  necessary,  long  bones  were  

flushed  with  saline  using  syringe  fitted  with  18G  needle  to  extract  bone  marrow  prior  to  

digest.  Digested  samples  were  strained  through  70  μm  mesh  filters  to  remove  

undigested  portions.  Red  blood  cells  were  lysed  with  RBC  lysis  buffer  (Biolegend,  San  

Diego,  California).  Cells  were  stained  with  Alexa-647  conjugated  anti-hCD151  (1A5,  

(201))  to  label  human  cells,  and  Zombie  NIR  Viability  Dye  (Biolegend).    

  

Spectral  imaging  

   Samples  were  imaged  using  Maestro™  multispectral  imaging  system  (CRi,  

Woburn,  Massachusetts).  Fluorescence  emission  was  acquired  in  10  nm  steps  from  

500  to700  nm.  Spectral  library  was  established  using  pure  cell  populations  and  

unlabeled  mouse  tissue,  as  necessary,  with  CPS™  (Compute  Pure  Spectrum)  software.  
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Quantitative  spectral  unmixing  was  performed  with  RCA™  (Real  Component  Analysis)  

software.    

  

Flow  cytometry  

   All  data  was  acquired  using  a  Beckton  Dickinson  LSR  Fortessa  Special  Order  

Research  Product  (SORP)  (La  Jolla,  California)  with  indicated  filter  configuration  (Table  

7).  During  data  acquisition  10,000  single  tumor  cells  were  collected  from  each  tumor  

sample,  when  available.  If  10,000  tumor  cells  were  not  available,  the  entire  tumor  was  

acquired  for  analysis.  All  gated  analysis  of  tumor  samples  was  performed  using  FlowJo  

(Tree  Star,  Inc.,  Ashland,  Oregon).  Tumor  cells  were  identified  initially  by  their  forward  

(FSC-A)  and  side  (SSC-A)  laser  scatter  properties.  Doublet  discrimination-based  gating  

was  used  to  identify  single  cells.  Zombie  NIR  was  plotted  against  Alexa  647-conjugated  

anti-hCD151  to  further  specify  viable  human  tumor  cells.  Each  sample  was  then  

analyzed  for  the  presence  of:  BFP,  Cerulean,  GFP,  Citrine,  RFP,  or  mKate  (Fig.  37).  

The  proportion  of  all  cells  expressing  a  fluorescent  protein  was  analyzed  and  reported  

per  sample  in  heat  map  form.  

     

Results  

  

pRainbow  labeling  vectors  offer  both  longitudinal  and  endpoint  monitoring  of  up  to  6  

unique  populations  

   We  constructed  a  panel  of  labeling  vectors,  called  pRainbow  (pRBow)  using  the  

MultiSite  Gateway  vector  recombination  system  (ThermoFisher).  The  vectors  are  

composed  of  3  core  sections:  A.  firefly  luciferase  gene,  B.  P2A  sequence,  C.  fluorescent  

protein  (FP)  gene  on  the  pLenti6.2/V5-DEST  lentiviral  backbone  (ThermoFisher)  with  

CMV  promotor  (Fig.  32a).  Longitudinal,  noninvasive  bioluminescent  monitoring  of  tumor  

burden  is  made  possible  with  expression  of  firefly  luciferase,  while  expression  of  one  of  

six  FPs  allows  for  labeling  and  identification  of  up  to  six  unique  populations.  The  two  

genes  are  separated  by  self-cleaving  P2A  peptide  sequence  to  promote  equal  

expression  of  both  genes  (236,237).  Stable  expression  of  these  labeling  vectors  has  no  

impact  on  proliferation  rate  (Fig.  32b).    
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Table  7.  Filter  setup  for  flow  cytometry.  Instrument  configuration  for  flow  cytometry  data  acquisition.  

Table 1 
(Table 7)
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Figure  32.  pRainbow  design  and  validation.  (a)  Schematic  depicting  pRainbow  (pRBow)  vector  design.  
Luc.:  luciferase;;  FLuc:  firefly  luciferase.  (b)  In  vitro  proliferation  of  MDA-MB-231  cells  stably  expressing  
one  of  the  six  pRBow  vectors  as  indicated,  measured  by  MTT  reduction.    
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   Despite  overlapping  emission  spectra  of  the  six  FPs  (Fig.  33a),  advances  in  

spectral  imaging  and  flow  cytometry  technology  allow  for  unique  identification  of  each  

FP  by  different  modalities.  Using  the  Maestro™  spectral  imaging  system,  we  are  able  to  

uniquely  identify  four  populations.  Due  to  physical  limits  of  the  instrument,  emission  

spectra  below  500  nm  are  not  well  tolerated.  Therefore,  BFP  is  not  detectable  and  GFP  

and  Cerulean  show  some  overlap  (Fig.  33b).  In  our  system,  GFP,  Citrine,  RFP  and  

mKate2  are  the  best  FPs  for  imaging  with  the  Maestro™  spectral  imaging  system.    

   We  next  tested  the  unique  identification  of  each  FP  by  flow  cytometry.  Using  the  

filter  configuration  described  in  Table  7,  we  were  able  to  uniquely  identify  each  of  the  six  

FP  (Fig.  33c,  single  color).  To  confirm  that  there  was  no  overlap  in  detection  of  each  FP,  

we  also  examined  fluorescence  minus  one  (FMO)  samples,  where  each  sample  is  

composed  of  five  of  the  six  FPs,  systematically  removing  one  FP  at  a  time.  Using  this  

approach,  we  confirmed  that  each  FP  was  uniquely  identifiable  by  flow  cytometry  (Fig  

33c,  FMO).    

  

Prolonged  proliferation  in  the  absence  of  antibiotic  selection  stabilizes  pRBow  

expression  

   Stable  cells  lines  were  established  by  lentiviral  transduction,  antibiotic  selection  

with  blasticidin,  followed  by  fluorescent  activated  cell  sorting  (FACS)  for  the  top  25%  of  

the  fluorescent  population.  Longitudinal  monitoring  of  pRBow  FP  expression  in  stable  

MDA-MB-231  cells  after  recovery  from  cryopreservation  showed  that  the  percent  of  FP  

expressing  cells  dropped  for  3  weeks  and  subsequently  stabilized  (Fig.  34a).  Because  

these  cell  lines  were  grown  in  the  absence  of  blasticidin,  we  tested  if  treatment  with  

blasticidin  would  restore  pRBow  expression  in  the  negative  population.  Following  one  

week  of  blasticidin  treatment,  the  percent  of  FP  cells  increased  in  each  stable  pRBow  

cell  line  (Fig.  34b).  There  was  no  significant  increase  in  cell  death  for  blasticidin  treated  

versus  untreated  cells  (data  not  shown).  We  hypothesized  that  the  negative  population  

had  not  lost  the  pRBow  vector,  but  shut  down  its  expression,  and  that  culture  in  

blasticidin  artificially  enhanced  expression  of  the  pRBow  vector.  Therefore,  we  tested  

the  stability  of  FP  expression  in  the  pRBow  cell  lines  after  prolonged  culture  in  the  

absence  of  blasticidin.  The  expression  of  pRBow  FP  was  indeed  stable  after  5  weeks  of  
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Figure  33.  pRainbow  vectors  are  uniquely  identifiable  by  spectral  imaging  and  flow  cytometry.  (a)  
excitation  and  emission  spectra  of  each  fluorescent  protein  in  pRBow  vector  library,  extracted  from  
https://www.chroma.com/spectra-viewer.  (b)  Spectral  imaging  and  subsequent  separation  of  HEK293T  
cells  transiently  transfected  with  indicated  pRBow  vectors.  (c)  Heat  map  of  fluorescent  protein  signal  from  
single  color  controls  and  fluorescence  minus  one  (FMO)  controls  as  detected  by  flow  cytometry.     
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Figure  34.  Expression  of  pRBow  vector  is  stable  following  three  week  hiatus  from  blasticidin  
selection.  (a)  Longitudinal  analysis  of  MDA-MB-231  cells  stably  expressing  the  indicated  pRBow  vector  
following  recovery  from  cryopreservation.  Percent  of  fluorescent  positive  cells  determined  by  flow  
cytometry.  Cells  were  grown  in  the  absence  of  blasticidin.  (b)  Percent  of  fluorescent  positive  MDA-MB-
231  cells  stably  expressing  indicated  pRBow  vector  with  and  without  one  week  of  treatment  with  
blasticidin  (25  µg/mL).  (c)  Longitudinal  analysis  of  MDA-MB-231  cells  stably  expressing  indicated  pRBow  
vector.  Percent  of  fluorescent  positive  cells  determined  by  flow  cytometry.  Cells  were  grown  in  the  
absence  of  blasticidin  for  the  indicated  time.  (d)  Longitudinal  analysis  of  MDA-MB-231  cells  stably  
expressing  indicated  pRBow  vector  after  fluorescence-activated  cell  sorting  (FACS)  following  growth  in  
absence  of  blasticidin  for  three  weeks.  Percent  of  fluorescent  positive  cells  determined  by  flow  cytometry.  
Cells  were  grown  in  the  absence  of  blasticidin.  (e)  Schematic  depicting  timeline  and  outcome  of  selection  
with  and  without  blasticidin  hiatus.     

Pre-Sort W0

0 2 4

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week

%
 F

P
 P

os
iti

ve

Post-Sort Top 25%

2 4 6

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week

%
 F

P
 P

os
iti

ve

Pre-Sort W8

8 10 12

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week

%
 F

P
 P

os
iti

ve

Post-Sort Bottom 75%

2 4 6

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week

%
 F

P
 P

os
iti

ve

c. d.

Pre-Sort Blasticidin

BFP Cer GFP Citrine RFP mKate
0

20

40

60

80

100
-Bla
+Bla

%
 F

P
 P

os
iti

ve

Pre-Sort Blasticidin

BFP Cer GFP Citrine RFP mKate
0

20

40

60

80

100
-Bla
+Bla

%
 F

P
 P

os
iti

ve

Blasticidin Treatment

Pre-Sort W0

0 2 4

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week

%
 F

P
 P

os
iti

ve

Post-Sort Top 25%

2 4 6

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week

%
 F

P
 P

os
iti

ve

Pre-Sort W8

8 10 12

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week

%
 F

P
 P

os
iti

ve

Post-Sort Bottom 75%

2 4 6

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week

%
 F

P
 P

os
iti

ve

8 weeks in culture Post FACS

Pre-Sort W0

0 2 4

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week

%
 F

P
 P

os
iti

ve

Post-Sort Top 25%

2 4 6

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week

%
 F

P
 P

os
iti

ve

Pre-Sort W8

8 10 12

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week

%
 F

P
 P

os
iti

ve

Post-Sort Bottom 75%

2 4 6

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week

%
 F

P
 P

os
iti

ve

Fresh from freezera. b.

Supp. Figure 2 
Fig 34

Pre-Sort W0

0 2 4

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week
%

 F
P

 P
os

iti
ve

Post-Sort Top 25%

2 4 6

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week

%
 F

P
 P

os
iti

ve

Pre-Sort W8

8 10 12

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week

%
 F

P
 P

os
iti

ve

Post-Sort Bottom 75%

2 4 6

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week

%
 F

P
 P

os
iti

ve

c. d.

3 wks 6 wks 9 wks 12 wks

F
A
C
S

Transduce Select w/ Bla

Expand w/ Bla Expand & Culture w/o Bla

F
A
C
S

Expand & Culture w/o Bla Expand & Culture w/o Bla

50-80% Pos 
population

>90% Pos 
population

OutputSecondary SelectionPrimary selection
e.

Pre-Sort Blasticidin

BFP Cer GFP Citrine RFP mKate
0

20

40

60

80

100
-Bla
+Bla

%
 F

P
 P

os
iti

ve

Pre-Sort Blasticidin

BFP Cer GFP Citrine RFP mKate
0

20

40

60

80

100
-Bla
+Bla

%
 F

P
 P

os
iti

ve

Blasticidin Treatment

Pre-Sort W0

0 2 4

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week

%
 F

P
 P

os
iti

ve

Post-Sort Top 25%

2 4 6

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week

%
 F

P
 P

os
iti

ve

Pre-Sort W8

8 10 12

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week

%
 F

P
 P

os
iti

ve

Post-Sort Bottom 75%

2 4 6

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week

%
 F

P
 P

os
iti

ve

8 weeks in culture Post FACS

Pre-Sort W0

0 2 4

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week

%
 F

P
 P

os
iti

ve

Post-Sort Top 25%

2 4 6

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week

%
 F

P
 P

os
iti

ve

Pre-Sort W8

8 10 12

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week
%

 F
P

 P
os

iti
ve

Post-Sort Bottom 75%

2 4 6

40

60

80

100
BFP
Cer
GFP
Citrine
RFP
mKate

Week

%
 F

P
 P

os
iti

ve

Fresh from freezera. b.
Supp. Figure 2

e.



 119  

growth  in  the  absence  of  blasticidin  treatment  (Fig.  34c).  This  phenomenon  suggested  

that  the  increase  in  non-fluorescent  cells  observed  after  recovery  from  cryopreservation  

was  not  due  to  expansion  of  a  vector  negative  population,  but  is  more  likely  due  to  

silencing  of  the  vector  in  a  subpopulation.  FACS  following  an  extended  (4  week)  

blasticidin  hiatus  resulted  in  cell  lines  stably  expressing  the  pRBow  vectors  in  >90%  of  

the  cell  population  even  after  6  weeks  of  growth  in  the  absence  of  blasticidin  (Fig.  34d).  

Taken  together,  these  data  suggest  that  the  most  effective  method  of  stable  cell  line  

production  includes  a  prolonged  blasticidin  hiatus  prior  to  FACS  (Fig.  34e).  

  

Metastasis  in  the  avian  embryo  model  is  efficiently  and  simply  quantifiable  using  cells  

expressing  pRBow  vectors  

   The  avian  embryo  model  is  an  effective  tool  for  efficient  in  vivo  study  of  

angiogenesis  and  tumor  cell  motility  and  metastasis  (238).  However,  quantification  of  

metastasis  in  the  avian  embryo  model  by  human  alu  PCR  (167)  is  both  time  and  

resource  consuming.  We  hypothesized  that  the  pRBow  labeling  vector  could  improve  

quantification  of  metastasis  in  the  avian  embryo  metastasis  models.  To  test  this  

hypothesis,  we  analyzed  the  luciferase  activity  of  HT1080  cells  stably  expressing  

pRBow-RFP  after  ectopic  placement  on  dissected  sections  of  chorioallantoic  membrane  

(CAM).  The  luciferase  activity  of  these  cells  linearly  correlated  with  cell  number  (Fig.  

35a,  r2=0.9869),  indicating  that  luciferase  activity  could  be  used  as  a  surrogate  for  cell  

number  in  this  model.    

   We  next  tested  the  use  of  luciferase  activity  as  a  reporter  of  metastatic  burden  in  

the  ex  ovo  experimental  metastasis  avian  embryo  model.  Shell-less  embryos  were  

injected  with  increasing  numbers  of  HT10080  pRBow-RFP  cells  into  the  allantoic  vein.  

After  72  h  growth,  whole  animal  luciferase  activity  was  measured.  As  expected,  the  

number  of  luciferase  positive  colonies  increased  exponentially  with  the  number  of  cells  

injected  (Fig.  35b,  R2=  0.9391).  These  data  support  the  use  of  luciferase  activity  as  a  

surrogate  marker  for  metastastic  burden  in  the  avian  embryo  model.    

   Finally,  we  examined  spontaneous  metastasis  by  seeding  tri-color  (pRBow-BFP,  

Citrine,  or  RFP)  xenografts  (Fig.  35c,  i)  and  detecting  metastasis  to  the  distal  CAM  

using  fluorescent  microscopy.  We  confirmed  that  we  were  able  to  effectively  detect  
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Figure  35.  Metastasis  in  the  avian  embryo  model  is  efficiently  and  simply  quantifiable  using  cells  
expressing  pRBow  vectors.  (a)  Quantification  of  experimental  metastasis  of  HT1080  cells  stably  
expressing  pRBow-RFP  vector  using  luciferase  activity.  (b)  Quantification  of  luciferase  activity  in  HT1080  
cells  stably  expressing  pRBow-RFP  ectopically  placed  on  dissected  avian  embryo  CAM.  (c)  Fluorescent  
imaging  of  primary  tumor  (i)  and  spontaneous  metastases  (ii-iv)  using  avian  embryo  model  of  
spontaneous  metastasis  with  HT1080  cells  stably  expressing  pRBow-BFP,  pRBow-Citrine,  or  pRBow-
RFP.  Higher  magnification  image  corresponds  with  dashed  outline.     
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metastatic  colonies  by  epifluorescence  (Fig.  35C,  ii-iv).  Interestingly,  we  also  observed  

several  multi-colored  metastatic  colonies  (Fig.  35c,  ii’-iv’),  suggesting  that  these  

colonies  were  seeded  by  multiple  tumor  cells,  in  other  words,  were  polyclonal.  

Therefore,  we  then  investigated  the  clonality  of  metastasis  using  the  full  panel  of  pRBow  

MDA-MB-231  cells  in  a  nude  mouse  model  of  skeletal  metastasis.    

  

Breast  cancer  metastasis  to  bone  is  a  polyclonal  process  

   To  examine  the  clonality  of  breast  cancer  metastasis,  equal  portions  of  each  MDA-

MB-213  pRBow  cell  line  were  combined  and  injected  into  nude  mice  via  intracardiac  

injection  (Fig.  36a).  Tumor  burden  was  monitored  longitudinally  by  bioluminescence.  At  

end  point,  soft  tissue  and  bone  were  analyzed  by  ex  vivo  spectral  imaging.  

Representative  images  showing  colocalization  of  several  distinct  pRBow  populations  

within  the  same  lesions  are  displayed  (Fig.  36b).  Similarly,  single  cell  analysis  by  flow  

cytometry  (Fig.  37)  detected  more  than  one  pRBow  label  in  the  majority  of  tissues  

collected  (Fig.  36c).  Across  all  mice,  75%  of  samples  collected  contained  cells  from  

more  than  one  pRBow  cell  line,  as  detected  by  flow  cytometry.  Furthermore,  nearly  50%  

of  all  samples  contained  three  or  more  pRBow  cell  lines  (Fig.  36d).    

   Of  note,  we  also  demonstrate  that  proper  processing  of  bone  metastases  is  

required  for  complete  detection  of  all  tumor  cell  subpopulations  (Fig.  38a).  The  standard  

protocol  to  examine  tumor  burden  in  long  bong  tissue  samples  is  by  bone  marrow  flush.  

However,  we  demonstrate  that  this  technique  inefficiently  extracts  long  bone  

metastases  (Fig.  38b).  Extracting  bone  metastases  by  whole  bone  digest  provides  a  

more  accurate  representation  of  the  tumor  heterogeneity  of  bone  metastasis  (Fig.  38c).  

Together,  these  data  indicate  that  breast  cancer  metastases  are  often  polyclonal,  as  

demonstrated  by  the  presence  of  more  than  one  pRBow  label  in  the  majority  of  

analyzed  samples.    
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Figure  36.  Breast  cancer  metastasis  to  bone  is  a  polyclonal  process.  (a)  Schematic  depicting  
experimental  design.  (b)  Ex  vivo  spectral  imaging  of  bones  from  representative  mouse.  Insets  show  
examples  of  polyclonal,  multicolored  metastases.  Signal  colocalization  is  indicated  by  blue  shading.  (c)  
Representative  heat  maps  of  color  distribution  in  indicated  sample.  (d)  Distribution  of  clonality  across  all  
samples  in  all  mice.  Samples  containing  cells  from  two  or  more  pRBow  populations  were  considered  
polyclonal.  Only  pRBow  populations  contributing  10%  or  more  of  the  total  sample  population  were  
considered  for  determination  of  clonality.     



 123  

  
  
Figure  37.  Gating  schematic  for  flow  cytometry  protocol.  pRBow  labeled  tumor  cells  were  identified  
by  flow  cytometry  as  follows:  (I.)  Cells  were  discriminated  from  debris  by  forward  (FSC-A)  and  side  (SSC-
A)  laser  scatter  properties,  (II.)  single  cells  were  identified  by  doublet  discrimination-based  gating,  (III.)  
human  cells  were  identified  with  Alexa  647-conjugated  anti-hCD151  antibody  and  viable  cells  
discriminated  using  Zombie  NIR  viability  dye,  (IV.)  pRbow  label  of  live  human  tumor  cells  was  identified,  
(V.)  percent  of  each  pRBow  population  was  calculated  for  each  sample.     
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Figure  38.  Whole  bone  digest  extracts  subpopulations  more  completely  than  bone  marrow  flush.  
(a)  Heat  map  of  color  distribution  for  samples  comparing  bone  marrow  flush  (_Flush)  to  subsequent  whole  
bone  digest.  (b)  Ex  vivo  spectral  imaging  of  long  bones  before  and  after  bone  marrow  flush.  (c)  
Distribution  of  clonality  for  bone  marrow  flush  alone  versus  subsequent  whole  bone  digest.  Samples  
containing  cells  from  two  or  more  pRBow  populations  were  considered  polyclonal.  Only  pRBow  
populations  contributing  10%  or  more  of  the  total  sample  population  were  considered  for  determination  of  
clonality.  
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Discussion  

  

   Here,  we  describe  a  novel  tool  for  labeling,  tracking  and  quantifying  multiple  cell  

populations  in  vitro  and  in  vivo.  We  demonstrate  the  usefulness  of  pRBow  in  several    

commonly  used  models  with  several  accessible  analytical  instruments.  Finally,  we  use  

pRBow  to  demonstrate  that  metastasis  commonly  occurs  in  a  polyclonal  fashion,  

whereby  multiple  cells  seed  a  single  metastasis,  in  two  separate  animal  models.    

   In  our  breast  cancer  model,  our  conclusion  that  breast  cancer  metastasis  to  bone  

is  polyclonal  process  would  be  supported  by  microscopic  in  situ  analysis  of  individual  

lesion  composition,  rather  than  the  whole  bone  analysis  presented  here.  mportantly,  

however,  our  data  confirm  the  conclusions  of  Ewald,  et  al.  (34),  that  breast  cancer  

metastasis  is  a  polyclonal  process.  Additionally,  our  data  raise  the  questions  1)  Is  

spontaneous  breast  cancer  metastasis  similarly  polyclonal?  2)  Is  polyclonality  of  

metastasis  increased  over  time  by  reseeding  of  established  metastases?  

   These  data  show  that  the  pRBow  barcoding  system  is  an  accessible  tool  for  

tracking  and  analyzing  multiple  cell  populations  in  vivo.  These  data  also  present  a  base  

on  which  pRBow  can  be  expanded  and  developed  to  investigate  more  complex  

questions  of  metastasis.  For  example,  multiphoton  microscopy,  when  available,  can  be  

utilized  for  both  realtime,  intravital  tracking  as  well  as  end-point  quantification  of  pRBow  

labeled  cell  populations.  Moreover,  because  investigators  can  sort  cell  populations  by  

the  pRBow  fluorescent  tag,  each  subpopulation  can  then  be  further  analyzed  for  gene  

expression  using  techniques  such  as  mass  cytometry  (239)  for  single  cell  analysis,  or  

quantitative  polymerase  chain  reaction,  for  population  level  analysis.    

   In  conclusion,  pRainbow  is  a  dynamic  and  useful  tool  for  the  investigation  of  

heterogeneous  processes  such  as  metastasis.  Utilization  and  expansion  of  this  tool  has  

the  potential  to  address  previously  unanswerable  questions  in  the  field  of  metastasis.     
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