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CHAPTER	  1	  

INTRODUCTION	  

	  

Overview	  

Breast	   cancer	   persists	   as	   the	   second	   leading	   cause	   of	   cancer	   related	   deaths	   of	  

women	   in	   the	   United	   States	   despite	   advancements	   in	   early	   diagnosis	   and	  

therapeutic	   treatments.	   	   Metabolic	   reprogramming	   is	   a	   hallmark	   of	   cancer	   and	  

contributes	  to	  the	   initiation	  and	  progression	  of	  breast	  carcinomas	  by	  providing	  the	  

molecular	   ‘building	  blocks’	   that	   sustain	   viability	   and	   rapid	  proliferation.	   	   Enhanced	  

glycolysis	   coupled	  with	  an	   increase	   in	  glucose	  consumption	  was	  originally	  believed	  

to	   be	   the	   primary	   mechanism	   of	   aberrant	   metabolism.	   However,	   as	   the	   field	   of	  

tumor	  metabolism	  has	   expanded,	  we	  now	  know	  glutamine	   also	   serves	   as	   a	  major	  

nutrient	  source	   for	   tumor	  cells	  and	  that	  oncogenes	  can	  directly	   regulate	   the	  many	  

branches	   of	   cell	   metabolism.	   	   EPHA2	   receptor	   tyrosine	   kinase	   has	   recently	   been	  

recognized	  as	  a	  major	  contributor	  to	  the	  initiation	  and	  metastatic	  spread	  of	  several	  

cancers,	   including	   breast.	   	   Overexpression	   of	   EPHA2	   is	   observed	   in	   breast	   cancer	  

patient	  samples	  and	  correlates	  with	  poor	  prognosis	  and	  decreased	  survival.	  A	  unique	  

characteristic	  of	  EPHA2	  is	  its	  ability	  to	  function	  as	  either	  a	  tumor	  promoter	  or	  tumor	  

suppressor	  depending	  on	  whether	  it	  is	  bound	  to	  its	  preferential	  ligand,	  ephrin-‐A1.	  	  In	  

the	   absence	   of	   ephrin-‐A1,	   EPHA2	   becomes	   overexpressed	   and	   signals	   in	   a	   ligand-‐

independent	   manner	   that	   confers	   growth	   and	   motility.	   	   Although	   EPHA2	   has	  

oncogenic	   potential	   and	   signals	   through	   several	   oncotargets,	   the	   role	   of	   EPHA2/	  

ephrin-‐A1	   in	   tumor	   metabolism,	   specifically	   in	   breast	   cancer,	   has	   yet	   to	   be	  

elucidated.	   	  Herein,	  we	  describe	  the	  first	   functional	  evidence	  that	   links	  EPH/ephrin	  

signaling	  to	  tumor	  cell	  metabolism.	  	  We	  used	  genetic,	  molecular	  and	  pharmacologic	  

approaches	   to	   interrogate	   the	   mechanisms	   by	   which	   EPHA2	   ligand-‐independent	  
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signaling	  promotes	  tumorigenesis	  in	  the	  absence	  of	  its	  prototypic	  ligand,	  ephrin-‐A1.	  	  

We	   discovered	   that	   the	   loss	   of	   ephrin-‐A1	   leads	   to	   enhanced	   EPHA2	   activity	   that	  

augments	  glutamine	  metabolism	  and	   lipid	  accumulation	  to	  promote	  tumor	  growth	  

in	  a	  HER2-‐positive	  model	  of	  breast	  cancer.	  	  Our	  data	  suggests	  that	  this	  upregulation	  

of	   glutaminolysis	   is	   attributed	   to	   increased	   RhoA-‐dependent	   glutaminase	   activity.	  	  

Furthermore,	   the	  work	   herein,	   also	   highlights	   ephrin-‐A1	   as	   a	   diagnostic	  marker	   in	  

some	   subtypes	   of	   breast	   cancer	   and	   presents	   EPHA2	   as	   a	   potential	   therapeutic	  

target	  in	  carcinomas	  that	  are	  dependent	  on	  glutaminolysis.	  	  

	  

BREAST	  CANCER	  

Breast	  cancer	  remains	  the	  second	  leading	  cause	  of	  cancer-‐related	  deaths	  in	  women	  

in	   the	  United	  States	  with	  an	  estimated	  40,000+	  death	  per	  year	   [1].	   Though	  breast	  

cancer	   can	   also	   arise	   in	  men,	   it	   occurs	   about	  once	   in	   every	  100	   cases	  of	   reported	  

diagnoses	   [1].	   	   Environmental	   factors	   such	   as	   body	   mass	   index,	   hormone	  

replacement	   therapy	  and	  age	  are	  all	   linked	   to	  elevated	   risk,	  however	  much	  of	   the	  

data	   that	   link	   environmental	   risk	   and	   breast	   cancer	   remain	   largely	   correlative	   [2].	  

The	   identification	   of	   germline	  mutations	   in	   the	   breast	   cancer	   susceptibility	   genes,	  

BRCA1	  and	  BRCA2,	  introduced	  that	  some	  women	  have	  an	  inherited	  predisposition	  to	  

breast	  cancer	  [3],	  yet	  approximately	  85%	  of	  women	  diagnosed	  with	  malignancies	  of	  

the	   breast	   have	   no	   first	   degree	   familial	   history	   of	   the	   disease	   [4,	   5].	   	   Thus	   the	  

overexpression,	  deletion,	  or	  somatic	  mutations	  of	  critical	  growth	  regulating	  proteins	  

can	   also	   significantly	   attribute	   to	   the	   transformation	   of	   mammary	   cells,	   tumor	  

maintenance	  and	  metastatic	  spread.	  	  

	  

Though	   the	   term	   ‘breast	   cancer’	   describes	   all	   neoplastic	   formations	   of	   the	  breast,	  

breast	  cancer	  is	  comprised	  of	  a	  variety	  of	  subtypes	  that	  are	  classified	  by	  their	  tissue	  

of	  origin,	  histological	  appearance	  and	  molecular	  characteristics.	  	  Approximately	  95%	  

of	  breast	  cancers	  are	  carcinomas	  and	  arise	  from	  the	  epithelial	  cells	  within	  the	  	  
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Figure	   1.1	   Histomorphological	   changes	   in	  mammary	   ductal	   tissue.	   	   Normal	   ductal	   tissue	  
(left);	   ductal	   carcinoma	   in	   situ	   (DCIS)	   displays	   neoplastic	   growth	   confined	   to	   the	   ductal	  
region	  (middle);	  invasive	  ductal	  carcinoma	  (IDC)	  displays	  neoplastic	  growth	  that	  has	  invaded	  
the	  surrounding	  tissue	  (right)	  (Adapted	  from	  [6].	  	  
	  

	  

glandular	   tissue	   of	   the	   breast.	   	   Because	   the	   carcinoma	   arises	   from	   the	   glandular	  

tissues,	   it	  can	  also	  be	  referred	  to	  as	  adenocarcinoma.	  A	  small	  percentage	  of	  breast	  

cancers	  are	  sarcomas	  and	  these	  arise	  from	  the	  surrounding	  muscular	  or	  connective	  

tissues.	  	  	  	  

	  

Mammary	   carcinomas	   are	  primarily	   classified	  by	   their	   histological	   appearance	   and	  

by	   their	   molecular	   characteristics.	   	   In	   histological	   classification,	   the	   carcinoma	   is	  

classified	  by	   its	  tissue	  or	  cellular	  origin,	  such	  that	  ductal	  carcinoma	  originates	  from	  

the	   inner	   lining	   epithelium	   of	   the	   ducts,	   and	   lobular	   carcinoma	   originates	   from	  

lobules	  that	  supply	  the	  ducts	  with	  milk.	  They	  are	  further	  categorized	  by	  whether	  the	  

carcinoma	  is	  limited	  to	  the	  epithelial	  region	  (in	  situ)	  or	  whether	  is	  has	  invaded	  into	  

the	  surrounding	  stromal	  tissue	  (invasive)	  (Figure	  1.1).	  Ductal	  carcinomas	  remain	  the	  

most	   diagnosed	   subtype	   of	   breast	   cancer	   and	   invasive	   ductal	   carcinoma	   (IDC)	  

accounts	   for	   approximately	   55-‐80%	   of	   all	   breast	   cancers	   at	   the	   time	   of	   diagnosis.	  	  

Due	   to	   the	   heterogeneity	   of	   all	   cancers,	   including	   breast,	   these	   carcinomas	   are	  

further	   categorized	   based	   on	  molecular	   subtype.	   	   Currently,	   there	   are	   four	  major	  

molecular	   subtypes	   of	   breast	   cancer:	   i)	   Luminal	   A,	   ii)	   Luminal	   B,	   iii)	   Triple	  
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Negative/Basal-‐like,	  and	   iv)	  HER2	  type.	   	  These	  subtypes,	  as	  highlighted	   in	  TABLE	  1,	  

are	  categorized	  by	  their	  protein	  expression	  patterns	  of	  progesterone	  receptor	  (PR),	  

estrogen	   receptor	   (ER),	  HER2	   receptor,	   and	  whether	   they	  exhibit	   a	  high	  degree	  of	  

positive	   Ki67	   staining.	   	   	   There	   are	   several	   smaller	   subtypes	   reported	   and	   with	  

increased	   research	   it	   can	   be	   expected	   that	   additional	   molecular	   subtypes	   will	  

emerge.	  	  

	  

TABLE	  1.1	  Breast	  cancer	  molecular	  subtypes	  

	  

	  

Metabolic	  Reprogramming	  of	  Tumor	  Cells	  

In	   the	  early	  1900’s	  Otto	  Warburg	  described	   the	  phenomenon	   in	  which	   tumor	  cells	  

utilize	  glucose	  in	  a	  manner	  different	  from	  non-‐cancerous	  cells.	  	  Non-‐cancerous	  cells	  

convert	   glucose	   to	   lactate	   primarily	   under	   hypoxic	   conditions;	   yet,	   cancer	   cells	  

perform	   this	   conversion	   despite	   adequate	   oxygen	   [13,	   14].	   	   This	   body	   of	   work	  

launched	  decades	  of	  investigation	  into	  the	  mechanisms	  of	  how	  tumor	  cells	  are	  able	  

Molecular	  
Subtype	  

Receptor	  Status	   Prevalence	   Reference	  

Luminal	  A	   -‐ER+	  and/or	  PR+	  
	  	  	  	  	  	  	  -‐HER2	  negative	  
	  	  	  	  	  	  	  -‐Low	  Ki67	  

40-‐70%	   [7,	  8]	  

Luminal	  B	   -‐ER+	  and/or	  PR+	  
-‐HER2+	  or	  High	  Ki67	  

10-‐20%	   [7,	  8]	  

Triple	  
Negative/Basel-‐
like	  	  

-‐ER	  negative	  
-‐PR	  negative	  
-‐HER2	  negative	  

15-‐20%	   [7,	  9-‐11]	  

HER2	  type	   -‐ER	  negative	  
-‐PR	  negative	  
-‐HER2+	  

10-‐20%	   [7,	  10,	  12]	  
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to	  utilize	  major	  nutrients	  to	  generate	  energy	  and	  ‘building	  blocks’	  to	  support	  tumor	  

cell	  viability	  and	  proliferation.	   	  We	  now	  know	  that	  glucose	   is	  not	   the	  only	  nutrient	  

that	   tumor	   cells	   use	   for	   energy.	   	   Studies	   have	   revealed	   glutamine	   and	   lipids	   also	  

serve	  as	  critical	  nutrient	  sources	  for	  tumor	  cells	  [15-‐17].	  	  Because	  of	  their	  molecular	  

structure,	   these	   molecules	   can	   serve	   as	   a	   rich	   nitrogen	   source	   for	   purine	   and	  

pyrimidine	  synthesis	  and	  can	  also	  provide	  critical	   intermediates	  for	  ATP	  generation	  

[16].	  	  As	  the	  field	  of	  tumor	  metabolism	  has	  continued	  to	  broaden,	  researchers	  have	  

also	   discovered	   that	   several	   oncogenes	   are	   at	   the	   epicenter	   of	   metabolic	  

reprogramming	   [18-‐20].	   	   	   For	   example,	   the	   PI3K/AKT/mTOR	   and	   RAS/MAPK	  

pathways	   have	   both	   been	   implicated	   in	   metabolism	   reprogramming	   [19,	   21,	   22].	  	  

This	  discovery	  has,	   indeed,	  enhanced	  our	  understanding	  of	   tumor	  metabolism	  and	  

has	  provided	  additional	  insight	  into	  the	  mechanism	  in	  which	  oncogenes	  regulate	  cell	  

growth.	  	  

	  

Glycolysis	  

In	  healthy	  and	  non-‐proliferating	  cells,	  ATP	  generation	  primarily	  relies	  on	  the	  highly	  

efficient	  mitochondrial	  process	  of	  substrate	  oxidation	  in	  the	  TCA	  cycle	  and	  electron	  

transport-‐coupled oxidative	  phosphorylation	  (OXPHOS).	  	  	  In	  this	  process,	  glucose	  is	  
catabolized	   to	   pyruvate,	   which	   then	   enters	   the	   mitochondria.	   Pyruvate	   is	   then	  

oxidized	  to	  acetyl-‐CoA	  and	  is	  combined	  with	  oxaloacetate	  to	  enter	  the	  TCA	  cycle	  and	  

undergo	  OXPHOS.	  	   

Oxidative	  phosphorylation:	  	  

Glucose	  →	  Pyruvate	  →	  Acetyl-‐CoA	  →	  TCA	  cycle/OXPHOS	  →	  36	  ATP	  

In	  the	  event	  of	  hypoxia,	  rather	  than	  entering	  the	  mitochondria,	  pyruvate	  is	   instead	  

reduced	  to	  lactate	  by	  the	  enzyme	  lactate	  dehydrogenase	  (LDH).	  	  Proliferating	  tumor	  

cells,	   however,	   shift	   their	   bioenergetics	   to	   glycolysis	   as	   means	   to	   support	  

macromolecule	  duplication	  even	  under	  aerobic	  conditions,	  a	  process	  also	  referred	  to	  

as	  the	  “Warburg	  effect”	  [23,	  24]. 

Glycolysis:	  
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Glucose	  →	  Pyruvate	  →	  Lactate	  →	  2	  ATP	  

Warburg	  originally	  hypothesized	  that	  aerobic	  glycolysis	  became	  a	  dominant	  pathway	  

in	  tumor	  cells	  because	  of	  dysfunctional	  mitochondrial	  OXPHOS	  [13].	  However,	  later	  

studies	  revealed	  that	  mitochondrial	  activity	  was	  intact	  in	  some	  tumors	  cells	  and	  that	  

these	   cells	   can	   still	   utilize	   glucose	   for	   OXPHOS	   but	   instead	   preferentially	   use	  

glycolysis	   [25].	   	   The	   reasons	   for	   cancer	   cells	   to	   preferentially	   use	   glycolysis	   rather	  

than	  OXPHOS	  are	  multifold.	  	  First,	  though	  glycolysis	  only	  produces	  2	  ATP	  molecules	  

compared	  to	  36	  in	  OXPHOS	  per	  glucose	  molecule,	  glycolysis	  occurs	  at	  a	  greater	  rate	  

thus	  producing	  a	  constant	  supply	  of	  ATP.	  Therefore,	  rapidly	  dividing	  tumor	  cells	  have	  

an	   abundant	   amount	   of	   ATP	   to	   use	   readily	   without	   ever	   obtaining	   a	   high	  

concentration	   of	   ATP	   [26].	   	   This	   is	   beneficial	   for	   a	   rapidly	   dividing	   cell	   because	  

elevated	   ATP	   concentrations	   can	   attenuate	   glycolysis	   by	   negative	   regulatory	  

mechanisms,	  in	  which	  the	  rate-‐limiting	  enzymes,	  phosphofructokinase	  1	  (PFK1)	  and	  

pyruvate	  kinase	  1	  (PK1)	  can	  be	  inhibited	  [27].	  	  Second,	  glycolysis	  generates	  lactate	  as	  

a	   final	   product	   that	   is	   subsequently	   transported	   to	   the	   extracellular	   space,	   thus	  

generating	  a	   lactic	  acidotic	  environment	  that	  can	  contribute	  to	  tumor	  growth.	   	  For	  

instance,	  inhibition	  of	  the	  lactate	  transporter,	  MCT1,	  inhibits	  lactate	  flux	  and	  impairs	  

tumor	   cell	   growth	   and	   tumor	   angiogenesis	   [28].	   	   Additional	   studies	   have	   further	  

demonstrated	   that	   this	   acidotic	   environment	   confers	   cell	   viability	   in	   events	   of	  

glucose	  deprivation	  and	  can	  promote	  cancer	  progression	  [29,	  30].	  	  Third,	  aside	  from	  

generating	   ATP,	   glycolysis	   intermediates	   serve	   as	   critical	   precursors	   for	   the	  

macromolecules	   necessary	   for	   the	   rapid	   proliferation	   of	   tumor	   cells	   [31].	  	  

Additionally,	   glutamine,	   another	   critical	   nutrient	   that	   can	   drive	   aberrant	  

metabolism,	   can	   also	   serve	   as	   a	   precursor	   for	   fatty	   acid,	   purine	   and	   pyrimidine	  

synthesis,	  and	  these	  pathways	  are	  augmented	  upon	  increased	  rates	  of	  glycolysis	  or	  

hypoxia	  [16,	  32].	  	  Fourth,	  an	  accumulation	  of	  data	  also	  suggests	  that	  enhanced	  levels	  

of	  reactive	  oxygen	  species	  (ROS)	  generated	  from	  OXPHOS	  can	  be	  cytotoxic	  [33,	  34].	  	  

Thus	  reducing	  the	  activity	  of	  OXPHOS	  may	  aid	  in	  tumor	  cell	  viability.	  	  Incidentally,	  as	  	  
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Figure	  1.2	   	  Glycolytic	  pathway.	   	  Schematic	  diagram	  of	  glucose	  being	  metabolized	  through	  
the	   glycolytic	   pathway	   to	   generate	   lactate.	   Pyruvate	   is	   converted	   to	   lactate	   rather	   than	  
undergoing	   mitochondrial	   oxidative	   phosphorylation	   (OXPHOS).	   	   Glycolysis	   intermediate,	  
glucose-‐6-‐phosphate	  (glucose-‐6-‐P)	  can	  also	  be	  shunted	  to	  the	  pentose	  phosphate	  pathway.	  
Major	  regulatory	  enzymes	  of	  glycolysis	  are	  listed.	  	  
	  
	  

tumor	   cells	   are	   reprogrammed	   for	   enhanced	   glycolysis,	   we	   subsequently	   see	   an	  

enhancement	  of	  the	  regulatory	  proteins	  that	  facilitate	  this	  pathway	  (FIGURE	  1.2).	  	  	  

	  

GLUT	  transporters	  

Glucose	   first	   enters	   the	   cells	   by	   the	   GLUT	   family	   of	   glucose	   transporters,	   also	  

referred	   by	   the	   gene	   name	   SLC2A.	   	   The	   GLUT	   family,	   which	   is	   comprised	   of	   14	  
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isoforms,	   is	   divided	   into	   3	   classes.	   Class	   I,	   also	   referred	   to	   as	   classical	   glucose	  

transporters,	   is	   comprised	   of	   GLUT1-‐4	   and	   GLUT14,	   and	   remains	   the	   most	  

characterized	  class	  of	  GLUT	  transporters.	   	   	  Class	   II	   is	  comprised	  of	  GLUT5,	  7,	  9,and	  

11;	   and	   Class	   III	   incudes	   GLUT6,	   8,	   10,	   12,	   and	   13	   [35].	   	   GLUTs	   can	   have	   varying	  

affinities	  for	  glucose,	  as	  well	  as	  for	  fructose	  and	  galactose.	  	  GLUT1,	  reported	  to	  have	  

a	  high	  affinity	  for	  glucose,	  compared	  to	  the	  other	  isoforms,	  remains	  one	  of	  the	  most	  

studied	   GLUT	   proteins	   [36,	   37].	   	   GLUT1	   overexpression	   has	   been	   linked	   to	   most	  

human	   cancers	   including	  pancreatic,	   breast,	   head	  and	  neck,	   renal,	   colorectal,	   lung	  

and	  prostate	  [38-‐42].	  	  Studies	  have	  also	  suggested	  that	  GLUT1	  expression	  may	  also	  

have	   prognostic	   value	   in	   that	   GLUT1	   expression	   correlates	   with	   invasiveness	   and	  

poor	   prognosis	   in	   patients	   with	   prostate	   and	   colorectal	   cancers	   [41,	   42].	   	   The	  

transcription	  factor,	  hypoxia	  inducible	  factor	  1	  alpha,	  (HIF-‐1α),	  has	  been	  implicated	  

as	   a	   key	   regulator	   of	   tumor	  metabolism	   and	   appears	   to	   be	   a	   critical	   regulator	   of	  

GLUT1.	   	   	   Aberrant	   expression	   of	   the	   remaining	   Class	   I	   GLUT	   transporters	   has	   also	  

been	   linked	   to	   several	   cancers.	   	  GLUT4,	   another	   highly	   studied	  GLUT	   facilitator,	   is	  

regulated	   by	   p53	   [43],	   and	   had	   been	   reported	   as	   a	   major	   regulator	   of	   glucose	  

transport	   in	   several	   cancers,	   including	  breast	   [37,	   44].	   	   Its	   unlikely	   that	   the	  Class	   I	  

GLUT	   transporters	   are	   solely	   responsible	   for	   glucose	  mobility	   in	   cancer	   cells,	   and	  

additional	   investigations	   are	   further	   elucidating	   the	   roles	   of	   the	   remaining	   GLUT	  

transporters	  in	  tumor	  metabolism.	  

	  

Hexokinase	  

Once	  in	  the	  intracellular	  environment,	  glucose	  undergoes	  the	  first	  committed	  step	  of	  

glycolysis	   by	   being	   enzymatically	   converted	   to	   glucose-‐6-‐phosphate	   (G6P)	   by	   the	  

enzyme	  hexokinase	  (HK).	  There	  are	  four	  major	  mammalian	  isoforms	  of	  hexokinase,	  

denoted	  as	  HK1,	  HK2,	  HK3,	  and	  HK4	  [45].	  	  However,	  hexokinase	  2	  (HK2)	  appears	  to	  

be	   the	   critical	  HK	   isoform	   responsible	   for	  metabolizing	   glucose	   in	   glycolytic	   tumor	  

cells,	  as	  evidenced	  by	  its	  overexpression	  in	  cancerous	  cells	  compared	  to	  normal	  cells	  

[46].	   	   Additionally,	   Patra	   et	   al.	   demonstrated	   that	   loss	   of	   HK2	   inhibited	   tumor	  
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initiation	   and	   growth	   in	   a	  Neu-‐driven	   mammary	   tumor	   mouse	   model,	   suggesting	  

that	  HK2	  may	  potentially	   serve	  as	   a	   therapeutic	   target	   in	   glycolysis-‐driven	   cancers	  

[47].	  

	  

Phosphofructokinase	  1	  

The	  conversion	  of	  fructose-‐6-‐phosphate	  (F6P)	  to	  fructose-‐1,6-‐bisphosphate	  (FBP)	  by	  

the	  enzyme	  phosphofructokinase	  1	  (PFK1)	  is	  considered	  the	  second	  committing	  step	  

of	   glycolysis.	   The	   regulation	   of	   PFK1	   plays	   a	   critical	   role	   in	   the	   continuation	   of	  

glycolysis	  or	  whether	  metabolites	  are	  redirected	  to	  the	  pentose	  phosphate	  pathway	  

(PPP)—a	   metabolic	   pathway	   that	   branches	   off	   of	   glycolysis	   that	   can	   also	   confer	  

growth	   by	   enhancing	   NADPH	   and	   nucleotide	   generation.	   	   One	   mechanism	   in	   the	  

regulation	  of	  PFK1	  is	  by	  O-‐linked	  β-‐N-‐acetylglucosamine	  (O-‐GlcNAc)	  glycosylation	  at	  

Ser529.	   	   This	   glycosylation	   can	   inhibit	   PFK1	  activity	   [48]	   thus	   redirecting	  upstream	  

metabolites	   to	   enter	   the	   PPP.	   	   Additionally,	   an	   abundant	   amount	   of	   ATP	   can	   also	  

negatively	   regulate	   PFK1.	   	   Yet	   AMP	   and	   fructose	   2,6-‐bisphosphate	   (F-‐2,6-‐BP)	   can	  

activate	  PFK1	  activity	  and	  F-‐2,6-‐BP	  can	  even	  override	  the	  inhibitory	  effect	  of	  ATP	  	  to	  	  

further	  perpetuate	  glycolysis	  [49].	  	  

	  

Pyruvate	  kinase	  

Pyruvate	   kinase	   (PK)	   converts	   phosphoenolpyruvate	   (PEP)	   to	   pyruvate,	   and	  

generates	   ATP	   in	   the	   process.	   	   Similar	   to	   PFK,	   PK	   is	   also	   subjected	   to	   allosteric	  

regulation	  by	  ATP	  and	  is	  specifically	  activated	  by	  fructose-‐1,	  6-‐bisphosphate	  [27].	  	  As	  

a	  major	  regulator	  of	  glycolysis,	  it	  is	  no	  surprise	  that	  PK	  appears	  to	  be	  highly	  relevant	  

in	  controlling	  tumorigenesis.	   	   	  The	  M2	  isoform	  (PKM2),	   in	  particular,	  appears	  to	  be	  

most	   relevant	   in	   human	   malignancies	   and	   is	   overexpressed	   in	   tumor	   cells	   [50].	  

Additionally,	  inhibition	  of	  PKM2	  by	  siRNAs	  or	  pharmacologic	  approaches	  appears	  to	  

decrease	  glycolytic	   flux	  and	  viability	   in	   tumor	  cells	   [51,	  52],	   thus	  demonstrating	   its	  

potential	  as	  a	  therapeutic	  target.	  
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Lactate	  dehydrogenase	  	  

Lactate	   dehydrogenase	   (LDH)	   reduces	   pyruvate	   to	   lactate	   in	   the	   final	   step	   of	  

glycolysis,	  and	  has	  been	  reported	  as	  overexpressed	  in	  a	  variety	  of	  breast	  cancer	  cell	  

lines	  and	  tissues	  [53,	  54].	  	  Similar	  to	  many	  other	  regulatory	  proteins	  of	  glycolysis,	  its	  

expression	  can	  be	   induced	  by	  both	  HIF-‐1α	  and	  MYC	  [20,	  55].	   	  LDH	  may	  also	  play	  a	  

critical	   role	   in	   the	   maintenance	   of	   tumor	   glycolysis	   by	   preventing	   pyruvate	   from	  

being	  converted	  to	  the	  OXPHOS	  precursor,	  acetyl-‐CoA.	  	  Fantin	  et	  al.	  used	  in	  vitro	  and	  

in	   vivo	   models	   of	   breast	   cancer	   to	   demonstrate	   that	   knockdown	   of	   LDH	   not	   only	  

reduced	  tumor	  cell	  growth,	  but	  was	  also	  able	  to	  significantly	  enhance	  mitochondrial	  

OXPHOS	  [25].	  	  

	  

PET	  imaging	  

The	  dependence	  of	  cancer	  cells	  on	  increased	  glucose	  uptake	  has	  been	  exploited	  for	  

use	   in	   clinical	   oncology.	   	   [18F]fluorodeoxyglucose	   positron	   emission.tomography	  

(FDG–PET)	  imaging,	  also	  know	  as	  PET	  scan,	  relies	  on	  a	  radioactive	  glucose	  analogue,	  

in	  which	  the	  oxygen	  atom	  is	  replace	  with	  fluorine-‐18,	   	  to	  be	  consumed	  in	  a	  similar	  

manner	   as	   glucose	   [56].	   	   The	   analogue	   is	   transported	   into	   the	   cell	   by	   GLUT	  

transporters	  and	  undergoes	  phosphorylation	  by	  HK.	  Because	  this	  analogue	  is	  lacking	  

its	  oxygen	  atom,	  it	  cannot	  undergo	  the	  following	  reaction	  and	  is	  thus	  trapped	  in	  the	  

cell	  until	   it	  undergoes	  natural	  decay.	  The	  analogue	  remains	  trapped	  for	  a	  period	  of	  

time	  that	  allows	  it	  to	  be	  visualized.	  In	  this	  capacity,	  PET	  scans	  remain	  a	  relevant	  tool	  

in	   the	   diagnosis	   and	   monitoring	   of	   cancers	   after	   treatment	   [56].	   	   Figure	   1.3	  

demonstrates	   the	   use	   of	   PET	   scans	   to	   monitor	   the	   efficacy	   of	   chemotherapy	  

treatments	  in	  cancer	  patients.	   	  The	  PET	  scan	  images	  are	  from	  a	  patient	  before	  and	  

after	  chemotherapy	  treatment.	  
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Figure	   1.3	   	   18F-‐FDG–PET	   images	   pre-‐	   and	   post-‐	   therapy.	   Baseline	   image	   showed	  multiple	  
nodal	   lesions	   in	   the	   diaphragm	   and	   extranodal	   lesions	   in	   breast,	   intestines,	   and	   bone	  
marrow	   (left);	   18F-‐FDG–PET	   image	   after	   4	   cycles	   of	   therapy	   showed	   a	   dramatic	  metabolic	  
response	   in	   all	   nodal	   and	   extranodal	   lesions	   (right).	   18F,	   radionuclide	   fluorine	   18;	   FDG,	  
fluorodeoxyglucose;	  PET,	  positron	  emission	  tomography	  (Adapted	  from	  [57])	  

	  

	  

Glutamine	  metabolism	  in	  cancer	  

Glutamine	   is	   an	   abundant	   amino	   acid	   that	   plays	   a	   central	   role	   in	   healthy	   cell	   and	  

tumor	  cell	  metabolism	  by	  serving	  as	  a	  critical	  precursor	  for	  nucleic	  acids,	  fatty	  acid	  

synthesis	  and	  cellular	  energetics	  [15,	  16].	  Though	  mammalian	  organisms	  can	  readily	  

absorb	   glutamine	   from	   exogenous	   sources,	   they	   also	   have	   the	   capability	   for	  

synthesizing	  glutamine,	  thus	  making	  it	  a	  non-‐essential	  amino	  acid.	  	  	  

	  

Glutamine	   metabolism	   greatly	   contributes	   to	   malignant	   growth	   by	   means	   of	  

glutaminolysis	  [16,	  58],	  and	  by	  regulating	  redox	  homeostasis	  through	  the	  generation	  

of	   glutathione	   [59]	   (Fiugre	   1.4).	   The	   process	   of	   glutaminolysis	   (also	   referred	   to	   as	  

anaplerosis)	  describes	  the	  events	  of	  glutamine	  metabolism	  in	  which	  glutamine	  is	  	  
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Figure	   1.4	   Glutamine	   metabolism	   in	   tumor	   cells.	   	   Simplified	   schematic	   diagram	   of	  
glutamine	   undergoing	   glutaminolysis	   to	   generate	   alpha-‐Ketoglutarate	   (α-‐KG),	   a	   TCA	   cycle	  
intermediate.	  This	  can	  give	  rise	  to	  elevated	  citrate	  generation,	  which	  serves	  as	  a	  precursor	  
for	   lipid	   biosynthesis.	   By	   fatty	   acid	   synthase	   (FASN).	   	   Glutamine	   can	   also	   be	   converted	   to	  
glutathione	  (GSH)	  in	  a	  2-‐step	  reaction	  by	  glutamate	  cysteine	  ligase	  (GSL)	  and	  GSH	  synthase	  
(GS).	  	  
	  
	  
	  
metabolized	  to	  α-‐ketoglutarate	  (α-‐KG),	  a	  critical	  first	  step	  in	  generating	  cellular	  fuel	  

and	  the	  building	  blocks	  for	  cell	  proliferation.	  	  This	  process	  can	  be	  separated	  into	  two	  

distinct	   stages.	   	   First,	   glutamine	   is	   converted	   to	   glutamate	   by	   the	   enzyme	  

glutaminase	   (GLS);	   and	   second,	   glutamine	   must	   be	   metabolized	   into	   the	   TCA	  

substrate,	  α-‐KG.	  	  	  Furthermore,	  glutaminolysis	  is	  can	  also	  be	  controlled	  by	  glutamine	  
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transport	  into	  the	  cell.	  	  Similar	  to	  GLUT	  transporters,	  these	  transporters	  are	  a	  critical	  

first	  step	  in	  the	  metabolism	  of	  glutamine.	  	  

	  

Glutamine	  transporters	  

Before	  glutamine	  can	  be	  converted	  to	  glutamate,	  glutamine	  transporters	  must	  first	  

transport	  the	  amino	  acid	  into	  the	  cell.	  These	  glutamine	  transporters	  play	  a	  key	  role	  

in	  glutamine	  metabolism	  by	  regulating	  intracellular	  and	  extracellular	  concentrations	  

[60].	  	  The	  most	  commonly	  studied	  glutamine	  transporters	  belong	  to	  the	  SLC1,	  SLC6,	  

SLC7	  and	  SLC38	   families	  of	  amino	  acid	   transporters.	   SLC1	  member,	  ASCT2	   [61-‐63],	  

and	   SLC7	   member,	   LAT1	   [64,	   65],	   have	   recently	   been	   linked	   to	   several	   cancers,	  

including	   breast,	   prostate	   and	   lung.	   	   Though	   the	   molecular	   mechanisms	   of	  

regulation	   of	   these	   transporters	   remain	   largely	   unknown,	   recent	   studies	   have	  

implicated	   roles	   for	   EGF	   [66],	   ERK	   [67],	   and	   insulin	   growth	   factor	   [68,	   69]	   in	   the	  

regulation	   of	   transporter	   expression	   and	   activity.	   	   Notably,	   the	   ASCT2	   transporter	  

can	   regulate	   mammalian	   target	   of	   rapamycin	   complex	   1	   (mTORC1)	   activity	   by	  

controlling	   intracellular	   amino	   acid	   concentrations	   [70,	   71].	   	   Cumulative	   evidence	  

has	  demonstrated	  a	   supportive	   role	   for	  amino	  acids	   in	  mTORC1	   signaling	   [72,	  73];	  

yet	  the	  discovery	  that	  inhibition	  of	  ASCT2	  was	  sufficient	  to	  impair	  mTORC1	  signaling	  

and	   induce	   autophagy	   [71]	   further	   enhanced	   our	   understanding	   of	   mTORC1	  

regulation	  and	  glutamine	  metabolism.	  	  	  	  

	  

Glutaminase	  

Once	   in	   the	   cell,	   glutamine	   undergoes	   the	   first	   stage	   of	   glutaminolysis	  where	   it	   is	  

converted	  to	  glutamate	  by	  the	  aminohydrolase,	  glutaminase	  (GLS).	  	  Two	  isozymes	  of	  

GLS,	  encoded	  by	  the	  human	  genes	  GLS1	  and	  GLS2,	  convert	  glutamine	  to	  glutamate	  

[74].	   	  GLS1	  or	   the	  kidney-‐type	   isoform	   is	   reported	   to	  enhance	  malignancy	  and	  cell	  

survival,	   and	   inhibition	  or	   silencing	  of	   this	   gene	   reduces	   tumor	   growth	   in	  multiple	  

tumor	  models	   [75,	  76].	   	   For	   instance,	  Gross	  et	  al.	   inhibited	  GLS1	   in	   triple-‐negative	  

breast	   cancer	   cell	   lines	   identified	   as	   having	   enhanced	   glutamine	   metabolism	   and	  
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observed	  significant	  anti-‐tumor	  activity	  both	  in	  vitro	  and	  in	  vivo	  [76].	  	  	  As	  glutamine	  

metabolism	   continues	   to	   present	   potential	   therapeutic	   targets,	   there	   has	   been	  

increased	  investigation	  into	  the	  regulation	  of	  GLS1,	  particularly	  in	  malignant	  disease.	  	  

Currently,	  MYC	   [77],	  mTOR	   [78]	   and	   RHO	   [79]	   have	   all	   been	   identified	   as	   indirect	  

regulators	   of	   GLS1.	   	   As	   later	   discussed	   in	   Chapter	   2,	   we	   also	   identify	   RHO	   as	   a	  

positive	   regulator	   of	   glutaminolysis	   in	   breast	   cancer.	   	   In	   contrast	   to	   GLS1,	   the	  

function	   of	   GLS2	   appears	   to	   have	   dual	   roles	   that	   are	   dependent	   on	   context	   and	  

tissue	  type.	  	  Some	  studies	  report	  GLS2	  as	  a	  p53	  target	  that	  reduces	  malignancy	  [80],	  

while	  others	  demonstrate	  an	  oncogenic	  phenotype	  [81].	  	  	  	  

	  

Generation	  of	  α-‐Ketoglutarate	  

In	   the	   second	   stage	  of	   glutaminolysis,	   glutamate	  undergoes	  oxidative	  deamination	  

by	   glutamate	   dehydrogenase	   (GDH)	   in	   the	   mitochondrion	   or	   transamination	   by	  

either	   glutamate	   pyruvate	   transaminase	   (GPT)	   or	   glutamate	   oxaloacetate	  

transaminase	  (GOT)	  to	  generate	  α-‐KG.	  	  The	  byproduct	  of	  glutamate	  transamination	  

is	   the	   generation	   of	   non-‐essential	   amino	   acids,	   and	   this	   pathway	   appears	   to	   be	  

dominant	  during	  high	  rates	  of	  glucose	  metabolism.	  In	  events	  of	  inadequate	  glucose,	  

GDH	  is	  a	  key	  pathway	  in	  the	  generation	  of	  α-‐KG.	  	  Recent	  studies	  by	  Jin	  et	  al.	  though,	  

suggest	  that	  GDH	  is	  the	  primary	  enzyme	  in	  converting	  glutamate	  to	  α-‐KG,	  at	  least	  in	  

the	   lung	   and	   breast	   cancer	   cell	   lines,	   H1299	   and	  MDA-‐MB-‐231,	   respectfully	   [82].	  

They	   also	   demonstrated	   that	   silencing	   of	  GDH	   reduces	   tumor	   cell	   proliferation	   by	  

decreasing	  the	  TCA	  intermediate,	  fumarate,	  which	  in	  turn	  prevents	  activation	  of	  the	  

antioxidant,	   GPx	   [82].	   	   Thus,	   in	   tumor	   cells	   that	   display	   glutamine	   addiction,	   GDH	  

may	  play	  a	  greater	  role	  in	  α-‐KG	  generation.	  

	  

The	  conversion	  of	  α-‐KG	  to	  other	  TCA	  cycle	   intermediates	   is	  a	  critical	  axis	  point	   for	  

the	  final	  fate	  of	  glutamine.	  For	  instance,	  α-‐KG	  can	  be	  metabolized	  to	  citrate,	  which	  

donates	  acetyl-‐coA	  groups	  for	   lipid	  biosynthesis.	   	  This	  pathway	   is	  used	  for	  de	  novo	  

lipogenesis	   under	   hypoxic	   conditions	   and	   is	   linked	   to	   tumor	   cell	   proliferation,	  
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motility,	   and	   survival	   [83].	   As	   discussed	   above,	   α-‐KG	   can	   also	   generate	   the	   TCA	  

intermediate,	  fumarate,	  which	  has	  been	  implicated	  in	  redox	  homeostasis	  [82].	  	  The	  

TCA	   intermediate,	   α-‐KG,	   once	   in	   the	   TCA	   cycle	   can	   also	   enhance	   oxidative	  

phosphorylation	  for	  ATP	  generation	  in	  transformed	  cells	  [84].	  	  This	  is	  most	  likely	  to	  

compensate	   for	   depleted	   glucose-‐driven	   OXPHOS,	   as	   glycolysis	   is	   unregulated	   in	  

tumor	  cells.	  Furthermore,	  it	  may	  be	  advantageous	  for	  cells	  to	  utilize	  glutamine	  as	  an	  

OXPHOS	   substrate,	   since	   glutamine	   also	   promotes	   redox	   homeostasis	   that	   may	  

counteract	   OXPHOS	   ROS	   generation.	   	   Though,	   other	   TCA	   intermediates	   exist,	   it	   is	  

unclear	  whether	  they	  have	  a	  direct	  pathological	  link	  to	  cancer,	  at	  least	  at	  this	  point.	  	  	  

	  

Glutathione	  

As	  mentioned	  above,	  the	  maintenance	  of	  cellular	  redox	  homeostasis	  plays	  a	  critical	  

role	   in	  cell	  biology,	  and	  the	  dysregulation	  of	  this	  balance	  can	  directly	  contribute	  to	  

tumorigenesis,	  motility	  and	  drug	  resistance.	  Glutathione,	  a	  downstream	  metabolite	  

of	  glutamine,	  for	  decades	  has	  been	  a	  focal	  point	  in	  glutamine	  metabolism	  research	  

due	   to	   its	   antioxidant	   properties.	   Glutathione	   has	   been	   implicated	   in	   cell	   survival	  

and	  chemotherapeutic	  resistance	  by	  enhancing	  the	  antioxidant	  potential	  of	  the	  cell,	  

thus	  scavenging	  apoptosis-‐inducing	  ROS.	   	  Glutathione	  is	  a	  multifunctional	  molecule	  

and	  in	  normal	  physiology	  plays	  a	  key	  role	  in	  detoxification,	  ROS	  scavenging,	  protein	  

thiol	  maintenance,	  and	  regulation	  of	  DNA	  synthesis.	  	  Glutathione	  is	  a	  tripeptide,	  γ-‐L-‐

glutamyl-‐L-‐cysteinyl-‐glycine,	  that	  is	  synthesized	  in	  a	  two-‐step	  process:	  

1.	   L-‐glutamate	  +	  L-‐cysteine	  +	  ATP	  →	  γ-‐glutamyl-‐L-‐cysteine	  +	  ADP	  +	  Pi	  

2.	   γ-‐glutamyl-‐L-‐cysteine	  +	  L-‐glycine	  +	  ATP	  →	  GSH	  +	  ADP	  +	  Pi	  

The	   first	   reaction,	   considered	   the	   rate-‐limited	   step,	   is	   catalyzed	   by	   the	   enzyme,	  

glutamate	   cysteine	   ligase	   (GSL).	   The	   second	   reaction	   is	   catalyzed	  by	  GSH	   synthase	  

(GS).	   	   Though	   glutathione	   is	   present	   in	   all	   mammal	   organisms	   in	   two	   forms,	   it	  

predominantly	   exists	   in	   the	   thiol-‐reduced	   (GSH)	   form,	   compared	   to	   the	   disulfide-‐

oxidized	   form	   (GSSH)	   that	   makes	   up	   approximately	   1%	   of	   total	   glutathione.	  

Therefore,	  GSH	  is	  often	  referenced	  when	  discussing	  glutathione.	  	  
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Though	  GSH	   is	   implicated	   in	  a	  number	  of	  physiological	   functions,	   in	   the	  context	  of	  

cancer,	   the	  majority	   of	   investigations	   have	   focused	   on	   the	   role	   of	   GSH	   to	   confer	  

growth	  and	  therapy	  resistance.	   	  GSH	  functions	  as	  an	  antioxidant	  or	  ROS	  scavenger	  

by	   conjugating	   with	   electrophiles	   in	   a	   reaction	   mediated	   by	   the	   glutathione-‐S-‐

transferase	   (GST)	   family	   of	   proteins.	   Cytotoxicity	   by	   enhancing	   ROS	   is	   the	   major	  

mechanism	   of	  many	   chemotherapeutics,	   thus	   elevated	   levels	   of	   GSH	   and	  GST	   are	  

indeed	  observed	  in	  many	  instances	  of	  chemoresistance	  [85-‐87].	  	  Depletion	  of	  GSH	  or	  

silencing	   of	   GST	   can	   modulate	   drug	   resistance	   by	   sensitizing	   tumor	   cells	   to	  

anticancer	   agents	   [88,	   89].	   	   In	   addition,	   recent	   studies	  have	   further	  demonstrated	  

that	  combining	  glutathione-‐targeting	  drugs	  with	  other	  antitumor	  agents	  may	  have	  a	  

synergistic	  effect	  [90].	  	  	  

	  

Lipid	  metabolism	  

In	  the	  1950’s	  Medes	  et	  al.	  observed	  that	  neoplastic	  tissue	  displayed	  lipid	  levels	  that	  

were	   comparable	   to	   that	   of	   liver	   tissue,	   which	   has	   a	   high	   rate	   of	   fatty	   acid	  

biosynthesis	  [91].	  From	  these	  early	  studies,	  they	  concluded	  that	  de	  novo	  lipogenesis	  

provides	   the	   majority	   of	   lipids	   required	   for	   cancer	   cell	   proliferation	   [91].	   	   This	  

aberrant	   lipogenesis	   has	   since	   been	   linked	   to	   several	   malignant	   pathologies	  

including	   angiogenesis	   [92],	   signaling	   [93,	   94]	   and	   metastasis[92,	   95].	   	   Glutamine	  

metabolites	  have	  been	  demonstrated	  as	  positive	   regulators	  of	   lipid	  biosynthesis	   in	  

tumor	  cells,	  and	  under	  hypoxic	  conditions	  glutamine	  becomes	   the	  major	  substrate	  

for	  lipogenesis	  by	  enhancing	  the	  carbon-‐donating	  substrate,	  citrate	  [83,	  96].	  	  Citrate	  

can	  be	  converted	  to	  acetyl-‐CoA	  by	  the	  enzyme	  ATP-‐citrate	  lyase	  (ACLY),	  which	  then	  

generates	  malonyl-‐CoA	   by	   the	   enzyme,	   acetyl-‐CoA	   carboxylase	   (ACC).	   	   Acetyl-‐CoA	  

and	  malonyl-‐CoA	  are	  then	  coupled	  to	  the	  acyl-‐carrier	  protein	  domain	  of	  the	  enzyme	  

fatty	   acid	   synthase	   (FASN),	   a	   rate-‐limiting	   enzyme	   in	   de	   novo	   lipid	   synthesis	   [97].	  	  	  

FASN	   overexpression	   has	   been	   observed	   in	   breast	   carcinoma	   [98]	   and	   has	   been	  

reported	   to	   undergo	   bi-‐directional	   regulation	   by	   the	   oncogene,	   HER2	   [99,	   100].	  	  

FASN	   expression	   can	   also	   be	   induced	   by	   transcription	   factor	   sterol	   regulatory	  
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element-‐binding	   protein	   1	   (SREBP1),	   which	   binds	   to	   its	   promoter	   region	   [101].	  	  

Additionally,	   p53	   family	   proteins	   [102]and	   the	   lipogenesis-‐related	   nuclear	   protein,	  

SPOT14	  [103],	  which	  is	  overexpressed	  in	  breast	  cancer,	  have	  also	  been	  implicated	  in	  

FASN	  regulation.	   	  FASN	  may	  offer	  new	  therapeutic	  opportunities	  as	  several	  reports	  

demonstrate	  reduced	  tumor	  activity	  upon	  its	  inhibition	  [104-‐109].	  	  

	  

The	  role	  of	  oncogenic	  pathways	  in	  metabolic	  reprogramming	  

The	  discovery	   that	  oncogenes	  and	   tumor	   suppressors	   can	  play	  a	  major	   role	   in	   the	  

metabolic	   reprogramming	   of	   cancer	   cells	   enhanced	   our	   understanding	   of	   tumor	  

metabolism	   and	   provided	   additional	   targets	   for	   pharmacologic	   studies.	   	   These	  

oncogenic	   controllers	   often	   interact	   with	   several	   branches	   of	   tumor	   metabolism	  

including	   glycolysis,	   glutaminolysis,	   lipogenesis,	   and	   the	   pentose	   phosphate	   shunt	  

and	  tend	  to	  regulate	  these	  pathways	  in	  a	  multifaceted	  manner	  (Figure	  1.5).	  	  Though	  

several	  pro-‐tumor	  proteins	  and	  pathways	   contribute	   to	  metabolic	   reprogramming,	  

only	  a	  few	  are	  discussed	  below.	  	  

	  

PI3K/AKT/mTOR	  pathway	  

Dysregulation	  of	  the	  PI3K/AKT	  pathway	  occurs	  at	  high	  frequency	  in	  human	  cancers	  

and	   continues	   to	   be	   a	   center	   of	   focus	   in	   tumor	   biology	   [110].	   	   The	   most	  

characterized	  downstream	  effector	  of	  PI3K	  is	  the	  serine/threonine	  kinase,	  AKT	  (also	  

referred	   to	   as	   Protein	   Kinase	   B	   or	   PKB).	   	   Upon	   stimulation,	   AKT	   can	   augment	  

glycolysis	  by	  enhancing	  the	  membrane	  translocation	  and	  expression	  of	  GLUTs,	  and	  

also	   through	  the	  phosphorylation	  and	  activation	  of	   the	  glycolytic	  enzymes,	  HK	  and	  

PFK	   [19,	   45,	   111].	   Additionally,	   AKT	   can	   activate	   mammalian	   target	   of	   rapamycin	  

(mTOR),	  which	  indirectly	  regulates	  metabolic	  pathways	  through	  activation	  of	  HIF-‐1α.	  	  

Though	  mTOR	  complexes	  have	  been	  reported	  to	  enhance	  glutamine	  metabolism,	  it	  

is	  unclear	  whether	  this	  is	  via	  AKT	  activation	  and	  remains	  under	  investigation.	  	  mTOR	  

is	   comprised	  of	  mTOR	  complex	  1	   (mTORC1)	  and	  mTOR	  complex	  2	   (mTORC2),	   	  and	  
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though	   they	   have	   similar	   components,	   they	   have	   distinct	   binding	   partners	   [112].	  	  

Despite	   having	   divergent	   functions	   and	   signaling	   pathways	   in	   normal	   physiology	  

[113],	  their	  functions	  in	  tumor	  metabolism	  appear	  to	  overlap,	  at	  least	  in	  the	  process	  

of	  lipid	  biosynthesis.	  	  Both	  complexes	  have	  been	  implicated	  in	  activating	  the	  SREBP1	  

transcription	  factor,	  which	  in	  turn	  promotes	  ACC	  and	  FASN	  [114-‐116].	  	  	  

	  

MYC	  

Oncogenic	  MYC	  is	  a	  transcription	  factor	  frequently	  overexpressed	  in	  human	  cancers	  

that	   has	   been	   implicated	   in	   the	   regulation	   of	   cell	   metabolism,	   RNA,	   apoptosis,	  

mitochondrial	  and	  ribosome	  biogenesis	  and	  cell	  cycle	  [117].	  	  MYC	  directly	  enhances	  

glycolysis	  by	  upregulating	  the	  expression	  of	  GLUT	  family	  transporters	  [118],	  LDH	  [55,	  

119],	   	   PKM2	   [120]	   and	   PFK1	   [118].	   	   In	   addition	   to	   its	   role	   in	   glycolysis,	  MYC	   also	  

augments	  glutamine	  metabolism	  by	  enhancing	  glutamine	  uptake	  and	  glutaminolysis	  

[18].	   	  MYC	   directly	   enhances	   glutamine	   uptake	   by	   inducing	   the	   expression	   of	   the	  

glutamine	  transporters,	  SLC5A1	  (ASCT2)	  and	  SLC7A1.	  Moreover,	  it	  has	  recently	  been	  

documented	  that	  MYC	  can	   inhibit	  the	  microRNAs	  that	  target	  GLS1—microRNA-‐23A	  

and	  microRNA-‐23B	  [77].	  	  Thus	  in	  this	  capacity,	  MYC	  contributes	  to	  the	  conversion	  of	  

glutamine	  to	  glutamate	  by	  indirectly	  stimulating	  the	  expression	  of	  GLS1.	  	  	  

	  

RAS/MAPK	  

Oncogenic	  RAS	  mutations	  occur	  at	  high	  frequencies	  in	  human	  cancers	  and	  can	  drive	  

the	   metabolic	   phenotype	   of	   cancer	   cells	   from	   OXPHOS	   toward	   aerobic	   glycolysis	  

[121].	  	  Ras	  can	  activate	  the	  PI3K/AKT/mTOR	  pathway	  and	  in	  this	  capacity	  augments	  

glycolytic	   proteins	   to	   promote	   mitochondrial	   dysfunction	   and	   drive	   glycolysis	   in	  

HEK293	   cells	   [121].	   	   	   Furthermore,	   mutated	   RAS	   has	   been	   reported	   to	   promote	  

glucose	   uptake	   and	   flux	   and	   enhance	   biosynthesis	   pathways	   in	   pancreatic	   ductal	  

adenocarcinoma	  (PDAC)	  [21].	  	  Yin	  H	  et	  al.	  demonstrated	  in	  an	  inducible	  mutant	  KRAS	  

mouse	  model	  of	  PDAC	  that	  KRAS	  was	  involved	  in	  driving	  the	  expression	  of	  genes	  in	  
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several	   biosynthesis	   pathways,	   including	   steroid	   and	   pyrimidine	   biosynthesis	   that	  

promote	   the	   pentose	   phosphate	   pathway	   [21].	   	   KRAS	   also	   appeared	   to	   regulate	  

glycolytic	   flux	  both	  at	   the	  gene	  expression	  and	  protein	   level	  but	   regulating	  GLUT1,	  

HEK,	  and	  LDH	  [21].	   	  Additional	  reports	  have	  implicated	  KRAS	  in	  aberrant	  glutamine	  

metabolism.	  	  The	  conversion	  of	  glutamate	  to	  α-‐KG	  is	  canonically	  mediated	  by	  GDH,	  

yet	   Son	   et	   al.	   observed	   that	   oncogenic	   KRAS	   rendered	   PDAC	   cells	   dependent	   on	  

GOT1,	   the	   transaminase	   that	   converts	   glutamate	   to	   α-‐KG	   [22].	   KRAS	   directed	   the	  

process	  of	   reducing	  GDH	  gene	  expression	  and	  upregulating	  GOT1	  expression,	   such	  

that	  GOT1	  became	  the	  dominant	  pathway.	  	  Interestingly,	  when	  GOT1	  was	  dominant,	  

PDAC	  cells	  obtained	  a	  higher	  antioxidant	  potential	  [22],	  suggesting	  that	  mutated	  RAS	  

can	  also	  regulate	  redox	  homeostasis	  in	  tumors.	  	  

	  
Figure	   1.5	   Oncogenes	   regulate	  metabolic	   reprogramming.	   	   Simplified	   schematic	   diagram	  
showing	  common	  modes	  of	  oncogene	  regulation	  of	  tumor	  metabolism,	  as	  discussed	  in	  the	  
text.	  
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EPH	  receptors	  and	  ephrin	  ligands	  

The	  EPH	  receptor	  family	  is	  the	  largest	  known	  family	  of	  receptor	  tyrosine	  kinases	  and	  

is	  comprised	  of	  15	  distinct	  members,	  14	  of	  which	  are	  encoded	  in	  the	  human	  genome	  

(excluding	   EPH	  member,	   EPHA9)	   [122,	   123].	   	   They	   are	   further	   divided	   into	   the	   A-‐

subclass	   or	   B-‐subclass	   based	   on	   their	   extracellular	   sequence	   homology	   and	   their	  

affinity	   of	   binding	   to	   their	   ligands—the	   ephrins	   (EPH	   family	   interacting	   proteins).	  
Ephrins	   ligands	   are	   also	   divided	   into	   an	   A-‐subclass	   and	   B-‐subclass	   where	   their	  

primary	  distinction	  is	  in	  their	  membrane	  association.	  	  For	  instance,	  ephrin-‐A	  ligands	  

are	   tethered	   to	   the	   cell	   membrane	   by	   a	   glycosylphosphatidlinositol	   (GPI)	   anchor,	  

and	   the	   B-‐subclass	   contains	   a	   transmembrane	   domain	   followed	   by	   a	   short	  

cytoplasmic	   region.	   Thus	   the	   A-‐subclass	   of	   EPH	   receptors	   typically	   promiscuously	  

bind	  six	  ephrin-‐A	  ligands	  and	  the	  B-‐class	  receptors	  promiscuously	  bind	  three	  ephrin-‐

B	  ligands	  (Table	  1.2).	  

	  

EPH	  receptors	   Ephrin	  ligands	  

A	  
cl
as
s	  

EPHA1	   Ephrin-‐A1	  
EPHA2	   Ephrin-‐A2	  
EPHA3	   Ephrin-‐A3	  
EPHA4	   Ephrin-‐A4	  
EPHA5	   Ephrin-‐A5	  
EPHA6	   Ephrin-‐A6	  
EPHA7	   	  
EPHA8	   	  
EPHA10	   	  

B	  
cl
as
s	  

EPHB1	   Ephrin-‐B1	  
EPHB2	   Ephrin-‐B2	  
EPHB3	   Ephrin-‐B3	  
EPHB4	   	  
EPHB5	   	  

Table	  1.2	  EPH	  receptor	  and	  ephrin	  ligand	  classification.	  
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EPH	  receptors	  consist	  of	  an	  extracellular	  and	  intracellular	  portion.	  The	  extracellular	  

region	  contains	  a	  highly	  conserved	  N-‐terminal	  ligand	  binding	  domain,	  a	  cysteine-‐rich	  

region	  (including	  an	  epidermal	  growth	  factor-‐like	  motif),	  and	  two	  fibronectin	  type-‐III	  

repeats.	   A	   transmembrane	   region	   connects	   to	   the	   intracellular	   portion	   which	   is	  

composed	   of	   a	   tyrosine	   kinase	   domain,	   a	   sterile-‐α-‐motif	   (SAM)	   domain,	   and	   a	  

PSD95/Dlg/ZO1	   (PDZ)-‐binding	   motif	   [124]	   (Figure	   1.6).	   	   Structural	   and	   crystal	  

analyses	   of	   EPH-‐ephrin	   interactions	   have	   developed	   our	   understanding	   of	  

EPH/ephrin	  complex	  assembly	  and	  signaling	  events	  [125].	  	  	  	  

	  

	  

Figure	  1.6	  EPH	  receptor	  and	  ephrin	   ligand	  structure.	  Schematic	  diagram	  of	  EPH	  receptors	  
and	  ephrin	   ligands.	   The	   top	  of	   the	   figure	   shows	  an	  ephrin	  expressing	   cell	   and	   the	  bottom	  
half	  of	  the	  figure	  shows	  an	  EPH	  RTK	  expressing	  cell	  (Adapted	  from	  [126]).	  
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Classically,	  ephrin	  binding	  with	  EPH	  receptors	  on	   juxtaposed	  cells	  occurs	  when	  the	  

hydrophobic	  loop	  of	  ephrins	  is	  inserted	  in	  a	  newly	  arranged	  cleft	  on	  the	  N-‐terminal	  

ephrin-‐binding	   domain	   of	   an	   EPH	   receptor	   [125].	   	   This	   binding	   initiates	   the	  

autophosphorylation	  of	  tyrosine	  residues	  on	  neighboring	  EPH	  receptors	  and	  confers	  

oligomerization	   [127,	   128].	   	   Additionally,	   the	   binding	   of	   ephrin	   induces	   further	  

conformational	   change	   in	   the	   cytoplasmic	   portion	   of	   the	   EPH	   receptor,	   which	   is	  

facilitated	  by	  the	  phosphorylation	  of	   two	  highly	  conserved	  tyrosine	  residues	   in	   the	  

juxtamembrane	   domain.	   This	   in	   turn	   exposes	   the	   kinase	   domain	   and	   established	  

docking	   sites	   for	   signaling	  effector	  molecules	  with	   SRC	  homology	  2	   (SH2)	  domains	  

[129].	  	  This	  example	  of	  classic	  RTK	  forward	  signaling,	  however,	  is	  complicated	  by	  the	  

ability	  of	  ephrins	  to	  engage	   in	  reverse	  signaling	  and	  the	  ability	  of	  EPH	  receptors	  to	  

engage	  in	  crosstalk	  with	  other	  receptors	  [126].	  	  	  

	  

Signaling	  Mechanisms	  

EPH	  receptor	  and	  ephrin	  ligand	  signaling	  has	  been	  implicated	  in	  a	  variety	  of	  normal	  

developmental	   pathways	   and	   in	   several	   pathological	   diseases,	   including	  neoplastic	  

formation	   and	   progression.	   	   Either	   through	   direct	   interaction	   or	   by	   indirect	  

activation	  of	  proteins,	  EPH	  signaling	  has	  been	  reported	  to	  regulate	  cell	  morphology,	  

motility,	   immunity,	   proliferation	   and	   synaptic	   plasticity	   [122].	   	   As	   the	   field	   of	   EPH	  

receptor	   signaling	   continues	   to	   expand,	   additional	   signaling	   pathways	   and	   cellular	  

functions	  have	  been	  linked	  to	  EPH	  receptors,	  including,	  but	  not	  limited	  to	  apoptosis,	  

neovascularization,	  and	  tumorigenesis	   [130-‐133].	   	  Since	  EPH	  receptors	  can	   interact	  

with	   such	   a	  wide	   spectrum	   of	   signaling	  molecules	   such	   as	   FAK,	   GRB2,	   p85,	   SHP2,	  

SRC,	   VAV	   GEFs,	   EGFR,	   and	   HER2,	   it	   is	   no	   surprise	   their	   function	   has	   such	   broad	  

functional	   implications	   [134-‐138].	   Yet,	   EPH	   receptor	   and	   ephrin	   ligands	   display	  

distinct	   signaling	   mechanisms	   that	   challenge	   the	   traditional	   signaling	   patterns	   of	  

RTKs.	  	  In	  addition	  to	  engaging	  in	  bi-‐directional	  signaling,	  the	  receptors	  can	  also	  signal	  

despite	  ligand	  activation	  [128].	  	  
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Forward	  signaling	  vs.	  reverse	  signaling	  

One	   unique	   characteristic	   of	   EPH-‐ephrin	   complexes	   is	   their	   ability	   to	   transduce	  

bidirectional	   signals	   through	   both	   the	   EPH	   receptor,	   referred	   to	   as	   ‘forward’	  

signaling,	  and	  through	  the	  ephrin	  ligand,	  referred	  to	  as	  ‘reverse’	  signaling	  [123,	  128].	  	  

The	  forward	  signaling	  mechanism	  occurs	  in	  the	  traditional	  manner	  of	  RTK	  signaling,	  

in	   that	   ligand	   binding	   induces	   phosphorylation	   of	   tyrosine	   residues	   in	   the	   kinase	  

domain	  of	  EPH	  receptors	  and	  sequential	  activation	  of	  effector	  signaling	  molecules.	  

Some	   of	   the	  most	   notable	   signaling	   pathways	   regulated	   by	   EPH-‐forward	   signaling	  

include	  PI3K/AKT/mTOR	  [130,	  139],	  RAS/RAF/MAPK	  [138,	  139],	  and	  RHO/RAC	  [137,	  

140-‐142]	  pathways.	   	  Although	  forward	  signaling	  can	  occur	  when	  membrane-‐bound	  

ephrins	   bind	   to	   EPH	   receptors	   on	   adjacent	   cells,	   several	   studies	   have	   also	  

demonstrated	   that	   ephrins	   can	   be	   cleaved	   and	   these	   soluble	   ephrins	   are	   also	  

functionally	   active.	   Evidence	   exists	   that	   both	   ephrin	   classes	   are	   susceptible	   to	  

protease	   cleavage,	   primarily	   by	   ADAMs	   (A	   Disintegrin	   And	  Metalloproteases)	   and	  

matrix	  metalloproteases	  (MMPs),	  and	  this	  cleavage	  can	  play	  a	  major	  regulatory	  role	  

in	  EPH-‐ephrin	  complex	  signaling	  [143].	  

	  

The	  mechanism	  of	  reverse	  signaling	  or	  ligand-‐mediated	  signaling	  is	  highly	  dependent	  

on	  the	  ephrin	  class.	  	  The	  A-‐subclass	  of	  ephrins	  is	  tethered	  by	  a	  GPI	  anchor	  and	  lacks	  

the	   transmembrane	   region	  and	   cytoplasmic	   tail	   that	   is	   common	   to	   the	  B-‐subclass.	  	  

The	   cytoplasmic	   region	   of	   B	   class	   ephrins	   serves	   as	   a	   key	   signaling	   mechanism.	  	  

Engagement	   with	   EPHB	   receptors	   causes	   ephrin-‐B	   ligands	   to	   undergo	   tyrosine	  

phosphorylation	  on	  their	  C-‐terminal	  tail	  [144]	  that	  is	  mediated	  by	  interactions	  with	  

SRC	   family	   kinases	   [145],	   and	   by	   a	   variety	   of	   other	   RTKs	   [146].	   	   Studies	   also	  

demonstrate	   that	   ephrin-‐B	   ligands	   can	   initiate	   reverse	   signaling	   through	   PDZ-‐

domain-‐mediated	   associations.	   	   For	   instance,	   the	   GTPase-‐activating	   protein,	   PDZ-‐

RGS3,	  directly	  binds	  to	  the	  PDZ-‐binding	  motif	  on	  B-‐subclass	  ligands	  [147].	  	  Ephrin-‐A	  

ligands	  also	  engage	   in	  reverse	  signaling,	  however,	  due	  to	  the	   lack	  of	  a	  cytoplasmic	  

region,	  the	  mechanisms	  surrounding	  this	  function	  remain	  obscure.	  	  It	  is	  thought	  that	  
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upon	  engagement	  with	  EPHA	  receptors,	  ephrin-‐A	  ligands	  localize	  to	  distinct	  plasma	  

membrane	   microdomains	   and	   mediate	   signal	   transduction	   through	   acquisition	   of	  

signaling	  molecules,	  as	   this	  has	  been	  reported	   in	  other	  GPI-‐anchored	  proteins	   that	  

have	   signaling	   responses	   [148].	   	   Additional	   studies	   have	   further	   suggested	   that	  

ephrin-‐A	  ligands	  transduce	  signaling	  through	  these	  microdomains	  in	  a	  manner	  that	  is	  

dependent	   on	   FYN	   tyrosine	   kinase,	   and	   this	   signaling	   is	   functionally	   relevant	   in	  

mediating	  cellular	  adhesion	  [149].	  	  	  

	  

Ligand-‐dependent	  vs.	  ligand-‐independent	  signaling	  

EPH	  receptor	  signaling	  offers	  another	   layer	  of	  complexity	   in	   its	  ability	  to	  transduce	  

signaling	   in	   both	   a	   ligand-‐dependent	   and	   ligand-‐independent	   manner.	   	   Ligand-‐

dependent	   signaling	   is	   associated	   with	   tyrosine	   phosphorylation,	   and	   rapid	  

internalization	  and	  degradation	  of	  EPH	  receptors	  [150].	   	  Ligand-‐activated	  EPH	  RTKs	  

have	   been	   linked	   with	   inhibition	   of	   EPH-‐related	   signaling	   pathways	   including	  

integrins	   [135],	   RAS/MAPK	   [151],	   RHO/RAC	   [136]	   and	   PI3K/AKT/mTOR	   [152]	  

pathways.	   	   Conversely,	   ligand-‐dependent	   signaling	   can	   also	   activate	   the	   ABL/CRK	  

pathway	  [153].	  	  Particularly	  in	  the	  context	  of	  cancer,	  ephrin-‐induced	  EPH	  activation	  

is	  considered	  anti-‐mitogenic,	  as	  several	  of	  these	  pathways	  can	  regulate	  proliferation	  

and	  motility.	  	  	  	  

	  

EPH	  receptors	  also	  signal	   in	  a	   ligand-‐independent	  manner	  by	  engaging	   in	  crosstalk	  

with	   other	   cellular	   proteins—a	   characteristic	   that	   extends	   to	   both	   classes.	   For	  

instance,	   EPHA	   receptors	   are	   reported	   to	   interact	   with	   EGFR,	   HER2,	   and	   FGF	  

receptors	  and	  EPHB	  receptos	  are	  associated	  with	  CXCR4	  receptors.	   	   Individual	  EPH	  

members	  and	  the	  proteins	  they	  crosstalk	  with	  are	  highlighted	  in	  TABLE	  1.3.	  	  

	  

The	  emerging	  concept	  that	  ligands	  can	  serve	  as	  a	  molecular	  switch	  to	  modulate	  EPH	  

signaling	  outcomes	  is	  supported	  by	  recent	  reports	  that	  demonstrated	  the	  opposing	  

signaling	  properties	  of	  EPH	  receptors.	  	  For	  example,	  EPHA2	  has	  been	  shown	  to	  	  
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Table	  1.3	  	  Crosstalk	  between	  EPH	  RTKs	  and	  other	  receptors.	  

	  

regulate	  integrin	  signaling	  both	  in	  a	  positive	  and	  negative	  manner	  [135,	  170-‐172].	  It	  

was	  discovered	  that	  EPHA2,	  in	  the	  absence	  of	  ligand	  binding,	  could	  directly	  interact	  

with	  FAK—a	  key	   regulator	  of	   integrin	   signaling—that	  would	   then	  promote	   integrin	  

signaling	  [135].	  	  Yet,	  in	  the	  presence	  of	  ephrin-‐A1,	  the	  preferential	  ligand	  for	  EPHA2,	  

the	  phosphatase	  SHP2	  is	  recruited	  to	  the	  EPHA2-‐FAK-‐integrin	  complex,	  where	  FAK	  is	  

subsequently	   dephosphorylated	   and	   inactivated	   [135].	   	   An	   additional	   example	  

involves	  the	  interaction	  between	  EPHA2	  and	  AKT.	  Ligand	  stimulated	  EPHA2	  inhibits	  

AKT	   phosphorylation	   as	   a	   downstream	   signaling	   effector,	   yet	   in	   the	   absence	   of	  

ephrin-‐A1,	  the	  regulatory	  loop	  of	  AKT	  can	  directly	  phosphorylate	  EPHA2	  at	  site	  S897	  

in	   turn	   regulating	   the	   receptor’s	   activity	   [152].	   The	  basis	   for	   the	   regulation	  of	   this	  

ligand	  dependent	  “switch”	   in	  signaling	  remains	  elusive	  and	   is	  most	   likely	  multifold.	  	  

EPH	  
receptor	  

Crosstalk	  receptor	   Signaling	  outcome	   Reference	  

EPHA	   CXCR4	   CDC42	  inhibition	   [154]	  
EPHA	   Integrins	   Rac1	  inhibition	   [155]	  
EPHA2	   EGFR	  and	  HER2	   Cell	  motility	  regulation	   [137,	  156]	  
EPHA2	   Claudin4	   Claudin4	  phosphorylation	   [157]	  
EPHA2	   Integrins	   FAK	  inhibition	   [135]	  
EPHA2	   E-‐Cadherin	   EPHA2	  activation	   [158]	  
EPHA4	   Integrins	   Integrin	  activation	   [159]	  
EPHA4	   FGFR	   MAPK	  activation	   [160]	  
EPHA4	   EGFR	   EGFR	  phosphorylation	   [161]	  
EPHA8	   Integrins	   PI3K	  activation	   [162]	  
EPHA4	   NMDA	  receptor	   NMDAR	  phosphorylation	   [163]	  
EPHA8	   E-‐Cadherin	   E-‐Cadherin	  activation	   [164]	  
EPHB2	   Syndecan2	   Syndecan2	  phosphorylation	   [165]	  
EPHB2	   L1	   L1	  phosphorylation	   [166]	  

EPHB2/B4	   CXCR4	  receptor	   AKT	  activation	   [167]	  
EPHB2/B3	   RYK	  receptor	   Tyrosine	  phosphorylation	   [168]	  
EPHB6	   T	  cell	  receptor	   T	  cell	  activation	   [169]	  
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Current	   evidence	   suggests	   a	   variety	   of	   factors,	   such	   as	   receptor	   composition,	  

concentration	   and	   clustering	   abilities	   may	   all	   contribute	   the	   diverse	   signaling	  

pathways.	  

	  

EPH	  receptors	  as	  tumor	  promoters	  or	  tumor	  suppressors	  

Genome-‐wide	  expression	  analyses	  have	  revealed	  that	  EPH	  RTKs	  are	  overexpressed	  

in	  several	  malignant	  tissue	  types	  as	  compared	  to	  adjacent	  normal	  tissue	  [133].	  	  “A”	  

class	   EPH	   RTKs	   (EPHA2,	   EPHA4,	   and	   EPHA7)	   and	   B	   class	   RTKs	   (EPHB4	   and	   EPHB6)	  

have	   been	   demonstrated	   to	   negatively	   correlate	   with	   survival	   in	   breast	   cancer	  

patients	  [173]	  (FIGURE	  1.7).	  	  	  Though	  several	  EPH	  receptors	  have	  been	  implicated	  in	  

cancer,	  EPHA2	  has	  emerged	  as	  a	  focus	  of	  study	  as	  its	  overexpression	  has	  been	  linked	  

to	  poor	  prognosis	  in	  a	  wide	  spectrum	  of	  human	  cancers	  including	  breast	  [173],	  lung	  

[174,	  175],	  pancreatic	   [176],	  ovarian	   [177]	  and	  esophageal	   [178].	   	  The	  tumorigenic	  

potential	   of	   EPHA2	   has	   further	   been	   demonstrated	   in	   vitro	   by	   the	   malignant	  

transformation	   of	   the	   human	   mammary	   epithelial	   cell	   line,	   MCF-‐10A,	   by	   EPHA2	  

overexpression	  [179].	  	  To	  further	  test	  the	  effects	  of	  EPHA2	  overexpression	  on	  tumor	  

potential	   in	   vivo,	   Lu	  et	   al.	   stably	   transfected	   EPHA2	   into	   a	   poorly	   invasive	   ovarian	  

cancer	   cell	   line	   and	   observed	   that	   the	   overexpression	   of	   EPHA2	   enhanced	   tumor	  

growth	  and	  metastatic	  potential	  [180].	  	  	  EPH	  RTK	  overexpression	  not	  only	  enhances	  

tumor	  activity,	  but	  may	  also	  be	  a	  major	  mechanism	  of	  conferring	  drug	  resistance	  in	  

tumors.	  	  Several	  studies	  have	  demonstrated	  that	  EPHA2	  becomes	  overexpressed	  in	  

drug	   resistant	   cells	   as	  observed	   in	   trastuzumab	   resistant	  breast	   cancer	   cells	   [181],	  

tamoxifen	  insensitive	  breast	  cancer	  cells	  [182]	  vemurafenib	  resistant	  melanoma	  cells	  

[183]	  and	  erlotinib	  resistant	  lung	  cancer	  cells	  [184].	  	  

	  

The	  role	  of	  EPH	  RTKs	  as	  a	  tumor	  promoter	  is	  further	  evidenced	  by	  studies	  that	  block	  

the	   function	   of	   EPH	   RTKs	   using	   in	   vitro	   and	   in	   vivo	   techniques	   to	   demonstrate	   a	  

decrease	   in	  tumor	  activity.	   	   In	  addition	  to	  the	  substantial	  amount	  of	  work	  that	  has	  

used	  RNAi-‐mediated	  silencing	  of	  EPH	  RTKs	  to	   impair	   tumor	  growth	  [137,	  184-‐187],	  



	   27	  

animal	  models	   have	   significantly	   contributed	   to	  our	   understanding	  of	   EPH	  RTKs	   in	  

growth	  regulation.	  	  For	  instance,	  genetic	  deletion	  of	  EPHA2	  in	  mice	  that	  express	  the	  

oncogenic	   promoters,	   MMTV-‐Neu	   or	   KRASG12Ddecreased	   tumor	   burden	   and	  

progression	   compared	   to	   mice	   with	   functional	   EPHA2	   [130,	   137].	   	   	   In	   contrast,	  

EPHB4	  overexpressing	  mice	  when	   crossed	  with	  mice	   that	   express	  MMTV-‐Neu	  had	  

enhanced	  tumor	  development	  and	  progression	  [187].	  	  	  

Though	   there	   is	   a	   clear	   role	   for	   EPH	   RTKs	   in	   tumorigenesis,	   their	   functions	   are	  

multifold	  and	  extend	  beyond	  their	  intrinsic	  roles	  in	  tumor	  cells.	  	  EPH	  RTK	  	  

	  

	  

	  
Figure	  1.7	  Expression	  of	  EPHA2,	  EPHA4,	  EPHA7,	  EPHB4,	  and	  EPHB6	  negatively	   correlates	  
with	  overall	  survival	   in	  human	  breast	  cancer.	   	  Kaplan-‐Meier	  analyses	  of	  the	  van	  der	  Vijver	  
dataset,	  of	  295	  human	  breast	   tumors	  and	  associated	  clinical	  data.	  The	   impact	  of	  elevated	  
EPHhA2	  (A),	  EPHhA4	  (B),	  EPHA7	  (C),	  EPHB4	  (D),	  and	  EPHB6	  (E)	  expression	  on	  overall	  survival	  
(Adapted	  from	  [173]).	  
	  

A"

E"D"

C"B"
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overexpression	  can	  also	  enhance	  tumor	  angiogenesis	  to	  promote	  tumor	  growth	  and	  

dissemination	   [188,	   189].	   	   Tumor	   cells	   require	   a	   blood	   supply	   to	   gain	   access	   to	  

oxygen	  and	  vital	  nutrients	   for	  sustained	  proliferation	  and	  growth	   [188].	   	  To	  obtain	  

this	   blood	   supply,	   tumor	   cells	   secrete	   stimulatory	   angiogenic	   factors,	   such	   as	  

vascular	  endothelial	  growth	  factor	  (VEGF)	  to	  drive	  vascular	  remodeling	  and	  growth	  

[190].	   	   Indeed,	   some	   EPH	   receptors	   and	   ephrin	   ligands	   play	   a	   critical	   role	   in	   this	  

vessel	   recruitment,	   and	   inhibition	   of	   EPHA2	   [191]	   and	   ephrinB2	   [192]	   have	   been	  

demonstrated	  to	  reduce	  tumor	  vessel	  density	  and	  tumor	  volume.	  	  	  

	  

A	  fundamental	  factor	  that	  contributes	  to	  EPH	  RTKs	  being	  able	  to	  function	  as	  tumor	  

promoters	   exists	   in	   their	   ability	   to	   engage	   in	   ligand-‐independent	   signaling.	   	   As	  

discussed	  above,	   ligand	  engagement	  can	   induce	  EPH	   tyrosine	  phosphorylation	  and	  

degradation	  in	  some	  tissue	  to	  inhibit	  mitogenic	  pathways	  [150].	  	  Thus	  the	  ability	  of	  

EPH	  receptors	  to	  function	  as	  tumor	  promoters	  or	  tumor	  suppressors	  may	  highly	  rely	  

on	   the	   presence	   of	   ephrin	   ligands,	   their	   ability	   to	   bind	   their	   receptor,	   and	   the	  

downstream	  pathway	  affected	  by	  its	  tyrosine	  phosphorylation,	  at	  least	  in	  some	  EPH	  

RTK	   members.	   	   EPHA2	   and	   EPHB4	   have	   both	   been	   reported	   as	   overexpressed	   in	  

breast	  cancer	  and	  this	  overexpression	  is	  often	  coupled	  with	  low	  expression	  levels	  or	  

impaired	  binding	  to	  ephrin-‐A1	  and	  ephrin-‐B2,	  their	  preferential	  ligands,	  respectfully.	  	  

This	   is	   evidenced	  by	   the	  mutually	   exclusive	   IHC	   staining	   of	   EPHA2	  or	   ephrin-‐A1	   in	  

human	   breast	   cancer	   samples	   [173][Chapter	   2],	   and	   decreased	   levels	   of	   tyrosine	  

phosphorylation	   of	   EPHB2	   in	   breast	   cancer	   cell	   lines	   despite	   elevated	   expression	  

[153].	  	  Previous	  studies	  demonstrated	  that	  breast	  cancer	  cells	  overexpressing	  EPHB4	  

displayed	   decreased	   expression	   of	   ephrinB4	   and	   impaired	   EPHB4	   tyrosine	  

phosphorylation	   levels,	   yet	   the	   delivery	   of	   soluble	   ephrinB2-‐f/c	   activated	   EPHB4	  

tyrosine	  phosphorylation	  and	   the	  ABL-‐CRK	  pathway	  attenuated	   tumor	  growth	   in	  a	  

xenograft	  model	   [153].	   	   Thus	   in	   this	   capacity,	   EPHB4	  when	  activated	  by	   its	   ligand,	  

ephrin-‐B2,	   functioned	   as	   a	   tumor	   suppressor.	   	   EPHA2	   also	   exhibits	   tumor-‐

suppressing	   capabilities	   when	   stimulated	   by	   ephrin-‐A1	   ligand	   at	   least	   in	   breast	  
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cancer	  cells	  [Chapter	  2].	   	  However,	  not	  all	  cancers	  exhibit	  differential	  expression	  of	  

EPH	  RTKs	  and	  ephrin	  ligands.	  	  For	  instance,	  EPHA2	  and	  ephrin-‐A1	  were	  co-‐expressed	  

in	   ovarian	   cancer	   and	   the	   overexpression	   of	   both	   proteins	   correlated	   with	   poor	  

prognosis	   [193].	   	   A	   plethora	   of	   evidence	   exists	   that	   supports	   pro-‐tumor	   and	  

antitumor	   functions	   of	   EPH	   RTKs	   and	   their	   ligands.	   Together,	   it	   can	   be	   concluded	  

that	   individual	  EPH	  RTK	  members	  can	  have	  diverse	   functions,	  EPH/ephrin	  signaling	  

may	  be	  tissue	  specific,	  outcomes	  may	  depend	  on	  molecular	  makeup	  of	  the	  individual	  

cancer,	  and	  whether	  cell	  adhesions	  are	  impaired.	  

	  

Thesis	  Project	  

Breast	  cancer	  continues	  to	  be	  a	  major	  health	  concern	  for	  women	  worldwide.	  Early	  

diagnoses	   and	   the	   use	   of	   targeted	   therapies	   have	   aided	   in	   reduced	   mortality,	  

however,	   approximately	   40,000	   deaths	   per	   year	   still	   occur	   in	   the	   United	   States.	  	  	  

Thus	   is	   it	   necessary	   to	   investigate	   the	   mechanisms	   that	   promote	   breast	   cancer	  

development,	   maintenance	   and	   metastatic	   spread	   as	   means	   to	   identify	   new	  

therapeutic	   targets	   and	   improve	   patient	   outcome.	   	   The	   EPH	   family	   of	   receptor	  

tyrosine	   kinases	   has	   long	   been	   implicated	   in	   cancer	   with	   the	   EPHA2 receptor	  

correlating	   with	   poor	   prognosis	   in	   many	   tumor	   types	   including	   breast.	   Despite	  

elevated	   EPHA2	   levels	   in	   breast	   cancer	   samples,	   the	   expression	   of	   its	   preferential	  

ligand,	  ephrin-‐A1,	  is	  often	  lost	  or	  reduced.	  	  In	  the	  absence	  of	  ephrin-‐A1,	  EPHA2	  can	  

engage	  in	  ligand-‐independent	  signaling	  and	  activate	  several	  oncogenic	  pathways	  to	  

augment	  breast	   cancer	  growth,	   thus	   the	   loss	  of	  eprin-‐A1	  may	  give	   these	   tumors	  a	  

growth	  benefit.	  	  Furthermore,	  the	  dysregulation	  of	  cell	  metabolism	  also	  contributes	  

to	   malignant	   growth	   and	   progression	   in	   breast	   cancer.	   Interestingly,	   several	  

downstream	  effectors	  of	  EPHA2	  have	  been	  implicated	  in	  the	  regulation	  of	  tumor	  cell	  

metabolism,	  yet	  whether	  EPHA2	  and	  ephrin-‐A1	  could	  modulate	  tumor	  metabolism	  

remained	   unexplored.	   	   This	   dissertation	   set	   out	   to	   further	   investigate	   the	  

EPH/ephrin	   signaling	   paradox	   and	   dissect	   the	   mechanisms	   in	   which	   EPHA2	   and	  
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ephrin-‐A1	  regulate	  breast	  cancer	  growth	  and	  to	  determine	  whether	  aberrant	  tumor	  

metabolism	   is	   a	   mode	   of	   EPHA2/ephrin-‐A1-‐regulated	   growth.	   We	   specifically	  

performed	   this	   this	   study	   in	   a	   HER2-‐positive	   breast	   cancer,	   since	   it	   was	   already	  

established	   that	   EPHA2	   could	   regulate	   growth	   in	   this	   model.	   	   We	   generated	   an	  

ephrin-‐A1	  knockout	  mouse	  that	  also	  expressed	  an	  activated	  form	  of	  the	  Neu/HER2	  

oncogene.	   	   Not	   only	   did	   this	  model	   recapitulate	   EPHA2	   and	   ephrin-‐A1	   expression	  

patterns	  in	  human	  tissue	  samples	  (low	  ephrin-‐A1),	  but	  also	  enhanced	  tumor	  growth	  

compared	   to	   mice	   expressing	   functional	   ephrin-‐A1.	   This	   demonstrated	   that	   the	  

presence	   of	   ephrin-‐A1	   combated	   tumorigenesis	   in	   these	   mice,	   potentially	   as	   a	  

molecular	   switch	   of	   EPHA2,	   in	   that	   ephrin-‐A1	  may	   cause	   EPHA2	   to	   function	   as	   a	  

tumor	  suppressor.	  	  We	  further	  integrated	  RNAi-‐mediated	  silencing	  techniques,	  data	  

mining	   of	   microarray	   datasets,	   global	   metabolic	   analyses	   of	   mammary	   tumors,	  

pharmacologic	   treatments,	   and	   staining	   of	   breast	   cancer	   patient	   tissue	   to	  

systematically	  investigate	  the	  function	  of	  EPHA2	  and	  ephrin-‐A1	  in	  breast	  cancer	  and	  

tumor	   metabolism.	   	   	   This	   thesis	   work	   generated	   several	   significant	   and	   novel	  

findings.	  	  We	  were	  the	  first	  to	  use	  a	  genetic	  mouse	  model	  to	  demonstrate	  that	  the	  

deletion	   of	   membrane-‐bound	   ephrin-‐A1	   enhanced	   tumorigenesis	   in	   Neu/HER2	  

expressing	  mice.	  	  We	  further	  demonstrated	  that	  loss	  of	  ephrin-‐A1	  enhanced	  EPHA2	  

protein	   expression	   as	   a	   mechanism	   to	   drive	   tumor	   cell	   growth,	   and	   that	   either	  

tyrosine	  phosphorylation	  of	  EPHA2	  or	  phosphorylation	  of	  serine	  897	  could	  promote	  

this	   growth	   in	   breast	   cancer	   cells.	   	   We	   also	   revealed	   the	   first	   evidence	   linking	  

EPHA2/ephrinA1	   signaling	   to	   tumor	   metabolism	   as	   evidenced	   by	   augmented	  

glutaminolysis	   in	   ephrin-‐A1	   knockout	   tumors	   compared	   to	   wild	   type	   tumors.	  	  

Furthermore,	  we	  discovered	  that	  this	  elevated	  glutaminolysis	  occurred	  as	  a	  result	  of	  

increased	  GLS	   activity	   and	   inhibition	  of	  GLS	   reduced	   tumor	   growth	   in	   vivo	   despite	  

overexpression	   of	   EPHA2	   or	   inhibited	   ephrin-‐A1.	   	   	   We	   also	   showed	   that	  

EPHA2/ephrin-‐A1	   signaling	   regulated	   lipogenesis	   and	   this	   enhanced	   lipid	   content	  

promoted	   cell	   growth.	   Mechanistically,	   we	   determined	   that	   EPHA2/ephrin-‐A1	  

increased	  RHO-‐GTPase	  activity	  to	  mediate	  this	  enhanced	  tumor	  metabolism.	  	  Finally,	  
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we	  demonstrated	  that	  low	  ephrin-‐A1	  levels	  correlated	  with	  poor	  outcome	  in	  breast	  

cancer	  patients,	  thus	  ephrin-‐A1	  may	  serve	  as	  a	  prognostic	  marker	  in	  some	  types	  of	  

breast	   cancer.	   	   These	   findings	   invite	   exciting	   questions	   about	   the	   role	   of	  

EPHA2/ephrinA1	   signaling	   in	   other	   breast	   cancer	   subtypes	   and	   malignancies	   that	  

display	  elevated	  glutaminolysis	  or	  EPHA2	  expression.	  	  	  
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CHAPTER	  II	  

	  

THE	  EPHRIN-‐A1/EPHA2	  SIGNALING	  AXIS	  REGULATES	  GLUTAMINE	  

METABOLISM	  IN	  HER2-‐POSITIVE	  BREAST	  CANCER.	  

	  

The	  work	  presented	  in	  this	  chapter	  is	  currently	  accepted	  for	  publication	  with	  the	  

same	  title	  in	  Cancer	  Research,	  2016.	  

	  

Abstract	  

Dysregulation	   of	   receptor	   tyrosine	   kinases	   (RTKs)	   contributes	   to	   cellular	  

transformation	   and	   cancer	   progression	   by	   disrupting	   key	   metabolic	   signaling	  

pathways.	   The	   EPHA2	   RTK	   is	   overexpressed	   in	   aggressive	   forms	   of	   breast	   cancer,	  

including	  the	  HER2+	  subtype,	  and	  correlates	  with	  poor	  prognosis.	  However,	  the	  role	  

of	  EPHA2	   in	   tumor	  metabolism	  remains	  unexplored.	   In	   this	   study,	  we	  used	   in	  vivo	  

and	   in	   vitro	   models	   of	   HER2-‐overexpressing	   breast	   cancer	   to	   investigate	   the	  

mechanisms	  by	  which	  EPHA2	  ligand-‐independent	  signaling	  promotes	  tumorigenesis	  

in	   the	  absence	  of	   its	  prototypic	   ligand,	  ephrin-‐A1.	  We	  demonstrate	  ephrin-‐A1	   loss	  

leads	   to	   upregulated	   glutamine	  metabolism	  and	   lipid	   accumulation	   that	   enhanced	  

tumor	   growth.	   Global	   metabolic	   profiling	   of	   ephrin-‐A1-‐null,	   HER2-‐overexpressing	  

mammary	   tumors	   revealed	   a	   significant	   increase	   in	   glutaminolysis,	   a	   critical	  

metabolic	   pathway	   that	   generates	   intermediates	   for	   lipogenesis.	   Pharmacologic	  

inhibition	  of	  glutaminase	  activity	  reduced	  tumor	  growth	  in	  both	  ephrin-‐A1-‐depleted	  

and	   EPHA2-‐overexpressing	   tumor	   allografts	   in	   vivo.	  Mechanistically,	  we	   show	   that	  

the	   enhanced	   proliferation	   and	   glutaminolysis	   in	   the	   absence	   of	   ephrin-‐A1	   was	  

attributed	   to	   increased	   RhoA-‐dependent	   glutaminase	   activity.	   EPHA2	   depletion	   or	  

pharmacologic	   inhibition	  of	  Rho,	  glutaminase,	  or	  fatty	  acid	  synthase	  abrogated	  the	  

increased	  lipid	  content	  and	  proliferative	  effects	  of	  ephrin-‐A1	  knockdown.	  Together,	  
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these	   findings	   highlight	   a	   novel,	   unsuspected	   connection	   between	   the	  

EPHA2/ephrin-‐A1	   signaling	  axis	   and	   tumor	  metabolism,	   and	   suggest	  potential	   new	  

therapeutic	  targets	  in	  cancer	  subtypes	  exhibiting	  glutamine	  dependency.	  	  	  	  

	  

Introduction	  

Receptor	  tyrosine	  kinases	  (RTKs)	  are	  key	  regulators	  of	  signal	  transduction	  pathways	  

that	   promote	   cell	   growth,	   survival,	   and	   motility	   during	   malignant	   progression	   of	  

solid	   tumors.	   	   Recent	   advances	   in	   the	   analysis	   of	   tumor	   genomes	   revealed	   that	  

EPHA2	   RTK	   is	   frequently	   overexpressed	   in	   aggressive	   human	   breast	   cancers	   and	  

correlates	  with	  poor	  patient	  survival	  and	  resistance	  to	  therapeutic	  agents	  [133,	  137,	  

173,	  181].	  	  EPHA2	  belongs	  to	  the	  Eph	  family	  of	  RTKs,	  which	  contain	  distinct	  regions	  

for	   ligand	   binding,	   receptor	   clustering,	   and	   signaling.	   	   Though	   receptor	   clustering	  

and	  activation	  occur	  upon	  Eph	  receptor	  binding	  to	  their	   ligands,	  known	  as	  ephrins,	  

Eph	   receptors	   can	   also	   be	   activated	   by	   other	   cell-‐surface	   receptors,	   such	   as	   EGFR	  

and	   ERBB2	   [137,	   156].	   Thus,	   cumulative	   evidence	   in	   breast	   cancer	   supports	   two	  

modes	   for	   EPHA2	   signaling.	   	   In	   the	   ligand-‐dependent	  mode,	   EphA2	   can	   engage	   in	  

ligand-‐dependent	   forward	   signaling	   that	   suppresses	   tumor	   cell	   proliferation	   and	  

invasiveness	   [152,	   194].	   	   In	   the	   second	   mode,	   EphA2	   can	   signal	   in	   a	   ligand-‐

independent	   manner	   that	   promotes	   tumor	   malignancy—a	   mechanism	   highly	  

dependent	   upon	   phosphorylation	   of	   S897	   (6).	   This	  model,	   however,	   has	   not	   been	  

directly	  tested	  in	  a	  transgenic	  mammary	  tumor	  model,	  and	  the	  mechanism	  by	  which	  

ephrin-‐A1	  exerts	  its	  tumor-‐suppressive	  role	  has	  yet	  to	  be	  fully	  elucidated.	  

	  

In	  this	  study,	  we	  demonstrate	  a	  novel	  role	  for	  ephrin-‐A1	  as	  a	  regulator	  of	  mammary	  

tumor	  growth	  and	  tumor	  metabolism.	  	  Gene	  deletion	  of	  ephrin-‐A1	  (Efna1)	  increased	  

the	   growth	   of	   endogenous	  mammary	   tumors	   in	   a	  mouse	  model	   of	   breast	   cancer	  

driven	   by	   activated	   ErbB2	   (MMTV-‐NeuT).	   	   RNAi-‐mediated	   silencing	   of	   ephrin-‐A1	  

increased	  lipid	  accumulation	  and	  cell	  proliferation	  in	  both	  mouse	  and	  human	  breast	  
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cancer	   models.	   	   Furthermore,	   metabolic	   profiling	   of	   tumors	   revealed	   increased	  

glutaminolysis	   in	   ephrin-‐A1-‐null	   tumors.	   	  Mechanisticaly,	   we	   identified	   a	   signaling	  

pathway	   involving	   EPHA2-‐RhoA-‐glutaminase	   that	   mediates	   ephrin-‐A1-‐dependent	  

suppression	   of	   glutaminolysis	   and	   lipid	   accumulation	   in	   tumor	   cells.	   	   	   Collectively,	  

these	  studies	  provide	   in	  vivo	  evidence	  for	  a	  tumor	  suppressive	  role	  of	  ephrin-‐A1	  in	  

breast	   cancer,	   and	   uncover	   a	   novel	   function	   of	   ephrin-‐A1	   and	   EPHA2	   in	   the	  

regulation	  of	  tumor	  metabolism.	  

	  

Materials	  and	  Methods	  

Animal	  models	  and	  in	  vivo	  studies	  

Animals	   were	   housed	   under	   pathogen-‐free	   conditions,	   and	   experiments	   were	  

performed	   in	   accordance	   with	   AAALAC	   guidelines	   and	   with	   Vanderbilt	   University	  

Institutional	   Animal	   Care	   and	   Use	   Committee	   approval.	   Ephrin-‐A1-‐/-‐	   mice	   were	  

crossed	  with	  MMTV-‐NeuT	  mice.	  	  MMTV-‐NeuT-‐positive	  mice	  that	  were	  EphrinA1+/+	  or	  

Ephrin-‐A1-‐/-‐	   were	   identified	   by	   PCR	   analysis	   of	   genomic	   DNA	   using	   the	   following	  

primers:	   Ephrin-‐A1	   forward	   primer	   (5ʹ′-‐CCCAACAAAAACAAACAGCCG-‐3ʹ′)	   and	   two	  

allele	   specific	   reverse	  primers,	  WT	   (5ʹ′-‐GAGGTGGAGGAAGGGAAAAAGAC-‐3ʹ′)	   and	  KO	  

(5ʹ′-‐TGGATG	   TGGAATGTGTGCGAGG-‐3ʹ′).	   The	  NeuT	  transgene	   was	   detected	   by	   PCR	  

using	   the	   following	   primers:	   NeuT	   forward	   (5’-‐CATGGCCAGACAGTCTCCGT-‐3’)	   and	  

reverse	  (5’-‐	  TGAGCTGTTTTGAGGCTGACA-‐3’).	  	  

	  

Allograft	  experiments	  were	  performed	  in	  FVB	  mice.	   	  For	  ephrin-‐A1	  gain	  of	  function	  

experiments,	  MMTV-‐Neu	   cells	   were	   treated	   with	   Adeno-‐virus	   ephrin-‐A1	   or	   with	  

Adeno-‐virus	  LacZ	  as	  a	  control.	   	  For	  EPHA2	  overexpression	  experiments,	  MMTV-‐Neu	  

cells	  were	  treated	  with	  Adeno-‐virus	  EPHA2	  or	  Adeno-‐virus	  GFP	  as	  a	  control.	  	  Ephrin-‐

A1	   knockdown	   experiments	   were	   carried	   out	   by	   generating	   stable	   EFNA1	  

knockdown	  cells	  lines	  created	  by	  lentiviral	  transduction	  of	  a	  pGIPZ	  vector	  containing	  

EFNA1	   specific	   mouse	   shRNA	   constructs	   (shEFNA1	   mature	   antisense	   3ʹ′-‐	  
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GTAGTAGTAGCTGTGTCCT-‐5’)	   (clone	   ID:	   V3LMM_511961).	   	   Ephrin-‐A1	   knockdown	  

was	  confirmed	  by	  qRT-‐PCR.	  	  Cells	  (1	  x	  106)	  were	  injected	  into	  the	  mammary	  glands	  

of	  6	   to	  8-‐week-‐old	  FVB	  mice.	  Tumors	  were	  measured	  at	   the	  described	  time	  points	  

using	  digital	  calipers.	  Volumes	  were	  calculated	  using	  the	  following	  formula:	  volume	  

=	   length	  ×	  width2	  ×	  0.52.	   	  Where	   indicated,	  BPTES	   (10mg/kg)	  or	  vehicle	   (VEH)	  was	  

delivered	  by	   intraperitoneal	   injection	  every	  other	  day	   starting	  on	  day	  3.	   Statistical	  

significance	   was	   determined	   by	   two-‐way	   ANOVA	   using	   GraphPad	   Prism	   software.	  

Error	   bars	   represent	   standard	   error	   the	   mean	   (SEM)	   and	   a	   P-‐value	   <0.05	   is	  

considered	  significant.	  

	  

Analysis	   of	   human	   breast	   cancer	   tissue	   microarray	   and	   expression	   profiling	  

datasets	  

Immunohistochemical	  staining	  was	  performed	  on	  a	  human	  Metastatic	  Breast	  Cancer	  

Tissue	   Array	   from	   Cybrdi	   (Rockville,	   MD;	   Cat#	   CS08-‐10-‐001)	   for	   ephrin-‐A1	   and	  

phosphorylated	   EPHA2	   (pS897).	   The	   scoring	   system	   is	   as	   follows:	   0-‐10%	   +	   tumor	  

epithelium	   =	   0;	   10-‐25%+	   tumor	   epithelium	   =	   1;	   25-‐50%+	   tumor	   epithelium	   =	   2;	  

>50%+	   tumor	   epithelium	   =	   3.	   	   Samples	   were	   subdivided	   by	   scores	   of	   0-‐1	   as	  

low/negative	  and	  scores	  of	  2-‐3	  as	  high.	  Statistical	  significance	  was	  determined	  using	  

Chi	  Square	  Analysis.	  Survival	  analyses	  were	  performed	  as	  previously	  described	  [195].	  

EPHA2	   and	   EFNA1	   gene	   expression	   data	   was	   downloaded	   from	   GEO	   (Affymetrix	  

HGU133A,	   accession#	   GPL96,	   and	   HGU133	   Plus	   2.0,	   accession#	   GPL570)	   and	  

recurrence-‐free	   survival	   information	   was	   analyzed	   using	   the	   online	   software	  

package,	  Kaplan–Meier	  Plotter	   (http://kmplot.com).	   The	  packages	   ‘recurrence-‐free	  

survival’	   and	   ‘automatic	   cutoff’	   were	   used	   to	   calculate	   and	   plot	   Kaplan–Meier	  

survival	   curves	   for	   936-‐patients	   with	   lymph	   node-‐positive	   breast	   cancer.	   Tumors	  

were	   ranked	   according	   to	   gene	   expression	   values	   of	  EPHA2	   and	  EFNA1,	   scored	   as	  

high	  or	   low.	   Statistical	   significance	  was	  determined	  by	   logrank	  P-‐value	   and	  hazard	  

ratios	  with	  95%	  confidence	  intervals	  are	  displayed.	  	  

	  



	   36	  

Cell	  culture	  	  

Human	  cell	  lines	  were	  purchased	  from	  the	  ATCC	  and	  maintained	  as	  described	  (3,	  4).	  

BT474	  cell	  lines	  were	  authenticated	  by	  the	  ATCC	  cell	  authentication	  services	  utilizing	  

short	  tandem	  repeat	  profiling.	  	  Other	  cell	  lines	  were	  used	  at	  low	  passage	  and	  were	  

not	  authenticated.	  The	  mouse	  MMTV-‐Neu	  cell	   line	  was	  generated	  and	  provided	  by	  

Rebecca	   Cook	   (Vanderbilt	   University).	   These	   cells	   were	  maintained	   in	   DMEM/F12	  

media	   supplemented	   with	   estrogen	   (5ng/ml),	   progesterone	   (5ng/ml),	   insulin	  

(0.5μg/mL),	   EGF	   (5ng/ml),	   L-‐glutamine	   (2	   mM),	   penicillin	   (100U/ml)	   and	  

streptomycin	  (100U/ml)	  and	  10%	  fetal	  bovine	  serum.	  	  	  

	  

Generation	  of	  stable	  cell	  lines	  

Stable	   EFNA1	   knockdown	   cells	   lines	   were	   created	   by	   lentiviral	   transduction	   of	   a	  

pLKO.1	   vector	   containing	  EFNA1	   specific	   shRNA	  constructs	   (shEFNA1	   no.	   1	  mature	  

antisense	  3ʹ′-‐	  TTTCTTTGGCTTAAAGGCAGG	  -‐5ʹ′	  or	  shEFNA1	  no.	  2	  mature	  antisense	  3ʹ′-‐	  

TTTGAACTGTTCCAGAAGACG	  -‐5’)	  and	  were	  maintained	  in	  1	  to	  2	  μg/ml	  of	  puromycin-‐

containing	  complete	  media.	   	  Stable	  BT474	  cells	  overexpressing	  GFP	  or	  EFNA1	  were	  

created	   by	   lentiviral	   transduction.	   	   pCW-‐Cas9,	   a	   gift	   from	   Eric	   Lander	   and	   David	  

Sabatini	  (Addgene	  plasmid	  #	  50661),	  was	  linearized	  through	  restriction	  digestion	  by	  

NheI	  and	  BamHI.	  	  Full-‐length	  GFP	  or	  human	  EFNA1	  cDNA	  were	  subcloned	  into	  pCW	  

using	  NEBuilder	  Assembly	  Kit	  (NEB).	  	  Cells	  were	  maintained	  in	  1µg/mL	  doxycycline	  as	  

indicated.	  Stable	  EPHA2	  wild-‐type	  and	  mutant	  containing	  cell	   lines	  were	  generated	  

by	   lentiviral	   transduction	  of	   the	  pCDH-‐CMV-‐MCS-‐EF1-‐Puro	  vector	  containing	  either	  

full	  length	  human	  wild-‐type	  EPHA2,	  EPHA2S897A,	  or	  EPHA2D739N.	  

	  

Antibodies	  and	  immunoblotting	  

The	   following	   antibodies	   were	   used:	   EPHA2	   (D7,	   mouse	   monoclonal,	   1:1000,	  

Millipore),	   EPHA2	   (XP	   rabbit	   monoclonal,	   1:500,	   Cell	   Signaling),	   EPHA2	   phospho-‐

S897	   (rabbit,	   1:1000,	   Cell	   Application,	   Inc.),	   EPHA2	   phospho-‐Y588	   (mouse	  

monoclonal,	   1:2000,	   Cell	   Signaling),	   Ephrin-‐A1	   (mouse	   monoclonal,	   1:1,000),	   Rho	  
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(mouse	   monoclonal	   1:1000,	   Millipore),	   EPHA4	   rabbit	   polyclonal,	   1:250,	   Abnova),	  

EPHB6	   (rabbit	   polyclonal,	   1:500,	   Abgent),	   α-‐actin	   (I-‐19,	   goat	   polyclonal,	   1:1,000,	  

Santa	  Cruz)	   	   and	  β-‐tubulin	   (mouse	  monoclonal,	  1:2,000,	   Sigma-‐Aldrich).	   Secondary	  

antibodies	  include:	  HRP-‐conjugated	  or	  IRDye®-‐conjugated	  anti-‐mouse	  or	  anti-‐rabbit	  

antibodies.	  For	   immunoblotting,	  cells	  were	  washed	  with	  PBS	  and	   lysed	  on	   ice	  with	  

RIPA	  buffer	  supplemented	  with	  a	  protease	  inhibitor	  cocktail	  (P8340)	  (Sigma-‐Aldrich)	  

and	   phosphatase	   inhibitors	   (Roche	   Diagnostics).	   Lysates	   underwent	   SDS/PAGE	  

(Invitrogen)	  followed	  by	  blotting	  with	  the	  indicated	  antibodies.	  Clarity	  Western	  ECL	  

substrate	   (Bio-‐Rad),	   SuperSignal	   West	   Femto	   Maximum	   Sensitivity	   Substrate	  

(Thermo	  Scientific),	  or	  LI-‐COR	  Odyssey	  were	  used	  for	  signal	  detection.	  

	  

Metabolomic	  profiling	  in	  tumors	  

The	  mass	   spectrometer	   platforms,	   sample	   extraction	   and	   preparation,	   instrument	  

settings	  and	  conditions,	  and	  data	  handling	  have	  been	  previously	  described	  in	  detail	  

[196].	  Briefly,	  the	  sample	  preparation	  process	  was	  carried	  out	  using	  the	  automated	  

MicroLab	  STAR®	  system	  (Hamilton,	  Reno,	  NV).	  	  Recovery	  standards	  were	  added	  prior	  

to	   the	   first	   step	   in	   the	   extraction	   process	   for	   QC	   purposes.	   	   Homogenized	   tumor	  

samples	  were	  extracted	  using	  5µL	  methanol	  per	  mg	  tissue.	  	  The	  resulting	  extract	  was	  

divided	   into	   three	   fractions	   for	  untargeted	  metabolic	  profiling	  and	   randomized	   for	  

analysis.	  	  Samples	  were	  characterized	  using	  three	  independent	  platforms:	  ultrahigh-‐

performance	  liquid	  chromatography/tandem	  mass	  spectrometry	  (UHPLC-‐MS/MS)	  in	  

the	   negative	   ion	   mode,	   UHPLC-‐MS/MS	   in	   the	   positive	   ion	   mode	   and	   gas	  

chromatography-‐mass	  spectrometry	  (GC-‐MS)	  after	  siaylation.	  	  The	  reproducibility	  of	  

the	  extraction	  protocol	  was	  assessed	  by	  the	  recovery	  of	  the	  xenobiotic	  compounds	  

spiked	  in	  every	  sample	  prior	  to	  extraction.	  	  Extracts	  were	  analyzed	  using	  a	  platform	  

consisting	  of	  a	  Waters	  ACQUITY	  UHPLC	  (Waters	  Corporation,	  Milford,	  MA,	  USA)	  and	  

a	  Thermo-‐Finnigan	  LTQ	  mass	  spectrometer	  (Thermo	  Fisher	  Scientific	  Inc.,	  Waltham,	  

MA.	  USA).	   	  Compounds	  were	  identified	  by	  comparison	  to	  library	  entries	  of	  purified	  

standards	  or	  recurrent	  unknown	  entities.	   	   Identification	  of	  known	  chemical	  entities	  
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was	  based	  on	  comparison	  to	  metabolomic	  library	  entries	  of	  purified	  standards	  based	  

on	   chromatographic	   properties	   and	   mass	   spectra.	   	   All	   statistical	   analyses	   were	  

performed	  in	  R	  version	  2.14.2.	  Welsh’s	  two	  sample	  t-‐test	  was	  employed	  to	  identify	  

statistically	   significant	   metabolite	   differences	   between	   tumor	   groups.	   	   For	   all	  

analyses,	  missing	  values	  (if	  any)	  were	  imputed	  with	  the	  observed	  minimum	  for	  that	  

particular	   compound	   (imputed	   values	  were	   added	  after	  block-‐normalization).	   	   The	  

statistical	  analyses	  were	  performed	  on	  natural	   log-‐transformed	  data	   to	   reduce	   the	  

effect	  of	  any	  potential	  outliers	  in	  the	  data.	  	  	  

	  

Metabolite	  assays	  

Intracellular	  glutamate	  concentrations	  were	  determined	  using	  the	  enzymatic	  assay,	  

Glutamate	  Assay	  Kit	   (Sigma),	  according	   to	   the	  manufacturer’s	  protocol.	   	  MCF-‐10A-‐

HER2	   or	   MMTV-‐Neu	   cells	   (106)	   were	   cultured	   in	   glutamine-‐free	   DMEM/F12	   base	  

media	   for	   24	   hours.	   	   Cells	   were	   stimulated	   with	   5%	   serum,	   EGF	   (5ng/mL),	   and	  

2mMol	   of	   glutamine.	   Briefly,	   after	   treatment,	   cells	   were	   washed	   with	   PBS	   and	  

collected	  with	   the	  provided	  glutamate	  assay	  buffer.	   	   Lysates	  were	  centrifuged	  and	  

the	  supernatants	  were	  further	  centrifuged	  in	  10kDa	  ultrafiltration	  spin	  columns.	  The	  

concentrated	   samples	   were	   plated	   in	   96-‐well	   plates	   with	   the	   supplied	   glutamate	  

enzyme	   mix.	   	   Absorbance	   was	   measured	   at	   450nm.	   Concentrations	   were	  

determined	   from	   the	   standard	   curve.	   Statistical	   significance	  was	  determined	  using	  

ANOVA	   analysis	   on	   GraphPad	   Prism	   software;	   a	   P-‐value	   <0.05	   is	   considered	  

significant.	  	  

	  

BrdU	  proliferation	  assay	  

BrdU	   incorporation	   was	   determined	   using	   a	   BrdU	   cell	   proliferation	   colorimetric	  

assay	   kit	   (Cell	   Signaling)	   according	   to	   the	   manufacturer’s	   protocol.	   	   Cells	   (5x103)	  

were	   plated	   in	   96-‐well	   tissue	   culture	   plates	  with	   serum/EGF-‐free	  media	   and	  were	  

treated	  with	  CT04	  Rho	  inhibitor	  (1ug/mL),	  968	  (10µM),	  BPTES	  (10µM),	  or	  Orlistat	  (20	  

µM)	  for	  18	  hours	  where	  indicated.	  	  Cells	  were	  then	  stimulated	  with	  a	  5%	  serum,	  EGF	  
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(5ng/ML),	   and	  BrdU	   solution	   for	   2	  hours	   (MCF-‐10A-‐HER2	  and	  MMTV-‐Neu	   cells)	   or	  

5%	  serum	  and	  BrdU	  solution	  for	  1	  hour	  (BT474	  cells).	   	  Briefly,	  media	  was	  removed	  

and	   cells	   were	   fixed	   with	   the	   provided	   fixing/denaturing	   solution.	   	   Cells	   were	  

incubated	  with	   the	  detection	   antibody	   followed	  by	   the	  HRP-‐conjugated	   secondary	  

antibody	  solution.	   	   	  Colorimetric	  reaction	  was	  visualized	  upon	  addition	  of	   the	  TMB	  

substrate	  and	  absorbance	  was	  measured	  at	  450nm.	  	  BrdU	  incorporation	  is	  expressed	  

as	  absorbance	  (nm)	  or	  are	  normalized	  to	  the	  control	  and	  are	  represented	  as	  percent	  

change.	   Statistical	   significance	   was	   determined	   using	   unpaired	   Student’s	   t-‐test	   or	  

one	   way	   ANOVA,	   as	   indicated.	   Error	   bars	   represent	   SEM	   and	   a	   P-‐value<0.05	   is	  

considered	  significant.	  	  

	  

Three-‐dimensional	  spheroid	  cultures	  

Eight-‐well	   chamber	   slides	   were	   coated	   with	   MatrigelTM	   (BD	   Biosciences).	   Cells	  

(5x103)	  were	   cultured	   in	  media	  with	   2%	   serum,	   5ng/ml	   EGF	   and	   2.5%	  MatrigelTM.	  	  	  

Inducible	  stable	  cells	  were	  treated	  with	  PBS	  or	  1	  μg/mL	  Doxycycline	  (Sigma-‐Aldrich)	  

for	  three	  days	  prior	  to	  seeding	  and	  were	  maintained	  in	  drug	  for	  the	  duration	  of	  the	  

assay.	  On	  day	  12,	  spheroids	  were	  imaged	  and	  Image	  J	  software	  was	  used	  to	  measure	  

the	  surface	  area	  of	  spheroids	  (at	  least	  3	  fields/chamber;	  3	  biological	  replicates).	  	  All	  

other	  spheroid	  assays	  were	  imaged	  after	  8	  days	  of	  culture.	  Surface	  area	  is	  expressed	  

in	  arbitrary	  units	  and	  statistical	  significance	  was	  determined	  by	  unpaired	  student’s	  t-‐

test	  or	  one-‐way	  ANOVA,	  as	  indicated.	  Error	  bars	  represent	  SEM	  and	  a	  P-‐value	  <0.05	  

is	  considered	  significant.	  

	  

Oil-‐red-‐O	  staining	  

Cells	  were	   plated	   in	   24-‐well	   chamber	   tissue	   culture	   plates	   and	  were	   permitted	   to	  

grow	  to	  confluence	  in	  full	  growth	  media,	  unless	  otherwise	  stated.	  	  Cells	  were	  treated	  

with	   CT04	   Rho	   inhibitor	   (1ug/mL)	   (Cytoskeleton,	   Inc.),	   968	   (10µM)	   or	   Orlistat	   (20	  

µM)	  for	  24	  hours,	  followed	  by	  washing	  with	  cold	  PBS	  and	  fixation	  with	  10%	  formalin	  

for	  at	  least	  1	  hour.	  	  Cells	  were	  subsequently	  washed	  with	  distilled	  water,	  incubated	  



	   40	  

with	  60%	  isopropanol	  and	  dried	  under	  a	  fan.	  Cells	  were	  then	  incubated	  in	  Oil-‐Red-‐O	  

working	   solution	   for	  20	  minutes.	  Working	   solution	  was	  made	  by	  diluting	  6mL	  of	   a	  

10mM	   stock	   of	   Oil-‐Red-‐O	   (dissolved	   in	   isopropanol)	   with	   4mL	   distilled	   water	   and	  

subsequent	  filtration	  with	  a	  0.2µm	  filter.	  	  	  Cells	  were	  then	  immediately	  washed	  with	  

distilled	  water	  and	  images	  were	  acquired	  by	  microscopy.	  Phase	  contrast	  microscopy	  

(Olympus	   1X71,	  Olympus	  DP72	   camera)	  was	   used	   to	   ensure	   equal	   cell	   confluence	  

among	  images.	  	  Image	  J	  software	  was	  used	  to	  measure	  the	  area	  coverage	  of	  Oil-‐Red-‐

O-‐stain	   (at	   least	   3	   fields/well).	   Stained	   area	   is	   expressed	   in	   arbitrary	   units	   and	  

statistical	   significance	   was	   determined	   by	   unpaired	   student’s	   t-‐test	   or	   ANOVA,	   as	  

indicated.	  Error	  bars	  represent	  SEM	  and	  a	  P-‐value	  <0.05	  is	  considered	  significant.	  

	  

Immunohistochemistry	  and	  immunofluorescence	  	  

Tumors	  were	  harvested	  at	  the	  indicated	  time	  points,	  fixed	  in	  10%	  buffered	  formalin	  

(Fisher)	   and	   embedded	   in	   paraffin.	   Immunohistochemical	   or	   immunofluorescent	  

staining	  for	  ephrin-‐A1,	  PCNA	  and	  Von	  Willebrand	  (vWF)	  was	  performed	  as	  described	  

previously	  [197,	  198].	  	  A	  proliferative	  index	  was	  calculated	  as	  the	  number	  of	  PCNA+	  

nuclei	   relative	   to	   total	   nuclei.	   	   vWF	   protein	   area	   was	   quantified	   using	   Image	   J	  

software.	  Statistical	  significance	  was	  determined	  by	  unpaired	  Student’s	  t-‐test,	  and	  a	  

P-‐value	  <0.05	  is	  considered	  significant.	  Antibodies	  against	  Ephrin-‐A1,	  phospho-‐S897-‐

EPHA2,	   PCNA	   (BD	   Biosciences),	   biotin	   goat	   anti-‐rabbit	   (BD	   Pharmingen),	   and	   anti-‐

rabbit	  Cy3	  (Jackson	  ImmunoResearch)	  were	  used	  for	  protein	  detection.	  In	  addition,	  

retrievagen	   A	   (pH	   6.0)	   (BD	   Pharmingen),	   streptavidin	   peroxidase	   reagents	   (BD	  

Pharmingen),	  and	  the	   liquid	  3,3ʹ′-‐diaminobenzidine	  tetrahydrochloride	  substrate	  kit	  

(Zymed	   Laboratories)	   were	   used	   for	   antigen	   retrieval,	   and	   visualization	   of	   the	  

protein,	   respectively.	   Cytoseal	   XYL	   was	   used	   to	   mount	   slides.	   	   	   Additionally,	   the	  

antibody	   against	   vWF	   (Dako	   Cytomation)	   and	   the	   Alexa	   Fluor	   488	   secondary	  

antibody	  (Invitrogen)	  were	  used	  for	  vWF	  detection	  within	  tumor	  sections.	  	  Prolong®	  

Gold	   antifade	   reagent	   with	   DAPI	   (Molecular	   Probes)	   was	   used	   to	   mount	   slides.	  

Images	  were	  taking	  on	  Olympus	  BX60	  microscope	  with	  an	  Olympus	  DP72	  camera.	  
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RNAi	  studies	  

EFNA1	  ON-‐TARGETplus	  Human	  SMARTpool	   siRNA	   (M-‐006369-‐01-‐005),	   	  EFNA1	  ON-‐

TARGETplus	   Human	   siRNA	   #1	   and	   #2	   (J-‐006369-‐07	   and	   J-‐006369-‐08),	   GLS1	   ON-‐

TARGETplus	   Human	   SMARTpool	   siRNA	   (M-‐004548-‐01-‐0005),	  GLS1	   ON-‐TARGETplus	  

Human	   siRNA	   #1	   and	   #2	   	   (J-‐004548-‐09	   and	   J-‐004548-‐11),	   GLS2	   	   ON-‐TARGETplus	  

Human	  SMARTpool	  siRNA	  (M-‐012500-‐00-‐0005),	  GLS2	  	  ON-‐TARGETplus	  Human	  siRNA	  

#1	   and	   #	   2	   (J-‐012500-‐09	   and	   J-‐012500-‐09),	   EPHA2	   Silencer®	   siRNA	   (siEPHA2	   #1	   –	  

AM51331;	  ID#	  520)	  (Life	  Technologies/Ambion),	  EPHA2	  ON-‐Targetplus	  Human	  siRNA	  

#2	   (J-‐003116-‐09),	   	   	  EPHA2	   ON-‐Targetplus	  Human	   SMARTpool	   siRNA	   (L-‐003116-‐00-‐

0005)	   and	   ON-‐TARGETplus	   Non-‐Targeting	   pool	   siRNA	   (D-‐001810-‐10-‐05)	   were	  

purchased	   from	   Dharmacon/Thermo	   Scientific,	   unless	   otherwise	   noted,	   and	   were	  

used	   at	   a	   concentration	   on	   of	   12.5-‐25nM	   in	   combination	   with	   Lipofectamine	  

RNAiMAX	  transfection	  reagent	  (Invitrogen).	   	  Experiments	  were	  carried	  out	  after	  72	  

hours.	  	  

	  

RT-‐PCR	  

Total	  RNA	  were	  extracted	  from	  cell	  lysates	  using	  RNeasy	  Mini	  Kit	  (Qiagen)	  according	  

to	   the	  manufacture’s	  protocol.	  cDNA	  was	  synthesized	   from	  2µg	  of	   total	  RNA	  using	  

qScript	   cDNA	   Synthesis	   SuperMix	   (Quanta	   BioSciences)	   as	   recommended	   by	   the	  

manufacturer.	   	  Quantitative	  RT-‐PCR	  was	  carried	  out	  using	  the	  StepOnePlus	  RT-‐PCR	  

system	   (Applied	   Biosystems).	   	   Reactions	   were	   run	   in	   triplicate	   in	   at	   least	   2	  

independent	   biological	   experiments.	   Human	   GAPDH	   and	   mouse	   Actin	   (Applied	  

Biosystems)	  were	  used	  as	  housekeeping	  genes	  accordingly.	  	  

	  

Rho	  activity	  assay	  

Cells	   (2	   x	   106)	   were	   EGF-‐starved	   and	   serum-‐starved	   for	   24	   hours	   followed	   by	   2.5	  

minutes	  of	  stimulation	  with	  5%	  horse	  serum	  and	  EGF	  (0.5ng/mL).	  	  	  Cells	  were	  lysed	  

on	   ice	   with	   RIPA	   buffer	   and	   incubated	   with	   Rhotekin-‐binding	   domain-‐GST	   beads	  

(Millipore)	  as	  previously	  described	  [141].	  	  
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Results	  

Ephrin-‐A1	  inhibits	  mammary	  tumor	  growth	  in	  MMTV-‐NeuT	  transgenic	  mice	  and	  in	  

human	  breast	  cancer	  cell	  lines.	  

Ephrin-‐A1-‐null	   mice	   are	   viable,	   fertile,	   and	   do	   not	   exhibit	   overt	   phenotypes	   in	   a	  

pathogen-‐free	  animal	  facility	  [199].	  	  Previous	  experimental	  data	  in	  breast	  cancer	  cell	  

lines	   suggest	   a	   model	   in	   which	   the	   oncogenic	   role	   of	   EPHA2	   is	   largely	   ligand-‐

independent,	   whereas	   ephrin-‐A1,	   the	   prototypic	   ligand	   of	   EPHA2,	   transduces	  

inhibitory	   signaling	   that	  blocks	   tumor	  cell	  proliferation	  and	   invasiveness	   [137,	  152,	  

200].	   	   To	   test	   this	   hypothesis	   in	   vivo	   in	   a	   clinically	   relevant	   transgenic	   mammary	  

tumor	   model,	   we	   crossed	   ephrin-‐A1-‐deficient	   mice	   with	   MMTV-‐NeuT	   transgenic	  

animals	   [201]	   to	   determine	   whether	   loss	   of	   ephrin-‐A1	   enhanced	   breast	   cancer	  

tumorigenesis	  and	  progression.	  	  MMTV-‐NeuT/Efna1-‐/-‐	  mice	  developed	  larger	  tumors	  

compared	   to	   MMTV-‐NeuT/Efna1+/+	   littermates	   (Figure	   2.1A).	   	   PCNA	   staining	  

revealed	  that	  ephrin-‐A1	  null	  tumors	  had	  an	  elevated	  proliferative	  index	  compared	  to	  

wild-‐type	  tumors	  (Figure	  2.1B).	  	  However,	  vWF	  staining,	  an	  endothelial	  cell	  marker,	  

was	  not	  significantly	  different	  (Figure	  2.2A),	  suggesting	  that	  tumor	  vasculature	  is	  not	  

markedly	   affected	   by	   loss	   of	   ephrin-‐A1	   in	   this	  model.	   	   These	   results	   suggest	   that	  

Ephrin-‐A1	  inhibits	  mammary	  tumor	  growth	  within	  its	  native	  environment,	  as	  genetic	  

deletion	   of	   ephrin-‐A1	   enhanced	   tumor	   growth	   in	   this	   aggressive	   breast	   cancer	  

model.	  

	  

To	  assess	  whether	  our	  data	  in	  this	  animal	  model	  is	  applicable	  to	  human	  disease,	  we	  

tested	   whether	   loss	   of	   ephrin-‐A1	   augmented	   growth	   in	   MCF-‐10A-‐HER2	   cells,	   a	  

human	   breast	   cell	   line	   overexpressing	   HER2.	   	   We	   used	   two	   independent	   shRNA	  

sequences	  to	  stably	  knockdown	  ephrin-‐A1	  in	  MCF-‐10A-‐HER2	  cells	  and	  performed	  3-‐	  
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Figure	  2.1	  Loss	  of	  ephrin-‐A1	  enhances	  breast	   cancer	  growth.	   (A)	  Tumor	  volume	  from	  22-‐
week	   old	   MMTV-‐NeuT/Efna1+/+	   and	   MMTV-‐NeuT/Efna1-‐/-‐	   mice.	   *P<0.05,	   Student’s	   t-‐test.	  	  
(B)	   Immunohistochemistry	   of	   ephrin-‐A1	   and	   PCNA	   in	   MMTV-‐NeuT	   tumors.	   	   Arrowhead	  
indicates	   PCNA+	   nuclei.	   	   *P<0.05,	   Student’s	   t-‐test.	   Scale	   bar	   200µm.	   (C)	   3D-‐spheroids	  
expressing	  shRNAs	  targeting	  ephrin-‐A1	  or	  pLKO.1	  vector	  control	  at	  day	  8.	  	  Average	  spheroid	  
area	   is	   presented	   as	   arbitrary	   units	   (au)	   +	   SEM.	   *P<0.05,	   one-‐way	   ANOVA.	   Arrowheads	  
indicate	   protrusions	   in	   the	   spheroids.	   Scale	   bars	   (top)	   500µm;	   (bottom)	   100µm.	   (D)	   BrdU	  
incorporation	   assay	   in	   MCF-‐10A-‐HER2	   cells	   transfected	   with	   control	   siNT	   or	   ephrin-‐A1	  
siRNA.	  Data	   expressed	   as	  mean	  +	   SEM.	  *P<0.05,	   one-‐way	  ANOVA.	   (E)	   BrdU	   incorporation	  
assay	   in	   MCF-‐10A-‐HER2	   cells	   transfected	   with	   control	   (siNT),	   siRNA	   targeting	   ephrin-‐A1	  
(siA1)	  or	  ephrin-‐A1	  and	  EPHA2	  (siA1/A2).	  Data	  expressed	  as	  mean	  +	  SEM.	  *P<0.05,	  one-‐way	  
ANOVA.	   (F)	   3D-‐spheroids	   expressing	   vector	   control,	   wild-‐type	   EPHA2,	   EPHA2S897A,	   or	  
EPHA2D739N	  (kinase	  dead)	  at	  day	  8.	  Average	  spheroid	  area	  is	  presented	  as	  arbitrary	  units	  (au)	  
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+	  SEM.	  *P<0.05,	  one-‐way	  ANOVA,	  Scale	  bar	  100µm.	   In	  vitro	  data	  are	  representative	  of	  2-‐5	  
biological	  replicates.	  	  
	  
	  

dimensional	   (3D)	   spheroid	   growth	   assays.	   	   MCF-‐10A-‐HER2	   cells	   treated	   with	  

shEphrin-‐A1	   developed	   significantly	   larger	   spheroids	   that	   displayed	   protrusive	  

properties	  compared	  to	  control	  cells	  (Figure	  2.1C).	  	  To	  directly	  evaluate	  proliferation,	  

MCF-‐10A-‐HER2	   cells	   were	   treated	   with	   siRNAs	   targeting	   ephrin-‐A1	   or	   a	   non-‐

targeting	   control	   and	  BrdU	   incorporation	  was	  measured.	   Knockdown	  of	   ephrin-‐A1	  

significantly	   enhanced	   proliferation	   	   (Figure	   2.1D	   and	   Figure	   2.2B),	   which	   is	  

accompanied	   by	   an	   increase	   in	   EPHA2	   protein	   expression	   and	   phosphorylation	   of	  

EPHA2	   at	   Y588	   and	   S897,	   markers	   of	   kinase	   activity	   and	   ligand-‐independent	  

signaling,	   respectively.	   However,	   there	   were	   no	   discernable	   changes	   in	   the	  

expression	   of	   EPHA4	   or	   EPHB6,	   in	   which	   high	   expression	   levels	   were	   shown	   to	  

correlate	  with	  poor	  patient	  survival	  in	  human	  breast	  cancer	  (2)	  (Figure	  2.1D).	  	  	  

	  

To	  test	  whether	  ephrin-‐A1-‐induced	  growth	  suppression	  requires	  EPHA2,	  we	  silenced	  

EPHA2	  and	  ephrin-‐A1	  simultaneously.	  	  Knockdown	  of	  EPHA2	  in	  MCF-‐10A-‐HER2	  cells	  

inhibited	   the	   elevated	   cell	   proliferation	   in	   ephrin-‐A1-‐deficient	   cells	   (Figure	   2.1E),	  

suggesting	   that	  EPHA2	   is	   the	  receptor	   for	  ephrin-‐A1	  that	   links	   this	   ligand	  to	   tumor	  

suppression	   in	   breast	   cancer.	   To	   investigate	   whether	   EPHA2	   kinase	   activity	   or	  

phosphorylation	  of	  S897	  is	  required	  for	  ligand-‐independent	  signaling,	  we	  expressed	  

wild-‐type	   EPHA2,	   EPHA2S897A,	   or	   EPHA2D739N	   (kinase	   dead)	   in	   MCF-‐10A-‐HER2	   cells	  

and	   evaluated	   spheroid	   growth.	   	   We	   found	   that	   both	   S897	   phosphorylation	   and	  

kinase	  activity	  are	  required	  for	  the	  EPHA2-‐dependent	  increase	  in	  cell	  growth	  (Figure	  

2.1F),	  suggesting	  that	  EPHA2	  receptor	  forward	  signaling	  is	  important	  in	  this	  process.	  	  	  
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Figure	  2.2	  Vessel	  density	  from	  tumor	  sections	  and	  EPHA2	  activity	  in	  ephrin-‐A1	  knockdown	  
MCF-‐10A-‐HER2	  cells.	   (A)	   Immunofluorescence	  of	  vWF	  (green)	  in	  tumors	  from	  MMTV-‐NeuT	  
mice.	  vWF	  area	  was	  determined	  using	  Image	  J	  software.	  Sections	  were	  counterstained	  with	  
DAPI	  (blue)	  to	  visualize	  nuclei.	  Error	  bars	  represent	  SD.	  Scale	  bar	  50μm.	  NS,	  not	  significant.	  
(B)	   BrdU	   incorporation	   colorimetric	   assay	   in	   MCF-‐10A-‐HER2	   cells	   transfected	   with	   non-‐
targeting	   (siNT),	   or	   two	   independent	   ephrin-‐A1	   targeted	   siRNAs	   (siEphrin-‐A1).	   Data	   are	  
expressed	  as	  mean	  +	  SEM.	  *P<0.05,	  Student’s	  t-‐test.	  Expression	  levels	  of	  ephrin-‐A1,	  EPHA2,	  
p-‐S897	  and	  p-‐Y588	  EPHA2	  were	  measured	  by	  western	  blot	  analysis.	  
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To	  complement	  loss-‐of-‐function	  studies,	  we	  determined	  whether	  overexpression	  of	  

ephrin-‐A1	   could	   inhibit	   growth	   and	   proliferation	   of	   breast	   cancer	   cells	   in	   vivo.	  	  

MMTV-‐Neu	   cells	   overexpressing	   ephrin-‐A1	   or	   control	   LacZ	   protein	   were	  

transplanted	   into	   mammary	   fat	   pads	   of	   recipient	   mice	   and	   tumor	   volume	   was	  

measured.	  Overexpression	  of	  ephrin-‐A1	  significantly	  reduced	  tumor	  volume	  relative	  

to	   controls	   (Figure	   2.3A).	   	   Analyses	   of	   PCNA	   expression	   in	   these	   tumor	   allografts	  

revealed	  that	  tumor	  cell	  proliferation	  was	  significantly	   lower	   in	  MMTV-‐Neu	   tumors	  

expressing	   ephrin-‐A1	   compared	   with	   that	   of	   MMTV-‐Neu	   tumors	   expressing	   the	  

control	   LacZ	   protein	   (Figure	   2.3B).	   	   We	   next	   evaluated	   the	   effect	   of	   ephrin-‐A1	  

overexpression	   in	   the	   HER2-‐dependent	   human	   breast	   cancer	   cell	   line,	   BT474.	  	  

Overexpression	   of	   ephrin-‐A1	   by	   either	   an	   adenoviral	   delivery	   or	   a	   lentiviral	  

doxycycline-‐inducible	   system	   reduced	   EPHA2	   expression,	   spheroid	   size	   and	   BrdU	  

incorporation	   compared	   to	   control	   cells	   expressing	   GFP	   (Figure	   2.3,	   C-‐E).	  	  

Collectively,	  our	  findings	  support	  the	  model	  in	  which	  ephrin-‐A1	  acts	  as	  a	  molecular	  

switch	   to	   modify	   EPHA2	   receptor	   signaling	   output,	   such	   that	   loss	   of	   ephrin-‐A1	  

enhances	  tumor	  cell	  growth.	  

	  

Low	  ephrin-‐A1	  or	  high	  EPHA2	  expression	  is	  associated	  with	  poor	  survival	  in	  lymph	  

node	  positive	  breast	  cancer	  patients.	  	  

We	   previously	   reported	   that	   EPHA2	   overexpression	   is	   linked	   to	   poor	   prognosis	   in	  

breast	   cancer	   patients	   [173,	   181].	   	   To	   investigate	  whether	   high	   EPHA2	   expression	  

correlates	  with	  ligand-‐independent	  signaling,	  we	  analyzed	  the	  level	  of	  phospho-‐S897	  

EPHA2,	  a	  marker	  for	  ligand-‐independent	  activation	  [152],	  and	  ephrin-‐A1	  expression	  

in	  adjacent	   sections	  of	   tumor	   samples	   in	  a	  human	  breast	   cancer	   tissue	  microarray	  

(TMA).	   	  As	   shown	   in	  Figures	  2.4A	  and	  2.4B,	  75%	  of	  pS897-‐EPHA2-‐positive	   samples	  

were	  negative	   for	   ephrin-‐A1	   in	  primary	   tumors,	   and	  74%	  of	  pS897-‐EPHA2	  positive	  

lymph	  node	  metastases	  were	  negative	  for	  ephrin-‐A1	  (n=	  20	  and	  27	  for	  primary	  and	  

metastatic	   tumors,	   respectively;	   p<0.05),	   suggesting	   that	   high	   levels	   of	   ligand-‐

independent	  EPHA2	  signaling	  in	  human	  breast	  cancer	  are	  associated	  with	  low	  levels	  	  
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Figure	  2.3	  Overexpression	  of	  ephrin-‐A1	  inhibits	  breast	  cancer	  growth.	  (A)	  MMTV-‐Neu	  cells	  
(106)	   expressing	   LacZ	   or	   ephrin-‐A1	  were	   injected	   into	  mammary	   fat	   pads	   of	  mice.	   Tumor	  
volume	  was	  recorded	  over	  a	  time	  course.	   	  Data	  are	  presented	  as	  average	  tumor	  volume	  +	  
SEM;	   n=6	   per	   group.	   	   	   *P	   <0.05,	   two-‐way	   ANOVA	   repeated	   measures.	   (B)	  
Immunohistochemistry	   of	   PCNA	   in	   tumor	   sections.	   Arrowhead	   indicates	   PCNA+	   nuclei.	  	  
*P<0.05,	  Student’s	  t-‐test.	  Scale	  bar	  200µm.	  (C)	  BrdU	  incorporation	  in	  BT474	  cells	  expressing	  
GFP	   or	   ephrin-‐A1.	   Data	   expressed	   as	  mean	   +	   SEM.	  *P<0.05,	   t-‐test.	   (D)	   3D-‐spheroids	  with	  
BT474	   cells	   expressing	   GFP	   control	   or	   ephrin-‐A1	   at	   day	   8.	   Average	   spheroid	   area	   is	  
presented	  as	  arbitrary	  units	  (au)	  +	  SEM.	  *P<0.05,	  Student’s	  t-‐test.	  Scale	  bar	  500µm	  (E)	  3D-‐
spheroids	  with	  BT474	  cells	  expressing	   inducible	  GFP	  or	  EFNA1	   in	   the	  presence	  of	  PBS	  or	  1	  
μg/mL	  doxycycline	   (DOX)	   at	   day	  12.	  Average	   spheroid	   area	   is	   presented	  as	   arbitrary	  units	  
(au)	  +	  SEM.	  *P<0.05,	  one-‐way	  ANOVA.	  Scale	  bar	  500µm.	  In	  vitro	  experiments	  represent	  2-‐4	  
biological	  replicates.	  	  
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Figure	   2.4	  Low	  ephrin-‐A1	   expression	   is	   linked	   to	   poor	   prognosis	   in	   lymph	  node	   positive	  
breast	   cancer	   patients.	   (A)	   Immunohistochemistry	   of	   human	   breast	   cancer	   tissue	  
microarrays	  for	  ephrin-‐A1	  and	  EPHA2	  phospho-‐S897	  (pS897).	  (B)	  The	  percentage	  of	  tumors	  
staining	   positive	   for	   EPHA2-‐phospho-‐S897	   in	   ephrin-‐A1-‐positive	   and	   ephrin-‐A1	   negative	  
samples	  are	  summarized	  (n=	  20	  and	  n=27	  for	  primary	  and	  metastatic	  tumors).	  *P<0.05,	  Chi	  
Square	  test.	  	  (C,D)	  Kaplan-‐Meier	  analysis	  from	  NCBI	  GEO	  datasets	  of	  recurrence-‐free	  survival	  
for	  936-‐patients	  with	  lymph	  node-‐positive	  breast	  cancers.	  Tumors	  were	  ranked	  according	  to	  
gene	   expression	   values	   of	   EPHA2	   and	   EFNA1	   scored	   as	   high	   (red)	   or	   low	   (black).	   Hazard	  
ratios	  with	  a	  95%	  confidence	  interval	  are	  displayed	  and	  statistical	  significance	  (P<0.05)	  was	  
determined	  by	  log	  rank	  test	  [195].	  
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of	  ephrin-‐A1	  expression.	  	  To	  investigate	  whether	  the	  expression	  level	  of	  ephrin-‐A1	  is	  

associated	   with	   clinical	   outcomes,	   we	   mined	   datasets	   from	   the	   NCBI	   Gene	  

Expression	   Omnibus	   [GEO;	   [195];	   Figure	   2.4,	   C	   and	   D].	   	  We	   found	   no	   correlation	  

between	   ephrin	   ligand	   expression	   and	   clinical	   outcome	   in	   overall	   breast	   cancer	  

samples.	   	   However,	   high	   EFNA1	   expression	   was	   associated	   with	   increased	  

probability	  of	  20-‐year	  recurrence-‐free	  survival	  in	  lymph	  node-‐positive	  breast	  cancer	  

patients	   (n=936,	   p<0.05),	   whereas	   high	   EPHA2	   expression	   is	   associated	   with	  

decreased	  survival	   (p<0.01).	   	   	  Collectively,	   these	  data	  support	  a	   tumor-‐suppressive	  

role	  for	  ephrin-‐A1	  in	  metastatic	  malignant	  human	  breast	  cancer.	  

	  

Ephrin-‐A1	  regulates	  lipid	  accumulation	  in	  breast	  cancer	  cells	  

Reprogramming	  of	  energy	  metabolism	   is	  a	  hallmark	  of	   cancer	   that	   confers	  growth	  

and	  survival	  advantages	  to	  tumor	  cells	  [202,	  203].	   	  We	  discovered	  that	  knockdown	  

of	  ephrin-‐A1	  leads	  to	  accumulation	  of	  vacuole-‐like	  structures	  in	  MCF10A-‐HER2	  cells	  

(Figure	   2.5A,	   arrowhead).	   	   To	   investigate	   whether	   these	   vacuole-‐like	   structures	  

represented	  lipid	  droplets,	  we	  stained	  cells	  with	  the	  lipid	  soluble	  dye,	  Oil-‐Red-‐O.	  	  As	  

shown	   in	   Figure	   2.5B,	   the	   Oil-‐Red-‐O	   positive	   area	   was	   significantly	   increased	   in	  

ephrin-‐A1	  knockdown	  cells	  compared	  to	  control	  cells.	  	  As	  fatty	  acid	  synthase	  (FASN)	  

is	   a	   key	   enzyme	   for	  de	   novo	   fatty	   acid	   synthesis,	  we	   tested	  whether	   inhibition	   of	  

FASN	  could	  rescue	  increased	  lipid	  deposits	   in	  ephrin-‐A1-‐deficient	  cells.	   	  Orlistat,	  an	  

irreversible	  inhibitor	  of	  FASN	  [105,	  204],	  suppressed	  lipid	  accumulation	  in	  ephrin-‐A1	  

knockdown	  cells	  (Figure	  2.5C)	  and	  inhibited	  the	  proliferative	  phenotype	  observed	  in	  

ephrin-‐A1-‐deficient	  MCF-‐10A-‐HER2	  cells	  (Figure	  2.5D).	  	  	  

	  

Since	  EPHA2	   is	   the	  primary	   receptor	   for	  ephrin-‐A1	   (Figure	  2.5E),	  we	  reasoned	  that	  

overexpression	  of	  EPHA2	  should	  produce	  a	  similar	  lipid	  accumulation	  phenotype	  as	  

ephrin-‐A1	  knockdown	  cells.	  Indeed,	  overexpression	  of	  wild-‐type	  EPHA2,	  but	  not	  	  
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	  Figure	  2.5	  Ephrin-‐A1	  regulates	  lipid	  accumulation	  in	  breast	  cancer	  cells.	  (A)	  Phase	  contrast	  
microscopy	   images	   of	   MCF-‐10A-‐HER2	   cells	   transfected	   with	   non-‐targeting	   or	   ephrin-‐A1	  
siRNAs.	  Scale	  bar	  50µm.	  Arrows	  (red)	  show	  vacuole-‐like	  structures.	  (B)	  Oil-‐Red-‐O	  staining	  in	  
control	   and	   ephrin-‐A1	   shRNA	   knockdown	   cells.	   Data	   are	   presented	   as	   average	   Oil-‐Red-‐O	  
area	   in	   arbitrary	   units	   (au).	   	   *P<0.05,	   one-‐way	   ANOVA.	   Scale	   bar	   100µm.	   (C)	   Oil-‐Red-‐O	  
staining	   in	   siNon-‐Targeting	   (siNT)	  and	  siEphrin-‐A1	  MCF-‐10A-‐HER2	  cells	   treated	  with	  DMSO	  
or	  Orlistat	  (20µM)	  for	  24	  hrs.	  *P<0.05,	  one-‐way	  ANOVA.	  (D)	  BrdU	  incorporation	  in	  siNT	  and	  
siEphrin-‐A1	   MCF-‐10A-‐HER2	   cells	   treated	   with	   DMSO	   or	   Orlistat	   (20µM)	   for	   18	   hrs.	   Data	  
normalized	   to	   siNT	   control.	   *P<0.05,	   one-‐way	   ANOVA.	   (E)	   Oil-‐Red-‐O	   staining	   in	   cells	  
overexpressing	   EPHA2	  or	   control	  GFP.	   *P<0.05,	   Student’s	   t-‐test.	   Scale	   bar	   100µm.	   (F)	  Oil-‐
Red-‐O	  staining	   in	  BT474	  cells	  expressing	  GFP	  or	  ephrin-‐A1.	  *P<0.05,	  Student’s	   t-‐test.	  Scale	  
bar	  200µm.	   (G)	  BrdU	   incorporation	   in	  BT474	  cells	   treated	  with	  Control	   (DMSO)	  or	  Orlistat	  
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(20µM).	   	   	   	  Data	  normalized	  to	   the	  siNT	  control.	  *P<0.05	  by	  Student’s	   t-‐test.	   	   (H)	  Oil-‐red-‐O	  
staining	   in	   BT474	   cells	   treated	   with	   Control	   (DMSO)	   or	   Orlistat	   (20µM)	   for	   24	   hrs	   or	  
transfected	  with	  non-‐targeting	  siRNA	  or	  EPHA2	  siRNA.	  *P<0.05,	  one-‐way	  ANOVA.	  Scale	  bar	  
100µm.	  All	   experiments	   represent	   2-‐5	   biological	   replicates.	   Error	   bars	   represent	   SEM.	  NS,	  
not	  significant.	  	  
	  
	  
	  
EPHA2S897A	   or	   EPHA2D739N	  mutants,	   enhanced	   lipid	   content	   in	  MCF-‐10A-‐HER2	   cells	  

(Figure	   2.5E,	   Figure	   2.6A).	   	   In	   contrast,	   overexpression	   of	   ephrin-‐A1	   significantly	  

reduced	   lipid	   deposits	   in	   BT474	   cells,	  which	  have	  high	   endogenous	   levels	   of	   lipids	  

(Figure	   2.5F).	   	   Orlistat	   treatment	   inhibited	   proliferation	   and	   lipid	   accumulation	   in	  

BT474	   cells,	   and	   EPHA2	   silencing	   also	   reduced	   lipid	   content	   (Figure	   2.5G	   and	   H,	  

Figure	  2.6B).	  	  Collectively,	  Orlistat-‐induced	  inhibition	  of	  lipid	  content	  and	  a	  reduction	  

in	  tumor	  cell	  proliferation	  suggests	  a	  link	  between	  increased	  lipogenesis	  and	  tumor	  

cell	  growth	  upon	  loss	  of	  ephrin-‐A1	  or	  overexpression	  of	  EPHA2.	  	  

	  

Ephrin-‐A1	   regulates	   glutamine	   metabolism	   through	   modulation	   of	   glutaminase	  

activity	  

To	  globally	  assess	  tumor	  metabolite	  profiles,	  tumors	  from	  MMTV-‐NeuT/Efna1+/+	  and	  

MMTV-‐NeuT/Efna1-‐/-‐	   were	   analyzed	   by	   mass	   spectrometry.	   	   We	   observed	   no	  

consistent	  pattern	  of	  metabolite	  profile	  differences	  related	  to	  glucose	  metabolism.	  	  

However,	   there	   were	   marked	   increases	   in	   metabolites	   associated	   with	   glutamine	  

metabolism	   in	   MMTV-‐NeuT/Efna1-‐/-‐	   tumors	   relative	   to	   wild-‐type	   control	   tumors	  

(Figure	   2.7A	   and	   B,	   Figure	   2.8),	   suggesting	   that	   ephrin-‐A1	   may	   regulate	  

glutaminolysis.	  	  	  

	  

A	   decrease	   in	   glutamine	   coupled	   with	   an	   increase	   in	   glutamate	   (Figure	   2.7B)	   in	  

ephrin-‐A1-‐null	   tumors	   suggests	   enhanced	   glutamine	   consumption	   by	   glutaminase	  

(GLS),	  a	  key	  rate-‐limiting	  enzyme	  in	  glutaminolysis.	  To	  directly	  test	  whether	  ephrin-‐

A1	  regulates	  the	  activity	  of	  GLS,	  MMTV-‐Neu	  cells	  treated	  with	  shEphrin-‐A1	  or	  	  
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Figure	  2.6	   Inhibition	  of	  EPHA2	  inhibits	   lipid	  accumulation.	   	   (A)	  Oil-‐Red-‐O	  staining	  of	  MCF-‐

10A-‐HER2	   cells	   expressing	   vector	   control,	  wild-‐	   type	   EPHA2,	   EPHA2S897A	  or	   EPHA2	  D739N	  

mutants.	  Data	  are	  presented	  as	  the	  average	  Oil-‐Red-‐O	  area	  and	  expressed	  in	  arbitrary	  units	  
(au).	  Error	  bars	  represent	  SEM.	  *P<0.05,	  One-‐way	  ANOVA.	  Scale	  bar,	  100μm.	  (B)	  Oil-‐Red-‐O	  
staining	   in	   BT474	   cells	   transfected	   with	   siControl,	   siEPHA2	   #1,	   and	   siEPHA2	   #2.	   Data	   are	  
presented	   as	   the	   average	  Oil-‐Red-‐O	   area	   and	   expressed	   in	   arbitrary	   units	   (au).	   Error	   bars	  
represent	  SEM.	  *P<0.05,	  One-‐way	  ANOVA.	  Scale	  bar,	  100μm.	  

	  
	  
shControl	  were	  glutamine-‐starved,	   stimulated	  by	   fresh	  glutamine,	  and	   intracellular	  

glutamate	   was	   measured.	   Figure	   2.7C	   shows	   that	   intracellular	   glutamate	   steadily	  

accumulated	   after	   addition	   of	   fresh	   glutamine	   in	   the	  media;	   however,	   there	  were	  

higher	   glutamate	   levels	   in	  ephrin-‐A1	  knockdown	  cells	   relative	   to	   control	   cells,	   and	  

this	   increase	  was	  blocked	  by	  the	  treatment	  of	  GLS	   inhibitors,	  968	  or	  BPTES	  (Figure	  

2.7D).	   	   Because	   loss	   of	   ephrin-‐A1	   promoted	   growth	   in	   both	   in	   vitro	   and	   in	   vivo	  

models	   and	   enhanced	   GLS	   activity,	   we	   sought	   to	   determine	   whether	   GLS	   plays	   a	  

direct	  role	  in	  tumor	  cell	  proliferation.	  Ephrin-‐A1	  knockdown	  and	  control	  MMTV-‐Neu	  

cells	  were	  treated	  with	  glutaminase	  inhibitors,	  968	  or	  BPTES,	  and	  BrdU	  incorporation	  

was	   assessed.	   	   As	   expected,	   knockdown	   of	   ephrin-‐A1	   enhanced	   proliferation	   in	  
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MMTV-‐Neu	   cells,	   and	   968	   or	   BPTES	   was	   able	   to	   inhibit	   the	   elevated	   BrdU	  

incorporation	   in	   ephrin-‐A1-‐deficient	   cells	   (Figure	   2.7E).	   	   To	   test	   the	   effects	   of	  GLS	  

inhibition	  on	  tumor	  growth	  in	  vivo,	  shEphrin-‐A1	  and	  shControl	  MMTV-‐Neu	  cells	  were	  

transplanted	  into	  contralateral	  mammary	  fat	  pads	  of	  recipient	  mice	  and	  treated	  with	  

either	   BPTES	   (10mg/kg)	   or	   vehicle	   control	   every	   other	   day	   by	   intraperitoneal	   (IP)	  

injection.	  	  	  Ephrin-‐A1	  knockdown	  tumors	  were	  significantly	  larger	  than	  the	  shControl	  

tumors	  (Figure	  2.7F).	   	  BPTES	  treatment	  significantly	  reduced	  the	  volume	  of	  ephrin-‐

A1	   knockdown	   tumors,	   whereas	   BPTES	   appeared	   to	   have	   no	   significant	   effect	   on	  

shControl	  tumors	  at	  the	  indicated	  dose	  (Figure	  2.7F).	  	  

To	   complement	   ephrin-‐A1	   knockdown	   studies,	   we	   tested	   the	   effects	   of	   EPHA2	  

overexpression	  on	  GLS	  activity	  and	  tumor	  volume.	  We	  reasoned,	  since	  ephrin-‐A1	  is	  

the	  prototypic	   ligand	  of	  EPHA2	  receptor	  and	  loss	  of	  ephrin-‐A1	  can	  augment	  EPHA2	  

activity,	  that	  EPHA2	  overexpression	  should	  have	  a	  similar	  effect	  on	  GLS	  activity	  and	  

tumor	   cell	   growth	   as	   ephrin-‐A1	   deficiency.	   	   Indeed,	  we	   observed	   that	  MMTV-‐Neu	  

cells	   overexpressing	   EPHA2	   had	   enhanced	   GLS	   activity	   compared	   to	   control	   cells	  

(Figure	   2.7G)	   and	   this	   increase	   could	   be	   blocked	   by	   GLS	   inhibitors,	   968	   or	   BPTES	  

(Figure	  2.7H).	  EPHA2	  overexpression	  also	  enhanced	  BrdU	  incorporation,	  which	  was	  

inhibited	   by	   968	   or	   BPTES	   (Figure	   2.7I).	   	   Furthermore,	   EPHA2	   overexpression	  

enhanced	  tumor	  growth	  in	  vivo,	  and	  BPTES	  significantly	  decreased	  tumor	  volume	  to	  

a	   level	   similar	   as	   control	   tumors	   (Figure	   2.7J).	   	   Together,	   these	   data	   show	   that	  

inhibition	  of	  GLS	  activity	  can	  impair	  proliferation	  and	  tumor	  growth,	  suggesting	  that	  

enhanced	  glutaminolysis	  is,	  at	  least	  in	  part,	  the	  mechanism	  for	  the	  enhanced	  tumor	  

growth	  in	  EphA2	  overexpressing	  or	  ephrin-‐A1-‐deficient	  tumors.	  	  	  

	  

We	  next	  tested	  whether	  ephrin-‐A1	  also	  regulates	  GLS	  activity	  in	  the	  human	  cell	  line	  

MCF-‐10A-‐HER2.	  	  Similar	  to	  MMTV-‐Neu	  cells,	  knockdown	  of	  ephrin-‐A1	  in	  MCF-‐10A-‐	  
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Figure	  2.7	  Loss	  of	  ephrin-‐A1	  augments	  glutamine	  metabolism.	  (A)	  A	  schematic	  diagram	  of	  
glutamine	  metabolism	  pathway.	  (B)	  LC/GC-‐MS	  derived	  relative	  metabolites	  abundance	  from	  
MMTV-‐NeuT/Efna1+/+	   and	   MMTV-‐NeuT/Efna1-‐/-‐	   tumors.	   TCA	   schematic	   depicts	   relative	  
changes	  (increase,	  bolded;	  decrease,	  shaded)	  from	  tumors.	  *P<0.05,	  Welsh’s	  two	  sample	  t-‐
test.	   (C,G)	   Glutaminase	   activity	   was	   measured	   by	   intracellular	   glutamate	   concentrations	  
upon	  2mM	  glutamine	  and	  5	  ng/ml	  EGF	  stimulation	  in	  MMTV-‐Neu	  cells	  over	  a	  time	  course.	  
*P<0.05,	   two-‐way	   ANOVA	   repeated	   measures/randomized	   block.	   (D,H)	   Intracellular	  
glutamate	   was	  measured	   upon	   addition	   of	   2mM	   glutamine	   and	   5ng/ml	   EGF.	   	   Cells	   were	  
treated	  with	  968	  (10µM)	  or	  BPTES	  (10µM)	  and	  were	  normalized	  to	  baseline.	  *P<0.05,	  one-‐
way	  ANOVA.	  	  (E,I)	  BrdU	  incorporation	  in	  MMTV-‐Neu	  cells	  treated	  with	  vehicle	  Control,	  968	  
(10µM)	  or	  BPTES	   (10µM).	  *P<0.05,	  one-‐way	  ANOVA.	   (F)	   shControl	  or	   shEphrin-‐A1	  MMTV-‐
Neu	   cells	  were	   transplanted	   into	  mammary	   fat	   pads	   of	  mice.	   BPTES	   (10mg/kg)	   or	   vehicle	  
(VEH)	  was	  delivered	  by	  IP	  injection	  every	  other	  day	  starting	  on	  day	  3	  (arrow).	  n=8	  per	  group.	  	  
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*P	  <0.05,	  two-‐way	  ANOVA	  repeated	  measures.	   	  (J)	  MMTV-‐Neu	  cells	  overexpressing	  GFP	  or	  
EPHA2	   were	   transplanted	   into	  mammary	   fat	   pads	   of	  mice.	   BPTES	   (10mg/kg)	   or	   VEH	  was	  
delivered	  by	  IP	  injection	  every	  other	  day	  starting	  on	  day	  3	  (arrow).	  n=5	  per	  group.	  	  *P	  <0.05,	  
two-‐way	   ANOVA	   repeated	   measures.	   	   All	   in	   vitro	   experiments	   represent	   2-‐4	   biological	  
replicates.	  Data	  are	  expressed	  as	  mean	  +	  SEM.	  
	  
	  
	  
HER2	   cells	   enhanced	   GLS	   activity	   compared	   to	   control	   cells	   (Figure	   2.9A),	   and	  

inhibition	   of	   GLS	   rescued	   the	   pro-‐proliferative	   phenotype	   induced	   by	   ephrin-‐A1	  

knockdown	   (Figure	   2.9B).	   	   We	   reasoned,	   if	   ephrin-‐A1	   regulates	   cell	   proliferation	  

through	  modulation	  of	  GLS,	  supplementing	  with	  downstream	  metabolites	  such	  as	  α-‐

ketogluterate	   (αKG)	   should	   rescue	   the	  proliferative	  phenotype	   induced	  by	   the	  GLS	  

inhibitor.	   	  We	  observed	  that	  addition	  of	  dimethyl-‐αKG	  (DM-‐αKG),	  the	  soluble	  form	  

of	  αKG,	  restored	  proliferation	  inhibited	  by	  968	  in	  ephrin-‐A1	  knockdown	  cells	  (Figure	  

2.9B).	   	  Additionally,	  overexpression	  of	  wild-‐type	  EPHA2,	  but	  not	  S897A	  and	  D739N	  

mutants,	   enhanced	   glutamine	   metabolism	   (Figure	   2.10D),	   suggesting	   that	   both	  

EphA2	   kinase	   activity	   and	   phosphorylation	   of	   S897	   are	   required	   for	   EphA2-‐

dependent	  regulation	  of	  glutamine	  metabolism.	  	  	  

	  

Glutaminase	  exists	  in	  two	  isoforms,	  GLS1	  and	  GLS2,	  or	  kidney-‐type	  isoform	  and	  liver-‐

type	   isoform,	   respectively	   [74].	   To	   determine	   which	   isoform	   regulates	   glutamine	  

levels	  in	  ephrin-‐A1	  knockdown	  cells,	  we	  silenced	  these	  distinct	  enzymes	  with	  siRNAs.	  	  

Knockdown	  of	  GLS1	  rescued	  the	  elevated	  glutaminase	  activity	  in	  ephrin-‐A1-‐deficient	  

cells	   (Figure	   2.9C	   and	   D,	   Figure	   2.10A-‐C),	   suggesting	   that	   ephrin-‐A1	   regulates	  

glutaminolysis	   through	   inhibition	   of	  GLS1.	   	   It	   remains	   to	   be	   determined	   if	   GLS2	   is	  

also	  important	  in	  ephrin-‐A1-‐dependent	  glutaminolysis	  (Figure	  2.9C	  and	  E).	  

	  

Regulation	  of	  glutaminase	  activity	  by	  ephrin-‐A1	  is	  mediated	  through	  RhoA	  GTPase	  	  

GLS,	  the	  biologic	  target	  of	  compound	  968,	  was	  previously	  shown	  to	  be	  regulated	  by	  

Rho	  family	  GTPases	  [79].	  	  Inhibition	  of	  GLS	  or	  aminotransferase	  (AT)	  has	  been	  shown	  

to	  suppress	  Rho	  GTPase-‐induced	  transformation	  and	  inhibit	  tumor	  growth	  in	  breast	  	  
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Figure	  2.8	  LC/GC-‐MS	  derived	  relative	  metabolite	  abundance	  from	  MMTV-‐Neu-‐	  T/efna1+/+	  
and	  MMTV-‐Neu-‐T/efna1-‐/-‐	   tumors.	   (A)	  Relative	  amino	  acid	  abundance;	  (B)	  relative	  purine	  
and	   pyrimidine	   abundance;	   (C)	   relative	   nucleoside	   abundance;	   (D)	   relative	   reduced	  
glutathione	  (GSH)	  abundance.	  Data	  underwent	  natural	  log-‐transformation.	  *P<0.05,	  Welsh’s	  
two	  sample	  t-‐test. 
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Figure	  2.9	  Knockdown	  of	  either	  GSL1	  or	  GSL2	  restored	  glutaminase	  activity	   in	  ephrin-‐A1-‐
difficient	   cells	   (A)	   Glutaminase	   activity	   was	   measured	   by	   intracellular	   glutamate	  
concentrations	  upon	  2	  mM	  glutamine	  and	  5	  ng/ml	  EGF	  stimulation	   in	  MCF-‐10A-‐HER2	  cells	  
over	   a	   time	   course;	   expressed	   as	   fold	   change	   +	   SEM.	   *P<0.05,	   two-‐way	  ANOVA	   repeated	  
measures/randomized	   block.	   	   (B)	   BrdU	   incorporation	   in	  MCF-‐10A-‐HER2	   cells	   after	   968	   or	  
968+DMαKG	   treatment.	   *P<0.05,	   one-‐way	   ANOVA.	   (C)	   Intracellular	   glutamate	   in	   siNon-‐
target,	   siEphrin-‐A1,	   siEphrin-‐A1+siGLS1,	   siEphrin-‐A1-‐siGLS2	   and	   siEphrin-‐A1+siGLS1+siGLS2	  
MCF-‐10A-‐HER2	  cells	  upon	  2	  mM	  glutamine	  and	  5	  ng/ml	  EGF	  stimulation.	  *P<0.05,	  two-‐way	  
ANOVA	  repeated	  measures/randomized	  block.	  (D,E)	  Relative	  mRNA	  levels	  of	  GLS1	  and	  GLS2	  
were	  measured	  by	  real-‐time	  qRT-‐PCR	  to	  confirm	  knockdown.	  *P<0.05,	  one-‐way	  ANOVA.	  All	  
experiments	   represent	   2-‐5	   biological	   replicates.	   Error	   bars	   represent	   SEM.	   	   NS,	   not	  
significant.	  



	   58	  

	  
	  

	  

Figure	   2.10	   Inhibition	  of	  GLS1,	  GLS2,	   and	  EPHA2	   impairs	   the	   conversion	  of	   glutamine	   to	  
intracellular	  glutamate.	   	   (A	  &B)	  Relative	  mRNA	  expressions	  of	  GLS1	  and	  GLS2	  in	  MCF-‐10A-‐
HER2	  cells	   transfected	  with	  non-‐targeting	   (siNT),	   two	   independent	  glutaminase	  1	   targeted	  
siRNAs	   (siGLS1),	   or	   two	   independent	   glutaminase	   2	   targeted	   siRNAs	   (siGLS2).	   Error	   bars	  
represent	   SEM.	   *P<0.05,	   one-‐way	   ANOVA.	   (C)	   Intracellular	   glutamate	   concentrations	   in	  
MCF-‐10A-‐HER2	   cells	   transfected	   with	   non-‐	   targeting	   (siNT),	   two	   separate	   glutaminase	   1	  
targeted	   siRNAs	   (siGLS1),	   or	   two	   separate	   glutaminase	   2	   targeted	   siRNAs	   (siGLS2)	   upon	   2	  
mM	   glutamine	   and	   5	   ng/ml	   EGF	   stimulation	   for	   30	   minutes;	   expressed	   as	   fold	   change.	  
*P<0.05,	   one-‐way	   ANOVA;	   error	   bars	   represent	   SEM.	   (D)	   Intracellular	   glutamate	  
concentrations	   in	   MCF-‐10A-‐HER2	   cells	   expressing	   vector	   control,	   wild-‐type	   EPHA2,	  

EPHA2S897A	   or	   EPHA2	   D739N	   upon	   2	  mM	   glutamine	   and	   5	   ng/ml	   EGF	   stimulation	   for	   30	  
minutes;	  expressed	  as	  fold	  change.	  *P<0.05,	  one-‐way	  ANOVA;	  error	  bars	  represent	  SEM.	  All	  
experiments	  represent	  2	  to	  3	  biological	  replicates. 
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adenocarcinoma	  xenografts,	  respectively	  [79,	  205].	   	  Since	  overexpression	  of	  EPHA2	  

receptor	   can	   activate	   RhoA	   activity	   [137,	   142,	   206],	   we	   tested	   whether	   the	   GLS	  

activity	  induced	  by	  ephrin-‐A1	  depletion	  could	  be	  mediated	  through	  RhoA	  signaling.	  	  

RNAi-‐mediated	   silencing	   of	   ephrin-‐A1	   increased	   the	   levels	   of	   active	   GTP-‐bound	  

RhoA,	   relative	   to	   non-‐targeting	   siRNA	   controls	   (Figure	   2.11A).	   	   CT04,	   a	   cell	  

permeable	   Rho	   inhibitor,	   inhibited	   RhoA-‐GTP	   levels	   and	   decreased	   GLS	   activity	   in	  

ephrin-‐A1	  knockdown	  cells	   (Figure	  2.11B	  and	  C).	   	  Furthermore,	   inhibition	  of	  RhoA,	  

GLS,	   or	   FASN	   decreased	   elevated	   Oil-‐Red-‐O	   staining	   and	   cellular	   proliferation	  

induced	  by	  knockdown	  of	  ephrin-‐A1	  (Figure	  2.11D	  and	  E),	  suggesting	  that	  inhibition	  

of	  tumor	  cell	  growth	  by	  ephrin-‐A1	  is	  mediated	  through	  RhoA	  and	  glutaminase.	  	  

	  

Discussion	  

RTK	   signaling	   is	   critical	   to	   cell	   growth	   and	   survival	   in	   normal	   epithelial	   cells.	  

Dysregulation	   of	   RTKs	   by	  mutations,	   amplification,	   or	   overexpression	   can	   increase	  

kinase	  activity,	  leading	  to	  oncogenic	  transformation	  and	  malignant	  progression.	  Yet,	  

recent	  studies	  have	  discovered	  dual	  roles	  for	  Eph	  receptors	   in	  both	  promoting	  and	  

inhibiting	   tumor	   initiation	   and	   metastatic	   progression	   [179,	   182,	   194,	   207,	   208]	  

based	   on	   in	   vitro	   and	   allograft	   studies	   using	   mammary	   epithelial	   and	   cancer	   cell	  

lines.	   	  Ephrin-‐A1	  overexpressing	  xenograft	  models	  and	   intratumoral	  delivery	  of	  Ad-‐

ephrinA1-‐Fc	   both	   reduced	   tumor	   volume	   [209].	   In	   breast	   cancer	   cell	   lines,	   ligand-‐

induced	  EPHA2	  signaling	  inhibits	  proliferation,	  whereas	  ligand-‐independent	  crosstalk	  

between	   EPHA2	   and	   other	   oncogene	   pathways	   results	   in	   tumor	   promotion	   [137,	  

181].	  These	  data	  suggest	  ephrin-‐A1	  can	  act	  as	  a	  molecular	  switch	  in	  breast	  cancers,	  

such	  that	  loss	  of	  ligand-‐dependent	  signaling	  switches	  EPHA2	  to	  function	  as	  a	  tumor	  

promoter.	   	   Herein,	   we	   provide	   functional	   evidence	   in	   a	   transgenic	   MMTV-‐NeuT	  

mouse	  model	   that	   genetic	  deletion	  of	  Ephrin-‐A1	   enhances	   tumor	   cell	   proliferation	  

and	   mammary	   tumor	   growth.	   	   The	   role	   of	   ephrin-‐A1	   in	   suppression	   of	   tumor	  

malignancy	  is	  also	  supported	  by	  human	  breast	  cancer	  data	  in	  which	  lower	  ephrin-‐A1	  	  
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Figure	   2.11	   Ephrin-‐A1	   regulates	   glutamine	  metabolism	   in	   a	   Rho-‐dependent	  manner.	   (A)	  
Rhotekin-‐GST	   effector	   pull-‐down	   activity	   assay	   in	   MCF-‐10A-‐HER2	   cells.	   (B)	   Glutaminase	  
activity	  assay	  in	  the	  presence	  or	  absence	  of	  Rho	  inhibitor	  CT04	  (1μg/mL)	  for	  18	  hours.	  Data	  
expressed	  as	  the	  fold	  change	  normalized	  to	  siNT	  control	  +	  SEM.	  *P<0.05,	  one-‐way	  ANOVA.	  
(C)	   Rho-‐GTP	   levels	   were	  measured	   by	   Rhotekin-‐GST	   effector	   pull-‐down	   assay.	   Shown	   are	  
representative	  western	  blots	  with	   indicated	  antibodies.	   (D)	  Oil-‐red-‐O	  staining	   in	  MCF-‐10A-‐
HER2	   cells	   with	   treatments	   of	   Rho	   inhibitor	   CT04	   (1μg/mL),	   glutaminase	   inhibitor	   968	  
(10uM),	   FASN	   inhibitor	  Orlistat	   (20uM),	   or	   glutamine	   (glut)	  withdrawal	   for	   24	  hours.	  Data	  
presented	  as	  average	  Oil-‐Red-‐O	  area	  and	  expressed	  in	  arbitrary	  units	  (au).	  *P<0.05,	  one-‐way	  
ANOVA.	   (E)	   BrdU	   incorporation	   in	   MCF-‐10A-‐HER2	   cells	   after	   treatment	   with	   CT04	   Rho	  
inhibitor	  (1μg/mL),	  968	  (10uM),	  or	  Orlistat	  (20uM)	  for	  18	  hours.	  Data	  are	  normalized	  to	  the	  
siNT	  control;	  error	  bars	  represent	  SEM.	  *P<0.05,	  one-‐way	  ANOVA.	  NS,	  not	  significant.	  (F)	  A	  
working	  model	  of	  ephrin-‐A1	  regulation	  of	  tumor	  metabolism	  in	  breast	  cancer	  cells.	  
	  

(EFNA1)	   gene	   expression	   is	   associated	   with	   poor	   survival	   in	   lymph	   node-‐positive	  

patients,	  thus	  demonstrating	  clinical	  relevance.	  	  

	  

Our	   previous	   studies	   in	   the	   4T1	   model	   showed	   knockdown	   of	   ephrin-‐A1	   had	   no	  

effect	   on	   tumor	   volume,	   but	   resulted	   in	   decreased	   tumor	   angiogenesis	   and	   lung	  

metastasis	  [198].	  Consistent	  with	  our	  previous	  studies,	  orthotopic	  transplantation	  of	  
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wild-‐type	  4T1	  tumors	  into	  ephrin-‐A1-‐deficient	  hosts	  resulted	  in	  marked	  decrease	  of	  	  

vWF	   staining	   in	   tumor	   sections	   (data	   not	   shown),	   suggesting	   that	   host	   ephrin-‐A1	  

deficiency	  affects	  tumor	  neovascularization.	  	  However,	  global	  knockout	  of	  ephrin-‐A1	  

in	   our	   MMTV-‐NeuT	   model	   displayed	   no	   significant	   changes	   in	   tumor	   vascular	  

density.	   	  Lack	  of	  significant	  changes	  in	  tumor	  vessels	   in	  this	  model	  could	  be	  due	  to	  

an	   inhibitory	   effect	   of	   ephrin-‐A1	   on	   tumor	   cells	   that	   override	   the	   angiogenesis	  

promoting	  effects.	  	  	  

	  

Studies	   in	   this	   report	   unequivocally	   demonstrate	   a	   role	   of	   ephrin-‐A1	   in	   regulating	  

cell	   proliferation	   in	   the	   HER2/Neu	   model.	   	   The	   differential	   effects	   of	   ephrin-‐A1	  

deficiency	   on	   tumor	   growth	   between	   the	   4T1	   and	   the	   HER2/Neu	  models	   may	   at	  

least	   be	   in	   part	   due	   to	   the	   differences	   in	   breast	   cancer	   subtype,	   as	   4T1	   cells	   are	  

mesenchymal	   without	   normal	   cell-‐cell	   contacts.	   	   Thus,	   even	   if	   ephrin-‐A1	   was	  

expressed	  in	  these	  cells,	  it	  may	  not	  bind	  to	  EPHA2	  on	  neighboring	  cells	  to	  inhibit	  its	  

function,	   whereas	   ephrin-‐A1	   in	   MMTV-‐Neu	   cells	   may	   interact	   with	   EPHA2	   on	  

adjacent	   tumor	   cells	   more	   effectively	   to	   exert	   its	   inhibitory	   role.	   	   It	   is	   currently	  

unknown	  whether	  ephrin-‐A1	  affects	  metastasis	   in	  this	  model.	   	  However,	   in	  view	  of	  

the	   potential	   role	   of	   ephrin-‐A1	   in	   angiogenesis	   and	   metastasis,	   inhibiting	   EPHA2	  

receptor,	   rather	   than	   focusing	   on	   overexpressing	   ephrin-‐A1,	   may	   improve	   future	  

targeting	  strategies.	  	  	  

	  

Metabolic	   reprogramming	   is	  a	  hallmark	  of	  cancer	   that	  confers	  growth	  and	  survival	  

[210].	  While	  RTKs	  are	  known	  to	  regulate	  tumor	  metabolism	  through	  modulation	  of	  

signaling	  pathways	  such	  as	  AKT	  and	  mTOR,	  the	  connection	  between	  EPH	  RTKs	  and	  

tumor	  metabolism	   remained	   unexplored.	   	   The	   discovery	   that	   ephrin-‐A1	   regulates	  

lipid	   and	   glutamine	  metabolism	   suggests	   ephrin-‐A1	   is	   capable	   of	   inhibiting	   tumor	  

growth	   by	   modulation	   of	   key	   metabolic	   enzymes.	   	   One	   rate-‐limiting	   enzyme	   for	  

neoplastic	  lipogenesis,	  FASN,	  has	  been	  shown	  to	  be	  induced	  by	  RTKs	  via	  the	  SREBP1	  

transcription	   factor	   and	   promotes	   proliferation	   in	   breast	   cancer	   cells	   [211,	   212].	  	  
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Alternatively,	  both	  glucose	  and	  glutamine	  can	  be	  metabolized	  to	  provide	  citrate	  that	  

supports	  acetyl-‐coA	  production	  for	  de	  novo	  lipid	  biosynthesis	  [213,	  214].	  	  We	  did	  not	  

observe	   significant	   changes	   in	  FASN	  or	  SREBP1	  expression	   in	  human	  breast	   cancer	  

cells.	   	   Interestingly,	   our	   global	   metabolic	   study	   revealed	   glutaminolysis,	   but	   not	  

glycolysis,	   is	   increased	   in	   ephrin-‐A1-‐null	   tumors	   compared	   to	   wild-‐type	   tumors.	  	  

These	  findings	  are	  consistent	  with	  recent	  reports	  that	  during	  hypoxia,	  glutaminolysis	  

is	  the	  predominant	  pathway	  for	  de	  novo	   lipogenesis	  [96].	  Thus,	  our	  data	  support	  a	  

model	   in	   which	   EPHA2	   ligand-‐independent	   signaling	   through	   down-‐regulation	   of	  

ligand	   levels,	   EPHA2	   overexpression,	   and/or	   failed	   engagement	   of	   endogenous	  

ligand-‐receptor	   on	   adjacent	   cells,	   promotes	   tumor	   cell	   growth	   and	  progression	   by	  

elevating	  glutaminolysis.	  

	  

While	  most	  cancers	  depend	  on	  a	  high	  rate	  of	  aerobic	  glycolysis,	  some	  cancers	  also	  

display	  glutamine	  addiction	  [16,	  215],	  including	  breast	  [216].	  Glutamine	  metabolism	  

has	  been	  shown	  to	  be	   regulated	  by	  a	  number	  of	   signaling	  pathways	   including	  Rho	  

family	   GTPases.	   	   Compound	   968,	   a	   small	   molecular	   inhibitor	   of	   glutaminase,	  

suppressed	  oncogenic	  transformation	  induced	  by	  Rho	  GTPases	  [79].	  We	  found	  that	  

this	  pathway	  is	  repressed	  by	  ephrin-‐A1.	  	  First,	  EPHA2	  RTK	  is	  known	  to	  regulate	  RhoA	  

activity	  [137,	  142].	  Second,	  RhoA-‐GTP	  levels	  are	  substantially	  elevated	  in	  ephrin-‐A1	  

knockdown	  cells.	  	  Third,	  inhibition	  of	  Rho	  activity	  significantly	  decreased	  intracellular	  

glutamate	   levels	   in	   ephrin-‐A1	   knockdown	   cells.	   	   Finally,	   inhibition	   of	   Rho,	   GLS,	   or	  

FASN	   suppressed	   proliferation	   induced	   by	   depletion	   of	   ephrin-‐A1.	   	   These	   results	  

demonstrate	  that	  ephrin-‐A1	  regulates	  glutaminolysis	  and	  support	  a	  model	  in	  which	  

ephrin-‐A1	  inhibition	  of	  glutaminase	  activity	  is,	  at	  least	  in	  part,	  through	  Eph	  receptor-‐

dependent	  activation	  of	  RhoA	  GTPases	  (Figure	  2.11F).	  	  	  

	  

Although	  our	  work	  emphasizes	   the	  role	  of	  ephrin-‐A1	   in	  glutamine	  metabolism	  and	  

lipid	   biogenesis,	   other	   glutamine	  metabolism	   pathways	  may	   also	   be	   important	   in	  

ephrin-‐A1-‐induced	   growth	   inhibition.	   	   For	   example,	   glutamine	   contributes	   to	   de	  
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novo	  synthesis	  of	  the	  major	  cellular	  antioxidant	  glutathione	  (GSH),	  nucleic	  acids,	  and	  

certain	  amino	  acids.	  	  Indeed,	  we	  observed	  increases	  in	  GSH,	  nucleosides,	  and	  amino	  

acid	  levels	  in	  ephrin-‐A1-‐null	  tumors	  relative	  to	  control	  wild-‐type	  tumors	  (Figure	  2.8).	  	  

Accordingly,	   future	   investigations	  will	   reveal	  whether	   these	  branches	  of	   glutamine	  

metabolism	  are	  also	  critical	  in	  ephrin-‐A1-‐mediated	  inhibition	  of	  cell	  proliferation.	  

	  

The	  identification	  that	  ephrin-‐A1	  and	  EPHA2	  are	  linked	  to	  tumor	  metabolism	  opens	  

up	   exciting	   new	   questions	   in	   tumor	   biology.	   	   Although	   ephrin-‐A1	   inhibits	   both	  

glutamine	  metabolism	   and	   accumulation	   of	   lipids,	   it	   is	   unclear	  whether	   increased	  

lipids	  are	  due	  to	  augmented	  glutaminolysis	   in	  ephrin-‐A1	  knockdown	  cells,	  or	  occur	  

as	  an	  independent	  event.	  	  In	  addition	  to	  Rho	  GTPase,	  glutamine	  metabolism	  is	  also	  

regulated	  by	  other	  signaling	  molecules	  relevant	  to	  breast	  cancer,	  such	  as	  c-‐Myc	  and	  

PKC-‐delta	  [16].	  Future	  studies	  will	  focus	  on	  whether	  ephrin-‐A1/EPHA2	  regulation	  of	  

glutaminolysis	   is	   also	   modulated	   by	   c-‐Myc	   or	   PKC	   and	   whether	   these	   molecules	  

operate	   in	   the	   same	   linear	   pathway	   or	   in	   different	   parallel	   pathways	   as	   Rho.	  	  

Furthermore,	   the	   results	   presented	   in	   this	   study	   have	   significant	   translational	  

potential.	   	   Ephrin-‐A1	   may	   be	   used	   as	   a	   biomarker,	   as	   decreased	   ephrin-‐A1	  

expression	  may	  predict	  poor	   clinical	  outcome	   in	  metastatic	  breast	   cancer.	   	   Finally,	  

glutamine	   addiction	   in	   breast	   cancer	   is	   associated	   with	   elevated	   EPHA2	   receptor	  

levels	   in	  subtypes	  of	  disease	  that	  are	  refractory	  to	  current	  therapies,	  such	  as	  drug-‐

resistant	   HER2-‐positive	   tumors.	   	   Since	   EPHA2	   kinase	   activity	   is	   required	   for	   its	  

regulation	   of	   glutamine	   metabolism,	   selective	   EPHA2	   kinase	   inhibitors	   [130,	   217]	  

and/or	   inhibitors	   of	   key	   metabolic	   enzymes	   may	   provide	   more	   effective	   cancer	  

therapeutics	  in	  these	  difficult	  to	  treat	  subtypes.	  
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CHAPTER	  III	  

	  

Conclusions	  and	  Future	  Directions	  

	  

Conclusions	  

In	   the	   early	   1900’s	   several	   bodies	   of	   work	   emerged	   that	   documented	   the	  

observation	   that	   tumor	   cells	   exhibited	   a	  metabolic	   phenotype	   drastically	   different	  

from	   non-‐malignant	   cells.	   	   These	   works	   launched	   a	   century’s	   worth	   of	   research	  

dedicated	   to	   understanding	   the	  mechanisms	   that	   drive	  metabolic	   reprogramming	  

and	   the	   contributions	   that	   this	   reprogramming	   has	   on	   tumor	   development,	  

maintenance	   and	   progression.	   	   This	   aberrant	  metabolism	   observed	   in	   tumor	   cells	  

confers	   growth	   by	   providing	   the	   energy	   and	   biomass	   requirements	   needed	   to	  

sustain	  viability	  and	  support	  rapid	  cell	  division.	   	  As	  breast	  cancer	  persists	  as	  one	  of	  

the	   deadliest	   cancers	   diagnosed	   in	   women,	   it	   re-‐enforces	   the	   need	   to	   continue	  

studying	   the	   mechanisms	   that	   support	   its	   growth,	   such	   as	   metabolic	  

reprogramming.	   	  Previous	  genome	  wide	  analyses	   identified	  the	  EPH	  family	  of	  RTKs	  

as	   dysregulated	   in	   several	   cancers,	   including	   breast.	   	   	   Several	   studies	   have	   since	  

been	   conducted	   to	   determine	   the	   role	   of	   EPH	   RTKs	   in	  malignant	   growth	   and	   the	  

mechanisms	   surrounding	   their	   functions.	   	   The	   EPHA2	   receptor,	   in	   particular,	   has	  

emerged	   as	   a	   key	   regulator	   of	   mammary	   tumor	   growth	   and	   its	   overexpression	  

correlates	  with	  poor	  prognosis	   in	  breast	   cancer	  patients.	   Several	   studies	  have	  also	  

demonstrated	   that	   EPHA2	   can	   enhance	   malignant	   growth	   by	   activating	   several	  

signaling	  pathways	   that	   are	  also	   linked	   to	   tumor	  metabolism;	   yet,	  whether	  EPHA2	  

influenced	  metabolic	  reprogramming	  remained	  unexplored.	   	  This	  thesis	  sought	  out	  

to	   determine	   whether	   EPHA2	   enhanced	   tumor	   growth	   by	   regulating	   tumor	  

metabolism.	   	   Additionally,	   a	   unique	   characteristic	   of	   EPHA2	   is	   that	   it	   exhibits	   pro-‐	  

and	  anti-‐tumor	  activity	  depending	  on	  whether	  is	   it	  bound	  to	  its	  preferential	   ligand,	  

ephrin-‐A1.	  	  Therefore,	  a	  secondary	  goal	  of	  this	  thesis	  was	  to	  further	  characterize	  the	  
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role	  of	  ephrin-‐A1	  as	  a	  molecular	  switch	  of	  EPHA2.	  	  The	  data	  presented	  in	  this	  thesis	  

contribute	  to	  our	  understanding	  of	  the	  mechanisms	  that	  promote	  the	  dysregulation	  

of	   tumor	  metabolism	   and	   the	   role	   of	   glutaminolysis	   in	   augmenting	   breast	   cancer	  

growth.	   	   We	   integrated	   in	   vitro	   and	   in	   vivo	   techniques	   to	   demonstrate	   the	   first	  

functional	   evidence	   that	   EPHA2	   signaling	   augments	   glutamine	   metabolism	   to	  

promote	  tumor	  growth	  and	  furthermore,	  that	  ephrin-‐A1	  acts	  as	  a	  molecular	  switch	  

of	  EPHA2	  in	  controlling	  these	  metabolic	  and	  proliferative	  phenotypes.	  	  Together,	  our	  

findings	  have	  provided	  genetic,	  molecular	  and	  pharmacologic	  evidence	   that	  define	  

EPHA2/ephrin-‐A1	  as	  a	  regulator	  of	  tumor	  metabolism.	  	  Lastly,	  this	  work	  provides	  the	  

foundation	   for	   additional	   investigations	   into	   the	   mechanisms	   in	   which	  

EPHA2/ephrin-‐A1	  signaling	  regulates	  tumor	  metabolism	  and	  whether	  this	  phenotype	  

is	  observed	  across	  other	  human	  cancers.	  

	  

Future	  Directions	  

The	   completion	   of	   the	   work	   described	   in	   this	   thesis	   has	   contributed	   to	   defining	  

EPHA2/ephrin-‐A1	   signaling	   as	   a	   modulator	   of	   tumor	  metabolism	   in	   HER2-‐positive	  

breast	   cancer.	   	   Simultaneously,	   it	   has	   invited	   additional	   and	   exciting	   questions	  

regarding	  the	  role	  of	  EPHA2/ephrin-‐A1	  in	  other	  branches	  of	  tumor	  metabolism	  and	  

other	   molecular	   subtypes	   of	   breast	   cancer.	   	   Some	   of	   these	   questions	   will	   be	  

discussed	  as	  potential	  starting	  points	  for	  future	  investigations.	  	  

	  

Does	  EphA2/ephrin-‐A1	  signaling	  contribute	  to	  aberrant	  metabolism	  in	  the	  early	  

stages	  of	  tumor	  development?	  

Dysregulation	  of	   cellular	  metabolism	   is	   a	  hallmark	  of	   cancer	  and	  a	  driving	   force	   in	  

the	   early	   stages	   of	   cell	   transformation	   and	   hyperplastic	   growth	   [218].	   	   Consistent	  

with	   previous	   reports	   that	   EPHA2	   can	   transform	   mammary	   epithelial	   cells	   [179],	  

preliminary	  analyses	  from	  our	  laboratory	  of	  mammary	  gland	  development	  revealed	  

that	  ephrin-‐A1-‐deficient	  animals	  display	  elevated	  EPHA2	  expression	  and	  mammary	  

epithelial	  hyperplasia	  at	  20	  weeks	  of	  age	  (Figure	  3.1A).	  This	  is	  further	  evidenced	  by	  
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the	   observation	   that	   ephrin-‐A1-‐deficient	   mammary	   epithelia	   have	   a	   higher	  

proliferative	  index	  compared	  to	  wild	  type	  littermates	  (Figure	  3.1B).	  To	  evaluate	  this	  

growth	   phenotype	   in	   vitro,	   we	   isolated	   primary	   mammary	   epithelial	   cells	   and	  

performed	   confocal	   analysis	   of	   mammary	   organoid	   cultures,	   which	   demonstrated	  

that	   loss	   of	   ephrin-‐A1	   enhanced	   glandular	   branching	   (Figure	   3.1C).	   Mammary	  

epithelial	   lysates	   from	   these	   mice	   also	   exhibited	   increased	   expression	   of	   EphA2,	  

phosphorylated	  ERK	  and	  phosphorylated	  AKT	  compared	  to	  WT	  lysates	  (Figure	  3.1D).	   

	  

Figure	   3.1	   Hyperplastic	   phenotype	   in	   ephrin-‐A1	   deficient	   mammary	   glands	   and	  
epithelium.	  (A)	  Mammary	  gland	  whole	  mounts	  from	  wild-‐type	  and	  ephrin-‐A1	  knockout	  mice	  
at	   20	   weeks;	   (B)	   PCNA	   staining	   of	   sectioned	  mammary	   glands;	   (C)	  Mammary	   epithelium	  
organoid	   cultures;	   (D)	  Western	   blot	   analysis	   of	   signaling	   pathways;	   (E)	  Mammary	   glands	  
were	   transplanted	   into	   mice	   of	   opposite	   genotype.	   (Experiments	   performed	   by	   Dana	  
Brantley-‐Sieders;	  Vanderbilt	  University.)	  
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Lastly,	  to	  determine	  whether	  this	  phenotype	  is	  epithelial	  cell-‐intrinsic	  or	  influenced	  

by	  the	  stroma	  microenvironment,	  20	  week-‐old	  WT	  or	  ephrin-‐A1-‐/-‐
	  
mammary	  tissue	  

was	  transplanted	  reciprocally	  into	  pre-‐cleared	  fat	  pads	  of	  either	  ephrin-‐A1-‐/-‐
	  
or	  WT	  

3	   week-‐old	   recipient	   female	   mice.	   As	   shown	   in	   Figure	   3.1E,	   only	   ephrin-‐A1-‐/-‐	  

mammary	  glands	  grown	  in	  WT	  hosts	  developed	  hyperplasia.	  These	  data	  suggest	  the	  

hyperplastic	   phenotype	   is	   due,	   at	   least	   in	   part	   to,	   the	   loss	   of	   ephrin-‐A1	   in	   the	  

epithelium	  and	  is	  likely	  not	  dependent	  on	  the	  stromal	  tissue	  and	  microenvironment.	  

	  

Since	  EPHA2/Ephrin-‐A1	  signaling	  regulated	  glutaminolysis	  and	  growth	  in	  our	  breast	  

cancer	   tumor	   model,	   these	   mechanisms	   may	   also	   be	   relevant	   in	   the	   early	  

hyperplastic	  stages	  in	  the	  presence	  or	  absence	  of	  an	  oncogene.	  	   	   In	  addition,	  other	  

branches	   of	   metabolism	   may	   also	   be	   upregulated	   due	   to	   the	   loss	   of	   ephrin-‐A1	  

compared	   to	   the	   wild	   type	   tissue.	   	   For	   instance,	   we	   observed	   an	   increase	   in	  

phosphorylated	  AKT,	  a	  known	  activator	  of	  glycolysis	  in	  transforming	  cells	  [111].	  It	  is	  

possible	   that	   loss	   of	   ephrin-‐A1	   activates	   EPHA2	   pro-‐tumor	   activity,	   which	   in	   turn	  

induces	   the	   upregulation	   of	   metabolic	   pathways	   to	   support	   hyperplasic	   and	  

malignant	   growth.	   If	   this	   were	   indeed	   the	  mechanism,	   it	   would	   be	   expected	   that	  

several	  of	   the	  regulatory	  proteins	  of	   tumor	  metabolism,	  as	  discussed	   in	  Chapter	  1,	  

would	   be	   upregulated	   in	   the	   hyperplastic	   tissue	   from	   ephrin-‐A1	   knockout	   mice.	  	  

Furthermore,	   if	   inhibition	   of	   these	   pathways	   rescued	   reduced	   mammary	  

hyperplasia,	  this	  would	  suggest	  that	  enhanced	  aberrant	  metabolism	  was	  a	  potential	  

mechanism	  and	  may	  warrant	  further	  investigation.	  	  	  	  

	  

How	  does	  EPHA2	  does	  confer	  drug	  resistance?	  

Resistance	  to	  chemotherapies	  and	  targeted	  therapies	  persists	  as	  a	  major	  concern	  in	  

the	   treatments	   of	   breast	   cancer.	   	   Less	   than	   half	   of	   breast	   cancer	   patients	   have	   a	  

complete	  response	  to	  chemotherapies	  regardless	  of	  molecular	  subtype	  [219]	  and	  a	  

significant	   portion	   of	   patients	   with	   HER2	   type	   breast	   cancer	   that	   receive	   the	  

targeted	   therapy,	   trastuzumab,	   adjuvant	   to	   chemotherapy	   also	   exhibit	   innate	   and	  
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acquired	  resistance	  [220,	  221].	  	  This	  ultimately	  results	  in	  decreased	  patient	  survival,	  

thus	  highlighting	  the	  importance	  of	  investigating	  the	  mechanisms	  that	  surround	  this	  

resistance.	   	   Interestingly,	   previous	   studies	   have	   demonstrated	   that	   EPHA2	  

overexpression	  mediated	   resistance	   to	   trastuzumab	   [181].	   	  As	   evidenced	   in	   Figure	  

3.2,	  when	  Zhuang	  et	  al.	  overexpressed	  constitutively	  activated	  EPHA2	   in	  MCF-‐10A-‐

HER2	   cells,	   these	   cells	   developed	   an	   impaired	   response	   to	   trastuzumab	   that	   was	  

restored	  by	  knocking	  down	  EPHA2.	   	  Furthermore,	  these	  studies	  also	  demonstrated	  

that	   derived	   trastuzumab	   resistant	   human	   breast	   cancer	   cells	   exhibited	   enhanced	  

EPHA2	  expression	  compared	  to	  the	  drug-‐sensitive	  parent	  cells,	  yet	  inhibiting	  EPHA2	  

was	  able	  to	  restore	  trastuzumab	  sensitivity	  in	  vitro	  and	  in	  vivo.	  	  	  	  

	  
	  

Figure	   3.2	   EphA2	   overexpression	   confers	   cellular	   intrinsic	   resistance	   to	   trastuzumab	  	  
Constitutively	   activated	   (CA-‐EphA2)	   or	   kinase	   dead	   (KD-‐EphA2)	   EphA2	   receptor	   were	  
introduced	   into	   MCF10A	   or	   MCF10A.HER2	   cells	   by	   retroviral	   transduction.	   Pooled	   G418-‐
resistant	   cell	   populations	   were	   cultured	   in	   3-‐dimensional	   Matrigel	   and	   stained	   for	   Ki67	  
(green)	   to	   assess	   proliferation	   and	   counter-‐stained	   for	   To-‐Pro-‐3	   (red)	   to	   visualize	   nuclei.	  
Overexpression	   of	   CA-‐EphA2,	   but	   not	   KD-‐EphA2,	   desensitizes	   MCF10A.HER2	   cells	   to	  
trastuzumab	  (Adapted	  from	  [181].	  	  
	  

	  

The	  ability	  of	  a	  tumor	  cell	  to	  scavenge	  apoptosis-‐inducing	  ROS	  is	  a	  mechanism	  that	  

tumor	   cells	   use	   to	   overcome	   the	   cytotoxic	   effects	   of	   chemotherapy.	   	   Glutathione	  

(GSH),	   as	   discussed	   in	   Chapter	   1,	   can	   play	   a	   critical	   role	   in	   tumor	   cell	   viability	   by	  
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acting	  as	  a	  potent	  anti-‐oxidant	  when	   it	   conjugates	  with	  electrophiles	   in	  a	   reaction	  

mediated	  by	  GST	   [86].	   	   	  Notably,	   tumors	   from	  MMTV-‐NeuT/Efna1-‐/-‐	  mice	  displayed	  

significantly	  increased	  levels	  of	  GSH	  compared	  to	  tumors	  with	  functional	  ephrin-‐A1	  

(Chapter	   2,	   Figure	   2.8D).	   	   Though	   these	   tumors	   had	   enhanced	  GSH,	   and	  GSH	   can	  

accumulate	   as	   a	   result	   of	   enhanced	   glutamine	   metabolism,	   we	   did	   not	   directly	  

evaluate	   GSH	   concentrations	   or	   its	   antioxidant	   potential	   in	   tissue	   culture	  

experiments	   upon	   loss	   of	   ephrin-‐A1	   or	   overexpression	   of	   EPHA2.	   	   Since	   separate	  

experiments	   have	   demonstrated	   that	   EPHA2	   overexpression	   can	   mediate	   drug	  

resistance	  and	  can	  enhance	  glutamine	  metabolism,	  it	  may	  be	  valuable	  to	  determine	  

whether	   elevated	   glutamine	   metabolism	   and	   GSH	   generation	   is	   a	   mechanism	   of	  

EPHA2-‐induced	   drug	   resistance.	   Recent	   studies	   have	   also	   implicated	   EPHA2	   in	  

regulating	  sensitivity	   to	  the	  chemoagent,	  paclitaxel	   in	  ovarian	  [222],	  prostate[223],	  

and	   nasopharyngeal	   [224]	   cancer.	   Thus	   it	   may	   also	   be	   of	   interest	   to	   determine	  

whether	  EPHA2	   is	  able	   to	  mediate	   chemoresistance	   in	  breast	   cancer	   cells	   that	  are	  

not	  HER2	  type	  and	  whether	  this	  is	  mediated	  by	  EPHA2-‐induced	  metabolic	  changes.	  	  	  

Furthermore,	   monitoring	   tumor	   cells	   using	   optics	   metabolic	   imaging	   may	   also	  

provide	  longitudinal	  insight	  of	  the	  metabolic	  adaptive	  response	  of	  these	  cells	  as	  they	  

become	  resistant	  to	  certain	  chemo-‐agents.	  	  	  

	  

What	  is	  the	  role	  of	  EPHA2/ephrin-‐A1-‐induced	  metabolism	  in	  tumor	  cell	  motility	  and	  

metastatic	  spread?	  	  

A	   major	   question	   raised	   from	   our	   studies	   in	   Chapter	   2,	   is	   whether	   aberrant	  

glutamine	  metabolism	   contributes	   to	  metastatic	   disease	   in	  breast	   cancer	  patients.	  	  

Low	   EFNA1	   (ephrin-‐A1)	   expression	   correlated	   with	   poor	   survival	   in	   lymph-‐node	  

positive	  breast	  cancer	  patients	  (Chapter	  2),	  suggesting	  that	  ephrin-‐A1	  might	  serve	  as	  

a	  prognostic	  marker	  in	  more	  aggressive	  forms	  of	  breast	  cancer,	  however	  we	  did	  not	  

further	  investigate	  the	  role	  of	  ephrin-‐A1	  and	  EPHA2	  signaling	  on	  tumor	  progression	  

or	  whether	  glutamine	  metabolism	  could	  impact	  progression	  or	  tumor	  motility.	  	  	  Only	  

a	   few	   studies	   have	   addressed	   whether	   glutaminolysis	   can	   directly	   regulate	   cell	  
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migration.	  	  Wang	  et	  al.	  treated	  a	  variety	  of	  tumor	  cells	  with	  the	  GLS	  inhibitor,	  968,	  

and	  observed	  a	  significant	  reduction	  in	  cell	  migration	  [79].	  	  Supplementation	  of	  the	  

downstream	   product	   of	   GLS,	   α-‐KG,	   was	   able	   to	   restore	   growth	   to	   these	   cells,	  

suggesting	   that	   these	   cells	   had	   impaired	  migration	   rather	   than	   had	   suffered	   from	  

cytotoxicity	   [79].	   	   Though	  we	   did	   not	   specifically	   test	   invasiveness	   or	  migration	   in	  

this	   study,	  overwhelming	  data	   from	  our	   laboratory	  and	  others	  have	  demonstrated	  

that	   EPHA2	   contributes	   to	   tumor	   dissemination	   [137,	   141,	   152,	   185,	   225,	   226].	  

However,	  it	  is	  unknown	  whether	  metabolic	  perturbations	  induced	  by	  EPHA2	  may	  be	  

a	  mechanism	   of	   cancer	   progression.	   	   Other	   studies,	   however,	   have	   demonstrated	  

that	  other	  branches	  of	  tumor	  metabolism	  can	  promote	  tumor	  metastasis	  [227,	  228].	  	  

Of	  particular	   interest	   is	  the	  discovery	  that	  FASN,	  a	  rate-‐limiting	  enzyme	  of	  de	  novo	  

lipogenesis,	   has	   been	   implicated	   as	   a	   regulator	   of	   tumor	  metastases	   and	  motility	  

[229,	  230].	   	  We	  observed	  that	  either	   loss	  of	  ephrin-‐A1	  or	  overexpression	  of	  EPHA2	  

was	  able	  to	  enhance	  the	  presence	  of	   lipid	  deposits	  and	  proliferation,	  yet	   inhibition	  

of	  FASN	  inhibited	  both	  lipid	  accumulation	  and	  growth	  (Chapter	  2).	  	  Interestingly,	  in	  

preliminary	  studies,	  we	  have	  detected	  elevated	  FASN	  protein	  in	  both	  human	  breast	  

cancer	  samples	  and	  in	  MMTV-‐NeuT	  tumors	  that	  inversely	  correlates	  with	  ephrin-‐A1	  

protein	   expression	   (Figure	   3.3).	   	   Therefore,	   future	   investigations	  may	  warrant	   the	  

interrogation	  of	  the	  regulatory	  mechanisms	  surrounding	  FASN	  and	  whether	  this	  may	  

be	  a	  mode	  of	  enhancing	  metastatic	  disease	  in	  EPHA2	  overexpressing	  tumors.	  	  

	  
Figure	   3.3.	   FASN	   protein	   expression	   inversely	   correlates	   with	   ephrin-‐A1.	   IHC	   analysis	   of	  
FASN	   in	   human	   breast	   cancer	   tissue	   microarrays	   (A,B);	   and	   in	  MMTV-‐NeuT	   tumors	   from	  
mice	  (C)	  .	  
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Does	  EPHA2	  regulate	  tumor	  metabolism	  in	  other	  breast	  cancer	  molecular	  subtypes?	  

Our	   data	   unequivocally	   demonstrate	   a	   role	   for	   EPHA2	   and	   ephrin-‐A1	   in	   governing	  

tumor	  metabolism	  in	  a	  HER2-‐positive	  model	  of	  breast	  cancer	  (Chapter	  2).	  	  	  However,	  

we	   did	   not	   investigate	   whether	   this	   phenotype	   was	   a	   mechanism	   among	   other	  

molecular	  subtypes	  of	  breast	  cancer,	  particularly	  in	  triple	  negative	  breast	  (TNBC),	  as	  

it	   has	   been	   reported	   that	   this	   subtype	   has	   enhanced	   glutaminolysis	   [231,	   232].	  	  

However,	   recent	   preliminary	   studies	   from	   our	   laboratory	   have	   demonstrated	   that	  

inhibition	  of	  EPHA2	  in	  vitro	  impaired	  glutaminolysis	  in	  TNBC	  cells	  lines	  and	  inhibited	  

proliferation	   (data	  not	   shown).	   	   These	  data	   suggest	   a	   role	   for	   EPHA2	   in	   regulating	  

glutaminolysis	   in	   other	  molecular	   subtypes,	   however	   the	  mechanisms	   surrounding	  

this	   regulation	   still	   remain	   unclear.	   	   Furthermore,	   these	   recent	   findings	   provide	  

further	   basis	   to	   investigate	   whether	   Luminal	   A	   and	   Luminal	   B	   subtypes	   have	   a	  

metabolic	   phenotype	   regulated	   by	   EPHA2	   signaling.	   	   Though	   we	   observed	  

EPHA2/ephrin-‐A1	   signaling	   regulated	   glutaminolysis,	   it	   is	   conceivable	   that	   this	  

signaling	  also	  regulates	  glycolysis	  as	  the	  two	  processes	  are	  closely	  related.	  	  

	  

Additionally,	  ER-‐negative	  breast	  cancers	  have	  recently	  been	  found	  to	  have	  enhanced	  

glutaminolysis	   [232].	   	   Interestingly,	   previous	   studies	   that	   evaluated	   EPHA2	  

expression	  in	  a	  comprehensive	  selection	  of	  breast	  cancer	  cell	  lines,	  identified	  EPHA2	  

as	   having	   the	   greatest	   expression	   in	   ER-‐negative	   tissue	   [233].	   This	   study	   also	  

demonstrated	   ephrin-‐A1	   as	   a	   binary	   molecular	   switch	   that	   activated	   EPHA2	   anti-‐

tumor	   activity	   [233].	   Further	   evaluation	   of	   the	  metabolic	   phenotype	   of	   these	   cell	  

lines	   in	   response	   to	   EPHA2	   signaling	   may	   provide	   further	   insight	   into	   the	   role	   of	  

EPHA2/ephrin-‐A1	  signaling	  in	  tumor	  metabolism.	  	  	  	  

	  

Do	  other	  EPH	  RTKs	  regulate	  tumor	  metabolism?	  

In	   addition	   to	   EPHA2,	   several	   other	   EPH	   RTKs	   (EPHA4,	   EPHA7,	   and	   EPHB4	   and	  

EPHB6)	   have	   been	   identified	   as	   overexpressed	   in	   breast	   cancer	   patients	   and	   have	  

been	  linked	  with	  poor	  prognosis	  [173].	  	  	  Under	  physiologic	  conditions,	  ephrin	  ligands	  
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interact	  with	   EPH	  RTKS	   at	   cell-‐cell	   junctions	   to	   inhibit	   the	  Ras-‐Raf-‐MAPK,	   PI3K-‐Akt	  

and	   Abl-‐Crk	   pathways,	   as	   a	   critical	   regulatory	   mechanism	   for	   development	   and	  

tissue	  homeostasis.	  	  Yet	  in	  malignant	  tissue,	  this	  signaling	  is	  dysregulated	  and	  ephrin	  

expression	   is	  often	   loss	  or	  cell-‐cell	   junctions	  are	  disrupted	   thus	  preventing	  ephrins	  

from	  binding	  their	  EPH	  receptors.	  	  In	  the	  absence	  of	  ligand,	  some	  EPH	  RTKS	  engage	  

in	   ligand-‐independent	   signaling	   and	   obtain	   pro-‐tumor	   functions.	   	   As	   discovered	   in	  

this	   thesis,	   one	   consequence	   of	   this	   pro-‐tumor	   activity	   is	   the	   upregulation	   of	  

glutamine	  metabolism	   in	  breast	   cancer	   cells.	   Since	  other	   EPH	  RTK	  are	   reported	  as	  

having	   oncogenic	   potential,	   investigating	   whether	   their	   downstream	   signaling	  

impacts	  metabolic	  pathways	  may	  provide	  insight	  into	  additional	  EPH	  functions.	  	  	  	  

	  	  
Concluding	  remarks	  
	  
The	   results	   reported	   in	   this	   thesis	   represent	   a	   significant	   advancement	   in	   the	  

understanding	  of	  the	  functional	  and	  mechanistic	  contributions	  of	  EPHA2/ephrin-‐A1	  

signaling	   in	   regulating	   breast	   cancer	   growth.	   Yet,	   much	   work	   still	   remains	   in	   the	  

understanding	  of	  how	  this	   receptor	  and	   ligand	   regulate	  growth	   in	  other	  molecular	  

subtypes	   of	   breast	   cancer	   and	   the	   mechanisms	   in	   which	   this	   signaling	   controls	  

metastatic	  disease	  and	  chemoresistance.	  	  Because	  EPHA2	  has	  already	  demonstrated	  

to	  have	  such	  an	  impact	  in	  breast	  cancer,	  the	  future	  investigation	  of	  these	  questions	  

will	  surely	  be	  addressed.	  	  
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Appendix	  	  A	  

	  

Elevated	  Slit2	  Activity	  Impairs	  VEGF-‐induced	  Angiogenesis	  and	  Tumor	  

Neovascularization	  in	  EPHA2-‐deficient	  Endothelium.	  

	  

The	  work	  presented	  in	  Appendix	  A	  is	  published	  with	  the	  same	  title	  in	  Molecular	  

Cancer	  Research,	  March	  2015	  	  [[Volume	  13,	  Number	  3].	  

	  

Abstract	  

Angiogenic	   remodeling	   during	   embryonic	   development	   and	   in	   adult	   tissue	  

homeostasis	   is	   orchestrated	   by	   cooperative	   signaling	   between	   several	   distinct	  

molecular	   pathways,	   which	   are	   often	   exploited	   by	   tumors.	   Indeed,	   tumors	  

upregulate	   pro-‐angiogenic	  molecules	  while	   simultaneously	   suppressing	   angiostatic	  

pathways	   in	   order	   to	   recruit	   blood	   vessels	   for	   growth,	   survival,	   and	   metastatic	  

spread.	  Understanding	  how	  cancers	  exploit	  pro-‐	  and	  anti-‐angiogenic	  signals	  is	  a	  key	  

step	   in	   developing	   new,	   molecularly	   targeted	   anti-‐angiogenic	   therapies.	   While	  

EPHA2,	  a	  receptor	  tyrosine	  kinase	  (RTK),	  is	  required	  for	  vascular	  endothelial	  growth	  

factor	  (VEGF)-‐induced	  angiogenesis,	  the	  mechanism	  through	  which	  these	  pathways	  

intersect	   remains	   unclear.	   Slit2	   expression	   is	   elevated	   in	   EPHA2-‐deficient	  

endothelium,	   and	   here	   it	   is	   reported	   that	   inhibiting	   Slit	   activity	   rescues	   VEGF-‐

induced	  angiogenesis	   in	  cell	   culture	  and	   in	  vivo,	  as	  well	  as	  VEGF-‐dependent	   tumor	  

angiogenesis,	   in	  EPHA2-‐deficient	  endothelial	   cells	  and	  animals.	  Moreover,	  blocking	  

Slit	   activity	   or	   Slit2	   expression	   in	   EPHA2-‐deficient	   endothelial	   cells	   restores	   VEGF-‐

induced	   activation	   of	   Src	   and	   Rac,	   both	   of	  which	   are	   required	   for	   VEGF-‐mediated	  

angiogenesis.	  These	  data	  suggest	  that	  EPHA2	  suppression	  of	  Slit2	  expression	  and	  Slit	  

angiostatic	  activity	  enables	  VEGF-‐induced	  angiogenesis	  in	  vitro	  and	  in	  vivo,	  providing	  

a	  plausible	  mechanism	  for	  impaired	  endothelial	  responses	  to	  VEGF	  in	  the	  absence	  of	  

EPHA2	  function.	  
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Implications	  

Modulation	   of	   angiostatic	   factor	   Slit2	   by	   EPHA2	   receptor	   regulates	   endothelial	  

responses	  to	  VEGF-‐mediated	  angiogenesis	  and	  tumor	  neovascularization.	  

	  

Introduction	  

Angiogenic	   remodeling,	   which	   generates	   new	   vessel	   sprouts	   from	   pre-‐existing	  

vessels,	  is	  essential	  for	  proper	  embryonic	  development,	  normal	  tissue	  homeostasis,	  

and	   contributes	   to	   the	   pathogenesis	   and	   progression	   of	   cancer.	   	   Proper	   vessel	  

formation	  requires	  a	  balance	  between	  angiogenic	  stimuli,	  which	  regulate	  endothelial	  

cell	  invasion	  and	  migration,	  proliferation,	  and	  tubulogenesis,	  and	  angiostatic	  factors	  

that	   terminate	   or	   inhibit	   these	   processes	   upon	   vessel	   maturation	   to	   promote	  

vascular	  stability	  (Reviewed	  in	  [234]).	  	  Vascular	  endothelial	  growth	  factor	  (VEGF),	  the	  

best-‐characterized	   pro-‐angiogenic	   factor,	   is	   a	   key	   regulator	   of	   physiologic	  

angiogenesis	  and	  tumor	  neovascularization	  (Reviewed	  in	  [235,	  236]).	  	  	  In	  addition	  to	  

VEGF,	   the	   Eph	   family	   of	   receptor	   tyrosine	   kinases	   (RTKs)	   and	   their	   cell	   surface	  

membrane-‐bound	   ephrin	   ligands	   also	   regulate	   physiologic	   and	   pathologic	  

angiogenesis.	   	   Specifically,	   EPHA2	   and	   its	   primary	   ligand,	   ephrin-‐A1,	   have	   become	  

the	   targets	   of	   intensive	   investigation	   due	   to	   their	   functions	   in	   tumorigenesis	   and	  

neovascularization	  (Reviewed	  in	  [191,	  237-‐239]).	  

	  

Though	   VEGF	   regulates	   endothelial	   cell	   activation,	   proliferation,	   migration,	   and	  

morphogenesis,	   this	   factor	  does	  not	  act	   in	   isolation.	   	   Indeed,	  coordinated	  signaling	  

between	  VEGF	  and	  a	  plethora	  of	  other	  factors,	  such	  as	  Notch,	  transforming	  growth	  

factor	   b	   (TGF-‐b),	   angiopoietins,	   platelet	   derived	   growth	   factors	   (PDGF),	   and	  

ephrins/Eph	   RTKs,	   is	   essential	   for	   normal	   physiologic	   angiogenesis	   (Reviewed	   in	  

[240,	  241]).	  	  Previous	  studies	  from	  our	  laboratory	  and	  others	  demonstrated	  that	  the	  

VEGF	  pathway	  also	  cooperates	  with	  ephrin/Eph	  signaling	   to	   regulate	  angiogenesis.	  	  

Specifically,	   soluble	   EphA	   receptors,	   EPHA2-‐deficiency,	   or	   antibodies	   targeting	  



	   75	  

EPHA2	  impair	  VEGF-‐induced	  angiogenesis,	  as	  well	  as	  angiogenic	  responses	   induced	  

by	  ephrins	  [198,	  242-‐246].	  The	  mechanism	  through	  which	  blocking	  EPHA2	  function	  

interferes	  with	  VEGF-‐mediated	  angiogenesis	  remains	  unclear.	  

	  

Members	   of	   the	   Slit/roundabout	   (Robo)	   gene	   family	   also	   regulate	   vascular	  

remodeling	   and	   homeostasis	   (Reviewed	   in	   [247]).	   	   The	   three	   Slit	   proteins	   (Slit1-‐3)	  

identified	  in	  vertebrates	  interact	  with	  receptors	  of	  the	  Robo	  family	  (Robo1-‐4),	  Robo1	  

and	  Robo4	  being	  most	  highly	  expressed	   in	  endothelial	   cells	   [248].	   	   The	   role	  of	   Slit	  

proteins	  in	  regulation	  of	  angiogenesis	  remains	  controversial,	  however,	  with	  reported	  

pro-‐	   [249-‐253]	   and	   anti-‐angiogenic	   activities	   [254-‐258].	   	   	   Recent	   investigations	  

clearly	  demonstrated	  that	  Slit2	  inhibits	  VEGF-‐induced	  vascular	  remodeling	  [254-‐257,	  

259].	  	  

	  

In	  a	  previous	  study,	  we	  reported	  elevated	  slit2	  mRNA	  expression	  in	  EPHA2-‐deficient	  

endothelial	  cells	  relative	  to	  wild-‐type	  controls,	  and	  determined	  that	  Slit	   functioned	  

as	   an	   inhibitory	   angiocrine	   factor.	   Inhibition	   of	   Slit	   function	   in	   conditioned	  media	  

harvested	   from	   EPHA2-‐deficient	   endothelium	   alleviated	   repression	   of	   mammary	  

tumor	   cell	   growth	   and	   motility	   in	   culture	   and	   in	   vivo	   [260],	   consistent	   with	   the	  

chemorepulsive,	   growth	   inhibitory,	   and	   tumor	   suppressive	   function	   of	   Slit2	   in	  

mammary	  epithelium	  and	  breast	  cancer	  [261-‐268].	  These	  data	  suggest	  that	  elevated	  

Slit2	   expression	   in	   EPHA2-‐deficient	   endothelium	   contributes	   to	   reduced	   tumor	  

growth	  in	  EPHA2-‐deficient	  mice.	  

	  

We	   previously	   reported	   that	   the	   pro-‐angiogenic	   effects	   of	   ephrin-‐A1	   were	  

suppressed	   in	   the	   presence	   of	   Slit2	   [269],	   suggesting	   cross-‐talk	   between	   EphA	  

receptor	   signaling	   and	   the	   Slit-‐Robo	   pathway	   may	   also	   regulate	   angiogenesis.	  

Because	  Slit2	  expression	  is	  significantly	  elevated	  in	  EPHA2-‐deficient	  endothelium,	  we	  

hypothesized	   that	   overexpression	   of	   this	   angiostatic	   factor	   could	   account	   for	  

impaired	   VEGF-‐induced	   angiogenesis	   in	   the	   absence	   of	   EPHA2.	   	   To	   test	   this	  
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hypothesis,	   we	   blocked	   Slit	   activity	   in	   EPHA2-‐deficient	   endothelium	   using	   soluble	  

Robo1-‐Fc	   receptor	   as	   a	   ligand	   trap.	   Inhibiting	   Slit	   function	   in	   EPHA2-‐deficient	  

endothelium	   rescued	   VEGF-‐induced	   endothelial	   cell	   assembly	   and	   migration	   in	  

culture,	   as	  well	   as	   subcutaneous	   vessel	   remodeling	   in	   vivo.	   	   Stable	   knockdown	   of	  

Slit2	   in	   EPHA2-‐deficient	   endothelium	   rescued	   VEGF-‐mediated	   assembly	   and	  

migration	  as	  well,	  whereas	  EPHA2	  overexpression	   reduced	  Slit2	  expression.	   Lastly,	  

inhibiting	   Slit	   function	   rescued	   VEGF-‐dependent	   tumor	   angiogenesis	   in	   vivo,	   and	  

restored	   VEGF-‐induced	   activation	   of	   Src	   and	   Rac,	   both	   of	   which	   are	   required	   for	  

VEGF-‐mediated	  angiogenesis.	  	  Thus,	  elevated	  Slit2	  in	  the	  absence	  of	  EPHA2	  appears	  

to	  be	  one	  mechanism	  that	  renders	  endothelium	  resistant	  to	  VEGF-‐induced	  vascular	  

remodeling.	  	  

	  

Materials	  and	  Methods	  

Reagents	  	  

Antibodies	   against	   the	   following	   proteins	   were	   used:	   Src,	   phospho-‐Src	   family	  

(Tyr416;	  Cell	  Signaling	  Technology,	  Boston,	  MA);	  Rac	  (BD	  Biosciences,	  San	  Jose,	  CA);	  

EPHA2	  (SC-‐924),	  Robo4	  (SC-‐67057),	  phosphotyrosine	  (PY99,	  SC-‐7020;	  PY20,	  SC-‐508)	  

and	  actin	  (SC-‐1616;	  Santa	  Cruz	  Biotechnology,	  Santa	  Cruz,	  CA);	  von	  Willebrand	  factor	  

(vWF;	   Zymed	   Laboratories,	   South	   San	   Francisco,	   CA);	   tubulin	   (Sigma	   Aldrich,	   St.	  

Louise,	   MO).	   	   Pak-‐PBD	   agarose	   Rac	   assay	   reagent	   was	   purchased	   from	   Millipore	  

(Billerica,	   MA).	   	   Recombinant	   mouse	   VEGF	   164,	   rat	   Robo1-‐Fc,	   human	   IgG,	   and	  

recombinant	  Slit2	  were	  purchased	  from	  R&D	  Systems	  (Minneapolis,	  MN).	  	  Gelfoam	  

absorbable	   gelatin	   sponges	   (Pharmacia)	   were	   obtained	   from	   the	   Vanderbilt	  

University	   Hospital	   Pharmacy.	   	   TRITC-‐dextran,	   FITC-‐dextran,	   and	   4’,6-‐diamidino-‐2	  

phenylindole	   dihydrochloride	   (DAPI)	  were	   purchased	   from	   Sigma-‐Aldrich.	   	   Growth	  

factor-‐reduced	  Matrigel	  was	  purchased	  from	  BD	  Biosciences.	  	  Arf6	  activity	  assay	  kits	  

were	   purchased	   from	   Cytoskeleton,	   Inc.	   (Denver,	   CO).	   Calbiochem	   SecinH3	   Arf	  

inhibitor	  was	  purchased	  from	  Millipore.	  Transwells	  were	  obtained	  from	  Corning,	  Inc.	  



	   77	  

(Corning,	   NY).	   Mouse	   Slit2	   ELISA	   kit	   was	   purchased	   from	   Novatein	   Biosciences	  

(Woburn,	  MA).	   4T1	   tumor	   cells	   were	   purchased	   from	   the	   American	   Type	   Culture	  

Collection	   (ATCC,	   Manassas,	   VA)	   and	   maintained	   in	   Gibco	   DMEM	   Media	   (Life	  

Technologies,	   Carlsbad,	   CA)	   supplemented	   with	   penicillin-‐streptomycin	  

(Cellgro/Mediatech)	  and	  10%	  fetal	  bovine	  serum	  (Hyclone,	  Logan,	  UT).	  Adenoviruses	  

harboring	  wild-‐type	  EPHA2,	  kinase	  dead	  W42	  mutant	  EPHA2	  [141],	  and	  control	  LacZ	  

were	  generated	  as	  described	  previously	  [270].	  

	  

Endothelial	  cell	  culture	  	  	  

Immortalized	   murine	   pulmonary	   microvascular	   endothelial	   cells	   (MPMEC)	   were	  

isolated	  from	  three	  month	  old	  wild-‐type	  or	  EPHA2-‐deficient	  H-‐2KB-‐tsA58	  transgenic	  

“Immorto-‐mice”	  [271,	  272]	  as	  described	  previously	   [273].	  Cells	  were	  maintained	   in	  

EGM-‐2	   medium	   (Lonza,	   Walkersville,	   MD)	   supplemented	   with	   penicillin-‐

streptomycin	  and	  10%	  fetal	  bovine	  serum.	  	  Cells	  were	  maintained	  at	  33	  °C	  in	  EGM-‐2	  

medium	   supplemented	   with	   interferon-‐g	   (10	   ng/mL;	   Millipore),	   a	   permissive	  

condition	   that	   allows	   the	   expression	   of	   the	   temperature	   sensitive	   SV40	   T-‐antigen	  

(Tag)	  transgene.	  	  	  The	  cells	  were	  incubated	  at	  37	  °C	  for	  at	  least	  3	  days	  in	  the	  absence	  

of	   interferon-‐g	   to	   downregulate	   TAg	   expression	   and	   revert	   the	   cells	   to	   a	   non-‐

immortalized	   state	   prior	   to	   experimental	   manipulation.	   Human	   primary	   retinal	  

microvascular	   endothelial	   cells	   (HRMEC)	   were	   purchased	   from	   Cell	   Systems	  

(Kirkland,	  WA)	  and	  maintained	  in	  EGM-‐2	  medium	  as	  described	  above.	  

	  

RT-‐PCR	  and	  ELISA	  

To	  generate	   conditioned	  medium	   (CM)	   from	   tumor	   cells	   and	  endothelial	   cells,	   1	   x	  

106	  cells	  were	  plated	  in	  10	  cm	  dishes	  and	  grown	  to	  approximately	  75%	  confluence	  in	  

normal	  growth	  medium,	   then	   incubated	   in	  3	  mL	  of	   serum-‐free	  Opti-‐MEM	  medium	  

for	   48-‐hours.	   	   CM	   was	   collected	   and	   filtered	   in	   (0.2	   mm	   syringe	   filters,	   VWR	  

International,	  Radnor,	  PA)	  prior	  to	  use	  as	  described	  previously	  [260].	  	  
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For	  Real	  Time	  PCR	  analyses,	   total	  RNA	   from	   triplicate	   sets	  of	  endothelial	   cells	  was	  

isolated	   using	   Trizol	   (Invitrogen)	   as	   per	   the	   manufacturer’s	   protocol.	   For	   some	  

experiments,	  endothelial	  cells	  were	  incubated	  with	  CM	  from	  4T1	  tumor	  cells	  for	  24-‐

hours	   prior	   to	   RNA	   isolation.	   Expression	   of	   murine	   slit2	   or	   robo1-‐4	   mRNA	   in	  

endothelial	   cells	   was	   validated	   by	   qRT-‐PCR	   analysis	   as	   described	   previously	   [260],	  

using	   the	   following	   primers:	   Slit2	   Fwd	   (20mer)	   5’-‐agg	   gaa	   gat	   gag	   tgg	   cat	   tg-‐3’	  

(240>259;	   NM_178804.2);	   Slit2	   Rev	   (20mer)	   5’-‐gtg	   cct	   gag	   acc	   agc	   aaa	   at-‐3’	  

(486>467;	  NM_178804.2),	  and	  control	  18S	  ribosomal	  RNA	  primers:	  Fwd	  (20mer)	  5’-‐

caa	  ctt	  tcg	  atg	  gta	  gtc	  gc-‐3’;	  Rev	  (21mer)	  5’-‐cgc	  tat	  tgg	  agc	  tgg	  aat	  tac-‐3’.	  Primers	  for	  

murine	   Robo1,	   2,	   and	   4	   and	   endogenous	   control	   were	   purchased	   from	   Taqman	  

(Mm00437762_m1	   for	   B2m	   control;	   Mm00803879_m1	   for	   Robo1;	  

Mm00620713_m1	   for	   Robo2;	  Mm00452963_m1	   for	   Robo4).	   Expression	   of	   human	  

slit2	   mRNA	   in	   HRMEC	   and	   gapdh	   control	   was	   scored	   using	   the	   TaqMan	   Gene	  

Expression	   Assay	   (Life	   technologies):	   SLIT2	   -‐	   Hs00191193_m1,	   GAPDH	   –	  

Hs02758991_m1.	  Real	  Time	  PCR	  was	  performed	  using	  a	  StepOnePlus	  Real-‐Time	  PCR	  

System	   from	   Applied	   Biosciences	   (Foster	   City,	   CA)	   with	   iQ	   SYBR	   supermix	   from	  

BioRad.	  	  We	  used	  a	  two-‐step	  amplification	  procedure	  (40	  cycles	  of	  95C,	  15sec	  60C,	  

30sec	  followed	  by	  melting	  temperature	  determination	  stage)	  and	  quantified	  relative	  

changes	   in	   gene	   expression	   using	   the	   DDCt	   method	   as	   per	   manufacturer’s	  

instructions.	  	  

	  

Slit2	  protein	  expression	  in	  undiluted	  endothelial	  CM	  was	  quantified	  by	  ELISA	  as	  per	  

manufacturer’s	  protocol.	  Plates	  were	  read	  using	  a	  BioTek	  Synergy	  HT	  (Winooski,	  VT)	  

plate	   reader	   and	   associated	   software	   and	   data	   exported	   to	   Microsoft	   Excel	   for	  

quantification	  and	  statistical	  analyses.	  

	  

Stable	  shRNA-‐mediated	  Slit2	  and	  Robo1	  knockdown	  in	  endothelial	  cells	  

pGIPZ	  based	  shRNA	  vectors	  to	  knockdown	  mouse	  Slit2	  and	  Robo1	  were	  purchased	  

from	   Open	   Biosystems	   (Slit2	   V2LMM_92930,	   V3LMM_471050;	   Robo1	  
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V2LMM_195374,	  V2LMM_83507;	  Thermo	  Fisher	  Scientific,	  Pittsburgh,	  PA),	  and	  the	  

viruses	  were	   produced	   in	   293T	   cells	   for	   infection	  with	   Cell	   Biolabs	   2nd	   generation	  

lentivirus	  packaging	   system	   (San	  Diego,	  CA)	   as	  per	   supplier’s	   instructions.	   Infected	  

EPHA2-‐deficient	  MPMEC	   were	   selected	   in	   2	   µg/mL	   puromycin	   and	   pooled	   clones	  

tested	   in	   assembly	   and	   migration	   assays	   as	   described	   below.	   We	   confirmed	  

diminished	  Slit2	  protein	  expression	  by	  ELISA	  analysis	  of	  CM	  from	  knockdown	  clones	  

versus	  vector	  control,	  and	  diminished	  expression	  of	  Robo1	  mRNA	  by	  Real-‐Time	  qRT-‐

PCR,	  as	  described	  above.	  

	  

Transient	  siRNA-‐mediated	  EPHA2	  knockdown	  in	  human	  endothelial	  cells	  	  

Human	  EPHA2-‐targeting	   and	   control	   siRNAs	  were	  purchased	   from	  and	   transfected	  

into	  HRMEC.	  EPHA2	  ON-‐TARGETplus	  Human	  SMARTpool	   siRNA	   (L-‐003116-‐00-‐0005)	  

and	   ON-‐TARGETplus	   Non-‐Targeting	   pool	   siRNA	   (D-‐001810-‐10-‐05)	  

(Dharmacon/Thermo	   Scientific)	   were	   used	   at	   a	   concentration	   of	   12.5	   nM	   in	  

conjunction	   with	   Lipofectamine	   RNAiMAX	   transfection	   reagent	   (Invitrogen)	  

according	   to	   the	  manufacturer’s	   protocol	   as	   described	   previously	   [130].	   Assembly	  

assays	  were	   performed	   48	   hours	   post-‐transfection.	   Knockdown	  was	   confirmed	   by	  

immunoblot	  analysis	  as	  described	  below.	  

	  

In	  vitro	  angiogenesis	  assays	  

In	   vitro	   vascular	   assembly	   assays	   were	   performed	   as	   described	   previously	   [270,	  

273].Briefly,	   12-‐well	   plates	   were	   coated	   with	   100	   mL	   of	   growth	   factor	   reduced	  

Matrigel	  (BD	  Biosciences).	  After	  24	  hour	  starvation	  in	  Opti-‐MEM,	  25,000	  MPMEC	  or	  

HRMEC	  were	  plated	  in	  wells	  in	  the	  presence	  or	  absence	  of	  VEGF	  (50	  ng/mL)	  plus	  or	  

minus	   Slit2	   (100	   ng/mL),	   Robo1-‐Fc	   (1	   mg/mL)	   or	   control	   IgG	   (1	   mg/mL)	   and	  

photographed	   after	   24-‐hours.	   	   For	   some	   studies,	   assays	   were	   performed	   in	   the	  

presence	   of	   SecinH3	   Arf	   inhibitor	   (5	   mM)	   or	   DMSO	   vehicle	   control.	   Images	   were	  

acquired	   using	   an	   Olympus	   CK40	   inverted	   microscope	   through	   an	   Optronics	   DEI-‐

750C	  CCD	  video	  camera	  using	  CellSens	  capture	  software.	  	  Adjustments	  were	  applied	  
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to	   the	   entire	   image	   using	   Adobe	   Photoshop	   (CS6)	   software	   and	   were	   consistent	  

between	  experimental	  and	  control	   images.	  The	  degree	  of	  assembly	  was	  quantified	  

by	   measuring	   branch	   length,	   the	   distance	   from	   branching	   point	   to	   the	   tip	   of	  

assembled	   cells.	   	   The	   branch	   length	   in	   assembled	   endothelial	   cell	   networks	   was	  

expressed	  as	  arbitrary	  units	  per	  10X	  field	  in	  four	  random	  fields	  from	  each	  well,	  with	  

triplicate	  samples	  per	  condition,	  using	  Scion	  Image	  version	  1.62c	  software.	  For	  some	  

experiments,	  endothelial	  cells	  were	  transduced	  with	  recombinant	  adenoviruses	  (108	  

pfu/mL)	  or	  transfected	  with	  siRNAs	  48	  hours	  prior	  to	  assembly	  assay.	  

	  

For	   migration	   assays,	   endothelial	   cells	   were	   serum-‐starved	   for	   24-‐hours	   in	   Opti-‐

MEM	  medium.	   	  Transwells	  were	  coated	  with	  growth	  factor	  reduced	  Matrigel	   (1:20	  

dilution	  with	  Opti-‐MEM)	  for	  30	  minutes	  and	  blocked	  with	  1%	  bovine	  serum	  albumin	  

solution	  for	  an	  additional	  30	  minutes.	   	  One	  hundred	  thousand	  cells	  were	  plated	   in	  

the	  upper	  chamber	  of	  the	  transwells,	  and	  600	  mL	  of	  Opti-‐MEM	  medium	  containing	  

VEGF	  (50	  ng/mL)	  plus	  or	  minus	  Slit2	  (100	  ng/mL),	  Robo1-‐Fc	  (1	  mg/mL)	  or	  control	  IgG	  

was	  added	  to	  the	   lower	  chamber.	   	  After	  5-‐hours,	  cells	  were	  fixed	  and	  stained	  with	  

crystal	  violet	  to	  visualize	  endothelial	  cells.	   	  Cells	  that	  migrated	  to	  the	  lower	  surface	  

of	  transwell	  filters	  were	  counted	  in	  four	  random	  fields	  from	  each	  well,	  with	  triplicate	  

samples	  per	  condition	  as	  described	  previously	  [270,	  273].	  

	  

In	  vivo	  sponge	  assays	  for	  angiogenesis	  	  

Sponge	  assays	  for	  angiogenesis	  were	  performed	  as	  described	  previously	  [270,	  274].	  

Briefly,	   gel	   foam	   sponges	  were	   cut	   into	   small	   pieces	   (2.5	   to	   3	  mm	  wide	   by	   5	  mm	  

long)	   and	   soaked	  with	   100	  mL	   of	   phosphate-‐buffered	   saline	   containing	   100	   ng	   of	  

VEGF	  plus	   or	  minus	   Slit2	   (100	  ng),	   Robo1-‐Fc	   (2.5	  mg)	   or	   control	   IgG.	   The	   sponges	  

were	  then	  implanted	  into	  the	  subcutaneous	  dorsal	  flank	  of	  three-‐month-‐old	  female	  

Balb/c	  wild-‐type	  or	  EPHA2-‐deficient	   recipient	   female	  mice.	  Each	   recipient	   received	  

one	   pro-‐angiogenic	   factor	   impregnated	   sponge	   and	   one	   relevant	   control	   factor	  

impregnated	   sponge	   implanted	   in	   the	  opposite	   flank.	  After	   7	   days,	   the	  mice	  were	  
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injected	   with	   a	   2%	   tetramethyl	   rhodamine	   isothiocyanate	   (TRITC)-‐dextran-‐

phosphate-‐buffered	  saline	  solution	  or	  2%	  fluorescein	  isothiocyanate	  (FITC)-‐dextran-‐

phosphate-‐buffered	   saline	   solution	   to	   label	   host	   blood	   vessels	   [270,	   274],	   and	   the	  

sponges	   were	   collected	   and	   analyzed.	  Whole-‐mount	   images	   were	   acquired	   on	   an	  

Olympus	  CK40	  inverted	  microscope	  through	  an	  Optronics	  DEI-‐750C	  charge-‐coupled-‐

device	  video	  camera	  using	  CellSens	  capture	  software.	  Density	  of	  blood	  vessels	  within	  

the	  sponges	  was	  quantified	  by	   fluorescence	   intensity	   (10X	  magnification)	  of	  TRITC-‐

dextran	   or	   FITC-‐dextran	   using	   Scion	   Image	   software,	   version	   1.62c.	   Data	   are	   a	  

representation	   of	   results	   from	   five	   independent	   sponges	   under	   each	   condition.	  

Statistical	   significance	   was	   determined	   by	   a	   two-‐tailed,	   paired	   Student's	   t	   test.	  	  

Vessel	   identity	   was	   confirmed	   in	   paraffin	   sections	   prepared	   from	   sponges	   and	  

counterstained	   with	   DAPI	   and/or	   co-‐stained	   with	   the	   endothelial	   cell	   marker	   von	  

Willebrand	  Factor	  (vWF)	  as	  described	  previously	  [131,	  194,	  275].	  

	  

Tumor-‐endothelial	  cell	  co-‐culture	  migration	  assays	  

For	   co-‐culture	   experiments,	   transwells	   were	   coated	   with	   growth	   factor-‐reduced	  

Matrigel	  (1:20	  dilution)	  and	  1	  x	  105	  4T1-‐GFP	  cells	  were	  plated	  on	  the	  lower	  surface	  

of	   the	   transwell	   filter.	   Wild-‐type	   or	   EPHA2-‐deficient	   endothelial	   cells	   (1	   x	   105)	  

labeled	  with	  CellTracker	  Orange	  CMTMR	  dye	   (Molecular	  Probes/Life	  Technologies)	  

were	  added	   to	  upper	   transwell	   chambers	   in	   the	  presence	  or	  absence	  of	  Slit2	   (100	  

ng/mL),	  Robo1-‐Fc	  (1	  mg/mL),	  or	  control	  IgG	  (100	  ng/mL	  to	  1	  mg/mL).	  After	  5	  h,	  cells	  

were	   removed	   from	   the	  upper	   surface	  of	   the	   transwell	   filter	  using	  a	   cotton	   swab,	  

and	   endothelial	   cells	   on	   the	   lower	   surface	   of	   the	   filter	   quantified.	   Similar	  

experiments	   were	   performed	   comparing	   EPHA2-‐deficient	   endothelial	   cells	  

expressing	   control	   versus	   Slit2	   shRNAs.	   Data	   are	   a	   representation	   of	   six	   to	   nine	  

independent	   samples	   per	   condition	   with	   standard	   deviation,	   and	   statistical	  

significance	  was	  assessed	  by	  two-‐tailed,	  paired	  Student's	  t	  test.	  	  
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Cutaneous	  window	  chamber	  assay	  	  

Window	  assays	  were	  performed	  as	  described	  previously	  [197,	  276].	  Briefly,	  a	  5	  mm	  

diameter	   flap	  of	  skin	  was	  dissected	  away	   from	  the	  dorsal	  skin	   flap	  of	  anesthetized	  

recipient	  wild-‐type	  or	  EPHA2-‐deficient	  three	  month	  old	  Balb/c	  female	  mice,	  leaving	  

a	  fascial	  plane	  with	  associated	  vasculature.	  A	  gelfoam	  sponge	  (approximately	  1	  mm	  

in	   diameter)	   impregnated	   with	   1	   mg	   of	   Slit2,	   Robo1-‐Fc,	   or	   control	   IgG	   in	   50%	  

Matrigel/PBS	  was	   implanted	   in	   the	  window	   chamber	   adjacent	   to	   a	   portion	  of	   4T1	  

tumor	   (approximately	   0.7	   mm	   in	   diameter)	   isolated	   from	   a	   donor	   mouse.	   	   The	  

chambers	  were	   sealed	  with	   glass	   coverslips	   and	  photographed	  on	   1	   day	   following	  

implantation	  to	  measure	  initial	  tumor	  size	  and	  baseline	  vascular	  morphology.	  7	  days	  

after	  implantation,	  FITC-‐conjugated	  dextran	  (2%	  in	  PBS,	  Sigma-‐Aldrich)	  was	  injected	  

intravenously,	   and	   tumors	   in	   window	   chambers	   were	   photodocumented	   using	   an	  

Olympus	   BX60	  microscope	   and	   digital	   camera.	   	   Branches	   from	   host	   blood	   vessels	  

within	  the	  window	  chambers	  were	  enumerated	  in	  at	  least	  three	  independent	  fields	  

per	   mouse,	   and	   statistical	   significance	   was	   determined	   by	   two-‐tailed,	   paired	  

Student's	   t-‐test.	   	   Data	   are	   a	   representation	   of	   6-‐8	   independent	   samples	   per	  

condition	  with	  standard	  error	  of	  the	  mean,	  and	  statistical	  significance	  was	  assessed	  

by	  two-‐tailed,	  paired	  Student's	  t-‐test.	  

	  

Orthotopic	  tumor	  transplantation	  

4T1	  tumor	  cells	  (1	  x	  105)	  were	  resuspended	  in	  growth-‐factor	  reduced	  Matrigel	  plus	  

or	   minus	   IgG	   (1	   mg),	   Slit2	   (100	   ng),	   or	   Robo1-‐Fc	   (1	   mg)	   and	   orthotopically	  

transplanted	  in	  the	  mammary	  glands	  of	  recipient	  wild-‐type	  (IgG	  or	  Slit2)	  or	  EPHA2-‐

deficient	   (IgG	   or	   Robo1-‐Fc)	   three	   month	   old	   Balb/c	   female	   mice	   as	   described	  

previously	   [131].	  Tumors	  were	  harvested	  after	  7	  days,	  measured	  by	  digital	   caliper,	  

and	  volume	  was	  calculated	  [length	  x	  width2	  x	  0.52].	  Tumor	  sections	  were	  stained	  for	  

the	   endothelial	  marker	   vWF	   factor	   and	  microvascular	   density	   quantified	   based	   on	  

pixel	  density	  as	  described	  previously	  [131,	  194,	  275].	  
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Immunoblot	  analyses	  	  

Endothelial	   cells	   were	   serum-‐starved	   for	   24-‐hours	   in	   Opti-‐MEM	   +	   2%	   FCS.	   	   For	  

EPHA2-‐deficient	  cells,	  1	  mg/mL	  Robo1-‐Fc	  or	  control	  IgG	  was	  added	  to	  the	  starvation	  

medium.	   	   Rac	   activation	   in	   approximately	   500	   mg	   endothelial	   cell	   lysate	   was	  

assessed	  by	  Pak-‐PBD	  agarose	  Rac	  assay	  reagent	  as	  described	  previously	  [270,	  273].	  	  

Arf6	  activation	  was	  assessed	  by	  GGA3-‐PBD	  effector	  pulldown	  assay	  as	  per	  supplier’s	  

protocol	   (Cytoskeleton,	   Inc.).	  For	  some	  assays,	  cells	  were	  pre-‐treated	  with	  SecinH3	  

Arf	  inhibitor	  (5	  mM)	  or	  DMSO	  vehicle	  for	  one	  hour	  prior	  to	  stimulation.	  For	  analysis	  

of	   Src	   phosphorylation	   and	   expression,	   approximately	   50	   mg	   of	   endothelial	   cell	  

lysates	   were	   collected	   and	   processed	   as	   per	   antibody	   supplier’s	   protocol	   (Cell	  

Signaling	   Technologies).	   	   For	   all	   experiments,	   cells	  were	   stimulated	  with	  VEGF	   (50	  

ng/mL)	   plus	   or	  minus	   Slit2	   (100	   ng/mL),	   Robo1-‐Fc	   (1	  mg/mL)	   or	   control	   IgG	   for	   5	  

(Rac,	  Arf6)	   to	  10	   (Src)	  minutes,	  or	   for	  16	  hours	  with	  Robo1-‐Fc	   (1	  mg/mL)	   to	   score	  

rescue	  of	  basal	  Rac	  activity.	  The	  blots	  were	  stripped	  and	  re-‐probed	  with	  anti-‐actin	  or	  

tubulin	  antibodies	  to	  confirm	  uniform	  loading	  and	  anti-‐EPHA2	  antibodies	  to	  confirm	  

EPHA2-‐deficiency	   in	   knockout	   cell	   lines.	  Data	   are	   a	   representation	  of	   three	   to	   five	  

independent	  experiments.	  	  

	  

Ethics	  Statement	  

All	   animals	   were	   housed	   under	   pathogen-‐free	   conditions,	   and	   experiments	   were	  

performed	   in	   accordance	   with	   AAALAC	   guidelines	   and	   with	   Vanderbilt	   University	  

Institutional	  Animal	  Care	  and	  Use	  Committee	  approval.	  The	   laboratory	  animal	  care	  

program	  of	  Vanderbilt	  University	  (PHS	  Assurance	  #A3227-‐01)	  has	  been	  accredited	  by	  

AAALAC	   International	   since	   1967	   (File	   #000020).	   The	   AAALAC	   Council	   on	  

Accreditation's	  most	  recent	  review	  of	  VU's	  program	  was	  done	  in	  2011	  and	  resulted	  

in	   "Continued	   Full	   Accreditation.”	   EPHA2-‐deficient	   Balb/C	   congenics	   were	  

generated,	  genotyped,	  and	  maintained	  as	  described	  previously	  [131].	  
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Cell	  Line	  Statement	  	  

4T1-‐GFP	  cells	  generated	  in	  the	  laboratory	  of	  Mark	  Dewhirst	  (Duke	  University)	  were	  

obtained	  from	  Dr.	  Charles	  Lin,	  where	  they	  were	  authenticated	  for	  tumor	  formation	  

Balb/C	  mice	  in	  vivo	  [277],	  and	  were	  expanded	  and	  frozen	  upon	  receipt.	  Vials	  used	  in	  

this	   study	   were	   passaged	   in	   our	   laboratory	   for	   fewer	   than	   six	   months	   after	  

resuscitation.	  

	  

Results	  

Slit2	   expression	   is	   elevated	   in	   EPHA2-‐deficient	   endothelial	   cells	   and	   affects	  

signaling	  downstream	  of	  VEGF	  	  

Recent	  studies	  demonstrated	  that	  slit2	  mRNA	  was	  significantly	   increased	   in	  EPHA2	  

deficient	   endothelium	   relative	   to	   wild-‐type	   controls	   [260].	   Immunofluorescence	  

staining	   suggested	   that	   protein	   levels	   were	   also	   higher	   in	   knockout	   cells,	   though	  

these	  data	  were	  more	  qualitative.	  In	  this	  study,	  we	  quantified	  protein	  expression	  in	  

endothelial	   cell	   conditioned	  medium	   by	   ELISA,	   which	   revealed	   significantly	   higher	  

levels	   of	   Slit2	   in	   EPHA2-‐deficient	   endothelial	   cells	   relative	   to	   wild-‐type	   controls	  

(Figure	   4.1A),	   consistent	  with	   our	   previous	  microarray	   and	   Real	   Time	   PCR	   studies	  

[260].	  	  

	  

Our	   previous	   studies	   compared	   Slit2	   expression	   in	   normal	   endothelial	   cells	  

harvested	   from	  wild-‐type	  and	  EPHA2-‐deficient	   animals	   and	   cultured	   in	  endothelial	  

cell	   growth	  medium.	  To	  determine	   if	  overexpression	  persisted	   in	   knockout	   cells	   in	  

the	   context	   of	   tumor	   angiogenesis,	   we	   repeated	   our	   analyses	   in	   endothelial	   cells	  

treated	   with	   conditioned	   medium	   from	   4T1	   mouse	   mammary	   tumor	   cells.	  

Treatment	  with	  tumor	  conditioned	  medium	  reduced	  levels	  of	  Slit2	  relative	  to	  what	  	  
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Figure	   4.1	   Slit2	   expression	   is	   elevated	   in	   EPHA2-‐deficient	   endothelial	   cells	   and	   affects	  
signaling	   downstream	   of	   VEGF.	   (A)	   Endothelial	   cells	   were	   grown	   in	   EGM-‐2	   for	   24-‐hours.	  
Growth	  medium	  was	   replaced	  with	  3	  mL	  of	   serum-‐free	  media	   and	   cells	   incubated	   for	   48-‐
hours	   to	   generate	   conditioned	  medium.	   Conditioned	  medium	  was	   harvested	   and	   protein	  
expression	   of	   secreted	   murine	   Slit2	   quantified	   by	   ELISA.	   	   Levels	   of	   secreted	   Slit2	   were	  
significantly	   higher	   in	   EPHA2-‐deficient	   endothelial	   cells	   relative	   to	   wild-‐type	   endothelial	  
cells.	  (B)	  Endothelial	  cells	  were	  grown	  in	  EGM-‐2	  for	  24-‐hours.	  Growth	  medium	  was	  replaced	  
with	   3	   mL	   of	   conditioned	   medium	   from	   4T1	   mouse	   mammary	   tumor	   cells	   and	   cells	  
incubated	  for	  48-‐hours.	  RNA	  was	  harvested	  and	  subjected	  to	  Real-‐Time	  PCR	  to	  quantify	  slit2	  
mRNA	   expression.	   Expression	   of	   slit2	   mRNA	  was	   significantly	   elevated	   in	   EPHA2-‐deficient	  
endothelial	  cells	  relative	  to	  wild-‐type	  endothelial	  cells.	  (C)	  Real-‐Time	  PCR	  analysis	  confirmed	  
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significantly	  elevated	   levels	  of	   robo1	  mRNA	   in	  EPHA2-‐deficient	  endothelial	   cells	   relative	   to	  
wild-‐type	   controls.	   (D)	   Slit2	   inhibited	   VEGF-‐induced	   activation	   of	   the	   intracellular	  
serine/threonine	  kinase	  Src,	  as	  measured	  by	  phosphorylation,	  as	  well	  as	  activation	  of	  Rac-‐
GTPase,	  as	  measured	  by	  detection	  of	  GTP-‐bound	  (active)	  Rac,	  in	  wild-‐type	  endothelial	  cells.	  
Addition	  of	  soluble	  Robo1-‐Fc	  receptor,	  a	  Slit	  ligand	  trap,	  partially	  rescued	  VEGF-‐induced	  Src	  
and	   Rac	   activity	   in	   EPHA2-‐deficient	   endothelial	   cells.	   Data	   are	   a	   representation	   of	   three	  
independent	  wild-‐type	  versus	  three	  independent	  EPHA2-‐deficient	  immortalized	  endothelial	  
cell	   lines/genotype	   from	   two	   independent	   experiments,	   with	   average	   +/-‐	   standard	  
deviation.	  Statistical	  significance	  was	  assessed	  by	  two-‐tailed,	  paired	  Student’s	  t-‐test.	  
	  

	  

we	   previously	   observed	   in	   normal	   endothelial	   cells,	   as	   expected	   based	   on	   the	  

reported	   tumor	   suppressive	   role	   for	   Slit2	   [260].	   Still,	   elevated	   expression	   of	   slit2	  

persisted	   in	   EPHA2-‐deficient	   endothelial	   cells	   relative	   to	   wild-‐type	   control	  

endothelial	   cells	   upon	   treatment	   with	   tumor-‐conditioned	   medium	   (Figure	   4.1B).	  	  

These	   data	   suggest	   that	   Slit2	   overexpression	   in	   the	   absence	   of	   EPHA2	  may	   affect	  

both	   normal	   physiologic	   and	   tumor	   angiogenesis.	   While	   we	   did	   not	   detect	   high	  

expression	   levels	  of	  robo2	  or	  robo4	   in	  our	   lung	  microvascular	  endothelial	  cell	   lines	  

(data	  not	  shown),	  robo1	  levels	  were	  significantly	  elevated	  in	  EPHA2-‐null	  endothelial	  

cells	  relative	  to	  wild-‐type	  cells	  (Figure	  4.1C).	  	  

	  

We	  next	  assessed	  activation	  of	  signaling	  pathways	  downstream	  of	  Slit-‐Robo	  in	  wild-‐

type	   versus	   EPHA2-‐deficient	   endothelium.	   Previous	   studies	   reported	   that	   Slit2	   co-‐

stimulation	  impairs	  VEGF-‐induced	  activation	  of	  Src	  and	  Rac,	  two	  major	  downstream	  

signaling	   mediators	   through	   which	   VEGF	   stimulates	   angiogenic	   remodeling	   [255,	  

257].	   	   As	   EPHA2-‐deficient	   endothelial	   cells	   are	   resistant	   to	   VEGF-‐induced	  

angiogenesis	  [198,	  242-‐246],	  we	  compared	  Src	  phosphorylation	  and	  levels	  of	  active,	  

GTP-‐bound	  Rac	  in	  wild	  type	  cells	  treated	  with	  VEGF	  plus	  exogenous	  Slit2	  to	  levels	  in	  

EPHA2-‐deficient	  endothelial	  cells	  treated	  with	  VEGF	  in	  the	  presence	  of	  Robo1-‐Fc,	  a	  

ligand	   trap	   for	   available	   Slit	   proteins.	   We	   confirmed	   inhibition	   of	   Src	   and	   Rac	  

activities	   in	   wild-‐type	   endothelial	   cells	   stimulated	   with	   VEGF	   in	   the	   presence	   of	  

recombinant	   Slit2	   (Figure	   4.1D).	   VEGF-‐induced	   activation	   of	   Src	   and	   Rac	   were	  
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markedly	   reduced	   in	   EPHA2-‐deficient	   cells,	   consistent	  with	   elevated	   expression	   of	  

Slit2	  in	  these	  cells.	  Pre-‐treatment	  with	  Robo1-‐Fc	  rescued	  activation	  of	  Src	  and	  Rac	  in	  

response	  to	  VEGF	  in	  EPHA2-‐deficient	  endothelial	  cells	  (Fig.	  1d).	  These	  data	  suggest	  	  

that	  elevated	  Slit2	  levels	  in	  EPHA2-‐deficient	  endothelium	  may	  promote	  resistance	  to	  

VEGF-‐mediated	  angiogenesis	  through	  its	  angiostatic	  function.	  

	  

Inhibiting	   Slit	   activity	   rescues	   VEGF-‐induced	   vascular	   assembly	   and	  migration	   in	  

EPHA2-‐deficient	  endothelial	  cells.	  

EPHA2-‐deficiency	   not	   only	   impairs	   angiogenic	   remodeling	   in	   response	   to	   ephrins,	  

but	   also	   in	   response	   to	   VEGF	   (Figure	   4.2;	   [198,	   242-‐246]).	   	   As	   Slit2	   has	   also	   been	  

reported	   to	   inhibit	  angiogenesis	   induced	  by	  VEGF	   [254-‐257],	  we	  hypothesized	   that	  

Slit2	  overexpression	   in	  EPHA2-‐deficient	  endothelium	  might	  account	   for	  this	  defect.	  	  

To	  test	   this	  hypothesis,	  we	  scored	  endothelial	  assembly	  on	  Matrigel	  and	  migration	  

through	  transwells,	  comparing	  wild-‐type	  cells	  treated	  with	  VEGF	  to	  EPHA2-‐deficient	  

cells	   treated	  with	  VEGF	   in	   the	  presence	  or	   absence	  of	  Robo1-‐Fc	   ligand	   trap.	  Wild-‐

type	   endothelial	   cells	   assembled	   into	   interconnected	   structures	   resembling	   a	  

primitive	  capillary	  plexus	  when	  plated	  on	  a	  thin	  layer	  of	  Matrigel	  in	  the	  presence	  of	  

VEGF	  (Figure	  4.2A).	  While	  VEGF	  stimulation	  in	  the	  presence	  of	  control	  IgG	  failed	  to	  

induce	   a	   robust	   assembly	   response	   in	   EPHA2-‐deficient	   cells,	   pre-‐treatment	   with	  

soluble	  Robo1-‐Fc	  partially	  rescued	  assembly	  (Figure	  4.2A).	  	  Robo1-‐Fc	  treatment	  also	  

partially	   rescued	   VEGF-‐induced	   migration	   of	   EPHA2-‐deficient	   endothelial	   cells	  

(Figure	  4.2B).	  

	  

Co-‐stimulation	  of	  wild-‐type	  endothelial	  cells	  with	  Slit2	  and	  VEGF	  inhibits	  angiogenic	  

remodeling	  ([255,	  257];	  Figure	  4.2C).	  Previous	  studies	  have	  linked	  Slit2	  and	  VEGF	  to	  

inhibitory	   modulation	   of	   ADP	   ribosylation	   factor	   6	   (Arf6)	   GTPase	   [255,	   257],	   an	  

upstream	   regulator	   of	   Rac	   activity	   [278].	   Therefore,	   we	   assessed	   levels	   of	   active,	  

GTP-‐bound	  Arf6	   in	  wild-‐type	  endothelial	   cells	   treated	  with	  VEGF	   versus	  VEGF	  plus	  

Slit2.	  Surprisingly,	  co-‐stimulation	  resulted	  in	  activation	  of	  Arf6	  relative	  to	  untreated	  	  
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Figure	  4.2	  Inhibiting	  Slit	  activity	  rescues	  VEGF-‐induced	  vascular	  assembly	  and	  migration	  in	  
EPHA2-‐deficient	  endothelial	  cells.	  (A)	  Endothelial	  cells	  were	  plated	  on	  a	  thin	  layer	  of	  growth	  
factor-‐reduced	   Matrigel	   to	   score	   assembly	   into	   interconnected	   vascular	   networks	   in	  
response	  to	  VEGF.	  	  EPHA2-‐deficiency	  impaired	  VEGF-‐induced	  assembly	  relative	  to	  wild-‐type	  
controls.	  Addition	  of	  soluble	  Robo1-‐Fc	  receptor	  partially	  rescued	  VEGF-‐induced	  assembly	  of	  
EPHA2-‐deficient	  endothelial	  cells	   relative	  to	   IgG	  control	  plus	  VEGF.	  Scale	  bar	  =	  20	  mm.	  (B)	  
We	  observed	  a	  similar	  trend	  in	  endothelial	  cell	  motility	  as	  scored	  by	  transwell	  assay.	  Relative	  
to	   wild-‐type	   endothelial	   cells,	   EPHA2-‐deficienct	   cells	   displayed	   impaired	   migration	   in	  
response	   to	  VEGF,	   though	  addition	  of	  Robo1-‐Fc	  partially	   rescued	  VEGF-‐induced	  migration.	  
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(C)	   Co-‐stimulation	  with	   VEGF	   and	   Slit2	   impairs	   endothelial	   cell	   assembly	   relative	   to	   VEGF	  
alone.	  We	  observed	  that	  co-‐stimulation	  induced	  activation	  of	  Arf6-‐GTPase,	  as	  measured	  by	  
detection	   of	   GTP-‐bound	   (active)	   Arf6,	   in	   wild-‐type	   endothelial	   cells	   relative	   to	   untreated	  
controls	   or	   cells	   treated	   with	   VEGF	   or	   Slit2	   as	   single	   agents.	   (D)	   Treatment	   with	   an	   Arf	  
inhibitor	  significantly	  rescued	  assembly	  in	  cells	  co-‐stimulated	  with	  VEGF	  and	  Slit2	  relative	  to	  
DMSO	  vehicle	  control.	  The	  inhibitor	  had	  no	  effect	  on	  assembly	  induced	  by	  VEGF	  or	  Slit2	  as	  a	  
single	  agent	  in	  wild-‐type	  endothelial	  cells.	  (E)	  We	  confirmed	  Arf6	  inhibitor	  reduced	  levels	  of	  
active,	  GTP-‐bound	  Arft6	  in	  wild-‐type	  endothelial	  cells	  co-‐stimulated	  with	  VEGF	  and	  Slit2	  by	  
effector	  pull-‐down	  followed	  by	  western	  analysis.	  Data	  are	  a	  representation	  of	  three	  to	  five	  
independent	   experiments,	   with	   replicate	   samples	   analyzed	   in	   each	   experiment,	   with	  
average	   +/-‐	   standard	   deviation.	   Statistical	   significance	  was	   assessed	   by	   two-‐tailed,	   paired	  
Student’s	  t-‐test.	  
	  
	  

cells	  or	  cells	  stimulated	  with	  VEGF	  or	  Slit2	  alone	  in	  our	  model	  system	  (Figure	  4.2C),	  

though	  VEGF	  was	   reported	   to	  activate	  Arf6	   in	  HUVEC	   [279].	  As	  high	   levels	  of	  Arf6	  

activity	   upon	   VEGF	   and	   Slit2	   co-‐stimulation	   correlate	  with	   angiostasis,	  we	  wish	   to	  

determine	   if	   blocking	  Arf6	   restored	   angiogenesis	   in	   co-‐stimulated	   cells.	   Treatment	  

with	   SecinH3	   Arf	   inhibitor	   significantly	   rescued	   assembly	   in	   wild-‐type	   endothelial	  

cells	   co-‐stimulated	   with	   VEGF	   and	   Slit2	   relative	   to	   vehicle	   control	   (Figure	   4.2D).	  	  

Consistent	   with	   our	   activity	   assays,	   the	   Arf	   inhibitor	   did	   not	   affect	   angiogenesis	  

induced	  by	  either	  VEGF	  or	  Slit2	  alone	  (Figure	  4.2D).	  	  	  We	  confirmed	  Arf6	  inhibition	  of	  

upon	  treatment	  with	  SecinH3	  in	  wild-‐type	  endothelial	  cells	  co-‐stimulated	  with	  VEGF	  

and	  Slit2	  (Figure	  4.2E).	  	  

	  

Consistent	  with	  our	  previous	  studies	  [269],	  treatment	  of	  wild-‐type	  endothelial	  cells	  

with	  Slit2	  as	  a	  single	  agent	  induced	  endothelial	  assembly	  and	  migration	  (Figure	  4.3A)	  

Slit2	   and	   VEGF	   co-‐stimulation	   inhibited	   assembly	   and	   migration	   of	   wild-‐type	  

endothelial	  cells	  (Figure	  4.3A)	  as	  previously	  reported	  [255,	  257],	  and	  at	  a	  dose	  range	  

consistent	  with	  levels	  observed	  in	  our	  ELISA	  analyses	  (Figure	  4.4).	  Robo1-‐Fc	  did	  not	  

induce	   assembly	   or	  migration	   in	  wild-‐type	   endothelium,	   nor	   did	   it	   enhance	  VEGF-‐

induced	  assembly	  or	  migration	  (Figure	  4.3A).	  Robo1-‐Fc	  treatment,	  however,	  partially	  

rescued	  basal	  assembly	  in	  EPHA2-‐deficient	  endothelial	  cells,	  though	  to	  a	  lesser	  	  
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Figure	   4.3	   Slit2	   inhibits	   VEGF-‐induced	   assembly	   and	   migration	   in	   wild-‐type	   cells,	   and	  
inhibiting	   Slit	   activity	   in	   EPHA2-‐deficient	   cells	   rescues	   basal	   vascular	   assembly.	   (A)	  
Individually,	   Slit2	   or	   VEGF	   stimulated	   assembly	   and	   transwell	   migration	   in	   wild-‐type	  
endothelial	   cells.	   The	  combination	  of	  VEGF	  and	  Slit2,	  however,	   significantly	   inhibited	  both	  
assembly	  and	  migration.	  Robo1-‐Fc	  alone	  or	   in	  combination	  with	  VEGF	  did	  not	  significantly	  
alter	   wild-‐type	   endothelial	   cell	   assembly	   or	   migration.	   (B)	   Addition	   of	   soluble	   Robo1-‐Fc	  
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receptor	  partially	  rescued	  basal	  assembly	  of	  EPHA2-‐deficient	  endothelial	  cells	  in	  serum-‐free	  
media	  after	  24-‐hours,	   though	  to	  a	   lesser	  extent	   than	   in	   the	  presence	  of	  VEGF.	  Addition	  of	  
Slit2	  to	  EPHA2-‐deficient	  endothelial	  cells	  did	  not	  affect	  basal	  or	  VEGF-‐induced	  angiogenesis.	  
(C)	  Consistent	  with	  these	  data,	  EPHA2-‐deficient	  endothelial	  cells	  treated	  with	  Robo1-‐Fc	  for	  
16-‐hours	  elevated	  basal	  Rac	  activity.	  (D)	  Levels	  of	  active,	  GTP-‐bound	  Arf6	  were	  significantly	  
reduced	   in	  VEGF-‐treated	  EPHA2-‐deficient	  endothelial	  cells	  upon	  co-‐treatment	  with	  Robo1-‐
Fc,	   as	   observed	   using	   effector	   pull-‐down	   followed	   by	   western	   analysis.	   Data	   are	   a	  
representation	  of	  two	  to	  three	  independent	  experiments,	  with	  replicate	  samples	  analyzed	  in	  
each	  experiment,	  with	  average	  +/-‐	  standard	  deviation.	  Statistical	  significance	  was	  assessed	  
by	  two-‐tailed,	  paired	  Student’s	  t-‐test.	  N.S.	  =	  not	  significant	  (relative	  to	  IgG	  control).	  
	  
	  
	  
	  extent	  relative	  to	  co-‐stimulation	  with	  VEGF	  (Figure	  4.3B).	  Prolonged	  treatment	  with	  

Robo1-‐Fc	   alone	   (16-‐hours)	   induced	   Rac	   activity	   (Figure	   4.3C)	   in	   EPHA2-‐deficient	  

endothelial	  cells,	  consistent	  with	  rescue	  of	  assembly	  by	  Robo1-‐Fc	  (24-‐hours;	  Figure	  

4.3B).	  Activated,	  GTP-‐bound	  Arf6	  was	  detected	  in	  EPHA2-‐deficient	  endothelial	  cells	  

stimulated	   with	   VEGF	   (Figure	   4.3D).	   As	   expression	   of	   Slit2	   is	   elevated	   in	   EPHA2-‐

deficient	   endothelial	   cells,	   these	  data	   are	   consistent	  with	   activation	  of	  Arf6	   in	   the	  

context	   of	   Slit2	   and	   VEGF	   co-‐stimulation	   (Figure	   4.3C)	   and	   support	   an	   angiostatic	  

function	  for	  Arf6	  in	  our	  cell	  model.	  In	  addition,	  Arf6-‐GTP	  levels	  were	  reduced	  in	  	  

	  

Figure	   4.4:	   Dose	   response	   for	   Slit2-‐mediated	   inhibition	   of	   VEGF-‐induced	   vascular	  
assembly.	  Wild-‐type	  endothelial	  cells	  were	  plated	  on	  a	  thin	  layer	  of	  growth	  factor-‐reduced	  
Matrigel	   to	   score	   assembly	   into	   interconnected	   vascular	   networks	   in	   response	   to	  VEGF	   in	  
the	   presence	   of	   increasing	   concentrations	   of	   Slit2.	   Doses	   between	   10	   and	   100	   ng/mL	  
significantly	   impaired	   VEGF-‐induced	   assembly	   in	   culture.	   Scale	   bar	   =	   20	   μm.	   Data	   are	   a	  
representation	   of	   three	   to	   five	   independent	   samples/condition	  with	   average	   +/-‐	   standard	  
deviation.	  Statistical	  significance	  was	  assessed	  by	  two-‐tailed,	  paired	  Student’s	  t-‐test.	  
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EPHA2-‐deficient	   endothelial	   cells	   treated	   with	   VEGF	   in	   the	   presence	   of	   Robo1-‐Fc	  

ligand	   trap	   (Figure	   4.3D),	   supporting	   the	   hypothesis	   that	   Arf6	   activation	   inhibits	  

angiogenesis	   in	   Slit2/VEGF-‐stimulated	   microvascular	   endothelial	   cells.	   Addition	   of	  

exogenous	  Slit2	  did	  not	  induce	  assembly	  in	  EPHA2-‐deficient	  endothelial	  cells,	  nor	  did	  

it	  affect	  assembly	  in	  the	  presence	  of	  VEGF	  (Figure	  4.3B).	  

	  

To	  confirm	  our	  results	  from	  EPHA2-‐deficient	  murine	  microvascular	  endothelial	  cells,	  

we	   tested	   the	   impact	   of	   EPHA2	   siRNA-‐mediated	   knockdown	   in	   human	  endothelial	  

cells.	   EPHA2	   knockdown	   in	   primary	   human	   retinal	   microvascular	   endothelial	   cells	  

(HRMEC)	   significantly	   reduced	   assembly	   in	   response	   to	   VEGF	   relative	   to	   control	  

siRNA	  expressing	  cells	   (Figure	  4.5A).	   	  Addition	  of	  Robo1-‐Fc	  partially	   rescued	  VEGF-‐

mediated	   assembly	   in	   EPHA2	   knockdown	   lines,	   as	   did	   prolonged	   treatment	   of	  

Robo1-‐Fc	   alone,	   albeit	   to	   a	   lesser	   extent.	   	   Exogenous	   Slit2	   promoted	   assembly	   in	  

control	  siRNA	  lines,	  whereas	  co-‐stimulation	  with	  Slit2	  and	  VEGF	  impaired	  assembly	  

(Figure	  4.5A),	  consistent	  with	  our	  findings	  in	  murine	  cell	  lines	  and	  in	  previous	  studies	  

[254-‐257].	  We	  confirmed	  EPHA2	  knockdown	  in	  lysates	  from	  HRMEC	  via	  immunoblot	  

(Figure	   4.5B)	   and	   upregulation	   of	   Slit2	   expression	   by	   Real-‐Time	   qRT-‐PCR	   analysis	  

(Figure	  4.5C).	  

	  

To	   confirm	   our	   results	   and	   to	   determine	   if	   blocking	   Slit2	   expression	   specifically	  

rescues	   VEGF-‐induced	   angiogenic	   remodeling,	   we	   generated	   two	   independent	  

EPHA2-‐deficient	  cell	  lines	  stably	  expressing	  slit2	  shRNA	  sequences.	  Relative	  to	  vector	  

control,	   VEGF	   induced	   a	   significant	   assembly	   response	   in	   EPHA2-‐deficient	   Slit2	  

knockdown	   lines	   (Figure.	   4.6A).	   In	   addition,	   VEGF-‐induced	   migration	   was	   also	  

rescued	  in	  Slit2	  knockdown	  clones	  (Figure.	  4.6B).	  Analysis	  and	  quantification	  of	  Slit2	  

protein	   in	   endothelial	   cell	   conditioned	   medium	   confirmed	   knockdown	   in	   shRNA	  

clones	   relative	   to	   vector	   control	   (Figure	   4.6C).	   Consistent	   with	   data	   derived	   from	  

Robo1-‐Fc	   treatment,	   stable	   Slit2	   shRNA	  knockdown	   in	  EPHA2-‐deficient	  endothelial	  

cells	  rescued	  Src	  and	  Rac	  activity	  upon	  VEGF	  stimulation	  (Figure.	  46D).	  
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Figure	  4.5	  Inhibiting	  Slit	  activity	  rescues	  VEGF-‐induced	  vascular	  assembly	  and	  migration	  in	  
EphA2	  knockdown	  in	  human	  endothelial	  cells.	  (A)	  Human	  retinal	  microvascular	  endothelial	  
cells	   (HRMEC)	   transfected	  with	  control	  versus	  EphA2	  siRNA	  were	  plated	  on	  a	   thin	   layer	  of	  
growth	  factor-‐reduced	  Matrigel	  to	  score	  assembly	  into	  interconnected	  vascular	  networks	  in	  
response	   to	  VEGF.	  EphA2	  knockdown	   impaired	  VEGF-‐induced	  assembly	   relative	   to	  Control	  
siRNA.	   Addition	   of	   Robo1-‐Fc	   receptor	   partially	   rescued	   VEGF-‐induced	   assembly	   of	   EphA2	  
siRNA	  endothelial	  cells	  relative	  to	  IgG	  control	  plus	  VEGF.	  Slit2	  alone	  promoted	  angiogenesis	  
in	   Control	   siRNA	   cells,	   and	   prolonged	   treatment	   with	   Robo1-‐Fc	   partially	   rescued	   basal	  
assembly	   in	   EphA2	   siRNA	   treated	   cells.	   Scale	   bar=20μm.	   (B)	   EphA2	   knockdown	   was	  
confirmed	  by	  immuoblot.	  (C)	  qRT-‐PCR	  revealed	  significantly	  elevated	  levels	  of	  slit2	  mRNA	  in	  
EphA2	   siRNA	   treated	   endothelial	   cells	   relative	   to	   controls.	   Data	   represent	   3	   to	   5	  
independent	   experiments,	   with	   replicate	   samples	   analyzed	   in	   each	   experiment,	   with	  
average	   +/-‐	   standard	   deviation.	   Statistical	   significance	  was	   assessed	   by	   two-‐tailed,	   paired	  
Student’s	  t-‐test.	  

A 

B 

C 
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Figure	   4.6	   Slit2	   knockdown	   rescues	   VEGF-‐induced	   vascular	   assembly	   and	   migration	   in	  
EPHA2-‐deficient	   endothelial	   cells.	   (A)	   Relative	   to	   vector	   controls,	   EPHA2-‐deficient	  
endothelial	   cells	   stably	   expressing	   two	   independent	   slit2	   shRNA	   constructs	   displayed	  
increased	  basal	  and	  VEGF-‐induced	  assembly.	  (B)	  Stable	  slit2	  knockdown	  also	  rescued	  VEGF-‐
induced	   migration	   of	   EPHA2-‐deficient	   endothelial	   cells	   relative	   to	   vector	   controls	   in	  
transwell	   assays.	   (C)	   We	   confirmed	   decreased	   expression	   of	   Slit2	   protein	   in	   knockdown	  
clones	   relative	   to	   vector	   control	   lines	   by	   ELISA	   analysis.	   Data	   are	   a	   representation	   of	   two	  
independent	   experiments,	   with	   replicate	   samples	   analyzed	   in	   each	   experiment,	   with	  
average	   +/-‐	   standard	   deviation.	   Statistical	   significance	  was	   assessed	   by	   two-‐tailed,	   paired	  
Student’s	   t-‐test.	   (D)	  Consistent	  with	  data	   from	   treatment	  with	  Robo1-‐Fc,	   slit2	   knockdown	  
rescued	  VEGF-‐induced	  Src	  and	  Rac	  activity.	  
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EPHA2	  gain-‐of-‐function	  significantly	  diminishes	  slit2	  expression	  in	  endothelium	  

To	   determine	   if	   EPHA2	   gain-‐of-‐function	   modulates	   Slit2	   expression,	   we	   analyzed	  

Slit2	   protein	   levels	   in	   conditioned	  medium	   from	   EPHA2-‐deficient	   cells	   transduced	  

with	  adenoviruses	  harboring	  control	  LacZ	  (Ad.LacZ)	  or	  wild-‐type	  EPHA2	  (Ad.EPHA2)	  

transgenes.	   Relative	   to	   Ad.LacZ	   controls,	   Ad.EPHA2-‐expressing	   cells	   secreted	  

significantly	   lower	   levels	   of	   Slit2	   protein	   into	   conditioned	  medium,	   comparable	   to	  

levels	   detected	   in	   wild-‐type	   cells	   (Figure	   4.7A)	   EPHA2-‐deficiency	   or	   knockdown	  

results	   in	   elevated	   expression	   of	   slit2,	   which	   is	   at	   least	   partially	   responsible	   for	  

EPHA2-‐mediated	  resistance	  to	  VEGF-‐induced	  angiogenesis.	  Overexpression	  of	  wild-‐

type,	  but	  not	  kinase	  dead	  EPHA2	  in	  EPHA2-‐deficient	  endothelial	  cells	  was	  sufficient	  

to	  induce	  spontaneous	  assembly,	  with	  branch	  lengths	  significantly	  greater	  compared	  

to	  partial	  rescue	  by	  Robo1-‐Fc	  plus	  VEGF	  (Figure	  4.7B).	  Immunblot	  analysis	  confirmed	  

overexpression	  of	  Ad.EPHA2	  transgenes	  in	  transduced	  endothelial	  cells	  (Figure	  4.7C).	  

Consistent	  with	  data	  derived	  from	  wild-‐type	  endothelial	  cells,	  addition	  of	  exogenous	  

Slit2	   significantly	   inhibited	   assembly	   in	   Ad.EPHA2	   overexpressing	   cells,	   both	   alone	  

and	   in	   the	  presence	  of	  VEGF	  (Figure	  4.7D).	  These	  data	  suggest	   that	  suppression	  of	  

Slit2	  expression	  by	  EPHA2	  facilitates	  VEGF-‐induced	  angiogenesis.	  

	  

Inhibiting	   Slit	   activity	   rescues	   VEGF-‐induced	   angiogenesis	   in	   EPHA2-‐deficient	  

animals	  in	  vivo.	  

To	   determine	   if	   modulating	   Slit	   function	   affects	   vascular	   remodeling	   from	   intact	  

vessels	   in	  vivo,	  we	   implanted	  sponges	  seeded	  with	  VEGF	  plus	  or	  minus	   IgG	  control	  

versus	  recombinant	  Robo-‐1-‐Fc	  subcutaneously	  into	  the	  dorsal	  flank	  of	  recipient	  wild-‐

type	  or	  EPHA2-‐deficient	  mice.	   	  One	  week	  following	   implantation,	  we	   injected	  mice	  

intravenously	  with	  TRITC-‐dextran	   to	   visualize	   and	  quantify	  blood	   vessel	   infiltration	  

into	  the	  sponge.	  	  Sponges	  harboring	  VEGF	  stimulated	  a	  robust	  angiogenic	  response	  

in	  wild-‐type	  mice,	  with	  a	  significant	  increase	  in	  TRITC+	  surface	  blood	  vessels	  (upper	  

panels)	   and	   TRITC+	   blood	   vessels	   infiltrating	   sponges	   in	   tissue	   sections	   (lower	  

panels),	   relative	   to	   sponges	   containing	   IgG	   control	   (Figure	   4.8A	   and	   B;	   data	   not	  
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Figure	   4.7	   EPHA2	   overexpression	   reduces	   Slit2	   expression,	   and	   exogenous	   Slit2	   inhibits	  
endothelial	   cell	   assembly	   induced	   by	   EPHA2	   gain-‐of-‐function.	   (A)	   EPHA2-‐deficient	  
endothelial	   cells	   were	   transduced	   with	   adenoviruses	   harboring	   control	   LacZ	   (Ad.LacZ)	   or	  
wild-‐type	  EPHA2	  (Ad.EPHA2).	  Conditioned	  medium	  was	  harvested	  and	  protein	  expression	  of	  
secreted	  murine	  Slit2	  quantified	  by	  ELISA.	  	  Levels	  of	  secreted	  Slit2	  were	  significantly	  higher	  
in	   EPHA2-‐deficient	   endothelial	   cells	   expressing	   control	   Ad.LacZ	   relative	   to	   wild-‐type	  
endothelial	   cells,	  and	  overexpression	  of	  Ad.EPHA2	  reduced	  Slit2	  protein	   levels	  back	   to	   the	  
level	  observed	   in	  wild-‐type	  controls.	   (B)	  Overexpression	  of	  wild-‐type,	  but	  not	  kinase	  dead,	  
EPHA2	  rescued	  assembly	  in	  EPHA2-‐deficient	  cells	  to	  a	  greater	  extent	  than	  VEGF	  +	  Robo1-‐Fc,	  
highlighting	   the	   importance	   of	   EPHA2	   receptor	   function	   as	   an	   additional	   regulator	   of	  
angiogenesis.	  Scale	  bar	  =	  100	  mm	  (upper	  panels)	  and	  20	  mm	  (lower	  panels).	  (C)	  Expression	  
of	  adenoviral	  gene	  products	  was	  confirmed	  by	   immunoblot.	  (D)	  Consistent	  with	  data	  from	  
wild-‐type	   endothelial	   cells,	   assembly	   induced	   by	   overexpression	   of	   Ad.EPHA2	   was	  
significantly	  reduced	  by	  treatment	  with	  exogenous	  Slit2	  in	  the	  presence	  or	  absence	  of	  VEGF.	  
Data	  are	  a	  representation	  of	  two	  independent	  experiments,	  with	  replicate	  samples	  analyzed	  
in	   each	   experiment,	   with	   average	   +/-‐	   standard	   deviation.	   Statistical	   significance	   was	  
assessed	  by	  two-‐tailed,	  paired	  Student’s	  t-‐test.	  
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shown).	  	  VEGF	  failed	  to	  induce	  angiogenesis	  in	  EPHA2-‐deficient	  mice	  in	  the	  presence	  

of	  control	  IgG.	  	  In	  the	  presence	  of	  Robo1-‐Fc,	  however,	  we	  observed	  a	  partial	  rescue	  

of	  subcutaneous	  angiogenesis	  (Figure	  4.8A	  and	  B).	  	  The	  TRITC+	  structures	  in	  sponge	  

sections	  co-‐stained	  with	  von	  Willebrand	  Factor	  (vWF,	  green;	  Figure	  4.8C),	  a	  marker	  

for	   vascular	   endothelium,	   confirming	   that	   the	   TRITC+	   structures	   observed	   were	  

functional	   blood	   vessels.	   Consistent	   with	   our	   previous	   studies	   [269],	   single	   agent	  

Slit2	   induced	   angiogenesis	   in	   sponge	   assays	   (Figure	   4.8D),	   whereas	   Slit2	   impaired	  

VEGF-‐induced	   subcutaneous	   vascular	   remodeling	   (Figure	   4.8D	   and	   E;	   [254-‐257]),	  

supporting	  the	  pro-‐angiogenic	  function	  of	  Slit2	  as	  a	  single	  agent	  and	  its	  angiostatic	  

funciton	  in	  the	  presence	  of	  VEGF	  co-‐stimulation.	  Taken	  together,	  these	  data	  support	  

the	  hypothesis	   that	  elevated	  Slit2	   in	  EPHA2-‐deficient	  endothelium,	  at	   least	   in	  part,	  

mediates	  resistance	  to	  VEGF-‐mediated	  angiogenesis.	  

	  

Inhibiting	  Slit	   activity	   rescues	   tumor-‐induced	  angiogenesis	  and	  growth	   in	  EPHA2-‐

deficient	  animals	  in	  vivo	  

Given	  (i)	  the	  role	  of	  VEGF	  and	  EPHA2	  in	  tumor	  angiogenesis,	  (ii)	  the	  observation	  that	  

loss	   of	   EPHA2	   impairs	   VEGF-‐induced	   angiogenesis,	   (iii)	   the	   known	   role	   of	   Slit2	   in	  

suppression	  of	  VEGF-‐induced	  angiogenesis	  and	  (iv)	  our	  data	  demonstrating	  that	  Slit2	  

is	   elevated	   in	   EPHA2-‐deficient	   endothelium,	   we	   wished	   to	   determine	   if	   Slit2	  

upregulation	   was,	   at	   least	   in	   part,	   responsible	   for	   defective	   tumor	  

neovascularization	   in	   EPHA2-‐deficient	   animals.	   Indeed,	   EPHA2-‐deficiency	   and	  

inhibition	  impairs	  angiogenesis	  and	  growth	  of	  VEGF-‐expressing	  tumors	   in	  vivo	  [131,	  

137,	  197,	  242-‐244].	  	  To	  determine	  if	  Slit	  function	  mediates	  this	  phenotype,	  we	  first	  

assessed	  endothelial	  cell	  migration	  in	  response	  to	  tumor	  cells	  in	  modified	  transwell	  

chamber	  co-‐culture	  assays	  [Figure	  4.9A;	  [197]].	  4T1-‐GFP	  tumor	  cells	  were	  plated	  on	  

the	  lower	  surface	  of	  Matrigel-‐coated	  transwells.	  Endothelial	  cells	  were	  labeled	  with	  

CellTracker	  dye	  and	  added	  to	  the	  upper	  chamber,	  and	  migration	  and	  intercalation	  of	  	  
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Figure	   4.8	   Inhibiting	   Slit	   activity	   rescues	   VEGF-‐induced	   angiogenesis	   in	   EPHA2-‐deficient	  
animals	   in	  vivo.	  (A)	  Gelfoam	  sponges	  were	   loaded	  with	  VEGF	  plus	  or	  minus	  control	   IgG	  or	  
Robo1-‐Fc	  and	  subcutaneously	  implanted	  the	  sponges	  into	  the	  dorsal	  flank	  of	  recipient	  mice.	  	  
After	  7	  days,	  the	  mice	  were	   injected	   intravenously	  with	  TRITC-‐dextran	  to	   label	  vasculature	  
and	   the	   sponges	  were	   excised	   for	   analysis.	   	  While	  wild-‐type	   recipients	   displayed	   a	   robust	  
angiogenic	  remodeling	  response	  to	  sponges	  harboring	  VEGF,	  with	  numerous	  TRITC-‐positive	  
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surface	   vessels	   (arrows	   in	   upper	   panels,	   whole	   mounts;	   arrowheads,	   sections),	   EPHA2-‐
deficient	  recipients	  failed	  to	  respond	  to	  VEGF.	  Addition	  of	  Robo1-‐Fc	  partially	  rescued	  VEGF-‐
induced	   vascular	   remodeling	   in	   EPHA2-‐deficient	   host	   animals.	   Scale	   bar	   =	   5	   mm	   (upper	  
panels).	   Scale	   bar	   =	   100	   mm	   (lower	   panels).	   (B)	   We	   quantified	   surface	   vessel	   density	   in	  
whole-‐mounts	   based	   TRITC+	   pixel	   area	   using	   NIH	   Image	   J	   software	   analysis.	   	   (C)	   We	  
confirmed	   that	   TRITC+	   structures	   also	   expressed	   the	   endothelial	   marker	   von	   Willebrand	  
factor	  (vWF,	  green	  staining;	  arrowheads	  indicate	  TRITC+/vWF+	  blood	  vessels).	  (D)	  Slit2	  alone	  
induced	   subcutaneous	   angiogenic	   remodeling	   in	   wild-‐type	   animals,	   with	   numerous	   FITC-‐
positive	   vessels	   observed	   on	   the	   surface	   of	   sponges	   (arrows),	   whereas	   Slit2	   inhibited	  
subcutaneous	  angiogenesis	   in	   the	  presence	  of	  VEGF.	   Scale	  bar	  =	  5	  mm.	   (E)	  We	  quantified	  
surface	  vessel	  density	   in	  whole-‐mounts	  based	  FITC+	  pixel	  area	  using	  NIH	   Image	  J	  software	  
analysis.	  Data	  are	  a	  representation	  of	  10	  independent	  animals	  total/condition	  in	  analyzed	  in	  
2	   independent	   experiments	   (5	   animals/condition/experiment),	   with	   average	   +/-‐	   standard	  
deviation.	  Statistical	  significance	  was	  assessed	  by	  two-‐tailed,	  paired	  Student’s	  t-‐test.	  
	  
	  

endothelial	  cells	  was	  quantified	  by	  counting	  the	  number	  of	  red	  fluorescent	  cells	  on	  

the	  lower	  surface	  (Figure	  4.9A	  and	  B).	  Consistent	  with	  previous	  studies,	  migration	  of	  

EPHA2-‐deficient	  endothelial	  cells	  was	  significantly	   lower	  than	  wild-‐type	  endothelial	  

cell	  migration	  in	  response	  to	  tumor	  cells	  [131].	  Addition	  of	  Slit2	  inhibited	  migration	  

of	  wild-‐type	  endothelial	  cells	  in	  response	  to	  4T1	  cells,	  whereas	  addition	  of	  Robo1-‐Fc	  

partially	   rescued	   tumor-‐induced	   migration	   of	   EPHA2-‐deficient	   endothelial	   cells	  

(Figure	   4.9B).	   	   These	   data	   suggest	   that	   elevated	   Slit2	   levels	   in	   EPHA2-‐deficient	  

endothelium	   affects	   the	   ability	   of	   endothelial	   cell	   recruitment	   by	   VEGF-‐expressing	  

tumor	  cells.	  

	  

To	   confirm	   these	   findings	   in	   vivo,	   we	   scored	   changes	   in	   tumor	   angiogenesis	   and	  

growth	   in	   wild-‐type	   versus	   EPHA2-‐deficient	   animals	   using	   cutaneous	   window	  

chamber	  assays.	  VEGF-‐dependent	  4T1	  tumors	  [277,	  280,	  281]	  were	  co-‐transplanted	  

into	   cutaneous	   window	   chambers	   with	   sponges	   impregnated	   with	   control	   IgG	   or	  

Slit2	  (wild-‐type	  hosts)	  or	  control	  IgG	  or	  Robo1-‐Fc	  (EPHA2-‐deficient	  hosts).	  Treatment	  

with	  Slit2	  significantly	  reduced	  tumor	  neovascularization	  in	  wild-‐type	  hosts,	  whereas	  

Robo1-‐Fc	  partially	  rescued	  4T1-‐induced	  tumor	  angiogenesis	  in	  EPHA2-‐deficient	  hosts	  

as	  scored	  by	  branching	  from	  primary	  vessels	  (Figure	  4.10A	  and	  B).	  We	  also	  tested	  	  
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Figure	  4.9	   Inhibiting	  Slit	   activity	   rescues	   tumor	   cell-‐induced	  EphA2-‐	  deficient	  endothelial	  
cell	  migration.	  (A)	  Schematic	  representation	  of	  tumor	  cell-‐	  endothelial	  co-‐culture	  migration	  
assay	   used	   to	   quantify	   endothelial	   cells	   (labeled	   with	   red	   fluorescent	   cell-‐tracker	   dye)	  
migration	   in	   response	   to	   GFP-‐expressing	   4T1	   tumor	   cells	   seeded	   on	   the	   lower	   surface	   of	  
Matrigel-‐coated	   transwells.	   (B)	   Photomicrographs	   showing	   endothelial	   cells	   (arrowheads)	  
that	  have	  migrated	  and	  intercalated	  into	  tumor	  cell	  layer	  on	  the	  underside	  of	  the	  transwell.	  
P<0.05	  for	  wild-‐type	  EC	   IgG	  versus	  EphA2	  -‐	  /-‐	  EC	   IgG,	  wild-‐type	  EC	   IgG	  versus	  wild-‐type	  EC	  
Slit2,	  and	  EphA2	  -‐/-‐	  EC	  IgG	  versus	  EphA2	  -‐/-‐	  EC	  Robo1-‐Fc.	  Scale	  bar	  =	  50	  μm.	  

	  

the	  impact	  of	  modulating	  Slit	  activity	  in	  orthotopically-‐transplanted	  tumors.	  EPHA2-‐

deficient	   hosts	   displayed	   a	   significant	   reduction	   in	   tumor	   volume	   relative	   to	  wild-‐	  

type	   hosts,	   consistent	   with	   previous	   studies	   [131,	   194].	   Addition	   of	   Slit2	   reduced	  

tumor	  volume	  in	  wild-‐type	  hosts	  relative	  to	  IgG	  controls,	  whereas	  addition	  of	  Robo1-‐

Fc	  rescued	  tumor	  volume	   in	  EPHA2-‐deficient	  hosts	  cells	   (Figure	  4.10C).	   	  Consistent	  

with	   our	   window	   assay	   data,	   Slit2	   reduced,	   whereas	   Robo1-‐Fc	   partially	   rescued,	  

microvascular	   density	   in	   orthotopic	   tumors	   implanted	   in	   wild-‐type	   or	   EPHA2-‐

deficient	  hosts,	  respectively	  (Figure	  4.10D	  and	  E).	  	  

	  

	  

A B 



	   101	  

	  

Figure.	   4.10	   Inhibiting	   Slit	   activity	   rescues	   tumor-‐induced	   angiogenesis	   and	   growth	   in	  
EPHA2-‐deficient	   animals	   in	   vivo.	   (A)	  4T1	  tumors	   (outlined	  with	  yellow	  dashed	   lines)	  were	  
co-‐transplanted	   with	   gelfoam	   sponges	   (outlined	   with	   blue	   dashed	   lines)	   plus	   or	   minus	  
control	   IgG,	   Slit2,	   or	   Robo1-‐Fc	   and	   subcutaneously	   implanted	   into	   window	   chambers	  
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mounted	  on	  the	  dorsal	  flank	  of	  recipient	  mice.	  After	  7	  days,	  FITC-‐conjugated	  dextran	  (2%	  in	  
PBS,	   Sigma-‐Aldrich)	   was	   injected	   intravenously,	   and	   tumors	   vessels	   (arrows)	   in	   window	  
chambers	   were	   photodocumented.	   Scale	   bar	   =	   2	   mm	   (upper	   panels)	   and	   5	   mm	   (lower	  
panels).	   (B)	   Branches	   from	   host	   blood	   vessels	   within	   the	   window	   chambers	   were	  
enumerated	  in	  at	  least	  three	  independent	  fields	  per	  mouse,	  and	  statistical	  significance	  was	  
determined	   by	   two-‐tailed,	   paired	   Student's	   t-‐test	   (p<0.05	   wild-‐type	   IgG	   versus	   EPHA2	   -‐/-‐	  
IgG;	   wild-‐type	   IgG	   versus	   Slit2;	   EPHA2	   -‐/-‐	   IgG	   versus	   Robo1-‐Fc).	   Scale	   bar	   =	   5	   mm.	   Slit2	  
reduced	   tumor	   volume	   (C)	   and	   microvascular	   density	   (MVD;	   D,	   E)	   in	   orthotopically	  
transplanted	   4T1	   tumors	   in	   wild-‐type	   hosts.	   By	   contrast,	   addition	   of	   Robo1-‐Fc	   partially	  
rescued	   tumor	   volume	   and	   MVD	   in	   EPHA2	   -‐/-‐	   hosts.	   Arrowheads	   indicate	   vWF+	   blood	  
vessels	  (green).	  Scale	  bar	  =	  100	  mm	  (upper	  panels)	  and	  20	  mm	  (lower	  panels).	  Lower	  panels	  
are	  high	  magnification	  images	  of	  areas	  indicated	  by	  white	  boxes	  in	  upper	  panels.	  Data	  are	  a	  
representation	  of	  6-‐8	  independent	  samples	  per	  condition	  with	  standard	  error	  of	  the	  mean,	  
and	  statistical	  significance	  was	  assessed	  by	  two-‐tailed,	  paired	  Student's	  t-‐test.	  

	  

Discussion	  

Emerging	   evidence	   suggests	   the	   effects	   of	   VEGF	   on	   vascular	   remodeling	   can	   be	  

modulated	  by	  the	  activity	  of	  other	  signaling	  pathways.	  For	  example,	  VEGF-‐induced	  

motility	  in	  tip	  cells	  versus	  proliferation	  in	  stalk	  cells	  is	  mediated	  by	  lateral	  inhibition	  

upon	  Notch1	  receptor	  activation	  by	  delta-‐like	  4	  (Dll4)	  ligand.	  VEGF	  migration	  versus	  

proliferation	  in	  Notch-‐expressing	  stalk	  cells	  is	  further	  modulated	  by	  Jagged-‐1	  ligand,	  

which	  antagonizes	  Dll4	  by	  competing	  for	  Notch	  receptor	  (Reviewed	  in	  [282]).	  In	  this	  

study,	   we	   found	   that	   EPHA2	   regulation	   of	   Slit2	   also	   regulates	   endothelial	   cell	  

response	   to	   VEGF.	   Slit2	   mRNA	   and	   protein	   levels	   were	   significantly	   elevated	   in	  

PHA2-‐deficient	   endothelium,	   including	   endothelium	   exposed	   to	   tumor-‐cell	  

conditioned	  medium,	  as	  was	  Robo1	  mRNA.	  EPHA2-‐deficient	  endothelium	  is	  resistant	  

to	   VEGF-‐induced	   angiogenesis,	   and	   inhibition	   of	   Slit	   activity	   by	   soluble	   Robo	  

receptors	   rescued	   EPHA2-‐deficient	   endothelial	   cell	   assembly,	   migration,	  

subcutaneous	  vascular	  remodeling,	  and	  tumor	  angiogenesis	  mediated	  by	  VEGF.	  

	  

Slit2	  can	  either	  promote	  or	  inhibit	  angiogenesis,	  depending	  upon	  molecular	  context	  

[249-‐253]	   [254-‐258].	   Indeed,	   we	   recently	   reported	   that	   single	   agent	   Slit2	   induces	  

angiogenesis	  in	  vitro	  and	  in	  vivo,	  whereas	  co-‐stimulation	  with	  ephrin-‐A1	  inhibits	  the	  



	   103	  

pro-‐angiogenic	   function	   of	   both	   factors	   [269].	   Others	   observed	   similar	   inhibitory	  

effects	  of	  Slit2	  upon	  co-‐stimulation	  with	  VEGF	  [254-‐257].	  These	  data	  are	  consistent	  

with	   our	   observed	   alleviation	   of	   angiostasis	   in	   EPHA2-‐deficient	   endothelium	   upon	  

inhibition	  of	  Slit	  function,	  though	  blocking	  this	  receptor	  likely	  affects	  a	  host	  of	  other	  

molecular	   signaling	   pathways	   that	   culminate	   to	   inhibit	   angiogenesis.	   At	   least	   one	  

mechanism	   through	   that	   appears	   to	   regulate	   the	   pro-‐	   versus	   anti-‐angiogenic	  

functions	  of	  Slit2	   is	  activation	  of	  Arf6	  GTPase,	  an	  upstream	  regulator	  of	  Rac.	  While	  

several	  previous	  studies	  showed	  that	  active	  Arf6	  is	  necessary	  and	  sufficient	  for	  Rac1	  

activation	   [257,	   283-‐285],	   Arf6	   has	   also	   been	   reported	   to	   inhibit	   Rac	   activity	   by	  

others	  [278,	  286,	  287],	  as	  we	  observed	  in	  our	  cell	  model	  systems.	  Activation	  of	  Arf6	  

by	   co-‐stimulation	  with	   Slit2	   and	  VEGF,	   though	  not	  VEGF	   alone	  or	   Slit2	   alone,	  may	  

inhibit	  Rac-‐dependent	  angiogenesis,	  as	  supported	  by	  data	  from	  our	  model	  systems.	  

Indeed,	   an	   Arf	   inhibitor	   rescued	   assembly	   in	   co-‐stimulated	   cells,	   supporting	   this	  

model.	   Moreover,	   blocking	   Slit2	   activity	   in	   EPHA2-‐deficient	   endothelial	   cells	   with	  

Robo1-‐Fc	  significantly	  reduced	  Arf6	  activation,	  which	  was	  elevated	   in	  the	  presence	  

of	   VEGF.	   Thus,	   reduced	   Arf6	   activity	   correlates	   with	   rescue	   of	   VEGF-‐induced	   Rac	  

activity	  and	  angiogenic	  remodeling	  in	  EPHA2-‐deficient	  endothelial	  cells	  treated	  with	  

Robo1-‐Fc.	  	  	  

	  

It	   should	   be	   noted	   that	   other	   studies	   reported	   Slit2	   inhibits	   Arf6	   activity	   and	   that	  

VEGF	   activates	   Arf6	   as	   a	   single	   agent	   [257,	   279].	   Slit2-‐mediated	   inhibition	   of	   Arf6	  

was	   reportedly	   dependent	   on	   Robo4	   activity	   [257],	   which	   may	   account	   for	  

differential	  effects	   in	  our	  model	  systems	  that	  express	  relatively	   low	  levels	  of	  robo4	  

and	  appear	  to	  primarily	  depend	  on	  Robo1	  receptor	  function.	  In	  addition,	  most	  of	  the	  

data	   from	   Jones	   et	   al.	  were	   derived	   from	  bovine	   aortic	   and	   human	  umbilical	   vein	  

endothelial	   cells	   [257],	   large	   vessel	   sources,	  whereas	   our	   data	  were	   derived	   from	  

microvascular	   endothelial	   cells	   from	   murine	   lung	   and	   human	   retina.	   Similarly,	  

Hashimoto	   et	   al.	   reported	   VEGF-‐induced	   Arf6	   activation	   in	   large-‐vessel-‐derived	  

HUVEC	   [279].	   Moreover,	   differences	   in	   stimulation	   conditions	   (e.g.	   culturing	  
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endothelial	  cells	  on	  plates	  co-‐coated	  with	  Slit2	  and	  fibronectin	  in	  Jones	  et	  al.	  versus	  

acute	  stimulation	  of	  serum-‐starved	  endothelial	  cells	  with	  soluble	  Slit2	  in	  our	  study)	  

may	   also	   lead	   to	  differential	   signaling.	   Taken	   together,	   these	  differences	   in	  model	  

systems,	   especially	   Robo	   receptor	   expression	   profiles,	   and	   experimental	   designs	  

could	   account	   for	   differential	   regulation	   of	   Arf6/Rac	   by	   VEGF	   in	   the	   presence	   or	  

absence	  of	  Slit2.	  	  

	  

Our	  data	  support	  a	  model	  in	  which	  EPHA2	  receptor	  suppresses	  Slit2	  in	  microvascular	  

endothelial	  cells,	  which	  enables	  microvascular	  endothelium	  to	  respond	  to	  VEGF	  and	  

ephrins	   to	   promote	   angiogenesis.	   Indeed,	   our	   gain-‐of-‐function	   studies	   in	   which	  

overexpression	  of	  wild-‐type	  EPHA2	  reduced	  Slit2	  expression	  support	  this	  model.	  As	  

we	  observed	  elevated	  Robo1	   levels	   in	  our	  EPHA2-‐deficient	   cells,	   it	   is	  possible	   that	  

the	  angiostatic	  function	  of	  Slit2	  in	  the	  absence	  of	  EPHA2	  are	  enhanced	  by	  signaling	  

through	  this	  receptor,	  a	  hypothesis	  that	  we	  are	  actively	  exploring.	  	  

	  

In	   addition,	   EPHA2	   regulation	   of	   Slit2	   angiocrine	   function	   may	   alleviate	   tumor	  

suppressive	  effects.	  Indeed,	  blocking	  Slit	  function	  in	  EPHA2-‐defcient	  endothelial	  cell	  

conditioned	   media	   restored	   angiocrine-‐mediated	   tumor	   growth	   and	   motility	   in	  

culture	   and	   in	   vivo	   [260].	  Moreover,	  we	   observed	   an	   inverse	   correlation	   between	  

EPHA2	   and	   Slit2	   expression	   in	   human	   breast	   tumor	   vasculature,	   supporting	   the	  

clinical	   relevance	   of	   this	   observation	   [260].	   Together,	   these	   data	   suggest	   that	  

elevated	  Slit2	  expression	  in	  the	  absence	  of	  EPHA2	  is	  one	  mechanism	  of	  resistance	  to	  

VEGF-‐induced	  angiogenesis,	  including	  tumor	  neovascularization.	  
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Appendix	  B	  

	  

	  
LOSS	  OF	  EPHRIN-‐A1	  IMPAIRS	  TUMOR	  ANGIOGENESIS	  AND	  PROGRESSION	  AND	  

DECREASES	  VEGF	  RECEPTOR	  2	  ENDOCYTOSIS	  IN	  ENDOTHELIUM.	  

	  

Abstract	  

Normal	  blood	  vessel	  remodeling	  in	  developing	  and	  mature	  tissues	  is	  coordinated	  by	  

cooperative	  signaling	  between	  several	  distinct	  molecular	  signaling	  pathways,	  which	  

are	   often	   hijacked	   by	   tumors.	   Understanding	   these	   pathways	   and	   their	   points	   of	  

intersection	   is	   a	   key	   step	   in	   developing	   new,	  molecularly	   targeted	   anti-‐angiogenic	  

therapies.	  Ephrin-‐A1,	  the	  primary	  ligand	  for	  EPHA2,	  a	  receptor	  tyrosine	  kinase	  (RTK),	  

regulates	   cardiovascular	   development	   during	   embryogenesis	   and	   promotes	  

angiogenic	  remodeling	  in	  cultured	  endothelial	  cells	  and	  in	  vivo.	  More	  recent	  studies	  

have	   linked	   ephrin-‐A1	   and	   VEGF-‐mediated	   cooperative	   signaling	   to	   tumor	  

neovascularization,	   though	  the	  molecular	  mechanism(s)	  underlying	   this	  association	  

remain	   unclear.	   Here,	   we	   report	   that	   ephrin-‐A1-‐deficiency	   inhibits	   VEGF-‐induced	  

angiogenesis.	   Ephrin-‐A1	  deficient	  microvascular	  endothelial	   cells	   fail	   to	   remodel	   in	  

response	  to	  VEGF	  in	  culture	  and	   in	  vivo,	  and	  ephrin-‐A1	  host	  deficiency	  significantly	  

decreased	   tumor	   volume,	   microvascular	   density,	   and	   lung	   metastasis	   in	   a	   VEGF-‐

dependent	  orthotropic	  transplant	  model	  of	  breast	  cancer.	  Moreover,	  loss	  of	  ephrin-‐

A1	   reduced	   VEGF-‐induced	   endothelial	   permeability	   in	   vitro	   and	   reduced	  

extravasation/lung	   colonization	   in	   an	   experimental	   model	   of	   metastasis	   in	   vivo.	  

Blocking	   ephrin-‐A1	   reverse	   signaling	   in	   wild-‐type	   microvascular	   endothelial	   cells	  

impaired	  VEGFR2,	  suggesting	  that	  ephrin-‐A1	  reverse	  signaling	  is	  a	  critical	  component	  

in	  VEGF	  signaling.	  Ephrin-‐A1-‐deficient	  cells	  also	  display	  decreased	  levels	  of	  activated	  



	   106	  

VEGFR2,	  AKT	  and	  p-‐38	  in	  response	  to	  VEGF.	  	  Together	  these	  findings	  demonstrate	  a	  

novel	  role	  for	  ephrin-‐A1	  in	  VEGF	  signaling	  and	  tumor	  angiogenesis.	  

	  

Introduction	  

Angiogenesis	  is	  the	  formation	  of	  blood	  vessels	  from	  a	  pre-‐existing	  vascular	  network	  

and	   is	   required	   for	   solid	   tumor	   growth	   and	   progression	   [234].	   Blood	   vessels	   can	  

supply	  tumors	  with	  nutrients	  that	  support	  growth	  and	  this	  elevated	  vascular	  growth	  

can	  also	  potentially	  provide	   increased	  opportunity	   for	  hematological	  dissemination	  

and	  invasion	  [202].	  	  Tumor	  microvascular	  density	  serves	  as	  a	  prognostic	  marker	  for	  

malignancy,	   metastasis,	   and	   overall	   survival	   in	   multiple	   cancers,	   including	   breast	  

[288-‐291].	  	  The	  function	  of	  vascular	  endothelial	  growth	  factor-‐A	  (VEGF)	  in	  promoting	  

and	  sustaining	  tumor	  angiogenesis	  is	  well-‐established,	  as	  is	  its	  association	  with	  poor	  

patient	   prognosis	   across	   breast	   cancer	   molecular	   subtypes	   [292-‐305].	   In	   breast	  

cancer,	  carcinoma	  cells	  recruit	  endothelial	  cells	  by	  secreting	  growth	  factors,	  such	  as	  

VEGF.	  	  VEGF-‐receptor	  2	  (VEGFR2)	  is	  expressed	  on	  endothelial	  cells	  and	  VEGF	  binding	  

causes	   VEGFR2	   phosphorylation	   and	   endocytosis,	   which	   are	   necessary	   events	   for	  

VEGF-‐mediated	   signaling	   that	   promotes	   endothelial	   cell	   proliferation,	   migration,	  

assembly	  and	  vascular	  permeability	  [306,	  307].	  In	  the	  clinical	  setting,	  anti-‐angiogenic	  

therapies	  have	  been	  reported	  to	  reduce	  tumor	  size,	  but	  have	  had	  no	  overall	  effect	  

on	   patient	   survival.	   Rapid	   vascular	   regrowth	   after	   treatment	   cessation,	   growth	  

factor	  redundancy,	  and	  acquired	  drug	  resistance	  observed	  in	  both	  the	  research	  and	  

clinical	  settings	  reinforce	  the	  need	  to	  explore	  alternative	  mechanisms	  that	  regulate	  

tumor	  angiogenesis	  [308-‐315].	  	  

	  

The	   EPH	   receptor	   tyrosine	   kinases	   (RTK)	   are	   the	   largest	   family	   of	   RTKs	   and	   are	  

divided	  into	  classes,	  A	  and	  B,	  depending	  on	  their	  interactions	  with	  their	  ephrin-‐A	  or	  

ephrin-‐B	   ligands	   [316-‐318].	  We	   and	   others	   have	   demonstrated	   the	   critical	   role	   of	  

EPH	  receptor	  tyrosine	  kinase	  A2	  (EphA2)	  signaling	  in	  VEGF-‐dependent	  angiogenesis	  
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and	  cancer	  progression	  [151,	  197,	  198,	  242-‐246,	  319,	  320].	  	  Ephrin-‐A1,	  the	  primary	  

ligand	  for	  EphA2,	  promotes	  angiogenesis	  in	  culture	  and	   in	  vivo	  [197,	  242,	  245,	  269,	  

273,	  274,	  321-‐324].	  Moreover,	  when	  bound	  to	  EphA2,	  ephrin-‐A1	  can	  engage	   in	  bi-‐

directional	   signaling;	   a	   common	  characteristic	  of	  both	  A	  and	  B	   class	  Eph	  RTKs	  and	  

ephrins.	  Ephrin-‐A1	  reverse	  signaling	  has	  previously	  been	  implicated	  in	  axon	  guidance	  

and	   mapping	   [325].	   Unlike	   ephrin-‐B	   ligands,	   ephrin-‐A	   ligands	   lack	   a	   cytoplasmic	  

domain	   and	   must	   facilitate	   reverse	   signaling	   through	   crosstalk	   with	   other	  

transmembrane	   proteins	   [326].	   Ephrin-‐A	   reverse	   signaling	   is	   significantly	  

understudied	   compared	   to	   their	   B	   class	   counterparts,	   and	   to	   our	   knowledge	   has	  

never	  been	  defined	   in	  an	   in	  vivo	  model	  of	  angiogenesis.	   	  Ephrin-‐A1	   is	  expressed	   in	  

several	   tissues,	   including	   the	   vascular	   endothelium;	   yet,	   the	  mechanisms	   in	  which	  

membrane	   bound	   ephrin-‐A1	   controls	   endothelial	   cell	   function	   and	   its	   potential	  

contributions	   to	   tumor	   angiogenesis	   and	   cancer	   progression	   have	   yet	   to	   be	  

elucidated.	  	  	  	  

	  

To	  identify	  the	  role	  of	  ephrin-‐A1	  in	  angiogenic	  processes,	  we	  used	  an	  efna1	  (ephrin-‐

A1)	  knockout	   [A1KO;	   [199]]	  mouse	  model	   to	  evaluate	  potential	   changes	   in	  normal	  

and	   tumor	   angiogenesis	   in	   vivo.	  Murine	  pulmonary	  microvascular	   endothelial	   cells	  

(MPMECs)	  were	   also	  harvested	   from	   these	  mice	   to	   evaluate	   the	   role	   in	   ephrin-‐A1	  

specifically	   in	   endothelial	   cells	   in	   vitro.	   Here,	   we	   report	   that	   ephrin-‐A1-‐deficiency	  

inhibits	  responses	  to	  VEGF	  both	  in	  tissue	  culture	  and	  in	  vivo.	  These	  defects	  are	  due,	  

at	   least	   in	   part,	   to	   impaired	   VEGFR2	   internalization.	   Notably,	   when	   we	   blocked	  

ephrin-‐A1	   reverse	   signaling	   in	  WT	  MPMECS,	   VEGFR2	   internalization	  was	   impaired,	  

suggesting	  that	  ephrin-‐A1	  reverse	  signaling	  is	  a	  critical	  component	  in	  VEGF	  signaling.	  

A1KO	  MPMECS	   also	   demonstrate	   decreased	   levels	   of	   activated	   VEGFR2,	   Akt,	   and	  

p38	   in	   response	   to	   VEGF.	   We	   also	   show	   that	   loss	   of	   ephrin-‐A1	   in	   host	   animals	  

significantly	  decreased	  tumor	  volume,	  microvascular	  density,	  and	  lung	  metastasis	  in	  

an	   orthotropic	   transplant	   animal	   model	   of	   breast	   cancer.	   	   Loss	   of	   ephrin-‐A1	   also	  

impaired	   extravasation/lung	   colonization	   in	   an	   experimental	   metastasis	   model	   in	  
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vivo	   as	   well	   as	   VEGF-‐induced	   permeability	   in	   culture.	   Together	   these	   findings	  

demonstrate	  a	  novel	  role	  for	  ephrin-‐A1	  in	  VEGF	  signaling	  and	  tumor	  angiogenesis.	  

	  

Methods	  and	  Materials	  

	  

Mouse	  model	  

Animals	   were	   housed	   under	   pathogen-‐free	   conditions,	   and	   experiments	   were	  

performed	   in	   accordance	   with	   AAALAC	   guidelines	   and	   with	   Vanderbilt	   University	  

Institutional	   Animal	   Care	   and	  Use	   Committee	   approval.	  EphrinA1+/+	   or	   Ephrin-‐A1-‐/-‐	  

were	  identified	  by	  PCR	  analysis	  of	  genomic	  DNA	  using	  the	  following	  primers:	  Ephrin-‐

A1	   forward	   primer	   (5ʹ′-‐CCCAACAAAAACAAACAGCCG-‐3ʹ′)	   and	   two	   allele	   specific	  

reverse	   primers,	   WT	   (5ʹ′-‐GAGGTGGAGGAAGGGAAAAAGAC-‐3ʹ′)	   and	   KO	   (5ʹ′-‐TGGATG	  

TGGAATGTGTGCGAGG-‐3ʹ′).	  	  

	  

Cell	  culture	  

Primary	  murine	  pulmonary	  microvascular	   endothelial	   cells	   (MPMEC)	  were	   isolated	  

from	  wild	  type	  or	  ephrin-‐A1-‐deficient	  animals	  as	  described	  previously	  [270].	  HUVECs	  

we	   purchased	   from	   the	   ATCC	   and	   used	   between	   passages	   4-‐8.	   	   Endothelial	   cells	  

were	  maintained	  in	  EGM-‐2	  medium	  supplemented	  with	  penicillin-‐streptomycin	  and	  

10%	  fetal	  bovine	  serum.	  	  4T1	  mouse	  mammary	  adenocarcinoma	  cells	  were	  obtained	  

from	   ATCC	   and	   were	   used	   at	   low	   passage.	   Cells	   were	   maintained	   in	   DMEM	  

supplemented	   with	   penicillin-‐streptomycin	   and	   10%	   fetal	   bovine	   serum,	   unles	  

otherwise	   indicated.	   	   For	   RNAi	   experiments	   in	   HUVEC,	   EFNA1	   ON-‐TARGETplus	  

Human	   SMARTpool	   siRNA	   (M-‐006369-‐01-‐005),	   and	   ON-‐TARGETplus	   Non-‐Targeting	  

pool	   siRNA	   (D-‐001810-‐10-‐05)	  were	   purchased	   from	  Dharmacon/Thermo	   Scientific,	  

and	   were	   used	   at	   a	   concentration	   on	   of	   12.5-‐25nM	   in	   combination	   with	  

Lipofectamine	   RNAiMAX	   transfection	   reagent	   (Invitrogen).	   	   Experiments	   were	  

carried	  out	  after	  72	  hours.	  	  
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In	  vivo	  sponge	  assay	  for	  angiogenesis	  	  

Sponge	  assays	  to	  evaluate	  in	  vivo	  vascular	  remodeling	  were	  performed	  as	  described	  

previously	  [270,	  274].	  Briefly,	  gel	  foam	  sponges	  were	  cut	  into	  small	  pieces	  (2.5	  to	  3	  

mm	   wide	   by	   5	   mm	   long)	   and	   soaked	   with	   100	   mL	   of	   phosphate-‐buffered	   saline	  

containing	  100ng	  of	  VEGF	  or	  control	  IgG.	  	  The	  sponges	  were	  then	  implanted	  into	  the	  

subcutaneous	   dorsal	   flank	   of	   Balb/c	   wild	   type	   or	   ephrin-‐A1-‐deficient	   recipient	  

female	  mice.	  Each	  recipient	  received	  one	  pro-‐angiogenic	  factor	  impregnated	  sponge	  

and	  one	  relevant	  control	  factor	  impregnated	  sponge	  implanted	  in	  the	  opposite	  flank.	  

After	   7	   days,	   the	   mice	   were	   injected	   with	   a	   2%	   tetramethyl	   rhodamine	  

isothiocyanate	  (TRITC)-‐dextran-‐phosphate-‐buffered	  saline	  solution	  or	  2%	  fluorescein	  

isothiocyanate	  (FITC)-‐dextran-‐phosphate-‐buffered	  saline	  solution	  to	  label	  host	  blood	  

vessels	   [270,	   274],	   and	   the	   sponges	   were	   collected	   and	   analyzed.	   Whole-‐mount	  

images	   were	   acquired	   on	   an	   Olympus	   CK40	   inverted	   microscope	   through	   an	  

Optronics	   DEI-‐750C	   charge-‐coupled-‐device	   video	   camera	   using	   CellSens	   capture	  

software.	   Density	   of	   blood	   vessels	   within	   the	   sponges	   was	   quantified	   by	  

fluorescence	   intensity	   (10X	   magnification)	   of	   TRITC-‐dextran	   or	   FITC-‐dextran	   using	  

Scion	  Image	  software,	  version	  1.62c.	  Data	  are	  a	  representation	  of	  results	  from	  five	  

independent	  sponges	  under	  each	  condition.	  Statistical	  significance	  was	  determined	  

by	  a	  two-‐tailed,	  paired	  Student's	  t	  test.	  	  	  

	  

In	  vitro	  angiogenesis	  assays	  

In	  vitro	  vascular	  assembly	  assays	  were	  performed	  as	  described	  previously	  [270,	  273].	  

Briefly,	  12-‐well	  plates	  were	  coated	  with	  100	  mL	  of	  growth	  factor	  reduced	  Matrigel	  

(BD	  Biosciences).	  After	  24	  hour	  starvation	  in	  Opti-‐MEM,	  25,000	  MPMEC	  were	  plated	  

in	  wells	  in	  the	  presence	  or	  absence	  of	  VEGF	  (50	  ng/mL)	  and	  photographed	  after	  24-‐

hours.	   Images	  were	  acquired	  using	  an	  Olympus	  CK40	   inverted	  microscope	  through	  

an	   Optronics	   DEI-‐750C	   CCD	   video	   camera	   using	   CellSens	   capture	   software.	   The	  

degree	  of	  assembly	  was	  quantified	  by	  measuring	  branch	   length,	   the	  distance	   from	  

branching	   point	   to	   the	   tip	   of	   assembled	   cells.	   	   The	   branch	   length	   in	   assembled	  
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endothelial	   cell	   networks	   was	   expressed	   as	   arbitrary	   units	   per	   10X	   field	   in	   four	  

random	   fields	   from	   each	   well,	   with	   triplicate	   samples	   per	   condition,	   using	   Scion	  

Image	  version	  1.62c	  software.	  	  

	  

For	   migration	   assays,	   endothelial	   cells	   were	   serum-‐starved	   for	   24-‐hours	   in	   Opti-‐

MEM	  medium.	   	  Transwells	  were	  coated	  with	  growth	  factor	  reduced	  Matrigel	   (1:20	  

dilution	  with	  Opti-‐MEM)	  for	  30	  minutes	  and	  blocked	  with	  1%	  bovine	  serum	  albumin	  

solution	  for	  an	  additional	  30	  minutes.	   	  One	  hundred	  thousand	  cells	  were	  plated	   in	  

the	  upper	  chamber	  of	  the	  transwells,	  and	  600	  mL	  of	  Opti-‐MEM	  medium	  containing	  

VEGF	   (50	  ng/mL)	  or	  vehicle	  was	  added	   to	   the	   lower	  chamber.	   	  After	  5-‐hours,	   cells	  

were	   fixed	   and	   stained	  with	   crystal	   violet	   to	   visualize	   endothelial	   cells.	   	   Cells	   that	  

migrated	  to	  the	  lower	  surface	  of	  transwell	  filters	  were	  counted	  in	  four	  random	  fields	  

from	  each	  well,	  with	   triplicate	  samples	  per	  condition	  as	  described	  previously	   [270,	  

273].	  

	  

Tumor-‐endothelial	  cell	  co-‐culture	  migration	  assays	  

For	   co-‐culture	   experiments,	   transwells	   were	   coated	   with	   growth	   factor-‐reduced	  

Matrigel	  (1:20	  dilution)	  and	  1	  x	  105	  4T1-‐GFP	  cells	  were	  plated	  on	  the	  lower	  surface	  

of	   the	   transwell	   filter.	   Wild-‐type	   or	   ephrin-‐A1-‐deficient	   MPMEC	   or	   HUVEC,	   as	  

indicated	   (1	   x	   105),	   labeled	   with	   CellTracker	   Orange	   CMTMR	   dye	   (Molecular	  

Probes/Life	  Technologies)	  were	  added	  to	  upper	  transwell	  chambers.	  After	  5-‐hours,	  

cells	   were	   removed	   from	   the	   upper	   surface	   of	   the	   transwell	   filter	   using	   a	   cotton	  

swab,	   and	   endothelial	   cells	   on	   the	   lower	   surface	   of	   the	   filter	   quantified.	   Similar	  

experiments	  were	   performed	   comparing.	   Data	   are	   a	   representation	   of	   six	   to	   nine	  

independent	   samples	   per	   condition	   with	   standard	   deviation,	   and	   statistical	  

significance	  was	  assessed	  by	  two-‐tailed,	  paired	  Student's	  t	  test.	  	  
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Orthotopic	  tumor	  transplantation	  

4T1	  cells	  were	  collected	  and	  washed	  with	  PBS	  prior	  to	  injection.	  250,000	  cells	  were	  

orthotopically	  transplanted	  in	  the	  mammary	  glands	  of	  recipient	  wild-‐type	  or	  ephrin-‐

A1-‐deficient	   Balb/c	   female	   mice	   as	   described	   previously	   [131].	   Tumors	   were	  

harvested	   after	   14	   days,	   measured	   by	   digital	   caliper,	   and	   volume	   was	   calculated	  

[length	   x	   width2	   x	   0.52].	   Tumor	   sections	   were	   stained	   for	   the	   endothelial	  marker	  

vWF	  factor	  and	  microvascular	  density	  quantified	  based	  on	  pixel	  density	  as	  described	  

previously	  [131,	  194,	  275].	  

	  

VEGFR2	  internalization	  assay	   	  

PMECs	  were	   plated	  onto	   gelatin-‐coated	   8-‐well	   glass	  microscope	   slides.	   To	   analyse	  

the	   internalization	   of	   VEGFR2	   in	   vitro,	   cells	  were	   incubated	  with	   blocking	   solution	  

containing	   (2%	  BSA,	  4%	  goat	   serum	   in	  DPBS)	   for	  10	  minutes	  at	  37°C.	  Anti-‐VEGFR2	  

(R&D)	  was	  delivered	  to	  cells	  in	  blocking	  solution	  (1:40	  dilution)	  and	  incubated	  for	  20	  

minutes	   at	   37°C.	   Cells	  were	  washed	  with	   DPBS	   and	   then	   incubated	   in	   serum-‐free	  

growth	   medium	   (OPTIMUM)	   containing	   100 ng ml−1	   VEGF-‐A	   for	   30 min	   at	   37 °C.	  

Control	  wells	  received	  OPTIMUM	  with	  no	  VEGF.	  	  Samples	  were	  then	  fixed	  with	  fresh	  

4%	  PFA	  and	  4%	  sucrose	  solution	  (in	  DPBS)	  on	  ice	  for	  30 min.	  Cells	  were	  washed	  with	  

DPBS.	   	  To	  visualize	  cell	  surface	  VEGFR2,	  cells	  were	  incubated	  with	  Alexa-‐Fluor-‐488-‐

conjugated	  secondary	  antibody	  (Invitrogen,	  1:100)	  for	  2 h	  at	  room	  temperature/dark	  

area.	  Cells	  were	  washed	  with	  DPBS	  and	  permeabilized	  with	  ice-‐cold	  blocking	  buffer	  

solution	  contain	  0.2%	  Triton-‐X100	  for	  30	  min	  on	  ice.	  	  Cells	  were	  washed	  with	  DPBS	  

and	   incubated	   with	   Alexa-‐Fluor-‐546-‐conjugated	   secondary	   antibody	   (Invitrogen,	  

1:400)	   for	  1 h	  at	   room	  temperature	   to	  visualize	   internalized	   receptors.	   	  Cells	  were	  

counterstained	  with	  DAPI	  and	  were	  mounted	  with	  slowfade	  mounting	  media.	   	  The	  

number	  of	  VEGFR2	  signals	  from	  each	  genotype	  was	  calculated	  from	  multiple	  frame	  

shots	   containing	   at	   least	   ten	   cells	   from	   each	   group	   (generally	   20+	   cells);	   4	  

independent	  experiments	  were	  performed	  each	  with	  4	   to	  5	  mice/genotype.	   	  Data	  

points	   were	   calculated	   as	   a	   ratio	   of	   internal:surface	   (red:green)	   staining	   as	  
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determine	   by	   microscopy,	   such	   that	   the	   number	   calculated	   is	   the	   fold	   change	   of	  

internalized	  receptor	  staining	  for	  those	  giving	  cells.	  

	  

Immunoblotting	  and	  immunoprecipitation	   	  

Cells	  were	  harvested	  and	   lysed	  with	  fresh,	   ice	  cold	  RIPA	  buffer	  supplemented	  with	  

phosphatase	  and	  proteinase	  inhibitors.	  An	  aliquot	  of	  these	  lysates	  were	  set	  aside	  for	  

total	   protein	   content.	   Cell	   lysates	  were	   incubated	  with	   anit-‐VEGFR2	   antibody	   (cell	  

signaling)	   for	   16	   hours	   at	   4C	   with	   constant	   rotation.	   	   For	   immunoprecipitation	  

experiments,	  agarose	  beads	  were	  then	  incubated	  the	  with	  cell	  lysates	  for	  1	  hour	  to	  

allow	  for	  anti-‐VEGFR2	  binding.	  	  Lysates	  were	  centrifuged	  and	  the	  pellet	  was	  washed	  

with	   RIPA	   buffer,	   and	   the	   samples	   were	   boiled	   with	   loading	   buffer	   and	   then	  

underwent	   electrophoresis	   and	   transfer	   to	   a	   cellulose	  membrane.	  Membrane	  was	  

probed	  with	   anti-‐phospho-‐VEGFR2	   (Y1175)	  mouse	  monoclonal	   antibody.	   Followed	  

by	  anti-‐mouse	  antibody	  conjugated	  to	  HRP.	  	  The	  blot	  was	  stripped	  and	  re-‐probed	  for	  

total	  VEGFR2.,	  phosphor-‐p38,	  phospho-‐SRC,	  phosphor-‐AKT,	  and	  tubulin.	  	  

	  

Results	  

Ephrin-‐A1-‐deficiency	  impairs	  VEGF-‐induced	  angiogenesis	  in	  culture	  and	  in	  vivo	  

To	   determine	   if	   eprhin-‐A1-‐deficiency	   in	   microvascular	   endothelium	   impairs	  

angiogenesis,	  we	   isolated	   primary	  MPMEC	   from	  wild	   type	   and	   ephrin-‐A1-‐deficient	  

mouse	   lungs	   and	   assessed	   vascular	   assembly	   on	   Matrigel-‐coated	   wells	   in	   vitro.	  

Ephrin-‐A1-‐deficiency	   significantly	   reduced	   endothelial	   cell	   assembly	   into	  

interconnected	  vascular	  networks	   in	  response	  to	  VEGF	  stimulation	  relative	  to	  wild-‐

type	  control	  cells	  (Figure	  5.1A).	  Consistent	  with	  this	  observation,	  ephrin-‐A1-‐deficient	  

endothelial	   cells	   also	   displayed	   reduced	  motility	   in	   response	   to	   VEGF	   in	   transwell	  

assays	   (Figure	   5.1B).	   To	   assess	   VEGF-‐induced	   angiogenic	   remodeling	   responses	   in	  

intact	   blood	   vessels,	   we	   performed	   in	   vivo	   vascular	   remodeling	   assays.	   Gelfoam	  

sponges	   impregnated	   with	   vehicle	   control	   or	   recombinant	   VEGF	   were	   implanted	  

subcutaneously	   into	   the	   dorsal	   flank	   of	   recipient	   wild	   type	   or	   ephrin-‐A1-‐deficient	  
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mice.	   	   Mice	   were	   injected	   intravenously	   with	   TRITC-‐dextran	   7	   days	   post-‐

implantation	  to	  label	  vessels	  to	  visualize	  functional	  vessels.	  While	  vehicle	  control	  did	  

not	   induce	  a	  significant	  angiogenic	  remodeling	  response,	  VEGF	   induced	  new	  vessel	  

sprouting	   from	   wild-‐type	   host	   vessels,	   as	   visualized	   by	   quantifying	   surface	   vessel	  

area	   (Figure	   5.1C).	   By	   contrast,	   VEGF-‐induced	   angiogenesis	   was	   significantly	  

impaired	  in	  ephrin-‐A1-‐deficient	  hosts	  (Figure	  5.	  1C).	  

	  
	  

Figure	   5.1	   Loss	   of	   ephrin-‐A1	   impairs	   VEGF-‐dependent	   angiogenesis.	   (A)	   Assembly	   assay:	  
MPM-‐	  VECs	  were	  serum-‐starved	  for	  14	  hours	  and	  plated	  on	  Matrigel	  with	  vehicle	  or	  VEGF	  
for	  10	  hours.	  Aver-‐	  age	  branch	  length	  was	  used	  to	  quantify	  assembly.	  Representative	  image	  
from	   1	   of	   3	   independent	   exper-‐	   iments	   using	   4	   or	   more	   mice	   of	   each	   genotype.	   (B)	  
Migration	   assay:	   MPMVECs	   were	   serum-‐starved	   and	   cultured	   onto	   Matrigel	   coated	  
transwells	  with	  either	  vehicle	  or	  VEGF	  in	  the	  bottom	  chamber.	  Migrated	  cells	  were	  stained	  
with	  crystal	  violet.	  Migration	  was	  quantified	  by	  number	  of	  cells	  on	  the	  under	  portion	  of	  the	  
transwell.	  (C)	  Sponges	  saturated	  in	  VEGF	  or	  vehicle	  were	  surgically	  implanted	  into	  opposites	  
sides	  of	  the	  dorsal	  flanks	  of	  wild	  type	  and	  ephrin-‐A1	  KO	  mice	  mice.	  After	  7	  days	  mice	  were	  
injected	  with	  TRITC-‐	  dextran	  and	  sponges	  were	  removed	  for	  imaging.	  Representative	  image	  
from	  1	  of	  2	  independent	  experi	  ments	  using	  4	  or	  more	  mice	  from	  each	  genotype.	  Statistical	  
significance	  determined	  by	  student’s	  t-‐test.	  

	  

To	  determine	  if	  ephrin-‐A1	  host-‐deficiency	  also	  impairs	  tumor	  neovascularization	  and	  

progression,	  we	  monitored	  tumor	  growth,	  microvascular	  density,	  and	  metastasis	   in	  

an	  orthotopic	  allograft	  model	  of	  mammary	  adenocarcinoma	  in	  vivo.	  The	  4T1	  cell	  line	  
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model	  was	  derived	  from	  a	  spontaneous	  Balb/C	  mouse	  mammary	  tumor	  and	  selected	  

for	   its	   metastatic	   potential.	   It	   expresses	   high	   levels	   of	   VEGF,	   produces	   aggressive	  

mammary	   adenocarcinoma	   when	   transplanted	   into	   Balb/C	   female	   hosts,	   and	  

metastasizes	  via	  the	  hematologic	  route	  to	  lung	  [198,	  327-‐329].	  We	  transplanted	  4T1	  

tumor	  cells	   into	  the	  mammary	  fat	  pad	  of	  congenic	  wild-‐type	  or	  eprhin-‐A1-‐deficient	  

Balb/C	   female	   hosts	   and	   monitored	   tumor	   volume	   over	   several	   days.	   Tumors	  

growing	   in	   ephrin-‐A1-‐deficient	   hosts	   displayed	   a	   significant	   reduction	   in	   tumor	  

volume	   relative	   to	  wild-‐type	   controls	   (Figure	  5.2A).	  We	  also	  observed	  a	   significant	  

reduction	   in	   the	   frequency	   and	   number	   of	   lung	  metastases	   in	   ephrin-‐A1-‐deficient	  

hosts	   relative	   to	   controls	   (Figure	   5.2B).	   	   Consistent	   with	   our	   in	   vitro	   and	   sponge	  

assay	  studies,	  we	  observed	  a	  significant	  decrease	  in	  microvessel	  density	  for	  tumors	  

from	   ephrin-‐A1-‐deficient	   versus	   wild-‐type	   hosts,	   as	   quantified	   by	  	  

immunofluorescent	   staining	   for	   von	  Willebrand	   Factor	   (vWF;	   Figure	   5.2C).	   Tumor	  

cell	   survival,	   as	   scored	   by	   TUNEL,	   was	   elevated	   (Figure	   5.2D),	   and	   proliferation,	  

measured	   and	   quantified	   by	   proliferating	   cell	   nuclear	   (PCNA)	   antigen	   expression	  

(Figure	   5.2E),	   was	   impaired	   in	   eprhin-‐A1-‐deficient	   hosts.	   Together,	   these	   data	  

demonstrate	   that	   loss	   of	   ephrin-‐A1	   in	   host	   endothelium,	   at	   least	   in	   part,	   reduces	  

VEGF-‐induced	   angiogenesis,	   neovascularization,	   and	   tumor	   progression	   in	   culture	  

and	  in	  vivo.	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

Loss	  of	  ephrin-‐A1	  inhibits	  tumor	  cell	  intravasation	  and	  metastasis	  

Reduced	   metastasis	   frequency	   and	   lung	   metastatic	   burden	   in	   ephrin-‐A1-‐deficient	  

hosts	   may	   be	   due	   to	   impaired	   vascular	   recruitment	   and	   decreased	   tumor	  

survival/proliferation.	   Alternatively,	   this	   may	   be	   by	   directly	   impaired	   through	  

decreased	   intravasation,	   survival	   in	   circulation,	   and/or	   extravasation	   and	  

colonization	  of	  the	  lung.	  To	  test	  these	  possible	  mechanisms,	  we	  first	  performed	  co-‐

culture	   intravasation	   assays	   in	  which	  we	   quantified	  migration	   and	   intercalation	   of	  

GFP-‐labeled	   tumor	  cells	   into	  a	  monolayer	  of	  endothelial	  cells	   seeded	  on	  the	   lower	  

transwell	  surface	  [260].	  While	  endothelial	  cells	  isolated	  from	  wild-‐type	  mice	  induced	  
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Figure	  5.2	  Ephrin-‐A1	  host	  deficiency	  impairs	  tumor	  volume.	  (A)	  4T1	  cells	  were	  transplanted	  
into	  mammary	  glands	  of	  9	  wild	  type	  (n=9)	  and	  ephrin-‐A1	  KO	  (n=9)	  mice.	  Tumor	  volume	  was	  
determined	  by	  caliper	  measurements	  on	  days	  5,10,12,14	  and	  16.	  (B)	  Lungs	  from	  mice	  were	  
harvested	  and	  surface	  metastases	  was	  evaluate	  (blue	  arrows).	  7	  of	  9	  WT	  mice	  had	  surface	  
metastases	  compared	  to	  only	  1	  of	  9	  ephrin-‐A1	  KO	  mice.	  Statistical	  significance	  determined	  
by	  Chi	  Square	  Test.	  (C)	   Immunohistochemistry	  of	  vWF	  in	  tumor	  sections.	  vWF	  staining	  was	  
measured	  using	  Image	  J	  software	  and	  is	  expressed	  in	  arbitrary	  units.	  (D)	  TUNEL-‐positive	  cells	  
were	  evaluated	  in	  tumor	  sections	  to	  determine	  the	  apoptotic	  index.	  (E)	  PCNA-‐positive	  cells	  
were	   evaluated	   in	   tumor	   sections	   to	   determine	   the	   proliferative	   index.	   Statistical	  
significance	  was	  determined	  by	  student’s	  t	  test.	  

	  

a	   robust	   migratory	   response	   from	   4T1-‐GFP	   tumor	   cells,	   significantly	   fewer	   tumor	  

cells	  migrated	   and	   intercalated	   into	  monolayers	   of	   ephrin-‐A1-‐deficient	   endothelial	  

cells	   (Figure	  5.3A).	   	  We	  also	  confirmed	  this	  phenotype	   in	  HUVECs	   transfected	  with	  

siNon-‐target	  control	  or	  siEphrin-‐A1,	  in	  that	  we	  observed	  a	  significant	  decrease	  in	  the	  

number	   of	   human	   breast	   cancer	   cells	   (MDA-‐MB-‐231)	   able	   to	   migrate	   through	  

HUVECs	  with	  ehrin-‐A1	  knockdown	  (data	  not	  shown).	  	  	  

	  

To	   assess	   tumor	   cell	   survival	   in	   circulation,	   extravasation/lung	   colonization,	   we	  

performed	   tail	   vein	   injections	   in	   wild	   type	   versus	   ephrin-‐A1-‐deficient	   hosts	   and	  

quantified	  surface	  lung	  lesions	  1-‐week	  post	  injection.	  Lungs	  from	  ephrin-‐A1-‐deficient	  	  
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Figure	  5.3	  Loss	  of	  ephrin-‐A1	  impairs	  tumor	  cell	   intravasation.	  	  (A)	  MPMECs	  were	  cultured	  
on	  the	  under	  portion	  of	  transwell	  (red)	  and	  4T1-‐GFP	  tumor	  cells	  (green)	  were	  cultured	  in	  the	  
top	  portion.	  	  After	  5	  hours	  we	  quantified	  the	  number	  of	  tumor	  cells	  that	  migrated	  through	  
the	   endothelial	   cell	   barrier.	   	   (B)	  Whole	   lungs	   from	  wild	   type	  or	   ephrin-‐A1-‐/-‐	  mice	   1-‐week	  
post	   tail	  vein	   injection	  with	  4T1	  cells.	  Grouped	  by	  the	  number	  of	  visual	  surface	  metastatic	  
lesions	   (blue	   arrows)	   Chi	   Square	   to	   determine	   significance.	   (C)	   Lungs	  were	   sectioned	   and	  
stained	  with	  haematoxylin	  and	  eosin	   	  (H&E)	  and	  the	  number	  of	  tumor	  foci	  	  (blue	  arrows)	  per	  
field	  of	  view	  was	  determined.	  	  Significance	  determined	  by	  student’s	  t-‐test.	  	  (D)	  Permeability	  
assay	   in	  HUVEC;	  siNon-‐target	  control	  or	  siEphrin-‐A1	  HUVECs	  were	  plated	   in	  transwells	  and	  
the	  amount	  of	  FITC-‐dextran	  able	  to	  permeate	  through	  the	  cells	  upon	  VEGF	  treatment	  was	  
determined.	   	   Data	   are	   expressed	   as	   absorbance,	   error	   bars,	   +SEM,	   one-‐way	   ANOVA	   was	  
used	  to	  determine	  significance.	  	  	  



	   117	  

hosts	   harbored	   significantly	   fewer	   lung	   metastases	   relative	   to	   wild-‐type	   controls	  

(Figure	   5.3B	   and	   C).	   Together,	   these	   data	   suggest	   that	   endothelial	   ephrin-‐A1	  

mediates	  intravasation	  and	  lung	  colonization.	  	  

	  

One	   potential	   mechanism	   through	   which	   endothelial	   ephrin-‐A1	   might	   modulate	  

VEGF	  function	  and	  intravasation/metastasis	  is	  through	  regulation	  of	  endothelial	  cell	  

adhesion	   molecules.	   Indeed,	   recent	   studies	   reported	   that	   EphA2/ephrin-‐A1	  

upregulates	  expression	  of	  E-‐selectin	  and	  VCAM-‐1	  in	  human	  endothelium,	  as	  well	  as	  

ICAM-‐1,	   which	   regulates	   monocyte	   extravasation	   in	   atherosclerotic	   plaques	   and	  

leukocyte-‐endothelial	   cell	   adhesion,	   respectively	   [330-‐333].	   An	   impairment	   of	   cell-‐

cell	  junction	  may	  contribute	  to	  cell	  permeability,	  a	  phenotype	  often	  associated	  with	  

enhanced	   tumor	   cell	   intravasation	   and	   extravasation.	   	   In	   HUVECs	   we	   observed	   a	  

significant	   reduction	   in	   cell	   permeability	   upon	   knockdown	   of	   ephrin-‐A1.	   	   HUVECs	  

treated	  with	  siControl	  or	  siEphrin-‐A1	  were	  cultured	  in	  transwells	  and	  the	  amount	  of	  

FITC-‐dextran	  able	  to	  cross	  the	  endothelial	  barrier	  upon	  treatment	  of	  VEGF	  or	  vehicle	  

was	  measured	  (Figure	  5.3D).	  	  	  

	  

Loss	  of	  ephrin-‐A1	  impairs	  VEGFR2	  internalization	  

Dysregulation	   of	   VEGF	   receptor	   2	   (VEGFR2)	   signaling	   can	   impact	   endothelial	   cell	  

responses	   to	   VEGF,	   including	   motility	   and	   permeability	   [334,	   335].	   	   	   Upon	   VEGF	  

binding,	  VEGFR2	   is	  dissociated	   from	   the	  membrane	  and	  undergoes	   internalization.	  

VEGFR2	   signaling	   is	   not	   terminated	   in	   conjunction	  with	   internalization,	   rather	   the	  

receptor	  continues	   to	   transduce	  signal	   from	  endosomes	   [336].	   	  Since	  we	  observed	  

ephrin-‐A1-‐deficient	   endothelial	   cells	   had	   significantly	   reduced	   responses	   to	   VEGF	  

treatment,	   we	   sought	   to	   determine	   whether	   was	   due	   to	   impaired	   VEGFR2	  

internalization.	   	  We	  assessed	  VEGFR2	   localization	  with	  wild-‐type	  versus	  ephrin-‐A1-‐

deficient	   endothelial	   cells.	   Upon	   stimulation	   with	   VEGF,	   we	   observed	   reduced	  

surface	  VEGFR2	  and	  increased	  intracellular	  levels	  for	  wild-‐type	  endothelium	  (Figure	  

5.4A).	  By	  contrast,	  VEGFR2	  cell	   surface	   localization	  persisted	   in	  ephrin-‐A1-‐deficient	  
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endothelial	   cells	   treated	  with	   VEGF,	  with	   reduced	   internalization	   detected	   (Figure	  

5.4A)	  We	  also	  compared	  signaling	  downstream	  of	  VEGF	  in	  wild-‐type	  versus	  ephrin-‐

A1-‐deficient	  endothelial	   cells.	  We	  observed	  a	  decrease	   in	  VEGFR2	  phosphorylation	  

in	  ephrin-‐A1	  knockout	  cells	  15	  to	  30	  minutes	  post-‐stimulation,	  as	  well	  as	  P-‐Akt	  and	  

P-‐p38,	   relative	   to	   wild-‐type	   controls,	   though	   P-‐src	   appeared	   unaffected	   (Figure	  

5.4B).	  	  

Figure	  5.4	  Loss	  of	  ephrin-‐A1	  impairs	  VEGFR2	  internalization	  and	  signaling.	  (A)	  Internalized	  
(red)	   and	   surface	   (green)	   VEGFR2	   was	   assessed	   in	   wild	   type	   and	   ephrin-‐A1-‐deficient	  
MPMECS.	   Internal/surface	   ratio	   was	   calculated	   and	   significance	   was	   determined	   by	  
student’s	  t-‐test.	  	  (B)	  Wild	  type	  and	  ephrin-‐A1-‐deficient	  MPMECs	  were	  treated	  with	  VEGF	  for	  
1,5,15,	  or	  30	  minutes,	  were	  harvested	   in	  RIPA	  buffer	  and	  protein	  expression,	   as	   indicated	  
was	  determined.	  	  
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Discussion	  

The	  establishment	  of	  new	  blood	  vessel	  growth	  is	  essential	  for	  tumor	  cell	  growth	  and	  

for	  metastatic	  spread.	  Tumor	  cells	  secrete	  a	  plethora	  of	  pro-‐angiogenic	  factors,	  such	  

as	  VEGF,	  that	  aid	  in	  endothelial	  cell	  motility	  and	  vessel	  recruitment.	  The	  binding	  of	  

VEGF	  to	  its	  receptor	  VEGFR2	  causes	  the	  dissociation	  of	  VEGFR2	  from	  the	  membrane	  

surface	   and	   its	   rapid	   internalization	   to	   engage	   in	   signal	   transduction	   [336]	   that	  

mediates	  endothelial	  cell	  motility,	  permeability	  and	  proliferation[335].	  	  In	  this	  study	  

we	   demonstrated	   that	   ephrin-‐A1	   is	   critical	   for	   VEGF-‐driven	   angiogenic	   response,	  

both	   in	   vitro	   and	   in	   vivo.	   	  Wild	   type	   4T1	   tumors	   cells	   that	  were	   transplanted	   into	  

ephrin-‐A1	   knockout	   mice	   displayed	   reduced	   tumor	   volume	   and	   vessel	   density.	  	  

Notably,	   ephrin-‐A1-‐deficient	   animals	   had	   significantly	   decreased	   metastatic	   lung	  

lesions	  compared	  to	  wild	  type	  animals,	  as	  evidenced	  in	  our	  tumor	  transplant	  model	  

and	   in	   our	   tail	   vein	   model.	   	   This	   is	   consistent	   with	   observations	   made	   in	   human	  

breast	   cancer	   patients	   that	   found	   vessel	   density	   in	   breast	   cancer	   patient	   tumors	  

positively	  correlated	  with	  metastatic	  progression	  [337].	  	  	  

Our	   studies	   also	   revealed	   that	   loss	   of	   ephrin-‐A1	   impaired	   VEGFR2	   signaling	   in	  

MPMECs	   that	   is	   at	   least	   in	   part	   due	   to	   stabilization	   of	   VEGFR2	   to	   the	  membrane	  

surface	  (Figure	  5.4).	   	  Previously	  studies	  have	   linked	  VE-‐cadherin,	  which	   localizes	  to	  

endothelial	   cell	   junctions	   and	   regulates	   vascular	   development	   and	   integrity	   [338,	  

339],	  to	  VEGFR	  localization	  and	  signaling.	  VE-‐cadherin	  is	  associated	  with	  VEGFR2	  via	  

β-‐catenin	   to	   stabilize	   the	   receptor	   at	   the	   cell	   surface,	   and	   the	   absence	   of	   VE-‐

cadherin	  at	   the	  cell	   junction	   leads	   to	  a	  more	   rapid	   internalization	  of	  VEGFR2	   [336,	  

340,	   341].	   	   Thus	   future	   investigations	  will	   focus	  on	  whether	   ephrin-‐A1	   can	   impact	  

VE-‐cadherin	   stability,	   and	   whether	   this	   is	   a	   mechanism	   of	   VEGFR2	   surface	  

stabilization.	   	   Together,	   our	   data	   suggests	   that	   ephrin-‐A1	   regulates	   VEGFR2	  

signaling,	  tumor	  angiogenesis	  and	  tumor	  metastasis.	  
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