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   tendon	
  constructs	
  

are	
  formed	
  
DAVID	
   Database	
  for	
  Annotation,	
  Visualisation	
  and	
  Integrated	
  Discovery	
  
dChip	
   DNA-­‐Chip	
  Analzer	
  (analysis	
  software	
  for	
  normalising	
  microarray	
  readouts)	
  
DLC	
   deleted	
  in	
  liver	
  cancer	
  (a	
  RhoGAP)	
  
DMEM	
   Dulbecco’s	
   modified	
   Eagle’s	
   medium	
   containing	
   4500	
   mg/l	
   D-­‐glucose,	
   non-­‐

essential	
  amino	
  acids	
  and	
  110	
  mg/l	
  sodium	
  pyruvate	
  
E	
   	
   embryonic	
  day,	
  day(s)	
  post-­‐coitum	
  
ECM	
   	
   extracellular	
  matrix	
  
ES	
  cell	
   	
   embryonic	
  stem	
  cell	
  
FCS	
   	
   foetal	
  calf	
  serum	
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  epitope	
  tag	
  (GKPIPNPLLGLDST)	
  
WASP	
   	
   Wiskott–Aldrich	
  syndrome	
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ABSTRACT	
  
The	
  motivation	
   for	
   this	
   PhD	
   thesis	
   was	
   to	
   understand	
   the	
  molecular	
   basis	
   of	
   how	
   cells	
  
regulate	
   the	
   formation	
   of	
   an	
   organised	
   and	
   mechanically	
   strong	
   extracellular	
   matrix	
  
(ECM).	
   In	
   tendon	
   this	
   process	
   begins	
   during	
   embryogenesis	
   with	
   the	
   appearance	
   of	
  
bundles	
  of	
  narrow-­‐diameter	
  (~30	
  nm)	
  collagen	
  fibrils	
  that	
  are	
  parallel	
  to	
  the	
  tendon	
  long	
  
axis.	
  At	
  the	
  onset	
  of	
  collagen	
  fibrillogenesis,	
  the	
  cells	
  elongate,	
  the	
  fibrils	
  are	
  constrained	
  
within	
   plasma	
  membrane	
   channels	
   with	
   their	
   ends	
   contained	
   in	
   tension-­‐sensitive	
   actin-­‐
stabilised	
   plasma	
  membrane	
   protrusions.	
   The	
  mechanism	
   by	
   which	
   actin	
   is	
   reorganised	
  
during	
   cell	
   elongation	
   and	
   the	
   formation	
   of	
   tension-­‐sensitive	
   plasma	
   membrane	
  
protrusions	
   is	
  poorly	
  understood.	
  The	
  small	
  GTPase	
  RhoA	
   is	
   the	
  major	
   regulator	
  of	
  actin	
  
reorganisation	
   into	
   stress	
   fibres,	
   which	
   have	
   been	
   implicated	
   in	
   mechanotransduction,	
  
ECM	
   assembly	
   and	
   remodelling.	
   The	
   hypothesis	
   tested	
   by	
   this	
   PhD	
   thesis	
   was	
   that	
   the	
  
organisation	
  and	
  tensioning	
  of	
  extracellular	
  collagen	
  fibrils	
   is	
  generated	
  on	
  a	
  blueprint	
  of	
  
tensioned	
   actin	
   filaments	
   within	
   the	
   cell.	
   Rho	
   activity	
   is	
   regulated	
   specifically	
   by	
   Rho	
  
GTPase	
  activating	
  proteins	
  (RhoGAPs).	
  By	
  comparing	
  the	
  global	
  gene	
  expression	
  of	
  tendon	
  
tissues	
  at	
  different	
  developmental	
  stages,	
  Arhgap28,	
  a	
  novel	
  RhoGAP,	
  which	
  is	
  expressed	
  
during	
  tendon	
  development	
  but	
  not	
  during	
  postnatal	
  maturation,	
  was	
  identified.	
  
	
  
Arhgap28	
  belongs	
   to	
  a	
   large	
   family	
  of	
  RhoGAPs	
   containing	
   the	
   closely	
   related	
  members,	
  
Arhgap6	
   and	
  Arhgap18,	
  which	
   have	
   previously	
   been	
   shown	
   to	
   regulate	
   RhoA	
   and	
   stress	
  
fibre	
  formation.	
  Arhgap28	
  expression	
  was	
  upregulated	
  in	
  embryonic	
  fibroblasts	
  cultured	
  in	
  
a	
   3D,	
   tensioned	
   embryonic	
   tendon-­‐like	
   construct	
   compared	
   to	
   monolayer	
   culture.	
  
Arhgap28	
   expression	
   was	
   further	
   enhanced	
   during	
   the	
   development	
   of	
   mechanical	
  
strength	
  and	
   stiffness	
  of	
   the	
   tendon	
  constructs,	
  but	
  downregulated	
  when	
   the	
   tension	
   in	
  
tendon	
   constructs	
   was	
   released.	
   Overexpression	
   of	
   a	
   C-­‐terminal	
   V5-­‐tagged	
   Arhgap28	
  
protein	
   caused	
   a	
   reduction	
   in	
   RhoA	
   activation	
   and	
   disruption	
   of	
   stress	
   fibre	
   assembly.	
  
Modulation	
  of	
  Rho	
  signalling	
  using	
  lysophosphatidic	
  acid	
  and	
  Y27632	
  showed	
  that	
  collagen	
  
remodelling	
  by	
  cells	
  in	
  collagen	
  gels	
  and	
  tendon	
  constructs	
  is	
  regulated	
  by	
  RhoA	
  signalling.	
  
A	
  tissue-­‐wide	
  qPCR	
  analysis	
  identified	
  Arhgap28	
  in	
  several	
  tissues	
  including	
  tendon,	
  bone,	
  
and	
   skin.	
   An	
   Arhgap28	
   reporter	
  mouse	
   (Arhgap28gt)	
   and	
   an	
   Arhgap28	
   knockout	
  mouse	
  
(Arhgap28del)	
  were	
  also	
  studied	
  to	
  investigate	
  the	
  role	
  of	
  Arhgap28	
  in	
  tissue	
  organisation	
  
in	
   vivo.	
   Arhgap28gt	
   mice	
   showed	
   Arhgap28	
   expression	
   in	
   bones	
   at	
   E18.5.	
   Homozygous	
  
Arhgap28del	
   mice	
   were	
   viable,	
   appeared	
   normal	
   but	
   expressed	
   a	
   truncated	
   Arhgap28	
  
transcript,	
   which	
   if	
   translated,	
   would	
   produce	
   a	
   protein	
   lacking	
   the	
   RhoGAP	
   domain.	
  
Therefore,	
   it	
   was	
   hypothesised	
   that	
   knockout	
   mice	
   were	
   normal	
   due	
   to	
   compensation	
  
from	
   another	
   RhoGAP.	
   Overexpression	
   of	
   Arhgap6	
   in	
   Arhgap28-­‐null	
   bone	
   tissues	
   was	
  
confirmed.	
   Upregulation	
   in	
   RhoA	
   expression	
   was	
   also	
   detected,	
   further	
   suggesting	
   that	
  
Arhgap28	
   regulates	
   RhoA.	
   Interestingly,	
   a	
   microarray	
   comparison	
   of	
   bone	
   tissues	
   from	
  
wild	
   type	
   and	
   Arhgap28-­‐null	
   mice	
   showed	
   that	
   genes	
   linked	
   to	
   bone	
   dysplasia	
   are	
  
downregulated	
  in	
  Arhgap28-­‐null	
  bone.	
  Together,	
  these	
  results	
  suggest	
  that	
  formation	
  of	
  a	
  
strong	
   and	
   organised	
   collagen	
   ECM	
   is	
  mediated	
   by	
   RhoA-­‐generated	
   cellular	
   tension	
   and	
  
that	
  Arhgap28	
  and	
  Arhgap6	
  might	
  be	
  co-­‐regulators	
  of	
  this	
  process.	
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LAY	
  ABSTRACT	
  

Discovery	
   of	
   Arhgap28,	
   a	
   Molecule	
   Involved	
   in	
   Controlling	
   Cell	
   Forces	
   Important	
   in	
  
Making	
  a	
  Strong	
  Tendon	
  
	
  
Movements	
  of	
   the	
  body	
  such	
  as	
   running	
  or	
  gripping	
  a	
  door	
  handle	
   require	
   strong	
   tissue	
  
types	
   such	
   as	
  muscle,	
   bone,	
   tendon,	
   ligament	
   and	
   cartilage.	
   These	
   tissues	
  make	
   up	
   the	
  
musculoskeletal	
   system.	
   Their	
   ability	
   to	
   transmit	
   and	
   withstand	
   mechanical	
   loading	
   is	
  
because	
   of	
   a	
   rope-­‐like	
   protein	
   called	
   collagen,	
   which	
   surrounds	
   the	
   cells.	
   Collagen	
   is	
  
important	
  as	
   it	
  allows	
  tissues	
  of	
   the	
  body	
  to	
  endure	
  the	
  constant	
   forces	
  of	
  being	
  pulled,	
  
pushed	
  and	
  squashed.	
  In	
  bone	
  tissue,	
  these	
  fibrils	
  are	
  woven	
  together	
  to	
  allow	
  calcium	
  to	
  
bind,	
  which	
  creates	
  strong	
  bone	
  that	
  can	
  bear	
  the	
  weight	
  of	
  the	
  body.	
  The	
  collagen	
  ropes	
  
or	
   ‘fibrils’	
   in	
   tendon	
   are	
   bundled	
   together	
   like	
   a	
   rope	
   so	
   that	
   tendons	
   can	
   be	
   stretched	
  
repetitively	
   without	
   breaking.	
   How	
   the	
   collagen	
   fibrils	
   are	
   organised	
   is	
   linked	
   to	
   the	
  
function	
  of	
  the	
  tissue.	
  A	
  disadvantage	
  of	
  having	
  such	
  a	
  unique	
  and	
  strong	
  tissue	
  structure	
  
is	
  that	
  once	
  damaged,	
  the	
  collagen	
  fibrils	
  do	
  not	
  fully	
  repair,	
  often	
  resulting	
  in	
  poor	
  healing	
  
and	
  long-­‐term	
  recovery.	
   It	
   is	
  estimated	
  that	
  the	
  annual	
  cost	
  of	
  tendon	
  injury	
  in	
  the	
  UK	
  is	
  
£25	
  billion.	
  Scientists	
  led	
  by	
  Professor	
  Karl	
  Kadler	
  at	
  the	
  University	
  of	
  Manchester	
  want	
  to	
  
understand	
   how	
   organisation	
   of	
   collagen	
   fibrils	
   is	
   established	
   during	
   the	
   formation	
   of	
  
musculoskeletal	
  tissues,	
  so	
  that	
  new	
  medical	
  treatments	
  to	
  improve	
  tissue	
  healing	
  may	
  be	
  
developed.	
  
	
  	
  
As	
   a	
   starting	
   point,	
   the	
   scientists	
   began	
   studying	
   tendon	
   tissue.	
   Since	
   2004,	
   they	
   have	
  
discovered	
   that	
   the	
   cells	
   that	
   live	
   in	
   tendon	
   are	
   responsible	
   for	
   organising	
   the	
   collagen	
  
fibrils	
   into	
   non-­‐crisscrossing,	
   straight	
   strands.	
   They	
   found	
   that	
   the	
   cell	
   scaffolding	
   plays	
  
important	
  roles	
  in	
  the	
  organisation	
  of	
  collagen	
  fibrils	
  and	
  in	
  generating	
  pulling	
  forces	
  used	
  
to	
  make	
   tendons	
   strong.	
   This	
   PhD	
  project	
   investigated	
   the	
   idea	
   that	
   the	
  organisation	
  of	
  
the	
   scaffolding	
   inside	
   the	
   cell	
   is	
   responsible	
   for	
   determining	
   the	
   arrangement	
   of	
   the	
  
collagen	
   fibrils	
   outside	
   the	
   cell.	
   Scientists	
   found	
   a	
   gene	
   called	
   Arhgap28	
   that	
   is	
   more	
  
prevalent	
   in	
   cells	
   when	
   they	
   make	
   tendon	
   tissues.	
   Experiments	
   showed	
   that	
   Arhgap28	
  
could	
  prevent	
  the	
  cell	
  scaffolding	
  from	
  generating	
  pulling	
  forces.	
  Scientists	
  now	
  think	
  that	
  
Arhgap28	
   controls	
   how	
   the	
   cell	
   is	
   able	
   to	
   touch	
   and	
   pull	
   on	
   fibrils	
   so	
   that	
   they	
   can	
   be	
  
arranged	
   correctly	
   and	
   produce	
   a	
   tissue	
   that	
   is	
   not	
   too	
   stiff	
   and	
   not	
   too	
   loose.	
   Further	
  
understanding	
   of	
   Arhgap28	
   would	
   pave	
   the	
   way	
   for	
   improved	
   therapeutics	
   for	
  
musculoskeletal	
  injuries	
  in	
  the	
  future.	
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1.	
  Introduction	
  

1.1	
  	
   Relevance	
  of	
  the	
  study	
  

The	
  ability	
  of	
  vertebrate	
  connective	
  tissues	
  to	
  withstand	
  cycles	
  of	
  mechanical	
  loading	
  

during	
   everyday	
   activities	
   such	
   as	
   walking	
   and	
   running	
   is	
   a	
   direct	
   attribute	
   of	
   an	
  

extracellular	
   matrix	
   (ECM)	
   comprising	
   well-­‐organised	
   collagen	
   fibrils.	
   As	
   will	
   be	
  

discussed	
  below,	
  fibrillar	
  collagen	
  account	
  for	
  upwards	
  of	
  90%	
  of	
  the	
  mass	
  of	
  skeletal	
  

tissues,	
   are	
   indeterminate	
   in	
   length,	
   are	
   elaborately	
   arranged	
   in	
   three-­‐dimensions	
  

(3D),	
  and	
  are	
  the	
  major	
  source	
  of	
  tensile	
  strength	
  in	
  vertebrates.	
  However,	
  it	
  is	
  poorly	
  

understood	
  how	
  the	
  fibrils	
  are	
  aligned	
  to	
  the	
  mechanical	
  axis	
  of	
  the	
  tissue.	
  The	
  ability	
  

of	
   collagen	
   fibrils	
   to	
   transmit	
   force	
   is	
   exemplified	
   in	
   bone	
   and	
   tendon.	
   In	
   bone	
   the	
  

fibrils	
   are	
   the	
   protein	
   scaffold	
   for	
   mineralisation,	
   which	
   builds	
   the	
   skeleton	
   for	
  

attachment	
   of	
   muscles.	
   In	
   tendon,	
   the	
   fibrils	
   are	
   the	
   primary	
   tensile	
   element	
   that	
  

transmits	
  force	
  from	
  muscle	
  to	
  bone.	
  The	
  payoff	
  for	
  high	
  tensile	
  mechanical	
  properties	
  

is	
  poor	
  healing	
  capabilities.	
  Tendon	
  is	
  particularly	
  difficult	
  to	
  heal.	
  It	
  is	
  estimated	
  that	
  

the	
  annual	
  cost	
  of	
  tendon	
  injury	
  to	
  the	
  UK	
  industry	
  is	
  £25	
  billion	
  (The	
  Royal	
  College	
  of	
  

Surgeons	
  of	
  England,	
  2010),	
  which	
   is	
   largely	
  explained	
  by	
   the	
  slow	
  rate	
  of	
  healing	
  of	
  

the	
  collagenous	
  matrix	
  and	
  long-­‐term	
  physiology.	
  There	
  is	
  therefore	
  an	
  unmet	
  clinical	
  

need	
   to	
  understand	
  how	
  cells	
   generate	
  organised	
  arrays	
  of	
   collagen	
   fibrils.	
   This	
  PhD	
  

thesis	
   tests	
   the	
   hypothesis	
   that	
   the	
   long-­‐range	
  organisation	
   of	
   extracellular	
   collagen	
  

fibrils	
   is	
  generated	
  on	
  a	
  blueprint	
  of	
  tensioned	
  actin	
  filaments	
  within	
  the	
  cell.	
   If	
  true,	
  

genes	
  responsible	
  for	
  ECM-­‐associated	
  actin	
  reorganisation	
  should	
  be	
  highly	
  expressed	
  

during	
   embryonic	
   tissue	
   morphogenesis	
   when	
   the	
   organisation	
   of	
   the	
   ECM	
   is	
  

established.	
  The	
  approach	
  was	
  to	
  perform	
  a	
  genome-­‐wide	
  search	
  for	
  actin	
  regulatory	
  

genes	
   in	
   embryonic	
   tendon,	
   of	
   which	
   the	
   parallelism	
   of	
   the	
   fibrils	
   is	
   established	
  

exclusively	
  during	
   late	
  embryonic	
  development.	
  The	
  approach	
   identified	
  Arhgap28,	
  a	
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novel	
  RhoGTPase	
  activating	
  protein	
   (GAP)	
   that	
   is	
  present	
   in	
  bone	
  and	
   tendon	
  and	
   is	
  

able	
  to	
  regulate	
  RhoA-­‐dependent	
  actin	
  reorganisation.	
  	
  

	
  

1.2	
   Tendon	
  development	
  

Tendon	
  is	
  a	
  highly	
  organised	
  tissue	
  composed	
  of	
  predominantly	
  type	
  I	
  collagen.	
  Type	
  I	
  

collagen	
  is	
  a	
  triple	
  helical	
  molecule	
  made	
  of	
  two	
  α1(I)	
  chains	
  (encoded	
  by	
  the	
  COL1A1	
  

gene)	
  and	
  one	
  α2(I)	
  chain	
  (COL1A2).	
  The	
  collagen	
  molecules	
  assemble	
  into	
  fibrils	
  that	
  

are	
  bundled	
  into	
  fibres	
  (see	
  review	
  by	
  Kadler	
  et	
  al.,	
  1996).	
  The	
  bundles	
  are	
  organised	
  

into	
  fascicles,	
  which	
  then	
  make	
  up	
  a	
  tendon	
  unit	
  (Kastelic	
  et	
  al.,	
  1978).	
  The	
  main	
  cell	
  

type	
   in	
   tendon	
   is	
   the	
   fibroblast,	
   which	
   is	
   elongated	
   to	
   ~50	
   µm	
   in	
   length,	
   ~5	
   µm	
   in	
  

diameter	
   during	
   embryonic	
   growth	
   (Humphries	
   et	
   al.,	
   2008),	
   and	
   aligns	
   with	
   the	
  

collagen	
   fibrils,	
   parallel	
   to	
   the	
   tendon	
   long	
   axis	
   (Richardson	
   et	
   al.,	
   2007).	
   Although	
  

soluble	
  collagen	
  molecules	
  can	
  spontaneously	
  self-­‐assemble	
  into	
  fibrils	
  in	
  a	
  neutral	
  salt	
  

solution	
   at	
   37°C	
   (Gross	
   et	
   al.,	
   1952,	
   Jackson	
   and	
   Fessler,	
   1955),	
   this	
   self-­‐assembly	
  

model	
  is	
  not	
  sufficient	
  for	
  explaining	
  how	
  collagen	
  matrices	
  are	
  deposited	
  in	
  a	
  diverse	
  

range	
   of	
   elaborate	
   patterns	
   to	
   serve	
   the	
   purpose	
   of	
   different	
   tissues,	
   such	
   as	
   the	
  

parallel	
  bundles	
  of	
  collagen	
  fibrils	
  in	
  tendon	
  tissue.	
  Early	
  work	
  by	
  Trelstad	
  (1979)	
  and	
  

supported	
  by	
  Birk	
  (1985,	
  1986)	
  suggested	
  that	
  collagen	
  fibrils	
  are	
  in	
  close	
  contact	
  with	
  

the	
   cell	
   surface	
   in	
   membrane	
   recesses.	
   Extended	
   3D	
   reconstructions	
   of	
   serial	
  

transmission	
  electron	
  microscopy	
  (TEM)	
  images	
  of	
  tendon	
  cells	
  later	
  identified	
  plasma	
  

membrane	
   projections	
   and	
   intracellular	
   fibril-­‐containing	
   compartments	
   that	
   are	
   co-­‐

aligned	
  with	
  the	
  actin	
  cytoskeleton	
  (Canty	
  et	
  al.,	
  2004,	
  2006).	
  Taken	
  together	
  these	
  3D	
  

electron	
   microscopy	
   data	
   hint	
   at	
   a	
   role	
   of	
   the	
   actin	
   cytoskeleton	
   in	
   collagen	
   fibril	
  

assembly	
  and	
  alignment.	
  

	
  



 

16	
  
	
  

1.2.1	
   Protrusions	
  of	
  the	
  plasma	
  membrane	
  

Patterning	
  of	
  the	
  tendon	
  matrix	
  occurs	
  during	
  embryonic	
  development;	
  starting	
  from	
  

embryonic	
   day	
   (or	
   days	
   post	
   coitum)	
   E13.5	
   in	
   the	
   developing	
  mouse	
   embryo,	
  when	
  

bundles	
  of	
  parallel	
  narrow	
  (~30	
  nm)	
  collagen	
  fibrils	
  can	
  be	
  observed	
  in	
  the	
  ECM.	
  At	
  the	
  

time	
   of	
   collagen	
   fibrillogenesis,	
   embryonic	
   tendon	
   cells	
   form	
   two	
   major	
   types	
   of	
  

protrusions	
  with	
  their	
  plasma	
  membrane	
  that	
  can	
  be	
  observed	
  by	
  TEM	
  (see	
  Fig.	
  1).	
  The	
  

first	
   type	
  of	
  membrane	
  protrusions	
  extends	
   laterally	
   across	
   the	
  width	
  of	
   the	
   tendon	
  

and	
  form	
  channels	
   in	
  the	
  ECM	
  that	
  contain	
  the	
  collagen	
  fibrils	
  (see	
  Fig.	
  1A,	
  arrows	
  in	
  

inset).	
  These	
  plasma	
  membrane-­‐formed	
  ECM	
  channels	
  were	
  found	
  to	
  be	
  stabilised	
  by	
  

cadherin-­‐11-­‐containing	
   cell-­‐cell	
   junctions	
   (Richardson	
   et	
   al.,	
   2007).	
   Delivery	
   of	
   small	
  

interfering	
   RNAs	
   (siRNAs)	
   targeting	
   cadherin-­‐11	
   into	
   dissected	
   embryonic	
   chick	
  

tendons	
   by	
   electroporation	
   resulted	
   in	
   loss	
   of	
   cell-­‐cell	
   junctions	
   and	
   ECM	
   channels	
  

(Richardson	
  et	
  al.,	
  2007).	
  The	
  loss	
  of	
  ECM	
  channels	
  was	
  coupled	
  with	
  disruption	
  of	
  the	
  

parallel	
   organisation	
   of	
   collagen	
   bundles	
   suggesting	
   that	
   these	
   ECM	
   channels	
   are	
  

involved	
  in	
  maintaining	
  the	
  parallel	
  organisation	
  of	
  collagen	
  fibrils.	
  

	
  

Upon	
   closer	
   inspection	
   of	
   transverse	
   TEM	
   images,	
   membrane-­‐bound	
   collagen	
   fibril-­‐

containing	
   compartments	
   can	
   be	
   observed	
   inside	
   the	
   cell,	
   and	
   double	
   membrane	
  

compartments	
  encapsulating	
  one	
  or	
  two	
  collagen	
  fibrils	
  can	
  be	
  seen	
  close	
  to	
  the	
  cell	
  

surface	
  (Birk	
  and	
  Trelstad,	
  1985,	
  1986).	
  Using	
  3D	
  reconstruction	
  of	
  serial	
  TEM	
  images,	
  

the	
   compartments	
   at	
   the	
   cell	
   surface	
   have	
   been	
   characterised	
   as	
   finger-­‐like	
  

protrusions	
   of	
   the	
   plasma	
   membrane,	
   called	
   fibripositors,	
   which	
   extend	
   from	
  

intracellular	
  fibril	
  containing	
  compartments	
  called	
  fibricarriers	
  into	
  the	
  ECM	
  (Canty	
  et	
  

al.,	
   2004;	
   see	
   Fig.	
   1B).	
   Fibripositors	
   are	
   actin-­‐stabilised,	
   tension-­‐sensitive	
   structures	
  

and	
   their	
   appearance	
   corresponds	
   with	
   the	
   establishment	
   of	
   the	
   tendon	
   matrix,	
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%&$! B%?<&@LR! CT4TBBBT44CCCC44T4T4! TBTBTT4TTTCBT44C4C4T! LLO!.@!

%&$! TBU8^! B4TTTBBTC4TT4CB4CBBC! T4TT44CBCBCCCB4CBCBB! LLD!.@!

?(-&0! B%?<&@LR! 4TTCBCCBBBCC4444C44C! 44TTTBTC4TC44C44CBB4! DpL!.@!

?(-&0! TBU8^! TBT4CBBCTTB444TT4CT4! TBCBBTC44CCCT44C4CBT! DRP!.@!

)?1)X*0! B%?<&@P! BCTB4C444TTCCC4BBCC4T4! BCBBCB4C4TTT4CTT4C4C4B! LMP!.@!

)?1)X*0! B%?<&@DR! TTC44B4TB4CTTTBBBBTCBC! TCBTCT44CCCCBB4B444CC4! LON!.@!

)?1)X*0! B%?<&@LR! 4TTBCBBBTBTCCBTBTT44! T4444C4CT4C4CCTCBC4C! LDP!.@!

)?1)X*0! 8ZCD! CC4TCTTT4CBTTBBBB4C4BB! 44TC4TBTT4C4TTBT4T4T! LDP!.@!

)?1)X*0! A&)<&@D! 4TTBT4BC4TTBTCCBTC44! TTTT4CB4TC4TBBTT4BTB! LDD!.@!

)?1)X*0! TBU8^! CC4C4C4TTCBBBT4CCBBT! CB4C4TCCCB444TB4T44T! LMM!.@!

)?1)X*0! CdZDBD! C4TBBTBBTTC4C4TC4TC4! BTTBTCCBBT4CBB4TB4TT! DR7!.@!

)?1)X*0! IfD!J.%+0*)90! TB4CBCCTCBTBCBBBBTT4! TBCCBC4TCCBBBTCC4BBT! LMN!.@!

)?1)X*0! ;4TSD!10$*<%10!kD! BB4T4TT4TCB4TCBTB4T4! 44TB4CTB4CTCBT44TBBT! LLM!.@!

)?1)X*0! ;4TBDD!10$*<%10!qDD! B4TBCBTCC44CT4C4TC44! T4CBTC4T4T4CCBTCBCB4! LDp!.@!

)?1)X*0! BC4fD!qE&)9010! 4CBCBTBCB4CT4CCBTBTC! C4CC4TBTBBTTCT4TT4BT! LMP!.@!

)?1)X*0! 4fQD!$*0'10! BCBBCT4C4TCCBCC4C444! CCCCBBB44CBC44CCC4C4! LMP!.@!

)?1)X*0! ]CZ!=10)(#10! TT4CT4CT4C4BTCCBB4T4! CBTBCBCC4CC4TTT4CB44! LDO!.@!

)?1)X*0! A?+B! CCCBBCT4TCC4B4CB4C44! TCBTC4C4BT4TTCCB444C! LDL!.@!

)?1)X*0! A&)D! TCCB4TTCBBBBTBTB4BTT! 44TTCB44TBB4T4TB4TC4! LLM!.@!

)?1)X*0! C2)OL! C4TT4TT4TCB4C4CCC4B4!! BBBTT4CC4TCBCBCBB4CC! LD7!.@!

)?1)X*0! A?+\! CT4TB4TBCCCCBBBBC4C4! 4CBCCT4T4T444C444TTB! DpP!.@!

-+('*! B%?<&@P! TC4TC4T4CBBCB4C4TTBB! 4CBTTC4CCBBCBTTBTBT4! LON!.@!

-+('*! B%?<&@DR! TCCCBTBCBC4CBBTBBBTT! 4T4CT4C4BCBC4TTC44TT! Dh7!.@!

-+('*! B%?<&@LR! TCCB44CBTC4CBBCBT4CB!! 4BTTTC44TB4TBCCCB44C!! LDL!.@!

-+('*! B%?<&@LR!F53+0PEDDG! 4TC4T44CBCBCCBB4TTB4! BBCB4TBCCTCBTC44C4C4! PLO!+%!7RR!.@!
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L! CC4TCTTTBBB44TBTBT4B!! T4TTCTTB4444C44CB4T4!! RMR!.@! RMR!.@!

7! TBBTBBCT44CCBTCBTBTT!! T44CB4TCTT44C44TTB44!! NPP!.@! NPP!.@!

O! BTBTBBTC4TCTT4CB4T44!! 4BTTTC44TB4TBCCCB44C!! RLD!.@! E!

h! BTBTBBTC4TCTT4CB4T44!! CBTTTB4BCC4TCC4T4TB4!! E! RLD!.@!

P! TCCB44CBTC4CBBCBT4CB!! BTTBTBBBCTTBBTBCBCCB!! RMM!.@! E!

N! CB4TT4T4TBTTTBTC444C!! TTC4CCBCBTT4BBTTBBCB!! Nhp!.@! E!

R! CBBBTB4T4CC4TTCTBBB4!! 4C4C4444T4TTTCBBB4CC!! E! RD7!.@!

p! TC44T4TTBBTC4TTBTBC4!! CBTTTB4BCC4TCC4T4TB4!! NPN!.@! E!

DM! TTT444C4T4T4T4CCC4T4!! 4C4C4444T4TTTCBBB4CC!! NhL!.@! E!
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         1                                                       50!
 Wild Type MEVEDSGGVV LTAYHSHARS QPQGAEPRCA SRASHPLSRK SIPRCRRINR !
 Predicted MEVEDSGGVV LTAYHSHARS QPQGAEPRCA SRASHPLSRK SIPRCRRINR !
Arhgap28del MEVEDSGGVV LTAYHSHARS QPQGAEPRCA SRASHPLSRK SIPRCRRINR!
!
        51                                                       100!
 Wild Type MLSNESLHPP SFSRSNSQAS VDSSASMEEF LREIESIKES SVGASQEQPP!
 Predicted MLSNESLHPP SFSRSNSQAS VDSSASMEEF LREIESIKES SVGASQEQPP!
Arhgap28del MLSNESLHPP SFSRSNSQAS VDSSASMEEF LREIESIKES SVGASQEQPP!
!
       101                                                       150!
 Wild Type TAAAAAAEVK PVDEGELEAE WLQDVGLSTL ISGNEEEDGK ALLSTLTRTQ!
 Predicted TAAAAAAEVK PVDEGELEAE WLQDVGLSTL ISGNEEEDGK ALLSTLTRTQ!
Arhgap28del TAAAAAAEVK PVDEGELEAE WLQDVGLSTL ISGNEEEDGK ALLSTLTRTQ!
!
       151                                                       200!
 Wild Type AAAVKKRYNT YTQTLRKKNK QPVRDVRDIF GVSESPPSDS CEHATQLDGT!
 Predicted AAAVKKRYNT YTQTLRKKNK QPVRDVRDIF GVSESPPSDS CEHATQLDGT!
Arhgap28del AAAVKKRYNT YTQTLRKKNK QPVRDVRDIF GVSESPPSDS CEHATQLDGT!
!
       201                                                       250!
 Wild Type KEEKDLPGVT KTSRPLPDDA SLSSTTLSNG AQDEEGGFVA LQSGSVSILE!
 Predicted KEEKDLPGVT KTSRPLPDDA SLSSTTLSNG AQDEEGGFVA LQSGSVSILE!
Arhgap28del KEEKDLPGVT KTSRPLPDDA SLSSTTLSNG AQDEEGGFVA LQSGSVSILE!
!
       251             end of EXON 6"                            300!
 Wild Type AIPDIAVHTN GSADAEQSVQ STLSDDDYHG KNVPAEAEEL SFEVSYSEMV!
 Predicted AIPDIAVHTN GSADAEQSVQ STLSVFSESR GIRSGIGRNF STLGMYCQSQ!
Arhgap28del AIPDIAVHTN GSADAEQSVQ STLSGPRSRK PKKKNPNKED KRPRTAFTAE!
!
       301                                                       350!
 Wild Type TEMPDRNKWK KSDIKKEDYV LTKFIIQKTR FGLTETGDLS VEDMKKIRHL!
 Predicted AVPRRTGCQV QC-!
Arhgap28del QLQRLKAEFQ TNSFFRKSRN QVWNRKEFFD SRDVLPKSSS TAKNWMPGSM!
!
       351                                  "start of GAP domain 400!
 Wild Type SLIELTAFFD AFGIQLKRNK TERVRGRDNG IFGVPLTVLL DNDRKKDPAV!
Arhgap28del LTSSSGTRCV TEKLRSC-!
!
       401                                                       450!
 Wild Type KVPLVLQKFF QKVEESGLES EGIFRLSGCT AKVKQYREEL DARFNADKFK!
!
       451                                                       500!
 Wild Type WDKMCHREAA VMLKAFFREL PTSLFPVEYI PAFISLMERG PDIKVQFQAL !
!
       501                                                       550!
 Wild Type HLMVMALPDA NRDTAQALMA FFNKVIANES KNRMNLWNIS TVMAPNLFFS !
!
       551                                                       600!
 Wild Type RSKHSDCEEL LLANTATHII RLMLKYQKIL WKVPSFLITQ VRRMNEATML!
!
       601                                                       650!
 Wild Type LKKQLPSMKK LLRRKTLDRE VSILKTSKVP QKSPSSRRMS DVPEGVIRVH!
!
       651                                                       700!
 Wild Type APLLSKVSMA IQLNSQTKAK DILAKFQYEN SHGSSEHIKM QNQRLYEVGG !
!
       701                                 729!
 Wild Type NIGQHCLDPD AYILDVYHIN PHAEWVIKP-!
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