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Abstract	
  
Severe	
  congenital	
  neutropenia	
  (SCN)	
   is	
  a	
  heterogeneous	
  disorder	
  with	
  the	
  phenotypic	
  

hallmark	
   of	
   "myeloid	
   maturation	
   arrest".	
   Although	
   a	
   large	
   group	
   of	
   the	
   neutropenia	
  

patients	
   have	
   mutations	
   in	
   ELANE/ELA2,	
   the	
   genetic	
   defects	
   underlying	
   Kostmann	
  

syndrome,	
  characterized	
  by	
  autosomal	
  recessive	
  mode	
  of	
  inheritance	
  remained	
  largely	
  

unknown.	
  	
  

The	
   present	
   study	
   illustrates	
   that	
   mutations	
   in	
   HS-­‐1	
   associated	
   protein	
   X1	
   (HAX1)	
  

leading	
  to	
  absence	
  of	
  the	
  respective	
  protein,	
  results	
  in	
  SCN.	
  We	
  identified	
  that	
  HAX1	
  a	
  

ubiquitously	
  expressed	
  mitochondrial	
  protein,	
  exerts	
  its	
  antiapoptotic	
  function	
  through	
  

maintenance	
   of	
   mitochondrial	
   membrane	
   potential	
   (MMP/ΔΨM).	
   HAX1	
   deficient	
  

neutrophils	
  showed	
  an	
  increased	
  rate	
  of	
  ROS	
  production	
  and	
  accelerated	
  degradation	
  of	
  

catalase,	
   a	
   primary	
   antioxidant	
   defense	
   protein.	
   HAX1	
   deficient	
   neutrophils	
   show	
  

defective	
  mitochondrial	
  biogenesis	
  marked	
  by	
  elevated	
  AMP/ATP	
  ratio	
  as	
  exemplified	
  

by	
   increased	
   activation	
   of	
   AMP	
   activated	
   protein	
   kinase	
   α	
   (AMPKα)	
   and	
   decrease	
   in	
  

mitochondrial	
   mass.	
   Expression	
   of	
   beclin-­‐1,	
   an	
   autophagy	
   essential	
   protein	
   was	
  

increased	
   in	
  HAX1	
  deficient	
   neutrophils,	
   accompanied	
  by	
   an	
   increase	
   in	
   the	
  ATG12-­‐5	
  

complex	
   formation	
   as	
   compared	
   to	
   healthy	
   control	
   cells.	
   Furthermore,	
   transmission	
  

electron	
   microscopy	
   studies	
   revealed	
   evidence	
   of	
   increased	
   autophagy	
   in	
   HAX1	
  

deficient	
  neutrophils.	
  These	
  observed	
  effects	
  are	
   specific	
   to	
  HAX1	
  deficiency,	
   as	
   these	
  

biochemical	
  aberrations	
  were	
  not	
  observed	
   in	
  patients	
  with	
  mutation	
   in	
  ELA2	
  or	
  SCN	
  

patients	
   expressing	
   functional	
   HAX1.	
   Moreover	
   the	
   phenotype	
   was	
   observed	
   only	
   in	
  

neutrophils	
  and	
  not	
  in	
  HAX1	
  deficient	
  lymphoid	
  or	
  monocytic	
  cells.	
  	
  

Our	
   results	
  unravel	
   a	
  novel	
   role	
  of	
   the	
   antiapoptotic	
  protein	
  HAX1	
   in	
  maintenance	
  of	
  

cellular	
  homeostasis	
  in	
  neutrophil	
  granulocytes,	
  by	
  simultaneously	
  regulating	
  apoptosis	
  

(PCD-­‐I)	
  and	
  autophagy	
  (PCD-­‐II).	
  

	
  

Keywords:	
   Severe	
   congenital	
   neutropenia,	
   neutrophils,	
   HS-­‐1	
   associated	
   protein	
   X1	
  

(HAX1),	
  mitochondria,	
  apoptosis,	
  autophagy	
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Zusammenfassung	
  
Die	
  schwere	
  kongenitale	
  Neutropenie	
  (SCN)	
  stellt	
  ein	
  heterogenes	
  Krankheitsbild	
  dar,	
  

welches	
   phänotypisch	
   durch	
   einen	
   Reifungsstop	
   der	
   myeloiden	
   Differenzierung	
  

charakterisiert	
  ist.	
  Obwohl	
  eine	
  große	
  Gruppe	
  von	
  Neutropenie-­‐Patienten	
  eine	
  Mutation	
  

im	
   Gen	
   der	
   Neutrophilen-­‐Elastase	
   (ELANE/ELA2)	
   aufweist,	
   sind	
   die	
   genetischen	
  

Ursachen	
   des	
   klassischen,	
   autosomal-­‐rezessiv	
   vererbten	
   Kostmann-­‐Syndroms	
  

weitgehend	
  unbekannt.	
  

Im	
   Rahmen	
   dieses	
   Promotionsvorhabens	
   konnte	
   dargelegt	
  werden,	
   dass	
   homozygote	
  

Mutationen	
   in	
   dem	
   Gen	
   HAX1	
   (HS1-­‐Associated	
   protein	
   X1)	
   zu	
   einer	
   ausbleibenden	
  

Proteinexpression	
  dieses	
  Gens	
   führen,	
  was	
   schließlich	
   in	
   einer	
  SCN	
   resultiert.	
  Hierbei	
  

konnten	
   wir	
   zeigen,	
   dass	
   es	
   sich	
   bei	
   HAX1	
   um	
   ein	
   ubiquitär	
   exprimiertes	
  

mitochondriales	
  Protein	
  handelt,	
  welches	
  eine	
  anti-­‐apoptotische	
  Wirkung	
  in	
  myeloiden	
  

Zellreihen	
   durch	
   Aufrechterhaltung	
   des	
   mitochondrialen	
   Membran	
   potentials	
  

(MMP/ΔΨm)	
   vermittelt.	
   So	
   konnten	
   wir	
   veranschaulichen,	
   dass	
   HAX1	
   defiziente	
  

Neutrophile	
   eine	
   erhöhte	
   ROS-­‐Produktion	
   und	
   einen	
   beschleunigten	
   Abbau	
   von	
  

Catalase,	
   einem	
   primären	
   antioxidativen	
   Abwehrprotein,	
   aufweisen.	
   Des	
   Weiteren	
  

konnte	
   eine	
   defiziente	
   mitochondriale	
   Biogenese	
   in	
   HAX1	
   defizienten	
   Neutrophilen	
  

dokumentiert	
  werden,	
  was	
  sich	
  in	
  einem	
  erhöhten	
  AMP/ATP	
  Verhältnis	
  widerspiegelte.	
  

Beispielsweise	
  konnte	
  in	
  diesem	
  Zusammenhang	
  eine	
  gesteigerte	
  Aktivierung	
  der	
  AMP-­‐

aktivierten	
   Proteinkinase	
   α	
   (AMPKα)	
   und	
   eine	
   Verringerung	
   der	
   mitochondrialen	
  

Masse	
  detektiert	
  werden.	
  

Darüber	
   hinaus	
   konnten	
   wir	
   in	
   HAX1	
   defizienten	
   Neutrophilen	
   zeigen,	
   dass	
   die	
  

Expression	
   von	
   Beclin-­‐1,	
   einem	
   essentiellen	
   Protein	
   für	
   den	
   zelluläre	
   Prozess	
   der	
  

Autophagie,	
  im	
  Vergleich	
  zu	
  gesunden	
  Kontrollzellen	
  gesteigert	
  war.	
  Ferner	
  war	
  dieser	
  

Befund	
  mit	
   einer	
   Erhöhung	
   der	
   ATG12-­‐5-­‐Komplexformation	
   assoziiert.	
   Der	
   Phänotyp	
  

einer	
  gesteigerten	
  Autophagie	
   in	
  HAX1	
  defizienten	
  Neutrophilen	
  konnte	
  zudem	
  durch	
  

Transmissions	
   Elektronenmikroskopische	
   Untersuchungen	
   bestätigt	
   werden.	
  

Interessanterweise	
   sind	
  diese	
  beobachteten	
  Effekte	
   spezifisch	
   für	
  die	
  HAX1	
  Defizienz,	
  

da	
   diese	
   biochemischen	
   Veränderungen	
   nicht	
   bei	
   Patienten	
  mit	
   ELA2	
   Defizienz	
   oder	
  

SCN	
  Patienten	
  mit	
   funktioneller	
  HAX1	
  Expression	
  nachgewiesen	
  werden	
  konnten.	
  Des	
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Weiteren	
  wurde	
   dieser	
   Phänotyp	
   nur	
   in	
   Neutrophilen	
   und	
   nicht	
   in	
   lymphoiden	
   oder	
  

monozytären	
  Zellen	
  beobachtet.	
  

Unsere	
   Forschungsergebnisse	
   zeigen	
   eine	
   neue	
   Rolle	
   des	
   anti	
   apoptotischen	
   Proteins	
  

HAX1	
   in	
   der	
   simultanen	
  Regulierung	
   von	
  Apoptose	
   (PCD-­‐1)	
   und	
  Autophagie	
   (PCD-­‐II)	
  

auf	
   und	
   verdeutlichen	
   die	
   essentielle	
   Bedeutung	
   von	
  HAX1	
   für	
   die	
   Aufrechterhaltung	
  

der	
  zellulären	
  Homöostase	
  neutrophiler	
  Granulozyten. 

Keywords:	
   schwere	
   kongenitale	
  Neutropenie	
   (SCN),	
   neutrophiler	
  Granulozyten,	
  HS-­‐1	
  

associated	
  protein	
  X1	
  (HAX1),	
  mitochondrialen,	
  Apoptose,	
  Autophagie	
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1.	
  Introduction	
  

1.1	
  Clinical	
  disease	
  
A	
  proper	
  balance	
  of	
   immunity	
  and	
   tolerance	
   represents	
  a	
   functionally	
   sound	
   immune	
  

system.	
   Disrupted	
   cellular	
   homeostasis	
   leading	
   to	
   abberant	
   function	
   of	
   the	
   immune	
  

system,	
  impairing	
  biological	
  activity	
  of	
  a	
  cell,	
  tissue	
  or	
  an	
  organism	
  manifests	
  clinically	
  

evident	
   symptoms.	
   A	
   tilt	
   in	
   the	
   balance	
   of	
   the	
   immune	
   system	
   results	
   either	
   in	
  

hyperreactivity	
   or	
   a	
   dysfunction	
   leading	
   to	
   a	
   state	
   of	
   autoimmunity	
   or	
  

immunodeficiency.	
  	
  	
  

Immunodeficiency,	
   a	
   state	
   of	
   compromised	
   ability	
   of	
   the	
   immune	
   system	
   is	
   further	
  

classified	
   as	
   primary	
   or	
   acquired	
   immunodeficiency.	
   Primary	
   immuno	
   defeciency	
  

includes	
  rare	
  lymphoid	
  and	
  myeloid	
  disorders	
  such	
  as	
  Congenital	
  Neutropenia,	
  in	
  which	
  

the	
   individuals	
   immune	
   system	
   is	
   compromised	
   and	
   hence	
   is	
   highly	
   susceptible	
   to	
  

infections.	
   Immunodeficiency	
   such	
   as	
   Acquired	
   Immuno	
  Deficiency	
   Syndrome	
   (AIDS),	
  

caused	
   by	
   the	
   Human	
   Immuno	
   Deficiency	
   Virus	
   (HIV)	
   is	
   the	
   result	
   of	
   an	
   indirect	
  

impairment	
  of	
  the	
  immune	
  response.	
  Majority	
  of	
  the	
  imunodeficiency	
  are	
  acquired	
  and	
  

are	
  referred	
  to	
  as	
  secondary	
  immuno	
  deficiency.	
  	
  

1.1.1	
  Neutropenia	
  

Neutrophils,	
   account	
   for	
  50-­‐70%	
  of	
   the	
   circulating	
  white	
  blood	
   cells	
   and	
   serve	
   as	
   the	
  

primary	
  source	
  of	
  defense	
  against	
  varied	
   infectious	
  bacteria.	
  Neutrophils	
  extend	
   their	
  

defense	
  against	
  microorganisms	
  by	
  a	
  mode	
  of	
  intracellular	
  killing,	
  termed	
  phagocytosis.	
  

During	
  phagocytosis,	
  the	
  neutrophils	
  engulf	
  and	
  degrade	
  the	
  microorganisms	
  using	
  an	
  

array	
   of	
   cytotoxic	
   agents	
   and	
   serine	
   proteases	
   such	
   as	
   neutrophil	
   elastase	
   [1,	
   2],	
  

cathepsinG	
  [3]	
  and	
  proteinase3	
  [4].	
  	
  

Neutrophils	
  encompass	
  a	
  variety	
  of	
  granules,	
  which	
  are	
  sequentially	
  developed	
  during	
  

their	
  differentiation	
   in	
   the	
  bone	
  marrow.	
  These	
  granules	
  distinguished	
  based	
  on	
   their	
  

proteinaceous	
  content,	
  contribute	
   to	
   the	
  microbicidal	
  activity	
  of	
   these	
  neutrophils	
   [5].	
  

In	
   addition,	
   neutrophils	
   release	
   serine	
   proteases	
   along	
   with	
   chromatin	
   into	
   the	
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extracellular	
  matrix	
  to	
  form	
  neutrophils	
  extracellular	
  traps	
  (NETs),	
  which	
  further	
  help	
  

in	
  trapping	
  and	
  killing	
  the	
  bacteria	
  [6].	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Fig	
  1.	
  Microbicidal	
  activity	
  of	
  neutrophil	
  granulocytes	
  
Neutrophils	
   ingest	
   and	
   transport	
   the	
   bacteria	
   inside	
   the	
   phagolysosome,	
   whereby	
   they	
   are	
   directly	
  
degraded	
  by	
  the	
  cationic	
  serine	
  proteases.	
  Neutrophil	
  extracellular	
  traps	
  (NETs),	
  which	
  are	
  composed	
  of	
  
serine	
   proteases	
   and	
   nuclear	
   constituents,	
   trap	
   and	
   kill	
   bacteria	
   by	
   degrading	
   their	
   virulence	
   factors.	
  
(Source:	
  Christine	
  T.	
  N.	
  Pham,	
  Nature	
  reviews	
  Immunology;	
  2006)	
  
	
  

The	
   recruitment	
   of	
   neutrophils	
   to	
   the	
   site	
   of	
   inflammation	
   is	
   the	
   first	
   line	
   of	
   host	
  

defence	
  against	
  an	
  infection,	
  whereby	
  the	
  recruited	
  neutrophils	
  perform	
  their	
  function	
  

by	
   bacterial	
   phagocytosis	
   and	
   chemokine	
   signaling,	
   thus	
   initiating	
   an	
   inflammatory	
  

response	
  [7].	
  	
  

Persistent	
   quantitative	
   and	
   qualitative	
   abnormalities	
   in	
   mature	
   neutrophils	
   result	
   in	
  

lack	
   of	
   neutrophil	
   function,	
   leading	
   to	
   life	
   threatening	
   infections.	
   A	
   variety	
   of	
   human	
  

diseases	
  including	
  neutropenia,	
  papillon-­‐Lefevre	
  Syndrome	
  (PLS),	
  acute	
  promyelocytic	
  

leukaemia	
   (APL)	
   and	
   Wegner´s	
   granulomatosis	
   have	
   been	
   associated	
   with	
   the	
  

malfunction	
  of	
  neutrophilic	
  serine	
  proteases	
  [7].	
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Fig	
  2.	
  Immune	
  response	
  by	
  neutrophil	
  granulocytes	
  	
  
Activated	
  neutrophils	
  release	
  their	
  serine	
  proteases	
   to	
   the	
  extracellular	
  environment	
  whereby	
  they	
  can	
  
proteolytically	
  modify	
   chemokine	
   activity,	
   activate	
   and	
   inactivate	
   cytokines,	
   activate	
   specific	
   receptors,	
  
and	
  potentially	
  participate	
  in	
  neutrophil	
  migration	
  by	
  cleaving	
  adhesion	
  molecules.	
  (Source:	
  Christine	
  T.	
  
N.	
  Pham,	
  Nature	
  reviews	
  Immunology;	
  2006)	
  
	
  

Neutropenia	
  defines	
  a	
  state	
  of	
  abnormally	
  low	
  number	
  of	
  neutrophils	
  in	
  the	
  peripheral	
  

blood.	
  Severe	
  congenital	
  neutropenia	
  (SCN)	
  originally	
  described	
  by	
  Kostmann	
  in	
  1956	
  

[8],	
   is	
   characterized	
   by	
   paucity	
   of	
   mature	
   neutrophils	
   in	
   the	
   peripheral	
   blood,	
  

accompanied	
  by	
  an	
  early	
  onset	
  of	
  life	
  threatening	
  bacterial	
  infections	
  [9].	
  SCN,	
  marked	
  

by	
   promyelocytic	
   or	
  myelocytic	
   granulocytic	
   differentiation	
   arrest	
   differs	
   from	
   cyclic	
  

neutropenia	
   [10],	
   a	
   related	
   disorder	
   of	
   granulopoiesis	
   characterized	
   by	
   periodic	
  

oscillations	
  in	
  the	
  number	
  of	
  circulating	
  neutrophils	
  [11].	
  The	
  quantitative	
  decrease	
  of	
  

neutrophils	
   in	
   peripheral	
   blood	
   result	
   from	
   defective	
   myeloid	
   differentiation	
   and	
  

migration	
   of	
   the	
   differentiated	
   neutrophils	
   from	
   bone	
  marrow	
   and	
   in	
   some	
   reported	
  

cases,	
   impaired	
   survival.	
   The	
   qualitative	
   abnormalities	
   arise	
   due	
   to	
   defective	
  

chemotaxis	
  of	
  mature	
  neutrophils	
  accompanied	
  by	
  insufficient	
  clearance	
  of	
  pathogenic	
  

bacteria.	
   Advancements	
   in	
   neutropenia	
   research	
   over	
   the	
   past	
   years	
   have	
   identified	
  

mutations	
   in	
   genes	
   encoding	
  ELA2	
   [12],	
  WAS	
   [13,	
   14],	
  GFI1	
   [15]	
   and	
  P14	
   [16]	
   as	
   the	
  

cause	
  of	
  severe	
  congenital	
  neutropenia.	
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1.2	
  APOPTOSIS	
  
Programmed	
  cell	
  death	
  commonly	
  referred	
  as	
  apoptosis,	
  is	
  an	
  evolutionarily	
  conserved	
  

biochemical	
   process	
   [17-­‐19].	
   Dysregulation	
   of	
   apoptosis	
   results	
   in	
   disturbances	
   of	
  

cellular	
  homeostasis	
  causing	
  a	
  number	
  of	
  human	
  pathologies	
  including	
  cancer	
  [20,	
  21],	
  

autoimmune	
   diseases,	
   immunodeficiency	
   [22]	
   and	
   neurodegenerative	
   disorders	
   [10,	
  

23].	
  Apoptosis	
  is	
  marked	
  by	
  a	
  well	
  defined	
  sequence	
  of	
  morphological	
  changes	
  in	
  a	
  cell.	
  

Apoptosis	
   occurs	
   through	
   two	
   major	
   pathways,	
   the	
   extrinsic	
   and	
   intrinsic	
   pathway,	
  

classified	
  based	
  on	
  the	
  source	
  of	
  death	
  stimuli.	
  Both	
  the	
  intrinsic	
  and	
  extrinsic	
  pathways	
  

of	
   apoptosis	
   culminate	
   the	
   activation	
   of	
   a	
   series	
   of	
   death	
   proteases	
   termed	
   caspases	
  

(cysteine-­‐aspartic	
  acid	
  proteases)	
  [24].	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  
	
  
Fig	
  3.	
  Role	
  of	
  apoptosis	
  in	
  tissue	
  homeostasis	
  
Apoptosis	
   maintains	
   tissue	
   homeostasis	
   by	
   balancing	
   cellular	
   life	
   and	
   death.	
   Dysregulated	
   apoptotic	
  
pathways	
   disrupt	
   the	
   balance,	
   resulting	
   in	
   diseases	
   of	
   premature	
   cell	
   loss	
   or	
   unrelenting	
   cell	
   survival.	
  
(Source:	
  LD	
  Walensky,	
  Cell	
  Death	
  and	
  Differentiation;	
  2006)	
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The	
  extrinsic	
  pathway	
  of	
  apoptosis	
  begins	
  at	
  the	
  cell	
  surface,	
   involving	
  ligand	
  induced	
  

activation	
  of	
  death	
  receptors	
  [20,	
  25].	
  Extracellular	
  death	
  stimuli	
  such	
  as	
  the	
  Fas	
  ligand	
  

directly	
  activate	
  the	
  death	
  receptors	
  located	
  on	
  cell	
  surface	
  [26,	
  27].	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Fig	
  4.	
  Extrinsic	
  pathway	
  of	
  apoptosis	
  	
  
The	
   figure	
   illustrates	
   the	
   distinct	
   composition	
   of	
   the	
   Death-­‐Inducing-­‐Signaling	
   Complex	
   (DISC)	
  
downstream	
   of	
   the	
   various	
   death	
   receptors	
   TNFR1,	
   CD95,	
   and	
   DR4/5.	
   (Source:	
   Nika	
   N.	
   Danial	
   and	
  
Stanley	
  J.	
  Korsmeyer,	
  Cell;	
  2004)	
  
	
  

Death	
   receptors	
   characterized	
   by	
   the	
   presence	
   of	
   extracellular	
   cysteine	
   rich	
   domains	
  

(CRD´s)	
  such	
  as	
  TNFR1,	
  Fas	
  and	
  DR3	
  contain	
  a	
  death	
  domain	
  (DD)	
  in	
  the	
  intracellular	
  

compartment	
  [25]	
  and	
  recruits	
  adapter	
  proteins,	
  such	
  as	
  Fas	
  associated	
  death	
  domain	
  

(FADD)	
  through	
  homotypic	
  interactions	
  [10].	
  The	
  activated	
  homotrimeric	
  death	
  ligands,	
  

upon	
   binding	
   with	
   the	
   death	
   receptors,	
   induce	
   their	
   oligomerization.	
   The	
   receptor	
  

associated	
  adapter	
  molecule,	
  such	
  as	
  FADD	
  recruits	
  the	
  initiator	
  caspase	
  procaspase-­‐8	
  

or	
   procaspase-­‐10	
   to	
   DISC	
   for	
   activation	
   [25].	
   The	
   activated	
   caspase-­‐8	
   subsequently	
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cleaves	
   and	
   activates	
   the	
   effector	
   caspases,	
   caspase	
   -­‐3	
   and	
   -­‐7.	
  Alternatively,	
   activated	
  

caspase-­‐8	
   also	
   physiologically	
   targets	
   Bid	
   (BH3	
   interacting	
   death	
   domain	
   agonist),	
   a	
  

member	
  of	
  the	
  Bcl-­‐2	
  family	
  of	
  proteins,	
  resulting	
  in	
  the	
  cleavage	
  of	
  the	
  c-­‐terminal	
  of	
  Bid.	
  

The	
  resulting	
  tBid	
  (truncated	
  c-­‐terminal	
  of	
  Bid)	
  translocates	
  to	
  the	
  outer	
  membrane	
  of	
  

the	
  mitochondria	
  and	
   induces	
  the	
  release	
  of	
  proapoptotic	
   factors,	
  which	
  then	
   initiates	
  

an	
   intrinsic	
   cell	
  death.	
  Thus	
   the	
  extrinsic	
  pathway	
  of	
  apoptosis	
  also	
   culminates	
  at	
   the	
  

intrinsic	
  pathway	
  of	
  apoptosis	
  [28].	
  

The	
   intrinsic	
   pathway	
   of	
   apoptosis	
   begins	
  with	
   intracellular	
   stress	
   signals	
   that	
   target	
  

cellular	
   organelles	
   such	
   as	
   mitochondria	
   for	
   the	
   release	
   of	
   cytochrome	
   c	
   and	
   other	
  

apoptotic	
  factors,	
  which	
  when	
  released	
  activates	
  the	
  caspase	
  via	
  the	
  apoptotic	
  protease	
  

activating	
  factor-­‐1	
  (Apaf-­‐1).	
  The	
  intrinsic	
  pathway	
  of	
  apoptosis	
  results	
  due	
  to	
  a	
  variety	
  

of	
   stimuli	
   such	
   as	
   nutrient	
   deprivation,	
   DNA	
   damage,	
   Hypoxia,	
   ER	
   stress	
   [29]	
   or	
  

unfolded	
  protein	
  response	
  (UPR).	
  

1.2.1	
  Mitochondria	
  in	
  apoptosis	
  

Mitochondria,	
   the	
   powerhouse	
   of	
   the	
   cell	
   are	
   membrane	
   enclosed	
   organelles	
   that	
  

principally	
   generate	
   adenosine	
   triphosphates	
   (ATP)	
   through	
   the	
   process	
   of	
   aerobic	
  

respiration,	
  more	
  commonly	
  referred	
  to	
  as	
  oxidative	
  phosphorylation	
  [30].	
  In	
  addition	
  

to	
  supplying	
  cellular	
  energy,	
  the	
  mitochondria	
  are	
  involved	
  in	
  a	
  variety	
  of	
  other	
  cellular	
  

processes	
  such	
  as	
  signaling,	
  differentiation,	
  cell	
  cycle,	
  growth	
  and	
  cell	
  death	
  [31,	
  32].	
  A	
  

mitochondrion,	
   majorly	
   composed	
   of	
   phospholipid	
   bilayers	
   and	
   proteins	
   is	
  

compartmentalized	
   as	
   outer	
   mitochondrial	
   membrane,	
   intermembrane	
   space,	
   inner	
  

membrane,	
  cristae	
  and	
  the	
  matrix	
  [33].	
  

Although	
  most	
  of	
  cellular	
  DNA	
  is	
  contained	
  in	
  the	
  nucleus,	
  the	
  mitochondria	
  have	
  their	
  

own	
   independent	
   genome	
   and	
   hence	
   the	
   mitochondrial	
   proteome	
   is	
   dynamically	
  

regulated	
   [30,	
   31].	
   Despite	
   its	
   predominant	
   role	
   in	
   ATP	
   synthesis,	
   mitochondria	
   are	
  

being	
   majorly	
   studied	
   for	
   their	
   role	
   in	
   apoptosis	
   [32].	
   The	
   intrinsic	
   pathway	
   of	
  

apoptosis,	
   initiated	
  by	
  stress	
  stimuli	
  originating	
   from	
  different	
   intercellular	
  organelles	
  

such	
  as	
  the	
  nucleus,	
  lysosomes,	
  endoplasmic	
  reticulum	
  or	
  mitochondria,	
  begins	
  with	
  the	
  

permeabilization	
   of	
   the	
   mitochondrial	
   outer	
   membrane	
   [28,	
   34]	
   by	
   proapoptotic	
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members	
   of	
   the	
   Bcl-­‐2	
   family	
   [35-­‐38].	
   Hence	
   the	
   intrinsic	
   pathway	
   is	
   also	
   most	
  

commonly	
  referred	
  to	
  as	
  the	
  mitochondrial	
  pathway	
  of	
  apoptosis.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Fig	
  5.	
  Mitochondria	
  and	
  intrinsic	
  pathway	
  of	
  apoptosis	
  	
  
Pathway	
   regulating	
  mitochondrial	
   stress,	
   ATP,	
   ΔΨm,	
   ROS	
   levels,	
   autophagy,	
   cell	
   survival	
   and	
   apoptosis	
  
(Modified	
  from	
  source:	
  Huafeng	
  Zhang	
  et	
  al.,	
  JBC;	
  2008)	
  
	
  
Mitochondrial	
   defect	
   leading	
   to	
   the	
  opening	
  of	
   the	
  PTP	
   is	
   a	
   central	
   component	
   of	
   the	
  

intrinsic	
  mitochondrial	
   death	
   pathway	
   [37,	
   39]	
   and	
   this	
   opening	
   of	
   the	
   PTP	
   has	
   also	
  

been	
   reported	
   in	
   case	
  of	
  hypoxia,	
   increased	
   intracellular	
   calcium,	
   as	
  well	
   as	
  oxidative	
  

stress	
   injury	
   [38].	
   Once	
   the	
   mitochondrion	
   is	
   permeabilized,	
   cell	
   death	
   proceeds	
  

regardless	
  of	
  caspase	
  activation	
  or	
  eventual	
  loss	
  of	
  mitochondrial	
  functions	
  [40].	
  Upon	
  

induction	
  of	
  apoptosis,	
   the	
  mitochondrion	
  releases	
  apoptogenic	
   factors	
   that	
  activate	
  a	
  

family	
   of	
   cysteine	
   proteases	
   called	
   caspases	
   [41].	
   Cytochrome	
   c,	
   one	
   of	
   the	
   released	
  

proapoptotic	
   factors,	
   interacts	
   with	
   Apaf-­‐1	
   and	
   facilitates	
   a	
   conformational	
   change	
  

resulting	
   in	
   its	
  oligomerization	
  and	
   recruitment	
  of	
   caspase-­‐9	
   to	
   form	
   the	
  apoptosome	
  

[28].	
  The	
  apoptosome	
  associated	
  caspase-­‐9	
  is	
  thereby	
  activated	
  and	
  in	
  turn	
  cleaves	
  and	
  

activates	
   the	
   executioner	
   caspases,	
   caspase-­‐3	
   and	
   caspase-­‐7.	
   	
   These	
   activated	
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executioner	
   caspases	
   then	
   cleave	
   key	
   substrates	
   in	
   the	
   cell,	
   creating	
   an	
   avalanche	
   of	
  

biochemical	
  events	
  resulting	
  in	
  cell	
  death	
  [41].	
  Both	
  the	
  extrinsic	
  and	
  intrinsic	
  pathway	
  

of	
  death	
  converges	
  at	
  mitochondrial	
  membrane	
  permeabilization	
  (MMP/ΔΨm)	
  [34]	
  and	
  

is	
  tightly	
  regulated	
  by	
  the	
  Bcl-­‐2	
  family	
  proteins	
  [28,	
  42].	
  

1.2.2	
  Bcl-­‐2	
  proteins	
  

The	
  Bcl-­‐2	
   (B-­‐cell	
   lymphoma-­‐2)	
   family	
   of	
   proteins	
  plays	
   a	
   central	
   role	
   in	
   apoptosis	
   by	
  

regulating	
   the	
   release	
   of	
   apoptotic	
   factors	
   from	
  mitochondria	
   [43].	
   The	
   antiapoptotic	
  

protein	
   Bcl-­‐2	
   extends	
   survival	
   against	
   varied	
   apoptotic	
   signals	
   including	
   nutrient	
  

deprivation,	
  UV	
  radiation,	
  calcium	
  ionophores	
  and	
  free	
  radicals	
  [23].	
  Intracellular	
  death	
  

stimuli	
   such	
   as	
   oxidative	
   stress	
   or	
   DNA	
   damage	
   generally	
   results	
   in	
   the	
   activation	
   of	
  

BH3-­‐only	
   Bcl-­‐2	
   proteins,	
   which	
   causes	
   the	
   release	
   of	
   apoptotic	
   factors	
   such	
   as	
  

cytochrome-­‐c	
   from	
   the	
   mitochondrial	
   intermembrane	
   space	
   to	
   the	
   cytoplasm.	
   The	
  

release	
   of	
   such	
   apoptotic	
   factors	
   is	
  mediated	
   by	
   the	
   proapoptotic	
   Bcl-­‐2	
   proteins,	
   Bax	
  

and	
  Bak	
  and	
  is	
  antagonized	
  by	
  the	
  antiapoptotic	
  Bcl-­‐2	
  and	
  Bcl-­‐XL	
  proteins	
  [43].	
  

On	
  the	
  basis	
  of	
  their	
  anti	
  or	
  proapoptotic	
  function	
  and	
  their	
  sequence	
  homology	
  to	
  Bcl-­‐2	
  

homology	
   (BH)	
   domains,	
   Bcl-­‐2	
   proteins	
   are	
   subdivided	
   as	
   the	
   antiapoptotic	
  

multidomain,	
   proapoptotic	
   multidomain	
   and	
   the	
   proapoptotic	
   BH3	
   only	
   domain	
  

proteins.	
   Based	
   on	
   their	
   specific	
   role,	
   they	
   are	
   further	
   classified	
   as	
   sensitizers,	
  

derepressors	
  and	
  activators	
  [44].	
  The	
  antiapoptotic	
  multidomain	
  proteins	
  such	
  as	
  Bcl-­‐2	
  

and	
  Bcl-­‐XL	
  that	
  contain	
  all	
  the	
  four-­‐conserved	
  Bcl-­‐2	
  homology	
  (BH)	
  domains,	
  BH1,	
  BH2,	
  

BH3,	
   and	
  BH4,	
   prevent	
   the	
   release	
   of	
   the	
  mitochondrial	
   proteins	
   and	
  other	
   apoptotic	
  

factors	
  from	
  the	
  mitochondria	
  [34].	
  The	
  proapoptotic	
  multidomain	
  Bcl-­‐2	
  proteins	
  such	
  

as	
  Bax	
   and	
  Bak	
   contain	
   the	
   conserved	
  BH1,	
  BH2	
  and	
  BH3	
  domains,	
   but	
   lack	
   the	
  BH4	
  

domain.	
   They	
   exist	
   as	
   monomers	
   in	
   the	
   absence	
   of	
   apoptotic	
   signals	
   [45].	
   upon	
  

activation	
   by	
   an	
   apoptotic	
   stimulus,	
   they	
   form	
   homo	
   oligomers	
   and	
   induce	
   pore	
  

formation	
  in	
  the	
  mitochondria,	
  leading	
  to	
  release	
  of	
  apoptogenic	
  mitochondrial	
  proteins	
  

such	
  as	
  cytochrome	
  c	
  [37].	
  The	
  BH3	
  only	
  proteins	
  such	
  as	
  Bid,	
  Bim	
  and	
  Bad	
  can	
  promote	
  

apoptosis	
  by	
  antagonizing	
   the	
  antiapoptotic	
  proteins	
  or	
   facilitating	
  proapoptotic	
  Bcl-­‐2	
  

members	
  [10,	
  36,	
  46].	
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Fig	
  6.	
  Classification	
  of	
  Bcl-­‐2	
  protein	
  family	
  	
  
BCL-­‐2	
   family	
   proteins	
   are	
   structurally	
   defined	
   by	
   their	
   BCL-­‐2	
   homology	
   domains	
   (BH	
   domains)	
   and	
  
functionally	
   categorized	
   by	
   their	
   ability	
   to	
   inhibit	
   or	
   activate	
   cell	
   death.	
   (Source:	
   LD	
  Walensky,	
   Cell	
  
Death	
  and	
  Differentiation;	
  2006)	
  
	
  
Mcl-­‐1	
   an	
   antiapoptotic	
  member	
   of	
   the	
   Bcl-­‐2	
   family	
   exerts	
   its	
   antiapoptotic	
   effects	
   by	
  

interacting	
   with	
   and	
   antagonizing	
   the	
   proapoptotic	
   Bcl-­‐2	
   proteins	
   such	
   as	
   Bax	
   [47].	
  

Thus	
   the	
   large	
   Bcl-­‐2	
   family,	
   including	
   both	
   pro	
   and	
   antiapoptotic	
   proteins	
   form	
   a	
  

complex	
  network	
  regulating	
  cell	
  survival	
  and	
  cell	
  death	
  [21,	
  45].	
  

1.2.3	
  Caspases	
  

Caspases	
  are	
  a	
  class	
  of	
  intracellular	
  death	
  proteases,	
  participating	
  in	
  both	
  extrinsic	
  and	
  

intrinsic	
   pathway	
   of	
   apoptosis	
   [48].	
   Apart	
   from	
   their	
   prominent	
   role	
   in	
   apoptosis,	
  

caspases	
  have	
  a	
  variety	
  of	
  other	
  biological	
  functions	
  ranging	
  from	
  cell	
  cycle	
  progression	
  

to	
  immune	
  cell	
  development	
  [48,	
  49].	
  Nearly	
  14	
  distinct	
  mammalian	
  caspases	
  of	
  varied	
  

biological	
  function	
  have	
  been	
  identified	
  so	
  far.	
  Caspases	
  that	
  are	
  involved	
  in	
  apoptosis	
  

comprise	
  two	
  groups:	
  the	
  initiator	
  caspases,	
  (caspase	
  -­‐2,	
  -­‐8,	
  -­‐9,	
  and	
  -­‐10)	
  and	
  the	
  effector	
  

caspases,	
  (caspase	
  -­‐3,	
  -­‐6	
  and	
  -­‐7)	
  [48,	
  50]	
  which	
  are	
  targets	
  of	
  initiator	
  caspases.	
  Also	
  a	
  

phylogenetically	
  distinct	
  class	
  of	
  caspases	
  which	
  comprise	
  caspase	
  -­‐1,	
  -­‐4,	
  -­‐5,	
  -­‐11	
  and	
  -­‐12	
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triggers	
  the	
  release	
  of	
  inflammatory	
  mediators	
  through	
  the	
  proteolytic	
  processing	
  of	
  the	
  

precursors	
   of	
   the	
   inflammatory	
   cytokines	
   IL-­‐1β	
   and	
   IL-­‐18	
   [48,	
   51].	
   Caspases	
   are	
  
synthesized	
   in	
   a	
   cell	
   as	
   catalytically	
   inactive	
   zymogens	
   and	
   undergo	
   proteolytic	
  

activation	
  during	
  apoptosis	
  [52].	
  The	
  activation	
  of	
  effector	
  caspases	
  such	
  as	
  caspase-­‐3	
  

or	
  -­‐7	
  is	
  performed	
  by	
  an	
  initiator	
  caspase	
  such	
  as	
  caspase-­‐9,	
  through	
  internal	
  cleavage	
  

to	
   separate	
   the	
   large	
   and	
   the	
   small	
   subunits	
   [41,	
   48,	
   49,	
   53,	
   54].	
   Unlike	
   the	
   effector	
  

caspases,	
  which	
  are	
  activated	
  by	
  proteolytic	
  cleavage,	
  the	
  enzymatic	
  activity	
  of	
  initiator	
  

caspases	
  is	
   initiated	
  by	
  oligomerization	
  through	
  protein-­‐protein	
  interactions	
  mediated	
  

by	
  death	
  effector	
  domains	
  (DEDs)	
  or	
  caspase	
  recruitment	
  domains	
  (CARDs)	
  present	
  in	
  

these	
  caspases	
  [10,	
  41].	
  

1.2.4	
  Inhibitor	
  of	
  apoptosis	
  proteins	
  

The	
  inhibitor	
  of	
  apoptosis	
  (IAP)	
  family	
  of	
  proteins	
  suppresses	
  apoptosis	
  by	
  negatively	
  

regulating	
  caspases	
  [35,	
  54,	
  55].	
  There	
  are	
  eight	
  distinct	
  mammalian	
  IAP´s:	
  XIAP,	
  CIAP-­‐

1,	
   c-­‐IAP-­‐2,	
   ML-­‐IAP/Livin,	
   ILP-­‐2,	
   NAIP,	
   Bruce/Apollon	
   and	
   survivin.	
   The	
   unique	
   and	
  

characteristic	
  property	
  of	
  an	
  IAP	
  is	
  the	
  presence	
  of	
  BIR	
  (baculoviral	
  IAP	
  repeat)	
  domain,	
  

wich	
   possess	
   the	
   ability	
   to	
   bind	
   zinc.	
  Most	
   IAP´s	
   contain	
  more	
   than	
   one	
  BIR	
   domain,	
  

with	
  each	
  BIR	
  domains	
  exhibiting	
  distinct	
  functions	
  [55].	
  In	
  case	
  of	
  XIAP,	
  the	
  third	
  BIR	
  

domain	
   (BIR3)	
   inhibits	
   caspase-­‐9	
  whereas	
   the	
   linker	
   region	
   between	
   BIR1	
   and	
   BIR2	
  

specifically	
  targets	
  caspase-­‐3	
  and	
  -­‐7	
  [56].	
  

1.2.5	
  Endoplasmic	
  reticulum	
  in	
  apoptosis	
  

The	
  endoplasmic	
   reticulum	
   (ER)	
   is	
   a	
  membranous	
   labyrinth	
   comprising	
   a	
  network	
  of	
  

tubules,	
   vesicles	
   and	
   sacs	
   that	
   are	
   interconnected	
   in	
   the	
   cytoplasm	
   [57,	
   58].	
   The	
  

endoplasmic	
  reticulum	
  occurs	
  in	
  two	
  forms	
  as	
  the	
  rough	
  and	
  the	
  smooth	
  ER.	
  They	
  are	
  

differentiated	
   based	
   on	
   their	
   appearance	
   resulting	
   from	
   the	
   presence	
   and	
   absence	
   of	
  

ribosomes.	
   The	
   ER	
   performs	
   specialized	
   functions	
   in	
   a	
   cell	
   ranging	
   from	
   protein	
  

synthesis,	
   calcium	
   sequestration,	
   glycogen	
   synthesis	
   and	
   protein	
   folding	
   [57,	
   59].	
  

Folding	
  and	
  assembly	
  of	
  a	
  protein	
  in	
  the	
  endoplasmic	
  reticulum	
  is	
  a	
  key	
  component	
  in	
  

protein	
   trafficking	
   to	
   the	
   golgi	
   apparatus	
   and	
   lysosomes	
   [60].	
   The	
   ER	
   contains	
  

numerous	
   resident	
   chaperone	
   proteins,	
   which	
   function	
   towards	
   efficient	
   folding	
   of	
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newly	
   synthesized	
   proteins.	
   These	
   ER	
   resident	
   proteins	
   involved	
   in	
   the	
   process	
   of	
  

protein	
  folding	
  can	
  be	
  classified	
  into	
  two	
  categories	
  based	
  on	
  their	
  specific	
  functions.	
  A	
  

first	
   class	
   of	
   proteins	
   referred	
   to	
   as	
   the	
   catalyzers,	
   such	
   as	
   disulfide	
   isomerase	
   (PDI),	
  

which	
  catalyze	
  the	
  protein	
  folding	
  reactions	
  [61,	
  62].	
  A	
  second	
  class	
  of	
  proteins	
  called	
  

chaperones,	
   such	
   as	
   the	
  ER	
   resident	
   immunoglobulin	
  binding	
  protein	
   (BiP)	
  or	
  GRP78	
  

stabilizes	
   energetically	
   unfavorable	
   conformations	
   of	
   polypeptides	
   to	
   minimize	
  

misfolding	
   and	
   facilitate	
   the	
   folding	
   of	
   the	
   newly	
   synthesized	
   proteins	
   to	
   attain	
   their	
  

final	
  conformation	
  [63,	
  64].	
  Thus	
  the	
  catalyzers	
  and	
  the	
  chaperones	
  together	
   facilitate	
  

the	
  maintenance	
   of	
   proteins,	
   preventing	
   aggregation	
   of	
   the	
   folding	
   intermediates	
   and	
  

protein	
  misfolding.	
  

	
  

	
  

	
  

	
  

	
  

	
  
	
  
	
  

	
  
	
  

	
  

	
  
Fig	
  7.	
  Endoplasmic	
  reticulum	
  and	
  intrinsic	
  pathway	
  of	
  apoptosis	
  	
  
Activation	
   of	
   the	
   unfolded	
  protein	
   response	
   (UPR)	
   increases	
   the	
   expression	
   of	
   ER	
   chaperones,	
   such	
   as	
  
GRP78,	
  which	
  bind	
  to	
  unfolded	
  protein	
  to	
  prevent	
  further	
  accumulation.	
  Although	
  unfolded	
  protein	
  might	
  
undergo	
   refolding	
   to	
   promote	
   cell	
   survival.	
   	
   ER	
   stress	
   beyond	
   a	
   certain	
   threshold	
   causes	
   severe	
   DNA	
  
damage	
  resulting	
  in	
  apoptosis	
  and	
  autophagy.	
  (Source:	
  David	
  G	
  Breckenridge	
  et	
  al.,	
  Oncogene;	
  2003)	
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ER	
   stress	
   has	
   been	
   implicated	
   in	
   a	
   variety	
   of	
   common	
   diseases	
   such	
   as	
   diabetes,	
  

ischemia	
  and	
  neurodegenerative	
  disorders	
  [65-­‐69].	
  Alterations	
  in	
  the	
  ER	
  environment	
  

occurring	
  with	
  nutrient,	
  glucose	
  or	
  oxygen	
  deprivation,	
  interference	
  in	
  glycosylation	
  or	
  

calcium	
   flux	
   across	
   membranes,	
   dramatically	
   affects	
   protein	
   folding,	
   resulting	
   in	
  

accumulation	
   of	
   unfolded	
   proteins	
   [57,	
   70].	
   A	
   perturbation	
   of	
   the	
   ER	
   homeostasis	
  

transduces	
   signal	
   cascades	
   collectively	
   referred	
   to	
   as	
   the	
   unfolded	
   protein	
   response	
  

(UPR)	
   and	
   is	
   further	
   characterized	
   by	
   the	
   induced	
   expression	
   of	
   ER	
   chaperones	
   to	
  

control	
  the	
  UPR	
  stress	
  [64,	
  71].	
  	
  

1.2.6	
  CHOP	
  

Growth	
   arrest	
   and	
   DNA	
   damage	
   153	
   (GADD	
   153)	
   commonly	
   referred	
   to	
   as	
   C/EBP	
  

homology	
  protein	
  (CHOP)	
  has	
  been	
  implicated	
  in	
  the	
  cellular	
  response	
  to	
  stress	
  [72-­‐74].	
  

CHOP	
   expression	
   is	
   induced	
   by	
   cellular	
   stress	
   signals	
   such	
   as	
   alkylating	
   agents	
   and	
  

ultraviolet	
   radiation	
   (UV)	
   [75].	
   CHOP	
   encodes	
   a	
   small	
   nuclear	
   protein	
   that	
   dimerizes	
  

with	
  members	
  of	
  the	
  C/EBP	
  family	
  of	
  transcription	
  factors.	
  The	
  resulting	
  CHOP-­‐C/EBP	
  

heterodimers	
   bind	
   specific	
   DNA	
   sequences	
   and	
   activate	
   a	
   set	
   of	
   downstream	
   target	
  

genes	
  such	
  as	
  DOCs	
  leading	
  to	
  cell	
  cycle	
  arrest	
  and	
  thus	
  promoting	
  apoptosis	
  [70].	
  

1.2.7	
  BiP	
  

Immunoglobulin	
  heavy	
  chain	
  binding	
  protein	
  (BiP),	
  identified	
  as	
  an	
  ER	
  localized	
  protein	
  

prevents	
   the	
   secretion	
  of	
   incompletely	
   assembled	
   immunoglobulins	
   in	
  B	
   lymphocytes	
  

The	
  protein	
  family	
  is	
  highly	
  upregulated	
  upon	
  conditions	
  of	
  glucose	
  deprivation	
  [63,	
  64]	
  

and	
   is	
   hence	
   named	
   as	
   glucose	
   regulated	
   protein	
   family	
   (GRPs).	
   BiP	
   is	
   a	
   classical	
  

example	
   of	
   the	
   ER	
   resident	
   chaperone,	
   which	
   stabilizes	
   energetically	
   unfavorable	
  

conformations	
   of	
   polypeptides	
   to	
  minimize	
  misfolding	
   [57].	
   In	
   addition	
   to	
   changes	
   in	
  

the	
   transcriptional	
   machinery,	
   the	
   immediate	
   response	
   to	
   accumulated	
   unfolded	
  

proteins	
   in	
   the	
   ER	
   occurs	
   at	
   the	
   translational	
   level	
   [57,	
   68,	
   70]	
   through	
   one	
   or	
  more	
  

protein	
  kinases	
  that	
  specifically	
  phosphorylate	
  eukaryotic	
  translation	
  initiation	
  factor	
  2	
  

(eIF-­‐2	
   alpha)	
   to	
   inhibit	
   protein	
   synthesis,	
   thereby	
  preventing	
   further	
   accumulation	
  of	
  

unfolded	
  proteins	
  as	
  well	
  as	
  preserving	
  nutrients	
  and	
  energy	
  [76].	
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ER	
   stress	
   also	
   induces	
   conformational	
   changes	
   of	
   Bax	
   and	
   Bak	
   resulting	
   in	
   their	
  

translocation	
  to	
  the	
  mitochondria	
  and	
  the	
  endoplasmic	
  reticulum	
  [70,	
  72,	
  77-­‐79].	
  This	
  

translocated	
  Bak	
  further	
  depletes	
  the	
  ER	
  Ca2+	
  mediating	
  a	
  caspase	
  dependent	
  apoptosis	
  

[72,	
   80,	
   81].	
   Thus	
   the	
   intrinsic	
   pathway	
   of	
   apoptosis	
   irrespective	
   of	
   the	
   originating	
  

organelle,	
  targets	
  the	
  mitochondria	
  for	
  initiation	
  of	
  apoptosis.	
  

1.3	
  Autophagy	
  
The	
   eukaryotic	
   cells	
   comprise	
   two	
   major	
   intracellular	
   degradation	
   pathways	
   as	
  

mediated	
   by	
   the	
   proteosome	
   and	
   the	
   lysosome.	
   The	
   proteasome	
   is	
   a	
   self	
  

compartmentalized	
   complex	
   with	
   catalytic	
   protease	
   activity	
   inside	
   its	
   central	
  

proteinaceous	
   chamber	
   and	
  plays	
   a	
   central	
   role	
   in	
   the	
  degradation	
  of	
   short	
   lived	
  and	
  

abnormal	
  proteins.	
  In	
  contrast,	
  the	
  lysosome	
  is	
  a	
  vesicle	
  that	
  contains	
  many	
  hydrolases,	
  

which	
   are	
   seperated	
   from	
   the	
   cytosol	
   by	
   a	
   limiting	
   membrane.	
   In	
   the	
   lysosomal	
  

pathway,	
   degradation	
   of	
   plasma	
   membrane	
   proteins	
   and	
   extracellular	
   proteins	
   is	
  

mediated	
  by	
  endocytosis,	
  whereas	
  degradation	
  of	
  cytoplasmic	
  components	
  is	
  achieved	
  

through	
  autophagy.	
  Autophagy	
   is	
   a	
  bulk	
  degradation	
  process	
  which	
   is	
   the	
  main	
   route	
  

for	
  sequestration	
  of	
   the	
  cytoplasm	
  into	
  the	
   lysosome.	
  Thus	
  the	
  degradation	
  of	
  cellular	
  

constituents	
   facilitating	
   energy	
   conservation	
   or	
   preventing	
   organelle	
   damage	
   is	
  

achieved	
   by	
   sequestered	
   and	
   distinctly	
   organized	
   events,	
   collectively	
   referred	
   to	
   as	
  

autophagy.	
  	
  	
  

Autophagy,	
   generally	
   induced	
   under	
   physiological	
   stress	
   conditions	
   in	
   a	
   cell	
   such	
   as	
  

starvation,	
   promotes	
   cellular	
   survival	
   by	
   purging	
   the	
   cell	
   of	
   damaged	
   organelles	
   [82,	
  

83],	
   toxic	
   metabolites	
   [82]	
   and	
   intracellular	
   pathogens	
   [83-­‐87].	
   However,	
   autophagy	
  

may	
  also	
  be	
  involved	
  in	
  apoptosis,	
  as	
  excessive	
  autophagy	
  can	
  also	
  promote	
  cell	
  death	
  

through	
   self	
   digestion	
   and	
   degradation	
   of	
   essential	
   cellular	
   constituents	
   [85].	
  

Autophagy	
   is	
   reported	
   to	
  be	
  essentiated	
  by	
  a	
  autophagy	
  regulated	
  genes	
   [90]	
  and	
   the	
  

Bcl-­‐2	
   proteins.	
   A	
   few	
   Bcl-­‐2	
   proteins,	
   apart	
   from	
   their	
   role	
   in	
   apoptosis	
   express	
   anti	
  

autophagic	
  properties	
  by	
   inhibiting	
  Beclin-­‐1	
  mediated	
  autophagy	
   [88-­‐90].	
   In	
   contrast,	
  

overexpression	
  of	
  a	
  few	
  members	
  of	
  the	
  antiapoptotic	
  Bcl-­‐2	
  protein	
  family	
  such	
  as	
  BCl-­‐

XL	
   and	
   BCL-­‐2	
   enhances	
   autophagy	
   [91].	
   Beclin-­‐1,	
   initially	
   identified	
   as	
   a	
   protein	
   that	
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interacts	
  with	
   Bcl-­‐2	
   is	
   an	
   autophagy	
   essential	
   protein	
   and	
   cooperates	
  with	
   Bif-­‐1	
   and	
  

UVRAG	
  to	
  activate	
  Vps34,	
   thus	
   inducing	
  autophagy	
   [92].	
  Autophagy	
  promotes	
  cellular	
  

survival	
   under	
   metabolic	
   stress	
   [76]	
   and	
   upon	
   limitation	
   of	
   intracellular	
   nutrients.	
  

Autophagy	
  related	
  genes	
  maintain	
  cellular	
  energy	
  and	
  survival	
  [90]	
  and	
  a	
  compromised	
  

state	
  of	
  autophagy	
  promotes	
  tumorigenesis	
  or	
  neurological	
  disorder	
  [82,	
  85,	
  86,	
  93-­‐95].	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Fig	
   8.	
   The	
   autophagy	
   pathway	
   in	
   cellular	
   adaptation	
   to	
   nutrient	
   deprivation	
  
Decrease	
   in	
   intracellular	
   nutrients	
   and	
   activation	
   of	
   nutrient	
   sensing	
   signaling	
   pathways	
   stimulate	
  
autophagy.	
  Autophagy	
   involves	
   the	
   sequestration	
  of	
   cytoplasmic	
  material	
   by	
   an	
   isolation	
  membrane	
   to	
  
form	
   the	
   autophagosome.	
   The	
   autophagosome	
  undergoes	
   fusion	
  with	
   a	
   late	
   endosome	
  or	
   lysosome,	
   to	
  
form	
   an	
   autolysosome,	
   in	
   which	
   the	
   sequestered	
   membrane	
   lipids	
   and	
   proteins	
   are	
   degraded	
   by	
   the	
  
autolysosome.	
  This	
   in	
   turn	
  generates	
   free	
   fatty	
  acids	
  and	
  amino	
  acids	
   that	
   can	
  be	
   reused	
  by	
   the	
  cell	
   to	
  
maintain	
  mitochondrial	
  ATP	
  energy	
  production	
  and	
  protein	
  synthesis	
  and	
  thereby	
  promotes	
  cell	
  survival.	
  
(Source:	
  Beth	
  Levine	
  and	
  Junying	
  Yuan,	
  JCI,	
  2005)	
  
	
  

The	
  initial	
  step	
  of	
  autophagy	
  is	
  the	
  elongation	
  of	
  an	
  isolation	
  membrane	
  which	
  enwraps	
  

cytoplasmic	
  constituents	
  such	
  as	
  proteins	
  or	
  organelles	
  and	
  delivers	
  it	
  to	
  the	
  lysosome.	
  	
  

The	
   edges	
   of	
   the	
   isolation	
   membrane	
   then	
   fuse	
   to	
   form	
   a	
   double	
   membranous	
  

autophagosome,	
   which	
   subsequently	
   fuses	
   with	
   the	
   lysosome	
   [96].	
   Lysosomes	
   can	
  

directly	
  engulf	
  cytoplasmic	
  constituents	
  by	
  invagination,	
  protrusion	
  and	
  septation	
  of	
  the	
  

lysosomal	
  limiting	
  membrane.	
  The	
  sequestered	
  cytoplasmic	
  components	
  are	
  degraded	
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by	
  the	
  enclosed	
  hydrolases,	
  together	
  with	
  the	
  inner	
  membrane	
  of	
  the	
  autophagosomes	
  

[97,	
   98].	
   Thus	
   the	
   process	
   of	
   autophagy	
   is	
   characterized	
   by	
   the	
   formation	
   of	
   double	
  

membrane	
   cytosolic	
   vesicles,	
   known	
   as	
   autophagosomes	
   that	
   are	
   later	
   targeted	
   for	
  

fusion	
  with	
   lysosomes.	
  and	
  degraded	
  by	
   the	
  resulting	
  autophagolysosome	
  [76,	
  83,	
  96,	
  

99-­‐102].	
  	
  

1.3.1	
  Autophagy	
  related	
  genes	
  

Several	
   kinases	
   have	
   been	
   reported	
   in	
   the	
   regulation	
   of	
   autophagy	
   [89,	
   103].	
   The	
  

mammalian	
   target	
   of	
   rapamycin	
   (mTOR)	
   is	
   a	
   well	
   characterized	
   protein	
   which	
  

negatively	
  regulates	
  the	
  autophagy	
  pathway	
  [89,	
  104-­‐106].	
  Correspondingly	
  a	
  variety	
  of	
  

mTOR	
  inhibitors	
  activate	
  autophagy.	
  Numerous	
  upstream	
  signalling	
   factors	
  regulating	
  

the	
  mTOR	
   pathway	
   include	
   PI3K/Akt,	
   MAP	
   kinases,	
   AMP	
   dependent	
   protein	
   kinases,	
  

small	
  GTPases,	
  and	
  the	
  trimeric	
  G	
  proteins	
  [106,	
  107].	
  Continuous	
  presence	
  of	
  autocrine	
  

growth	
  factors	
  activate	
  receptor	
  tyrosine	
  kinases	
  (RTKs)	
  associated	
  signal	
  transduction	
  

of	
  the	
  small	
  GTPase	
  Ras	
  and	
  the	
  phosphatidylinositol	
  3-­‐	
  kinase	
  (PI3K).	
  The	
  Ras	
  and	
  the	
  

PI3K	
  converge	
  to	
  activate	
  mTOR,	
  stimulating	
  cell	
  growth	
  and	
  inhibting	
  autophagy	
  [106,	
  

108].	
   A	
   number	
   of	
   autophagy	
   related	
   genes,	
   potentially	
   regulating	
   the	
   autophagic	
  

process	
  have	
  been	
  identified	
  and	
  termed	
  Atg	
  prteins	
  [109-­‐111].	
  Genetic	
  studies	
  in	
  yeast	
  

have	
  identified	
  at	
  least	
  16	
  autophagy	
  related	
  genes	
  (Atg)	
  that	
  encode	
  components	
  of	
  the	
  

autophagic	
   machinery	
   [109,	
   112].	
   The	
   autophagy	
   proteins	
   functionally	
   comprise	
   a	
  

protein	
  kinase	
  autophagy	
  regulatory	
  complex	
  that	
  responds	
  to	
  cellular	
  signal	
  cascade;	
  a	
  

lipid	
  kinase	
  signaling	
  complex	
  that	
  mediates	
  vesicle	
  nucleation,	
  a	
  ubiquitin-­‐like	
  protein	
  

conjugation	
   required	
   for	
   vesicle	
   expansion	
   and	
   a	
   retrieval	
   pathway	
   required	
   for	
   the	
  

disassembly	
  of	
  Atg	
  protein	
  complexes	
  from	
  matured	
  autophagosomes	
  [113].	
  

The	
   phagophore	
   formation	
   during	
   autophagic	
   initiation	
   is	
   marked	
   by	
   the	
   increased	
  

Atg12-­‐5	
  complex	
  formation,	
  whereby	
  Atg12	
  conjugates	
  at	
   its	
  carboxy	
  terminal	
  glycine	
  

to	
  lysine	
  149	
  of	
  Atg5,	
  thus	
  covalently	
  attaching	
  to	
  Atg5	
  [114,	
  115].	
  After	
  the	
  formation	
  

of	
  Atg12-­‐Atg5	
  conjugate,	
  Atg16	
  attaches	
  to	
  Atg5	
  to	
  form	
  the	
  Atg12-­‐Atg5-­‐Atg16	
  complex	
  

essentiating	
  autophagy.	
  LC3,	
  a	
  mammalian	
  homologue	
  of	
  Apg8/Aut7	
  is	
  a	
  protein	
  of	
  the	
  

autophagosome	
  membrane	
  [112],	
  when	
  synthesized	
  is	
  subsequently	
  processed	
  to	
  form	
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cytosolic	
  LC3-­‐I	
  and	
  further	
  converted	
  as	
  LC3-­‐II,	
  by	
  a	
  posttranslational	
  modification.	
  This	
  

converted	
  LC3-­‐II	
  is	
  membrane	
  bound	
  to	
  the	
  outer	
  membrane	
  of	
  the	
  autophagosome.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  
	
  
	
  
	
  
Fig	
  9.	
  The	
  molecular	
  mechanism	
  of	
  autophagy	
  	
  
Together	
   with	
   other	
   ATG	
   proteins	
   such	
   as	
   beclin-­‐1,	
   ATG5–ATG12	
   contribute	
   to	
   the	
   formation	
   of	
   the	
  
autophagosome,	
   which	
   sequesters	
   cytoplasmic	
   material	
   before	
   lysosomal	
   delivery.	
   The	
   ubiquitin-­‐like	
  
attachment	
  of	
  Atg12	
  and	
  Atg5	
  requires	
  the	
  activity	
  of	
  Atg7,	
  which	
  function	
  in	
  a	
  similar	
  manner	
  to	
  E1	
  and	
  
E2	
  enzymes	
   in	
   the	
  ubiquitin	
   system.	
  LC3-­‐I	
   is	
   converted	
   to	
  LC3-­‐II	
   through	
   lipidation	
  by	
  a	
  ubiquitin-­‐like	
  
system	
   involving	
  Atg7	
   and	
  Atg3	
   that	
   allows	
   for	
   LC3	
   to	
   become	
  associated	
  with	
   autophagic	
   vesicles	
   for	
  
efficient	
  autophagy.	
  (Modified	
  from	
  source:	
  Cell	
  signaling	
  technology)	
  
	
  

Thus,	
  the	
  Atg12-­‐Atg5	
  complex	
  formation	
  followed	
  by	
  a	
  unique	
  lipidation	
  modification	
  of	
  

LC3	
  plays	
  an	
  indispensable	
  role	
  for	
  the	
  formation	
  of	
  autophagosome	
  [83,	
  99,	
  110,	
  112,	
  

115-­‐120].	
  The	
  mammalian	
  homologue	
  of	
  Atg6/	
  Beclin-­‐1,	
   is	
   a	
   tumor	
   suppressor	
  and	
  a	
  

part	
  of	
  the	
  PI(3)KC3	
  lipid	
  kinase	
  complex	
  that	
  induces	
  autophagy.	
  Whilst	
  the	
  autophagic	
  

ability	
   of	
   this	
   complex	
   (beclin1-­‐	
   PI(3)KC3)	
   is	
   suppressed	
   by	
   the	
   antiapoptotic	
   BCL-­‐2	
  

protein	
  [124],	
  several	
  pro	
  apoptotic	
  signals	
  (TNF,	
  TRAIL	
  and	
  FADD)	
  induce	
  autophagy	
  

[121-­‐123]	
   providing	
   proof	
   for	
   an	
   extensive	
   cross	
   talk	
   between	
   apoptosis	
   and	
  

autophagy.	
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1.4	
  HAX1	
  
HAX1	
   (HS-­‐1	
   associated	
  protein	
  X1)	
  was	
   primarily	
   identified	
   as	
   a	
  HS1	
   (Hematopoietic	
  

cell	
   lineage	
   specific-­‐1)	
   interacting	
   protein	
   controlling	
   the	
   nuclear	
   localization	
   of	
   HS1	
  

[125].	
   HAX-­‐1,	
   a	
   35	
   KDa	
   intracellular	
   protein	
   is	
   ubiquitously	
   expressed	
   and	
   possess	
  

similarity	
   to	
   the	
  BH1	
  and	
  BH2	
  domains	
   of	
   the	
  Bcl-­‐2	
   family	
  proteins	
   [125].	
   The	
  HAX1	
  

protein	
  majorly	
  localizes	
  to	
  the	
  mitochondria	
  and	
  to	
  a	
  smaller	
  extent	
  to	
  the	
  endoplasmic	
  

reticulum	
   as	
   well	
   as	
   the	
   nuclear	
   envelope	
   [125].	
   HAX1	
   protein	
   is	
   antiapoptotic	
   in	
  

function	
   as	
   it	
   serves	
   as	
   an	
   inhibitor	
   of	
   the	
  mitochondrial	
   initiator	
   caspase,	
   caspase-­‐9	
  

[126]	
  and	
  protects	
  cell	
  death	
  during	
  hypoxia	
  reoxygenation	
  [127].	
  HAX1	
  is	
  up	
  regulated	
  

during	
   various	
   apoptotic	
   stimuli,	
   showing	
   its	
   involvement	
   in	
   both	
   receptor	
   and	
  

mitochondria	
  mediated	
   apoptosis	
   pathways	
   [126].	
   Interestingly,	
   the	
   biological	
   role	
   of	
  

HAX1	
  may	
  not	
  be	
  confined	
   to	
  apoptosis.	
  HAX1	
   interacts	
  with	
  numerous	
  other	
  cellular	
  

proteins	
  such	
  as	
  PKD2	
  [128],	
  cortactin	
  [128],	
   IL-­‐1	
  alpha	
  [129],	
  BSEP	
  [130],	
  Galpha	
  13	
  

[131],	
   Omi/HtrA2	
   [132],	
   PHB2,	
   Phospholamban	
   [133],	
   Caspase-­‐9	
   [126]	
   and	
   SERCA2	
  

[134].	
  HAX1	
  also	
  interacts	
  with	
  viral	
  proteins	
  such	
  as	
  EBNA-­‐LP	
  [135],	
  EBNA5	
  [136],	
  k15	
  

protein	
   of	
   Kaposi-­‐sarcoma	
   virus	
   [137]	
   and	
   HIV-­‐1Vpr	
   [42]	
   whereby	
   its	
   antiapoptotic	
  

effects	
  may	
  be	
  used	
  by	
  the	
  virus	
  to	
  allow	
  infected	
  cells	
  to	
  survive.	
  HAX1	
  is	
  also	
  an	
  RNA	
  

binding	
  protein,	
  as	
   it	
  has	
  been	
  reported	
  to	
   interact	
  with	
  the	
  3´UTR	
  of	
  vimentin	
  mRNA	
  

[138]	
   and	
   3´	
   UTR	
   of	
   DNA	
   polymerase	
   β	
   mRNA	
   [139].	
   The	
   implications	
   of	
   these	
  

interactions	
  remain	
  obscure.	
  Since	
  HAX1	
  controls	
   the	
  nuclear	
   localization	
  of	
  HS-­‐1,	
   the	
  

interaction	
   of	
   HAX1	
   with	
   HS1	
   could	
   be	
   important	
   for	
   signal	
   transduction	
   to	
   the	
  

mitochondria	
   [125].	
   HAX1	
   potentially	
   regulates	
   the	
   ion	
   fluxes	
   originating	
   from	
   the	
  

endoplasmic	
   reticulum	
   through	
   its	
   interaction	
   with	
   PKD2	
   [128].	
   HAX1	
   also	
   interacts	
  

with	
  the	
  HS1	
  related	
  protein	
  Cortactin	
  [128],	
  a	
  major	
  substrate	
  for	
  tyrosine	
  kinase	
  such	
  

as	
  Src,	
  Fer	
  and	
  Syk,	
  and	
  is	
  usually	
  present	
   in	
  the	
  cytosol	
  [131]	
  But	
   in	
  contrast	
  to	
  HS1,	
  

which	
   is	
   specifically	
   expressed	
   in	
   hematopoietic	
   cells,	
   Cortactin	
   is	
   ubiquitously	
  

expressed	
   [128]	
   similar	
   to	
  HAX1	
   [125].	
   HAX1	
   thus	
  may	
   represent	
   also	
   a	
   cytoskeletal	
  

associated	
   protein,	
   in	
   line	
   with	
   the	
   observation	
   that	
   it	
   participates	
   in	
   cell	
   migration	
  

potentiating	
  Galpha	
  13	
  mediated	
  Rac	
  activation	
  [131].	
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2.	
  Focus	
  of	
  the	
  current	
  study	
  

Severe	
  congenital	
  neutropenia	
  (SCN)	
  is	
  a	
  rare,	
  inborn	
  hematological	
  disorder	
  associated	
  

with	
   life	
   threatening	
   bacterial	
   infections.	
   Although	
   previous	
   studies	
   have	
   shown	
   that	
  

mutations	
   in	
   the	
   gene	
   encoding	
   neutrophil	
   elastase	
   (ELA2)	
   [140],	
   Wiskott-­‐Aldrich	
  

syndrome	
   (WAS)	
   gene	
   [13,	
   14],	
   Growth	
   factor	
   independent	
   1	
   (GFI1)	
   [15]	
   and	
   the	
  

endosomal	
   adapter	
   protein	
   (P14)	
   [16]	
   result	
   in	
   neutropenia,	
   the	
   genetic	
   defect	
  

underlying	
   Kostmann	
   syndrome	
   caused	
   by	
   autosomal	
   recessive	
   mode	
   of	
   inheritance	
  

remained	
  largely	
  unknown	
  and	
  the	
  molecular	
  mechanism	
  thus	
  less	
  understood.	
  	
  

The	
  primary	
  objectives	
  of	
  the	
  current	
  study	
  were	
  to	
  identify	
  the	
  genetic	
  defect	
  causing	
  

Kostmann	
  syndrome	
  and	
  understand	
  the	
  molecular	
  etiology	
  underlying	
  the	
  disease.	
  	
  

Specific	
  aims	
  

1)	
  To	
  perform	
  genome	
  wide	
  linkage	
  analysis	
  on	
  families	
  affected	
  by	
  SCN	
  

2)	
   To	
   perform	
   sequencing	
   based	
   screening	
   of	
   canditate	
   genes	
   to	
   identify	
   the	
  

genetic	
  defect	
  underlying	
  SCN	
  

3)	
  To	
  study	
  and	
  analyze	
  the	
  biological	
  functions	
  underlying	
  the	
  identified	
  genetic	
  

defect	
  in	
  a	
  tissue	
  specific	
  manner.	
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3.	
  Materials	
  

3.1	
  Antibodies	
   	
   	
   	
   	
   	
   Company	
  	
  

Actin	
  	
   	
   	
   	
   	
   	
   	
   	
   Santa	
  Cruz	
  	
  
Catalase	
   	
   	
   	
   	
   	
   	
   Epitomics	
  
HAX1	
   	
   	
   	
   	
   	
   	
   	
   BD	
  pharmingen	
  
Atg12	
   	
   	
   	
   	
   	
   	
   	
   Cell	
  signaling	
  
Atg	
  5	
   	
   	
   	
   	
   	
   	
   	
   Cell	
  signaling	
  
LC3B	
   	
   	
   	
   	
   	
   	
   	
   Cell	
  signaling	
  
Beclin-­‐1	
   	
   	
   	
   	
   	
   	
   Cell	
  signaling	
  
AMPK	
  alpha	
  P-­‐	
  (Thr	
  172)	
   	
   	
   	
   	
   Cell	
  signaling	
  
Annexin	
  V	
  (FITC/APC	
  conjugated)	
  	
  	
   	
   	
   Molecular	
  probes	
  
CD34+	
  (PE/FITC	
  conjugated)	
   	
   	
   	
   BD	
  pharmingen	
  
Murine	
  CD24+	
  (FITC	
  conjugated)	
   	
   	
   	
   BD	
  pharmingen	
  
Other	
  	
  CD	
  marker	
  antibodies	
   	
   	
   	
   BD	
  pharmingen	
  
	
  

3.2	
  Cytokines	
   	
   	
   	
   	
   	
   Company	
  	
  

IL-­‐3	
   	
   	
   	
   	
   	
   	
   	
   Peprotech	
  
Il-­‐6	
   	
   	
   	
   	
   	
   	
   	
   Peprotech	
  
FLT-­‐3	
  ligand	
   	
   	
   	
   	
   	
   	
   Peprotech	
  
Thrombopoietin	
   	
   	
   	
   	
   	
   Peprotech	
  
Stem	
  cell	
  factor	
   	
   	
   	
   	
   	
   Peprotech	
  
G-­‐CSF	
   	
   	
   	
   	
   	
   	
   	
   Peprotech	
  
GM-­‐CSF	
   	
   	
   	
   	
   	
   	
   Peprotech	
  
	
  

3.3	
  Cell	
  culture	
  reagents	
  	
   	
   	
   	
   Company	
  	
  

Advanced	
  DMEM	
  medium	
  	
   	
   	
   	
   	
   Gibco	
  
RPMI	
  1640	
  medium	
   	
   	
   	
   	
   	
   Gibco	
  
Collagen	
  A	
   	
   	
   	
   	
   	
   	
   Biochrome	
  	
  
Foetal	
  bovine	
  serum	
  	
  	
   	
   	
   	
   	
   TAA	
  
PBS	
  (phosphate	
  buffered	
  saline)	
   	
   	
   	
   Gibco	
  
Pencillin/streptomycine	
  	
   	
   	
   	
   	
   Gibco,	
  Sigma	
  	
  
Trypsin/EDTA	
  solution	
  	
   	
   	
   	
   	
   TAA	
  	
  
	
  

3.4	
  Chemicals	
  	
   	
   	
   	
   	
   	
   Company	
  	
  

Agarose	
  (Electrophoresis	
  grade)	
  	
   	
   	
   	
   Invitrogen	
  	
  
Ammonium	
  chloride	
  	
   	
   	
   	
   	
   Sigma	
  	
  
Ammonium	
  per	
  sulphate	
  	
   	
   	
   	
   	
   Fluka	
  
Ampicillin	
   	
   	
   	
   	
   	
   	
   Sigma	
  
Bromophenol	
  blue	
  	
   	
   	
   	
   	
   	
   Sigma	
  	
  
BSA	
  (bovine	
  serum	
  albumin)	
  	
   	
   	
   	
   Sigma	
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Chemiluminesence	
  reagents	
  	
   	
   	
   	
   PIERCE	
  
CM-­‐H2DCFDA	
  	
   	
   	
   	
   	
   	
   Molecular	
  probes	
  
dNTP´s	
  	
   	
   	
   	
   	
   	
   	
   Invitrogen	
  
DTT	
  (Di	
  Thi	
  Tritol)	
   	
   	
   	
   	
   	
   Roche	
  
EDTA	
  (N,	
  N,	
  N’,	
  N’-­‐Ethylenediaminotetraacetate)	
  	
  	
   Sigma	
  	
  
Ethanol	
  	
   	
   	
   	
   	
   	
   	
   J.T.Baker	
  	
  
Ethidium	
  bromide	
  	
   	
   	
   	
   	
   	
   Sigma	
  	
  
Etoposide	
   	
   	
   	
   	
   	
   	
   Sigma	
  
Ficol	
  plaque	
   	
   	
   	
   	
   	
   	
   Amersham	
  biosciences	
  
HEPES	
  buffer	
  	
   	
   	
   	
   	
   	
   Sigma	
  	
  
Hydrochloric	
  acid	
  	
   	
   	
   	
   	
   	
   Merck	
  	
  
Hydrogen	
  peroxide	
  	
   	
   	
   	
   	
   	
   Sigma	
  
Isopropanol	
   	
   	
   	
   	
   	
   	
   J.T.Baker	
  
JC-­‐1	
  	
   	
   	
   	
   	
   	
   	
   	
   Molecular	
  probes	
  
KCl	
   	
   	
   	
   	
   	
   	
   	
   Merck	
  
LB	
  agar	
   	
   	
   	
   	
   	
   	
   Merck	
  
Meropenem	
   	
   	
   	
   	
   	
   	
   Pharmacy	
  
Methanol	
  	
   	
   	
   	
   	
   	
   	
   J.T.Baker	
  	
  
Mitotracker	
  red	
  580	
   	
   	
   	
   	
   	
   Molecular	
  probes	
  
Mounting	
  medium	
  with	
  DAPI	
  	
   	
   	
   	
   Vectashield	
  	
  
NA	
  orthovandate	
   	
   	
   	
   	
   	
   Cell	
  signal	
  technology	
  
NNN´N´	
  tetramethylethylenediamine	
  (TEMED)	
  	
   	
   Sigma	
  	
  
PMA	
   	
   	
   	
   	
   	
   	
   	
   Sigma	
  
PMSF	
   	
   	
   	
   	
   	
   	
   	
   Sigma	
  
Polybrene	
   	
   	
   	
   	
   	
   	
   Sigma	
  
Rapamycin	
   	
   	
   	
   	
   	
   	
   Cell	
  signaling	
  
Retronectin	
   	
   	
   	
   	
   	
   	
   TaKaRa	
  
Sodium	
  chloride	
  	
   	
   	
   	
   	
   	
   Merck	
  	
  
Sodium	
  dodecyl	
  sulphate	
  (SDS)	
  	
   	
   	
   	
   Sigma	
  	
  
Sodium	
  hydroxide	
  	
   	
   	
   	
   	
   	
   Merck	
  	
  
Staurosporine	
   	
   	
   	
   	
   	
   Sigma	
  
Stemspan	
   	
   	
   	
   	
   	
   	
   Stem	
  cell	
  technologies	
  
Tetracyclin	
   	
   	
   	
   	
   	
   	
   Sigma	
  
TNF	
  α	
   	
   	
   	
   	
   	
   	
   	
   Sigma	
  
Tunicamycin	
   	
   	
   	
   	
   	
   	
   Sigma	
  
Tris	
  	
   	
   	
   	
   	
   	
   	
  	
   	
   Invitrogen	
  	
  
Triton	
  X	
  100	
   	
   	
   	
   	
   	
   	
   Sigma	
  
Tween	
  20	
  	
   	
   	
   	
   	
   	
   	
   Sigma	
  	
  
Valinomycin	
   	
   	
   	
   	
   	
   	
   Sigma	
  
	
  

3.5	
  Enzymes,	
  DNA	
  and	
  protein	
  ladder	
  	
   	
   Company	
  	
  

Antartic	
  phosphatase	
   	
   	
   	
   	
   NEB	
  
Taq	
  DNA	
  polymerase	
  	
   	
   	
   	
   	
   Roche	
  
Restriction	
  enzymes	
   	
   	
   	
   	
   	
   Fermentas	
  
Precision	
  plus	
  protein	
  ladder	
  (Dual	
  color)	
  	
  	
   	
   BioRad	
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T4DNA	
  ligase	
  	
   	
   	
   	
   	
   	
   NEB	
  
	
  

3.6	
  Laboratory	
  equipment	
  	
   	
   	
   	
   Company	
  	
  

100	
  μm	
  filter	
  	
  	
   	
   	
   	
   	
   	
   Nalgene	
  	
  	
  
Centrifuge	
  	
   	
   	
   	
   	
   	
   	
   Sorval,	
  Eppendorf	
  	
  
Electrophoresis	
  apparatus	
  for	
  PAGE	
  	
   	
   	
   BioRad	
  	
  
Fluorescence	
  microscope	
  	
   	
   	
   	
   	
   Carl	
  Zeiss	
  
Gel	
  doc	
  	
   	
   	
   	
   	
   	
   	
   Syngene	
  	
  
Chemi	
  doc	
   	
   	
   	
   	
   	
   	
   BioRad	
  
Thermo	
  mixer	
  	
   	
   	
   	
   	
   	
   Eppendorf	
  
Neubauer	
  chamber	
  	
   	
   	
   	
   	
   	
   Marienfeld	
  	
  
PCR	
  master	
  cycler	
  	
   	
   	
   	
   	
   	
   Eppendorf	
  	
  
PVDF	
  membrane	
   	
   	
   	
   	
   	
   ROTH	
  
Spectrophotometer	
  	
   	
   	
   	
   	
   	
   Eppendorf	
  	
  
FACS	
  Canto	
  	
   	
   	
   	
   	
   	
   	
   BD	
  Pharmingen	
  
FACS	
  can	
  	
   	
   	
   	
   	
   	
   	
   BD	
  Pharmingen	
  
Cell	
  sorter	
  Moflow	
  	
   	
   	
   	
   	
   	
   DAKO	
  Cytomation	
  
Auto	
  MACS	
   	
   	
   	
   	
   	
   	
   Miltenyi-­‐Biotec	
  
Chemiluminescent	
  imaging	
  station	
  	
  	
   	
   	
   BioRad	
  
Light	
  Microscope	
  	
   	
   	
   	
   	
   	
   Zeiss	
  	
  
Light	
  cycler	
  	
   	
   	
   	
   	
   	
   	
   Roche	
  
	
  

3.7	
  Kits	
  	
   	
   	
   	
   	
   	
   	
   Company	
  	
  

10X	
  cell	
  lysis	
  buffer	
  (protein	
  isolation)	
   	
   	
   Cell	
  signaling	
  
Absolute	
  RNA	
  preparation	
  kit	
   	
   	
   	
   Stratagene	
  
Caspase-­‐3/7	
  assay	
  kit	
   	
   	
   	
   	
   Molecular	
  probes	
  
Genomic	
  DNA	
  preparation	
  kit	
   	
   	
   	
   Qiagen	
  
High	
  fidelity	
  cDNA	
  synthesis	
  kit	
   	
   	
   	
   Roche	
  	
  
Mounting	
  medium	
   	
   	
   	
   	
   	
   Vectashield	
  
Master	
  SYBR	
  Green	
  kit	
   	
   	
   	
   	
   Roche	
  
pGEM-­‐T	
  cloning	
  kit	
   	
   	
   	
   	
   	
   Promega	
  
Plasmid	
  DNA	
  isolation	
  kit	
   	
   	
   	
   	
   Qiagen	
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3.8	
  Preparation	
  of	
  buffers	
  and	
  media	
  

Agarose	
  gel	
  buffer	
  (10X	
  TBE):	
  89	
  mM	
  Tris	
  base,	
  89	
  mM	
  boric	
  acid,	
  2	
  mM	
  EDTA	
  

Blocking	
  buffers	
  (Western):	
  PBS-­‐Tween	
  (0.1%),	
  5	
  %	
  non-­‐fat	
  milk	
  

DMEM-­‐medium:	
   DMEM	
   containing	
   10	
   %	
   FCS,	
   100	
   U/ml	
   penicillin,	
   0.1	
   mg/ml	
  
streptomycin,	
  0.3	
  mg/ml	
  glutamine	
  

Laemmli	
   electrophoresis	
   buffer:	
   50	
   mM	
   Tris-­‐HCl,	
   0.196	
   M	
   glycine	
   (pH	
   8.3),	
   20	
   %	
  
methanol	
  

Protease	
   inhibitor	
   cocktail	
   (PIC):	
   104	
   mM	
   AEBSF,	
   0.08	
   mM	
   Aprotinin,	
   2	
   mM	
  
leupeptin,	
  4	
  mM	
  Bestatin,	
  1.5	
  mM	
  Pepstatin	
  A,	
  1.4	
  mM	
  E-­‐64	
  

RIPA	
   buffer:	
   10	
   mM	
   Tris	
   (pH	
   7.5),	
   150	
   mM	
   NaCl,	
   1	
   mM	
   EDTA,	
   1%	
   NIP-­‐40,	
   0.5	
   %	
  
Sodium	
  Deoxycholate,	
  0.1	
  %	
  SDS,	
  PIC	
  	
  

RPMI-­‐medium:	
   RPMI	
   containing	
   10%	
   FCS,	
   100	
   U/ml	
   penicillin,	
   0.1mg/ml	
  
streptomycin,	
  0.3	
  mg/ml	
  glutamine	
  and	
  10	
  mM	
  β-­‐	
  Mercaptoethanol	
  

SDS	
  PAGE	
  buffer:	
  25	
  mM	
  Tris,	
  192	
  mM	
  glycine,	
  0.1%	
  SDS	
  

Transient	
   transfection	
  medium:	
   DMEM	
   containing	
   100	
   U/ml	
   penicillin,	
   0.1	
   mg/ml	
  
streptomycin,	
  0.3	
  mg/ml	
  glutamine	
  

Transfer	
  buffer	
  (Western):	
  192	
  mM	
  glycine,	
  25	
  mM	
  Tris	
  

Wash	
  buffer	
  (Western):	
  PBS,	
  0.1	
  %	
  Tween-­‐20	
  

FACS	
  staining	
  buffer:	
  1X	
  PBS	
  containing	
  2	
  %	
  foetal	
  calf	
  serum	
  and	
  0.05	
  %	
  sodium	
  
azide	
  

FACS	
  blocking	
  buffer:	
  1X	
  PBS	
  containing	
  5	
  %	
  foetal	
  calf	
  serum	
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4.	
  Methods	
  

4.1	
  Sequence	
  analysis	
  of	
  HAX1	
  
Total	
  genomic	
  DNA	
  was	
  prepared	
  from	
  peripheral	
  blood	
  by	
  genomic	
  DNA	
  isolation	
  kit	
  

(Qiagen)	
  as	
  per	
  manufacturers	
  instructions.	
  The	
  isolated	
  genomic	
  DNA	
  was	
  checked	
  for	
  

its	
  purity	
  and	
  the	
  exons	
  were	
  subjected	
  to	
  PCR	
  amplification	
  with	
  gene	
  specific	
  primers	
  

and	
  the	
  products	
  obtained	
  were	
  further	
  sequenced	
  

	
  

HAX1	
  genomic	
  PCR	
  primers	
  and	
  conditions	
  	
  

	
  
Exon	
  number	
   Primer	
  sequence	
  (5´-­‐-­‐-­‐	
  3´)	
   Annealing	
  

temperature	
  

Exon	
  1	
   Forward	
  TCG	
  AAA	
  TCG	
  CTT	
  TTC	
  GTA	
  C	
  
Reverse	
  GCG	
  ACT	
  TCT	
  GTC	
  CTC	
  TCT	
  G	
  

55˚C	
  

Exon	
  2	
   Forward	
  CTC	
  CGA	
  CCC	
  TCT	
  CCC	
  TAG	
  C	
  
Reverse	
  ATG	
  GGA	
  AAG	
  GAC	
  TTG	
  GGC	
  

55˚C	
  

Exon	
  3	
   Forward	
  GGG	
  TTG	
  GTG	
  GGT	
  GAA	
  ATA	
  AA	
  
Reverse	
  CTC	
  TGG	
  TGA	
  TCT	
  GCC	
  CAC	
  

55˚C	
  

Exon	
  4	
  and	
  5	
   Forward	
  CAG	
  GAA	
  GGA	
  GTG	
  TGT	
  AAA	
  T	
  
Reverse	
  AGT	
  CCC	
  CAC	
  CAT	
  ATT	
  CCG	
  

50˚C	
  

Exon	
  6	
  and	
  7	
   Forward	
  TGG	
  GGT	
  GAG	
  TTG	
  AAA	
  GAA	
  A	
  	
  
Reverse	
  TGA	
  AAT	
  CAG	
  GTT	
  TTA	
  GAT	
  G	
  

50˚C	
  

	
  

	
  

PCR	
  cycle	
  program	
  	
  

	
  
(1	
  cycle)	
  

DNA	
  denaturation	
   :	
  95˚C	
  (2	
  minutes)	
  
(30	
  cycles)	
  

DNA	
  denaturation	
   :	
  95˚C	
  (45	
  seconds)	
  
Primer	
  annealing	
   :	
  (x)˚C	
  (45seconds)	
  
DNA	
  synthesis	
   :	
  72˚C	
  (45	
  seconds)	
  

(1	
  cycle)	
  
DNA	
  synthesis	
   :	
  72˚C	
  (10	
  minutes)	
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4.2	
  Cells	
  and	
  cell	
  culture	
  
4.2.1	
  Isolation	
  of	
  neutrophil	
  and	
  PBMCs	
  

Heparinized	
   peripheral	
   venous	
   blood	
   was	
   collected	
   from	
   healthy	
   human	
   donors	
   and	
  

SCN	
   patients	
   as	
   a	
   source	
   of	
   neutrophils.	
   The	
   neutrophils	
   were	
   isolated	
   by	
   a	
   density	
  

gradient	
  based	
  ficoll	
  technique.	
  

The	
  heparinized	
  blood	
  was	
  mixed	
  with	
  an	
  equal	
  volume	
  of	
  PBS	
  and	
  further	
  layered	
  on	
  

to	
  10	
  ml	
  of	
  ficoll	
  plaque	
  (Amersham	
  biosciences).	
  	
  The	
  samples	
  were	
  then	
  spun	
  at	
  1600	
  

rpm	
  for	
  30	
  minutes	
  without	
  brake.	
  	
  After	
  centrifugation,	
  the	
  PBMCs	
  appear	
  in	
  the	
  buffy	
  

layer	
  and	
  the	
  neutrophils	
  appear	
  in	
  the	
  lower	
  fraction	
  along	
  with	
  the	
  erythrocytes.	
  For	
  

PBMC	
  isolation	
  the	
  buffy	
  layer	
  containing	
  the	
  PBMCs	
  was	
  carefully	
  isolated	
  and	
  washed	
  

with	
  PBS	
  followed	
  by	
  a	
  spin	
  at	
  1300	
  rpm	
  for	
  8	
  minutes.	
  For	
  the	
  isolation	
  of	
  neutrophils,	
  

the	
  neutrophil	
  erythrocyte	
  fraction	
  was	
  subjected	
  to	
  a	
  hypotonic	
  lysis	
  by	
  resuspending	
  

in	
  12	
  ml	
  of	
  ice	
  cold	
  ddH2O	
  for	
  10	
  seconds,	
  followed	
  by	
  addition	
  of	
  4	
  ml	
  of	
  0.6	
  M	
  KCl	
  and	
  

adding	
  ice	
  cold	
  PBS	
  to	
  make	
  up	
  the	
  volume	
  to	
  50	
  ml	
  in	
  a	
  falcon	
  tube.	
  The	
  tube	
  was	
  then	
  

spun	
  at	
  1300	
  rpm	
  for	
  5	
  minutes	
  at	
  4oC.	
  The	
  RBC	
  lysis	
  was	
  repeated	
  until	
  a	
  pale	
  white	
  

neutrophil	
  pellet	
  was	
  obtained.	
  The	
  purified	
  neutrophils	
  and	
  PBMCs	
  were	
  resuspended	
  

to	
  obtain	
  1x107	
   cells	
  per	
  ml	
   in	
  RPMI	
  1640	
  medium	
  containing	
  10%	
  FCS,	
  L-­‐glutamine,	
  

penicillin,	
   streptomycin.	
   The	
   purity	
   of	
   the	
   neutrophil	
   preparation	
   was	
   assessed	
   by	
  

microscopical	
  visualization	
  of	
  Giemsa	
  stained	
  cytospin	
  preparation.	
  

4.2.2	
  Isolation	
  of	
  CD34+	
  cells	
  from	
  the	
  bone	
  marrow	
  

Mononuclear	
   cells	
   from	
   the	
   total	
   bone	
  marrow	
   (BM)	
   cells	
  were	
   separated	
   by	
   density	
  

gradient	
   based	
   ficoll	
   technique	
   as	
   described	
   earlier.	
   The	
   mononuclear	
   cell	
   (MNC)	
  

fraction	
   of	
   the	
   ficoll	
   layer	
   from	
   bone	
   marrow	
   of	
   healthy	
   donors	
   and	
   patients	
   was	
  

isolated.	
  The	
  isolated	
  BM	
  derived	
  MNCs	
  were	
  briefly	
  washed	
  in	
  ice	
  cold	
  PBS	
  and	
  further	
  

stained	
  for	
  the	
  CD34+	
  surface	
  marker	
  to	
  obtain	
  hematopoietic	
  stem	
  cells.	
  The	
  isolated	
  

mononuclear	
   cell	
   fraction	
   was	
   briefly	
   spun	
   at	
   1200	
   rpm	
   for	
   10	
   minutes	
   and	
  

resuspended	
  in	
  FACS	
  blocking	
  solution.	
  The	
  cells	
  were	
  further	
  incubated	
  in	
  the	
  blocking	
  

buffer	
   for	
   10	
   minutes	
   on	
   ice.	
   The	
   FITC	
   or	
   PE	
   fluorochrome	
   conjugated	
   anti	
   CD34	
  

antibody	
  was	
  then	
  added	
  to	
  the	
  cells	
  and	
  further	
  incubated	
  for	
  30	
  minutes	
  on	
  ice	
  in	
  the	
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dark.	
  The	
  cells	
  were	
  then	
  briefly	
  washed	
  in	
  ice	
  cold	
  PBS	
  and	
  the	
  cells	
  stained	
  for	
  CD34+	
  

were	
  sorted	
  by	
  a	
  flow	
  cytometer	
  (Moflow).	
  

4.2.3	
  Culturing	
  of	
  BM	
  derived	
  CD34+	
  cells	
  

The	
   isolated	
   CD34+	
   cells	
  were	
   then	
   prestimulated	
   for	
   48	
   hours	
   in	
   stemspan	
  medium	
  

supplemented	
   with	
   20	
   ng	
   IL-­‐3,	
   20	
   ng	
   Stem	
   cell	
   factor,	
   10	
   ng	
   FLT-­‐3	
   ligand,	
   25	
   ng	
  

Thrombopoietin,	
   10	
  ng	
   IL-­‐6	
   and	
  0.1	
  %	
  Meropenem	
  at	
   37OC	
   in	
   an	
   atmosphere	
  of	
   5	
  %	
  

CO2.	
  The	
  prestimulated	
  bone	
  marrow	
  CD34+	
   cells	
  were	
   transduced	
  with	
   a	
  bicistronic	
  

retroviral	
  vector	
  expressing	
  the	
  human	
  HAX1	
  cDNA	
  and	
  GFP	
  (or)	
  murine	
  CD24	
  marker.	
  

The	
  cells	
  were	
  then	
  cultured	
  for	
  48-­‐56	
  hours	
  in	
  stemspan	
  medium	
  supplemented	
  with	
  a	
  

cytokine	
   cocktail	
   of	
   20	
   ng	
   IL-­‐3,	
   20	
   ng	
   Stem	
   cell	
   factor,	
   10	
   ng	
   FLT-­‐3	
   ligand,	
   25	
   ng	
  

Thrombopoietin	
  and10	
  ng	
  IL-­‐6	
  at	
  37OC	
  in	
  an	
  atmosphere	
  of	
  5	
  %	
  CO2	
  in	
  the	
  presence	
  of	
  

0.1	
  %	
  meropenem.	
  The	
  transduced	
  cells	
  were	
  sorted	
  based	
  on	
  the	
  marker	
  gene	
  encoded	
  

in	
   the	
   retroviral	
   vector	
   by	
   a	
  moflow	
   cell	
   sorter	
   (FACS).	
   The	
   sorted	
   cells	
  were	
   further	
  

expanded	
  in	
  stem	
  cell	
  growth	
  media	
  for	
  6	
  days	
  with	
  fresh	
  supplement	
  of	
  the	
  cytokines	
  

in	
   growth	
  medium,	
   for	
   every	
  48	
  hours.	
  The	
   cells	
  were	
   then	
   subjected	
   to	
   granulocytic	
  

differentiation	
  in	
  the	
  presence	
  of	
  10	
  ng/ml	
  G-­‐CSF	
  and	
  10	
  ng/ml	
  GM-­‐CSF	
  in	
  RPMI	
  1640	
  

medium	
  supplemented	
  with	
  10%	
  FCS,	
  L-­‐glutamine,	
  0.1%	
  Meropenem.	
  

4.2.4	
  In	
  vitro	
  differentiation	
  of	
  BM	
  derived	
  CD34+	
  cells	
  to	
  neutrophils	
  

The	
  bone	
  marrow	
  derived	
  CD34+	
  cells	
  were	
  further	
  differentiated	
  to	
  myeloid	
  lineage	
  by	
  

culturing	
   in	
   the	
   presence	
   of	
   10	
   ng/ml	
   IL-­‐3,	
   10	
   ng/ml	
   G-­‐CSF,	
   15	
   ng/ml	
   GM-­‐CSF	
  

(Peprotech,	
   Rocky	
   Hill,	
   NJ)	
   in	
   RPMI	
  medium	
   supplemented	
  with	
   10	
  %	
   FCS,	
   2	
  mM	
   L-­‐

Glutamine,	
  1	
  %	
  Penicillin-­‐Streptomycin	
  (Sigma,	
  Munich,	
  Germany),	
  for	
  4	
  days.	
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4.2.5	
  Culturing	
  of	
  fibroblasts	
  and	
  HEK293T	
  cells	
  

The	
   fibroblast	
   and	
  HEK	
  293T	
   cells	
  were	
   grown	
  as	
   adherent	
   culture	
   in	
  DMEM	
  growth	
  

medium	
   supplemented	
   with	
   10%	
   FCS	
   and	
   2	
  mM	
   L-­‐glutamine	
   in	
   the	
   presence	
   of	
   the	
  

antibiotics,	
  penicillin	
  and	
  streptomycin.	
  

4.3	
  Apoptosis	
  assay	
  
Progression	
  of	
  apoptosis	
  in	
  various	
  tissues	
  was	
  analyzed	
  upon	
  induction	
  with	
  different	
  

apoptosis	
   inducing	
   agents.	
  Apoptosis	
   in	
  neutrophils	
  was	
   induced	
  by	
   treating	
   the	
   cells	
  

with	
  TNF	
  α	
  (50	
  ng/ml),	
  staurosporine	
  (5	
  µM),	
  valinomycin	
  (100	
  nM)	
  or	
  H2O2	
  (2	
  µM)	
  in	
  

RPMI	
  1640	
  medium	
  (for	
  suspension	
  cells)	
  or	
  DMEM	
  (for	
  adherent	
  cells)	
  in	
  the	
  presence	
  

of	
   10	
   %	
   FCS	
   as	
   indicated	
   in	
   respective	
   experimental	
   condition.	
   The	
   cells	
   were	
  

maintained	
   at	
   37oC	
   in	
   an	
   atmosphere	
   of	
   5%	
   CO2	
   through	
   induction.	
   Apoptosis	
   was	
  

assessed	
  by	
  a	
  flow	
  cytometry	
  based	
  technique.	
  The	
  cells	
  were	
  harvested	
  at	
  various	
  time	
  

points	
  and	
  washed	
  once	
  with	
  ice	
  cold	
  PBS	
  followed	
  by	
  staining	
  with	
  5	
  µg/ml	
  propidium	
  

iodide	
  (SIGMA)	
  along	
  with	
  FITC	
  or	
  APC	
  conjugated	
  Annexin	
  V	
  (Molecular	
  probes)	
  as	
  per	
  

manufacturers	
  instructions.	
  The	
  cells	
  were	
  then	
  incubated	
  on	
  ice	
  for	
  10	
  minutes	
  in	
  dark,	
  

before	
  being	
  analyzed	
  by	
   flow	
  cytometry.	
  Forward	
  and	
  sideward	
  scatter	
  were	
  used	
  to	
  

gate	
  the	
  cells	
  and	
  exclude	
  cell	
  debris.	
  The	
  cells	
  positive	
  for	
  Annexin	
  V	
  were	
  defined	
  as	
  

cells	
  undergoing	
  apoptosis.	
  The	
  cells	
  positive	
  for	
  Annexin	
  V	
  and	
  propidium	
  iodide	
  were	
  

defined	
  as	
  apoptotic	
  and	
  those	
  single	
  positive	
  for	
  propidium	
  iodide	
  were	
  defined	
  dead.	
  

4.4	
  Mitochondria	
  membrane	
  potential	
  assay	
  
The	
  mitochondria	
  membrane	
  potential	
  was	
  analyzed	
  by	
  using	
  JC-­‐1,	
  a	
  cationic	
  lipophilic	
  

dual	
   emission	
   dye	
   (Molecular	
   Probes),	
   which	
   selectively	
   incorporates	
   into	
   the	
  

mitochondria.	
  

The	
  dye	
   accumulates	
   in	
   the	
  mitochondria	
  with	
   higher	
  membrane	
  potential	
   to	
   form	
   J-­‐

aggregates,	
   which	
   emits	
   red	
   fluorescence	
   at	
   590	
   nm	
   and	
   at	
   regions	
   with	
   a	
   reduced	
  

membrane	
   potential	
   the	
   dye	
   remains	
   in	
   its	
   monomeric	
   form,	
   which	
   in	
   turn	
   emits	
   a	
  

green	
   fluorescence	
   at	
   527	
   nm.	
   The	
   ratio	
   of	
   the	
   red	
   to	
   green	
   fluorescence	
   gives	
   a	
  

measure	
  of	
  the	
  mitochondria	
  membrane	
  potential.	
  The	
  cells	
  were	
  stained	
  with	
  3.5	
  µM	
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JC-­‐1	
  dye	
  for	
  15	
  minutes	
  at	
  37OC,	
  in	
  prewarmed	
  RPMI1640	
  medium	
  supplemented	
  with	
  

10%	
  FCS,	
  L-­‐glutamine,	
  Penicillin	
  and	
  streptomycin.	
  The	
  cells	
  were	
   then	
  washed	
   twice	
  

with	
   prewarmed	
   PBS.	
   The	
   cells	
   were	
   then	
   treated	
   with	
   Valinomycin	
   (SIGMA),	
   a	
   K+	
  

selective	
  ionophore	
  at	
  a	
  concentration	
  of	
  100	
  nM	
  and	
  the	
  JC-­‐1	
  emission	
  was	
  collected	
  in	
  

FL-­‐1	
  and	
  FL-­‐2	
  channels.	
  

4.5	
  Assay	
  of	
  mitochondrial	
  mass	
  
The	
   mitochondria	
   mass	
   was	
   analyzed	
   by	
   using	
   mitotracker	
   580	
   (Molecular	
   Probes),	
  

which	
  selectively	
  incorporates	
  into	
  the	
  mitochondria,	
  irrespective	
  of	
  the	
  mitochondrial	
  

membrane	
  potential.	
  The	
  accumulated	
  dye	
  in	
  the	
  mitochondria	
  emits	
  red	
  fluorescence	
  

at	
  580	
  nm	
  and	
  is	
  visualized	
  by	
  flow	
  cytometry	
  or	
  by	
  microscopy.	
  The	
  cells	
  were	
  stained	
  

with	
   10	
   nM	
   mitotracker	
   red	
   580	
   for	
   30	
   minutes	
   at	
   37OC	
   in	
   pre	
   warmed	
   RPMI1640	
  

medium	
   supplemented	
  with	
  with	
   10%	
   FCS,	
   L-­‐glutamine,	
   Penicillin	
   and	
   streptomycin.	
  

The	
   cells	
  were	
   then	
  washed	
   twice	
  with	
  pre	
  warmed	
  PBS.	
  The	
   cells	
  were	
   then	
   treated	
  

with	
   valinomycin	
   (SIGMA),	
   a	
   K+	
   selective	
   ionophore	
   at	
   a	
   concentration	
   of	
   50	
   nM	
   for	
  

indicated	
   timepoints.	
   The	
   red	
   fluorescence	
   was	
   collected	
   in	
   FL-­‐2	
   channel	
   and	
   the	
  

fluorescence	
  intensity	
  was	
  analyzed	
  by	
  flowjo	
  software.	
  

4.6	
  Cytosolic	
  ROS	
  assay	
  
The	
   cells	
   were	
   prestained	
   with	
   freshly	
   prepared	
   5-­‐(and-­‐6)-­‐	
   Chloromethyl-­‐2´7´-­‐

dichlorodihydroxyfluorescein	
   diacetate	
   acetyl	
   ester	
   (CM-­‐H2DCFDA)	
   as	
   per	
  

manufacturers	
  instruction.	
  The	
  cell	
  permeant	
  indicator	
  is	
  nonfluorescent	
  until	
  removal	
  

of	
   the	
  acetate	
  groups	
  by	
   intracellular	
  esterases	
  and	
  oxidation	
  occuring	
  within	
  the	
  cell.	
  

ROS	
   production	
   was	
   induced	
   for	
   varied	
   time	
   points	
   with	
   2	
   μM	
   PMA	
   or	
   25	
   nM	
  

valinomycin.	
   The	
   production	
   of	
   ROS	
   was	
   analyzed	
   by	
   measuring	
   the	
   fluorescence	
  

intensity	
  of	
  the	
  dye	
  by	
  flow	
  cytometry.	
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4.7	
  Protein	
  isolation	
  and	
  western	
  blot	
  analysis	
  
To	
  prepare	
  whole	
  cellular	
  protein	
  extracts,	
  1x107	
  cells	
  were	
  resuspended	
   in	
  250	
  µl	
  of	
  

ice	
  cold	
  lysis	
  buffer	
  (20	
  mM	
  HEPES,	
  10	
  mM	
  KCl,	
  1	
  mM	
  MgCl2,	
  20%	
  glycerin,	
  0.1%	
  Triton	
  

X	
  100.	
  0.5	
  mM	
  DTT,	
  0.2	
  mM	
  PMSF,	
  1	
  mM	
  Na	
  Orthovandate)	
  and	
  incubated	
  on	
  ice	
  for	
  30	
  

minutes.	
  The	
  lysate	
  was	
  centrifuged	
  at	
  12,000	
  g	
  for	
  5	
  minutes	
  at	
  4o	
  C	
  to	
  clear	
  cell	
  debris.	
  

The	
  protein	
  lysate	
  was	
  then	
  carefully	
  transferred	
  to	
  a	
  new	
  container	
  without	
  disturbing	
  

the	
   cell	
   debris	
   was	
   then	
   quantified	
   and	
   immediately	
   used	
   or	
   stored	
   at	
   -­‐80oC.	
   The	
  

samples	
  were	
  incubated	
  for	
  5	
  minutes	
  at	
  95oC	
  in	
  loading	
  buffer	
  (250	
  mM	
  Tris-­‐HCl,	
  pH	
  

6.8,	
   with	
   4%	
   SDS,	
   20%	
   glycerol,	
   0.01%	
   bromphenol	
   blue)	
   along	
   with	
   3%	
   β-­‐

mercaptoethanol.	
   20-­‐30	
   µg	
   of	
   the	
   total	
   protein	
   was	
   loaded	
   per	
   lane	
   on	
   a	
   10%	
   SDS	
  

Polyacrylamide	
   gel	
   and	
   electrophoresed.	
   The	
   electrophoresed	
   proteins	
   were	
   then	
  

transferred	
   to	
   Poly	
   Vinylidene	
   DiFluoride	
   membrane	
   (Roti-­‐PVDF,	
   ROTH)	
   by	
   wet	
  

electroblotting	
   as	
   per	
   manufacturers	
   instructions.	
   The	
   efficiency	
   of	
   transfer	
   was	
  

estimated	
   by	
   monitoring	
   the	
   transfer	
   of	
   the	
   pre	
   stained	
   ladder	
   from	
   the	
   SDS	
  

polyacrylamide	
  gel	
  to	
  the	
  PVDF	
  membrane.	
  The	
  membrane	
  was	
  then	
  blocked	
  (5	
  %	
  skim	
  

milk,	
  0.1	
  %	
  Tween	
  20	
  in	
  PBS)	
  at	
  room	
  temperature	
  for	
  1	
  hour	
  or	
  overnight	
  at	
  4oC,	
  as	
  per	
  

the	
  primary	
  antibody	
  manufacturers	
  directions.	
  

Monoclonal	
  or	
  polyclonal	
  primary	
  antibody	
  were	
  used	
  as	
  per	
  manufacturer´s	
  directions	
  

and	
  detected	
  with	
  a	
  respective	
  HRP	
  conjugated	
  secondary	
  Ab.	
  The	
  blot	
  was	
  developed	
  

by	
   incubation	
   in	
   a	
   chemiluminescence	
   regent	
   (PIERCE,	
   Amersham	
   Biosciences,	
  

Freiburg,	
  Germany)	
  and	
  imaged	
  by	
  Bio-­‐Rad	
  imaging	
  system.	
  

4.8	
  Flow	
  cytometry	
  analysis	
  
Single	
   cell	
   suspensions	
  were	
   analyzed	
   by	
   flow	
   cytometry	
   using	
   a	
   FACS	
   can	
   or	
   FACS-­‐

Canto,	
   employing	
   CELL	
  Quest	
   or	
   FACS	
  Diva	
   software	
   (BD	
  Biosciences,	
   CA).	
   Sorting	
   of	
  

cells	
  was	
  performed	
  using	
  a	
  Moflo	
  cell	
  sorter	
  (DAKO	
  Cytomation,	
  Glostrup,	
  Denmark).	
  

The	
   following	
  monoclonal	
   antibodies	
   (all	
   from	
  BD	
   Pharmingen,	
   San	
  Diego,	
   CA	
   except	
  

stated	
   otherwise)	
  were	
   used:	
   CD3-­‐FITC	
  &	
   -­‐biotin,	
   CD4-­‐FITC	
  &	
   -­‐PE,	
   CD8-­‐FITC,	
   -­‐PE	
  &	
   -­‐

PerCP,	
  CD11b-­‐FITC	
  &	
  -­‐biotin,	
  CD11c-­‐PE	
  &	
  -­‐APC,	
  CD34-­‐FITC,	
  PE,	
  CD19	
  or	
  B220-­‐FITC,	
  -­‐PE	
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&	
  -­‐biotin,	
  CD45RA-­‐FITC	
  or	
  PE,	
  CD45RO-­‐PE	
  or	
  -­‐FITC,	
  CD62L-­‐APC.	
  IgM-­‐FITC,	
  IgG-­‐PE,	
  IgD-­‐

APC,	
   IgA-­‐FITC,	
   CD21-­‐APC,	
   CD38-­‐PE.	
   In	
   all	
   experiments,	
   cells	
   were	
   also	
   stained	
   with	
  

corresponding	
  isotype	
  matched	
  monoclonal	
  antibodies.	
  Cells	
  reacted	
  with	
  biotinylated	
  

monoclonal	
   antibodies	
   were	
   incubated	
   with	
   fluorochrome	
   conjugated	
   streptavidin-­‐

PerCP	
  or	
  streptavidin-­‐APC	
  (BD	
  Pharmingen).	
  All	
  fluorescence	
  intensity	
  plots	
  are	
  shown	
  

in	
  log	
  scales.	
  	
  

4.9	
  Immunofluorescence	
  and	
  light	
  microscopy	
  
Phase	
   contrast	
   images	
   were	
   taken	
   using	
   a	
   Zeiss	
   Axiovert	
   200M	
   microscope	
   at	
   an	
  

original	
   magnification	
   of	
   x	
   63.	
   Photo	
   documentation	
   was	
   performed	
   using	
   Open	
   lab	
  

software.	
   Giemsa	
   stained	
   neutrophils	
   were	
   observed	
   using	
   a	
   Zeiss	
   Axioplan	
   2	
  

microscope	
  (original	
  magnification	
  x	
  100).	
  

4.10	
  RNA	
  isolation,	
  CDNA	
  synthesis	
  and	
  Real	
  Time	
  PCR	
  
Total	
  RNA	
  was	
   isolated	
  with	
   “Absolutely	
  RNA	
  miniprep	
  kit”	
   (Stratagene,	
  La	
   Jolla,	
  CA).	
  

cDNA	
   was	
   synthesized	
   by	
   using	
   oligo	
   dT	
   primer	
   and	
   expand	
   reverse	
   transcriptase	
  

(Roche).	
   Gene	
   expression	
   was	
   determined	
   by	
   Real	
   Time	
   PCR	
   based	
   analysis	
   of	
   the	
  

cDNA,	
   employing	
   sequence	
   specific	
   forward	
   and	
   reverse	
   primers.	
   GAPDH	
   specific	
  

primers	
  were	
  used	
  as	
  internal	
  controls	
  

Gene	
   Primer	
  sequence	
  (5´	
  -­‐	
  3´)	
   Annealing	
  temperature	
  	
  

GAPDH	
   Forward:	
  GTCAGTGGTGGACCTGACC	
  
Reverse:TGAGCTTGACAAAGTGGTCG	
  

56˚C	
  

HAX1	
   Forward:	
  AGACTACGGGAGGGACAGACACTT	
  
Reverse:	
  CCATAGGCCATACATCATCAAACC	
  

56˚C	
  

	
  

The	
   PCR	
   reaction	
   was	
   performed	
   in	
   duplicates	
   using	
   a	
   LightCycler–FastStart	
   DNA	
  

Master	
  SYBR	
  Green	
  I	
  kit	
  (Roche)	
  according	
  to	
  the	
  manufacturer’s	
  instructions.	
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4.11	
  Molecular	
  cloning	
  
4.11.1	
  Generataion	
  of	
  HAX1	
  expression	
  constructs	
  

Desired	
  full	
  length	
  cDNA	
  of	
  HAX1	
  or	
  GFP	
  was	
  amplified	
  by	
  Polymerase	
  Chain	
  Reaction	
  

(PCR),	
  with	
   sequence	
   specific	
  primers,	
   containing	
  modulated	
  5´and	
  3´ends	
   facilitating	
  

site	
  directed	
  cloning.	
  The	
  obtained	
  PCR	
  product	
  was	
  checked	
  on	
  agarose	
  gel.	
  The	
  PCR	
  

product	
  was	
   then	
  eluted	
   and	
   ligated	
  with	
  pGEM-­‐T,	
   an	
   intermediate	
   cloning	
  vector,	
   as	
  

per	
  the	
  manufacturers	
  instructions	
  (Promega).	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Fig	
  10.	
  pGEM-­‐T	
  vector	
  map	
  
The	
  pGEM-­‐T	
  vector	
  system	
  with	
  single	
  3´-­‐T	
  overhangs	
  at	
  the	
  insertion	
  site	
  provides	
  a	
  compatible	
  end	
  for	
  
the	
  PCR	
  products	
  and	
  greatly	
  improves	
  the	
  efficacy	
  of	
  ligation.	
  
	
  
The	
  ligation	
  mix	
  was	
  then	
  transformed	
  into	
  competent	
  bacterial	
  cells	
  (E.coli	
  DH5α)	
  and	
  

plated	
  on	
   to	
  LB	
  agar	
  plate	
  containing	
  a	
  selection	
  medium	
  (LB/ampicillin/IPTG/X-­‐gal).	
  

The	
   plates	
  were	
   then	
   incubated	
   overnight	
   at	
   370C	
   facilitating	
   growth	
   of	
   the	
   bacteria.	
  

Single	
   white	
   colonies,	
   which	
   now	
   contain	
   the	
   desired	
   cDNA	
   insert	
   was	
   further	
  

inoculated	
   into	
   LB	
   medium	
   with	
   the	
   desired	
   antibiotic	
   and	
   shaken	
   vigorously	
   in	
   an	
  

orbital	
   shaker	
   at	
   370C	
   overnight.	
   Plasmid	
   DNA	
   was	
   prepared	
   from	
   these	
   individual	
  

clones	
  in	
  culture,	
  by	
  a	
  commercially	
  available	
  kit	
  (QIAGEN).	
  The	
  isolated	
  plasmid	
  DNA	
  

was	
   further	
   confirmed	
   for	
   the	
   presence	
   of	
   insert	
   by	
   restriction	
   digestion	
   as	
   per	
  

manufacturers	
   protocol	
   (Promega).	
   The	
   positive	
   clone	
   was	
   identified	
   by	
   further	
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HAX1 LTRLTR GFP

pMMP - GFPHAX1

NcoI

EagI

BamH1

LTRLTR GFP

pMMP - GFP

sequence	
   confirmation	
   to	
   eliminate	
   any	
   mutations	
   resulting	
   from	
   PCR	
   amplification.	
  

The	
   resulting	
  positive	
   clones	
  were	
   released	
   from	
  pGEM-­‐T	
  by	
  performing	
  a	
   restriction	
  

digestion	
   at	
   their	
   respective	
   cloning	
   sites	
   to	
   obtain	
   the	
   cDNA	
   fragments	
   ready	
   for	
  

ligation	
  and	
  directionally	
  cloned	
  to	
  an	
  pMMP	
  plasmid	
  [141],	
  transformed,	
  selected	
  and	
  

the	
  plasmid	
  DNA	
  was	
  purified	
  and	
  sequence	
  confirmed	
  before	
  further	
  use.	
  	
  

	
  

pMMP-­‐GFP	
  construct	
  oligonucleotides.	
  
Gene	
   Primer	
  sequence	
  (5´	
  -­‐3´)	
   Annealing	
  

temperature	
  	
  
GFP	
   Forward:	
  TAT	
  GCC	
  ATG	
  GTG	
  AGC	
  AAG	
  GG	
  

Reverse:	
  GGA	
  TCC	
  TCA	
  GGT	
  AGT	
  GGT	
  TGT	
  C	
  
56˚C	
  

	
  

	
  

pMMP-­‐	
  GFP	
  HAX1	
  fusion	
  construct	
  oligonucleotides.	
  
Gene	
   Primer	
  sequence	
  (5´-­‐	
  3´)	
   Annealing	
  

temperature	
  	
  
GFP	
   Forward:	
  TAT	
  GCC	
  ATG	
  GTG	
  AGC	
  AAG	
  GG	
  

Reverse:	
  CGG	
  CCG	
  GGT	
  AGT	
  GGT	
  TGT	
  C	
  
56˚C	
  

HAX1	
   Forward:	
  CGG	
  CCG	
  AGC	
  CTC	
  TTT	
  GAT	
  CT	
  
Reverse:	
  GGA	
  TCC	
  CTA	
  CCG	
  GGA	
  CCG	
  G	
  

55˚C	
  

	
  

	
  

	
  

	
  

	
  

	
  

Fig	
  11.	
  Cloning	
  of	
  HAX1	
  GFP	
  fusion	
  in	
  pMMP.	
  	
  
cDNA	
  encoding	
  either	
  GFP	
  or	
  GFP	
  HAX1	
  fusion	
  complex	
  were	
  cloned	
  into	
  the	
  pMMP	
  retroviral	
  backbone	
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HAX1 LTRLTR

pMMP HAX1 IRES mCD24

BspHI

BamH1

LTRLTR

pMMP IRES mCD24

IRES mCD24

IRES mCD24

pMMP-­‐HAX1-­‐IRES-­‐mCD24+	
  
Gene	
   Primer	
  sequence	
  (5´	
  3´)	
   Annealing	
  

temperature	
  	
  
HAX1	
   Forward:	
  TCA	
  TGA	
  GCC	
  TCT	
  TTG	
  ATC	
  TCT	
  T	
  

Reverse:	
  GGA	
  TCC	
  CTA	
  CCG	
  GGA	
  CCG	
  G	
  
56˚C	
  

	
  

	
  

	
  

	
  

	
  

Fig	
  12.	
  Cloning	
  of	
  HAX1	
  in	
  pMMP-­‐IRES-­‐mCD24+	
  
cDNA	
  encoding	
  	
  HAX1	
  was	
  cloned	
  into	
  retroviral	
  backbone	
  having	
  murine	
  CD24	
  as	
  a	
  marker	
  gene.	
  

	
  
4.11.2	
  Generataion	
  of	
  shRNA	
  constructs	
  targeting	
  HAX1.	
  

	
  

shRNA	
  I	
  oligonucleotide	
  for	
  HAX1	
  

	
  

shRNA	
  II	
  oligonucleotide	
  for	
  HAX1	
  

	
  
The	
  nucleotides	
  in	
  purple	
  represent	
  the	
  restriction	
  sites	
  for	
  directional	
  cloning.	
  	
  
The	
  nucleotides	
  in	
  blue	
  represent	
  the	
  termination	
  sequence.	
  	
  
The	
  nucleotides	
  in	
  green,	
  and	
  red	
  represent	
  the	
  HAX1	
  siRNA	
  sequence	
  
The	
  highlighted	
  nucleotides	
  represent	
  the	
  loop	
  sequence	
  
	
  

The	
   top	
   and	
   bottom	
   strands	
   of	
   shRNAI	
   and	
   shRNAII	
   were	
   self	
   annealed	
   at	
   55oC,	
  

respectively	
   and	
   directionally	
   cloned	
   cloned	
   as	
   a	
   BglII/HindIII	
   fragment	
   into	
   pSuper	
  

plasmid	
   (Oligoengine,	
   Seattle,	
   WA).	
   The	
   nucleotide	
   sequence	
   was	
   confirmed	
   in	
   the	
  

plasmid.	
   The	
   cloned	
   shRNA	
   oligonucleotides	
   were	
   then	
   released	
   from	
   the	
   pSUPER	
  

plasmid	
   along	
  with	
   the	
  H1	
   (polymerase	
   III)	
   promoter	
   as	
   a	
   SmaI/HincII	
   fragment	
   and	
  

Top	
  strand	
   5'GATCGGACTCAATGCTTAAGTATCCTTCAAGAGAGGATACTTAAGCATTGAGTCCTTTTTT3'	
  

Bottom	
  strand	
   5'AGCTAAAAAAGGACTCAATGCTTAAGTATCCTCTCTTGAAGGATACTTAAGCATTGAGTCC3'	
  

Top	
  strand	
   5'GATCGCTTAAGTATCCAGATAGTCATTCAAGAGATGACTATCTGGATACTTAAGCTTTTTT3'	
  

Bottom	
  strand	
   5'AGCTAAAAAAGCTTAAGTATCCAGATAGTCATCTCTTGAATGACTATCTGGATACTTAAGC3'	
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were	
   directionally	
   cloned	
   into	
   the	
   compatible	
   SnaBI	
   site	
   of	
   the	
   lentiviral	
   vector	
  

pRRL.PPT.SF.DsRedEx.Pre	
  SnaB1.	
  

	
  
	
  

	
  

	
  

	
  

	
  

	
  
	
  
	
  
	
  

	
  

	
  

Fig	
  13.	
  Cloning	
  of	
  HAX1	
  shRNA	
  in	
  pRRL.PPT.SF.DsRedEx.Pre	
  SnaB1.	
  
The	
   designed	
   DNA	
   oligonucleotides	
   corresponding	
   to	
   siRNA	
   sequence	
   were	
   self	
   annealed	
   and	
  
directionally	
  cloned	
  in	
  to	
  the	
  pSUPER	
  plasmid	
  containing	
  the	
  H1	
  promoter.	
  The	
  shRNA	
  coding	
  nucleotides	
  
along	
   with	
   the	
   H1	
   promoter	
   were	
   further	
   restriction	
   digested,	
   purified	
   and	
   cloned	
   into	
   the	
  
pRRL.PPT.SF.DsRedEx.Pre	
  SnaB1	
  lentiviral	
  plasmid	
  
	
  

4.12	
  Retroviral	
  gene	
  transfer	
  
The	
   human	
   HAX1	
   cDNA	
   was	
   cloned	
   into	
   the	
   retroviral	
   vector	
   pMMP-­‐IRES-­‐mCD24.	
  

Recombinant	
   VSV-­‐G	
   pseudotyped	
   retrovirus	
   was	
   generated	
   by	
   transient	
   transfection	
  

into	
  the	
  packaging	
  cell	
  line	
  293GPG	
  [141].	
  

BM	
   derived	
   CD34+	
   cells	
  were	
   stimulated	
   for	
   48	
   hours	
   in	
   the	
   presence	
   of	
   a	
   stem	
   cell	
  

cytokine	
   cocktail,	
   as	
   described	
   earlier	
   and	
   transduced	
   at	
   a	
   multiplicity	
   of	
   infection	
  

(MOI)	
   of	
   10	
   in	
   the	
  presence	
   of	
   viral	
   immobilizing	
   retronectin.	
   In	
   brief,	
   the	
   cells	
  were	
  

exposed	
  to	
  recombinant	
  retrovirus	
  for	
  1	
  hour	
  at	
  37	
  °C,	
  followed	
  by	
  spinoculation	
  for	
  2	
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hours	
  at	
  x	
  700	
  g	
  and	
   further	
   incubation	
  at	
  37	
   °C	
   in	
  5%	
  C02.	
  Subsequently,	
   cells	
  were	
  

washed	
  and	
  cultured	
  for	
  additional	
  48	
  hours	
   in	
  the	
  presence	
  of	
  the	
  stem	
  cell	
  cytokine	
  

cocktail.	
  The	
  transduced	
  cells	
  were	
  selected	
  using	
  a	
  reporter	
  gene.	
  The	
  cells	
  were	
  then	
  

subjected	
  to	
  granulocytic	
  differentiation	
  and	
  used	
  for	
  further	
  in	
  vitro	
  experiments.	
  	
  

Adherent	
  cells	
  such	
  as	
  fibroblast	
  from	
  patients	
  and	
  healthy	
  donors,	
  as	
  well	
  as	
  HeLa	
  and	
  

HEK293T	
  were	
  grown	
  to	
  70-­‐80%	
  confluency	
  in	
  the	
  presence	
  of	
  10%	
  FCS	
  supplemented	
  

growth	
  medium.	
  

The	
  generated	
  retrovirus	
  or	
  lentivirus	
  was	
  concentrated	
  by	
  spinning	
  at	
  12000	
  rpm	
  for	
  

30	
   minutes	
   at	
   4	
   °C.	
   The	
   concentrated	
   virus	
   was	
   transduced	
   at	
   a	
   MOI	
   of	
   10	
   in	
   the	
  

presence	
  of	
  1X	
  polybrene.	
  The	
  cells	
  were	
  incubated	
  with	
  the	
  virus	
  for	
  24	
  to	
  36	
  hours	
  at	
  

37	
   °C	
   in	
  5%	
  C02.	
  After	
  24	
  hours	
   the	
  cells	
  were	
  supplemented	
  with	
   fresh	
  medium	
  and	
  

cultured	
   further	
   for	
   24	
   hours,	
   before	
   they	
   were	
   assessed	
   for	
   the	
   viral	
   transduction.	
  

Incase	
   of	
   fibroblasts,	
   the	
   transduction	
   procedure	
  was	
   repeated	
   twice	
   before	
   the	
   cells	
  

were	
  finally	
  sorted	
  and	
  cultured	
  further.	
   In	
  every	
  experimental	
  procedure,	
   the	
  control	
  

backbone	
   virus	
   was	
   transduced	
   to	
   cell	
   types	
   at	
   the	
   same	
   time	
   point	
   and	
   treated	
  

similarly.	
  

4.13	
  Electron	
  microscopy	
  
Bone	
   marrow	
   samples	
   from	
   patients	
   and	
   healthy	
   donor	
   controls	
   were	
   subject	
   to	
  

hypotonic	
   lysis.	
   Pelleted	
   cells	
   were	
   fixed	
   in	
   2.5%	
   glutaraldehyde	
   in	
   0.1	
   M	
   sodium	
  

cacodylate	
   (pH	
   7.3)	
   (Merck	
   Schuchardt,	
   Hohenbrunn,	
   Germany),	
   followed	
   by	
   2%	
  

osmium	
  tetroxide	
  (Polysciences,	
  Warrington,	
  P.A.)	
  in	
  the	
  same	
  buffer.	
  After	
  embedding	
  

in	
   Epon	
   (Serva,	
  Heidelberg,	
   Germany),	
   thin	
   sections	
  were	
   produced	
   and	
   stained	
  with	
  

uranyl	
  acetate	
  (Merck)	
  and	
  lead	
  citrate	
  (Merck).	
  Samples	
  were	
  analyzed	
  using	
  a	
  Philips	
  

electron	
  microscope	
  301.	
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5.	
  Results	
  

5.1	
  Identification	
  of	
  mutations	
  in	
  HAX1	
  genomic	
  DNA	
  

The	
   use	
   of	
   genome	
  wide	
   genotyping	
   array	
   has	
   potentiated	
   the	
   assessment	
   of	
   genetic	
  

disorders	
   and	
   has	
   emerged	
   as	
   an	
   aid	
   for	
   clinical	
   diagnosis	
   [142].	
   To	
   define	
   the	
  

molecular	
   etiology	
  of	
   autosomal	
   recessive	
   SCN,	
  we	
   initiated	
   a	
   genome	
  wide	
   screen	
   in	
  

three	
   unrelated	
   families	
   with	
   members	
   suffering	
   from	
   recurrent	
   infections	
   due	
   to	
  

neutropenia,	
   as	
   characterized	
   by	
   reduced	
   number	
   of	
   neutrophils	
   in	
   the	
   peripheral	
  

blood.	
  In	
  this	
  approach,	
  we	
  performed	
  high	
  throughput	
  homozygosity	
  mapping	
  to	
  helps	
  

us	
   identify	
   homozygosity	
   tracks	
   in	
   these	
   recessive	
   families.	
   The	
   analysis	
   revealed	
   a	
  

critical	
   linkage	
   region	
   in	
   chromosome	
   1q	
   comprising	
   275	
   candidate	
   genes	
   with	
   a	
  

significant	
   LOD	
   score.	
   Genomic	
   DNA	
   sequence	
   analysis	
   of	
   the	
   several	
   functional	
  

candidate	
  genes	
  including	
  MAPBIP,	
  RAB25	
  and	
  IL6R	
  showed	
  wild	
  type	
  sequences	
  in	
  case	
  

of	
  the	
  affected	
  individuals.	
  We	
  considered	
  HAX1,	
  as	
  a	
  candidate	
  gene	
  for	
  SCN	
  because	
  of	
  

its	
   potential	
   role	
   in	
   the	
   regulation	
   of	
   actin	
   cytoskeleton	
   and	
   reported	
   role	
   as	
   an	
  

antiapoptotic	
  protein.	
  

	
  

	
  

	
  

	
  

	
  

	
  
Fig	
  5.1.1.	
  Sequencing	
  of	
  HAX1	
  shows	
  mutated	
  sequence	
  in	
  exon	
  2	
  
The	
  exon	
  region	
  of	
  HAX1	
  was	
  PCR	
  amplified	
   from	
  total	
  genomic	
  DNA	
  and	
   the	
  nucleotides	
  were	
   further	
  
sequenced.	
   The	
   obtained	
   nucleotide	
   sequence	
   was	
   analyzed	
   in	
   comparison	
   to	
   a	
   wildtype	
   sequence	
  
obtained	
  from	
  the	
  NCBI	
  database.	
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Sequencing	
   of	
   the	
   HAX1	
   genomic	
   DNA	
   identified	
   a	
   homozygous	
   single	
   nucleotide	
  

insertion	
   leading	
   to	
   a	
   premature	
   stop	
   codon	
   (W44X)	
   in	
   all	
   affected	
   individuals,	
  while	
  

the	
   parents	
   and	
   the	
   unaffected	
   siblings	
   had	
   at	
   least	
   one	
   allele	
   with	
   the	
   wildtype	
  

sequence.	
   Subsequent	
   sequencing	
   of	
   additional	
   SCN	
   patients,	
   including	
   patients	
  

belonging	
  to	
  the	
  family,	
  originally	
  described	
  by	
  Kostmann	
  revealed	
  novel	
  mutations	
  in	
  

HAX1	
  in	
  addition	
  to	
  our	
  previously	
  identified	
  mutation.	
  

	
  

	
  

	
  

	
  

	
  

	
  

Fig	
  5.1.2.	
  Identification	
  of	
  different	
  mutations	
  in	
  HAX1	
  causing	
  SCN	
  
Sequence	
  analysis	
  of	
  various	
  SCN	
  patients	
  identified	
  a	
  number	
  of	
  different	
  mutations	
  in	
  HAX1	
  as	
  the	
  cause	
  
of	
  neutropenia.	
  These	
   identified	
  mutations	
   result	
   in	
   a	
  premature	
   stop	
   codon	
  or	
   a	
   frameshift	
   leading	
   to	
  
absence	
  of	
  the	
  protein.	
  
	
  

5.2	
  BM	
  of	
  HAX1	
  mutated	
  patients	
  show	
  a	
  phenotype	
  of	
  SCN	
  

The	
  condition	
  of	
  SCN	
  as	
  described	
  by	
  Rolf	
  Kostmann	
  is	
  characterized	
  by	
  an	
  arrest	
  in	
  the	
  

maturation	
  of	
  myeloid	
  cell	
  lineage	
  at	
  the	
  promyelocyte-­‐myelocte	
  stage	
  of	
  differentiation	
  

accompanied	
  by	
  increased	
  apoptosis	
  of	
  the	
  myeloid	
  cells,	
  leading	
  to	
  a	
  reduced	
  number	
  

of	
  circulating	
  mature	
  neutrophils.	
  With	
  the	
  identification	
  of	
  different	
  kinds	
  of	
  mutations	
  

in	
   HAX1,	
   we	
   analyzed	
   the	
   bone	
   marrow	
   from	
   the	
   affected	
   individuals	
   compared	
   to	
  

healthy	
   donor	
   as	
   control	
   samples.	
   Bone	
   marrow	
   tissue	
   smears	
   were	
   prepared	
   and	
  

microscopically	
  examined	
  following	
  a	
  Giemsa	
  staining.	
  



	
  

44	
  

	
  

	
  

	
  

	
  

	
  

	
  

Fig	
  5.2.1.	
  Microscopical	
  examination	
  of	
  Giemsa	
  stained	
  bone	
  marrow	
  smear	
  
Bone	
  marrow	
  tissues	
  were	
  smeared	
  on	
  glass	
  slides	
  and	
   further	
  stained	
  with	
  Giemsa	
  dye	
  and	
  examined	
  
microscopically.	
  
	
  
Bone	
  marrow	
  smears	
   from	
  patients	
  with	
  mutation	
   in	
  HAX1	
   showed	
   the	
   characteristic	
  

paucity	
   of	
   mature	
   neutrophils	
   as	
   originally	
   described	
   by	
   Kostmann	
   [8].	
   The	
   HAX1	
  

deficient	
   bone	
   marrow	
   exhibits	
   a	
   “myeloid	
   maturation	
   arrest”	
   at	
   the	
   level	
   of	
  

promyelocyte-­‐myelocyte.	
  Of	
  note,	
  heterozygote	
  carriers	
  had	
  a	
  normal	
  bone	
  marrow.	
  

	
  

5.3	
  Mutations	
   identified	
   in	
  HAX1	
   results	
   in	
   complete	
   absence	
   of	
   the	
  
protein.	
  

Computational	
   analysis	
   of	
   the	
  mutations	
   in	
  HAX1	
   revealed	
   that	
   the	
   varied	
  mutations	
  

identified	
  in	
  HAX1	
  would	
  result	
  in	
  the	
  generation	
  of	
  a	
  truncated	
  protein	
  or	
  a	
  complete	
  

absence	
   of	
   the	
   protein	
   due	
   to	
   the	
   resulting	
   premature	
   stop	
   codon	
   or	
   frame	
   shift	
  

mutations	
  in	
  these	
  affected	
  SCN	
  patients.	
  Our	
  primary	
  aim	
  was	
  then	
  set	
  to	
  examine	
  the	
  

HAX1	
   protein	
   in	
   these	
   affected	
   individuals.	
   Whole	
   cell	
   protein	
   extracts	
   of	
   EBV	
  

immortalized	
   B-­‐lymphocytes	
   from	
   patients	
   and	
   healthy	
   donors	
   were	
   analyzed	
   by	
  

western	
  blot	
  for	
  presence	
  of	
  HAX1.	
  20	
  µg	
  of	
  whole	
  cell	
  protein	
  lysate	
  was	
  stacked	
  and	
  

separated	
   in	
   8	
   and	
   10%	
   poly	
   acrylamide	
   gel	
   (PAGE)	
   respectively.	
   The	
   proteins	
  were	
  

then	
  transferred	
  on	
  to	
  PVDF	
  membrane	
  and	
  blotted	
  with	
  a	
  HAX1	
  MAb.	
  The	
  presence	
  of	
  

HAX1	
   protein	
   in	
   whole	
   cellular	
   extracts	
   was	
   further	
   analyzed	
   by	
   western	
   blot,	
   as	
  

described	
  earlier.	
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Fig	
  5.3.1.	
  Western	
  blot	
  analysis	
  of	
  EBV	
  immortalized	
  B-­‐lymphocytes	
  
Total	
   cellular	
  protein	
  extract	
  was	
   isolated	
   from	
  EBV	
   immortalized	
  B	
  cells	
  of	
  patients	
  with	
  mutations	
   in	
  
HAX1	
   and	
   healthy	
   donors.	
   The	
   expression	
   level	
   of	
   HAX1	
  was	
   detected	
   by	
   western	
   blot,	
   using	
   a	
   HAX1	
  
specific	
  monoclonal	
  antibody.	
  
	
  
HAX1	
   a	
   ubiquitously	
   expressed	
   protein	
   has	
   a	
   molecular	
   weight	
   of	
   32-­‐35	
   KDa.	
   We	
  

analyzed	
  for	
  the	
  whole	
  cell	
  protein	
  extracts	
  for	
  presence	
  of	
  the	
  full	
  length	
  and	
  truncated	
  

HAX1	
   protein	
   in	
   these	
   affected	
   individuals	
   as	
   compared	
   to	
   healthy	
   donors.	
   HAX1	
  

protein	
   was	
   completely	
   absent	
   in	
   these	
   SCN	
   patients	
   with	
   a	
   homozygous	
   germline	
  

mutation	
   in	
   HAX1,	
   as	
   determined	
   by	
   western	
   blot	
   analysis.	
   Whereas	
   the	
   unaffected	
  

healthy	
  donors	
  (including	
  heterozygous	
  carriers)	
  expressed	
  detectable	
   levels	
  of	
  HAX1,	
  

identified	
  as	
  a	
  35	
  KDa	
  band	
  by	
  western	
  blot	
  analysis.	
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5.4	
  Intracytoplasmic	
  localization	
  of	
  HAX1	
  

Knowledge	
   on	
   the	
   cellular	
   compartmentalization	
   is	
   of	
   utmost	
   necessity	
   to	
   study	
   the	
  

biological	
  role	
  of	
  a	
  protein.	
  In	
  view	
  of	
  the	
  conflicting	
  data	
  reported	
  in	
  the	
  literature,	
  we	
  

wanted	
  to	
  unambigously	
  determine	
  whether	
  HAX1	
  is	
  localized	
  in	
  mitochandria,	
  nucleus,	
  

or	
  cytoplasm.	
  This	
  would	
  further	
  facilitate	
  us	
  to	
  understand	
  the	
  various	
  role	
  of	
  HAX1.	
  As	
  

an	
   approach	
   to	
   identify	
   the	
   intracellular	
   localization	
   of	
   HAX1,	
   we	
   generated	
   amino	
  

terminal	
  GFP	
  fusion	
  construct	
  of	
  HAX1	
  in	
  a	
  CMMP	
  retroviral	
  backbone	
  and	
  transfected	
  

Hela	
  cells	
  with	
  plasmid	
  backbone	
  encoding	
  GFP	
  as	
  control	
  or	
   the	
  HAX1-­‐GFP	
   fusion	
  as	
  

test.	
   After	
   36	
   hours	
   of	
   transfection,	
   the	
   cells	
   were	
   processed	
   and	
   analyzed	
  

microscopically.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Fig	
  5.4.1.	
  Localization	
  of	
  HAX1	
  
Hela	
  cells	
  were	
   transfected	
  with	
  HAX1	
   fused	
   to	
  a	
  GFP	
  reporter	
  and	
  stained	
  with	
  DAPI	
  and	
  mitotracker	
  
red.	
  The	
  cells	
  were	
  further	
  processed	
  and	
  visualized	
  under	
  a	
  fluorescence	
  microscope.	
  
	
  
The	
  mitochondrion	
  was	
  stained	
  red	
  using	
  mitotracker	
  red,	
  the	
  nucleus	
  was	
  stained	
  with	
  

DAPI	
   and	
   HAX1–GFP	
   fusion	
   protein	
   had	
   green	
   fluorescence.	
   HAX1	
   localizes	
   to	
   the	
  

mitochondria,	
   as	
   observed	
   by	
   overlapping	
   yellow	
   signals	
   in	
   the	
   transfected	
   cell	
   (fig	
  

5.4.1).	
   The	
   HAX1–GFP	
   fusion	
   protein	
   was	
   not	
   detected	
   in	
   nucleus,	
   golgi	
   bodies,	
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endoplasmic	
  reticulum	
  or	
  the	
  lysosome	
  (data	
  not	
  shown).	
  This	
  result	
  is	
  in	
  line	
  with	
  the	
  

previously	
  reported	
  observations	
  that	
  HAX1	
  localizes	
  majorly	
  to	
  the	
  mitochondria.	
  

5.5	
  HAX1	
  deficient	
  cells	
  have	
  an	
  increased	
  rate	
  of	
  apoptosis	
  

We	
  reasoned	
  that	
  HAX1	
  deficiency	
  would	
  result	
  in	
  a	
  state	
  facilitating	
  cellular	
  apoptosis	
  

and	
  analyzed	
  the	
  survival	
  of	
  neutrophils	
  and	
  peripheral	
  blood	
  mononuclear	
  cells	
  upon	
  

exposure	
  to	
  stress.	
  Peripheral	
  blood	
  neutrophils	
  were	
  exposed	
  to	
  TNF	
  α	
  or	
  H2O2	
  and	
  the	
  

PBMCs	
  were	
  exposed	
  to	
  TNF	
  α	
  or	
  staurosporine	
  or	
  H2O2	
  in	
  a	
  5%	
  CO2	
  incubator.	
  	
  Annexin	
  

V	
  staining	
  and	
  propidium	
  iodide	
  uptake	
  was	
  used	
  to	
  assess	
  the	
  percentage	
  of	
  apoptotic	
  

cells.	
   The	
   cells	
   were	
   collected	
   at	
   indicated	
   time	
   points,	
   washed	
   and	
   analyzed	
   for	
  

apoptosis	
  by	
  flow	
  cytometry.	
  The	
  binding	
  of	
  annexin	
  V	
  to	
  phosphatidyl	
  serine	
  marks	
  an	
  

early	
   apoptotic	
   event	
   and	
   the	
   uptake	
   of	
   propidium	
   iodide	
   due	
   to	
   a	
   disintegrating	
  

nucleus	
  marks	
   an	
   apoptotic	
   cell.	
   Hence	
   cells	
   positive	
   for	
   annexin	
   V,	
   PI	
   or	
   both,	
  were	
  

accounted	
  apoptotic.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  
	
  
Fig	
  5.5.1.	
  FACS	
  analysis	
  of	
  neutrophil	
  apoptosis	
  upon	
  exposure	
  to	
  H2O2	
  
Neutrophils	
   isolated	
   from	
   the	
   peripheral	
   blood	
   of	
   two	
   healthy	
   donors	
   (Hd	
   1&2.)	
   and	
   HAX1	
   deficient	
  
patient	
  (Pat	
  1&2)	
  were	
  treated	
  with	
  H2O2.	
  Accounting	
  the	
  annexin	
  V	
  and	
  propidium	
  iodide	
  positive	
  cells	
  
by	
  flow	
  cytometry	
  at	
  indicated	
  time	
  points	
  monitored	
  the	
  percentage	
  of	
  apoptosis.	
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Fig	
  5.5.2.	
  FACS	
  analysis	
  of	
  neutrophil	
  apoptosis	
  upon	
  exposure	
  to	
  TNF	
  α	
  	
  
Neutrophils	
   isolated	
   from	
   the	
   peripheral	
  
blood	
  of	
  healthy	
  donor	
  administered	
  with	
  G-­‐
CSF	
   (Hd1	
   G-­‐CSF.),	
   healthy	
   donor	
   without	
   G-­‐
CSF	
   dose	
   (Hd2)	
   and	
   HAX1	
   deficient	
   patient	
  
(HAX1	
   pat)	
   were	
   treated	
   with	
   TNFα	
   and	
  
stained	
   with	
   annexin	
   V	
   positive	
   and	
  
propidium	
   iodide	
   at	
   indicated	
   time	
  points	
   to	
  
measure	
  the	
  percentage	
  of	
  apoptotic	
  cells	
  
	
  
	
  

	
  

	
  

	
  

Fig	
  (5.5.2)	
  indicates	
  representative	
  FACS	
  plots	
  comparing	
  the	
  rate	
  of	
  apoptosis	
  in	
  HAX1	
  

deficient	
   patient	
   neutrophils	
   compared	
   to	
   healthy	
   donor	
   controls.	
   The	
   percentage	
   of	
  

apoptosis	
  was	
  assessed	
  on	
  the	
  basis	
  of	
  annexin	
  V	
  binding	
  and	
  PI	
  uptake	
  in	
  the	
  subjected	
  

neutrophils.	
   HAX1	
   deficient	
   neutrophils	
   showed	
   an	
   increased	
   rate	
   of	
   apoptosis,	
   in	
  

contrast	
   to	
   neutrophils	
   from	
   healthy	
   donor	
   controls	
   when	
   challenged	
   with	
   different	
  

apoptotic	
  stimuli	
  such	
  as	
  TNF	
  α	
  	
  (fig	
  5.5.2),	
  H2O2	
  (fig	
  5.5.1)	
  and	
  staurosporine	
  (data	
  not	
  

shown)	
  

Since	
   HAX1	
   is	
   ubiquitously	
   expressed,	
   we	
   were	
   interested	
   to	
   learn	
   whether	
  

nonhematopoietic	
  cells	
  also	
  had	
  an	
  increased	
  susceptibility	
  to	
  apoptosis.	
  We	
  therefore	
  

assessed	
   apoptosis	
   in	
   PBMCs	
   and	
   fibroblast	
   of	
   HAX1	
   deficient	
   patients	
   compared	
   to	
  

healthy	
  donors.	
  Fig	
  (5.5.3)	
  indicates	
  experimental	
  results	
  on	
  measurement	
  of	
  apoptosis	
  

in	
  HAX1	
  deficient	
  total	
  PBMCS	
  as	
  compared	
  to	
  healthy	
  donor	
  controls	
  upon	
  exposure	
  to	
  

staurosporine.	
  The	
  PBMCs	
  of	
  the	
  patients	
  undergo	
  a	
  normal	
  rate	
  of	
  apoptosis,	
  similar	
  to	
  

healthy	
  donor	
  samples.	
  Further	
  studies	
  on	
  EBV	
  immortalized	
  B	
  cells	
  of	
  HAX1	
  deficient	
  

donors	
  compared	
  to	
  health	
  control	
  donors	
  also	
  showed	
  no	
  significant	
  difference	
  in	
  the	
  

rate	
  of	
  apoptosis	
  (data	
  not	
  shown).	
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Fig	
  5.5.3.	
  Apoptosis	
  in	
  PBMCs	
  and	
  fibroblast	
  
Total	
   peripheral	
   blood	
   mononuclear	
   cells	
   (left)	
   isolated	
   from	
   healthy	
   donor	
   (Hd)	
   and	
   HAX1	
   deficient	
  
patient	
  (HAX1	
  pat)	
  were	
  exposed	
  to	
  staurosporine	
  and	
   in	
  vitro	
  cultured	
   fibroblast	
  (right)	
   isolated	
   from	
  
healthy	
  donor	
  (Hd)	
  and	
  HAX1	
  deficient	
  patient	
  (HAX1	
  pat)	
  were	
  exposed	
  to	
  H2O2.	
  The	
  cells	
  were	
  stained	
  
with	
   annexin	
  V	
   and	
  propidium	
   iodide	
   at	
   indicated	
   time	
  points	
   to	
  measure	
   the	
   percentage	
   of	
   apoptotic	
  
cells	
  
	
  

Fig	
  (5.5.3)	
  shows	
  representative	
  FACS	
  plot	
  analysis	
  of	
  apoptosis	
  in	
  fibroblast	
  tissues	
  of	
  

HAX1	
   deficient	
   patients	
   compared	
   to	
   healthy	
   donor	
   controls	
   upon	
   exposure	
   to	
   H2O2.	
  

Interestingly,	
  the	
  fibroblast	
  cells	
  of	
  HAX1	
  deficient	
  patient	
  show	
  an	
  increase	
  in	
  the	
  rate	
  

of	
   apoptosis	
   as	
   compared	
   to	
   healthy	
   donors.	
   	
   The	
   results	
   obtained,	
   were	
   further	
  

confirmed	
   in	
  multiple	
  HAX1	
   deficient	
   patients	
   (data	
   not	
   shown).	
   It	
   is	
   unclear	
   though	
  

why	
  the	
  ubiquitously	
  expressed	
  HAX1	
  exhibits	
  a	
  myeloid	
  specific	
  clinical	
  phenotype.	
  	
  

Results	
   from	
   our	
   earlier	
   experiments	
   indicate	
   that	
   HAX1	
   deficiency	
   causes	
   SCN	
   by	
  

lowering	
   the	
   threshold	
   for	
   apoptosis	
   in	
   cells	
   of	
   myeloid	
   lineage.	
   In	
   order	
   to	
   further	
  

validate	
   our	
   finding,	
   we	
   in	
   vitro	
   differentiated	
   bone	
   marrow	
   derived	
   hematopoietic	
  

CD34+	
  stem	
  cells	
   from	
  health	
  donor	
  controls	
  and	
  HAX1	
  patients	
  to	
  myeloid	
   lineage	
   in	
  

the	
  presence	
  of	
  IL3,	
  G-­‐CSF	
  and	
  GM-­‐CSF.	
  Monitoring	
  the	
  rate	
  of	
  apoptosis	
  upon	
  exposure	
  

to	
  apoptotic	
  stimuli	
  further	
  assessed	
  the	
  control	
  of	
  HAX1	
  over	
  apoptosis	
  in	
  these	
  in	
  vitro	
  

differentiated	
  myeloid	
  progenitors.	
  



	
  

50	
  

Fig	
  5.5.4.	
  Apoptosis	
  in	
  in	
  vitro	
  differentiated	
  neutrophil	
  granulocytes	
  
CD34+	
   cells	
   from	
   total	
   bone	
   marrow	
   of	
  
healthy	
   donor	
   (Hd)	
   and	
   HAX1	
   deficient	
  
patient	
   (HAX1	
   pat)	
   was	
   isolated	
   and	
  
differentiated	
  in	
  vitro	
  to	
  granulocytic	
  lineage	
  
in	
   the	
   presence	
   of	
   G-­‐CSF	
   and	
   GM-­‐CSF	
   as	
  
described	
   earlier.	
   The	
   differentiated	
   cells	
  
were	
   treated	
  with	
  H2O2	
   and	
   the	
   percentage	
  
of	
   apoptotic	
   cells	
   were	
   quantified	
   by	
   FACS	
  
based	
   identification	
   of	
   the	
   annexin	
   V	
   and	
  
propidium	
  iodide	
  positive	
  cells.	
  
	
  

	
  

	
  

	
  

	
  

BM	
   derived	
   CD34+	
   cells	
   were	
   purified,	
   cultured	
   and	
   induced	
   for	
   granulocytic	
  

differentiation	
   in	
   the	
   presence	
   of	
   IL3,	
   G-­‐CSF	
   and	
   GM-­‐CSF	
   as	
   described	
   earlier.	
   The	
  

myeloid	
   progenitors	
   thus	
   obtained	
   from	
   HAX1	
   deficient	
   patients	
   and	
   healthy	
   donors	
  

were	
   subjected	
   to	
   apoptosis	
   by	
   treatment	
  with	
   a	
   variety	
   of	
   apoptotic	
   stimuli	
   such	
   as	
  

H2O2	
   and	
   staurosporine	
   (data	
   not	
   shown)	
   in	
   the	
   absence	
   of	
   cytokines	
   IL3,	
   G-­‐CSF	
   and	
  

GM-­‐CSF.	
   In	
   vitro	
   differentiated	
   HAX1	
   deficient	
   myeloid	
   progenitors	
   showed	
   an	
  

increased	
   susceptibility	
   to	
   apoptosis	
   upon	
   exposure	
   to	
   H2O2.	
   These	
   results	
   further	
  

strengthen	
  our	
  previous	
  findings	
  that	
  HAX1	
  deficient	
  neutrophils	
  are	
  susceptible	
  to	
  an	
  

increased	
  rate	
  of	
  apoptosis.	
  	
  

5.6	
  HAX1	
  deficient	
  cells	
  show	
  a	
  rapid	
  loss	
  of	
  MMP	
  (ΔΨm)	
  

In	
  line	
  with	
  our	
  finding	
  that	
  deficiency	
  of	
  HAX1	
  results	
  in	
  increased	
  rate	
  of	
  apoptosis	
  in	
  

neutrophils,	
  we	
   set	
   our	
   further	
   goals	
   in	
   understanding	
  how	
  HAX1	
   extends	
   its	
   control	
  

over	
   apoptosis.	
   Antiapoptotic	
   BCL-­‐2	
   family	
   proteins	
   have	
   been	
   largely	
   renowned	
   for	
  

their	
  role	
  in	
  maintaining	
  cellular	
  homeostasis	
  by	
  extending	
  a	
  control	
  over	
  mitochondrial	
  

membrane	
   potential	
   (MMP/ΔΨm).	
   Since	
   HAX1	
  may	
   possess	
   BH1	
   and	
   BH2	
   similarity	
  

domains	
  and	
  is	
  localized	
  majorly	
  to	
  the	
  mitochondria,	
  we	
  reasoned	
  that	
  HAX1	
  possess	
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similar	
   functions	
   to	
   antiapoptotic	
   members	
   of	
   the	
   BCL-­‐2	
   family.	
   To	
   address	
   this,	
   we	
  

chose	
  to	
  analyze	
  the	
  reported	
  and	
  most	
  definitive	
  role	
  of	
  antiapoptotic	
  BCL-­‐2	
  members	
  

in	
   control	
   over	
   mitochondrial	
   pathway	
   of	
   apoptosis,	
   the	
   MMP	
   (ΔΨm).	
   To	
   test	
   our	
  

hypothesis,	
   we	
   challenged	
   the	
   neutrophils	
   from	
   HAX1	
   deficient	
   patients	
   and	
   healthy	
  

controls	
   with	
   a	
   potassium	
   selective	
   ionophore,	
   valinomycin	
   that	
   facilitates	
  

mitochondrial	
   transport	
   of	
   K+.	
   This	
   facilitated	
   transport	
   across	
   membrane	
   barrier	
  

results	
  in	
  excess	
  accumulation	
  of	
  K+	
  and	
  hence	
  an	
  increased	
  consumption	
  of	
  O2	
  inside	
  

the	
  mitochondria.	
   This	
   subsequently	
   leads	
   to	
   a	
   drop	
   in	
   the	
  mitochondrial	
  membrane	
  

potential.	
  Prior	
  to	
  treatment	
  with	
  valinomycin,	
  the	
  cells	
  were	
  stained	
  with	
  JC-­‐1,	
  a	
  dual	
  

emission	
  dye.	
  The	
  monomeric	
  form	
  of	
  the	
  dye,	
  fluoresces	
  green	
  and	
  accumulates	
  in	
  the	
  

mitochondria	
   irrespective	
   of	
   the	
   membrane	
   potential	
   of	
   a	
   mitochondrion.	
   But	
   the	
  

aggregation	
   of	
   the	
  monomer	
   leading	
   to	
   formation	
   of	
   J-­‐aggregates	
   and	
   fluoresces	
   red,	
  

requires	
  a	
  mitochondria	
  with	
  higher	
  mitochondrial	
  membrane	
  potential	
  (ΔΨm).	
  	
  

	
  
	
  
Fig	
  5.6.1.	
  FACS	
  analysis	
  of	
  ΔΨm	
  in	
  neutrophils	
  upon	
  exposure	
  to	
  valinomycin	
  
Neutrophils	
   isolated	
   from	
   the	
   peripheral	
  
blood	
  of	
  healthy	
  donor	
  (Hd1),	
  healthy	
  donor	
  
administered	
  with	
   G-­‐CSF	
   dose	
   (Hd2	
   G-­‐CSF)	
  
and	
  HAX1	
  deficient	
  patient	
  (HAX1	
  pat)	
  were	
  
stained	
  with	
  JC-­‐1	
  a	
  double	
  emission	
  dye.	
  The	
  
percentage	
   of	
   cells	
  with	
   JC-­‐1	
   aggregate	
   and	
  
JC-­‐1	
  monomer	
  were	
  further	
  quantified	
  upon	
  
exposure	
   to	
   valinomycin,	
   at	
   indicated	
   time	
  
points.	
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Loss	
  of	
  mitochondrial	
  membrane	
  potential	
   is	
  an	
  early	
  event	
  of	
  mitochondrial	
  pathway	
  

of	
   apoptosis.	
   HAX1	
   deficient	
   granulocytes,	
   though	
   possess	
   a	
   higher	
   mitochondrial	
  

membrane	
   potential	
   as	
   compared	
   to	
   healthy	
   donor	
   controls	
   in	
   the	
   uninduced	
   state,	
  

show	
   a	
   rapid	
   dissipation	
   of	
   ΔΨm	
  upon	
   exposure	
   to	
   valinomycin,	
  whereas	
   neutrophils	
  

from	
   healthy	
   donor	
   controls	
   show	
   a	
   strict	
   maintenance	
   of	
   inner	
   mitochondrial	
  

membrane	
   potential.	
   Hence	
   it	
   was	
   inferred	
   from	
   these	
   results	
   that	
   HAX1	
   deficiency	
  

leads	
  to	
  increased	
  apoptosis	
  through	
  loss	
  of	
  control	
  over	
  maintenance	
  of	
  mitochondrial	
  

membrane	
  potential	
  in	
  neutrophil	
  granulocytes.	
  	
  

Results	
   from	
   our	
   previous	
   experimental	
   observations	
   indicate	
   that	
   the	
   phenotype	
   of	
  

increased	
   apoptosis	
   in	
   case	
   of	
   HAX1	
   deficiency	
   is	
   not	
   limited	
   to	
   neutrophils	
   but	
   also	
  

fibroblast.	
  To	
   further	
  validate	
   these	
  results	
  we	
  analyzed	
   the	
  mitochondrial	
  membrane	
  

potential	
  in	
  HAX1	
  deficient	
  fibroblast	
  and	
  total	
  PBMCs	
  as	
  compared	
  to	
  healthy	
  donors.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Fig	
  5.6.2.	
  FACS	
  analysis	
  of	
  ΔΨm	
  in	
  fibroblast	
  upon	
  induction	
  with	
  valinomycin	
  
In	
   vitro	
   cultured	
   fibroblast	
   isolated	
   from	
   healthy	
   donors	
   (Hd	
   1,2&3)	
   and	
   HAX1	
   deficient	
   patient	
  
(Pat1,2&3)	
  were	
  prestained	
  with	
  JC-­‐1	
  a	
  double	
  emission	
  dye.	
  The	
  percentage	
  of	
  cells	
  with	
  JC-­‐1	
  aggregate	
  
and	
  JC-­‐1	
  monomer	
  was	
  further	
  quantified	
  by	
  flow	
  cytometry	
  upon	
  exposure	
  to	
  valinomycin,	
  at	
  indicated	
  
time	
  points.	
  
.	
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Fig	
  5.6.3.	
  Analysis	
  of	
  ΔΨm	
  in	
  fibroblast	
  upon	
  induction	
  with	
  valinomycin	
  
In	
  vitro	
  cultured	
  fibroblast	
  isolated	
  from	
  healthy	
  donor	
  (HD),	
  HAX1	
  deficient	
  patient	
  (HAX1	
  def)	
  and	
  SCN	
  
patients	
  with	
  no	
  mutations	
  in	
  HAX1	
  (Pat	
  1,2,3&4)	
  were	
  prestained	
  with	
  JC-­‐1	
  a	
  double	
  emission	
  dye.	
  The	
  
percentage	
   of	
   cells	
   with	
   JC-­‐1	
   aggregate	
   and	
   JC-­‐1	
   monomer	
   were	
   further	
   quantified	
   upon	
   exposure	
   to	
  
valinomycin,	
  at	
  indicated	
  time	
  points	
  by	
  FACS.	
  
	
  

Similar	
  to	
  the	
  HAX1	
  deficient	
  neutrophils,	
  HAX1	
  deficient	
  fibroblasts	
  also	
  show	
  a	
  rapid	
  

dissipation	
   of	
  mitochondrial	
  membrane	
   potential,	
   compared	
   to	
   healthy	
   donor	
   control	
  

cells	
   (fig	
   5.6.3).	
   In	
   contrast,	
   the	
   PBMCs	
   and	
   EBV	
   immortalized	
   B	
   lymphocytes	
   from	
  

HAX1	
  deficient	
  patients	
  however	
  did	
  not	
  show	
  the	
  phenotype	
  of	
  altered	
  mitochondrial	
  

membrane	
  potential	
  (data	
  not	
  shown)	
  

5.7	
  HAX1	
  deficient	
  cells	
  show	
  increased	
  caspase	
  activation	
  

Because	
   of	
   the	
   reported	
   interaction	
   of	
   HAX1	
  with	
   the	
  mitochondrial	
   serine	
   protease	
  

Omi/HtrA2,	
   and	
   its	
   involvement	
   in	
   caspase	
   independent	
   cell	
   death	
   in	
   neutophil	
  

granulocytes,	
  we	
  analyzed	
  the	
  activation	
  of	
  effector	
  caspases	
  in	
  neutrophil	
  granulocytes	
  

and	
  fibroblast	
  of	
  HAX1	
  deficient	
  patients	
  as	
  compared	
  to	
  healthy	
  donors.	
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Fig	
  5.7.1.	
  Analysis	
  of	
  caspase3/7	
  activation	
  in	
  neutrophils	
  	
  
Neutrophils	
   isolated	
   from	
   the	
   peripheral	
   blood	
   of	
  
healthy	
   donor	
   (Hd)	
   and	
   HAX1	
   deficient	
   patient	
  
(HAX1	
   pat)	
   were	
   exposed	
   to	
   staurosporine	
   and	
   the	
  
percentage	
   of	
   cells	
   with	
   increase	
   in	
   levels	
   of	
   active	
  
effector	
   caspase	
   (effector	
   caspase	
   3/7)	
  was	
   assayed	
  
by	
  FLICA	
  based	
  technology	
  using	
  flow	
  cytometry.	
  
	
  

	
  

	
  

	
  

	
  

HAX1	
   deficient	
   granulocytes	
   exhibit	
   a	
   higher	
   degree	
   of	
   activation	
   of	
   the	
   effector	
  

caspases-­‐3/7	
  when	
  exposed	
  to	
  staurosporine	
  (fig	
  5.7.1)	
  and	
  TNF	
  α	
   	
  (data	
  not	
  shown).	
  

Similarly,	
  HAX1	
  deficient	
  fibroblasts	
  show	
  accelerated	
  activation	
  of	
  caspases-­‐3/7	
  when	
  

exposed	
   to	
   staurosporine.	
   But	
   the	
   genenal	
   caspase	
   inhibitor	
   Z-­‐VAD	
   could	
   block	
   the	
  

activation	
  of	
  these	
  effector	
  caspases	
  3&7.	
  

Fig	
  5.7.2.	
  Effect	
  of	
  Z-­‐VAD	
  on	
  caspase3/7	
  activation	
  in	
  fibroblast	
  
In	
   vitro	
   cultured	
   fibroblast	
   isolated	
  
from	
  healthy	
   donor	
   (Hd)	
   and	
  HAX1	
  
deficient	
  patient	
  (Pat)	
  were	
  exposed	
  
to	
   staurosporine	
   in	
   the	
   presence	
   or	
  
absence	
   of	
   a	
   general	
   caspase	
  
inhibitor	
  (Z-­‐VAD).	
  The	
  percentage	
  of	
  
cells	
   with	
   increased	
   levels	
   of	
   active	
  
effector	
   caspase	
   (effector	
   caspase	
  
3/7)	
   was	
   assayed	
   by	
   FLICA	
   based	
  
technique	
  using	
  flow	
  cytometry.	
  
	
  

	
  

Taken	
   together	
   these	
   results	
  

suggest	
   that	
   increased	
   apoptosis	
   observed	
   in	
   case	
   HAX1	
   deficiency	
   is	
   a	
   caspase	
  

dependent	
  process.	
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5.8	
  Silencing	
  of	
  HAX1	
  mRNA	
  is	
  inadequate.	
  	
  

To	
  further	
  demonstrate	
  that	
  deficiency	
  of	
  HAX1	
  causes	
  increased	
  apoptosis,	
  we	
  tried	
  to	
  

knock	
  down	
  the	
  mRNA	
  encoding	
  HAX1,	
  by	
  a	
  RNA	
  silencing	
  technique.	
  A	
  shRNA-­‐based	
  

approach	
   was	
   adapted	
   to	
   down	
   regulate	
   the	
   mRNA	
   of	
   HAX1.	
   Double	
   stranded	
   short	
  

interfering	
   RNA	
   oligos	
   corresponding	
   to	
   HAX1	
   mRNA	
   sequence	
   were	
   designed	
   and	
  

directionally	
   cloned	
   into	
   a	
   lentiviral	
   backbone	
   pRRL.PPT.SF.DsRedEx.Pre	
   SnaB1.	
   The	
  

shRNA	
  cloned	
  lentiviral	
  plasmids	
  were	
  transiently	
  transfected	
  into	
  HEK	
  293T	
  cell	
  lines	
  

and	
  the	
  levels	
  of	
  endogenous	
  HAX1	
  mRNA	
  was	
  further	
  quantified	
  to	
  assess	
  the	
  ability	
  of	
  

these	
  siRNA	
  to	
  silence	
  HAX1	
  mRNA.	
  

	
  

	
  

	
  

	
  

Fig	
  5.8.1.	
  Analysis	
  of	
  transfection	
  efficiency	
  of	
  HAX1	
  shRNA	
  
HEK	
   293T	
   cells	
   were	
   transiently	
   transfected	
  with	
   shRNA	
   encoding	
   plasmids	
   targeting	
  HAX1	
  mRNA	
   or	
  
control	
   vector.	
   The	
   cells	
   were	
   collected	
   by	
   trypsination	
   after	
   36-­‐48	
   hours	
   and	
   the	
   percentage	
   of	
   RFP	
  
positive	
  cells	
  were	
  analyzed	
  using	
  flow	
  cytometry.	
  
	
  

The	
  figure	
  (5.8.1)	
  represents	
  FACS	
  plots	
  indicating	
  the	
  transfection	
  efficiency	
  obtained	
  

with	
   the	
   lentiviral	
   control	
   and	
   shRNA	
  plasmids.	
  Approximately	
  50%	
  of	
   the	
   cells	
  were	
  

transfected	
  in	
  case	
  of	
  the	
  control	
  as	
  well	
  as	
  the	
  shRNA	
  constructs,	
  as	
  estimated	
  by	
  the	
  

FACS	
  analysis.	
  The	
  cells	
  were	
   then	
   further	
  harvested	
  and	
   the	
  HAX1	
  mRNA	
  expression	
  

level	
   was	
   analyzed	
   by	
   real	
   time	
   RT	
   PCR	
   employing	
   HAX1	
   gene	
   specific	
   primers	
   as	
  

described	
  earlier.	
  

Fig	
  5.8.2.	
  Analysis	
  of	
  HAX1	
  expression	
  
cDNA	
   synthesised	
   from	
   HEK	
   293T	
   cells	
   transfected	
  
with	
   shRNA	
   encoding	
   plasmids	
   targeting	
  HAX1	
  mRNA	
  
or	
   control	
   vector	
   was	
   subjected	
   to	
   realtime	
   PCR	
  
analysis	
  to	
  evaluvate	
  the	
  knockdown	
  of	
  HAX1.	
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Analysis	
  of	
  HAX1	
  mRNA	
  levels	
  indicates	
  that	
  both	
  shRNAI	
  and	
  shRNAII	
  are	
  efficient	
  in	
  

silencing	
  the	
  HAX1	
  mRNA.	
  Nevertheless,	
  the	
  knockdown	
  of	
  HAX1	
  mRNA	
  by	
  shRNA1	
  or	
  

shRNA2	
  is	
  inadequate.	
  Thus,	
  the	
  RNA	
  silencing	
  technique	
  could	
  not	
  be	
  further	
  employed	
  

for	
  assaying	
  the	
  antiapoptotic	
  functions	
  of	
  HAX1.	
  

	
  

	
  

	
  

	
  

	
  

Fig	
  5.8.2.	
  Western	
  blot	
  analysis	
  of	
  knock	
  down	
  of	
  HAX1	
  
HEK	
  293T	
  cells	
  were	
  stably	
  transduced	
  with	
  shRNA	
  encoding	
  lentivirus	
  targeting	
  HAX1	
  mRNA	
  (Sh	
  I&II)	
  
or	
   control	
   vector	
   (control)	
   at	
   different	
  MOI	
   and	
   sorted	
   by	
   flow	
   cytometry	
   to	
   obtain	
   a	
   purity	
   of	
   >96%.	
  
Total	
  cellular	
  protein	
  extract	
  was	
  isolated	
  from	
  these	
  cells	
  and	
  the	
  expression	
  level	
  of	
  HAX1	
  in	
  these	
  cells	
  
was	
  detected	
  by	
  western	
  blot	
  using	
  a	
  HAX1	
  specific	
  monoclonal	
  antibody.	
  
	
  

5.9	
  Reconstitution	
  of	
  ΔΨm	
  by	
  retroviral	
  gene	
  transfer	
  of	
  HAX1.	
  

To	
  prove	
  the	
  notion,	
  that	
  deficiency	
  of	
  HAX1	
  results	
  in	
  increased	
  susceptibility	
  towards	
  

loss	
   of	
   mitochondrial	
   membrane	
   potential	
   and	
   thus	
   apoptosis,	
   complementation	
  

experiments	
   were	
   performed	
   using	
   HAX1	
   encoding	
   retroviruses.	
   In	
   this	
   regard,	
   we	
  

purified	
  BM	
  derived	
  CD34+	
   cells	
   from	
  HAX1	
  deficient	
   and	
  healthy	
   control	
   individuals	
  

and	
   transduced	
   them	
  with	
  bicistronic	
   retroviral	
  vectors	
  encoding	
  HAX1	
   and	
  a	
  marker	
  

gene.	
  The	
  retroviral	
  plasmids	
  encoding	
  HAX1	
  cDNA	
  was	
  constructed	
  by	
  amplifying	
  the	
  

cDNA	
   generated	
   from	
   total	
   mRNA	
   of	
   healthy	
   donor	
   control	
   individuals	
   by	
   PCR	
   and	
  

directionally	
   cloned	
   in	
   to	
   pMMP–IRES-­‐mCD24+	
   retroviral	
   plasmid,	
   as	
   described	
  

previously.	
   The	
   control	
   and	
   HAX1	
   encoding	
   retroviral	
   particles	
   were	
   generated	
   and	
  

healthy	
  donors	
  and	
  patient	
  cells	
  were	
  transduced	
  with	
  an	
  MOI	
  of	
  2	
  as	
  described	
  earlier.	
  

A	
   FACS	
   based	
   sorting	
   of	
   cells	
   expressing	
   the	
   marker	
   gene	
   further	
   purified	
   these	
  

transduced	
   cells.	
   These	
   sorted	
   cells	
   accounting	
   >98%	
   purity	
   were	
   briefly	
   cultured	
  

followed	
  by	
  induction	
  for	
  myeloid	
  differentiation	
  in	
  the	
  presence	
  of	
  G-­‐CSF,	
  GM-­‐CSF	
  and	
  

IL3.	
  The	
  mitochondrial	
  membrane	
  potential	
  of	
  these	
  differentiated	
  myeloid	
  progenitors	
  

were	
  further	
  analyzed	
  upon	
  exposure	
  to	
  valinomycin.	
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Fig	
  5.9.1.	
  Reconstitution	
  of	
  ΔΨm	
  in	
  in	
  vitro	
  differentiated	
  myeloid	
  progenitors	
  	
  
In	
   vitro	
   differentiated	
   neutrophils	
   from	
   healthy	
   donor	
   (Hd)	
   and	
   HAX1	
   deficient	
   patient	
   (Pat)	
   were	
  
transduced	
  with	
  a	
  retroviral	
  construct	
  expressing	
  HAX1	
  or	
  control	
  vector.	
  The	
  cells	
  were	
  further	
  stained	
  
with	
  JC-­‐1	
  a	
  double	
  emission	
  dye,	
  prior	
  to	
  treatment	
  with	
  valinomycin.	
  The	
  percentage	
  of	
  cells	
  with	
  JC-­‐1	
  
aggregate	
  and	
  JC-­‐1	
  monomer	
  were	
  further	
  quantified	
  at	
  indicated	
  time	
  points	
  by	
  flow	
  cytometry.	
  
	
  

In	
  line	
  with	
  our	
  previous	
  observation	
  that	
  HAX1	
  deficient	
  SCN	
  patient	
  neutrophils	
  and	
  

fibroblast	
  show	
  reduced	
  control	
  over	
  loss	
  of	
  mitochondrial	
  membrane	
  potential,	
  in	
  vitro	
  

differentiated	
   myeloid	
   progenitors	
   from	
   the	
   SCN	
   patients	
   also	
   exhibited	
   a	
   reduced	
  

maintenance	
   of	
   mitochondrial	
   membrane	
   potential	
   upon	
   exposure	
   to	
   the	
   potassium	
  

ionophore,	
  valinomycin.	
  	
  

As	
  expected,	
  the	
  myeloid	
  progenitors	
  of	
  SCN	
  patients	
  transduced	
  with	
  HAX1	
  exhibits	
  a	
  

phenotype	
  similar	
  to	
  the	
  healthy	
  donor	
  controls.	
  The	
  loss	
  of	
  mitochondrial	
  membrane	
  

potential	
   in	
   SCN	
   patients	
   was	
   significantly	
   delayed	
   in	
   HAX1	
   transduced	
   cells	
   as	
  

compared	
   to	
   cells	
   transduced	
   with	
   the	
   reporter	
   gene.	
   The	
   phenotype	
   of	
   increased	
  

apoptosis	
  and	
   reduced	
  mitochondrial	
  membrane	
  potential	
   is	
   also	
   identified	
   in	
   case	
  of	
  

HAX1	
  deficient	
  fibroblast.	
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Fig	
  5.9.2.	
  FACS	
  analysis	
  demonstrating	
  reconstitution	
  of	
  ΔΨm	
  in	
  fibroblast	
  
In	
  vitro	
  cultured	
  fibroblast	
  from	
  healthy	
  donor	
  (Hd),	
  HAX1	
  deficient	
  patient	
  (Pat)	
  cells	
  and	
  HAX1	
  deficient	
  
patient	
  transduced	
  with	
  a	
  retroviral	
  construct	
  expressing	
  HAX1	
  (Pat-­‐HAX1	
  transduced)	
  or	
  control	
  vector	
  
(Pat-­‐control	
  transduced)	
  were	
  stained	
  with	
  JC-­‐1	
  a	
  double	
  emission	
  dye.	
  The	
  percentage	
  of	
  cells	
  with	
  cells	
  
with	
  high	
  ΔΨm	
  was	
  calculated	
  by	
  flow	
  cytometry	
  based	
  technique.	
  
	
  

To	
   confirm	
   the	
  observed	
   results,	
  we	
  performed	
   reconstitution	
   assay	
  of	
  mitochondrial	
  

membrane	
  potential	
   in	
  fibroblast	
  cells.	
   	
  Similar	
  to	
  the	
  myeloid	
  progenitors,	
   fibroblasts	
  

transduced	
  with	
  HAX1	
  also	
  showed	
  a	
  reconstituted	
  phenotype,	
  exhibiting	
  strict	
  control	
  

over	
   loss	
   of	
   mitochondrial	
   membrane	
   potential	
   indicating	
   a	
   controlled	
   apoptotic	
  

program	
  upon	
  HAX1	
  expression.	
  

Henceforth,	
  we	
  concluded	
  that	
  HAX1	
  is	
  a	
  critical	
  regulator	
  of	
  apoptosis.	
  Similar	
   to	
   the	
  

antiapoptotic	
   BCL-­‐2	
   proteins,	
   HAX1	
   exhibits	
   its	
   antiapoptotic	
   function	
   by	
   extending	
  

control	
  over	
  loss	
  of	
  mitochondrial	
  membrane	
  potential.	
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5.10	
  HAX1	
  deficient	
  neutrophils	
  show	
  reduced	
  mitochondrial	
  mass	
  

A	
   comprehensive	
   study	
   on	
   HAX1	
   deficient	
   tissues	
   indicates	
   that	
   apoptosis	
   in	
   HAX1	
  

deficienct	
  cells	
  occurs	
  through	
  the	
  mitochondrial	
  pathway	
  and	
  in	
  a	
  caspase	
  dependent	
  

manner.	
   To	
   further	
   elucidate	
   the	
   biological	
   functions	
   of	
   HAX1	
   in	
   neutrophil	
  

granulocytes	
  and	
  to	
  delineate	
  the	
  biochemical	
  events	
  underlying	
  the	
  clinical	
  phenotype	
  

of	
   SCN,	
   we	
   analyzed	
   further	
   downstream	
   events	
   of	
   the	
   mitochondrial	
   pathway	
   of	
  

apoptosis.	
  Mitochondrial	
  mass,	
   a	
   sequestered	
   event	
   is	
   significantly	
   altered	
  during	
   the	
  

course	
  of	
  cell	
  death.	
  We	
  stained	
  the	
  HAX1	
  deficient	
  neutrophil	
  granulocytes	
  and	
  PBMCs	
  

with	
  mitotracker	
   red,	
   a	
  mitochondrion	
   selective	
   probe.	
   The	
   changes	
   in	
  mitochondrial	
  

mass	
  was	
  then	
  assessed	
  over	
  time	
  upon	
  exposure	
  to	
  valinomycin.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Fig.	
  5.10.1.	
  Analysis	
  of	
  mitochondrial	
  mass	
  in	
  neutrophils	
  
Neutrophils	
   isolated	
   from	
   the	
  peripheral	
   blood	
   of	
   healthy	
   donor	
   (HD	
  1&2)	
   and	
  HAX1	
  deficient	
   patient	
  
(Pat	
   1&2)	
   (Above)	
   or	
   neutrophils	
   isolated	
   from	
   the	
  peripheral	
   blood	
  of	
   healthy	
  donor	
   (HD)	
   and	
  ELA2	
  
mutated	
   patient	
   (Pat)	
   (Below)	
  were	
   stained	
   with	
   a	
   mitochondrion	
   selective	
   probe	
   (mitotracker	
   580)	
  
prior	
   to	
   treatment	
  with	
   valinomycin.	
   The	
   loss	
   of	
  mitochondrial	
  mass	
  was	
  monitored	
   at	
   indicated	
   time	
  
points	
  by	
  flow	
  cytometry.	
  	
  
	
  

HAX1	
  deficient	
  granulocytes	
  showed	
  a	
  rapid	
  loss	
  of	
  mitochondrial	
  mass	
  upon	
  exposure	
  

to	
   valinomycin	
   (fig	
   5.10.1).	
   Mitochondrial	
   mass,	
   a	
   measure	
   of	
   the	
   amount	
   of	
   intact	
  

mitochondria	
  within	
  a	
  cell,	
  decreased	
  rapidly	
  in	
  these	
  HAX1	
  deficient	
  cells	
  indicating	
  a	
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phenotype	
  of	
  increased	
  apoptosis.	
  This	
  phenotype	
  however	
  was	
  not	
  observed	
  in	
  case	
  of	
  

PBMCs	
  or	
  B-­‐lymphocytes	
  (data	
  not	
  shown).	
  

5.11	
  HAX1	
  deficient	
  neutrophils	
  have	
  decreased	
  cellular	
  ATP	
  

Maintenance	
   of	
  mitochondrial	
   inner	
  membrane	
  potential	
   is	
   an	
  ATP	
   requiring	
  process	
  

and	
   a	
   critical	
   regulator	
   of	
  mitochondrial	
   functions	
   such	
   as	
   oxidative	
  phosphorylation.	
  

Mitochondrial	
   oxidative	
   phosphorylation	
   coupled	
   ATP	
   synthesis	
   contributes	
   a	
   major	
  

percentage	
   of	
   the	
   cellular	
  ATP.	
  With	
   our	
   previous	
   identification	
   that	
  HAX1	
  deficiency	
  

results	
   in	
   mitochondrial	
   dysfunction,	
   we	
   hypothesized	
   that	
   HAX1	
   deficiency	
   could	
  

result	
   in	
  the	
  decrease	
  of	
  cellular	
  ATP.	
  We	
  monitored	
  the	
  AMP/ATP	
  ratio	
   in	
  the	
  cell	
  by	
  

monitoring	
  the	
  levels	
  of	
  cellular	
  AMPKα.	
  We	
  induced	
  the	
  neutrophils	
  with	
  valinomycin,	
  

promoting	
  loss	
  of	
  mitochondrial	
  membrane	
  potential.	
  

	
  

	
  

	
  

Fig	
  5.11.1.	
  Analysis	
  of	
  AMP/ATP	
  ratio	
  in	
  neutrophil	
  granulocytes	
  
Neutrophils	
   isolated	
   from	
   the	
  peripheral	
  blood	
  of	
  healthy	
  donor	
   (Hd)	
  and	
  HAX1	
  deficient	
  patient	
   (Pat)	
  
were	
   treated	
  with	
  valinomycin.	
  Total	
   cellular	
  protein	
  extract	
  was	
   isolated	
   from	
   these	
   cells	
   at	
   indicated	
  
time	
   points	
   and	
   the	
   phosphorylation	
   status	
   of	
   AMPKα	
   in	
   these	
   cells	
   was	
   quantified	
   by	
   western	
   blot	
  
analysis.	
  
	
  

HAX1	
  deficient	
  neutrophils	
  showed	
  an	
  increased	
  level	
  of	
  phosphorylation	
  of	
  the	
  AMPKα	
  

protein	
  at	
  Thr	
  172,	
   indicating	
  an	
  elevated	
   level	
  of	
   cellular	
  AMP	
  and	
  a	
  drop	
   in	
  cellular	
  

ATP.	
  

5.12	
  HAX1	
  deficient	
  neutrophils	
  show	
  increased	
  ROS	
  production	
  

Reactive	
  oxygen	
  species	
  (ROS)	
  are	
  byproducts	
  of	
  oxidative	
  phosphorylation.	
  Hampered	
  

mitochondrial	
   membrane	
   potential	
   leads	
   to	
   mitochondrial	
   dysfunction	
   resulting	
   in	
  

insufficient	
  ATP	
  production	
  and	
  inefficient	
  control	
  over	
  ROS	
  production.	
  The	
  ROS	
  thus	
  

produced	
   are	
   released	
   from	
   the	
   mitochondrion	
   to	
   the	
   cytosol.	
   Hence	
   a	
   reduction	
   in	
  

mitochondrial	
   membrane	
   potential	
   leads	
   to	
   changes	
   in	
   levels	
   of	
   cytosolic	
   reactive	
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oxygen	
   species	
   (ROS)	
   resulting	
   in	
   a	
   state	
   of	
   oxidative	
   stress.	
   Since	
   HAX1	
   deficiency	
  

results	
   in	
   decreased	
  mitochondrial	
   membrane	
   potential,	
   we	
   hypothesized	
   that	
   HAX1	
  

deficieny	
   results	
   in	
   increased	
   ROS	
   production	
   and	
   thus	
   hampering	
   the	
   antioxidative	
  

defense.	
  We	
  analyzed	
  the	
  rate	
  of	
  cytosolic	
  ROS	
  production	
   in	
  neutrophil	
  granulocytes.	
  

Healthy	
   donor	
   and	
   HAX1	
   deficient	
   peripheral	
   blood	
   neutrophil	
   granulocytes	
   were	
  

isolated	
  	
  and	
  analyzed	
  for	
  ROS	
  production	
  upon	
  exposure	
  to	
  valinomycin	
  or	
  PMA	
  by	
  a	
  

flow	
  cytometry	
  based	
  technique.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Fig.	
  5.12.1.	
  FACS	
  analysis	
  of	
  ROS	
  production	
  in	
  neutrophil	
  granulocytes	
  
Neutrophils	
   isolated	
   from	
  the	
  peripheral	
  blood	
  of	
  healthy	
  donor	
   (HD)	
  and	
  HAX1	
  deficient	
  patient	
   (Pat)	
  
(Above)	
   or	
   neutrophils	
   isolated	
   from	
   the	
   peripheral	
   blood	
   of	
   healthy	
   donor	
   (HD)	
   and	
   ELA2	
   mutated	
  
patient	
  (Pati)	
  (Below)	
  were	
  stained	
  with	
  CM-­‐H2DCFDA	
  prior	
  to	
  induction	
  for	
  ROS	
  production.	
  The	
  rate	
  of	
  
ROS	
  production	
  was	
  further	
  monitored	
  at	
  indicated	
  time	
  points	
  by	
  flow	
  cytometry	
  upon	
  exposure	
  to	
  PMA.	
  
	
  

The	
   rate	
   of	
   ROS	
   production	
   in	
   neutrophils	
   was	
   enhanced	
   in	
   case	
   of	
   HAX1	
   deficiency	
  

upon	
   treatment	
   with	
   valinomycin	
   and	
   PMA.	
   HAX1	
   deficient	
   neutrophils	
   showed	
   an	
  

increased	
  rate	
  of	
  ROS	
  production.	
  	
  

This	
  phenotype	
   is	
   specific	
   to	
  HAX1	
  deficiency	
   as	
   the	
   accelerated	
  ROS	
  production	
  was	
  

not	
   observed	
   in	
   neutrophils	
   of	
   SCN	
  patients	
  with	
  mutation	
   in	
  ELA2	
   and	
   SCN	
  patients	
  

without	
  any	
  mutations	
  in	
  HAX1	
  (data	
  not	
  shown).	
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5.13	
  HAX1	
  deficient	
  neutrophils	
  show	
  hampered	
  antioxidant	
  defense	
  

ROS	
  are	
   continuous	
  byproducts	
  of	
  oxidative	
  phosphorylation	
  process	
  and	
  are	
   toxic	
   to	
  

the	
  cell.	
  Antioxidant	
  defense	
  enzymes	
  such	
  as	
  catalase	
  and	
  mnSOD,	
  degrade	
  the	
  ROS	
  to	
  

protect	
   cells.	
   Increased	
   ROS	
   production	
   and	
   its	
   release	
   into	
   the	
   cytosol,	
   further	
  

accumulates	
   and	
   targets	
   degradation	
   of	
   these	
   antioxidant	
   defense	
   proteins	
   such	
   as	
  

catalase	
   leading	
   to	
   oxidative	
   stress	
   in	
   a	
   cell.	
   Hence	
   an	
   accumulation	
   in	
   ROS	
   would	
  

subsequently	
   lead	
   to	
   reduction	
   in	
   levels	
   of	
   the	
   antioxidant	
   defense	
   proteins	
   such	
   as	
  

catalase.	
  Since	
  HAX1	
  deficiency	
  leads	
  to	
  increased	
  ROS	
  production	
  we	
  hypothesized	
  that	
  

the	
   antioxidative	
   degradation	
   of	
   catalase	
  must	
   be	
   accelerated	
   in	
   HAX1	
   deficient	
   cells	
  

upon	
  induction	
  for	
  loss	
  of	
  mitochondrial	
  membrane	
  potential.	
  We	
  analyzed	
  the	
  rate	
  of	
  

catalase	
   degradation	
   in	
   neutrophil	
   granulocytes	
   upon	
   exposure	
   to	
   the	
   potassium	
  

ionophore,	
   valinomycin.	
  Neutrophils	
   from	
  healthy	
   donor	
   controls	
   and	
  HAX1	
   deficient	
  

patients	
  were	
  purified	
  as	
  described	
  earlier.	
  Whole	
  cell	
  protein	
  extracts	
  were	
  prepared	
  

from	
  these	
  neutrophils	
  at	
  indicated	
  time	
  points	
  and	
  analyzed	
  by	
  western	
  blot.	
  Catalase	
  

degradation	
   was	
   accelerated	
   in	
   HAX1	
   deficient	
   granulocytes	
   upon	
   treatment	
   with	
  

valionmycin	
  suggesting	
   that	
  HAX1	
  deficiency	
   is	
  associated	
  with	
   increased	
  exposure	
   to	
  

ROS.	
  

	
  

	
  

	
  

	
  

Fig	
  5.13.1.	
  Antioxidant	
  defense	
  in	
  neutrophil	
  granulocytes	
  
Neutrophils	
   isolated	
   from	
   the	
  peripheral	
  blood	
  of	
  healthy	
  donor	
   (Hd)	
  and	
  HAX1	
  deficient	
  patient	
   (Pat)	
  
were	
   treated	
  with	
  valinomycin.	
  Total	
   cellular	
  protein	
  extract	
  was	
   isolated	
   from	
   these	
   cells	
   at	
   indicated	
  
time	
  points	
  and	
  the	
  expression	
  levels	
  of	
  catalase	
  in	
  these	
  cells	
  was	
  quantified	
  by	
  western	
  blot	
  analysis.	
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5.14	
  HAX1	
  deficient	
  granulocytes	
  exhibit	
  enhanced	
  autophagy	
  

Defective	
   antioxidant	
   defense	
   resulting	
   from	
   increased	
   cytosolic	
   ROS	
   hampers	
  

intracellular	
   organelles	
   leading	
   to	
   apoptosis.	
   Mitochondrial	
   dysfunction	
   results	
   in	
  

increased	
  ROS	
  generation.	
  We	
  hypothesized	
  that	
  the	
  cell	
  would	
  exert	
  an	
  increased	
  rate	
  

of	
   autophagy	
   as	
   an	
   adaptive	
  mode	
   of	
   survival.	
  We	
   analyzed	
   the	
   rate	
   of	
   autophagy	
   in	
  

HAX1	
  deficient	
  neutrophils,	
   fibroblasts	
  and	
  PBMCs.	
  To	
   induce	
  autophagy,	
  we	
  exposed	
  

healthy	
   donor	
   and	
   HAX1	
   deficient	
   cells	
   to	
   rapamycin,	
   an	
   autophagy	
   inducing	
   drug.	
  

Whole	
  cell	
  extracts	
  were	
  prepared	
  at	
  various	
  time	
  points	
  and	
  analyzed	
   for	
  expression	
  

levels	
   of	
   proteins	
   regulating	
   autophagy.	
   Interestingly,	
   the	
   HAX1	
   deficient	
   neutrophils	
  

showed	
   an	
   increased	
   level	
   of	
   the	
   autophagy	
   essential	
   gene	
   Beclin-­‐1.	
   However,	
   the	
  

increase	
  in	
  Beclin-­‐1	
  protein	
  was	
  observed	
  only	
  in	
  HAX1	
  deficient	
  neutrophils	
  but	
  not	
  in	
  

case	
   of	
   HAX1	
   deficient	
   mononuclear	
   cells.	
   HAX1	
   deficient	
   neutrophils,	
   but	
   neither	
  

PBMCs	
   nor	
   in	
   vitro	
   cultured	
   fibroblast	
   (data	
   not	
   shown)	
   showed	
   this	
   phenotype	
   of	
  

increased	
  levels	
  of	
  Beclin-­‐1	
  protein	
  as	
  analyzed	
  by	
  western	
  blot.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  
Fig.	
  5.14.1.	
  Analysis	
  of	
  beclin-­‐1	
  and	
  ATG	
  12-­‐5	
  complex	
  expression	
  in	
  neutrophils	
  
Neutrophils	
   isolated	
   from	
   the	
   peripheral	
   blood	
   of	
   healthy	
   donor	
   (HD),	
   HAX1	
   deficient	
   patient	
   (HAX1)	
  
(left)	
  and	
  neutrophils	
  isolated	
  from	
  healthy	
  donor	
  (HD)	
  and	
  ELA2	
  mutated	
  patient	
  (ELA2)	
  (right)	
  were	
  
treated	
  with	
  rapamycin.	
  Cells	
  were	
  harvested	
  at	
   indicated	
   time	
  points	
  and	
  total	
  cellular	
  protein	
  extract	
  
was	
  analyzed	
  for	
  the	
  expression	
  levels	
  of	
  beclin-­‐1	
  protein	
  and	
  ATG12-­‐5	
  protein	
  complex	
  by	
  western	
  blot.	
  
	
  

Increase	
   in	
   Beclin-­‐1	
   marks	
   the	
   initiation	
   of	
   autophagy	
   and	
   leads	
   to	
   an	
   avalanche	
   of	
  

autophagic	
  events	
  such	
  as	
  ATG12-­‐5	
  complex	
  formation	
  and	
  LC3II	
  sequestration	
  leading	
  

to	
   phagophore	
   formation.	
   We	
   monitored	
   the	
   immediate	
   key	
   event,	
   the	
   formation	
   of	
  

ATG12-­‐5	
  complex	
  in	
  HAX1	
  deficient	
  neutrophils	
  upon	
  induction	
  with	
  rapamycin.	
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The	
  level	
  of	
  Beclin-­‐1	
  protein	
  and	
  ATG	
  12-­‐5	
  protein	
  complex	
  formation	
  was	
  increased	
  in	
  

HAX1	
   deficient	
   neutrophils	
   but	
   not	
   mononuclear	
   cells.	
   This	
   observed	
   phenotype	
   is	
  

specific	
   to	
   HAX1	
   deficiency,	
   as	
   SCN	
   neutrophils	
   expressing	
   functional	
   HAX1	
   (ELA2	
  

patients)	
  did	
  not	
  show	
  increased	
  levels	
  of	
  autophagy,	
  as	
  assessed	
  by	
  beclin-­‐1	
  expression	
  

and	
  ATG12-­‐5	
  complex	
  formation.	
  

	
  

	
  

	
  
	
  
Fig.	
  5.14.2.	
  ATG12-­‐5	
  complex	
  formation	
  and	
  beclin-­‐1	
  expression	
  in	
  PMBCs	
  
Peripheral	
  blood	
  mononuclear	
  cells	
  isolated	
  form	
  healthy	
  donor	
  (HD)	
  and	
  HAX1	
  deficient	
  patient	
  (HAX-­‐1)	
  
were	
   treated	
  with	
   rapamycin.	
   Cells	
   were	
   harvested	
   at	
   indicated	
   time	
   points	
   and	
   total	
   cellular	
   protein	
  
extract	
   was	
   analyzed	
   for	
   the	
   expression	
   levels	
   of	
   beclin-­‐1	
   protein	
   and	
   ATG12-­‐5	
   protein	
   complex	
   by	
  
western	
  blot.	
  
	
  

This	
   is	
   in	
   line	
  with	
  our	
  previous	
  observation	
   that	
  HAX1	
  deficient	
  neutrophils,	
  but	
  not	
  

mononuclear	
   cells	
  have	
  a	
  decreased	
  mitochondrial	
  membrane	
  potential,	
   accompanied	
  

by	
  increased	
  levels	
  of	
  cytosolic	
  ROS.	
  Furthermore,	
  we	
  performed	
  transmission	
  electron	
  

microscopy	
  (TEM)	
  in	
  HAX1-­‐deficient	
  bone	
  marrow	
  cells.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  
Fig	
  5.14.3.	
  Transmission	
  electron	
  microscopy	
  analysis	
  of	
  neutrophils	
  
Mononuclear	
   cells	
   isolated	
   from	
   the	
   bone	
   marrow	
   of	
   healthy	
   donor	
   (left)	
   and	
   HAX1	
   deficient	
   patient	
  
(right)	
  were	
  sectioned	
  and	
  analyzed	
  by	
  transmission	
  electron	
  microscopy.	
  The	
  phagophore	
  formation,	
  if	
  
any	
  are	
  indicated	
  (black	
  arrow).	
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Interestingly,	
   we	
   observed	
   that	
   HAX1	
   deficient	
   neutrophils	
   but	
   not	
   healthy	
   donor	
  

controls	
   showed	
   increased	
   phagophore	
   formation,	
   denoting	
   increased	
   levels	
   of	
  

autophagy	
   during	
   neutrophil	
   differentiation.	
   This	
   phenotype	
   is	
   specific	
   to	
   HAX1	
  

deficient	
   neutrophils	
   and	
   not	
   mononuclear	
   cells.	
   Also,	
   the	
   phenotype	
   of	
   phagophore	
  

formation	
  is	
  not	
  observed	
  in	
  neutrophils	
  of	
  SCN	
  patients	
  with	
  functional	
  HAX1	
  (data	
  not	
  

shown),	
  indicating	
  its	
  specificity	
  to	
  HAX1	
  deficiency	
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6.	
  DISCUSSION	
  

6.1	
   Individuals	
   with	
   autosomal	
   recessive	
   severe	
   congenital	
  
neutropenia	
  reveal	
  mutations	
  in	
  HAX1	
  

Neutropenia	
   is	
   a	
   rare,	
   inborn	
   hematological	
   disorder	
   associated	
  with	
   life	
   threatening	
  

bacterial	
   infections.	
  Previous	
  studies	
  have	
  shown	
  that	
  mutations	
   in	
  the	
  gene	
  encoding	
  

neutrophil	
   elastase	
   (ELA2)	
   [140],	
   Wiskott-­‐Aldrich	
   syndrome	
   (WAS)	
   gene	
   [13,	
   14],	
  

Growth	
  factor	
  independent	
  1	
  (GFI1)	
  [15]	
  and	
  the	
  endosomal	
  adapter	
  protein	
  (P14)	
  [16]	
  

result	
  in	
  neutropenia.	
  Still	
  the	
  genetic	
  defect	
  underlying	
  classical	
  SCN,	
  characterized	
  by	
  

autosomal	
  recessive	
  mode	
  of	
  inheritance	
  remained	
  largely	
  unknown	
  and	
  the	
  molecular	
  

mechanism	
  thus	
  poorly	
  understood.	
  	
  

The	
  primary	
  objectives	
  of	
  the	
  current	
  study	
  were	
  to	
  identify	
  the	
  genetic	
  defect	
  causing	
  

Kostmann	
  syndrome	
  and	
  understand	
  the	
  molecular	
  etiology	
  underlying	
  the	
  disease.	
  In	
  

this	
  view,	
  we	
  performed	
  genome	
  wide	
  linkage	
  analysis	
  on	
  three	
  unrelated	
  families	
  with	
  

members	
   suffering	
   from	
   recurrent	
   infections	
   due	
   to	
   neutropenia	
   and	
   identified	
   a	
  

linkage	
   interval	
  on	
  chromosome	
  1,	
  spanning	
  275	
  genes.	
   	
  Although	
  we	
  identified	
  many	
  

interesting	
   candidate	
   genes	
   such	
   as	
   MAPBIP,	
   RAB25	
   and	
   IL6R,	
   sequence	
   analysis	
  

showed	
  wild	
  type	
  sequence	
  for	
  these	
  genes.	
  	
  

Altered	
  tissue	
  homeostasis	
  through	
  increased	
  apoptosis	
  plays	
  a	
  major	
  role	
  in	
  a	
  variety	
  

of	
  bone	
  marrow	
  disorders.	
  Previous	
  reports	
  provide	
  evidence	
  of	
  elevated	
  apoptosis	
   in	
  

the	
  bone	
  marrow	
  of	
  patients	
  belonging	
  to	
  the	
  original	
  kindred	
  described	
  by	
  Kostmann	
  

[8,	
  22].	
  Scientists	
  have	
  discovered	
  that	
  mutation	
  in	
  ELA2	
  results	
  in	
  increased	
  unfolded	
  

protein	
   response	
   (UPR)	
   leading	
   to	
   the	
   increased	
   rate	
   of	
   apoptosis	
   in	
   differentiating	
  

neutrophils	
  [12,	
  140,	
  143].	
  Also	
  dominant	
  negative	
  mutations	
  in	
  the	
  neutrophil	
  elastase	
  

(NE)	
   transcriptional	
   repressor	
   GFI1	
   induce	
   SCN	
   through	
   increased	
   NE	
   expression,	
  

inducing	
  an	
  UPR	
  stress	
  [15,	
  144].	
  A	
  recent	
  study	
  also	
  identified	
  that	
  specific	
  mutation	
  in	
  

the	
  gene	
  encoding	
  Wiskott-­‐Aldrich	
  syndrome	
  protein	
  (WASp)	
   leads	
   to	
   increased	
  actin	
  

polymerization	
  resulting	
  in	
  an	
  X-­‐linked	
  form	
  of	
  neutropenia	
  with	
  an	
  intrinsic	
  failure	
  of	
  

myelopoiesis	
  [13,	
  14].	
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We	
   prioritized	
   the	
   evaluation	
   of	
   HAX1	
   as	
   a	
   primary	
   candidate	
   gene,	
   in	
   view	
   of	
   its	
  

previously	
  reported	
  anti	
  apoptotic	
  functions	
  [125]	
  and	
  its	
  role	
  in	
  the	
  regulation	
  of	
  actin	
  

cytoskeleton	
  [131].	
  	
  We	
  identified	
  a	
  homozygous	
  single	
  nucleotide	
  insertion	
  leading	
  to	
  a	
  

premature	
  stop	
  codon	
   (W44X)	
   in	
  all	
   affected	
   individuals	
   from	
   these	
  different	
   families	
  

resulting	
   in	
   complete	
  absence	
  of	
   the	
  protein	
  as	
  assessed	
  by	
  western	
  blot.	
   Subsequent	
  

sequencing	
   of	
   additional	
   SCN	
   patients	
   revealed	
   numerous	
   novel	
   mutations	
   in	
   HAX1.	
  

Thus	
   a	
   reverse	
   genetics	
   based	
   approach,	
   identified	
   different	
   mutations	
   in	
   HAX1	
   as	
  

causative	
  of	
  SCN.	
  Interestingly	
   individuals	
   from	
  the	
  original	
  Kostmann	
  family	
  also	
  had	
  

homozygous	
   mutations	
   in	
  HAX1	
   (Q190X)	
   providing	
   proof	
   that	
   the	
   disease	
   originally	
  

described	
  by	
  Kostmann	
  is	
  caused	
  by	
  HAX1	
  mutation.	
  

	
  

6.2	
  HAX1	
  deficiency	
  results	
   in	
   increased	
  apoptosis	
  through	
  defective	
  
maintenance	
  of	
  mitochondrial	
  membrane	
  potential	
  (MMP/ΔΨm)	
  

Although	
   the	
  majority	
   of	
   reports	
   identify	
   HAX1	
   to	
   be	
   localized	
   in	
   the	
  mitochondrion	
  

[132-­‐134],	
   a	
   few	
   other	
   studies	
   have	
   also	
   indicated	
   that	
   HAX1	
   is	
   also	
   localized	
   in	
   the	
  

endoplasmic	
   reticulum	
   and	
   the	
   nuclear	
   envelope	
   [128,	
   137,	
   145].	
   In	
   agreement	
  with	
  

previous	
  reports	
  [132-­‐134],	
  we	
  identified	
  that	
  HAX1	
  localizes	
  to	
  the	
  mitochondrion	
  and	
  

to	
   a	
   certain	
   extent,	
   to	
   the	
   cytoplasm.	
   Mitochondria	
   are	
   key	
   regulators	
   of	
   cellular	
  

homeostasis	
   and	
   potent	
   integrators	
   and	
   coordinators	
   of	
   cell	
   death	
   [31,	
   146-­‐148],	
  

targeting	
   signaling	
   pathways	
   of	
   other	
   cellular	
   organelles	
   such	
   as	
   the	
   endoplasmic	
  

reticulum	
  and	
  the	
  nucleus	
  towards	
  apoptosis	
  [149,	
  150].	
  HAX1	
  has	
  also	
  been	
  reported	
  

to	
   interact	
   with	
   proapoptotic	
   proteins	
   such	
   as	
   mitochondrial	
   serine	
   protease	
  

Omi/HtrA2	
   [132]and	
   caspase	
   [126,	
   151].	
   A	
   recent	
   study	
   identified	
   that	
   HAX1	
   also	
  

interacts	
  with	
  SERCA2	
  and	
   its	
   inhibitor	
  phospholamban	
  [134],	
  extending	
  control	
  over	
  

cellular	
  calcium	
  homeostasis.	
  	
  	
  

In	
   view	
   of	
   the	
   subcellular	
   localization	
   of	
   HAX1	
   and	
   its	
   interaction	
   with	
   various	
  

proapoptotic	
   proteins,	
   we	
   analyzed	
   the	
   rate	
   of	
   apoptosis	
   in	
   tissues	
   of	
   affected	
  

individuals	
   as	
   compared	
   to	
   healthy	
   donor	
   controls.	
   Our	
   results	
   indicate	
   that	
   HAX1	
  

deficient	
   neutrophils	
   exhibit	
   an	
   accelerated	
   rate	
   of	
   apoptosis.	
   This	
   observation	
   is	
   in	
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agreement	
  with	
  the	
  previous	
  studies	
  that	
  a	
  majority	
  of	
  the	
  SCN	
  patients	
  with	
  unknown	
  

genetic	
  defect	
  or	
  mutations	
  in	
  ELA2	
  show	
  increased	
  apoptosis	
  in	
  the	
  bone	
  marrow	
  [12,	
  

22,	
   143].	
   But	
   unlike	
   ELA2,	
   HAX1	
   is	
   ubiquitously	
   expressed	
   [125].	
   So	
   we	
   monitored	
  

apoptosis	
   in	
   other	
   hematopoietic	
   and	
   nonhematopoietic	
   tissues.	
   Interestingly,	
   HAX1	
  

deficient	
   fibroblast	
  and	
  bone	
  marrow	
  derived	
  CD34+	
  cells	
  also	
  exhibited	
  an	
   increased	
  

rate	
   of	
   apoptosis	
   in	
   comparison	
   to	
   unaffected	
   individuals.	
   But	
   in	
   contrast,	
   peripheral	
  

blood	
  mononuclear	
  cells	
   from	
  the	
  affected	
   individual	
  did	
  not	
  show	
  a	
  difference	
   in	
   the	
  

rate	
  of	
  apoptosis.	
  	
  

Studies	
  in	
  the	
  past	
  have	
  identified	
  that	
  antiapoptotic	
  members	
  of	
  the	
  Bcl-­‐2	
  gene	
  family	
  

enhance	
  cell	
  viability	
  under	
  conditions	
  that	
  would	
  otherwise	
  produce	
  cell	
  death	
  [18,	
  21,	
  

43,	
  44,	
  47,	
  77,	
  146,	
  152,	
  153].	
  Proapoptotic	
  members	
  of	
  the	
  Bcl-­‐2	
  family	
  such	
  as	
  Bax	
  and	
  

Bak	
   extend	
   their	
   control	
   over	
   apoptosis	
   by	
   governing	
   the	
   mitochondrial	
   outer	
  

membrane	
  permeabilization	
  (MOMP)	
  [28].	
  Previous	
  reports	
  have	
  identified	
  that	
  HAX1	
  

possess	
   homology	
   to	
   the	
   Bcl-­‐2	
   proteins	
   [125]	
   and	
   overexpression	
   of	
  HAX1	
   positively	
  

regulates	
   the	
  maintenance	
   of	
  mitochondrial	
  membrane	
   potential	
   [132].	
   Furthermore,	
  

loss	
   of	
   mitochondrial	
   transmembrane	
   potential	
   results	
   in	
   the	
   release	
   proapoptotic	
  

factors	
   such	
   as	
   cytochrome	
   c,	
   omi/HtrA2	
   and	
   AIF	
   into	
   the	
   cytoplasm,	
   leading	
   to	
  

apoptosis	
  of	
  the	
  cell	
   in	
  a	
  caspase	
  dependent	
  manner	
  [35,	
  132,	
  146,	
  152,	
  154,	
  155].	
  An	
  

interesting	
   study	
   also	
   denotes	
   that	
   HAX1	
   is	
   degraded	
   by	
   mitochondrial	
   associated	
  

Omi/HtrA2	
   with	
   the	
   onset	
   of	
   apoptosis	
   [156]	
   suggesting	
   its	
   role	
   as	
   a	
   mitochondrial	
  

antiapoptotic	
   protein.	
   Our	
   study	
   demonstrates	
   that	
   HAX1	
   deficient	
   neutrophils	
   and	
  

fibroblast	
   show	
   a	
   rapid	
   loss	
   of	
   mitochondrial	
   membrane	
   potential	
   and	
   increased	
  

apoptosis	
  in	
  a	
  caspase	
  dependent	
  manner.	
  	
  

To	
   further	
   prove	
   that	
   HAX1	
   is	
   inevitable	
   for	
   survival	
   of	
   neutrophils,	
   we	
   employed	
   a	
  

shRNA	
  based	
   approach	
   to	
   knockdown	
  HAX1.	
  However,	
   the	
   approach	
  was	
  not	
   feasible	
  

for	
   functional	
   experiments	
   since	
   the	
  employed	
  RNA	
   interference	
  was	
  not	
   sufficient	
   to	
  

substantially	
   decrease	
   HAX1	
   protein	
   expression.	
   We	
   stably	
   transduced	
   tissues	
   of	
  

affected	
  and	
  healthy	
  donor	
  control	
  individuals	
  with	
  HAX1	
  or	
  control	
  vector	
  and	
  studied	
  

the	
   regulation	
   of	
   mitochondrial	
   membrane	
   potential.	
   Patient	
   fibroblast	
   and	
   myeloid	
  

progenitors	
   transduced	
  with	
  HAX1	
  showed	
  an	
  effective	
  maintenance	
  of	
  mitochondrial	
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membrane	
  potential	
  as	
  compared	
  to	
  cells	
  transduced	
  with	
  control	
  vector.	
  Together,	
  our	
  

data	
   suggests	
   that	
   HAX1	
   is	
   essential	
   for	
   maintenance	
   of	
   mitochondrial	
   membrane	
  

potential,	
  hence	
  preventing	
  mitochondrial	
  dysfunction	
  and	
  cellular	
  apoptosis.	
  	
  

	
  

6.3	
   Deficiency	
   of	
   HAX1	
   results	
   in	
   mitochondrial	
   dysfunction	
   and	
  
induces	
  oxidative	
  stress	
  

It	
   has	
   been	
   well	
   established	
   that	
   the	
   antiapoptotic	
   Bcl-­‐2	
   proteins	
   function	
   at	
  

mitochondria	
   to	
   prevent	
   the	
   release	
   of	
   apoptogenic	
   factors	
   [78,	
   79,	
   157,	
   158]	
   and	
   a	
  

defective	
   maintenance	
   of	
   mitochondrial	
   membrane	
   potential	
   results	
   in	
   generation	
   of	
  

reactive	
   oxygen	
   species	
   (ROS)	
   [31],	
   which	
   upon	
   accumulation	
   hampers	
   the	
  

mitochondria	
  and	
  other	
  cellular	
  organelles	
  causing	
  cellular	
  apoptosis	
  [6,	
  39,	
  159-­‐161].	
  

Although	
   it	
   has	
   been	
   previously	
   reported	
   that	
   over	
   expression	
   of	
   HAX1	
   positively	
  

regulates	
   the	
   maintenance	
   of	
   MMP	
   (ΔΨm),	
   the	
   role	
   of	
   HAX1	
   in	
   mitochondria	
   is	
   still	
  

unclear.	
  We	
   identified	
   that	
  HAX1	
  deficient	
  neutrophils	
   show	
  an	
   increased	
  rate	
  of	
  ROS	
  

production,	
   suggesting	
   that	
   HAX1	
   extends	
   control	
   over	
   ROS	
   production	
   and	
   thus	
  

potentiating	
  a	
  role	
  in	
  mitochondrial	
  signaling.	
  It	
  has	
  been	
  shown	
  that	
  cells	
  maintain	
  ROS	
  

at	
   a	
   tolerable	
   level	
   by	
   means	
   of	
   antioxidants	
   such	
   as	
   the	
   redox	
   system,	
   superoxide	
  

dismutase	
   (SOD)	
   and	
   catalase	
   [6,	
   162].	
  We	
   observed	
   that	
  HAX1	
   deficient	
   neutrophils	
  

show	
  defective	
  antioxidative	
  defense	
  as	
  marked	
  by	
  increase	
  in	
  catalase	
  degradation.	
  	
  

Loss	
  of	
  mitochondrial	
  membrane	
  potential	
  associated	
  alterations	
  of	
   the	
  mitochondrial	
  

mass	
   is	
  a	
  key	
  event	
  of	
   cell	
  death	
   [162].	
  We	
   identified	
   that	
  HAX1	
  deficient	
  neutrophils	
  

show	
   a	
   loss	
   of	
  mitochondrial	
  mass	
   upon	
   stimulating	
   the	
   dissipation	
   of	
  mitochondrial	
  

membrane	
   potential.	
   Previous	
   reports	
   have	
   identified	
   that	
   dysfunction	
   of	
   the	
  

mitochondria	
   due	
   to	
   qualitative	
   or	
   quantitative	
   changes,	
   results	
   in	
   the	
   impairment	
   of	
  

variety	
   of	
   biological	
   process	
   such	
   as	
   oxidative	
   phosphorylation	
   and	
   ATP	
   synthesis.	
  

Mitochondrial	
   oxidative	
   phosphorylation	
   coupled	
   ATP	
   synthesis	
   contributes	
   a	
   major	
  

percentage	
  of	
  the	
  cellular	
  ATP.	
  HAX1	
  deficient	
  cells	
  show	
  an	
  increased	
  level	
  of	
  AMPKα	
  

phosphorylation	
  at	
  residues	
  threonine	
  172,	
   indicating	
  that	
  HAX1	
  deficient	
  neutrophils	
  

show	
  a	
   relatively	
   high	
  AMP/ATP	
   content.	
   Thus	
   our	
   results	
   prove	
   that	
  HAX1	
  deficient	
  



	
  

70	
  

neutrophils	
  show	
  severe	
  mitochondrial	
  dysfunction,	
  biogenesis,	
  inefficient	
  control	
  over	
  

oxidative	
  phosphorylation	
  coupled	
  ROS	
  production	
  and	
  thus	
  an	
  increased	
  susceptibility	
  

towards	
  oxidative	
  stress.	
  

6.4	
   Deficiency	
   of	
   HAX1	
   results	
   in	
   Beclin-­‐1	
   dependent	
   autophagy	
   in	
  
neutrophil	
  granulocytes	
  

A	
   eukaryotic	
   cell	
   is	
   a	
   well	
   integrated	
   unit	
   that	
   consists	
   of	
   numerous	
   subcellular	
  

organelles	
   functioning	
   in	
   an	
   organized	
   fashion	
   to	
   maintain	
   intracellular	
   homeostasis	
  

[163]. Although	
   transient	
   low	
   level	
   ROS	
   produced	
   is	
   utilized	
   for	
   signal	
   transduction,	
  

defective	
   antioxidant	
   defense	
   resulting	
   from	
   increased	
   cytosolic	
   ROS	
   hampers	
  

intracellular	
  organelles	
  leading	
  to	
  apoptosis.	
  Autophagy	
  is	
  a	
  cellular	
  process	
  that	
  causes	
  

degradation	
   of	
   cellular	
   components	
   to	
   ensure	
   survival	
   [83,	
   84,	
   99,	
   110].	
   However,	
  

autophagy	
   if	
   accelerated	
   or	
   futile	
   leads	
   to	
   a	
   type	
   of	
   programmed	
   cell	
   death	
   different	
  

from	
  that	
  of	
  apoptosis.	
  Previous	
  studies	
  have	
   identified	
  numerous	
  protein	
   involved	
   in	
  

autophagic	
   process	
   and	
   grouped	
   them	
   as	
   autophagy	
   related	
   genes	
   (ATG)	
   [109,	
   164].	
  	
  

Recent	
  studies	
  have	
  identified	
  the	
  onset	
  of	
  autophagy	
  as	
  marked	
  by	
  increase	
  of	
  Beclin-­‐1	
  

(a	
  mammalian	
  homologue	
  of	
  Atg6)	
  [165]	
  followed	
  by	
  an	
  increase	
  in	
  the	
  formation	
  of	
  a	
  

protein	
  complex	
  between	
  ATG	
  12	
  and	
  ATG	
  5	
   [114,	
  117].	
  The	
   final	
   steps	
  of	
  autophagy	
  

are	
  characterized	
  by	
  the	
  sequestration	
  and	
  formation	
  of	
  a	
  light	
  chain	
  3	
  beta	
  (LC3B	
  –II)	
  

phagophore	
   complex,	
  which	
   is	
   further	
   sequestered	
  and	
  metabolized	
  by	
   the	
   lysosomal	
  

machinery	
   [76,	
   105].	
   Oxidative	
   signaling	
   has	
   been	
   implicated	
   in	
   a	
   variety	
   of	
  

experimental	
  interventions	
  that	
  lead	
  to	
  the	
  initiation	
  of	
  numerous	
  adaptive	
  responses.	
  

The	
  cell	
  regulates	
  oxygen	
  homeostasis	
  by	
  various	
  regulatory	
  genes	
  such	
  as	
  EPO,	
  VEGF	
  

and	
   coordinates	
   a	
   series	
   of	
   events	
   to	
   inhibit	
   mitochondrial	
   biogenesis.	
   It	
   has	
   been	
  

reported	
   that	
   induction	
   of	
   mitochondrial	
   autophagy	
   in	
   concert	
   with	
   inhibition	
   of	
  

mitochondrial	
   biogenesis	
   is	
   a	
   critical	
   adaptive	
   mechanism	
   to	
   maintain	
   oxygen	
  

homeostasis.	
   Our	
   results	
   indicate	
   that	
   HAX1	
   deficient	
   neutrophils	
   show	
   increased	
  

expression	
   of	
   autophagy	
   related	
   gene	
   beclin-­‐1,	
   accompanied	
   by	
   increased	
   Atg	
   12-­‐5	
  

complex	
   formation,	
   which	
   is	
   the	
   hallmark	
   of	
   autophagy.	
   Moreover	
   transmission	
  

electron	
   microscopical	
   analysis	
   reveals	
   formation	
   of	
   autophagic	
   vacuoles	
   in	
  

differentiating	
   neutrophils	
   in	
   the	
   bone	
   marrow.	
   Thus,	
   in	
   agreement	
   with	
   previous	
  

studies,	
   a	
   severe	
   mitochondrial	
   dysfunction	
   observed	
   in	
   case	
   of	
   HAX1	
   deficiency	
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potentiates	
  a	
  disturbance	
   in	
   cellular	
  homeostasis	
   inducing	
  an	
  autophagic	
   response	
  by	
  

the	
  cell. 

In	
   conclusion,	
   the	
   present	
   study	
   identifies	
   a	
   novel	
   and	
   key	
   role	
   for	
   the	
   ubiquitously	
  

expressed	
  antiapoptotic	
  protein	
  HAX1	
   in	
  maintenance	
  of	
  neutrophil	
  homeostasis.	
  And	
  

our	
  study	
  provides	
  important	
  insights	
  into	
  the	
  role	
  of	
  HAX1	
  in	
  apoptosis	
  and	
  autophagy.	
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APS	
  	
   	
   Ammonium	
  persulphate	
  
BM	
  	
   	
   Bone	
  marrow	
  
oC	
  	
  	
   	
   Degree	
  Celsius	
  
CD	
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  of	
  differentiation	
  
DCs	
  	
   	
   Dendritic	
  cells	
  
ΔΨm	
  	
   	
   Mitochondrial	
  membrane	
  potential	
  
ddH2O	
  	
   Double	
  distilled	
  water	
  
DTT	
  	
   	
   Dithiothreitol	
  
EDTA	
  	
  	
   Ethylene	
  diamine	
  tetrasodium	
  acetate	
  
FACS	
  	
   	
   Fluorescence	
  activated	
  cell	
  sorting	
  
FCS	
  	
   	
   Fetal	
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FITC	
  	
   	
   Flourescein	
  iso	
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Flt3L	
  	
   	
   Fms	
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  tyrosine	
  kinase	
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FSC	
  	
   	
   Forward	
  scatter	
  
GFP	
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  fluorescent	
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RFP	
  	
   	
   Red	
  fluorescent	
  protein	
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   Granulocyte	
  colony	
  stimulating	
  factor	
  
GM-­‐CSF	
  	
   Granulocyte	
  macrophage	
  colony	
  stimulating	
  factor	
  
GMFI	
  	
   	
   Geo	
  mean	
  fluorescence	
  intensity	
  
GMFIi	
  	
  	
   Geo	
  mean	
  fluorescence	
  intensity	
  index	
  
H2O2	
  	
   	
   Hydrogen	
  peroxide.	
  
Hr	
  	
   	
   Hour	
  
HSC	
  	
   	
   Hematopoietic	
  stem	
  cells	
  
IL	
  	
   	
   Interleukin	
  
IRES	
  	
   	
   Internal	
  ribosome	
  entry	
  site	
  
KDa	
  	
   	
   kilo	
  daltons	
  
Lin	
  	
   	
   Lineage	
  
MAb	
  	
   	
   Monoclonal	
  antibody	
  
MHC	
  	
   	
   Major	
  histo	
  compatibility	
  complex	
  
Min	
  	
   	
   Minute	
  
MOI	
  	
   	
   Multiplicity	
  of	
  infection	
  
MOMP	
  	
   Mitochondrial	
  outer	
  membrane	
  potential	
  
MQ	
  H20	
  	
   milli	
  Q	
  water	
  
NaCl	
  	
   	
   Sodium	
  chloride	
  
NH4Cl	
  	
  	
   Ammonium	
  Chloride	
  
PB	
  	
   	
   Peripheral	
  blood	
  
PBS	
  	
   	
   Phosphate	
  buffered	
  Saline	
  
PE	
  	
   	
   Phycoerythrin	
  
Per	
  CP	
  	
   Peridinium	
  chlorophyll	
  protein	
  
RT-­‐PCR	
   Reverse	
  Transcriptase	
  Polymerase	
  chain	
  reaction	
  
RT	
   	
   Room	
  temperature	
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RBC	
  	
   	
   Red	
  blood	
  cells	
  
ROS	
  	
   	
   Reactive	
  oxygen/oxidant	
  species	
  
SSC	
  	
   	
   Sideward	
  scatter	
  
SCF	
  	
   	
   Stem	
  cell	
  factor	
  
SCN	
  	
   	
   Severe	
  Congenital	
  Neutropenia	
  
SDS	
  	
   	
   Sodium	
  do-­‐decylsulphate	
  
TEMED	
  	
   N,N,N’N’-­‐Tetramethylenediamine	
  
TGF	
  	
   	
   Transforming	
  growth	
  factor	
  
TNF	
  	
   	
   Tumor	
  necrosis	
  factor	
  
TPO	
  	
   	
   Thrombopoietin	
  
Tris	
  	
   	
   Tris-­‐(hydroxymethyl)-­‐aminomethane	
  
VSVG	
   	
   Vesicular	
  Stomatitis	
  Virus	
  Glycoprotein	
  
PMSF	
   	
   Phenyl	
  methyl	
  sulphonyl	
  fluoride	
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HAX1 deficiency causes autosomal recessive severe
congenital neutropenia (Kostmann disease)
Christoph Klein1, Magda Grudzien2, Giridharan Appaswamy1, Manuela Germeshausen1, Inga Sandrock1,
Alejandro A Schäffer3, Chozhavendan Rathinam1, Kaan Boztug1, Beate Schwinzer1, Nima Rezaei4,
Georg Bohn1, Malin Melin5, Göran Carlsson6, Bengt Fadeel7, Niklas Dahl5, Jan Palmblad8, Jan-Inge Henter6,
Cornelia Zeidler1, Bodo Grimbacher2,9,10 & Karl Welte1,10

Autosomal recessive severe congenital neutropenia (SCN)1

constitutes a primary immunodeficiency syndrome associated
with increased apoptosis in myeloid cells2,3, yet the underlying
genetic defect remains unknown. Using a positional cloning
approach and candidate gene evaluation, we identified a
recurrent homozygous germline mutation in HAX1 in three
pedigrees. After further molecular screening of individuals
with SCN, we identified 19 additional affected individuals
with homozygous HAX1 mutations, including three belonging
to the original pedigree described by Kostmann1. HAX1
encodes the mitochondrial protein HAX1, which has been
assigned functions in signal transduction4 and cytoskeletal
control5,6. Here, we show that HAX1 is critical for maintaining
the inner mitochondrial membrane potential and protecting
against apoptosis in myeloid cells. Our findings suggest that
HAX1 is a major regulator of myeloid homeostasis and
underline the significance of genetic control of apoptosis in
neutrophil development.

Individuals with autosomal recessive SCN show a paucity of mature
neutrophils in peripheral blood and bone marrow and develop life-
threatening bacterial infections7. SCN constitutes a heterogeneous
group of diseases: about 60% of affected individuals of European
and Middle Eastern ancestry have dominant heterozygous mutations
in the gene encoding neutrophil elastase (ELA2)7,8. However, the genes
mutated in the ‘classical’ form of SCN, characterized by autosomal
recessive mode of inheritance, have remained unknown since the
publication of Kostmann’s seminal paper1 50 years ago. To define the
molecular etiology of autosomal recessive SCN, we initiated a gen-
ome-wide linkage scan in three unrelated Kurdish families (Fig. 1).

All four affected individuals in the index families suffered from recur-
rent infections due to neutropenia characterized by a maturation arrest
at the promyelocyte or myelocyte stage in their bone marrow (Fig. 2a).
A synopsis of the clinical features is given in Table 1, and further
immunological data are presented in Supplementary Table 1 online.

Qualitative analysis of the genome scan genotypes showed that
D1S2635 (located 156.0 Mb from 1pter in build 35 of the human
genome) was the only genome scan marker at which all four affected
individuals were homozygous and at which the unaffected siblings had
a different genotype. After all available individuals were genotyped at
D1S2635, the LOD score for that marker was +3.17 at a recombination
fraction (y) of 0. However, this marker was imperfect, because the
affected individual in SCN-III was homozygous for an allele different
from the disease-associated allele in the other two families.

Fine mapping on chromosome 1 identified six other markers that
had perfect segregation within families and were informative enough
to give a single-marker LOD score above +2.0 (summed over SCN-I to
SCN-III): D1S514 (120.0 Mb, score +2.62), D1S2696 (120.2 Mb,
+2.39), D1S3466 (147.0 Mb, +2.78), D1S2624 (153.4 Mb, +3.06),
D1S1653 (154.7 Mb, +3.08), and D1S2707 (156.9 Mb, +2.75).
Two-marker analysis using D1S3466 and D1S2624 gave a peak LOD
score of +3.95 with a nearly flat LOD score curve. Adding a third
marker, D1S1653, boosted the peak LOD score to +4.15. For the
purpose of identifying positional candidate genes, we defined the
minimal critical linkage interval as the interval in which consangui-
neous families SCN-I and SCN-III have their maximum positive
scores at y ¼ 0, and the three affected individuals therein are
homozygous for the same allele. To obtain a maximal interval, we
extended by one marker on each side. The minimal interval is from
D1S442 (143.1 Mb) through D1S2624 (153.4 Mb), and the maximal
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1Department of Pediatric Hematology/Oncology, Hannover Medical School, Carl Neuberg Strasse 1, 30625 Hannover, Germany. 2Division of Rheumatology and Clinical
Immunology, Medical Center, Freiburg University Hospital, Hugstetterstr. 55, 79106 Freiburg, Germany. 3Computational Biology Branch, National Center for
Biotechnology Information, National Institutes of Health, Department of Health and Human Services, Bethesda, Maryland 20894, USA. 4Immunology, Asthma and
Allergy Research Institute, Tehran University of Medical Sciences, Tehran, Iran. 5Department of Genetics and Pathology, University Children’s Hospital, 75185
Uppsala, Sweden. 6Childhood Cancer Research Unit, Department of Woman and Child Health, Karolinska Institutet, Karolinska University Hospital Solna, 17176
Stockholm, Sweden. 7Division of Biochemical Toxicology, Institute of Environmental Medicine, Karolinska Institutet, 17177 Stockholm, Sweden. 8Department of
Medicine, Karolinska Institutet, Karolinska University Hospital Huddinge, 14186 Stockholm, Sweden. 9Present address: Department of Immunology and Molecular
Pathology, Royal Free Hospital & University College Medical School, NW3 2QG London, UK. 10These authors contributed equally to this work. Correspondence should
be addressed to C.K. (klein.christoph@mh-hannover.de).

8 6 VOLUME 39 [ NUMBER 1 [ JANUARY 2007 NATURE GENETICS

LET TERS
©

20
07

 N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  
ht

tp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

eg
en

et
ic

s



interval is D1S2696 (120.2 Mb) through D1S1600 (154.6 Mb).
In build 35 of the human genome, there are 234 genes or predicted
genes in the minimal interval and an additional 41 genes in the
maximal interval.

We identified several functional candidate genes among these
275 genes in the maximal interval. Sequencing of genomic DNA
from affected individuals showed some wild-type sequences, including
MAPBPIP (also known as HSPC003), RAB25 and IL6R. We considered
HAX1, localized at 151.1 Mb from 1pter, as a candidate gene for
SCN because HAX1 participates in B cell receptor–mediated signal
transduction4, it has the potential to regulate the actin cytoskeleton5,6

and it is proposed to control apoptosis9,10. Increased apoptosis in
myeloid progenitor cells has been proposed as a potential mechanism
accounting for neutropenia in individuals with SCN2. Although
intrinsic B cell abnormalities have not previously been reported,
defective directed migration and aberrant rearrangement of the cyto-

skeleton of SCN neutrophils have been described11. We sequenced
HAX1 (for detailed conditions, see Supplementary Table 2 online) and
identified a homozygous single-nucleotide insertion (position
130-131insA) leading to a premature stop codon (W44X) in all affected
individuals (Fig. 2b); their healthy siblings and parents had at least one
allele with the wild-type sequence. As a consequence, HAX1 was absent
in the cells from affected individuals, as shown by protein blot analysis
(Fig. 2c). Heterozygous carriers of W44X had no detectable phenotype.

To assess the frequency of HAX1 mutations within a cohort of
sporadic and familial individuals with SCN, we sequenced the gene in
63 additional individuals with SCN associated with a documented
myeloid maturation arrest, including 21 individuals with mutations in
the gene encoding neutrophil elastase (ELA2). Fifteen affected indivi-
duals had the same 1-bp insertion as the index families, and one indi-
vidual had a homozygous single–base pair substitution (256C-T)
causing the nonsense change R86X. Three affected individuals from

SCN-I
(parents are first cousins)

SCN-II
(parents are not known to be related)

SCN-III
(parents are first cousins)

I.1 I.2

II.3 II.4 II.5 II.3 II.4 II.5 II.6 II.7 II.8 II.9 II.3 II.4 II.5 II.6 II.7 II.8

I.1 I.2 I.1 I.2

D
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ta
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e 
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om
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p 
te

lo
m
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e 
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b

n.d.: not done; 0: no PCR available

Unaffected SCN Deceased Linkage interval

P1 P2 P3 P4

Figure 1 Haplotypes on chromosome 1q. Pedigrees of three unrelated families with severe congenital neutropenia and allele distribution in affected individuals

(filled symbols) and healthy family members (open symbols). P1–P4 refer to numbers of individuals in Table 1. The homozygous part of the linkage interval

within each family is shown in gray. We considered the minimal linkage interval for the study to be the intersection of the intervals for SCN-I and SCN-III, and

we concentrated on the subintervals where the affected individuals shared the same allele. We did not use SCN-II to further restrict the overall linkage interval

because the lack of documented consanguinity in SCN-II suggested that the affected individual might have two distinct heterozygous mutations.

Affected individual

Original magnification × 600

Control

Stop(W44X)
II.8

II.7

SCN-III

48.8 kDa

37.1 kDa

25.9 kDa

SCN-I

II.4 II.5 II.5 II.6 II.7 II.8

SCN-II SCN-III

Anti-HAX 1

Anti-GAPDH

a b c

Figure 2 Bone marrow phenotype, HAX1 genotype and HAX1 expression. (a) Representative bone marrow phenotype of an individual with SCN (P2) and a

healthy individual. Note the characteristic absence of mature neutrophils in the individual with SCN. (b) Sequencing of HAX1 shows a single-nucleotide

insertion (A) in exon 2. (c) Detection of HAX1 in EBV B cell lines by protein blot analysis (SCNI-II.5 is individual P2, SCNII-II.6 is individual P3 and SCNIII-

II.8 is individual P4).
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the original Kostmann family12 had the homozygous germline muta-
tion 568C-T (Q190X) (Supplementary Fig. 1 online), providing
definitive proof that Kostmann disease is caused by HAX1 deficiency.
None of the individuals with SCN in our cohort was heterozygous for
HAX1 mutations. However, further studies are needed to determine
the prevalence of HAX1 mutations in affected individuals, as our
access to SCN samples may have been biased. We screened 200 healthy
central European individuals for the presence of the 130-131insA allele

and found none. In a healthy Swedish control population (n ¼ 125),
we determined the allele frequency of the 568C-T mutation to be 1
out of 250 chromosomes. We also sequenced ELA2, previously
associated with cyclic13 and congenital8 neutropenia, in all affected
individuals with HAX1 mutations. Notably, we did not find any
affected individuals with mutations in both ELA2 and HAX1
(Table 1), suggesting that these genes define two mutually exclusive
groups of individuals with SCN.

Table 1 Clinical and molecular findings

Individual Sex

Parental

origin ANCa Bacterial infections Associated findings HAX1 ELA2 CSFR3 Therapyb Outcomec

1 (‘P1’) M Turkey (K)d 224–400 Omphalitis, pneumonia

lymphadenitis, sinusitis

b-thalassemia minor,

splenomegaly

W44X (G)e WT WT G-CSF Alive, age 11 yrs

2 (‘P2’) M Turkey (K) 192–244 Oral ulcers, otitis,

pneumonia, bacteremia

Splenomegaly W44X (G) WT WT G-CSF Alive, age 5 yrs

3 (‘P3’) F Turkey (K) 0–410 Pneumonia, skin abscess,

stomatitis, tonsillitis

Growth hormone

deficiency, splenomegaly

W44X (G) WT WT G-CSF, growth

hormone

Alive, age 15 yrs

4 (‘P4’) F Turkey (K) 84–116 Pneumonia, otitis, skin

abscess

Tricuspid insufficiency,

splenomegaly

W44X (G) WT WT G-CSF Alive, age 6 yrs

5 M Turkey (K) 0–464 Lymphadenitis, skin

abscess, septicemia,

mastoiditis, otitis

W44X (G) WT 2405C-T

(8 yrs after

G-CSF)

G-CSF Alive, age 8 yrs

6 F Turkey (K) 200 Skin abscess, bronchitis W44X (G) WT WT G-CSF Alive, age 6 yrs

7 F Turkey 535–1,188 Pneumonia, skin abscess,

bronchitis

Splenomegaly W44X WT WT G-CSF Alive

8 M Turkey 0–63 Pneumonia, pharyngitis Splenomegaly,

myelodysplasia,

extramedullary

hematopoiesis

W44X WT 2423C-T

(11 months

after G-CSF)f

G-CSF,

allo-BMT

Alive, age 9 yrs

9 M Turkey 61 Septicemia, skin abscess W44X (G) WT WT G-CSF Alive, age 2 yrs

10 M Turkey (K) 242 None W44X (G) WT WT G-CSF Alive, age 1 yr

11 F Turkey (K) 0–1,050 Unclassified W44X (G) WT WT G-CSF Alive, age 1 yr

12 F Iran 248 Skin abscess, pneumonia,

oral ulcers

W44X WT WT G-CSF Alive, age 6 yrs

13 M Iran 608 Omphalitis, skin abscess,

oral ulcers, urinary tract

infections, pneumonia,

otitis

W44X WT WT G-CSF Alive, age 5 yrs

14 F Iran 270 Skin abscess, otitis media,

pneumonia, oral ulcers

Failure to thrive R86X WT WT G-CSF Alive, age 7 yrs

15 M Turkey 268 Unclassified Splenomegaly,

lymphadenopathy

W44X WT WT G-CSF Alive, age 14 yrs

16 F Turkey 200 Gingivitis, pneumonia, otitis W44X WT WT G-CSF Alive, age 6 yrs

17 F Lebanon 0–270 Otitis, enteritis, bronchitis Splenomegaly W44X (G) WT WT G-CSF Alive, age 2 yrs

18 F Turkey 100–500 Omphalitis, bronchitis W44X WT WT G-CSF Alive, age 1 yr

19 M Lebanon 40–250 Pneumonia, skin abscess,

septicemia

46,XY,t(5;9)(q12;p22)

in myeloid cells

W44X WT 2423C-

T 2399C-T

(13 yrs

after G-CSF)

G-CSF Alive, age 27 yrs

20 F Turkey ND Otitis Muscular hypotonia W44X WT WT G-CSF Alive, age 11 yrs

21 F Swedeng 0–400 Skin abscess, pneumonia,

gingivitis, septicemia

Q190X (G) WT WT Died at age 12 yrs

22 F Swedeng 0–270 Otitis, skin abscess,

gingivitis, septicemia

Q190X (G) WT WT G-CSF Alive, age 23 yrs

23 M Swedeng 0–600 Skin abscess, paronychia Q190X (G) WT WT G-CSF,

allo-BMT

Alive, age 22 yrs

Individuals 1,2 (from family SCN-1), 9,10 (siblings) and 21–23 (from the Kostmann family) are the only individuals with an affected relative that we know of. The designations P1,
P2, P3 and P4 are used in Figures 1–4. BMT, bone marrow transplantation. ND, not done.
aANC: absolute neutrophil count before G-CSF therapy. bG-CSF induced increased neutrophil counts in all individuals (required dose, o10 mg/kg body weight). cRefers to age in July 2006. d(K) ¼
Kurdish origin. e(G) ¼ germline transmission proven by parental heterozygosity. fTime after initiation of G-CSF therapy. gIndividuals from the original Kostmann family (individuals 21, 22 and 23 in
our study correspond to patients 1, 4 and 5, respectively, in ref. 13).
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SCN is a premalignant condition, as up to 21% of affected indivi-
duals develop a clonal proliferative disease leading to myelodysplastic
syndrome or overt acute leukemia14,15, often preceded by mutations
in the gene encoding the granulocyte colony stimulating factor
(G-CSF) receptor (CSF3R)16. To determine whether HAX1 mutations
predispose to somatic CSF3R mutations, we sequenced CSF3R in all
affected individuals with documented HAX1 mutations and reana-
lyzed the data of the SCN registry7. In three HAX1-deficient indivi-
duals, we identified somatic mutations in CSF3R (Table 1). In one of
the affected individuals, the onset of a myelodysplastic syndrome led
to allogeneic bone marrow transplantation. At this time, it is not clear
to what extent the malignant transformation is dependent on the
underlying HAX1 mutation, prolonged exposure to G-CSF or a
combination of both factors. Further follow-up studies will be
required to estimate the risk posed by HAX1 deficiency with regard
to the development of somatic CSF3R mutations and myelodysplasia
or leukemia.

Mitochondria have been recognized as key regulators of apoptosis
in many cell types, including neutrophils17–19. Permeabilization of
mitochondrial membranes is often a rate-limiting process in apoptotic
cell death. Mitochondrial inner membrane permeabilization, mani-
fested as a dissipation of DCm, compromises the vital function of
mitochondria and leads to cell death. After this trigger, the outer
membrane of mitochondria is permeabilized, leading to release of
proteins such as cytochrome c, Smac (also known as DIABLO) and

HtrA2 (also known as Omi) from the inter-
membrane space into the cytosol. Cyto-
chrome c is critical for the formation of
the apoptosome, whereas Smac and Omi
are negative regulators of inhibitor of apop-
tosis proteins (IAP) by competing with
caspases for IAP binding20. The core mito-
chondrial apoptotic pathway is both exe-
cuted and regulated by members of the
B cell leukemia/lymphoma 2 (BCL2) pro-
tein family, which has both antiapop-
totic and proapoptotic members and controls
cell viability via mitochondrial outer mem-
brane permeabilization21,22.

In parallel to other pro-survival members
of the BCL2 family, such as Mcl-1 and A1
(also known as Bfl-1), HAX1 contains two
domains reminiscent of a BH1 and BH2
domain4 and thus may be involved in con-
trolling apoptosis at the level of the mito-
chondria. Of note, mice with a targeted
deletion of A1-a manifest accelerated neutro-
phil apoptosis23. To directly assess the role of
HAX1 in apoptosis, we analyzed the rate of
apoptosis in primary neutrophils of HAX1-
deficient individuals. We incubated purified
neutrophils from affected individuals and
healthy donors in the presence of tumor
necrosis factor a (TNFa) and analyzed them
by FACS for the uptake of propidium iodide
and staining with annexin-V. As expected,
neutrophils from HAX1-deficient individuals
showed a higher amount of both spontaneous
and TNFa-induced apoptosis compared with
control neutrophils (Fig. 3a and Supplemen-
tary Fig. 2 online). We saw similar results

when we induced apoptosis by H2O2 (Fig. 3b) or staurosporine (data
not shown). Enhanced neutrophil apoptosis in HAX1-deficient cells
was associated with increased cleavage of caspase 3/7 (Supplementary
Fig. 2). In summary, these findings may explain why treatment with
G-CSF, a cytokine with known antiapoptotic functions24, alleviates the
neutropenia phenotype in individuals with SCN.

In view of its preferential mitochondrial localization4, we reasoned
that HAX1 might be involved in stabilizing the mitochondrial mem-
brane potential (DCm) in neutrophils. To visualize DCm, we stained
neutrophils from affected individuals and healthy controls with the
dual-emission indicator dye 5,5¢,6,6¢ tetrachloro-1,1¢,3,3¢-tetraethyl-
benzimidazol-carbocyanine iodide (JC-1), which accumulates in
mitochondria and forms J-aggregates emitting an orange fluorescence.
Upon loss of the mitochondrial membrane potential (for instance, on
exposure to the specific K+ ionophor valinomycin), JC-1 adopts a
monomeric conformation and emits green fluorescence. Neutrophils
isolated from HAX1-deficient individuals showed a rapid dissipation
of DCm, whereas the inner mitochondrial membrane potential in
neutrophils from healthy individuals was maintained (Fig. 3c,d).
Similar results were seen in myeloid cells that differentiated in vitro
(data not shown). These findings are in line with our observation of
increased apoptosis in HAX1-deficient neutrophils as well as with the
increased release of cytochrome c from these organelles in myeloid
progenitor cells2 and suggest that HAX1 is involved in stabilizing the
mitochondrial membrane potential.
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Figure 3 Apoptosis and mitochondrial membrane potential in HAX1-deficient granulocytes. (a) FACS

plots showing apoptosis of purified neutrophils upon exposure to TNFa. As an additional control, healthy

donor 1 (HD1) received G-CSF. (b) Rate of apoptosis after treatment of purified neutrophils with H2O2.

Cells were analyzed by FACS, and the percentage of annexin V–positive, propidium iodide–negative

cells was plotted. (c) FACS plots showing loss of mitochondrial membrane potential (DCm) upon

exposure of purified neutrophils to valinomycin. (d) Graphical representation showing progressive loss of

DCm in HAX1-deficient neutrophils upon treatment with valinomycin. All experiments were performed

on at least two independent occasions. Similar results were seen in cells from P1 and P3.

NATURE GENETICS VOLUME 39 [ NUMBER 1 [ JANUARY 2007 8 9

LET TERS
©

20
07

 N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  
ht

tp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

eg
en

et
ic

s



As HAX1 is a ubiquitously expressed gene4, we were interested to
see whether HAX1 deficiency would be associated with altered
membrane potential in non-hematopoietic cells. Compared with
fibroblasts from healthy donors, HAX1-deficient fibroblasts showed
a more rapid loss of their membrane potential when exposed to
valinomycin (Supplementary Fig. 3 online), suggesting that the
function of HAX1 in stabilization of the mitochondrial membrane
potential may not be limited to neutrophils. Nevertheless, it is
mysterious why a seemingly null mutation of a ubiquitously expressed
gene causes a myeloid-specific phenotype in individuals with SCN.
Perhaps this effect is due to intrinsic differences in the molecular
control of apoptosis in neutrophils compared with other cell types.
Alternatively, in view of an extremely high cellular turnover rate,
neutrophil counts may be particularly sensitive to even slight altera-
tions in the balance of apoptosis.

To unequivocally prove that HAX1 mutations cause SCN by low-
ering the threshold for apoptosis upon mitochondrial membrane
dissipation, we reconstituted the cellular phenotype of individuals
with SCN by retroviral gene transfer. We purified CD34+ cells from
affected individuals and healthy controls, transduced them with
bicistronic retroviral vectors encoding HAX1 and a reporter gene
(mouse CD24), cultured them in vitro until they differentiated into
myeloid progenitor cells and analyzed them for maintenance of DCm

upon exposure to valinomycin. As expected, cells transduced with the
marker gene showed an accelerated loss of DCm (Fig. 4a). In contrast,
affected individuals’ myeloid progenitor cells transduced with HAX1-
expressing virus showed a significantly delayed loss of DCm, similar to
wild-type cells that were transduced with a control vector or trans-
duced with HAX1-expressing constructs (Fig. 4a). Similarly, main-
tenance of DCm was corrected in HAX1-deficient fibroblasts after
retroviral gene transfer (Fig. 4b).

Our data indicate that HAX1 deficiency
causes the phenotype of accelerated loss of
DCm in myeloid cells of individuals with
homozygous HAX1 mutations. Further
support for an antiapoptotic function of
HAX1 comes from studies analyzing viral
proteins. HAX1 interacts with a number of
viral proteins, such as the K15 protein of
Kaposi’s sarcoma–associated herpesvirus9,
Epstein-Barr virus (EBV) nuclear antigen25,
EBV nuclear antigen leader protein
(EBNA-LP)26, and human immunodeficiency
virus viral protein R1 (Vpr1) (ref. 27), sug-
gesting that viruses may have developed
mechanisms to induce or evade apoptosis
via HAX1.

In conclusion, we have shown for the first
time the genetic etiology of autosomal reces-
sive SCN and identified a role for the anti-
apoptotic molecule HAX1 in myeloid cell
homeostasis. Thus, our findings point to a
mechanism involving mitochondrial control
of apoptosis as a regulator of myeloid cell
homeostasis in humans. Future genetic stu-
dies in individuals with SCN may identify
mutations in additional genes controlling the
survival of neutrophils. Mutations in HAX1
should be sought in all individuals with
autosomal recessive SCN. We expect that, in
the future, HAX1 mutation status will be

used as a variable in large-scale clinical studies as a possible predictor
for clinical manifestation, response to treatment, leukemia suscept-
ibility and outcome in individuals with SCN. Our findings may also
open up new horizons for clinical and basic research in other
premalignant conditions.

METHODS
Participants. Blood, skin, and bone marrow samples were taken upon

informed parental consent or participants’ consent, according to the guidelines

of the local institutional review boards at Hannover Medical School, University

of Freiburg and Umeå University Sweden. Participants were referred by

pediatric hematologists or identified in our clinic. Central European control

samples comprised individuals originating from Germany and Turkey.

Genotyping. A total of 217 markers were genotyped on eight individuals

(four affected individuals and four unaffected siblings, including at least one

from each family). In the only region selected for fine mapping, an additional

15 markers were genotyped on all available individuals, but one marker was

dropped owing to inconsistency, and five other markers were uninformative

in at least one family. Reagents for genotyping were purchased from Invitrogen

Research Genetics, biomers.net and Qiagen. PCR was performed according

to published protocols. PCR products were sequenced on an ABI377

sequencer (PE Applied Biosystems), using the COLLECTION and ANALYSIS

software. Allele sizes were determined using the GENOTYPER (PE Applied

Biosystems) software.

Genetic linkage analysis. All genotype data were evaluated qualitatively

looking for perfect segregation of a marker with the disease and homozygosity

in the affected individuals in families SCN-I and SCN-III. The fine-mapping

data on chromosome 1 were also evaluated quantitatively by computing LOD

scores. These were computed using FASTLINK version 4.1P (refs. 28,29)

assuming 0.001 as disease allele frequency and full penetrance. We used equal

marker allele frequencies owing to the small sample size. As this study involved

multiple families, and the LOD score computations treated each family
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Figure 4 Reconstitution of DCm in myeloid progenitor cells and fibroblasts after retroviral HAX1 gene

transfer. (a) Left: representative FACS plots indicating loss of valinomycin-induced DCm in myeloid

cells that differentiated in vitro and reversion of DCm upon retroviral HAX1 gene transfer. Right:

graphical representation of DCm reconstitution showing all measured time points. (b) Left:

representative FACS plots indicating loss of valinomycin-induced DCm in fibroblasts (P1) and reversion

of DCm upon retroviral HAX1 gene transfer. Right: graphical representation of DCm reconstitution in

fibroblasts upon retroviral HAX1 gene transfer, showing all measured time points. We observed similar
results in two independent experiments.
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separately, there were at least two aspects in which qualitative analysis provided

additional information. First, we preferred markers where affected individuals

in different families were homozygous for the same allele rather than markers

where they were homozygous for different alleles. Second, we preferred

markers where the affected individual in SCN-II was homozygous, even

though SCN-II does not have known consanguinity. These preferences arose

because we suspected that affected individuals in all three families would have

the same mutation in the same gene. However, we defined our linkage intervals

based only on SCN-I and SCN-III, and we considered the possibility that the

affected individual in the non-consanguineous SCN-II family might be a

compound heterozygote.

Protein blots. Cell extracts of EBV-immortalized B cell lines were separated by

SDS-PAGE, blotted and stained with a monoclonal antibody to HAX1

(BD Biosciences) or antibodies to GAPDH (Santa Cruz). After staining with

HRP-conjugated goat antibody to mouse (BD Biosciences), we captured images

of chemiluminescence using a Kodak Image Station 440CF.

Assessment of apoptosis and mitochondrial membrane potential. Neutro-

phils were isolated from peripheral blood; exposed to TNFa (50 ng/ml)

(Sigma), H2O2 (0.02 M) (Sigma) or staurosporine (5 mM) (Sigma) and

analyzed by FACS after staining with annexin-V (Molecular Probes) and

propidium iodide (Sigma). Cells were gated on intact neutrophils based on

forward scatter and side scatter features. Caspase 3/7 activation was determined

by FACS using a commercially available kit (the Vybrant FAM caspase-3 and -7

assay kit (Molecular Probes)). Dissipation of the mitochondrial membrane

potential (DCm) was determined by FACS after loading the cells with

valinomycin (100 nM) (Sigma) and the dye JC-1 (3.5 mM) (Molecular Probes).

Retroviral gene transfer. The human HAX1 cDNA was cloned into the

retroviral vector CMMP30 containing either GFP or a truncated version of

mouse CD24 as a marker gene. Gibbon ape leukemia virus (GALV) envelope

pseudotyped retroviruses were generated by tripartite transient transfection of

MMP-based transfer vectors together with the envelope plasmid K83.pHCMV-

GALVenv and the packaging plasmid pMDgag/pol into the cell line 293T.

CD34+ cells were purified from bone marrow using magnetic microbeads

(Miltenyi Biotech). Separation was performed by AutoMACS devices (Miltenyi

Biotech). The cells were expanded for 48–72 h in Stemspan SF medium

(StemCell Technologies) supplemented with human stem cell factor (100 ng/

ml), Flt-3 ligand (100 ng/ml), thrombopoietin (20 ng/ml) and interleukin-6

(20 ng/ml) (PreproTech) and then were transduced by spinoculation on

RetroNectin-coated plates. We sorted cells for mouse CD24 expression 48 h

later in a FACSAria System (BD Biosciences), and we induced cells to

differentiate into myeloid cells using recombinant G-CSF (50 ng/ml) (Amgen)

and GM-CSF (50 ng/ml) (Amgen). Functional studies in myeloid cells

generated in vitro were done after cytokine starvation.

GenBank accession codes. HAX1 GeneID, 10456; HAX1 protein,

NP_006109.2; HAX1 cDNA, NM_006118.3. ELA2 GeneID, 1991; ELA2 protein,

NP_001963.1; ELA2 cDNA, NM_001972.2. CSF3R GeneID, 1441; CSF3R

protein, NP_000751.1; CSF3R cDNA, NM_000760.2.

Note: Supplementary information is available on the Nature Genetics website.
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A bs tr ac t

Background

The main features of severe congenital neutropenia are the onset of severe bacterial 
infections early in life, a paucity of mature neutrophils, and an increased risk of leu-
kemia. In many patients, the genetic causes of severe congenital neutropenia are un-
known. 

Methods

We performed genomewide genotyping and linkage analysis on two consanguine-
ous pedigrees with a total of five children affected with severe congenital neutrope-
nia. Candidate genes from the linkage interval were sequenced. Functional assays 
and reconstitution experiments were carried out.

Results

All index patients were susceptible to bacterial infections and had very few mature 
neutrophils in the bone marrow; structural heart defects, urogenital abnormalities, and 
venous angiectasia on the trunk and extremities were additional features. Linkage 
analysis of the two index families yielded a combined multipoint lod score of 5.74 on a 
linkage interval on chromosome 17q21. Sequencing of G6PC3, the candidate gene 
encoding glucose-6-phosphatase, catalytic subunit 3, revealed a homozygous missense 
mutation in exon 6 that abolished the enzymatic activity of glucose-6-phosphatase in 
all affected children in the two families. The patients’ neutrophils and fibroblasts had 
increased susceptibility to apoptosis. The myeloid cells showed evidence of increased 
endoplasmic reticulum stress and increased activity of glycogen synthase kinase 3β 
(GSK-3β). We identified seven additional, unrelated patients who had severe congenital 
neutropenia with syndromic features and distinct biallelic mutations in G6PC3.

Conclusions

Defective function of glucose-6-phosphatase, catalytic subunit 3, underlies a severe 
congenital neutropenia syndrome associated with cardiac and urogenital malfor-
mations.
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Severe congenital neutropenia was 
described more than 50 years ago by Kost
mann,1,2 and subsequently the disorder was 

found to consist of a heterogeneous group of 
diseases.3,4 In these syndromes, the neutropenia 
is associated with life-threatening bacterial infec-
tions early in life. Most patients respond to treat-
ment with recombinant human granulocyte col-
ony-stimulating factor (rhG-CSF), which increases 
neutrophil counts and decreases the frequency and 
severity of infections.5 Nonetheless, patients may 
remain at risk for both infectious complications 
and the development of clonal disorders of he-
matopoiesis, such as myelodysplastic syndrome 
and acute myeloid leukemia.6

Considerable progress has been made in iden-
tifying the molecular defects that cause congeni-
tal neutropenia.7,8 Many patients with severe con-
genital or cyclic neutropenia have a heterozygous 
mutation in ELA2, the gene encoding neutrophil 
elastase.9-11 We recently identified homozygous 
mutations in HAX1, the gene encoding HCLS1-
associated protein X1, in a subgroup of patients 
with autosomal recessive severe congenital neu-
tropenia.12 In addition, mutations in WAS, the 
gene encoding the Wiskott–Aldrich syndrome pro
tein,13,14 and in GFI1, the gene encoding the 
growth factor independent 1 transcription-repres-
sor protein,15 have been associated with a pheno-
type resembling Kostmann’s syndrome. In many 
patients with congenital neutropenia, however, 
the underlying molecular cause remains unknown. 
Despite insights into the role of apoptosis in con-
genital neutropenia,12,16,17 the mechanisms of neu-
tropenia and the risk of leukemia in patients with 
severe congenital neutropenia are incompletely 
understood. We report a syndrome consisting of 
severe congenital neutropenia, other congenital 
abnormalities, and biallelic mutations in G6PC3, 
the gene encoding glucose-6-phosphatase, cata-
lytic subunit 3.

Me thods

Patients and controls

We took blood and bone marrow samples from 
patients and healthy volunteers with their written 
informed consent. The study was approved by the 
institutional review board of Hannover Medical 
School. 

Analytical methods

We genotyped microsatellite markers in a whole-
genome scan for a family with severe congenital 
neutropenia, with a pedigree identified as SCN-I. 
The equipment and protocols for genotyping have 
been described previously.12 The genetic-linkage 
analysis was performed with the use of a combi-
nation of quantitative and qualitative syllogisms. 
The quantitative decisions were made with the use 
of lod scores and optimal recombination fractions 
computed with Superlink software.18,19 For calcu-
lation of lod scores, we modeled neutropenia as a 
fully penetrant autosomal recessive disease with 
no phenocopies and a disease-allele frequency of 
0.001. The Marshfield map20 was used to select 
usefully positioned markers for fine mapping. For 
details, see the Supplementary Appendix, available 
with the full text of this article at NEJM.org.

Exons and flanking intron–exon boundaries 
from candidate genes were amplified by poly-
merase chain reaction (PCR) and analyzed with 
the use of an ABI PRISM 3130 DNA Sequencer and 
DNA Sequencing Analysis software, version 3.4 
(Applied Biosystems), and Sequencer, version 3.4.1 
(Gene Codes Corporation). See the Supplemen-
tary Appendix for primer sequences and details of 
the restriction-length-polymorphism analysis of 
the frequency of the R253H mutation in healthy 
controls.

Promyelocytes were sorted by fluorescence-acti-
vated cell sorting, as described previously,17 with 
minor modifications. Analysis of the expression 
of the G6PC3 and HSPA5/BiP/Grp78 genes was per-
formed with the use of a Roche LightCycler 2.0 
(see the Supplementary Appendix).

The complete open reading frames of wild-type 
and mutant G6PC3 were amplified by PCR and 
cloned in pYES-cup1 (modified from pYES-NT 
[Invitrogen]), as described by Ashikov et al.,21 and 
expressed in Saccharomyces cerevisiae. Centrifugation 
at 100,000×g produced a microsomal fraction that 
was assayed for hydrolysis of glucose-6-phosphate 
to glucose by the addition of 14C-glucose-6-phos-
phate (MP Biomedicals). Released 14C-glucose was 
separated from glucose-6-phosphate by anion ex-
change and measured in the eluate by liquid scin-
tillation.

Whole-cell lysates from primary granulocytes 
were separated by sodium dodecyl sulfate–poly-
acrylamide-gel electrophoresis (SDS-PAGE), blot-
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ted, and stained with antibodies against phospho-
Mcl-1 (Ser159/Thr163), total glycogen synthase 
kinase 3β (GSK-3β), phospho-GSK-3β (Ser9) (all 
from Cell Signaling Technology/New England Bio-
labs), Bip/Grp78 (BD Biosciences), and glyceralde-

hyde-3-phosphate dehydrogenase (GAPDH) (Santa 
Cruz Biotechnology) (see the Supplementary Ap-
pendix).

Bone marrow samples from patients and 
healthy control subjects were subjected to hypo-

Table 1. Clinical and Molecular Findings in Patients with G6PC3 Deficiency.*

Patient 
No. Sex

Race or Ethnic 
Group and Country 

of Origin†

Absolute 
Neutrophil 

Count‡ Infections Other Findings

per mm3

1 M Aramean, Turkey 60–246 Neonatal sepsis, otitis media Type 2 atrial septal defect, cryptorchid-
ism, prominent superficial venous 
pattern, intermittent thrombocy-
topenia, hepatosplenomegaly 

2 F Aramean, Turkey 54–240 Neonatal pneumonia and sepsis Cor triatriatum, malformation of pul-
monary veins, prominent superfi-
cial venous pattern, hepatospleno-
megaly

3 F Aramean, Turkey 0–61 Pneumonia, sepsis Type 2 atrial septal defect, mitral insuf-
ficiency, prominent superficial  
venous pattern, intermittent throm-
bocytopenia, hepatosplenomegaly

4 M Aramean, Turkey 0–322 Neonatal sepsis Type 2 atrial septal defect, cryptorchid-
ism, prominent superficial venous 
pattern

5 M Aramean, Turkey 25–84 Neonatal sepsis Prominent superficial venous pattern, 
intermittent thrombocytopenia

6 F Turkish, Turkey 90–612 Pneumonia, sepsis Type 2 atrial septal defect, pulmonary 
valve stenosis, panniculitis, promi-
nent superficial venous pattern

7 F White, Greece 30–1280¶ Perianal abscesses, recurrent 
urinary tract infections

Inner-ear hearing loss, prominent  
superficial venous pattern

8 F White, Germany 75–210 Omphalitis, recurrent urinary 
tract infections, oral ulcers 

Type 2 atrial septal defect, urachal  
fistula, microcephaly, prominent  
superficial venous pattern, inter-
mittent thrombocytopenia

9 F White, France 200–500 Upper and lower respiratory 
tract infections

Myopathy, prominent superficial  
venous pattern

10 M White, Germany 0–3000 Urinary tract infection Type 2 atrial septal defect, cryptorchid-
ism, genital dysplasia, microcepha-
ly, inner-ear hearing loss, promi-
nent superficial venous pattern,  
intermittent thrombocytopenia 

11 M Persian, Iran 250–440 Neonatal sepsis, urinary tract in-
fection

Type 2 atrial septal defect, patent  
ductus arteriosus

12 M Arab, Lebanon 615–2000¶ Perianal abscesses, pneumonia, 
recurrent lower respiratory 
tract infections

Cryptorchidism, bilateral inguinal  
hernia, cleft palate

*	G-CSF denotes granulocyte colony-stimulating factor.
†	Race or ethnic group was self-assessed.
‡	Absolute neutrophil counts were determined before the start of treatment with G-CSF.
§	Percentiles of height and weight were based on German reference data for white patients from Greece, Germany, and France and on Turkish 

reference data for other patients.
¶	During infectious episodes, an occasional increase in neutrophil counts was observed.
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tonic lysis. Fixation and electron microscopy were 
performed as described previously.22

Human G6PC3 complementary DNA (cDNA) 
was cloned into a bicistronic retroviral vector 
(MMP)23 containing murine cd24 as a marker gene. 
RD114-pseudotyped retroviral particles were gen-
erated by tripartite transfection of MMP-based 
vectors together with the envelope plasmid and 
the packaging plasmid mPD.old.gag/pol into a hu-
man embryonic kidney-cell line (HEK293T). Trans-

duction of CD34+ cells and myeloid differentiation 
were performed as described previously.12

Apoptosis in peripheral-blood neutrophils or 
in cells that were differentiated into myeloid cells 
in vitro was induced with the use of tumor necro-
sis factor α (TNF-α) (50 ng per milliliter), thapsi-
gargin (10 μM), or tunicamycin (5 μg per millili-
ter) (all from Sigma) and assessed by staining with 
annexin V (Invitrogen) and propidium iodide (Sig-
ma). In fibroblasts, apoptosis was induced with 

Genotype Therapy
Current 

Age Current Height and Weight Percentiles§

Height Weight

yr

c.[758G→A]+[758G→A], 
p.[Arg253His]+[Arg253His]

G-CSF, cardiac surgery 6 25–50 3–10

c.[758G→A]+[758G→A], 
p.[Arg253His]+[Arg253His]

G-CSF, cardiac surgery 3 25 10–25

c.[758G→A]+[758G→A], 
p.[Arg253His]+[Arg253His]

G-CSF, awaiting corrective cardiac 
procedure

11 10–25 10–25

c.[758G→A]+[758G→A], 
p.[Arg253His]+[Arg253His]

G-CSF, cardiac surgery 6 8 cm below 3rd per-
centile

1.3 kg below 3rd 
percentile

c.[758G→A]+[758G→A], 
p.[Arg253His]+[Arg253His]

G-CSF 4 3 1.0 kg below 3rd 
percentile

c.[554T→C]+[554T→C], 
p.[Leu185Pro]+[Leu185Pro]

G-CSF, awaiting corrective cardiac 
procedure

12 50 75

c.[141C→G]+[141C→G], 
p.[Tyr47X]+[Tyr47X]

G-CSF 13 25–50 50–75

c.[784G→C]+[784G→C], 
p.[Gly262Arg]+[Gly262Arg]

G-CSF, cardiac surgery 7 3–10 10

c.[677+1 G→A]+[829C→T],  
p.[?]+[Gln277X]

G-CSF 13 3–10 10

c.[778G→C]+[778G→C], 
p.[Gly260Arg]+[Gly260Arg]

G-CSF, cardiac surgery 17 4 cm below 3rd per-
centile

8 kg below 3rd 
percentile

c.[935dupT]+[935dupT], 
p.[Asn313fs]+[Asn313fs]

G-CSF, awaiting corrective cardiac 
procedure

10 10–25 10–25

c.[144C→A]+[144C→A],  
p.[Tyr48X]+[Tyr48X]

G-CSF 5 3–10 3–10
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the use of 5 mM dithiothreitol (Roche). Caspase 
3/7 activation was assessed as described previous-
ly12 (see the Supplementary Appendix).

R esult s

Clinical Findings

Table 1 lists the main features of the five patients 
we studied. Patients 1 and 2, who were siblings 
born to consanguineous parents of Aramean de-
scent, presented with neonatal sepsis. Their ex-
tended pedigree is denoted SCN-I (see Fig. 1 in the 
Supplementary Appendix). Their workup in the 
first year of life found severe neutropenia with a 
paucity of mature neutrophils in the peripheral 
blood and bone marrow. Bone marrow smears 
contained few granulocytes beyond the stage of 
promyelocytes or myelocytes (Fig. 1A and 1B, and 
Table 1 in the Supplementary Appendix). Eryth-
rocyte counts were normal. Platelet counts in Pa-
tient 1 ranged from 73,000 to 425,000 per cubic 
millimeter, whereas Patient 2 had normal platelet 
counts. Both patients had unusually prominent 
subcutaneous veins, venous angiectasia, or both 
(Fig. 1C); Patient 1 had a type 2 atrial septal de-
fect (Fig. 1D), and Patient 2 had cor triatriatum 
and hepatosplenomegaly. Genealogic investiga-
tions revealed that the SCN-I pedigree could be 
extended to include two additional sibships, each 
with one child affected by severe congenital neu-
tropenia and type 2 atrial septal defect (Patients 
3 and 4 in Fig. 1 in the Supplementary Appendix). 
We also identified a child with severe congenital 
neutropenia in a second consanguineous pedigree 
(SCN-II) from the same ethnic background (Pa-
tient 5 in Fig. 1 in the Supplementary Appendix). 
All patients received rhG-CSF, which resulted in 
an increase in neutrophil counts.

Genetic Studies

Mutations in both ELA210 and HAX112 were exclud-
ed in all five index patients. Linkage analysis pro-
vided statistical evidence that the gene of interest 
in SCN-I is located on chromosome 17q21 be-
tween D17S1299 (36.2 Mb, 62.0 cM) and D17S1290 
(53.7 Mb, 82.0 cM) (Fig. 2A, and the Supplemen-
tary Appendix). We carried out a series of fine map-
ping steps in SCN-I and SCN-II and were able to 
genotype an additional 13 microsatellite markers 
between D17S1299 and D17S1290 in SCN-I and 11 
of these 13 microsatellite markers in SCN-II. Ta-
ble 2 in the Supplementary Appendix shows the 

single-marker lod scores. On the assumption that 
the same gene is mutated in all five affected chil-
dren, the maximal linkage interval spanned from 
D17S1789 (39.1 Mb, 63.1 cM) to D17S791 (42.2 Mb, 
64.2 cM). With the use of D17S932, D17S950, and 
D17S806, the peak multipoint lod score in SCN-I 
alone was 4.98, and the peak two-pedigree multi-
point lod score was 5.74.

Several candidate genes were identified in the 
SCN-I linkage interval (see Table 3 in the Supple-
mentary Appendix). Of these, G6PC3, which en-
codes glucose-6-phosphatase, catalytic subunit 3, 
and is located in the narrowest possible linkage 
interval, was a plausible candidate, because abnor-
mal glucose metabolism has been implicated in 
the neutropenia of type Ib glycogen storage dis-
ease.24 DNA sequencing revealed a homozygous 
missense mutation in exon 6 of the G6PC3 gene 
(c.G758A, p.R253H) (Fig. 2B). This mutation was 
found in all four affected children in SCN-I and in 
the one affected child in SCN-II. All parents were 
heterozygous for the mutation, a finding con-
sistent with autosomal recessive inheritance of 
a germ-line missense mutation. According to re-
striction-site analysis, the R253H allele of the 
G6PC3 gene was not found in 192 healthy central 
European persons. An in silico sequence analysis 
using the program Sorting Intolerant from Tol-
erant (SIFT)25 calculated that the probability that 
this mutation is benign is 0.01. Analysis with the 
program PolyPhen26 predicted that the R253H 
change probably interferes with the function of 
glucose-6-phosphatase. The wild-type protein is 
conserved in mammals, amphibians, bony fish, 
and insects.

Functional Studies

Enzymatic Activity of G6PC3 with the R253H 
Mutation
Wild-type G6PC3 and G6PC3 with the R253H mu-
tation were expressed in S. cerevisiae. Microsomes 
were isolated from yeast transfected with wild-
type G6PC3 or G6PC3 with the R253H mutation 
and assayed for phosphatase activity. Wild-type 
G6PC3 hydrolyzed glucose-6-phosphate and the 
universal substrate p-nitrophenylphosphate (pNPP), 
as demonstrated by radioactive (Fig. 2C) and spec-
trometric (Fig. 3 in the Supplementary Appendix) 
assays, respectively. In contrast, the level of enzy-
matic activity of G6PC3 with the R253H muta-
tion did not exceed the level of phosphatase ac-
tivity in yeast transfected with an empty vector.
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Apoptosis
Like neutrophils from patients with mutations in 
ELA210 or HAX1,12 peripheral-blood neutrophils 
from our patients had an increased rate of spon-
taneous apoptosis. Apoptosis of neutrophils was 
markedly accelerated after induction with TNF-α 
(Fig. 3A) or tunicamycin (data not shown), as as-
sessed by annexin V staining and a test for activa-
tion of caspase 3/7, respectively (see Fig. 4 in the 
Supplementary Appendix). Since G6PC3 is ubiqui-
tously expressed and since the phenotype of our 
patients was not restricted to the hematopoietic 
system, we tested nonhematopoietic cells for 
susceptibility to apoptosis. Skin fibroblasts from 
patients with a deficiency of G6PC3 had an in-
creased susceptibility to apoptosis after dithio-
threitol-induced stress to the endoplasmic reticu-
lum (Fig. 3B).

To provide further evidence that this form of 
severe congenital neutropenia is caused by muta-
tions in G6PC3, CD34+ hematopoietic stem cells 
from two patients were isolated and transduced 
with retroviral constructs containing either the 
wild-type G6PC3 cDNA sequence and murine cd24 
as a reporter gene (MMP-G6PC3-mcd24) or the 
reporter gene only (MMP-mcd24). After in vitro 
differentiation in the presence of rhG-CSF and 
recombinant human granulocyte–macrophage col-
ony-stimulating factor (rhGM-CSF), cells were ex-
posed to tunicamycin to induce apoptosis and 
analyzed by flow cytometry by gating on mcd24-
positive cells. In control-transduced cells from a 
patient, exposure to tunicamycin induced a high 
degree of apoptosis (30.0% of annexin V–positive 
cells and 4.6% of annexin V and propidium iodide–
double-positive cells underwent apoptosis). By con-
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trast, in G6PC3-transduced cells, the percentage 
of cells undergoing induced apoptosis was lower 
(17.9% of annexin V–positive cells and 1.9% of 
double-positive cells) (Fig. 3C, and Fig. 5 in the 
Supplementary Appendix). We tested the function 
of neutrophils in G6PC3-deficient neutrophils. 
Both phagosomal lysis of Escherichia coli and the 
oxidative burst were similar to those in neutrophils 

from healthy control subjects (Fig. 6 in the Sup-
plementary Appendix).

Endoplasmic Reticulum Stress
Endoplasmic reticulum stress and the unfolded-
protein response have been linked to the pathophys-
iology of aberrant organogenesis,27 including struc-
tural heart defects28 and congenital neutropenia 
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Figure 2. Haplotypes on Chromosome 17q, Mutation Analysis of G6PC3, and Assessment of Enzymatic Activity of G6PC3 with the R253H 
Mutation.

Panel A shows the pedigrees from two unrelated families with severe congenital neutropenia (SCN-I and SCN-II). Solid symbols denote 
affected family members, open symbols unaffected family members, circles female family members, squares male family members, n.d. 
not done, and 0 no polymerase-chain-reaction (PCR) product obtained. P1 to P5 refer to the patients described in more detail in Table 1. 
The linkage interval is shown in dark gray for each family. The preferred linkage interval was defined on the assumption that the genetic 
defect in SCN-I and SCN-II was the same and ranged from markers D17S930 to D17S950, which contained a total of 36 genes, including 
G6PC3. Panel B shows the missense mutation (c.G758A, p.R253H) found in an index patient from SCN-I as compared with the sequence 
in a healthy control. Panel C is a comparison of the enzymatic activity of wild-type G6PC3 and G6PC3 with the R253H mutation with  
14C-glucose-6-phosphate as substrate and an empty vector control measured in microsomes isolated from stably transfected yeast cells. 
The difference between the values represents the membrane-dependent activity. The results are presented as nanomoles of glucose pro-
duced per minute per gram of yeast cells. Error bars indicate the standard deviation of three independent microsomal preparations. 
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caused by mutations in ELA2.17,29 Transmission 
electron microscopy of bone marrow cells from 
four patients with G6PC3 deficiency showed an 
enlarged rough endoplasmic reticulum in myeloid 
progenitor cells as compared with the rough en-
doplasmic reticulum in corresponding cells from 
a healthy subject (Fig. 4A and 4B, and Fig. 7 in the 

Supplementary Appendix). This finding is consis-
tent with increased endoplasmic reticulum stress. 
BiP messenger RNA (mRNA), a member of the 
chaperone family and another marker of endo-
plasmic reticulum stress, was measured by quan-
titative real-time PCR in bone marrow promyelo-
cytes that had been isolated by f low cytometry. 
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Figure 3. Increased Susceptibility to Apoptosis in Myeloid Cells and Fibroblast Cell Lines. 

Panel A shows a fluorescence-activated cell sorter (FACS) plot indicating that peripheral-blood neutrophils from Patient 5 had increased 
spontaneous apoptosis as compared with a healthy sibling and a healthy control who was treated with recombinant human granulocyte 
colony-stimulating factor (rhG-CSF) (logarithmic scales). Similarly, apoptosis induced by tumor necrosis factor α (TNF-α) was more pro-
nounced in the patient. Panel B shows an analysis of enhanced apoptosis in patient fibroblasts after exposure to dithiothreitol as com-
pared with the fibroblasts of healthy controls. Panel C shows a FACS plot of in vitro differentiated myeloid progenitor cells transduced 
with a control vector (upper row) or a retroviral vector encoding wild-type G6PC3 (lower row). Cells were treated with tunicamycin, and 
apoptosis was assessed by staining with annexin V and propidium iodide. G6PC3-transduced cells from Patient 2 show a decreased sus-
ceptibility to apoptosis 16 hours after induction with tunicamycin, as compared with control vector-transduced cells. Data are representa-
tive of two independent experiments. MMP denotes the retroviral backbone, MMP-G6PC3-mcd24 a retroviral construct containing the 
wild-type G6PC3 cDNA sequence and murine cd24 as a reporter gene, and MMP-mcd24 a retroviral construct containing the reporter 
gene only.
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The level of BiP mRNA was increased in promy-
elocytes from the two patients we tested as com-
pared with that in promyelocytes from healthy sub-
jects (Fig. 4C).

GSK-3β
A signaling circuit linking glucose, GSK-3β, and 
Mcl-1 has been previously established30,31 in which 
GSK-3β controls glycogen metabolism, Wnt sig-
naling, and apoptosis.32 Mcl-1, an antiapoptotic 
member of the Bcl-2 family, is involved in the main-
tenance of neutrophil viability.33 GSK-3β phospho-
rylates Mcl-1, thus facilitating its degradation in 
the proteasome.30 We performed Western blot 
studies to estimate the levels of GSK-3β, BiP, and 
Mcl-1 proteins in neutrophils exposed to tunicamy-
cin, an agent that induces endoplasmic reticulum 
stress. Neutrophils from the two patients we ex-
amined had increased levels of BiP (Fig. 4E), an 
increase in the enzymatically active dephosphory-
lated form of GSK-3β (Fig. 4D, and Fig. 8 in the 
Supplementary Appendix), and increased phospho-
rylation of Mcl-1 (Fig. 4E). To investigate whether 
intracellular glucose deprivation causes dephos-
phorylation of GSK-3β, we inhibited glucose me-
tabolism in neutrophils from two healthy subjects 
with the use of 2-deoxyglucose. Treatment with 
2-deoxyglucose induced dephosphorylation of 
GSK-3β (Fig. 4F) and increased apoptosis of neu-
trophils (Fig. 4G), whereas CD3-positive T lympho-
cytes were resistant to the effects of 2-deoxyglu-
cose (Fig. 4G).

G6PC3 Mutations in Other Patients

We assessed the frequency and variety of G6PC3 
mutations in a cohort of patients with genetically 
unclassified severe congenital neutropenia. Of 104 
such patients, 7 had distinct biallelic mutations in 
G6PC3 (Table 1). The mutations include nonsense 
mutations (Y47X and Y48X) that would abolish 
the function of the protein if the truncated mRNA 
was translated. The three other missense muta-
tions were predicted to be deleterious to the pro-
tein by SIFT22 analysis, with probabilities of being 
benign of 0.03 for L185P, 0.00 for G262R, and 0.00 
for G260R. None of these additional patients with 
G6PC3 mutations had mutations in ELA2 or HAX1, 
a finding suggesting that these three genetic de-
fects are distinct variants of severe congenital neu-
tropenia. None of the patients with G6PC3 defi-
ciency had hypoglycemia or lactic acidosis (see 
Table 4 in the Supplementary Appendix), as is seen 
in glycogen storage disorders.

A clinical review of all 12 patients with G6PC3 
deficiency found variation in clinical features. Of 
the 12 patients, 8 had various cardiac malforma-
tions and 10 had a phenotype of unusually promi-
nent subcutaneous veins, venous angiectasia, or 
both (Fig. 1, and Fig. 2 in the Supplementary Ap-
pendix). Five patients had urogenital malforma-
tions, including cryptorchidism and urachal fistula 
(the urachus is a channel between the bladder of 
the fetus and the allantois). Two patients had in-
ner-ear hearing loss, and two had delayed growth 
but no dysmorphic features (Table 1).

Discussion

We have described a congenital neutropenia syn-
drome with biallelic mutations in G6PC3. Like pa-
tients with mutations in HAX112 or ELA2,16 patients 
with G6PC3 deficiency lacked mature neutrophils 
in the bone marrow and had increased suscepti-
bility to apoptosis in peripheral neutrophils. Of 
12 patients, 8 had structural heart defects (e.g., 
type 2 atrial septal defect, cor triatriatum, or pul-
monary stenosis) and 5 had urogenital defects (e.g., 
cryptorchidism or urachal fistula). In most pa-
tients, an atypical, increased visibility of the su-
perficial veins, angiectasia, or both was prominent. 
The spectrum of developmental aberrations may 

Figure 4 (facing page). Pathophysiologic Consequences 
of G6PC3 Deficiency.

Panel A is a transmission electron micrograph showing 
the aberrantly enlarged rough endoplasmic reticulum 
(arrows) in a myeloid progenitor cell of a patient with 
G6PC3 deficiency. Panel B shows the rough endoplas-
mic reticulum (arrows) in a cell from a healthy subject. 
Panel C illustrates increased endoplasmic reticulum 
stress in patients with G6PC3 deficiency, as document-
ed by increased expression levels of BiP messenger RNA 
in purified promyelocytes. Error bars indicate the stan-
dard deviation. GAPDH denotes glyceraldehyde- 
3-phosphate dehydrogenase. Panel D is a Western blot 
showing an increase in the enzymatically active, dephos-
phorylated form of glycogen synthase kinase 3β (GSK-
3β) in Patient 5 (P5) after induction with tunicamycin 
(p-GSK-3β denotes phosphorylated GSK-3β). Panel E 
shows increased phosphorylation of Mcl-1 and in-
creased levels of BiP in neutrophils from Patient 5 (P5) 
with G6PC3 deficiency at different time points after in-
duction with tunicamycin (p-Mcl-1 denotes phosphory-
lated Mcl-1). Panel F shows 2-deoxyglucose–induced  
dephosphorylation of GSK-3β in two healthy donors. 
Panel G shows that healthy neutrophils, but not CD3-
positive T cells, are susceptible to apoptosis on pharma-
cologic glucose depletion with the use of 2-deoxyglu-
cose. Some values are too small to appear clearly.
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depend on factors other than the mutant G6PC3. 
Perhaps increased susceptibility to apoptosis also 
affects cardiac or urogenital development in pa-
tients with G6PC3 deficiency. There is clinical vari-
ation in other neutropenia syndromes, such as Co-

hen syndrome and cartilage-hair hypoplasia, even 
though the two syndromes are genetically homo-
geneous.8 All patients in our cohort had a response 
to treatment with rhG-CSF, and to date no patient 
has had a clonal hematopoietic disorder.

33p9

C Expression of BiP mRNA

Phosphorylation of GSK-3β Cellular Viability

D Phosphorylation of GSK-3β

F G

E Phosphorylation of Mcl-1

A Patient 1 B Healthy Control

1.60

1.40

1.20

1.00

0.80

B
iP

:G
A

PD
H

 R
at

io

0.40

0.60

0.20

0.00
Patient 5 Patient 10 Control 1 Control 2

AUTHOR:

FIGURE:

JOB:

4-C
H/T

RETAKE

SIZE

ICM

CASE

EMail Line
H/T
Combo

Revised

AUTHOR, PLEASE NOTE: 
Figure has been redrawn and type has been reset.

Please check carefully.

REG F

Enon

1st
2nd
3rd

Boztug (Klein)

4 of 4

01-01-08

ARTIST: ts

36001 ISSUE:

100
90
80
70

A
nn

ex
in

 V
–P

os
iti

ve
 C

el
ls

(%
)

50
60

40
30
20
10
0

Hour

0 3 6 16

Uninduced
neutrophils

Neutrophils
+ 2-deoxy-
glucose

Uninduced
T cells

T cells +
2-deoxy-
glucose

0 Hr 2 Hr 5 Hr 12 Hr

GSK-3β
(total)

p-GSK-3β

GAPDH

Control P5 Control P5 Control P5 Control P5

0 Hr 2 Hr 5 Hr 12 Hr

p-Mcl-1

BiP

GAPDH

Control P5 Control P5 Control P5 Control P5

0 Hr 16 Hr 16 Hr

GSK-3β
(total)

p-GSK-3β

GAPDH

Contro
l 1

Contro
l 2

0 m
M

 25
 m

M

50
 m

M

0 m
M

 25
 m

M

 50
 m

M

Control 1 Control 2

Copyright © 2009 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org at MHH-BIBLIOTHEK on November 16, 2009 . 



T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 360;1  nejm.org  january 1, 200942

Three human genes mediating glucose-6-phos-
phatase activity have been discovered: G6PC1, 
G6PC2, and G6PC3. G6PC1, the classic glucose-6-
phosphatase in the liver, kidney, and small intes-
tine, catalyzes the hydrolysis of glucose-6-phos-
phate, an essential step in the gluconeogenic and 
glycogenolytic pathways. Patients without G6PC1 
activity have type Ia glycogen storage disease.34 
G6PC2 is expressed only in pancreatic islet cells35,36 
and may be involved in glucose-dependent insu-
lin secretion by controlling free glucose levels.37 
Statistically significant associations between non-
coding polymorphisms in or near G6PC2 and the 
level of glucose after an overnight fast have been 
shown.38,39 In contrast to G6PC1 and G6PC2, 
G6PC3 is ubiquitously expressed.40,41 Glucose-6-
phosphate is transported to the endoplasmic re-
ticulum by a glucose-6-phosphate transporter 
(G6PT).42 The stoichiometry and topologic re
lationships between the catalytic subunits of 
glucose-6-phosphatase and G6PT are unclear, but 
they do have a functional link.42‑44 The complex 
formed between G6PT and G6PC1 (and perhaps 
also the complex between G6PT and G6PC2) ap-
pears to maintain normoglycemia. Our data show 
that G6PC3 is needed to maintain neutrophil vi-
ability and suggest an important role for glucose 
in the homeostasis of human neutrophils.

Cheung et al. recently described the phenotype 
of g6pc3-deficient mice that was generated by gene 
targeting.45 These mice had neutropenia and neu-
trophil dysfunction; another group had previously 
shown that murine g6pc3 deficiency results in 
lowered plasma cholesterol and elevated glucagon 
levels.46 We could not identify any consistent ab-
erration in neutrophil function or any metabolic 
aberrations in patients with G6PC3 deficiency. The 
underlying mechanism of increased apoptosis of 
neutrophils in the absence of G6PC3 involves in-
creased endoplasmic reticulum stress, which is 
usually seen in cases of deficient protein folding 
in the endoplasmic reticulum. In an attempt to 
counteract potentially toxic effects that can ensue 
from abnormally folded proteins, cells initiate a 
rescue program that, if ineffective, leads to apop-
tosis.47 We have provided evidence that GSK-3β, 
a key enzyme that regulates cellular differentia-
tion and apoptosis,32 is implicated in this path-
way. In the absence of intracellular glucose, GSK-3β 
is activated and thus can phosphorylate the an-
tiapoptotic molecule Mcl-1, thereby mediating its 
degradation.30,31 Neutrophils from patients with 
G6PC3 deficiency have higher levels of nonphos-

phorylated GSK-3β and phosphorylated Mcl-1 than 
do neutrophils from unaffected people, a finding 
suggesting that a decrease in antiapoptotic Mcl-1 
accounts for increased apoptosis in G6PC3-defi-
cient neutrophils. These alterations may be in part 
responsible for the phenotype of G6PC3 defi-
ciency.

Although we cannot rule out the possibility that 
additional mechanisms could contribute to the 
increase in apoptosis in G6PC3-deficient neutro-
phils, our data suggest that G6PC3 acts by a path-
way involving GSK-3β to maintain the viability of 
neutrophils. Evidence of increased endoplasmic 
reticulum stress has previously been reported in 
patients with mutations in ELA2,17,29 and prema-
ture apoptosis of neutrophils is known to cause 
the phenotype of congenital neutropenia.12,16,17 
Thus, G6PC3 deficiency is another example of how 
increased apoptosis of neutrophil granulocytes can 
cause congenital neutropenia.

Five arguments support our claim that G6PC3 
deficiency causes neutropenia. Distinct biallelic 
G6PC3 mutations were found in two pedigrees and 
seven singleton patients with congenital neutro-
penia; sequence analysis predicted that all four 
missense mutations are likely to affect the func-
tion of G6PC3; expression of wild-type G6PC3 and 
G6PC3 with the R253H mutation in yeast showed 
that the R253H mutation abrogates enzymatic ac-
tivity; g6pc3−/− knockout mice have neutropenia and 
increased myeloid-cell apoptosis; and the suscep-
tibility to apoptosis in G6PC3-deficient myeloid 
cells was reduced by retroviral transfer of the wild-
type G6PC3 gene.
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