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Abstract	
  
Mutations	
   in	
   the	
   Schwachman-­‐Bodian	
   diamond	
   syndrome	
   (SBDS)	
   gene—involved	
   in	
   ribosome	
  
biogenesis—cause	
   Shwachman-­‐diamond	
   syndrome	
   (SDS),	
   a	
   known	
   bone	
   marrow	
   failure	
  
disorder.	
  A	
  dysfunctional	
   ribosome	
  biogenesis	
   is	
   postulated	
   as	
   a	
   cause	
  of	
   phenotypes	
   seen	
   in	
  
SDS	
  patients.	
  Recently,	
  lymphocytes	
  from	
  SDS	
  patients	
  with	
  hypomorphic	
  SBDS	
  expression	
  were	
  
shown	
   to	
  harbor	
   significantly	
   increased	
  DNA	
  damage	
  and	
  γH2AX	
   foci	
   in	
   response	
   to	
  X-­‐rays	
  or	
  
gamma	
   rays.	
   Additionally,	
   SBDS	
   knockdown	
   in	
   cells	
   increases	
   ROS	
   (reactive	
   oxygen	
   species)	
  
levels	
   and	
   enhances	
   proliferation	
   defects	
   in	
   a	
   p53	
   dependent	
   manner.	
   These	
   new	
   reports	
  
suggest	
   that	
   SBDS	
   may	
   have	
   a	
   novel	
   and	
   a	
   yet	
   unexplored	
   role	
   in	
   DNA	
   repair	
   and	
   damage	
  
response	
   pathways.	
   In	
   this	
   short	
   opinion	
   article,	
   I	
   will	
   discuss	
   these	
   recent	
   observations	
   and	
  
delineate	
  hypothesis	
  to	
  explain	
  the	
  potential	
  new	
  roles	
  of	
  SBDS.	
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What	
   is	
   Shwachman-­‐diamond	
   syndrome	
  
(SDS)?	
  
SDS	
   (SDS,	
   OMIM	
   260400)	
   is	
   an	
   autosomal	
  
recessive	
  disorder	
  characterized	
  by	
  exocrine	
  
pancreatic	
   insufficiency,	
   skeletal	
  
deformities,	
   bone	
   marrow	
   failure	
   and	
  
leukemic	
   predisposition	
   1,2.	
   It	
   is	
   a	
   multi-­‐
system	
   disorder	
   that	
   occurs	
   in	
   about	
  
1/75,000	
  individuals,	
  with	
  a	
  male	
  to	
  female	
  
ratio	
   of	
   1.7:1	
   3,4.	
  Over	
   95%	
  of	
   SDS	
  patients	
  
harbor	
  biallelic	
  mutations	
   in	
  the	
  SBDS	
  gene	
  
located	
   on	
   chromosome	
   7q11	
   5.	
   The	
   SBDS	
  
protein	
   belongs	
   to	
   a	
   conserved	
   protein	
  
family	
   with	
   orthologs	
   from	
   Archae	
   to	
  
vertebrates	
   and	
   plants	
   6.	
   SDS	
   patients	
  
exhibit	
   reduced	
   expression	
   level	
   of	
   SBDS,	
  
which	
   plays	
   an	
   important	
   role	
   in	
   ribosome	
  
assembly	
   7.	
   Defective	
   ribosome	
   biogenesis	
  
is	
   proposed	
   to	
   cause	
   the	
   diverse	
   clinical	
  
features	
  of	
  SDS	
  patients,	
  although	
  an	
  exact	
  
mechanism	
  is	
  not	
  known.	
  In	
  light	
  of	
  the	
  new	
  
phenotypes	
   observed	
   for	
   SBDS,	
   the	
  
underlying	
   cause	
   of	
   SDS	
   pathophysiology	
  
may	
   encompass	
   more	
   causative	
   factors	
  
than	
  just	
  the	
  defective	
  ribosome	
  biogenesis.	
  
I	
   will	
   explore	
   some	
   of	
   these	
   hypotheses	
   in	
  
the	
  following	
  sections.	
  
	
  

Phenotypes	
  associated	
  with	
  SDS	
  patients	
  
SDS	
  patients	
  present	
  characteristic	
  physical	
  
manifestations	
   such	
   as	
   short	
   stature,	
  
skeletal	
   deformities,	
   exocrine	
   pancreatic	
  
insufficiency	
  and	
  hematological	
  deformities.	
  
Primary	
   diagnosis	
   of	
   SDS	
   occurs	
   during	
  
childhood,	
  where	
  some	
  patients	
  experience	
  
learning	
   disabilities.	
   Summarized	
   details	
   of	
  
some	
   important	
   physical	
   symptoms	
   in	
   SDS	
  
patients	
  are	
  discussed	
  below:	
  
Skeletal	
   deformities:	
   About	
   half	
   of	
   the	
   SDS	
  
patients	
  present	
  with	
  metaphyseal	
  dystosis	
  
(developmental	
   delay	
   of	
   long	
   bones)	
  
involving	
  the	
  hips	
  and	
  the	
  femur	
  8.	
  Another	
  
one	
  third	
  to	
  one	
  half	
  of	
  patients	
  report	
  rib-­‐
cage	
   abnormalities,	
   which	
   includes	
   short	
  
ribs	
  with	
  flared	
  ends,	
  narrow	
  rib-­‐cage	
  and	
  a	
  
chostochondral	
   thickening	
   (pertaining	
   to	
  
costal	
   cartilages)	
   leading	
   to	
   respiratory	
  
failure	
   2,9.	
   Most	
   skeletal	
   problems	
   seen	
   in	
  
patients	
  associate	
  with	
  delayed	
  appearance	
  
of	
   the	
   secondary	
   ossification	
   centers,	
  
excluding,	
  clinodactyly	
  (curved	
  little	
  finger),	
  
syndactyly	
   (webbing	
   between	
   digits),	
  
osteopenia	
   (decreased	
   bone	
   density),	
  
kyphosis	
   (forward	
   bent	
   spine),	
   scoliosis	
  
(lateral	
   curved	
   spine),	
   vertebral	
   collapse,	
  
slipped	
   femoral	
   epiphyses	
   (rounded	
  end	
  of	
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long	
   bone)	
   and	
   supernumerary	
   (extra)	
  
thumb	
  1,10.	
  	
  
Exocrine	
   pancreatic	
   insufficiency:	
   SDS	
  
patients	
  are	
  deficient	
  in	
  pancreatic	
  digestive	
  
enzymes	
   such	
   as	
   trypsinogen,	
   isoamylase,	
  
etc.,	
   causing	
   mal-­‐absorption	
   of	
   fats	
   and	
  
nutrients	
   11.	
   Mal-­‐absorption	
   of	
   nutrients	
  
results	
   in	
   vitamin	
   deficiency,	
   characteristic	
  
loose	
   stool,	
   weight	
   loss,	
   edema	
   and	
   a	
  
general	
   failure	
   to	
   thrive.	
   While	
   the	
   serum	
  
level	
   of	
   pancreatic	
   enzymes	
   serves	
   as	
   a	
  
diagnostic	
   tool	
   for	
   SDS	
   patients,	
   the	
   ultra-­‐
sound	
   and	
   other	
   imaging	
   techniques	
   can	
  
additionally	
   confirm	
   the	
   presence	
   of	
   fatty	
  
pancreas	
  in	
  patients	
  1,11.	
  	
  
Hematological	
   abnormalities:	
   Neutropenia	
  
or	
  abnormal-­‐low	
  levels	
  of	
  neutrophils	
  are	
  a	
  
characteristic	
   abnormality	
   seen	
   in	
   SDS	
  
patients	
  and	
  its	
  onset	
  can	
  be	
  as	
  early	
  as	
  the	
  
neonatal	
   stage	
   8,12.	
   However,	
   neutropenia	
  
fluctuates	
  from	
  low	
  to	
  normal	
   levels	
  during	
  
the	
   lifetime	
  of	
   the	
  patient	
   13,14.	
  Neutrophils	
  
of	
  SDS	
  patients	
  additionally	
  exhibit	
  impaired	
  
mobility,	
   migration,	
   chemotaxis	
   and	
   an	
  
altered	
   cytoskeletal	
   function	
   15-­‐17.	
   Low-­‐
levels	
  of	
  neutrophils	
  thus	
  increase	
  patients’	
  
susceptibility	
   to	
   recurrent	
   bacterial,	
   fungal	
  
and	
   viral	
   infections,	
   including	
   respiratory	
  
and	
   skin	
   infections	
   18.	
   Although	
  multiple	
   B	
  
and	
   T-­‐	
   cell	
   defects	
   reported	
   in	
   patients	
  
could	
   also	
   contribute	
   to	
   immune	
  
dysfunction	
  19,20.	
  	
  
Other	
   blood	
   cell	
   irregularities	
   seen	
   in	
   SDS	
  
patients	
   include,	
   anemia	
   (from	
   low	
  
reticulocyte	
   counts),	
   elevated	
   fetal-­‐
hemoglobin,	
   thrombocytopenia	
   (low	
  
platelet	
   counts)	
   and	
   sometimes	
   even	
   the	
  
trilineage	
   cytopenia	
   (reduction	
   in	
   all	
   blood	
  
lineages—red	
   cells,	
   white	
   cells	
   and	
  
platelets)	
   1,21,22.	
   Patients	
  with	
   the	
   observed	
  
cytopenias	
  may	
  evolve	
  into	
  aplastic	
  anemia,	
  
myelodysplastic	
   syndrome	
   (MDS)	
   or	
   acute	
  
myeloid	
   leukemia	
   (AML)	
   and	
   may	
   require	
  
transfusions	
   1,13,23-­‐25.	
   The	
   bone	
   marrow	
   of	
  
SDS	
   patients	
   also	
   display	
   decreased	
  
frequencies	
  of	
  CD34+	
  progenitor	
  stem-­‐cells,	
  
reducing	
   the	
   in	
   vitro	
   generation	
   of	
  

hematopoietic	
   colonies	
   of	
   all	
   cell	
   lineages	
  
26.	
  	
  
	
  
Genetics	
   of	
   Shwachman-­‐diamond	
  
syndrome	
  
That	
   mutations	
   in	
   SBDS—a	
   novel	
   gene—
associate	
   with	
   SDS	
   is	
   a	
   fairly	
   recent	
  
discovery	
   5,27.	
   	
   SBDS	
   spans	
   305	
   kb	
   on	
  
chromosome	
  7	
  and	
   is	
  distally	
   located	
   to	
   its	
  
unprocessed	
   pseudogene,	
   SBDSP,	
   which	
  
97%	
   identical	
   to	
  SBDS	
   5.	
  About	
  96%	
  of	
   SDS	
  
patients	
   carry	
   mutations	
   in	
   exon	
   2.	
   The	
  
most	
   prominent	
   of	
   these	
   mutations	
   are:	
  
183-­‐184TA→CT	
   (introduces	
   an	
   in-­‐frame	
  
stop	
   codon,	
   K62X),	
   258+2T→C	
   (disrupts	
  
donor	
  splice	
  site	
  of	
   intron	
  2	
  causing	
  a	
  8-­‐bp	
  
deletion	
   after	
   an	
   upstream	
   cryptic	
   splice	
  
donor	
  site	
  is	
  used,	
  which	
  causes	
  premature	
  
truncation	
  of	
  the	
  encoded	
  protein),	
  and	
  the	
  
complex	
   183-­‐184TA→CT+258+2T→C	
  
mutation,	
   amongst	
   the	
   others	
   reported	
   in	
  
SDS	
   patients	
   5.	
   Most	
   of	
   these	
   mutations	
  
arise	
   from	
   recombination	
   between	
   SBDS	
  
and	
   the	
   SBDSP	
   by	
   gene	
   conversion	
   events.	
  
SBDS	
   is	
   ubiquitously	
   expressed	
   and	
   is	
   an	
  
essential	
   gene	
   28.	
   Since	
   homozygous	
   allele	
  
mutations	
   are	
   not	
   known	
   in	
   SDS	
   patients,	
  
SBDS	
  may	
  also	
  be	
  essential	
   in	
  humans.	
   It	
   is	
  
unknown	
   how	
   these	
   mutations	
   correlate	
  
with	
   the	
   pleiotropic	
   phenotypes	
   in	
   SDS	
  
patients.	
   Because	
   SDS	
   patient	
   cells	
   acquire	
  
chromosomal	
  changes	
  during	
  their	
  lifetime,	
  
absence	
  of	
  SBDS	
   is	
  speculated	
  to	
  cause	
  the	
  
leukemia	
  transformation	
  in	
  patients	
  29.	
  
The	
   first	
   crystal	
   structure	
   of	
   the	
   SBDS	
  
homolog,	
  AF0491	
   (Archaeoglobus	
   fulgidus),	
  
revealed	
   it	
   to	
   comprise	
   three	
   well-­‐folded	
  
domains:	
   N-­‐terminal	
   domain,	
   central	
  
domain	
   and	
   the	
   C-­‐terminal	
   domain	
   30.	
  
Likewise,	
   the	
  human	
  SBDS	
  protein	
  contains	
  
the	
   same	
   three	
   domains,	
   except	
   for	
   the	
  
flexible	
   connecting	
   loop	
   between	
   the	
   N-­‐
terminal	
  domain	
  and	
  the	
  central	
  domain	
  31.	
  
Patient-­‐associated	
   mutations	
   in	
   SBDS	
  
localize	
   at	
   the	
   N-­‐terminal	
   domain	
   32.	
   In	
  
human	
  cells,	
  SBDS	
  localizes	
  to	
  the	
  nucleolus	
  
during	
   G1	
   and	
   G2	
   phases	
   of	
   the	
   cell	
   cycle	
  
and	
  depends	
  on	
  active	
  transcription	
  33,34.	
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Known	
  functions	
  of	
  SBDS	
  	
  
Defective	
   Hematopoiesis:	
   Hematopoietic	
  
progenitors	
  from	
  SDS	
  patients	
  have	
  reduced	
  
colony	
   formation	
   in	
   vitro	
   21.	
   siRNA	
  
knockdown	
   of	
   SBDS	
   in	
   CD34+	
   stem	
   cells,	
  
early	
   progenitors	
   and	
   K562	
   cells	
   also	
  
impairs	
   erythroid	
   differentiation	
   35.	
  
Similarly,	
   siRNA	
   knockdown	
   of	
   Sbds	
   in	
  
murine	
  hematopoietic	
  cells	
  causes	
  defective	
  
granulocytic	
   differentiation	
   and	
   myeloid	
  
progenitor	
   generation,	
   and	
   reduced	
   B-­‐
lymphocyte	
   numbers	
   36.	
   These	
   examples	
  
associate	
   the	
   loss	
   of	
   SBDS	
   with	
   the	
  
phenotypes	
   seen	
   in	
   SDS	
   patients.	
  However	
  
the	
   molecular	
   mechanism	
   linking	
   SBDS	
   to	
  
hematopoiesis	
  remains	
  unknown.	
  	
  
Ribosome	
  biogenesis:	
  SDS	
  is	
  recognized	
  as	
  a	
  
ribosomopathy,	
   a	
   condition	
   where	
   a	
  
defective	
   assembly	
   of	
   ribosomes	
   leads	
   to	
  
growth	
   and	
   cell	
   proliferation	
   defects	
   37-­‐39.	
  
Evidence	
   of	
   the	
   role	
   of	
   SBDS	
   protein	
   in	
  
ribosome	
   biogenesis	
   first	
   came	
   from	
   the	
  
proteome	
   and	
   transcriptional	
   microarray	
  
data	
  that	
  showed	
  binding	
  of	
  yeast	
  ortholog,	
  
YLR022c,	
   to	
   phospholipids	
   and	
   RNA	
  
processing	
   enzymes	
   40,41.	
   For	
   ribosome	
  
biogenesis,	
   SBDS	
   protein	
   takes	
   part	
   with	
  
EFL1	
   (elongation	
   factor–like	
   1)	
   GTPase	
   to	
  
release	
   eIF6	
   (eukaryotic	
   initiation	
   factor	
   6)	
  
from	
  the	
  60S	
  ribosomal	
  subunit	
  42.	
  The	
  eIF6	
  
protein	
   is	
   a	
   critical	
   factor	
   for	
   late	
  
maturation	
   of	
   60S	
   ribosomes	
   in	
   the	
  
cytoplasm.	
   eIF6	
   associates	
   with	
   the	
   60S	
  
ribosome	
   and	
   prevents	
   its	
   binding	
   to	
   the	
  
40S	
   ribosome	
   subunit	
   by	
   steric	
   hindrances	
  
43,44.	
   SBDS	
   stimulates	
   the	
  GTP	
  hydrolysis	
   of	
  
EFL1	
  to	
  release	
  eIF6	
  from	
  the	
  60S	
  ribosome	
  
42,45.	
   The	
   exact	
   mechanism	
   of	
   EFL1	
   and	
  
SBDS-­‐mediated	
   removal	
   of	
   eIF6	
   is	
   also	
  
unknown.	
   In	
   the	
   absence	
   of	
   SBDS,	
   eIF6	
   is	
  
not	
   released	
   from	
   the	
   60S	
   subunit,	
   which	
  
fails	
  to	
  reconstitute	
  with	
  the	
  40S	
  to	
  produce	
  
the	
   80S	
   ribosomes.	
   Such	
   ribosome	
   joining	
  
defects	
   can	
   be	
   profiled	
   in	
   a	
   sucrose	
  
gradient,	
   which	
   then	
   shows	
   altered	
   60:80	
  
ratios	
   as	
   is	
   seen	
   in	
   SBDS	
   deficient	
   SDS	
  
lymphocytes	
   or	
   stromal	
   cells,	
   mouse	
   cells,	
  
or	
   even	
   amoeba	
   (Dictyostellium	
  

discoideum)	
   42,46,47.	
   Because	
  of	
   the	
   reduced	
  
formation	
   of	
   the	
   80S	
   ribosomes,	
   SBDS	
  
mutant	
   cells	
   exhibit	
   translational	
  
inefficiency	
   and	
   reduced	
   global	
   protein	
  
synthesis	
   47.	
  Altered	
  ribosome	
  biogenesis	
   is	
  
thus	
   associated	
   with	
   growth	
   impairment,	
  
which	
   is	
   also	
   postulated	
   as	
   a	
   cause	
   of	
  
hematopoiesis.	
  	
  
Other	
  SBDS	
  functions:	
  Besides	
  the	
  defective	
  
ribosome	
  biogenesis	
  phenotype	
  observed	
  in	
  
SBDS-­‐deficient	
   SDS	
   cells,	
   other	
   novel	
   SBDS	
  
phenotypes	
   have	
   now	
   come	
   to	
   light.	
   For	
  
example	
   SBDS	
   depletion:	
   1)	
   in	
   HeLa	
   cells	
  
exhibit	
   accelerated	
   Fas-­‐ligand-­‐induced	
  
apoptosis,	
   2)	
   in	
   human	
   skin	
   fibroblasts	
  
results	
   in	
   increased	
   mitotic	
   abnormalities	
  
and	
   aneuploidy	
   that	
   was	
   also	
   seen	
   in	
   SDS	
  
cells,	
   3)	
   in	
   SDS	
   neutrophils	
   causes	
  
chemotaxis	
  defect,	
  4)	
   in	
  murine	
  monocytes	
  
formed	
   reduced	
   number	
   and	
   size	
   of	
  
osteoclasts,	
   5)	
   in	
   SDS	
   bone	
  marrow	
   shows	
  
p53	
   overexpression,	
   6)	
   in	
   myelocytes	
  
activate	
   p53	
   and	
   hence	
   apoptosis,	
   7)	
   in	
  
lymphoblastoid	
   cells	
   alters	
   translation	
   of	
  
CCAAT	
   enhancer	
   binding	
   proteins	
   C/EBPα	
  
and	
   C/EBPβ	
   that	
   affects	
   granulocyte	
  
differentiation,	
   8)	
   in	
   B-­‐cells	
   and	
   SDS	
  
leukocytes	
   hyperactivation	
   of	
   mTOR	
  
(mechanistic	
   target	
   of	
   rapamycin)	
   and	
  
STAT3	
   (Signal	
   transducer	
   and	
   activator	
   of	
  
transcription	
   3),	
   9)	
   in	
   HeLa	
   and	
   myeloid	
  
cells	
   increases	
   ROS	
   levels,	
   10)	
   in	
   SDS	
  
lymphocytes	
   causes	
   radiosensitization	
   45,48-­‐
57.	
   All	
   these	
   phenotypes	
   are	
   ascribed	
   as	
  
causative	
   factors	
   in	
  enhanced	
  cell	
  death	
  or	
  
skeletal	
   deformities	
   or	
   as	
   leukemogenesis	
  
facilitators	
  causing	
  SDS	
  phenotypes.	
  	
  	
  	
  
The	
   most	
   intriguing	
   aspect	
   of	
   these	
   new	
  
functions	
   of	
   SBDS	
   is	
   that	
   they	
   reflect	
   a	
  
common	
   theme	
   of	
   genomic	
   instability,	
  
increased	
   cell	
   death	
   via	
   apoptosis,	
   p53	
  
activation	
   and	
   suppressed	
   translation.	
  
While	
  the	
  ribosomopathies	
  such	
  as	
  the	
  DBA	
  
(Diamond-­‐Blackfan	
   anemia)	
   are	
   also	
  
characterized	
   by	
   increased	
   p53	
   activation	
  
via	
   RPL11	
   (60S	
   ribosomal	
   protein	
   L11)	
   and	
  
RPL5	
   (60S	
   ribosomal	
   protein	
   L5)	
   with	
   a	
  
dysfunctional	
   translation,	
   but	
   genomic	
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instability	
   is	
   not	
   associated	
   with	
   DBA	
   or	
  
other	
  ribosomopathies	
  39.	
  Likewise	
  a	
  similar	
  
p53	
   induction	
   pathway	
   in	
   SDS	
   is	
   unknown,	
  
making	
   SDS	
   a	
   unique	
   ribosomopathy.	
  
Because	
   a	
   lack	
   of	
   SBDS	
   results	
   in	
   both	
  
ribosome	
   biogenesis	
   and	
   genomic	
  
instability,	
   the	
   compelling	
   questions	
   is	
  
whether	
   these	
   phenotypes	
   are	
   caused	
   by	
  
independent	
   functions	
  of	
  SBDS.	
  Could	
   it	
  be	
  
possible	
   that	
   absence	
   of	
   SBDS	
   results	
   in	
  
dysfunctional	
   ribosome	
   biogenesis,	
   which	
  
then	
   causes	
   the	
   genomic	
   instability	
  
phenotype	
   or	
   vice	
   versa?	
   	
   Since	
   SBDS	
  
knockdown	
  causes	
  genomic	
  instability,	
  does	
  
SBDS	
  have	
  a	
  role	
  in	
  DNA	
  repair?	
  And	
  finally,	
  
if	
   the	
   SDS	
   lymphocytes	
   accumulated	
   DNA	
  
damage,	
   can	
   SDS	
   be	
   categorized	
   as	
   a	
  
radiosensitive	
  disorder?	
  	
  
	
  
What	
  are	
  radiosensitivity	
  disorders?	
  
As	
   many	
   as	
   40	
   DNA-­‐repair-­‐defective	
  
disorders	
   are	
   associated	
   with	
  
radiosensitivity	
  58-­‐60.	
  The	
  most	
  prominent	
  of	
  
these	
   are	
   the	
   autosomal	
   recessive	
   A-­‐T	
  
(Ataxia-­‐telangiectasia	
  with	
  mutations	
  in	
  the	
  
ATM	
   gene),	
   NBS	
   (Nijmegen	
   breakage	
  
syndrome	
   with	
   NBS1	
   gene	
   mutations),	
   FA	
  
(Fanconi	
  Anemia	
  with	
  mutations	
  in	
  about	
  1	
  
of	
   its	
   21	
   genes),	
   LIG4	
   (DNA	
   Ligase	
   IV	
  
deficiency	
   disorder	
   with	
   mutations	
   in	
   LIG4	
  
gene),	
   SCID	
   (Severe	
   combined	
  
immunodeficiency	
   disease	
   with	
   mutations	
  
in	
   Artemis,	
   LIG	
   IV,	
   DNA-­‐PKcs	
   [DNA-­‐
dependent	
  protein	
  kinase	
  catalytic	
  subunit]	
  
and	
   Cernunnos-­‐XLF).	
   Each	
   of	
   these	
  
disorders	
   is	
   characterized	
   by	
   homozygous	
  
mutations	
   in	
  genes	
   involved	
   in	
  DNA	
   repair.	
  
And	
   in	
   all	
   cases,	
   patients	
   exhibit	
   enhanced	
  
sensitivity	
   to	
   radiation,	
   except	
   for	
   the	
  
heterozygous	
  individuals	
  who	
  have	
  a	
  higher	
  
radiosensitvity	
   threshold.	
   Patients	
   with	
  
these	
   disorders,	
   similar	
   to	
   SDS	
   patients,	
  
present	
   with	
   immunodeficiencies,	
   growth	
  
retardation	
   and	
   cancer	
   predisposition.	
   In	
  
addition,	
   accidental	
   radiation	
   exposure	
  
poses	
   a	
   high	
   risk	
   to	
   these	
   radiosensitive	
  
patients	
   and	
   radiotherapy	
   in	
   particular	
  
becomes	
   a	
   challenging	
   treatment	
   regimen	
  

to	
   treat	
   cancers	
   59,61.	
   Interestingly,	
  
radiosensitivity	
   phenotype	
   can	
   also	
   be	
  
conferred	
   by	
   mutations	
   in	
   genes,	
   which	
  
have	
   functions	
   beyond	
   DSBR,	
   such	
   as	
  
SMARCAL1	
   that	
   is	
   associated	
  with	
   Schimke	
  
immuno-­‐osseous	
  dysplasia	
  (SIOD)	
  62,63.	
  
Whether	
   SDS	
   patients’	
   lymphoblastoid	
   or	
  
other	
  cells	
  are	
  also	
  radiosensitive,	
  as	
  would	
  
be	
   in	
   a	
   radiosensitivity	
   (colony	
   survival	
  
assay	
  (CSA))	
  assay	
  is	
  not	
  known	
  60.	
  Recently,	
  
Morini	
   et.al.,	
   showed	
   that	
   two	
   SDS	
  patient	
  
lymphocytes	
   carried	
   more	
   oxidative	
   DNA	
  
damage	
   and	
   possible	
   single	
   strand	
   breaks	
  
via	
   a	
   COMET	
   assay	
   57.	
   The	
   authors	
   also	
  
observed	
   an	
   enrichment	
   of	
   γH2AX	
   foci	
  
formation	
   in	
   two	
   of	
   these	
   SDS	
   cell	
   lines	
  
compared	
  to	
  controls,	
  which	
  indicate	
  either	
  
a	
   BER	
   (base	
   excision	
   repair)	
   or	
   a	
   DSBR	
  
(double	
   strand	
   break	
   repair)	
   deficiency.	
  
However,	
   a	
   confirmed	
   radiosensitivity	
  
phenotype	
   in	
   SDS	
   cells	
   couldn’t	
   be	
  
established	
   from	
   this	
   study.	
   By	
   including	
  
more	
  patient	
  data,	
   testing	
  patient’s	
  cells	
   in	
  
the	
   CSA	
   assay;	
   and	
   assessing	
   both	
   the	
  BER	
  
and	
   DSBR	
   repair	
   capacity	
   in	
   patient	
   cells,	
  
can	
   allow	
   researchers	
   clarify	
   this	
   assertion.	
  
Nevertheless,	
   other	
   independent	
   studies	
  
have	
  also	
  hinted	
  at	
  the	
  possibility	
  of	
  SDS	
  as	
  
a	
  radiosensitivity	
  disorder.	
  
First,	
   in	
   the	
   murine	
   Sbds	
   disease	
   model—
which	
   is	
   embryonically	
   lethal—the	
  
senescence	
   phenotype	
   seen	
   in	
   the	
  
embryonic	
   pancreas	
   is	
   p53	
   dependent	
   64.	
  
The	
  authors	
  also	
  observed	
  that	
  p53	
  ablation	
  
surprisingly	
   rescued	
   the	
   embryonic	
  
lethality.	
   p53	
   is	
   a	
   global	
   genome	
   regulator	
  
and	
   plays	
   an	
   important	
   role	
   in	
   different	
  
DNA	
   repair	
   pathways,	
   including	
   excision	
  
and	
  double	
  strand	
  break	
  repair	
  (DSBR)	
  65.	
  In	
  
the	
   context	
   of	
   DSBR—associated	
   with	
  
γH2AX	
   foci	
   formation—deficiency	
   of	
   DNA	
  
repair	
   factors	
   such	
   as	
   XRCC4,	
   LIG3	
   (Non-­‐
homologous	
  end	
  joining	
  repair),	
  etc.,	
  causes	
  
p53	
   upregulation	
   and	
   apoptosis	
   65,66.	
  
Additionally,	
   p53	
   regulates	
   RAD51	
  
expression	
  which	
   is	
  an	
   important	
   factor	
   for	
  
homologous	
   recombination	
   dependent	
  
DSBR	
   67.	
   These	
   examples	
   suggest	
   that	
   the	
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increase	
  in	
  p53	
  expression	
  in	
  SBDS	
  deficient	
  
cells	
   could	
   result	
   from	
   persistent	
   double	
  
strand	
   breaks	
   because	
   SBDS	
   protein	
   may	
  
have	
  an	
  important	
  role	
  in	
  DSBR.	
  	
  
Second,	
   SBDS	
   was	
   shown	
   to	
   functionally	
  
bind	
   to	
   diverse	
   proteins	
   including	
   DNA-­‐PK	
  
and	
   RPA,	
   involved	
   in	
   the	
   DSB	
   repair	
   68.	
  
Strikingly,	
   the	
   authors	
   observed	
   that	
  
knockdown	
   of	
   SBDS	
   sensitized	
   cells	
   to	
   ER	
  
(endoplasmic	
   reticulum)	
   stressor	
  
thapsigragin,	
   with	
   an	
   increased	
  
phosphorylation	
   of	
   ER	
   stress	
  marker	
   eIF2α	
  
68.	
   Here,	
   ribosome	
   disassembly	
   and	
  
translational	
  insufficiency	
  may	
  contribute	
  to	
  
an	
  increased	
  ER	
  stress	
  in	
  cells.	
  In	
  a	
  separate	
  
study,	
   increased	
   peIF2α	
   was	
   shown	
   to	
  
suppress	
  RAD51	
  expression,	
  suggesting	
  that	
  
ER	
   stress	
   response	
   suppresses	
   DSBR	
   69.	
   It	
  
thus	
   seems	
   that	
   SBDS	
   deficient	
   cells,	
   such	
  
as	
   in	
   SDS,	
   may	
   have	
   multiple	
   pathways	
   to	
  
compromise	
   its	
   DSB	
   repair	
   capacity	
   and	
  
become	
  radiosensitive	
  (Figure	
  1).	
  
	
  
Concluding	
  remarks	
  and	
  future	
  perspective	
  
In	
  this	
  short	
  opinion,	
  I	
  have	
  delineated	
  that	
  
SDS	
   is	
   caused	
  by	
  mutations	
   in	
   SBDS,	
  which	
  
is	
   known	
   to	
   be	
   involved	
   in	
   ribosome	
  
biogenesis.	
   However,	
   current	
   literature	
  
review	
   suggests	
   that	
   the	
   exact	
   mechanism	
  
by	
  which	
  defects	
   in	
   ribosome	
  assembly	
   led	
  
to	
   patient	
   phenotypes	
   is	
   difficult	
   to	
  
ascertain.	
  Recent	
  studies	
  show	
  that	
  SBDS	
  is	
  

associated	
   with	
   new	
   functions,	
   including	
  
maintenance	
   of	
   DNA	
   repair	
   in	
   cells	
   and	
  
regulation	
  of	
   p53	
   activation.	
   Consequently,	
  
SDS	
   cells	
   have	
   increased	
   DNA	
   damage	
   and	
  
unresolved	
   phosphorylated	
   H2AX	
   foci,	
  
which	
   are	
   hallmarks	
   of	
   the	
   radiosensitivity	
  
disorders.	
  In	
  order	
  to	
  conclusively	
  ascertain	
  
that	
  SDS	
  exhibit	
  features	
  of	
  radiosensitivity,	
  
SDS	
   patient	
   cells	
   (lymphoblastoid	
   or	
  
hematopoietic	
   progenitor)	
   must	
   be	
   tested	
  
for	
   radiosensitivity	
   in	
   a	
   CSA	
   assay.	
   If	
   SDS	
  
cells	
   were	
   radiosensitive,	
   then	
   the	
   RAD51	
  
expression	
  must	
  be	
  checked	
  to	
  determine	
  if	
  
the	
   patients	
   lacked	
   DSBR	
   capacity	
   due	
   to	
  
lower	
   levels	
   of	
   RAD51	
   70?	
   Or,	
   establish	
  
expression	
   levels	
   of	
   proteins	
   for	
   the	
   BER	
  
pathway,	
   which	
   also	
   seems	
   to	
   be	
  
implicated.	
   Additionally,	
   SDS	
   cells	
   should	
  
also	
   be	
   tested	
   for	
   activated	
   ER	
   stress	
  
response,	
   since	
   SBDS	
   knockdown	
   results	
   in	
  
ER	
  stress	
  activation.	
  By	
  exploring	
  these	
  non-­‐
ribosomal	
   functions	
   of	
   SBDS	
   we	
   can	
  
improve	
   our	
   understanding	
   of	
   SDS	
   and	
  
potentially	
  open	
  up	
  new	
   lines	
  of	
   treatment	
  
and	
   or	
   management	
   for	
   patients	
   with	
   SDS	
  
or	
  similar	
  disorders.	
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Figure	
  1:	
  Hypothesis	
  to	
  describe	
  the	
  cause	
  of	
  radiosensitivity	
  in	
  SDS	
  cells.	
  First,	
  in	
  SDS	
  cells,	
  lack	
  
of	
  SBDS	
  causes	
  failure	
  to	
  stimulate	
  the	
  GTPase	
  activity	
  of	
  ELF1	
  and	
  prevents	
  the	
  release	
  of	
  eIF6	
  
from	
   the	
   60S	
   ribosome,	
   resulting	
   in	
   defective	
   ribosome	
   biogenesis	
   and	
   translational	
  
insufficiency.	
   Second,	
   SDS	
   cells	
   exhibit	
   an	
   activated	
  p53	
   response,	
  which	
   could	
   arise	
   from	
   the	
  
ribosomal	
   stress	
   or	
   from	
   some	
   unknown	
   regulation	
   from	
   the	
   SBDS	
   protein.	
   Activated	
   p53	
  
regulates	
  DSBR	
  proteins,	
  such	
  as	
  RAD51,	
  and	
  may	
  suppress	
  DSBR	
  activity	
  in	
  cells.	
  A	
  suppressed	
  
DSBR	
   protein	
   expression	
   can	
   also	
   cause	
   p53	
   activation.	
   In	
   SDS	
   cells,	
   the	
   exact	
   source	
   of	
   p53	
  
activation	
   is	
  yet	
  to	
  be	
  determined.	
  Third,	
   lack	
  of	
  SBDS	
  causes	
  ER	
  stress	
   in	
  cells,	
  which	
  can	
  also	
  
suppress	
  DSBR	
  by	
   suppressing	
   RAD51	
   expression	
   or	
   abundance.	
   ER	
   stress	
   can	
   also	
   arise	
   from	
  
translational	
  insufficiency	
  or	
  from	
  an	
  unknown	
  interaction	
  of	
  SBDS	
  with	
  the	
  ER	
  stress	
  machinery.	
  
A	
  suppressed	
  DSBR	
  capacity	
  can	
  cause	
  radiosensitivity	
  of	
  SDS	
  cells.	
  



19	
   	
  Journal	
  of	
  Postdoctoral	
  Research	
  March	
  2017:	
  14-­‐24	
  
	
  

	
  

 
Figure	
  1	
  

	
  

	
  

	
  

References	
  

1.	
  Dror,	
  Y.	
  Shwachman-­‐Diamond	
  syndrome.	
  
Pediatr	
   Blood	
   Cancer	
   45,	
   892-­‐901	
   (2005).	
  
https://doi.org/10.1002/pbc.20478	
  
PMid:16047374	
  
	
  2.	
  Makitie,	
   O.	
   et	
   al.	
   Skeletal	
   phenotype	
   in	
  
patients	
   with	
   Shwachman-­‐Diamond	
  
syndrome	
   and	
   mutations	
   in	
   SBDS.	
   Clin	
  
Genet	
   65,	
   101-­‐12	
   (2004).	
  
https://doi.org/10.1111/j.0009-­‐
9163.2004.00198.x	
  PMid:14984468	
  

	
  

	
  3.	
   Ginzberg,	
   H.	
   et	
   al.	
   Shwachman	
  
syndrome:	
   phenotypic	
   manifestations	
   of	
  
sibling	
   sets	
   and	
   isolated	
   cases	
   in	
   a	
   large	
  
patient	
   cohort	
   are	
   similar.	
   J	
   Pediatr	
   135,	
  
81-­‐8	
   (1999).	
  

	
  

https://doi.org/10.1016/S0022-­‐
3476(99)70332-­‐X	
  
	
  4.	
   Goobie,	
   S.	
   et	
   al.	
   Shwachman-­‐Diamond	
  
syndrome	
   with	
   exocrine	
   pancreatic	
  
dysfunction	
  and	
  bone	
  marrow	
  failure	
  maps	
  
to	
   the	
   centromeric	
   region	
   of	
   chromosome	
  
7.	
   Am	
   J	
   Hum	
   Genet	
   68,	
   1048-­‐54	
   (2001).	
  
https://doi.org/10.1086/319505	
  
PMid:11254457	
  PMCid:PMC1275624	
  

	
  

	
  5.	
   Boocock,	
   G.R.	
   et	
   al.	
   Mutations	
   in	
   SBDS	
  
are	
   associated	
   with	
   Shwachman-­‐Diamond	
  
syndrome.	
   Nat	
   Genet	
   33,	
   97-­‐101	
   (2003).	
  
https://doi.org/10.1038/ng1062	
  
PMid:12496757	
  

	
  

	
  6.	
   Bateman,	
   A.	
   et	
   al.	
   The	
   Pfam	
   protein	
  	
  



Chatterjee	
   	
   20	
  
	
  

	
  

families	
   database.	
   Nucleic	
   Acids	
   Res	
   30,	
  
276-­‐80	
   (2002).	
  
https://doi.org/10.1093/nar/30.1.276	
  
PMid:11752314	
  PMCid:PMC99071	
  
	
  7.	
  Burwick,	
  N.,	
  Coats,	
  S.A.,	
  Nakamura,	
  T.	
  &	
  
Shimamura,	
  A.	
   Impaired	
  ribosomal	
  subunit	
  
association	
   in	
   Shwachman-­‐Diamond	
  
syndrome.	
   Blood	
   120,	
   5143-­‐52	
   (2012).	
  
https://doi.org/10.1182/blood-­‐2012-­‐04-­‐
420166	
   PMid:23115272	
  
PMCid:PMC3537309	
  

	
  

	
  8.	
   Aggett,	
   P.J.	
   et	
   al.	
   Shwachman's	
  
syndrome.	
   A	
   review	
   of	
   21	
   cases.	
   Arch	
   Dis	
  
Child	
   55,	
   331-­‐47	
   (1980).	
  
https://doi.org/10.1136/adc.55.5.331	
  
PMid:7436469	
  PMCid:PMC1626878	
  

	
  

	
  9.	
   Danks,	
   D.M.,	
   Haslam,	
   R.,	
   Mayne,	
   V.,	
  
Kaufmann,	
   H.J.	
   &	
   Holtzapple,	
   P.G.	
  
Metaphyseal	
   chondrodysplasia,	
  
neutropenia,	
   and	
   pancreatic	
   insufficiency	
  
presenting	
   with	
   respiratory	
   distress	
   in	
   the	
  
neonatal	
  period.	
  Arch	
  Dis	
  Child	
  51,	
  697-­‐702	
  
(1976).	
  
https://doi.org/10.1136/adc.51.9.697	
  
PMid:999326	
  PMCid:PMC1546253	
  

	
  

	
  10.	
   Dror,	
   Y.,	
   Durie,	
   P.,	
   Marcon,	
   P.	
   &	
  
Freedman,	
   M.H.	
   Duplication	
   of	
   distal	
  
thumb	
   phalanx	
   in	
   Shwachman-­‐Diamond	
  
syndrome.	
   Am	
   J	
   Med	
   Genet	
   78,	
   67-­‐9	
  
(1998).https://doi.org/10.1002/(SICI)1096-­‐
8628(19980616)78:1<67::AID-­‐
AJMG14>3.0.CO;2-­‐M	
  
https://doi.org/10.1002/(SICI)1096-­‐
8628(19980616)78:1<67::AID-­‐
AJMG14>3.3.CO;2-­‐B	
  

	
  

	
  11.	
   Ip,	
   W.F.	
   et	
   al.	
   Serum	
   pancreatic	
  
enzymes	
   define	
   the	
   pancreatic	
   phenotype	
  
in	
   patients	
   with	
   Shwachman-­‐Diamond	
  
syndrome.	
   J	
   Pediatr	
   141,	
   259-­‐65	
   (2002).	
  
https://doi.org/10.1067/mpd.2002.125849	
  
PMid:12183724	
  

	
  

	
  12.	
   Kuijpers,	
   T.W.,	
  Nannenberg,	
   E.,	
   Alders,	
  
M.,	
   Bredius,	
   R.	
   &	
   Hennekam,	
   R.C.	
  
Congenital	
   aplastic	
   anemia	
   caused	
   by	
  
mutations	
   in	
   the	
   SBDS	
   gene:	
   a	
   rare	
  
presentation	
   of	
   Shwachman-­‐Diamond	
  

	
  

syndrome.	
   Pediatrics	
   114,	
   e387-­‐91	
   (2004).	
  
https://doi.org/10.1542/peds.2003-­‐0651-­‐F	
  
PMid:15342903	
  
	
  13.	
  Dokal,	
  I.,	
  Rule,	
  S.,	
  Chen,	
  F.,	
  Potter,	
  M.	
  &	
  
Goldman,	
   J.	
   Adult	
   onset	
   of	
   acute	
   myeloid	
  
leukaemia	
   (M6)	
   in	
   patients	
   with	
  
Shwachman-­‐Diamond	
   syndrome.	
   Br	
   J	
  
Haematol	
   99,	
   171-­‐3	
   (1997).	
  
https://doi.org/10.1046/j.1365-­‐
2141.1997.3673181.x	
  PMid:9359520	
  

	
  

	
  14.	
   Brueton,	
   M.J.,	
   Mavromichalis,	
   J.,	
  
Goodchild,	
  M.C.	
  &	
  Anderson,	
  C.M.	
  Hepatic	
  
dysfunction	
   in	
   association	
   with	
   pancreatic	
  
insufficiency	
   and	
   cyclical	
   neutropenia.	
  
Shwachman-­‐Diamond	
   syndrome.	
   Arch	
   Dis	
  
Child	
   52,	
   76-­‐8	
  
(1977).https://doi.org/10.1136/adc.52.1.76
PMid:836058	
  PMCid:PMC1546231	
  

	
  

	
  15.	
  Azzara,	
  A.	
  et	
  al.	
  In	
  vivo	
  effectiveness	
  of	
  
lithium	
  on	
   impaired	
  neutrophil	
   chemotaxis	
  
in	
   Shwachman-­‐Diamond	
   syndrome.	
   Acta	
  
Haematol	
   85,	
   100-­‐2	
  
(1991).https://doi.org/10.1159/000204865	
  
PMid:2024551	
  

	
  

	
  16.	
  Smith,	
  O.P.,	
  Hann,	
   I.M.,	
  Chessells,	
   J.M.,	
  
Reeves,	
   B.R.	
   &	
   Milla,	
   P.	
   Haematological	
  
abnormalities	
   in	
   Shwachman-­‐Diamond	
  
syndrome.	
   Br	
   J	
   Haematol	
   94,	
   279-­‐84	
  
(1996).	
   https://doi.org/10.1046/j.1365-­‐
2141.1996.d01-­‐1788.x	
  PMid:8759887	
  

	
  

	
  17.	
   Boogaerts,	
  M.A.,	
   Nelissen,	
   V.,	
   Roelant,	
  
C.	
   &	
   Goossens,	
   W.	
   Blood	
   neutrophil	
  
function	
   in	
   primary	
   myelodysplastic	
  
syndromes.	
   Br	
   J	
   Haematol	
   55,	
   217-­‐27	
  
(1983).	
   https://doi.org/10.1111/j.1365-­‐
2141.1983.tb01241.x	
  PMid:6311239	
  

	
  

	
  18.	
  Aggett,	
  P.J.,	
  Harries,	
  J.T.,	
  Harvey,	
  B.A.	
  &	
  
Soothill,	
   J.F.	
   An	
   inherited	
   defect	
   of	
  
neutrophil	
   mobility	
   in	
   Shwachman	
  
syndrome.	
   J	
   Pediatr	
   94,	
   391-­‐4	
   (1979).	
  
https://doi.org/10.1016/S0022-­‐
3476(79)80578-­‐8	
  

	
  

	
  19.	
   Sacchi,	
   F.	
   et	
   al.	
   Association	
   of	
  
neutrophil	
  and	
  complement	
  defects	
   in	
  two	
  
twins	
   with	
   Shwachman	
   syndrome.	
   Helv	
  	
  



21	
   	
  Journal	
  of	
  Postdoctoral	
  Research	
  March	
  2017:	
  14-­‐24	
  
	
  

	
  

Paediatr	
   Acta	
   37,	
   177-­‐81	
   (1982).	
  
PMid:7201460	
  
	
  20.	
   Dror,	
   Y.	
   et	
   al.	
   Immune	
   function	
   in	
  
patients	
   with	
   Shwachman-­‐Diamond	
  
syndrome.	
   Br	
   J	
   Haematol	
   114,	
   712-­‐7	
  
(2001).	
  
https://doi.org/10.1046/j.1365-­‐
2141.2001.02996.xPMid:11553003	
  

	
  

	
  21.	
  Dror,	
  Y.	
  &	
  Freedman,	
  M.H.	
  Shwachman-­‐
Diamond	
   syndrome:	
   An	
   inherited	
  
preleukemic	
   bone	
  marrow	
   failure	
   disorder	
  
with	
   aberrant	
   hematopoietic	
   progenitors	
  
and	
   faulty	
   marrow	
   microenvironment.	
  
Blood	
  94,	
  3048-­‐54	
  (1999).	
  PMid:10556188	
  

	
  

	
  22.	
  Woods,	
  W.G.,	
   Krivit,	
  W.,	
   Lubin,	
   B.H.	
  &	
  
Ramsay,	
   N.K.	
   Aplastic	
   anemia	
   associated	
  
with	
  the	
  Shwachman	
  syndrome.	
  In	
  vivo	
  and	
  
in	
  vitro	
  observations.	
  Am	
  J	
  Pediatr	
  Hematol	
  
Oncol	
   3,	
   347-­‐51	
   (1981).	
  
PMid:7332065	
  

	
  

	
  23.	
   Gretillat,	
   F.,	
   Delepine,	
   N.,	
   Taillard,	
   F.,	
  
Desbois,	
   J.C.	
   &	
   Misset,	
   J.L.	
   [Leukemic	
  
transformation	
   of	
   Shwachman's	
  
syndrome].	
   Presse	
   Med	
   14,	
   45	
   (1985).	
  
PMid:3155847	
  

	
  

	
  24.	
   Arseniev,	
   L.,	
   Diedrich,	
   H.	
   &	
   Link,	
   H.	
  
Allogeneic	
  bone	
  marrow	
  transplatation	
  in	
  a	
  
patient	
   with	
   Shwachman-­‐Diamond	
  
syndrome.	
   Ann	
   Hematol	
   72,	
   83-­‐4	
   (1996).	
  
https://doi.org/10.1007/BF00641313	
  
PMid:8597612	
  

	
  

	
  25.	
   Barrios,	
   N.	
   et	
   al.	
   Bone	
   marrow	
  
transplant	
   in	
   Shwachman	
   Diamond	
  
syndrome.	
  Br	
  J	
  Haematol	
  79,	
  337-­‐8	
  (1991).	
  
https://doi.org/10.1111/j.1365-­‐
2141.1991.tb04545.x	
  PMid:1958495	
  

	
  

	
  26.	
   Suda,	
   T.	
   et	
   al.	
   Hemopoietic	
   colony-­‐
forming	
   cells	
   in	
   Shwachman's	
   syndrome.	
  
Am	
   J	
   Pediatr	
   Hematol	
   Oncol	
   4,	
   129-­‐33	
  
(1982).	
  PMid:7114396	
  

	
  

	
  27.	
   Lai,	
   C.H.,	
   Chou,	
   C.Y.,	
   Ch'ang,	
   L.Y.,	
   Liu,	
  
C.S.	
  &	
  Lin,	
  W.	
  Identification	
  of	
  novel	
  human	
  
genes	
   evolutionarily	
   conserved	
   in	
  
Caenorhabditis	
   elegans	
   by	
   comparative	
  
proteomics.	
   Genome	
   Res	
   10,	
   703-­‐13	
  

	
  

(2000).https://doi.org/10.1101/gr.10.5.703	
  
PMid:10810093	
  PMCid:PMC310876	
  
	
  28.	
   Zhang,	
   S.,	
   Shi,	
   M.,	
   Hui,	
   C.C.	
   &	
  
Rommens,	
  J.M.	
  Loss	
  of	
  the	
  mouse	
  ortholog	
  
of	
   the	
   shwachman-­‐diamond	
   syndrome	
  
gene	
   (Sbds)	
   results	
   in	
   early	
   embryonic	
  
lethality.	
  Mol	
   Cell	
   Biol	
   26,	
   6656-­‐63	
   (2006).	
  
https://doi.org/10.1128/MCB.00091-­‐06	
  
PMid:16914746	
  PMCid:PMC1592835	
  

	
  

	
  29.	
   Maserati,	
   E.	
   et	
   al.	
   The	
   route	
   to	
  
development	
   of	
   myelodysplastic	
  
syndrome/acute	
   myeloid	
   leukaemia	
   in	
  
Shwachman-­‐Diamond	
   syndrome:	
   the	
   role	
  
of	
   ageing,	
   karyotype	
   instability,	
   and	
  
acquired	
   chromosome	
   anomalies.	
   Br	
   J	
  
Haematol	
   145,	
   190-­‐7	
   (2009).	
  
https://doi.org/10.1111/j.1365-­‐
2141.2009.07611.x	
  PMid:19222471	
  

	
  

	
  30.	
   Savchenko,	
   A.	
   et	
   al.	
   The	
   Shwachman-­‐
Bodian-­‐Diamond	
   syndrome	
   protein	
   family	
  
is	
  involved	
  in	
  RNA	
  metabolism.	
  J	
  Biol	
  Chem	
  
280,	
   19213-­‐20	
   (2005).	
  
https://doi.org/10.1074/jbc.M414421200	
  
PMid:15701634	
  

	
  

	
  31.	
   de	
   Oliveira,	
   J.F.	
   et	
   al.	
   Structure,	
  
dynamics,	
   and	
   RNA	
   interaction	
   analysis	
   of	
  
the	
   human	
   SBDS	
   protein.	
   J	
   Mol	
   Biol	
   396,	
  
1053-­‐69	
   (2010).	
  
https://doi.org/10.1016/j.jmb.2009.12.039	
  
PMid:20053358	
  

	
  

	
  32.	
   Shammas,	
   C.	
   et	
   al.	
   Structural	
   and	
  
mutational	
   analysis	
   of	
   the	
   SBDS	
   protein	
  
family.	
  Insight	
  into	
  the	
  leukemia-­‐associated	
  
Shwachman-­‐Diamond	
   Syndrome.	
   J	
   Biol	
  
Chem	
   280,	
   19221-­‐9	
   (2005).	
  
https://doi.org/10.1074/jbc.M414656200	
  
PMid:15701631	
  

	
  

	
  33.	
   Austin,	
   K.M.,	
   Leary,	
   R.J.	
   &	
   Shimamura,	
  
A.	
   The	
   Shwachman-­‐Diamond	
   SBDS	
   protein	
  
localizes	
  to	
  the	
  nucleolus.	
  Blood	
  106,	
  1253-­‐
8	
   (2005).https://doi.org/10.1182/blood-­‐
2005-­‐02-­‐0807	
   PMid:15860664	
  
PMCid:PMC1895203	
  

	
  

	
  34.	
   Ganapathi,	
   K.A.	
   et	
   al.	
   The	
   human	
  
Shwachman-­‐Diamond	
   syndrome	
   protein,	
  	
  



Chatterjee	
   	
   22	
  
	
  

	
  

SBDS,	
   associates	
   with	
   ribosomal	
   RNA.	
  
Blood	
   110,	
   1458-­‐65	
   (2007).	
  
https://doi.org/10.1182/blood-­‐2007-­‐02-­‐
075184	
   PMid:17475909	
  
PMCid:PMC1975835	
  
	
  35.	
   Sen,	
   S.	
   et	
   al.	
   The	
   ribosome-­‐related	
  
protein,	
   SBDS,	
   is	
   critical	
   for	
   normal	
  
erythropoiesis.	
   Blood	
   118,	
   6407-­‐17	
  
(2011).https://doi.org/10.1182/blood-­‐
2011-­‐02-­‐335190	
  PMid:21963601	
  

	
  

	
  36.	
  Rawls,	
  A.S.,	
  Gregory,	
  A.D.,	
  Woloszynek,	
  
J.R.,	
  Liu,	
  F.	
  &	
  Link,	
  D.C.	
  Lentiviral-­‐mediated	
  
RNAi	
   inhibition	
   of	
   Sbds	
   in	
   murine	
  
hematopoietic	
   progenitors	
   impairs	
   their	
  
hematopoietic	
   potential.	
   Blood	
   110,	
   2414-­‐
22	
   (2007).	
  
https://doi.org/10.1182/blood-­‐2006-­‐03-­‐
007112	
   PMid:17638857	
  
PMCid:PMC1988923	
  

	
  

	
  37.	
  Burwick,	
  N.,	
   Shimamura,	
  A.	
  &	
   Liu,	
   J.M.	
  
Non-­‐Diamond	
  Blackfan	
  anemia	
  disorders	
  of	
  
ribosome	
   function:	
   Shwachman	
   Diamond	
  
syndrome	
   and	
   5q-­‐	
   syndrome.	
   Semin	
  
Hematol	
   48,	
   136-­‐43	
   (2011).	
  
https://doi.org/10.1053/j.seminhematol.20
11.01.002	
   PMid:21435510	
  
PMCid:PMC3072806	
  

	
  

	
  38.	
  McCann,	
   K.L.	
   &	
   Baserga,	
   S.J.	
   Genetics.	
  
Mysterious	
   ribosomopathies.	
   Science	
   341,	
  
849-­‐50	
   (2013).	
  
https://doi.org/10.1126/science.1244156	
  
PMid:23970686	
  PMCid:PMC3893057	
  

	
  

	
  39.	
   Teng,	
   T.,	
   Thomas,	
   G.	
   &	
   Mercer,	
   C.A.	
  
Growth	
   control	
   and	
   ribosomopathies.	
   Curr	
  
Opin	
   Genet	
   Dev	
   23,	
   63-­‐71	
   (2013).	
  
https://doi.org/10.1016/j.gde.2013.02.001	
  
PMid:23490481	
  

	
  

	
  40.	
  Zhu,	
  H.	
  et	
  al.	
  Global	
  analysis	
  of	
  protein	
  
activities	
   using	
   proteome	
   chips.	
   Science	
  
293,	
   2101-­‐5	
   (2001).	
  
https://doi.org/10.1126/science.1062191	
  
PMid:11474067	
  

	
  

	
  41.	
  Wu,	
  L.F.	
  et	
  al.	
  Large-­‐scale	
  prediction	
  of	
  
Saccharomyces	
   cerevisiae	
   gene	
   function	
  
using	
   overlapping	
   transcriptional	
   clusters.	
  	
  

Nat	
   Genet	
   31,	
   255-­‐65	
   (2002).	
  
https://doi.org/10.1038/ng906	
  
PMid:12089522	
  
	
  42.	
   Finch,	
   A.J.	
   et	
   al.	
   Uncoupling	
   of	
   GTP	
  
hydrolysis	
   from	
   eIF6	
   release	
   on	
   the	
  
ribosome	
   causes	
   Shwachman-­‐Diamond	
  
syndrome.	
   Genes	
   Dev	
   25,	
   917-­‐29	
   (2011).	
  
https://doi.org/10.1101/gad.623011	
  
PMid:21536732	
  PMCid:PMC3084026	
  

	
  

	
  43.	
  Ceci,	
  M.	
  et	
  al.	
  Release	
  of	
  eIF6	
  (p27BBP)	
  
from	
   the	
  60S	
   subunit	
   allows	
  80S	
   ribosome	
  
assembly.	
   Nature	
   426,	
   579-­‐84	
   (2003).	
  
https://doi.org/10.1038/nature02160	
  
PMid:14654845	
  

	
  

	
  44.	
   Groft,	
   C.M.,	
   Beckmann,	
   R.,	
   Sali,	
   A.	
   &	
  
Burley,	
   S.K.	
   Crystal	
   structures	
   of	
   ribosome	
  
anti-­‐association	
   factor	
   IF6.	
   Nat	
   Struct	
   Biol	
  
7,	
   1156-­‐64	
   (2000).	
  
https://doi.org/10.1038/82017	
  
PMid:11101899	
  

	
  

	
  45.	
   Weis,	
   F.	
   et	
   al.	
   Mechanism	
   of	
   eIF6	
  
release	
   from	
   the	
   nascent	
   60S	
   ribosomal	
  
subunit.	
   Nat	
   Struct	
   Mol	
   Biol	
   22,	
   914-­‐9	
  
(2015).https://doi.org/10.1038/nsmb.3112	
  

	
  

	
  46.	
  Wong,	
  C.C.,	
  Traynor,	
  D.,	
  Basse,	
  N.,	
  Kay,	
  
R.R.	
   &	
   Warren,	
   A.J.	
   Defective	
   ribosome	
  
assembly	
   in	
   Shwachman-­‐Diamond	
  
syndrome.	
   Blood	
   118,	
   4305-­‐12	
   (2011).	
  
https://doi.org/10.1182/blood-­‐2011-­‐06-­‐
353938	
  PMid:21803848	
  

	
  

	
  47.	
   Calamita,	
   P.	
   et	
   al.	
   SBDS-­‐Deficient	
   Cells	
  
Have	
   an	
   Altered	
   Homeostatic	
   Equilibrium	
  
due	
   to	
   Translational	
   Inefficiency	
   Which	
  
Explains	
  their	
  Reduced	
  Fitness	
  and	
  Provides	
  
a	
  Logical	
  Framework	
  for	
  Intervention.	
  PLoS	
  
Genet	
   13,	
   e1006552	
   (2017).	
  
https://doi.org/10.1371/journal.pgen.1006
552PMid:28056084	
  PMCid:PMC5249248	
  

	
  

	
  48.	
   Rujkijyanont,	
   P.	
   et	
   al.	
   SBDS-­‐deficient	
  
cells	
   undergo	
   accelerated	
   apoptosis	
  
through	
   the	
   Fas-­‐pathway.	
   Haematologica	
  
93,	
   363-­‐71	
   (2008).	
  
https://doi.org/10.3324/haematol.11579	
  
PMid:18268284	
  

	
  

	
  	
  



23	
   	
  Journal	
  of	
  Postdoctoral	
  Research	
  March	
  2017:	
  14-­‐24	
  
	
  

	
  

49.	
   Austin,	
   K.M.	
   et	
   al.	
   Mitotic	
   spindle	
  
destabilization	
   and	
   genomic	
   instability	
   in	
  
Shwachman-­‐Diamond	
   syndrome.	
   J	
   Clin	
  
Invest	
   118,	
   1511-­‐8	
   (2008).	
  
https://doi.org/10.1172/JCI33764	
  
PMid:18324336	
  PMCid:PMC2263145	
  

	
  

	
  50.	
   Stepanovic,	
   V.,	
   Wessels,	
   D.,	
   Goldman,	
  
F.D.,	
  Geiger,	
   J.	
  &	
  Soll,	
  D.R.	
  The	
  chemotaxis	
  
defect	
   of	
   Shwachman-­‐Diamond	
   Syndrome	
  
leukocytes.	
  Cell	
  Motil	
  Cytoskeleton	
  57,	
  158-­‐
74	
   (2004).	
  
https://doi.org/10.1002/cm.10164	
  
PMid:14743349	
  

	
  

	
  51.	
   Leung,	
   R.,	
   Cuddy,	
   K.,	
   Wang,	
   Y.,	
  
Rommens,	
   J.	
   &	
   Glogauer,	
   M.	
   Sbds	
   is	
  
required	
   for	
   Rac2-­‐mediated	
   monocyte	
  
migration	
   and	
   signaling	
   downstream	
   of	
  
RANK	
   during	
   osteoclastogenesis.	
   Blood	
  
117,	
   2044-­‐53	
   (2011).	
  
https://doi.org/10.1182/blood-­‐2010-­‐05-­‐
282574	
  PMid:21084708	
  

	
  

	
  52.	
   Elghetany,	
   M.T.	
   &	
   Alter,	
   B.P.	
   p53	
  
protein	
   overexpression	
   in	
   bone	
   marrow	
  
biopsies	
   of	
   patients	
   with	
   Shwachman-­‐
Diamond	
   syndrome	
   has	
   a	
   prevalence	
  
similar	
   to	
   that	
   of	
   patients	
   with	
   refractory	
  
anemia.	
   Arch	
   Pathol	
   Lab	
   Med	
   126,	
   452-­‐5	
  
(2002).	
  PMid:11900571	
  

	
  

	
  53.	
   Zambetti,	
   N.A.	
   et	
   al.	
   Deficiency	
   of	
   the	
  
ribosome	
   biogenesis	
   gene	
   Sbds	
   in	
  
hematopoietic	
   stem	
   and	
   progenitor	
   cells	
  
causes	
  neutropenia	
   in	
  mice	
  by	
  attenuating	
  
lineage	
   progression	
   in	
   myelocytes.	
  
Haematologica	
   100,	
   1285-­‐93	
   (2015).	
  
https://doi.org/10.3324/haematol.2015.13
1573	
  PMid:26185170	
  PMCid:PMC4591760	
  

	
  

	
  54.	
   In,	
   K.	
   et	
   al.	
   Shwachman-­‐Bodian-­‐
Diamond	
   syndrome	
   (SBDS)	
   protein	
  
deficiency	
   impairs	
   translation	
   re-­‐initiation	
  
from	
   C/EBPalpha	
   and	
   C/EBPbeta	
   mRNAs.	
  
Nucleic	
   Acids	
   Res	
   44,	
   4134-­‐46	
  
(2016).https://doi.org/10.1093/nar/gkw00
5	
  
PMid:26762974	
  PMCid:PMC4872075	
  

	
  

	
  55.	
  Bezzerri,	
  V.	
  et	
  al.	
  New	
  insights	
   into	
  the	
  
Shwachman-­‐Diamond	
   Syndrome-­‐related	
  	
  

haematological	
   disorder:	
   hyper-­‐activation	
  
of	
  mTOR	
  and	
  STAT3	
   in	
   leukocytes.	
   Sci	
   Rep	
  
6,	
   33165	
   (2016).	
  
https://doi.org/10.1038/srep33165	
  
PMid:27658964	
  PMCid:PMC5034238	
  
	
  56.	
  Ambekar,	
  C.,	
  Das,	
  B.,	
  Yeger,	
  H.	
  &	
  Dror,	
  
Y.	
   SBDS-­‐deficiency	
   results	
   in	
   deregulation	
  
of	
   reactive	
   oxygen	
   species	
   leading	
   to	
  
increased	
   cell	
   death	
   and	
   decreased	
   cell	
  
growth.	
   Pediatr	
   Blood	
   Cancer	
   55,	
   1138-­‐44	
  
(2010).	
  
https://doi.org/10.1002/pbc.22700	
  
PMid:20979173	
  

	
  

	
  57.	
   Morini,	
   J.	
   et	
   al.	
   Radiosensitivity	
   in	
  
lymphoblastoid	
   cell	
   lines	
   derived	
   from	
  
Shwachman-­‐Diamond	
   syndrome	
   patients.	
  
Radiat	
   Prot	
   Dosimetry	
   166,	
   95-­‐100	
  
(2015).https://doi.org/10.1093/rpd/ncv152	
  
PMid:25870433	
  

	
  

	
  58.	
  Gatti,	
  R.A.	
  The	
  inherited	
  basis	
  of	
  human	
  
radiosensitivity.	
   Acta	
   Oncol	
   40,	
   702-­‐11	
  
(2001).	
  
https://doi.org/10.1080/028418601526191
15	
  PMid:11765064	
  

	
  

	
  59.	
   Pollard,	
   J.M.	
   &	
   Gatti,	
   R.A.	
   Clinical	
  
radiation	
   sensitivity	
   with	
   DNA	
   repair	
  
disorders:	
   an	
   overview.	
   Int	
   J	
   Radiat	
   Oncol	
  
Biol	
   Phys	
   74,	
   1323-­‐31	
   (2009).	
  
https://doi.org/10.1016/j.ijrobp.2009.02.0
57	
  PMid:19616740	
  PMCid:PMC2725446	
  

	
  

	
  60.	
   Sun,	
   X.	
   et	
   al.	
   Early	
   diagnosis	
   of	
   ataxia-­‐
telangiectasia	
  using	
  radiosensitivity	
  testing.	
  
J	
   Pediatr	
   140,	
   724-­‐31	
   (2002).	
  
https://doi.org/10.1067/mpd.2002.123879	
  
PMid:12072877	
  

	
  

	
  61.	
   Dvorak,	
   C.C.	
   &	
   Cowan,	
   M.J.	
  
Radiosensitive	
   severe	
   combined	
  
immunodeficiency	
   disease.	
   Immunol	
  
Allergy	
   Clin	
   North	
   Am	
   30,	
   125-­‐42	
   (2010).	
  
https://doi.org/10.1016/j.iac.2009.10.004	
  
PMid:20113890	
  PMCid:PMC2818388	
  

	
  

	
  62.	
   Keka,	
   I.S.	
   et	
   al.	
   Smarcal1	
   promotes	
  
double-­‐strand-­‐break	
   repair	
   by	
  
nonhomologous	
   end-­‐joining.	
   Nucleic	
   Acids	
  
Res	
   43,	
   6359-­‐72	
   (2015).	
  

	
  



Chatterjee	
   	
   24	
  
	
  

	
  

https://doi.org/10.1093/nar/gkv621	
  
PMid:26089390	
  PMCid:PMC4513880	
  
	
  63.	
   Simon,	
   A.J.	
   et	
   al.	
   Novel	
   SMARCAL1	
   bi-­‐
allelic	
   mutations	
   associated	
   with	
   a	
  
chromosomal	
   breakage	
   phenotype	
   in	
   a	
  
severe	
  SIOD	
  patient.	
  J	
  Clin	
  Immunol	
  34,	
  76-­‐
83	
   (2014).	
  
https://doi.org/10.1007/s10875-­‐013-­‐9957-­‐
3	
  PMid:24197801	
  

	
  

	
  64.	
  Tourlakis,	
  M.E.	
  et	
  al.	
  In	
  Vivo	
  Senescence	
  
in	
   the	
   Sbds-­‐Deficient	
   Murine	
   Pancreas:	
  
Cell-­‐Type	
   Specific	
   Consequences	
   of	
  
Translation	
   Insufficiency.	
   PLoS	
   Genet	
   11,	
  
e1005288	
   (2015).	
  
https://doi.org/10.1371/journal.pgen.1005
288PMid:26057580	
  PMCid:PMC4461263	
  

	
  

	
  65.	
  Williams,	
  A.B.	
  &	
  Schumacher,	
  B.	
  p53	
  in	
  
the	
   DNA-­‐Damage-­‐Repair	
   Process.	
   Cold	
  
Spring	
   Harb	
   Perspect	
   Med	
   6(2016).	
  
https://doi.org/10.1101/cshperspect.a0260
70	
  

	
  

	
  66.	
   Frank,	
   K.M.	
   et	
   al.	
   DNA	
   ligase	
   IV	
  
deficiency	
   in	
   mice	
   leads	
   to	
   defective	
  
neurogenesis	
   and	
   embryonic	
   lethality	
   via	
  
the	
   p53	
   pathway.	
   Mol	
   Cell	
   5,	
   993-­‐1002	
  
(2000).https://doi.org/10.1016/S1097-­‐
2765(00)80264-­‐6	
  

	
  

	
  67.	
   Arias-­‐Lopez,	
   C.	
   et	
   al.	
   p53	
   modulates	
  
homologous	
   recombination	
   by	
  
transcriptional	
   regulation	
   of	
   the	
   RAD51	
  
gene.	
   EMBO	
   Rep	
   7,	
   219-­‐24	
   (2006).	
  
https://doi.org/10.1038/sj.embor.7400587	
  
PMid:16322760	
  PMCid:PMC1369244	
  

	
  

	
  68.	
   Ball,	
   H.L.	
   et	
   al.	
   Shwachman-­‐Bodian	
  
Diamond	
   syndrome	
   is	
   a	
   multi-­‐functional	
  
protein	
   implicated	
   in	
   cellular	
   stress	
  
responses.	
   Hum	
   Mol	
   Genet	
   18,	
   3684-­‐95	
  
(2009).https://doi.org/10.1093/hmg/ddp31
6	
  PMid:19602484	
  PMCid:PMC2742402	
  

	
  

	
  69.	
   Yamamori,	
   T.,	
   Meike,	
   S.,	
   Nagane,	
   M.,	
  
Yasui,	
   H.	
   &	
   Inanami,	
   O.	
   ER	
   stress	
  
suppresses	
  DNA	
  double-­‐strand	
  break	
  repair	
  
and	
   sensitizes	
   tumor	
   cells	
   to	
   ionizing	
  
radiation	
   by	
   stimulating	
   proteasomal	
  
degradation	
  of	
  Rad51.	
  FEBS	
  Lett	
  587,	
  3348-­‐

	
  

53	
   (2013).	
  
https://doi.org/10.1016/j.febslet.2013.08.0
30	
  PMid:24021650	
  
	
  70.	
  Chatterjee,	
  N.,	
  Williams,	
  C.L.,	
  Bhar,	
  S.	
  &	
  
Bertuch,	
   A.A.	
   A	
   Novel	
   Radiosensitivity	
  
Phenotype	
   in	
   Shwachman-­‐Diamond	
  
Syndrome	
   Is	
   Mediated	
   By	
   ER	
   Stress	
  
Response.	
  Blood	
  126(2015).	
  

	
  

 


