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This	
   is	
   an	
   excellent	
   review	
  which	
  has	
   been	
  updated	
   from	
   its	
   previous	
   version	
   to	
  
reflect	
   the	
   up-­‐to-­‐date	
   research	
   that	
   has	
   been	
   conducted	
   all	
   over	
   the	
  world	
   into	
  
CDKL5	
  disorder.	
   	
  We	
  are	
  very	
  thankful	
   to	
  Dr	
  David	
  Millar,	
   from	
  Cardiff	
  University	
  
who	
   is	
   currently	
   working	
   on	
   a	
   project	
   for	
   CDKL5	
   UK	
   looking	
   at	
   the	
   Molecular	
  
Defects	
  in	
  the	
  CDKL5	
  gene.	
  
	
  
Introduction	
  
CDKL5	
   is	
  a	
  serine-­‐threonine	
  kinase	
  whose	
  deficiency	
  causes	
  the	
  early-­‐onset	
  variant	
  
of	
   Rett	
   syndrome.	
   CDKL5	
   has	
   been	
   implicated	
   in	
   a	
   number	
   of	
   different	
   processes	
  
including	
   alternative	
   splicing,	
   neuronal	
   morphogenesis	
   and	
   dendritic	
   arborisation,	
  
and	
   energy	
  metabolism.	
   This	
   article	
   reviews	
   the	
   current	
   knowledge	
   regarding	
   the	
  
molecular	
  defects	
  that	
  give	
  rise	
  to	
  this	
  severe	
  and	
  debilitating	
  disease.	
  
	
  
Clinical	
  features	
  
As	
   well	
   as	
   classical	
   Rett	
   syndrome	
   (RTT;	
   OMIM	
   312750),	
   a	
   number	
   of	
   different	
  
variant	
   forms	
  of	
  RTT	
  have	
  been	
  described	
   including	
   the	
  early-­‐onset	
   seizure	
  variant	
  
first	
  described	
  by	
  Hanefeld	
  in	
  1985	
  (Hanefeld	
  1985).	
  Subsequently,	
  Kalscheuer	
  et	
  al.	
  
(2003)	
  found	
  that	
  mutations	
  in	
  the	
  the	
  cyclin	
  dependent	
  kinase-­‐like	
  5	
  (CDKL5)	
  gene	
  
(Montini	
  et	
  al.	
  1998)	
  caused	
  severe	
  X-­‐linked	
  infantile	
  spasms	
  and	
  mental	
  retardation.	
  
Subsequently,	
   mutations	
   in	
   the	
   same	
   gene	
   were	
   found	
   in	
   patients	
   with	
   clinical	
  
symptoms	
  mimicking	
  Rett	
  syndrome	
  (RTT).	
  To	
  date,	
  more	
  than	
  100	
  cases	
  of	
  CDKL5	
  
deficiency	
  have	
  been	
  reported	
   in	
   the	
   literature.	
  As	
   this	
   is	
  an	
  X-­‐linked	
  disorder,	
   the	
  
majority	
   of	
   cases	
   seen	
   are	
   in	
   girls	
   but	
   approximately	
   10%	
  are	
   in	
   boys.	
   The	
   clinical	
  
phenotype	
   seems	
   to	
  be	
  more	
   severe	
   in	
  boys	
   (Fehr	
   et	
   al.	
   2015).	
   Several	
   consistent	
  
clinical	
  features	
  have	
  emerged	
  including:	
  (i)	
  a	
  normal	
  prenatal	
  history;	
  (ii)	
  irritability	
  
and	
  drowsiness	
  in	
  the	
  perinatal	
  period;	
  (iii)	
  early-­‐onset	
  epilepsy	
  with	
  onset	
  before	
  5	
  
months	
   of	
   age;	
   (iv)	
   Rett-­‐like	
   features	
   consisting	
   of	
   deceleration	
   of	
   head	
   growth,	
  
stereotypies,	
   poor	
   to	
   absent	
   voluntary	
   hand	
   use,	
   and	
   sleep	
   disturbances,	
   and	
   (v)	
  
severe	
  mental	
  retardation	
  with	
  poor	
  eye	
  contact	
  and	
  virtually	
  no	
  language	
  (reviewed	
  
by	
  Bahi-­‐	
  Buisson	
  and	
  Bienvenu	
  2012).	
  The	
  early	
  onset	
  seizures	
  seen	
   in	
  this	
   form	
  of	
  
RTT	
  (early-­‐onset	
  seizure	
  variant	
  of	
  Rett	
  syndrome	
  or	
  ESV	
  RTT)	
  have	
  been	
  shown	
  to	
  
evolve	
  through	
  three	
  stages,	
  consisting	
  of	
  (1)	
  early	
  epilepsy,	
  followed	
  by	
  (2)	
  infantile	
  
spasms	
  and	
  finally	
  (3)	
  multifocal	
  and	
  refractory	
  myoclonic	
  epilepsy	
  (Bahi-­‐	
  Buisson	
  et	
  
al.	
  2008).	
  The	
  clinical	
  phenotype	
  seen	
  in	
  patients	
  with	
  CDKL5	
  mutations	
  has	
  recently	
  
been	
  reviewed	
  by	
  a	
  number	
  of	
  authors	
  (Bahi-­‐	
  Buisson	
  and	
  Bienvenu	
  2012;	
  Fehr	
  et	
  al.	
  
2012;	
  Kilstrup-­‐Nielsen	
  et	
  al.	
  2012).	
  Fehr	
  et	
  al.	
   (2012)	
  have	
  shown	
  that	
  a	
  significant	
  
number	
   of	
   patients	
   with	
   CDKL5	
   gene	
   mutations	
   have	
   a	
   clinical	
   phenotype	
   which	
  
does	
   not	
   meet	
   the	
   latest	
   criteria	
   for	
   ESV	
   RTT	
   (Neul	
   et	
   al.	
   2010).	
   These	
   authors	
  
suggest	
  that	
  these	
  patients	
  with	
  CDKL5	
  disorder	
  should	
  be	
  considered	
  separate	
  from	
  
RTT,	
  rather	
  than	
  another	
  variant.	
  
Another	
   important	
   observation	
   in	
   patients	
   with	
   CDKL5	
   disorder	
   with	
   confirmed	
  
CDKL5	
   gene	
   mutations	
   is	
   that	
   they	
   have	
   increased	
   levels	
   of	
   4-­‐hydroxynonenal	
  
protein	
  adducts	
  (a	
  marker	
  of	
  oxidative	
  stress)	
  in	
  their	
  peripheral	
  blood	
  lymphocytes	
  
(Pecorelli	
   et	
   al.	
   2011).	
   This	
   finding	
   was	
   also	
   seen	
   in	
   patients	
   with	
   MECP2	
   gene	
  
mutations	
   but	
   not	
   those	
  with	
   FOXG1	
  mutations	
   (Pecorelli	
   et	
   al.	
   2011),	
   suggesting	
  



that	
  oxidative	
   stress,	
   possibly	
   as	
   a	
   result	
   of	
  mitochondrial	
   dysfunction,	
  may	
  play	
   a	
  
role	
  in	
  the	
  pathogenesis	
  of	
  CDKL5	
  disorder.	
  Pecorelli	
  et	
  al.	
  (2015)	
  have	
  subsequently	
  
shown	
  perturbed	
  cholesterol	
  homeostasis	
  and	
  decreased	
   levels	
  of	
   the	
  high	
  density	
  
lipoprotein	
   receptor	
   SRB1.	
   In	
   addition	
   they	
   also	
   found	
   that	
   one	
   of	
   the	
   main	
  
protective	
  mechanisms	
  against	
  oxidative	
  stress,	
  activation	
  of	
  the	
  transcription	
  factor	
  
NFE2L2,	
   is	
   impaired.	
   CDKL5	
   deficient	
   fibroblasts	
   have	
   both	
   reduced	
   basal	
   protein	
  
levels	
  of	
  NFE2L2	
  and	
  a	
  reduced	
  NFE2L2	
  response	
  to	
  oxidative	
  stress	
  (Pecorelli	
  et	
  al.	
  
2015).	
  
Leoncini	
   et	
   al.	
   (2015)	
   demonstrated	
   that	
   there	
  was	
   cytokine	
  dysregulation	
   in	
   both	
  
classical	
   RTT	
   and	
   CDKL5	
   disorder.	
   They	
   showed	
   that	
   cytokine	
   dysregulation	
   was	
  
proportional	
   to	
   clinical	
   severity,	
   inflammatory	
   status	
   and	
   redox	
   imbalance.	
   The	
  
authors	
   suggest	
   that	
   both	
   classical	
   RTT	
   and	
   CDKL5	
   disorder	
   are	
   associated	
   with	
  
subclinical	
   immune	
   dysregulation	
   caused	
   by	
   a	
   defective	
   inflammatory	
   regulatory	
  
signalling	
  system.	
  The	
  observed	
  cytokine	
  changes	
  were	
  partially	
  corrected	
  by	
  omega-­‐
3	
  PUFAs	
  (Leoncini	
  et	
  al.	
  2015).	
  
Thyroid	
  function	
  has	
  also	
  been	
  investigated	
  in	
  patients	
  with	
  CDKL5	
  disorder.	
  Stagi	
  et	
  
al.	
  (2015)	
  showed	
  that	
  patients	
  had	
  a	
  higher	
  level	
  of	
  free	
  T4	
  than	
  controls.	
  However,	
  
at	
  the	
  present	
  time,	
  the	
  clinical	
  significance	
  of	
  these	
  results	
  is	
  not	
  clear.	
  
Apart	
   from	
   the	
   severe	
   neurological	
   features	
   associated	
  with	
   CDKL5	
   disorder	
   there	
  
are	
   a	
   number	
   of	
   other	
   physiological	
   deficits	
   that	
   have	
   been	
   found	
   in	
   patients.	
  
Although	
   the	
   significance	
   of	
   these	
   defects	
   is	
   unclear	
   at	
   the	
   present	
   time	
   it	
   is	
  
important	
  to	
  recognise	
  that	
  CDKL5	
  disorder	
  impacts	
  on	
  other	
  physiological	
  systems	
  
that	
  may	
  impact	
  on	
  patient	
  health.	
  
	
  
Gene	
  Structure	
  and	
  Expression	
  
Following	
   the	
   identification	
   of	
   the	
   human	
   CDKL5	
   gene	
   (Montini	
   et	
   al.	
   1998),	
   a	
  
number	
  of	
  different	
   isoforms	
  and	
  splicing	
  variants	
  have	
  been	
  identified.	
  The	
  CDKL5	
  
gene	
   is	
   made	
   up	
   of	
   24	
   exons	
   of	
   which	
   the	
   first	
   three	
   (exons	
   1,	
   1a,	
   1b)	
   are	
  
untranslated;	
   the	
   remaining	
   21	
   exons	
   contain	
   the	
   coding	
   sequence.	
   Two	
   splice	
  
variants	
  with	
  different	
  5’	
  untranslated	
  regions	
  have	
  been	
  found:	
   isoform	
  I	
  contains	
  
exon	
   1	
   and	
   is	
   transcribed	
   in	
   a	
   wide	
   range	
   of	
   tissues,	
   whereas	
   isoform	
   II,	
   which	
  
includes	
  exons	
  1a	
  and	
  1b,	
  is	
  expressed	
  only	
  in	
  the	
  testis	
  and	
  fetal	
  brain	
  (Kalscheuer	
  
et	
  al.	
  2003;	
  Williamson	
  et	
  al.	
  2012).	
  The	
  original	
  CDKL5	
  transcript	
  generates	
  a	
  protein	
  
of	
  1030	
  amino	
  acids	
  (CDKL5115;	
  115kDa)	
  which	
  is	
  expressed	
  in	
  the	
  testis.	
  Two	
  other	
  
recently	
   identified	
   transcripts	
   are	
   likely	
   to	
   be	
   relevant	
   for	
   CDKL5	
   brain	
   function	
  
(Fichou	
   et	
   al.	
   2011;	
   Rademacher	
   et	
   al.	
   2011;	
   Williamson	
   et	
   al.	
   2012).	
   Firstly,	
   an	
  
alternatively	
  spliced	
   isoform	
  giving	
  rise	
  to	
  a	
  novel	
   in-­‐frame	
  exon	
  (exon	
  16b)	
  of	
  123	
  
bases	
   between	
   exons	
   16	
   and	
   17	
   (Fichou	
   et	
   al.	
   2011;	
   Rademacher	
   et	
   al.	
   2011).	
  
Whether	
   this	
   variant	
   causes	
   any	
   change	
   in	
   function	
   of	
   the	
   CDKL5	
   protein	
   remains	
  
unclear	
   but	
   Fichou	
   et	
   al.	
   (2011)	
   demonstrated	
   that	
   the	
   amount	
   of	
   the	
   exon	
   16b-­‐
containing	
  (CDKL5-­‐16b)	
  transcript	
  varied	
  depending	
  upon	
  the	
  brain	
  region	
  analysed	
  
and	
  that	
  this	
  transcript	
  is	
  brain	
  specific.	
  Secondly,	
  Williamson	
  et	
  al.	
  (2012)	
  found	
  that	
  
the	
  major	
  CDKL5	
  mRNA	
  transcript	
  expressed	
   in	
   the	
  brain	
  contained	
  only	
  18	
  exons.	
  
Exon	
  18	
  was	
  shown	
  to	
  be	
  extended	
  by	
  170	
  bases	
  including	
  a	
  termination	
  codon.	
  The	
  
authors	
  demonstrated	
  that	
  this	
  novel	
  107kDa	
  (CDKL5107)	
  protein	
  and	
  CDKL5115	
  had	
  
the	
   same	
   functional	
   properties	
   (Williamson	
   et	
   al.	
   2012).	
   Williamson	
   et	
   al.	
   (2012)	
  
were	
  unable	
  to	
  identify	
  the	
  3’	
  untranslated	
  region	
  (3’	
  UTR)	
  of	
  the	
  107kDa	
  variant	
  but	
  



Montini	
   et	
   al	
   (1998)	
   showed,	
   by	
   Northern	
   blotting,	
   that	
   the	
   size	
   of	
   the	
   brain-­‐
expressed	
   CDKL5	
   transcript	
   was	
  approximately	
   9500	
   bases	
   in	
   both	
   human	
   and	
  
mouse	
  whereas	
   in	
  the	
  mouse	
  testis	
  an	
  abundant	
  ~3500	
  base	
  transcript	
  was	
  found.	
  
This	
   suggests	
   that	
   the	
   CDKL5	
   reference	
   sequence	
   (~3400	
   bases)	
   represents	
   the	
  
testis-­‐specific	
  isoform	
  and	
  that	
  the	
  full-­‐length,	
  brain-­‐expressed	
  transcript	
  remains	
  to	
  
be	
  identified.	
  
The	
   study	
   by	
  Williamson	
   et	
   al.	
   (2012)	
   suggests	
   that	
   the	
   only	
   tissue	
   that	
   expresses	
  
CDKL5	
   isoform	
   II	
   and	
   CDKL5115	
   is	
   the	
   testis.	
   They	
   demonstrated	
   that	
   all	
   other	
  
tissues,	
   including	
   fetal	
   brain,	
   express	
   CDKL5	
   isoform	
   I	
   and	
   CDKL5107.	
   Because	
  
CDKL5107	
   consists	
   of	
   only	
   18	
   exons	
   it	
   has	
   been	
   suggested	
   that	
   screening	
   for	
  
functional	
  mutations	
  in	
  exons	
  19-­‐21	
  of	
  the	
  CDKL5	
  gene	
  may	
  not	
  be	
  useful	
  (Diebold	
  et	
  
al.	
   2013).	
   To	
   date,	
   no	
   proven	
   disease	
   causing	
   mutations	
   have	
   been	
   identified	
   in	
  
exons	
  19-­‐21.	
  
The	
  expression	
  of	
  CDKL5	
  in	
  the	
  developing	
  mouse	
  brain	
  is	
  low	
  at	
  embryonic	
  day	
  16.5	
  
(E16.5)	
  but	
  from	
  then	
  on	
  until	
  postnatal	
  day	
  14	
  (P14)	
  expression	
  increases	
  and	
  then	
  
slowly	
  declines	
  during	
  postnatal	
   life.	
  Expression	
  of	
  CDKL5	
   is	
  particularly	
  high	
   in	
  the	
  
forebrain	
   relative	
   to	
   other	
   brain	
   areas	
   (Wang	
   et	
   al.	
   2012).	
   The	
   presence	
   of	
   a	
   CpG	
  
island	
  overlapping	
  exon	
  1	
  of	
  the	
  CDKL5	
  gene	
  has	
  suggested	
  that	
  its	
  expression	
  may	
  
in	
  part	
  be	
  mediated	
  by	
  MECP2.	
  One	
   recent	
   study	
   (Carouge	
  et	
  al.	
  2010)	
  has	
   shown	
  
that,	
   in	
   the	
   rat,	
   reducing	
   MECP2	
   levels	
   using	
   siRNA	
   causes	
   an	
   increase	
   in	
   CDKL5	
  
expression.	
  However,	
  other	
  studies	
  have	
  shown	
  that	
  CDKL5	
  expression	
  is	
  unaltered	
  
in	
  lymphoblastoid	
  cell	
  lines	
  from	
  patients	
  with	
  classical	
  RTT	
  (Mari	
  et	
  al.	
  2005)	
  and	
  in	
  
the	
   brains	
   of	
   MECP2	
   deficient	
   mice	
   (Weaving	
   et	
   al.	
   2004)	
   suggesting	
   that	
   no	
  
interaction	
  between	
  CDKL5	
  and	
  MECP2	
  occurs	
  at	
  the	
  level	
  of	
  transcription.	
  
	
  
Function	
  
CDKL5	
  is	
  a	
  serine/threonine	
  kinase	
  of	
  the	
  CMGC	
  kinase	
  family.	
  It	
  is	
  characterised	
  by	
  a	
  
catalytic	
  domain	
  (amino	
  acids	
  13-­‐297)	
  which	
  contains	
  an	
  ATP-­‐binding	
  region	
  (amino	
  
acids	
  13-­‐43),	
   the	
   serine/threonine	
  protein	
  kinase	
  active	
   site	
   (amino	
  acids	
  131-­‐143)	
  
and	
  a	
  Thr	
  –	
  X	
  –	
  Tyr	
  (TEY)	
  motif	
  at	
  amino	
  acids	
  169-­‐171.	
  Putative	
  signals	
  for	
  nuclear	
  
import	
   and	
   export	
   are	
   located	
   in	
   the	
   C-­‐terminal	
   domain	
   of	
   the	
   protein.	
   It	
   has	
   the	
  
ability	
   to	
   phosphorylate	
   a	
   number	
   of	
   proteins	
   and	
   importantly,	
   to	
   auto-­‐
phosphorylate	
  its	
  TEY	
  motif.	
  
	
  
Localisation	
  
The	
   function	
  of	
  CDKL5	
   seems,	
   in	
  part,	
   to	
  be	
   regulated	
  both	
   through	
   its	
   subcellular	
  
localization	
  and	
   its	
   synthesis	
   and	
  degradation.	
   In	
   the	
  brain,	
  mouse	
  CDKL5	
   is	
   found	
  
mainly	
  in	
  the	
  cytoplasmic	
  compartment	
  but	
  after	
  P14	
  it	
  starts	
  to	
  accumulate	
  in	
  the	
  
nucleus,	
  where	
   approximately	
   40%	
  of	
   total	
   CDKL5	
   can	
   be	
   detected.	
  However,	
   this	
  
translocation	
   only	
   seems	
   to	
   occur	
   in	
   certain	
   brain	
   areas:	
   in	
   the	
   cerebellum	
  
approximately	
  80%	
  of	
  CDKL5	
  remains	
  cytoplasmic	
  but	
  in	
  the	
  cortex	
  CDKL5	
  is	
  equally	
  
distributed	
   between	
   the	
   cytoplasmic	
   and	
   nuclear	
   compartments	
   (Rusconi	
   et	
   al.	
  
2008).	
   Exogenous	
   CDKL5	
   shuttles	
   between	
   the	
   nuclear	
   and	
   cytoplasmic	
  
compartments	
   in	
   cultured	
   non-­‐neuronal	
   cells;	
   this	
   involves	
   the	
   C-­‐terminus	
   of	
   the	
  
protein	
   and	
   the	
   CRM1	
   nuclear	
   export	
   receptor.	
   This	
  mechanism	
  may	
   not	
   apply	
   in	
  
neuronal	
  cells,	
  however,	
  because	
  in	
  resting	
  hippocampal	
  neurons,	
  the	
  translocation	
  
of	
  mouse	
  CDKL5	
  from	
  the	
  nucleus	
  to	
  the	
  cytoplasm	
  seems	
  to	
  be	
  regulated	
  by	
  specific	
  



stimuli.	
  
For	
   example,	
   glutamate	
   treatment	
   induces	
   nuclear	
   export	
   of	
   CDKL5	
   leading	
   to	
   its	
  
accumulation	
   in	
   the	
   cytoplasm	
   (Rusconi	
   et	
   al.	
   2011).	
   Williamson	
   et	
   al.	
   (2012)	
  
demonstrated	
   that	
   the	
   CDKL5107	
   isoform	
   had	
   a	
   similar	
   subcellular	
   localisation	
   to	
  
that	
   of	
   CDKL5115	
   but	
   it	
   is	
   unclear	
  whether	
   the	
   CDKL5-­‐E16b	
   isoform	
   has	
   a	
   similar	
  
localisation	
  pattern.	
  
Cell-­‐based	
  models	
  
The	
  location	
  of	
  CDKL5	
  within	
  the	
  cell	
  seems	
  to	
  be	
  important	
  for	
  its	
  function.	
  CDKL5	
  
has	
  the	
  ability	
  to	
  phosphorylate	
  itself	
  and,	
  in	
  the	
  nucleus,	
  it	
  is	
  able	
  to	
  phosphorylate	
  
DNA	
  methyl	
   transferase	
   I	
   (DNMTI;	
   Kameshita	
   et	
   al.	
   2008)	
   and	
   there	
   is	
   also	
   some	
  
evidence	
  that	
  it	
  is	
  able	
  to	
  phosphorylate	
  MECP2	
  in	
  vitro	
  (Mari	
  et	
  al.	
  2005;	
  Bertani	
  et	
  
al.	
   2006;	
   Williamson	
   et	
   al.	
   2012).	
   In	
   addition,	
   the	
   kinase	
   activity	
   of	
   CDKL5	
   is	
  
associated	
   with	
   a	
   number	
   of	
   RNA	
   splicing	
   factors	
   that	
   are	
   stored	
   within	
   nuclear	
  
“speckles”	
   (Ricciardi	
   et	
   al.	
   2009)	
   where	
   CDKL5	
   may	
   be	
   important	
   in	
   the	
  
phosphorylation	
   of	
   the	
   RS	
   domain	
   of	
   serine-­‐rich	
   (SR)	
   splicing	
   factors.	
  
Phosphorylation	
  of	
  these	
  splicing	
  factors	
  is	
  necessary	
  for	
  their	
  release	
  from	
  nuclear	
  
speckles	
  and	
  directs	
   them	
  to	
   sites	
  where	
  pre-­‐mRNA	
  splicing	
  occurs.	
  Ricciardi	
  et	
  al.	
  
(2009)	
   have	
   suggested	
   that	
   CDKL5	
   acts	
   on	
   nuclear	
   speckle	
   disassembly	
   and	
   the	
  
subsequent	
   redistribution	
  of	
  some	
  of	
   the	
  speckle-­‐associated	
  splicing	
   factors.	
  These	
  
results	
   suggest	
   that	
   CDKL5	
  may	
  play	
   a	
   role	
   in	
   controlling	
   gene	
   expression	
   through	
  
phosphorylation	
  of	
  DNMTI	
  and	
  alteration	
  of	
  CpG	
  methylation	
  which	
  may	
  affect	
  the	
  
transcription	
  of	
  numerous	
  genes.	
  In	
  addition,	
  altering	
  the	
  distribution	
  of	
  the	
  splicing	
  
factor	
  machinery	
  within	
   the	
   nucleus	
  may	
   result	
   in	
   alternative	
   splicing	
   of	
   different	
  
RNA’s	
  leading	
  to	
  a	
  subset	
  of	
  proteins	
  with	
  subtly	
  altered	
  functions.	
  Rosas	
  Vargas	
  et	
  
al.	
   (2008)	
   looked	
   at	
   the	
   effect	
   on	
   cellular	
   distribution	
   of	
   two	
  missense	
  mutations	
  
(p.Ala40Val	
   and	
   p.Leu220Pro),	
   which	
   are	
   associated	
   with	
   severe	
   infantile	
  
encephalopathy.	
   These	
  mutations	
   are	
   both	
   located	
  within	
   the	
   catalytic	
   domain	
   of	
  
CDKL5	
  and	
  are	
  therefore	
  likely	
  to	
  affect	
  phosphorylation.	
  In	
  both	
  cases	
  the	
  proteins	
  
were	
  unable	
  to	
  cross	
   into	
  the	
  nucleus	
  suggesting	
  that	
  the	
  phosphorylation	
  state	
  of	
  
CDKL5	
  may	
  regulate	
  its	
  ability	
  to	
  enter	
  the	
  nucleus.	
  
In	
   the	
   cytoplasm	
   CDKL5	
   also	
   appears	
   to	
   have	
   a	
   range	
   of	
   functions.	
   CDKL5	
   affects	
  
neuronal	
  morphogenesis	
   and	
   dendritic	
   arborisation	
   through	
   rearrangement	
   of	
   the	
  
cytoskeleton.	
   It	
   co-­‐localises	
   with	
   F-­‐actin	
   and	
   interacts	
   with	
   Rac-­‐1,	
   a	
   Rho	
   GTPase,	
  
which	
  promotes	
  the	
  formation	
  and/or	
  maturation	
  of	
  spines	
  by	
  remodelling	
  the	
  actin	
  
cytoskeleton	
   (Chen	
   et	
   al.	
   2010).	
   CDKL5	
   is	
   thought	
   to	
   act	
   upstream	
   of	
   Rac	
   -­‐1	
   to	
  
influence	
  neuronal	
  morphogenesis.	
  Brain-­‐derived	
  neurotrophic	
  factor	
  (BDNF)	
  which	
  
transiently	
   phosphorylates	
   CDKL5,	
   is	
   also	
   necessary	
   for	
   Rac-­‐1	
   activation.	
   In	
   the	
  
absence	
  of	
  CDKL5,	
  Rac-­‐1	
  is	
  not	
  activated	
  by	
  BDNF	
  (Chen	
  et	
  al.	
  2010).	
  Ricciardi	
  et	
  al.	
  
(2012)	
   demonstrated	
   that	
   CDKL5	
   localised	
   almost	
   exclusively	
   at	
   the	
   post	
   synaptic	
  
density	
  (PSD)	
  of	
  excitatory	
  synapses	
  both	
   in	
  vivo	
  and	
   in	
  vitro.	
   In	
  addition	
  the	
  same	
  
group	
   demonstrated	
   that	
   in	
   iPSC-­‐derived	
   neurons	
   from	
   patients	
   with	
   CDKL5	
  
mutations	
  exhibit	
  aberrant	
  dendritic	
  spines.	
  Depletion	
  of	
  CDKL5	
  in	
  rat	
  hippocampal	
  
neurons	
   indicated	
   that	
   CDKL5	
   is	
   required	
   for	
   ensuring	
   a	
   correct	
   number	
   of	
   well-­‐
shaped	
  spines.	
  These	
  morphological	
  alterations	
  were	
  associated	
  with	
  a	
  reduction	
  in	
  
the	
   number	
   of	
   excitatory	
   synapses	
   and	
   a	
   significant	
   decrease	
   in	
   spontaneous	
  
miniature	
  excitatory	
  postsynaptic	
  currents	
  (mEPSCs).	
  There	
  was	
  no	
  significant	
  effect	
  
on	
   inhibitory	
  synapse	
   density	
   or	
   any	
   significant	
   changes	
   in	
   miniature	
   inhibitory	
  



postsynaptic	
  currents	
  (Riciardi	
  et	
  al.	
  2012).	
  It	
  was	
  shown	
  that	
  CDKL5	
  interacted	
  with	
  
and	
   phosphorylates	
   the	
   Netrin	
   G1	
   receptor	
   (NGL-­‐1),	
   a	
   synaptic	
   cell	
   adhesion	
  
molecule	
   which	
   plays	
   a	
   crucial	
   role	
   in	
   early	
   synapse	
   formation	
   and	
   subsequent	
  
maturation.	
  NGL-­‐1	
  binds	
  to	
  PSD95,	
  a	
  protein	
  that	
  plays	
  a	
  significant	
  role	
  in	
  learning	
  
and	
  memory,	
  and	
  this	
  binding	
  is	
  stabilised	
  by	
  phosphorylation	
  of	
  NGL-­‐1	
  at	
  Ser631	
  by	
  
CDKL5.	
   This	
   stabilisation	
   of	
   the	
   NGL-­‐1/PSD95	
   interaction	
   ensures	
   that	
   PSD95	
   is	
  
targeted	
  to	
  new	
  forming	
  dendritic	
  protrusions	
  (Riciardi	
  et	
  al.	
  2012).	
  CDKL5	
  also	
  binds	
  
directly	
  to	
  PSD95	
  (Zhu	
  et	
  al.	
  2013;	
  Zhang	
  et	
  al.	
  2014).	
  When	
  PSD95	
  is	
  palmitoylated	
  
at	
  its	
  amino	
  terminal	
  CDKL5	
  is	
  able	
  to	
  bind	
  to	
  it	
  which	
  promotes	
  targeting	
  of	
  CDKL5	
  
to	
   excitatory	
   synapses	
   (Zhu	
   et	
   al.	
   2013).	
   PSD95	
   palmitoylation	
   is	
   dynamic	
   and	
  
reversible:	
   de-­‐palmitoylation	
   is	
   accelerated	
   by	
   glutamate	
   receptor	
   activation	
  
whereas	
  palmitoylation	
   is	
   increased	
  by	
  blocking	
   synaptic	
   activity	
   (El-­‐Husseini	
   et	
   al.	
  
2002;	
  Noritake	
  et	
  al.	
  2009;	
  Yoshii	
  et	
  al.	
  2011).	
  Palmitoylated	
  PSD95	
  associates	
  with	
  
the	
  synaptic	
  membrane	
  and	
  CDKL5	
  and	
  serves	
  as	
  a	
  “slot”	
  for	
  AMPA	
  type	
  glutamate	
  
receptor	
  (AMPAR)	
  through	
  the	
  interaction	
  with	
  TARP/Stargazin.	
  When	
  stimulated	
  by	
  
glutamate,	
  Ca2+	
  influx	
  through	
  the	
  NMDA	
  receptor	
  occurs,	
  which	
  induces	
  binding	
  of	
  
Ca2+/calmodulin	
  to	
  PSD95	
  blocking	
  palmitoylation	
  and	
  facilitating	
  de-­‐palmitoylation	
  
of	
   PSD95	
   (Zhang	
   et	
   al.	
   2014).	
   This	
   leads	
   to	
   dissociation	
   of	
   PSD95	
   from	
   both	
   the	
  
synaptic	
   membrane	
   and	
   CDKL5	
   leading	
   to	
   a	
   reduction	
   in	
   the	
   number	
   of	
   AMPAR	
  
“slots”	
   and	
   a	
   reduction	
   in	
   AMPAR	
   mediated	
   synaptic	
   transmission	
   (Zhang	
   et	
   al.	
  
2014).	
  Neuronal	
  depolarization	
  using	
  potassium	
  chloride	
  induces	
  a	
  rapid	
  increase	
  of	
  
CDKL5	
   protein	
   levels,	
   mostly	
   mediated	
   by	
   translation	
   outside	
   the	
   soma	
   in	
   the	
  
dendrites	
   (La	
  Montanara	
  et	
  al.	
  2015).	
   In	
  young	
  neurons	
  this	
   induction	
   is	
  prolonged	
  
but	
  in	
  mature	
  neurons	
  the	
  induction	
  is	
  transient,	
  returning	
  to	
  basal	
  levels	
  within	
  ten	
  
minutes.	
  Whether	
   this	
   difference	
   in	
   induction	
   is	
   because	
  mature	
   synapses	
   are	
  not	
  
present	
   in	
   immature	
   neuronal	
   cultures	
   compared	
   to	
   mature	
   neuronal	
   cultures	
   is	
  
unclear.	
  It	
  was	
  shown	
  that	
  Ca2+	
  influx	
  is	
  necessary	
  for	
  CDKL5	
  protein	
  synthesis	
  which	
  
in	
  turn	
  induces	
  protein	
  phosphatase-­‐1	
  (PP1)	
  dependent	
  dephosphorylation	
  of	
  CDKL5	
  
and	
  its	
  degradation.	
  PP1	
  is	
  activated	
  by	
  NMDA	
  receptor	
  stimulation	
  by	
  inhibiting	
  its	
  
phosphorylation	
  by	
  CDK5	
  (Hou	
  et	
  al.	
  2013).	
  Another	
  regulator	
  of	
  CDKL5	
  activity	
  is	
  the	
  
ubiquitin	
   ligase	
   Mind	
   Bomb	
   1	
   (Mib1)	
   which	
   ubiquinates	
   CDKL5	
   and	
   alters	
   its	
  
localization,	
  abundance	
  and	
  functional	
  effect	
  (Mertz	
  2015).	
  Mib1	
  has	
  been	
  shown	
  to	
  
regulate	
   neurite	
   outgrowth	
   (Choe	
   et	
   al.	
   2007)	
   and	
   synaptic	
   plasticity	
   (Yoon	
   et	
   al.	
  
2012)	
  but	
   it	
   is	
  unclear	
  whether	
  Mib1	
  has	
  a	
   role	
   in	
  CDKL5	
  regulation	
  upon	
  synaptic	
  
activation.	
  
This	
  data	
  implies	
  that	
  at	
  least	
  two	
  pathways	
  are	
  important	
  in	
  mediating	
  the	
  synaptic	
  
function	
  of	
  CDKL5:	
  CDKL5	
  in	
  conjunction	
  with	
  Rac-­‐1	
  and	
  BDNF	
  forming	
  one	
  pathway	
  
and	
   a	
   second	
   containing	
   CDKL5,	
   PSD95	
   and	
   NGL-­‐1	
   complex.	
   It	
   is	
   possible	
   that	
  
interaction	
  between	
  these	
  two	
  pathways	
  is	
  mediated	
  by	
  Kalirin-­‐7.	
  Kalirin-­‐7	
  is	
  a	
  Rho	
  
guanine	
  nucleotide	
  exchange	
  factor	
  (GEF)	
  which	
  promotes	
  the	
  exchange	
  of	
  GDP	
  for	
  
GTP	
  thus	
  stimulating	
  the	
  activity	
  of	
  specific	
  Rho	
  GTPases,	
  in	
  this	
  case	
  Rac-­‐1	
  (Mandela	
  
and	
  Ma	
  2012).	
  Kalirin-­‐7	
  is	
  associated	
  almost	
  exclusively	
  with	
  post-­‐synaptic	
  excitatory	
  
terminals	
   where	
   it	
   interacts	
   with	
   PSD95.	
   In	
   Kalirin-­‐7	
   deficient	
   mice	
   there	
   is	
   15%	
  
decrease	
  in	
  spine	
  density	
  and	
  PSD’s	
  isolated	
  from	
  these	
  mice	
  show	
  a	
  deficit	
  in	
  Cdk5,	
  
a	
   kinase	
   known	
   to	
   phosphorylate	
   Kalirin-­‐7	
   and	
   play	
   an	
   essential	
   role	
  in	
   Kalirin-­‐7-­‐
mediated	
  spine	
  formation	
  and	
  synaptic	
  function	
  (Ma	
  et	
  al.	
  2008).	
  Cyclin	
  dependent	
  
kinase	
  5	
   (CDK5)	
   is	
   another	
  member	
  of	
   the	
  CMGC	
  kinase	
   family	
  and	
   it	
  would	
  be	
  of	
  



interest	
  to	
  know	
  if	
  CDKL5	
  is	
  also	
  able	
  to	
  phosphorylate	
  Kalirin-­‐7.	
  
An	
   identified	
   substrate	
   for	
   phosphorylation	
   by	
   CDKL5	
   has	
   been	
   identified	
   as	
  
amphiphysin	
   1(AMPH1)	
   which	
   is	
   a	
   multifunctional	
   adaptor	
   molecule	
   involved	
   in	
  
neurotransmission	
   and	
   synaptic	
   vesicle	
   recycling	
   through	
   clathrin-­‐mediated	
  
endocytosis	
   (Sekiguchi	
   et	
   al	
   2013;	
   Katayama	
   et	
   al.	
   2015).	
   CDKL5	
   phosphorylates	
  
AMPH1	
   exclusively	
   at	
   Ser	
   293	
   and	
   this	
   phosphorylation	
   is	
   disrupted	
   by	
   CDKL5	
  
catalytic	
   domain	
  mutations.	
   Interestingly	
   CDK5	
   also	
   phosphorylates	
   AMPH1	
  but	
   at	
  
different	
  positions	
  (Ser-­‐272,	
  276	
  and	
  285)	
  to	
  that	
  of	
  CDKL5	
  (Sekiguchi	
  et	
  al	
  2013).	
  It	
  
remains	
  unclear	
  what	
  effect	
  phosphorylation	
  of	
  AMPH1	
  by	
  CDKL5	
  has	
  on	
  its	
  function	
  
but	
   the	
  Amph1	
  deficient	
  mouse	
  shows	
  major	
   learning	
  difficulties	
  and	
  seizures	
   that	
  
were	
   unresponsive	
   to	
   treatment,	
   suggesting	
   it	
   plays	
   a	
   role	
   in	
   neural	
   development	
  
and	
  transmission	
  (Di	
  Paolo	
  et	
  al.2002).	
  
A	
  recent	
  study	
  found	
  that	
  GRID1	
  encoding	
  the	
  Glutamate	
  D1	
  receptor	
  (GluD1)	
  was	
  
up-­‐regulated	
   in	
   both	
   MECP2-­‐	
   and	
   CDKL5-­‐	
   mutated	
   human	
   iPS	
   cells	
   (Livide	
   et	
   al.	
  
2015).	
  GluD1	
  is	
  widely	
  expressed	
  in	
  the	
  brain	
  (Hepp	
  et	
  al.	
  2015)	
  and	
  knockout	
  GluD1	
  
mice	
   have	
   been	
   shown	
   to	
   have	
   a	
   higher	
   number	
   of	
   dendritic	
   spines,	
   greater	
  
excitatory	
   neurotransmission	
   and	
   a	
   higher	
   number	
   of	
   synapses	
   in	
   the	
   medial	
  
prefrontal	
  cortex	
   (Gupta	
  et	
  al.	
  2015).	
  An	
   increase	
   in	
  GluD1	
  protein	
   levels	
  may	
  well	
  
cause	
   a	
   decrease	
   in	
   dendritic	
   spine	
   numbers	
   and	
   excitatory	
   synapses	
   and	
   altered	
  
neurotransmission	
  as	
  was	
  shown	
  by	
  Riciardi	
  et	
  al.	
  (2012).	
  
CDKL5	
   has	
   been	
   shown	
   to	
   be	
   up-­‐regulated	
   when	
   neuroblastoma	
   cell	
   lines	
   are	
  
differentiated	
   in	
   the	
  presence	
  of	
   retinoic	
  acid	
   (Valli	
  et	
  al.	
  2012).	
  This	
  up-­‐regulation	
  
has	
   two	
   effects	
   in	
   the	
   SH-­‐SY5Y	
   neuroblastoma	
   cell	
   line:	
   promotion	
   of	
   neuronal	
  
differentiation	
  and	
  reduction	
  of	
  cell	
  proliferation	
  by	
  blocking	
  cell	
  cycle	
  progression.	
  It	
  
was	
   also	
   shown	
   that	
   MYCN,	
   a	
   transcription	
   factor	
   belonging	
   to	
   the	
   MYC	
   family,	
  
negatively	
  regulates	
  CDKL5	
  (Valli	
  et	
  al.	
  2012).	
  MYCN	
  is	
  primarily	
  expressed	
  in	
  normal	
  
developing	
   embryos	
   and	
   is	
   thought	
   to	
   be	
   critical	
   in	
   brain	
   and	
   other	
   neural	
  
development	
   promoting	
   rapid	
   cell	
   division.	
   Valli	
   et	
   al.	
   (2012)	
   suggest	
   that	
   the	
  
transition	
  from	
  embryonic	
  to	
  postnatal	
  brain	
  development,	
   leads	
  to	
  reduced	
  MYCN	
  
expression	
  and	
  increased	
  CDKL5	
  expression,	
  resulting	
  in	
  a	
  shift	
  from	
  cell	
  proliferation	
  
to	
  differentiation.	
  
From	
   these	
   studies	
   it	
   suggests	
   that	
   CDKL5	
   plays	
   a	
  major	
   role	
   in	
   synaptic	
   function,	
  
although	
   the	
   precise	
   role(s)	
   remains	
   to	
   be	
   elucidated.	
   To	
   date,	
   there	
   is	
   very	
   little	
  
information	
  on	
  what	
  targets	
  CDKL5	
  phosphorylates	
  within	
  the	
  synapse,	
  which	
  will	
  be	
  
important	
   in	
   understanding	
   its	
   function.	
   It	
   also	
   seems	
   that	
   CDKL5	
   may	
   play	
   an	
  
important	
  role	
  in	
  proliferation	
  and	
  development	
  of	
  neuronal	
  cells,	
  although	
  this	
  has	
  
only	
  been	
  shown	
  in	
  one	
  study	
  using	
  a	
  neuroblastoma	
  cell	
  line.	
  
	
  
Mouse	
  models	
  of	
  CDKL5	
  deficiency	
  
Two	
   different	
   mouse	
   knockout	
   models	
   of	
   CDKL5	
   deficiency	
   have	
   been	
   used	
   to	
  
investigate	
  both	
  phenotypic	
  and	
  functional	
  aspects	
  of	
  CDKL5	
  loss.	
  Wang	
  et	
  al.	
  (2012)	
  
generated	
  a	
  mouse	
  based	
  on	
  a	
  patient-­‐specific	
  mutation	
  that	
  results	
   in	
  skipping	
  of	
  
exon	
   6	
   of	
   mouse	
   CDKL5	
   and	
   results	
   in	
   a	
   premature	
   termination	
   codon	
   in	
   the	
   N-­‐
terminal	
  kinase	
  domain.	
  This	
  mouse	
  shows	
  the	
  majority	
  of	
  the	
  symptoms	
  shown	
  by	
  
human	
  patients	
  with	
  the	
  major	
  exception	
  that	
  these	
  mice	
  do	
  not	
  have	
  spontaneous	
  
seizures.	
   This	
   may	
   be	
   due	
   to	
   the	
   strain	
   of	
   mouse	
   used	
   in	
   this	
   study	
   or	
   reflect	
   a	
  
distinct	
  functional	
  difference	
  between	
  the	
  human	
  and	
  mouse	
  homologues	
  of	
  CDKL5.	
  



Wang	
   et	
   al.	
   (2012)	
   used	
   this	
   model	
   to	
   examine	
   the	
   effect	
   of	
   a	
   loss	
   of	
   CDKL5	
   on	
  
kinase	
   activity.	
   They	
   found	
   that	
   there	
   was	
   a	
   marked	
   decrease	
   in	
   activity	
   for	
   the	
  
adenosine	
  monophosphate-­‐activated	
  protein	
  kinase	
  (AMPK),	
  protein	
  kinase	
  A	
  (PKA)	
  
and	
  AKT	
  substrates	
   in	
   the	
   forebrain	
  of	
  male	
  CDKL5-­‐/y	
  mice.	
  Other	
  substrates	
  were	
  
also	
   affected	
   including	
   those	
   for	
  mitogen-­‐activated	
   protein	
   kinase	
   (MAPK),	
   ataxia-­‐
telangiectasia	
   mutated/	
   ataxiatelangiectasia	
   and	
   Rad3-­‐related	
   (ATM/ATR),	
   and	
  
cyclin-­‐dependent	
  kinase	
   (CDK)	
  substrates	
   (Wang	
  et	
  al.	
  2012).	
  Further	
  evaluation	
  of	
  
the	
   AKT	
   pathway	
   showed	
   that	
   both	
   phosphorylation	
   of	
   AKT	
   at	
   Ser473	
   and	
   the	
  
mechanistic	
  Target	
  of	
  Rapamycin	
  (mTOR)	
  at	
  Ser	
  2448	
  were	
  reduced	
  despite	
  normal	
  
levels	
  of	
  total	
  AKT	
  and	
  mTOR	
  protein	
  (Wang	
  et	
  al.	
  2012).	
  
A	
  second	
  Cdkl5	
  knockout	
  mouse	
  was	
  generated	
  by	
  germ	
  line	
  deletion	
  of	
  exon	
  4	
  of	
  
the	
   CDKL5	
   gene	
   (Amendola	
   et	
   al.	
   2014).	
   Behavioural	
   deficits	
   were	
   noted	
   in	
   both	
  
homozygous	
   female	
   and	
   hemizygous	
   male	
   CDKL5	
   knockout	
   mice	
   which	
   included	
  
abnormal	
   hind	
   limb	
   clasping,	
   hypolocomotion	
   and	
   decreased	
   head	
   tracking	
  
compared	
  to	
  wild-­‐type	
  litter	
  mates	
  (Amendola	
  et	
  al.	
  2014).	
  These	
  mice	
  also	
  showed	
  
reduced	
  dendritic	
  aborization	
  and	
  decreased	
  phosphorylation	
  of	
  AKT	
  and	
  ribosomal	
  
protein	
   S6	
   (rpS6).	
   Amendola	
   et	
   al.	
   (2014)	
   also	
   independently	
   and	
   specifically	
  
knocked	
   out	
   Cdkl5	
   from	
   GABAergic	
   and	
   glutamatergic	
   neurons	
   and	
   studied	
   the	
  
behavioural	
  effects.	
  They	
  found	
  that	
  defects	
  in	
  hind	
  limb	
  clasping	
  and	
  head	
  tracking	
  
were	
  associated	
  with	
  CDKL5	
  knock-­‐out	
  in	
  glutamatergic	
  neurons	
  whereas	
  defects	
  in	
  
hypolocomotion	
   were	
   associated	
   with	
   this	
   knock-­‐out	
   in	
   GABAergic	
  	
   neurons,	
  
suggesting	
   that	
   different	
   behavioural	
   characteristics	
   can	
   be	
   localised	
   to	
   different	
  
forebrain	
  neuronal	
  populations	
  (Amendola	
  et	
  al.	
  2014).	
  As	
  with	
  the	
  model	
  of	
  Wang	
  
et	
  al.	
  (2012),	
  no	
  evidence	
  of	
  spontaneous	
  seizures	
  was	
  found	
  both	
  in	
  the	
  constitutive	
  
and	
   the	
   conditional	
   knockout	
  mice	
   and	
   this	
  was	
   also	
   not	
   strain	
   specific.	
   However,	
  
administration	
  of	
   kainic	
  acid	
   to	
  both	
  CDKL5	
  deficient	
  and	
  wild	
   type	
  mice	
  did	
   show	
  
altered	
  EEG	
  burst	
  activity	
  in	
  deficient	
  mice	
  which	
  may	
  be	
  useful	
  in	
  understanding	
  the	
  
epileptic	
  mechanism	
  found	
  in	
  human	
  CDKL5	
  deficiency	
  (Amendola	
  et	
  al.	
  2014).	
  
Using	
   the	
  same	
  CDKL5	
  mouse	
  model	
  as	
  Amendola	
  et	
  al.	
   (2014),	
  Fuchs	
  et	
  al	
   (2014)	
  
studied	
   neuronal	
   development	
   in	
   the	
   hippocampal	
   dentate	
   gyrus	
   which	
   occurs	
  
predominantly	
   in	
   the	
   postnatal	
   period.	
   They	
   found	
   that	
   CDKL5	
   deficiency	
   caused	
  
increased	
  proliferation	
  of	
  intermediate	
  progenitor	
  cells	
  (IPCs)	
  but	
  also	
  an	
  increase	
  in	
  
apoptosis	
   of	
   immature	
  neurons	
  derived	
   from	
   IPCs	
   suggesting	
   that	
   Cdkl5	
  promotes	
  
the	
   survival	
   and	
  maturation	
   of	
   postmitotic	
   neurons	
   (Fuchs	
   et	
   al.	
   2014).	
   Signalling	
  
through	
  AKT/GSK-­‐3β	
  was	
  also	
  shown	
  to	
  be	
  disrupted.	
  A	
  decrease	
  in	
  GSK-­‐3β	
  at	
  serine	
  
9	
  was	
  found,	
  which	
  leads	
  to	
  increased	
  GSK-­‐3β	
  activity.	
  When	
  Cdkl5	
  was	
  re-­‐expressed	
  
both	
   AKT/GSK-­‐3β	
   signalling	
   and	
   neuronal	
   survival	
   were	
   restored	
   suggesting	
   that	
  
CDKL5	
   plays	
   a	
   key	
   role	
   in	
   neurogenesis	
   and	
   dendritic	
   development	
   in	
   the	
  
hippocampal	
   dentate	
   gyrus	
   (Fuchs	
   et	
   al.	
   2014).	
  More	
   recently	
   Fuchs	
   et	
   al.	
   (2015)	
  
have	
   shown	
   that	
   an	
   inhibitor	
   of	
   GSK-­‐3β,	
   SB216763,	
   is	
   able	
   to	
   restore	
   neuronal	
  
precursor	
   survival	
   and	
   maturation	
   in	
   the	
   hippocampus	
   in	
   hemizygous	
   male	
   Cdkl5	
  
knockout	
   mice.	
   Hippocampal	
   dependent	
   memory	
   tests	
   were	
   also	
   improved	
   by	
  
SB216763	
   treatment,	
   whereupon	
   they	
   become	
   similar	
   to	
   those	
   of	
   wild	
   type	
  mice	
  
(Fuchs	
  et	
  al.	
  2015).	
  These	
  data	
  suggest	
  that	
  GSK-­‐3β	
  inhibition	
  may	
  be	
  of	
  therapeutic	
  
benefit	
  in	
  CDKL5	
  disorder	
  but	
  it	
  would	
  be	
  useful	
  to	
  determine	
  the	
  therapeutic	
  effect	
  
of	
   SB216763	
  on	
  heterozygous	
  CDKL5	
  deficient	
   female	
  mice	
   in	
   the	
   first	
   instance.	
   It	
  
would	
   also	
  be	
   interesting	
   to	
   know	
  whether	
   inhibition	
  of	
  GSK-­‐3β	
   restored	
  AKT	
   and	
  



rpS6	
  phosphorylation	
  to	
  normal	
  levels.	
  
From	
   these	
  mouse	
   studies	
   CDKL5	
   appears	
   to	
   play	
   a	
   role	
   in	
   both	
   the	
   regulation	
   of	
  
neurogenesis	
   and	
   neural	
   maturation	
   affecting	
   both	
   the	
   AKT/GSK-­‐3β	
   (Fuchs	
   et	
   al.	
  
2014)	
  and	
  mTOR	
  pathways	
   (Wang	
  et	
  al.	
  2012;	
  Amendola	
  et	
  al.	
  2014).	
  mTOR	
   is	
   the	
  
catalytic	
  subunit	
  of	
  two	
  distinct	
  complexes,	
  termed	
  mTOR	
  complex	
  1	
  (mTORC1)	
  and	
  
mTORC2,	
  which	
  are	
  distinguished	
  from	
  each	
  other	
  by	
  unique	
  accessory	
  proteins	
  that	
  
function	
   as	
   scaffolds	
   allowing	
   the	
   binding	
   of	
   other	
   regulators	
   and	
   defining	
   their	
  
substrate	
  specificity	
   (reviewed	
  by	
  Zoncu	
  et	
  al.	
  2011).	
  The	
  mTOR	
  and	
  AKT	
  pathways	
  
interact:	
   mTORC2	
   is	
   known	
   to	
   phosphorylate	
   AKT	
   at	
   Ser473	
   which	
   in	
   turn,	
   when	
  
phosphorylated,	
   is	
   able	
   to	
  phosphorylate	
  mTOR	
   leading	
   to	
  mTORC1	
  activation	
  and	
  
phosphorylation	
  of	
   rpS6.	
  This	
   implies	
   that	
  defects	
   in	
  either	
  one	
  of	
   these	
  pathways	
  
will	
  impact	
  on	
  the	
  other,	
  which	
  is	
  seen	
  in	
  both	
  of	
  the	
  Cdkl5	
  deficient	
  mouse	
  models.	
  
mTORC1	
  and	
  mTORC2	
  activity	
  are	
  important	
  in	
  neuronal	
  development,	
  playing	
  a	
  role	
  
in	
   axon	
   guidance,	
   dendrite	
   development	
   and	
   dendritic	
   spine	
   morphogenesis	
  
(Campbell	
   and	
   Holt	
   2001;	
   Jaworski	
   et	
   al.	
   2005;	
   Kumar	
   et	
   al.	
   2005;	
   Tavazoie	
   et	
   al.	
  
2005;	
   Urbanska	
   et	
   al.	
   2012;	
   Lipton	
   and	
   Sahin	
   2014).	
  mTORC1	
   is	
   also	
   essential	
   for	
  
several	
  forms	
  of	
  synaptic	
  plasticity	
  that	
  underlie	
  processes	
  of	
   learning	
  and	
  memory	
  
formation	
  (Cammalleri	
  et	
  al.	
  2003;	
  Hou	
  and	
  Klann	
  2004;	
  Parsons	
  et	
  al.	
  2006;	
  Tang	
  et	
  
al.	
   2002;	
   Tischmeyer	
   et	
   al.	
   2003).	
   mTORC2	
   is	
   thought	
   to	
   be	
   involved	
   in	
   actin	
  
dynamics	
  via	
  the	
  small	
  GTPase	
  Rho	
  family	
  which	
  includes	
  Rac-­‐1	
  (Jacinto	
  et	
  al.	
  2004)	
  
and	
  are	
  known	
  to	
  be	
  positive	
  regulators	
  of	
  dendritic	
  growth	
  (Murakoshi	
  et	
  al.	
  2011;	
  
Woo	
  and	
  Gomez	
  2006).	
  Saci	
  et	
  al.	
   (2011)	
  demonstrated	
  that	
  Rac-­‐1	
  expression,	
  but	
  
not	
   its	
   GTP	
   binding	
   activity,	
   regulates	
   both	
   the	
  mTORC1	
   and	
  mTORC2	
   complexes.	
  
They	
  demonstrated	
  that	
   the	
  carboxy	
   terminal	
  of	
  Rac-­‐1	
   is	
   important	
   in	
  determining	
  
mTOR	
  localization	
  in	
  the	
  perinuclear	
  region	
  and	
  plasma	
  membrane	
  (Saci	
  et	
  al.	
  2011).	
  
mTOR	
  and	
  Rac-­‐1	
  have	
  also	
  been	
  shown	
  to	
  be	
  necessary	
  for	
  axonal	
  branching	
  (Grider	
  
et	
   al.	
   2009)	
   and	
   in	
   controlling	
   dendritic	
   spine	
   density	
   in	
   response	
   to	
   hormone	
  
treatment	
   (Lee	
   et	
   al.	
   2011).	
   These	
   results	
   suggest	
   that	
   CDKL5	
   may	
   play	
   a	
   role	
   in	
  
regulating	
  mTOR	
  activity	
  through	
  its	
  interaction	
  with	
  Rac-­‐1	
  at	
  the	
  synapse.	
  	
  
It	
  is	
  worth	
  noting	
  that	
  a	
  study	
  on	
  the	
  male	
  Mecp2tml.lJae	
  mouse	
  RTT	
  model	
  (Chen	
  et	
  
al.	
  2001)	
  showed	
  a	
  similar	
  decrease	
  in	
  AKT,	
  mTOR	
  and	
  rpS6	
  phosphorylation	
  to	
  that	
  
found	
  in	
  the	
  CDKL5	
  knock-­‐out	
  mice	
  (Ricciardi	
  et	
  al.	
  2011)	
  which	
  suggests	
  that	
  CDKL5	
  
and	
  MECP2	
   deficiency	
  may	
   affect	
   similar	
   pathways,	
   including	
   the	
  mTOR	
   pathway.	
  
Fuchs	
   et	
   al.	
   (2014)	
   also	
   recognised	
   that	
   similar	
   pathways	
  were	
   affected	
  but	
   noted	
  
that	
  in	
  MECP2	
  deficient	
  mice	
  there	
  is	
  no	
  evidence	
  for	
  altered	
  neuronal	
  proliferation	
  
or	
  survival.	
  They	
  also	
  suggested	
  that	
  dendritic	
  hypertrophy	
  may	
  explain	
  the	
  common	
  
features	
   seen	
   between	
   RTT	
   and	
   CDKL5	
   disorder	
   in	
   humans	
   (Fuchs	
   et	
   al.	
   2014).	
   It	
  
remains	
   to	
  be	
  seen	
  whether	
  GSK-­‐3β	
  phosphorylation	
   is	
  altered	
   in	
  MECP2	
  deficient	
  
mice.	
  
Restoring	
  GSK-­‐3β	
  function	
  in	
  CDKL5	
  deficient	
  mice	
  using	
  SB216763	
  was	
  sufficient	
  to	
  
correct	
  the	
  cognitive	
  defects	
  seen	
  in	
  these	
  mice	
  (Fuchs	
  et	
  al.	
  2015).	
  This	
  implies	
  that	
  
although	
  multiple	
  signalling	
  pathways	
  are	
  dysregulated	
  in	
  the	
  CDKL5	
  deficient	
  mouse	
  
brain	
  (Wang	
  et	
  al.	
  2012),	
  restoring	
  the	
  function	
  of	
   just	
  one	
  pathway	
  seems	
  able	
  to	
  
restore	
  function	
  to	
  near	
  normal.	
  It	
  will	
  be	
  important	
  to	
  see	
  if	
  the	
  other	
  deficits	
  found	
  
in	
  human	
  CDKL5	
  disorder	
  are	
  restored	
  to	
  normal	
  using	
  GSK-­‐3β	
  inhibitors.	
  
	
  
Conclusion	
  



Deficiency	
   of	
   the	
   protein	
   CDKL5	
   causes	
   severe	
   learning	
   difficulties	
   and	
   seizures.	
  
CDKL5	
   has	
   been	
   shown	
   to	
   be	
   a	
  multifunctional	
   protein	
  which	
   has	
  multiple	
   effects	
  
within	
   the	
   neuronal	
   cell.	
   One	
   of	
   its	
   main	
   functions	
   appears	
   to	
   be	
   in	
   neuronal	
  
development	
   and	
   synaptic	
   structure	
   and	
   activity	
   in	
   particular.	
   This	
   has	
   led	
   to	
   the	
  
possibility	
  of	
  a	
  potential	
  target	
  for	
  therapeutic	
  intervention	
  in	
  CDKL5	
  disorder.	
  
	
  	
  
This	
   review	
   was	
   been	
   written	
   for	
   CDKL5	
   UK	
   in	
   July	
   2013	
   and	
   updated	
   August	
  
2015.	
  	
   It	
   is	
   the	
   intellectual	
   property	
   of	
   CDKL5	
   UK	
   and	
   its	
   author	
   David	
   Millar,	
  
Lecturer	
   in	
   Human	
  Molecular	
   Genetics,	
   Institute	
   of	
   Medical	
   Genetics,	
   School	
   of	
  
Medicine,	
   Cardiff	
   University.	
   Requests	
   to	
   reproduce	
   this	
   article	
   should	
   be	
  
addressed	
  to	
  CDKL5	
  UK	
  via	
  carolanne@cdkl5uk.org	
  
	
  	
  
©	
  CDKL5	
  UK	
  August	
  2015	
  
	
  
Zdroj:	
  www.curecdkl5.org	
  
	
  	
  
References	
  
Amendola	
   E,	
   Zhan	
   Y,	
   Mattucci	
   C,	
   Castroflorio	
   E,	
   Calcagno	
   E,	
   Fuchs	
   C,	
   Lonetti	
   G,	
  
Silingardi	
   D,	
   Vyssotski	
   AL,	
   Farley	
   D,	
   Ciani	
   E,	
   Pizzorusso	
   T,	
   Giustetto	
   M,	
   Gross	
   CT	
  
(2014).	
  Mapping	
  pathological	
  phenotypes	
  in	
  a	
  mouse	
  model	
  of	
  CDKL5	
  disorder.	
  PLoS	
  
One.	
  9:	
  e91613.	
  
Bahi-­‐Buisson	
  N,	
   Kaminska	
   A,	
   Boddaert	
   N,	
   Rio	
  M,	
   Afenjar	
   A,	
   Gérard	
  M,	
   Giuliano	
   F,	
  
Motte	
  J,	
  Héron	
  D,	
  Morel	
  MA,	
  Plouin	
  P,	
  Richelme	
  C,	
  des	
  Portes	
  V,	
  Dulac	
  O,	
  Philippe	
  C,	
  
Chiron	
  C,	
  Nabbout	
  R,	
  Bienvenu	
  T	
  (2008).	
  The	
  three	
  stages	
  of	
  epilepsy	
  in	
  patients	
  with	
  
CDKL5	
  mutations.	
  Epilepsia.	
  49:	
  1027-­‐1037.	
  
Bahi-­‐Buisson	
   N,	
   Bienvenu	
   T	
   (2012).	
   CDKL5-­‐Related	
   Disorders:	
   From	
   Clinical	
  
Description	
  to	
  Molecular	
  Genetics.	
  Mol	
  Syndromol.	
  2:	
  137-­‐152.	
  
Bertani	
   I,	
   Rusconi	
   L,	
   Bolognese	
   F,	
   Forlani	
   G,	
   Conca	
   B,	
   De	
   Monte	
   L,	
   Badaracco	
   G,	
  
Landsberger	
  N,	
  Kilstrup-­‐Nielsen	
  C	
   (2006).	
   Functional	
   consequences	
  of	
  mutations	
   in	
  
CDKL5,	
  an	
  X-­‐linked	
  gene	
   involved	
   in	
   infantile	
  spasms	
  and	
  mental	
  retardation.	
  J	
  Biol	
  
Chem.	
  281:	
  32048-­‐32056.	
  
Cammalleri	
  M,	
   Lutjens	
   R,	
   Berton	
   F,	
   King	
   AR,	
   Simpson	
   C,	
   Francesconi	
  W,	
   Sanna	
   PP	
  
(2003).	
  Time-­‐restricted	
  role	
  for	
  dendritic	
  activation	
  of	
  the	
  mTOR-­‐p70S6K	
  pathway	
  in	
  
the	
  induction	
  of	
  late-­‐phase	
  long-­‐term	
  potentiation	
  in	
  the	
  CA1,	
  Proc.	
  Natl.	
  Acad.	
  Sci.	
  
U.	
  S.	
  A.	
  100:	
  14368–14373.	
  
Campbell	
   DS,	
   Holt	
   CE	
   (2001).	
   Chemotropic	
   responses	
   of	
   retinal	
   growth	
   cones	
  
mediated	
  by	
  rapid	
  local	
  protein	
  synthesis	
  and	
  degradation.	
  Neuron	
  32:	
  1013–1026.	
  
Carouge	
  D,	
  Host	
  L,	
  Aunis	
  D,	
  Zwiller	
  J,	
  Anglard	
  P	
  (2010).	
  CDKL5	
  is	
  a	
  brain	
  MeCP2	
  target	
  
gene	
  regulated	
  by	
  DNA	
  methylation.	
  Neurobiol	
  Dis.	
  38:	
  414-­‐424.	
  
Chen	
  Q,	
  Zhu	
  YC,	
  Yu	
  J,	
  Miao	
  S,	
  Zheng	
  J,	
  Xu	
  L,	
  Zhou	
  Y,	
  Li	
  D,	
  Zhang	
  C,	
  Tao	
  J,	
  Xiong	
  ZQ	
  
(2010).	
   CDKL5,	
   a	
   protein	
   associated	
   with	
   rett	
   syndrome,	
   regulates	
   neuronal	
  
morphogenesis	
  via	
  Rac1	
  signaling.	
  J	
  Neurosci.	
  30:	
  12777-­‐12786.	
  
Chen	
  RZ,	
  Akbarian	
  S,	
  Tudor	
  M,	
  Jaenisch	
  R	
  (2001).	
  Deficiency	
  of	
  methyl-­‐CpG	
  binding	
  
protein-­‐2	
   in	
   CNS	
   neurons	
   results	
   in	
   a	
   Rett-­‐like	
   phenotype	
   in	
  mice.	
   Nat	
   Genet.	
   27:	
  
327–331.	
  
Choe	
  EA,	
  Liao	
  L,	
  Zhou	
  JY,	
  Cheng	
  D,	
  Duong	
  DM,	
  Jin	
  P,	
  Tsai	
  LH,	
  Peng	
  J	
  (2007).	
  Neuronal	
  
morphogenesis	
  is	
  regulated	
  by	
  the	
  interplay	
  between	
  cyclin-­‐dependent	
  kinase	
  5	
  and	
  



the	
  ubiquitin	
  ligase	
  mind	
  bomb	
  1.	
  J	
  Neurosci.	
  27:	
  9503-­‐9512.	
  
Clark,	
  DD;	
  Sokoloff	
  L	
  (1999).	
   In	
  Siegel	
  GJ,	
  Agranoff	
  BW,	
  Albers	
  RW,	
  Fisher	
  SK,	
  Uhler	
  
MD.	
   ed.	
   Basic	
   Neurochemistry:	
   Molecular,	
   Cellular	
   and	
   Medical	
   Aspects.	
  
Philadelphia:	
  Lippincott.	
  pp.	
  637–70.	
  
Cunningham	
  JT,	
  Rodgers	
  JT,	
  Arlow	
  DH,	
  Vazquez	
  F,	
  Mootha	
  VK,	
  Puigserver	
  P	
  (2007).	
  
mTOR	
   controls	
   mitochondrial	
   oxidative	
   function	
   through	
   a	
   YY1-­‐PGC-­‐1α	
  
transcriptional	
  complex.	
  Nature	
  450:	
  736-­‐740.	
  
Diebold	
   B,	
   Delépine	
   C,	
   Gataullina	
   S,	
   Delahaye	
   A,	
   Nectoux	
   J,	
   Bienvenu	
   T	
  
(2014).	
  Mutations	
   in	
   the	
   C-­‐terminus	
   of	
   CDKL5:	
   proceed	
   with	
   caution.	
   Eur	
   J	
   Hum	
  
Genet.	
  22:	
  270-­‐272.	
  
Di	
  Paolo	
  G,	
  Sankaranarayanan	
  S,	
  Wenk	
  MR,	
  Daniell	
  L,	
  Perucco	
  E,	
  Caldarone	
  BJ,	
  Flavell	
  
R,	
  Picciotto	
  MR,	
  Ryan	
  TA,	
  Cremona	
  O,	
  De	
  Camilli	
  P	
  (2002).	
  Decreased	
  synaptic	
  vesicle	
  
recycling	
  efficiency	
  and	
  cognitive	
  deficits	
   in	
  amphiphysin	
  1	
   knockout	
  mice.	
  Neuron	
  
33:	
  789-­‐804.	
  	
  
El-­‐Husseini	
   Ael-­‐D,	
   Schnell	
   E,	
   Dakoji	
   S,	
   Sweeney	
   N,	
   Zhou	
   Q,	
   Prange	
   O,	
   Gauthier-­‐
Campbell	
   C,	
   Aguilera-­‐Moreno	
   A,	
   Nicoll	
   RA,	
   Bredt	
   DS	
   (2002).	
   Synaptic	
   strength	
  
regulated	
  by	
  palmitate	
  cycling	
  on	
  PSD-­‐95.	
  Cell.	
  108:	
  849-­‐863.	
  	
  
Fehr	
  S,	
  Wilson	
  M,	
  Downs	
  J,	
  Williams	
  S,	
  Murgia	
  A,	
  Sartori	
  S,	
  Vecchi	
  M,	
  Ho	
  G,	
  Polli	
  R,	
  
Psoni	
  S,	
  Bao	
  X,	
  de	
  Klerk	
  N,	
  Leonard	
  H,	
  Christodoulou	
  J	
  (2012).	
  The	
  CDKL5	
  disorder	
  is	
  
an	
   independent	
   clinical	
   entity	
   associated	
   with	
   early-­‐onset	
   encephalopathy.	
   Eur	
   J	
  
Hum	
  Genet.	
  21:	
  266-­‐273.	
  
Fehr	
  S,	
  Leonard	
  H,	
  Ho	
  G,	
  Williams	
  S,	
  de	
  Klerk	
  N,	
  Forbes	
  D,	
  Christodoulou	
  J,	
  Downs	
  J	
  
(2015).	
   There	
   is	
   variability	
   in	
   the	
   attainment	
   of	
   developmental	
   milestones	
   in	
   the	
  
CDKL5	
  disorder.	
  J	
  Neurodev	
  Disord.7:	
  2.	
  
Fichou	
  Y,	
  Nectoux	
  J,	
  Bahi-­‐Buisson	
  N,	
  Chelly	
  J,	
  Bienvenu	
  T	
  (2011).	
  An	
   isoform	
  of	
  the	
  
severe	
  encephalopathy-­‐related	
  CDKL5	
  gene,	
   including	
  a	
  novel	
  exon	
  with	
  extremely	
  
high	
  sequence	
  conservation,	
  is	
  specifically	
  expressed	
  in	
  brain.	
  J	
  Hum	
  Genet.	
  56:	
  52-­‐
57.	
  
Fuchs	
   C,	
   Trazzi	
   S,	
   Torricella	
   R,	
   Viggiano	
  R,	
  De	
   Franceschi	
  M,	
   Amendola	
   E,	
  Gross	
   C,	
  
Calzà	
   L,	
   Bartesaghi	
   R,	
   Ciani	
   E	
   (2014).	
   Loss	
   of	
   CDKL5	
   impairs	
   survival	
   and	
   dendritic	
  
growth	
  of	
  newborn	
  neurons	
  by	
  altering	
  AKT/GSK-­‐3β	
  signaling.	
  Neurobiol	
  Dis.	
  70:	
  53-­‐
68.	
  
Fuchs	
   C,	
   Rimondini	
   R,	
   Viggiano	
   R,	
   Trazzi	
   S,	
   De	
   Franceschi	
  M,	
   Bartesaghi	
   R,	
   Ciani	
   E	
  
(2015).	
   Inhibition	
   of	
   GSK3β	
   rescues	
   hippocampal	
   development	
   and	
   learning	
   in	
   a	
  
mouse	
  model	
  of	
  CDKL5	
  disorder.	
  Neurobiol	
  Dis.	
  82:	
  298-­‐310.	
  
Grider	
  MH,	
  Park	
  D,	
  Spencer	
  DM,	
  Shine	
  HD	
  (2009).	
  Lipid	
  raft-­‐targeted	
  Akt	
  promotes	
  
axonal	
   branching	
   and	
   growth	
   cone	
   expansion	
   via	
   mTOR	
   and	
   Rac1,	
   respectively.	
   J	
  
Neurosci	
  Res.	
  87:	
  3033-­‐3042.	
  
Gupta	
  SC,	
  Yadav	
  R,	
  Pavuluri	
  R,	
  Morley	
  BJ,	
  Stairs	
  DJ,	
  Dravid	
  SM	
  (2015).	
  Essential	
  role	
  
of	
   GluD1	
   in	
   dendritic	
   spine	
   development	
   and	
   GluN2B	
   to	
   GluN2A	
   NMDAR	
   subunit	
  
switch	
   in	
   the	
   cortex	
   and	
   hippocampus	
   reveals	
   ability	
   of	
   GluN2B	
   inhibition	
   in	
  
correcting	
  hyperconnectivity.	
  Neuropharmacology.	
  93:	
  274-­‐284.	
  
Hanefeld	
  F	
  (1985).	
  The	
  clinical	
  pattern	
  of	
  the	
  Rett	
  syndrome.	
  Brain	
  Dev.	
  7:	
  320–325.	
  
Hepp	
  R,	
  Hay	
  YA,	
  Aguado	
  C,	
  Lujan	
  R,	
  Dauphinot	
  L,	
  Potier	
  MC,	
  Nomura	
  S,	
  Poirel	
  O,	
  El	
  
Mestikawy	
  S,	
  Lambolez	
  B,	
  Tricoire	
  L	
  (2015).	
  Glutamate	
  receptors	
  of	
  the	
  delta	
  family	
  
are	
  widely	
  expressed	
  in	
  the	
  adult	
  brain.	
  Brain	
  Struct	
  Funct.	
  220:	
  2797-­‐2815.	
  
Hou	
  L,	
  Klann	
  E	
   (2004).	
  Activation	
  of	
   the	
  phosphoinositide	
  3-­‐kinase-­‐Akt-­‐mammalian	
  



target	
   of	
   rapamycin	
   signaling	
   pathway	
   is	
   required	
   for	
   metabotropic	
   glutamate	
  
receptor-­‐dependent	
  long-­‐term	
  depression.	
  J.	
  Neurosci.	
  24:	
  6352–6361.	
  
Hou	
   H,	
   Sun	
   L,	
   Siddoway	
   BA,	
   Petralia	
   RS,	
   Yang	
   H,	
   Gu	
   H,	
   Nairn	
   AC,	
   Xia	
   H	
   (2013).	
  
Synaptic	
  NMDA	
  receptor	
  stimulation	
  activates	
  PP1	
  by	
  inhibiting	
  its	
  phosphorylation	
  
by	
  Cdk5.	
  J	
  Cell	
  Biol.	
  203:	
  521-­‐535.	
  
Jacinto	
  E,	
  Loewith	
  R,	
  Schmidt	
  A,	
  Lin	
  S,	
  Rüegg	
  MA,	
  Hall	
  A,	
  Hall	
  MN	
  (2004).	
  Mammalian	
  
TOR	
  complex	
  2	
  controls	
  the	
  actin	
  cytoskeleton	
  and	
  is	
  rapamycin	
  insensitive.	
  Nat.	
  Cell	
  
Biol.	
  6:	
  1122-­‐1128.	
  
Jaworski	
   J,	
   Spangler	
   S,	
   Seeburg	
   DP,	
   Hoogenraad	
   CC,	
   Sheng	
   M	
   (2005).	
   Control	
   of	
  
dendritic	
   arborization	
   by	
   the	
   phosphoinositide-­‐3ʹ′-­‐kinase-­‐Akt	
   mammalian	
   target	
   of	
  
rapamycin	
  pathway.	
  J.	
  Neurosci.	
  25:	
  11300–11312.	
  
Kalscheuer	
   VM,	
   Tao	
   J,	
   Donnelly	
   A,	
   Hollway	
   G,	
   Schwinger	
   E,	
   Kübart	
   S,	
   Menzel	
   C,	
  
Hoeltzenbein	
  M,	
  Tommerup	
  N,	
  Eyre	
  H,	
  Harbord	
  M,	
  Haan	
  E,	
  Sutherland	
  GR,	
  Ropers	
  
HH,	
  Gécz	
  J	
  (2003).	
  Disruption	
  of	
  the	
  serine/threonine	
  kinase	
  9	
  gene	
  causes	
  severe	
  X-­‐
linked	
  infantile	
  spasms	
  and	
  mental	
  retardation.	
  Am	
  J	
  Hum	
  Genet.	
  72:	
  1401-­‐1411.	
  
Kameshita	
   I,	
   Sekiguchi	
  M,	
  Hamasaki	
  D,	
   Sugiyama	
  Y,	
  Hatano	
  N,	
   Suetake	
   I,	
   Tajima	
  S,	
  
Sueyoshi	
   N	
   (2008).	
   Cyclin-­‐dependent	
   kinase-­‐like	
   5	
   binds	
   and	
   phosphorylates	
   DNA	
  
methyltransferase	
  1.	
  Biochem	
  Biophys	
  Res	
  Commun.	
  377:	
  1162-­‐1167.	
  
Katayama	
   S,	
   Sueyoshi	
   N,	
   Kameshita	
   I	
   (2015).	
   Critical	
   Determinants	
   of	
   Substrate	
  
Recognition	
   by	
   Cyclin-­‐Dependent	
   Kinase-­‐like	
   5	
   (CDKL5).	
   Biochemistry.	
   54:	
   2975-­‐
2987.	
  
Kilstrup-­‐Nielsen	
   C,	
   Rusconi	
   L,	
   La	
   Montanara	
   P,	
   Ciceri	
   D,	
   Bergo	
   A,	
   Bedogni	
   F,	
  
Landsberger	
  N	
  (2012).	
  What	
  we	
  know	
  and	
  would	
  like	
  to	
  know	
  about	
  CDKL5	
  and	
  its	
  
involvement	
  in	
  epileptic	
  encephalopathy.	
  Neural	
  Plast.	
  2012:728267.	
  
Kumar	
   V,	
   Zhang	
   MX,	
   Swank	
   MW,	
   Kunz	
   J,	
   Wu	
   GY	
   (2005).	
   Regulation	
   of	
   dendritic	
  
morphogenesis	
   by	
   Ras-­‐PI3K-­‐Akt-­‐mTOR	
   and	
   Ras-­‐MAPK	
   signaling	
   pathways.	
   J.	
  
Neurosci.	
  25:	
  11288–11299.	
  
La	
  Montanara	
  P,	
  Rusconi	
  L,	
  Locarno	
  A,	
  Forti	
  L,	
  Barbiero	
   I,	
  Tramarin	
  M,	
  Chandola	
  C,	
  
Kilstrup-­‐Nielsen	
  C,	
  Landsberger	
  N	
  (2015).	
  Synaptic	
  synthesis,	
  dephosphorylation,	
  and	
  
degradation:	
  a	
  novel	
  paradigm	
  for	
  an	
  activity-­‐dependent	
  neuronal	
  control	
  of	
  CDKL5.	
  
J	
  Biol	
  Chem.	
  290:	
  4512-­‐4527.	
  
Lee	
   CC,	
   Huang	
   CC,	
   Hsu	
   KS	
   (2011).	
   Insulin	
   promotes	
   dendritic	
   spine	
   and	
   synapse	
  
formation	
  by	
  the	
  PI3K/Akt/mTOR	
  and	
  Rac1	
  signaling	
  pathways.	
  Neuropharmacology.	
  
61:	
  867-­‐879.	
  
Leoncini	
   S,	
   De	
   Felice	
   C,	
   Signorini	
   C,	
   Zollo	
   G,	
   Cortelazzo	
   A,	
   Durand	
   T,	
   Galano	
   JM,	
  
Guerranti	
  R,	
  Rossi	
  M,	
  Ciccoli	
  L,	
  Hayek	
  J	
  (2015).	
  Cytokine	
  Dysregulation	
  in	
  MECP2-­‐and	
  
CDKL5-­‐Related	
   Rett	
   Syndrome:	
   Relationships	
   with	
   Aberrant	
   Redox	
   Homeostasis,	
  
Inflammation,	
  and	
  ω-­‐3	
  PUFAs.	
  Oxid	
  Med	
  Cell	
  Longev.	
  2015:	
  421624.	
  
Lipton	
  JO,	
  Sahin	
  M	
  (2014).	
  The	
  neurology	
  of	
  mTOR.	
  Neuron.	
  84:	
  275-­‐291.	
  
Livide	
  G,	
  Patriarchi	
  T,	
  Amenduni	
  M,	
  Amabile	
  S,	
  Yasui	
  D,	
  Calcagno	
  E,	
   Lo	
  Rizzo	
  C,	
  De	
  
Falco	
   G,	
   Ulivieri	
   C,	
   Ariani	
   F,	
   Mari	
   F,	
   Mencarelli	
   MA,	
   Hell	
   JW,	
   Renieri	
   A,	
   Meloni	
   I	
  
(2015).	
   GluD1	
   is	
   a	
   common	
   altered	
   player	
   in	
   neuronal	
   differentiation	
   from	
   both	
  
MECP2-­‐mutated	
  and	
  CDKL5-­‐mutated	
  iPS	
  cells.	
  Eur	
  J	
  Hum	
  Genet.	
  23:	
  195-­‐201.	
  
Ma	
  XM,	
  Kiraly	
  DD,	
  Gaier	
  ED,	
  Wang	
  Y,	
  Kim	
  EJ,	
  Levine	
  ES,	
  Eipper	
  BA,	
  Mains	
  RE	
  (2008).	
  
Kalirin-­‐7	
  is	
  required	
  for	
  synaptic	
  structure	
  and	
  function.	
  J	
  Neurosci.	
  28:	
  12368-­‐12382.	
  
Mandela	
  P,	
  Ma	
  XM	
  (2012).	
  Kalirin,	
  a	
  key	
  player	
   in	
  synapse	
  formation,	
   is	
   implicated	
  
in	
  human	
  diseases.	
  Neural	
  Plast.2012:	
  728161.	
  



Mari	
   F,	
   Azimonti	
   S,	
   Bertani	
   I,	
   Bolognese	
   F,	
   Colombo	
   E,	
   Caselli	
   R,	
   Scala	
   E,	
   Longo	
   I,	
  
Grosso	
  S,	
  Pescucci	
  C,	
  Ariani	
  F,	
  Hayek	
  G,	
  Balestri	
  P,	
  Bergo	
  A,	
  Badaracco	
  G,	
  Zappella	
  M,	
  
Broccoli	
  V,	
  Renieri	
  A,	
  Kilstrup-­‐Nielsen	
  C,	
  Landsberger	
  N	
  (2005).	
  CDKL5	
  belongs	
  to	
  the	
  
same	
  molecular	
  pathway	
  of	
  MeCP2	
  and	
  it	
   is	
  responsible	
  for	
  the	
  early-­‐onset	
  seizure	
  
variant	
  of	
  Rett	
  syndrome.	
  Hum	
  Mol	
  Genet.	
  14:	
  1935-­‐1946.	
  
Mertz	
  J,	
  Tan	
  H,	
  Pagala	
  V,	
  Bai	
  B,	
  Chen	
  PC,	
  Li	
  Y,	
  Cho	
  JH,	
  Shaw	
  T,	
  Wang	
  X,	
  Peng	
  J	
  (2015).	
  
Sequential	
  Elution	
  Interactome	
  Analysis	
  of	
  the	
  Mind	
  Bomb	
  1	
  Ubiquitin	
  Ligase	
  Reveals	
  
a	
  Novel	
  Role	
  in	
  Dendritic	
  Spine	
  Outgrowth.	
  Mol	
  Cell	
  Proteomics.	
  14:	
  1898-­‐1910.	
  
Montini	
   E,	
   Andolfi	
   G,	
   Caruso	
   A,	
   Buchner	
   G,	
   Walpole	
   SM,	
   Mariani	
   M,	
   Consalez	
   G,	
  
Trump	
  D,	
  Ballabio	
  A,	
  Franco	
  B	
  (1998).	
   Identification	
  and	
  characterization	
  of	
  a	
  novel	
  
serine-­‐threonine	
  kinase	
  gene	
  from	
  the	
  Xp22	
  region.	
  Genomics.	
  51:	
  427-­‐433.	
  
Murakoshi	
  H,	
  Wang	
  H,	
  Yasuda	
  R	
  (2011).	
  Local,	
  persistent	
  activation	
  of	
  Rho	
  GTPases	
  
during	
  plasticity	
  of	
  single	
  dendritic	
  spines.	
  Nature.	
  472:	
  100-­‐104.	
  
Neul	
  JL,	
  Kaufmann	
  WE,	
  Glaze	
  DG,	
  Christodoulou	
  J,	
  Clarke	
  AJ,	
  Bahi-­‐Buisson	
  N,	
  Leonard	
  
H,	
   Bailey	
  ME,	
   Schanen	
  NC,	
   Zappella	
  M,	
  Renieri	
   A,	
  Huppke	
  P,	
   Percy	
  AK;	
   RettSearch	
  
Consortium	
   (2010).	
   Rett	
   syndrome:	
   revised	
   diagnostic	
   criteria	
   and	
   nomenclature.	
  
Ann	
  Neurol.68:	
  944-­‐950.	
  
Noritake	
  J,	
  Fukata	
  Y,	
  Iwanaga	
  T,	
  Hosomi	
  N,	
  Tsutsumi	
  R,	
  Matsuda	
  N,	
  Tani	
  H,	
  Iwanari	
  H,	
  
Mochizuki	
   Y,	
   Kodama	
   T,	
   Matsuura	
   Y,	
   Bredt	
   DS,	
   Hamakubo	
   T,	
   Fukata	
   M	
   (2009).	
  
Mobile	
  DHHC	
  palmitoylating	
  enzyme	
  mediates	
  activity-­‐sensitive	
  synaptic	
  targeting	
  of	
  
PSD-­‐95.	
  J	
  Cell	
  Biol.	
  186:	
  147-­‐160.	
  
Parsons	
   RG,	
   Gafford	
   GM,	
   Helmstetter	
   FJ	
   (2006).	
   Translational	
   control	
   via	
   the	
  
mammalian	
  target	
  of	
  rapamycin	
  pathway	
  is	
  critical	
  for	
  the	
  formation	
  and	
  stability	
  of	
  
long-­‐term	
  fear	
  memory	
  in	
  amygdala	
  neurons.	
  J.	
  Neurosci.	
  26:	
  12977–12983.	
  
Pecorelli	
  A,	
  Ciccoli	
  L,	
  Signorini	
  C,	
  Leoncini	
  S,	
  Giardini	
  A,	
  D'Esposito	
  M,	
  Filosa	
  S,	
  Hayek	
  
J,	
  De	
  Felice	
  C,	
  Valacchi	
  G	
  (2011).	
  Increased	
  levels	
  of	
  4HNE-­‐protein	
  plasma	
  adducts	
  in	
  
Rett	
  syndrome.	
  Clin	
  Biochem.	
  44:	
  368-­‐371.	
  
Pecorelli	
   A,	
   Belmonte	
   G,	
   Meloni	
   I,	
   Cervellati	
   F,	
   Gardi	
   C,	
   Sticozzi	
   C,	
   De	
   Felice	
   C,	
  
Signorini	
   C,	
   Cortelazzo	
   A,	
   Leoncini	
   S,	
   Ciccoli	
   L,	
   Renieri	
   A,	
   Jay	
   Forman	
   H,	
   Hayek	
   J,	
  
Valacchi	
   G	
   (2015).	
   Alteration	
   of	
   serum	
   lipid	
   profile,	
   SRB1	
   loss,	
   and	
   impaired	
   Nrf2	
  
activation	
  in	
  CDKL5	
  disorder.	
  Free	
  Radic	
  Biol	
  Med.86:	
  156-­‐165.	
  
Rademacher	
   N,	
   Hambrock	
   M,	
   Fischer	
   U,	
   Moser	
   B,	
   Ceulemans	
   B,	
   Lieb	
  W,	
   Boor	
   R,	
  
Stefanova	
   I,	
   Gillessen-­‐Kaesbach	
   G,	
   Runge	
   C,	
   Korenke	
   GC,	
   Spranger	
   S,	
   Laccone	
   F,	
  
Tzschach	
   A,	
   Kalscheuer	
   VM	
   (2011).	
   Identification	
   of	
   a	
   novel	
   CDKL5	
   exon	
   and	
  
pathogenic	
   mutations	
   in	
   patients	
   with	
   severe	
   mental	
   retardation,	
   early-­‐onset	
  
seizures	
  and	
  Rett-­‐like	
  features.	
  Neurogenetics.	
  12:	
  165-­‐167.	
  
Ricciardi	
   S,	
   Kilstrup-­‐Nielsen	
   C,	
   Bienvenu	
   T,	
   Jacquette	
   A,	
   Landsberger	
   N,	
   Broccoli	
   V	
  
(2009).	
   CDKL5	
   influences	
   RNA	
   splicing	
   activity	
   by	
   its	
   association	
   to	
   the	
   nuclear	
  
speckle	
  molecular	
  machinery.	
  Hum	
  Mol	
  Genet.	
  18:	
  4590-­‐4602.	
  
Ricciardi	
   S,	
   Boggio	
   EM,	
   Grosso	
   S,	
   Lonetti	
   G,	
   Forlani	
   G,	
   Stefanelli	
   G,	
   Calcagno	
   E,	
  
Morello	
   N,	
   Landsberger	
   N,	
   Biffo	
   S,	
   Pizzorusso	
   T,	
   Giustetto	
   M,	
   Broccoli	
   V	
   (2011).	
  
Reduced	
   AKT/mTOR	
   signaling	
   and	
   protein	
   synthesis	
   dysregulation	
   in	
   a	
   Rett	
  
syndrome	
  animal	
  model.	
  Hum	
  Mol	
  Genet.	
  20:	
  1182-­‐1196.	
  
Ricciardi	
  S,	
  Ungaro	
  F,	
  Hambrock	
  M,	
  Rademacher	
  N,	
  Stefanelli	
  G,	
  Brambilla	
  D,	
  Sessa	
  A,	
  
Magagnotti	
  C,	
  Bachi	
  A,	
  Giarda	
  E,	
  Verpelli	
  C,	
  Kilstrup-­‐Nielsen	
  C,	
  Sala	
  C,	
  Kalscheuer	
  VM,	
  
Broccoli	
  V	
   (2012).	
  CDKL5	
  ensures	
  excitatory	
   synapse	
  stability	
  by	
   reinforcing	
  NGL-­‐1-­‐
PSD95	
  interaction	
  in	
  the	
  postsynaptic	
  compartment	
  and	
  is	
  impaired	
  in	
  patient	
  iPSC-­‐



derived	
  neurons.	
  Nat	
  Cell	
  Biol.	
  14:911-­‐923.	
  
Rosas-­‐Vargas	
  H,	
  Bahi-­‐Buisson	
  N,	
  Philippe	
  C,	
  Nectoux	
  J,	
  Girard	
  B,	
  N'Guyen	
  Morel	
  MA,	
  
Gitiaux	
  C,	
  Lazaro	
  L,	
  Odent	
  S,	
  Jonveaux	
  P,	
  Chelly	
  J,	
  Bienvenu	
  T	
  (2008).	
  Impairment	
  of	
  
CDKL5	
   nuclear	
   localisation	
   as	
   a	
   cause	
   for	
   severe	
   infantile	
   encephalopathy.	
   J	
   Med	
  
Genet.	
  45:	
  172-­‐178.	
  
Rusconi	
  L,	
  Salvatoni	
  L,	
  Giudici	
  L,	
  Bertani	
  I,	
  Kilstrup-­‐Nielsen	
  C,	
  Broccoli	
  V,	
  Landsberger	
  
N	
   (2008).	
   CDKL5	
   expression	
   is	
   modulated	
   during	
   neuronal	
   development	
   and	
   its	
  
subcellular	
  distribution	
   is	
   tightly	
   regulated	
  by	
   the	
  C-­‐terminal	
   tail.	
   J	
  Biol	
  Chem.	
  283:	
  
30101-­‐30111.	
  
Rusconi	
   L,	
   Kilstrup-­‐Nielsen	
   C,	
   Landsberger	
   N	
   (2011).	
   Extrasynaptic	
   N-­‐methyl-­‐D-­‐
aspartate	
   (NMDA)	
   receptor	
   stimulation	
   induces	
   cytoplasmic	
   translocation	
   of	
   the	
  
CDKL5	
  kinase	
  and	
  its	
  proteasomal	
  degradation.	
  J.	
  Biol.	
  Chem.	
  286:	
  36550-­‐36558.	
  
Saci	
  A,	
  Cantley	
  LC,	
  Carpenter	
  CL	
  (2011).	
  Rac1	
  regulates	
  the	
  activity	
  of	
  mTORC1	
  and	
  
mTORC2	
  and	
  controls	
  cellular	
  size.	
  Mol.	
  Cell	
  42:	
  50–61.	
  
Schieke	
  SM,	
  Phillips	
  D,	
  McCoy	
  JP,	
  Aponte	
  AM,	
  Shen	
  RF,	
  Balaban	
  RS,	
  Finkel	
  T	
  (2006).	
  
The	
   mammalian	
   target	
   of	
   rapamycin	
   (mTOR)	
   pathway	
   regulates	
   mitochondrial	
  
oxygen	
  consumption	
  and	
  oxidative	
  capacity.	
  J.	
  Biol.	
  Chem.	
  281:	
  27643-­‐27652.	
  
Sekiguchi	
   M,	
   Katayama	
   S,	
   Hatano	
   N,	
   Shigeri	
   Y,	
   Sueyoshi	
   N,	
   Kameshita	
   I	
   (2013).	
  
Identification	
   of	
   amphiphysin	
   1	
   as	
   an	
   endogenous	
   substrate	
   for	
   CDKL5,	
   a	
   protein	
  
kinase	
   associated	
   with	
   X-­‐linked	
   neurodevelopmental	
   disorder.	
   Arch	
   Biochem	
  
Biophys.	
  535:	
  257-­‐267.	
  
Stagi	
  S,	
  Cavalli	
  L,	
  Congiu	
  L,	
  Scusa	
  MF,	
  Ferlini	
  A,	
  Bigoni	
  S,	
  Benincasa	
  A,	
  Rossi	
  B,	
  Pini	
  G	
  
(2015).	
  Thyroid	
  function	
  in	
  Rett	
  syndrome.	
  Horm	
  Res	
  Paediatr.	
  83:	
  118-­‐125.	
  
Tang	
  SJ,	
  Reis	
  G,	
  Kang	
  H,	
  Gingras	
  AC,	
  Sonenberg	
  N,	
  Schuman	
  EM	
  (2002).	
  A	
  rapamycin-­‐
sensitive	
   signaling	
   pathway	
   contributes	
   to	
   long-­‐term	
   synaptic	
   plasticity	
   in	
   the	
  
hippocampus,	
  Proc.	
  Natl.	
  Acad.	
  Sci.	
  U.	
  S.	
  A.	
  99:	
  467–472.	
  
Tavazoie	
  SF,	
  Alvarez	
  VA,	
  Ridenour	
  DA,	
  Kwiatkowski	
  DJ,	
  Sabatini	
  BL	
  (2005).	
  Regulation	
  
of	
  neuronal	
  morphology	
  and	
  function	
  by	
  the	
  tumor	
  suppressors	
  Tsc1	
  and	
  Tsc2.	
  Nat.	
  
Neurosci.	
  8:	
  1727–1734.	
  
Tischmeyer	
   W,	
   Schicknick	
   H,	
   Kraus	
   M,	
   Seidenbecher	
   CI,	
   Staak	
   S,	
   Scheich	
   H,	
  
Gundelfinger	
  ED	
  (2003).	
  Rapamycin-­‐sensitive	
  signalling	
  in	
  long-­‐term	
  consolidation	
  of	
  
auditory	
  cortex-­‐dependent	
  memory,	
  Eur.	
  J.	
  Neurosci.	
  18:	
  942–950.	
  
Urbanska	
  M,	
  Gozdz	
  A,	
  Swiech	
  LJ,	
  Jaworski	
  J	
  (2012).	
  Mammalian	
  target	
  of	
  rapamycin	
  
complex	
   1	
   (mTORC1)	
   and	
   2	
   (mTORC2)	
   control	
   the	
   dendritic	
   arbor	
   morphology	
   of	
  
hippocampal	
  neurons.	
  J	
  Biol	
  Chem.	
  287:	
  30240-­‐30256.	
  
Valli	
  E,	
  Trazzi	
  S,	
  Fuchs	
  C,	
  Erriquez	
  D,	
  Bartesaghi	
  R,	
  Perini	
  G,	
  Ciani	
  E	
  (2012).	
  CDKL5,	
  a	
  
novel	
   MYCN-­‐repressed	
   gene,	
   blocks	
   cell	
   cycle	
   and	
   promotes	
   differentiation	
   of	
  
neuronal	
  cells.	
  Biochim	
  Biophys	
  Acta.	
  1819:	
  1173-­‐1185.	
  
Wang	
   IT,	
   Allen	
   M,	
   Goffin	
   D,	
   Zhu	
   X,	
   Fairless	
   AH,	
   Brodkin	
   ES,	
   Siegel	
   SJ,	
   Marsh	
   ED,	
  
Blendy	
   JA,	
   Zhou	
  Z	
   (2012).	
   Loss	
  of	
  CDKL5	
  disrupts	
  kinome	
  profile	
  and	
  event-­‐related	
  
potentials	
  leading	
  to	
  autistic-­‐like	
  phenotypes	
  in	
  mice.	
  Proc	
  Natl	
  Acad	
  Sci	
  U	
  S	
  A.	
  109:	
  
21516-­‐21521.	
  
Weaving	
  LS,	
  Christodoulou	
  J,	
  Williamson	
  SL,	
  Friend	
  KL,	
  McKenzie	
  OL,	
  Archer	
  H,	
  Evans	
  
J,	
  Clarke	
  A,	
  Pelka	
  GJ,	
  Tam	
  PP,	
  Watson	
  C,	
  Lahooti	
  H,	
  Ellaway	
  CJ,	
  Bennetts	
  B,	
  Leonard	
  
H,	
  Gécz	
  J	
   (2004).	
  Mutations	
  of	
  CDKL5	
  cause	
  a	
  severe	
  neurodevelopmental	
  disorder	
  
with	
  infantile	
  spasms	
  and	
  mental	
  retardation.	
  Am	
  J	
  Hum	
  Genet.	
  75:	
  1079-­‐1093.	
  
Williamson	
   SL,	
   Giudici	
   L,	
   Kilstrup-­‐Nielsen	
   C,	
   Gold	
  W,	
   Pelka	
   GJ,	
   Tam	
   PP,	
   Grimm	
   A,	
  



Prodi	
   D,	
   Landsberger	
   N,	
   Christodoulou	
   J	
   (2012).	
   A	
   novel	
   transcript	
   of	
   cyclin-­‐
dependent	
   kinase-­‐like	
   5	
   (CDKL5)	
   has	
   an	
   alternative	
   C-­‐terminus	
   and	
   is	
   the	
  
predominant	
  transcript	
  in	
  brain.	
  Hum	
  Genet.	
  131:	
  187-­‐200.	
  
Woo	
   S,	
   Gomez	
   TM	
   (2006).	
   Rac1	
   and	
   RhoA	
   promote	
   neurite	
   outgrowth	
   through	
  
formation	
   and	
   stabilization	
   of	
   growth	
   cone	
   point	
   contacts.	
   J.	
   Neurosci.	
   26:	
   1418-­‐
1428.	
  
Yoon	
  KJ,	
  Lee	
  HR,	
  Jo	
  YS,	
  An	
  K,	
  Jung	
  SY,	
  Jeong	
  MW,	
  Kwon	
  SK,	
  Kim	
  NS,	
  Jeong	
  HW,	
  Ahn	
  
SH,	
  Kim	
  KT,	
  Lee	
  K,	
  Kim	
  E,	
  Kim	
  JH,	
  Choi	
  JS,	
  Kaang	
  BK,	
  Kong	
  YY	
  (2012).	
  Mind	
  bomb-­‐1	
  is	
  
an	
   essential	
  modulator	
   of	
   long-­‐term	
  memory	
   and	
   synaptic	
   plasticity	
   via	
   the	
  Notch	
  
signaling	
  pathway.	
  Mol	
  Brain	
  5:	
  40.	
  
Yoshii	
   A,	
  Murata	
   Y,	
   Kim	
   J,	
   Zhang	
  C,	
   Shokat	
   KM,	
   Constantine-­‐Paton	
  M	
   (2011).	
   TrkB	
  
and	
  protein	
  kinase	
  Mζ	
  regulate	
  synaptic	
  localization	
  of	
  PSD-­‐95	
  in	
  developing	
  cortex.	
  J	
  
Neurosci.	
  31:	
  11894-­‐11904.	
  
Zhang	
  Y,	
  Matt	
  L,	
  Patriarchi	
  T,	
  Malik	
  ZA,	
  Chowdhury	
  D,	
  Park	
  DK,	
  Renieri	
  A,	
  Ames	
  JB,	
  
Hell	
   JW	
   (2014).	
   Capping	
   of	
   the	
   N-­‐terminus	
   of	
   PSD-­‐95	
   by	
   calmodulin	
   triggers	
   its	
  
postsynaptic	
  release.	
  EMBO	
  J.	
  33:	
  1341-­‐1353.	
  
Zhu	
  YC,	
  Li	
  D,	
  Wang	
  L,	
  Lu	
  B,	
  Zheng	
  J,	
  Zhao	
  SL,	
  Zeng	
  R,	
  Xiong	
  ZQ	
  (2013).	
  Palmitoylation-­‐
dependent	
   CDKL5-­‐PSD-­‐95	
   interaction	
   regulates	
   synaptic	
   targeting	
   of	
   CDKL5	
   and	
  
dendritic	
  spine	
  development.	
  Proc	
  Natl	
  Acad	
  Sci	
  U	
  S	
  A.	
  110:	
  9118-­‐9123.	
  
Zoncu	
   R,	
   Efeyan	
   A,	
   Sabatini	
   DM	
   (2011).	
  mTOR:	
   from	
   growth	
   signal	
   intergration	
   to	
  
cancer	
  diadetes	
  and	
  ageing.	
  Nature	
  Rev.	
  Mol.	
  Cell	
  Biol.	
  12:	
  21-­‐35.	
  
	
  
	
  


