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   Nucleotide	
  
PBS	
   Phosphate-­‐buffer	
  saline	
  
PCR	
  	
   Polymerase	
  chain	
  reaction	
  
PI3K	
   phosphoinositide	
  3-­‐kinase	
  
PPRHs,	
  Hp	
   Polypurine	
  reverse	
  Hoogsteen	
  hairpins	
  
PS	
   Phosphorothioate	
  
qRT-­‐PCR	
   Quantitative	
  real	
  time	
  polymerase	
  chain	
  reaction	
  
r-­‐H	
   Reverse-­‐Hoogsteen	
  bonds	
  
RAB20	
   RAB20,	
  member	
  RAS	
  oncogene	
  family	
  
Rho123	
   Rhodamine	
  123	
  
RISC	
   RNA-­‐induced	
  silencing	
  complex	
  
RNA	
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RNAi	
  	
   RNA	
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  receptors	
  	
  
Sc	
   Scrambled	
  
siRNA	
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   Triplex	
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Tm	
   Melting	
  temperature	
  	
  
TMPD	
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TNF	
   Tumor	
  necrosis	
  factor	
  	
  
TP53	
   Tumor	
  protein	
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TTS	
   Triplex-­‐forming	
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  target	
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U	
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   U2	
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  nuclear	
  RNA	
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  2	
  
UTR	
   Untranslated	
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VEGF	
   Vascular	
  Endothelial	
  Growth	
  Factor	
  
WC	
   Watson-­‐Crick	
  
WHO	
   World	
  Health	
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WT	
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The	
  work	
  presented	
   is	
   focused	
  on	
   the	
  study	
  of	
  Polypurine	
  Reverse	
  Hoogsteen	
  

hairpins	
   (PPRHs)	
   as	
   gene	
   silencing	
   tools.	
   The	
   main	
   goals	
   were	
   to	
   study	
   the	
  

mechanism	
  of	
  action	
  of	
  these	
  molecules,	
  to	
  establish	
  their	
  proof	
  of	
  principle	
  for	
  in	
  

vivo	
  applications,	
  and	
  to	
  improve	
  their	
  design	
  in	
  terms	
  of	
  specificity	
  and	
  efficacy.	
  

The	
   research	
   in	
   our	
   group	
   included	
   the	
   usage	
   of	
   gene	
   silencing	
   tools	
   such	
   as	
  

ASOs,	
  TFOs	
  or	
  siRNAs.	
  However,	
  all	
  these	
  molecules	
  present	
  hurdles,	
  such	
  as	
  their	
  

stability,	
   effect	
   or	
   cost.	
  With	
   the	
   aim	
   to	
   overcome	
   those	
   problems,	
   PPRHs	
  were	
  

developed	
  using	
  the	
  properties	
  of	
  Hoogsteen	
  bonds.	
  	
  

PPRHs	
   are	
   double-­‐stranded	
   DNA	
   molecules	
   formed	
   by	
   two	
   antiparallel	
  

homopurine	
   domains	
   linked	
   by	
   a	
   5-­‐thymidine	
   loop,	
   which	
   form	
   intramolecular	
  

reverse	
  Hoogsteen	
  bonds.	
  The	
  in	
  vitro	
  study	
  of	
  their	
  binding	
  led	
  to	
  the	
  finding	
  that	
  

PPRHs	
  bind	
  to	
  their	
  pyrimidine	
  target	
  sequence	
  inducing	
  the	
  displacement	
  of	
  the	
  

polypurine	
   strand,	
   at	
   physiological	
   conditions.	
   As	
   it	
   is	
   difficult	
   to	
   find	
   pure	
  

polypurine/polypyrimidine	
   stretches	
   within	
   the	
   genome,	
   and	
   interruptions	
   may	
  

disrupt	
  binding,	
  it	
  was	
  proved	
  that	
  the	
  best	
  base	
  to	
  use	
  in	
  front	
  of	
  the	
  interruptions	
  

was	
  an	
  adenine	
  (Coma	
  et	
  al.	
  2005)	
  .	
  Once	
  their	
  binding	
  was	
  proved	
  in	
  vitro,	
  there	
  

was	
  the	
  need	
  to	
  prove	
  their	
  effect	
  in	
  cells.	
  As	
  our	
  group	
  had	
  expertise	
  in	
  dhfr	
  gene	
  

regulation,	
   PPRHs	
   against	
   either	
   the	
   template	
   or	
   the	
   coding	
   strand	
   of	
   intronic	
  

sequences	
  of	
   the	
  DHFR	
   gene	
  were	
   tested	
   in	
  vitro	
   and	
   their	
  mechanisms	
  of	
  action	
  

were	
  studied.	
  PPRHs	
  were	
  able	
  to	
  decrease	
  the	
  mRNA	
  levels	
  of	
  the	
  targeted	
  gene	
  

and	
  to	
  decrease	
   the	
  cell	
  viability	
  when	
  designed	
  against	
  DHFR.	
  This	
  was	
  also	
   the	
  

case	
   for	
   other	
   genes	
   important	
   for	
   cell	
   proliferation	
   (de	
  Almagro	
   et	
   al.	
   2009;	
   de	
  

Almagro	
  et	
  al.	
  2011)	
  .	
  

The	
  experiments	
  in	
  this	
  work	
  explore	
  the	
  effect	
  of	
  PPRHs	
  against	
  anti-­‐apoptotic	
  

targets,	
  specifically,	
  survivin	
  and	
  Bcl-­‐2.	
  We	
  performed	
  a	
  comparative	
  study	
  of	
  the	
  in	
  

vitro	
   efficacy	
   of	
   different	
   PPRHs	
   in	
   cancer	
   cell	
   lines.	
   We	
   investigated	
   the	
  

mechanism	
   of	
   action	
   of	
   the	
   most	
   efficient	
   PPRHs	
   and	
   administered	
   the	
   best	
  

candidate	
  in	
  a	
  xenograft	
  tumor	
  model	
  to	
  test	
  the	
  feasibility	
  of	
  their	
  therapeutic	
  use.	
  	
  

To	
   improve	
   their	
  design,	
  we	
  explored	
   the	
  effect	
  of	
  different	
  variables,	
   such	
  as	
  

the	
  length	
  and	
  the	
  presence	
  of	
  pyrimidine	
  interruptions	
  in	
  the	
  PPRH	
  sequence.	
  We	
  

also	
  compared	
  PPRHs	
  and	
  TFOs	
  and	
  designed	
  a	
  new	
  molecule	
  based	
  on	
  PPRHs,	
  the	
  

so-­‐called	
  Wedge-­‐PPRH.	
   	
   Finally,	
  we	
   analyzed	
   the	
   uptake	
   of	
   PPRHs	
   into	
   different	
  

cell	
  lines.	
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1.1.	
  PPRHs	
  and	
  other	
  silencing	
  technologies	
  
1.1.1.	
  Triplex	
  Forming	
  Oligonucleotides	
  

One	
  of	
  the	
  most	
  important	
  discoveries	
  of	
  the	
  20th	
  century	
  was	
  the	
  structure	
  of	
  

the	
  DNA	
   in	
  1953.	
  From	
   this	
  moment	
  on,	
   enormous	
  possibilities	
  arose.	
  Ten	
  years	
  

later,	
   the	
   discovery	
   of	
   Hoogsteen	
   bonding	
   explained	
   the	
   existence	
   of	
   triple-­‐

stranded	
  nucleic	
  acids,	
  when	
  a	
  single	
  stranded	
  DNA	
  was	
  capable	
  of	
  binding	
  to	
  the	
  

major	
   groove	
   of	
   the	
   DNA	
   structure	
   (Felsenfeld	
   &	
   Rich	
   1957;	
   Hoogsteen	
   1963).	
  

That	
   opened	
   the	
   possibility	
   to	
   design	
  molecules	
   to	
   specifically	
   target	
   sequences	
  

within	
   the	
   genome.	
   However,	
   it	
   was	
   not	
   until	
   the	
   late	
   80s	
   that	
   these	
  molecules	
  

were	
  suggested	
  to	
  play	
  a	
  role	
  in	
  gene	
  expression	
  (Wells	
  &	
  Collier	
  1988).	
  

Triplex	
  Forming	
  Oligonucleotides	
  (TFOs)	
  are	
  molecules	
  that	
  bind	
  to	
  the	
  purine	
  

strand	
  of	
  the	
  double-­‐stranded	
  DNA	
  by	
  hydrogen	
  bonds,	
  specifically	
  Hoogsteen	
  or	
  

reverse	
   Hoogsteen	
   bonds.	
   There	
   are	
   three	
   types	
   of	
   TFOs	
   that	
   vary	
   in	
   the	
  

composition	
  and	
  orientation	
  of	
  the	
  third	
  strand	
  relative	
  to	
  the	
  purine	
  strand	
  of	
  the	
  

duplex,	
  and	
  therefore,	
  in	
  the	
  type	
  of	
  bonds	
  formed	
  with	
  the	
  DNA	
  (Figure	
  1).	
  

− Purine	
   TFOs	
   (G,A-­‐TFOs)	
   are	
   anti-­‐parallel	
   relative	
   to	
   the	
   purine	
   strand	
  

and	
  form	
  reverse	
  Hoogsteen	
  bonds.	
  	
  	
  

− Pyrimidine	
  TFOs	
   (T,C-­‐TFOs)	
  are	
  parallel	
   to	
   the	
  purine	
   strand	
  and	
   form	
  

Hoogsteen	
  bonds.	
  Cytosines	
  must	
  be	
  protonated	
  for	
  this	
  kind	
  of	
  binding,	
  

which	
  occurs	
  at	
  acidic	
  pH.	
  	
  	
  

− Mixt	
   TFOs	
   (G,T-­‐TFO)	
  might	
   be	
   either	
   parallel,	
   thus	
   forming	
   Hoogsteen	
  

bonds,	
  or	
  anti-­‐parallel	
  forming	
  reverse	
  Hoogsteen	
  bonds.	
  

	
  
Figure	
  1.	
  Types	
  of	
  TFOs	
  depending	
  on	
  the	
  composition	
  and	
  type	
  of	
  hydrogen	
  bonds	
  

formed	
  (Duca	
  et	
  al.	
  2008).	
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Purine	
  TFOs	
  have	
  several	
  advantages	
  over	
  pyrimidine	
  TFOs	
  because	
  they	
  bind	
  

to	
   their	
   target	
   sequence	
   in	
   a	
   pH-­‐independent	
   manner,	
   with	
   higher	
   affinity	
   and	
  

faster	
   kinetics	
   (Faucon	
   et	
   al.	
   1996).	
   Design	
   of	
   TFOs	
   is	
   limited	
   to	
   location	
   of	
  

stretches	
   of	
   polypurine/polypyrimidine	
   sequences.	
   Goñi	
   et	
   al.	
   found	
   that	
   these	
  

sequences	
  were	
  overrepresented	
  in	
  the	
  genome,	
  mainly	
  in	
  regulatory	
  regions,	
  such	
  

as	
  promoters	
  and	
  introns	
  (Goñi	
  et	
  al.	
  2004).	
  According	
  to	
  in	
  silico	
  analyses,	
  genes	
  

presenting	
   triplex-­‐forming	
   oligonucleotide	
   target	
   sequences	
   (TTS)	
   in	
   their	
  

promoters	
   were	
   usually	
   involved	
   in	
   physiological	
   processes.	
   Moreover,	
   these	
  

regions	
  tended	
  to	
  be	
  conserved	
  between	
  species,	
  implying	
  a	
  functional	
  role	
  of	
  TTS.	
  

They	
   also	
   postulated	
   that	
   even	
   when	
   TTS	
   were	
   not	
   directly	
   targeted	
   by	
  

transcription	
  factors,	
  they	
  might	
  be	
  of	
  importance	
  for	
  gene	
  functionality	
  by	
  acting	
  

as	
  spacing	
  fragments	
  to	
  help	
  the	
  correct	
  positioning	
  of	
  transcription	
  factors(Goñi	
  

et	
  al.	
  2006).	
  	
  

The	
  study	
  of	
  the	
  mechanism	
  of	
  action	
  concluded	
  that	
  TFOs	
  interfered	
  with	
  the	
  

transcription	
  process	
  (Praseuth	
  et	
  al.	
  1999).	
  The	
  first	
  study	
  of	
  this	
  inhibitory	
  effect	
  

was	
   conducted	
   by	
   Postel	
   et	
   al.,	
   that	
   determined	
   that	
   a	
   TFO	
   against	
   c-­‐myc	
   was	
  

capable	
  of	
  decreasing	
  its	
  mRNA	
  levels	
  in	
  HeLa	
  cells	
  (Postel	
  et	
  al.	
  1991).	
  Other	
  TFOs	
  

have	
   been	
   suggested	
   to	
   interfere	
   in	
   the	
   binding	
   of	
   transcription	
   factors,	
   such	
   as	
  

those	
  directed	
  against	
   the	
  E-­‐1	
  motif	
  within	
   the	
   tie-­‐1	
  promoter	
   for	
   the	
  binding	
  of	
  

Ets	
  transcription	
  factors,	
  which	
  are	
  important	
  for	
  blood	
  vessel	
  formation	
  (Hewett	
  

et	
   al.	
   2006).	
   Apart	
   from	
  binding	
   to	
  DNA,	
   TFOs	
   can	
   bind	
   to	
  mRNA,	
   thus	
   blocking	
  

mRNA	
  translation	
  (François	
  et	
  al.	
  1999).	
  

The	
   in	
   vivo	
   application	
   of	
   TFOs	
   displayed	
   several	
   problems,	
   namely,	
   stability,	
  

affinity	
  and	
  ability	
  to	
  form	
  a	
  triplex	
  at	
  physiological	
  pH	
  without	
  forming	
  secondary	
  

structures.	
  To	
  address	
  stability,	
  chemical	
  modifications	
  of	
  the	
  structure	
  have	
  been	
  

studied	
  (Duca	
  et	
  al.	
  2008).	
   In	
  order	
   to	
   increase	
   the	
  affinity,	
  Kool	
  and	
  co-­‐workers	
  

found	
   out	
   that	
   purine	
   sequences	
   in	
   a	
   hairpin	
   or	
   a	
   circular	
   structure	
   could	
   form	
  

triplexes	
   with	
   their	
   single-­‐stranded	
   pyrimidine	
   target	
   sequence	
   with	
   a	
   higher	
  

binding	
  affinity	
  in	
  terms	
  of	
  melting	
  temperature	
  (Tm).	
  With	
  regard	
  to	
  their	
  binding,	
  

it	
   is	
  worth	
  mentioning	
  that	
  G-­‐rich	
  oligonucleotides	
  can	
  aggregate	
   in	
  the	
  presence	
  

of	
  potassium,	
  hence	
  competing	
  for	
  the	
  binding	
  with	
  the	
  target	
  sequence.	
  However,	
  

Kool	
   also	
   found	
   that	
   both	
   hairpin	
   and	
   circular	
   structures	
   formed	
   triplexes	
   with	
  

their	
  target	
  sequence	
  even	
  in	
  the	
  presence	
  of	
  potassium	
  (Vo	
  et	
  al.	
  1995).	
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1.1.2.	
  Polypurine	
  reverse	
  Hoogsteen	
  hairpins	
  

1.1.2.1.	
  Mechanism	
  of	
  action	
  

Polypurine	
   reverse	
   Hoogsteen	
   Hairpins	
   (PPRHs)	
   are	
   non-­‐modified	
   DNA	
  

molecules,	
   formed	
   by	
   two	
   antiparallel	
   purine	
   domains	
   linked	
   by	
   a	
   5-­‐thymidine	
  

loop.	
   These	
   domains	
   form	
   intramolecular	
   reverse	
   Hoogsteen	
   bonds,	
   giving	
   the	
  

molecule	
   a	
   hairpin	
   structure.	
   It	
   was	
   previously	
   demonstrated	
   in	
   our	
   group	
   the	
  

ability	
   of	
   PPRHs	
   to	
   bind	
   to	
   their	
   polypyrimidine	
   target	
   sequence	
   of	
   different	
  

lengths	
  by	
  Watson-­‐Crick	
  bonds.	
  The	
  PPRH	
  was	
  able	
  to	
  bind	
  with	
  high	
  stability	
  to	
  

its	
  single-­‐stranded	
  target	
  sequence.	
  Moreover,	
  the	
  PPRH	
  also	
  bound	
  to	
  the	
  double-­‐

stranded	
  target	
  sequence	
  thus	
  causing	
  the	
  displacement	
  of	
  the	
  polypurine	
  strand	
  

of	
  the	
  duplex	
  (Coma	
  et	
  al.	
  2005).	
  In	
  Figure	
  2,	
  bonds	
  forming	
  the	
  triplex	
  structure	
  

are	
  shown.	
  	
  

	
  
Figure	
  2.	
  Reverse	
  Hoogsteen	
  bonds	
  (r-­‐H)	
  and	
  Watson-­‐Crick	
  bonds	
  (WC)	
  formed	
  in	
  the	
  triplex	
  

structure.	
  Modified	
  from	
  (Gowers	
  &	
  Fox	
  1999).	
  	
  

PPRHs	
  can	
  be	
  designed	
  against	
  either	
  of	
  the	
  strands	
  of	
  the	
  DNA,	
  depending	
  on	
  

the	
  location	
  of	
  the	
  polypirimidine	
  target	
  sequence.	
  Consequently,	
  we	
  could	
  define	
  

two	
  types	
  of	
  PPRHs:	
  Template-­‐PPRHs	
  bind	
  to	
  the	
  template	
  strand	
  of	
  the	
  DNA	
  and	
  

Coding-­‐PPRHs	
   are	
   directed	
   against	
   the	
   coding	
   strand,	
   and	
   can	
   bind	
   to	
   DNA	
   and	
  

mRNA	
  because	
  both	
  strands	
  have	
  the	
  same	
  sequence	
  and	
  orientation.	
  Both	
  types	
  

of	
   PPRHs	
   against	
   polypyrimidine	
   target	
   sequences	
   in	
   intronic	
   sequences	
   of	
   the	
  

DHFR	
  gene	
  were	
  designed	
  and	
  tested	
  in	
  terms	
  of	
  cell	
  viability	
  and	
  gene	
  expression.	
  

DHFR	
   is	
   an	
   enzyme	
   involved	
   in	
   the	
   de	
   novo	
   synthesis	
   of	
   purine	
   and	
   thymidine	
  

monophosphate.	
   It	
  was	
   found	
   that	
   a	
   PPRH	
  against	
   a	
   sequence	
   in	
   intron	
  3	
   in	
   the	
  

template	
  strand	
  of	
  the	
  DHFR	
  gene	
  caused	
  a	
  decrease	
  in	
  DHFR	
  mRNA,	
  protein	
  and	
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activity	
  levels.	
  Incubation	
  of	
  this	
  PPRH	
  in	
  breast	
  cancer	
  cells	
  using	
  –GHT	
  medium	
  –

a	
  selective	
  media	
  not	
  containing	
  the	
  final	
  products	
  of	
  the	
  enzyme-­‐,	
  decreased	
  cell	
  

viability.	
  Furthermore,	
   it	
  was	
  demonstrated	
  that	
   this	
  Template-­‐PPRH	
  displayed	
  a	
  

higher	
   effect	
   when	
   the	
   two	
   domains	
   of	
   the	
   PPRH	
   were	
   bound	
   by	
   reverse	
  

Hoogsteen	
   bonds	
   (HpB)	
   than	
  when	
   the	
   sequence	
   did	
   not	
   allow	
   the	
   formation	
   of	
  

those	
  bonds	
  (Hp-­‐NH)	
  (de	
  Almagro	
  et	
  al.	
  2009).	
  	
  	
  

Subsequently,	
  a	
  Coding-­‐PPRH	
  directed	
  against	
  another	
  intronic	
  sequence	
  of	
  the	
  

DHFR	
  gene,	
  but	
  in	
  the	
  coding	
  strand,	
  was	
  tested.	
  This	
  study	
  showed	
  that	
  binding	
  of	
  

the	
   Coding-­‐PPRH	
   to	
   the	
   pre-­‐mRNA	
   sequence	
   within	
   intron	
   3	
   of	
   the	
  DHFR	
   gene	
  

prevented	
  the	
  binding	
  of	
  the	
  splicing	
  factor	
  U2AF65,	
  specific	
  for	
  that	
  sequence.	
  The	
  

lack	
   of	
   binding	
   of	
   that	
   factor	
   avoided	
   correct	
   splicing,	
   leading	
   to	
   a	
   decrease	
   in	
  

DHFR	
  protein	
  levels	
  (de	
  Almagro	
  et	
  al.	
  2011).	
  In	
  Figure	
  3	
  the	
  mechanisms	
  of	
  action	
  

of	
  both	
  PPRHs	
  against	
  the	
  DHFR	
  gene	
  are	
  shown.	
  	
  	
  

	
  

	
  
Figure	
  3.	
  Mechanism	
  of	
  action	
  of	
  Template	
  and	
  Coding-­‐PPRHs	
  directed	
  against	
  two	
  regions	
  

of	
  intron	
  3	
  of	
  the	
  DHFR	
  gene.	
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1.1.2.2	
  Properties	
  of	
  PPRHs	
  

According	
  to	
  the	
  previous	
  description,	
  Template-­‐PPRHs	
  act	
  through	
  an	
  antigene	
  

strategy	
   and	
   Coding	
   PPRHs	
   may	
   act	
   through	
   both	
   antigene	
   and	
   antisense	
  

strategies.	
  	
  

The	
  synthesis	
  of	
  PPRHs	
  is	
  inexpensive	
  and	
  straightforward	
  due	
  to	
  the	
  fact	
  that	
  

they	
  are	
  non-­‐modified	
  DNA	
  molecules.	
   In	
  addition,	
  PPRHs	
  are	
  much	
  more	
   stable	
  

and	
  resistant	
  to	
  nucleases	
  than	
  other	
  gene	
  silencing	
  molecules	
  (Coma	
  et	
  al.	
  2005;	
  

de	
  Almagro	
  et	
  al.	
  2009).	
  	
  

For	
  any	
  silencing	
  molecule,	
  specificity	
  is	
  an	
  important	
  concern.	
  Length	
  and	
  the	
  

presence	
   of	
   interruptions	
   are	
   the	
  main	
   points	
   to	
   address	
   this	
   issue.	
   To	
   properly	
  

design	
  either	
  ASOs	
  or	
  TFOs	
  is	
  essential	
  to	
  check	
  for	
  unintended	
  targets,	
  but	
  it	
  was	
  

stated	
  that	
  17-­‐nucleotide	
  oligonucleotides	
  should	
  bind	
  to	
  a	
  unique	
  sequence	
  in	
  the	
  

genome	
  (François	
  et	
   al.	
  1999).	
   In	
  our	
  group,	
  PPRHs	
  of	
  20-­‐nucleotides	
  have	
  been	
  

used	
   successfully	
   to	
   target	
   different	
   genes.	
   The	
   polypurine/polypyrimidine	
  

sequences	
   found	
   in	
   the	
   genome	
   are	
   not	
   always	
   pure	
   stretches	
   and	
   present	
  

interruptions.	
  In	
  the	
  past,	
  we	
  tested	
  different	
  options	
  to	
  determine	
  the	
  best	
  base	
  to	
  

use	
   in	
   front	
   of	
   the	
   interruptions	
   and	
   found	
   that	
   the	
   use	
   of	
   adenines	
   in	
   both	
  

domains	
   of	
   the	
   PPRH	
   sequence	
   maintained	
   the	
   binding	
   to	
   the	
   target	
   sequence	
  

while	
   keeping	
   a	
   pure	
   polypurine	
   hairpin	
   (Coma	
   et	
   al.	
   2005).	
   This	
   approach	
  was	
  

then	
   tested	
   in	
   vitro	
   using	
   PPRHs	
   against	
   the	
   DHFR	
   gene	
   carrying	
   several	
  

interruptions	
   substituted	
   by	
   adenines.	
   These	
   PPRHs	
   were	
   useful	
   to	
   decrease	
  

survival	
   in	
   breast	
   cancer	
   cell	
   lines	
   through	
   a	
   decrease	
   in	
   DHFR	
   mRNA	
   levels,	
  

without	
  inducing	
  a	
  decrease	
  in	
  various	
  non-­‐related	
  genes	
  (de	
  Almagro	
  et	
  al.	
  2009).	
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1.1.3.	
  Antisense	
  Oligonucleotides	
  and	
  siRNAs	
  

Apart	
   from	
   TFOs	
   and	
   PPRHs,	
   other	
   gene	
   silencing	
   technologies	
   are	
   worth	
  

mentioning,	
  such	
  as	
  antisense	
  oligonucleotides	
  (ASOs)	
  and	
  small	
  interfering	
  RNAs	
  

(siRNA).	
  

ASOs	
   are	
   single-­‐stranded	
   DNA	
   molecules	
   that	
   bind	
   to	
   their	
   complementary	
  

sequence	
   in	
   the	
   mRNA.	
   The	
   consequent	
   DNA-­‐RNA	
   hybrid	
   is	
   recognized	
   and	
  

degraded	
   by	
   RNAse	
   H1.	
   ASOs	
   can	
   also	
   act	
   through	
   blockade	
   of	
   translation	
   or	
  

modulation	
  of	
  splicing	
  when	
  targeted	
  against	
  the	
  pre-­‐mRNA	
  (Wu	
  et	
  al.	
  2004).	
  

The	
  discovery	
  that	
  introduction	
  of	
  double-­‐stranded	
  RNA	
  in	
  C.elegans	
  decreased	
  

the	
  levels	
  of	
  the	
  targeted	
  gene	
  (Gall	
  et	
  al.	
  1998)	
  and	
  the	
  following	
  realization	
  of	
  this	
  

mechanism	
   in	
  other	
  organisms,	
   including	
  mammalian	
   cells	
   (Elbashir	
   et	
   al.	
   2001)	
  

prompted	
  the	
  research	
   in	
   their	
  mechanism	
  and	
  possible	
  applications.	
  siRNAs	
  are	
  

dsRNA	
  molecules	
  of	
  around	
  20	
  bp	
  with	
  a	
  2-­‐nt	
  3'	
  overhang,	
  which	
  are	
  recognized	
  

by	
   the	
   RNA-­‐induced	
   silencing	
   complex	
   (RISC);	
   this	
   complex	
   loads	
   one	
   of	
   the	
  

strands	
   (guide	
   strand)	
   and	
   scans	
   for	
   complementary	
   sequences,	
   when	
   the	
  

complementary	
   mRNA	
   sequence	
   is	
   found,	
   	
   the	
   endonuclease	
   Argonaute	
   will	
  

degrade	
  it	
  (Siomi	
  &	
  Siomi	
  2009).	
  	
  

Both	
  ASOs	
  and	
  siRNAs	
  are	
  used	
  as	
  common	
  tools	
  in	
  laboratory	
  research	
  and	
  are	
  

currently	
  under	
  development	
  as	
  target-­‐directed	
  therapeutic	
  approaches.	
  However,	
  

several	
  obstacles	
  have	
  hampered	
  their	
  progress,	
  such	
  as	
  stability,	
   in	
  vivo	
  delivery	
  

and	
  off-­‐target	
   effects.	
  During	
   the	
   last	
   years,	
  much	
   effort	
   has	
   been	
  undertaken	
   to	
  

overcome	
  these	
  problems.	
  

Stability	
   is	
   a	
   necessary	
   property	
   to	
   ensure	
   a	
   longer	
   half-­‐life	
   and	
   a	
   good	
  

biodistribution	
   of	
   the	
  molecule.	
   Stability	
   limitations	
   of	
   gene	
   silencing	
  molecules	
  

have	
  lead	
  to	
  the	
  introduction	
  of	
  chemical	
  modifications,	
  such	
  as	
  phosphorothioate	
  

(PS)	
  linkages	
  to	
  increase	
  nuclease	
  resistance	
  (Watts	
  &	
  Corey	
  2012).	
  	
  

Another	
  important	
  problem	
  when	
  moving	
  forward	
  to	
  the	
  clinics	
  is	
  the	
  delivery	
  

of	
   such	
   molecules	
   to	
   the	
   specific	
   cells.	
   In	
   in	
   vitro	
   approaches,	
   this	
   means	
   using	
  

liposomal	
   reagents	
   or	
   other	
   vehicles	
   for	
   transfection.	
   In	
   vivo	
   delivery	
   is	
   more	
  

challenging	
  because	
  to	
  reach	
  the	
  appropriate	
  cell,	
  the	
  molecule	
  must	
  pass	
  through	
  

the	
  blood	
  vessel	
  wall,	
  the	
  interstitial	
  space	
  and	
  the	
  extracellular	
  matrix.	
  Moreover,	
  

the	
  nucleic	
  acid	
  based	
  molecule	
  needs	
  to	
  avoid	
  the	
   immune	
  system	
  and	
  nuclease	
  

degradation,	
   and	
  when	
   it	
   is	
   finally	
   in	
   the	
  appropriate	
   cell	
  membrane,	
   it	
  needs	
   to	
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enter	
  the	
  cell	
  and	
  escape	
  from	
  the	
  endosome	
  to	
  exert	
  its	
  function.	
  In	
  this	
  respect,	
  

the	
   intrinsic	
   stability	
   of	
   the	
   molecule	
   takes	
   on	
   importance.	
   For	
   both	
   ASOs	
   and	
  

siRNAs,	
   chemical	
   modifications	
   are	
   required	
   to	
   avoid	
   nuclease	
   degradation,	
   to	
  

increase	
   their	
   stability	
   and	
   their	
   potency.	
   	
   But	
   besides	
   these	
  modifications,	
   new	
  

vehicles	
   to	
   protect	
   and	
   specifically	
   deliver	
   the	
   silencing	
  molecule	
   are	
   necessary.	
  

For	
   this	
   reason,	
   the	
   choice	
  of	
   a	
   vehicle	
   has	
  been	
   a	
  hot	
   topic	
   in	
   the	
   gene-­‐therapy	
  

field	
  in	
  the	
  last	
  years.	
  Researchers	
  have	
  been	
  exploring	
  new	
  delivery	
  methods	
  such	
  

as	
   lipids,	
   cationic	
   polymers,	
   and	
   lately,	
   nanoparticles	
   (Duca	
   et	
   al.	
   2008;	
  Watts	
  &	
  

Corey	
   2012;	
   Burnett	
   et	
   al.	
   2012).	
   Besides	
   that,	
   there	
   is	
   research	
   about	
   new	
  

strategies	
  to	
  direct	
  targeting	
  by	
  using	
  aptamers	
  (Ferreira	
  et	
  al.	
  2008)	
  or	
  antibodies	
  

(Rodríguez	
  et	
  al.	
  2002),	
  among	
  others.	
  	
  

In	
  terms	
  of	
  specificity,	
  off-­‐target	
  effects	
  are	
  another	
  important	
  concern,	
  mainly	
  

caused	
  by	
  the	
  binding	
  of	
  the	
  silencing	
  molecule	
  to	
  unintended	
  targets.	
  One	
  way	
  to	
  

address	
   them	
   is	
   by	
   using	
   modifications,	
   such	
   as	
   LNA	
   (locked	
   nucleic	
   acid),	
   to	
  

increase	
   affinity.	
   In	
   this	
   aspect,	
   siRNAs	
   are	
   especially	
   problematic	
   as	
   they	
   may	
  

exert	
  off-­‐target	
  effects	
  through	
  two	
  different	
  routes.	
  On	
  the	
  one	
  hand,	
  Jackson	
  et	
  al.	
  

reported	
   several	
   siRNAs	
   reducing	
   the	
   levels	
   of	
   nonspecific	
   genes	
   that	
   contained	
  

partial	
  sequence	
  identity	
  with	
  the	
  siRNA	
  and	
  suggested	
  they	
  were	
  playing	
  a	
  similar	
  

role	
   to	
  miRNAs	
   (Jackson	
   et	
   al.	
   2003).	
   On	
   the	
   other	
   hand,	
   there	
   is	
   an	
   association	
  

between	
  the	
  use	
  of	
  siRNAs	
  and	
  activation	
  of	
  the	
  innate	
  immunity	
  that	
  might	
  cause	
  

undesirable	
  toxicities	
   in	
  vivo	
  (Robbins	
  et	
  al.	
  2009).	
  Recent	
  reports	
  have	
  described	
  

effects	
   of	
   non-­‐targeted	
   siRNAs	
   due	
   to	
   the	
   activation	
   of	
   TLRs,	
   causing	
   anti-­‐

angiogenic	
  and	
  inflammation	
  effects	
  (Kleinman	
  et	
  al.	
  2008).	
  	
  

Despite	
   all	
   of	
   these	
  obstacles,	
   gene	
   silencing	
   technologies	
   are	
   currently	
   in	
   the	
  

pipeline	
  of	
  pharmaceutical	
  companies	
  to	
  treat	
  a	
  broad	
  range	
  of	
  diseases.	
  Two	
  ASOs	
  

have	
  been	
  approved	
  by	
  the	
  FDA:	
  fomivirsen,	
  for	
  the	
  treatment	
  of	
  citomegalovirus	
  

retinitis	
  in	
  1998	
  (Grillone	
  &	
  Lanz	
  2001)	
  and	
  mipomersen,	
  for	
  Homozygous	
  familial	
  

hypercholesterolemia	
  in	
  2013	
  (Hair	
  et	
  al.	
  2013).	
  Furthermore,	
  a	
  dozen	
  ASOs	
  are	
  in	
  

Phase	
   II	
   and	
   III	
   against	
   a	
   variety	
   of	
   diseases,	
   including	
   cancer	
   (Jiang	
   2013).	
  

Regarding	
  siRNAs,	
  even	
  though	
  more	
  than	
  20	
  siRNAs	
  are	
  in	
  phase	
  II	
  clinical	
  trials,	
  

none	
  has	
  been	
   approved	
   yet	
   by	
   the	
  FDA;	
   in	
   fact,	
   two	
   siRNAs	
   against	
  VEGF	
  were	
  

withdrawn	
   from	
   clinical	
   trials	
   because	
   of	
   unspecific	
   activation	
   of	
   the	
   immune	
  

system	
  via	
  TLR3	
  (Kleinman	
  et	
  al.	
  2008).	
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Therefore,	
   there	
   is	
   room	
   for	
   the	
   development	
   of	
   other	
   gene	
   silencing	
  

technologies,	
   such	
   as	
   PPRHs,	
   with	
   the	
   aim	
   to	
   improve	
   several	
   properties	
   that	
  

impair	
  the	
  development	
  of	
  the	
  above-­‐mentioned	
  molecules.	
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1.2.	
  Cancer:	
  
In	
   2011,	
   Hanahan	
   and	
   co-­‐workers	
   reassessed	
   the	
   main	
   keys	
   leading	
   to	
  

tumorigenesis,	
   or	
   as	
   they	
   called	
   them,	
   the	
   hallmarks	
   of	
   cancer.	
   This	
   review	
  

summarized	
  the	
  six	
  previously	
  described	
  hallmarks	
  (Hanahan	
  &	
  Weinberg	
  2000)	
  

and	
  included	
  four	
  more	
  taking	
  into	
  account	
  the	
  progress	
  made	
  in	
  cancer	
  research	
  

during	
  the	
  last	
  years	
  (Figure	
  4).	
  

	
  

Among	
  these	
  10	
  hallmarks,	
  one	
  of	
  the	
  most	
  studied	
  has	
  been	
  the	
  resistance	
  to	
  

cell	
  death.	
  Apoptosis	
  is	
  triggered	
  by	
  stress	
  signals,	
  both	
  from	
  the	
  extracellular	
  and	
  

the	
   intracellular	
   environment,	
   which	
   converge	
   in	
   effector	
   caspases	
   that	
   execute	
  

cell	
   death.	
   There	
   are	
   two	
   apoptotic	
   pathways:	
   the	
   extrinsic	
   pathway	
   and	
   the	
  

intrinsic	
   or	
  mitochondrial	
   pathway.	
   Both	
   pathways	
   are	
   constituted	
   by	
   upstream	
  

regulators:	
   extracellular	
   and	
   intracellular	
   proteins,	
   and	
   downstream	
   effectors:	
  

caspases.	
  Whereas	
  the	
  extrinsic	
  pathway	
  is	
  activated	
  by	
  cell	
  death	
  receptors	
  in	
  the	
  

membrane,	
   the	
   intrinsic	
   is	
   triggered	
   by	
   different	
   stresses,	
   such	
   as	
   intracellular	
  

damage,	
   and	
   involves	
   the	
   mitochondria.	
   Apoptosis	
   activation	
   depends	
   upon	
   the	
  

balance	
   of	
   pro	
   and	
   anti-­‐apoptotic	
   proteins	
   and	
   it	
   is	
   tightly	
   regulated.	
   It	
   is	
  

Figure	
  4.	
  Hallmarks	
  of	
  cancer	
  .	
  From	
  (Hanahan	
  &	
  Weinberg	
  2011)	
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established	
  that	
  apoptosis,	
  specifically	
  the	
  intrinsic	
  pathway,	
  is	
  a	
  programmed	
  cell	
  

death	
  that	
  avoids	
  cancer	
  development	
  (Hanahan	
  &	
  Weinberg	
  2011).	
  

The	
   extrinsic	
   pathway	
   consists	
   in	
   the	
   activation	
   of	
   receptors	
   of	
   the	
   tumor	
  

necrosis	
   factor	
  (TNF)	
   family	
  or	
  TNF-­‐related	
  apoptosis-­‐inducing	
   ligands	
  (TRAILs),	
  

that	
  cause	
  the	
  recruitment	
  and	
  activation	
  of	
  caspase-­‐8,	
  which	
  leads	
  to	
  proteolysis	
  

and	
  activation	
  of	
  the	
  effector	
  caspase-­‐3.	
  	
  

The	
   intrinsic	
   pathway	
   causes	
   the	
   release	
   of	
   cytochrome	
   c	
   and	
   second	
  

mitochondria-­‐derived	
  activator	
  of	
   caspase	
   (SMAC)	
   from	
   the	
  mitochondria,	
  which	
  

will	
   activate	
   effector	
   caspases	
   that	
   execute	
   cellular	
   degradation	
   (Zielinski	
   et	
   al.	
  

2013).	
  	
  

Figure	
  5.	
  Apoptotic	
  pathways.	
  From	
  (Altieri	
  2003b)	
  

Impairment	
   of	
   apoptosis	
   offers	
   a	
   clonal	
   advantage	
   for	
   preneoplastic	
   cells	
   to	
  

survive	
  even	
  while	
  bearing	
  abnormalities	
  (Adams	
  &	
  Cory	
  2007).	
  Tumor	
  cells	
  have	
  

evolved	
   several	
   strategies	
   to	
   evade	
   apoptosis,	
   such	
   as	
   loss	
   of	
   TP53	
   or	
  

overexpression	
  of	
  anti-­‐apoptotic	
  regulators.	
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Another	
   hallmark	
   of	
   cancer	
   is	
   the	
   induction	
   of	
   angiogenesis.	
   As	
   tumors	
   grow,	
  

they	
  have	
  a	
  high	
  requirement	
   for	
  nutrients	
  and	
  oxygen,	
  and	
  this	
  need	
  guides	
   the	
  

formation	
   of	
   new	
  vessels	
   to	
   sustain	
   tumor	
   growth.	
   There	
   are	
   several	
   angiogenic	
  

regulators	
  involved	
  in	
  this	
  process,	
  such	
  as	
  VEGF-­‐A	
  and	
  survivin.	
  	
  

Survivin	
   and	
   Bcl-­‐2	
   are	
   anti-­‐apoptotic	
   proteins	
   that	
   stand	
   out	
   among	
   other	
  

apoptosis	
  regulators	
  as	
  good	
  therapeutic	
  targets.	
  That	
  is	
  the	
  reason	
  why	
  we	
  chose	
  

them	
  to	
  develop	
  our	
  gene	
  silencing	
  strategy.	
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1.2.1.	
  Prostate	
  cancer	
  

Prostate	
  cancer	
  is	
  the	
  second	
  most	
  common	
  cancer	
  and	
  the	
  fifth	
  cause	
  of	
  death	
  

from	
   cancer	
   in	
  men,	
   as	
   in	
   2012.	
  Approximately	
   1.1	
  million	
  men	
  were	
   diagnosed	
  

worldwide	
  and	
  307,000	
  died	
   from	
  this	
  cause	
   in	
  2012,	
  with	
  a	
  higher	
   incidence	
   in	
  

Western	
   world	
   and	
   developed	
   regions.	
   Figure	
   6	
   shows	
   incidence	
   and	
   mortality	
  

among	
  regions	
  (WHO	
  2012).	
  	
  

Prostate	
   cancer	
   is	
   a	
   heterogeneous	
   disease	
   where	
   different	
   genetic	
   and	
  

epigenetic	
   changes	
   lead	
   to	
   its	
   development,	
   including	
   loss	
   of	
   heterozygosity,	
  

activation	
  of	
  oncogenes	
  and	
  loss	
  of	
  tumor	
  suppressor	
  genes,	
  among	
  others.	
  Other	
  

risk	
   factors	
   such	
   as	
   old	
   age,	
   black	
   ethnicity	
   and	
   environmental	
   risk	
   factors,	
   also	
  

play	
  a	
  role	
  in	
  prostate	
  cancer	
  (Felgueiras	
  et	
  al.	
  2014).	
  	
  

	
  
Figure	
  6.	
  Incidence	
  and	
  Mortality	
  rate	
  in	
  the	
  world	
  in	
  2012.	
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Treatment	
   for	
   prostate	
   cancer	
   depends	
   on	
   the	
   stage	
   of	
   the	
   disease,	
   which	
   is	
  

divided	
   in:	
   hormone-­‐sensitive,	
   androgen-­‐independent,	
   symptomatic	
   metastatic,	
  

and	
   advanced	
   metastatic	
   or	
   anaplastic.	
   	
   Surgery	
   and/or	
   radiotherapy	
   are	
   the	
  

treatments	
   of	
   choice	
   in	
   early	
   stages	
   or	
   when	
   the	
   cancer	
   is	
   localized.	
   These	
  

procedures	
  are	
  usually	
  combined	
  with	
  hormone	
  ablation	
  therapies	
  -­‐	
  such	
  as	
  anti-­‐

androgens	
  or	
  GnRH	
  analogues	
  (gonadotrophin-­‐releasing	
  hormone)-­‐,	
  which	
  is	
  also	
  

the	
  choice	
  when	
  metastatic	
  disease	
  appears.	
  However,	
   fewer	
  effective	
  treatments	
  

are	
   available	
   for	
   hormone-­‐resistant	
   prostate	
   cancer	
   (the	
   recommended	
   term	
   is	
  

CRPC).	
  Currently,	
  chemotherapy	
  and	
  combination	
  treatments	
  are	
  under	
  study	
  for	
  

CRPC	
  (Ramsay	
  &	
  Leung	
  2009;	
  Felgueiras	
  et	
  al.	
  2014).	
  	
  

The	
   study	
   of	
   the	
   signaling	
   pathways	
   participating	
   in	
   the	
   development	
   of	
   the	
  

disease	
  has	
  generated	
   information	
  about	
  prospective	
  new	
  therapeutic	
   targets.	
  Of	
  

great	
  importance	
  is	
  the	
  androgen	
  receptor	
  pathway,	
  which	
  regulates	
  development	
  

and	
   progression	
   of	
   cancer.	
   However,	
   CRPC	
   finds	
   ways	
   to	
   overcome	
   hormone	
  

dependency	
   by	
   altering	
   the	
   cascades	
   of	
   tyrosine	
   kinase	
   receptors	
   (RTKs),	
   thus	
  

activating	
   pathways	
   such	
   as	
   PI3K	
   (phosphoinositide	
   3-­‐kinase)/Akt	
   and	
   MAPK	
  

(mitogen-­‐activated	
   protein	
   kinase).	
   Another	
   important	
   hallmark	
   of	
   CRPC	
   is	
   its	
  

ability	
   to	
   overcome	
   apoptosis,	
   via	
   overexpression	
   of	
   anti-­‐apoptotic	
   proteins	
   like	
  

survivin	
  and	
  Bcl-­‐2	
  (Felgueiras	
  et	
  al.	
  2014).	
  	
  

Several	
   target-­‐directed	
   strategies	
   have	
   been	
   under	
   development	
   in	
   the	
   past	
  

years,	
   using	
   as	
   targets	
   the	
   above	
   mentioned	
   genes.	
   Both	
   small	
   molecules	
   and	
  

antibodies	
   are	
   used	
   to	
   inhibit	
   RTKs,	
   with	
   different	
   mechanisms	
   of	
   action	
   and	
  

efficacies.	
   Whereas	
   chemical	
   inhibitors	
   present	
   higher	
   efficacy,	
   they	
   often	
   exert	
  

multi-­‐target	
   effects;	
   on	
   the	
   other	
   side,	
   monoclonal	
   antibodies	
   are	
   much	
   more	
  

specific	
   but	
   display	
   less	
   effect.	
   Combination	
   therapies	
   could	
   be	
   an	
   option	
   to	
  

increase	
  the	
  effect	
  of	
  the	
  available	
  therapies.	
  Moreover,	
  antisense	
  oligonucleotides,	
  

such	
   as	
   oblimersen,	
   have	
   been	
   under	
   study	
  without	
  much	
   success	
   up	
   until	
   now	
  

(Ramsay	
  &	
  Leung	
  2009).	
  

Even	
   though	
   the	
   comprehension	
   of	
   the	
   mechanism	
   underneath	
   the	
  

development	
   of	
   prostate	
   cancer	
   gave	
   rise	
   to	
   a	
   number	
   of	
   therapeutic	
   targets,	
   to	
  

date,	
   none	
   of	
   these	
   therapies	
   is	
   adequate	
   for	
   routine	
   usage.	
   Therefore,	
   the	
  

development	
  of	
  new	
  approaches	
  to	
  improve	
  the	
  current	
  treatments	
  is	
  needed.	
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1.2.2.	
  Targets	
  

1.2.2.1	
  Survivin	
  

The	
  survivin	
  gene	
  is	
  located	
  at	
  17q25	
  in	
  the	
  human	
  genome	
  and	
  encodes	
  for	
  the	
  

smallest	
   member	
   of	
   the	
   inhibitor	
   of	
   apoptosis	
   (IAPs)	
   family,	
   with	
   a	
   molecular	
  

weight	
   of	
   16.5	
   kDa.	
   The	
   involvement	
   of	
   survivin	
   in	
   apoptosis	
   is	
   broadly	
  

demonstrated	
   either	
   through	
   its	
   overexpression,	
   which	
   caused	
   inhibition	
   of	
   cell	
  

death,	
   or	
   by	
   decreasing	
   its	
   levels	
   using	
   different	
   antagonists,	
   which	
   induced	
  

apoptosis.	
  Even	
  though	
  its	
  mechanism	
  of	
  action	
  has	
  been	
  controversial,	
  Dohi	
  et	
  al.	
  

proved	
   that	
   in	
   response	
   to	
   stress,	
  mitochondrial	
   survivin	
   protected	
   the	
   cell	
   from	
  

apoptosis	
  by	
  preventing	
  activation	
  of	
  initiator	
  caspase-­‐9	
  (Dohi	
  et	
  al.	
  2004).	
  	
  

Besides	
  its	
  role	
  as	
  an	
  anti-­‐apoptotic	
  protein,	
  survivin	
  is	
  also	
  involved	
  in	
  mitosis	
  

and	
   angiogenesis.	
   Survivin	
   expression	
   depends	
   on	
   cell	
   cycle	
   and	
   it	
   is	
   strictly	
  

regulated	
   by	
   its	
   short	
   half-­‐life,	
   being	
   more	
   abundant	
   during	
   mitosis,	
   where	
   it	
  

exerts	
   a	
   controlling	
   function	
   that	
   is	
   still	
   under	
   study	
   (Altieri	
   2003a).	
   It	
   has	
  been	
  

suggested	
   that	
   survivin	
   may	
   interact	
   with	
   caspase-­‐9	
   at	
   cell	
   division	
   to	
   prevent	
  

apoptosis	
  (O’Connor,	
  et	
  al.	
  2000).	
  Regarding	
  angiogenesis,	
  survivin	
  is	
  known	
  to	
  be	
  

upregulated	
   in	
   endothelial	
   cells	
   during	
   angiogenesis,	
   which	
   contributes	
   to	
   the	
  

inhibition	
   of	
   apoptosis	
   via	
   suppression	
   of	
   caspase-­‐3	
   activity,	
   and	
   therefore,	
  

maintenance	
  of	
  viability	
  (O’Connor	
  et	
  al.	
  2000).	
  Previously	
  in	
  our	
  group,	
  the	
  role	
  of	
  

survivin	
   in	
   angiogenesis	
   was	
   investigated.	
   Incubation	
   of	
   endothelial	
   cells	
   with	
  

either	
   siRNAs	
   or	
   ASOs	
   against	
   survivin	
   induced	
   inhibition	
   of	
   migration	
   and	
  

capillary	
   formation,	
   besides	
   causing	
   inhibition	
   of	
   growth,	
   apoptosis	
   and	
   cell	
  

division	
  defects	
  (Coma	
  et	
  al.	
  2004).	
  	
  	
  	
  

Survivin	
   is	
  overexpressed	
  in	
  different	
  tumors,	
  including	
  prostate	
  (Ambrosini	
  et	
  

al.	
   1997),	
   colon	
   (Kawasaki	
   et	
   al.	
   1998)	
   and	
  pancreas	
   (Satoh	
   et	
   al.	
   2001).	
  On	
   the	
  

contrary,	
  its	
  levels	
  are	
  undetectable	
  in	
  most	
  differentiated	
  normal	
  tissues,	
  with	
  the	
  

exception	
   of	
   thymus	
   (Ambrosini	
   et	
   al.	
   1997),	
   CD34+	
   bone-­‐marrow-­‐derived	
   stem	
  

cells	
  at	
  low	
  levels	
  (Carter	
  et	
  al.	
  2001)	
  and	
  the	
  basal	
  colonic	
  epithelium	
  (Gianani	
  et	
  

al.	
  2001).	
  Thus,	
  survivin	
  is	
  not	
  only	
  essential	
  for	
  cell	
  survival,	
  but	
  its	
  expression	
  is	
  

very	
  differentiated	
  between	
  normal	
  and	
  cancer	
  cells,	
  which	
  makes	
  survivin	
  an	
  ideal	
  

therapeutic	
  target.	
  	
  

In	
   particular,	
   target-­‐directed	
   therapy	
   to	
   inhibit	
   survivin	
   is	
   a	
   good	
   option	
   in	
  

prostate	
   cancer	
   because	
   it	
   is	
   associated	
   with	
   androgen	
   resistance	
   (Zhang	
   et	
   al.	
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2005)	
  and	
  with	
  aggressive	
  phenotypes	
  (Shariat	
  et	
  al.	
  2004).	
  In	
  fact,	
  several	
  Phase-­‐

II	
   clinical	
   trials	
   using	
   either	
   small-­‐molecule	
   inhibitors	
   -­‐YM155-­‐	
   or	
   antisense	
  

therapy	
   -­‐LY2181308-­‐	
   have	
   been	
   conducted	
   for	
   castration-­‐resistant	
   prostatic	
  

cancer	
  (CRPC),	
  after	
  showing	
  apoptosis	
  in	
  prostate	
  cancer	
  cell	
  lines	
  and	
  regression	
  

of	
  tumor	
  growth	
  in	
  xenografts	
  (Nakahara	
  et	
  al.	
  2007).	
  

YM155	
   is	
   a	
   small	
   inhibitor	
   of	
   survivin	
   that	
   caused	
   growth	
   inhibition	
   and	
   an	
  

increase	
   in	
   apoptosis	
   in	
   different	
   prostate	
   cancer	
   cell	
   lines,	
   as	
   well	
   as	
   in	
  

subcutaneous	
  and	
  orthotopic	
  xenografts	
  models	
  of	
  prostate	
   tumors	
  (Nakahara	
  et	
  

al.	
   2007).	
   However,	
   in	
   phase	
   II	
   clinical	
   trials,	
   YM155	
   showed	
   a	
   rather	
   modest	
  

activity	
   (Tolcher	
   et	
   al.	
   2012).	
   Further	
   Phase	
   II	
   studies	
   in	
   combination	
   with	
  

docetaxel	
   are	
   being	
   conducted	
   but	
   no	
   results	
   have	
   been	
   posted	
   so	
   far	
   (Astellas	
  

Pharma	
  Inc	
  2007).	
  

LY2181308	
   is	
   a	
   second-­‐generation	
   antisense	
   oligonucleotide	
   (ASO)	
   that	
  

contains	
  not	
  only	
  the	
  phosphorothioate	
  backbone	
  but	
  also	
  the	
  2'-­‐MOE	
  modification	
  

of	
   the	
   ribose	
   of	
   the	
   first	
   4	
   and	
   last	
   4	
   nucleotides	
   of	
   the	
   ASO,	
   with	
   the	
   goal	
   to	
  

increase	
   potency,	
   stability	
   and	
   decrease	
   toxicity.	
   This	
   molecule,	
   through	
   the	
  

decrease	
   in	
   survivin	
   levels,	
   proved	
   to	
   induce	
   apoptosis	
   in	
   a	
   panel	
   of	
   different	
  

cancer	
  cell	
   lines,	
   inhibited	
   tumor	
  growth	
   in	
   two	
  xenograft	
  models	
  and	
  sensitized	
  

the	
  tumors	
  to	
  different	
  chemotherapeutic	
  agents	
  in	
  a	
  synergistic	
  fashion	
  (Carrasco	
  

et	
  al.	
  2011).	
  However,	
  a	
  randomized	
  phase-­‐II	
  trial	
  with	
  LY2181308	
  in	
  combination	
  

with	
  docetaxel	
  showed	
  no	
  improvement	
  in	
  the	
  efficacy	
  of	
  the	
  treatment	
  (Wiechno	
  

et	
  al.	
  2014).	
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1.2.2.2	
  Bcl-­‐2	
  

Bcl-­‐2	
   is	
   a	
   member	
   of	
   a	
   family	
   of	
   proteins	
   that	
   control	
   apoptosis	
   through	
   the	
  

intrinsic	
  or	
  mitochondrial	
  apoptotic	
  pathway.	
  This	
  control	
  depends	
  on	
  the	
  balance	
  

and	
  interactions	
  between	
  the	
  two	
  opposite	
  players	
  of	
  the	
  family:	
  the	
  pro-­‐apoptotic	
  

proteins	
   that	
   promote	
   cell	
   death	
   -­‐Bax,	
   Bak	
   and	
   Bok-­‐	
   and	
   the	
   anti-­‐apoptotic	
  

proteins	
  that	
  protect	
  cells	
  -­‐Bcl-­‐2,	
  Bcl-­‐XL,	
  BclW	
  and	
  Mcl-­‐1,	
  among	
  others-­‐.	
   	
  There	
  is	
  

another	
  subfamily,	
  the	
  so-­‐called	
  BH3-­‐only	
  proteins,	
  with	
  the	
  least	
  homology	
  -­‐that	
  

include	
  Bik,	
  Bad,	
  Bid,	
  Bim,	
  Bmf,	
  Hrk,	
  Noxa	
  and	
  Puma-­‐,	
  which	
  have	
  a	
  monitoring	
  and	
  

cytotoxic	
   function	
   (Willis	
   &	
   Adams	
   2005).	
   Specifically,	
   Bcl-­‐2	
   and	
   other	
   proteins	
  

from	
  its	
  family	
  (Bcl-­‐xL,	
  Bcl-­‐w,	
  Mcl-­‐1,	
  A1)	
  are	
  inhibitors	
  of	
  apoptosis	
  that	
  exert	
  their	
  

function	
  by	
  binding	
  to	
  the	
  pro-­‐apoptotic	
  members	
  of	
  their	
  family	
  (Bax	
  and	
  Bak).	
  In	
  

normal	
   conditions,	
   the	
   anti-­‐apoptotic	
   proteins	
   prevent	
   the	
   action	
   of	
   Bax	
   or	
   Bak.	
  

When	
  apoptosis	
   is	
   triggered,	
  Bax	
  and	
  Bak	
  are	
  released	
  to	
  disrupt	
   the	
   integrity	
  of	
  

the	
  outer	
  membrane	
  of	
   the	
  mitochondria,	
   releasing	
  other	
  pro-­‐apoptotic	
  proteins	
  

such	
   as	
   cytochrome	
   c,	
  which	
   activates	
   a	
   cascade	
   of	
   caspases	
   that	
  will	
   ultimately	
  

cause	
  apoptosis	
  (Adams	
  &	
  Cory	
  2007;	
  Azmi	
  et	
  al.	
  2011).	
  	
  

The	
   first	
   association	
   between	
   Bcl-­‐2	
   and	
   cancer	
   was	
   established	
   in	
   follicular	
  

lymphomas	
   bearing	
   the	
   translocation	
   t(14;18)	
   (McDonnell	
   &	
   Korsmeyer	
   1991).	
  

After	
   that,	
   Bcl-­‐2	
   overexpression	
   has	
   been	
   proved	
   to	
   correlate	
   with	
   cancer	
  

progression	
   and	
   resistance	
   to	
   chemotherapy	
   in	
   multiple	
   cell	
   lines	
   (Azmi	
   et	
   al.	
  

2011).	
  	
  In	
  prostate	
  cancer,	
  Bcl-­‐2	
  expression	
  increases	
  along	
  with	
  the	
  progression	
  of	
  

the	
  disease	
  (Krajewska	
  et	
  al.	
  1996;	
  Furuya	
  et	
  al.	
  1996).	
  Bcl-­‐2	
  expression	
  has	
  also	
  

been	
  related	
  to	
  recurrent	
  prostate	
  cancer	
  after	
  treatment	
  with	
  radiotherapy	
  (Osser	
  

et	
   al.	
   2003).	
   Regarding	
   other	
   solid	
   tumors,	
   Bcl-­‐2	
   content	
   has	
   been	
   related	
   to	
  

increased	
   resistance	
   to	
   gemcitabine	
   for	
   the	
   treatment	
   of	
   pancreatic	
   cancer	
   cell	
  

lines,	
   proving	
   that	
   it	
   is	
   a	
   good	
   biomarker	
   to	
   predict	
   response	
   to	
   therapy	
   and	
   to	
  

increase	
   sensitivity	
   to	
   this	
   drug	
   (Bold	
   et	
   al.	
   1999).	
   Relative	
   to	
   colon	
   cancer,	
  

Pramanicim-­‐A	
   proved	
   to	
   cause	
   apoptosis	
   through	
   an	
   up	
   and	
   down-­‐regulation	
   of	
  

several	
  members	
   of	
   the	
   Bcl-­‐2	
   family	
   in	
   HCT116	
   colon	
   cancer	
   cells	
   (Bodur	
   et	
   al.	
  

2013).	
  	
  

Nowadays,	
   there	
   are	
   a	
   wide	
   variety	
   of	
   molecules	
   against	
   Bcl-­‐2	
   under	
  

development	
  and	
  among	
  the	
  most	
  important	
  we	
  found	
  antisense	
  oligonucleotides	
  -­‐

oblimersen	
  sodium-­‐	
  and	
  small	
  molecules	
  -­‐	
  BH3	
  mimetics-­‐.	
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Oblimersen	
  is	
  a	
  phosphorothioate	
  ASO	
  directed	
  against	
  the	
  first	
  6	
  codons	
  of	
  the	
  

open	
   reading	
   frame	
   of	
   human	
   Bcl-­‐2	
   mRNA.	
   This	
   ASO	
   was	
   tested	
   in	
   several	
  

preclinical	
   models	
   and	
   later	
   in	
   clinical	
   trials	
   in	
   combination	
   with	
  

chemotherapeutic	
   agents	
   for	
   different	
   types	
   of	
   cancer	
   (Chi	
   2005).	
   However,	
   the	
  

first	
   randomized	
   phase	
   II	
   trial	
   to	
   evaluate	
   the	
   effect	
   of	
   this	
   ASO	
   previous	
   to	
   the	
  

administration	
  of	
  docetaxel	
  in	
  CRPC,	
  found	
  no	
  benefit.	
  The	
  authors	
  suggested	
  that	
  

the	
   determination	
   of	
   Bcl-­‐2	
   levels	
   in	
   CRPC	
   patients	
   to	
   discriminate	
   between	
  

populations	
  might	
  enhance	
  the	
  efficacy	
  of	
  this	
  combination	
  (Sternberg	
  et	
  al.	
  2009).	
  

Regarding	
   small	
   molecules,	
   both	
   natural	
   compounds	
   -­‐such	
   as	
   gossypol	
   or	
   its	
  

derivatives-­‐	
   and	
   rationally	
  designed	
  ones	
   -­‐	
  ABT	
  derivatives-­‐	
  have	
  been	
   tested	
  as	
  

Bcl-­‐2	
   inhibitors.	
   	
  Rational	
  development	
  has	
  been	
  necessary	
  to	
  improve	
  specificity	
  

of	
  compounds	
  such	
  as	
  gossypol,	
  a	
  BH3-­‐mimetic	
  that	
  inhibits	
  not	
  only	
  Bcl-­‐2	
  but	
  also	
  

several	
   members	
   of	
   its	
   family.	
   There	
   has	
   been	
   a	
   progress	
   in	
   more	
   specific	
  

inhibitors,	
  such	
  as	
  ABT-­‐737	
  and	
  ABT-­‐263,	
  but	
  currently,	
  they	
  are	
  still	
  in	
  preclinical	
  

development	
  for	
  tumors	
  in	
  the	
  genitourinary	
  tract	
  (Hall	
  et	
  al.	
  2013).	
  	
  

Whereas	
   small	
   drugs	
   have	
   advantages	
   as	
   practical	
   use	
   and	
   cost-­‐efficiency	
   in	
  

vivo,	
   it	
   is	
   important	
   to	
   take	
   into	
   account	
   drawbacks	
   such	
   as	
   challenging	
  

pharmacokinetic	
  profile	
   and	
   side	
   effects	
  due	
   to	
  unspecificity.	
  On	
   the	
  other	
  hand,	
  

ASOs	
  are	
  meant	
  to	
  be	
  more	
  specific,	
  but	
  their	
  short	
  half-­‐life	
  and	
  DNAse-­‐mediated	
  

degradation	
   limits	
   their	
   action.	
   Similar	
   to	
   antisense	
   therapy,	
   the	
   in	
   vivo	
   use	
   of	
  

antibodies	
  and	
   ribozymes,	
  which	
  are	
  also	
  under	
   investigation,	
   is	
   limited	
  by	
   their	
  

lack	
   of	
   stability	
   and	
   effective	
   delivery.	
   Although	
   much	
   effort	
   has	
   been	
   made	
   to	
  

develop	
   target-­‐directed	
   therapies	
   against	
   either	
   survivin	
  or	
   Bcl-­‐2,	
   none	
   of	
   these	
  

approaches	
  has	
  been	
  proven	
  to	
  be	
  useful	
  in	
  the	
  clinic	
  (Scarfò	
  &	
  Ghia	
  2013).	
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The	
  major	
  aim	
  of	
  this	
  work	
  was	
  to	
  study	
  and	
  develop	
  PPRHs	
  as	
  a	
  gene	
  silencing	
  

tool.	
  To	
  do	
  so,	
  we	
  established	
  two	
  main	
  goals:	
  
I. Validation	
   of	
   PPRHs	
   both	
   in	
   vitro	
   and	
   in	
   vivo	
   to	
   establish	
   the	
   proof	
   of	
  

principle	
  for	
  their	
  use	
  as	
  a	
  therapeutic	
  tool.	
  

• Comparison	
  between	
  Template-­‐	
   and	
  Coding-­‐PPRHs	
  against	
   survivin	
  

and	
  Bcl-­‐2.	
  

• Exploration	
  of	
  the	
  mechanism	
  of	
  action	
  of	
  PPRHs.	
  

• In	
   vivo	
   administration	
   of	
   the	
   best	
   candidate	
   in	
   a	
   xenograft	
   tumor	
  

model.	
  	
  

• Application	
  of	
  PPRHs	
  to	
  functionally	
  validate	
  targets	
  in	
  proliferation	
  

and	
  in	
  chemotherapeutic	
  resistance.	
  

II. Improvement	
  of	
  PPRHs	
  properties	
  to	
  increase	
  their	
  efficacy	
  and	
  expand	
  

their	
  applications:	
  

• Study	
  of	
  length	
  importance	
  for	
  the	
  design	
  of	
  PPRHs.	
  

• Comparison	
   with	
   TFOs	
   against	
   the	
   same	
   target,	
   at	
   the	
   levels	
   of	
  

binding	
  and	
  effect.	
  

• Study	
  of	
  interruptions	
  to	
  prevent	
  off-­‐target	
  effects.	
  

• Development	
  of	
  new	
  molecules	
  based	
  on	
  PPRHs.	
  

• Study	
  of	
  the	
  uptake	
  of	
  PPRHs	
  in	
  different	
  cell	
  lines.	
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Most	
  of	
  the	
  methodology	
  used	
  in	
  this	
  work	
  is	
  included	
  in	
  the	
  Methods	
  sections	
  

of	
   the	
   enclosed	
   articles.	
   Nevertheless,	
   statement	
   of	
   the	
   cell	
   lines,	
   media	
   and	
  

oligonucleotides	
  used	
  in	
  all	
  the	
  studies,	
  and	
  a	
  more	
  profound	
  description	
  of	
  some	
  

of	
  the	
  methods,	
  are	
  detailed	
  in	
  this	
  section.	
  	
  

	
  

3.1.	
  Materials	
  
3.1.1.	
  Cell	
  lines	
  

All	
   cell	
   lines	
   either	
   from	
   solid	
   tumors	
   or	
   hematopoietic	
  malignancies,	
   used	
   in	
  

the	
  different	
  studies,	
  are	
  specified	
  in	
  Table	
  1.	
  	
  
Table	
  1.	
  Cell	
  lines	
  used	
  in	
  the	
  experiments	
  including	
  information	
  about	
  cell	
  type,	
  organism	
  and	
  cell	
  

line	
  repository.	
  

Name	
   Cell	
  type	
   Organism	
   Repository	
  

Solid	
  tumors	
   	
  

PC3	
   Prostate	
  adenocarcinoma	
   Homo	
  sapiens	
   ECACC	
  

SKBR3	
   Breast	
  adenocarcinoma	
   Homo	
  sapiens	
   ATCC	
  

MiaPaCa2	
   Pancreas	
  carcinoma	
   Homo	
  sapiens	
   ATCC	
  

HCT116	
   Colorectal	
  carcinoma	
   Homo	
  sapiens	
   ATCC	
  

HeLa	
   Cervical	
  adenocarcinoma	
   Homo	
  sapiens	
   ATCC	
  

MCF7	
   Breast	
  adenocarcinoma	
   Homo	
  sapiens	
   ATCC	
  

SaOs	
  2	
  	
   Bone	
  osteosarcoma	
   Homo	
  sapiens	
   ATCC	
  

Hematopoietic	
  malignancies	
  cell	
  lines	
  

Jurkat	
   Acute	
  T	
  cell	
  leukemia	
   Homo	
  sapiens	
   ATCC	
  

K562	
   Chronic	
  myelogenous	
  leukemia	
   Homo	
  sapiens	
   ATCC	
  

EL4.BU	
   Lymphoma	
   Mus	
  musculus	
   ATCC	
  

THP-­‐1	
   Acute	
  monocytic	
  leukemia	
   Homo	
  sapiens	
   ATCC	
  

Granta-­‐519	
   B	
  cell	
  lymphoma	
   Homo	
  sapiens	
   DSMZ	
  

HBL-­‐2	
   B	
  cell	
  lymphoma	
   Homo	
  sapiens	
   (Peng	
  et	
  al.	
  

1985)	
  

WSU-­‐FSCCL	
   Low-­‐grade	
  follicular	
  small	
  cleaved	
  cell	
  

lymphoma	
  

Homo	
  sapiens	
   (Mohammad	
  et	
  

al.	
  1993)	
  

Negative	
  Controls	
  

HUVEC	
   Human	
  Umbilical	
  Vein	
  Endothelial	
  Cells	
   Homo	
  sapiens	
   Lonza	
  

4T1	
   Breast	
  carcinoma	
   Mus	
  musculus	
   ATCC	
  

CT26	
   Colon	
  carcinoma	
   Mus	
  musculus	
   ATCC	
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3.1.2.	
  Media	
  

Cell	
  lines	
  from	
  solid	
  tumors,	
  including	
  those	
  from	
  Mus	
  musculus,	
  were	
  grown	
  in	
  

Ham’s	
  F-­‐12	
  medium	
  supplemented	
  with	
  sodium	
  bicarbonate	
  (14mM,	
  Applichem),	
  

Penicillin	
   G	
   sodium	
   salt	
   (100U/mL,	
   Sigma-­‐Aldrich),	
   streptomycin	
   (100mg/L,	
  

Sigma-­‐Aldrich)	
   and	
   7%	
   fetal	
   bovine	
   serum	
   (FBS,	
   GIBCO,	
   Invitrogen).	
   Cells	
   were	
  

incubated	
   at	
   37º	
   and	
   5%	
   of	
   CO2.	
   Trypsinization	
   to	
   expand	
   cells	
   was	
   performed	
  

using	
  0,05%	
  Trypsin	
  with	
  0,02%	
  EDTA	
  (Sigma-­‐Aldrich)	
   in	
  PBS	
  1X	
  (154mM	
  NaCl,	
  

3,88mM	
  H2NaPO4,	
  6,1mM	
  HNaPO4,	
  pH	
  7,4).	
  	
  

Jurkat,	
   K562,	
   EL4.BU	
   and	
   THP-­‐1	
   cells	
   were	
   grown	
   in	
   the	
   above-­‐mentioned	
  

conditions.	
  Subculture	
  did	
  not	
  need	
  trypsin,	
  but	
  instead	
  dilution	
  into	
  new	
  medium	
  

depending	
  on	
  confluency	
  was	
  performed.	
  	
  

Granta-­‐519	
  cells	
  were	
  grown	
  in	
  DMEM,	
  containing	
  sodium	
  bicarbonate	
  (44mM,	
  

Applichem),	
  Penicillin	
  G	
  sodium	
  salt	
  (100U/mL,	
  Sigma-­‐Aldrich)	
  and	
  streptomycin	
  

(100mg/L,	
  Sigma-­‐Aldrich).	
  HBL-­‐2	
  and	
  WSU-­‐FSCCL	
  cells	
  were	
  grown	
  in	
  RPMI-­‐1640,	
  

containing	
   sodium	
   bicarbonate	
   (23.8mM,	
   Applichem),	
   Penicillin	
   G	
   sodium	
   salt	
  

(100U/mL,	
   Sigma-­‐Aldrich),	
   streptomycin	
   (100mg/L,	
   Sigma-­‐Aldrich),	
   Sodium	
  

Pyruvate	
   (1mM,	
   Sigma-­‐Aldrich)	
   and	
   HEPES	
   (1mM,	
   Sigma-­‐Aldrich).	
   Both	
   media	
  

were	
   supplemented	
   with	
   10%	
   FBS	
   (GIBCO,	
   Invitrogen).	
   	
   Granta-­‐519	
   cells	
   were	
  

diluted	
  at	
  a	
  ratio	
  1/3	
  and	
  HBL-­‐2	
  and	
  WSU-­‐FSCCL	
  cells	
  at	
  a	
  ratio	
  1/4,	
  every	
  other	
  

day.	
  	
  	
  

HUVEC	
   cells	
   were	
   cultured	
   in	
   Endothelial	
   cell	
   Basal	
   Medium	
   EBM	
   (Lonza),	
  

supplemented	
  with	
  hEGF,	
  hydrocortisone,	
  brain	
  bovine	
  extract,	
  gentamicine	
  (EGM,	
  

Lonza)	
  and	
  10%	
  FCS	
  (Invitrogen).	
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3.1.3.	
  PPRHs	
  and	
  other	
  oligonucleotides	
  

	
  PPRHs	
   and	
   other	
   molecules	
   designed	
   against	
   every	
   target	
   tested	
   in	
   the	
  

experiments	
  are	
  detailed	
  in	
  the	
  Tables	
  below.	
  	
  

Nomenclature	
  of	
  the	
  oligonucleotides	
  used	
  in	
  the	
  studies	
  is	
  described	
  below:	
  

-­‐ Hp:	
  PPRH	
  hairpin;	
  TFO:	
  Triplex	
  Forming	
  Oligonucleotide.	
  

-­‐ Gene:	
  s	
  for	
  survivin;	
  t	
  for	
  TERT;	
  bcl2	
  for	
  Bcl-­‐2;	
  d	
  for	
  DHFR.	
  

-­‐ Location	
  within	
  the	
  gene	
  sequence:	
  Pr	
  for	
  promoter;	
  I	
  for	
  intron;	
  E	
  for	
  exon.	
  

Number	
  indicates	
  which	
  intron	
  or	
  exon.	
  	
  

-­‐ Type	
  of	
  PPRH:	
  -­‐T	
  for	
  Template-­‐PPRH;	
  -­‐C	
  for	
  Coding-­‐PPRH;	
  WT	
  for	
  Wild-­‐type	
  

PPRH.	
  	
  	
  

-­‐ Negative	
   controls:	
   WC	
   for	
   a	
   hairpin	
   with	
   intramolecular	
   Watson-­‐Crick	
  

bonds;	
   Sc	
   for	
   a	
  molecule	
  with	
   a	
   scrambled	
   sequence	
   and	
   no	
   target	
   in	
   the	
  

human	
  genome.	
  	
  

Tables	
  are	
  divided	
  by	
  targets	
  and/or	
  applications.	
  

	
  
Table	
  2.	
  	
  PPRHs,	
  TFOs	
  and	
  Wedge-­‐PPRHs	
  directed	
  against	
  the	
  survivin	
  gene.	
  Negative	
  controls.	
  

DNA	
  sequences	
  used	
  in	
  the	
  binding	
  experiments.	
  

Name	
   Sequence	
  (5’-­‐3’)*	
   Location	
  

PPRHs	
  against	
  survivin	
   	
  

HpsPr-­‐T	
   GGGGAGGGAGGGGAGGGGGAAAGAAATTTTTAAAGAAAGGGGGAGG

GGAGGGAGGGG	
  

Promoter	
  

-­‐1009	
  

HpsPr-­‐C	
   AGGGGAGGGAAGGAGAGAAGTTTTTGAAGAGAGGAAGGGAGGGGA	
   Promoter	
  

-­‐525	
  

HpsI1-­‐C	
   GGGGAAAAAGAAGGGAGGGGAGGTTTTTGGAGGGGAGGGAAGAAAA

AGGGG	
  

Intron	
   1	
  

+413	
  

HpsE4-­‐C	
   AAGAAAGGGAGGAGGGAGAATTTTTAAGAGGGAGGAGGGAAAGAA	
   3’UTR	
  

+10413	
  

Wild-­‐type	
  PPRHs	
  against	
  survivin	
   	
  

HpsPr-­‐T	
  WT	
   GGGGAGGGTGGGGCGGGGGTAAGAAATTTTTAAAGAATGGGGGCGGG

GTGGGAGGGG	
  

Promoter	
  

-­‐1009	
  

HpsPr-­‐T	
  WT	
  2	
   GGGGAGGGAGGGGAGGGGGAAAGAAATTTTTAAAGAATGGGGGCGGG

GTGGGAGGGG	
  

Promoter	
  

-­‐1009	
  

HpsPr-­‐C	
  WT	
   AGGGGAGGGATGGAGTGCAGTTTTTGACGTGAGGTAGGGAGGGGA	
  

	
  

	
  

Promoter	
  

-­‐525	
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TFOs	
  against	
  survivin	
  

TFO-­‐sPr-­‐T	
   GAAGAGAGGAAGGGAGGGGA	
   Promoter	
  	
  	
  

-­‐525	
  

TFO-­‐sPr-­‐C	
   GGGGAGGGAGGGGAGGGGGAAAGAAA	
   Promoter	
  	
  	
  

-­‐1009	
  

Wedge-­‐PPRHs	
  against	
  survivin	
  

Wedge-­‐PPRH	
  

(23)	
  

CTCCCACCCCGCCCCCATTCTTTTTTTTAAAGAATGGGGGCGGGGTGG

GAGGGGTTTTTGGGGAGGGTGGGGCGGGGGTAAGAAA	
  

Promoter	
  	
  

-­‐1009	
  

Wedge-­‐PPRH	
  

(17)	
  

CCCCGCCCCCATTCTTTTTTTTAAAGAATGGGGGCGGGGTGGGAGGGG

TTTTTGGGGAGGGTGGGGCGGGGGTAAGAAA	
  

Promoter	
  	
  

-­‐1009	
  

Negative	
  controls	
   	
  

Hps-­‐WC	
   CCCCTCCCTCCCCTCCCCCTTTCTTTTTTTTAAAGAAAGGGGGAGGGGAGGGAGGGG	
  

Hps-­‐Sc	
   AAGAGAAAAAGAGAAAGAAGAGAGGGTTTTTGGGAGAGAAGAAAGAGAAAAAGAGA

A	
  

TFO-­‐Sc	
   GGAAAAAGGAGGA	
  

Wedge-­‐PPRH	
  

WC	
  

CCCCGCCCCCATTCTTTTTTTTAAAGAATGGGGGCGGGGTGGGAGGGGTTTTTCCCCT

CCCACCCCGCCCCCATTCTTT	
  

Binding	
  experiments	
  

Forward	
  target	
  sequence	
  for	
  HpsPr-­‐T	
   ATTAAAGAATGGGGGCGGGGTGGGAGGGGTGG	
  

Reverse	
  target	
  sequence	
  for	
  HpsPr-­‐T	
   CCACCCCTCCCACCCCGCCCCCATTCTTTAAT	
  

Forward	
  target	
  sequence	
  for	
  HpsPr-­‐C	
   CTGCTGCACTCCATCCCTCCCCTGTT	
  

Reverse	
  target	
  	
  sequence	
  for	
  HpsPr-­‐C	
   AACAGGGGAGGGATGGAGTGCAGCAG	
  

Sp1	
  consensus	
  sequence	
   ATTCGATCGGGGCGGGGCGAGC	
  

GATA	
  consensus	
  sequence	
   CACTTGATAACAGAAAGTGATAACTCT	
  

non-­‐related	
  sequence	
   AGGAACTCGCGTCCCAGCCA	
  

*Mismatches	
  and	
  its	
  wild-­‐type	
  base	
  are	
  in	
  bold.	
  Polypyrimidine	
  target	
  sequences	
  for	
  PPRHs	
  are	
  

underlined.	
  

	
  
Table	
  3.	
  DNA	
  oligonucleotides	
  sequences	
  and	
  PPRHs	
  of	
  different	
  lengths	
  against	
  the	
  telomerase	
  

(TERT)	
  gene.	
  

Name	
   Sequence	
  (5’-­‐3’)*	
   Length	
  

(nt)	
  #	
  

PPRHs	
  against	
  TERT	
   	
  

HptI10-­‐T	
   AGGAAAAGGAAGAGGGAGGAAGGAAGGAGGTTTTTGGAGGAAGGAA

GGAGGGAGAAGGAAAAGGA	
  

30	
  

40



	
  

	
  

HptI10-­‐T2	
   AAGGAAGAGGGAGGAAGGAAGGAGGTTTTTGGAGGAAGGAAGGAGG

GAGAAGGAA	
  

25	
  

HptI10-­‐T3	
   GAAGAGGGAGGAAGGAAGGATTTTTAGGAAGGAAGGAGGGAGAAG	
   20	
  

Binding	
  experiments	
   	
  

Forward	
  target	
  sequence	
   CAGGCAGGACAAGGAAGCGGGAGGAAGGCAGGAGGCTCTT	
  

Reverse	
  target	
  	
  sequence	
   AAGAGCCTCCTGCCTTCCTCCCGCTTCCTTGTCCTGCCTG	
  

*Mismatches	
  are	
  in	
  bold.	
  Polypyrimidine	
  target	
  sequence	
  for	
  PPRHs	
  is	
  underlined.	
  
#Length	
  of	
  the	
  sequence	
  of	
  the	
  PPRH	
  that	
  binds	
  to	
  the	
  polypirimidine	
  target	
  sequence.	
  Total	
  length	
  
of	
  the	
  PPRH	
  will	
  be	
  the	
  specified	
  length	
  multiplied	
  by	
  two	
  plus	
  5	
  thymidines.	
  	
  
	
  

Table	
  4.	
  PPRHs	
  directed	
  against	
  the	
  Bcl-­‐2	
  gene.	
  

Name	
   Sequence	
  (5’-­‐3’)*	
   Location	
  

PPRHs	
  against	
  Bcl-­‐2	
   	
  

HpBcl2Pr-­‐C	
   GGAGAGGGGAGGGGAGAAGGAGGTTTTTGGAGGAAGAGGGGAGGG

GAGAGG	
  

Promoter	
  	
  

-­‐378	
  

HpBcl2E1-­‐C	
   GAGGGGAGAGGGAGAAAAAATTTTTAAAAAAGAGGGAGAGGGGAG	
   Exon	
  1	
  

	
  +65	
  

HpBcl2I2-­‐T	
  	
   GAAGGGGGAAGAAGAGAGAGAAGAGAGAGATTTTTAGAGAGAGAA

GAGAGAGAAGAAGGGGGAAG	
  	
  

Intron	
  2	
  

+32279	
  

HpBcl2I2-­‐C	
   GGGGAGGAGGAAAAGAAGGAAGGAAGAGGTTTTTGGAGAAGGAAG

GAAGAAAAGGAGGAGGGG	
  	
  

Intron	
  2	
  

+112542	
  	
  

Wild-­‐type	
  PPRHs	
  against	
  Bcl-­‐2	
  

HpBcl2E1-­‐C	
  

WT	
  

GCGGGGAGAGGGAGTAAAAATTTTTAAAAATGAGGGAGAGGGGCG	
   Exon	
  1	
  

	
  +65	
  

*Mismatches	
  and	
  its	
  wild-­‐type	
  base	
  are	
  in	
  bold.	
  

	
  
Table	
  5.	
  PPRH,TFO	
  and	
  ASO	
  used	
  in	
  the	
  uptake	
  experiments.	
  

Name	
   Sequence	
  (5’-­‐3’)*	
  

Uptake	
  experiments:	
  

Hp-­‐F	
  (HpdI3-­‐B)	
   [F]GGAGGAGGGAGAGGGAGGAGTTTTTGAGGAGGGAGAGGGAGGAGG	
  

TFBO-­‐F	
   [F]AAAGGATAGAATTAATATAGTTTAGTCATCTCTCGAGTTCATTCACTGTACTCCG

G	
  

ASO-­‐F	
   [F]GTTTAGCGAACCAACCAT	
  

*All	
  the	
  molecules	
  are	
  labeled	
  with	
  FITC	
  at	
  5’.	
  Incubation	
  with	
  these	
  molecules	
  in	
  Ham’s	
  F12	
  media	
  
did	
  not	
  cause	
  cytotoxicity,	
  thus	
  allowing	
  uptake	
  measurement.	
  HpdI3-­‐B	
  has	
  the	
  same	
  sequence	
  as	
  
Hp-­‐F	
  but	
  lacks	
  the	
  5'	
  labeling.	
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3.2.	
  Methods	
  	
  
3.2.1.	
  Design	
  of	
  PPRHs	
  

The	
   Triplex-­‐Forming	
   Oligonucleotide	
   Target	
   Sequence	
   Search	
   software	
  

(spi.mdanderson.org/tfo/,	
  M.D.	
  Anderson	
  Cancer	
  Center,	
  Houston,	
  TX)	
  was	
  used	
  to	
  

design	
  PPRHs.	
  This	
  online	
   tool	
   looks	
   for	
  polypurine	
   sequences	
  upon	
   selection	
  of	
  

the	
  gene	
  of	
  interest.	
  The	
  output	
  consists	
  of	
  a	
  list	
  of	
  sequences	
  complying	
  with	
  the	
  

parameters	
   that	
   have	
   been	
   previously	
   set,	
   i.e,	
   minimum	
   length,	
   %G,	
   maximum	
  

number	
  of	
  interruptions.	
  The	
  output	
  also	
  gives	
  the	
  location	
  of	
  the	
  sequence	
  within	
  

the	
  gene,	
   either	
   the	
   forward	
  or	
   the	
   reverse	
   strand,	
   its	
   exact	
   starting	
  point	
   in	
   the	
  

gene	
   sequence	
   and	
   its	
   location:	
   within	
   the	
   promoter,	
   exonic	
   or	
   intronic.	
   An	
  

example	
   of	
   the	
   output	
   is	
   shown	
   in	
   Figure	
   7.	
  We	
   only	
   selected	
   sequences	
  with	
   a	
  

minimum	
   length	
   of	
   20	
   nucleotides	
   and	
   with	
   a	
   maximum	
   of	
   3	
   pyrimidine	
  

mismatches	
  within	
   the	
  polypurine	
   sequence.	
  The	
  PPRH	
  sequences	
   corresponded	
  

to	
  the	
  5'-­‐3'	
  sequence	
  obtained	
  with	
  the	
  bioinformatic	
  tool,	
  plus	
  5	
  thymidines	
  at	
  its	
  

3'	
   followed	
   by	
   the	
   same	
   sequence	
   in	
   the	
   antiparallel	
   orientation.	
   We	
   selected	
  

sequences	
   from	
   all	
   regions,	
   i.e.	
   promoter,	
   exon	
   and	
   intron,	
   and	
   from	
   either	
   the	
  

template	
   or	
   the	
   coding	
   strands,	
   to	
   compare	
   the	
   effect	
   of	
   PPRHs.	
   Once	
   we	
   had	
  

selected	
  proper	
  candidates,	
  BLAST	
  analyses	
  were	
  performed	
  to	
  confirm	
  specificity	
  

of	
  the	
  designed	
  PPRHs.	
  The	
  candidates	
  with	
  less	
  unintended	
  targets	
  were	
  chosen.	
  

PPRHs	
   were	
   synthesized	
   as	
   non-­‐modified,	
   desalted	
   oligodeoxynucleotides	
   by	
  

Sigma-­‐Aldrich	
   (0.05	
  µmol	
   scale).	
   Lyophilized	
  PPRHs	
  were	
   resuspended	
   in	
   sterile	
  

Tris-­‐EDTA	
  buffer	
  (1	
  mM	
  EDTA	
  and	
  10	
  mM	
  Tris,	
  pH	
  8.0)	
  and	
  stored	
  at	
  -­‐20	
  ºC.	
  

Figure	
  7.	
  Output	
  information	
  for	
  the	
  survivin	
  gene	
  using	
  the	
  TFO	
  Target	
  Sequence	
  Search.	
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3.2.2.	
  Cellular	
  uptake	
  of	
  PPRHs	
  

To	
   determine	
   the	
   internalization	
   efficiency	
   of	
   PPRHs	
   in	
   different	
   cell	
   lines,	
  

uptake	
  experiments	
  were	
  performed	
  using	
  a	
  fluorescent	
  PPRH	
  and	
  flow	
  cytometry	
  

analyses.	
  We	
  also	
  determined	
  uptake	
  of	
  a	
   fluorescent	
  TFO	
  and	
  a	
   fluorescent	
  ASO	
  

using	
  the	
  same	
  methodology.	
  

For	
  cancer	
  cell	
  lines	
  from	
  solid	
  tumors	
  (PC3,	
  MiaPaCa	
  2	
  and	
  HCT116),	
  200,000	
  

cells	
  were	
  seeded	
   in	
  55-­‐mm	
  dishes	
  with	
  2	
  ml	
  complete	
  F-­‐12	
  medium.	
  Cells	
  were	
  

treated	
   with	
   two	
   different	
   concentrations	
   of	
   FITC-­‐PPRH	
   (Hp-­‐F)	
   either	
   with	
   the	
  

transfection	
   reagent	
  DOTAP	
  or	
  without	
   it.	
   The	
   goal	
   of	
   these	
   experiments	
  was	
   to	
  

determine	
  the	
  best	
  conditions	
  to	
  use	
  the	
  PPRHs	
  in	
  combination	
  with	
  the	
  liposomal	
  

reagent.	
  	
  

For	
  cells	
  growing	
  in	
  suspension,	
  experiments	
  were	
  performed	
  seeding	
  200,000	
  

cells	
  in	
  6-­‐well	
  dishes	
  using	
  a	
  final	
  volume	
  of	
  1	
  mL	
  of	
  the	
  corresponding	
  medium	
  for	
  

each	
   cell	
   line.	
   The	
   goal	
  was	
   to	
   analyze	
   the	
   uptake	
   of	
   the	
  Hp-­‐F	
   and	
   the	
  ASO-­‐F	
   in	
  

these	
  cell	
  lines,	
  either	
  naked	
  or	
  using	
  DOTAP.	
  

In	
  all	
  cases,	
  24	
  h	
  after	
  transfection,	
  cells	
  were	
  collected,	
  centrifuged	
  at	
  800	
  x	
  g	
  at	
  

4°C	
  for	
  5	
  minutes,	
  and	
  washed	
  once	
  in	
  PBS.	
  The	
  pellet	
  was	
  resuspended	
  in	
  500	
  µl	
  

PBS	
  plus	
  Propidium	
  iodide	
  (PI)	
  (final	
  concentration	
  5	
  µg/ml,	
  Sigma-­‐Aldrich).	
  Cells	
  

were	
   kept	
   on	
   ice	
   for	
   no	
   longer	
   than	
   30	
   min.	
   Flow	
   cytometric	
   analyses	
   were	
  

performed	
  in	
  a	
  Coulter	
  XL	
  cytometer	
  and	
  data	
  were	
  processed	
  using	
  the	
  software	
  

Summit	
  v4.3	
  (Figure	
  8).	
  Forward	
  and	
  side	
  scatter	
  parameters	
  were	
  used	
  to	
  select	
  

the	
  population	
  to	
  analyze	
  (R1).	
  PI	
  labeling	
  allowed	
  the	
  discard	
  of	
  dead	
  cells	
  (R4),	
  

which	
  internalize	
  highly	
  the	
  molecule	
  and	
  could	
  cause	
  a	
  false	
  positive	
  result.	
  Viable	
  

cells	
  with	
  the	
  appropriate	
  size	
  and	
  complexity	
  (R1	
  and	
  R2)	
  were	
  then	
  analyzed	
  for	
  

FITC	
  fluorescence.	
  FITC+	
  IP-­‐	
  cells	
  (R3)	
  were	
  counted	
  as	
  %	
  of	
  fluorescent	
  cells,	
  and	
  

their	
  mean	
   ratio	
  was	
   calculated	
   relative	
   to	
   the	
  mean	
   fluorescence	
   of	
   the	
   control	
  

without	
  treatment.	
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3.2.3.	
   Methodology	
   to	
   study	
   the	
   mechanism	
   of	
   action	
   of	
   PPRHs	
   against	
  

promoter	
  sequences	
  

The	
  mechanism	
  of	
  action	
  of	
  the	
  two	
  PPRHs	
  against	
  promoter	
  sequences	
  of	
  the	
  

survivin	
  gene	
  was	
  performed	
  using	
   in	
  silico	
   analyses	
  and	
  EMSA	
  assays,	
  both	
  with	
  

HeLa	
  and	
  PC3	
  nuclear	
  extracts.	
   In	
  the	
  Materials	
  and	
  Methods	
  Section	
  of	
  Article	
   I,	
  

the	
  techniques	
  for	
  this	
  study	
  for	
  HeLa	
  nuclear	
  extracts	
  are	
  described.	
  Here	
  there	
  is	
  

an	
  in-­‐depth	
  explanation,	
  including	
  PC3	
  experiments.	
  	
  	
  

3.2.3.1.	
  	
  In	
  silico	
  analyses	
  

Using	
   the	
   target	
   sequence	
   for	
   both	
   PPRHs	
   against	
   the	
   promoter	
   sequences	
   of	
  

the	
   survivin	
   gene	
   (HpsPr-­‐T	
   and	
   HpsPr-­‐C),	
   we	
   performed	
   an	
   in	
   silico	
   analysis	
   to	
  

predict	
   transcription	
   factors	
   that	
  might	
  bind	
   to	
   these	
   target	
   sequences.	
  We	
  used	
  

the	
  MATCHTM	
   software	
   applying	
   a	
   cut-­‐off	
   of	
   0.95	
   for	
  matrix	
   similarity	
   and	
   core	
  

similarity.	
  The	
  output	
  consisted	
   in	
  different	
  putative	
   transcription	
   factors,	
  with	
  a	
  

core	
  and	
  matrix	
  match	
  values	
  between	
  0.95	
  and	
  1.	
  	
  

Figure	
  8.	
  Representative	
  image	
  of	
  the	
  flow	
  cytometry	
  analysis.	
  FS	
  vs	
  SS	
  histogram	
  (above,	
  
on	
   the	
   left),	
   FS	
   vs	
   IP	
   labeling	
   (FL2)	
   (above,	
   on	
   the	
   right),	
   Counts	
   (Number	
   of	
   cells)	
   vs	
   FITC	
  
(below).	
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3.2.3.2.	
  Nuclear	
  extraction	
  

HeLa	
  or	
  PC3	
  cells	
  were	
  recovered	
  by	
  trypsinization,	
  centrifuged	
  at	
  800	
  x	
  g	
  for	
  5	
  

min	
  and	
  resuspended	
   in	
  hypotonic	
  buffer	
  (15mM	
  NaCl,	
  60mM	
  KCl,	
  0,5mM	
  EDTA,	
  

1mM	
  PMSF,	
  1mM	
  β-­‐mercaptoethanol	
  and	
  15mM	
  Tris-­‐HCl,	
  pH	
  8.0)	
  for	
  5	
  min.	
  Then,	
  

cells	
  were	
  centrifuged	
  again	
  at	
  800	
  x	
  g	
  for	
  5	
  min	
  and	
  washed	
  with	
  hypotonic	
  buffer	
  

containing	
   either	
   0.05%	
   or	
   0.1%	
   of	
   Triton	
   to	
   lysate	
   either	
   HeLa	
   or	
   PC3	
   cells,	
  

respectively.	
  	
  After	
  centrifugation	
  for	
  5	
  min	
  at	
  1,200	
  x	
  g,	
  nuclei	
  were	
  washed	
  with	
  

hypotonic	
  buffer	
  once	
  more	
  without	
   triton,	
   and	
  resuspended	
   in	
  hypotonic	
  buffer	
  

and	
  KCl	
  at	
  a	
   final	
   concentration	
  of	
  360mM.	
  Sample	
   tubes	
  were	
  rotated	
   (12	
  rpm)	
  

with	
  a	
  45º	
   inclination	
  at	
  4ºC	
  for	
  45	
  min.	
  Finally,	
  nuclear	
  extracts	
  were	
  separated	
  

from	
  chromatin	
  after	
  centrifugation	
  at	
  100,000	
  x	
  g	
  for	
  30	
  min.	
  

3.2.3.3.	
  Electrophoretic	
  mobility	
  shift	
  assays	
  (EMSA)	
  

EMSAs	
  were	
  performed	
  to	
  establish	
  the	
  mechanism	
  of	
  action	
  of	
  PPRHs	
  against	
  

promoter	
   sequences	
  within	
   the	
   survivin	
   gene.	
   The	
   radiolabeled	
   double-­‐stranded	
  

target	
   sequences	
   (20,000	
   cpm)	
   were	
   incubated	
   in	
   20µl	
   reaction	
   mixtures	
  

containing	
   a	
   1:2	
   ratio	
   of	
   unspecific	
   DNA:Protein	
   extract	
   (1	
   µg	
   Herring	
   Sperm	
  

(Invitrogen):	
   2	
   µg	
   nuclear	
   extract	
   protein),	
   and	
   the	
   following	
   reagents:	
   5%	
  

glycerol,	
  4	
  mM	
  MgCl2,	
  60	
  mM	
  KCl	
  and	
  25	
  mM	
  Tris-­‐HCl,	
  pH	
  8.0.	
  	
  All	
  the	
  components	
  

but	
  the	
  probe	
  were	
  pre-­‐incubated	
  for	
  15	
  min	
  in	
  ice,	
  then	
  the	
  probe	
  was	
  added	
  and	
  

the	
  mixture	
   was	
   incubated	
   for	
   15	
  more	
  minutes.	
   Samples	
   were	
   resolved	
   by	
   gel	
  

electrophoresis	
  (5%	
  polyacrylamide/bisacrylamide,	
  5%	
  glycerol,	
  1	
  mM	
  EDTA	
  and	
  

45	
  mM	
  Tris-­‐borate,	
  pH	
  8.0).	
  	
  

We	
  performed	
  two	
  different	
   types	
  of	
  experiments	
   to	
   identify	
   the	
  transcription	
  

factors	
  involved	
  in	
  the	
  binding:	
  i)	
  competition	
  using	
  the	
  PPRHs	
  and	
  the	
  consensus	
  

sequences	
  for	
  specific	
  transcription	
  factors	
  and	
  ii)	
  super-­‐shift	
  assays.	
  

i)	
  In	
  competition	
  experiments,	
  dsDNA	
  consensus	
  sequences	
  (specified	
  in	
  Table	
  

2,	
   Binding	
   experiments)	
   for	
   the	
   putative	
   transcription	
   factors,	
   as	
   well	
   as	
   the	
  

different	
  PPRHs,	
  were	
  added	
  in	
  excess	
  (ranging	
  between	
  100-­‐	
  to	
  1000-­‐fold	
  relative	
  

to	
  the	
  radiolabeled	
  probe)	
  to	
  the	
  reaction	
  mixture.	
  	
  	
  

ii)	
   In	
   the	
   supershift	
   assays,	
  2	
  µg	
  or	
  4	
  µg	
  of	
   rabbit	
  polyclonal	
   antibody	
  against	
  

either	
  Sp1	
  (PEP-­‐2	
  X)	
  or	
  Sp3	
  (D-­‐20X),	
  GATA-­‐2	
  (H-­‐116X)	
  or	
  GATA-­‐3	
  (H-­‐48X)	
  	
  (Santa	
  

Cruz	
  Biotechnology,	
  Heidelberg,	
  Germany),	
  were	
  added	
  to	
  the	
  reaction	
  mixture	
  15	
  

min	
  before	
  electrophoresis.	
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The	
   dried	
   gel	
   was	
   exposed	
   to	
   Europium	
   plates	
   OVN.	
   Radioactive	
   levels	
   were	
  

detected	
  by	
  using	
  a	
  Storm	
  840	
  Phosphorimager.	
  Quantification	
  of	
  the	
  intensity	
  of	
  

the	
  bands	
  was	
  executed	
  with	
  ImageQuant	
  software.	
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4.	
  RESULTS	
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Background	
  

PPRHs	
   are	
   double-­‐stranded	
   DNA	
   molecules	
   formed	
   by	
   two	
   homopurine	
  

domains	
   linked	
   by	
   a	
   five-­‐thymidine	
   loop.	
   PPRHs	
   form	
   intramolecular	
   reverse	
  

Hoogsteen	
  bonds	
  and	
  are	
  capable	
  of	
  binding	
   to	
  a	
  polypirimidine	
   target	
  sequence	
  

by	
  Watson-­‐Crick	
   bonds,	
   thus	
   causing	
   a	
   decrease	
   in	
   gene	
   expression.	
   PPRHs	
   are	
  

designed	
   against	
   pyrimidine	
   stretches	
   present	
   mainly	
   in	
   regulatory	
   regions	
   of	
  

genes.	
   	
   There	
   are	
   two	
   types	
   of	
   PPRHs	
   depending	
   on	
   the	
   location	
   of	
   their	
   target	
  

sequence,	
  either	
   the	
   template	
  or	
   the	
  coding	
  strand	
  of	
   the	
  DNA.	
  Previously	
   in	
  our	
  

group,	
   both	
   types	
   of	
   PPRHs	
   against	
  DHFR	
   were	
   proved	
   to	
   decrease	
   viability	
   of	
  

breast	
  cancer	
  cells	
  by	
  means	
  of	
  decreasing	
  DHFR	
  levels	
  (de	
  Almagro	
  et	
  al.	
  2009;	
  de	
  

Almagro	
  et	
  al.	
  2011).	
  

Objectives	
  

The	
  aim	
  of	
  this	
  work	
  was	
  to	
  establish	
  the	
  proof	
  of	
  principle	
  of	
  PPRHs	
  for	
  their	
  

use	
  as	
  gene	
   silencing	
   tool	
  both	
   in	
  vitro	
   and	
   in	
  vivo,	
   using	
  as	
  a	
  model	
   the	
   survivin	
  

gene.	
  	
  

Results	
  

PPRHs	
   against	
   different	
   regions	
   (promoter,	
   exon	
   and	
   intron)	
   of	
   the	
   survivin	
  

gene	
  were	
  designed	
   and	
   their	
   effect	
  was	
   compared	
   in	
   terms	
  of	
   cell	
   viability	
   and	
  

apoptosis.	
  	
  The	
  four	
  PPRHs	
  decreased	
  cell	
  viability	
  and	
  increased	
  apoptosis	
  at	
  the	
  

range	
  of	
  nanomolar,	
  in	
  PC3	
  cell	
  line.	
  These	
  PPRHs	
  did	
  not	
  cause	
  a	
  decrease	
  in	
  cell	
  

viability	
  in	
  a	
  normal	
  cell	
  line	
  (HUVEC)	
  and	
  two	
  murine	
  cancer	
  cell	
  lines	
  (CT26	
  and	
  

4T1).	
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We	
  observed	
  that	
  the	
  most	
  effective	
  PPRHs	
  were	
  a	
  Template-­‐	
  (HpsPr-­‐T)	
  and	
  a	
  

Coding-­‐PPRH	
  (HpsPr-­‐C)	
  against	
  two	
  different	
  regions	
  of	
  the	
  survivin	
  promoter,	
  and	
  

decided	
  to	
  study	
  them	
  in-­‐depth.	
  Both	
  PPRHs	
  decreased	
  survivin	
  mRNA	
  and	
  protein	
  

levels.	
  To	
  identify	
  their	
  mechanism	
  of	
  action	
  we	
  performed	
  EMSA	
  assays.	
  First,	
  we	
  

confirmed	
   their	
   specific	
   binding	
   to	
   their	
   target	
   sequence.	
   Secondly,	
   we	
  

hypothesized	
  that	
  the	
  binding	
  of	
  these	
  PPRHs	
  could	
   interfere	
  with	
  the	
  binding	
  of	
  

putative	
  transcription	
  factors	
  specific	
   for	
  their	
  target	
  sequences.	
  After	
  an	
   in	
  silico	
  

analysis	
   and	
   literature	
   mining,	
   we	
   studied	
   the	
   role	
   of	
   Sp1	
   and	
   Sp3	
   for	
   the	
  

Template-­‐PPRH	
  (HpsPr-­‐T)	
  and	
  GATA	
  for	
  the	
  Coding-­‐PPRH	
  (HpsPr-­‐C).	
  Using	
  EMSA	
  

assays	
   with	
   nuclear	
   extracts	
   and	
   competitors,	
   we	
   determined	
   that	
   HpsPr-­‐T	
   and	
  

HpsPr-­‐C	
  prevented	
  the	
  binding	
  of	
  Sp1/3	
  and	
  GATA-­‐3,	
  respectively.	
  

	
  	
  Finally,	
  we	
  conducted	
  two	
  in	
  vivo	
  efficacy	
  assays	
  using	
  two	
  different	
  routes	
  of	
  

administration,	
   either	
   intratumoral	
   or	
   intravenous,	
   in	
   a	
   subcutaneous	
   xenograft	
  

tumor	
   model	
   of	
   PC3	
   prostate	
   cancer	
   cells.	
   We	
   compared	
   the	
   tumor	
   growth	
  

throughout	
  the	
  administration	
  of	
  either	
  HpsPr-­‐C	
  (the	
  most	
  effective	
  one	
  in	
  terms	
  

of	
   decrease	
   in	
   cell	
   viability	
   and	
   increase	
   in	
   apoptosis)	
   or	
   Hps-­‐Sc	
   (an	
   scrambled	
  

hairpin	
  without	
  target	
  in	
  the	
  human	
  genome).	
  We	
  observed	
  that,	
  independently	
  of	
  

the	
  route	
  of	
  administration,	
  the	
  specific	
  Coding-­‐PPRH	
  caused	
  a	
  decrease	
  in	
  tumor	
  

volume,	
   in	
   parallel	
   with	
   a	
   decrease	
   in	
   survivin	
   protein	
   levels	
   and	
   blood	
   vessel	
  

formation.	
   Administration	
   of	
   PPRHs	
   did	
   not	
   cause	
   a	
   decrease	
   in	
   body	
   animal	
  

weight,	
  indicating	
  lack	
  of	
  toxicity.	
  	
  	
  

Conclusions:	
  

To	
  sum	
  up,	
   these	
  results	
  constituted	
   the	
  proof	
  of	
  principle	
  of	
  PPRHs	
  as	
  a	
  new	
  

gene	
  silencing	
  tool	
  in	
  cancer	
  therapeutics.	
  	
  

	
  

	
  
	
   	
  

50



Author's personal copy

Polypurine reverse Hoogsteen hairpins as a gene therapy tool against
survivin in human prostate cancer PC3 cells in vitro and in vivo

Laura Rodrı́guez a, Xenia Villalobos a, Sheila Dakhel b, Laura Padilla b, Rosa Hervas b,
Jose Luis Hernández b, Carlos J. Ciudad a,*, Véronique Noé a
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1. Introduction

Nowadays, modulation of gene expression by nucleic acids has
become a routine tool for laboratory research. Different molecules
are used as gene modulating tools, such as antisense oligonucleo-
tides (aODNs) or small-interference RNAs (siRNAs). In addition, we
have recently described the development of a new type of
molecules named polypurine reverse Hoogsteen hairpins (PPRHs),
capable of decreasing gene expression.

PPRHs are non-modified DNA molecules formed by two
antiparallel polypurine stretches linked by a five-thymidine loop

[1,2]. The intramolecular linkage consists of reverse Hoogsteen
bonds between adenines and guanines. Then, PPRHs bind to
their polypyrimidine target sequence by Watson–Crick bonds
forming a triplex structure and displacing the fourth strand of the
dsDNA [2].

To design a PPRH, it is essential to find polypyrimidine/
polypurine stretches within the gene sequence. These sequences
are more common in the genome than it was predicted by
random models [3]; they are mostly located in non-coding
sequences, including promoters and introns, although they can
also be found in coding regions at low frequency. The target
sequences do not have to be pure stretches of polypyrimidines
and may contain a small number of purine interruptions, since
the usage of adenines as a wild card in the PPRH overcomes the
instability caused by the interruptions, thus maintaining a
functional binding to the target [4].

In previous studies, we described two types of PPRHs with
the ability to bind to a target sequence located either in the
template DNA strand, Template-PPRHs [4] or in the coding DNA
strand, Coding-PPRHs [5]. Each of these molecules is able,
through different mechanisms, to decrease gene expression. On
the one hand, Template-PPRHs interfere with the transcription

Biochemical Pharmacology 86 (2013) 1541–1554

A R T I C L E I N F O

Article history:

Received 24 July 2013

Accepted 12 September 2013

Available online 23 September 2013

Keywords:

PPRH

Survivin

Gene silencing

Xenograft

Prostate cancer

A B S T R A C T

As a new approach for gene therapy, we recently developed a new type of molecule called polypurine

reverse Hoogsteen hairpins (PPRHs). We decided to explore the in vitro and in vivo effect of PPRHs in

cancer choosing survivin as a target since it is involved in apoptosis, mitosis and angiogenesis, and

overexpressed in different tumors. We designed four PPRHs against the survivin gene, one of them

directed against the template strand and three against different regions of the coding strand. These

PPRHs were tested in PC3 prostate cancer cells in an in vitro screening of cell viability and apoptosis.

PPRHs against the promoter sequence were the most effective and caused a decrease in survivin mRNA

and protein levels. We confirmed the binding between the selected PPRHs and their target sequences in

the survivin gene. In addition we determined that both the template- and the coding-PPRH targeting the

survivin promoter were interfering with the binding of transcription factors Sp1 and GATA-3,

respectively. Finally, we conducted two in vivo efficacy assays using the Coding-PPRH against the survivin

promoter and performing two routes of administration, namely intratumoral and intravenous, in a

subcutaneous xenograft tumor model of PC3 prostate cancer cells. The results showed that the chosen

Coding-PPRH proved to be effective in decreasing tumor volume, and reduced the levels of survivin

protein and the formation of blood vessels. These findings represent the preclinical proof of principle of

PPRHs as a new silencing tool for cancer gene therapy.
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process, thus decreasing the mRNA and protein levels of the
target gene. On the other hand, Coding-PPRHs are able to bind,
not only to the coding strand of the DNA but also to the mRNA,
because both have the same sequence and orientation. A
Coding-PPRH against an intron sequence of the dhfr gene caused
a splicing alteration by preventing the binding of U2AF65, a pre-
mRNA splicing factor, ultimately decreasing gene expression [5].
We proved the efficacy of different Template-PPRHs against
genes related to proliferation in breast cancer: dhfr, telomerase

and survivin [4].
We decided to further explore the in vitro and in vivo effects of

PPRHs against survivin, since it is an anti-apoptotic protein, also
involved in mitosis and angiogenesis [6]. Survivin is overexpressed
in different tumors, such as prostate [7], lung [8], breast [9], colon
[10,11] stomach [12], esophagus [13], pancreas [14], bladder [15],
uterus [16], ovary [17], large-cell non-Hodgkin’s lymphoma [18],
leukemias [19], neuroblastoma [20], melanoma [21] and non-
melanoma skin cancers [22]. However, survivin levels are
undetectable in most differentiated normal tissues, with the
exception of thymus [7], CD34+ bone-marrow-derived stem cells
at low levels [23], and the basal colonic epithelium [24]. Moreover,
survivin expression correlates to shorter survival [8–10,13,17,18],
resistance to chemotherapy [13,25], worse disease progression
[18,20], and higher rates of recurrence [15]. All of the above
reasons make survivin a good anticancer target and prognosis
marker [26].

We focused on prostate cancer, the second cause of death
related to cancer in men in the Western world. Given that the
treatment options for this disease are limited and barely
effective, targeted-therapy has been under development [27].
Examples of this type of therapy are either small molecules or
antibodies against tyrosine kinase receptors, such as IGF-1R,
EGFR and FGFR or against genes involved in important hallmarks
for cancer, such as anti-apoptotic (survivin) or proangiogenic
proteins (VEGFR) [27].

Survivin is considered a good target to inhibit in prostate cancer
for its association with androgen resistance and with aggressive
phenotypes. In fact, several Phase-II clinical trials using either
small-molecule inhibitors – YM155 – or antisense therapy –
LY2181308 – have been conducted for castration-resistant
prostatic cancer (CRPC), after showing apoptosis in prostate
cancer cell lines and in xenografts [11,28]. However, these two
molecules showed modest or lack of activity in Phase II clinical
trials, and are currently under investigation in combination with
docetaxel [29,30].

Therefore, the aim of this work was to assess the efficacy of
PPRHs as a preclinical proof of principle for its application as a new
gene therapy approach using a subcutaneous xenograft tumor
model of PC3 prostate cancer cells.

2. Materials and methods

2.1. Design and usage of PPRHs

Both Template and Coding-PPRHs were used in these experi-
ments. To find polypyrimidine sequences in the target gene, we
used the Triplex-Forming Oligonucleotide Target Sequence Search
software (spi.mdanderson.org/tfo/, M.D. Anderson Cancer Center,
Houston, TX). Once we had selected proper candidates, BLAST
analyses were performed to confirm specificity of the designed
PPRHs and the ones with less unintended targets were chosen.
PPRHs were synthesized as non-modified oligodeoxynucleotides
by Sigma-Aldrich (Madrid, Spain) (0.05 mmol scale). Lyophilized
PPRHs were resuspended in sterile Tris-EDTA buffer (1 mM EDTA
and 10 mM Tris, pH 8.0; AppliChem, Barcelona, Spain) and stored
at �20 8C.

2.2. Preparation of polypurine/polypyrimidine duplexes

The duplexes to be targeted by the hairpins were formed by
mixing 25 mg of each single-stranded (ss) polypurine and
polypyrimidine oligodeoxynucleotides with 150 mM NaCl (Appli-
Chem, Barcelona, Spain) and incubated at 90 8C for 5 min as
described in de Almagro et al. [4].

2.3. Oligodeoxynucleotide labeling

One hundred nanograms of PPRHs or double stranded (ds)
oligodeoxynucleotides was 50-end-labeled with T4 polynucleotide
kinase (New England Biolabs, Beverly, MA) and [g-32P]ATP
(3000 Ci/mmol, Perkin Elmer, Madrid, Spain) as described in de
Almagro et al. [4].

2.4. DNA–PPRH binding analysis

Binding of PPRHs to their target sequence was analyzed using
two approaches: (a) by incubation of the radiolabeled PPRHs
(20,000 cpm) in the presence or absence of unlabelled ds target
sequence, or (b) by incubation of the radiolabeled ds target
sequence with the unlabelled PPRH. In both cases, a buffer
containing 10 mM MgCl2, 100 mM NaCl, and 50 mM HEPES, pH 7.2
was used (AppliChem, Barcelona, Spain). Binding reactions (20 ml)
were incubated for 30 min at 37 8C before electrophoresis, which
was performed on non denaturing 12% polyacrylamide gels (PAGE)
containing 10 mM MgCl2, 5% glycerol, and 50 mM HEPES, pH 7.2
(AppliChem, Barcelona, Spain). Gels were electrophoresed for 3–
4 h at 10 V/cm at 4 8C, dried, exposed to Europium plates OVN and
analyzed using a Storm 840 Phosphorimager (Molecular Dynamics,
Sunnyvale, CA). Binding specificity was tested by addition of 1 mg
of poly-dI-dC (Sigma-Aldrich, Madrid, Spain) to the binding
reaction.

2.5. Electrophoretic mobility shift assay (EMSA)

To analyze the binding of transcription factors to the target
sequences of the chosen PPRHs within the survivin promoter, EMSA
was performed using HeLa nuclear extracts. HeLa cells were
harvested by trypsinization, centrifuged at 800 � g for 5 min and
resuspended in hypotonic buffer (15 mM NaCl, 60 mM KCl, 0.5 mM
EDTA, 1 mM PMSF, 1 mM b-mercaptoethanol and 15 mM Tris–HCl,
pH 8.0; AppliChem, Barcelona, Spain) for 5 min. Then, cells were
centrifuged again at 800 � g for 5 min and washed with hypotonic
buffer containing 0.05% Triton (Sigma-Aldrich, Madrid, Spain) to
lysate the cells. After centrifugation for 5 min at 1200 � g, nuclei
were washed with hypotonic buffer once more without triton, and
resuspended in hypotonic buffer containing a final concentration
of 360 mM KCl (AppliChem, Barcelona, Spain). Sample tubes were
rotated (12 rpm) with a 458 inclination at 4 8C for 45 min. Finally,
nuclear extracts were separated from chromatin after centrifuga-
tion at 100,000 � g for 30 min.

The radiolabeled ds target sequences (20,000 cpm) were
incubated in 20 ml reaction mixtures also containing 1 mg Herring
Sperm DNA (Invitrogen, Barcelona, Spain) as unspecific competi-
tor, 2 mg nuclear extract protein, 5% glycerol, 4 mM MgCI2, 60 mM
KCl and 25 mM Tris–HCl, pH 8.0 (AppliChem, Barcelona, Spain).
After a pre-incubation of 15 min, the probe was added for 15 more
minutes. Then samples were resolved by gel electrophoresis (5%
polyacrylamide/bisacrylamide, 5% glycerol, 1 mM EDTA and
45 mM Tris-borate, pH 8.0; AppliChem, Barcelona, Spain). In
competition experiments, ds DNA consensus sequences (Sp1: 50-
ATTCGATCGGGGCGGGGCGAGC-30; GATA: 50-CACTTGATAACA-
GAAAGTGATAACTCT-30; non-related: 50-AGGAACTCGCGTCC-
CAGCCA-30) for the putative transcription factors determined by
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the MATCHTM software, as well as the different PPRHs, were
added in excess (ranging between 10- and 200-fold relative
to the radiolabeled probe) to the reaction mixture. In the
supershift assays, 2 mg of rabbit polyclonal antibodies against
either Sp1 (PEP-2X) or Sp3 (D-20X), GATA-2 (H-116X) or GATA-3
(H-48X) (Santa Cruz Biotechnology, Heidelberg, Germany), was
added to the reaction mixture 15 min before the electrophoresis.
The dried gel was exposed to Europium plates OVN and analyzed
using a Storm 840 Phosphorimager (Molecular Dynamics, GE
Healthcare Life Sciences, Barcelona, Spain).

2.6. Cell culture

PC3 prostate adenocarcinoma cells (ECACC) and HeLa cervical
cancer cells (ATCC) were grown in Ham’s F-12 medium supple-
mented with 7% fetal bovine serum (FBS, GIBCO, Invitrogen,
Barcelona, Spain) and incubated at 37 8C in a humidified 5% CO2

atmosphere. Human Umbilical Vein Endothelial Cells (HUVECs,
Lonza, Barcelona, Spain) were cultured in Endothelial cell Basal
Medium EBM (Lonza, Barcelona, Spain), supplemented with hEGF,
hydrocortisone, brain bovine extract and gentamicine (EGM,
Lonza, Barcelona, Spain), and 10% FCS (Invitrogen, Barcelona,
Spain). 4T1 breast cancer and CT26 colon cancer cell lines (ECACC),
both from mouse, used as negative controls, were also cultured in
F-12 medium and 7% FBS.

2.7. Transfection

Cells were plated in 35-mm-diameter dishes. The transfection
procedure consisted in mixing the appropriate amount of PPRH
and N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium
methylsulfate (DOTAP) (Roche, Barcelona, Spain) for 15 min at
room temperature, followed by the addition of the mixture to the
cells.

2.8. MTT assay

Cells (10,000) were plated in 35-mm-diameter dishes in F12
medium. After 6 days, 0.63 mM of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide and 18.4 mM of sodium succi-
nate (both from Sigma-Aldrich, Madrid, Spain) were added to the
culture medium and incubated for 3 h at 37 8C. After incubation,
the medium was removed and the solubilization reagent (0.57%
acetic acid and 10% sodium dodecyl sulfate in dimethyl sulfoxide)
(Sigma-Aldrich, Madrid, Spain) was added. Cell viability was
measured at 570 nm in a WPA S2100 Diode Array spectrophotom-
eter (Biochrom Ltd., Cambridge, UK).

2.9. mRNA analysis

Total RNA from 60,000 PC3 cells was extracted using
Trizol (Life Technologies, Madrid, Spain) following the manu-
facturer’s specifications. Quantification of RNA was conducted
measuring its absorbance (260 nm) at 25 8C using a Nanodrop
ND-1000 spectrophotometer (Thermo Scientific, Wilmington,
DE).

2.10. Reverse transcription

cDNA was synthesized in a 20 ml reaction mixture containing
500 ng of total RNA, 12.5 ng of random hexamers (Roche,
Barcelona, Spain), 10 mM dithiothreitol, 20 units of RNasin
(Promega, Madrid, Spain), 0.5 mM each dNTP (AppliChem,
Barcelona, Spain), 4 ml of buffer (5�), and 200 units of Moloney
murine leukemia virus reverse transcriptase (RT) (Invitrogen,
Barcelona, Spain). The reaction was incubated at 37 8C for 1 h.

3 ml of the cDNA mixture was used for Real-Time PCR
amplification.

2.11. Real-timePCR

The StepOnePlusTM Real-Time PCR Systems (Applied Biosys-
tems, Barcelona, Spain) was used to perform these experiments.
Survivin (BIRC5) (HS04194392_S1), adenine phosphoribosyl-
transferase (APRT) (HS00975725_M1) and 18S rRNA
(HS99999901_S1) mRNA Taqman probes were used (Applied
Biosystems). The final volume of the reaction was 20 ml,
containing 1� TaqMan Universal PCR Mastermix (Applied
Biosystems, Barcelona, Spain), 1� TaqMan probe (Applied
Biosystems, Barcelona, Spain) and 3 ml of cDNA and H2O mQ.
PCR cycling conditions were 10 min denaturation at 95 8C,
followed by 40 cycles of 15 s at 95 8C and 1 min at 60 8C. The
mRNA amount of the target gene was calculated using the DDCT

method, where CT is the threshold cycle that corresponds to the
cycle where the amount of amplified mRNA reaches the threshold
of fluorescence. APRT and 18S mRNA levels were used as
endogenous controls. To analyze the off-target effects of PPRHs
we used TaqMan probes for the following unrelated genes: APOA1
(HS00163641_M1), Bcl2 (HS00608023_M1), DHFR
(HS00758822_S1), S100A4 (HS00243202_M1) and PDK1
(HS01561850_M1).

2.12. Western analysis

Cells (60,000) were plated in 35-mm-diameter dishes and
treated with PPRHs at 100 nM. At different times after transfec-
tion (3, 6, 9 h) total protein extracts were obtained and Western
blot analyses were performed to detect the levels of survivin
protein.

Cells were collected by tripsinization and after a PBS wash, RIPA
buffer (50 Tris–HCl pH 7,4, 1% Igepal CA630, 1 mM EDTA, 150 mM
NaCl, supplemented with 100 mg/ml of PMSF and Protease
Inhibitor Mixture by Sigma-Aldrich, Madrid, Spain) was added
to lyse the cells. The extracts were maintained at 4 8C for 30 min,
vortexing every 10 min. Cell debris was removed by centrifugation
(13,500g for 10 min). The Bio-Rad protein assay (Bio-Rad,
Barcelona, Spain), based on the Bradford method, was used to
determine the protein concentrations using bovine serum albumin
as a standard (Sigma-Aldrich, Madrid, Spain).

Total protein cell extracts (100 mg) were electrophoresed on
SDS-polyacrylamide gels (15%/7%), and transferred to a polyvi-
nylidene fluoride membrane (Immobilon P, Millipore, Madrid,
Spain) using a semidry electroblotter. The membranes were
probed with antibodies against survivin (1/250 dilution;
614701, Biolegends, San Diego, CAand AF886, R&D systems,
Minneapolis, MN) and tubulin (1/800 dilution; CP06, Calbiochem,
Merck, Darmstadt, Germany). Signals were detected by secondary
HRP-conjugated antibodies: anti-rabbit (1:2500 dilution; P0399,
Dako, Denmark) for survivin, anti-mouse (1/5000 dilution; sc-
2005, Santa Cruz Biotechnology, Heidelberg, Germany) for tubulin
and enhanced chemiluminiscence using ECLTM Prime Western
Blotting Detection Reagent, as recommended by the manufacturer
(GE Healthcare, Barcelona, Spain). Tubulin and total protein
loading were both used to normalize the results. Quantification
was performed using ImageQuant LAS 4000 Mini (GE Healthcare,
Barcelona, Spain).

2.13. Cellular uptake of PPRHs

200,000 cells were plated in 55-mm dishes with 2 ml complete
F-12 medium and treated with different concentrations of FITC
PPRH (HpdI3-F). 24 h after transfection, cells were collected,
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centrifuged at 800 � g at 4 8C for 5 min, and washed once in PBS.
The pellet was resuspended in 500 ml PBS plus Propidium iodide
(PI) (final concentration 5 mg/ml) (Sigma-Aldrich, Madrid, Spain).
Cells were kept on ice for no longer than 30 min before flow
cytometry analysis performed in a Coulter XL cytometer. Different
ratios of PPRH:DOTAP were tested to determine the most
appropriate to ensure internalization of the molecule.

2.14. Apoptosis

Apoptosis was determined by two different methodologies:
Rhodamine method and Caspase 3/7 assay.

Rhodamine method: PC3 cells (120,000) were plated in 55-mm
dishes with 2 ml complete F-12 medium and treated with 100 nM
of each PPRH. 24 h after treatment, Rhodamine (final concentration
5 ng/ml) (Sigma-Aldrich, Madrid, Spain) was added for 30 min and
the cells were collected as previously described for the cellular
uptake experiments. Flow-cytometry data were analyzed using the
software Summit v4.3. The percentage of Rho-negative, IP-
negative cells, corresponded to the apoptotic population.

Caspase-Glo 3/7 assay: 5,000 cells (PC3, HUVEC, 4T1 and CT26)
were plated in a 96-well plate in 50 ml F12-complete medium.
After 24 h, 100 nM of each PPRH was transfected, and 24 h after
transfection, 50 ml of Caspase-Glo 3/7 reagent (Promega, Madrid,
Spain) was added. After 1 h of incubation, luminiscence was
measured using a ModulusTM Microplate luminometer (Turner
Biosystems, Promega, Madrid, Spain). F12-complete medium and
the reagent were considered the blank control and untreated cells
as background.

2.15. In vivo studies

Tumor growth studies were performed on female athymic mice
of 5 weeks old (Hsd:Athymic Nude-Foxn1nu). Mice were purchased
from Harlan Interfauna Iberica S.L. (Barcelona, Spain) and
maintained in the facilities of the PCB-UB. In vivo procedures
were approved by the institutional ethical committee and by the
local authorities according to the Catalonian and Spanish guide-
lines governing experimental animal care.

Human PC3 cell line growing in exponential phase was used to
implant xenografts in mice. 2 � 106 cells were subcutaneously
injected in the right dorso-lateral side of these mice. Tumor growth
was measured using calipers twice a week and its volume was
calculated using the formula: volume = (D � d2)/2, in which D is
the longest axis of the tumor and d is the shortest.

Those animals with a tumor of approximately 100 mm3 were
selected to conduct the experiments, using a minimum of 10
animals for the intratumoral administration and 6 for the
intravenous one.

Mice were administered with either a scramble PPRH (Hps-Sc) or
with the anti-survivin PPRH (HpsPr-C) using as a vehicle in vivo-
jetPEI1 (Polyplus transfection, France) at a N/P ratio of 8 in a buffer
containing 5% glucose. Two types of administration were used:
Intratumoral administration of 10 mg of PPRH (volume of adminis-
tration 20 ml) and intravenous administration (via tail vein) of 50 mg
of PPRH (volume of administration 200 ml). In both cases, the
administration of PPRHs and the measurement of body weight and
tumor volume were performed twice a week. Treatments were
continued for 3 weeks, after which animals were killed.

2.16. Immunodetection of survivin in tumor samples

At the end of the in vivo intratumoral experiment, subcutaneous
tumors from PC3 cells were processed for survivin detection, both by
Western Blot and Immunofluorescence in histological sections. For
protein extraction from tumor samples, frozen tissue was disrupted

in ice cold Cell Lysis Buffer (150 mM NaCl, 1% IGEPAL CA630, 5 mM
EDTA, 100 mg/ml PMSF, 1 mM Na3VO4, 1 mM NaF and 50 mM Tris–
HCL, pH 7.4) (AppliChem, Barcelona, Spain) with the aid of a mixer.
After centrifugation, protein concentration was determined with the
Bradford Reagent. Total extracts (60 mg) were solved in SDS-
polyacrylamide gels using the same conditions as described in
section 2.12. The following antibodies were used: rabbit polyclonal
antibody anti-survivin (1:2000 dilution, AF886, R&D systems,
Minneapolis, MN); monoclonal anti-beta actin peroxidase conjugate
(1:25,000 dilution, A3854, Sigma-Aldrich, Madrid, Spain); goat anti-
rabbit (1:25,000 dilution, A0545, Sigma-Aldrich, Madrid, Spain) was
used as secondary antibodies. For immunofluorescence detection,
five micrometer-thick sections from the tumor blocks were
deparaffinised, rehydrated in grade alcohols and processed. Briefly,
antigen retrieval was performed in a microwave oven for 15 min in
10 mM sodium citrate pH 6.0 with 0.05% Tween-20 (AppliChem,
Barcelona, Spain). The slides were incubated in 5% normal goat
serum for 60 min to prevent nonspecific staining. Then, they were
incubated OVN at 4 8C with rabbit polyclonal anti-human survivin
(5 mg/ml, AF886, R&D systems, Minneapolis, MN). Thereafter the
sections were incubated with Alexa Fluor 488 goat anti-rabbit IgG
(H + L) (Invitrogen, Barcelona, Spain) at 2 mg/ml in PBS 1� for
60 min. The slides were kept in a dark environment, washed three
times with PBS 1� for 5 min each and mounted with mounting
solution (Mowiol, Sigma-Aldrich, Madrid, Spain). Five pictures per
tumor were taken using a Leica DM IRBE microscope.

2.17. Immunohistochemical CD31 staining

At the end of the in vivo intratumoral experiment, subcutaneous
tumors from PC3 cells were OCT (Tissue-Tek1, Sakura, Barcelona,
Spain) embedded and frozen. One cryosection (5 mm) correspond-
ing to 3 tumors of each group were analyzed. Sections were fixed in
acetone/chloroform (1:1) at �20 8C for 5 min, dried overnight at
room temperature, washed with PBS and treated for 10 min at 4 8C
in a dark chamber with H2O2 (0.03%) in PBS. Then, sections were
washed with PBS and blocked for 20 min using PBS-BSA (2%) plus
rabbit serum (5%) (Vector, Burlingame, CA) and with Avidin-biotin
blocking solution (Dako, Denmark) for 10 min at 4 8C. Samples
were incubated for 1 h at room temperature with the monoclonal
rat anti-mouse primary antibody directed against CD31 (dil 1:200,
BD PharMingen, Belgium) diluted in blocking buffer. Afterwards,
sections were incubated with a polyclonal biotinylated anti-rat
antibody as secondary antibody (dil 1:500, Vector, Burlingame, CA)
for 30 min at room temperature and then the ABC reagent (Pierce,
Rockford, IL) was added for 30 min at room temperature. Finally,
sections were incubated with NovaRed (Vector, Burlingame, CA)
for 20 min at 4 8C and mounted using DPX non-aqueous mounting
medium (Sigma-Aldrich, Madrid, Spain). Angiogenesis quantifica-
tion was measured using two criteria:

M.V.D (v.p./mm2) = 106 � (sum of vessels of each tumor (image
A + image B + . . .image N))/(area of one tumor in mm2(area
A + area B + . . . + area N))
A.A.(fractional area of vessels) = (area of vessels of each tumor
(image A + image B + . . .image N))/(area of one tumor in
mm2(area A + area B + . . . + area N))

More than 10 pictures per slice, depending on the size of
tumors, were taken and analyzed using the NIH ImageJ imaging
software.

2.18. Statistical analysis

The in vitro data are presented as the mean � SE values.
Statistical analysis was performed using Student’s t test using SPSS
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(Chicago, IL) version 20 software for Mac OS X (Apple Computer,
Cupertino, CA). In the in vivo experiments comparison between
groups were performed using the two-tailed nonparametric Mann
Whitney U test. Results were considered significant if p < 0.05 (*),
p < 0.01 (**), or p < 0.005 (***).

3. Results

3.1. Design of PPRHs

We designed four PPRHs against the survivin gene, one of them
directed against the template strand and three against different
regions of the coding strand. We selected polypyrimidine stretches in
the promoter, intron 1 and 30UTR of the gene (Fig. 1). All the sequences
have 2 or 3 purine interruptions and therefore adenines were
included in the PPRHs at those positions to maintain the binding to
the target sequence [4]. The PPRH sequences are listed in Table 1. As
negative controls we used a PPRH with a scrambled sequence (Hps-
Sc) and a PPRH with intramolecular Watson–Crick bonds instead of
Hoogsteen bonds (Hps-WC), which is not able to form triplexes.

3.2. Cellular uptake of PPRHs in PC3 cells

The demonstration of the cellular uptake of PPRHs in PC3 cells
was carried out using flow cytometry. Specifically, we measured
the percentage of fluorescent cells and their mean fluorescence
intensity 24 h after transfection with a fluorescent PPRH (Fig. 2).
Given the intrinsic apoptotic effect of the PPRHs against survivin,
we decided to use a fluorescent PPRH designed against the
dihydrofolate reductase (dhfr) gene (HpdI3-F) for the uptake
experiments, previously tested in SKBR3 cells [4]. This model is
useful for this purpose because the incubation of the cells in F12-
complete medium -containing the final products of the DHFR
enzyme-avoids PPRHs cytotoxicity.

As shown in Fig. 2, 90–95% of cells were FITC-positive at the
concentrations tested (100 nM and 1 mM). Surprisingly, the mean
fluorescence was 5-times higher at 100 nM than at 1 mM. This can
be explained because the best PPRH:DOTAP ratio was 1:100 [4],

achieved by mixing 100 nM of PPRH and a fixed concentration of
10 mM of DOTAP which is the maximum concentration of vehicle
with no toxicity; when using 1 mM PPRHs this ratio was not longer
maintained. Therefore, the chosen concentration to conduct
further experiments was 100 nM.

3.3. Effects of PPRHs on cell viability

To compare the effects of PPRHs against different regions of the
survivin gene in PC3 cells, dose response studies were performed.
The resulting cell viabilities are shown in Fig. 3A. The two PPRHs
designed against the promoter – HpsPr-T and HpsPr-C – caused the
greatest effect at 100 nM with more than 90% decrease in viability.
HpsI1-C was highly cytotoxic at 30 nM although its effect was
partially reversed at 100 nM; and HpsE4-C showed the lowest
effect. We also determined the cytotoxicity caused by the negative
controls �Hps-WC and Hps-Sc- observing 101.9% and 83.3%
survival, respectively, at the maximum concentration assayed.
PPRHs were also tested in HeLa cells, to demonstrate that they are
effective in other cancer cell lines and to validate the usage of HeLa
nuclear extracts to conduct further mechanism analyses (Fig. 3B).
Furthermore, the two most cytotoxic PPRHs against survivin were
assayed in normal, non-tumoral cells (HUVEC), which do not
express the survivin protein (Fig. 3C). We did not observed a
decrease in survival in this cell line at 100 nM, indicating that these
PPRHs are harmless to cells whose proliferation is not related with
survivin expression. We also tested both PPRHs in murine cell lines,
namely, CT26 (colorectal cancer) and 4T1 (breast cancer) which
express murine survivin and have been used as a model to test the
antitumor effect of dominant-negative mutants of survivin [31,32].
These cell lines were not sensitive to PPRHs designed against the
human survivin promoter (Fig. 3C).

3.4. Effects of PPRHs on apoptosis

To associate the effect of PPRHs with survivin gene function, we
measured the apoptotic effect of the PPRHs at 100 nM after 24 h of
incubation using two different methodologies, the rhodamine

Fig. 1. Scheme representing the target sequences of the PPRHs used against the survivin gene. Four PPRHs were designed against the survivin gene. Two were directed toward the

promoter, one template (HpsPr-B) and one Coding (HpsPr-C), and two other coding-PPRHs against intron 1 (HpsI1-C) and the 30UTR within exon 4 (HpsE4-C). Nomenclature

used was Hp (Hairpin), s (survivin), Pr (promoter), I (intron), E (exon). The numbering below the PPRHs corresponds to the start of the target sequence location in the gene

referred to the transcriptional start site. The arrows indicate the length of each gene element.

Table 1
PPRH sequences.

Name Sequence (50–30) Location

HpsPr-T GGGGAGGGAGGGGAGGGGGAAAGAAATTTTTAAAGAAAGGGGGAGGGGAGGGAGGGG Promoter �1009

HpsPr-C AGGGGAGGGAAGGAGAGAAGTTTTTGAAGAGAGGAAGGGAGGGGA Promoter �525

HpsI1-C GGGGAAAAAGAAGGGAGGGGAGGTTTTTGGAGGGGAGGGAAGAAAAAGGGG Intron 1 +413

HpsE4-C AAGAAAGGGAGGAGGGAGAATTTTTAAGAGGGAGGAGGGAAAGAA 30UTR +10413

Hps-WC CCCCTCCCTCCCCTCCCCCTTTCTTTTTTTTAAAGAAAGGGGGAGGGGAGGGAGGGG

Hps-Sc AAGAGAAAAAGAGAAAGAAGAGAGGGTTTTTGGGAGAGAAGAAAGAGAAAAAGAGAA

HpdI3-F [F]GGAGGAGGGAGAGGGAGGAGTTTTTGAGGAGGGAGAGGGAGGAGG

List of the PPRHs sequences used in this study, including their target location in the survivin gene. T, template; C, coding; WC and Sc, negative controls; F, fluorescent.
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method (Fig. 4A) and the caspase-3 activity assay (Fig. 4B). The
concentration chosen caused the greatest effect on cell viability.
HpsPr-C produced the highest apoptotic effect, provoking
apoptosis in 50% of the cell population as determined by flow
cytometry and inducing a 1.65-fold increase in caspase-3
activity. Surprisingly, HpsPr-T caused a smaller but significant
effect than HpsPr-C in apoptosis, even though the decrease in
viability was almost as high as that provoked by HpsPr-C
(Fig. 4C). The apoptosis produced by HpsE4-C and HpsI1-C
was lower than that of HpsPr-C in accordance to the lower
decrease in cell viability. The apoptotic levels produced by the
most effective PPRHs (HpsPr-T and HpsPr-C) were determined
by a caspase-3 assay in control cells (HUVEC, 4T1 and CT26)
and no significant changes relative to untreated cells were
observed.

3.5. Effects of PPRHs on survivin mRNA levels

Given that both PPRHs against the survivin promoter sequence
were the most effective in decreasing cell viability, we further
explored the ability of those PPRHs to decrease survivin expression.
Both, HpsPr-T and HpsPr-C were able to decrease survivin mRNA
levels up to 2-fold (Fig. 5A). The different controls (Hps-Sc and Hps-
WC) did not affect survivin mRNA levels.

We checked for off-target effects of HpsPr-T and HpsPr-C at a
100 nM, by determining mRNA levels of a set of 5 non-related
genes. As shown in Table 2, there was no decrease in the mRNA
levels of these genes. We further confirmed the lack of expression

of survivin at the mRNA and protein levels in HUVEC cells (Fig. 5B
and C), in which no cytotoxicity was observed when using these
PPRHs (Fig. 3C).

3.6. Effects of PPRHs on survivin protein levels

Survivin protein levels were also determined in PC3 cells
following incubation with 100 nM of either HpsPr-T or HpsPr-C
during different periods of time. The Template-PPRH induced a 5-fold
decrease in survivin protein levels at 9 h (Fig. 6A), whereas the
Coding-PPRH reached only a 2-fold decrease 6 h after transfection
(Fig. 6B).

3.7. Binding of PPRHs to their target sequences

The binding between the selected PPRHs and their target
sequences was analyzed either by labelling the double-stranded
target sequence or the PPRH themselves.

When labelling the target sequences, we observed a maximum
binding of 48% of HpsPr-T and 6% of HpsPr-C at the highest
concentration of PPRH used (Fig. 7A). When labelling the PPRHs,
we also observed their binding to the target sequences, 50% for the
HpsPr-T and 18% for the HpsPr-C, respectively, when using 1 mM of
the target sequences (Fig. 7B). As seen in Fig. 7B, HpsPr-C presented
different electrophoretic structures and to ensure that those
conformations belonged to a unique molecular species, the
samples were run in a denaturing PAGE obtaining a single band
in each case (data not shown).

Fig. 2. Uptake of PPRHs in PC3 cells. Cells were incubated with 100 nM and 1 mM of fluorescent-PPRH with DOTAP for 24 h and uptake was measured by flow cytometry. (A)

Percentage of fluorescent cells determined as FITC-positive and IP-negative cells. Data represent the mean � SE of four experiments. ***p < 0.005. (B) Mean intensity of

fluorescence of FITC-positive cells. Data represent the mean � SE of three experiments. *p < 0.05. (C) Representative image showing an overlay of control cells and cells treated with

100 nM of fluorescent-PPRH. DOTAP was used at the maximum concentration of 10 mM, resulting in a PPRH:DOTAP ratio of 1:100 and 1:10 for the concentrations of 100 nM and

1 mM of PPRH, respectively.
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3.8. EMSA analyses

The targets of the two PPRHs that worked more efficiently are
located within the survivin promoter; the target sequence for
HpsPr-T is located at �1009 and the one for HpsPr-C at �525,
both relative to the transcriptional initiation site. To study the
mechanism of action of these PPRHs, we started analyzing the
putative transcription factors that might bind to the target
sequences of the PPRHs. We performed an in silico search using
the MATCHTM software applying a cut-off of 0.95 for both,
matrix similarity and core similarity. After literature mining of
the found transcription factors, we decided to further explore
the role of Sp1 when using HpsPr-T [33] and GATA when using
HpsPr-C [34], because of their well-characterized implication in
cancer. Moreover, these two transcriptions factors had the
highest core similarity and matrix similarity for the target
sequence of the corresponding PPRH (1.0 and 1.0 for Sp1 and 1.0
and 0.979 for GATA). Next, we performed EMSA analyses using
HeLa nuclear extracts and radiolabeled probes for the double-
stranded target sequences of the two PPRHs. The binding pattern
for each target sequence is shown in the corresponding lane 2 of
Fig. 8A and B.

In both cases, incubation of the radiolabeled target sequence
with an excess (100�) of the respective PPRH induced a decrease
in the intensity of the binding pattern of nuclear proteins.
Incubation with HpsPr-T produced a 52% decrease in the binding
(Fig. 8A, lane 3). Incubation with HpsPr-C produced a decrease of
15% that induced a visible release of the free probe (Fig. 8B, lane 3).
These results indicated that the specific PPRHs and proteins
present in the nuclear extract were competing for the binding to

the probe. To identify these proteins, we performed competition
assays using the consensus binding sequences for either Sp1 [33]
or GATA [35].

In the case of the template-PPRH (HpsPr-T), three bands were
identified using competition (Fig. 8A, lanes 4 and 5) and super-
shift assays (Fig. 8A, lanes 6 and 7). We observed a decrease in the
intensity of three bands in the EMSA in the presence of the Sp1/3-
consensus binding sequence as a competitor. When using a 5-
fold excess of the Sp1/3-consensus sequence, the band corre-
sponding to Sp1 decreased by 98%, and those corresponding to
Sp3 by 85% and 72% (Fig. 8A, lane 4). Using specific antibodies
against Sp1 and Sp3 we determined that the upper band
corresponded to the binding of Sp1 (Fig. 8A, lane 6), and that
two lower bands corresponded to the binding of Sp3 (Fig. 8A, lane
7). Interestingly, the band in-between the two Sp3 bands
increased its intensity after the incubation with the antibodies
against Sp1 or Sp3, but was decreased in the presence of the Sp1/
3 consensus binding sequence. This band might correspond to a
factor whose binding sequence overlaps with that for Sp1/3;
then, when these two factors are sequestered by antibodies, that
other factor – probably Pax4 according to the in silico analysis –
has a better access to the probe.

In the case of the coding-PPRH (HpsPr-C), a prominent band was
observed when incubating the target sequence with the nuclear
extract. Competition assays using the GATA consensus sequence
were performed confirming the in silico prediction (Fig. 8B, lanes 4
and 5). While the GATA consensus sequence at 5 and 50-fold excess
produced a decrease in the intensity of the band of 74% and 92%,
respectively (Fig. 8B, lanes 4 and 5), the non-related sequence did
not cause a significant change in intensity (Fig. 8B, lane 6).

Fig. 3. Effect of PPRHs against survivin on cell viability. MTT assays to determine cell survival were performed 6 days after transfection. (A) Dose response of the four designed

PPRHs against the survivin gene in PC3 cells. DOTAP was used at 5 mM to transfect the PPRHs at 10 and 30 nM, and at 10 mM when transfecting 100 nM PPRH. (B) Cell viability

upon transfection of 100 nM PPRHs in HeLa cells. (C) Cell viability upon transfection of 100 nM of PPRHs against the promoter sequence in HUVEC, 4T1 and CT26. Data are

mean � SE values of at least three experiments. *p < 0.05, **p < 0.01, ***p < 0.005.
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Fig. 4. Effect of PPRHs on apoptosis. PC3 cells were transfected with 100 nM of HpsPr-T, HpsPr-C, HpsE4-C and HpsI1-C against the survivin gene and two negative controls

�Hps-Sc and Hps-WC. 24 h after transfection, apoptosis was measured by two methods. (A) Rhodamine method: Cells Rho123-negative and IP-negative were considered as

apoptotic cells. Data represent the mean � SE of at least three experiments. *p < 0.05. (B) Caspase-3/7 assay: Fold change in RLU relative to DOTAP. (C) Representative flow

cytometer histograms displaying the cell population treated with 100 nM HpsPr-C and the control sample.

Fig. 5. Survivin mRNA levels. (A) RNA was extracted from PC3 cells treated with increasing concentrations of either HpsPr-T for 72 h or HpsPr-C for 24 h. mRNA levels were

determined using qRT-PCR and referred to the levels of endogenous controls. Data represent the mean � SE of at least three experiments. *p < 0.05, **p < 0.01, ***p < 0.005. (B)

Survivin mRNA levels were analyzed in HUVEC cells and referred to the mRNA levels in PC3 cells. (C) Representative image of a Western blot showing comparatively survivin protein

levels in PC3 and HUVEC cell lines.
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Table 2
Off-target effects.

Survivin APOA1 Bcl2 DHFR PDK1 S100A4

CONTROL 1 1 1 1 1 1

HpsPr-T 0.37 � 0.08 1.39 � 0.16 1.27 � 0.22 0.93 � 0.06 1.38 � 0.25 1.26 � 0.62

HpsPr-C 0.54 � 0.07 1.06 � 0.13 1.05 � 0.15 0.90 � 0.04 0.89 � 0.11 0.93 � 0.13

mRNA levels of unrelated genes were determined by qRT-PCR after incubation with 100 nM of PPRHs (HpsPr-T and HpsPr-C) against the survivin gene.

Fig. 7. PPRHs binding to their target sequence. (A) Binding of increasing concentrations of the Template-PPRH (HpsPr-T) or the Coding-PPRH (HpsPr-C) after incubation with

their radiolabelled ds-target sequences (20,000 cpm). (B) Binding of the radiolabelled Template-PPRH (HpsPr-T) or the radiolabelled Coding-PPRH (HpsPr-C) after incubation

with increasing concentrations of their ds-target sequences. 1 mg of poly-dI-dC as non-specific DNA was added to all the binding reactions. * indicates the radiolabelled

probes. Binding experiments were performed at least three times. Quantification was performed by phosphorimaging and referred to the total radioactivity. The numbers

over (A) or underneath (B) the bands represent the percentage of binding referred to the control (NE).

Fig. 6. Survivin protein levels. 60,000 PC3 cells were incubated with 100 nM of either HpsPr-T (A) or HpsPr-C (B) for different periods of time. Total protein extracts were

obtained and analyzed by Western Blot. Protein levels were normalized using tubulin. Data represent the mean � SE of at least three experiments. *p < 0.05, **p < 0.01.
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Supershift assays were performed using GATA-2 and GATA-3
antibodies, the GATA family members most abundant in prostate
tissue [34]. As shown in Fig. 8C, incubation with GATA-3 antibody
produced a supershifted band indicating that this specific factor is
binding to the target sequence of HpsPr-C.

3.9. Effects of PPRHs in vivo

Two types of administration, intratumoral and intravenous,
were performed using PC3 subcutaneous xenograft tumor model
in athymic mice. Two groups were compared, one mock-injected
with a scrambled PPRH-Hps-Sc-, and the other injected with the
most effective PPRH tested in vitro, HpsPr-C (Figs. 2 and 3).
Depending upon the route of administration, the dosage of the
PPRH varied from 10 mg/injection in the case of intratumoral, and
50 mg/injection for the intravenous. Administration was per-
formed twice a week during 3 weeks and results are presented as
tumor volume.

3.9.1. Intratumoral

In the case of intratumoral administration (Fig. 9A), we
observed that the PPRH targeting survivin (HpsPr-C) produced a
delay in tumor growth compared with the scrambled PPRH. At the
end of the experiment, the mean relative tumor volume (RTV) of
the control group (scrambled-PPRH) was 663.1% with respect to
the initial volume, whereas the treated group (HpsPr-C) showed a
mean RTV of 396.6%. Taking into account all this data, we
calculated the Treatment/Control (T/C) ratio, which compares the

difference in the mean RTV or tumor weight between treated and
control groups. These values showed a statistically significant
reduction of 40% in tumor volume and almost 30% in tumor weight.
The doubling time of the control group was 7.45 days, whereas
tumors of the treated group had a doubling time of 9.43, which
translates into an absolute growth delay of almost 2 days caused by
the administration of the PPRH against survivin.

3.9.2. Intravenous

When injecting the PPRHs through the tail vein, the dosage was
increased five times to diminish problems associated with whole
body distribution or degradation in the bloodstream. As it is shown
in Fig. 9B, the PPRH against survivin was able to decrease tumor
growth in vivo, thus producing a delay in tumor growth. In fact, the
delay in tumor growth administering HpsPr-C intravenously was
higher than intratumorally. This was reflected in the RTV mean
which in the treated group was 200% inferior to the control group,
meaning a T/C ratio of 49.6%. Accordingly, the doubling time of the
tumor treated with the specific PPRH was almost 2 times higher
(19.3 vs 10.6) than that of the control group (scramble-PPRH),
which means that the cells treated with HpsPr-C took twice the
time to double.

In both types of administration, the body weight loss was
approximately 2%, indicating lack of toxicity (Fig. 9C and D).

3.9.3. Survivin protein levels and blood vessel formation

To explore the potential correlation between the inhibition of
tumor growth and the silencing of survivin, we selected tumors

Fig. 8. Binding of transcription factors to PPRH target sequences. EMSA assays were conducted using radiolabelled target sequence (20,000 cpm), Herring Sperm DNA as non-

specific competitor and HeLa nuclear extracts as the protein source. (A) Bindings obtained using radiolabelled ds-target sequence for HpsPr-T. The binding pattern using HeLa

nuclear extracts is shown in lane 2. Competition assays were performed using a 100-fold excess of HpsPr-T (lane 3) or a 5 to 50-fold excess of Sp1/3 consensus sequence (lanes

4 and 5). Supershift assays were performed four times in the presence of antibodies against Sp1 (lane 6) or Sp3 (lane 7). Shifted and supershifted (ss) bands are indicated by

arrows. (B) Bindings obtained using radiolabelled ds-target sequence for HpsPr-C. The binding pattern using HeLa nuclear extracts is shown in lane 2. Competition assays

were performed using a 100-fold excess of HpsPr-C (lane 3), a 5 to 50-fold excess of GATA consensus sequence (lanes 4 and 5) and a 50-fold excess of a non-related sequence

(lane 6). Shifted bands are indicated by arrows. (C) Supershift assays were performed four times in the presence of antibodies against GATA-2 (lane 2), GATA-3 (lane 3) and

both antibodies (lane 4). The supershifted (ss) band is indicated by an arrow.
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from the intratumoral study to perform Western blot and
immunofluorescence analyses. We measured the protein levels
of survivin in a minimum of 4 tumors from both the control and the
treated groups, from samples of the center part and in the tip of the
tumor. In both cases, we observed a decrease in survivin protein
levels, 52% in the center part and 71% in the tip of the tumor,
respectively (Fig. 10A). In addition, we determined survivin
expression by immunofluorescence analysis in histological sec-
tions, observing a decrease in expression in tumors treated with
HpsPr-C, as shown in Fig. 10B.

We also investigated the role of survivin in angiogenesis by
performing histological analyses of murine CD31 staining for three
tumor samples from each group to evaluate blood vessel
formation. A representative image is shown in Fig. 11A. Quantifi-
cation of microvessel density and the fraction area of the vessels
revealed a decrease in the vasculature, with a T/C ratio of 25%, for
both microvessel density (Fig. 11B) and fractional area of vessels
(Fig. 11C).

4. Discussion

The objectives of this work were to get further knowledge of
the effects of PPRHs as new silencing tools and their possibilities to
be used as therapeutic agents in in vivo approaches. As a model we
inhibited the survivin gene, since its overexpression in cells
promotes the evasion of apoptosis, one of the six hallmarks of
cancer [36]. Survivin has been used as a suitable target in several
experimental settings to decrease cell proliferation using antisense
oligonucleotides [37], siRNAs [6,38] or small molecules [29,39,40].
Since we had previously described PPRHs as an alternative gene

silencing tool in breast cancer cells (SKBR3, MCF7) [4,5], we
decided to design a set of four PPRHs, three Coding- and one
Template-PPRH against survivin to test the efficacy of PPRHs in
prostate cancer cells (PC3) in vitro and in vivo.

A conclusion of this work is that after comparing the PPRHs
against different regions of the survivin gene, those against its
promoter sequence (HpsPr-T and HpsPr-C) were the most
effective in decreasing cell viability in PC3 cells. We previously
described the ability of a template-PPRH against the dhfr gene to
decrease mRNA and protein levels. In this work, we corroborate
the action of a template-PPRH against another target, survivin. In
addition, we observed that the coding-PPRH, HpsPr-C, was also
able to decrease mRNA and protein levels of the targeted protein.
This was unforeseen since a coding-PPRH against intron 3 of the
dhfr gene was able to decrease viability without showing a great
decrease in mRNA levels [5]. The difference between those two
coding-PPRHs  is the location of their target sequences, one in an
intron (HpdI3-A-TA) and the other within the promoter (HpsPr-C).
The effect of the PPRH against dhfr intron 3 was due to its
interference with the binding of the splicing factor U2AF65, thus
altering the splicing process [5]. PPRHs against the survivin

promoter worked through a different mechanism by inhibiting
transcription, thus decreasing gene expression. Specifically, we
demonstrated that these PPRHs decreased the binding of
transcription factors, such as Sp1 (using HpsPr-T) and GATA
(using HpsPr-C), which have binding sites within the PPRHs target
sequences. Other authors have proved that both Sp1 and Sp3
regulate the survivin promoter via several Sp1-boxes [33,41] and
that degradation of Sp1 is related to a decrease in survivin

expression [42]. Regarding GATA transcription factors, although

Fig. 9. PPRH effect on tumor growth and body weight in a PC3 subcutaneous xenograft tumor model. (A) Progression of tumor volume throughout time when Hps-Sc (negative

control) or HpsPr-C were administered by i.t. route twice a week (1001000). Tumor volume is represented as the mean � SE; *p < 0.05. (B) Progression of tumor volume

throughout time when Hps-Sc (negative control) or HpsPr-C were administered by i.v. route twice a week (1001000). Tumor volume is represented as the mean � SE; **p < 0.01. (C)

and (D) Evolution of body weight of the animals throughout time corresponding to the intratumoral and intravenous administrations, respectively. Data represent the mean � SE.
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they are mainly expressed in hematopoietic cells, GATA-2 and -3
are the predominant family members expressed in the prostate
tissue [34] that might be playing a role in survivin expression in
this tissue. From our work, we can conclude that prevention of the
binding of GATA-3 to the survivin promoter by HpsPr-C might
cause a decrease in survivin expression.

There are different Sp1- and GATA-binding sites within
the survivin promoter. However, upon comparison by multiple
alignment analysis of those binding sites, only the core of
the binding site is conserved, while the flanking sequences are
different enough so that the PPRH will be specific only for its
target sequence. In fact, the promoters of the genes selected to
study off-target effects all presented binding sites for both GATA
and Sp1 and none of those genes were downregulated by the
treatment (Table 2).

Regarding the in vitro effects, our observations corroborate the
extensively reported involvement of survivin in the mitochondrial
apoptotic pathway and how the decrease in its levels produces an
increase in apoptosis [11,37,39]. To decrease mRNA and protein
levels of survivin as a therapeutic approach, several molecules
have been used such as aODNs [6,37], locked nucleic acids (LNAs)
[43], siRNAs[6] and small molecules like the Ras inhibitor
farnesylthiosalicylic acid (FTS) [39], YM155 [29] or FL118 [40].
However, the LNA SPC3042 and FL118 presented lack of specificity,
by down-regulating or modulating other genes in the IAP or Bcl-2
family [40,43], while others required higher dosages to induce a
proper effect, ranging from 200 nM to 1 mM [6,37,38] or even
higher (75 mM) when using FTS [39].

As an alternative, we present PPRHs, a new gene silencing tool
that work at nanomolar concentrations, a lower range compared to

aODNs, and similar to the concentrations of siRNAs used in in vitro

experiments [6]. We observed a maximum decrease in viability at
100 nM for each one of the PPRHs against the survivin promoter
sequence. This concentration assured the optimal PPRH uptake in
PC3 cells when transfected with DOTAP. Other advantages of
PPRHs are their high stability, without the need of modifying
residues, and their low cost [4]. To prove their specificity and
possible toxicities, we tested our best PPRHs (HpsPr-T and HpsPr-
C) in human normal cells. Other authors have used HUVEC cells as
normal cells [44,45]. In our case, this cell line was an ideal negative
control because it does not express survivin and, in consequence,
treatment with the selected PPRHs at 100 nM is innocuous. In
addition, the species selectivity of these PPRHs against human
survivin was tested in murine cancer cell lines, where no decrease
in viability was observed due to the difference in the survivin

sequences. To further discard off-target effects, we studied the
expression of several genes after treatment with either HpsPr-T or
HpsPr-C, not observing decreases in their mRNA levels. It is worth
noting that Bcl-2 was one of those genes, thus proving that survivin

silencing produced apoptosis by itself and not by changing the
expression levels of another gene with a similar antiapoptotic
function. However, we cannot dismiss other off-target effects due
to the binding of the PPRH to unintended targets.

We aimed to explore the usage of PPRHs in vivo using a
subcutaneous xenograft tumor model of prostate cancer. Using
two different types of administration, intratumoral and intrave-
nous, the coding-PPRH against survivin promoter was able to
decrease the volume of the tumor, demonstrating the efficacy of
this PPRH in this model. The delay in tumor growth caused by
the administration of HpsPr-C may be related to the decrease in

Fig. 10. Survivin protein levels after intratumoral administration of PPRHs. (A) Quantification of survivin protein levels in the tip and the center of tumors after administration of

either Hps-Sc or HpsPr-C. Total protein extracts were obtained and analyzed by Western Blot. Protein levels were normalized using actin. Data represent the mean � SE of at

least four tumors. *p < 0.05, ***p < 0.005. (B) Representative image of the immunofluorescent analysis of tumors after the administration of either Hps-Sc or HpsPr-C. The negative

control corresponds to the fluorescence background given by Alexa Fluor 488. Original magnification: 40�.
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the levels of survivin and to a lower degree of blood vessel
formation.

The reason for including the intravenous injection as a second
route of administration was to overcome the possible drawbacks of
the intratumoral administration such as aggressiveness – thus
causing loss of tumor structure and alterations in the measure-
ment- and poor-distribution within the tumor – because of the
high interstitial fluid pressure and the stiffness of the extracellular
matrix [46].

In an aging society with growing life expectancy, diseases such
as prostate cancer are going to increase its incidence and effective
therapeutic approaches are needed. Up until now, treatment
options are limited to surveillance in early stage, surgery or
radiotherapy when a radical treatment is needed, hormone
therapy in HRPC and chemotherapy in case of metastasis [27].
Currently, different targeted-directed therapies against survivin

are undergoing clinical trials, such as small molecules – YM155 –
and antisense oligonucleotide LY2181308, proving that inhibition
of survivin is a cutting-edge target for anticancer treatments.
However, YM155 have showed modest activity and therefore
combination therapies have been suggested for new trials [29].
LY2181308 inhibited growth in subcutaneous xenografted tumors
[11], but showed no significant increase in toxicity in Phase II
clinical trials in combination with docetaxel in castrate-resistant
prostate cancer [30]. Our results are encouraging, but it is
important to note that pre-clinical models, such as xenografts,
are far from useful to extrapolate results to humans, so there is
need to improve the models and test in other organisms.

In summary, this work represents the preclinical proof of
principle for the in vivo application of PPRHs, opening the
possibility to use this technology as a new therapeutic approach.
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4.1.1.	
  Additional	
  results	
  Article	
  I	
  

4.1.1.1.	
  Mechanism	
  of	
  action	
  of	
  PPRHs	
  in	
  the	
  PC3	
  cell	
  line	
  

MATCH	
  software	
  

The	
   input	
   of	
   the	
   target	
   sequence	
   for	
   the	
   PPRHs	
   into	
   the	
   MATCH	
  TM	
   software	
  

gave	
   an	
   output	
   consisting	
   in	
   different	
   putative	
   transcription	
   factors,	
  with	
   a	
   core	
  

and	
  matrix	
  match	
   values	
   between	
   0.95	
   and	
   1.	
   The	
   output	
   for	
   both	
   ds-­‐T	
   (double	
  

stranded	
  target	
  sequence	
  for	
  HpsPr-­‐T)	
  and	
  ds-­‐C	
  (double	
  stranded	
  target	
  sequence	
  

for	
  HpsPr-­‐C)	
  are	
  shown	
  in	
  Figure	
  9	
  and	
  10,	
  respectively.	
  	
  

After	
  literature	
  mining	
  of	
  the	
  putative	
  transcription	
  factors,	
  we	
  selected	
  Sp1	
  for	
  

HpsPr-­‐T	
  and	
  GATA	
  for	
  HpsPr-­‐C	
  because	
  they	
  were	
  the	
  factors	
  with	
  a	
  higher	
  core	
  

and	
   matrix	
   similarity	
   and	
   their	
   implication	
   in	
   cancer	
   (Li	
   &	
   Altieri	
   1999;	
   Perez-­‐

Stable	
  et	
  al.	
  2000).	
  

	
  
Figure	
  9.	
  Output	
  information	
  for	
  the	
  target	
  sequence	
  of	
  the	
  Template-­‐PPRH	
  (HpsPr-­‐T)	
  using	
  
the	
  MATCH	
  TM	
  software	
  

	
  
Figure	
  10.	
  Output	
   information	
  for	
  the	
  target	
  sequence	
  of	
   the	
  Coding-­‐PPRH	
  (HpsPr-­‐C)	
  using	
  
the	
  MATCH	
  TM	
  software	
  

	
  

EMSA	
  assays	
  

Once	
  we	
  had	
  resolved	
  the	
  mechanism	
  of	
  action	
  of	
  both	
  PPRHs	
  against	
  promoter	
  

sequences	
   of	
   the	
   survivin	
   gene	
   using	
   HeLa	
   nuclear	
   extracts,	
   we	
   thought	
   it	
   was	
  

important	
  to	
  study	
  the	
  mechanism	
  of	
  action	
  in	
  the	
  PC3	
  cell	
  line	
  used	
  in	
  the	
  in	
  vitro	
  

and	
   in	
  vivo	
   experiments.	
  Therefore,	
  we	
  prepared	
  nuclear	
   extracts	
   from	
  PC3	
   cells	
  	
  

as	
  described	
   in	
  Materials	
   and	
  Methods	
   section	
  3.2.3.2	
   and	
  used	
   them	
   to	
   conduct	
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EMSA	
  assays,	
  using	
  the	
  radiolabeled	
  double-­‐stranded	
  target	
  sequences	
  (ds-­‐T	
  and	
  

ds-­‐C)	
  for	
  both	
  PPRHs	
  (HpsPr-­‐T	
  and	
  HpsPr-­‐C).	
  

Figure	
  11	
  shows	
  a	
  representative	
  EMSA	
  assay	
  for	
  the	
  Template-­‐PPRH.	
  In	
  Figure	
  

11A	
  we	
  analyzed	
  the	
  binding	
  pattern	
  and	
  performed	
  competition	
  with	
  the	
  PPRH.	
  

Incubation	
   of	
   PC3	
   nuclear	
   extracts	
   with	
   the	
   double-­‐stranded	
   sequence	
   (ds-­‐T)	
  

generated	
   a	
   pattern	
   (lane	
   2)	
   similar	
   to	
   the	
   pattern	
   observed	
  with	
  HeLa	
   extracts	
  

(Figure	
  8A,	
  Article	
  I).	
  Incubation	
  with	
  increasing	
  concentrations	
  of	
  HpsPr-­‐T	
  caused	
  

a	
  50%	
  decrease	
  in	
  the	
  intensity	
  of	
  the	
  bands	
  corresponding	
  to	
  the	
  proteins	
  bound	
  

to	
  the	
  target	
  sequence.	
   In	
  Figure	
  11B,	
  we	
  performed	
  competition	
  assays	
  with	
  the	
  

Sp1/3-­‐consensus	
  binding	
  sequence.	
  In	
  lane	
  3	
  where	
  the	
  competitor	
  was	
  at	
  100X-­‐

fold	
   excess,	
   a	
  mean	
   decrease	
   of	
   38%	
   in	
   the	
   intensity	
   of	
   the	
   3	
   upper	
   bands	
  was	
  

observed,	
  while	
  in	
  lane	
  4,	
  at	
  500X-­‐fold	
  excess,	
  those	
  3	
  bands	
  almost	
  disappeared,	
  

reaching	
   a	
  mean	
  decrease	
   in	
   intensity	
   of	
   around	
  82%.	
  To	
   further	
   identify	
  which	
  

transcription	
  factor	
  corresponded	
  to	
  which	
  band	
  we	
  performed	
  supershift	
  assays,	
  

shown	
  in	
  Figure	
  11C.	
  Using	
  antibodies	
  against	
  Sp1	
  (lane	
  1),	
  Sp3	
  (lane	
  2),	
  and	
  both	
  

of	
  them	
  in	
  combination	
  (lane	
  3),	
  we	
  determined	
  that	
  the	
  upper	
  band	
  corresponded	
  

to	
   Sp1,	
   and	
   the	
   two	
   lower	
   bands	
   corresponded	
   to	
   Sp3.	
   There	
  was	
   an	
   additional	
  

band	
  that	
  did	
  not	
  disappear	
  neither	
  incubating	
  with	
  the	
  consensus	
  sequence,	
  nor	
  

using	
   the	
   antibodies,	
   that	
   could	
   correspond	
   to	
   another	
   putative	
   transcription	
  

factor	
  not	
  yet	
  determined.	
  As	
  suggested	
  in	
  Article	
  I,	
  there	
  might	
  be	
  another	
  factor	
  

binding	
  to	
  a	
  similar	
  sequence	
  to	
  Sp1/3.	
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Figure	
   11.	
   Binding	
   of	
   transcription	
   factors	
   to	
   HpsPr-­‐T	
   target	
   sequence.	
   EMSA	
   assays	
  were	
  
conducted	
   using	
   radiolabeled	
   target	
   sequence	
   ds-­‐T	
   (20,000	
   cpm),	
   Herring	
   Sperm	
   DNA	
   as	
   non-­‐
specific	
  competitor	
  and	
  PC3	
  nuclear	
  extracts.	
  A)	
  The	
  binding	
  pattern	
  using	
  PC3	
  nuclear	
  extracts	
  is	
  
shown	
  in	
  lane	
  2.	
  Competition	
  assays	
  were	
  performed	
  using	
  a	
  100	
  and	
  1000-­‐fold	
  excess	
  of	
  HpsPr-­‐T	
  
(lane	
  3	
  and	
  4)	
  B)	
  Competition	
  assays	
  with	
  the	
  Sp1/3	
  consensus	
  sequence	
  using	
  100	
  and	
  500-­‐fold	
  
excess	
  (lane	
  3	
  and	
  4).	
  C)	
  Supershift	
  assays	
  in	
  the	
  presence	
  of	
  2	
  µg	
  of	
  antibodies	
  against	
  Sp1	
  (lane	
  1),	
  
Sp3	
  (lane	
  2)	
  or	
  both	
  (lane	
  3).	
  Shifted	
  and	
  supershifted	
  (ss)	
  bands	
  are	
  indicated	
  by	
  arrows.	
  	
  

	
  

	
  

	
  
	
  
	
  
	
  
	
  

67



	
  

A	
  representative	
  EMSA	
  for	
  the	
  Coding-­‐PPRH	
  is	
  shown	
  in	
  Figure	
  12.	
  In	
  lane	
  2	
  we	
  

observed	
  that	
  the	
  binding	
  pattern	
  with	
  PC3	
  nuclear	
  extracts	
  was	
  also	
  similar	
  to	
  the	
  

one	
   obtained	
   with	
   HeLa	
   nuclear	
   extracts	
   (Figure	
   8B,	
   Paper	
   I).	
   Competition	
  

between	
  PC3	
  nuclear	
  extract	
  and	
  HpsPr-­‐C	
   for	
   the	
  binding	
   to	
   the	
   target	
   sequence	
  

was	
  observed,	
  HpsPr-­‐C	
  produced	
  a	
  22%	
  decrease	
  in	
  the	
  binding	
  at	
  100X	
  (lane	
  3)	
  

and	
  42%	
  at	
  500X-­‐fold	
  excess	
  (lane	
  4).	
  It	
  is	
  worth	
  mentioning	
  the	
  appearance	
  of	
  a	
  

band	
  in	
  the	
  lowest	
  part	
  of	
  the	
  electrophoresis	
  when	
  using	
  the	
  PPRH	
  (lanes	
  3	
  to	
  5),	
  

probably	
  corresponding	
  to	
  the	
  binding	
  between	
  the	
  PPRH	
  and	
  its	
  target	
  sequence,	
  

which	
   presented	
   a	
   faster	
   mobility	
   because	
   of	
   its	
   lower	
   molecular	
   weight.	
   We	
  

performed	
  competition	
  assays	
  using	
  the	
  GATA-­‐consensus	
  sequence	
  (lanes	
  6	
  to	
  8)	
  

to	
   determine	
   that	
   the	
   main	
   band	
   observed	
   when	
   incubating	
   with	
   PC3	
   nuclear	
  

extracts	
  corresponded	
  to	
  the	
  binding	
  of	
  the	
  GATA	
  transcription	
  factor.	
  A	
  decrease	
  

of	
   around	
   60%	
   in	
   the	
   intensity	
   of	
   the	
   band	
   was	
   observed	
   at	
   the	
   maximum	
  

concentration.	
  As	
  the	
  GATA	
  family	
  is	
  composed	
  of	
  various	
  members,	
  we	
  performed	
  

supershift	
  assays	
  using	
  antibodies	
  against	
  GATA-­‐2	
  and	
  GATA-­‐3,	
  because	
  they	
  were	
  

the	
  most	
  abundant	
  members	
  in	
  prostate	
  tissue	
  (Perez-­‐Stable	
  et	
  al.	
  2000).	
  Using	
  the	
  

GATA-­‐2	
  antibody	
  we	
  did	
  not	
  observe	
  any	
  supershift	
  (lane	
  9	
  and	
  10),	
  while	
  in	
  lane	
  

11,	
  12	
  and	
  13,	
  where	
  the	
  antibody	
  against	
  GATA-­‐3	
  was	
  used,	
  a	
  weak	
  upper	
  band	
  

corresponding	
  to	
  the	
  binding	
  of	
  the	
  antibody	
  was	
  observed,	
  proving	
  GATA-­‐3	
  was	
  

implicated	
  in	
  the	
  binding.	
  	
  

These	
   results	
   corroborated	
   those	
   obtained	
   using	
   HeLa	
   nuclear	
   extracts,	
   and	
  

demonstrated	
   that	
   the	
  mechanism	
  of	
  action	
  of	
  PPRHs	
   is	
   independent	
  of	
   cell	
   line.	
  

PPRHs	
  against	
  promoter	
  sequences	
  might	
  prevent	
  binding	
  of	
  transcription	
  factors	
  

specific	
  for	
  their	
  target	
  sequences	
  in	
  a	
  sequence-­‐specific	
  manner.	
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Figure	
   12.	
   Binding	
   of	
   transcription	
   factors	
   to	
   HpsPr-­‐C	
   target	
   sequence.	
   EMSA	
   assays	
  were	
  
conducted	
  using	
  the	
  radiolabeled	
  target	
  sequence	
  ds-­‐C	
  (20,000	
  cpm),	
  Herring	
  Sperm	
  DNA	
  as	
  non-­‐
specific	
   competitor	
   and	
   PC3	
   nuclear	
   extracts.	
   The	
   binding	
   pattern	
   using	
   PC3	
   nuclear	
   extracts	
   is	
  
shown	
   in	
   lane	
   2.	
   Competition	
   assays	
   were	
   performed	
   using	
   100,	
   500	
   and	
   1000-­‐fold	
   excess	
   of	
  
HpsPr-­‐C	
   (lane	
   3-­‐5)	
   or	
   100,	
   500	
   and	
   1000-­‐fold	
   excess	
   of	
   GATA	
   consensus	
   sequence	
   (lanes	
   6-­‐8).	
  
Supershift	
  assays	
  in	
  the	
  presence	
  of	
  two	
  different	
  amounts	
  of	
  antibodies	
  against	
  GATA-­‐2	
  (2	
  μg,	
  lane	
  
9	
  and	
  4	
  μg,	
  lane	
  10),	
  GATA-­‐3	
  (2	
  μg,	
  lane	
  11	
  and	
  4	
  μg,	
  lane	
  12)	
  and	
  2	
  μg	
  of	
  each	
  antibody	
  (lane	
  13).	
  
Shifted	
  and	
  supershifted	
  (ss)	
  bands	
  are	
  indicated	
  by	
  arrows.	
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4.1.1.2.	
  Broadening	
  the	
  application	
  of	
  survivin	
  PPRHs	
  to	
  other	
  cancer	
  types	
  

Cellular	
  uptake	
  of	
  PPRHs	
  in	
  HCT116	
  and	
  MiaPaCa	
  2	
  cells	
  

We	
   also	
   studied	
   the	
   uptake	
   of	
   PPRHs	
   in	
   HCT116	
   and	
   MiaPaCa	
   2	
   by	
   flow	
  

cytometry.	
   In	
   Table	
   6	
   are	
   displayed	
   the	
   percentage	
   of	
   FITC+	
   cells	
   and	
   the	
  mean	
  

intensity	
   of	
   the	
   cells,	
   24	
   after	
   transfection	
  with	
   a	
   fluorescent	
   PPRH,	
   either	
   using	
  

DOTAP	
  or	
  without	
  vehicle	
  (with	
  the	
  intention	
  to	
  compare,	
  we	
  added	
  the	
  values	
  of	
  

PC3	
  cells	
  to	
  the	
  table).	
  We	
  used	
  the	
  best	
  ratio	
  to	
  transfect	
  PPRHs,	
  corresponding	
  to	
  

1:100	
   (100nM	
   PPRH	
   with	
   10µM	
   DOTAP),	
   previously	
   determined	
   in	
   PC3	
   cells	
  

(Rodriguez	
  et	
  al.	
  2013).	
  At	
  this	
  ratio	
  and	
  concentration,	
  we	
  observed	
  around	
  90%	
  

of	
   fluorescent	
   cells	
   in	
   the	
   3	
   cell	
   lines.	
   However,	
   the	
  mean	
   intensity	
   value	
   varied	
  

from	
   one	
   cell	
   line	
   to	
   another,	
   indicating	
   a	
   different	
   efficiency	
   of	
   transfection.	
  

Relative	
   to	
  MiaPaCa	
  2	
   cell	
   line,	
  which	
   is	
   the	
   cell	
   line	
  with	
   less	
  mean	
   intensity	
   of	
  

fluorescence,	
  PC3	
  internalized	
  9.7-­‐fold	
  more	
  PPRH	
  and	
  HCT116	
  4-­‐fold	
  more	
  PPRH.	
  

A	
   low	
  percentage	
  of	
   cells	
  displayed	
  a	
  very	
   low	
  value	
  of	
  mean	
   fluorescence	
  when	
  

incubating	
   the	
  FITC-­‐PPRH	
  without	
  DOTAP,	
   indicating	
  almost	
  none	
  PPRH	
  entered	
  

the	
  cells	
  without	
  vehicle.	
  	
  
Table	
  6.	
  Percentage	
  (%)	
  FITC+	
  cells	
  and	
  Mean	
  intensity	
  of	
  FITC	
  fluorescence	
  of	
  PC3,	
  HCT116	
  
and	
  MiaPaCa	
  2	
  cells.	
  Cells	
  were	
  analyzed	
  by	
  flow	
  cytometry	
  24	
  after	
  transfection	
  of	
  a	
  fluorescent	
  
PPRH,	
  either	
  using	
  10µM	
  DOTAP	
  or	
  without	
  vehicle.	
  Data	
  represent	
  the	
  mean	
  ±	
  SE	
  of	
  at	
  least	
  three	
  
experiments.	
  

	
   PC3	
   HCT116	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  MiaPaCa	
  2	
  

SAMPLE	
  

%FITC+	
  	
  

CELLS	
  	
  

MEAN	
  

INTENSITY	
  

%FITC+	
  

CELLS	
  	
  

MEAN	
  

INTENSITY	
  

%FITC+	
  

CELLS	
  	
  

MEAN	
  

INTENSITY	
  

CONTROL	
   0.45	
  	
  

±	
  0.13	
  

1.00	
  	
  

±	
  0.00	
  

0.29	
  	
  

±0.14	
  

1.00	
  	
  

±0.00	
  

1.62	
  	
  

±0.89	
  

1.00	
  	
  

±0.00	
  

HpF	
  100nM	
  

+DOTAP	
  

90.18	
  

±2.86	
  

555.33	
  	
  

±166.94	
  

90.80	
  	
  

±6.15	
  

241.05	
  	
  

±81.06	
  

85.05	
  	
  

±6.32	
  

57.14	
  

±24.84	
  

HpF	
  100nM	
   4.27	
  	
  

±1.13	
  

3.11	
  	
  

±0.63	
  

5.53	
  	
  

±4.53	
  

10.60	
  	
  

±7.11	
  

18.77	
  	
  

±15.09	
  

1.52	
  

	
  ±1.17	
  

	
  

Figure	
  13	
  shows	
  an	
  overlay	
  of	
  the	
  mean	
  intensity	
  of	
  fluorescence	
  for	
  the	
  3	
  cells	
  

lines.	
  Populations	
  of	
  fluorescent	
  cells	
  were	
  displaced	
  towards	
  the	
  right	
  part	
  of	
  the	
  

x-­‐axis,	
   thus	
   indicating	
   a	
   higher	
   FITC	
   intensity	
   caused	
   by	
   internalization	
   of	
   the	
  

fluorescent	
   PPRH.	
   It	
   is	
   worth	
  mentioning	
   that	
   this	
   displacement	
   was	
   higher	
   for	
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PC3	
   than	
   for	
   HCT116,	
   and	
   the	
   one	
   with	
   the	
   lower	
   intensity	
   corresponded	
   to	
  

MiaPaCa	
  2.	
  	
  

	
  
Figure	
  13.	
  Representative	
  image	
  of	
  the	
  uptake	
  showing	
  an	
  overlay	
  of	
  the	
  3	
  cell	
  lines.	
  MiaPaCa	
  
2	
  (black	
  line),	
  HCT116	
  (light	
  grey)	
  and	
  PC3	
  (dark	
  grey)	
  cells	
  treated	
  with	
  100	
  nM	
  of	
  FITC-­‐PPRH	
  and	
  
10µM	
  of	
  DOTAP.	
  

	
  

Effects	
  of	
  PPRHs	
  on	
  cell	
  viability	
  	
  

As	
   we	
   have	
   previously	
   stated	
   in	
   the	
   introduction	
   section,	
   survivin	
   is	
   a	
   good	
  

antitumoral	
   target	
   in	
  different	
   types	
  of	
   cancers,	
   including	
  prostate,	
  pancreas	
  and	
  

colon.	
   For	
   this	
   reason,	
  we	
  decided	
   to	
   reproduce	
   the	
   experiments	
   of	
   cell	
   viability	
  

and	
  apoptosis	
  in	
  cancer	
  cell	
  lines	
  from	
  these	
  tissues.	
  We	
  tested	
  the	
  different	
  PPRHs	
  

designed	
   against	
   survivin	
   in	
   HCT116	
   from	
   colon	
   cancer	
   and	
   MiaPaCa	
   2	
   from	
  

pancreatic	
  cancer.	
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Figure	
  14.	
  Effect	
  of	
  PPRHs	
  against	
  survivin	
  on	
  the	
  viability	
  of	
  HTC116	
  and	
  MiaPaCa	
  2	
  cells.	
  
MTT	
  assays	
  to	
  determine	
  cell	
  survival	
  were	
  performed	
  6	
  days	
  after	
  transfection.	
  A)	
  Dose	
  response	
  
of	
  the	
  four	
  designed	
  PPRHs	
  against	
  the	
  survivin	
  gene	
  and	
  negative	
  controls	
  -­‐Hps-­‐WC	
  and	
  Hps-­‐Sc-­‐	
  in	
  
HCT116	
   cells.	
   B)	
   Dose	
   response	
   of	
   the	
   four	
   designed	
   PPRHs	
   against	
   the	
   survivin	
   gene	
   and	
   the	
  
negative	
  controls	
  -­‐Hps-­‐WC	
  and	
  Hps-­‐Sc-­‐	
  in	
  MiaPaCa	
  2	
  cells.	
  DOTAP	
  was	
  used	
  at	
  5µM	
  to	
  transfect	
  the	
  
PPRHs	
  at	
  10	
  and	
  30	
  nM,	
  and	
  at	
  10µM	
  to	
   transfect	
  100	
  nM	
  PPRH.	
  Data	
  are	
  mean	
  ±SE	
  values	
  of	
  at	
  
least	
  three	
  experiments.	
  *p<0.05,	
  **p<0.01,	
  ***p<0.005.	
  

Figure	
   14	
   shows	
   the	
   effect	
   on	
   cell	
   viability	
   of	
   these	
   PPRHs.	
   A	
   dose-­‐response	
  

effect	
   was	
   observed	
   for	
   all	
   PPRHs	
   with	
   the	
   exception	
   of	
   HpsI1-­‐C,	
   which	
   caused	
  

more	
  death	
  at	
  30nM	
  than	
  100nM	
   in	
  MiaPaCa	
  2	
   (also	
  observed	
   in	
  PC3	
  cells).	
  The	
  

effect	
  varied	
  between	
  cell	
  lines,	
  but	
  the	
  PPRHs	
  with	
  a	
  more	
  similar	
  behavior	
  in	
  the	
  

three	
  cell	
  lines	
  were	
  those	
  against	
  the	
  promoter	
  sequences,	
  HpsPr-­‐T	
  and	
  HpsPr-­‐C,	
  

which	
   caused	
   a	
   decrease	
   of	
   almost	
   100%	
   in	
   cell	
   viability	
   at	
   100nM	
   in	
   the	
   3	
   cell	
  

lines.	
  For	
  HpsE4-­‐C,	
   the	
  effect	
  was	
  higher	
   in	
  HCT116	
  and	
  MiaPaCa	
  2	
   than	
   in	
  PC3.	
  

The	
  negative	
  controls,	
  Hps-­‐WC	
  and	
  Hps-­‐Sc,	
  did	
  not	
  cause	
  a	
  decrease	
  in	
  cell	
  viability	
  

at	
  100nM	
  in	
  any	
  of	
  the	
  cell	
  lines	
  tested.	
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Effects	
  of	
  PPRHs	
  on	
  apoptosis	
  

Figure	
  15	
  represents	
   the	
  results	
  using	
   flow	
  cytometry	
  to	
  determine	
  apoptosis,	
  

24h	
   after	
   transfection	
  with	
   the	
   different	
   PPRHs	
   against	
   survivin	
   in	
  HCT116	
   (Fig.	
  

15A)	
   and	
   MiaPaCa	
   2	
   cells	
   (Fig.	
   15B).	
   The	
   most	
   significant	
   increase	
   in	
   the	
  

percentage	
  of	
   apoptotic	
   cells	
  was	
  obtained	
  upon	
   transfection	
  of	
  HpsPr-­‐C	
   in	
  both	
  

cell	
   lines,	
   reaching	
   values	
   of	
   53%	
   HCT116	
   apoptotic	
   cells	
   and	
   41%	
   MiaPaCa	
   2	
  

apoptotic	
  cells.	
  This	
  correlated	
  with	
  the	
  results	
  obtained	
  in	
  PC3	
  cells,	
  with	
  54%	
  of	
  

apoptotic	
  cells	
  with	
  this	
  PPRH	
  (Fig.4,	
  Article	
  I).	
  HpsE4-­‐C	
  also	
  caused	
  an	
  increase	
  in	
  

apoptosis	
   (39%	
   in	
  HCT116	
   and	
   20%	
   in	
  MiaPaCa	
   2,	
   respectively),	
   similar	
   to	
   that	
  

caused	
   in	
  PC3	
  (22%	
  of	
  apoptotic	
  cells).	
  On	
   the	
  other	
  hand,	
  HpsPr-­‐T	
  and	
  HpsI1-­‐C	
  

caused	
  a	
  very	
  slight	
   increase	
   in	
  apoptosis	
   in	
  all	
   cell	
   lines.	
   It	
   is	
  worth	
  mentioning	
  

that	
   the	
   percentage	
   of	
   apoptotic	
   cells	
   using	
   MiaPaCa	
   2	
   was	
   lower	
   than	
   using	
  

HCT116,	
   and	
   that	
  might	
   be	
   related	
   to	
   the	
   different	
   uptake	
   of	
   PPRHs	
   previously	
  

observed.	
  

	
  
Figure	
  15.	
  Effect	
  of	
  PPRHs	
  against	
  survivin	
  on	
  apoptosis.	
  	
  Cells	
  were	
  transfected	
  with	
  100	
  nM	
  of	
  
HpsPr-­‐T,	
  HpsPr-­‐C,	
  HpsE4-­‐C	
  and	
  HpsI1-­‐C	
  against	
  the	
  survivin	
  gene	
  and	
  two	
  negative	
  controls	
  –Hps-­‐
WC	
   and	
  Hps-­‐Sc.	
   24	
   hours	
   after	
   transfection,	
   apoptosis	
  was	
  measured	
   by	
   the	
   rhodamine	
  method.	
  
Cells	
   Rho123-­‐negative	
   and	
   IP-­‐negative	
  were	
   considered	
   as	
   apoptotic	
   cells.	
   A)	
   HCT116	
   apoptotic	
  
cells	
   B)	
   MiaPaCa	
   2	
   apoptotic	
   cells.	
   Data	
   represent	
   the	
  mean	
   ±	
   SE	
   of	
   at	
   least	
   three	
   experiments.	
  
*p<0.05,	
  **p<0.01,	
  ***p<0.005.	
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4.1.1.3.	
  Bcl-­‐2	
  as	
  another	
  anti-­‐apoptotic	
  target	
  in	
  solid	
  tumors	
  

Design	
  of	
  PPRHs	
  against	
  Bcl-­‐2	
  

We	
   designed	
   Template	
   and	
   Coding-­‐PPRHs	
   against	
   Bcl-­‐2	
   to	
   conduct	
   a	
  

comparison	
   study.	
   Specifically,	
   HpBcl2Pr-­‐C	
   was	
   directed	
   against	
   the	
   promoter,	
  

HpBcl2E1-­‐C	
  against	
  exon	
  1	
  and	
  the	
  other	
  two	
  PPRHs	
  against	
  intron	
  2,	
  one	
  against	
  

the	
   template	
   (HpBcl2I2-­‐T)	
   and	
   one	
   against	
   the	
   coding	
   strand	
   (HpBcl2I2-­‐C).	
   The	
  
PPRHs	
  sequences	
  are	
  listed	
  in	
  Table	
  4,	
  in	
  the	
  Materials	
  and	
  Methods	
  section	
  3.1.3.	
  

The	
   location	
  of	
   their	
   target	
  sequences	
  within	
  the	
  Bcl-­‐2	
  gene	
   is	
  depicted	
   in	
  Figure	
  

16.	
  	
  

	
  
Figure	
  16.	
   Scheme	
   representing	
   the	
   target	
   sequences	
   of	
   the	
  PPRHs	
   against	
   the	
  Bcl-­‐2	
  gene.	
  
Four	
  PPRHs	
  were	
  designed	
  against	
  the	
  Bcl-­‐2	
  gene,	
  one	
  directed	
  toward	
  the	
  promoter	
  (HpBcl2Pr-­‐C),	
  
one	
  against	
  exon	
  1,	
  specifically	
  the	
  5’UTR	
  (HpBcl2E1-­‐C)	
  and	
  two	
  other	
  PPRHs	
  against	
  intron	
  2,	
  one	
  
template	
   (HpBcl2I2-­‐T)	
   and	
   one	
   coding	
   (HpBcl2I2-­‐C).	
   Nomenclature	
   used	
  was	
  Hp	
   (Hairpin),	
   Bcl2	
  
(Bcl2),	
   Pr	
   (promoter),	
   I	
   (intron),	
   E	
   (exon).	
   The	
   numbering	
   below	
   the	
   PPRHs	
   corresponds	
   to	
   the	
  
start	
   of	
   the	
   target	
   sequence	
   location	
   in	
   the	
   gene	
   referred	
   to	
   the	
   transcriptional	
   start	
   site.	
   The	
  
arrows	
  indicate	
  the	
  length	
  of	
  each	
  gene	
  element.	
  

	
  

Effects	
  of	
  PPRHs	
  on	
  cell	
  viability	
  

Dose-­‐response	
   studies	
   using	
   the	
   four	
   designed	
   PPRHs	
   and	
   negative	
   controls	
  

were	
   performed	
   in	
   three	
   different	
   cell	
   lines:	
   PC3	
   (prostate	
   cancer),	
   MiaPaCa	
   2	
  

(pancreatic	
   cancer)	
   and	
  HCT116	
   (colon	
   cancer).	
   The	
   resulting	
   cell	
   viabilities	
   are	
  

shown	
   in	
   Figure	
   17.	
   In	
   PC3	
   cells	
   (dark	
   grey	
   bars),	
   the	
   four	
   PPRHs	
   caused	
   a	
  

significant	
   effect,	
   but	
   the	
   most	
   effective	
   were	
   two	
   Coding-­‐PPRHs,	
   one	
   directed	
  

against	
  the	
  promoter	
  sequence,	
  HpBcl2Pr-­‐C,	
  and	
  one	
  against	
  exon	
  1,	
  HpBcl2E1-­‐C,	
  

with	
  more	
  than	
  80%	
  decrease	
  in	
  cell	
  viability	
  at	
  30nM.	
  These	
  two	
  PPRHs	
  were	
  also	
  

the	
  most	
  effective	
  in	
  the	
  other	
  two	
  cell	
  lines,	
  causing	
  more	
  than	
  95%	
  of	
  cell	
  death	
  

already	
  at	
  30nM	
  in	
  MiaPaCa	
  2	
  (light	
  grey	
  bars)	
  and	
  HCT116	
  (black	
  bars)	
  cells.	
  The	
  

two	
  PPRHs	
  directed	
  against	
  intron	
  2	
  did	
  not	
  show	
  a	
  great	
  effect	
  in	
  any	
  cell	
  line.	
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Figure	
  17.	
  Effect	
  of	
  PPRHs	
  against	
  Bcl-­‐2	
  on	
  cell	
  viability.	
  MTT	
  assays	
  to	
  determine	
  cell	
  survival	
  
were	
  performed	
  6	
  days	
  after	
   transfection.	
  Dose	
   response	
  of	
   the	
   four	
  designed	
  PPRHs	
  against	
   the	
  
Bcl-­‐2	
   gene	
   and	
   the	
   negative	
   controls-­‐Hps-­‐WC	
   and	
   Hps-­‐Sc-­‐	
   in	
   PC3,	
   MiaPaCa	
   2	
   and	
   HCT116	
   cells.	
  
DOTAP	
  was	
  used	
  at	
  5µM	
  to	
  transfect	
  the	
  PPRHs	
  at	
  10	
  and	
  30	
  nM,	
  and	
  at	
  10µM	
  for	
  100	
  nM	
  PPRH.	
  .	
  
Data	
  represent	
  the	
  mean	
  ±	
  SE	
  of	
  at	
  least	
  three	
  experiments.	
  *p<0.05,	
  **p<0.01,	
  ***p<0.005.	
  	
  

PPRHs	
   against	
   Bcl-­‐2	
   were	
   also	
   tested	
   in	
   CT26	
   cells	
   at	
   the	
   most	
   effective	
  

concentration,	
   100nM.	
   CT26	
   cells	
   were	
   used	
   as	
   a	
   negative	
   control	
   because	
   they	
  

express	
  murine	
  Bcl-­‐2	
   and	
   should	
  not	
  be	
   sensitive	
   to	
  PPRHs	
  designed	
  against	
   the	
  

human	
  gene.	
  Figure	
  18	
   shows	
  no	
  decrease	
   in	
   this	
  murine	
   cell	
   line	
  viability	
  upon	
  

transfection	
  of	
  the	
  four	
  PPRHs	
  against	
  human	
  Bcl-­‐2.	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure	
  18.	
  Effect	
  of	
  PPRHs	
  against	
  Bcl-­‐2	
  on	
  cell	
  viability.	
  MTT	
  assays	
  to	
  determine	
  cell	
  survival	
  
were	
   performed	
  6	
   days	
   after	
   transfection.	
   Cell	
   viability	
   upon	
   transfection	
   of	
   100nM	
  of	
   PPRHs	
   in	
  
CT26.	
  DOTAP	
  was	
  used	
  at	
  10µM.	
  Data	
  are	
  mean	
  ±SE	
  values	
  of	
  at	
  least	
  three	
  experiments.	
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Effects	
  of	
  PPRHs	
  on	
  apoptosis	
  

Apoptosis	
  was	
  measured	
  by	
  two	
  methodologies:	
  the	
  rhodamine	
  method	
  (Figure	
  	
  	
  

19A)	
   and	
   the	
   caspase-­‐3	
   activity	
   assay	
   (Figure	
   19B)	
   as	
   detailed	
   in	
  Materials	
   and	
  

Methods,	
  section	
  2.14,	
  Article	
  I.	
  These	
  assays	
  were	
  used	
  to	
  establish	
  a	
  connection	
  

between	
   inhibition	
   of	
   Bcl-­‐2	
   and	
   its	
   anti-­‐apoptotic	
   function.	
   Both	
   approaches	
  

showed	
  a	
  similar	
  pattern	
   for	
   the	
  PPRHs	
  tested,	
  which	
  can	
  be	
  correlated	
  with	
   the	
  

effect	
   on	
   cell	
   viability.	
   The	
   PPRHs	
   that	
   caused	
   a	
   higher	
   decrease	
   in	
   cell	
   viability	
  

were	
   those	
   causing	
   a	
   higher	
   increase	
   in	
   apoptosis,	
   namely	
   HpBcl2Pr-­‐C	
   and	
  

HpBcl2E1-­‐C.	
   	
   Using	
   flow	
   cytometry,	
   transfection	
   at	
   100nM	
   of	
   PPRHs	
   induced	
  

apoptosis	
   up	
   to	
   30-­‐50%	
   of	
   the	
   cell	
   population	
   in	
   the	
   three	
   cell	
   lines.	
   Using	
   the	
  

caspase-­‐3	
  assay,	
  these	
  two	
  PPRHs	
  caused	
  a	
  2-­‐fold	
  increase	
  in	
  PC3	
  cells	
  (dark	
  grey	
  

bars),	
   a	
   4-­‐fold	
   increase	
   in	
   MiaPaCa	
   2	
   cells	
   (light	
   grey	
   bars)	
   and	
   reached	
   5-­‐fold	
  

(HpBcl2Pr-­‐C)	
  and	
  7-­‐fold	
  (HpBcl2E1-­‐C)	
  in	
  HCT116	
  cells	
  (black	
  bars).	
  It	
  is	
  important	
  

to	
  note	
  that	
  the	
  higher	
  values	
  for	
  both	
  assays	
  were	
  obtained	
  with	
  the	
  HCT116	
  cell	
  

line,	
  probably	
  indicating	
  a	
  higher	
  susceptibility	
  of	
  these	
  cells	
  to	
  apoptosis	
  through	
  

silencing	
   of	
  Bcl-­‐2	
   (HCT116	
  had	
   the	
   highest	
   expression	
   of	
  Bcl-­‐2,	
   compared	
   to	
   the	
  

two	
  other	
  cell	
  lines,	
  as	
  determined	
  by	
  qRT-­‐PCR	
  (data	
  not	
  shown)).	
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Figure	
  19.	
  Effect	
  of	
  PPRHs	
  against	
  Bcl-­‐2	
  on	
  apoptosis.	
  	
  PC3	
  cells	
  were	
  transfected	
  with	
  100	
  nM	
  
of	
   PPRHs	
   against	
  Bcl-­‐2	
   and	
   the	
   negative	
   control-­‐	
   Hps-­‐WC.	
   24	
   hours	
   after	
   transfection,	
   apoptosis	
  
was	
   measured	
   by	
   two	
   methods.	
   A)	
   Rhodamine	
   method:	
   Cells	
   Rho123-­‐negative	
   and	
   IP-­‐negative	
  
were	
   considered	
   as	
   apoptotic	
   cells.	
   Data	
   represent	
   the	
  mean	
   ±	
   SE	
   of	
   at	
   least	
   three	
   experiments.	
  
*p<0.05,	
  *p<0.01.	
  B)	
  Caspase-­‐3/7	
  assay:	
  Fold	
  change	
  in	
  RLU	
  relative	
  to	
  DOTAP.	
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Effects	
  of	
  PPRHs	
  on	
  Bcl-­‐2	
  mRNA	
  and	
  protein	
  levels	
  

We	
  evaluated	
  the	
  effect	
  of	
  a	
  dose-­‐response	
  of	
  HpBcl2E1-­‐C	
  on	
  Bcl-­‐2	
  mRNA	
  levels	
  

in	
  PC3	
  cells	
  (Figure	
  20A).	
  	
  

	
  
Figure	
  20.	
  Bcl-­‐2	
  mRNA	
  and	
  protein	
  levels.	
  A)	
  RNA	
  was	
  extracted	
  from	
  PC3	
  cells	
  after	
  treatment	
  
with	
   increasing	
  concentrations	
  of	
  HpBcl2E1-­‐C.	
  mRNA	
  levels	
  were	
  determined	
  using	
  qRT-­‐PCR	
  and	
  
referred	
   to	
   the	
   levels	
   of	
   endogenous	
   controls.	
   B)	
   PC3	
   cells	
   were	
   incubated	
   with	
   100nM	
   of	
  
HpBcl2E1-­‐C	
   for	
  16	
  and	
  24h.	
  Total	
  protein	
  extracts	
  were	
  obtained	
  and	
  analyzed	
  by	
  Western	
  Blot.	
  
Protein	
  levels	
  were	
  normalized	
  using	
  tubulin.	
  C)	
  Representative	
  image	
  of	
  a	
  Western	
  blot	
  showing	
  
Bcl-­‐2	
   and	
   tubulin	
   (endogenous	
   control)	
   protein	
   levels	
   in	
   PC3	
   after	
   incubation	
  with	
   HpBcl2E1-­‐C.	
  
Data	
  represent	
  the	
  mean	
  ±	
  SE	
  of	
  at	
  least	
  three	
  experiments.	
  *p<0.05,	
  **p<0.01,	
  ***p<0.005.	
  

At	
   a	
   concentration	
   of	
   100nM,	
   HpBcl2E1-­‐C	
   caused	
   a	
   2-­‐fold	
   decrease	
   of	
   Bcl-­‐2	
  

mRNA	
   levels,	
   24h	
   after	
   transfection	
   (Figure	
   20A),	
   that	
   was	
   reflected	
   in	
   a	
   2-­‐fold	
  

decrease	
  of	
  Bcl-­‐2	
  protein	
  levels	
  (Figure	
  20B	
  and	
  C).	
   	
  Even	
  though	
  the	
  decrease	
  in	
  

mRNA	
   levels	
   at	
   300nM	
  was	
   significant,	
   it	
   was	
   inferior	
   to	
   100nM.	
   This	
   could	
   be	
  

explained	
  by	
  the	
  fact	
  that	
  the	
  best	
  ratio	
  to	
  complex	
  the	
  PPRH	
  with	
  DOTAP	
  is	
  1:100	
  

(PPRH:DOTAP)	
   but	
   the	
   maximum	
   concentration	
   for	
   DOTAP	
   without	
   causing	
  

toxicity	
   is	
  10µM.	
  Therefore,	
   this	
  best	
   ratio	
   is	
  only	
  applicable	
  when	
  using	
  100nM,	
  

because	
  at	
  300nM,	
  the	
  ratio	
  is	
  1:33.	
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4.1.1.4	
  Mechanism	
  of	
   action	
  of	
   a	
  Template-­‐PPRH	
  against	
   an	
   intronic	
   sequence	
  of	
  

the	
  DHFR	
  gene	
  

Previously	
   in	
   our	
   group,	
   it	
   was	
   suggested	
   that	
   a	
   Template-­‐PPRH	
   against	
   an	
  

intronic	
   sequence	
   of	
   the	
   DHFR	
   gene	
   (HpdI3-­‐B)	
   caused	
   a	
   decrease	
   in	
   gene	
  

expression	
   by	
   inhibition	
   of	
  mRNA	
   elongation,	
   the	
   same	
  mechanism	
   as	
   TFOs	
   (de	
  

Almagro	
   et	
   al.	
   2009).	
   Nevertheless,	
   further	
   proof	
   was	
   needed	
   to	
   affirm	
   the	
  

mechanism	
  of	
  action	
  for	
  this	
  template	
  PPRH.	
  We	
  rationalize	
  that	
  if	
  the	
  decrease	
  in	
  

expression	
  caused	
  by	
  the	
  PPRH	
  was	
  due	
  to	
  a	
  decrease	
  in	
  transcription,	
  this	
  effect	
  

would	
  be	
  observed	
  after	
   the	
   site	
  where	
   the	
  PPRH	
  was	
  bound	
   to	
   the	
  DNA	
   target.	
  

Therefore,	
  PCR	
  amplification	
  of	
  a	
  sequence	
  upstream	
  of	
  the	
  PPRH	
  target	
  would	
  not	
  

decrease	
   in	
   the	
   presence	
   of	
   the	
   PPRH,	
   whereas	
   amplification	
   of	
   a	
   downstream	
  

sequence	
  would	
  decrease	
  in	
  these	
  conditions.	
  	
  

To	
  address	
  that	
   issue,	
  we	
  tested	
  the	
  effect	
  of	
  HpdI3-­‐B	
  in	
  PC3	
  cells	
  through	
  the	
  	
  

analysis	
  of	
  DHFR	
  mRNA	
  levels	
  with	
  three	
  different	
  sets	
  of	
  primers.	
  	
  

-­‐ DHFR	
  exon3-­‐exon	
  4	
  primers:	
  complementary	
  to	
  the	
  mRNA	
  sequence.	
  	
  

-­‐ pre-­‐PPRH	
  primers:	
  complementary	
  to	
  the	
  pre-­‐mRNA	
  sequence.	
  

-­‐ post-­‐PPRH	
  primers:	
  complementary	
  to	
  the	
  pre-­‐mRNA	
  sequence.	
  

	
  
Table	
  7.	
  Primer	
  sequences	
  for	
  DHFR	
  mRNA	
  and	
  pre-­‐mRNA	
  amplification.	
  

Primers	
   Sequence	
  (5’-­‐3’)	
  

DHFR	
   Forward	
   GAAGACCTGGTTCTCCATTCC	
  	
  

Reverse	
   TGCCACCAACTATCCAGACC	
  	
  

Pre-­‐PPRH	
   Forward	
   ACCTGGTCCCTGTAACTGC	
  	
  

Reverse	
   CAGGCTGGAAAAAGACATGGTG	
  	
  

Post-­‐PPRH	
   Forward	
   GGGAGGAGGCAATCAAGAGA	
  	
  

Reverse	
   GTCAAGTTTTTAGCCTGGTGC	
  	
  

	
  
	
  
	
  
	
  
	
  
	
  

79



	
  

	
  
Figure	
  21.	
  Sequence	
  and	
  design	
  of	
  the	
  PPRH	
  and	
  primers	
  used	
  to	
  study	
  the	
  mechanism	
  of	
  
action.	
  	
  	
  

We	
  analyzed	
  mRNA	
   levels	
  3h	
  after	
   transfection	
  of	
   the	
  PPRH,	
   in	
  order	
   to	
  see	
  a	
  

decrease	
   in	
   pre-­‐mRNA	
   levels,	
  which	
  were	
  meant	
   to	
   occur	
   early	
   than	
   the	
   normal	
  

timing	
  for	
  mRNA	
  analysis	
  (24	
  or	
  48h).	
  	
  We	
  also	
  analyzed	
  the	
  cytotoxicity	
  caused	
  by	
  

HpdI3-­‐B	
   in	
  PC3	
  cells,	
  using	
   the	
  selective	
  medium	
  -­‐GHT.	
  DHFR	
   inhibition	
   in	
   these	
  

culture	
   conditions	
   will	
   cause	
   cell	
   death,	
   due	
   to	
   the	
   lack	
   of	
   the	
   final	
   products	
   of	
  

DHFR	
  enzymatic	
  activity,	
  and	
  thus,	
  the	
  inability	
  of	
  cells	
  to	
  synthesize	
  DNA.	
  

In	
  Figure	
  22,	
  we	
  observed	
  that	
  this	
  PPRH	
  caused	
  a	
  reduction	
  in	
  cell	
  viability	
  at	
  

100nM	
   and	
   was	
   able	
   to	
   decrease	
   DHFR	
   mRNA	
   levels	
   1.4-­‐fold,	
   3	
   hours	
   after	
  

transfection.	
  The	
  analysis	
  of	
  the	
  pre-­‐mRNA	
  levels	
  upstream	
  and	
  downstream	
  of	
  the	
  

PPRH	
  binding	
  site	
  showed	
  a	
  decrease	
  in	
  pre-­‐mRNA	
  levels	
  when	
  using	
  the	
  primers	
  

post-­‐PPRH,	
   indicating	
   that	
   the	
   presence	
   of	
   the	
   PPRH	
   prevent	
   elongation	
   of	
   the	
  

mRNA	
  from	
  the	
  sequence	
  where	
  the	
  PPRH	
  was	
  bound.	
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Figure	
  22.	
  Effect	
  of	
  HpdI3-­‐B	
  on	
  cell	
  viability	
  and	
  DHFR	
  mRNA	
  and	
  pre-­‐mRNA	
  levels.	
  A)	
  100nM	
  
of	
  HpdI3-­‐B	
  was	
  transfected	
  in	
  PC3	
  cells.	
  DOTAP	
  was	
  used	
  at	
  10µM.	
  MTT	
  assays	
  to	
  determine	
  cell	
  survival	
  were	
  
performed	
  6	
  days	
  after	
  transfection.	
  B)	
  RNA	
  was	
  extracted	
  from	
  PC3	
  cells	
  3	
  hours	
  after	
  treatment	
  with	
  100nM	
  
of	
   HpdI3-­‐B.	
   mRNA	
   and	
   pre-­‐mRNA	
   levels	
   were	
   determined	
   using	
   qRT-­‐PCR	
   and	
   referred	
   to	
   the	
   levels	
   of	
  
endogenous	
   controls.	
   Data	
   represent	
   the	
   mean	
   ±	
   SE	
   of	
   at	
   least	
   three	
   experiments.	
   *p<0.05,	
   **p<0.01,	
  
***p<0.005.	
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Background	
  

In	
  a	
  previous	
  work,	
  we	
  studied	
  in-­‐depth	
  the	
  mechanism	
  of	
  action	
  and	
  efficacy	
  of	
  

PPRHs	
   against	
   promoter	
   sequences	
   of	
   the	
   survivin	
   gene.	
   Despite	
   these	
   PPRHs	
  

worked	
   efficiently	
   without	
   causing	
   known	
   off-­‐target	
   effects,	
   the	
   use	
   of	
   PPRHs	
  

carrying	
   adenines	
   confronting	
   the	
   purine	
   interruptions	
   in	
   the	
   polypyrimidine	
  

target	
  could	
  raise	
  some	
  concern	
  on	
  specificity.	
  Previous	
  studies	
   in	
  our	
  group	
  had	
  

shown	
  that	
  when	
  a	
  single	
  interruption	
  occurred,	
  the	
  usage	
  of	
  an	
  adenine	
  in	
  front	
  of	
  

the	
  interruption	
  in	
  both	
  domains	
  of	
  the	
  PPRH,	
  maintained	
  the	
  binding	
  to	
  the	
  target	
  

while	
   keeping	
   the	
   homopurine	
   nature	
   of	
   the	
   PPRH	
   (Coma	
   et	
   al.	
   2005).	
   That	
   is,	
  

adenines	
   can	
   be	
   used	
   as	
   wild	
   cards	
   at	
   the	
   time	
   of	
   designing	
   PPRHs.	
   Later,	
   a	
  

functional	
   study	
  of	
  PPRHs	
  against	
  DHFR	
  was	
  performed	
   in	
   terms	
  of	
   cell	
   viability	
  

and	
   mRNA	
   determination.	
   PPRHs	
   carrying	
   adenines	
   in	
   front	
   of	
   the	
   purine	
  

interruptions	
   proved	
   to	
   be	
   efficient	
   (de	
   Almagro	
   et	
   al.	
   2009).	
   It	
   is	
   important	
   to	
  

bear	
  in	
  mind	
  that	
  target	
  sequences	
  usually	
  have	
  more	
  than	
  one	
  interruption,	
  and	
  

the	
  higher	
  the	
  number,	
  the	
  higher	
  the	
  possibility	
  of	
  off-­‐target	
  effects.	
  	
  

Objectives	
  

In	
  this	
  work,	
  we	
  studied	
  different	
  characteristics	
  of	
  PPRHs,	
  namely	
   length	
  and	
  

interruptions,	
  with	
   the	
  aim	
   to	
   improve	
   their	
  applicability	
  as	
  gene	
  silencing	
   tools.	
  

We	
  also	
  compared	
  PPRHs	
  to	
  non-­‐modified	
  TFOs,	
  and	
  designed	
  a	
  new	
  molecule,	
  the	
  

Wedge-­‐PPRH,	
  based	
  on	
  PPRHs.	
  	
  

Results	
  

First,	
  we	
  compared	
  PPRHs	
  with	
  different	
  lengths	
  (20,	
  25	
  and	
  30	
  nt)	
  against	
  an	
  

intronic	
   sequence	
   of	
   the	
   TERT	
   gene,	
   in	
   terms	
   of	
   binding	
   and	
   cell	
   viability.	
   We	
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observed	
  that	
  even	
  though	
  all	
  of	
  them	
  were	
  able	
  to	
  bind	
  to	
  the	
  target	
  sequence,	
  the	
  

longer	
  the	
  PPRH,	
  the	
  higher	
  the	
  effect	
  in	
  terms	
  of	
  decrease	
  in	
  cell	
  viability.	
  	
  

Secondly,	
  we	
  conducted	
  a	
  comparison	
  between	
  PPRHs	
  and	
  non-­‐modified	
  TFOs.	
  

TFOs	
   are	
   polypurine	
   single-­‐stranded	
   oligonucleotides	
   with	
   gene	
   silencing	
  

capabilities.	
  We	
  proved	
  that	
  the	
  presence	
  of	
  the	
  hairpin	
  structure	
  provided	
  PPRHs	
  

with	
  the	
  advantages	
  of	
  higher	
  affinity	
  of	
  binding	
  and	
  higher	
  efficacy.	
  	
  

To	
   avoid	
  possible	
  off-­‐target	
   effects,	
  we	
  explored	
   the	
  possibility	
   of	
   using	
  Wild-­‐

type	
   PPRHs,	
   which	
   carry	
   the	
   complementary	
   base	
   of	
   the	
   interruption	
   in	
   both	
  

strands	
  of	
  the	
  PPRH.	
  	
  Comparison	
  with	
  the	
  regular	
  PPRHs	
  showed	
  that	
  Wild-­‐type	
  

PPRHs	
  had	
  a	
  higher	
  binding	
  affinity	
  to	
  their	
  target	
  sequence	
  and	
  produced	
  a	
  higher	
  

decrease	
  in	
  cell	
  viability.	
  	
  

Finally,	
  we	
  developed	
  a	
  new	
  molecule	
  called	
  Wedge-­‐PPRH	
  based	
  on	
  PPRHs	
  but	
  

with	
  a	
  5'	
  extension	
  that	
  made	
  possible	
  the	
  formation	
  of	
  a	
  locked	
  structure	
  with	
  the	
  

double-­‐stranded	
  DNA.	
  This	
  molecule	
  proved	
   to	
  decrease	
  cell	
  viability	
   in	
  prostate	
  

and	
  breast	
  cancer	
  cell	
  lines.	
  	
  

Conclusions	
  

As	
   a	
   summary,	
   we	
   established	
   different	
   properties	
   to	
   be	
   considered	
   when	
  

designing	
   PPRHs,	
   such	
   as	
   length	
   and	
   mismatch	
   substitution.	
   We	
   also	
   proved	
  

PPRHs	
  to	
  be	
  more	
  efficient	
  than	
  TFOs,	
  and	
  designed	
  a	
  brand	
  new	
  molecule.	
  	
  

	
  
	
  
	
  

84
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ABSTRACT: Nowadays, the modulation of gene expression by nucleic acids has
become a routine tool in biomedical research for target validation and it is also used to
develop new therapeutic approaches. Recently, we developed the so-called polypurine
reverse Hoogsteen hairpins (PPRHs) that show high stability and a low immunogenic
profile and we demonstrated their efficacy both in vitro and in vivo. In this work, we
explored different characteristics of PPRHs to improve their usage as a tool for gene
silencing. We studied the role of PPRH length in the range from 20 to 30 nucleotides.
We also proved their higher affinity of binding and efficacy on cell viability compared
to nonmodified TFOs. To overcome possible off-target effects, we tested wild-type
PPRHs, which proved to be capable of binding to their target sequence with more
affinity, displaying a higher stability of binding and a higher effect in terms of cell
viability. Moreover, we developed a brand new molecule called Wedge-PPRH with the
ability to lock the ds-DNA into the displaced structure and proved its efficacy in
prostate and breast cancer cell lines.

KEYWORDS: gene silencing, PPRH, wild-type, Wedge-PPRH, nucleic acid

■ INTRODUCTION

In 1957, Felsenfeld described the existence of triple-stranded
nucleic acids1 and K. Hoogsteen justified triplex formation with
the finding of Hoogsteen bonds.2 These discoveries prompted
the development of a gene-silencing tool called triplex forming
oligonucleotides (TFOs), capable of binding to the purine strand
in the major groove of the double helix by hydrogen bonds. The
study of their mechanism of action concluded that TFOs
interfered with the transcription process.3−5 Purine TFOs have
several advantages over pyrimidine TFOs because they bind to
their target sequence in a pH-independent manner, with higher
affinity and faster kinetics.6 Kool and colleagues found out that
purine sequences in a hairpin or a circular structure could form
triplexes with their single-stranded pyrimidine target sequence
with a higher binding affinity.7

All these studies led us to develop the polypurine reverse
Hoogsteen hairpins (PPRHs), which are composed of two
antiparallel polypurine domains, which form intramolecular
reverse-Hoogsteen bonds linked by a five-thymidine loop,
therefore forming a hairpin structure. PPRHs are capable of
binding to polypyrimidine stretches in the DNA, causing strand
displacement.8 Template-PPRHs are directed against the
template strand and cause inhibition of transcription.9 Coding
PPRHs are directed against the coding strand and can also bind
to the mRNA. Depending on the location of the target sequence,
either in introns or promoters, PPRHs act through different
mechanisms. A coding-PPRH against an intronic sequence in the
dhfr gene caused a splicing alteration by preventing the binding
of the splicing factor U2AF65 to its target sequence.10 PPRHs
against promoter sequences, both a template-PPRH (HpsPr-T)
and a coding-PPRH (HpsPr-C) directed against two different
regions of the survivin promoter, prevented the binding of
transcription factors specific for the corresponding target

sequences -Sp1, Sp3 and GATA-3-, causing a decrease in survivin
expression.11

The main limitation for the design of either TFOs or PPRHs
would be the presence of polypurine/polypyrimidine stretches.
However, their rate of occurrence in the genome has been proved
to be higher than predicted by random models,12,13 which opens
the possibility to design sequence-specific molecules against
genes that play important roles in cancer, such as survivin or
TERT.
We have previously studied the role of survivin in cancer using

siRNAs andODNs,14 andmore recently, we used PPRHs against
survivin to validate this new technology both in vitro and in vivo.
This approach allowed us to confirm their efficacy in terms of
decrease in mRNA and protein levels, resulting in a decrease in
cell viability and increase in apoptosis in vitro. Using a
xenografted model of prostate cancer we proved that the
administration of a PPRH against a promoter sequence in the
survivin gene caused a reduction in tumor growth, through the
decrease in survivin levels and in blood vessel formation, thus
establishing the proof of principle for PPRHs usage in vivo.11

We have also studied important properties of PPRHs and
concluded that they are less immunogenic and much more stable
than siRNAs.15 Even though these advantages make PPRHs an
attractive tool for gene silencing, there is room for improvement.
The aim of this work was to further improve PPRHs in terms

of affinity and specificity and to compare them with nonmodified
TFOs. To do so, we studied the influence of length and
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pyrimidine interruptions within the PPRHs and developed the
Wedge-PPRH, a brand new molecule based on PPRHs.

■ MATERIALS AND METHODS
Design and Usage of PPRHs. PPRHs of different length

against an intronic sequence of the telomerase gene (Table 1) and

PPRHs and nonmodified TFOs against promoter sequences of
the survivin gene (Table 2) were used in these experiments. The
Triplex-Forming Oligonucleotide Target Sequence Search
software (M.D. Anderson Cancer Center, Houston, TX)
(www.spi.mdanderson.org/tfo/) was used to find polypurine
sequences and BLAST software was carried out to confirm the
specificity of the designed molecules. The nomenclature used in
this study was: Hp for PPRH hairpin; s for survivin; t for TERT;
Pr for promoter; I10 for intron 10; T for template-PPRH; C for
coding-PPRH; and WT for wild type. Wedge-PPRHs were
designed by extending the 5′ end of HpsPr-T WT, with a
pyrimidine sequence complementary to the upper strand that is
displaced by the PPRH (Table 3). PPRHs were synthesized as
nonmodified oligodeoxynucleotides by Sigma-Aldrich (Madrid,
Spain) (0.05 μmol scale; DESALT-unmodified and desalted).
Lyophilized PPRHs were resuspended in sterile Tris-EDTA
buffer (1 mMEDTA and 10 mMTris, pH 8.0) and stored at−20
°C.
Preparation of Polypurine/Polypyrimidine Duplexes.

The duplexes to be targeted by the hairpins corresponded to the
intronic sequence within the TERT gene (Table 1) and two
promoter sequences of the survivin gene (Table 2). The single-
strandedmolecules were purchased from Sigma and resuspended
in Tris-EDTA buffer. To make the duplexes, 25 μg of each single-
stranded (ss) polypurine and polypyrimidine oligodeoxynucleo-
tides were incubated with 150 mM NaCl at 90 °C for 5 min as
described by de Almagro et al.9

Oligodeoxynucleotide Labeling. One hundred nano-
grams of PPRHs or double stranded (ds) oligodeoxynucleotides
were 5′-end-labeled with T4 polynucleotide kinase (New
England Biolabs, Beverly, MA) and [γ-32P]ATP as described
by de Almagro et al.9

PPRH and TFODNABindingAnalyses.Binding studies for
PPRHs and TFOs were performed using radiolabeled ds-target
sequences (20 000 cpm). The radiolabeled sequences were
incubated with increasing concentrations (0.1 μM, 1 μM, and 10
μM) of each PPRH or TFO in a buffer containing 10 mMMgCl2,
100 mMNaCl, and 50mMHEPES, pH 7.2 and 0.5 μg of poly dI-
dC (Sigma-Aldrich) as a nonspecific competitor. Binding
reactions (20 μL) were preincubated for 5 min at 65 °C,
followed by 30 min at 37 °C and then, loaded in nondenaturing
12% polyacrylamide gels (PAGE) containing 10 mMMgCl2, 5%
glycerol and 50 mMHEPES, pH 7.2. Electrophoresis was carried

Table 1. DNA Oligonucleotides Sequences and PPRHs of
Different Lengths against the Telomerase Gene

PPRH hairpins against the template strand of intron 10 of the
telomerase gene (TERT target): HptI10-T, 30 nt carrying three A-
substitutions in place of the pyrimidine interruptions in each domain.
HptI10-T2, 25 nt carrying two A-substitutions and HptI10-T3, 20 nt
carrying two A-substitutions. Interruptions are marked in bold. Bullets
represent reverse-Hoogsteen bonds and lines Watson−Crick bonds.

Table 2. DNA Oligonucleotides Sequences, PPRHs, and
TFOs Directed against the Survivin Gene

*PPRH hairpins and TFO against the survivin promoter at −1009:
HpsPr-T, 26 nt carrying three A-substitutions in place of the
pyrimidine interruptions in each domain; HpsPr-T WT 26 nt carrying
the corresponding three pyrimidine interruptions in each domain;
TFO-sPr-C carrying three A-substitutions in place of the pyrimidine
interruptions. PPRH hairpins and TFO against the survivin promoter
at −525: HpsPr-C, 20 nt carrying three A-substitutions in place of the
pyrimidine interruptions in each domain; HpsPr-T WT 20 nt carrying
the corresponding three pyrimidine interruptions in each domain;
TFO-sPr-T carrying three A-substitutions in place of the pyrimidine
interruptions. Negative controls: Hps-WC is a hairpin with intra-
molecular Watson−Crick bonds; Hps-Sc is a hairpin with intra-
molecular reverse-Hoogsteen bond and no target in the genome;
TFO-Sc is a polypurine sequence and no target in the human genome.
Interruptions are marked in bold. Bullets represent reverse-Hoogsteen
bonds and lines Watson−Crick bonds.
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out for approximately 4 h at 10 V/cm at 4 °C. After drying the gel,
it was exposed to Europium plates OVN and analyzed using a
Storm 840 Phosphorimager (Molecular Dynamics, Sunnyvale,
CA).
UV Absorption Studies. Previous to the analyses, the

PPRHs in combination with their single-stranded target
sequence (0.5 μM of each strand) were incubated in a buffer
containing 100 mMNaCl and 50 mMHEPES, pH 7.2, heated to
90 °C during 5 min, cooled slowly to room temperature, and
stored at 4 °C.
Melting experiments were performed using a V-650

Spectrophotometer (Jasco, Madrid, Spain) connected to a
temperature controller that increased temperature at a rate of 1
°C/min from 10 to 90 °C. Absorbance of the samples was
measured in a 1 cm path length quartz cells.
The MeltWin 3.5 software was used to perform a

thermodynamic analysis to calculate melting temperatures
(Tm) and free energy values (ΔG) as the mean of two
independent melting experiments.
Cell Culture. PC3 prostate adenocarcinoma cells (ECACC),

SKBR3 breast adenocarcinoma cells (ATCC) and MiaPaCa-2
pancreas carcinoma cells (ATCC) were cultivated in Ham’s F-12
medium supplemented with 7% fetal bovine serum (GIBCO,
Invitrogen, Barcelona, Spain) and incubated at 37 °C in a
humidified 5% CO2 atmosphere.
Transfection. The transfection procedure consisted in

mixing the appropriate amount of either PPRH or TFO and
the transfection reagent DOTAP (Roche, Mannheim, Germany
or Biontex, Germany) for 20 min in a volume of 200 μL of
medium at room temperature, followed by the addition of the
mixture to the cells plated in 35 mm-diameter dishes in a total
volume of 1 mL.

MTT Assay. MiaPaCa 2 (5000), PC3 (10 000), or SKBR3
(10 000) cells were plated in 35 mm-diameter dishes in F12
medium and treated with the appropriate concentration of each
molecule. After 6 days, MTT assay was performed as described
by Rodriǵuez et al.11

mRNA Analyses. A total of 60 000 PC3 or MiaPaCa 2 cells
were plated in 35 mm-diameter dishes in F12 medium and total
RNA was extracted 48 or 72 h after transfection, using Ultraspec
(Biontex) or Trizol (Life Technologies, Madrid, Spain),
following the manufacturer’s specifications. Quantification of
RNA was performed measuring its absorbance (260 nm) at 25
°C using a Nanodrop ND-1000 spectrophotometer.

Reverse Transcription. cDNAwas synthesized using 1 μg of
total RNA, as described by Rodriǵuez et al.11 for TERT mRNA
levels determination.
For survivin mRNA levels, 500 ng were used in a total volume

of 20 μL of reaction containing 2 μL of Buffer 10x (500 mMTris-
HCl pH 8.3, 750 mM KCl, 30 mM MgCl2, 100 mM DTT)
(Lucigen, Middleton, Wisconsin), 12.5 ng of random hexamers
(Roche), 0.5 mM each dNTP (AppliChem, Barcelona, Spain),
20 units of NxGen RNase inhibitor (Lucigen) and 200 units of
NxGen M-MuLV reverse transcriptase (Lucigen). The reaction
was incubated at 37 °C for 1 h and 3 μL of the cDNA per sample
were used for qRT-PCR.

Real Time-PCR. The StepOnePlus Real-Time PCR Systems
(Applied Biosystems, Barcelona, Spain) was used to perform
these experiments.
SYBR was used to determine TERT mRNA levels. Primer

sequences were: TERT-Fw, 5′-GCGGAAGACAGTGGT-
GAACT-3′; TERT-Rv, 5′-AGCTGGAGTAGTCGCTCTGC-
3′; and the endogenous control, APRT-Fw, 5′-AAGGCT-
GAGCTGGAGATTCA-3′; APRT-Rv, 5′-GGTACAGGTGC-
CAGCTTCTC-3′.
The final volume of the reaction was 20 μL, containing 10 μL

of Biotools Mastermix (2X) (Biotools, Madrid, Spain), 1 μL of
SYBR (dilution 1/1000, Life technologies), 0.25 μM of each
primer, 3 μL of cDNA and H2O mQ. PCR cycling conditions
were 2 min at 50 °C, 10 min denaturation at 95 °C, followed by
35 cycles of 15 s at 95 °C and 1 min at 60 °C.
To determine survivin mRNA levels, the following TaqMan

probes were used: Survivin (BIRC5) (HS04194392_S1), and
a d e n i n e p h o s p h o r i b o s y l - t r a n s f e r a s e ( A PRT )
(HS00975725_M1) and 18S rRNA (HS99999901_S1), as
endogenous controls. The reaction contained 1x TaqMan
Universal PCR Mastermix (Applied Biosystems), 1x TaqMan
probe (Applied Biosystems), 3 μL of cDNA and H2O mQ to a
final volume of 20 μL. PCR cycling conditions were 10 min
denaturation at 95 °C, followed by 40 cycles of 15 s at 95 °C and
1 min at 60 °C.
The mRNA quantification was calculated using the ΔΔCT

method, where CT is the threshold cycle that corresponds to the
cycle where the amount of amplified mRNA reaches the
threshold of fluorescence.

■ RESULTS
Design of PPRHs. Different PPRHs were designed to assess

the effect of length, their efficacy compared with TFOs, and how
to cope with the presence of purine interruptions in the
polypyrimidine target sequence. Furthermore, we tested new
designs for improving the effectiveness of the PPRHs. The
specific design in each case is described below. To test for
specificity, we performed BLAST analyses with all PPRHs using
as a database the reference genomic sequence ofHomo sapiens. In

Table 3. Sequence of Wedge-PPRHs against the Survivin
Gene*

*Wedge-PPRH-23 is constituted of HpsPr-T WT with a 23-nt 5′
extension corresponding to the polypyrimidine sequence comple-
mentary to the coding strand of the target sequence. Wedge-PPRH-17
is constituted of HpsPr-T WT with a shorter 5′ extension of 17-nt.
Wedge-PPRH WC is constituted of Hps-WC with the same 17-nt 5′
extension as Wedge-PPRH-17. Interruptions are marked in bold.
Bullets represent reverse-Hoogsteen bonds and lines Watson−Crick
bonds.
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Figure 1. PPRHs of different length: diagram, binding to their target sequence, effect on cell viability, and TERT mRNA levels. (A) Representative
diagram of the three PPRHs designed against the same intronic sequence of the TERT gene, but with different lengths. Bullets represent reverse-
Hoogsteen bonds. Interruptions, substituted by adenines, are marked in bold. (B) HptI10-T of different lengths (lane 2 and 3, 20 nucleotides; lane 4 and
5, 25 nucleotides; and lane 6 and 7, 30 nucleotides) was incubated with the radiolabeled ds-target sequence (20 000 cpm) within intron 10 of the TERT
gene (40 nucleotides). (C) CONTROL cells are untreated MiaPaCa 2 cells. A total of 100 nM of PPRHs against the TERT gene were transfected in
MiaPaCa 2 cells. DOTAP was used at 10 μM. MTT assays to determine cell survival were performed 6 days after transfection. Data are mean ± SEM
values of at least three experiments. *p < 0.05, **p < 0.01, ***p < 0.005. (D) RNA was extracted from MiaPaCa 2 cells treated with increasing
concentrations of HptI10-T for 72h. mRNA levels were determined using qRT-PCR and referred to the levels of endogenous controls. Data are mean±
SEM values of at least three experiments. *p < 0.05, **p < 0.01, ***p < 0.005.

Figure 2. Binding of template-PPRHs and TFO to their target sequence. (A) Binding of the template-PPRH either with adenines in the pyrimidine
interruptions (HpsPr-T) or the wild-type version (HpsPr-T WT) and the TFOsPr-C after incubation with increasing concentrations of their
radiolabeled ds-target sequence (20 000 cpm). Shifted bands are indicated by arrows. (B) Binding of the negative controls, either Hps-Sc or Hps-WC to
the radiolabeled ds-target sequence (20 000 cpm) for the specific PPRHs. (C) Schematic representation of the binding of the different molecules used in
this study, including HpsPr-T, HpsPr-T WT, TFOsPr-C, Hps-Sc, Hps-WC.
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all experiments, we used as negative controls either a PPRH with
a scrambled sequence (Hps-Sc) or a PPRH with intramolecular
Watson−Crick bonds instead of Hoogsteen bonds (Hps-WC),
which is not able to form triplexes with the DNA.We also used as
negative control a TFO with a scrambled sequence without
target in the human genome (TFO-Sc).
Effect of PPRHs Length on Binding to the Target, Cell

Viability and mRNA. To compare the effects of PPRHs with
different lengths, we needed to start with a gene containing a
polypurine/polypyrimidine stretch long enough to allow the
design of PPRHs with different number of nucleotides. We found
a 30 nucleotides polypyrimidine sequence within intron 10 of the
TERT gene that opened the possibility to test PPRHs
lengthening 20, 25, or 30 nucleotides against the same target
sequence (Table 1, Figure 1A). HptI10-T had 3 three pyrimidine
interruptions, whereas HptI10-T2 and HptI10-T3 had two
interruptions. For these experiments, we used PPRHs where the
pyrimidine interruptions were substituted by adenines in both
strands of the PPRH. As shown in Figure 1B the three PPRHs
tested were capable of binding to their target sequence at a
concentration as low as 1 μM. However, in terms of cell viability,
we observed that the longer the sequence, the higher the effect.
Specifically, the 20-, 25-, and 30-nucleotide PPRHs decreased cell
viability by 15%, 30%, and 60%, respectively (Figure 1C). In the
case of TERT inhibitors, reaching 60% decrease in cell viability
can be considered a notable effect because a long time is needed
for the cell to shorten the telomeres enough to enter senescence.
For that reason, inhibitors of TERT are commonly used in
combination with other drugs.16 We also determined the mRNA
levels of TERT using the longest PPRH that caused a dose-
dependent decrease, reaching 60% at 300 nM (Figure 1D).
Comparison between PPRHs and Nonmodified TFOs.

Binding to Target Sequences. For the comparative analyses, we
used PPRHs against the promoter sequence of survivin, which

have been previously validated in terms of efficacy in prostate
cancer cells and in a xenografted tumor model.11 Those PPRHs
were designed against two different sequences within the
promoter, one against a distal region, at-1009, in the template
strand of the DNA (Template-PPRH), and another against a
more proximal region, at −525, in the coding strand (Coding-
PPRH). Thus, the corresponding TFOs that would bind to the
same sequence as PPRHs were designed. PPRHs are double-
stranded molecules formed by two polypurine strands that bind
to the pyrimidine target in the DNA sequence by Watson−Crick
bonds, whereas TFOs are single-stranded polypurine molecules
that will bind to the purine strand in the DNA by reverse-
Hoogsteen bonds forming a triplex structure. Therefore, the
TFO that binds to the same region as the template-PPRH will
bind to the coding strand, and the TFO that binds to the same
region as the coding-PPRH will bind to the template strand.
PPRHs and TFOs sequences are listed in Table 2.
The binding was analyzed using the corresponding radio-

labeled ds-target sequence for each PPRH either template or
coding, shown in Figures 2 and 3.
We observed that both the Template-PPRH (HpsPr-T) and

the corresponding TFO (TFOsPr-C) were specific for their
target sequence, as indicated by the shifted bands (Figure 2A),
whereas the two negative controls, Hps-Sc and Hps-WC, did not
bind to the target sequences (Figure 2B). The template-PPRH
against the promoter sequence (HpsPr-T) was bound to the
target sequence forming a triplex structure-binding of the PPRH
to the pyrimidine target sequence- and quadruplex structure-
binding of the PPRH to the duplex, whereas the TFO formed a
single triplex structure-binding of the TFO to the duplex (Figure
2A and 2C).
Regarding the coding-PPRH, we also observed specificity of

both HpsPr-C and TFOsPr-T, as indicated by the shifted band
(Figure 3), in contrast to the two negative controls, Hps-Sc and

Figure 3. Binding of coding-PPRHs and TFO to their target sequence. (A) Binding of the coding-PPRH either with adenines in the pyrimidine
interruptions (HpsPr-C) or the wild-type version (HpsPr-C WT) and the TFOsPr-T after incubation with increasing concentrations of their
radiolabeled ds-target sequence (20 000 cpm). Shifted bands are indicated by arrows. (B) Binding of the negative controls, either Hps-Sc or Hps-WC to
the radiolabeled ds-target sequence (20 000 cpm) for the specific PPRHs. (C) Schematic representation of the binding of the different molecules used in
this study, including HpsPr-C, HpsPr-C WT, TFOsPr-T, Hps-Sc, Hps-WC.
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Hps-WC, which did not bind to the target sequence (Figure 3B).
HpsPr-C was capable of binding to its target sequence from 100
nM to 10 μM, causing strand displacement at 10 μM. On the
other hand, the TFO against the same sequence only showed
some binding at 10 μM (Figure 3A), proving that it had less
affinity to the target sequence than the coding-PPRH. In Figure
3C there is a representation of the different structures observed
in the binding assays. In this case, we only observed the triplex
structure because the PPRH was capable of displacing the purine
strand completely. The different length of their target sequences
might cause the difference of binding between the template- and
coding-PPRH. In the case of the coding-PPRH, the target
sequence is shorter, and in consequence, easier to displace.
Cell Viability.We compared the effect of PPRHs and TFOs in

two cell lines, PC3 from prostate cancer and SKBR3 from breast
cancer, upon incubation with 100 nM of the DNA molecules
(PPRH or TFO) plus 10 μM of the liposomal reagent DOTAP
(Roche). In both cell lines, there was a significant difference
between the use of PPRHs vs TFOs; both template- and coding-
PPRHs exerted a higher decrease in cell viability than the
corresponding TFOs at 100 nM, as shown in Figure 4. Negative
controls for each type of molecule -Hps-Sc and TFO-Sc- were
used at the same conditions and a rather small effect was
observed upon incubation in both cell lines, probably due to the
transfection reagent.
It was also observed that PPRHs and TFOs caused a higher

decrease in viability in PC3 than in SKBR3 cells. This could be
caused by the different transfection efficiency of DOTAP in each
cell line. PC3 cells internalize almost four times more PPRH than
SKBR3 using the same conditions of transfection, as determined
in uptake experiments using flow cytometry and fluorescently
labeled PPRHs. Using this methodology, we also compared the
uptake of fluorescently labeled PPRH and TFO, observing that
24 h after transfection, more than 90% of PC3 cells showed a
similar mean intensity of fluorescence with either molecule (data
not shown). This result indicated that the difference in effect of

PPRHs and TFOs was due to a different intrinsic efficacy rather
than a different uptake.

Comparison between PPRHs Carrying Adenines and
Wild-Type Sequences. Binding to Their Target Sequence.
Once we had compared PPRHs and nonmodified TFOs, we
wanted to improve our PPRHs in terms of efficacy and
specificity. To do so, we decided to explore the usage of wild-
type PPRHs including pyrimidine interruptions in their
sequences instead of substituting the interruptions by adenines.
We had previously stated that the best basein terms of binding
and cytotoxicityto substitute a single interruption was
adenine;9 however, it is usual to find polypurine stretches with
several interruptions that could compromise the specificity of the
molecule. We studied HpsPr-T and HpsPr-C against survivin,
both of which contained three interruptions substituted by
adenines, and their counterparts, HpsPr-T WT and HpsPr-C
WT, in which the wild-type sequence was used. PPRHs
sequences are listed in Table 2, including a scheme of the
molecules. It is important to mention the difference between the
two approaches: The A-substitution involved using two adenines
in each interruption, one in the Watson−Crick strand (that will
bind to the pyrimidine target sequence) and one in the reverse-
Hoogsteen strand (that forms the hairpin structure). In the wild-
type version, the same pyrimidine (C or T) of the interruption
was used in both strands of the PPRH.
When performing BLAST analyses using the wild-type

sequences, the first match with the lowest e-value and maximum
identity was always the target sequence within the survivin gene.
However, when using the sequences where the pyrimidines were
substituted by adenines, several sequences were found with the
same identity but higher e-value, indicating possible off-target
effects.
In the binding assays with the survivin promoter shown in

Figure 2 and 3, there was the general tendency that the wild-type
PPRHs were capable of binding to the polypyrimidine target
sequences with more affinity and at lower concentrations than
the PPRHs with adenines in front of the purine interruptions. In

Figure 4. Effect of PPRHs and TFOs against survivin on cell viability. (A) Cell viability in PC3 cells upon incubation with 100 nM of the two PPRHs
(dark gray) or the two TFOs (light gray) against the survivin gene. Negative controls -Hps-Sc and TFO-Sc(blank bars)- were tested at the same
conditions. CONTROL cells are untreated PC3 cells. (B) Cell viability in SKBR3 cells upon incubation with 100 nM of the two PPRHs (dark gray) or
the two TFOs (light gray) against the survivin gene. Negative controls -Hps-Sc and TFO-Sc(blank bars)- were tested at the same conditions.
CONTROL cells are untreated SKBR3 cells. MTT assays to determine cell survival were performed 6 days after transfection. DOTAP was used at 10
μM. Data are mean ± SEM values of at least three experiments. *p < 0.05, **p < 0.01, ***p < 0.005.
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the case of the template-PPRH, there was a clear difference in the
binding affinity between HpsPr-T and HpsPr-T WT, only the
wild-type version bound to its target at concentrations as low as
at 1 μM, whereas the other PPRH did not generate a shifted band
up until 10 μM (Figure 2A). In the case of the coding-PPRH,
both PPRHs originated a band corresponding to the triplex at all
concentrations tested (from 0.1 to 10 μM), but the wild-type
showed five times more strand displacement upon binding
(Figure 3A).
Cell Viability Assays. To compare the effect of PPRHs with or

without pyrimidine interruptions, dose response studies in PC3
and SKBR3 were performed and the IC50 for each molecule was
calculated. The resulting cell viabilities are shown in Figure 5 and
the IC50’s in Table 4. Template and coding-PPRHs decreased cell
viability in a dose-dependent manner in both cell lines, and in all
cases, the wild-type counterpart presented a lower IC50.
Melting Experiments. Melting temperatures and −ΔG were

obtained using the MeltWin 3.5 software17 and are displayed in
Table 5. We measured the changes in absorbance at 260 nm
when increasing temperature from 10 to 90 °C; in all cases,
sigmoidal curves with a single transition corresponding to the

switch from bound complex to random coil were observed, which
corresponds to a bimolecular melting curve, previously described
in ref 18. Comparison between the PPRH containing
interruptions substituted by adenines and the wild-type counter-
part showed a clear difference of around 20 °C, the wild-type
presenting the higher temperature and the lower ΔG, meaning
these PPRHs had a higher affinity for the target sequence. It was
also clear that the longer the PPRH, the higher the melting
temperature; therefore, the template-PPRH, which is 26
nucleotides long, had a higher temperature than the coding-
PPRH that was 20 nucleotides long.

Survivin mRNA Levels. Treatment for 48 h of wild-type
PPRHs against survivin caused a decrease in its expression.
Specifically, HpsPr-T WT caused a 2.4-fold decrease and HpsPr-
C WT caused a 3-fold decrease in mRNA levels, whereas no
effect was observed with the negative control HpsPr-WC (Figure
6).

Wedge-PPRH. Design. Concurrently to the study of wild-
type PPRHs, we decided to further improve PPRHs by designing
a structure that would lock the strand displacement, which may
stabilize the PPRH-DNA complex and cause a higher effect. The
design consisted in extending the 5′ with the sequence of
polypyrimidines complementary to the polypurine strand. The

Figure 5. Effect of PPRHs against survivin on cell viability. (A) Dose response of template-PPRHs against survivin in PC3 cells. (B) Dose response of
coding-PPRHs against survivin in PC3 cells. (C) Dose response of template-PPRHs against survivin in SKBR3 cells. (D) Dose response of coding-
PPRHs against survivin in SKBR3 cells. DOTAP was used at 5 μM to transfect 10 nM and 30 nM and at 10 μM to transfect 100 nM PPRH. CONTROL
cells are untreated cells. MTT assays to determine cell survival were performed 6 days after transfection. Data are mean ± SEM values of at least three
experiments. *p < 0.05, **p < 0.01, ***p < 0.005. Light gray corresponds to the adenine version and dark gray to the wild-type version.

Table 4. IC50 Calculated for PPRHs andWedge-PPRH in PC3
and SKBR3

PC3 SKBR3

PPRH* IC50 (nM) IC50 (nM)

HpsPr-T A 46.21 346.57
HpsPr-T WT 30.14 40.77
HpsPr-C A 16.50 43.32
HpsPr-C WT 14.44 43.32
Wedge-PPRH-17 21.62 41.17

*A indicates adenines and WT wild-type.

Table 5. Melting Transition Temperatures, Tm, and Free
Energies, ΔG, at pH 7.2

complex*
Tm ± std error

(°C)
ΔG ± std error

(kcal/mol, at 37 °C)

HpsPr-T A + Ppy 54.05 ± 0.23 −12.60 ± 0.13
HpsPr-T WT + Ppy 73.47 ± 0.30 −19.81 ± 0.70
HpsPr-C A + Ppy 37.24 ± 2.42 −9.29 ± 0.53
HpsPr-C WT + Ppy 66.45 ± 0.07 −25.96 ± 2.29
*A indicates adenines and WT wild-type.
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rationale was that such PPRH could open the double strand and
the extension could bind to the coding strand, as detailed in
Figure 7B.
The Template-PPRH was selected to perform this study. We

designed two Wedge-PPRHs; one had a 5′ extension of 23 bases
complementary to the purine sequence, linked by a 5T loop to
give flexibility for the turn, and another with a shorter extension
of 17 nucleotides. As a negative control we used Wedge-PPRH
WC, which presented the 17-nucleotide complementary
sequence followed by a hairpin that formed Watson−Crick
bonds instead of reverse-Hoogsteen bonds, a useful control to
determine the importance of the PPRH in this structure. All the
sequences are listed in Table 3.

Binding to the Target Sequence. We performed binding
analyses for the three wedge structures. We observed a similar
pattern of binding between theWedge-PPRH-23 and the HpsPr-
T WT (Figure 7A compared to Figure 2A), indicating that the
presence of the 5′ extension did not prevent the binding of the
PPRH to its target sequence. Wedge-PPRH-23 formed two
bands corresponding to a triplex and a quadruplex structure
(Figure 7B). We expected to observe an additional band
(quintuplex) if the 5′ extension could bind to the displaced
polypurine strand which was not seen with theWedge-PPRH-23.
Therefore, we tested a shorter version of the Wedge-PPRH with
an extension of only 17 nucleotides, so it could hybridize to the
polypurine displaced strand. Using Wedge-PPRH-17 we
observed an additional shifted band corresponding to the
quintuplex structure (Figure 7B). Moreover, Wedge-PPRH-17
bound to the target sequence at a lower concentration (100 nM)
than when using PPRHs andWedge-PPRH-23. It is important to
note that binding with the Wedge-PPRH WC showed a low
intensity band that might correspond to the binding of the 17-
nucleotide extension to its complementary sequence, no
additional bands were observed because of the lack of PPRH
structure, indicating the importance of this structure for the
opening of the dsDNA.
To really demonstrate the identity of the quintuplex, we

performed binding experiments with both the Wedge-PPRH-17
and the duplex and competing with either the coding strand
(pPu) (Figure 8A and B), the pyrimidine strand (pPy), or the
duplex (dsT) (Figure 8B). In Figure 8A, we observed the
competition between the polypurine sequence (at 20×, lanes 3
and 6; or 50×, lanes 4 and 7) and the radiolabeled duplex (20 000
cpm) at different concentrations of Wedge-PPRH-17 (100 nM,
lanes 2−4; and 1 μM, lanes 5−7). The disappearance of the

Figure 6. Effect of wild-type PPRHs on survivinmRNA levels. RNA was
extracted from PC3 cells treated with 100 nM of HpsPr-TWT, HpsPr-C
WT and the negative control Hps-WC for 48 h. mRNA levels were
determined using qRT-PCR and referred to the levels of APRT as an
endogenous control. DOTAP was used at 8 μM. Data are mean ± SEM
values of at least three experiments. *p < 0.05, **p < 0.01, ***p < 0.005.

Figure 7. Binding of Wedge-PPRH to its target sequence. (A) Binding of Wedge-PPRH to its radiolabeled ds-target sequence (20 000 cpm). The
mobility of the ds-target sequence is shown in lane 1. Binding of Wedge-PPRH-23 is shown in lane 2, 3, and 4. Binding of Wedge-PPRH-17 is shown in
lane 5, 6, and 7. The negative control, Wedge-PPRH WC is shown in lane 8, 9, and 10. Shifted bands are indicated by arrows. (B) Schematic
representation of the structures corresponding to the different bands observed in the electrophoresis.

Molecular Pharmaceutics Article

DOI: 10.1021/mp5007008
Mol. Pharmaceutics XXXX, XXX, XXX−XXX

H
92

http://dx.doi.org/10.1021/mp5007008


upper band, corresponding to the quintuplex, indicates its high
affinity to the polypurine sequence and that the 5′ pyrimidine

extension was binding to the displaced polypurine sequence. In
fact, when using the lowest concentration of Wedge-PPRH-17

Figure 8. Identification of the shifted bands in the binding assays with Wedge-PPRH-17. (A) Binding of Wedge-PPRH-17 to its radiolabeled ds-target
sequence (20 000 cpm). Themobility of the ds-target sequence is shown in lane 1. The binding pattern of theWedge-PPRH-17 is shown at two different
concentrations ofWedge-PPRH: 100 nM (lane 2−4) and 1 μM(lane 5−7); competition assays were performed using 20-fold (lane 3 and 6) and 50-fold
(lane 4 and 7) excess of the coding strand of the target sequence. (B) Binding ofWedge-PPRH-17 at 1 μM to its radiolabeled ds-target sequence (20 000
cpm). The mobility of the ds-target sequence is shown in lane 5. The binding pattern of the Wedge-PPRH is shown in lane 1 and competition assays
were performed using 50-fold excess of either the coding (lane 2) or the template strand (lane 3) or the ds-target sequence (lane 4).

Figure 9. Effect of Wedge-PPRH-17 on cell viability and survivinmRNA levels. (A) Effect in PC3 cells. (B) Effect in SKBR3 cells. In both cases, DOTAP
was used at 5 μMto transfect 10 nM and 30 nM, and at 10 μMto transfect 100 nMofWedge-PPRH. CONTROL cells are untreated cells. MTT assays to
determine cell survival were performed 6 days after transfection. Data are mean± SEM values of at least three experiments. *p < 0.05, **p < 0.01, ***p <
0.005. (C) Effect of HpsPr-T WT and Wedge-PPRH-17 on cell viability when scaling-up the number of PC3 cells. (D) RNA was extracted from PC3
cells treated with 100 nM of Wedge-PPRH-17 or Wedge-PPRH WC for 48 h. DOTAP was used at 8 μM. mRNA levels were determined using qRT-
PCR and referred to the levels of the endogenous control 18S. Data are mean ± SEM values of at least three experiments. *p < 0.05.
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(100 nM), the competition by pPu (20× or 50×) produced the
disappearance of the quintuplex while the quadruplex appeared.
When the Wedge-PPRH-17 was increased at 1 μM, the
competition with pPu also decreased the intensity of the band
corresponding to the quintuplex.
In Figure 8B, aside from competing the duplex with pPu (lane

2), we competed with pPy (lane 3) and the duplex (lane 4).
Competition with pPy caused a decrease in the intensity of the
bands corresponding to the triplex and quadruplex structures,
but not the quintuplex, reaffirming the quintuplex was the band
most difficult to displace because it had the highest affinity. In
lane 4, we observed the decrease of the three shifted bands
because the competition was performed with the duplex.
Cell Viability Assays and Survivin mRNA Levels.We decided

to further explore the effect of the Wedge-PPRH with the
extension of 17-nucleotides in terms of cell viability and mRNA
levels because we had shown that it was capable of forming the
locked structure.
In PC3 cells, we observed a similar effect on cell viability of the

Wedge-PPRH-17 compared to the original or wild-type-PPRHs
(Figure 9A compared to Figure 5A). However, when analyzing
the data, the Wedge-PPRH-17 presented a lower IC50 than
HpsPr-T WT (Table 4), indicating that the Wedge-PPRH-17
had a higher efficacy.Wedge-PPRHWCwas innocuous at 10 and
30 nM and caused only a slight decrease at 100 nM (Figure 9A).
In SKBR3, Wedge-PPRH-17 had a dose-dependent effect
(Figure 9B) similar to HpsPr-T WT (Figure 5D) and, as a
result, a similar IC50 was obtained (Table 4).
We performed a scale-up experiment to figure out the effect of

PPRHs when increasing the number of cells. Keeping the
concentration of either the PPRH or the Wedge-PPRH (100
nM) unchanged, we observed that there was a slight loss of effect
when increasing the number of cells, but both molecules
maintained its efficacy up to 200 000 cells. As shown in Figure
9C, Wedge-PPRH-17 maintained its efficacy significantly in a
more stable way.
Regarding mRNA levels, Wedge-PPRH-17 caused a 2-fold

decrease at 100 nM, whereas Wedge-PPRH WC did not cause a
decrease in survivin mRNA level. (Figure 9D).

■ DISCUSSION

The purpose of this study was to improve the suitability of the
polypurine reverse Hoogsteen hairpins as gene targeting tools by
exploring several characteristics. Specifically, we focused on the
following properties of PPRHs: (i) nucleotide length to define
the optimal range in their design, (ii) affinity and effect compared
with nonmodified TFOs, (iii) specificity toward the target
sequence by using wild-type-PPRHs, and (iv) development of a
new structure termed Wedge-PPRH.
PPRH Nucleotide Length. The possibility to design PPRHs

depends on the presence of polypurine/polypyrimidine
sequences in the target genes. Goñi et al.13 reported that triplex
target sequences were overrepresented in the human genome,
finding them commonly in regulatory regions. This abundance
allows the design of PPRHs against almost any gene although
each one will present different options of length for targeting.
From our study, we can conclude that whenever possible, the
longer the PPRH, the greater the effect, starting with a minimum
of 20 nucleotides. In the case of theTERT gene used in this study,
we observed binding of the PPRHs to their target from 20 to 30
nucleotides but the higher effect was obtained with the longest
one.

Comparison between PPRHs and Nonmodified TFOs.
One difference between PPRHs and TFOs is that PPRHs are
double-stranded DNA molecules whereas TFOs are single-
stranded. Because of this, their binding differs: PPRHs form
intramolecular reverse Hoogsteen bonds and bind by Watson−
Crick bonds to their polypyrimidine target sequence, TFOs form
Hoogsteen bonds with the purine strand in the double helix.
Using the same binding conditions of pH and salt composition,
and taking into account that the PPRH and the corresponding
TFO have the same sequence, we observed that PPRHs bind at
lower concentrations than TFOs to the target sequence,
indicating a higher affinity. Moreover, in terms of cell viability,
both PPRHs exerted a higher effect in PC3 and SKBR3 cells than
TFOs, indicating that PPRHs were more effective.
Kool and colleagues18 had previously shown that hairpin

structures formed by two purine domains could bind to the
pyrimidine target sequence in a cooperative fashion and with
higher affinity than the two separate strands. Thus, the existence
of the hairpin structure represents a clear advantage over single-
stranded molecules and proves that the strand that does not
interact directly with the DNA contributes to the binding. In our
work, we corroborated that the strand that allows the formation
of the intramolecular Hoogsteen bonds within the PPRH favors
its binding to the target sequence with higher affinity than TFOs.
In addition, we prove that the increase in affinity displayed by
PPRHs is reflected in a stronger effect in terms of cell viability.

Specificity of PPRHs. In the mismatches study, Tm
experiments showed that the presence of mismatches caused a
decrease in Tm, indicating less affinity for the target sequence, in
accordance with previous results from Kool.18 In the case of
HpsPr-T, 3 mismatches caused a decrease of around 17 °C in the
Tm relative to the wild-type, whereas HpsPr-C, which also
contained three mismatches, had a melting temperature of 25 °C
below its wild-type counterpart. Therefore, Tm is affected not
only by the length of the oligonucleotide but also by the presence
of mismatches, proving the wild-type version is a better choice.
Wang et al.7 also reported that the presence of a hairpin structure
stabilized the binding, then allowing for the presence of
mismatches, even though with a lower Tm.
Currently, one of the main problems of gene-silencing

technologies is the off-target effects caused by lack of specificity.
siRNAs are known to activate TLRs, leading to inflammation and
other off-target effects.19 In this regard, PPRHs avoid off-target
effects caused by activation of the immune system as opposed to
siRNAs.15

Another problem intrinsic to the siRNA pathway is that
siRNAs could bind to nontarget genes by acting as miRNAs.19

Other authors have reported that as few as 11 nucleotides are
sufficient to silence nontargeted genes, so although degradation
of siRNA is occurring, they can cause off-target effects.20

Degradation of siRNAs is meant to occur earlier than in the case
of PPRHs because their half-life is much shorter.15

In this work, we prove that wild-type PPRHs have a higher
affinity to their target sequence, and therefore, they are meant to
have less off-target effects caused by their binding to nontargeted
sequences. That is, the more interruptions substituted by
adenines, the lower the Tm and affinity, increasing the possible
off-target effects. However, up to 3 mismatches in a sequence of
20 nucleotides has proved to be effective both in vitro and in vivo
without known off-target effects.11 Avoidance of off-target effects
using the wild-type version and prevention of activation of the
immune response are appreciable advantages of PPRHs over
siRNAs.
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Wedge-PPRH. As previously stated, PPRHs are highly stable
and resistant without the need of chemical modifications, which
is another advantage over aODNs, TFOs, or siRNAs. However,
there is room for improvement in terms of binding or effect. For
this reason, we developed a new molecule called Wedge-PPRH,
which binds simultaneously to both strands of the target
sequence. Other authors have tested similar strategies based on
triplexes capable of binding to adjacent polypyrimidine and
polypurine sequences in both strands, using what they called
alternate-strand triplex formation.21,22 A Wedge-PPRH of the
adequate length had a slightly better effect than PPRHs in
decreasing cell viability and its effect was more constant as the
number of incubated cells increases. Considering that the only
difference between the Wedge-PPRH and the HpsPr-T WT is
the 5′ extension, we can conclude that the formation of the
quintuplex structure, which locks the displaced strand of the
dsDNA, contributes to the higher effect observed with the
Wedge-PPRH.
As a summary, in this work, we investigated characteristics to

improve the performance of PPRHs as a gene silencing tool and
suggest a number of criteria to take into account when designing
these molecules.
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4.2.1.	
  Additional	
  results	
  Article	
  II	
  

4.2.1.1.	
  Determination	
  of	
  the	
  best	
  base	
  to	
  place	
  in	
  front	
  of	
  purine	
  interruptions	
  

It	
  was	
  previously	
  demonstrated	
   in	
  our	
  group	
   that	
  when	
  a	
  purine	
   interruption	
  

occurred	
   throughout	
   the	
  polypyrimidine	
   target	
   sequence	
  of	
   a	
  PPRH,	
   substitution	
  

by	
  adenines	
  in	
  both	
  strands	
  of	
  the	
  hairpin	
  was	
  the	
  best	
  option	
  to	
  maintain	
  binding	
  

while	
   keeping	
   a	
   pure	
   polypurine	
   hairpin	
   sequence	
   (de	
   Almagro	
   et	
   al.	
   2009).	
  

Nevertheless,	
   polypurine/polypyrimidine	
   stretches	
   with	
   a	
   higher	
   number	
   of	
  

mismatches	
  in	
  the	
  sequence	
  are	
  abundant	
  in	
  the	
  genome.	
  Designing	
  PPRHs	
  against	
  

these	
   targets	
   opened	
   the	
   possibility	
   to	
   use	
   this	
   technology	
   towards	
  more	
   genes,	
  

but	
   the	
   presence	
   of	
   mismatches	
   represented	
   an	
   obstacle.	
  We	
   proved	
   that	
   using	
  

adenines	
  for	
  up	
  to	
  3	
  mismatches	
  in	
  a	
  PPRH	
  sequence	
  maintained	
  the	
  binding	
  to	
  the	
  

target	
  sequence	
  and	
  caused	
  effect	
  (Rodriguez	
  et	
  al.	
  2013).	
  However,	
  an	
  improved	
  

version	
   of	
   these	
   PPRHs	
  was	
   possible	
   by	
   using,	
   in	
   the	
   PPRH,	
   the	
   complementary	
  

pyrimidine	
   to	
   the	
   purine	
   interruption	
   found	
   in	
   the	
   polypyrimidine	
   target	
  

sequence,	
  instead	
  of	
  adenines;	
  therefore	
  avoiding	
  possible	
  off-­‐target	
  effects	
  due	
  to	
  

the	
  change	
  of	
  sequence.	
  We	
  decided	
  to	
  compare	
  3	
  different	
  approaches,	
  as	
  shown	
  

in	
  Figure	
  23:	
  	
  

1.	
  To	
  use	
  adenines	
   in	
  both	
  PPRH	
  

strands	
   to	
   substitute	
  

interruptions	
  (HpsPr-­‐T).	
  

2.	
   To	
   use	
   the	
   same	
   pyrimidine	
  

interruption	
   (complementary	
   to	
  

the	
   purine	
   interruption)	
   in	
   both	
  

PPRH	
  strands	
  	
  (HpsPr-­‐T	
  WT).	
  

3.	
   To	
   use	
   the	
   pyrimidine	
  

interruption	
   in	
   the	
   PPRH	
   strand	
  

that	
   will	
   form	
   Watson-­‐Crick	
  

bonds	
   with	
   the	
   target	
   sequence,	
  

and	
   its	
   complementary	
   base	
   in	
  

the	
   reverse-­‐Hoogsteen	
   domain	
  	
  

(HpsPr-­‐T	
  WT	
  2).	
  	
  

Figure	
   23.	
   Target	
   sequence	
   and	
   PPRHs	
   designed	
   to	
  
determine	
   the	
   best	
   base	
   to	
   use	
   when	
   pyrimidine	
  
interruptions	
   occur.	
   Lines	
   represent	
   Watson-­‐Crick	
  
bonds	
   and	
   bullets	
   reverse	
   Hoogsteen	
   bonds.	
   The	
   target	
  
sequences	
  for	
  the	
  PPRHs	
  are	
  underlined.	
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In	
  the	
  case	
  of	
  HpsPr-­‐T	
  WT	
  2	
  it	
  was	
  not	
  possible	
  to	
  use	
  C	
  and	
  G	
  for	
  the	
  mismatch	
  

in	
   the	
   center	
   of	
   the	
   sequence,	
   because	
   the	
   abundance	
   of	
   Gs	
   represented	
   a	
  

problem	
  for	
  the	
  synthesis	
  of	
  the	
  oligonucleotide,	
  we	
  used	
  As	
  instead.	
  	
  	
  

We	
  performed	
  binding	
  analyses	
  and	
  cell	
  viability	
  assays	
  using	
  the	
  three	
  options.	
  

As	
  shown	
  in	
  Figure	
  24A,	
  all	
  PPRHs	
  were	
  capable	
  of	
  binding	
  to	
  its	
  target	
  sequence	
  

in	
   the	
   same	
   conditions.	
   Binding	
   caused	
   the	
   formation	
   of	
   two	
   extra	
   bands	
  

corresponding	
  to	
  the	
  triplex	
  and	
  quadruplex	
  structures.	
  It	
  is	
  important	
  to	
  remark	
  

that	
  HpsPr-­‐T	
  WT	
  and	
  HpsPr-­‐T	
  WT	
  2	
  bound	
  with	
  a	
  slightly	
  higher	
  intensity	
  to	
  the	
  

target	
   sequence	
   than	
   HpsPr-­‐T.	
   Thus	
   PPRHs	
   bearing	
   up	
   to	
   three	
   interruptions	
  

substituted	
   by	
   adenines	
   were	
   capable	
   of	
   binding	
   to	
   their	
   target	
   sequences;	
  

however,	
   using	
   pyrimidines	
   in	
   the	
   Watson-­‐Crick	
   domain	
   allowed	
   for	
   a	
   better	
  

binding.	
  Then	
  PPRHs	
  were	
  transfected	
  in	
  PC3	
  cells	
  and	
  cell	
  viability	
  was	
  analyzed.	
  

In	
   Figure	
   24B,	
   the	
   results	
   using	
   the	
   three	
   PPRHs	
   are	
   represented.	
   HpsPr-­‐T	
  WT	
  

caused	
  a	
  higher	
  decrease	
  in	
  cell	
  viability	
  than	
  HpsPr-­‐T.	
  Surprisingly,	
  HpsPr-­‐T	
  WT	
  2	
  

caused	
  less	
  effect	
  than	
  the	
  other	
  two	
  PPRHs.	
  For	
  this	
  reason,	
  we	
  conducted	
  further	
  

studies	
  with	
  HpsPr-­‐T	
  WT,	
  which	
  are	
  included	
  in	
  Article	
  II.	
  	
  

	
  
Figure	
  24.	
  Comparison	
  of	
  the	
  three	
  approaches	
  of	
  Template-­‐PPRHs	
  against	
  the	
  survivin	
  gene:	
  binding	
  
to	
   their	
   target	
   sequence	
   and	
   effect	
   on	
   cell	
   viability.	
   A)	
   HpsPr-­‐T,	
   HsPr-­‐T	
  WT	
   and	
   HpsPr-­‐T	
  WT	
   2	
   were	
  
incubated	
  with	
  the	
  radiolabeled	
  ds-­‐target	
  sequence	
  (20,000	
  cpm)	
  within	
  the	
  promoter	
  sequence	
  at	
   -­‐1009	
  of	
  
the	
  survivin	
  gene.	
   	
  B)	
  100	
  nM	
  of	
  PPRHs	
  were	
  transfected	
  in	
  PC3	
  cells.	
  MTT	
  assays	
  to	
  determine	
  cell	
  survival	
  
were	
  performed	
  6	
  days	
  after	
  transfection.	
  Data	
  are	
  mean	
  ±SEM	
  values	
  of	
  at	
  least	
  three	
  experiments	
  *p<0.05,	
  
**p<0.01,	
  ***p<0.005.	
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4.2.1.2.	
  Effect	
  of	
  a	
  WT-­‐PPRH	
  against	
  Bcl-­‐2	
  

Once	
   it	
  was	
  demonstrated	
   that	
  Wild-­‐type	
  PPRHs	
  against	
   survivin	
  had	
  a	
  higher	
  

affinity	
   and	
   a	
   higher	
   efficacy	
   than	
   those	
   with	
   Adenine	
   interruptions	
   (Rodriguez	
  

2015),	
   we	
   decided	
   to	
   test	
   this	
  

approach	
  in	
  a	
  PPRH	
  targeting	
  another	
  

gene.	
   We	
   designed	
   the	
   wild	
   type	
  

version	
   of	
   the	
   best	
   PPRH	
   candidate	
  

against	
   Bcl-­‐2,	
   HpBcl2E1-­‐C,	
   and	
  

compared	
   their	
   effect	
   in	
   terms	
  of	
   cell	
  

viability	
  and	
  mRNA	
  levels.	
  	
  	
  

In	
  Figure	
  26A,	
  we	
  observed	
  a	
  similar	
  effect	
  between	
  the	
  PPRH	
  using	
  adenines	
  in	
  

the	
   interruptions	
   compared	
   to	
   the	
   PPRH	
   with	
   the	
   corresponding	
   pyrimidine	
  

interruptions.	
   Analysis	
   of	
   the	
   IC50	
   of	
   both	
   molecules	
   proved	
   that	
   the	
   Wild-­‐type	
  

version	
   was	
   more	
   effective,	
   with	
   an	
   IC50	
   of	
   10.9	
   nM,	
   compared	
   to	
   18.7	
   nM	
   for	
  

HpBcl2E1-­‐C.	
   In	
   terms	
   of	
  mRNA	
   levels,	
   HpBcl2E1-­‐C	
  WT	
   decreased	
   around	
   2-­‐fold	
  

Bcl-­‐2	
  mRNA	
  levels,	
  reaching	
  a	
  similar	
  value	
  to	
  its	
  counterpart	
  (Figure	
  26B).	
  

	
  
Figure	
   26.	
   Effect	
   of	
   a	
  Wild-­‐Type	
   PPRH	
   against	
  Bcl-­‐2	
  on	
   cell	
   viability	
   and	
  Bcl-­‐2	
  mRNA	
   levels.	
   A)	
  MTT	
  
assays	
  to	
  determine	
  cell	
  survival	
  were	
  performed	
  6	
  days	
  after	
  transfection.	
  Dose	
  response	
  of	
  both	
  molecules	
  in	
  
PC3	
  cells.	
  B)	
  RNA	
  was	
  extracted	
  from	
  PC3	
  cells	
  24	
  hours	
  after	
  treatment	
  with	
  100nM	
  of	
  HpBcl2E1-­‐C.	
  mRNA	
  
levels	
  were	
  determined	
  using	
  qRT-­‐PCR	
  and	
  referred	
  to	
  the	
  levels	
  of	
  APRT.	
  Data	
  are	
  mean	
  ±SEM	
  values	
  of	
  at	
  
least	
  three	
  experiments	
  *p<0.05,	
  **p<0.01,	
  ***p<0.005.	
  

Figure	
  25.	
  Adenines	
  and	
  Wild-­‐type	
  version	
  of	
  
HpBcl2E1-­‐C,	
  against	
  exon	
  1	
  of	
  the	
  Bcl-­‐2	
  gene.	
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4.2.1.3.	
  Uptake	
  of	
  PPRHs	
  and	
  TFOs	
  in	
  PC3	
  and	
  SKBR3	
  cells	
  

In	
   the	
   Results	
   section	
   “Comparison	
   between	
  PPRHs	
   and	
  non-­‐modified	
  TFOs”	
   in	
  

Article	
  II,	
  we	
  analyzed	
  the	
  effect	
  of	
  PPRHs	
  and	
  TFOs	
  in	
  PC3	
  and	
  SKBR3	
  cell	
  lines	
  in	
  

terms	
   of	
   binding	
   analyses	
   and	
   cell	
   viability.	
   We	
   observed	
   an	
   evident	
   difference	
  

between	
  their	
  effect,	
  PPRHs	
  displayed	
  a	
  higher	
  affinity	
  and	
  a	
  higher	
  efficacy	
  than	
  

TFOs.	
   Moreover,	
   PPRHs	
   worked	
   better	
   in	
   PC3	
   cells	
   than	
   in	
   SKBR3	
   cells.	
   To	
  

understand	
   that	
   difference,	
   we	
   performed	
   uptake	
   experiments,	
   which	
   were	
   not	
  

included	
  in	
  the	
  manuscript.	
  	
  

On	
  the	
  one	
  hand,	
  we	
  aimed	
  to	
  elucidate	
  the	
  reason	
  why	
  the	
  same	
  PPRH	
  caused	
  a	
  

different	
  decrease	
   in	
  viability	
  when	
  using	
  different	
   cell	
   lines.	
  We	
  determined	
   the	
  

population	
   of	
   FITC+	
   IP-­‐	
   cells	
   in	
   both	
   cell	
   lines,	
   24h	
   after	
   transfection	
   of	
   a	
  

fluorescent	
   PPRH.	
  We	
   observed	
   that	
   even	
   though	
   the	
   percentage	
   of	
   fluorescent	
  

cells	
  were	
  almost	
  100%	
  for	
  both	
  cell	
  lines	
  at	
  the	
  tested	
  conditions,	
  the	
  value	
  of	
  the	
  

mean	
   fluorescence	
   was	
   4-­‐times	
   higher	
   for	
   PC3	
   than	
   for	
   SKBR3	
   cells.	
   This	
   is	
  

reflected	
  in	
  the	
  histogram	
  shown	
  in	
  Figure	
  27.	
   	
  Therefore,	
  the	
  difference	
  in	
  effect	
  

could	
  be	
  due	
   to	
   the	
  different	
   uptake	
  of	
   the	
  PPRH	
   in	
   these	
   cells.	
   The	
  more	
  PPRH	
  

entered,	
  the	
  more	
  effect	
  would	
  be	
  caused.	
  	
  

	
  
Figure	
  27.	
  Representative	
   image	
   showing	
  overlays	
  of	
  PC3	
  and	
  SKBR3	
  cells.	
  PC3	
  (dark	
  grey)	
  
and	
  SKBR3	
  cells	
  (light	
  grey)	
  treated	
  with	
  100nM	
  of	
  fluorescent-­‐PPRH	
  are	
  represented.	
  100	
  nM	
  of	
  
PPRH	
  was	
  transfected	
  using	
  10µM	
  DOTAP	
  (PPRH:DOTAP	
  ratio	
  of	
  1:100).	
  

On	
  the	
  other	
  hand,	
  we	
  wanted	
  to	
  know	
  if	
  the	
  difference	
  in	
  effect	
  between	
  PPRHs	
  

and	
   TFOs	
   was	
   due	
   to	
   a	
   difference	
   in	
   the	
   uptake	
   or	
   in	
   the	
   efficacy	
   of	
   these	
  

molecules.	
  We	
  performed	
  uptake	
  experiments	
  in	
  PC3	
  cells	
  using	
  untreated	
  cells	
  as	
  

a	
  control	
  and	
  either	
  a	
  fluorescently	
  labeled	
  PPRH	
  (Hp-­‐F)	
  or	
  a	
  fluorescently	
  labeled	
  

TFO	
   (TFO-­‐F).	
   In	
   the	
  histogram	
   shown	
   in	
   Figure	
  28,	
  we	
  observed	
   a	
   similar	
  mean	
  

fluorescence	
  using	
  either	
  the	
  PPRH	
  or	
  TFO,	
  as	
  observed	
  in	
  a	
  major	
  overlap	
  of	
  the	
  

fluorescent	
  peaks.	
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Figure	
  28.	
  Representative	
  image	
  showing	
  overlays	
  of	
  PC3	
  and	
  SKBR3	
  cells.	
  PC3	
  cells	
  treated	
  
with	
   100	
   nM	
   of	
   either	
   fluorescent-­‐TFO	
   (light	
   grey)	
   or	
   fluorescent-­‐PPRH	
   (dark	
   grey)	
   are	
  
represented.	
   DOTAP	
   was	
   used	
   at	
   10µM,	
   resulting	
   in	
   a	
   PPRH:DOTAP	
   ratio	
   of	
   1:100	
   for	
   both	
  
molecules.	
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4.2.1.4.	
   Uptake	
   of	
   PPRHs	
   into	
   different	
   cell	
   lines:	
   from	
   solid	
   tumors	
   to	
  

hematopoietic	
  malignancies	
  

As	
   it	
  was	
   shown	
   in	
   section	
  4.1.1.2,	
   PPRHs	
  were	
   easily	
   transfected	
   into	
   cancer	
  

cell	
  lines	
  from	
  solid	
  tumors,	
  such	
  as	
  PC3,	
  HCT116	
  and	
  MiaPaCa	
  2	
  cells.	
  Usage	
  of	
  the	
  

liposomal	
  reagent	
  DOTAP	
  enabled	
  the	
  entry	
  of	
  the	
  molecule	
  into	
  a	
  high	
  percentage	
  

of	
  cells	
  and	
  thus	
  favored	
  its	
  gene	
  silencing	
  function.	
  PPRHs	
  are	
  a	
  new	
  technology	
  

that	
  could	
  be	
  used	
  against	
  different	
  malignancies,	
  and	
  it	
  was	
  worth	
  exploring	
  their	
  

use	
   in	
   other	
   cell	
   lines,	
   representative	
   of	
   other	
   tumors.	
   For	
   this	
   purpose,	
   we	
  

explored	
  the	
  uptake	
  in	
  hematopoietic	
  cancer	
  cell	
  lines	
  that	
  grow	
  in	
  suspension	
  and	
  

are	
  known	
  to	
  be	
  difficult-­‐to-­‐transfect	
  (Zhao	
  et	
  al.	
  2012).	
  	
  

On	
   the	
   one	
   hand,	
   we	
   analyzed	
   the	
   different	
   uptake	
   either	
   using	
   DOTAP	
   or	
  

without	
   vehicle,	
   in	
   Jurkat,	
   K562	
   and	
   THP-­‐1	
   cells,	
   from	
   different	
   types	
   of	
   human	
  

leukemia	
   and	
   EL4.BU	
   cells,	
   a	
   mouse	
   lymphoma	
   cell	
   line.	
   Results	
   are	
   shown	
   in	
  

Figure	
  29.	
  	
  

On	
   the	
   other	
   hand,	
   we	
   selected	
   three	
   different	
   cell	
   lines	
   from	
   human	
   B-­‐cell	
  

lymphoma	
   such	
   as	
  Granta-­‐519,	
  HBL-­‐2	
   and	
  WSU-­‐FSCCL	
   cells	
   and	
  determined	
   the	
  

uptake	
  of	
  the	
  PPRH	
  in	
  time-­‐course	
  experiments	
  (Figure	
  30).	
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As	
   each	
   cell	
   line	
   behaved	
   in	
   a	
   different	
   fashion,	
   it	
   was	
   convenient	
   to	
   analyze	
  

them	
  independently.	
  	
  

A) At	
  100nM,	
  Jurkat	
  cells	
  were	
  more	
  efficiently	
  transfected	
  without	
  vehicle	
  

than	
  with	
  DOTAP,	
  whereas	
  at	
  1µM	
  a	
  population	
  superior	
  to	
  70%	
  of	
  FITC+	
  

cells	
  displayed	
  a	
  similar	
  intensity	
  in	
  both	
  cases.	
  Despite	
  that	
  these	
  results	
  

open	
  the	
  possibility	
  to	
  use	
  PPRHs	
  without	
  vehicle	
  in	
  these	
  cells,	
  it	
  would	
  

be	
  important	
  to	
  take	
  into	
  account	
  the	
  low	
  value	
  of	
  fluorescence	
  obtained,	
  

compared	
  to	
  cell	
  lines	
  efficiently	
  transfected	
  with	
  liposomes.	
  	
  

B) K562	
   cells	
   were	
   easily	
   transfected	
   with	
   DOTAP	
   and	
   displayed	
   a	
   dose-­‐

response	
  effect,	
  reaching	
  almost	
  100%	
  of	
  FITC+	
  cells	
  with	
  a	
  mean	
  of	
  69.4	
  

at	
   1µM.	
  However,	
   the	
   PPRH	
  was	
   not	
   able	
   to	
   enter	
   the	
   cell	
  without	
   the	
  

liposomal	
  reagent.	
  As	
  a	
  consequence,	
  the	
  difference	
  in	
  the	
  conditions	
  was	
  

significant	
  at	
  both	
  concentrations.	
  

Figure	
  29.	
  Uptake	
  of	
  PPRHs	
  in	
  different	
  hematological	
  malignancies.	
  Jurkat	
  (A),	
  K562	
  (B),	
  
THP-­‐1	
  (C)	
  and	
  EL4.BU.OU6	
  (D)	
  cells	
  were	
  incubated	
  with	
  100	
  nM	
  and	
  1	
  μM	
  of	
  HpF	
  with	
  (light	
  grey)	
  
or	
  without	
  DOTAP	
  (dark	
  grey)	
  for	
  24	
  h.	
  Uptake	
  was	
  measured	
  by	
  flow	
  cytometry.	
  Tables	
  show	
  
percentage	
  of	
  fluorescent	
  cells	
  determined	
  as	
  FITC-­‐positive	
  IP-­‐negative	
  cells.	
  Graphs	
  represent	
  the	
  
mean	
  intensity	
  of	
  fluorescence	
  of	
  cells,	
  relative	
  to	
  the	
  CONTROL	
  (not	
  treated	
  with	
  HpF).	
  Data	
  
represent	
  the	
  mean	
  ±	
  SE	
  of	
  a	
  minimum	
  of	
  3	
  experiments.	
  *p	
  <	
  0.05.,	
  ***p<0.005.	
  DOTAP	
  was	
  used	
  
at	
  the	
  maximum	
  concentration	
  of	
  10µM,	
  resulting	
  in	
  a	
  PPRH:DOTAP	
  ratio	
  of	
  1:100	
  and	
  1:10	
  for	
  the	
  
concentrations	
  of	
  100	
  nM	
  and	
  1	
  μM	
  of	
  PPRH,	
  respectively.	
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C) THP-­‐1	
   cells	
   were	
   also	
   transfected	
   more	
   efficiently	
   using	
   DOTAP	
   than	
  

without	
   it,	
  but	
   in	
  this	
  case,	
   the	
  best	
  condition	
  was	
  100nM	
  of	
  PPRH	
  with	
  

10µM	
  of	
  DOTAP,	
  reaching	
  68%	
  of	
  FITC+	
  cells	
  with	
  a	
  maximum	
  intensity	
  

of	
  around	
  20.	
  

D) The	
   behavior	
   of	
   EL4.BU	
   cell	
   line	
   was	
   similar	
   to	
   K562,	
   the	
   transfection	
  

using	
  DOTAP	
  was	
  more	
   efficient	
   than	
  without	
   vehicle,	
   reaching	
  88%	
  of	
  

cells	
  transfected	
  with	
  27.5	
  of	
  mean	
  intensity	
  at	
  1µM.	
  

	
  

The	
  same	
  experiments	
  were	
  performed	
  using	
  a	
  fluorescent	
  ASO,	
  instead	
  of	
  the	
  

PPRH.	
   We	
   aimed	
   to	
   determine	
   if	
   the	
   different	
   uptake	
   in	
   each	
   cell	
   line	
   was	
  

dependent	
  on	
  the	
  molecule	
  used	
  in	
  the	
  study.	
  It	
  is	
  important	
  to	
  take	
  into	
  account	
  

that	
   the	
   intrinsic	
   fluorescence	
   of	
   the	
   ASO-­‐F	
   is	
   higher	
   than	
   the	
   Hp-­‐F,	
   which	
   is	
  

reflected	
  in	
  higher	
  mean	
  intensities	
  for	
  all	
  cell	
   lines.	
  This	
  is	
  something	
  we	
  cannot	
  

control	
  because	
  it	
  depends	
  on	
  the	
  commercial	
  labeling	
  yield	
  of	
  each	
  molecule.	
  
Table	
  8.	
  Uptake	
  of	
  ASOs	
  in	
  different	
  hematological	
  malignancies.	
  Jurkat	
  (A),	
  K562	
  (B),	
  THP-­‐1	
  
(C)	
  and	
  EL4.BU.OU6	
  (D)	
  cells	
  were	
  incubated	
  with	
  100	
  nM	
  and	
  1	
  μM	
  of	
  ASO-­‐F	
  with	
  or	
  without	
  
DOTAP	
  for	
  24	
  h.	
  Uptake	
  was	
  measured	
  by	
  flow	
  cytometry.	
  Tables	
  show	
  percentage	
  of	
  fluorescent	
  
cells	
  determined	
  as	
  FITC-­‐positive	
  IP-­‐negative	
  cells	
  and	
  mean	
  intensity	
  of	
  fluorescence,	
  relative	
  to	
  
the	
  CONTROL	
  (not	
  treated	
  with	
  ASO-­‐F).	
  Data	
  represent	
  the	
  mean	
  ±	
  SE	
  of	
  a	
  minimum	
  of	
  3	
  
experiments.	
  *p	
  <	
  0.05.,	
  ***p<0.005.	
  DOTAP	
  was	
  used	
  at	
  5	
  µM	
  for	
  the	
  concentration	
  of	
  100	
  nM	
  and	
  
10µM	
  for	
  1	
  µM	
  of	
  ASO,	
  respectively.	
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Results	
  are	
  shown	
  in	
  Table	
  8.	
   If	
  we	
  look	
  at	
  the	
  trends	
  of	
  each	
  cell	
   line,	
  we	
  can	
  

extract	
  one	
  general	
  conclusion,	
  each	
  cell	
  line	
  behaves	
  the	
  same	
  way	
  either	
  using	
  a	
  

PPRH	
  or	
  an	
  ASO.	
  Jurkat	
  cells	
  reached	
  the	
  highest	
  mean	
  intensity	
  without	
  DOTAP	
  at	
  

100nM	
  of	
  ASO,	
  and	
  similar	
  intensities	
  and	
  percentage	
  of	
  FITC+	
  cells	
  at	
  1µM,	
  which	
  

resembles	
  to	
  the	
  results	
  using	
  the	
  PPRH.	
  For	
  cells	
  easily	
  transfected	
  with	
  DOTAP,	
  

such	
  as	
  K562	
  and	
  EL4,	
  we	
  observed	
  also	
  a	
  high	
  percentage	
  of	
  FITC+	
  cells	
  with	
  high	
  

mean	
   intensity	
   only	
   when	
   using	
   DOTAP.	
   Regarding	
   THP-­‐1	
   cells,	
   they	
   were	
   also	
  

best	
  transfected	
  with	
  DOTAP,	
  and	
  the	
  best	
  conditions	
  were,	
  as	
  well	
  as	
  for	
  PPRHs,	
  

100nM	
  of	
  ASO.	
   It	
   is	
   important	
   to	
   take	
   into	
  account	
  ASOs	
  complexed	
  with	
  DOTAP	
  

are	
   used	
   at	
   different	
   ratios	
   than	
   PPRHs;	
   specifically,	
   the	
   best	
   ratio	
   is	
   1:10,	
   as	
  

established	
   previously	
   in	
   our	
   group	
   (Rodriguez	
   1999).	
   That	
   is	
   why	
   we	
   used	
  

different	
   concentrations	
   of	
   DOTAP	
   for	
   the	
   ASO,	
   5	
   µM	
   of	
   DOTAP	
   for	
   100nM	
   and	
  

10µM	
  of	
  DOTAP	
  for	
  1µM	
  of	
  ASO,	
  reaching	
  ratios	
  of	
  	
  1:50	
  and	
  1:10,	
  respectively.	
  

	
  

Regarding	
  B-­‐cell	
  lymphoma	
  derived	
  lines,	
  they	
  are	
  also	
  known	
  to	
  be	
  difficult	
  to	
  

transfect.	
   Moreover,	
   ASOs	
   are	
   used	
   in	
   clinical	
   trials	
   against	
   these	
   malignancies	
  

without	
  the	
  use	
  of	
  vehicles	
  (O’Brien	
  et	
  al.	
  2005).	
  Then,	
  the	
  aim	
  of	
  the	
  study	
  was	
  to	
  

elucidate	
   if	
   naked	
   PPRHs	
   were	
   also	
   able	
   to	
   enter	
   these	
   cells.	
   To	
   do	
   so,	
   we	
  

performed	
  a	
   time	
  and	
  dose-­‐dependent	
   study	
  using	
  naked	
  PPRHs,	
   for	
  Granta-­‐519	
  

(Figure	
  30A),	
  HBL-­‐2	
  (Figure	
  30B),	
  and	
  WSU-­‐FSCCL	
  cells	
  (Figure	
  30C).	
  In	
  order	
  to	
  

compare	
  the	
  results,	
  we	
  also	
  analyzed	
  the	
   internalization	
  of	
  PPRHs	
  using	
  DOTAP	
  

as	
  transfection	
  reagent	
  (Figure	
  30D).	
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Figure	
  30.	
  Uptake	
  of	
  PPRHs	
   in	
  different	
   lymphoma	
  cell	
   lines.	
  Granta-­‐519	
  (A),	
  HBL-­‐2	
  (B)	
  and	
  
WSU-­‐FSCCL(C)	
  cells	
  were	
  incubated	
  with	
  100	
  nM	
  and	
  1	
  μM	
  of	
  HpF	
  without	
  DOTAP	
  for	
  24,	
  48	
  and	
  
72	
  h.	
  Uptake	
  was	
  measured	
  by	
  flow	
  cytometry.	
  Mean	
  intensity	
  and	
  %FITC+	
  cells	
  are	
  represented	
  as	
  
the	
  mean	
  ±	
  SE	
  of	
  a	
  minimum	
  of	
  2	
  experiments.	
  D)	
  Cells	
  were	
  incubated	
  with	
  100nM	
  HpF	
  and	
  10µM	
  
of	
  DOTAP.	
  The	
   table	
   shows	
   the	
  mean	
   intensity	
  of	
   fluorescence	
  and	
   the	
  percentage	
  of	
   fluorescent	
  
cells	
  determined	
  as	
  FITC-­‐positive	
  and	
  IP-­‐negative	
  cells.	
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It	
  is	
  also	
  better	
  to	
  analyze	
  these	
  results	
  independently	
  of	
  cell	
  line:	
  

A) Granta-­‐519	
  cells	
  exhibited	
  the	
  highest	
  mean	
  intensity	
  (around	
  50,	
  relative	
  

to	
  untreated	
  CONTROL)	
  compared	
  to	
   the	
  other	
   lymphoma	
  cell	
   lines.	
  The	
  

percentage	
  of	
   fluorescent	
  cells	
  was	
  around	
  50%	
  from	
  24h	
  and	
   it	
  did	
  not	
  

increase	
   throughout	
   time.	
  The	
  usage	
  of	
  DOTAP	
   increased	
   the	
  percentage	
  

of	
   FITC+	
   cells	
  but	
   the	
  mean	
   intensity	
  was	
  not	
  higher	
   than	
  50,	
   indicating	
  

that	
  the	
  total	
  amount	
  of	
  PPRH	
  inside	
  the	
  cells	
  was	
  similar	
  to	
  the	
  amount	
  

obtained	
  without	
  the	
  vehicle.	
  	
  

B) The	
   mean	
   intensity	
   obtained	
   with	
   HBL-­‐2	
   cells	
   was	
   considerable	
   lower,	
  

however,	
   almost	
   80%	
   of	
   cells	
   were	
   FITC+	
   after	
   72	
   h.	
   In	
   this	
   cell	
   line,	
  

neither	
   the	
   intensity	
   nor	
   the	
   percentage	
   of	
   FITC+	
   cells	
   increased	
  

significantly	
  when	
  using	
  DOTAP	
  as	
  a	
  vehicle,	
  therefore,	
  it	
  did	
  not	
  offer	
  any	
  

advantage	
  upon	
  transfection.	
  	
  These	
  results	
  were	
  similar	
  to	
  those	
  obtained	
  

in	
  Jurkat	
  cells.	
  

C) In	
  WSU-­‐FSCCL	
   cells,	
   incubation	
   with	
   1	
   µM	
   of	
   fluorescent	
   PPRH	
   for	
   72h	
  

caused	
   an	
   increase	
   in	
  mean	
   intensity	
   of	
   around	
   10	
   units	
   in	
   70%	
   of	
   the	
  

cells.	
   	
   Similar	
   fluorescence	
   and	
   percentage	
   of	
   FITC+	
   cells	
  were	
   obtained	
  

using	
  DOTAP.	
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5.	
  DISCUSSION	
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The	
   aims	
   of	
   this	
   work	
   were	
   to	
   expand	
   the	
   applications	
   of	
   PPRHs	
   as	
   gene	
  

silencing	
  tools	
  and	
  as	
  promising	
  therapeutic	
  agents.	
  To	
  do	
  so,	
  it	
  was	
  necessary	
  to	
  

increase	
  our	
  knowledge	
  about	
  PPRHs.	
  Specifically,	
   it	
  was	
  essential	
   to	
  understand	
  

their	
  mechanism	
  of	
  action	
  and	
  to	
  examine	
  their	
  efficacy,	
  both	
   in	
  vitro	
  and	
   in	
  vivo.	
  

Moreover,	
  we	
  tried	
  to	
   improve	
  their	
  properties	
  as	
  much	
  as	
  possible	
  to	
  tackle	
  the	
  

concerns	
  related	
  to	
  gene	
  silencing	
  techniques.	
  	
  

	
  

5.1.	
  Validation	
  of	
  PPRHs	
  in	
  vitro	
  and	
  in	
  vivo	
  
To	
  properly	
  validate	
  a	
  technology,	
  the	
  choice	
  of	
  the	
  appropriate	
  gene	
  is	
  of	
  prime	
  

importance.	
  Cancer	
  is	
  a	
  heterogeneous	
  disease	
  but	
  several	
  nodal	
  genes	
  involved	
  in	
  

the	
   preliminary	
   stages	
   give	
   rise	
   to	
   cancer	
   and	
   allow	
   the	
   maintenance	
   of	
   its	
  

proliferative	
  status.	
  Target-­‐directed	
  therapies	
  have	
  been	
  under	
  development	
  since	
  

the	
  nineties	
  with	
  the	
  purpose	
  to	
  kill	
  specifically	
  cancer	
  cells	
  by	
  attacking	
  their	
  most	
  

important	
  hallmarks.	
  	
  

In	
  our	
  group,	
  Polypurine	
  reverse	
  Hoogsteen	
  hairpins	
  have	
  been	
  under	
  study	
  for	
  

the	
  past	
  ten	
  years.	
  From	
  the	
  knowledge	
  gathered	
  about	
  TFOs	
  and	
  purine	
  hairpins,	
  

we	
   proved	
   that	
   PPRHs	
   were	
   able	
   to	
   bind	
   to	
   double	
   strand	
   DNA,	
   opening	
   the	
  

possibility	
  to	
  use	
  these	
  molecules	
  as	
  gene	
  modulating	
  tools.	
  The	
  next	
  step	
  was	
  to	
  

design	
  PPRHs	
  against	
  genes	
  involved	
  in	
  cancer	
  proliferation.	
  In	
  this	
  regard,	
  PPRHs	
  

were	
  proved	
  to	
  be	
  useful	
  against	
  DHFR	
  in	
  breast	
  cancer	
  cell	
  lines.	
  In	
  this	
  work,	
  we	
  

wanted	
  to	
  extend	
  their	
  use	
  against	
  targets	
  involved	
  in	
  important	
  cancer	
  pathways,	
  

such	
  as	
  survivin	
  and	
  Bcl-­‐2.	
  	
  

Survivin	
   and	
   Bcl-­‐2	
   are	
   good	
   therapeutic	
   targets	
   because	
   they	
   are	
   important	
  

players	
   in	
   resisting	
   cell	
   death	
   due	
   to	
   their	
   anti-­‐apoptotic	
   activity	
   and	
   to	
   their	
  

overexpression	
   in	
   different	
   malignancies.	
   In	
   fact,	
   various	
   strategies	
   to	
   target	
  

survivin	
   and	
  Bcl-­‐2	
   are	
  presently	
  under	
   clinical	
   trials.	
   These	
   strategies	
   are	
  mainly	
  

based	
  on	
  antisense	
  oligonucleotides	
   (LY2181308	
   for	
   survivin	
   and	
  oblimersen	
   for	
  

Bcl-­‐2)	
  or	
  small	
  molecules	
  (YM155	
  for	
  survivin	
  and	
  ABT-­‐derivatives	
   for	
  Bcl-­‐2).	
   	
  So	
  

far,	
   none	
   of	
   the	
   above-­‐mentioned	
   drugs	
   have	
   been	
   approved	
   by	
   the	
   regulatory	
  

agencies.	
  	
  

	
  To	
  study	
  the	
  efficacy	
  of	
  PPRHs	
  against	
  these	
  anti-­‐apoptotic	
  targets,	
  we	
  designed	
  

molecules	
  against	
  different	
  regions	
  within	
  these	
  genes	
  and	
  evaluated	
  their	
  effect	
  in	
  

terms	
  of	
  cell	
  viability	
  and	
  apoptosis.	
  	
  

111



	
  

	
  

5.1.1.	
  In	
  vitro	
  validation	
  

5.1.1.1	
  Survivin	
  

To	
   ensure	
   that	
   gene	
   silencing	
   molecules	
   exert	
   their	
   function,	
   internalization	
  

must	
  be	
  achieved.	
  We	
  used	
  the	
  liposomal	
  reagent	
  DOTAP	
  and	
  tested	
  its	
  suitability	
  

as	
  a	
  vehicle	
  for	
  PPRHs	
  in	
  the	
  three	
  cell	
  lines	
  used	
  in	
  this	
  work	
  (PC3,	
  HCT116	
  and	
  

MiaPaCa	
  2).	
  Despite	
   each	
   cell	
   line	
  has	
   a	
  different	
   efficiency	
  of	
   transfection,	
   all	
   of	
  

them	
  were	
  sensitive	
  to	
  PPRHs	
  against	
  survivin	
  in	
  the	
  nanomolar	
  range.	
  Indeed,	
  30	
  

nM	
  of	
  PPRHs	
  was	
  enough	
  to	
  induce	
  a	
  response.	
  Specifically,	
  we	
  observed	
  that	
  the	
  

most	
   effective	
   PPRHs	
   were	
   those	
   directed	
   towards	
   promoter	
   sequences	
   of	
   the	
  

survivin	
  gene	
  (HpsPr-­‐T	
  and	
  HpsPr-­‐C).	
  These	
  PPRHs	
  caused	
  a	
  powerful	
  decrease	
  in	
  

cell	
  viability	
   in	
  all	
   cell	
   lines	
   tested	
  and	
   the	
  Coding-­‐PPRH	
  (HpsPr-­‐C)	
  also	
  caused	
  a	
  

considerable	
   increase	
   in	
   apoptosis	
   in	
   only	
   24	
   h.	
   Carrasco	
   et	
   al.	
   also	
   proved	
   the	
  

relation	
  between	
  the	
  antisense	
  inhibition	
  of	
  survivin	
  and	
  the	
  increase	
  of	
  apoptosis	
  

(Carrasco	
  et	
  al.	
  2011).	
  Therefore,	
  we	
  can	
  conclude	
  that	
  the	
  effect	
  caused	
  by	
  PPRHs	
  

correlated	
  with	
  the	
  well-­‐known	
  implication	
  of	
  survivin	
  in	
  apoptosis.	
  	
  

We	
  studied	
  the	
  gene	
  silencing	
  capacity	
  of	
  these	
  molecules	
  by	
  measuring	
  survivin	
  

mRNA	
  levels	
  upon	
  transfection	
  with	
  100nM	
  of	
  the	
  most	
  effective	
  PPRHs.	
  HpsPr-­‐T	
  

and	
   HpsPr-­‐C	
   induced	
   a	
   dose-­‐response	
   decrease	
   in	
   survivin	
   mRNA	
   levels	
   and	
  

caused	
  a	
  decrease	
  in	
  protein	
  levels.	
  	
  

Once	
  we	
  selected	
  the	
  PPRHs	
  against	
  promoter	
  sequences	
  as	
  the	
  best	
  candidates,	
  

we	
   explored	
   in-­‐depth	
   their	
   mechanism	
   of	
   action.	
   Previously	
   in	
   our	
   group,	
   a	
  

Template	
  and	
  a	
  Coding-­‐PPRH	
  against	
  intron	
  3	
  of	
  the	
  DHFR	
  gene	
  were	
  studied	
  and	
  

different	
   mechanisms	
   of	
   action	
   were	
   proposed.	
   Whereas	
   the	
   Template-­‐PPRH	
  

(HpdI3-­‐B)	
   inhibited	
   transcription	
   (de	
   Almagro	
   et	
   al.	
   2009),	
   the	
   Coding-­‐PPRH	
  	
  

(HpdI3-­‐A-­‐TA)	
  caused	
  a	
  splicing	
  alteration	
  by	
  prevention	
  of	
  binding	
  of	
  U2AF65	
  (de	
  

Almagro	
  et	
  al.	
  2011).	
  In	
  fact,	
  we	
  performed	
  experiments	
  to	
  add	
  extra	
  proof	
  of	
  the	
  

inhibition	
  of	
  transcription	
  exerted	
  by	
  HpdI3-­‐B	
  when	
  bound	
  to	
  its	
  target	
  sequence.	
  	
  

In	
   this	
   work,	
   we	
   studied	
   PPRHs	
   against	
   promoter	
   sequences	
   and	
   proposed	
   a	
  

different	
   mechanism	
   of	
   action.	
   Using	
   EMSA	
   assays	
   with	
   HeLa	
   and	
   PC3	
   nuclear	
  

extracts,	
  we	
  proved	
  that	
  the	
  binding	
  of	
  these	
  molecules	
  to	
  their	
  target	
  sequences	
  

prevented	
  the	
  binding	
  of	
  transcription	
  factors	
  specific	
  for	
  these	
  target	
  sequences,	
  

which	
   may	
   ultimately	
   cause	
   the	
   observed	
   decrease	
   in	
   survivin	
   expression.	
  

Specifically,	
   HpsPr-­‐T	
   prevented	
   the	
   binding	
   of	
   Sp1	
   and	
   Sp3	
   to	
   their	
   GC-­‐box	
   at	
   -­‐
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1009	
  in	
  the	
  survivin	
  promoter,	
  and	
  HpsPr-­‐C	
  prevented	
  the	
  binding	
  of	
  GATA-­‐3	
  to	
  its	
  

binding	
  sequence	
  at	
  -­‐525.	
  Figure	
  31	
  shows	
  a	
  representation	
  of	
  the	
  mechanism	
  of	
  

action	
  of	
  both	
  PPRHs.	
  On	
  the	
  one	
  hand,	
  various	
  authors	
  have	
  found	
  Sp1	
  boxes	
   in	
  

the	
   survivin	
   promoter	
   that	
   were	
   responsible	
   for	
   its	
   basal	
   expression,	
   and	
  

established	
   a	
   relation	
   between	
   binding	
   of	
   both	
   Sp1	
   and	
   Sp3	
   to	
   these	
   boxes	
   and	
  

survivin	
   expression	
  (Li	
  &	
  Altieri	
  1999;	
  Xu	
  et	
  al.	
  2007).	
   	
  On	
   the	
  other	
  hand,	
  GATA	
  

transcription	
   factors	
   act	
   as	
   key	
   regulators	
   in	
   a	
   variety	
   of	
   tissues.	
   GATA-­‐2	
   and	
  

GATA-­‐3	
  are	
  the	
  majority	
  members	
  in	
  prostate	
  tissue	
  and	
  play	
  an	
  important	
  role	
  in	
  

urogenital	
   development	
   (Perez-­‐Stable	
   et	
   al.	
   2000).	
   In	
   fact,	
   GATA-­‐2	
   was	
   found	
  

highly	
  expressed	
  in	
  a	
  proportion	
  of	
  prostate	
  cancer	
  patients,	
  and	
  this	
  was	
  related	
  

to	
   poor	
   outcome	
   (Böhm	
   et	
   al.	
   2009).	
   Nevertheless,	
   it	
   is	
   important	
   to	
   take	
   into	
  

account	
  that	
  both	
  Sp1	
  and	
  GATA	
  are	
  common	
  transcription	
  factors	
  and	
  there	
  might	
  

be	
   off-­‐target	
   effects	
   due	
   to	
   interference	
  with	
   the	
   binding	
   boxes	
   present	
   in	
   other	
  

genes.	
   In	
   this	
  regard,	
  we	
  compared	
  different	
  binding	
  sites	
   for	
   these	
  transcription	
  

factors	
   and	
  verified	
   that	
  whereas	
   the	
   core	
   is	
   highly	
   conserved,	
   the	
   flanking	
   sites	
  

are	
  different	
  enough.	
  Thus,	
  bearing	
  in	
  mind	
  that	
  the	
  binding	
  sequences	
  for	
  PPRHs	
  

are	
   20	
   or	
  more	
   base	
   pairs	
   in	
   length,	
   which	
   are	
  much	
   longer	
   than	
   the	
   core	
   site,	
  

PPRHs	
   can	
   be	
   specific	
   enough	
   for	
   their	
   target	
   sequence.	
   In	
   fact,	
   the	
   lack	
   of	
  

variation	
   in	
   the	
  mRNA	
   levels	
   of	
   different	
   genes	
   carrying	
  binding	
  boxes	
   for	
   these	
  

transcription	
  factors	
  in	
  their	
  promoters	
  proved	
  that	
  point.	
  Moreover,	
  preliminary	
  

studies	
  using	
  whole	
  genome	
  analysis	
  showed	
  that	
  incubation	
  with	
  PPRHs	
  did	
  not	
  

alter	
  the	
  expression	
  of	
  unintended	
  targets	
  (data	
  not	
  shown).	
  	
  

To	
   assess	
  off-­‐target	
   effects	
   in	
   a	
   functional	
  way,	
  we	
   assayed	
   the	
  most	
   effective	
  

PPRHs	
  in	
  a	
  normal	
  cell	
  line	
  (HUVEC)	
  and	
  in	
  two	
  murine	
  cell	
  lines	
  (CT26	
  and	
  4T1).	
  

The	
  lack	
  of	
  effect	
  observed	
  in	
  these	
  cell	
  lines	
  demonstrated	
  that	
  these	
  PPRHs	
  were	
  

innocuous	
  for	
  cell	
  lines	
  that	
  did	
  not	
  overexpress	
  survivin	
  such	
  as	
  HUVEC,	
  or	
  for	
  cell	
  

lines	
   expressing	
  murine	
   survivin,	
   with	
   a	
   clustal	
   score	
   of	
   19.7	
   upon	
   alignment	
   of	
  

survivin	
  human	
  and	
  murine	
  sequences.	
  In	
  conclusion,	
  these	
  PPRHs	
  were	
  not	
  toxic	
  

for	
  normal	
  cells	
  and	
  were	
  species-­‐specific.	
  	
  

From	
  these	
  results	
  we	
  can	
  deduce	
  that	
  the	
  mechanism	
  of	
  action	
  is	
  common	
  for	
  

different	
  cell	
  lines,	
  but	
  that	
  each	
  PPRH	
  will	
  exert	
  their	
  silencing	
  effect	
  by	
  a	
  different	
  

mechanism	
  according	
  to	
  the	
  location	
  of	
  their	
  target	
  region.	
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Figure	
   31.	
   Mechanism	
   of	
   Action	
   of	
   Template-­‐	
   and	
   Coding-­‐PPRHs	
   against	
   promoter	
  
sequences.	
  

	
  

5.1.1.2.	
  Bcl-­‐2	
  

To	
  widen	
  the	
  application	
  of	
  PPRHs	
  against	
  anti-­‐apoptotic	
  targets,	
  we	
  designed	
  

and	
  compared	
  four	
  different	
  PPRHs	
  against	
  Bcl-­‐2	
  in	
  the	
  aforementioned	
  cell	
  lines.	
  	
  

In	
  this	
  case,	
  the	
  most	
  effective	
  PPRHs	
  were	
  HpBcl2Pr-­‐C,	
  directed	
  against	
  the	
  Bcl-­‐2	
  

promoter	
   and	
   HpBcl2E1-­‐C,	
   directed	
   against	
   exon	
   1.	
   All	
   the	
   PPRHs	
   against	
   Bcl-­‐2	
  

were	
   also	
   proved	
   to	
   be	
   harmless	
   in	
   a	
   murine	
   cancer	
   cell	
   line	
   (CT26),	
   which	
  

reinforced	
  the	
  statement	
  that	
  these	
  PPRHs	
  were	
  specific	
  for	
  the	
  human	
  sequences.	
  

Silencing	
  of	
  Bcl-­‐2	
  caused	
  a	
  decrease	
   in	
  cell	
  viability	
  and	
  an	
   increase	
   in	
  apoptosis,	
  

the	
   latter	
   effect	
   observed	
   in	
   just	
   24h,	
   in	
   agreement	
   with	
   Bcl-­‐2	
   being	
   an	
   anti-­‐

apoptotic	
   target.	
   This	
   effect	
   correlated	
  with	
   the	
   results	
   from	
   the	
   survivin	
   PPRHs,	
  

and	
  proved	
  that	
  when	
  the	
  target	
  is	
  involved	
  in	
  an	
  important	
  pathway,	
  the	
  effect	
  is	
  

quite	
   fast.	
   Additional	
   studies	
   performed	
  with	
  HpBcl2E1-­‐C	
   proved	
   its	
   capacity	
   to	
  

decrease	
   Bcl-­‐2	
   mRNA	
   and	
   protein	
   levels.	
   All	
   of	
   these	
   results	
   also	
   support	
   the	
  

conclusions	
  from	
  de	
  Almagro	
  et	
  al.,	
  2011,	
  that	
  stated	
  that	
  the	
  activity	
  of	
  a	
  Coding-­‐

PPRH	
  against	
  DHFR,	
  an	
  enzyme	
  involved	
  in	
  nucleotide	
  synthesis,	
  was	
  observed	
  in	
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only	
  48h	
  (de	
  Almagro	
  et	
  al.	
  2011).	
  Apart	
  from	
  oblimersen,	
  which	
  is	
  under	
  clinical	
  

trials,	
   there	
  are	
  other	
  gene	
  silencing	
  molecules	
  under	
  development	
  against	
  Bcl-­‐2;	
  

recently,	
   another	
   ASO	
   against	
   the	
   5’	
   region	
   of	
   the	
   Bcl-­‐2	
   gene	
   displayed	
   anti-­‐

proliferative	
  effects	
  in	
  a	
  panel	
  of	
  cancer	
  cell	
   lines	
  and	
  xenografts	
  using	
  liposomes	
  

and	
  other	
  nanoparticle	
  platforms	
  (Rodrigueza	
  et	
  al.	
  2014).	
  	
  	
  

Exploring	
  PPRHs	
  against	
   two	
   independent	
  anti-­‐apoptotic	
   targets	
  and	
  reaching	
  

similar	
  conclusions	
  proved	
  PPRHs	
  to	
  be	
  a	
  robust	
  technology.	
  

	
  

5.1.2.	
  In	
  vivo	
  validation	
  

After	
  all	
  the	
  in	
  vitro	
  studies	
  conducted	
  in	
  this	
  work,	
  we	
  decided	
  to	
  take	
  the	
  next	
  

step	
  toward	
  in	
  vivo	
  studies.	
  Subcutaneous	
  xenograft	
  models	
  are	
  widely	
  used	
  to	
  test	
  

efficacy	
   of	
   new	
   anticancer	
   agents	
   as	
   they	
   can	
   provide	
   valuable	
   preliminary	
  

information	
  about	
  efficacy	
  and	
  toxicity.	
  Moreover,	
  it	
  is	
  a	
  technique	
  that	
  allows	
  easy	
  

monitoring	
  and	
  measurement	
  of	
  tumor	
  growth,	
  and	
  that	
  is	
  reproducible.	
  However,	
  

we	
  must	
  keep	
  in	
  mind	
  the	
  limitations	
  of	
  the	
  method:	
  the	
  tumor	
  is	
  not	
  located	
  in	
  its	
  

native	
   tissue	
   hence	
   it	
   might	
   behave	
   differently.	
   Moreover,	
   these	
   tumors	
   do	
   not	
  

develop	
  metastases	
  (Simeoni	
  et	
  al.	
  2013).	
  A	
  retrospective	
  analysis	
  from	
  NCI	
  using	
  

data	
   from	
   xenograft	
   models	
   and	
   Phase	
   II	
   clinical	
   trials,	
   found	
   that	
   45%	
   of	
   the	
  

molecules	
  tested	
  in	
  xenograft	
  models	
  were	
  predictive	
  of	
  responsiveness	
  in	
  clinical	
  

settings.	
  Therefore,	
  tests	
  of	
  the	
  activity	
  of	
  new	
  agents	
  in	
  various	
  xenograft	
  models	
  

increase	
  the	
  probability	
  of	
  clinical	
  activity	
  (Johnson	
  et	
  al.	
  2001).	
  	
  

We	
  performed	
  two	
  in	
  vivo	
  studies	
  to	
  determine	
  the	
  efficacy	
  of	
  the	
  most	
  effective	
  

PPRH	
   in	
   vitro	
   (HpsPr-­‐C)	
   compared	
   with	
   a	
   scrambled	
   PPRH	
   (Hps-­‐Sc).	
   We	
  

monitored	
   tumor	
   growth	
   throughout	
   administration	
   via	
   two	
   routes,	
   namely	
  

intratumoral	
   and	
   intravenous,	
   in	
   a	
   subcutaneous	
   xenograft	
   tumor	
   model	
   of	
  

prostate	
  cancer.	
  In	
  both	
  settings,	
  the	
  specific	
  PPRH	
  was	
  able	
  to	
  induce	
  a	
  significant	
  

decrease	
   in	
   tumor	
   volume,	
  without	
   induction	
   of	
   toxicity	
   to	
   the	
   animals.	
   Tumors	
  

administered	
   intratumorally	
   with	
   HpsPr-­‐C	
   exhibited	
   a	
   lower	
   content	
   of	
   survivin	
  

and	
  a	
  lower	
  degree	
  of	
  vasculature.	
  The	
  decrease	
  in	
  survivin,	
  although	
  modest,	
  may	
  

be	
  related	
  with	
  the	
  delay	
  in	
  tumor	
  growth	
  observed	
  in	
  these	
  tumors.	
  It	
  is	
  not	
  the	
  

first	
  time	
  a	
  modest	
  silencing	
  activity	
  in	
  protein	
  expression	
  using	
  a	
  xenograft	
  model	
  

produced	
   a	
   good	
   antitumoral	
   effect.	
   Carrasco	
   et	
   al.	
   reported	
   that	
   a	
   chemically	
  

modified	
   ASO	
   against	
   survivin	
   decreased	
   its	
   levels	
   for	
   48h	
   in	
   two	
   xenografts	
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models.	
   However,	
   evaluation	
   of	
   the	
   average	
   survivin	
   content	
   by	
   immunoblotting	
  

showed	
   a	
   slight	
   effect	
   (Carrasco	
   et	
   al.	
   2011).	
   	
   A	
   possible	
   explanation	
   was	
   an	
  

uneven	
  distribution	
  of	
  the	
  silencing	
  molecule	
  in	
  the	
  tumor.	
  Since	
  the	
  Western	
  blot	
  

were	
  performed	
  using	
  the	
  homogenized	
  tumor,	
  the	
  sample	
  would	
  include	
  cells	
  that	
  

internalized	
  the	
  molecules	
  and	
  cells	
  that	
  were	
  intact,	
  thus	
  the	
  effect	
  detected	
  might	
  

be	
   diluted.	
   Moreover,	
   survivin	
   expression	
   is	
   tightly	
   regulated	
   with	
   a	
   quite	
   short	
  

half-­‐life	
   of	
   around	
  30	
  min	
   (Zhao	
  et	
   al.	
   2000),	
   hampering	
  detection	
  of	
   expression	
  

changes.	
  	
  

Intratumoral	
   and	
   intravenous	
   injections	
   present	
   obvious	
   differences.	
  

Intratumoral	
  administration	
   is	
  aggressive,	
  and	
  disaggregation	
  of	
   the	
   tumor	
  could	
  

induce	
   to	
   artifacts	
  when	
  measuring	
   the	
   tumor.	
  Moreover,	
   distribution	
   inside	
   the	
  

tumor	
   is	
   poor	
   (Holback	
   &	
   Yeo	
   2011).	
   In	
   fact,	
   even	
   though	
   both	
   types	
   of	
  

administration	
   showed	
   a	
   delay	
   in	
   tumor	
   growth,	
   intravenous	
   administration	
  

displayed	
  a	
  greater	
  effect.	
  All	
   in	
  all,	
  use	
  of	
   two	
  different	
  routes	
  of	
  administration	
  

and	
  accomplishment	
  of	
   the	
  same	
  results	
  reflects	
   the	
  reliability	
  and	
  robustness	
  of	
  

the	
  technology.	
  

It	
   is	
  noteworthy	
   that,	
  despite	
   the	
  PPRH	
  delayed	
   tumor	
  growth,	
   it	
  did	
  not	
   stop	
  

completely	
   the	
  development	
  of	
   the	
   tumor,	
   indicating	
   either	
  more	
  dose	
  would	
  be	
  

necessary	
   or	
   that	
   inhibition	
   of	
   survivin	
   was	
   not	
   enough	
   to	
   stop	
   cancer	
   from	
  

spreading.	
   Although	
   target-­‐directed	
   therapy	
   is	
   an	
   attractive	
   approach	
   for	
   its	
  

specificity,	
   targeting	
  only	
  one	
  gene	
  might	
  not	
  be	
  enough	
  to	
  eradicate	
  cancer.	
  The	
  

main	
   reason	
   is	
   the	
   capability	
   of	
   cancer	
   cells	
   to	
   develop	
   resistance	
   by	
   redundant	
  

pathways	
  (Hanahan	
  &	
  Weinberg	
  2011).	
  For	
  that	
  reason,	
  most	
  trials	
  in	
  the	
  current	
  

days	
   are	
   based	
   on	
   combination	
   therapies.	
   Accordingly,	
   a	
   combination	
   between	
  

PPRHs	
   and	
   other	
   molecules	
   might	
   be	
   a	
   good	
   idea	
   and	
   studies	
   in	
   this	
   direction	
  

should	
  be	
  performed	
  in	
  the	
  future.	
  

To	
   sum	
   up,	
   a	
   PPRH	
   against	
   survivin	
   was	
   demonstrated	
   to	
   decrease	
   tumor	
  

growth	
  in	
  vivo,	
  which	
  is	
  the	
  first	
  preclinical	
  proof	
  of	
  principle	
  of	
  this	
  technology	
  for	
  

their	
  use	
  as	
  a	
  new	
  therapeutic	
  approach.	
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5.2.	
  Other	
  applications	
  of	
  PPRHs	
  as	
  silencing	
  tools:	
  
One	
   of	
   the	
   goals	
   of	
   this	
  work	
  was	
   to	
   broaden	
   the	
   applications	
   of	
   PPRHs	
   as	
   a	
  

technology	
  for	
  gene	
  validation.	
  In	
  this	
  regard,	
  I	
  have	
  collaborated	
  in	
  two	
  scientific	
  

articles	
  to	
  apply	
  these	
  molecules	
  in	
  two	
  different	
  experimental	
  settings.	
  	
  

	
  

5.2.1.Functional	
  validation	
  of	
  Sp1	
  targets	
  ((Oleaga	
  et	
  al.	
  2012),	
  Appendix)	
  	
  

Sp1	
   is	
   a	
   transcription	
   factor	
   that	
   regulates	
   genes	
   related	
   to	
   development	
   of	
  

tissues	
  and	
  organs,	
  cell	
  cycle	
  and	
  cancer.	
  	
  	
  

The	
  aim	
  of	
  this	
  work	
  was	
  to	
  determine	
  new	
  genes	
  regulated	
  by	
  Sp1	
  in	
  vivo.	
  To	
  

do	
   so,	
   microarray	
   experiments	
   were	
   performed	
   after	
   treatment	
   with	
   a	
   siRNA	
  

against	
   Sp1	
   in	
  HeLa	
   cells.	
   After	
   data	
   analysis	
   using	
  GeneSpring	
  GX	
   software	
   and	
  

literature	
  mining,	
  11	
  genes	
  were	
  validated	
  as	
  Sp1	
  targets.	
  Among	
  these	
  genes	
  were	
  

RAB20,	
   FGF21	
   and	
   IHPK2.	
   RAB20	
   belongs	
   to	
   the	
   RAS	
   oncogene	
   family	
   and	
   is	
  

overexpressed	
   in	
   different	
   tumors.	
   FGF21	
   is	
   a	
  member	
   of	
   the	
   fibroblast	
   growth	
  

factor	
  family	
  and	
  is	
  involved	
  in	
  cellular	
  processes	
  such	
  as	
  growth	
  and	
  metabolism.	
  

Inositol	
   hexaphosphate	
   kinase	
   2	
   (IHPK2)	
   is	
   an	
   enzyme	
   that	
   might	
   intervene	
   in	
  

regulation	
  of	
  cell	
  death.	
  	
  

I	
  was	
  involved	
  in	
  the	
  validation	
  of	
  the	
  above-­‐mentioned	
  genes	
  regulated	
  by	
  Sp1.	
  

PPRHs	
   against	
   these	
   3	
   genes	
   were	
   designed	
   to	
   validate	
   their	
   role	
   in	
   cancer	
  

proliferation.	
   Transfection	
   of	
   these	
   PPRHs	
   caused	
   a	
   decrease	
   in	
   cell	
   viability	
   of	
  

around	
   97%	
   for	
   HpRAB20	
   and	
   HpFGF21,	
   and	
   52%	
   for	
   HpIHPK2,	
   whereas	
   the	
  

negative	
  controls	
  showed	
  no	
  effect.	
  These	
  results	
  confirmed	
  that	
  these	
  three	
  genes,	
  

which	
  were	
  regulated	
  by	
  Sp1,	
  were	
  involved	
  in	
  proliferation	
  and	
  cancer.	
  	
  

	
  

5.2.2.	
  PPRHs	
  against	
  GSTs	
  in	
  MTX	
  resistance.	
  ((Barros	
  et	
  al.	
  2013),	
  Appendix)	
  

	
  Resistance	
   to	
   chemotherapeutics,	
   such	
   as	
   methotrexate	
   (MTX),	
   is	
   a	
   main	
  

drawback	
   for	
  cancer	
   treatments.	
  Elucidation	
  of	
  drug	
  resistance	
  mechanisms	
   is	
  of	
  

utmost	
   importance	
   to	
   tackle	
   the	
   genes	
   responsible	
   for	
   the	
   appearance	
   and	
  

maintenance	
  of	
  resistance.	
  

The	
  aim	
  of	
  this	
  work	
  was	
  to	
  establish	
  whether	
  there	
  was	
  a	
  relationship	
  between	
  

cytochrome	
  c	
  and	
  resistance	
  to	
  methotrexate.	
  It	
  was	
  proved	
  that	
  the	
  reduced	
  state	
  

of	
   cytochrome	
   c,	
   achieved	
   by	
   using	
   exogenous	
   reducing	
   agents	
   (TMPD	
   or	
  

ascorbate)	
   or	
   reduced	
   glutathione	
   (GSH),	
   protected	
   cells	
   from	
   MTX-­‐induced	
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apoptosis.	
  Whole	
   genome	
   expression	
  microarray	
   data	
   from	
  MCF-­‐7	
   sensitive	
   and	
  

resistant	
   cells	
   revealed	
   that	
   isoforms	
   of	
   the	
   Glutathione	
   S-­‐transferases	
   (GSTs)	
  

family	
  were	
  overexpressed	
  in	
  different	
  resistant	
  cells	
  in	
  contrast	
  to	
  sensitive	
  cells.	
  

To	
   explore	
   the	
   implication	
   of	
   these	
   enzymes	
   in	
   GSH	
   levels	
   and	
   reduction	
   of	
  

cytochrome	
  c,	
  their	
  increased	
  levels	
  were	
  validated	
  both	
  at	
  the	
  mRNA	
  and	
  protein	
  

levels	
   and	
   functional	
   assays	
  were	
   performed.	
   PPRHs	
  were	
   used	
   to	
   decrease	
   the	
  

levels	
  of	
  GSTM1	
  and	
  GSTM4	
  and	
  we	
  tested	
  if	
  that	
  decrease	
  sensitized	
  MCF-­‐7	
  cells	
  

to	
  MTX.	
  	
  	
  

The	
  contribution	
  I	
  made	
  in	
  this	
  project	
  was	
  to	
  use	
  PPRHs	
  against	
  different	
  GSTs	
  

in	
  MCF-­‐7	
  resistant	
  cells	
  and	
  SaOs2	
  resistant	
  cells	
   to	
  determine	
   if	
   the	
  decrease	
   in	
  

GST	
   levels	
   induced	
   sensitization	
   to	
  MTX	
   in	
   terms	
   of	
   cell	
   viability	
   and	
   apoptosis.	
  

Treatment	
  of	
  both	
  sensitive	
  and	
  resistant	
  cells	
  with	
  PPRHs	
  against	
  GSTs	
  prior	
   to	
  

administration	
   of	
  MTX,	
   sensitized	
   cells,	
   hence	
   inducing	
   an	
   increase	
   in	
   cell	
   death	
  

caused	
  by	
  MTX.	
  	
  	
  

The	
  conclusion	
  of	
  this	
  work	
  was	
  that	
  overexpression	
  of	
  GSTs	
  and	
  increased	
  GSH	
  

levels	
  are	
  related	
  to	
  a	
  more	
  reduced	
  state	
  of	
  cytochrome	
  c,	
  which	
  prevent	
  the	
  cells	
  

from	
  MTX-­‐induced	
  apoptosis.	
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5.3.	
  Improvements	
  of	
  PPRHs	
  
5.3.1.	
  Comparison	
  between	
  gene	
  silencing	
  molecules	
  

Nowadays,	
   the	
  modulation	
   of	
   gene	
   expression	
   by	
   nucleic	
   acids	
   has	
   become	
   a	
  

routine	
   tool	
   for	
   laboratory	
   research.	
   However,	
   gene	
   silencing	
   as	
   a	
   therapeutic	
  

strategy	
   needs	
   to	
   overcome	
   several	
   technical	
   problems	
   previously	
   stated	
   in	
   the	
  

introduction.	
  	
  

Despite	
  ASOs	
  and	
  siRNAs	
  have	
  similarities	
  because	
  both	
  are	
  nucleic	
  acids	
  and	
  

they	
  both	
   target	
  mRNA,	
   they	
  have	
  also	
  differences	
   in	
   terms	
  of	
  cost,	
   stability,	
  and	
  

delivery.	
   However,	
   several	
   studies	
   have	
   compared	
   the	
   activity	
   of	
   these	
   two	
  

molecules	
   and	
  no	
   clear	
   choice	
   has	
   become	
   apparent,	
  much	
   to	
   the	
   contrary,	
   they	
  

argued	
   that	
   the	
  choice	
  would	
  always	
  depend	
  upon	
  the	
  application	
   -­‐	
   in	
  vitro	
  or	
   in	
  

vivo-­‐,	
   type	
   of	
   administration	
   and	
   delivery	
   system	
   -­‐systemically	
   or	
   locally-­‐.	
  

Modifications	
   such	
  as	
   locked	
  nucleic	
   acids	
   (LNA)	
  or	
  2-­‐O-­‐methoxyethyl	
   (2’	
  MOE)-­‐

RNA,	
   among	
  others,	
  have	
   increased	
   the	
  affinity	
   and	
  potency	
  of	
  ASOs	
  and	
   siRNAs	
  

while	
  reducing	
  undesirable	
  responses	
  (Watts	
  &	
  Corey	
  2012).	
  

We	
   have	
   previously	
   demonstrated	
   in	
   our	
   group	
   the	
   higher	
   stability	
   of	
   PPRHs	
  

compared	
   to	
  non-­‐modified	
   siRNAs.	
  We	
  also	
  analyzed	
   the	
   immune	
  response	
  after	
  

transfection	
  of	
  either	
  a	
  scrambled	
  PPRH	
  or	
  an	
  unspecific	
  siRNA	
  and	
  concluded	
  that	
  

PPRHs	
   are	
   less	
   immunogenic	
   than	
   siRNAs	
   (Villalobos	
   et	
   al.	
   2014).	
   These	
   results	
  

are	
  encouraging	
  because	
  PPRHs	
  display	
  better	
  attributes	
  than	
  siRNAs,	
  without	
  the	
  

need	
   of	
  modifications.	
  However,	
   other	
   properties	
   needed	
   to	
   be	
   studied	
   to	
   prove	
  

the	
  suitability	
  of	
  PPRHs	
  as	
  gene	
  targeting	
  tools.	
  	
  	
  

Previously	
   in	
   our	
   group,	
   a	
   comparison	
   of	
   the	
   effect	
   of	
   a	
   PPRH,	
   an	
   ASO	
   and	
   a	
  

siRNA	
   against	
   the	
   same	
   target	
   was	
   conducted	
   in	
   MCF-­‐7	
   resistant	
   cells.	
   Results	
  

showed	
  that	
  a	
  Template-­‐PPRH	
  against	
  DHFR	
  was	
  more	
  effective	
  than	
  an	
  ASO	
  and	
  a	
  

siRNA	
  against	
   the	
   same	
  gene	
   (de	
  Almagro	
  et	
  al.	
  2009).	
   It	
   is	
   important	
   to	
  bear	
   in	
  

mind	
  that	
  PPRHs	
  follow	
  the	
  antigene	
  strategy,	
  which	
  presents	
  several	
  advantages	
  

compared	
  to	
  the	
  antisense	
  effect	
  exerted	
  by	
  antisense	
  oligonucleotides	
  (ASOs)	
  or	
  

small	
  interfering	
  RNAs	
  (siRNAs).	
  First,	
  when	
  targeting	
  the	
  gene,	
  there	
  are	
  only	
  two	
  

targets	
  per	
  cell	
  corresponding	
  to	
  the	
  two	
  alleles,	
  compared	
  to	
  the	
  multiple	
  copies	
  

of	
  mRNA.	
   Secondly,	
   inhibition	
   of	
   transcription	
   avoids	
   formation	
   of	
  mRNA,	
  while	
  

molecules	
   that	
   inhibit	
   translation	
   do	
   not	
   stop	
   formation	
   of	
   the	
   mRNA	
   and	
   are	
  

meant	
  to	
  act	
  in	
  a	
  more	
  transient	
  fashion.	
  Finally,	
  targeting	
  DNA	
  might	
  impair	
  DNA-­‐
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binding	
   proteins	
   that	
   might	
   be	
   important	
   for	
   gene	
   expression	
   (Praseuth	
   et	
   al.	
  

1999).	
  

In	
  this	
  work,	
  we	
  compared	
  PPRHs	
  with	
  TFOs	
  designed	
  against	
  the	
  same	
  region	
  

(two	
   promoter	
   regions	
   within	
   the	
   survivin	
   gene).	
   Comparison	
   of	
   these	
   two	
  

molecules	
  provides	
  valuable	
   information	
  because	
  of	
   their	
   similarities.	
   First,	
   both	
  

molecules	
  are	
  directed	
  towards	
  the	
  same	
  region	
  but	
  to	
  complementary	
  sequences:	
  

the	
  PPRH	
  is	
  directed	
  against	
  the	
  pyrimidine	
  strand	
  and	
  the	
  TFO	
  against	
  the	
  purine	
  

strand.	
  Moreover,	
   both	
  molecules	
   have	
   the	
   same	
   composition	
   of	
   purines,	
   except	
  

that	
  the	
  PPRH	
  is	
  double-­‐stranded	
  by	
  formation	
  of	
  a	
  hairpin	
  structure	
  and	
  the	
  TFO	
  

is	
   single-­‐stranded.	
   Finally,	
   both	
  molecules	
   form	
   triplexes	
  with	
   the	
  DNA,	
  whereas	
  

the	
  PPRH	
  forms	
  Watson-­‐Crick	
  bonds	
  with	
  the	
  target	
  sequence	
  and	
  intramolecular	
  

reverse-­‐Hoogsteen	
   bonds,	
   the	
   TFO	
   forms	
   reverse-­‐Hoogsteen	
   bonds	
   with	
   the	
  

purine	
   strand	
   of	
   the	
   double-­‐stranded	
   target	
   sequence.	
   This	
   study	
   corroborated	
  

that	
  the	
  presence	
  of	
  the	
  hairpin	
  structure	
  in	
  the	
  PPRH	
  have	
  several	
  advantages:	
  i)	
  

the	
  binding	
  affinity	
  is	
  higher	
  for	
  the	
  PPRH	
  than	
  for	
  the	
  TFO,	
  i.e	
  the	
  PPRH	
  binds	
  to	
  

the	
   target	
   sequence	
   at	
   lower	
   concentrations.	
   ii)	
   At	
   equal	
   conditions,	
   PPRHs	
   are	
  

more	
  potent	
  than	
  TFOs	
  in	
  terms	
  of	
  decrease	
  in	
  cell	
  viability.	
   iii)	
  The	
  difference	
  in	
  

effect	
  is	
  due	
  to	
  the	
  intrinsic	
  efficacy	
  of	
  the	
  molecule	
  because	
  the	
  uptake	
  is	
  similar	
  

for	
   both	
   molecules.	
   Our	
   results	
   are	
   in	
   agreement	
   with	
   Kool	
   (Vo	
   et	
   al.	
   1995),	
  

indicating	
   that	
   the	
   presence	
   of	
   the	
   reverse-­‐Hoogsteen	
   strand	
   in	
   the	
   PPRH,	
   even	
  

though	
  it	
  does	
  not	
  interact	
  with	
  the	
  double-­‐stranded	
  DNA	
  sequence,	
  provides	
  	
  an	
  

advantage	
  for	
  PPRHs	
  over	
  TFOs.	
  	
  

	
  

5.3.2.	
  Important	
  properties	
  upon	
  design	
  

We	
  explored	
   important	
  properties	
  of	
  PPRHs,	
   such	
  as	
   length	
  and	
  specificity,	
   to	
  

establish	
  some	
  recommendations	
  upon	
  design	
  of	
  PPRHs.	
  	
  

For	
   any	
   target	
   gene,	
   the	
   TFO	
   target	
   sequence	
   search	
   tool	
   supplies	
   different	
  

possibilities	
   of	
   purine	
   sequences,	
   susceptible	
   to	
   be	
  used	
   to	
   design	
  PPRHs.	
   These	
  

sequences	
  vary	
  in	
  length,	
  percentage	
  of	
  Guanines,	
  strand	
  (forward	
  or	
  reverse)	
  and	
  

location	
  (promoter,	
   intron,	
  exon)	
  within	
  the	
  gene.	
  Up	
  until	
  this	
  moment,	
  we	
  have	
  

proved	
  that	
  both	
  Template-­‐	
  and	
  Coding-­‐PPRHs	
  against	
  a	
  particular	
  gene	
  decreased	
  

the	
   levels	
   of	
   the	
   targeted	
   gene,	
   although	
   with	
   different	
   mechanisms	
   of	
   action	
  

depending	
  on	
  the	
  location	
  of	
  the	
  target	
  sequence.	
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It	
   is	
   known	
   that	
   polypurine/polypyrimidine	
   sequences	
   are	
  more	
   abundant	
   in	
  

regulatory	
   regions,	
   such	
   as	
   introns	
   and	
   promoters	
   (Goñi	
   et	
   al.	
   2006).	
   Both	
  

Template	
   and	
   Coding-­‐PPRHs	
   against	
   either	
   introns	
   or	
   promoters	
   have	
   been	
  

demonstrated	
  to	
  be	
  effective.	
  PPRHs	
  against	
  intronic	
  sequences	
  of	
  the	
  DHFR	
  gene	
  

decreased	
   cell	
   viability	
   of	
   breast	
   cancer	
   cell	
   lines.	
   Two	
   PPRHs	
   against	
   promoter	
  

sequences	
  of	
   the	
  survivin	
  gene	
  and	
  a	
  Coding-­‐PPRH	
  against	
  an	
  exonic	
  sequence	
  of	
  

Bcl-­‐2	
   decreased	
   cell	
   viability	
   and	
   increased	
   apoptosis	
   of	
   cancer	
   cell	
   lines	
   from	
  

prostate,	
   colon	
   and	
   pancreas,	
   through	
   the	
   decrease	
   in	
   the	
   levels	
   of	
   the	
   targeted	
  

genes.	
  	
  

	
  

5.3.2.1.	
  Length	
  

Regarding	
   the	
   length,	
   our	
   results	
   conclude	
   that	
  whenever	
  possible,	
   the	
   longer	
  

the	
   PPRH,	
   the	
   higher	
   the	
   effect.	
   In	
   our	
   hands,	
   PPRHs	
   from	
   20-­‐nucleotide	
   length	
  

were	
   able	
   to	
   bind	
   with	
   high	
   affinity	
   to	
   their	
   target	
   sequence,	
   show	
   effect	
   and	
  

maintain	
  specificity	
  (Rodriguez	
  et	
  al.	
  2013).	
  When	
  the	
  sequence	
  of	
  the	
  gene	
  allows	
  

for	
   longer	
   target	
  sequences,	
  such	
  as	
   in	
   the	
  case	
  of	
   the	
  TERT	
  gene,	
  a	
   longer	
  PPRH	
  

was	
   demonstrated	
   to	
   cause	
   a	
   higher	
   decrease	
   in	
   cell	
   viability	
   than	
   their	
   shorter	
  

versions.	
   It	
   was	
   previously	
   stated	
   that	
   upon	
   design	
   of	
   ASOs	
   and	
   TFOs,	
   a	
   17-­‐

nucleotide	
  long	
  sequence	
  should	
  find	
  one	
  single	
  target	
  in	
  the	
  genome	
  (François	
  et	
  

al.	
   1999).	
   Naturally,	
   the	
   longer	
   the	
   sequence,	
   the	
   less	
   probability	
   the	
   molecule	
  

would	
  bind	
  to	
  unintended	
  targets.	
  

Other	
  authors	
  proved	
  that	
  when	
  using	
  pyrimidine	
  TFOs,	
   length	
  also	
  played	
  an	
  

important	
   role.	
   They	
   observed	
   that	
   the	
   triplex	
   was	
   more	
   stabilized	
   with	
   longer	
  

molecules	
   (Shindo	
  et	
  al.	
  1993).	
  However,	
  a	
  similar	
  study	
  using	
  G,T-­‐TFOs	
  showed	
  

that	
  the	
  optimal	
  length	
  was	
  12-­‐mer.	
  They	
  explained	
  the	
  difference	
  between	
  these	
  

two	
  molecules	
   in	
   the	
   capability	
   of	
   G-­‐rich	
   oligonucleotides	
   to	
   self-­‐associate,	
   thus	
  

avoiding	
  triplex	
  formation.	
  Despite	
  that,	
  they	
  did	
  not	
  found	
  a	
  correlation	
  between	
  

the	
  formation	
  of	
  tetraplexes	
  and	
  the	
  inability	
  to	
  form	
  triplexes	
  (Cheng	
  &	
  Van	
  Dyke	
  

1997).	
  	
  Arimondo	
  et	
  al.	
  studied	
  the	
  importance	
  of	
  length	
  in	
  G,A-­‐TFOs.	
  They	
  stated	
  

that	
  longer	
  TFOs	
  bound	
  to	
  the	
  target	
  sequence	
  with	
  a	
  lower	
  Kd,	
  meaning	
  a	
  higher	
  

stability	
   of	
   the	
   triplex.	
   They	
   also	
   studied	
   the	
   importance	
   of	
   sequence	
   polarity,	
  

reaching	
   to	
   the	
   conclusion	
   that	
   presence	
   of	
   Guanines	
   in	
   3'	
   reflected	
   in	
   a	
   higher	
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stability	
  due	
  to	
  its	
  role	
  in	
  the	
  nucleation	
  step	
  during	
  triplex	
  formation	
  (Arimondo	
  

et	
  al.	
  1998).	
  

There	
   has	
   been	
   also	
   studies	
   regarding	
   length	
   of	
   polypyrimidine	
   PNAs	
   which	
  

form	
  triplexes	
  with	
   its	
   target	
  sequence.	
  Bentin	
  et	
  al.	
  proved	
   that	
  PNAs	
  of	
  12	
  and	
  

15-­‐mer	
  displayed	
  more	
  complexity	
   in	
  terms	
  of	
  structures	
  than	
  10-­‐mer	
  PNAs,	
  but	
  

displayed	
  a	
  similar	
  efficiency	
  of	
  binding	
  (Bentin	
  et	
  al.	
  2006).	
  Other	
  authors	
  proved	
  

that	
   a	
   19-­‐mer	
   PNA	
   inhibited	
   expression	
   while	
   15-­‐mer	
   and	
   17-­‐mer	
   against	
   the	
  

same	
   target	
   did	
   not,	
   proving	
   inhibition	
   of	
   gene	
   expression	
   is	
   sensitive	
   to	
   PNA	
  

length	
  (Liu	
  et	
  al.	
  2004).	
  	
  

Bhagat	
   et	
   al.	
   studied	
   the	
   gene	
   silencing	
   activity	
   of	
   RNA	
   and	
   DNA	
  

oligonucleotides	
  ranging	
  from	
  15-­‐	
  to	
  25-­‐mer,	
  and	
  found	
  that	
  the	
  19-­‐mer	
  DNA	
  and	
  

RNA	
   oligonucleotides	
   were	
   the	
   most	
   efficient	
   ones	
   in	
   decreasing	
   mRNA	
   levels	
  

(Bhagat	
  et	
  al.	
  2011).	
  	
  

siRNAs	
  length	
  has	
  also	
  been	
  explored.	
  Kim	
  et	
  al.	
  studied	
  a	
  set	
  of	
  dsRNAs	
  ranging	
  

from	
  21	
  to	
  45-­‐bp	
  against	
  different	
  targets	
  and	
  determined	
  that	
  the	
  best	
  candidate	
  

was	
  the	
  27-­‐mer	
  duplex,	
  while	
  longer	
  duplexes	
  lost	
  RNAi	
  activity	
  (Kim	
  et	
  al.	
  2005).	
  

Hu	
  et	
  al.	
  studied	
  siRNAs	
  against	
  huntingtin	
  ranging	
  from	
  15	
  to	
  21-­‐nucleotides	
  and	
  

concluded	
  that	
  when	
  using	
  siRNAs	
  below	
  17-­‐nt,	
   the	
  potency	
  decreased	
  (Hu	
  et	
  al.	
  

2014).	
  	
  

All	
   in	
   all,	
   length	
   is	
   an	
   important	
   property	
   to	
   take	
   into	
   consideration	
   when	
  

designing	
   gene	
   silencing	
  molecules,	
   although	
   the	
   best	
   length	
  will	
   depend	
   on	
   the	
  

type	
  of	
  molecule.	
  

	
  

5.3.2.2.	
  Specificity	
  	
  	
  

In	
  regard	
  to	
  specificity,	
  and	
  with	
  the	
  goal	
   to	
  address	
  concerns	
  about	
  off-­‐target	
  

effects,	
   we	
   decided	
   to	
   explore	
   the	
   possibility	
   to	
   use	
   PPRHs	
   carrying	
   pyrimidine	
  

interruptions,	
  the	
  so-­‐called	
  Wild-­‐type	
  PPRHs.	
  	
  

Up	
  until	
  now,	
  when	
  a	
  pyrimidine	
  target	
  sequence	
  had	
  purine	
  interruptions,	
  the	
  

designed	
   PPRH	
   contained	
   adenines	
   in	
   the	
   place	
   of	
   the	
   interruption	
   in	
   both	
  

domains	
  of	
   the	
  PPRH.	
  This	
   approach	
  was	
  previously	
   studied	
   in	
  our	
   group	
  and	
   it	
  

was	
   confirmed	
   that	
   PPRHs	
   carrying	
   adenines	
   maintained	
   the	
   binding	
   while	
  

keeping	
   the	
  pure	
  purine	
   sequence	
  of	
   the	
  PPRH.	
  Below	
   there	
   is	
   the	
   reasoning	
   for	
  

the	
  choice	
  of	
  this	
  approach.	
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Coma	
  et	
  al.	
  studied	
  the	
  effect	
  of	
  one	
  interruption	
  on	
  an	
  11-­‐nt	
  hairpin	
  by	
  EMSA	
  

and	
  Tm	
  assays.	
  They	
  substituted	
  the	
  pyrimidine	
  interruption	
  (C)	
  for	
  either	
  adenine	
  

or	
  guanine	
  (hairpin1-­‐AA	
  or	
  hairpin1-­‐GG)	
  in	
  both	
  strands	
  of	
  the	
  PPRH	
  or	
  used	
  the	
  

pyrimidine	
   of	
   the	
   interruption	
   (C)	
   in	
   the	
   Watson-­‐Crick	
   domain	
   and	
   its	
  

complementary	
   base	
   (G)	
   in	
   the	
   reverse-­‐Hoogsteen	
   domain	
   of	
   the	
   hairpin	
  

(hairpin1-­‐CG).	
  EMSA	
  assays	
  showed	
  that	
  the	
  three	
  molecules	
  were	
  able	
  to	
  bind	
  to	
  

their	
   double-­‐stranded	
   target	
   sequence,	
   but	
   hairpin1-­‐AA	
   had	
   the	
   higher	
   binding	
  

affinity,	
   followed	
   closely	
  by	
  hairpin1-­‐CG,	
  while	
  hairpin1-­‐GG	
  displayed	
   the	
   lowest	
  

affinity.	
   These	
   results	
   were	
   corroborated	
   using	
   melting	
   experiments,	
   in	
   which	
  

hairpin1-­‐AA	
   and	
   hairpin1-­‐CG	
   had	
   a	
   Tm	
   of	
   45ºC,	
   while	
   hairpin1-­‐GG	
   had	
   a	
   Tm	
   of	
  

40.7ºC.	
   Using	
   the	
   approach	
   of	
   adenines,	
   the	
   hairpin	
   was	
   elongated	
   to	
   20-­‐

nucleotides,	
  which	
   then	
  contained	
  3	
  mismatches	
  substituted	
  by	
  adenines	
   in	
  both	
  

strands	
  of	
   the	
  molecule.	
  Binding	
  of	
   this	
  hairpin	
  was	
  checked	
  in	
  EMSA	
  assays	
  and	
  

they	
  proved	
  that	
  in	
  spite	
  of	
  interruptions,	
  the	
  binding	
  occurred	
  in	
  just	
  10	
  minutes	
  

and	
  with	
  high	
  affinity	
  (Coma	
  et	
  al.	
  2005).	
  

Afterward,	
  de	
  Almagro	
  et	
  al.	
  tested	
  the	
  effect	
  of	
  interruptions	
  not	
  only	
  in	
  terms	
  

of	
  binding	
  but	
  also	
   in	
   functional	
  assays.	
  They	
   tested	
   two	
  PPRHs	
  against	
  DHFR:	
  A	
  

20-­‐nt	
  PPRH	
  carrying	
  one	
  interruption	
  (T),	
  which	
  was	
  substituted	
  in	
  both	
  strands	
  

by	
   either	
   adenines	
   (HpdI3-­‐misTA),	
   guanines	
   (HpdI3-­‐misTG)	
   or	
   thymidines	
  

(HpdI3-­‐misTT);	
   and	
   another	
   PPRH	
   of	
   21-­‐nt	
   carrying	
   one	
   interruption	
   (C)	
  

substituted	
  by	
  adenines	
  in	
  both	
  strands	
  (HpdI3-­‐misCA).	
  	
  They	
  observed	
  that	
  all	
  the	
  

PPRHs	
   bound	
   to	
   their	
   target	
   sequence,	
   but	
   the	
   PPRH	
   using	
   thymidines	
   (HpdI3-­‐

misTT)	
  was	
  the	
  one	
  with	
  the	
  lowest	
  affinity.	
  Upon	
  transfection	
  of	
  these	
  PPRHs	
  in	
  

breast	
   cancer	
   cells,	
   those	
   carrying	
   adenines	
   in	
   the	
   interruptions	
   worked	
   better	
  

than	
   the	
   others,	
   but	
   all	
   of	
   them	
   less	
   efficiently	
   than	
   the	
   PPRH	
   without	
  

interruptions.	
  	
  They	
  concluded	
  that	
  adenine	
  was	
  the	
  best	
  base	
  to	
  use	
  in	
  front	
  of	
  the	
  

interruption	
  to	
  diminish	
  the	
  effect	
  on	
  instability	
  in	
  triplex	
  formation	
  (de	
  Almagro	
  

et	
  al.	
  2009).	
  	
  

So	
   far,	
   when	
   one	
   pyrimidine	
   interruption	
   occurred	
   in	
   the	
   PPRH	
   sequence,	
  

adenine	
   was	
   the	
   base	
   to	
   use.	
   It	
   is	
   obvious	
   to	
   deduce	
   that	
   the	
   longer	
   the	
   target	
  

sequence,	
   the	
   more	
   interruptions	
   is	
   meant	
   to	
   have.	
   In	
   this	
   work	
   we	
   have	
  

demonstrated	
   that	
   PPRHs	
   of	
   20	
   (HpsPr-­‐C),	
   26	
   (HpsPr-­‐T)	
   and	
   30	
   (HptI10-­‐T)	
  

nucleotides	
  carrying	
  3	
  interruptions	
  substituted	
  by	
  adenines	
  in	
  both	
  strands	
  of	
  the	
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PPRH	
  were	
   able	
   to	
   bind	
   to	
   their	
   target	
   sequence	
  with	
   high	
   affinity	
   and	
   cause	
   a	
  

reduction	
   of	
   the	
   targeted	
   gene	
   levels.	
   However,	
   the	
   more	
   interruptions	
   are	
  

substituted	
   by	
   adenines,	
   the	
   more	
   probability	
   that	
   some	
   binding	
   to	
   unintended	
  

targets	
  may	
  occur.	
  To	
  enlarge	
  the	
  options	
  to	
  design	
  PPRHs	
  against	
  regions	
  carrying	
  

interruptions	
  without	
  penalizing	
  their	
  specificity,	
  we	
  decided	
  to	
   test	
  whether	
   the	
  

use	
  of	
  the	
  pyrimidine	
  interruptions	
  was	
  detrimental	
  for	
  the	
  binding	
  affinity	
  of	
  the	
  

PPRH.	
  We	
  tested	
  three	
  approaches	
  using	
  a	
  26-­‐nt	
  PPRH	
  against	
  survivin	
  carrying	
  3	
  

interruptions:	
   using	
   adenines	
   in	
   both	
   strands	
   as	
   the	
   positive	
   control	
   (HpsPr-­‐T),	
  

using	
  the	
  pyrimidine	
  interruptions	
  in	
  both	
  strands	
  of	
  the	
  PPRH	
  	
  (HpsPr-­‐T	
  WT)	
  or	
  

using	
   the	
   pyrimidine	
   interruption	
   in	
   the	
   Watson-­‐Crick	
   domain	
   and	
   its	
  

complementary	
  base	
  in	
  the	
  reverse-­‐Hoogsteen	
  domain.	
  (HpsPr-­‐T	
  WT	
  2).	
  In	
  EMSA	
  

assays	
   we	
   observed	
   that	
   the	
   three	
   PPRHs	
   were	
   able	
   to	
   bind	
   to	
   their	
   target	
  

sequence,	
  thus	
  corroborating	
  the	
  results	
  from	
  Coma	
  and	
  de	
  Almagro	
  (Coma	
  et	
  al.	
  

2005;	
   de	
   Almagro	
   et	
   al.	
   2009).	
   Moreover,	
   the	
   three	
   PPRHs	
   produced	
   the	
   same	
  

binding	
  pattern,	
  suggesting	
  that	
  the	
  change	
  of	
  bases	
  did	
  not	
  alter	
  their	
  structure.	
  In	
  

cell	
   viability	
   assays,	
   the	
  PPRH	
   that	
   caused	
  a	
  higher	
  decrease	
   in	
   cell	
   viability	
  was	
  

the	
  one	
   carrying	
  pyrimidine	
   interruptions	
   in	
  both	
   strands	
  of	
   the	
  PPRH	
   (HpsPr-­‐T	
  

WT)	
  and	
  it	
  was	
  the	
  chosen	
  approach	
  for	
  the	
  follow-­‐up	
  experiments.	
  This	
  result	
  is	
  

different	
   from	
   those	
   by	
   de	
   Almagro,	
   in	
   which	
   the	
   best	
   candidate	
   was	
   the	
   one	
  

carrying	
   adenines.	
   It	
   is	
   worth	
  mentioning	
   that	
   HpdI3-­‐misTT	
   –	
   the	
  more	
   similar	
  

approach	
   to	
  WT-­‐	
  showed	
   low	
  affinity	
  of	
  binding,	
  and	
   it	
  was	
  not	
   further	
   tested	
   in	
  

vitro.	
   In	
  our	
  case,	
  using	
   the	
  best	
  PPRHs	
  against	
  survivin,	
  we	
  designed	
   their	
  Wild-­‐

type	
   counterparts	
   and	
   compared	
   their	
   effect	
   in	
   terms	
   of	
   binding,	
   melting	
  

experiments,	
   cell	
   viability	
  and	
  analyzed	
   their	
  gene	
   silencing	
   capacity.	
  We	
  proved	
  

that	
   Wild-­‐type	
   PPRHs	
   bound	
   with	
   better	
   affinity	
   to	
   their	
   target	
   sequences,	
  

exhibited	
  by	
  a	
  higher	
  intensity	
  of	
  binding,	
  a	
  higher	
  Tm	
  and	
  a	
  lower	
  ΔG.	
  Regarding	
  

efficacy,	
   WT-­‐PPRHs	
   had	
   a	
   lower	
   IC50	
   than	
   the	
   regular	
   PPRHs	
   and	
   were	
   able	
   to	
  

decrease	
  survivin	
  mRNA	
  levels.	
  Analysis	
  of	
  cell	
  viability	
  and	
  mRNA	
  levels	
  using	
  the	
  

best	
   candidate	
   for	
   Bcl-­‐2,	
   HpBcl2E1-­‐C,	
   in	
   comparison	
   with	
   its	
   Wild-­‐type	
  

counterpart,	
  showed	
  the	
  same	
  behavior.	
  	
  

Other	
   authors	
   have	
   tried	
   to	
   tackle	
   the	
   problem	
   of	
   interruptions	
   in	
   triplex	
  

binding	
   by	
   using	
   either	
   natural	
   or	
   synthetic	
   analogues	
  within	
   the	
   TFO	
   sequence	
  

(Gowers	
  &	
  Fox	
  1999).	
  As	
   an	
   example,	
  Aviñó	
   et	
   al.	
   used	
  parallel-­‐hairpins	
  with	
  8-­‐
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aminopurines	
  to	
  increase	
  affinity	
  (Aviñó	
  et	
  al.	
  2002).	
  Newer	
  approaches	
  included	
  

using	
   triplex	
   intercalators,	
   such	
  as	
  neomycin,	
   to	
  enhance	
  affinity	
   (Arya	
  2011).	
   In	
  

our	
   approach,	
   nor	
   synthetic	
   bases	
   nor	
   intercalators	
  were	
   necessary,	
   however,	
   it	
  

would	
   be	
   interesting	
   to	
   study	
   in-­‐depth	
   the	
   chemical	
   binding	
   that	
   takes	
   place	
  

between	
  this	
  WT-­‐PPRH	
  and	
  its	
  specific	
  target	
  sequence.	
  The	
  effect	
  of	
  mismatches	
  

in	
   TFOs	
   has	
   been	
   studied,	
   and	
   the	
   results	
   pointed	
   out	
   the	
   importance	
   in	
   the	
  

location	
   of	
   the	
  mismatch.	
   Specifically,	
   interruption	
   at	
   the	
   3’	
   end	
   of	
   purine	
   TFOs	
  

destabilized	
   the	
   triplex	
   because	
   this	
   sequence	
   is	
   important	
   for	
   the	
   nucleation	
  

during	
  triplex	
  formation	
  (Arimondo	
  et	
  al.	
  1998).	
  	
  

	
  

5.3.2.3.	
  Wedge-­‐PPRH	
  

We	
  developed	
  a	
  new	
  molecule,	
  the	
  so-­‐called	
  Wedge-­‐PPRH,	
  able	
  to	
  bind	
  to	
  both	
  

strands	
  of	
  the	
  DNA	
  in	
  a	
  locked	
  structure.	
  It	
  was	
  composed	
  of	
  a	
  PPRH	
  (HpsPr-­‐T	
  WT)	
  

that	
  bound	
  to	
  its	
  pyrimidine	
  target	
  sequence	
  and	
  a	
  5’	
  extension	
  complementary	
  to	
  

the	
  displaced	
  polypurine	
  sequence	
  in	
  the	
  complementary	
  strand	
  of	
  the	
  target	
  DNA.	
  

The	
  extension	
  with	
  the	
  appropriate	
   length	
  (17-­‐nt)	
  allowed	
  for	
  the	
  formation	
  of	
  a	
  

quintuplex	
   structure	
   at	
   low	
   concentrations,	
   proving	
   the	
   new	
   structure	
   had	
   a	
  

slightly	
  higher	
  affinity.	
  	
  	
  The	
  effect	
  in	
  terms	
  of	
  cell	
  viability	
  was	
  also	
  slightly	
  better	
  

than	
   that	
   of	
   the	
   Wild-­‐type	
   PPRH	
   and	
   it	
   was	
   maintained	
   when	
   increasing	
   the	
  

number	
   of	
   cells.	
   Other	
   authors	
   have	
   tested	
   similar	
   approaches	
   using	
   TFOs	
  with	
  

two	
  consecutive	
  target	
  sequences	
  in	
  the	
  two	
  strands	
  of	
  the	
  DNA,	
  but	
  the	
  approach	
  

was	
  only	
  tested	
  in	
  vitro	
  by	
  EMSA	
  assays	
  (Jayasena	
  &	
  Johnston	
  1992;	
  Balatskaya	
  et	
  

al.	
  1996).	
  In	
  our	
  case,	
  we	
  further	
  tested	
  this	
  idea	
  in	
  cells.	
  	
  

	
  

5.3.2.4.	
  Uptake	
  

PPRHs	
   designed	
   against	
   anti-­‐apoptotic	
   targets	
   such	
   as	
   survivin	
   and	
   Bcl-­‐2	
  

complexed	
  with	
   DOTAP	
   are	
   able	
   to	
   enter	
   cell	
   lines	
   from	
   solid	
   tumors	
   and	
   exert	
  

their	
  effect.	
  To	
  extend	
  the	
  application	
  of	
  these	
  PPRHs,	
  we	
  performed	
  a	
  screening	
  of	
  

the	
   uptake	
   of	
   PPRHs	
   into	
   different	
   cell	
   lines	
   derived	
   from	
   hematological	
  

malignancies	
  using	
  flow	
  cytometry.	
  This	
  was	
  quite	
  a	
  challenge	
  taking	
  into	
  account	
  

that	
  most	
  of	
  these	
  cell	
  lines	
  are	
  known	
  to	
  be	
  hard-­‐to-­‐transfect	
  (Zhao	
  et	
  al.	
  2012).	
  	
  

Flow	
   cytometry	
   is	
   a	
   technique	
  widely	
   used	
   to	
   study	
   the	
   uptake	
   of	
  molecules.	
  

The	
   advantage	
   of	
   using	
   fluorescein-­‐labeled	
   molecules	
   and	
   to	
   dye	
   cells	
   with	
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propidium	
  iodide	
  is	
  the	
  possibility	
  to	
  discard	
  dead	
  cells	
  and	
  have	
  the	
  certainty	
  to	
  

analyze	
   only	
   alive	
   cells	
   with	
   the	
   proper	
   size	
   and	
   complexity.	
   Dead	
   cells	
   tend	
   to	
  

accumulate	
  polyanions	
   (such	
  as	
  DNA	
  molecules),	
   and	
   could	
   induce	
   false	
  positive	
  

results.	
   Regarding	
   the	
   possible	
   interaction	
   between	
   fluorescein	
   and	
   lipid	
  

membranes	
   due	
   to	
   its	
   hydrophobicity,	
   competition	
   experiments	
   between	
   non-­‐

labelled	
   and	
   5’-­‐fluorescently	
   labeled	
   oligonucleotides	
   proved	
   both	
   molecules	
  

behave	
  in	
  a	
  similar	
  way,	
  hence	
  the	
  presence	
  of	
  the	
  fluorophore	
  may	
  not	
  alter	
  the	
  

results	
  (Tonkinson	
  &	
  Stein	
  1994).	
  	
  

We	
  decided	
  to	
  evaluate	
  two	
  approaches:	
  the	
  uptake	
  using	
  DOTAP	
  and	
  without	
  

the	
  aid	
  of	
  a	
  vehicle.	
  	
  

On	
  the	
  one	
  hand,	
  taking	
  into	
  account	
  all	
  the	
  uptake	
  results	
  using	
  DOTAP,	
  from	
  

both	
   solid	
   tumor	
   cell	
   lines	
   and	
   hematological	
   malignancies,	
   we	
   could	
   extract	
   a	
  

trend.	
  In	
  general,	
  the	
  values	
  for	
  the	
  mean	
  intensity	
  of	
  cell	
  lines	
  from	
  solid	
  tumors	
  

were	
   higher	
   than	
   the	
   mean	
   obtained	
   using	
   hematopoietic	
   cell	
   lines.	
   Therefore,	
  

DOTAP	
   is	
   a	
   good	
   transfection	
   reagent	
   for	
   solid	
   tumors,	
   but	
   there	
   is	
   need	
   to	
   find	
  

other	
   approaches	
   to	
   internalize	
   PPRHs	
   in	
   hematological	
   malignancies.	
   This	
  

conclusion	
   corroborates	
   the	
   known	
   complexity	
   associated	
   with	
   using	
   gene-­‐

silencing	
   technologies	
   in	
   hematological	
   malignancies.	
   Other	
   authors	
   have	
   tested	
  

polymer	
   nanocomplexes	
   to	
   deliver	
   plasmid	
   DNA	
   in	
   Jurkat	
   cells	
   and	
   reported	
   a	
  

maximum	
   of	
   27%	
   transfection	
   rate	
   (Zhao	
   et	
   al.	
   2012).	
   However,	
   it	
   is	
   worth	
  

mentioning	
   that	
   MiaPaCa	
   2,	
   which	
   is	
   the	
   cell	
   line	
   with	
   a	
   lower	
   efficiency	
   of	
  

transfection,	
  had	
  a	
  mean	
   intensity	
   similar	
   to	
   that	
  obtained	
   for	
  K562	
  and	
  Granta-­‐

519,	
   using	
  DOTAP.	
   As	
  we	
   observed	
   an	
   effect	
   in	
  MiaPaCa	
   2	
   cells,	
   there	
  would	
   be	
  

interesting	
  to	
  test	
  the	
  effect	
  in	
  these	
  other	
  cell	
  lines.	
  	
  

On	
   the	
   other	
   hand,	
   we	
   tried	
   the	
   naked	
   strategy	
   because	
   oligonucleotides	
   in	
  

clinical	
  trials	
  for	
  leukemia,	
  such	
  as	
  oblimersen,	
  were	
  administered	
  without	
  vehicle,	
  

either	
  alone	
  (O’Brien	
  et	
  al.	
  2005)	
  or	
  in	
  combination	
  with	
  other	
  chemotherapeutic	
  

agents	
  (NCI	
  2002).	
  In	
  fact,	
  the	
  study	
  of	
  the	
  uptake	
  mechanism	
  of	
  oligonucleotides	
  

into	
   cells	
   have	
   found	
   that	
   uptake	
   depends	
   on	
   concentration;	
   whereas	
   at	
   low	
  

concentration,	
   ASOs	
   interact	
   with	
   membrane	
   receptors	
   that	
   mediate	
   their	
  

internalization	
  (Loke	
  et	
  al.	
  1989),	
  at	
  higher	
  than	
  1	
  µM,	
  ASOs	
  enter	
  by	
  fluid	
  phase	
  

endocytosis	
  (Yakubov	
  et	
  al.	
  1989).	
  Therefore,	
  cells	
  can	
  internalize	
  oligonucleotides	
  

without	
   the	
   aid	
  of	
   a	
   vehicle,	
   and	
  we	
  hypothesized	
   that	
   as	
  PPRHs	
  were	
   also	
  DNA	
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molecules,	
   they	
   might	
   enter	
   without	
   vehicle	
   as	
   well.	
   Nonetheless,	
   it	
   is	
   worth	
  

mentioning	
   that	
   positive	
   internalization	
   is	
   not	
   an	
   unequivocal	
   sign	
   of	
   a	
   reliable	
  

effect.	
   Although	
   entrance	
   is	
   promising,	
   oligonucleotides	
   can	
   be	
   trapped	
   in	
  

endosomes	
   or	
   lisosomes	
   where	
   they	
   cannot	
   exert	
   their	
   function,	
   as	
   it	
   was	
  

demonstrated	
  in	
  HL60	
  cells	
  for	
  a	
  phosphorothioate	
  ASO	
  (Tonkinson	
  &	
  Stein	
  1994).	
  

Nevertheless,	
   uptake	
   studies	
   in	
   K562	
   cells	
   found	
   that	
   internalization	
   of	
   a	
  

phosphorothioate	
   ASO	
   took	
   place	
   via	
   the	
   endosomal	
   pathway	
   to	
   be	
   then	
  

translocated	
   into	
   the	
   nucleus	
   (Beltinger	
   et	
   al.	
   1995).	
   Hartmann	
   et	
   al.	
   found	
   that	
  

localization	
  of	
  an	
  ASO	
  varied	
  upon	
  via	
  of	
  internalization,	
  when	
  entering	
  naked,	
  the	
  

ASO	
   localized	
   in	
  vesicles	
  whereas	
  when	
  using	
   lipofectin,	
   the	
  ASO	
   localized	
   in	
   the	
  

nucleus	
   (Hartmann	
   et	
   al.	
   1998).	
   All	
   of	
   these	
   studies	
   reflect	
   the	
   great	
   amount	
   of	
  

variables	
  needed	
  to	
  take	
  into	
  account	
  in	
  uptake	
  experiments.	
  	
  	
  	
  

From	
  our	
  results	
  we	
  can	
  conclude	
  that	
  uptake	
  depends	
  on	
  the	
  cell	
  line,	
  as	
  each	
  

one	
   displays	
   different	
   transfection	
   efficiencies,	
   but	
   does	
   not	
   depend	
   on	
   the	
  

molecule,	
   as	
   comparison	
   between	
   a	
   PPRH	
   and	
   an	
   ASO	
   demonstrated	
   the	
   same	
  

tendency	
   for	
   both	
   molecules	
   in	
   each	
   cell	
   line.	
   Zhao	
   et	
   al.	
   have	
   also	
   observed	
   a	
  

heterogeneous	
   uptake	
   depending	
   on	
   the	
   cell	
   type.	
   They	
   reported	
   that	
   myeloid	
  

cells,	
  and	
  specifically	
  monocytes,	
  internalized	
  more	
  fluorescently	
  labeled	
  ASO	
  than	
  

B	
   or	
   T-­‐cells.	
   They	
   also	
   found	
   that	
   leukemic	
   cells	
   internalized	
   more	
   ASO	
   than	
  

normal	
   cells	
   from	
   the	
   same	
   patient	
   and	
   that	
   activated	
   cells,	
   by	
   means	
   of	
   using	
  

proliferative	
  inducers,	
  internalized	
  more	
  ASO	
  than	
  non-­‐activated	
  cells.	
  This	
  proved	
  

that	
  different	
  uptake	
  between	
  cell	
   lines	
  might	
  be	
  related	
  to	
  different	
  proliferative	
  

rate	
  (Zhao	
  et	
  al.	
  1996).	
  	
  	
  

We	
   also	
   observed	
   that	
   100nM	
   was	
   not	
   enough	
   to	
   produce	
   an	
   increase	
   in	
  

fluorescence,	
  while	
  at	
  1µM	
  there	
  was	
  an	
  increase	
  both	
  in	
  mean	
  intensity	
  and	
  in	
  the	
  

percentage	
  of	
  fluorescent	
  cells,	
  meaning	
  the	
  spontaneous	
  uptake	
  is	
  concentration	
  

dependent,	
  as	
  previously	
  suggested	
  by	
  other	
  authors	
  (Loke	
  et	
  al.	
  1989;	
  Yakubov	
  et	
  

al.	
  1989).	
  

Altogether,	
   use	
   of	
   PPRHs	
   in	
   hematological	
   malignancies	
   remains	
   a	
   challenge	
  

although	
  some	
  advances	
  have	
  been	
  made.	
  We	
  now	
  know	
  that	
  while	
  some	
  cell	
  lines	
  

could	
   be	
   tested	
   with	
   naked	
   PPRHs	
   (Jurkat	
   and	
   WSU-­‐FSCCL),	
   others	
   could	
   be	
  

transfected	
  with	
  DOTAP	
  or	
   other	
   reagents	
   (K562	
   and	
  Granta-­‐519).	
   	
  However,	
   of	
  

crucial	
  importance	
  is	
  the	
  development	
  of	
  vehicles	
  to	
  enhance	
  internalization.	
  	
  

127



	
  

	
  

	
   	
  

128



	
  

6.	
  CONCLUSIONS	
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1. Both	
   Template-­‐	
   and	
   Coding-­‐PPRHs	
   against	
   anti-­‐apoptotic	
   targets	
   decrease	
  

cell	
  viability	
  and	
  increase	
  apoptosis	
   in	
  cancer	
  cell	
   lines	
  from	
  prostate,	
  colon	
  

and	
  pancreas	
  (PC3,	
  HCT116	
  and	
  MiaPaCa	
  2).	
  

	
  

2. PPRHs	
  have	
  a	
  rapid	
  effect	
  and	
  work	
  at	
  nanomolar	
  range,	
  like	
  siRNAs,	
  and	
  at	
  

lower	
  concentration	
  than	
  that	
  needed	
  for	
  ASOs	
  or	
  TFOs	
  to	
  exert	
  their	
  effect.	
  	
  

	
  

3. PPRHs	
  against	
  human	
  survivin	
  do	
  not	
  cause	
  decrease	
  in	
  cell	
  viability	
  of	
  either	
  

a	
   human	
   normal	
   cell	
   line	
   or	
   murine	
   cancer	
   cell	
   lines.	
   Therefore,	
   PPRHs	
  

proved	
  to	
  be	
  target-­‐specific	
  and	
  species-­‐specific.	
  	
  

	
  

4. The	
   PPRHs	
   against	
   promoter	
   sequences	
   within	
   the	
   survivin	
   gene,	
   HpsPr-­‐T	
  

and	
  HpsPr-­‐C,	
  decrease	
  both	
  mRNA	
  and	
  protein	
  levels	
  of	
  the	
  targeted	
  gene.	
  

	
  

5. HpsPr-­‐T	
  and	
  HpsPr-­‐C	
  prevent	
  the	
  binding	
  of	
  transcription	
  factors	
  specific	
  for	
  

their	
   target	
   sequences,	
   thus	
   causing	
   a	
   decrease	
   in	
   gene	
   expression.	
  

Specifically,	
   HpsPr-­‐T	
   prevents	
   the	
   binding	
   of	
   Sp1	
   and	
   Sp3,	
   and	
   HpsPr-­‐C	
  

prevents	
  the	
  binding	
  of	
  GATA-­‐3.	
  

	
  

6. The	
   in	
   vivo	
   administration,	
   both	
   intratumorally	
   and	
   intravenously,	
   of	
   a	
  

Coding-­‐PPRH	
   against	
   a	
   promoter	
   sequence	
   of	
   the	
   survivin	
   gene,	
   HpsPr-­‐C,	
  

cause	
   a	
   decrease	
   in	
   tumor	
   growth	
   of	
   a	
   PC3	
   xenograft	
   compared	
   to	
  

administration	
  of	
  a	
  scrambled	
  molecule	
  (Hps-­‐Sc),	
  which	
  constitutes	
  the	
  proof	
  

of	
  principle	
  of	
  this	
  technology.	
  This	
  PPRH	
  also	
  causes	
  a	
  decrease	
  in	
  survivin	
  

protein	
  levels	
  and	
  a	
  decrease	
  in	
  blood	
  vessel	
  formation.	
  

	
  

7. PPRHs	
   can	
   be	
   used	
   as	
   a	
   tool	
   to	
   validate	
   genes	
   in	
   proliferation	
   and	
   cancer.	
  

PPRHs	
  can	
  be	
  used	
  to	
  target	
  genes	
  related	
  to	
  resistance,	
  as	
  chemosensitizers.	
  

	
  

8. Using	
  the	
  TERT	
  gene	
  as	
  a	
  model,	
  we	
  concluded	
  that	
  when	
  designing	
  PPRHs,	
  

the	
   longer	
   the	
  PPRH,	
   the	
   greater	
   the	
   effect,	
   starting	
  with	
   a	
  minimum	
  of	
   20	
  

nucleotides	
  for	
  specificity.	
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9. PPRHs	
  display	
  higher	
  efficacy	
  in	
  terms	
  of	
  binding	
  and	
  effect	
  than	
  TFOs.	
  

	
  

10. Wild-­‐type	
  PPRHs	
  have	
  a	
  higher	
  affinity	
  and	
  thermal	
  stability	
  of	
  binding	
  than	
  

regular	
  PPRHs,	
  and	
  this	
  reflects	
  on	
  a	
  lower	
  IC50	
  in	
  PC3	
  and	
  SKBR3	
  cells.	
  

	
  

11. Wedge-­‐PPRH,	
  a	
  further	
  development	
  derived	
  from	
  the	
  PPRHs,	
  also	
  caused	
  an	
  

effect	
   in	
   vitro	
   against	
   a	
   prostate	
   and	
   a	
   breast	
   cancer	
   cell	
   line,	
   showing	
   a	
  

slightly	
  higher	
  binding	
  and	
  efficacy.	
  

	
  

12. PPRHs	
   are	
   efficiently	
   transfected	
   into	
   cancer	
   cell	
   lines	
   from	
   solid	
   tumors	
  

using	
  DOTAP	
  as	
  a	
  vehicle.	
   For	
  hematopoietic	
  malignancies,	
   study	
  of	
  uptake	
  

lead	
  to	
  conclude	
  that	
  each	
  cell	
  line	
  must	
  be	
  explored	
  separately.	
  	
  Use	
  of	
  naked	
  

PPRHs	
  can	
  be	
  tested	
  but	
  development	
  of	
  an	
  optimal	
  vehicle	
  is	
  essential.	
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Department of Biochemistry and Molecular Biology, School of Pharmacy, University of Barcelona, Barcelona, Spain

A R T I C L E I N F O

Article history:

Received 20 June 2012

Accepted 17 September 2012

Available online 25 September 2012

Keywords:

Sp1

Target

Genomics

Proliferation

Cancer

A B S T R A C T

Sp1 is a transcription factor regulating many genes through its DNA binding domain, containing three

zinc fingers. We were interested in identifying target genes regulated by Sp1, particularly those involved

in proliferation and cancer. Our approach was to treat HeLa cells with a siRNA directed against Sp1 mRNA

to decrease the expression of Sp1 and, in turn, the genes activated by this transcription factor. Sp1-siRNA

treatment led to a great number of differentially expressed genes as determined by whole genome cDNA

microarray analysis. Underexpressed genes were selected since they represent putative genes activated

by Sp1 and classified in six Gene Onthology categories, namely proliferation and cancer, mRNA

processing, lipid metabolism, glucidic metabolism, transcription and translation. Putative Sp1 binding

sites were found in the promoters of the selected genes using the MatchTM software. After literature

mining, 11 genes were selected for further validation. Underexpression by qRT-PCR was confirmed for

the 11 genes plus Sp1 in HeLa cells after Sp1-siRNA treatment. EMSA and ChIP assays were performed to

test for binding of Sp1 to the promoters of these genes. We observed binding of Sp1 to the promoters of

RAB20, FGF21, IHPK2, ARHGAP18, NPM3, SRSF7, CALM3, PGD and Sp1 itself. Furthermore, the mRNA

levels of RAB20, FGF21 and IHPK2 and luciferase activity for these three genes related to proliferation and

cancer, were determined after overexpression of Sp1 in HeLa cells, to confirm their regulation by Sp1.

Involvement of these three genes in proliferation was validated by gene silencing using polypurine

reverse hoogsteen hairpins.

� 2012 Elsevier Inc. All rights reserved.
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1. Introduction

The Sp1 transcription factor which belongs to the Sp family of
transcription factors (TF) is characterized by three Cys2His2 zinc
fingers required for the sequence-specific DNA binding to GC-rich
promoter elements. Sp1 is ubiquitously expressed in mammalian
cells and regulates the transcriptional activity of multiple
target genes involved in many cellular processes such as cell
Abbreviations: FDR, false discovery rate; GEO, gene expression omnibus; GO, gene

ontology; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;

NE, nuclear extract; NP-40, nonyl phenoxypolyethoxylethanol; PPRHs, polypurine

reverse hoogsteen hairpins; RMA, robust multichip average; siNR, siRNA non

related; siSp1, siRNA directed against Sp1; TF, transcription factor.
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differentiation, cell cycle progression and oncogenesis [1–3]. Sp1
encodes a 105 kDa protein containing two glutamine-rich trans-
activation subdomains that stimulate transcription. Next to the
glutamine-rich domains there are serine/threonine subregions
involved in posttranslational modifications, such as glycosylation,
acetylation, phosphorylation and sumoylation, which regulate Sp1
activity [4]. Single or multiple Sp1-binding sites have been mapped
in promoters of genes involved in almost all cellular processes. In
these promoters, Sp1 is usually a transcriptional activator, whereas
Sp3, another TF that belongs to the Sp family, can act as an activator
as well as a repressor. Since both transcription factors bind to the
same binding site, the Sp1/Sp3 ratio in a cell will determine the
activation state of the promoter [3].

Previously, we investigated the regulation of Sp1 by cloning the
50 region of this gene, determining its transcriptional start site, and
analyzing its promoter for putative TF binding sites [5]. The Sp1
promoter is regulated by Sp1, Sp3, NF-Y and E2F [5,6]. Sp1-
dependent transcription can also be influenced by changes in Sp1
abundance, as it increases during the G1-phase of the cell cycle, by
DNA binding activity and by interaction with other nuclear factors
[1], such as the interaction of Sp1 with retinoblastoma protein in a
complex that enhances the transcriptional activation of Sp1 [7].
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Sp1 also interacts with CDK4, SKP2, Rad51, BRCA2 and p21, and
these proteins are also able to activate the Sp1 promoter.
Furthermore, Sp1 mRNA expression is increased upon transient
overexpression of CDK4, Rad51, E2F, p21 or Stat3, whereas
its mRNA levels are decreased upon overexpression of NF-kB
and p53 [8].

Sp1 knockout embryos are retarded in development, show a
broad range of abnormalities and die around day 11 of gestation
whereas mice lacking Sp3 are postnatal lethal and show cardiac
malformations. Knocking out Sp1 and Sp3 is lethal, and
heterozygous Sp1/Sp3 mice show embryonic lethality accompa-
nied by a range of developmental abnormalities such as
morphological alterations of the lung, impaired ossification,
anemia, and placental defects [9]. It can be concluded that the Sp
family plays an important role in the normal development of
tissues and organs.

Deregulation of Sp1 and Sp3 can be seen in many cancers and
diseases. Genes associated to Sp1 such as Rb, p53 and E2F have
been found to play important roles in cancer hallmarks [10].
Angiogenesis is an important aspect in the growth and metastasis
of cancers and tumor cells are able to produce their own angiogenic
factors. Of these angiogenic factors, VEGF is considered to be one of
the most potent factors. The expression of the VEGF gene is
stimulated by TNF-a, through the action of Sp1 [11]. Transfection
of cells with Sp1 decoy oligonucleotides suppressed the expression
of VEGF and reduced the invasiveness and proliferation of A459
lung adenocarcinoma and U251 glioblastoma cells [12]. Sp1
protein was found to be highly expressed in the nuclei of gastric
tumor cells, whereas minimal levels of Sp1 protein were detected
in stromal or normal glandular cells within or surrounding the
tumor [13,14]. Furthermore, the survival of patients with high Sp1
protein levels was significantly decreased when compared to
patients with low to non-detectable Sp1 protein levels [13].

siRNAs against Sp1, Sp3 and Sp4 have been used to investigate
the role of these TFs in angiogenesis and cell growth in Panc-1 cells.
siRNAs for Sp3, but not for Sp1 or Sp4, inhibited the phosphor-
ylation of retinoblastoma protein, blocked transition to the G1/S
phase and upregulated p27 promoter activity in pancreatic cells
[15].

The aim of this work was to identify Sp1 targets, with special
emphasis in those involved in proliferation and cancer. It is known
that Sp1 is able to regulate a large number of genes through its DNA
binding domain, but not much is known about which genes this TF
actually regulates in vivo. We determined changes in gene
expression in HeLa cells upon treatment with a siRNA against
Sp1 by using whole human genome microarrays and show
evidence for 8 genes newly described to be regulated by Sp1.

2. Materials and methods

2.1. Cell culture

HeLa human cervical carcinoma cells were grown in Ham’s F-12
medium containing 7% fetal bovine serum (FBS) (Gibco-Invitrogen-
Life Technologies SA, Madrid, Spain). Cell cultures were maintained
at 37 8C in a humidified 5% CO2 environment.

2.2. Sp1 knockdown and overexpression

Sp1 siRNA (siSp1) was designed using the iRNAi 2.1 software
(Alexander Griekspoor & Tom Groothuis) and synthesized by
Thermo (Thermo Fisher Scientific SL, Madrid, Spain), against the
following sense sequence in the Sp1 mRNA: 50-AACAGCGTTTCTG-
CAGCTACC-30 (GC content: 47.8% and DG30: 7.5; DG50: 7.8; Dif:
�0.3). Non-related siRNAs (siNR) were purchased from Ambion
(Life Technologies SA, Madrid, Spain).
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Transfection with siSp1 was performed using Metafectene
(Biontex, Martinsried/Planegg, Germany). For each 35 mm well,
2 ml of metafectene in 100 ml of serum-free F-12 medium were
added to 100 nM of the siRNAs in 100 ml of serum-free F-12.
Complexes were incubated 20 min at room temperature and were
added to the cells for 48 h.

Overexpression of Sp1 was accomplished by transient trans-
fection (48 h) of 1 mg of an expression vector for Sp1 (pCMV-Sp1)
using Fugene 61 (Roche, Barcelona, Spain) following the man-
ufacturer0s instructions. Briefly, 3 ml of Fugene in 100 ml of serum-
free medium was incubated at room temperature for 5 min. The
vector was added to the mixture and incubated at room
temperature for 20 min before its addition to the cells.

2.3. Real time RT-PCR (qRT-PCR)

Total RNA was extracted from HeLa cells (30,000), either control
or treated with siSp1 or pCMV-Sp1, using the UltraspecTM RNA
reagent (Biotecx, Ecogen, Barcelona, Spain) in accordance with the
manufacturer’s instructions. Complementary DNA was synthe-
sized from 1 mg of total RNA as described in [16]. Sp1 mRNA levels
were determined in an ABI Prism 7000 Sequence Detection System
(Applied Biosystems, Life Technologies SA, Madrid, Spain) using
3 ml of the cDNA mixture and the assays-on-demand
Hs00412720_m1 for Sp1 and Hs99999901_s1 for 18S RNA
(Applied Biosystems, Life Technologies SA, Madrid, Spain). 18S
RNA was used as endogenous control. The reaction was performed
following the manufacturer’s recommendations.

RAB20, FGF21, IHPK2, ARHGAP18, NPM3, SFRS7, CALM3, PGD,
SLC2A3, CEBPd and CBFb mRNA levels were determined by SYBR-
Green qRT-PCR (Applied Biosystems, Life Technologies SA, Madrid,
Spain) and the pairs of primers listed below (Table 1) using 18S
RNA as endogenous control. Fold-changes in gene expression were
calculated using the standard DDCt method.

2.4. Western blot analysis

Whole extracts were obtained from control or siSp1 treated
cells (30,000) for 48 h according to [17]. Total extracts (40 mg)
were resolved on a SDS-7%-polyacrylamide gels (AppliChem,
Ecogen, Barcelona, Spain) and transferred to PVDF membranes
(Immobilon P, Millipore, Madrid, Spain) using a semidry electro-
blotter. The membranes were probed with anti-Sp1 antibody (sc-
59) (Santa Cruz Biotechnology Inc., Heidelberg, Germany) 1:100
dilution, OVN at 4 8C. Signals were detected with anti-rabbit
secondary horseradish peroxidase–conjugated antibody (P0399)
(Dako, Barcelona, Spain) 1:5000 dilution, for 1 h at room
temperature, and enhanced chemiluminescence, as recommended
by the manufacturer (Amersham, GE Healthcare Life Sciences,
Barcelona, Spain). To normalize the results blots were reprobed
with an antibody against tubulin (Cp06) (Calbiochem, Millipore,
Merck, Madrid, Spain) 1:500 dilution, OVN at 4 8C and detected
with anti-mouse (NIF 824) (Amersham, GE Healthcare Life
Sciences, Barcelona, Spain) 1:2500 dilution, for 1 h at room
temperature.

2.5. Cell survival studies

Cell survival was measured by the MTT test as described in [18]
(Sigma–Aldrich Quimica S.A., Madrid, Spain). Results were
expressed as the percentage of survival with respect to the control.

2.6. Microarrays

Gene expression was analyzed by hybridization to GeneChip1

Human Genome U133 PLUS 2.0 Affymetrix microarrays, containing



Table 1
Primers used for mRNA determination by qRT-PCR. The sequences and product sizes for each of the selected genes are indicated.

Gene Forward primer Reverse primer Size (bp)

18S 50-gcgaaagcatttgccaagaa-30 50-catcacagacctgttattgc-30 508

RAB20 50-cgccttctacctgaagcagtg-30 50-gccggtgattcacatcatag-30 140

FGF21 50-cttgaagccgggagttattc-30 50-gcttcggactggtaaacattg-30 162

IHPK2 50-ccaagggaacatcagttctac-30 50-gagtgaatttgcgcatctcag-30 55

ARHGAP18 50-cactgaatcgcagtcacttag-30 50-gggatcagcttctcttcacc-30 93

NPM3 50-ggcaccagattgttacgatg-30 50-gaaacttgtcagggaacagg-30 191

SRSF7 50-gattgtcatcgttacagccg-30 50-cttgatcgtcgaggagatgc-30 140

CALM3 50-gatcaatgaggtggatgcag-30 50-catctccatcgatgtcagcc-30 248

PGD 50-gacatcatcattgacggagg-30 50-cacagcagggttctccagttc-30 229

SLC2A3 50-gtcaacctgttggctgtcac-30 50-ggaaggatggtaaaacccag-30 293

CEBPd 50-ctgcgagagaagctaaacgtg-30 50-cttagctgcatcaacaggag-30 91

CBFb 50-gaacagcgacaaacacctag-30 50-cccataccatccagtctttg-30 143
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54,675 transcripts and variants. Total RNA for cDNA arrays was
prepared from triplicate samples from both control and siSp1-
treated cells using RNAeasy Mini kit (Qiagen, Barcelona, Spain)
following the recommendations of the manufacturer. The integrity
of the RNA species was checked using the Bioanalyzer 2100 system
(Agilent Technologies, Madrid, Spain). Labeling, hybridization and
detection were carried out following the manufacturer’s specifica-
tions. Microarray data are available from GEO as series accession
number GSE37935.

2.7. Microarray data analysis

Quantification was carried out with GeneSpring GX 11.5.1
software (Agilent Technologies, Madrid, Spain), which allows multi-
filter comparisons using data from different experiments to perform
the normalization, generation of lists and the functional classifica-
tion of the differentially expressed genes. The input data was
subjected to preprocess baseline transformation using the RMA
summarization algorithm using the median of control samples. After
grouping the triplicates of each experimental condition, lists of
differentially expressed genes could be generated by using volcano
plot analysis. Unpaired t-Test was applied using asymptotic p-value
computation and multiple testing correction of Benjamini–Hoch-
berg FDR. The expression of each gene was reported as the ratio of
the value obtained for each condition relative to the control
condition after normalization and statistical analysis of the data. The
corrected p-value cut-off applied was of <0.01; then the output of
this statistical analysis was filtered by fold expression, selecting
specifically those genes that had a differential expression of at least
2-fold. Finally, the obtained gene list was classified according to gene
ontology biological processes. After data mining, the selected genes
could be grouped into the categories of (i) proliferation and cancer;
(ii) mRNA processing; (iii) lipid metabolism; (iv) glucidic metabo-
lism; (v) transcription; and (vi) translation.

2.8. Database searching

Searching for the different promoter sequences analyzed was
performed using human BLAT (UCSC Genome Bioinformatics Site).
The presence of putative Sp1 binding sites in the promoters was
analyzed using the MatchTM 1.0 software [19] that uses a library of
mononucleotide weight matrices from TRANSFAC1 6.0. The values
of the settings for core and matrix were changed depending on the
stringency required for the search.

2.9. Electrophoretic mobility shift, supershift and competition assays

Nuclear extracts were prepared as described in [5] from
exponentially growing HeLa cells or HeLa cells (5 � 105) tran-
siently transfected (48 h) with 1 mg of an expression vector for Sp1
(pCMV-Sp1) using Fugene 61 (Roche, Barcelona, Spain). The
probes were constructed by annealing commercially synthesized
complementary single-stranded oligodeoxynucleotides corre-
sponding to putative Sp1 DNA binding sites (underlined) present
in the RAB20 (50-CCCCGCCCCCGCCCCCGGGCC-30), FGF21 (50-
GGGTGATTGGGCGGGCCTGTC-30) or IHPK2 (50-GCGGGACTCCGCC-
CATGCCAC-30) gene promoters. Each ds oligonucleotide was gel-
purified, end-labeled with T4 polynucleotide kinase (New England
Biolabs, Barcelona, Spain) and [g-32P]-ATP (3000 Ci/mmol, Perkin
Elmer, Madrid, Spain), and used as the probe in gel shift
experiments. DNA/Protein binding assays were performed as
described [20] using 2 mg of nuclear extract, 20,000 cpm of the
radioactive probes and 1 mg of poly[d(I-C)] (Sigma–Aldrich
Quimica S.A., Madrid, Spain) as unspecific competitor. After
electrophoresis in 5% polyacrylamide and 5% glycerol native gels,
the bindings were visualized using a PhosphorImager with
ImageQuant software v 5.2 (Molecular Dynamics, GE Healthcare
Life Sciences, Barcelona, Spain).

In the supershift experiments, 2 mg of rabbit polyclonal
antibody PEP-2 (sc-59) (Santa Cruz Biotechnology Inc., Heidelberg,
Germany) against Sp1 or 2 mg of rabbit polyclonal antibody (D-20)
(Santa Cruz Biotechnology Inc., Heidelberg, Germany) against Sp3
were added to the reaction mixture and incubated on ice for
15 min after addition of the probe.

Competition assays where performed incubating the FGF21
radioactive probe with increasing fold excess (5, 20, 50 and 100�)
of competitor ds probes corresponding to RAB20, IHPK2 and FGF21
itself. The addition of the cold probes was performed 15 min before
the labeled probe.

2.10. Chromatin immunoprecipitation (ChIP analysis)

HeLa cells were washed twice with phospate-buffered saline
(PBS) and subsequently incubated with 1% formaldehyde for
10 min, at room temperature. The crosslinking reaction was
terminated by addition of 0.125 M glycine dissolved in PBS. Cells
were washed three times with ice-cold PBS, scraped off the culture
dish in 2 ml PBS containing 1 mM PMSF and centrifuged at 4 8C for
10 min. The pellet was resuspended in lysis buffer (5 mM Pipes pH
8.0, 85 mM KCl, 0.5% NP40 and protease inhibitors) and after
30 min incubation on ice, cells were dounced on ice to aid nuclei
release. After centrifugation at 4 8C for 10 min, the pellet was
resuspended in sonication buffer (50 mM Tris–HCl pH 8.0, 10 mM
EDTA, 0.1% SDS, 0.5% deoxycholic acid and protease inhibitors). All
previous chemical reagents where purchase from AppliChem
(Ecogen, Barcelona, Spain). Cells were sonicated in an ice-water
bath to obtain chromatin fragments of an average length of 500–
1500 bp. This was usually achieved by sonicating the chromatin 8
rounds for 20 s, with 30 s between each round of sonication (cycle
was set at 1, amplitude at 50) in a Ultrasonic processor UP 200 S
(GmbH, Valladolid, Spain). Sonicated chromatin was then either
processed immediately or stored at �80 8C.
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For immunoprecipitation, 100 ml of sonicated chromatin was
diluted in 900 ml ChIP dilution buffer (16.7 mM Tris–HCl pH 8.1,
1.2 mM EDTA, 0.01% SDS, 1.1% Triton X-100, 167 mM NaCl and
protease inhibitors leupeptin and PMSF) and pre-cleared with
20 ml pre-washed protein A/agarose (sc-2001) (Santa Cruz
Biotechnology Inc., Heidelberg, Germany) by incubating for 2 h
at 4 8C on a rotating wheel. Samples were centrifuged 13,000 rpm
for 2 min at 4 8C and the supernatant was then incubated overnight
(4 8C, on a rotating wheel) with 5 mg of rabbit polyclonal anti-Sp1
antibody (sc-59 X) (Santa Cruz Biotechnology Inc., Heidelberg,
Germany), mouse IgG1 negative control (x0931) (Dako, Barcelona,
Spain), or no antibody (beads-only control). After immunoprecipi-
tation, 40 ml of pre-washed protein A/agarose (pre-blocked
overnight with 1 mg/ml herring sperm DNA) was added per
sample, and incubation continued for 1 h at 4 8C with rotation. The
chromatin-antibody-protein A/agarose complexes were collected
by centrifugation (13,000 rpm, 2 min, 4 8C). Supernatant from the
beads-only control was collected and saved as input. Samples were
sequentially washed with 1 ml of low salt buffer (0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 20 mM Tris–HCl pH 8.1, 150 mM NaCl,
twice for 10 min), high salt buffer (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris–HCl pH 8.1, 500 mM NaCl, once for 10 min), LiCl
buffer (0.25 M LiCl, 0.5% NP40, 0.5% deoxycholic acid, 10 mM Tris–
HCl pH 8.1, 1 mM EDTA, once for 5 min) and TE (10 mM Tris–HCl,
1 mM EDTA, pH 8.0, three times for 5 min). The protein/DNA
complexes were then eluted from the protein A/agarose by
incubation with 250 ml elution buffer (1% SDS, 0.1 M NaHCO3)
for 15 min at room temperature. Elution was repeated and eluates
were combined. Crosslinking was reversed by addition of 20 ml
5 M NaCl to the eluates and 500 ml of the saved input DNA and
overnight heating of the samples to 65 8C. The next day, all samples
were digested with 5 ml proteinase K (10 mg/ml) for 1 h at 55 8C.
DNA was recovered by phenol/chloroform extraction. DNA
precipitation was carried out by addition of 1 ml of absolute
ethanol to each sample plus 5 ml of glycogen blue. The resulting
pellets were resuspended in TE (in 60 ml TE for the immunopre-
cipitations and 200 ml TE for the input) and stored at �20 8C until
needed for PCR.

PCR was performed to amplify the immunoprecipitated and
input DNAs. Primers were designed in the promoter regions for
each of the selected genes with PrimerBLAST tool; in such a way
that the region amplified contained at least one Sp1 transcription
factor binding-site. Table 2 contains primer sequences and
information for each of the selected genes.

1–2 ml of immunoprecipitated DNA was used for amplification
of the selected genes. PCR reaction mix contained 5% DMSO to
facilitate DNA strand separation and to improve PCR efficiency. The
reactions were performed in a MJ Research Thermocycler (Ecogen,
Barcelona, Spain) under standard conditions in a final volume of
50 ml for at least 32 cycles.
Table 2
ChIP analysis primer sequences. The sequences of the primers to detect the immunopr

Gene Forward primer 

Sp1 50-cggacaccaggcacgcaact-30

GAPDH 50-atggttgccactggggatct-30

RAB20 50-ggagctcaagagaggaagcgc-30

FGF21 50-ctgtagctcctgccaaatgg-30

IHPK2 50-gttcgaagtagcgtgggaag-30

ARHGAP18 50-gcgatcctgacacagagaag-30

NPM3 50-gctgtaagagccttcttcaaac-30

SRSF7 50-gcggaaggaactgaagagac-30

CALM3 50-ccaattcctgtgcagggtg-30

PGD 50-gtcctgcgtgagttgctatg-30

SLC2A3 50-gcaatcttgtgatctctcgg-30

CEBPd 50-ctctgcgtccaagcgaggc-30

CBFb 50-ggagttgtgaatggtgcgtc-30
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For each sample, 10 ml of the PCR products was electrophoresed
in a 5% acrylamide gel. The gel was run at 160 V in TBE 1x, and the
amplified fragments were visualized after ethidium bromide
staining.

2.11. Luciferase constructs, cotransfections and luciferase assay

Luciferase constructs RAB20.LUC, FGF21.LUC or IHPK2.LUC
were engineered by unidirectional cloning of the dsDNA
sequence containing the same Sp1 DNA binding sites (under-
lined) present in the RAB20, FGF21 or IHPK2 gene promoters as
those used in the EMSA experiments, between the Mlu I and the
Xho I sites of the reporter luciferase vector pGL3-basic (Promega,
Madrid, Spain). Hybridization of the following specific primer
pairs including the overhang terminus of the restriction
enzymes Mlu I and Xho I (highlighted): RAB20-MX-FW
(50-CGCGTCCCCGCCCCCGCCCCCGGGCCC-30) & RAB20-MX-RV
(50-TCGAGGGCCCGGGGGCGGGGGCGGGGA-30), FGF21-MX-FW
(50-CGCGTGGGTGATTGGGCGGGCCTGTCC-30) & FGF21-MX-RV
(50-TCGAG GACAGGCCCGCCCAATCACCCA-30) or IHPK2-MX-FW
(50-CGCGT GCGGGACTCCGCCCATGCCACC-30) & IHPK2-MX-RV
(50-TCGAG GTGGCATGGGCGGAGTCCCGCA-30) was performed
to obtain the inserts.

For luciferase assays, 2.5 � 105 HeLa cells were plated in 6-well
dishes the day before transfection. The medium (2 mL) was
renewed before transfection that was performed with Fugene 6W

(Promega, Madrid, Spain). For each well, the transfection reagent
was incubated for 5 min with 100 mL of serum & antibiotic-free
medium, followed by the addition of plasmid DNA and incubated
for 20 min (ratio of 3:1 (mL of transfection reagent:mg of plasmid
DNA), all at room temperature. 500 ng of either RAB20.LUC,
FGF21.LUC or IHPK2.LUC and 500 ng of the Sp1 expression vector
pCMV-Sp1 [21] were mixed before the addition of the transfection
reagent. Luciferase activity was determined 30 h after transfection.
Cell extracts were prepared by lysing the cells with 200 mL of
freshly diluted 1� Reporter Lysis Buffer (25 mM Tris–Phosphate
pH7.8, 2 mM DTT, 2 mM EDTA, 10% glycerol, 1% Triton X_100). The
lysate was centrifugated at 12,000 � g for 2 min (4 8C) to pellet
the cell debries. The supernatants were transferred to a fresh tube.
15 mL of the extract was added to 15 mL of the luciferase assay
substrate (Promega, Madrid, Spain) at room temperature. Lumi-
nescence of the samples was measured 2 s after mixture in the
GlomaxTM (Promega, Madrid, Spain) 20/20 Luminometer, in which
the light production (relative luminescence units; RLU) was
measured with 5 s integration during 10 s. Three different
experiments were performed for each transfection.

Luciferase results were corrected by total protein concentra-
tion, which was determined with the Bio-Rad protein assay
reagent Bradford (Bio-Rad, Barcelona, Spain) according to the
manufacturer0s protocol.
ecipitated promoters bound to Sp1 are indicated as well as the PCR product sizes.

Reverse primer Size (bp)

50-gaggcaagcgaacccggacc-30 216

50-tgccaaagcctaggggaaga-30 174

50-ctcggctggagaactcggatg-30 228

50-gtggtttagaattggtgccag-30 217

50-cctgcctgtctgcatctaac-30 181

50-cttcgcctcctttaaccaaag-30 222

50-gagacactcttccgacacag-30 297

50-gattgttaaggctgagggtcc-30 217

50-gagcacggggatcaaggttc-30 283

50-cgacgcctgttagaccatc-30 206

50-cctccaggcttttctggtag-30 233

50-ggcaccctcctgcaacgtg-30 253

50-cgttccggggagtctgag-30 245



Table 3
PPRHs against Sp1 targets. The sequences of PPRHs hairpins to knock down Sp1

selected target genes are indicated.

PPRH name Sequence

Hp-RAB20 50-aagggagagaggaagagagaagggggtttttgggggaagagagaaggaga

gagggaa-30

Hp-FGF21 50-agggaggaagggaaggaggggggtttttggggggaggaagggaaggaggga-30

Hp-IHPK2 50-gagggaaagaggagaggaaaagaggaagtttttgaaggagaaaaggagagga

gaaagggag-30

Hp-sc 50-aaaagaagaagaagaagaagaagaagaaggtttttggaagaagaagaagaaga

agaagaagaaaa-30

Hp-nr 50-cctccttccttcctccctcttccttttcctttttaggaaaaggaagagggaggaagg

aaggagg-30
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2.12. PPRH design to knock down RAB20, FGF21 and IHPK2 expression

PPRHs hairpins (Hp) against RAB20, FGF21 and IHPK2 genes
were designed as described in de Almagro et al. [22] in order to
functionally validate these targets. Non-related (Hp-nr) and
scrambled (Hp-sc) PPRHs were assessed as negative controls.
Table 3 describes PPRHs sequences used. HeLa cells (10,000) were
plated in 35-mm plates and PPRHs transfection (100 nM) was
performed using 10 mM DOTAP reagent (Roche, Barcelona, Spain)
as in de Almagro et al. [22]. Five days after transfection cell survival
was analyzed as previously described in this section. Results were
expressed as the percentage of survival with respect to control
cells.

3. Results

3.1. Effects of siRNA against Sp1 on its mRNA and protein levels, and

on cell survival

Exponentially growing HeLa cells were treated with siSp1 or
with a siNR, both at a concentration of 100 nM. After 48 h, Sp1
mRNA levels were measured by qRT-PCR and cell survival was
determined by the MTT assay. Sp1 mRNA levels were decreased by
90% in cells treated with siSp1 when compared to cells treated with
siNR (Fig. 1A). Knockdown of Sp1 after siSp1 treatment was
Fig. 1. Cell survival and Sp1 mRNA and protein levels upon siSp1 incubation. Exponenti

(siSp1) or control (siNR). (A) Sp1 mRNA levels were determined by qRT-PCR. (B) Sp1 pr

assessed by the MTT assay 48 h after the siRNA treatment. Values are the mean � SE o
confirmed by Western blot analysis. Sp1 protein was decreased in
cells treated with siRNA against Sp1 when compared to cells
treated with siNR and cells treated with no siRNA as a control
(Fig. 1B). Cell survival decreased by 50% in cells treated with siSp1,
whereas survival of cells treated with siNR was unaffected
(Fig. 1C). On the other hand, transient overexpression of Sp1
using a eukaryotic expression vector (3 mg) for this protein caused
an increase in cell proliferation of 40%. These results are in
accordance with previous studies showing decreased cell growth
upon inhibition of Sp-family members [12,15,23].

3.2. Functional genomics upon cell incubation with siSp1

Affymetrix whole genome arrays were used to determine genes
that were differentially expressed upon knocking down Sp1 by
siSp1 treatment. Genomic analysis was processed using the
GeneSpring GX software. Fig. 2 shows a volcano plot of the genes
differentially expressed upon Sp1 knockdown. Genes that were
underexpressed by at least 2-fold, at a cut-off of p < 0.01, were
selected for further analysis, since they represent those genes that
are putatively activated by Sp1. The underexpressed genes were
classified in six GO categories (Table 4).

3.3. Search of Sp1 sites within the promoters of the underexpressed

genes

All 36 genes in Table 4 with the exception of one, the lamin B
receptor, showed putative Sp1 binding sites when using values for
Core > 0.9 and Matrix > 0.8 in the MatchTM analyses. Then, a more
stringent search for Sp1 binding sites was performed using values
of Core = 1 and Matrix > 0.9, shortening the list down to 21 genes.
This list was subjected to literature mining to finally select a total
of 11 genes according to their bibliographic interest. The 11
selected genes were grouped in 4 GO categories (proliferation,
mRNA processing, glucidic metabolism and transcription), which
included 3 genes (SLC2A3, C/EBPd, and CBFb) already reported as
regulated by Sp1 [24–26]. These 3 genes and Sp1 itself [5,6] were
taken as positive controls. Additionally, the accuracy of MatchTM

was positively checked by running this software using the
ally growing HeLa cells were treated with 100 nM of either siRNA against Sp1 RNA

otein was determined by Western blot using PEP-2 antibody. (C) Cell survival was

f three independent experiments.
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Fig. 2. Identification of genes differentially expressed upon knocking down Sp1.

Affymetrix complete genome microarrays (HG U133 PLUS 2.0) were used to identify

the changes in gene expression in HeLa cells after treatment with siSp1. Lists of

genes differentially expressed in siSp1-treated cells were generated using

GeneSpring GX v11.5.1. The image shows a volcano plot representation and the

genes differentially expressed by 2-fold with a t-test p-value of <0.01 are shown in

red. Overexpressed genes are located in the upper-right side and underexpressed

genes in the upper-left side. (grey scale for printed version).
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sequences corresponding to the binding motifs extracted from
ChIP-seq technology for the transcription factors STAT1 [27], NF-
kb [28], NRSF [29] and HSF [30]. The sequences of the Sp1 sites of
the 11 selected genes, along with the Sp1-box core position, are
shown in Table 5.

3.4. Validation at the RNA level of the effects caused by siSp1

Validation of the underexpression caused by siSp1 was
determined by qRT-PCR for 11 genes (RAB20, FGF21, IHPK2,
ARHGAP18, NPM3, SRSF7, CALM3, PGD, SLC2A3, C/EBPd and CBFb).
Underexpression was confirmed for all the 11 genes as well as Sp1
(Fig. 3).

3.5. Sp1 regulates RAB20, FGF21 and IHPK2 mRNA levels

To confirm the role of Sp1 in the regulation of the selected
genes, the effect of overexpression of Sp1 on the putative targets
involved in proliferation and cancer was determined by transfect-
ing HeLa cells with an expression vector for Sp1. After 48 h, RNA
was extracted and mRNA levels were determined by qRT-PCR. Sp1
overexpression caused an increase in the mRNA levels of RAB20,
FGF21 and IHPK2 genes (Fig. 4).

3.6. Sp1 binds to RAB20, FGF21 and IHPK2 promoters

To test that the putative Sp1-boxes were indeed susceptible to
be bound by transcription factor Sp1, we performed EMSA using
double stranded 21-nucleotide length probes corresponding to the
natural sequence of the Sp1 binding sites within the RAB20, FGF21
and IHPK2 gene promoters. Nuclear extracts were prepared from
control HeLa cells or cells transfected with an expression vector for
Sp1 (pCMV-Sp1). Fig. 5 shows the binding pattern for the different
probes analyzed. The major band corresponds to Sp1 binding and
two minor bands correspond to Sp3 binding, as determined in the
152
supershift experiments using Sp1 and Sp3 antibodies. The binding
corresponding to Sp1 was increased for the RAB20 (42%), IHPK2
(12%) and FGF21 (9%) gene promoters when using nuclear extracts
from cells transfected with pCMV-Sp1.

3.7. Similarity of RAB20, FGF21 and IHPK2 Sp1 binding sequences vs
the consensus

Sp1 consensus sequence (G/T)(G/A)GG(C/A)G(G/T)(G/A)(G/A)
contains 3 binding subsites for the union of the three zinc fingers of
Sp1 [31]. Sequence comparison among RAB20, FGF21 and IHPK2
Sp1 binding sequences and the consensus for this TF was carried
out to explain the different Sp1 binding to each promoter when
overexpressing Sp1. RAB20 matches with higher similarity with
the Sp1 consensus sequence than FGF21 and IHPK2 (Fig. 6A).
Competition binding assays between RAB20, FGF21 and IHPK2 Sp1
binding sequences demonstrates that RAB20 sequence shows the
highest affinity for Sp1 (Fig. 6 B and C). This observation correlates
with its higher similarity with the consensus.

3.8. Sp1 binds to RAB20, FGF21, IHPK2, ARHGAP18, NPM3, SFSR7,

CALM3 and PGD in vivo

To investigate whether Sp1 binds in vivo to the promoters of the
selected genes, ChIP experiments were performed with chromatin
from HeLa cells and a specific antibody against Sp1. The promoter
regions of the selected genes were amplified from the immuno-
precipitated DNA to check for Sp1 binding to these regions. Fig. 7
shows the PCR products from the immunoprecipitations with Sp1
and mouse IgG1 antibodies, in relation to the input. Sp1 protein
was found to bind to the promoters of RAB20, FGF21, IHPK2,
ARHGAP18, NPM3, SRSF7, CALM3, and PGD. Sp1 promoter was
used as positive control.

3.9. Luciferase activity of RAB20, FGF21 and IHPK2 Sp1 binding sites

upon Sp1 overexpression

To analyze whether RAB20, FGF21 and IHPK2 promoters could
be regulated by transcription factor Sp1, transient transfection
assays with the luciferase reporter vectors containing the selected
Sp1 binding sequence for each gene (RAB20.LUC, FGF21.LUC and
IHPK2.LUC) were performed in HeLa cells. As shown in Fig. 8,
overexpression of Sp1 induced luciferase activity of the three genes
by more than 2-fold compared to the controls.

3.10. Functional validation of Sp1 proliferation and cancer targets

using PPRHs silencing methodology

In order to functionally validate RAB20, FGF21 and IHPK2 as
proliferation and cancer target genes we knocked down these
genes using specific PPRHs. The evaluation of cell survival was
performed afterwards by the MTT assay and a cytoxicity of 40% for
IHPK2 and >95% for RAB20 and FGF21 in HeLa cells was observed
(Fig. 9). These effects were specific since cytotoxicity was not
induced by the non-related and scrambled PPRHs. Thus, our results
confirm the implication of these three genes regulated by Sp1, in
proliferation and cancer.

4. Discussion

The main objective of this work was to identify gene targets
activated in vivo by Sp1. HeLa cells were treated with a siRNA
against Sp1 and expression microarrays were carried out to
identify changes in gene expression. Since Sp1 is a general
transcription factor, there were a substantial number of differen-
tially expressed genes that can be observed by accessing the



Table 4
Gene ontology classification of genes underexpressed by 2-fold. GeneSpring GX was used to classify the genes underexpressed by 2-fold with a t-test p-value of <0.01 by gene

ontology (biological process). The ratio column corresponds to the expression of each gene after Sp1-siRNA treatment relative to the control. The MatchTM software and the

TRANSFAC1 database were used to search for putative Sp1 binding sites in the promoters of the classified genes. R indicates that a reference exists of Sp1 binding to the gene,

and the genes selected for further studies are marked with a H.

GOntology biological

process

Ratio Gene

symbol

Gene title Sp1 box Core > 0.9

Matrix > 0.8

Stringent Sp1 box

Core = 1 Matrix > 0.9

Ref. Choice

Proliferation

and cancer

0.20 GLULD1 Glutamate-ammonia ligase

(glutamine synthetase) domain containing 1

+

0.35 RAB20 RAB20, member RAS oncogene family + + H
0.36 FGF21 Fibroblast growth factor 21 + + H
0.37 INHBE Inhibin, beta E +

0.44 LBR Lamin B receptor

0.45 ZNF364 Zinc finger protein 364 + +

0.45 IHPK2 Inositol hexaphosphate kinase 2 + + H
0.49 GADD45B Growth arrest and DNA-damage-inducible, beta +

0.49 ZNRF1 Zinc and ring finger 1 + +

0.42 OSMR Oncostatin M receptor +

0.44 IPO5 Importin 5 +

0.42 ARHGAP18 Rho GTPase activating protein 18 + + H

mRNA processing 0.26 SFRS1 Splicing factor, arginine/serine-rich 1

(splicing factor 2, alternate splicing factor)

+

0.49 NPM3 Nucleophosmin/nucleoplasmin, 3 + + H
0.49 SFRS7 Splicing factor, arginine/serine-rich 7, 35kDa + + H
0.49 SFRS12 Splicing factor, arginine/serine-rich 12 +

Lipid metabolism 0.36 ACSL3 Acyl-CoA synthetase long-chain family member 3 +

0.46 LEPROTL1 Leptin receptor overlapping transcript-like 1 + +

0.50 ELOVL5 ELOVL family member 5,elongation of long

chain fatty acids (FEN1/Elo2,SUR4/Elo3-like,yeast)

+

Glucidic

metabolism

0.32 AGXT2L1 Alanine-glyoxylate aminotransferase 2-like 1 + +

0.37 PDE7B Phosphodiesterase 7B +

0.39 RPE Ribulose-5-phosphate-3-epimerase + +

0.47 GFPT2 Glutamine-fructose-6-phosphate transaminase 2 + +

0.47 CALM3 Calmodulin 3 (phosphorylase kinase, delta) + + H
0.47 ENO3 Enolase 3 (beta, muscle) +

0.50 PGD Phosphogluconate dehydrogenase + + H
0.25 SLC2A3 Solute carrier family 2 (facilitated glucose transporter),

member 3

+ + R C

Transcription 0.31 SNAPC3 Small nuclear RNA activating complex, polypeptide

3, 50kDa

+ +

0.35 LOC57228 Small trans-membrane and glycosylated protein +

0.38 ATF7 Activating transcription factor7 +

0.49 PNN Pinin, desmosome associated protein + +

0.35 PSIP1 PC4 and SFRS1 interacting protein 1 + +

0.36 CEBPD CCAAT/enhancer binding protein (C/EBP), delta + + R C

0.38 CBFB Core-binding factor, beta subunit + + R C

Translation 0.42 FNBP1 Formin binding protein 1 + +

0.50 GFM1 G elongation factor, mitochondrial 1 +
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microarray data deposited in GEO. In our approach, we focused on
those underexpressed genes that displayed a high statistical
significance (p < 0.01) upon knockdown of Sp1, since they
represent genes activated bona fide by Sp1. From the original 36
genes that met these criteria, a further selection was made of those
containing stringent putative binding sites (Sp1 boxes) in their
promoters, gathering 21 genes that could be bound by Sp1 with
high probability. This selection of genes susceptible to be activated
by Sp1 was subjected to literature data mining, leading to a limited
list of 11 interesting genes that fell within the categories of
proliferation, mRNA processing, glucidic metabolism and tran-
scription. We found in our list 3 genes (SLC2A3, C/EBPd, and CBFb)
already reported as regulated by Sp1 [24–26], leaving a list of 8
genes newly described to be under the regulation of Sp1.

Confirmation of mRNA underexpression for the 11 selected
genes was carried out by qRT-PCR. Furthermore, ChIP assays were
performed to verify binding of Sp1 to the promoters of these genes.
The results of the ChIP assays confirmed that Sp1 binds to the
promoter regions of RAB20, FGF21, IHPK2, ARHGAP18, NPM3,
SRSF7, CALM3 and PGD, in addition of the Sp1 gene itself.
Functional validation was achieved by determining that the
endogenous mRNA levels of the three Sp1 gene-targets within
the category of proliferation, RAB20, FGF21 and IHPK2, were
increased upon Sp1 overexpression. Binding by Sp1 to the
promoters of these three genes was verified by gel shift analyses,
which was increased by Sp1 overexpression. Among these three
genes, the Sp1 binding sequence in the RAB20 promoter showed
the highest affinity for Sp1 according to the competition
experiments. This site shows the highest similarity for the
consensus Sp1 binding site reported in Marco et al. [31]. This
affinity for RAB20 may explain the higher response in terms of Sp1
binding and mRNA levels when Sp1 is overexpressed. Luciferase
assays using specific constructs containing the same endogenous
Sp1 boxes for each of these 3 genes as those used in the EMSA
experiments, confirmed that Sp1 was responsible for the activation
of these genes, which complement the binding analysis studies.

RAB20 belongs to the family of RAS oncogenes and its
overexpression has previously been characterized in exocrine
pancreatic carcinoma [32], in colorectal adenomas by a process of
gene amplification [33] and in triple negative breast cancers [34].
The binding of Sp1 to the promoter of RAB20 indicates that it might
play a role in the activation of this gene. An interesting observation
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Table 5
Sp1-box sequences in the promoters of selected genes. It is presented 33 nt of the

sequences of the promoters of the selected genes with the Sp1-boxes (in bold and

underlined) and the position of the core with respect to the translational start site.

(*) Sequences reported as the complementary strand of the Sp1 binding site.

Gene Sp1 box

core

position

50-30 Sequence of Sp1 boxes

RAB20 �264* CCCCGCCCCCGCCCCCGCCCCCGGGCCCTTTCA

FGF21 �210 AGGGAGGGTGATTGGGCGGGCCTGTCTGGGTAT

IHPK2 �252 GTTCTTGCGGGACTCCGCCCATGCCACCCACCT

�231 CTATGAGCTCATGGGGCGGGGTTAGATGCAGAC

ARHGAP18 �133 TTCACACGGGGAGGGGCGGGGTCTGTCCAGGGA

NPM3 �26 GCCTTCTTCAAACTCCGCCCCCGACACGCACAA

�73 GGCCAGTTCCGGCCCCGCCCATTAAAGGAGACG

SFRS7 �256 ACACGCGGGTCATGGGCGGAGGGATACGTTTCT

�326 TTCCCCATGCTGTCCCGCCCCCTCCTCTCCCCG

CALM3 �141 TGAGGGACCGTTGGGGCGGGAGGCGGCGGCGGC

�193 and

�178

GGGTGGGGCGGGGCCGAGCGAGGCGGGGCGCGC

�369 AAGTGGGCCCGGGAGGCGGGGCGCGCGGCGAGG

PGD �203 GGCCCCCGGGGGTGGGCGGGCACGTTTGCCTCG

�279 AAGCTCTGCGCGTGGGCGGGGAGCCCGGAGCCT

SLC2A3 �302* and

�308*

CAGAACTACCCCCGCCCCCGCCCCACAGACAAT

CEBPd �97* CTGACGTGCACGCCCCGCCCCGACTCCGGCACC

�146 GCCGCGGGGGAAGGGGCGGGGGCGCCCTGGGAG

�175 GGAGCCCCCCGGAGCCGCCCCGAGCCTTCCCGG

�472 TCCTGTCGCCGGAGGGCGGGGGGTGGAGACCCG

CBFb �7 GGCCGGCCGGCGCGGCCTCAGGGCGGGAAGATG

�134 CGGGAGCCCACGCGGGCGGGCGCCTGAAACAAA

�175 GTTGGGCTCGAGCGGGCGGCGGCGCCTCAGACT

�260 CGGCGGCGGCCGGGGGCGGTGAGCGCTGGGGCT

�304 and

�313

GGCCGGCGGGGGCGGGGTGGGCGGTGAGAGGAA

�349 CGGAGTTGGAGGCGGGCGGGCGCGCGAGGAGGA

�421 CCGCTCCGCCAGCGGGCGGGTGGCGCATGCGCG

Fig. 4. Sp1 regulates gene expression. Exponentially growing HeLa cells were

treated either with the expression vector for Sp1 (pCMV-Sp1) or with an empty

vector. Forty-eight hours later, RNA was extracted and mRNA levels for RAB20,

FGF21 and IHPK2 were determined. Values are the mean � SE of three independent

experiments.
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from our results is that Sp1 overexpression leads to overexpression
of RAB20. Thus, Sp1 may play a role in the development of the
abovementioned types of cancer.

The protein encoded by FGF21 is a member of the fibroblast
growth factor (FGF) family, involved in a wide range of biological
Fig. 3. Validation of downregulated genes. Underexpression of selected genes was

confirmed by qRT-PCR (black bars). Values are the mean � SE of three independent

experiments of the changes in the mRNA levels relative to control (white bars). For

comparison purposes the values found in the microarray (grey bars) are also represented.
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processes including embryonic development, cell growth, mor-
phogenesis, tissue repair, tumor growth and invasion. Recently, it
has been reported to play a role as a metabolic regulator [35], and it
causes an increase in ERK1/2 phosphorylation in mouse liver in

vivo [36].
Inositol hexaphosphate kinase 2 (IHPK2) encodes a protein

considered to be involved in the conversion of inositol hexaki-
sphosphate (InsP6) to diphosphoinositol pentakisphosphate
(InsP7/PP-InsP5) and 1,3,4,5,6-pentakisphosphate (InsP5) to PP-
InsP4. Overexpression of IHPK2 sensitized ovarian carcinoma cell
lines to the growth-suppressive and apoptotic effects of interferon
beta (IFN-b), IFN-a2, and g-irradiation [37,38]. According to our
results, Sp1, which binds to the promoter of IHPK2, could play a
role in IHPK2 gene expression and its effects on IFN-b in ovarian
cancers.

For both, FGF21 and IHPK2, we also studied the effect of Sp1
overexpression, resulting in increased mRNA levels.

ARHGAP18 is a Rho-GTPase activating protein, which mod-
ulates cell signaling [39]. Recently, ARHGAP18 has been identified
as a putative oncogene which expression in murine mammary
gland cells altered their growth kinetics and caused their
morphological transformation [40]. The results of ChIP analysis
confirmed that Sp1 binds to its promoter. Further research is
needed to determine the effects of Sp1 on this gene.

NPM3 and SRSF7 are both classified as mRNA processing genes.
NPM3 likely functions as a molecular chaperone in the cell nucleus
and it has been associated with mitogenesis in tumors and
enhanced activator-dependent transcription, suggesting that its
overexpression might lead to uncontrolled cell proliferation [41].
For instance, diffuse large B-cell lymphoma (DLBCL) is a more
aggressive tumor with a higher cell growth fraction than follicular
lymphoma (FL) and it has been shown that NPM3 levels were
higher in DLBCL than in FL [42]. SRSF7 is a member of the serine/
arginine (SR)-rich protein family involved mainly in pre-mRNA
splicing [43]. SRSF7 is believed to be involved in both constitutive
splicing and alternative splicing of many pre-mRNAs. In addition, it
helps mRNA export to the cytoplasm and enhances the expression
of unspliced mRNA [44]. A recent study has demonstrated that
splicing misregulation of adult-specific exon 10 of microtubule-
associated protein tau results in expression of abnormal ratios of
tau isoforms, leading to frontotemporal dementia with Parkinson-
ism. SRSF7 strongly inhibits inclusion of tau exon 10 indicating that
it plays a key role in regulation of exon 10 splicing and implying a
pathogenic role for this factor in neurodegenerative diseases
[45,46].

CALM3 is a calmodulin involved in differentiation and
maturation of specific brain or muscle regions [47]. It has been



Fig. 5. Characterization of Sp1 binding to RAB20, FGF21 and IHPK2 promoters. EMSA were performed using sequences corresponding to Sp1 sites within the RAB20, FGF21 and

IHPK2 promoter and nuclear extracts (NE) from either exponentially growing parental HeLa cells or transfected with an expression vector for Sp1 (pCMV-Sp1). Binding

reactions were performed with 20,000 cpm of [g-32P]ATP-labeled ds probes, 2 mg of NE and 1 mg of poly[d(I-C)] used as nonspecific competitor. Supershift mobility assays

were performed in the presence of specific antibodies against Sp1 or Sp3. Shifted and supershifted (ss) bands are indicated by arrows.
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shown that the CALM3 transcript increases in proliferating human
teratoma cells as well as in differentiating of neuroblastoma cells
[48,49]. PGD, which is also classified as playing a role in the
glucidic metabolism, is a phosphogluconate dehydrogenase and is
Fig. 6. Sp1 binding sites affinity for the RAB20, FGF21 and IHPK2 promoters. (A) Seque

consensus sequence for Sp1. The position of the 3 zinc finger (ZnF) binding sites are also

excess (5, 20, 50 and 100�) of FGF21, IHPK2 and RAB20 cold probes. Binding reactions w

extracts (NE) from exponentially growing HeLa cells and 1 mg of poly[d(I-C)] used as no

value in the absence of competitor taken as one) is plotted versus the fold excess of the co

The slope of this line is proportional to the relative binding affinity of the competitor D
the second enzyme in the pentose phosphate pathway. A
reduction in the activity of PGD has been reported to induce cell
death in the hepatoma cell line HA22T/VGH by interfering with
redox state regulation [50]. The malignant transformation of oval
nce comparison among RAB20, FGF21 and IHPK2 Sp1 binding sequences with the

 shown. (B) Competition analysis between FGF21 labeled probe and increasing fold

ere performed with 20,000 cpm of each [g-32P]ATP-labeled ds probe, 2 mg nuclear

nspecific competitor. (C) The reciprocal of the relative amount of bound probe (the

mpetitor DNA, with a best fit straight line fitted to the points by regression analysis.

NA. The slopes for each promoter are: RAB20: 1.42, FGF21: 1.16 and IHPK2: 1.12.
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Fig. 7. ChIP analysis of the selected promoters. ChIP analysis of Sp1 binding to the

selected promoters was performed using HeLa cells subjected to Sp1 and IgG

immunoprecipitation. DNA bound to the immunoprecipitated Sp1 using specific

antibody, was amplified by PCR. Mouse IgG was used as negative control.

Representative images of the PCR products corresponding to the amplification of

RAB20, FGF21, IHPK2, ARHGAP18, NPM3, SRSF7, CALM3, PGD and Sp1 (specific

primers are described in Table 2) promoter fragments are shown. The input lane

corresponds to the whole (non immunoprecipitated) DNA and the Sp1 and IgG

lanes correspond to the immunoprecipitations with Sp1 and IgG, respectively.

Fig. 9. Effect of knocking down RAB20, FGF21 and IHPK2 using PPRHs. 100 nM of

Hp-RAB20, Hp-FGF21 and Hp-IHPK2 and the negative controls Hp-wc and Hp-sc

were transfected using 10 mM DOTAP in HeLa cells. Five days after transfection, the

MTT assay was carried out. Values are referred as % to control and correspond to the

mean � SE of three independent experiments.

Fig. 8. Luciferase activity of RAB20, FGF21 and IHPK2 promoters upon Sp1

overexpression. 500 ng of either RAB20.LUC, FGF21.LUC or IHPK2.LUC constructs

in the presence or in the absence of the Sp1 expression vector (500 ng) were

cotransfected in HeLa cells. Luciferase activity (relative light units, RLU) was

determined 30 h after transfection and the values for each sample were

normalized by total protein concentration (mg/mL). Luciferase activity is

expressed as fold change between the values obtained in the presence vs. the

absence of Sp1. Values correspond to the mean � SE of three independent

experiments.
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cells, a type of liver epithelial cells that proliferate during the
early stages of hepatocarcinogenesis, was accompanied by an
increase in the activity of 6-phosphogluconate dehydrogenase
[51]. In a genome wide association study to identify susceptibility
variants for hepatitis B virus related to hepatocellular carcinoma,
the 1p36.22 locus was found to be highly associated with this
type of carcinoma. The 1p36.22 locus contains the PGD gene, in
addition to two other genes [52]. Altogether, these findings
suggest a role for PGD-related pathways in the pathogenesis of
hepatocarcinomas.

In conclusion, we identified 8 new gene targets whose
expression can be activated by the binding of Sp1 protein to their
promoter regions. Four of them, RAB20, FGF21, IHPK2 and
ARHGAP18 are involved in proliferation and cancer, NPM3, SRSF7
are related to mRNA processing, and CALM3 and PGD play a role in
glucidic metabolism. Further extensive studies are needed to
generalize the results since the data obtained in HeLa cells may be
cell type specific. However, the findings of this work open now the
possibility to explore the role of these Sp1-activated genes in their
specific pathways. The effects observed by silencing RAB20, FGF21
or IHPK2 genes using PPRHs hairpins confirm the role of these
three genes in proliferation.
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Abstract

Background: Methotrexate is a chemotherapeutic agent used to treat a variety of cancers. However, the occurrence of
resistance limits its effectiveness. Cytochrome c in its reduced state is less capable of triggering the apoptotic cascade. Thus,
we set up to study the relationship among redox state of cytochrome c, apoptosis and the development of resistance to
methotrexate in MCF7 human breast cancer cells.

Results: Cell incubation with cytochrome c-reducing agents, such as tetramethylphenylenediamine, ascorbate or reduced
glutathione, decreased the mortality and apoptosis triggered by methotrexate. Conversely, depletion of glutathione
increased the apoptotic action of methotrexate, showing an involvement of cytochrome c redox state in methotrexate-
induced apoptosis. Methotrexate-resistant MCF7 cells showed increased levels of endogenous reduced glutathione and a
higher capability to reduce exogenous cytochrome c. Using functional genomics we detected the overexpression of GSTM1
and GSTM4 in methotrexate-resistant MCF7 breast cancer cells, and determined that methotrexate was susceptible of
glutathionylation by GSTs. The inhibition of these GSTM isoforms caused an increase in methotrexate cytotoxicity in
sensitive and resistant cells.

Conclusions: We conclude that overexpression of specific GSTMs, GSTM1 and GSTM4, together with increased endogenous
reduced glutathione levels help to maintain a more reduced state of cytochrome c which, in turn, would decrease
apoptosis, thus contributing to methotrexate resistance in human MCF7 breast cancer cells.

Citation: Barros S, Mencia N, Rodrı́guez L, Oleaga C, Santos C, et al. (2013) The Redox State of Cytochrome C Modulates Resistance to Methotrexate in Human
MCF7 Breast Cancer Cells. PLoS ONE 8(5): e63276. doi:10.1371/journal.pone.0063276

Editor: Kalpana Ghoshal, The Ohio State University, United States of America

Received December 5, 2012; Accepted April 1, 2013; Published May 13, 2013

Copyright: � 2013 Barros et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: The work was supported by grant SAF2011- 23582 from ‘‘Plan Nacional de Investigación Cientı́fica’’ (Spain). The funder had no role in study design,
data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: cciudad@ub.edu

. These authors contributed equally to this work.

Introduction

Methotrexate (MTX) is a chemotherapeutic agent widely used,

alone or in combination with other chemotherapeutic agents, for

the treatment of a range of cancers, such as breast cancer,

osteosarcoma, head and neck cancer, lymphoma and acute

lymphoblastic leukemia [1]. As a structural analogue of folic acid,

MTX is a high affinity inhibitor of dihydrofolate reductase

(DHFR) by competing with dihydrofolate for the active site.

DHFR catalyzes the NADPH-dependent reduction of dihydrofo-

late to tetrahydrofolate involved in the biosynthesis of thymidylate,

hypoxantine and glycine, needed for DNA synthesis [2–4]. Once

DHFR is inhibited by MTX, there is suppression of DNA

synthesis and cell proliferation is affected. However, the main

drawback of using MTX in cancer therapy is the occurrence of

resistance upon treatment, thus compromising its effectiveness.

Several MTX resistance mechanisms had been described such as

gene amplification of the dhfr locus [5,6], deficiency in MTX

transport [7,8] or MTX polyglutamation [9], expression of the

MDR phenotype and mutations of the target (DHFR protein)

[10]. Altered gene or miRNA expression also contribute to MTX

resistance such as increases in AKR1C1 [11], S100A4 [12],

caveolin-1, enolase-2, PRKCA [13], DKK1, EEF1A1, and

UGT1A family [14,15], and the decrease of E-Cadherin [13] or

miR-224 [16].

Reduced glutathione (GSH) and Glutathione S-transferases

(GSTs) have been implicated in the development of drug

resistance in cancer chemotherapy [17,18]. The GSTs enzymatic

family belongs to a Phase II detoxification program functioning as

a cellular protection from attack by reactive electrophiles

associated to environmental stresses and drugs [19]. This family

is mainly responsible for the conjugation of GSH to electrophilic

compounds and includes three main types, cytosolic, mitochon-

drial and membrane-bound microsomal. Cytosolic GSTs are

divided into seven classes: alpha (A), Mu (M), Omega (O), Pi (P),

Sigma (S), Theta (T) and Zeta (Z) [20–23]. GSTs are thought to be

involved in the development of drug resistance via direct

detoxification or by regulation of the MAP kinase pathway,

specifically JNK-pathway as reviewed in [19].
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Cytochrome c (cyt c) is a heme-protein bound to the

mitochondrial inner membrane by an interaction with the anionic

phospholipid cardiolipin, which keeps cytochrome c in its proper

location and prevents its release to the cytosol [24]. Under

physiological conditions, cytochrome c is responsible for the

electron transfer between complexes III and IV of the mitochon-

drial electron transport chain whereas under oxidative stress, the

peroxidase activity of cytochrome c is activated, cardiolipin

becomes peroxidized, and loses its affinity for cytochrome c

allowing its release to the cytosol [25,26]. Once in the cytosol,

cytochrome c can only induce apoptosis in its oxidized form [27–

31]. The presence of high levels of cytosolic GSH holds the

released cytochrome c inactive in a reduced state, thus preventing

the progression of the apoptotic cascade [32,33].

In this study, we investigated the effect of the reduction state of

cytochrome c on MTX sensitivity and apoptosis and its

relationship with the different GSTs overexpressed in MCF7

breast cancer cells resistant to MTX, to evaluate a possible

connection between GSTs and GSH in the reduction state of

cytochrome c and the development of MTX resistance.

Materials and Methods

Cell lines and cell culture
The following human cell lines were used: MCF7, MDA-MB-

468 and 1026 M MTX-resistant MCF7 cells from breast cancer;

SaOs-2 and 1026 M MTX-resistant SaOs-2 cells from osteosar-

coma; and HT-29 and CaCo-2 cells from colon cancer. Resistant

cells were obtained previously in the laboratory upon incubation

with stepwise concentrations of MTX (Almirall, Barcelona, Spain)

as described in [11]. In all experimental procedures, cells were

grown in Ham’s F12 medium lacking the final products of DHFR

activity, glycine, hypoxanthine and thymidine (-GHT), and

supplemented with 7% v/v dialyzed fetal bovine serum (GIBCO,

Life Technologies, Madrid, Spain), 14 mM sodium bicarbonate

(1.176 g/l), penicillin G (100 U/ml) and streptomycin (100 mg/l).

Cells were maintained at 37uC in a humidified atmosphere of 5%

CO2 in air. Before reaching 70% confluence, cells were sub-

cultured by treatment with 0.05% trypsin in PBS 16. All these

components were purchased from Sigma-Aldrich (Madrid, Spain).

Oxygen consumption assay
Cellular oxygen consumption was monitored polarographically

with a Clark-type oxygen electrode using Hansatech Oxygraph

Measurement System (Hansatech, Norfolk, UK). The assay was

performed using 66104 cells/ml in the presence or in the absence

of 5 mM TMPD or 300 mM ASC in 1 ml of PBS (pH 7.4) as

experimental medium at 37uC. Oxygen consumption was

measured during 5 min for each condition and determined by

the slope calculated directly by the Oxygraph Plus Software.

Cell viability assay
Cell viability was assessed by the MTT (3-(4,5-Dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide) assay [34] in 6-well dishes.

Cells were incubated with 500 mg of MTT and 0.270 mg of

sodium succinate (Sigma-Aldrich, Madrid, Spain) and allowed to

react for 2 h at 37uC. The medium was removed and 1 ml of the

solubilization reagent (0,57% acetic acid and 10% SDS in DMSO

(dimethyl sulfoxide)) was added (Applichem, Ecogen, Barcelona,

Spain). Cell viability was measured at 570 nm in a WPA S2100

Diode Array Spectrophotometer. The results were expressed as

percentage of cell survival relative to the control (untreated cells).

Microarrays
Gene expression was analyzed by hybridization to GeneChipH

Human Genome U133 PLUS 2.0 microarrays from Affymetrix,

containing 54,675 transcripts and variants. Total RNA for cDNA

arrays was prepared from triplicate samples from both control and

resistant cells using the RNAeasy Mini kit (Qiagen, Madrid, Spain)

following the recommendations of the manufacturer. The integrity

of the RNA species was checked using the Bioanalyzer 2100

system (Agilent, Madrid, Spain). Labeling, hybridization and

detection were carried out following the manufacturer’s specifica-

tions.

Microarrays data analyses
Quantification was carried out with GeneSpring GX 12.0

software (Agilent, Madrid, Spain), which allows multi-filter

comparisons using data from different experiments to perform

the normalization, generation of lists and the functional classifi-

cation of the differentially expressed genes. The input data was

subjected to preprocess baseline transformation using the RMA

summarization algorithm using the median of control samples.

After grouping the triplicates of each experimental condition, lists

of differentially expressed genes could be generated by using

volcano plot analysis. T-test unpaired was applied using asymp-

totic p-value computation and multiple testing correction of

Benjamini-Hochberg false discovery rate, FDR. The expression of

each gene was reported as the ratio of the value obtained for the

resistant condition relative to the control condition after normal-

ization and statistical analysis of the data. The corrected p-value

cut-off applied was of ,0.05; then the output of this statistical

analysis was filtered by fold expression, selecting specifically those

genes that had a differential expression of at least 2-fold.

RT-Real-Time PCR
Total RNA was extracted using the UltraspecTM RNA reagent

(Biotecx, Ecogen, Barcelona, Spain) following the manufacturer’s

instructions. Complementary DNA (cDNA) was synthetized in a

total volume of 20 ml by mixing 1 mg of total RNA, 125 ng of

random hexamers (Roche, Mannheim, Germany), in the presence

of 75 mM KCl, 3 mM MgCl2, 50 mM Tris-HCl buffer, pH 8.3,

10 mM dithiothreitol (Invitrogen, Life Technologies, Madrid,

Spain), 20 units of RNAsin (Promega, Madrid, Spain), 0.5 mM

dNTPs (Applichem, Ecogen, Barcelona, Spain) and 200 units of

MLV-reverse transcriptase (Invitrogen, Life Technologies, Ma-

drid, Spain). The reaction mix was incubated at 37uC for 1 h and

the cDNA product was used for subsequent amplification.

Gene expression levels were quantified by SYBR Green RT-

Real Time PCR reaction in a final volume of 20 ml with specific

forward and reverse primers, using the StepOnePlusTM detection

system (Applied Biosystems, Life Technologies, Madrid, Spain).

The sequences of the forward and reverse primers (Sigma-Aldrich,

Madrid, Spain) are given in Table 1.

Table 1. Primer sequences.

Gene Forward (59-39) Reverse (59-39)

GSTM1 TGAAGCCTCAGCTACCCACT AACCAGTCAATGCTGCTCCT

GSTM4 TTTCCTCGCCTATGATGTCC GCTGAGTATGGGCTCCTCAC

HPRT TGCTCGAGATGTGATGAAGG TCCCCTGTTGACTGGTCATT

The sequences for the forward and reverse primer for detection of GSTM1,
GSTM4 and HPRT mRNA levels used for RT-Real Time PCR are given.
doi:10.1371/journal.pone.0063276.t001
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Changes in gene expression were calculated using the quanti-

tative DDCt method and normalized against Hypoxanthine-

phosphoribosyl transferase (HPRT) in each sample.

GSTM1 and GSTM4 protein levels
MCF7 cells, either sensitive or MTX-resistant, were harvested

from confluent dishes and total extracts were prepared according

to [14]. Total extracts (80 mg) were resolved on a 15% SDS-PAGE

(AppliChem, Ecogen, Barcelona, Spain) and transferred to PVDF

membranes (Immobilon P, Millipore, Madrid, Spain) using a

semidry electroblotter. The membranes were probed with anti-

GSTm antibody (FL-218, sc-292368) (Santa Cruz Biotechnology

Inc, Heidelberg, Germany) 1:200 dilution, OVN at 4uC. Signals

were detected using ImageQuant LAS 4000 Mini Technology

(Amersham, GE Healthcare Life Sciences, Barcelona, Spain) with

rabbit secondary horseradish peroxidase–conjugated antibody

(P0399) (Dako, Barcelona, Spain) 1:5000 dilution, for 1 h at room

temperature. To normalize the results blots were reprobed with an

antibody against tubulin (Cp06) (Calbiochem, Millipore, Merck,

Madrid, Spain) 1:400 dilution, OVN at 4uC and detected with

anti-mouse (NIF 824) (Amersham, GE Healthcare Life Sciences,

Barcelona, Spain) 1:2500 dilution, for 1 h at room temperature.

Inhibition of GSTM1 and GSTM4 expression levels
GST expression was inhibited by specific PPRH-hairpins (hp), a

new class of DNA-hairpin molecules able to silence gene

expression [35,36]. The Triplex-Forming Oligonucleotide Target

Sequence Search software (M.D. Anderson Cancer Center,

Houston, TX) (spi.mdanderson.org/tfo/) was used to design the

hairpins. BLAST analyses were performed to check for the

specificity of each sequence. Cells were plated in 6-well dishes in

1 ml of medium the night before transfection and each hairpin was

mixed with N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammo-

nium methylsulfate (DOTAP) (Roche, Mannheim, Germany) at

the appropriate oligonucleotide–DOTAP molar ratio (1:100) for

15 min at RT before lipofecting the cells. The sequences of the

hairpins (Sigma-Aldrich, Madrid, Spain) are listed in Table 2.

For RNA determination, cells were transfected and total RNA

was extracted 30 h later. Gene expression was quantified as

described above.

For viability assays, cells were incubated with each hairpin for

24 h before MTX treatment. Survival was determined after 3 days

in sensitive MCF7 cells or 6 days in resistant MCF7 and SaOs-2

cells.

Apoptosis
Apoptosis was determined by the Rhodamine 123/Propidium

Iodide (PI) assay. Cells (66104) were plated in 6-well dishes, and

treated with the different agents (TMPD, ascorbate, veratridine)

alone or in combination with MTX for the indicated times and

concentrations. Then cells were incubated for 30 min with 5 ml of

Rhodamine 123 (1 mg/ml). All the cells in each well were harvested

and centrifuged at 8006 g for 5 min. The cell pellet was washed

twice with 1 ml of PBS 16+1%BSA solution and resuspended in

500 ml of PBS 16+BSA 1% solution containing 0.5 ml PI (5 mg/

ml). The entire procedure was performed at 4uC. All these reagents

were purchased from Sigma-Aldrich (Madrid, Spain). Samples

were analyzed by flow cytometry in the Coulter Epics XLTM

cytometer (Beckman, Barcelona, Spain) at an excitation wave-

length of 488 nm by reading the fluorescence of rhodamine123 at

525 nm. Cells that were negative for both rhodamine123 and PI

were counted as the apoptotic population. Summit v4.3 software

was used to analyze the data.

GSH endogenous levels
Endogenous GSH levels were determined using the Glutathione

Assay Kit, Fluorimetric (Sigma-AldrichH) based on a fluorimetric

reaction catalyzed by GSTs between monochlorobimane (MCB), a

thiol probe, and GSH. Briefly, the assay was performed with

66104 sensitive and resistant MCF7 cells and the formation of the

fluorescent adduct GSH-monochlorobimane was monitored at

390 nm for excitation and 478 nm for emission during 1 h.

Exogenous cyt c reduction by cytoplasmic cell extracts
Cytoplasmic cell extracts were obtained from MCF7 cells. Cells

were collected in ice-cold PBS by scraping and centrifuged at

1,5006 g for 10 min. The cell pellet was resuspended in 3 ml of

lysing buffer prepared according to Borutaite&Brown [29] and

homogenized in Glass/Teflon Potter Elvehjem homogenizer (20

strokes). The homogenate was further centrifuged in the same

conditions as above and the supernatant was further centrifuged at

22,0006g for 30 min and the resulting supernatant corresponds to

the cytoplasmic extract. The entire procedure was performed at

4uC. The reduction of exogenous cytochrome c by cytoplasmic

extracts (100 mg/ml of total protein) was followed spectrophoto-

metrically. The analysis measured the absorbance spectra between

500 and 600 nm wavelengths after incubation for 15 min at 37uC
of exogenous cytochrome c (10 mM) with cytoplasmic cell extracts

from sensitive or resistant MCF7 cells. Reduction level of

cytochrome c was expressed as absorbance at 550 nm minus

absorbance at 535 nm and was normalized to the protein of

cytosolic extract used.

In vitro Glutathionylation
The glutathionylation of MTX catalyzed by GSTs was

determined in vitro and in cell free extracts. In vitro, the reaction

was performed by incubating MCB (100 mM), GSH (30 mM) and

GST (0.25 U) in the absence or the presence of different

concentrations of MTX in 0.1 M potassium phosphate buffer

pH 7.0 [37]. The reaction was performed at 37uC for 15 min and

Table 2. Hairpin sequences.

Hairpin Sequence (59-39)

hpGSTM1 GAAGGGGAGGGAAGAGAGAAGTTTTTGAAGAGAGAAGGGAGGGGAAG

hpGSTM4 GGAGAAGAAGAAAAGGGGGAAGTTTTTGAAGGGGGAAAAGAAGAAGAGG

hpSC AAGAGAAAAAGAGAAAGAAGAGAGGGTTTTTGGGAGAGAAGAAAGAGAAAAAGAGAA

hpGSTA4 AAGGGAAGGGAGGAGGAAGAAAAGTTTTTGAAAAGAAGGAGGAGGGAAGGGAA

The sequences for the polypurine reverse Hoogsteen hairpins used for specific inhibition of GSTM1, GSTM4 or GSTA4 as well as the scrambled negative control are
given.
doi:10.1371/journal.pone.0063276.t002
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Figure 1. O2 consumption analysis upon treatment with TMPD or ascorbate (ASC). A) Representative image of changes in O2

concentration over time in cell extracts under basal conditions and after treatment with TMPD or ASC. The basal consumption rate in MCF7 cells (B–C)
was 0.0335 nmol O2/ml/min and 0.047 nmol O2/ml/min in SaOs-2 cells (D–E). The results are expressed as the ratio of O2 consumption rate in each
condition relative to basal consumption levels and represent the mean value 6 SE of three independent experiments. * p,0.05.
doi:10.1371/journal.pone.0063276.g001

Figure 2. Effect of TMPD or ascorbate (ASC) in combination with MTX on cell viability. Cells (66104) were incubated in 1 ml of medium
with TMPD (A) or ASC (B) either alone or in combination with MTX at the indicated concentrations, for 3 or 6 days, respectively, and cell viability was
determined using the MTT assay. TMPD or ASC were added to the cells 6 h before MTX. Results are expressed as the percentage of surviving cells
compared to the control (untreated cells) and represent the mean 6 SE of 3 experiments. * p,0.05.
doi:10.1371/journal.pone.0063276.g002
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the fluorescence corresponding to the MCB-GSH adduct was

measured as described above.

In cell free extracts, the reaction was performed as follows.

Parental or MCF7 MTX-resistant cells (46105) were harvested

and washed twice with ice-cold PBS 16. The pelleted cells were

then resuspended in 100 ml of PBS 16-1% Triton X-100, kept on

ice for 15 minutes and centrifuged at 15,0006 g for 15 minutes

(4uC). The corresponding supernatant was collected (300 mg) and

used for the glutathionylation reaction in the absence or in the

presence of MTX for 15 min at 37uC.

MCB, reduced glutathione and GST were purchased from

Sigma-Aldrich (Madrid, Spain). MCB and GSH were resuspended

in DMSO and GST was resuspended at a concentration 0.25 U/

ml in 0.01 M potassium phosphate pH 7.0 and 30% glycerol

buffer.

Statistical analysis
Data are presented as the mean 6 SE for at least three different

experiments. Analyses were performed using SPSS v.18.3

software. Differences with p-value,0.05 were considered signifi-

cant.

Results and Discussion

Effect of TMPD and ascorbate on the cytotoxicity
produced by methotrexate

Tetramethylphenylenediamine (TMPD) and ascorbate (ASC)

have been described as external reductants of cytochrome c both

in cytosol and mitochondria [29,38,39]. In this direction, we used

both agents to study the role of the reduced state of cytochrome c

in the sensitivity to methotrexate.

Figure 3. Effect of TMPD and ascorbate (ASC) on apoptosis induced by MTX. Cells were incubated with TMPD (A) or ASC (B) either alone or
in combination with MTX at the indicated concentrations for 18 h. TMPD or ascorbate were added 12 h before MTX. Changes in mitochondrial
membrane potential were determined using the Rhodamine 123/Propidium Iodide assay. Apoptosis is expressed in fold change compared to
untreated cells. Results represent the mean 6 SE of 3 different experiments. Staurosporine (STP) was used as a positive control. **p,0.01, ***p,0.001.
doi:10.1371/journal.pone.0063276.g003

Figure 4. Effect of GSH on the cytotoxicity caused by MTX.
MCF7 sensitive cells (66104) were plated in 1 ml medium and treated
with 1 mM GSH (light grey bars) for 2 h before incubation with MTX.
Survival was assessed by the MTT assay 4 days later. Results are
expressed as the percentage of survival compared to non-treated cells
and represent the mean 6 SE of at least 3 experiments. **p,0.01,
***p,0.001.
doi:10.1371/journal.pone.0063276.g004
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Figure 5. Effect of veratridine (VERA) and GSH on MTX induced apoptosis. Cells were incubated with veratridine alone or in combination
either with MTX or MTX plus GSH, at the indicated concentrations. Veratridine was added 6 h before MTX. Incubation with exogenous GSH started
8 h before the addition of MTX. In the triple combination, cells were incubated 2 h with GSH, then veratridine was added and 6 h later, treatment
with MTX was performed. Apoptosis was assessed 18 h after MTX addition by changes in mitochondrial membrane potential as determined by the
Rhodamine 123/Propidium Iodide assay and it is expressed in fold change compared to untreated cells. Results represent the mean 6 SE of 3
different experiments. Staurosporine (STP) was used as a positive control. * p,0.05.
doi:10.1371/journal.pone.0063276.g005

Figure 6. Endogenous GSH levels and cytochrome c redox capacity in cytosolic extracts. A) GSH endogenous levels were determined as
described in Methods using cytoplasmic extracts from sensitive and MTX-resistant MCF7 cells (66104). GSH content was calculated in nmols of GSH/
mg of total protein (mean 6 SE). Results are expressed as the ratio between resistant and sensitive cells. B) Cytoplasmic extracts from sensitive and
resistant cells were incubated for 15 min with exogenous cytochrome c (10 mM). A sample with DTT and no cell extract was considered as the
maximum value for cytochrome c reduction. The reduction level of cytochrome c was calculated as the difference between the absorbance at
550 nm and at 535 nm. The results are expressed as the percentage of reduction observed in the resistant extracts compared to the sensitive cells
and represent the mean 6 SE of at least three experiments. * p,0.05.
doi:10.1371/journal.pone.0063276.g006

Cytochrome C Redox State and Resistance to MTX

PLOS ONE | www.plosone.org 6 May 2013 | Volume 8 | Issue 5 | e63276
166



First, the reduction of cytochrome c by TMPD or ASC

treatment in MCF7 cells was confirmed by determining the

changes in O2 consumption using an oxygraph upon treatment

with these chemical reagents. One of the classic end-points to

analyze mitochondrial function is to assess the changes in oxygen

consumption since O2 is the ultimate electron acceptor [40]. This

method is commonly used [39,41–44], it calculates the variation of

O2 concentration over time and offers the unique advantage of

being able to add other components during the experiment. The

slope of the graph represents the O2 consumption rate. As shown

in figure 1, TMPD and ASC addition increased O2 consumption

in MCF7 cells by 18.5 and 3.9 fold, respectively (Figure 1, B and

C). In addition, the oxygen consumption rate was also determined

in SaOs-2 cells upon addition of the 2 reducing agents, TMPD

and ASC, causing an increase of 8.6 and 7.7 fold, respectively

(Figure 1, D and E).

MCF7 cells were incubated with 5 mM TMPD or 300 mM

ascorbate, either alone or in combination with 30 nM MTX and

cell viability was determined after 3 or 6 days, respectively. The

incubation with TMPD and ascorbate started 6 h before the

addition of MTX. The presence of TMPD or ascorbate, which

alone did not cause significant cell death, decreased the cytotoxic

effect of MTX (Figure 2A, B). The reduction in cytotoxicity was

more evident in the presence of TMPD with a recover in cell

survival of 26%. The combination of MTX with ascorbate was less

effective as the presence of ascorbate only counteracted the action

of MTX by 14%.

To assess whether this effect was cell type specific, different cell

lines were incubated with 5 mM TMPD and then treated with

MTX. The presence of TMPD also decreased the cytotoxic effect

of MTX by 15.1% in MDA-MB-468 cells, by 17.5% in SaOs-2

cells, by 10.5% in HT-29 cells, and by 21% in CaCo-2 cells.

Since the cytotoxic effect of MTX decreased in the presence of

TMPD or ASC, we could hypothesize that the redox state of

cytochrome c might be involved in the sensitization of cells to

MTX-induced apoptosis in different cell lines.

TMPD and ascorbate decrease the apoptotic effect of
MTX

It has been demonstrated that MTX can induce apoptosis

mediated by cytochrome c release [45,46]. For this reason, we

wanted to get further insight into the role of cytochrome c redox

state in MTX-induced apoptosis. Levels of apoptosis were

determined by the loss of mitochondrial membrane potential

(MMP) using the Rhodamine 123/Propidium Iodide assay.

Incubation of MCF7 cells with 50 nM or 100 nM MTX revealed

an increase in apoptosis of 1.65-fold and 1.9-fold, respectively,

referred to untreated cells. Treatment with TMPD (figure 3A) or

ascorbate (figure 3B) before MTX prevented this apoptotic effect

by 37% and 20%, respectively. Thus, by reducing cytochrome c

with either TMPD or ascorbate, we were able to decrease MTX-

induced apoptosis. The preventing effect on apoptosis caused by

TMPD was also demonstrated in the breast cancer cell line MDA-

MB-468 as well as in HT-29 colon cancer cells.

Since TMPD was shown to be freely permeable across

cytoplasmic and mitochondrial membranes [38] the reduction of

cytochrome c could take place in the mitochondria or after its

release, as shown by Borutaite and Brown [29]. Regardless the

exact mechanism, it is clear from our results that the reduced state

of cytochrome c correlates with a lower proapoptotic effect of

MTX.

Effect of addition or depletion of GSH on MTX action
The redox state of cytochrome c is partially responsible for its

apoptotic activity. Our results showed that exogenous reducing

agents of cytochrome c were able to modulate the response

towards MTX (figures 2 and 3). It has been described that GSH

can reduce cytochrome c [27,31,47], and therefore we wanted to

study whether GSH could exert a role in MTX resistance in

MCF7 cells.

GSH is one of the most important regulators of intracellular

redox balance, performing an antioxidant cell protective action,

cycling between its reduced (GSH) and oxidized forms (GSSG)

[48]. Reactive oxygen species (ROS) mediated apoptotic signaling

is associated with a decrease of cellular GSH levels and loss of

cellular redox balance [49] and high levels of GSH have been

associated to drug resistance [50–52].

As shown in Figure 4, incubation with exogenous GSH

decreased the cytotoxicity induced by MTX. These results suggest

that a more reduced state of cytochrome c correlates with less

MTX cytotoxicity, as previously observed with TMPD or ASC.

To explore the role of GSH on MTX-dependent apoptosis we

used veratridine to decrease GSH levels [53]. As shown in Figure 5,

the apoptotic effect provoked by the combination of veratridine

plus MTX was higher than the summation of both agents by

themselves. Interestingly, the addition of 1 mM GSH decreased

MTX-induced apoptosis and counteracted the increase in

apoptosis caused by veratridine.

These results indicate a possible role of GSH in MTX-induced

apoptosis. It has been suggested that endogenous GSH contributes

to maintain cytochrome c in its reduced state under physiological

conditions and prevents its apoptotic effect [27,32,33,43]. A lower

reduced environment caused by GSH depletion would favor

cytochrome c induced apoptosis upon MTX incubation.

GSH endogenous levels were determined in cell extracts from

sensitive and resistant cells. As shown in figure 6A, GSH content

was 6.2 times higher in resistant cells, indicating that the

detoxifying capacity of the cytoplasm in resistant cells was higher

than in sensitive cells. To analyze this, exogenous cytochrome c

was incubated with either sensitive or resistant cytoplasmic cell

extracts. Changes in cytochrome c redox state were measured

spectrophotometrically as described. The results in Figure 6B

Table 3. Differentially expressed GSTs in MCF7 MTX-resistant cells.

Gene Symbol Raw resistant Raw sensitive Fold Change Corrected p-value

GSTM1 129 58 2.2 0.01288

GSTM2 182 76 2.4 0.02732

GSTM4 151 67 4.8 0.02732

Microarray data analyses were performed with GeneSpring GX 12.0 software as described. For each GSTM isoform, it is expressed the mean of the raw value in sensitive
and resistant cells, the fold change in expression after normalization of the data, as well as the corrected p-value after Benjamini-Hochberg FDR filtering.
doi:10.1371/journal.pone.0063276.t003
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confirmed that resistant cells had a higher capacity to reduce

exogenous cytochrome c (60%). These results support the idea that

the higher reduced environment present in MTX-resistant cells

would contribute to overcome the apoptotic stimuli, in this case

produced by MTX, and favor the resistant phenotype.

Endogenous levels of GST in sensitive and MTX-resistant
MCF7 cells

Treatment with exogenous GSH prior to MTX had the same

effect on cell viability that preincubation with TMPD or ascorbate,

both known cytochrome c reducing agents. Therefore, an increase

in GSH would keep cytochrome c reduced and could help the cells

to reduce the apoptotic effect induced by MTX. To explore more

in detail this possibility and its mechanism in our model of MTX

resistance, we searched for genes related with GSH and the

balancing redox environment of the cell.

Whole genome expression microarrays of sensitive and MTX-

resistant MCF7 cells had been previously performed in the

laboratory [14] and deposited in the Gene Expression Omnibus

(GEO) database with series accession number GSE16648.

Interestingly, analyses of the data demonstrated that different

isoforms of the GST family, namely GSTM1, GSTM2 and

GSTM4, were overexpressed in MCF7 resistant cells compared to

their sensitive counterparts (Table 3).

Several examples in the literature have established a link

between GSTM1 and GSTM4 overexpression with drug resis-

tance [54–58], for this reason GSTM1 and GSTM4 were selected

for further study. On the other hand, GSTM2 is a muscle-specific

human GSTm isoform specially enriched in in the cytoplasm of

skeletal and cardiac muscle [59]. Increased or decreased

expression of GSTM2 has been related to cancer predisposition

or promotion, such as lung cancer [60] or ovarian teratoma [61].

However, no clear evidence between GSTM2 increased levels and

drug resistance has been reported, and therefore this isoform was

not further studied.

The endogenous levels of GSTM1 and GSTM4 were validated

in sensitive and MTX-resistant MCF7 cells at mRNA and protein

level. As it can be observed in Figure 7 both GSTM1 (A) and

GSTM4 (B) mRNA levels were increased 2.2 and 2.77-fold,

respectively, in MCF7 resistant cells, confirming GSTs overex-

pression detected in the microarray experiments. This effect was

translated at the protein level. MTX-resistant MCF7 cells showed

Figure 7. Validation of GSTM1 and GSTM4 overexpression in MCF7 MTX-resistant cells. GSTM1 (A) and GSTM4 (B) mRNA expression
levels were determined by RT-Real Time PCR in sensitive and 1026 M MTX-resistant MCF7 cells. Results are expressed as the fold changes in
expression compared to sensitive cells and are the mean 6 SE of at least 3 different experiments. C) GSTm protein levels were determined by Western
blot in sensitive (S) and resistant (R) cells and quantified using the ImageQuant software (GE Healthcare, Barcelona, Spain). Blots were normalized
against tubulin levels. Values represent the mean 6 SE of three different experiments and are expressed as fold increase in GSTm protein levels
relative to the control. **p,0.01, ***p,0.001.
doi:10.1371/journal.pone.0063276.g007
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Figure 8. Effect of GSTM1 and GSTM4 inhibition on their mRNA levels and on sensitivity towards MTX. Effect on mRNA levels: MCF7
cells (66104) were plated in 1 ml of medium and transfected 18 h later with specific hairpins against GSTM1 (hpGSTM1) (A) or GSTM4 (hpGSTM4) (B).
mRNA levels were determined 30 h after transfection. Results are expressed as changes in expression compared to the control non-transfected cells
and are the mean 6 SE of at least 3 different experiments. A scrambled hairpin was used as a negative control (hpSC). Effect on MTX cytotoxicity:
MCF7 cells (66104) were plated in 1 ml of medium and transfected 18 h later with either hpGSTM1 (C) or hpGSTM4 (D). MTX was added 24 h after
transfection and viability assayed by MTT 3 days later. Results are expressed as the percentage of cell survival compared to the control non-
transfected cells and are the mean 6 SE of at least 3 different experiments. *p,0.05, **p,0.01. E) In vitro MTX glutathionylation reaction. It was
determined by calculating the differences between the fluorescence of the MCB-GSH adduct in the control reaction minus that in the presence of
MTX. GST activity is expressed as nmols of GSH transferred by GST per minute. F) MTX glutathionylation reaction in cell free extracts. The formation of
MCB-GSH adduct was followed by its fluorescence using cell free extracts from sensitive or resistant MCF7 cells in the absence or in the presence of
MTX. Results are expressed as relative fluorescence units (RFU) per mg of total protein.
doi:10.1371/journal.pone.0063276.g008
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2.8 times more GSTm levels that sensitive cells as determined in

Western blot assays (C & D).

Overexpression of different isoforms of GSTs was also detected

in other MTX-resistant cell lines such as SaOs-2, HT-29 and

CaCo-2 but not in MDA-MB-468 cells (GSE16648-GEO).

Inhibition of GSTM1 and GSTM4 increases the
cytotoxicity produced by MTX

To establish a role of GSTs in the sensitivity to MTX, we

silenced GSTM1 and GSTM4 using specific template polypurine

hairpins, a new class of molecules for specific and effective gene

silencing developed in the laboratory [35,36].

As it can be observed in Figure 8C & D, MTX cytotoxicity in

MCF7 cells increased when either GSTM1 or GSTM4 were

inhibited by specific PPRH-hairpins (Figure 8A & B), demonstrat-

ing the role of these specific GSTs in diminishing the cytotoxicity

produced by MTX. Interestingly, GSTM1 and GSTM4 inhibition

also increased the sensitivity to MTX in MTX-resistant cells, by

23% in the case of GSTM1 and 17% in the case of GSTM4. In a

previous work performed in our laboratory, MTX-resistant MCF7

cells were found to have the dhfr locus amplified [14]. Therefore, it

is noteworthy that inhibition of GSTM1 and GSTM4 increased

the sensitivity towards MTX even in the presence of multiples

copies of the dhfr gene. In addition, we used SaOs-2 cells as a

model of MTX-resistant cell line with no amplification of the dhfr

locus [14]. For this cell line, a hairpin against GSTA4 was used

since this isoform was overexpressed in this MTX-resistant cell

line. It was observed an increase in the sensitivity to MTX of 35%.

Apoptosis was also determined after incubating hairpins against

GSTM1 and GSTM4 in MCF7 cells resistant to MTX. Apoptosis

was increased 2.5 or 2 fold after knocking down GSTM1 and

GSTM4, respectively.

As a mechanism of resistance in MTX-resistant cells, we wanted

to assess whether MTX was susceptible of glutathionylation by

GSTs given their role in the detoxification of exogenous

compounds and drug resistance. As can be observed in Figure 8E

& F, GSH can be transferred to MTX by GST activity.

Others studies relate levels of GSH with resistance to anti-tumor

agents such as doxorubicin [50] and there are several examples in

the literature that link increased GSH levels with breast cancer

patients [62] or increased GSH levels and poor response to

alkylating agents in MCF7 cells [51].

In addition, overexpression of GSTs in mammalian tumor cells

has been implicated with resistance to various anticancer agents

and chemical carcinogens [20,23].

In addition to their classic catalytic functions in detoxification of

electrophilic compounds, GSTs are also involved in the regulation

of other mechanisms that impact cell survival pathways, such as

the JNK-pathway [19,63]. Interestingly, overexpression of

GSTM1 [64] and GSTP [65] has been described to prevent the

activation of MAPK pathway, thus avoiding the apoptosis cascade.

This link with MAPK-mediated signaling could provide a possible

mechanism of action of GST in drug-resistant cells. In addition,

overexpression of GSTs has been associated with resistance to

many therapeutic drugs [19], even if they are not GSTs substrates

[17,66]. Another observation that argues in favor of GSTs playing

a role in the modulation of apoptosis is the finding that Bee

Venom, an inducing-apoptosis agent, increases the expression of

apoptotic proteins, e.g. Bax, Bid, p53, p27, cytochrome c but

decreases the expression of anti-apoptotic proteins like Bcl-2, Bcl-

xL, and also GSTs [67]. Although there is no evidence of s-

glutathionylation of cytochrome c in vivo, direct interaction

between GSH and cytochrome c has been described in vitro [68].

Therefore, besides MTX glutathionylation, GST might help to

maintain, directly or indirectly, cytochrome c in a reduced state.

According to our results, inhibition of GSTM1 and GSTM4

increases the sensitivity to MTX in sensitive cells, which is in

keeping with the overexpression of these particular isoforms in

breast cancer cells resistant to MTX. These observations suggest a

role of GSTs in MTX drug resistance.

Conclusions

There is a relationship between cytochrome c redox state,

apoptosis and development of MTX-resistance. In the presence of

exogenous reducing agents of cytochrome c such as TMPD,

ascorbate or GSH, MCF7 cells were less prone to apoptosis, which

led to a lower MTX cytotoxicity. On the other hand, depletion of

endogenous GSH using veratridine caused an increase in the

apoptotic action of MTX, which was reverted by the addition of

exogenous GSH. Furthermore, endogenous levels of GSH were

higher in MTX-resistant MCF7 cells. These observations suggest

that cytochrome c redox state modulates MTX sensitivity. This

effect was not restricted to a specific cell type since treatment with

TMPD also decreased MTX cytotoxicity in MDA-MB-468, SaOs-

2, HT-29 and Caco-2 cells.

Inhibition of GSTM1 and GSTM4, which are overexpressed in

MTX-resistant MCF7 cells, caused an increase in MTX

cytotoxicity in sensitive and resistant MCF7 cells. Furthermore,

inhibition of GSTA4 in MTX-resistant Saos-2 cells increased

sensitivity to MTX.

In summary, we conclude that in MCF7 breast cancer cells, the

overexpression of specific GSTs and increased GSH levels

contribute to a more reduced environment. Thus, the presence

of a more reduced cytochrome c would help the cells to avoid

apoptosis and contribute to the resistant phenotype.
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