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ABSTRACT:	
   Platinum(II)	
   compounds	
   are	
   a	
   critical	
  
class	
   of	
   chemotherapeutic	
   agents.	
   Recent	
   studies	
  
have	
  highlighted	
  the	
  ability	
  of	
  a	
  subset	
  of	
  Pt(II)	
  com-­‐
pounds,	
   including	
  oxaliplatin	
  but	
  not	
  cisplatin,	
   to	
   in-­‐
duce	
   cytotoxicity	
   via	
   nucleolar	
   stress	
   rather	
   than	
   a	
  
canonical	
  DNA	
  damage	
  response.	
  In	
  this	
  study,	
  influ-­‐
ential	
   properties	
   of	
   Pt(II)	
   compounds	
   were	
   investi-­‐
gated	
  using	
  redistribution	
  of	
  nucleophosmin	
  (NPM1)	
  
as	
   a	
   marker	
   of	
   nucleolar	
   stress.	
   NPM1	
   assays	
   were	
  
coupled	
   to	
  calculated	
  and	
  measured	
  properties	
  such	
  
as	
   compound	
   size	
   and	
   hydrophobicity.	
   The	
   oxalate	
  
leaving	
  group	
  of	
  oxaliplatin	
  is	
  not	
  required	
  for	
  NPM1	
  
redistribution.	
   Interestingly,	
   although	
   changes	
   in	
  
diaminocyclohexane	
   (DACH)	
   ligand	
   ring	
   size	
   and	
  
aromaticity	
   can	
   be	
   tolerated,	
   ring	
   orientation	
   ap-­‐
pears	
   important	
   for	
   stress	
   induction.	
   The	
   specificity	
  
of	
   ligand	
   requirements	
   provides	
   insight	
   into	
   the	
  
striking	
   ability	
   of	
   only	
   certain	
   Pt(II)	
   compounds	
   to	
  
activate	
  nucleolar	
  processes.	
  	
  

The	
  chemotherapeutic	
  agent	
  cisplatin	
  has	
   inspired	
  
the	
  synthesis	
  and	
  investigation	
  of	
  thousands	
  of	
  Pt(II)	
  
analogs.1	
  Of	
  these,	
  only	
  two	
  other	
  compounds	
  —	
  car-­‐
boplatin	
  and	
  oxaliplatin	
  —	
  have	
  met	
  FDA	
  standards	
  
for	
   medical	
   use.	
   Until	
   recently,	
   it	
   was	
   believed	
   that	
  
the	
  cytotoxicity	
  of	
   these	
  compounds	
  could	
  be	
  attrib-­‐
uted	
   solely	
   to	
   their	
   DNA	
   crosslinking	
   abilities	
   and	
  
subsequent	
   induction	
  of	
   the	
  DNA	
  Damage	
  Response	
  
(DDR),	
   a	
   known	
   trigger	
   of	
   apoptotic	
   pathways.2	
   As	
  
the	
  body	
  of	
  research	
  on	
  Pt(II)	
  reagents	
  has	
  grown,	
  a	
  
more	
   complex	
   picture	
   has	
   emerged	
   of	
   the	
   mecha-­‐
nisms	
   of	
   action	
   behind	
   these	
   ubiquitous	
   drugs.2	
   A	
  
striking	
   recent	
   discovery	
   is	
   that	
   oxaliplatin,	
   but	
   not	
  
cisplatin	
   or	
   carboplatin,	
   causes	
   cytotoxicity	
   via	
   dis-­‐
ruptions	
   in	
   ribosome	
   biogenesis	
   rather	
   than	
   DDR.3	
  

Ribosome	
  biogenesis	
   occurs	
   in	
   the	
  nucleolus,	
   a	
   con-­‐
served	
  and	
  highly	
  structured	
  organelle	
  in	
  eukaryotes.	
  
Disruptions	
  of	
   the	
  nucleolus	
  or	
   ribosome	
  biogenesis	
  
trigger	
  the	
  nucleolar	
  stress	
  response,	
  which	
   leads	
  to	
  
cell	
   death	
   or	
   senescence	
   via	
   activation	
   of	
   the	
   tumor	
  
suppressor	
   p53.	
   Because	
   its	
   molecular	
   mechanisms	
  
are	
  not	
  yet	
  fully	
  understood,	
  and	
  due	
  to	
  its	
  potential	
  
role	
   as	
   a	
   chemotherapeutic	
   target,	
   this	
   fascinating	
  
stress	
   process	
   is	
   an	
   area	
   of	
   intense	
   interest	
   in	
   the	
  
fields	
  of	
  molecular	
  biology	
  and	
  medicine.4–7	
  
The	
   specificity	
   of	
   oxaliplatin	
   as	
   a	
   nucleolar	
   stress	
  

inducer	
   is	
   intriguing	
   when	
   considered	
   alongside	
  
other	
   data	
   indicating	
   a	
   relationship	
   between	
   Pt(II)	
  
compounds	
   and	
   the	
  nucleolus.8	
   Post-­‐treatment	
   fluo-­‐
rescent	
   labeling	
   of	
   clickable	
   Pt(II)	
   drug	
   analogs	
   has	
  
shown	
   localization	
   of	
   these	
   compounds	
   to	
   the	
   nu-­‐
cleolus,8,9	
  and	
  there	
  is	
  significant	
  evidence	
  that	
  Pt(II)	
  
compounds	
  associate	
  with	
  ribosomes	
  and	
  ribosomal	
  
RNA	
   (rRNA).10–16	
   The	
   structural	
   determinants	
   and	
  
molecular	
  mechanisms	
   by	
  which	
   only	
   specific	
   Pt(II)	
  
compounds	
   may	
   cause	
   a	
   nucleolar	
   stress	
   response	
  
are	
   not	
   understood.	
   Here,	
   we	
   explore	
   properties	
   of	
  
oxaliplatin	
  and	
  other	
  Pt(II)	
  compounds	
  and	
  find	
  that	
  
a	
  narrow	
  window	
  of	
  derivatives	
  is	
  able	
  to	
  induce	
  nu-­‐
cleolar	
  stress.	
  The	
  results	
  define	
  a	
  set	
  of	
  constraints	
  
for	
  Pt(II)	
  compounds	
  to	
  induce	
  this	
  unique	
  cell	
  death	
  
pathway.	
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#u.   uE h i l i   u Su,   ri l l,  #lmSlEl  S,    CC    , i 
†S, lC U4 i u†n# uE , n  , .  S,  w   C #  B  S    I Vv  i †#M
u # n‡ , luS  uE S† C uC n #, n ##  ,  I U i u†n#  u # Su, 
S    ## nlCs  t n  l ,  .   #†n   , url l, sv  

                                                
 

B  uu, Su,  D  i l# . u  C l# #†t t un,     s  t n ‡lu†#Cs 
t † Cl#i      ,     . uS#, n , lSm , i  ,   l#t C , lS    †# # #lm§
SlEl  S, Cs  . un        .  m  , i  S  ur  Clt C , lSI —YI O  S  
, i  ,    §.   l ,      CC    , i  u  †n# †t uS  l#t C , lS 
, n  , .  S,M  †,  Su,  ur  Clt C , lS  , n  , .  S, v—    l, luS  CCsM
  ,   Enu.  u†n C   #i uh # , i  ,        .  m  u  †n#  , 
  nCs  , l.   t ulS, # lS   l#t C , lS§, n  ,      CC#M t nlun , u  Ss 
t †,  , l‡     B n Cu  , luSM h i  n  # Su #† i    .  m 
u  †n# t nlun , u u # n‡      B  l#, nl †, luS  lS  ur§
 Clt C , lS§, n  ,      CC# w†St † Cl#i   Vv


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   u   s r  †  S, lEl  , luS  uE    B n Cu  Cle , luS  lS  †   
 s   , w  V  u. t u†S #v  n  , .  S,   uS  l, luS#  # lS   lm†n 
I c n t Cl  ,  #M      C †C , luS#M  S    urt Cu,  t n # S,  , luS 
 #   # nl    lS    v  un    i  , n  , .  S,    ,   # ,M  ur  #
n t n # S,  .   l SM Eln#,   S   , i ln  o† n, lC #M  S   ‡ n, l  C
ClS  #  n  , i   n Sm  uE   ,   h l, i  u†, Cl n#   ElS    lS  , i  
  v  
 r  Clt C , lS  l#  l#, lS  ,  Enu.   l#t C , lS   S     n§

 ut C , lS  lS   u, i  C  lC   S   SuS§C  lC   , w  V Clm S  #v 
 i   C  lC M  i  C , lSm ur  C ,   Clm S   uE ur  Clt C , lS    §
C s#  o† , luS   S   , i  n Eun   lu. uC  †C   nu##ClS	
   §
lSmI 9 lS   u. t  nl#uS h l, i   l#t C , lSv     r  i  Sm   , i  
C  lC   S   SuS§C  lC  Clm S  # uE ur  Clt C , lS   S    l#§
t C , lS  h l, i   u. t u†S # I   S   nv    Eu†S  , i  ,   u. §
t u†S  I M      , M h i l i  i  # , i   SuS§C  lC      
Clm S   uE ur  Clt C , lS   S   C  lC   i Cunl   mnu†t # uE  l#§
t C , lSM lS  †  # nu †#,  S† C uC n #, n ##v  s   u. t  nl§
#uSM nM un     M h i l i  t u## ## # , i   SuS§C  lC   . §
. lS   Clm S  # uE  l#t C , lS   S   , i   C  lC  ur  Cl    l 
Clm S   uE ur  Clt C , lSM  u # Su,  lS  †   #, n ## w lm†n #
I   S   —Vv  i   ur  Cl    l  Clm S    CuS    C#u i    Su lS§
EC† S    uS     B n  l#, nl †, luSM Sun  l  , i       
Clm S    s  l, # CE w lm†n   I M  lm†n   —Vv  nu.  , i l#M h  
 uS  C†    , i  ,  , i   SuS§C  lC       Clm S   uE ur§
 Clt C , lS  l# n #t uS#l C  Eun , i   S† C uC n #, n ## n §
#t uS# v
   S  r ,   uS#l  n   h i  , i  n  nu##ClS	
   lSm uE  lu§

. uC  †C #  s  , i    , w  V  u. t u†S  l# S    ## ns  Eun
, i   lS  † , luS  uE S† C uC n #, n ##v  S   C,  nS  ,   i s§
t u, i  #l# l# , i  ,  , i    i  nm    , w  V   , #  #   ,  nm , lSm
 m S,  , u E  lCl,  ,   , n S#t un,  uE , i        . ul , s  , u
, i   S† C uC†# h i  n  l,   l#n†t , # S† C uC n t nu  ## #
h l, i u†,  Eun. lSm    , w  V§     C #luS  uS     lu§
. uC  †C v  u. t u†S  do     § SM n ,  lS# , i       
Clm S    †,  l# †S   C  , u Eun.   nu##ClS	
   # h l, i   lu§
. uC  †C #  †  , u n t C   .  S,  uE , i   ur  Cl    l  h l, i 
 S   , i sC S   l . lS   Clm S   w lm†n  BVv  i l# t u#l, l‡ Cs 
 i  nm    u. t u†S   l  Su,  lS  †   #, n ## w lm†n  I M
 lm†n  —VM #†mm #, lSm , i  ,   nu##ClS	
   lSm uE  ,w  V , u
  CC†C n ,  nm , # l# S    ## ns  , u lS  †     S† C uC n
#, n ## n #t uS# v
 u n ElS   n o†ln .  S, # uE , i   SuS§C  lC   , w  V

Clm S   , i  ,    †#  S† C uC n #, n ##M h    r  . lS    , i  
 EE  , # uE #,  nl   †C	
     s  ,  #, lSm i M b   S   yv  , § S  wi V
t u## ## #   SuS§C  lC   , i sC S   l . lS   Clm S  v  i l#

#.  CC . uC  †C   l  Su,  lS  †   #, n ## lS   OU0   CC#
w lm†n # I   S   —VM lS  l  , lSm , i  ,     i  C , lSm  l . lS  
Clm S  M    u. . uS  E  , †n    , h   S   ,  SM      , M
 S   ur  Clt C , lSM l# Su,  #†EEl l S,  , u lS  †   #, n ##v  i  
   l, luS  uE   .  , i sC mnu†t  , u m S  n ,   , i    †C	
   l n
 ,    S  wbVM h  #  C#u Su,  #†EEl l S,  , u lS  †   #, n ##
w lm†n  —M  lm†n   I M  lm†n   —Vv  u. t u†S  yM t  S,  §
t C , lSM t u## ## #   El‡ §.  .   n   nlSm , i  ,  t C   # l, #
‡uC†.     , h   S  , i   SuS§#,n ## lS  † lSm  ,    S   S  
, i   #, n ##§lS  † lSm #lr§.  .   n        , v   S ,  §
t C , lS  h  # Eu†S  , u lS  †   S† C uC n #, n ## w lm†n 
BVM  C, i u†mi  h l, i    #Clmi , Cs  i lmi  n n #†C,  S,     , i  S 
t u#l, l‡   uS, nuC# un ur  Clt C , lS  w lmv —Vv  i  #  n #†C,#
#†mm #,  , i  ,   †C	
    .  s      S  l. t un,  S,  .  , nl  C S  lSm
, uh  n # , i     lCl, s  uE  ,w  V  u. t u†S # , u lS  †  
S† C uC n #, n ##v  #lSm  u. t †,    ‡ C† # Eun ‡uC†.  M
h    uS  C†   , i  ,   #   m S  n C , n S  M  ,w  V  u. §
t u†S # h l, i  . un  #,  nl   †C	
     n  . un  Cl	
    Cs  , u lS§
 †   S† C uC n #, n ## w lm†n  U M    r l#Vv  u. t u†S 
C Sm, i M un #,  nl  n   i M  C#u m S  n CCs   t t   n# , u  un§
n C ,   h l, i  #, n ## lS  † , luS  w lm†n  U M    r l#Vv  u.  
 r   t , luS# , u , i l# , n S    n   l# †##     Cuh v
 i    i  ln  uSEln.  , luS  uE , i        Clm S   l# Su, 

 ## S, l C Eun #, n ## lS  † , luSv   Se  ,  wS	
   VM lS  h i l i 
, i         s  Cui  r  S   l# n t C     h l, i    t C S  n  nu§
.  , l  nlSm w lm†n  O VM  C#u lS  †  # nu †#,     B
n  l#, nl †, luS  w lm†n  I   S    lm†n  —Vv  l	
          , M
  Se  ,  l# . un  i s  nut i u l  , i  S  , i   #l. t C n
 l . w. VlS    u. t u†S #v  u  #, l.  ,   , i   n C , l‡  i s§
 nut i u l l, s  uE u†n  u. t u†S # uE lS,  n #,M h   .   #§
†n   , i  ln h  ,  nku ,  SuC t  n, l, luS   u EEl l S, # w †t §
t C .  S,  ns  .  ,  nl C#  S   .  , i u #Vv  CC uE , i   #, n ##§
lS  † lSm  u. t u†S # h  n  Eu†S  , u    n C , l‡ Cs  i s§
 nut i u l  w lm†n  U VM C   lSm , u , i    uS  C†#luS , i  , 
i s  nut i u l l, sM Cl	
     #,  nl   †C	
   M t u#l, l‡ Cs   unn C ,  #
h l, i  #, n ## lS  † , luSv  l. lC nCs  , u #,  nl   †C	
   M i uh §
 ‡ nM  r   t , luS# , u , i l# , n S   h  n  u # n‡  v
 u. t u†S # SSM StM  S   Ss   u Su,    †#     B n §

Cu  Cle , luS    #t l,     lSm #l. lC n un i lmi  n lS  ,  n. #
uE #le   S   i s  nut i u l l, s  , u  u. t u†S # , i  ,   u
  †#  S† C uC n #, n ## w lm†n  UVv  i  #   r   t , luS#
.  s  t nu‡l   lS#lmi ,  lS, u , i    C .  S, # n #t uS#l C  Eun
  †#lSm #, n ##v 
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

   u   I r  le   S   i s  nut i u l l, s   unn C ,   h l, i  #, n ##
lS  † , luSM h l, i  #u.    r   t , luS#v  u. t u†S # h l, i   
i lmi  n wC ## S  m , l‡ V t  n, l, luS   u EEl l S,   n  . un 
i s  nut i u l  , i  S  , i u#  h l, i    Cuh  n w. un  S  m , l‡ V
t  n, l, luS   u EEl l S, v    #†n .  S, #  S     C †C , luS#  n 
  # nl    lS    v

 S   t  n, l †C nCs  lS,  n #, lSm  u. t  nl#uS l#   , h   S 
    wSt VI 7MI 4  S     Se  ,  wS	
   V w lm†n  O Vv  i  # 
, h u  ,w  V  u. t u†S #  u, i  i  ‡   S   nu.  , l  nlSmM
 †,   lEE n lS  , i   unl S,  , luS  uE , i   nlSm n C , l‡  , u , i  
 , w  VM  S    s   r ,  S#luS  nlSm unl S,  , luS  n C , l‡  , u  
 lu. uC  †C  , u h i l i  , i    u. t u†S  l#  u†S  v  i lC 
  Se  ,    †# # S† C uC n #, n ##M      u # Su, v  l. l§
C nCsM t l ut C , lS  wSSV  u # Su,    †#  S† C uC n #, n ##
  #t l,   i  ‡lSm ‡uC†.    S   n   i  #l. lC n , u u, i  n
 u. t u†S # w lm†n  U  S    lm†n  OVv  i  #  n #†C,#
  . uS#, n ,      nl, l  C nuC  Eun nlSm unl S,  , luS  lS  , i  
  lCl, s  uE  ,w  V  u. t u†S # , u lS  †   S† C uC n
#, n ##v  
 i   u # n‡ , luS  , i  ,   el ut C , lS  wSsV  u # Su, 

  †#  #, n ## l# uElS,  n #,   # , i l#  u. t u†S  i  #  r§
,  S     ‡uC†.    S   i  # t n ‡lu†#Cs     S  #i uh S , u
Cu  Cle  , u , i   S† C uC†#v0  i †#M S† C uC n Cu  Cle §
, luSM  ‡ S  h i  S   u.  lS    h l, i  n C , l‡ Cs  i lmi  i s§
 nut i u l l, s   S   C nm n  †C	
     S   C Sm, i M l# Su,  #†EEl§
 l S,  , u lS  †   S† C uC n #, n ##v 


 
   u   nr w V  u. t †,    ‡uC†.    S    l#,  S    .   #§
†n .  S, # Eun SuS #, n ##§lS  † lSm  u. t u†S # SS   S  
St   CuSm#l   #, n ##§lS  † lSm  u. t u†S # I   S   S	
   v w V
  CC  S   #, l 	
     n h lSm# uE SuS #, n ##§lS  † lSm  u. §
t u†S  b   CuSm#l   #, n ##§lS  † lSm I M yM  S   S	
   v

  	
    S  , um , i  nM , i   n #†C,#   # nl    t nu‡l   #lm§
SlEl  S,  lS#lmi ,  lS, u , i   #, n† , †n C   ,  n. lS  S, # uE
S† C uC n #, n ## lS  † , luS   . uSm  ,w  V  u. t u†S #v
    uS  C†   , i  ,  , i  n  l#  S  l. t un,  S,  nuC  Eun
Clm S   unl S,  , luS   S     m S  n C  unn C , luS    , h   S 
#,  nl   †C	
     S   #, n ## lS  † , luS  w lm†n  OVv 
 i    lEE n S, l C n #t uS# # lS  †     s  , i  #   u. §

t u†S # i  ‡   ClSl  C l. t Cl  , luS#  # , i   , i n    †n§
n S, Cs     § t t nu‡    , w  V  i  . u, i  n t  †, l #  n 
	
   Suh S , u i  ‡   lEE n S,  , n  , .  S,   S   #l    EE  , 
t nuElC #v  , i  n l. t un,  S,   lEE n S   #   , h   S  , i  # 
 u. t u†S # i  ‡     S  u # n‡   lS  , i   Cl,  n , †n v  un
 r  . t C M ur  Clt C , lS  l# Su,    , u   †#  l. . †Sum Sl 
  CC    , i  w   VM h i lC   l#t C , lS   u # Su, vI 0Y—B  C§
, i u†mi  , i l#  uS, n #,  l#  C#u u # n‡   lS  S† C uC n
#, n ##M  uSS   , luS#   , h   S       S   S† C uC n #, n ##
 n  Su,  h  CC§#, † l  v  r  Clt C , lS  i  #  C#u    S  #i uh S
, u   †#   i  Sm # lS  , i   #le  uE S  †nuS C S† C uCl  un§
n C , lSm h l, i  t  nlt i  n C S  †nut  , i sM—I     u. . uS 
#l    EE  ,   ##u l ,    h l, i  ur  Clt C , lS   i  . u, i  n t s 
n ml.  S#v  i   n C , luS#i lt    , h   S  S† C uC n #, n ##
 S   t C , lS†. §lS  †    S  †nu, url l, s  i  # Su,     S 
 rt Cun  v    l, luS  CCsM , i  n  l# #u.    ‡l  S    , i  , 
t O— . †,  , luS# lS   uCuS   S   n   CC ClS  # n #†C,  lS  n §
#l#,  S    , u ur  Clt C , lS§.   l ,      CC    , i v——  i l#
.  s     uE lS,  n #,  ml‡ S  ur  Clt C , lSa# †#  lS   uCuS
  S   n , n  , .  S, #  S   t O—a# nuC  lS  S† C uC n #, n ##§
lS  †      CC    , i v
 †n, i  n #, † s  l# h  nn S,    , u t nu‡l    C nlEl  , luS 

uS  , i   . uC  †C n .   i  Sl#. #  s  h i l i  , i  #   u. §
t u†S # lS  †   #† i   lEE n S,  n #t uS# # lS  , i     CCv
 un  r  . t C M , i   #, n ##§lS  †  n# .  s     lS,  nE nlSm
h l, i  t numn ##luS uE nl u#u.    lum S  #l#MB7MB0  l#§
n†t , lSm  S  lS,  n. uC  †C n lS,  n  , luS  uE    B , i  , 
# o† #,  n# l,  lS  , i   S† C uC†#MB4  C,  nlSm  lut i s#l  C
t nut  n, l # uE S† C l    l #M—UM—O un mCu  CCs  t  n, †n lSm
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the	
  biomolecular	
  interactions	
  that	
  maintain	
  nucleolar	
  
integrity.	
   More	
   work	
   is	
   needed	
   to	
   understand	
   this	
  
fascinating	
  biological	
  stress	
  process	
  and	
  to	
  define	
  the	
  
specific	
  properties	
  of	
  Pt(II)	
  compounds	
  that	
  cause	
  it.	
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