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BACKGROUND

Diffuse  malignant  peritoneal  mesothelioma  (DMPM)
 Survivin


   It  is  a  member  of  the  Inhibitors  of  Apoptosis  Protein  (IAP)  family.


   It   is   overexpressed   in   most   human   solid   tumor   types   (including  
DMPM)   and   hematologic   malignancies   and   it   is   absent   or   low   in  
most  terminally  differen#ated  normal  #ssues  with  some  excep#ons.  


   It  plays  an  important  role  in  the  drug  resistant  phenotype  of  human  cancer  cells.


   It  is  a  bifunc#onal  protein  that:

      -­‐  facilitates  tumor  cell  evasion  from  apoptosis;


      -­‐  promotes  mito#c  progression.  


   Its  sub-­‐cellular  compartmentaliza#on  plays  an  essen#al  role  in  determining  its  bifunc#onal  
role.


ChRomosome  Maintenance  protein  1  (CRM1)


   XPO1/CRM1   is   a   key   member   of   the   impor#n   β   superfamily   of   nuclear  
transport   receptors   that   are   involved   in   the   nucleo-­‐cytoplasmic   ac#ve  
transport   of   over   200   proteins,   including   transcrip#on   factors,   tumor  
suppressors,   cell-­‐cycle   regulators   and   proteins   involved   in   programmed   cell  
death


   A   novel,   oral,   bioavailable,   small-­‐molecule   Selec#ve   Inhibitors   of   Nuclear  
Export   (SINE)   have   been   developed.   These   inhibitors   bind   specifically   to   the  
NES-­‐binding  groove  of  XPO1/CRM1  and  prevent  the  interac#on  with  its  cargo  
proteins.  


   These   compounds   have   demonstrated   an#-­‐tumor   ac#vity   in   a   variety   of  
experimental  models  of  solid  and  hematologic  malignancies  both   in  vitro  and  
in  vivo.  Among  those,    selinexor    (KPT-­‐330)    is    the  most  advanced    SINE


MATERIALS  &  METHODS

Experimental  Models

Human  STO  and  MesoII  DMPM  cell  lines


STO  and  MesoII  cell  lines  were  established  from  surgical  specimens  
of   pa#ents   who   underwent   surgery   at   Fondazione   IRCCS   Is#tuto  
Nazionale  dei  Tumori  of  Milan


Experimental  Design


Survivin  expression

(by  western  immunobloKng)


AIMS

In   the  present   study,  we  explored   the  efficacy  of   Selec#ve   Inhibitors  of  Nuclear  Export   (SINE),  
KPT-­‐251,  KPT-­‐276  and  the  orally  available,  clinical  stage  KPT-­‐330  (selinexor),  in  DMPM  preclinical  
models.


CONCLUSIONS

  Exposure  to  SINE  induced  dose-­‐dependent  inhibi#on  of  cell  growth,  cell  cycle  arrest  at  G1-­‐phase  
and  caspase-­‐dependent  apoptosis,  which  were  consequent  to  a  decrease  of  XPO1/CRM1  protein  
levels  and  the  concomitant  nuclear  accumula#on  of  its  cargo  proteins  p53  and  CDKN1a.


  Cell   exposure   to   SINE   led   to   a   #me-­‐dependent   reduc#on   of   cytoplasmic   survivin   levels.   In  
addi#on,  aier  an   ini#al  accumula#on,  the  nuclear  protein  abundance  progressively  decreased,  
as  a  consequence  of  an  enhanced  ubiqui#na#on  and  proteasome-­‐dependent  degrada#on.


  SINE   and   the   survivin   inhibitor   YM155   synergis#cally   cooperated   in   reducing   DMPM   cell  
prolifera#on.  


  Orally  administered  SINE  caused  a  significant  an#-­‐tumor  effect   in  subcutaneous  and  orthotopic  
DMPM  xenograis  without  appreciable  toxicity.


RESULTS

SINE  impair  cell  growth,  promote  cell  cycle  arrest,  and  induce  apoptosis  in  DMPM


  SINE  impair  DMPM  cell  growth


A  dose-­‐  and  #me-­‐dependent  inhibi#on  of  cell  growth  was  consistently  
observed   in   STO   and   MesoII   cell   lines   aier   treatment   with   SINE.  
However,   while   STO   cells   showed   a   higher   sensi#vity   to   selinexor  
compared   to   KPT-­‐251   and   KPT-­‐276,   with   IC50   values   of   0.07±0.01,  
0.23±0.05,   0.24±0.02   μmol/L   respec#vely,   MesoII   cells   showed   a  
comparable   sensi#vity   to   all   the   compounds   with   IC50   values   of  
0.35±0.09,  0.36±0.04  and  0.47±0.04  μmol/L,  respec#vely.   In  addi#on,  
at   concentra#ons   up   to   10  µmol/L,   SINE  did   not   alter   the   growth  of  
both   normal   human   lung   fibroblast   (WI38)   and   normal   adult   human  
prostate  (RWPE-­‐1)  cell  lines.


  SINE  promote  cell  cycle  arrest  and  induce  a  caspase-­‐dependent  apopto#c  cell  death  in  DMPM  cells


***p<0.001  **p<0.01*p<0.05
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Flow  cytometry  profiles  of  nuclear  DNA  content   revealed  that  24-­‐hour   treatment  of  STO  cells  with  SINE  was  sufficient   to  
induce  an  accumula#on  of  cells  in  G1  phase  and  a  reduc#on  in  the  percentage  of  cells  in  S  and  G2/M  compartments  (Fig.A).  
G1  phase  accumula#on  markedly   increased  at  48  hours  and   reached  a  maximum  72  hours-­‐post  exposure   to   the  highest  
doses  of  SINE  (87.6±3.7%,  90.4±1.8%  and  96.1±3.3%  for  KPT-­‐251,  KPT-­‐276,  and  selinexor,  respec#vely)  (Fig.A).  Although  to  a  
lesser  extent  compared  to  STO  cells,  an  increase  in  the  percentage  of  cells  in  G1  phase  was  appreciable  following  72-­‐hour  
exposure  to  the  highest  selinexor  concentra#on  in  MesoII  cells  (Fig.A).  In  addi#on,  a  significant  dose-­‐  and  #me-­‐dependent  
increase   in   caspase-­‐3   cataly#c  ac#vity,   as  determined   in   vitro  by   the  hydrolysis  of   the   specific  fluorogenic   substrate,  was  
found   aier   treatment   with   each   compound   (Fig.B).   Notably,   the   inhibitory   effect   of   SINE   on   cell   growth   was   almost  
completely  reverted  when  DMPM  cells  were  pretreated  with  the  pan-­‐caspase  inhibitor  z-­‐Val-­‐Ala-­‐Asp-­‐fluoromethylketone  (z-­‐
VAD-­‐fmk;   Fig.C)   -­‐which   by   itself   did   not   impair   cell   growth-­‐,   providing   evidence   that   SINE   induce   a   caspase-­‐dependent  
apopto#c  cell  death  in  DMPM  cells.  








Nuclear  localiza#on  is  mainly  involved  in  spindle  monitoring


   
at  mitosis,  whereas  cytoplasmic/mitochondrial  survivin


counteracts  pro-­‐apopto#c  signals  by  preven#ng  caspase-­‐9  and  
caspase-­‐3  ac#va#on.


   Its  export  from  the  nucleus  back  to  the  cytoplasm  requires  an  
interac#on   between   the   expor#n-­‐1/chromosome  
maintenance  protein  1  (XPO1/CRM1)  and  the  specific  leucine-­‐
rich  nuclear  export  signals  (NES)  within  survivin.  



This  interac#on  is  accomplished  via  the  RanGTP/GDP  axis.


Survivin


Survivin


Stauber  RH  et  al,  Cancer  Res  2007


Caspases


APOPTOSIS


SINE


CRM1


   It   is   an   uncommon   and   locally   aggressive   tumor   that   develops   from  
mesothelial   cells   lining   the   peritoneal   cavity,   and   accounts   for  
approximately  25-­‐30%  of  all  mesotheliomas.


   It  is  a  rapidly  fatal  disease  characterized  by  a  poor  prognosis.

   Treatment  of  DMPM  pa#ents  by  pallia#ve  surgery,  systemic/intraperitoneal  

chemotherapy  and  abdominal   irradia#on  showed   to  be   ineffec#ve  with  a  
median  survival  of  about  one  year.


   Loco-­‐regional   strategy   combining   aggressive   cytoreduc#ve   surgery   (CRS)  
with   hyperthermic   intraperitoneal   chemotherapy   (HIPEC)   signficantly  
improve  median  survival  up  to  40-­‐92  months  in  selected  series  of  pa#ents,  
although  approximately  40-­‐60%  of  pa#ents  s#ll  experience  recurrence.  For  
these   pa#ents,   and   for   those   who   are   not   elegible   to   CRS+HIPEC,   the  
prognosis   remains   severe   due   to   lack   of   effec#ve   alterna#ve   treatment  
op#ons.





  The  development  of  novel  therapeu#c  strategies  is  urgently  needed


   Dysregula#on  of  the  apopto#c  pathway  may  play  a  role  in  DMPM  resistance  
to  chemotherapy.  


   Survivin   and   other   Inhibitors   of   Apoptosis   Protein   (IAP)   family   members  
may  represent  new  therapeu#c  targets.
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with   >500   hematologic   and   solid  
cancer   pa#ents   treated   to   date   in   a  
number  of  Phase  I/II  clinical  trials.
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  SINE  modulate  nuclear  levels  of  XPO1/CRM1  and  its  cargo  protein  


ImmunobloKng   analysis   revealed   that   nuclear   XPO1/CRM1   expression  
progressively  decreased  aier  SINE  treatment.  In  addi#on,  the  compounds  induced  
nuclear  accumula#on  of  p53  as  early  as  4  hours-­‐post   treatment   ini#a#on   in  both  
cell  lines,  whereas  CDKN1a  nuclear  accumula#on  was  observed  only  in  STO  cells.  
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  SINE  interfere  with  the  subcellular  localiza#on  of  survivin  and  induce  its  downregula#on  through  the  ubiqui#n/proteosome  pathway
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SINE  treatment  (at  IC50)  induced  nuclear  accumula#on  of  survivin  concomitant  with  a  #me-­‐dependent  cytoplasmic  reduc#on  (Fig.  A).  Survivin  nuclear  accumula#on  
was  observed  as  early  as  2  hours-­‐post  exposure  to  each  compound  and  it  reached  a  maximum  8  hours-­‐post  treatment  ini#a#on.  Strikingly,  star#ng  from  12  hours-­‐
post  treatment  ini#a#on,  a  progressive  decrease  in  nuclear  survivin  protein  abundance  was  observed  (Fig.  A),  resul#ng  in  a  significant  and  #me-­‐dependent  reduc#on  
of  total  protein  amount  (Fig.B,C).  To  analyze  the  mechanism  involved  in  survivin  down-­‐regula#on,  we  assessed  STAT3  protein  expression  and  acetyla#on  in  DMPM  
cells  following  selinexor  treatment  by  Western  blot  (Fig.B).  However,  no  measurable  effects  on  protein  levels  and  acetyla#on  status  were  observed.  Our  data  suggest  
that  the  decrease  of  survivin  protein  abundance  in  DMPM  cells   is  not  related  to  post-­‐transla#onal  modifica#ons  of   its  well-­‐known  transcrip#onal  ac#vator.  Such  a  
hypothesis  is  also  corroborated  by  the  evidence  that  exposure  of  DMPM  cells  to  selinexor  did  not  affect  survivin  mRNA  expression  (Fig.D).  We  then  checked  whether  
selinexor-­‐mediated  XPO1/CRM1  inhibi#on  might  lead  to  the  ubiqui#na#on  of  survivin  nuclear  frac#on.  Western  blot  experiments  indicated  that  exposure  of  DMPM  
cells  to  selinexor  resulted  in  mul#ple  ubiqui#na#on  of  survivin,  which  increased  its  molecular  weight  up  to  100  kDa  (Fig.E).  These  results  suggest  that  in  DMPM  cells  
the  reduc#on  of  survivin  nuclear  frac#on  by  selinexor  is  ascribable  at   least   in  part  to  its  proteasome-­‐dependent  degrada#on.  Indeed,  exposure  of  STO  cells  to  the  
proteosome  inhibitor  Bortezomib  par#ally  restored  nuclear  survivin  levels  in  selinexor  treated  cells  (Fig.A).










0 2 4 8 12 24 48
0

150

300

450

MesoII

**
**

**

**

*
** **

**

**

**

°°

°°°

hours

Su
rv

iv
in

 e
xp

re
ss

io
n

(p
g/

m
g 

of
 to

ta
l p

ro
te

in
)

A
 B


survivin


STAT3


β-­‐ac#n


selinexor                0          8          24        48

STO


Ac-­‐STAT3


0            8          24      48        hours


MesoII


cytosolic

nuclear

nuclear  (+Bort)


0

25

50

75

100

STO MesoII

***

***

*

**
** ***

***

**

**

*

            ctr       8       24       48      ctr       8       24       48   hours

Su
rv

iv
in

 p
ro

te
in

 e
xp

re
ss

io
n

vs
 c

tr
 (%

)

D


0

1

2

STO MesoII

             8        24      48       8       24       48    hours

Su
rv

iv
in

 m
R

N
A

re
la

tiv
e 

ex
pr

es
si

on

selinexor                0                        4                      8                      24                  48              hours


IP:  survivin

WB:  Ubiqui#n


0

25

50

75

100

STO MesoII

selinexor (nM)     -   30   30        -    60   60        -  120 120       -  150 150       -  300 300       -  600 600
     YM155 (nM)   7.5   -    7.5       15   -    15       30   -     30     1.25  -  1.25    2.5   -    2.5      5.0   -   5.0

CI             .60               .51              .30               .66             .54              .25

*

**
**

*

**
**%

 D
M

SO
-e

xp
os

ed
 c

el
ls

YM155 
selinexor 
YM155+selinexor 

0

15

30

45

60

75

STO MesoII

selinexor (nM)     -   30   30        -    60   60        -  120 120       -  150 150       -  300 300       -  600 600
     YM155 (nM)   7.5   -   7.5       15   -    15       30   -     30     1.25  -  1.25     2.5   -   2.5       5.0   -   5.0

**

**
**

**

*
*

C
as

pa
se

-3
 a

ct
iv

ity

A
 B


In  combina#on  experiments,  cells  were  simultaneously  exposed  to  increasing  concentra#ons  of  SINE  and  YM155  for  72  hours.  
SINE  effec#vely   cooperated  at   all   concentra#ons  with  YM155   to   inhibit  DMPM  cell   growth   (Fig.A).   In   fact,  when  cells  were  
treated  with  the  drug  combina#ons,  the  inhibi#on  of  cell  prolifera#on  was  consistently  greater  than  that  expected  by  simple  
addi#vity  of  the  effects  of  the  individual  drugs.  Such  a  synergis#c  interac#on  was  drug  concentra#on-­‐dependent,  as  indicated  
by   the   progressive   decrease   of   combina#on   index   (CI)   values.   Moreover,   caspase-­‐3   cataly#c   ac#vity   was   consistently   and  
significantly  higher  in  cells  treated  with  the  selinexor/YM155  combina#on  than  in  cells  exposed  to  single  agents  (Fig.B).  


  Synergis#c  cytotoxic  effect  of  selinexor  /YM155  combina#ons


SINE  inhibit  XPO1/CRM1  func#ons,  interfere  with  survivin  subcellular  distribu#on  and  promote  its  proteosome-­‐dependent  degrada#on


Synergis#c  cytotoxic  effect  of  selinexor/YM155  combina#ons
 Efficacy  of  oral  SINE  against  DMPM  xenograis


  Oral  SINE  show  an#-­‐tumor  ac#vity  in  DMPM  xenograis
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In  vivo  ac#vity  of  KPT-­‐251,  KPT-­‐276  and  selinexor  was   ini#ally  tested  against  early-­‐stage  subcutaneous  STO  xenograis  in  nude  
mice.  A  remarkable  and  superimposable  an#-­‐tumor  effect  was  observed  aier  treatment  with  the  different  agents  (Fig.A),  and  a  
stabiliza#on  of  tumor  volume  was  appreciable  up  to  2  weeks  post  drug  withdrawal  (FigA).  Although  to  a  lesser  extent  compared  
to  early-­‐stage  tumors,  the  clinically  available  compound  selinexor  produced  a  significant  tumor  growth  inhibi#on  even  in   late-­‐
stage   STO   tumors   (Fig.A).   In   addi#on,   selinexor   significantly   inhibited   the   growth  of   both   early-­‐   and   late-­‐stage   subcutaneous  
MesoII  tumors  (Fig.A).  Strikingly,  in  late-­‐stage  STO  and  MesoII  tumors,  the  growth  was  drama#cally  slowed  at  the  beginning  of  
the   treatment,   and   tumor   volumes   kept   almost   constant   during   the   course   of   drug   administra#on   (Fig.A).   The   an#-­‐tumor  
ac#vity  of  selinexor  was  further  inves#gated  in  STO  cells  orthotopically  xenotransplanted  into  SCID  mice.  Twenty-­‐five  days  aier  
cells  i.p.  injec#on  (i.e.,  24  hours  aier  the  last  treatment),  mice  were  euthanized  and  tumors  were  removed.  At  necropsy,  control  
(vehicle-­‐treated)   mice   showed   a   large   tumor   mass   at   the   site   of   cell   injec#on   mainly   invading   the   peritoneum   wall,   and  
widespread  small  nodules  in  the  peritoneum  and  axached  to  the  diaphragm,  liver  and  bowel  (Fig.B),  resul#ng  in  a  tumor  burden  
(average±SD  mg)  of  328±69  mg.    In  selinexor-­‐treated  animals,  the  size  of  the  single  residual  tumor  mass  -­‐which  was  adherent  to  
the  peritoneum,  in  the  site  of  cell  injec#on-­‐  was  significantly  reduced  (88±21  mg)  compared  to  control  mice  (Fig.B).  In  addi#on,  
TUNEL  and  survivin   immunohistochemical   staining  of   tumor  sec#ons  obtained   from  orthotopic  xenograis  revealed   increased  
apoptosis  and  reduced  survivin  expression  at  both  nuclear  and  cytoplasmic  cellular  compartments   (Fig.C)   in  selinexor-­‐treated  
compared   to   control   mice.   These   results   were   further   corroborated   by   Western   blot   analysis   performed   on   frozen   tumor  
samples.   SINE  were  well   tolerated,  with  no   toxic  deaths   and  minimal  weight   loss   (<5%).   In   addi#on,  no  gross  pathology  was  
observed  at  necropsy  carried  out  at  the  end  of  each  experiment.  Images  for  one  representa#ve  mouse  per  group  are  shown.
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   Though   six   other   members   of   the  
nuclear   export   protein   family   have  
been   iden#fied   (XPO2-­‐7),   XPO1/
CRM1   is   the   sole   nuclear   exporter  
for  p53,  CDKN1a  and  survivin.
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