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Tr a n s pl a nt ati o n,   M e di c al  F a c ult y,   R  W T  H   A a c h e n   U ni v er sit y,   A a c h e n,   G er  m a n y, 6 C e nt er f or I nt e gr at e d

O n c ol o g y   A a c h e n   B o n n   C ol o g n e   D ü s s el d orf (  CI  O   A B  C  D),   B o n n,   G er  m a n y
R e pli c ati o n   Pr ot ei n   A ( R P A) i s si n gl e - str a n d   D  N A  bi n di n g  pr ot ei n t h at  pl a y s  a  k e y

r ol e i n t h e r e pli c ati o n a n d r e p air   of   D  N A.   R P A i s a h et er otri  m er   m a d e   of 3 s u b u nit s

–  R P A 1,    R P A 2,  a n d    R P A 3.    G er  mli n e   p at h o g e ni c  v ari a nt s  aff e cti n g  R P A 1  w er e

r e c e ntl y   d e s cri b e d  i n   p ati e nt s    wit h   T el o  m er e    Bi ol o g y    Di s or d er s  ( T B  D),   al s o

k n o  w n   a s    d y s k er at o si s   c o n g e nit a    or  s h ort  t el o  m er e  s y n dr o  m e.    Pr e  m at ur e

t el o  m er e  s h ort e ni n g  i s  a  h all  m ar k   of  T B  D  a n d  r e s ult s  i n  b o n e    m arr o  w  f ail ur e

a n d  pr e di s p o siti o n  t o  h e  m at ol o gi c    m ali g n a n ci e s.   B uil di n g   o n  t h e  fi n di n g  t h at

s  o  m ati c    m ut ati  o n s  i n    R P  A   s u b u nit    g e n e s    o c c ur  i n    ~ 1  %    of   c a n c er s,    w e

h y p ot h e si z e d  t h at    g er  mli n e    R P A   alt er ati o n s    mi g ht    b e   e nri c h e d  i n    h u  m a n

c a n c er s.   B e c a u s e  g er  mli n e  R P A 1  m ut ati o n s  ar e li n k e d  t o  e arl y   o n s et  T B  D    wit h

pr e di s p o siti o n  t o    m y el o d y s pl a sti c  s y n dr o  m e s,   w e i nt err o g at e d  p e di atri c  c a n c er

c o h ort s  t o    d e fi n e  t h e   pr e v al e n c e   a n d  s p e ctr u  m    of  r ar e / n o v el   a n d   p ut ati v e

d a  m a gi n g   g er  mli n e  R P A 1 ,  R P A 2 ,  a n d  R P A 3  v ari a nt s.  I n  t hi s  st u d y    of   5, 9 9 3

c hil dr e n    wit h   c a n c er,   7 5  ( 1. 2 5  %)    h ar b or e d    h et er o z y g o u s  r ar e  ( n o n - c a n c er

p o p ul ati o n  all el e fr e q u e n c y ( A F)  <   0. 1  %)  v ari a nt s i n t h e   R P A  h et er otri  m er  g e n e s,

of    w hi c h   5 1   c a s e s  ( 0. 8 5  %)    h a d    ultr a -r ar e  ( A F   <    0. 0 0 5  %)    or    n o v el  v ari a nt s.

C  o  m p a r e d    wit h    G e n  o  m e    A g g r e g ati  o  n    D at a b a s e  ( g n  o  m  A  D)    n  o n - c a n c e r

c o ntr ol s,  t h er e    w a s  si g ni fi c a nt  e nri c h  m e nt    of   ultr a -r ar e  a n d   n o v el  R P A 1 ,   b ut

n ot  R P A 2  or  R P A 3 ,  g er  mli n e  v ari a nt s  i n   o ur  c o h ort  ( a dj u st e d  p - v al u e  <   0. 0 5).

T a k e n t o g et h er, t h e s e  fi n di n g s s u g g e st t h at  g er  mli n e  p ut ati v e  d a  m a gi n g v ari a nt s

aff e cti n g  R P A 1  ar e  f o u n d i n  e x c e s s  i n  c hil dr e n    wit h  c a n c er,    w arr a nti n g  f urt h er

i n v e sti g ati o n i nt o t h e f u n cti o n al r ol e   of t h e s e  v ari a nt s i n   o n c o g e n e si s.
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I ntr o d u cti o n

M ai nt e n a n c e of g e n o  m e i nt e grit y r e q uir es ef  fi ci e nt   D  N  A r e p air.

T h e p ert ur b ati o n of pr o c ess es e n g a g e d i n r e p air of   D  N  A d a  m a g e b y

s o  m ati c    m ut ati o ns  is  a    w ell- k n o  w n    m e c h a nis  m  f or  o n c o g e n esis.

G er  mli n e bi all eli c i n a cti v ati o n of g e n es g o v er ni n g   D  N  A r e p air l e a ds

t o cl assi c c a n c er pr e dis p ositi o n s y n dr o  m es s u c h as F a n c o ni a n e  mi a,

at a xi a  t el a n gi e ct asi a  a n d  Bl o o  m  s y n dr o  m e,  a  m o n g  ot h ers  ( 1 – 4 ).

M o n o all eli c    m ut ati o ns  i  m p a cti n g  s o  m e  of  t h es e  g e n es  c a n  als o

i n cr e as e  t h e  ris k  f or  c a n c er  (5 – 9 ).    W e  r e c e ntl y  dis c o v er e d  t h at

g er  mli n e  h et er o z y g o us    m ut ati o ns  i n  t h e    R e pli c ati o n   Pr ot ei n    A 1

(R P  A 1 )  g e n e c a us e   T el o  m er e  Bi ol o g y   Dis or d er ( T B  D), a  h er e dit ar y

c o n diti o n  cl assi c all y  ass o ci at e d    wit h   p at h ol o gi c al  s h ort e ni n g   of

t el o  m er es  r es ulti n g  i n   b o n e    m arr o  w  f ail ur e  ( B  M F),   p ul  m o n ar y

a n d  li v er  fi br osis,    m u c o c ut a n e o us  fr a gilit y,  a n d  pr e dis p ositi o n  t o

s oli d t u  m ors,   m y el o d ys pl asti c s y n dr o  m es (  M  D S) a n d a c ut e   m y el oi d

l e u k e  mi a (  A  M L) (1 0 ).

T h e   R P  A 1  pr ot ei n is t h e l ar g est s u b u nit  of   R e pli c ati o n  Pr ot ei n

A  ( R P  A),  a  h et er otri  m eri c  c o  m pl e x  c o nsisti n g  of   R P  A 1  ( R P  A 7 0),

R P  A 2  ( R P  A 3 2)  a n d   R P  A 3  ( R P  A 1 4).    As  a  c o  m pl e x,   R P  A  ti g htl y

bi n ds  si n gl e-str a n d    D  N  A  (ss  D  N  A)  t o  pr ot e ct  it  fr o  m  n u cl e as es

w hil e    m ai nt ai ni n g    D  N  A  a c c essi bl e  t o  ess e nti al    D  N  A-  D  N  A  a n d

D  N  A- pr ot ei n  i nt er a cti o ns.    C o nsist e nt    wit h  t h e   u bi q uit o us  a n d

o n g oi n g f or  m ati o n  of ss  D  N  A,   R P  A is  pr es e nt  a n d  r e q uir e d  a cr oss

al  m ost all c ell ul ar  pr o c ess es  d uri n g r e pli c ati o n, r e c o  m bi n ati o n, a n d

r e p air   of    D  N  A.  I n  f a ct,    R P  A  is  i n v ol v e d  i n  all  ss  D  N  A  r e p air

p at h  w a ys  ( n u cl e oti d e  e x cisi o n,   b as e  e x cisi o n,    mis  m at c h)  a n d

d o u bl e   s t r a n d    D  N  A   r e p ai r    m e c h a ni s  m s   ( h o  m ol o g o u s

r e c o  m bi n ati o n,   n o n- h o  m ol o g o us  e n d  j oi ni n g)  ( 1 1 – 1 3 ).    R P  A

p arti ci p at es  i n  s u c h   di v ers e   p at h  w a ys  t hr o u g h  its   a bilit y  t o

d y n a  mi c all y  bi n d  ss  D  N  A    w hil e  f a cilit ati n g    D  N  A  r e p air  a n d  c ell

c y cl e  pr ot ei n i nt er a cti o ns ( 1 1 ).

T h e ess e nti al r ol e  of   R P  A i n   D  N  A r e p air   mi g ht l e n d   R P  A t o  b e

m ut at e d i n c a n c ers.  B y   mi ni n g t h e   C at al o g u e   Of S o  m ati c   M ut ati o ns

I n    C a n c er  (  C  O S  MI  C)   d at a b as e  (1 4 ),    w e  f o u n d  t h at  s o  m ati c

m ut ati o ns  i n  R P  A 1 ,  R P  A 2 ,  R P  A 3  ar e  f o u n d  i n  1. 4  %,  0. 5  %,  a n d

0. 9  %  of  h u  m a n  c a n c ers,  r es p e cti v el y.  I n  o ur  pr e vi o usl y  p u blis h e d

c o h ort  of  4  p ati e nts   wit h   T B  D,  o n e  p ati e nt   w h o c arri e d  a  g er  mli n e

R P  A 1  p.  V 2 2 7  A    m ut ati o n   d e v el o p e d  a d v a n c e d    M  D S  r e q uiri n g

h e  m at o p oi eti c  st e  m  c ell  tr a ns pl a nt ati o n.    All   3  R P  A 1  g er  mli n e

m ut ati o ns  ( p.  V 2 2 7  A,  p. E 2 4 0  K,  p. T 2 7 0  A) i d e nti  fi e d i n  t h e  4  c as es

w er e    miss e ns e  a n d  2  o ut  of  3  e x ert e d  a  g ai n- of-f u n cti o n  eff e ct,

r es ulti n g i n i n cr e as e d  bi n di n g t o si n gl e str a n d  a n d t el o  m eri c   D  N  A

(1 0 ).  B esi d es t h es e  d es cri pti o ns ass o ci ati n g g er  mli n e  R P  A 1  v ari a nts

wit h b o n e   m arr o  w f ail ur e or h e  m at ol o gi c   m ali g n a n ci es, t h e  R P  A 2  or

R P  A 3  g e n es  h a v e  n ot  b e e n li n k e d t o  a n y  h u  m a n  dis e as es t h us f ar.

M or e o v er, t h e l a n ds c a p e  of  g er  mli n e  v ari a nts i n   R P  A  h et er otri  m er

i n    m ali g n a n ci es  h as  n ot  b e e n  s yst e  m ati c all y  ass ess e d.   T o  a d dr ess

t his  k n o  wl e d g e  g a p,   w e  i n v esti g at e d  t h e  o c c urr e n c e  of  n o v el  a n d

r ar e g er  mli n e v ari a nts i n R P  A 1 , R P  A 2  a n d  R P  A 3  g e n es, i n a c o h ort

of  5, 9 9 3 c hil dr e n   wit h c a n c ers.    W e f o u n d t h at  ultr a-r ar e  a n d  n o v el

g er  mli n e   v ari a nts  i n  t h e  R P  A 1  g e n e    w er e  si g ni fi c a ntl y    m or e

c o  m  m o n   a  m o n g   p e di at ri c   c a n c e r   p ati e nt s  t h a n   n o n- c a n c e r

c o ntr ols.   F urt h er  m or e,    w e  e x a  mi n e d  a  s e p ar at e  c o h ort   of   4 1

y o u n g  a d ults    wit h    A  M L  a n d  i d e nti fi e d   p ot e nti all y   d el et eri o us
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R P  A 1  g er  mli n e  v ari a nts  i n  3  c as es.    O ur  st u di es  i n di c at e  t h at  t h e

R P  A 1  g e n e   m a y  b e  a  n o v el ris k f a ct or f or   m ali g n a n ci es.
M et h o d s

D at a  s o ur c e s

F or  t his  st u d y,    w e   us e d   p u bli cl y   a v ail a bl e    w h ol e  e x o  m e

s e q u e n ci n g  d at as ets  pr e vi o usl y  c oll e ct e d  a cr oss  st u di es  at  St.  J u d e

C hil dr e n  ’s   R es e ar c h    H os pit al  or  t hr o u g h  d b  G a P.  S p e ci fi c all y,    w e

us e d t h e  P e di atri c   C a n c er   G e n o  m e  Pr oj e ct ( P  C  G P) ( 1 5 ), r e al-ti  m e

cli ni c al  g e n o  mi cs  ( R T  C  G/  G 4  K)  ( 1 6 ),  St.  J u d e  Lif eti  m e  C o h ort

( SJ LI F E)  (1 7 ),  a n d   T  A R  G E T  d at as ets  ( T  A R  G E T    U R L  is  htt ps://

w  w  w. n c bi. nl  m. ni h. g o v / p r oj  e c t s / g a p / c gi - bi n / s t u d y. c gi ?

st u d y _i d = p hs 0 0 0 2 1 8).  I n  s u  m,    w e  i nt err o g at e d   5, 9 9 3  g er  mli n e

s a  m pl es  a cr oss   2 4  c a n c er  t y p es  i n cl u di n g   h e  m at ol o gi c,   n o n-

c e ntr al   n er v o us  s yst e  m  (  C  N S)  s oli d  t u  m ors,  a n d    C  N S  t u  m ors.

C a n c ers    w er e  str ati  fi e d  i nt o  h e  m at ol o gi c  ( n  =  3, 4 5 2;  5 8  %),  s oli d

( n  =  1, 9 7 4;  3 3  %)  or    C  N S  ( n  =  1, 0 6 8;  1 8  %)  c a n c ers  a n d  f urt h er

s u b cl assifi e d  as  f oll o  ws:  i)   h e  m at ol o gi c    m ali g n a n ci es:   B- c ell  ( B)

a c ut e  l y  m p h oi d  l e u k e  mi a  ( B-  A L L),    T- c ell    A L L  ( T-  A L L),  a c ut e

m y el oi d  l e u k e  mi a  (  A  M L),    H o d g ki n  ’s  l y  m p h o  m a,   a n d   n o n-

H o d g ki n  ’s  l y  m p h o  m a;  ii)  s oli d  t u  m ors:  g er  m  c ell  t u  m or  (  G  C T),

m el a n o  m a   (  M E L ),    n e u r o bl a st o  m a   (  N B L ),    n a s o p h a r y n g e al

c ar ci n o  m a  (  N P  C),  p a pill ar y  t h yr oi d  c ar ci n o  m a  ( P T  C),  s ar c o  m as

( E  wi n g’s  ( E  W S),  ost e os ar c o  m a  (  O S),  r h a b d o  m y os ar c o  m a  ( R  M S),

s y n o vi al),    Wil  ms t u  m or (  W T);  a n d iii)   C  N S t u  m ors: e p e n d y  m o  m a

( E P),  l o  w  gr a d e  gli o  m a  ( L  G  G),    m e d ull o bl ast o  m a  (  M B),  a n d  hi g h

gr a d e  gli o  m a  (  H  G  G).    A n  e xt er n al  c o h ort    w as   q u eri e d,    w hi c h

c o nsist e d   of   4 1   p ati e nts    wit h    A  M L  fr o  m  t h e    G er  m a n   St u d y

Alli a n c e  L e u k e  mi a t h at   m et f oll o  wi n g  crit eri a:  a g e  b el o  w  3 5,  bl ast-

fr e e  r e  missi o n  aft er  c h e  m ot h er a p y,  k ar y ot y p e  a b err ati o ns  ( n  =  1 2

wit h   <  3,   n   =  2 9    wit h  ≥  3  a b err ati o ns   d et e ct e d  i n   di a g n osti c

k ar y ot y p e  or  FI S  H  a n al ysis),  a n d  s a  m pl es  of  p eri p h er al  bl o o d  or

b o n e   m arr o  w at r e  missi o n ( 1 8 ).   T h e c urr e nt st u d y   w as a p pr o v e d b y

t h e   I n stit uti o n al    R e vi e  w    B o a r d   at   St.   J u d e    C hil d r e n ’s

R es e ar c h   H os pit al.
V ari a nt  c alli n g  a n d  fi lt eri n g

V ari a nt  c alli n g  a n d  g e n ot y pi n g   w er e  p erf or  m e d  usi n g   G e n o  m e

A n al y si s    T o ol kit  ’s   (  G  A  T  K )   b e st   p r a cti c e s    w o r k fl o  w    wit h

m o di  fi c ati o ns  as   d es cri b e d   pr e vi o usl y  ( 1 9 ).    W e  r et ai n e d   hi g h

q u alit y  v ari a nts  t h at  p ass e d  fi lteri n g  usi n g  f oll o  wi n g  crit eri a:  all eli c

b al a n c e  >  0. 2,  g e n ot y p e  q u alit y  >  2 0, v ari a nt all eli c fr e q u e n c y (  V  A F)

f or  h et er oz y g o us v ari a nts b et  w e e n 2 0- 8 0  %,   mi ni  m u  m  of 1 0 alt er n at e

r e a ds  s u p p orti n g  si n gl e  n u cl e oti d e  v ari a nts  ( S  N  Vs)  a n d  7  alt er n at e

r e a ds  s u p p orti n g  I n  D els,  a n d    missi n g n ess  <  2 5  %  of  s a  m pl es.    W e

p e rf o r  m e d   v a ri a nt   a n n ot ati o n   u si n g    A  N  N  Ot at e    V  A  Ri ati o n

(  A  N  N  O  V  A R)  a n d  v ari a nt  eff e ct  pr e di ct or  (  V E P)  t o ols  (2 0 ).    W e

als o  a n n ot at e d  all  t h e  v ari a nts   usi n g  I nt er  V ar  ( 2 1 )  a ut o  m at e d

cli ni c al  i nt er pr et ati o n  b as e d  o n  t h e    A  m eri c a n    C oll e g e  of    M e di c al

G e n eti cs  a n d   G e n o  mi cs (  A C  M  G)  g ui d eli n es (  2 2 ).
fr o nti er si n. or g
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W e  r et ai n e d  c o di n g  v ari a nts i n  t h e   R P  A  h et er otri  m er  (  R P  A 1 ,

R P  A 2 ,  a n d  R P  A 3  g e n es)    wit h   g e n o  m e   a g gr e g ati o n   d at a b as e

( g n o  m  A  D)   n o n- c a n c er  c o h ort  all eli c  fr e q u e n c y  (  A F)  of  <  0. 5  %

(2 3 )  of  t h e  f oll o  wi n g  cl ass es:    miss e ns e,  fr a  m es hift  i ns erti o ns  a n d

d el eti o ns,  st o p  g ai n,  a n d  s pli c e  sit e.    W e  f urt h er  fi lt er e d  t o  r et ai n

mi s s e n s e   v a ri a nt s    wit h   a   c o  m p ut e d    C o  m bi n e d    A n n ot ati o n-

D e p e n d e nt   D e pl eti o n (  C  A  D  D) (  2 4 )  P hr e d s c or e  >  1 5.
C o  m p ut ati o n al  a n al y si s   of   R P A    m ut ati o n s

W e   p erf or  m e d  l o c al  c o or di n at e    mi ni  mi z ati o n  f oll o  w e d   b y

gl o b al  si d e - c h ai n   o pti  mi z ati o n    wit h  t h e    At o  mi c    M ulti p ol e

O pti  mi z e d  E n er g eti cs  f or  Bi o  m ol e c ul ar    A p pli c ati o ns  (  A  M  O E B  A)

p ol ari z a bl e f or c e  fi el d ( 2 5 )  o n  5  hi g h r es ol uti o n str u ct ur es  of   R P  A

fr a g  m e nts  c oll e cti v el y  c o  m prisi n g   7    m o d ul ar   d o  m ai n   of    R P  A

h et e r ot ri  m e r.    T h e s e  i n cl u d e d    X- r a y  st r u ct u r e s   of  t h e    D  N  A

bi n di n g   d o  m ai ns    A  a n d   B,    D B  D-  A  a n d    D B  D- B  ( P  D B:  1J  M  C)

(2 6 ),  a n d t h e   R P  A tri  m eri z ati o n  c or e  c o  m p os e d  of   D B  D-  C,   D  a n d

E ( P  D B: 1 L 1  O) ( 2 7 ) a n d   N  M R str u ct ur es of t h e   D B  D- F ( 5  N 8  A) (2 8 )

a n d  t h e    wi n g   h eli x   d o  m ai n  ( P  D B:   1  D P  U )  ( 2 9 ).    P ri o r  t o

mi ni  mi z ati o n,  t h e  ss  D  N  A   w as  r e  m o v e d  fr o  m  t h e  1J  M  C  str u ct ur e

a n d  b o u n d  p e pti d es   w er e r e  m o v e d fr o  m t h e 2   N  M R str u ct ur es.   W e

t h e n   us e d   o ur   o pti  mi z e d  str u ct ur es  t o   pr e di ct   pr ot ei n  st a bilit y

diff er e n c es  D D G F ol d (  D  D  G   u ntr ai n e d  (  D  D  G u n))  (3 0 ).    D  D  G u n

e sti  m at e s  t h e  D D G F ol d of    mi s s e n s e   v a ri a nt s  f r o  m   a  li n e a r

r e gr essi o n  of  s e q u e n c e  a n d  bi o c h e  mi c al f e at ur es  d et er  mi n e d fr o  m

t h e   pr ot ei n  str u ct ur e.    D est a bili zi n g  D D G F ol d v al u es  i n di c at e  a

d e cr e as e  i n  t h e  r ati o  of  f ol d e d  t o   u nf ol d e d   pr ot ei n   d u e  t o  t h e

m ut ati o n  (  w e  d e  fi n e   n e g ati v e  D D G F ol d v al u es  as  st a bili zi n g  a n d

p ositi v e  D D G F ol d v al u es  as  d est a bili zi n g).    W e  est a blis h e d  D D G F ol d

c ut- offs f or   m ut ati o ns  hi g hl y li k el y t o i  m p a ct  pr ot ei n f ol di n g.   O ur

c ut- offs   w er e d et er  mi n e d b as e d o n a  D D G F ol d t h at aff e cts t h e r ati o of

f ol d e d  t o   u nf ol d e d   pr ot ei n   1 2-f ol d  ( ~ 1. 5   k c al/  m ol)  f or   b ot h

st a bili zi n g  a n d  d est a bili zi n g   m ut ati o ns.
St ati sti c al  a n al y si s

W e p erf or  m e d r ar e- v ari a nt b ur d e n t ests f or  R P  A 1 , R P  A 2 , R P  A 3

v ari a nts  usi n g  5, 9 9 3 c as es fr o  m all  p e di atri c c a n c ers i n  o ur c o h orts

( p a n- c a n c er)   a n d    wit hi n  e a c h  s u b- cl as s   of  c a n c er s,   n a  m el y,

h e  m at ol o gi c  ( n  =  3, 4 5 2),  s oli d  ( n  =  1, 9 7 4),  a n d  c e ntr al  n er v o us

s yst e  m    C  N S  ( n   =  1, 0 6 8)    m ali g n a n ci es.   F or  t h e  c o ntr ol  s et,    w e

r etri e v e d all v ari a nts a cr oss R P  A 1,   R P  A 2 , a n d R P  A 3  fr o  m g n o  m  A  D

v 2   n o n- c a n c er  s u bs et  c o nt ai ni n g   1 3 4, 1 8 7  i n di vi d u als    wit h   n o

r e p ort e d    m ali g n a n c y  (2 3 ).   All  v ari a nts  fr o  m  c o ntr ol  d at as et   w er e

pr o c ess e d  t hr o u g h  t h e  s a  m e   v ari a nt  a n n ot ati o n  a n d  fi lt eri n g

w or k  fl o  w  as  o ur  c a n c er  c o h ort  (  A F  <  0. 5  %).  E nri c h  m e nt t ests f or

c as es    wit h  a n d    wit h o ut  g er  mli n e  ultr a-r ar e  (  A F  <  0. 0 0 5  %)  pl us

n o v el (  A F  0  %)  a n d  r ar e  (  A F  <  0. 1  %)  v ari a nts i n t h e  3  g e n es   w er e

p erf or  m e d  usi n g  b ot h t  w o-  a n d  o n e-si d e d  Fis h er  e x a ct t ests  usi n g

t h e  st atisti c al  p a c k a g e   R  ( v 4. 3)  d es cri b e d  i n  pr e vi o us  st u di es  (3 1 ,

3 2 ).    W e  us e d  B o nf err o ni  c orr e cti o n  t o  a dj ust  f or    m ulti pl e  t esti n g

wit h  a si g ni  fi c a n c e  c ut off  of  a dj ust e d  p- v al u e  of  <  0. 0 5.
Fr o nti er s i n  O n c ol o g y 0 3
R e s ult s

V ari a nt s i d e nti fi e d  a  m o n g t h e   R P A
h et er otri  m er  g e n e s

Wit hi n  t h e  p a n- c a n c er  c o h ort,   w e i d e nti  fi e d  8 0  c as es   wit h  5 5

g er  mli n e   h et er o z y g o us  R P  A 1 ,  R P  A 2  or  R P  A 3  v ari a nts    m e eti n g

crit eri a  of   A F  <  0. 5  % i n  g n o  m  A  D  n o n- c a n c er  c o h ort  a n d   C  A  D  D

s c or e  >  1 5 f or  c a n di d at e  v ari a nt s el e cti o n ( Fi g ur e  1  A ).  S p e cifi c all y,

4 0  R P  A 1 ,  7  R P  A 2  a n d   8  R P  A 3  u ni q u e   h et er o z y g o us  g er  mli n e

v ari a nt s    w e r e  i d e nti fi e d  i n   6 3,   7   a n d   1 0  c a s e s,  r e s p e cti v el y

(Fi g ur e  1 B ).    All  v ari a nts    w er e  cl assifi e d  as  v ari a nt  of  u n c ert ai n

si g nifi c a n c e  (  V  U S)  a c c or di n g  t o  t h e   A  C  M  G  crit eri a  ( T a bl es  1 – 3 ).

M aj orit y  of t h e  v ari a nts ( 9 2  %  of  R P  A 1 ,  7 1  %  of R P  A 2  a n d all  R P  A 3

v ari a nts) h a d   C  A  D  D s c or es > 2 0, i n di c ati n g a hi g h er pr o b a bilit y of a

d el et eri o us  eff e ct  ( T a bl es   1 – 3 ).  I n  a d diti o n,  l o o ki n g  at  v ari a nt

b ur d e n i n  p o p ul ati o n,   w e f o u n d t h at  9 8  % ( 5 4/ 5 5)  of t h e i d e nti fi e d

R P  A  h et er otri  m er v ari a nts  h a d   A F  < 0. 1  % (t his i n cl u d es r ar e, v er y-

r ar e, ultr a-r ar e, a n d  n o v el v ari a nts, Fi g ur e 1 B ).   All R P  A 1 , R P  A 2  a n d

R P  A 3  v ari a nts ar e   m ut u all y e x cl usi v e a n d  n o c as es   wit h c o  m p o u n d

h et er o z y g o us  or  h o  m o z y g o us  v ari a nts   w er e i d e nti fi e d.
R P A 1  g er  mli n e  v ari a nt s  a n d  c a n c er s

R P  A 1 ( 6 1 6 a  mi n o a ci ds,  7 0 k  D a) is t h e l ar g est  of t h e  3 s u b u nits

of  t h e   R P  A  h et er otri  m er.    W e  dis c o v er e d  1. 0 5  %  ( 6 3/ 5 9 9 3)  of  t h e

c o h ort t o  h ar b or  h et er o z y g o us  g er  mli n e  R P  A 1  v ari a nts ( Fi g ur e  1  C ;

T a bl es  1 – 3 ),    w hi c h    w as  st atisti c all y  n ot  si g nifi c a nt  c o  m p ar e d  t o

g n o  m  A  D  n o n- c a n c er  c o ntr ols f or  all  c a n c ers  a n d  c a n c er  s u bt y p es

(T a bl e   4 ).  R P  A 1  h as  4  m o d ul ar  oli g os a c c h ari d e  bi n di n g-f ol d

d o  m ai ns  c o  m  m o nl y  r ef err e d  t o   as  f u n cti o n al    D  N  A   bi n di n g

d o  m ai ns  (  D B  D):  F,   A,  B  a n d   C  s p a n ni n g  t h e    N-  t o   C-  t er  mi n al

r e gi o ns  of t h e  pr ot ei n. R P  A 1  v ari a nts   w er e f o u n d a cr oss all 4   D B  Ds

as f oll o  ws: 6 i n   D B  D- F, 1 5 i n   D B  D-  A, 1 0 i n   D B  D- B, a n d 2 6 i n   D B  D-

C (  Fi g ur e 1  C ).   Of n ot e, 6 c as es   w er e f o u n d t o h a v e R P  A 1  v ari a nts i n

t h e  li n k er  r e gi o ns   b et  w e e n   2    D B  Ds.    All  R P  A 1  v ari a nts    w er e

miss e ns e (  Fi g ur e  1  C )  e x c e pt f or  p. L 5 3lfs * 5 3   wit hi n   D B  D- F,   w hi c h

w as f o u n d i n  1  c as e.   T hr e e  r e c urr e ntl y   m ut at e d  a  mi n o  a ci ds   w er e

dis c o v er e d  i n   R P  A 1  d o  m ai ns    D B  D-  A  ( p.  V 2 8 6,  9  c as es),    D B  D- B

( p. R 3 8 9,  5  c as es),  a n d   D B  D-  C ( p.  G 4 3 7,  5  c as es).    W e  n e xt f o c us e d

s p e cifi c all y  o n  n o v el  a n d  ultr a-r ar e  R P  A 1  v ari a nts ( 3 3 ),  pr es e nt i n

1 4  a n d  2 1  c as es,  r es p e cti v el y ( Fi g ur e  1 B ; T a bl es  1 – 3 ).   N ot a bl y,   w e

f o u n d si g nifi c a nt e nri c h  m e nt of  R P  A 1  n o v el a n d  ultr a-r ar e v ari a nts

i n  o ur  c o h ort ( a dj ust e d  p- v al u e  <  0. 0 5, T a bl e  4 ).

Pr e di cti o n   of   v ari a nt  str u ct ur al  eff e ct    w as   p erf or  m e d   b y

c al c ul ati n g   pr ot ei n  st a bilit y  c h a n g e  s c or es  ( D D G F ol d )  wit h  a

D D G F ol d t h at  aff e cts t h e r ati o  of f ol d e d t o  u nf ol d e d  pr ot ei n  1 2-f ol d

( ~ 1. 5  k c al/  m ol)  f or  b ot h  st a bili zi n g  a n d  d est a bili zi n g    m ut ati o ns.

Si g ni fi c a nt s c or es ( > 1. 5  k c al/  m ol)   w er e  d e  m o nstr at e d f or  4 v ari a nts

( p.  M 4 6 T  i n    D B  D- F,  p.    R 2 3 4  G  i n    D B  D-  A,  p.  W 3 6 1 L  i n    D B  D- B,

p.  V 5 9 4  G i n   D B  D-  C)   w hi c h   w er e  n o v el  or  ultr a-r ar e ( T a bl es  1 – 3 ).

R P  A 1  p.  M 4 6 T is li k el y t o  d est a bili z e f ol di n g  of   D B  D- F r es ulti n g i n

t h e  l oss  of    m ulti pl e  i  m p ort a nt  pr ot ei n- pr ot ei n  i nt er a cti o ns  (1 1 ).

W 3 6 1 is  a  k e y   D  N  A  bi n di n g  r esi d u e i n   D B  D- B  a n d  h u  m a n  c ells
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wit h    W 3 6 1  A s u p p ort  n or  m al r e pli c ati o n  b ut  ar e  d e  fi ci e nt i n   D  N  A

r e p air  (1 2 , 3 4 ),  s u g g esti n g  t h at  p.  W 3 6 1 L    m a y  d est a bili z e    D B  D- B

f ol di n g r es ulti n g i n  h y p o  m or p hi c   R P  A.

W e  n e xt  ass ess e d   w hi c h t y p es  of   m ali g n a n ci es   w er e  pr es e nt i n

p ati e nts    wit h  R P  A 1  v ari a nts  ( Fi g ur e  1  A ).    W e  f o u n d  c o  m p ar a bl e

fr e q u e n c y  of c as es   wit h R P  A 1  v ari a nts a cr oss s oli d t u  m ors ( n  =  2 2,
Fr o nti er s i n  O n c ol o g y 0 4
1. 1  %),   C  N S c a n c ers ( n  = 1 2, 1. 1  %) a n d  h e  m at ol o gi c al   m ali g n a n ci es

( n  = 2 9, 0. 8  %).   A  m o n g s oli d t u  m or c as es   wit h R P  A 1  v ari a nts, 3 1. 8  %

( 7/ 2 2)  pr es e nt e d   wit h  s ar c o  m as  a n d  2 7. 3  %  ( 6/ 2 2)   w er e  di a g n os e d

wit h  n e ur o bl ast o  m a.   N ot a bl y, t h e  7 s ar c o  m a c as es c arri e d  6  u ni q u e

R P  A 1  v ari a nts ( n  =  2  n o v el a n d  n  =  1  ultr a-r ar e) a n d  o nl y  o n e   w as

n ot e d  t o  h a v e  a  c o n c o  mit a nt  g er  mli n e    m ut ati o n  ( T a bl e  2 ).   All  6
A B

D

E

C

FI  G  U  R E  1

G er  mli n e  h et er o z y g o u s  v ari a nt s i n t h e   R P A  h et er otri  m er i n  p e di atri c  c a n c er s.  ( A) N u  m b er   of  p e di atri c  c a n c er  c a s e s   wit h  eit h er   R P A 1,   R P A 2   or   R P A 3

h et er o z y g o u s  g er  mli n e  v ari a nt s.   B - A L L ( B  c ell  a c ut e l y  m p h oi d l e u k e  mi a),  T - A L L ( T  c ell  a c ut e l y  m p h oi d l e u k e  mi a),   A  M L ( a c ut e    m y el oi d l e u k e  mi a).

U ni q u e  c a n c er s  ar e i d e nti  fi e d  b y  diff er e nt  c ol or s r e pr e s e nt e d i n t h e l e g e n d.  ( B) N u  m b er   of  c a n c er  c a s e s   wit h  eit h er  n o v el ( pi n k),  ultr a -r ar e ( g ol d),

v er y r ar e (li g ht t e al),   or r ar e ( bl u e)  g er  mli n e  v ari a nt s i n   R P A 1,   R P A 2   or   R P A 3  a c c or di n g t o  g n o  m A  D  all eli c fr e q u e n c y.  S c h e  m ati c   of  h u  m a n   R P A 1 (  D  N A

bi n di n g  d o  m ai n (  D B  D -  F,   A,   B,   C))  (  C),   R P A 2 (  D B  D -  D) (  D) a n d   R P A 3 (  D B  D - E)  ( E) pr ot ei n s   wit h  g er  mli n e  v ari a nt s  d e n ot e d.   Bl u e  a n d r e d l ett eri n g

r e pr e s e nt s    mi s s e n s e  a n d fr a  m e s hift  v ari a nt s, r e s p e cti v el y.   N u  m b er s   wit hi n  cir cl e s r e pr e s e nt t h e  n u  m b er   of  c a s e s t h at  h ar b or e d t h at  v ari a nt   w hil e l a c k

of  n u  m b eri n g  d e n ot e s   o n e  c a s e  p er  v ari a nt.   V ari a nt s f o u n d i n  h e  m at ol o gi c  c a s e s  ar e r e pr e s e nt e d   o n t o p  a n d  s oli d (i ntr a  a n d  e xtr a  cr a ni al)

m ali g n a n ci e s  ar e  d e n ot e d  at t h e  b ott o  m   of  e a c h  pr ot ei n   m a p.  *   =  ultr a -r ar e  v ari a nt  all eli c fr e q u e n c y ( <   0. 0 0 5  %),   #   =  n o v el  v ari a nt s.
fr o nti er si n. or g
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T A B L E  1    G er  mli n e   h et er o z y g o u s  v ari a nt s f o u n d i n   R P A 1,   R P A 2  a n d   R P A 3 i n   p e di atri c   h e  m at ol o gi c al    m ali g n a n ci e s.

G e n o  mi c

p o siti o n
S JI  D    Di a g n o si s    A g e

R P A 1

D o  m ai n

H et er o z y g o u s

R P A 1  g er  mli n e

v ari a nt

G e n eti c

A n c e str y

g n o  m a d

n o n -

c a n c er

v. 2. 1. 1

A F

A n c e str y

s p e ci fi c

A F

C A  D  D    R E V E L

I nt er V ar

a ut o  m at e d

cl a s si fi c ati o n

Ot h er   h et er o z y -

g o u s  g er  mli n e

v ari a nt s

S o  m ati c    m ut ati o n s

St a bilit y

( c c al /

m ol)

1 7 4 7 2 6 5   SJ B  A L L 0 3 2 2 2 5   B  A L L   9. 1 8   F

c.  A 1 3 6  G:

p.  M 4 6  V A  M R   0. 0 0 1 3  %   0. 0 0 2 9  %   2 2. 2   0. 2 8    V  U S n o n e r e p ort e d   I  K Z F 1  d el u n a v ail a bl e

1 7 4 7 2 6 6   SJ  A L L 0 4 1 2 4 0   B  A L L   4. 1 3   F

c. T 1 3 7  C:

p.  M 4 6 T N F E   n o v el   n o v el   2 5. 2   0. 4 5 6    V  U S n o n e r e p ort e d    N  A 1. 9

1 7 4 7 2 8 3   SJ  A L L 0 4 1 3 6 0   B  A L L   1 4. 0 8   F

c. 1 5 5 _ 1 5 6 d el:

p. L 5 3Ifs * 5 3    N F E   0. 0 0 0 8  %   0. 0 0 2 0  %    N  A    N  A    V  U S n o n e r e p ort e d    N  A u n a v ail a bl e

1 7 4 7 8 7 9   SJ  H L 0 4 2 0 3 4    H L   1 7. 4   F   c.  G 1 7 1  A: p.  M 5 7I    N F E   n o v el   n o v el   2 8   0. 4 9 2    V  U S n o n e r e p ort e d    N  A - 0. 2

1 7 4 7 8 8 2   SJ  C B F 1 4 7    A  M L   1 7. 6 8   F   c.  G 1 7 4  C: p. L 5 8 F    N F E   0. 0 0 0 9  %   0. 0 0 1 0  %   2 5. 2   0. 4 8 9    V  U S n o n e r e p ort e d    N R  A S 1. 2

1 7 8 0 5 4 6   SJ T  A L L 0 2 1 6 7 5    T  A L L   2 2. 3 8    A

c.  C 6 2 8 T:

p. R 2 1 0  C    Ot h er   0. 0 0 3 8  %   n o v el   3 5   0. 5 9 4    V  U S n o n e r e p ort e d   n o n e r e p ort e d 0. 6

1 7 8 2 3 5 2   SJ B  A L L 0 2 0 9 9 4   B  A L L   2 4. 3 8    A

c.  C 7 5 6  G:

p.  N 2 5 2  K    Ot h er   0. 0 0 6 3  %   0. 0 1 7 8  %   2 6. 6   0. 2 6 7    V  U S n o n e r e p ort e d

R  C S  D 2-  A B L 2 f usi o n,

I  K Z F 1  d el eti o n,   V P R E B

d el eti o n 0. 2

1 7 8 2 6 0 5   SJ  A  M L 0 3 0 4 1 6    A  M L   1 7. 1 1    A

c.  G 8 5 6 T:

p.  V 2 8 6 F    Ot h er   0. 0 0 9 7  %   0. 0 1 4 9  %   3 3   0. 3 7 3    V  U S

N  O T  C  H 2 ( p. P 6fs *,

n o v el);  F  A  N  C  D 2

( p.  V 4 2 7 _ E 1 5s pli c e,

n o v el)

T P 5 3( p.  D 2 8 1  H),  E T  V 6

( p. F 4 1 7fs),    W T 1( p. R 4 1 4fs),

P  H F 6( p. R 2 2 5 *),  F L T 3

( p. Y 5 9 7 > 1 1 a a) 0. 6

1 7 8 2 6 0 5   SJ  A  M L 0 3 1 0 7 5

A  M L

(  A  M  K L)   3. 1 3    A

c.  G 8 5 6  A:

p.  V 2 8 6I A  M R   0. 0 4 1 0  %   n o v el   1 6. 3   0. 3 7 3    V  U S M L L ( p.I 8 8 2fs)

J  A  K 1: p. L 7 8 3 F;J  A  K 3:

p.  A 5 7 3  V;  G  A T  A 1:

p. S 3 0 _  G 3 1fs; S T  A  G 2:

p. T 1 4 9fs 0. 6

1 7 8 2 6 0 5   SJ  A  M L 0 3 2 0 5 2

A  M L

(  A  M  M L)   1 6. 2 3    A

c.  G 8 5 6  A:

p.  V 2 8 6I N F E   0. 0 4 1 0  %   0. 0 2 8 6  %   1 6. 3   0. 3 7 3    V  U S n o n e r e p ort e d

N P  M 1: p.  W 2 8 8fs;  P T P  N 1 1:

p. E 7 6  K 0. 6

1 7 8 2 6 0 5   SJ  A  M L 0 3 2 3 5 5

A  M L

(  A  M  M L)   1 7    A

c.  G 8 5 6  A:

p.  V 2 8 6I N F E   0. 0 4 1 0  %   0. 0 2 8 6  %   1 6. 3   0. 3 7 3    V  U S HI P 1:  A  m pli  fi c ati o n

E R  C  C 2: p.  M 1fs;  N P  M 1:

p.  W 2 8 8fs;  N R  A S: p.  G 1 2  D;

P T P  N 1 1: p.  A 7 2  V; T RI  M 2 8:

p.I 3 0 2 _  K 3 0 4fs;

S L  C 4 5  A 3 _ E L  K 4: F usi o n   0. 6

1 7 8 2 6 0 5   SJ  A L L 0 1 6 4 2 7   B  A L L    N  A    A

c.  G 8 5 6 T:

p.  V 2 8 6 F    N F E   0. 0 0 9 7  %   0. 0 2 0 3  %   3 3   0. 3 7 3    V  U S n o n e r e p ort e d   n o n e r e p ort e d 0. 6

1 7 8 2 9 8 3   SJ  A L L 0 4 1 8 5 9   B  A L L   1 3. 9 9   B

c.  G 1 0 8 2 T:

p.  W 3 6 1 L    N F E   0. 0 0 0 8  %   0. 0 0 1 9  %   3 2   0. 7 5 2    V  U S n o n e r e p ort e d    N  A 2. 2

1 7 8 3 8 6 7   SJ  H L 0 4 1 5 5 7    H L    N  A   B

c.  G 1 1 2 3  A:

p.  V 3 7 5  M    N F E   0. 0 0 2 1  %   0. 0 0 4 9  %   2 8. 6   0. 4 1 3    V  U S n o n e r e p ort e d    N  A 1. 2

( C o nti n u e d)

S h ar  m a  et  al.
1 0. 3 3 8 9/f o n c. 2 0 2 3. 1 2 2 9 5 0 7
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T A B L E  1    C o nti n u e d

G e n o  mi c

p o siti o n
S JI  D    Di a g n o si s    A g e

R P A 1

D o  m ai n

H et er o z y g o u s

R P A 1  g er  mli n e

v ari a nt

G e n eti c

A n c e str y

g n o  m a d

n o n -

c a n c er

v. 2. 1. 1

A F

A n c e str y

s p e ci fi c

A F

C A  D  D    R E V E L

I nt er V ar

a ut o  m at e d

cl a s si fi c ati o n

Ot h er   h et er o z y -

g o u s  g er  mli n e

v ari a nt s

S o  m ati c    m ut ati o n s

St a bilit y

( c c al /

m ol)

1 7 8 3 9 0 9   SJ T  A L L 0 2 2 0 9 3    T  A L L   3. 0 2   B

c.  C 1 1 6 5 T:

p. R 3 8 9  W    A  M R   0. 1 7 6 3  %   0. 0 0 2 8  %   3 5   0. 3 1 9    V  U S n o n e r e p ort e d   n o n e r e p ort e d - 0. 9

1 7 8 3 9 0 9   SJ B  A L L 0 0 1 7 0 2   B  A L L    N  A   B

c.  C 1 1 6 5 T:

p. R 3 8 9  W    N F E   0. 1 7 6 3  %   0. 0 7 3 6  %   3 5   0. 3 1 9    V  U S n o n e r e p ort e d   n o n e r e p ort e d - 0. 9

1 7 8 3 9 0 9   SJ  A L L 0 1 5 2 6 9    T  A L L   6. 3   B

c.  C 1 1 6 5 T:

p. R 3 8 9  W    N F E   0. 1 7 6 3  %   0. 0 7 3 6  %   3 5   0. 3 1 9    V  U S n o n e r e p ort e d   n o n e r e p ort e d - 0. 9

1 7 8 3 9 0 9   SJ B  A L L 0 3 2 5 9 2   B  A L L   1 2. 7 8   B

c.  C 1 1 6 5 T:

p. R 3 8 9  W    N F E   0. 1 7 6 3  %   0. 0 7 3 6  %   3 5   0. 3 1 9    V  U S

A T  M ( p.  W 2 7 6 9 *,

0. 0 0 0 8  %)

T  A  C  C 3- F  G F R 3: f o c al

a  m pli fi c ati o n - 0. 9

1 7 8 7 1 2 3   SJ  N  H L 0 4 2 7 5 3    N  H L   7. 2 4   B

c.  A 1 2 5 9 T:

p.  Q 4 2 0 L    N F E   0. 0 0 1 9  %   0. 0 0 4 2  %   2 2   0. 1 6    V  U S n o n e r e p ort e d    N  A u n a v ail a bl e

1 7 8 7 1 6 1   SJ  N  H L 0 4 2 0 7 0    N  H L   1 4. 3 5

c o di n g,

n o n

D B  D

c.  G 1 2 9 7  A:

p.  G 4 3 3 S    A F R   0. 0 1 5 7  %   0. 0 5 0 8  %   2 3. 5   0. 2 1 8    V  U S n o n e r e p ort e d    N  A u n a v ail a bl e

1 7 8 7 1 7 3   SJ  H L 0 4 2 4 6 9    H L   1 1. 3 1    C

c.  G 1 3 0 9  A:

p.  G 4 3 7 R    A F R   0. 0 1 3 4  %   0. 1 3 9 7  %   2 4. 4   0. 2 8 6    V  U S n o n e r e p ort e d    N  A u n a v ail a bl e

1 7 9 2 0 5 3   SJ  A L L 0 1 8 9 4 4   B  A L L   1 9. 4 8    C

c.  A 1 4 5 9  G:

p.  N 4 8 7  D    N F E   n o v el   n o v el   2 8. 6   0. 5 6 4    V  U S n o n e r e p ort e d    N  A 0. 2

1 7 9 2 1 1 1   SJ P  H  A L L 0 2 0 0 3 3   B  A L L   3. 2 8    C

c.  A 1 5 1 7 T:

p. E 5 0 6  V    A  M R   0. 0 0 3 4  %   n o v el   3 2   0. 3 8 7    V  U S

B RI P 1 ( p. P 4 7  A,

0. 0 3  %),   T  A L 1

( p. E 1 _s pli c e,  n o v el)   n o n e r e p ort e d - 0. 6

1 7 9 2 1 1 1   SJ  A L L 0 1 5 6 4 0    T  A L L   5. 2 3    C

c.  A 1 5 1 7 T:

p. E 5 0 6  V    A F R   0. 0 0 3 4  %   0. 0 3 8 1  %   3 2   0. 3 8 7    V  U S n o n e r e p ort e d   n o n e r e p ort e d - 0. 6

1 7 9 2 1 3 2   SJ E R  G 0 2 0 0 5 4   B  A L L    N  A    C

c.  G 1 5 3 8  A:

p. R 5 1 3  H    N F E   0. 0 1 6 4  %   0. 0 3 3 1  %   3 5   0. 5 3 5    V  U S n o n e r e p ort e d

I  K Z F 1  d el,   C  D  K  N 2  A  d el,

E T  V 6  d el 0. 4

1 7 9 2 1 3 2   SJ  H L 0 1 9 3 2 2    H L   1 5. 5 3    C

c.  G 1 5 3 8  A:

p. R 5 1 3  H    N F E   0. 0 1 6 4  %   0. 0 3 3 1  %   3 5   0. 5 3 5    V  U S n o n e r e p ort e d    N  A 0. 4

1 7 9 5 1 9 6   SJ  A L L 0 4 1 3 2 5   B  A L L   1 1. 2 1    C

c.  G 1 6 2 1  A:

p.  G 5 4 1 R    N F E   n o v el   n o v el   2 6. 1   0. 5 9 1    V  U S n o n e r e p ort e d    N  A 0. 1

1 7 9 5 1 9 6   SJ  N  H L 0 1 8 7 8 1    N  H L   1 4. 7    C

c.  G 1 6 2 1  A:

p.  G 5 4 1 R    N F E   n o v el   n o v el   2 6. 1   0. 5 9 1    V  U S

C T  C 1 ( p. R 2 2 4 *,

0. 0 0 0 0 8  %) N  A 0. 1

1 8 0 0 3 9 9   SJ  A L L 0 1 8 9 9 2   B  A L L   7. 7 8    C

c. T 1 7 8 1  G:

p.  V 5 9 4  G    N F E   0. 0 0 1 1  %   0. 0 0 1 3  %   2 6. 5   0. 5 6 9    V  U S

R  A  D 5 1  D

( p.  G 2 5 8fs *, n o v el)    N  A 3. 3

( C o nti n u e d)

S h ar  m a  et  al.
1 0. 3 3 8 9/f o n c. 2 0 2 3. 1 2 2 9 5 0 7
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T A B L E  1    C o nti n u e d

G e n o  mi c

p o siti o n
S JI  D    Di a g n o si s    A g e

R P A 2

D o  m ai n

H et er o z y g o u s

R P A 2  g er  mli n e

v ari a nt

G e n eti c

A n c e str y

g n o  m a d

n o n -

c a n c er

v. 2. 1. 1

A F

A n c e str y

s p e ci fi c

A F

C A  D  D    R E V E L

I nt er V ar

a ut o  m at e d

cl a s si fi c ati o n

Ot h er   h et er o z y -

g o u s  g er  mli n e

v ari a nt s

S o  m ati c    m ut ati o n s

St a bilit y

( c c al /

m ol)

2 8 2 3 3 7 8 4   SJ  H Y P  O 1 0 9   B  A L L   2. 1 1

c o di n g,

n o n

D B  D   c.  G 1 2 7  A: p.  A 4 3 T    N F E   0. 0 0 3 2  %   0. 0 0 6 5  %   1 7. 1   0. 0 3 9    V  U S n o n e r e p ort e d   n o n e r e p ort e d u n a v ail a bl e

2 8 2 3 3 7 3 5   SJ T  A L L 0 2 2 6 5 4    T  A L L   1 1. 6 6    D

c. T 1 7 6  G:

p. L 5 9  W Ot h er   0. 0 0 2 2  %   0. 0 2 9 9  %   2 2. 6   0. 1 3 1    V  U S

T S  C 1

( p. E 8 7 6 _ E 2 1s pli c e,

n o v el) n o n e r e p ort e d 0. 1

2 8 2 3 3 4 8 9   SJ  H L 0 4 1 5 4 7    H L   1 4. 6 2    D

c.  G 2 8 3  A:

p.  D 9 5  N N F E   0. 0 0 0 4  %   0. 0 0 1 0  %   3 4   0. 4 0 9    V  U S

P  O L  G ( p. R 1 0 9 6  C,

0. 0 0 1  %) N  A - 0. 2

2 8 2 2 3 5 4 8   SJ  H L 0 4 1 5 6 7    H L   1 6. 4 5    D

c.  G 4 9 3  A:

p.  A 1 6 5 T    N F E   n o v el   n o v el   2 7. 8   0. 1 0 8    V  U S n o n e r e p ort e d    N  A 0. 2

G e n o  mi c

p o siti o n
S JI  D    Di a g n o si s    A g e

R P A 3

D o  m ai n

H et er o z y g o u s

R P A 3  g er  mli n e

v ari a nt

G e n eti c

A n c e str y

g n o  m a d

n o n -

c a n c er

v. 2. 1. 1

A F

A n c e str y

s p e ci fi c

A F

C A  D  D    R E V E L

I nt er V ar

a ut o  m at e d

cl a s si fi c ati o n

Ot h er   h et er o z y -

g o u s  g er  mli n e

v ari a nt s

S o  m ati c    m ut ati o n s

St a bilit y

( c c al /

m ol)

7 6 8 0 0 2 1   SJ  A  M L 0 4 2 7 0 1    A  M L   0. 6 5   E   c.  C 2 9 T: p. S 1 0 L    N F E   n o v el   n o v el   2 3. 2   0. 0 2 5    V  U S

R T E L 1 ( p. R 9 8 6 *,

n o v el) N  A - 1. 4

7 6 7 9 9 7 6   SJ  A L L 0 0 3 8 5 7   B  A L L   1. 8 4   E   c. T 7 4  C: p.  V 2 5  A    Ot h er   n o v el   n o v el   2 9. 1   0. 5 0 6    V  U S

S  H 3 B 2

( p.  G 4 7 0 _ E 8s pli c e,

n o v el) N  A 3. 8

7 6 7 9 9 6 5   SJ  A L L 0 4 1 2 6 8   B  A L L   4. 0 5   E   c.  G 8 5  C: p.  G 2 9 R    N F E   0. 0 0 3 2  %   0. 0 0 6 5  %   3 4   0. 7 7 5    V  U S n o n e r e p ort e d    N  A 0. 5

7 6 7 8 7 5 6   SJ  H L 0 4 1 5 7 7    H L   1 1. 8 3   E

c. 1 1 8 d el  A:

p.  M 4 0  Cfs * 1 6    N F E   n o v el   n o v el    N  A    N  A    V  U S n o n e r e p ort e d    N  A u n a v ail a bl e

7 6 7 8 7 3 6   SJ T  A L L 0 2 2 6 4 5    T  A L L    N  A   E   c.  G 1 3 9  A: p. E 4 7  K    N F E   0. 0 0 0 8  %   0. 0 0 2 0  %   2 6. 6   0. 2 2 2    V  U S n o n e r e p ort e d   n o n e r e p ort e d 0. 3

7 6 7 7 5 1 2   SJ  A L L 0 4 1 3 1 0   B  A L L   1. 9 1   E   c.  A 2 6 6  G: p. E 8 9  G   E  A S   0. 0 0 0 4  %   0. 0 0 5 7  %   2 7. 3   0. 3 3    V  U S n o n e r e p ort e d    N  A 1. 9

B  A L L,  B- c ell a c ut e l y  m p h oi d l e u k e  mi a;   T  A L L,   T- c ell a c ut e l y  m p h oi d l e u k e  mi a   A L L;   A  M L, a c ut e   m y el oi d l e u k e  mi a;   H L,   H o d g ki n  ’s l y  m p h o  m a;   N  H L,  n o n-  H o d g ki n’s l y  m p h o  m a;   A  M R,   A d  mi x e d/ L ati n o;   N F E,   N o n- Fi n nis h  E ur o p e a n;   A F R,   Afri c a n;  E  A S,  E ast   Asi a n;   V  U S,

v ari a nt  of  u n k n o  w n si g ni fi c a n c e;   N  A,  n ot  a v ail a bl e;  u n a v ail a bl e, l a c k  of str u ct ur al  c o v er a g e  or  a c c ur a c y  at  n u cl e oti d e  p ositi o n.

S h ar  m a  et  al.
1 0. 3 3 8 9/f o n c. 2 0 2 3. 1 2 2 9 5 0 7
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T A B L E  2    G er  mli n e   h et er o z y g o u s  v ari a nt s f o u n d i n   R P A 1,   R P A 2  a n d   R P A 3 i n  e xtr a - cr a ni al  s oli d t u  m or s.

G e n o  mi c

p o siti o n
S JI  D    Di a g n o si s    A g e

R P A 1

D o  m ai n

H et er o z y g o u s   R P A 1

g er  mli n e  v ari a nt

G e n eti c

A n c e str y

g n o  m a d   n o n -

c a n c er  v. 2. 1. 1   A F

A n c e str y

s p e ci fi c  A F
C A  D  D    R E V E L

I nt er V ar  a ut o -

m at e d  cl a s si  fi c a -

ti o n

Ot h er   h et er o z y g o u s  g er  mli n e  v ar -

i a nt s

S o  m ati c

m ut ati o n s

St a bilit y

( c c al /  m ol)

1 7 4 7 2 6 5   SJ  N B L 0 1 7 1 6 2    N B L   4. 6 9   F c.  A 1 3 6  G: p.  M 4 6  V    N F E   0. 0 0 1 3  % 0. 0 0 1 0  %   2 2. 2   0. 2 8
V  U S

n o n e r e p ort e d
n o n e

r e p ort e d
0. 1

1 7 5 6 4 6 8   SJ R  H B 0 3 2 4 0 8
S ar c o  m a

( R  M S)
3. 1

c o di n g,

n o n   D B  D
c.  G 3 4 6  A: p.  V 1 1 6  M    A  M R   n o v el n o v el   2 3. 4   0. 1 5 1

V  U S
C  N  O T 3 ( p. P 2 4 3fs,  n o v el)

B  C  O R

( p. F 1 3 8 5fs)
0. 6

1 7 7 9 0 6 3   SJ  W L  M 0 1 9 9 0 6    W T   4. 9    A c.  C 5 6 3 T: p.  A 1 8 8  V    N F E   0. 0 1 6 1  % 0. 0 0 7 8  %   2 3. 7   0. 1 3 6
V  U S

n o n e r e p ort e d
n o n e

r e p ort e d
- 0. 4

1 7 8 0 6 0 3   SJ  N B L 0 3 0 2 0 3    N B L   4. 4 4    A c.  G 6 8 5  A: p. E 2 2 9  K    A F R   0. 0 0 0 4  % n o v el   3 1   0. 2 2 7
V  U S

T P 5 3 ( p.  A 1 6 1 T,  n o v el)
A L  K

( p. R 1 2 7 5  Q)
0

1 7 8 2 6 0 5   SJ S T S 0 1 9 6 0 1    M E L   9. 9    A c.  G 8 5 6  A: p.  V 2 8 6I    N F E   0. 0 4 0 3  % 0. 0 2 5 4  %   1 6. 3 2   0. 2 0 6
V  U S

B RI P 1 ( p.  Q 6 8 5 *,  0. 0 0 6  %),   M E  D 1 2

( p.  Q 2 1 0 9 _  Q 2 1 1 5 >  Q,  0. 0 0 0 9  %)

n o n e

r e p ort e d
u n a v ail a bl e

1 7 8 2 6 0 5   SJ  M E L 0 3 1 3 6 6
S ar c o  m a

( R  M S)
1 1. 4 2    A c.  G 8 5 6  A: p.  V 2 8 6I    N F E   0. 0 4 0 3  % 0. 0 2 5 4  %   1 6. 3 2   0. 2 0 6

V  U S
N  A N  A 0. 1

1 7 8 2 6 0 5   SJ R  H B 0 0 0 0 2 6
S ar c o  m a

(s y n o vi al)
9. 9    A c.  G 8 5 6  A: p.  V 2 8 6I    N F E   0. 0 4 0 3  % 0. 0 2 5 4  %   1 6. 3 2   0. 2 0 6

V  U S
n o n e r e p ort e d N  A - 0. 2

1 7 8 2 6 1 1   SJ  G  C T 0 1 9 7 7 4    G  C T   1 6. 3 4    A c.  C 8 6 2 T: p. P 2 8 8 S    A F R   n o v el n o v el   3 1   0. 3 6 7    V  U S n o n e r e p ort e d N  A 0. 4

1 7 8 3 9 0 9   SJ R B 0 3 0 0 5 8    R B 0. 2 8   B c.  C 1 1 6 5 T: p. R 3 8 9  W    N F E   0. 1 7 6 3  % 0. 0 7 3 6  %   3 5   0. 3 1 9
V  U S

n o n e r e p ort e d
n o n e

r e p ort e d
- 0. 6

1 7 8 3 9 7 2   SJ  O S 0 4 0 1 6 2
S ar c o  m a

(  O S)
2 2. 7 8   B c.  A 1 2 2 8  G: p.  K 4 1 0 E    Ot h er   n o v el n o v el   2 3. 3   0. 1 4 8

V  U S
n o n e r e p ort e d

n o n e

r e p ort e d
0. 1

1 7 8 7 1 2 3   SJ S T 0 3 2 1 9 8   P T  C   1 8. 1 3   B c.  A 1 2 5 9 T: p.  Q 4 2 0 L    N F E   0. 0 0 1 9  % 0. 0 0 4 2  %   2 2   0. 1 6
V  U S

N T  H L 1 ( p.  A 2 3 7 _ E 5s pli c e,  n o v el)
B R  A F

( p.  V 6 0 0 E)
0. 8

1 7 8 7 1 4 0   SJ E  W S 0 1 9 2 0 4
S ar c o  m a

( E  W S)
1 6. 1 1

c o di n g,

n o n D B  D
c. T 1 2 7 6  G: p. S 4 2 6  A    N F E   0. 0 0 2 1  % 0. 0 0 4 9  %   2 4. 1   0. 1 9 1

V  U S
n o n e r e p ort e d N  A - 0. 9

1 7 8 7 1 6 1   SJ  N B L 0 1 7 2 0 2    N B L   1. 5 1
c o di n g,

n o n   D B  D
c.  G 1 2 9 7  A: p.  G 4 3 3 S    A F R   0. 0 1 5 7  % 0. 0 5 0 8  %   2 3. 5   0. 2 1 8

V  U S

P  A L B 2 ( p.  G 5 6 2 _ E 4s pli c e,  n o v el),

N  D R  G 4 ( p.  M 2 9 2 _ E 1 4s pli c e,  n o v el)

n o n e

r e p ort e d
0

1 7 8 7 1 7 3   SJ S T S 0 4 2 5 1 3
S ar c o  m a

(s y n o vi al)
8. 5 3    C c.  G 1 3 0 9  A: p.  G 4 3 7 R    A F R   0. 0 1 3 4  % 0. 1 3 9 7  %   2 4. 4   0. 2 8 6

V  U S
n o n e r e p ort e d N  A u n a v ail a bl e

1 7 8 7 1 7 3   SJ S T S 0 1 9 6 2 6    W T   0. 8 7    C c.  G 1 3 0 9  A: p.  G 4 3 7 R    A F R   0. 0 1 3 4  % 0. 1 3 9 7  %   2 4. 4   0. 2 8 6    V  U S n o n e r e p ort e d N  A 0. 4

1 7 9 2 0 0 8   SJ R B 0 1 9 5 6 1    R B 2. 3 4    C c.  C 1 4 1 4 T: p. R 4 7 2  C    A F R   0. 0 0 2 6  % 0. 0 2 1 2  %   3 5   0. 5 4 2    V  U S R B 1 ( p. L 2 1 8 *, n o v el) N  A - 0. 2

1 7 9 2 1 1 1   SJ  N P  C 0 1 9 5 0 2    N P  C   1 3. 8 1    C c.  A 1 5 1 7 T: p. E 5 0 6  V    A F R   0. 0 0 3 4  % 0. 0 3 8 1  %   3 2   0. 3 8 7    V  U S n o n e r e p ort e d N  A 0. 6

1 7 9 2 1 2 0   SJ R B 0 1 7 9 3 9    R B 0. 1 7    C c.  A 1 5 2 6  G: p.  N 5 0 9 S    N F E   0. 0 0 0 8  % n o v el   2 0. 6   0. 1 4 1    V  U S R B 1 ( p. R 3 5 8 *,  n o v el) N  A 0. 2

1 7 9 5 1 9 6   SJ  N B L 0 1 8 7 3 0    N B L   0. 1 1    C c.  G 1 6 2 1  A: p.  G 5 4 1 R    N F E   n o v el n o v el   2 6. 1   0. 5 9 1    V  U S M  D  C 1 ( p.  A 7 1 0 _ E 6s pli c e,  n o v el)    N  A 0. 6

( C o nti n u e d)

S h ar  m a  et  al.
1 0. 3 3 8 9/f o n c. 2 0 2 3. 1 2 2 9 5 0 7
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T A B L E  2    C o nti n u e d

G e n o  mi c

p o siti o n
S JI  D    Di a g n o si s    A g e

R P A 1

D o  m ai n

H et er o z y g o u s   R P A 1

g er  mli n e  v ari a nt

G e n eti c

A n c e str y

g n o  m a d   n o n -

c a n c er  v. 2. 1. 1   A F

A n c e str y

s p e ci fi c  A F
C A  D  D    R E V E L

I nt er V ar  a ut o -

m at e d  cl a s si  fi c a -

ti o n

Ot h er   h et er o z y g o u s  g er  mli n e  v ar -

i a nt s

S o  m ati c

m ut ati o n s

St a bilit y

( c c al /  m ol)

1 7 9 5 2 2 6   SJ  N B L 0 1 7 2 0 7    N B L   2. 4 2    C c.  A 1 6 5 1  C: p.  K 5 5 1  Q    N F E   n o v el n o v el   2 2. 7   0. 2 8 2
V  U S

n o n e r e p ort e d
n o n e

r e p ort e d
u n a v ail a bl e

1 8 0 0 3 8 6   SJ  O S 0 1 8 8 1 4
S ar c o  m a

(  O S)
1 1. 7 6    C c.  A 1 7 6 8  G: p. T 5 9 0  A    A  M R   0. 0 0 5 0  % 0. 0 3 2 5  %   2 3. 1   0. 1 5

V  U S
n o n e r e p ort e d N  A - 0. 2

1 8 0 0 4 0 7   SJ  N B L 0 4 2 7 2 9    N B L   0. 9 3    C c.  G 1 7 8 9  A: p.  V 5 9 7  M    N F E   0. 0 0 1 1  % 0. 0 0 1 4  %   2 7. 8   0. 2 9 2    V  U S n o n e r e p ort e d N  A u n a v ail a bl e

G e n o  mi c

p o siti o n
S JI  D    Di a g n o si s    A g e

R P A 2

D o  m ai n

H et er o z y g o u s   R P A 2

g er  mli n e  v ari a nt

G e n eti c

A n c e str y

g n o  m a d   n o n -

c a n c er  v. 2. 1. 1   A F

A n c e str y

s p e ci fi c  A F
C A  D  D    R E V E L

I nt er V ar  a ut o -

m at e d  cl a s si  fi c a -

ti o n

Ot h er   h et er o z y g o u s  g er  mli n e  v ar -

i a nt s

S o  m ati c

m ut ati o n s

St a bilit y

( c c al /  m ol)

2 8 2 3 3 7 3 5   SJ  O S 0 4 0 1 5 9
S ar c o  m a

(  O S)
1 9. 9 2    D c. T 1 7 6  G: p. L 5 9  W    Ot h er   0. 0 0 2 2  % 0. 0 2 9 9  %   2 2. 6   0. 1 3 1

V  U S
n o n e r e p ort e d

n o n e

r e p ort e d
0. 1

2 8 2 3 3 5 0 4   SJ R B 0 4 1 6 5 8    R B 0. 2 4    D c.  A 2 6 8  G: p.I 9 0  V N F E   0. 0 0 0 4  % 0. 0 0 1 0  %   1 8. 2 8   0. 0 7 7    V  U S R B 1 ( p. E 2 3 7 *,  n o v el) N  A u n a v ail a bl e

2 8 2 4 0 6 4 5   SJ  N B L 0 1 7 4 8 3    N B L   3. 8 8
c o di n g,

n o n   D B  D
c.  G 4 6  A: p.  G 1 6 R A F R   0. 0 0 0 8  % 0. 0 1 3 6  %   2 2. 6   0. 0 8 8

V  U S
n o n e r e p ort e d

n o n e

r e p ort e d
u n a v ail a bl e

G e n o  mi c

p o siti o n
S JI  D    Di a g n o si s    A g e

R P A 3

D o  m ai n

H et er o z y g o u s   R P A 3

g er  mli n e  v ari a nt

G e n eti c

A n c e str y

g n o  m a d   n o n -

c a n c er  v. 2. 1. 1   A F

A n c e str y

s p e ci fi c  A F
C A  D  D    R E V E L

I nt er V ar a ut o -

m at e d  cl a s si  fi c a -

ti o n

Ot h er   h et er o z y g o u s  g er  mli n e  v ar -

i a nt s

S o  m ati c

m ut ati o n s

St a bilit y

( c c al /  m ol)

7 6 7 9 9 6 5   SJ L P S 0 1 4 7 5 3
S ar c o  m a

(li p o)
2 2   E c.  G 8 5  C: p.  G 2 9 R N F E   0. 0 0 3 2  % 0. 0 0 6 5  %   3 4   0. 7 7 5

V  U S
N  A N  A 0. 5

7 6 7 6 6 9 6   SJ  W L  M 0 1 8 8 9 4    W T   1. 0 5   E c.  G 3 0 1  A: p. E 1 0 1  K    A F R   0. 0 0 1 5  % 0. 0 0 8 5  %   3 4   0. 3 2 5    V  U S W T 1 ( p.  Q 2 3 8 *,  n o v el) N  A 0

7 6 7 6 6 6 9   SJ  W L  M 0 4 3 9 2 1    W T   1. 0 5   E c.  C 3 2 8  G: p. P 1 1 0  A    N F E   0. 0 0 6 4  % 0. 0 1 3 0  %   2 3. 1   0. 5 1 2
V  U S

W T 1:  C  N  V   D el,  LI  G 4 ( p.  K 4 2 4fs,

n o v el)
N  A 0. 3

G  C T,  g er  m c ell t u  m or;   M E L,   m el a n o  m a;   N B L,  n e ur o bl ast o  m a;   N P  C,  n as o p h ar y n g e al  c ar ci n o  m a;  P T  C,  p a pill ar y t h yr oi d c ar ci n o  m a;  E  W S,  E  wi n g  ’s s ar c o  m a;   O S,  ost e os ar c o  m a;   R  M S, r h a b d o  m y os ar c o  m a;    W T,    Wil  ms t u  m or;   A  M R,   A d  mi x e d/ L ati n o;   N F E,   N o n- Fi n nis h

E ur o p e a n;   A F R,   Afri c a n;   V  U S,  v ari a nt  of  u n k n o  w n si g ni fi c a n c e;   N  A,  n ot  a v ail a bl e;  u n a v ail a bl e, l a c k  of str u ct ur al  c o v er a g e  or  a c c ur a c y  at  n u cl e oti d e  p ositi o n.

S h ar  m a  et  al.
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T A B L E  3    G er  mli n e   h et er o z y g o u s  v ari a nt s f o u n d i n   R P A 1,   R P A 2  a n d   R P A 3 i n  e xtr a - cr a ni al  s oli d t u  m or s.

G e n o  mi c

p o siti o n
S JI  D    Di a g n o si s    A g e

R P A 1

D o  m ai n

H et er o z y g o u s

R P A 1  g er  mli n e

v ari a nt

G e n eti c

A n c e str y

g n o  m a d   n o n -

c a n c er  v. 2. 1. 1

A F

A n c e str y

s p e ci fi c

A F

C A  D  D    R E V E L

I nt er V ar  a ut o -

m at e d  cl a s si  fi -

c ati o n

Ot h er   h et er o z y g o u s

g er  mli n e  v ari a nt s
S o  m ati c    m ut ati o n s

St a bilit y

( c c al /

m ol)

1 7 7 8 9 8 7

SJ L  G  G 0 3 1 1 3 2
L  G  G

(  G a n gli o gli o  m a)
1 1. 2 3

c o di n g,

n o n

D B  D

c.  A 4 8 7  G: p.  K 1 6 3 E    N F E   0. 0 0 0 8  % 0. 0 0 1 0  %   1 6. 6 7   0. 1 2 8

V  U S

n o n e r e p ort e d B R  A F: p.  V 6 0 0 E

u n a v ail a bl e

1 7 8 2 2 9 6   SJ E P  D 0 3 0 7 8 2   E P  D 3. 9 8    A   c.  C 7 0 0  G: p. R 2 3 4  G    N F E   0. 0 0 0 8  % 0. 0 0 1 9  %   2 8   0. 5 9 8    V  U S n o n e r e p ort e d n o n e r e p ort e d 1. 5

1 7 8 2 6 0 5
SJ  M B 0 3 0 7 7 6    M B 3. 8 6    A   c.  G 8 5 6 T: p.  V 2 8 6 F    A  M R   0. 0 0 9 7  % n o v el   3 3   0. 3 7 3

V  U S

P B R  M 1

( p.  K 1 2 8 _ E 4s pli c e,  n o v el)
n o n e r e p ort e d

- 0. 4

1 7 8 2 6 4 6

SJ  M B 0 3 2 5 0 6    M B 1 2. 8

c o di n g,

n o n

D B  D

c.  G 8 9 7  C: p.  Q 2 9 9  H    N F E   n o v el n o v el   2 2. 4   0. 0 8 1    V  U S

C 7 ( p. R 5 2 1 S,  0. 0 0 2  %);

M Y  H 9 ( p. F 2 3 5 _ E 6s pli c e,

n o v el)

n o n e r e p ort e d

- 0. 2

1 7 8 7 1 7 3   SJ  H  G  G 1 1 7    H  G  G 2. 5 7    C   c.  G 1 3 0 9  A: p.  G 4 3 7 R    A F R   0. 0 1 3 4  % 0. 1 3 9 7  %   2 4. 4   0. 2 8 6    V  U S n o n e r e p ort e d n o n e r e p ort e d u n a v ail a bl e

1 7 8 7 1 7 3   SJ  H  G  G 0 3 0 7 0 3    H  G  G (  H  G  N E T)   1. 4 9    C   c.  G 1 3 0 9  A: p.  G 4 3 7 R    A F R   0. 0 1 3 4  % 0. 1 3 9 7  %   2 4. 4   0. 2 8 6    V  U S n o n e r e p ort e d N  U T  M 2 B _  D el eti o n u n a v ail a bl e

1 7 9 2 0 7 5   SJ  H  G  G 0 6 7    H  G  G 5. 6    C   : c.  A 1 4 8 1  G: p.  Q 4 9 4 R   E  A S   n o v el n o v el   2 3. 5   0. 2 0 2    V  U S n o n e r e p ort e d n o n e r e p ort e d - 0. 1

1 7 9 2 0 8 9   SJ L  G  G 0 3 0 3 6 5   L  G  G 1. 1 1    C   c.  C 1 4 9 5 T: p. R 4 9 9  C    A  M R   0. 0 0 5 2  % 0. 0 1 7 1  %   3 5   0. 4 3 5    V  U S

S  D  H  A ( p. R 3 1 *,  0. 0 2  %)

R  U  N X 1 ( p.  Q 4 1 5 *,

0. 0 0 0 6  %)

KI  A  A 1 5 4 9 _ B R  A F _ F usi o n

- 0. 1

1 7 9 2 1 1 3   SJ  C  N S 0 1 8 5 7 5    M B 9. 1 9    C   c. T 1 5 1 9  C: p. F 5 0 7 L    N F E   n o v el n o v el   2 8. 7   0. 1 7 9    V  U S N  A N  A 0. 6

1 7 9 2 1 3 2   SJ L  G  G 0 4 6   L  G  G 5. 1    C   c.  G 1 5 3 8  A: p. R 5 1 3  H    N F E   0. 0 1 6 4  % 0. 0 3 3 1  %   3 5   0. 5 3 5    V  U S n o n e r e p ort e d n o n e r e p ort e d 0. 4

1 7 9 2 1 3 9   SJ  H  G  G 1 0 0    H  G  G 1 0. 9 9    C   c.  C 1 5 4 5  G: p.I 5 1 5  M    N F E   0. 0 0 0 8  % n o v el   1 7. 8 1   0. 0 7 4    V  U S n o n e r e p ort e d n o n e r e p ort e d 0. 5

1 8 0 0 3 9 8   SJ S T 0 3 2 4 9 5    M B 1 4    C   c.  G 1 7 8 0  A: p.  V 5 9 4  M    N F E   n o v el n o v el   3 3   0. 4 1 9

V  U S

B R  C  A 1

( p. E 1 5 5 9 _ E 1 5s pli c e,

n o v el)

N  A

0. 7

G e n o  mi c

p o siti o n
S JI  D    Di a g n o si s    A g e

R P A 3

D o  m ai n

H et er o z y g o u s

R P A 1  g er  mli n e

v ari a nt

G e n eti c

A n c e str y

g n o  m a d   n o n -

c a n c er  v. 2. 1. 1

A F

A n c e str y

s p e ci fi c

A F

C A  D  D    R E V E L

I nt er V ar  a ut o -

m at e d  cl a s si  fi -

c ati o n

Ot h er   h et er o z y g o u s

g er  mli n e  v ari a nt s
S o  m ati c    m ut ati o n s

St a bilit y

( c c al /

m ol)

7 6 7 6 6 9 6 SJ  M B 0 3 1 4 3 9    M B 9. 3 7   E   c.  G 3 0 1  A: p. E 1 0 1  K   E  A S   0. 0 0 1 5  % 0. 0 1 0 4  %   3 4   0. 3 2 5    V  U S
A  N  K R  D 2 6 ( p. Y 1 7 0 8 *),

n o v el

P T  C  H 1( p. Y 9 3fs),   A F F 4 tr u n c ati n g

i ns erti o n;   C  N  Vs-  P T E  N,

S  M  A R  C  A 2, J  A  K 2

0

E P, e p e n d y  m o  m a;  L  G  G, l o  w  gr a d e  gli o  m a;   M B,   m e d ull o bl ast o  m a;   H  G  G,  hi g h  gr a d e  gli o  m a;   A  M R,   A d  mi x e d/ L ati n o;   N F E,   N o n- Fi n nis h  E ur o p e a n;   A F R,   Afri c a n;  E  A S,  E ast   Asi a n;   V  U S,  v ari a nt  of  u n k n o  w n si g ni  fi c a n c e;   N  A,  n ot a v ail a bl e;  u n a v ail a bl e, l a c k  of str u ct ur al

c o v er a g e  or  a c c ur a c y  at  n u cl e oti d e  p ositi o n.

S h ar  m a  et  al.
1 0. 3 3 8 9/f o n c. 2 0 2 3. 1 2 2 9 5 0 7

Fr o nti er s i n  O n c ol o g y
fr o nti er si n. or g

1 0

https://doi.org/10.3389/fonc.2023.1229507
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


S h ar  m a  et  al. 1 0. 3 3 8 9 /f o n c. 2 0 2 3. 1 2 2 9 5 0 7
n e ur o bl ast o  m a c as es   w er e f o u n d t o h a v e u ni q u e  R P  A 1  v ari a nts ( n  =

3  n o v el,  n  = 2 ultr a-r ar e) of   w hi c h  h alf   w er e f o u n d t o  h a v e g er  mli n e

v ari a nts  r e p ort e d  i n  P  A L B 2 /N  D R  G 4  ,  M  D  C 1  ,  or  T P 5 3  g e n es

(T a bl e  2 ).   T hr e e  c as es  of  r eti n o bl ast o  m a  h ar b or e d  u ni q u e  R P  A 1

v ari a nts  ( 2  ultr a-r ar e)   wit h  2  c as es  h a vi n g  c o n c o  mit a nt  g er  mli n e

R B 1  m ut ati o n (  T a bl e 2 ).   T  w o c as es  of   Wil  ms t u  m or   w er e i d e ntifi e d

t o  h a v e  g er  mli n e  R P  A 1  v ari a nts.   A  m o n g  t h e  si n gl e  c as es  of  s oli d

t u  m ors  ( g er  m  c ell  t u  m or,    m el a n o  m a,  n as o p h ar y n g e al  c ar ci n o  m a,

a n d  p a pill ar y  t h yr oi d  c ar ci n o  m a),  2  ultr a-r ar e  a n d  1  n o v el  R P  A 1

v ari a nts   w er e f o u n d.

A  m o n g   c a s e s    wi t h    C  N S   t u  m o r s,    4    p a ti e n t s    wi t h

m e d ull o bl ast o  m a   h ar b or e d   n o v el  ( n   =  3)  or  ultr a-r ar e  ( n   =  1)

R P  A 1  v ari a nts.   E a c h  of  t h es e  c as es  als o  c arri e d  ot h er  g er  mli n e

m ut ati o ns  (  P B R  M 1 , C 7  a n d  M Y  H 9  , B R C  A 1 , A  N K R  D 2 6  )  of   w hi c h

B R C  A 1  a n d  A  N K R  D 2 6  ar e  c a n c er  pr e dis p ositi o n  g e n es  ( T a bl e  3 ).

F urt h er  m or e,  4  c as es    wit h  hi g h  gr a d e  gli o  m a  h ar b or e d  3  R P  A 1

v ari a nts ( n  = 1  n o v el,  n  = 1 ultr a-r ar e), all cl ust eri n g   wit hi n   D B  D-  C

d o  m ai n  of   R P  A 1.   T h es e  p ati e nts  h a d  n o  ot h er  p ot e nti all y c a us ati v e

g er  mli n e  v ari a nts  r e p ort e d  i n  ot h er  pr e dis p ositi o n  g e n es.   A  m o n g

t h e  3  l o  w  gr a d e  gli o  m a,  3  R P  A 1  v ari a nts  ( o n e  ultr a-r ar e)    w er e

i d e ntifi e d,   wit h  o n e  h ar b ori n g  ot h er  g er  mli n e   m ut ati o ns i n  S  D  H  A

a n d  R  U  N X 1 .  L astl y,  o n e  ultr a-r ar e R P  A 1  v ari a nt   w as i d e nti fi e d i n a

c as e  of  e p e n d y  m o  m a   wit h o ut  ot h er  g er  mli n e   m ut ati o ns ( T a bl e  3 ).

Fr o  m  p ati e nts   wit h  h e  m at ol o gi c    m ali g n a n ci es,  R P  A 1  v ari a nts

w er e   m ost c o  m  m o n i n  B-  A L L ( n  = 1 3), f oll o  w e d b y l y  m p h o  m a ( n  =

7),   A  M L  ( n  =  5),  a n d   T-  A L L  ( n  =  4)  ( T a bl e  1 ).   O ut  of  1 3  B-  A L L

c as es,  3  a n d  5   w er e  n o v el  a n d  ultr a-r ar e, r es p e cti v el y.   O nl y  2 c as es

o ut   of  t h e   1 3   h a d   h et er o z y g o us   g er  mli n e   v ari a nts  i n  c a n c er

pr e dis p ositi o n  g e n es  ( R  A  D 5 1  D ,  B RI P 1) .    A  m o n g  l y  m p h o  m as,    w e

o bs er v e d 4   H o d g ki n ’s l y  m p h o  m a ( n  = 1  n o v el,  n  = 1 ultr a-r ar e) a n d

3  n o n-  H o d g ki n ’s l y  m p h o  m a  ( n  =  1  n o v el,  n  =  1  ultr a-r ar e)   wit h

R P  A 1  v ari a nts.  I n t h e   A  M L  s u b- c o h ort,   w e f o u n d  3  u ni q u e  R P  A 1

v ari a nts i n  5  c as es,  of   w hi c h  4   w er e   m ut at e d  at  n u cl e oti d e  8 5 6 i n

D B  D-  A ( c. 8 5 6  G > T, c. 8 5 6  G >  A c o di n g  diff er e nt  a  mi n o  a ci ds)  a n d  1

ultr a-r ar e  v ari a nt  i n    D B  D- F  d o  m ai n  ( T a bl e  1 ).    Of  t h e  5 R P  A 1 -

m ut at e d A  M L c as es, 3 c arri e d  ot h er g er  mli n e v ari a nts (  M L L,   HI P 1,

N  O T  C  H 2 a n d  F  A  N  C  D 2).  F o ur  u ni q u e  R P  A 1  v ari a nts ( n  =  2  ultr a-

r ar e)    w er e  dis c o v er e d  i n  4  p ati e nts    wit h    T-  A L L,    wit h  o n e  c as e

h a vi n g  a d diti o n al  g er  mli n e  A T  M  v ari a nt ( T a bl e  1 ).

Gi v e n t h e  o c c urr e n c e  of    M  D S/  A  M L i n  o n e  pri or  p ati e nt   wit h

g er  mli n e  R P  A 1  p.  V 2 2 7  A   wit h   T B  D  ( 1 0 )  a n d  5   A  M L  c as es i n t his

st u d y,    w e  q u eri e d  a  c o h ort  of  4 1  y o u n g  a d ults    wit h    A  M L  a n d

k ar y ot y p e a b err ati o ns ( 1 8 ) f or   R P  A  h et er otri  m er g er  mli n e v ari a nts.

W e f o u n d  1  ultr a-r ar e ( c. 4 6 0  G >  A,   T 1 5 4  A,   A F  0. 0 0 1  %)  a n d  2  r ar e

( c. 1 3 9 7  C >  G,   A 4 6 6  G,   A F  0. 0 2 7  %;  c. 1 5 3 8  G >  A,   R 5 1 3  H,   A F  0. 0 1 6  %)

R P  A 1  h et er o z y g o us  v ari a nts ( S u p pl e  m e nt al   T a bl e  1 ).
R P A 2  a n d   R P A 3  g er  mli n e  v ari a nt s
a n d  c a n c er s

R P  A 2 is t h e s e c o n d l ar g est s u b u nit ( 2 7 0 a  mi n o a ci ds, 3 4 k  D a) of

t h e   R P  A h et er otri  m er.   W e i d e ntifi e d 6 h et er o z y g o us g er  mli n e  R P  A 2

v ari a nts  i n  7  c as es   of   p e di atri c    m ali g n a n ci es.   Fi v e  v ari a nts  ar e

pr es e nt i n   D B  D-  D  ( Fi g ur e  1  D )  a n d  di d  n ot  e x hi bit  d ysf u n cti o n al

pr ot ei n f ol di n g  s c or es ( T a bl es  1 , 2 ).   All  v ari a nts   w er e  eit h er  ultr a-
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r ar e  ( n  =  5)  or  n o v el  ( n  =  1).  F o ur  p ati e nts  ( 4/ 3 4 5 2,  0. 1  %)  h a d

h e  m at ol o gi c al    m ali g n a n ci es  ( n  =  1  B-  A L L,  n  =  1   T-  A L L,  n  =  2

H o d g ki n  ’s l y  m p h o  m a)  a n d  3  h a d  s oli d  c a n c ers ( n  =  1   R B L,  n  =  1

n e ur o bl ast o  m a,  n  =  1  s ar c o  m a).    Ot h er  g er  mli n e    m ut ati o ns    w er e

n ot e d i n  3  o ut  of  7  c as es ( T a bl es  1 , 2 ).

R P  A 3,  alt h o u g h  l ess  t h a n  h alf  t h e  si z e  of   R P  A 2  ( 1 2 1  a  mi n o

a ci ds,  1 4 k  D a)  h a d  8  u ni q u e  g er  mli n e  h et er o z y g o us  v ari a nts ( n  =  4

ultr a-r ar e,  n  =  3  n o v el) i n  1 0 c as es  of  p e di atri c c a n c ers, i n cl u di n g  6

h e  m at ol o gi c  ( B-  A L L  n  =  3,   T-  A L L  n  =  1,   A  M L  n  =  1,   H o d g ki n ’s

l y  m p h o  m a  n  = 1), 3 s oli d t u  m ors (  Wil  ms t u  m or  n  = 2, s ar c o  m a  n  =

1)  a n d  1   C  N S (  m e d ull o bl ast o  m a)  c a n c ers ( Fi g ur e  1 E ; T a bl es  1 – 3 ).

All   w er e   miss e ns e e x c e pt f or o n e fr a  m es hift ( p.  M 4 0  Cfs * 1 6).  Pr ot ei n

f ol di n g  s c or es f or  2  o ut  of  7  a v ail a bl e  R P  A 3  v ari a nts   w er e  gr e at er

t h a n  1. 5  k c al/  m ol  a n d   w er e eit h er  n o v el  or  ultr a-r ar e (T a bl es  1 – 3 ).

H alf  of  R P  A 3  m ut at e d  c as es  h a d  ot h er  g er  mli n e  v ari a nts  n ot e d

(T a bl es  1 – 3 ).   T h e  n u  m b er  of  c as es   wit h  R P  A 2  or  R P  A 3  g er  mli n e

v ari a nts  di d  n ot r e a c h st atisti c al si g ni fi c a n c e c o  m p ar e d t o g n o  m  A  D

n o n- c a n c er  c o ntr ols ( T a bl e  4 ).
Di s c u s si o n

T h e    R P  A   h et er otri  m er  is  a n  ess e nti al   pr ot ei n  f or   bi n di n g

ss  D  N  A  e n c o u nt er e d  i n  c ell ul ar  tr a ns a cti o ns  t o  f a cilit at e    D  N  A-

D  N  A  a n d    D  N  A- pr ot ei n  i nt er a cti o ns   d uri n g    D  N  A  r e pli c ati o n,

r e p ai r,   r e c o  m bi n ati o n,    R  N  A  t r a n s c ri pti o n,   a n d  t el o  m e r e

m ai nt e n a n c e.    As  s u c h,    m ut ati o ns  i n  t his  g e n o  m e    m ai nt e n a n c e

pr ot ei n  h a v e  b e e n  li n k e d  t o  c a n c er  f or  m ati o n  i n    mi c e  ( 3 5 )  a n d

ar e  a c q uir e d  i n  u p  t o  ~ 1  %  of  h u  m a n  c a n c ers  ( 1 4 ).    W e  r e c e ntl y

d e  m o nstr at e d  t h at  h et er o z y g o us  g er  mli n e  R P  A 1  m ut ati o ns  R P  A 1

c. 6 8 0 T >  C  p.  V 2 2 7  A, c. 7 1 8  G >  A  p. E 2 4 0  K a n d c. 8 0 8  A >  G  p. T 2 7 0  A i n

D B  D-  A ar e ass o ci at e d   wit h   T B  D,   w hi c h pr e dis p os es t o h e  m at ol o gi c

a n d s oli d t u  m ors. I n t his st u d y, o n e p ati e nt   wit h   R P  A 1-r el at e d   T B  D

d e v el o p e d    M  D S  ( 1 0 ).    B as e d   o n  t h es e   d at a,    w e  r e as o n e d  t h at

g e r  mli n e   d ef e ct s  i n    R P  A 1   a n d   p o s si bl y   al s o  t h e   ot h e r   2

c o  m p o n e nts  of t h e   R P  A  h et er otri  m er ( R P  A 2  a n d   R P  A 3)   mi g ht  b e

ass o ci at e d   wit h  c a n c er  d e v el o p  m e nt.   T o  t his  e n d,   w e i n v esti g at e d

c o  m p r e h e n si v e   g e r  mli n e   g e n o  mi c   d at a  f o r  t h e   p r e s e n c e   of

h et er o z y g o us  v ari a nts  i n  R P  A 1 ,  R P  A 2  a n d  R P  A 3  a cr oss  a  l ar g e

s eri es  of  p e di atri c  h e  m at ol o gi c,  s oli d  a n d   C  N S    m ali g n a n ci es.    W e

dis c o v er e d  si g ni fi c a nt  e nri c h  m e nt  of  ultr a-r ar e  a n d  n o v el  R P  A 1

g er  mli n e  v ari a nts i n  o ur  p e di atri c c a n c er c o h ort c o  m p ar e d t o  n o n-

c a n c e r   c o nt r ol s,   p o siti o ni n g  R P  A 1  a s   a    n o v el   c a n di d at e

pr e dis p ositi o n  g e n e.    M or e o v er,  i n  a n  a d diti o n al  c o h ort   of   4 1

p ati e nts   wit h   A  M L,   w e  i d e nti fi e d  3  h et er o z y g o us  g er  mli n e  R P  A 1

v ari a nts  ( c 4 6 0  G >  A,  p. T 1 5 4  A;  c. 1 3 9 7  C >  G,  p.  A 4 6 6  G;  c. 1 5 3 8  G >  A,

p. R 5 1 3  H)   wit h  p ot e nti al  p at h o g e ni c  eff e ct.

R P  A 1  h ar b or e d  t h e    m ost  v ari a nts  li k el y  d u e  t o  its  l ar g er  si z e

c o  m p ar e d  t o  R P  A 2  a n d  R P  A 3 .    Alt h o u g h    w e  di d   n ot  o bs er v e  a

st atisti c all y si g nifi c a nt e nri c h  m e nt  of  p ut ati v e  d a  m a gi n g v ari a nts i n

R P  A 2  a n d  R P  A 3 , s o  m e of t h e i d e ntifi e d v ari a nts   w er e n o v el or ultr a-

r ar e  a n d  c o ul d  p ossi bl y  h a v e  a  d el et eri o us  eff e ct.   T h us,  R P  A 2  a n d

R P  A 3  c o ul d b e c o nsi d er e d as g e n es of  u n k n o  w n si g ni fi c a n c e (  G  U S)

y et  p ot e nti all y  i  m p ort a nt  i n  t u  m or  f or  m ati o n.    All  3  pr ot ei ns  ar e

r e q uir e d  t o  f ol d  pr o p erl y  t o  f or  m  a  f u n cti o n al   R P  A  h et er otri  m er

(1 3 ).  F or t his r e as o n,   w e  c al c ul at e d st a biliti es  of t h e   R P  A   m o d ul ar
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T A B L E   4   St ati sti c al  a n al y si s   u si n g t  w o -  a n d   o n e - si d e d  Fi s h er  e x a ct t e st s   of   ultr a -r ar e   pl u s   n o v el  a n d r ar e   g er  mli n e   h et er o z y g o u s  v ari a nt s i n   R P A 1,   R P A 2  a n d   R P A 3  a cr o s s   h e  m at ol o gi c,  e xtr a - cr a ni al  s oli d  a n d   C  N S

t u  m or s.

Ultr a -r ar e   or   n o v el  v ari a nt s   A F < 0. 0 0 5  %

G e n e S u b s et  C a n c er _ A F    C o ntr ol _ A F    C a n c er _ Alt _  C o u nt    C a n c er _ T ot al _  C o u nt    C o ntr ol _ Alt _  C o u nt    C o ntr ol _ T ot al _  C o u nt    p. v al u e (  fi s h er.t e st - gr e at er)    O R ( fi s h er.t e st - gr e at er)   F  D R _ fi s h er _ gr e at er    p. v al u e ( T  w o - si d e d)   F  D R _ fi s h er _t  w o si d e d

R P  A 1   P a n  C a n c er _  Ultr a R ar e   0. 0 0 2 9   0. 0 0 1 7   3 5 1 1 9 5 1 4 6 6 2 6 7 9 0 8 0. 0 0 3 5 0 8 5 8 1. 6 8 3 7 0. 0 2 8 0 6 8 6 3 9 0. 0 0 5 3 1 3 6 8 0. 0 4 2 5 0 9 4 3 7

R P  A 1    H E  M _  Ultr a R ar e   0. 0 0 2 2   0. 0 0 1 7   1 5 6 8 8 9 4 6 6 2 6 7 9 0 8 0. 2 3 1 3 3 1 3 4 7 1. 2 5 1 8 0. 4 6 2 6 6 2 6 9 4 0. 3 7 8 7 1 6 4 5 0. 5 0 4 9 5 5 2 6 7

R P  A 1   S T _  Ultr a R ar e 0. 0 0 3 3   0. 0 0 1 7   1 3 3 9 3 5 4 6 6 2 6 7 9 0 8 0. 0 2 4 5 2 4 7 7 2 1. 8 9 9 3 0. 0 9 8 0 9 9 0 9 0. 0 3 1 8 6 3 8 0 3 0. 1 2 7 4 5 5 2 1 3

R P  A 1    C  N S _  Ultr a R ar e   0. 0 0 3 3   0. 0 0 1 7   7 2 1 2 9 4 6 6 2 6 7 9 0 8 0. 0 8 3 9 3 0 3 9 3 1. 8 9 0 3 0. 2 2 3 8 1 4 3 8 2 0. 1 0 7 3 7 7 3 9 2 0. 2 1 4 7 5 4 7 8 4

R P  A 2   P a n  C a n c er _  Ultr a R ar e   0. 0 0 0 6   0. 0 0 0 7   7 1 1 9 7 9 2 0 0 2 6 8 1 7 4 0. 7 8 5 2 2 8 3 1 2 1 0. 7 2 9 1 3 5 9 0 3 0. 7 8 3 5 0. 9 2 7 2 2 4 0 7 4

R P  A 3   P a n  C a n c er _  Ultr a R ar e   0. 0 0 0 8   0. 0 0 0 6   9 1 1 9 7 7 1 6 4 2 6 8 2 1 0 0. 3 2 1 9 5 2 6 5 1 0. 5 6 8 9 4 5 0 1 6 1. 2 2 8 9 0. 8 5 3 4 1 7 5 2 4

All  v ari a nt s   A F < 0. 5  %

G e n e S u b s et C a n c er _ A F    C o ntr ol _ A F    C a n c er _ Alt _  C o u nt    C a n c er _ T ot al _  C o u nt    C o ntr ol _ Alt _  C o u nt    C o ntr ol _ T ot al _  C o u nt    p. v al u e (  fi s h er.t e st - gr e at er)    O R ( fi s h er.t e st - gr e at er)   F  D R _ fi s h er _ gr e at er    p. v al u e ( T  w o - si d e d)   F  D R _ fi s h er _t  w o si d e d

R P  A 1   P a n  C a n c er 0. 0 0 5 3   0. 0 0 6 1   6 3 1 1 9 2 3 1 6 1 4 2 6 6 7 6 0 0. 8 6 8 3 2 2 7 1 3 0. 8 7 3 3 0. 9 8 2 1 4 0 8 2 9 0. 3 3 2 2 4 5 8 7 0. 5 0 4 9 5 5 2 6 7

R P  A 1    H E  M 0. 0 0 4 2   0. 0 0 6 1   2 9 6 8 7 5 1 6 1 4 2 6 6 7 6 0 0. 9 8 2 1 4 0 8 2 9 0. 6 9 7 2 0. 9 8 2 1 4 0 8 2 9 0. 0 5 6 9 0 9 6 1 9 0. 1 5 1 7 5 8 9 8 3

R P  A 1   S T 0. 0 0 5 6   0. 0 0 6 1   2 2 3 9 2 6 1 6 1 4 2 6 6 7 6 0 0. 6 6 7 6 8 8 7 8 5 0. 9 2 6 2 0. 8 9 0 2 5 1 7 1 4 0. 8 3 5 3 5 2 1 5 2 0. 9 5 4 6 8 8 1 7 3

R P  A 1    C  N S 0. 0 0 5 6   0. 0 0 6 1   1 2 2 1 2 4 1 6 1 4 2 6 6 7 6 0 0. 6 3 1 6 5 3 7 2 9 0. 9 3 3 8 0. 8 9 0 2 5 1 7 1 4 1 1

R P  A 2   P a n  C a n c er 0. 0 0 0 6   0. 0 0 7 8   7 1 1 9 7 9 2 0 8 1 2 6 6 2 9 3 1 1 4. 7 3 4 3 4 E- 3 0 0. 0 7 4 8 7. 1 0 1 5 1 E- 2 9

R P  A 2    H E  M 0. 0 0 0 6   0. 0 0 7 8   4 6 9 0 0 2 0 8 1 2 6 6 2 9 3 1 1 5. 1 6 0 6 6 E- 1 8 0. 0 7 4 2 3. 8 7 0 4 9 E- 1 7

R P  A 2   S T 0. 0 0 0 8   0. 0 0 7 8   3 3 9 4 5 2 0 8 1 2 6 6 2 9 3 1 1 5. 4 0 4 0 1 E- 1 0 0. 0 9 7 3 2. 7 0 2 0 1 E- 0 9

R P  A 2    C  N S 0 0. 0 0 7 8   0 2 1 3 6 2 0 8 1 2 6 6 2 9 3 1 1 1. 3 4 3 6 4 E- 0 7 0 5. 0 3 8 6 5 E- 0 7

R P  A 3   P a n  C a n c er 0. 0 0 0 8   0. 0 0 0 6   1 0 1 1 9 7 6 1 6 9 2 6 8 2 0 5 0. 2 3 7 7 4 6 1 2 2 1 0. 3 5 3 6 3 5 9 2 3 1. 3 2 5 2 0. 6 6 3 0 6 7 3 5 6

R P  A 3    H E  M 0. 0 0 0 9   0. 0 0 0 6   6 6 8 9 8 1 6 9 2 6 8 2 0 5 0. 2 7 6 8 7 6 8 3 4 1 0. 4 5 9 6 2 4 7 9 8 1. 3 8 0 4 0. 7 6 6 0 4 1 3 3

R P  A 3   S T 0. 0 0 0 8   0. 0 0 0 6   3 3 9 4 5 1 6 9 2 6 8 2 0 5 0. 4 5 5 5 0 2 3 7 4 1 0. 7 4 1 7 7 9 2 5 9 1. 2 0 6 8 0. 9 2 7 2 2 4 0 7 4

R P  A 3    C  N S 0. 0 0 0 5   0. 0 0 0 6   1 2 1 3 5 1 6 9 2 6 8 2 0 5 0. 7 4 0 2 6 7 7 4 6 1 1 0. 7 4 3 3 1

“ P a n  C a n c er ” ,  all  c a n c ers i n t h e  c o h ort;   H E  M,  h e  m at ol o gi c;  S T, s oli d t u  m or;   C  N S,  c e ntr al  n er v o us s yst e  m.

S h ar  m a  et  al.
1 0. 3 3 8 9/f o n c. 2 0 2 3. 1 2 2 9 5 0 7
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S h ar  m a  et  al. 1 0. 3 3 8 9 /f o n c. 2 0 2 3. 1 2 2 9 5 0 7
d o  m ai ns h ar b ori n g   m ut ati o ns t o g ai n i nsi g ht i nt o t h e p ossi bl e eff e ct

of  i d e nti fi e d   g er  mli n e  v ari a nts   o n    R P  A   h et er otri  m er  f u n cti o n.

S c or es  gr e at er  t h a n  1. 5  ar e  hi g hl y  pr e di cti v e  of  pr ot ei n i nst a bilit y

a n d  d ysf u n cti o n.    Hi g h  pr ot ei n  f ol di n g  s c or es    w er e  f o u n d  f or  4

u ni q u e  R P  A 1  v ari a nts i n 4 c as es, 3 i d e nti fi e d i n p ati e nts   wit h  B-  A L L

a n d o n e i n a p ati e nt   wit h e p e n d y  m o  m a.   All   w er e eit h er ultr a-r ar e or

n o v el    wit h    C  A  D  D   s c o r e s   s u g g e sti n g    hi g h  li k eli h o o d   of

p at h o g e ni cit y.    T  w o  R P  A 3  v ari a nts  als o   h ar b or e d   hi g h   pr ot ei n

f ol di n g  s c o r e s  i n   p ati e nt s    wit h    B -  A L L.    T hi s  s u g g e st s  t h at

d ysf u n cti o n al  f ol di n g   of  t h e    R P  A   h et er otri  m er    m a y  l e a d  t o

g e n o  mi c i nst a bilit y i n t h es e  p ati e nts.

I n  o ur  dis c o v er y c o h ort,   w e i d e ntifi e d  5   A  M L c as es   wit h g er  mli ne

R P A 1  v ari a nts.   O n e  h a d a n  ultr a-r ar e  R P A 1  p. L 5 8 F v ari a nt i n   D B  D- F

a n d t h e r e  m ai ni n g 4 h a d v ari a nts aff e cti n g n u cl e oti d e 8 5 6   wit hi n   D B  D-

A  d o  m ai n ( c.  G 8 5 6  A,  p.  V 2 8 6I i n 3 c as es a n d c.  G 8 5 6 T,  p.  V 2 8 6 F i n o ne

c as e).   T h e res ulti n g a  mi n o a ci d c h a n g es  d o  n ot  diff er i n si z e  or c h ar g e

fr o  m   wil d-t y p e  v ali n e  a n d  h a v e  a  n e utr al  pr ot ei n f ol di n g s c or e  of  0. 6.

H o  w e v er, t h es e   m ut ati o ns   m a y  disr u  pt  pr ot ei n- pr ot ei n,  pr ot ei n-  D  N  A

i nt er a cti o ns,  or   p ost-tr a nsl ati o n al    m o difi c ati o ns,    w hi c h  ar e  k n o  w n

m e c h a nis  ms i  m pli c at e d i n  p at h o g e nicit y  of  R P A 1  v ari a nts i n  v ari o us

e x p eri  m e nt al    m o d els  ( 1 0 – 1 3 ,  3 5 ).    A d diti o n all y,    T B  D- ass o ci at e d

p at h o g e ni c  R P A 1  v ari a nts,  p.  V 2 2 7  A,   p. E 2 4 0 K  a n d  p. T 2 7 0  A,   h a v e

pr ot ei n  f ol di n g  s c or es  of  1. 4,  0. 1  a n d  0. 2  ( c o nsist e nt    wit h  n or  m al

pr ot ei n f ol di n g s h o  w n i n  bi oc h e  mi c al ass a ys)  yet   w er e s h o w n t o e x ert

g ai n- of-f u n cti o n  eff ect  o n   D  N  A  bi n di n g  a n d   melti n g  of t el o  m eric   G-

q u a dr u pl e x es  ( 1 0 ).  T hre e  of t h e  4  A  M L  c ases  wit h  R P A 1  v ari a nts i n

D B  D-  A  d o  m ai n  h a d a d diti o n al g er  mli n e v ari a nts i n g e n es (  N  O T C  H 2,

F  A  N C  D 2,    M L L,    HI P 1)    w hi c h,  t o get h er    wit h  R P A 1  m a y   h a ve  a n

e pist ati c  eff e ct  t o  c a us e  o v er all  g e n o  mi c  i nst a bilit y.    C orr o b or ati n g

d at a  fr o  m  a  s  m all  c o h ort  of  4 1    A  M L  p ati e nts  i n    w hi c h  3  p ati e nts

c arri e d  R P  A 1  v ari a nts  ( p. T 1 5 4  A  i n  li n k er  r e gi o n;   p.  A 4 6 6  G  a n d

p. R 5 1 3  H i n   D B  D- C)  d es er v es f ur t h er i n v esti g ati o n.  B e y o n d R P A 1  i n

t he   A  M L  c o h ort,   w e  als o f o u n d  a  n o v el  ger  mli ne   misse ns e  v ari a nt i n

R P A 3  i n a n i nf a nt   wit h   A  M L   w h o als o h ar b or e d a ger  mli n e tr u n c ati n g

v ari a nt i n t h e   D  N  A h eli c as e,  R T E L 1 ,   w hi c h is ass o ci at e d   wit h   T B  D (3 6 ,

3 7 ).   M ore f u ncti o n al st u dies are n ee de d t o d et er  mi n e t h e p at h o ge nicit y

of  R P A 1  V 2 8 6I/ F alt er ati o ns a n d t h eir r ol e i n h e  m at ol o gic   m ali g n a n c y.

A  m o n g t h e  1 3   C  N S t u  m ors   wit h  v ari a nts i n   R P  A  h et er otri  m er

g e n e s,   9   c a s e s    w e r e    hi g h   g r a d e    n e o pl a s  m s,   i n cl u di n g

m e d ull o bl ast o  m a  a n d  hi g h- gr a d e  gli o  m a.  I nt er esti n gl y,  3  of  t h e  5

m e d ull o bl ast o  m a c as es h a d n o v el a n d o n e v er y r ar e g er  mli n e  R P  A 1 ,

as    w ell  as   o n e   ultr a-r ar e  R P  A 3  v ari a nt.    N ot a bl y,  e v e n  t h o u g h

v ari a nts  i n  ot h er  u nr el at e d  g e n es    w er e  als o  f o u n d  i n  4  of  t h e  5

m e d ull o bl ast o  m a  c as es,  n o n e  of  t h es e  g e n es  h a v e  b e e n  pr e vi o usl y

ass o ci at e d   wit h    m e d ull o bl ast o  m as  i n  t h e  lit er at ur e.    Ot h er  st u di es

h a v e  i d e nti fi e d   g e r  mli n e   d ef e ct s  i n    D  N  A   r e p ai r   g e n e s  i n

m e d ull o bl ast o  m a  (  3 8 , 3 9 ). It   w o ul d  st a n d t o  r e as o n  t h at  g er  mli n e

m ut ati o ns i n t h e   R P  A  h et er otri  m er,   w hi c h f u n cti o ns i n  al  m ost  all

D  N  A r e p air  p at h  w a ys,  c o ul d  p ot e nti at e  o n c o g e ni c tr a nsf or  m ati o n.

F urt h er i n v esti g ati o n s h o ul d f o c us o n ass essi n g t h e f u n cti o n of   R P  A

m ut a nt   p r ot ei n s  i n    D  N  A  r e p ai r   a n d  t h ei r   c o nt ri b uti o n  t o

t u  m or  bi ol o g y.

O ur  st u d y   h as  s e v er al  li  mit ati o ns.    Alt h o u g h  all  c as es    w er e

ass ess e d  usi n g  a  u nif or  m  pi p eli n e,  t h e  c o h ort  is  s k e  w e d  t o  w ar ds
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c as es   wit h  B-  A L L  ( ~ 4-f ol d  hi g h er  n u  m b er  of  B-  A L L  c o  m p ar e d t o

s oli d  a n d    C  N S  c a n c ers).    W e  i n cl u d e d  all  g er  mli n e  a n d  s o  m ati c

m ut ati o ns   p er  c as e  t h at    w er e  r e p ort e d  i n   pr e vi o usl y   p u blis h e d

st u di e s;   h o  w e v e r,  t hi s  i nf o r  m ati o n    w a s   u n a v ail a bl e  f o r   a

pr o p orti o n   of  c as es  a n d  t h er ef or e    w e  c a n n ot    m a k e   d e fi niti v e

c o n cl usi o ns  a b o ut  R P  A  v ari a nts  b ei n g  t h e  s ol e  g er  mli n e  dri v er i n

t h es e c a n c ers.   Alt h o u g h ultr a-r ar e a n d n o v el h et er o z y g o us g er  mli n e

v ari a nts i n  R P  A 1  w er e si g ni  fi c a ntl y e nri c h e d i n  p e di atri c c a n c ers, it

is  diffi c ult t o as c ert ai n  p at h o g e ni cit y  a n d cli ni c al r el e v a n c e   wit h o ut

f u n cti o n al f oll o  w- u p,   w hi c h f alls b e y o n d t h e s c o p e of t his st u d y. It is

pl a usi bl e  t h at  v ari a nts   wit h  hi g h  i n-sili c o  pr ot ei n  f ol di n g  e n er g y,

ultr a-r ar e  a n d/ or  n o v el  all eli c  fr e q u e n c y  a n d  hi g h  p at h o g e ni cit y

s c or es    m a y  b e  cli ni c all y  r el e v a nt  a n d  s h o ul d  b e  a  m o n g  t h e  t o p

v ari a nts t o  e x pl or e i n f ut ur e st u di es.

I n s u  m  m ar y, e v asi o n  of   D  N  A r e p air   m e c h a nis  ms is a c o  m  m o n

t h e  m e  a  m o n g  c a n c ers.    R P  A  is  a n  ess e nti al   pr ot ei n  f or    D  N  A

r e pli c ati o n   a n d  r e p ai r.    O u r  st u d y   d e s c ri b e s   n o v el   a n d  r a r e

v ari a nts   wit h  p ot e nti all y  d el et eri o us  eff e ct i n t h e  R P  A 1 , R P  A 2  a n d

R P  A 3  g e n es i n p e di atri c   m ali g n a n ci es.   M or e o v er,   w e h a v e i d e nti fi e d

e nri c h  m e nt  of  R P  A 1  v ari a nts  i n  c a n c er  c as es  c o  m p ar e d  t o  n o n-

c a n c er c o ntr ols, s u g g esti n g t h at t his g e n e  p ot e nti all y a cts as a  n o v el

c a n c er  dri v er.    W e  pl a n t o e x pl oit  o ur  fi n di n gs a n d  p erf or  m f urt h er

f u n cti o n al  a n d  bi o c h e  mi c al  c h ar a ct eri z ati o n  of  r e c urr e nt  c a n c er

ass o ci at e d  R P  A 1  v ari a nts t o  ass ess t h eir  p ot e nti al  us e  as t ar g ets f or

f ut ur e  c a n c er t h er a pi es.

D at a  a v ail a bilit y  st at e  m e nt

T h e  d at as ets  pr es e nt e d  i n  t his  st u d y  c a n  b e  f o u n d  i n  o nli n e

r e p osit ori es.   T h e n a  m es of t h e r e p osit or y/r e p osit ori es a n d a c c essi o n

n u  m b er(s)  c a n  b e f o u n d i n t h e  arti cl e/ S u p pl e  m e nt ar y   M at eri al .
A ut h or  c o ntri b uti o n s

R S,    K  N,  a n d    M  W:  c o n c e pt u al  d esi g n  of  t h e  st u d y  a n d  d at a

i nt er pr et ati o n.   N  O  a n d    W  C:  d at a  a n al ysis  a n d  st atisti cs.   R  G,    MJ S,

a n d    M S:   c o  m p ut ati o n al   a n al y si s   of    R P  A    m ut ati o n s   a n d

i nt er pr et ati o n.    M  K  a n d  F B:  c o n c e pt u al  d esi g n  a n d i nt er pr et ati o n.

All a ut h ors c o ntri b ut e d t o   m a n us cri pt  pr e p ar ati o n  a n d e diti n g.   All

a ut h ors  a p pr o v e d t h e s u b  mitt e d  v ersi o n.

F u n di n g

R S   w as s u p p ort e d b y   A  m eri c a n S o ci et y of   H e  m at ol o g y   R es e ar c h

Tr ai ni n g    A  w ar ds  f or   F ell o  ws   a n d    K 0 8    D  K 1 3 4 8 7 3.    M  W    w as

s u p p ort e d  b y  E v a ns    M  D S  F o u n d ati o n    D R  G    Gr a nt  a n d    Dr es n er

F o u n d ati o n   Gr a nt.    M S   w as  s u p p ort e d  b y   R 3 5  G  M 1 3 1 7 0 4.  F B   w as

s u p p ort e d b y “ W ürtt e  m b er gis c h er   Kr e bs pr eis 2 0 1 9  ” , S T  A R T   Gr a nt

(  N°  6 9 1 7 4 3,    R  W T  H    A a c h e n    U ni v ersit y),  “ A a c h e n er    Kr e bs- u n d

L e u k ä  mi e hilf e ”  a n d  t h e   D e uts c h e  F ors c h u n gs g e  m ei ns c h aft  (  D F  G)

t hr o u g h  t h e   C R  U 3 4 4.    MJ S   w as  s u p p ort e d  b y   NI  H   R 0 1  D  C 0 1 2 0 4 9

a n d   N S F   C  H E- 1 7 5 1 6 8 8.
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C o n  fl i ct   of i nt er e st

T h e  a ut h ors  d e cl ar e  t h at  t h e  r es e ar c h    w as  c o n d u ct e d  i n  t h e

a bs e n c e  of  a n y  c o  m  m er ci al  or  fi n a n ci al r el ati o ns hi ps t h at  c o ul d  b e

c o nstr u e d  as  a  p ot e nti al  c o n fl i ct  of i nt er est.
P u bli s h er ’s   n ot e

All cl ai  ms e x pr ess e d i n t his arti cl e ar e s ol el y t h os e of t h e a ut h ors

a n d   d o    n ot    n e c e s s a ril y   r e p r e s e nt  t h o s e   of  t h ei r   af fi li at e d
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or g a ni z ati o ns,   or  t h os e   of  t h e   p u blis h er,  t h e  e dit ors  a n d  t h e

r e vi e  w ers.    A n y  pr o d u ct  t h at    m a y  b e  e v al u at e d  i n  t his  arti cl e,  or

cl ai  m t h at   m a y  b e   m a d e  b y its   m a n uf a ct ur er, is  n ot  g u ar a nt e e d  or

e n d ors e d  b y t h e  p u blis h er.
S u p pl e  m e nt ar y    m at eri al

T h e S u p pl e  m e nt ar y   M at eri al f or t his arti cl e c a n b e f o u n d o nli n e

at:  htt ps://  w  w  w.fr o nti ersi n. or g/ arti cl es/ 1 0. 3 3 8 9/f o n c. 2 0 2 3. 1 2 2 9 5 0 7/

f ull #s u p pl e  m e nt ar y-  m at eri al
R ef er e n c e s
1.  J a c ks o n  S P,  B art e k J.   T h e   D  N  A- d a  m a g e r es p o ns e i n  h u  m a n  bi ol o g y  a n d  dis e as e.
N at ur e  ( 2 0 0 9)  4 6 1: 1 0 7 1– 8.  d oi:  1 0. 1 0 3 8/ n at ur e 0 8 4 6 7

2.    K e n n e d y   R  D,   D'  A n dr e a   A  D.   D  N  A  r e p air  p at h  w a ys i n  cli ni c al  pr a cti c e:  L ess o ns
fr o  m  p e di atri c  c a n c er s us c e pti bilit y s y n dr o  m es. J   Cli n   O nc ol ( 2 0 0 6)  2 4: 3 7 9 9– 8 0 8.  d oi:
1 0. 1 2 0 0/J  C  O. 2 0 0 5. 0 5. 4 1 7 1

3.  S h ar  m a   R,  L e  wis  S,    Wl o d ars ki   M  W.   D  N  A r e p air s y n dr o  m es a n d c a n c er: I nsi g hts
i nt o  g e n eti cs  a n d  p h e n ot y p e  p att er ns.  Fr o nt  P e di atr  ( 2 0 2 0)  8: 5 7 0 0 8 4.  d oi:  1 0. 3 3 8 9/
f p e d. 2 0 2 0. 5 7 0 0 8 4

4.    W als h   M F,   C h a n g   V Y,   K o hl  m a n n   W  K, S c ott   H S,   C u n niff   C,   B o ur d e a ut F, et al.
R e c o  m  m e n d ati o ns f or c hil d h o o d c a n c er s c  r e e ni n g  a n d s ur v eill a n c e i n   D  N  A r e p air
dis or d ers.  Cli n   C a nc er   R es  ( 2 0 1 7)  2 3: e 2 3– : e 3 1.  d oi:  1 0. 1 1 5 8/ 1 0 7 8- 0 4 3 2.  C  C R- 1 7-
0 4 6 5

5.   Cr oit o r u  M E,  Cl e a r y  S P,  Di  Ni c ol a  N,  M a n n o  M,  S el a n d er  T,  Ar o n s o n  M,
et al.   As s o ci ati o n b et  w e e n bi all eli c a n d   m o n o all eli c  g er  mli n e  M  Y  H  g e n e  m ut ati o ns
a n d c ol or e ct al c a n c er ris k.  J   N atl   C a n c er I nst ( 2 0 0 4)  9 6: 1 6 3 1– 4.  d oi:  1 0. 1 0 9 3/j n ci/
dj h 2 8 8

6.   d e   V o er   R  M,   H a h n    M  M,    M e ns e n k a  m p   A R,   H ois c h e n   A,   Giliss e n   C,   H e n k es   A,
et  al.    D el et eri o us  g er  mli n e   B L  M    m ut ati o ns  a n d  t h e  ris k  f or  e arl y- o ns et  c ol or e ct al
c a n c er.  Sci   R e p  ( 2 0 1 5)  5: 1 4 0 6 0.  d oi:  1 0. 1 0 3 8/sr e p 1 4 0 6 0

7.    H all    MJ,   B er n his el    R,    H u g h es   E,  L ars o n    K,    R os e nt h al   E T,  Si n g h    N  A,  et  al.
G er  mli n e  p at h o g e ni c  v ari a nts  i n  t h e  at a xi a  t el a n gi e ct asi a    m ut at e d  (  A T  M)  g e n e  ar e
ass o ci at e d   wit h  hi g h  a n d   m o d er at e ris ks f or   m ulti pl e  c a n c ers.  C a nc er  Pr e v   R es ( P hil a)
( 2 0 2 1)  1 4: 4 3 3– 4 0.  d oi:  1 0. 1 1 5 8/ 1 9 4 0- 6 2 0 7.  C  A P R- 2 0- 0 4 4 8

8.    Ki  m  J,  Li g ht   N,  S u b asri   V,   Y o u n g  E L,    W e g  m a n-  Ostr os k y   T,  B ar k a us k as   D  A,
et  al.  P at h o g e ni c  g er  mli n e  v ari a nts  i n  c a n c er  s us c e pti bilit y  g e n es  i n  c hil dr e n  a n d
y o u n g  a d ults    wit h  r h a b d o  m y os ar c o  m a.  J C  O  Pr ecis    O nc ol  ( 2 0 2 1)  5.  d oi:  1 0. 1 2 0 0/
P  O. 2 0. 0 0 2 1 8

9.    T h o  m ps o n E R,   D o yl e   M  A,   R yl a n d   G L,   R o  wl e y S  M,   C h o o n g   D Y,   T ot hill   R  W, et al.
E x o  m e s e q u e n ci n g i d e nti fi es r ar e  d el et eri o us   m ut ati o ns i n   D  N  A r e p air  g e n es  F  A  N  C  C
a n d B L  M as p ot e nti al br e ast c a n c er s us c e pti bilit y all el es.  P L o S   G e n et  ( 2 0 1 2) 8: e 1 0 0 2 8 9 4.
d oi:  1 0. 1 3 7 1/j o ur n al. p g e n. 1 0 0 2 8 9 4

1 0.  S h ar  m a   R, S a h o o S S,   H o n d a   M,   Gr a n g er S L,   G o o di n gs   C, S a n c h e z  L, et al.   G ai n-
of-f u n cti o n    m ut ati o ns i n   R P  A 1  c a us e  a  s y n dr o  m e   wit h  s h ort  t el o  m er es  a n d  s o  m ati c
g e n eti c r es c u e.  Bl o o d  ( 2 0 2 2)  1 3 9: 1 0 3 9– 5 1.  d oi:  1 0. 1 1 8 2/ bl o o d. 2 0 2 1 0 1 1 9 8 0

1 1.    C al d  w ell    C  C,  S pi es    M.    D y n a  mi c  el e  m e nts   of  r e pli c ati o n   pr ot ei n    A  at  t h e
cr ossr o a ds  of    D  N  A  r e pli c ati o n,  r e c o  m bi n ati o n,  a n d  r e p air.  Crit    R e v   Bi oc h e  m    M ol
Bi ol  ( 2 0 2 0)  5 5: 4 8 2– 5 0 7.  d oi:  1 0. 1 0 8 0/ 1 0 4 0 9 2 3 8. 2 0 2 0. 1 8 1 3 0 7 0

1 2.    H ari n g  SJ,   M as o n   A  C,  Bi n z  S  K,    W ol d   M S.   C ell ul ar f u n cti o ns  of  h u  m a n   R P  A 1.
M ulti pl e r ol es  of  d o  m ai ns i n r e pli c ati o n, r e p air,  a n d  c h e c k p oi nts.  J  Bi ol   C h e  m ( 2 0 0 8)
2 8 3: 1 9 0 9 5 – 1 1 1.  d oi:  1 0. 1 0 7 4/j b c.  M 8 0 0 8 8 1 2 0 0

1 3.    W ol d    M S.    R e pli c ati o n   pr ot ei n    A:  a   h et er otri  m eri c,  si n gl e-str a n d e d    D  N  A-
bi n di n g  pr ot ei n r e q uir e d f or  e u k ar y oti c   D  N  A   m et a b olis  m.  A n n u   R e v  Bi oc h e  m  ( 1 9 9 7)
6 6: 6 1 – 9 2.  d oi:  1 0. 1 1 4 6/ a n n ur e v. bi o c h e  m. 6 6. 1. 6 1

1 4.    T at e J  G,  B a  mf or d  S, J u b b   H  C,  S o n d k a   Z,  B e ar e   D  M,  Bi n d al   N,  et  al.   C  O S  MI  C:
T h e c at al o g u e of s o  m ati c   m ut ati o ns i n c a n c er. N ucl eic   Aci ds   R es  ( 2 0 1 9) 4 7:  D 9 4 1 – 7. d oi:
1 0. 1 0 9 3/ n ar/ g k y 1 0 1 5

1 5.    D o  w ni n g  J R,    Wils o n    R  K,   Z h a n g  J,    M ar dis  E R,  P ui    C  H,    Di n g  L,  et  al.    T h e
p e di atri c  c a n c er  g e n o  m e  pr oj e ct.  N at   G e n et  ( 2 0 1 2)  4 4: 6 1 9– 2 2.  d oi:  1 0. 1 0 3 8/ n g. 2 2 8 7

1 6.    N e  w  m a n  S,   N a kit a n d  w e J,   K ess er  w a n   C  A,   A z z at o  E  M,    W h e el er   D  A,   R us c h   M,
et al.   G e n o  m es f or ki ds:   T h e s c o p e of p at h o g e ni c   m ut ati o ns i n p e di atri c c a n c er r e v e al e d
b y c o  m pr e h e nsi v e   D  N  A a n d   R  N  A s e q u e n ci n g.  C a nc er   Disc o v  ( 2 0 2 1)  1 1: 3 0 0 8– 2 7.  d oi:
1 0. 1 1 5 8/ 2 1 5 9- 8 2 9 0.  C  D- 2 0- 1 6 3 1
1 7.    W a n g   Z,    Wils o n   C L,  E ast o n J,   T hr as h er   A,   M ul d er   H,  Li u   Q, et al.   G e n eti c ris k
f or s u bs e q u e nt n e o pl as  ms a  m o n g l o n g-t er  m s ur vi v ors of c hil d h o o d c a n c er. J   Cli n   O nc ol
( 2 0 1 8)  3 6: 2 0 7 8– 8 7.  d oi:  1 0. 1 2 0 0/J  C  O. 2 0 1 8. 7 7. 8 5 8 9

1 8.    Kirs c h n er   M,   R oll es B,   Cr ys a n dt   M,   R olli g   C, St ol z el F,   Kr a  m er   M, et al. I  m p air e d
o v er all  s ur vi v al i n  y o u n g  p ati e nts   wit h  a c ut e   m y el oi d l e u k e  mi a  a n d  v ari a nts i n  g e n es
pr e dis p osi n g  f or    m y el oi d    M ali g n a n ci es.  H e  m as p h er e  ( 2 0 2 2)   6: e 7 8 7.   d oi:  1 0. 1 0 9 7/
H S 9. 0 0 0 0 0 0 0 0 0 0 0 0 0 7 8 7

1 9.    C h e n    W,  et  al.    A  r ar e   v ari a nt  a n al ysis  fr a  m e  w or k   usi n g   p u bli c  g e n ot y p e
s u  m  m ar y  c o u nts  t o   pri oriti z e   dis e as e- pr e dis p ositi o n  g e n es.  N at    C o  m  m u n  ( 2 0 2 2)
1 3: 2 5 9 2.  d oi:  1 0. 1 0 3 8/s 4 1 4 6 7- 0 2 2- 3 0 2 4 8- 0

2 0.    W a n g   K,  Li    M,   H a k o n ars o n   H.   A  N  N  O  V  A R:  f u n cti o n al  a n n ot ati o n  of  g e n eti c
v ari a nts fr o  m  hi g h-t hr o u g h p ut s e q u e n ci n g  d at a.  N ucl eic   Aci ds   R es  ( 2 0 1 0) 3 8: e 1 6 4.  d oi:
1 0. 1 0 9 3/ n ar/ g k q 6 0 3

2 1.   Li   Q,    W a n g   K. I nt er  V ar:   Cli ni c al i nt er pr et ati o n  of  g e n eti c  v ari a nts  b y t h e  2 0 1 5
A  C  M  G-  A  M P   g ui d eli n es.  A  m  J    H u  m    G e n et  ( 2 0 1 7)   1 0 0: 2 6 7– 8 0.   d oi:  1 0. 1 0 1 6/
j. aj h g. 2 0 1 7. 0 1. 0 0 4

2 2.    Ri c h ar ds   C S,  B al e S,  B ellissi  m o   D B,   D as S,   Gr o d y   W  W,   H e g d e   M R, et al.   A  C  M  G
r e c o  m  m e n d ati o ns  f or  st a n d ar ds  f or  i nt e r pr et ati o n   a n d  r e p orti n g   of  s e q u e n c e
v a ri ati o n s:    R e vi si o n s   2 0 0 7.  G e n et    M e d  ( 2 0 0 8 )   1 0: 2 9 4 – 3 0 0.   d oi:  1 0. 1 0 9 7/
GI  M. 0 b 0 1 3 e 3 1 8 1 6 b 5 c a e

2 3.    K ar c z e  ws ki   KJ, Fr a n ci oli  L  C,   Ti a o   G,   C u  m  mi n gs  B B,   Alf ol di J,   W a n g   Q, et al.   T he
m ut ati o n al  c o nstr ai nt  s pe ctr u  m  q u a nti  fi e d  fr o  m  v ari ati o n  i n  1 4 1, 4 5 6  h u  m a ns.  N at ure
( 2 0 2 0)  5 8 1: 4 3 4– 4 3.  d oi:  1 0. 1 0 3 8/s 4 1 5 8 6- 0 2 0- 2 3 0 8- 7

2 4.    R e nt zs c h  P,    Witt e n   D,   C o o p er   G  M,  S h e n d ur e J,   Kir c h er    M.   C  A  D  D:  pr e di cti n g
t h e d el et eri o us n ess of v ari a nts t hr o u g h o ut t h e h u  m a n g e n o  m e. N ucl eic   Aci ds   R es  ( 2 0 1 9)
4 7:  D 8 8 6 – 9 4.  d oi:  1 0. 1 0 9 3/ n ar/ g k y 1 0 1 6

2 5.    T ollefs o n    M R,  Lit  m a n  J  M,    Qi    G,    O' C o n nell    C E,    Wi p fl er    MJ,    M ari ni   RJ,  et  al.
Str uct ur al i nsi g hts i nt o  he ari n g l oss  g e netics fr o  m  p ol ariz a ble  pr otei n  re p ac ki n g.  Bi o p h ys J
( 2 0 1 9)  1 1 7: 6 0 2– 1 2.  d oi:  1 0. 1 0 1 6/j. b pj. 2 0 1 9. 0 6. 0 3 0

2 6.   B o c h k ar e v   A,  Pf u et z n er   R  A,  E d  w ar ds   A  M,  Fr a p pi er  L.  Str u ct ur e  of t h e  si n gl e-
str a n d e d-  D  N  A- bi n di n g d o  m ai n of r e pli c ati o n pr ot ei n   A b o u n d t o   D  N  A. N at ur e  ( 1 9 9 7)
3 8 5: 1 7 6 – 8 1.  d oi:  1 0. 1 0 3 8/ 3 8 5 1 7 6 a 0

2 7.   B o c h k ar e v a  E,   K or ol e v  S,  L e es-  Mill er  S P,  B o c h k ar e v   A.  Str u ct ur e  of  t h e   R P  A
tri  m eri z ati o n  c or e  a n d  its  r ol e  i n  t h e    m ultist e p    D  N  A- bi n di n g    m e c h a nis  m  of   R P  A.
E  M B  O J  ( 2 0 0 2)  2 1: 1 8 5 5– 6 3.  d oi:  1 0. 1 0 9 3/ e  m b oj/ 2 1. 7. 1 8 5 5

2 8. G uilli a  m   T  A,  Briss ett   N  C,  E hli n g er   A,   K e e n  B  A,   K ol es ar  P,   T a yl or  E  M,  et  al.
M ol e c ul ar  b asis  f or  Pri  m P ol  r e cr uit  m e nt  t o  r e pli c ati o n  f or ks  b y   R P  A.  N at   C o  m  m u n
( 2 0 1 7)  8: 1 5 2 2 2.  d oi:  1 0. 1 0 3 8/ n c o  m  ms 1 5 2 2 2

2 9.    M er   G, B o c h k are v   A,   G u pt a   R, B o c h k ar e v a E, Fr a p pi er L, I n gl es   CJ, et al. Str u ct ur al
b asis f or t h e r e c o g niti o n of   D  N  A r e p air pr otei ns   U  N  G 2,   X P  A, a n d   R  A  D 5 2 b y r e pli c ati o n
f a ct or   R P  A. Cell  ( 2 0 0 0)  1 0 3: 4 4 9– 5 6.  d oi:  1 0. 1 0 1 6/ S 0 0 9 2- 8 6 7 4( 0 0) 0 0 1 3 6- 7

3 0.    M o nt a n u c ci  L,    C a pri otti  E,  Fr a n k    Y,    B e n- T al    N,  F aris elli  P.    D  D  G u n:  a n
u ntr ai n e d   m et h o d f or t h e  pr e di cti o n  of  pr ot ei n  st a bilit y  c h a n g es  u p o n  si n gl e  a n d
m ulti pl e  p oi nt  v ari ati o ns.  B  M C    Bi oi nf  ( 2 0 1 9)  2 0: 3 3 5.  d oi:  1 0. 1 1 8 6/s 1 2 8 5 9- 0 1 9-
2 9 2 3- 1

3 1.    H u a n g   K L,   M as hl   RJ,   W u   Y,   Ritt er   DI,   W a n g J,   O h   C, et al.  P at h o g e ni c g er  mli n e
v a ri a nts  i n   1 0, 3 8 9   a d ult  c a n c ers.  C ell  ( 2 0 1 8)   1 7 3: 3 5 5– 3 7 0  e 1 4.   d oi:  1 0. 1 0 1 6/
j. c ell. 2 0 1 8. 0 3. 0 3 9

3 2.    O a k    N,    C h er ni a c k    A  D,    M as hl    RJ,    N et  w or k    T  A,    Hirs c h   F R,    Di n g   L,  et  al.
A n c estr y-s p e ci  fi c  pr e dis p osi n g g er  mli n e v ari a nts i n c a n c er.  G e n o  m e   M e d  ( 2 0 2 0) 1 2: 5 1.
d oi:  1 0. 1 1 8 6/s 1 3 0 7 3- 0 2 0- 0 0 7 4 4- 3
fr o nti er si n. or g

https://www.frontiersin.org/articles/10.3389/fonc.2023.1229507/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2023.1229507/full#supplementary-material
https://doi.org/10.1038/nature08467
https://doi.org/10.1200/JCO.2005.05.4171
https://doi.org/10.3389/fped.2020.570084
https://doi.org/10.3389/fped.2020.570084
https://doi.org/10.1158/1078-0432.CCR-17-0465
https://doi.org/10.1158/1078-0432.CCR-17-0465
https://doi.org/10.1093/jnci/djh288
https://doi.org/10.1093/jnci/djh288
https://doi.org/10.1038/srep14060
https://doi.org/10.1158/1940-6207.CAPR-20-0448
https://doi.org/10.1200/PO.20.00218
https://doi.org/10.1200/PO.20.00218
https://doi.org/10.1371/journal.pgen.1002894
https://doi.org/10.1182/blood.2021011980
https://doi.org/10.1080/10409238.2020.1813070
https://doi.org/10.1074/jbc.M800881200
https://doi.org/10.1146/annurev.biochem.66.1.61
https://doi.org/10.1093/nar/gky1015
https://doi.org/10.1038/ng.2287
https://doi.org/10.1158/2159-8290.CD-20-1631
https://doi.org/10.1200/JCO.2018.77.8589
https://doi.org/10.1097/HS9.0000000000000787
https://doi.org/10.1097/HS9.0000000000000787
https://doi.org/10.1038/s41467-022-30248-0
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.1016/j.ajhg.2017.01.004
https://doi.org/10.1016/j.ajhg.2017.01.004
https://doi.org/10.1097/GIM.0b013e31816b5cae
https://doi.org/10.1097/GIM.0b013e31816b5cae
https://doi.org/10.1038/s41586-020-2308-7
https://doi.org/10.1093/nar/gky1016
https://doi.org/10.1016/j.bpj.2019.06.030
https://doi.org/10.1038/385176a0
https://doi.org/10.1093/emboj/21.7.1855
https://doi.org/10.1038/ncomms15222
https://doi.org/10.1016/S0092-8674(00)00136-7
https://doi.org/10.1186/s12859-019-2923-1
https://doi.org/10.1186/s12859-019-2923-1
https://doi.org/10.1016/j.cell.2018.03.039
https://doi.org/10.1016/j.cell.2018.03.039
https://doi.org/10.1186/s13073-020-00744-3
https://doi.org/10.3389/fonc.2023.1229507
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


S h ar  m a  et  al. 1 0. 3 3 8 9 /f o n c. 2 0 2 3. 1 2 2 9 5 0 7
3 3.   R as nic  R,  Li ni al   N,  Li ni al    M.  E x p a n di n g  c a ncer  pre dis p ositi o n  ge nes   wit h  ultr a-r are
c a ncer-e xcl usi ve h u  m a n v ari ati o ns.  Sci  Re p  ( 2 0 2 0) 1 0: 1 3 4 6 2. d oi: 1 0. 1 0 3 8/s 4 1 5 9 8- 0 2 0- 7 0 4 9 4- 0

3 4.    H ass   C S,   C h e n   R,    W ol d    M S.    D et e cti o n  of  p osttr a nsl ati o n al    m o di fi c ati o ns  of
r e pli c ati o n   pr ot ei n    A.  M et h o ds    M ol   Bi ol  ( 2 0 1 2)  9 2 2: 1 9 3– 2 0 4.  d oi:  1 0. 1 0 0 7/ 9 7 8- 1-
6 2 7 0 3- 0 3 2- 8 _ 1 5

3 5.    W a n g    Y,   P ut n a  m    C  D,    K a n e    M F,    Z h a n g    W,   E d el  m a n n   L,    R uss ell    R,  et  al.
M ut ati o n i n   R p a 1 r es ults i n  d ef e cti v e   D  N  A  d o u bl e-str a n d  br e a k r e p air,  c hr o  m os o  m al
i nst a bilit y  a n d  c a n c er i n   mi c e. N at   G e n et  ( 2 0 0 5)  3 7: 7 5 0– 5.  d oi:  1 0. 1 0 3 8/ n g 1 5 8 7

3 6.    C al a d o   R T,   Y o u n g   N S.   T el o  m er e dis e as es.  N E n gl J   M e d  ( 2 0 0 9) 3 6 1: 2 3 5 3– 6 5. d oi:
1 0. 1 0 5 6/  N EJ  Mr a 0 9 0 3 3 7 3
Fr o nti er s i n  O n c ol o g y 1 5
3 7.    M ars h  J C  W,   G utierrez- R o dri g ues  F,   C o o p er  J,  Ji a n g  J,   G a n d hi  S,   K aji g a y a  S,  et  al.
Heter oz y g o us  R T E L 1  v ari a nts i n  b o ne   m a  rr o w f ail ure  a n d   m y el oi d  ne o pl as  ms.  Bl o o d   A d v
( 2 0 1 8)  2: 3 6– 4 8.  d oi:  1 0. 1 1 8 2/ bl o o d a d v a nces. 2 0 1 7 0 0 8 1 1 0

3 8.    Tr u bi c k a J,   Z e  m ojt el   T,   H e c ht J, F al a n a   K,  Pi e k ut o  ws k a-  A br a  m c z u k   D,  Pl os ki   R,
et  al.   T h e  g er  mli n e  v ari a nts  i n    D  N  A  r e p air  g e n es  i n  p e di atri c    m e d ull o bl ast o  m a:  a
c h all e n g e f or  c urr e nt t h er a p e uti c str at e gi es.  B  M C   C a nc er  ( 2 0 1 7)  1 7: 2 3 9.  d oi:  1 0. 1 1 8 6/
s 1 2 8 8 5- 0 1 7- 3 2 1 1- y

3 9.    C art a   R,    D el  B al d o    G,    Mi el e  E,  P o    A,  B es h ar at   Z  M,    N a zi o  F,  et  al.    C a n c er
pr e dis p ositi o n  s y n dr o  m es  a n d    m e d ull o bl ast o  m a  i n  t h e    m ol e c ul ar  er a.  Fr o nt    O nc ol
( 2 0 2 0)  1 0: 5 6 6 8 2 2.  d oi:  1 0. 3 3 8 9/f o n c. 2 0 2 0. 5 6 6 8 2 2
fr o nti er si n. or g

https://doi.org/10.1038/s41598-020-70494-0
https://doi.org/10.1007/978-1-62703-032-8_15
https://doi.org/10.1007/978-1-62703-032-8_15
https://doi.org/10.1038/ng1587
https://doi.org/10.1056/NEJMra0903373
https://doi.org/10.1182/bloodadvances.2017008110
https://doi.org/10.1186/s12885-017-3211-y
https://doi.org/10.1186/s12885-017-3211-y
https://doi.org/10.3389/fonc.2020.566822
https://doi.org/10.3389/fonc.2023.1229507
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Germline landscape of RPA1, RPA2 and RPA3 variants in pediatric malignancies: identification of RPA1 as a novel cancer predisposition candidate gene
	Introduction
	Methods
	Data sources
	Variant calling and filtering
	Computational analysis of RPA mutations
	Statistical analysis

	Results
	Variants identified among the RPA heterotrimer genes
	RPA1 germline variants and cancers
	RPA2 and RPA3 germline variants and cancers

	Discussion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


