
Swarthmore College Swarthmore College 

Works Works 

Senior Theses, Projects, and Awards Student Scholarship 

Spring 2019 

Identification of Candidate Human Satellite II RNA Binding Identification of Candidate Human Satellite II RNA Binding 

Proteins in a Human Cancer Cell Line Proteins in a Human Cancer Cell Line 

Anthony J. Velleca , '19 

Follow this and additional works at: https://works.swarthmore.edu/theses 

 Part of the Biology Commons 

Recommended Citation Recommended Citation 
Velleca, Anthony J. , '19, "Identification of Candidate Human Satellite II RNA Binding Proteins in a Human 
Cancer Cell Line" (2019). Senior Theses, Projects, and Awards. 157. 
https://works.swarthmore.edu/theses/157 

Please note: the theses in this collection are undergraduate senior theses completed by senior undergraduate 
students who have received a bachelor's degree. 
This work is brought to you for free by Swarthmore College Libraries' Works. It has been accepted for inclusion in 
Senior Theses, Projects, and Awards by an authorized administrator of Works. For more information, please 
contact myworks@swarthmore.edu. 

https://works.swarthmore.edu/
https://works.swarthmore.edu/theses
https://works.swarthmore.edu/student-scholarship
https://works.swarthmore.edu/theses?utm_source=works.swarthmore.edu%2Ftheses%2F157&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/41?utm_source=works.swarthmore.edu%2Ftheses%2F157&utm_medium=PDF&utm_campaign=PDFCoverPages
https://works.swarthmore.edu/theses/157?utm_source=works.swarthmore.edu%2Ftheses%2F157&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:myworks@swarthmore.edu


 1  

 
 

I d e ntifi c ati o n of C a n di d at e H u m a n 
S at ellit e II R N A Bi n di n g P r ot ei ns i n 

a H u m a n C a n c e r C ell Li n e  
 
 

 
A nt h o n y V ell e c a  

 
 
 

A T h esis  
S u b mitt e d t o t h e D e p a rt m e nt of Bi ol o g y  

S w a rt h m o r e C oll e g e  
A p ril 2 0 1 9  

 
 

 

 

 

 



 2  

I nt r o d u cti o n  

O v e r vi e w of R N A Bi n di n g P r ot ei ns 

R N A oft e n ass o ci at es wit h  o n e or m or e R N A bi n di n g pr ot ei ns ( R B P(s)) t o c arr y o ut t h e v ari et y of 

f u n cti o ns it p erf or ms i n t h e c ell1 . T h e c o m pl e x t h at f or ms is r ef err e d t o as a ri b o n u cl e o pr ot ei n p arti cl e 

( R N P)2 . M o v e m e nt, p er m a n e n c e a n d br e a k d o w n of all cl ass es of R N A is r e g ul at e d b y R B Ps, wit h 

e x a m pl es r a n gi n g fr o m mi R N A pr o c essi n g t o t R N A bi o g e n esis 1 . O n e c a n o ni c al r ol e of R N Ps is i n p ost-

tr a ns cri pti o n al g e n e r e g ul ati o n, i n w hi c h t h e tr a nsl ati o n of m R N A i nt o a f u n cti o n al pr ot ei n is r e g ul at e d 

b y o n e or m or e R B Ps 2 . R N Ps ar e als o i n v ol v e d i n R N A s pli ci n g, as R B Ps ar e a cr u ci al c o m p o n e nt of t h e 

s pli c e os o m e, w hi c h is r es p o nsi bl e f or c at al y zi n g t h e r e m o v al of i ntr o ns a n d j oi ni n g of e x o ns t h at m ust 

o c c ur f or pr e- m R N A t o b e pr o c ess e d i nt o m R N A 3 . Cl assi c all y, w h e n R N A w as c o nsi d er e d i n t h e 

c o nt e xt of its r el ati o ns hi p wit h R B Ps, R N A w as t h o u g ht t o b e a b yst a n d er m ol e c ul e r e g ul at e d b y 

pr ot ei ns, as is t h e c as e f or m R N A w h e n pr ot ei ns bi n d t o it a n d r e g ul at e tr a ns cri pti o n l e v els 2 . R e c e nt 

dis c o v eri es h a v e est a blis h e d a m or e R N A- c e ntri c vi e w of t h e f u n cti o n of s o m e R N Ps a n d ill u mi n at e d 

t h e r ol e of R B Ps i n n o v el c ell ul ar pr o c ess es2 . 

N o n- c o di n g R N As a n d E x p a nsi o n of R B P Li b r a r y 

W hil e t h e r el ati o ns hi ps b et w e e n m R N As, t R N A, mi R N As a n d t h e bi n di n g pr ot ei ns t h es e R N As 

ass o ci at e wit h ar e m or e w ell d efi n e d, t h e r el ati o ns hi ps, a n d t h e f u n cti o n of t h e R N Ps t h at f or m b et w e e n 

n o n- c o di n g R N A ( n c R N A) a n d R B Ps ar e j ust b e gi n ni n g t o b e i n v esti g at e d 4 . R e c e nt st u di es h a v e gr e atl y 

e x p a n d e d t h e n u m b er of n c R N As, es p e ci all y l o n g n c R N As (l n c R N As), a n d h a v e r e v e al e d a r a n g e of 

pr e vi o usl y u n k n o w n f u n cti o ns, i n cl u di n g g e n e r e g ul ati o n a n d p ar as p e c kl e f or m ati o n 4- 7 . T h e f u n cti o ns of 

m a n y w ell-st u di e d n c R N As ar e k n o w n t o r e q uir e t h e f or m ati o n of R N Ps 5, 6, 8 . T h us, d et er mi ni n g t h e R N A 

bi n di n g pr ot ei ns of n c R N As t h at h a v e b e e n r e c e ntl y i m pli c at e d i n a c ell ul ar pr o c ess, or d o n ot h a v e a 

k n o w n f u n cti o n, h as t h e p ot e nti al t o pr o vi d e i nsi g ht i nt o t h e f ull r a n g e of n c R N A f u n cti o ns as w ell as 

h o w n c R N As c o m pl e x wit h R B Ps t o p erf or m t h es e f u n cti o ns 4 . T h e s yst e m ati c i d e ntifi c ati o n of R NA 
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bi n di n g pr ot ei ns b y s e v er al st u di es h as gr e atl y e x p a n d e d t h e n u m b er of R B Ps, el u ci d at e d n e w f u n cti o ns 

a n d c a us e d a s hift i n o ur u n d erst a n di n g of t h e f u n cti o n of R N A i n R N Ps 1, 2 ,9, 1 0 . C e ntr al t o t h es e m et h o ds 

is a cr ossli n ki n g st e p t h at c o v al e ntl y li n ks b o u n d pr ot ei ns t o R N A, m a ki n g s ur e t h at l e giti m at e bi n di n g 

r el ati o ns hi ps ar e n ot l ost as R N A- pr ot ei n c o m pl e x es ar e is ol at e d1 1 . B alt z et. al. f o u n d t h e m R N A- b o u n d 

pr ot e o m e t o c o nt ai n n e arl y 8 0 0 pr ot ei ns i n a h u m a n e m br y o ni c ki d n e y c ell li n e, a t hir d of w hi c h w er e 

n ot pr e vi o usl y a n n ot at e d as R N A bi n di n g 1 0 . A n ot h er 1 5 p er c e nt of t h es e pr ot ei ns w er e pr e vi o usl y n ot 

pr e di ct e d t o i nt er a ct wit h R N A b as e d o n c o m p ut ati o n al m et h o ds 1 0 . T h e y als o us e d n e xt g e n er ati o n 

s e q u e n ci n g m et h o ds t o s h o w t h e pr ot ei n o c c u p a n c y o n m R N A tr a ns cri pts 1 0 . I n a s e p ar at e st u d y, C ast ell o 

et. al. i d e ntifi e d 8 6 0 pr ot ei ns b y bi o c h e mi c al a n d st atisti c al m et h o ds t h at cl assif y as R B Ps 9 . T h e a ut h ors 

e m p h asi z e d t h at t h eir list a d ds m or e t h a n 3 0 0 R B Ps t o t h os e pr e vi o usl y i d e ntifi e d 9 . T h e y als o n ot e d h o w 

t his s yst e m ati c i d e ntifi c ati o n r e v e al e d n e w r ol es f or R N A- bi n di n g e n z y m es of i nt er m e di ar y m et a b olis m 

a n d R N A bi n di n g ar c hit e ct ur es 9 . 

Di v e rs e r ol es f o r R N A i n R N Ps  

R at h er t h a n pl a yi n g a si m pl y p assi v e r ol e i n R N Ps, R N A h as b e e n s h o w n t o m o d ul at e pr ot ei n 

f u n cti o n. T h e a cti v ati o n of t oll-li k e r e c e pt ors ( T L Rs) i n v ol v e d i n t h e r e c o g niti o n of p at h o g e ns b y 

bi n di n g wit h d o u bl e-str a n d e d R N A, si n gl e-str a n d e d R N A a n d ri b os o m al R N A is a n e x a m pl e of t h e 

w a ys i n w hi c h R N A s er v es t o dir e ctl y r e g ul at e pr ot ei n a cti vit y 1 2 . Ki n as es i n v ol v e d i n vir al r e pli c ati o n 

p at h w a ys h a v e als o b e e n f o u n d t o b e r e g ul at e d b y R N A, wit h ds R N A tri g g eri n g a cti v ati o n of pr ot ei n 

ki n as e R ( P K R) b y di m eri z ati o n a n d a ut o p h os p h or yl ati o n 1 3 . T h us, R N A h as t h e p ot e nti al t o s er v e as a 

criti c al m ol e c ul e f or r e g ul ati n g pr ot ei n f u n cti o n t hr o u g h t h e f or m ati o n of R N Ps. A n ot h er si g nifi c a nt 

fi n di n g fr o m t h e s yst e m ati c i d e ntifi c ati o n of R B Ps is t h at a v ari et y of e n z y m es i n v ol v e d i n criti c al st e ps 

i n i nt er m e di ar y m et a b olis m h a v e b e e n i d e ntifi e d as R B Ps, i n cl u di n g m ost of t h e e n z y m es i n v ol v e d i n 

gl y c ol ysis 1 4 . O n e s u c h e x a m pl e is gl y c er al d e h y d e- 3- p h os p h at e d e h y dr o g e n as e ( G A P D H), w hi c h is a k e y 

e n z y m e i n gl y c ol ysis t h at h as b e e n s h o w n t o i nt er a ct wit h t h e 3’ U T R of i nt erf er o n g a m m a (I F N- γ) 
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m R N A a n d i n hi bit its tr a nsl ati o n 1 5 . F or G A P D H, R N A bi n di n g a n d e n z y m ati c a cti vit y h a v e b e e n s h o w n 

t o b e i n c o m p ati bl e, wit h pr ot ei n f u n cti o n s wit c hi n g fr o m m et a b olis m t o p ost-tr a ns cri pti o n al r e g ul ati o n 

of g e n e e x pr essi o n u n d er diff er e nt c ell ul ar c o n diti o ns 1 5 . T h e f a ct t h at G A P H D, a criti c al h o us e k e e pi n g 

g e n e, is r e g ul at e d b y a n R N A bi n di n g r el ati o ns hi p i n di c at es h o w wi d es pr e a d a n d i m p ort a nt R N A-

m e di at e d r e g ul ati o n is. Gi v e n t h e n u m b er of e n z y m ati c pr ot ei ns i d e ntifi e d as R B Ps, t h er e li k el y e xist 

R N A- d e p e n d e nt r e g ul at or y r ol es f or ot h er hi g hl y a b u n d a nt m et a b oli c pr ot ei ns 2 . 

R N A als o h as t h e a bilit y t o s er v e as a fl e xi bl e s c aff ol d u p o n w hi c h f u n cti o n al pr ot ei n c o m pl e x es c a n 

b e ass e m bl e d 2 . O n e s u c h e x a m pl e is t el o m er as e i n y e ast. T el o m er as e is t h e e n z y m e r es p o nsi bl e f or 

a d di n g r e p e at e d D N A s e q u e n c es t o t h e e n d of t h e c hr o m os o m e, a n d is m a d e u p of a n 1 1 5 7 nt R N A 

s u b u nit, w hi c h s er v es as t h e t e m pl at e f or t el o m eri c D N A s y nt h esis, i n a d diti o n t o s e v er al pr ot ei n 

s u b u nits 1 6 . It h as b e e n s h o w n t h at i n a d diti o n t o s er vi n g as a t e m pl at e f or t el o m eri c D N A s y nt h esis, t h e 

R N A s u b u nit is r es p o nsi bl e f or t et h eri n g t h e pr ot ei n s u b u nits i nt o a c o m pl e x 1 6 . A m o d el h as b e e n 

pr o p os e d t h at cl assifi es R N Ps b as e d o n t h e e xt e nt t o w hi c h t h e R N A c o m p o n e nt c o ntri b ut es t o o v er all 

R N P str u ct ur e 1 6 . F or e x a m pl e, R N Ps wit h s p e cifi c str u ct ur es d et er mi n e d pri m aril y b y t h e R N A 

c o m p o n e nt its elf i n cl u d e t h e ri b os o m e a n d ri b o z y m e- pr ot ei n c o m pl e x es 1 6 . T h e s e c o n d c at e g or y 

c o m pris es R N Ps w h er e t h e s p e cifi c str u ct ur e is l ar g el y d et er mi n e d b y pr ot ei ns, as is t h o u g ht t o b e t h e 

c a s e f or s m all n u cl e ar R N Ps 1 6 . T h e t hir d c at e g or y, u n d er w hi c h t h e R N A s u b u nit of t el o m er as e f alls, 

h a v e n o s p e cifi c str u ct ur e f or t h e R N P as a w h ol e a n d i nst e a d t h e R N A s er v es as a fl e xi bl e t et h eri n g 

m ol e c ul e t o l o c ali z e a n u m b er of pr ot ei ns i n v ol v e d i n a c ell ul ar pr o c ess 1 6 . It is t h o u g ht t h at s o m e of t h e 

l o n g n o n- c o di n g R N As (l n c R N As) t h at ass o ci at e wit h pr ot ei ns c a n b e cl assifi e d i nt o t his t hir d c at e g or y2 .  

F u n cti o ns of R N Ps t h at c o nt ai n l n c R N As 

L n c R N As, a h et er o g e n o us gr o u p of tr a ns cri pts wit h di v ers e f u n cti o ns, ar e p ol y a d e n yl at e d, 

s o m eti m es s pli c e d a n d fr e q u e ntl y f or m e xt e nsi v e s e c o n d ar y str u ct ur e 2 . T h es e tr a ns cri pts, w hi c h h a v e 

r e c e ntl y g ai n e d i n cr e as e d att e nti o n fr o m r es e ar c h ers, eli cit a r a n g e of f u n cti o ns, i n cl u di n g a cti n g as 
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s c aff ol ds, d e c o ys a n d g ui d es. O n e c o m m o n f e at ur e is t h e y oft e n ass o ci at e wit h pr ot ei ns t o c arr y o ut 

t h es e m ultit u d e of f u n cti o ns1 7 . I n m o us e e m br y o ni c st e m c ells ( E S Cs) k n o c k d o w n of l n c R N As h as b e e n 

s h o w n t o h a v e eff e cts o n g e n e e x pr essi o n c o m p ar a bl e t o t h e eff e cts o n g e n e e x pr essi o n w h e n w ell-

k n o w n E S C r e g ul at or y pr ot ei ns ar e k n o c k e d d o w n 1 8 . W hil e t h e m e c h a nis ms f or m ost of t h es e l n c R N A-

d e p e n d e nt c h a n g es i n g e n e e x pr essi o n r e m ai n u n d et er mi n e d 7 , t h e pr ot ei ns t h at ass o ci at e wit h Xist, a 

l n c R N A t h at is r es p o nsi bl e f or sil e n ci n g o n e X c hr o m os o m e d uri n g d e v el o p m e nt i n f e m al es, h a v e 

r e c e ntl y b e e n i d e ntifi e d8 . M c H u g h et. al. d e v el o p e d a n R N A a ntis e ns e p urifi c ati o n ( R A P) a p pr o a c h t o 

p urif y a l n c R N A fr o m c ells a n d i d e ntif y t h e pr ot ei ns t h at i nt er a ct wit h t h e l n c R N A b y m ass 

s p e ctr o m etr y ( R A P- M S) 8 . T e n pr ot ei ns t h at s p e cifi c all y ass o ci at e wit h Xist R N A w er e i d e ntifi e d b y a 

q u a ntit ati v e m ass s p e ctr o m etr y a p pr o a c h 8 . B y k n o c ki n g d o w n e a c h o n e of t h es e t e n pr ot ei ns usi n g 

si R N As a n d ass a yi n g f or i n a bilit y t o eff e cti v el y sil e n c e g e n e e x pr essi o n o n t h e X c hr o m os o m e 

f oll o wi n g t h e i n d u cti o n of Xist  e x pr essi o n, t h e y i d e ntifi e d t hr e e pr ot ei ns t h at ar e r e q uir e d f or Xist-

m e di at e d tr a ns cri pti o n al r e pr essi o n. O n e of t h es e pr ot ei ns, S H A R P, is ess e nti al f or b ot h sil e n ci n g t h e 

i n a cti v e X c hr o m os o m e a n d e x cl u di n g R N A p ol y m er as e II ( P ol II) fr o m t h e c hr o m os o m e8 . T h us, R A P-

M S pr es e nts a n e x c ell e nt t o ol t o i d e ntif y t h e pr ot ei ns t h at s p e cifi c all y bi n d t o a n R N A of i nt er est a n d 

est a blis h a list of pr ot ei ns wit h f u n cti o ns t o f urt h er i n v esti g at e. 

P r e v al e n c e of N o v el R N A Bi n di n g D o m ai ns  

W hil e it is criti c al t o g ai n a b ett er u n d erst a n di n g of t h e s et of pr ot ei ns t h at bi n d R N As, u n d erst a n di n g 

t h e di v ersit y of r esi d u es a n d str u ct ur es wit hi n R B Ps t h at bi n d R N A is e q u all y i m p ort a nt. St u di es of t h e 

R N A bi n di n g d o m ai ns ( R B Ds) of R B Ps all o w f or a b ett er u n d erst a n di n g of h o w pr ot ei ns ass o ci at e wit h 

R N A a n d h o w pr ot ei n a n d R N A f u n cti o ns mi g ht b e aff e ct e d b y t his c o m pl e xi n g. F oll o wi n g t h e a d diti o n 

of a b o ut 3 0 0 pr ot ei ns t o t h e list of pr ot ei ns wit h R N A bi n di n g c a p a biliti es, r es e ar c h ers w er e i nt er est e d i n 

t h e R N A bi n di n g d o m ai ns ( R B Ds) of t h es e n e wl y i d e ntifi e d R B Ps, as w ell as cl assif yi n g all t h e R B Ds 

of pr e vi o usl y c h ar a ct eri z e d R B Ps. S p e cifi c all y, t h er e w as i nt er est i n w h et h er R B Ps bi n d R N A b y 
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cl assi c al d o m ai ns t h at h a v e b e e n w ell c h ar a ct eri z e d pr e vi o usl y, or i nst e a d if R B Ps t e n d t o bi n d R N A vi a 

u n c o n v e nti o n al d o m ai ns.  Pri or t o r e c e nt st u di es t h at h a v e s yst e m ati c all y i d e ntifi e d R B Ds, t h e f o c us of 

m ost att e nti o n w as o n t h e s o- c all e d “ cl assi c al R N A bi n di n g d o m ai ns ”, w hi c h c o nt ai n w ell d efi n e d R N A 

bi n di n g d o m ai ns, s u c h as t h e R N A r e c o g niti o n m otif ( R R M) 1 9 , K h o m ol o g y ( K H) d o m ai n, D E A D 

m otif, d o u bl e str a n d e d R N A- bi n di n g m otif ( D S R M) or a zi n c-fi n g er d o m ai n 2 . T his w as pri m aril y d u e t o 

str u ct ur al i nf or m ati o n o n R N Ps t h at w as o bt ai n e d b y X-r a y cr yst all o gr a p h y, w hi c h r e q uir es t h e t y p es of 

ri gi d f ol ds f o u n d i n gl o b ul ar pr ot ei n d o m ai ns b ut n ot i n i ntri nsi c all y u nf ol d e d pr ot ei ns 2 .  

S yst e m ati c i d e ntifi c ati o n of t h e R N A bi n di n g d o m ai ns of R B Ps h as s h o w n t h at m a n y bi n di n g 

r el ati o ns hi ps d o n ot o c c ur at “ cl assi c al R N A bi n di n g d o m ai ns ” a n d, i nst e a d, t h at m a n y R B Ps r el y o n 

dis or d er e d r e gi o ns t o bi n d R N A 2 . C ast ell o et. al. i d e ntifi e d R N A bi n di n g d o m ai ns i n vi v o usi n g a n 

a p pr o a c h t h e y t er m e d “ R B P m a p ” a n d w er e a bl e t o b ot h r ei d e ntif y cl assi c al R B Ds as w ell as i d e ntif y 

n o v el R B Ds 2 0 . S ur prisi n gl y, t h e y s h o w e d t h at m or e t h a n h alf of RN A - R B P bi n di n g sit es d o n ot c o nt ai n 

a c o n v e nti o n al R B D 2 0 . 1, 1 7 4 bi n di n g sit es w er e i d e ntifi e d wit hi n 5 2 9 H e L a c ell R B Ps, i n di c ati n g t h e 

pr es e n c e of m ulti pl e bi n di n g sit es wit hi n m a n y of t h es e pr ot ei ns 2 0 . T h e f a ct t h at i ntri nsi c all y dis or d er 

r e gi o ns (r e gi o ns ri c h i n t h e a mi n o a ci ds s eri n e, pr oli n e, gl y ci n e, ar gi ni n e, l ysi n e a n d t yr osi n e 2 0, 2 1  a n d 

n ati v el y l a c k st a bl e t hr e e- di m e nsi o n al str u ct ur e 2 0 ), m a k e u p h alf of t h e n e arl y 1, 2 0 0 i d e ntifi e d bi n di n g 

sit es a n d t h at f or 1 7 0 R B Ps a dis or d er e d R B D is t h e o nl y d et e ct a bl e R N A bi n di n g sit e, r e v e als t h e 

i m p ort a n c e of u nstr u ct ur e d pr ot ei n d o m ai ns as c o m p o n e nts of m a n y RN Ps 2 0 . O n e pr e vi o usl y u n k n o w n 

R B P, M e C P 2, c o nt ai ns a dis or d er e d r e gi o n, w h os e R N A bi n di n g c a p a bilit y w as v ali d at e d usi n g a 

bi n di n g ass a y t h at f us e d t h e l ysi n e-ri c h d o m ai n fr o m M e C P 2 t o e G F P 2 0 . T h e a ut h ors f o u n d R B Ds t o b e 

w ell c o ns er v e d, s u g g esti n g i m p ort a nt f u n cti o n al r ol es f or t h es e pr ot ei n d o m ai ns 2 0 . Dis or d er e d pr ot ei n 

r e gi o ns h a v e als o b e e n s h o w n t o b e us e d b y tr a ns cri pti o n f a ct ors t o bi n d D N A 2 2  a n d r ol es i n p h as e 

tr a nsiti o ns a n d gr a n ul e f or m ati o n t hr o u g h R N A i nt er a cti o ns wit h Y G G, a r e p e at m otif c o m m o n i n 

dis or d er e d r e gi o ns, h a v e b e e n s u g g est e d 2 3 . W hil e t h es e st u di es ar e still e m er gi n g, t h e pr es e n c e a n d 
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c o ns er v ati o n of disti n ct m otifs wit hi n dis or d er e d r e gi o ns a cr oss n o n h o m ol o g o us R B Ps s u g g est a r a n g e 

of bi ol o gi c al f u n cti o ns 9, 2 0 .  

R N Ps i n Dis e as e  

 A v ari et y of dis e as es, i n cl u di n g n e ur o p at hi es, m us c ul ar atr o p hi es, m et a b oli c dis or d ers a n d 

c a n c er, h a v e b e e n li n k e d t o d ef e cti v e R B P e x pr essi o n a n d f u n cti o n 2 4 . T h e list of R B Ps i m pli c at e d i n 

dis e as e h as gr o w n f oll o wi n g t h e i d e ntifi c ati o n of a n i n cr e as e d n u m b er of R B Ps. N ot a bl y, of t h e o v er 

ei g ht h u n dr e d R B Ps i d e ntifi e d b y C ast ell o et. al., 8 6 ar e ass o ci at e d wit h h u m a n M e n d eli a n dis e as e b as e d 

o n a s e ar c h of t h e O nli n e M e n d eli a n I n h erit a n c e i n M a n ( O MI M) d at a b as e 9 .  A s p e cifi c m o d el of R N P 

f or m ati o n l e a di n g t o a dis e as e st at e is t h e s e q u estr ati o n of pr ot ei ns b y a cl ass of “ d e c o y ” l n c R N As 2 5 . 

T h es e d e c o y l n c R N As d o h a v e a f u n cti o n i n n or m al p h ysi ol o g y, b ut w h e n t h e y ar e e x pr ess e d fr o m 

all el es w h er e n u cl e oti d e r e p e at e x p a nsi o n h as o c c urr e d t h e y c a n b e p at h o g e ni c, as s e q u estr ati o n disr u pts 

t h e n or m al f u n cti o n of t h es e r e cr uit e d pr ot ei ns2 5 .  

O n e s u c h e x a m pl e is m y ot o ni c d ystr o p h y t y p e 1 ( D M 1) 2 5 , a m us cl e w asti n g dis e as e t h at is 

c h ar a ct eri z e d b y a v ari et y of ot h er dis or d ers, r a n gi n g fr o m c at ar a ct f or m ati o n t o c er e br al atr o p h y 2 5 . A n 

i n di vi d u al wit h D M 1 a c c u m ul at es b et w e e n 5 0 a n d 3 0 0 0 C T G r e p e ats i n t h e 3’ U T R of t h e d ystr o p hi a 

m y ot o ni c a pr ot ei n ki n as e ( D M P K) g e n e 2 5 . T h e criti c al c o m p o n e nt of D M 1 p at h o g e n esis is e x pr essi o n of 

R N A fr o m t h e g e n o mi c l o ci w h er e t h e r e p e at e x p a nsi o n h as o c c urr e d a n d t h e f or m ati o n of n u cl e ar f o ci 

t h at c o nsist of t h e e x p a n d e d r e p e at R N A2 5 . Criti c all y, t h e pr ot ei n M B N L 1 is s e q u est er e d b y t h e 

e x p a n d e d r e p e at R N A t hr o u g h bi n di n g t o t h e st a bl e h air pi n l o o p t h at f or ms i n t h e R N A 2 5 . T h e bi n di n g 

of M B N L 1 t o e x p a n d e d r e p e at R N A disr u pts t h e pr ot ei ns n or m al f u n cti o n i n r e g ul ati n g alt er n ati v e 

s pli ci n g d uri n g d e v el o p m e nt 2 5 . T h e r es ulti n g misr e g ul ati o n of alt er n ati v e s pli ci n g i n d e v el o p m e nt l e a ds 

t o dis e as e p at h ol o g y2 5 . Gi v e n t h at t h e e x pr essi o n of r e p etiti v e D N A s e q u e n c es a n d s e q u estr ati o n of 

criti c al pr ot ei ns b y t h e r es ulti n g R N A h as b e e n s h o w n t o disr u pt pr ot ei n f u n cti o n a n d c a us e dis e as e, w e 
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ar e i nt er est e d i n e x pr ess e d r e p e ats i n ot h er p at h ol o gi es a n d i d e ntifi c ati o n of t h e pr ot ei ns t h at t h e y m a y 

bi n d. 

H u m a n S at ellit e II ( H S A TII) D N A 

Wit hi n t h e ni n et y ei g ht p er c e nt of t h e h u m a n g e n o m e t h at d o es n ot c o d e f or pr ot ei ns e xists a cl ass of 

D N A k n o w as s at ellit e D N A, s o n a m e d b e c a us e t h e s e q u e n c es w er e first i d e ntifi e d fr o m g e n o mi c D N A 

fr a cti o ns t h at h a d sli g htl y diff er e nt b u o y a nc y  d e nsiti es i n Cs S O4  t h a n t ot al D N A a n d t h us l o o k e d li k e a 

s at ellit e , r e m ot e fr o m t h e pri m ar y D N A fr a cti o n2 6 . T h es e D N A fr a cti o ns w er e d esi g n at e d S at ellit e I, II 

a n d III 2 6 . S at ellit e D N A is pri m aril y l o c at e d n e ar t h e c e ntr o m er e a n d is c h ar a ct eri z e d b y t a n d e ml y 

r e p e ati n g m o n o m er s e q u e n c es2 6 . C at e g ori z ati o n of s at ellit e s e q u e n c es h as b e e n r efi n e d t o t h e p oi nt t h at 

t h er e ar e n o w t h o u g ht t o b e ei g ht cl ass es  of h u m a n s at ellit e D N A, wit h t h eir v ari ati o n r esi di n g i n t h e 

l e n gt h a n d s e q u e n c e of t h e r e p e at e d m o n o m er2 6 . F or e x a m pl e, al p h a-s atellit e h as a m o n o m er l e n gt h of 

1 7 1 b as e p airs, w hil e H u m a n S at ellit e II ( H S A TII), t h e s at ellit e of f o c us h er e, r e p e ats e v er y 2 3 t o 

2 6 b p 2 6 . H S A TII is d efi n e d as r e p e at arr a ys of t h e p e nt a m er A T T C C t h at ar e p o orl y c o ns er v e d b et w e e n 

arr a ys 2 6 . I n g e n er al, t h es e r e p e ats o c c ur as t h e s e q u e n c e ( A T T C C A T T C G)2  f oll o w e d b y eit h er o n e or 

t w o A T G m otifs. Fl u or es c e n c e i n sit u h y bri di z ati o n ( FI S H) r e v e al e d t h at t h e b ul k of H S A TII D N A is 

l o c at e d o n c hr o m os o m es 1, 2, 1 0 a n d 1 6, wit h s e v er al sit es r esi di n g o n ot h er c hr o m os o m es2 7, 2 8 . 

H S A TII R N A E x p r essi o n i n C a n c e r a n d S e q u est r ati o n M o d el 

W hil e H S A TII c o nstit ut es t w o p er c e nt of t h e h u m a n g e n o m e, it is n ot e x pr ess e d at a p pr e ci a bl e l e v els 

i n n or m al h u m a n tiss u e2 9 . Usi n g a n e xt g e n er ati o n di git al g e n e e x pr essi o n ( D G E) m et h o d t o e v al u at e t h e 

tr a ns cri pt o m e of pri m ar y t u m ors, Ti n g et. al.  d et er mi n e d H S A TII R N A t o b e n e arl y 1 5 0-f ol d 

o v er e x pr ess e d i n p a n cr e ati c d u ct al a d e n o c ar ci n o m as ( P D A Cs) c o m p ar e d t o n or m al tiss u es, w hil e ot h er 

s at ellit es di d n ot h a v e l ar g e c h a n g es i n e x pr essi o n l e v els b et w e e n c a n c er o us a n d n or m al tiss u es 2 9 . Al o n g 

wit h i d e ntif yi n g i n cr e as e d H S A TII e x pr essi o n i n P D A Cs, t h e y als o d et e ct e d r o b ust H S A TII e x pr essi o n 

i n l u n g, ki d n e y, o v ari a n a n d pr ost at e c a n c ers, b ut n o e x pr essi o n i n a br o a d r a n g e of h e alt h y h u m a n 
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tiss u es i n cl u di n g br ai n, c ol o n, li v er, l u n g a n d ki d n e y2 9 . H S A TII e x pr essi o n is t h o u g ht t o b e a r es ult of 

t h e e pi g e n eti c d ysr e g ul ati o n t h at o c c urs i n c a n c er2 9 . A f oll o w u p st u d y f o u n d t h at o n e r es ult of H S A TII 

e x pr essi o n i n c a n c er c ells is a n i n cr e as e i n H S A TII c o p y n u m b er g ai n t hr o u g h a n u n cl assifi e d R N A-

d eri v e d D N A i nt er m e di at e m e c h a nis m 3 0 .  

C o n c urr e ntl y, it w as f o u n d t h at H S A TII R N A f or ms l ar g e n u cl e ar f o ci i n a v ari et y of h u m a n c a n c ers 

a n d t h at t h es e s e q u e n c es c a n aff e ct t h e distri b uti o n of pr ot ei ns t h at r e g ul at e c hr o m ati n 2 8 . T h es e f o ci, 

c all e d C a n c er- Ass o ci at e d S at ellit e Tr a ns cri pt ( C A S T) b o di es, s e q u est er m et h yl C p G bi n di n g pr ot ei n 2 

( M e C P 2) a n d SI N 3 A2 8 . W hil e M e C P 2 is p ossi bl y b est k n o w n f or c a usi n g t h e n e ur o d e v el o p m e nt al 

dis or d er k n o w n as R ett s y n dr o m e ( R T T) w h e n it is m ut at e d, t his n u cl e ar pr ot ei n f u n cti o ns i n c hr o m ati n 

ar c hit e ct ur e, r e g ul ati o n of R N A s pli ci n g a n d b ot h r e pr essi o n a n d a cti v ati o n of tr a ns cri pti o n 3 1, 3 2 . As 

m e nti o n e d pr e vi o usl y, M e C P 2 is a n e wl y c h ar a ct eri z e d R B P t h at bi n ds R N A t hr o u g h a dis or d er e d 

r e gi o n2 0 . SI N 3 A is a pr ot ei n t h at r e g ul at es tr a ns cri pti o n a n d is k n o w n t o c o m pl e x wit h M e C P 2.2 8  B y 

p erf or mi n g R N A i m m u n o pr e ci pit ati o ns f or M e C P 2 a n d SI N 3 A, it w as f o u n d t h at t h es e t w o pr ot ei ns 

bi n d H S A TII R N A i n c a n c er c ells 2 8 . T h e a c c u m ul ati o n of M e C P 2 ( a n d p ossi bl y ot h er r e g ul at or y 

pr ot ei ns) b y H S A TII R N A m a y c o ntri b ut e t o f urt h er e pi g e n eti c misr e g ul ati o n if t h es e s e q u est er e d 

pr ot ei ns ar e t h e n u n a bl e t o p erf or m t h eir n or m al f u n cti o ns. H all et. al., p oi nt o ut t h at H S A TII R N A f o ci 

s e e m t o r es e m bl e a c c u m ul ati o ns of “t o xi c r e p e at R N As ” t h at f or m i n dis or d ers s u c h as m y ot o ni c 

d ystr o p h y t y p e 1, i n w hi c h s e q u estr ati o n of alt er n ati v e s pli ci n g f a ct ors b y o v er e x pr ess e d r e p e at R N A is 

c e ntr al t o t h e p at h ol o g y of t h e dis e as e 2 8 . T h us, i n or d er t o g ai n a b ett er u n d erst a n di n g of t h e ot h er 

pr ot ei ns t h at i nt er a ct wit h H S A TII R N A pr es e nt i n c a n c er c ells, w e s o u g ht o ut t o i d e ntif y a 

c o m pr e h e nsi v e list of H S A TII R N A bi n di n g pr ot ei ns i n c a n c er c ell n u cl ei. 

D esi g n of P r ot o c ol f o r I d e ntifi c ati o n of H S A TII R B Ps 

Aft er c o nsi d eri n g v ari o us a p pr o a c h es f or s yst e m ati c all y i d e ntif yi n g R N A- bi n di n g pr ot ei ns f or 

t ar g et e d R N A s e q u e n c es, w e d e ci d e d t o a d a pt t h e R N A a ntis e ns e p urifi c ati o n wit h m ass s p e ctr o m etr y 

-
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( R A P- M S) est a blis h e d b y M c H u g h et. al. t o i d e ntif y H S A TII R N A bi n di n g pr ot ei ns 8, 3 3 . O n e el e m e nt 

t h at disti n g uis h es R A P- M S fr o m ot h er pr ot o c ols us e d t o i d e ntif y bi n di n g pr ot ei ns is t h at cr ossli n ki n g is 

d o n e i n vi v o8 , all o wi n g o n e t o i d e ntif y bi n di n g r el ati o ns hi ps t h at o c c ur i n t h e c ell r at h er t h a n 

ass o ci ati o ns b et w e e n R N A a n d pr ot ei n t h at m a y f or m u n d er i n vitr o c o n diti o ns, w hi c h c a n b e 

c o nf o u n di n g 3 4, 3 5 . R A P- M S t a k es a U V- cr ossli n ki n g a n d d e n at uri n g a p pr o a c h t h at is us e d b y ot h er 

m et h o ds, i n cl u di n g cr ossli n ki n g a n d i m m u n o pr e ci pit ati o n 1 1 , t o i d e ntif y o nl y dir e ct R N A- pr ot ei n 

i nt er a cti o ns, as cr oss-li n ki n g usi n g f or m al d e h y d e or ot h er m e a ns c a n l e a d t o t h e is ol ati o n of i n dir e ct 

R N A- pr ot ei n i nt er a cti o ns, e v e n aft er e x p os ur e t o d e n at uri n g c o n diti o ns m e a nt t o disr u pt s u c h 

i nt er a cti o ns8, 3 6 . W hil e bi n di n g r el ati o ns hi ps b et w e e n R N A a n d pr ot ei n t y pi c all y r el y o n n o n- c o v al e nt 

i nt er a cti o ns, e x p os ur e t o 2 5 4 n m U V r a di ati o n i n d u c es t h e f or m ati o n of c o v al e nt b o n ds b et w e e n ar o m ati c 

ri n g str u ct ur es f o u n d i n s e v er al a mi n o a ci ds a n d all nitr o g e n o us b as es 3 7 . L o n g bi oti n yl at e d a ntis e ns e 

pr o b es, w hi c h f or m v er y st a bl e R N A- D N A h y bri ds, ar e us e d i nst e a d of a nti b o di es or pr ot ei n t a gs 

b e c a us e of t h e a bilit y f or t his b as e- p airi n g i nt er a cti o n t o wit hst a n d t h e h ars h d e n at uri n g c o n diti o ns 

n e e d e d t o eff e cti v el y p urif y t h e R N A 8 .  

F oll o wi n g cr oss-li n ki n g a n d h y bri di z ati o n wit h pr o b es, str e pt a vi di n c o at e d m a g n eti c b e a ds ar e us e d 

t o is ol at e R N A- D N A h y bri ds wit h b o u n d pr ot ei ns fr o m a t ot al c ell ul ar l ys at e3 3 . T h e o pti mi z ati o n of t his 

pr ot o c ol f or a c hi e vi n g hi g h yi el ds of e n d o g e n o us R N Ps all o ws f or t h e d et e cti o n of pr ot ei ns ass o ci at e d 

wit h a gi v e n R N A usi n g a m ass s p e ctr o m et er, e v e n w h e n t h e R N A of i nt er est is li k el y t o m a k e u p a 

s m all s u b-s et of t ot al c ell ul ar R N A 8 . Pr ot ei ns ar e i d e ntifi e d fr o m a pr ot ei n mi xt ur e f oll o wi n g e n z y m ati c 

di g esti o n 8 . T h e f or m ati o n of fr a g m e nt e d p e pti d es all o ws f or i d e ntifi c ati o n usi n g p e pti d e m ass 

fi n g er pri nti n g, w hi c h is d o n e b y c o m p ari n g g e n er at e d p e pti d es t o a d at a b as e of p ossi bl e p e pti d e 

fr a g m e nts fr o m all k n o w n pr ot ei ns usi n g a d at a b as e s e ar c h t o ol3 8 . R N A bi n di n g c a p a biliti es of i d e ntifi e d 

pr ot ei ns c a n t h e n b e c o nfir m e d b y a pr ot ei n- c e ntri c m et h o d, s u c h as R N A i m m u n o pr e ci pit ati o n or 
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W est er n bl ot 8 . T h e e n d r es ult of R A P- M S is a s el e cti v e list of bi n di n g pr ot ei ns t o a s p e cifi c R N A of 

i nt er est w h os e f u n cti o n c a n t h e n b e f urt h er i n v esti g at e d. 

  A pr ot o c ol t h at s el e cti v el y is ol at es H S A TII R N A a n d i d e ntifi es b o u n d pr ot ei ns w as d e v el o p e d 

b y a d a pti n g t h e R A P- M S a p pr o a c h. A pr o b e t h at s el e cti v el y c a pt ur es H S A TII R N A a n d n ot ot h er 

s at ellit e s e q u e n c es or n u cl e ar R N As w as d esi g n e d a n d us e d t o is ol at e pr ot ei ns b o u n d t o H S A TII R N A. 

B o u n d pr ot ei ns w er e i d e ntifi e d b y m ass s p e ctr o m etr y a n d a s yst e m f or filt eri n g c a n di d at e bi n di n g 

pr ot ei ns w as est a blis h e d a n d us e d t o g e n er at e a c a n di d at e list of hi g h est i nt er est c a n di d at e H S A TII R B Ps 

wit h f u n cti o ns t h at ar e misr e g ul at e d i n c a n c er. Usi n g t his pi p eli n e, it w as c o nfir m e d t h at i d e ntifi e d 

pr ot ei ns w er e n ot s ol el y t h e m ost a b u n d a nt pr ot ei ns pr es e nt i n t h e c a n c er c ell li n e us e d. I d e ntifi e d 

pr ot ei ns w er e als o s h o w n t o b e si g nifi c a ntl y e nri c h e d f or R N A bi n di n g a n d n u cl e ar l o c ali z ati o n. T h e 

c o m pr e h e nsi v e list of pr ot ei ns t h at bi n d H S A TII R N A i n vi v o g e n er at e d h er e i n cl u d es m a n y pr ot ei ns 

w h os e f u n cti o ns m a y b e i m pli c at e d i n H S A TII e x pr essi o n i n c a n c er. 

 

M at e ri als a n d M et h o d s  

T o i d e ntif y bi n di n g pr ot ei ns of H u m a n S at ellit e II ( H S A TII) R N A a n R N A a ntis e ns e p urifi c ati o n 

wit h m ass s p e ctr o m etr y ( R A P- M S) pr ot o c ol d e v el o p e d b y M c H u g h et. al. 3 3  w as a d a pt e d. B uff ers w er e 

m a d e a c c or di n g t o c o n c e ntr ati o ns list e d i n pr ot o c ol, w hil e u p d at e d pr ot o c ols c a n b e f o u n d i n t h e 

att a c h e d s u p pl e m e nt ar y m at eri al. D et ails of t his pr ot o c ol c a n b e f o u n d o n t h e G utt m a n L a b’s w e bsit e  

(htt p:// g utt m a nl a b. c alt e c h. e d u/ pr ot o c ols- R A P- M S -s c h e m ati c. p h p). 

P r o b e D esi g n 

  Tr a ns cri pts t h at w er e s e q u e n c e d f oll o wi n g R N A i m m u n o pr e ci pit ati o n ( RI P) wit h eit h er M e C P 2 

or SI N 3 A a nti b o di es w er e ali g n e d usi n g M a c V e ct or n u cl ei c a ci d ali g n m e nt, dis all o wi n g f or g a ps. 

Ali g n m e nt w as s c a n n e d f or 9 0 nt r e gi o ns wit h mi ni m al b as e p air mis m at c h. T w o s u c h r e gi o ns w er e 
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i d e ntifi e d a n d bi oti n yl at e d 9 0 nt pr o b es w er e or d er e d, wit h Pr o b e 1 b ei n g t h e e x a ct s e q u e n c e of a p orti o n 

of t h e ali g n e d tr a ns cri pts a n d Pr o b e 2 b ei n g t h e c o m pl e m e nt of a p orti o n of t h e ali g n e d tr a ns cri pts. 

C ell C ult u r e 

  A h u m a n ost e os ar c o m a c ell li n e ( U 2 O S, A T C C® , H T B- 9 6T M ) w as us e d t o i d e ntif y H S A TII R N A 

bi n di n g pr ot ei ns b e c a us e t his s p e cifi c c a n c er c ell li n e h as b e e n f o u n d t o e x pr ess H S A TII R N A at hi g h er 

l e v els t h a n ot h er st a n d ar d c a n c er c ell li n es, s u c h as P C 3 ( pr ost at e c a n c er c ell li n e) a n d H el a ( c er vi c al 

c a n c er c ell li n e), a n d h a v e m a n y pr o mi n e nt C A S T b o di es 2 8 . U 2 O S c ells w er e t h a w e d fr o m st or a g e at -

8 0º C a n d c ult ur e d i n 1 0 % F B S m e di a ( 2 2 5 m L mi ni m u m ess e nti al m e di u m ( M E M), 2 5 m L F B S ( V W R, 

8 9 5 1 0- 1 8 6) 2. 5 m L P e ni cilli n- Str e pt o m y ci n, 2. 5 m L L- gl ut a mi n e). F or fl u or es c e n c e i n-sit u h y bri di z ati o n, 

c ells w er e fi x e d o n c o v er sli ps as d es cri b e d 3 9 .  F or cr oss-li n ki n g a n d h ar v esti n g of c ells pri or t o 

h y bri di z ati o n, c ells w er e s plit fr o m T 7 5 fl as ks a n d gr o w n o n 1 5 0 m m c ell c ult ur e dis h es u ntil 9 0- 1 0 0 % 

c o nfl u e nt. If c ell gr o wt h i n 1 5 0 m m c ell c ult ur e dis h es w as u n e v e n, c ells w er e tr e at e d wit h tr y psi n a n d 

r e distri b ut e d. 

Fl u o r es c e n c e i n sit u H y b ri di z ati o n ( FI S H) 

  Fl u or es c e n c e i n sit u h y bri di z ati o n ( FI S H) w as us e d t o d et er mi n e if Pr o b e 1 a n d Pr o b e 2 a p p e ar e d 

t o h y bri di z e t o H S A TII R N A i n c a n c er c ell n u cl ei. R N A h y bri di z ati o n a n d d et e cti o n w as p erf or m e d as 

pr e vi o usl y d es cri b e d 3 9  u si n g Pr o b e 1, Pr o b e 2, Pr o b e 1 a n d Pr o b e 2, as w ell as a 2 4 nt l o c k e d n u cl ei c a ci d 

( L N A) pr o b e k n o w n t o r o b ustl y d et e ct H S A TII R N A2 8 . 1 0 pi c o m ol es of e a c h pr o b e w as us e d f or 

h y bri di z ati o n a n d D yli g ht ® 4 8 8 Str e pt a vi di n ( V e ct or L a b or at ori es, S A- 5 4 8 8) s e c o n d ar y a nti b o d y w as 

us e d f or d et e cti o n . N o diff er e n c e i n h y bri di z ati o n effi ci e n c y w as o bs er v e d b et w e e n 1 5 % a n d 2 5 % 

f or m a mi d e h y bri di z ati o n s ol uti o ns. H y bri di z ati o n effi ci e n c y of e a c h pr o b e w as m e as ur e d b y s c ori n g 

a b o ut 1 0 0 n u cl ei t h at w er e h y bri di z e d wit h eit h er Pr o b e 1 or Pr o b e 2. R e pr es e nt ati v e i m a g es of e a c h 

pr o b e w er e c a pt ur e d wit h 1 0 0 X m a g nifi c ati o n usi n g a Z eiss A xi o O bs er v er Z 1 e q ui p p e d wit h a n 
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A p at o m e 2 a n d A xi o c a m 7 0 2 C M O S m o n o c hr o m e c a m er a. T h e m or e effi ci e nt pr o b e w as t h e n us e d f or 

t h e p ull d o w n p orti o n of t h e pr ot o c ol.  

I n vi v o C r ossli n ki n g a n d C ell H a r v esti n g  

  Cr ossli n ki n g a n d h ar v esti n g w er e p erf or m e d as pr e vi o usl y d es cri b e d3 3 , wit h t h e f oll o wi n g 

m o difi c ati o n ( S u p pl e m e nt al, A). Cr ossli n ki n g w as p erf or m e d wit h a BI O- R A D G S G e n e Li n k er U V 

C h a m b er. C ell s ol uti o n w as dil ut e d 1: 1 0 a n d t h e n c o u nt e d usi n g a BI O- R A D T C 2 0 T M  A ut o m at e d C ell 

C o u nt er, wit h fi v e pl at es o n a v er a g e yi el di n g j ust o v er 5 0 milli o n c ells. T h us, t h e cr ossli n ki n g a n d 

h ar v esti n g pr ot o c ol w as p erf or m e d ei g ht ti m es t o yi el d t h e 4 0 0 milli o n c ells n e e d e d f or t h e n e xt st e ps i n 

t h e a d a pt e d R A P- M S pr ot o c ol. 

C ell L ysis f o r P r e p a r ati o n of N u cl e a r L ys at e  

 N u cl e ar l ys at e fr o m 4 0 0 milli o n c ells w as pr e p ar e d as pr e vi o usl y d es cri b e d 3 3 , wit h t h e f oll o wi n g 

m o difi c ati o n ( S u p pl e m e nt al, B). S o ni c ati o n w as p erf or m e d wit h a Br a ns o n S F X 2 5 0 Di git al S o nifi er ® . 

A n u cl e ar l ys at e pr ot o c ol w as s el e ct e d r at h er t h a n w h ol e c ell l ys at e d u e t o t h e f a ct t h at H S A TII R N A 

h as b e e n s h o w n t o b e pr es e nt i n t h e n u cl e us b ut n ot i n t h e c yt o pl as m 2 8 . 

O pti mi zi n g A m o u nt of P r o b e us e d i n R A P P r ot o c ol  

Aft er s el e cti n g Pr o b e 1 as t h e pr o b e w e w o ul d us e i n t h e R A P pr ot o c ol, t h e c orr e ct pr o b e 

c o n c e ntr ati o n t o us e w as d et er mi n e d. 3 0 u L of pr o b e p er 2 0 0 milli o n c ells, or 1. 5 ti m es m or e t h a n t h e 

a m o u nt of pr o b e M c H u g h et. al. us e d, w as f o u n d t o b e t h e o pti m al c o n c e ntr ati o n, as usi n g 2 0 u L of pr o b e 

p er 2 0 0 milli o n c ells di d n ot yi el d as m u c h H S A TII R N A, w hil e usi n g 4 0 u L of pr o b e s ur prisi n gl y als o 

yi el d e d l ess H S A TII R N A. T h us, g oi n g f or w ar d, w h e n s c ali n g t h e pr ot o c ol u p or d o w n Pr o b e 1 w as 

us e d at a c o n c e ntr ati o n of 3 0 u L pr o b e p er 2 0 0 milli o n c ells.  

C a pt u r es P r ot o c ol 

 C a pt ur es usi n g a bi oti n yl at e d H S A TII pr o b e w er e p erf or m e d as d es cri b e d ( S u p pl e m e nt al, C) 

fr o m 4 0 0 milli o n c ells. R N A w as st or e d at - 8 0 ° C pri or t o R T- q P C R.  
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P r ot ei n P r e ci pit ati o n, S D S- P A G E G el a n d S u b missi o n f o r M ass S p e ct r o m et r y 

  Pr ot ei n w as pr e ci pit at e d as d es cri b e d ( S u p pl e m e nt al, D) a n d p ell et w as i m m e di at el y r es us p e n d e d 

i n 1 5 u L of 2 X L a e m mli B uff er ( BI O- R A D, 1 6 1- 0 7 3 7) wit h 5 % 2- m er c a pt o et h a n ol ( B M E), b y a d di n g 

li q ui d, disl o d gi n g p ell et wit h P 2 pi p ett e ti p, v ort e xi n g a n d pi p etti n g u p a n d d o w n u ntil p ell et w as n o 

l o n g er visi bl e. T his s ol uti o n w as l o a d e d i nt o a n S D S- P A G E ( BI O- R A D, Mi ni- Pr ot e a n®  T G X T M , 4 5 6-

1 0 9 6)  g el al o n g wit h 1 5 u L of l a d d er ( BI O- R A D, Pr e cisi o n Pl us Pr ot ei nT M  D u al C ol or St a n d ar ds, 

1 6 1 0 3 7 4) i n a s e p ar at e l a n e. G el w as r u n at 3 0 0 v olts i n 1 X T B E u ntil d y e fr o nt w as a b o ut t w o t hir ds of 

t h e w a y d o w n t h e g el. G el w as st ai n e d a n d d est ai n e d as d es cri b e d ( S u p pl e m e nt al, E). G el w as t h e n 

st or e d i n w at er a n d tr a ns p ort e d t o t h e Q u a ntit ati v e Pr ot e o mi cs R es o ur c e C or e at T h e U ni v ersit y of 

P e n ns yl v a ni a, w h er e t w o b a n ds w er e c ut o ut of g el ( o n e u p p er a n d o n e l o w er), tr y psi n di g est e d a n d 

s u b mitt e d t o m ass s p e ctr o m etr y f or pr ot ei n i d e ntifi c ati o n. T h er m o Fis h er S ci e ntifi c Q- E x a cti v e T M  H F -X 

m ass s p e ctr o m et er w as us e d. Pr ot e o m e Dis c o v er er ( S oft w ar e V ersi o n 2. 2, X C A LI- 9 7 8 0 8) w as us e d t o 

i d e ntif y pr ot ei ns b y p e pti d e m ass fi n g er pri nti n g. 

R e v e rs e T r a ns c ri pti o n – q u a ntit ati v e P ol y m e r as e C h ai n R e a cti o n (- P C R)  

R e v ers e Tr a ns cri pti o n - q u a ntit ati v e P ol y m er as e C h ai n R e a cti o n ( R T- q P C R) w as p erf or m e d t o 

c o nfir m t h at pr ot o c ol w as s el e cti v el y p ulli n g H S A TII R N A. H S A TII, 𝛂 - S A T, M A L A T 1 a n d β- a cti n 

pri m er s ets w er e us e d ( T a bl e S 1). C y cli n g c o n diti o ns w er e as f oll o ws: 9 5 ° C 3 mi n i niti al d e n at ur ati o n 

f oll o w e d b y 4 0 c y cl es of, ( 9 5 ° C 1 0 s e c, 5 8 ° C 1 0 s e c, 7 2 ° C 2 0 s e c). R el ati v e a b u n d a n c e w as c al c ul at e d 

b y usi n g t h e f or m ul a 2 ( 4 0-C(t))  ,4 0 . 

M ass S p e ct r o m et r y D at a A n al ysis 

 U p o n r e c ei vi n g m ass s p e ctr o m etr y d at a fr o m t h e Q u a ntit ati v e Pr ot e o mi cs R es o ur c e C or e at t h e 

U ni v ersit y of P e n ns yl v a ni a, t h e u ni q u e k n o w n pr ot ei ns b et w e e n t h e u p p er a n d l o w er b a n ds w er e 

i d e ntifi e d. O ut of 4 0 5 c o m bi n e d pr ot ei ns i d e ntifi e d i n t h e u p p er a n d l o w er b a n ds ( T a bl e S 3), 2 6 8 u ni q u e 

pr ot ei ns w er e i d e ntifi e d. C o nt a mi n a nt pr ot ei ns t h at a p p e ar i n t h e m aj orit y of m ass s p e ctr o m etr y d at a 
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s ets, i n cl u di n g v ari o us k er ati n pr ot ei ns, a cti n a n d s er u m al b u mi n w er e t h e n eli mi n at e d fr o m t h e d at a 

s et 4 1 . T e n c o nt a mi n a nt pr ot ei ns w er e r e m o v e d fr o m t h e d at a s et i n t ot al, pri or t o f urt h er a n al ysis o utli n e d 

i n Fi g 7.  

 

R e s ult s  

S el e cti o n of P r ot o c ol t o A d a pt f o r I d e ntifi c ati o n of H S A TII R N A Bi n di n g P r ot ei ns 

T h e R N A A ntis e ns e P urifi c ati o n wit h M ass S p e ctr o m etr y ( R A P- M S) a p pr o a c h est a blis h e d b y 

M c H u g h et. al. t o i d e ntif y Xist R N A bi n di n g pr ot ei ns 8, 3 3  w as a d a pt e d t o i d e ntif y bi n di n g pr ot ei ns of 

H S A TII R N A. T h e el e m e nts t h at s et t his pr ot o c ol a p art fr o m ot h er pr ot o c ols c o nsi d er e d ar e t h e us e of 

i n- vi v o U V - cr ossli n ki n g t o f or m c o v al e nt b o n ds b et w e e n o nl y dir e ctl y i nt er a cti n g R N As a n d pr ot ei ns 

a n d t h e c a pt ur e of t h e R N A of i nt er est usi n g l o n g bi oti n yl at e d pr o b es, w hi c h all o ws f or t h e us e of h ars h 

d e n at uri n g c o n diti o ns f or R N A p urifi c ati o n. 

P r o b e D esi g n a n d P r e di ct e d S elf- H y b ri di z ati o n 

  Bi oti n yl at e d pr o b es w er e d esi g n e d wit h t h e g o al of t ar g eti n g as br o a d a n arr a y of e x pr ess e d 

H S A TII s e q u e n c es as p ossi bl e. B as e d o n t h e m u c h s m all er si z e of t h e H S A TII R N A tr a ns cri pts ( 2 5 0-

6 0 0 b p), c o m p ar e d t o Xist R N A ( 1 7 k b), w e r e as o n e d a si n gl e 9 0 nt bi oti n yl at e d pr o b e s h o ul d b e 

s uffi ci e nt t o c a pt ur e H S A TII R N A tr a ns cri pts. I n or d er t o eff e cti v el y t ar g et e x pr ess e d H S A TII v ari a nts, 

fift e e n disti n ct H S A TII R N A tr a ns cri pts t h at h a d b e e n pr e vi o usl y i d e ntifi e d f oll o wi n g RI P wit h M e C P 2 

a n d Si n 3 A a nti b o d y 2 8  w er e ali g n e d usi n g M a c V e ct or n u cl ei c a ci d ali g n m e nt t o ol, i n or d er t o d et er mi n e 

r e gi o ns wit h mi ni m al b as e p air mis m at c h ( Fi g. 2). Fr o m t his, w e d esi g n e d t w o pr o b es t h at w er e 9 0 

n u cl e oti d es i n l e n gt h ( T a bl e S 1). Pr o b e 1 r e pr es e nt e d t h e e x a ct s e q u e n c e of a p orti o n of t h es e tr a ns cri pts, 

i n c as e H S A TII R N A is als o e x pr ess e d fr o m t h e o p p osit e str a n d of t h es e g e n o mi c l o ci, w hil e Pr o b e 2 

w as t h e c o m pl e m e nt of t h e s el e ct e d 9 0 nt ali g n e d r e gi o n ( Fi g. 2). Pr e di ct e d s e c o n d ar y str u ct ur e of b ot h 

pr o b es w as a n al y z e d t o d et er mi n e w h et h er s elf- h y bri di z ati o n mi g ht aff e ct t h e a v ail a bilit y of e a c h pr o b e 
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t o h y bri di z e wit h H S A TII R N A i n s ol uti o n. B as e d o n t h es e pr e di ct e d h y bri di z ati o n p att er ns, it is 

u nli k el y t h at Pr o b e 1 f ol ds i nt o a s e c o n d ar y str u ct ur e t h at w o ul d r e d u c e h y bri di z ati o n effi ci e n c y, w hil e 

Pr o b e 2 li k el y f ol ds i nt o a s e c o n d ar y str u ct ur e t h at w o ul d n e g ati v el y aff e ct h y bri di z ati o n effi ci e n c y ( Fi g. 

3).  

H S A TII R N A-s p e cifi c P r o b e V ali d ati o n 

  Aft er d esi g ni n g t h e t w o pr o b es a n d pr e di cti n g p ot e nti al s elf- h y bri di z ati o n a n d s e c o n d ar y 

str u ct ur e f or m ati o n, t h e pr o b es w er e v ali d at e d f or h y bri di z ati o n b y H S A TII R N A FI S H. R N A 

fl u or es c e n c e i n sit u h y bri di z ati o n ( FI S H) r e v e al e d t h at Pr o b e 1 r o b ustl y h y bri di z e d  wit h H S A TII R N A 

f o ci, w hil e Pr o b e 2 di d n ot ( Fi g. 4), f urt h er c o nfir mi n g o ur pr e di cti o n of s elf- h y bri di z ati o n ( Fi g 3). 

W h e n Pr o b e 1 w as us e d f or h y bri di z ati o n, a b o ut o n e t hir d of U 2 0 S n u cl ei ( 3 7 o ut of 1 0 4 or a b o ut 3 5 %) 

h a d a c c u m ul ati o ns si mil ar t o t h os e o bs er v e d w h e n a gl o b al l o c k e d n u cl ei c a ci d ( L N A, T a bl e S 1), k n o w n 

t o t ar g et a br o a d r a n g e of H S A TII tr a ns cri pts2 8 , w as us e d as a pr o b e. W h e n Pr o b e 2 w as us e d f or 

h y bri di z ati o n, o nl y a s m all p er c e nt a g e of U 2 O S n u cl ei ( 2 o ut of 1 0 0 or 2 %) c o nt ai n e d R N A 

a c c u m ul ati o ns. W h e n b ot h Pr o b e 1 a n d Pr o b e 2 w er e c o m bi n e d a n d us e d f or h y bri di z ati o n, 

h y bri di z ati o n wit h H S A TII R N A w as n ot si g nifi c a ntl y diff er e nt t h a n h y bri di z ati o n wit h Pr o b e 1 al o n e 

( d at a n ot s h o w n). B as e d o n t h es e r es ults Pr o b e 1, b ut n ot Pr o b e 2, w as us e d f or t h e c a pt ur e of H S A TII 

tr a ns cri pts f or R A P- M S ( Fi g. 1 A). 

P r o b e 1 s el e cti v el y e n ri c h es f o r H S A TII R N A 

C o nfir m ati o n t h at H S A TII R A P w as s el e cti v el y p ulli n g d o w n H S A TII R N A w as a n al y z e d usi n g 

R e v ers e Tr a ns cri pti o n – q u a ntit ati v e P ol y m er as e C h ai n R e a cti o n ( R T- q P C R) t o d et er mi n e t h e r el ati v e 

l e v els i n t h e el uti o n ( S E) a n d fl o w-t hr o u g h s a m pl es ( S F- T) of H S A TII R N A a n d t hr e e c o ntr ol R N As: 𝛂 -

s at ellit e, w hi c h is a p eri c e ntr o m eri c s at ellit e r e p e at s e q u e n c e wit h a w ell- d efi n e d 1 7 0 b p m o n o m er 

s e q u e n c e, M A L A T 1, a 7 k b l n c R N A e x pr ess e d fr o m a si n gl e g e n o mi c l o c us a n d β- a cti n , w hi c h is a 

hi g hl y a b u n d a nt str u ct ur al pr ot ei n als o e x pr ess e d fr o m a si n gl e g e n o mi c l o c us. R T- q P C R of S F- T a n d 
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el uti o n S E usi n g H S A TII, 𝛂 -S A T , M A L A T 1 a n d β-a cti n  pri m er s ets ( T a bl e S 1) c o nfir m e d e nri c h m e nt 

f or H S A TII, b ut n ot ot h er R N As, i n t h e el uti o n s a m pl e ( Fi g. 5). T h e t hr e e c o ntr ol tr a ns cri pts, 𝛂 -S A T , 

M A L A T 1 a n d β- a cti n , w er e r e d u c e d i n t h e S E s a m pl e c o m p ar e d t o S F- T ( Fi g 5 B- D), w hil e 

a m plifi c ati o n of H S A TII tr a ns cri pts w as i n cr e as e d i n t h e S E s a m pl e c o m p ar e d t o S F- T ( Fi g 5 A). T his 

i n di c at e d t h at t h e l e v el of n o n- H S A TII tr a ns cri pts w as v er y l o w i n t h e el uti o n s a m pl e a n d t h us t h at t h e 

a d a pt e d R A P- M S pr ot o c ol s el e cti v el y e nri c h es f or a n d c a pt ur es H S A TII tr a ns cri pts. 

R A P - M S D o es N ot I d e ntif y O nl y t h e M ost A b u n d a nt P r ot ei ns i n U 2 O S C ells 

  Aft er c o nfir mi n g t h at Pr o b e 1 s el e cti v el y p ulls d o w n H S A TII R N A, t h e e ntir e R A P pr ot o c ol w as 

p erf or m e d, i n cl u di n g pr e p ar ati o n of a pr ot ei n s a m pl e f or s u b missi o n t o a m ass s p e ctr o m etr y f a cilit y 

( Fi g. 6). U p o n r e c ei vi n g t h e r es ults fr o m t h e m ass s p e ctr o m etr y f a cilit y, a pr o c e d ur e f or arri vi n g at a 

c a n di d at e list of pr ot ei ns w as d e v el o p e d t o a n al y z e t h e m ass s p e ctr o m etr y d at a ( Fi g. 7).  

T o c o nfir m w e w er e n ot si m pl y i d e ntif yi n g t h e m ost a b u n d a nt pr ot ei ns i n U 2 O S c ells, as t his 

w o ul d i n di c at e t h at t h e pr ot o c ol m a y n ot b e s el e cti v e f or H S A TII R B Ps, w e c o m p ar e d t h e c oll e cti o n of 

t h e m ost a b u n d a nt pr ot ei ns i n U 2 O S c ells4 2  t o t h e list of H S A TII R N A bi n di n g pr ot ei ns i d e ntifi e d b y 

m ass s p e ctr o m etr y. It w as d et er mi n e d t h at Pr o b e 1 e nri c h es f or m or e a b u n d a nt pr ot ei ns, b ut n ot s ol el y 

hi g hl y a b u n d a nt pr ot ei ns i n U 2 O S c ells ( Fi g. 8). T his is d e m o nstr at e d b y 1) e nri c h m e nt i n t h e p ull d o w n 

s a m pl e f or pr ot ei ns a m o n g t h e t o p 5 0 % m ost e x pr ess e d pr ot ei ns, 2) p ull d o w n pr ot ei ns w er e n ot j ust 

wit hi n t h e t o p 1 0 or 2 0 % of t h e m ost e x pr ess e d pr ot ei ns, 3) i d e ntifi c ati o n of s e v er al pr ot ei ns of l o w 

a b u n d a n c e ( Fi g. 8). 

P ull d o w n Si g nifi c a ntl y E n ri c h es f o r R N A- bi n di n g P r ot ei ns 

Aft er d et er mi ni n g t h at R A P- M S d o es n ot s ol el y s el e ct f or t h e m ost a b u n d a nt U 2 O S pr ot ei ns, w e 

n e xt w a nt e d t o c o nfir m t h at t h e i d e ntifi e d pr ot ei ns w er e e nri c h e d f or R B Ps pr e vi o usl y i d e ntifi e d b y 

ot h er m et h o ds 9 . C a pt ur e e nri c h es f or R N A- bi n di n g pr ot ei ns, wit h a l ar g er p er c e nt a g e of pr ot ei ns 

i d e ntifi e d b y m ass s p e ctr o m etr y fr o m t h e p ull d o w n s a m pl e b ei n g cl assifi e d m R N A i nt er a ct o m e pr ot ei ns 
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or c a n di d at e R B Ps t h a n t h e p er c e nt a g e of all pr ot ei ns i n H e L a c ells t h at ar e i n t h e m R N A i nt er a ct o m e or 

ar e c a n di d at e R B Ps ( Fi g. 8, T a bl e S 2, 3 3 % of p ull d o w n pr ot ei ns w er e f o u n d t o b e i n t h e m R N A 

i nt er a ct o m e or w er e cl assifi e d as c a n di d at e R B Ps9 , w hil e 1 5 % of all H e L a pr ot ei ns i d e ntifi e d b y N a g ar aj 

et. al., 2 0 1 1 4 3  w er e f o u n d t o b e i n t h e m R N A i nt er a ct o m e or w er e cl assifi e d as c a n di d at e R B Ps9 ).  

G O A n al ysis C o nfi r ms R B P E n ri c h m e nt a n d I d e ntifi es E n ri c h e d P r ot ei ns I n v ol v e d i n P r o c ess es 

Mis r e g ul at e d i n C a n c e r 

F oll o wi n g t his c o nfir m ati o n, G e n e O nt ol o g y ( G O) a n al ysis w as p erf or m e d t o f urt h er c o nfir m 

t h at t h e p ull d o w n d at a s et w as e nri c h e d f or R N A bi n di n g pr ot ei ns, as w ell as t o i d e ntif y e nri c h e d 

pr o c ess es wit hi n t h e pr ot ei n list g e n er at e d H S A TII R A P ( T a bl e 1).  G O a n al ysis of all 2 5 8 pr ot ei ns 

i d e ntifi e d i n p ull d o w n s a m pl e i n di c at e d t h at R N A bi n di n g a n d n u cl e ar pr ot ei ns w er e si g nifi c a ntl y 

e nri c h e d i n t h e p ull d o w n s a m pl e, wit h n e arl y 6-f ol d m or e R N A bi n di n g pr ot ei ns a n d n e arl y 2-f ol d m or e 

n u cl e ar pr ot ei ns i d e ntifi e d t h a n e x p e ct e d b as e d o n a b u n d a n c e ( T a bl e 1 A). S e v er al pr o c ess es t h at ar e 

disr u pt e d i n c a n c er w er e als o si g nifi c a ntl y e nri c h e d ( T a bl e 1 B).  

I d e ntifi c ati o n of c a n di d at e p r ot ei n list 

  W e n e xt us e d t his list t o g e n er at e a c ur at e d list of hi g h est i nt er est c a n di d at e H S A TII R B Ps 

i n v ol v e d i n pr o c ess es t h at ar e misr e g ul at e d i n c a n c er ( T a bl e 2). C a n di d at e pr ot ei ns w er e i d e ntifi e d fr o m 

t h e s et of i d e ntifi e d pr ot ei ns i n cl u d e d u n d er t h e f oll o wi n g G e n e O nt ol o g y ( G O) t er ms: g e n e sil e n ci n g b y 

R N A, c hr o m ati n bi n di n g, R N A h eli c as e a cti vit y a n d p ositi v e r e g ul ati o n of D N A bi n di n g ( T a bl e 1 B). 

Ot h er i d e ntifi e d pr ot ei ns t h at w er e a b u n d a nt i n t h e s a m pl e ( T a bl e S 3) a n d h a d f u n cti o ns t h at ar e 

misr e g ul at e d i n c a n c er w er e als o a d d e d t o t h e c a n di d at e list ( T a bl e 2).  
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Fi g u r e s  
 

 
 

 
Fi g u r e 1.  O v e r vi e w of H S A TII R A P- M S p r ot o c ol st a rti n g f r o m n u cl e a r l ys at e . I n p ut S a m pl e ( SI) is 
c o m p os e d of n u cl e ar c ell l ys at e aft er cr ossli n ki n g. M aj or st e ps i n cl u d e h y bri di z ati o n wit h 9 0 nt 
bi oti n yl at e d pr o b e ( A), w h er e  “ B ” r e pr es e nts a bi oti n m ol e c ul e att a c h e d t o 5’ e n d of pr o b e, c a pt ur e of 
pr o b e- R N P c o m pl e x es wit h str e pt a vi di n c o at e d m a g n eti c b e a ds ( B, b e a ds s h o w n wit h or a n g e d ots), 
w h er e “ S A ” r e pr es e nts t h e str e pt a vi di n pr ot ei n c o ati n g t h e m a g n eti c b e a ds, a n d is ol ati o n of str e pt a vi di n-
c o at e d b e a ds b o u n d t o pr o b e- R N P c o m pl e x es usi n g m a g n eti c is ol ati o n ( C). El uti o n S a m pl e ( S E) is 
e x p e ct e d t o b e e nri c h e d f or H S A TII R N A (s h o w n wit h gr e e n d ots) a n d c o nt ai n f e w ot h er s e q u e n c es 
(s h o w n wit h p ur pl e d ots), w hil e Fl o w-t hr o u g h S a m pl e ( S F- T) is e x p e ct e d t o b e e nri c h e d f or ot h er 
s e q u e n c es a n d c o nt ai n l o w er a b u n d a n c e of H S A TII R N A.  
 

 
 
 

 

A  

B  

C  

H S A TII 

Ot h er s e q u e n c e s 

9 0 n bi oti n yl a e d pr o b e '- 1 1 ~ 1 ~I l ~l 1 ~ 1 ...... 1 1 

B 

~ 1 1 1 1 1 1 1 1 1 

5 1 

(I n p ut  S a m pl e) 

Sl + P 

(I n p ut +  Pr o b e 

S a m pl e) 

M a g n et i c 

I s ol ati o n 

S F- T 

( Fl o w-t hr o u g h  S a m pl e) 

S E 

( El ut i o n S a m pl e) 
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Fi g 6. T w o p r ot ei n b a n ds w e r e s u b mitt e d f o r m ass s p e ct r o m et r y f oll o wi n g H S A TII R A P . S D S-
P A G E g el s h o wi n g t h e t w o b a n ds of pr ot ei n (r e d a n d bl u e o v als) t h at w er e s u b mitt e d t o t h e Q u a ntit ati v e 
Pr ot e o mi cs R es o ur c e C or e at t h e U ni v ersit y of P e n ns yl v a ni a. 1 5 9 pr ot ei ns w er e i d e ntifi e d fr o m t h e 
b ott o m b a n d (r e d o v al), w hil e 2 4 6 pr ot ei ns w er e i d e ntifi e d fr o m t h e t o p b a n d ( bl u e o v al). Of t h es e 4 0 5 
c o m bi n e d i d e ntifi c ati o ns i n t h e b ott o m a n d t o p b a n d, 2 6 8 pr ot ei ns w er e f o u n d t o b e u ni q u e.  
 
 

 
Fi g u r e 7.  O v e r vi e w of a p p r o a c h d e v el o p e d t o a n al y z e m ass s p e ct r o m et r y d at a . G o als of t his 
pi p eli n e w er e t o 1) filt er o ut c o m m o n c o nt a mi n a nt pr ot ei ns, 2) c o m p ar e t o t h e m ost a b u n d a nt pr ot ei ns i n 
U 2 O S c ells a n d 3) c o m p ar e t o k n o w n R B Ps i n or d er t o g e n er at e a c a n di d at e list of pr ot ei ns t o 
i n v esti g at e f urt h er. R es ults of i n di vi d u al st e ps wit hi n t his a p pr o a c h ar e s h o w n i n t h e f oll o wi n g fi g ur es. 
 

0 
0 

Filt er  o ut  c o nt a mi n a nts  a n d 

c o m p ar e  e nri c h m e nt  t o U 2 0 S 

. _ _ _ _ _ .. c..p _r ot e o_ m_ e _ _ _ _ _. 
I Hist o gr a m 

C h e c k  f or  i d e ntifi e d  a n d  c a n di d at e 

G O a n al ysis  of 

c o nfir m e d  R B Ps 

m R N A bi n d.i n 

\, 
Filt er  b y a b u n d a n c e 

i n s a m pl e 

I C a n d i d at e list I 

I Pi e c h arts 
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Fi g u r e 8.  H S A TII R A P d o es n ot e n ri c h f o r o nl y m ost a b u n d a nt p r ot ei ns i n U 2 O S c ells . Hist o gr a m 
c o m p ar es  t h e e x p e ct e d distri b uti o n ( ass u mi n g e v e n distri b uti o n a cr oss t e n d e cil es) of 1 9 0 pr ot ei ns o ut of 
2 5 8 t ot al i d e ntifi e d pr ot ei ns pr es e nt i n b ot h t h e H S A TII R A P s a m pl e a n d r ef er e n c e U 2 0 S pr ot e o m e 4 2  
a n d t h e a ct u al distri b uti o n of t his s u bs et of t h e 2 5 8 t ot al n o n- c o nt a mi n a nt i d e ntifi e d pr ot ei ns i n p ull d o w n 
s a m pl e. L a c k of o v erl a p of all 2 5 8 i d e ntifi e d pr ot ei ns wit h U 2 O S pr ot e o m e is li k el y d u e t o t h e 
li mit ati o ns of w h ol e c ell m ass s p e ctr o m etr y i n i d e ntif yi n g l ess a b u n d a nt pr ot ei ns. 1 9 0 pr ot ei ns fr o m 
H S A TII R A P w er e c o m p ar e d a g ai nst t h e t o p 1 0 %, 1 0- 2 0 %, 2 0- 3 0 %, et c. of t h e U 2 O S pr ot e o m e t o 
d et er mi n e t h e n u m b er of pr ot ei ns fr o m H S A TII R A P s a m pl e pr es e nt i n e a c h d e cil e. 
 
 
 
 

 
 
Fi g u r e 9.  H S A TII R A P ( p ull d o w n) s a m pl e is e n ri c h e d f o r R N A bi n di n g p r ot ei ns . T h e H e L a 
pr ot e o m e w as us e d h er e b e c a us e a s yst e m ati c i d e ntifi c ati o n of R N A bi n di n g pr ot ei ns h as n ot b e e n d o n e 
i n U 2 O S c ells t o o ur k n o wl e d g e. T h e n u m b er of m R N A i nt er a ct o m e a n d c a n di d at e R P Bs i n t h e 
p ull d o w n s a m pl e w as d et er mi n e d b y c o m p ari n g t h e n u m b er of t h es e pr ot ei ns pr es e nt i n t h e H S A TII 
R A P d at a s et as w ell as t h e C ast ell o et. al. 9  d at a s et, w hi c h c o m pris es a c o m pl et e list of R B Ps i n a H e L a 
c ell li n e. All of t h es e i d e ntifi e d R B Ps w er e i n cl u d e d as b ei n g i n t h e m R N A i nt er a ct o m e or b ei n g 
c a n di d at e R B Ps wit hi n a c o m pl et e H e L a pr ot e o m e 4 3 . 
 
 
 
 

H e L a Pr ot e o m e  P ull d o w n S a m pl e  

5 0 

4 5 

4 0 

"i 3 5 

e 3 0 
Cl. 

0 2 5 

2 0 
. c 
E 1 5 
:::, 
Z 1 0 

5 

0 I I I 1 1 1 11 .I .I J .I 
Pr ot ei n  A b u n d a n c e  i n U 2 0 S Pr ot e o m e 

• C o m pl et e Pr ot e o m e 
• m R N A i nt er a ct o m e 
D C a n di d at e R B P s 

- N ot i d e ntifi e d R B P S 
• m R N A i nt er a ct o m e 
D C a n di d at e R B P s 
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T a bl e 1.  H S A TII R A P- M S p r ot ei ns a r e e n ri c h e d f o r R N A- bi n di n g f u n cti o n, n u cl e a r l o c ali z ati o n 
a n d bi ol o gi c al p r o c ess es i n v ol v e d i n c a n c e r.  G e n e O nt ol o g y a n al ysis w as d o n e o n b ot h all 2 5 8 
pr ot ei ns i n p ull d o w n s a m pl e ( A) a n d j ust t h e 8 4 pr ot ei ns i n p ull d o w n s a m pl e c at e g ori z e d as m R N A 
i nt er a ct o m e or c a n di d at e R B Ps ( B). Si g nifi c a nt e nri c h m e nt f or R N A- bi n di n g a n d n u cl e ar pr ot ei ns, wit h 
e xtr e m el y l o w P- v al u es i n di c ati n g si g nifi c a n c e of e nri c h m e nt, h el p e d c o nfir m t h at pr ot o c ol w as s p e cifi c, 
a n d t h at t h e n u cl e ar l ysis pr ot o c ol w as eff e cti v e. Pr ot ei ns gr o u p e d u n d er si g nifi c a ntl y e nri c h e d 
bi ol o gi c al pr o c ess es i n v ol v e d i n c a n c er w er e i n v esti g at e d f urt h er t o h el p g e n er at e a c ur at e d c a n di d at e 
list of hi g h est i nt er est pr ot ei ns t o f urt h er e x pl or e.  
A 

G e n e O nt ol o g y T e r m  X E n ri c h m e nt  P -v al u e  

R N A Bi n di n g  5. 8  7. 1 x 1 0 -5 9  

N u cl e us  1. 9 7  2. 2 7 x 1 0 -2 8  

B 
G e n e O nt ol o g y T e r m  X E n ri c h m e nt  P -v al u e  

G e n e Sil e n ci n g B y R N A  2 0. 1  8. 4 4 x 1 0 -4  

C hr o m ati n Bi n di n g  4. 0  3. 3 4 x 1 0 -4  

R N A H eli c as e A cti vit y  3 0. 9  2. 2 1 x 1 0 -4  

P o siti v e R e g ul ati o n of D N A Bi n di n g  1 7. 0  1. 1 5 x 1 0 -4  

 
 
T a bl e 2. C u r at e d c a n di d at e list of p r ot ei ns wit h f u n cti o ns i n v ol v e d i n p r o c ess es t h at a r e 
mis r e g ul at e d i n c a n c e r . Pr ot ei ns w er e i d e ntifi e d eit h er b y l o o ki n g t hr o u g h pr ot ei ns gr o u p e d u n d er 
r el e v a nt G e n e O nt ol o g y t er ms or b y filt eri n g s a m pl e pr ot ei ns b y a b u n d a n c e a n d s c a n ni n g f or r el e v a nt 
f u n cti o ns. Pr ot ei ns w er e c h e c k e d a g ai nst r ef er e n c e list of c o nfir m e d a n d c a n di d at e R N A bi n di n g 
pr ot ei ns 9  t o d et er mi n e w h et h er t h e y h a d R N A bi n di n g c a p a bilit y. F u n cti o ns ar e pri m aril y fr o m t h e 
U ni Pr ot ( htt ps:// w w w. u ni pr ot. or g/ ) p a g e f or e a c h pr ot ei n. 

 

P r ot ei n  I d e ntifi e d  b v  R B P ? F u n cti o ns 
D H X 9 G O T er m: R N A  m R N A  A T P d e p e n d e n t R N A h eli c as e wit h  v ari o us  r ol es 

h eli c as e  I nt er a ct o m e i n cl u di n g  u n wi n di n g  D N A : R N A  h y bri ds . 
S N Dl G O T er m : G e n e  m R N A  E n d o n u c l e as e t h at r e g ul at es  r ni R N As  i n v ol v e d i n G-

Sil e n ci n e: b v R N A  I nt er a ct o m e t o- S o h as e tr a nsit i o n. 
S U P T 1 6 H G O T er m : C hr o m ati n  m R N A F A C T  (f a cilit at es  c hr o m ati n tr a ns a cti o ns)  c o m pl e x 

bi n di n g  I nt er a ct o m e s u b u nit : g e n er al  c hr o m ati n  f a ct or t h at a cts t o 
r e or g a ni z e  n u cl e os o m es . 

P A R Pl G O T er m: P ositi v e  m R N A  P o l y m er as e  t h at pl a ys  a k e y r ol e i n D N A r e p air . Als o 
R e g ul a ti o n of D A  I nt er a ct o m e i n v ol v e d  i n diff er e n ti ati o n, pr olif er a ti o n a n d t u m or 

Bi n di n g tr a nsf or m ati o n 
T RI M 2 8 A b u n d a n c e  N o, b ut ot h er  Tr a ns cri pti o n  i nt er m e di at e f a ct or t h at c o or di n at es 

T RI M  pr ot ei ns  i n cr e as es  i n H 3 K 9 m e  d e cr e as es  i n H 3 K 9 a c  a n d 
ar e H 3 K 1 4 a c . Als o D e p osits  H Pl. 

M C M 2 A b u n d a n c e  N o, b ut  D N A r e pli c ati o n li c e nsi n g f a ct or t h at  i s c o m p o n e nt 
M C M 3 A Pis  of t h e M C M 2- 7  c o m pl e x , w hi c h i s h eli c as e 

c a n di d at e  R B P  i n v ol v e d  i n D  A r e pl i c ati o n . R e q uir e d  f or e ntr y 
i nt o S p h as e a n d i n c ell di visi o n . 

M C M 4 A b u n d a n c e ( S e e a b o v e) Li k e M C M 2 , D N A r e pli c at i o n li c e nsi n g  f a ct or t h at is 
a c o m o o n e nt  of t h e M C M 2- 7  c o m o l e x. 

D D Bl A b u n d a n c e N o  D N A d a m a g e  bi n di n g pr ot ei n  t h at i s r e q uir e d  f or D N A 
r e p air . 

H N R N  P U A b u n d a n c e  m R N A  H et er o g e n o us  n u cl e ar  ri b o n u cl e ar  pr ot ei n  i n v ol v e d 
I nt er a ct o m e  i n s e v er al c ell ul ar  pr o c ess es  i n cl u di n g  n u cl e ar 

c hr o m ati n or g a ni z ati o n a n d mit oti c c ell 
pr o gr e ssi o n. 

SI N 3 A R N A N o  Tr a ns cri pti o n a l r e g ul at o r t h at m e di at es r e pr ess i o n 
I m m u n o or e ci oit ati o n a n d bi n ds t o M e C P 2 . 
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Di s c u s si o n  

  T his w or k a c hi e v e d t hr e e pri m ar y g o als. First, a pr ot o c ol t h at s el e cti v el y e nri c h es f or H S A TII 

R B Ps fr o m a n u cl e ar l ys at e w as est a blis h e d. T his i n cl u d e d d esi g ni n g a pr o b e t h at h y bri di z es effi ci e ntl y 

wit h H S A TII R N A ( Fi gs. 2, 4), c o nfir mi n g t h at t h e el uti o n s a m pl e c o nt ai n e d H S A TII R N A b ut n ot ot h er 

R N As ( Fi g. 5), a n d r u n ni n g a n S D S- P A G E g el ( Fi g. 6) t o b e s u b mitt e d f or m ass s p e ctr o m etr y a n al ysis 

i n or d er t o i d e ntif y pr ot ei ns. S e c o n d, a pi p eli n e f or a n al y zi n g c a n di d at e H S A TII R B Ps w as d e v el o p e d 

( Fi g. 7). K n o w n c o nt a mi n a nt pr ot ei ns w er e filt er e d o ut a n d it w as c o nfir m e d t h at i d e ntifi e d pr ot ei ns 

w er e n ot s ol el y t h e m ost a b u n d a nt pr ot ei ns i n c a n c er c ells ( Fi g. 8) a n d w er e e nri c h e d f or R N A- bi n di n g 

pr ot ei ns ( Fi g. 9). Fi n all y, a c ur at e d list of c a n di d at e H S A TII R B Ps f or f urt h er i n v esti g ati o n w as 

g e n er at e d ( T a bl e 2) b y l o o ki n g i nt o pr ot ei ns gr o u p e d u n d er e nri c h e d pr o c ess es t h at ar e misr e g ul at e d i n 

c a n c er ( T a bl e 1 B), as w ell as a b u n d a nt pr ot ei ns i n t h e s a m pl e ( T a bl e S 3). T h e a c hi e v e m e nt of t h es e 

t hr e e g o als will b e dis c uss e d i n d et ail b el o w.  

R A P- M S 3 3  a d a pt e d f or H S A TII R N A pr o v e d t o b e a n eff e cti v e pr ot o c ol f or s el e cti v el y is ol ati n g 

H S A TII R N A a n d b o u n d pr ot ei ns. First, a pr o b e i nt e n d e d t o h y bri di z e wit h a r a n g e of s e q u e n c e d 

H S A TII tr a ns cri pts w as d esi g n e d ( Fi g. 2) a n d t h e pr o b es a bilit y t o h y bri di z e wit h H S A TII R N A w as 

v ali d at e d i n vi v o ( Fi g. 4). It w as n e xt c o nfir m e d t h at t h e el uti o n s a m pl e w as e nri c h e d f or H S A TII R N A 

a n d n ot ot h er s at ellit e, n o n- c o di n g or m R N As ( Fi g. 5), w hi c h i n di c at e d t h at t h e pr ot ei ns pr es e nt i n t h e 

s a m pl e pri or t o i d e ntifi c ati o n w er e pr ot ei ns b o u n d t o H S A TII R N A a n d n ot pr ot ei ns b o u n d t o ot h er 

R N As.  

T h e pi p eli n e f or a n al y zi n g c a n di d at e H S A TII R B Ps d e v el o p e d h er e w as eff e cti v e i n c o nfir mi n g t h at 

t h e pr ot o c ol w as i d e ntif yi n g R N A bi n di n g pr ot ei ns a n d n arr o wi n g d o w n t h e n u m b er of pr ot ei ns of 

i nt er est, ulti m at el y l e a di n g t o a c ur at e d c a n di d at e list ( T a bl e 2). F oll o wi n g s u b missi o n of a n S D S-P A G E 

g el ( Fi g.  6) f or a n al ysis b y m ass s p e ctr o m etr y, a s yst e m f or a n al y zi n g t h e 2 6 8 i d e ntifi e d c a n di d at e 

H S A TII R B Ps w as d e v el o p e d. T h e g o als of t his pi p eli n e w er e t o c o nfir m t h at t h e pr ot o c ol w as 
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s u c c essf ul i n i d e ntif yi n g R N A bi n di n g pr ot ei ns a n d t o g e n er at e a c ur at e d list of c a n di d at e H S A TII R B Ps 

( Fi g. 7). T h e first st e p i n t his pi p eli n e w as filt eri n g o ut c o nt a mi n a nt pr ot ei ns t h at a p p e ar i n t h e m aj orit y 

of m ass s p e ctr o m etr y s a m pl es, r e g ar dl ess of ass a y or c ell t y p e 4 1 . N e xt, i d e ntifi e d pr ot ei ns w er e 

c o m p ar e d a g ai nst a r ef er e n c e U 2 O S pr ot e o m e 4 2  i n or d er t o c o nfir m t h at i d e ntifi e d pr ot ei ns w er e n ot 

si m pl y t h e m ost a b u n d a nt pr ot ei ns pr es e nt i n U 2 O S c ells a n d i nst e a d w er e li k el y H S A TII R B Ps ( Fi g. 8). 

T h e n, i d e ntifi e d pr ot ei ns w er e gr o u p e d as eit h er R N A- bi n di n g or n ot b as e d o n a pr e vi o us s yst e m ati c 

i d e ntifi c ati o n of R B Ps i n a n ot h er c ell li n e9  i n or d er t o c o nfir m t h at t h e s a m pl e w as e nri c h e d f or R B Ps 

( Fi g. 9). T h e f a ct t h at n ot o nl y t h e m ost a b u n d a nt pr ot ei ns pr es e nt i n U 2 O S c ell w er e i d e ntifi e d a n d t h at 

t h e i d e ntifi e d pr ot ei ns w er e e nri c h e d f or R N A bi n di n g c o nfir m e d t h at pr ot o c ol us e d w as eff e cti v e i n 

i d e ntif yi n g H S A TII R B Ps.  

G e n e O nt ol o g y ( G O) a n al ysis w as t h e n p erf or m e d t o f urt h er c o nfir m t h at c a n di d at e H S A TII R B Ps 

w er e e nri c h e d f or R N A- bi n di n g c a p a bilit y a n d n u cl e ar l o c ali z ati o n ( T a bl e 1 A), as w ell as t o i d e ntif y 

e nri c h m e nt of pr ot ei ns i n v ol v e d i n pr o c ess es t h at ar e misr e g ul at e d i n c a n c er ( T a bl e 1 B). Fr o m t his s et of 

pr ot ei ns i n v ol v e d i n pr o c ess es t h at ar e misr e g ul at e d i n c a n c er a n d e nri c h e d f or i n t h e s a m pl e, pr ot ei ns 

w e r e a d d e d t o a c ur at e d c a n di d at e list of hi g h est i nt er est H S A TII R B Ps ( T a bl e 2). Al o n g wit h s el e cti n g 

pr ot ei ns fr o m disti n ct pr o c ess es misr e g ul at e d i n c a n c er t h at w er e e nri c h e d f or i n t h e p ull d o w n s a m pl e, 

m or e a b u n d a nt pr ot ei ns i n t h e s a m pl e ( T a bl e S 3) wit h f u n cti o ns t h at ar e misr e g ul at e d i n c a n c er w er e 

a d d e d t o t h e c ur at e d c a n di d at e list ( T a bl e 2). 

T h e i d e ntifi c ati o n of t h e pr ot ei n SI N 3 A i n t h e p ull d o w n s a m pl e pr o vi d e d f urt h er c o nfir m ati o n t h at 

t h e a d a pt e d R A P- M S pr ot o c ol w as eff e cti v e i n i d e ntif yi n g H S A TII R B Ps, as a pr e vi o us R N A 

i m m u n o pr e ci pit ati o n ( RI P) wit h SI N 3 A h a d i n di c at e d t h at H S A TII R N A bi n ds t o t his pr ot ei n2 8 . SI N 3 A 

is a tr a ns cri pti o n al r e pr ess or r es p o nsi bl e f or r e pr essi n g tr a ns cri pti o n i n c o n c ert wit h hist o n e 

d e a c et yl ati o n 4 4 , as w ell as r e pr essi n g g e n es i n v ol v e d i n c ell c y cl e pr o gr essi o n4 5 . SI N 3 A is als o a k n o w n 

bi n di n g p art n er of M e C P 2 2 8 , a pr ot ei n n ot i d e ntifi e d i n t h e p ull d o w n s a m pl e. T his s u g g ests t h at SI N 3 A, 
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a n d n ot M e C P 2, m a y bi n d H S A TII dir e ctl y, a n d t h at M e C P 2 is r e cr uit e d f oll o wi n g SI N 3 A bi n di n g. T hi s 

is s u p p ort e d b y t h e f a ct t h e cr ossli n ki n g st e p of t h e RI P t h at s h o w e d t h at M e C P 2 bi n ds H S A TII R N A 

w as p erf or m e d usi n g f or m al d e h y d e 2 8 , w hi c h h as b e e n s h o w n t o i n d u c e pr ot ei n- pr ot ei n i nt er a cti o ns as 

w ell as R N A- pr ot ei n i nt er a cti o ns 3 6 . T his i m pli es t h at a RI P f or M e C P 2 c o ul d h a v e p ull e d d o w n H S A TII 

R N A e v e n if M e C P 2 its elf w as n ot dir e ctl y b o u n d t o H S A TII R N A, if i nst e a d M e C P 2 w as c o m pl e xi n g 

wit h  SI N 3 A b o u n d t o H S A TII R N A. P erf or mi n g a pr ot ei n- c e ntri c t e c h ni q u e, s u c h as cr ossli n ki n g a n d 

i m m u n o pr e ci pit ati o n1 1 , t h at us es U V cr ossli n ki n g r at h er t h a n f or m al d e h y d e cr ossli n ki n g w o ul d b e us ef ul 

i n t esti n g t h e h y p ot h esis st at e d h er e t h at SI N 3 A, r at h er t h a n M e C P 2, dir e ctl y bi n ds H S A TII R N A. 

A d diti o n al c o ntr ols s h o ul d b e p erf or m e d t o c o nfir m t h at t h e c a n di d at e H S A TII R B Ps bi n d H S A TII 

R N A s p e cifi c all y, as it is li k el y t h at m a n y of t h e c a n di d at e H S A TII R B Ps i d e ntifi e d h a v e t h e c a p a cit y t o 

bi n d a br o a d r a n g e of tr a ns cri pts 2 . T his s h o ul d b e d o n e b y p erf or mi n g R A P- M S usi n g a pr o b e a ntis e ns e 

t o U 1 R N A, a s pli c e os o m e R N A, as w ell as a pr o b e t ar g eti n g a ri b os o m al R N A8 , i n or d er t o eli mi n at e 

bi n di n g pr ot ei ns t h at ar e c o m p o n e nts of hi g hl y a b u n d a nt R N Ps fr o m t h e list of pr ot ei ns t h at s el e cti v el y 

bi n d H S A TII. T h e us e of c o ntr ol pr o b es c o ul d b e c o u pl e d wit h a q u a ntit ati v e m ass s p e ctr o m etr y 

a p pr o a c h, s u c h as t h e us e of st a bl e is ot o p e l a b eli n g b y a mi n o a ci ds ( SI L A C), t o pr o vi d e s e nsiti v e 

q u a ntifi c ati o n of pr ot ei ns b o u n d t o H S A TII a n d c o ntr ol tr a ns cri pts i n or d er t o d et er mi n e t h e pr ot ei ns t h at 

ar e si g nifi c a ntl y e nri c h e d f or H S A TII bi n di n g 8 . A n o- pr o b e c o ntr ol s h o ul d als o b e p erf or m e d t o c o nfir m 

t h at o nl y pr ot ei ns b o u n d t o H S A TII R N A ar e pr es e nt i n t h e el uti o n s a m pl e a n d t h at pr ot ei ns n ot b o u n d 

t o H S A TII R N A ar e n ot b ei n g i d e ntifi e d. It is als o p ossi bl e t h at b y t a ki n g a n a p pr o a c h t h at us es 

p h ot or e a cti v e n u cl e osi d e- e n h a n c e d U V- cr ossli n ki n g 1 0 , cr ossli n ki n g effi ci e n c y c o ul d b e i m pr o v e d a n d 

pr ot ei ns c o ul d b e i d e ntifi e d fr o m a s a m pl e st arti n g wit h m a n y f e w er c ells t h a n t h e 4 0 0 milli o n r e q uir e d 

t o i d e ntif y pr ot ei ns usi n g t h e c urr e nt R A P- M S pr ot o c ol. T his w o ul d m a k e p erf or mi n g d u pli c at e s a m pl es, 

as w ell as i n cl u di n g c o ntr ols, m or e f e asi bl e.   
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I m pr o v e d t e c h n ol o g y a n d a d diti o n al b a c k gr o u n d st u di es w o ul d h el p t o i m pr o v e t h e a c c ur a c y of t h e 

pi p eli n e d e v el o p e d h er e i n g e n er ati n g a c ur at e d c a n di d at e list of H S A TII bi n di n g pr ot ei ns. I m pr o v e d 

w h ol e- c ell m ass s p e ctr o m etr y t e c h ni q u es c o ul d pr o vi d e a m or e c o m pl et e U 2 O S pr ot e o m e t h a n t h e o n e 

us e d c urr e ntl y t o d et er mi n e a b u n d a n c e of p ull d o w n pr ot ei ns, as m or e t h a n a f o urt h of p ull d o w n pr ot ei ns 

w er e n ot pr es e nt i n t h e r ef er e n c e U 2 O S pr ot e o m e us e d 4 2 . P erf or mi n g a s yst e m ati c i d e ntifi c ati o n of 

R B Ps i n U 2 O S c ells w o ul d pr o vi d e a b ett er r ef er e n c e R B P list t h a n t h e list c urr e ntl y b ei n g c o m p ar e d 

a g ai nst t o d et er mi n e e nri c h m e nt of R B Ps, as it is li k el y t h at a diff er e nt s et of pr ot ei ns bi n d R N As i n 

U 2 O S c ells t h a n i n H e L a c ells 2, 9, 1 0 . M or e g e n er all y, i d e ntif yi n g t h e R B Ps t h at h a v e t h e c a p a cit y t o bi n d 

a n y s at ellit e R N A w o ul d b e v al u a bl e, as it is p ossi bl e t h at a l ar g e n u m b er of pr ot ei ns h a v e t h e c a p a cit y 

t o bi n d s at ellit e R N A s e q u e n c es, a n d t h at t h es e m a y b e disti n ct fr o m m R N A bi n di n g pr ot ei ns i d e ntifi e d 

pr e vi o usl y 9, 1 0 . T h us, t h e l ar g e p er c e nt a g e of pr ot ei ns n ot cl assifi e d as R B Ps i n t h e p ull d o w n s a m pl e, 

w hil e still a c o nsi d er a bl y s m all er p er c e nt a g e t h a n t h e p er c e nt a g e of pr ot ei ns n ot cl assifi e d as R B Ps 

a m o n g all pr ot ei ns i n H e L a c ells, m a y a ct u all y b e r e d u c e d d u e t o t h e u n k n o w n c a p a bilit y of pr ot ei ns t o 

bi n d s at ellit e s e q u e n c es.  

A m o n g t h e c ur at e d c a n di d at e list of H S A TII R B Ps ar e s e v er al pr ot ei ns i n v ol v e d i n pr o c ess es t h at ar e 

misr e g ul at e d i n c a n c er. U n d er t h e “ R N A h eli c as e ” G e n e O nt ol o g y ( G O) t er m, t h e n u cl e ar pr ot ei n D H X 9 

is of i nt er est, as t his pr ot ei n f u n cti o ns t o u n wi n d D N A: R N A h y bri ds4 6 , w hi c h h a v e b e e n s h o w n t o f or m 

wit h H S A TII R N A i n c a n c er c ells 3 0  a n d m a y c o ntri b ut e t o H S A TII e x p a nsi o n4 7 . D N A: R N A h y bri ds 

h a v e als o b e e n i m pli c at e d i n g e n o m e i nst a bilit y t hr o u g h t h e f or m ati o n of m ut a g e ni c R l o o p str u ct ur es 4 8 . 

R es e ar c h ers h a v e s u g g est e d t esti n g t h es e m e c h a nis ms i n c a n c er m o d els t o d et er mi n e t h e w a y i n w hi c h 

t h e y c o ntri b ut e t o dis e as e pr o gr essi o n4 8 . T h us, if D H X 9 is u n a bl e t o p erf or m its f u n cti o n of u n wi n di n g 

D N A: R N A h y bri ds as a r es ult of bi n di n g t o H S A TII R N A i n c a n c er c ells, R l o o p str u ct ur es m a y p ersist, 

p ot e nti all y l e a di n g t o g e n o m e i nst a bilit y, i n cr e as e d H S A TII e x pr essi o n, a n d f urt h er s e q u estr ati o n of 

pr ot ei ns t hr o u g h r e p e at e x p a nsi o n.   
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T h e n u cl e ar pr ot ei n, S U P T 1 6 H, u n d er t h e “ C hr o m ati n bi n di n g ” G O t er m, is of i nt er est d u e t o t his 

pr ot ei n’s pr es e n c e as a s u b u nit of t h e F A C T (f a cilit at es c hr o m ati n tr a ns a cti o ns) c o m pl e x 4 9 . T h e F A C T 

c o m pl e x f u n cti o ns t o r e or g a ni z e n u cl e os o m es b y a cti n g as a c h a p er o n e f or hist o n e pr ot ei ns a n d h as t h e 

c a p a cit y t o b ot h i n cr e as e a n d d e cr e as e t h e st a bilit y of n u cl e os o m e str u ct ur e 4 9 . If S U P T 1 6 H f u n cti o n is 

aff e ct e d b y bi n di n g t o H S A TII R N A, t h e n t his c o ul d c o ntri b ut e t o t h e misr e g ul ati o n of D N A 

a c c essi bilit y s e e n i n c a n c er 5 0 . W hil e T RI M 2 8 is a pr ot ei n n ot c at e g ori z e d u n d er a n y of t h e f o ur G O 

t er ms of i nt er est a n d h as n ot pr e vi o usl y b e e n i d e ntifi e d as a n R N A bi n di n g pr ot ei n, T RI M 2 8 w as a d d e d 

t o t h e c ur at e d c a n di d at e H S A TII R B P list. T his pr ot ei n, w hi c h w as a b u n d a nt i n t h e s a m pl e, c o or di n at es 

c h a n g es i n e pi g e n eti c r e g ul ati o n (s p e cifi c all y hist o n e a c et yl ati o n a n d m et h yl ati o n) 5 1 , w hi c h ar e 

pr o c ess es wi d el y misr e g ul at e d i n c a n c er c ells 5 2 . T h e pr es e n c e of T RI M 2 8 i n t h e p ull d o w n s a m pl e 

s u g g ests t h at pr e vi o usl y u ni d e ntifi e d R B Ps m a y bi n d H S A TII R N A a n d t h at D N A a c c essi bilit y a n d 

e pi g e n eti c r e g ul ati o n m a y b e t w o pr o c ess es aff e ct e d b y pr ot ei ns bi n di n g t o H S A TII R N A i n c a n c er 

c ells.  

 S U P T 1 6 H is als o of i nt er est b e c a us e of t h e fi n di n g t h at t h e F A C T c o m pl e x is li k el y i n v ol v e d i n t h e 

p h os p h or yl ati o n, a n d a cti v ati o n of, t h e t u m or s u p pr ess or p 5 3 i n r es p o ns e t o c ell ul ar str ess 5 3 . C h a n g es i n 

t h e a cti vit y of p 5 3 h a v e b e e n s h o w n t o h a v e l ar g e eff e cts o n c a n c er pr o gr essi o n, as wit h o ut a n a cti v e 

f or m of t his t u m or s u p pr ess or, c a n c er h as b e e n s h o w n t o pr o gr ess m or e r a pi dl y 5 4 . If t h e F A C T c o m pl e x 

is n ot a bl e t o p h os p h or yl at e p 5 3 d u e t o t h e l a c k of, or pr es e n c e of a n o n-f u n cti o n al S U P T 1 6 H pr ot ei n 

( d u e t o H S A TII R N A bi n di n g a n d s e q u estr ati o n), t his c o ul d h a v e pr of o u n d eff e cts o n a k e y m e c h a nis m 

n e c ess ar y t o h alt c a n c er pr o gr essi o n. 

W hil e n ot gr o u p e d u n d er o n e of t h e si g nifi c a ntl y e nri c h e d G O t er ms, H N R N P U w as a b u n d a nt i n t h e 

s a m pl e a n d h as f u n cti o ns of i nt er est. H N R N P U is r e q uir e d f or l o c ali z ati o n of Xist R N A 5 5  a n d als o pl a ys 

a criti c al r ol e i n t h e r e g ul ati o n of c hr o m os o m e str u ct ur e 5 6 . W h e n H N R N P U is d e pl et e d Xist R N A is 

d et a c h e d fr o m t h e X c hr o m os o m e a n d l o c ali z ati o n b e c o m es diff us e t hr o u g h o ut t h e n u cl e o pl as m 5 5 . T h us, 
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H N R N P U is a n e x a m pl e of a n R B P r e q uir e d f or pr o p er l o c ali z ati o n of a s p e cifi c n c R N A a n d m a y b e 

r e q uir e d f or t h e l o c ali z ati o n of ot h er n c R N As as w ell. T h e i d e ntifi c ati o n of H N R N P U a m o n g t h e 

p ull d o w n pr ot ei ns s u g g ests t h at t his pr ot ei n m a y h a v e t h e c a p a cit y t o bi n d a br o a d r a n g e of n c R N As. I n 

a d diti o n t o b ei n g r e q uir e d f or t h e l o c ali z ati o n of Xist R N A t o t h e X c hr o m os o m e, H N R N P U is r e q uir e d 

f or m ai nt ai ni n g c hr o m os o m e f ol di n g t hr o u g h i nt er a cti o ns wit h c hr o m ati n- ass o ci at e d R N As ( c a R N As) 5 6 . 

W h e n H N R N P U is d e pl et e d, a b n or m al c hr o m os o m e f ol di n g, l e a di n g t o t h e a c c u m ul ati o n of g e n o m e 

d a m a g e, o c c urs 5 6 . A m o d el h as e m er g e d i n w hi c h H N R N P U a n d c a R N As f or m a n a cti v e n et-li k e 

str u ct ur e t h at is r e q uir e d f or or g a ni zi n g c hr o m os o m e str u ct ur e a n d m ai nt ai ni n g g e n o m e st a bilit y 5 6 . T h e 

bi n di n g of H N R N P U t o Xist a n d c a R N As t o p erf or m di v er g e nt f u n cti o ns i n di c at es t h e i m p ort a nt r ol e of 

R N A i n m e di ati n g pr ot ei n l o c ali z ati o n a n d f u n cti o n. 

Of t h e pr ot ei ns i n t h e c ur at e d c a n di d at e list, it s h o ul d b e d et er mi n e d w hi c h of t h es e ar e si g nifi c a ntl y 

e nri c h e d f or H S A TII R N A bi n di n g b ef or e pr o c e e di n g wit h c o nfir m ati o n of bi n di n g r el ati o ns hi ps a n d 

f u n cti o n al ass a ys. Pri or t o i n v esti g ati o n of t h e f u n cti o n of t h e hi g h est i nt er est c a n di d at e H S A TII R B Ps, 

bi n di n g r el ati o ns hi ps s h o ul d b e c o nfir m e d b y a d diti o n al m et h o ds. First, a nti b o di es a g ai nst pr ot ei ns of 

i nt er est s h o ul d c o- h y bri di z e d wit h H S A TII i n i nt a ct n u cl ei t o d et er mi n e if c a n di d at e pr ot ei ns a n d 

H S A TII R N A c ol o c ali z e i n t h e n u cl e us. If c ol o c ali z ati o n is c o nfir m e d, t h e n R N A i m m u n o pr e ci pit ati o n, 

usi n g a nti b o di es a g ai nst c a n di d at e pr ot ei ns, f oll o w e d b y P C R or s e q u e n ci n g s h o ul d b e p erf or m e d t o 

d et er mi n e if t h er e is a dir e ct bi n di n g r el ati o ns hi p. W est er n bl ots of t h e S D S p a g e g el t h at c o ul d b e 

s u b mitt e d f or a n al ysis b y m ass s p e ctr o m etr y s h o ul d als o b e d o n e t o c o nfir m t h e pr es e n c e of i d e ntifi e d 

pr ot ei ns. P ull d o w n of H S A TII R N A wit h t h e pr o b e d e v el o p e d h er e, f oll o w e d b y R N A s e q u e n ci n g, h as 

t h e p ot e nti al t o i m pr o v e o ur u n d erst a n di n g of t h e H S A TII tr a ns cri pt o m e, as w e d o n ot f ull y u n d erst a n d 

t h e r a n g e of H S A TII R N A tr a ns cri pts b ei n g e x pr ess e d. F or i n v esti g ati n g f u n cti o n f urt h er, d et er mi ni n g 

t h e R N A bi n di n g d o m ai ns of c a n di d at e H S A TII R B Ps wit h pr e vi o usl y i d e ntifi e d d o m ai ns, as w ell as 

i d e ntif yi n g t h e R N A bi n di n g d o m ai ns of c a n di d at e H S A TII R B Ps wit h u ni d e ntifi e d d o m ai ns w o ul d b e a 
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g o o d n e xt st e p f or d et er mi ni n g h o w bi n di n g wit h H S A TII R N A mi g ht i m p a ct t h e f u n cti o n of t h es e 

pr ot ei ns. D et er mi ni n g if t h e l o c ali z ati o n of t h e i d e ntifi e d pr ot ei ns c h a n g es w h e n b o u n d t o H S A TII 

w o ul d a n ot h er w ort h w hil e f oll o w u p st u d y. T h e f a ct t h at i n c a n c er c ells pr ot ei ns wit h di v ers e f u n cti o ns 

ar e bi n di n g H S A TII R N A, a n R N A n ot pr es e nt i n n or m al c ells, i n di c at es t h at pr ot ei n f u n cti o n is li k el y 

aff e ct e d b y t his bi n di n g r el ati o ns hi p a n d w arr a nts f urt h er st u d y. 
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S u p pl e m e nt a r y M at e ri al  

S u p pl e m e nt a r y P r ot o c ols 

A.  C ell H a r v esti n g a n d C r ossli n ki n g  

1.  Gr o w a d h er e nt c ells o n fi v e 1 5 c m tiss u e c ult ur e pl at es 

2.  R e m o v e m e di a fr o m pl at e a n d r e pl a c e wit h 1 0 m L i c e- c ol d P B S 

3.  R o c k g e ntl y f or 1 0 s e c o n ds t h e n r e m o v e P B S w as h 

4.  A d d 1 0 m L i c e- c ol d P B S t o pl at e 

5.  U V cr ossli n k pl at e of c ells i n U V cr ossli n k er at 2 5 4 n m w a v el e n gt h wit h 0. 8 J/ c m 2 . Cr ossli n k 

wit h pl at e c o v er off. S et o ur i nstr u m e nt t o 8 0 0 uJ 

6.  R e m o v e pl at e of c ells fr o m cr ossli n k er a n d pl a c e o n i c e 

7.  S cr a p e c ells fr o m pl at e usi n g c ell lift er a n d tr a nsf er 1 0 m L P B S + c ells fr o m e a c h pl at e t o a 5 0 m L 

c o ni c al t u b e (s h o ul d b e a b o ut 5 0 m L t ot al v ol u m e fr o m fi v e pl at es) 

8.  C e ntrif u g e at 1 0 0 0 g f or 5 mi n ut es at 4 ℃ t o p ell et c ells 

9.  R e m o v e s u p er n at a nt a n d r es us p e n d c ells i n 1 m L c ol d P B S, pi p etti n g g e ntl y t o br e a k u p p ell et. 

Tr a nsf er r es us p e n d e d c ells i n P B S t o 1 5 m L c o ni c al t u b e. Pi p ett e u p a n d d o w n s e v er al ti m es wit h 

9-i n c h c ott o n- pl u g g e d P ast e ur pi p ett e s o t h at c ells ar e i n si n gl e- c ell s us p e nsi o n. T a k e 1 0 u L of 

r es us p e n d e d c ells a n d a d d t o 9 0 u L P B S i n e p p e n d orf t u b e. Pi p ett e u p a n d d o w n t o mi x a n d c o u nt 

c ells i n 1: 1 0 dil uti o n usi n g c ell c o u nt er.  

1 0.  C e ntrif u g e at 1 0 0 0 g f or 5 mi n ut es at 4 ℃ t o p ell et c ells 

1 1.  R e m o v e s u p er n at a nt a n d fl as h fr e e z e p ell et i n li q ui d nitr o g e n a n d st or e at - 8 0 C 

B.  C ell L ysis: F o r P r e p a r ati o n of N u cl e a r L ys at e f r o m 4 0 0 milli o n c ells  

•  P erf or m i n f o ur b at c h es, usi n g t w o t u b es of 5 0 milli o n c ells p er b at c h. St art n e xt b at c h o n c e pri or 

b at c h h as st art e d 4 5 mi n ut e i n c u b ati o n. 

1.  R es us p e n d 5 0 milli o n c ell p ell et ( pr e vi o usl y st or e d at - 8 0 C) i n 1 m L of C ell L ysis B uff er 

( N u cl e ar I). Tr a nsf er t o e p p e n d orf t u b e. 

2.  C e ntrif u g e at 3, 3 0 0 g f or 1 0 mi n ut es at 4 C o n mi cr o c e ntrif u g e i n c ol d r o o m. 

3.  Dis c ar d s u p er n at a nt a n d r es us p e n d c ell p ell et i n 1 m L of C ell L ysis B uff er ( N u cl e ar 1 wit h 0. 0 1 % 

D D M)  

4.  I n c u b at e f or 1 0 mi n ut es o n i c e 

5.  Tr a nsf er s a m pl e t o a d o u n c e tiss u e h o m o g e ni z er a n d us e t h e B (s m all cl e ar a n c e) p estl e 2 0 ti m es 

t o br e a k c ells.  

6.  Tr a nsf er s a m pl e b a c k t o e p p e n d orf t u b e 
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7.  P ell et n u cl ei b y c e ntrif u g ati o n at 3, 3 0 0 g f or 1 0 mi n ut es at 4 C 

8.  Dis c ar d s u p er n at a nt a n d r es us p e n d p ell et i n 5 8 0 u L of C ell L ysis B uff er ( N u cl e ar II) 

9.  I n c u b at e f or 1 0 mi n ut es o n i c e 

1 0.   S o ni c at e wit h mi cr oti p usi n g 5 w atts of p o w er ( 2 5 % d ut y) f or 6 0 s e c o n ds t ot al i n p uls es of 0. 7 

s e c o n ds o n, f oll o w e d b y 3. 3 s e c o n ds off (s h o ul d b e a bl e t o pr o gr a m t his i nt o c o ntr ol p a n el). 

S o ni c at e o n i c e 

1 1.  A d d 3. 7 5 u L 2 0 0 X D N as e s alt s ol uti o n ( 1 X fi n al c o n c e ntr ati o n) a n d 1 6 5 u L T ur b o D N as e ( 3 3 0 U) 

1 2.  I n c u b at e f or 4 5 mi n ut es at 3 7 C. 

1 3.  Mi x l ys at e wit h e q u al v ol u m e 2 X H y bri di z ati o n B uff er ( 7 5 0 u L) 

1 4.  C e ntrif u g e at 1 6, 0 0 0 g f or 1 0 mi n ut es at 4 C 

1 5.  Tr a nsf er s u p er n at a nt t o fr es h t u b e a n d fl as h fr e e z e i n li q ui d nitr o g e n 

C.  C a pt u r es P r ot o c ol f o r 4 0 0 Milli o n C ells 

Pr e- Cl e ari n g L ys at e 

1.  W ar m 8 fr o z e n ali q u ot of l ys at e ( c o nt ai ni n g 5 0 milli o n c ells) t o 3 7 ° C usi n g a t h er m o mi x er 

2.  P o ol 8 ali q u ots i nt o o n e t u b e 

W as hi n g b e a ds 

3.  Tr a nsf er 2. 4 m L of str e pt a vi di n- c o at e d m a g n eti c b e a ds i nt o a n e p p e n d orf t u b e.   

4.  S e p er at e o n m a g n eti c r a c k a n d r e m o v e st or a g e b uff er fr o m b e a ds 

5.  R es us p e n d b e a ds i n 2 m L of 1 0 m M Tris- H Cl p H 7. 5 

6.  S e p ar at e o n m a g n eti c r a c k a n d r e m o v e s u p er n at a nt 

7.  R e p e at w as h es f or a t ot al of 4 w as h es i n Tris a n d 2 w as h es i n 1 X H y bri di z ati o n B uff er 

8.  M a g n eti c all y s e p ar at e a n d r e m o v e l ast w as h fr o m b e a ds 

A d di n g B e a ds t o L ys at e 

9.  R es us p e n d b e a ds i n l ys at e b y pi p etti n g g e ntl y 

1 0.  I n c u b at e f or 3 0 mi n ut es at 3 7 ° C wit h i nt er mitt e nt mi xi n g at 1 1 0 0 r p m o n t h er m o mi x er ( 3 0 

s e c o n ds s h a ki n g, 3 0 s e c o n ds off) 

1 1.  M a g n eti c all y s e p ar at e b e a ds a n d tr a nsf er s u p er n at a nt t o fr es h t u b e. R e p e at t his st e p t o tr a nsf er 

l ys at e t o fr es h t u b e a s e c o n d ti m e. 

1 2.  D et er mi n e l ys at e v ol u m e. 

a.  L ys at e v ol u m e =  
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1 3.  R e m o v e s a m pl e of 1, 0 0 0, 0 0 0 c ells w ort h of l ys at e a n d tr a nsf er t o P C R stri p t u b e. T his is t h e 

R N A i n p ut s a m pl e. ( 1 0 0, 0 0 0, 0 0 0/ 4 0 0, 0 0 0, 0 0 0) = 0. 0 0 2 5 = 0. 2 5 %. S o, r e m o v e 0. 2 5 % of l ys at e 

v ol u m e f or R N A i n p ut s a m pl e ( SI)  

SI v ol u m e =  

•  T ot al i n c u b ati o n ti m e: 3 0 mi n ut es 

H y bri di z ati o n, C a pt ur e a n d Pr ot ei n El uti o n 

1.  D e n at ur e 6 3 u L pr o b e 1 b y h e ati n g at 8 5 ° C f or 3 mi n ut es, t h e n pl a c e o n i c e.   

2.  A d d 6 0 u L pr o b e 1 t o l ys at e 

3.  I n c u b at e f or 2 h o urs at 6 7 ° C wit h i nt er mitt e nt mi xi n g at 1 1 0 0 r p m o n t h er m o mi x er ( 3 0 s e c o n ds 

s h a ki n g, 3 0 s e c o n ds off) 

4.  D uri n g t h e 2 h o ur i n c u b ati o n, pr e p ar e str e pt a vi di n b e a ds ( 2. 4 m L) as pr e vi o usl y d es cri b e d ( 4 

w as h es wit h 1 0 m M Tris- H Cl p H 7. 5, 2 w as h es wit h 1 X H y bri di z ati o n B uff er) 

5.  M a g n eti c all y s e p ar at e b e a ds a n d r e m o v e fi n al w as h fr o m b e a ds 

6.  D et er mi n e l ys at e v ol u m e 

a.  L ys at e v ol u m e =  

7.  At t h e e n d of t h e 2 h o ur i n c u b ati o n, r e m o v e s a m pl e of 1, 0 0 0, 0 0 0 c ells w ort h of l ys at e a n d 

tr a nsf er t o P C R stri p t u b e. 1, 0 0 0, 0 0 0 c ells is 0. 2 5 % of l ys at e v ol u m e. T his is R N A i n p ut + 

p r o b e s a m pl e ( SI- P)  

a.  SI - P v ol u m e =  

8.  R es us p e n d b e a ds i n l ys at e. 

9.  I n c u b at e f or 3 0 mi n ut es at 6 7 ° C wit h i nt er mitt e nt mi xi n g at 1 1 0 0 r p m o n t h er m o mi x er ( 3 0 

s e c o n ds s h a ki n g, 3 0 s e c o n ds off) 

1 0.  M a g n eti c all y s e p ar at e b e a ds a n d r e m o v e s u p er n at a nt. T a k e s a m pl e of 1, 0 0 0, 0 0 0 c ells w ort h of 

s u p er n at a nt a n d tr a nsf er t o P C R stri p t u b e. b e. T his is t h e R N A fl o w-t h r o u g h s a m pl e ( S F- T) . 

R e m o v e e q u al v ol u m e as f or R N A i n p ut a n d R N A i n p ut + pr o b e s a m pl e. 

a.  S F - T v ol u m e =  

1 1.  W as h b e a ds 3 ti m es wit h at l e ast o n e b e a d v ol u m e of 1 X H y bri di z ati o n B uff er p er w as h ( 2. 4 m L). 

I n c u b at e e a c h w as h f or 5 mi n ut es at 6 7 ° C. L e a v e b e a ds i n fi n al 1 X H y bri di z ati o n B uff er w as h. 

1 2.  D et er mi n e v ol u m e of b e a ds i n 2. 4 m L 1 X H y bri di z ati o n B uff er. 

1 3.  R e m o v e 0. 2 5 % of t ot al b e a d v ol u m e a n d tr a nsf er t o P C R stri p t u b e. T his t h e R N A el uti o n 

s a m pl e  ( S E). 

a.  S E v ol u m e =  
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1 4.  T ot al i n c u b ati o n ti m e: 2 h o urs a n d 4 8 mi n ut es 

Pr ot ei n El uti o n S a m pl e Pr e p 

1.  M a g n eti c all y s e p ar at e b e a ds a n d r e m o v e s u p er n at a nt 

2.  R es us p e n d b e a ds i n 2. 0 m L of B e n z o n as e El uti o n B uff er 

3.  A d d 8 u L of 1: 1 0 dil uti o n of b e n z o n as e n o n-s p e cifi c n u cl e as e t o t u b e ( 1: 1 0 dil uti o n m a d e i n 

B e n z o n as e El uti o n B uff er pr e vi o usl y a n d st or e d i n fr e e z er).  

4.  I n c u b at e f or 2 h o urs at 3 7 ℃ wit h i nt er mitt e nt mi xi n g at 1 1 0 0 r p m o n t h er m o mi x er ( 3 0 s e c o n ds 

o n, 3 0 s e c o n ds off) 

5.  M a g n eti c all y s e p ar at e b e a ds a n d tr a nsf er s u p er n at a nt t o a fr es h e p p e n d orf t u b e. R e p e at t his st e p 

f or a t ot al of 6 tr a nsf ers t o fr es h t u b es t o r e m o v e all tr a c es of str e pt a vi di n b e a ds. T his is t h e 

p r ot ei n el uti o n s a m pl e . 

R N A El uti o n a n d A n al ysis 

1.  T a k e t h e R N A el uti o n s a m pl e fr o m pr e vi o us St e p 1 1 a n d s e p ar at e o n m a g n eti c r a c k. 

2.  R e m o v e s u p er n at a nt a n d r es us p e n d b e a ds i n 2 0 u L of N L S b uff er.  

3.  H e at s a m pl e f or 2 mi n ut es at 9 5 ° C ( D o i n t h er m o c y cl er) 

4.  M a g n eti c all y s e p ar at e a n d tr a nsf er s u p er n at a nt c o nt ai ni n g el ut e d R N A t o a fr es h P C R stri p t u b e. 

5.  T a k e t h e pr e vi o usl y c oll e ct e d s a m pl es ( R N A i n p ut, R N A i n p ut + pr o b e, R N A fl o w-t hr o u g h) a n d 

dil ut e e a c h s a m pl e t o 4 0 u L t ot al v ol u m e wit h N L S El uti o n B uff er.  

6.  A d d 2 u L Pr ot ei n as e K t o SI, SI + P, S F- T a n d S E s a m pl es.  

7.  I n c u b at e f or 1 h o ur at 5 2- 5 5 ° C. 

8.  R N A s a m pl es c a n b e fr o z e n at - 2 0 ° C f or s h ort t er m st or a g e or - 8 0 ° C f or l o n g t er m st or a g e. 

D.  P r ot ei n P r e ci pit ati o n  

1.  A d d 1 0 % fi n al c o n c e ntr ati o n of tri c hl or o a c eti c a ci d ( T C A) t o pr ot ei n el uti o n s a m pl e 

2.  I n c u b at e at 4 ° C o v er ni g ht 

3.  C e ntrif u g e at 1 6, 0 0 0 g f or 3 0 mi n ut es t o p ell et pr ot ei n 

4.  R e m o v e s u p er n at a nt a n d r e pl a c e wit h 1 m L of c ol d a c et o n e 

5.  C e ntrif u g e at 1 6, 0 0 0 g f or 1 5 mi n ut es 

6.  R e m o v e s u p er n at a nt a n d all o w p ell et t o dr y i n f u m e h o o d 

7.  St or e pr ot ei n el uti o n s a m pl e at - 2 0 ° C  

E.  C o o m assi e Bl u e St ai ni n g P r ot o c ol 
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1.  Aft er el e ctr o p h or esis, i n c u b at e g el i n a st ai ni n g c o nt ai n er ( us e t u p p er w ar e) c o nt ai ni n g 1 0 0 m L 

C o o m assi e Bl u e R- 2 5 0 st ai ni n g s ol uti o n ( 0. 1 % C o o m assi e Bl u e, 4 0 % et h a n ol, 1 0 % a c eti c a ci d). 

F or f oll o wi n g st e ps usi n g mi cr o w a v e, m a k e s ur e n ot t o o v er h e at t h e st ai ni n g s ol uti o ns. 

2.  L o os el y c o v er t h e st ai ni n g c o nt ai n er a n d h e at i n a mi cr o w a v e at f ull p o w er f or 1 mi n ut e. D o n ot 

all o w s ol uti o n t o b oil. 

3.  R e m o v e t h e st ai ni n g c o nt ai n er fr o m t h e mi cr o w a v e a n d g e ntl y s h a k e t h e g el f or 1 5 mi n ut es at 

r o o m t e m p er at ur e o n a n or bit al s h a k er. 

4.  D e c a nt t h e st ai n a n d ri ns e t h e g el o n c e wit h DI w at er. 

5.  Pr e p ar e a d est ai n s ol uti o n c o nt ai ni n g 1 0 % et h a n ol a n d 7. 5 % a c eti c a ci d. ( 1 0 m L et h a n ol, 7. 5 m L 

a c eti c a ci d, 8 2. 5 m L DI w at er) 

6.  Pl a c e o n e or t w o st ai n e d g els i n a st ai ni n g c o nt ai n er ( us e s a m e t u p p er w ar e, j ust ri ns e i n b et w e e n) 

c o nt ai ni n g t h e 1 0 0 m L d est ai n s ol uti o n. 

7.  L o os el y c o v er t h e st ai ni n g c o nt ai n er a n d h e at i n mi cr o w a v e at f ull p o w er f or 1 mi n ut e 

8.  G e ntl y s h a k e t h e g el at r o o m t e m p er at ur e o n a n or bit al s h a k er o v er ni g ht. D est ai n f or at l e ast 2 4 

h o urs. R e m o v e d est ai n s ol uti o n a n d st or e eit h er dr y i n pl asti c wr a p or i n DI w at er. 

 

S u p pl e m e nt a r y Fi g u r es 

 

Fi g u r e S 1. I n c r e asi n g p r o b e c o n c e nt r ati o n c a pt u r es m o r e R N A i n El uti o n S a m pl e.  Pr o b e a m o u nts 
r e pr es e nt 1 X, 1. 5 X a n d 2 X of a m o u nt of pr o b e us e d t o p ull d o w n Xist R N A 3 3 . R N A c o n c e ntr ati o n w as 
d et er mi n e d b y n a n o dr o p pi n g ( T h er m o Fis h er S ci e ntifi c, N a n o Dr o p T M  2 0 0 0 C S p e ctr o p h ot o m et er) 1 u L of 
el uti o n s a m pl e.  

: J' 
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a, 4 1 
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C E 
. 2 "' - e n f C c o 
4 1; 
u:::, 
c-
o W 
(. J C 
< '-

A m o u nt  of Pr o b e  p er 1 6, 5 0 0, 0 0 0 C ell s 
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Fi g ur e S 2. 1. 5 X pr o b e c o n c e ntr ati o n c a pt ur e s m or e H S A TII R N A t h a n 2 X pr o b e c o n c e ntr ati o n. 
S ur prisi n gl y, r el ati v e a b u n d a n c e of H S A TII R N A i n el uti o n s a m pl e, as d et er mi n e d b y R T- q P C R, w as 
r e d u c e d w h e n 2 X c o n c e ntr ati o n of pr o b e w as us e d c o m p ar e d t o 1. 5 X c o n c e ntr ati o n. T h us, 1. 5 X pr o b e 
c o n c e ntr ati o n ( 6 0 u L pr o b e p er 4 0 0 milli o n c ells) w as us e d f or h y bri di z ati o n i n R A P- M S pr ot o c ol. 
R el ati v e a b u n d a n c e w as c al c ul at e d b y usi n g t h e f or m ul a 2 ( 4 0-C(t)) . M e a n s of t e c h ni c al tri pli c at es ar e 
gr a p h e d, wit h err or b ars r e pr es e nti n g st a n d ar d d e vi ati o n. 
 

 

Fi g. S 3. El uti o n s a m pl e r et ai n s a l ar g e a m o u nt of H S A TII D N A. Tr e ati n g el uti o n s a m pl e wit h D N as e 
pri or t o a n al ysis b y R T- q P C R r e d u c e d H S A TII a m plifi c ati o n c o nsi d er a bl y, i n di c ati n g t h at m u c h of H S A TII 
t e m pl at e pr es e nt i n el uti o n s a m pl e w as D N A r at h er t h a n R N A. M u c h l o w er R N A: D N A r ati o f or H S A TII i n 
t h e c ell r el ati v e t o R N A: D N A r ati o f or Xist, d u e t o hi g h c o p y n u m b er of H S A TII D N A a n d si n gl e c o p y of 
Xi st D N A, li k el y a c c o u nts f or e xt e nt of D N A c o nt a mi n ati o n. D N as e tr e at m e nt i n n u cl e ar l ysis pr ot o c ol, 
e v e n w h e n a m o u nt of D N as e e n z y m e us e d w as i n cr e as e d a n d l e n gt h of i n c u b ati o n w as i n cr e as e d, w as 
n ot eff e cti v e i n eli mi n ati n g a c o nsi d er a bl e a m o u nt of D N A fr o m t h e el uti o n s a m pl e. D N A s h o ul d n ot 
d e n at ur e at h y bri di z ati o n t e m p er at ur e us e d i n R A P- M S pr ot o c ol 5 5  a n d t h u s s h o ul d n ot b e a v ail a bl e f or 
h y bri di z ati o n wit h pr o b e, m e a ni n g t h at it is u nli k el y t h at D N A bi n di n g pr ot ei ns, r at h er t h a n R N A 
bi n di n g pr ot ei ns, w er e i d e ntifi e d. 
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T a bl e S 1 . S e q u e n c e s f or Pr o b e 1, Pr o b e 2 a n d L N A  a s w ell a s pri m er s u s e d f or R T- q P C R.  

Pr o b e  S e q u e n c e  

Pr o b e 1  G A A T G A A T T G A A T G C A A T C A T C G A A T G G T C T C G A A T G G A A T C A T C T  
T C T A A T G G A A A G G A A T G G A A T C A T C G C A T A G A A T C G A A T G G A A T  

Pr o b e 2  G T A C C T T A G T A G T A G T T T A C C T T A G C T T A C C T T A G T A G T A G T T T A C  
C T T A G A T T A C C T T A G T A A C T T G T C T T A A C T T A C C T T A G C A G T A G  

L N A  A T T C C A T T C A G A T T C C A T T C G A T C  

M A L A T 1 F or w ar d ( F): C A G C A G C A G A C A G G A T T C C A  
R e v er s e ( R): T C G T T A G C G C T C C T T C C T T C  

β- a cti n F:  A G C G A G C A T C C C C C A A A G T T  
R:  G G G C A C G A A G G C T C A T C A T T  

𝛂 -S A T  F:  G A A G C T T A W S T M A C A G A G T T K A A 
R:  G C T G C A G A T C M C M A A G H A G T T T C 

H S A TII F:  A T T C G A T T C C A T T C G A T G A T G A T T C C  
R:  G G A A C C G A A T G A A T C C T C A T T G A A T G  

 
T a bl e S 2 . Cl a s sifi c ati o n of i d e ntifi e d c a n di d at e H S A TII R N A bi n di n g pr ot ei n s a s b ei n g m R N A 
i nt er a ct o m e pr ot ei n s, c a n di d at e R B P s or pr ot ei n s n ot pr e s e nt i n eit h er gr o u p. Cl assifi c ati o n w as d o n e 
b y c o m p ari n g c a n di d at e H S A TII R B Ps, as i d e ntifi e d b y g e n e n a m es, t o k n o w n R N A bi n di n g pr ot ei ns 
fr o m H e L a c ells9 .  

m R N A I nt er a ct o m e Pr ot ei n s C a n di d at e R B P s Ot h er Pr ot ei n s  

S S B P 1  S F 3 B 3  P K N 1  

U B A 1  G A P D H  MI C A L L 1 

H S P 9 0 A A 1 G T F 2I  E L P 1  

M O V 1 0 C L T C  M E N T 

E F T U D 2  D D X 4 2 M Y L 6 B 

U B A P 2 L  P G K 1  M T R E X 

EI F 3 A N U P 1 5 5  T U B B 2 A  

S A F B 2  D S G 1  N A S P  

S E C 2 3I P A C L Y  N O M O 2 

P N N  KI F 1 1 H B B 

D H X 3 0 P G A M 1 C O R O 7 

M D H 2 P R P F 4 0 A E E F 1 A 2  

N C L  C F L 1  A P 3 B 1  

S U P T 1 6 H  T U B B  C P S F 1  
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E E F 2  T RI M 3 3 M Y O 6 

H N R N P A 2 B 1 H S P H 1 T U B A 1 B  

A D A R  S 1 0 0 A 8  P K M  

R P S 2 7 A P H B C A S P 1 4  

D D X 2 4 U 2 S U R P A L D O A  

S A R T 1 H S P A 4 N C A P D 2  

K T N 1   D E F A 1  

R B M 2 5  D E F A 1 B  

X R N 2  S O D 2  

A T X N 2 L  M T H F D 1 L 

S N D 1   M S H 6 

H D L B P  S M C 4 

S F 3 B 1   F LII 

D D X 5 4  I A R S 

S U P T 5 H   P F A S  

R B M 1 5 B  T B C D  

HI S T 1 H 4 H  I P O 5 

DI A P H 1  A N K F Y 1  

A B C F 1   D B N 1  

Y W H A Z  A P O L 2  

L G A L S 1   U S P 1 1  

E E F 1 A 1   VI M 

H S P A 8  HI S T 2 H 2 B F 

H S P D 1  R N F 2 0 

D H X 9  H B A 1 

T X N  H B A 2 

N O P 2   N D U F A 4  

T C E R G 1  C R M P 1 



 4 2  

I L F 3  S L C 2 5 A 5  

D C D   A T P 2 A 2  

P R D X 1  U B A 6  

P A R P 1  M P H O S P H 8 

H N R N P U L 2 
 

 S N U 1 3  

H N R N P U  A M O T 

S A F B   EI F 3 C L 

N A T 1 0   E M C 1 

B M S 1  G O L G A 2  

N M E 1  K D M 1 A 

P PI A  I D E 

X P O 5  C S D E 1  

F T SJ 3   R A B 3 G A P 1 

L R P P R C  C A C N A 1 E  

U S O 1   J U N B 

R P L 7  C S T A  

P PI G  H C F C 1 

D H X 5 7  C K B  

H M G B 1  C D K L 5  

A C T N 4   S M C 3 

N P M 1  Z F R  

M Y B B P 1 A  H K 2 

  HI S T 1 H 4 A 

  HI S T 1 H 4 B 

  HI S T 1 H 4 C 

  HI S T 1 H 4 D 

  HI S T 1 H 4 E 

  HI S T 1 H 4 F 



 4 3  

  HI S T 1 H 4I 

  HI S T 1 H 4J 

  HI S T 1 H 4 K 

  HI S T 1 H 4 L 

  HI S T 2 H 4 A 

  HI S T 2 H 4 B 

  HI S T 4 H 4 

  T RI M 2 8 

  KI F 4 A 

  A G L  

  H P 

  H S P 9 0 B 1 

  X P O 1 

  P O L R 3 B 

  L R R FI P 1 

  I A R S 2 

  P R S S 1 

  R F C 1 

  T P M 3 

  H D A C 6 

  E P H A 1 

  N U P 1 3 3  

  M C M 2 

  M C M 4 

  X P O 7 

  S M C 2 

  R B M 5 

  DI S 3 



 4 4  

  R R P 1 2 

  P R O D H 

  D C T N 1  

  P P P 1 R 1 2 A 

  G O LI M 4 

  E R C C 6 L 

  C O P A  

  C T S D  

  S R R T 

  L D H A 

  E S F 1  

  S M A R C C 1 

  S M C 1 A 

  W A P L  

  P E L P 1  

  MI E F 2 

  F A N CI  

  H S P 9 0 A B 1 

  SI N 3 A 

  D A X X 

  P L C G 1  

  G A R T 

  HI S T 1 H 2 A B 

  HI S T 1 H 2 A E 

  G E MI N 4 

  M A P 4 

  N E M F 

  D D B 1  



 4 5  

  P D S 5 A  

  R N F 4 0 

  C L U H  

  HI S T 1 H 1 D 

  A A R S 

  HI S T 1 H 3 A 

  HI S T 1 H 3 B 

  HI S T 1 H 3 C 

  HI S T 1 H 3 D 

  HI S T 1 H 3 E 

  HI S T 1 H 3 F 

  HI S T 1 H 3 G 

  HI S T 1 H 3 H 

  HI S T 1 H 3I 

  HI S T 1 H 3J 

  L A R S 

  G A N A B  

  S P A G 9  

  S E C 3 1 A  

  E P R S 

  T P P 2  

  A P O L 1  

  U S P 4 8  

  A T P 5 M E 

  C A P Z A 2  

  A T P 1 A 1  

  N N T  

  I R S 4 
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  W D R 3 

  N C K A P 1  

  A C T A 2  

  KI F 5 B 

  U P F 1  

  V A R S 

  S F 3 B 2  

  D L G 1  

  P S M D 1 

  T T C 3 7  

  T RI M 2 4 

  S E C 2 4 C  

  A T P 5 F 1 A  

  E P B 4 1 L 2  

  T F  

  H T A T S F 1 

  S M A R C A 5 

  R AI 1 4 

  T M X 1 

  M T H F D 1 

  T U B B 4 B  

  P R S S 3 

  C C D C 1 8 7  

  A R F 3 

  V C L  

  EI F 3 B 

  G N A S  

  E N O 1  



 4 7  

  S 1 0 0 A 1 0  

  M T R 

  D S G 2  

  A T P 5 F 1 B  

  D D X 4 6 

  E R C C 5 

  U S P 2 8  

  P A R G 

  M S H 2 

  F L G 2  

  P O L D 1  

  M A T R 3 

  S F 3 A 1  

  G E MI N 5 

 
 
T a bl e S 3. I d e ntifi e d c a n di d at e H S A TII R N A bi n di n g pr ot ei n s fr o m u p p er a n d l o w er b a n d s. Pr ot ei ns, 
i d e ntifi e d b y a c c essi o n n u m b ers a n d g e n e n a m es, ar e s ort e d b y r el ati v e a b u n d a n c e. R el ati v e 
a b u n d a n c e w as c al c ul at e d b y di vi di n g a bs ol ut e a b u n d a n c e v al u es f or e a c h pr ot ei n b y t h e l o w est 
a bs ol ut e a b u n d a n c e v al u e. T h e m aj orit y of t h e pr ot ei ns t h at d o n ot h a v e a r el ati v e a b u n d a n c e v al u e 
w er e i d e ntifi e d b y a si n gl e p e pti d e a n d as a r es ult t h e m ass s p e ctr o m et er us e d w as n ot a bl e t o pr o vi d e 
a v al u e f or a bs ol ut e a b u n d a n c e.  
 



A c c e ssi o n G e n e S y m b ol D e scri pti o n R el ati v e A b u n d a n c e C o v e r a g e [ %] # P e pti d e s M W [ k D a]

Q 8 N E 7 1- 1 A B C F 1 A T P- bi n di n g c ass ett e s u b-f a mil y F m e m b er 1 [ O S = H o m o s a pi e n s] 3 1 9 5. 9

Q 9 U M 5 4- 1 M Y O 6 I s of or m 1 of U n c o n v e nti o n al m y o si n- VI [ O S = H o m o s a pi e n s] 4 2 1 4 8. 6

Q 9 UI A 9 X P O 7 ex p orti n- 7 [ O S = H o m o s a pi e n s] 4 2 1 2 3. 8

P 1 3 6 3 9 E E F 2 El o n g ati o n f a ct or 2 [ O S = H o m o s a pi e n s] 6 3 9 5. 3

P 4 9 7 5 6- 1 R B M 2 5 R N A- bi n di n g pr ot ei n 2 5 [ O S = H o m o s a pi e n s] 2 1 1 0 0. 1

A 0 A V T 1- 1 U B A 6 U bi q uiti n-li k e m o difi er- a cti v ati n g e n z y m e 6 [ O S = H o m o s a pi e n s] 2 1 1 1 7. 9

P 0 4 1 7 9 S O D 2 S u p er o xi d e di s m ut as e [ M n], mit o c h o n dri al [ O S = H o m o s a pi e n s] 9 1 2 4. 7

P 5 5 8 8 4 EI F 3 B E u k ar y oti c tr a n sl ati o n i niti ati o n f a ct or 3 s u b u nit B [ O S = H o m o s a pi e n s] 3 1 9 2. 4

Q 9 U N X 4 W D R 3 W D r e p e at-c o nt ai ni n g pr ot ei n 3 [ O S = H o m o s a pi e n s] 2 1 1 0 6

P 1 8 2 0 6 V C L Vi n c uli n [ O S = H o m o s a pi e n s] 2 1 1 2 3. 7

P 1 9 1 7 4- 1 P L C G 1 1- p h o s p h ati d yli n o sit ol 4, 5- bi s p h o s p h at e p h o s p h o di est er as e g a m m a- 1 [ O S = H o m o s a pi e n s] 2 1 1 4 8. 4

Q 8 6 W 5 6 P A R G; B P H L P ol y( A D P-ri b o s e) gl y c o h y dr ol as e [ O S = H o m o s a pi e n s] 2 1 1 1 1

Q 1 4 1 5 2 EI F 3 A E u k ar y oti c tr a n sl ati o n i niti ati o n f a ct or 3 s u b u nit A [ O S = H o m o s a pi e n s] 1 1 1 6 6. 5

Q 8I X 1 2 C C A R 1 C ell di vi si o n c y cl e a n d a p o pt o si s r e g ul at or pr ot ei n 1 [ O S = H o m o s a pi e n s] 2 1 1 3 2. 7

O 1 4 7 7 6- 1 T C E R G 1 Tr a n s cri pti o n el o n g ati o n r e g ul at or 1 [ O S = H o m o s a pi e n s] 1 1 1 2 3. 8

Q 1 2 9 0 6- 1 I L F 3 I nt erl e u ki n e n h a n c er- bi n di n g f a ct or 3 [ O S = H o m o s a pi e n s] 3 1 9 5. 3

O 7 5 1 5 0 R N F 4 0 E 3 u bi q uiti n- pr ot ei n li g as e B R E 1 B [ O S = H o m o s a pi e n s] 2 1 1 1 3. 6

P 3 5 5 7 3- 1 A G L gl y c o g e n d e br a n c hi n g e n z y m e [ O S = H o m o s a pi e n s] 1 1 1 7 4. 7

O 0 0 2 6 7 S U P T 5 H Tr a n s cri pti o n el o n g ati o n f a ct or S pt 5 [ O S = H o m o s a pi e n s] 3 1 1 2 0. 9

Q 9 N VI 1- 1 F A N CI I s of or m 1 of F a n c o ni a n e mi a gr o u p I pr ot ei n [ O S = H o m o s a pi e n s] 2 1 1 4 2. 5

P 0 5 7 8 7 K R T 8 K er ati n, t y p e II c yt o s k el et al 8 [ O S = H o m o s a pi e n s] 6 3 5 3. 7

Q 1 6 6 4 3 D B N 1 dr e bri n [ O S = H o m o s a pi e n s] 4 1 7 1. 4

Q 9 H 5 0 1 E S F 1 E S F 1 h o m ol o g [ O S = H o m o s a pi e n s] 4 2 9 8. 7

Q 7 Z 5 K 2- 1 W A P AL; W A P L Wi n gs a p art-li k e pr ot ei n h o m ol o g [ O S = H o m o s a pi e n s] 2 1 1 3 2. 9

Q 8 T E Q 6 G E MI N 5 g e m- ass o ci at e d pr ot ei n 5 [ O S = H o m o s a pi e n s] 2 1 1 6 8. 5

Q 9 P 2 R 3 A N K F Y 1 R a b a n k yri n- 5 [ O S = H o m o s a pi e n s] 3 2 1 2 8. 3

Q 6 P 1 5 8- 1 D H X 5 7 p ut ati v e A T P- d e p e n d e nt R N A h eli c as e D H X 5 7 [ O S = H o m o s a pi e n s] 2 1 1 5 5. 5

Q 9 Y 2 A 7- 1 N C K A P 1 N c k- ass o ci at e d pr ot ei n 1 [ O S = H o m o s a pi e n s] 2 1 1 2 8. 7

P 0 6 5 7 6 A T P 5 B A T P s y nt h as e s u b u nit b et a, mit o c h o n dri al [ O S = H o m o s a pi e n s] 4 2 5 6. 5

Q 1 3 4 2 7 P PI G p e pti d yl- pr ol yl ci s-tr a n s i s o m er as e g [ O S = H o m o s a pi e n s] 2 1 8 8. 6

O 0 0 4 6 1 G O LI M 4 G ol gi i nt e gr al m e m br a n e pr ot ei n 4 [ O S = H o m o s a pi e n s] 2 1 8 1. 8

Q 8I Z L 8 P EL P 1 Pr oli n e-, gl ut a mi c a ci d- a n d l e u ci n e-ri c h pr ot ei n 1 [ O S = H o m o s a pi e n s] 2 1 1 1 9. 6

P 0 2 7 8 7 T F S er otr a n sf erri n [ O S = H o m o s a pi e n s] 3 2 7 7

O 9 4 9 7 9 S E C 3 1 A Pr ot ei n tr a n s p ort pr ot ei n S ec 3 1 A [ O S = H o m o s a pi e n s] 2 1 1 3 2. 9

O 6 0 2 7 1 S P A G 9 C-j u n- a mi n o-t er mi n al ki n as e-i nt er a cti n g pr ot ei n 4 [ O S = H o m o s a pi e n s] 2 1 1 4 6. 1

Q 9 N W 0 8 P O L R 3 B D N A- di r ect e d R N A p ol y m er as e III s u b u nit R P C 2 [ O S = H o m o s a pi e n s] 2 1 1 2 7. 7

Q 9 6 K R 1 Z F R Zi n c fi n g er R N A- bi n di n g pr ot ei n [ O S = H o m o s a pi e n s] 1 1 1 1 6. 9

Q 1 6 5 1 2- 1 P K N 1 s eri n e/t hr e o ni n e- pr ot ei n ki n as e N 1 [ O S = H o m o s a pi e n s] 2 1 1 0 3. 9

P 0 7 8 1 4 E P R S Bif u n cti o n al gl ut a m at e/ pr oli n e--t R N A li g as e [ O S = H o m o s a pi e n s] 1 1 1 7 0. 5

O 9 5 2 3 9- 1 KI F 4 A C hr o m o s o m e- ass o ci at e d ki n esi n KI F 4 A [ O S = H o m o s a pi e n s] 1 1 1 3 9. 8

Q 9 P 0 K 7- 1 R AI 1 4 A n k y c or bi n [ O S = H o m o s a pi e n s] 2 1 1 1 0

Q 9 9 5 4 9 M P H O S P H 8 M- p h as e p h o s p h o pr ot ei n 8 [ O S = H o m o s a pi e n s] 4 1 9 7. 1

P 2 8 3 4 0 P O L D 1 D N A p ol y m er as e d elt a c at al yti c s u b u nit [ O S = H o m o s a pi e n s] 1 1 1 2 3. 6

Q 8 W U M 0 N U P 1 3 3 N u cl e ar p or e c o m pl ex pr ot ei n N u p 1 3 3 [ O S = H o m o s a pi e n s] 3 1 1 2 8. 9

P 8 1 6 0 5 D C D D er m ci di n [ O S = H o m o s a pi e n s] 1 0 1 1 1. 3
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P 1 4 7 3 5 I D E i n s uli n- d e gr a di n g e n z y m e [ O S = H o m o s a pi e n s] 6. 8 0 1 5 0 7 6 9 3 2 1 1 7. 9

O 7 5 6 9 4 N U P 1 5 5 n u cl e ar p or e c o m pl ex pr ot ei n n u p 1 5 5 [ O S = H o m o s a pi e n s] 6. 6 3 7 1 1 8 9 6 1 1 1 5 5. 1

Q 9 N S E 4 I A R S 2 I s ol e u ci n e--t R N A li g as e, mit o c h o n dri al [ O S = H o m o s a pi e n s] 6. 4 7 2 8 4 8 1 3 1 1 1 1 3. 7

O 9 5 1 6 3 I K B K A P; EL P 1 El o n g at or c o m pl ex pr ot ei n 1 [ O S = H o m o s a pi e n s] 6. 3 9 5 8 5 3 2 4 2 2 1 5 0. 2

Q 5 T 7 4 9 K P R P K er ati n o c yt e pr oli n e-ri c h pr ot ei n [ O S = H o m o s a pi e n s] 6. 1 8 0 3 6 6 0 1 2 1 6 4. 1

Q 5J T H 9- 1 R R P 1 2 R R P 1 2-li k e pr ot ei n [ O S = H o m o s a pi e n s] 6. 1 7 5 4 3 3 7 1 1 1 4 3. 6

P 1 8 6 6 9 P G A M 1; L O C 6 4 3 5 7 6 P h o s p h o gl y c er at e m ut as e 1 [ O S = H o m o s a pi e n s] 6. 1 5 4 2 5 6 5 9 4 1 2 8. 8

P 0 2 5 3 3 K R T 1 4 K er ati n, t y p e I c yt o s k el et al 1 4 [ O S = H o m o s a pi e n s] 5. 9 9 0 9 8 0 2 9 8 4 5 1. 5

O 4 3 7 1 9 H T A T S F 1 HI V T at-s p ecifi c f a ct or 1 [ O S = H o m o s a pi e n s] 5. 8 9 5 8 9 5 9 9 4 1 8 5. 8

P 5 2 7 3 2 KI F 1 1 Ki n esi n-li k e pr ot ei n KI F 1 1 [ O S = H o m o s a pi e n s] 5. 8 1 9 8 6 4 2 6 1 1 1 1 9. 1

Q 8 6 X P 3- 1 D D X 4 2 A T P- d e p e n d e nt R N A h eli c as e D D X 4 2 [ O S = H o m o s a pi e n s] 5. 5 4 2 8 1 5 2 9 5 3 1 0 2. 9

O 1 4 6 5 4 I R S 4 i n s uli n r ec e pt or s u b str at e 4 [ O S = H o m o s a pi e n s] 5. 5 3 1 9 7 1 0 3 2 2 1 3 3. 7

Q 7 L 2 E 3- 1 D H X 3 0 P ut ati v e A T P- d e p e n d e nt R N A h eli c as e D H X 3 0 [ O S = H o m o s a pi e n s] 5. 5 0 3 0 8 1 1 5 2 1 1 3 3. 9

P 1 8 1 2 4 R P L 7 6 0 S ri b o s o m al pr ot ei n L 7 [ O S = H o m o s a pi e n s] 5. 3 8 0 1 9 4 1 3 1 2 2 2 9. 2

Q 9 B T W 9 T B C D T u b uli n-s p ecifi c c h a p er o n e D [ O S = H o m o s a pi e n s] 5. 2 8 4 9 5 5 2 3 1 1 1 3 2. 5

P 4 3 2 4 6- 1 M S H 2 D N A mi s m at c h r e p ai r pr ot ei n M S H 2 [ O S = H o m o s a pi e n s] 5. 2 7 8 6 7 3 6 6 3 2 1 0 4. 7

P 0 5 0 2 3 A T P 1 A 1 S o di u m / p ot assi u m-tr a n s p orti n g A T P as e s u b u nit al p h a- 1 [ O S = H o m o s a pi e n s] 5. 1 6 3 3 4 3 8 7 6 3 1 1 2. 8

O 6 0 2 6 4 S M A R C A 5 S WI / S N F-r el at e d m atri x- ass o ci at e d a cti n- d e p e n d e nt r e g ul at or of c hr o m ati n s u bf a mil y A m e m b er 5 [ O S = H o m o s a pi e n s] 5. 0 6 9 8 7 3 2 2 2 1 1 2 1. 8

Q 6 8 E 0 1 I N T S 3 I nt e gr at or c o m pl ex s u b u nit 3 [ O S = H o m o s a pi e n s] 5. 0 4 4 9 5 9 9 9 2 1 1 1 8

P 0 4 0 7 5 AL D O A fr u ct o s e- bi s p h o s p h at e al d ol as e A [ O S = H o m o s a pi e n s] 4. 9 4 0 9 6 1 2 9 1 4 3 3 9. 4

P 2 7 8 1 6- 1 M A P 4 Mi cr ot u b ul e- ass o ci at e d pr ot ei n 4 [ O S = H o m o s a pi e n s] 4. 9 1 0 7 2 6 3 8 1 1 1 2 0. 9

Q 1 K M D 3 H N R N P U L 2 h et er o g e n e o u s n u cl e ar ri b o n u cl e o pr ot ei n U-li k e pr ot ei n 2 [ O S = H o m o s a pi e n s] 4. 8 0 5 0 2 0 4 3 2 1 8 5. 1

Q 1 3 0 4 5- 1 F LII pr ot ei n fli g htl ess- 1 h o m ol o g [ O S = H o m o s a pi e n s] 4. 6 1 6 3 7 3 0 1 1 1 1 4 4. 7

Q 9 N TJ 3- 1 S M C 4 Str u ct ur al m ai nt e n a n c e of c hr o m o s o m es pr ot ei n 4 [ O S = H o m o s a pi e n s] 4. 5 0 8 6 0 5 7 1 1 1 4 7. 1

Q 9 B X P 5 S R R T s err at e R N A eff ect or m ol ec ul e h o m ol o g [ O S = H o m o s a pi e n s] 4. 5 0 4 2 0 0 8 1 2 2 1 0 0. 6

Q 9 H 3 0 7 P N N Pi ni n [ O S = H o m o s a pi e n s] 4. 4 5 2 4 8 6 6 4 2 1 8 1. 6

Q 1 3 4 2 3 N N T N A D( P) tr a n s h y dr o g e n as e, mit o c h o n dri al [ O S = H o m o s a pi e n s] 4. 3 4 7 5 1 8 4 2 1 1 1 3. 8

Q 1 4 1 5 7- 1 U B A P 2 L I s of or m 2 of U bi q uiti n- ass o ci at e d pr ot ei n 2-li k e [ O S = H o m o s a pi e n s] 4. 3 1 3 1 0 2 1 5 6 3 1 0 3. 9

P 1 5 5 3 1 N M E 1 N u cl e o si d e di p h o s p h at e ki n as e A [ O S = H o m o s a pi e n s] 4. 2 9 7 9 2 5 4 8 1 9 2 1 7. 1

Q 5 D 8 6 2 F L G 2 Fil a g gri n- 2 [ O S = H o m o s a pi e n s] 4. 2 8 3 6 3 0 2 8 1 1 2 4 7. 9

O 7 5 1 5 3 C L U H; KI A A 0 6 6 4 Cl u st er e d mit o c h o n dri a pr ot ei n h o m ol o g [ O S = H o m o s a pi e n s] 4. 1 9 7 8 2 7 4 2 1 4 6. 6

Q 8 W W M 7- 1 A T X N 2 L at a xi n- 2-li k e pr ot ei n [ O S = H o m o s a pi e n s] 4. 1 0 3 3 6 2 8 6 1 1 1 1 3. 3

O 6 0 7 6 3- 1 U S O 1 G e n er al v esi c ul ar tr a n s p ort f a ct or p 1 1 5 [ O S = H o m o s a pi e n s] 4. 0 7 6 2 7 3 7 2 4 2 1 0 7. 8

O 1 4 9 7 4 P P P 1 R 1 2 A Pr ot ei n p h o s p h at as e 1 r e g ul at or y s u b u nit 1 2 A [ O S = H o m o s a pi e n s] 4. 0 1 5 7 0 3 5 8 2 1 1 1 5. 2

P 5 7 7 3 7 C O R O 7 C or o ni n- 7 [ O S = H o m o s a pi e n s] 4. 0 0 4 3 2 9 0 5 2 1 1 0 0. 5

P 4 8 7 4 1 H S P A 7 P ut ati v e h e at s h o c k 7 0 k D a pr ot ei n 7 [ O S = H o m o s a pi e n s] 3. 9 4 4 6 4 1 4 7 2 4 0. 2

Q 6 P G P 7 T T C 3 7 T etr atri c o p e pti d e r e p e at pr ot ei n 3 7 [ O S = H o m o s a pi e n s] 3. 9 0 7 0 4 7 1 3 1 1 1 7 5. 4

Q 9 H 0 D 6- 1 X R N 2 5'- 3' ex ori b o n u cl e as e 2 [ O S = H o m o s a pi e n s] 3. 8 8 8 1 8 3 8 1 4 2 1 0 8. 5

O 7 6 0 1 5 K R T 3 8 K er ati n, t y p e I c uti c ul ar H a 8 [ O S = H o m o s a pi e n s] 3. 7 4 2 1 9 9 5 8 2 1 5 0. 4

P 2 6 6 4 0 V A R S; V A R S 2 V ali n e--t R N A li g as e [ O S = H o m o s a pi e n s] 3. 7 0 0 6 5 9 6 1 1 1 4 0. 4

Q 2 9 R F 7- 1 P D S 5 A Si st er c hr o m ati d c o h esi o n pr ot ei n P D S 5 h o m ol o g A [ O S = H o m o s a pi e n s] 3. 4 1 7 9 2 3 8 8 4 2 1 5 0. 7

Q 9 2 9 2 2 S M A R C C 1 S WI / S N F c o m pl ex s u b u nit S M A R C C 1 [ O S = H o m o s a pi e n s] 3. 3 6 7 5 8 0 6 7 3 1 1 2 2. 8

Q 9 U P N 9- 1 T RI M 3 3 E 3 u bi q uiti n- pr ot ei n li g as e T RI M 3 3 [ O S = H o m o s a pi e n s] 3. 3 4 2 6 5 8 4 7 2 1 1 2 2. 5

O 9 5 3 4 7- 1 S M C 2 str u ct ur al m ai nt e n a n c e of c hr o m o s o m es pr ot ei n 2 [ O S = H o m o s a pi e n s] 3. 2 5 5 5 6 0 1 5 3 2 1 3 5. 6

Q 8 T D D 1 D D X 5 4 A T P- d e p e n d e nt R N A h eli c as e D D X 5 4 [ O S = H o m o s a pi e n s] 3. 0 8 8 6 0 4 8 6 3 1 9 8. 5

Q 0 0 6 1 0- 1 C L T C Cl at hri n h e a v y c h ai n 1 [ O S = H o m o s a pi e n s] 2. 8 9 9 3 4 2 2 3 2 1 9 1. 5

P 0 7 8 6 4 L D H C L-l a ct at e d e h y dr o g e n as e C c h ai n [ O S = H o m o s a pi e n s] 2. 8 7 8 8 6 9 1 9 4 1 3 6. 3

P 0 6 7 3 3- 1 E N O 1 al p h a- e n ol as e [ O S = H o m o s a pi e n s] 2. 8 5 6 7 8 8 7 3 2 1 4 7. 1

P 0 9 4 2 9 H M G B 1 Hi g h m o bilit y gr o u p pr ot ei n B 1 [ O S = H o m o s a pi e n s] 2. 7 4 5 0 4 8 0 3 7 1 2 4. 9

P 1 4 6 2 5 H S P 9 0 B 1 E n d o pl as mi n [ O S = H o m o s a pi e n s] 2. 6 9 3 5 9 9 8 1 2 1 9 2. 4

Q 9 9 7 0 7 M T R m et hi o ni n e s y nt h as e [ O S = H o m o s a pi e n s] 2. 6 6 7 6 3 9 4 8 3 2 1 4 0. 4

P 3 5 0 3 0 P R S S 3 Tr y p si n- 3 [ O S = H o m o s a pi e n s] 2. 5 5 6 9 1 5 5 5 4 1 3 2. 5

Q 9 B Q G 0 M Y B B P 1 A M y b- bi n di n g pr ot ei n 1 A [ O S = H o m o s a pi e n s] 2. 4 8 8 0 0 0 3 2 3 2 1 4 8. 8

P 3 5 2 5 1- 1 R F C 1 R e pli c ati o n f a ct or C s u b u nit 1 [ O S = H o m o s a pi e n s] 2. 4 5 2 3 4 6 8 5 2 1 1 2 8. 2

Q 5J P E 7 N O M O 2 N O D AL m o d ul at or 2 [ O S = H o m o s a pi e n s] 2. 4 2 1 2 1 3 4 1 1 1 1 3 9. 4

P 7 8 3 4 7 G T F 2I G e n er al tr a n s cri pti o n f a ct or II-I [ O S = H o m o s a pi e n s] 2. 2 6 2 8 9 7 1 7 3 2 1 1 2. 3

Q 0 2 4 1 3 D S G 1 D es m o gl ei n- 1 [ O S = H o m o s a pi e n s] 2. 0 9 4 2 9 5 9 1 1 1 1 1 3. 7

P 5 1 6 1 0- 1 H C F C 1 H o st c ell f a ct or 1 [ O S = H o m o s a pi e n s] 2. 0 8 1 3 6 0 9 9 2 2 2 0 8. 6

O 4 3 2 9 0 S A R T 1 U 4 / U 6. U 5 tri-s n R N P- ass o ci at e d pr ot ei n 1 [ O S = H o m o s a pi e n s] 2. 0 6 2 0 7 6 0 8 3 1 9 0. 2

P 0 8 7 2 7 K R T 1 9 K er ati n, t y p e I c yt o s k el et al 1 9 [ O S = H o m o s a pi e n s] 2. 0 3 0 2 2 5 2 6 7 3 4 4. 1

Q 9 U E R 7- 1 D A X X D e at h d o m ai n- ass o ci at e d pr ot ei n 6 [ O S = H o m o s a pi e n s] 1. 9 9 7 1 0 1 3 8 2 1 8 1. 3

O 6 0 6 1 0- 1 DI A P H 1 Pr ot ei n di a p h a n o u s h o m ol o g 1 [ O S = H o m o s a pi e n s] 1. 9 5 6 1 3 8 1 3 3 2 1 4 1. 3

O 0 0 2 0 3- 1 A P 3 B 1 A P- 3 c o m pl ex s u b u nit b et a- 1 [ O S = H o m o s a pi e n s] 1. 9 4 0 8 1 7 8 9 2 1 1 2 1. 2

Q 9 2 8 8 8- 1 A R H G E F 1 R h o g u a ni n e n u cl e oti d e ex c h a n g e f a ct or 1 [ O S = H o m o s a pi e n s] 1. 9 1 0 4 8 5 4 1 2 1 1 0 2. 4

Q 1 0 5 7 0 C P S F 1 Cl e a v a g e a n d p ol y a d e n yl ati o n s p ecifi cit y f a ct or s u b u nit 1 [ O S = H o m o s a pi e n s] 1. 8 5 2 1 0 6 8 5 1 1 1 6 0. 8

P 4 0 9 2 6 M D H 2 M al at e d e h y dr o g e n as e, mit o c h o n dri al [ O S = H o m o s a pi e n s] 1. 8 0 2 6 9 8 0 2 3 1 3 5. 5

P 0 9 3 8 2 L G AL S 1 G al ecti n- 1 [ O S = H o m o s a pi e n s] 1. 7 9 7 4 4 3 5 6 6 1 1 4. 7

P 1 0 8 0 9 H S P D 1 6 0 k D a h e at s h o c k pr ot ei n, mit o c h o n dri al [ O S = H o m o s a pi e n s] 1. 7 7 8 1 0 7 1 5 2 6 1

Q 8 6 U V 5 U S P 4 8 U bi q uiti n c ar b o x yl-t er mi n al h y dr ol as e 4 8 [ O S = H o m o s a pi e n s] 1. 7 6 3 0 7 2 6 4 1 1 1 1 9

P 1 0 5 9 9- 1 T X N t hi or e d o xi n [ O S = H o m o s a pi e n s] 1. 6 9 9 9 9 1 5 2 9 1 1 1. 7

Q 9 H 3 N 1 T M X 1 T hi or e d o xi n-r el at e d tr a n s m e m br a n e pr ot ei n 1 [ O S = H o m o s a pi e n s] 1. 6 5 1 9 2 9 8 7 4 1 3 1. 8

Q 9 6 R U 2- 2 U S P 2 8 I s of or m 2 of U bi q uiti n c ar b o x yl-t er mi n al h y dr ol as e 2 8 [ O S = H o m o s a pi e n s] 1. 6 3 6 3 5 2 4 6 2 1 1 1 9

P 2 9 1 4 4 T P P 2 Tri p e pti d yl- p e pti d as e 2 [ O S = H o m o s a pi e n s] 1. 6 2 4 4 8 3 4 3 6 3 1 3 8. 3

Q 1 2 9 5 9 D L G 1 Di s ks l ar g e h o m ol o g 1 [ O S = H o m o s a pi e n s] 1. 4 4 2 0 3 7 0 9 2 1 1 0 0. 4

Q 1 3 2 4 2 S R S F 9 s eri n e/ ar gi ni n e-ri c h s pli ci n g f a ct or 9 [ O S = H o m o s a pi e n s] 1. 4 2 7 2 5 2 9 8 5 1 2 5. 5

Q 6 U B 3 5- 1 M T H F D 1 L M o n of u n cti o n al C 1-t etr a h y dr of ol at e s y nt h as e, mit o c h o n dri al [ O S = H o m o s a pi e n s] 1. 4 1 4 1 6 3 6 2 1 1 1 0 5. 7

P 1 2 2 7 7 C K B Cr e ati n e ki n as e B-t y p e [ O S = H o m o s a pi e n s] 1. 3 9 7 6 2 2 8 8 2 1 4 2. 6

Q 9 B X 6 6- 1 2 S O R B S 1 I s of or m 1 2 of S or bi n a n d S H 3 d o m ai n-c o nt ai ni n g pr ot ei n 1 [ O S = H o m o s a pi e n s] 1 1 1 1 4 3. 7



Ac c essi o n G e n e S y m b ol D es cri pti o n R el ati v e A b u n d a n c e C o v er a g e [ %] # P e pti d es M W [ k D a]

Q 0 0 3 4 1- 1 H D L B P Vi gili n [ O S = H o m o s a pi e n s] 3 2 1 4 1. 4

Q 7 K Z F 4 S N D 1 st a p h yl o c o c c al n u cl e as e d o m ai n-c o nt ai ni n g pr ot ei n 1 [ O S = H o m o s a pi e n s] 5 2 1 0 1. 9

O 0 0 2 6 7 S U P T 5 H Tr a n s cri pti o n el o n g ati o n f a ct or S pt 5 [ O S = H o m o s a pi e n s] 7 3 1 2 0. 9

Q 1 3 4 2 3 N N T N A D( P) tr a n s h y dr o g e n as e, mit o c h o n dri al [ O S = H o m o s a pi e n s] 4 2 1 1 3. 8

P 0 5 7 8 7 K R T 8 K er ati n, t y p e II c yt o s k el et al 8 [ O S = H o m o s a pi e n s] 6 3 5 3. 7

Q 9 P 2J 5 L A R S L e u ci n e--t R N A li g as e, c yt o pl as mi c [ O S = H o m o s a pi e n s] 2 1 1 3 4. 4

P 1 4 6 2 5 H S P 9 0 B 1 E n d o pl as mi n [ O S = H o m o s a pi e n s] 2 1 9 2. 4

Q 9 H 0 A 0 N A T 1 0 R N A c yti di n e a c et yltr a n sf er as e [ O S = H o m o s a pi e n s] 2 1 1 1 5. 7

Q 5J T H 9- 1 R R P 1 2 R R P 1 2-li k e pr ot ei n [ O S = H o m o s a pi e n s] 1 1 1 4 3. 6

P 4 9 7 5 6- 1 R B M 2 5 R N A- bi n di n g pr ot ei n 2 5 [ O S = H o m o s a pi e n s] 2 1 1 0 0. 1

Q 9 Y 2 L 1- 1 DI S 3 ex o s o m e c o m pl ex ex o n u cl e as e R R P 4 4 [ O S = H o m o s a pi e n s] 4 2 1 0 8. 9

Q 1 3 0 4 5- 1 F LII pr ot ei n fli g htl ess- 1 h o m ol o g [ O S = H o m o s a pi e n s] 1 1 1 4 4. 7

P 4 8 7 4 1 H S P A 7 P ut ati v e h e at s h o c k 7 0 k D a pr ot ei n 7 [ O S = H o m o s a pi e n s] 7 2 4 0. 2

Q 1 6 7 7 7 HI S T 2 H 2 A C Hi st o n e H 2 A t y p e 2- C [ O S = H o m o s a pi e n s] 1 5 1 1 4

Q 6 U B 3 5- 1 M T H F D 1 L M o n of u n cti o n al C 1-t etr a h y dr of ol at e s y nt h as e, mit o c h o n dri al [ O S = H o m o s a pi e n s] 2 1 1 0 5. 7

Q 1 5 0 4 2- 1 R A B 3 G A P 1 R a b 3 G T P as e- a cti v ati n g pr ot ei n c at al yti c s u b u nit [ O S = H o m o s a pi e n s] 2 1 1 1 0. 5

O 7 5 6 9 4 N U P 1 5 5 n u cl e ar p or e c o m pl ex pr ot ei n n u p 1 5 5 [ O S = H o m o s a pi e n s] 1 1 1 5 5. 1

O 6 0 3 4 1 K D M 1 A L y si n e-s p ecifi c hi st o n e d e m et h yl as e 1 A [ O S = H o m o s a pi e n s] 2 1 9 2. 8

Q 9 N TJ 3- 1 S M C 4 Str u ct ur al m ai nt e n a n c e of c hr o m o s o m es pr ot ei n 4 [ O S = H o m o s a pi e n s] 3 2 1 4 7. 1

P 0 4 0 8 3 A N X A 1 a n n exi n A 1 [ O S = H o m o s a pi e n s] 5 1 3 8. 7

P 4 6 0 8 7 N O P 2 Pr o b a bl e 2 8 S r R N A ( c yt o si n e( 4 4 4 7)- C( 5))- m et h yltr a n sf er as e [ O S = H o m o s a pi e n s] 2 1 8 9. 2

Q 1 5 0 2 1 N C A P D 2 c o n d e n si n c o m pl ex s u b u nit 1 [ O S = H o m o s a pi e n s] 2 1 1 5 7. 1

Q 8I Y 8 1 F T SJ 3 pr e-r R N A pr o c essi n g pr ot ei n F T SJ 3 [ O S = H o m o s a pi e n s] 2 1 9 6. 5

Q 2 N K X 8 E R C C 6 L D n a ex ci si o n r e p ai r pr ot ei n er c c- 6-li k e [ O S = H o m o s a pi e n s] 2 1 1 4 1

Q 1 3 4 2 7 P PI G p e pti d yl- pr ol yl ci s-tr a n s i s o m er as e g [ O S = H o m o s a pi e n s] 2 1 8 8. 6

P 1 6 6 1 5 A T P 2 A 2 S ar c o pl as mi c / e n d o pl as mi c r eti c ul u m c al ci u m A T P as e 2 [ O S = H o m o s a pi e n s] 2 1 1 1 4. 7

O 9 5 2 3 9- 1 KI F 4 A C hr o m o s o m e- ass o ci at e d ki n esi n KI F 4 A [ O S = H o m o s a pi e n s] 1 1 1 3 9. 8

P 0 6 5 7 6 A T P 5 B A T P s y nt h as e s u b u nit b et a, mit o c h o n dri al [ O S = H o m o s a pi e n s] 2 1 5 6. 5

O 1 4 6 5 4 I R S 4 i n s uli n r ec e pt or s u b str at e 4 [ O S = H o m o s a pi e n s] 1 1 1 3 3. 7

P 6 0 6 6 0 M YL 6 M y o si n li g ht p ol y p e pti d e 6 [ O S = H o m o s a pi e n s] 9 1 1 6. 9

Q 1 6 5 1 2- 1 P K N 1 s eri n e/t hr e o ni n e- pr ot ei n ki n as e N 1 [ O S = H o m o s a pi e n s] 2 1 1 0 3. 9

P 5 5 7 6 9 N H P 2 L 1; S N U 1 3N H P 2-li k e pr ot ei n 1 [ O S = H o m o s a pi e n s] 9 1 1 4. 2

Q 9 U E R 7- 1 D A X X D e at h d o m ai n- ass o ci at e d pr ot ei n 6 [ O S = H o m o s a pi e n s] 2 1 8 1. 3

Q 9 H C E 1 M O V 1 0 P ut ati v e h eli c as e M O V- 1 0 [ O S = H o m o s a pi e n s] 3 1 1 1 3. 6

P 1 2 2 7 7 C K B Cr e ati n e ki n as e B-t y p e [ O S = H o m o s a pi e n s] 3 1 4 2. 6

B 5 M E 1 9 EI F 3 C L e u k ar y oti c tr a n sl ati o n i niti ati o n f a ct or 3 s u b u nit C-li k e pr ot ei n [ O S = H o m o s a pi e n s] 3 1 1 0 5. 4

P 5 5 2 6 5- 1 A D A R D o u bl e-str a n d e d R N A-s p ecifi c a d e n o si n e d e a mi n as e [ O S = H o m o s a pi e n s] 1 1 1 3 6

Q 0 4 8 3 7 S S B P 1 Si n gl e-str a n d e d D N A- bi n di n g pr ot ei n, mit o c h o n dri al [ O S = H o m o s a pi e n s] 1 0 1 1 7. 2

P 3 3 1 7 6 KI F 5 B Ki n esi n- 1 h e a v y c h ai n [ O S = H o m o s a pi e n s] 2 1 1 0 9. 6

P 2 5 7 0 5- 1 A T P 5 A 1 A T P s y nt h as e s u b u nit al p h a, mit o c h o n dri al [ O S = H o m o s a pi e n s] 2 1 5 9. 7

P 2 2 6 2 6 H N R N P A 2 B 1 h et er o g e n e o u s n u cl e ar ri b o n u cl e o pr ot ei n s A 2 / B 1 [ O S = H o m o s a pi e n s] 3 1 3 7. 4

O 7 5 5 3 4 C S D E 1 c ol d s h o c k d o m ai n-c o nt ai ni n g pr ot ei n E 1 [ O S = H o m o s a pi e n s] 3 1 8 8. 8

Q 9 H A V 4 X P O 5 ex p orti n- 5 [ O S = H o m o s a pi e n s] 1 1 1 3 6. 2

P 1 5 5 3 1 N M E 1 N u cl e o si d e di p h o s p h at e ki n as e A [ O S = H o m o s a pi e n s] 8 1 1 7. 1

Q 8 N D T 2 R B M 1 5 B P ut ati v e R N A- bi n di n g pr ot ei n 1 5 B [ O S = H o m o s a pi e n s] 2 1 9 7. 1

O 0 0 4 8 3 N D U F A 4 C yt o c hr o m e c o xi d as e s u b u nit N D U F A 4 [ O S = H o m o s a pi e n s] 1 2 1 9. 4
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