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Di scr et e Nucl ear Domai ns of Pbl y( A) RNAand Thei r Rel at i onshi p
t o t he Funct i onal Or gani zat i on of t he Nucl eus
Kennet h C. Car t er , Kr i shan L . Tanej a, and Jeanne Bent l ey Lawr ence

Depar t ment of Cel l Bi ol ogy, Uni ver si t y of Massachuset t s Medi cal Cent er , Wor cest er , Massachuset t s 01655

Abst r act . The f unct i onal or gani zat i on of t he nucl eus

was st udi ed usi ng a f l uor escence mi cr oscopy appr oach
whi ch al l owed i nt egr at i on of posi t i onal i nf or mat i on f or
RNA, DNA, and pr ot ei ns . I n cel l s f r om sea ur chi n t o
human, nucl ear pol y( A) RNA was f ound concent r at ed
pr i mar i l y wi t hi n sever al di scr et e " t r anscr i pt domai ns"
whi ch of t en sur r ounded nucl eol i . Concent r at i ons of
pol y( A) RNA wer e coi nci dent wi t h snRNP ant i gen
cl ust er s, pr ovi di ng evi dence f or t he l ocal i zat i on of pr e-
mRNA spl i ci ng at t hese si t es . The spat i al r el at i onshi p
of t r anscr i pt domai ns wi t h r espect t o var i ous cl asses
of DNA was est abl i shed, i n t hat t he pol y( A) RNA- r i ch
r egi ons coi nci ded wi t h di scr et e r egi ons of l ow DNA
densi t y and wer e non- r andoml y di st r i but ed wi t h r espect

T
HE cel l nucl eus per f or ms numer ous compl ex t asks
whi ch i ncl ude packagi ng t he enor mous l engt h of
DNA, hi gh f i del i t y r epl i cat i on of t hi s DNA, t r anscr i p-

t i on, pr ocessi ng, and t r anspor t of di f f er ent cl asses of RNA,
pr ot ei n i mpor t and expor t , and pr eci se r edi st r i but i on of nu-
cl ear component s dur i ng mi t osi s . Addi t i onal l y, many of
t hese ar e done i n a cel l - t ype speci f i c manner . I t has of t en
been pr oposed t hat t he ext r emel y dense st r uct ur e of t he nu-
cl eus may be spat i al l y compar t ment al i zed as a means t o ef -
f i ci ent l y car r y out i t s mul t i pl e f unct i ons ( see Comi ngs, 1968,
1980) . However , evi dence f or such physi cal par t i t i oni ng has
been modest . For exampl e, whi l e gr eat advances have been
made i n under st andi ng t he bi ochemi cal st eps i nvol ved i n
pr e- mRNA t r anscr i pt i on and pr ocessi ng, t he subnucl ear l o-
cat i on of t hese event s and t he ext ent t o whi ch t hey ar e com-
par t ment al i zed i s unknown . I n t hi s paper we i nvest i gat e t he
pot ent i al compar t ment al i zat i on of t hese and ot her nucl ear
event s by anal yzi ng t he di st r i but i on of pol y( A) RNAi n r el a-
t i on t o sever al nucl ear const i t uent s of known f unct i onal
si gni f i cance .

Unl i ke t he cyt opl asm, t her e ar e no l i pi d membr anes i n t he
nucl eus, but t he conf i nement t o t he nucl eol us of r RNA genes
or i gi nat i ng on sever al di f f er ent chr omosomes shows t hat el e-
gant spat i al and f unct i onal r egi onal i zat i on i s possi bl e. St r ong
evi dence suppor t i ng t he ear l y suggest i ons t hat i nt er phase
cent r omer es and t el omer es ar e speci f i cal l y posi t i oned ( Rabl ,
1885) and i ndi vi dual chr omosomes occupy di st i nct t er r i t o-
r i es ( Bover i , 1909) has been pr esent ed r ecent l y by sever al
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t o speci f i c DNA sequences . Cent r omer i c DNA and
l at e- r epl i cat i ng DNA di d not over l ap t r anscr i pt do-

mai ns, wher eas a subset of ear l y- r epl i cat i ng DNA may.
Resul t s i ndi cat e t hat t r anscr i pt domai ns do not r esul t
di r ect l y f r om a si mpl e cl ust er i ng of chr omat i n cor r e-
spondi ng t o met aphase chr omosomes bands . Fi nal l y,
obser vat i ons on t he r eassembl y of t hese domai ns af t er

mi t osi s suggest t hat t he cl ust er i ng of snRNP ant i gens
may be dependent on t he r eappear ance of pol I I t r an-
scr i pt i on . I mpl i cat i ons of t hese f i ndi ngs f or over al l nu-
cl ear st r uct ur e and f unct i on ar e consi der ed, i ncl udi ng
a di scussi on of whet her t r anscr i pt domai ns may be si t es
of pol ymer ase I I t r anscr i pt i on r ef l ect i ng a cl ust er i ng of

act i ve genes .

l abor at or i es ( Revi ewed i n Hadl aczky et al . , 1986 ; Manuel -
i di s, 1990; Haas and Schmi d, 1991) . Whi l e most st udi es
have f ocused on t he posi t i on of ent i r e chr omosomes or abun-
dant non- expr essed sequences, vi sual i zat i on of a si ngl e gene
and i t s cognat e RNA suggest s t hat t he i nt er phase posi t i ons
of speci f i c act i ve sequences and t hei r pr i mar y t r anscr i pt s
may al so be hi ghl y l ocal i zed ( Lawr ence et al . , 1988 ; Law-
r ence et al . , 1989) . That i nt er phase chr omat i n may be f unc-
t i onal l y as wel l as spat i al l y compar t ment al i zed i s al so i m-
pl i ed by t he f act t hat met aphase chr omosomes di spl ay uni que
and hi ghl y r epr oduci bl e pat t er ns of l i ght and dar k bands wi t h
r espect t o whi ch genes ( r evi ewed i n Bi ckmor e and Sumner ,
1989) , r epl i cat i ng DNA ( Ganner and Evans, 1971 ; Hol m-
qui st et al . , 1982) , r epet i t i ve sequences ( Manuel i di s and
War d, 1984 ; Kor enber g and Rykowski , 1988) , nucl ease sen-
si t i vi t y ( Gazi t , 1982 ; Ker em, 1984) , and cer t ai n pr ot ei ns
( Di sney et al . , 1989) ar e speci f i cal l y posi t i oned . I t i s qui t e
possi bl e t hat t hese bands cor r espond t o some di st i nct f unc-
t i onal par t i t i oni ng of chr omat i n at i nt er phase .

Addi t i onal evi dence f or hi gher l evel nucl ear or gani zat i on
comes f r om i mmunol ocal i zat i on st udi es whi ch est abl i shed
ear l y on t hat nucl ear ant i gens r ecogni zed by ser umf r omau-
t oi mmune di sease pat i ent s can be cat egor i zed as ei t her homo-
geneous, nucl eol ar , or " speckl ed" ( Beck, 1961) . Despi t e
ext ensi ve i nvest i gat i on of aut oi mmune ant i gens, t he r easons
f or many of t hemhavi ng nonhomogeneous nucl ear l ocal i za-
t i on ar e not known . Some aut oi mmune ant i bodi es sel ec-
t i vel y pr eci pi t at e smal l nucl ear r i bonucl eopr ot ei n par t i cl es
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( snRNP) ' i nvol ved i n pr e- mRNA spl i ci ng ( Ler ner et al . ,
1979, 1980, 1981 ; Yang et al . , 1981) . Al t hough not uni ver -
sal l y accept ed, t her e i s evi dence t hat ant i gens f r om t hi s cl ass
of snRNPs ar e cl ust er ed pr i mar i l y i n cer t ai n nucl ear r egi ons
i n mammal i an somat i c cel l s ( Mat t i ol i and Rei chl i n, 1971 ;
Nor t hway and Tan, 1972 ; Ler ner et al . , 1981 ; Deng et al . ,
1981 ; Tan, 1982 ; Spect or et al . , 1983 ; Fakan et al . , 1984 ;
Reut er et al . , 1984 ; Smi t h et al . , 1985 ; Nyman et al . , 1986 ;
Ri nger t z et al . , 1986 ; Spect or , 1990 ; Zi eve and Saut er er ,
1990) and i n t he spher e or ganel l e i n amphi bi an oocyt es ( Gal l
and Cal l an, 1986 ; Wu et al . , 1991) . A spl i ceosome assembl y
f act or al so l ocal i zes t o t hese ar eas ( Fu and Mani at i s, 1990) ,
but i t r emai ns t o be shown unequi vocal l y whet her t hese
r egi ons exi st i n vi vo, and i f so whet her t hey ar e si t es of pr e-
mRNApr ocessi ng or , al t er nat i vel y, si t es of snRNPassembl y
or st or age, wi t h pr e- mRNA pr ocessi ng occur r i ng el sewher e
( Meadows, 1990 ; Fu and Mani at i s, 1990 ; Spect or , 1990 ;
Zi eve and Saut er er , 1990) .

A wel l - i nt egr at ed st r uct ur al and f unct i onal vi ew of t he
nucl eus wi l l r equi r e appr oaches whi ch si mul t aneousl y l o-
cal i ze, wi t h hi gh r esol ut i on, speci f i c f unct i onal l y di st i nct
nucl ear const i t uent s, and whi ch ul t i mat el y consi der t he di s-
t r i but i on of nucl ear RNA as wel l as DNA and pr ot ei ns .
Usi ng such an appr oach we have st udi ed t he i nt r anucl ear
di st r i but i on of pol y( A) RNA because of i t s f undament al
si gni f i cance f or under st andi ng t he spat i al or gani zat i on of
pr e- mRNA t r anscr i pt i on, pr ocessi ng, and t r anspor t . Ap-
pr oxi mat el y 90% of mRNA i s pol yadenyl at ed and essen-
t i al l y al l nucl ear pol y( A) sequence occur s as 3' t ai l s on
hnRNAdest i ned t o become cyt opl asmi c message ( r evi ewed
i n Lewi n, 1975 ; Pucket t and Dar nel l , 1976 ; Br awer man,
1981 ; Nevi ns, 1983) , t her ef or e t he di st r i but i on of t hi s br oad
cat egor y of RNAs can be i nvest i gat ed by f l uor escent i n si t u
hybr i di zat i on t o t hei r pol y( A) sequences . Taki ng t hi s st r at egy
we demonst r at e t hat pol y( A) RNA i s concent r at ed i n di s-
cr et e domai ns wi t hi n t he nucl eus . The posi t i ons of t hese
" t r anscr i pt domai ns wer e compar ed i n i ndi vi dual cel l s wi t h
l ocat i ons of t he nucl eol us, t ot al DNA, r epl i cat i ng DNA,
cent r omer i c DNA, and RNA pr ocessi ng component s . The
pot ent i al r el at i onshi p of t hi s di st i nct nucl ear compar t ment t o
chr omosome or gani zat i on was al so consi der ed as was t he
r eassembl y of t hese ar eas f ol l owi ng mi t osi s .

Mat er i al s and Met hods

Cel l Cul t ur e

Human di pl oi d f i br obl ast s, or i gi nal l y cul t ur ed f r omt he f or eski n of a nor mal

mal e newbor n ( Fol kman and Haudenschi l d, 1980) wer e gr own as mono-

l ayer s i n DME pl us 0. 1% gl ucose and 10% FCS ( Gi bco Labor at or i es,

Gr and I sl and, NY) . Mi nk l ung epi t hel i al l i ne ATCC CCL 64 and human

i nt est i nal smoot h muscl e l i ne ÁTCC CRL 1692 wer e gr own si mi l ar l y ac-

cor di ng t o r ecommendat i ons of t he Amer i can Type Cul t ur e Col l ect i on

( Rockvi l l e, MD) .

Cel l Fi xat i on

Unl ess ot her wi se not ed cel l s wer e f i xed as f ol l ows : cover sl i ps wi t h at t ached

cel l s wer e r i nsed t wo t i mes wi t h PBS, pH 7. 4, at momt emper at ur e, and
t hen i ncubat ed on i ce f or 20- 30 s i n successi on i n PBS, CSK buf f er ( 100

mMNaCl , 300 mMsucr ose, 3 MMM9C12, 10 mMPI PES, pH 6. 8 ; Fey

1 . Abbr evi at i ons used i n t hi s paper : Br dU, br omodeoxyur i di ne ; HDF, hu-
man di pl oi d f i br obl ast ; Pol I - n, pol ymer ase I - I I ; snRNP, smal l nucl ear r i -

bonucl eopr ot ei n par t i cl es .
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et al . , 1986) , CSK buf f er pl us 0. 5 %t r i t on X- 100, and agai n i n CSK buf f er .
The RNÁse i nhi bi t or vanadyl adenosi ne ( 2 mM) was added t o each of t hese
buf f er s j ust bef or e use . Cel l s wer e i mmedi at el y f i xed f or 10 mi n at r oom
t emper at ur e i n 4%par af or mal dehyde i n PBS, pH 7. 4, and st or ed i n 70%
et hanol at 4° C unt i l use . Ot her wor k has shown t hat t hi s t r eat ment does not
af f ect t he spat i al or quant i t at i ve r et ent i on of speci f i c RNAs ( Xi ng and
Lawr ence, 1991) and t hat >95% of pol y( A) i s r et ai ned t hr oughout t hese
pr ocedur es ( Tanej a and Si nger , manuscr i pt i n pr epar at i on) . The nucl ear si g-
nal pat t er n was essent i al l y i dent i cal i n t r i t on- t r eat ed and non- t r i t on- t r eat ed
cel l s, however , nucl ear si gnal i n nont r i t on- t r eat ed was somewhat r educed
unl ess nucl ei wer e per meabi l i zed by pr ol onged et hanol st or age .

Whi l e t he pat t er n of t r anscr i pt domai ns/ snRNP cl ust er s var i ed somewhat
wi t h di f f er ent f i xat i on pr ot ocol s, as not ed by ot her s ( Car mo- Fonseca et al . ,
1991) , t he pr esence of di scr et e nucl ear domai ns i n our exper i ment s was con-
si st ent l y cor r el at ed wi t h hi gh- qual i t y f i xat i on, based on cel l mor phol ogy,
t ot al RNA r et ent i on ( j udged by f l uor escent RNA st ai ns such as pr opi di um
i odi de and acr i di ne or ange) , and r et ent i on of DNA i n t he nucl eus ( based
on DAPI st ai ni ng) . Si gns of poor f i xat i on such as l ar ge amount s of DNA
l oopi ng out of t he nucl eus f ol l owi ng i n si t u hybr i di zat i on wer e i nvar i abl y
accompani ed by mor e homogeneous pol y( A) RNA pat t er ns . Li kewi se, st or -
age of f i xed cel l s i n PBS r at her t han et hanol r esul t ed i n t he l oss of RNA,
and possi bl y ot her nucl ear const i t uent s ( Lawr ence et al . , 1985) and l ess di s-
cr et e l ocal i zat i on of pol y( A) RNA. Par af or mal dehyde f i xat i on f ol l owed by
et hanol st or age consi st ent l y r esul t ed i n bot h hi gh qual i t y f i xat i on f ol l owed
by et hanol st or age consi st ent l y r esul t ed i n bot h hi gh qual i t y f i xat i on and de-
t ect i on of di scr et e nucl ear cl ust er s of pol y( A) RNA and snRNPs .

Al t er nat i ve f i xat i on met hods used i ncl uded : 4%and 1% par af or mal de-
hyde f or 10 mi n ; 20 : 1 or 3 : 1 met hanol / acet i c aci d f or 2 h f ol l owed by 1 h
of et hanol ; acet one f or 30 mi n ; - 20° C et hanol 2 h ; and baki ng f or 2 h at
65° C.

I n Si t u Hybr i di zat i on

Hybr i di zat i on and f l uor escence det ect i on wer e based on pr evi ousl y devel -
oped met hods descr i bed i n det ai l el sewher e ( Lawr ence and Si nger , 1985 ;
Lawr ence et al . , 1988, 1989 ; Johnson et al . , 1991b) . Ol i go dT55 ( T55)
was end l abel ed wi t h bi ot i n- l 6- dUTP ( Bet hesda Resear ch Labor at or i es,
Gai t her sbur g, MD) and pur i f i ed usi ng a G- 50 Sephadex col umn ( Tanej a and
Si nger , i n pr epar at i on) . Hybr i di zat i ons wer e done at 37° C i n our st andar d
buf f er and 15% f or mami de ( Johnson et al . , 1991b) . Det ect i on was done
usi ng f l uor ochr ome- conj ugat ed avi di n ( Enzo Bi ochemi cal ) i n 4x SSC.

Hybr i di zat i on Cont r ol s

To est abl i sh t hat T55 si gnal r esul t ed f r om speci f i c hybr i di zat i on, par al l el

exper i ment s wer e done r epl aci ng ol i go dT wi t h dA ( see Fi g. 1) , dC, or dG

( not shown) , each of whi ch r esul t ed i n no si gnal . When cel l s wer e hybr i d-

i zed wi t h bi ot i n- or 32P- l abel ed T55 f ol l owed by subsequent washes at st ep-

wi se i ncr eases of 5° C ( st ar t i ng at 35° C) , >95%of t he si gnal was l ost be-

t ween 45 and 50° C, i ndi cat i ve of t he shar p mel t i ng cur ve of ol i gonucl eot i de

hybr i ds . Excess nonl abel ed T55 or A55, but not a r andomsequence 55 mer ,

i nhi bi t ed bi ndi ng of l abel ed T 55 . When f i xed cel l s wer e t r eat ed bef or e

hybr i di zat i on wi t h 0. 2 N NaOHt o r emove cel l ul ar RNA, no T55 hybr i di za-

t i on occur r ed . Thi s was not because of i nhi bi t i on of hybr i di zat i on or de-

t ect i on si nce cent r omer i c DNA was r eadi l y det ect abl e under i dent i cal con-

di t i ons . Li kewi se snRNP ant i gens r emai ned i nt act dur i ng NaOHt r eat ment ,

as det er mi ned by i mmunof l uor escence, f ur t her suggest i ng t hat t he l oss of

T55 si gnal was due speci f i cal l y t o t he r emoval of RNA.

Ar eas of l ow T55 si gnal , f or exampl e near t he nucl ear envel ope and i n

ear l y Gl cel l s, do not r esul t f r om l ow accessi bi l i t y t o pr obe mol ecul es

si nce cent r omer es wer e r eadi l y det ect ed her e .

I mmunof l uor escent St ai ni ng of snRNPAnt i gens

The snRNP mAb used, Y12, i s cat egor i zed as an ant i - SM Ab because i t

sel ect i vel y pr eci pi t at es r i bonucl eopr ot ei n compl exes cont ai ni ng Ul , U2,

U4, U5, and U6 RNAs, al l of whi ch ar e i nvol ved i n pr e- mRNA spl i ci ng

( Ler ner and St ei t z, 1979 ; Ler ner et al . , 1981 ; Pet t er son et al . , 1984 ; Ri n-

ger t z et al . , 1986 ; Zi eve and Saut er er , 1990 f or r evi ew) . Cel l s wer e t r eat ed

wi t h Y12 i n PBS, 1%BSA at 37° C f or 45 mi n ( st ai ni ng i n 4x SSC al so

wor ked wel l ) and det ect ed usi ng a r hodami ne- conj ugat ed goat ant i - mouse

Ab ( Cappel Labor at or i es, Mal ver n, PA) . For si mul t aneous det ect i on of

pol y( A) RNA and snRNPs, T55 was hybr i di zed and det ect ed as above ex-

cept t hat ant i - snRNP Ab was added dur i ng t he bi ot i n det ect i on st ep and was

subsequent l y vi sual i zed usi ng a secondar y Ab .
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Tabl e I . Chr omosome 17 Cent r omer e Locat i on

Anal yses wer e done on sever al hundr ed cel l s, i ndependent l y, by t he t wo i nves-
t i gat or s . For det ai l s see Fi g . 5 and " Mi cr oscopy" i n Mat er i al s and Met hods .

Mi cr oscopy

Mi cr oscopes ( Zei ss, Ober kochen, Ger many) equi pped wi t h epi f l uor escent
f i l t er s wer e used . Al l pi ct ur es wer e t aken wi t h st andar d 35- mmf i l m and
have not been " i mage pr ocesseV Many of t he anal yses, par t i cul ar l y t hose
r equi r i ng j udgement s about t he posi t i on of si gnal s i n t he Z axi s ( For exam-
pl e, see Fi gs . 5, 6, and Tabl e I ) , wer e done wi t h a l owdept h- of - f i el d ( N0. 5
14m) , 100x, neof l uor obj ect i ve. Thus, i n a t ypi cal nucl eus a f ew mi cr ons
t hi ck, sever al f ocal pl anes coul d be i ndependent l y anal yzed .

f bl y( A) RNA, Cent r omer i c DNADoubl e Label

Pol y( A) RNAwas hybr i di zed i n par af or mal dehyde- f i xed cel l s and det ect ed
wi t h avi di n as descr i bed above . Cel l s wer e t hen r e- f i xed f or 10 mi n i n 4%
par af or mal dehyde and di goxi gemn- l abel ed cent r omer i c DNApr obe was hy-
br i di zed f ol l owi ng denat ur at i on of cel l ul ar DNA i n 70%f or mami de 2x
SSC as descr i bed el sewher e ( Johnson et al . , 1991b) .

Fbl y( A) RNA, Repl i cat i ngDNADoubl e Label

To l abel r epl i cat i ng DNA i n al l st ages of S- phase, cel l s i n non- synchr onous
cul t ur es wer e t r eat ed wi t h 25 jug/ ml br omodeoxyur i di ne ( Br dU) f or 15 mi n

Car t er et al . Nucl ear Pol y( A) Tr anscr i pt Domai ns
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bef or e f i xat i on . Pol y( A) RNA was l abel ed and cel l s wer e r e- f i xed as de-
scr i bed i n t he pr evi ous sect i on . Cel l s wer e t hen t r eat ed f or 10 mi n i n 4N
HCl bef or e det ect i on of Br dUwi t h a f l uor ochr ome- conj ugat ed ant i - Br dU
ant i body ( Boehr i nger Mannhei m Bi ochemi cal s, I ndi anapol i s, I N) .

Resul t s

The appr oach r epor t ed her e i s based on pr evi ous met hodo-
l ogi cal st udi es whi ch i dent i f i ed and opt i mi zed condi t i ons f or
t he pr eser vat i on and det ect i on of DNA and RNA by i n si t u
hybr i di zat i on ( Lawr ence and Si nger , 1985 ; Lawr ence et al . ,
1989 ; r evi ewed i n Lawr ence, 1990) . Our goal was t o pr ovi de
an accur at e over vi ew of t he r el at i ve di st r i but i ons of sever al
di f f er ent nucl ear const i t uent s i n i nt act cel l s, t her ef or e we
chose t o use st andar d t wo- di mensi onal f l uor escence mi cr os-
copy whi ch made i t possi bl e t o base concl usi ons on t he anal -
yses of t housands of cel l s i n dozens of exper i ment s. Al l pho-
t ogr aphs pr esent ed ar e unpr ocessed i mages di r ect l y as t hey
appear t hr ough t he mi cr oscope. Comput er - assi st ed r econ-
st r uct i ons pr ovi di ng mor e det ai l ed t hr ee- di mensi onal i nf or -
mat i on based on anal ysi s of a f ewcel l s wi l l be pr esent ed el se-
wher e ( Car t er , K. C. , F. Fay, and J . B. Lawr ence, manuscr i pt
i n pr epar at i on) .

f bl yadenyl at ed RNAI s Concent r at ed i n
Di scr et e Nucl ear Domai ns

I n i ni t i al st udi es, usi ng par af or mal dehyde- f i xed human di p-
l oi d f i br obl ast s ( HDF) , hybr i di zat i on wi t h bi ot i nat ed ol i go-
dTss ( Tss) pr obe r esul t ed i n i nt ense f l uor escent si gnal whi ch
l ocal i zed pr i mar i l y t o sever al di scr et e r egi ons of each i nt er -
phase nucl eus ( Fi g . 1, AandB) . Var i ous cont r ol exper i ment s
i ndi cat ed t hat t hese di scr et e r egi ons r epr esent genui ne hy-
br i di zat i on t o pol y( A) RNA f i xed i n a st at e whi ch r ef l ect s i t s

Fi gur e 1. Di st r i but i on of Pol y( A) RNA wi t hi n var i ous cel l t ypes . ( A) Typi cal nucl eus of a human di pl oi d f i br obl ast ( HDF) hybr i di zed
wi t h bi ot i nat ed T55 and det ect ed wi t h f l uor escei n- conj ugat ed avi di n . Not e di scr et e, br i ght l y st ai ni ng r egi ons ( t r anscr i pt domai ns) as wel l
as t he di msi gnal t hr oughout t he nucl eus . Al so not e t he ar ea of l ow si gnal j ust i nsi de t he nucl ear envel ope ( ar r ows) . Thi s r egi on i s cl ear l y
i nsi de t he nucl eus as shown by count er st ai ni ng wi t h DNA dyes ( see Fi g . 3 A) . ( B) Lowmagni f i cat i on vi ew of pol y( A) RNA i n HDFs .
( C) HDFs hybr i di zed as i n ( A) , but subst i t ut i ng Ass f or T55 r esul t i ng i n no obser vabl e si gnal . ( I nset ) Locat i on of nucl ei as shown by DAPI
st ai ni ng . ( D- F) Pol y( A) RNA di st r i but i on i n human i nt est i nal smoot h muscl e cel l s ( D) ; Mi nk l ung epi t hel i al cel l s ( E; not e t el ophase
cel l at l ower l ef t ) ; and sea ur chi n coel omocyt es ( F) .

Posi t i on r el at i ve t o
t r anscr i pt domai ns

I nvest i gat or
number 1

I nvest i gat or
number 2

I n pl ane G0 . 01 % 0
coi nci dent

I n pl ane 5 3
bor der i ng

I n pl ane 27 30
compl et el y separ at e

Out of pl ane 67 67
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Fi gur e 2 . Di st r i but i on of t r anscr i pt domai ns i n r el at i on t o t he nucl eol us . The nucl eus of a si ngl e HDF i s shown by phase cont r ast ( A) ;
count er st ai ni ng wi t h pr opi di umi odi de ( B) ; and f l uor escence det ect i on of pol y( A) RNA ( C) . Not e t hat t he nucl eol us, whi ch i s cl ear l y
seen as a di scr et e dar k r egi on under phase cont r ast ( A) , i s br i ght l y st ai ni ng wi t h pr opi di umi odi de due t o t he pr esence of doubl e st r anded
r RNA ( B) and devoi d of pol y( A) RNA si gnal ( C) . Not e t he accumul at i on of t r anscr i pt domai ns ar ound t he nucl eol us . ( Char t ) Per cent
of ar ea occupi ed by t r anscr i pt domai ns i n t he t ot al non- nucl eol ar nucl ear ar ea ( o) and t he ar ea wi t hi n N2 pmof t he nucl eol us ( ®) . Dat a
ar e shown f or cel l at l ef t and f or 11 r andoml y chosen nucl ei cont ai ni ng a si ngl e nucl eol us ( mean f SD) . An i ncr ease i n t he aver age space
occupi ed by t r anscr i pt domai ns ar ound t he nucl eol us was seen i n ever y cel l measur ed and was as hi gh as t wof ol d, as i n t he cel l shown .

i n vi vo di st r i but i on . For exampl e, di scr et e r egi ons of T55
si gnal occur r ed usi ng var i ous f i xat i on condi t i ons ( see Fi g. 3
A) , but hybr i di zat i on usi ng a cont r ol ol i go- dA55 pr obe r e-
sul t ed i n no si gnal ( Fi g . 1 C) . Addi t i onal cont r ol exper i -
ment s ar e descr i bed i n Mat er i al s and Met hods . I n r epeat ed
exper i ment s we consi st ent l y obser ved t hat t ot al nucl ear
pol y( A) RNA was not uni f or ml y or r andoml y di st r i but ed,

but was concent r at ed pr i mar i l y i n a r el at i vel y smal l number
of di st i nct si t es. Addi t i onal l y t her e was of t en an ar ea of hi gh
pol y( A) RNA concent r at i on j ust out si de t he nucl eus, as wel l

as si gnal mor e di f f usel y di st r i but ed t hr oughout t he cyt o-
pl asmt o be descr i bed i n det ai l el sewher e ( Tanej a and Si nger ,
manuscr i pt i n pr epar at i on) .

Ther e wer e appr oxi mat el y 10 t o 20 di st i nct l y bor der ed
si gnal cl ust er s i n most nucl ei and each cl ust er r anged f r om
l ess t han one mi cr on t o a f ew mi cr ons i n di amet er . Rel at i ve
t o t he si gnal i nt ensi t y f r om si ngl e- copy sequences of known

si ze, t he di mensi ons of t hese r egi ons and t he i nt ensi t y of t he
si gnal i ndi cat e a mi ni mumof many t housands of mol ecul es

per cl ust er , as conf i r med by quant i t at i ve mi cr of l uor i met r y

( Car t er et al . , manuscr i pt i n pr epar at i on) . Most cl ust er s
wer e r oughl y spher i cal and di d not appear t o i nt er connect
wi t h ot her pol y( A) RNAr egi ons on any f ocal pl ane ; i n a f ew
cel l s t her e wer e l onger mul t i - l obed r egi ons . I n many cel l s
pol y( A) RNA r egi ons seemed t o r i ng nucl eol i , but wer e not

seen i nsi de nucl eol i . Out si de t he concent r at ed pol y( A) RNA

r egi ons, or t r anscr i pt domai ns, t her e was al so f ai nt si gnal

t hr oughout t he nucl eus, except i n t he nucl eol us ( Fi gs . 1 A
and 2) , and a r egi on of mar kedl y l ow si gnal j ust i nsi de t he
nucl ear envel ope - 1 Amwi de ( Fi g. 1 A and 3 A) .

To ask whet her nucl ear t r anscr i pt domai ns occur i n ot her
speci es and cel l t ypes, we vi sual i zed pol y( A) RNA i n 26
cel l l i nes and pr i mar y cul t ur es f r om human, r at , mouse,
chi cken, mi nk, and sea ur chi n ( Fi g . 1, D- F) . I n each case
pol y( A) RNAwas concent r at ed i n di st i nct nucl ear r egi ons .
Fur t her mor e, t he enci r cl i ng of nucl eol i wi t h t r anscr i pt do-
mai ns was f r equent l y obser ved and quant i t at i ve anal ysi s
i ndi cat ed nucl eol ar associ at i on i n HDFs was si gni f i cant l y
gr eat er t han woul d be pr edi ct ed by r andomdi st r i but i on of
t r anscr i pt domai ns ( Fi g . 2) .

Tr anscr i pt Domai ns Coi nci de wi t h Cl ust er s
of snRNPAnt i gens

Messenger RNAi s f or med t hr ough a compl ex ser i es of st eps
whi ch i ncl udes t r anscr i pt i on, 5' end cappi ng, 3' endcl eavage,
addi t i on of a 3' pol y( A) t ai l , r emoval of i nt r ons, and t r anspor t
of t he mat ur e mRNA t o t he cyt opl asm. I t i s not known
whet her any of t hese st eps ar e physi cal l y compar t ment al i zed
wi t hi n t he nucl eus . Ther e i s evi dence t hat t r anscr i pt i on and
pol yadenyl at i on ar e cl osel y l i nked ( see Di scussi on) , and we
r easoned t hat ar eas of hi gh pol y( A) RNA concent r at i on
mi ght be si t es of ei t her pr e- mRNA t r anscr i pt i on, one or
mor e pr ocessi ng st eps, a r at e l i mi t i ng st ep i n t r anspor t , or

Fi gur e 3. Si mul t aneous det ect i on of pol y( A) RNA and ot her const i t uent s of t he nucl eus i n HDFs . Al l phot ogr aphs ar e si ngl e exposur e
unpr ocessed i mages t aken usi ng a st andar d f l uor escence mi cr oscope. E- Hwer e t aken usi ng adual wavel engt h f i l t er set whi chal l ows si mul -
t aneous vi sual i zat i on of di f f er ent f l uor ochr omes i n pr eci se r egi st r at i on wi t h no opt i cal shi f t ( Omega Cor p . , Br at t l ebor o, VT; Johnson et
al . , 1991x) . ( A and B) Si mul t aneous vi sual i zat i on of pol y( A) RNA ( gr een) and pr opi di um i odi de count er st ai n ( r ed) usi ng a wi de- pass
f l uor escence f i l t er set . Not e t he ar ea al ong t he nucl ear r i m i n Awhi ch i s devoi d of pol y( A) RNA si gnal . Cel l i n A was f i xed i n acet one.
B shows a pai r of r ecent l y di vi ded daught er cel l s whi ch wer e easi l y i dent i f i ed by cel l mor phol ogy and because t hey had no nucl ear pol y( A)
si gnal , i n st r i ki ng cont r ast t o al l ot her cel l s i n t he vi ci ni t y ( al so see Fi g . 7) . ( Cand D) Pol y( A) RNA ( C) and snRNPant i gens ( D) . Not e
t he pr eci se coi nci dence i n spat i al di st r i but i on of t he t wo si gnal s i n t he nucl eus, par t i cul ar l y i n t he cl ust er ed r egi ons. Al so not e cyt opl asmi c
si gnal f or pol y( A) but not snRNR ( E) Pol y( A) RNA ( r ed) and cent r omer i c DNA ( yel l ow) under condi t i ons whi ch det ect al l cent r omer es.
( F) Pol y( A) RNA ( gr een) and chr omosome 17 cent r omer e ( r ed) . Not e t he ext r eme per i pher al posi t i on of one cent r omer e i n t he nucl eus
t o t he r i ght . ( G) Pol y( A) RNA( gr een) and r epl i cat i ng DNA ( r ed) . ( H) Pol y( A) RNA( r ed) and r epl i cat i ng DNA ( gr een) . Not e t he pr esence
of r epl i cat i ng DNA i n t he ar ea of l owpol y( A) RNA si gnal al ong nucl ear per i pher y i n bot h Gand H. Ar eas whi ch appear yel l ow i n t he
phot ogr aphi c pr i nt i n Gr epr esent si gnal f r ompat ches of r epl i cat i ng DNAwhi ch wer e i n f ocal pl anes above t he pol y( A) r egi ons and wer e
not act ual l y over l appi ng .
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Fi gur e 4. Det ect i on of l ow densi t y DNA ar eas cor r espondi ng t o pol y( A) t r anscr i pt domai ns . Asi ngl e HDF nucl eus i s shown, compar i ng
t he di st r i but i ons of pr opi di umi odi de ( A) , and DAPI ( B) , wi t h pol y( A) RNA ( C) . Ar r ows ar e f or or i ent at i on and t o denot e t ypi cal ar eas
of l ow DNA whi ch cor r espond t o t r anscr i pt domai ns . ( D) Nucl eus of an unext r act ed, unf i xed HDF gr own i n t he pr esence of pr opi di um
i odi de f or 30 mi n . Si mi l ar di st r i but i ons wer e seen i n cel l s ext r act ed wi t h t r i t on but not f i xed bef or e st ai ni ng .

al l of t he above . Hence, exper i ment s wer e under t aken t o ad-
dr ess whet her any r el at i onshi p coul d be di scer ned bet ween
t he di st r i but i on of pol y( A) RNA and snRNP ant i gens i n-
vol ved i n spl i ci ng.

Doubl e- l abel exper i ment s, usi ng an ant i body speci f i c t o
snRNPs of t he pr e- mRNA spl i ci ng cl ass, r eveal ed a st r ong
coi nci dence bet ween pol y( A) RNAr egi ons and snRNP ant i -
gen cl ust er s ( Fi g . 3, C and D) . Thi s was r epeat ed sever al
t i mes and anal yzed usi ng a dual - wavel engt h f i l t er set whi ch
makes possi bl e hi ghl y pr eci se compar i sons of di f f er ent wave-
l engt h f l uor escence di st r i but i ons . Wi t h t he except i on of r e-
cent l y di vi ded ear l y G, cel l s ( see bel ow) , exper i ment s whi ch
gave hi gh det ect i on ef f i ci ency f or bot h pol y( A) RNA and
snRNP ant i gens consi st ent l y r esul t ed i n vi r t ual l y compl et e
over l ap of t he nucl ear i mmunof l uor escence si gnal s . The co-
l ocal i zat i on of pol y( A) RNA and snRNP ant i gens i ndi cat es
t hat t r anscr i pt domai ns ar e not sol el y t r anscr i pt i on or t r ans-
por t si t es and t hat snRNP pr ot ei n cl ust er s ar e not si mpl y
ar eas of snRNP assembl y or st or age. Thi s co- l ocal i zat i on
suppor t s t he i nt er pr et at i on t hat t hese r egi ons ar e si t es of pr e-
mRNA pr ocessi ng .

Or gani zat i on of Pbl y( A) RNA wi t h Respect t o
t he Under l yi ng Genome

Regi ons of mar kedl y concent r at ed pol y( A) RNA may f or m
t o f aci l i t at e t he pr ocessi ng and/ or t r anspor t of RNA i n a
manner i ndependent of t he under l yi ng chr omat i n . Al t er na-
t i vel y, a gr eat er degr ee of f unct i onal or gani zat i on woul d be
i mpl i cat ed i f t he RNA was speci f i cal l y posi t i oned wi t h r e-
spect t o DNA. Hence, t o under st and t he or gani zat i onal un-
der pi nni ng of t he nucl eus i t i s i mpor t ant t o addr ess whet her
t hi s maj or cl ass of RNA i s or gani zed wi t h r espect t o DNA.
We i nvest i gat ed t hi s at t he l evel of DNAcondensat i on, DNA
sequence, and DNA r epl i cat i on .

St ai ni ng of i nt er phase DNAwi t h var i ous f l uor escent dyes
r eveal ed a nonhomogeneous di st r i but i on of chr omat i n . Di s-
cr et e r egi ons of l ow DNA densi t y or condensat i on consi s-
t ent l y occur r ed i n f i xed cel l s st ai ned wi t h ei t her DAPI ,
whi ch i s DNA speci f i c, or pr opi di um i odi de, whi ch bi nds
doubl e- st r anded DNA or RNA. These ar eas cor r esponded
st r i ki ngl y wi t h t r anscr i pt domai ns i n al l of sever al cel l t ypes
exami ned ( Fi g . 4) . I nt er est i ngl y, a mor e def i ned bor der con-
si st ent l y occur r ed ar ound t hese ar eas usi ng pr opi di umi odi de
as opposed t o DAPI . Unl i ke t he vi r t ual l y compl et e over l ap
bet ween snRNP ant i gens and pol y( A) RNA, i n some cel l s
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t her e was a smal l number of l ow DNA densi t y ar eas whi ch
di d not cor r espond t o t r anscr i pt domai ns. The use of DNA
st ai ns t o i dent i f y t r anscr i pt domai ns pr ovi ded a way t o
conf i r m whet her t hey exi st i n vi vo. St ai ni ng DNA i n l i vi ng
cel l s r eveal ed ar eas of l ow DNA concent r at i on si mi l ar i n
si ze, di st r i but i on, and number t o t hose seen i n f i xed nucl ei
( Fi g . 4 D) . Thi s st r ongl y suppor t s t he r el evance of t hese
st r uct ur es i n vi vo.

We f ur t her expl or ed t he r el at i onshi p of RNAdi st r i but i on
t o t hat of t he under l yi ng genome by si mul t aneousl y vi sual i z-
i ng pol y( A) RNA and cent r omer i c DNAt o addr ess t wo ma-
j or quest i ons : I s t her e a r andomor non- r andomdi st r i but i on
of speci f i c genomi c sequences r el at i ve t o t r anscr i pt do-
mai ns? I s t r anscr i pt i onal l y i nact i ve DNA i ncl uded or ex-
cl uded f r omt hese r egi ons? The DNA pr obe used hybr i di zes
t o a non- t r anscr i bed, t andeml y r epeat ed sat el l i t e sequence
on al l cent r omer es under l ow st r i ngency condi t i ons, or pr ef -
er ent i al l y t o t he cent r omer e of chr omosome 17 under hi gh
st r i ngency condi t i ons. I n i ni t i al exper i ment s, usi ng bot h hi gh
and l ow st r i ngency hybr i di zat i on, i t was i mmedi at el y obvi -
ous t hat t her e was l i t t l e or no over l ap bet ween cent r omer i c
DNAand pol y( A) RNA r egi ons ( Fi g . 3, Eand F) . For exam-
pl e, t r anscr i pt domai ns wer e excl uded f r omt he ar ea next t o
t he nucl ear envel ope, wher eas cent r omer i c DNA was f r e-
quent l y pr esent i n t hi s r egi on ( Fi g . 3 F) . As i l l ust r at ed i n
Fi g . 5 and quant i t at ed i n Tabl e 1, of many hundr ed cent r o-
mer i c si gnal s scor ed 97 % wer e unambi guousl y separ at e
f r om t r anscr i pt domai ns .

These dat a cl ear l y demonst r at e non- r andom l ocal i zat i on
of pol y( A) RNA r egi ons wi t h r espect t o DNA sequence.
They f ur t her i ndi cat e t hat a nont r anscr i bed sat el l i t e was t o-
t al l y excl uded f r om t hese put at i ve pr e- mRNA pr ocessi ng
ar eas . The mor e per i pher al pl acement of cent r omer i c DNA
al so suppor t s t he posi t i oni ng of pol y( A) RNAr egi ons t o i n-
t er i or por t i ons of t he nucl eus .

Rel at i ng t he Pbsi t i on of Tr anscr i pt Domai ns at
S- Phase t o Subset s of Repl i cat i ng DNA Whi ch For m
Bands on Met aphase Chr omosomes

I n f ur t her eval uat i ng t he r el at i onshi p of t r anscr i pt domai ns
t o over al l nucl ear st r uct ur e, we i nvest i gat ed whet her t hey ex-
hi bi t ed any appar ent spat i al r el at i onshi p wi t h ear l y or l at e
r epl i cat i ng DNA, whi ch di st r i but es i n cl ust er ed pat t er ns
wi t hi n i nt er phase nucl ei ( Nakayasu and Ber ezney, 1989) . I n
addi t i on, ear l y and l at e subset s of r epl i cat i ng DNAgener al l y
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Fi gur e S. Demonst r at i on of chr omosome 17 cent r omer i c DNA
above and bel ow pol y( A) t r anscr i pt domai ns i n a si ngl e HDF nu-
cl eus . Usi ng a l ow dept h- of - f i el d obj ect i ve ( see Mat er i al s and
Met hods) and st andar d phot ogr aphy, t hr ee f ocal pl anes ar e shown
cor r espondi ng t o t he t op ( A) , mi ddl e ( B) , and bot t om ( C) r egi on
of a nucl eus. Si gnal f or pol y( A) RNA ( l ef t ) and cent r omer i c DNA
( r i ght ) ar e shown . Ar r ows ar e f or or i ent at i on . Not e t hat one cent r o-
mer e i s above r egi ons of pol y( A) RNAand t he ot her i s bel ow, whi l e
out - of - f ocus l i ght f r ombot h cent r omer es can be seen i n t he cent r al
pl ane.

cor r espond t o t r anscr i pt i onal l y act i ve and i nact i ve chr oma-
t i n and l ocal i ze t o l i ght and dar k G- bands i n met aphase chr o-
mosomes, r espect i vel y ( r evi ewed i n Bi ckmor e and Sumner ,
1989 ; Her bomel , 1990) ; hence, i t becomes compel l i ng t o
consi der whet her t hi s non- homogeneous di st r i but i on of f unc-
t i onal DNA cl asses, cl ear l y vi si bl e at met aphase, i s r el at ed
t o t he cl ust er ed di st r i but i on of gene t r anscr i pt s i n i nt er phase
nucl ei . Al so, i n l i ght of cur r ent hypot heses whi ch cal l f or
si gni f i cant movement of DNA dur i ng r epl i cat i on ( r evi ewed
i n Laskey et al . , 1989) , i t was of i nt er est t o det er mi ne whet her
t r anscr i pt domai ns r emai n i nt act t hr oughout S- phase.

A t wo- col or f l uor escence pr ot ocol was devel oped whi ch
al l owed si mul t aneous det ect i on of pol y( A) RNA and r epl i -
cat i ng DNA. Non- synchr onous cul t ur es wer e l abel ed f or a
shor t per i od ( 15 mi n) wi t h Br dU, and many cel l s wer e ana-
l yzed so t hat t he di st r i but i on of t r anscr i pt domai ns coul d be
compar ed wi t h a f ul l spect r um of di f f er ent S- phase r epl i ca-
t i on pat t er ns ( Fi g . 6) . The f i r st t hi ng t hese exper i ment s
demonst r at ed was t hat t her e i s essent i al l y no change i n t he
gener al pat t er n of t r anscr i pt domai ns dur i ng S- phase . An ex-
ami nat i on of hundr eds of cel l s i n mul t i pl e exper i ment s
showed t hat none of sever al r epl i cat i on pat t er ns obser ved
coi nci ded wi t h t he pat t er n of pol y( A) RNA r egi ons . Hence,
t he t r anscr i pt domai ns do not cor r espond i n any obvi ous way
t o subset s of synchr onousl y r epl i cat i ng DNA whi ch become
or gani zed as bands on met aphase chr omosomes .

Whi l e t he over al l pat t er ns of pol y( A) RNAand r epl i cat i ng
DNA wer e cl ear l y not t he same, anot her quest i on concer ns
whet her t her e was any r el at i onshi p or over l ap bet ween t hem.
Sever al di f f er ent pat t er ns of r epl i cat i ng DNA wer e seen, and
i n many cel l s i t was possi bl e t o i dent i f y pat t er ns si mi l ar
t o t hose pr evi ousl y descr i bed f or l at e- or ear l y- r epl i cat i ng
DNA ( Nakayasu and Ber ezney, 1989) . I n most cel l s cont ai n-
i ng t he cl ust er ed pat t er n char act er i st i c of l at e- r epl i cat i ng
DNA, pol y( A) RNA r egi ons and r epl i cat i ng DNA wer e
consi st ent l y di scer ni bl e as non- over l appi ng ( Fi g . 6 C) . I n
cont r ast , i n nucl ei wi t h t he mor e f i nel y di st r i but ed punct at e
pat t er n char act er i st i c of ear l y S- phase, dur i ng whi ch most

Car t er et al . Nucl ear Pol y( A) Tr anscr i pt Domai ns

Fi gur e 6. Si mul t aneous vi sual i zat i on of pol y( A) RNA ( l ef t ) and
r epl i cat i ng DNA ( r i ght ) . Thr ee of sever al r epl i cat i ng DNA pat t er ns
seen ar e shown ( see t ext f or det ai l s) . Many cel l s had r epl i cat i ng
DNA pat t er ns whi ch seemed t o be t ypi cal of t hose pr evi ousl y de-
scr i bed f or ear l y ( A) or l at e ( C) S- phase . Car ef ul anal ysi s wi t h a
l ow dept h- of - f i el d obj ect i ve i ndi cat ed t hat pat t er ns l i ke t hose i n ( B)
and ( C) had l i t t l e or no over l ap wi t h t r anscr i pt domai ns .

act i ve genes r epl i cat e, some r epl i cat i ng DNAf r equent l y ap-
pear ed t o over l ap pol y( A) RNA r egi ons i n t he same f ocal
pl ane ( Fi g . 6 A) . Thi s suggest s t hat t hese r egi ons may cont ai n
or be cl osel y associ at ed wi t h subset s of ear l y r epl i cat i ng
DNA, however , f ur t her det ai l s wi l l r equi r e i n- dept h t hr ee-
di mensi onal anal ysi s . I n some cel l s, r epl i cat i ng DNA oc-
cupi ed t he per i pher al r egi on near t he nucl ear envel ope wher e
pol y( A) RNA concent r at i on was mar kedl y l ow, pr oduci ng a
st r i ki ng r i ng of f l uor escence ( Fi g . 3, Gand H) .

These dat a i ndi cat e t hat t her e i s not a si mpl e i nt er phase
coi nci dence bet ween t r anscr i pt domai ns and t he f unct i onal
subset s of DNA seen as met aphase bands . However , t hey do
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suggest a spat i al r el at i onshi p. Fur t her mor e, i f spl i ci ng does
occur i n t r anscr i pt domai ns, t hese r esul t s pr ovi de a cl ear
demonst r at i on of t he di f f er ent i al nucl ear compar t ment al i za-
t i on of t wo di st i nct physi ol ogi cal pr ocesses, t hat of DNA
r epl i cat i on and RNA pr ocessi ng .

Nascent Pbl y( A) Tr anscr i pt s May Be I nvol ved i n
t he Recl ust er i ng of snRNPs f ol l owi ng Mi t osi s

The exi st ence of t hi s di st i nct nucl ear compar t ment , anal o-
gous t o t he nucl eol us i n t hat i t may be r esponsi bl e f or pr o-
cessi ng of a maj or cl ass of RNA, r ai ses quest i ons about t he
f undament al mechani sms whi ch est abl i sh and mai nt ai n
f unct i onal compar t ment al i zat i on wi t hi n t he nucl eus . Re-
cent l y di vi ded cel l s wer e r eadi l y appar ent i n our exper i ment s
( Fi g . 1 E, and 3 B) , hence, t o st udy t he pr ocess of assem-
bl i ng t r anscr i pt domai ns dur i ng ear l y G, we anal yzed sev-
er al hundr ed mi t ot i c and post mi t ot i c cel l s i n pr epar at i ons
st ai ned si mul t aneousl y f or pol y( A) RNA and snRNP ant i -
gens ( Fi g . 7) . At met aphase, anaphase, and t el ophase, chr o-
mosomes wer e essent i al l y devoi d of bot h pol y( A) RNAand
snRNP al t hough si gnal f or each was seen t hr oughout t he
cyt opl asm. I n t el ophase cel l s and newl y di vi ded daught er
cel l s pol y( A) RNA si gnal was of t en heavi l y concent r at ed j ust
out si de t he nucl ear envel ope, but mar kedl y absent i nsi de t he
nucl eus ( Fi gs . 3 B, and 7 C) . Thi s i ndi cat es t hat even t hough
pol y( A) RNAconcent r at i on r emai ns hi gh dur i ng mi t osi s and
sur r ounds mi t ot i c chr omosomes, t hi s RNA i s ef f i ci ent l y ex-
cl uded f r omt he nucl eus as t he nucl ear envel ope r ef or ms .

I n shar p cont r ast t o ot her i nt er phase cel l s, t he ear l y G,
nucl ear pol y( A) RNA pat t er n was ver y di f f er ent t han t hat
of snRNPs . I n what appear ed t o be t he ear l i est G, cel l s,
snRNPant i gens wer e seen i n var i ous st ages of r e- ent r y i nt o
t he nucl eus whi l e nucl ear pol y( A) RNA r emai ned undet ect -
abl e . I n t hese cel l s snRNP ant i gens had of t en r e- ent er ed t he
nucl eus, but wer e di st r i but ed r el at i vel y uni f or ml y or i n a f i ne
punct at e pat t er n ( Fi g. 7 C) . I n appar ent l y l at er daught er
cel l s a di mpol y( A) RNAsi gnal was pr esent i n r egi ons wher e
snRNP ant i gens had begun t o cl ust er ( Fi g . 7 D) . I n r epeat ed
exper i ment s, pol y( A) RNA was not seen i n ear l y G, nucl ei
i n t he absence of snRNP si gnal and snRNP pr ot ei ns wer e not
di scr et el y cl ust er ed i n t he absence of pol y( A) RNA si gnal .
I n addi t i on, t he di scr et e l ow densi t y DNAar eas, whi ch cor -
r espond t o t r anscr i pt domai ns, appear ed onl y i n ear l y G,
cel l s i n whi ch pol y( A) RNA was det ect abl e. These dat a
suggest t hat t he cl ust er i ng of snRNP ant i gens i nt o di scr et e
r egi ons af t er mi t osi s occur s onl y af t er t he appear ance of
pol y( A) RNA, pr esumabl y f ol l owi ng t he est abl i shment of
t r anscr i pt i on by RNA pol ymer ase I I ( pol I I ) .

Car t er et al . Nucl ear Pol y( A) Tr anscr i pt Domai ns
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Di scussi on

Thi s wor k descr i bes sever al pr evi ousl y unknown aspect s of
t he f unct i onal or gani zat i on of t he nucl eus . I n cel l s r angi ng
f r omsea ur chi n t o human, nucl ear pol y( A) RNA was con-
cent r at ed i n sever al di scr et e t r anscr i pt domai ns whi ch of t en
sur r ounded nucl eol i . These ar eas appear ed t o be i nt er i or l y
l ocat ed, had def i ned bor der s, and cor r esponded t o ar eas of
ver y l owDNAconcent r at i on . Ther e seemed t o be compl et e
over l ap i n t hese r egi ons bet ween pol y( A) RNA and snRNP
ant i gens, pr ovi di ng t he best evi dence t o dat e t hat t hese ar e
si t es of pr e- mRNA pr ocessi ng . Pl acement of t hese ar eas
wi t h r espect t o t ot al DNA, r epl i cat i ng DNA, and cent r o-
mer i c DNA st r ongl y i ndi cat es t hat t hese put at i ve pr ocessi ng
ar eas ar e speci f i cal l y posi t i oned wi t h r espect t o under l yi ng
chr omat i n, whi ch may have pr of ound i mpl i cat i ons f or hi gher -
l evel nucl ear or gani zat i on . Tr anscr i pt domai ns wer e cl ear l y
separ at e f r omar eas of l at e r epl i cat i ng DNAi ndi cat i ng a di s-
t i nct physi cal par t i t i oni ng of t wo separ at e nucl ear f unct i ons
dur i ng l at e S- phase . Fi nal l y, our dat a i ndi cat e t hat t he
cl ust er i ng of snRNPs i nt o di scr et e nucl ear domai ns i n ear l y
G, and t he appear ance of cor r espondi ng l ow densi t y DNA
r egi ons occur onl y af t er t he r eappear ance of pol y( A) RNA.
Thi s r ai ses t he i nt er est i ng possi bi l i t y t hat nascent pol I I t r an-
scr i pt s pl ay a si gni f i cant or gani zat i onal r ol e i n t he f or mat i on
of snRNP cl ust er s, si mi l ar t o t he post ul at ed r ol e of pol I
t r anscr i pt s i n t he assembl y and mai nt enance of nucl eol i
( r evi ewed i n Scheer and Benevent e, 1990) .

The Rel at i onshi p of Tr anscr i pt Domai ns
t o pr e- mRNA Pr ocessi ng

Whi l e snRNP ant i gens have been descr i bed by sever al
l abor at or i es t o have var i ous degr ees of cl ust er i ng ( see I n-
t r oduct i on) , t he subnucl ear di st r i but i on of t ot al pol y( A)
RNA, t he maj or subst r at e f or snRNP pr ocessi ng, has not
been pr evi ousl y i nvest i gat ed . Our r esul t s suppor t t he f unc-
t i onal si gni f i cance of cl ust er ed snRNP pr ot ei n di st r i but i ons
( Fakan et al . , 1984 ; Nyman et al . , 1986 ; Ri nger t z et al . ,
1986 ; Spect or , 1990) and, mor eover , pr ovi de t he f i r st evi -
dence f or t hese as act i ve pr ocessi ng cent er s r at her t han as-
sembl y and st or age si t es . Si nce t he compl et i on of t he wor k
pr esent ed her e, t he val i di t y and r ol e i n pr ocessi ng of pr evi -
ousl y r epor t ed cl ust er ed snRNP di st r i but i ons has been cal l ed
i nt o quest i on by Car mo- Fonseca et al . ( 1991a, b) , who pr e-
sent r esul t s i nt er pr et ed t o i ndi cat e t hat essent i al l y al l of t he
ext r emel y abundant snRNAs ar e l ocal i zed t oget her i n j ust
one t o f our smal l nucl ear f oci . The i nt er pr et at i on of t hese
f ew f oci as t he nucl ear pr ocessi ng cent er s i s di f f i cul t t o
r econci l e wi t h our r esul t s whi ch co- l ocal i ze pr e- mRNA and

Fi gur e 7. Di st r i but i on of pol y( A) RNA and snRNP ant i gens i n mi t ot i c and post mi t ot i c HDFs . I n t he vast maj or i t y of i nt er phase nucl ei ,
t he di st r i but i ons of pol y( A) RNA and snRNP wer e vi r t ual l y i dent i cal and al ways si mi l ar t o t he exampl e shown i n Fi g. 3, C and D. I n
exper i ment s st ai ned si mul t aneousl y f or DNA, pol y( A) RNA, and snRNPs- mi t ot i c and ear l y G, cel l s wer e r eadi l y i dent i f i ed based on
t hei r di st i nct mor phol ogy, DNA condensat i on, and di st r i but i on of pol y( A) RNA and snRNPs . For exampl e, whi l e al l ot her i nt er phase
cel l s had no det ect abl e cyt opl asmi c snRNPs, di st i nct pai r s of pr esumabl y ear l y G, daught er cel l s had hi gh l evel s of cyt opl asmi c snRNP
si gnal , al ong wi t h condensed nucl ear DNAand l i t t l e or no nucl ear pol y( A) RNA si gnal . Pol y( A) RNA ( l ef t ) and snRNP ( r i ght ) ar e shown
f or cel l s at met aphase ( A) , t el ophase ( B) , ver y ear l y G, ( C) , and ear l y G, ( D) . Ar r ows i n Di ndi cat e newl y f or med t r anscr i pt domai ns
and cor r espondi ng r egi ons of snRNP cl ust er i ng. DAPI st ai ni ng of DNA ( bl ue) i s shown i n A and B. DAPI was not phot ogr aphed i n C
and D t o demonst r at e mor e cl ear l y t he di st r i but i on of pol y( A) RNA and snRNPs i n t he nucl eus .
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snRNP ant i gens t o 10- 20 wi del y di st r i but ed domai ns of r el -
at i vel y equal i nt ensi t y, or wi t h t he obser vat i on t hat t he snRNA
cap st r uct ur es l ocal i ze t o snRNP ant i gen cl ust er s ( Reut er et
al . , 1984) . The pot ent i al f or t hese ar eas i n RNA pr ocessi ng
i s al so suppor t ed by r ecent st udi es showi ng t hat mi cr oi n-
j ect ed ß- gl obi n pr e- mRNA co- l ocal i zes wi t h snRNP cl ust er s
( Wang et al . , 1991) .

Our wor k al so suppor t s t he val i di t y of cl ust er ed snRNP
pat t er ns by def i ni ng a physi cal compar t ment i n t he nucl eus
whi ch was obser ved usi ng t hr ee separ at e appr oaches : ( a) i n
si t u hybr i di zat i on t o pol y( A) RNA; ( b) i mmunof l uor escence
t o snRNP par t i cl es ; and ( c) vi sual i zat i on of t ot al DNA wi t h
f l uor escent dyes . Thi s, al ong wi t h t he f act t hat t hese r egi ons
wer e appar ent i n unf i xed cel l s st ai ned f or DNA, gr eat l y i n-
cr eases t he conf i dence wi t h whi ch i t can be concl uded t hat
t hese ar e genui ne st r uct ur al and f unct i onal nucl ear compar t -
ment s . Our dat a ar e consi st ent wi t h numer ous EMst udi es
i ndi cat i ng i nt er i or nucl ear r egi ons of l ow DNA densi t y
( r evi ewed i n Fakan, 1978 ; Fakan and Puvi on, 1980 ; Fawcet t ,
1981) i n whi ch snRNP ant i bodi es l ocal i ze ( Fakan et al . ,
1984) , but do not necessar i l y suppor t t he concl usi on t hat

t hese r egi ons cont ai n no DNA( Spect or , 1990) . I t i s ext r emel y
di f f i cul t t o di st i ngui sh bet ween t he pr esence of no DNAand
l i t t l e DNA i n t hese r egi ons usi ng EMor by advanced f l uo-
r escence i magi ng usi ng DNA- speci f i c dyes ( Car t er et al . ,
manuscr i pt i n pr epar at i on) , hence a concl usi ve answer t o
t hi s quest i on awai t s mor e ext ensi ve anal yses .

Does 7i r anscr i pt i on Occur i n These Regi ons?

Ther e ar e at l east t hr ee r easonabl e model s t hat woul d expl ai n
why t he vast maj or i t y of nucl ear pol y( A) RNA r esi des i n
t hese def i ned t r anscr i pt domai ns . Fi r st , t hi s RNA mi ght be
t r anscr i bed el sewher e and be t r anspor t ed t o t hese r egi ons t o
be pol yadenyl at ed and spl i ced . Si mi l ar l y, t hi s RNAmi ght be
bot h t r anscr i bed and pol yadenyl at ed el sewher e and t hen
t r anspor t ed t o t hese si t es f or f ur t her pr ocessi ng whi ch woul d
be r at e l i mi t i ng . Al t er nat i vel y, t r anscr i pt i on, pol yadenyl a-
t i on, and spl i ci ng may al l occur wi t hi n t r anscr i pt domai ns,
i n whi ch case any one of t hese pr ocesses coul d be r at e l i mi t -
i ng and cause a bui l d- up of t r anscr i pt s .

Sever al l i nes of evi dence pr esent ed her e ar e consi st ent
wi t h t he possi bi l i t y t hat pol y( A) RNA r egi ons ar e t r anscr i p-
t i on si t es. These i ncl ude : ( a) The di st r i but i on of pol y( A)
RNA i s not r andomwi t h r espect t o t ot al DNA; ( b) t hese di s-
cr et e r egi ons cont ai n ver y l i t t l e DNA, whi ch one mi ght ex-
pect i n ar eas of act i ve t r anscr i pt i on si nce much evi dence
i ndi cat es t hat act i ve chr omat i n i s decondensed ( Wei sbr od,
1982 ; Lewi n, 1990) ; ( c) cent r omer i c and l at e r epl i cat i ng
DNA, whi ch ar e t r anscr i pt i onal l y i nact i ve, ar e compl et el y
excl uded f r omt hese r egi ons ; and ( d) ear l y- r epl i cat i ng DNA,
whi ch cont ai ns most act i ve genes, was not pr ef er ent i al l y
excl uded and seemed t o par t i al l y over l ap pol y( A) RNA r e-
gi ons . I t i s t empt i ng t o vi sual i ze t hese r egi ons as f i l l ed wi t h
l oops of decondensed t r anscr i pt i onal l y act i ve DNA anal o-
gous t o st r uct ur es seen on amphi bi an oocyt e l ampbr ush and
dr osophi l a pol yt ene chr omosomes . However , pol y( A) t r an-
scr i pt domai ns woul d r ef l ect a si gni f i cant l y di f f er ent l evel of
or gani zat i onal compl exi t y ; wi t h each pol y( A) RNA domai n
r ef l ect i ng t r anscr i pt i onal act i vi t y f r om hundr eds or t hou-
sands of i ndi vi dual genes on di f f er ent chr omosomes r at her
t han t he act i vi t y of a si ngl e at ypi cal l y l ar ge or ampl i f i ed t r an-
scr i pt i on uni t . However , shor t of l ocal i zi ng speci f i c act i ve
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genes di r ect l y wi t hi n t hese r egi ons, i t cannot be r ul ed out
t hat t her e i s nonspeci f i c excl usi on of DNA i n t hi s r egi on i m-
posed by t he concent r at i on of t r anscr i pt s and spl i ci ng ma-
chi ner y .

The f act t hat snRNP ant i gens ar e l ocat ed wi t hi n t r anscr i pt
domai ns may pr ovi de i ndi r ect evi dence t hat pol I I t r anscr i p-
t i on occur s at t hese si t es : Tr anscr i pt i on by pol I I i s necessar y
f or pol yadenyl at i on and spl i ci ng i n vi vo ( Smal e and Tj i an,
1985 ; Lopat a et al . , 1986 ; Si sodi a et al . , 1987) and EM
st udi es have shown RNP par t i cl es and appar ent spl i ci ng on
nascent pol I I t r anscr i pt s ( Beyer et al . , 1981 ; Oshei r n et al . ,
1985 ; Beyer and Oshei m, 1988) and snRNP ant i gens wi t hi n
spr ead chr omat i n ( Fakan et al . , 1986) . Li kewi se, a f unc-
t i onal pol yadenyl at i on si gnal i s necessar y f or t he t er mi nat i on
of pol I I t r anscr i pt i on, i ndi cat i ng a t i ght l i nkage bet ween 3'
end pr ocessi ng and t r anscr i pt i on ( Fal k- Peder son et al . ,
1985 ; Whi t el aw and Pr oudf oot , 1986 ; Logan et al . , 1987;
Connel l y and Manl y, 1988) , and at l east t wo st udi es i ndi cat e
t hat non- t r anscr i bed pr omot er r egi on sequences can af f ect
mRNA pr ocessi ng and t r anspor t ( de l a Pena and Zasl of f ,
1987 ; Neuber ger and Wi l l i ams, 1988) . However , because
bot h pol yadenyl at i on and spl i ci ng occur on pr e- mRNAs
added exogenousl y t o nucl ear ext r act s, and cer t ai n f ul l -
l engt h pr i mar y t r anscr i pt s ar e seen by Nor t her n anal ysi s, t he
possi bi l i t y r emai ns t hat t he pr ogr essi on f r omt r anscr i pt i on t o
pol yadenyl at i on and spl i ci ng t akes pl ace i n a l i nked manner
but t hat t he physi cal compar t ment al i zat i on, i n some cases,
may be separ at e .

Fur t her I mpl i cat i ons f or Nucl ear St r uct ur e
and Funct i on

I f t r anscr i pt domai ns do r epr esent t r anscr i pt i on si t es, t hi s
woul d i ndi cat e t hat act i ve chr omat i n i s di st r i but ed i n cl ust er s
t hr oughout t he i nt er i or por t i on of t he nucl eus . Di r ect and
concl usi ve evi dence f or t he gener al l ocat i on of act i ve genes
at i nt er phase i s l acki ng . Sever al l abor at or i es usi ng EMaut o-
r adi ogr aphy have obser ved nascent RNA at si t es t hr oughout
t he nucl ear i nt er i or , i n some cases pr oxi mal t o st r uct ur es of
unknown f unct i on seen i n EM mi cr ogr aphs ( r evi ewed i n
Fakan and Puvi on, 1980) . I n cont r ast , ot her s have shown
DNase I - sensi t i ve DNA, pr esumed t o r epr esent t r anscr i p-
t i onal l y act i ve chr omat i n, pr i mar i l y near t he nucl ear enve-
l ope i n some cel l t ypes ( Hut chi nson and Wei nt r aub, 1985 ;
Kr yost ek and Puck, 1990) . However , many st udi es i ndi cat e
t hat t he bul k of DNA, i ncl udi ng cent r omer es and t he i nact i ve
Xchr omosome, occur s i n het er ochr omat i c r egi ons at t he nu-
cl ear per i pher y ( Fawcet t , 1981 ; For d, 1973) . I n t hi s cont ext
an ear l i er st udy not ed t hat pol y( A) RNA was di st r i but ed
t hr oughout t he nucl eus and not j ust at t he per i pher y, al -
t hough subnucl ear det ai l s wer e not i nvest i gat ed ( Bauman et
al . , 1990) .

Consi st ent wi t h a mor e i nt er i or posi t i oni ng of act i ve chr o-
mat i n, our pr evi ous wor k di r ect l y l ocal i zed t he Epst ei n- Bar r
Vi r us genome t o t he i nner 50% of t he nucl ear vol ume i n
l ymphoma cel l s wher e i t i s abundant l y t r anscr i bed ( Law-
r ence et al . , 1988, 1989) . Si mi l ar posi t i oni ng was seen f or
t he Human I mmunodef i ci ency Vi r us ( HI V) genome i n pr o-
duct i vel y i nf ect ed cel l s ( Lawr ence et al . , 1990) and pr el i mi -
nar y st udi es suggest an i nt er i or posi t i on f or some endoge-
nous act i ve pol I I genes ( Xi ng, Johnson, and Lawr ence,
manuscr i pt i n pr epar at i on) . Tr acks of EBV nucl ear RNAex-
t end f r omt he i nt er nal l y l ocal i zed gene i nt o t he out er 50%
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of nucl ear vol ume, of t en appear i ng t o cont act t he edge of t he
nucl eus ( Lawr ence et al . , 1989) and ar e compl et el y pr e-
ser ved bot h spat i al l y and quant i t at i vel y dur i ng nucl ear ma-
t r i x pr epar at i ons ( Xi ng and Lawr ence, 1991) . Thus, whi l e
i nt er nal l ocal i zat i on of pol y( A) RNA i n t r anscr i pt domai ns
i s di f f i cul t t o r econci l e wi t h of t en ci t ed vi ews of nucl ear or ga-
ni zat i on whi ch pr opose l ocal i zat i on of act i ve chr omat i n at
t he nucl ear per i pher y, our dat a ar e not necessar i l y i nconsi s-
t ent wi t h pr oposal s t hat t he nucl ear l ami na or por es mi ght
f unct i on i n nucl ear or gani zat i on ( f or exampl e, Bl obel , 1985) .
The pot ent i al compar t ment al i zat i on of var i ous f unct i ons
seen her e and i n pr evi ous wor k f r omour l ab and ot her s' con-
cer ni ng t he associ at i on of RNA ( Xi ng and Lawr ence, 1990 ;
r evi ewed i n Fey et al . , 1991) and r epl i cat i ng DNA ( Nakayasu
and Ber ezney, 1989 ; r evi ewed i n Nel son et al . , 1986) wi t h
t he nucl ear mat r i x make i t r easonabl e t o suggest t hat t he nu-
cl ear mat r i x may pl ay a r ol e i n t hi s physi cal par t i t i oni ng of
var i ous nucl ear f unct i ons .

The obser vat i on t hat pol y( A) RNA i s of t en pr ef er ent i al l y
concent r at ed ar ound t he nucl eol us r ai ses quest i ons as t o
whet her t hi s st r uct ur e or t he r egi on i mmedi at el y sur r ound-
i ng i t pl ays a r ol e i n mRNA t r anspor t and/ or pr ocessi ng. I n-
t er est i ngl y t he HI V r ev pr ot ei n, a pr edomi nant l y nucl eol ar
pr ot ei n, i s i nvol ved i n t r anspor t of HI V mRNAs f r omt he nu-
cl eus ( Cul l en et al . , 1988 ; Cochr ane et al . , 1989 ; Lawr ence
et al . , 1991) . I t i s possi bl e t her ef or e t hat a di r ect associ at i on
exi st s bet ween mRNA t r anspor t and nucl eol ar f unct i on . For
exampl e, i t i s concei vabl e t hat r i bosomal subuni t s or ot her
nucl eol ar const i t uent s ar e physi cal l y associ at ed wi t h mRNAs
dur i ng t r anspor t .

I n concl usi on, we have pr ovi ded evi dence f or f unct i onal l y
si gni f i cant physi cal par t i t i oni ng of RNA and DNA wi t hi n t he
nucl eus, and have descr i bed a compar t ment whi ch i s l i kel y
t o pl ay a maj or r ol e i n pr e- mRNA pr ocessi ng and, possi bl y,
t r anscr i pt i on . Fur t her mor e, t he r el at i ve ease wi t h whi ch t hi s
maj or i nt r a- nucl ear compar t ment can be vi sual i zed by any
of t he t echni ques used, wi l l pr ovi de a l andmar k f or st udyi ng
t he pr eci se r el at i ve pl acement of ot her i mpor t ant nucl ear
const i t uent s such as act i ve genes .
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