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    Introduction 
 MicroRNAs (miRNAs) are a class of noncoding RNAs that play 

critical roles in regulating gene expression at the posttranscrip-

tional level. Mature miRNAs of  � 22 nt act by base pairing with 

the 3 �  untranslated region of target mRNAs, resulting in degra-

dation or translational control of the mRNA targeted ( Pillai 

et al., 2007 ;  Vasudevan et al., 2007 ). Many cellular functions 

are regulated by miRNAs, and aberrant miRNA expression has 

been linked to disease (for reviews see  Calin and Croce, 2006 ; 

 Kloosterman and Plasterk, 2006 ). 

 MiRNAs are initially embedded in long primary miRNAs 

(pri-miRNAs), usually transcribed by RNA polymerase II ( Cai 

et al., 2004 ;  Lee et al., 2004 ). The pri-miRNA is recognized by a 

protein complex termed the Microprocessor ( Denli et al., 2004 ; 

 Gregory et al., 2004 ), which minimally contains the RNase III –

 like enzyme Drosha and the double-stranded RNA – binding protein 

DGCR8. Drosha cleavage releases an intermediate hairpin precur-

sor miRNA (pre-miRNA), which is transported to the cytoplasm 

by exportin-5 and further processed by another RNase III – like en-

zyme, Dicer, to the mature miRNA (for review see  Kim, 2005 ). 

 Pri-miRNA processing is a regulated event. Early in develop-

ment, as well as in several tumor types, multiple pri-miRNA 

transcripts are expressed, but many are not processed to precur-

sor or mature miRNAs ( Thomson et al., 2006 ;  Kluiver et al., 

2007 ); the molecular mechanisms underlying this regulation re-

main unclear. Here, we have examined the processing and local-

ization of pri-miRNAs in human cells. Our results suggest that 

pri-miRNAs undergo initial processing at the site of transcription. 

Exogenous pri-miRNAs that escape processing at transcription 

sites appear immune to cleavage by Drosha and accumulate 

in SC35-containing foci, as do some endogenous pri-miRNAs. 

Our results provide insights into the regulation of miRNA ex-

pression at the level of cleavage by Drosha. 

 Results 
 Pri-miRNAs containing a stabilizing viral 
RNA element do not undergo 
effi cient processing 
 Because most endogenous pri-miRNAs are expressed at low lev-

els, we began by studying the processing of ectopically expressed 
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fuse nucleoplasmic distribution ( Fig. 1 E , b and e). Pri-miRNAs 

containing the ENE in the reverse orientation also localized to 

nuclear foci ( Fig. 1 E , c and f). Identifi cation of these dots as 

SC35-containing foci will be described (see  Fig. 6 ). 

 Pri-miRNAs lacking a CPA signal are 
processed with increased effi ciency and do 
not localize to nuclear foci 
 To explore the signifi cance of localization of transfected pri-

miRNAs to nuclear foci, we asked whether these foci might 

represent novel sites of transcription created upon transfection. 

We therefore checked the localization of DNA plasmids carry-

ing pri-let-7 and pri-lin-4, but they appeared much more diffuse 

in the nucleoplasm than the focal pattern of the RNA transcripts 

(Fig. S1, available at http://www.jcb.org/cgi/content/full/jcb

.20080311/DC1). 

 We then reasoned that if pri-miRNA – containing foci rep-

resented sites of pri-miRNA synthesis, their signal should be 

enhanced by retaining transfected pri-miRNAs at the site of 

transcription. We deleted the AAUAAA CPA signal from the 

BGH sequence that resides downstream of the pri-miRNA insert 

( Fig. 2 A ) because this should prevent recruitment of the CPA 

machinery and impair release of the nascent transcript from the 

transcription site ( Custodio et al., 1999 ; for reviews see  Zhao et al., 

1999 ;  Edmonds, 2002 ). Pri-let-7 � pA and pri-lin-4 � pA ( Fig. 2 A ) 

were transfected into HeLa cells, and ISH was performed. 

 Consistent with the localization of plasmid DNA (Fig. S1), 

 Fig. 2 B  shows that pri-let-7 � pA and pri-lin-4 � pA transcripts 

did not exhibit the punctate pattern of cleaved and polyadenyl-

ated pri-let-7 and pri-lin-4 ( Fig. 2 B , a and d) but showed more 

diffuse nuclear localization ( Fig. 2 B , b and e). Northern blot 

analysis confi rmed that cleavage was defective for the  � pA pri-

mary transcripts; pri-let-7 � pA and pri-lin-4 � pA migrated more 

slowly than transcripts expressed from plasmids containing the 

CPA signal ( Fig. 2 C , compare lanes 2 and 3 and lanes 6 and 7). 

Together, these data suggest that pri-miRNA – containing nu-

clear foci are not sites of transcription but instead sites where 

pri-miRNAs that have been cleaved, polyadenylated, and re-

leased accumulate. 

 Most interestingly, Northern blot analysis of miRNA spe-

cies in cells expressing retained pri-let-7 � pA and pri-lin-4 � pA 

transcripts revealed approximately twofold higher levels of both 

the precursor and mature miRNA compared with levels in cells 

expressing the corresponding cleaved and polyadenylated pri-

miRNAs ( Fig. 2 C , lanes 2 and 3 and lanes 6 and 7; and quanti-

tation in  Fig. 2 E ). Deletion of the simian virus 40 (SV40) CPA 

signal downstream of the vector-encoded neomycin resistance 

gene (to create pri-let-7 � pAx2 and pri-lin-4 � pAx2;  Fig. 2 A ) 

generated even longer transcripts ( Fig. 2 C , lanes 4 and 8). 

Importantly, the processing effi ciency of pri-let-7 � pAx2 and 

pri-lin-4 � pAx2 transcripts increased further (three- to fourfold; 

 Fig. 2 C , lanes 4 and 8; and quantitation in  Fig. 2 E ). Pri-miRNAs 

with both CPA signals deleted again displayed diffuse nu-

clear localization ( Fig. 2 B , c and f), which supports the conclu-

sion that pri-miRNA – containing nuclear foci are not sites of 

transcription. Moreover, because pri-miRNAs with deleted CPA 

signals are processed with increased effi ciency but do not localize 

pri-miRNA constructs in human HeLa cells. Approximately 

150 nt of endogenous fl anking sequence on either side of the 

pre-miRNA hairpin for human pri-let-7a-1 (here referred to as 

pri-let-7) and  Caenorhabditis elegans  pri-lin-4 ( Fig. 1 A ) were 

inserted into a vector containing the cytomegalovirus (CMV) 

RNA polymerase II promoter and the bovine growth hormone 

(BGH) cleavage and polyadenylation (CPA) signal. After tran-

sient transfection, pri-let-7 was barely detectable by Northern 

blotting ( Fig. 1 B , lane 2), even though its level was increased 

by  � 10-fold over endogenous pri-let-7 ( Fig. 1 C , lanes 4 and 5). 

Similarly, transfected pri-lin-4 was detected only at low levels 

( Fig. 1 B , lane 6); no endogenous lin-4 is expressed in HeLa 

cells ( Fig. 1 B , lane 5). 

 To further enhance the levels of pri-miRNAs, we took ad-

vantage of a viral RNA element termed the ENE ( Conrad and 

Steitz, 2005 ). The ENE is a 79-nt region from a polyadenylated 

nuclear RNA that is expressed at high levels during lytic growth 

of Kaposi ’ s sarcoma – associated herpes virus ( Sun et al., 1996 ; 

 Song et al., 2001 ). The ENE increases the nuclear abundance of 

intronless, polyadenylated transcripts by inhibiting their entry 

into a rapid deadenylation-dependent decay pathway ( Conrad 

et al., 2006 ). 

  Fig. 1 B  shows that the fi ve copies of the 79-nt ENE in-

serted near the 3 �  end of the pri-miRNA construct (diagramed 

in  Fig. 1 A ) indeed dramatically increase the levels of pri-let-7 in 

transfected HeLa cells ( � 10-fold;  Fig. 1 B , lane 3) relative to a 

construct lacking the ENE or containing fi ve copies of the ENE 

in the reverse orientation ( Fig. 1 B , lanes 2 and 4). Similarly, the 

ENE increased levels of pri-lin-4  > 10-fold ( Fig. 1 B , compare 

lanes 6, 7, and 8). 

 Surprisingly, despite striking increases in pri-miRNA lev-

els, the amounts of precursor and mature miRNAs were not sig-

nifi cantly increased by the ENE. Mature let-7 remained relatively 

unchanged ( Fig. 1 B , lane 3), as did mature lin-4 ( Fig. 1 B , lane 7), 

when compared with levels in cells expressing pri-miRNAs lack-

ing the ENE or with the ENE in the reverse orientation ( Fig. 1 B , 

lanes 2, 4, 6, and 8). 

 A possible explanation for the ineffi cient processing of 

pri-miRNAs containing the ENE is that Microprocessor recog-

nition is blocked. If true, the ENE would be predicted to inter-

fere with pri-miRNA processing in vitro as well. Therefore, in 

vitro reactions ( Lee et al., 2002 ) were performed.  Fig. 1 D  re-

veals that both pri-let-7 and pri-lin-4 containing the ENE are 

processed as effi ciently in vitro as pri-miRNAs lacking the ENE 

( Fig. 1 D , pri-let-7, lanes 1 – 3; and  Fig. 1 D , pri-lin-4, lanes 4 – 6). 

Thus, it is unlikely that the ENE blocks pri-miRNA recognition 

or processing by the Microprocessor. 

 Another explanation for the failure of ENE-containing pri-

miRNAs to be processed is that the ENE might localize pri-

 miRNAs to nuclear regions inaccessible to Drosha and DGCR8. 

We therefore investigated the localization of pri-miRNAs by per-

forming in situ hybridization (ISH) using probes diagramed in 

 Fig. 1 A . Unexpectedly, pri-let-7 or pri-lin-4 transcripts expressed 

from transfected plasmids concentrated in three to eight distinct 

foci per nucleus, with lower signal throughout the nucleoplasm 

( Fig. 1 E , a and d). In contrast, pri-let-7 and pri-lin-4 containing 

fi ve copies of the ENE in the forward orientation exhibited dif-
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miRNAs containing the ENE to be processed ineffi ciently, as is 

observed ( Fig. 1 B ). 

 To confi rm this interpretation, we examined the process-

ing of pri-miRNAs that contain the ENE but are also deleted for 

CPA signals ( Fig. 2 A , arrowheads indicate the position of fi ve 

copies of the ENE as diagramed in  Fig. 1 A ).  Fig. 2 D  shows 

that pri-lin-4ENE � pA is processed more effi ciently than pri-lin-

4ENE. Pri-lin-4ENE � pAx2 exhibits a further increase in 

processing effi ciency. Similar results were observed for pri-let-

7ENE � pA and pri-let-7ENE � pAx2 (quantitation in  Fig. 2 E ). 

Therefore, pri-miRNAs containing the ENE can be effi ciently 

processed if they lack a CPA signal. 

to nuclear foci, these foci are unlikely to be major sites of pri-

miRNA processing. 

 The signifi cant increase in processing effi ciency of pri-

miRNAs predicted to be retained at the site of transcription 

provides a possible explanation for why pri-miRNAs contain-

ing the ENE are not effi ciently processed ( Fig. 1 B ). Because 

the ENE counteracts decay dependent on the presence of a 

polyadenylate (polyA) tail ( Conrad et al., 2006 ), only those pri-

miRNA transcripts that have already been cleaved, polyadenyl-

ated, and released from the site of transcription are stabilized. 

Therefore, if pri-miRNA processing normally occurs on na-

scent pri-miRNAs before CPA, we would expect released pri-

 Figure 1.    Pri-miRNAs containing a stabilizing viral RNA element, the ENE, accumulate to high levels in the nucleus but are not effi ciently processed.  
(A) Schematic of pri-miRNA constructs. CMV and BGH pA denote the CMV promoter and BGH CPA signal. The pri-miRNA is shown in black, with the mature 
miRNA indicated in red. Red boxes show fi ve copies of the 79-nt ENE in either the forward or reverse complement (r) orientation. Blue lines below the pri-
miRNA sequence specify DIG-tailed oligonucleotide probes used for ISH. (B) Northern blot analysis of pri-miRNA processing. Constructs diagramed in A 
for pri-let-7 (lanes 1 – 4) or pri-lin-4 (lanes 5 – 8) were transfected into HeLa cells, and total RNA was analyzed by Northern blotting using either a denaturing 
formaldehyde-agarose gel to detect pri-miRNAs (top) or a 15% denaturing polyacrylamide gel to visualize the precursor and mature miRNAs (bottom). 
Pri-miRNA Northern blots were probed for 7SK as a loading control and for the neomycin resistance gene RNA (NeoR) as a transfection effi ciency control. 
Mature miRNA Northern blots were probed for U6 snRNA as a loading control. 18S denotes cross-hybridization with 18S ribosomal RNA. (C) RT-PCR of 
pri-let-7. RNA from cells transfected as in B was reverse transcribed followed by PCR with primers designed to amplify pri-let-7.  � -actin mRNA was amplifi ed for 
normalization. Lanes 1 – 3 show samples treated identically to those in lanes 4 – 6 but without addition of reverse transcriptase (RT). (D) In vitro processing re-
actions were performed according to  Lee et al. (2002)  on pri-let-7 (lanes 1 – 3) and pri-lin-4 (lanes 4 – 6) with or without the ENE. Lanes 7 – 12 show pri-miRNA 
substrates not incubated in cell extract. Bands marked with asterisks represent processing intermediates or nonspecifi c degradation products. DNA size 
markers are in lane 13. (E) Localization of pri-miRNAs in transfected HeLa cells was assessed by ISH using DIG-labeled probes (A, blue lines). Bar, 10  μ m.   
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 (supernatant) and chromatin-associated (pellet) fractions; RNA 

was isolated and then reverse transcribed using random primers. 

 Controls for effi cient fractionation were provided by ex-

amining endogenous  � -actin precursor mRNA (pre-mRNA) 

and fully spliced mRNA by PCR (primers indicated in  Fig. 3 A ). 

 Fig. 3 B  (middle) demonstrates that nascent, unspliced  � -actin 

pre-mRNA is found almost exclusively in the chromatin-

containing pellet, as is expected, because splicing occurs pre-

dominantly cotranscriptionally. In contrast,  � -actin – spliced mRNA 

is found primarily in the released, nucleoplasmic supernatant 

( Fig. 3 B , bottom). These results complement previous fi nd-

ings using similar fractionation procedures ( Mili et al., 2001 ; 

 Dye et al., 2006 ). 

 Pri-miRNAs lacking a CPA signal are 
retained at the site of transcription, 
whereas ENE-containing pri-miRNAs 
are released 
 Pri-miRNA transcripts lacking a functional CPA signal should 

remain tethered to the DNA template, whereas ENE-containing 

pri-miRNAs are predicted to be stabilized after release. To con-

fi rm these predictions, we fractionated nuclear RNAs using a 

procedure that separates nascent, chromatin-associated tran-

scripts from transcripts that have been released into the nucleo-

plasm ( Wuarin and Schibler, 1994 ;  Dye et al., 2006 ). Nuclear 

extracts from HeLa cells transfected with pri-miRNA constructs 

diagramed in  Fig. 2 A  were centrifuged to obtain released 

 Figure 2.    Pri-miRNAs lacking a CPA signal do not localize to nuclear foci and are processed with increased effi ciency.  (A) Pri-miRNA constructs are 
diagramed as in  Fig. 1 A ; arrowheads indicate the location of fi ve copies of the ENE in the forward or reverse complement (r) orientation. Deleted vector-
encoded CPA signals are indicated by  � AAUAAA. (B) ISH performed on cells transfected with constructs diagramed in A. Bar, 10  μ m. (C and D) Northern 
blot analysis of RNA from cells transfected as in B. Note that transfections in C (lanes 6 – 8) are repeated in D (lanes 2, 5, and 6) to allow comparison of 
miRNA levels. Cross-hybridization with 18S and 28S ribosomal RNA is indicated. RT, readthrough transcripts. (E) Comparison of mature miRNA levels 
produced from the constructs in A, quantifi ed from Northern blots similar to those shown in C and D. miRNA levels were normalized to U6 snRNA; levels 
of endogenous let-7 (top) or levels of lin-4 from pri-lin-4 transfections (bottom) were set to 1. Error bars indicate standard deviations (pri-let-7,  n  = 3; 
pri-lin-4,  n  = 5).   
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 The data in  Figs. 2 and 3  indicate that retention of ectopi-

cally expressed pri-miRNAs at the site of transcription correlates 

with increased processing effi ciency. Furthermore, pri-miRNAs 

containing the ENE are ineffi ciently processed not because the 

ENE intrinsically inhibits processing, but more likely because 

they are released from the DNA template. Moreover, it is un-

likely that the Microprocessor is saturated for processing by the 

high levels of ENE-containing pri-miRNAs because signifi cantly 

higher amounts of mature miRNA can be generated from pri-

miRNA transcripts when they are retained at sites of transcription. 

 Intronic miRNA levels are increased by 
retention at the site of transcription via 
fl anking exons or deletion of the CPA signal 
 The majority of miRNA sequences ( � 80%) reside within in-

tronic regions of mammalian transcription units ( Rodriguez 

et al., 2004 ;  Kim and Kim, 2007 ). We therefore investigated pro-

cessing of the intronic miR-26b, which is expressed at low levels 

in HeLa cells. We initially compared processing of two con-

structs: pri-miR-26bFE, which contains the miR-26b – harboring 

intron as well as the entirety of the two fl anking exons; and pri-

miR-26b, which contains only the intronic sequence ( Fig. 4 A ). 

Northern blot analysis demonstrated that pri-miR-26b is poorly 

 The distributions of pri-miRNA transcripts generated from 

each construct were then analyzed by PCR using primers spe-

cifi c for the pri-miRNA sequence ( Fig. 3 A ).  Fig. 3 B  (top) 

shows that the majority of pri-let-7 transcripts containing the 

CPA signal are in the nucleoplasmic supernatant, which indi-

cates effi cient release ( Fig. 3 B , lanes 7 and 8). An even larger 

fraction of the highly abundant pri-let-7ENE transcripts is in the 

nucleoplasmic supernatant, which confi rms that the ENE causes 

accumulation after release from the DNA template ( Fig. 3 B , 

lanes 9 and 10). In contrast, pri-let-7 � pAx2 transcripts are more 

abundant in the chromatin-associated pellet, which demonstrates 

that pri-miRNAs lacking a CPA signal are indeed retained at sites 

of transcription ( Fig. 3 B , lanes 11 and 12). 

 Fractionation of nuclei from cells expressing pri-lin-4 con-

structs likewise demonstrated that accumulated pri-lin-4ENE 

transcripts are most abundant in the nucleoplasmic supernatant 

( Fig. 3 C , lanes 9 and 10), whereas pri-lin-4 � pAx2 transcripts 

remain in the chromatin-associated pellet ( Fig. 3 C , lanes 11 

and 12). Pri-lin-4 transcripts were more abundant in the chromatin-

associated fractions than the released fractions ( Fig. 3 C , lanes 

7 and 8), which may be caused by sequence or other variables 

and is consistent with the greater processing effi ciency of pri-lin-4 

relative to pri-let-7 ( Fig. 1 B ). 

 Figure 3.    Pri-miRNAs lacking a CPA signal are retained in 
chromatin, whereas ENE-containing pri-miRNAs are released.  
(A) Schematic of primers used for PCR in B and C. (B and C) Nuclear 
location of pri-miRNAs. Cells transfected with constructs dia-
gramed in  Fig. 2 A  for pri-let-7 (B) or pri-lin-4 (C) were fractionated 
into released, nucleoplasmic RNAs (supernatant [S]) and chromatin-
associated RNAs (pellet [P]). Fractionated RNA was reverse tran-
scribed and amplifi ed by PCR.  � -actin pre-mRNA and spliced 
mRNA were amplifi ed as controls for fractionation effi ciency.   
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explain increased precursor and mature miRNA levels (middle) 

because addition of the ENE yields abundant pri-miR-26bENE 

but not more precursor or mature miR-26b ( Fig. 4 B , lane 5). 

 Analysis of intronic miRNA biogenesis has demonstrated 

that pre-mRNA splicing is not required for pri-miRNA processing 

( Kim and Kim, 2007 ). However, splicing of fl anking exons may 

be rate-limiting for the release of nascent transcripts ( Custodio 

et al., 1999 ) and may thereby increase the time pri-miRNAs spend 

at transcription sites. To test this hypothesis, we transfected cells 

with constructs diagramed in  Fig. 4 A  and fractionated nuclei into 

expressed ( Fig. 4 B , lane 3), whereas the presence of fl anking 

exons increased the levels of pri-miRNA ( Fig. 4 B , lane 2). 

 Deletion of the BGH CPA signal to create transcription site – 

retained pri-miR-26b � pA (diagramed in  Fig. 4 A ) also increased 

pri-miRNA expression levels ( Fig. 4 B , lane 4). Importantly, 

pri-miRNAs containing fl anking exons or with a deleted CPA 

signal yielded increased levels of precursor and mature miRNA 

(three- to fourfold;  Fig. 4 B , lanes 2 and 4; and quantitation shown 

on  Fig. 4 B , bottom). The higher levels of pri-miR-26bFE and 

pri-miR-26b � pA transcripts detected in  Fig. 4 B  (top) cannot alone 

 Figure 4.    Flanking exons or deletion of the CPA signal results in increased levels of an intronic pri-miRNA.  (A) Schematic of pri-miR-26b constructs. Flank-
ing exons (E) are represented as blue rectangles. Probes used for ISH are shown as blue lines under pri-miR-26bFE. (B, top and middle) Northern blotting 
was performed on cells transfected with constructs in A as described in  Fig 1 . RT, readthrough transcripts. (B, bottom) Mature miRNA levels were quantitated 
and normalized to the U6 snRNA, and the amount of miR-26b produced from pri-miR-26b was set to 1. Error bars represent standard deviations ( n  = 4). 
(C) Nuclear fractionation of released and chromatin-associated transcripts. Cells transfected as in B were fractionated as described in  Fig 3 . P, pellet; 
S, supernatant. (D) ISH of pri-miR-26b transcripts in cells transfected as in B using DIG-labeled probes ( Fig. 4 A , blue lines). Nuclei were stained with DAPI 
and merged images are shown in panels e – h. Bar, 10  μ m.   

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/182/1/61/1894889/jcb_200803111.pdf by guest on 02 D

ecem
ber 2025



67ENHANCED MICRORNA PROCESSING AT TRANSCRIPTION SITES  • Pawlicki and Steitz 

transcripts produced from the Cp or Wp promoters of EBV (dia-

gramed in  Fig. 5 A ;  Cai et al., 2006 ;  Xing and Kieff, 2007 ). Two of 

these viral miRNAs are also present in the 3 �  untranslated region of 

the overlapping BHRF1-1 transcript, which is expressed only upon 

induction of viral replication. When EBV replication was induced 

in Raji B cells and B95-8 cells, increased expression of two 

BHRF1 mRNA/pri-miRNA transcripts ( � 1.3 and 1.4 kb;  Fig. 5 E , 

top) was observed; however, levels of precursor and mature BHRF1 

miRNAs did not increase, which is consistent with previous 

results ( Fig. 5 E , bottom;  Xing and Kieff, 2007 ). Nuclear fraction-

ation of Raji cells before induction of viral replication showed 

that the majority of pri-miR-BHRF1-2 � 3 was in the chromatin-

associated pellet ( Fig. 5 F , lane 4), which is consistent with its 

effi cient processing ( Fig. 5 E , lane 1). After induction of viral repli-

cation, although the total level of pri-miR-BHRF1-2 � 3 increased 

( Fig. 5 F , compare lanes 1 and 2), the amount of pri-miR-BHRF1-

2 � 3 in the chromatin-associated pellet decreased ( Fig. 5 F , lane 6), 

which is consistent with the observed decrease in precursor and 

mature BHRF1 miRNAs. The accumulated BHRF1 mRNA/pri-

miRNA transcripts were not present in the nucleoplasmic super-

natant but rather were detected abundantly in the cytoplasmic 

fraction (unpublished data), which is consistent with their trans-

lation into the BHRF1 protein under these conditions. 

 The data in  Fig. 5  demonstrate that effi ciently processed 

endogenous pri-miRNAs are found most abundantly in chromatin-

associated nuclear fractions, whereas poorly processed pri-

miRNAs are more abundant in released fractions. Thus, as for 

transfected pri-miRNAs, association with the DNA template is 

correlated with effi cient processing of endogenous pri-miRNAs. 

 Cleaved and polyadenylated pri-miRNAs 
localize to nuclear foci containing 
the splicing factor SC35 and 
Microprocessor components 
 The data presented in  Figs. 2 and 4  suggest that pri-miRNA –

 containing nuclear foci in transfected cells are not sites of tran-

scription or major sites of pri-miRNA processing. To explore 

the functional signifi cance of pri-miRNA localization to these 

foci, we asked what proteins colocalize. Because unspliced pre-

mRNAs have been shown to accumulate in nuclear foci that 

contain splicing factor SC35 ( Huang and Spector, 1996 ), HeLa 

cells were transfected with pri-miRNA constructs and subjected 

to ISH followed by indirect immunofl uorescence (IF) with anti-

SC35 antibodies. Indeed, SC35 colocalized in nuclear foci with 

pri-let-7 ( Fig. 6 A , a – c), pri-lin-4 (unpublished data), and pri-

miR-26b transcripts with or without fl anking exons (Fig. S2). 

In contrast, neither the Cajal body marker protein coilin, nor 

the Cajal and Gem marker protein SMN colocalized with pri-

miRNAs (unpublished data). Pri-miRNAs containing the ENE 

did not colocalize with SC35 ( Fig. 6 A , d – f) even after trans-

fection of 10-fold less pri-miRNA-ENE plasmid resulting in 

levels of pri-miRNA comparable to those of pri-miRNAs without 

the ENE (Fig. S3, available at http://www.jcb.org/cgi/content/

full/jcb.20080311/DC1). 

 We investigated the localization of the Microprocessor 

components Drosha and DGCR8 in cells overexpressing pri-

miRNA transcripts as well. In untransfected HeLa cells, both 

nucleoplasmic and chromatin-associated RNAs. The majority of 

pri-miR-26b � pA transcripts were localized in the chromatin-

associated pellet ( Fig. 4 C , lanes 12 and 13), whereas most pri-

miR-26bENE transcripts were released into the nucleoplasmic 

supernatant ( Fig. 4 C , lanes 14 and 15). Importantly, pri-miR-

26bFE transcripts were enriched in the chromatin-associated pel-

let ( Fig. 4 C , lanes 8 and 9). These data support the idea that 

fl anking exons may facilitate processing by increasing the time 

pri-miRNAs spend tethered to the DNA template relative to ENE-

containing pri-miRNAs (see Discussion). 

 ISH of pri-miR-26b transcripts revealed that they localize 

to nuclear foci ( Fig. 4 D , b; and Fig. S2, available at http://

www.jcb.org/cgi/content/full/jcb.20080311/DC1), whereas pri-

miR-26bENE ( Fig. 4 D , d) and pri-miR-26b � pA ( Fig. 4 D , c) 

show nucleoplasmic localization. Pri-miR-26bFE transcripts 

were found in nuclear foci and in the cytoplasm ( Fig. 4 D , a; 

and Fig. S2); however, the nucleoplasmic signal for these 

transcripts was enhanced over that of pri-miR-26b, which is 

consistent with the idea that pri-miR-26bFE is retained longer 

at transcription sites. 

 Effi ciently processed endogenous 
pri-miRNAs are enriched in chromatin-
associated nuclear fractions 
 Our observation that exogenous pri-miRNAs are processed with 

enhanced effi ciency when retained at transcription sites suggests 

that pri-miRNA processing may normally occur cotranscription-

ally. We therefore asked whether endogenous pri-miRNAs are 

also tethered to chromatin. HeLa cells or U2OS cells were frac-

tionated into chromatin-associated and nucleoplasmic RNAs 

( Wuarin and Schibler, 1994 ;  Dye et al., 2006 ), and several well-

expressed endogenous pri-miRNAs (diagramed in  Fig. 5 A ) were 

amplifi ed by RT-PCR.  Fig. 5 B  shows that the endogenous 

pri-miRNAs investigated are indeed enriched in the chromatin-

associated pellet ( Fig. 5 B ; lanes 2 and 4) as compared with the 

nucleoplasmic supernatant ( Fig. 5 B , lanes 1 and 3) in both cell 

types, which suggests that they undergo processing before release 

from the DNA template. 

 Further evidence for enhanced processing of endogenous 

pri-miRNAs at the site of transcription was provided by analy-

sis of a pri-miRNA that can be induced to signifi cantly higher 

expression levels. Pri-miR-34a is a transcriptional target of p53 

(for review see  He et al., 2007 ); UV irradiation of HeLa cells in-

duces expression of both primary and mature miR-34a ( Fig. 5 C ). 

Nuclear fractionation revealed that in UV-irradiated cells, the 

majority of induced pri-miR-34a transcripts are in the chromatin-

associated pellet ( Fig. 5 D , lane 6), which mirrors the  � -actin 

pre-mRNA control. Therefore, increased production of miR-34a 

after p53 induction correlates with increased levels of pri-miR-34a 

associated with chromatin, whereas very little is released into the 

nucleoplasm ( Fig. 5 D ; lane 5). Similar results were observed 

for pri-miR-34b � 34c, which is also a transcriptional target of 

p53 ( Fig. 5 D ; for review see  He et al., 2007 ). 

 Finally, we investigated the association with chromatin of a 

viral pri-miRNA encoded by latent Epstein Barr virus (EBV) upon 

induction to high levels. EBV miRNAs miR-BHRF1-1, -2, and -3, 

are encoded within introns of the EBV nuclear antigen (EBNA) 
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 Overexpressed pri-miRNAs transcribed 
by RNA polymerase III do not localize 
in SC35 foci 
 Further confi rmation of our conclusion that SC35-containing 

foci are not sites of transcription or major sites of processing of 

the transfected pri-miRNAs came from comparison of the local-

ization of a pri-miRNA transcribed by RNA polymerase III with 

that of pri-miRNAs transcribed by RNA polymerase II. If the 

foci contained aggregates of plasmid DNA or were sites of pro-

cessing, pri-miRNAs would be predicted to accumulate there 

independent of the promoter used. 

 We therefore removed the RNA polymerase II promoter 

and the CPA signal from the pri-lin-4 plasmid and replaced them 

with the RNA polymerase III U6 small nuclear RNA (snRNA) 

promoter and an RNA polymerase III termination signal ( Fig. 7 A ). 

ISH revealed that transcripts generated from U6-pri-lin-4 show a 

nucleoplasmic localization pattern with far fewer areas of intense 

staining ( Fig. 7 B , b) than the RNA polymerase II – transcribed 

CMV-pri-lin-4 ( Fig. 7 B , a). 

 We also investigated the localization of an shRNA con-

struct (shRNA-mir;  Silva et al., 2005 ) commonly used for RNAi 

Drosha and DGCR8 exhibit diffuse nuclear staining ( Fig. 6 B , 

b and e; and  Fig. 6 C,  b; untransfected nuclei are indicated by 

arrowheads). However, in cells overexpressing pri-let-7, Drosha 

was recruited to pri-miRNA/SC35 – containing foci ( Fig. 6 B , 

a – c; and Fig. S2), as was DGCR8 ( Fig. 6 C ). Quantitative mea-

surements showed that  � 7.5 and  � 5.4% of Drosha and DGCR8, 

respectively, were recruited to foci in pri-miRNA – transfected 

cells. Expression of pri-miRNAs containing the ENE, however, 

did not alter the diffuse nucleoplasmic localization of Drosha 

( Fig. 6 B , d – f) or of DGCR8 (unpublished data). The relocaliza-

tion of Drosha and DGCR8 to SC35-containing foci is spe-

cific for pri-miRNA transcripts because overexpression of 

GFP-Pin1 cDNA (unpublished data) or  � -globin cDNA, does 

not result in relocalization of Drosha ( Fig. 6 D ) or of DGCR8 

(unpublished data). 

 These localization data suggest that pri-miRNAs that 

are not processed at transcription sites accumulate in SC35-

containing foci. One interpretation is that Drosha and DGCR8 

bind pri-miRNAs and are carried to SC35-containing foci; 

however, after release from the DNA template, their processing 

effi ciency may be reduced (see Discussion). 

 Figure 5.    Endogenous pri-miRNAs that are effi ciently processed are enriched in chromatin.  (A) Schematic of endogenous pri-miRNAs. Exons are represented 
as gray boxes; hairpins indicate miRNA locations. Arrowheads indicate the location of primers used for PCR in B, D, and F. Promoters for EBNA (Cp, Wp, and 
Qp) and BHRF1 (BHRF1p) transcripts are represented by arrows. Binding sites for p53 (p53 BS) are indicated. Schematics are not shown to scale. (B) Nuclear 
fractionation of endogenous pri-miRNAs. HeLa or U2OS cells were fractionated, RNA was reverse transcribed, and endogenous pri-miRNAs were amplifi ed 
by PCR using primers diagramed in A from the released, nucleoplasmic supernatant (S; lanes 1 and 3) and the chromatin-associated pellet (P; lanes 2 and 4). 
 � -globin pre-mRNA,  � -globin fully spliced mRNA, and TAFII30 fully spliced mRNA served as controls for fractionation effi ciency. (C) Northern blot analysis of 
primary and mature miR-34a expression in HeLa cells after UV irradiation. (D) Nuclear fractionation of HeLa cells 8 h after UV irradiation or mock treatment ( – ). 
(E) Northern blot analysis of pri-miR-BHRF1-2 � 3 after treatment of Raji or B95-8 cells with DMSO ( – ) or PMA and Ionomycin (P/I). (F) Nuclear fractionation 
of Raji cells after 24 h of DMSO ( – ) or P/I treatment. For all PCRs, the size of the amplifi ed fragment (in base pairs) is indicated at the right of the gel.   
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expressing CMV-pri-miR-30 ( Fig. 7 D , b). The observation that 

RNA polymerase III – transcribed pri-miRNAs do not localize to 

SC35-containing foci further confi rms the interpretation that 

these foci are not sites of plasmid aggregation and transcription 

or obligatory sites of pri-miRNA processing. 

 Endogenous pri-miRNAs exhibit various 
nuclear localization patterns correlated 
with abundance 
 Finally, to investigate whether the unexpected localization of 

transfected pri-miRNAs to SC35-containing foci is relevant to 

nontransfected cells, we investigated the localization of several 

that contains the fl anking sequence of miR-30 driven by the U6 

RNA polymerase III promoter, here termed U6-pri-miR-30. 

For comparison, we cloned the pri-miR-30 insert of this con-

struct into an RNA polymerase II – driven vector to generate CMV-

pri-miR-30. CMV-pri-miR-30 localized in distinct nuclear foci 

( Fig. 7 B , c), whereas U6-pri-miR-30 showed a diffuse nucleo-

plasmic localization ( Fig. 7 B , d). Despite their different local-

ization patterns, CMV-pri-miR-30 and U6-pri-miR-30 were 

processed to mature miRNAs with similar effi ciency ( Fig. 7 C ). 

Moreover, in cells expressing U6-pri-miR-30, Drosha showed a 

localization pattern that is diffuse throughout the nucleoplasm 

( Fig. 7 D , f) rather than relocalizing to nuclear foci as in cells 

 Figure 6.    Overexpressed pri-miRNAs accumulate 
in nuclear foci containing splicing factor SC35 and 
Microprocessor components.  (A) Pri-miRNA – containing 
nuclear foci colocalize with SC35. ISH was performed 
on transfected cells, followed by IF for SC35. (B and C) 
IF for Drosha (B) or DGCR8 (C) was performed on 
transfected cells, followed by ISH for the pri-miRNA. 
Arrowheads indicate untransfected cells. (D) IF for 
Drosha followed by ISH was performed on cells trans-
fected with a  � -globin cDNA construct. Bars, 10  μ m.   
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B95-8 cells, pri-miR-BHRF1-2 � 3 was observed diffusely 

in the nucleus as well as concentrated in several nuclear foci 

in  � 60% of cells; most of these pri-miRNA – containing foci 

showed partial overlap with SC35 ( Fig. 8 D , e – h). Consistently, 

EBNA transcripts have previously been found associated with 

SC35 domains in Raji and Namalwa cells ( Melcak et al., 2000 ). 

The observed foci did not colocalize with episomal viral DNA 

( Fig. 8 E ), which suggests that transcripts concentrated in 

SC35-containing foci are cleaved, polyadenylated, and released. 

Furthermore, because no increase in mature miR-BHRF1-2 or -3 

was observed after induction of viral replication ( Fig. 5 E , bot-

tom panels), pri-miR-BHRF1-2 � 3 transcripts that accumulate in 

or near SC35 foci are likely to represent unprocessed transcripts. 

 Pri-miR-155 and pri-miR-BHRF1-2 � 3 therefore repre-

sent physiological examples of cellular pri-miRNAs localizing 

in or near SC35 domains. However, unlike cleaved and poly-

adenylated transfected pri-miRNAs, endogenous pri-miRNAs 

expressed at low or moderate levels ( Fig. 8, A – C ) are predomi-

nantly localized at transcription sites or localized diffusely in 

the nucleoplasm. Furthermore, the colocalization of highly ex-

pressed endogenous pri-miR-155 and pri-miR-BHRF1-2 � 3 with 

SC35 was not as complete as that of transfected pri-miRNAs. 

endogenous pri-miRNAs ( Fig. 8 ). Endogenous pri-miRNAs ex-

pressed at low levels (not detectable by Northern blotting), in-

cluding pri-let-7a-1, pri-let-7g, and the pri-miR-17 � 92 cluster, 

could only be visualized by amplifying the ISH signal, and were 

found to localize in one or two foci per cell ( Fig. 8 A ), which 

likely represent sites of transcription. 

 We also determined the localization of two inducible pri-

miRNAs that are present at high cellular levels under specifi c 

conditions: (1) pri-miR-34a and (2) B cell integration cluster 

(BIC)/pri-miR-155. ISH of HeLa cells that were UV-irradiated 

to induce pri-miR-34a expression revealed diffuse nucleoplas-

mic localization ( Fig. 8 B , a – h). Similarly, the noncoding RNA 

BIC, which encodes miR-155, revealed diffuse nucleoplas-

mic localization in the majority of Raji cells ( Fig. 8 C , a – d). 

In B95-8 cells, BIC also localized diffusely throughout the 

nucleoplasm, and in  � 5% of cells, BIC was concentrated in 

several speckle-shaped foci, overlapping SC35 in some cases 

( Fig. 8 C , e – h; and  Fig. 8 C , g, arrow). 

 Finally, we localized EBV-encoded pri-miR-BHRF1-2 � 3 

(diagramed in  Fig. 5 A ). ISH of pri-miR-BHRF1-2 � 3 in Raji 

cells after induction of viral replication revealed a diffuse nu-

cleoplasmic and cytoplasmic signal ( Fig. 8 D , a – d). However, in 

 Figure 7.    Pri-miRNAs transcribed by RNA polymerase III do not localize to nuclear foci.  (A) miRNA constructs used for transfection. U6 denotes the RNA 
polymerase III promoter; the Pol III termination signal consisted of fi ve thymidylate residues (T). (B) ISH was performed as detailed in  Fig. 1 E  for pri-lin-4 
constructs (a and b) or pri-miR-30 constructs (c and d). (C) Northern blot analysis of mature miRNA species produced from transfections with decreasing 
amounts of CMV-pri-miR-30 (lanes 2 – 4) or U6-pri-miR-30 (lanes 6 – 8) constructs compared with empty vector ( � ; lanes 1 and 5). (D) Cells transfected as in B 
were fi xed, and IF was performed for Drosha followed by ISH as described in  Fig. 6 B . Nuclei were stained with DAPI. Bars, 10  μ m.   
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 Figure 8.    Localization of endogenous pri-miRNAs.  (A) Pri-miRNAs expressed at low levels were detected using amplifi cation and localize to one or two 
foci per cell. (B) Pri-miR-34a is not detected in untreated HeLa cells (a – d) but shows diffuse nucleoplasmic localization in HeLa cells after UV irradiation 
(e – h). Costaining for SC35 is shown in panels b and f. (C) BIC/pri-miR-155 localizes throughout the nucleoplasm in Raji (a – d) and B95-8 cells treated with 
PMA and ionomycin (P/I) for 24 h, as well as in nuclear foci in B95-8 cells (e – h), many of which overlap with SC35 (g, arrows). (D) Pri-miR-BHRF1-2 � 3 
shows diffuse nucleoplasmic and cytoplasmic distribution in Raji cells (a – d) but is concentrated in nuclear foci in B95-8 cells (e – h), some of which overlap 
with SC35 (g, arrows). (E) EBV BHRF1 DNA localizes diffusely in the nucleus and cytoplasm (due to viral release). Bars, 10  μ m.   
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most splicing factors also have a diffuse nucleoplasmic distribu-

tion ( Misteli and Spector, 1999 ). Our data argue that Drosha 

action should be added to the list of RNA processing steps that 

occur cotranscriptionally. 

  Kim and Kim (2007)  recently demonstrated that the Micro-

processor can excise intronic pre-miRNAs before the comple-

tion of splicing; however, the splicing of fl anking exons is not 

required for miRNA processing. Our fi nding that the presence 

of fl anking exons increases pri-miRNA processing effi ciency 

as compared with that of ENE-containing pri-miRNAs ( Fig. 4 ) 

is therefore best explained if increased retention time at transcrip-

tion sites required for spliceosome assembly and catalysis favors 

pri-miRNA processing. Further investigation will be necessary 

to elucidate the molecular mechanisms of cotranscriptional 

miRNA processing. 

 Unprocessed pri-miRNAs and 
Microprocessor components accumulate 
in SC35-containing foci 
 Our fi ndings raise the question of why high-level pri-miRNAs 

accumulate in SC35-containing foci. Interestingly, transiently 

expressed  � -globin cDNA transcripts, which undergo rapid de-

cay ( Conrad et al., 2006 ), can also be detected in nuclear foci 

( Fig. 6 D ). Similarly, intron-containing  �  - globin transcripts that 

contain splice-site mutations accumulate in SC35-containing 

nuclear foci (unpublished data), as do endogenous collagen 

1A1 transcripts with splice-site mutations ( Johnson et al., 2000 ). 

Together, these observations indicate that localization to SC35-

containing foci is a feature common to aberrant RNAs that have 

not been properly processed. In fact, SC35 domains contain 

a population of polyadenylated RNAs proposed to represent 

defective transcripts that should not be exported ( Lamond and 

Spector, 2003 ;  Hall et al., 2006 ). Thus, ineffi cient processing 

of overexpressed pri-miRNAs at transcription sites may lead to 

their accumulation in SC35 domains as a result of quality con-

trol mechanisms. 

 Relocalization of Drosha and DGCR8 to SC35-containing 

foci may consequently refl ect their binding to overexpressed 

pri-miRNAs. In vitro, DGCR8 specifi cally binds pri-miRNAs, 

whereas Drosha interacts only transiently ( Han et al., 2006 ). 

Perhaps, if a pri-miRNA is released from the site of transcrip-

tion before processing, Drosha activity, but not binding, is in-

hibited. Indeed, Drosha and DGCR8 have been previously 

reported to bind processing-defective pri-miRNAs with muta-

tions in the hairpin ( Duan et al., 2007 ;  Kim and Kim, 2007 ). 

In  Arabidopsis   thaliana , exogenously expressed proteins in-

volved in pri-miRNA processing, as well as an introduced pri-

miRNA, localize in discrete nuclear bodies ( Fang and Spector, 

2007 ;  Fujioka et al., 2007 ;  Song et al., 2007 ), but it remains un-

clear whether these are sites of processing or sites of storage of 

the miRNA-processing machinery. 

 Pri-miRNAs containing the ENE may fail to localize to 

SC35-containing nuclear foci ( Figs. 1  and S3) because of in-

accessibility of the polyA tail. The ENE increases the levels of 

nuclear RNAs by engaging the polyA tail ( Conrad et al., 2006 , 

 2007 ), which might prevent recognition by factors that normally 

recruit polyadenylated RNAs to SC35 domains. In support of this 

Therefore, high expression levels appear to result in association 

with SC35 domains but transfection may cause this colocalization 

to be more dramatic. For both transfected and endogenous pri-

miRNAs, the association with SC35-containing foci is not likely 

to be important for processing. 

 Discussion 
 We have presented evidence suggesting that pri-miRNA pro-

cessing is coordinated with transcription. Overexpressed, na-

scent pri-miRNA transcripts that remain tethered to the DNA 

template by deletion of the CPA signal are processed more effi -

ciently than pri-miRNAs that are cleaved, polyadenylated, and 

released ( Figs. 2 – 4 ). This explains why overexpressed pri-miRNAs 

containing the ENE accumulate to high levels in the nucleoplasm 

but do not generate higher levels of precursor and mature miRNAs 

( Figs. 1 and 4 ). Flanking exons, like deletion of the CPA signal, 

increase miRNA levels; increased residence time of such pri-

miRNAs at their sites of transcription as splicing occurs may 

underlie this observation ( Fig. 4 ). Endogenous pri-miRNAs that 

are effi ciently processed are enriched in chromatin-associated 

nuclear fractions, which suggests that their processing occurs 

while they are physically associated with the DNA template 

( Fig. 5 ). Overexpressed polyadenylated pri-miRNAs that escape 

processing at transcription sites unexpectedly accumulate in 

nuclear foci containing splicing factor SC35 along with Micro-

processor components ( Fig. 6 ); some highly expressed endog-

enous pri-miRNAs also accumulate in foci that partially overlap 

with SC35 ( Fig. 8 ). However, because pri-miRNAs retained at 

transcription sites do not localize to SC35-containing foci but 

are processed with increased effi ciency, these foci are unlikely 

to represent either sites of transcription or obligate sites of pro-

cessing ( Figs. 2 and 4 ). 

 Enhanced pri-miRNA processing at sites 
of transcription 
 Much evidence indicates that mRNA processing steps, including 

capping, splicing, and 3 � -end formation occur largely at the site 

of transcription ( Zhang, et al., 1994 ;  McCracken et al., 1997 ; 

 Roberts et al., 1998 ). Our observations that transfected pri-miRNAs 

retained at transcription sites are processed more effi ciently than 

released pri-miRNAs ( Figs. 2 – 4 ) extend a previous fi nding of 

increased levels of synthetic miRNA from the pri-miR-155 

backbone upon deletion of the CPA signal ( Chung et al., 2006 ). 

Furthermore, we observe that endogenous pri-miRNAs are most 

abundant in chromatin-associated nuclear fractions ( Fig. 5 ), 

which suggests that the majority of pri-miRNAs are processed 

before release from the DNA template. Our fi nding that highly 

abundant ENE-containing transcripts do not undergo effi cient 

processing even though they exhibit the same localization pattern 

as Microprocessor components ( Fig. 6 ) suggests that the mere 

existence of a pre-miRNA hairpin is not suffi cient for processing. 

Instead, recruitment of Drosha to nascent pri-miRNAs at the tran-

scription site may facilitate entry into the pri-miRNA processing 

pathway. Similarly, in cells expressing an RNA polymerase II 

large subunit lacking the carboxy terminal domain, unspliced 

pre-mRNAs accumulate in the nucleoplasm, despite the fact that 

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/182/1/61/1894889/jcb_200803111.pdf by guest on 02 D

ecem
ber 2025



73ENHANCED MICRORNA PROCESSING AT TRANSCRIPTION SITES  • Pawlicki and Steitz 

were digested with StuI and XhoI and blunted with T4 DNA polymerase 
before ligation (due to the presence of ApaI sites in the ENE constructs). 

 To generate the constructs pri-let-7 � pAx2, pri-lin-4 � pAx2, pri-let-
7ENE � pAx2, and pri-lin-4ENE � pAx2, the SV40 CPA signal was deleted 
from the corresponding pri-miRNA � pA plasmids by digesting each plas-
mid with BstBI and BsmI followed by blunt ending using T4 DNA polymer-
ase and ligation using T4 DNA ligase. The digestion removes a 239 – base 
pair region that includes both SV40 AAUAAA hexamers but leaves the 
GU-rich region downstream of the fi nal hexamer intact. 

 Pri-miR-26bFE was PCR amplifi ed from HeLa genomic DNA using 
primers Pri26bFEF and Pri26bFER. Pri-miR-26b was PCR amplifi ed from this 
plasmid using primers Pri26bIF and Pri26bIR. Five copies of the ENE were 
inserted into pri-miR-26b in the forward or reverse orientation by digestion 
of  �  � 1,2-79Fx5 or  �  � 1,2-79Rx5 ( Conrad and Steitz, 2005 ) with BglII, 
blunt ending with Klenow polymerase, and digestion with HindIII. The ENE 
digestion products were inserted into pri-miR-26b after digestion with XhoI, 
blunting using T4 DNA polymerase, and digestion with HindIII. Deletion of 
the BGH CPA signal was performed by digesting  �  � 1,2delAAUAAA with 
StuI and XhoI, blunting with T4 DNA polymerase, ligation into pri-miR-26b 
that had been digested with StuI and XhoI and blunted as well. 

 CMV-pri-miR-30 was derived from the construct pSM2- � GSTpi (here 
referred to as U6-pri-miR-30; a gift from S. Vasudevan, Yale University, 
New Haven, CT; Open Biosystems), which contains a U6 snRNA promoter 
and a pri-miR-30 insert that contains genomic fl anking sequences except in 
regions of the pre-miRNA hairpin, which were replaced with sequences 
designed to target the mRNA encoding GST-Pi. The pri-miR-30 region of 
PSM2- � GSTpi was released from the parent vector with SalI and MluI, 
blunt ended with T4 DNA polymerase, and ligated into the pcDNA3 vector 
digested with EcoRV to create the fi nal product CMV-pri-miR-30. Note that 
the mature miRNA sequence probed in  Fig. 7 C  corresponds to an artifi cial 
miRNA that is complementary to a region of the GST-Pi mRNA (see probe 
sequence in Table S1). 

 U6-pri-Lin-4 was generated by fi rst removing the CMV promoter 
from pri-Lin-4 by digestion with NruI and HindIII followed by blunt ending 
with T4 DNA polymerase and treatment with alkaline phosphatase. The U6 
promoter including the 27-nt leader sequence was digested out of the 
pSM2 vector using BamHI and SalI, blunt ended with T4 DNA polymerase, 
and inserted into the pri-Lin-4 vector in place of the CMV promoter. 
The AATAAA hexamer from the BGH CPA signal of U6-pri-Lin-4 was then 
mutated to TTTTTT using the QuikChange Site-Directed Mutagenesis kit. 

 Cell lines, transfection, and cell treatments 
 HeLa cells and U2OS cells were cultured in Dulbecco ’ s Modifi ed Eagle ’ s 
medium (Invitrogen) supplemented with 10% fetal bovine serum (BD Biosci-
ences), 2 mM  L- glutamine, and 1 ×  penicillin streptomycin solution (Sigma-
Aldrich) at 37 ° C in 5% carbon dioxide. Raji and B95-8 cells were cultured 
in RPMI supplemented as above. Transfections were performed with HeLa 
MONSTER TransIT Reagent (Mirus Bio Corporation) according to the man-
ufacturer ’ s instructions. Transfection effi ciencies were  � 50 – 60%, and only 
experiments in this range were analyzed. 

 To induce expression of pri-miR-34a, HeLa cells plated at  � 5  ×  
10 5  cells/ml in 10-cm plates or in 8-well chamber slides were washed once in 
PBS, then placed in PBS and cross-linked in a UV cross-linker (Stratagene) 
at 20 J/m 2 . PBS was replaced with fresh media and cells were incubated 
for 0 – 12 h. All experiments included mock-treated cells as a control, which 
were treated as described above, but without exposure to UV. To induce 
expression of BIC/pri-miR-155 or pri-miR-BHRF1-2 � 3 in Raji and B95-8 
cells, cells seeded at 4  ×  10 5  cells/ml were treated with 1 nM PMA and 
0.5  μ M Ionomycin both dissolved in DMSO, or DMSO alone as a control, 
for 24 or 48 h. After treatments, cells were either subjected to ISH, nuclear 
fractionation was performed, or RNA was isolated and analyzed by North-
ern blotting. 

 RNA isolation and Northern blot analysis 
 Total RNA was isolated using Trizol reagent (Invitrogen). RNA from each 
sample was run on two gels to detect (1) pri-miRNAs or (2) precursor and 
mature miRNAs by Northern blotting. For pri-miRNAs, 3 – 5  μ g of total RNA 
was resolved on a 1.2% agarose/6.5% formaldehyde gel and transferred 
overnight to positively charged Zeta probe membranes (Bio-Rad Labora-
tories) by capillary transfer using 20 ×  SSC. After UV cross linking, mem-
branes were hybridized to in vitro transcribed riboprobes overnight at 
55 – 60 ° C in hybridization buffer (50% formamide, 6 ×  SSC buffer, 5 ×  Den-
hardt ’ s solution, 25 mM sodium phosphate, pH 6.5, 0.5% sodium dodecyl-
sulfate, and 150  μ g/ml yeast total RNA). For precursor and mature 
miRNAs, 3 – 5  μ g of total RNA was separated on a 15% polyacrylamide/8 M 
urea/1 ×  TBE gel followed by semidry electroblotting onto Hybond N+ 

hypothesis, pri-miRNAs generated by RNA polymerase III, which 

lack a polyA tail, fail to localize in SC35-containing foci ( Fig. 7 ). 

 Regulation of pri-miRNA processing 
 Our conclusion that Drosha prefers to cleave pri-miRNAs at 

the site of transcription has implications for the regulation of 

pri-miRNA processing, which is critical to development and 

disease ( Thomson et al., 2006 ). Pre-mRNA processing events 

such as alternative splicing and 3 � -end formation are regulated 

through cotranscriptional recruitment of processing factors 

or varying rates of RNA polymerase II elongation ( Listerman 

et al., 2006 ; for reviews see  Neugebauer, 2002 ;  Kornblihtt et al., 

2004 ). Thus, analogous to splicing, alterations in chromatin 

structure or transcription factors during development or in can-

cerous cells may infl uence Drosha recruitment to pri-miRNAs 

at transcription sites. 

 Consistently, enhanced recruitment of Drosha to specifi c 

pri-miRNA chromosomal loci through interaction with leuke-

mogenic All1/Af4 and All1/Af9 fusion genes is associated with 

increased expression of these miRNAs in several acute lympho-

blastic leukemia cell lines ( Nakamura et al., 2007 ). Because 

Drosha and DGCR8 copurify ( Gregory et al., 2004 ;  Fukuda et al., 

2007 ) with proteins that regulate transcription and mRNA bio-

genesis, these proteins may serve as adaptors to coordinate tran-

scription and pri-miRNA processing. Further investigation of 

how pri-miRNA processing is spatially and temporally coordi-

nated with transcription should reveal the molecular mechanisms 

underlying the regulation of miRNA expression that are critical 

to development and disease. 

 Materials and methods 
 Plasmid construction 
 The plasmid pri-let-7 was generated by PCR amplifi cation from HeLa cell 
genomic DNA of a 395-nt region surrounding let-7a-1 using primers Pri-let-
7FH and Pri-let-7RA, which add a HindIII and an ApaI site, respectively 
(see Table S1). Similarly, the pri-lin-4 plasmid was made by PCR amplifi ca-
tion of a region surrounding the lin-4 miRNA from  C .  elegans  genomic 
DNA using primers Pri-lin4FH and Pri-lin4RA. Both pri-miRNA amplicons 
were digested with HindIII and ApaI and cloned into pcDNA3 (Invitrogen) 
digested with HindIII and ApaI. 

 To generate pri-miRNAs containing the ENE in the forward or re-
verse complement orientation, fi ve copies of the 79-nt ENE were removed 
from  �  � 1,2-79Fx5 or  �  � 1,2-79Rx5 ( Conrad and Steitz, 2005 ) by diges-
tion with BglII, blunt ending with Klenow polymerase, and digestion with 
HindIII. The ENE digestion products were inserted into pri-let-7 or pri-lin-4 
after digestion with ApaI, blunting using T4 DNA polymerase, and diges-
tion with HindIII to create the plasmids pri-let-7ENE (prepared by N.K. 
Conrad; University of Texas Southwestern, Dallas, TX), pri-let-7rENE, pri-
lin-4ENE, and pri-lin-4rENE. 

 The plasmids pri-let-7 � pA, pri-lin-4 � pA, pri-let-7ENE � pA, and pri-
lin-4ENE � pA were made by subcloning a region from the plasmid 
 �  � 1,2delAAUAAA (a gift from N.K. Conrad) into the pri-miRNA con-
structs. The  �  � 1,2delAAUAAA plasmid contains a deletion of the AATAAA 
sequence from the pcDNA3-encoded BGH CPA signal from the vector 
 �  � 1,2 ( Conrad et al., 2006 ). The AAUAAA deletion was generated using 
the QuikChange Site-Directed Mutagenesis kit (Stratagene) with oligo-
nucleotides NC275 and NC276. A 1,077 – base pair region encompass-
ing the AATAAA deletion was removed from  �  � 1,2delAAUAAA using StuI 
and ApaI. Pri-let-7 and pri-lin-4 were likewise digested with StuI and ApaI 
to remove the corresponding region and treated with alkaline phospha-
tase, then the insert containing the AATAAA deletion from  �  � 1,2delAAU-
AAA was ligated into these vectors to create pri-let-7 � pA and pri-lin-4 � pA. 
Deletion of the BGH CPA signal was performed in an identical manner for 
pri-let-7ENE and pri-lin-4ENE except that both the plasmids and the inserts 
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and then hybridized overnight with 25  μ M each of four digoxygenin (DIG)-
labeled oligonucleotide probes that recognize sequences fl anking the pre-
miRNA hairpin within the pri-miRNA of interest (see Table S1). Probes were 
labeled with DIG-dUTP using the 3 �  DIG Oligonucleotide Tailing kit (Roche) 
according to the manufacturer ’ s instructions. After hybridization, slides were 
washed three times for 10 min each in 2 ×  SSC at 37 ° C followed by three 
10-min washes in 1 ×  SSC at room temperature. Cells were fi xed again in 
4% formaldehyde/PBS and washed twice in PBS, and hybridized probes 
were detected using a 1:200 dilution of anti-DIG antibody conjugated to fl u-
orescein (green; Roche) in 10 mg/ml BSA/0.2% Triton X-100/PBS at room 
temperature for 1 h. Cells were then washed twice for 10 min each in PBS 
and once in 0.2  μ g/ml DAPI/PBS for nuclear visualization followed by a fi nal 
wash in PBS and mounting for fl uorescence microscopy using Vectashield 
mounting media (Vector Laboratories). Note that in Fig. S2, an alternate ISH 
procedure was used (see DNA fl uorescence ISH). 

 ISH using catalyzed reporter deposition 
 For detection of low-level pri-miRNAs (in  Fig. 6 B ), an amplifi cation proce-
dure was used. HeLa cells were grown on glass slides and fi xed, washed, 
and permeabilized as described in the previous section, with the exception 
that endogenous peroxidase activity was quenched by incubating cells in 
0.1% hydrogen peroxide/PBS for 10 min at room temperature before incu-
bation in 2 ×  SSC. Slides were hybridized to 4  μ M of each of four DIG-
 labeled oligonucleotide probes as described in the previous section (see 
Table S1). 20 – 24 h later, amplifi cation of the hybridization signal was 
performed using the Tyramide Signal Amplifi cation kit No. 22 (Invitrogen) 
according to the manufacturer ’ s instructions, with the exception that anti-DIG-
hydrogen peroxidase (Roche) was used in place of the streptavidin-hydrogen 
peroxidase included in the kit. 

 ISH in B cell lines and marmoset leukocyte B95-8 cells 
 For ISH in B cell lines an alternate ISH procedure was used according to 
 Lawrence and Singer (1985 ,  1986 ) with the exception that slides were hy-
bridized to probes in Phil ’ s prehybridization buffer (see ISH in HeLa cells) at 
37 ° C for 15 – 18 h. Post-hybridzation washes and IF were performed as de-
scribed for HeLa cells. Probe sequences are found in Table S1. For all ISH 
procedures, no signal was detected in control in situs that were performed in 
parallel, which either omitted probes or used nonspecifi c DIG-labeled probes. 
For detection of EBV DNA, slides were treated identically, except that they 
were incubated in RNase A for 2 h at 37 ° C and heat denatured at 85 ° C for 
10 min in 2 ×  SSC immediately before addition of probes in hybridization 
buffer. For ISH using Raji cells, slides were coated with poly- L -lysine (Sigma-
Aldrich) according to the manufacturer ’ s instructions before use. 

 IF and quantitation of Drosha and DGCR8 in foci 
 Immunostaining of SC35 was performed immediately after the ISH proce-
dure. After detection of DIG-labeled probes and washes with PBS, cells were 
fi xed again in 4% formaldehyde/PBS, washed twice in PBS for 5 min each, 
and permeabilized in 0.2% Triton X-100/PBS for 10 min on ice. After two 
5-min washes with 1 ×  PBS, blocking was performed for 30 min at room tem-
perature in blocking solution (10 mg/ml BSA/PBS). Cells were then incubated 
with mouse monoclonal anti-SC35 antibody (Sigma-Aldrich) at a dilution of 
1:200 in blocking solution for 1 h at room temperature. Slides were washed 
with PBS three times for 10 min each, followed by incubation with Alexa 
Fluor 595 – conjugated goat anti – mouse (red; Invitrogen) in blocking solution 
for 45 min at room temperature. Slides were then washed twice with PBS for 
10 min, once with 0.2  μ g/ml DAPI/PBS solution, and a fi nal time with PBS 
for 10 min each, followed by mounting for fl uorescence microscopy. 

 Immunostaining of Drosha and DGCR8 was performed immediately 
before the ISH procedure (note that the order of analysis was reversed be-
cause the epitope recognized by the anti-Drosha and anti-DGCR8 antibodies 
is denatured by the ISH procedure). 24 – 28 h after transfection, cells were 
fi xed, washed, and permeabilized as described for the ISH procedure. After 
permeabilization, cells were washed twice in PBS for 5 min each and incu-
bated in blocking solution for 30 min at room temperature. Either rabbit poly-
clonal anti-Drosha (Millipore) or rabbit polyclonal anti-DGCR8 (Abcam) were 
added to the slides at a 1:200 dilution in blocking solution and incubated 
at room temperature for 1 h. Slides were washed with PBS three times for 
10 min each followed by incubation with Alexa Fluor 595 – conjugated goat 
anti – rabbit (red; Invitrogen) in blocking solution for 45 min at room tempera-
ture. Slides were washed three times in PBS for 10 min each and fi xed in 4% 
formaldehyde/PBS. ISH to the pri-miRNA was then performed as described 
previously (see ISH in HeLa cells). 

 To obtain rough quantitations of the amounts of Drosha and DGCR8 
in foci, the program ImageJ was used. Background-corrected intensities of 
the entire cell and each focus were determined, and the sum of intensities of 

nylon membranes (GE Healthcare). Membranes were cross linked and pre-
hybridized for at least 1 h in ExpressHyb Solution (Clontech Laboratories, 
Inc.). Oligonucleotide probes complementary to the mature miRNA of inter-
est were end labeled with T4 polynucleotide kinase in the presence of 
[ � - 32 P]ATP. Results were quantitated using a Storm PhosphorImager (Molec-
ular Dynamics). Sequences of probes are detailed in Table S1. 

 In vitro pri-miRNA processing assays 
 In vitro pri-miRNA processing assays were performed based on  Lee et al. 
(2002) . In brief, whole cell extract was made by sonicating HEK293 cells in 
buffer E (20 mM Hepes-KCl, 100 mM KCl, 0.2 mM EDTA, 10% glycerol, 
and 1 mM DTT), followed by centrifugation according to  Kataoka and Dreyfuss 
(2004) . Pri-miRNA templates were generated by PCR of the pri-miRNA – 
encoding plasmids using primers that added a T7 RNA polymerase pro-
moter and either no polyA tail or a stretch of 60 adenylates to create an 
artifi cial polyA tail. Pri-miRNAs were in vitro transcribed from these templates 
in the presence of [ � - 32 P]UTP using T7 RNA polymerase followed by gel 
purifi cation and ethanol precipitation. Approximately 6.5  ×  10 4  cpm ( � 1 fmol) 
of pri-miRNA substrate was used per processing reaction. The resulting RNA 
was run on 10% polyacrylamide/8 M urea/1 ×  TBE gels and viewed using 
a Storm PhosphorImager (Molecular Dynamics). Processing assays per-
formed on in vitro transcribed pri-miRNAs either lacking or containing a 
polyA tail of 60 nt gave identical results, as did processing assays per-
formed on pri-miRNA transcripts that had been heated to 95 ° C followed by 
slow cooling to ensure proper folding of pri-miRNA substrates. 

 Fractionation of nucleoplasmic and chromatin-associated transcripts 
 Fraction of HeLa or U2OS nuclei was performed according to  Wuarin and 
Schibler (1994)  and  Dye et al. (2006) . All fractionation steps were per-
formed on ice in chilled buffers. In brief, 24 h after transfection, cells were 
washed twice in PBS and collected in PBS with a cell scraper. To isolate nu-
clei, scraped cells were spun at 3,000  g  and resuspended in RLB buffer 
(10 mM Tris, pH 7.5, 140 mM NaCl, 1.5 mM MgCl 2 , and 0.5% Nonidet 
P-40). Cells were incubated on ice for 5 min, layered onto a 24% (wt/vol) 
sucrose cushion in RLB, and spun at 13,000  g  for 10 min. To fractionate nuclei, 
the nuclear pellet was resuspended in NUN1 buffer (20 mM Tris, pH 7.9, 
75 mM NaCl, 0.5 mM EDTA, 0.125 mM PMSF, 50% glycerol, and 
0.1 mg/ml tRNA). Nuclear lysis was achieved by adding 10 volumes of 
NUN2 buffer (20 mM Hepes, pH 7.6, 7.5 mM MgCl 2 , 0.2 mM EDTA, 0.1 
mg/ml tRNA, 0.3 M NaCl, 1 M urea, 1% Nonidet P-40, and 1 mM DTT) 
followed by incubation on ice for 15 min with occasional vortexing. Frac-
tionated nuclei were spun at 13,000 rpm for 15 min. The nucleoplasmic super-
natant was removed, phenol chloroform was extracted, and ethanol was 
precipitated. The chromatin-associated pellet fraction was resuspended in a 
high-salt buffer (10 mM Tris-HCl, pH 7.5, 500 mM NaCl, 10 mM MgCl 2 , 
and 10 mM CaCl 2 ) plus 10 U RQ1 DNase (Promega) and incubated for 
10 min at 37 ° C. Proteinase K was then added to a fi nal concentration of 
200  μ g/ml, and the chromatin-associated fraction was further incubated at 
37 ° C for 30 min followed by phenol chloroform extraction and ethanol pre-
cipitation. The precipitates from both fractions were resuspended twice in 
RQ1 DNase Buffer plus 20 U of RQ1 DNase and incubated at 37 ° C for 
30 min, then phenol chloroform was extracted and ethanol was precipi-
tated. Fractionated RNA was then resuspended in distilled water. 

 RT-PCR 
 After nuclear fractionation, cDNA was generated from 2.5  μ g RNA using 
SuperScript II reverse transcriptase (Invitrogen) in a 20- μ l reaction volume 
according to the manufacturer ’ s instructions. 1  μ l of the reaction mix was 
amplifi ed by PCR for 24 – 33 cycles using the primers indicated in Table S1. 
TAFII30 mRNA,  � -actin mRNA, and  � -actin pre-mRNA primers are the 
same as those used by  Mili et al. (2001) . Because of differences in cellular 
abundance,  � -actin pre-mRNA was amplifi ed for 30 cycles, whereas ma-
ture mRNA was amplifi ed for 28 cycles. No PCR products were obtained 
from control RT reactions that omitted Superscript II reverse transcriptase. 

 ISH in HeLa cells 
 ISH in HeLa cells was performed based the protocol of  Kendirgi et al. 
(2003) . Cells were grown on sterile 8-well chamber slides, and, 24 – 28 h 
after transfection, fi xed in 4% formaldehyde/1 ×  PBS for 30 min. Fixed cells 
were then washed three times for 5 min each in cold PBS followed by perme-
abilization for 10 min in 0.5% Triton X-100/PBS on ice. Permeabilized cells 
were washed once with PBS followed by a fi nal wash with 2 ×  SSC, both at 
room temperature. Cells were prehybridized in Phil ’ s prehybridization buffer 
(50% formamide, 10% dextran sulfate, 2 ×  SSC, 0.1% RNase-free BSA, 
500  μ g/ml salmon sperm DNA, 125  μ g/ml  E. coli  tRNA, and 1 mM vanadyl 
ribonucleoside complexes;  Forrester et al., 1992 ) for at least 1 h at 37 ° C, 
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the foci was divided by the total intensity of the cell to obtain the percent 
of Drosha or DGCR8 in foci. 

 Image acquisition 
 Fluorescent images were captured with a microscope (Axioplan II; Carl 
Zeiss, Inc.) using a 40 ×  or 63 ×  1.3 NA oil immersion objective (Plan-
Neofl uar; Carl Zeiss, Inc.) at room temperature. Image acquisition was 
performed with a digital charge-coupled device camera (C4742-95-12; 
Hamamatsu) using Openlab software (PerkinElmer). Raw data images were 
adjusted for image size, brightness, and contrast using Openlab (PerkinElmer) 
or Photoshop CS software (Adobe). 

 Nick translation of probes for DNA FISH (Fig. S1) 
 Templates for nick translation were either the pri-let-7 plasmid or the pri-lin-4 
plasmid that had been digested with SmaI and BsmI to remove the neomycin 
resistance gene insert (to prevent hybridization of the nick-translated probes 
with the neomycin resistance gene transcript in the RNA ISH performed in 
parallel; see DNA fl uorescence ISH). Approximately 1  μ g of template DNA 
was incubated in a reaction consisting of nick translation buffer (50 mM Tris-
HCl, pH 8.0, 5 mM MgCl 2 , and 50  μ g/ml BSA), 10 mM  � -mercaptoethanol, 
10 mM d(A,C,G)TP, 6.5 mM dUTP, 3.5 mM DIG-dUTP (Roche), 10 U/ml 
 E. coli  DNA polymerase I (New England Biolabs, Inc.), and 10 ng/ml RQ1 
DNase. Reactions were incubated at 16 ° C for  � 4.5 h and visualized on an 
agarose gel stained with ethidium bromide to ensure that probe fragments 
were in the size range of 250 – 750 nt. Probes were then ethanol precipitated 
and resuspended in formamide. Immediately before being added to the 
slides, probes were denatured by heating to 80 ° C for 5 min, and 140 ng of 
probe per slide was added in Phil ’ s prehybridization buffer. 

 DNA fl uorescence ISH (Fig. S1) 
 Transfected cells grown on glass slides were fi xed and permeabilized as pre-
viously described in “ISH in HeLa cells.” After permeabilization, slides were 
washed twice in PBS, dehydrated in sequential washes with 80%, 95%, and 
100% ethanol for 3 min each, and allowed to air dry for  � 2 min. Slides were 
incubated in 0.2 M sodium hydroxide for 15 min to degrade RNA and de-
nature DNA, followed by two washes in 2 ×  SSC for 10 min each. Dehydration 
was then repeated as described, and further denaturation of the DNA using 
heat was performed by addition of 50% formamide/2 ×  SSC, pH 7.2, and 
incubation at 85 ° C for 10 min. DIG-labeled nick-translated probes in Phil ’ s 
prehybridization solution were then added directly to the slides and hybrid-
ized overnight at 37 ° C in a humid chamber. 14 – 18 h later, slides were 
washed three times in 50% formamide/2 ×  SSC for 10 min each at 37 ° C fol-
lowed by three 5-min washes with 2 ×  SSC at room temperature. Slides were 
then blocked in 4 ×  SSC/0.1% Tween/1% BSA for 30 min followed by incu-
bation with fl uorescein-conjugated anti-DIG antibody in 4 ×  SSC/0.1% 
Tween/1% BSA for 1 h. Slides were washed three times for 5 min each with 
2 ×  SSC, incubated with 0.2  μ g/ml DAPI in 2 ×  SSC for 10 min, and fi nally 
washed twice in 2 ×  SSC for 5 min each. Coverslips were then mounted. 
Treatment of samples with DNase before probe hybridization abrogated the 
signal observed. RNA ISHs shown in Fig. S1 were performed using the same 
protocol as DNA fl uorescence ISH using nick-translated probes except that 
the sodium hydroxide and heat denaturation steps were omitted. 

 Online supplemental material 
 Fig. S1 shows that transfected pri-miRNA – encoding plasmid DNA does 
not localize to nuclear foci. Fig. S2 shows the localization of transcripts 
produced from pri-miR-26b constructs in relation to SC35 and directly 
demonstrates that Drosha is recruited to SC35-containing foci in cells ex-
pressing a pri-miRNA. Fig. S3 demonstrates that pri-Lin-4ENE expressed 
at low levels by transfection of 10 – 20-fold less plasmid DNA does not 
localize to nuclear foci. Table S1 provides sequences of PCR primers 
and oligonucleotide probes. Online supplemental material is available at 
http://www.jcb.org/cgi/content/full/jcb.20080311/DC1. 
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