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Coordinate Regulation of 

Transcription and Splicing by 
Steroid Receptor Coregulators 
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Recent observations indicating that promoter identity influences alternative 
RNA-processing decisions have created interest in the regulatory interactions 
between RNA polymerase II transcription and precursor messenger RNA (pre- 
mRNA) processing. We examined the impact of steroid receptor-mediated 
transcription on RNA processing with reporter genes subject to alternative 
splicing driven by steroid-sensitive promoters. Steroid hormones affected the 
processing of pre-mRNA synthesized from steroid-sensitive promoters, but not 
from steroid-unresponsive promoters, in a steroid receptor-dependent and 
receptor-selective manner. Several nuclear receptor coregulators showed dif- 
ferential splicing effects, suggesting that steroid hormone receptors may si- 
multaneously control gene transcription activity and exon content of the 
product mRNA by recruiting coregulators involved in both processes. 

Alternative splicing can yield multiple 
mRNAs per gene, and because most of tran- 
scripts expressed from human genes are al- 
ternatively spliced (-60% of the genes), this 
process is more a rule than an exception and 
plays an essential role in expanding protein 
diversity (1). Regulation of alternative splic- 
ing depends on cis-acting sequences that are 
localized in the pre-mRNAs and on trans- 
acting factors that recognize these sequences 
and control exon choice (2). The way that 
transcription and splicing are coordinated and 
tightly regulated remains poorly understood. 

The concept of functional coupling be- 
tween transcription and splicing was suggest- 
ed by the findings that RNA processing oc- 
curs on RNA polymerase II, that promoter 
structure contributes to splice site selection, 
and that modifications in transcription elon- 
gation rate affect splicing decisions (3-7). A 
number of transcriptional coregulators that 
act with the ligand-dependent transcriptional 
factors of the steroid receptor family are re- 
lated to factors involved in pre-mRNA pro- 
cessing (table Sl). 

To study the impact of steroid-mediated 
transcriptional regulation on alternative splic- 
ing, we positioned steroid-sensitive promoters 
{mouse mammary tumor virus [MMTV], pro- 
gesterone response element [(PRE)2-TATA], or 
estrogen response element [(ERE)2-TATA]} or 
promoters that do not respond to steroid hor- 
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mones [cytomegalovirus (CMV) or herpes sim- 
plex virus-thymidine kinase (HSV-TK)] up- 
stream of two different splicing reporter mini- 
genes whose products are subject to alternative 
splicing decisions. Each minigene produced 
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spliced RNA products that differed in size, 
permitting the determination of the relative 
amount of splicing (8). To assess the splicing of 
alternative cassette exons, we inserted the vari- 
able exons v4 and v5 of the human CD44 gene, 
along with their surrounding intron sequences, 
into an intron of the 3-globin gene (9). The 
minigene gives rise to two major spliced RNA 
products, containing either both variable exons 
(inclusion) or none of these exons (skipping), 
and a minor product with only one variable 
exon (Fig. 1A). When the HeLa cells were 
transfected with progesterone receptor (PR), ac- 
tivation by progesterone (Pg) of the steroid- 
sensitive MMTV promoter driving the CD44 
minigene resulted in the expected increase in 
the amount of total mRNA produced. Pg treat- 
ment also caused a 2.6-fold (+ 0.1, n = 4) 
increase in the skipping/inclusion ratio of 
spliced mRNAs as compared with the ratio 
obtained in the absence of Pg (Fig. 1A, lanes 3 
and 4). However, Pg had no effect on the 
splicing of the CD44 minigene products syn- 
thesized from the steroid-unresponsive HSV- 
TK or CMV promoters (Fig. 1A, lanes 1 and 2) 
(10). When endogenously expressed glucocor- 
ticoid receptor (GR) was used in HeLa cells, 
activation by the synthetic glucocorticoid dexa- 
methasone (dex) of the MMTV promoter driv- 
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Fig. 1. Pg affects splic- 
ing decisions in a pro- B CT/CGRP 
moter-dependent man- CGRP A 
ner. HeLa cells were HSV/MMTV \ 
transfected with 300 ng 
per well of the following Pg 
minigenes: (A) HSV- PR4- HSV MMTV 
CD44 (lanes 1 and 2) or HSV MMTV 
MMTV-CD44 (lanes 3 psg g .3- 
to 6); (B) HSV-CT- * Ei 4.. 
CGRP (lanes 1 and 2) or CT i 2 

--L MMTV-CT-CGRP (lanes ^ X 
3 and 4), and 5 ng per CGRP 
well of PR [(A) and (B) I 
lanes 1 to 4]. Trans- 1 2 3 4 o 
fected cells were incu- 
bated for 24 hours in the absence [(A), lanes 1, 3, and 5; (B), lanes 1 and 3] or presence of Pg [(A) and (B), 
lanes 2 and 4] or dex that can stimulate endogenously expressed GR in HeLa cells [(A) lane 6]. (Left) 
Autoradiographic films of the radiolabeled-polymerase chain reaction (PCR) products obtained in a repre- 
sentative experiment. (Right) Mean (+ SD, n = 4) quantifications of the hormonal effects; the values 
shown are the ratios of processing in pairs in the presence or absence of hormone: (A) CD44 
skipping/inclusion, (B) CGRP/CT. For example, on the right panel of (A), the CD44 skipping/inclusion 
ratio obtained from lane 4 (ratio in presence of Pg) was divided by the skipping/inclusion ratio from lane 
3 (ratio in absence of Pg) to yield the MMTV histogram bar on the right representing the fold hormonal 
effect on splicing. 
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ing the CD44 minigene also caused a 2.4-fold 
(+ 0.2, n = 4) increase in the skipping/inclu- 
sion ratio (Fig. 1A, lanes 5 and 6). 

Another reporter that we tested contained 
an alternative 3'-terminal exon derived from 
the human gene encoding calcitonin (CT) or 
calcitonin gene-related peptide (CGRP) (Fig. 
1B). The CT-CGRP pre-mRNA is processed 
either to include exon 4 with use of the exon 
4 polyadenylation site or to exclude exon 4 
with use of the exon 6 polyadenylation site, to 
produce the CT or CGRP peptides, respec- 
tively (11). Pg caused a 3.2-fold (+ 0.2, n = 

4) increase in the CGRP/CT mRNA ratio as 
compared with the ratio obtained in the ab- 
sence of Pg, when the CT-CGRP minigene is 
driven by the steroid-sensitive MMTV pro- 
moter (Fig. 1B, lanes 3 and 4), but had no 
effect when the same minigene was driven by 
the steroid-unresponsive HSV-TK promoter 
(Fig. 1B, lanes 1 and 2). These results dem- 
onstrate that Pg affects different splicing de- 
cisions as a consequence of hormonal action 
at the promoter level. Promoter-dependent 
hormonal effects on splicing were not a con- 
sequence of an increase in transcription rate 
or of a saturation of the splicing machinery, 
because splicing of the minigene products 

Fig. 2. Assessment of A 
the PR domains in- 
volved in the Pg-medi- 
ated splicing effect. 
(A) Schematic repre- 
sentation of the PR 
mutants used. A to E 
indicate domains of 
PR. HeLa cells were 
transfected with (B) 
MMTV-CD44 or (C) MMTV-luciferase 
and with the different mutants as in- 
dicated (0 denotes the empty expres- 
sion vector); incubation was carried 
out for 24 hours in the absence (odd- 
numbered lanes) or presence (even- 
numbered lanes) of Pg. The histo- 
grams in (B) and (C) represent the 
skipping/inclusion ratios obtained for 
each PR mutant compared with the 
ratio obtained in the absence of PR 
either without Pg (white box) or with 
Pg (black box) (n = 3). 
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was not affected by the amount of pre-mRNA 
synthesized, the density of RNA polymerase 
II, or the strength of the promoter driving the 
minigene (figs. Si and S2). 

The promoter-dependent effect of Pg on 
splicing was also PR dependent, because Pg 
had no effect on splicing in the absence of PR 
(Fig. 2, lanes 1 and 2) and increasing the 
amount of transfected PR enhanced the Pg- 
mediated effect on splicing in a dose-depen- 
dent manner (fig. S2). The PR activation 
domain AF-2 was dispensable for mediating 
this effect. A PR mutant (PR/9) that lacks the 
AF-2 domain but binds promoters in the ab- 
sence of hormone was constitutively active 
for both transcription and splicing (Fig. 2, B 
and C, lanes 9 and 10). Although this mutant 
showed less than 10% of the full-length PR 
transcriptional activity, it demonstrated 
-80% of the full-length PR splicing effect. 
The deletion of the PR NH2-terminal domain 
in one mutant decreased its transcriptional 
activity but only slightly affected its splicing 
effect (Fig. 2, B and C, lanes 5 and 6), 
whereas complete deletion of the AF-1 do- 
main abolished the splicing effect (Fig. 2B, 
lanes 7 and 8). 

Estrogen receptors ERa and ER3, which 
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differ essentially in the AF-1 domain (12), 
did not mediate the same splicing effects on 
the minigene products synthesized from the 
estradiol-sensitive (ERE)2-TATA promoter. 
When HeLa cells were transfected with ERoa, 
estradiol (E2) caused a 1.8-fold (_ 0.1, n = 

5) increase in the skipping/inclusion ratio 
when the CD44 minigene was driven by an 
(ERE)2-TATA promoter as compared with 
the ratio obtained in the absence of E2 (Fig. 
3A, lanes 3 and 4), but E2 had a minimal 
effect when activating ER3 (Fig. 3A, lanes 7 
and 8). In contrast, when the cells were trans- 
fected with the ERE-CT-CGRP reporter, 
ER3 induced a 2.2-fold (+ 0.6, n =5) in- 
crease in the CGRP/CT ratio in the presence 
of E2 as compared with the ratio obtained in 
the absence of E2 (Fig. 3B, lanes 7 and 8), but 
E2 had no effect when activating ERa (Fig. 
3B, lanes 3 and 4). 

Because steroid receptors, notably estro- 
gen receptors, have different tissue-specific 
biological functions and because alterna- 
tive splicing is a tissue-specific regulated 
process (2, 12), we compared E2 splicing 
effects in different cell lines. E2 affected 
splicing when transfected ERoa in Cos-1 
cells or endogenously expressed ERa in 
T47D cells were used (Fig. 3C, lanes 3 and 
4) (10), whereas E2 did not alter the splic- 
ing pattern when endogenously expressed 
or transfected ERa( was used in the breast 
cancer MCF-7 cells (Fig. 3C, lanes 5 to 8). 
These results implicate additional cellular- 
specific factors in the steroid receptor ef- 
fects on splicing. 

Steroid receptors mediate the transcrip- 
tional effects of steroid hormones by recruit- 
ing transcriptional coregulators to target pro- 
moters (13, 14). To test whether coactivators 
affect CD44 splicing, we compared their ef- 
fects on E2-mediated splicing. Among the 
growing list of steroid receptor coregulators 
potentially involved in RNA processing, we 
selected those involved in ER transcriptional 
activation, including the DEAD-box RNA 
helicase p72 and the heterogeneous nuclear 
ribonucleoprotein-like proteins TLS and 
CoAA (15-17). p72 is in a complex contain- 
ing ER and the RNA coactivator SRA that 
binds the RNA-binding protein YB-1 (10) 
through a C/A-rich sequence similar to the 
splicing enhancer found in the CD44 v4 exon 

regulated by YB-1 (9, 17). CoAA, along with 
the coactivator of activating protein-1 and 
estrogen receptors, which contains arginine- 
serine-rich domains characteristic of the SR 
splicing factors, participates in steroid recep- 
tor-mediated transcriptional regulation by in- 
teracting with the thyroid hormone receptor- 
binding protein (TRBP) coregulator (16, 18). 

HeLa cells were cotransfected with one of 
these coregulators, along with the ERE-CD44 
reporter minigene and either ERoL or ER3 
activated by E2. In the experimental condi- 
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tions used, TLS had no effect on splicing 3 or 6 and 8; p72 decreased 
(Fig. 4, lanes 1 and 2 or 6 and 7), whereas p72 inclusion ratio 13-fold (+ 2.4 
increased exon inclusion [Fig. 4, lanes 1 and 11-fold (+ 0.8, n = 5), res 
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Fig. 3. The E2-mediated splicing effect is ER-subtype selective and cell specific. (A ar 
were transfected with 5 ng per well of ERa (lanes 1 to 4) or ERI (lanes 5 to 8) and 30( 
the following minigenes: HSV-CD44 [(A) lanes 1, 2, 5, and 6] or ERE-CD44 [(A) lanes 
HSV-CT-CGRP [(B) lanes 1, 2, 5, and 6) or ERE-CT-CGRP [(B) lanes 3, 4, 7, and 8). Transf 
incubated for 24 hours in the absence (odd-numbered lanes) or presence (even-numbel 
The values shown are the ratios of processing in pairs either with or without E2 as des 
(C) HeLa cells (lanes 1 and 2), Cos cells (lanes 3 and 4), or MCF-7 cells (lanes 5 to 8) WE 

with ERE-CD44 minigene and with ERa (except lanes 5 and 6). (Left) Autoradiog 
the radiolabeled-PCR products obtained in a representative experiment. (Right) 
n = 4) quantification of the hormonal effect. The values shown are the ratio 
(CD44 skipping/inclusion ratio) in pairs, either with or without E2 as described 

Fig. 4. Differential 
splicing effects in the 
presence of distinct 
steroid receptor co- 
regulators. HeLa cells, 
transfected with 300 
ng of ERE-CD44 mini- 
gene, 5 ng of ERa 
(lanes 1 to 5) or ER3 
(lanes 6 to 13), and 200 
ng of different coregu- 
lators as indicated (0 
denotes the empty ex- 
pression vector) were 
incubated for 24 hours 
after transfection in the 
presence of E2. 
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the skipping/ contrast, CoAA increased the skipping/inclu- 
\, n = 5) and sion ratio 6.8-fold (+ 1.5, n = 5) in the 
spectively]. In presence of ER3 (Fig. 4, lanes 6 and 9). The 

CoAA effect was more pronounced with ERI 
than ERa (6.8-fold + 1.5 versus 1.7-fold + 
0.4). In contrast to CoAA, a natural spliced 

ERP variant of CoAA called CoAM, which lacks 
ERE the TRBP-interacting domain required for the 

recruitment of CoAA by activated nuclear 
receptors to the transcriptional machinery 
(16), did not stimulate exon skipping (Fig. 4, 
lanes 11 to 13). The slight increase in exon 
inclusion mediated by CoAM could poten- 
tially be due to a dominant negative effect of 
CoAM on endogenous CoAA as it was pro- 
posed in terms of transcription (16). The 

R3 steroid receptor coactivator SRC-1 had no 
ERE effect on CD44 splicing (Fig. 4, lanes 5 and 

10). Although all the tested coregulators co- 
activated ERE-mediated transcription as 
measured with a luciferase assay (16, 17), 
distinct steroid receptor coregulators promot- 
ed differential, and even opposite, effects on 
CD44 splicing. Finally, although the steroid 
hormone-mediated effect on splicing was 
less affected when we used chromosomal 

MCF-7 integrated CD44 minigenes, the coregulators 
tested led to similar effects on splicing, sug- 
gesting that the mechanisms observed in tran- 
sient transfection exist in the context of chro- 
matin (10). 

T Steroid hormones that control gene tran- 
scriptional activity can also influence post- 
transcriptional events, including alternative 
splicing, although the mechanisms involved 

id B) HeLa cels are not known (table S2). We propose that 
0 ng per well of activated steroid receptors bind to target 
3, 4, 7, and 8); DNA response elements and promote the re- 

ected cells were cruitment of coregulators that are involved in 
red lanes) of E2. both transcriptional and splicing regulation. 
scribed in Fig. 1. This would ensure coordination between 
are transfected RNA production and the nature of the final 
Fraphic films of 
j Mean (t SD gene product. Depending on the promoter 
of processing and cellular context, the same transcriptional 

I in Fig. 1. factor could recruit different coregulators, 
thereby mediating different effects on tran- 
scription and processing. Because most hu- 

0 CoAA CoAM man genes yield different spliced mRNA iso- 
forms that can play different biological roles, 

-:5Ef ENSO IM several mechanisms might coexist to ensure 
that the proper mRNA isoform is produced in 
the correct amount in response to different 
biological signals and in a tissue-specific 

a'tlMl-h -S manner. Pathologic uncoupling of the coor- 
11 12 13 dination between transcription and RNA pro- 

cessing could have a dramatic impact on 
cellular homeostasis. 
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Separable Roles for rent1/hUpf1 
in Altered Splicing and Decay of 

Nonsense Transcripts 
Joshua T. Mendell, Colette M. J. ap Rhys, Harry C. Dietz* 

The mechanism by which disruption of reading frame can influence pre-mes- 
senger RNA (pre-mRNA) processing is poorly understood. We assessed the role 
of factors essential for nonsense-mediated mRNA decay (NMD) in nonsense- 
mediated altered splicing (NAS) with the use of RNA interference (RNAi) in 
mammalian cells. Inhibition of rentl/hUpfl expression abrogated both NMD 
and NAS of nonsense T cell receptor f transcripts. In contrast, inhibition of 
rent2/hUpf2 expression did not disrupt NAS despite achieving comparable 
stabilization of nonsense transcripts. We also demonstrate that NAS and NMD 
are genetically separable functions of rentl/hUpfl. Additionally, rentl/hUpfl en- 
ters the nucleus where it may directly influence early events in mRNA biogenesis. 
This provides compelling evidence that NAS relies on a component of the 
nonsense surveillance machinery but is not an indirect consequence of NMD. 
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The most comprehensively studied conse- 
quence of a premature termination codon 
(PTC) is accelerated transcript degradation 
through NMD (1). Despite evidence that 
NMD requires translation, most nonsense 
transcripts are degraded in the nuclear frac- 
tion of mammalian cells (2). Additional evi- 
dence that disruption of reading frame can 
influence intranuclear RNA metabolism 
stems from the observed effects that PTCs 
can exert on splicing (3-5) and intranuclear 
trafficking of pre-mRNAs (6). In selected 
examples, altered splicing appears to be spe- 
cifically dependent on disruption of reading 
frame rather than isolated inactivation of ex- 
onic splicing enhancers (ESEs) (7-9). The 
conclusion that nonsense codon recognition 
occurs in the nucleus is difficult to reconcile 
with existing tenets regarding the interpreta- 
tion of reading frame. A prevailing model 
posits that recognition and degradation of 
nonsense transcripts by NMD indirectly in- 
fluences the processing of pre-mRNAs de- 
rived from the same allele through an un- 
known mechanism (9, 10). 
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onic splicing enhancers (ESEs) (7-9). The 
conclusion that nonsense codon recognition 
occurs in the nucleus is difficult to reconcile 
with existing tenets regarding the interpreta- 
tion of reading frame. A prevailing model 
posits that recognition and degradation of 
nonsense transcripts by NMD indirectly in- 
fluences the processing of pre-mRNAs de- 
rived from the same allele through an un- 
known mechanism (9, 10). 
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Substantial insight into the mechanism of 
mammalian NMD has come from studies of 
the trans-effectors that mediate the process 
including rentl/hUpfl, rent2/hUpf2, and 
hUpf3 (3). Assembly of these proteins, col- 
lectively referred to as the surveillance com- 
plex, on nonsense transcripts initiates NMD 
(11). Here, we sought to determine whether 
nonsense-mediated perturbations of pre- 
mRNA metabolism rely on the nonsense sur- 
veillance machinery. Additionally, we exam- 
ined whether these effects are an indirect 
consequence of NMD or are the result of a 
distinct mechanism. 

RNA interference (RNAi) using synthetic 
short-interfering RNA (siRNA) duplexes was 
used to inhibit expression of rentl/hUpfl and 
rent2/hUpf2 in HeLa cells (12, 13). Western 
blotting revealed siRNA sequence-specific 
and near complete (> 10-fold) loss of expres- 
sion of both targeted transcripts (Fig. 1). 
Transcripts derived from a previously de- 
scribed T cell receptor I (TCRP) mini-gene 
(Fig. 2A) (14) were monitored under these 
conditions. In addition to being well-charac- 
terized substrates for the NMD pathway, 
TCRI nonsense transcripts show translation- 
dependent alternative splicing that restores 
the open reading frame (9). In untreated cells 
or cells treated with siRNA directed against 
an irrelevant target, the PTC-containing tran- 
script was reduced in abundance to less than 
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20% of wild-type levels, as assessed using a 
Northern blot probe specific for the VDJ 
exon (VDJ probe, Fig. 2, A and B). In con- 
trast, RNAi directed against either rentl/ 
hUpfl or rent2/hUpf2 increased the level of 
the mutant transcript to greater than 50% of 
wild-type levels, extending existing evidence 
(15-17) that these factors are essential for 
NMD. 

To assess the effect of diminished rentl/ 
hUpfl and rent2/hUpf2 expression on NAS, 
Northern blot analysis was performed with a 
probe (LV probe, Fig. 2A) that more effi- 
ciently detects the transcripts produced by 
alternative splicing (designated "TCR alt"). 
Northern blotting revealed that production of 
TCR alt was induced by the presence of a 
PTC, as described by Wang et al. (18) (Fig. 
2C). Direct sequencing of reverse transcript- 
ase-polymerase chain reaction (RT-PCR) 
products demonstrated that all TCR alt tran- 
scripts are generated by use of an alternative 
splice donor in the VDJ exon. In addition, 
approximately one-third of TCR alt tran- 
scripts use an alternative splice acceptor 22 
nucleotides upstream of the bona fide splice 
acceptor for the VDJ exon (Fig. 2A). Both of 
these alternative transcripts, which cannot be 
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Fig. 1. Sequence-specific inhibition of gene ex- 
pression with RNAi in mammalian cells. HeLa 
cells were mock transfected or transfected with 
siRNA duplexes directed against firefly lucif- 
erase (a negative control), rentl/hUpfl, or 
rent2/hUpf2. Seventy-two hours after transfec- 
tion, cell lysates were analyzed by Western 
blotting with antisera specific for rentl/hUpfl 
(17), rent2/hUpf2 (11), or elF4A as a control for 
nonspecific effects of RNAi treatment. 
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