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The human papillomavirus (HPV) life cycle is tightly linked to differentiation of the squamous epithelia that
it infects. Capsid proteins, and hence mature virions, are produced in the outermost layer of differentiated
cells. As late gene transcripts are produced in the lower layers, posttranscriptional mechanisms likely prevent
capsid protein production in less differentiated cells. For HPV type 16 (HPV-16), a 79-nucleotide (nt) negative
regulatory element (NRE) inhibits gene expression in basal epithelial cells. To identify key NRE sequences, we
carried out transient transfection in basal epithelial cells with reporter constructs containing the HPV-16 late
3" untranslated region with deletions and mutations of the NRE. Reporter gene expression was increased over
40-fold by deletion of the entire element, 10-fold by deletion of the 5’ portion of the NRE that contains four
weak consensus 5’ splice sites, and only 3-fold by deletion of the 3" GU-rich region. Both portions of the element
appear to be necessary for full repression. Inactivating mutations in the 5’ splice sites in the 5’ NRE partially
alleviated repression in the context of the 79-nt NRE but caused full derepression when assayed in a construct
with the 3’ NRE deleted. All four contribute to the inhibitory effect, though the second splice site is most
inhibitory. Sm proteins, U1A and U1l snRNA, but not U1 70K, could be affinity purified with the wild-type NRE
but not with the NRE containing mutations in the 5’ splice sites, indicating that a Ul snRNP-like complex

forms upon the element.

Human papillomaviruses (HPVs) are small DNA viruses
that specifically infect squamous epithelial cells, giving rise to
warts or papillomas (16). They may be divided into mucosal or
cutaneous types and also into high- or low-risk types, depend-
ing on the probability of the lesions that they cause becoming
malignant. High-risk mucosal types, which include HPV type
16 (HPV-16), HPV-18, HPV-31, HPV-33, and HPV-45, may
give rise to cervical intraepithelial neoplasias and cervical car-
cinomas. HPV-16 is the most clinically significant of these,
being found in over 50% of such cervical lesions (36).

The early genes of the 8-kb HPV-16 genome encode pro-
teins involved in the regulation of DNA replication, episomal
maintenance of the genome, and control of host cell division.
The late region encodes the major and minor capsid proteins,
L1 and L2. The noncoding region contains the late gene 3’
untranslated region (late 3’ UTR) at its 5’ end and regulatory
sequences controlling activity of the viral promoter toward
its 3’ end (Fig. 1A). The major promoter in HPV-16, Py, is
constitutively active from early in the viral life cycle (25). A
second promoter, Py, also becomes active in differentiated
cells (12). The genome consists of a single transcription unit,
and alternative splicing generates individual mRNAs (7, 17,
23). Transcripts may be polyadenylated at the early polyade-
nylation [poly(A)] site; alternatively one of the tandem late
poly(A) sites downstream of the L1 coding region may be used.
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Completion of the virus life cycle depends strictly on host
cell differentiation. Capsid proteins are produced only in the
outermost, differentiated cell layers; however, late mRNAs
encoding the capsid proteins are detectable in partially differ-
entiated cells in the lower layers of the epithelium (20, 29).
This suggests that late gene expression in undifferentiated cells
is regulated posttranscriptionally. Elements that inhibit gene
expression in undifferentiated cells have been identified in the
open reading frames of HPV-16 L1 (31) and L2 (4, 27) and of
HPV-31 L1 (32). Inhibitory RNA elements also occur in the
late 3" UTRs of HPV-16 (18), bovine papillomavirus type 1
(BPV-1) (9), HPV-1 (26, 30), and HPV-31 (5). Most informa-
tion is available for the 51-nucleotide (nt) BPV-1 inhibitory
element. It contains a consensus 5’ splice site, which binds Ul
snRNP (9, 10), the U1 70K component of which interacts with
poly(A) polymerase and inhibits polyadenylation at the late
site (15).

The HPV-16 late gene 3" UTR contains a 79-nt negative
regulatory element (NRE) overlapping the 3’ end of the L1
coding region and extending into the late gene 3’ UTR (18). In
basal epithelial cells transfected with a reporter construct con-
taining the HPV-16 late 3" UTR, gene expression is very low,
and deletion of the NRE allows up to a 100-fold increase in
gene expression (18, 19). The 5’ portion of the NRE contains
four weak consensus 5’ splice sites and a predicted stem-loop
structure (Fig. 1B). The 3’ portion of the element is very GU
rich. There is evidence that the NRE is a complex inhibitory
element, acting via more than one mechanism. It acts as
an RNA instability element in vitro (19), causes nuclear reten-
tion of transcripts (20, 31), and regulates polyadenylation
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FIG. 1. Diagram of the HPV-16 genome and sequence of the re-
gion containing the NRE and its putative secondary structure plot. (A)
The linearized genomic structure of HPV-16, showing early (E) and
late (L) gene coding regions (boxed). Py, constitutively active promot-
er; Py, promoter activated in differentiated cells; arrowheads [p(A)g
and p(A),], early and late poly(A) signals, respectively; heavy line,
noncoding region (NCR). (B) The sequence of the 445-nt PstI-EcoRI
fragment in the L1-late 3" UTR of the viral genome. Boldface, L1 stop
codon; boxed region, NRE; stippled box, loop of the predicted stem-
loop structure; gray box, GU-rich region; diamonds, exon-intron bound-
aries of weak consensus 5’ splice sites; underlined sequences, late poly-
adenylation signals, LP1 and LP2; overlined sequences, extent of 5’
and 3’ stems of the stem-loop structure. (C) High-energy Zuker fold
model of the 445-nt PstI-EcoRI fragment in the L1-late 3" UTR of the
viral genome. Every 50 bases are numbered. The 5" and 3’ ends of the
NRE are indicated with arrows.

(K. McGuire and S. V. Graham, unpublished data). UV cross-
linking experiments and electrophoretic mobility shift assays
(EMSAs) show that the NRE RNA binds several proteins
present in cervical epithelial cell extracts (6, 20).

J. VIROL.

Two groups have previously analyzed the inhibitory effect of
this element but have each reported different key sequences
within the NRE responsible for the inhibitory effect (6, 10). In
this study we attempted to resolve these differences and iden-
tify functionally important NRE sequences and the proteins
which they bind. Deletion and mutation analysis showed that
the whole 79-nt NRE is required for maximum repression of
gene expression in undifferentiated epithelial cells but that the
5" and 3’ NREs can independently inhibit gene expression,
albeit to a lesser extent. We found that the weak consensus 5’
splice sites are the only functionally important sequences in the
5" NRE and that all four contribute to NRE function. Splice
site 2, which most closely resembles the consensus sequence,
has the greatest effect. The NRE bound Ul snRNA, Sm pro-
teins, and U1A. Inactivating mutations in all four 5’ splice sites
reduced binding of these proteins, while converting splice site
2 to a perfect consensus sequence increased binding of the Ul
snRNP proteins. This suggests that a Ul snRNP-like complex
binds the 5" NRE via the 5’ splice sites. We suggest that this
complex, perhaps stabilized by interaction of other NRE-bind-
ing proteins such as U2AF® with the 3’ NRE, could interact
with the polyadenylation machinery, reducing the overall effi-
ciency of 3’-end processing in undifferentiated epithelial cells.

MATERIALS AND METHODS

Plasmids. Plasmid pLW1 is a chloramphenicol acetyltransferase (CAT) ex-
pression vector (11), which lacks 3’-end processing signals. Plasmid pCATPE445
contains a 445-nt PstI-EcoRI (PE) fragment of the 3’ end of the HPV-16 L1
coding region extending into the late 3" UTR (nt 7008 to 7453) cloned down-
stream of the CAT reporter gene in pLWI1. Plasmid pCATSE227 contains a
227-nt SspI-EcoRI fragment of the HPV-16 late 3' UTR (nt 7226 to 7453) cloned
downstream of the CAT reporter in pLW1 (18). The plasmid pCATPE445 was
used as a template for PCR to generate mutant NRE constructs. A PCR protocol
was used to make point mutations or deletions (21). Specific forward or reverse
primers were used with T3 or T7 primers to generate two overlapping PCR
products each incorporating the mutation at one end. PCRs contained 1.5 mM
MgCl,, 0.2 mM deoxynucleoside triphosphates (ANTPs), 10 pmol of each primer,
and 1 U of Taq polymerase, in 1X PCR buffer supplied by the manufacturer
(ABgene). PCR conditions were 95°C for 3 min; 30 cycles of 95°C for 30 s, 50°C
for 1 min, and 72°C for 30 s; 55°C for 5 min; and 72°C for 10 min. The two
products were annealed at 65°C for 10 min and then used as a template for a
second PCR with T3 and T7 primers. Reaction mixtures contained 10 pmol of
each primer, 3 mM MgCl,, 0.5 mM dNTPs, and 1 U of Taq polymerase, in 1X
PCR buffer as supplied by the manufacturer (ABgene). PCR conditions were
95°C for 3 min; 20 cycles of 95°C for 30 s, 50°C for 1 min, and 72°C for 4 min;
55°C for 5 min; and 72°C for 10 min. The sequences of the primers used to make
NRE mutant plasmids are available on request. Mutant PCR products were
checked by sequencing and then cloned downstream of the CAT reporter gene
in the plasmid pLW1.

Cell culture. HeLa cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum and 2 mM L-glutamine (Invitrogen),
at 37°C and 5% CO.,.

Nuclear extracts. Nuclear extracts from HeLa cells were prepared as described
previously (35) or were purchased from 4C Biotech, Seneffe, Belgium.

Transient transfections and CAT assays. HeLa cells (2 X 10°/35-mm-diameter
well) were transfected with 2 pg of cesium chloride-purified plasmid DNA, by
using Lipofectamine reagent (Invitrogen) in accordance with the manufacturer’s
instructions. Cells were harvested after 48 h by scraping and then lysed by freeze-
thaw. CAT assays were performed for 2 h at 37°C in the presence of [*H]chlor-
amphenicol (NEN). CAT activity was determined as described previously (24).

UV cross-linking and EMSA. Primer sequences used to generate riboprobe
templates are shown in Table 1. Probe templates were made by PCR amplifica-
tion of pCATPE445, or its mutant derivatives as required, by using forward
primers with a 5’ extension encoding a T3 promoter sequence. PCR products
were purified by fractionation through a 6% polyacrylamide gel. Riboprobes
were synthesized by in vitro transcription with the Stratagene RNA transcription
kit in the presence of 25 pCi of [a->’P]JUTP or [a-**P]ATP (800 mCi/mmol;
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TABLE 1. Sequences, and annealing positions within the HPV-16 genome, of the PCR primers used to make riboprobe templates®

Genomic

Primer name Promoter location (nt) Sequence
NRE probe forward T3 7128-7144 5" CAGAGATGCAATTAACCCTCACTAAAGGGGCTAAACGCAAAAAACG 3’
NRE probe reverse None 7186-7207 5" CTGAGCTCACATACAAACATATACACAAC 3’
5" NRE probe reverse None 7160-7176 5" TAATTCAACATACATAC 3’
5'¥% NRE probe reverse None 7171-7185 5" TAGAGCTCACAACAAACAACACTAATTC 3’
3’ NRE probe forward T3 7177-7192 5" CAGAGATGCAATTAACCCTCACTAAAGGGAGAATTCGTGTTGTTTGTTGTGT 3’
3'¥% NRE probe forward T3 7161-7180 5" CAGAGATGCAATTAACCCTCACTAAAGGGAGAATTCTATGTATGTTGAATTAGTGT 3’
Mutant 5" NRE probe reverse None 7159-7176 5" TAATTCAACATTCATCCAA 3’

“ Bacteriophage RNA polymerase promoter sequences are underlined.

NEN), according to the manufacturer’s protocol. Full-length transcripts were
purified from a 5% denaturing polyacrylamide gel for use in EMSA or purified
with Mini Quick Spin Sephadex columns (Roche) for UV cross-linking experi-
ments. UV cross-linking experiments were carried out as described previously
(22); a Stratalinker (Stratagene) at a setting of 250 mJ was used to cross-link the
samples. Where required, binding buffer composition was modified by increasing
KCl or NaCl concentration. EMSAs were carried out as described previously (2).
For EMSA competition experiments, specific competitor RNA was in vitro
transcribed by using 0.5 ug of NRE DNA template as described above, with the
exception that unlabeled UTP was substituted for [*?PJUTP. Nonspecific com-
petitor RNA was Escherichia coli tRNA or a 65-nt RNA homologous to the
pBluescript KS(+) (Stratagene) polylinker transcribed from a plasmid template
linearized with EcoRI. For supershift EMSA, nuclear extracts were preincubated
with antibodies for 30 min on ice. Complexes were resolved on native 5%
polyacrylamide gels.

Affinity purification of RNA-binding proteins. Proteins binding to wild-type or
mutant NRE RNAs were purified as described previously (3). Briefly, 500 pmol
of RNA was prepared by in vitro transcription, treated with 5 mM sodium
m-periodate and 100 mM sodium acetate (pH 5.0), and then precipitated and
incubated with 400 wl of adipic acid dihydrazide agarose beads (Sigma) for 12 h
at 4°C to cross-link the RNA to the beads. The beads were washed three times
with 2 M NaCl and then equilibrated with buffer D (20 mM HEPES-KOH [pH
7.6], 5% glycerol, 100 mM KCI, 0.2 mM EDTA, 0.5 mM dithiothreitol). Two
hundred fifty microliters of HeLa cell nuclear extract (1.25 mg) in buffer D was
applied, and the mixture was incubated at 30°C for 20 min. The beads were
washed four times in buffer D containing 4 mM MgCl,. The bound proteins were
eluted in protein loading buffer by being heated to 90°C for 5 min. The affinity-
purified proteins were electrophoresed on a sodium dodecyl sulfate (SDS)-12%
polyacrylamide gel. For isolation of NRE-bound U1 snRNA, following incuba-
tion of the beads with nuclear extract and washing, the beads were digested with
proteinase K (1 mg/ml) exactly as described previously (8). Beads were pelleted,
the supernatant was extracted with phenol-chloroform and ethanol precipitated
in the presence of glycogen as a carrier molecule, and finally recovered nucleic
acids were digested with RQ1 DNase I (Promega). Following a further round of
phenol-chloroform extraction and ethanol precipitation, first-strand cDNA was
synthesized by incubation at 42°C for 40 min in the presence of Superscript II
(Invitrogen), with a Ul snRNA-specific reverse primer (5" AAAGCGCGAAC
GCAGTCCCC 3'). RNA was removed by RNase H digestion at 37°C for 30 min.
Phenol-chloroform-extracted, ethanol-precipitated cDNA was PCR amplified in
a reaction mixture containing 3 mM MgCl,, 20 pmol of each primer, 0.2 mM
dNTPs, and 1 U of Tag polymerase, in 1X buffer as supplied by the manufacturer
(ABgene). PCR conditions were 94°C for 2 min; 30 cycles of 94°C for 30 s, 55°C
for 30 s, and 72°C for 1 min; and 72°C for 5 min. The U1 snRNA-specific primers
were (forward) 5 CCACAAATTATGCAGTCGAG 3’ and (nested reverse)
5" CTTACCTGGCAGGGGAGATA 3'. PCR products were blunt ended with
T4 DNA polymerase and then cloned into pBluescript KS(+) (Stratagene)
linearized with EcoRV, and inserts were checked by sequencing.

Coimmunoprecipitation. Beads for immunoprecipitation were prepared by
mixing 50 wl of protein A-Sepharose beads with anti-Sm (Y12) antibody in
binding buffer (5 mM Tris-HCI [pH 7.4], 250 mM NaCl, 1 mM EDTA, and 0.05%
Nonidet P-40) at 4°C for 1 h (1 pl of antibody/10 .l of beads). Beads were then
mixed with 50 g of nuclear extract for 2 h in binding buffer at 4°C. Beads were
pelleted and washed three times in binding buffer. Finally, 30 wl of protein
loading buffer was added and the beads were boiled to release bound protein.

Western blotting. SDS-polyacrylamide gels were electroblotted onto nitrocel-
lulose (Hybond ECL) or polyvinylidene difluoride (Hybond P) membrane (Am-
ersham Pharmacia Biotech). The blots were blocked overnight at 4°C in 5%
(wt/vol) dried milk powder in phosphate-buffered saline (PBS)-0.05% Tween.

Primary antibodies were diluted in PBS-0.05% Tween-5% dried milk powder.
The anti-Sm antibody Y12 (gift of Tain Mattaj, European Molecular Biology
Laboratory) was used at a dilution of 1/500, the U1 70K polyclonal antibody 35
5c-9569 (Santa Cruz Biotechnology) was used at a dilution of 1/250, and the
anti-U1A polyclonal antibody (gift of Iain Mattaj) was used at a dilution of 1/500.
Blots were incubated in the primary antibody for 1 h at room temperature with
shaking. After being washed in PBS-0.05% Tween, the membrane was incubated
in the secondary antibody for 1 h at room temperature with shaking. The sec-
ondary antibody, either anti-mouse antibody—horseradish peroxidase or protein
A-horseradish peroxidase (Sigma), was diluted 1/1,000 in PBS-0.05% Tween
plus 5% (wt/vol) dried milk powder. After being washed, the membranes were
visualized with ECL reagents (Amersham Pharmacia Biotech) in accordance
with the manufacturer’s protocol.

RESULTS

Site-directed and deletion mutant analysis of HPV-16 NRE
function. Using CAT reporter gene constructs in transient
transfection of HeLa cells, Furth et al. (10) showed that the
5’-most 51 nt of the HPV-16 NRE in concert with a simian
virus 40 polyadenylation signal was sufficient to inhibit gene
expression. In contrast, using a very similar approach, Dietrich-
Goetz et al. (6) found that, in the context of the HPV-16 late
3" UTR, the whole 79-nt NRE was required for maximal re-
pression. In order to clarify and delineate which regions of the
NRE are the most important in control of gene expression, we
carried out site-directed and deletion mutagenesis of the NRE.
First we introduced groups of five random substitution muta-
tions sequentially along the 79-nt NRE in the expression plas-
mid pCATPE445. This plasmid has as its 3’ UTR the 445-bp
region of the HPV-16 genome (Fig. 1B) that contains the 3’
end of the L1 coding region, the NRE, and the tandem HPV-
16 late polyadenylation signals. Fifteen such pCATPE445-de-
rived NRE mutated plasmids were transiently transfected into
HeLa cells, and CAT activity was assayed after 48 h. The
positive control, pPCATSE227, which has the NRE region de-
leted (18), gave high levels of CAT activity, and pCATPE445,
which retains the NRE intact, gave very low levels of CAT
activity as expected. However, all of the plasmids containing
site-directed mutations of the NRE also gave very low CAT
activities that did not differ significantly from those obtained
with pCATPE445 (data not shown).

As this result could indicate that there are multiply redun-
dant elements within the NRE necessary for its negative effect,
we tested different portions of the NRE separately, by making
a series of deletion mutant constructs. Firstly, we checked
that the 79-nt region predicted to comprise the whole NRE
had a significant repressive effect on gene expression. The
NRE was precisely deleted from pCATPE445 to make plasmid
pCATANRE (Fig. 2A) and assayed by transient transfection as
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TABLE 2. Results of CAT assay of transiently transfected
HelLa cells with NRE deletion mutant constructs
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TABLE 3. Results of CAT assay of transiently transfected
HeLa cells with splice site mutant constructs

Position (size of CAT activity ~ Fold increase over

CAT activity (cpm/10° Fold increase over

Construct deletion in. genome) (cpm/10° cells; wild-type construct Construct cells; mean = SD) wild-type construct
(both in nt) mean = SD) (pCATPE445) (pCATPE445)
pCATPE445 4.71 = 0.56 pCATPE445 4.45 £2.19
pCATS’ 7177-7206 (30) 13.90 = 2.48 3.0 pCATwt2SD 1.74 = 0.75 0.4
pCAT5' ¥4 7191-7206 (16) 14.48 + 3.55 3.1 pCATmut1-4SD 65.15 = 9.70 14.6
pCAT3’ 7129-7176 (49) 46.54 = 3.95 9.8 pCATS5 'mutl-3SD 93.84 +26.27 21
pCAT3'¥ 7129-7160 (33) 40.38 + 3.48 8.6 pCATS5 'mut1-4SD 180.54 = 11.58 40.5
pCATSE227 7008-7227 (219)  200.46 * 14.53 425 pCATS’ 21.56 = 4.97 4.8
pBluescript KS(+) 1.70 £ 0.9 pCATS5 'mutlSD 41.62 £ 8.03 9.3
pCATS ' mut2SD 93.13 = 3.53 20.9
pCATS ' mut3SD 57.94 £ 4.49 13.0
pCATS ' mut4SD 44.98 = 3.07 10.1
before. Figure 2B shows that this deletion plasmid gives a pCATSE227 182.37 + 11.67 40.9
similar alleviation of the repressive effect as pCATSE227  pBluescript KS(+) 1.22 £ 0.10

(which lacks all sequences upstream of the Sspl site [Fig. 1B]),
demonstrating that the 79-nt fragment contains repressive se-
quences. Next, we made plasmid pCAT+5" (Fig. 2A), which
contains the 5" portion of the NRE (49 nt) that includes the
four weak consensus 5’ splice sites and the predicted loop of
the stem-loop structure (Fig. 1C). This region is very similar to
the 51-nt fragment used by Furth et al., which they concluded
gave a strong repressive effect (10). The plasmid pCAT+3’
(Fig. 2A) contains only the 3’ GU-rich portion (30 nt). In
addition, we made the constructs pCAT+5'[3/4] (Fig. 2A),
which contains the first 63 nt of the NRE, and pCAT+3'[3/4]
(Fig. 2A), which contains the last 46 nt of the NRE. Transient
transfection of HeLa cells followed by CAT assays showed
that each of the NRE deletion mutants gave elevated re-
porter activity compared to that of the wild-type construct
pCATPE445 (Fig. 2B; Table 2); however, each was still signif-
icantly inhibitory. The plasmids pCAT+5" and pCAT+5'[3/4]
each gave a threefold increase over pCATPE445, but CAT
expression with pCAT+5" was still approximately 15-fold low-
er than that obtained with the positive control pCATSE227. In
contrast, the plasmids pCAT+3" and pCAT+3'[3/4] gave in-
creases of 10- and 8.5-fold, respectively. These results show
that, while the whole 79-nt NRE is required for maximum
repression of reporter gene expression in undifferentiated epi-
thelial cells, the 5" NRE in particular must contain significant
inhibitory sequences.

All four weak consensus 5’ splice sites, but not the predicted
stem-loop structure, contribute to the inhibitory effect of the 5’
NRE. In the BPV-1 late inhibitory element, a single strong
consensus 5’ splice site binds Ul snRNP, whose U1 70K moi-
ety acts to inhibit poly(A) polymerase in the downstream poly-
adenylation reaction (15). Barksdale and Baker demonstrated
that the multiple adjacent 5’ splice sites could be additive in

their inhibitory activity (1). Thus, we tested whether the four
weak 5’ splice sites in the HPV-16 NRE cooperate to recapit-
ulate the role of the single strong 5 splice site in the BPV-1
NRE. We systematically tested each 5 splice site in isolation
and in combination for its ability to repress gene expression.
First, we introduced inactivating substitution mutations at the
+2 position in all four 5 splice sites simultaneously, to make
plasmid pCATmut1-4SD (Fig. 2C). As a positive control, splice
site 2, the closest match to the consensus sequence (9), was
converted to a perfect consensus 5’ splice site (AAG/GTAA
GT) in plasmid pCATwt2SD (Fig. 2C). The CAT activity of
pCATwt2SD was significantly lower than that obtained with
the control plasmid pCATPE445 (Table 3; Fig. 2D), confirm-
ing that a good consensus 5’ splice site is inhibitory of gene
expression in this assay. The CAT activity of pCATmutl-
4SD, however, was approximately 15-fold higher than that
of pCATPE445 (Table 3; Fig. 2D), though still significantly
(2.8-fold) lower than that obtained with pCATSE227. These
results show that the weak consensus 5’ splice sites are indeed
important determinants of the inhibition of gene expression by
the NRE but do not constitute the entire inhibitory activity, the
remainder residing in the separable inhibitory activity of the 3’
NRE.

We next asked whether the 5’ splice sites are the sole de-
terminant of the inhibitory activity of the 5" NRE. To test
this, we deleted the 3" NRE from pCATmut1-4SD to make
pCATS5'mut1-4SD (Fig. 2C). By a fortuitous PCR error, an-
other construct, pCAT5'mut1-3SD (Fig. 2C), retained wild-
type sequence at splice site 4. These two plasmids, when tran-
siently transfected into HeLa cells, gave CAT activities 40- and
21-fold, respectively, higher than that of pCATPE445 (Table 3;

FIG. 2. Functional analysis of mutant NRE constructs. (A) NRE deletion mutants. Open box, 5" NRE; hatched box, 3" GU-rich portion of
NRE; arrowheads, late polyadenylation sites [p(A); ]. (B) Bar chart of CAT activity per 10° HeLa cells of deletion mutant constructs assayed in
the presence of [*H]chloramphenicol, as the means plus standard deviations of duplicate transfections from three separate experiments. (C) Splice
site mutant constructs. Line 1, wild-type sequence of the 5’ NRE in the expression plasmid pCATS5’. Boxed sequences, weak consensus 5’ splice
sites (1 to 4). The shill marks the position of the exon-intron boundary. Line 2, pCATwt2SD contains a group of mutations (boldface) that convert
5’ splice site 2 to a perfect consensus 5’ splice site sequence. Line 3, pPCATmut1-4SD contains inactivating point mutations (boldface) in all four
5" splice sites; pCATS 'mut1-4SD also lacks the GU-rich 3’ NRE. Line 4, pCAT5'mut1-3SD contains inactivating point mutations in three 5’ splice
sites (boldface) but retains wild-type sequence at splice site 4. Lines 5 to 8, pCATS5'mut1SD, pCAT5'mut2SD, pCAT5'mut3SD, and pCATS' mut4SD
contain inactivating point mutations (boldface) in splice sites 1 to 4, respectively. (D) Bar chart of CAT activity per 10> HeLa cells of 5’ splice site
mutant constructs assayed in the presence of [?H]chloramphenicol, as the means plus standard deviations of duplicate transfections from three

separate experiments.
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Fig. 2D). The CAT activity of pCAT5 'mut1-4SD was very
similar to that of the control construct pCATSE227, which
entirely lacks the NRE. These results suggest that the 5’ splice
sites are the only sequences in the 5" NRE that are required to
inhibit gene expression. They further suggest that splice site 2
is not the sole determinant of repression by the 5" NRE (10),
since pCATS5'mut1-3SD, which has a functionally inactive
splice site 2 but retains wild-type sequence at splice site 4, still
significantly inhibits gene expression.

To investigate the role of the individual 5’ splice sites fur-
ther, we introduced an inactivating point mutation into each
5’ splice site separately, to make plasmids pCATS mutlSD,
pCATS'mut2SD, pCATS5 'mut3SD, and pCATS5 'mutd4SD (Fig.
20).

We found that inactivation of each site separately caused
a significant increase in gene expression over that of the con-
trol plasmid pCAT+5" (Table 3; Fig. 2D). Plasmid pCATS’
mut1SD gave expression 1.9-fold higher, pCATS'mut2SD gave
expression 4.3-fold higher, pCAT5'mut3SD gave expression
2.7-fold higher, and pCAT5 'mut4SD gave expression 2.1-fold
higher than that of pCATS5’. Thus, splice site 2 is, as previously
shown (10), the most important of the four sites, but all four
sites contribute to the inhibitory effect of the NRE in an ad-
ditive manner.

Finally, although our site-directed mutagenesis studies and
the subsequent analysis of the weak 5’ splice sites in the 5’
portion of the NRE appeared to rule out any contributory
effect of the predicted stem-loop structure (Fig. 1C), we also
tested this directly. Deletion or mutation of the 8 nt in the loop
of the stem-loop would be predicted to destroy its structure,
but neither mutation introduced into pCATPE445 gave any
alleviation of report gene expression (data not shown). This
could indicate that the stem-loop structure is not a functionally
significant element; however, we have not tested whether the
secondary structure induced by the stem-loop has some further
repressive effect on the 5’ splice sites.

Protein binding to the NRE is specific, and several proteins
bind with high affinity. A number of HelLa and W12 cell
proteins bind the NRE, forming two complexes of similar size
and a third, more retarded EMSA complex. Previous studies
indicated that three RNA-processing proteins, U2AF®, CstF-
64, and HuR, contribute to formation of these complexes (20).
Binding of these proteins is specific, as RNA-protein com-
plexes were disrupted when a twofold, or greater, molar excess
of unlabeled NRE RNA was added to an EMSA mixture with
HeLa cell nuclear extracts and an NRE probe (Fig. 3A, lanes
9 to 13). Addition of unrelated RNA [2- to 16-fold molar
excess of in vitro-transcribed RNA homologous to the pBlue-
script KS(+) polylinker or E. coli tRNA did not disrupt the
complexes (Fig. 3A, lanes 3 to 7 and 15 to 18). These protein
complexes bind with reasonably high affinity, as they are still
present in 400 mM salt, indicating that they represent specific
binding to the NRE (data not shown). By using UV cross-
linking, the affinity of proteins that bind the NRE directly was
determined. Figure 3B shows that by using similar probes and
HeLa cell nuclear extracts as used in the EMSAs the major
65-kDa and 50-kDa bands that are products of the UV cross-
linking experiment were still bound at 250 mM KCl (Fig. 3B,
lane 3) or NaCl (data not shown). However, these no longer
bound in 500 mM KCI (Fig. 3B, lane 4). At this high salt
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FIG. 3. Binding of protein to the NRE is specific and occurs with
high binding affinity. (A) Specific competition EMSA. A *?P-labeled
NRE probe (1.5 pmol) was incubated with HeLa cell nuclear extracts
in the presence of specific or nonspecific competitor RNA. Lane 1, no
extract; lane 2, no competitor; lanes 3 to 7, 1- to 16-fold molar excess
of nonspecific competitor, i.e., 1.5 to 24 pmol of in vitro-transcribed,
unlabeled pBluescript KS(+) polylinker RNA; lane 8, no competitor;
lanes 9 to 13, 1- to 16-fold molar excess of specific competitor, i.e., 1.5
to 24 pmol of in vitro-transcribed NRE RNA; lane 14, no competitor
RNA; lanes 15 to 18, nonspecific competitor, i.e., 500 ng to 2 pg of E.
coli tRNA. Arrows, RNA-protein complexes; NE, HeLa cell nuclear
extracts. (B) A **P-labeled NRE probe was UV cross-linked to HeLa
cell nuclear extracts in the presence of various concentrations of KCI
(60, 120, 250, and 500 mM [lanes 1 to 4, respectively]). (C) **P-labeled
sense NRE (lane 1), antisense NRE (lane 2), and pBluescript poly-
linker probes (lane 3) were UV cross-linked to HeLa cell nuclear
extracts in 60 mM KCI. In panels B and C cross-linked protein-RNA
samples were RNase digested and fractionated on SDS-polyacryl-
amide gels, dried, and subjected to autoradiography.

concentration, binding of two proteins around 30 to 35 kDa
was greatly increased, suggesting that individual proteins may
compete for binding sites on the NRE. In case any of the
proteins binding directly to the NRE even in high-salt condi-
tions were nonspecific, we tested binding in low-salt conditions
(60 mM KCl) of nuclear extract to the sense NRE, the anti-
sense NRE, and a pBluescript polylinker-transcribed RNA of



VoL. 77, 2003

kDa 1 2

3 4 5 kDa 1 2 3 4

3’ NRE

5’ % NRE

a A

2 g
x Z 3
on -
v

2345 6
-+ -+ -

+ NE

S'NRE |
5’wt2SD |
5’mut1-4SD |

E 1234567380

NE - + + + = * #
: Moo . = =
antlbOdY"g g %
o]

INHIBITORY 5" SPLICE SITES IN THE HPV-16 LATE 3" UTR 5173

similar size. While strong binding to the NRE was detected as
before (Fig. 3C, lane 1), only one major protein bound to the
antisense strand and this protein was not of a size that bound
the sense RNA strand (Fig. 3C, lane 2). No proteins bound the
pBluescript polylinker RNA (Fig. 3C, lane 3).

NRE deletion mutants show differences in UV cross-linking
of HeLa cell nuclear extract proteins. We wished to determine
whether binding of any of these proteins was functionally im-
portant and whether the splice site mutant NREs that showed
altered ability to inhibit reporter gene expression showed
changes in protein binding. The NRE deletion mutant probes
were *?P labeled and UV cross-linked to HelLa cell nuclear
extracts. All the deletion constructs differed from the wild-type
NRE in the number and relative intensity of bands produced,
although several proteins between 40 and 70 kDa appeared to
bind to every deletion mutant tested. The wild-type NRE UV
cross-linked to at least four proteins between 25 and 40 kDa
that did not bind any of the deletion mutants (Fig. 4A, lane 1).
The 5’ NRE (49 nt), although longer than the 3’ NRE (30 nt),
bound less protein overall (lanes 2 and 4). The 3" NRE also
bound three small (<30-kDa) proteins that bound none of the
other probes (lane 4). The 3'[3/4] NRE generated a strong
band of around 25 kDa and several other unique bands of
around 30 kDa (lane 5). These results suggest that individual
proteins compete for binding to the NRE and that, although
the two halves of the NRE RNA element can bind similar
proteins, they may cooperate to provide a stabilized binding
site for these proteins.

The splice site mutants show altered patterns of protein
binding in UV cross-linking experiments. We hypothesized
that, if the four weak 5’ splice sites in the 5’ portion of the
NRE were functionally important, protein binding patterns to
wild-type and mutant NRE probes might be different. UV
cross-linking analysis with wt79ntNRE, wt2SD, and mut1-4SD
probes gave a broadly similar pattern of bands for each probe,
possibly due to 3" NRE-mediated stabilization of partial com-
plexes (data not shown). In contrast, UV cross-linking of **P-
labeled short (49-nt) 5'wtNRE and 5'mut2SD probes to HeLa

FIG. 4. UV cross-linking and EMSA with mutant NRE probes and
HeLa cell nuclear extracts. (A) UV cross-linking of **P-labeled wild-
type and deletion mutant NRE probes to HeLa cell nuclear extracts.
Lane 1, NRE; lane 2, 5" NRE; lane 3, 5'[3/4] NRE; lane 4, 3’ NRE;
lane 5, 3'[3/4] NRE. (B) UV cross-linking of [**P]JrATP-labeled whole-
NRE, 5’ NRE, and 5’ splice site mutant probes to HeLa cell nuclear
extracts. Lane 1, whole-NRE probe; lane 2, 5" NRE probe; lane 3,
5'wt2SD probe; lane 4, 5'mut1-4SD probe. Asterisks, proteins binding
to 5'wt2SD and 5’ NRE but not to 5'mut1-4SD. (C) EMSA with 32P-
labeled whole-NRE probe and HelLa cell nuclear extracts. Lane 1, no
nuclear extract; lane 2, with HeLa cell nuclear extract. Arrows, RNA-
protein complexes. (D) EMSA with *P-labeled short (49-nt) 5" splice
site mutant NRE probes and HeLa cell nuclear extracts. Lanes 1 and
2,5" NRE probe; lanes 3 and 4, 5'wt2SD probe; lanes 5 and 6, 5'mut1-
4SD probe. Arrows, RNA-protein complexes; NE, HeLa cell nuclear
extracts. (E) EMSA with *?P-labeled whole NRE probe and HeLa cell
nuclear extracts preincubated with various antibodies. Lanes 1, 4, and
7, no nuclear extract and no antibody; lanes 2, 5, and 8, nuclear extract
(NE) and no antibody; lane 3, nuclear extract with anti-U1 70K anti-
body; lane 6, nuclear extract with anti-U1A antibody; lane 9, nuclear
extract with anti-Sm antibody. Arrows, RNA-protein complexes. Ar-
rowheads mark the positions of shifted complexes.
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cell nuclear extracts generated clear differences (Fig. 4B). As
before, overall protein binding to the shorter RNA probes was
weaker than that to the full NRE (Fig. 4B, compare lanes 1 and
2), but a very similar protein binding pattern was observed for
the 5’ NRE and 5'wt2SD probes, indicating that the wild-type
NRE with the four weak 5’ splice sites binds proteins that also
bind a single strong consensus 5’ splice site (Fig. 4B, lanes 2
and 3). However, protein binding to the 5'mut1-4SD probe was
markedly different, with most of these proteins showing much-
reduced binding (Fig. 4B, lane 4). The mutations introduced to
inactivate the four weak 5’ splice sites changed T residues to
A residues; thus, this experiment was carried out with both
[**P]rUTP and [**P]rATP. Very similar results were obtained
in each case, and Fig. 4B shows the data with [>**P]rATP. Taken
together, these UV cross-linking experiments show distinct
differences in protein binding between wild-type NRE and the
NRE splice site mutant probes, indicating that protein binding
to the weak 5’ splice sites is likely to be functionally important.

NRE deletion mutants each generate three retarded EMSA
complexes. In an EMSA with HeLa cell nuclear extracts and
NRE deletion mutant probes, three shifted complexes were
formed on each probe (Fig. 4C). Titration experiments with
increasing amounts of HeLa cell nuclear extracts with an NRE
probe show a progressive loss of the smaller complexes and an
increase in the intensity of the largest complex, suggesting that
the lower bands may represent partially formed intermediates
(S. A. Cumming and S. V. Graham, unpublished data). In an
EMSA with *?P-labeled splice site mutant 5’ NRE probes and
a threefold-higher ratio of nuclear extract to probe, the upper
complex clearly predominated in each case. In Fig. 4D the
intensity of the upper complex with the 5'mut1-4SD probe was
significantly reduced, and one of the lower complexes was
absent (lane 6). This is consistent with the UV cross-linking
data with similar probes, again indicating that the protein com-
plexes that form on the 5" NRE interact via the four weak 5’
splice sites. As the strong consensus 5’ splice site in the BPV-1
late inhibitory element binds U1l snRNP, the protein complex
that most likely interacted with the NRE was also U1l snRNP.
We carried out supershift EMSAs to determine if we could
detect the presence of any key Ul snRNP proteins in these
complexes. Figure 4E shows that preincubation of nuclear ex-
tracts with antibodies against Ul 70K and U1A proteins did
not alter the pattern of complexes formed upon the NRE.
However, preincubation with an anti-Sm antibody dramatically
altered the mobility of the larger and smaller complexes. This
confirms that an Sm protein-containing complex binds the
NRE and indicates that at least the lowest complex is a pre-
cursor complex for the most retarded complex. Failure to de-
tect supershifted complexes or any reduction in intensity of
complexes formed with the anti-U1 70K and U1A antibodies
could mean that these proteins were not present in the NRE-
bound complexes or that these proteins when in the complexes
were inaccessible to the antibodies.

Splice site mutants show altered binding of certain splicing
factors. Next we used affinity chromatography to ask if the four
weak 5’ splice sites in HPV-16 bound components of Ul
snRNP. As a positive control, we used the NRE mutant with
the second weak 5’ splice site mutated to a strong consensus
sequence, and as a negative control we used mut1-4SD, where
all four splice sites were inactivated. The NRE and splice site
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FIG. 5. Affinity purification and identification of proteins and RNA
that interact with NRE and splice site mutant RNAs. (A) Western
blotting with a polyclonal U1A antiserum. Lanes 1 and 9, NRE-binding
proteins isolated from HeLa cell nuclear extracts; lane 2, wt2SD-
binding proteins; lane 3, mut1-4SD-binding proteins; lane 4, proteins
purified with beads alone; lane 5, 20 pg of HeLa cell nuclear extracts;
lane 6, 5" NRE-binding proteins; lane 7, 5'wt2SD-binding proteins; lane 8,
5'mut1-4SD-binding proteins (the exposure of lanes 6 to 8 is 10 times
longer than that of lanes 1 to 5); lane 10, 3" NRE-binding proteins;
lane 11, 2 pg of HeLa nuclear extracts. (B) Western blotting with the
Y12 Sm protein antibody. Lane 1, NRE-binding proteins; lane 2, wt2SD-
binding proteins; lane 3, mut1-4SD-binding proteins; lane 4, proteins
purified with beads alone; lane 5, 20 pg of HeLa nuclear extracts. (C)
Western blotting with the U1 70K antibody. Lanes are as in panel B.
(D) Western blotting of proteins coimmunoprecipitated with anti-Sm
antibody from HeLa cell nuclear extracts. Lane 1, nuclear extract alone;
lane 2, nuclear extract incubated with Sm antibody Y12-bound protein
A-Sepharose beads; lane 3, nuclear extract incubated with protein A-
Sepharose beads without anti-Sm antibody. The top panel was probed
with anti-U1 70K antibody, the middle panel was probed with anti-
U1A antibody, and the bottom panel was probed with anti-Sm anti-
body. (E) Ethidium bromide-stained agarose gel of reverse transcrip-
tion-PCR-amplified U1 snRNA affinity purified on NRE RNA. Lane
1, 1-kb DNA ladder (Invitrogen); lane 2, no cDNA added; lane 3, NRE
affinity-purified Ul snRNA cDNA; lane 4, NRE affinity-purified RNA,
no reverse transcriptase; lane 5, affinity-purified cDNA from beads
alone; lane 6, affinity-purified cDNA from HeLa cell nuclear extract.

mutant RNAs were chemically cross-linked to agarose beads to
purify RNA-binding proteins from HeLa cell nuclear extracts
(3). These proteins were eluted and Western blotted with an-
tibodies to RNA-processing factors that bind the NRE. Figure
5 shows that the components of U1l snRNP, U1A (Fig. 5A), Sm
proteins (with anti-Sm monoclonal antibody Y12, which de-
tects the B/B’, D1, and D3 Sm proteins) (Fig. 5B), and Ul
snRNA (Fig. 5E), but not U1l 70K (Fig. 5C), bind the NRE.
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Although U1A bound to all three RNAs (Fig. SA, lanes 1 to 3),
slightly more U1A was detected in the wt2SD sample (Fig. 5A,
lane 2). When the experiment was repeated with only the 5’
NRE probes to purify proteins, very little U1A could be de-
tected in the 5'mut1-4SD reaction (Fig. 5A, lane 8), indicating
that U1A does bind the four weak 5’ splice sites but may also
bind the 3’ portion of the NRE. We tested this directly by
comparing binding of UlA in nuclear extracts to the whole
NRE and to its 3’ portion. We detected strong binding both to
the whole NRE and to its 3’ end (Fig. 5A, lanes 9 and 10). With
the anti-Sm antibody, we obtained a major band at approxi-
mately 30 kDa (Fig. 5B), which from its size is most likely B/B’
(33). The wt2SD RNA binds slightly more B/B’ Sm protein
(lane 2) and in addition binds a protein of approximately 15
kDa (data not shown), most likely D1 (33). The eluate from
mut1-4SD contains almost no Sm protein; only a very faint
band is visible in lane 3. We were able to detect Ul 70K
protein in HeLa cell nuclear extracts, though not in any of our
eluted protein samples (Fig. 5C). To check that Ul 70K was
present in complexes with Sm protein and U1A in the nuclear
extracts that we used, we carried out coimmunoprecipitation
experiments with the anti-Sm antibody Y12. Figure 5D shows
that Y12-linked beads immunoprecipitated Sm proteins as ex-
pected and also U1IA protein. Coimmunoprecipitation of Ul
70K was less efficient, but more protein was pulled out with
antibody-linked beads than with beads alone. The detection of
a Ul 70K-specific band in the lane containing beads alone was
most likely due to cross-reactivity of this polyclonal antibody
(Fig. 5D, lane 3). As expected Ul snRNA could be reverse
transcription PCR amplified from NRE affinity-purified RNA,
though not from RNA purified with beads alone (Fig. SE). The
two PCR products were cloned, sequenced, and confirmed to
be Ul snRNA specific. The shorter product (130 bp) is exactly
the size and sequence predicted by using the nested Ul
snRNA-specific reverse primer, while the longer product (161
bp) extends to the 3’ end of the Ul snRNA. These data suggest
that a Ul snRNA-like complex binds the NRE via the weak
consensus 5’ splice sites at the 5" end.

DISCUSSION

The HPV-16 late 3’ UTR NRE is proposed to regulate viral
late gene expression posttranscriptionally. We have shown
here that the entire 79-nt NRE is required for maximum re-
pression of gene expression in undifferentiated epithelial cells.
All deletion and site-directed mutants of the NRE that we
synthesized still significantly inhibited gene expression, dem-
onstrating that no individual short sequence(s) is responsible
for the repressive effect. Further, comparison of the relative
repressive effects of the 5’ portion, which contains the four
weak 5’ splice sites, with the GU-rich 3’ portion revealed that
the former sequence on its own has a stronger repressive effect
than does the 3’ GU-rich region, and yet both portions are
required for full repressive effect. Within the 5’ portion, we
have demonstrated that the four weak consensus 5’ splice sites
are the only functionally important sequences. Although all
four contribute to NRE function, splice site 2, which most
closely resembles the consensus sequence, has the largest sin-
gle effect. Taken together, these data suggest that the HPV-16
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NRE is a surprisingly complex regulatory element. This con-
trasts with the BPV-1 NRE, which comprises only a single
good consensus 5’ splice site (10), and the HPV-1 NRE, which
consists of an AU-rich element that appears to act like other
eukaryotic 3" UTR AU-rich elements by binding the RNA
stability regulator protein HuR and hnRNPC1/C2 (26, 28).

Previous studies of the HPV-16 NRE yielded differing re-
sults. Furth et al. (10) concluded that a 51-nt region (very
similar to that defined by us as the 5’ portion of the NRE), and
in particular the second weak 5’ splice site that it contained,
was the primary determinant of NRE function. Dietrich-Goetz
et al. (6) showed that constructs containing deletions of splice
sites 1 and 2 or 1 to 4 yielded increases in gene expression of
14 and 50%, respectively. Point mutations affecting splice site
1 alone, or sites 3 and 4 together, showed little effect, but these
were assayed in constructs retaining the 3" NRE, as well as the
wild-type sequence at splice site 2. In the present study, we
have analyzed the effect of the splice sites in isolation, by
combining 5’ splice site mutations with deletions of the 3’
NRE. By using this approach, we have shown that the 5" splice
sites are the only functionally important sequences in the 5’
NRE. Although Furth et al. (10) demonstrated that only the
strong splice site 2 controls gene expression, this was in the
context of a heterologous poly(A) signal. As we have evidence
that the NRE cross talks to the late poly(A) sites (McGuire
and Graham, unpublished), our analysis of the inhibitory ef-
fects of the NRE within its natural context in the HPV-16 late
3" UTR may have uncovered subsidiary roles of the weaker
first, third, and fourth 5’ splice sites.

A number of RNA-processing factors, including U1l snRNP
proteins, U2AF®, CstF-64, and HuR, bind NRE RNA specif-
ically, and with high affinity (20; this work). The pattern of
binding in EMSAs and UV cross-linking experiments is quite
similar for our deletion and site-directed mutant RNAs. This
could indicate that binding of at least some of these proteins
was nonspecific. However, our EMSA competition experi-
ments and UV cross-linking salt titrations demonstrate a rea-
sonable degree of specificity. We suggest that our data indicate
that an NRE-binding complex may have several points of con-
tact with the sequence. Overall, protein binding to the 5' NRE
was less than that to the 3" NRE, suggesting that the 3’ portion
may stabilize complex formation over the NRE, although the
5" splice sites clearly bind a Ul snRNP-like complex. In
EMSA, the full-length and 5" NRE each generated three re-
tarded complexes of similar mobilities but of varying intensities
between experiments. Titration experiments with increasing
amounts of HeLa cell nuclear extracts with an NRE probe
show a progressive loss of the smaller complexes and an in-
crease in the intensity of the largest complex, suggesting that
the lower bands may represent partially formed intermediates
(Cumming and Graham, unpublished). This can be observed in
Fig. 4C, where a threefold-higher ratio of nuclear extract to
probe was used than for Fig. 4E. This may indicate that at high
protein concentrations a single multiprotein complex covers
the whole NRE, and although a similar complex may still form
on a shorter RNA, it will be less stable, resulting in less com-
plex formation overall and in relative underrepresentation of
the most retarded EMSA band. If similar complexes also form
in vivo, reduced complex stability on deletion mutants might
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explain how truncated NREs can still inhibit gene expression,
albeit less efficiently.

Our in vitro protein binding experiments with splice site
mutant RNAs show a reduction in binding of cellular proteins
in UV cross-linking experiments and EMSAs. Using affinity
chromatography, we showed that, although UlA binds the
full-length mut1-4SD RNA, it does not bind 5'mut1-4SD. This
suggests that, at least in vitro, U1A can bind the 3" GU-rich
portion of the NRE but that binding to the 5" NRE requires
5’ splice site homology. Sm proteins, in contrast, do not bind
mutl-4SD RNA, though they do bind the full-length NRE
RNA. This suggests that Sm proteins do not normally bind the
GU-rich 3" NRE but do bind the 5’ splice sites in the 5" NRE.
As we have affinity purified Ul snRNA with NRE RNA, these
results suggest that a U1 snRNP-like protein complex binds via
the 5’ splice sites to the 5" NRE.

In the case of the BPV-1 inhibitory element, the Ul 70K
component of Ul snRNP interacts with poly(A) polymerase,
reducing polyadenylation efficiency (15). For the NRE, binding
of U1 70K cannot be detected despite its presence in a complex
with Sm and U1A proteins in our nuclear extracts. Levels of
U1 70K proteins are low in our extracts, and we cannot rule out
the possibility that it is present at very low levels in an NRE-
binding complex. A second U1 snRNP component, U1A, how-
ever, does bind the NRE. U1A regulates its own production by
binding simultaneously to poly(A) polymerase and to the UTA
RNA 3’ UTR, reducing polyadenylation efficiency (13, 14).
U1A could therefore substitute for Ul 70K in this system.
U2AF® has also been shown elsewhere to bind poly(A) poly-
merase (34) and could also inhibit polyadenylation under cer-
tain conditions. Since U2AF® also binds the NRE (6, 20), it
could potentially act to reduce the polyadenylation efficiency of
NRE-containing transcripts.

Taken together, our results suggest that, although the NRE
is more complex than the BPV-1 inhibitory element, it may
work via a broadly similar mechanism. We have shown that the
weak consensus 5’ splice sites in the 5" NRE are very important
but do not wholly account for NRE function. In vitro protein
binding to truncated or full-length NRE RNAs is remarkably
consistent, which suggests that a single multiprotein complex
might form over the whole NRE. We have shown that binding
of UIA and Sm to the 5" NRE is stabilized by the introduction
of a perfect consensus 5’ splice site sequence but abolished by
inactivating mutations. These changes correlate with changes
in gene expression in a functional assay. This suggests that the
5" NRE binds a Ul snRNP-like complex, most likely via base
pairing between Ul snRNA and the 5’ splice sites. Binding
could be stabilized by binding of U2AF® to the 3' NRE (6, 20),
as well as by bridging interactions with other NRE-binding
proteins. We propose that, in undifferentiated cells, the U1A
or U2AF® components of the complex reduce the efficiency of
polyadenylation at the downstream sites, thus inhibiting late
gene expression.
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