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1. ABSTRACT 
 

Papillomaviruses infect epithelial cells causing 
mainly benign lesions or warts. In some rare instances, 
these may progress to malignancy. For example, human 
papillomavirus type 16 (HPV16) is the causative agent of 
60% of cases of cervical cancer. The replication cycle of 
papillomaviruses is intimately linked to epithelial 
differentiation. In particular, late gene expression is 
completed exclusively in the upper epithelial layers.  
Regulation of late gene expression is largely by post-
transcriptional means. RNAs encoding the late proteins, the 
virus capsid proteins L1 and L2, can be detected in the 
lower layers of infected epithelia but protein is detected 
only in the upper layers. It is clear that cellular factors 
mediate this gene regulation.  RNA regulatory elements 
that bind RNA processing factors that mediate post-
transcriptional control have been identified in the 3’ 
untranslated regions of a number of papillomaviruses. 
These elements, the proteins they bind and the mechanisms 
by which they are proposed to act are discussed. Further 
understanding of such host-virus molecular interactions 
may lead to development of novel strategies for abrogating 
virus infection.  

 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

Papillomaviruses are nonenveloped double 
stranded DNA viruses with a virion size of around 55 nm 
and a genome of approximately 8 kbp. This group of 
viruses infects cutaneous and mucosal epithelial cells and 
usually causes benign lesions or warts (1). There are 
probably upwards of 300 papillomavirus types and possibly 
up to 200 different human types identified. Of these, over 
120 are fully sequenced and can be divided into seventeen 
different genera in a phylogenetic tree (1). The two major 
groups are the alpha group that contain species that infect 
anogenital mucosal epithelia and the beta group that infect 
the skin. Papillomaviruses can also be designated “low 
risk” or “high risk” depending on the risk of progression to 
cancer of cells in infected tissue. 

 
Among the first papillomaviruses studied were bovine 
papillomavirus type 1 (BPV1), a delta group 
papillomavirus, and human papillomavirus type 1 (HPV1) 
in the mu group. BPV1 causes benign fibropapillomas in 
cattle but can cause penile cancer in bulls and equine 
sarcoids that can transform to malignancy. In cell culture 
the virus can transform rodent fibroblasts. HPV1 causes
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Figure 1. A schematic diagram of a differentiating 
epithelium. Nuclei are shown in grey. The granular layer 
cells are stippled. Hexagons show virus particles released 
from disintegrating cornified layer cells. A generalized 
pattern of major events in the virus life cycle is indicated 
on the left of the diagram. A generalized view of late gene 
expression is indicated on the right of the diagram. Arrows 
indicate a basal layer stem cell were papillomaviruses may 
establish latent infection and a transit amplifying cell where 
the virus begins its replicative life cycle. 

 
verrucae in humans and is never associated with malignant 
transformation (2).  More recently, research has focused on 
human papillomavirus type 16 (HPV16) an alpha group 
species 9 papillomavirus, and related species. This is 
because HPV16 infection causes anogenital lesions, in 
particular cervical dysplasias that in some rare cases can 
progress to cervical cancer. HPV16 and other ano-genital 
infective HPVs comprise the most common sexually 
transmitted disease in the world today. Twelve years ago 
the World Health Organization designated HPV16 a human 
carcinogen. It is now clear that the virus is the primary 
cause of around 60% of all cases of cervical cancer 
worldwide. The remaining 40% of cases are caused by 
other HPVs of the alpha group, for example, HPV18, 31, 
33 and 45 (3) Cervical cancer is a major health problem in 
the world today, especially in the third world where 
cervical screening programs to detect HPV infection are not 
available to large sections of the population. It is the second 
most important cause of cancer deaths in women with 
nearly 300,000 deaths per annum and half a million people 
affected on an annual basis. Thus an in depth understanding 
of the replication cycle of these papillomaviruses is crucial 
in attempting to identify new targets for development of 
antiviral therapies. An HPV vaccine has been licensed and 
is being rolled out this year in some countries in the 
developed world but it will take up to 50 years to discover 
its full efficacy. This is a prophylactic vaccine and the plan 
is to vaccinate pre-pubescent girls so that they are protected 
from infection when they become sexually active. 
Meanwhile women who have not been vaccinated will 
already be infected and/or become infected and so be at risk 
of developing cervical lesions that may progress to cancer 
(4). Development of novel therapies is still very important 
to aim to reduce the level of infection in the population and 
so reduce the overall incidence of cervical lesions and 
cancer. 

 
3. THE PAPILLOMAVIRUS LIFE CYCLE 

 
In order to infect epithelial tissue 

papillomaviruses must gain access to cells of the basal 
layer, either the basal stem cells, or their daughter transit 
amplifying cells. This is because these are the only dividing 
cells in the epidermis (Figure 1) and the virus requires to 
establish infection by commandeering the host cell 
replication machinery to make copies of its own genome. 
The virus seems to infect tissue by falling down micro 
abrasions in the epithelium. It may attach to the receptor 
molecule heparin sulphate proteoglycan (5), perhaps with 
some involvement of alpha 6 integrin (6).  

 
Immediately upon infection, the virus genome 

that has been deposited as an episome in the nucleus of an 
infected cell undergoes an initial amplification resulting in 
production of up to 100 genome copies. During a normal 
infection the virus persists in this manner in the basal layer 
of the epithelium, probably in the transit amplifying cells 
which can divide within the basal layer. This leads to 
maintenance of the infection as a reservoir of virus 
genomes within cell nuclei. Persistence of infection, over a 
long period of time, is thought to be a predisposing factor 
for tumor progression associated with HPV16. The virus 
may undergo a productive life cycle when a basal layer cell 
begins to differentiate and move to the upper epithelial 
layers. The productive life cycle results in expression of the 
virus early proteins, E1, E2, E5, E6 and E7, in both the 
basal and upper layers. The infected cells differentiate in 
the upper epithelial layers but due to low level expression 
of the virus oncoproteins E6 and E7 these differentiating 
cells retain the ability to enter S-phase. This capacity for 
cell cycle progression is essential for a productive life cycle 
so that the 100 copies of the virus genome present in 
transient amplifying cells that have begun to differentiate 
are amplified at least 10-fold (7). At this stage virus late 
gene expression has begun. The first and most abundantly 
expressed virus late protein is E4. It is expressed as a 
chimera with the first 5 amino acids of E1 attached through 
splicing onto the N-terminus of the E4 protein (E1^E4) (8). 
Expression of this protein commences in the spinous layer. 
Although encoded in the early region of the genome it is a 
late protein. E1^E4 is co-expressed as part of polycistronic 
mRNAs that also encode the capsid proteins L1 and/or L2 
(9). The virus capsid proteins, once expressed, are imported 
into the nucleus of infected cells, where the virus genome 
has undergone vegetative viral DNA replication. Formation 
of mature virus involves encapsidation of episomal virus 
genomes. Virus particles are then release from the top of 
the epithelium from disintegrating cornified layer cells. 
One of the most remarkable features of the virus life 
cycle is restriction of expression of the virus capsid 
proteins to cells of the granular layer (Figure 1). When 
in contact with host immune surveillance the capsid 
proteins can raise a strong immune response. Restriction 
of their expression to the outermost layers of the 
epithelium reduces the possibility that upon expression 
the protein will trigger an immune response. Indeed, the 
current HPV vaccines are virus-like particles composed 
of these proteins.  
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4. HOW PAPILLOMAVIRUS GENE EXPRESSION IS 
REGULATED 

 
The aim of a large body of work over the last 15 

years has been to elucidate regulation of late gene 
expression of papillomaviruses in response to epithelial 
differentiation. Of particular interest is the nature of the 
cellular signals, and the cis-acting viral sequences that 
interact with these, that regulate the tight restriction of 
capsid protein expression to the cells of the granular layer 
of the epithelium. This section describes in very general 
terms how papillomavirus gene expression is regulated. 

 
4.1. Transcriptional regulation 

Bovine papillomavirus transcribes its early genes 
from a set of six promoters located in the early region (10, 
11). For the alpha human papillomaviruses, early gene 
expression appears to be regulated from one or more 
constitutively active early promoters located in the E6 and 
E7 coding regions. For example, HPV16 uses the P97 
promoter and HPV31, a similar promoter located at P99 (12-
16).  In a normal infection transcriptional activity of these 
promoters is weak and it is thought that they are negatively 
regulated by the virus replication/transcription factor E2 
(17). Clearly, late gene expression is regulated 
transcriptionally by activation of one or more late-acting 
promoters in the virus genome. The key late promoter that 
is activated only in cells of the spinous layer and above is 
PL for BPV1, P670 for HPV16 and P745 for HPV31. These 
promoters direct transcription through the early region 
before transcribing the late region downstream. For some 
papillomaviruses there is evidence of other downstream 
promoters that might direct synthesis of late transcripts but 
whether these are activated in a differentiation-dependent 
manner is not clear (9-11, 18). In differentiated epithelial 
cells, for BPV1, HPV1 and HPV31 there is good evidence 
that transcription read through of the early polyadenylation 
site is regulated in synchrony with terminal differentiation 
so that in undifferentiated epithelial cells mature late 
mRNAs are not fully synthesized (19-22). Presumably any 
incomplete RNAs in undifferentiated epithelial cells would 
undergo rapid nuclear degradation. So this is one way in 
which late region expression may be abrogated in 
inappropriate cell types.  

 
4.2. Post-transcriptional regulation 

One key observation made many years ago was 
that despite detection of expression of L1 proteins only in 
granular layer cells, RNAs encoding these proteins could 
be detected in the lower epithelial layers (23, 24). These 
experiments involved RNA fluorescence in situ 
hybridization of tissue samples infected with HPV 6, 11 
and 33, three alpha group papillomaviruses. The probes 
used would detect unprocessed and processed virus RNAs 
and so could not differentiate between transcripts that may 
be destined for degradation and mRNAs that could be 
translated. For HPV16, there is evidence that in 
undifferentiated epithelial cells late gene transcripts are 
confined to the nucleus (25). To add to this story we 
demonstrated recently that in undifferentiated HPV16-
infected epithelial cells the late RNAs that could be 
detected were nonpolyadenylated, pre-mRNAs that are 

very unstable (9).  These data indicate that papillomavirus 
capsid gene expression is regulated, at least in part, at one 
or more post-transcriptional levels. 

 
5. POST-TRANSCRIPTIONAL REGULATION OF 
GENE EXPRESSION 

 
Post-transcriptional regulation of gene expression 

can involve regulation of any of the steps in the mRNA 
biogenesis and utilization pathways, for example, splicing 
(26), polyadenylation (27), nuclear export (28), RNA 
stability (29), and translation (30). The processes of RNA 
capping, splicing and polyadenylation occur co-
transcriptionally and are physically linked via the carboxyl 
terminal domain (CTD) of RNA polymerase II (27,31,32). 
The CTD acts as a landing pad for RNA processing factors 
allowing coordination of RNA processing events. Addition 
of the 7 methyl guanosine cap stabilizes the RNA, is 
essential for export to the cytoplasm and for translation on 
the polysomes. Splicing removes introns from the pre-
mRNA and splices together exonic coding regions. Splicing 
of alternative exons (alternative splicing) in mRNAs is 
emerging as a major means of production of multiple 
proteins from one RNA. Splicing and alternative splicing is 
regulated through binding of the splicing machinery and 
through binding of splicing regulatory proteins such as the 
SR and hnRNP factors (33, 34). Splicing is important for 
nuclear export of mRNA to the cytoplasm and for 
appropriate translation on the polysomes. In 
polyadenylation, poly (A) polymerase adds up to 200 
adenosine residues to the cleaved 3’ end of a pre-mRNA. 
Two major protein complexes, cleavage polyadenylation 
specificity factor (CPSF) that binds RNA upstream of the 
cleavage site and cleavage stimulatory factor (CstF) that 
binds downstream of the cleavage site are essential in 
priming the RNA for the cleavage event but the identity of 
the endonuclease itself is not yet known. Polyadenylation 
efficiency can be controlled through regulation of the 
affinity of these protein complexes for their binding sites 
by various cis-acting factors (35).  

 
 Upon transcription and RNA processing RNA 

molecules are formed into ribonucleoprotein particles 
(RNP) whose many protein components can interact in a 
dynamic fashion (36). One function of RNP formation is to 
maintain the mRNA in stable form. However, sometimes 
components of the RNPs can render an RNA stable or 
target it for decay, in both the nucleus and the cytoplasm. 
The mRNA decay pathway begins with removal of the 
poly(A) tail at the 3’ end of the transcript. Then either the 
5’ cap is removed by Dcp1 and Dcp2 proteins and the body 
of the message degraded by the Xrn1 exonuclease or the 
message is degraded in a 3’ to 5’ direction by the exosome 
(29). In addition to RNP formation, fully processed mRNA 
molecules that leave sites of transcription are molecularly 
marked with proteins that reveal the various processing 
events that the RNA has undergone. One of the major 
protein depositions is the exon junction complexes (EJC) 
that define exon boundaries in mRNAs (37). EJC formation 
on RNAs is extremely important in determining, during 
translation on the polysomes, whether an mRNA contains 
premature termination codons and should be degraded or 
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whether it can be translated into full length protein (38). 
However, a myriad of other proteins have the capacity to 
regulate mRNA stability and translation in the cytoplasm. 
The general scenario is that cis-acting RNA signal 
sequences interact with cellular proteins or protein 
complexes to inhibit or to decrease or increase the 
efficiency of RNA processing, RNA stability and 
translation. cis-acting RNA sequences that interact with 
regulatory proteins can exist all along the mRNA molecule, 
not just at exon junctions. In general terms, there are many 
examples where the 5’ UTR can contain signals that control 
mRNA export, stability and efficiency of translation; the 
body of the message can contain elements that regulate 
splicing, bind export proteins and proteins involved in 
mRNA stability/decay and translation while the 3’ UTR 
can contain sequence motifs that regulate polyadenylation 
and splicing efficiency, mRNA stability/decay, and 
translation. Overall, the fate of an mRNA is dependent 
upon its nucleotide sequence and upon the changing 
patterns of proteins that it binds as it progresses from sites 
of transcription in the nucleus to translation on the 
polysomes in the cytoplasm. 

 
5.1. Viruses and post-transcriptional regulation 

In virus infection it is well known that post-
transcriptional processes are targeted by the virus to 
optimize viral gene expression and to repress or abolish 
host gene expression. A good example of viral regulation of 
host mRNA processing involves the RNA-binding ICP27 
protein of herpes simplex virus type 1 (HSV-1). ICP27 is 
an immediate early virus protein whose levels start to 
accumulate early in infection. At this stage the protein 
enters the nucleus to inhibit host cell splicing resulting in 
degradation of the host transcripts (39). This phenomenon 
is an essential portion of host cell shut-off engineered by 
HSV-1 that means that virus mRNAs do not have to 
compete with cellular mRNAs for export to the cytoplasm 
and for translation. Most HSV-1 RNAs have no introns 
making them immune to inhibition of splicing. Normally, 
intronless transcripts are not exported efficiently from the 
nucleus so HSV-1 has also to regulate nuclear export using 
ICP27 as a recruitment factor for key RNA export 
pathways such as TAP/REF and CRM1 (40). Most viruses, 
especially RNA viruses, express proteins that interfere with 
host cell translation. A good example of this type of post-
transcriptional regulation comes from study of the 
Picornaviridae (41). Picornavirus infection results in shut 
off of host cell translation due to cleavage of the translation 
initiation factor eIF4G that forms a scaffold for the main 
players in translation initiation, eIF4E and eIF4A. Cleavage 
means that the scaffold falls apart, the full translation 
initiation complex cannot be formed and cellular capped 
mRNAs can no longer be translated. Picornavirus mRNAs 
are not capped but instead contain an internal ribosome 
entry site in their 5’ UTR that, in the absence of binding of 
the eIF4 factors, attracts in the 40S ribosomal subunit 
allowing initiation of transcription in a cap-independent 
manner.  

 
Similarly, viruses can utilize the host cell RNA 

processing machinery to maximize efficient expression of 
their genomes. For example, HIV RNAs require either to 

remain unspliced, for production of new genomic RNAs or 
for translation into the major virus Gag-Pol protein 
precursor, or to undergo alternative splicing to yield the 
Env precursor and the virus accessory and regulatory 
proteins. The switch between no splicing and splicing 
depends on differential use of various splice acceptor and 
donor sites. This is regulated through cis-acting sequences 
in the RNAs but also through binding of cellular SR 
proteins, key proteins that regulate efficiency of splicing 
and use of alternative splice sites (42). The HIV genome 
possesses two long terminal repeats (LTR). The 5’ 97 nt 
repeat region of both contains polyadenylation sites but to 
produce mRNAs only the 3’ LTR polyadenylation site can 
be active. There are several mechanisms that allow the 
upstream site to remain silent and the downstream site to be 
recognized efficiently. The upstream site is repressed by its 
positioning close to the transcription initiation site in the 
LTR. Binding of the massive transcription initiation 
complex may inhibit recognition of the 5’ polyadenylation 
signal or disallow binding of the polyadenylation 
machinery. Inhibition is also through close proximity of the 
5’ polyadenylation signal to a major splice donor site 
located only in the 5’ LTR. U1snRNP binding is necessary 
for this inhibition so again, there is likely competition over 
space for binding of the early splicing complex and the 
polyadenylation complex (43). The molecular mechanism 
of inhibition has been worked out and is described in the 
next section. Finally, the 5’ polyadenylation signal resides 
in a stem loop structure and stabilization of this structure 
has been shown to inhibit binding of polyadenylation 
factors (44). The mechanisms for enhancing use of the 3’ 
polyadenylation site relies on an upstream sequence 
element (USE: see section 5.2) which binds the 160 kDa 
subunit of CPSF increasing efficiency of poly (A) addition 
(45).  

 
5.2. 3’ untranslated region-mediated gene regulation 

Upstream sequence elements (USEs) that 
regulate polyadenylation efficiency have been delineated in 
3’ untranslated regions upstream of several human and 
particularly viral poly (A) signals. Some examples include 
human complement factor C2 (46), and human lamin B2 
(47),  adenovirus L1 (48), adenovirus L3 (49), ground 
squirrel hepatitis virus (50),  cauliflower mosaic virus (51), 
SV40 (52,53), and HIV1 (45). These upstream sequence 
elements have little sequence or structural similarity, except 
that they are generally U-rich, and act in a position and 
orientation-dependent manner to regulate efficiency of 3' 
end processing.  In some cases USE have been shown to 
exert their effect through binding of RNA processing 
proteins. The HIV1 USE recruits the core polyadenylation 
factor CPSF (45), the SV40 USE binds U1 snRNP protein 
A (U1A) which stabilizes the interaction of CPSF on the 
polyadenylation site (53), the complement C2 element 
binds polypyrimidine tract binding protein (PTB) that 
enhances RNA cleavage (54), and the lamin B USE recruits 
CPSF, among other proteins (47). Thus USEs often have an 
up-regulatory effect on 3' end processing by recruiting 
proteins that increase the efficiency of binding of the basal 
polyadenylation machinery. The effect is either direct, as in 
the case of the HIV1 USE or indirect, as in the case of the 
C2 USE.  
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However, USEs can also have inhibitory effects 
on 3’ end formation. U1A inhibits its own expression by 
binding of two molecules of U1A to an USE, conserved in 
mammalian evolution, in the 3’ UTR of the U1A transcript. 
This inhibition has been demonstrated in vitro and in vivo 
(55). As will be discussed below in sections 6-8, certain 
papillomaviruses contain USE in their late 3’ untranslated 
regions that bind U1 snRNP. This binding is inhibitory of 
gene expression. These situations are complicated by the 
fact that certain elements and certain proteins can have both 
positive and negative regulatory effects on gene expression. 
For example, in experiments where the auxiliary splicing 
factor, U2AF65 was tethered by means of an MS2 binding 
domain to an MS2 binding site located just upstream of an 
adenovirus L3 cleavage and polyadenylation signal poly 
(A) polymerase and polyadenylation was inhibited (56). In 
contrast, tethering U2AF65 to the 3’ UTR of a human β-
globin gene enhanced 3’ end formation (57). Similar 
differences have been observed with U1A as described 
above (55). In the case of autoregulation of U1A regulation 
is inhibitory of polyadenylation. Similarly, U1A inhibits 
poly (A) addition in the immunoglobulin M heavy chain 
mRNA by binding upstream of the poly (A) site (58). 
Surprisingly, U1A may also binds downstream of the same 
poly (A) site and contribute to the inhibition of expression 
reducing the efficiency of cleavage at the poly (A) site by 
interfering with binding of the polyadenylation factor 
CstF64 (59). Thus the location of the USE, or a 
downstream sequence element, with respect to the 
polyadenylation site may have a major bearing on the final 
activity of the protein bound. The theme of significance of 
location of an element regulating polyadenylation is carried 
on in results of experiments where U1 snRNP was 
engineered to allow binding to the terminal exon of several 
reporter genes. Such binding was postulated to inhibit poly 
(A) polymerase activity, i.e. poly (A) addition (60), in a 
similar manner to that demonstrated previously for the U1 
70K component of U1 snRNP binding to the USE of 
bovine papillomavirus type 1 (61) (see section 6). 
However, U1 snRNP, when targeted to a downstream 
proximal site, is known to have a repressive effect on 
polyadenylation at the poly (A) site in the 5’ LTR of HIV-1 
(62). Mutations in U1 snRNA protein binding loops 
indicated that U1 70K was involved in this control 
mechanism which was likely inhibition of the cleavage 
event.  In contrast, in experiments in vitro where U1 snRNP 
was bound at a 5’splice site downstream of the adenovirus 
L3 poly(A) site the cleavage reaction was clearly inhibited 
independent of interactions between U1A,  U1 70K and 
poly (A) polymerase (63).   

 
Many mRNAs, such as those of growth factors, 

lymphokines and cytokines involved in early growth 
response, have very short half lives. This is thought to be 
very important for their ability to respond rapidly to 
cellular signals. In contrast, other mRNAs, for example for 
housekeeping genes such as α and β tubulin, are very stable 
allowing translation of the proteins over a prolonged period 
of time. Thus, the relative stabilities of different mRNAs 
and how these respond to extra- and intra-cellular signaling 
can determine the phenotype of the cell. Cis-acting RNA 
elements that regulate stability are often located in 3’UTRs. 

One particular set of elements, the AU-rich elements 
(AREs) are the most extensively studied (64). There are 
three classes of AREs. Class I has the sequence AUUUA 
repeated 1-3 times and a U-rich region in close proximity, 
class II has a nonameric sequence UUAUUUA(U/A)(U/A) 
embedded in a U-rich region and class III has simply a U-
rich sequence. All AREs have the ability to confer 
instability upon the mRNAs that contain them. ARE 
stimulation of mRNA decay initially involves 
deadenylation followed by exosome-mediated degradation 
(29). AREs bind a large number of trans-acting factors that 
modulate their effects. The mechanisms of action of three 
of these proteins, HuR, AUF-1 and tristetrapolin (TTP) 
have been worked out in some biological situations. 
Binding of the first two promote mRNA stabilization (65-
68) while TTP can destabilize mRNAs, for example TNFα 
(69).  HuR appears to stabilize such RNAs by inhibiting 
their degradation. For example, human vascular endothelial 
growth factor (VEGF) has a class III ARE in its 3’ UTR 
that binds HuR with high affinity. In hypoxia, HuR 
overexpression efficiently stabilizes VEGF mRNA (70). 
Parathyroid hormone levels are regulated in response to 
calcium and phosphate. AUF1 binds elements in the 3’UTR 
of the parathyroid hormone mRNA that are known to 
regulate transcript stability under changing concentrations 
of calcium and phosphate (68). TTP has been shown to 
negatively regulate TNFα in mice in vivo via signaling 
action from the p38 MAPK pathway (71). In addition there 
is also emerging evidence that ARE-binding proteins may 
also regulate translation (71, 72). 

 
An example of 3’UTR elements that regulate 

gene expression but are not AREs is the highly conserved 
iron-response elements found in the 3’UTRs of mRNAs 
encoding proteins involved in iron metabolism, for example 
the transferrin receptor and ferritin. These elements are 
around 30 nucleotides in length and have the capacity to 
form stem loop secondary structures. The loop has the 
sequence CAGUGN and the stem often displays a cytosine 
bulge. These structural features are important for binding 
the trans-acting iron response protein (IRP). IRP binding 
acts to stabilize the IRE-containing mRNAs that are 
otherwise subject to decay, by masking a cleavage site for 
an RNA endonuclease component of the exosome. Under 
conditions of low iron concentrations the IRP conformation 
allows it to bind to the 3’UTR IREs resulting in 
stabilization of the mRNAs (73). 

  
In general, in post-transcriptional gene regulation 

a theme is emerging where RNA regulatory elements act in 
a sequence-specific or structure-specific manner to bind 
proteins that regulate various steps on the mRNA 
biogenesis and translation pathways. This is all in response 
to intra- and extracellular signal pathways. As discussed 
above viruses make good use of strategies to interfere with 
or utilize the host cell RNA biogenesis and translation 
machinery to maximize virus gene expression. Again a 
common strategy involves cellular proteins binding to viral 
RNA cis-acting regulatory motifs, some of which can have 
significant secondary structure, to either enhance virus 
RNA processing or translation. The discussion that follows 
centers on cis-acting regulatory motifs that have been
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Figure 2. Sequences of the late 3’ UTR regulatory elements from BPV1, HPV1, HPV16 and HPV31. Positions on the respective 
genomes are indicated. Strong (s) or weak (w) 5’ splice site homologies are underlined for BPV1, HPV1 and HPV16. MIE: major 
inhibitory element, SIE: subsidiary inhibitory element. 
 
discovered in the 3’ UTR of a range of papillomaviruses, 
the proteins that they bind and the mechanisms by which 
they act, where this has been worked out. 

 
6. THE PARADIGM: BPV1 

An early observation for BPV1 late gene 
expression was that in BPV1-transformed C127 cells which 
are nonpermissive for virus late gene expression, and in 
fibropapillomas, late RNAs were not produced. This may 
be due to a switch off of the virus late promoter and a block 
in transcription elongation from other, early-acting 
promoters through to the late 3’ UTR upstream of the late 
polyadenylation site (19). Transcripts terminated in this 
manner cannot be polyadenylated and so cannot be 
processed into mRNA. In 1991 Furth and Baker 
demonstrated the presence of a cis-acting RNA element, 
located in the 3’ UTR of late mRNAs encoding the BPV1 
capsid proteins that repressed gene expression (74). The 
study examined a 210 nt fragment containing the requisite 
signal sequences for the polyadenylation machinery to form 
on an RNA (i.e. AAUAAA, the polyadenylation signal, the 
cleavage site and the downstream GU-rich region) inserted 
downstream of a CAT reporter gene under control of an 
SV40 promoter. The discovery of the inhibitory element 
emerged from deletion mapping of the BPV1 late 3’ UTR 

in the context of the report construct described above and 
also in the context of an expression vector for the BPV1 L1 
gene. The inhibitory element was defined as 53 nts in 
length, sited upstream of the late poly (A) site taking up 
most of the short BPV1 late 3’ UTR (Figure 2). Precise 
removal of the element increased levels of reporter mRNA 
by around 10-fold. It was noted that the element had the 
potential to form significant secondary structure. However, 
mutation analysis to alter the structure did not have any 
significant impact on its negative regulatory function (74, 
75). 

 
The observation of the impact of the BPV1 

inhibitory element on cytoplasmic mRNA levels led to the 
hypothesis that the mechanism of action of the repressive 
element was at the level of mRNA stability (75). However, 
using the BPV1 L1 expression construct and measuring 
mRNA half life in actinomycin D-treated transfected NIH 
3T3 cells little change in decay of mRNAs with or without 
the element was found. An alternative hypothesis was that 
the element might act as an upstream sequence element to 
negatively regulate RNA processing. Further deletion and 
site-directed mutagenesis studies revealed that the major 
cis-acting repressive sequence motif, AAG/GUAAGU, had 
extremely good homology with the consensus mammalian 
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splice donor site. This sequence motif would have the 
ability to bind the key splicing factor complex U1 snRNP. 
Interestingly, mutation of other sites upstream of the splice 
donor site made the element more inhibitory. One of these 
mutations disrupted the potential for stem loop formation in 
the element. So in theory, this stem loop could bind a 
protein that modulates activity of the negative element. 
Alternatively, the sequence changes introduced by mutation 
could result in recruitment of a cellular protein that does 
not normally bind the fragment and could regulate 
formation of a splicing complex on the splice donor site in 
the element. These hypotheses remain to be tested. 

 
To prove further that the 5’ splice site was key in 

the mechanism of action of the BPV1 inhibitory element 
transient transfection experiments were carried out where 
suppressor mutants of U1 snRNA were introduced into the 
BPV1-transformed C127 cells. U1 snRNA is the nucleic 
acid upon which U1 snRNP is formed. U1 snRNP is the 
complex that binds 5’ splice donor sites via base pairing 
between the splice site and U1 snRNA to initiate splicing. 
Results demonstrated that base pairing of U1 snRNA to the 
splice donor site in the 53 nt BPV1 element was necessary 
and sufficient for its negative effect in vivo. To carry out 
splicing, splice donor sites must be paired with splice 
acceptor sites. However, none of the latter could be found 
downstream of the 53 nt fragment. Further, S1 nuclease 
analysis demonstrated that no mRNAs that utilized this 
splice donor site were produced from the virus genome. 
Thus the 5’ splice site in the BPV1 3’UTR could not be 
active in a splicing event. Another possibility was that the 
element functions as an USE to regulate mRNA 3’ end 
formation. Although usually these act in a positive manner, 
negative regulation could be exerted on polyadenylation by 
interfering with, rather than enhancing formation of the 
polyadenylation complex at the downstream 
polyadenylation site. A repressive role in binding of U1 
snRNP was envisaged because there is good evidence that 
splicing factors can regulate polyadenylation both 
positively and negatively. This is probably because the 
processes of polyadenylation and splicing are physically 
linked through the CTD of RNA Pol II.  

 
Elucidation of the mechanism of inhibition was 

achieved by Gunderson et al., 1998 (61). This work was 
carried out entirely in vitro in HeLa nuclear extracts and so 
may not replicate the in vivo situation in undifferentiated 
bovine keratinocytes. However, this study showed that U1 
snRNP bound to the inhibitory element repressed 
polyadenylation efficiency. The repressive component of 
U1 snRNP was found to be U1 70K and a direct interaction 
between U1 70K and poly (A) polymerase (PAP) was 
demonstrated. Further, this work showed that the motif in 
U1A, which was shown to autoregulate polyadenylation of 
its own mRNA was conserved in U1 70K (76).  First of all, 
using in vitro polyadenylation assays the proposal of the 
Baker group that U1 snRNP bound to the BPV late 3’ UTR 
5’ splice site inhibits polyadenylation was confirmed. Next 
it was shown that bovine PAP forms a complex with the 
BPV repressive element. U1 snRNP binds the repressive 
element and inhibits PAP activity. Since in vertebrates 
U1A can inhibit polyadenylation of its own mRNA (55) it 

was possible that this was the inhibitory component of U1 
snRNP. Alternatively, it could be U1 70K, which has 
paired domains homologous to U1A. U1A and U1 70K 
proteins were purified in vitro and assembled onto wild 
type U1 snRNA or the RNA mutated in the U1A and U1 
70K binding loops. The effect on activity of PAP was then 
tested in polyadenylation assays. U1 70K and wild type U1 
snRNA yielded poor PAP activity in polyadenylation 
assays. However, efficient polyadenylation was achieved 
when U1 snRNA mutant in the U1 70K binding loop was 
used. U1A was not involved because the U1A-U1 snRNA 
complex did not inhibit polyadenylation. Finally, mutation 
of four U1 70K PAP inhibitory motifs, identified by 
comparison with U1A PAP inhibitory motifs, abolished the 
repressive activity of  70K on PAP. Subsequent studies 
investigating the precise mechanism of polyadenylation 
inhibition performed in vivo by transfection of HeLa cells 
or NIH3T3 cells confirmed the important role of U1 70K 
(60,62). 

 
Interestingly, several other splicing related 

proteins, U2AF65, Srp20 and Srp75 that are not part of U1 
snRNP have very similar U1A and U1 70K inhibitory 
domains and would be predicted to have a similar function 
(61). These domains are serine-arginine-rich (SR) domains 
that are common in certain splicing factors (SR proteins). 
As mentioned previously, when tested using tethered 
function assays, these inhibitory domains were capable of 
inhibiting polyadenylation in vivo and specifically, in vitro, 
poly (A) polymerase (56). In contrast, the poly (A) 
polymerase interacting domain of U2AF65 was able to 
enhance polyadenylation of the β-globin gene (57). The SR 
domains were specifically involved because mutation in 
these abrogated the regulatory effect.  

 
The question remains whether these elegant 

mechanisms operate in BPV1-infected, non-transformed 
undifferentiated bovine epithelial cells. Although HeLa or 
NIH3T3 cells provide a useful tool for observing 
mechanisms of gene expression, they are highly 
transformed and highly culture adapted and it is clear that 
their protein profile differs from that of primary cells in 
tissues. It would be interesting to establish whether there 
were any changes in concentration of U1 snRNP 
components during epithelial differentiation or upon virus 
infection. Another layer of complexity lies in the actual 
numbers of the inhibitory element present in cells. At late 
times of infection viral DNA amplification will increase the 
numbers of virus genomes, as least 10-fold. If all these 
genomes were transcribed U1 snRNP could simply be 
titrated out in the differentiated keratinocytes leaving a 
large number of virus late transcripts that could be 
efficiently polyadenylated.    

 
7. CUTANEOUS PAPILLOMAVIRUSES 

 
 To date only one human cutaneous 

papillomavirus, HPV1, has been studied in detail. Like 
BPV1, the HPV1 genome contains a late 3’ UTR sequence 
that is inhibitory of gene expression when present in 
mRNA in HeLa cells (77). This element has also been 
shown to act at a post-transcriptional level but its 
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mechanisms of action and the proteins it binds are clearly 
different to the BPV1 element.   The element was mapped 
to a 57 nt AU-rich and U-rich region (78) (Figure 2). This 
was done by observing its ability to repress expression of 
the HIV-1 p17gag gene, or the HPV1 L1 gene, both used as 
reporter genes in plasmid expression constructs. 
Interestingly, it was found that there was only a 4-fold 
reduction in cytoplasmic levels of RNAs containing the 
element. In contrast, there was a 120-fold reduction in 
protein levels compared to those from constructs where the 
element was deleted (77). The lower levels of cytoplasmic 
RNA in the presence of the repressive element could be due 
to inefficient nuclear export or reduced stability of the 
RNA in the nucleus or the cytoplasm. However, the very 
significant decrease in protein levels produced from RNAs 
containing the element indicates that it represses 
translation. In contrast, using a Vaccinia virus T7 RNA 
polymerase-based system for cytoplasmic expression of the 
p17gag reporter gene with or without the HPV1 repressive 
sequence downstream, it was shown that RNAs were 
equally stable and similar levels of protein were detected in 
each case. This indicates that cytoplasmic expression 
abrogates the repressive effect presumably by restricting 
access of the element to nuclear factors that cause nuclear 
retention and/or degradation of RNAs in which it is 
contained. Indeed, the repressive effect of the HPV1 
3’UTR sequence could be reversed by coupling the reporter 
plasmid to an HIV-1 Rev protein/Rev responsive element 
(RRE) or a cis-acting simian virus constitutive transport 
element (CTE) system. Rev/RRE and CTE both promote 
nuclear export of unspliced HIV-1 mRNAs (79). The 
model proposed by Tan and Schwartz is that HPV1 
mRNAs containing the repressive element are not able to 
access a suitable nuclear export pathway, resulting in their 
degradation. Providing an alternative nuclear export 
pathway, such as that used by Rev/RRE leads to increased 
cytoplasmic levels of the RNAs and efficient translation. 

 
Like the BPV1 inhibitory element, the HPV1 

repressive element contains a motif with reasonable 
homology to a 5’ splice site. However, deletion of this 
motif had no effect on the repressive properties of the 
element and retention of the motif in the absence of the 
AU-rich element did not reveal an auxiliary repressive 
activity (77). This reveals a clear difference between BPV1 
in the delta PV group and HPV1 in the mu PV group and 
may reflect important divergences in virus evolution and 
perhaps the adaptation to infection of fibroblasts and 
cutaneous epithelial cells respectively. Unfortunately, as 
yet there have been no studies on 3’ UTR repressive 
elements in other papillomaviruses of the delta or mu 
groups. However, 5’ splice site-like sequence have also 
been noted in the 3’ UTRs of the alpha group 
papillomaviruses, HPV6B, HPV16 and HPV31 and the 
latter two are described in detail below. 

 
The experiments described above indicated that 

the HPV1 repressive element potentially acted at a number 
of points on the mRNA biogenesis and translation pathway, 
for example, RNA stability, nuclear export and translation. 
A key observation was that insertion of the HPV1 ARE 
downstream of a CAT reporter gene reduced mRNA 

stability 4-fold.  The repressive element contains two 
UAUUUAU motifs and three UAUUUUUAU sequences. 
RNA/protein binding studies revealed that the former motif 
binds HuR (see section 5.1) while the latter binds both HuR 
and hnRNP C1/C2. hnRNP C1/C2 proteins are expressed 
from the one gene but are alternative splice products 
differing by 13 amino acids. Like most hnRNP proteins 
they have been proposed to function in splicing, nuclear 
retention, transcript packaging and mRNA stability (80). 
Analysis of the binding affinities of HuR and hnRNP 
C1/C2 for wild type and functionally inactive, mutated 
HPV-1 AREs demonstrated conclusively that binding of 
these proteins correlates with the repressive effect of the 
element (81).  

 
Intriguingly, in HeLa cells it was found that 

binding of nuclear HuR to the HPV1 ARE correlated with 
inhibition of gene expression. In contrast, binding of HuR 
to the element in the cytoplasm could up-regulate 
translation efficiency. Although HuR has a primary role in 
regulating mRNA stability there is good evidence that the 
protein can also regulate translation. This can be positively, 
in normal and damaged cells, in cap-dependent translation 
(72,82,83) and negatively, in IRES-dependent translation 
(84,85). The Schwartz group had noted that the HPV1 ARE 
appeared to enhance translatability of RNAs and ARE-
mediated increased gene expression correlated with high 
levels of cytoplasmic HuR (86). Thus they proposed a role 
for HuR binding the HPV-1 ARE in control of translation. 
To investigate this hypothesis CAT reporter mRNAs 
containing the ARE or with the element mutated in the 
HuR binding sites were synthesized in vitro. Following 
capping and polyadenylation these RNAs were transiently 
transfected into cells and their translation monitored. Wild 
type ARE-containing mRNAs were poorly translated but 
translation was efficient when the HuR binding motifs were 
mutated (87). Further, it was demonstrate that the key 
translation factor, poly (A) binding protein (PABP), was 
capable of binding the HPV1 ARE in vitro. Recruitment of 
PABP could aid circularization of mRNAs for efficient 
translation or could direct loading of the mRNAs onto the 
polysomes.  However, it remains to be seen whether PABP 
binding to the HPV1 ARE occurs in vivo in competition 
with the other proteins that bind the element. One further 
55 kDa protein binds the ARE but it has not yet been 
identified (88). 

  
 It is clear that the HPV1 3’ UTR 

repressive element is a member of the large class of AREs 
present in vertebrate mRNAs that regulate mRNA stability. 
The best known of these is that present in the 3’ UTR of the 
c-fos gene whose protein product, together with Jun 
protein, makes up the AP-1 family of transcription factors. 
Indeed, the HPV1 ARE displays some similarities with this 
element and the mRNAs may be processed in a similar 
manner in the cell. Interestingly, it has been noted that 
levels of c-fos increase during epithelial differentiation in 
the same way as levels of HPV1 late mRNAs (78). Perhaps, 
if these RNAs are co-regulated, there is some functional 
connection between c-fos protein activities and late events 
in the virus life cycle. It is fascinating that this 
papillomavirus may have evolved to utilize a common 



Structure and function of papillomavirus late RNA regulatory elements 

5654 

cellular RNA regulatory pathway for precise regulation of 
expression of its late genes. Moreover, the difference in the 
mechanisms of action of the HPV1 and BPV1 repressive 
elements is very striking. 

 
8. MUCOSAL PAPILLOMAVIRUSES 

 
 3’ UTR late regulatory elements (LRE) 

have been studied in two highly related mucosal 
papillomaviruses, HPV16 and HPV31, the former in much 
more detail than the latter. Both regulatory elements are 
longer and more complex than the BPV1 and HPV1 
elements and the HPV31 element is bipartite and 
particularly complex. The HPV16 element overlaps the 3’ 
end of the L1 coding region and extends into the 3’ UTR. 
The HPV31 element begins in the 3’ UTR and extends 
much further than the HPV16 element to beyond the late 
polyadenylation site. An early analysis of polyadenylation 
signals in the HPV16 late 3’UTR revealed not only three 
putative polyadenylation signals but a negative regulatory 
element located upstream (89).   The element was 
discovered due to its repression of CAT reporter gene 
expression in transient transfection studies designed to test 
function of the three polyadenylation signals. The 
boundaries of the element were determined subsequently 
(90, 91) giving an element 79 nts in length. The element 
can be divided into two distinct regions according to the 
nucleotide sequence. The 5’ portion of 47 nts contains 4 
weak 5’ splice sites (75) while the 32 nt 3’ portion is U-rich 
(90) (Figure 2). Functional studies on the element indicated 
that both portions were required for its repressive activity, 
at least in HeLa cells (91). While deletion of the entire 79 
nt element reduced reporter gene expression 40-fold, the 5’ 
portion alone reduced expression by 10-fold in agreement 
with a previous study (75) and the 3’ portion by only 3-
fold. Analysis of the contribution of the four weak 5’splice 
sites in the 5’ portion of the element revealed that all four 
were required for full repression when assayed in a reporter 
gene construct with the 3’ portion of the LRE deleted. 
However, mutation of these only partially alleviated 
repression in the context of the entire 79 nt element (91). 
Site-directed mutagenesis was carried out changing five 
nucleotides in turn across the element yielding 15 LRE 
mutants which were cloned into the reporter gene construct. 
None of these simple mutations alleviated the repressive 
effect. This confirmed that the length and complexity of the 
element may be essential for function. 

 
The HPV31 element was initially identified by 

homology with the HPV16 LRE but turned out to be 
significantly more complex. This is despite close homology 
(70% sequence identity) between these two alpha genus, 
species 9, papillomaviruses (92). An HPV31 element with 
significant sequence and structural homology to the HPV16 
LRE was delineated to 101 nts and termed the negative 
regulatory element-like element (NLE). The first 60 nts of 
the NLE display 68% identity with the HPV16 LRE as 
expected. The region contains three weak consensus 5’ 
splice sites (compared to four in HPV16) and a 3’ GU-rich 
region that is more extensive than the similar sequence 
motif in HPV16. However when the 101 nt NLE was 
deleted from the HPV31 3’UTR in a reporter gene 

construct and tested for alleviation of repressive activity, 
only a 2-3 fold increase in gene expression was obtained 
compared to the 20-40-fold increase observed when the 
HPV16 LRE was deleted in a similar reporter gene 
expression plasmid. 3’ UTR deletion and mutation analyses 
revealed that the HPV31 NLE major inhibitory element 
(MIE) was in fact 130 nts in length. Surprisingly, a 110 nt 
subsidiary inhibitory element (SIE) was also discovered 
which when deleted gives a three-fold stimulation of gene 
expression (92) (Figure 2). This is located downstream of 
the late polyadenylation site and the GU/U-rich 
downstream sequence element that regulates 
polyadenylation efficiency. 

 
8.1. Proteins that bind the elements 

Identification of cellular proteins that bind the 
HPV16 LRE and the HPV31 MIE/SIE was carried out in 
HeLa and W12 cell extracts. HeLa cells are highly 
transformed but are phenotypically basal cervical epithelial 
cells and so can provide a convenient model system for 
investigating protein/RNA interactions. However, for 
HPV16 a much better system is the W12 cell system. W12 
cells are cervical basal epithelial cells that are immortalized 
but not transformed. The cell line was established from a 
biopsy from a patient with a low grade cervical lesion (93). 
The 20863 clone of these cells (94) contains around 100 
copies of the HPV16 genome. These copies are maintained 
as episomes, and little integration is observed, if the cells 
are grown at low passage (<p18). The most useful property 
of these cells is that they can be induced to differentiate to 
cells that express markers of granular epithelial cells, 
amplify virus genomes and produce virus late proteins, 
including the major capsid protein L1 (9, 95). The CIN612 
9E HPV31-positive cell line has similar properties (18). 
Using HeLa nuclear extracts in electrophoretic mobility 
shift assays (EMSA) and UV-crosslinking studies a number 
of protein complexes and individual proteins were found to 
bind the HPV16 LRE and a subset of these also bind the 
HPV31 MIE and SIE elements. Indeed, RNA probes for 
each element can compete for protein binding in EMSA 
(92). For HPV31 the MIE and SIE can also compete with 
each other for binding a subset of cellular protein 
complexes. This may indicate that the SIE, which would 
not be part of a stable mRNA following RNA processing, 
as it is downstream of the poly (A) site, might help load 
important cellular factors onto the upstream MIE. 
Alternatively, the SIE could act as a downstream sequence 
element to sterically hinder polyadenylation complex 
formation or to inhibit the cleavage step in 3’ end 
formation. Using W12 and CIN612 extracts we have 
confirmed binding of these protein complexes and 
identified a number of components as described below 
(Table 1). However, it is worth noting that the relative 
proportions of the proteins that bind differ from the profiles 
obtained with HeLa cells (Cumming and Graham, 
unpublished data).  

 
The HPV16 regulatory element displays four 

weak consensus 5’ splice sites. So we set out to prove that 
they bound U1 snRNP in a same manner as the BPV1 
inhibitory element. EMSA studies indicated that a major 
large protein complex bound these elements specifically
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Table 1. Proteins that bind papillomavirus late 3’ UTRs 
Virus element Proteins/complexes  known to bind 
BPV1 inhibitory element U1 snRNP 
HPV1 AU-rich element HuR 
 hnRNP C1/C2 
 p55 (identity unknown) 
 PABP 
HPV16 U1 snRNP 
 U2AF 
 SF2/ASF (indirect binding) 
 HuR 
 hnRNP A1 
 CstF-64 (binding is weak) 
HPV31 HuR 
 U2AF 
 CstF-64 

 
and with high affinity (25, 91, 92). UV crosslinking 
revealed two major proteins of around 60 and 50 kDa and a 
range of other larger and smaller proteins at around 80, 70, 
35, 30 and 20 kDa (90, 91). EMSA studies with HPV16 
LRE wild type and 5’ splice site mutant RNA probes 
demonstrated that binding of most of these proteins was 
significantly reduced when all four splice sites were 
mutated such that they would be functionally inactive (91). 
In addition, EMSA showed that the major large 
RNA/protein complex that forms upon the LRE was also 
significantly depleted on this mutated RNA probe.  Finally, 
antibody supershift EMSA proved that Sm proteins, key 
functional components of snRNPs, bound the LRE and 
affinity chromatography showed binding of major U1 
snRNP components, Sm proteins (20-30 kDa), U1A (35 
kDa) and U1 snRNA to the wild type LRE but not to the 
4x5’ splice site-mutated LRE. Interestingly, we were 
unable to detect binding of U1 70K to the LRE possibly 
ruling out the prospect that the LRE has a mechanism of 
action equivalent to the BPV1 inhibitory element. It is 
likely, though not yet proven, that U1 snRNP binds the 
HPV31 MIE because protein complexes we have identified 
as containing U1 snRNP also bind this related element. 

 
The auxiliary splicing factor, U2AF was one of 

the first proteins demonstrated to bind the HPV16 LRE 
(90). U2AF, a dimer of 35 and 65 kDa subunits, binds a 
polypyrimidine tract upstream of 3’ splice acceptor sites 
and aids loading of U2 snRNP that marks the 3’ end of 
introns for splicing. Proteins were affinity-selected from 
HeLa extracts by binding to riboprobes synthesized from 
PCR-amplified templates homologous to 3’ portion of the 
LRE. A major 65-70 kDa protein was isolated. The GU-
rich 3’ LRE had sequence similarity to a cognate binding 
site for the U2AF 65 kDa subunit. So U2AF was depleted 
from HeLa extracts by incubation with poly (U) sepharose 
to which the protein binds with very high affinity. Then 
U2AF65 expressed in bacteria was added back to the 
extracts. Increased LRE RNA/proteins complexes were 
observed with increasing amounts of U2AF65 proving that 
this protein binds the element. Moreover, mutations in the 
GU-rich region designed to knock-out binding of the 
protein reduced binding of the 65 kDa band. Subsequent 
studies demonstrated binding of U2AF by antibody 
depletion EMSA (25) and affinity chromatography (95). As 
expected the HPV31 inhibitory element also binds U2AF 
through its GU-rich region (92). 

The key early splicing complex that forms across 
splice junctions in pre-mRNA comprises U1 snRNP, U2AF 
and a bridging SR protein, such as SF2/ASF, to modulate 
activity of the complex (Figure 3). As we had found that 
the 5’portion of the LRE bound U1 snRNP, the 3’ portion 
binds the auxiliary splicing factor U2AF (25,90) and both 
the 5’ and 3’ portions of the element were required for full 
activity (91) we determined whether the LRE was capable 
of binding a full early splicing complex. Co-
immunoprecipitation, EMSA and affinity chromatography 
demonstrated that SF2/ASF bound the LRE indirectly 
through interaction with U2AF65 as predicted (95). We do 
not yet know if SF2/ASF also binds the HPV31 element. 
Thus a major protein complex that binds the LRE makes it 
resemble not just a 5’ splice site as in the case of the BPV1 
inhibitory element but juxtaposed 5’ and 3’ splice sites as 
would occur in splicing during intron removal.  

 
Finally, the polyadenylation factor cleavage 

stimulatory factor (CstF) 64 has also been shown to bind 
the HPV16 and 31 inhibitory elements directly using 
similar techniques employed to demonstrate binding of 
U2AF (25,92). This protein is one of three subunits of CstF 
that binds GU-rich regions downstream of polyadenylation 
sites as part of the 3’ end formation complex (27). One 
theory is that if it bound these 3’ UTR elements proper 
formation of the polyadenylation complex may be 
inhibited. This is because CstF would be positioned 
upstream of CPSF, the second essential polyadenylation 
factor complex, rather than downstream. However, it seems 
that binding of CstF-64 to the HPV16 LRE may be weak as 
its binding can easily be completed by other LRE-binding 
proteins (25).  

 
Although all these proteins have been shown to 

bind the LRE, direct evidence that they regulate RNA 
processing of virus late transcripts has been elusive to date. 
Overexpression or siRNA knockdown studies are required 
to demonstrate such an effect in conjunction with use of 
LRE mutations in the 5’ splice sites and GU-rich regions. 
Previously, it has been hard to carry out these experiments 
due to difficulties transfecting epithelial cells, especially 
differentiated epithelial cells. Improvements in protocols 
utilizing lentivirus vectors for delivery of small hairpin 
RNA should make this much easier in the future. 

 
8.2. Mechanisms of action of the HPV16 LRE – RNA 
processing. 

As in the case of the BPV1 inhibitory element, no 
3’ splice site can be identified downstream of the LRE 5’ 
splice site sequences and RT-PCR did not reveal any 
transcripts arising from this region (unpublished data). 
However, as discussed above it is clear that the LRE alone 
can mimic juxtaposed 5’ and 3’ splice sites. In contrast to 
the BPV1 element the HPV16 LRE did not decrease 
polyadenylation efficiency in vitro (89) nor in vivo, at least 
in HeLa cells extract (unpublished data). So instead of U1 
snRNP/LRE binding regulating polyadenylation, an 
alternative role of the HPV16 LRE in post-transcriptional 
regulation of gene expression could be that it modulates 
terminal exon definition, as proposed by Furth et al., 1994.  
In RNA processing exons are normally defined by splice



Structure and function of papillomavirus late RNA regulatory elements 

5656 

 
 
Figure 3. A schematic diagram of possible protein/protein and RNA/protein interactions involved in exon definition. Splice 
complexes interact across introns in splicing. However, they also interact across exons to define these. Exon definition is 
enhanced or silenced by exonic sequences binding SR proteins or hnRNP A/B proteins respectively. The possible mechanisms of 
action of the HPV16 LRE are indicated as discussed in the text. U1: U1 snRNP, U2: U2 snRNP, SR, serine/arginine-rich protein, 
U2AF: dimer of U2AF35and U2AF65, A/B: hnRNP A or hnRNP B protein, lined box, LRE: HPV16 late regulatory element, 
poly(A): polyadenylation site, 5’ss: 5’ splice donor site, 3’ss: 3’ splice acceptor site, open boxes, exons, thick lines: introns, thin 
line: 3’ UTR, light grey boxes: exonic splicing enhancers, dark grey boxes, exonic splicing silencers, +: positive regulatory 
interaction, -: negative regulatory interaction. Arrows indicate proposed regulatory interactions (34,96,112). 
 
complexes forming at the 3’ and 5’ exon/intron junctions. 
This is regulated positively and negatively by SR proteins 
and hnRNP proteins binding exonic sequence enhancers 
and silencers respectively (96). The 5’ end of the 5’-most 
exon in an RNA is defined by proteins binding the cap 
complex. The 3’ most exon is defined by the 
polyadenylation complex. These 5’ and 3’ protein 
complexes then interact with splice complexes across the 
terminal exons to define them (Figure 3). However, it is 
clear that often terminal exons require additional cis-acting 
sequences, and the proteins they bind, for efficient splicing. 
For example, U1 snRNP binding to a good consensus 5’ 
splice site in the 3’ UTR of an mRNA leads to poor 
terminal definition. In contrast, U1 snRNP binding to a 
weak 5’ splice site links splicing and polyadenylation of the 
message and efficient terminal exon definition (97). 
Terminal exon definition may be very important in 
papillomavirus gene expression because the L1 coding 
region is around 1.5 kb in length while the mean length of a 
human 3’ terminal exon is only around half this length (98).  
The four weak consensus 5’ splice sites located in the 5’ 
portion of the HPV16 LRE, two of which are located 
within the L1 coding region, could bind U1 snRNP and 
bridge to the 3’ splice site at the 5’ end of the L1 coding 
region resulting in an increase in splicing efficiency of the 
L1 exon. For BPV1 the inhibitory element is fully within 
the 3’ UTR and is much closer to its polyadenylation sites 
in comparison to the location of the HPV16 element. This 
proximity could mean that the BPV1 element, with its 
single strong 5’ splice site binding U1 70K, acts mainly on 
the polyadenylation process, rather than on splicing 
efficiency.   

 
8.3. Mechanisms of action of the HPV16 LRE – RNA 
stability and translation. 

The U-rich portion of the LRE resembles a class 
III HuR binding site and HuR was shown to bind the 
element using HeLa cell extracts (25). Recently we have 

demonstrated HuR binds the LRE 3’ portion directly in 
W12 cell extracts. Interestingly, binding was much stronger 
in differentiated as opposed to undifferentiated W12 cells 
(manuscript in preparation). To establish a function for 
HuR binding the protein was overexpressed in 
undifferentiated W12 cells and siRNA used to knock out 
expression in differentiated cells. Overexpression resulted 
in induction of L1 protein expression in the basal epithelial 
cells and siRNA knock-down of HuR reduced L1 
expression when the cells were differentiated. This suggests 
that HuR is a major regulator of HPV16 late gene 
expression, repressing late gene expression in 
undifferentiated epithelial cells but enhancing it when the 
cells differentiate. 

 
Our results lead to speculation about the role of 

the splicing complex that forms upon the LRE and any 
competition with HuR. Although we have been unable to 
demonstrate a role for the LRE and the proteins complexes 
it binds in inhibiting polyadenylation it is tempting to 
suggest that the splicing complex forms upon the LRE as it 
is synthesized in undifferentiated cells. Such complex 
formation could restrict access or activity of poly (A) 
polymerase leading to transcripts that are not fully 
processed (as we have demonstrated (9)) and are therefore 
degraded in the nucleus. Splice complex affinity for the 
LRE is high in undifferentiated epithelial cell extracts so 
perhaps HuR cannot compete for binding at this stage of 
cell differentiation. The splicing complex appears to form 
in both undifferentiated and differentiated W12 cells. 
However, in the latter the complex may be different in that 
its SF2/ASF component is hyperphosphorylated perhaps 
leading to altered complex formation (95). In differentiated 
cells, such an altered splicing complex could form 
transiently on the LRE to direct efficient terminal exon 
definition during co-transcriptional RNA processing then 
dissociate upon completion of mRNA synthesis. Thus when 
the late mRNAs leave sites of transcription HuR could gain
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Figure 4. A model for the mechanism of action of the HPV16 late regulatory element (LRE). In undifferentiated epithelial cells 
late, nonpolyadenylated RNAs can be detected but these are unstable and late mRNAs are not produced and not exported to the 
cytoplasm. This may be due to the early splicing complex (U1 snRNP, U2AF and SF2/ASF) binding the LRE and inhibiting 
polyadenylation. When cells differentiate HuR is somehow free to access the LRE and the splicing complex cannot compete with 
HuR for binding. HuR stabilizes the late transcripts and facilitates export to the cytoplasm for translation.  
 
access to the LRE to stabilize and export them to the 
cytoplasm and maintain their stability in the cytoplasm 
(Figure 4). Indeed, HuR binding to the LRE is most 
efficient in the cytoplasm of differentiated W12 cells 
(manuscript in preparation). Determining how the splicing 
complex changes with respect to binding the LRE in 
differentiated virus-infected epithelial cells will be a major 
step forward in elucidating mechanisms of action of this 
element in a differentiation stage-specific manner. 

 
Finally, the LRE also binds hnRNP A1 in the 

nucleus of differentiated W12 cells directly via a good 
consensus binding site spanning the 5’ and 3’ portions of 
the LRE (Cheunim et al, in press). hnRNP A1 is the 
antagonistic counterpart of SF2/ASF in splicing but it can 
also regulate nuclear export, mRNA stability and 
translation (99). Whether this protein can bind the LRE in 
competition with the splicing complex and HuR protein is 
not yet known. The role of hnRNP A1 in regulation of 
HPV16 late gene expression is currently being elucidated. 
hnRNP A1 has already been shown to bind an exonic 
splicing silencer within the L1 gene and it clearly has a role 
in regulation of splicing events in the virus late region 
(100). hnRNP A1 binds cooperatively to exons in a 3’ to 5’ 
direction and SF2/ASF blocks this binding (101-103). 
Perhaps hnRNP A1 is recruited to the LRE as a donation 
site for loading onto the L1 exon in competition with SR 
proteins. The distance between the LRE and the L1 coding 
region hnRNP A1 binding sites does not preclude their 
cooperation: although the cooperative mechanism has 
not been worked out as yet, it is clear that hnRNP A1 
binding sites need not be adjacent in exons and can 
indeed be some distance apart (104). Levels of hnRNP 
A1 and SF2/ASF are known to be essential for certain 
steps in splicing and for alternative splicing (105). 
These increase in concert in the differentiated, infected 
epithelial cell consistent with their having a role in 
regulating virus late gene expression. 

9. EVOLUTION OF REGULATORY ELEMENTS 
 
It is becoming apparent that papillomaviruses of 

several genera and species contain late region 3’ UTR 
regulatory elements and a number of these have gene 
regulatory activity (88). Apart from the examples described 
in detail above, two cutaneous “low risk” types, HPV1 
(genus mu) and HPV2 (genus alpha, species 4), one 
mucosal “low risk” type, HPV6b (genus alpha, species 10), 
HPV41 (genus nu) and HPV61 (genus alpha, species 3) 
have been shown to contain such elements. Presumably, 
many other papillomaviruses have regulatory 3’ elements 
that help control appropriate and efficient expression of the 
virus capsid proteins. This is because they all complete 
their replication cycle in differentiating epithelia and have 
to suit regulation of their gene expression to respond to 
signals from the host cell. In addition, all such elements 
have been demonstrated to act at one or more post-
transcriptional levels to inhibit late gene expression in 
undifferentiated epithelial cells where expression of the late 
proteins would abrogate the infectious life cycle.  However, 
each element may utilize a different range of post-
transcriptional mechanisms to achieve appropriate late gene 
expression (Figure 5). Indeed, those examined in detail so 
far bind different sets of proteins (Table 1). Even 
comparing the regulatory elements from HPV16 and 
HPV31, two highly related papillomaviruses (both genus 
alpha, species 9) it is clear that although there is 
considerable overlap in the factors they bind, a subset of 
RNA-binding proteins is unique to each (92). The BPV1 
inhibitory element and the HPV16 element both bind U1 
snRNP. For BPV1, the mechanism is clear; this 
RNA/protein interaction inhibits polyadenylation but this is 
not the case for the HPV16 element. For HPV1 the 
mechanism also seems clear. This repressive element may 
act as a classical ARE to destabilize late RNAs in 
undifferentiated epithelial cells and/or to stop efficient 
nuclear export of any RNAs synthesized in undifferentiated 
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Figure 5. Known RNA/protein interactions on the BPV1, 
HPV1, HPV16 and HPV31 late regulatory elements and 
possible mechanisms by which they may act. Open boxes: 
late pre-mRNAs, stippled boxes, late regulatory elements, 
AAA: immature poly (A) tail, An fully formed poly (A) tail, 
ARE: AU-rich element, 5’ ss: 5’ splice site, PAP, poly (A) 
polymerase. 

 
cells. Its effect in differentiated epithelial cells has not been 
examined. The HPV16 element, through binding HuR can 
have a positive and negative effect depending upon the 
differentiation status of the epithelial cell. We hypothesize 
that in undifferentiated epithelial cells it destabilizes late 
RNAs while in differentiated epithelial cells it stabilizes 
late mRNAs and/or increases their translation efficiency. 

 
The HPV16 LRE is more complex than the BPV1 

or HPV1 elements but displays features similar to both. 
Like BPV1, the HPV16 LRE binds U1 snRNP, although it 
is not a complete complex as it appears to lack U1 70K 
(91). We have been unable to prove that the HPV16 LRE 
inhibits polyadenylation, at least using HeLa cell extracts. 
It might be reasoned that this is due to lack of U1 70K in 
the complex. However, the complex does contain two 
proteins from the same SR-domain-containing family, U1A 
and U2AF65 (61). We have shown indirectly that late RNA 
polyadenylation is inhibited in undifferentiated W12 cells 
(9) and may need to revisit the in vitro/in vivo 
polyadenylation experiments using cell extracts from 
undifferentiated W12 cells, instead of HeLa cells, to 
investigate if these proteins do indeed inhibit 
polyadenylation. Furth et al., 1994 argued that U1 snRNP 
binding to the BPV1 inhibitory element might regulate 
terminal exon definition with U1 snRNP present. The 

longer and more complex HPV16 LRE can accommodate a 
full early splicing complex that might be predicted to more 
efficiently promote terminal exon definition (106) but this 
has not yet been investigated. The LRE also bears 
similarities to the HPV1 ARE. It is not a classical ARE but 
does contain significant U-rich regions that bind HuR in a 
similar manner to the HPV1 ARE. It is likely that they 
operate by the same mechanisms. It is not yet understood 
why the HPV16, and to a great extent, the HPV31 elements 
have evolved to be much more complex, utilizing a series 
of different RNA regulatory mechanisms to achieve correct 
differentiation stage-specific late gene expression. One 
explanation could be that, in contrast to BPV1 and HPV1, 
these viruses complete the late stage of their life cycle in 
the very uppermost layer of the epithelium (8) and tighter 
control of gene expression is required to achieve this 
restriction and to efficiently express the capsid proteins in 
relatively few cells.  It will be of interest to examine other 
cervical mucosa-infective human papillomaviruses to 
discover if these also contain complex LREs.   

 
10. PROSPECTS FOR ANTIVIRAL 
INTERVENTIONS 

 
Although many countries have now licensed the 

anti-HPV16/18 subunit vaccines for delivery there is a 
major cohort of women who are infected and may develop 
cervical lesions in the future. In addition, although it is 
hoped that the vaccine will be very effective, it will be 
many decades before this can be properly assessed and it is 
possible that the vaccine uptake may be lower than hoped 
for. Thus, development of new anti-viral therapies is 
required. All papillomaviruses studied so far have late 
inhibitory elements, and there seems to be a theme of key 
known RNA-binding proteins that interact with these 
elements to mediate their function. So it may be possible to 
design RNA-based drugs that would be active against a 
range of papillomaviruses to disrupt RNA/protein 
interactions (107). Such drugs could be aptamers, which are 
chemically stabilized RNAs selected in vitro to bind 
proteins with extremely high affinity, for example HuR. If 
these could be formulated to be topically applied to the 
epithelia surface of an HPV16-iduced lesion it may be 
possible to reduce L1 protein expression and so decrease 
the production of virus particles from the lesion. Topical 
application of preparations to inhibit virus gene expression 
events would also be deleterious to host gene expression. 
However, this may not be a significant problem because 
differentiated cells in the uppermost epithelial layers are 
beginning to shut down nuclear function (108). It remains 
to be seen if disruption of late events in the virus life cycle 
may have feedback effects on earlier events, or indeed have 
a deleterious effect, for example by tipping the balance 
towards integration of virus genomes into the host genome.  

 
Alternatively the drug could be a small molecule 

selected from a combinatorial library or from collections of 
compounds from pharmaceutical companies to bind the 
LRE with high affinity in a similar manner to what has 
been achieved for HIV1 Tat/TAR RNA interaction 
(109,110). Such binding should inhibit complex formation 
upon the inhibitory element and so abrogate its function. 
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The papillomavirus late regulatory elements have the potential 
to form significant secondary structure. This is not involved in 
any of the regulatory mechanism because targeted disruption 
of the structures had no effect on reporter gene expression (75, 
77, 91). This sort of structure would be ideal for selection of 
small molecules that interacted with high affinity and that may 
block binding of late regulatory element-binding proteins. 
Such small molecules or compounds could be systemically or 
topically applied. More recently work has focused on the 
possible uses of siRNAs, miRNAs and shRNAs in drug 
discovery. There is evidence that these small RNAs can gain 
access to cells and retain function (111). Our recent 
observations of the positive and negative effects of modulation 
of HuR proteins concentrations in cells on HPV16 L1 
expression open the way for rational design of such therapies.    
 
 11. PERSPECTIVES 
 
 It is 17 years since the first report of a 
papillomavirus late regulatory element (89). In the 
intervening time much has been elucidated regarding the 
structure of such elements, the proteins they bind and the 
mechanisms of action they exert on gene expression. One 
of the major problems in carrying out such studies is lack 
of availability of good culture systems for studying 
papillomaviruses due to their complete reliance on a 
differentiating epithelium for their replication cycle. Most 
of the experiments to date have been carried out in 
transformed cell lines, such as HeLa cells. Of course, 
papillomaviruses infect normal basal epithelial cells and 
complete their life cycle in fully differentiated 
keratinocytes. So it could be argued that studies to date, 
although very informative, may have missed important 
information. The use of cell lines such as W12 and CIN612 
where the cells can be differentiated in monolayer and 
organotypic raft culture has started to reveal nuances of the 
differentiation stage-specific LRE-responsive regulation 
not previously observed in lines such as HeLa cells. 
Charting the profiles of proteins that bind the various 
elements in undifferentiated and differentiated normal 
keratinocytes and the pattern of expression of the RNA-
binding proteins in normal tissue, infected tissue and cancer 
tissues will prove extremely useful in future studies.    
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