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Abstract
Human papillomavirus type 16 (HPV16) is a 7.9 kb double stranded DNA virus that infects
anogenital mucosal epithelia. In some rare cases, in women, infection can progress to cervical
cancer. HPV16 gene expression is regulated through use of multiple promoters and alternative
splicing and polyadenylation. The virus genome can be divided into an early and late coding
region. The late coding region contains the L1 and L2 genes. These encode the virus capsid
proteins L1 and L2 protein expression is confined to the upper epithelial layers and is regulated
post-transcriptionally in response to epithelial differentiation. A 79 nt RNA regulatory element,
the late regulatory element (LRE), involved in this regulation is sited at the 3′ end of the L1 gene
and extends into the late 3′ untranslated region (3′ UTR). This element represses late gene
expression in differentiated epithelial cells and may active it in differentiated cells. This article
describes our current knowledge of LRE RNA/protein interaction and their possible functions.
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Human papillomaviruses (HPVs) are small double stranded DNA viruses that cause mainly
benign tumours of cutaneous and mucosal epithelia, commonly known as warts [1]. A
significant subset of HPVs infects the mucosal epithelium of the anogenital tract. In some
cases such persistent infection can progress to cancer, especially cervical cancer in women.
The most prevalent cancer-causing HPV is HPV type 16 (HPV16). Although a prophylactic
vaccine against HPV16 has been licensed for use in the UK, it will be over 50 years before
the efficacy of the vaccine can be properly assessed [2]. In the meantime, there is a need to
develop novel antiviral therapies. A thorough understanding of HPV16 gene regulation is
required to facilitate this.

Epithelial infection leads to nuclear deposition of the 7.9 kb circular double stranded HPV16
genome. Transcription is polycistronic, yielding a complex set of mRNAs processed by
alternative splicing and polyadenylation [3]. The virus genome has an early region
containing six genes (E1-E7) encoding proteins involved in virus genome replication,
transcriptional regulation, and cell transformation, a late region with two late genes
encoding virus capsid proteins, L1 and L2, and a long control region (LCR). At its 5′ end
the LCR contains RNA regulatory signals in the late 3′ UTR (Figure 1). The HPV life cycle
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is completely dependent upon epithelial differentiation. The early proteins are produced
throughout the epithelium. In contrast, expression of the virus capsid proteins is restricted to
terminally differentiated cells in the uppermost epithelial layer from where virus particles
are shed [4]. The L1 and L2 capsid proteins are excellent targets for design of antiviral
therapies because they are essential for virion formation and transmission.

Regulation of papillomavirus late gene expression
For HPV16 and other papillomaviruses, late gene expression is regulated post-
transcriptionally via cis-acting RNA regulatory elements. The best-characterised element is
the 53 nt bovine papillomavirus type 1 (BPV1) inhibitory element, which is located in the
BPV1 late 3′UTR immediately upstream of the late polyadenylation site. This inhibitory
element uses a good consensus 5′ splice donor site to base-pair with the 5′ end of cellular
U1 small nuclear RNA (U1 snRNA), allowing assembly of U1 small nuclear
ribonucleoprotein particle (U1 snRNP) [5,6]. The 70 kDa subunit of U1 snRNP (U170K)
interacts with poly (A) polymerase (PAP) to inhibit polyadenylation [7]. Transcripts that are
not polyadenylated are rapidly degraded in the nucleus and so cannot exported to the
cytoplasm for translation. The inhibitory action of U170K has been mapped to four
conserved motifs that are also found in the splicing proteins U1A and U2AF65. Inhibition of
polyadenylation represses virus late gene expression in undifferentiated, BPV1-infected
cells, but how suppression is released to allow capsid protein expression in terminally
differentiated cells is unknown.

The HPV16 late regulatory element
The HPV16 late 3′ UTR contains a late regulatory element (LRE) that is structurally related
to the BPV1 element. The 79 nt LRE overlaps the 3′ end of L1 gene and extends into the
late 3′ UTR [8]. Two active polyadenylation sites are located 78 and 137 nts downstream
[3]. The element efficiently represses gene expression in undifferentiated epithelial cells and
the entire 79 nt sequence is required for this. However, repression is alleviated when the
cells are differentiated [9]. Like BPV1, the 5′ portion of the element contains four 5′ splice
sites. These are mostly poor consensus but they do bind a U1 snRNP-like complex [9].
Although U170K has not been identified in the U1 snRNP complex, U1A and U2AF65 (see
below) that contain conserved PAP inhibitory motifs are present. It remains to be tested
whether these proteins inhibit polyadenylation at either of the two downstream sites. The
LRE also binds the polyadenylation factor CstF64 through its 3′ U-rich portion [10] (data
not shown). In addition, the LRE has potential for substantial stem loop structure formation
[9]. CstF64 binding and the LRE RNA secondary structure could sterically hinder
polyadenylation complex formation in a similar manner to that observed for the unutilised
polyadenylation site in the 5′ long terminal repeat (LTR) of HIV1 [11]. Such a mechanism
could operate separately or in concert with U1 snRNP-mediated inhibition.

The HPV16 LRE and regulation of RNA processing
In in vitro polyadenylation experiments using HeLa cell extracts the LRE does not inhibit
polyadenylation (data not shown). In contrast, Northern blotting revealed that in
undifferentiated cervical epithelial cells harbouring nuclear copies of the HPV16 genome
(W12 cells [12]) late RNAs were detected but these were nonpolyadenylated. Fully
processed, polyadenylated mRNAs were found only in differentiated W12 cells [3]. This
implies that there is a block to late RNA polyadenylation in less differentiated cells, but does
not confirm that the LRE is involved.

The GU-rich 3′ LRE portion also has the capacity to bind the auxiliary splicing factor
U2AF65 [13] partnered with the key SR protein SF2/ASF [14]. Taken together with
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U1snRNP binding, this means that the HPV16 LRE can bind a complex very similar to an
early splicing complex. There are no splice acceptor sites downstream of the LRE and no
mRNAs are produced from this 3′UTR, meaning that the LRE/protein complex is not
involved in splicing. However, the terminal exons of virus late mRNAs are over 1.5 kb in
length, so it is hypothesised that this element may act to define these for efficient splicing.

Cellular cytoplasmic proteins that bind the HPV16 LRE
Finally, the LRE binds two shuttling proteins with noted roles in the cytoplasm, hnRNP A1
and the elav-like HuR protein. In the nucleus, hnRNP A1 is an alternative splicing factor but
also has roles in nuclear export, mRNA stability and translation. The protein binds the
central portion of the LRE in cytoplasmic extracts [15]. Levels of hnRNP A1 increase in the
upper epithelial layers where late gene expression is achieved [15], so we are currently
elucidating its role in regulating late gene expression. HuR binds and stabilises mRNAs
containing AU-rich elements (AREs) and accompanies them for export to the cytoplasm.
HuR binds with high affinity the U-rich 3′ portion of the LRE that resembles a class III
ARE. HuR binding was most efficient in the cytoplasm of differentiated W12 cells and
siRNA-mediated knock-down of HuR levels resulted in abrogation of late protein expression
(manuscript in preparation). Thus HuR may be a major cytoplasmic regulator of HPV16 late
protein expression and a potential target for topically applied antiviral therapies.

Abbreviations

HPV human papillomavirus

BPV bovine papillomavirus

UTR untranslated region

LCR long control region

LRE late regulatory element

snRNA small nuclear RNA

snRNP small nuclear ribonucleoprotein particle

PAP poly (A) polymerase

LTR long terminal repeat

ARE AU-rich element
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Figure 1.
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Figure 2.
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