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Abbreviations 

aa Amino acid 
APC Anaphase promoting complex 
ASF/SF2 Alternative splicing factor/splicing factor 2 
BP Branch point 
BPV Bovine papillomavirus 
Brd4 Bromodomain protein 4 
CBP Cap binding complex 
cdk Cyclin-dependent kinase 
CF Cleavage factors 
CIN Cervical intraepithelial neoplasia 
CLK Cdc-like-kinase 
CPSF Cleavage and polyadenylation specificity factor 
CMV Cytomegalovirus immediate early 
CstF Cleavage stimulatory factor 
CTD Carboxy-terminal domain 
CVB3 Coxsackievirus B3  
DBD DNA binding domain 
DENV Dengue virus  
DNA Deoxyribonucleic acid 
E6AP E6 associated protein 
EGF Epidermal growth factor 
EMCV Encephalomyocarditis virus 
ESE Exonic splicing enhancer  
ESS Exonic splicing silencer 
FCV Feline calicivirus 
FTDP Frontal temporal dementia 
GC Glucocorticoid 
GR Glucocorticoid receptor 
HAV Hepatitis A virus  
hCMV Human cytomegalovirus  
HCV Hepatitis C virus 
HIV Human Immunodeficiency virus 
HPV Human papillomavirus 
hnRNA Heterogenus nuclear RNA 
hnRNP Heterogeneous nuclear ribonucleoproteins 
IRES Internal ribosomal entry site  



 

ISS Intronic splicing silencer 
kb Kilo bases 
kDa Kilo Dalton 
KH K homology domain 
LCR Long control region 
MHC Major histocompatibility complex 
MIE Major immediate-early  
mRNA Messenger ribonucleic acid 
mRNP Messenger ribonucleoprotein particle 
NLS Nuclear localization signal 
nm Nanometer 
NRE Negative regulatory element 
ORF Open reading frame 
PABII poly(A) binding protein II 
pAE Early poly(A) signal 
pAL Late poly(A) signal 
PAP poly(A) polymerase 
PAS Polyadenylation site 
PCBP Poly(rC) binding protein 
PDZ Post-synaptic density-95 Disc large Zo-1 
PP2A Protein phosphatase 2A 
PPT Polypyrimidine tract 
PTB Polypyrimidine tract binding protein 
PV Poliovirus  
Rb Retinoblastoma 
RNAi RNA interference 
RRM RNA recognition motif 
SA Splice acceptor, 3’splice site 
SD Splice donor, 5’splice site 
siRNA Small interfering RNA 
SRPK1 Serine-arginine-specific protein kinase 1 
SR protein Serine-arginine rich protein 
SRp30c Serine-arginine rich protein 30c 
SV40 Simian virus 40 
TAD Transactivating domain 
TAP Tip associated protein 
Topo I Topoisomerase I 
U2AF U2 snRNP auxiliary factor 
U snRNP Uridine-rich small nuclear ribonucleoprotein particles 
UTR Untranslated region 
YB-1 Y Box protein 1 
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Introduction 

Human Papillomaviruses (HPVs) is a large family (Papillomaviridae) com-
prising more than 100 genotypes. HPVs are small, double-stranded, circular 
deoxyribonucleic acid (DNA) viruses with a genome consisting of approxi-
mately 8 kilo bases (kb) (98). HPV is strictly epitheliotropic infecting muco-
sal or cutaneous epithelial tissues of the anogenital tract, the hands, or the 
feet (47, 98, 244). The HPV genotypes are divided into high-risk types and 
low-risk types determined by their capacity to infect, persist and cause cervi-
cal cancer. HPVs infecting cutaneous epithelia and causing skin warts are 
considered low-risk (HPV-2 and -4). Amongst HPVs causing anogential 
warts or condyloma types 6 and 11 are the most common. HPVs infecting 
mucosal epithelia of the cervix are considered to be high-risk (HPV-16, -18, 
-31, and -45).  

HPVs infect the basal cell layer of the squamous epithelium through mi-
crowounds. No specific viral receptor has been identified but heparan sul-
phate is thought to mediate the initial attachment (43). The infections are 
normally cleared by the immune system within 12-18 months, but high-risk 
types may persist in rare cases and cause pre-malignant lesions named cervi-
cal intraepithelial neoplasia (CIN) (244). A CIN is graded by the fraction of 
the epithelium that is covered by lesions. CIN-1 lesions are the mildest and 
are likely to regress, whilst CIN-2 and CIN-3 are high-grade lesions where 
progression to cervical cancer is a great risk (244). Despite the fact that high-
risk HPVs are the most commonly sexually transmitted viruses, prevalence 
is rare in context that it is estimated that two-thirds of individuals who have 
sexual relations with an infected partner will themselves become infected 
(244).  

Cervical cancer is the second most common cancer in women worldwide, 
and close to 100% of all cervical cancers contains HPV DNA sequences 
from high-risk genital HPVs. The most common, HPV-16, is found in 50-
70% of cases, while HPV-18 is found in 7-20% of cases (160). 

To persist, HPV must escape detection by the host immune system. The 
expression of genome products is tightly regulated and certain proteins (the 
late proteins) are never found in association with cancer. 
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Post-transcriptional processing 

Messenger RNA molecules in eukaryotic cells are modified at both their 
5´ends by a cap structure and at the 3´ends by a poly(A) tail. Pre-mRNA is 
also spliced to join the protein coding exons into a mature mRNA. These 
three important mechanisms, capping, splicing and polyadenylation, will be 
described in the three following sections.  

5´ Capping 
The addition of a 5´cap structure (m7GpppN) onto newly synthesized mRNA 
is essential for cell growth in more than one sense. The cap is a major deter-
minant of mRNA maturation, translation, and stability (180). The cap pro-
tects mRNA from degradation by 5′exoribonuclease activities. Capping is 
divided into three steps. Initially, a dimeric capping enzyme associates spe-
cifically with the phosphorylated carboxyl-terminal domain (CTD) of RNA 
polymerase II. One subunit of the capping enzyme (RNA triphosphatase) 
removes the γ-phosphate from the 5´end of the nascent RNA emerging from 
the surface of RNA polymerase II. Secondly, another subunit (RNA guan-
ylyltransferase) transfers the GMP moiety from GTP to the 5´-diphosphate 
of the nascent transcript, creating the guanosine 5´5´-triphosphate structure. 
In the final step, a methyltransferase methylates the N7 position of the trans-
ferred GMP to form the m7GpppN cap (185). Once the cap is formed, it is 
recognized by the cap binding complex (CBC). It is this binding of cap to 
CBC that is contributing to the mRNA stability. After the mRNA has been 
transported to the cytoplasm, CBC is replaced by the cytoplasmic translation 
initiation factor eIF4E and associated factors, a binding necessary for effi-
cient translation (180). 

Splicing 
The process of bringing exons together by excising introns is called splicing. 
Both exons and introns contain multiple regulatory elements for splicing. 
Four basic cis-elements on the introns are necessary for splicing, the 5´splice 
site (also referred to as splice donors or SD), the 3´splice site (also referred 
to as splice acceptor or SA), the branch point (BP), and the polypyrimidine 
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tract (PPT). The 5´splice site is defined by the junction of the 3’end of the 
first exon and the 5´end of the intron, and is recognized by the consensus 
sequence AG|GURAGU, where the underlined position refers to the highly 
conserved signal of the 5´border of the intron. The consensus sequence 
YAG|RNNN is the recognition sequence for 3´splice sites. The underlined 
position refers to the highly conserved signal of the 3´border of introns. The 
BP (YNYURAC, where A is an adenosine conserved in all genes) is located 
18-40 nucleotides upstream of the 3´splice site (indicated as Y in the consen-
sus sequence). The U and C rich PPT (indicated as Y(10-20) in Figure 1) 
lies between the adenosine in the BP and the 3´splice site. Pre-mRNA splic-
ing occurs through a two-step transesterfication mechanism (Figure 1). The 
first step in the transesterfication reaction is to cleave the pre-mRNA into 
two products, the intron in a lariat formation with the 5´end of the intron 
bound to the adenosine on the BP, and the free 5´exon. The second step re-
sults in ligation of the two exons by excising the lariat structure (145). 

 
Figure 1. Schematic representation of the two transesterfication reactions dur-
ing pre-mRNA splicing, resulting in the ligated exons and a lariat formed in-
tron. The boxes represent exons, intron is indicated as well as the branch point (BP),  
5´(GU) and 3´(AG) splice sites, and the polypyrimidine tract (PPT). The consensus 
splicing signals and their locations on the pre-mRNA are indicated. Y represents U 
or C, R represents G or A, and N represents any nucleotide.  

Most mammalian pre-mRNAs contain multiple exons and introns. To create 
several different functional proteins from one single pre-mRNA, two differ-
ent forms of splicing have been evolved. Constitutive splicing is defined as 
excision of all introns and joining of all exons in a consecutive order, result-
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ing in a single mature mRNA. Alternative splicing is differential usage of 
both 5´and 3´splice sites on the same pre-mRNA resulting in different 
isoforms of the mRNA. There are a number of different types of alternative 
splicing; exon skipping, alternative 5´and 3´splice site selection, intron reten-
tion and mutually exclusive exon (Figure 2). Since HPV is a rather small 
virus, it uses alternative splicing in order to maximise the coding capacity of 
its genome. In addition, HPV also has two different promoters and pA-sites 
used to create early and late mRNAs.  

 
Figure 2. Different types of alternative splicing.  Alternative splicing can give 
either long or short mRNA variants by exon skipping or alternative usage of splice 
donors (5´ss) or acceptor  (3´ss) sites. Sometimes the intron can be included. 

Pre-mRNA splicing is carried out by the spliceosome in the nucleus, de-
scribed in the following section. 

Spliceosome assembly  
The spliceosome is a large multi-component complex containing several 
proteins and five Uridine-rich small nuclear ribonucleoprotein particles (U 
snRNP); the U1, U2, U4/U6 and U5 snRNPs. Among all the proteins re-
quired for spliceosome assembly, the serine-arginine rich protein (SR pro-
tein) family, plays a crucial role in the early steps of splice site selection and 
also later in the process (174). This family will be described in the splicing 
factor section. 

The model for formation of the spliceosome active site involves an or-
dered, stepwise assembly of discrete snRNP particles on the RNA substrate 
starting with the formation of an early complex (E complex). At this stage, 
the 5´splice site is recognized by the U1 snRNP through RNA-RNA interac-
tions cooperatively by the U2 snRNP auxiliary factor (U2AF) and the BP-
binding protein. This establishes a crosstalk between the 5´- and the 3´splice 
sites through the intron and/or the exon at an early stage (142). Thereafter, 
U2 snRNP binds to the BP, through RNA-RNA interactions in an ATP-
dependent manner, to form the A complex. The B complex forms when the 
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U4/U6.U5 tri-snRNP binds and is accompanied by a strong remodeling of 
RNA-protein, RNA-RNA, and protein-protein interactions to give rise to the 
catalytically active spliceosome (Figure 3).  

 
Figure 3. Schematic presentation of the stepwise spliceosome assembly path-
way.  The model assumes that spliceosome formation is initiated by recognition of 
the 5’splice site by snRNP U1, forming the E (early) complex. Complex A forms by 
an ATP-dependent interaction of snRNP U2 with the branch point (BP). Addition of 
the U4/U6.U5 tri-snRNP leads to formation of the B complex. This step is followed 
by the release of the U1 and U4 snRNPs and the B complex remodels into the splic-
ing-active C complex. Finally, the two exons are joined and the spliceosome com-
plex dissembles. The latriate structure is released. Adapted from (167, 196, 198).  

Cis-acting elements  
The strength of each splice site determines the abundance of the final mRNA 
product. Utilization efficiency of each splice site is determined by its con-
formation to the consensus 5´or 3´splice site, and by the combined effect of 
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adjacent splicing enhancer and silencer RNA elements, so called cis-acting 
sequences (23).  

An exonic splicing enhancer (ESE) is a sequence motif within an exon 
that directs, or enhances, accurate splicing of pre-mRNA into a correct 
mRNA (218). In opposite, an exonic splicing silencer (ESS) is a small region 
that inhibits or silences splicing (218). A general conception is that SR pro-
teins bind to exonic splicing enhancers (ESEs) and therefore induce splicing, 
whereas members of the heterogeneous nuclear ribonucleoproteins (hnRNP) 
family interact with ESSs and repress splicing (19) (Figure 4). However, 
this is not universally true.  

Splicing factors 
Generally, there are two large families of proteins involved in alternative 
splicing, the SR protein family and the hnRNP family. Commonly it is said 
that the role of SR proteins in alternative splicing regulation can be antago-
nized by members of the hnRNP family, in such a way that increased levels 
of SR proteins leads to induction of splicing, whereas an increased level of 
hnRNPs represses splicing (19) (Figure 4). However, it is questionable if 
this should be the rule of thumb since it has been shown that members of 
both families can act as both splicing inducers and repressors (108).  

 
Figure 4. General model for the role of SR proteins and hnRNP proteins in 
splicing regulation. The SR proteins are generally said to bind ESEs and ISEs (ex-
onic and intronic splicing enhancers, respectively) and to induce splicing, whereas 
hnRNP proteins are generally said to bind ESSs and ISSs (exonic and intronic si-
lencers, respectively) and inhibit splicing. 

The hnRNP protein family 
Transcripts in the nucleus of eukaryotic cells are known as heterogenous 
nuclear RNA (hnRNA). The hnRNAs exist in a complexes consisting of at 
least 20 abundant nuclear proteins collectively called hnRNPs (56). These 
proteins (designated hnRNP A1-U) have molecular masses of 34-120 kDa 
and are among the most abundant proteins in the nucleus (Figure 5). The 
hnRNP protein usually consist of multiple domains connected by a linker of 
varying length. The most common domain, RNA recognition motif (RRM) 
has two different structures (97). The most prevalent RRM is characterized 
by a β1-α1-β2-β3-α2-β4 structure and two RNP consensus sequences (RNP-1 
and RNP-2) (13). The RRM contacts the RNA using the RNP-1 and RNP-2. 
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This RRM type is found in hnRNP Q and R amongst others. A second type 
of RMM can be found in for example polypyrimidine tract-binding protein 
(PTB, also named hnRNP I) and hnRNP L. This RRM type is not a typical 
RRM in the sense that it contains an extra β3 loop and they lack the RNP 
consensus sequences (51, 187). Not all hnRNPs contain RRMs. hnRNP E 
and K binds RNA via their hnRNP K homology (KH) domain (215). hnRNP 
U binds RNA via its glycine-rich domain (113) (Figure 5). The hnRNPs 
bind nascent pre-mRNAs and are directly involved in the different steps of 
pre-mRNA maturation. Some hnRNPs are strictly nuclear (for example 
hnRNP C (147)), whereas others shuttle between the nucleus and the cyto-
plasm (for example hnRNP A1 (164) and PTB), suggesting an involvement 
in mRNA transport (56).  

The hnRNPs bind to pre-mRNA with sequence specificity to high-affinity 
binding sites consisting of sequences that are important for pre-mRNA pro-
cessing, such as 5´- and 3´splice sites, the PPT, and polyadenylation ele-
ments (76). 

In the next section, the hnRNP protein PTB will be discussed in more detail 
to give a broader introduction to paper I.  

 
Figure 5. Schematic representation of the members of the hnRNP family. The 
structural organization is shown. RRM, RNA recognition domain, KH, K homology 
domain; RNA binding domain structurally distinct from RRM. Adapted from (90). 
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Polypyrimidine tract-binding protein (PTB) 
PTB, also called hnRNP I, was originally discovered as a protein that bound 
the U-rich polypyrimidine tract of several introns in an adenovirus major late 
splicing substrate (16). The optimal binding site for PTB, as determined by 
SELEX, is UCUU in a pyrimidine-rich context (162). PTB binds both ISS 
and ESS. Most ESSs have multiple PTB binding sites regulating the 3´splice 
site (73).  

PTB is a 58 kDa protein, containing four weakly conserved RRMs (154) 
(Figure 5). The RRMs have been implicated in the ability of PTB to oli-
gomerize, bind to RNA, and possibly interact with other proteins. PTB also 
contains an N-terminal domain involved in nuclear localization and export 
and a hinge region between RRM 2 and 3, whose length varies due to alter-
native splicing of the PTB transcript itself. Studies of individual domains of 
the protein indicate that all its RRMs can bind to RNA. It has been suggested 
that RRM2 is involved in protein dimerization (224). Studies indicate that 
the RNA binding activity is not sufficient for splicing repression. Splicing 
repression is also affected by splicing alterations in the central non-RRM 
region of the protein (127). A small C-terminal deletion within RRM4 pro-
duces a protein that still binds RNA but has lost its splicing repression activi-
ty (76).  

PTB is released from hnRNP complexes by nuclease digestion more read-
ily than most other proteins. This suggests that PTB has a unique association 
with the complex in such way that it bind to particularly exposed hnRNA 
structure (73, 80).  

The functions of PTB appear to be diverse. Initially it was believed to be 
a splicing factor playing a role in early spliceosome assembly at the BP and 
3´splice sites. However, it was later observed to be non-essential for the 
splicing of many introns (146). PTB can function as a general repressor of 
alternative splicing, or more specifically antagonize U2AF when the PTB 
binding sites are within the PPT at 3´splice sites. PTB has also been shown 
to antagonize the splicing repressor activity of SRp30c in the intronic CE9 
element found in the hnRNP A1 pre-mRNA (157). In cases where PTB bind-
ing sites are outside this PPT, a more complex mechanism may be envi-
sioned (195). Many mammalian alternative exons are known to be affected 
by the action of PTB, including exons in actinin, tropomyosin, troponin, c-
src, fibronectin, FGF receptors 1 and 2, and IgM (7, 22, 24, 26, 146, 151, 
182). 

PTB has also been reported to be involved in gene regulation of different 
viruses by controlling cap-dependent translation driven by the internal ribo-
somal entry site (IRES). PTB can bind IRESs of both viral and cellular 
origin and either positively or negatively influence IRES activity (37, 141). 
Much has been published about the interaction between PTB and the IRES 
element from the members of the picornavirus family. To mention a few 
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examples, PTB is enhancing IRES activity in foot and mouth disease virus 
(FMDV), hepatitis A virus (HAV), poliovirus (PV) and encephalomyocardi-
tis virus (EMCV) (107, 193). In coxsackievirus B3 (CVB3), PTB appears to 
help in circulation of the RNA by bridging the ends necessary for efficient 
IRES-mediated translation of the viral RNA (221).  

PTB also play important roles for gene regulation in the flavivirus family. 
Phosphorylated PTB is required for efficient replication of the hepatitis C 
virus (HCV) RNA (25). PTB is influencing negative strand RNA synthesis 
of denguevirus (DENV) by binding to the DENV RNA genome (105). In 
feline calicivirus (FCV), PTB functions as a negative regulator of translation 
due to an accumulation of PTB in the cytoplasm leading to less efficient 
transport of mRNA from the nucleus to the cytoplasm (110). An example of 
a DNA virus that is regulated by PTB is human cytomegalovirus (hCMV), 
where PTB strongly represses human CMV major immediate-early (MIE) 
gene expression and viral replication (39). 

The SR protein family 
The SR proteins constitute a family of proteins that are essential for mRNA 
export, translation, stability and both activation and repression of constitu-
tive and alternative splicing of pre-mRNA (130, 174, 184). SR proteins are 
characterized by consisting of one or two RRMs in the N-terminal part of the 
protein and one C-terminal RS domain rich in serine (S) and arginine (R) 
amino acid residues (Figure 6). As the name implies the RRM determines 
the RNA binding specificity through a wide range of interactions, whereas 
the RS-domain is involved in protein-protein interactions that promote re-
cruitment of the spliceosome, splicing and shuttling between the nucleus and 
cytoplasm (18, 86, 226). Localization of SR proteins to nuclear speckles in 
the nucleus is determined by phosphorylation of their RS domain (134). The 
nomenclature of this family was recently changed to clarify the identity of 
the SR proteins. They are now defined based entirely on their sequence 
properties (133). Throughout this thesis, the old names will be used to avoid 
confusions with published results in papers II-IV. 

Two protein kinase families, serine-arginine-specific protein kinase 
(SRPK) and cdc-like-kinase (CLK) play vital roles in phosphorylation of the 
SR proteins and thereby regulation of their function. Phosphorylation by 
SRPK1 leads to translocation of ASF/SF2 (alternative splicing fac-
tor/splicing factor 2) from the cytoplasm to nuclear speckles (118, 149). In 
contrast, phosphorylation by Clk/Sty a member of the CLK family of kinases 
causes ASF/SF2 to disperse within the nucleus (149). 

Topoisomeras I (topo I) also act as a specific kinase for SR proteins. De-
pletion of topo I results in hypophosphorylation of SR proteins and impaired 
exonic enhancer-dependent splicing (171, 194). ASF/SF2 binds topo I and 
inhibits its activity, which is dependent on the RS-domain (3). Some SR 
proteins (ASF/SF2, 9G8 and SRp20), if not all except SC35, shuttle between 
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the nucleus and the cytoplasm, a process that also seems to be controlled by 
the phosphorylation status of the protein (18, 126, 226). Shuttling SR pro-
teins may also function in mRNA export (18). 9G8 and SRp20 are involved 
in mediating efficient handover of mRNA to the nuclear export factor Tip-
associated protein (TAP) (92).  

 
Figure 6. Schematic representation of the SR protein family.  The structural 
organization is shown. RRM (RNA recognition motif), RS (arginine/serine-rich 
domain) and Zn (Zink knuckle). 

There are several different models for how SR proteins are involved in regu-
lation of constitutive and alternative splicing. One example is that the SR 
protein binds to an ESE and acts as a barrier that prevents exon skipping, and 
thereby ensuring the correct linear 5’ to 3’ pairing of exons in spliced mRNA 
(103). Two different models can explain this exon inclusion mechanism. In 
the “recruitment model” the focus is on the ability of the ESE-bound SR 
protein to influence the process known as exon definition, which is the re-
cruitment of the U1 snRNP at the 5’splice site and U2AF65 at the 3’splice 
site (85, 168).  As previously described and illustrated in Figure 4, SR pro-
teins generally bind ESEs while hnRNPs bind ESSs. In the “inhibitor mod-
el”, ESE-bound SR proteins may work in an antagonistic fashion by revers-
ing the negative activity of the hnRNPs binding ESSs (242).  The SR pro-
teins can also act in a RS-dependent matter by forming a network of protein-
protein interactions across introns to juxtapose the 5’- and 3’early in spliceo-
somal assembly (197). SR proteins can also function as repressors of splic-
ing, for example, ASF/SF2 that binds an ISS in adenovirus pre-mRNA 
(108). 

In the two next sections, the SR proteins ASF/SF2 and SRp30c will be dis-
cussed in more detail to give a broader introduction to papers III and IV.  
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ASF/SF2 (SRSF1) 
ASF/SF2 was the first SR protein to be identified in the early 1990s, and has 
since then been used to study the connection between cancer and alternative 
splicing (74, 120). ASF/SF2 is a proto-oncogene and is up-regulated in sev-
eral tumor types, including lung, colon, kidney, liver, pancreas, breast and 
cervix (63, 111). Little is known about how this abnormal ASF/SF2 expres-
sion is regulated in tumors, or why it is over-expressed in cancer, though 
gene amplification was found in some breast tumors (111). ASF/SF2 is in-
volved in the splicing regulation of many viruses and was actually initially 
identified by its role in alternative splicing in simian virus 40 (SV40) (74). 
ASF/SF2 was shown to bind an ESE on the third exon of the Human Immu-
nodeficiency virus-1 (HIV-1) tat gene, stimulating U2AF binding inde-
pendently of its RS-domain (208). More recent data show that ASF/SF2 and 
SRp40 also bind an ESE in HIV-1 exon five, leading to its inclusion (4). 
Furthermore, ASF/SF2 binding to a cis-enhancing sequence in the env gene 
of HIV-1 was required for Gag expression (204).  

During an adenovirus infection ASF/SF2 functions as a negative regulator 
of splicing, it binds to an ISE located upstream of the 3’splice site BP se-
quence in the adenovirus pre-mRNA (L1, IIIa intron).  When bound to the 
repressor element, ASF/SF2 prevents recruitment of snRNP U2 to the BP 
and inactivating the 3’splice site (108).  ASF/SF2 mediates alternative splic-
ing by promoting binding of snNRP U1 to alternative 5’splice sites and it has 
been shown that hnRNP A1 antagonizes ASF/SF2 function by reducing 
snRNP U1 binding to the same site (58, 59). Adenovirus E1A pre-mRNA 
generates three major isoforms that represent alternative 5’splice site selec-
tion, this is another example where ASF/SF2 and hnRNP A1 have antagonis-
tic functions. ASF/SF2 promotes selection of the most proximal 13S 5’splice 
site to the 3’ splice site in E1A pre-mRNA and hnRNP A1 selects the most 
distal 9S 5’splice site (19, 231).  It has also been demonstrated that the pres-
ence of RRM2 of ASF/SF2 determines specificity of splice site selection, 
which was shown by inserting RRM2 of ASF/SF2 into SRp20 that naturally 
lacks a second RRM. Wild type SRp20c selected the 12S 5’splice site, but 
insertion of RRM2 into SRp20 was acting as wild type ASF/SF2 and splic-
ing was directed to the most proximal 13S 5’splice site in E1A pre-mRNA, 
whereas insertion of RRM1 did not alter the splice site selection of SRp20 
(17, 216). ASF/SF2 has been shown to interact directly with RNA at the BP 
to promote pre-spliceosomal assembly (181, 183). 

The HPV E2 transcription factor is inducing ASF/SF2 expression by 4-8 
fold in epithelia infected by high-risk HPV by binding and trans-activating 
of the gene encoding ASF/SF2 (139). These findings are further supported 
by data showing that the up-regulation of ASF/SF2 was prevented by intro-
ducing a single null point-mutation in the E2 TAD (144). ASF/SF2 has fur-
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ther been described to form part of a complex binding to a negative regulato-
ry element in the HPV-16 late 3’UTR (140). 

SRp30c (SRSF9) 
SRp30c shows a 74% amino acid homology to ASF/SF2 and has also been 
described as having various effects in alternative splicing. Despite this simi-
larity, no consensus mechanism of action for the two family members has 
been identified. However, SRp30c has been shown to regulate alternative 
splicing of cellular mRNAs, sometimes as an inducer, and sometimes as a 
suppressor. Patients with hormone refractory prostate cancer are treated with 
glucocorticoid (GC) but very quickly develop resistance. GCs bind GC re-
ceptors (GR) facilitating pathways leading to apoptosis. Alternatively spliced 
GR results in active GRα and the inhibitor GRβ.  It has been reported that 
SRp30c stimulates the inclusion of an alternative 3’terminal exon in the GR 
pre-mRNA leading to increased GRβ expression and thereby contributing to 
the GC resistance in prostate cancer cells (228).  

Over-expression of SRp30c enhances splicing to exon 10 of the tau pre-
mRNA leading to inclusion of an exonic enhancer. This inclusion results in 
the disease frontal temporal dementia (FTDP) that is associated with Parkin-
sons (119).  

SRp30c binds to an intronic element (CE9) in the pre-mRNA of hnRNP 
A1, causing repression of a downstream 3’splice site. This is antagonized by 
PTB, as mentioned above in the PTB section (157, 186). Interestingly, 
ASF/SF2 does not bind to this element nor does replacement of the CE9 with 
high-affinity binding sites for ASF/SF2 affect splicing (157).  

Y-box protein 1 (YB-1) has been identified as a major component of mes-
senger ribonucleoprotein particles (mRNPs) in mammalian cells where they 
constitute as templates for the translational machinery (45, 61, 62). The sub-
cellular localization of this RNA binding protein depends on the formation 
of SRp30c-YB-1 complexes. In addition, YB-1 interacts with hnRNP K, 
which binds HPV-16 L2 mRNAs (33, 157, 165). This suggests that SRp30c-
interacting proteins play an important role in the regulation of RNA pro-
cessing by SRp30c. 

Alternative 5’splice site selection of the regulator of apoptotis, Bcl-x, 
produces two isoforms, a short (Bcl-xS) and a long variant (Bcl-xL), with 
opposite effects on apoptosis. The relative proportion of the two splice vari-
ants of Bcl-x is often altered in cancer cells (121, 122, 155, 166, 211). 
SRp30c mediates the production of Bcl-xL by interacting with two elements 
upstream of the 5’splice site of Bcl-xL thereby counteracting the repressive 
effect of the upstream U1 snRNP binding site leading to inhibition of apop-
tosis (30).  
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Splicing, splicing factors and cancer 
It is estimated that 94% of human genes are alternatively spliced and that as 
many as 50% of all mutations associated with disease affect splicing (219). 
Several mutations are known to affect the splicing of oncogenes, tumor sup-
pressors and other cancer-relevant genes. In many cases, however, the aber-
rantly spliced genes are not mutated, indicating a change in the nuclear envi-
ronment that regulates splice site choice (89, 219). Changes in the concentra-
tion, localization and/or activity of splicing factors might have a key role in 
the disruption of splicing that occurs in many cancers. Several studies have 
demonstrated specific alterations in trans-acting regulatory factors, such as 
hnRNP and SR proteins. Many SR proteins are up-regulated in tumors. For 
example, high levels of SRp20, ASF/SF2 and SC35 have been detected in 
ovarian cancer (66, 93) and high levels of ASF/SF2 have been seen in tu-
mors of the colon, small intestine, kidney and lung (77). Most importantly, 
SR proteins as a group, more specifically ASF/SF2, are over-expressed in 
cervical cancer (63, 143). Members of the hnRNP family are also elevated in 
cancer; one example is hnRNPA1/A2, which is up-regulated in breast can-
cer. In cervical cancer both hnRNP A1, C, D and PTB are over-expressed 
(63).  Inhibition of hnRNAPA1/A2 by RNA interference (RNAi) induces 
apoptosis in breast cancer cells in culture (161). Knock down of PTB sup-
presses ovarian tumor cell growth and invasiveness in vitro (94). Many other 
RNA binding proteins, including HuR and U2AF65 are also over-expressed 
in cervical cancer (41, 63). HPV gene expression is dependent on hnRNPs 
and SR proteins. One may therefore assume that the levels of these proteins 
in cervical epithelial cells may influence the outcome of the HPV infection, 
or that the protein levels may themselves be affected by the presence of HPV 
(177).  Comparisons between normal cervical epithelia and varies grades of 
pre-malignant and malignant tissues has been studied in order to determine if 
any of the regulatory proteins have altered expression in the presence of 
HPV induced cervical lesions (63, 143).  Results showed that hnRNP A1, 
hnRNP C1/C2, hnRNP H, PTB, ASF/SF2, SRp20, SC35, HuR and U2AF65 
are typically restricted to the cells in the lower layers of normal cervical 
epithelia, but not at all or at very low levels in the terminally differentiated 
cells (63, 143). The expression pattern in low grade CIN, high grade CIN 
and squamous cell carcinoma changes drastically and the proteins are now 
highly expressed in close to all cells (63, 143). 

CD44 is a type 1 trans-membrane glycoprotein involved in cell-cell and 
cell-matrix interactions and is one of the best-characterized splicing events 
that are affected in cancer tissue. Alternative splicing of 10 of its 20 exons is 
associated with biological processes important for tumor formation, such as 
lymphocyte association, cell-matrix adhesion and tumor metastasis. Due to 
its abundant alternative splicing, the affected splicing pattern has been corre-
lated with changes in splicing factors. The concentration of ASF/SF2 and 
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hnRNPA1 are altered in both mouse lung tumors and human colon cancer 
(78, 234). Several additional splicing factors have shown to be up-regulated 
in cancer. However, in most cases, the effect of these changes on the altera-
tion of splicing remains unknown. Interestingly, the number of down-
regulated splicing factors is much lower. One such example is U2AF35, 
which is reduced in pancreatic cancer (50).  

Polyadenylation 
Polyadenylation is the non-templated addition of one adenosine residue at a 
time, resulting in a 200-300 long nucleotide tail of adenosines (132). This 
tail is important for stability, nuclear export and translation initiation of 
mRNA. Formation of the 3´ends of most, if not all, mRNAs in higher eukar-
yotes involves a cleavage reaction, in which long pre-mRNAs are cleaved at 
specific sites. The vast majority of the cleaved mRNAs are rapidly polyad-
enylated. There are several important sequences involved in recognizing of 
the polyadenylation site (Figure 7). The conserved key sequence is the hex-
anucleotide 5´AAUAAA 3´, that lies 20-30 nucleotides upstream of the pol-
yadenylation (poly(A)) site. Some mRNAs contain a downstream GU-rich 
sequence and/or a U-rich upstream element.  

Two factors known as cleavage and polyadenylation specificity factor 
(CPSF) and cleavage stimulatory factor (CstF) recognize the poly(A) signal 
and G/U-rich sequences, respectively, and associate with additional cleavage 
factors named CF I and CF II (205). Upon binding, the pre-mRNA is cleaved 
and the 3´end is polyadenylated by a poly(A) polymerase (PAP). 

Polyadenylation in vitro requires only PAP and CPSF. In order for rapid 
elongations of the poly(A) tail to occur the presence of the poly(A) binding 
protein II (PABII) is also required.  The first ten nucleotides are always syn-
thesized slowly, since it is only thereafter that the PABII binding site has 
been created. PABII is also necessary for termination of polyadenylation for 
which the mechanism is unclear but probably involves release of CPSF and 
PAP from the finished product 



 25 

 
Figure 7. Schematic diagram of a core polyadenylation complex.  Poly(A) signal 
(PAS), cleavage site (CA), G/U-rich site and the main factors for cleavage and poly-
adenylation are indicated. Adapted from (131). 
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Human papillomavirus  

The infectious cycle 
The first stage of the HPV life cycle is the infection of basal keratinocytes, 
which the virus gets access to through minor abrasions or micro wounds 
(Figure 8). The life cycle of HPV is tightly associated with the differentia-
tion status of the infected epithelium, and is regulated through both tran-
scriptional and post-transcriptional mechanisms. The infectious particles are 
only produced in terminally differentiated keratinocytes. In the basal 
keratinocytes, the HPV genomes establish themselves as nuclear episomes 
(without integration into the host cell genome), at approximately 50 copies 
per cell, and the viral DNA is replicated in synchrony with cellular DNA 
replication (202). The expression of early HPV transcripts, encoding the E6, 
E7, E5 proteins, and low levels of the replication proteins E1 and E2, is nec-
essary in order to maintain and establish the HPV genome. E6 and E7 func-
tion to delay cell cycle arrest and differentiation, and to avoid apoptosis. 
Both E6 and E7 stimulate cell cycle progression, leading to expression of 
proteins needed for DNA replication.  

When the infected cell divides, one daughter cell is pushed from the basal 
layer towards the suprabasal layer and begins to differentiate, while the other 
cell remains proliferative competent and stays in the basal membrane. This 
differentiation-dependence of the infected cell is one of the keys to persis-
tence, allowing the infected cell to reside in a non-productive stage in the 
basal layers for several years. In the granular and cornified layers of the in-
fected epithelia, the viral DNA replicates to several thousand copies and the 
viral late promoter (p670) is activated (202). This is followed by the synthe-
sis of the E4 protein and the L2 and L1 capsid proteins in high quantity, 
leading to assembly of infectious virus particles. As the upper layer of the 
epithelium is shed, the virions are released to the surrounding environment 
and are capable of infecting a new host or new sites in the same host. 

How the regulation of late gene expression is confined to the cornified 
layers where the immuno surveillance is considered low is of great interest 
since the capsid proteins are highly immunogenic. Understanding how the 
HPV-16 late genes are controlled may aid in the development of antiviral 
strategies against persistent HPV-16 infections and cervical cancer. 
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Figure 8. The HPV life cycle. HPV infect the basal layer of the epithelium via 
micro lesions. The progression from uninfected cells to invasive cancer is shown 
from left to right. Temporal expression of early and late genes is indicated on the 
left. Upon infection, the viral genomes establish in the nucleus as low-copy epi-
somes (indicated as cells with green nuclei) and only early genes are expressed. The 
viral genomes are replicated in synchrony with cellular DNA replication. Following 
cell division, one daughter cell migrates away from the basal cell layer and under-
goes differentiation. The viral proteins E6 and E7 disrupt cell cycle control and push 
the infected differentiated cells into S-phase, allowing for viral genome amplifica-
tion (indicated as cells with red nuclei) in cells that normally would have exited the 
cell cycle. L1 and L2 genes encode for capsid proteins and are expressed in the 
cornified layers of the epithelium, where the virion assembly and release occurs. 
Adapted from (70, 225). 

Genomic organization   
The open reading frames (ORFs) of the early genes; E6, E7, E1, E2, E4 and 
E5 encode proteins required for regulation of viral DNA replication and viral 
gene expression and are transcribed from the early promoter (p97). The late 
genes L1 and L2 encode the viral capsid proteins and are transcribed from 
the late promoter (p670) (Figure 9).   

The capsid of HPV has icosahedral symmetry with a diameter of approx-
imately 50 nanometer (nm). It consists of 72 capsomers and a double-
stranded circular DNA genome of roughly 8 kb. Only one strand of the ge-
nome serves as a template for viral gene expression, coding for a number of 
polycistronic messenger ribonucleic acid (mRNA) transcripts. There are two 
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polyadenylation signals, one separating the early and late regions, the early 
polyadenylation signal (pAE), and the second is a late polyadenylation signal 
(pAL) (3, 7, 52, 95). The long control region (LCR) starts downstream of the 
L1 stop codon and spans the entire region up to the E6 start codon (Figure 
9). Differential usage of promoters, polyadenylation signals and alternative 
splice sites result in mRNA transcripts encoding different combinations of 
early proteins, or transcripts encoding some early proteins followed by either 
L2/L1 or L1.  

 
Figure 9. Schematic drawing of the genomic organization of high-risk HPV-16.  
The HPV-16 genome is circular but here drawn linear in order to easier visualize the 
splicing pattern. Oncogenes E6 and E7 are indicated in black, E1, E2, E4 and E5 are 
indicated in light grey, while capsid encoding genes are indicated in dark grey. Early 
(p97) and late promoters (p670) and early (pAE) and late (pAL) polyadenylation 
signals are also shown. Open ovals indicate splice acceptors (3´splice sites) and 
filled ovals indicate splice donors (5´splice sites). Nucleotide positions refer to the 
HPV-16R genome. The major early and late mRNAs produced are shown in the 
lower panel of the figure. 

The HPV-16 viral proteins 
E6 and E7 – the oncoproteins 
Both E6 and E7 interfere with cell cycle control and apoptosis and are there-
fore essential for induction and maintenance of cellular transformation. They 
are the first genes to be expressed after HPV has entered the cell and are 
localized to both nucleus and cytoplasm (244).  

The E6 protein consists of approximately 150 residues and contains two 
zinc-binding domains, which are required for E6 function (9, 32). The E6 
protein is most renowned for its capability to degrade p53, which is a well-
characterized tumor suppressor that regulates the expression of proteins in-
volved in cell-cycle control, including the cyclin kinase inhibitor p21 (116). 
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When p53 is exposed to DNA damage it induces expression of p21, resulting 
in cell-cycle arrest and apoptosis (116). E6 promotes degradation of p53 
through its interactions with a cellular protein, E6 associated protein (E6AP), 
which is an E3 ubiquitin ligase (101). The formation of the E6-E6AP-p53 
complex results in the rapid degradation of p53 through the ubiquitin-
dependent proteolytic pathway. This leads to a rapid turnover of p53, result-
ing in bypass of the signals at checkpoints of G1/S and G2/M in the cell 
cycle (75, 176). E6 can also indirectly down-regulate p53 activity through its 
interaction with p300/CBP, which is a co-activator of p53, allowing HPV to 
replicate (243).  

Recent studies show that HPV-16 mutants unable to degrade p53 retain 
their ability to immortalize epithelial cells, which suggests that E6 also has 
p53-independent activities important for immortalization of human cells 
(114, 129).  

A newly identified target of p53 is the Notch1 gene (125, 233). Induction 
of Notch1 through p53 occurs in response to genotoxic stress. Therefore, its 
down-regulation through p53 by E6/E6AP has been revealed as a novel tu-
mor suppressor mechanism blocking development of HPV-induced cervical 
carcinogenesis (233).  

The second HPV oncoprotein that is important for both immortalization 
and viral pathogenesis is E7. Both high-risk and low-risk E7 are primarily 
restricted to the nucleus. E7 is a small (approximately 100 amino acids (aa)) 
phosphoprotein that is divided into three conserved regions named CR-1, -2 
and -3. E7 proteins interact with the members of the retinoblastoma (Rb) 
protein family. The Rb family of pocket proteins includes Rb, p107 and 
p130. These proteins interact preferentially with distinct groups of the E2F 
family members, which are transcription regulators/activators, and are dif-
ferentially expressed throughout the cell cycle (12, 29, 57). E2F mediates 
cell cycle transition into G1/S and S phase. In an uninfected cell hypophos-
porylated Rb bind E2F preventing it from interacting with the cells transcrip-
tion machinery, suppressing transcription. Upon phosphorylation, Rb disso-
ciates from E2F, allowing E2F to activate transcription. E7 binds unphos-
phorylated Rb, and thereby disrupt Rb-E2F complexes, releasing E2F which 
leads to induction of transition to S phase (64). Only high-risk E7 binding is 
followed by the rapid ubiquitin-mediated Rb degradation that has been 
shown to be essential for efficient progression of the cell cycle (79). The 
pocket protein activity is regulated at the level of phosphorylation by cyclin-
dependent kinases (cdks). E7 also inactivates the inhibitory activities of cdk 
inhibitors such as p21 and p27, and thereby preventing cell cycle arrest (48, 
96). 
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E1 and E2 proteins 
One of the most highly conserved papillomavirus ORF is the one encoding 
the E1 protein. The E1 protein is approximately 68 kDa (kilo Dalton) in size 
and is expressed at low levels in infected or transformed cells, and has rarely 
been visualized in its natural context (178, 203). The E1 protein is a central 
replication factor. On its own, E1 binds weakly to the origin of replication 
but its binding is facilitated by complex formation with its cognate E2 pro-
tein (213, 223, 229). E2 binding sites are located adjacent to E1 recognition 
sequences. E2 acts to load E1 onto the origin, and once bound, E1 forms 
hexamers having high affinity for DNA. Together they recruit host cell rep-
lication proteins to the origin of replication (2, 14, 35, 91, 159). E1 has in-
trinsic ATPase and 3´-5´helicase activities, which function in origin unwind-
ing and fork progression (81, 100, 128, 179, 230). It is still not clear how E1 
activity is regulated in differentiating cells, but studies with HPV-31 have 
shown that expression of E1 transcripts shift from the early to the late pro-
moter, resulting in increased E1 expression in response to differentiation 
(99). 

The E2 proteins are approximately 50 kDa in size and function as dimers. 
The E2 proteins are required for both DNA replication and transcription and 
can act both as an activator and as a repressor of transcription, depending on 
the levels of E2. There are four E2 binding sites located upstream of the p97 
promoter in the LCR (69, 209). At low concentrations, E2 binds to the sites 
most distal from the start of early transcription, and activates early expres-
sion. At high concentrations, E2 also binds to the proximal sites and repress-
es transcription by interfering with binding to cellular transcription factors 
(71, 206). The E2 protein binds and regulates transcription of E6 and E7 
mRNAs from integrated HPV-18 DNA, resulting in growth arrest (15, 170). 

The E2 protein is comprised of three domains, a conserved N-terminal 
transactivating domain (TAD), a hinge region and a C-terminal DNA bind-
ing domain (DBD) that contains a nuclear localization signal (82, 115). The 
TAD mediates the interaction between viral proteins E1 (27), E6, E7 and 
cellular proteins (72, 87, 150), in addition, TAD also mediates interaction 
with bovine papillomavirus (BPV) L2 protein (46). 

In cervical carcinomas, the HPV genome has often been found to have in-
tegrated into the host chromosomes resulting in loss of E2 expression (8). 
This is believed to lead to increased levels of E6 and E7 and, consequently, 
increased cell proliferation and tumorogenesis. Binding of HPV-16 E2 to E7 
leads to stabilization of E7 but inhibition of its transforming activity (72). 
Upon experimental reintroduction of E2 into E6/E7 transformed cells, the 
control of cell proliferation is restored resulting in reduced cell proliferation 
and an increase in cell senescence and apoptosis (49, 102, 173). High-risk 
HPV types can also induce apoptosis independently of E6 and E7 (68, 220) 
presumably by interacting directly with p53 via the DBD of E2, suggesting 
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that E2 can directly induce apoptosis (137, 158). High-risk E2 TAD alone 
can indirectly induce apoptosis by binding the anaphase promoting complex 
(APC/C) activators Cdh1 and cdc20. Binding of E2 to Cdh1 and cdc20 in-
hibits APC/C and promotes mitotic block (11). 

E2 binding to bromodomain protein 4 (Brd4) is important for association 
of the papillomavirus genome with mitotic chromosomes in segregation, 
and/or for E2 transcription activation. Brd4 binds acetylated histones and is 
associated with chromatin throughout mitosis. Brd4 associates with the TAD 
domain of E2 and these two proteins co-localize in speckles (138, 232). The 
involvement of E2 in transcription has two sides. Results suggest that bind-
ing of Brd4 to E2 correlates with active transcription repression (227). Over-
expression of the C-terminus of Brd4 inhibits E2 mediated transcription 
activation and E2 mutants defective in transcription do not bind Brd4 (240). 
Brd4 has also been suggested to be involved in regulation of HPV E2 stabil-
ity and protein levels (240). Expression of the Brd4 CTD (Carboxy-terminal 
domain) dramatically increases E2 levels. Both BPV-1 E2 and HPV-16 E2 
are regulated by ubiquitylation, and Brd4 CTD expression blocks this ubiq-
uitylation, thus stabilizing the E2 protein (240). In part from interacting with 
the proteins just discussed, E2 also interacts with several other proteins. For 
example, HPV-5 E2, but not HPV-16 E2 interacts with SR proteins (123). 
The E6 and E2 proteins crosstalk during a viral infection. E2 localizes to the 
nucleus while E6 is localized throughout the cell. Upon co-expression of E2 
and E6 the nuclear localization of E6 drastically increase and the two pro-
teins accumulate in nuclear speckles where they co-localize with SC35 (a SR 
protein) (87).  

Topo I has been proposed to phosphorylate SR proteins, and it has been 
shown that HPV-11 E2 binds topo I and stimulates its activity (31, 171).  

E4 and E5 proteins 
E4 is a 10-20 kDa phosphoprotein translated from spliced transcripts as a 
fusion of the first five aa of E1 to generate the E1∧E4 fusion protein (here 
referred to as E4) (98). The E4 ORF lacks an initiator AUG codon and there-
fore uses the E1 start codon for initiation of translation. This protein is the 
most highly expressed protein in HPV induced lesions (54). The expression 
of E4 occurs late during infection primarily in the differentiated cell layers 
and correlates with the onset of vegetative viral DNA amplification, prior to 
the expression of the capsid proteins (40, 53). Over-expression of the E4 
protein results in G2 arrest in a variety of cells (44). It has been proposed 
that E4 plays a role in the replication of the viral DNA through its interac-
tions with E2 in the differentiated cell (163). 

The serine-arginine (SR)-specific protein kinase 1 (SRPK1) binds the E4 
protein of HPV-1, HPV-16 and HPV-18. E4 and SRPK1 co-localize in in-
clusion bodies in differentiated cells (10). SRPK1 is involved in important 
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biochemical processes within the cell, including nuclear organization of SR 
proteins and RNA metabolism (18, 156). Phosphorylation by SRPK1 influ-
ences the function of E4 during the replication cycle of HPV by phosphory-
lating its cellular targets (10).  

The E4 protein associates with keratin intermediate filaments (especially 
keratin 8) through its N-terminus and causes network collapse when ex-
pressed in epithelial cells in vitro (217) By dimerisation through its C-
terminus, E4 acts as a keratin cross-linker preventing movement of keratins 
between soluble and insoluble compartments within the cell. This could be 
one explanation of how E4 is capable of sequestering its cellular targets in 
the cytoplasm (217). 

The HPV E5 protein is a small hydrophobic protein of approximately 80 
aa in length, which associate with the Golgi apparatus, endoplasmatic reticu-
lum and nuclear membrane in host cells (36, 124, 214). E5 is a transmem-
brane protein and is composed of three helices and short regions at the N- 
and C-termini that extend beyond the lipid bilayers (212). HPV E5 proteins 
interact with the epidermal growth factor (EGF) receptor, resulting in an 
increase of the EGF receptor phosphorylation and increased signaling cas-
cade (201). This effect is due to an impaired down regulation of receptors 
and recycling of the receptor to the cell membrane in E5 expressing cells 
(200). 

One potential way for HPV-16 to evade the host immune response is to 
down-regulate the major histocompatibility complex (MHC) class I. MHC 
class I is reduced on the cell surface and accumulates in the Golgi apparatus 
in cells expressing E5 (6, 135). The accumulation of MHC class I in the 
Golgi apparatus is due to E5-induced alkalinisation of the endomembrane 
compartments and an interaction between E5 and the MHC class I complex 
(5, 38, 175). E5 does not only fight the immune response by reducing MHC 
class I on the cell surface it also reduces its recognition by CD8 T cells (20). 

L1 and L2 – the capsid proteins  
The HPV capsid contains two virally encoded proteins, the major capsid 
protein L1 and the minor capsid protein L2. They are synthesized late in the 
infectious cycle and encapsidate the histone-associated, closed circular dou-
ble-stranded DNA genome (98). Virion capsids consist of 72 capsomeres 
and each capsid of 360 copies of the 55 kDa L1 protein and 12 copies of the 
74 kDa L2 protein (65).  

The L1 is one of the most highly conserved papillomavirus proteins. The 
C-terminus of L1 contains two basic sequences, which serve as nuclear lo-
calization signal (NLS) (241). The L1 and L2 proteins are synthesized in the 
cytoplasm, and imported and released inside the nucleus in a receptor-
mediated manner (42, 148). The newly synthesized L1 and L2 proteins as-
semble with the replicated HPV genomic DNA into infectious virions inside 
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the nuclei of terminally differentiated epithelial cells. Although L1 alone can 
form a capsid structure, the L2 protein dramatically increases the efficiency 
of DNA encapsidation (169, 199). L2 also has roles in endosomal escape of 
virions and nuclear transport of the HPV genome (21, 67, 106). HPV-16 L2 
protein is sumoylated and this affects its stability (136). The sumoylated 
form of L2 cannot bind L1 suggesting that the capsid assembly could be 
modulated by sumoyloation in infected cells (136). The L1 protein is found 
only in the nuclei of terminally differentiated epithelium and are never de-
tected in HPV infected cervical cancer cells.  

Regulation of HPV-16 late gene expression 
HPV-16 late gene expression is tightly regulated by differentiation-
dependent transcription as well as by post-transcriptional mechanisms. HPV-
16 has two promoters. The major early promoter named p97 is located im-
mediately upstream of E6 (55, 188). The late promoter named p670, is dif-
ferentiation dependent and is also located in the early region just upstream of 
E1 (84) (Figure 9). As mentioned earlier, the genome is separated into an 
early region and a late region by the pAE. In order to switch from early to 
late gene expression, the efficiency of polyadenylation at the pAE has to 
decrease in response to differentiation to allow read-through into the late 
region and polyadenylation at the late poly(A) site. In addition, all splice 
sites in the early region must be less efficiently used in favor of usage of the 
splice sites located in the late region.  

The late transcripts are alternatively spliced, generating three different 
late mRNAs. The L2/L1, L1 and L1i are all polyadenylated at the late 
poly(A) site (Figure 9 lower panel). Our laboratory has previously reported 
that pAE is regulated by upstream elements in the early 3’UTR, and these 
elements interact with hFip1, CstF-64, PTB and hnRNP C1/C2 (239). The 
pAE is also regulated by downstream elements in the L2 region, and these 
elements interact with CstF-64 and hnRNP H (Figure 9) (152, 153, 239). 
The coding sequence of L2 mRNA also interacts with hnRNP K and the 
poly(rC) binding proteins (PCBP) (33).  

Negative regulatory elements (NRE) that inhibit HPV-16 late gene ex-
pression at the post-transcriptional level have been identified in the L1 and 
L2 ORFs, as well as in the late 3’ UTR (33, 34, 112, 190, 207). Inhibitory 
RNA elements in the L1 coding region were mapped to the first 514 nucleo-
tides of the L1 gene. Inactivation of these elements by mutagenesis, altering 
the RNA sequences without changing the protein sequences, leads to high 
production of both L1 mRNA and protein (34, 207). This inhibitory element 
located in L1 was shown to coincide with an hnRNP A1-dependent splicing 
silencer downstream of SA5639 (235, 237). Binding of hnRNP A1 to this 
silencer may therefore contribute to the inhibition of premature late gene 
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expression (237, 238). The hnRNP A1 protein expression in normal cervical 
epithelium is limited to the intermediate layer, with some scattered staining 
in the basal cell layer (63). Most importantly, hnRNP A1 is not expressed in 
terminally differentiated keratinocytes, the cells in which the L1 protein is 
normally produced. These results therefore support the hypothesis that 
hnRNP A1 suppresses L1 expression. In contrast, hnRNP A1 is highly over-
expressed in low-grade and high-grade CIN, and in squamous cell carcinoma 
samples (28, 63). In cancer cells, where it is of great importance for HPV-16 
to suppress the late genes the hnRNP A1 protein is highly expressed (63).  

We have previously published that the HuR protein binds to the inhibitory 
RNA element in HPV-1 late 3’UTR, termed h1ARE. Binding correlates with 
inhibitory activity of h1ARE in cervical cancer cells (222). In addition, the 
levels of HuR in various cell lines correlate with inhibitory activity of 
h1ARE in the same cell lines. It has also been published that the HuR protein 
binds to the HPV-16 NRE located in the late 3’UTR (41, 117). The authors 
claim that over-expression of HuR in undifferentiated W12 cells results in a 
low increase of L1 mRNA and protein levels, and small interfering RNA 
(siRNA) knock down of HuR in differentiated W12 cells depletes L1 expres-
sion (41, 117). However, this interaction was not detected by other investiga-
tors (83, 189). This is in line with our unpublished observations, which show 
that over-expression of HuR induces late mRNAs (L2/L1). Interestingly, this 
effect is also seen in the absence of the late 3’ UTR (data not shown). These 
data suggest that HuR has an effect on late HPV-16 mRNA regulation, not 
only through interactions with NRE. 

In this thesis, I show that ASF/SF2 is involved in gene regulation of 
HPV-16 by associating with the E4 enhancer, previously identified by our 
laboratory (which will be discussed further below), and that such an in-
volvement stimulates expression of E6, E7, E4, L1 and L2/L1 mRNAs. 
(191). It was previously reported that phosphorylated ASF/SF2, as well as a 
U1 snRNP-like complex and U2AF65 are part of a complex that is recruited 
to the HPV-16 NRE in the late 3’UTR, suggesting that ASF/SF2 may regu-
late processing of late mRNAs (139).  However, not U2AF65 binds directly 
to the HPV-16 late 3’UTR as it did not crosslink to this region (236). We 
have discovered a role of ASF/SF2 in the regulation of HPV-16 gene regula-
tion that is independent of the late 3’UTR. We found that ASF/SF2 binds to 
15 ASF/SF2 binding sites located in a splicing enhancer in the E4 coding 
region. In addition, all of the sub-genomic HPV-16 plasmids described in the 
papers in this thesis lack the late 3’UTR, demonstrating an effect on HPV-16 
RNA processing that is independent of the late 3’UTR. Our hypothesis that 
an increased expression of ASF/SF2 is important for cancer cells and regula-
tion of the HPV genes is supported by our observations that relatively few 
cells express ASF/SF2 at the basal layer in normal cervical epithelium, but 
none in the superficial layers (63). In contrast, ASF/SF2 is abundantly ex-
pressed in the entire epithelium for high-grade CIN-III and all cervical can-
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cers (63, 143). It was further reported that HPV-16 E2 enhances ASF/SF2 
expression by transcriptional activation of the ASF/SF2 promoter (144). 
Splicing to SA2709 generates E2 mRNAs, and we report in paper III that 
ASF/SF2 induce splicing to SA3358 (Figure 9) (144, 191). This suggests 
that high levels of ASF/SF2 may down-regulate expression of E2, most 
probably in a negative feedback manner. This is in line with previous obser-
vations of low or no levels of HPV E2 in many cervical cancers, whereas 
ASF/SF2 levels are high.  

One may divide the HPV-16 splice sites into those used only by early 
mRNAs, only by late mRNAs and finally those used by both early and late 
mRNAs. Splice sites used exclusively by late mRNAs, i.e. SD3632 and 
SA5639, are of particular interest since they must be suppressed in mitotic 
cells, including cancer cells to prevent late gene expression and detection by 
the immune system. Our lab has previously shown that SD3632 is sup-
pressed by upstream sequences, an enhancer region ensuring that splicing 
will occur into SA3358 and that SD3632 is suppressed, producing the E4 
mRNA (172). By deleting this enhancer, both splicing to SA3358 and poly-
adenylation at pAE are lost, instead splicing to the competing L1 splice site, 
SA5629, is induced (172). Deletion of the enhancer causes exon skipping 
(Figure 2), leading to induction of the L1i mRNA (172). It has been sug-
gested that low levels of SRp20 expression can lead to a switch from early to 
late mRNA production in HPV-16, whereas high concentrations of SRp20 
promote E6 and E7 expression (104). In paper IV, our laboratory shows that 
SRp30c can induce HPV-16 late gene expression, while no effect of SRp20, 
or the other members of the SR proteins, on HPV-16 late gene expression 
was seen.  

Combination of either optimization or deletions of sequences upstream of 
SD3632 and point mutations downstream of SA5639 caused dramatic in-
creases in HPV-16 late mRNA expression (172). This demonstrates that 
inactivation of negative cis-acting elements at both late splice sites is re-
quired to produce late mRNAs.  

In this thesis, I describe the identification of cellular and viral factors that 
regulate HPV-16 late gene expression. 
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Aims of study 

We speculate that inhibition of HPV late gene expression is a prerequisite 
for establishment of persistence and progression to cancer. This is based on 
the findings that the late proteins are found only in the nuclei of terminally 
differentiated epithelium, and are never detected in HPV infected cervical 
cancer cells.  

The long-term goal of these studies is to understand how HPV-16 late gene 
expression is regulated. The specific aims of this thesis were to identify fac-
tors that induce HPV-16 late gene expression and to determine their mecha-
nism of action. This will help to understand under which circumstances HPV 
establish persistent infections that could progress to cancer. Our studies may 
uncover novel targets for therapy and biomarkers of disease.  
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Introduction to papers  

Premature induction of HPV-16 late gene expression would uncover the 
infected cell to the immune system. Therefore, a complete suppression of 
late gene expression is necessary to cause viral persistence that may progress 
to cancer. The activation of late gene expression is dependent on terminally 
differentiation of infected keratinocytes. In our studies, we are screening for 
cellular and viral factors capable of inducing late gene expression from the 
HPV-16 genome, in the environment of cervical cancer cells. We are using 
an experimental system consisting of subgenomic HPV-16 DNA plasmids, 
which are transfected into cervical cancer cells. We used the previously de-
scribed pair of subgenomic HPV-16 plasmids named pBEL and pBELM 
(237), which encode viral early and late genes under control of a human 
cytomegalovirus immediate early (CMV) promoter placed at the position of 
the late HPV-16 promoter p670 (Figure 10). 

 
Figure 10. Experimental system. Illustration of subgenomic HPV-16 plasmids 
named pBEL and pBELM. The viral promoters p97 and p670 and the oncogenes E6 
and E7 (indicated in black) have been replaced with a human cytomegalovirus im-
mediate early (CMV) promoter indicated in black. Open ovals indicate splice accep-
tors (3´splice sites) and filled ovals indicate splice donors (5´splice sites). Nucleotide 
positions refer to the HPV-16R genome. 



 38 

The plasmid pBELM has a mutation in the L1 region, which destroys a 
splicing silencer downstream of SA5639 (34, 237). The pBEL and pBELM 
plasmids produce primarily HPV-16 early E4 mRNAs upon transfection of 
cervical cancer cells, and are therefore excellent tools for the identification 
of factors that induce late gene expression. These sub-genomic HPV-16 
plasmids are the backbone in our experimental system. Derived from these 
plasmids are all the additional deletion and substitution mutants presented in 
Paper I-IV. 

Paper I  
Polypyrimidine tract binding protein induces human papillomavirus 
type 16 late gene expression by interfering with splicing inhibitory ele-
ments at the major late 5´splice site, SD3632. 

We initiated a screen for cellular factors that induced HPV-16 late gene ex-
pression in proliferating cells, starting with the hnRNP family, which are 
well known for their involvement in splicing and polyadenylation. From this 
data we concluded that over-expression of PTB induced HPV-16 late gene 
expression in cells transfected with subgenomic HPV-16 plasmids, with full-
length HPV-16 genomes and in persistently HPV-16 infected cells. In con-
trast, other hnRNPs, such as hnRNP B2/A1, F and Q, did not induce HPV-16 
late gene expression.  

PTB activated SD3632, the only 5’splice site in the HPV-16 genome that 
is used exclusively by late mRNAs. PTB interferes with splicing inhibitory 
sequences located immediately upstream and downstream of SD3632, there-
by activating late gene expression. One AU-rich PTB-responsive element 
was mapped to a 198 nucleotide sequence located downstream of SD3632.  

Previous results have shown that Raver1 (a hnRNP-like protein that inter-
acts with PTB) functions as a co-repressor of alpha-tropomyosin splicing, 
here recruitment of Raver1 alone, in the absence of PTB, could induce exon 
skipping (88). However, Raver1 over-expression did not induce HPV-16 late 
gene expression, nor did Raver1 enhance or suppress induction of HPV-16 
late gene expression by PTB. The mechanism of induction of HPV-16 late 
gene expression by PTB is therefore different from the exon skipping mech-
anism seen on many cellular mRNAs.  

Our results suggest that over-expression of PTB interferes with cellular 
factors that interact with inhibitory RNA sequences at SD3632. We specu-
late that an increase in PTB levels or a reduction in concentration of a PTB-
antagonist is required for activation of HPV-16 late gene expression during 
the viral life cycle. 
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Paper II 
Adenovirus E4orf4 induces HPV-16 late L1 mRNA production. 

Adenoviruses are larger and more complex DNA viruses than HPVs. Simi-
larly to HPV, the replication cycle of adenoviruses is divided into an early 
and a late phase. Adenoviral genes are also expressed from a large number 
of alternatively spliced mRNAs and regulated alternative splicing is an es-
sential step in the switch from early to late gene expression (1). Adenovirus-
es encode two viral proteins named E4orf4 and L4-33K that regulate adeno-
virus alternative splicing and that are key players in the induction of late 
gene expression during an adenovirus infection. While L4-33K appears to 
have properties similar to cellular splicing factors termed SR proteins, and 
seems to be directly involved in splicing regulation (210), E4orf4 is indirect-
ly involved in splicing regulation due to its ability to bind SR proteins and 
PP2A, thereby altering the function of SR proteins through dephosphoryla-
tion (60, 109). Here, we have investigated if E4orf4 and L4-33K can also 
induce HPV-16 late gene expression.  

In this publication, we report that over-expression of adenovirus E4orf4 
induces HPV-16 late gene expression from subgenomic expression plasmids, 
whereas L4-33K fails to induce HPV-16 late gene expression. E4orf4 specif-
ically overcomes the negative effects of two splicing silencers at the two late 
HPV-16 splice sites SD3632 and SA5639. This results in the production of 
HPV-16 spliced L1 mRNAs. We show that the interaction of E4orf4 with 
protein phosphatase 2A (PP2A) is necessary for induction of HPV-16 late 
gene expression. Also an E4orf4 mutant that fails to bind the cellular splic-
ing factor ASF/SF2 fails to induce L1 mRNA production. Collectively, these 
results suggest that dephosphorylation of SR proteins by E4orf4 activates 
HPV-16 late gene expression.  

Paper III 
Multiple ASF/SF2 sites in the HPV-16 E4-coding region promote splic-
ing to the most commonly used 3’splice site on the HPV-16 genome. 

We show that the most frequently used 3’splice site on the HPV-16 genome 
named SA3358, which is used to produce primarily E4, E6 and E7 mRNAs, 
is regulated by ASF/SF2. Splice site SA3358 is immediately followed by 15 
potential binding sites for the splicing factor ASF/SF2. Recombinant 
ASF/SF2 binds to the cluster of ASF/SF2 sites. Mutational inactivation of all 
15 sites abolished splicing to SA3358 and redirected splicing to the down 
stream located, late 3’splice site SA5639. Over-expression of a mutant 
ASF/SF2 protein that lacks the RS-domain, also totally inhibited the usage 
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of SA3358 and redirected splicing to late 3’splice site SA5639. The 15 
ASF/SF2 binding sites could also be replaced by an ASF/SF2-dependent, 
HIV-1-derived splicing enhancer named GAR (4). This enhancer was also 
inhibited by the mutant ASF/SF2 protein that lacks the RS-domain. Finally, 
siRNA-mediated knock down of ASF/SF2 caused a reduction in spliced 
HPV-16 mRNA levels. Taken together, our results demonstrate that the ma-
jor HPV-16 3’splice site SA3358 is dependent on ASF/SF2. SA3358 is used 
by the most abundantly expressed HPV-16 mRNAs, including those encod-
ing E6 and E7. High levels of ASF/SF2 may therefore be a requirement for 
progression to cervical cancer. This is supported by our earlier findings that 
ASF/SF2 is over-expressed in high-grade cervical lesions and cervical can-
cer (63). 

Paper IV 
SRp30c activates human papillomavirus type 16 L1 mRNA expression 
via a bimodal mechanism. 
 
Only two splice sites on the HPV-16 genome are used exclusively by the late 
L1 mRNAs in terminally differentiated cells: SD3632 and SA5639. These 
splice sites are suppressed in mitotic cells. Here we show that SRp30c can 
activate both SD3632 and SA5639 in HeLa cells and induce L1 mRNA pro-
duction. Activation of HPV-16 L1 mRNAs splicing by SRp30c required an 
intact RS-domain of SRp30c. In addition, SRp30c acted as an ASF/SF2 an-
tagonist by inhibiting the ASF/SF2-dependent splicing enhancer at SA3358 
characterized in Paper III. This inhibition caused a redirection of splicing to 
the late region, and caused skipping of the central exon located between 
SA3358 and SD3632 in the early region of the HPV-16 genome. This effect 
of SRp30c was independent of its RS-domain, and further augmented the 
induction of L1 mRNA production by SRp30c. We conclude that SRp30c 
activates HPV-16 L1 mRNA expression by a biomodal mechanism and 
speculate that SRp30c is used for L1 expression in HPV-16 infected cells. 
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Concluding remarks, discussion and future 
perspectives 

High-risk HPV-associated lesions and cancer is correlated to the woman’s 
age for sexual debut and the number of sexual partners she had during her 
lifetime (244). Vaccinating young girls before their sexual debut can now 
eradicate this highly sexually transmitted disease. There will always be need 
for a greater understanding of the HPV virus, since the vaccine is not availa-
ble to all women. For example, women in developing countries and the gen-
eration of women not eligible for vaccination are still in need for alternative 
treatments. It is also important to remember that the two available vaccines, 
Gardasil (against HPV-16, -18, -6 and -11) and Cervarix (against HPV-16 
and -18), are only targeting the two most common serotypes of HPV. There 
are other types not included in vaccine, such as HPV-31 and HPV-45, which 
can become dominant within the population and take over as the major cause 
of cervical cancer. It is therefore of great importance to understand how 
HPV controls the expression of the immunogenic proteins L1 and L2 in an 
infected cancer cell, and thereby find a way to force the virus to turn on L1 
and L2 so the immune system can be triggered and eliminate the virus. Un-
derstanding how the late genes are controlled is one example of a therapeutic 
strategy. Other strategies would be to target the oncogenes E6 and E7. Since 
expression of E6 and E7 is required for the progression to cervical cancer, it 
is hoped that immune responses against these two oncogenes might elimi-
nate established tumors. 

Our aim has been to identify cellular and viral factors that induce HPV 
late gene expression and to determine their mechanism of action. We have 
found three cellular factors; PTB, ASF/SF2 and SRp30c, and one viral fac-
tor; AdE4orf4, that in four distinctive ways are involved in the regulation of 
HPV-16 late gene expression (Figure 11). Interestingly, over-expression of 
PTB, AdE4orf4 or SRp30c produce different types of spliced late mRNA, 
PTB the L2/L1 mRNA, AdE4orf4 the L1 mRNA and SRp30c the L1i 
mRNA. The three proteins have different mechanisms of action and different 
target sites within the HPV-16 genome, revealing the many and complex 
pathways affecting HPV-16 gene regulation. These findings have contribut-
ed to a greater understanding of how the expression of HPV-16 late genes is 
controlled.  
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In paper I, as mentioned earlier, we identified the cellular protein PTB as an 
inducer of L2/L1 mRNA in HPV-16. We showed that PTB interferes with a 
splicing inhibitory element via an unknown mechanism which in the future 
would be of interest to identify (192). The identification of the mechanism 
controlling the inhibitory element would greatly contribute to the under-
standing of how HPV late gene expression is controlled. L2/L1 mRNA is 
produced when the pAE is deactivated, and since PTB is inducing L2/L1 
mRNA one possible mechanism could be that the discovered element in E5 
is somehow ensuring usage of the pAE. When PTB interferes with the inhib-
itory element it leads to inhibition of polyadenylation at the pAE. We show 
that exchanging pAE with pAL does not affect PTBs function, suggesting 
that it is not the signal itself that is of importance, but rather the polyadenyla-
tion complex. The polyadenylation machinery is complex and, as can be 
seen in Figure 7, depends on several different factors and sequences (131). 
To determine whether PTB in fact interacts with any of the components of 
the polyadenylation complex, an in vitro polyadenylation assay and/or dif-
ferent interaction studies can be performed.   

In paper III and IV, two SR proteins, ASF/SF2 and SRp30c, have been 
identified as regulators of HPV-16 late gene expression (191).  These two 
cellular proteins seem to have antagonistic effects, where SRp30c induce late 
gene expression and ASF/SF2 blocks late gene expression. Our group had 
previously published the finding of an enhancer located in E4 (172). The 
results presented in this thesis have further revealed the mechanism for how 
ASF/SF2 is binding the E4 enhancer, strengthening the enhancer function. 
Without the binding of ASF/SF2 to the enhancer splicing into the late genes 
occurs. We show that both ASF/SF2 and SRp30c interact with the enhancer 
located within E4.  

It was previously published that SRp20 regulates the switch from early to 
late mRNA expression in HPV-16 (104). One reason why our results in pa-
per IV differ is that we have over-expressed SRp20 in our experimental sys-
tem, resulting in high concentrations of SRp20. Jia et al 2009, claim that the 
switch from early to late mRNA production by SRp20 is concentration de-
pendent, and only low concentrations are needed to induce the switch from 
early to late gene expression (104). It would therefore be interesting to over-
express all the members of the SR protein family, as well as the members of 
the hnRNP family, at different concentrations, and compare them in our 
experimental system.  

It would be interesting to determine which of the 15 identified ASF/SF2 
bindings sites are the most important for control of the enhancer. This is 
under current investigation, where we are doing site-directed mutagenesis of 
the presumptive ASF/SF2 binding sites. This screen will tell us as the 
strength of the enhancer varies, which of the individual ASF/SF2 binding 
sites are important. The strength of the enhancer can be measured by the 
induction level of the late genes, since the weaker enhancer, the more induc-
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tion of late mRNAs. By determining the sites of importance, small chemical 
compounds could be designed aimed to block these sites and thereby ensur-
ing induction of the HPV-16 late genes in infected cancer cells. Another 
interesting experiment to do would be to substitute the HPV-16 enhancer 
region with the equivalent region of other HPV types. This would determine 
whether the function of the enhancer is conserved across the different HPV 
serotypes.  

HPV, as many other viruses, depend on alternative splicing to express dif-
ferent proteins, and have different mechanisms to control induction of the 
differently spliced mRNAs. Adenovirus E4orf4 is responsible for this 
switch, from early to late gene expression, in an adenovirus infection. 
AdE4orf4 regulates splicing by dephosporylation, and hence activation, of 
cellular SR proteins and an adenoviral splicing factor, L4-33K (210). In pa-
per II, we show that over-expression of AdE4orf4 leads to induction of 
HPV-16 late gene expression. This ability is dependent on the ability of 
AdE4orf4 to bind PP2A and SR proteins. This indicates that a viral induced 
dephosporylation, inactivation, of SR proteins can induce late HPV gene 
expression. It is possible that HPV-16 encode one or several factors that can 
induce late gene expression, either via a similar mechanism as that of 
AdE4orf4, or by a HPV-16 specific mechanism. SRPK1 binds the E4 protein 
of HPV-1, -16 and -18. SRPK1 may phosphorylate the cellular targets of E4, 
and thereby influence the function of E4. One hypothesis would be that the 
HPV E4 protein has similar function as AdE4orf4.  

 
Figure 11. Location of binding sites on the HPV-16 genome for cellular and 
viral proteins that are involved in pre-mRNA processing. The four proteins, 
PTB, ASF/SF2, SRp30c and AdE4orf4 described in this thesis are highlighted and 
their target regions are indicated by an arrow. (Adapted from Johansson et al 2011 
accepted in Current topics in Virology) 
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Populärvetenskaplig sammanfattning  
(In Swedish) 

Livmoderhalscancer är efter bröstcancer den vanligaste cancerformen som 
drabbar kvinnor i världen. I nästan 100 % av dessa cancerfall kan man på-
visa DNA från humant papillomavirus (HPV), av vilka den vanligaste är 
HPV-16 (ca 50-70%). HPV är det vanligast förekommande sexuellt överför-
bara viruset. En infektion är ofta symptomfri och i vanliga fall eliminerar 
kroppens immunförsvar viruset inom 12-18 månader. Trots att viruset är så 
vanligt förekommande är det endast i vissa fall som viruset lyckas smita 
undan kroppens immunförsvar och orsaka cancer. Kvinnor som är HIV-
positiva, har svagt immunförsvar, dålig diet, röker eller har många sexpart-
ners under sin livstid, har en ökad risk för att drabbas av livmoderhalscancer.   

Nyligen lanserades ett vaccin mot de vanligaste typerna av HPV som för-
knippas med cancer. Vaccinering kommer förhoppningsvis att minska före-
komsten av livmoderhalscancer i framtiden. Trots detta får man inte glömma 
att en stor del av befolkningen redan är infekterad eller kommer att bli, då de 
ej har tillgång till vaccinet. För dessa kvinnor behövs en alternativ behand-
ling då det idag inte finns några anti-virala läkemedel mot HPV. För att 
kunna utveckla ett läkemedel mot HPV måste förståelsen för virusets mole-
kylära mekanismer bli bättre. Känt är att viruset lyckas smita undan immun-
försvaret och att det har en väldig specifik reglering av genuttrycket från sin 
arvsmassa, det så kallade genomet.  

Likt alla virus behöver även papillomavirus värdcellens kopieringsmaski-
neri för att överleva och skapa nya virus partiklar. Cellerna i det inre, basala, 
cellskiktet (epitelet) har ett intakt kopieringsmaskineri och kan genom cell-
delning föröka sig. Via obetydliga sår kan papillomaviruset infektera dessa 
celler i livmoderhalsen. Efter celldelning av en normal cell i det basala epite-
let knuffas den nybildade cellkopian upp i det suprabasala (mellan) lagret i 
epitelet. Där slutar cellen dela sig och börjar åldras. När cellen når det yttre, 
terminalt differentierade (mogna, fullt utvecklade) epitelet dör den. De virus-
infekterade cellerna kommer inte att sluta dela sig efter att ha lämnat det 
basala cellagret utan de kommer att fortsätta att dela sig. Detta beror på att 
viruset har tjuvkopplat cellens kopieringsmaskin och signalerar åt cellen att 
fortsätta dela sig trots att det normala vore att åldras och dö. Ökad kopiering 
leder till ökad mängd celler vilket är karakteristiskt för en cancertumör. Pa-
pillomavirusets genom är förenklat sett uppdelat i tidiga och sena gener. De 
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tidiga delarna är de som återfinns i cancerceller, medan de sena, tillsammans 
med de tidiga bildar en komplett viruspartikel, påvisas aldrig i dessa cellty-
per. 

Forskningen det berättas om i denna avhandling, går ut på att aktivera de 
sena generna hos viruset i en infekterad cancercell. Dessa gener, L1 och L2 
kodar för de proteiner som tillsammans bygger upp virusets skyddande hölje. 
I denna ”kapsid”, som höljet kallas, sitter faktorer som immunsystemet kän-
ner igen som främmande och då eliminerar viruset. Skulle L1 och L2 aktive-
ras och bildas i en virusinfekterad cancercell så blir viruset fullständigt. Im-
munförsvaret skulle då likt en värmesökande missil angripa den virusinfekte-
rade cancercellen. Om detta var fallet skulle inte bara viruset utan även can-
cercellerna försvinna. 
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- Dale Carnegie 
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