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Human papillomavirus type 16 (HPV16) is the most common high-risk type and is associated with more than 50% cervical
cancer cases as well as a number of head and neck cancer cases. The life cycle of HPV16 is strictly linked to cell
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protein E2 suppresses early promoter p97 and results in downregulation of E6/E7 proteins and activation of HPV16 late
gene expression. It is not surprising that the HPV16 E2 gene is inactivated in many HPV16-driven cancer cells. Therefore,
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Abstract

Human papillomavirus type 16 (HPV16) is the most common high-risk type and is
associated with more than 50% cervical cancer cases as well as a number of head
and neck cancer cases. The life cycle of HPV16 is strictly linked to cell
differentiation in the squamous epithelium with expression of the HPV16 early
genes. The oncoproteins E6 and E7 are essential for preventing apoptosis and
inducing proliferation of HPV16 infected cells. As cell differentiation proceeds,
viral protein E2 suppresses early promoter p97 and results in downregulation of
E6/E7 proteins and activation of HPV 16 late gene expression. It is not surprising
that the HPV16 E2 gene is inactivated in many HPV16-driven cancer cells.
Therefore, the study of HPV16 early gene regulation especially regulation of E1,
E2, E6 and E7 expression is important to understand HPV16 infection. These
studies may contribute to development of antiviral drugs to HPV16.

The HPV 16 E6 protein is translated from unspliced mRNAs, whereas the E7 protein
is translated from the mRNAs spliced from HPV 16 5’-splice site SD226 to 3’-splice
site SA409. The balanced expression of unspliced and spliced mRNAs is important
to produce the E6 and E7 proteins that affect the HPV16 life cycle progression and
pathogenesis. We have investigated the regulation of splicing from SD226 to
SA409. We determined that cellular splicing factors hnRNP A1 and hnRNP A2B1
function as inhibitors of HPV16 E7 expression. Both hnRNP A1l and hnRNP A2
inhibited splicing to SA409 through direct and specific interaction with a C-less
RNA element located between HPV16 nucleotide position 594 and 604. Even
though inhibition SA409 exerted by hnRNP A1 and hnRNP A2 had different effects.
Overexpression of hnRNP A1 inhibited SA409 and resulted in enhanced expression
of unspliced E6 mRNAs at the expense of the E7 mRNAs. Overexpression of
hnRNP A2 inhibited SA409 but resulted in alternative splicing to 3’-splice site
SA742. The splice site SA742 is used for the production of the HPV16 E6"E7, E1,
and E4 mRNAs.

Since HPV16 E2 is a transcriptional regulator indirectly downregulates HPV16 E6
and E7 expression via suppressing of HPV 16 early promoter p97. HPV 16 produces
various E2 mRNAs that initiate at either early promoter p97 or late promoter p670
and several splice sites are used. Our study demonstrated that the most efficiently
translated E2 mRNA initiates at late promoter p670 spliced from 5’-splice site
SD880 to 3’-splice site SA2709. An alternative 3’-splice site named SA2582 and
located upstream of the E2 ATG could also produce E2 mRNAs, but it is less
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efficiently to be translated into E2 protein. These results suggest that a splicing
enhancer may be located downstream of SA2709 to regulate E2 mRNA expression.
To further understand how HPV16 regulates 3’-splice site SA2709, we introduced
a number of deletions and mutations to HPV 16 subgenomic plasmids. We identified
a 19-nucleotide RNA element consisting of three “AC(A/G)AGG” repeats located
downstream of SA2709.This RNA element acted as a splicing enhancer. This
splicing enhancer sequence interacted with cellular RNA binding protein hnRNP G
to enhance splicing to SA2709 and interacted with hnRNP A1 and A2BI1 to inhibit
splicing to SA2709. Deletion of the splicing enhancer reduced mRNA splicing to
SA2709, and redirected splicing to the upstream 3’-splice site SA2582. The later
mRNA has poor ability to produce E2 protein, but it may produce a small protein
called E1C. We also wish to establish a bio-assay that can monitor expression of the
various E1 mRNAs and the alternatively spliced E2 mRNAs using either SA2582
or SA2709. We constructed a number of subgenomic HPV16 plasmids containing
green fluorescent protein, secreted luciferase, neomycin resistance gene, or
thymidine kinase reporter genes. These reporter plasmids produce either E1-fusion
proteins or E2-fusion proteins. We observed that the balance between unspliced E1
mRNAs and spliced E2 mRNAs was affected by overexpression of RNA binding
proteins SRp30c, Tra2b, hnRNP Al, and hnRNP G. However, further study is
required to optimize these reporter plasmids for quantitative analysis of HPV16 E1
and E2 mRNA splicing. This bioassay could be used to enhance our understanding
of HPV16 gene regulation and to identify small molecules that interfere with
HPV16 mRNA splicing. Such substances could potentially be used as antiviral
drugs to HPV 16 infections and HPV16-driven cancers.
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Popularvetenskaplig Sammanfattning

Humant papillomvirus typ 16 (HPV16) dr det vanligaste papillomviruset av hog-
risk typ och ér associerat med mer dn 50% av all livmoderhalscancer samt ett antal
fall av huvud- och hals-cancer. Virusets livscykel ar helt beroende av cellens
differentiering i det infekterade skivepiteliet. HPV16 proteinerna E6 och E7
forhindrar att den infekterade cellen gér i apoptos och inducerar celldelning i de
HPV16-infekterade cellerna. Detta skapar forutsdttningar for att HPV16 genomet
skall kunna replikeras. Nér celldifferentiering fortskrider inhiberar HPV16 E2
proteinet den tidiga promotorn p97 vilket nedreglerar uttryck av E6/E7-proteinerna.
Celldifferentiering aktiverar dven uttryck av de sena HPV16 generna L1 och L2.
Det ér dérfor inte forvanande att HPV16 E2-genen é&r inaktiverad i ménga HPV16-
drivna cancerceller. P4 grund av deras viktiga roll i virus replikationscykel och vid
uppkomsten av cancer, dr det viktigt att forsta hur uttryck av HPV16 proteinerna
E2, E6 och E7 ar reglerat. Dessa studier kan bidra till identifiering av nya mal for
antivirala likemedel mot HPV16 och HPV16-inducerad cancer.

HPV16 E6-proteinet translateras fran osplitsat mRNA, medan E7-proteinet
translateras fran mRNA som splitsats frdn HPV16 ”5'-splice donor” SD226 till 3'-
splice acceptor” SA409. En perfekt balans i splitsningseffektivitet &r dérfor
nddvéndig for att producera tillrdcklig av bade E6- och E7-protein. Denna balans &r
viktig 1 virus replikationscykel, men ar &ven nddvéndigt for overlevnad av de
cancerceller som HPV 16 infektionen kan ge upphov till. Okad forstielse av E6/E7
mRNA splitsning ar darfor viktig for att forstd hur HPV16-infektionen fortskrider
men dven for att forstd hur HPV16 orsakar cancer. Vi har undersokt regleringen av
mRNA-splitsning fran HPV16 SD226 till SA409. Vi fann att de celluldra
splitsningsfaktorerna hnRNP A1 och hnRNP A2 fungerar som hdimmare av HPV16
mRNA splitsning och ddrmed av HPV16 E7-produktion. Bade hnRNP Al och
hnRNP A2 inhiberade splitsning till SA409 genom en direkt och specifik interaktion
med ett RNA-element beldget mellan HPV16-nukleotidpositionerna 594 och 604.
Overuttryck av hnRNP A1 inhiberade SA409 och resulterade i dkat uttryck av icke-
splitsat E6-mRNA pé bekostnad av splitsat E7-mRNA. Overuttryck av hnRNP A2
hdmmade ocksd SA409 men resulterade i alternativ splitsning till SA742 som
anvénds for produktion av HPV16 E6"E7-, E1- och E4-mRNA.

Eftersom HPV16 E2 nedreglerar uttryck av HPV16 onkogenerna E6 och E7 genom
att inhibera den tidiga HPV 16 promotorn p97, ér det av intresse att studera dven hur
uttryck av HPV16 E2 regleras. HPV16 producerar olika E2-mRNA som initieras
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vid antingen den tidiga promotorn p97 eller den sena promotorn p670. Dessa mRNA
kan splitsas pé flera olika sétt. Vara resultat visar att det mRNA som translateras
mest effektivt till E2 protein, initieras vid den sena promotorn p670 och ar splitsat
fran SD88O till SA2709. Ett alternativt 3'-splice site” med namnet SA2582, som ar
beldget uppstroms om E2, kan ocksd producera E2-mRNA, men detta mRNA
translateras mindre effektivt till E2-protein. Vara resultat antydde att en sé kallad
”splicing enhancer”-sekvens fanns nedstroms om SA2709 och at denna RNA
sekvens var ndodvéndig for produktion av E2-mRNA. For att forstd hur HPV16
reglerar SA2709 introducerade vi ett antal deletioner och mutationer nedstréms om
SA2709 i subgenomiska HPV16 plasmider. Vi identifierade pa sa sitt ett 19-
nukleotider langt RNA-element bestdende av tre ”AC (A/G) AGG” sekvensmotiv
nedstroms om SA2709. Detta RNA-element fungerade som en ”splicing enhancer”.
Denna RNA sekvens interagerade med det cellulira, RNA-bindande proteinet
hnRNP G som stimulerade splitsning till SA2709. Det interagerade dven med
hnRNP Al och A2 som bdda himmade splitsning till SA2709. Deletion av denna
RNA sekvens reducerade mRNA-splitsning till SA2709 och omdirigerades
splitsning till SA2582. Detta mRNA translaterades ineffektivt till E2-protein, men
kan potentiellt producera ett litet HPV16 protein som kallas E1C. Till sist
genererade vi en ’bio-assay” som kan anvindas for att studera splitsning av HPV16
mRNA som kodar for E1, E1C eller E2. Denna “’bio-assay” var baserad pa ett antal
subgenomiska HPV16-plasmider med reportergener som antingen uttrycker gront
fluorescerande protein (GFP), ”secreted luciferase” (sLuc), neomycinresistens eller
tymidinkinas. Dessa reporterplasmider producerar antingen El-fusionsproteiner
eller E2-fusionsproteiner. Vi visar att att balansen mellan osplitsat E1-mRNA och
splitsat E2-mRNA péverkades av dveruttryck av RNA-bindande proteiner sdsom
SRp30c, Tra2b, hnRNP A1 och hnRNP G. Ytterligare studier krdvs dock for att
optimera dessa reporterplasmider for kvantitativ analys. Denna “’bio-assay” kan
anvéndas dels for att 6ka var forstdelse av HPV16-genreglering, dels for att
identifiera sm& molekyler som inhiberar HPV16-mRNA-splitsning. Sé&dana
substanser skulle potentiellt kunna anvéndas som antivirala lakemedel mot HPV16-
infektioner och mot HPVI16-beroende cancrar siasom livmoderhalscancer och
tonsillcancer.
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1 Introduction

1.1 Cancer associated human papillomavirus

Human papillomaviruses (HPV) are non-enveloped small double-stranded DNA virus
(Figure 1.1), which genome size is about 8000 nucleotides [1, 2]. HPVs infect
cutaneous epithelium or mucosal epithelium. Concerning cancer progression,
mucosal HPV types typically divide into high-risk (HR) and low-risk (LR) [3, 4].
HPV infection is one of the most common sexually transmitted viral infection, almost
all the sexually active individuals are infected by HPVs. Most the HPV infections are
cleared by the host immune system within 1-2 years [5]. In some rare cases, however,
HPV infections will turn to persistent infections [6], which may develop to
precancerous lesions and further progress to cancer if left untreated [3, 6].

A

Figure 1.1 Human papillomavirus (A). assembled virion. (B). Cryo-electron microscopy structure of the HPV type
16 viral capsid protein (Adapted from www.wikipedia.com).

About 15% of human cancers are related to viral infection, among which nearly
half of the human cancers associated with viral infections are induced by HR HPVs.
Each year, approximately 600,000 cases of HPVs infected patients are diagnosed
with cancers include cervical, vulva, anal, penile, and oropharynx cancers. Genital
cancers, especially cervical cancer, more than 99% cases are highly related to HPVs
infections. Moreover, about 95% of anal cancer cases and 80% of head and neck

17



cancer cases are associated with HPVs infections [7]. The World Health
Organization reflects that cervical cancer is one of the greatest threats to women’s
health; there are more than 300,000 deaths in women each year [8]. More than 99%
of cases of all cervical cancer are associated with HR HPVs. HR HPV-16 and HPV-
18 are the most common HPV types. HPV 16 accounts for more than 50% of cervical
cancer cases, while together with HPV18 accounts for approximately 70% of cases
[9, 10]. Moreover, more oropharynx cancer cases are reported to be associated with
HPVs in recent years, especially HPV-16 type.

At present, vaccination is the most effective way for humans to stay away from the
infection of HPVs [11]. All the HPV vaccines are developed based on the purified
virus-like particles (VLPs) of the major capsid L1 proteins of different HPVs [12].
One of the HPV vaccines in the market is Gardasil 9, which targets HPV®6, 11, 16,
18, 31, 33, 45, 52, and 58 [13]. Even though vaccines are not able to clear existed
HPV infections. Thus, HPV infection mechanism, especially HPV gene expression
and regulation, is necessary for anti-viral and anti-cancer treatment.

1.2 HPV classification

HPYV belongs to the Papillomaviridae family, an ancient taxonomic family of DNA
viruses [14]. Hundreds of papillomaviruses types identified to infect mammals,
birds, snakes, turtles, and fish. To date, there are more than 200 HPVs have been
identified and classified [12, 13]. According to the location where HPVs infection
occurs, HPV can be grouped into cutaneous HPV types and mucosal HPV types [3,
4]. Cutaneous HPVs commonly cause asymptomatic infections and are cleared by
the host immune system. However, some cutaneous HPVs such as HPVS5, 9 lead
squamous cell carcinomas (SCC) UV radiation in immunosuppressed patients [15].
Mucosal HPV infects epithelium cells mainly, depends on the risk of progressing to
cancer in infected cells, mucosal HPV types can be divided into High-risk (HR) and
Low-risk (LR) [16].

Characterization of PVs is determined by the capsid protein L1 open reading frame
(ORF) region [17]. To date, all HPVs are classified into five genotypes: alpha, 65
types including HPV 16, 18, 31, etc; beta, 53 types including HPVS, 9, etc; gamma,
98 types including HPV4, 48, etc; nu, one type HPV41; and mu, 3 types including
HPV1, 63, 204 [17-19]. Alpha group, is also known as alphapapillomavirus, is the
largest group include HPVs that induce benign skin warts, such as HPV6, and the
HPVs causing cancer such as HPV16, 18. Alpha-papillomaviruses are the most
studied group since they are identified to relate to 5% of cancers worldwide.
Alphapapillomavirus are further sub-divided into 13 subgroups (a1-013) [20]. Most
of the HR HPVs belong to a7, such as 18, and a9, such as HPV16. HPVs in
betapapillomavirus are found mainly in cutaneous regions and mainly cause
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asymptomatic infections in human. However, HPV5 and HPVS8 in beta genus are
defined as possibly carcinogenic since they can promote the development of
keratinocyte carcinoma in immunosuppressed individuals. The HPVs gamma, mu,
and nu normally cause cutaneous warts such as hand, flat and plantar warts [21, 22].

1.3 HPV-16 life cycle

HPYV infection usually starts at the basal layer of the mucosal epithelium through
lesions or wounds. Basal layer cells are actively dividing cells and stem cells alike.
HPVs could not replicate their DNA [23, 24]. Therefore, HPV gains access to these
basal layer cells by binding to heparan sulfate proteoglycans on the cell surface [25].
The cellular entry mechanism is still remaining to investigate; however, endocytosis
is required for virus entry into the cytoplasm while mitosis is required for viral
genomic DNA entry into the nucleus [26, 27]. Once infection is established, the
HPV viral genome starts to replicate [30]. In the beginning, the viral genome
replicates at a low-level with the help of viral protein E1 and E2 by bringing the
host cellular DNA replication machinery to the viral genome [28, 29]. During this
phase, viral oncoprotein E6 and E7 genes are expressed either. E6 degrades the
tumor suppressor protein p53 causing the inhibition of cell apoptosis [16, 30]. E7
binds to tumor suppressor retinoblastoma-associated protein (pRB) and blocks the
binding between pRB and its partner E2F, resulting in the activation of the
expression of DNA replication factor [29]. Accumulation of E2 will then suppress
the expression of E6 and E7 by inhibiting HPV early promoter, which commits the
cells start to differentiate and activates late viral promoter 670 [31, 32, 34],
consequently viral late capsid protein L1 and L2 are produced. The production of
L1 and L2 assembles into progeny of virions and release them in the superficial
layer (Figure 1.2).

Regularly, HPV infections will be eliminated by the host immune system for up to
2 years. However, in some rare cases of HR HPV infections may lead to persistent
infections and cause pre-cancerous lesions to the cervix, which could eventually
progress to cervical cancer. Majority of HR HPVs caused malignant tumors or high-
grade lesions are accompanied by integration of the HPV viral genome into human
cellular chromosomes. Such integration is conducted by disrupting the E2 open
reading frame (ORF) [29] and results in high and persistent expression of viral
oncogene E6 and E7 but loss of other gene expression. E6*1, E6*1I and E6"E7 may
also be expressed but their functions are largely unknown [35]. High expression of
oncogene E6 and E7 caused by the integration of viral genome may result in a
selective growth advantage compared to cells that maintain HR HPV genomes as
episomes, which may promote the cancer progression. However, both episomal and
integrated forms of HPVs are found in invasive cervical cancer [36, 37].
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Figure 1.2 Structure of the cervical epithelium and human papillomavirus life cycle.

1.4 Overview of HPV-16 genome and replication

HR HPV-16 is one of the most common HPV types associated with cancers. HPV-
16 genome is about 8kb and consists of three regions: the early region, the late
region, and the long control region (LCR) [38, 39]. The early promoter p97 located
in LCR produces mRNAs encoding all of the early genes (E6, E7, E1, E2, E4 and
E5). These mRNAs are polyadenylated at the early polyadenylation signal (pAE)
[34]. Once the infected cell differentiates, the late promoter p670 is activated while
the early promoter p97 is deactivated resulted in repression of E6 and E7 genes and
induces high expression of El, E2, and E4 mRNAs. The termination of the
differentiation decreases the activity of pAE, the late viral protein L1 and L2 and
followed by polyadenylation at the late polyadenylation signal (pAL) [2, 39, 40].
LCR is a non-coding region but plays a significant role in DNA replication and gene
regulation as it holds the origin of the viral replication and multiple transcription
factor binding sites (Figure 1.3) [2,41,42].
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Figure 1.3 Schematic presentation of the HPV16 genome. Ori: The replication origin, LCR: Long control region,
E1BS: E1 protein binding site, E2BS: E2 protein binding site, p97: early promoter 97, pAE: Early polyadenylation
signal, pAL: Late polyadenylation signal.

So far, it is widely accepted that papillomavirus (PVs) DNA replication,
encompasses three phases. Firstly, the entry of PVs to the basal cell layer causes
infection of keratinocyte and triggers the initial replication of PV DNA to a low
copy number. Secondly, maintenance of the PV genome and the genome is
replicated at a constant copy number in proliferating cells. Finally, vegetative
amplification of the viral DNA to a high copy number in differentiated cells
followed by the production of progeny virions.

1.4.1 Replication initiation

The known significant knowledge of early stage of PVs genome replication cycle
mainly originated from the study on the bovine papillomavirus type 1 (BPV-1).
Initiation of PVs genome needs the presence of replication origin, E1 and E2 viral
proteins. In HPV16, the origin of replication (Ori) locates in the non-coding long
control region (LCR). This short Ori region contains one E1 binding site and three
E2 binding sites, and an additional E2 binding site is located further upstream. The E2
binding site sequence in HPV16 Ori has been identified as ACCN¢GGT. However,
the numbers, locations, and the binding sequence of E1 and E2 binding sites within
the Ori region varies in different PVs. Once the PV infection occurs, the early
promoter is activated that initiates the expression of the E1, E2 and other early proteins
[43-51]. The E1 viral protein is not only a primary replication protein but also an ATP-
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dependent helicase. It melts and unwinds the double helix during replication fork
heading to 3’ prime to allow binding of the cellular DNA polymerase. However, the
E1 protein has poor binding activity and the helicase domain is sequence non-specific
[52-54]. The previous study determined that the binding activity of E1 protein needs
aid from E2 protein. The E2 protein is a transcription activator that acts as a specificity
factor for E1 to promote the binding activity of E1 to Ori by inhibiting the non-specific
DNA binding activity of the E1 helicase domain. Once E1 and E2 proteins bind to
each other, E2 loads E1 protein to Ori then replication starts. Afterward, E2 is
liberated from E1 by recruiting the second E1 to Ori. The released E2 protein will be
used by the next replication cycle [55-57].

Initiation of the replication phase of PVs depends on the levels of E1 and E2 protein
that is regulated at the transcriptional and translational level. Both E1 and E2
transcripts produce truncated products that potentially inhibit replication, such as
E8"E2C protein produced and highly conserved in alpha-HPVs. This short protein
is known as a transcriptional and replication repressor inhibiting replication via the
cellular NCoR/SMART complex or antagonizing to E2 binding site at viral origin
to compete for binding activity with E2 protein [58-62]. Moreover, apoptosis
mediator p53 is also involved in the regulation PV DNA replication through its
oligomerized DNA binding domain. The p53 mediated replication inhibition is
through direct binding of p53 to HPV 16 E2 protein or p53 competitively binding to
the adjacent site on origin overlaps the E2 binding site [63, 64]. Furthermore, the
initiation of replication is also regulated by number of cellular factors such as
TATA-binding protein, Yin-yang 1 [65].

1.4.2 Stable maintenance replication

After the initiation of replication, the copy number of PVs can range from 50-200
per cell in vitro. It is believed that the first stage is rapid and transient. The genome
must be maintained at a constant copy number in the dividing basal cells to
persistent [66, 67].

It is widely accepted that the viral proteins E1 and E2 are essential in long-term
replication maintenance [68-70]. However, it can be argued that E1 may not be
necessary for the maintenance of replication [71]. Some studies suggest that the
DNA replication can be initiated by host cellular proteins during maintenance stage
and that viral proteins are only needed for retention and partitioning of the viral
genomes. Previous studies found that the El protein is needed for viral genome
establishment but is not required later on maintenance phase since these genomes
could be maintained as extrachromosomal elements. In addition to E1, it has been
reported fully functional viral proteins E6 and E7 are essential for the formation of
the extrachromosomal DNA that suggests these oncoproteins may work together to
prevent the checkpoints blocking the long-term retention of extrachromosomal
DNAs [71, 72].
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As for E2 protein, it is clear that the E2 protein is a crucial player in the stable
maintenance of replication. The first evidence of the important function of E2 in
genome partitioning was reported in the study of BPV1. It showed that E2 binds
mitotic chromosomes via protein-protein interactions that are conducted by the E2
transactivation domain (TAD) [73]. The E2 DBD binds to the viral LCR region and
tethers it to the condensed mitotic chromosome [73, 74]. Many of the tethering
targets for E2 protein have been identified, among which, the Brd4 is well studied
[75]. Moreover, The E2 truncated products E8"E2 were reported as replication
repressor. Some studies indicated that the viral DNA copy number is up to 20-fold
higher in the transformed cells that were transfected by mutants of BPV1 plasmid,
unable to produce ES"E2. These results suggest that ES§"E2 act as a repressor in
viral DNA replication, but they are needed for stable replication [44, 59, 60].

1.4.3 Vegetative replication

The final stage of viral replication is vegetative replication that is taking place only
in the differentiated cells in the epithelium. During this stage the viral genomes are
amplified to a high copy number destined to be packaged in progeny virions’
capsids. However, the mode of vegetative replication is less known, but one can
speculate the occurrence of vegetative replication may be resulted from the
accumulation of E1 and E2 viral replication protein. Several studies monitored
greatly increased levels of the E2 protein in the BPV1 infected and differentiated
cancer cells [76,]. Immunological detection of the E1 protein still invalid up to date.
Therefore, it is hard to determine the role of El protein within the vegetative
replication stage [77].

1.5 Viral proteins

1.5.1 E6 and E7

The HPV E6 and E7 proteins are among the earliest HPV proteins and are both
essential for viral replication. In addition, they also terminate cell differentiation and
contribute to initiation and maintenance of cancer due to their interactions with the
cellular tumor suppressor proteins p53 and pRB [39, 40, 78].

The E6 viral protein consists of 150 amino acids and contains a zinc-finger domain
in C-terminus and N-terminus. To adapt and to survive in the presence of the host
immune system, HR HPV E6 proteins bind to tumor suppressor p53 and causes p53
degradation [78-80] (Figure 1.4A). P53 is a transcription factor that possesses DNA
binding activity and activates genes involved in DNA damage repair and apoptosis.
The E6 protein binds to p53 together with the E6-associated protein (E6AP) causing
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ubiquitination of p53 followed by its degradation (Figure 1.5). Moreover, E6
directly binds to p53 and negatively interferes with the p5S3 DNA binding activity
leading to transcription inhibition. E6 also interferes with p53 function by inhibiting
p300/CBP, which is a histone acetyltransferase, especially for p53 acetylation which
determines p53 transactivational function. The inhibition of p300/CBP is caused by
E6 indirectly by its downregulation of p53. Furthermore, E6 has been suggested to
mask the p53 nuclear localization signal in the C-terminus of p53. LR HPV EG6 can
bind to p53 but do not cause p53 degradation [81-88].
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Figure 1.4 Schematic structure of (A). E6 protein, cellular proteins binding sites are indicated. (B). E7 protein,
cellular proteins binding sites are indicated.

E7 is a protein of approximately 100 amino acids that is located mainly in the
nucleus. E7 consists of three highly conserved regions (CRs): CR1 and CR2 that are
located in the N-terminus and CR3 that is located in the C-terminus. The N-terminal
CR1 and CR?2 interact with the transcription factor E2F and cause destabilization of
pRb. C-terminal CR3 is a protein binding domain that has a high binding affinity
for pRb [89-91] (Figure 1.4B). The tumor suppressor protein pRb plays an essential
role in regulating the cell cycle, especially the transition from G1 to S phase. During
the G1 phase, pRb is unphosphorylated and suppresses transcription of a number of
genes by interacting with transcription factor E2F. As pRb gradually becomes
phosphorylated, the cell cycle is forwarded to S phase [92]. The binding of pRB and
E2F is prevented by E7 binding to pRB, thereby releasing E2F and activating the S
phase- specific genes expression (Figure 1.5). HR HPV E7 can degrade pRb and
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the other two pocket proteins pl07 and pl130, which together contribute to
progression to cancer in persistent HR HPV infections [93, 94]. Furthermore, E7
has also been reported to bind to protein kinase such as ataxia-telangiectasia mutated
(ATM) and interfere with the DNA damage repair, thereby possibly increasing
genetic instability of the infected cell [95].
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Figure 1.5 Schematic presentation of HPV16 oncoprotein E6 and E7 function of apoptosis signal degradation and
cell growth progression.

In general, both viral oncoprotein E6 and E7 play a key role in HR HPV infection
and the occurrence of cancers. A balance between E6 and E7 expression determines
the infected cellular fate to infection or immortalization and is regulated by post-
transcriptional events, mostly alternative RNA splicing. This feature may be an
interest for future clinical therapeutic study.

1.5.2 E1 and E2 viral proteins

The viral proteins E1 and E2 are expressed at the early stage of the HPV life cycle,
together with E6 and E7, but can also be expressed from the HPV late promoter
when E6 and E7 have been shut down. E1 protein together with E2 is necessary for
the initiation of viral genome replication. E1 is a 68kD protein, and it locates in both
nucleus and cytoplasmic fraction. E1 includes three domains. The N-terminal region
contains a regulatory domain and followed with a DNA binding domain (DBD).
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DBD can recognize the origin of replication within LCR. Moreover, an
ATPase/helicase domain is found in the C-terminal region [52, 96, 97]. E1 is hard
to detect due to it is low-level expression. Once viral genome replication initiates,
E1 binds to HPV LCR but with a low affinity [98]. E2 binds to the element adjacent
to the origin of the replication (Figure 1.6A), which increases and stabilizes E1
binding to the origin of replication. With the aid of E2, E1 assembles into double-
hexamers and acts as a helicase, which unwinds the viral DNA and brings down
host cellular replication machinery associated proteins such as DNA polymerase to
the origin of replication [99, 100].

The E2 protein is about 50kDa in size and localizes mainly to the nucleus. The E2
protein is divided into three parts: a conserved N-terminal transactivation domain
involved in protein-protein interactions, a C-terminal DNA binding domain, and a
so-called “hinge” region by which both domains are linked. The hinge region differs
in length and nucleotide composition among different genera of HPVs [101-103].
Previous studies indicated that the HPV16 E2 binding sequence is ACCN¢GGT
(Figure 1.6B), which is highly conserved in at least nine different HPVs. The
various E2 binding sites all contain at least one CpG dinucleotide. Methylation of
CpG motifs is one of the major epigenetic modifications in cells and is highly related
to transcriptional repression, suggesting that methylation in E2 binding sites may
interfere with E2 binding to HPV DNA and its ability to regulate transcription.
Several clinical studies indicate the methylation of E2 binding sites represses the
HPV early promoter. Unmethylated HPV DNA is required for active replication and
transcription during cell differentiation, while integrated HPV DNA may be
methylated [104-106].

A
E1 Structure N N-terminal DBD ATPase/helicase C
Regulatory domain Origin recognition
B DNA recognition
Transactivation domain and dimerization
E2 Structure N TBD - DBD C
ﬂ hinge ﬂ
HPV E1 ACCN6GGT

Figure 1.6 Schematic presentation of HPV16 (A). El protein, the function of each domain. (B) E2 protein, the
function of TBD and DBD. DBD: DNA binding domain, TBD: Transcavtivation domain.
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E2 protein binds to HPV DNA and acts as a transcription repressor by repressing
the early promoter p97. The inhibition of the early promoter p97 leads to
downregulation of E6 and E7 expression, eventually leading to cell differentiation
and activation of the HPV late promoter p670 [107, 108]. Therefore, the levels of
El, E2, E4, and ES5 increase, later on, followed by production of the HPV late
proteins L1 and L2. When HPV infected cells progress to cancer, the expression of
viral E2 gene is often downregulated or abolished, and it has been speculated that
this downregulation increases the expression of E6 and E7 [109]. E2, together with
El, is involved in HPV genome replication as mentioned previously. E2 is also
required to partition of HPV genomes to the dividing cells. Although the detailed
mechanism remains to be determined, as E2 interacts with cellular chromatin
adapter protein Brd4 and tethers viral genome to host chromosomes [110-112].
Early studies suggested that E2 is also involved in the packaging of viral genomes
into virions. The role of E2 during this process needs further investigation [113]. E2
also promotes HPV late L1 and L2 gene expression by inhibiting the HPV early
polyadenylation signal pAE, thereby resulting in read-through into the late genes
[114]. The E2 protein also appears to interacts with multiple cellular RNA-binding
proteins and one may speculate that E2 is involved in the regulation of other RNA
processing events such as alternative mRNA splicing [115, 116].

1.5.3 E4 and ES proteins

The HPV E4 protein is the most abundant protein in HPV infected cells, and it is
widely expressed in the infected mucosal epithelium. Therefore, E4 may serve as a
biomarker for HPV infection. The functions of E4 has been suggested to include
modulation of viral genome amplification, virion assembly and release of virions via
interaction with cytokeratins to reorganize keratin network in cells. It has been also
shown that E4 smodulates cell cycle to arrest at G2/M Although there are many
functions ascribed to E4, its role in the HPV life cycle is poorly understood [117-119].

The HPV E5 protein is a hydrophobic membrane-bound protein that it is
approximately 83 amino acids in size and may localize at endoplasmic reticulum,
Golgi apparatus, perinuclear regions and plasma membrane [120]. E5 promotes the
activity of the epidermal growth factor-receptor (EGF-R) pathway via interfering
EGFR-recycling and increasing its amount on cell surface, thereby contributing to
transformation in murine and human cell culture system [121, 122]. However, in
contrast to HPV E6 and E7, the contribution of E5 for the carcinogenesis has been
shown as described beforehand though it for the cancer maintenance has been
controversial because ES ORF gets deleted after the integration event in a sub-set
of cervical cancers [123-126]. In addition, it has been reported that ES5
downregulates MHC class I trafficking to the cell surface from the Golgi apparatus,
thereby preventing HPV antigen surface presentation. Presumably to protect the
HPYV infected cell from the immune response of the host [127, 128].
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1.5.4 L1 and L2 proteins

Both L1 and L2 late viral capsid proteins have a calculated molecular weight of
about 55kDa. L1 and L2 proteins are produced only at the late stages of the HPV
infection since expression of the L1 and L2 mRNAs occurs at transcription level
and at RNA processing level with differentiation-dependent manner [129, 130]. L1
is the major capsid protein and L2 is minor capsid protein of the HPV particle. When
HPV infection starts, L1 interacts with host cells by binding to heparan sulfate
proteoglycan on the cell surface, which leads to a conformational change of HPV
capsid. This conformational change allows exposure of L2 amino terminus to the
surface of viral capsid. Afterward, L2 is cleaved by a cellular furin protease resulting
in a secondary conformational change, which allows virus binding to the cell surface
and entry into the cell [131, 132].

The L1 protein can self-assemble into a virus-like particles (VLP) in eukaryotic
cells. Production of HPV L1 in yeast or insect cells assemble into VLPs, a property
of HPV L1 that has been exploited to generate HPV type specific prophylactic
vaccines [133, 134].

1.6 Regulation of HPV16 gene expression

Post-transcriptional modification plays an important role during HPV16 gene
expression, which is required for not only viral mRNA stabilization and proteins
translation, but also creating viral proteins diversity to accomplish HPV16
replication cycle. The post-transcriptional modification of HPV16 pre-mRNA
includes 5’ capping, polyadenylation, alternative splicing regulation and so on and
is executed by cellular RNA processing machineries.

1.6.1 Pre-mRNA 5’ Capping

In all eukaryotes, 5° capping is an important post-transcriptional modification by
altering nucleotide on the 5’ end of primary transcripts, especially precursor
messenger RNA (pre-mRNA). 5’ capping is important and required for
polyadenylation, pre-mRNA splicing, mature mRNA generation, stabilization, and
translation [125, 126]. 5° capping takes place after transcription initiation and
formed in three steps. Firstly, the y-phosphate of 5’ triphosphate RNA (5 PPPNPN)
is removed by RNA triphosphatase and forming a biphosphate (5° PPNPN);
secondly, guanylyltransferase brings a guanosine monophosphate (GMP) residue to
5’ biphosphate forming a 5’ guano-triphosphate (5 GPPPNPN) [135]; thirdly,
guanine-N7 is methylated by mRNA guanine-N7-methyltransferase to form 5’ cap
structure (m7GPPPNPN) [136, 137].
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1.6.2 Polyadenylation

Polyadenylation is a part of the process for mature mRNA production by adding a
poly(A) tail to mRNAs. The length of poly(A) tail can get up to approximately 250
adenine bases in mammalian cells. If 5° capping is a “start -checkpoint” for other
biological processing such as translation, the 3’ polyadenylation is an “end-
checkpoint”. Polyadenylation can be conducted in both nuclear and cytosol.
Polyadenylation is important to mature mRNA stabilization, mRNA export to
cytoplasmic for the following translation in the ribosome [138].
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Figure 1.7 Schematic presentation of the pre-mRNA cleavage and polyadenylation process.

In nuclear, the mature 3° ends of mRNAs are created by cleavage then followed by
polyadenylation. Pre-mRNAs cleavage/polyadenylation site is normally flanked by
two cis-acting elements, AAUAAA element and GU-rich region. Upstream
AAUAAA cis-acting signal is usually located 11 to 30 nucleotides from the
cleavage site [139, 140]. Cleavage/Polyadenylation Specificity factors (CPSF),
CPSF-160 binds directly to signal AAUAAA followed by CPSF-73 binding which
cleaves mRNAs just downstream of AAUAAA signal. CPSFs’ activity needs to be
stimulated by Cleavage stimulator factor (CstF) which associates with CFI and

29



CFII. CstF binds to the other cis-acting element, U- or GU-rich region downstream
of cleavage site. Once the pre-mRNAs are cleaved, the Exo-Ribonulease Enzyme
(XRN-2) degrades leftover uncapped mRNA from 5’ to 3°. Polyadenylation initiates
right away after pre-mRNA cleavage. During polyadenylation, poly-A-polymerase
(PAP) is required to catalyze the addition of adenosine monophosphate to mRNA
3’ end. Pap’s activity needs to be stimulated by nuclear poly-A-polymerase binding
protein (PABP) through protein-protein interaction. Once the poly (A) tail reaches
certain length polyadenylation stops [141, 142] (Figure 1.7).

1.6.3 Alternative splicing

Pre-mRNA splicing is an RNA processing that brings exons together in different
combinations by removing introns from pre-mRNA to generate mature mRNAs
consisting of exons and encode functional proteins (Figure 1.8A). As a common
splicing mechanism, alternative splicing creates about 95% multiexonic genes in
human and generates several mRNAs from one gene. These alternatively spliced
mRNAs may produce an alternative version of the same protein that have altered
function, thereby contributing to evolution. Furthermore, alternative splicing is a
mechanism that ensures a simple genome to express many different proteins, but
alternative splicing is also used to control gene expression. Recent research
demonstrated globally altering splicing profiles were found in different cancer
pathogenesis, which is originated from direct or/and indirect splicing deregulation,
such as abnormal expression of splicing factors, mutation of splicing regulatory
elements (SRE) on pre-mRNA and so on. Alternative splicing is a tightly regulated
RNA processing event. So far, 5 types of alternative splicing were found including
intron retention, exon skipping, mutually exclusive exons, alternative 5°-ss
selection, and alternative 3’ ss selection [143-145] (Figure 1.8B).
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Figure 1.8 (A). Schematic presentation of pre-mRNA structure and mechanism of pre-mRNA splicing. Exons,
intron, branch point, and polypyrimidine tract are indicated. Y represents U or C, R represents G or A, N represents
any of four nucleotide. (B). Schematic presentation of five-type alternative splicing.

1.6.3.1 Structures and elements required for alternative splicing

Junctions of the non-coding intronic region and exonic coding regions are flanked by
a 5’-splice site (5’-ss) with a highly conserved invariable GU di-nucleotide, also called
splice donor (5° SD), and a 3’-splice site (3’-ss) with a highly conserved invariable
AG di-nucleotide, also called splice acceptor (3° SA). In addition to the splice sites, a
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branch point sequence (BPS) contains a conserved adenine in all genes is located at
18-40 nucleotides upstream of the 3’ ss, and a polypyrimidine tract (PPT) are also
required for splicing (Figure 1.8A and Figure 1.9). The activity of each splice site is
controlled by multiple cis-acting regulatory elements in both exons and introns. These
RNA elements are termed splicing enhancer or splicing silencers depending on their
effect on the splice site they control and function by binding to cellular RNA-binding
proteins that interact with the splicing machinery (Figure 1.9). Two prominent
families of cellular RNA binding proteins that bind splicing enhancers and silencers
are the SR protein- and the hnRNP protein-families [144-146].
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Figure 1.9 Schematic presentation of cis-elements and splice site in splicing regulation. ESE: Exonic splicing
enhancer, ESS: Exonic splicing silencer, ISE: Intronic splicing enhancer, ISS: Intronic splicing silencer.

1.6.3.2 Brief overview of splicesome assembling and activity

Splicing as well as alternative splicing is catalyzed by an enormous macromolecular
complex known as spliceosome. Spliceosome is composed of five small nuclear
RNAs (snRNA) U1, U2, U4, U5, and U6. These snRNAs can combine with uridine-
rich cellular factors forming RNA-protein complexes called small nuclear
ribonucleoproteins (snRNPs) [149]. Several complicated procedures conduct the
formation of spliceosome complex included numerous cellular proteins, here
showing a brief overview.

Firstly, the Ul snRNP complex binds to 5’-ss GU di-nucleotide, splicing factor 1
(SF1) binds to the BPS while U2AF35 binds to 3’-ss, and U2AF65 binds to PPT. The
E early complex then formed [148]. Followed by U2 snRNP complex binding to BPS
to release SF1 and ATP is hydrolyzed, pre-spliceosome also known as complex A
formed [149]. Tri-snRNP composed of U4, U5, and U6 is recruited by complex A to
form pre-catalytic spliceosome, also known as complex B. In complex B, U5 snRNP
binds to 3’-ss, while U6 snRNP binds to U2 snRNP, forming helix II. The formation
of tri-snRNP is still unclear but may be mediated by protein-protein interaction.
Afterward, U1 and U4 snRNP are released from complex B to form complex C, which
is a catalytic active spliceosome. The active spliceosome catalyzes transesterification
leading the 5°-ss of the intron ligate to conserved adenine in BPS and form a lariat and
5’-ss cleaved. Finally, the U2, US, and U6 snRNP keep bind to the lariat, but the
detached 5’-end of the intron attacks 3’-ss, causing cleavage of 3’-ss, and exons are
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ligated. Lariat released and degraded, snRNPs liberated for recycling [150]. Such a
mechanism of splicing is termed canonical splicing or lariat pathway. The mechanism
conducts more than 99% of splicing. However, the canonical splicing strictly requires
that the intronic region is flanked by “GU” di-nucleotide in 5’-ss and “AG” di-
nucleotide in 3’-ss (Figure 1.10).
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Figure 1.10 Schematic presentation of pre-mRNA splicing and splicosome assembly.
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1.7 Molecular basis of splicing regulation

1.7.1 Cis-acting elements

The splice site selection of alternative splicing is tightly regulated by short
nucleotide sequences are called cis-acting elements [151]. Cis-acting elements are
located close to the splice site in both exons and introns of the pre-mRNA and
contain binding sites for recruiting RNA binding proteins (RBPs) such as trans-
acting factors and aiding spliceosome assembly. Regulatory cis-acting elements are
crucial for spliceosome components recognition and splicing catalysis. These
elements located in exons to recruit splicing factors and spliceosome to execute
splicing are called exonic splicing enhancers (ESEs), whereas those that regulate
splicing negatively are called exonic splicing silencers (ESSs). Similarly, the cis-
acting elements that are located in introns can be classified as intronic splicing
enhancers (ISEs) or intronic splicing silencers (ISSs). Cis-acting RNA element
could potentially be both enhancer or silencer if it can bind to proteins with either
positive or negative effects on splicing [152]. These proteins may be expressed to
different levels in different tissues or may compete for binding to the RNA element.
Up to date, many RBPs were identified that interact with these cis-acting regulatory
RNA elements [153]. The perturbation of these elements was reported resulting in
different disease and cancer progression (164) (Figure 1.11).

1.7.2 Trans-acting factors

The RBPs or so-called splicing factors that bind to the pre-mRNA cis-acting
elements close to either exons or introns are called trans-acting factors. The trans-
acting factors together with cis-acting elements recruit the spliceosome components
to the splice site for further regulating splicing. Two prominent families of splicing
factors are known to compose trans-acting factors to enhance or repress splicing.
Serine/arginine-rich proteins family (SR proteins) bind to both ESE and ISE
function as splicing activators, while heterogeneous nuclear ribonucleoproteins
(hnRNPs) bind to ESS and ISS function as splicing repressors. However, this
division is not strict [154-156]. The molecular mechanisms of several members in
both families have been revealed, even though SR proteins and hnRNPs can
function oppositely in splicing regulation depending on the positions of splicing
regulatory elements relative to the 5’-ss [157]. In addition, other RBPs families are
reported involving splicing regulation such as RNA binding motif proteins (RBMs)
and RNA helicases [158] (Figure 1.11).

34



I Splicing inhibition

=g Splicing activation

Figure 1.11 Schematic presentation of general model of SR proteins and RNP proteins in splicing regulation.

1.7.3 SR proteins regulate pre-mRNA splicing

SR proteins are multiple functional splicing regulatory factors controlling the
constitutive and alternative splicing through protein-protein interaction, and
interacting with RNA. Moreover, SR proteins are involved in other cellular
processes including RNA exportation [159], translation [160, 161] and mRNA
stabilization [162-164]. The structures of SR proteins are highly conserved include
at least one RNA recognition motif (RRM), and a serine/arginine-rich domain (RS
domain). The RS domain is unique for SR proteins, which makes SR proteins
distinguishable from other RBPs [164-166].

In regulating splicing, SR proteins firstly bind to hyperphosphorylated c-terminal
domain (CTD) of RNA polymerase II through the RS domain. Once the
transcription elongation finished, the SR proteins will move to newly produced pre-
mRNA transcripts and stimulate the formation of spliceosome by promoting the
binding of U1 and U2AF snRNPs to the pre-mRNA [167]. It will assist U2 snRNP
in recognizing and binding to BPS of the intron that is to be cleaved. Furthermore,
SR proteins play an important role in alternative splicing splice site selection. They
mainly bind to ESEs [168, 169]. However, SR proteins are also capable of binding
to ESSs such as SRSF10. hnRNPs and SR proteins may have antagonistic effects
on splicing by competing for ESE or ESSs binding in a concentration-dependent
manner [170-172].

In HPV 16 alternative splicing, SRSF1, SRSF3 and SRSF9 act as splicing regulators
of the HPV16 3’ ss SA3358 selection that is important to the production of HPV16
E4 protein and in the activation of late gene L1 and L2 expression [173-175].
However, the roles of SR proteins in the regulation of expression of other HPV16
genes remain to be further studied .
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1.7.4 hnRNPs regulate pre-mRNA splicing

hnRNPs proteins belong to a large family of RBPs participating in multiple
biological activities, including regulation of transcription, translation, alternative
splicing [176, 177], and mRNA stabilization [178, 179]. Most of the hnRNPs
possess similar features, but the variation in composition results in different
functional properties. Some neurodegenerative diseases such as Alzheimer’s disease
(AD), spinal muscular atrophy (SMA), amyotrophic lateral sclerosis (ALS), and
fronto-temporal lobe dementia (FTLD) are related to hnRNPS [180]. Altered
expression levels of hnRNPs monitored in cancer patients suggest a role of hnRNPs
in cancer pathogenesis. Investigating the role of hnRNPs in carcinogenesis could be
meaningful for future cancer treatment development [180].
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Figure 1.12 Schematic presentation of the proteins in hnRNP family. The blue box represents RRM: RNA
recognition motif, Orange box represents gly-rich: glycine-rich domain, Green box represents KH: K homology
domain.
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Many hnRNPs contain distinct domains, for example RRM, glycine-rich domain,
and KH domain [180]. The composition of these domains is not highly conserved
and many of the domains are different in size through all rnRNPs, which contributes
to functional variation. The RNA binding domain (RBD) in hnRNPs allows RNA
binding of the hnRNPs, which further contributes to regulating RNA processing. Up
to date, four RBDs were identified, including RRMs, quasi-RRM (QRRM), Arg-
Gly-Gly (RGG) tripeptides box containing glycine-rich domain, and K-Homology
(KH) domain [180]. The RRMs are the most common RBDs in the hnRNP family,
containing two ribonucleoprotein domains (RNP) RNP-1 and RNP-2. They can help
hnRNPs to directly interact with RNA. gRRM was found in hnRNP F and H. Unlike
the other RRMs in other hnRNPs, gqRRM does not have RNP. The glycine-rich
domain contains RGG box, which binds to both RNA and ssDNA. KH domain was
identified in hnRNP K and F but also found in other RBPs. Furthermore, a nuclear
localization signal (NLS) exists in most of hnRNPs, which helps hnRNPs to locate
to the nucleus [181-184] (Figure 1.12). However, hnRNP A1 may be an exception,
that can shuttle in between cytoplasm and nucleus. Post-translational modification
such as methylation, phosphorylation, ubiquitination, and sumoylation commonly
occurs on hnRNPs, modulating functions and localization of hnRNPs [185]. At
present, some structures or domains located on the hnRNPs are poorly studied,
which may allow researchers opportunity to detect more functions of hnRNPs in the
regulation of gene expression or other physiological processes.

During HPVs gene expression regulation, hnRNPs play an important role by
regulating both early and late expression. Based on the previous studies known gene
expression regulatory functions of hnRNPs as are the following: hnRNP A1 inhibits
the expression of HPV18 oncoprotein E7 by repressing the alternative splicing to 3’
ss SA416 [186], hnRNP D, DL, AB, and A2/B1 function as alternative splicing
repressors to inhibit HPV16 pre-mRNA splicing to 3’ ss SD3632 in the E4 open-
reading frame (ORF) [187], hnRNP H stimulates polyadenylation at pAE [188,
189]. Concerning my doctoral research, I will focus more on the introduction of
hnRNP A1/A2 and hnRNP G in the text below.

1.7.4.1 hnRNP A1/A2B1

Both hnRNP A1 and A2B1 belong to hnRNP A/B subtype. They are globally and
widely expressed hnRNPs. hnRNP A1/A2B1 have a highly conserved N-terminal
region that contains two RRMs, and a less conserved c-terminal glycine-rich domain
that contains an RGG box and the M9 nuclear targeting signal [190, 191]. The
RRMs can affect alternative splicing through RNA-protein interactions. The RGG
box offers hnRNP A1/A2B1 both protein and RNA binding abilities to further
regulate alternative splicing, but how the RGG box regulates splicing is unclear.
The M9 nuclear targeting signal is different from other NLS since it also mediates
shuttling of hnRNP A1/A2B1 between nuclear and cytoplasm [190-194].
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Posttranslational modifications can modify the function of hnRNP Al, including
phosphorylation on Ser4-6 in N-terminus; sumoylation on Lys183 located in the end
of RRM2, and the methylation on Arg218/225/232 located in the RGG box [195].
These posttranslational modifications modulate hnRNP A1 RNA binding activity.
Similarly, the function of hnRNP A2B1 may be modified by such posttranslational
modifications. As the best studied hnRNP, hnRNP A1 has been reported to be highly
expressed in different cancers, for example lung cancer, and Burkitt lymphoma
[196, 197]. Moreover, hnRNP A1 regulates gene expression and translation of some
important factors related to cancer progression, such as the cellular proto-oncogene
cMYC [198]. Furthermore, hnRNP A1 was reported to participate the maintenance
of telomere length via activation of telomerase, resulting in malignant
transformation initiation. hnRNP A2/B1, similarly to hnRNP Al, is also involved
in cancer progression through its expression changes [199-201].

In general, both hnRNP A1 and A2B1 have multiple functions, including control of
RNA processing, such as alternative splicing, mature mRNA stabilization,

translation [202], and N6-methyladenosine (m6A) modification [203].

1.7.4.2 hnRNP G

The hnRNP G, also called RBMX refers to the hnRNP G-encoding gene of hnRNP
G that is located on the X chromosome, while the hnRNP G homolog located on the
Y chromosome is called RBMY. hnRNP G is widely expressed in many organs and
tissues but varies in concentration. In cervix tissue, the expression of hnRNP G in
grandular cells and squamous epithelia cells are high. In contrast, RBMY is mainly
expressed in testis and is required for sperm development [204, 205].

The structure of hnRNP G includes only one RRM at its N-terminus, an RBD in the
glycine-rich C-terminus, which is seen as an auxiliary structure [206]. hnRNP G
does not have a typical RGG box structure, but it has an RGG or RG rich region in
the middle part and in the RBD. Furthermore, instead of the classical NLS, a novel
transcript targeting domain (NTD) is located in the middle part of hnRNP G. This
NTD helps hnRNP G in nuclear targeting and binding to nascent transcripts [207].
The strict nuclear localization of hnRNPG is necessary for its effect on alternative
splicing and control of splice site selection [208].

The pathways that hnRNP G adopted in splicing regulation includes indirectly
interacting with other cellular splicing factors through its C-terminus or directly
interacting with RNA as a splicing regulatory factor. hnRNP G binds to RNA via
RRM and RGG motifs, followed by interacting with the phosphorylated C-terminal
of RNA polymerase II through the RGG motifs on the hnRNP G low-complexity
region. Previous studies indicated that hnRNP G can inhibit or promote exons
inclusion, suggesting hnRNP G’s role in regulation of splicing is not only as
repressor, but also as enhancer [209, 210]. The splicing factor Tra2} was reported
to interact with hnRNP G synergistically or antagonistically, resulting in opposite
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effects in splicing [209, 211]. Moreover, hnRNP G acts as an m6A reader protein
that further affects pre-mRNA processing. m6A modifications that are close to
splice sites in pre-mRNA may affect hnRNP G binding, further affecting the RNA
polymerase II occupancy patterns and enhancing exon inclusion [212]. In addition
to the regulation of splicing, hnRNP G is also crucial to the DNA damage response
through two pathways. In the homologous recombination pathway, hnRNP G is
enriched at the site where the DNA damage occurs with the help of poly (ADP-
ribose) polymerase 1 (PARP-1), resulting in upregulation of repair protein BRAC2
[213]. Then the DNA damage repair starts. Another pathway is dependent on none-
homologous end-joining in which hnRNP G RRM binds to the DNA protecting
DNA by weakening exonuclease activity [214].

1.8 Regulation of HPV16 gene expression

The regulation of HPV 16 gene expression is highly linked to the HPV 16 life cycle.
The HPV16 life cycle can be divided into early and late stages in which the early
promoter p97 is active during the early phase and the late promoter p670 at the late
phase. The HPV16 infection starts by HPV16 gaining entry to the host cell’s
nucleus, in an epithelial cell located at the basal layer of the mucosal epithelium.
The cellular transcription machinery is brought down to the HPV16 genome and
transcription from the HPV16 from early promoter p97 is activated [23]. With the
occurrence of cell differentiation, the HPV16 E2 protein accumulates and shuts
down the HPV 16 early promoter p97. Consequently, HPV16 E6 and E7 expression
are shut off, the cells differentiate and the HPV16 differentiation-dependent late
promoter p670 is activated [214]. All the early mRNAs produced by p97 and p670
are polyadenylated at pAE , but high levels of HPV16 E2 protein inhibits HPV16
pAE and contributes to activation of HPV16 late L1 and L2 gene expression. The
late mRNAs produced by HPV16 late promoter p670 are polyadenylated at pAL
[40].

1.8.1 HPV16 early promoter p97 mediates expression of the early genes

The HPV16 genome contains a large number of splice sites and expresses a large
number of alternatively spliced mRNAs to produce all HPV16 proteins in a
controlled manner during the HPV16 life cycle. In HPV16, all mRNA isoforms are
strictly regulated by alternative splicing. mRNAs encoding the HPV 16 oncoproteins
E6 and E7 are obtained from the same polycistronic pre-mRNA that gives rise to
either unspliced E6 mRNAs or spliced E7 mRNAs by alternative splicing. Several
isoforms of spliced E6 and E7 mRNAs are produced by HPV16 (at least 9 isoforms
have been identified) [2, 215-217]. The two major E6 and E7 mRNAs are unspliced
E6 mRNA and spliced E6*I/E7 mRNAs (Figure 1.13). They differ in the inclusion

39



or exclusion of an intron located between HPV 16 splice sites 5'-ss SD226 and 3'-ss
SA409. The regulation of alternative splicing of 5'-ss SD226 and 3'-ss SA409 is
essential for balancing the production of E6 and E7, in particular the relative levels
of these two proteins [218].
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Figure 1.13 Schematic presentation of HPV16 genome and early promoter p97 derived mRNAs

Previous studies have suggested that the epidermal growth factor (EGF), that
induces activation of the ERK1-ERK2 pathway inhibits splicing between HPV16
5'-ss SD226 and 3'-ss SA409, thereby giving rise to E6 mRNA production. In
contrast, inhibition of EGF increased the splicing and generated E6*[/E7 mRNAs,
which primarily encode E7 protein [218]. Furthermore, study indicated that hnRNP
Al and A2/B1 both inhibited splicing between 5'-ss SD226 and 3'-ss SA409 on
HPV18, which suggested a similar functional effect may be applied on HPV16
[218].

The HPV16 3'-ss SA3358 is the most commonly used splice site in the HPV16
genome SA3358 is used to generate early mRNAs encoding E4, E6, E7, and
possibly E5 (Figure 1.13). SA3358 is a weak 3’-splice site which splicing activity
is mainly decided by the enhancer downstream of 3'-ss SA3358 [219, 220]. This
enhancer is a serine-arginine-rich protein (SR protein) binding sites enriched region,
especially serine-arginine-rich factor 1 (SRSF1 is also known as ASF/SF2) [173,
221]. Inactivation of these SRSF1 protein binding sites leads to skipping of the 3'-
ss SA3358, suggesting the splicing of 3'-ss SA3358 requires the participation of
SRSF1. Moreover, SRSF1 has been reported to be a proto-oncogene. Since SA3358
is used by the majority of the E6 and E7 mRNAs, high levels of SRSF1 upregulates
the expression of E6 and E7 and induces cell hyperproliferation and possibly cancer.
Adjacent elements downstream of the SRSF1-rich splicing enhancer contains
binding sites for SRSF3 and SRSF9. Both SRSF3 and SRSF9 interact with this
element resulting in inhibition of SA3358. Nevertheless, the role of SRSF1 in
regulating of 3'-ss SA3358 site is probably bigger, because SA3358 is needed also
for the production of L1 and L2 mRNAs. Intracellular levels of SRSF1 are increased
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by HPV16 E2 expression. High-level of E2 results in high-level of SRSF1 and
SRSF1 promotes splicing to Since SA3358 competes with the E2 mRNA-specific
3'-ss SA2709, high-level of SRSF1 may eventually shut down E2 expression [173-
175].

1.8.2 HPV16 late promoter p670 mediates early and late genes
expression

When HPV16 infected cells step into a differentiation stage, late HPV16
differentiation-dependent promoter p670 is activated. Late promoter p670 can
efficiently express E1, E2, and E4 mRNAs, all of which stop at pAE (Figure 1.14)
[108]. High-level of E2 suppresses the expression of E6/E7 and enhances expression
of E1, E2 and E4 by inhibiting early promoter p97, but not p670. This step is also
required for the production of L1 and L2. E2 can be detected in infected epithelium
primarily in the upper layers of epithelium, whereas E1 is hard to detect [35]. Since
both E1 and E2 proteins are required for replication of the HPV16 genome, both E1
and E2 mRNAs must be present in sufficient quantities [220, 221]. While EI is
expressed from unspliced mRNA with a retained intron, E2 is produced from the
spliced version of the same pre-mRNAs as El. Similarly to E6 and E7 mRNAs, a
perfect balance in splicing is required to produce both unspliced E1 mRNAs and
spliced E2 mRNAs. The ratio of E1 and E2 proteins can affect their ability to
replicate the HPV16 DNA genome. Alternative splicing to 3'-ss SA2709 produces
E2 mRNAs, while splicing to 3'-ss SA3358 generates E4 mRNAs. Considering both
of splice site are used in a mutually exclusive manner, SA2709 and SA3358 are
competing. In general, more research is needed to understand the regulation of
HPV16 E2 splice site 3'-ss SA2709 [222]. This research would also pave the way
for a better understanding of the control of HPV16 E1, E2 and E4 expression.
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Figure 1.14 Schematic presentation of HPV16 genome and late promoter p670 derived mRNAs
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The HPV16 5’-ss SD3632 splicing to 3’-ss SA5639 is required uniquely for L1
mRNA production (Figure 1.14). To prevent premature production of the late pre-
mRNAs, both splice sites are strictly regulated in a cell differentiation-dependent
manner. Hence, active splice sites SD3632 and SA5639 can be found primarily in
differentiated cells while the same splice sites are suppressed in cervical cancer cells
and mitotic cells. HPV16 5’-ss SD3632 is suppressed through the interactions
between various splicing factors and the splicing silencers located adjacent to this
splice site. Proteins that suppress HPV16 SD3632 include hnRNP D and hnRNP
A2B1, while 3’-ss SA5639 is suppressed by splicing factors hnRNP A1 and hnRNP
H [220, 40, 223].

1.8.3 Regulation of HPV16 early and late polyadenylation

The HPV16 early polyadenylation site pAE divides the HPV16 genome into an
early region and a late region. The HPV16 early polyadenylation signal (pAE)
controls all the early gene expression derived from p97 and p670 and blocks the
expression of the late gene at the early stage of HPV life cycle. There are multiple
strong polyadenylation regulatory elements located both upstream and downstream
of pAE that ensure that early polyadenylation occurs. Deletion of HPV16 early 3’
untranslated region (3’-UTR or eUTR) region leads to readthrough into the late
region, demonstrating that the eUTR stimulates early polyadenylation. This eUTR
regulatory function may be mediated by cellular polyadenylation factors such as
FIP1 and hnRNPC1/C2. The vital regulatory RNA elements downstream of pAE
are located in the L2 coding region and interact with cleavage stimulation factor
64kDa (CSTF64) and hnRNP H. Moreover, the HPV16 E2 protein acts as an “on/off
protein” that contributes to the switch from HPV 16 early to late gene expression by
inhibiting pAE [224, 189].

The late polyadenylation signal pAL is located downstream of the 3’ late UTR
(IUTR). IUTR contains several repeats of the A/GU3_5A/G motif and inhibits the
HPV 16 late gene expression by reducing HPV 16 mRNA stability and/or translation.
Furthermore, IUTR interacts with UlsnRNp or CUGBP to suppress HPV16 late
mRNA polyadenylation, as well as mRNA exportation and translation. This
inhibitory effect can be reversed by some shuttling proteins such as hnRNP A1l and
SRSF1 [173, 225-227].

1.9 HPV mRNA translation

HPVs are obligate intracellular parasites that are completely dependent on the host
cell for mRNA translation since HPVs lack their own translation machinery.
Translation is a universal process that happens in ribosomes. During translation,
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mRNA is translated into a protein in the 5’-3” direction. In general, many cellular
factors and mechanisms are involved in the process of translation that can be divided
into three steps: initiation, elongation, and termination. Translation initiation is an
extremely complex process that includes three steps. Firstly, the Met-tRNA binds
to 40s ribosomal subunit forming 43s preinitiation complex. Secondly, this complex
binds to the 5’ end of the template mRNA with the help of eukaryotic initiation
factors (elFs) and moves along the mRNA in a 5°-3” direction, scanning the mRNA
for the first start codon (normally AUG) in an optimal position for translation
initiation [235]. An optimal AUG has a G at position +4 (in relation to the “A” in
the AUG) and an A/G (purine) at position -3. Sometimes, if the first “AUG” start
codon the complex encounters in a weak context (lacking A/G at -3 and/or a G at
+4), the weak AUG may be bypassed by the ribosome, that continues to scan the
mRNA until it finds another AUG in an optimal context further down. In this case,
initiation of the translation may occur also at a downstream AUG and two proteins
can be translated from the same mRNA. Thirdly, 60s and 80s ribosomes bind to this
complex at start codon on the mRNA and translation starts [235]. Elongation of
translation can be simply described as the process in which the ribosome moves
along the mRNA, reading codons on the mRNA and bringing the right aminoacyl
tRNA to assemble the protein according to the template. Once the ribosome meets
a stop codon (UAG, UAA, or UGA), the translation terminates [235].

Both HPV16 early and late proteins are produced from a variety of alternatively
spliced mRNAs expressed by the early and late promoters p97 and p670. The
structures of many of the HPV16 mRNAs are known and it is clear that all HPV16
mRNAs are polycistronic, encoding multiple ORFs [236]. However, it is not clear
what each HPV16 mRNA is translated into. The mRNAs produced from the HPV 16
early p97 promoter all contain the E6 AUG at the immediate 5’-end of the mRNA.
The E7 ORF immediately follows the E6 ORF. It has been suggested that E7 is
translated by ribosomes that miss the E6 AUG and continue to scan the mRNA until
they reach the E7 ATG, where translation starts [237]. Alternatively, E7 is produced
from an alternatively spliced mRNA in which the E6/E7 pre-mRNA is spliced
between SD226 and SA409 in the E6 ORF, thereby shortening the upstream E6
ORF and favoring translation of E7. In the latter case, alternative splicing
determines the ratio between HPV16 E6 and E7 expression [236, 237].

Similarly, a recent study indicated that HPV16 ES5 is produced from an mRNA
initiating at the early promoter p97, followed by splicing from SD226 to SA3358.
Since this mRNA contains only short ORFs upstream of E5 (that normally do not
interfere with the translation machinery) these results establish that ES is produced
from an early mRNA and therefore primarily is an early protein that cannot be made
in significant quantities after the promoter switch in the HPV16 life cycle. In
contrast to the ES mRNA, the E2 protein might be produced from two mRNAs
spliced to either 3’-splice site SA2582 or to 3’-splice site SA2709. Both 3’-splice
sites are located immediately upstream of the translational start codon of E2. We

43



wish to identify the splice site that generates the best HPV16 E2 mRNA and
determine how this splice site is controlled [231].

Taken together, the main goals of my PhD studies are: to identify the HPV16
mRNAs s that are translated into E2 in human cells, to determine how the HPV16 E2
mRNAs are generated and regulated by cellular mechanisms and how splicing of
E6 and E7 mRNAs is regulated by cellular factors.
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Aim of the thesis

The general aim of my thesis was to investigate the regulation of human
papillomavirus type 16 early gene expression at the level of mRNA splicing, in
particular expression of the HPV16 replication/transcription factor E2 and the two
HPV16 oncogenes E6 and E7.

The specific aims were:

1. To determine how hnRNPA1 and hnRNPA2B1 control expression of the HPV16
oncogenes E6 and E7 at the level of mRNA splicing.

2. To determine the efficiency by which each alternatively spliced HPV16 E2
mRNA is translated into E2 protein.

3. To identify HPV16 cis-acting splicing enhancers and cellular frans-acting
splicing factors that control HPV16 E2 mRNA production at the level of splicing.

4. To establish a bioassay for E1I/E2 mRNA splicing that can be used to identify
small molecules that could potentially be used as antiviral drugs to treat HPV16
infections.
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2 Results

Paper I

hnRNP Al and hnRNP A2B1 inhibit splicing to HPV16 splice site
SA409 through a UAG-containing sequence in the E7 coding
region.

HPV16 viral proteins E6 and E7 are necessary for the HPV16 replication cycle.
Both E6 and E7 are also needed to induce and maintain malignancy caused by
HPV16 persistent infection. The E7 mRNAs are generated from the 5’-ss SD226
to 3°-ss SA409, while the unspliced mRNAs are translated into E6. Therefore, the
competition of spliced and unspliced mRNAs are important for balancing the
production of E6 and E7 proteins. If more mRNAs are spliced to 3’-ss SA409, the
level of the E7 protein will increase while the E6 protein will decrease. High enough
level of E7 will result in reduced pRb expression. Levels of E6 mRNAs below the
threshold level would result in less E6 protein. Perhaps insufficient for p53
degradation. Cellular factors working at the posttranscriptional level must regulate
this balance between E6 and E7 mRNAs. Previous studies had identified hnRNP A1
and hnRNP A2B1 as regulators of splicing of HPV16 late mRNAs and HPV18 E6
and E7 mRNAs. We then hypothesized that hnRNP A1 and A2B1 might affect
HPV16 E6 and E7 mRNA splicing. To study the mechanism of HPVI16
oncoproteins E6 and E7 mRNA splicing regulation is important for future potential
development of new drugs for anti-viral or anti-cancer treatment.

hnRNP A1/A2B1 inhibited HPV16 mRNAs splicing to 3’-ss SA409 and resulted
in the promotion of different alternatively spliced or unspliced mRNAs

We started with the transfection of the HPV16 subgenomic reporter plasmid
pC97ELsL. The transfection of pC97ELsL into HeLa cells and the reverse
transcription-PCR (RT-PCR) results indicated that various alternatively spliced
HPV16 transcript isoforms encoding both early and late genes can be detected by
using specific primer pairs. To monitor the effect of hnRNP A1/A2B1 on E6 and
E7 mRNAs, both hnRNP A1 and hnRNP A2B1 plasmids were serially diluted and
cotransfected with pC97ELsL. The RT-PCR results generated by using specific
primers for E6 and E7 region indicated that overexpression of hnRNP A1l and A2B1
inhibited splicing to 3’-ss SA409 and SA526. However, the high-level of hnRNP
Al resulted in a remarkable increase in unspliced E6 mRNA. In contrast, the high-
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level of hnRNP A2 resulted in a significant increase in mRNA splicing from 5’-ss
SD226 to 3°-ss SA742 (Figure 2.1).
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Figure 2.1 Mapping of the hnRNP Al target site in the HPV16 E7 coding region to a splicing-inhibitory HPV16
RNA sequence located between HPV16 genomic nucleotide positions 579 and 604. RT-PCR on RNA extracted
from HeLa cells transfected with plasmid pXS556F, pX579, pX581, pX604, pX616, or pX644 in the absence (pUC)
or presence of phnRNP Al. The bands representing unspliced HPV16 E6 mRNAs and HPV16 mRNAs spliced
from SD226 to SA409 are indicated to the right. cDNAs were amplified by RT-PCR primers 97S and XS556AF.

hnRNP A1l and hnRNP A2B1 act on “UAG”-containing splicing inhibitory
RNA sequences in the HPV16 E7 coding region

To identify the target site on HPV16 E6 and E7 mRNAs for hnRNP A1 and hnRNP
A2B1 binding, we firstly constructed several subgenomic HPV16 expression
plasmids from pC97ELsL, including pX1200, pX1060, pX960, pX856F, pX644,
pX616, pX604, pX581, pX579, and pX556F. The digits in each deletion plasmid
name represent the nucleotide position (according to HPV16 reference sequence) of
the endpoint of HPV16 sequences in the plasmids. Cotransfection of these deletion
plasmids with hnRNP Al into HelLa cells and RT-PCR results showed that
overexpression of hnRNP A1 did not affect the splicing from plasmid pX581, but
inhibited the splicing of pX604 further indicating that the splicing inhibitory RNA
elements are located between HPV 16 nucleotides 581 to 604. This inhibitory RNA
element contains a UAG motif that has been reported as an hnRNP Al binding
motif. Thus, we introduced mutations to this UAG motif in pX604 to generate
pM604. The RT-PCR analysis of co-transfection pX604 or pM604 with or without
the presence of hnRNP A1 or hnRNP A2B1 demonstrated that the UAG motif was
needed for splicing inactivating further suggesting that hnRNP Al and A2B1 may
recognize UAG as the binding motif. We then designed five biotinylated single
stranded RNA oligos as shown (Figure 2.2A). Oligo 604BS1 does not contain UAG
motif, while oligo 604AS1 is a UAG positive control. Point mutations were
introduced into UAG or upstream of UAG motif (604AM1, AM2, and AM3) as
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shown. RNA oligo pulldown of proteins from HeLa nuclear extract followed by
Western-blotting with hnRNP A1/A2B1 antibodies demonstrated both hnRNP Al
and A2B1 binding to wild type UAG motif but not to mutations (Figure 2.2B). In
addition, more assays were applied to further confirm UAG is the binding site for
hnRNP A1 and A2B1, but not shown here (details in Paper I).
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Figure 2.2 Nucleotide substitutions abolish pulldown of hnRNP A1 by HPV16 RNA oligonucleotides. (A).
Sequences of biotinylated HPV16 RNA oligonucleotides used in RNA-mediated protein pulldowns of proteins
from HeLa cell nuclear extracts. (B). Wester-blotting of hnRNP A1 pulldown by Streptavidin-coated beads. Filter
was stained by hnRNP Al antibody.

hnRNPA1 C-terminus is needed for inhibition of 3’-ss SA409 and production
of unspliced E6 mRNAs

hnRNP Al and hnRNP A2B1 originate from the same hnRNP AB family.
Therefore, they are structurally similar to each other. N-terminus of hnRNP A1 and
A2B1 are highly conserved, containing two RRMs, while the glycine-rich C-
terminus is less conserved, harboring an RGG box and an NLS. Considering that
both hnRNP Al and A2B1 have the common function in affecting HPV16 E6 and
E7 mRNA splicing, but with different results, we wished to identify the protein
domains that were involved in the control of HPV16 mRNA splicing. We hybridized
hnRNP A1 N-terminus to hnRNP A2B1 C-terminus or opposite to generate pA1/A2
or pA2/A1 (Figure 2.3A). Both hybrid plasmids were HA-tagged and confirmed by
Western-blotting (Figure 2.3B). We next cotransfected these hybrid plasmids with
subgenomic HPV 16 plasmid pC97ELsL. The mRNA levels from different HPV16
mRNA splicing patterns were analyzed by RT-PCR. The hnRNP A1l N-terminus
hybridized to hnRNP A2 C-terminus inhibited the mRNAs spliced from SD226 to
SA409, but the unspliced E6 mRNA increased, although the efficiency was less than
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with wild type hnRNP A1. Replacement of hnRNP A1 C-terminus with hnRNP A2
C-terminus reduced the inhibition of splicing, pointing to the importance of hnRNP
A1 C-terminus in splicing inhibition and production of unspliced E6 mRNA. On the
other hand, when N-terminus derived from hnRNP A2B1 was hybridized to hnRNP
Al C-terminus, the inhibition of mRNAs spliced from SD226 to SA409 and the
promotion of production of unspliced E6 mRNA were similar to the effect of wild
type hnRNP Al, further confirming that the C-terminus of hnRNP A1 is necessary
to balancing unspliced E6 mRNA and E7 mRNA spliced from SD226 to SA409.
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Figure 2.3 C-terminus of hnRNP Al is required for efficient inhibition of splicing between HPV16 5’-splice site
SD226 and 3’-splice site SA409 in the E6 coding region. (A). Schematic representation of the hnRNP A1 and A2B1
proteins and the A1/A2 and A2/A1 hybrids. RNA recognition motifs 1 and 2 (RRM1 and RRM2), RGG, and
pyrimidine-rich nuclear/cytoplasmic localization sequence (PY-NLS) (also termed M9) are indicated. hnRNP A1
consists of 320 amino acids and hnRNP A2 of 341 amino acids. The break points of the A1/A2 and A2/A1 hybrids
are indicated. (B). Western blotting on extracts from HeLa cells transfected with plasmids expressing the hnRNP
A1/A2 and hnRNP A2/A1 hybrids. Blots are stained with anti-HA tag antibodies that detect the HA-tagged hnRNP
A1/A2 and hnRNP A2/A1 hybrids but not the untagged hnRNP A1 and hnRNP A2B1 proteins. MW, molecular
weight marker.

Overexpression of hnRNP Al inhibits splicing from SD2226 to SA409 from
episomal HPV16 DNA and knock down of hnRNP A1 has opposite effect.

To study if overexpression of hnRNP A1 and hnRNP A2B1 could inhibit splicing
from SD226 to SA409 and promote the production of unspliced E6 mRNA in the
context of the complete episomal HPV16 genome, plasmid pHPV16AN was used.
pHPV16AN contains and encodes the whole HPV16 genome flanked by two lox
sites. The presence of lox sites can be cleaved by CRE enzyme and release the
HPV16 genome that forms the episomal form. We next cotransfected pHPV16AN
with CRE-expressing plasmid with or without the participation of hnRNP Al or
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hnRNP A2B1 expression plasmids. The overexpression of hnRNP A1l and hnRNP
A2BI inhibited the E7 mRNAs splicing from SD226 to SA409 and upregulated the
unspliced E6 mRNAs (Figure 2.4A). On the contrary, when the hnRNP A1 knock-
down was applied, the increase of the mRNAs splicing from SD226 to SA409 was
observed. Furthermore, we applied siRNA-mediated knockdown assay on HPV16
positive cancer cell line SiHa and found that the E7 mRNAs spliced from SD226 to
SA409 increased and so did E7 protein levels.
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Figure 2.4 hnRNP A1 and A2 inhibit splicing of HPV16 E6 and E7 mRNAs produced from the episomal HPV16
DNA genome. (A). PCR with primers 16S and 16A on Hirt DNA extracted from HelLa cells transfected with the
indicated HPV16 plasmids in the presence or absence (-) of the cre-expressing plasmid pCAGGSnlscre. (B).
pHPV16AN (40) and pCAGGS-nlscre were cotransfected in duplicates with scrambled (scr) siRNAs or siRNAs to
hnRNP Al (siAl) or hnRNP A2B1 (siA2), RNA was extracted, and RT-PCR was performed with primers 97S and
X525A.

Taken together, we concluded that hnRNP A1 and hnRNP A2B1 inhibit splicing to
the HPV 16 splice site SA409 through a UAG-containing sequence in the E7 coding
region.
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Paper 11

Efficient production of HPVI16 E2 protein from HPVI6 late
mRNAs spliced from SD800 to SA2709

HPV16 produces plenty of transcripts by selecting different splice sites. A number
of alternatively spliced transcripts have the potential to be translated into E2
proteins. These mRNAs are mainly divided into two groups. One group starts at
early promoter p97 spliced from 5’-ss SD880 to 3’-ss SA2582 or SA2709. Another
group starts at late promoter p670 and are spliced from 5’-ss SD880 to 3°-ss SA2582
or SA2709. The E2 viral protein plays animportant role in the entire HPV16 life
cycle, including regulation of DNA replication, transcription and HPV16 early and
late gene expression. Little is known about the regulation of HPV16 E2 gene
expression, primarily since there are many alternatively spliced mRNAs that encode
E2. It is hard to predict how much E2 protein each mRNA actually produces. Thus,
we wished to establish E2 cDNA reporter plasmids with secreted luciferase (sLuc)
in place of the E2 ORF to identify the most efficiently translated E2 mRNA.

The most highly expressed HPV16 E2 mRNAs are spliced from 5’-ss SD880 to
3’-ss SA2709

The HPV16 generates several mRNAs that are potentially translated into E2
proteins. These mRNAs share either 5’-ss SD226 or SD880 and are spliced to either
3’-ss SA2582 or SA2709. To identify the most highly expressed HPV16 E2 mRNA,
we transfected HeLa cells with pC97EL or pHPV 16 with the presence of the CRE-
expressing plasmid. The total RNA was extracted from HeLa cells and analyzed by
RT-PCR. Primers 773S and E2A were used to detect one strong band representing
splicing from SD880 to SA2709 and a weaker band locating higher up representing
the mRNA splicing from SD880 to SA2582. All PCR bands were extracted, purified
and followed by sequencing. Consistent results were obtained from the HPV16
positive tonsillar cancer cell line HN26.
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Figure 2.5 (A). Schematic representation of the HPV16 E2 cDNA expression plasmids. The HPV16 sequences
present on the cDNAs in each plasmid are indicated. Names of cDNA expression plasmids are indicated to the
right. E2/sLuc represents the fusion of the secreted luciferase coding sequence in frame with the E2 ATG. The open
reading frames upstream of the E2 ATG are indicated. The HPV16 E6*1-, E6*IV- and E6"E7-orfs all have the E6
ATG and are generated by splicing from HPV16 SD226 to SA2709 (E6*1V), SD226 to SA742 (E6"E7) or SD226
to SA409 (E6*I). The HPV16 E1* orfhas the HPV16 E1 ATG and is generated by splicing from SD880 to SA2709.
Two HPV16 short upstream orfs with ATGs (uORF1 and uORF2) on the mRNA produced form the p4 cDNA are
indicated. The full-length E7 orf'is also indicated. (B). Secreted luciferase enzyme activity (sLuc) in the cell culture
medium at 24 h after triplicated transfections of HeLa cells with the indicated plasmids.
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The most efficiently translated HPV16 E2 mRNA initiates at late promoter
p670 and is spliced from 5’-ss SD880 to 3’-ss SA2709

To identify the HPV16 mRNAs most efficiently translated into E2 protein, we
constructed CMV-driven cDNA expression plasmids with the most common E2
mRNAs as shown in Figure 2.5A. For the convenience of monitoring all E2 mRNA
isoforms at the translational level, the sLuc encoding gene replaces the E2 ORF
immediately downstream of E2 start codon (ATG). The constructed plasmids were
transfected to HeLa cells in comparison to CMV-driven sLuc negative plasmid
pCO0806 and CMV-driven sLuc positive plasmid p6. The sLuc level in the cell
culture medium was monitored 24hrs post transfection and are shown in Figure
2.5B. The results are indicating that the mRNAs that initiate at late promoter p670
and are spliced from SD880 to SA2709 is the most efficient translated. To confirm
the sLuc assay reflected the translation of the entire E2 ORF, we constructed two
E2 expressing plasmids p97E2 and p670E2. These plasmids were transfected into
HeLa cells and protein was extracted and analyzed by Western-blotting. As shown,
p670E2 produced higher level of E2 protein than p97E2 (Figure 2.6A), while
mRNA levels produced from both plasmids were in similar level (Figure 2.6B).
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Figure 2.6 (A) Western blotting for E2 protein on cell extracts obtained from HeLa cells transfected with the
indicated plasmids, using anti-HPV16 E2 specific antibody as described in Materials and Methods. (B) RT-PCR
with primers CSENSE and PANTI on total RNA extracted from HeLa cells transfected with the indicated plasmids.
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Furthermore, the 3’-ss SA2582 is a competitive splice site to SA2709 and can
potentially be translated into E2 To compare mRNAs spliced to SA2582 with
mRNAs spliced to SA2709, we constructed a cDNA expressing plasmids initiating
at p670 and was spliced from SD880 to SA2582 (Figure 2.7A). sLuc assay was
applied to monitor the sLuc activity. Results indicated that the HPV16 mRNA
spliced from SD880 to SA2709 was more efficiently translated into E2 protein than
the mRNA splicing from SD880 toSA2582 (Figure 2.7B).
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Figure 2.7 (A). Schematic representation of the HPV16 E2 ¢cDNA expression plasmids p4 and p2582. The HPV16
sequences present on the cDNAs in each plasmid are indicated. Names of cDNA expression plasmids are indicated to
the right. E2/sLuc represents the fusion of the secreted luciferase coding sequence in frame with the E2 ATG. The open
reading frames upstream of the E2 ATG are indicated. The HPV16 E1* orf on plasmid p4 has the HPV16 E1 ATG
and is generated by splicing from SD880 to SA2709. The HPV16 E1C orf on plasmid p2582 has the HPV16 E1 ATG
and is generated by splicing from SD880 to SA2582. Two HPV 16 short upstream orfs with ATGs (WORF1 and uORF2)
on the mRNA produced form the p4 and the p2582 cDNAs are indicated. HPV16 uORF3 is a short orf with ATG that
spans the E1 orf and is unique to plasmid p2582. (B). Secreted luciferase enzyme activity (sLuc) in the cell culture
medium at 24 h after transfection in triplicates into HeLa cells of serially diluted cDNA plasmids (0.5-, 0.25ug, 0.125ug
and 0.0625ug of each indicated plasmid were transfected in triplicates).

Finally, we concluded that the most translated HPV16 E2 mRNA initiates at late
promoter p670 and is spliced from 5’-ss SD880 to 3°-ss SA2709
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Paper III

hnRNP G promotes splicing to the HPV16 E2 mRNA splice site
SA2709 through a splicing enhancer consisting of an
AC(A/G)AGG-triplicate

The high-risk (HR) HPVs infect mucosal epithelia cells in basal layer causing
persistent infection that may progress to cancer if left untreated. Various cancers are
associated with HR HPVs, especially HPV16. The HPV16 life cycle is strictly
linked to cell differentiation. The HPV16 viral protein E2 functions as replication
and transcription factor and plays an important role in switching HPV16 early gene
expression to late gene expression by downregulating HPV16 early promoter and
inhibiting the pAE signal to induce late gene expression. Our previous study on E2
expression demonstrated that the most efficiently translated E2 mRNA initiates at
the HPV16 late promoter and is spliced from 5’-ss SD880 to 3’-ss SA2709.
Interestingly, 3’-ss SA2582 is a competitive splice site could potentially be
translated into E2 protein. We identified SA2709 as a better candidate for E2
production, suggesting the existence of post-transcriptional regulation for E2 splice
site selection. We speculated that HPV16 E2 splice site SA2709 was modulated by
RNA elements through interactions with cellular splicing factors. Therefore, we
wished to identify the mechanism of regulation of HPV16 E2 mRNA splicing.

Three AC(G/A)AGG repeats downstream of 3’-ss SA2709 are required for
production of the most efficiently translated HPV16 E2 mRNA

To investigate how production of the E2 mRNA spliced from SD880 to SA2709 is
regulated, we used a subgenomic HPV16 reporter plasmid called pBEL. pBEL
produces unspliced E1 mRNA and the E2 mRNAs alternatively spliced to SA2582
or SA2709 that can be measured by RT-PCR. We then introduced a number of
deletions and mutations downstream of SA2709 on pBEL followed by transfection
on HeLa cells. The total RNA was extracted from HeLa cells and analyzed by RT-
PCR with the primers as indicated. We concluded that a 19-nucleotide RNA
sequence that contains three AC(G/A)AGG repeats and is located immediately
downstream of 3’-ss SA2709 and upstream of E2 start codon functions as a 3’-ss
SA2709 splicing enhancer (Figure 2.8A). Each repeat of AC(G/A)AGG was
respectively marked as motif 1, 2 and 3 (M1,2,3). When we mutated M1 or M3 or
all three (Figure 2.8A), the splicing to SA2709 was inhibited significantly.
However, it was noticed that mutation of M2 alone or M2 together with M3 did not
significantly inhibit the enhancer (Figure 2.8B). Taken together, these results
demonstrated that three AC(G/A)AGG repeats act together as a splicing enhancer
and are required for regulation of E2 mRNA splicing. The results indicated that M1
and M3 are more important motifs in this enhancement.
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Figure 2.8 (A). The sequence of the 19-nucleotide RNA enhancer is displayed and the three AC(G/A)AGG - repeats
are indicated. Various mutant enhancer sequences are shown and names of the plasmids are indicated to the left.
Numbers refer to the HPV 16 reference strain HPV16R. The E2 AUG is indicated. (B). RT-PCR with primers 773s
and E2as on RNA extracted from HeLa cells transfected with the indicated plasmids. mRNAs spliced between
SD880 and SA2582 or SA2709 are indicated to the right.

We wished to further investigate the significance of the identified enhancer
sequence in regulation of splice site SA2709 and exclude that other HPV16
sequences in pBEL plasmid affected splicing to SA2709. We generated plasmid
pBELEN and pBELENdEN from pBEL by introducing deletions of HPV16
sequences downstream of E2 AUG. In plasmid pBELENAdEN, the 19-nucleotide
enhancer was also deleted either. The HPV 16 splice sites in these plasmids include
5’-ss SD880 and SD1302, and 3’-ss SA2582 and SA2709, but the cryptic splice site
SD1302 is inefficiently used in these plasmids. Transfection of these plasmids to
HeLa cells and analysis of extracted RNA by RT-PCR indicated that major mRNA
products generated by pBEL and pBELEN were spliced from SD880 to SA2709.
However, plasmid pBELENdEN without 19-nucleotide enhancer significantly
produced lower levels of the mRNA spliced to SA2709, but favor to produce
unspliced mRNA or mRNAs redirected spliced to the competing 3’-ss SA2582.
Similarly, to exclude possible effects from the E1 coding region on splice site
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SA2709, we removed the majority of E1 coding sequnce from plasmid pBELEN
and generated plasmid pBELENdE1. RT-PCR analysis of mRNA produced by
pBELENJE] indicated that the E1 coding region did not affect the function of the
splicing enhancer downstream of SA2709.

Furthermore, we noticed that once the 19-nucleotide enhancer was destroyed or
mutated, splicing to SA2709 was remarkably reduced and altered to the production
of unspliced E1 mRNA or mRNA spliced to competitive splice site SA2582. The
mRNA spliced to SA2582 shares part of the E1 ORF and could potentially be
translated into a small E1C protein. However, very little information is available on
El1C.

hnRNPG was identified as an activator of the 19-nucleotide enhancer of HPV16
E2 splice site SA2709

To identify the cellular splicing factors that interact with the identified E2 splicing
enhancer, we used biotinylated RNA oligos containing the complete splicing
enhancer (2758WT) or a single repeat (3WT) motif and their mutants, MALL and
3M, respectively. These RNA oligos bound to streptavidin coated beads were used
for pull-down of proteins from nuclear and cytoplasmic extracts prepared from
HelLa cells. Afterwards, the proteins were released from beads and analyzed on
silver-stained polyacrylamide gels. In comparison to mutants oligos, multiple bands
were specifically pulled down by wild type RNA oligos. These bands were selected,
purified, and sent for mass spectrometry analysis. Multiple proteins were identified.
We selected proteins with high coverage and multiple peptides identified and
focused on RNA binding proteins for Western blotting to further confirm specificity
of binding activity. Many candidates were highlighted according to specificity and
efficiency, including hnRNP-A1, -A2B1, -G, -M, RBM-14, -15 and Tra2b. In
contrast, nRNP L and hnRNP U were not pulled down suggesting they were pulled
down based on the protein-protein interaction with the RNA binding proteins and
therefore were loosely associated with complexes or were present in small
quantities.

To investigate if these candidates activated splicing to SA2709 through interaction
with the identified HPV16 E2 enhancer, we cotransfected HPV 16 reporter plasmid
pBEL or pPBELENdE1 with plasmids expressing hnRNP-A1, -A2B1, -G, -M, -L, -
U, RBM14, RBM15, or Tra2b (Figure 2.9). As can be seen, overexpression of
hnRNP G significantly promoted the splicing to SA2709 in both pBEL and
pBELENdE]1 and hnRNP Al and hnRNP A2B1 strongly inhibited splicing to
SA2709, while the other proteins had weaker or no effect on SA2709. Interestingly,
the enhancing effect of hnRNP G resulted in decrease of unspliced E1 mRNA, while
the inhibition effect of hnRNP A1 and A2BI1 resulted in increase of unspliced E1
mRNA. This result suggested that the ratio of unspliced E1 mRNA to E2 mRNA
spliced to either SA2582 or SA2709 was determined by binding sites selection by
different splicing factors. Moreover, Tra2b inhibited E2 mRNA splicing to SA2709
but promoted E2 mRNA splicing to SA2582.
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Figure 2.9 RT-PCR with primers 773s and E2as on RNA extracted from HeLa cells transfected with HPV16
subgenomic plasmid pPBELENJE] in the absence or present of the indicated protein expressing plasmids. Unspliced
(U) mRNA and mRNAs spliced between SD880 and SA2582 or SA2709 (primer pair 773S and E2as) are indicated
to the right.

In contrast to overexpression of hnRNP G, knock down of hnRNP G inactivated the
production of E2 mRNA spliced to SA2709, whereas the unspliced E1 mRNA
production was promoted (Figure 2.10A, B, and C). This result together with
previous evidence further supported our conclusion, we established that hnRNP G
enhances splicing to HPV16 E2-specific splice site SA2709.
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Figure 2.10 Knock-down of hnRNP G reduces splicing to HPV16 SA2709. (A). Knock-down of hnRNP G in HeLa
cells transfected with siRNAs to hnRNP G monitored by Western blotting of hnRNP G. (B). HeLa cells were
transfected with HPV16 subgenomic expression plasmid pC97ELsL and scrambled siRNA (scRNA) or siRNAs to
hnRNP G, (siRNA-G), RNA was extracted and RT-PCR was performed with primers 773S and E2as. Unspliced
(U) mRNA and mRNAs spliced between SD880 and SA2582 or SA2709 (primer pair 773S and E2as) are indicated
to the right. (C). HeLa cells were transfected with HPV16 subgenomic expression plasmid pBELENJE1 and
scrambled siRNA (scRNA) or siRNAs to hnRNP G, (siRNAG), RNA was extracted and RT-PCR was performed
with primers 773S and E2as. Unspliced (U) mRNA and mRNAs spliced between SD880 and SA2582 or SA2709
are indicated to the right.
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Paper IV

A bio-assay for HPVI16 E1/E2 mRNA splicing

HPV16 is the most common high-risk HPV type and is therefore of particular
medical interest. During the early stage HPV16 life cycle, E1 protein with the help
of E2 protein bind to the origin of replication initiation (Or7) and bring down host
DNA polymerase to Ori to initiate HPV16 DNA replication. E2 protein has multiple
functions in regulation of HPV16 gene expression, for example shutting down early
gene expression and activation of late gene expression. When HPV 16 infected cells
progress to cancer, E2 protein expression is commonly repressed while E6 and E7
oncoproteins are upregulated. Moreover, E2 protein also interacts with cellular
RBPs, such as hnRNPs and SRs, presumably to affect alternative splicing of viral
and cellular mRNAs. Our previous study demonstrated that the HPV16 mRNA
initiating at late promoter p670 and spliced from SD880 to SA2709 is most
efficiently translated into E2 protein. The selection of major splice site SA2709 is
strictly regulated by a downstream splicing enhancer through the interaction with
hnRNP G. However, unspliced E1l mRNA or the mRNA spliced to competitive
splice site SA2582 is upregulated if the major splice site SA2709 break down or is
mutated. Unspliced E1 mRNA is used for E1 production, while the mRNA spliced
to SA2582 could potentially be translated into E1C protein. The role of E1C in
HPV16 life-cycle is not well studied. These results suggest that the balance of E1,
E1C and E2 proteins is highly regulated by the enhancer located downstream of
SA2709 that interacts with multiple splicing factors. We therefore wished to
establish a bio-assay by introducing various reporter genes to an HPV16
subgenomic plasmid that could monitor the balance between unspliced E1 mRNAs
and spliced E2 mRNAs. This bio-assay could potentially be applied for anti-HPV16
drug development.

Generation of reporter genes diagnostic for E1 and E2

We reported that the HPV16 subgenomic plasmid pBELEN could produce three
mRNAs including unspliced E1 mRNA and the mRNAs spliced to either SA2709
or SA2582. The latter mRNA has the potential to produce an El-derived protein
called E1C. In order to construct plasmids that express reporter genes for
identification for E1, E1C and E2 mRNAs, we firstly generated pEIBAM and
pE2BAM in which the BamHI restriction site was inserted in frame with either
E1/E1C or E2 using a naturally occurring Csil site located in the overlap between
E1/E1C and E2 ORFs in the pBELEN plasmid. Four reporter genes were used
including secreted luciferase (sLuc), green fluorescent protein (GFP), neomycin
resistance (neo) and thymidine kinase (tk). They were fused in frame with E1 or E2
OREFs through the polylinker downstream of BamHI (Figure 2.11 A and B). All
four reporter genes fused to E1 ORF were expected to produce reporter proteins
from unspliced mRNA (E1 fusion proteins) or from mRNA spliced to SA2582 (E1C
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fusion protein), but not from mRNAs that are spliced to SA2709. Similarly, the
reporter genes under the E2 ORF were expected to express E2 fusion proteins
(reporter proteins utilizing the E2 AUG) from mRNA spliced to SA2709, but not
from unspliced E1 mRNA or E1C mRNA spliced to SA2582.

E1 fusion E1C fusion E2 fusion
protein protein protein
E1 Sluc/GFP/Neo/TK
BlE1oRF
. E1C Sluc/GFP/Neo/TK
. E20RF e
E1 fusion E1C fusion E2 fusion
protein protein protein
PetorrF

Bl E20rF —A m ) ‘ _

Figure 2.11 (A). Predicted mRNAs are shown below the plasmid representations and the predicted production of
the various E1 fusion proteins or E2 are indicated to the right. (B). Structures of the various pE2BAM-derived
plasmids carrying reporter gens fused in frame with the E2 ATG are shown. Predicted mRNAs are shown below
the plasmid representations and the predicted production of the two E1 proteins or E2-fusion proteins are indicated
to the right.

Analysis of reporter plasmids in transfected cells.

These reporter plasmids were then transfected to HeLa cells. The sLuc activity in
the cell culture medium was detected 24hrs posttransfection. sLuc levels produced
by pE2sLuc were significantly higher than produced by pElsLuc. As expected, the
GFP levels produced by pE2GFP was significantly higher than pE1GFP produced
(Figure 2.12A and B). The transfection of pE1TK or pE2TK was followed by
ganciclovir (GCV) treatment. MTT-assay was applied for viability calculation. As
can be seen (Figure 2.12C), pE2tk transfected HeLa cells were more sensitive to
ganciclovir treatment than the cells transfected by pE1tk or negative control pUC.
The transfections of pEINeo and pE2Neo were followed by G418 treatment.
Viability of transfected cells were assessed by MTT-assay. Since negative control,
pUC transfected cells were unaffected by G418, G418 treatment of the transfected
cells needs to be optimized.
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Figure 2.12 (A). Secreted luciferase enzyme activity (Sluc) in the cell culture medium at 24h posttransfection of
HeLa cells transfected in triplicates with pElsLuc or pE2sLuc. Mean values and standard deviations are shown.
(B). GFP expression was monitored by fluorescence microscope at 24h and 48h after transfection of HeLa cells
with pE1GFP or pE2GFP. (C). MTT based cell viability assay on HeLa cells transfected with pUC, pE 1tk or pE2tka
for 48hrs and treated with indicated concentrations of ganciclovir for another 48hrs.

Our previous study demonstrated that E2 mRNA spliced to SA2709 was promoted
by hnRNP G and inhibited by hnRNP A1l. We therefore cotransfected E2-sLuc
reporter to HeLa with the presence of hnRNP G and hnRNP Al. sLuc levels in
medium were measured and indicated overexpression of hnRNP G significantly
promoted the production of E2-sLuc, while overexpression of hnRNP Al repressed
the E2-sluc production (Figure 2.13). This result agrees with our previous study and
demonstrated that the E2BAM reporter plasmid could be used as a reporter assay to
identify factors or substances that interfere with E2 mRNA splicing. Furthermore,
SR protein SRSF9 and Tra2b have been shown to affect HPV16 mRNA splicing.
Therefore, we cotransfected SRSF9 and Tra2b expression plasmids with sLuc and
GFP reporters to HeLa cells. The transcriptional and translational expression level
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were respectively monitored. As shown, SRSF9 and Tra2b inhibited alternative
splicing to SA27009 results in splicing to SA2582 in posttranscriptional level but did
not reflect in translational level.
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Figure 2.13 Secreted luciferase enzyme activity (Sluc) in the cell culture medium at 24h posttransfection of HeLa
cells cotransfected in triplicates with pE2sLuc with or without hnRNP G or hnRNP A1l or pUC. Mean values and
standard deviations are shown.
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3 Conclusions and future perspectives

The results presented in this thesis highlighted the importance of regulation of
human papillomavirus 16 early gene expression. It especially reflected the
importance of alternative splicing regulation, including splice site selection through
various RNA cis-element interacting with numbers of cellular splicing factors.

The HPV16 oncoprotein E7 is translated from mRNA spliced from SD226 to
SA409. The HPV16 3’-ss SA409 is a high-risk HPVs specific landscape, highly
associated with cancer progression. We determined that both cellular splicing
factors hnRNP Al and hnRNP A2B1 inhibited the production of major E6/E7
mRNA products spliced from 5’-ss SD2226 to 3’-ss SA409. However,
overexpression of hnRNP A1 resulted in the upregulation of unspliced E6 mRNA.
The mechanism of hnRNP A1 upregulation of the unspliced E6 mRNA through
inhibition of SA409 remains to be studied. Interestingly, overexpression of hnRNP
A2BI1 resulted in alternative splicing to SA742. Further investigation is needed to
determine how these two proteins affect the splicing of E6/E7 mRNA in such an
opposed way, but we speculated the differential effect is mainly caused by
differences in the less conserved C-terminus of both proteins. In agreement with the
previous study, we mapped the hnRNP Al binding site in HPV16 to the 5° -
UAUGUUAGAUU -3’-sequence. The motif “UAG” has been determined as
hnRNP A1l binding site by multiple previously published studies [232, 233].
Moreover, this 11-nucleotide sequence locates in E7 coding region. Previous study
indicated that E7 is highly conserved. We therefore performed sequence alignments.
We reported that sequence UAGAU is strictly conserved in all identified high-risk
HPVs in the HPV alpha-9 group. This sequence is less conserved in the HPV alpha-
7 group. The HPV18 is a prototype in alpha-7 group. Previous study has shown that
hnRNP A1 inhibits the splice site in the HPV18 E6 region [216], and the reported
binding site is similar to what we identified and mapped in HPV16. Therefore, we
speculate that hnRNP A1 is important in controlling of HPV16 and HPV18 E6 and
E7 expression. HPV16 E6 protein induces degradation of apoptosis mediator p53
and both E6 and E7 play key roles in HPV16-driven cancers. Moreover, we have
shown that the levels of hnRNP Al increased in cervical cancer. Taken together, it
is reasonable to speculate that hnRNP Al plays a vital role in HPV 16 life cycle and
HPV16-driven carcinogenesis. In addition to splicing regulation, we speculate that
functional hnRNP Al requires posttranslational modification, such 