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Populédrvetenskaplig sammanfattning

Tva virus som frekvent orsakar bade mild och allvarlig sjukdom &r Humant
papillomvirus (HPV) och Influensa A (IVA). HPV typ 16 (HPV16) dr den
vanligaste sexuellt overforbara virusinfektionen. Férutom kondylom orsakar
HPV16 ca 70% av all livmoderhalscancer. Influensa orsakar inte bara arliga
epidemier utan har dven potentialen att skapa pandemier med allvarliga
konsekvenser som de 50 miljoner liv skdrdade utav spanska sjukan. HPV och
IVA ér tvé helt olika virus som forutom att dom éar starkt associerade med
sjukdom, utnyttjar celluldr splitsling for att uttrycka sina gener i véra celler.
Med mer kunskap om hur HPV och IVA interagerar med celluldra proteiner
for att reglera uttrycket av de virala generna kan vi utveckla battre
behandlingsstrategier.

Kroniska HPV16 infektioner riskerar att utvecklas till cancer déarfor att de
virala proteinerna E6 och E7 driver celldelning och inhiberar apoptos. Aven
ett tredje protein, ES, tros ligga bakom cancerutvecklingen men E5 dr svart att
upptdcka och ddrmed placera i HPVs livscykel. Hér beskriver vi hur E5
produceras frén ett tidigt mRNA som é&r alternativ splitsat. Detta placerar ES i
den tidiga delen av infektionen. Dessutom kan identifieringen av ES-mRNA
tillhandahalla ett sétt att detektera uttryck av ES i patientmaterial. Vidare visas
hér hur splitsning av sena HP16 mRNAn som kodar for kapsidproteinerna kan
kopplas till det signalnitverk som reparerar skador pA DNA (DDR). Aktivering
av DDR ledde till att DDR-faktorer som BRCA1 och BARDI associerade med
HPV16 DNA och positionerade splitsfaktorerna hnRNPC och U2AF65 pa
HPV16 mRNAn. Detta gav specifik produktion av enkom L1 och L2 mRNA
genom aktivering av splitsning och inhibering av polyadenylation. Det som gor
detta extra intressant dr att HPV anvinder DDR for att replikera sitt DNA, ett
steg som direkt foljs av L1 och L2 produktion. Darmed foreslar vi hir en
modell i vilken HPV16 inte bara kapar DDR for replikering utan dven att de
sena generna regleras utav de splitsfaktorer som &r knutna till DDR. I
anknytning till regleringen av splitsning i HPV16 visar vi att det forekommer
metylering av HPV16 mRNA. Overuttryck av metylerande/de-metylerande
proteinerna METTL3 och ALKBHS5 samt YTHDCI1 som binder specifikt till
metylerat RNA paverkar HPV 16 splitsning sa att mRNA nivéerna av bade E6
vs. E7 och E1 vs. E2 foréndras. Slutligen rapportera vi att splitsfaktorer som
HuR, hnRNPA1, PTB och hnRNPG binder olika till segment 8 frén IVA HIN1
(spanska sjukan) och H3N2. Detta kunde delvis forklara skillnaden i hur



mycket splitsade mRNA som produceras fran HIN1 segment 8 jaimf{ort med
H3N2 segment 8. Skillnader i splitsning mellan olika IVA arter kan ha
betydelse for deras patogena egenskaper.

Sammanfattningsvis sa har vi visat att endast ett splitsat tidigt HPV16 mRNA
kan stodja uttryck utav E5. Vi har ocksa pavisat en potentiell koppling mellan
uttryck av de sena HPV16 generna och DDR som kan ha stor betydelse for hur
HPV16 kopplar sin livscykel till differentieringen av sin virdcell. Dessutom
rapporterar vi att HPV16 mRNA metyleras och att detta ytterligare kan
finjustera regleringen av viral alternativ splitsning. Slutligen beskriver vi hur
sekvenspolymorfism mellan HIN1 och H3N2 segment 8 péverkar hur de
interagerar med cellulidra proteiner och didrmed hur effektivtc mRNA frén
segment 8 splitsas.
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5’ss
ALKBHS5
ATM
ATR

BPS
BRCAI
CFI
CFII
CODON
CPSF
CstF
DDR
DSB
FTO
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mRNA
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Introduction

1.1 Human papillomaviruses (HPVs) and cancer

Human papillomavirus (HPV) are small DNA viruses that only infect
keratinocytes of mucosal or cutaneous epithelia [1]. The almost 200 different
types of HPVs generally cause asymptomatic infections that are cleared
spontaneously within 2 years [2, 3]. Only in rare cases do some HPV infections
persist to develop into warts or malignant lesions that, if left untreated, may
progress into cancer [1, 4].

HPVs are classified into five genotypes called alpha, beta, gamma, mu and nu
[5, 6]. The beta group contains cutaneous HPV types that are omnipresent and
mostly cause asymptotic infections or warts[7]. In rare cases, they may
contribute to melanoma and non-melanoma skin cancers[8]. However, beta
HPYVs only appears to sensitize the cell to carcinogenesis rather than driving
and maintaining it. The alpha HPVs infect mucosal epithelia and most of them
are sexually transmitted[9]. They represent the most common sexually
transferred infections among humans[10]. It is persistent infections with the
mucosal alpha HPVs that cause the majority of the HPV-induced human
cancers, such as 99% of all cervical cancer and 80% of the rapidly increasing
head and neck squamous cell carcinomas (HNSCC) [11]. HPV can cause other
types of anogenital cancers as well, like penile and vulvar cancer, and 95% of
all anal cancer[11]. Depending on their association with malignancies, alpha
HPVs are divided into high risk- (HR, and low risk types (LR)[12]. Persistent
infections with LR HPVs may cause warts, but are not associated with pre-
cancers lesions and cancer. The most common HR type found in cancers and
genital warts, as well as in the human population, is HPV type 16 (HPV16)[11].
HPV18 is also frequently found in cervical cancers, whereas almost all HPV-
induced HNSCCs are caused by HPV16 [13-15]. Research into how HPV16
interacts with the infected cell to regulate its gene expression is crucial to
understand why some infections persist to cause cancer while others do not.

13



1.2 The life cycle of HPV

The HPV life cycle is intimately linked to the differentiation of its host
keratinocyte cell[16]. As HPV has no means of replicating its own DNA, the
infection starts in the actively dividing cells of the basal layer [17](Figure 1.1).
HPV gains access to these cells through micro abrasions in the dermis and is
initially bound by heparan sulfate proteoglycans in the extracellular
matrix[18]. The exact mechanism of cellular entry is unknown but involves
endocytosis and requires mitosis for entry into the nucleus[19]. HPV replicates
strictly in the nucleus where the early viral proteins E6 and E7 are expressed.
Together, they delay cell differentiation and keep the cell cycle of their host
cell active to give HPV access to cellular functions for replication and gene
expression[16, 20]. E7 releases the pro-cell cycle E2F transcription factor from
pRb, while E6 inhibits p53-mediated apoptosis of the infected cell by
promoting p53 degradation[21, 22]. Low level expression of viral replication
proteins E1 and E2 is also initiated upon entry. E1 and E2 amplify the HPV
genome and maintain a low viral genome copy number. Together with the
cellular DNA polymerase, they ensure that the viral genome replicates trough
out the early and mid-stages of the infection[23]. As the E2 protein
accumulates towards mid-infection, it inhibits expression of E6 and E7 thereby
allowing the cell to resume differentiation. The transcription inhibition of
E6/E7 by E2 results in increased expression of E1, E2 and E4 that all support
productive replication of the HPV genome together with DNA damage
response factors[23]. Immediately after productive genome amplification, the
late genes L1 and L2 are expressed. L1 and L2 encode the highly immunogenic
viral capsid proteins. Therefore, timing their expression and productive
genome amplification to differentiated cells is pivotal to avoid detection of
HPV by the immune response. Allowing the cell to becoming terminally
differentiated also means that the HPV-infected cells are pushed upward
against the surface of the dermis by the actively dividing cells below. In this
way, HPV can hitch-hike to the dermal surface where the new virions can be
released.

14
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Figure 1.1 Schematic presentation of Human papillomavirus (HPV) life cycle. HPV gains entry to

undifferentiated keratinocytes through micro wounds in the dermis and then migrates to the dermal surface as
cells differentiate.

1.3 The genomic structure of HPV

HPV16 is an 8kb double stranded DNA, circular genome that is associated
with cellular histones in a manner similar to our chromatin[24, 25]. The long
control region (LCR) contains the viral origin of replication and multiple
binding sites for viral proteins and cellular transcription factors that regulate
the early promoter p97 that is located immediately upstream of the HPV E6
gene. In contrast, the late promoter p670 is located within the E7 coding
region[24, 26]. The HPV genome also encodes two polyadenylation signals,
pAE and pAL, and at least 8 proteins (Figure 1.2)[27]. All early (E) genes are
expressed from p97 and are polyadenylated at pAE[28]. E1, E2 and E4 can
also expressed from mRNAs initiated at the late p670 promoter and
polyadenylated at the early polyadenylation site during mid-infection. The late
HPV16 genes L1 and L2 are expressed from the late promoter and
polyadenylated at pAL[28]. The use of two promoters and two polyadenylation
signals divides gene expression into an early-, mid- and late phases. This
division ensures a complete shut-down of E6/E7 to allow cell differentiation at
late stage of infection, and prevents premature expression of the immunogenic
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L1 and L2 by read-through into the late coding region at the early stage.
Upstream of both polyadenylation sites are untranslated regions (UTR) that
harbor multiple binding sites for cellular factors that regulate polyadenylation
and stability of the HPV16 mRNAs[29].

E6 g7 p670

~

L1 E1

> E2

PAE

Figure 1.2 Schematic presentation of the HPV16 genome. The long control region (LCR) that contains the
origin of replication (Ori) and regulatory elements for transcription factors are indicated. The early promoter p97,
late promoter p670, and early and late polyadenylation signals, pAE and pAL respectively, are also indicated.
The protein coding genes are highlighted in different colours to indicate their expression during the viral life cycle.
White proteins are expressed in the early infection, light grey in early- to mid-infection and dark grey are restricted
to the late stage of infection.
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1.4 The HPV proteins

There are eight HPV proteins that have been functionally characterized.
However, due to HPVs extensive use of alternative splicing, there may be
several isoforms of these with slightly different, regulatory functions.

1.4.1 E6 and E7

The most well characterized function of E6 from HR HPVs is the inhibition of
p53-mediated apoptosis. E6 binds simultaneously to both p53 and E3 ubiquitin
ligase E6-associated protein (E6AP) to promote ubiquitination and subsequent
proteosomal degradation of p53[30, 31]. E6 of HR HPVs can therefore drive
immortalization of the infected cell, although less efficiently than E7. E6 is
about 150 amino acids in size and has a Zinc domain in both the C-, and N-
terminus that are required for p53 and E6AP interaction[32, 33]. Low risk E6
are unable to cause degradation of p53. Instead, they seem to not activate p53
apoptosis as strongly as HR HPVs and block the transcriptional activity of p53,
possibly through the acetylation and cytoplasmic sequestering described
above[34]. E6 itself is protected from degradation while bound to E6AP.

E6 can also inactivate p53 functions trough other mechanisms like
sequestering of p53 in the cytoplasm by masking its nuclear import signal[35].
In addition, E6 can bind to CBP/p300 to inhibit acetylation of p53, a protein
modification that is required for its DNA binding ability[36, 37]. Degradation,
cytoplasmic sequestering and acetylation can all block p53’s function as a
transcriptional activator of genes involved in the regulation of apoptosis, DNA
damage response, cell cycle progression and telomerase maintenance. Shorter
isoforms of E6 have been reported to have the opposite effects and may play a
part in regulating the balance between the functions of E6 and E7 proteins[38].
The E6/E7 balance is pivotal for a successful infection and cell immortalization
as E6 alone cannot drive the cell cycle re-entry, and E7’s elicitation of cell
cycle re-entry will induce apoptosis. Thus, offsetting this balance may be a
future therapeutic interest.

E7 is mainly a nuclear protein that forces the HPV infected cell to re-enter S-
phase of the cell cycle. E7 has three conserved regions (CR); CR1, CR2 and
CR3. They interact with the retina blastoma tumor suppressor protein (pRb or
p105) and similar pocket proteins, e.g. p107 and p130[39, 40]. These pocket
proteins bind to transcription factors like E2F to form a repression complex in

17



G1. Phosphorylation then leads to the release of E2F to promote transcription
of proteins that stimulates entry into the S-phase, like cyclin A and E[41]. HPV
E7 competes with E2F binding to pRb, thereby releasing E2F to activate the
cell cycle[42]. The release of E2F also stimulates the expression genes that
controls cellular growth. In addition, E7 mediates degradation of pRb and
cyclin dependent kinase inhibitors p21 and p27[43].

HR E7 has also been shown to interfere with a number of additional
transcription factors that regulate the DNA damage response and DNA repair,
cell proliferation, inflammatory responses and immune responses. These
transcription factors include E2F6, c-Myc, c-Jun, c-Fos, SMAD2/3, NF-«kB,
TBP and STAT1 and STAT[44]. Many of those are upregulated in non-HPV
induced human cancers as well. E7 also contributes to productive HPV
replication by activating the DDR-signaling cascade, and possibly aid in the
positioning of DDR factors on the viral origin of replication (Ori) as E7 can
interact directly with cellular DDR factor Nsb1[45].

1.42 ES

E5 is a transmembrane protein that associates with the endoplasmatic
reticulum (ER), Golgi and nuclear membranes[46]. It appears to form pH-
dependent ion channels by oligomerization into hexameric rings[47]. It mainly
affects the infected cells by interfering with cell signaling and apoptosis, and
by modulating of the immune responses. The HPV16 E5 protein has week
effects on cell immortalization alone, but primarily acts to enhance E6- and
E7-driven cell transformation in vitro. The function of E5 appears to be
dependent on expression of epidermal growth factor receptor (EGFR) on the
cellular surface[48, 49]. EGFR signaling does not only promote cell growth
and is often upregulated in cancers, but has also been shown to enhance E6
expression[50]. In addition, E5 can suppress apoptosis by down regulating Fas
and Bcl2 expression[51, 52]. E5 can contribute to immune evasion by reducing
the expression of major histocompatibility (MHC) antigen I and II on the
cellular surface [53-55]. ES5 is often lost upon viral integration during
carcinogenesis. In combination with technical difficulties in the detection of
ES5, its exact importance for the viral life cycle and carcinogenesis remains
unanswered.

18



1.4.3 E1, E2 and E4

The HPV replication proteins E1 and E2 are involved in all stages of viral
genome amplification[23]. E1 has three functional domains; an N-terminal
regulatory domain, a DNA binding domain (DBD) and a C-terminal, ATP-
dependent helicase domain[56, 57]. E1 is a DNA helicase that opens the viral
origin of replication (Ori) to initiate genome amplification. The E1 DNA-
binding domain is non-specific while E2 binds highly specifically to sites
within the HPV LCR[58]. Therefore, E1 and E2 acts cooperatively to
efficiently replicate the HPV DNA. After loading of E1 onto Ori, E2 is released
and E1 forms the active, double hexamer helicase[59-61]. E1 interacts with
cellular DNA polymerase alpha primase, topoisomerase I and replication
protein A (RPA) to form a replication complex that is responsible for
establishment and maintenance of replication[59]. During productive DNA
replication in differentiated cells, the HPV Ori is nucleated with DNA damage
response factors together with E1 and E2[45].

E2 is a 50kDa protein that, in addition to replication, has important functions
in transcription during the viral life cycle. It has a conserved transactivation
domain at the N-terminus and a DBD at the C-terminus[62]. The E2 DBD
specifically recognizes a highly conserved 12 nucleotide sequence in the HPV
LCR[60]. There are four E2 binding sites in the LCR and they span CpG
islands, suggesting that methylation can regulate HPV replication and/or
transcription[63]. E2 tethers the episomal viral genome to chromosomes
through interactions between the transactivation domain and chromatin adapter
proteins. E2 interacts with adapter protein Brd4, and Brd4 is found at the HPV
Ori[64]. However, the interaction is week and there may be other tethering
proteins like ChIR1[60].

E2 regulates transcription from the early, p97 promoter and thereby controls
the switch from early to late HPV gene expression. Cellular transcription
factors activate transcription from p97 in the immediate infection to express
low levels of E2. E2 further stimulates the use of p97 by binding to a few of
its LCR-binding sites. As the levels of E2 rise towards mid-infection, E2 will
occupy all binding sites in the LCR and sterically block access to the TATA-
box, effectively shutting down early promoter p97 [65, 66]. In addition, E2
seems to affect cellular splicing and polyadenylation throughout the viral
infection. E2 is often lost during the progression to cancer as the viral genome
integrates into the host chromosomes which may further accelerate the process.
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The small E4 protein is the most abundantly expressed HPV protein from the
onset of productive viral replication [12]. E4 has many functions such as G2
arrest of the cell cycle by sequestering Cyclin B/Cdkl1 in the cytoplasm[67,
68]. Other studies have shown that E4 is involved in productive HPV genome
amplification[69]. The cell cycle arrest in G2 may be an important contribution
to productive DNA replication as it mitigates E6/E7 functions, allowing
differentiation and giving access to DNA damage response factors[70]. Other
described functions of E4 include virion assembly, RNA processing, late gene
activation and release of the virions. Yet, its exact functions warrant further
investigations.

1.4.41L1 and L2

The HPV genome is packaged in a non-enveloped, icosahedral capsid made by
late proteins L1 and L2. Each capsid is built of 360 copies of HPV L1 and 12
copies of L2[71]. Both L1 and L2 are about 55kD in size. The L1 protein is the
most well conserved protein among HPVs and its sequence is used for
classification of HPVs[5]. L2 is less conserved, apart from two cysteine
residues that are required for viral transmission. L1 can self-assemble into
virus like particles in the absence of both viral DNA and L2, a property that
has been exploited for generation of HPV-vaccines[10]. The positively
charged L1 protein interacts with the negatively charged heparan sulfate (HS)
proteoglycans on the extra cellular matrix (ECM)[72]. This causes a
conformational change in the viral capsid that results in cleavage of L2 by
Furin. The exact mechanism of cellular entry is unknown but involves
endocytosis.

1.5 Cellular RNA processing

1.5.1 Alternative splicing

Splicing is a reaction that brings sequences called exons together by removing
sequences called introns from the precursor RNA (pre-mRNA) (Figure 1.3 I).
Most of the cellular protein-encoding genes consists of small segments of
coding sequences interspersed among non-coding sequences like beads on a
string[73, 74]. This arrangement makes it possible to combine exons during
mRNA splicing, a process termed alternative splicing. This, it is possibly to
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create different mRNAs and protein products from the same gene, depending
on the spatial and temporal needs of the cell. Exon/intron junctions are flanked
by small sequence elements known as 5'- and a 3’-splices. The 5’ss has the
consensus sequence AGGURAGU with the underlined GU as the invariable
first di-nucleotide of the intron[73]. The 3 "ss has a shorter consensus sequence,
YAGRNNN, in which the underlined invariable AG di-nucleotide marks the
extreme end of the intron. The branch point sequence (BPS) contains a
conserved adenosine that plays a crucial part in the splicing reaction and is
located 18-40 nucleotides upstream of the 37ss[73, 75]. The BPS is followed
by a polypyrimidine tract (PPT) in front of the 3 -splice site that plays a key
role in 3’ss-recognition and regulation. These sequence eclements are
recognized by the spliceosome, a large RNA-protein complex that catalyzes
the splicing reaction. The core of the spliceosome consists of five Uridine-rich
small nuclear ribonucleoproteins (snRNPs), U1, U2, U4/U6, and US, that carry
out the splicing reaction with two transesterification reactions (Figure 1.3
II)[75, 76]. The 5’ss is bound by U1, and the 3ss is recognized by U2 auxiliary
factors SF1 that binds to the BPS, and U2AF65 and U2AF35 that binds to the
PPT and the 3’ss AG respectively[74]. U2 then binds to the BPS to form the
A-complex by ATP-dependent RNA-RNA interactions. Next, the preformed
tri-snRNP U4/U5/U6 is recruited to form the B-complex in which U2 and U6
forms the first of three helical structures that align sequences and stabilize the
spliceosome[76]. Additional ATP-dependent rearrangements cause releases of
Ul and U4 to form the catalytic, C-complex, in which both transesterification
reactions are catalyzed. First, the adenosine of the BPS attacks the 5'ss to
cleave the 5’exon from the intron. Then, the 3’ss is cleaved and the two exons
are ligated with the aid of U5[75]. The lariat structure formed by the removed
intron is released with the snRNPs and degraded.
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Figure 1.3 Schematic representation of the pre-mRNA splicing process and spliceosome assembly. /.
Exons are represented as purple boxes, the intron is represented by a black line and the BPS, PPT, 3’'ss and
5’ss are all indicated. A model of how the spliceosome assembles on the pre-mRNA. First, the U1 and U2
snRNPs recognize the 3’- and 5°ss with the help of auxiliary factors U2AF and SF1. Then, the U4/U6 and U5
snRNPs joins to form the active C-complex that catalyses the splicing reaction. /I. The splicing reaction is carried
out in two enzymatic steps within the spliceosome.

1.5.2 Regulation of alternative splicing

The choice of splice sites in alternative splicing is regulated by RNA binding
proteins that bind to sequence elements on the pre-mRNA[77-79]. These
regulatory RNA elements are usually located in the vicinity of the splice sites
or overlapping them. Many of the RNA binding proteins that bind these
elements belong to the Serine arginine rich protein family (SR) and
Heterogeneous ribonucleoprotein family (hnRNP)[80-82]. Apart from binding
to the mRNA, SR-proteins and hnRNPs can also interact with other proteins,
including components of the spliceosome like U2AF65 that recognizes the
3’ss[83, 84]. The net result is to either increase or decrease the use of given
splice site. In addition, secondary structures on the mRNA can affect the
accessibly of both SR proteins, hnRNPs and the spliceosome. Thus, hnRNPs,
SR proteins and secondary RNA structures can regulate the inclusion of exons
on the mRNA.
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1.5.3 Polyadenylation

Transcription of a gene ends when it passes a polyadenylation signal in
eukaryotes. The maturation of the generated pre-mRNA then involves the
cleavage of the 3’end at the polyadenylation signal followed by the addition of
a poly(A) tail by the poly(A) polymerase (PAP) (Figure 1.4). The generated
adenosine tail is required for translation, mRNA stability and nuclear export.
The polyadenylation signal consists of the 5'-AAUAAA-3" sequence element
that is recognized by a protein complex of cleavage and polyadenylation
specificity factors (CPSFs). Cleavage stimulation factors (CstFs) bind to a UG-
or U-rich sequence downstream of AAUAAA, and the Cleavage factor I (CFI)
binds to a UGUA element upstream of the AAUAAA[85]. This results in the
formation of a large protein complex, which recruits the Cleavage factor 11
(CFII) that cuts the pre-mRNA. Then, PAP adds 200-300 adenosine residues
to the 3’end[86]. The polyadenylation complex assembles co-transcriptionally
through interactions with the C-terminal domain of RNA polymerase II[87].
Many polyadenylation sites only have two of the three described sequence
elements which may be combined in any manner, still resulting in the
recruitment of CFII and PAP[85]. Similar to alternative splicing, several
polyadenylation signals may exist and may be regulated to generate different
mRNA molecules[88]. Indeed, alternative polyadenylation is estimated to
create different 3 ends on 70% of all cellular mRNAs[89, 90].
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Figure 1.4 Schematic model of polyadenylation. The polyadenylation complex forms around the sequence
elements that constitutes the polyadenylation signal. After cleavage by CFIim, PAP catalyses the addition of the
poly(A) tail. The components of each protein complex that is involved in recognition of polyadenylation signals
are indicated to the right.
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1.5.4 Translation

Translation is the process in which the mRNA becomes translated into a
protein in the ribosomes. Within the ribosomes, the nucleotides of the mRNA
are read in triplets (a codon) and matched with the corresponding amino acid
to build the protein[91]. The mRNA is feed into the ribosome with its 5’end
first and the ribosome scans the mRNA for the first codon of a protein encoding
sequence referred to as an open reading frame (ORF). As there are more
possible combinations of nucleotide triplets than amino acids, more than one
codon can signal the start of an ORF. According to the ruling model for
translation initiation, some codons create a stronger start signal than others[92,
93]. If the ribosome first encounters a week start codon, the ribosome will
bypass this codon the majority of times and translation has a chance to start at
the next, strong start codon instead. The ribosome translates the ORF until it
reaches a stop codon where it will fall off. If a start and a stop codon slightly
overlap the ribosome can also stay on the mRNA to translate a second ORF. If
there is space between the stop codon of the one ORF and the start codon of
the next, the ribosome can re-initiate translation at the downstream ORF[91].
There are also translation mechanisms that are independent of the mRNA 5 cap
that allows to the ribosome to directly bind elements within the mRNA
molecule[94].

1.6 N6-methylation of mRNA

There are over 100 chemical modifications on cellular RNA that could add an
additional layer of regulation to mRNA biology. Among them, the N6
methylation of adenosine (m6A) is the most common, reversible
modification[95]. M6A is also present on RNA belonging to viruses like Zika,
Influenza, and HIV[96-99]. The functional significance of m6A remains
elusive for cellular and viral RNA alike, but recent studies suggest regulatory
functions in RNA processing, stability and translation[100, 101]. There is one
known writer of mo6A, a methyltransferase complex containing
methyltransfereaselike-3 (METTL3), and two erasers fat mass and obesity-
associated protein (FTO) and alkylated DNA repair protein AlkB homolog 5
(ALKBHS) that appears to remove m6A with different mechanisms [102-
104](Figure 1.5). Members of the YTH-domain family bind to m6A-modified
RNA to relay biological function. The nuclear YTH-protein YTHDCI links
moA to splicing[105], while cytoplasmic Y TH-proteins communicates effects
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on mRNA degradation (YTHDF2)[106] and translation (YTHDF1/3)[107].
The presence of a methylation group could also result in mRNA degradation
by blocking binding of mRNA-stability protein HuR[101], and promote
translation by direct, cap-independent interactions with eukaryotic translation
initiation factor 3 (elF3)[108]. In addition, m6A can affect the access of RNA
binding proteins to RNA molecules by disrupting secondary structures. [109,
110]. It is possible that the N6-methylation of adenosine could play a fine-
tuning role in many cellular processes.
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Figure 1.5 Schematic model of described writers, erasers and readers of N6-metyhlated adenosine (m6A)
on mRNA. METTL3 adds the methyl group, while FTO and ALKBHS functions independently to remove m6A.
Readers from the YTH-domain family ties m6A to regulation of alternative splicing (YTHDC1), RNA degradation
(YTHDF2), and translation (YTHDF1/3). M6A can also lead to RNA degradation through HuR, and translation
initiation through direct interaction with elF3.
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1.7 HPV gene expression and regulation

1.7.1 HPV gene expression

HPV16 gene expression is highly regulated to produce each viral protein in an
order that links the viral life cycle to the differentiation program of the host
cell. This is accomplished both at the level of transcription initiation, and RNA
processing through polyadenylation and alternative splicing[28, 111]. Any
combination of promoter and polyadenylation signal produces polycistronic
pre-mRNAs with multiple, and sometimes overlapping ORFs. HPV16
therefore depends on alternative splicing to generate mRNAs that can express
each viral protein efficiently. Indeed, the HPV genome is riddled with splice
sites and a myriad of alternatively spliced mRNAs are produced during its life
cycle (Figure 1.6) [112]. As for cellular mRNAs, alternative splicing is carried
out by the spliceosome and regulated by multiple RNA elements on the HPV16
mRNAs and their cognate, cellular splicing factors. In addition, the viral E2
protein inhibits both the early promoter and early polyadenylation signal to
promote late gene expression[113]. HPV DNA is associated with histones that
make it conceivable that HPV gene expression also is affected by epigenetics,
although this remains to be determined[114, 115].
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Figure 1.6 Schematic representation of the HPV16 protein coding region. The two promoters p97 and p670,
and polyadenylation sites pAE and pAL are indicated. The ORF of immediate early proteins E6 and E7 are
shown in pink, E1, E2, E4 and E5 are shown in orange and late L1 and L2 ORFs in blue. Splice acceptors are
indicated with an empty triangle and splice donors with a full triangle. The picture shows only the major mRNA
species for each viral protein.
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1.7.2 Regulation of HPV late gene expression

Expression of the late, immunogenic L1 and L2 proteins is under several layers
of control and requires a switch in promoter and inhibition of the early
polyadenylation signal to allow transcription into the late coding region. In
addition, activation of the late HPV16 splice sites is required for L1
expression[28]. The HPV E2 protein plays a key role in the transition between
early and late gene expression, and HPV gene regulation depends on SR- and
hnRNP proteins for correct and timely processing of the HPV mRNAs [111,
116].

During the early stage of HPV infection, cellular transcription factors bind to
HPV LCR to activate the early p97 promoter. At mid-infection, the levels of
E2 increase and E2 will bind to several sites in the LCR to eventually shut
down the early promoter. As less E6 and E7 are expressed, the cell can resume
differentiation and the late, differentiation dependent promoter p670 is
activated[117]. The differentiation signal alone has been shown sufficient for
activation of p670, but the exact mechanism remains unknown. Thus, both
promoters are active at mid-infection, but polyadenylation still occurs at the
early polyadenylation site until E2 shuts it down as well by preventing
formation of the polyadenylation complex, possibly through CPSF30[113].

All mRNA transcribed from p97 are polyadenylated at the early
polyadenylation site, pAE. Inactivation of pAE triggers cryptic
polyadenylation in the vicinity, underlining its importance for functional HPV
gene expression[28]. HPV pAE consists of the elements typical for a cellular
polyadenylation site (Fig.4). They are bound by polyadenylation factors Fipl,
CstF64 and cytoplasmic polyadenylation element-binding protein 1 (CPEB1)
to promote polyadenylation[118]. In addition, binding of hnRNPH to a
downstream sequence stimulates polyadenylation[119]. Binding of
hnRNPC1/C2 and polypyrimidine tract binding protein (PTB) to the early
3’'UTR inhibit pAE and activates SD3632[118]. The pAL also has an
AAUAAA element but is unsensitive to E2 interference of CPSF assembly.
Little is known about the regulation of pAL, but a strong, negative regulatory
RNA-element is located in the late 3"UTR. This element is conserved among
various HPV types and probably serves to further ensure efficient suppression
of HPV late gene expression at the early stage of infection[28]. Ul snRNP and
CUGBP binds to this negative RNA element [120].

The splice acceptor (SA) 3358 is the most commonly used splice acceptor
throughout the viral life cycle[112]. It is used to connect early mRNAs to the
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early polyadenylation signal, and it is used for inclusion of the central E4-exon
between SA3358 and SD3632 in the late, L1 mRNA. Inactivation of SA3358
will generate the shorter L1 mRNA, L1i[116]. Binding of hnRNPG
downstream of SA3358 will also inhibit E4-exon inclusion to promote the L1i
mRNA[121]. The 3 splice site SA3358 has low homology to a canonical 3’ss
and relies on multiple SRSFI-binding sites in a downstream regulatory
element for spliceosome recognition[116]. Low levels of SRF1 will still
promote SA3358 splicing, but to produce late mRNAs[122]. Further
downstream, there is a negative regulatory element to which SRSF3 and
SRSF6 bind to inhibit SA3358 splicing[123, 124]. As levels of both hnRNPH
and SRSF1 are high in undifferentiated cells, it is likely that they together
promote splicing at SA3358 in connection with cleavage at pAE to generate
early HPV mRNAs. When their levels drop upon differentiation, proteins like
PTB and hnRNPC can inhibit pAE and connect SA3358 to late HPV mRNA
production instead.

The late splice sites SD3632 and SA5639 are activated in response to cellular
differentiation to generate L1 and L1i mRNAs in terminally differentiated
cells. SD3632 is flanked by two RNA elements that strongly suppress its use
in undifferentiated keratinocytes[28, 116]. Overexpression of hnRNPC seems
to interfere with SD3632 suppression and contributes to activation of
SD3632[125]. Splicing to late 3’splice site SA5639 is dependent on an
immediate downstream, 17nt sequence with unknown binding partner[126]. A
major splicing silencer sequence are positioned adjacent to the 17-nucleotide
enhancer. These sequences contain binding sites for hnRNPH and hnRNPA1
that efficiently suppress usage of SA5639 in undifferentiated cells. As
described for hnRNPH and SRSF1, levels of hnRNPA1 decrease with
differentiation, thereby alleviating SA5639 suppression.

28



1.8 HPV genome replication

1.8.1 The DNA damage response and ATM and ATR signalling
pathways

The DNA damage response (DDR) comprises a large protein network that
detects and signals the presence of genotoxic stress to either activate repair or
apoptosis when repair is not possible. Each type of damage has its unique
sensor that passes the information to kinases like Ataxia telangiectasia mutated
kinase (ATM) and Ataxia telangiectasia and Rad3-related protein FRAP-
related protein (ATR)[127]. The signal is then relayed mainly through
phosphorylation of downstream factors and additional kinases, like Chk1 and
Chk2, to organize the appropriate responses such as DNA synthesis to restore
the DNA molecule after the damage has been removed[128, 129]. This feature
is exploited by some DNA viruses like Herpes-, Polyoma- and Papillomavirus
for the syntheses of their own genomic DNA.

ATM is activated by double stranded breaks (DSB) [130] while ATR is
activated by the presence of single stranded DNA[131, 132]. Abnormal
stretches of ssDNA can arise from several types of DNA insults when these
DNA damages interfere with DNA replication or transcription. ssDNA-
stretches can also be created during repair processes such as the repair of DSBs.
Therefore, there is a slight overlap in the ATM and ATR signaling pathways,
but they are not redundant[128, 131]. Signaling cascades from both ATM and
ATR kinases can lead to large scale activation of processes such as damage-
repair, cell cycle progression, senescence, apoptosis and/or cell
proliferation[133].

The cell is alerted to the presence of double stranded breaks (DSBs) by the
MRN complex, (Mrell, Rad50, Nbsl) (Figure 1.7)[128, 130]. The MRN
complex activates ATM through acetylation by the acetyltransferase Tip60.
ATM passes the signal to targets such as Chk2, p38, p53, SMC1 and Breast
cancer type 1 susceptibility protein (BRCA1) through a series of
phosphorylation events. ATM also phosphorylates the histone variant H2A. X
(YH2A.X) over the area surrounding the DSB. The newly formed yYH2A.X is
then recognized by Mcdl, which will lead to the recruitment of homologous
repair factors (HR) such as BRCAT1 and Rad51 to the site of damage.

ssDNA is bound and stabilized by replication protein A (RPA). RPA attracts
ATRIP, the 9-1-1 complex (Rad9-Hus1-Radl) and TopBP1, and all three of
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these components are required for proper activation of ATR[127, 131]. Unlike
ATM, ATR causes phosphorylation of target proteins in complex with other
proteins to create regulatory modules. Another example is Claspin that
mediates the activation of downstream kinase Chk1 to activate downstream
events similar to ATM.
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Figure 1.7 Schematic representation of DNA-damage response (DDR) signalling through ATM and ATR
signalling. ATM is activated in response to double stranded breaks (DSB) which are detected by the MRN
complex. ATR is activated by ssDNA detected by RPA.

1.8.2 HPV genome amplification

Amplification of the HPV genome follows three phases; establishment-,
maintenance- and productive-replication[23]. As the infection originates from
actively dividing cells, HPV proteins E1 and E2 can support establishment
replication by recruiting the existing DNA replication machinery. E2 nucleates
the HPV origin of replication with viral E1 DNA helicase that interact with
cellular replication factors to yield about 50-100 copies of the viral genome[60,
134]. To delay cell cycle exit and terminal differentiation of the infected
keratinocyte, HPV expresses the E6 and E7 proteins mainly during early stages
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of infection. E7 pushes the infected cells back into S-phase by alleviating
suppression of cellular transcription factor E2F. Elicitation of cell cycle re-
entry would induce apoptosis which is why the E6 protein inhibits by
degrading p53. Meanwhile, the viral genome copy number is maintained at
about 50-100 copies per new daughter cells as cells divide during the
maintenance phase[23].

Because the E7-induced S-phase is a forced situation, the DNA replication
machinery will coexist with differentiation factors. As E2 starts to inhibit p97
promoter at mid-infection, these differentiation factors activate the late,
differentiation dependent promoter. When the levels of E1, E2 and E4 are high
enough to support productive replication, there is a burst in viral genome copy
number[23]. This step only occurs in differentiated cells high up in the
epithelium. It is generally believed that this delay in productive replication and
HPV late gene expression contributes to the ability of HPV to avoid immune
detection. Since differentiation results in entry into G2 phase, productive
replication is dependent on the DNA damage response.

1.8.3 HPV replication and the DNA damage response

Elicitation of the DNA damage response provides a means of conducting DNA
replication outside of the cell cycle, as in differentiated keratinocytes. HPV
activates both ATR and ATM, and factors from both signaling branches are
required for amplification of the viral genome[45, 135]. HPV El and E7
proteins activate ATR and downstream Chkl by unknown mechanisms
(Figure 1.8)[136-138]. E1 also appears to activate ATM and by randomly
inducing DSB on cellular DNA due to its unspecific DNA helicase
activity[137]. Several mechanisms for activating and maintaining ATM and
ATR- mediated DDR have been described for E7 and include; protein
stabilization, transcription activation through factors like E2F and STATS that
increase the levels of DDR factors, and activation of the Tip60
acetyltransferase[45, 139]. Stimulation of signal transducer and trans-activator
5 protein (STATS) has been linked to ATR activation, and Tip60 acetylation
activates ATM[138, 140]. However, the ATR and ATM branches crosstalk and
there are variations in the activation and dependence of them among HPV
types[141].
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Figure 1.8 Schematic model of known interactions between HPV and the DNA damage response during
productive genome amplification in differentiated cells. HPV elicits the Ataxia-Telangiectasia Mutated
(ATM) and ATM and Rad3-related (ATR) signaling pathways, resulting in the recruitment of Homologous repair
(HR) factors to replication foci.

For HPV16, ATR is active throughout the infection, but weather this is
required for all stages of replication or merely is a consequence of a replicating
virus in the cell remains unclear. The TopBP1 topoisomerase that responds to
the presence of single stranded DNA (ssDNA) upstream of ATR activation is,
however, required for all phases of HPV replication[45]. TopBP1 is recruited
to RPA-filaments on cellular ssDNA. As RPA is a component of the HPV
replication complex already during the early stages of the infection, it is likely
that RPA is responsible for TopBP1 recruitment and that subsequent ATR
activation is consequential rather than required for productive replication.

As replication moves into the productive phase, large foci of HPV DNA and
DDR factors form. Homologous repair (HR) factors Rad51, BRCAI and the
MRN (MRE11, Rad50 and NBS1) complex are bound to the HPV origin of
replication together with E1 and E2, all of which are required for productive
replication[135, 142]. ATM and downstream kinases Chk2, p38 and MK?2 are
activated by this complex[136]. The H2A.X histones associated with HPV
DNA are also phosphorylated to generate the DSB-signaling hallmark yH2AX,
which further aids in the recruitment of HR-factors[45]. HR is a repair
mechanism that re-synthesize a large stretch of DNA by using the homologous
sequence of the sister chromatid as a template. Therefore, HPV may have

32



evolved to specifically use HR-factors as they offer high-fidelity replication of
long stretches of DNA and are available during G2.

1.9 Influenza virus

All viruses are constrained by host adaptation and the limited coding capacity
of small genomes. Therefore, a chimeric of commonly employed strategies to
replicate within the host cell can be found across the spectra of viral diversity.
Although a single stranded RNA virus, Influenza A (IVA) replicates in the
nucleus where it hijacks the spliceosome for processing two of the eight viral
mRNAs (segments 7 and 8)[143]. Similar to HPV, cellular proteins are
believed to take part in the regulation of IVA splicing[143]. However, the
identity and importance of such cellular proteins are largely unknown for
segment 8§ mRNA splicing. Recently, it we have shown that there are
differences in the splicing efficiency between different Influenza virus A
species [144]. Therefore, we wished to identify which splicing regulatory
proteins that bind to Influenza segment 8 mRNAs, and investigate if their
finding could explain the observed differences in splicing between highly
pathogenic A/Brevig Misson/1918/1 (HIN1) and low pathogenic
A/Netherlands/178/95 (H3N2).

1.9.1 Influenza virus A pathogenesis

Influenza viruses belongs to the Orthomyxoviridae family and this family is
divided into type A, B, C, or D. Influenza A (IVA) causes global, seasonal
epidemics and occasional pandemics of respiratory disease[145]. Seasonal flu
virus causes influenza while pandemic flu can have a more severe toll on
human life. For example, the 1918 Spanish flu virus that killed 50 million
people [146]. However, severe disease and death is most commonly attributed
to secondary bacterial infections that cause pneumonia[145]. Influenza A can
infect humans, pigs and birds, and are restricted by the type of sialic acid
displayed on the cell surface. Aquatic birds create a reservoir for IVA where
IVA causes asymptomatic or mild gastrointestinal infections. Influenza has a
segmented genome of eight sSRNA segments with negative polarity that
encodes its own polymerase. A segmented genome allows for re-assortment of
segments from different IVA species, referred to as genetic shift, while the
sloppy IVA polymerase generates a rapid accumulation of mutations,
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generating genetic drift. Host and tissue tropism can both change in response
to either drift or shift as novel IVA species emerges[145]. It is therefore
difficult to predict the severity of pandemics, as well as to develop vaccines.

The pathogenicity of an influenza species is determined by a combination of
virus properties. They include the influenza species capacity to replicate to
high levels within the cell and the ability to replicate in the lower respiratory
tract. In addition, the modulation of the host immune response is a key factor.
Virulence may be determined by how well the influenza species inhibits the
innate immune response and the number of cytokines the infection
induces[147]. Sequence variations in the surface proteins haemagglutinin (HA)
and neuraminidase (NA) can allow infection of the lower respiratory tract.
Genetic drift of the viral polymerase genes may change the replicative ability
of the virus[147]. Influenza NS1 protein interferes with the innate immune
response and sequence variations in NS1 may contribute to immune evasion
and cytokine production[148]. NS1 is expressed from the unspliced IVA
segment 8§ mRNA. Variations in the ratio between spliced and unspliced
segment 8 have been shown to occur between different IVA species [144].
Therefore, it is conceivable that also the levels of NS1 produced by different
IVA species may contribute to pathogenicity of [IVA.

1.9.2 The life cycle of human Influenza A

The Influenza A genome is organized into eight ssSRNA segments of negative
polarity. They are associated with numerus copies of the viral nucleoprotein
(NP) that create rod-like capsid structures[149]. Each RNA is also bound to
one copy of the viral polymerase complex which consists of PB1, PB2 and PA.
The protein bound RNA structures (VRNPs) are then packaged into an
enveloped capsid containing the viral surface antigens hemagglutinin (HA) and
neuraminidase (NA)[149]. Infections starts by HA binding to sialic acid
receptors on the cellular surface which triggers endocytosis (Figure 1.9).
Inside the cell, the vRNPs are transferred to the nucleus with the help of a
nuclear import signal[150, 151]. IVA transcription and replication are carried
out by the viral polymerase. The viral polymerase also adds a smaller
polyadenosine tail to the viral mRNAs and a 5’cap by cap-snatching from
cellular mRNAs[152]. The generated mRNAs are then either spliced (segment
7 and 8) or exported directly to the cytoplasm for translation of the viral
proteins. Segment 8 encodes the NSI protein that is translated from the
unspliced mRNA and the NS2 protein that is translated from the spliced
mRNA. HA and NA mRNAs are translated by ribosomes on the endoplasmatic

34



reticulum for plasma membrane incorporation. New VRNPs are then
assembled in the cytoplasm and the new virion can bud from the host cell
through cleavage by NA[150].
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Figure 1.9 Schematic presentation of the life cycle of Influenza A. The influenza virion enters the cell
through endocytosis an the VRNPs are imported to the nucleus for transcription and replication. Two of the
influenza segemnts are splicied prior to export. The viral proteins are then translated and a new virion can
assemble.

1.9.3 Influenza virus A splicing

Influenza mRNA splicing is dependent on the cellular splicing machinery[153,
154]. The IVA splice sites shows strong homology to canonical cellular
splicing elements and are highly conserved between Influenza species[143].
At least two proteins are expressed from influenza segment 7: M1 and M2
(Figure 1.10). M1 is expressed from unspliced mRNAs while M2 is expressed
from mRNAs spliced between SD51 and SA740. The presence of a third
transcript spliced from an alternative 5’ss to SA740 have been described for
several Influenza virus species, and most of what is known about influenza A
mRNA splicing come from studies on 5’ss selection in segment 7
splicing[143]. The second 5’ss lies only about 11 nucleotides into segment 7
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and binding of the IVA polymerase to the RNA would therefore block this
5’ss. The IVA NSI protein has been shown to regulate segment 7 mRNA
splicing in a manner dependent on the NS1 RNA-binding domain[155, 156].
Other studies contradict a regulatory role for NS1 in influenza virus A splicing
of either segment 7, or § mRNAs [157, 158]. The RNA sequence over the 3’ss
SA740 form extensive secondary structures that regulate splicing of segment
7[159-161]. The open conformation creates a hairpin structure that expose the
BPS, the 3’ss and binding sites for SRSF1 that recruit the spliceosome[162].
The closed conformation buries the BPS, 3’ss and the SRSF1 binding sequence
in a pseudoknot which prevents splicing.

The IVA segment 8 generates unspliced NS1 mRNAs and spliced NS2
mRNAs[153]. It is generally believed that segment 8 splicing is less complex
than that of segment 7 mRNAs. There is one 5'ss SD54, and one 3’ss SA526
on the influenza virus A segment 8. A recent study identified a novel 5'ss
located further into the NS1 coding sequence in a few IVA species, suggesting
adaptive evolution[163]. Similar to segment 7, the formation of extensive
secondary structures over the 3’ss have been described for segment 8, but no
mechanistic studies have connected them to regulation of splicing[159-161].
There is a long-standing theory that segment 8 splicing is kept constant
throughout the IVA infection and that changes in NS1/NS2 protein levels are
due changes in mRNA export[157]. However, we have reported variation in
splicing efficiency of both segment 7 and 8 between IVA isolates[144].
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Figure 1.10 schematic presentation of splicing from the Influenza virus A segemnts 7 and 8.

Proteincoding sequences are dispalyed as coloured boxen. The position of 3’ss and 5°ss on each genomic

RNA segemnt an their major mRNAs are indicated.
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Introduction to papers

2.1 Paper 1

HPV16 ES5 is produced from an HPV16 early mRNA spliced from
SD226 to SA3358

The HPV16 ES protein is generally described as an oncogene. However,
detection of the E5 protein in cervical lesions has been difficult which makes
the true contribution of E5 to pathogenesis somewhat of an enigma. An
alternative method to protein detection could be identification and
quantification of the ES mRNA levels in infected cells and patient samples.

Due to the location of the ES open reading frame on the HPV16 genome, E5
could potentially be expressed from the majority of the plethora of alternatively
spliced mRNAs produced by HPV16 during its life cycle. As the identity of
the E5S mRNA is unknown, we investigated the ES coding capacity of the major
HPV16 mRNAs species using cDNA plasmids. By replacing the E5S ORF with
the reporter gene secreted luciferase (sLuc), we could quantitate sLuc as a
measurement of how well ES was translated from each mRNA.

Our results showed that mRNAs with E1 and E7 AUGs upstream of ES were
inefficiently translated to E5 protein. Only the early HPV16 mRNA spliced
from SD226 to SA3358 on which neither the E1, nor the E7 AUG was present
produced high levels of ES. These results were confirmed with experiments on
the full length HPV16 genome. Identification of the major ES mRNA could
aid in future research on the role of E5 in the HPV16 life cycle and
pathogenesis.
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2.2 Paper 2

The DNA damage response activates HPV 16 late gene expression at
the level of RNA-processing

HPV16 hijacks components of the cellular DNA-damage response to replicate
the HPV DNA genome in differentiating cells. This step is immediately
followed by expression of the HPV16 late genes L1 and L2. Therefore, we
speculated that these two events are connected through the DNA damage
response.

We show that activation of the DNA-damage response by alkylating cancer
drug melphalan induced HPV16 late gene expression. DDR activation
inhibited the early polyadenylation signal which resulted in read-through into
the late coding region of the HPV16 genome and production of the unspliced
late L2 mRNA. In parallel, the late splice sites SD3632 and SA5639 were
activated to generate late L1 mRNAs. These changes in HPV16 gene
expression were dependent on ATM- and Chk1/2-signaling.

At the same time, the association of phosphorylated BRCA1l, BARDI,
BCLAF1 and TRAP150 with HPV16 DNA increased, while the RNA
processing factors U2AF65 and hnRNPC increased in their association with
HPV16 mRNAs. Thus, the DDR-factors that assembled on HPV16 DNA
recruited RNA processing factors that interacted with HPV16 mRNAs and
induced HPV 16 late gene expression.

2.3 Paper 3

The role of the DNA damage response in Human papillomavirus RNA

splicing and polyadenylation

The HPV infection elicits the cellular DNA-damage response and the major
DDR-signaling branches activated by ATM and ATR are required for HPV
genome amplification in differentiated cells. Immediately after the HPV

genome has been replicated, HPV16 late gene expression is activated and we
hypothesized that these two events are connected.
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Recently, it has been shown that the DDR also directs RNA processing events
of a subset of cellular mRNAs to which the spliceosome was directly recruited
by DDR factors. We found that activation of the DDR with DNA-alkylating
drug melphalan increased the association of DNA damage repair factor with
HPV DNA and activated HPV 16 late gene expression by recruitment of splice
factors.

Here, we propose a model in which HPV16 has evolved to utilize the RNA
processing events connected to DDR for the activation of HPV16 late gene
expression. The DDR factors already assembled on HPV16 chromatin recruit
RNA binding proteins that inhibit the early polyadenylation signal and activate
the HPV16 late splice sites to produce L2 and L1 mRNAs.

2.4 Paper 4 (manuscript)

HPV16 mRNAs are m6A-methylated and their splicing is modulated
by the m6A writers, erasers and readers METTL3, ALKBHS and
YTHDC1

The presence of a reversible methylation on N6 of adenosine (m6A) have long
been known for many viruses other than HPV. However, its function has
remained an enigma for decades. Recently, m6A has been connected to
splicing of both cellular mRNAs and non-coding RNAs. As HPV replicates in
the nucleus where it produces a myriad of alternatively spliced mRNAs, we
wished to investigate if m6A is present on HPV16 mRNAs and if this
modification affects HPV RNA processing.

We found that HPV16 mRNAs were m6A methylated in both transfected and
HPV16-infected cells using immunoprecipitation with m6A-specific antibody.
Furthermore, overexpression of mo6A-writer METTL3 and m6A-eraser
ALKBHS5 had the opposite effects on splicing of E6/E7 mRNAs.
Overexpression of ALKBHS also caused the exclusion of an exon in the L1
mRNA, generating the shorter isoform L1i. The nuclear m6A-reader Y THDC1
also caused changes in both E6/E7 and E2 splicing by inhibiting it.

In conclusion, we found that HPV16 mRNAs are subject to m6A modification
and that proteins that modulate this modification affect HPV16 mRNA
splicing.

40



2.5 Paper 5 (manuscript)

Influenza virus segment 8 from HIN1 and H3N2 interacts with
different hnRNP proteins

We previously observed variations in splicing efficiency between segment 8§
of different influenza isolates. Therefore, we wished to investigate if sequence
polymorphism in segment 8 from various influenza isolates affected the
binding of cellular splice factors to viral mRNAs. We speculated that such
differences may account for the observed differences in segment 8 splicing
efficiency.

Here, we report that segment 8 mRNAs from influenza A/Brevig
Mission/1918/1 (HIN1) and A/Netherlands/178/95 (H3N2) interact with
several members of the heterogeneous nuclear ribonucleoprotein family
(hnRNP). We identified several “hot-spots” for binding of hnRNPs to the
Influenza virus mRNAs. Interestingly, sequence variation between HIN1 and
H3N2 segment 8 resulted in specific interaction of hnRNPs with either HIN1
or H3N2. Mutational replacement of HINI sequences with corresponding
H3N2 sequences over regions in which difference in hnRNP binding were
observed resulted in altered splicing of HIN1 segment 8 mRNAs. We conclude
that the lower efficiency of splicing observed for HIN1 segment 8 mRNAs
compared to H3N2 mRNA in part could be explained by differential binding
of hnRNPs to these mRNAs.

Segment 8 encodes two proteins: NS1 that is expressed from the unspliced
segment 8 mRNA and NS2 that is expressed from the spliced mRNA. The viral
NS1 protein contributes to influenza pathogenicity by interfering with innate
immune responses during the IVA infection. Therefore, sequence variations
among influenza species may not only affect pathogenicity by affecting the
NS1 protein sequence and function, but also affect its expression levels
through mRNA splicing.
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Concluding remarks and future
perspectives

Collectively, the results presented in this thesis underlines the importance of
RNA processing events for both HPV16 and Influenza HIN1 and H3N2 gene
expression, and the impact that cellular factors have on the control of viral
mRNA processing.

We found that HPV16 ES5 protein is only expressed in high levels from one of
all alternatively spliced HPV16 mRNAs, transcribed from the p97 promoter
and spliced between SD226 and SA3358. Splicing between SD226 and
SA3358 removes upstream ORFs that otherwise would inhibit ES translation.
Identification of the major ES mRNA supports an early functional role for ES
in the life cycle of HPV16. It may also assist in the detection of ES expression
in cell cultures and patient samples in future investigations into the role of E5S
in the HPV 16 life cycle and carcinogenesis.

We found that the DNA damage response activated by the DNA alkylating
cancer drug melphalan induced HPV 16 late gene expression. The activation of
late genes was dependent on ATM signaling and lead to the phosphorylation
of BRCAL. The phosphorylated form of BRCAT1 interacted with BCLAF1 and
splicing factors U2AF65 and hnRNPC. Phosphorylated BRCA1 also
associated with HPV DNA, which allowed BRCAL1 to position the splicing
factors onto HPV16 mRNAs. Consequently, the HPV 16 early polyadenylation
site was inhibited and late splice sites SD3632 and SAS5639 activated to
produce HPV16 late L1 and L2 mRNAs.

BRCAT1 has been shown to connect the DNA damage response to splicing of a
subset of cellular mRNAs. During productive replication of the HPV genome,
BRCA1 and associated homologues repair proteins nucleate the HPV origin of
replication. These proteins allow the virus to replicate in differentiated cells.
Therefore, this thesis proposes a model in which components of the DNA
damage repair already situated on the HPV genome for productive
amplification, also activate HPV late gene expression (Figure 3.1). To truly
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test this model, experimental system that can illustrate the complete life cycle
of HPV 16 during cellular differentiation are necessary.

HPV16 DNA
—— BARD!
p BRCA
4
HPV — | ATM BCLAF oy

(&

HPV16 pre-mRNA

Figure 3.1 Schematic model of how the DNA damage response could activate HPV16 late gene
expression through recruitment of splice factors. The DNA damage respons cpuld activly recruit the
spliceosome and regulatory proteins to HPV16 mRNAs to activate late gene expression following genome
amplification.

In addition, we found that HPV16 mRNAs undergo m6A-methylation and that
the proteins that creates, removes and reads this modification can affect the
splicing of early HPV16 mRNAs encoding E6/E7, E2 and E1. Little is known
about the regulation of these mRNAs. Therefore, this project may provide
additional information on how splicing is regulated in the early stages of the
HPV infection. Interestingly, studies on cellular mRNA splicing have made
connections between m6A and hnRNPG, hnRNPC and hnRNPA2B1[104,
109, 164]. All of these splicing regulatory proteins have previously been shown
to affect HPV16 splicing[29]. Prediction software place the modified
adenosine residues around the splice sites located in the early coding region,
but confirming the exact positions of the modified adenosines will be crucial
in order the truly decipher the role of m6A in HPV16 mRNA processing.

Also splicing of Influenza segment 8 is affected by cellular proteins. There are
many hot spots for binding of hnRNPs on segment 8§ mRNAs from both
A/Brevig Misson/1918/1 (HIN1) and influenza virus A/Netherlands/178/95
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(H3N2). Strikingly, small sequence variations had a large impact on both the
occurrence of hot-spots for hnRNP binding and the efficiency of segment 8
mRNA splicing. The observation that IVA species can interact with different
cellular proteins to generate variable amounts of NS1 and NS2 mRNAs may
increase our understanding of Influenza pathogenicity.
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Method summery

4.1 Plasmid construction

The HPV16 cDNA expression plasmids were the ES open reading frame was
replaced by the coding sequence of Meritida longa secreted luciferase (sLuc)
was generated by introducing PCR fragments into the previously described
cloning vector pC086[165]. pCMVSEAP and pHPV16AN was previously
described [166, 167]. pHPV16ESsL contains the full HPV16 genome with the
E5 ORF replaced by sLuc and was generated from the previously described
pHPV16AN plasmid[168]. Inactivation of splice sites and start codons on the
pHPVI16ESsL. was conducted by either site directed mutagenesis or site
directed ligase independent mutagenesis (SLIM) [169]. A detailed version of
the cloning and mutational procedure can be found in paper /.

The following plasmids have been described previously: pBELsLuc, pBEL,
pHPV16ANsL, hnRNPCI1[125]. PcDNA3-FLAG-HA-hYTHDCI1(#85167),
pcDNA3/FlagMETTL3  (#53739), pcDNA3/Flag-METTL14 (#53740),
pcDNA3/FlagWTAP (#53741), pFRT/TO/HIS/FLAG/HA-ALKBHS
(#38073) were all bought at Addagene while pcDNA3.1+ /C-(K)DYK-FTO
was purchased from GenScript. Plasmids Flag-TRAP150, FI3-
BARDI1/pIRESpuro, pPBCLAF1 and pCU2AF65 were gifts from Drs Woan-
Yuh Tarn (Institute of Biomedical Sciences, Taiwan), Richard Bear (Columbia
University, USA), Jun Tang (Anhui Agricultural University, China) and Jesus
Valdes Flores (CINVESTAV, Mexico), respectively.

The plasmids pcHIN1 and pcH3N2 have been described previously[144]. All
other plasmids created for Paper V" was constructed using the SLIM method

[169] and a detailed description of the plasmid construction ca be fund in Paper
V.
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4.2 Cells, transfections and siRNA transfections

The following cell lines were used; lung cancer cell line A549, HPV-positive
cervical cancer cell line HeLa, HPV-negative cervical cancer cell line C33A,
kidney cancer cell line 293T and neonatal human epidermal keratinocytes
HEKn. In addition, three in house cell lines were used, C33A2, C33A6 and
HN26. C33A2 and C33A6 are derived from C33A cells that were stably
transfected with the subgenomic HPV16 plasmid pBELsLuc. In the pBELsLuc
construct, part of the L1 coding region have been exchanged for a poliovirus
2A internal ribosome entry site (IRES) in front of the Metridia longa secreted
luciferase (sLuc) gene. Expression of the late HPV16 genes will therefore
result in sLuc in the cell culture medium. The HN26 cell line originates from
a tonsillar cancer and contains episomal HPV16 DNA. All cells except HN26
and HEKn were cultured in Dulbecco’s modified Eagle medium with 10%
bovine calf serum and 1% penicillinstreptomycin. HN26 cells were propagated
in RPMI-1640 medium (GE Healthcare Life Science HyClone Laboratories)
supplemented with 10% Bovine Calf Serum (GE Healthcare Life Science
HyClone Laboratories), 1% Sodium Pyruvate solution (Sigma-Aldrich),1%
Non-Essential Amino Acid (Sigma-Aldrich) and Gentamycin. HEKn cells
were cultured in EpiLife Medium supplemented with Human keratinocyte
Growth Supplement (Gibco Invitrogen Cell Culture). All plasmid transfections
were made in 60mm cell culture dishes using either Fugene (Promega), or
Turbofect (Fermentas) according to the manufacturer’s instructions. The
amount of plasmid used and time of harvest post transfection is indicated in
each projects Material and Methods sections. siRNA in the form of siRNA
SMARTpools from GE Healthcare Dharmacon were transfected with
DharmaFECT]1 (GE Healthcare Dharmacon) and cells or cell culture medium
were harvested 72hrs post transfection.

4.3 sLUC-, SEAP-, CAT-ELISA- and MTT-assays

Meritida longa secreted luciferase (sLuc) was measured in cell culture medium
with the ready to Ready To Glow Secreted Luciferase Reporter assay
according to the instructions of the manufacturer (Clontech) and luminescence
was monitored in a Tristar LB941 Luminometer. The activity of secreted
embryonic alkaline phosphatase (SEAP) was measured after heat inactivation
of the bovine calf serum in cell culture media for 5 min at 65°C. 100ul of
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Img/ml of phosphatase substrate/dietanolamine (SIGMA) and 20ul cell media
was then added to each well of a clear, 96-well plate and incubated in dark, at
room temperature, until the mixture became yellow and the absorbance was
measured at 405 nM in a Tristar LB941 Luminometer. Chloramphenicol
acethyltransferase (CAT) enzyme-linked immunosorbent assay (ELISA) kit
(Roche), was used on transfected cells according the protocol previously
described [166]. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenthyletrazolium
bromide (MTT) assay was performed according to the supplier’s instructions
(Sigma-Aldrich).

4.5 Drugs and drug administration

All drugs were dissolved in dimethyl sulfoxide (DMSO), and DMSO alone
served as a control in all experiments. Drugs were administrated on sub
confluent cells by replacing the old culture medium with medium containing
the indicated drug, in indicated concentrations. A detailed account of all drugs,

concentrations and incubation times are made under each papers Material and
Methods.

4.6 RNA extractions, RT-PCR, qRT-PCR and
3’'RACE

Cytoplasmic RNA was extracted as described previously (Tan and Schwartz,
1995). Total RNA was extracted either with TRI Reagent (SIGMA Aldrich
Life Science) and Direct-zol RNA MiniPrep (ZYMO Research), or Qiagen
RNeasy Mini Kit (Qiagen). All were used according to the manufacturer’s
protocols followed by 1h DNasel treatment (Thermo Scientific or Sigma
Aldrich) at 37°C. Following phenol/chloroform extraction, the RNA was
ethanol-precipitated and dissolved in 20l of water. For RT-PCR and Real time
quantitative PCR (qPCR), 500-300ng of RNA were reverse transcribed in a
total volume of 20ul with M-MLV Reverse Transcriptase (Invitrogen) and
random hexamers (Invitrogen) according to the protocol of the manufacturer.
One microliter of cDNA was used for all PCR amplifications. qPCR was
performed in a MiniOpticon (BioRad) with Sso Advanced SYBR Green
Supermix (BioRad) according the manufacturers’ instructions. All cDNA
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quantitation’s were normalized to GAPDH mRNA levels unless otherwise
stated. In Paper II, 3" -RACE was performed on 500ng TotalRNA that was
reverse transcribed in a 20ul reaction at 37°C using M-MLV Reverse
Transcriptase (Invitrogen) and an oligo-dT primer, P3-17dT. The following
PCR was then performed with the P3-17dT and indicated, mRNA-specific
forward primers.

4.7 Protein extraction, immunoprecipitation and
western blotting

Proteins for Western blotting and Immunoprecipitations were extracted from
cells using the radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris pH
7.4, 500 mM NaCl, 1% Na-DOC, 0,1% SDS, 1% Triton X) with 30min
incubation on ice and occasional vortexing. The Co-Immunoprecipitation has
previously been described (39) and 400ng of cell extract was incubated over-
night with Dynabeads (Invitrogen) and 1-2pg of antibody, followed by
washing three times with washing buffer. Western blotting was performed as
described previously [113].

4.8 Chromatin immunoprecipitation (CHIP)

Chromatin immunoprecipitations (ChIPs) were performed using the
SimpleChIPs Enzymatic Chromatin IP Kit (Cell Signaling) according to the
manufacturer’s instructions with the exception of optimizations previously
described[114]. The subsequent qPCR was performed as described above and
Ct values obtained from control IgG were subtracted from Ct values obtained
from immunoprecipitations with specific antibodies. These values were then
used to calculate the amount of each immunoprecipitation relative to the input
with the following formula: Relative amount = 2—Ct(specific antibody-
IgG)/2—Ct(input-IgG), for each PCR amplicon. For Melphalan treatments, the
fold change compared to DMSO-treated samples was calculated according to
Fold change = (2—Ct(specific antibody-IgG)/2—Ct(input-IgG))drug/
(2—Ct(specific antibody-IgG)/2—Ct(input-IgG))DMSO. For ChIP analysis of
histone acetylation, values were normalized to those obtained from unmodified
histones.
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4.9 DNA immunoprecipitation (DIP)

Chromosomal DNA was sonicated to obtain DNA fragments between 200- and
800-nt in size. 500ng of the sonicated DNA was then used for
immunoprecipitation followed by DNA extraction and qPCR.

4.10 UV-crosslinking and immunoprecipitation
(CLIP)

Cells were grown in 10cm dishes and transfected with Turbofect (Thermo
Fisher Scientific) according to the manufactures’ instructions. 24hrs post
transfection, cells were washed with ice-cold phosphate-buffered saline and
UV-irradiated at 150 mJ/cm? in a Bio-link cross-linker (Biometra). Cells were
then lysed in 1ml of radioimmunoprecipitation assay (RIPA) buffer (described
above) and incubated on ice for 30 min with occasional vortexing. 0.5ml of the
cell lysate was incubated for 2h, at 4°C, with either IgG or protein-specific
antibody. 0.6mg Dynabeads Protein G (#10004D, Invitrogen) were blocked
with 1% BSA in RIPA buffer for 0.5h and washed three times with RIPA
buffer. The beads were then added to the antibody-cell lysate samples and
incubated for 1h at 4oC. Beads were washed three times with RIPA buffer on
a magnetic stand and RNA was eluted by phenol/chloroform extraction and
ethanol-precipitated. No RNA degradation was used. Instead, the eluted RNA
was dissolved in 20ul water and 10ul was directly reverse transcribed (as
described above) followed by PCR amplification.

4.11 In vitro RNA synthesis

In vitro RNA was synthesized using the TranscriptAid T7 High Yield
Transcription Kit according to manufactures instruction using the protocol
control DNA as a template (#K0441, Thermo Scientific). Three reactions were
with either 0- , 1- or 10% of the ATP-pool substituted for the N6-
methyladenosine base analogue m6A (53190, Selleckchem). The invitro RNA
was then used for immunoprecipitation according the method outlined below.
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4.12 UV-crosslinking and immunoprecipitation with
mo6A-antibody

Total RNA was extracted from C33A2 and HN26 cells with TriReagent
(Invitrogen), followed by DNasel (Thermo Scientific) treatment for lhr at
37°C according to manufacturer’s protocols. RNA was then extracted with
phenol/chloroform followed by ethanol precipitation and resuspension in 20 pl
H20. 20 pg RNA were diluted in 450ul immunoprecipitation (IP) buffer (50
mM Tris pH 7.4, 100 mM NaCl, 0.05% NP40), together with 5Sug of either IgG
or Anti-m6A antibody (Abcam rabbit polyclonal (ab151230)), and 5Sul RI
Ribolock (Thermo Scientific). Following over-night incubation at 4°C, the
antibody-RNA samples were transferred into a single well each in a 12-well
plate and crosslinked twice with 0.15 J cm—2 UV light (254 nm) in a
Stratalinker (Agilent). 0.6mg of Dynabeads (Invitrogen) were added to the
antibody-RNA mixture and incubated for 2h, at 4°C. Beads were then washed
twice on a magnetic stand with high-salt buffer (50 mM Tris pH7.4, 1M NaCl,
1 mM EDTA, 1% NP40, 0.1% SDS), and 4 times with IP buffer. RNA was
eluted by phenol/chloroform extraction and resuspended in 20ul water. 10ul
were reverse transcribed using random primers (Invitrogen) and M-MLV
reverse transcriptase for 50min at 37°C (Invitrogen). 1ul cDNA was subjected
to RT-PCR. Quantification of immunoprecipitated RNA from DAA treated
cells was performed in a MiniOpticon (Bio-Rad) using the Sso Advanced
SYBR Green Supermix (Bio-Rad) with 1ul ¢cDNA. CT values of the target
gene from treated cells were normalized to the levels of the same mRNA in
DMSO treated cells.

4.13 Nuclear extracts, DNA- and RNA-oligo
pulldown

Nuclear extracts were prepared from sub confluent cells as previously
described[170] . Biotinylated ssDNA oligos were purchased from Eurofin
genomics and ssRNA oligos from either Eurofin genomics or SIGMA Aldrich.
Specific cell type and sequences for each oligo are listed separately under
material and methods in each paper. The pulldown assay has previously been
described[125]. Briefly, one mg Streptavidin-coated magnetic beads
(Dynabeads M-280 Streptavidin) from Thermo Fisher were first coated with

50



200 pmol of biotinylated ssDNA/ssRNA oligo. Beads were blocked with 1%
BSA in IxWB buffer (SmM Hepes pH 7.9, 0,5mM EDTA, IM NaCl) for 40
min. 60pg of nuclear extract were diluted in NE Buffer III (20mM Hepes pH
7.9, 3mM MgCl2 10% Glycerol) to reach a NaCl concentration of 150mM,
and incubated with the magnetic beads for 40min. The protein coated oligos
attached to the beads were washed 10 times with binding buffer (10mM
HEPES pH7.9, 2.5mM MgCl2, 0.5% Triton-X,150mM NaCl, ImM DTT) on
a magnetic stand. Elution of proteins were done by boiling the beads in sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) loading
buffer followed by SDS-PAGE. Antibodies used for western blot analysis are
listed separately in each paper.

4.14 Array and bioinformatics

RNA was extracted from subconfluent C33A2 incubated with either
Melphalan or DMSO for 24hrs with Qiagen RNeasy Mini Kit (Qiagen)
according to suppliers’ instructions. Five samples of each treatment were
analyzed on Affymatrix GeneChip Human Transcriptome array 2.0 at SCIBLU
Genomics (Lund University, Lund, Sweden). Protein coding genes were
analyzed in respect to total mRNA levels and changes in splicing. Genes with
a minimum of a 2-fold change in mRNA levels between melphalan and DMSO
treated cells, were sorted in the Transcriptome Analysis Console (TAC) from
Thermo Fisher. Genes with a minimum of a 2-fold change in the use of a splice
junction or exon inclusion/exclusion event between melphalan and DMSO
treatment were sorted similarly in TAC. Following sorting, the TAC-generated
lists of genes were exported to PANTHER version 13.1, Gene List Analysis
tool (Available online: http://pantherdb.org) for overrepresentation tests based
on their biological function.

4.15 Statistics

Data in graphs are presented as mean values with standard deviation of the
mean as error bars. Standard deviations and student T-tests were all conducted
in Excel and P values < 0.05 were considered significant.
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