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Abstract

Human papillomaviruses (HPVs) are small non enveloped viruses that contain a
double-stranded circular DNA genome of approximately 8kb in size. It has been
estimated that approximately 5% of all cancers are caused by HPV infection.
Cervical cancer represents the majority of HPV-associated anogenital cancers
worldwide. HPV typel6 (HPV16) accounts for 65% of cervical cancer and
approximately 90% of the other HPV-associated cancers, such as head-and-neck-
squamous cell carcinomas (HNSCC). Persistent infection is the critical risk factor
for HPVl16-associated cancer progression. Dysregulation of HPV16 gene
expression, especially oncogenes E6/E7, viral replication and transcription factors
E1/E2, and the highly pathogenic major structural protein L1, may contribute to
establishment of persistence that may, in the end, result in cancer. In this study, we
demonstrated that cellular splicing factor hnRNP D and m6A modification of
HPV16 mRNA play significant roles in the regulation of HPV16 gene expression.
In addition, the long control region (LCR) of the HPV16 genome appears to control
E6/E7 mRNA splicing, indicating that the LCR DNA may contain splicing
regulatory elements.

Cellular RNA binding protein (RBP) hnRNP D acts as a splicing inhibitor of HPV16
E1/E2 and E6/E7 mRNAs, generating intron-containing E1 and E6 mRNAs. N- and
C-termini of hnRNP D contributed to HPV16 mRNA splicing control differently.
The N- terminus of hnRNP D played the core inhibitory function. Furthermore, the
RGG domain of the C- terminus contributed to splicing inhibition by interacting
with the splicing machinery. Also, hnRNP D intensively interacted with HPV16
mRNAs in an RRM1 dependent manner. As a result, the cytoplasmic levels of
intron-retained HPV16 mRNAs were increased in the presence of hnRNP D. In
addition, we detected direct binding of hnRNP D to HPV16 mRNAs in an HPV16-
driven tonsillar cancer cell line and in HPV16-immortalized human keratinocytes.
Furthermore, knockdown of hnRNP D in HPV16-driven cervical cancer cells
enhanced the production of the HPV16 E7 oncoprotein. Our results suggest that
hnRNP D plays significant roles in the regulation of HPV gene expression and HPV-
associated cancer development.

HPV16 mRNA m6A modification also affected alternative splicing. Overexpression
of m6A demethylase ALKBHS promoted E6 mRNA production and altered L1
splicing by regulating exon skipping. Overexpression of methyltransferase
METTL3 induced E1 mRNA production and altered L1 oppositely to ALKBHS.
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YTHDCI1 worked as an m6A reader that could induce E6 mRNA production. Our
results suggest that m6A-modifications of HPV16 mRNAs contribute to the control
of HPV16 gene expression.

In summary, in this thesis we report that the cellular hnRNP D protein plays a major
role in the control of production of the HPV16 E1 mRNA as well as in the
production of the E7 oncogene mRNA. We also found yet unidentified splicing
regulatory elements in the HPV16 E6 coding region that affected E6/E7 mRNA
splicing. In addition, non-transcribed sequences in the LCR may contribute to E6/E7
splicing regulation by altering the association of RNA polymerase with RNA
binding proteins required for HPV16 mRNA splicing during a co-transcriptional
splicing process. Finally, we found that m6A modification of HPV16 mRNAs
contribute to control of HPV16 gene expression at the level of RNA processing.
Taken together, these results enhance our understanding of the carcinogenic human
papillomavirus HPV16.
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Popularvetenskaplig Sammanfattning

Humana papillomvirus (HPVs) dr en grupp sma icke-holjebéarande virus som har ett
dubbelstrangat cirkuldrt DNA-genom pa ungefir atta tusen baspar. Det har
uppskattats att cirka 5 % av alla cancerfall orsakas av en HPV-infektion.
Livmoderhalscancer representerar majoriteten av de HPV-orsakade fallen av
anogenital cancer over hela vérlden. HPV typl6 (HPV16) orsakar ca 65 % av all
livmoderhalscancer och cirka 90 % av andra HPV-associerade cancerformer, sdsom
huvud-hals cancer (HNSCC). Persisterande infektioner med cancer-associerade
HPV typer sdsom tex HPV16 dr den kritiska riskfaktorn for uppkomst av HPV16-
associerad cancer. Fordndringar 1 uttrycket av HPVI16-generna, sérskilt
onkogenerna E6 och E7, de virala replikations- och transkriptionsfaktorerna E1 och
E2, och det immunogena strukturproteinet L1, kan bidra till etablering av
persisterande HPV 16 infektioner, och dirmed i slutindan ocksa till cancer.

I denna studie visar vi att det cellulira RNA-bindande proteinet hnRNP D och m6A-
modifiering av HPV16-mRNA spelar betydande roller i regleringen av virus
genuttryck. Dessutom visar vi att den si kallade langa kontrollregionen (LCR) i
HPV16-genomet ocksa péaverkar splitsning av E6/E7-mRNA, vilket indikerar att
LCR kan innehélla splitsningsreglerande DNA element som kan péverka HPV16-
genreglering. Det celluldra, RNA-bindande protein hnRNP D fungerade som en
splitsningsinhibitor av HPV16 E1/E2 och E6/E7 mRNA. hnRNP D bidrar till att
generera intron-innehéllande El och E6 mRNA. N- och C-terminala delar av hnRNP
D bidrog till HPV16-mRNA-splitsningskontroll pé olika sétt. Den N-terminalen
delen av hnRNP D spelade en betydande roll vid inhibition and HPV16 mRNA
splitsning. Samtidigt bidrog &ven RGG-doménen i hnRNP D proteinets C-terminala
del till inhibition av HPV16 mRNA splitsning. Vidare visade vi att hnRNP D
interagerade effektivt med HPV16-mRNA och att denna interaktion var starkt
beroende av den RNA-bindande doménen RRMI. Ett resultat av interaktionerna
mellan hnRNP D och HPV16 mRNA var en 6kning av nivaerna av osplitsat HPV16
E1 mRNA i cytoplasman. Vi upptickte ocksa en direkt bindning av hnRNP D till
HPV16 mRNA i en HPVI16-driven tonsillcancercellinje och i HPVI16-
immortaliserade humana epitelceller (keratinocyter). Dessutom okade knock-
down” av hnRNP D produktionen av HPV16 E7-onkoproteinet i HPV16-drivna
livmoderhalscancerceller. Vara resultat tyder pd att hnRNPD spelar en betydande
roll i regleringen av HPV-genuttryck och HPV-associerad cancerutveckling. Vi
undersokte dven mo6A-metylering av HPV16 mRNA och fann att m6A modifiering
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av HPV16 mRNA paverkade alternativ splitsning av olika HPV16 mRNA.
Overuttryck av m6A-demetylas ALKBHS frimjade E6-mRNA-produktion och
forédndrade splitsning av HPV16 L1-mRNA genom att orsaka “exon skipping”.
Overuttryck av metyltransferas METTL3 inducerade E1-mRNA-produktion och
forédndrade splitsning av HPV16 L1 mRNA pa ett motsatt &n ALKBHS. YTHDCI1
som “ldser av”’ m6A-modifierade mRNA, pdverkade HPV16 mRNA, fram for allt
genom att inducera E6-mRNA-produktion genom intron retention.

Sammanfattnings, fann vi att det cellulira RNA-bindande proteinet hnRNP D spelar
en central roll vid splitsning av HPV16 mRNA. Vidare fann vi att m6A-metylering
av HPV16 mRNA paverkar splitsning av HPV16 mRNA och att det finns ett
oidentifierat RNA element i de E6-kodande delarna som reglerar splitsning av
HPV16 mRNA. Vidare fann vi att icke-transkriberade sekvenser i HPV16 LCR
paverkar splitsning av HPV16 E6/E7-mRNA. Resultaten som presenteras i
avhandlingen Okar vér forstdelse av hur det cancerassocierade HPV16 viruset
reglerar uttryck av sina gener.
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1 Introduction

1.1 Human Papillomavirus classifications and diseases

Human papillomaviruses (HPVs), which belong to the Papillomaviridae family, are
epitheliotropic small DNA viruses that are prevalent in the human population. HPVs
are characterized by genotype (termed “types”), defined as > 10% L1 DNA
sequence divergence from other know types, and numbered in order of discovery
[1]. Until now, more than 200 types of HPVs have been identified and classified
into five different genotype groups (o> B, 7y, M, and v) (Figure 1.1) [2]. These
viruses may be transmitted via skin-to-skin contact or sexually and infect human
cutaneous or mucosal epithelial cells. Most HPV types within the B-genus and -
genus infect cutaneous epithelia and only cause benign skin warts, usually on the
hands or feet [3, 4]. Some key B-HPV types are associated with an increased risk of
non-melanoma squamous cell carcinomas [3]. a-genus contains 64 HPVs classified
as either “low-risk” (LR) or “high-risk” (HR) according to their clinical
characteristic and mainly infect mucosal epithelia. About 40 LR types of HPV are
trophic for anogenital epithelium, cause common sexually transmitted infections
like genital warts. For example, HPV6 and HPV11 cause condyloma acuminatum.
LR HPV may also cause laryngeal papillomatosis, which is a rare benign
proliferative disease, that may narrow the airway. Due to the recurrent nature of the
virus, repeated treatments usually are needed [5]. Approximately 15 a-HPVs are
highly pathogenic, so-called HR HPVs, that may cause anogenital cancer and head
and neck squamous cell carcinoma (HNSCC). In fact, nearly all cases of cervical
cancer, the fourth most common cancer in women, are the result of high-risk HPV
infection [6]. The latest report from World Health Organization (WHO) shows that
in 2018, an estimated 570,000 women were diagnosed with cervical cancer and
about 311,000 women died from the disease. Of all the cervical cancer cases,
HPV16 accounts for approximately 65%, and HPV18 accounts for 20% [7]. HR
HPVs can also lead to other anogenital cancers in both women and men. HPV16 is
the most prevalent HPV type detected in these cancers [8]. Regarding HNSCC, there
is an increasing number of cases. Of all the HPV-positive cases of HNSCC, about
90% are positive for HPV16 [9, 10].

Until now, no medicine that can cure any type of HPV infection. However, the
Cervarix 2vHPV vaccine, which is based on L1 Virus-like particles (VLPs), may
help protect against two of the most common high-risk HPVs, HPV16 and HPV18.
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Additionally, the Gardasil 4vHPV vaccine also protects against two of the most
prevalent low-risk HPVs, HPV6 and HPV 11, which cause genital warts. A 9vHPV
vaccine, Gardasil 9, containing five more VLPs from HPV31, HPV33, HPV45,
HPV52, and HPV58 is now available. It protects against an additional 15-20% of
all cervical cancer cases [11]. As a result of the total three approved vaccines, the
prevention of cervical cancer cases should reach around 90% [12]. Notably, these
vaccinations have not been approved for the protection of HPV-associated HNSCC.

Figure 1.1 Phylogenetical tree based on the L1 ORF sequences of 170 HPV types, as well as single animal
papillomaviruses. Reprinted from de Villiers, Cross-roads in the classification of papillomaviruses, in Virology
2013; 445:2-10, with permission from Elsevier.

1.2 HPV16 genome and proteins

All HPVs are small non enveloped viruses with an approximately 55 nm capsid in
diameter and have a double-stranded circular DNA genome in episomal form
(Figure 1.2 A) [13]. The approximately 8 kb genome includes three regions: early
region, late region, and long control region (LCR) (Figure 1.2 B, C). Regarding
HPV16, the early region encodes six non-structure proteins, including E6 and E7
oncoproteins and E1, E2, E4, and E5. Two genes encode the structural proteins L1
and L2 that package HPV DNA to form the viral capsid. LCR, also known as
upstream regulatory region (URR), contains cis-acting elements that can control
viral replication and transcription [14]. HPV16 has two promoters named P97 and
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P670, which are early and late promoters respectively [15]. The early promoter P97
is located in LCR. It appears to be constitutively active throughout the virus
replication cycle. In contrast, activation of later promoter P670, located in the E7
open reading frame, is a marker of the late phase of the viral life cycle. In addition,
3" end formation of virus mRNAs may occur either at the early or late
polyadenylation sites. The early polyadenylation site located downstream of the E5
gene. Two late polyadenylation sites are in the late 3’ untranslated region just
downstream of the L1 open reading frame. They conform well to the consensus
polyadenylation signals and HPV16 mRNAs terminating at each site have been
detected in infected cervical epithelial cells [16].

Figure1.2 Schematic structures of HPV.

A. HPV capsid from cryoelectron microscopy. Capsomeres in orange are surrounded by five other capsomeres, and
the ones in red are surrounded by six neighbors. Adapted from https://pdb101.rcsb.org/. B. Schematic representation
of the HPV16 circular genome organisation. C. Schematic representation of the HPV16 genome in linearized form. Early
genes including oncogenes E6 and E7, also E1, E2, E4 and E5 are indicated in pink. Late genes L1 and L2 are indicated
in blue. LCR: long control region. P97: early promoter P97. P670: late promoter P670. pAE: early polyadenylation site.
pAL: late polyadenylation site. Known splice sites are indicated in linearized HPV16 genome. Black oval: splice donor.
Hollow oval: splice acceptor. Numbers refer to the HPV16 reference strain GeneBank: K02718.1.

1.2.1 Long Control Region

LCR, an 850 bp genomic segment in HPV16, covering about 11% of the whole
genome, regulates the replication and gene expression of the virus. It contains
numerous regulatory binding motifs for both viral and cellular factors [14, 17, 18].
Nucleotide variability in LCR is relatively high compared to other regions of the
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HPV16 genome. However, no substantial evidence shows association between
specific genome alterations and the tumorigenic capacity [19]. LCR does not
contain open reading frames, and it starts from the stop codon of the L1 gene (5’
LCR) and ends at the transcription start of the E6 gene (3" LCR). These two parts
are flanking the “central LCR”. HPV 16 early promoter P97, SP1 binding sites, and
two of four E2 binding sites (E2BS) are located in the 3’ LCR. In addition, several
other cellular transcription factors, such as AP1 [20] and YY1 [21], which could
regulate P97, have been shown to bind to specific LCR positions.

1.2.2 E6 and E7 proteins

The association between HPV16 infection and cervical cancer has been deeply
studied for decades. The evidence that HPV E6 and E7 are oncoproteins playing
critical roles in oncogenesis is for sure [22, 23]. E6 and E7 are small proteins with
estimated 18 KDa and 15 KDa molecular weight, respectively. HPV 16 oncoproteins
E6 and E7 work together to drive cell cycle, allowing HPV genome amplification
in the mid to upper layers of epithelium [24, 25].

In HPV-infected cells, E7 proteins target several cellular proteins including the
tumor suppressor retinoblastoma protein (pRB), which has a critical role in G1/S
transition of the cell cycle and is the best understood interaction [26, 27]. E7 binds
phosphorylated pRB, followed by ubiquitin/proteasome-dependent degradation of
pRB. Without the inhibition of pRB, E2F transcription factors are released, resulting
in the constitutive activation of E2F dependent transcription, such as the expression
of cyclin A and cyclin E [28, 29]. E2F-binding sites often exist in the promoters of
genes that are responsible for regulation of cell cycle, differentiation, mitosis, and
apoptosis [30, 31]. In addition to targeting pRB, HR E7 could also target other
proteins that control the cell cycle, such as CDK inhibitors p21 and p27, with a much
higher efficiency than LR E7 [32, 33]. p21 and p27 have been reported to be crucial
regulators in epithelial differentiation [34].

As a result of unscheduled cell proliferation activated by E7, tumor suppressor p53
expression levels increased to block cell growth and promote apoptosis [35, 36]. To
reduce these effects, HR HPV E6 proteins inactivate the p53 by directing it for
proteasomal degradation via the E3 ubiquitin ligase E6-associated protein (E6AP)
[37, 38]. Also, E6 could bind to p53 and suppress transcription directly without the
association of E6AP [39]. Taken together, E6 actions inhibit p53 anti-proliferative
and apoptotic properties in response to DNA damage and cellular stress induced by
abnormal S-phase entrance mediated by E7. In LR HPV infection, the E6-E6AP
complex was also detected, but this interaction does not lead to p53 degradation
[40]. E6 counteracts p53 in several other ways. For example, E6 inhibit p300 and
CREB-binding proteins (CBP) which are known for p53 acetylation, thereby
causing destabilization of p53 [41, 42]. In addition to targeting p53, HR HPV E6
proteins target cellular PDZ domain containing proteins leading to maintenance of
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a suitable cell environment for HPV DNA replication and episome maintenance [43,
44].

1.2.3 E1 and E2 proteins

E1 and E2 proteins are responsible for replication of the HPV DNA genome. The
HPV genome is small and E1 is the only one DNA replication enzyme [45, 46].
Apart from E1 and the help of E2, HPV genome replication is totally dependent on
the cellular DNA synthesis machinery. E1 consists of three domains: a N-terminal
regulatory region, a center DNA binding domain (sometime referred to as the origin-
binding domain) and a C-terminal helicase domain, which allows E1 to act as an
ATP-dependent DNA helicase that unwinds the double-stranded DNA at the origin
of the viral episome to initiate genome replication [45, 47, 48]. Much of the
understanding of E1 protein structure and function originates from bovine
papillomavirus type 1 (BPV1), and though the E1 helicase basic principle should be
well conserved, our understanding of HPV16 E1 function is limited.

The HPV E2 protein which possesses one DNA-binding domain and one protein-
binding domain linked by a flexible hinge region is a critical factor in the HPV
replication cycle and is multifunctional [49]. E2 contributes to viral DNA
replication through binding to E1 [50]. E1 recognizes and binds the origin of HPV
genome through its DNA binding domain with low affinity. E2 could increase and
direct E1 binding to the origin through its ability that binds to E1 and E2 binding
site present in replication origin with high affinity [51]. Further, with the help of E2,
E1 assemble as a dimer of hexamers with unwinding activity [52] and recruits the
cellular DNA replication machinery. There are four E2BSs located in the HPV LCR.
Three of these are located adjacent to the origin of replication and are essential for
E1- activated viral replication. In addition, E2 could act as viral transcriptional
regulator and directs the expression of E6 and E7 by regulating the early promoter
both positively and negatively depending on its expression level. In the late stage of
productive HPV infection, E2 represses early promoter P97 as it accumulates,
thereby decreasing the expression levels of E6 and E7 [53, 54]. A truncated form of
E2 transcribed from an internal ATG and the E8”E2 fusion protein in several types
of HPV could repress E2 function [49]. HPV 16 splice site SD1302 is believed to be
used to produce E8"E2 RNA [55].

E2 also facilitates genome partitioning during mitosis [49] and plays a role in the
post-transcriptional control of HPV gene expression [56]. A number of HPV
transcripts, initiated from early and late promoters encode full-length E2 mRNAs
that are with multicistronic and encode several open reading frames (ORFs) have
been identified. Recently, it has been demonstrated that the HPV16 mRNA with the
strongest potential to produce E2 is a late mRNA initiated at late promoter P670 and
spliced from HPV16 5’ splice donor SD880 to HPV16 3’ splice acceptor SA2709
[57].
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1.2.4 E4 proteins

The E4 coding region is contained within the E2 coding region and the E4 protein
is generated from an in-frame fusion starting at E1 ATG and the first five amino
acids of E1 to the E4 OREF starting at splice site SA3358 (HPV16), resulting in an
E1"E4 fusion protein [58]. Although E4 ORF was classified as an early viral gene,
E4 protein expression level is relatively high at the late stage of the viral life cycle,
contributing to HPV DNA replication and virus synthesis. The precise mechanisms
by which E4 contributes to genome amplification have not been clearly studied, but
it is reasonable to speculate from the known E4 function. E4 in proliferating
epithelial cells causes G2 arrest by sequestrating cellular Cyclin B/Cdk1, which
could contribute to HPV genome amplification. Also, E4 binds to cytokeratin
filaments and disrupts their structure and reorganizes the cytokeratin filament
network, thereby having an essential role in virion egress [59]. With its high
expression levels, E4 protein may serve as a biomarker for active virus infection,
and in the case of high-risk types also disease severity [60, 61].

1.2.5 ES proteins

The ES5 proteins are short, hydrophobic transmembrane proteins encoded by many
but not all HPVs. ES has transforming activity but poorly defined roles in the
productive HPV infection. E5 is believed to have transforming activity by
modulating the activity of many cellular proteins [62]. In HPV16, E5 is an 83 amino
acid protein likely to be expressed more at a late stage of the viral life cycle, in the
upper layers of the epithelium. At the cellular level, HPV16 ES5 localizes primarily
to the membranes of endoplasmic reticulum (ER) and Golgi apparatus, plasma
membrane, and nuclear envelope. HPV16 ES5 has recently been shown to be
produced primarily from mRNAs spliced from SD226 to SA3358 [63].

HPV16 ES5 could interact with and activates receptor tyrosine kinase receptors like
EGFR, resulting in increased EGFR levels at the cell surface, thereby sensitizing
cells to EGF. HPV ES5 proteins have also been reported to play a role in apoptosis
and in evasion of the immune response by down-regulating major histocompatibility
complex I (MHC-I) [62].

1.2.6 L1 and L2 proteins

HPVs encode two structural or capsid proteins, major L1 and minor L2 that are
synthesized late in the infectious cycle [64]. The L1 and L2 capsid proteins could
self-assemble into an icosahedral shell that encapsidates viral double-stranded
circular DNA genome, resulting in the production of progeny virions in the
superficial layer of the epithelium [65].
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L1 is the major HPV 16 capsid protein that is highly regulated by cell differentiation
and produced exclusively in the terminally differentiated cells [66]. Each viral
particle is composed of 72 L1 pentamers that stabilize the capsid. L1 proteins are
highly immunogenic and recombinant L1 pentamers self-assemble into VLPs that
are the source of the existing highly effective prophylactic vaccine for HPV [67,
68].

L2, a largely internal protein, is synthesized prior to L1 and is imported into the
nucleus. The L2 amount or the exact ratio of L1/L2 in the virion is not clear in
different types of HPV. Studies based on cryoelectron microscopy of native BPV1
suggested one L2 protein occludes the center of each pentavalent capsomere for a
total of 12 L2 per virion [69]. Studies based on SDS-PAGE of native HPV1,
biochemical analyse of HPV11, and studies in HPV 16 pseudovirions suggested that
HPV virus particles can contain up to 36 and as much as 72 L2 protein per particle
which means each pentamer contains one L2 protein [70-72]. While L1 is sufficient
to produce synthetic VLP, L2 has been shown to affect the final structure of the
virion, in addition to enhancing infectivity and DNA encapsidation of the particle
[73, 74].

1.3 HPV16 life cycle

One unique character of the HPV life cycle is that it relies on infecting the basal
layer of epithelium that undergoes mitosis and differentiation processes. The life
cycle of HPV16 is tightly linked to differentiation of the stratified squamous
epithelium, which is the exclusive cell type it infects (Figure 1.3). There is a
differential spatial and temporal pattern of HPV gene expression in the infected
epithelium. In brief, HPV genome replicates in undifferentiated cells at low levels
and to high levels in differentiated cells. HPV16 infects dividing basal epithelial
cells through micro-abrasions or by entering cells of the single-layered squamous
cellular junction between the endo and ectocervix [13, 75]. During the healing
process or normal cell division process the viral episomal dsDNA genome enters
the nuclei of the keratinocytes. Once an infected daughter cell begins the process of
differentiation, it triggers a tightly orchestrated pattern of viral gene expression
required to complete the viral life cycle. Terminal cell differentiation is regained for
HPV late gene expression and production of virus particles.
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Figure1.3 Life cycle of HPV16 in cervical epithelium.

HPV16 infect stratified squamous epithelium, usually cervical epithelium, through micro-abrasions. HPV16 virioins
access to the basement membrane and infect basal layer cells. The viral genome in infected basal cells is maintained
as episome form in low copy number. In normal epithlium, as basal cells deviding, the daughter cells migrate from basal
layer to superficial layers and undergo cell differenciation. In HPV16 infected epithelium, due to the expression of E6
and E7 oncoprotein, cells in the lower layers of midzone re-entry into the cell cycle instead of undergoing differentiation.
This event is necessary for HPV16 genome vegetative amplification and E1, E2 and E4 production in mid to up layer
cells. Once the infected cells reach differenciated superficial layers of epithelium, the late promoter is activated resulting
in capsid proteins L1 and L2 production and virions packaging, allowing virions to be released.

1.3.1 Virus entry

HPV viral particles interact with the basement membrane when the L1 capsid
protein binds to the primary cellular receptor heparin sulfate proteoglycans (HSPG)
on the basement membrane and basal layer cells [76, 77]. L1 and L2 capsid proteins
undergo conformational changes. L1 conformational change allows the virus to
move from the cell surface HSPGs binding to the unidentified secondary or uptake
receptor. The N-terminus of L2 is exposed and undergoes further cleavage that is
essential for L2 to perform its function in helping the viral genome to escape from
the endosome [78]. Several proteins could be secondary receptors like EGFR,
integrin, or laminin. Alternatively, more than one secondary receptor works together
in one infection [79-81]. This process needs more investigation. Binding to the
secondary receptor trigger endocytosis that allows HPV to enter cells [82]. Overall,
the secondary receptor with the virus bound to it ends up in endosomes, in which
the pH gradually drops as the endosome matures. This pH drop will cause the virus
to be cleaved off from the secondary receptor, and capsid starts to break down. After
these events, HPV travels through membrane-bound cytoplasmic components and
the trans-Golgi network and even endoplasmic reticulum network [83, 84]. Finally,
the viral genome complexes that end up in the endoplasmic reticulum enter the
nucleus during basal cell division.
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1.3.2 Viral replication

Upon HPV entry into the dividing cells of the basal layer of the squamous
epithelium, HPV early transcription is activated. Replication of HPV DNA relies on
cell DNA-replication machinery, and HPV establishes a low number of episomal
genomes [85], which express low levels of viral proteins escape the host immune
system [86]. On this stage, the viral transcription factor E2 that plays an important
role. E2 can bind E1, the DNA helicase, as a dimer of hexamers to the viral origin
of replication and recruits the cellular DNA replication machinery [87]. At the same
time, E2 works as a repressor of early HPV promotor P97 by inhibiting other
transcription activators, thereby limiting E6 and E7 expression [88]. HPV DNA is
maintained in daughter cells upon segregation by attaching virus genomes to host
chromosomes via E2 [89]. Infection may persist in the infected stem cell and its
daughter cells in the basal layer of the epithelium over a long period, up to several
years. Since HPV hijacks the cellular DNA synthesis machinery to replicate its own
genome in actively dividing cells, virus needs to find a strategy to delay basal
epithelium differentiation and keep cells in proliferation. E6 and E7 are the most
well understood viral oncoproteins that contribute to the infected basal cell disorder
in the epithelium differentiation.

E7 activates the cell cycle of infected, differentiating cells by binding and releasing,
and finally degrading pRb to liberate the cellular E2F protein and keep cells in G1
to S-phase to synthesize S phase genes [25]. So, the S phase genes will all be
activated, and therefore, the virus will be able to replicate its genome at a fantastic
great rate. However, cells respond to any unscheduled cell proliferation event by
inducing apoptosis. Therefore, HPV E7 activity might be expected to induce
apoptosis. To avoid this, HR-HPVs express the E6 protein, which binds p53, a key
cellular regulator of apoptosis, and targets it for degradation [90]. The well-
organized E6 and E7 oncoproteins target pS3 and pRb, respectively, and play
essential and complicated roles together to maintain cell proliferation and inhibit
apoptosis and epithelial differentiation [91-93].

The combined work of E6 and E7 gives a suitable environment for HPV to replicate
its genome which could amplify to yield several thousands of copies. During this
phase, not only E1 and E2 but also E4 and ES5 expression increases. E4 is the most
abundant protein in the HPV late replication phase. It has multiple functions like
regulating cell cycle in G2 arrest [94] and cellular kinases activation [95], but the
most important one is to facilitate viral particle release [96]. ES protein function is
not as clear as other HPV proteins. Not so much research is available. One primary
function of ES5 is to repress the MHC presentation of virus peptides which results in
immune escape [97]. The interaction of ES and EGF-receptor and PDGF receptor
results in activation of several cell signal pathways, increasing host cell proliferation
[62]. The late stage of the viral life cycle is marked by activation of the viral major
late promoter during epithelial differentiation [98]. After efficient viral episomal
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DNA amplification, cell differentiation is reactivated, resulting in synthesis of HPV
L1 and L2 capsid protein [99]. L1 proteins assembled into pentameric capsomeres
in the cytoplasm, then transferred into the nucleus for further virion packaging [100-
102]. L2 molecules tethered to the viral genome finally assemble into 72 pentamers
of L1 capsids with one L2 molecule incorporated in the centre of each pentamer
[103]. In the end, the virus life cycle is completed in the uppermost epithelial layers,
where newly free virions are released.

HPV infections also trigger the cellular DNA damage response (DDR) and utilize
the DDR to replicate HPV genome by activating Ataxia telangiectasia mutated
(ATM) and Ataxia telangiectasia and Rad3-related (ATR), two major DDR
regulators. In brief, ATM is required for double strand DNA break repair [104] and
ATR is responsible for single strand DNA damage repair [105]. It has been shown
that HPV early proteins are sufficient to induce both ATM and ATR activity in
differentiating cells [106]. Elicitation of the DDR create the cellular environment
which support for viral genome replication outside of the cell cycle. Except for
facilitating HPV DNA replication, a recent study demonstrated that activating DDR
can recruit RNA-binding proteins to HPV16, altering its RNA splicing and
polyadenylation in promoting late gene expression [107].

From the HPV life cycle, we could see that HPV is strictly dependent on and closely
interacts with host epithelium cell proliferation and differentiation, both in time and
space. Usually, the HPV infection is cleared by the host immune system within one
year. Cancer formation does not result from this type of infection [108]. However,
the longer the virus-infected cells persist, the more chances of HPV genome
integration. Transient infections that become persistent, keep expressing viral
proteins, except for L1 and L2. Therefore, virions are not produced [99]. HPV DNA
integration in cellular chromosomes is a bad consequence for both virus and host.
Since integration breaks virus genome, it results in failure to complete the HPV life
cycle and virion particles can no longer be produced. In addition, HPV genome is
preferentially integrated in E2 gene, though other regions are broadly affected as
well [44, 109]. The disrupted E2 ORF cannot produce E2, which is a transcriptional
suppressor of E6/E7 oncogenes [110]. Despite HPV integration, enhanced
expression and stabilization of viral oncogene E6 and E7 transcripts is observed
[111]. Regarding host genome, the integration causes rearrangements, deletions,
and/or translocations. The establishment of persistent infections contributes a lot to
the progression of cancer.

1.4 HPV16 gene expression and regulation

The HPV16 life cycle in infected keratinocytes tightly depends on host cell
differentiation, as described above. HPV viral proteins are produced from
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polycistronic mRNAs that undergo extensive alternative RNA splicing (Figure 1.4),
which allowing HPV to encode multiple proteins in a very compact genome and
take advantage of alternative splicing to differentially express HPV proteins in a cell
differentiation-dependent and temporal manner [112, 113]. HPV16 contains two
promoters, P97 and P670, that initiate early and late transcription, respectively.
Early promoter P97 is responsible for the expression of early proteins at early stage
of viral life cycle. The late stage of the life cycle is marked by activation of the viral
major late promoter P670. The completed viral life cycle is dependent on the precise
activation and switching of promoters [15, 114] which is regulated by both cellular
proteins and viral E2 protein [115, 116]. The regulation of HPV 16 gene expression
is mainly at transcriptional and post-transcriptional levels including splicing and
polyadenylation due to the limited number of promoters [14, 112, 117].

Figure1.4 Schematic map of linearized HPV16 genome and representative mRNAs.

The linearized HPV16 genome is indicated on the top. A subset of HPV16 mRNAs generated by alternative splicing is
indicated: HPV16 mRNAs derived from P97 and polyadenylated at pAE are listed in middle part. HPV16 mRNAs derived
from P670 and polyadenylated at either pAE or pAL are listed at bottom. Early oncogenes E6 and E7 are indicated in
pink; Early genes E1, E2, E4 and E5 are indicated in yellow; Late genes L1 and L2 are in blue. P97: early promoter
P97. P670: late promoter P670. pAE: early polyadenylation site. pAL: late polyadenylation site. Known splice sites are
indicated. Black oval: splice donor. Hollow oval: splice acceptor.
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141 mRNA Splicing

In a pre-mRNA, two neighboring exons (5’ exon and 3’ exon) are separated by an
intron, which contains three conserved sequence elements: the 5’ splice site (5'ss),
also called 5’ splice donor (5’ SD), the branch point sequence (BPS), and the 3’ splice
site (3'ss), also called 3'splice acceptor (3’ SA) [118]. Splicing is a two-step process.
The 5'ss is involved in both steps of splicing. In the first step, the 2'-hydroxyl group
(OH) of the branchpoint adenosine attacks the phosphodiester bond (p) at the 5'ss
and displaces the 5’ exon; in the second step, the 3'-hydroxyl group of the 5’ exon
attacks the phosphodiester bond at the 3'ss and displaces the lariat intron (Figure
1.5 A,B) [119].

Figure1.5 Schematic representation of pre-mRNA splicing and alternative splicing.

A. pre-mRNA structure and the mechanism of two-step reaction of pre-mRNA splicing. Boxes represent the exons.
Solid lines or loops represent introns. Consensus sequences at 5'ss, BP and 3'ss are indicated with nucleotides in red
letter. Y represents pyrimidine, R represents purine and N represents any nucleotide. Y(n) represents polypyrimidine
tract. B. Splicing products that generated by alternative splicing in various ways. Dot lines represent alternative splicing
mechanisms. Splice donors are indicated as black triangle, splice donors are indicated as hollow triangle.
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Pre-mRNA splicing is executed by spliceosome [120] which consists of five small
nuclear ribonucleoproteins (snRNPs) (U1, U2, U4, U5 and U6) [121] and a
substantial number of proteins [122-124]. During the two-step splicing reaction, the
conformation and composition of the spliceosome complex are highly dynamic.
Each snRNP and splicing factor follows strict assembly and rearrangement for the
specific within the spliceosome (Figure 1.6). Briefly, Ul snRNP recognizes and
binds to pre-mRNA 5'ss through RNA-RNA interaction, U2 auxiliary factor
(U2AF) with subunits of U2AF65 and U2AF35 binds to 3'ss adjacent poly
pyrimidine tract (Yn) [125, 126], forming the early complex (E complex). Next, U2
snRNP binds to BPS to form a pre-spliceosome A complex. Subsequently, pre-
assembled U4.U6.U5 tri-snRNPs binds to A complex, generating B complex. Later,
B complex undergoes rearrangements in RNA and protein interactions and
disassembles with Ul and U4 snRNPs, leading to generating B* complex with
catalytic activity for step 1 reaction followed by yield C complex with catalytic
activity for step 2 [127]. The spliceosome then dissociates and releases mature
mRNA.

Figure1.6 Schematic representation of pre-mRNA splicing major steps and major protein composition of
spliceosome.

Pre-mRNA splicing is initiated from 5’SS being recognized by U1 snRNP and 3’ end of intron interacting with U2AF by
Y(n) , forming the E complex. Next, U2 snRNP is recruited to branch point, forming the A complex. In a subsequent
step, U4/U6.U5, a pre-assebled snRNPs, interacts with A complex, generating B complex. Then, U1 and U4 snRNPs
are released, leading to C comples formation. After the two catalytic steps, the spliceosome is disassembled, leading
to the mature mRNA being released.
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1.4.2 Alternative mRNA splicing in HPV16

During HPV 16 infection cycle, more than twenty different mRNAs are expressed,
most of which are alternative splicing products. There is extensive splicing in the
E6E7 region of the pre-mRNAs since there are three splicing acceptors that can be
selected and generate at least four alternative spliced mRNA isoforms (Figure 1.7).
E6 full-length mRNA is unspliced, intron-retained transcript that includes the E6
and E7 open reading frames believed to be translated into E6 protein. E6*I/E7
(226409) mRNA, which is responsible for E7 protein expression [128-131],
E6*II/E7 (226526), and E6"E7 (2267742) are mRNAs alternatively spliced from
one 5' splice site SD226 to one of alternative 3’ splice sites SA526, and SA742,
respectively, in the primary transcript. All four isoforms are produced in a mutually
exclusive way to affect E6 and E7 protein expression levels, but less is known about
the coding potential of the last two isoforms [132, 133]. In LR HPVs, the E7
transcript is generated from a unique promoter, not by AS like HPV16 and other HR
HPVs [134].

Figure1.7 Splice sites used for HPV16 alternative splicing in EBE7 coding region.

Schematic representation of linearized HPV16 genome is shown on the top. Four isoforms of alternative spliced mRNAs
generated from this region are listed. Splice sites(SD226, SA409, SA526 and SA742) used by spliced mRNA are
indicated in each transcript and on the right side as well (2267409, 2267526, 226"742). Unspliced mRNA indicated as
intron-retained E6. Protein potentially produced from each mRNA is listed on the left.

Splice factor hnRNPAT1 could bind to cis-element located in the E7 coding region
that acts as an ESS, leading to inhibition of E6E7 mRNA splicing and increased
intron retained E6 mRNA production at the expense of the spliced HPV mRNAs
[57, 135]. In contrast, hnRNPAZ2, a close relative of hnRNP A1 bound to the same
ESS, promoted production of the alternatively spliced 226”742 mRNA [129]. Also,
hnRNP D40 promoted intron-retained E6 mRNA production at the expense of all
the other spliced isoforms in the E6E7 region. The interaction of hnRNP D40 and
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this particular ESS may play an essential role in the splicing inhibitory function
[135]. Taken together, hnRNPs contribute to E6/E7 splicing regulation, leading to
balancing the production of all E6/E7 mRNAs.

There are more complicated spliced isoforms produced from the E1/E2 region of
the genome since three 5’ splice donors (SD880, SD1302 and SD3632) and three 3’
acceptors(SA2582, SA2709 and SA3358) are located in this region (Figure 1.8)
[136]. SD880 is much more active than SD1302. It is utilized in the production of
E2 mRNA (88072709) and E4 mRNA (88073358) and the two acceptors compete
for SD880. E1 mRNAs are generated by retention of the E1 coding intron located
downstream of SD880. E1/E2 mRNA production has a similar mutually exclusive
way as E6/E7 mRNA alternative splicing. SA2709 is better known than SA2582
since mRNAs spliced to SA2709 are more efficiently translated than mRNAs
spliced from SD880 to SA2582 [57]. SD3632 is specific for L1 mRNA production,
which will not be described in this part. The regulation of E1/E2 splicing is barely
known, but it has been shown that SD880 is regulated in an Akt kinase-dependent
way and hnRNP D40 inhibits E2 mRNA production and increases E1 mRNA, but a
more detailed mechanism is needed for further understanding [135, 137].

Figure1.8 Splice sites used for HPV16 alternative splicing in E1E2 coding region

Schematic representation of linearized HPV16 genome is shown on the top. Four isoforms of alternative spliced mRNAs
generated from this region are listed. 5’ splice sites(SD880, SA2582, SA2709 and SA3358) used by spliced mRNA are
indicated in each transcript and on the right side as well (88072582, 88072709, 880"3358). Unspliced mRNA indicated
as intron-retained E1. Protein potentially produced from each mRNA is listed on the left.

1.4.3 Polyadenylation

Pre-mRNAs undergo maturation before being exported from the nucleus to the
cytoplasm. The maturation of mRNA at 3’ ends is a two-step process that involves
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endonucleolytic cleavage of the pre-mRNA followed by synthesis of a poly (A) tail
on the 3’ end of the product by poly (A) polymerase (PAP) [138]. These two coupled
reactions, collectively called polyadenylation, are intimately linked to transcription
termination and highly regulated. The key protein factors and consensus RNA
elements responsible for polyadenylation are well understood. The polyadenylation
site is defined by an upstream conserved hexamers AAUAAA element and a
downstream less conserved GU- and U-rich region located close to the 3’ ends of
the nascent transcripts in eukaryotic cells [139]. Firstly, cellular protein cleavage
and polyadenylation specificity factor (CPSF) which is the core protein involved in
3" end processing recognizes the AAUAAA signal and mediates the endonucleolytic
cleavage. Meanwhile, cleavage stimulation factor (CstF) that recognizes GU- and
U-rich region, cleavage factor I (CFI) and CFII are also responsible for cleavage
event, which help to determine the site of cleavage [140, 141]. Once the 3'end is
cleaved, polyadenylation step that is catalyzed by PAP starts [142, 143]. Poly (A)
binding protein 1 (PABPNI) binds to the growing poly (A) tail, disrupting the
interaction between CPSF and the poly (A) polymerase when the tail is around 250
nucleotides and thus finishes the polyadenylation process [144, 145].

1.4.4 Polyadenylation in HPV16

The two polyadenylation sites, HPV early polyadenylation site (pAE) and HPV late
polyadenylation site (pAL) are essential for HPV16 mRNA maturation. HPV16
transcripts in undifferentiated host cells stop at pAE, resulting in HPV16 early
mRNAs maturation. With the host cell differentiation, the activity of pAE is
decreased, leading to the transcription reading through and stopping at pAL
allowing viral late protein L1 and L2 expression [146]. Switching of the pAE to
pAL is another important part of HPV16 gene regulation, though with unclear
mechanism. GGG-motifs located downstream of pAE interaction with hnRNP H
and increased the activity of pAE [147, 148]. Early 3’ untranslated region (3' UTR)
is also involved in the regulation of pAE but in a different manner by interacting
with multiple cellular proteins. The interaction of hnRNP C and RALYL [149] with
U-rich elements upstream of pAE inhibits polyadenylation activity while Fip-
lacivates it [150]. Multiple polyadenylation signals were present at pAL [151]. Late
3" UTR contains cis-elements that interact with multiple cellular proteins and inhibit
HPV gene expression by destabilizing late mRNAs or by affecting translation [152-
154] .

1.4.5 m6A RNA methylation

Reversible methylation is the most prevalent internal mRNA modification. N6-
methyladenosine (m6A) plays a great role in post-transcriptional regulation of gene
expression(Figure 1.9) [155]. m6A is widely conserved among eukaryotic cells and
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viruses with a nuclear phase. The conserved motif of m6A is DRACH which is
[G/A/U] [G>A]Jm6AC[U>A>C]. It is estimated that each mRNA contains 3-5 m6A
sites on average and that it is enriched around stop codons, 3’ UTR, and in internal
long exons [156]. This dynamic and reversible RNA modification is controlled by
different groups of proteins. m6A mRNA methylation is catalyzed by a core
methyltransferase complex, so-called “writers”, which contains methyltransferases-
like (METTL) protein METTL3, METTL14, and wilms tumor 1 associated protein
(WTAP). Fat mass and obesity-associated protein (FTO) and alkB homolog 5
(ALKBHS) are efficient demethylation proteins that could remove m6A and are
called “erasers”. These two groups of proteins make great contributions to dynamic
and reversible m6A mRNA modulation [157]. For m6A sites to have a specific
biological function, they are recognized by proteins reading moA called “readers”.
The most prominent group is YT521-B homology (YTH) domain-containing
family. In the nucleus, Y THDC1 regulates splicing by binding to pre-mRNAs, while
in the cytoplasm, YTHDF2 causes mRNA decay and YTHDF1 or 3 and YTHDC2-
control translation [156]. Furthermore, accumulating evidence has confirmed that
some members of hnRNP family also have reading capabilities. The binding of
hnRNPG and hnRNPC to m6A sites is dependent on m6A-mediated structural
alteration of mRNAs [158, 159].

Figure1.9 An overview of the m6A modification.

The reversible and dynamic m6A modification on mRNA influences mRNA metabolism in many steps including splicing,
nuclear export, decay and translation. At least three groups of proteins are involved in the m6A modification.
Methyltransferases proteins, also called writers, install m6A on mRNA. METTL3, METTL14 and WTAP core complex is
the most well-known m6A writers. Other factors such as METTL16, RBM15, KIAA1429 and ZC3H13 are also reported
as m6A writers, recently. ALKBH5 and FTO are identified as demethylases, also called erasers, which could remove
m6A methylation. The protein group that impacts the fate of m6A-containing mRNA is m6A readers. YTH family
members, including YTHDC1/2, YTHDF1/2/3 could recognize m6A and regulate mRNA metabolism in different ways.
In addition, hnRNPs (hnRNPC, hnRNPA2B1 and hnRNPG) and IGF2BP are also report as m6A readers.
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Viral RNAs, such as Rous sarcoma virus [160] and simian virus 40 [161] are known
to contain m6A modifications for quite a long time, but the precise m6A landscape
and the function in particular of post-transcriptional regulation of this modification
needs to be further explored. Influenza virus was found that gene expression and
replication was enhanced by cis-action of m6A-modified residues [162, 163].
Research on HIV showed that m6A modification is important for HIV-1 replication
and its interaction with the host immune system. m6A in HIV genome could regulate
viral infection and Gag protein expression [164, 165]. Moreover, m6A cluster in
HIV mRNAs was enriched in splicing regulatory sequences [166]. And recently, it
has been found that m6A modifications on adenovirus mRNAs are necessary for
efficient splicing [167].

1.5 hnRNP family

The hnRNPs constitute an RNA-binding protein family that comprises 20 major
RNA binding proteins (Figure 1.10). Their main biological function is to regulate
nucleic acid metabolism, including alternative splicing. Various hnRNPs interact
with different RNA motifs. The hnRNPs share “core” structures that include RNA
recognition motifs (RRM) or quasi-RRM domains. In addition to this, other motifs
like a K Homology (KH) domain or an arginine/glycine-rich RGG domain is usually
included in hnRNPs. Other auxiliary domains like as glycine- and proline-rich
domains may also be present in some hnRNPs. Regarding RGG, its main function
is to interact with other hnRNPs [168].
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Figure1.10 Schematic representation of the structure of hnRNP family.

hnRNP family members, named alphabetically from A to U, share several core structure domains including RRM , KH,
Gly-rich domain and RGG box. In addition, other structures like qRRM, Gly-rich domain, Ala-rich domain, NLS, M9, Zinc
finger domain also present in different hnRNPs.The combination of different structures and motifs increases the
functional diversity of hnRNPs. The RNA binding capacity of hnRNPs is mediated by RNA binding domains like RRM,
gRRM, RGG and KH domain. RRM: RNA recognition motif. RGG: Arg-Gly-Gly rich domain. KH: hnRNPK-homology
domain. NLS: nuclear localization signal.

The canonical function of hnRNPs in alternative splicing is inhibition of splicing
reactions through their binding to cognate sites, also known as exonic splicing
silencers (ESSs) and intronic splicing silencers (ISSs), repressing either the
assembly of the spliceosome complex on the 5'SS and 3'SS or the recruitment of SR
proteins on exonic splicing enhancers (ESEs) and intronic splicing enhancers (ISEs)
following multimerization along exons or by looping out entire exons (Figure 1.11)
[169]. On the other hand, some hnRNPs have been shown to promote splicing
through their interaction with ISE sequences containing GGG motifs.
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Figure1.11 Schematic representation of the regulation of splicing by hnRNPs and SRs.

Pre-mRNA splicing is catalyzed by spliceosome, which is a process that initiates from exon and intron definition. U1
snRNPs recognize 5’ splice sites and U2 snRNPs with the help of U2AF65/35 recognize 3’ splice sites, respectively.
Additional interactions of splicing enhancers and/or silencers cis-acting elements in exons and/or introns with trans-
acting factors SRs/hnRNPs could enhance the efficiency of exon and intron definition. The splicing regulation depends
on the composition of cis-elements and the cognate trans-activators. ESS: exonic splicing silencer. ISS: intronic splicing
silencer. ESE:exonic splicing enhancer. ISE: intronic splicing enhancer.

1.5.1 hnRNPD

One hnRNP that is of particular interest for this thesis is hnRNP D. hnRNP D, also
known as AUF1, was originally identified as binding specifically to single-stranded
DNA d(TTAGGG)n of the human telomeric DNA repeats [170]. More research on
hnRNP D revealed that it is involved in multiple biological processes. For instance,
it could act as a transcription factor and as a protein that regulates mRNA decay by
binding AU-rich RNA domains [171]. hnRNP D was also reported to have functions
on RNA stabilization and translation through the interaction most frequently with 3’
UTR of target mRNAs [172]. HnRNP D has four isoforms, including hnRNP D37,
hnRNP D40, hnRNP D42, and hnRNP D45, generated by alternative splicing of the
pre-mRNA made from the hnRNP D gene (Figure 1.12). The differences between
the four mRNA isoforms are exon 2 and exon 7 that encode 19 and 49 amino acid
inserts near the N- and C-terminus, respectively. hnRNP D37 has neither exon 2 nor
exon 7, hnRNP D40 contains exon 2 but not exon 7, hnRNP D42 contains exon 7
and hnRNP D45 contains both [173]. All four isoforms have a similar structure,
including two tandemly arranged, non-identical RRM domains, one alanine-rich
domain at N-terminus and a glutamine-rich domain followed by an RGG box at C-
terminus after the RRM2 [174]. At the very end of the C-terminus, hnRNP D has a
proline-tyrosine nuclear localization signal (PY-NLS) [175]. Unlike hnRNP Al, its
most closely related member of the hnRNPs family, hnRNP D subcellular
distribution is not so clear. For most cell types, the two larger isoforms hnRNP D42
and hnRNP D45 appear to be largely nuclear, while the smaller two hnRNP D37
and hnRNP D40 reside both in nuclear and cytoplasm [175].
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Figure1.12 Schematic representation of hnRNPD isoforms.

The four hnRNP D isoforms are derived by alternative splicing. The exclusion or inclusion of exon 2 and/or exon 7 is
responsible for the differences between isoforms. RGG box in hnRNP D42 and D45 is interrupted by exon 7. A: alanine-
rich motif. Q: glutamine-rich motif.

1.6 HPV16 plasmids of special interest

1.6.1 Subgenomic reporter plasmid pC97ELsLuc

The subgenomic reporter plasmid pC97ELsLuc [176] contains all known genes as
well as splice sites and polyadenylation sites of HPV16 genome, therefore can
produce all alternatively spliced HPV16 mRNAs. Early promoter P97 in
pC97ELsLuc was replaced by CMV promotor. Secreted luciferase gene (Sluc) is
inserted in L1 gene following the internal ribosomal entry site (IRES) (Figure 1.13).
The pC97ELsLuc plasmid plays a vital role in researching the regulation of HPV16
mRNA processing in the articles listed in this thesis. A subset of alternatively
spliced HPV16 mRNAs produced by pC97ELsLuc is shown in Figure 1.13. Splicing
at SD226 generates four splice variants in the E6E7 region by the selection of splice
acceptors (SA409, SA526 and SA742). Each E6E7 mRNA variant can be
alternatively spliced from downstream SD880 to generate E4 mRNAs (SA3358),
E2 mRNAs (SA2709), or intron-retained E1 mRNAs by unspliced at SD880.
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Figure1.13 Schematic representation of the HPV16 genome, subgenomic plasmid pC97ELsLuc and
representative mRNAs.

1.6.2 Subgenomic reporter plasmid pBELsLuc

The subgenomic reporter plasmid pBELsLuc [177] encodes HPV16 genes except
for oncogene E6 and E7. Late promoter P670 in pBELsLuc was replaced by CMV
promotor. Also, the sluc gene was integrated in L1 following the IRES in pBELsLuc
(Figure 1.14). The absence of E6 and E7 coding region allowed pBELsLuc to
primarily produce mRNAs spliced from SD880, such as E2 mRNAs (88072582,
88072709) and E4 mRNAs (880"3358) or intron-retained E1 mRNAs. The late
genes L1 and L2 expression can be induced in pBELsLuc. A subset of alternatively
spliced HPV16 mRNAs produced by pBELsLuc is listed in Figure 1.14.
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Figure1.14 Schematic representation of the HPV16 genome, subgenomic plasmid pBELsLuc and representative
mRNAs.

1.6.3 Genomic plasmid pHPV16AN

The genomic plasmid pHPV16AN [177] encodes full-length HPV16 genome and
can generate episomal HPV16 by Cre-loxP transfection system. The long control
region of HPV16 is flanked by loxP-sites. Co-transfection of pHPV16AN with
plasmid pCRE results in excision and circulation of the viral DNA at the loxP sites
to generate episomal HPV16 genome (Figure 1.15).

Figure1.15 Schematic structure of the HPV16 genomic plasmid pHPV16AN and Cre-loxP transfection system.
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2 Aim of the Thesis

General aim of all projects is to investigate human papillomavirus typel6 gene
regulation and mRNA processing.

Specific aims for each project:

Project I: hnRNP D activates production of human papillomavirus type 16 E1 and
E6 mRNAs by promoting intron retention.

This project aims to investigate the role of cellular factor hnRNP D in the regulation
of E1 and E6 mRNA expression.

Project II: Overexpression of m6A-factors METTL3, ALKBHS5 and YTHDCI1
alters HPV16 mRNA splicing.

This project aims to investigate the role of m6 A-RNA modifications in HPV16 gene
expression at the level of RNA processing.

Project III: Efficient production of HPV16 E2 protein from HPV16 late mRNAs
spliced from SD880 to SA2709.

This project aims to identify the most efficiently translated HPV16 E2 mRNA.

Project IV: Identification of nucleotide substitutions in the 5’ end of HPV16 early
mRNAs and in the non-transcribed long control region that affect E6 and E7 mRNA
splicing-manuscript.

This project aims to investigate the link between the HPV16 long control region and
E6/E7 mRNA splicing regulation.
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3 Material and Methods

3.1 Cells

HeLa, 293T, SiHa and C33A2 cells were cultured in Dulbecco’s modified Eagle
medium (DMEM) (HyClone) with 10% bovine calf serum (HyClone) and
penicillin/streptomycin (Gibco). C33A2 cell line has been described previously
[176]. Briefly, C33A2 is an in-house cell line derived from C33A cells stably
transfected with HPV16 reporter plasmid pBELsLuc [177]. HPV16-positive
tonsillar cancer cell line HN26 has been described previously [178]. Briefly, the
HN26 cells are derived from a tumor of a 48-year-old non-smoking man with non-
keratinizing, HPV 16-positive tonsil oral squamous cell carcinoma, stage T2ZNOMO.
The HN26 cells contain episomal HPV16 DNA and have an intact p53 gene. HN26
cells were cultured in RPMI 1640 medium (HyClone) with 10% iron-supplemented
bovine calf serum (HyClone), 5% MEM Non-essential Amino Acid Solution
(Sigma Aldrich) and 5% sodium pyruvate (Sigma Aldrich). Neonatal Primary
Normal Human Foreskin Keratinocytes (nHFK, purchaced from Themo Fisher
Scientific) and 3310 cells were cultured in EpiLife medium (Gibco) supplemented
with 1% human keratinocyte growth supplement (HKGS, Gibco) and 0.2%
Gentamicin/Amphotericin (Gibco). Differentiation of nHFK was induced by
addition of CaCl, at a final concentration of 2.4 mM in the keratinocyte culture
medium for 24 hrs. The HPV16-immortalized keratinocyte cell line 3310 cell line
has been described previously and was generated by stable transfection of nHFK
with HPV16 genome plasmid pHPV16ANE2fs [177].

3.2 Plasmids

The following plasmids have been described previously: pHPV16AN [177],
pC97ELsLuc [176], pBELsLuc [177], pX856F [129] and pHPVI16R [179].
Construction of phnRNP F, phnRNP [, phnRNP A2 and phnRNP Q have been
described previously [180] and so has phnRNP A1 [129] and phnRNP C1 [149].
Plasmids Flag-p37, Flag-p40, Flag-p42 and Flag-p45 were kindly given by Dr R. J.
Schneider [173], hnRNP G plasmid by Dr. 1. C. Eperon [181], histidine and myc-
tagged hnRNP L plasmid by Dr. S. Guang [182] and histidine and myc-tagged
hnRNP R plasmid by Dr. P. Xu [183]. phnRNP AB encoding myc-tagged hnRNP
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AB transcript variant 1(RC204360) and phnRNP DL encoding hnRNP DL
transcript variant 2 (RC204064) were purchased from OriGene Technologies.
phnRNP H contains the hnRNP H open reading frame driven by a Cytomegalovirus
(CMV) promoter. It was constructed by polymerase chain reaction (PCR)-
amplification of hnRNP H coding sequence from pET-15B-hnRNP H (generously
provided by Dr. D. Black) [184] followed by subcloning into pCL0O86 [185].
PcDNA3-FLAG-HA-hYTHDC1(#85167), pcDNA3/Flag-METTL3  (#53739),
pcDNA3/Flag-METTL14 (#53740), pcDNA3/Flag-WTAP (#53741),
pFRT/TO/HIS/FLAG/HA-ALKBHS (#38073) were purchased from Addgene,
pcDNA3.1+/C-(K)DYK-FTO was purchased from GenScript.

The construction of the following plasmids pX656, pX478, pXHE56F,
pXH856SDmF, pl6E1-3xF, pl6E1SDm-3xF, pBELEN, pBELENdE1, pFLAG-
hnRNPDA40, pD1, pD2, pD3, pD4, pDS5, pD7, pDS8, pD9, pQ6A, pAGG, pD1-AGG,
pD1-Q6A, pD2-AGG, pD2-Q6A, pEGFP-D40, pEGFP-D1, pEGFP-D2, pEGFP-
D3, pEGFP-D4, pEGFP-DS, pEGFP-D7, pEGFP-D8, pEGFP-D9, pET32a-HA-
E6SDm, pET32a-HA-E6SDm and pcDNA3.1(+)-E1SDm-3XFlag have been
described in Paper 1.

The plasmids pLM16R, pPLM16AN, pLM16(R+AN), pLM16(AN+R), pLL16AN,
pLMS16ANI1, pLMS16AN2, pLS16AN and pLSS16AN have been described in
Paper 4.

3.3 Transfections

Transfections of Hela cells and 293T cells were performed with Turbofect
according to the manufacturer’s protocol (Thermo Fisher Scientific). Briefly, a
mixture of Turbofect: DNA ratio of 2:1 (ul reagent: ug DNA) for Hela cells or 4:1
for 293T cells and DMEM without serum was incubated at room temperature for 20
min prior to dropwise addition to subconfluent cells. Transfections of nHFK were
performed with ViaFect according to the manufacturer’s protocol (Promega). In
brief, a mixture of ViaFect: DNA ratio of 3:1 and EpiLife without serum was
incubated at room temperature for 20 min prior to dropwise addition to subconfluent
cells. Fluorescence images of EGFP set of plasmids transfected HeLa cells were
acquired using Olympus CKX53 inverted microscope.

3.4 Nuclear and Cytoplasmic Extraction

Nuclear and cytoplasmic extracts were prepared from HeLa cells grown in 6 cm
dishes at 24 h post-transfection. Cells were harvested by using NE-PER Nuclear and
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Cytoplasmic Extraction Reagents (Thermo Fisher Scientific) according to the
manufacturer’s protocol. In brief, cell pellets were resuspended in ice cold buffer
CER I with protease inhibitors (Sigma Aldrich) and vortexed vigorously prior to
incubation on ice for 10 minutes. Ice-cold buffer CER 11 was added to the samples
that were vortexed vigorously and incubated on ice for one minute. After five
minutes of maximum speed centrifugation, the supernatants were collected as
cytoplasmic extracts. The pellets were washed once by PBS and collected as nuclear
extracts.

3.5 RNA extraction, RT-PCR and Real-time
quantitative PCR (qPCR)

Total RNA was extracted from transfected cells using TRI Reagent (Sigma Aldrich)
and Direct-zol RNA MiniPrep (ZYMO Research) according to the manufacturer’s
protocols. Reverse transcription (RT) was performed in a 20 pl reaction using
random hexamers (Invitrogen) and reverse transcriptase (Invitrogen). One pl of
cDNA was subjected to PCR-amplification. The control PCR experiments are
performed on RNA samples in the absence of reverse transcriptase.

qPCR was performed in a final reaction volume of 20 puL with 1 pl of cDNA
prepared as described above in a MiniOpticon (Bio-Rad) using the SsoAdvanced
SYBR Green Supermix (Bio-Rad) according to the manufacturer’s instructions. The
expression levels of the mRNAs were determined from the threshold cycle (Ct), and
the relative expression levels were calculated using the 2 *“ method. Results were
normalized to GAPDH. Primers used in Paper 1, 2, and 4 were list in Table 1.

3.6 Secreted luciferase assay

The Metridia longa secreted luciferase (sluc) activity in the cell culture medium of
transfected cells was monitored with the help of the Ready-To-Glow Secreted
Luciferase Reporter assay according to the instructions of the manufacturer
(Clontech) as described previously [177]. In brief, 50 ul of cell culture medium was
added to 5 pul of 0.5X Secreted Luciferase substrate/Reaction buffer in a 96-well
plate and luminescence was determined in a Tristar LB941 Luminometer.
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3.7 Western blotting

Cell extracts for Western blotting were obtained by resuspending transfected cells
in radioimmunoprecipitation assay (RIPA) buftfer consisting of 50 mM Tris HCI pH
7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM
EDTA, 1 mM DTT and protease inhibitor (Sigma Aldrich), followed by
centrifugation at full speed for 20 minutes and collection of the supernatants.
Proteins were denatured by boiling in Laemmli buffer. After SDS-PAGE, the
proteins on the gels were transferred onto nitrocellulose membranes, blocked with
5% nonfat dry milk in PBS containing 0.1% Tween 20, and stained with specific
primary antibodies to the indicated proteins followed by incubation with secondary
antibody conjugated with horseradish peroxidase and detection with
chemiluminescence reagents. Antibodies used in Paper 1 and 2 were list in Table 2.

3.8 ssRNA oligo pull down

Whole cell lysates of HeLa cells were prepared using cell lysis buffer consisting of
25 mM Tris HCI pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM EDTA, 1 mM DTT, 200
units of RiboLock RNase Inhibitor (Thermo Fisher Scientific), Proteinase inhibitor
(Sigma Aldrich) and 5% glycerol. Biotin-labeled ssRNA oligos were purchased
from Sigma Aldrich. DynabeadsM-280 Streptavidin magnetic beads (Invitrogen)
were bound to biotin-labeled ssSRNA oligonucleotides in 200 pl of binding buffer
(10 mM Tris, pH 7.4, 150 mM NaCl, 2.5 mM MgCl,, 0.5% Triton X-100) in strips
of PCR tubes incubated at RT for 20 minutes. To pull down proteins, 15 ng HeLa
whole cell lysate was mixed with beads bound with ssRNA oligos and incubated
with rotation for 1 h at room temperature followed by washing of beads 10 times
with binding buffer using DynaMag 96 Side magnetic plate (Invitrogen). Proteins
were eluted by boiling of the beads in Laemmli Buffer. Samples were subjected to
SDS-PAGE followed by Western blot analysis with the indicated antibodies. ssSRNA
oligos used in Paper 1 were list in Table 3.

3.9 Co-Immunoprecipitation

Transfected Hela cells were lysed in cell lysis buffer as described above under
“ssRNA oligo pull down”. For immunoprecipitation, anti-flag antibody (M2, Sigma
Aldrich) or IgG was added to Dynabeads protein G and incubated with cell lysates
under gentle rocking at 4°C overnight. The complexes were washed six times using
cell lysis buffer and eluted by boiling in Laemmli buffer. Samples were subjected
to SDS-PAGE followed by Western blotting with specific primary antibodies.
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3.10 UV-crosslinking and immunoprecipitation (CLIP)

Transfected HeLa cells grown in 10-cm dishes were washed by ice-cold PBS
followed by crosslinking twice with 0.4 J cm™? UV light (254 nm) in a bio-link
cross-linker (Biometra). Cytoplasmic extracts were prepared as described above.
Whole cell lysates were prepared by resuspending cells in one ml of RIPA buffer
and incubated on ice for 30 min with occasional vortexing to lyse cells. For
immunoprecipitations, 2 pg of the anti-flag antibody (M2, Sigma Aldrich) or mouse
IgG was incubated at 4°C overnight in 0.5ml of cell lysate. 20 ul of Dynabeads
Protein G (10004D, Invitrogen) and 20 ul Dynabeads Protein A (10001D,
Invitrogen) were blocked with 1% BSA for 0.5 h, washed three times in RIPA buffer
and then added to the antibody-protein mixtures followed by incubation for 1h at
4°C. The beads were washed three times with buffer I (50 mM Tris HCI pH 7.4, 300
mM NaCl, 0.5% NP-40, 1 mM EDTA, 1 mM DTT), three times with buffer II (50
mM Tris HCI pH 7.4, 800 mM NaCl, 0.5% NP-40, 1 mM EDTA, 1 mM DTT) and
three times with buffer I1I (50 mM Tris HCI pH 7.4, 800 mM NacCl, 250 mM LiCl,
0.5% NP-40, 1 mM EDTA, 1 mM DTT). RNA was eluted by phenol/chloroform
extraction and ethanol-precipitated and dissolved in 20 pl of water. 10 pl of
immunoprecipitated RNA was reverse transcribed using M-MLV reverse
transcriptase (Invitrogen) and random primers (Invitrogen) according to the protocol
of the manufacturer. Two microliters of cDNA were subjected to PCR
amplification.

3.11 Ribonucleoprotein (RNP) immunoprecipitation
(RIP) analysis

For immunoprecipitation of endogenous ribonucleoprotein (RNP) complexes (RIP
analysis) from whole cell extracts, HN26 cells or 3310 cells were lysed in cell lysis
buffer. The supernatants were incubated with anti-AUF1 antibody (Cell signalling)
or IgG (Millipore) overnight at 4°C. Dynabeads Protein G (10004D, Invitrogen) +
20 pl Dynabeads Protein A (10001D, Invitrogen) were added to the antibody-
protein mixtures followed by incubation for 1h at 4°C. After washing of the beads
six times using cell lysis buffer, RNA was eluted using Tri reagent and incubated
with 20U of RNase-free DNase I for 1 h at 37°C and subjected to RT-PCR.

3.12 siRNA library and siRNA transfections

ON-TARGETplus human hnRNP D siRNA SMARTpool consists of four siRNAs
to hnRNP D (L-004079-00-0010) (Dharmacon). A scrambled negative control
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siRNA (D-001810-10-05) was also purchased from Dharmacon. Transfections were
conducted with DharmaFECT1 (Dharmacon) according to the instructions of the
manufacturer. The siRNA SMARTpool to hnRNP D or scrambled control siRNAs
were transfected in duplicates into C33A2 or SiHa cells grown in 12-well plates for
RNA extraction and RT-qPCR or in 6-well plates for protein extraction and Western
blotting. Cells were harvested at 48 h post-transfection for RNA extraction and RT-
gPCR or 72 h post-transfection for protein extraction and Western blotting
performed as described above.

3.13 Lentiviral based shRNA for knockdown

Lentivirus for the short hairpin RNA (shRNA)-mediated knockdown of ALKBHS
was generated by co-transfection of HEK293T cells with a pLKO.1 vector or
pLKO.1 vector carrying specific shRNA together with the packaging vector
pMISSION-GAG-POL and a vesicular stomatitis virus G protein expressing vector
pMISSION-VSV-G. pLKO.1 was purchased from Sigma-Aldrich (SHC001). Two
days post transfection, lentivirus-containing supernatants were harvested,
centrifuged to remove cellular debris, and filtered with a 0.45-pm filter. Lentivirus
production efficiency was determined in parallel using a GFP overexpression
lentivirus vector. C33A2 cells were inoculated with stocks of recombinant
lentiviruses by centrifugation at 2,000 g for 2 h at room temperature in the presence
of 10 pg/ ml polybrene (Fisher Scientific). Empty pLKO.1 vector was used as
negative control.Cells were then resuspended and grown in normal RPMI media for
2 days, after which transduced cells were selected in the presence of puromycin (1
pug/ml). Cells were either harvested for Western blotting or for RNA extraction and
RT-PCR.

3.14 In vitro translation assay

In vitro translation was carried out with TNT® Quick Coupled
Transcription/Translation Systems (Promega) according to the instructions of the
manufacturer. In brief, 100 ng pET32a-HA-E6SDm or 200 ng pcDNA3.1(+)-
E1SDm-3XFlag plasmid was translated in the absence or presence of 1pM
recombinant hnRNP D protein (EUPROTEIN) or 1 uM BSA. The 25 pL reactions
were incubated for 90 min at 30°C. The translation reactions were analyzed by
Western blotting as described above. The Luciferase control RNA was also
translated in the absence or presence of 1 pM hnRNP D or 1 uM BSA. Luciferase
activity in the translation reactions were monitored according to the instructions of
the manufacturer using Tristar LB941 Luminometer. Recombinant hnRNP D and
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BSA were separated on SDS-PAGE followed by staining with Colloidal Blue
Staining Kit (Invitrogen).

3.15 In vitro RNA syntheses

In vitro RNA was synthesized using the TranscriptAid T7 High Yield
Transcription Kit (#K0441, Thermo Scientific). Three reactions were made
in parallel in which 0-, 1- or 10% of the ATP-pool were substituted for the
N6-methyladenosine base analogue m6A (S3190, Selleckchem).

3.16 RNA preparation for MeRIP-seq

To establish MeRIP-seq libraries, total RNA extracted (Direct-zol RNA miniprep,
Zymo Research) from 5X10” HN26 cells. Total RNA quality (RNA Nano Chips,
Agilent Technologies) was measured by bioanalyzer. Poly-A selection of the
mRNA by oligo-dT beads (Dynabeads Oligo(dT), Thermo Fisher). mRNA quality
was measured (RNA Nano Chips, Agilent Technologies) by bioanalyzer. mRNA
was fragmentated using RNaseA to a size between 30-50nt. 0.2 ng RNaseA
(10mg/ml, Thermo Fisher) for 1 ug mRNA at 37°C/5min then add 1 pl ribolock
(RNase inhibitor,40 U/ul, Thermo Fisher) incubate 5 min in RT then put samples
on ice. The size and quality of fragmented mRNA (Small RNA Chips, Agilent
Technologies) was measured by bioanalyzer. Immunoprecipitation of fragmented
mRNA with m6A antibody (Rb pAb m6A, abcam) and IgG (R IgG, Cell Signaling).
Extract the [P RNA (phenol-chloroform/precipitation) then resuspended by 10 pl
H,0 and check the final quality of RNA by bioanalyzer (Small RNA Chips, Agilent
Technologies).

3.17 Quantitations

The softeware used to determine band intensity in Western blots and RT-PCR gels
is "Image Lab 6.1.0" and quantitations were performed with the software "Prism
GraphPad 8.4.0".

47



Tabel 1. List of primers
Amplified region primers Sequence 5'-3'

E6/E7 97S GTCGACCTGCAATGTTTCAGGACCC
880AS GAAACCATAATCTACCATGGCTGATC
438A8 GCTCGAGGGAATCTTTGCTTTTTGTCCAGATGTCT
757A8 CGTGTGTGCTTTGTACGCACAACCG
TotalE6F TGTTTCAGGACCCACAGGAG
TotalE6R TTGCTTGCAGTACACACATTC
234A8 TGCATAAATCCCGAAAAGCAAAGT
E2 7738 GCACACACGTAGACATTCGTACTTTG
E2AS GTCCAGATTAAGTTTGCACGAGGAC
E2QAS CAGCCAGCGTTGGCACCACCT
E4 7738 GCACACACGTAGACATTCGTACTTTG
E4AS CCTCTCCTGAAATTATTAGGCAGCA
El 7738 GCACACACGTAGACATTCGTACTTTG
EIAS CCATCCATTACATCCCGTACC
13028 CTGAAGTGGAAACTCAGCAGATGTTAC
2293A8 TAATGATTTACCTGTGTTAGCTGCACC
8808 GAAACCATAATCTACCATGGCTGATC
F-El-1 AGTAGAGCTGCAAAAAGGAGATTA
o omELp | GATCCTGCAGCTACCAATGGGGAAGAGGGTAC
E2Xba AACCAGGTTCTAGACAAACTTAATCTGGACCACG
LoxP 165 TATGTATGGTATAATAAACACGTGTGTATGTG
16A GCAGTGCAGGTCAGGAAAACAGGGATTTGGC
hnRNPD isoforms 28 GAAGATTGACGCCAGTAAGAACG
7A TACCTTCCCATAACCACTCTGCT
X478 B97S GCGCGCTGCAATGTTTCAGGACCC
X478A GCTCGAGGGAATCTTTGCTTTTTGTCCAGATGTCT
X656 B97S GCGCGCTGCAATGTTTCAGGACCC
X656A CCTCGAGCTGTCATTTAATTGCTCATAACAG
GACAGCGCGCACCATGTACCCATACGATGTTCCAGATTACGCTATGT
PXHB56F sense TTCAGGACCCACAG
i somse TTACTCGAGCTACTTATCGTCGTCATCCTTGTAATCTGGTTTCTGAGA
ACAGAT
pXH856SDmF sense CTGCGACGTGAGGCCTATGACTTTGC
anti sense GCAAAGTCATAGGCCTCACGTCGCAG
p16E1-3xF sense ATCAGCGCGCCACCATGGCTGATCCTGCAGGTAC
i sense TAATCGATGTCATGATCTTTATAATCACCGTCATGGTCTTTGTAGTCT
AATGTGTTAGTATTTTG
anti sense TCCCCTCGAGCTACTTGTCATCGTCATCCTTGTAKTCGATGTCATGAT
p16E1SDm-3xF sense GATCCTGCAGCTACCAATGGGGAAGAGGGTAC
anti sense GGCGCCCTTCTAGCTGTAACATCTGCTGAGT
anti sense TACAGCTAGAAGGGCGCCATGAGACTG
pflag-D40 sense GTTGCGCGCGTTATCATGGACTACAAAGACGATGACGACAAG
anti sense CCTCGAGTTAGTATGGTTTGTAGCTATTTTGATGACCACC
pD1,pD1-AGG and GGCGCGCGCCACCATGGACTACAAAGACGATGACGACAAGATGTTT
pD1-Q6A sense ATAGGAGGCCTTAGCTGGG
anti sense CCTCGAGTTAGTATGGTTTGTAGCTATTTTGATGACCACC
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pD2,pD2-AGG and
pD2-Q6A

pD5

pD3

pD4

pD7

pD8

pEGFP-D40

pEGFP-D1

pEGFP-D2

pEGFP-D5

pEGFP-D3

pEGFP-D4

pEGFP-D7

pEGFP-DS

pEGFP-D9

GAPDH

spliced actin

unspliced actin

Involucrin

pET32a-HA-E6SDm

PLMI16AN

PLMI16(AN+R)

PLM16(R+AN)

sense
anti sense
sense

anti sense
sense
anti sense
sense
anti sense
sense

anti sense
sense

anti sense
sense

anti sense
sense

anti sense
sense

anti sense
sense

anti sense
sense

anti sense
sense

anti sense
sense

anti sense
sense

anti sense
sense

anti sense
GAPDHF
GAPDHR
actin-s
actin-a
actin-s1
actin-a
INV_S
INV_ R
sense
antisense
INV_ R
H3FM
SBFA
H3FM
SBFA

overlap S

GGCGCGCGCCACCATGGACTACAAAGACGATGACGACAAGATGGTT

AAAAAAATTTTTGTTGGTGGCC
CCTCGAGTTAGTATGGTTTGTAGCTATTTTGATGACCACC

GTTGCGCGCGTTATCATGGACTACAAAGACGATGACGACAAGGGAA

GCGGAGCCGGGAC
CCTCGAGTTAGTATGGTTTGTAGCTATTTTGATGACCACC
GTTGCGCGCGCCACCATGGACTACAAAGACGATGACGACAAG
CCGCTCGAGTTAGGCTTTGGCCCTTTTAGGATC
GTTGCGCGCGCCACCATGGACTACAAAGACGATGACGACAAG
CCGCTCGAGTTACATGGCTACTTTTATTTCACATTTAC
GTTGCGCGCGCCACCATGGACTACAAAGACGATGACGACAAG
CTTCTCGAGTTAAGATCCCCACTGTTGCTGTTGCTGATATTG

GGCGCGCGCCACCATGGACTACAAAGACGATGACGACAAGATGTTT

ATAGGAGGCCTTAGCTGGG
CCGCTCGAGTTACATGGCTACTTTTATTTCACATTTAC
GTTAAGCTTGTTATCATGGACTACAAAGACGATGACGACAAG
CTTGGATCCTTAGTATGGTTTGTAGCTATTTTGATGACCACC
GTTAAGCTTGTTATCATGGACTACAAAGACGATGACGACAAG
CTTGGATCCTTAGTATGGTTTGTAGCTATTTTGATGACCACC
GTTAAGCTTGTTATCATGGACTACAAAGACGATGACGACAAG
CTTGGATCCTTAGTATGGTTTGTAGCTATTTTGATGACCACC
GTTAAGCTTGTTATCATGGACTACAAAGACGATGACGACAAG
CTTGGATCCTTAGTATGGTTTGTAGCTATTTTGATGACCACC
GTTAAGCTTGTTATCATGGACTACAAAGACGATGACGACAAG
CTTGGATCCTTAGGCTTTGGCCCTTTTAGGATC
GTTAAGCTTGTTATCATGGACTACAAAGACGATGACGACAAG
CTTGGATCCTTACATGGCTACTTTTATTTCACATTTAC
GTTAAGCTTGTTATCATGGACTACAAAGACGATGACGACAAG
CTTGGATCCTTAAGATCCCCACTGTTGCTGTTGCTGATATTG
GTTAAGCTTGTTATCATGGACTACAAAGACGATGACGACAAG
CTTGGATCCTTACATGGCTACTTTTATTTCACATTTAC
GTTAAGCTTGTTATCATGGACTACAAAGACGATGACGACAAG
CTTGGATCCTTACCTCCTATAAACATTTTCC
ACCCAGAAGACTGTGGATGG

TTCTAGACGGCAGGTCAGGT

TGAGCTGCG TGTGGCTCC

GGCATGGGGGAGGGCATACC

CCAGT GGCTTCCCCAGTG

GGCATGGGGGAGGGCATACC

CTCTGCCTCAGCCTTACTGTGA
GCTCCTGATGGGTATTGACTGG
TATGAATTCATGTACCCATACGATGTTCCAGAT
TTACTCGAGCTATGGTTTCTGAGAACAGATGGGG
GCTCCTGATGGGTATTGACTGG
GGCAAGCTTAATAAACTTATTGTTTCAACACC
CATTGGTACCTGCAGGATCAGCCAT
GGCAAGCTTAATAAACTTATTGTTTCAACACC
CATTGGTACCTGCAGGATCAGCCAT
CGAAATCGGTTGAACCGAAACCGGTTAGTATAAAAGCAGA
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pLL16AN

pLMSI6AN1

PLMS16AN2

PLSI6AN

pLSSI6AN

PLMI16AN

PLMI16(AN+R)

PLM16(R+AN)

pLL16AN

pLMSI6ANI

X556A

MALATI1

RPLPO

T7s
T7as

overlap A
H3F

SBFA
H3FMS1
SBFA
H3FMS2
SBFA
H3FSPH
SBFA
7620HS
SBFA
H3FM
SBFA
H3FM
SBFA
overlap S
overlap A
H3F

SBFA
H3FMS1
antisense
MALATIs
MALATI!as
MALAT!lasQ
RPLOs
RPLOas

in vitro RNA
in vitro RNA

TCTGCTTTTATACTAACCGGTTTCGGTTCAACCGATTTCG
GGCAAGCTTGTATTGTATGTATGTTGAATTAGTGTTG
CATTGGTACCTGCAGGATCAGCCAT
GGCAAGCTTCATTGTATATAAACTATATTTGCTACATCC
CATTGGTACCTGCAGGATCAGCCAT
GGCAAGCTTTATATATACTATATTTTGTAGCGCCAG
CATTGGTACCTGCAGGATCAGCCAT
GGTAAGCTTGCATGCTTTTTGGCACAAAATGT
CATTGGTACCTGCAGGATCAGCCAT
GGCAAGCTTGGGACATGCATGCTATGTGCAACTACTGAATCACT
CATTGGTACCTGCAGGATCAGCCAT
GGCAAGCTTAATAAACTTATTGTTTCAACACC
CATTGGTACCTGCAGGATCAGCCAT
GGCAAGCTTAATAAACTTATTGTTTCAACACC
CATTGGTACCTGCAGGATCAGCCAT
CGAAATCGGTTGAACCGAAACCGGTTAGTATAAAAGCAGA
TCTGCTTTTATACTAACCGGTTTCGGTTCAACCGATTTCG
GGCAAGCTTGTATTGTATGTATGTTGAATTAGTGTTG
CATTGGTACCTGCAGGATCAGCCAT
GGCAAGCTTCATTGTATATAAACTATATTTGCTACATCC
GCTCGAGCAGCTGGGTTTCTCTACGTGTT
CGTAGACCAGAACCAATTTAGAAG
CATATTGCCGACCTCACGGAT
AGCACCTGGGTCAGCTGTCAAT
ACCTGGAAGTCCAACTACTTCCTTA
GATCTCAGTGAGGTCCTCCTTG
ACGTTAAGGGATTTTGGTCATGAGA
TCAAATATGTATCCGCTCATGAGA
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Tabel 2. List of antibodies

AUF1/hnRNPD
hnRNPM

hnRNPU

Flag,M2

Ul 70K

U2AF65

U2AF35

HPV16 E6

HPV16 E7

B-actin

Tubulin

Histone

involucrin

HA

Lamin B

SRSF1

SRSF2

SF3b

PABP-C1

veriblot

Normal Rabbit IgG
Normal Mouse IgG
anti-Mouse IgG-HRP
anti-Rabbit IgG-HRP
SF3b

PABP-C1

veriblot

moA

ALKBHS

Cat.

123828
ab177957
ab10297
F3165/F1804
ab83306
sc-53942
ab172614
GTX132686
GTX133411
A5441
T9026
4620S
sc-21748
sc-7392
ab16048
ab38017
ab204916
ab172634
ab6125
ab131366
27298
12-371
A9044
A9169
ab172634
ab6125
ab131366
ab151230
ab174124

Company
Cell Signaling
abcam

abcam

Sigma Aldrich
abcam

Santa Cruz
abcam
Genetex
Genetex
Sigma Aldrich
Sigma Aldrich
CST

Santa Cruz
Santa Cruz
abcam

abcam

abcam

abcam

abcam

abcam

Cell Signaling
Millipore
Sigma Aldrich
Sigma Aldrich
abcam

abcam

abcam

abcam

abcam
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Tabel 3. List of ssRNA oligos
HPV16 pull down region Sequence 5'-3'

1,178-214 UAUAAUAUUAGAAUGUGUGUACUGCAAGCAACAGUUA
2,196-233 AGUUACUGCGACGUGAGGUAUAUGACUUUGCUUUUCGG
3,229-266 UUCGGGAUUUAUGCAUAGUAUAUAGAGAUGGGAAUCCA
4,276-313 AUCCAUAUGCUGUAUGUGAUAAAUGUUUAAAGUUUUAU
5, 309-346 UUUAUUCUAAAAUUAGUGAGUAUAGACAUUAUUGUUAU
6, 342-379 GUUAUAGUUUGUAUGGAACAACAUUAGAACAGCAAUAC
7,375-412 AAUACAACAAACCGUUGUGUGAUUUGUUAAUUAGGUGU
8,408-445 GGUGUAUUAACUGUCAAAAGCCACUGUGUCCUGAAGAA
9,441-478 AAGAAAAGCAAAGACAUCUGGACAAAAAGCAAAGAUUC
10, 474-498 GAUUCCAUAAUAUAAGGGGUCGGUG

11, 492-516 GUCGGUGGACCGGUCGAUGUAUGUC

12, 506-530 CGAUGUAUGUCUUGUUGCAGAUCAU

13, 521-545 UGCAGAUCAUCAAGAACACGUAGAG

14, 536-560 ACACGUAGAGAAACCCAGCUGUAAU

15, 549-573 CCCAGCUGUAAUCAUGCAUGGAGAU

16, 564-588 GCAUGGAGAUACACCUACAUUGCAU

17, 579-604 UACAUUGCAUGAAUAUAUGUUAGAUU

18, 594-620 UAUGUUAGAUUUGCAACCAGAGACAAC

19, 611-635 CAGAGACAACUGAUCUCUACUGUUA

20, 631-665 UGUUAUGAGCAAUUAAAUGACAGCUCAGAGGAGGA

21, 661-695 GAGGAGGAUGAAAUAGAUGGUCCAGCUGGACAAGC
22,691-725 CAAGCAGAACCGGACAGAGCCCAUUACAAUAUUGU

23, 721-755 AUUGUAACCUUUUGUUGCAAGUGUGACUCUACGCU

24, 751-785 ACGCUUCGGUUGUGCGUACAAAGCACACACGUAGA

25, 781-815 GUAGACAUUCGUACUUUGGAAGACCUGUUAAUGGG

26, 811-845 AUGGGCACACUAGGAAUUGUGUGCCCCAUCUGUUC

27, 841-875 UGUUCUCAGAAACCAUAAUCUACCAUGGCUGAUCC

28, BSD+GGG CUGAUCCUGCAGGUACCAAUGGGGAAGAGGGUACGGGAUGUA
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4 Results

4.1 HnRNP D activates production of HPV16 E1 and
E6 mRNA by promoting intron retention

To better understand how hnRNPs regulate HPV16 early gene expression, we
determined the effects of different hnRNPs on E6/E7 mRNAs, E1/E2 mRNAs, and
E4 mRNAs splicing. HnRNP D became an intriguing candidate since it dramatically
inhibits both E6/E7 mRNAs and EI/E2 mRNAs splicing, leading to E6 and El
intron retention enhancement. Furthermore, we tested all four isoforms of hnRNP
D effections on E6/E7 mRNAs and E1/E2 mRNAs splicing. The results showed that
all hnRNP D isoforms inhibited HPV16 early mRNA alternative splicing to some
extent, and hnRNP D40 has a stronger inhibitory effect than the other three isoforms.
Since there is not much known about the role of hnRNP D in HPV 16 early mRNA
splicing, we reasoned that this research project would also contribute to the
understanding of the function of hnRNP D.

4.1.1 Both N- and C-termini of hnRNP D40 contribute to hnRNP D40
splicing control ability, but in different ways.

To investigate how hnRNP D40 exerted inhibitory effect on E1/E2, E6/E7 mRNA
splicing, we identified the functional domains of hnRNP D40 first. hnRNP D40 and
its deletion mutants were transfected with HPV16 plasmid pC97ELsLuc. The effect
on splicing was determined by RT-PCR. The results revealed that wild-type hnRNP
D40 inhibited E1/E2, E6/E7 mRNA splicing and thus promoted the production of
intron-retained E1- and E6-encoding mRNAs (Figure 4.1), respectively.

All of the hnRNPD 40 mutants with an N-terminal deletion (D1, D2, D5, and DS)
have a decreased ability to induce the production of intron-retained E1 and E6
mRNAs (Figure 4.1A, B). D5 lost N-terminal Alanine-rich domain, which reduced
the capacity of hnRNP D40 to promote production of intron-retained E6 mRNAs
only. D1, further lost exon-2 coding region of hnRNP D40, reduced induction of
both intron-retained E6 and E1 mRNAs, and unexpectedly activated splicing from
SD226 to SA526. In D2, deletion of the RRM1 domain eliminated induction of both
intron-retained E6 and E1 mRNAs, and activated production of isoform spliced
from SD226 to SA409. Mutant D8 consisted of only RRM1 and RRM2 domains
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and had a minor effect on E1/E2 or E6/E7 mRNA splicing. We concluded that the
N-terminus of hnRNP D40 significantly inhibited HPV16 early mRNA splicing and
intron-retained E1 and E6 mRNA production. Specifically, the RRM1 domain was
essential.

C-terminal deletion mutants D3, D4, D7 and D9 enhanced production of intron-
retained E1 and E6 mRNAs, although less efficiently than wild-type hnRNP
D40(Figure 4.1C, D). With increasing C-terminal deletions, the splicing inhibition
was gradually eliminated. Taken together, these results supported the idea that N-
terminus of hnRNP D40 was critical in inhibiting HPV16 E1/E2 and E6/E7 mRNA
splicing and that this effect was increased by the C-terminus, implying that the C-
terminus may interact with the splicing machinery.

Figure 4.1 Functional domains of hnRNP D40 in E1/E2, E6/E7 mRNA splicing.

RT-PCR results showed that hnRNP D40 inhibited E1/E2, E6/E7 mRNA splicing. RRM1 domain of hnRNP D40 was
critical for HPV16 E6 and E1 intron retention whereas N-terminal and C-terminal domains contributed to modification of
HPV16 early alternative mRNA splicing. Schematic representation of amplified mMRNAs and RT-PCR primers are
indicated to the right.

To confirm the interaction of hnRNP D40 with splicing machinery, we first
investigated if hnRNP D40 and two N-terminal D1, D2 deletion mutants co-
immunoprecipitated spliceosome components. The results showed that wild-type
hnRNP D40 co-immunoprecipitated cellular Ul snRNP components U1-70K and
U2 auxiliary factors U2AF65 and U2AF35 (Figure 4.2A). Deletion N-terminal
region reduced interactions of hnRNP D40 with cellular spliceosome, which was
reflected by D1 and D2 results. Thus, we concluded that hnRNP D40 interacts with
spliceosome complex A components at its C-terminus and that the N- terminus
contributed to the efficiency of these interactions.

Also, we used UV-crosslinking and Immunoprecipitation (CLIP) to detect the
interaction of hnRNP D40 and HPV16 RNA in Hela cells that were co-transfected
with hnRNP D40 or D1, D2 mutants and pC97ELsLuc plasmids. The results
revealed wild-type hnRNP D40 and D1 interacted with HPV16 mRNA but D2 did
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not, which indicates that the RRM1 domain of hnRNP D40 plays a key role in this
direct interaction (Figure 4.2B).

Figure 4.2 hnRNP D40 contributes to HPV16 mRNA control via interacting with splicesome factors and HPV16
mRNAs.

A. Co-IP results showed that hnRNP D40 C-terminus interacts with splicesome components U1-70K, U2AF65 and
U2AF35. B. CLIP assay showed that RRM1domain mediates the interaction of hnRNP D40 and HPV16 mRNAs.
Schematic representation of amplified mMRNAs and RT-PCR primers are indicated to the right bottom.

To further identify HPV16 sequences that were targeted by hnRNP D40, we used
RNA-mediated protein pull-down assay. Interactions between sequences in the
E6/E7 coding region was detected by RNA-pull down of hnRNP D40 with
overlapping oligos (Figure 4.3). One obvious result revealed that all RNA oligos
spanning E6-encoding intron between SD226 and SA409 pulled down hnRNP D40.
In addition, a previously identified splicing silencer also pulled down hnRNP D40.
These interactions correlated with the inhibition ability of hnRNP D40 on E6/E7
splicing and the promotion of the intron retention.

A )
X A OO O A %%%b%@%"a‘bk%b‘o‘o‘:@%%%%g
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Figure 4.3 hnRNP D40 interacts with E6 intronic region and E6 splicing silencer.
A.RNA oligo pull-down results showed that hnRNP D40 interacts with E6 intronic region (SD226-SA409) and E6
splicing silencer. B. Schematic representation of RNA splicing in the HPV16 E6 and E7coding region.
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4.1.2 hnRNP D40 increases the levels of HPV16 intron-retained E6
and E1 mRNAs in the cytoplasm

Additionally, our findings indicated that hnRNP D40 should increase E6 protein
levels and decrease E7 protein levels correspondingly since E6 and E7 mRNAs were
upregulated or down regulated as the results of splicing inhibition function of
hnRNP D40. Similar results were obtained from pC97ELsLuc and shorter plasmid
pXHS856F which encodes only E6 and E7. Surprisingly, hnRNP D40 inhibited both
E6 and E7 protein expression levels (Figure 4.4), not only E7 reduction suggested
by the mRNA results. To investigate if this inhibition of protein expression
correlated with the regulation function of hnRNP D40 on E6/E7 mRNA splicing, 5
splice site mutation plasmid pXH856SDmF was also analyzed. Both E6 and E7
protein expression was supressed by hnRNP D40, which was the same results as its
wild-type version pXH856F. These results suggested that inhibition of E6 and E7
protein production was independent of the splicing process. hnRNP D40 may also
have an effect on other RNA processing processes, which would explain the
decrease in E6 protein levels.

Figure 4.4 hnRNP D40 inhibits HPV16 E6 and E7 protein production.

WB results showed that the inhibition of E6 and E7 protein production was independent of E6/E7 mRNA splicing
process. E6 and E7 protein produced from subgenomic plasmid pC97ELsLuc, plasmid encodes only E6/E7 region
pXH856F and its 5’ splice site mutant pXH856SDmF were reduced by hnRNP D40.

One possibility was that hnRNP D40 restricted intron-retained E6 mRNA export to
the cytoplasm, thus affecting protein production. But the subcellular distribution of
intron-retained E6 mRNAs were increased in cytoplasm of pC97ELsLuc in
presence of hnRNP D40 (Figure 4.5A, B). Taken together, we concluded that
hnRNP D40 had multiple impacts and affected various steps of HPV16 E6 and E7
mRNA processing including inhibition of E6/E7 mRNA splicing and increasing
levels of intron-retained E6 mRNA in cytoplasm. However, hnRNP D40 also
significantly reduced E6 protein produced from the intron- retained E6 mRNAs,
implying that hnRNP D40 may inhibit mRNA translation. Meanwhile, intron-
retained E1 mRNAs levels were also increased in both nucleus and cytoplasm
(Figure 4.5C), whereas the levels of HPV16 spliced E2 mRNAs (880"2709) were
reduced in the presence of hnRNP D40, and were located primarily in the
cytoplasmic fraction.
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Figure 4.5 The levels of intron- retained E6 and E1 mRNA in cytoplasm were increased in the presence of hnRNP
D40.

RT-PCR results of nuclear and cytoplasmic fractions showed that subcellular distribution of intron-
retained E6 and E1 mRNAs was affected by hnRNP D40. In the presence of hnRNP D40, primarily intron-
retained E6 and E1 mRNA were increased in the cytoplasm compared to the spliced mRNAs.

Finally, we attempted to investigate if the increase of intron-retained E1 mRNAs in
the cytoplasm caused by hnRNP D40 also resulted in increased E1 protein levels.
In fact, E1 protein levels were decreased which is consistent with the inhibitory
effect of hnRNP D40 on E6 mRNA and protein production (Figure 4.6).

p16E1-3xF p16E1SDm-3xF
- - -+ :D40

| |< E1-FLAG
(73kD)

| | < Actin
(42kD)

Figure 4.6 hnRNP D40 inhibits HPV16 E1 protein production.

WB results showed that the inhibition of E1 protein production was independent of E1 mRNA splicing process. E1
protein produced from E1 expression plasmid p16E1-3xF and its splice donors mutant p16E1SDm-3xF was reduced by
hnRNP D40.

The results presented above suggested that hnRNP D40 not only inhibited HPV16
mRNA splicing, but also might have the ability to accompany the HPV16 mRNAs
to the cytoplasm. Western blot results showed that hnRNP D40 produced from
expression plasmid localized to both nuclear and cytoplasmic fractions (Figure
4.7A). Furthermore, hnRNP D40 in cytoplasm associated with intron-retained
HPV16 E1 mRNAs (Figure 4.7B), suggesting that hnRNP D40 followed with
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HPV16 mRNAs from nuclear to cytoplasm and regulated intron-retained E1 and E6
mRNA translation negatively.

Figure 4.7 hnRNP D40 interacts with HPV16 mRNAs in cytoplasm.

A. WB results of nuclear and cytoplasmic fracination showed that hnRNP D40 produced from expression plasmid could
be detected in both nulcear and cytoplasmic. B. CLIP assay showed that hnRNP D40 interacts with intron-retained E1
mRNA in cytoplasm.

4.1.3 hnRNP D40 interacts with HPV16 mRNAs in an HPV16-
positive cancer cell line and in HPV16-immortalized human
keratinocytes

The ability to promote the production of intron-retained E6 mRNAs and E1 mRNAs
of hnRNP D40 was also confirmed in human primary keratinocytes which contain
integrated HPV16 DNA (Figure 4.8A). Due to calcium treatment, human primary
keratinocytes undergo differentiation, thereby increasing the levels of intron
retained E1 mRNAs. This effect was reinforced by hnRNPD 40. Furthermore, the
association of HPV16 early mRNAs and endogenous hnRNP D was detectable in
HPV16 positive tonsillar cancer cell line HN26 and in-house HPV16-immortalized
keratinocyte cell line 3310 with integrated HPV16 DNA (Figure 4.8B).
Knockdown hnRNP D in HPV16 positive cell line C33A2 and in cervical cancer
cell line SiHa reduced the levels of intron-retained E6 and E1 mRNAs, meanwhile
increasing the E7 protein levels (Figure 4.8C, D). We concluded that the levels of
hnRNP D had a direct impact on production of the HPV16 E7 oncoprotein in
cervical cancer cells. These results reflected the physiological relevance of hnRNP
D and HPV16 early gene expression as well as its contribution to E7 protein in
cervical cancer cells.
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Figure 4.8 hnRNP D associates with E6/E7 and E1/E2 mRNAs in HPV16-immortalized human keratinocytes and
HPV16 positive cancer cell line.

A. RT-PCR results showed that hnRNP D40 promotes the levels of intron-retained E6 and E1 mRNAs produced from
episomal HPV16 DNA in human primary keratinocytes transfected with genomic plasmid pHPV16AN and CRE plasmid.
hnRNP D40 reinforced the increasement of intron-retained E1 mRNA induced by calcium treatment. B. RIP results
showed that endogenous hnRNP D interacts with HPV16 mRNAs in HPV16-immortalized keratinocyte cell line 3310
and HPV16-positive cancer cell line HN26. C. Knock down of hnRNP D in HPV16-positive cancer cell line SiHa reduced
the intron-retained E6 and E1 mRNAs. Knock down of hnRNP D in pBELsLuc stable cell line C33A2 reduced intron-
retained E1 mRNAs as well. D. WB results showed that Knock down of hnRNP D in SiHa increased E7 oncoprotein
production.

Summary and Significance

e  We have clucidated how the elusive, intron-retained HPV16 E6 and E1
mRNAs are generated.

e We have shown that expression of both E6 and E7 oncogenes are affected
by the hnRNP D levels.

o We found that reducing hnRNP D levels could enhance E7 mRNA and
protein production at the expense of E6.

e  QOur results contribute to understanding the function of hnRNP D
protein, particularly its role in splicing regulation.

e hnRNP D regulated HPV16 mRNA splicing could potentially be a
target for therapy to HPV16 infections and cancer.
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4.2 m6A modifications on HPV16 mRNA regulate
alternative splicing

The importance of m6A modification, the prevalent mammalian mRNA internal
modification, has been deeply investigated in viral gene expression regulation in
recent years. In this study, we started by discovering the core m6A modification
“eraser,” “writer,” and “reader” proteins and its reversible dynamic effects on
HPV16 mRNA post-transcriptional regulation, especially alternative splicing. The
results indicated that the effects of m6A “eraser,” “writer,” and “reader” proteins on
HPV16 mRNA alternative splicing are mediated by m6A sites on HPV16 transcripts.
Later, we wished to map m6A sites on HPV16 mRNAs by RNA-seq. The
sequencing results yielded peaks representing promising m6A sites on HPV16
mRNA, though precise interpretation and confirmation are needed.

4.2.1 mo6A “eraser” ALKBHS, “writer” METTL3 and “reader”
YTHDC1 alter HPV16 mRNA splicing.

To investigate if mo6A-erasers (ALKBHS, FTO), m6A-writers (METTLS3,
METTL14, WTAP) and m6A-readers (YTHDC1) affected HPV16 mRNA splicing,
HPV16 reporter plasmid pC97ELsLuc was co-transfected into Hela cells with
expression plasmids pALKBHS, pFTO, pMETTL3, pMETTL14, pWTAP or
pYTHDCI. First, the results revealed that ALKBHS inhibits HPV16 E6/E7 mRNA
splicing (Figure 4.9).

Figure 4.9 m6A eraser ALKBHS5 inhibits HPV16 E6/E7 mRNA splicing.

RT-PCR showed that ALKBHS5 inhibited E6/E7 mRNA splicing. Intron-retained E6 mRNAs was increased at the expense
of spliced mRNA 2267409. Schematic representation of amplified mRNAs and RT-PCR primers are indicated to the
right.
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Given that ALKBHS has the ability to "remove" m6A modification, we examined
whether overexpression of ALKBHS5 decreased m6A-methylation of HPV16
mRNAs. The m6A-IP results showed that the HPV16 mRNAs produced by
pC97ELsLuc are methylated in transfected HeLa cells (Figure 4.10A).
Furthermore, the amount of HPV16 mRNAs immunoprecipitated by m6A antibody
was reduced by overexpression of ALKBHS5 (Figure 4.10B).

Figure 4.10 HPV16 mRNA contains m6A-methylation.

A. RT-PCR results of the CLIP assay showed that m6A antibody immunoprecipitated HPV16 mRNAs transcripted from
pC97ELsLuc.B.gPCR results of the CLIP assay showed that co-transfection of pC97ELsLuc together with ALKBH5
expression plasmid reduced the m6A-methylated mRNA level of HPV16.

RT-PCR results of HPV16 late gene L1 revealed that METTL3 and ALKBHS had
opposite effect on L1 alternative splicing (Figure 4.11C). Overexpression of
METTL3 enhanced inclusion of the central exon on the L1 mRNA and inhibited
splicing directly from SD880 to SA5639, thereby promoting production of HPV16
L1 mRNAs. Overexpression of ALKBHS altered HPV16 L1 mRNA splicing by
causing skipping of the central exon of the L1 mRNAs and enhancing splicing from
SD880 to SA5639, there by promoting production of HPV16 L1i mRNAs. Also, we
unexpectedly found that ALKBHS inhibited E2 mRNA splicing and promoted
production of intron retained El like METTL3 (Figure 4.11A). Furthermore,
knockdown ALKBHS in C33A2 cell line resulted in enhancement of E2 mRNA
production and L1 mRNA production which were the opposite effects of ALKBHS
overexpression (Figure 4.12).
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Figure 4.11 METTL3 and ALKBHS5 alter HPV16 late L1 mRNA splicing

A.RT-PCR results showed that METTL3 and ALKBHS5 inhibit E1/E2 mRNA splicing. Both METTL3 and ALKBH5
increase production of intron-retained E1.B. RT-PCR results showed that E4 mRNA level was not affected by m6A
regulatory factors YTHDC1, METTL3 and ALKBHS5. C. RT-PCR results showed that METTL3 and ALKBH5 had opposite
effect on L1 alternative splicing.

Figure 4.12 Knock down ALKBH5 enhanced the production of L1 mRNAs and splice E2 mRNAs.
RT-PCR results showed that Knock down of ALKBHS5 in pBELsLuc stable cell line C33A2 enhanced L1 mRNAs and
splice E2 mRNAs..

Since overexpression of the m6A “writers” and “erasers” METTL3 and ALKBHS
affected alternative splicing of various HPV16 mRNAs, one may speculate that a
nuclear “reader” YTHDCI1 might impact HPV16 mRNA splicing as well. RT-PCR
results showed that overexpression of YTHDCI altered HPV16 E6/E7 mRNA
splicing only. YTHDCI1 primarily enhanced intron retention to promote production
of E6-encoding mRNAs (2267409) (Figure 4.13A). The results showed that
YTHDCI acted directly on the E6/E7 coding region. Finally, we analyzed the effect
of YTHDCI on the full-length HPV16 genome by using plasmid pHPV16AN which
could release episomal form of the HPV 16 genome with the help of Cre-loxP system
(Figure 1.15). Results showed that YTHDCI inhibited E6/E7 mRNA splicing and
promoted retention of the E6-encoding intron at the expense of the spliced E7
mRNA (Figure 4.13B).
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Figure 4.13 YTHDC1 promotes the intron retention of the E6 mRNAs.
RT-PCR results showed that intron-retained E6 mRNAs produced from subgenomic plasmid pC97ELsLuc and
episomal HPV16 DNA generated from plasmid pHPV16AN and CRE plasmid were increased by YTHDC1.

To investigate if YTHDCI1 binds directly to HPV16 mRNAs, we performed a CLIP
assay on YTHDCI1 on HeLa cells transfected with pC97ELsLuc with or without
pYTHDC1. The results revealed that YTHDCI1 and flag antibody could
immunoprecipitate HPV16 mRNAs. Therefore, both endogenous and
overexpressed YTHDCI1 interacted with HPV16 mRNAs in the transfected Hela
cells (Figure 4.14).

Figure 4.14 YTHDC1 interacts with HPV16 mRNAs.
RT-PCR results of CLIP assay showed that both endogenous and overexpressed YTHDC1 interacts with HPV16
mRNAs.

4.2.2 HPV16 mRNAs are m6A-methylated in HPV16-positive
tonsillar cancer cell line HN26

In the end, we wished to determine if HPV16 mRNAs are m6A-methylated in
HPV16-driven cancer cells. We therefore extracted RNA from the HPV16-positive
tonsillar cancer cell line HN26 and subjected RNA to immunoprecipitation with
moA specific monoclonal antibody. RT-PCR results showed that mRNA encoding
HPV16 E2, E4, E6 and E7 were immunoprecipitated by the m6A antibody which
confirmed that HPV16 mRNAs are m6A-methylated in cancer cells which
supported the idea that m6A-methylation plays an important role in the control of
HPV16 gene expression (Figure 4.15).
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Figure 4.15 HPV16 mRNAs are m6A methylated in HN26
RT-PCR results of CLIP assay showed that mRNAs extracted from HPV16-positive HN26 cells were
immunoprecipitated by m6A antibody.

To address the question of where the m6A sites are located on HPV16 mRNAs,
meRIP-seq on two times oligo d(T) selected mRNA from HN26 cells was
performed. Sequencing was performed on fragmented mRNA in 30-50nt size,
immunoprecipitated by m6A antibody or IgG. The IP groups contain four biological
replicates. Peaks represent potential m6A sites on cellular transcriptomes and
HPV16 mRNAs. The analysis of cellular transcriptomes revealed m6A-IP over IgG
peaks contained sequences similar to the m6A consensus motif, indicating that the
MeRIP-seq strategy was successful (Figure 4.16 A). However, unexpectedly, m6A
peaks of m6A IP replicates (black curves) overlapped with the IgG group (red curve)
in HPV16 mRNA m6A analysis for unknown reasons (Figure 4.16 B). It was
difficult to go further with interpretation and investigation. We concluded that the
MeRIP experiment would have to be repeated, but lack of time prevented us from
doing so within the timeframe of this thesis project.
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Figure 4.16 MeRIP-seq analysis of the m6A methylations of HPV16 mRNAs in HN26.
A. Peaks represent potential m6A sites on cellular transcriptomes B. Peaks represent potential m6A sites on HPV16
mRNAs in the first 2000 nucleotides.
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Summary and Significance

We found that overexpression of m6A eraser ALKBHS promoted
production of intron-retained HPV16 E6 mRNAs.

ALKBHS eraser and m6A writer METTL3 oppositely altered L1 mRNA
splicing.

METTL3 also induced production of intron-retained HPV16 E1 mRNAs.

The nuclear m6A reader YTHDCI1 promoted intron retention of E6
mRNAs over E7 mRNAs produced from the episomal HPV16 genome.

We provide direct evidence that altering m6A methylation of HPV16
mRNAs affects HPV16 mRNA splicing.

We demonstrate that HPV16 mRNA are m6A methylated in HPV16-
positive cancer cell line HN26.
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4.3 Identification of nucleotide substitutions in the 5'-
end of HPV16 early mRNAs and in the non-
transcribed long control region that affect E6 and E7
mRNA splicing

To investigate if sequence variation in HPV16 genome affects HPV16 mRNA
splicing, we performed a sequence comparison on two HPV16 molecular clones
HPV16AN and HPV16R. The alignment results revealed multiple sequence
differences. The nucleotide substitutions in LCR at positions 7447, 7528, 7612, 12
and 13 or in the first 880 nucleotides at positions 131, 350 and 570 are particularly
interesting since they have the potential to affect HPV16 oncogenes E6 and E7
transcription and post-transcription including alternative splicing. Firstly, we
investigated if the sequence heterogeneity affected HPV16 E6/E7 mRNA splicing.
Results showed that HPV16 E6/E7 mRNAs derived from HPV16AN are poorly
spliced, whereas splicing pattern in HPV16R is typical (Figure 4.17).

Figure 4.17 HPV16 E6/E7 mRNA splicing efficiency of subgenomic plasimds containing nucleotide
substitutions in HPV16 LCR and 5’ end of early mRNAs.

RT-PCR results of Hela cells transfected with pLM16R or pLM16AN showed that splicing of E6/E7 mRNAs was affected
by nucleotide substitution in LCR and 5’end of early mRNAs. Subgenomic plasmid pLM16AN derived from HPV16AN
generated E6/E7 mRNAs with unefficient splicing.

Due to the surprising different splicing pattern caused by the eight nucleotide
positions only, we narrow it down into two parts, five (7447, 7528, 7612, 12, and
13) in the non-transcribed part of the LCR and three (131, 350, and 570) in the
transcribed HPV 16 region downstream of the initiation site of the early promoter
P97. We generated two hybrid plasmids with different combination of these two
parts. Results revealed that sequences containing positions 131, 350 or 570
originated from HPV16R- conferred efficient splicing to E6/E7 mRNAs (Figure
4.18), leading to speculation that nucleotide positions 131, 350 or 570 overlapped
cis-acting elements that controlled HPV16 early mRNA splicing.
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Figure 4.18 Sequences containing positions 131, 350 or 570 in 5’end of HPV16 early mRNA originated from
HPV16R confer efficient splicing to E6/E7 mRNAs.

RT-PCR results showed that splicing efficiency of EG/E7 mRNAs generated from sequence hybridizaiton subgenomic
plasmids pLM16(R+AN) and pLM16(AN+R) was mainly determine by 5’ end of HPV16 early mRNA sequence derived
from HPV16R.

Another assumption is LCR originated from HPV16AN might contain cis-elements
that potentially inhibit E6/E7 mRNA splicing. To verify this idea, plasmid
pHPV16AN was used. pHPV16AN could generate HPV16 episomal with the help
of Cre-loxP system. Results showed that transfection of pHPV16AN alone yielded
poor splicing as we expected, but episomal form of HPV16 had efficient E6/E7
splicing ability (Figure 4.19). It appears that vector between loxP sites interfere the
sequence in LCR that contribute to efficient splicing of E6/E7 mRNAs.

Figure 4.19 Intact LCR is needed for efficient E6/E7 mRNA splicing.

RT-PCR results showed that transfect genomic plasmid pHPV16AN with or without pCre results in different E6/E7
mRNA splicing efficiency. The E6/E7 mRNAs generated from episomal HPV16 genome released by Cre had high
splicing efficiency.
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The episomal results also indicated that reconstitution of the complete LCR also
compensated for the poor splicing of HPV16 E6/E7 mRNAs. To confirm this
finding, we generated HPV16 subgenomic expression plasmids driven by LCR
sequences of various length. RT-PCR results showed that LCR sequences extended
to L1 stop codon help efficient splicing, whereas splicing efficiency was diminished
if LCR start from pAL and even more poorly with shorter LCR (Figure 4.20).

Figure 4.20 The E6/E7 mRNA splicing efficiency of subgenomic plasmids containing various length of HPV16
LCR sequence.

The RT-PCR results showed that LCR sequences extended to L1 stop codon help efficient splicing, whereas splicing
efficiency was diminished if LCR start from pAL and even more poorly with shorter LCR.

Summary and Significance

e We found that sequences variation, which eight nucleotide positions only
in HPV 16 non-transcribed region of LCR and 5’ end of the early mRNAs,
affects HPV16 oncogenes E6/E7 mRNA splicing.

e Our results suggest that potential splicing regulatory RNA elements
identified by the sequence variation in 5’ end of the early mRNAs.

e HPVI16 LCR 5' non-transcribed regions of the HPV16 genome may
affect mRNA processing including transcription and splicing.
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5 Discussion and Future Perspectives

The biological importance of alternative splicing has been shown in many normal
physiological processes like cell differentiation and tissue maturation, therefore
dysregulation of alternative splicing is the typical issue in human diseases,
particularly, malignancies [186]. Alternative splicing is a tightly regulated process
that depends on splicing regulatory elements (cis-elements) and splicing regulator
factors (trans-factors). Alterations in splicing regulatory factors levels are common
characteristics in cancers, for instance, hnRNP family members hnRNP Al and
hnRNP A2/B1, and SR protein member SRSF1 levels are frequently upregulated in
cancer [187]. Altered expression of hnRNP D protein has been investigated in
different cancers as well [188], which indicates hnRNP D may participate in
carcinogenesis. HR HPV, primarily HPV 16, is the causative agent of cervical cancer
and head-and-neck cancer. The regulation of RNA processing, especially alternative
pre-mRNA splicing, is particularly important for the regulation of HPV16 gene
expression since all HPV16 genes are expressed from a plethora of alternatively
spliced viral mRNAs.

In Paper 1, we demonstrated that hnRNP D inhibited HPV16 E1/E2 and E6/E7
mRNA splicing followed by the subsequent steps of HPV mRNA processing,
including a potential increase in mRNA stability and nuclear export of intron-
retained HPV16 E1 and E6 mRNA, but not the spliced E2 and E7 mRNA. Since E1
and E2 proteins regulate viral DNA replication and transcription, E6 and E7
oncoproteins are tightly functioning in cancer cell maintenance and malignant
progression. Meanwhile, E6/E7 mRNAs and E1/E2 mRNAs are generated in a
mutually exclusive way via alternative splicing. Thus, we believe hnRNP D
contributes to controlling the HPV16 life cycle via regulating alternative splicing
and other RNA processing events.

Except for cis-element and trans-factors, chemical modifications, especially m6A
on mRNAs, also contributes to the regulation of mRNA alternative splicing. In
paper 2 we demonstrated m6A demethylase or ‘“eraser” ALKBHS,
methyltransferase or “writer” METTL3, and recognizer or “reader” YTHDC1 could
affect HPV16 mRNA alternative splicing. Both ALKBHS5 and YTHDCI
overexpression could inhibit E6/E7 mRNA splicing, while METTL3 did not affect
it. One explanation for this result could be that E6/E7 mRNAs were highly m6A
modulated, so that no more potential adenosine could be modified by METTL3, but
ALKBHS could remove m6A, thereby reducing the ability of a yet undisclosed
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cellular “reader” and splicing factor to bind the mRNA and enhance splicing, while
YTHDCI1 may bind to m6A sites on the same mRNA and prevent the splicing factor
to reach this position. In addition, we demonstrated that HPV16 mRNA are m6A-
methylated and that m6A regulators METTL3, ALKBHS, and YTHDCI affect
HPV16 mRNA splicing. We concluded that m6A modification of HPV16 mRNAs
contributes to the regulation of HPV16 gene expression at the level of mRNA
splicing and that it may contribute to the pathogenic properties of HPV16. In the
original plan, we further wanted to map the m6A sites on HPV16 transcripts, which
are shown only in Project II of this thesis, not Paper 2, since the interpretation of
sequencing results was difficult. Sequencing and preliminary alignment yielded
peaks representing the potential m6A modified position of both HN26 cell
transcripts and HPV16 episome transcripts, especially in the first 2000nt, including
the 3" LCR and E6E7 coding region and a large part of the E1 coding region. We
got eight peaks in this region by their rough positions A100, A450, A650, A1000,
A1200, A1250, A1400 and A1700. Quality controls of the experiment were done,
and the results of mapping the reads to the human genome showed that sequences
under the peaks reflected the expected consensus motif for m6A modification
(GGACU). The shallow analysis of human genome m6A enriched peaks showed a
promising outcome of HPV16 analysis. However, a problem in the m6A mapping
of the human genome was that the control IgG sample gave a lot of reads which
surprised us since the amount of fragmented mRNA of IgG quality control data
before sequencing was significantly lower than the m6A IP sample replicates. The
unusual high reads did not affect human genome analysis very much but caused a
big problem with the outcome of the HPV16 results. Even though HPV16 mapping
results gave eight identity peaks between 0-2000nt of HPV16, the IgG group
showed no difference with m6A IP replicates. The unusual high background of
HPV16 mapping results made it difficult to interpret. One of the most possible
reasons is sample concentration of the cDNA library of IgG was adjusted to the
same as m6A I[P replicates, resulting in a fake high reads outcome. Compared to
HPV16, human genome m6A IP results contain millions more reads, and HPV16
mo6A IP replicates only occupied a very small percentage, so HPV16 mapping was
affected much more than the human genome. Another piece of information that
made us believe the HPV16 mapping results is that m6A peaks are not random but
have potential overlap with functional regulatory elements. A100 is close to the P97
promoter, A650 is located close to a splicing silencer, and A1000 is close to the
AUAGUA motif, which is the hnRNP D binding site. In addition, A100, A450, and
A650 correspond to the m6A estimated position from a prediction server named
SRAMP. Taken together, m6A RNA-seq results gave us the perspective of m6A
modulation sites on mRNA of HPV16 but not solid evidence. The RNA-Seq
experiment needs to be repeated and results validated before the precise sites of
m6A on HPV16 mRNA can be determined.

LCR is the non-coding region that contains most regulatory elements for HPV16
replication and transcription. LCR locates between the stop codon of L1 ORF and
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the start codon of the E6 ORF. If the cis-elements and the corresponding trans
factors in this region that regulate replication and transcription could potentially
affect HPV16 mRNA splicing, or if cis-elements interact with splicing factor
directly, have not been investigated. In Paper 4, we found that non-transcribed LCR
sequences upstream of position 7470 could affect E6/E7 mRNA splicing, producing
poorly spliced HPV16 mRNAs. Since this is preliminary data, we cannot speculate
on the exact mechanism, but in combination with the phenomenon that transcription
efficiency also decreased by the LCR sequence upstream of 7470, one possible
explanation is that DNA sequences in the promoter-encoding region could
potentially affect splicing by the recruitment of DNA-binding transcription factors
that execute their function by recruiting RNA-binding proteins to the DNA-
dependent RNA polymerase, thereby loading the polymerase with RNA-binding
proteins that may swiftly interact with RNA elements on de novo synthesized
mRNA. Furthermore, it has been shown that HPV18 mRNA splicing may be
affected by long-range interactions of DNA-binding proteins that interact with the
HPV genome [189-191].

hnRNP D show multifunction in Paper 1. In addition to the inhibitory effect on
E6/E7 and E1/E2 mRNA splicing, resulting in increasing levels of E6 and El
mRNAs, hnRNP D also accompanied these mRNAs to the cytoplasm. However, E6
and EI1 protein levels were not enhanced, but decreased instead. In this study, we
did not dig out the possible mechanism, but the results showed that hnRNP D and
E6 E1 mRNA were binding to each other in the cytoplasm. These results indicate
that translation of mRNAs to E6 and E1 proteins potentially needed other factors to
replace hnRNP D. It is also possible that hnRNP D affects the degradation of E6
and E1 mRNA in cytoplasm, but more detailed experiments need to be done to
uncover the fate of E6 and E1 mRNA.

Another intriguing result of the hnRNP D project is that deletion mutants D1 and
D2 activated 2267526 and 226”409 splicing, respectively. This result indicated that
the inhibitory effect of hnRNP D is located in N-terminal, A-rich domain and exon-
2, while the RNA binding ability was exerted by both RRM1 and RRM2.
Spliceosome binding was performed by the N-terminus and C-terminus of hnRNP
D. Thus, D1 or D2 could bind target mRNAs and spliceosome factors but reduce
splicing inhibitory function.

Taken together, we have established the role of hnRNP D in HPV16 gene
expression, mRNA splicing and shown that hnRNP D levels affect E7 mRNA
splicing and E7 oncogene production. In the future, one can investigate the role of
hnRNP D in cancer progression, target for therapy for HPV16 infection and/or
cancer, or hnRNP D as a biomarker for progression of HPV16 infections to high-
grade lesion or cancer. Similarly, m6 A methylation of HPV16 mRNAs is reversible,
mo6A added and removed by enzymes. Inhibiting these enzymes may alter HPV16
mRNA splicing and E6 and E7 oncogene expression. Maybe HPV16 infection of
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HPV16 driven cancers would be sensitive to inhibitors of the m6A enzymes
ALKBHS5 or METTL3.
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ABSTRACT

Human papillomavirus type 16 (HPV16) E1 and E6
proteins are produced from mRNAs with retained
introns, but it has been unclear how these mRNAs
are generated. Here, we report that hnRNP D act
as a splicing inhibitor of HPV16 E1/E2- and E6/E7-
mRNAs thereby generating intron-containing E1- and
E6-mRNAs, respectively. N- and C-termini of hnRNP
D contributed to HPV16 mRNA splicing control dif-
ferently. HnRNP D interacted with the components
of splicing machinery and with HPV16 RNA to ex-
ert its inhibitory function. As a result, the cytoplas-
mic levels of intron-retained HPV16 mMRNAs were in-
creased in the presence of hnRNP D. Association of
hnRNP D with HPV16 mRNAs in the cytoplasm was
observed, and this may correlate with unexpected
inhibition of HPV16 E1- and E6-mRNA translation.
Notably, hnRNP D40 interacted with HPV16 mRNAs
in an HPV16-driven tonsillar cancer cell line and in
HPV16-immortalized human keratinocytes. Further-
more, knockdown of hnRNP D in HPV16-driven cer-
vical cancer cells enhanced production of the HPV16
E7 oncoprotein. Our results suggest that hnRNP
D plays significant roles in the regulation of HPV
gene expression and HPV-associated cancer devel-
opment.

INTRODUCTION

Human papillomaviruses (HPV) contain a double-stranded
circular DNA genome of approximately 8 kb in size (1).
HPV infections cause a range of disease from benign warts
to invasive cancers, for example cervical cancer and ton-
sillar cancer (2). HPV type 16 (HPV16) is responsible for
around 55% of all cervical cancers while the remainder is
caused by other high risk (HR) HPV types (3). Cancer pro-
gression is due to an increased continuous expression of
HPV oncoproteins E6 and E7 that inactivate tumor sup-

pressor proteins p53 and pRb (4), respectively. E6 and E7
activate the cell cycle, inhibit apoptosis and cause genomic
instability (5-9). The HPV16 El and E2 proteins are key
factors during replication of HPV16 genomic DNA. El
functions as DNA helicase whereas E2 has a multifunc-
tional role including transcriptional regulation, initiation
of HPV16 DNA replication, facilitation of HPV16 genome
partitioning during mitosis and post-transcriptional con-
trol of HPV16 gene expression (10-13). In contrast to E6
and E7, E2 has pro-apoptotic properties and is frequently
inactivated when the HPV16 genome integrates in cellular
chromosomes, a process that possibly enhances carcinogen-
esis (11,14). The HPV16 E4 and ES5 proteins are essential
for completion of the HPV16 replication cycle and ES may
contribute to carcinogenesis (15,16).

Since the HPV16 genome has two promoters only, al-
ternative mRNA splicing plays a major role in the regu-
lated expression of all HPV16 genes (17-22). A complex
pattern of alternatively spliced and polyadenylated HPV16
mRNAs is observed during the HPV16 life cycle. Therefore,
it is not surprising that a number of cis-acting regulatory
RNA elements and their cognate trans-acting factors con-
trol the HPV16 alternative splicing and polyadenylation.
In addition, it has been shown that the levels of various
RNA-binding proteins are altered during the progression of
HPV16-infected cells to cervical cancer through a series of
premalignant cervical intraepithelial lesions (23,24). Thus,
it is of interest to identify cellular RNA-binding proteins
that control HPV16 gene expression.

Heterogeneous nuclear ribonucleoproteins (hnRNPs)
represent a large family of RNA-binding proteins (RBPs).
The association of hnRNP proteins with pre-mRNAs is ini-
tiated co-transcriptionally at the nascent transcripts. Many
of the RNA-binding proteins remain bound to the result-
ing mRNAs all the way to the ribosomes and shuttle back
and forth between the nucleus and the cytoplasm, demon-
strating that RNA-binding proteins are important determi-
nants of pre-mRNA processing during the entire mRNA
pathway including mRNA splicing, localization, transla-
tion and stability (25). hnRNPs are massively involved in
alternative splicing and the canonical function of hnRNPs
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is performed through their binding to RNA elements adja-
cent to splice sites, thereby either repressing or supporting
the assembly of the spliceosome complex on splice donor
(SD) or splice acceptor (SA) sites. Alternatively, they af-
fect the recruitment of other RNA-binding proteins such
as Serine/Arginine (SR) rich proteins to exonic or intronic
splicing enhancers or silencers (26). Furthermore, many hn-
RNPs participate in more than one of these processes (27),
e.g. regulation of both alternative splicing- and poly(A)-site
usage by hnRNP H/F or L, alternative splicing and trans-
lation by hnRNP Al, or alternative splicing and RNA sta-
bility by hnRNP D.

The hnRNP family comprises at least 20 major RNA-
binding proteins originally named alphabetically from Al
to U. These proteins share modular structures that include
RNA recognition motifs (RRM) or quasi-RRMs, other
motifs such as the K Homology (KH) domain and the
arginine/glycine-rich RGG motif and other RNA-binding
domains (RBD) present on a subset of hnRNPs (28). In
some hnRNPs other auxiliary domains like glycine rich do-
mains and proline-rich domains may be present (25,29). Al-
though all hnRNPs display RNA-binding activity with a
certain degree of specificity, an hnRNP protein may not
bind exclusively to high-affinity binding sites. The RNA-
binding specificity of hnRNPs is strongly influenced by the
type and number of RNA-binding domains on the hn-
RNP, which in turn generates both general and specific in-
teractions with nucleic acids, as well as the primary and
secondary structures of the target RNA (30). HnRNPs
also possess nuclear localization sequences (NLSs) that
bring the proteins to the nucleus, while other hnRNPs pos-
sess nucleocytoplasmic shuttling domains which allow hn-
RNPs to shuttle between nuclear and cytoplasmic compart-
ments (28). Given the important role of hnRNPs in mRNA
metabolism, we speculate that HPV16 early gene expression
is under control of a range of hnRNPs. Here we determined
the effect of 13 different hnRNPs on HPV16 early mRNA
splicing and we found that a number of the hnRNPs af-
fected HPV16 early mRNA splicing, but in different ways.
We focused our attention on the members of the cellular
hnRNP D protein family. hnRNP D, also known as AU-
rich element binding factor 1 (AUF1) promotes the decay
of many target mRNAs (31), but it was also reported to
enhance the stability and affect translation of target tran-
scripts. As a result, hnRNP D is involved in multiple cellular
processes, including miRNA biogenesis (32), translational
regulation (33,34), telomere maintenance (35,36), cell cy-
cle control (37), apoptosis (38) and inflammatory responses
(39) since hnRNP D target nRNAs encode proteins impli-
cated in these processes. Reports on hnRNP D and mRNA
splicing are relatively scarce but a regulatory function of hn-
RNP D proteins in alternative splicing has been suggested
(34). One example is that hnRNP D proteins as well as hn-
RNP DL control their own expression by auto- or cross-
alternative splicing regulation (40). Another example sug-
gests that hnRNP D together with neuronal members of the
ELAVL protein family (nELAVLs) induce neuron-specific
alternative splicing of the amyloid precursor protein (APP)
(41).

In this manuscript, we show that rnRNP D proteins in-
hibit splicing and promote retention of the El- and E6-
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encoding introns on the HPV16 early mRNAs, thereby
specifically stimulating production of the partially spliced
HPV16 El- and E6-encoding mRNAs. Furthermore, hn-
RNP D facilitated export of the partially spliced HPV16 E1
and E6 mRNAs to the cytoplasm. However, despite the fact
that the HPV16 E1 and E6 mRNAs reached the cytoplasm
in association with hnRNP D, HPV16 mRNAs were poorly
translated. In conclusion, our results suggest that hnRNP
D proteins inhibit HPV16 early mRNA splicing and en-
hance production of the partially spliced, intron-containing
HPV16 E1 and E6 mRNAs, thereby playing an important
role at the initial steps of the biogenesis of HPV16 E1 and
E6 mRNA.

MATERIALS AND METHODS
Cells

Hela, 293T, SiHa and C33A2 cells were cultured in
Dulbecco’s modified Eagle medium (DMEM) (Hy-
Clone) with 10% bovine calf serum (HyClone) and
penicillin/streptomycin (Gibco). C33A2 cell line has been
described previously (42). Briefly, C33A2 is an in-house
cell line derived from C33A cells stably transfected with
HPV16 reporter plasmid pBELsLuc (43). HPV16-infected
tonsillar cancer cell line HN26 has been described previ-
ously (44). Briefly, the HN26 cells are derived from a tumor
of a 48-year-old nonsmoking man with non-keratinizing,
HPV16-positive tonsil oral squamous cell carcinoma,
stage T2NOMO. The HN26 cells contain episomal HPV16
DNA and have an intact p53 gene. HN26 cells were
cultured in RPMI 1640 medium (HyClone) with 10% iron-
supplemented bovine calf serum (HyClone), 5% MEM
non-essential amino acid solution (Sigma Aldrich) and 5%
sodium pyruvate (Sigma Aldrich). Neonatal Primary Nor-
mal Human Foreskin Keratinocytes (nHFK, purchaced
from Themo Fisher Scientific) and 3310 cells were cultured
in EpiLife medium (Gibco) supplemented with 1% human
keratinocyte growth supplement (HKGS, Gibco) and 0.2%
Gentamicin/Amphotericin  (Gibco). Differentiation of
nHFK was induced by addition of CaCl, at a final con-
centration of 2.4 mM in the keratinocyte culture medium
for 24 h. The HPV16-immortalized keratinocyte 3310 cell
line has been described previously and was generated by
stable transfection of nHFK with HPV16 genome plasmid
pHPV16ANE2fs (43).

Plasmids

The following plasmids have been described previously:
pHPV16AN (43), pC97ELsluc (42) and pBELsluc (43).
Construction of phnRNP F, phnRNP I, phnRNP A2 and
phnRNP Q has been described previously (45) and so has
phnRNP Al (46) and phnRNP C1 (47). Plasmids Flag-p37,
Flag-p40, Flag-p42 and Flag-p45 were kindly given by Dr
R. J. Schneider (48), hnRNP G plasmid by Dr I. C. Eperon
(49), histidine and myc-tagged hnRNP L plasmid by Dr S.
Guang (50) and histidine and myc-tagged hnRNP R plas-
mid by Dr P. Xu (51). phnRNP AB encoding myc-tagged
hnRNP AB transcript variant 1 (RC204360) and phnRNP
DL encoding hnRNP DL transcript variant 2 (RC204064)
were purchased from OriGene Technologies. phnRNP H
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contains the hnRNP H open reading frame driven by a
CMYV promoter. It was constructed by PCR-amplification
of hnRNP H coding sequence from pET-15B-hnRNP H
(generously provided by Dr D. Black) (52) followed by sub-
cloning into pCLO086 (53).

To construct HPV16 subgenomic plasmids pX656 and
pX478, primer B97S (Supplementary Table S1) was used
in combination with primer X656A or X478A to amplify
HPV16 sequences that were digested with Ptel and Xhol
and inserted between the Ptel and Xhol sites in CMV pro-
moter driven empty vector pCL086 (53). HPV16 subge-
nomic plasmid pXH856F encoded HPV16 E6 and E7
genes (HPV16 nucleotides positions 104-855) (HPV16 nu-
cleotide positions refer to the HPV16 reference sequence
HPV16R (GeneBank: K02718.1)). E6 was fused to an
HA tag sequence at the 5'-end and E7 to a flag tag se-
quence at the 3-end. pXH856F was generated by inser-
tion of DNA fragment PCR-amplified with pXH856F sense
and anti-sense primer (Supplementary Table S1) and sub-
cloned into pCL086 at Ptel and Xhol sites. The 5'-splice
site SD226 in pXH856F was mutated (T228C, A229C) cre-
ating pXH856SDmF. The mutations in SD226 were intro-
duced by PCR mutagenesis with pXH856SDmF sense and
antisense primers (Supplementary Table S1) in a two-step
PCR amplification reaction using overlapping followed by
subcloning into pXH856F. Plasmid p16E1-3xF encodes the
HPV16 El gene (HPV16 nucleotides positions 865-2811)
fused with a 3XFLAG tag sequence at the 3’-end and was
constructed by PCR amplification using pl 6E1-3xF inverse
sense and anti-sense primers (Supplementary Table S1) and
subcloned into pCL086. HPV16 5'-splice sites SD880 and
SD1302 on pl6E1SDm-3xF were mutated (G881C and
G1303C) to create pl6EISDm-3xF. The mutations were
conducted by pl6E1SDm-3xF sense and antisense primers
(Supplementary Table S1) in two-step PCR amplification.

To construct HPV subgenomic plasmids pBELEN, pBE-
LENdEI, pBELsluc plasmid was cut with restriction en-
zymes Csil and Xhol, followed by blunting of sticky DNA
ends with Klenow fragment and re-ligation, resulting in
pBELEN. To construct pPBELENAJEI, pBELEN was cut
with restriction enzymes Adel and Nisil to delete sequences
in the E1 coding region, followed by blunting of sticky DNA
ends with Klenow fragment and re-ligation.

To construct plasmid pFLAG-hnRNPD40, the hn-
RNPD40 sequence was fused to a FLAG-tag sequence at
the 5-end by PCR amplification with primers pflag-D40
sense and anti-sense (Supplementary Table S1) using plas-
mid FLAG-p40 (48) as template. To construct hnRNPD40
deletion mutants pD1, pD2 and pD5, hnRNPD40 se-
quences fused to flag tag at the 5'-end were first PCR-
amplified with primers ‘pD1-, pD2- or pDS5-sense’ and
‘pflag-D40 anti-sense’ (Supplementary Table S1) from plas-
mid pflag-hnRNPD40. To construct hnRNPD40 deletion
mutants pD3, pD4 and pD7, hnRNPD40 sequences fused
to a flag tag at the 5'-end were first PCR-amplified with
primers ‘pflag-D40 sense’ and ‘pD3-, pD4- or pD7- anti-
sense’ (Supplementary Table S1) from plasmid pFLAG-
hnRNPD40. To construct hnRNPD40 deletion mutant
pD8, hnRNPD40 sequences fused to a FLAG tag at the
5-end were first PCR-amplified with primers ‘pD1 sense’
and ‘pD4 anti-sense’ (Supplementary Table S1) from plas-

mid pFLAG-hnRNPD40. The PCR-fragments mentioned
above were digested with restriction enzymes Ptel and
Xhol and subcloned into plasmid pCLO086 cut with Ptel
and Xhol. pD9 was constructed by blunt end re-ligation
of pFLAG-hnRNPD40 cut by Stul and Xhol. pflag-
hnRNPD40 and deletion mutants are shown schemati-
cally in Figure 4A. To construct hnRNPD40 substitu-
tion mutants pQ6A and pAGG, hnRNP D40 sequences
(BglII and Xhol) encoding hnRNPD40 mutant fragments
were synthesized by Eurofins Genomics. These fragments
were digested with restriction enzymes Bglll and Xhol
and subcloned into plasmid pFLAG-hnRNPD40 digested
with BglIT and Xhol. To construct pD1 and pD2 sub-
stitution mutants pD1-AGG, pDI1-Q6A, pD2-AGG and
pD2-Q6A, plasmids pAGG or pQ6A were digested with
BglII and Xhol and subcloned into plasmid pD1 and pD2
digested with BglIT and Xhol. Substitution mutants are
shown schematically in Figure 5A. To generate hnRNP
DA40-plasmids fused to GFP, primer ‘pEGFP-D40 sense’
was first used in combination with primer ‘pEGFP-D40-,
pEGFP-D3-, pEGFP-D4-, pEGFP-D7- or pEGFP-D9-
anti-sense’ (Supplementary Table S1) to amplify full-length
hnRNPD40 or deletion mutant sequences of hnRNPD40
from pflag-hnRNPDA40, pD1, pD2, pDS5, pD3, pD4, pDS,
pD7 or pDY, respectively. The PCR-fragments were di-
gested with HindIIl and BamHI and inserted between
the HindIII and BamHI sites in the pPEGFP-C3 vector
(Clontech) resulting in pEGFP-D40, pEGFP-D1, pEGFP-
D2, pEGFP-D5, pEGFP-D3, pEGFP-D4, pEGFP-DS,
pEGFP-D7 and pEGFP-D9.

To construct the E6 protein encoding plasmid with T7
promotor pET32a-HA-E6SDm, E6 sequences were PCR
amplified from pXH856SDmF using pET32a-HA-E6SDm
sense and antisense primers (Supplementary Table SI)
followed by subcloning into pET32a using EcoRI and
Xhol sites. To construct the E1 protein encoding plasmid
with T7 promotor pcDNA3.1(+)-E1SDm-3XFlag, El se-
quences were released from plasmid pl6EISDm-3xF by
HindIIT and Xhol digestion followed by subcloning into
pcDNA3.1(+) digested with HindIII and Xhol.

Transfections

Transfections of HeLa cells and 293T cells were performed
with Turbofect according to the manufacturer’s protocol
(Thermo Fisher Scientific). Briefly, a mixture of Turbo-
fect:DNA ratio of 2:1 (.l reagent: pg DNA) for HeLa cells
or 4:1 for 293T cells and DMEM without serum was incu-
bated at room temperature for 20 min prior to dropwise ad-
dition to subconfluent cells. Transfections of nHFK were
performed with ViaFect according to the manufacturer’s
protocol (Promega). In brief, a mixture of ViaFect: DNA ra-
tio of 3:1 and EpiLife without serum was incubated at room
temperature for 20 min prior to dropwise addition to sub-
confluent cells. Fluorescence images of EGFP set of plas-
mids transfected HeLa cells were acquired using Olympus
CKX53 inverted microscope.

Nuclear and cytoplasmic extraction

Nuclear and cytoplasmic extracts were prepared from HeLa
cells grown in 6 cm dishes at 24 h post-transfection. Cells



were harvested by using NE-PER Nuclear and Cytoplasmic
Extraction Reagents (Thermo Fisher Scientific) according
to the manufacturer’s protocol. In brief, cell pellets were re-
suspended in ice cold buffer CER I with protease inhibitors
(Sigma Aldrich) and vortexed vigorously prior to incuba-
tion on ice for 10 min. Ice-cold buffer CER II was added
to the samples that were vortexed vigorously and incubated
on ice for one minute. After 5 min of maximum speed cen-
trifugation, the supernatants were collected as cytoplasmic
extracts. The pellets were washed once by PBS and collected
as nuclear extracts.

RNA extraction and RT-PCR

Total RNA was extracted from transfected cells using TRI
Reagent (Sigma Aldrich) and Direct-zol RNA MiniPrep
(ZYMO Research) according to the manufacturer’s pro-
tocols. Reverse transcription (RT) was performed in a 20
wl reaction using random hexamers (Invitrogen) and re-
verse transcriptase (Invitrogen). One microliter of cDNA
was subjected to PCR-amplification. cDNA representing
HPV16 mRNAs spliced from HPV16 5'-splice site SD226
to 3'-splice site SA409 was amplified with RT-PCR primers
978 and 438AS (Supplementary Table S1) and cDNA rep-
resenting HPV16 mRNAs spliced from 5'-splice site SD226
to 3'-splice sites SA409, SA526, or SA742 with RT-PCR
primers 97S and 880AS (Supplementary Table S1). cDNA
representing HPV16 mRNAs spliced from 5-splice site
SD880 to 3'-splice site SA2709 or SA3358 was amplified
with RT-PCR primers 773S and E2AS/E2QAS or E4AS
(Supplementary Table S1). cDNA representing HPV16
mRNAs spliced from 5'-splice site SD226 to 3'-splice site
SA2709 or SA3358 were amplified with RT-PCR primers
97S and E2AS/E2QAS or E4AS, respectively (Supplemen-
tary Table S1). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) ¢cDNA was amplified with primers GAPDHF
and GAPDHR (Supplementary Table S1). Spliced actin
and unspliced actin cDNAs were amplified with primers
actin-s or actin-s1 and actin-a (Supplementary Table SI).
c¢DNA representing mRNAs encoding each of the four iso-
forms of hnRNP D were amplified with hnRNP D mRNA-
specific primers 2S and 7A (Supplementary Table S1). For
location of these mRNAs see Figure 3A. To monitor re-
combination at the loxP sites in pHPV16AN, PCR was per-
formed with primers 16S and 16A on DNA extracted from
the transfected cells (this PCR yields a 366-nucleotide PCR
fragment that is diagnostic for recombination at the LoxP
sites). Examples of control PCR experiments performed on
RNA samples in the absence of reverse transcriptase are
shown in various figures. Primer pairs used for RT-PCR
and RT-qPCR (described in next section) are summarized
in Supplementary Table S4.

Real-time quantitative PCR (qPCR)

qPCR was performed in a final reaction volume of 20 pl
with 1 pl of cDNA prepared as described above in a Min-
iOpticon (Bio-Rad) using the SsoAdvanced SYBR Green
Supermix (Bio-Rad) according to the manufacturer’s in-
structions. To quantitate intron retained E6 mRNAs by RT-
qPCR primers TotalE6F and 234AS were used (Supple-
mentary Table S1). For primer location, see Figure 1C and
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Supplementary Figure S5. Spliced E2 mRNAs were quan-
titated by RT-qPCR using primers 773S and E2AS (Sup-
plementary Table S1, for primer location, see Figure 1). For
quantitation of E1l mRNA by RT-qPCR, primers 773S and
E1AS were used (Supplementary Table S1, for primer lo-
cation, see Figure 1). The expression levels of the mRNAs
were determined from the threshold cycle (Ct), and the rel-
ative expression levels were calculated using the 2AAACt
method. Results were normalized to GAPDH mRNA lev-
els determined with primers GAPDHF and GAPDHR
(Supplementary Table S1). mRNA quantification was per-
formed in triplicates, and negative controls were included
in each reaction. Melting curves were analyzed in each re-
action.

Secreted luciferase assay

The Metridia longa secreted luciferase (sLuc) activity in
the cell culture medium of transfected cells was monitored
with the help of the Ready-To-Glow Secreted Luciferase
Reporter assay according to the instructions of the manu-
facturer (Clontech) as described previously (43). In brief,
50 wl of cell culture medium was added to 5 pl of 0.5X
Secreted Luciferase substrate/Reaction buffer in a 96-well
plate and luminescence was determined in a Tristar LB941
Luminometer.

Western blotting

Cell extracts for western blotting were obtained by resus-
pending transfected cells in radioimmunoprecipitation as-
say (RIPA) buffer consisting of 50 mM Tris HCI pH 7.4,
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, 2 mM EDTA, | mM DTT and protease inhibitor
(Sigma Aldrich), followed by centrifugation at full speed for
20 min and collection of the supernatants. Proteins were de-
natured by boiling in Laemmli buffer. After SDS-PAGE,
the proteins on the gels were transferred onto nitrocellu-
lose membranes, blocked with 5% nonfat dry milk in PBS
containing 0.1% Tween 20 and stained with specific primary
antibodies (Supplementary Table S2) to the indicated pro-
teins followed by incubation with secondary antibody (Sup-
plementary Table S2) conjugated with horseradish peroxi-
dase and detection with chemiluminescence reagents.

ssRINA oligo pull down

Whole cell lysates of HeLa cells were prepared using cell
lysis buffer consisting of 25 mM Tris HCI pH 7.4, 150
mM NacCl, 1% NP-40, | mM EDTA, 1 mM DTT, 200
units of RiboLock RNase Inhibitor (Thermo Fisher Sci-
entific), Proteinase inhibitor (Sigma Aldrich) and 5% glyc-
erol. Biotin-labeled ssRNA oligos were purchased from
Sigma Aldrich (Supplementray Table S3). DynabeadsM-
280 Streptavidin magnetic beads (Invitrogen) were bound to
biotin-labeled ssSRNA oligonucleotides in 200 w1 of binding
buffer (10 mM Tris, pH 7.4, 150 mM NacCl, 2.5 mM MgCl,,
0.5% Triton X-100) in strips of PCR tubes incubated at RT
for 20 min. To pull-down proteins, 15 pg HeLa whole cell
lysate was mixed with beads bound with ssRNA oligos and
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Figure 1. Schematic representation of the HPV16 genome, HPV16 subgenomic plasmid pC97ELsLuc and representative HPV16 mRNAs. (A) Linearized
HPV16 genome (numbers refer to the HPV16 reference strain GeneBank: K02718.1). Early and late genes are indicated. P97: HPV16 early promoter. P670:
HPV16 late promoter. Black oval: splice donor. White oval: splice acceptor. pAE: HPV16 early polyadenylation site. pAL: HPV16 late polyadenylation
site. LCR: HPV16 long control region. (B) HPV16 subgenomic plasmid pC97ELsLuc encodes all HPV16 genes. HPV16 early promoter p97 was replaced
by human cytomegalovirus immediate early promoter (CMV). Secreted luciferase (sLuc) gene was integrated in the L1 gene following the poliovirus 2A
internal ribosomal entry site (IRES) sequence. (C-E) Schematic structures of HPV16 early transcripts produced from pC97ELsLuc. Splicing at SD226
occurs independently of splicing at the downstream SD880 and generates splice variants in the EGE7-coding region concomitantly with alternative splicing
from SD880, i.e. E4 (880A3358) (C), E2 (880A2709) (D) or mRNAs unspliced at SD880 (E). The protein coding sequences present on each mRNA are
indicated to the right. Arrows: Annealing positions of HPV16 RT-PCR primers. Primer sequences are available in Supplementary Table S1.



incubated with rotation for 1 h at room temperature fol-
lowed by washing of beads 10 times with binding buffer us-
ing DynaMag 96 Side magnetic plate (Invitrogen). Proteins
were eluted by boiling of the beads in Laemmli Buffer. Sam-
ples were subjected to SDS-PAGE followed by western blot
analysis with the indicated antibodies (Supplementary Ta-
ble S2).

Co-immunoprecipitation

Transfected Hela cells were lysed in cell lysis buffer as de-
scribed above under ‘ssRNA oligo pull down’. For immuno-
precipitation, anti-flag antibody (M2, Sigma Aldrich) or
IgG was added to Dynabeads protein G and incubated
with cell lysates under gentle rocking at 4°C overnight. The
complexes were washed six times using cell lysis buffer and
eluted by boiling in Laemmli buffer. Samples were subjected
to SDS-PAGE followed by western blotting with specific
primary antibodies (Supplementary Table S2).

UV-crosslinking and immunoprecipitation (CLIP)

Transfected HeLa cells grown in 10 cm dishes were washed
by ice-cold PBS followed by crosslinking twice with 0.4 J
cm~2 UV light (254 nm) in a bio-link cross-linker (Biome-
tra). Cytoplasmic extracts were prepared as described
above. Whole cell lysates were prepared by resuspending
cells in one ml of RIPA buffer and incubated on ice for 30
min with occasional vortexing to lyse cells. For immuno-
precipitations, 2ug of the anti-flag antibody (M2, Sigma
Aldrich) or mouse IgG was incubated at 4°C overnight in
0.5 ml of cell lysate. About 20 pl of Dynabeads Protein
G (10004D, Invitrogen) and 20 wl Dynabeads Protein A
(10001D, Invitrogen) were blocked with 1% BSA for 0.5
h, washed three times in RIPA buffer and then added to
the antibody-protein mixtures followed by incubation for
1 h at 4°C. The beads were washed three times with buffer
I (50 mM Tris HCI pH 7.4, 300 mM NaCl, 0.5% NP-40,
1 mM EDTA, 1 mM DTT), three times with buffer II
(50 mM Tris HCI pH 7.4, 800 mM NacCl, 0.5% NP-40, 1
mM EDTA, 1 mM DTT) and three times with buffer IIT
(50 mM Tris HCI pH 7.4, 800 mM NaCl, 250 mM LiCl,
0.5% NP-40, | mM EDTA, 1 mM DTT). RNA was eluted
by phenol/chloroform extraction and ethanol-precipitated
and dissolved in 20 .l of water. About 10 pl of immunopre-
cipitated RNA was reverse transcribed using M-MLV re-
verse transcriptase (Invitrogen) and random primers (Invit-
rogen) according to the protocol of the manufacturer. Two
microliters of cDNA were subjected to PCR amplification
using HPV16-sepcific primer pairs 773S and E1AS, 773S
and 438AS or E6F and E6R (Supplementary Table S1) as
described above.

Ribonucleoprotein (RNP) immunoprecipitation (RIP) analy-
sis

For immunoprecipitation of endogenous ribonucleoprotein
(RNP) complexes (RIP analysis) from whole cell extracts,
HN26 cells or 3310 cells were lysed in cell lysis buffer.
The supernatants were incubated with anti-AUF1 antibody
(Cell Signalling) or IgG (Millipore) (Supplementary Table
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S2) overnight at 4°C. Dynabeads Protein G (10004D, In-
vitrogen) + 20 wl Dynabeads Protein A (10001D, Invitro-
gen) were added to the antibody—protein mixtures followed
by incubation for 1 h at 4°C. After washing of the beads
six times using cell lysis buffer, RNA was eluted using Tri
reagent and incubated with 20U of RNase-free DNase I for
1 hat 37°C and subjected to RT-PCR using HPV16-sepcific
primer pairs 773S and E4AS or 97S and 438AS (Supple-
mentary Table S1) as described above.

siRNA library and siRNA transfections

ON-TARGETplus human hnRNP D siRNA SMART-
pool consists of four siRNAs to hnRNPD (L-004079-00-
0010) (Dharmacon). A scrambled negative control siRNA
(D-001810-10-05) was also purchased from Dharmacon.
Transfections were conducted with DharmaFECT1 (Dhar-
macon) according to the instructions of the manufacturer.
The siRNA SMARTpool to hnRNP D or scrambled con-
trol siRNAs were transfected in duplicates into C33A2
or SiHa cells grown in 12-well plates for RNA extraction
and RT-qPCR or in 6-well plates for protein extraction
and western blotting. Cells were harvested at 48 h post-
transfection for RNA extraction and RT-qPCR or 72 h
post-transfection for protein extraction and western blot-
ting performed as described above.

In vitro translation assay

In vitro translation was carried out with TNT(R) Quick
Coupled Transcription/Translation Systems (Promega) ac-
cording to the instructions of the manufacturer. In brief, 100
ng pET32a-HA-E6SDm or 200 ng pcDNA3.1(+)-E1SDm-
3XFlag plasmid was translated in the absence or presence of
1 wM recombinant hnRNP D protein (EUPROTEIN) or 1
M BSA. The 25 pl reactions were incubated for 90 min at
30°C. The translation reactions were analyzed by western
blotting as described above. The Luciferase control RNA
was also translated in the absence or presence of 1 pM hn-
RNP D or 1 uM BSA. Luciferase activity in the translation
reactions were monitored according to the instructions of
the manufacturer using Tristar LB941 Luminometer. Re-
combinant hnRNP D and BSA were separated on SDS-
PAGE followed by staining with Colloidal Blue Staining Kit
(Invitrogen).

Quantitations

The softeware used to determine band intensity in western
blots and RT-PCR gels is ‘Image Lab 6.1.0° and quantita-
tions were performed with the software ‘Prism GraphPad
8.4.0".

RESULTS

hnRNP A1, hnRNP D and hnRNP 1 inhibit splicing of
HPV16 early mRNAs

To enhance our understanding of the regulated expres-
sion of the HPV16 early genes, we wished to identify
hnRNP proteins that control splicing of HPV16 mR-
NAs. We therefore utilized subgenomic HPV16 reporter
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plasmid pC97ELsLuc that encodes all HPV16 genes and
can produce all alternatively spliced HPV16 mRNAs. The
schematic representation of the HPV16 genome (Figure
1A), pC97ELsLuc (Figure 1B), the structures of the HPV16
alternatively spliced mRNAs it produces (Figure 1C-E)
and the location of the HPV16 RT-PCR primers are dis-
played in Figure 1. HPV16 plasmid pC97ELsLuc was co-
transfected individually with plasmids expressing either hn-
RNP Al, hnRNP A2, hnRNP AB, hnRNP CI1, hnRNP
D, hnRNP DL, hnRNP F, hnRNP G, hnRNP H, hn-
RNP I, hnRNP L, hnRNP Q and hnRNP R, RNA was
extracted and the various spliced HPV16 mRNAs were
monitored by RT-PCR (Figure 2A-C). Quantitation of
E6- and E7-encoding mRNA isoforms obtained in Figure
2A or the El- and E2-encoding mRNA isoforms in Fig-
ure 2C are shown in Figure 2D,E, respectively. We con-
sidered three observations to be of particular interest: (i)
hnRNP Al and hnRNP A2 affected splicing of E6/E7
mRNAs as previously described with different effects on
splicing of E6 and E7 mRNAs. hnRNP Al promoted
production of intron-retained E6 mRNAs, while hnRNP
A2 enhanced production of 226A742-mRNAs (46) (Fig-
ure 2A); (ii) hnRNP D, hnRNP DL, hnRNP G and hn-
RNP Iinhibited E6/E7-mRNA splicing and enhanced pro-
duction of intron-retained E6 mRNAs (Figure 2A) and
(iii) hnRNP Al, hnRNP D, hnRNP DL and hnRNP I
reduced the levels of spliced E2 mRNAs and promoted
production of intron-retained El-encoding mRNAs (Fig-
ure 2C,E). hnRNPs that inhibited E2 mRNA splicing also
appeared to inhibit splicing between SD880 and SA3358
(E1AE4), with the exception of hnRNP I (Figure 2B).
This may be explained by the presence of a long, uninter-
rupted polypyrimidine tract; eleven consecutive pyrimidine
upstream of E2 splice site SA2709, while the E1 AE4 splice
site SA3358 has no more than four consecutive pyrimidine-
nucleotides. Thus, HPV16 SA3358 would be a poor target
for polypyrimidine tract binding protein/hnRNP I com-
pared to HPV16 SA2709. All transfections have been re-
peated at least three times and the indicated RT-PCR prod-
ucts have been cut out from gels and subjected to sequencing
to confirm their identities. The significant effects of hnRNP
D on the majority of the HPV16 mRNAs warranted fur-
ther studies on the effects of hnRNP D on HPV16 mRNA
splicing.

All four hnRNP D variants promote intron retention of
HPV16 E1 and E6 mRNAs

We transfected plasmids expressing all four isoforms of hn-
RNP D (hnRNP D37, D40, D42 and D45) (Figure 3A)
with HPV16 plasmid pC97ELsLuc and determined the ef-
fect on HPV16 mRNA splicing by RT-PCR (Figure 1). All
four isoforms of hnRNP D are ubiquitously expressed in a
variety of cell lines including normal primary human fore-
skin keratinocytes (nHFK) at the level of RNA (Supple-
mentary Figure SIF). The transfection of each hnRNP D
isoform expressing plasmid revealed equal levels of individ-
ual isoform protein expression with an increase of 7-fold
compared to the endogeneous protein level (Supplemen-
tary Figure S1G and H). The results revealed that all hn-

RNP D proteins inhibited HPV16 E6/E7 mRNA splicing
(Figure 3B). All hnRNP D isoforms promoted production
of intron-retained mRNAs encoding E1 at the expense of
the spliced E2 mRNAs (880A2709) (Figure 3C). hnRNP
D proteins also had an inhibitory effect on HPV16 E6/E7
mRNA splicing, which resulted in production of intron-
retained E6-encoding mRNAs at the expense of the spliced
E7 mRNAs (226A409 and 226A526) (Figure 3B). Further-
more, RT-PCR amplification with primer pair 97S+E1AS
revealed the hnRNP D also enhanced production of an
HPV16 mRNA that was intron-retained in both E6/E7-
and E1/E2-regions (Supplementary Figure S1A and B),
suggesting that hnRNP D affected early steps in the splicing
reaction or independently inhibited splice sites in the E1-
and E6-coding regions. Finally, the splicing inhibitory effect
of hnRNP D on the HPV16 E6/E7 mRNAs (Supplemen-
tary Figure S1C) and the E1/E2 mRNAs (Supplementary
Figure S1D), and to some extent E4 mRNAs (Supplemen-
tary Figure S1E), was dependent on the concentration of
transfected hnRNP D plasmid. We concluded that hnRNP
D promoted production of intron-retained HPV16 mRNAs
encoding E1 or E6.

Next, we investigated if the effect of hnRNP D proteins
on HPV16 intron-retained E1 mRNA production could
be reproduced independently of upstream splice sites lo-
cated in E6/E7 gene region. To this end, we used pBEL-
sLuc (Figure 3E) that encodes all HPV16 genes present in
pCI97ElsLuc except for the E6 and the E7 genes. Since the
RT-PCR products representing intron-retained E1l mRNAs
(Figure 3C) could potentially originate from plasmid DNA
that contaminated the RNA preparations, we performed
RT-PCR in the absence or presence of reverse transcrip-
tion (RT). As can be seen in Figure 3F, the bands repre-
senting intron-retained El-encoding mRNAs were not de-
tected in the absence of RT, nor were they easily detected
in the absence of hnRNP D protein (Figure 3F). Further-
more, primers located entirely within the El coding re-
gion (primers 1302S+2293AS) yielded similar results as the
773S and E2AS primers regarding detection of the intron-
retained El-encoding mRNAs (Figure 3G). RT-PCR with
primers 773S+E1AS (located immediately downstream of
SD880 and detecting intron-retained mRNAs, Figure 3E)
also showed an increase in the presence of hnRNP D (Fig-
ure 3H). It also appeared that hnRNP D40 had a stronger
splicing-inhibitory effect on the HPV16 mRNAs than the
remaining members of the hnRNP D family (Figure 3B
D). Thus, hnRNP D40 was used in the majority of the sub-
sequent experiments. The effect of hnRNP D40 on intron-
retained EI mRNA production was determined by RT-
qPCR with primers 773S+E1AS revealing an increase of
intron-retained E1 mRNAs with 4-fold in the presence of
the hnRNP D40 (Figure 3I). Furthermore, the ratio be-
tween intron-retained E1 mRNAs and spliced E2 mRNAs
revealed increases of 8-fold from pC97ELsLuc (Figure 3D)
and 6-fold from pBELsLuc (Figure 3J) in the presence of
hnRNP D40. The enhancing effect of hnRNP D40 on pro-
duction of intron-retained E1 mRNAs was further con-
firmed by comparisons between pC97ELsLuc and pBEL-
sLuc (Supplementary Figure S2A and B) in the absence
or presence of hnRNP D40 (Supplementary Figure S2C;
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Figure 2. Identification of hnRNP D as a strong suppressor of HPV16 E6E7 and EIE2 mRNA splicing. (A-C) The effect of 13 different hnRNPs on
HPV 16 alternative mRNA splicing was determined by RT-PCR with different pairs of primers. HPV16 subgenomic plasmid pC97ELsLuc (Figure 1) was
cotransfected individually with each of 13 different hnRNP expressing plasmid into HeLa cells. p37 isoform of hnRNP D (hnRNP D37) was used. Total
RNA was extracted at 24 hpt and the various spliced HPV16 mRNAs were monitored by RT-PCR using HPV16-specific RT-PCR primer pairs: (A) E6/E7
mRNAs: 97S+880AS, (B) E4 mRNA: 773S+E4AS and (C) E1/E2 mRNAs: 773S+E2AS. Resulting RT-PCR products were electrophoresed on agarose
gels and gel images are displayed. The schematic structures of the HPV16 spliced mRNAs and the locations of the HPV16-specific RT-PCR primers
are indicated in Figure 1. Primer sequences are available in Supplementary Table S1. Each band was verified by sequencing and HPV16 spliced mRNA
isoforms are indicated to the right of each gel. Validation of RT-PCR was also evaluated by reverse transcriptase negative samples using corresponding
RNA samples. M: DNA size marker. Representative gel images of results repeated at least three-times are shown. (D) The effect of each hnRNP protein on
the enhancement of HPV16 intron-retained (IR) E6 mRNA production shown in (A) was evaluated. A band intensity of each spliced isoform in (A) was
quantitated described in Materials and Methods. The percentage of intron-retained E6 mRNA over a total sum of all four isoforms (intron-retained (IR)
E6-, 226 A409-, 226A526-, and 226A742-mRNA) was calculated. (E) The effect of each hnRNP protein on the enhancement of HPV16 intron-retained E1
mRNA production shown in (C) was evaluated as described in (D).

773S+E2AS) or by transfection with serially diluted hn- The N-terminal domain of hnRNP D40 contributes to induc-

RNP D40 plasmid (Supplementary Figure S2D). Taken tion of intron-retained HPV16 E1 and E6 mRNAs

tog.et.her, we concluded that hnRNP D proteins 1nh1b1Fed In an effort to elucidate how hnRNP D40 inhibits HPV16

splicing of HPV16 early mRNAs and promoted retention mRNA splicing, we investigated the effect of deletion mu-

of introns encoding E1 and EG6, respectively. Retention of tations in hnRI;IP D40 (Figure 4A). Analysis of FLAG-

the E1 intron occurred independently of intron retention in 4. wild d & h RNP DZO .

the E6 coding region. tagged, wild-type and mutant hn ) -proteins re-
vealed that all mutants were expressed in the transfected
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used for Supplementary Figure S1F. (B and C) Effect of indicated hnRNP D isoforms on HPV16 alternative mRNA splicing was investigated by HPV16
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mRNAs from pC97ELsLuc in the absence of presence of hnRNP D40 was performed. Fold change of intron-retained E1 mRNAs over spliced E2 mRNAs
is shown. (E) Schematic representation of HPV16 subgenomic plasmid pBELsLuc that encodes all HPV16 genes except E6 and E7 and is driven by the
CMYV promoter. HPV16 mRNAs polyadenylated at pAE are shown below pBELsLuc. Arrows: Annealing positions of HPV16 RT-PCR primers. Primer
sequences are available in Supplementary Table S1. (F-H) Effect of indicated hnRNP D isoforms on HPV16 mRNA splicing was further investigated with
plasmid pBELsLuc. pBELsLuc was cotransfected with indicated hnRNP D isoform expressing plasmids into HeLa cells. Total RNA was extracted and
subjected to RT-PCR using different HPV16 RT-PCR primers pairs. RT-PCR was performed in the absence (—) or presence (+) of reverse transcriptase: (F)
7T73S+E2AS, (G) 1302S+2293AS and (H) 773S+E1AS. Only RT (+) samples for gapdh RT-PCR are shown. (I) RT-qPCR with primer pairs 773S+E1AS,
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Figure 4. RRM1 domain of hnRNP D40 was required for HPV16 E6 and E1 intron retention whereas N-terminal and C-terminal domains contributed
to modification of HPV16 early alternative mRNA splicing. (A) Schematic structures of wild-type hnRNP D40 and hnRNP D40 deletion mutants. All
mutants were fused with FLAG-tag at its N-terminus. Box with A: Alanine(A)-rich region, box with 2: exon 2 region, box with RRM: RNA recognition
motif (RRM) domain, box with Q: Glutamine(Q)-rich region and box with RGG: Arginine-Glycine/Arginine-Glycine-Glycine (RG/RGG) motif region.
The names of each deletion mutant are indicated to the left and the predicted molecular weight of each protein is indicated to the right. (B) Western
blotting against the FLAG epitope demonstrating protein expression of the hnRNP D40 deletion mutants depicted in (A). M: molecular weight marker. (C)
Subcellular localization of indicated deletion mutants of hnRNP D40. Each mutant was fused to the C-terminus of EGFP. Representative cells expressing
each mutant are highlighted by white arrowheads and shown in Supplementary Figure S3 with higher magnification. (D-G) Effect of FLAG-hnRNP
D40 deletion mutants on HPV16 mRNA splicing was monitored by HPV16 RT-PCR on RNA extracted from HeLa cells transfected in the absence (—)
or presence of hnRNP D40 or deletion mutants thereof. Representative gel images from experiments independently repeated three times are shown. (H
and J) Percentage of intron-retained E6 mRNA over all four E6/E7 alternatively spliced isoforms quantified from (D) or (F). (I and K) Percentage of
intron-retained E1 mRNA percentage over all three E1/E2 alternatively spliced isoforms quantified from (E) or (G). Proportions among all four isoforms
is shown in Supplementary Figures S3B and S3C. Student’s 7-test was executed and obtained P values were displayed; n.s., no significance.
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Figure 5. hnRNP D40 C-terminus contributes to HPV16 mRNA splicing control differently from its N-terminus. (A) Schematic structures of hnRNP D40
and various hnRNP D40 mutants with N-terminal deletions and C-terminal amino acid substitutions. Amino acid substitutions in the Q-rich region or
the RG/RGG-motif region are indicated. Q: Glutamine, A: Alanine and R: Arginine. ‘-’ indicates wild-type sequence. (B and C) Effect of hnRNP D40
or hnRNP D40 mutants on HPV16 E6/E7 mRNA splicing (B) or E1/E2 mRNA splicing (C) was monitored by RT-PCR with indicated primer pairs.
(D-H) Percentage of an indicated HPV16 mRNA splice variant among all spliced isoforms of HPV16 E6/E7 or E1/E2 mRNAs was quantitated from (B)
and (C) as described in Figure 2D and E: (D) percentage intron-retained E6 mRNAs, (E) percentage intron-retained E1 mRNAs, (F) percentage 226409
mRNAs, (G) percentage 2262526 mRNAs and (H) percentage 226A742 mRNAs. Student’s r-test was executed and obtained P values were displayed. n.s.,
no significance. (I and J) Effects of amino acid substitutions in the RG/RGG region of full-length hnRNP D40 on HPV16 mRNA splicing was monitored
by HPV16 RT-PCR as described in (B). (K) Interactions between hnRNP D40 and cellular spliceosome factors U1-70K, U2AF65 and U2AF35 were
investigated by co-immunoprecipitation (Co-IP) assay. Indicated FLAG-tagged, wild-type or mutant hnRNP D40 expression plasmid was transfected
into HeLa cells. Whole cell extracts were subjected to IP by anti-FLAG antibody to purify the FLAG-protein interactome complex, followed by western
blotting to detect the presence of endogenous cellular spliceosome factors in the complex. Band intensity was quantitated and IP efficiency was calculated
as IP band intensity over corresponding Input band intensity. Fold change over WT D40 of IP efficiency is shown under each western blot image. (L)
Interactions between hnRNP D40 and HPV16 mRNAs were investigated by UV-crosslinking and immunoprecipitation (CLIP) assay. HPV16 subgenomic
plasmid pC97ELsLuc was cotransfected with FLAG-tagged wild-type or mutant hnRNP D40 expression plasmid into HeLa cells. UV-crosslinked whole
cell extracts were subjected to IP by anti-FLAG antibody followed by extraction of RNA from the FLAG-protein interactome complex and RT-PCR using
HPV16-specific RT-PCR primers, 97S+438AS or TotalE6F+TotalE6R. The schematic depiction of the location of the HPV16-specific RT-PCR primers is
shown below the gel image. Fold change of CLIP efficiency of wild-type and mutant hnRNP D40s over wild-type D40 was calculated as described in (K).



HeLa cells (Figure 4B). To determine the subcellular local-
ization of these hnRNP D40 proteins, a set of plasmids in
which the hnRNP D40 open reading frame was fused to
EGFP was also created. All hnRNP D40 proteins were lo-
calized to the nucleus, although mutant D8 differed from
other mutants by showing stronger cytoplasmic than nu-
clear localization (Figure 4C and Supplementary Figure
S3A). Wild-type hnRNP D40 and the N-terminally deleted
proteins (D1, D2 and D5) were present primarily in the nu-
cleus, whereas C-terminally deleted proteins (D3, D4, D7
and DY) also showed substantial cytoplasmic staining (Fig-
ure 4C and Supplementary Figure S3A). The increased cy-
toplasmic localization of the C-terminally deleted proteins
was a result of deletion of the RGG-domain as substitu-
tions of the arginines in four RGG-motifs for alanine had
the same effect (Figure SA and Supplementary Figure S4B).
We concluded that the nuclear localization of the mutant
hnRNP D40 proteins allowed us to determine the effect of
these proteins on HPV16 mRNA splicing.

Co-transfection of HPVI16  reporter  plasmid
pC97ELsLuc with hnRNP D40 or either of the N-
terminally deleted hnRNP D40 plasmids (D1, D2, D5 and
D8) (Figure 4D) revealed that all deletions reduced the
ability of hnRNP D40 to promote production of HPV16
intron-retained E6 mRNAs (Figure 4D,H) and intron-
retained E1 mRNAs (Figure 4E,I). Quantitated percent of
all isoforms is shown in Supplementary Figure S3B and
C. Longer exposed images of Figure 4E,G are available in
Supplementary Figure S3D. Quantitation showed that the
reduction in splicing was statistically significant (Figure
4H,I). More specifically, we found that deletion of the
N-terminal Alanine-rich region of hnRNP D40 (mutant
D5) reduced the ability of hnRNP D40 to promote pro-
duction of intron-retained HPV16 E6 mRNAs (Figure
4D,H). Deletion of the exon-2 coding region, in addition
to the alanine-rich region, as in hnRNP D40 mutant D1
further reduced induction of intron-retained E6 mRNA
(Figure 4D,H) and intron-retained El mRNA (Figure
4E, 1) and unexpectedly activated splicing from SD226 to
SA526 (226A526) (Figure 4D and Supplementary Figure
S3B). Deletion also of RRM1 domain, as in hnRNP D40
mutant D2, abolished induction of both intron-retained E6
mRNAs (Figure 4D,H) and intron-retained El mRNAs
(Figure 4E, 1) and unexpectedly activated splicing from
SD226 to SA409 (226A409) (Figure 4D and Supplementary
Figure S3B). Overexpression of a mutant hnRNP D40
protein consisting only of RRM1 and RRM2 domains
(hnRNP D40 mutant D8) had only a minor effect on
HPV16 mRNA splicing (Figure 4D,E), which in this case
may be explained by the preferential localization of D8
to the cell cytoplasm (Figure 4C). We concluded that the
N-terminus of hnRNP D40 contributed significantly to the
inhibition of HPV16 early mRNA splicing and production
of El- and E6-mRNAs and that RRM1 domain was of
particular importance.

Interestingly, we found that hnRNP D40 mutant D1 un-
expectedly gained the ability to activate splicing to HPV16
3'-splice site SAS526 (226A526) (Figure 4D), while retaining
some of its ability to inhibit splicing of both E6/E7 mRNAs
and E1/E2 mRNAs (Figure 4D,E). These results suggested
that deletion of the N-terminal, alanine-rich region and the
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exon 2 coding sequence weakened the ability of hnRNP
DA40 to inhibit splicing, while retaining interactions with the
splicing machinery, of which the latter was documented by
the enhanced splicing to SA526. Hence, interactions of hn-
RNP D40 with the splicing machinery and its ability to in-
hibit splicing could be separated. This interpretation was re-
inforced by the phenotype of mutant D2 that lost much of
its inhibitory effect on the E6/E7 mRNA splicing (Figure
4D,H) and all of its inhibitory effect on El mRNA splic-
ing (Figure 4E,I) but gained the ability to promote splicing
to HPV16 SA409 (226A409) (Figure 4D). To determine if
similar results were obtained in cells other than HeLa cells,
we co-transfected pC97ELsLuc plasmid into 293T cells in
the presence of hnRNP D40 or the two N-terminal dele-
tions of hnRNP D40 D1 and D2. Similar results were ob-
tained in the two cell lines (Supplementary Figure S4A): D1
and D2 had lost much of their splicing inhibitory function
and activated alternative splicing of the HPV16 E6/E7 mR-
NAs (Supplementary Figure S4A). RRM1 and RRM2 ap-
parently played a decisive role in the selection of HPV16
splice site since the presence of RRM1 and RRM2 in DI
activated splicing to HPV16 SA526 (226A526) (Figure 4D),
whereas RRM2 alone in D2 activated splicing to HPV16
SA409 (226A409) (Figure 4D). We concluded that hnRNP
D40 RRM1 was essential for efficient splicing inhibition
and induction of intron-retained HPV16 El and E6 mR-
NAs and that the N-terminal alanine-rich region and the
exon-2 region of hnRNP D40 contributed to splicing inhi-
bition possibly via different mechanisms.

Nested C-terminal deletions in hnRNP D gradually reduced
ability of hnRNP D to inhibit HPV16 mRNA splicing

In contrast to N-terminal deletions of hnRNP D40, either
of the C-terminally deleted hnRNP D40 plasmids D3, D4,
D7 and D9 (Figure 4A) promoted production of intron-
retained E6 mRNAs (Figure 4F, J), although less efficiently
than wild-type hnRNP D40. Inhibition of splicing to SA409
and in particular to SA742 was gradually reduced with
larger C-terminal deletions in hnRNP D40 (Figure 4F and
Supplementary Figure S3B). Even plasmid D9 that con-
tained only the N-terminal alanine-rich region and the exon
2 coding region retained some splicing inhibitory activity
(Figure 4F,J). Similarly, splicing inhibition of the HPV16
E1/E2 mRNAs was gradually lost with increasing size of
hnRNP D40 C-terminal deletions (Figure 4G,K). Similar
results were obtained with the two-C-terminal deletions D3
and D4 in other cell line (Supplementary Figure S4A), cor-
roborating the observation that C-terminal deletions re-
duced the inhibitory effect on alternative splicing of HPV16
E6/E7 mRNAs. Taken together, these results supported the
idea that the N-terminal region of hnRNP D40 played an
important role in inhibition of HPV16 E1/E2 and E6/E7
mRNA splicing and indicated that this effect was enhanced
by the C-terminus, suggesting that the C-terminus of hn-
RNP D40 may interact with the splicing machinery.

The RGG-domain of hnRNP D40 contributes to its ability to
inhibit HPV16 mRNA splicing

In an effort to understand how hnRNP D40 interacted with
the splicing machinery, we utilized hnRNP D40 mutants
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D1 and D2 for further mutagenesis. D1 and D2 have N-
terminal deletions but retain either both RRM1 and RRM2
(D1), or only RRM2 (D2). Both D1 and D2 contain an in-
tact C-terminus with the Q-rich region and the RG/RGG-
rich ‘RGG’-region (Figure 5A). We separately introduced
point mutations in the glutamine-rich region (Q) and in the
RGG-region in D1 and D2 (Figure 5A). Substitutions of
arginine for alanine in four RG/RGG motifs in the RGG-
region in D1 (D1-AGG) did not affect the ability of D1
to promote production of intron-retained E6 mRNA (Fig-
ure 5B,D) but abrogated the splicing enhancing effect to
HPV16 SA526 (226A526) (Figure 5B,F) and reduced the
ability of D1 to promote production of intron-retained E1
mRNAs (Figure 5C, E). In contrast, substitutions of all six
glutamines in the Q-rich region for alanine (D1-Q6A), did
not affect the ability of DI to enhance splicing to HPV16
SAS526 (Figure 5B,F), nor did they affect the ability of D1
to promote production of intron-retained El mRNAs (Fig-
ure 5C,E). We concluded that the hnRNP D40 RGG-region
was important for enhancement of E6 mRNA splicing to
SAS526, as well as for inhibition of E1 mRNA splicing.
These results were supported by the analysis of hnRNP
D40-D2 with the same mutations. Mutations in the RGG
domain in D2 (D2-AGG) (Figure 5A) alleviated splicing
enhancement of SA409 (Figure 5B,G). Interestingly, both
D1-AGG and D2-AGG restored HPV16 E6 mRNA splic-
ing to HPV16 SA742 (226A742) compared to their corre-
sponding parental mutants, D1 and D2, respectively (Fig-
ure 5B,H), which is in line with the observation in Figure 4F
that sequential C-terminal deletions restored 226A742. The
D2-AGG mutations did not substantially affect produc-
tion of intron-retained E1 mRNAs (Figure 5C,E) or intron-
retained E6 mRNAs (Figure 5B,D). Similarly to D1-Q6A
and DI, D2-Q6A and D2 had similar phenotype (Figure
SF, G, H). Our results demonstrated that the RGG-domain
contributed to the ability of D1 and D2 to activate splicing
to alternative HPV16 splice sites in the absence of the splic-
ing inhibitory part in the N-terminus of full-length hnRNP
D40. We speculated that the C-terminus of hnRNP D40 in-
teracted with the splicing machinery and that the inhibition
of splicing and the interactions with the splicing machinery
were two separate properties of hnRNP D40. Finally, sub-
stitutions of arginine for alanine in the RGG-region in the
context of full-length hnRNP D40 showed a reduction of
the splicing inhibitory effect of hnRNP D40 on E6 and E1
mRNAs (Figure 5I,J). The effects in the context of the full-
length protein were relatively subtle but reproducible and
significant (Supplementary Figure S4C). Taken together,
our results suggested that the C-terminal RGG-domain of
hnRNP D40 contributed to the splicing inhibitory function
of hnRNP D40 by interacting with the splicing machinery,
while the inhibitory effect on splicing was mediated by the
N-terminus of hnRNP D40.

hnRNP D40 interacts with complex A components of the
splicing machinery

To determine if hnRNP D40 interacted with the
splicing machinery, we investigated if hnRNP D40

co-immunoprecipitated components of the cellular spliceo-
some. HeLa cells were transfected with plasmids expressing

full-length (D40) or D1 or D2 mutants of hnRNP DA40.
Cell extracts were prepared and subjected to immunopre-
cipitation by anti-FLAG antibody followed by western
blotting with antibodies to spliccosome components
U1-70K, U2AF65 or U2AF35, or with anti-FLAG an-
tibody. Our results revealed that wild-type hnRNP D40
co-immunoprecipitated cellular Ul snRNP component
U1-70K and U2 auxiliary factors U2AF65 and U2AF35
(Figure 5K). The two N-terminal mutants of hnRNP D40,
D1 and D2, retained the interactions with cellular Ul
snRNP components UI-70K and U2AF65 and U2AF35,
albeit less efficiently than full-length hnRNP D40 (Figure
5K). Furthermore, the branch-point adenosine recognizing
complex component, splicing factor 3b (SF3b) and one
of the translation regulators, cytosolic poly(A)-binding
protein-1 (PABP-CI) interacted with full-length hnRNP
D40 as well as with the N-terminal mutants D1 and
D2 (Supplementary Figure S4D). These results not only
demonstrated that the C-terminus of hnRNP D40 was suf-
ficient for interactions with these spliceosomal complex A
components as well as with downstream RNA-processing
regulators but also revealed that the N- terminus of hnRNP
D40 contributed to the efficiency of these interactions.
We concluded that hnRNP D40 protein interacted with
complex A components of the splicing machinery.

hnRNP D40 interacts with HPV16 mRNAs in an hnRNP
D40 RRM1-dependent manner

Next, we investigated if hnRNP D40 or deletion mu-
tants thereof (D1 and D2) interacted with HPV16 RNA.
Plasmids expressing FLAG-tagged hnRNP D40, D1 or
D2 were co-transfected with HPV16 reporter plasmid
pCI97ELsLuc into HeLa cells followed by UV-crosslinking
and Immunoprecipitation (CLIP) with affinity purification
of FLAG tagged hnRNP D40-RNA complexes. FLAG-
antibody-immunoprecipitated UV-crosslinked RNA was
extracted and subjected to RT-PCR with HPV16 specific
primers (Figure 5L). The results revealed that immuno-
precipitation of wild-type hnRNP D40 also immunopre-
cipitated HPV16 RNA detected by HPV16 primer pair
TotalE6F+TotalE6R that amplifies cDNA representing
all HPV16 mRNAs transcribed from pC97ELsLuc (Fig-
ure S5L). Analysis of the HPV16 RNA with primer pair
97S+438AS that discriminates between intron-retained and
spliced HPV16 E6 mRNAs revealed that hnRNP D40 in-
teracted with both intron-retained and spliced E6 mR-
NAs (Figure 5L). Deletion of N-terminal alanine-rich and
exon-2 region (D1 mutant) did not affect the interactions
with HPV16 RNA but deletion of RRM1 did (D2 mu-
tant) (Figure SL). We concluded that hnRNP D40 interacts
with HPV16 mRNAs directly in an hnRNP D40 RRM1-
dependent manner.

hnRNP D40 interacts with the entire intronic region of the E6
coding region as well as with a previously identified HPV16
splicing silencer in E7 region

Having established that hnRNP D40 interacts with HPV16
mRNAs (Figure 5L) and with components of the splic-
ing machinery (Figure 5K) thereby inhibiting HPV16 early



mRNA splicing and promoting intron retention and pro-
duction of intron-retained HPV16 E1 and E6 mRNAs,
we wished to identify the HPV16 sequences that were tar-
geted by hnRNP D40. For this purpose, we focused on
the E6/E7 coding region as it is shorter than the E1 cod-
ing region. To this end, we performed RNA-mediated pull
downs of hnRNP D40 with overlapping, biotinylated RNA
oligonucleotides that covered the E6- and E7-coding re-
gions from HPV16 nucleotide position 178 to 875 (Figure
6A,B). This experimental approach was chosen since hn-
RNP D40 may not necessarily bind directly to HPV16 mR-
NAs. Cell extracts were prepared from HeLa cells trans-
fected with FLAG-tagged hnRNP D40. These extracts were
subjected to RNA-mediated protein pull downs with the
RNA oligos indicated in Figure 6A,B, followed by west-
ern blotting with anti-FLAG antibody (Figure 6A,B). The
results revealed that hnRNP D40 was specifically pulled
down by a subset of the RNA oligos. Of particular inter-
est was that all RNA oligos spanning the E6-encoding in-
tron between HPV16 5'-splice site SD226 and 3'-splice site
SA409 pulled down hnRNP D40 (Figure 6A,B, highlighted
with a double-headed arrow). Furthermore, RNA oligos
579-604 and 594-620 that spanned a previously identified
splicing silencer (46) also pulled down hnRNP D40 (Figure
6A,B). Additional RNA oligos that pulled down hnRNP
D40 did not coincide with known RNA elements except
for oligos 721-755 that encoded HPV16 3"-splice site SA742
(Figure 6A,B). We concluded that interactions of hnRNP
D40 with a previously identified splicing silencer located be-
tween HPV16 nucleotide positions 594 and 604, as well as
with the intronic sequences in the E6 coding region (243-
445), correlated with the ability of hnRNP D40 to inhibit
splicing between SD226 and SA409 and to promote reten-
tion of the intron between the same two splice sites.

hnRNP D40 promotes intron retention of HPV16 E6 mRNAs
independently of the HPV16 E1 sequences

Since hnRNP D40 interacted with sequences in the E6 cod-
ing region, we investigated if hnRNP D40 could inhibit E6
mRNA splicing and induce intron retention of the E6 mR-
NAs in the absence of El sequences. We had previously
showed that hnRNP D40 inhibited splicing and induced
intron retention of the EI/E2 mRNAs in the absence of
E6 and E7 sequences (see effect of hnRNP D40 on pBEL-
sLuc (Figure 3E-J, Supplementary Figure S2)). To this end
we co-transfected hnRNP D40 plasmid with HPV16 plas-
mid pX656 that starts at HPV16 nucleotide position 97 and
ends at HPV16 position 656 and does not overlap with the
previously used HPV16 plasmid pBELsLuc (Supplemen-
tary Figure S5A and B). hnRNP D40 inhibited splicing
of HPV16 E6/E7 mRNAs produced from pX656, albeit
less efficiently than it inhibited splicing of E6/E7 mRNAs
produced from pC97ELsLuc (Figure 6C,D), demonstrating
that hnRNP D40 can inhibit splicing in the HPV16 E6/E7-
coding region independently of El sequences. The pX656
contained a previously identified splicing silencer located
between HPV16 positions 594 and 604 in addition to the
E6-encoding intron with HPV16 splice sites SD226, SA409
and SA526, but the pull-down experiments displayed in Fig-
ure 6A demonstrated that the major sites of interactions be-
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tween hnRNP D40 and HPV16 E6/E7 mRNAs were within
the E6 intron between SD226 and SA409. Thus, our re-
sults predicted that a smaller plasmid containing only a
part of the E6 coding region encompassing SD226, SA409
and the E6 intron (without splicing silencer in the E7 cod-
ing region) should also respond to hnRNP D40 overex-
pression. HPV16 plasmid pX478 that contains HPV16 se-
quences from HPV16 nucleotide position 97 to position
478 (Supplementary Figure S5C) was transfected into HeLa
cells in the absence or presence of hnRNP D40 expression
plasmid. RT-PCR analysis of HPV16 mRNAs revealed that
hnRNP D40 inhibited splicing and promoted production of
intron-retained HPV16 mRNAs from this minimal HPV16
pX478 expression plasmid (Figure 6C,D). As expected, hn-
RNP D40 deletion mutant D1 also inhibited splicing of the
HPV16 mRNAs produced from plasmid pX478 but less
efficiently than wild-type hnRNP D40 (Figure 6C,D). We
concluded that hnRNP D40 promoted intron retention of
HPV16 E6 mRNAs independently of HPV16 El sequences.

hnRNP D40 increases the levels of HPV16 intron-retained
E6 mRNAs in the cytoplasm

Our results also suggested that hnRNP D40 should increase
E6 protein production at the expense of E7 protein pro-
duction as a result of its splicing inhibitory function of
HPV16 E6/E7 mRNAs. Analysis of HPV16 E6 and E7 pro-
tein production from pC97ELsLuc transfected in the ab-
sence or presence of hnRNP D40 expression plasmid unex-
pectedly revealed that overexpression of hnRNP D40 sup-
pressed production of both E6 and E7 protein (Figure 6E).
Similar results were obtained with hnRNP D40 mutant D1
(Figure 6E). hnRNP D40 also inhibited E6 and E7 pro-
tein production from a smaller HPV16 expression plasmid
named pXHS856F that encodes only E6 and E7 (Figure
6F and Supplementary Figure S5D). This effect was inde-
pendent of the splicing process itself since overexpression
of hnRNP D40 inhibited E6 and E7 protein production
also from a version of the pXH856F plasmid in which the
major HPV16 S'splice site SD226 was mutationally inacti-
vated, plasmid pXH856SDmF (Figure 6F and Supplemen-
tary Figure S5E). These results suggested that hnRNP D40
was associated with HPV16 mRNAs also in the absence of
RNA splicing and as such, could potentially affect other
RNA processing steps, thereby explaining the reduction in
E6 protein levels despite the increase in the levels of intron-
retained E6 mRNAs.

To determine if hnRNP D40 affected export of intron-
retained E6 mRNAs, we analyzed the subcellular distri-
bution of the intron-retained E6 mRNAs produced from
the splicing deficient plasmid pXH856SDmF in the absence
or presence of hnRNP D40. The intron-retained E6 mR-
NAs produced from pXH856SDmF were present in the
nucleus and in the cytoplasm (Figure 6G). Unexpectedly,
the levels and subcellular distribution of E6 mRNAs were
similar in the absence or presence of hnRNP D40 (Figure
6G,H). RT-PCR of intron-retained and spliced actin RNA
served as a control for proper fractionation of the trans-
fected cells (Figure 6G). We concluded that the nuclear ex-
port of intron-retained E6 mRNAs transcribed from the
splicing deficient plasmid pXH856SDmF was not consid-
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Figure 6. hnRNP D40 interacted with HPV16 E6E7 RNA sequences in vitro and influenced HPV16 E6GE7 mRNA processing. (A) RNA oligonucleotide-
mediated pull-down assay using sequential short RNA oligos spanning the entire HPV16 E6- and E7- coding regions. The numbers in each RNA-oligo
name represent HPV16 nucleotide positions and refer to nucleotide numbers in the reference HPV16 genome (GenBank: K02718.1). Thick double-headed
arrow: intronic region of E6/E7 mRNAs located between SD226 and SA409. (B) Schematic representation of RNA splicing in the HPV16 E6 and E7
coding region. Intron-retained E6 mRNA is depicted as well as spliced HPV16 mRNAs 226A409, 226526 and 226A742. Box with S: previously identified
E6/E7 mRNA splicing silencer element (46). RNA oligo sequences are available in Supplementary Table S3. (C) The effect of hnRNP D40 on the splicing
of HPV16 E6E7 mRNA produced from pC97ELsLuc as well as shorter plasmids pX656 and pX478 was monitored by RT-PCR. The schematic maps of
pX656 and pX478 plasmids and the positions of RT-PCR primers are shown in Supplementary Figure S5. (D) The percentage of intron-retained E6 mRNA
over a total sum of all spliced isoform quantitated from (C) are shown. (E) HPV16 E6 and E7 proteins expressed in HeLa transfected with pC97ELsLuc
together with indicated wild-type or mutant hnRNP D40. Western blotting was performed using anti-HPV16 E6 or E7 specific antibodies. (F) HPV16
E6 and E7 proteins produced in 293T cells transfected with pXH856F, which encodes intact HPV16 E6- and E7- coding regions, or with pXH856SDmF,
which contains a mutationally inactivated SD226 splice site, in the absence (—) or presence (+) of cotransfected hnRNP D40 expression plasmid. Western
blotting was performed with anti-HPV16 E6 or E7 specific antibodies. Wild-type SD226 (GAGIGUAUAUGA: a vertical line indicates 5 splice site) was
changed to (GAGIGCCUAUGA: underline indicates changed nucleotide) in SD226 mutant. Schematic maps of pXH856F and pXH856SDmF are shown
in Supplementary Figure S5. (G) Subcellular distribution of intron-retained E6 mRNAs produced from pXH856SDmF in the absence (—) or presence (+)
of hnRNP D40 plasmid. Nuclear and cytoplasmic fractions were prepared from the transfected cells and RNA was extracted and subjected to HPV16
RT-PCR using primers TotalE6F and 757AS (for primer location, see Figure 1C and Supplementary Figure SSE). Cell fractionation was validated by
RT-PCR analysis of unspliced actin RNA located exclusively in the nuclear fraction while spliced actin mRNAs found in both fractions. (H) gPCR using
c¢DNA samples from (G) to evaluate levels of intron-retained E6 mRNAs in nuclear and cytoplasmic fractions in the absence or presence of hnRNP
DA40. Primers TotalEOF and 234AS were used (for primer location, see Figure 1C and Supplementary Figure SSE). (I) Nuclear (N) and cytoplasmic (C)
distribution of HPV16 alternatively spliced mRNAs produced from pXH856F in the absence (—) or presence (+) of hnRNP D40 plasmid. RT-PCR was
performed with primers: 97S+757AS (top panel) or 97S+438AS (second panel). Primer locations are shown in Figure 1C and Supplementary Figure S5D.
(J-L) Nuclear (N) and cytoplasmic (C) distribution of HPV16 alternatively spliced mRNAs produced from pC97ELsLuc in the absence (—) or presence
(+) of cotransfected hnRNP D40 plasmid. RT-PCR was performed with the following primers: (J) 97S+880AS, (K) 97S+438AS or (L) 773S+E2QAS. (M)
Nuclear (N) or cytoplasmic (C) distribution of HPV16 alternatively spliced mRNAs produced from HPV16 plasmid pX478 in the absence (—) or presence
(+) of cotransfected hnRNP D40 plasmid, followed by RT-PCR using primers, 97S+438AS. Schematic map of plasmid pX478 and location of HPV16
RT-PCR primers are shown in Supplementary Figure S5C. (N-P) Percentage of cytoplasmic intron-retained E6 mRNAs over the total sum of nuclear and
cytoplasmic intron-retained E6 mRNAs in the absence (—) or presence of hnRNP D40 quantitated on (N) pXH856F from (I), (O) pC97ELsLuc from (K)
or (P) pX478 from (M). Student t-test was executed and obtained P values were displayed. n.s., no significance.



erably affected by hnRNP D40 (Figure 6G,H). Thus, inef-
ficient nuclear mRNA export of intron-retained E6 mRNA
in the presence of hnRNP D40 could not explain the sig-
nificant inhibition of E6 protein production exerted by hn-
RNP D40 (Figure 6F). To exclude the possibility that the
mutation of HPV16 5'-splice site SD226 in pXH856SDmF
affected the RNA export regulation mediated by hnRNP
D40, the effect of hnRNP D40 on the subcellular distribu-
tion of E6 and E7 mRNAs was investigated using pXH856F
encoding wild-type SD226. The inhibitory effect of hnRNP
D40 on HPV16 E6/E7 mRNA splicing was observed how-
ever the effect appeared to be mainly against 226A409 (Fig-
ure 61). We observed that the intron-retained E6 mRNAs
were to a large extent restricted to the nuclear fraction while
the levels of the spliced, HPV16 226A409-mRNAs were
higher in the cytoplasm than in the nucleus (Figure 61, top
panel, lanes 1-4). In the presence of hnRNP D40, primar-
ily intron-retained E6 mRNAs were detected both in the
nucleus and cytoplasm (Figure 61, top panel, lanes 5-8).
The results were confirmed using a primer pair that only
detected intron-retained E6 mRNAs and mRNAs spliced
between splice sites SD226 and SA409 (226A409) (Figure
61, second panel), demonstrating a statistically significant
increase of cytoplasmic intron-retained E6 distribution in
the presence of hnRNP D40 (Figure 6N). These results in-
dicated that hnRNP D40 did not inhibit the nuclear export
of intron-retained E6 mRNAs. Thus, inhibition of nuclear
export of intron-retained E6 mRNAs could not explain the
reduction of E6 protein levels in the presence of hnRNP
D40 observed in Figure 6E and F. This observation was
consistent with results obtained using HPV16 subgenomic
plasmid pC97ELsLuc (Figure 6J, K and O). Furthermore,
we showed that hnRNP D40 enhanced the levels of cyto-
plasmic intron-retained E6 mRNAs also from the smaller
HPV16 subgenomic plasmid pX478 (Figure 6M). This in-
crease was statistically significant (Figure 6P). Taken to-
gether, we concluded hnRNP D40 had multiple impacts
and affected various steps of HPV16 E6 and E7 mRNA
processing: hnRNP D40 interacted with E6/E7 mRNAs at
multiple positions, it inhibited E6/E7 mRNA splicing inde-
pendently of the El region, and increased levels of intron-
retained E6 mRNAs in the cytoplasm. However, hnRNP
D40 also significantly reduced the levels of E6 protein pro-
duced from the intron-retained E6 mRNAs.

hnRNP D40 increased the levels of HPV16 intron-retained
E1 mRNAs in the cytoplasm

In addition to the intron-retained E6 mRNAs produced
from pC97ELsLuc, intron-retained E1 mRNAs transcribed
from pC97ELsLuc were also increased in both nucleus and
cytoplasm (Figure 6L). To confirm this effect also in the ab-
sence of E6/E7 sequences on the mRNAs, we used HPV16
subgenomic reporter plasmid pBELsLuc that lacks E6E7
genes (Figure 3E). pBELsLuc was transfected into HeLa
cells in the absence or presence of hnRNP D40 plasmid fol-
lowed by fractionation into nuclear and cytoplasmic frac-
tions prior to RNA extraction and RT-PCR. As can be seen
in Figure 7A, spliced E2 mRNA (880A2709) levels were re-
duced in the presence of hnRNP D40, as expected, but they
were present in both nuclear and cytoplasmic fractions, al-
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though predominantly in the cytoplasm. In sharp contrast
to the spliced E2 mRNAs, the intron-retained E1 mRNAs
were detected primarily in the presence of hnRNP D40 (Fig-
ure 7A). In the presence of hnRNP D40, the intron-retained
E1 mRNAs were present in both the nuclear and cytoplas-
mic fractions (Figure 7A), demonstrating that hnRNP D40
not only inhibited splicing of the HPV16 E1/E2 mRNAs
and promoted intron retention to generate intron-retained
E1 mRNAg, it also allowed these mRNAs to be exported to
the cytoplasm. A similar effect was observed with hnRNP
Al (Figure 7A) an hnRNP protein evolutionarily close to
hnRNP D protein family (54) and initially shown to inhibit
HPV16 E6/E7 and E1/E2 mRNA splicing (Figure 2A,C).
Actin mRNAs served as controls for cellular fractionation:
unspliced actin mRNAs were present primarily in the nu-
clear fraction, whereas spliced actin mRNAs were detected
in both fractions (Figure 7B). Nuclear restricted Lamin B
and SRSF2 and the shuttling SRSF1 protein served as ad-
ditional controls for cellular fractionation (Supplementary
Figure S6). We also performed RT-qPCR with primers 773s
and E1AS on the cytoplasmic fractions, a primer pair that
is specific for intron-retained HPV16 E1 mRNAs (Figure
1C). The levels of HPV16 intron-retained E1l mRNAs in the
cytoplasm increased more than four-fold in the presence of
hnRNP D40 (Figure 7C). We concluded that hnRNP D40
inhibited HPV16 E1/E2 mRNA splicing, promoted intron
retention to generate intron-retained E1 mRNAs and en-
hanced the appearance of the E1l mRNAs in the cytoplasm
independently of E6/E7 sequences on the mRNAs.

The HPV 16 subgenomic plasmid pBELEN encodes only
the HPV 16 El gene including all splice sites in the El
coding region (Supplementary Figure S7B). pBELEN re-
sponded to hnRNP D40 by enhanced production of intron-
retained El mRNA (Supplementary Figure S7D). RT-PCR
analysis of HPV16 mRNAs produced from pBELEN in the
absence or presence of hnRNP D40, revealed that the level
of HPV16 intron-retained El mRNA increased in both nu-
cleus and cytoplasm, whereas the levels of HPV16 spliced
E2 mRNAs (880A2709) were reduced in the presence of
hnRNP D40 (Supplementary Figure S7E). This result in-
dicated that redistribution of intron-retained E1 mRNA to
the cytoplasm was enhanced in the presence of hnRNP D40
(Supplementary Figure S7F). For further confirmation, we
generated a plasmid that produced a shorter intron-retained
E1l mRNA that would be easier to detect and quantitate
by RT-PCR since the predicted size of the entire intron-
retained E1 mRNA produced from pBELEN is relatively
big (>2 kb). We therefore introduced a deletion in the E1
coding region in pBELEN, between the HPV16 major splice
sites SD880 and SA2709, to generate a smaller plasmid
named pBELENAEI (Supplementary Figure S7C). Detec-
tion of intron-retained ‘E1” mRNAs was considerably im-
proved when pBELENAJE] was used (Figure 7D lanes 1-4,
compared to Figure 7A). RT-PCR analysis of HPV16 mR-
NAs produced from pBELENAJEI in the absence or pres-
ence of hnRNP D40, revealed that the levels of HPV16
intron-retained mRNAs were increased in both nucleus and
cytoplasm (Figure 7D), an increase that was statistically sig-
nificant (Figure 7E), whereas the levels of HPV16 spliced
E2 mRNAs (880A2709) were reduced in the presence of
hnRNP D40, and were located primarily in the cytoplas-
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HPV 16 intron-retained E1 mRNAs in the cytoplasmic fraction was determined by RT-PCR with primers 773S+E1AS. Quantification of electrophoresed
RT-PCR products were performed as described and normalized to RT-PCR products representing cytoplasmic spliced actin mRNA. Fold over control
(—) is shown. (D) Effect hnRNP D40 on subcellular localization of HPV16 intron-retained EIl mRNAs and spliced E2 mRNAs produced from HPV16
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E1-FLAG expressing plasmid pl6E1-3xF (wild type) or pl6E1SDm-3xF (harboring mutations at splice donors SD880 and SD1302 in the E1 gene thereby
abolishing E2 mRNA splicing), in the absence (—) or presence (+) of hnRNP D40 expressing plasmid. Western blotting using anti-FLAG antibody (M2).
(G) The levels of HPV16 intron-retained E1 mRNAs produced by pl6E1SDm-3xF in nuclear and cytoplasmic fractions, in the absence (—) or presence
(+) of hnRNP D40 expression plasmid, was determined by HPV16-specific RT-PCR primers primer pairs F-E1-1+E2Xba and PstI-SD880mE1-F+E2Xba
(primer positions are displayed in Supplementary Figure S7). (H) Overexpression of hnRNP D40 does not affect production of sLuc from a CMV-promoter
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between HPV16 EI mRNAs and hnRNP D40 protein in the cytoplasm demonstrated by CLIP assay on cytoplasmic extracts from HeLa cells transfected
with HPV16 subgenomic plasmid pC97ELsLuc in the absence or presence of FLAG-hnRNP D40 expressing plasmid. Cytoplasmic extracts were subjected
to immunoprecipitation with anti-FLAG antibody to purify FLAG-hnRNP D40: RNA complexes. RNA in the ribonucleoprotein (RNP) complex was
extracted and subjected to RT-PCR using primers 773S and E1AS that specifically detect HPV16 intron-retained EI mRNAs.



mic fraction (Figure 7D). Of particular interest was that
the proportion of cytoplasmic intron-retained HPV16 mR-
NAs was significantly increased in the presence of hnRNP
D40 (Figure 7E). These results confirmed that hnRNP D40
inhibited HPV16 mRNA splicing and promoted intron re-
tention to generate intron-retained HPV16 E1 mRNAs that
were exported to the cytoplasm.

Finally, we wished to determine if the increase of intron-
retained E1 mRNAs in the cytoplasm caused by hnRNP
D40 also resulted in increased El protein levels. We gen-
erated an HPV16 EIl expression plasmid in which the El
gene was fused with three-times FLAG sequence at its
3-end named pl6E1-3xF (Supplementary Figure S7G).
This plasmid contained intact HPV16 5'-splice sites SD880
and SD1302 and had the potential to produce an intron-
retained mRNA encoding a 73kD, 3xFLAG-tagged HPV16
El protein, as well as mRNAs spliced to HPV16 3'-splice
site SA2709. In a second version of this plasmid, SD880
and SD1302 were mutationally inactivated to generate plas-
mid pl6EISDm-3xF (Supplementary Figure STH). As ex-
pected, HPV16 El protein production was greatly improved
from pl6E1SDm-3xF compared to pl6E1-3xF (Figure 7F),
but overexpression of hnRNP D40 decreased El protein
levels from both plasmid pl6E1-3xF and pl6E1SDm-3xF
(Figure 7F). Analysis of the mRNAs produced by pl16E1-
3xF and pl6E1SDm-3xF revealed that intron-retained
HPV16 E1 mRNA levels transcribed from pl6E1SDm-3xF
were increased in the cytoplasm in the presence of hnRNP
D40 (Figure 7G). The results were confirmed by using dif-
ferent sets of primer pairs (the primer positions are indi-
cated in Supplementary Figure S7TH). The results revealed
that the levels of intron-retained EI mRNAs increased in
the presence of hnRNP D40 even though HPV16 5'-splice
sites SD880 and SD1302 had been inactivated (Figure 7G),
which indicated that hnRNP D40 also functioned indepen-
dently of splicing. This effect was not due to transcriptional
activation by hnRNP D40 since hnRNP D40 does not affect
transcription from CMV-promoter driven plasmids (Figure
7H). Taken together, these results were reminiscent of the
effect of hnRNP D40 on the HPV16 E6 mRNA and E6
protein levels (Figure 6). Our results indicated that hnRNP
D40, in addition to its splicing inhibitory function, inter-
acted with HPV16 E1 mRNAs also in the absence of RNA
splicing and promoted the appearance of intron-retained
HPV16 EI mRNAs in the cytoplasm. However, these mR-
NAs were poorly translated into El protein and the re-
sults suggested that hnRNP D40 negatively interfered with
mRNA translation. Indeed, translation in vitro of both E6
and E1 mRNAs into E6 and El proteins was inhibited by
recombinant hnRNP D protein but not by bovine serum
albumin (BSA) (Supplementary Figure S8A, B, D and E).
This translational inhibition was specific for HPV16 E6 and
E1 mRNAs since luciferase mRNA translation was unaf-
fected by the presence of recombinant hnRNP D protein
(Supplementary Figure S8C).

hnRNP D40 is associated with HPV16 mRNAs in the cyto-
plasm

The results presented above suggested that hnRNP D not
only inhibited HPV16 mRNA splicing but also might have
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the ability to accompany the HPV16 mRNAs to the cy-
toplasm. As already shown in Figure 4C, overexpressed
hnRNP D40-EGFP was primarily located in the nucleus.
However, hnRNP D is known to be a shuttling protein
and small amounts of hnRNP D40 could potentially be
present in the cytoplasm. We therefore transfected HeLa
cells with a plasmid expressing a FLAG-tagged hnRNP
D40 protein, fractionated the cells and analyzed nuclear
and cytoplasmic fractions for FLAG-tagged hnRNP D40
by western blotting. The results revealed that the FLAG-
tagged hnRNP D40 produced from the expression plas-
mid could be detected in both nuclear and cytoplasmic
compartments (Figure 71), whereas tubulin was detected
primarily in the cytoplasmic- and histone in the nuclear-
fractions (Figure 71). To determine if hnRNP D40 was as-
sociated with the intron-retained HPV16 El mRNAs in the
cytoplasm, we performed a CLIP assay on cytoplasmic ex-
tracts from HeLa cells transfected with HPV16 reporter
plasmid pC97ELsLuc in the absence or presence of trans-
fected pFLAG-hnRNP D40 plasmid. As can be seen from
the results, intron-retained HPV16 mRNAs could be specif-
ically amplified from the UV-crosslinked RNA-protein
complexes immunoprecipitated with anti-FLAG antibody
(Figure 7J). These results demonstrated that HPV16 intron-
retained E1 mRNAs were associated with hnRNP D40 in
the cell cytoplasm, suggesting that hnRNP D40 accompa-
nied the intron-retained HPV16 mRNAs from the nucleus
to the cytoplasm where it potentially interfered with HPV16
mRNA translation in a negative manner.

hnRNP D40 promotes intron retention and production of E1
and E6 mRNAs produced from episomal HPV16 genomes in
human primary keratinocytes

Finally, we wished to determine if hnRNP D40 was actively
inhibiting splicing also of mRNAs produced from com-
plete, episomal HPV16 genomes. We therefore used plas-
mid pHPVI6AN that encodes the entire HPV16 genome
(Figure 8A) (43). The pHPV16AN plasmid was cotrans-
fected with cre-recombinase-expressing plasmid to release
the HPV16 genome between the 1oxP sites and generate the
episomal form of the HPV16 genome (Figure 8A). Trans-
fections were performed in the absence or presence of hn-
RNP D40 expression plasmid. As can be seen in Figure
8B, hnRNP D40 inhibited splicing of the E6/E7 mRNAs
and promoted production of intron-retained E6 mRNAs
(Figure 8B). A relatively minor inhibitory effect on splic-
ing from SD880 to SA3358 was observed (Figure 8C). Im-
portantly, the inhibitory effect on the E2 mRNAs was read-
ily observed, followed by intron retention and generation
of intron-retained E1 mRNAs (Figure 8D). Since transfec-
tion of cells with pHPV16AN is relatively inefficient, the
larger, intron-retained E1 mRNAs may be relatively inef-
ficiently amplified with primer pair 773S and E2AS. There-
fore, we also monitored the levels of intron-retained E1 mR-
NAs with primers 773S and E1AS (Figure 1E) that also de-
tected an increase in the levels of E1 mRNAs in the pres-
ence of hnRNP D40 (Figure 8E). These results were re-
produced by transfection of pHPV16AN in the absence or
presence of hnRNP D40 plasmid in human primary ker-
atinocytes. As can be seen, hnRNP D40 inhibited splic-
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Figure 8. hnRNP D40 inhibits splicing of E6GE7 and E1E2 mRNAs transcribed from episomal HPV16 DNA in primary human keratinocytes. (A) Schematic
representation of the pHPV16AN plasmid and episomal HPV16 DNA production using Cre-loxP transfection system. (B-E) RT-PCR on RNA extracted
from HeLa cells transfected with pHPV16AN together with Cre recombinase expressing plasmid in the absence (—) or presence (+) of hnRNP D40
expressing plasmid. RNA was extracted and HPV16 RNA splicing was monitored by RT-PCR using primers (B) 97S+880AS, (C) 773S+E4AS, (D)
773S+E2AS and (E) 773S+E1AS. (F-H) hnRNP D40 effect on HPV16 mRNA splicing from episomal HPV16 DNA in human primary keratinocytes
with or without induction of differentiation. pHPV16AN was transfected into primary normal human foreskin keratinocyte (nHFK) together with Cre
recombinase expressing plasmid, in the absence (—) or presence (+) of hnRNP D40 expression plasmid. CaCl, at a final concentration of 2.4 mM was added
at 12 h post transfection (+Ca) for 24 h to induce differentiation. RNA was extracted and HPV16 RNA splicing was monitored by RT-PCR using primer
pairs indicated to the left of the gel images. (I and J) Interactions between endogenously expressed HPV16 mRNAs and cellular hnRNP D proteins were
analyzed by RIP assay on extracts from HPV16-immortalized human keratinocyte cell line 3310 (56) (I) or HPV16-positive tonsillar cancer cell line (55)
HN26 cells (J). Whole cell extracts were subjected to immunoprecipitation with anti-hnRNP D antibody followed by RNA extraction and RT-PCR with
HPV16-specific primers indicated to the right of the gel images. (K and L) SiHa or C33A2 cells were transfected with siRNAs to hnRNP D (si-hnRNP D)
or scrambled siRNA (si-scr). 80 nM siRNA for SiHa cells and 40 nM siRNA for C33A2 cells were transfected. RNA was extracted at 24 h post-transfection
to monitor intron-retained E6 mRNAs (K) or at 48 hrs post-transfection to monitor intron-retained El mRNAs (L), followed by RT-PCR with indicated
primer pairs. (M) RT-qPCR to evaluate hnRNP D KD effect on HPV16 intron-retained E1l mRNAs was performed with cDNA from (L). (N) WB analysis
to evaluate hnRNP D knockdown on HPV16 E7 protein production in SiHa cells transfected with siRNA to hnRNP D (si-hnRNP D) or with scrambled
siRNA (si-scr) for 72 h.



ing and promoted production of intron-retained E6 mR-
NAs (Figure 8F) and E1 mRNAs (Figure 8G). Notably, in-
duction of calcium-dependent differentiation of the trans-
fected primary keratinocytes increased the levels of intron-
retained E1 mRNAs (Figure 8G), an effect that was further
enhanced by hnRNP D40 overexpression (Figure 8G). In-
duction of differentiation of the primary keratinocytes by
calcium was confirmed by the increase in the levels of in-
volucrin mRNAs (Figure 8H). Furthermore, we wished to
obtain support for the physiological relevance of the inter-
actions between hnRNP D protein and HPV16 mRNAs. To
this end we monitored interactions between hnRNP D and
HPV16 early mRNAs by RIP assay in the HPV16-positive
head-and-neck cancer derived HN26 cells recently estab-
lished from a tonsillar cancer patient at Lund University
hospital (55), and from the in-house HPV16-immortalized
keratinocyte cell line 3310 with integrated HPV16 DNA
(56). The interactions between hnRNP D and HPV 16 early
E6/E7 mRNAs were readily detected by RT-PCR in the
immunoprecipitated hnRNP D-RNA complexes obtained
from either the tonsillar cancer cell line HN26 (Figure 81) or
the HPV16-immortalized human keratinocyte 3310 cell line
(Figure 8J). Finally, the effect on HPV16 mRNA splicing
and protein expression of small-interfering RNA (siRNA)
mediated knockdown (KD) of hnRNP D proteins was de-
termined using HPV16 positive cancer cell line SiHa and
the in-house generated cell line C33A2 (42) (Figure 8K—
N). Briefly, the C33A2 cell line was derived from C33A cells
stably transfected with HPV16 reporter plasmid pBELsLuc
plasmid (Figure 3E). KD of hnRNP D revealed a reduction
in intron retention on E6 mRNAs in SiHa cells (Figure 8K)
as well as a reduction in intron retention on E1 mRNAs
both in SiHa and C33A2 cells (Figure 8L,M). Although the
effect of hnRNP D knockdown on E6 mRNAs in SiHa cells
was weaker than the effect on E1 mRNAs, this decrease was
statistically significant (P = 0.003). Furthermore, KD of hn-
RNP D resulted in an increase of HPV16 E7 protein levels
in SiHa cells (Figure 8N), which is consistent with an in-
crease in spliced 226A409 mRNAs that are dedicated for
E7 protein production (Figure 8K). Taken together, we con-
cluded that hnRNP D40 promoted production of HPV16
intron-retained E1 and E6 mRNAs with retained introns
also on mRNAs expressed from the episomal form of the
HPV16 genome suggesting that the interactions of between
HPV16 early mRNAs and hnRNP D are of significance also
in HPV16 positive cancer cell lines. Furthermore, knock-
down of hnRNP D enhanced production of the HPV16 E7
protein in HPV16-driven cervical cancer cells.

DISCUSSION

Previously, we have shown that HPV16 5'- splice site
SD3632 that is exclusively utilized during late stages of the
HPV16 life cycle, is suppressed in mitotic cells by bind-
ing of hnRNP D proteins to AUAGUA motifs upstream
of SD3632 (43). In our current manuscript, we present re-
sults that indicate that hnRNP D proteins inhibit HPV16
E1/E2- and E6/E7-mRNA splicing. The effect of hnRNP
D on the HPV16 mRNA splicing process (Figure 3) was
followed by effects on subsequent steps of HPV16 mRNA
processing including a potential increase in mRNA stabil-
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ity of (Figures 6 and 7) and enhanced nuclear export (Fig-
ures 6 and 7) of intron-retained HPV16 mRNAs. Conse-
quently, intron-retained HPV16 E1 and E6 mRNA levels
in the cytoplasm increased in the presence of hnRNP D.
The regulation of RNA processing including alternative
pre-mRNA splicing is particularly important for the reg-
ulation of HPV16 gene expression since all HPV16 genes
are expressed from a plethora of alternatively spliced viral
mRNAs. Of note, alternative RNA splicing of El and E2
mRNAs and E6 and E7 mRNAs are of particular interest
since E1 and E2, and E6 and E7 are produced from mRNAs
that are produced in a mutually exclusive manner: while
El and E6 are produced from intron-retained mRNAs, E2
and E7 are produced from the spliced variants of the same
pre-mRNAs, respectively. Since E1 and E2 are functionally
linked, as are E6 and E7, it is of utmost importance that
the balance between production of intron-retained E1 and
E6 mRNAs and spliced E2 and E7 mRNAs is optimal to
meet the demand for optimal E1/E2- and E6/E7-protein
ratios. A tightly tuned balance between the expression of
high-risk HPV E6 and E7 oncoproteins is essential for can-
cer cell maintenance and malignant progression, while the
balance between the expression of HPV El and E2 is es-
sential during the viral replication cycle. Thus, hnRNP D
may contribute to HPV16 gene expression during the viral
life cycle as well as during progression to cancer and main-
tenance of the malignant stage of the HPV16 infected cells
but that remains to be investigated.

The hnRNP D protein family consists of four members
named p37, p40, p42 and p45 distinguished by the pres-
ence or absence of exon 2 and exon 7 (Figure 3A). Pres-
ence or absence of these alternatively spliced exons con-
fers distinct biological properties to individual hnRNP D
isoforms. Presence of exon 7 interrupts the C-terminal do-
main (CTD) of hnRNP D that has been known to affect
nuclear-cytoplasmic distribution of hnRNP D (48,57). An
uninterrupted CTD (p37 and p40) increased nuclear up-
take, whereas an interrupted CTD (p42 and p45) resulted in
cytoplasmic accumulation. Furthermore, presence of exon
7 is known to suppress ubiquitination of p42 and p45 (58).
On the other hand, absence of exon 2 (p37 and p42) en-
hances high affinity binding to target RNAs (59). In addi-
tion, C-terminal RGG/RG motifs of hnRNP D have been
shown to exert RNA chaperon and RNA annealing activ-
ities (60). Our results demonstrated that C-terminal dele-
tions and substitutions in RGG motifs altered the subcel-
lular distribution of hnRNP D (Figure 4C and Supplemen-
tary Figure S4B), supporting the idea that the C-terminus
and/or RGG contribute to localization of hnRNP D but
also revealed that neither the C-terminus nor the C-terminal
RGG-motifs were essential for nuclear localization. How-
ever, the only deletion that displayed a nuclear-excluded
phenotype was D8, which effectively encoded only RRM 1
and RRM2 and had deletions in both N- and C-termini,
suggesting that amino acid sequences in the N- and C-
termini of hnRNP D collaborate to bring hnRNP D to the
nucleus.

All deletion mutants of hnRNP D40 displayed in
this manuscript had reduced splicing inhibitory effect on
HPV16 E6/E7 or E1/E2 mRNA splicing, albeit to a dif-
ferent extent (Figures 4 and 5). Obviously, hnRNP D40
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deletion mutants D2 and D7 lost their inhibitory effect
on E1/E2 mRNA splicing as well as on E6/E7 mRNA
splicing (Figure 4H-K). Surprisingly, D2 appeared to ac-
tivate HPV16 226A409-splicing while D1 activated HPV16
226A526-splicing (Figure 4D), indicating that the splicing
inhibitory function of hnRNP D is located in its N-terminus
and that D1 and D2 were in contact with the splicing ma-
chinery despite their N-terminal deletions. Indeed, both D1
and D2 interacted with U1-70K, U2AF65 and U2AF35,
albeit at a decreased efficiency compared to wild-type hn-
RNP D40 (Figure 5K). In contrast to D1 that retained
its ability to associate with HPV16 mRNAs, D2 displayed
a reduced association with HPV16 mRNAs (Figure 5L).
These results combined, we propose a model for the ef-
fect of hnRNP D on HPV16 mRNA splicing shown in Fig-
ure 9. For the interaction of hnRNP D with HPV16 RNA,
both RRM1 and RRM2 domains are essential, while for
the interaction with cellular spliceosome factors, U1-70K
and U2AF65/35, both hnRNP D N- and C-termini regions
contribute. The interaction of hnRNP D with spliceosome
factors may cause functional inhibition of the splicing ma-
chinery and this inhibition appears to be mediated by hn-
RNP D N-terminal A-rich and exon 2-encoding region.
Without the inhibitory N-terminus, hnRNP D may func-
tion as a mediator of splicing that interacts with target tran-
scripts and recruits spliceosome factors to it, but in contrast
to full-length hnRNP D, N-terminally deleted hnRNP D
activates mRNA splicing. Since D1, D2 or RGG mutants
differed in their inhibitory effects on HPV16 226A526-,
226A409- and 226A742-RNA splicing, respectively, it ap-
peared as if other domains than RRM1/RRM2 on hnRNP
D contributed to the selection of target RNA sequences,
i.e. splice site selection. Alternatively, hnRNP D40 mutants
without inhibitory N-terminus (D1 and D2) functioned as
decoys for full-length endogenous hnRNP D proteins and
formed hetero- or homo-oligomers that may possess al-
tered target RNA specificity or splicing inhibitory func-
tions. In conclusion, full-length hnRNP D40 appeared to
target mainly 226A409.

In addition to the hnRNP D functional analysis, we ex-
plored hnRNP D target sites on HPV16 E6/E7 coding
RNA sequence using RNA-mediated, protein pull-down
assay and found that hnRNP D was associated with the
E6 intronic region (nt243-445) as well as with previously
identified HPV16 E6/E7 splicing silencer element located
between HPV16 nt579-620 (46). In addition, hanRNP D
was associated with several spots adjacent to alternative
HPV16 splice sites SA526 and SA742. hnRNP D was
originally identified as an RNA-binding protein that as-
sociates with the 5'- and 3'-untranslated regions of target
mRNAs that contained AU-rich RNA elements (AREs)
(61) to affect stability, translation or subcellular localiza-
tion of target transcripts. hnRNP D/AUF1 was shown to
bind directly to the AU-rich RNA elements (UAUUA) (27)
and recent PAR-CLIP experiments revealed that hnRNP
D/AUF1 primarily recognized U-/GU-rich sequences (e.g.
UUUAGA, AGUUU, GUUUG, UUUU, UUAGUU and
AGUUU) (34). These interactions affected the fate of the
target transcripts in different ways, primarily by lowering
steady-state levels of numerous mRNAs or by promoting
translation of numerous other mRNAs. Surprisingly, hn-

RNP D also enhanced the steady-state levels of several tar-
get RNAs. The majority of the PAR-CLIP-identified bind-
ing sites for hnRNP D were present on multiple positions in
the E6-E7 coding regions (nt97-856) and in the E1 coding
region (865-2814). The previously identified HPV16 E6E7
mRNA splicing silencer UUAGAUU (46) was also found
at multiple positions in the EGE7EI coding region. This
(UUAGAUU) partially overlaps with one of the binding
sites for hnRNP D identified by PAR-CLIP (UUUAGA).
We did not investigate if hnRNP D does bind to the multiple
HPV16 RNA sequences directly, but our CLIP experiment
showed that hnRNP D binds directly to HPV16 mRNAs
in transfected cells. However, hnRNP D probably interacts
with HPV16 mRNAs both directly and indirectly via other
RNA-binding proteins. It is still unknown if each hnRNP
D isoform differ in binding to specific RNA sequences. It
would be of interest to use PAR-CLIP to determine poten-
tial binding sites for hnRNP D on the HPV16 mRNAs.

We showed that hnRNP D40 inhibited HPV16 early
mRNA splicing and increased intron retention on 16E6 and
16E1 mRNAs and accompanied these mRNAs to the cyto-
plasm. This appears similar to the function of the human
immunodeficiency virus (HIV) Rev protein that induces nu-
clear export of unspliced HIV-1 transcripts to the cyto-
plasm, thereby upregulating HIV Gag, Pol and Env pro-
tein levels (62-64). Here we found that hnRNP D inhibited
splicing of HPV16 mRNAs and increased intron retention
on HPV16 E6 and E1 mRNAs but did not enhance protein
levels of either 16E6 or 16E1. As a matter of fact, the El
and E6 protein levels were decreased in the presence of hn-
RNP D40. Therefore, hnRNP D may function differently
from the HIV Rev protein, at least after the nuclear export
of the HPV16 transcripts. It remains unclear whether hn-
RNP D directly affects export of intron-retained HPV16
mRNAs to the cytoplasm and it remains to be determined
how these intron-retained mRNAs are exported to the cy-
toplasm. However, since our results demonstrate that the
translation of 16E6 and 16E1 mRNA is suppressed by hn-
RNP D40 still sitting on the HPV16 mRNAs in the cyto-
plasm, we speculate that hnRNP D has a functional role in
the cytoplasm. To allow E6 or E1 mRNAs to enter a pro-
ductive pathway in the cytoplasm, it may be necessary to
replace hnRNP D40 with unknown factor(s) on these mR-
NAs once they enter the cytoplasm. It is also reasonable
to speculate that interactions of HPV16 mRNAs with hn-
RNP D affects the half-life of the intron-retained HPV16
mRNAs but that remains to be determined. To uncover the
fate of the intron-retained HPV16 El and E6 mRNAs in
the cytoplasm, a better understanding of hnRNP D and its
role in the cytoplasm is needed.

Interactions between hnRNP D and various viral RNAs
have been described previously, both with nuclear-restricted
viral RNAs such as those produced by Epstein-Barr virus
(EBV) (65) and cytoplasm-restricted viral RNAs such as
those produced by viruses of the Picornaviridae family,
including poliovirus, Coxsackievirus B3 (CVB3), Human
Rhinovirus (HRV) and Enterovirus EV71 (66,67) or of the
Flaviviridae family, including West Nile virus (WNV) and
Dengue virus (DENV) (68,69), as well as with HIV of the
Retroviridae family (70). The consequence of the interac-
tions between hnRNP D and the various viral RNAs dif-
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Figure 9. Model how hnRNP D regulates HPV16 E6/E7 mRNA splicing. (A) In regular condition, four splice isoforms of HPV16 E6/E7 mRNAs are
produced. This is regulated by fine-tuned recruitment of cellular U1 spliceosome factor to HPV16 E6/E7 splice donor SD226 and that of U2 spliceosome
factors to HPV16 E6/E7 splice acceptors SA409, SA526 or SA742. (B) hnRNP D40 binds to both Ul spliceosome factor and U2 spliceosome factor at
its C-terminus and with some extent at its N-terminus, which inhibits spliceosome factor activity. This inhibitory function is mediated by N-terminus of
hnRNP D. At the same time, hnRNP D interacts with several sites in HPV16 E6/E7 coding RNAs at its RRM1/RRM2 domain. As a result, hnRNP
D mainly inhibits 226409 splicing on the HPV16 E6/E7 mRNAs. The intron-retained E6 mRNAs are accompanied by hnRNP D to the cytoplasm.
However, hnRNP D association on intron-retained E6 mRNA suppresses translation of E6 protein by unknown mechanism. To enhance translation
of HPV16 E6 protein from intron-retained E6 mRNA, hnRNP D40 must need to be replaced from intron-retained E6 mRNA. (C) Deletion mutant of
hnRNP D40, D1 that doesn’t possess N-terminal A-rich and exon 2 but harbors intact RRM1/RRM2 domain and C-terminus, still has potential to interact
with spliceosome factors and with HPV16 RNA though it loses inhibitory effect on spliceosome factors. As a result, D1 mutant mediates recruitment of
spliceosome factors to HPV16 splice sites, thereby increasing HPV16 E6/E7 mRNA splicing.

fers. Interactions of hnRNP D and EBV EBER1 noncoding
RNAs are believed to modulate cellular alternative RNA
splicing, although direct evidence is lacking at this point
(65). Interactions between hnRNP D and Picornaviral ge-
nomic RNAs at the internal ribosome entry site (IRES) of
the 5’-non-coding region (NCR) or at the 3'-NCR, resulted
in inhibition of translation (71) or decreased viral genomic

RNA levels (67), respectively. Interactions between hnRNP
D and flaviviral genomic RNAs, either at the 5-NCR or
at the 3’-NCR contributed to a shift in the RNA structure
from a linear to a cyclic viral genome of which the latter is
favored as a template for viral RNA replication rather than
translation (68,69). Interactions between different hnRNP
D isoforms and HIV-1 exon 3-RNA altered the relative lev-
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els of spliced and unspliced HIV-1 mRNAs (72). In conclu-
sion, hnRNP D plays a major role in replication and gene
expression of multiple viruses, including DNA viruses and
RNA viruses, affecting nuclear as well as cytoplasmic func-
tions of these viral RNAs. In particular, hnRNP D appears
to inhibit translation of mRNAs produced by several differ-
ent viruses, which is in line with our results presented here.

In contrast to the RNA viruses described above that repli-
cate to high levels and cause acute infections, HPVs es-
tablish persistent infections that normally last for 12-24
montbhs, thereby requiring elaborate immune evasion mech-
anisms, suggesting that the inhibitory effect of hnRNP D on
the translation of the E1 and E6 mRNAs may contribute to
persistence in the presence of a functional immune system
of the host. At the regulatory level, the ratio of E1 to E2,
produced from intron-retained and spliced mRNAs respec-
tively, may affect various steps in the HPV life cycle. While
higher levels of El than E2 is required for genomic DNA
replication, increased E2 levels will eventually shut down
the early HPV promoter to allow for a re-entry into the cel-
lular differentiation program and completion of the HPV
life cycle. Regarding E6 and E7 proteins that are produced
from intron-retained and spliced mRNAs respectively, an
optimal ratio of E6 and E7 is required to achieve an op-
timal balance between antiapoptotic and promitotic func-
tions exerted by E6 and E7, respectively. Although it re-
mains to be determined how the intron-retained HPV El
and E6 mRNAs are translated, hnRNP D may contribute
to the modulation of HPV16 mRNA translation and to the
control of the delicate balance of the E1/E2- and E6/E7
protein ratios during HPV16 infection.

Finally and importantly, the inhibitory effect of hn-
RNP D40 on HPV16 E6 or E1 mRNA splicing was re-
produced with episomal genomic HPV16 DNA in hu-
man primary keratinocytes. This is of significance since
the HPV16 genome normally exists as an episome dur-
ing its life cycle in infected cells in vivo. Furthermore, we
demonstrated an association between endogenous HPV16
RNA and hnRNP D proteins in HN26 cells, a cell line re-
cently isolated from a male patient with HPV16-positive
tonsillar cancer, and in the previously described HPV16-
immortalized human keratinocyte cell line 3310 (Figure 8).
Interestingly, induction of keratinocyte differentiation in
primary keratinoytes appeared to promote production of
intron-retained E1 mRNAs, an effect that was enhanced
by overexpression of hnRNP D40, further supporting a
role for hnRNP D in the differentiation-dependent HPV16
gene expression program. The hnRNP D proteins are ex-
pressed in cervical epithelium as well as in tonsillar ep-
ithelial cells in vivo and appears to be overexpressed in
cervical and tonsillar cancer (https://www.proteinatlas.org/
ENSGO00000138668-HNRNPD), indicating that hnRNP D
is available to HPV16 in its natural environment as well as
during progression to cancer. It has been shown that the lev-
els of multiple cellular RNA-binding proteins are altered
or differ in functional activity through cervical cancer de-
velopment caused by HPV infection (73), underscoring the
importance of RNA-binding proteins during progression
of HPV-infected cells to cancer. In fact, altered expression
of hnRNP D protein has been observed in different can-
cers (74) supporting the idea of a role for hnRNP D in car-

cinogenesis. Modulation of HPV16 gene expression by hn-
RNP D suggests that hnRNP D may be a future target for
anti-HPV and anti-cancer treatment. This conclusion is re-
inforced by our results presented here, demonstrating that
knockdown of hnRNP D in HPV16-driven cervical cancer
cells enhanced production of the HPV16 E7 oncoprotein.
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SUPPLEMENTARY FIGURES LEGENDS

Supplementary Figure S1

(A) Schematic structures of pC97ELsLuc and representative HPV16 early transcripts produced from
pC97ELsLuc and spliced or not spliced at SD880. Plasmid pC97ELsLuc encodes all HPV16 genes.
Early promoter P97 was replaced by CMV promoter. Secreted luciferase (sLuc) gene was integrated in
the L1 gene following the poliovirus 2A internal ribosomal entry site (IRES) sequence. Numbers refer
to the HPV16 reference strain GeneBank: K02718.1. Early and late genes are indicated. Black oval:
splice donor. White oval: splice acceptor. pAE: HPV16 early polyadenylation site. pAL: HPV16 late
polyadenylation site. Arrows indicate primer annealing positions. (B) Indicated hnRNP D isoform-
encoding plasmids were cotransfected with pC97ELsLuc into HelLa cells. RNA was extracted and
subjected to RT-PCR with primers 97S and E1AS. This RT-PCR reaction detected mRNAs that were
unspliced at SD880. The authenticity of intron-retained EGE7E1 mRNA band (intron-retained, IR) was
determined by sequencing and confirmed by the reverse transcriptase negative control assay on the
same RNA samples. (C-E) Dose-dependent effect of hnRNP D40 was monitored by cotransfecting
pC97ELsLuc with serially diluted hnRNP D40 encoding plasmid. RNA was extracted and subjected to
RT-PCR with HPV16 RT-PCR primers 97S+880AS (C), 773S+E2AS (D) or 773S+E4AS (E). (F) The
four mRNAs isoforms of hnRNP D in indicated cell lines were analyzed by RT-PCR. (G) Exogeneous
expression of hnRNP D40 (lane 3) was determined to compare with endogeneous hnRNP D (lane 1).
(H) The exogenous expression of each isoform of hnRNP D protein in HeLa cells were analyzed by

Western-blotting using anti-FLAG antibody.
Supplementary Figure S2

Determination of the consistent hnRNP D effect on HPV16 early mRNA splicing both from
pC97ELsLuc and pBELsLuc. (A and B) Schematic representation of HPV16 subgenomic plasmid
pC97ELsLuc, pBELsLuc and representative HPV16 transcripts investigated in (C) and (D) are shown.
Plasmid pC97ELsLuc encodes all HPV16 genes. Early promoter P97 was replaced by human
cytomegalovirus immediate early promoter (CMV). Plasmid pBELsLuc encodes all HPV16 genes
except E6 and E7 and is driven by the CMV promoter. Secreted luciferase (sLuc) gene was integrated
in the L1 gene following the poliovirus 2A internal ribosomal entry site (IRES) sequence. Early and
late genes are indicated. Black oval: splice donor. White oval: splice acceptor. pAE: HPV16 early
polyadenylation site. pAL: HPV16 late polyadenylation site. Numbers refer to the HPV16 reference
strain GeneBank: K02718.1. Schematic representation of HPV16 alternatively spliced mRNAs
produced from pBELsLuc are shown below pBELsLuc. Arrows indicate annealing positions of HPV16
RT-PCR primers. (C) hnRNP D37 or hnRNP D40 encoding plasmid was cotransfected with
pC97ELsLuc or pBELsluc, RNA was extracted and HPV16 E1/E2 mRNA splicing or E4 mRNA
splicing was determined by RT-PCR with primer pairs 773S+E2AS or 773S+E4AS, respectively. (D)
Serially diluted hnRNP D40 plasmid was cotransfected with pC97ELsLuc or pBELsLuc. RNA was
extracted and HPV16 E1/E2 mRNA splicing was determined by RT-PCR with primer pair

773S+E2AS. intron-retained (IR) E1 mRNAs and spliced 88072709 mRNAs are indicated.



Supplementary Figure S3

Subcellular localization of hnRNP D40 and hnRNP D40-mutants fused to EGFP. (A) Higher
magnifications of microscopic images adapted from Fig. 4C. A cell highlighted by white arrowhead in
each image is the same cell that is highlighted in Fig. 4C. Enhanced green fluorescent protein gene
was fused in frame with the entire hnRNP D40 open reading frame or mutants thereof as indicated.
EGFP(-), plasmid expressing EGFP not fused to any protein. (B and C) Proportion of each
alternatively spliced HPV16 E6E7 mRNA isoforms (intron-retained E6, 226"409, 226"526 and
2267742) or EIE2 mRNA isoforms (intron-retained E1, 88072582 and 88072709) over all spliced
isoforms displayed in Fig. 3D or 3E. The proportion of a spliced isoform was calculated as a
percentage of an isoform band intensity over the sum of all spliced isoform band intensities in each
lane. Percentage bar graphs of all isoforms were built with mean values of three independent
replicates. (D) Longer exposures of gel images of HPV16 EIE2 mRNA RT-PCR in Fig. 3D and E
(773S+E2QAS) to enhance detection of the longer and inefficiently amplified cDNAs representing
intron-retained E1 mRNAs.

Supplementary Figure S4

(A) hnRNP D40 and hnRNP D40 mutants had similar effect on HPV16 mRNA splicing in 293T cells
(upper panel) and Hela cells (lower panel). Plasmids expressing hnRNP D40 or the indicated hnRNP
D40-mutants were individually cotransfected with pC97ELsLuc into 293T cells or HeLa cells, RNA was
extracted and HPV16 E6E7 mRNA-splicing was analyzed by RT-PCR with HPV16 RT-PCR primers
97S+880AS. GAPDH, gapdh RT-PCR with primers GAPDHF and GAPDHR. (B) Subcellular localization
of the EGFP-AGG mutant that in which “R” in the RG/RGG-motifs is replaced by “A” as described in
Fig. 5A. Higher magnification image of EGFP-AGG was shown as “EGFP-AGG (H)". The same cells
were highlighted with white arrowhead. (C) Proportion of the indicated spliced isoforms of HPV16
mRNAs quantitated from Fig. 51 and J. Percentage of the indicated spliced isoform over the sum of all
spliced isoforms in each lane was calculated as described in Fig. 4H-K. Significance was calculated as
described in Materials and Methods. (D) The coimmunoprecipitation of hnRNP D40 protein and SF3b
or PABP-C1 analyzed as described in Figure 5K.

Supplementary Figure S5

(A) HPV16 subgenomic plasmid pC97ELsLuc encodes all HPV16 genes. Early promoter P97 was
replaced by human cytomegalovirus immediate early promoter (CMV). Secreted luciferase (sLuc) gene
was integrated in L1 gene following the poliovirus 2A internal ribosomal entry site (IRES) sequence.
Early and late genes are indicated. Black opal: splice donor. White opal: splice acceptor. pAE: HPV16
early polyadenylation site. pAL: HPV16 late polyadenylation site. Numbers refer to the HPV 16 reference
strain GeneBank: K02718.1. “S” in red box represents a previously identified splicing silencer. (B-E)
Schematic representations of HPV16 subgenomic expression plasmids pX656 (B), pX478 (C),
pXH856F (D) and pXH856SDmF (E) used in Figure 6. HA-tags and FLAG-tags fused to HPV16 E6 and
E7, respectively, in pXH856F and pX856SDmF are indicated. Wild type SD226 (GAG|GUAUAUGA : a



vertical line indicates 5’ splice site) in pXH856F was changed to (GAG|GCCUAUGA: underline indicates
changed nucleotide) for SD226 inactivation in pXH856SDmF. RT-PCR primers are indicated. The

various alternatively spliced mMRNAs produced by these plasmids are indicated. CMV: CMV promoter.
Supplementary Figure S6

Quality controls of nuclear/cytoplasmic fractionation for Figure 7A by Western-blotting analysis using
anti-Lamin B, anti-SRSF1 or anti-SRSF2 antibody.

Supplementary Figure S7

(A) HPV16 subgenomic plasmid pBELsLuc encodes all HPV16 genes except E6 and E7 and is driven
by the CMV promoter. Numbers refer to the HPV16 reference strain GeneBank: K02718.1. Early and
late genes are indicated. Black oval: splice donor. White oval: splice acceptor. pAE: HPV16 early
polyadenylation site. pAL: HPV16 late polyadenylation site. Secreted luciferase (sLuc) gene was
integrated in L1 gene following the poliovirus 2A internal ribosomal entry site (IRES) sequence. (B and
C) Schematic drawings of HPV16 subgenomic plasmids pBELEN and pBELENJE1 of which the latter
harbors a deletion inside the E1 gene (Ant1150-2481). Arrows indicate RT-PCR primer annealing
positions. (D) Effect of hnRNP D40 overexpression on HPV16 E1/E2 mRNA splicing using HPV16
reporter plasmid pBELEN. pBELEN was transfected into HelLa cells in the absence (-) or presence (+)
of hnRNP D40 expression plasmid. RNA was extracted and RT-PCR was performed with HPV16
primers 773S+E2Xba. intron-retained E1 mRNAs and spliced 88072709 mRNAs are indicated. (E)
HPV16 subgenomic plasmid pBELEN was transfected into HelLa cells in the absence (-) or presence
(+) of hnRNP D40 expression plasmid. The transfected cells were fractionated into nuclear and
cytoplasmic fractions, RNA was extracted and RT-PCR was performed with HPV16 primers
773S+E2Xba. intron-retained E1 mRNAs and spliced 88072709 mRNAs are indicated. Unspliced and
spliced actin mRNAs were detected by RT-PCR to control for subcellular fractionation. N, nuclear
fraction; C, cytoplasmic fraction. (F) Quantitation of the RT-PCR products. The percentage of
cytoplasmic intron-retained E1 mRNA over the sum of cytoplasmic and nuclear levels were calculated
as described in Fig. 6D. (G and H) Schematic representations of HPV16 subgenomic plasmids p16E1-
3xF and p16E1SDm-3xF encoding HPV16 E1 tagged with three FLAG-tags. Wild type SD880
(CAG|GUACCA: a vertical line indicates 5’ splice site) and SD1302 (CAG|GUAGAA) in p16E1-3xF were
changed to (CAG|CUACCA: underline indicates a changed nucleotide) for SD880 inactivation or
(CAG|CUAGAA) for SD1302 inactivation in p16E1SDm-3xF, respectively. Numbers refer to the HPV16
reference strain GeneBank: K02718.1. Black oval: splice donor. White oval: splice acceptor. “x”

represents mutational inactivation of HPV16 5’-splice sites SD880 and SD1302.

Supplementary Figure S8

(A and B) Inhibitory effect of hnRNP D on HPV16 E6 or E1 mRNA translation was demonstrated by in
vitro transcription and translation assay in the presence or absence of recombinant hnRNP D protein.
T7 promoter driven tagged-HPV16 E6 expressing plasmid (A) or FLAG-E1 expressing plasmid (B) was

added in vitro transcription and in vitro translation reaction mixture in the absence (-) or presence (+) of



recombinant hnRNP D protein or BSA. Resulted proteins were analyzed by Western-blotting using anti-
E6 antibody (A) or anti-FLAG antibody (B). Splice donor sites of HPV16 E6 and E1 were mutated as
pXH856SDmF or p16E1SDm-3xF, respectively. HPV16 E6 protein was fused with TrxA-6xHis-S-Tag-
HA tag at the N-terminus to increase the molecular weight (predicted size is 36 kD), separating from
the unspecific bands detected in Western-blotting. (C) Effect of hnRNP D on translation of luciferase
control mRNA was analysed by luciferase assay. Instead of E6 or E1 expressing plasmid, luciferase
expressing plasmid was used. (D) The protein amount of recombinant hnRNP D and BSA used for the
reaction indicated in (A) and (B) was confirmed by Coomassie staining (final 0.5uM of proteins in a
reaction). (E) The quality and identity of recombinant hnRNP D protein was confirmed by Western-
blotting using anti-hnRNP D antibody.
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Supplementary Table 1. Sequences of PCR primers

Amplified region primers Sequence 5-3'
E6/E7 978 GTCGACCTGCAATGTTTCAGGACCC
880AS GAAACCATAATCTACCATGGCTGATC
438AS GCTCGAGGGAATCTTTGCTTTTTGTCCAGATGTCT
757AS CGTGTGTGCTTTGTACGCACAACCG
TotalE6F TGTTTCAGGACCCACAGGAG
TotalE6R TTGCTTGCAGTACACACATTC
234AS TGCATAAATCCCGAAAAGCAAAGT
E2 773S GCACACACGTAGACATTCGTACTTTG
E2AS GTCCAGATTAAGTTTGCACGAGGAC
E2QAS CAGCCAGCGTTGGCACCACCT
E4 7738 GCACACACGTAGACATTCGTACTTTG
E4AS CCTCTCCTGAAATTATTAGGCAGCA
E1 7738 GCACACACGTAGACATTCGTACTTTG
E1AS CCATCCATTACATCCCGTACC
13028 CTGAAGTGGAAACTCAGCAGATGTTAC
2293AS TAATGATTTACCTGTGTTAGCTGCACC
880S GAAACCATAATCTACCATGGCTGATC
F-E1-1 AGTAGAGCTGCAAAAAGGAGATTA
Pstl-SD880mE1-F | GATCCTGCAGCTACCAATGGGGAAGAGGGTAC
E2Xba AACCAGGTTCTAGACAAACTTAATCTGGACCACG
LoxP 16S TATGTATGGTATAATAAACACGTGTGTATGTG
16A GCAGTGCAGGTCAGGAAAACAGGGATTTGGC
hnRNPD isoforms 28 GAAGATTGACGCCAGTAAGAACG
7A TACCTTCCCATAACCACTCTGCT
pX478 B97S GCGCGCTGCAATGTTTCAGGACCC
X478A GCTCGAGGGAATCTTTGCTTTTTGTCCAGATGTCT
pX656 B97S GCGCGCTGCAATGTTTCAGGACCC
X656A CCTCGAGCTGTCATTTAATTGCTCATAACAG
pXH856F sense GACAGCGCGCACCATGTACCCATACGATGTTCCAGATTACGCTATGTTTCAGGACCCACAG
anti sense TTACTCGAGCTACTTATCGTCGTCATCCTTGTAATCTGGTTTCTGAGAACAGAT
pXH856SDmF sense CTGCGACGTGAGGCCTATGACTTTGC
anti sense GCAAAGTCATAGGCCTCACGTCGCAG
p16E1-3xF sense ATCAGCGCGCCACCATGGCTGATCCTGCAGGTAC
anti sense TAATCGATGTCATGATCTTTATAATCACCGTCATGGTCTTTGTAGTCTAATGTGTTAGTATTTTG
anti sense TCCCCTCGAGCTACTTGTCATCGTCATCCTTGTAATCGATGTCATGATC
p16E1SDm-3xF sense GATCCTGCAGCTACCAATGGGGAAGAGGGTAC
anti sense GGCGCCCTTCTAGCTGTAACATCTGCTGAGT
anti sense TACAGCTAGAAGGGCGCCATGAGACTG
pflag-D40 sense GTTGCGCGCGTTATCATGGACTACAAAGACGATGACGACAAG
anti sense CCTCGAGTTAGTATGGTTTGTAGCTATTTTGATGACCACC
pD1,pD1-AGG and pD1-Q6A |[sense GGCGCGCGCCACCATGGACTACAAAGACGATGACGACAAGATGTTTATAGGAGGCCTTAGCTGGG
anti sense CCTCGAGTTAGTATGGTTTGTAGCTATTTTGATGACCACC
pD2,pD2-AGG and pD2-Q6A |sense GGCGCGCGCCACCATGGACTACAAAGACGATGACGACAAGATGGTTAAAAAAATTTTTGTTGGTGGCC
anti sense CCTCGAGTTAGTATGGTTTGTAGCTATTTTGATGACCACC
pD5 sense GTTGCGCGCGTTATCATGGACTACAAAGACGATGACGACAAGGGAAGCGGAGCCGGGAC
anti sense CCTCGAGTTAGTATGGTTTGTAGCTATTTTGATGACCACC
pD3 sense GTTGCGCGCGCCACCATGGACTACAAAGACGATGACGACAAG
anti sense CCGCTCGAGTTAGGCTTTGGCCCTTTTAGGATC
pD4 sense GTTGCGCGCGCCACCATGGACTACAAAGACGATGACGACAAG
anti sense CCGCTCGAGTTACATGGCTACTTTTATTTCACATTTAC
pD7 sense GTTGCGCGCGCCACCATGGACTACAAAGACGATGACGACAAG
anti sense CTTCTCGAGTTAAGATCCCCACTGTTGCTGTTGCTGATATTG
pD8 sense GGCGCGCGCCACCATGGACTACAAAGACGATGACGACAAGATGTTTATAGGAGGCCTTAGCTGGG
anti sense CCGCTCGAGTTACATGGCTACTTTTATTTCACATTTAC
pEGFP-D40 sense GTTAAGCTTGTTATCATGGACTACAAAGACGATGACGACAAG
anti sense CTTGGATCCTTAGTATGGTTTGTAGCTATTTTGATGACCACC
pEGFP-D1 sense GTTAAGCTTGTTATCATGGACTACAAAGACGATGACGACAAG
anti sense CTTGGATCCTTAGTATGGTTTGTAGCTATTTTGATGACCACC
pEGFP-D2 sense GTTAAGCTTGTTATCATGGACTACAAAGACGATGACGACAAG
anti sense CTTGGATCCTTAGTATGGTTTGTAGCTATTTTGATGACCACC
pEGFP-D5 sense GTTAAGCTTGTTATCATGGACTACAAAGACGATGACGACAAG
anti sense CTTGGATCCTTAGTATGGTTTGTAGCTATTTTGATGACCACC
pEGFP-D3 sense GTTAAGCTTGTTATCATGGACTACAAAGACGATGACGACAAG
anti sense CTTGGATCCTTAGGCTTTGGCCCTTTTAGGATC
pEGFP-D4 sense GTTAAGCTTGTTATCATGGACTACAAAGACGATGACGACAAG
anti sense CTTGGATCCTTACATGGCTACTTTTATTTCACATTTAC
pEGFP-D7 sense GTTAAGCTTGTTATCATGGACTACAAAGACGATGACGACAAG
anti sense CTTGGATCCTTAAGATCCCCACTGTTGCTGTTGCTGATATTG
pEGFP-D8 sense GTTAAGCTTGTTATCATGGACTACAAAGACGATGACGACAAG

anti sense

CTTGGATCCTTACATGGCTAC ATTTCACATTTAC




pEGFP-D9 sense GTTAAGCTTGTTATCATGGACTACAAAGACGATGACGACAAG
anti sense CTTGGATCCTTACCTCCTATAAACA CC
GAPDH GAPDHF ACCCAGAAGACTGTGGATGG
GAPDHR TTCTAGACGGCAGGTCAGGT
spliced actin actin-s TGAGCTGCG TGTGGCTCC
actin-a GGCATGGGGGAGGGCATACC
unspliced actin actin-s1 CCAGT GGCTTCCCCAGTG
actin-a GGCATGGGGGAGGGCATACC
Involucrin INV_S CTCTGCCTCAGCCTTACTGTGA
INV_R GCTCCTGATGGGTATTGACTGG

pET32a-HA-E6SDm

sense

TATGAATTCATGTACCCATACGATGTTCCAGAT

anti sense

TTACTCGAGCTATGGTTTCTGAGAACAGATGGGG




Supplementary Table 2. Antibodies used in WB, CLIP, RIP and Co-IP

Cat. Company
AUF1/hnRNPD 12382S Cell Signaling
hnRNPM ab177957 abcam
hnRNPU ab10297 abcam
Flag,M2 F3165/F1804 |Sigma Aldrich
U1 70K ab83306 abcam
U2AF65 sc-53942 Santa Cruz
U2AF35 ab172614 abcam
HPV16 E6 GTX132686 Genetex
HPV16 E7 GTX133411 Genetex
B-actin A5441 Sigma Aldrich
Tubulin T9026 Sigma Aldrich
Histone 4620S CST
involucrin sc-21748 Santa Cruz
HA sc-7392 Santa Cruz
Lamin B ab16048 abcam
SRSF1 ab38017 abcam
SRSF2 ab204916 abcam
SF3b ab172634 abcam
PABP-C1 ab6125 abcam
veriblot ab131366 abcam
Normal RabbitlgG  |2729S Cell Signaling
Normal Mouse IgG  [12-371 Millipore
anti-Mouse IgG-HRP |A9044 Sigma Aldrich
anti-Rabbit IgG-HRP |A9169 Sigma Aldrich




Supplementary Table 3. Sequences of oligos for pull down assay

HPV16 pull down region

Sequence 5'-3'

1,178-214

UAUAAUAUUAGAAUGUGUGUACUGCAAGCAACAGUUA

2,196-233 AGUUACUGCGACGUGAGGUAUAUGACUUUGCUUUUCGG
3,229-266 UUCGGGAUUUAUGCAUAGUAUAUAGAGAUGGGAAUCCA
4,276-313 AUCCAUAUGCUGUAUGUGAUAAAUGUUUAAAGUUUUAU
5, 309-346 UUUAUUCUAAAAUUAGUGAGUAUAGACAUUAUUGUUAU
6,342-379 GUUAUAGUUUGUAUGGAACAACAUUAGAACAGCAAUAC
7,375-412 AAUACAACAAACCGUUGUGUGAUUUGUUAAUUAGGUGU
8,408-445 GGUGUAUUAACUGUCAAAAGCCACUGUGUCCUGAAGAA
9,441-478 AAGAAAAGCAAAGACAUCUGGACAAAAAGCAAAGAUUC
10,474-498 GAUUCCAUAAUAUAAGGGGUCGGUG

11,492-516 GUCGGUGGACCGGUCGAUGUAUGUC

12,506-530 CGAUGUAUGUCUUGUUGCAGAUCAU

13,521-545 UGCAGAUCAUCAAGAACACGUAGAG

14, 536-560 ACACGUAGAGAAACCCAGCUGUAAU

15,549-573 CCCAGCUGUAAUCAUGCAUGGAGAU

16, 564-588 GCAUGGAGAUACACCUACAUUGCAU

17,579-604 UACAUUGCAUGAAUAUAUGUUAGAUU

18, 594-620 UAUGUUAGAUUUGCAACCAGAGACAAC

19,611-635 CAGAGACAACUGAUCUCUACUGUUA

20, 631-665 UGUUAUGAGCAAUUAAAUGACAGCUCAGAGGAGGA
21,661-695 GAGGAGGAUGAAAUAGAUGGUCCAGCUGGACAAGC
22,691-725 CAAGCAGAACCGGACAGAGCCCAUUACAAUAUUGU
23,721-755 AUUGUAACCUUUUGUUGCAAGUGUGACUCUACGCU
24,751-785 ACGCUUCGGUUGUGCGUACAAAGCACACACGUAGA
25,781-815 GUAGACAUUCGUACUUUGGAAGACCUGUUAAUGGG

26, 811-845 AUGGGCACACUAGGAAUUGUGUGCCCCAUCUGUUC
27,841-875 UGUUCUCAGAAACCAUAAUCUACCAUGGCUGAUCC

28, BSD+GGG

CUGAUCCUGCAGGUACCAAUGGGGAAGAGGGUACGGGAUGUA




Supplementary Table 4. Primer pair information

RT-PCR

Amplified region

Sense primer

Antisense primer

Primer location

Shown in following Figures:

E6/E7 97S 880AS Fig. 1C Fig. 2A, 3B, 4D, 4F, 5B, 51, 6C, 8B, 8F, 8K
97S 438AS Fig. 1C, 5L, S5B, S5C_|Fig. 5L, 6C, 61, 6M, 81, 8J
TotalE6F Total E6R Fig. 1C, Fig 5L Fig. 5L
TotalE6F 757AS Fig. 1C, S5D, S5E Fig. 6C
E1/E2 773S E2AS Fig. 1E, 3E Fig. 2A, 3C, 3F, 7A, 8D, 8G
7735 E2QAS Fig. 1E Fig. 4E, 4G, 5C, 5J
773S E2Xba Fig. 1E, S7C Fig. 7D
FE1-1 E2Xba Fig. 1E, S7TH Fig. 7G
Pstl-SD880mE1-F [E2Xba Fig. 1E, S7TH Fig. 7G
13025 2293AS Fig. 1E, 3E Fig. 3G
773S E1AS Fig. 1E, 3E Fig. 3H, 7J, 8E, 8K, 8L
E4(88073358) 773S E4AS Fig.1C Fig. 2B, 8C, 8
RT-qgPCR

Amplified region

Sense primer

Antisense primer

Primer location

Shown in following Figures:

Spliced E2 mRNA  [773S E2AS Fig. 1E, 3E Fig. 3D, 3J
IR E1 mRNA 773S E1AS Fig. 1E, 3E Fig. 3D, 3J
IR E6 mRNA TotalEGF 234AS Fig. 1C, Fig S5 Fig. 6H
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Abstract

‘We report that overexpression of the m6A-demethylase alkB homolog 5 RNA demethylase (ALKBHS) promoted production
of intron retention on the human papillomavirus type 16 (HPV16) E6 mRNAs thereby promoting E6 mRNA production.
ALKBHS also altered alternative splicing of the late L1 mRNA by an exon skipping mechanism. Knock-down of ALKBHS5
had the opposite effect on splicing of these HPV16 mRNAs. Overexpression of the m6A-methylase methyltransferase-like
protein 3 (METLL3) induced production of intron-containing HPV16 E1 mRNAs over spliced E2 mRNAs and altered HPV 16
L1 mRNA splicing in a manner opposite to ALKBHS. Overexpression of the nuclear m6A-“reader” YTH domain-containing
protein 1 (YTHDC1), enhanced retention of the E6-encoding intron and promoted E6 mRNA production. We also show
that HPV16 mRNAs are bound to YTHDCI in human cells and that YTHDC1 affected splicing of HPV16 E6/E7 mRNAs
produced from the episomal form of the HPV16 genome. Finally, we show that HPV16 mRNAs are m6A-methylated in
tonsillar cancer cells. In summary, HPV16 mRNAs are methylated in HPV 16-infected tonsillar cancer cells and overexpres-
sion of m6A-“writer” METTL3, m6A-“eraser” ALKBHS5 and the m6A-“reader” YTHDC1 affected HPV16 mRNA splicing,
suggesting that m6A plays an important role in the HPV 16 gene expression program, at least in cancer cells.

Keywords Human papillomavirus - m6A - Splicing - YTHDC1 - METTL3 - ALKBH5

Introduction by inhibiting the HPV early promoter and the early poly-
adenylation signal, thereby inducing a switch from early

Human Papillomaviruses (HPVs) are small DNA viruses  to late gene expression [7-9]. The pre-mRNAs produced

associated with 99% of all cervical cancers, and a growing
number of head and neck cancers [1, 2]. The most com-
monly cancer associated HPV type is HPV16 that is pre-
sent in>50% of the diagnosed HPV-caused cancers [3].
HPV 16 replicates in the nucleus of keratinocytes and viral
gene expression is linked to the differentiation program of
the cell [4, 5]. The HPV16 genome contains two promoters
(P97 and P670) and two polyadenylation signals (pAE and
pAL) that separate early and late HPV genes [6] (Fig. 1A).
The HPV16 E2 protein E2 regulates HPV gene expression
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from either HPV16 promoter are subject to RNA process-
ing resulting in a plethora of alternatively spliced and poly-
adenylated mRNAs [10]. HPV16 mRNA splicing is regu-
lated by multiple cis-acting regulatory RNA elements on
the HPV16 mRNAs and their cognate cellular, trans-acting
splicing factors [10-13]. HPV 16 is totally dependent on the
cellular splicing machinery for production of the mature
mRNAs that produce HPV16 proteins.

Cellular mRNAs carry various chemical modifications
that contribute to the regulation of RNA processing. m6A
is believed to be the most common modification of mMRNAs
in eukaryotic cells. The m6A modification is reversible
and is catalyzed by a methyltransferase complex consisting
of methyltransferase-like-3 (METTL3), methyltransferase-
like-14 (METTL14), and additional factors such as Wilms
tumor 1- associated protein (WTAP), RNA-binding motif
protein 15 (RBM15), KIIA1429, and zinc-finger CCCH-
type 13 containing (CZ3H13) [14, 15]. Of these, MET-
TLL3 is the catalytic subunit, while other factors such as
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Fig.1 A Linearized HPV16 genome (numbers refer to the HPV16
reference strain GeneBank: K02718.1). Early and late genes are
indicated. P97: HPV16 early promoter. P670: HPV16 late promoter.
Black oval: splice donor. White oval: splice acceptor. pAE: HPV16
early polyadenylation site. pAL: HPV16 late polyadenylation site.
LCR: HPV16 long control region. B HPV16 subgenomic plasmid
PCI97ELsLuc encodes all HPV16 genes. HPV16 early promoter P97
was replaced by human cytomegalovirus immediate early promoter
(CMV). Secreted luciferase (sLuc) gene was integrated in the L1
gene following the poliovirus 2A internal ribosomal entry site (IRES)
sequence. C Schematic structures of HPV16 early transcripts pro-
duced from pC97ELsLuc. Splicing at SD226 occurs independently

of splicing at the downstream SD880 and generates splice variants
in the E6- and E7-coding region. Arrows indicate HPV16 RT-PCR
primers. D Effect of ALKBHS5 on HPV16 E6/E7 mRNA splicing was
monitored by RT-PCR with indicated primer pair on RNA extracted
from triplicate transfections of pC97ELsLuc with empty pUC plas-
mid (—) or pALKBHS. E Densitometric quantitation of the results in
E. The percentage of each indicated cDNA isoform of all cDNAs in a
lane in the absence of ALKBHS5 (—) or in the presence of ALKBHS
overexpression is displayed. F Effect of FTO or ALKBH5 on HPV16
E4 mRNA splicing was monitored by RT-PCR with indicated primer
pair on RNA extracted from HeLa cells transfected with pC97ELsLuc
and empty pUC plasmid (=), pFTO, or pALKBH5
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METTL]14 plays other essential roles in RNA recognition
and maintenance of complex stability. Two demethylases
have been identified: alkylated DNA repair protein AlkB
homolog 5 (ALKBHS5) and fat mass and obesity-associated
protein (FTO), that both remove m6A, but with different
and independent, enzymatic mechanisms [16, 17]. Thus,
m6A-methylation of mRNAs is a reversible process. Taken
together, it appears that m6A-methylation plays an important
regulatory role in mRNA splicing.

It has been shown that m6A modifications can directly
interfere with interactions between RNA and RNA-binding
proteins [18, 19]. For example, secondary structures on
mRNAs may be affected by the presence of m6A. Thus,
m6A may affect binding of splicing factors hnRNPC and
hnRNPG to their RNA target sequences [20, 21]. Pro-
teins with an YTH-domain bind m6A-modified RNAs and
affect RNA-localization, stability, polyadenylation, and
translation [14, 22, 23]. The nuclear, m6A-binding YTH-
protein YTHDC1 has been shown to affect splicing by spe-
cific recruitment of SR-proteins [24]. YTHDCI also inter-
acts with hnRNPA2 to mediate miRNA splicing [25].
Knock-down of METTL3 or deficiency in either of the
demethylases ALKBHS or FTO has been shown to affect
alternative splicing of thousands of cellular mRNAs.

Since the discovery of m6A, its presence on viral RNAs
has been demonstrated for a wide range of viruses, includ-
ing Flaviviruses that replicate in the cytoplasm [26]. Stud-
ies aimed at unraveling the biological significance of viral
RNA-methylation suggested effects on the human herpes-
virus type 8 (HHV8/KSHV) lytic cycle [27], replication
capacity of HIV-1 [28, 29], SV40 replication [30], and
adenovirus replication and mRNA splicing [31]. HPV16
was recently shown to produce circular E6/E7 mRNAs that
were m6A-methylated [32], suggesting that m6A-methyl-
ation may contribute to regulation of HPV16 gene expres-
sion at the level of RNA splicing. Since HPV-mRNAs are
processed by the cellular RNA processing machinery [11],
it is reasonable to speculate that m6A “writers”, “reader”,
and “erasers” could affect HPV16 mRNA splicing. We
therefore investigated if the m6A “writers” METTL3,
METTL14 and WTAP, the m6A “erasers” ALKBHS
and FTO and the nuclear, m6A “reader” YTHDCI could
affect HPV16 mRNA splicing. We found that ALKBHS5
and YTHDC1 overexpression promoted intron retention
in the HPV16 early E6-coding region thereby enhancing
E6 mRNA production. Furthermore, METLL3 overexpres-
sion enhanced intron retention in the HPV16 El-coding
region, thereby promoting production of E1 mRNAs over
spliced E2 mRNAs. On the HPV 16 late mRNAs, ALKBHS
overexpression caused skipping of the internal exon in the
HPV16 E4-coding region of the HPV16 late L1 mRNAs,
suggesting that m6A also control late gene expression
of HPV16. We concluded that various m6A “writers”,

@ Springer

“erasers”, and “readers” altered HPV16 mRNA splic-
ing, suggesting an important role for these factors in the
HPV16 gene expression program.

Materials and methods
Cells

HeLa and C33A2 cells were cultured in Dulbecco’s modi-
fied Eagle medium (DMEM) (GE Healthcare Life Science
HyClone Laboratories) with 10% heat-inactivated fetal
bovine calf serum (GE Healthcare Life Sciences HyClone
Laboratories) and penicillin/streptomycin (Gibco Thermo
Fisher Science). HN26 cells were cultured in RPMI-1640
medium (GE Healthcare Life Science HyClone Labora-
tories) 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.
The C33A2 cell line originates from C33A and has the
subgenomic HPV 16 plasmid pBELsLuc (Fig. 2A, B) sta-
bly integrated into the genome [33]. In the pBELsLuc con-
struct, 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. Induction of HPV 16 late gene expression results in
the secretion of sLuc into the cell culture medium. The
HNZ26 cell line has previously been described and is a ton-
sillar cancer cell line with episomal HPV16 DNA [34,
35]. Briefly, the HN26 cells are derived from a tumor of
a 48-year-old nonsmoking man with non-keratinizing,
HPV16-positive tonsil oral squamous cell carcinoma,
stage T2NOMO. The HN26 cells contain episomal HPV16
DNA and have an intact p53 gene.

Plasmids and transfections

The following plasmids have been described previously:
pC97ELsLuc [36, 37], pBELsLuc [36, 37], pHPV16AN
[36, 37], and pX856F [38]. PCDNA3-FLAG-HA-hYTHDC1
(#85167), pcDNA3/Flag-METTL3 (#53739), pcDNA3/
Flag-METTL14 (#53740), pcDNA3/Flag-WTAP (#53741),
pFRT/TO/HIS/FLAG/HA-ALKBHS (#38073) were pur-
chased from Addgene. pcDNA3.1*/C-(K)DYK-FTO was
purchased from GenScript. Transfections were made with
Turbofect according to the manufacturer’s protocol (Fer-
mentas). Briefly, a mixture of 2 ul Turbofect per 1 ug DNA
and 100 ul of DMEM without serum was incubated at room
temperature for 25 min prior to dropwise addition to 60-mm
plates with subconfluent HeLa cells.
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Fig.2 A Vector RNA was synthesized in vitro (Supplementary
Fig. S1) in the presence of 0%, 1%, or 10% m6A-nucleotide and sub-
jected to immunoprecipitation with either IgG or anti-m6A antibody
followed by RT-PCR with T7 forward and reverse primers (Supple-
mentary Table 1). B Hela cells transfected with pC97ELsLuc were
subjected to CLIP assay. The RNA—protein complexes were immu-
noprecipitated with IgG or by anti-m6A antibody followed by RT-
PCR with primers 773S and E4as on the extracted RNA. C Hela
cells transfected with pC97ELsLuc were subjected to CLIP assay.
The RNA-protein complexes were immunoprecipitated with IgG

In vitro RNA syntheses

In vitro RNA was synthesized using the TranscriptAid T7
High Yield Transcription Kit (#K0441, Thermo Scientific).
The provided control template DNA was used according to
the manufacture’s instruction, the sequence of the control
DNA is listed in Supplementary Fig. S1. Three reactions
were made in parallel in which 0-, 1-, or 10% of the ATP-
pool were substituted for the N6-methyladenosine base ana-
logue m6A (S3190, Selleckchem).

RNA extraction from transfections and RT-PCR

Total RNA was extracted 24 h and/or 48 h post-transfec-
tion using TRI Reagent (SIGMA Aldrich Life Science) and
Direct-zol RNA MiniPrep (ZYMO Research) according to
the manufacturer’s protocols. cDNA was synthesized from
500 ng RNA in a 20 pl reaction at 37 °C with M-MLV
Reverse Transcriptase (Invitrogen) and random primers
(Invitrogen) according to the protocol of the manufacturer.
One microliter of cDNA was subjected to polymerase chain
reaction (PCR) amplification.

UV-crosslinking and immunoprecipitation with m6A
antibody

C33A2 and HN26 cells were grown in 10-cm dishes until
reaching 80% confluency. Total RNA was then harvested
using TriReagent (Invitrogen), followed by DNase I
(Thermo Scientific) treatment for 1 h at 37 °C according to
manufacturer’s protocols. RNA was extracted by phenol/
chloroform extraction followed by ethanol precipitation

or by anti-m6A antibody followed by RT-qPCR with primers 773S
and E4as on the extracted RNA. Fold difference between RT-qPCR
on RNA immunoprecipitated with anti-m6A antibody over IgG is
shown. D Hela cells transfected by pC97ELsLuc in the absence or
presence of pALKBHS were subjected to CLIP assay. The RNA—
protein complexes were immunoprecipitated with IgG or anti-m6A
antibody followed by RT-qPCR with primers 773S and E4as on the
extracted RNA. Fold difference between RT-qPCR on RNA immuno-
precipitated with anti-m6A antibody over IgG is shown

and resuspension in 20 pl H,0. 20 of ug RNA was then
diluted in 450 pl immunoprecipitation (IP) buffer (50 mM
Tris pH 7.4, 100 mM NacCl, 0.05% NP40), and Sug of
either IgG or Anti-m6A antibody (Abcam rabbit poly-
clonal (ab151230)) and 5 ul RI Ribolock (Thermo Scien-
tific). In some experiments, the solutions were transferred
into 3 cm cell culture dishes and crosslinked twice with
0.15J cm?> UV light (254 nm) in a Stratalinker (Agilent).
Samples were incubated overnight on a rotating wheel at
4 °C. Thirty microliters (0.6 mg) of Dynabeads Protein
G (#10004D) (Invitrogen) were added to the antibody-
RNA mixture followed by incubation for 2 h, at 4 °C. The
beads were washed twice on a magnetic stand with high-
salt buffer (50 mM Tris pH7.4, 1 M NaCl, 1 mM EDTA,
1% NP40, 0.1% SDS), and 4 times with IP buffer. RNA
was eluted by phenol/chloroform extraction. All immu-
noprecipitated antibody—RNA complexes were extracted
directly from the immunoprecipitations, purified, and ana-
lyzed by RT-PCR and/or qRT-PCR. RNA was dissolved in
20 pl of water and ten microliters were reverse transcribed
using random primers (Invitrogen) and M-MLV reverse
transcriptase for 50 min at 37 °C (Invitrogen). The remain-
ing ten microliters served as negative controls. 1 ul cDNA
was subjected to RT-PCR with primers indicated in the
figures (see Supplementary Table 1 for primer sequences).
For quantification of immunoprecipitated RNA, RT-qPCR
was performed on 1 pl of cDNA synthesized as described
above. RT-qPCR was performed in a MiniOpticon (Bio-
Rad) using the Sso Advanced SYBR Green Supermix
(Bio-Rad) according the manufacturers protocol. For
primer sequences, see Supplementary Table 1. To calcu-
late relative expression levels of each gene, the Cy values
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of the target gene from treated cells were normalized to
the levels in DMSO treated cells.

Western blotting

Cell extracts for Western blotting were obtained by resus-
pending transfected cells in radioimmunoprecipitation
assay (RIPA) buffer consisting of 50 mM Tris HCI pH 7.4,
150 mM NacCl, 1% NP-40, 0.5% sodium deoxycholate,
0.1%SDS, 2 mM EDTA, 1 mM DTT, and protease inhibitor
(Sigma Aldrich), followed by centrifugation at full speed
for 20 min and collection of the supernatants. Proteins were
denatured by boiling in Laemmli buffer. After SDS-PAGE,
the proteins on the gels were transferred onto nitrocellulose
membranes, blocked with 5% nonfat dry milk in PBS con-
taining 0.1% Tween 20, and stained with specific primary
antibodies (anti-Flag antibody M2 F1804 (Sigma Aldrich),
anti-beta-actin antibody A5441 (Sigma Aldrich) or rabbit
anti-ALKBHS antibody #ab174124 (Abcam)) to the indi-
cated proteins followed by incubation with secondary anti-
body conjugated with horseradish peroxidase and detection
with chemiluminescence reagents.

Lentiviral based shRNA for knockdown

Lentivirus for the short hairpin RNA (shRNA)-mediated
knockdown of ALKBHS was generated by co-transfection
of HEK293T cells with a pLKO.1-vector or pLKO.1-vector
carrying specific sStRNA together with the packaging vec-
tor pMISSION-GAG-POL and a vesicular stomatitis virus
G protein expressing vector pMISSION-VSV-G. pLKO.1
was purchased from Sigma-Aldrich (SHC001). Two days
post-transfection, lentivirus-containing supernatants were
harvested, centrifuged to remove cellular debris, and filtered
with a 0.45-um filter. Lentivirus production efficiency was
determined in parallel using a GFP overexpression lentivirus
vector. C33A2 cells were inoculated with stocks of recombi-
nant lentiviruses by centrifugation at 2000 g for 2 h at room
temperature in the presence of 10 lg/ml polybrene (Fisher
Scientific). Empty pLKO.1-vector was used as negative
control. Cells were then resuspended and grown in normal
RPMI media for 2 days, after which transduced cells were
selected in the presence of puromycin (1 ug/ml). Cells were
either harvested for Western blotting or for RNA extraction
and RT-PCR.

UV-crosslinking and immunoprecipitation (CLIP)

Transfected HeLa cells grown in 10-cm dishes were washed
by ice-cold PBS followed by crosslinking twice with 0.4 J/
cm? UV light (254 nm) in a bio-link cross-linker (Biome-
tra). Cytoplasmic extracts were prepared as described above.
Whole cell lysates were prepared by resuspending cells in
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one ml of RIPA buffer and incubated on ice for 30 min with
occasional vortexing to lyse cells. For immunoprecipita-
tions, 2 pg of the anti-flag antibody (M2, Sigma Aldrich)
or mouse IgG was incubated at 4 °C overnight in 0.5 ml of
cell lysate. 20 pl of Dynabeads Protein G (10004D, Invitro-
gen) and 20 pl Dynabeads Protein A (10001D, Invitrogen)
were blocked with 1% BSA for 0.5 h, washed three times
in RIPA buffer, and then added to the antibody—protein
mixtures followed by incubation for 1 h at 4 °C. The beads
were washed three times with buffer I (S0 mM Tris HCI
pH 7.4, 300 mM NacCl, 0.5% NP-40, 1 mM EDTA, 1 mM
DTT), three times with buffer IT (50 mM Tris HCI pH 7.4,
800 mM NaCl, 0.5% NP-40, 1 mM EDTA, 1 mM DTT),
and three times with buffer III (50 mM Tris HCI pH 7.4,
800 mM NaCl, 250 mM LiCl, 0.5% NP-40, 1 mM EDTA,
1 mM DTT). RNA was eluted by phenol/chloroform extrac-
tion and ethanol-precipitated and dissolved in 20 ul of water.
10 ul of immunoprecipitated RNA was reverse transcribed
using M-MLYV reverse transcriptase (Invitrogen) and random
primers (Invitrogen) according to the protocol of the manu-
facturer. Two microliters of cDNA were subjected to PCR
amplification using HPV16-sepcific primers.

Quantitations

The software used to determine band intensity in Western
blots and RT-PCR gels is “Image Lab 6.1.0” and quantita-
tions were performed with the software “Prism GraphPad
8.4.0”.

Results

Overexpression of the m6A “eraser” ALKBH5 alters
HPV16 alternative mRNA splicing

To investigate if m6A-“erasers” (ALKBHS, FTO), m6A-
writers (METTL3, METTL14, WTAP) and m6A-readers
(YTHDC1) affected HPV16 mRNA splicing, HPV16
reporter plasmid pC97ELsLuc (Fig. 1B) was cotransfected
into HeLa cells with plasmids expressing ALKBHS, FTO,
METTL3, METTL14, WTAP, or YTHDC1 (Supplemen-
tary Fig. S2A). First we analyzed the effect of FTO and
ALKBHS on alternatively spliced HPV16 E6/E7 mRNAs
(Fig. 1C). The major 5’-splice site in the E6- and E7-cod-
ing region named SD226 may be spliced to either SA409,
SAS526, or SA742 (Fig. 1C). Splicing between HPV16
splice sites SD226 and SA409 generates the E7 mRNA,
whereas the significance of SA526 and SA742 is less clear.
Retention of the E6-encoding intron downstream of SD226
generates the E6-encoding mRNA. First, pC97ELsLuc
was cotransfected with plasmids expressing flag-tagged
ALKBHS5 or FTO m6A eraser proteins (Supplementary
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Fig. S2A). Triplicate transfections of ALKBHS with
pCY97ELsLuc (Fig. 1D) followed by quantitation revealed
that the splicing inhibitory effect of ALKBHS5 on the
HPV16 E6/E7 mRNAs was subtle, but reproducible
(Fig. 1E). Splicing from SD880 to SA3358 appeared unaf-
fected by FTO and ALKBHS (Fig. 1F). FTO did not affect
HPV16 E6/E7 mRNA splicing (data not shown). In con-
clusion, overexpression of ALKBHS inhibited production
of the HPV16 mRNAs spliced between 226 and 409 and
promoted retention of the E6-encodig intron thereby favor-
ing production of E6 mRNAs over E7 mRNAs.

Immunoprecipitation of HPV16 mRNAs by anti-m6A
antibody.

Since ALKBHS5 is an m6A “eraser”, we investigated if
ALKBHS overexpression reduced m6A-methylation of
HPV16 mRNAs by immunoprecipitating m6A-methylated
HPV16 mRNAs in the absence or presence of ALKBHS5
overexpression. First we determined the specificity of the
moOA antibody for m6A-methylated RNA. A cloning vec-
tor RNA sequence (Supplementary Fig. S1) was synthe-
sized in vitro using nucleotide mixtures consisting of both
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«Fig.3 A Linearized HPV16 genome (numbers refer to the HPV16
reference strain GeneBank: KO02718.1). Early and late genes are
indicated. P97: HPV16 early promoter. P670: HPV16 late pro-
moter. Black oval: splice donor. White oval: splice acceptor. pAE:
HPV16 early polyadenylation site. pAL: HPV16 late polyadenyla-
tion site. LCR: HPV16 long control region. B Schematic representa-
tion of HPV16 subgenomic plasmid pBELsLuc. Transcription from
pBELsLuc is driven by the human cytomegalovirus immediate early
promoter (CMYV). Secreted luciferase (sLuc) gene was integrated in
the L1 gene following the poliovirus 2A internal ribosomal entry
site (IRES) sequence. C Schematic structures of a subset of HPV16
alternatively spliced mRNAs produced from pBELsLuc. Arrows
indicate HPV16 RT-PCR primers. D Effect of METTL3, METTL14,
WTAP, or all three combined on HPV16 E2 mRNA splicing was
monitored by RT-PCR with indicated primer pair on RNA extracted
from HeLa cells transfected with pBELsLuc and pMETTL3,
PMETTL14, pWTAP or pMETTL3, pMETTL14 and pWTAP com-
bined. D Effect of METTL3 on HPV16 E2 mRNA splicing was
monitored by RT-PCR with indicated primer pair on RNA extracted
from HeLa cells transfected with pBELsLuc and empty pUC plasmid
(—) or pMETTLS3 in triplicates. E Effect of METTL3 on HPV16 E2
mRNA splicing was monitored by RT-PCR with indicated primer
pair on RNA extracted from HeLa cells transfected with pBELsLuc
and pUC (—) or pMETTLS3 in triplicates. The RT-PCR was optimized
for detection also of the larger E1 mRNAs with retained E1-encoding
intron (E1). Effect of YTHDCI, METTL3, or ALKBHS on HPV16
E2- (F), E4- (G), or L1- (H). mRNA splicing was monitored by RT-
PCR with indicated primer pair on RNA extracted from HeLa cells
transfected with pBELsLuc and empty pUC plasmid (-), pY THDCI,
pPMETTL3, or pALKBHS in duplicates. I RNA immunoprecipita-
tion of RNA extracted from C33A2 cells using IgG or anti-m6A
antibody followed by RNA extraction and RT-PCR with indicated
primers. Input: RT-PCR on RNA extracted from C33A2 cells in the
absence of immunoprecipitation. J Western blot with anti-ALKBHS5
or actin antibody on proteins extracted from C33A2 cells infected
with lentivirus pLKO.1-vector or pLKO.1 with shRNA to ALKBHS
(shAKBH5-1). K Effect of ALKBHS5 knock-down on HPV16 E2
mRNA splicing (88022709) was monitored by RT-PCR with RT-
PCR primers 773S and E2qas on RNA extracted from C33A2 cells
infected with pLKO.l-vector or pLKO.1 with shRNA to ALKBHS5
(shALKBHS5-1). The RT-PCR was optimized for detection also of the
larger EI mRNAs with retained El-encoding intron (E1). L Effect
of ALKBHS knock-down on HPV16 LI1/L1i mRNA splicing was
monitored by RT-PCR with RT-PCR primers 773S and L1as on RNA
extracted from C33A2 cells infected with pLKO.1-vector or pLKO.1
with shRNA to ALKBH5 (shALKBHS5-1)

adenosine and m6A. RNA sequences with mixtures con-
taining 0%-, 1%-, or 10%-m6A nucleotides were subjected
it to immunoprecipitation with Abcam anti-m6A antibody
followed by RT-PCR. As can be seen, only RNA contain-
ing m6A was immunoprecipitated by the m6A antibody
while none of the RNAs were immunoprecipitated by IgG
under the experimental conditions used here (Fig. 2A). Next,
RNA extracted from HeLa cells transfected with HPV16
reporter plasmid pC97ELsLuc and empty pUC plasmid (—)
or pALKBHS expression plasmid were subjected to immu-
noprecipitation with anti-m6A antibody and RT-PCR on
RNA extracted after immunoprecipitation. The 773 s-Edas
primer pair detects all HPV 16 early mRNAs spliced between
SD880 and SA3358 (Fig. 1C). The results revealed that the
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anti-m6A antibody efficiently immunoprecipitated HPV16
mRNAs compared to IgG, demonstrating that the HPV16
mRNAs produced by pC97ELsLuc are m6A-methylated in
the transfected cells (Fig. 2B). The results were confirmed by
RT-qPCR (Fig. 2C). Next we immunoprecipitated RNA with
anti-m6A antibody from cells transfected with pC97ELsLuc
and empty pUC plasmid or ALKBHS5 expressing plasmid
and performed RT-qPCR. As can be seen, overexpres-
sion of ALKBHS5 reduced the amount of HPV16 mRNAs
immunoprecipitated by the m6A antibody (Fig. 2D). These
results demonstrated that ALKBHS5 overexpression reduced
the levels of m6A-methylation on HPV16 mRNAs and that
this reduction correlated with retention of the E6-encoding
intron on the HPV16 mRNAs. Taken together, our results
indicated that a reduction of m6A-methylation of HPV16
mRNAs inhibited HPV16 mRNA splicing and promoted
intron retention, suggesting that increased m6A-methylation
of HPV16 mRNAs would enhance splicing of the HPV16
E6/E7 mRNAs and promoted production of HPV16 E7
mRNAs.

Overexpression of the m6A “writer” METTL3 alters
HPV16 alternative mRNA splicing

Next, we cotransfected HPV16 reporter plasmid
pC97ELsLuc with plasmids that overexpressed the m6A-
“writers” METTL3, METTL14, and WTAP (Supple-
mentary Fig. S2A). None of these proteins appeared to
significantly affect HPV16 E6/E7 mRNA splicing (Sup-
plementary Fig. S2B) nor did they appear to affect splic-
ing of HPV16 mRNAs between SD880 and SA3358 (data
not shown). However, METTL3 overexpression exerted an
inhibitory effect on HPV16 E2 mRNAs (880%7%) produced
from pC97ELsLuc (Supplementary Fig. S2C). This inhibi-
tory effect of HPV16 E2 mRNA splicing was specific for
METTL3 and was not observed with METLL14 or WTAP,
the other two m6A writers analyzed here (Supplementary
Fig. S2C). We decided to investigate the effect of METTL3
on E2 mRNA splicing further using HPV16 reporter plasmid
pBELsLuc that lacks the E6/E7-coding region but encodes
El and E2 (Fig. 3A, B). The pBELsLuc plasmid has the
potential to produce HPV16 E1, E2, and E4 mRNAs as
well as L2 and two alternatively spliced L1 mRNAs named
Lliand L1 (Fig. 3C). Cotransfection of the m6A “writers”
with HPV 16 reporter plasmid pBELsLuc reproduced the
effect on the E2 mRNAs previously observed with HPV16
reporter plasmid pCO97ELsLuc: METTL3 inhibited HPV16
E2 mRNA splicing, whereas WTAP did not (Fig. 3D). How-
ever, METTL14 inhibited production of spliced E2 mRNA
from pBELsLuc, but not from pC97ELsLuc (Fig. 3D).
This may be explained by the fact that pBELsLuc produces
relatively few alternatively spliced HPV16 mRNAs com-
pared to pC97ELsLuc and therefore is likely to be a more
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sensitive reporter plasmid for EI/E2 mRNA splicing than
pC97ElIsLuc. In addition, METTL14 does play a signifi-
cant role in RNA recognition and stability of the methyl-
transferase complex. Since the effect of METTL14 overex-
pression was HPV16-plasmid specific, we did not pursue
these results further. Performing RT-PCR under conditions
that allowed detection also of the larger, HPV16 El-intron
encoding mRNAs in addition to the spliced E2 mRNAs con-
firmed that METLL3 inhibited production of the spliced E2
mRNAs (Fig. 3E) and revealed that METTL3 promoted
production of the El-intron containing mRNAs (Fig. 3E).
Unexpectedly, overexpression of ALKBHS also inhibited
E2 mRNA splicing and promoted retention of the E1-encod-
ing intron, but to a lesser extent than METTL3 (Fig. 3F).
Splicing between SD880 and SA3358 appeared unaffected
by both METTL3 and ALKBHS (Fig. 3G). Taken together,
these results supported the idea that m6A-methylation mod-
ulate splicing of HPV16 early E1/E2 and E6/E7 mRNAs.

METTL3 and ALKBHS5 alter HPV16 late L1 mRNA
splicing

We also monitored the effect of the m6A “writers” and
“erasers” on the two alternatively spliced, HPV16 late
L1 mRNAs here named L1 and L1i (Fig. 3C). Overex-
pression of METTL3 enhanced inclusion of the central
exon on the L1 mRNAs and inhibited splicing directly
from SD880 to SA5639, thereby promoting production of
HPV16 L1 mRNAs over L1i mRNAs (Fig. 3H). Overex-
pression of ALKBHS altered HPV16 L1 mRNA splicing
by causing skipping of the central exon of the L1 mRNAs
and enhancing direct splicing from SD880 to SA5639,
thereby promoting production of HPV16 L1i mRNAs
over L1 mRNAs (Fig. 3H). FTO overexpression did not
affect splicing of the HPV16 L1 mRNAs (Supplementary
Fig. S2D). To further support a role for METLL3 and
ALKBHS in the splicing of E1/2- and L1/L1i mRNAs, we
attempted to knock-down these two proteins in the C33A2
cell line by using lentiviral vectors carrying shRNA to
either METLL3 or ALKBHS. The C33A2 cell line carries
the HPV 16 reporter plasmid pBELsLuc stably integrated
into its genome (Fig. 3B) and constitutively express the
depicted HPV16 E1 and E2 mRNAs (Fig. 3C). We first
confirmed that HPV16 mRNA are m6A-methylated in the
C33A2 cell line by immunoprecipitation of the HPV16
mRNAs by anti-m6A antibody. The results revealed that
anti-m6A antibody, but not IgG, immunoprecipitated
HPV16 mRNAs extracted from C33A2 cells, indicating
that they were m6A-methylated (Fig. 3I). We were unable
to reproducibly knock-down METTL3, but ALKBHS5 was
efficiently knocked down after infection with a lentivi-
rus carrying shRNA to ALKBHS (Fig. 3J). Knock-down
of ALKBHS5 caused an increase in E2 mRNA splicing

(Fig. 3K) and enhanced inclusion of the central exon on
the L1 mRNAs (Fig. 3L). As expected, knock-down of
ALKBHS had the opposite effect of ALKBHS overexpres-
sion on the splicing of E1/E2 mRNAs (compare Fig. 3F
and K) and L1/L1i mRNAs (compare Fig. 3H and L). We
concluded that the m6A “eraser” ALKBHS and the m6A
“writer” METTL3 affected alternative splicing of HPV16
early and late mRNAs, further supporting the idea that
mo6A plays an important role in the control of HPV16
alternative mRNA splicing and gene expression.

Overexpression of the m6A “reader” YTHDC1
inhibits HPV16 E6/E7 mRNA splicing, thereby
promoting production of full-length E6 mRNAs

Since overexpression of the m6A “writers” and “erasers”
METTL3 and ALKBHS affected alternative splicing of
various HPV16 mRNAs, one may speculate that a nuclear
“reader” of m6A-containing mRNAs might alter HPV16
mRNA splicing as well. The most well known nuclear
m6A “reader” is YTHDC1. Plasmid pY THDC1 produces
flag-tagged YTHDC1 (Supplementary Fig. S2A) and was
co-transfected with HPV16 reporter plasmid pC97ELsLuc
(Fig. 1B). Overexpression of YTHDCI altered HPV16 E6/
E7 mRNA splicing (Fig. 4A), but did not affect HPV16
mRNAs spliced from SD880 to SA2709 (E2) (Fig. 3F),
SD880 to SA3358 (E4) (Fig. 3G), or L1/L1i mRNA splic-
ing (Fig. 3H). Quantitation of the effect of YTHDCI1 on
E6/E7 mRNA splicing in triplicate transfections (Fig. 4B)
demonstrated that YTHDC]1 primarily enhanced intron
retention to promote production of E6-encoding mRNAs,
and reduced production of spliced HPV16 mRNAs
(226"409) (Fig. 4B). Next we investigated if YTHDC1
acted directly on the E6/E7-coding region by co-trans-
fecting YTHDC1 in triplicates with the smaller HPV16
reporter plasmid pX856F [38] that encodes only E6 and E7
(Fig. 4C). Overexpression of YTHDC1 promoted retention
of the E6-encoding exon at the expense of the E7 mRNA
spliced from SD226 to SA409 (Fig. 4D, E). These results
indicated that YTHDCI acted directly on the E6/E7-cod-
ing region. To investigate if YTHDCI1 binds directly to
HPV16 mRNAs, we performed a CLIP assay on YTHDC1
on HeLa cells transfected with pC97ELsLuc, either in
the presence of empty pUC plasmid (—) or pYTHDC1
that produced flag-tagged YTHDC1. The results revealed
that anti-YTHDC1 antibody immunoprecipitated HPV16
mRNAs from pC97ELsLuc and pUC transfected cells
(Fig. 4F) and that anti-flag antibody immunoprecipi-
tated HPV16 mRNAs from cells cotransfected with
pC97ELsLuc and flag-tagged pYTHDCI1 (Fig. 4F). Thus
both endogenous and overexpressed YTHDC1 interacted
with HPV16 mRNAs in the transfected HeLa cells.
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Fig.4 A RT-PCR with primers 97S and 880A on RNA extracted
from HeLa cells transfected in triplicates with pC97ELsLuc and
empty pUC plasmid (—) or pYTHDCI plasmid. B Densitometric
quantitation of gel image in (A). The percentage of each indicated
cDNA isoform of all cDNAs in a lane in the absence of YTHDC1 (—)
or in the presence of YTHDC1 overexpression is displayed. C Sche-
matic representation of the HPV16 E6- and E7-encoding reporter
plasmid pX856F. The human cytolomegalovirus promoter (CMV),
the HPV16 E6 and E7 open reading frames, the HPV16 polyade-
nylation signal (pAL), and splice sites (226, 409, 526, and 742) are
indicated. Alternatively spliced mRNAs produced by pX856F are

YTHDC1 inhibits splicing of HPV16 mRNAs produced
from episomal HPV16 genome

Next, we analyzed the effect of YTHDC1 on the full-length
HPV16 genome by using plasmid pHPV16AN (Fig. 5A).
This full-length HPV16 genome is flanked by loxP sites
and co-transfection with a cre-expressing plasmid releases
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displayed. Arrows represent RT-PCR primers 97S and x556a. D RT-
PCR with primers 97S and x556a on RNA extracted from HeLa cells
transfected in triplicates with pX856F and empty pUC plasmid (—)
or pYTHDC1 plasmid. E Densitometric quantitation of gel image
in (D). F CLIP assay was performed on cell extracts from HeLa
cells transfected with pC97ELsLuc and empty pUC plasmid (—) or
pYTHDCT1 that produces flag-tagged YTHDC1. Immunoprecipitation
of RNA-protein complexes was performed with anti-YTHDC1 anti-
body (a-YTHDC1) or with anti-flag antibody (a-flag). RT-PCR was
performed with HPV 16 primers 773S and E42as. For location of RT-
PCR primers see Fig. 3C

the episomal form of the HPV16 genome (Fig. 5A). The
cre/lox reaction is controlled with PCR with primers 16S
and 16A that discriminate between the transfected pHP-
V16AN plasmid DNA and the cre/loxed HPV16 episomal
DNA (Fig. 5B). Analyses of the E6/E7 mRNAs produced by
the episomal form of the HPV16 genome in the absence or
presence of overexpressed YTHDC1 revealed that YTHDCI
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Fig.5 A Schematic representation of the pHPV16AN plasmid
that carries the full-length HPV16 genome flanked by loxP sites.
Co-transfection of pHPV16AN and pCRE results in excision and
circulation of the viral DNA at the loxP sites to generate episomal
HPV16 DNA. Positions of PCR primers 16A and 16S used to moni-
tor HPV16 genome excision and circularization are indicated. B Gel
shows PCR with primers 16A and 16S on DNA harvested 48 h post-
transfection. E, episomal HPV16 DNA. C RT-PCR on RNA extracted

inhibited E6/E7 mRNA splicing and promoted retention of
the E6-encoding intron at the expense of the spliced E7
mRNAs (226*) (Fig. 5C). However, quantitation revealed
that the significance was relatively low (p <0.05) (Fig. SD).
We concluded that YTHDC1 enhanced production of E6
mRNAs by inhibiting HPV16 mRNA splicing.

HPV16 mRNAs are m6A-methylated
in HPV16-infected tonsillar cancer cell line HN26

Finally, we wished to determine if HPV16 mRNAs are
mo6A-methylated in HPV16-driven cancer cells. We there-
fore extracted RNA from the HPV16-positive tonsillar
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from HeLa cells transfected with pHPV16AN and pCRE with empty
pUC plasmid (=) or pYTHDCI. Transfections were performed in
duplicates. RT-PCR was performed with the indicated RT-PCR prim-
ers. D Densitometric quantitation of gel images of RT-PCR products
shown in (C). The RT-PCR band representing E6 mRNAs as well as
the band representing spliced (226*”) E7 mRNAs were quantified
and fold difference in the absence or presence of YTHDCI is shown
in the graph. p-values are indicated

cancer cell line HN26 [34]. This cell line was recently
isolated from a tumor of a 48-year-old nonsmoking man
with non-keratinizing, HPV16-positive tonsil oral squa-
mous cell carcinoma, stage T2NOMO. The HN26 cells
have an intact p53 gene and contain a complete episo-
mal HPV16 DNA genome (Fig. 6A). A selected set of the
alternatively spliced HPV16 mRNAs produced in this cell
line is depicted (Fig. 6B). We subjected RNA extracted
from the HN26 cells to immunoprecipitation with m6A-
specific monoclonal antibody. RT-PCR on RNA extracted
from these immunoprecipitations revealed that mRNAs
encoding HPV16 E2, E4, E6, and E7 were immunopre-
cipitated by the m6A antibody, but not by IgG (Fig. 6C).
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Fig.6 A Full-length HPV16 genome (numbers refer to the HPV16
reference strain GeneBank: K02718.1). Early and late genes are
indicated. P97: HPV16 early promoter. P670: HPV16 late promoter.
Black oval: splice donor. White oval: splice acceptor. pAE: HPV16
early polyadenylation site. pAL: HPV16 late polyadenylation site.
LCR: HPV16 long control region. B Schematic representations of
a subset of HPV16 alternatively spliced mRNAs produced from the
HPV16 genome. Arrows indicate positions of RT-PCR primers. C
RNA was extracted from HN26 cells and subjected to immunoprecip-
itation with either IgG or anti-m6A antibody (m6A) followed by RT-
PCR on RNA extracted from the immunoprecipitated antibody—RNA

Antibody-RNA complexes were also stabilized by UV
cross linking prior to addition of protein G beads, with
similar results (Fig. 6C). The hypermethylated MALAT1
IncRNA was also readily detected by the m6A antibody
(Fig. 6C) as was the mRNA of the RPLPO house keeping
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complexes. HPV16 RT-PCR primers are indicated. RT-PCR primers
used for amplification of HPV16 mRNAs, cellular RPLPO mRNAs,
and cellular MALAT RNAs are listed in Supplementary Table 1. The
spliced HPV16 mRNAs represented by the various DNA fragments
are indicated to the right. UV, immunoprecipitation samples treated
with UV light prior to washing of the antibody-RNA complexes.
Sup, RT-PCR on the supernatants obtained after immunoprecipita-
tion of the HPV16 mRNAs.+ reverse transcription in the presence
of reverse transcriptase (RT); — reverse transcription in the absence
of RT

gene (Fig. 6C). Taken together, our results confirmed that
HPV16 mRNAs are m6A-methylated in cancer cells which
supported the idea that m6A-methylation plays an impor-
tant role in the control of HPV16 gene expression.
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Discussion

Adenosines are more likely to be m6A-methylated
if located in the so called DRACH motif, i.e., (A/G)
AC(ACU). However, RNA-sequencing data have identi-
fied m6A modifications on other adenosines as well and
has allowed the development of prediction servers for
moOA sites, such as SRAMP [39]. We analyzed the HPV16
genome for the presence of potential m6A sites using
SRAMP. Unlike the general pattern of m6A on cellular
mRNAs, which clusters around start codons and in the
3’-UTR [19, 40], m6A on HPV16 mRNAs are predicted
to cluster around HPV16 splice sites (Supplementary
Fig. S3). The vast majority of all predicted m6A-meth-
ylated adenosine residues clustered downstream of the
major HPV16 E6/E7 splice site SA409 and downstream
of the HPV16 E2 splice site SA2709 (Supplementary
Fig. S3). A few sites were predicted to be present in the
small HPV 16 exon located between splice sites SA3358
and SD3632 as well (Supplementary Fig. S3). Three pre-
dicted m6A sites immediately downstream of SA3358
coincide with a previously identified splicing enhancer,
suggesting that m6A may modulate SA3358 through this
splicing enhancer [41]. Interestingly, these are the HPV16
splice sites that were affected by the overexpression of
ALKBHS5, METTL3, and/or YTHDCI1. In particular, over-
expression of the ALKBHS5 “eraser” inhibited splicing of
the E6/E7 mRNAs and so did overexpression of the m6A
“reader” YTHDCI. To reconcile these results, one may
speculate that ALKBHS removed m6A-adenosines thereby
reducing the ability of a yet undisclosed cellular “reader”
and splicing factor to bind to the mRNAs and enhance
splicing, while YTHDC1 may bind to m6A sites on the
same mRNAs and prevent the said cellular splicing factor
from binding. In addition to these observations, METTL3
overexpression inhibited splicing to SA2709 and the pro-
duction of E2 mRNAs, while at the same time promot-
ing retention of the El-encoding intron and production
of the E1 mRNAs. These results were obtained also with
the HPV16 pBEL reporter plasmid on which the E6/E7
region is absent, suggesting that m6A modifications in the
E1/E2 region controlled splicing in the E1/E2 region, i.e.,
HPV16 3’-splice site SA2709. However, it remains to be
determined if these predicted m6A sites are indeed methyl-
ated in cells and how this methylation potentially affects
binding of cellular splicing factors to the HPV16 mRNAs.

The combined functions of the high-risk papilloma-
virus E6 and E7 proteins are required for the establish-
ment of a productive viral infection and for transforma-
tion of HPV16-infected cells to cancer cells or for efficient
immortalization of primary keratinocytes in vitro [42, 43].
E6 and E7 are both expressed in cancers that are caused by

HPV 16, i.e., various anogenital cancers, primarily cervical
cancer, and head and neck cancer primarily tonsillar can-
cer. While E7 targets the cell cycle, E6 prevents apoptotic
cell death. Therefore, a balanced expression of E6 and E7
is pivotal. The E7 mRNA (226*%) is believed to be the
major E7 producing mRNA while the unspliced mRNA
mainly produces E6 [44, 45]. It is therefore of paramount
importance for HPV16 to maintain a well-balanced splic-
ing efficiency to allow for production of sufficient quanti-
ties of both E6 and E7. Control of E6/E7 mRNA splicing
is crucial for HPV 16 replication but also for induction
and maintenance of cancers driven by HPV16. It has
been shown that EGF-signaling can regulate the balance
between unspliced E6 and spliced E7 mRNAs (226*%) in
HPV16-infected cells, with EGF-signaling promoting pro-
duction of unspliced E6 mRNAs [46]. Recently, METTL3
was shown to have a positive effect on EGFR levels in can-
cer cells through translational regulation [47]. On the other
hand, our results demonstrated that overexpression of the
demethylase ALKBHS increased the levels of unspliced
E6 mRNA whereas METLL3 did not, which suggested that
a reduction of m6A modifications inhibited E6/E7 mRNA
splicing. It remains to be determined how METTL3 and
ALKBHS are involved in the control of HPV16 E6/E7
mRNA splicing in HPV16-infected cells.

Unexpectedly, overexpression of the reader YTHDC1
had a similar effect on HPV16 E6/E7 splicing as the eraser
ALKBH5—it caused retention of the E6-encoding intron
and promoted production of E6 mRNAs. Our results dem-
onstrated that YTHDCI1 physically associated with HPV16
mRNAs by the use of CLIP assay. These results may there-
fore suggest that YTHDCI either interacts preferentially
with m6A-containing mRNAs to prevent factors with a
splicing enhancing function to bind to HPV16 mRNAs that
YTHDCI interacts with the HPV16 E6/E7 mRNAs and
inhibit adjacent splicing factors or that YTHDCI recruits
factors with splicing inhibitory function. It appears that
YTHDCI can regulate splicing by recruiting various splic-
ing factors. This has been described for a subset of cellular
mRNAs to which YTHDC recruited SRSF3 to cause exon
inclusion while blocking access to SRSF10 that promoted
exon exclusion [24]. YTHDCI1 was found to interact with
SRSF3 also during mouse oocyte development together with
SRSF7 and polyadenylation factor CPSF3, affecting both
alternative splicing and alternative polyadenylation [48].
Interestingly, SRFS3 has been shown to control HPV16
mRNA splicing [49]. These results indicate that YTHDC1
can affect splicing in discrete ways. It remains to be deter-
mined how YTHDCI promotes intron retention of HPV16
E6/E7 mRNAs.

The binding to RNA of other RNA-binding proteins than
YTHDCI1 may also be affected by m6A-methylation, for
example members of the hnRNP-family of splicing factors.
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Some hnRNPs may be direct readers of m6A [19], e.g.,
hnRNPA2B1 that has been functionally linked to m6A-
mediated splicing [25]. Furthermore, the binding of HuR
[18], hnRNPG, and hnRNPC [20, 21] to regulatory RNA
elements is altered in response to distortions of RNA- sec-
ondary structures by the presence of m6A modifications.
All three proteins have previously been shown to bind RNA
elements on HPV16 mRNAs and regulate HPV16 mRNA
splicing [37, 38, 50, 51] and may therefore potentially be
affected by m6A-methylation of HPV16 mRNAs. Recently,
a splicing silencer RNA element located in the HPV16
E7-coding region has been identified. It acts by reducing
production of the spliced E7 mRNA (226*"%) [38]. A similar
sequence is present in HPV18 [49]. These RNA elements
interacted with hnRNP A1, but it is currently unknown if
the interactions between hnRNP A1 and the HPV16 RNA
silencers are affected by m6A-methylation or by YTHDC1.
Taken together, our results suggest that m6A-methylation of
HPV16 mRNAs may function as an additional layer in the
control of HPV16 mRNA splicing.

Limitations of the study

These experiments do not allow us to conclude whether
the effect on HPV16 mRNA splicing is a direct effect due
to m6A-methylation of the HPV16 mRNAs or an indirect
effect of m6A-methylation of cellular transcripts, e.g., those
encoding splicing regulatory factors. In this respect, it may
be of interest to note that high confidence m6A sites are
present on mRNAs encoding SRSF2, a protein that may con-
trol HPV16 mRNA splicing. Since we have not mapped the
exact sites of m6A-methylation on the HPV16 mRNAs, we
do not know if HPV16 mRNAs produced from integrated
HPV 16 genomes found in the majority of the cancers caused
by HPV 16 are m6A-methylated.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11262-022-01889-6.
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SUPPLEMENTARY FIGURE LEGENDS

Supplementary Figure S1 Sequence of in vitro synthesized, m6A-containing RNA.

Supplementary Figure S2 (A) Left panel: Western blot with anti-Flag antibody on proteins
harvested from HelLa cells transfected with empty pUC plasmid (-), pYTHDC1, pMETTLS,
pMETTL14, pWTAP or pFTO. Middle panel: Western blot with anti-ALKBHS antibody on
proteins harvested from HeLa cells transfected with empty pUC plasmid (-) or pALKBH5. Right
panel: Long exposure of Western blot with anti-Flag antibody on proteins harvested from HelLa
cells transfected in duplicates with empty pUC plasmid (-), pMETTL3, pMETTL14 or pWTAP.
(B) Effect of METTL3, METTL14, WTAP or all three combined on HPV16 E6/E7 mRNA
splicing was monitored by RT-PCR with indicated primer pair on RNA extracted from Hela
cells transfected with pC97ELsLuc and empty pUC plasmid (-), pMETTL3, pMETTL14,
pWTAP or pMETTL3, pMETTL14 and pWTAP combined. (C) Effect of METTL3, METTL14,
WTAP or all three combined on HPV16 E2 mRNA splicing was monitored by RT-PCR with
indicated primer pair on RNA extracted from HelLa cells transfected with pC97ELsLuc and
empty pUC plasmid (-), PMETTL3, pMETTL14, pWTAP or pMETTL3, pMETTL14 and pWTAP
combined. (D) Effect of FTO and ALKBH5 overexpression on HPV16 L1- and E4- mRNA
splicing was monitored by RT-PCR with indicated primer pairs on RNA extracted from
pBELsLuc with empty pUC plasmid (-), pFTO or pALKBHS5.

Supplementary Figure S3 (A) m6A site prediction on the HPV16 genome performed using
the online software SRAMP (http.//www.cuilab.cn/sramp/) (Zhou). Selected HPV16 splice
sites SD226, SA409, SD880, SA2709, SA3358 and SD3632 are indicated. Numbers refer to
the HPV16 reference strain (GeneBank: K02718.1). HPV16 early and late polyadenylation
signals pAE and pAL, respectively, are indicated. (B) A subset of alternatively spliced HPV16
mRNAs are depicted.



Supplementary Figure S1. In Vitro transcribed cloning vector RNA sequence.

AGGATTTCGAGCGTGGGTCACTGAGCTCAGTGGACGAAAACTCACGTTAAGGGATTTT
GGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTT
AAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGT
GAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGT
CGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATA
CCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAA
GGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGT
TGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCAT
TGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTT
CCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCT
TTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTAT
GGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTG
GTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGC
CCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCAT
TGGAAAACGTTCTTCGGGACGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTT
CGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTT
CTGGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACA
CGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTT
ATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAACAAATAGGGGTTCC
GCCGCAATTTTCCCCAAAAATGCCACCTGAACTTCAAGAAAC
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Supplementary Table 1. Primer list.

RT-PCR Amplified Sequence

primer name sequences

97s HPV16 GTCGACCTGCAATGTTTCAGGACCC
880as HPV16 GAAACCATAATCTACCATGGCTGATC
X556A HPV16 GCTCGAGCAGCTGGGTTTCTCTACGTGTT
773s HPV16 GCACACACGTAGACATTCGTACTTTG
E4as HPV16 TGCTGCCTAATAGTTTCAGGAGAGG
E43as HPV16 GTGGTGTGGCAGGGGTTTCCGGTGTC
E42as HPV16 CGGTGCCCAAGGCGACGGCTTTGG

L1as HPV16 GCAACATATTCATCCGTGCTTACAACC
E2as HPV16 CAGCCAGCGTTGGCACCACCT

E2gas HPV16 CAGCCAGCGTTGGCACCACCT

16S HPV16 TATGTATGGTATAATAAACACGTGTGTATGTG
16A HPV16 GCAGTGCAGGTCAGGAAAACAGGGATTTGGC
MALAT1s MALAT1 CGTAGACCAGAACCAATTTAGAAG
MALAT1as MALAT1 CATATTGCCGACCTCACGGAT
MALAT1asQ MALAT1 AGCACCTGGGTCAGCTGTCAAT

RPLOs RPLPO ACCTGGAAGTCCAACTACTTCCTTA
RPLOas RPLPO GATCTCAGTGAGGTCCTCCTTG

gapdhf GAPDH ACCCAGAAGACTGTGGATGG

gapdhr GAPDH TTCTAGACGGCAGGTCAGGT

T7s In vitro RNA ACGTTAAGGGATTTTGGTCATGAGA

T7as In vitro RNA TCAAATATGTATCCGCTCATGAGA
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ARTICLE INFO ABSTRACT

Keywords: Human papillomaviruses (HPVs) produce a large number of alternatively spliced mRNAs, including a number of
HPV16 differently spliced mRNAs with the potential to produce E2 protein. To identify the alternatively spliced HPV16
E2 mRNA with the highest ability to produce E2 protein, we have generated E2 ¢cDNA expression plasmids re-
Splicing

Translation

presenting the most common, alternatively spliced E2 mRNAs, and assessed their translational potential. Our
results revealed that an mRNA initiated at the HPV16 late promoter p670 and spliced from the HPV16 5’-splice

site SD880 to the HPV16 3’-splice site SA2709, located immediately upstream of the E2 ATG, produced higher
levels of E2 than any of the other alternatively spliced, E2-encoding mRNAs. Utilization of a known, alternative
3’-splice site located upstream of the E2 ATG named SA2582, generated mRNAs with lower ability to produce E2
than mRNAs spliced to SA2709. Finally, analysis of HPV16 mRNA splicing demonstrated that SA2709 was more
efficiently spliced to the upstream 5’-splice site SD880 than to the upstream 5’-splice site SD226. In conclusion,
the HPV16 mRNA with the greatest ability to produce E2 protein is generated from the HPV16 late promoter and
is spliced between HPV16 5’-splice site SD880 and HPV16 3’-splice site SA2709.

1. Introduction

Human papillomavirus (HPV) is a large family of small DNA viruses
with epithelial tropism. Some of these HPV types prefer mucosal cells
and at least 12 of those have been deemed carcinogenic by the
International Agency for Research on Cancer (Bouvard et al., 2009).
HPV16 is the most common cancer-associated HPV type and is asso-
ciated with a number of anogenital cancers (Bouvard et al., 2009; Chow
et al., 2010; Schiffman et al., 2016; Walboomers et al., 1999) primarily
cervical cancer in women, as well as oropharyngeal cancer, primarily
tonsillar cancer.

The HPV16 life cycle is intimately linked to cellular differentiation
and commences with an early stage with low level replication of the
HPV16 episomal DNA genome. This stage is followed by a “pre-late”
stage characterized by highly efficient HPV16 DNA replication orche-
strated by the HPV16 early proteins E1 and E2 and finally entering a
true late stage in which the HPV16 late L1 and L2 structural proteins
are synthesized and virions are produced (Chow et al., 2010; Doorbar

* Corresponding authors.

et al.,, 2012; Kajitani et al., 2012; Mighty and Laimins, 2014). It is
presumably during the “pre-late” stage that the HPV16 late promoter is
activated, thereby generating mRNAs that bypass the upstream E6 and
E7 open reading frames (orfs) (Bernard, 2013; Thierry, 2009). This
promoter switch could therefore potentially generate mRNAs with
greater ability to translate the downstream open reading frames E1, E2
and E4. In addition to the promoter switch, abundant alternative spli-
cing of the HPV16 mRNAs contribute to the structure of the final mRNA
products (Graham and Faizo, 2017; Jia and Zheng, 2009; Johansson
and Schwartz, 2013; Schwartz, 2013). Little is known about the
translational potential of HPV16 mRNAs initiated at the early and late
HPV16 promoters and processed by alternative mRNA splicing.

The HPV16 E2 protein is a key factor in the HPV16 replication cycle
(Kadaja et al., 2009; McBride, 2013; Thierry, 2009). E2 is a truly
multifunctional protein. Among all, E2 specifically binds HPV16 DNA
and functions as the main viral transcriptional regulator of the HPV16
genes, it contributes to formation of nuclear foci in which the HPV16
DNA genome replicates, E2 contributes to initiation of HPV16 DNA
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Fig. 1. (A) Schematic representation of the HPV16 genome. are indicated. HPV16 early and late promoters p97 and p670 and splice sites are indicated. pAE, HPV16
early polyadenylation signal; pAL, HPV16 late polyadenylation signal. (B) Schematic representation of HPV16 mRNAs that encode full-length E2 and are utilizing
HPV16 3-splice site SA2709 or SA2582. Below these mRNAs, schematic representations of HPV16 mRNAs utilizing alternative 3’-splice site SA3358. These mRNAs
spliced to SA3358 do not encode E2. RT-PCR primers 978, 773S, E2A, E4A and E42A are indicated. Nucleotide positions refer to HPV16R (Van Doorslaer et al., 2013).
(C) Schematic representation of HPV16 mRNAs that encode full-length E2 and are utilizing HPV16 3’-splice site SA2709 or SA2582. The open reading frames E1*
created by splicing from SD880 to SA2709 and E1C created by splicing from SD880 to AA2582 are indicated.

replication, it tethers the HPV16 genome to cellular chromatin during
mitosis to facilitate partitioning and E2 contributes to packaging of the
genomic DNA into virus particles (Kadaja et al., 2009; McBride, 2013;
Thierry, 2009). In addition to these functions, E2 plays a role in the
posttranscriptional control of HPV16 gene expression (Johansson et al.,
2012). The E2 protein paves the way for HPV16 late gene expression by
shutting down the HPV16 early promoter p97 (McBride, 2013), and by
inhibiting the HPV16 early polyadenylation signal pAE to allow for
read-through into the late region of the HPV16 genome (Johansson
et al., 2012). The HPV16 E2 gene may be inactivated when HPV16
occasionally integrates in the cellular genome (Kadaja et al., 2009;
McBride, 2013; Thierry, 2009). Restoration of E2 in such cells leads to
cellular growth arrest and senescence. Thus, inactivation of E2 may
contribute to the ability of HPV16 to cause cancer. In the HPV16 life
cycle, high levels of E2 shut down the HPV16 early promoter, which
down-regulates expression of the growth promoting E6 and E7 genes,
thereby offering a chance for the infected cell to proceed to terminal
differentiation, induce late gene expression and to produce virus par-
ticles. It appears that E2 is required through the entire HPV16 life cycle,
suggesting that E2 could be produced from both HPV16 early and late
mRNAs.

The HPV16 early and late proteins are produced from a number of
alternatively spliced transcripts expressed from the HPV16 early and
late promoter p97 and p670 (Graham and Faizo, 2017; Jia and Zheng,
2009; Johansson and Schwartz, 2013; Schwartz, 2013). Although the
structures of many HPV16 mRNAs are known, less is known about their
translational potential. A number of HPV16 mRNAs encoding full-
length E2 have been identified, some of which initiate at the HPV16
early promoter and some at the HPV16 late promoter (Schwartz, 2013;
Van Doorslaer et al., 2013). However, since all HPV16 mRNAs are
multicistronic and encode several orfs, it is often difficult to predict
what they actually produce during translation. Here we have generated
E2 cDNAs with the secreted luciferase (sLuc) reporter gene in place of
E2 to determine how well a number of alternatively spliced E2 mRNAs
translate the E2 orf. Our results demonstrate that a late mRNA initiating
at HPV16 nucleotide position 670 (the late promoter in the HPV16
genome), and being spliced from HPV16 5’-splice site SD880 to HPV16
3’-splice site SA2709, located immediately upstream of E2, is the
HPV16 mRNA with the highest ability to produce E2.

2. Materials and methods
2.1. Plasmids

The following plasmids have been described previously: plasmid
pHPV16AN contains a full-length HPV16 genome flanked by loxP sites
that can be recombined by cre-enzyme to release the episomal form of
the HPV16 genome in transfected cells (Johansson et al., 2012; Li et al.,
2013b) (Fig. 2A), plasmid pC97EL contains HPV16 sequences from
HPV16 nucleotide position 97-7372 and is driven by the human cyto-
megalovirus immediate early promoter (CMV) (Li et al., 2013a) (Fig. 2B),
plasmid pC97ELsluc is a derivative of pC97EL in which a BamHI-Xhol
fragment in the HPV16 L1 gene has been replaced by the poliovirus 2A
internal ribosome entry site followed by the secreted luciferase (sLuc)
gene (Li et al, 2013a), plasmid p3* encodes an HPV16 cDNA re-
presenting an HPV16 mRNA that is initiated at HPV16 nucleotide posi-
tion 97 and spliced from HPV16 5’-splice site SD226 to HPV16 3’-splice
site SA742 and from HPV16 5-splicse site SD880 to HPV16 3’-splice site

SA3358 (97-SD226°SA742-SD880"SA3358) (Nilsson et al., 2018),
plasmid p5 encodes an HPV16 cDNA representing an HPV16 mRNA that
is initiated at HPV16 nucleotide position 97 and spliced from HPV16 5
splice site SD226 to HPV16 3’-splice site SA409 and from HPV16 5-
splicse site SD880 to HPV16 3”-splice site SA3358 (97-SD226°SA409-
SD880°SA3358) (Nilsson et al., 2018), plasmid p6 contains the sLuc gene
under control of the CMV promoter (Nilsson et al., 2018), plasmid
PSRSF1 contains the SRSF1 ¢cDNA under control of the CMV promoter
(Somberg and Schwartz, 2010), plasmid pC0806 contains the CMV
promoter followed by a polylinker and the HPV16 late polyadenylation
signal pAL (Collier et al., 2002). To generate pl and p2 (Fig. 3A), PCR
was first carried out on p3* and p5, respectively, with oligonucleotides
97SALS (5’-ggtcgacgagaactgcaatgtttcaggacccacag-3’) and 880 —2709AS
(5’-aacgcgtegttttecttgtectegtectegtgeaaacttaatetggaccacgteetgeaggatcage-
catggtag-3’). To generate p3 and p4 (Fig. 3A), PCR was performed on
pC97ELsluc  with  primers  97SALS and  226—2709AS(5-
acgegtegttttecttgtectegtectegtgeaaacttaatetggaccacgtecteacgtegeag-
taactgttgce-3), 670SALS (5’-ggtcgacgaaatagatggtccagetggacaage-3’) and
880—2709AS. The amplified pl, p2, p3 and p4 fragments were sub-
cloned into pCR4-TOPO (ThermoFisher). The TOPO plasmids containing
pl, p2, p3, and p4 fragments were digested with Sall (FD0644, Ther-
moFisher) and Mlul (FD0564, ThermoFisher) followed by agarose elec-
trophoresis and purification with a Gel-Extraction Kit (CAT#28706,
QIAGEN). The fragments were ligated to the vector created by p3*
(Nilsson et al., 2018) digested with Sall and Mlul. To generate p2582, we
ordered synthesis of a DNA sequence containing a Sall site followed by
an HPV16 sequences starting at HPV16 nucleotide position 670 and
continuing to position 880 followed by HPV16 sequences from position
2582 to an Mlul site immediately upstream of the E2ATG at position
2756 (Eurofins). This DNA fragment was released with Sall and Mlul and
insert and ligated to Sall- and Mlul-digested p3* vector (Nilsson et al.,
2018). Nucleotide positions refer to HPV16R (Van Doorslaer et al.,
2013).

2.2. Cells and transfection

The HN26 cells are derived from a tumor of a 48-year old non-
smoking man with non-keratinizing, HPV16-positive tonsil oral squa-
mous cell carcinoma, stage T2NOMO. The HN26 cells contain episomal
HPV16 DNA and have an intact p53 gene (Forslund et al., 2019; Wu
et al., 2019). HeLa cells and HN26 cells were cultured in Dulbecco’s
modified Eagle medium with 10 % bovine calf serum and 1% penicillin-
streptomycin. Transfections of HeLa cells were carried out using Tur-
bofect according to the manufacturer’s instructions (Fermentas). Tur-
bofect was mixed with plasmid DNA and incubated at room tempera-
ture for 15min prior to drop-wise addition to 60-mm plates with
subconfluent HeLa cells. Cells were harvested at 20 h post transfection.
Each plasmid was transfected in triplicate, in a minimum of two in-
dependent experiments. For analysis of episomal HPV16, plasmid
PHPV16AN was co- transfected with plasmid pCAGGS-nlscre (gener-
ously provided by Dr. Andras Nagy at University of Toronto) (Nagy,
2000), which expresses the cre recombinase that releases the HPV16
genome from the plasmid at two flanking lox-sites.

2.3. RNA extraction and RT-PCR

Total RNA was extracted using TRI Reagent and Direct-zol RNA
MiniPrep kit (ZYMO Research) according to the manufacturer’s
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Fig. 2. (A) Schematic representation of the HPV16 genome and (B) the HPV16 subgenomic pC97EL reporter plasmid (Li et al., 2013a). Transcription of the HPV16
sequences in the pC97EL plasmid is driven by the human cytomegalovirus immediate early promoter (CMV). (C) Schematic representation of HPV16 mRNAs spliced
to SA3358. RT-PCR primers 97 s, 773 s and E4a are indicated. Gel pictures of RT-PCR reactions performed with 97S or 773 s and E4a on total RNA extracted from
Hela cells transfected with HPV16 subgenomic expression plasmid pC97EL (Li et al., 2013a), cre-loxed full-length HPV16 genomic plasmid pHPV16AN (Li et al.,
2013b) or from HPV16-containing tonsillar cancer cell line HN26 (Forslund et al., 2019; Wu et al., 2019). (D) Schematic representation of HPV16 mRNAs spliced to
SA2709. RT-PCR primers 97 s, 773 s and E2a are indicated. Gel pictures of RT-PCR reactions performed with 97S or 773 s and E2a on total RNA extracted from HeLa

cells tr: d withHPV16 sub

ic expression plasmid pC97EL, cre-loxed full-length HPV16 genomic plasmid pHPV16AN or from HPV16-containing tonsillar

cancer cell line HN26. Nucleotide positions refer to HPV16R (Van Doorslaer et al., 2013).

protocol. 1ug of total RNA was reverse transcribed in a 20 pL reaction at
37°C using M-MLV Reverse Transcriptase (Invitrogen) and random
primers (Invitrogen) according to the protocol of the manufacturer. One
microliter of cDNA was subjected to PCR amplification.

HPV16 mRNAs spliced from HPV16 5’-splice site SD226 were am-
plified with RT-PCR primers 97S (5’-ggcgcgcaactgcaatgtttcaggacce-3')
and E4A (5'-tgctgcctaatagtttcaggagagg-3'), E42A (5’-cggtgcccaagge-
gacggctttgg-3’) or E2A (5’-cctgaccaccegcatgaacttee-3’). HPV16 mRNAs
spliced from HPV16 5”-splice site SD880 were amplified with RT-PCR
primers 773S (5’- gcacacacgtagacattcgtactttg-3") and E4A, E42A or E2A.
Alternatively, HPV16 cDNAs generated from mRNAs produced from the
E2 expression plasmids were PCR-amplified with primers CSENSE (5’-
ctgaattgggtgtcgacggt-3’) and PANTI (5’-tgttgcatgacacaatagttactc-3').
The HPV16 RT-PCR primers used here are specific for cDNAs produced
from HPV16 mRNAs and do not amplify cDNA from untransfected HeLa
cells. GAPDH c¢DNA was amplified with primers F-GAPDH (5’-accca-
gaagactgtggaugg-3’) and R-GAPDH (5’-ttctagacggcaggtcaggt-3").

2.4. Protein extraction and Western blotting

Western blotting was performed as described previously (Kajitani
et al., 2017). The following antibodies were used: anti-HPV16 E2 an-
tibody TVG261 (ab-17185, Abcam) and anti-actin antibody (sc-1616,
Santa Cruz). Filters were thereafter incubated with rabbit anti-mouse
1gG- horseradish peroxidase antibody (A9044, Sigma Aldrich), and
proteins were detected using the Clarity Western ECL Substrate (Bio
Rad) or the Super Signal West Femto chemiluminescence substrate
(Pierce).

2.5. Secreted luciferase assay

The Metridia longa secreted luciferase activity (Markova et al., 2004)
in the culture medium of the C33A2 cells was monitored with the help
of the Ready To Glow secreted luciferase reporter assay according to the
instructions of the manufacturer (Clontech Laboratories). Briefly, 50 uL
of cell culture medium were mixed with 5uL of secreted luciferase
substrate in reaction buffer and luminescence was monitored in a
Tristar LB941 luminometer (Berthold Technologies).

3. Results

3.1. The most common HPV16 E2 mRNA is generated by splicing from
SD880 to SA2709

The HPV16 genome produces a number of mRNAs encoding the E2
open reading frame (ORF) (Fig. 1 A and B)(Graham, 2016; Jia and
Zheng, 2009; Johansson and Schwartz, 2013; Schwartz, 2013; Van
Doorslaer et al., 2013). These mRNAs are generated by splicing from
HPV16 5’-splice site SD226 or SD880 to the HPV16 3’-splice site
SA2709 located immediately upstream of the E2 ORF (Fig. 1A and B).
These splicing events generate a number of alternatively spliced mRNAs
that encode E2 and could potentially produce E2 protein. An additional
HPV16 3’-splice site named SA2582 is located 175 nucleotides up-
stream of the E2 ATG (Fig. 1A and B). The significance of SA2582 is
unclear and this mRNA could potentially be translated into E2 protein.
However, it also encodes a shorter El-orf named E1C that could

potentially be produced (Fig. 1C), but expression and function of E1C
have not been studied. This is in contrast to HPV16 mRNAs that utilize
SA2709, on which the shorter E1-orf named E1* stops prior to the E2
ATG (Fig. 1C). If HPV16 5’-splice sites SD226 and/or SD880 fail to
splice to SA2709 or SA25282, they splice to the downstream HPV16 3’-
splice site SA3358 (Fig. 1A and B). The latter mRNAs do not encode full-
length E2.

To identify the most common alternatively spliced HPV16 E2
mRNA, we extracted total RNA from cells transfected with the HPV16
subgenomic expression plasmid pC97EL which is driven by the CMV
promoter (Li et al., 2013a) (Fig. 2B) or with pHPV16AN (Johansson
et al., 2012; Li et al., 2013b) (Fig. 2A) that encodes the full-length
HPV16 genome. The latter plasmid contains a loxP site on each side of
the genome (Fig. 2A), and was co-transfected with cre-expressing
plasmid to release HPV16 episomes in the transfected cells as described
previously (Johansson et al., 2012; Li et al., 2013b). RNA was extracted
from HeLa cells transfected with either of these two plasmids and the
RNA samples were analyzed by RT-PCR. Primers 773S and E2A
(Fig. 2C) detected primarily one band representing splicing from SD880
to SA2709 (Fig. 2C) and at times a weaker band running higher up in
the gel, representing an mRNA spliced from SD880 to SA2582 (Fig. 2C).
All RT-PCR bands were sequenced to confirm their identity. Similar
results were obtained with RNA extracted from the HPV16-infected
tonsillar cancer cell line HN26 (Forslund et al., 2019; Wu et al., 2019)
(Fig. 2C). Interestingly, when RNA samples were analyzed with primers
978 and E2A, the results revealed that splicing from SD226 to E2 splice
site SA2709 was relatively rare in pC97- and pHPV16AN-transfected
cells and in HPV16-carrying tonsillar cancer cell line HN26 (Fig. 2C).
Splicing to the competing 3’-splice site SA3358 often occurred from
SD880 (Fig. 2D) and splicing from SD226 to SA3358 was relatively
more common than splicing from SD226 to SA2709 (Fig. 2C and D).
Note that band intensities between the different gels are not compared,
only relative differences between bands in each lane. We concluded
that the most common HPV16 E2 mRNA is generated by splicing from
SD880 to SA2709 in HPV16-transfecetd cells as well as in HPV16-in-
fected cells.

3.2. The most efficiently translated HPV16 E2 mRNA is generated by
splicing from SD880 to SA2709

To determine the translational potential of the various alternatively
spliced E2 mRNAs, we generated cDNA expression plasmids with the
most common alternatively spliced E2 mRNAs under control of the
human cytomegalovirus immediate early promoter (CMV) (Fig. 3A).
The E2 ORF was replaced by the secreted luciferase gene downstream of
the E2 ATG for easy quantitation of translation initiation at the E2 ATG.
The generated plasmids were individually transfected into HeLa cells in
parallel with empty CMV-vector (pC0806) (Collier et al., 2002) and
CMV-driven sLuc positive control plasmid p6 (Nilsson et al., 2018).
sLuc activity in the cell culture medium was monitored at 24h post
transfection, mean values from triplicate transfections determined and
standard deviation calculated (Fig. 3B). The results revealed that the
cDNA representing an E2 mRNA initiated at position 670 (late pro-
moter) and spliced from SD880 directly to SA2709 (plasmid p4) pro-
duced more sLuc than the other cDNAs that represented mRNAs in-
itiated at HPV16 nucleotide 97 (HPV16 early promoter) and were
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spliced to SA2709 directly from SD226 (plasmid p3) or via SA409 and similar results (Fig. 3C). The mRNA levels were similar in all trans-
SD880 (plasmid p2), or SA742 and SD880 (plasmid pl) (Fig. 3B). fections and only one band was detected from all plasmids (Fig. 3D).
Transfection of serially diluted ¢cDNA expression plasmids yielded The RT-PCR bands were not detected in the absence of reverse
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Fig. 3. (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*IV), SD226 to SA742 (E6"E7) or SD226 to SA409 (E6*I). The HPV16 E1* orf has 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.
(C) 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). (D) RT-PCR with primers CSENSE and E2A on total RNA extracted
from the HeLa cells transfected with the indicated plasmids. (D) RT-PCR with primers CSENSE and E2A on total RNA extracted from the HeLa cells transfected with
the indicated plasmids. RT-PCR was performed in the absence (-) or presence (+) of reverse transcription (RT).

Fig. 4. (A) Schematic representation of the HPV16 E2 cDNA expression plasmids p97E2 and p670E2. p97E2 encodes a cDNA representing an HPV16 E2 mRNA
initiating at nucleotide position 97 (early promoter P97 position) and spliced from SD226 directly to SA2709, and p670E2 represents an mRNA initiating at
nucleotide position 670 (late promoter P670 position) and spliced from SD880 to SA2709. The HPV16 E6*IV-orf has the E6 ATG and is generated by splicing from
HPV16 SD226 to SA2709 and the HPV16 E1* orf has 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 p670E2 cDNA are indicated. (B) 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. (C) RT-PCR with primers CSENSE and PANTI
on total RNA extracted from HeLa cells transfected with the indicated plasmids.

transcription (Fig. 3E). We concluded that the HPV16 mRNA that was
initiated at HPV16 late promoter-position at nucleotide 670 and was
spliced from HPV16 5’-splice site SD880 to HPV16 3’-splice site SA2709
showed that highest translation initiation at the E2 ATG.

To confirm that the mRNAs encoding sLuc reflected the translation
of the entire E2 orf, we generated two E2 expression plasmids with the
same leader sequences as in plasmids p3 and p4 (Fig. 3A and Fig. 4A).
In contrast to p3 and p4, these plasmids encoded the entire E2 orf and
were named p97E2 and p670E2 (Fig. 4A). Plasmids p97E2 and p670E2
were separately transfected into HeLa cells and the levels of HPV16 E2

protein were monitored by Western blotting. As can be seen, plasmid
p670E2 produced higher levels of E2 protein than plasmid p97E2
(Fig. 4B), while mRNA levels produced from the two plasmids were
similar (Fig. 4C). Therefore, these results reproduced the results ob-
tained with the sLuc-plasmids. We concluded that the HPV16 mRNA
with the highest ability to produce E2 protein was an mRNA initiating
at nucleotide position 670 (HPV16 late promoter) followed by splicing
from HPV16 5’-splice site SD880 to HPV16 3’-splice site SA2709.
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Fig. 5. (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 HPV16 short upstream orfs
with ATGs (uORF1 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). (C) RT-PCR with primers CSENSE and
E2A on total RNA extracted from HeLa cells transfected with the indicated plasmids.
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Fig. 6. Schematic representation of the 5’-end of the late HPV16 mRNA starting at nucleotide position 670 (at the late HPV16 promoter p670) followed by splicing
from HPV16 SD880 to HPV16 SA2709 and continuing to the E2 ATG. Three open reading frames with ATGs are located upstream of the E2 ATG and they are
indicated in the figure (WORF1, uORF2 and uORF3). None of these uORFs span the E2 ATG. The sequence at each ATG is indicated. uORF1 encodes a 16-amino acid
peptide, uORF2 a 15-amino acid peptide and uORF3 a 10-amino acid peptide.SJ, splice junction between HPV16 splice sites SD880 and SA2709.

Table 1
Context of ATGs of small upstream open reading frames on various HPV16 E2
mRNAs.

ORF name ATG context orf length (aa)
“optimal ATG” CCRCCATGG -

uORF1 aatagATGg 16

uORF2 tgttaATGg 15

uORF3 tectaATGa 30

E1*/E1C (E1 ATG) ctaccATGg 10

E2 aaacgATGg 365

3.3. The HPV16 mRNA that is spliced between HPV16 SD880 and SA2709
is more efficiently translated into E2 than the mRNA spliced from HPV16
SD880 to SA2582

Two 3’-splice sites are located immediately upstream of the HPV16
E2 ATG: SA2582 and SA2709 (Van Doorslaer et al., 2013) (Alloul and
Sherman, 1999a, b) (see also Fig. 1A, B and C). Although both of these
splice sites are utilized in HPV16 infected cells, it appears that SA2709
dominates (Van Doorslaer et al., 2013) (Alloul and Sherman, 1999a)
(Fig. 2C). The significance of HPV16 SA2582 in the HPV16 life cycle is
currently unknown. We investigated the translation efficiency of
mRNAs spliced from SD880 to SA2582 compared to mRNAs spliced
from SD880 to SA2709. cDNAs representing mRNAs initiated at HPV16
position 670 (late promoter) and spliced from SD880 to SA2582
(p2582) or to SA2709 (p4) were cloned downstream of the CMV pro-
moter and the E2 orf was replaced by the sLuc orf (Fig. 5A). These two
plasmids and negative control plasmid (pC0806) and positive control
plasmid p6 were serially diluted and transfected into HeLa cells in tri-
plicates. The results revealed that mRNA spliced from SD880 to SA2582
initiated translation at the E2 ATG muss less efficiently than mRNAs
spliced from SD880 to SA2709 (Fig. 5B). As expected, mRNAs spliced
from SD880 to SA2709 produced similar levels of sLuc as the positive
control plasmid p6. Cells transfected with empty pUC plasmid did not
produce sLuc-levels above background (Fig. 5B). Plasmids p2582 and
p6 produced similar mRNA levels in the transfected Hela cells
(Fig. 5C). In conclusion, our results demonstrated that initiation of
translation at the E2 ATG occurred much less efficiently on mRNAs
spliced between SD880 and SA2582 than on mRNAs spliced from
SD880 to SA2709. We concluded that the major HPV16 E2 mRNA in-
itiated at late promoter p670 and was spliced from SD880 to SA2709
(Fig. 6).

4. Discussion
The structure of the major HPV16 E2 mRNA initiated at late pro-

moter 670 and spliced from SD880 to SA2709 is shown in Fig. 6. This
mRNA contains three ATGs upstream of the E2 ATG. These upstream

ATGs head open reading frames designated uORF1, uORF2 and uORF3
that could potentially be translated into peptides of 16-, 15- or 10-
amino acids, respectively (Table 1). A comparison to the Kozak se-
quence for optimal translation initiation which predicts a “G” nucleo-
tide at position +4 downstream of the ATG and a purine (R) at position
-3 upstream of the ATG (Kozak, 1992), revealed that only the E1* has
an optimal ATG (apart from the E2 ATG itself) (Table 1). uORF3 is
actually headed by the E1 ATG, which is an optimal ATG, but this orf
runs into a stop codon very quickly on the mRNAs that are spliced from
SD880 to SA2709 (Table 1). The short E1* orf is predicted to encode a
peptide of 10 amino acids and could as such be recognized by scanning
ribosomes. However, since short upstream orfs have a lower ability
than long upstream orfs to affect translation of downstream orfs
(Luukkonen et al., 1995), it is reasonable to assume that the E1* is too
short to pose a threat to E2 translation, despite its optimal ATG. In
addition, all upstream orfs end prior to the E2 ATG and none of them
overlap the E2 ATG. Therefore, scanning ribosomes that recognize these
upstream orfs have the potential to re-initiate at the E2 ATG. This is in
sharp contrast to ribosomes that translate upstream orfs that overlap a
downstream ATG (Kozak, 1992). Such upstream ATGs may have a
major impact on translation initiation of downstream orfs if the up-
stream orf encodes a protein of significant size (Kozak, 1992)
(Luukkonen et al., 1995). Since the sLuc production from the E2 mRNA
spliced from SD880 to SA2709 was equally high as the sLuc production
from the control plasmid p6 in which the sLuc gene is located im-
mediately downstream of the CMV promoter (Fig. 3 and 4), we con-
cluded that the short upstream orfs on the E2 mRNAs that were spliced
from SD880 to SA2709 did not significantly affect translation initiation
at the E2 ATG.

Translation of HPV16 E2 mRNAs has been addressed previously in
an article in which E2 cDNAs were in vitro translated as well as
transfected into COS cells to determine how much E2 each of the
mRNAs produced (Alloul and Sherman, 1999a). These investigators
analyzed three E2 mRNAs, all initiated at the early promoter, two that
were spliced to SA2709 and one that was spliced to SA2582 (Alloul and
Sherman, 1999a). Their results revealed that of the E2 mRNAs starting
at nucleotide position 97 (HPV16 early promoter p97), the mRNA
spliced from SD226 to SA2709 produced more E2 than an mRNA
spliced from SD226°SA409-SD880°SA2709 (Alloul and Sherman,
1999a). This is in total agreement with our results. These authors also
concluded that a control plasmid that only encoded the E2 orf produced
more E2 than their E2 cDNA expression plasmids (Alloul and Sherman,
1999a). This is also in agreement with our results. However, these in-
vestigators did not analyze translation of an E2 mRNA initiating at
HPV16 nucleotide 670 (representing the HPV16 late promoter p670).
Our results revealed that this HPV16 mRNA that starts at nucleotide
position 670 and is spliced from SD880 to SA2709 was the mRNA that
produced most E2 protein. As a matter of fact, it was translated equally
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well as our sLuc control plasmid that lacked HPV16 sequences upstream
of the E2 ATG. Regarding technical differences between our experi-
ments and those published by Alloul and Sherman that could poten-
tially affect experimental outcome, it should be noted that Alloul and
Sherman used plasmid vector pJS55 in which they inserted a cDNA
encoding a C-terminally tagged E2 protein under the control of Simian
Virus 40 (SV40) promoter and with SV40 polyadenylation signal. This
vector also contains a beta-globin intron sequence with functional
splice sites located between the SV40 promoter and the E2 cDNA, as
well as an SV40 origin of replication that allows for plasmid replication
in transfected COS cells. In contrast, our E2 ¢cDNA expression plasmids
are driven by the CMV promoter, they do not have additional splices
sites and they do not replicate in transfected cells. Furthermore, Alloul
et al. monitored protein production from the various mRNAs by im-
munoprecipitation of labeled E2 protein, while we monitored sLuc
production as a marker for E2 production. Finally, Alloul et al. used CV-
1-derived, SV40-immortalized simian cell line COS that produces SV40
large-T antigen that replicates transfected plasmids with SV40 origin of
replication, while we used HeLa cancer cells containing HPV18. We
believe that HeLa cells are suitable for these studies since they can be
easily and reproducibly transfected. Since they are derived from the
uterine cervix and contain integrated HPV18, they are derived from
cells that are permissive for HPV. They are transformed malignant cells
and as such do not fully represent keratinocytes that are targeted by
HPV16 at the site of infection, but since translation is a fundamental
process, we believe that our results are representative for translation in
keratinocytes. However, transfection of primary keratinocytes is re-
quired to confirm our results. Taken together, our results confirmed
previous studies on HPV16 early mRNAs encoding E2 and extended
them to show that the most efficiently translated E2 mRNA is a late E2
mRNA initiated at p670 and being spliced from SD880 to SA2709.

An alternative E2 3’-splice site has been mapped to sequences 175
nucleotides upstream of the E2 ATG and 128 nucleotides upstream of
SA2709 in HPV16 (Van Doorslaer et al., 2013) (Alloul and Sherman,
1999a, b). For all other HPV types on which transcript-mapping has
been performed, it appears that only one 3’-splice site is present im-
mediately upstream of E2. The significance of the alternative E2 splice
site SA2582in HPV16 is unknown and the benefit of having a second E2
splice site is unclear generating a suboptimal E2 mRNA is unclear. Our
results clearly demonstrate that an mRNA initiated at position 670
(representing late promoter p670) and is spliced from SD880 to SA2582
is less well translated into E2 than mRNAs spliced from SD880 to
SA2709. However, a previous analysis of HPV16 E2 mRNA translation
compared E2 production from two mRNAs initiated at nucleotide 97
(HPV16 early promoter p97), followed by splicing from SD226 to
SA409 and SD880 to either SA2709 or SA2582 (Alloul and Sherman,
1999a). Their experiments suggested that the early E2 mRNAs spliced
to SA2582 produced slightly more E2 than the mRNAs spliced to
SA2709 (Alloul and Sherman, 1999a). This is opposite to the results we
obtained with late HPV16 E2 mRNAs. We concluded that HPV16 late
E2 mRNAs spliced to SA2582 are suboptimal compared to E2 mRNAs
spliced to SA2709. The big difference in E2 translation, suggested that
SA2582 does not play a significant role in the late stage of the HPV16
infection, whereas at the early stage, it may contribute to E2 produc-
tion. The inefficient translation of E2 from the mRNA spliced from
SD880 to SA2582 is likely due to the fact that the upstream strong E1
ATG generates a short orf named E1C that overlaps the E2 ATG (Van
Doorslaer et al., 2013), leaving these mRNAs no chance to translate E2
by reinitiation of translation. This is in contrast to the other E2 mRNAs
that use SA2709 on which the strong upstream E1 ATG heads a short
open reading frame named E1* that stops prior to the E2 ATG (Van
Doorslaer et al., 2013), thereby allowing ribosomes that recognize the
short E1* orf to reinitiate translation at the E2 ATG. In addition to the
E1C orf with an optimal ATG, these mRNAs also contain an additional
orf with ATG (uORF3) that overlaps the E1C orf and encodes 30 amino
acids and could potentially reduce translation initiation at the E2 ATG.
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However, this is less likely since the uORF3 orf is endowed with a
suboptimal ATG (Table 1). However, to provide experimental results
that support this idea would require evaluation of ribosome binding
and protein synthesis rates, which is beyond the scope of this project.
Since the role of the mRNAs utilizing HPV16 3’-splice site SA2582 is
unknown, one may speculate that SA2582 is used for modulation of E2
production. Alternatively, the short upstream EI1C orf produces a
functional protein.

We have previously identified the major HPV16 E5 mRNA (Nilsson
et al., 2018). In contrast to the HPV16 E2 mRNA, the HPV16 E5 mRNA
initiated at nucleotide position 670 was a very poor producer of E5
since it was preceded by the E1"E4 orf. This translational block was
caused by the strong E1 ATG of the E1"E4 orf (Nilsson et al., 2018).
Although the same E1 ATG is located upstream of the E2 ATG on the E2
mRNA identified here as the best producer of E2, it heads a very short
orf on these alternatively spliced E2 mRNAs and as such has very little
influence on E2 translation (Fig. 6). In contrast, the major E5 mRNA
was spliced from SD226 directly to SA3358 thereby bypassing the E1
ATG and the upstream E1°E4 orf (Nilsson et al., 2018). We concluded
that HPV16 E5 is primarily produced from an early mRNA initiated at
nucleotide position 97 (HPV16 early promoter) and spliced from SD226
to SA3358, while, in contrast, E2 is primarily produced from a late
mRNA initiated at nucleotide position 670 (HPV16 late promoter).
These results are consistent with a major role for the E2 protein at the
late, or pre-late stage of the HPV16 replication cycle, when the late
promoter p670 is activated by cell differentiation and HPV16 E2 shuts
down the early promoter p97, when E2 contributes to HPV16 DNA
replication and when E2 inhibits early mRNA polyadenylation to in-
duce HPV16 late gene expression.

5. Conclusion

We have shown that the HPV16 mRNA with the greatest ability to
produce E2 protein is generated from the HPV16 late promoter and is
spliced between HPV16 5’-splice site SD880 and HPV16 3’-splice site
SA2709.
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ABSTRACT

To investigate if sequence variation in HPV16 genomes could affect HPV16 mRNA splicing,
we compared sequences of two HPV16 clones available to us. We identified multiple
sequence differences between the two genomes but focused on variability in the long control
region (LCR), the HPV16 early promoter and the first 880 nucleotides that are transcribed from
the early promoter. We identified a set of three nucleotide positions within the first 570
nucleotides of the transcribed sequences that affected splicing of the HPV16 E6/E7 mRNAs.
These were nucleotide positions 131, 350 and 570 (numbering according to the HPV16
reference genome HPV16R). With 131G, 350G and 570G rather than 131A, 350T and 570A,
splicing of the HPV16 E6/E7 mRNAs was reduced. Our results suggested that at least one of
these nucleotide positions affected a yet unidentified splicing regulatory RNA element within
the first 570 nucleotides of the HPV16 E6/E7 mRNAs. Surprisingly, if transcription of the
HPV16 E6/E7 genes occurred from plasmids with the full LCR (starting at HPV16 genomic
position 7153) present upstream of the HPV16 transcription start site, rather than from
plasmids with a shorter LCR starting at HPV16 genomic position 7470, the splicing efficiency
was restored. Thus, a DNA sequence in the very 5-end of the LCR compensated for the
splicing reduction of HPV16 E6/E7 mRNAs caused by one or all of the three mutant positions
within the first 570 nucleotides of the transcribed region. In summary, our results suggested
that splicing regulatory elements may be present in both transcribed and non-transcribed

regions of the HPV16 genome.
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INTRODUCTION

Papillomaviruses are small DNA viruses with a diameter of approximately 50nm and a circular
DNA genome of around eight kilobases. The life-cycle of HPV is strictly linked to cell
differentiation in the squamous epithelium with expression of the HPV early genes in the lower
and middle layers of the stratified epithelium (1-4). Essential early proteins include E6 and E7
that prevent apoptosis and induce proliferation of the HPV-infected cell (5,6). Simultaneous
expression of the two HPV DNA replication factors E1 and E2 ensures replication of the HPV
DNA genome (7-10) (7-10). The E6 and E7 proteins are notorious in the sense that they are
responsible for induction and maintenance of cancer caused by a subset of the HPVs termed
high-risk HPVs (HR-HPV) with tropism for mucosal epithelium (11). HPV16 is the most
common high risk HPV type and is associated with various anogenital cancers as well as head

and neck cancer (11,12).

High risk HPVs including HPV16 produce E6 and E7 from two alternatively spliced mRNAs
generated from the same pre-mRNA in a mutually exclusive fashion (13). The E6 mRNA is
generated by retention of an intron that encodes E6, while the E7 mRNA is generated by
splicing and removal of the upstream E6-encoding intron. Splicing generates an mRNA on
which the E7 open reading frame is preceded by a shorter form of E6 named E6*| that is less
of an obstacle for E7-translation than the full length E6 ORF (14-16). The spliced mRNA
named the E6*l or E7 mRNA is diagnostic for HR-HPV types (13) and is the major E7-
producing mRNA (14-16). The major splice sites used for production of the spliced E6*I/E7
mRNA are named SDS226 and SA409 in HPV16 (13). To maintain an optimal ratio between
intron retention and splicing between SD226 and SA409 for production of sufficient quantities
of both E6 and E7 mRNAs, this splicing event must be strictly controlled. Previous research
has shown that some HPV16 splice sites are controlled by adjacent cis-acting RNA elements
that either enhance or reduce splicing to a specific splice site, so called splicing enhancer and
silencer elements (17-19). Splicing silencer RNA elements interacting with hnRNP A1 and
hnRNP A2 have been identified (14,16). Furthermore, hnRNP D plays an important role in
promoting intron retention in the E6-coding region to enhance production of E6 encoding
mRNAs over spliced E7 mRNAs (20). Thus, RNA elements that interact with cellular RNA-
binding proteins control the utilization efficiency of each splice site, thereby playing a major
role in the regulated expression of the HPV genes at the level of RNA processing (21,22).
Recent results have shown that the HPV16 mRNAs contain hot spots for RNA-binding proteins
that are often located near HPV16 splice sites (21). Here we report that sequence
polymorphism within the first 570 nucleotides of the HPV16 early mRNAs affected HPV16
mRNA splicing. Surprisingly, non-transcribed sequences in the LCR could compensate for the

inefficient splicing of the E6/E7 mRNAs observed with some HPV16 sequences.
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MATERIALS AND METHODS

Plasmids

pHPV16AN (23) and pHV16R (24) have been described previously. To construct HPV16
plasmid pLM16R in which transcription is under control of the LCR with the early P97 promoter
from HPV16R, an HPV16 fragment containing the HPV16 LCR and the E6/E7 coding region
was synthesized by Eurofins Genomics, digested with restriction enzymes Hindlll and Sbfl
and subcloned into plasmid pC97ELsLuc to replace the CMV promoter and flanking
sequences between Hindlll and Sbfl. To construct HPV16 plasmid pLM16AN in which
transcription is under control of LCR with the early P97 promoter from HPV16AN, primers
H3FM and SBFA (Supplementary Table 1) were used in combination to first amplify an
HPV16 sequence containing LCR and E6/E7. pHPV16AN plasmid was digested with Sphl, re-
ligated and used as DNA template for PCR amplification. PCR products were digested with
Hindlll and Sbfl and subcloned into pC97ElsLuc thereby replacing the CMV promoter and
flanking sequences between Hindlll and Sbfl with HPV16 sequences. Hybrid plasmids
pLM16(R+AN) and pLM16(AN+R) were generated by insertion of hybride DNA fragments
PCR-amplified from pLM16R and pLM16AN into pC97ELsLuc. Overlapping PCR primers
named overlap S and overlap A (Supplementary Table 1) located between HPV 16 nucleotide
positions 37 and 76 were used in combination with primers H3FM and SBFA in a two-step
PCR amplification reaction followed by subcloning into pC97ELsLuc with Hindlll and Sbfl as
described above. To construct HPV16 subgenomic expression plasmid pLL16AN, primers
H3F and SBFA (Supplementary Table 1) were used to amplify sequences containing the
LCR, E6 and E7. To this end, pHPV16AN plasmid was digested with Sphl, re-ligated and used
as DNA template for PCR amplification. The resulting PCR products were digested with HindlIl
and Sbfl and subcloned into pC97ElsLuc, thereby replacing the CMV promoter and flanking
sequences between Hindlll and Sbfl. HPV16 subgenomic expression plasmids pLMS16AN1,
pLMS16AN2, pLS16AN and pLSS16AN contain LCR/P97-promoter fragments of various
length and were generated by PCR on pLL16AN using sense primer H3FMS1, H3FMS2,
H3FSPH or 7620HS (Supplementary Table 1) (all containing a Hindlll site) in combination
with antisense primer SBFA and subcloned into pC97ELsLuc at Hindlll and Sbfl, as described

above.

Cells

HelLa cells were cultured in Dulbecco’s modified Eagle medium (DMEM)(HyClone) with 10%
bovine calf serum (HyClone) and penicillin/streptomycin (Gibco).
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Transfections

Transfections of HelLa cells were performed with Turbofect according to the manufacturer’s
protocol (Thermo Fisher Scientific). Briefly, a mixture of Turbofect and plasmid DNA with a
Turbofect:DNA ratio of 3:1 (ul reagent:ug DNA) in DMEM without serum was incubated at

room temperature for 20 min prior to dropwise addition to subconfluent for HeLa cells.
RNA extraction and RT-PCR

Total RNA was extracted from transfected cells using TRI Reagent (Sigma Aldrich) and
Directzol RNA MiniPrep (ZYMO Research) according to the manufacturer’s protocols.
Reverse transcription (RT) was performed in a 20 ul reaction using random hexamers
(Invitrogen) and reverse transcriptase (Invitrogen). One ul of cDNA was subjected to PCR
amplification. cDNA representing HPV16 mRNAs spliced from HPV16 5’-splice site SD226 to
3’-splice sites SA409, SA526 or SA742 were monitored by RT-PCR with primers 97S and
880AS (Supplementary Table 1). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
cDNA was amplified with primers GAPDHF and GAPDHR (Supplementary Table 1). To
monitor recombination at the loxP sites in pHPV16AN, PCR was performed with primers 16S
and 16A (Supplementary Table 1) on DNA extracted from the transfected cells (this PCR
yields a 366-nucleotide PCR fragment that is diagnostic for recombination at the LoxP sites).
Examples of control PCR experiments performed on RNA samples in the absence of reverse
transcriptase are shown in various figures. Primer pairs used for RT-PCR are summarised in

Supplementary Table 1.

Sequence alignment

The software for alignments was Jalview 2.0.5, and the alignment method was Muscle.
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RESULTS AND DISCUSSION

HPV16 nucleotide positions 131, 350 and/or 570 in the 5’-end of the early mRNAs affect
HPV16 E6/E7 mRNA splicing

The HPV16 genome may be divided into three regions. The early region encoding E1, E2, E4,
E5, E6 and E7, the late region encoding L1 and L2 and the non-protein coding long control
region (LCR) located between the L1 stop codon and the E6 start codon (Fig. 1A and B). A
sequence comparison between two molecular clones of HPV16, HPV16AN and HPV16R,
revealed multiple sequence differences (Supplementary Fig. 1A). We focused on nucleotide
positions in the long control region (LCR) and the 5’-end of the HPV16 early mRNAs as they
could potentially affect transcription and/or splicing of the E6- and E7-oncogene encoding
mRNAs (Fig. 1B and C). We identified sequence variability at positions 7447, 7528, 7612, 12
and 13 in the non-transcribed region of the LCR or positions 131, 350 and 570 in the first 880
nucleotides of the HPV16 early mRNAs (Fig. 2A and B) (numbering refers to the HPV16
reference genome HPV16R) (13). To investigate if the sequence heterogeneity affected
HPV16 E6/E7 mRNA splicing, we generated HPV16 plasmids under control of the LCR from
either HPV16AN or HPV16R (Fig. 3A). In essence, the CMV promoter of the HPV16
subgenomic plasmid pC97EL was replaced with the HPV16 LCR and the early
promoter derived from either the HPV16R or the HPV16AN sequence resulting in plasmids
pLM16AN and pLM16R, respectively (Fig. 3A). Transfection of these plasmids into HelLa
cells followed by RNA extraction and RT-PCR of the HPV16 E6 and E7 mRNAs using
primers that detected the various alternatively spliced HPV16 E6/E7 mRNAs was
performed (for RT-PCR primer locations, se Figure 1C. The results revealed that splicing
of HPV16 E6/E7 mRNAs derived from HPV16AN were inefficient compared to mRNAs
generated from HPV16R derived plasmids (Fig. 3B). Since they differed at eight
nucleotide positions only, five in the non- transcribed part of the LCR and three in the
transcribed HPV16 region downstream of the initiation site of the early promoter P97 at
nucleotide position 97, we next generated two hybrid plasmids, one containing HPV16AN-
sequences upstream of promoter P97 and HPV16R downstream of P97, and one
containing HPV16R-sequences upstream of promoter P97 and HPV16AN downstream of
P97 (Fig. 4A). Transfection of these plasmids into Hela cells followed by RNA
extraction and RT-PCR of the HPV16 E6 and E7 mRNAs revealed that HPV16R-
sequences downstream of HPV16 early promoter P97 conferred efficient splicing to the
HPV16 E6/E7 mRNAs (Fig. 4B). Thus, a “G” at either or all nucleotide positions 131, 350 or
570, as in HPV16AN, reduced splicing efficiency compared with the 131A, 350T or 570A,
as in HPV16AN (Fig. 4A and B). These results suggested that the nucleotide positions 131,
350 or 570 overlapped cis-acing elements that controlled HPV16 early mRNA splicing.
However, since these positions were all located downstream of the transcriptional start site of

the HPV16 early promoter, they could potentially be active as either RNA or DNA elements.
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Since these sequences are transcribed and the region contains splice sites in the vicinity of
the mutations, it is reasonable to speculate that at least one of these mutations are affecting
positive or negative, cis-acting splicing regulatory RNA elements termed splicing enhancers
or splicing silencers, respectively (25). Such sequences bind to cellular RNA-binding proteins,
e.g. serine and arginine rich (SR) proteins or heterogeneous nuclear ribonucleoproteins
(hnRNP) that interact with each other or with the cellular splicing machinery, either to enhance
splicing or inhibit splicing (26,27). Cellular RNA-binding proteins play a major role in the control
of HPV16 gene expression (22). Indeed, cis-acting splicing silencer elements have been
identified in this region of HPV16 (16) and in HPV18 (14). Sequences located between HPV16
positions 594 and 604 interact with hnRNP A1 and A2 to inhibit splicing between major HPV16
splice sites SD226 and SA409 (16). Thus, hnRNP A1 and A2 inhibit production of the major
HPV16 E7 encoding mRNAs (226*409-splicing (Fig. 1C)). Furthermore, hnRNP D appears to
interact with the intronic sequences between SD226 and SA409, thereby inhibiting splicing
and promoting production of intron retained, E6-encoding mRNAs (20). The phenotype of the
131A, 350T or 570A (HPV16R) to 131G, 350G or 570G (HPV16AN) substitutions indicate that
cis-acting splicing regulatory RNA elements may be present on at least one of these locations.
Presumably, such elements would be splicing enhancer elements rather than splicing silencer
elements. Further experiments are required to determine if all or a subset of the substitutions

at HPV16 nucleotide positions 131, 350 and 570 are required for splicing inhibition.

Non-transcribed HPV16 sequences in the HPV16 long control region compensate for
maimed splicing caused by a G-nucleotide in positions 131, 350 and/or 570

To determine if E6/E7 mRNAs produced from pHPV16AN were poorly spliced also in the
context of the full-length genome, plasmid pHPV16AN (Fig. 5A) was used. Plasmid
pHPV16AN has a loxP sites inserted at either site of the unique Sph1 site (nucleotide position
7470) in the LCR of the HPV16 genome (Fig. 5A) and may therefore be released into an
episomal form of the HPV16 genome by cotransfection with a cre-recombinase expressing
plasmid (Fig. 5A). As can be seen, transfection of pHPV16AN alone, yielded poor splicing
(Fig. 5B), reminiscent of the results displayed above (Fig. 3B). Surprisingly, cotransfection of
pHPV16 with the pCRE plasmid that produces the cre-recombinase that releases the episomal
form of the HPV16 genome from pHPV16AN, resulted in production of HPV16 E6/E7 mRNAs
that were efficiently spliced (Fig. 5B). Since the loxP sites had been inserted in position 7470
in the HPV16 LCR, excision of the HPV16 genome to form the episomal form of the HPV16
genome, also brought together LCR sequences from each side of position 7470 in the LCR of
the HPV16 genome (Fig. 5A). Thus, it appeared that excision of the plasmid vector that had
been inserted into the Sphl site of the HPV16 genome in plasmid pHPV16AN, brought together
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LCR sequences from upstream of position 7470 with the HPV16 P97 early promoter and start
of transcription. This rearrangement of the HPV16 LCR affected splicing of the HPV16 early
E6/E7 mRNAs. These results suggested that non-transcribed LCR sequences upstream of
position 7470 could affect splicing of HPV16 early E6/E7 mRNAs. Furthermore, reconstitution
of the complete LCR also compensated for the poor splicing of the HPV 16 early E6/E7 mRNAs
conferred by the “G”-nucleotide in positions 131, 350 and/or 570.

To confirm this finding, we generated HPV16 subgenomic expression plasmids driven by
HPV16 sequences of various length (Fig. 6A). They were generated by replacing the CMV
promoter in the HPV16 subgenomic expression plasmid pC97EL with LCR sequnces of
various length from the porly spliced pHPV16AN (Fig. 6A). Transfection of these plasmids into
HelLa cells followed by RNA extraction and RT-PCR of the HPV16 E6 and E7 mRNAs revealed
that the HPV16-plasmid with the long LCR (pLL), that included sequences upstream of HPV16
position 7470 that extended to the L1 stop codon at position 7156 were efficiently spliced
(2267409 mRNAs dominate) (Fig. 6B), whereas a plasmid with the shorter form of the LCR
which started at the Sph1 site at HPV16 nucleotide position 7470 (pLS), produced poorly
spliced E6/E7 mRNAs (unspliced (U) mRNAs dominate) (Fig. 6B). Plasmid pLM, that
contained LCR sequences that started between pLL and pLS, at HPV16 nucleotide position
7321, also produced poorly spliced HPV16 mRNAs, although less so than pLL (Fig. 6B).
These observations were confirmed with a bigger set of LCR deletion mutants (Fig. 6C). We
observed that transcription from plasmids driven by the HPV16 P97 promoter was inherently
inefficient and required transfection with relatively high amounts of plasmid DNA (Fig. 6D).
These results confirmed that non-transcribed HPV16 LCR sequences upstream of position
7470 affected splicing of HPV16 early E6/E7 mRNAs.

DNA sequences in the promoter-encoding region of genes could potentially affect splicing by
the recruitment of DNA-binding transcription factors that execute their function by recruiting
RNA-binding proteins to the DNA-dependent RNA polymerase, thereby loading the
polymerase with RNA-binding proteins that may swiftly interact with RNA elements on de novo
synthesized mRNAs (28). Thus, a promoter sequence could potentially affect mRNA splicing.
Itis well established that transcription and mRNA splicing are coupled processes (29). Indeed,
it has been shown that HPV18 mRNA splicing may be affected by long-range interactions of
DNA-binding proteins that interact with the HPV-genome (30). The LCR is the most highly
variable region of the HPV genome and contains multiple regulatory DNA elements (31).
Sequence polymorphism within HPV16 may therefore potentially affect the function of the
LCR, including transcription and mRNA processing. In addition, the LCR is also very different

between HPV types. For example, LCR of mucosal and cutaneous HPV types differ
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significantly with respect to LCR length (13). All the results combined, further studies are
warranted to elucidate the interactions between the HPV16 non-transcribed LCR region or the
5’-end of the HPV 16 early mRNAs and splicing control of the HPV16 mRNAs encoding the E6
and E7 oncogenes.
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FIGURE LEGENDS.
Figure 1. Schematic representation of the HPV16 genome, long control region and
early E6/E7 encoding mRNAs.

(A) Linearized HPV16 genome (numbers refer to the HPV16 reference strain GeneBank:
K02718.1) (HPV16R). Early and late genes are indicated. P97: HPV16 early promoter. P670:
HPV16 late promoter. Black oval: splice donor. White oval: splice acceptor. pAE: HPV16 early
polyadenylation site. pAL: HPV16 late polyadenylation site. LCR: HPV16 long control region.
(B) Schematic structures of long control region (LCR) and HPV16 E6/E7-encoding sequences
up to HPV16 5-splice site SD880. (C) Schematic representation of alternatively spliced
HPV16 E6 and E7 encoding mRNAs. Splicing at SD226 generates splice variants in the
E6/E7-coding region. Arrows indicate HPV16 RT-PCR primers 97S and 880A. Primer
sequences are available in Supplementary Table 1.

Figure 2. Sequence variability from the non-transcribed region of the LCR to HPV16
E6/E7 coding region between HPV16AN and HPV16R.

(A) Alignment of HPV16AN and HPV16R sequences spanning the LCR and the E6/E7 coding
region up to HPV16 nucleotide 880. Nucleotide variability is indicated by red highlights. (B)
Sequence variability at different positions from the non-transcribed region of the LCR to the

«n

HPV16 EG/E7 coding region is indicated by black triangles, “-” indicates nucleotide deletion,

numbers refer to the HPV16 reference strain GeneBank: K02718.1 (HPV16R).

Figure 3. HPV16 sequence variation in LCR and E6/E7 coding region affect HPV16 E6/E7
mRNA splicing (A) HPV16 subgenomic plasmid pC97EL encodes all HPV16 genes. HPV16
early promoter P97 is replaced by human cytomegalovirus immediate early promoter (CMV)
(pC9O7EL). pL97EL changes CMV back to LCR derived from either HPVV16AN or HPV16R. (B)
Sequence variation in LCR/P97-sequences and E6/E7 coding region affect HPV16 E6/E7
mRNA splicing. HPV16 E6/E7 alternative mRNA splicing was investigated by performing RT-
PCR on RNA extracted from Hela cells transfected with indicated plasmids in duplicates. RT-
PCR primer pair: 97S+880AS. RT-PCR was validated by reverse transcriptase negative
samples using corresponding RNA samples. Only RT positive samples for gapdh RT-PCR are

shown. Primer sequences are available in Supplementary Table 1. M: DNA size marker.

Figure 4. HPV16R sequences downstream of HPV16 early promoter P97 conferred
efficient HPV16 mRNA splicing

(A) Schematic representation of HPV16 genomic region between the L1 stop codon and the
5'-splice site SD880. HPV16 sequences derived from HPV16R, HPV16AN or hybrids thereof
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are displayed. Sequence variability at different positions is indicated by black triangles, “-”
indicates nucleotides deletion. Nucleotides derived from HPV16AN are shown in green, while
nucleotides derived from HPV16R are shown in red. (B) HPV16R sequences downstream of
HPV16 early promoter P97 conferred efficient splicing. HPV16 EG6/E7 alternative mRNA
splicing was investigated by RT-PCR on RNA extracted from HelLa cells transfected with
indicated plasmids. RT-PCR primer pairs: 97S+880AS. gapdh RT-PCR is shown as internal
control. Primer sequences are available in Supplementary Table 1. M: DNA size marker.

Figure 5. Non-transcribed HPV16 sequences in the HPV16 long control region

compensate for maimed splicing in full-length genomic plasmid pHPV16AN.

(A) Schematic representation of the pHPV16AN plasmid and episomal HPV16 DNA
production using Cre-loxP transfection system. LoxP sites located at the unique Sphl site
(nucleotide position7470 in the LCR of the HPV16 genome) are flanked by the plasmid
backbone. HPV16 genome is released into an episomal form by cotransfection with a cre-
recombinase expressing plasmid (pCAGSS-niscre). (B) RT-PCR on RNA extracted from HelLa
cells transfected with pHPV16AN with or without Cre recombinase expressing plasmid. RNA
was extracted and HPV16 RNA splicing was monitored by RT-PCR using primers
97S+880AS. PCR with primers 16S and 16A on DNA extracted from the transfected cells
yields a shorter PCR fragment that is diagnostic for recombination at the LoxP sites(+cre) in
plasmid pHPV16AN. A larger band is amplified from plasmid DNA that has not recombined (-
cre). gapdh RT-PCR are shown as internal control. Primer sequences are available in

Supplementary Table 1. M: DNA size marker.

Figure 6. Non-transcribed HPV16 LCR sequences upstream of HPV16 nucleotide
position 7470 affect splicing of HPV16 early E6/E7 mRNAs

(A) Schematic representation of HPV16 subgenomic expression plasmids in which
transcription is driven by HPV16 sequences of various length. HPV sequences in the
subgenomic plasmids pLL16AN, pLM16AN, pLMS16AN1, pLMS16AN2, pLS16AN and
pLSS16AN start at HPV16 nucleotide positions 7156, 7321, 7366, 7407, 7465 and 7620,
respectively. (B) HPV16 E6/E7 alternative mRNA splicing was investigated by RT-PCR on
RNA extracted from Hela cells transfected with plasmids pLL16AN, pLM16AN and pLS16AN.
RT-PCR primer pair: 97S+880AS. gapdh RT-PCR is shown as internal control. Primer
sequences are available in Supplementary Table 1. M: DNA size marker. (C) HPV16 E6/E7
alternative mRNA splicing was investigated by RT-PCR on RNA extracted from HelLa cells
transfected with plasmids pLL16AN, pLM16AN, pLMS16AN1, pLMS16AN2, pLS16AN and
pLSS16AN in duplicates. RT-PCR primer pairs: 97S+880AS. gapdh RT-PCR is shown as

internal control. Primer sequences are available in Supplementary Table 1. M: DNA size
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marker. (D) HPV16 E6/E7 alternative mRNA splicing was investigated by RT-PCR on RNA
extracted from Hela cells transfected with pLL16AN, pLM16AN and pLS16AN plasmids using
different amounts of plasmid DNA for transfection as indicated. RT-PCR primer pairs:
97S+880AS. gapdh RT-PCR are shown for normalization. Primer sequences are available in

Supplementary Table 1. M: DNA size marker.
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7260 TATGGTATAATAAACACGTGTGTATGTGTTTTTAAATGCTTGTGTAACTATTGTGTCATGCAACATAAATAAACTTATTGTTTCAACACCTACTAATTGTGTTGTGGTTA 7369
7254 TATGGTATAATAAACACGTGTGTATGTGTTTTTAAATGCTTGTGTAACTATTGTGTCATGCAACATAAATAAACTTATTGTTTCAACACCTACTAATTGTGTTGTGGTTA 7363

7370 TTCATTGTATATAAACTATATTTGCTACATCCTGTTTTTGTTTTATATATACTATATTTTGTAGCGCCAGCGGCCA-TTTGTAGCTTCAACCGAATTCGGTTGCATGCTT 7478
7364 TTCATTGTATATAAACTATATTTGCTACATCCTGTTTTTGTTTTATATATACTATATTTTGTAGCGCCAGCGGCCAMTTTGTAGCTTCAACCGAATTCGGTTGCATGCTT 7473

7479 TTTGGCACAAAATGTGTTTTTTTAAATAGTTCTATGTCAGCAACTAT,
7474 TTTGGCACAAAATGTGTTTTTTTAAATAGTTCTATGTCAGCAACTAT)

GTTTAAACTTGTACGTTTCCTGCTTGCCATGCGTGCCAAATCCCTGTTTTCCTGACCTGCAC 7588
GTTTAAACTTGTACGTTTCCTGCTTGCCATGCGTGCCAAATCCCTGTTTTCCTGACCTGCAC 7583

7589 TGCTTGCCAACCATTCCATTG-TTTTTACACTGCACTATGTGCAACTACTGAATCACTATGTACATTGTGTCATATAAAATAAATCACTATGCGCCAACGCCTTACATAC 7697
7584 TGCTTGCCAACCATTCCATTGHTTTTTACACTGCACTATGTGCAACTACTGAATCACTATGTACATTGTGTCATATAAAATAAATCACTATGCGCCAACGCCTTACATAC 7693

7698 CCCTGTTAGGCACATATTTTTGGCTTGTTTTAACTAACCTAATTGCATATTTGGCATAAGGTTTAAACTTCTAAGGCCAACTAAATGTCACCCTAGTTCATACATGAACT 7807
7694 CGCTGTTAGGCACATATTTTTGGCTTGTTTTAACTAACCTAATTGCATATTTGGCATAAGGTTTAAACTTCTAAGGCCAACTAAATGTCACCCTAGTTCATACATGAACT 7803

7808 GTGTAAAGGTTAGTCATACATTGTTCATTTGTAAAACTGCACATGGGTGTGTGCAAACCGTTTTGGGTTACACATTTACAAGCAACTTATATAATAATACTAA
7804 GTGTAAAGGTTAGTCATACATTGTTCATTTGTAAAACTGCACATGGGTGTGTGCAAACCGTTTTGGGTTACACATTTACAAGCAACTTATATAATAATACTAA

7910
7906

1ACTACAATAATETATGTATAAAACTAAGGGCGTAACCGAAATCGGTTGAACCGAAACCGGTTAGTATAAAAGCAGACATTTTATGCACCAAAAGAGAACTGCAATGTTTC 110

1ACTACAATAAT

ATGTATAAAACTAAGGGCGTAACCGAAATCGGTTGAACCGAAACCGGTTAGTATAAAAGCAGACATTTTATGCACCAAAAGAGAACTGCAATGTTTC 110

111 AGGACCCACAGGAGCGACCCGGAAAGTTACCACAGTTATGCACAGAGCTGCAAACAACTATACATGATATAATATTAGAATGTGTGTACTGCAAGCAACAGTTACTGCGA 220

111 AGGACCCACAGGAGCGACCC

GAAAGTTACCACAGTTATGCACAGAGCTGCAAACAACTATACATGATATAATATTAGAATGTGTGTACTGCAAGCAACAGTTACTGCGA 220

221 CGTGAGGTATATGACTTTGCTTTTCGGGATTTATGCATAGTATATAGAGATGGGAATCCATATGCTGTATGTGATAAATGTTTAAAGTTTTATTCTAAAATTAGTGAGTA 330
221 CGTGAGGTATATGACTTTGCTTTTCGGGATTTATGCATAGTATATAGAGATGGGAATCCATATGCTGTATGTGATAAATGTTTAAAGTTTTATTCTAAAATTAGTGAGTA 330

331 TAGACATTATTGTTATAGTGTGTATGGAACAACATTAGAACAGCAATACAACAAACCGTTGTGTGATTTGTTAATTAGGTGTATTAACTGTCAAAAGCCACTGTGTCCTG 440

331 TAGACATTATTGTTATAGT,

TGTATGGAACAACATTAGAACAGCAATACAACAAACCGTTGTGTGATTTGTTAATTAGGTGTATTAACTGTCAAAAGCCACTGTGTCCTG 440

441 AAGAAAAGCAAAGACATCTGGACAAAAAGCAAAGATTCCATAATATAAGGGGTCGGTGGACCGGTCGATGTATGTCTTGTTGCAGATCATCAAGAACACGTAGAGAAACC 550
441 AAGAAAAGCAAAGACATCTGGACAAAAAGCAAAGATTCCATAATATAAGGGGTCGGTGGACCGGTCGATGTATGTCTTGTTGCAGATCATCAAGAACACGTAGAGAAACC 550

551 CAGCTGTAATCATGCATGGGGATACACCTACATTGCATGAATATATGTTAGATTTGCAACCAGAGACAACTGATCTCTACTGTTATGAGCAATTAAATGACAGCTCAGAG 660

551 CAGCTGTAATCATGCATGG,

GATACACCTACATTGCATGAATATATGTTAGATTTGCAACCAGAGACAACTGATCTCTACTGTTATGAGCAATTAAATGACAGCTCAGAG 660

661 GAGGAGGATGAAATAGATGGTCCAGCTGGACAAGCAGAACCGGACAGAGCCCATTACAATATTGTAACCTTTTGTTGCAAGTGTGACTCTACGCTTCGGTTGTGCGTACA 770
661 GAGGAGGATGAAATAGATGGTCCAGCTGGACAAGCAGAACCGGACAGAGCCCATTACAATATTGTAACCTTTTGTTGCAAGTGTGACTCTACGCTTCGGTTGTGCGTACA 770

771 AAGCACACACGTAGACATTCGTACTTTGGAAGACCTGTTAATGGGCACACTAGGAATTGTGTGCCCCATCTGTTCTCAGAAACCATAATCTACCATGGCTGATCCTGCAG 880
771 AAGCACACACGTAGACATTCGTACTTTGGAAGACCTGTTAATGGGCACACTAGGAATTGTGTGCCCCATCTGTTCTCAGAAACCATAATCTACCATGGCTGATCCTGCAG 880
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Supplementary Table 1. Sequences of PCR primers

RT-PCR Primers

Amplified region primers Sequence 5-3'

E6/E7 978 GTCGACCTGCAATGTTTCAGGACCC
880AS GAAACCATAATCTACCATGGCTGATC

GAPDH GAPDHF ACCCAGAAGACTGTGGATGG
GAPDHR TTCTAGACGGCAGGTCAGGT

LoxP 16S TATGTATGGTATAATAAACACGTGTGTATGTG
16A GCAGTGCAGGTCAGGAAAACAGGGATTTGGC

Cloning Primers

Amplified region primers Sequence 5-3'

pLM16AN H3FM GGCAAGCTTAATAAACTTATTGTTTCAACACC
SBFA CATTGGTACCTGCAGGATCAGCCAT

pLM16(AN+R) H3FM GGCAAGCTTAATAAACTTATTGTTTCAACACC
SBFA CATTGGTACCTGCAGGATCAGCCAT

pLM16(R+AN) overlap S CGAAATCGGTTGAACCGAAACCGGTTAGTATAAAAGCAGA
overlap A TCTGCTTTTATACTAACCGGTTTCGGTTCAACCGATTTCG

pLL16AN H3F GGCAAGCTTGTATTGTATGTATGTTGAATTAGTGTTG
SBFA CATTGGTACCTGCAGGATCAGCCAT

pLMS16AN1 H3FMS1 GGCAAGCTTCATTGTATATAAACTATATTTGCTACATCC
SBFA CATTGGTACCTGCAGGATCAGCCAT

pLMS16AN2 H3FMS2 GGCAAGCTTTATATATACTATATTTTGTAGCGCCAG
SBFA CATTGGTACCTGCAGGATCAGCCAT

pLS16AN H3FSPH GGTAAGCTTGCATGCTTTTTGGCACAAAATGT
SBFA CATTGGTACCTGCAGGATCAGCCAT

pLSS16AN 7620HS GGCAAGCTTGGGACATGCATGCTATGTGCAACTACTGAATCACT

SBFA

CATTGGTACCTGCAGGATCAGCCAT




SUPPLEMENTARY FIGURE LEGEND

Figure 1 (A) Sequence alignment of 200 subtypes of HPV16 including HPV16AN and
HPV16R with sequences spanning the LCR and the E6/E7 coding region. Sequence variability
at nucleotide positions 7447, 7528, 7612, 12 and 13 in the non-transcribed region of the LCR
and at positions 131, 350 or 570 in the HPV16 E6/E7 coding region are highlighted. Numbering
refers to the HPV16 reference genome HPV16R. Sequences with same nucleotide(s) as
HPV16AN are shown in green, while sequences having the same nucleotide(s) as HPV16R
are shown in red. Numbers in parenthesis refer to the number of HPV16 sequences (out of
the 200) that carries the indicated nucleotide.
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