
Published online 31 March 2022 Nucleic Acids Research, 2022, Vol. 50, No. 7 3867–3891
https://doi.org/10.1093/nar/gkac213

hnRNP G/RBMX enhances HPV16 E2 mRNA splicing
through a novel splicing enhancer and inhibits
production of spliced E7 oncogene mRNAs
Chengyu Hao2, Yunji Zheng2,4, Johanna Jönsson1,2, Xiaoxu Cui2, Haoran Yu2,
Chengjun Wu3, Naoko Kajitani 1,2 and Stefan Schwartz 1,2,*

1Department of Medical Biochemistry and Microbiology (IMBIM), Uppsala University, BMC-B9, 751 23 Uppsala,
Sweden, 2Department of Laboratory Medicine, Lund University, BMC-B13, 221 84 Lund, Sweden, 3School of
Biomedical Engineering, Dalian University of Technology, Liaoning IC Technology Key Lab, 116024 Dalian, China and
4School of Pharmacy, Binzhou Medical University, 264003 Yantai, China

Received November 23, 2021; Revised March 11, 2022; Editorial Decision March 15, 2022; Accepted March 18, 2022

ABSTRACT

Human papillomavirus type 16 (HPV16) E2 is an es-
sential HPV16 protein. We have investigated how
HPV16 E2 expression is regulated and have identi-
fed a splicing enhancer that is required for produc-
tion of HPV16 E2 mRNAs. This uridine-less splicing
enhancer sequence (ACGAGGACGAGGACAAGGA)
contains 84% adenosine and guanosine and 16% cy-
tosine and consists of three ‘AC(A/G)AGG’-repeats.
Mutational inactivation of the splicing enhancer re-
duced splicing to E2-mRNA specific splice site
SA2709 and resulted in increased levels of un-
spliced E1-encoding mRNAs. The splicing enhancer
sequence interacted with cellular RNA binding pro-
tein hnRNP G that promoted splicing to SA2709
and enhanced E2 mRNA production. The splicing-
enhancing function of hnRNP G mapped to amino
acids 236–286 of hnRNP G that were also shown
to interact with splicing factor U2AF65. The interac-
tions between hnRNP G and HPV16 E2 mRNAs and
U2AF65 increased in response to keratinocyte dif-
ferentiation as well as by the induction of the DNA
damage response (DDR). The DDR reduced sumoy-
lation of hnRNP G and pharmacological inhibition
of sumoylation enhanced HPV16 E2 mRNA splic-
ing and interactions between hnRNP G and E2 mR-
NAs and U2AF65. Intriguingly, hnRNP G also pro-
moted intron retention of the HPV16 E6 coding region
thereby inhibiting production of spliced E7 oncogene
mRNAs.

GRAPHICAL ABSTRACT

INTRODUCTION

A subset of the human papillomaviruses (HPV) with
tropism for mucosal epithelial cells can establish persistent
infections that may progress to cancer (1). HPV16 is the
most common high risk HPV types and is associated with
various anogenital cancers as well as head and neck can-
cer (1,2). The life-cycle of HPV is strictly linked to cell dif-
ferentiation in the squamous epithelium with expression of
the HPV early genes in the lower and middle layers of the
stratified epithelium (3–6). Essential early proteins include
E6 and E7 that prevent apoptosis and induce proliferation
of the HPV-infected cell (7,8). Simultaneous expression of
the two HPV DNA replication factors E1 and E2 ensures
replication of the HPV DNA genome (9–12). As cell dif-
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ferentiation proceeds, a switch from the HPV early to the
late gene expression program is induced (3,4). This switch
includes a promoter switch, a polyA site switch and a shift
in HPV alternative mRNA splicing (13). The HPV repli-
cation and transcription factor E2 plays a key role in this
switch as it downregulates the HPV early promoter and in-
hibits the HPV early polyadenylation signal to induce HPV
late gene expression (14). Apart from its role as a DNA
replication factor, HPV E2 is also a transcriptional regula-
tor of the HPV early genes, including the E6 and E7 onco-
genes (10–12,15–18). Low levels of papillomavirus E2 pro-
tein stimulate transcription from the HPV early promoter,
whereas high levels of E2, shut down the early promoter and
E6 and E7 expression (10–12). Thus, E2 can induce apop-
tosis in cancer cells (19,20). It is therefore not surprising
that the HPV E2 gene is inactivated in many HPV-driven
cancers (21). Beyond its role as a transcriptional activator,
E2 also interacts with Serine-Arginine rich proteins (22,23)
and inhibits in vitro splicing (23) and with polyadenylation
factors to inhibit polyadenylation in cells as well as in vitro
(14). Furthermore, during division of the HPV-infected cell,
E2 contributes to proper partition of the HPV genomes to
both daughter cells (24). Despite the many and important
roles of E2 in the papillomavirus life cycle as well as the
suggested role in carcinogenesis, regulation of E2 expres-
sion has not been studied in detail. HPV16 E2 mRNAs can
be made from both HPV16 early and late promoters (25–
27). It is the HPV16 mRNA that is initiated at late pro-
moter P670 and is spliced from SD880 to SA2709 that pro-
duces the highest levels of E2 protein of various alterna-
tively spliced E2-encoding mRNAs (28). An alternative up-
stream 3′-splice site named SA2582 can be used as well, but
the resulting mRNAs produce less E2 protein than those
spliced to SA2709 (28). Despite the essential role of E2 in
the HPV life cycle, it is currently not known how the major
E2 splice site SA2709 is selected for splicing and how it is
regulated.

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 (13,29,30).
These RNA elements interact with cellular RNA binding
proteins that control the utilization efficiency of each splice
site, thereby playing a major role in the regulated expres-
sion of the HPV genes at the level of RNA processing (31).
Recent results have shown that the HPV16 mRNAs con-
tain hot spots for RNA binding proteins that are often
located near HPV16 splice sites (32). Many of these hot
spots interact with the ubiquitous cellular RNA binding
protein hnRNP L in an Akt kinase dependent manner (32).
Other HPV16 regulatory RNA elements bind directly to hn-
RNP A1 and A2 and control either HPV16 early or late
gene expression (33–36). The many RNA binding proteins
that interact with HPV16 mRNAs may either cooperate
or counteract each other to control HPV16 mRNA splic-
ing and gene expression (37). One may speculate that the
HPV16 E2-specific splice site SA2709 is under control of
cis-acting HPV16 RNA elements and cellular trans-acting,
RNA binding proteins, which prompted the investigation
described herein.

MATERIALS AND METHODS

Plasmids

The following plasmids have been described previously:
pBEL (38), pBELsL (39,40), pC97ELsLuc (39,40),
pHPV16AN (40), hnRNP G (41), phnRNP A1 (33),
phnRNP A2 (33), phnRNP D (40), pX856F (33), p556F
(33) and pCL086 (42). The RBM14 expression plas-
mid pCDNA3.2/V5-DESTRBM14-V5 was purchased
from Addgene (#69823), the c-myc-tagged, pCMV6entry-
derived RBM15 expression plasmid pRBM15b (RC222622)
and the c-myc-tagged, pCMV6entry-derived hnRNP M
expressing plasmid (RC220513) were purchased from
Origene.

To construct pD200 that has a deletion between HPV16
nucleotide positions 2731 and 2922, HPV16 sequences were
first PCR-amplified from plasmid pC97EL using primers
CMVSAL and E2asxba (PCR-primers for plasmid con-
structions are listed in Supplementary Table S1). The PCR
fragment was digested with SalI and CsiI and subcloned
into pC97ELsLuc digested with the same two enzymes
thereby generating pD200 that has a deletion in the E2
coding sequence and a newly introduced XbaI site imme-
diately upstream of CsiI. To generate pBELAS, the se-
quence between positions 2731 and 2922 was PCR ampli-
fied with primers ANTI-F and ANTI-R followed by di-
gestion with XbaI and CsiI and insertion in antisense ori-
entation between XbaI and CsiI in pD200. To generate
pBELXC, the sequence between positions 2731 and 2922
was PCR amplified with primers XBA2730 and E42A fol-
lowed by digestion with XbaI and CsiI and insertion into
pD200. These subcloning steps generated a pBEL plasmid
with an XbaI site inserted at position 2721. To generate
pBELCM, the sequence between positions 2731 and 2922
was codon-modified downstream of the E2 ATG at posi-
tion 2756 and inserted between XbaI and CsiI in pD200.
To generate plasmid p2758, HPV16 sequences were PCR-
amplified with primers X2758F and E42A followed by di-
gestion with XbaI and PteI and insertion into pD200.
The PteI site has previously been inserted at HPV16 nu-
cleotide position 3400 in pBEL (38). To generate plasmid
p15, HPV16 sequences were PCR-amplified with primers
CMVSAL and 2830as followed by digestion with SalI
and CsiI and subcloning into pBEL. To generate plasmid
p16, HPV16 sequences were PCR-amplified with primers
XBA2730 and 2880as followed by digestion with XbaI and
CsiI and subcloning into pBELD200. To generate plasmids
p2780, p2830, p2880, p3030, p3130 and p3211, HPV16 se-
quences were first PCR amplified with primers XBA2780,
XBA2830, XBA2880, XBA3030, XBA3130 or XBA3211
and E42A, digested with XbaI and PteI and inserted into
plasmid pBEL. To generate pM1, pM2, pM3, pM12, pM13,
pM23 and pMALL, HPV16 sequences were amplified with
PCR-primers M2758-1S, M2758-2S, M2758-3S, M2758-
12S, M2758-13S, M2758-23S or M2758-ALLS and E42A,
digested with XbaI and PteI and inserted into plasmid
pD200.

To construct HPV16 subgenomic plasmid pBELEN,
pBELsluc plasmid was cut with restriction enzymes CsiI
and XhoI, followed by blunting of sticky DNA ends
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with Klenow fragment and re-ligation. To construct pBE-
LENdE1, pBELEN was cut with restriction enzymes
AdeI and NsiI to delete sequences in the E1 coding re-
gion, followed by blunting of sticky DNA ends with
Klenow fragment and re-ligation. To generate pBELEN-
dEN and pBELENdE1dEN, a synthetic DNA fragment
(Eurofins Genomics) ranging from HPV16 nucleotide po-
sition 2481 to 2922 carrying an 18-nucleotide deletion
of HPV16 sequences between nucleotides 2731 and 2750
was inserted into pBELEN and pBELENdE1, respec-
tively, using restriction enzymes NsiI and CsiI. To gener-
ate pC97ELdEN a synthetic KasI-CsiI fragment (Eurofins
Genomics) with an 18-nucleotide deletion of HPV16 se-
quences between nucleotides 2731 and 2750 was digested
with KasI and CsiI and inserted into pC97ELsLuc. To gen-
erate pHPV16ANdEN an SdaI-CsiI-DNA fragment was
excised from pC97ELdEN and inserted into pHPV16AN
digested with the same restriction enzymes.

To construct HPV16 subgenomic plasmids pX765,
pX656 and pX478, primer B97S was used in combina-
tion with primer X765A, X656A or X478A to amplify
HPV16 sequences that were digested with PteI and XhoI
and inserted between the PteI and XhoI sites in CMV pro-
moter driven empty vector pCL086 (42). HPV16 subge-
nomic plasmid pHAE6E7Flag encodes HPV16 E6 and E7
genes (HPV16 nucleotide positions 104–855) (HPV16 nu-
cleotide positions refer to the HPV16 reference sequence
HPV16R (GeneBank: K02718.1)). The E6 open reading
frame was fused to an HA tag sequence at the 5′-end and
the E7 open reading frame was fused to a flag tag sequence
at the 3′-end. pHAE6E7Flag was generated by insertion
of a PCR-amplified DNA fragment produced with PCR
primers: ‘sense with HA tag’ and ‘antisense with flag tag’
into pCL086 (42) using PteI and XhoI. pBEE2 was con-
structed by first PCR-amplifying E2 sequences from the
pHPV16AN plasmid with primers 2917S and Xhol-E2-Rv
followed by digestion of PCR-fragments with Csil and Xhol
and subcloning into pBEL digested with the same enzymes.
pBEE2-END was constructed by first PCR-amplifying E2
sequences from pC97ELdEN plasmid with primers 2088S
and E2Qas followed by digestion of PCR-fragments with
Csil and Kpnl and subcloning into pBEE2 digested with the
same enzymes. Plasmid p16E1-3xF encodes the HPV16 E1
gene (HPV16 nucleotide positions 865–2811) fused with a
3xFLAG tag sequence at the 3′-end and was constructed
by a 2-step PCR amplification, first with primers PteI-E1-
Fw and E1-3xFLAGmiddle-Rv and next with primers PteI-
E1-Fw and 3xFLAG-middle-XhoI-Rv, followed by cloning
into plasmid vector pCL086 using PteI and XhoI.

To generate pGM1, pGM2, pGM4, pGM5, pGM6,
pGM7, pGM8, pGM9 and pGM10, hnRNP G sequences
were PCR amplified from wild type hnRNP G plasmid with
primers PteI-FLAG-hnRNPG-Fw and NTDas, RBDstar-
tas, GM4as (aa83), GM5as (aa95), GM6as (aa127), GM7as
(aa186), GM8as (aa265), GM9as (aa286) or GM10as
(aa310) followed by digestion of PCR-fragments with PteI
and XhoI and subcloning into pCL086 digested with the
same enzymes. To generate pGM3, hnRNP G sequences
were PCR amplified from wild type hnRNP G plasmid with
primers RRMendS and hnRNPG RBas2 followed by di-
gestion of PCR-fragments with PteI and XhoI and sub-
cloning into pCL086 digested with the same enzymes. To

generate pGM11, hnRNP G sequences were PCR amplified
from wild type hnRNP G plasmid with primers PteI-flag-
aa109-Fw and Xhol-aa236as followed by digestion of PCR-
fragments with PteI and XhoI and subcloning into pCL086
(42) digested with the same enzymes.

Cells

HeLa cells, C33A2 cells and SiHa cells were cultured in
Dulbecco’s Modified Eagle Medium supplemented with
10% bovine calf serum and 1% penicillin-streptomycin.
The C33A2 cell line is derived from the HPV-negative
cervical cancer cell line C33A and contains the subge-
nomic HPV16 plasmid pBELsLuc stably integrated into
the genome. pBELsLuc contains a gene segment encoding
poliovirus 2A internal ribosome entry site together with
the Metridia longa secreted luciferase (sLuc) gene in the
L1 coding region of HPV16 (40). Induction of HPV16
late gene expression results in the appearance of sLuc in
the cell culture medium. HPV16-infected tonsillar cancer
cell line HN26 has been described previously (43). 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 T2N0M0. 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). The HPV16-immortalized keratinocyte cell line
3310 cell line has been described previously and was gen-
erated by stable transfection of normal neonatal human
foreskin keratinocytes (nHFK) with HPV16 genome plas-
mid pHPV16ANE2fs (44). The 3310 cells were cultured
in EpiLife medium (Gibco) supplemented with 1% hu-
man keratinocyte growth supplement (HKGS, Gibco) and
0.2% Gentamicin/Amphotericin (Gibco). Differentiation
of 3310 cells was induced by addition of CaCl2 at a final con-
centration of 2.4 mM in the keratinocyte culture medium
for 24 hrs. For treatment of C33A2 cells or HN26 cells with
melphalan, cell culture medium was replaced with medium
containing indicated concentrations of melphalan for indi-
cated time periods. Melphalan hydrochloride (Y0001158,
Sigma) was dissolved in DMSO and DMSO void of mel-
phalan was used as a control in all experiments.

Transfections

Transfections of HeLa cells were carried out using Turbo-
fect according to the manufacturer’s instructions (Thermo
Scientific). Turbofect was mixed with plasmid DNA and in-
cubated at room temperature for 15 min prior to drop-wise
addition to 60-mm plates with subconfluent HeLa cells.
Cells were harvested at 20hrs post transfection. Each plas-
mid was transfected in triplicate, in a minimum of two in-
dependent experiments.

Subcellular fractionation

Nuclear and cytoplasmic extracts were prepared from HeLa
cells grown in 10 cm dishes. Cells were harvested at 24 h
post-transfection by scraping and then spun at 1500 rpm for
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5 min in an Eppendorf centrifuge. Cell pellets were resus-
pended in 250 ul ice-cold Buffer l (10 mM HEPES pH 7.9,
10 mM KCl, 0.1 mM EGTA, 1 mM DTT and ptotease in-
hibitor) and allowed to swell for 15 min on ice. Then, 250 ul
of ice-cold NP40-Buffer I (10 mM HEPES pH 7.9, 10 mM
KCl, 0.1 mM EGTA, 1 mM DTT, 0.8% NP-40 and protease
inhibitor) was added. When lysis was observed under the
microscope, samples were spun at 2000 rpm for 10min. Su-
pernatants were collected and 5 M NaCl was added to a
final concentration of 137 mM and stored on ice until use
(cytoplasmic extracts). Pellets were resuspended in ice-cold
RIP buffer and incubated with rotation for 30 min, followed
by freezing and thawing and passage twice through a nee-
dle. Finally, samples were centrifuged at 14000 rpm for 20
min and the supernatants collected as nuclear extracts.

siRNAs and siRNA transfections

siRNA knock downs were carried out using Dharma-
FECT™ transfection reagent according to the manufac-
turer’s instructions. Briefly, the siRNA was diluted to 40
nM final concentration in 250 ul serum free medium, and
the mixture was added to 250 ul of serum free medium
with 5 ul transfection reagent. The mixture was incubated
at room temperature for 20 min prior to the addition of the
mixture to a 60mm plate with subconfluent C33A2, HeLa
or SiHa cells. siRNA to hnRNPG was ON-TARGET plus
SMART pool Human RBMX (L-011691-01-0005 Dhar-
macon™). The scrambled control (scr) was siGENOME
Control pool non-targeting #2 (D-001206-14-20, Dharma-
con™).

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 protocol. 1 �g of total RNA was re-
verse transcribed in a 20 �l reaction at 37◦C using M-MLV
Reverse Transcriptase (Invitrogen) and random primers
(Thermo Scientific). One microliter of cDNA was subjected
to PCR amplification. In some experiments, RT-PCR con-
ditions were optimised to detect both HPV16 unspliced (E1)
and spliced (E2) mRNAs by prolonging the extension time
during PCR cycling. RT-PCR primers are listed in Supple-
mentary Table S2. cDNA representing spliced actin or un-
spliced actin mRNAs were amplified with primers actin-s
or actin-S1 and actin-a (Supplementary Table S2). To de-
termine the identity of the various RT-PCR bands we ei-
ther sequenced each gel-purified band directly using HPV16
primers, or after cloning of each gel-purified band into
TOPO-plasmid. The inserts in the TOPO plasmids were de-
termined using primers flanking the insert and sequencing
was performed on multiple clones from each cloning reac-
tion.

Real-time quantitative PCR (qPCR)

qPCR was performed on 1�l of cDNA prepared as de-
scribed above in a MiniOpticon (Bio-Rad) using the SsoAd-
vanced SYBR Green Supermix (Bio-Rad) according to
the manufacturer’s instructions. For quantitation of E2

mRNA by RT-qPCR, primers 773S and 2715E2as were
used (Supplementary Table S2) and results were normalized
to GAPDH mRNA levels determined with primers gapdhf
and gapdhr (Supplementary Table S2).

RNA-mediated protein pull-down assay

Nuclear extracts were prepared according to the pro-
cedure described previously (28). Briefly, the cells were
lysed by using lysis buffer A (10 mM HEPES,10 mM
KCl, 0.1 mM EGTA, 1 mM DTT, 0.4% NP40 pH 7.9
and protease inhibitors) for cytoplasmic proteins, then us-
ing buffer B (10 mM HEPES, 400 mM NaCl, 1 mM
EGTA, 1 mM EDTA, 1 mM DTT pH7,9 and protease
inhibitor) for nuclear proteins. The nuclear extracts were
mixed with streptavidin-coated magnetic beads (Dynabeads
M-280 Streptavidin, Invitrogen) carrying biotin-labelled
single stranded RNA oligonucleotides in binding buffer
(10 mM HEPES, 130 mM NaCl, 2.5 mM MgCl2, 1 mM
EGTA, 1 mM EDTA, 1 mM DTT, 10% glycerol pH 7.9 and
protease inhibitor). RNA oligos are listed in Supplementary
Table S3. The mixtures were incubated at room temperature
with rotation for 1 h, followed by washing 10 times with 1
ml wash buffer (10 mM HEPES, 200 mM NaCl, 2.5 mM
MgCl2, 0.5% Triton X-100, 1 mM DTT pH 7.9). Proteins
were eluted by boiling of the beads in SDS-PAGE load-
ing buffer and subjected to SDS-PAGE followed by western
blot analysis with indicated antibodies.

Preparation of proteins for mass spectrometry

Protein extracts were subjected to SDS-polyacrylamide gel
electrophoresis followed by either Western blotting that was
performed as described previously, or by staining with Sil-
ver statin (SilverQuestTM staining Kit, Invitrogen). Bands
were excised and subjected to liquid chromatography–
mass spectrometry (LC–MS) analysis at the SCIBLU
Proteomics Resource Centre at Lund university. Primary
and secondary antibodies used for western blotting are
listed in Supplementary Table S4. Filters were stained
with the Clarity Western ECL Substrate (BioRad) or the
Super Signal West Femto chemiluminescence substrate
(Pierce).

Immunoprecipitation and western blotting

Proteins for western blotting were extracted from cells us-
ing the radioimmunoprecipitation assay (RIPA) buffer (50
mM Tris pH 7.6, 150 mM NaCl, 0.5% Na-DOC, 1% NP-40,
1 mM DTT) with 30 min incubation on ice and occasional
vortexing followed by centrifugation to remove cell debris.
Immunoprecipitation was performed by over-night incuba-
tion of 400 ul of cell extract with Dynabeads and 1–2 ug of
antibody followed by washing three times in RIPA buffer
as described previously. Protein extracts were subjected to
SDS-polyacrylamide gel electrophoresis and Western blot-
ting that was performed as described previously. Primary
and secondary antibodies used for Western blotting are
listed in Supplementary Table S4. Filters were stained with
the Clarity Western ECL Substrate (Bio Rad) or the Super
Signal West Femto chemiluminescence substrate (Pierce).
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RNA-protein immunoprecipitation assay (RIP)

Cells were lysed by resuspension in 1ml RIP lysis buffer
(200 mM Tris, pH 8, 137mM NaCl, 1% NP-40, 2 mM
EDTA, protease inhibitor and RNase inhibitor) followed
by incubation on a rotator at 4◦C for 30 min. Cell de-
bris was removed by centrifugation. For immunoprecipi-
tations, 1 ug of the indicated antibody or normal mouse
IgG was incubated overnight at 4◦C in 0.5 ml of lysate. An-
tibodies are listed in Supplementary Table S4. 50 ul (1.5
mg) of Dynabeads Protein A (#10002D, Invitrogen) were
washed three times with lysis buffer and added to the cell ex-
tracts with antibody. The beads were washed six times with
wash buffer (200mM Tris, pH 8, 137 mM NaCl, 1% NP-40,
2 mM EDTA) and RNA was extracted from the immuno-
precipitations using Trizol-chloroform, dissolved in water
and analyzed by RT-PCR directly. RT-PCR primers are
listed in Supplementary Table S2. The RNA was ethanol-
precipitated and dissolved in 20 ul of water. 10 ul of im-
munoprecipitated RNA was reverse transcribed using M-
MLV reverse transcriptase (Invitrogen) and random hex-
amer primers (Thermo Scientific) according to the protocol
of the manufacturer. 1 ul of cDNA were subjected to PCR
amplification using primers indicated in each figure.

Application of small molecule substances to cells

C33A2 or HN26 cells were grown in 10-cm dishes. Cell cul-
ture medium was replaced with medium containing indi-
cated concentrations of inhibitors for 21hrs or indicated
time points. All inhibitors were dissolved in dimethyl sul-
foxide (DMSO) (Sigma) and DMSO in the absence of in-
hibitor was used as a control in all experiments. Inhibitors
were: Melphalan Hydrochloride (#Y0001158, European
pharmacopoeia reference standard), 2-D08/S8696 (Sel-
leckchem) (sumoylation-inhibitor) and TAK-981/S8829
(Selleckchem) (sumoylation-inhibitor).

sLuc assay

The Metridia longa secreted luciferase activity in the cul-
tured medium of the C33A2 cells was monitored with the
help of the Ready To Glow secreted luciferase reporter as-
say (Clontech) according to the instructions of the manu-
facturer.

Cell viability assay

HeLa cells were seeded in 96-well plates and incubated at
37◦C in CO2 incubator for 24 h. Transfections were per-
formed with a total amount of 100 ng plasmid DNA per
well using 0.3 ul Fugene6 (Promega). The transfected cells
were incubated for 24 h followed by addition of 10 ul of
WST-1 cell proliferation reagent (Roche) to each well and
incubation for 2 h at 37◦C in 5% CO2. The absorbance was
monitored at 450 nm in a Tristar LB941.

Quantitations

The softeware used to determine band intensity in western
blots and RT-PCR gels is ‘Image Lab 6.0.1’ and quantita-
tions were performed with the software ‘Prism GraphPad
8.4.0’.

RESULTS

RNA sequences downstream of HPV16 3′-splice site SA2709
control production of E2 mRNAs

The HPV16 E2 protein is primarily produced from an
mRNA that is spliced from HPV16 5′-splice site SD880
to HPV16 3′-splice site SA2709 (Figure 1A) (28). Figure
1A shows previously identified, HPV16 alternatively spliced
mRNAs utilizing SA2709 (25). mRNAs spliced to the up-
stream 3′-splice site SA2582 can also produce E2 protein,
but to a lesser extent than mRNAs spliced to SA2709 (28).
To investigate how production of the E2 mRNA that is
spliced from HPV16 SD880 to SA2709 is regulated, we used
an HPV16 subgenomic reporter plasmid named pBEL (Fig-
ure 1B). Plasmid pBEL has the potential to produce E1 mR-
NAs that are unspliced, E2 mRNAs that are spliced from
SD880 to either SA2582 or SA2709 and E1∧E4 mRNAs
spliced from SD880 to SA3358 (Figure 1C). These mRNAs
may be monitored by RT-PCR using primers indicated in
Figure 1C. To determine if the major E2 splice site SA2709
was controlled by downstream RNA elements, we deleted
190 nucleotides (nt) between HPV16 positions 2731 and
2922 downstream of SA2709 in pBEL, resulting in plas-
mid pD200 (Figure 1B, upper panel). HeLa cells were trans-
fected with pBEL and pD200 and total RNA was extracted
and analyzed by RT-PCR. The RT-PCR reaction was opti-
mized to detect both unspliced and spliced mRNAs in the
same reaction despite their size difference. The results re-
vealed that the 190nt deletion in plasmid pD200 (nt2731-
nt2922) reduced splicing to SA2709 (Figure 1D). In con-
trast, the levels of E2 mRNAs spliced to SA2582 and the
levels of unspliced E1-mRNAs increased (Figure 1D). PCR
in the absence of reverse transcription did not yield am-
plified DNA fragments (Figure 1D). mRNAs spliced from
SD880 to SA3358 were unaffected by the deletion down-
stream of SA2709 (Figure 1D). RT-PCR analysis of seri-
ally diluted cDNA from the transfection suggested that the
190nt deletion reduced E2 mRNA levels >128-fold, as the
intensity of the RT-PCR band from the 128-fold dilution of
cDNA from the pBEL transfection was similar to the inten-
sity of the RT-PCR band from undiluted cDNA from the
pD200 transfection (Figure 1E). This was in line with the
RT-qPCR analysis of spliced E2 mRNAs that revealed that
pD200 produced 166-fold less E2 mRNA than pBEL (Fig-
ure 1F). Note that different PCR-conditions were used for
RT-PCR and RT-qPCR. To determine if the 190nt sequence
between HPV16 nt positions 2731 and 2922 directed splic-
ing to SA2709 in a sequence-dependent manner, we turned
this 190nt element upside down (plasmid pBELAS) (Fig-
ure 1B, upper panel). For the exact sequence of the insert,
see Supplementary Figure S1A. pBELAS produced lower
E2 mRNA levels than pBEL (Figure 1G), indicating that
splicing enhancement was dependent on the primary se-
quence between positions 2731 and 2922. In contrast, rein-
troduction of the wild type sequence into pD200, resulting
in plasmid pBELXC, efficiently restored E2 RNA levels to
those produced by pBEL (compare E2 mRNAs levels from
pBELXC and pBEL in Figure 2C). Since the majority of
the 190nt RNA sequence that enhanced splicing to SA2709
overlapped the E2 protein coding sequence, we also codon
modified the E2 coding region up to position 2931, resulting
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Figure 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: 5′-splice site/splice donor. White oval: 3′-splice site/splice acceptor. Splice acceptors
SA2582 and SA2709 located upstream of the E2 open reading frame are indicated in red. pAE: HPV16 early polyadenylation site. pAL: HPV16 late
polyadenylation site. LCR: long control region. A subset of alternatively spliced HPV16 E2 mRNAs all utilizing HPV16 3′-splice site SA2709. (B) Middle
panel: Schematic representation of the HPV16 subgenomic reporter plasmid pBEL. Transcription of the HPV16 sequences in the pBEL plasmid is driven
by the human cytomegalovirus immediate early promoter (CMV). Early and late genes are indicated. P97: HPV16 early promoter. P670: HPV16 late
promoter. Black oval: 5′-splice site/splice donor. White oval: 3′-splice site/splice acceptor. pAE: HPV16 early polyadenylation site. pAL: HPV16 late
polyadenylation site. Numbers refer to the HPV16 reference strain (GeneBank: K02718.1). Upper panel: Blow up of the region downstream of HPV16
3′splice site SA2709. The deletion introduced between positions 2731 and 2922 in pBEL to produce pD200 is shown, the introduction of a unique XbaI
restriction site at position 2731 is indicated and the insertion of antisense sequences between 2731 and 2922 is indicated with an arrow (pBELAS). (C)
The major HPV16 mRNAs produced from pBEL are spliced from HPV16 5′-splice site SD880 to either 3′-splice site SA2582, SA2709 or SA3358 and
polyadenylated at pAE. (D) RT-PCR with indicated primers on RNA extracted from HeLa cells transfected with pBEL or pD200. RT-PCR was performed
in the absence (−) or presence (+) of RT as indicated. Unspliced E1 encoding mRNAs U (E1) mRNAs and mRNAs spliced between SD880 and SA2582,
SA2709 or SA3358 are indicated to the right. Note that the two gapdh samples represent controls for pBEL and pD200 performed in the presence of RT. M,
molecular weight marker. (E) PCR on 2-fold serially diluted cDNA obtained from RNA extracted from HeLa cells transfected with pD200 or pBEL. For
pD200, cDNA was undiluted, 2-, 4-, 8- and 16-fold diluted. For pBEL, cDNA was 32-, 64-, 128- and 256- and 512-fold diluted. (F) RT-qPCR with primers
773S and 2715E2as was performed as described in Materials and Methods to quantitate relative E2 mRNA levels produced by pBEL and pD200 upon
transfection of HeLa cells. P < 0.0001. (G) RT-PCR with the indicated primers on RNA extracted from HeLa cells transfected with pBELAS, pBELCM,
pD200 or pBEL.
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Figure 2. (A) Schematic representation of genomic HPV16 plasmid pHPV16AN. LoxP sites and HPV16 early (P97) and late (P670) promoters and early
(pAE) and late (pAL) poly(A) signals are indicated. Positions of PCR primers 16S and 16A are indicated. The effect of the cre recombinase on pHPV16AN
in transfected cells is illustrated. (B) RT-PCR with indicated primers on RNA extracted from HeLa cells transfected with pHPV16AN or pHPV16ANdEN
in the presence of cre-expressing plasmid pCAGGS-nlscre. Transfections were performed in triplicates. M, molecular weight marker. (C) RT-qPCR with
primers 773S and 2715E2as was performed as described in Materials and Methods to quantitate relative E2 mRNA levels produced by pHPV16AN
or pHPV16ANdEN upon transfection of HeLa cells. P < 0.0001. (D) RT-PCR with indicated primers on RNA extracted from HeLa cells transfected
with pHPV16AN or pHPV16ANdEN. Transfections were performed in triplicates. (E) Schematic representation of the HPV16 subgenomic pC97ELsLuc
reporter plasmid. Transcription of the HPV16 sequences in the pC97ELsLuc plasmid is driven by the human cytomegalovirus immediate early promoter
(CMV). HPV16 splice sites are indicated. Numbers refer to the HPV16 reference strain (GeneBank: K02718.1). Early and late polyadenylation signals pAE
and pAL are indicated. A subset of HPV16 alternatively spliced, early mRNAs are indicated. Arrows represent RT-PCR primers. IRES, internal ribosome
entry site; sLuc, secreted luciferase. The deletion of the splicing enhancer downstream of splice site SA2709 is indicated at the top. (F–H) RT-PCR on RNA
extracted from HeLa cells transfected with the indicated plasmids. RT-PCR primers are indicated below each gel image and spliced mRNAs represented by
the amplicons are indicated to the right. (I) Densitometric quantification of electrophoresed RT-PCR products were performed as described in Materials
and Methods. Percentage spliced E2 mRNA over unspliced/intron retained E1 mRNAs is shown. (J) RT-qPCR with primers 773S and 2715E2as was
performed as described in Materials and Methods to quantitate relative E2 mRNA levels produced by pC97ELsLuc and pC97ELdEN upon transfection
of HeLa cells. P < 0.0001.
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in pBELCM. For the exact sequence of the insert, see Sup-
plementary Figure S1B. However, these mutations did not
affect the splicing-enhancing activity of the 190nt sequence
(Figure 1G), suggesting that these mutations failed to in-
activate the splicing enhancer element or that the splicing
enhancer was located upstream of the E2 ATG. Combined,
our results indicated that a splicing enhancer sequence was
located downstream of HPV16 nucleotide position 2731,
downstream of E2 mRNA splice site SA2709.

An RNA sequence located between HPV16 E2 mRNA splice
site SA2709 and the E2 AUG is required for efficient splicing
to SA2709

To map the borders of the putative splicing enhancer lo-
cated between HPV16 nucleotide positions 2731 and 2922,
we introduced deletions downstream of SA2709 in HPV16
plasmid pBEL (Supplementary Figure S2A and B). The
various deletion mutants were transfected into HeLa cells,
RNA was extracted and RT-PCR performed with the
primers 773S and E2A displayed in Figure 1C. The RT-
PCR results demonstrated that all deletions starting im-
mediately downstream of position 2731 reduced splicing to
SA2709 (Supplementary Figure S2C and D). In addition,
these deletions induced production of E2 mRNAs spliced to
SA2582 and of unspliced E1 mRNAs (Supplementary Fig-
ure S2C and D). In contrast, deletions introduced further
down, as in plasmids p15 and p16 (Supplementary Figure
S2B), did not reduce splicing to SA2709 (Supplementary
Figure S2E). We also confirmed that splicing to HPV16 3′-
splice site SA3358 was unaffected by the various deletions
in these plasmids (Supplementary Figure S2E). Taken to-
gether, these results demonstrated that sequences enhanc-
ing splicing to SA2709 were located upstream of nucleotide
position 2830. The splicing enhancer would therefore be lo-
cated between HPV16 nucleotide positions 2731 and 2830.
To map the location of the enhancer element further, we
constructed plasmid p2758 that was extended to nucleotide
position 2758 and carried a deletion between 2758 and 2922
(Supplementary Figure S2B). Splicing to SA2709 in p2758
was similar to the wild type pBEL plasmid (Supplemen-
tary Figure S2F), demonstrating that the splicing enhancer
sequence was intact in plasmid p2758, which essentially
mapped the splicing enhancer to a 28 nt sequence located
between HPV16 nucleotide positions 2731 and 2758. These
results were confirmed using smaller HPV16 expression
plasmids named pBELEN and pBELENdEN (Supplemen-
tary Figure S3A and B). The only difference between pBE-
LEN and pBELENdEN is the deletion of the 28-nucleotide
putative splicing enhancer located between nucleotide posi-
tion 2731 and 2758 in pBELENdEN (Supplementary Fig-
ure S3B). The major mRNAs produced by these plasmids
are displayed in Supplementary Figure S3C. The majority
of the mRNAs produced from pBELEN were spliced be-
tween SD880 and SA2709, as were the mRNAs produced
from the parental plasmid pBEL and plasmid p2758 (Sup-
plementary Figure S3D). In contrast, plasmid pBELEN-
dEN that lacked the splicing enhancer between nucleotide
positions 2731 and 2758, produced significantly lower lev-
els of mRNAs spliced to SA2709, comparable to those pro-
duced by pD200 (Supplementary Figure S3D). mRNAs

produced from the latter plasmids were either unspliced or
generated by redirection of splicing to the competing 3′-
splice site SA2582 (Supplementary Figure S3D). These re-
sults confirmed the presence of a splicing enhancer located
between HPV16 nucleotide positions 2731 and 2758, down-
stream of the HPV16 E2 3′-splice site SA2709.

The splicing enhancer downstream of HPV16 3′-splice site
SA2709 is required for production of HPV16 E2 mRNA from
the episomal form of the HPV16 genome

Next we wished to determine if the RNA sequence be-
tween nucleotide positions 2731 and 2758 played a signif-
icant role in the production of HPV16 E2 mRNAs from
the episomal form of the full-length HPV16 genome. We
deleted the enhancer located between nucleotide positions
2731 and 2750 in the pHPV16AN plasmid (Figure 2A).
This plasmid contains two loxP sites flanking the HPV16
genome from which the episomal genome can be released
with the help of a cre-recombinase produced from the co-
transfected pCRE expression plasmid (Figure 2A). As can
be seen from the RT-PCR of the E2 mRNAs spliced from
HPV16 5′-splice site SD880 to 3′-splice site SA2709, plas-
mid pHPV16ANdEN (in which the enhancer was deleted)
produced lower levels of the E2 mRNAs than the wild type
pHPV16AN plasmid (Figure 2B). RT-qPCR analysis of
the E2 mRNA levels revealed a >30-fold reduction in E2
mRNA levels (Figure 2C). Splicing in the E6/E7-coding re-
gion was not substantially affected by the deletion down-
stream of splice site SA2709 (Figure 2D). Similar results
were obtained using HPV16 reporter plasmid pC97ELsLuc
that contains the HPV16 genome inserted downstream of
the strong CMV promoter (Figure 2E). Deletion of the en-
hancer downstream of SA2709 significantly reduced the E2
mRNA levels spliced to SA2709 (Figure 2F) and altered the
percentage spliced E2 mRNA to E1 mRNAs with retained
intron (Figure 2I), but did not affect splicing within the
E6/E7 coding region (Figure 2G), nor to the downstream
splice site SA3358 (Figure 2H). RT-qPCR revealed a 125-
fold reduction in E2 mRNA levels spliced to SA2709 as a
consequence of the deletion (Figure 2J). Thus, our results
demonstrated that the HPV16 sequence between positions
2731 and 2750 of the HPV16 genome was required for effi-
cient production of HPV16 E2 mRNAs also in the context
of the entire HPV16 genome.

Inactivation of the HPV16 E2 mRNA splicing enhancer by
nucleotide substitutions

Analysis of the sequence between nucleotide positions 2731
and 2758 revealed that it harbored three AC(G/A)AGG re-
peats (totally 18 nucleotides between positions 2732 and
2749), or alternatively three AC(G/A)AGGA repeats be-
tween positions 2732 and 2750 (totally 19 nucleotides) (Sup-
plementary Figure S4A, B and C). To investigate if the
three repeats constitute the splicing enhancer, we intro-
duced point mutations at all 19 positions in plasmid p2758,
resulting in plasmid pMALL (Supplementary Figure S4C).
In general, the nucleotides were mutated to the complemen-
tary nucleotide when possible, at the same time avoiding
to create long uninterrupted polypyrimidine tracts as they
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could potentially interact with known RNA-binding pro-
teins such as U2AF65 and hnRNP I. Analysis of RNA ex-
tracted from HeLa cells transfected with plasmid pMALL
or p2758 revealed that the substitutions reduced splicing to
SA2709 and resulted in an increase in unspliced E1 mR-
NAs (E1) (Supplementary Figure S4D). As expected, splic-
ing to the downstream HPV16 splice site SA3358 was un-
affected by these mutations (Supplementary Figure S4D).
These results demonstrated that the HPV16 splicing en-
hancer sequence encoding the three AC(G/A)AGG-repeats
directed splicing to SA2709 in a sequence-specific manner.
The RNA sequence encoding the three repeats was a U-
less and purine-rich sequence (84% adenosine and guano-
sine) with three cytosines (16% cytosine) (Supplementary
Figure S4C). To analyze the enhancer sequence further we
mutated one or two of the three AC(G/A)AGG-repeats at
a time (Supplementary Figure S4C). Mutations in motifs
#1 and #3 reduced splicing to SA2709, whereas mutations
in motif #2 appeared to have only a minor effect on the
splicing enhancer (Supplementary Figure S4E). Mutations
of two or three repeats simultaneously also reduced splicing
to SA2709 (Supplementary Supplementary S4E). Analysis
of additional duplicates followed by quantitation revealed
that nucleotide substitutions in all three motifs or motifs 1
and 3 significantly reduced E2 mRNA splicing (P < 0.001)
(Supplementary Figure S4F and H). Analysis of longer
exposures also revealed that the splicing-maimed mutants
pMALL, pM13 and pM3 produced significantly higher lev-
els of E1 mRNAs with retained intron than wild type plas-
mids, although for the E1 mRNAs P < 0.01 (Supplemen-
tary Figure S4G and I). Combined, these results demon-
strated that all three AC(G/A)AGG repeats contributed the
enhancer activity of the E2 splicing enhancer and indicated
that repeats #1 and #3 played a more significant role in this
enhancement.

Identification of proteins that interact with the splicing en-
hancer downstream of E2 mRNA splice site SA2709

We next used biotinylated RNA oligos representing the
splicing enhancer sequence from position 2732 to 2758,
or a single AC(G/A)AGG-motif or mutants of both (Fig-
ure 3A) to identify cellular protein partners of the splicing
enhancer. The biotinylated RNA oligos were attached to
streptavidin coated magnetic beads and used for pull down
of proteins from nuclear and cytoplasmic extracts prepared
from HeLa cells. Proteins interacting with the RNA oli-
gos were eluted and separated on polyacrylamide gels that
were silver stained. Multiple bands of various molecular
weight were specifically pulled down with RNAs represent-
ing wild type enhancer RNA sequences, compared with mu-
tant RNAs (Figure 3B). These bands were cut out from
the gels and sent for mass spectrometric analysis. For each
band, multiple proteins were identified. RNA binding pro-
teins represented by various peptides and multiple scores for
each peptide were selected for confirmatory Western blots.
As can be seen, some proteins were efficiently pulled down
in an RNA sequence-specific manner (hnRNP A1, hnRNP
A2, hnRNP G, hnRNP M, RBM14 and RBM15) (Figure
3C). In contrast, hnRNP L and hnRNP U that were not
specifically identified by mass spectrometry, were not pulled

down by these RNA oligonucleotides (Figure 3C), support-
ing the specificity of the pull-down reactions. Proteins that
represented general splicing factors were pulled down less
efficiently (SF3b, U2AF65) (Figure 3C), but with specificity.
Possibly because they may be pulled down on the basis of
protein-protein interactions rather than direct binding to
RNA since splice site SA2709 was absent from the RNA
oligonucleotides. We concluded that multiple RNA binding
proteins were interacting specifically with the HPV16 wild
type RNA enhancer sequence.

hnRNP G enhances splicing to HPV16 E2 mRNA splice site
SA2709

To determine the effect of the identified RNA binding pro-
teins on HPV16 E2 mRNA splicing, we co-transfected ex-
pression plasmids for hnRNP A1, hnRNP A2, hnRNP G,
hnRNP M, RBM14 or RBM15 with HPV16 reporter plas-
mid pBELENdE1 (see Supplementary Figure S3B for a
schematic representation of this HPV16 reporter plasmid).
This plasmid has a deletion in the E1 coding region that re-
duces the size of the unspliced E1 mRNAs thereby facilitat-
ing simultaneous detection of the unspliced (dE1) mRNA
and the spliced E2 mRNAs in the same RT-PCR reaction.
Locations of RT-PCR primers in HPV16 reporter plasmid
pBELENdE1 are shown in Supplementary Figure S3C. As
can be seen from the results, overexpression of hnRNP G
enhanced production of the E2 mRNAs (Figure 3D and
E), whereas hRNP A1 and A2 strongly inhibited splicing
(Figure 3D and E), while hnRNP M, RBM14 and RBM15
appeared to display a weak inhibitory effect on HPV16 E2
mRNA splicing (Figure 3D and E). We speculated that hn-
RNP G acted through the E2 splicing enhancer to promote
splicing to HPV16 3′-splice site SA2709. To provide further
support for this idea, we used subgenomic HPV16 E1/E2
reporter plasmids pBELEN and pBELENdE1 that both
contained an intact splicing enhancer at SA2709 (Supple-
mentary Figure S3B) paired with pBELENdEN and pBE-
LENdE1dEN that both lacked the same enhancer (Sup-
plementary Figure S3B). Co-transfection of the four plas-
mids individually with hnRNP G expression plasmid re-
vealed that hnRNP G enhanced splicing to SA2709 from
plasmids pBELEN and pBELENdE1 that contained an in-
tact splicing enhancer downstream of SA2709 (Figure 3F).
This was particularly obvious with plasmid pBELENdE1
from which unspliced mRNA was readily detected by RT-
PCR (Figure 3F). In contrast, hnRNP G did not enhance
splicing to SA2709 and production of E2 mRNAs from
plasmids pBELENdEN and pBELENdE1dEN that both
contained a 19-nucleotide deletion encompassing the splic-
ing enhancer downstream of SA2709 (Figure 3F). To de-
termine if hnRNP G also affected the levels of E1 or E2
proteins, we transfected plasmid pBEE2 that encodes the
wild type E2 enhancer or plasmid pBEE2-DEN that lacks
the enhancer (Supplementary Figure S5A and B) into HeLa
cells in the absence or presence of hnRNP G plasmid. These
plasmids produced either spliced E2 encoding mRNAs or
intron retained E1 encoding mRNAs (Supplementary Fig-
ure S5C). pBEE2 produced E2 protein as expected whereas
pBEE2-DEN produced undetectable levels of E2 protein
(Supplementary Figure S5D). The levels of E2 protein pro-
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in the absence (−) or presence (+) of hnRNP G plasmid. Unspliced U (dE1) mRNA and mRNAs spliced between SD880 and SA2582 or SA2709 are
indicated to the right of the gel image. *, position of primer-dimer products.
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duced from the pBEE2 plasmid encoding wild type E2 en-
hancer increased in the presence of hnRNP G, whereas
pBEE2-DEN produced undetectable levels of E2 protein
also in the presence of hnRNP G (Supplementary Figure
S5D). Since HPV16 E2 has been shown to induce apoptosis,
our results predicted that plasmid pBEE2 would decrease
cell viability, whereas pBEE2-END should not. Transfec-
tion of HeLa cells with pBEE2 decreased HeLa cell viabil-
ity, whereas pBEE2-END did not (Supplementary Figure
S5E). Co-transfection of pBEE2 with hnRNP G decreased
HeLa cell viability further, as expected (Supplementary Fig-
ure S5E). In contrast, overexpression of hnRNP G reduced
the levels of E1 protein produced from the E1 expression
plasmid p16E1-3XF (Supplementary Figure S5F–H), as ex-
pected, since E1 is produced from the unspliced, intron re-
tained mRNA and hnRNP G enhances splicing to E2 splice
site SA2709. We concluded that hnRNP G acted on the
splicing enhancer downstream of SA2709 to enhance splic-
ing to the HPV16 E2 mRNA 3′-splice site SA2709, thereby
enhancing production of HPV16 E2 protein at the expense
of HPV16 E1 protein.

hnRNP G exerts a splicing inhibitory effect on HPV16 mR-
NAs when the HPV16 E6 and E7 coding sequences are
present on the pre-mRNAs

To investigate the role of the cellular RNA-binding pro-
tein hnRNP G in the control of HPV16 early gene expres-
sion further, we transfected HeLa cells with pHPV16AN,
that encodes the full-length HPV16 genome, in the ab-
sence or presence of hnRNP G plasmid. To create episo-
mal HPV16 DNA, the pHPV16AN plasmids that contain
loxP sites flanking the HPV16 genome was co-transfected
with cre-expressing plasmid, as described previously (Fig-
ure 2A). Surprisingly, overexpression of hnRNP G did not
enhance HPV16 E2 mRNA production from pHPV16AN
(Figure 4A). Furthermore, RT-PCR analysis revealed that
hnRNP G efficiently inhibited splicing of the E6/E7 mR-
NAs produced from the episomal HPV16 genome, favoring
unspliced E6 mRNAs with retained intron over the spliced
E7 mRNAs (Figure 4B and C). To confirm these results, we
also determined the effect of hnRNP G on HPV16 subge-
nomic reporter plasmid pC97ELsLuc in which the CMV
promoter was inserted upstream of E6/E7 in place of the
early HPV16 promoter (Figure 4D). In line with the re-
sults obtained with the full-genome plasmid pHPV16AN,
overexpression of hnRNP G did not enhance HPV16 E2
mRNA production from pC97ELsLuc (Figure 4E). hn-
RNP G inhibited E6/E7 mRNA splicing also from plas-
mid pC97ELsLuc (Figure 4F and G). Co-transfection of
pC97ELsLuc with plasmids expressing hnRNP A1 and hn-
RNP A2, re-produced previously published results, i.e. in-
hibition of splicing between SD226 and SA409 followed by
production of primarily mRNAs spliced to SA742 (hnRNP
A2) or unspliced, E6-encoding mRNAs (hnRNP A1) (Fig-
ure 4F and G) (33). To provide support for the functional
significance of the inhibitory effect of hnRNP G on pro-
duction of HPV16 spliced E7 mRNA, we also monitored
the levels of pRB in cells transfected with pC97ELsLuc in
the absence or presence of hnRNP G. As expected, pRB
levels were reduced in cells transfected with pC97ELsLuc

compared with cells transfected with empty pUC plasmid as
a result of E7 production from pC97ELsLuc (Supplemen-
tary Figure S6A and B). The levels of pRB were restored in
cells transfected by pC97ELsLuc and hnRNP G since hn-
RNP G inhibited production of spliced E7 mRNAs from
pC97ELsLuc (Supplementary Figure S6A and B). Finally,
the inhibitory effect of hnRNP G on E6/E7 mRNA splic-
ing was dependent on the amount of transfected hnRNP
G plasmid (Supplementary Figure S6C and D) and could
be overcome by co-expression of hnRNP A2 that stimu-
lated splicing to SA742 (Supplementary Figure S6E and
F), suggesting that the splicing inhibitory effect is subordi-
nated when hnRNP A2 enhances splicing. Combined, our
results demonstrated that hnRNP G inhibited production
of spliced HPV16 E7 mRNAs.

Since overexpression of hnRNP G appeared not to
enhance E2 mRNA production from pC97ELsLuc, we
knocked down hnRNP G by siRNA in cells transfected
with pC97ELsLuc – then analyzed E2 mRNA levels. Trans-
fection of siRNAs to hnRNP G resulted in reduced hn-
RNP G protein levels (Figure 4H) and reduced splicing to
HPV16 E2 splice site SA2709 and caused accumulation of
unspliced E1 mRNAs (Figure 4I). Knock down of hnRNP
G also resulted in enhanced splicing of the E6/E7 mRNAs
as shown by an increase in levels of the major E7 mRNA
spliced between SD226 and SA409 at the expense of the
intron-containing E6 mRNA (Figure 4J). Knock down of
hnRNP G in the C33A2 cell line that contains integrated
copies of the HPV16 reporter plasmid pBELsLuc (Supple-
mentary Figure S7A, B and C) that lacks the E6/E7 coding
region resulted in reduced splicing to SA2709 and enhanced
splicing to the alternative 3′-splice site SA2582 as well as
in accumulation of unspliced E1 mRNAs (Supplementary
Figure S7D–F). Locations of RT-PCR primers in HPV16
reporter plasmid pBELsLuc are shown in Supplementary
Figure S7C. Knock down of hnRNP G in the HPV16-
positive SiHa cervical cancer cell line caused an increase in
levels of the spliced E7 mRNA (226∧409) at the expense
of the intron-containing E6 mRNA (Supplementary Fig-
ure S7G and H). Taken together, our results demonstrated
that hnRNP G is required for splicing to HPV16 SA2709
and for production of E2 mRNAs, but when the E6- and
E7-coding regions were present on the HPV16 pre-mRNAs,
overexpression of hnRNP G exerted a splicing inhibitory
effect on the HPV16 E6 and E7 mRNAs. These results sug-
gested that hnRNP G interacted with sequences in the E6
and E7 coding regions in addition to the splicing enhancer
downstream of HPV16 E2 splice site SA2709. To reconcile
these results, we speculated that hnRNP G may have differ-
ent effects on HPV16 mRNAs produced from the HPV16
early promoter P97 and containing E6/E7 sequences com-
pared to mRNAs produced from the late promoter P670
and lacking E6/E7 sequences (for the location of the two
HPV16 promoters P97 and P670, se Figure 1A).

hnRNP G inhibits splicing of HPV16 E6 and E7 oncogene
mRNAs independently of RNA sequences downstream of the
E2 splice site SA2709

To investigate if hnRNP G acted directly on sequences in
the HPV16 E6/E7 coding region (Figure 5A), we analyzed
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the effect of hnRNP G on a series of plasmids with nested
deletions in E6 and E7 (Figure 5B). In this case, we used
RT-PCR primer pair 97S and X478A that spanned the ma-
jor splice sites SD226 and SA409 (Figure 5B). As can be
seen, hnRNP G inhibited HPV16 E6/E7 mRNA splicing
between SD226 and SA409 from plasmids that ended at
HPV16 nucleotide positions 856, 765 and 656, but less so
on plasmids that ended at positions 478 or 556 (Figure
5C and D). hnRNP G also inhibited splicing of E6/E7
mRNAs from the pC97ELsLuc plasmid as expected (Fig-
ure 5C and D). Plasmid pHAE6E7Flag encodes intact E6
and E7 coding regions and E6 is tagged with HA and E7
with Flag. Overexpression of hnRNP G was ∼3-fold (Fig-
ure 5E and F) and promoted E6 protein production (Fig-
ure 5G) while inhibiting E7 protein production (Figure 5H
and I). hnRNP G acted on the E6/E7 coding region to
inhibit HPV16 mRNA splicing thereby altering the bal-
ance in production of the two HPV16 oncogenes: the lev-
els of the pro-mitotic E7 protein were reduced whereas the
levels of the anti-apoptotic E6 protein were increased. We
speculated that hnRNP G inhibited E6/E7 mRNA splic-
ing by interacting with a previously identified splicing si-
lencer in the E7 coding region indicated with red ‘S’ (Fig-
ure 5A) (33). We performed a pull-down assay with biotiny-
lated RNA oligos spanning the splicing silencer (marked
in red) or adjacent sequences (Supplementary Figure S8A).
RNA oligos 604S1 and 620S1 encoded the splicing silencer
and efficiently pulled down hnRNP G (Supplementary Fig-
ure S8B), whereas adjacent oligo 635S1 pulled down less
hnRNP G (Supplementary Figure S8B). Furthermore, si-
lencer mutant RNA oligos 604AM1 and 604AM2 pulled
down less hnRNP G than the wild-type silencer RNA oligo
604S1 (Supplementary Figure S8B). These results indicated
that hnRNP G interacted preferentially with a splicing si-
lencer in the E7 coding region. We concluded that hnRNP
G inhibited splicing of HPV16 E6 and E7 oncogene mR-
NAs independently of RNA sequences downstream of the
E2 splice site SA2709. Thus, hnRNP G had a splicing in-
hibitory effect on HPV16 mRNAs when the E6/E7 coding
sequences were present on the pre-mRNA, but had a splic-
ing enhancing effect on the HPV16 E2 mRNAs when the
E6/E7 coding sequences were absent from the HPV16 pre-
mRNAs.

Different domains of the hnRNP G protein contribute to in-
hibition and enhancement of HPV16 mRNA splicing

To determine the contribution of each of various domains
of the modular hnRNP G protein to the control of HPV16
mRNA splicing, we generated hnRNP G deletion mutants
(Figure 6A). They were all expressed upon transfection of
human cells (Figure 6B). To determine the effect of vari-
ous deletion mutants of hnRNP G on HPV16 E2 mRNA
splicing, we first co-transfected plasmids expressing hnRNP
G or hnRNP G-mutants pGM1, pGM2 and pGM3 with
HPV16 reporter plasmid pBELENdE1 (for a schematic
representation of pBELENdE1 and locations of RT-PCR
primers, see Supplementary Figure S3B and C) on which
we could easily monitor the enhancing effect of hnRNP
G on E2 mRNA splicing. The results revealed that the C-

terminal mutant GM1 failed to enhance splicing of the
E2 mRNAs (Figure 6C and E), whereas C-terminal mu-
tant GM2 retained full splicing enhancing activity (Figure
6C and E), demonstrating that the immediate C-terminus
encoding the C-RBD was dispensable for enhancement of
HPV16 E2 mRNA splicing, whereas the central part of hn-
RNP G downstream of amino acid 236 was required for
splicing enhancement (Figure 6A, C and E). Interestingly,
deletion of the N-terminal RRM in GM3 only partially re-
duced the ability of hnRNP G to enhance E2 mRNA splic-
ing (Figure 6C and E). To determine the splicing inhibitory
effect on HPV16 E6/E7 mRNAs of the various hnRNP
G mutants, they were co-transfected with HPV16 reporter
plasmid pC97ELsLuc. Locations of RT-PCR primers in
HPV16 reporter plasmid pC97ELsLuc are shown in Fig-
ure 4D. RT-PCR analysis of HPV16 E6/E7 mRNAs with
primers 97S and 880A revealed that C-terminal deletions
GM1 and GM2 inhibited E6/E7 mRNA splicing (Figure
6D and F). Surprisingly, inhibition of E6/E7 mRNA splic-
ing by pGM1 was more efficient than inhibition by wild-
type hnRNP G (Figure 6D and F), whereas the N-terminal
deletion (GM3) inhibited E6/E7 mRNA splicing to a simi-
lar extent as the wild type hnRNP G (Figure 6D and F). In
conclusion, the central and C-terminal region between hn-
RNP G amino acid positions 236 and 334 were necessary
for enhancement of splicing to SA2709. In contrast, the N-
terminal region of hnRNP G played a major role in the in-
hibition of E6/E7 mRNA splicing. Thus, the deletion mu-
tants separated splicing-enhancing and splicing-inhibitory
domains of hnRNP G.

To further map the region of hnRNP G that enhanced
HPV16 E2 mRNA splicing, additional C-terminal deletion
mutants of hnRNP G were generated (GM8, GM9, GM10)
(Figure 6A). As can be seen, GM9 and GM10 fully en-
hanced E2 mRNA splicing from plasmid pBELENdE1,
whereas the ability of GM8 to enhance E2 mRNA splic-
ing was reduced (Figure 7A and B). Locations of RT-
PCR primers in HPV16 reporter plasmid pBELENdE1 are
shown in Supplementary Figure S3C. These experiments
further mapped the splicing enhancing domain of hnRNP
G to hnRNP G-sequences between amino acids 236 and
286. To further map the region of hnRNP G that inhib-
ited HPV16 mRNA splicing, additional deletions were in-
troduced in GM1 resulting in GM4, GM5, GM6 and GM7
(Figure 6A). With the exception of GM7 that inhibited
HPV16 E6/E7 mRNA splicing, GM4, GM5 and GM6
failed to inhibit E6/E7 mRNA splicing (Figure 7C and D
and supplementary Figure S9A and C), mapping the splic-
ing inhibitory region of hnRNP G to hnRNP G-sequences
between amino acids 127 and 186. However, an hnRNP
G mutant encoding amino acids 109–236 (GM11) (Fig-
ure 6A) displayed only weak inhibitory activity (Supple-
mentary Figure S9A and C) (the GM11 was expressed in
HeLa cells (Supplementary Figure S9B)). Locations of RT-
PCR primers in HPV16 reporter plasmid pC97ELsLuc are
shown in Supplementary Figure S9D. Taken together, these
results underscored the conclusion that enhancement of
HPV16 E2 mRNA splicing and inhibition of HPV16 E6/E7
mRNA splicing were exerted by non-overlapping domains
of hnRNP G.
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Figure 6. (A) Schematic representation of plasmids encoding wild type hnRNP G or various hnRNP G mutants. Amino acids positions in the hnRNP
G proteins are indicated. RRM, RNA recognition motif; RGG, arginine-glycine-glycine motif-rich sequence (RGG-box); NTD, nascent RNA targeting
domain; serine-arginine-glycine-tyrosine-motif rich domain (SRGY-box); C-RBD, C-terminal RNA binding domain. (B) Western blotting on cell extracts
from HeLa cells transfected with empty pUC plasmid or plasmids expressing either of the various Flag-tagged hnRNP G proteins displayed in A. Blots
were stained with antibody specific for Flag-tag to detect Flag-tagged hnRNP G proteins or with tubulin-specific antibody. (C) RT-PCR with primers
773S and E2asxba on RNA extracted from HeLa cells co-transfected with pBELENdE1 and empty pUC plasmid or plasmids expressing wild type or
mutant hnRNP G. Unspliced/intron retained U (dE1) mRNAs and mRNAs spliced between SD880 and SA2582 or SA2709 are indicated to the right.
Locations of RT-PCR primers in HPV16 reporter plasmid pBELENdE1 are shown in Supplementary Figure S3C. (D) RT-PCR with primers 97S and
880as on RNA extracted from HeLa cells cotransfected with pC97ELsLuc and empty pUC plasmid or plasmids expressing wild type or mutant hnRNP
G. Unspliced/intron retained U (E6) mRNA and mRNAs spliced between SD880 and SA409, SA526 or SA742 are indicated to the right of the gel image.
Locations of RT-PCR primers in HPV16 reporter plasmid pC97ELsLuc are shown in Figure 4D. (E) Densitometric quantification of RT-PCR bands (U
(dE1) or 880∧2709) in (C). The The quantitations are displayed as relative levels of U (dE1) cDNAs or 880∧2709 in the absence or presence of hnRNP
G. Transfections with empty pUC plasmid is set as 1. P-values are indicated. (F) Densitometric quantification of RT-PCR bands (U (E6), 226∧409 or
226∧742) in (D). The The quantitations are displayed as relative levels of U (E6) cDNAs, 226∧409 or 226∧742 in the absence or presence of hnRNP G.
Transfections with empty pUC plasmid is set as 1. P-values are indicated.
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hnRNP G interacts with splicing factor U2AF65 in a manner
that correlates with splicing activation

To delineate the mechanism of action of hnRNP G we in-
vestigated if hnRNP G interacted with core splicing factors.
We were particularly interested in U2AF65 since it is spe-
cific for 3′-splice sites and since hnRNP G stimulated splic-
ing to HPV16 3′-splice site SA2709 through an adjacent
splicing enhancer. We performed co-immunoprecipitation
of hnRNP G with U2AF65 using extracts from untrans-
fected HeLa cells and from HeLa cells transfected with both
hnRNP G and U2AF65 plasmid. Samples were subjected
to immunoprecipitation with either IgG or anti-hnRNP G
antibody followed by western blotting with anti-U2AF65
antibody or anti-hnRNP A1 antibody as a control. As
can be seen, a robust interaction between hnRNP G and
U2AF65 was observed in untransfected cells as well as in
transfected cells (Figure 8A). In contrast, we did not ob-
serve interactions between hnRNP A1 and U2AF65 in the
same cell extracts (Figure 8A). Next, we investigated if co-
immunoprecipitation of hnRNP G and U2AF65 correlated
with the splicing-inhibitory or splicing enhancing functions
of the various hnRNP G deletion mutants. Flag-tagged full-
length hnRNP G or the various deletion mutants of hnRNP
G (GM1, GM2 and GM3) were expressed in transfected
cells (Figure 8B). The results revealed that U2AF65 co-
immunoprecipitated with wild type hnRNP G as expected,
and with hnRNP G mutants GM2 and pGM3, but not with
GM1 (Figure 8C), demonstrating that interactions of hn-
RNP G mutants with U2AF65 corelated with the splicing
enhancing function of these mutants (Table 1). Taken to-
gether, our results strongly indicated that hnRNP G pro-
moted splicing to HPV16 E2 splice site SA2709 by recruit-
ing U2AF65.

Activation of the cellular DNA damage machinery (DDR) en-
hances HPV 16 E2 mRNA splicing and interactions of hn-
RNP G with E2 mRNAs and with U2AF65

Since hnRNP G is a DNA-damage response (DDR) fac-
tor (45) and papillomaviruses utilize the DDR for E1/E2-
dependent genome replication (6), as well as for control
of HPV gene expression (46,47), we investigated if activa-
tion of the DDR affected HPV16 E2 gene expression via
hnRNP G. We have previously shown that treatment of
the HPV16 reporter cell line C33A2 (Supplementary Fig-
ure S7A) with melphalan activated the DDR and induced
HPV16 late gene expression (46). Reporter cell line C33A2
contains the subgenomic HPV16 plasmid pBELsLuc inte-
grated in the genome and has an sLuc reporter gene located
in the late L1 coding region of HPV16 (Supplementary Fig-
ure S7A). Furthermore, the C33A2 cell line encodes a mu-
tant, functionally inactive p53 gene which prevents melpha-
lan from inducing apoptosis via DDR in this cell line. Thus,
we could investigate the effect of the DDR on HPV16 in
the absence of rapid onset of apoptosis. These cells were
treated with various concentrations of the DNA-damaging
and DDR-inducing drug melphalan, cell culture medium
was collected at various time points for sLuc assay and
cells were harvested for RNA extraction. As expected, mel-
phalan induced HPV16 late gene expression in a time- and
concentration dependent manner (Supplementary Figure

S10A). RT-PCR analysis of HPV16 E2 mRNAs, revealed
that E2 mRNAs were induced as well (Figure 8D and E).
Despite the fact that 100uM melphalan induced the highest
levels of sLuc, 50 uM melphalan was the optimal concentra-
tion for induction and detection of E2 mRNAs (Figure 8D
and E). Locations of RT-PCR primers in HPV16 reporter
plasmid pBELsLuc in the C33A2 cells are shown in Supple-
mentary Figure S7C. The optimal time point for cell har-
vest was between 9–17hours post treatment with melpha-
lan (Figure 8F). Western blot analysis of melphalan-treated
C33A2 cells demonstrated that hnRNP G levels increased
in response to DDR activation (Figure 8G and H). Im-
munoprecipitation of RNA-protein complexes from C33A2
cells treated with DMSO or melphalan with anti-hnRNP
G antibody followed by RT-PCR with primers specific for
HPV16 E2 mRNAs revealed that hnRNP G was associated
with E2 mRNAs in these cells and that this association in-
creased in the presence of melphalan (Figure 8I and J). A
control experiment in which we showed that anti-hnRNP
G antibody immunoprecipitated unspliced, intron retained
HPV16 mRNAs from the nuclear fraction of HeLa cells
transfected with HPV16 reporter plasmid pBEL, revealed
that hnRNP G was associated with unspliced, intron re-
tained HPV16 E1 pre-mRNAs in the nuclear fraction of the
cells (Supplementary Figure S10B-D). Interactions between
hnRNP G and U2AF65 also increased in the presence of
melphalan (Figure 8K). Overexpression of hnRNP G en-
hanced the association of U2AF65 with HPV16 E2 mRNAs
(Figure 8L and M). We concluded that hnRNP G was asso-
ciated with HPV16 E2 mRNAs in these cells and that this
association increased in response to DDR-activation. This
is of significance in light of recent findings that hnRNP G
is part of the DDR (45) and that HPV activates and utilizes
the DDR (6). These results supported the idea that hnRNP
G controls HPV16 E2 mRNA splicing.

Phosphorylation of hnRNP G is enhanced by DDR activa-
tion, whereas sumoylation is reduced

To investigate how the interaction of hnRNP G with
HPV16 mRNAs is controlled, we first determined if
hnRNP G was posttranslationally modified under the
conditions and cells used here. Cell extracts were pre-
pared from DMSO or melphalan-treated C33A2 cells
and subjected to immunoprecipitation with antibodies
to serine/threonine/tyrosine (S/T/Y)-phosphorylation or
sumoylation, followed by Western blotting to hnRNP G.
Results revealed that hnRNP G was phosphorylated and
suomylated in these cells (Figure 9A and B) and that phos-
phorylation of hnRNP G increased in melphalan treated
C33A2 cells (Figure 9A), whereas sumoylation of hnRNP G
decreased (Figure 9B). Taken together, these results demon-
strated that increased hnRNP G phosphorylation and de-
creased hnRNP G sumoylation correlated with increased
interactions of hnRNP G with HPV16 E2 mRNAs.

Inhibition of sumoylation induced HPV16 E2 mRNA splicing
and enhanced the association of hnRNP G with HPV16 E2
mRNAs and with U2AF65

Since a decrease in sumoylation of hnRNP G correlated
with increased association of hnRNP G with HPV16 E2
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Figure 8. (A) Immunoprecipitation of proteins in cell extracts from untransfected (−) HeLa cells or from HeLa cells cotransfected with plasmids encoding
U2AF65 (+) and hnRNP G (+) using either IgG or anti-hnRNP G antibody followed by Western blotting with antibodies to either U2AF65 or hnRNP A1.
Input samples were subjected to Western blotting with antibodies to U2AF65, hnRNP A1, hnRNP G or tubulin. M, molecular weight marker. (B) Western
blotting on cell extracts of HeLa cells transfected with plasmid encoding wild type, flag-tagged hnRNP G or the indicated flag-tagged hnRNP G mutants.
Western blotting was performed with anti-Flag antibody, anti-U2AF65 antibody or anti-tubulin antibody. (C) Coimmunoprecipitation experiment on cell
extracts from HeLa cells transfected with pUC-plasmid or Flag-tagged hnRNP G or the indicated Flag-tagged hnRNP G mutants using anti-U2AF65
antibody followed by Western blotting with anti-Flag antibody. (D) RT-PCR with primers 773S and E2qas on RNA extracted from C33A2 cells treated
with the indicated concentrations of melphalan for 22 h. Locations of RT-PCR primers in HPV16 reporter plasmid pBELsLuc in the C33A2 cells are
shown in Supplementary Figure S7B and C. (E) Densitometric quantitation of the RT-PCR bands in (D) that represent HPV16 unspliced/retained intron
U (E1) mRNAs or mRNAs spliced from SD880 to SA2582 or to SA2709. (F) RT-PCR with primers 773S and E2qas on RNA extracted from C33A2
cells treated with the indicated concentrations of melphalan for the indicated time periods. cDNAs representing HPV16 mRNAs spliced between SD880
and SA2582 or SA2709 are indicated to the right. (G) Western blotting on cell extracts from C33A2 cells treated with DMSO or 50uM melphalan for
20hrs in triplicates. Blots were stained with antibody specific for hnRNP G or tubulin. (H) Densitometric quantitation of the Western blots in D. The
quantitations are displayed as relative levels of hnRNP G levels in melphalan-treated cells over DMSO-treated cells. (I) C33A2 cells were treated with
DMSO or melphalan for 21 h, lysed in RIPA buffer and subjected to immunoprecipitation with IgG or anti-hnRNP G antibody followed by extraction
of the immunoprecipitated RNA and RT-PCR with HPV16-specific primers 773s and E2asxba. Input represents RT-PCR with the same primers on RNA
extracted from 5% of the input in the immunoprecipitation incubation. cDNAs representing HPV16 mRNAs spliced between SD880 and SA2582 or
SA2709 are indicated to the right. *, primer dimers. (J) Densitometric quantitation of the RT-PCR bands in (I) that represent HPV16 E2 mRNAs spliced
from SD880 to SA2709. The quantitations are displayed as relative levels of 880∧2709 cDNAs obtained from anti-hnRNP G immunoprecipitated RNA-
protein complexes obtained from melphalan-treated cells over DMSO-treated cells. (K) Immunoprecipitation of proteins in cell extracts from DMSO (D)
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weight marker. (L) HeLa cells transfected with HPV16 reporter plasmid pBEL in the absence or presence of hnRNP G plasmid were lysed in RIPA buffer
and subjected to immunoprecipitation with IgG or anti-U2AF65 antibody followed by extraction of the immunoprecipitated RNA and RT-PCR by HPV16
specific primers 773s and E2asxba. Input represents RT-PCR with the same primers on RNA extracted from 5% of the input in the immunoprecipitation
incubation. M, molecular size marker; *, primer dimers. (M) RT-qPCR with primers 773S and E2asxba was performed as described in Materials and
Methods on the RNA analyzed in (L). **, P < 0.001.
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Table 1. Summary of the splicing inhibitory effect of wild type hnRNP
G protein or mutant hnRNP G proteins GM1, GM2 or GM3 on HPV16
E6/E7 mRNA splicing and of the activation of HPV16 E2 mRNA splicing
and of co-immunoprecipitation with U2AF65. Number of ‘+’ indicates
degree of E6/E7 mRNA splicing inhibition, E2 mRNA splicing activation
or co-immunoprecipitation of U2AF65. -, no effect on mRNA splicing or
no detectable co-immunoprecipitation

hnRNP G
Inhibition E6/E7
mRNA splicing

Activation E2
mRNA splicinga U2AF65 coIP

wt + +++ +
GM1 +++ - -
GM2 ++ + +
GM3 + ++ +

ain the absence of upstream E6/E7 sequences.

mRNAs and increased E2 mRNA levels, we investigated if
pharmacological inhibition of sumoylation in C33A2 cells
could induce HPV16 E2 mRNA splicing. Sumoylation in-
hibitors 2-D08 and TAK-981 significantly induced higher
levels of E2 mRNAs in C33A2 cells (Figure 9C and D
and Supplementary Figure S10E and F). Locations of RT-
PCR primers in HPV16 reporter plasmid pBELsLuc in the
C33A2 cells are shown in Supplementary Figure S7C. To
ascertain that hnRNP G was associated with the increased
E2 mRNA levels, we performed RIP experiments. The re-
sults demonstrated an increase in the association of hnRNP
G with HPV16 E2 mRNAs in the presence of the sumoy-
lation inhibitor 2-D08 or TAK-981 (Figure 9E and Sup-
plementary Figure S10G). Furthermore, treatment of the
C33A2 cells with 2-D08 or TAK-981 also enhanced inter-
actions between hnRNP G and the splicing factor U2AF65
(Figure 9F and Supplementary Figure S10H). Taken to-
gether, these results suggested that HPV16 E2 mRNA splic-
ing was mediated by interactions between hnRNP G and
the HPV16 E2 mRNA splicing enhancer and the splicing
factor U2AF65, and that these interactions were regulated
by protein sumoylation.

Association between HPV16 E2 mRNAs and hnRNP G in
HPV16-immortalized human keratinocytes increases in re-
sponse to cell differentiation

HPV16 gene expression is intimately linked to cell dif-
ferentiation (4,6,48). We therefore investigated if calcium-
induced differentiation of the previously described HPV16-
immortalized human keratinocyte 3310 cell line (44) af-
fected the interactions between hnRNP G and HPV16 E2
mRNAs. As can be seen, immunoprecipitation of RNA-
protein complexes from extracts of 3310 cells with anti-
hnRNP G antibody demonstrated that hnRNP G was as-
sociated with HPV16 E2 mRNAs in 3310 cells (Figure 10A
and B). Treatment of the 3310 cells with calcium induced E2
mRNA production and enhanced association of HPV16 E2
mRNAs with hnRNP G (Figure 10C and E). Locations of
RT-PCR primers in the HPV16 genome are shown in Figure
10J. RT-PCR on the involucrin differentiation marker con-
firmed that calcium induced cell differentiation in the 3310
cells (Figure 10D). We concluded that hnRNP G was as-
sociated with HPV16 E2 mRNAs in HPV16-immortalized
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Figure 9. (A) Immunoprecipitation of proteins in cell extracts from DMSO
(D) or melphalan (M) treated C33A2 cells using either IgG or anti-
P(S/T/Y) antibody followed by western blotting with antibody to hnRNP
G. Input samples represent 5% of the sample volume used for immunopre-
cipitation. MW, molecular weight marker; *, unknown band. (B) Immuno-
precipitation of proteins in cell extracts from DMSO (D) or melphalan (M)
treated C33A2 cells using either IgG or anti-sumo antibody followed by
western blotting with antibody to hnRNP G. (C) C33A2 cells were treated
with DMSO (D) or 10- or 100uM of sumoylation inhibitor 2-D08 followed
by RNA extraction and RT-PCR with HPV16-specific primers 773s and
E2qas. Locations of RT-PCR primers in HPV16 reporter plasmid pBEL-
sLuc in the C33A2 cells are shown in Supplementary Figure S7B and C.
(D) Densitometric quantification of the RT-PCR band in (C) representing
HPV16 880∧2709 spliced mRNAs. The quantitations are displayed as rel-
ative levels of 880∧2709 cDNAs in 2-D08-treated cells over DMSO-treated
cells. P-values are indicated. (E) C33A2 cells were treated with DMSO
(D) or 10- or 100 uM of sumoylation inhibitor 2-D08 followed by lysis
in RIPA buffer and immunoprecipitation with IgG or anti-hnRNP G an-
tibody. RNA was extracted from the Immunoprecipitated RNA-protein
complexes and subjected to RT-PCR with HPV16-specific primers 773s
and E2asxba. Locations of RT-PCR primers in HPV16 reporter plasmid
pBELsLuc in the C33A2 cells are shown in Supplementary Figure S7B and
C. *, primer dimer. (F) Immunoprecipitation of proteins in cell extracts
from DMSO (D) or sumoylation inhibitor 2-D08-treated C33A2 cells us-
ing either IgG or anti-U2AF65 antibody followed by western blotting with
antibody to hnRNP G. Input samples represent 10% of the sample volume
used for immunoprecipitation.
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human keratinocytes and that this interaction increased in
response to cell differentiation.

Melphalan treatment of apoptosis-prone HN26 cells reduced
E2 mRNA levels, reduced hnRNP G levels and reduced asso-
ciation of hnRNP G with U2AF65

We have previously shown that melphalan treatment of the
p53-negative C33A2 cell line activated DDR but failed to
induce apoptosis (46). In contrast, melphalan treatment
of the tonsillar cancer cell line HN26 resulted in a block
of HPV16 transcription, degradation of the HPV16 early
mRNAs and liberation of the wild-type p53 protein (43)
immediately followed by p53-mediated apoptosis (49). We
therefore wished to investigate the effect of melphalan on
the association of hnRNP G with HPV16 E2 mRNAs also
in HN26 cells. An RNA-immunoprecipitation experiment
demonstrated that HPV16 E2 mRNAs were associated with
hnRNP G in the HN26 cells (Figure 10F and G). Treat-
ment of HN26 cells with melphalan resulted in reduced as-
sociation of hnRNP G with the HPV16 E2 mRNAs (Fig-
ure 10H) and reduced the association of hnRNP G with
U2AF65 (Figure 10I). U2AF65 did not interact with hn-
RNP A1 in HN26 cells either (data not shown). We con-
cluded that treatment of the HPV16-positive tonsillar can-
cer cell line HN26 with the cancer drug melphalan, reduced
the association of hnRNP G with HPV16 E2 mRNAs and
with U2AF65, which may contribute to the previously de-
scribed, melphalan-induced reduction of HPV16 early mR-
NAs including the E2 mRNAs in HN26 cells (49).

DISCUSSION

The AG-rich and U-less HPV16 splicing enhancer AC-
GAGGACGAGGACAAGG is composed of 42% A, 42%
G and 16% C and harbors three AC(G/A)AGG repeats.
Repeats 1 and 3 were more important to splicing, whereas
repeat 2 appeared to contribute less to the enhancer activ-
ity. However, when all three repeats were mutated, splicing
to SA2709 was significantly impaired, indicating that this
18nt RNA sequence constitutes the core part of the splic-
ing enhancer. The splicing enhancer is strictly conserved
among all HPV16 lineages and sublineages while bigger
variation was seen among other HPV-species. It will be of
interest to determine how well conserved this splicing en-
hancer is among a greater number of papillomaviruses since
all known papillomaviruses presumably produce E2 protein
from spliced mRNAs.

The HPV16 E2 splicing enhancer interacted specifically
with multiple RNA binding proteins. It remains to be de-
termined if they bind RNA directly or if they acquire speci-
ficity for the enhancer via protein-protein interactions. hn-
RNP G is a multifunctional protein that interacted with the
HPV16 E2 enhancer. Overexpression and knock-down ex-
periments demonstrated a role for hnRNP G in the control
of HPV16 mRNA splicing. hnRNP G may bind RNA di-
rectly and has affinity for purine-rich sequences for exam-
ple GGAAA, but also for shorter sequence motifs such as
AAGU or AAN (50) (51) (52) (53). Since the HPV16 E2
splicing enhancer at SA2709 is AG-rich, one may specu-
late that hnRNP G binds directly to the HPV16 splicing en-
hancer, but the exact mode of interaction between hnRNP

G and the HPV16 splicing enhancer remains to be deter-
mined. Furthermore, sequences with alternative nucleotide
composition have been reported as binding sites for hnRNP
G as well, including CCC and CCA (53), and they are less
similar to the HPV16 enhancer. hnRNP G has a classical
RRM in its N-terminus and it has been shown that hn-
RNP G binds RNA via the RRM, as does the hnRNP G
paralogous protein RBMY (52,53). However, some reports
suggest that other regions of hnRNP G or its paralogous
bind directly to RNA. It was reported that hnRNP G has
a second RNA binding domain in its C-terminus named C-
terminal RNA binding domain (C-RBD) (50). The RRM
and the C-RBD of hnRNP G appear to have distinct RNA-
binding specificities. While RRM seems to prefer CCC and
CCA, AAGU, or AAN, C-RBD has affinity for longer,
purine-rich GGAAA-sequences (53) (52). Furthermore, the
C-RBD also binds directly to m6A-modified RNA (54,55).
We found that the C-RBD of hnRNP G was dispensable for
activation of HPV16 E2-mRNA splice site SA2709 and for
inhibition of E6/E7 mRNA splicing (GM2, Figure 6A, C
and D), indicating that C-RBD does not play a major role in
the control of HPV16 early mRNA splicing, at least not un-
der the experimental conditions used here. Our results also
showed that deletion of the RRM of hnRNP G impaired
the ability of hnRNP G to promote E2 mRNA splicing, but
in no means did the absence of RRM abolish the splicing-
promoting function of hnRNP G (GM3, Figure 6A and C).
hnRNP G lacking the RRM also inhibited production of
the HPV16 E7 mRNAs spliced 226∧409, but rather than
efficiently promoting production of intron-containing E6-
mRNAs, it primarily redirected splicing from the 226∧409-
mRNA to production of the alternatively spliced 226∧742
mRNA, and therefore displayed a phenotype that was dif-
ferent from the wild type hnRNP G phenotype. Thus, hn-
RNP G RRM is not totally required for the enhancing ef-
fect of the HPV16 E2 mRNA splicing, nor for the splicing
inhibitory effect of hnRNP G on the HPV16 E6/E7 mR-
NAs, indicating that interactions of hnRNP G with HPV16
RNA via the RRM is not an absolute necessity for control
of HPV16 mRNA splicing. However, loss of RNA-binding
via the hnRNP G RRM may be compensated for by the C-
terminal RNA binding domain of hnRNP G, C-RBD. Al-
ternatively, hnRNP G acquires specificity for HPV16 mR-
NAs through protein-protein interactions.

We show that hnRNP G exerted diametrically different
effects on splicing of the HPV16 mRNAs initiated at nu-
cleotide position 97 (which is the transcription start of the
HPV16 early promoter P97) or in the E7 coding region,
similar to the position of the HPV16 late promoter P670.
We speculate that when the HPV16 early promoter is active
and the HPV16 pre-mRNAs all contain the E6 and E7 cod-
ing regions, hnRNP G has a splicing inhibitory effect that
inhibits production of E7 mRNAs (Figure 11). When tran-
scription of the HPV16 genome switches from the early P97
promoter to the late P670 promoter, hnRNP G has an en-
tirely positive effect on E2 mRNA splicing through interac-
tions with the E2 mRNA splicing enhancer downstream of
HPV16 3′-splice site SA2709 (Figure 11). Intriguingly, we
were able to separate the splicing-enhancing and splicing-
inhibitory functions of the 391-amino acid, hnRNP G pro-
tein. The splicing-enhancing function of hnRNP G mapped
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inhibiting splicing and inhibiting production of the E7 mRNAs and E7 protein. On HPV16 mRNAs lacking E6/E7 sequences, i.e. mRNAs produced from
the HPV16 late promoter P670, hnRNP G enhances splicing to E2 mRNA-specific 3′-splice site SA2709 which results in increased E2 mRNA production.
Increased E2 protein levels would contribute to a transcriptional shut-down of the early HPV16 P97 promoter further reducing production of E7 mRNAs
and E7 protein thereby paving the way for cell differentiation and induction of late gene expression.

to a region between hnRNP G amino acids 236 and 286,
whereas the splicing-inhibitory function mapped to a region
between hnRNP G amino acids 127 and 186. The splic-
ing inhibitory region of hnRNP G is located in between
the RGG-domain (109–127) and the previously identified
nascent RNA targeting domain (NTD) (186 and 236) in
hnRNP G (50). The NTD domain of hnRNP G was de-
fined based on its ability to associate with nascent RNA in
Xenopus oocytes, apparently through protein-protein inter-
actions rather than direct RNA binding (50). If hnRNP G
inhibits HPV16 E6/E7 mRNA splicing via protein-protein
interactions, the protein targets remain to be identified to
fully understand the role of hnRNP G in HPV16 gene reg-
ulation. The splicing-enhancing region of hnRNP G over-
laps with a sequence referred to as SRGY-domain orig-
inally described for the RNA-binding motif, Y chromo-
some (RBMY) protein, and so named for the presence of
four serine-arginine-glycine-tyrosine-boxes (SRGY)-boxes
in this region in RBMY (56). However, hnRNP G contains
only one such motif and its significance is unknown. We

found that the hnRNP G sequences between amino acids
236 and 286 were required for interactions with general
splicing factor U2AF65, suggesting a model for enhance-
ment if HPV16 E2 mRNA splicing by hnRNP G in which
hnRNP G interacts with the HPV16 splicing enhancer, di-
rectly or indirectly, to recruit U2AF65 to HPV16 E2 splice
site SA2709 (Figure 11). However, the exact amino acids
within the 236–286 sequence that are required for recruit-
ment of U2AF65 remain to be identified. We are currently
attempting to identity amino acid positions in hnRNP G
that are required for activation of HPV16 E2 mRNA splic-
ing.

The hnRNP G protein is part of the DNA damage re-
sponse (DDR) machinery (45). HPVs have been shown to
induce DDR and utilize it for DNA replication (6,57–59) as
well as for induction of HPV16 late gene expression (46,47).
hnRNP G controls alternative splicing of the HPV16 late
L1 mRNAs (41) and here we show that hnRNP G controls
splicing of the HPV16 E2 mRNAs through the HPV16 E2
splice site SA2709 via a splicing enhancer situated immedi-
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ately downstream of SA2709. Activation of hnRNP G by
cell differentiation and the DDR may converge on the E2
splicing enhancer identified here to boost production of E2
mRNAs, thereby securing production of sufficient quanti-
ties of E2 protein for the increased HPV genomic replica-
tion observed in differentiated cells (Figure 11). It has pre-
viously been shown that high levels of HPV E2 inhibits the
HPV early promoter (10,11). Thus, it is reasonable to specu-
late that in HPV16 infected cells that have replicated HPV16
genomic DNA to high levels and are set up to generate virus
particles, the E2 protein shuts down the HPV16 early pro-
moter and represses expression of the promitotic and anti-
apoptotic E6 and E7 proteins, thereby paving the way for
cell differentiation and induction of HPV16 late gene ex-
pression. We speculate that differentiation-dependent acti-
vation of hnRNP G inhibits E6/E7 mRNA splicing and
thereby production of E7 mRNA and E7 protein, which en-
ables the cell to leave its mitotic state (Figure 11). Reduced
E7 protein levels would allow activation of the HPV16 late
promoter that produces pre-mRNAs lacking E6 and E7 se-
quences thereby allowing stimulation of E2 mRNA splic-
ing by hnRNP G. As a result, E2 protein levels would in-
crease. High levels of E2 protein would bind to the HPV16
early promoter in competition with cellular transcription
factors and shut down HPV16 early mRNA production.
Thus, hnRNP G and E2 may join forces to complete the
switch to the late stage of the HPV16 replication cycle (Fig-
ure 11). hnRNP G promotes production of pro-apoptotic
E2 and prevents production of E7 protein by inhibiting
splicing between SD226 and SA409 and indirectly inhibit-
ing both E6 and E7 expression by promoting production
of E2 that shuts down the early promoter P97 (Figure 11).
Thus, high levels of E2 would counteract cell transforma-
tion and progression to cancer of HPV16-infected cells. One
may therefore speculate that hnRNP G would have tumor
suppressive properties. Although a few reports have sug-
gested that under-expression of hnRNP G predicted a fa-
vorable outcome of head and neck cancer and T-cell lym-
phomas (60,61), the vast number of publications of the role
of hnRNP G in cancer indicate that high expression of hn-
RNP G correlates significantly with a favorable outcome of
cancer and suggest that hnRNP G has tumor suppressive ef-
fects (45,62–67). These latter reports are in line with the re-
sults presented here that hnRNP G promotes production of
the pro-apoptotic HPV16 E2 protein while simultaneously
shutting down production of the HPV16 E6 and E7 onco-
genes.
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