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Abstract

Hepatitis B virus (HBV) transcripts are subjected to multiple splicing decisions, but the
mechanism of splicing regulation remains poorly understood. In this study, we used a well-
investigated alternative splicing reporter to dissect splicing regulatory elements residing in the
post-transcriptional regulatory element (PRE) of HBV. A strong intronic splicing silencer (ISS)
with a minimal functional element of 105 nucleotides (referred to as PREISS) was identified and,
interestingly, both the sense and antisense strands of the element were found to strongly suppress
alternative splicing in multiple human cell lines. PRE-ISS folds into a double-hairpin structure, in
which substitution mutations disrupting the double-hairpin structure abolish the splicing silencer
activity. Although it harbors two previously identified binding sites for polypyrimidine tract
binding protein, PRE-ISS represses splicing independent of this protein. The silencing function of
PRE-ISS exhibited a strong position dependence, decreasing with the distance from affected splice
sites. PRE-ISS does not belong to the intronic region of any HBV splicing variants identified thus
far, preventing the testing of this intronic silencer function in the regulation of HBV splicing.
These findings, together with the identification of multiple sense—antisense 1SSs in the HBV
genome, support the hypothesis that a sequence-independent and structure-dependent regulatory
mechanism may have evolved to repress cryptic splice sites in HBV transcripts, thereby preventing
their aberrant splicing during viral replication in the host.
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Introduction

Alternative splicing occurs in as many as 95% of human genes with multiple exons [1,2],
generating multiple mRNA isoforms from the same gene transcript, which is thought to
contribute to proteome complexity, tissue and physiological specificity, and functional
diversity in mammalian cells [3,4]. Accurate recognition of splice sites in higher eukaryotes
requires not only core splice signals, including highly degenerate 5° and 3" splice sites,
branch point sequence and the polypyrimidine tract, but also various auxiliary splicing
regulatory elements (SRES) present in exons and introns that are conventionally categorized
as exonic splicing enhancers (ESESs), exonic splicing silencers (ESSs), intronic splicing
enhancers (ISEs) and intronic splicing silencers (I1SSs) according to their function and
location in pre-mRNA [5]. In general, the majority of known c/s-acting SREs act by
recruiting frans-acting splicing factors that activate or repress the usage of nearby splice
sites. Although not exclusively, most splicing enhancers tend to bind SR proteins, a family
of proteins containing one or two RNA-binding domains and a signature RS domain rich in
Arg/Ser dipeptides, and splicing silencers usually recruit heterogeneous nuclear RNPs, a set
of proteins with diverse structures and functions [6]. In higher eukaryotes, multiple
regulatory parameters, such as the splice site strength, the interaction between cis-acting
SREs and the corresponding splicing factors, the RNA secondary structures, the exon/intron
architecture and the process of pre-mRNA synthesis, may be elaborately integrated to
achieve flexible, yet controllable, splice site selection [7].

Recently, genome-wide computational analysis has revealed that RNA secondary structure is
prevalent around the functional splice sites in human genes, which may generally contribute
to the regulation of alternative splicing [8]. It has been well established that RNA secondary
structure interferes with the accessibility of core splicing signals by shielding the signals in
the base-paired region [9,10]. Furthermore, RNA structure has been found to regulate the
accessibility of auxiliary SRES to splicing factors, such as in regulated splicing of the
fibronectin EDA exon [11].

RNA secondary structures have been shown to be extensively involved in the control of viral
gene expression [12,13]. Recent studies have led to the appreciation of their roles in
regulating the splicing of HIV-1 transcripts [14]. Hepatitis B virus (HBV) infects more than
2 billion people worldwide, causing acute and chronic hepatitis, hepatocirrhosis and
hepatocellular carcinoma. The pre-genomic RNA (pgRNA) of HBV can be alternatively
spliced to generate up to 13 splice variants identified in clinical samples [15], and some
splicing products have been shown to modulate viral replication and persistence [16-18].
However, the mechanism of the control of HBV transcript splicing remains poorly
understood. The HBV post-transcriptional regulatory element (PRE), a highly structured cis-
acting sequence important for facilitating the nucleocytoplasmic export of the HBV
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unspliced preS/S transcript [19-21], has been implicated in the regulation of HBV pgRNA
splicing [22], but the mechanism for such an effect remains elusive.

Recently, a few intronic RNA structures have been shown to promote the splicing of human
SMNZexon 7 and FGFRZexon ll1b [23,24]. In order to identify the potential SREs residing
in the highly structured HBV-PRE, we engineered HBV-PRE and its derivates into the
intronic region of an SMN minigene reporter, which has been extensively studied because of
its strong association with spinal muscular atrophy, a severe neurodegenerative disease [25].
We found a strong ISS residing in a 105-nucleotide element at the 3" portion of HBV-PRE,
which is distinct from previously identified elements responsible for nucleocytoplasmic
export and splicing enhancement. Strikingly, the antisense strand of PRE-1SS was also fully
active in repressing SMN splicing, suggesting a sequence-independent regulatory
mechanism. Further studies revealed that PRE-ISS folds into a double-hairpin secondary
structure, with the silencing function strongly associated with this double-hairpin structure.
The ISS function is also position dependent, suggesting a possible role in repressing nearby
cryptic splice sites in the HBV genome. Genome-wide screening of the HBV genome
predicts multiple sense—antisense (S-AS) ISSs that may fold into complex secondary
structures. These results suggest an important role of structured intronic RNA elements in
the regulation of pre-mRNA splicing, which may serve as a novel mechanism to repress
unwanted splicing of HBV transcripts.

Both the sense and antisense strands of HBV-PRE engineered in the upstream intron can
repress the alternative splicing of SMN1 exon 7

We constructed an ISS reporter in which exon 7 and the adjacent intron sequences from the
SMN1 gene were cloned into the EGFP coding sequence (Fig. 1A). Exon 7 of SMN1 is
dominantly included, but the potential roles of intronic cis-elements, if any, in the regulation
of SMNI exon 7 splicing are poorly understood [23,27-31].

We tested long (PRE1051-1684, 634 bp) and short (PRE253-1552, 330 bp) versions of HBV-
PRE, both of which contain the essential components for splicing regulation and
nucleocytoplasmic export of unspliced transcripts [20,22,32] (Fig. 1B). Both insertions
resulted in significant repression of exon 7 inclusion, indicating that HBV-PRE1,53_1582 has
an ISS function (Fig. 1C). The splicing repression associated with HBV-PRE does not result
from the disruption of any pre-existing ISE at this intronic location, because insertion of a
control sequence did not affect exon 7 inclusion (Fig. S1).

Unexpectedly, insertion of the reverse sequence of HBV-PRE (re-PRE1253_1582, 330 bp),
originally designed as a control, resulted in even stronger repression of exon 7 inclusion
(Fig. 1C). This is in contrast with the reported observation that the reverse sequence did not
support the pre-mRNA nuclear export activity of HBV-PRE, suggesting that different
mechanisms are involved in the regulation of pre-mRNA transport and splicing. No
significant sequence similarity was found between the sense and antisense strands of PRE-
HBV1253-1582 (Fig. S2A), indicating that a sequence-independent silencer function might be
shared between these two different sequences. Interestingly, PRE1253_15g» Significantly
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overlaps with a highly structured region in the HBV genome [21], and both the sense and
antisense strands are predicted to fold into complex secondary structures (Fig. S2B).

HBV-PRE contains a 105-bp ISS element acting in both directions

To pinpoint the sequence required for the intronic silencer activity of HBV-PRE, we
fragmented the full-length version of the element into four smaller pieces (PRE1-PRE4) and
tested for their silencer activity. The PRE2 fragment, containing 140 bp (PRE1446-1585),
retained the full silencer activity of HBV-PRE (Fig. 1B,D). In contrast, PRE3 and PRE4
displayed no splicing silencer activity (Fig. 1D). PRE1 insertion led to aberrant splicing
products (data not shown).

PRE2 was further divided into four smaller fragments, PRE2a, PRE2b, PRE2c and PRE2d,
35 bp in length each, for further mapping of the silencer sequence (Fig. 1B, bottom panel).
None of the 35-bp or 70-bp fragments displayed any intronic silencer activity (Fig. 1D).
Instead, PRE2bcd (105 bp, PRE14g1-1585), covering the last three-quarters of PRE2,
displayed strong silencer activity comparable with the full-length PRE2 and HBV-PRE (Fig.
1D). The reverse sequence of PRE2bcd (PRE-re2bcd) also showed a similar silencer activity.
None of the other combinations of PRE2 showed appreciable silencer activity. We conclude
that the intronic silencer activity of HBV-PRE is confined to the nucleotide sequence from
position 1481 to 1585 (PRE14g1-1585), Which is referred to as PRE-ISS hereafter (Fig. 1B).

These results suggest that the newly identified 105-bp ISS from HBV-PRE affects splicing
via a novel, sequence-independent mechanism. First, most sequence-specific intronic
silencers are normally less than 50 bp [33-35], much shorter than PRE-ISS identified here.
Second, no apparent sequence similarity was found between the sense and antisense strands
of PRE-ISS, suggesting a sequence-independent silencer mechanism. Third, both the sense
and antisense strands of PRE-ISS form complex secondary structures (Fig. S3), suggesting
that PRE-ISS may affect splicing through its structural features.

PRE-ISS folds into a double-hairpin structure

In order to assess the possible contribution of RNA secondary structure to the silencer
activity of PRE-ISS, we probed its structure by cleavage of the 5” end labeled RNA using
three ribonucleases (Fig. 2A). RNase V1 cleaves base-paired nucleotides, whereas RNase T1
and A cleave unpaired G and C/U, respectively. The results revealed that PRE-ISS forms a
secondary structure consisting of two hairpins, which were named HP1 and HP2 (Fig. 2B).
HP1 contains two stems (S1 and S2) and a hexanucleotide loop (L1), whereas HP2 contains
a 9-bp stem (S3) and a 25-nucleotide large loop (L2). HP1 and HP2 are joined by an 11-
nucleotide single-stranded region (J1/2). This secondary structure is very similar to that
predicted using the RNAfold algorithm (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi),
except for a few details, including the absence of evidence for the predicted short base pairs
inside L2 (Fig. S3B). The base pairing property of all three stems is well conserved among
different HBV isolates (Fig. 2C).

All three stems of the double-hairpin structure of PRE-ISS contain significant RNase V1
signals at both strands, whereas cleavage signals by RNase T1 and RNase A are exclusively
located in the unpaired loop and joint regions, including some weak signals near the bulged
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U at stem S1 and the unpaired U at stem S2, which strongly supports the PRE-ISS structure
shown in Fig. 2B. Interestingly, some RNase V1 signals are also observed in the unpaired
regions, including one location in L1 and J1/2, and two in L2, indicating the presence of
some sort of noncanonical base—base or base—backbone interaction inside these single-
stranded regions. It is also noteworthy that both types of cleavage signal are present at the
joint of some single-stranded and double-stranded regions, such as L1-S2 and S2-J1/2,
suggesting that base pairing at these joint sites is dynamic (breathing).

In summary, RNase footprinting experiments demonstrate that PRE-ISS folds into a double-
hairpin secondary structure, which is largely consistent with the computationally predicted
structure. Sequence conservation analysis of PRE-ISS reveals that HP1 is less conserved
than J1/2 and HP2 (Fig. 2C). Interestingly, sequence variations in three stems tend to
maintain the base pairing property (Fig. 2C)./

Disruption of the double-hairpin structure abolishes the silencer activity of PRE-ISS

We next analyzed the contribution of every 15-nucleotide sequence of the first 90
nucleotides of PRE-ISS to its silencer activity. The poly-U substitution mutants were
constructed, resulting in the altered sequence identity, as well as the predicted alteration of
the HP1-HP2 structure in a number of cases (Fig. 3A, B).

Mutants M1, M2 and M5 displayed a silencer activity higher or comparable with that of
wild-type PREISS, indicating that the silencer activity does not require specific nucleotide
sequences covered in this region (Fig. 3C). M1 and M5 substitutions are located in S2 and
S3, respectively, although the base pairing property of these two stems is predicted to be
generally maintained (Fig. 3B). However, substitution of M2 significantly destabilizes, if not
completely eliminates, S2, indicating that S2 alone is not sufficient for the silencing function
of PRE-ISS. The M6 mutant, which altered the loop sequence of HP2, showed a slightly
decreased silencer activity, indicating a possible function of this loop. Importantly, the M3
and M4 mutants almost completely or dramatically compromised the silencer activity (Fig.
3C). The M3 substitution is predicted to completely disrupt S1 and S2 stems and
compromise the HP1 structure. M4 partially destabilizes both S1 and S3.

Collectively, the mutational analysis indicates that the silencer function of PRE-ISS is not
mainly associated with any specific RNA sequences. The deleterious poly-U substitutions in
M3 and M4 strongly suggest that disruption or destabilization of two of the three stems may
compromise the double-hairpin structure important for silencer function. Native gel analysis
of folding of the M3 and M4 mutant RNAs showed that both become less structured, as
indicated by decreased gel mobility (Fig. S4). RNase footprinting experiments using the 5
end labeled mutant RNA further demonstrated that both M3 and M4 cause the loss of at least
one of their hairpins. The results in Fig. 2D reveal that the S1 and S2 regions of M3 become
highly accessible to RNase T1 and A, whereas their accessibility to RNase V1 is lost,
strongly suggesting that the poly-U substitution in the M3 mutant disrupts the HP1 structure
as expected. The HP2 structure was substantially destabilized in the M4 mutant, and the
expected loss of the terminal base pairing in S1 was also evident, indicating decreased
stability of this stem (Fig. S5). We conclude from these results that the silencer activity of
PRE-ISS is strongly associated with its double-hairpin structure.
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Although essential, HP1 alone does not seem to be sufficient to support the silencer activity
of PRE-ISS, because the PRE2bc construct harboring the complete sequence for the HP1
structure (nucleotides from position 1 to 70) showed no silencer activity (Fig. 1D). Similarly,
the HP2-containing construct PREd (nucleotides 71-105) also exhibited no silencer activity
(Fig. 1D). These results suggest that HP1 and HP2 collaboratively contribute to the silencer
activity of PRE-ISS.

The ISS function of PRE is not mediated by PTB

The PRE-ISS element is located at the 3" region of HBV-PRE, which overlaps with two
potential PTB protein binding sites, BS1 and BS2, according to a previous report [36] (Figs
1B and 4C). Interestingly, these two sites are exclusively located in two unpaired regions of
the PRE-ISS structure: J1/2 and L2, respectively (Fig. 4C). The PTB protein is well known
to bind to single-stranded CU-rich sequences to mediate splicing repression [34,37]. The
accessibility of PTB binding sites would provide this repressor protein with an opportunity
to repress splicing. However, these binding sites are absent from the antisense strand of
PRE-ISS, arguing against a potential silencer function mediated by PTB.

To directly determine the contribution of PTB binding to PRE-ISS activity, we assayed the
silencer function of PRE-ISS in repressing SMN1 exon 7 inclusion in a human
hepatocellular liver carcinoma cell line HepG2-wh, which lacks the expression of the PTB
protein. Figures 4A and 1D clearly show that the absence of the PTB protein did not affect
the silencer activity of PRE-ISS, arguing against a role of PTB binding in this splicing
repression event. To further validate the result, we performed PTB overexpression and RNAI
experiments in the PTB-expressing HEK293T cell line and tested the silencer activity of
PRE-ISS. Figure 4B shows that enforced or diminished PTB expression in the HEK293T
cell line had little appreciable effect on PRE-ISS silencer activity.

Further evidence for PTB-independent regulation by PRE-ISS came from the analysis of the
silencer activity of PRE-ISS mutants lacking PTB binding sites in the HEK293T cell line.
Deletion of BS1 is not anticipated to alter the HP1-HP2 structure (Fig. 4C). This mutant
showed a silencer activity comparable with wild-type PRE-ISS (Fig. 4D), supporting the
conclusion that PRE-ISS does not repress alternative splicing through PTB binding to the
BS1 region. Deletion of BS2 only slightly reduced the silencer activity (Fig. 4D), which is
similar to that of the M6 substitution (Fig. 3C).

It is interesting to note that the M4 substitution almost completely impaired the silencer
activity, but DBS1 deletion of the highly conserved nine nucleotides inside J1/2 of the 15-
nucleotide poly-U substitution region of M4 had no effect. These results strongly support the
conclusion that the M4 substitution compromises the silencer activity by destabilizing the S1
and S3 stems, but not by changing the sequence identity of J1/2.

PRE-ISS does not repress SP1 splicing

The ESE function of HBV-PRE has been reported previously based on its requirement for
efficient splicing of the HBV pgRNA to produce the spliced SP1 product [22]. PRE-ESE
resides 766 nucleotides downstream of the 3" splice site of SP1 pgRNA (Fig. S6A). PREISS
is located at the 3 exon of the SP1 splice variant, about one kilonucleotide away from the
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3’ splice site. We found that the mutant HBV pgRNA devoid of PRE-ISS (Apre2bcd) or a
large portion of it (ABS1 + ABS2) was spliced with the same efficiency as the wild-type
pgRNA (Fig. S6B). We confirmed the ESE activity of HBV-PRE151_1584 because its
deletion resulted in decreased splicing activity (Fig. S6B). The identity of the spliced SP1
RNA and the unspliced RNA with an intact 5" splice site in our RT-PCR analysis was
confirmed by sequencing analysis.

The silencer activity of the intronic PRE-ISS is position dependent

Recent studies have revealed that regulation of alternative splicing by the interaction
between SREs and their interacting proteins is generally position dependent [34,38].
Considering that PRE-ISS is located in the exonic region, about 1-kb downstream of the 3’
splice site of the SP1 variant, the inability of PRE-ISS to repress SP1 splicing would not be
surprising if its action is position dependent.

We therefore wished to address whether the PREISS silencer activity responds to different
positions in the upstream and downstream introns (Fig. 5A). Insertion of PRE-ISS in the
upstream intron 6 of the SMNI gene at position 1.7, 82 nucleotides from the 3" splice site,
showed the strongest silencer activity. The silencer activity decreased with increasing
distance (82-182 nucleotides) from the 3" splice site, and disappeared when the distance
increased to 222 nucleotides (position 1.4) (Fig. 5B). When inserted in the downstream
intron, its presence at position 1.12 (164 nucleotides) and 1.13 (224 nucleotides) displayed
strong silencer activity and a reverse relationship with distance (Fig. 5B). These results
suggest that the silencer activity of PRE-ISS is strongly dependent on the distance from the
alternative splice site. The functional distance from the 3" splice site is within 222
nucleotides in the upstream intron, and can extend beyond 224 nucleotides from the 5’
splice site in the downstream intron. PRE-ISS at most intronic positions showed no
appreciable effect in the context of SMA/Z, in which exon 7 was almost constitutively
excluded [39] (Fig. 5C).

Taken together, our results demonstrate a general silencer activity of the structure containing
PRE-ISS in both the upstream and downstream introns of an alternative exon within an
effective distance of about 200 nucleotides from the splice sites. The silencer activity is
inversely correlated with the distance from the alternative splice sites. This position-sensitive
effort explains the result that PRE-ISS does not repress SP1 splicing, because PRE-ISS is
located in the distal exonic region. Indeed, PRE-ISS is located at the downstream exons of
all splicing variants, with the most proximal 3" splice site (position 1385) being about 100
nucleotides upstream. The strong silencer activity of PRE-ISS predicts the rare usage of
nearby splice sites, consistent with the lack of known splicing variants of HBV transcripts in
the region (Fig. 6A).

The HBV genome harbors multiple S-AS splicing silencers

HBYV genes are compacted in its small genome. To maintain intact reading frames of the
encoded viral proteins, the genome sequence may have evolved sophisticated mechanisms to
repress aberrant splicing of the HBV pgRNA, as the unspliced pgRNA is absolutely required
to produce the viral genomic DNA. In order to gain further insights into the splicing
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repression mechanisms, we systematically screened potential ISSs and ESSs in the HBV
genome. The genomic DNA of HBV was sliced by a cocktail of restriction enzymes. The
products were then inserted into the SMNZ1 and S/RT1 splicing reporter plasmids to screen
for potential ISSs and ESSs, respectively. The inserts containing ISS or ESS should result in
exon skipping and an increased level of green fluorescent signal (Fig. S7A).

Ten and twelve unique ISSs and ESSs, respectively, were identified (Figs S7 and S8; Tables
S1 and S2). The silencers are clustered at the 3" regions of Pre C/Pregenome transcript (3.5
kb), pre S1 transcript (2.3 kb) and pre S2/S transcript (2.1 kb). The X transcript is enriched
in both types of silencer as well, including four in the PRE region and two downstream (Fig.
6A).

Among the 10 unique ISSs, eight are S-AS pairs, whereas four of the 12 ESSs are S-AS
pairs. One pair of S-AS ISSs overlaps with the first 92 nucleotides of PRE-ISS, consistent
with the above conclusion that PRE-ISS acts in both orientations. It is striking that 80% of
the newly identified 1SSs are S-AS ISSs, suggesting that the splicing regulatory mechanism
associated with the sequence-independent S-AS repression is general in maintaining intact
HBV transcripts.

The alignment of genome sequences from 52 different HBV variants showed that the
identified ISSs are generally located in more conserved regions in the HBV genome,
whereas the ESSs have no such preference (Fig. 6B). The sequence conservation of 1SSs
suggests the potential importance of their primary sequences in exerting critical biological
functions. Consistent with the hypothesis that the S-AS ISSs may primarily exert their
splicing silencer function through their RNA secondary structures, this class of 1SSs is less
conserved in their primary sequence than the other ISSs, although PRE-ISS is strongly
conserved (Fig. 6B).

The capability of 1SSs to form stable secondary structures is generally higher than the
average of the whole HBV genome sequence, although some fall below the median of the
calculated minimal free energy (MFE) of the genomic background. Three pairs of S-AS,
including those overlapping with PRE-ISS, have MFEs below the median, whereas the other
is above (Fig. 6C). These results suggest that HBV ISSs have a large propensity to form
stable secondary structures.

Discussion

Recruitment of the essential spliceosome components U1 and U2 snRNPs to the 5" and 3’
splice sites, respectively, is the most critical step for the inclusion of an exon in the spliced
mRNA. This step is highly regulated by arrays of interactions between cis-acting elements in
pre-mRNAs and frans-acting splicing factors. The formation of local secondary RNA
structures determines the accessibility of splice sites and cis-acting elements, and therefore
modulates the interactions between snRNPs and splice sites, and between splicing factors
and SREs, to control the splicing outcome [5,7]. An understanding of how RNA secondary
structures are involved in regulated pre-mRNA splicing is central to the deciphering of the
splicing code towards predicting splicing outcomes.
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A splicing silencer element in HBV-PRE

HBV-PRE is a multifunctional and highly structured element located at the 3" end of all
four HBV transcripts. It contains components mediating the nucleocytoplasmic transport of
the unspliced HBV PreS/S RNA, and a possible ESE that promotes the production of HBV
splice variant SP1 [15]. In this study, we report that HBV-PRE also carries an ISS. This ISS
is a 105-nucleotide element located at the 3" region of HBV-PRE, distinct from the location
encoding the RNA transport activity of HBV-PRE (Fig. 1B). Both the sense and antisense
strands of PRE-ISS exhibit strong splicing silencer activity (Fig. 1), whereas only the sense
strand of HBV-PRE displays the RNA transport function [20]. Furthermore, PRE-ISS is
about 200 nucleotides downstream of the previously identified ESE in HBV-PRE [22].
Therefore, the newly identified ISS is separate from the existing elements involved in
nuclear transport and ESE functions.

PRE-ISS exerts splicing silencing via RNA structure

Mutation or deletion in the human SMNI gene causes spinal muscular atrophy, a severe
neurodegenerative disease, whereas the SMNZ2 gene harboring the C — T mutation at
position 6 (C6T) cannot compensate for the function of SMNI because this point mutation
causes a shift of the major inclusion of this exon to the dominant exclusion (Fig. S1B), and
therefore the production of truncated and nonfunctional survival motor neuron (SMN)
protein [40,41]. Many silencer elements in the neighboring introns of SMN exon 7 repress
exon inclusion in its SMAZ, but not SMN/1, splicing context [23,27,28], suggesting that the
exon 7 inclusion mechanism in the SMNZ splicing context is resistant to the effect of these
ISSs. In this study, we show that PRE-ISS effectively inhibits exon 7 inclusion in the SMN1
splicing context, indicating that PRE-ISS activates an inhibitory mechanism outcompeting
the exon 7 inclusion mechanism.

PRE-ISS folds into a stable double-hairpin structure /n vitro, which is similar to that
predicted by the RNAfold algorithm. Results from a systematic substitution and deletion
analysis suggest that the stable double-hairpin structure is the main determinant of the
silencing function of PRE-ISS, because mutations disrupting or destabilizing the double-
hairpin structure, but not a single stem, strongly compromise its silencer activity (M3 and
M4 shown in Fig. 3). Deletion of only one of the two PTB binding sites slightly affects the
silencer activity, but depletion of PTB does not impair the silencer function of PRE-ISS.
Based on these results, we propose that PRE-ISS exerts its splicing silencer function mainly
via its double-hairpin structure.

This hypothesis is further supported by the fact that both the sense and antisense directions
of the PRE-ISS element strongly repress exon 7 inclusion in the SMN1 splicing context. The
sense strand is highly CU rich (70.5%) and contains many single-stranded regions, whereas
the antisense strand is complementarily GA rich and contains various GA-rich single-
stranded regions (Fig. S3). A number of well-known silencer elements are CU rich and
bound by splicing repressors to block spliceosome assembly [34,37,42,43], whereas GA-rich
sequences are typical binding sites for SR proteins, a family of splicing activators that recruit
spliceosome components to adjacent splice sites [44]. However, binding of SR proteins to
intronic regions has been shown to repress splicing [45].
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Sequence-independent enhancer activities have been reported for a pair of complementary
intronic elements between exons Il1b and Illc, two mutually exclusive exons of fibroblast
growth factor receptor 2 (FGFR2), which are required for inclusion of the former exon and
exclusion of the latter [24]. The base-paired structure of a 24-nucleotide ISE located close to
the 5” splice site in intron 7 of the SMN gene has also been shown to be critical for
enhancer activity [23]. We now report that PRE-ISS represses splicing in a sequence-
independent manner. Together, these findings suggest that RNA secondary structures may
represent a widespread mechanism in mammals to regulate pre-mRNA splicing, either
positively or negatively.

Does the intronic structured RNA represent a common mechanism for the repression of
HBV genome splicing?

Splicing of the transcripts of viruses whose life cycle undergoes retrotranscription must be
tightly controlled, as excessive splicing of their genomic or pgRNA would impair the
integrity of their genomes and result in defective viral particles [46]. It is likely that splicing
silencer elements play a crucial role in this respect, as exemplified by the well-studied HIV
splicing. Here, we report that a splicing silencer may act through its secondary structure,
rather than specific sequences, and that both the sense and antisense directions of the
silencer show equivalent activities. Genome-wide analysis of ISS elements in the HBV
genome suggests a high incidence of such ISS elements that function in both directions,
representing 80% of the 10 unique ISS elements identified. This observation indicates that
ISSs may have evolved as a key mechanism to prevent aberrant splicing of viral transcripts
by the host splicing machinery.

Materials and methods

Constructs and mutagenesis

The pZW8-SMN1 and pZW8- SMNZ2 reporter plasmids were constructed by replacing the
SIRT Intron5—-Exon6-Intron6 alternative splicing context in pZW8 with the Intron6—-Exon7—
Intron7 alternative splicing context of SMNZI and SMNZ, respectively [26]. Full-length PRE
and all PRE subelements were PCR amplified from pDM-138-PRE, a kind gift from
Professor Thomas J. Hope (Northwestern University, Chicago, IL, USA), and inserted into
the reporters using the engineered restriction sites Sacl and Sall.

PREZ1, 2, 3 and 4 were released from the full-length PRE1051-1684 using a mix of A/u,
Dpnl and Haelll. Nucleotide deletion and substitution mutations were introduced into the
reporter by site-directed mutagenesis (Stratagene, La Jolla, CA, USA) using the
proofreading DNA polymerase KOD plus (Toyobo, Osaka, Japan). Deletion mutants are
indicated by a ‘A’ prefix and substitution mutants by the ‘M’ prefix. All mutations were
confirmed by sequencing.

Cell culture and transfection procedure

Hela, HEK293T, HepG2-wh (China Center for Type Culture Collection) and Huh-7 cells
were grown at 37 °C with 5% CO, in DMEM (Invitrogen, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (Hyclone, West Logan, UT, USA). For transient
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transfection assays, cells were plated 24 h prior to transfection into 24-well plates. When
cells reached a confluence of 70-80%, 0.8-1 pg of plasmid was transfected into each well
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) following the protocol provided.

A short hairpin RNA (shRNA) hairpin DNA sequence in the pSuper-neo expression vector
was expressed to knock down polypyrimidine tract binding protein (PTB) expression, and a
pCDNAZ3.0 expression vector harboring the PTB cDNA was used to overexpress PTB. These
plasmids were individually cotransfected with the indicated splicing reporter.

Western blot analysis

Cells were lysed with 1x SDS lysis buffer to prepare total cell extracts. Equal amounts of
cell lysate were resolved by SDS/PAGE, followed by standard western blotting according to
the manufacturer’s protocol (Pall, East Hills, NY, USA).

RNA extraction and RT-PCR analysis

Cells were harvested 48 h post-transfection and total RNA was prepared using the TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. Total
RNA of 3 ug was incubated with random primers, dNTPs and Moloney murine leukemia
virus reverse transcriptase (Promega, Madison, WI, USA) at 37 °C for 1 h to generate
cDNA, followed by PCR amplification. PCR products were separated on 2% agarose gels.
To assay the splicing of the reporter SMNZ and SMN2 minigenes, primers GFP1F
(agtgcttcagecctacee) and GFP3R (gttgtactccagettgtgec) were used. For the detection of the
unspliced pgRNA and the SP1 splicing variant of HBV, primers SP1 (tgcccctatcctatcaacac),
SP2 (actcccataggaattttccgaaa) and U2 (ttccaatgaggattaaagacag) were used.

Quantification of the splicing ratio by RT-PCR was performed using the forward primer
radiolabeled with [y—32P]ATP (Furui, Beijing, China) during PCR (25 cycles in total),
unless otherwise indicated. Amplicons were separated on 5% nondenaturing PAGE gels, and
the spliced and unspliced RNA products were quantified by exposing the gel to phosphor
screen (GE Healthcare, Milwaukee, WI, USA) and scanning with Typhoon 9200. Data were
plotted using graphpad prism 4.0 and sigmaplot 11.0 programs.

Ribonuclease footprinting to determine the secondary structure of PRE-ISS

The 105-nucleotide PRE-ISS RNA was in vitro transcribed and gel purified followed by the
5 end labeling reaction using [y—32P]ATP (Furui, Beijing, China) and T4 polynucleotide
kinase (Fermentas, Vilnius, Lithuania). Labeled RNA samples dissolved in 10 mm Tris /
HCI (pH 7.5) were heat denatured at 94 °C for 3 min, followed by rapid chilling on ice. The
denatured RNA samples were then folded in buffer containing 10 mm Tris/HCI (pH 7.0), 10
mm MgCl, and 100 mm KCI at 37 °C for 5 min prior to partial cleavage by 0.05 U-uL~1
RNase T1 (Fermentas, China), 0.001 ug-uL~1 RNase A and 0.001 U-uL~1 RNase V1
(Ambion, Austin, TX, USA) at 37 °C for 1 min. The reactions were stopped by ribonuclease
inactivation buffer following the manufacturer’s protocol (Ambion, Austin, TX, USA).
RNase T1 and RNase A sequencing markers were prepared following the RNase kit protocol
using the RNA sequencing buffer provided, and the alkalysis marker was prepared using the
alkaline hydrolysis buffer provided (Ambion, Austin, TX, USA). All samples were loaded
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onto 8% sequencing gels and signals were obtained by exposing the gel to phosphor screens
(GE Healthcare) and scanning with Typhoon 9200 (GE Healthcare). The collected
radioactive signals were analyzed and quantified using the associated software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ESE exonic splicing enhancer

ESS exonic splicing silencer

FGFR2 fibroblast growth factor receptor 2

HBV hepatitis B virus

ISE intronic splicing enhancer

ISS intronic splicing silencer

MFE minimal free energy

pPgRNA pre-genomic RNA

PRE post-transcriptional regulatory element

PTB polypyrimidine tract binding protein

SAS sense—antisense

ShRNA short hairpin RNA

SMN survival motor neuron

SRE splicing regulatory element
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Fig. 1.

(A?) Schematic representation of the reporter plasmid pZW8-SMN1. The EGFP gene (green)
was split into the 5” and 3" parts by the SMN alternative splicing cassette (orange)
including exon 7 and parts of the upstream intron 6 and downstream intron 7. HBV-PRE and
its derivatives were cloned into intron 6 at the location 122 bp upstream of the 3" splice site
of exon 7 in the reporter plasmid pZW8-SMN1C (1.6). The positions of the 5" and 3’
primers used to amplify the splicing products are indicated by arrows. (B) Schematic
drawing of the position of the functional elements (boxed in light blue) residing in the HBV
post-transcriptional regulatory element (PRE) [15]. The intronic splicing silencer (PRE-ISS)
(in dark blue) identified in this study is also indicated. (C) ISS function of the long and short
versions of HBV-PRE, PRE1051_1684, PRE1253_1582 (sense direction) and Re-PRE1253_1582
(antisense direction), in HeLa cells. ‘Control’ indicates the SMNI reporter plasmid without
any insertion. The band “In” indicates the splicing product with exon 7 inclusion, and ‘Ex’
indicates the exon exclusion product. (D) [y—32P]-Labeled RT-PCR products of the splicing
products in HepG2-wh cells from the SMNI reporter plasmids containing different
fragments from HBV-PRE(51-1684 Shown below the graphic representation (bottom panel).
A representative gel is shown in the top panel, and the graph below shows the percentage of
exon exclusion, indicating the percentage of the splicing product with exon 7 exclusion
(“Ex’ band) among the total products (a sum of ‘Ex’ and ‘In’ bands) from three independent
experiments, with the standard deviation (SD) being shown.
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Fig. 2.
ng\]lase footprinting analysis of the secondary structure of PRE-ISS. (A) RNase footprinting
analysis of the fragments of the 5" end labeled and folded PRE-ISS wild-type RNA, which
was cleaved by RNase T1, RNase V1 and RNase A. The T1 seq and A seq lanes represent
RNase T1 and RNase A sequencing markers, respectively. NC indicates the negative control
RNA sample produced by adding water instead of an RNase. Colored curves represent the
normalized intensity of RNase cleavage signals, and asterisks indicate RNase V1 signals in
unpaired regions. (B) Deduced secondary structure of the PRE-ISS RNA. RNase T1, RNase
V1 and RNase A signals are superimposed on the secondary structure. Triangles, diamonds
and ellipses represent signals for RNase T1, RNase V1 and RNase A, respectively; larger
ones represent stronger signals and smaller ones weaker signals. (C) Conservation analysis
of the PRE-ISS sequence. The conservation in 52 HBV genomes was calculated and the
graphic representation was created by WebLogo 3 [47]. The HP1 and HP2 regions are
indicated, with stems being marked by cyan bars and the RNase-accessible joint and loop
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regions by red bars. (D) RNase footprinting analysis of products from the ribonuclease
cleavage of the M3 mutant RNA of PRE-ISS.
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Fig. 3.

Poly-U substitution analysis of the relationship between the sequence/structure and silencer
function of PRE-ISS. (A) Schematic representation of the 15T substitution mutants of PRE-
ISS inserted in the reporter plasmid pZW8-SMN1C (1.6) (see Fig. 1), with the substitution
position of each mutant being indicated. (B) The predicted effect of each poly-U substitution
on the HP1-HP2 structure. (C) Quantification of the splicing silencer activity (percentage of
exon exclusion) of each poly-U substitution mutant of PRE-ISS in HEK293T cells. SMN1
control is the empty SMN/I reporter plasmid. The experiments and quantification of the
percentage of exon exclusion were similar to those in Fig. 1C, D.
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PRE-ISS regulation is independent of PTB expression. (A) Western blot analysis of the PTB
and nPTB protein level in HepG2-wh cells, with b-actin as a loading control. (B) PTB RNA
and overexpression in HEK293T cells. RNAi and overexpression of PTB were carried out
using a PTB1-specific ShRNA and a PTB1 cDNA expressed from pSuper-neo and pcDNAS3,
respectively [34]. PTB protein levels in treated and control cells were analyzed by western
blot (bottom). In treated and control cells, SMN/Z control plasmid or the plasmid containing
PRE-ISS inserted into the reporter plasmid pZW8-SMN1C (1.12) were transfected, and the
silencer function of PRE-ISS was analyzed by RT-PCR (top panels). The position of 1.12 is

in intron 7 (see Figs 4A and S1). (C) Schematic diagram of the predicted effect of the

deletion of either of the two PTB binding sites (BS1 and BS2) on the structure of PRE-ISS.
(D) Quantification of the splicing silencer activity of PTB-ISS and two deletion mutants (C)

in HEK293T cells, similar to that in Fig. 1C, D.

FEBS J. Author manuscript; available in PMC 2019 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Page 21

A
GFP-5' 1 2 '3 4 5 6 7 sM 10 11 12 13 GFP-3’
-382 -322 -283 -222 -182 -122 -B4 exon? 64 124 164 224
B C
5 120 120,
[ B
S 108 = ‘_zmn g | 3
c 80 2 804
& g
2 e0 © 604
o k-]
[ 40 ] 4
g E’ 40
é 20 E 204
& ol 2o L 8
SMN1 1.2 1415 16 1.7 112113 SMN2 2.2 2.4 26 210 2.11 212
' v
A 1 r d A+
Intron 6 Intron 7 Intron 6 Intron 7

Fig. 5.

Tr?e positional effect of the PRE-ISS silencing activity. (A) Schematic illustration of the
insertion at different positions. Numbers 1, 2, 3, 4, 5, 6 and 7 represent locations 382, 322,
283, 222, 182, 122 and 84 nucleotides upstream of the 3" splice site of exon 7, respectively,
whereas numbers 10, 11, 12 and 13 represent locations 64, 124, 164 and 224 nucleotides
downstream of the 5" splice site of exon 7, respectively. All the constructs in the SMN1
exon 7 background are named as 1.1, 1.2, etc.; all constructs in the SMN.2 context are named
as 2.1, 2.2, etc. (B) Radioactive RT-PCR to analyze the silencer effect of PRE-ISS inserted
into different locations in the SMN/I reporter plasmid. Lane SMNZ indicates the empty
SMNI reporter plasmid transfected in HEK293T cells. (C) The silencer effect of PRE-ISS
inserted into different locations in the SMNZ2 reporter plasmid.
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Fig. 6.

(A?) Mapping of potential ESS and ISS elements in the HBV genome that enhanced splicing
of the alternative S/R71 exon (ESSs) or repressed splicing of the alternative SMN/I exon
(1SSs) in HeLa cells (see Data S1 for details). ESSs are depicted in blue and ISSs in purple,
with their corresponding plasmid clones indicated on the left. ESSs and 1SSs recovered at
higher frequencies are presented in darker colors. Arrowheads to the right and to the left in
ESS and ISS boxes represent sense and antisense sequences, respectively. The HBV genome
is delineated with the known 5" and 3" splice sites indicated by diamonds and triangles,
respectively. The location of the PRE element on the HBV genome is boxed in green. The
four translational products are shown above the genome, whereas the four transcripts are
shown below. PRE-ISS is shown below the transcripts and above the selected ISSs. (B)
Nucleotide conservation scores of the HBV genome and different groups of ESSs and ISSs.
The score was obtained by analyzing 52 HBV genomes on the RNAz webserver (http://
rna.tbi.univie.ac.at/cgi-bin/RNAz.cgi). The double asterisk indicates £ < 0.001 in a t-test
between the HBV genome and different splicing element groups (see Materials and
methods). (C) Minimal free energy (MFE) values of the predicted secondary structures of
candidate 1SSs and their background sequences from the HBV genome, which were
calculated by the RNAfold program. The dots (red) represent MFE values of the indicated
ISSs. The genome background MFEs of a specific 1SS were obtained by customized sliding
windows in the HBV genome, resulting in a total of 3182 background sequences for each
ISS. The box plot of MFEs of all background sequences for a specific 1SS was obtained
using R (http://www.r-project.org). The broken line and box (black) represent the
distribution of MFE values of the HBV genome background against each ISS. The bold line
in the box represents the median of the MFE values. The box covers 50% of the MFE
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values. The broken lines indicate MFEs inside the normal distribution, whereas the outliers
stand for the MFEs beyond.
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