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ABSTRACT

Effective splice site selection is critically controlled
by flanking splicing regulatory elements (SREs) that
can enhance or repress splice site use. Although
several computational algorithms currently identify
a multitude of potential SRE motifs, their predic-
tive power with respect to mutation effects is lim-
ited. Following a RESCUE-type approach, we defined
a hexamer-based ‘HEXplorer score’ as average Z-
score of all six hexamers overlapping with a given
nucleotide in an arbitrary genomic sequence. Plotted
along genomic regions, HEXplorer score profiles var-
ied slowly in the vicinity of splice sites. They reflected
the respective splice enhancing and silencing prop-
erties of splice site neighborhoods beyond the identi-
fication of single dedicated SRE motifs. In particular,
HEXplorer score differences between mutant and ref-
erence sequences faithfully represented exonic mu-
tation effects on splice site usage. Using the HIV-1
pre-mRNA as a model system highly dependent on
SREs, we found an excellent correlation in 29 muta-
tions between splicing activity and HEXplorer score.
We successfully predicted and confirmed five novel
SREs and optimized mutations inactivating a known
silencer. The HEXplorer score allowed landscaping
of splicing regulatory regions, provided a quantita-
tive measure of mutation effects on splice enhancing
and silencing properties and permitted calculation of
the mutationally most effective nucleotide.

INTRODUCTION

A wide spectrum of functionally different mRNAs and pro-
tein isoforms can be obtained from a single primary tran-
script by way of alternative pre-mRNA splicing, an active
process in the majority of human genes (1). Intron excision

is performed by the spliceosome (2), which precisely recog-
nizes the exon—intron borders guided by a multitude of cis-
acting sequence motifs and trans-acting factors like regula-
tory proteins—altogether termed the ‘splicing code’ (3,4).
In particular, splice site selection is equally controlled both
by the proper 5" and 3’ splice sites (5'ss and 3’ss) and by
nearby activating or repressing splicing regulatory elements
(SREs) (5,6).

Disease-associated aberrant splicing can e.g. be caused
by mutations as well in splice sites as in SREs, which often
are 6-8-nucleotide long binding sites for SR-proteins (ex-
onic splicing enhancers) or hnR NP-proteins (intronic splic-
ing enhancers). These SR Es have signature positional distri-
butions (7) and their enhancing or silencing effects on splice
site usage depend on their localization with respect to the
splice site (8). In addition, weaker splice sites can be com-
pensated by stronger neighboring splicing enhancers, thus
avoiding aberrant splicing (8).

Computational identification of SREs is highly impor-
tant e.g. in human genetics, and several current bioinfor-
matics algorithms for SRE identification provide sets of
hexamers (9-15) as binding sites for splicing regulatory pro-
teins. Aggregating SREs across available algorithms cur-
rently yields 979 exonic splicing enhancers (ESE) motifs and
496 exonic splicing silencer (ESS) motifs (16), as well as re-
cently described position-dependent enrichment of multiva-
lent tetramer motifs (17). In a systematic experimental eval-
uation, Ke et al. inserted all 4096 hexamers at five positions
in two different internal exons of a 3-exon minigene, obtain-
ing 1182 ESE and 1090 ESS motifs (15). Thus, in genomic
sequences SRE searches frequently detect entire arrays of
motif ‘hits’, and most mutations in the vicinity of a splice
site alter at least one putative SRE, which renders mutation
assessment difficult (18). Recently, a machine learning ap-
proach using a random forest algorithm yielded a mutation
classifier using a variety of SNP-, exon- and gene-based fea-
tures, which takes into account mutational changes both in
splice site and SRE sequences (16). While this approach at-
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tempts to unify the effects of intrinsic splice site properties
and of neighboring regulatory elements and thus presents a
step toward a ‘functional splice site score’, it also includes
highly non-local information like evolutionary conserva-
tion and properties of the entire gene. In contrast, it is our
goal to derive a scoring for SREs that only uses properties
of the splice site neighborhood.

We selected the HIV-1 genome as a model system for
several reasons: (i) it is ~10 000 nt small and its splicing
patterns during early and late phases of the replication cy-
cle are well characterized, (ii) it contains highly regulated
splice sites dependent on many known SREs (19-39) and
(1i1) HIV-1 splicing is easily experimentally accessible both
in subgenomic splicing reporter constructs and in replica-
tion competent virus.

Within HIV-1-infected cells, more than 40 different vi-
ral mRNAs are spliced from a single primary RNA tran-
script. Depending on introns retained, these RNAs can
be separated into three distinct classes: intronless (2 kb),
intron-containing (4 kb) and unspliced (9 kb) viral mRNAs
(40,41). The sophisticated splicing pattern is derived from
alternatively used subsets of at least four viral 5'ss and eight
3’ss. Splice site selection is controlled by SREs, which can
either activate or repress functional recognition of a nearby
splice site (40). Disruption of only one of these viral SREs
can severely interfere with the viral splicing balance, which
has to be maintained for proper replication (19,20). For in-
stance, exon 3 splicing is repressed by the vpr exonic splic-
ing silencer ESSV (19,21-22), and inactivation of vpr exonic
splicing silencer (ESSV) results in dramatically increased
levels of exon 3 inclusion, abolishing unspliced viral mR-
NAs and thus suppressing virus particle production (19,21).

In this study, we defined and validated a ‘HEXplorer
score’ for every nucleotide in a genomic sequence, based
on all overlapping hexamers rather than only on dedicated
SRE motifs. We hypothesize this HEXplorer score to cap-
ture the splice enhancing and silencing properties of ge-
nomic regions in the vicinity of splice sites. Using the HIV-1
pre-mRNA as a model system highly dependent on SREs,
we found an excellent correlation in 29 mutations between
splicing activity and HEXplorer score. We successfully pre-
dicted and confirmed five novel ESEs and optimized muta-
tions inactivating the known silencer ESSV. The HEXplorer
score (www.uni-duesseldorf.de/rna) allows landscaping of
splicing regulatory regions, provides a quantitative measure
of mutation effects on splice enhancing and silencing prop-
erties, and permits calculation of the mutationally most ef-
fective nucleotide.

MATERIALS AND METHODS
Oligonucleotides

Oligonucleotides were obtained from Metabion GmbH
(Martinsried, Germany).

Primers used for site-directed mutagenesis (see Supple-
mentary Tables S1 and S2).

Primers used for semi-quantitative reverse transcriptase-
polymerase chain reaction (RT-PCR) analyses (see Supple-
mentary Table S3).

HIV-1-based subgenomic splicing reporter

The LTR ex2 ex3 minigenes were generated as described
previously (20,23). Exon 3 mutants were constructed by
PCR mutagenesis. For construction, the A/wNI/Spel frag-
ment of LTR ex2 ex3 was replaced by the respective PCR
products using the appropriate forward PCR primer (see
Supplementary Table S1) and #2588 as a reverse PCR
primer containing A/wNI and Spel restriction sites. After
cloning, all PCR amplicons were validated by sequencing.

SV-env (24) derived splicing reporters (see Supplementary
Table S2) were constructed by replacing the EcoRI/Sacl
fragment with respective PCR products: exon 3 and exon
3 ESSV™ (#1906/#1907) or linkers: part I (#1958/#1959),
part IT (#1960/#1961), part Il ESSV~ (#1962/#1963) and
part 11T (#1964 /#1965).

SV-env/eGFP reporters (42) were generated by substi-
tution of the EcoRI/Ndel fragment with respective PCR
products using the appropriate forward PCR primer (see
Supplementary Table S2) and #640 as a reverse primer. SV-
SD4-env/eGFP reporters (corresponding to SV-env/eGFP
with HIV-1 D4 sequence instead of D1) were cloned by re-
placing the EcoRI/Sacl fragment with the indicated linker
sequences.

Proviral HIV-1 plasmids

pNL4-3 mutants were constructed by replacing the region
between PfIMI and EcoRI with mutated LTR ex2 ex3 frag-
ments as described previously (20).

Cell culture and RT-PCR analysis

HeLa and HEK 293T cells were maintained in Dulbecco’s
high glucose-modified Eagle’s medium (Invitrogen) supple-
mented with 10% fetal calf serum and 50 pg/ml of each
penicillin and streptomycin (Invitrogen). Transfections were
done in 6-well plates with 2.5 x 10° cells per plate us-
ing TransIT®-LT1 reagent (Mirus) according to the manu-
facturer’s instructions. Total RNA samples were collected
48 h after transfection from either HeLa or HEK 293T
cells transfected with subgenomic or proviral constructs
and pXGHI to control transfection efficiency. For reverse
transcription, 4 pg of RNA were subjected to DNA diges-
tion with 10 U of DNase I (Roche). DNase I was heat-
inactivated at 70°C for 5 min and cDNA synthesis occurred
for 1 h at 50°C and 15 min at 72°C by using 200 U Su-
perscript I1II RNAse H™ Reverse Transcriptase (Invitro-
gen), 7.5-pmol oligo(dT),, 13 (Invitrogen) as primer, 20 U
of RNAsin (Promega) and 10 mM of each deoxynucleoside
triphosphate (Qiagen). For semi-quantitative analysis of
LTR ex2 ex3 minigene mRNAs, cDNA was used as a tem-
plate for a PCR reaction with forward primer #1544 and re-
verse primer #2588 (see Supplementary Table S3). For semi-
quantitative analysis of SV-env/eGFP-derived reporter mR-
NAs, cDNA was used as a template for a PCR reaction with
forward primer #3210 and reverse primer #3211. For trans-
fection control, PCR was performed with primers #1224
and #1225 to specifically detect GH1 mRNA. For analy-
sis of exon 3 inclusion in viral zat mRNAs and vpr mRNA
splicing, a PCR reaction was carried out using primers
#1544 (E1) and #3632 (E4). For the analysis of intronless
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1.8-kb HIV-1 mRNAs, PCR reaction was carried out with
forward primer #1544 (E1) and reverse primer #3392 (E7).
Finally, intron containing 4.0-kb HIV-1 mRNAs were de-
tected with primers #1544 (E1) and #640 (14). PCR prod-
ucts were separated on 8% non-denaturing polyacrylamide
gels and stained with ethidium bromide for visualization.

Antibodies

The following primary antibodies were used for im-
munoblot analysis: mouse antibody against a-actin (A2228)
was obtained from Sigma-Aldrich. Sheep antibody against
HIV-1 p24 was purchased from Biochrom AG. For detec-
tion, we used a horseradish peroxidase (HRP)-conjugated
anti-mouse antibody (NA931) from GE Healthcare and
an HRP-conjugated anti-sheep antibody from Jackson Im-
munoresearch Laboratories Inc.

Protein analysis

Transfected cells were lysed in radio immunoprecipitation
assay (RIPA) buffer (25-mM Tris-HCI pH 7.6, 150-mM
NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% sodium
dodecyl sulfate (SDS), protease inhibitor cocktail (Roche)).
Proteins were separated by SDS polyacrylamide gel elec-
trophoresis, transferred on a nitrocellulose membrane and
subjected to immunoblotting procedure. Membranes were
probed with the respective primary and secondary antibod-
ies and developed with ECL chemiluminescence reagents
(GE Healthcare).

Hexamer score calculation

Following the RESCUE concept (9), hexamer frequencies
were determined in the four data sets of up to 100-nt long
exonic and intronic sequences up- and downstream of 10
359 weak and 10 407 strong constitutive canonical 5’ splice
sites, respectively. All 11 nucleotides (three exonic, eight in-
tronic) of the 5’ splice site consensus sequence were excluded
from the analysis to avoid hexamer count bias from splice
site motif conservation. Weak and strong 5’ss were selected
as lower (HBS < 13.5) and upper (HBS > 17.0) quartiles of
the HBond score (HBS) distribution (43).

To compare the relative occurrences in both data sets
of a given hexamer that occurred fr times in the exonic
and f; times in the intronic sequence data set, the nor-
mal distributed z-score Zg; was calculated as Zg; = (fg —
M/VA/Ne+1/N)-g-(1 - g).

Here, Ng and N; denote the total numbers of exonic
and intronic positions in the respective data sets, and g =
(Mg - fg+ M- fi)/(Ne + N) is the weighted average fre-
quency. The ‘weak—strong’ Z-score Zws was calculated ac-
cordingly, using hexamer frequencies fw and fs in exons up-
stream weak and strong 5 splice sites, respectively.

Detection of SREs by other available algorithms

The comparison of the novel HEXplorer score with other
available algorithms for the identification of SREs was
performed on 50 nucleotides upstream of each 5'ss in the
HIV-1 genome. These sequences were screened for enhancer
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and silencer motifs, using web resources for the following
available algorithms (9-15): ESEfinder 3.0 (http://rulai.
cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi?process=home),
RESCUE-ESE (http://genes.mit.edu/burgelab/rescue-ese/),
FAS-ESS-hex3  (http://genes.mit.edu/fas-ess/), PESX
(http://cubweb.biology.columbia.edu/pesx/) and
ESRsearch  (http://esrsearch.tau.ac.il/). Where appro-
priate, the respective default settings for SRE detection
were applied.

From all these algorithms, motifs were identified in ref-
erence and mutated sequences, and a weight of +1 or —1
was assigned to a sequence for each predicted enhancer or
silencer motif that overlapped with a mutated nucleotide.
From the change in the number of ESE- and ESS-motifs
induced by these mutations, we calculated an overall ‘ex-
onic splicing motif difference’ (ESMD) similar to Ke et al.
(44), capturing the summary effect of ESR gain and loss
predicted by the various algorithms.

Systematic comparison of HEXplorer score and ESRseq
score was performed by extracting hexamer weights for
1182 ESS and 1090 ESS hexamer motifs provided by Ke
et al. (15). Using these hexamer weights instead of the
weights obtained from our data set, we calculated the av-
erage ESRseq score of all hexamers overlapping with any
index nucleotide in a genomic sequence. In this way, we ob-
tained a metric based on the ESRseq score that permitted a
direct comparison to the HEXplorer score.

RESULTS

Derivation of HEXplorer score—an in silico approach for
SREs

The HEXplorer score presented in this work was based on
hexamer weights calculated by a RESCUE-type approach
(9). Splice site recognition depends more strongly on the
presence of SREs for weak than for strong 5'ss (8). There-
fore, hexamers associated with ESEs are generally assumed
to be over-represented in exonic sequences upstream of
weak 5'ss compared to sequences upstream of strong 5'ss, as
well as in exonic versus intronic sequences. Here, RESCUE-
type hexamer weights were derived from hexamer frequen-
cies in four sets of exonic and intronic sequences taken from
the human 5 splice site data set described in (45). This data
set contained 43 464 constitutively spliced internal human
exons with canonical 5'ss collected from the ENSEMBL
database (chromosomes 6, 7, 9, 10, 13, 14, 20, 22, X). In-
trinsic strength of 5 splice sites was assessed by the HBS
describing 5'ss complementarity with all 11 nucleotides of
the free 5 end of Ul snRNA (43). In the whole set of 43 464
constitutive canonical 5 splice sites, the HBS was approxi-
mately Gaussian distributed with mean 15.0 and standard
deviation (SD) 2.59 (range 1.80-23.8; Figure 1A). Weak and
strong 5'ss were selected as upper and lower quartiles of the
HBS distribution, resulting in 10 359 weak 5’ss with HBS <
13.5 and 10 407 strong 5’'ss with HBS > 17.0. Subsequently,
hexamer frequencies were counted in 100-nt long exonic
and intronic sequences up- and downstream of these weak
and strong 5'ss, respectively. Each 5’ss could maximally con-
tribute 179 different hexamer positions, and a total of 1 728
912 exonic and 1 835932 intronic hexamer occurrences were
counted in these four sequence data sets.
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Figure 1. (A, B) HBond score distribution and relative hexamer abundance in human 5’'ss neighborhoods. (A) HBond score distribution in 43 464 canon-
ical 5'ss of constitutively spliced internal human exons. Vertical red lines denote lower and upper quartile boundaries at HBS = 13.5 and HBS = 17.0,
respectively. (B) Scatterplot of hexamer overabundance Z-scores comparing exons with introns (Zgy) and exons of weak (10 359 5'ss with HBS < 13.5)
with strong (10 407 5'ss with HBS > 17.0) 5'ss (Zws). Each dot represents one of the 4096 hexamers at coordinates (Zgj, Zws). Hexamers e.g. in the top
right hand corner were significantly over-represented in exons versus introns and in exons of weak versus strong 5'ss, and were potential RESCUE-ESE
candidates. (C, D) HEXplorer score: sliding window average of Zg-score. (C) Schematic of HEXplorer score calculation for an exemplary region from
HIV-1 exon 3. For the index nucleotide T (denoted in red), the HEXplorer score HZg; was calculated as average Zg; score of all six overlapping hexamers.
These six individual hexamers and their respective Zg; scores are given in the rows below. The last row contains the HEXplorer score as average of the six
Zg1. (D) Exemplary HZg; plot of HIV-1 exon 3. The arrow indicates the position of the index nucleotide from (A). Prominent HZg; positive and negative
regions with exonic splice enhancing or silencing properties are indicated by curly braces.

Following the RESCUE concept, two normalized Z-
scores were subsequently determined for all 4096 hexam-
ers (9). Each score reflects the difference in hexamer occur-
rence between two sets of 5’ss neighborhoods: for each hex-
amer, its exon—intron Z-score Zgp is the scaled difference
of hexamer frequency between 100-nt long sequences up-
and downstream of 5’ss, while its weak—strong Z-score Zws
measures the difference in hexamer occurrence between ex-
ons upstream of weak and strong 5'ss, respectively. Fig-
ure 1 B shows the scatterplot of Zws versus Zg; for all in-
dividual 4096 hexamers. Hexamers plotted e.g. in the up-
per right hand corner were found more frequently in ex-
ons compared to introns, and more often in exons of weak
than of strong splice sites. Within the RESCUE framework,
such hexamers are considered as candidate sequences for ex-

onic splicing enhancers. Both hexamer scores Zg; and Zs
were significantly correlated, having Pearson’s r = 0.70 (P
< 0.0001), as suggested by the elongated shape of the scat-
terplot cloud. However, hexamer frequencies differed more
widely between exons and introns than between exons of
weak and strong 5'ss. This was quantitatively reflected in
the different hexamer score ranges: across all 4096 hexam-
ers, Zgy had a range of —73.3-34.4 (mean of 0.746, SD 8.76,
median 1.92), while Zws had a six times smaller range of
—7.34-10.5 (mean of —0.167, SD 2.50, median —0.25).
Distinct sets of splicing regulatory proteins have been
found to support Ul snRNP binding in a strictly position-
dependent manner. In particular, exonic or intronic en-
hancer sequences frequently act as silencers in their respec-
tive position opposite the 5'ss—they have a signature po-



sitional distribution around the splice site (7,8). Therefore,
sequences acting as exonic splicing silencers that are statis-
tically depleted upstream of functional 5'ss are at the same
time enriched downstream as intronic enhancers. Thus, we
assumed the exon-intron hexamer score Zg; to also cap-
ture enhancer/silencer sequence properties beyond general
exon—intron differences, and selected Zg; for our further
studies. Furthermore, we expected Zg; to have higher dis-
criminatory power due to its larger range of values across
hexamers.

Aiming at developing a RESCUE-concept-based score
for each nucleotide position in a given sequence, we next
calculated the HEXplorer score HZg; for every index nu-
cleotide as the average hexamer score of all six hexam-
ers overlapping with the index nucleotide. Beyond the in-
dex nucleotide, this HEXplorer score HZg; depends on 5
nt to both sides (up- and downstream). In the exemplary
sequence GTGAATATCAA, e.g. the index nucleotide T
(HZg; = —1.93) is located at the last position in hexamer
GTGAAT (Zg; = —1.93), at the fourth position in hex-
amer GAATAT (Zgr = —0.69) and at the first position in
TATCAA (Zg1 =2.62). A schematic representation of HZg;
calculation from all six hexamers containing the index nu-
cleotide T in this exemplary sequence is depicted in Fig-
ure 1C. By its construction as a moving average, the HEX-
plorer score varies more slowly along the sequence than the
individual contributing hexamer scores Zgj, similar to the
effect of a low-pass filter.

HEXplorer score values were graphically represented by
a bar graph along a sequence (Figure 1D). In this picture,
HZg;-positive areas above the horizontal axis indicated re-
gions with exonic enhancer properties, while areas below the
axis corresponded to sequences with exonic silencer proper-
ties. Upstream of 5'ss, HZg-positive sequence stretches that
contained more nucleotides and/or had higher HEXplorer
scores were expected to possess stronger exonic enhancing
property and more efficiently support splicing.

It is important to note that within this framework we
associated ‘exonic splice enhancing’ with being a property
of an entire sequence ‘region’ rather than that of a single
hexamer. Correspondingly, the HEXplorer score was con-
structed to take into account ‘all’ hexamer frequencies in
any given sequence rather than just a small subset of ‘Z-
extreme’ hexamers indicating specific protein binding sites.
Quantitatively, the splice enhancing property of a region in
the context of a given splice site was measured by the area
under the HZg; graph in this region.

HEXplorer score plots provide distinct exonic

enhancer/silencer profiles for all HIV exons

In order to validate the HEXplorer score, we systematically
examined HZg; in all exons of the entire HIV-1 genome,
which is known to contain a large number of SREs (40).
Figure 2 presents an overview of the HIV-1 genome with all
known exonic splicing regulatory motifs marked by green
(enhancer) or red (silencer) boxes.

We then calculated and plotted HZg; HEXplorer pro-
files for splicing relevant sequences in HIV-1 exons 1, 2, 2b,
3,4, 5 and 7 (Figure 3). The examined exonic sequences
were between 50-nucleotides (for exon 2) and 97 nucleotides
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(for exon 7) long. In all seven HIV-1 exons, HZg; graphs
slowly varied between peak values of —11 and 33 and con-
tained both HZg-positive and -negative sequence stretches.
In six out of seven exons, HZg; graphs were mostly domi-
nated by large positive areas, and only exon 3 contained a
long HZgr-negative sequence stretch corresponding to the
known silencer ESSV. In all seven exons, known exonic en-
hancers and silencers correlated well with HZgj-positive
and -negative sequence stretches, respectively.

In particular, the exonic splicing silencers Gp,—1 (exon
2b), ESSV (exon 3), ESS2p and ESS2 (exon 4) as well as
ESS3 (exon 7) mostly lie in HZgr-negative regions, whereas
the exonic splicing enhancers ESE-Ld2 (exon 1), ESE-Vif,
ESEM1 and ESEM2 (exon 2), ESE2 (exon 4), GAR (exon
5), as well as ESE3 (exon 7) lie in HEXplorer score positive
regions (Figure 3).

From a helicopter view, these findings confirmed the gen-
eral qualitative association of HEXplorer score positive and
negative sequence stretches with all known HIV-1 exonic en-
hancers and silencers, respectively. To examine this associ-
ation in more detail, we studied HIV-1 exon 3 containing
both the well-known splicing silencer ESSV (19) and the re-
cently found enhancer ESE,,, (20).

Splice enhancing and silencing properties of exon 3 fragments
correlate with HEXplorer score

The HZg;-plot along the pNLA1-derived HIV-1 exon 3 se-
quence (47) clearly depicted HZ g -positive and -negative re-
gions (Figure 4A). For a closer examination, exon 3 was
partitioned into three consecutive parts (I-III) of equal se-
quence length. With respect to the HEXplorer score, these
three parts corresponded to (I) a HZg; heterogeneous re-
gion, (II) a predominantly HZg;-negative region and (I1I)
a mainly HZgj-positive region. The entire exon 3 sequence
and the three individual parts I-I11 were tested in the con-
text of the HIV-1-based splicing reporter (SV-env; Fig-
ure 4B). SV-env is a single intron splicing reporter that con-
tains an enhanced green fluorescent protein (¢GFP) coding
region downstream of the splice acceptor, permitting flu-
orescence monitoring and western blot analysis of HIV-1
glycoprotein expression depending on Ul snRNA binding
to 5’ss D4. In addition, a proximal enhancer is required for
binding of the U1 snRNP to the splicing reporter’s 5'ss D4.
Moreover, only in the presence of the HIV-1 regulatory pro-
tein Rev, Ul snRNP binding at the reporter’s 5'ss D4 cor-
relates with the expression of viral glycoprotein gp160 and
gpl120 (24,43,46).

While the wild-type exon 3 sequence failed to en-
hance glycoprotein expression, inactivation of the repress-
ing ESSV activity as described previously (21) led to con-
siderable expression of gp160 (and the proteolytic cleavage
product gp120) within the cells (Figure 4C, upper panel, cf.
lanes 1 and 2). The HZg-heterogeneous part I alone slightly
enhanced glycoprotein expression (Figure 4C, upper panel,
lane 3) consistent with its weak enhancing property pre-
dicted by HZ;. Similarly, both in the presence and absence
of an intact ESSV, the HZg-negative part II did not sup-
port glycoprotein expression (Figure 4C, upper panel, lanes
4 and 5). In contrast, the HZgj-positive part 111 expected to
support Ul snRNP binding strongly increased the levels of
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3’ss: MaxEntScore, http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq-acc.html). Bottom: positions of the SREs within the HIV-1 pre-mRNA:
known splicing enhancers (green) and silencers (red) are indicated together with HEXplorer-predicted enhancers (dashed green). [ESE-Ld2 (25); ESE-Vif
(27); ESEM (26); guanosine (G)-rich silencer G4 (27); Gpo—1 (23); ESSV (19,21-22); ESE,,, (20); ESS2p (28); ESE2 (29,30); ESS2 (31-33); guanosine-
adenosine-rich (GAR) ESE (24,34,46); E42 fragment (34); ISS (35); ESE3 (36); ESS3 (36-38) (adapted to (34,39)].

gp160 and gp120, confirming ESE,,, activity (20). RT-PCR
analysis showed the same pattern for the spliced message
(Figure 4C, lower panel). However, a high amplification had
to be chosen in order to detect even low levels of the spliced
message (cf., e.g. Figure 4C, lower panel, lane 5), leading to
an overamplification of the unspliced message in the non-
linear range.

For each part, the HEXplorer score-based prediction of
exonic enhancer/silencer property correlated well with gly-
coprotein expression as surrogate marker of Ul snRNP
binding. Therefore, the HEXplorer score may be a valuable
screening tool for narrowing down regions with enhancer or
silencer property as candidates for more detailed analysis by
mutagenesis.

HIV-1 exon 3 inclusion correlates well with HEXplorer score
change in ESE,,, mutation analysis

In order to examine HEXplorer predictions of mutation
effects on splice site usage, we systematically introduced
single- and double-point mutations in the recently described
Tra2a-/Tra2p3-dependent ESE,, (20). We used a subge-
nomic pNLAIl-derived four exon splicing reporter (Fig-
ure 5A) with an inactivated ESSV resulting in an interme-

diate exon 3 splicing phenotype (Figure SE, cf. lanes 1 and
2). This reporter permitted determining positive and nega-
tive effects on the degree of exon 3 inclusion. All 16 mutants
tested in the ESE,,, region are given in Figure 5B and their
positions are denoted by arrows in the HEXplorer graph
shown in Figure 5C. Semi-quantitative RT-PCR of RNA
isolated from transiently transfected HeLa cells was carried
out to measure the level of exon 3 splicing for each mutated
minigene.

In order to assess the point mutations’ effects on the en-
hancer property of the ESE,,, region, we calculated the dif-
ference between the two HEXplorer score areas of mutant
and reference (intact ESE,,, with ESSV™) sequences in a
sufficiently long window upstream of 5'ss D3. We provide
the HEXplorer score algorithm in an Excel file as Supple-
mentary material (cf. Supplementary XL.SM-file) and for
download at www.uni-duesseldorf.de/rna. Any such point
mutation affected only the HEXplorer scores of 11 nu-
cleotides centered on the point mutation itself (5 nt up- and
downstream; Figure 5D). A HEXplorer score difference of
zero thus corresponded to comparable enhancer property
levels in mutant and reference, which in this case exhibited
partial exon inclusion. Figure SE shows the exon 3 inclusion
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ratio and HEXplorer score difference AHZg; for wild type,
reference (intact ESE,,. with ESSV™) and all 16 mutants.

Observed changes both for higher and lower levels of
exon 3 inclusion were mostly consistent with the HEXplorer
score differences AHZg; mutant-reference. A large posi-
tive or slightly negative HEXplorer score difference was
found, if the mutant sequence had a stronger enhancer
property than the reference (intact ESE,,. with ESSV™),
and such mutants were associated with a higher degree of
ESE,,-dependent exon inclusion (e.g. Figure 5E, lanes 12—
18). Correspondingly, negative HEXplorer score differences
were mostly found in mutant sequences with considerably
weaker splice enhancing property than the reference (e.g.
Figure SE, lanes 3-5 and 9, 10). Thus, mutants with large
negative AHZg; were prone to disrupt the enhancer ESE,,.

These experiments showed a good semi-quantitative cor-
relation between inclusion ratio and HEXplorer score dif-
ference in a series of mutations in the splicing enhancer
ESE,,.. In the next step, we applied the HEXplorer score
to ESSV mutation optimization.

HEXplorer pre-screening identifies minimal point mutations
disrupting ESSV

Using the HEXplorer score-based mutation assessment, au-
tomatic screening of entire sequence regions for point mu-
tations with maximal effects became possible. To this end,
every single nucleotide in the region was systematically re-
placed with each of the three other possible nucleotides
by the HEXplorer algorithm. From the 3-N alternative
sequences obtained from an N nucleotide long sequence,
point mutations with similar HEXplorer score differences
were suspected to alter the sequence’s enhancing/silencing
property to a comparable degree.

We tested this procedure on the splicing silencer ESSV.
Starting from the known mutation ESSV~ (pNEU), which
inactivates ESSV by substituting 7 nucleotides (19) (Fig-
ure 6A), we searched for a functionally equivalent but
smaller set of point mutations. The known mutation ESSV~
(pNEU) had a higher HEXplorer score compared to the
reference sequence pNL4-3 (AHZg; = 144.0). From a thor-
ough scrutiny of the HEXplorer score table we identified
the double mutation —29G>C and —36A>C that together
increased the pNL4-3 HEXplorer score in a similar order
of magnitude (AHZg; = 157.9). From Figure 6B it is ev-
ident that this double mutation ESSV~ (dm) changed the
shape of the HEXplorer graph in a similar way as ESSV~
(pNEU). In comparison, each single-point mutation had a
smaller effect on the HEXplorer score: AHZg; = 92.8 for
—29G>C and 65.0 for —36A>C, respectively.

These mutations were now experimentally analyzed for
their ability to disrupt the ESSV activity within the in-
fectious molecular clone NL4-3 (GenBank Accession No.
M19921). Following transfection of HEK 293T cells with
pNL4-3 or the ESSV mutants, the HIV-1 splicing pat-
tern was determined by semi-quantitative RT-PCR using
primer pairs spanning intronless or intron-containing HIV-
1 mRNA classes (Figure 6C). In NL4-3, only low levels
of exon 3-including viral mRNA species could be detected
(Figure 6C, lane 2, e.g. Tat3 or Nefd) due to the silenc-
ing activity of ESSV. As expected from preceding studies

(19,20) and in consistence with the higher HEXplorer score
(AHZg; = 144.0) relative to pNL4-3, the ESSV~ (pNEU)
mutation led to an almost complete exon 3 inclusion (Fig-
ure 6C, cf. lanes 2 and 3, e.g. Tat3 or Nef4) obviously at
the expense of the respective exon 3-lacking isoforms (Fig-
ure 6C, cf. lanes 2 and 3, e.g. Tatl or Nef2). In agreement
with their increased HEXplorer scores (AHZg; = 92.8 for
—29G>C and 65.0 for —36A>C), each of the HEXplorer-
identified single-point mutations was already capable to
substantially increase the levels of exon 3 inclusion (Figure
6C, lanes 4 and 5, e.g. Tat3 or Nef4). However, both point
mutations still retained some mRNAs lacking exon 3 (Fig-
ure 6C, cf. lanes 4 and 5, e.g. Tatl or Nef2), and were thus
less efficient in including exon 3 than ESSV~ (pNEU). The
same observations were made within the 4-kb class mRNAs
(Figure 6C; 4-kb mRNAs). Both in 2-kb and 4-kb mRNA
classes, the double-mutation ESSV~ (dm) was as efficient in
promoting exon 3 inclusion as ESSV™ (pNEU) (Figure 6C,
cf. lanes 3 and 6), which was consistent with a HEXplorer
score difference AHZg; = 157.9 similar to ESSV~ (pNEU)),
but clearly exceeding the single-point mutations’ AHZg;.

Transfection experiments were complemented by west-
ern blot analyses of intracellular Gag protein levels (Fig-
ure 6D). To evaluate the importance of ESSV for virus par-
ticle production, cell-free supernatants were harvested from
HEK 293T cells transfected with proviral DNAs, and viral
release for each sample was detected via p24 levels. West-
ern blot results revealed that ESSV~ (pNEU) led to low
amounts of intracellular Gag protein (Figure 6D, cf. lanes
2 and 3), as expected from excessive exon 3 splicing causing
a replication defect (19). While the single-point mutations
ESSV~ (-29G>C) and ESSV~ (—36A>C) partially inac-
tivated ESSV leading to slight replication defects as seen in
Gag protein and virus particle production (Figure 6D, cf.
lanes 2, 4 and 5), the double mutation ESSV~ (dm) showed
Gag protein levels not exceeding those detected in ESSV~
(pNEU) both within cells and supernatants (Figure 6D, cf.
lanes 3 and 6).

In these experiments, we have exemplified the
HEXplorer-score-guided mutagenesis inactivating the
exonic splicing silencer ESSV with just two point muta-
tions, obtaining an efficiency comparable to the known
7-nucleotide mutation ESSV~ (pNEU).

A HEXplorer-based screening of the HIV-1 genome uncovers
novel SREs

In the next step, we aimed at discovering novel ESEs guided
by the HEXplorer profiles of all HIV-1 exons shown in Fig-
ure 3. To this end, we first identified exonic sequences with
uninterrupted positive HEXplorer scores flanked by valley
regions with lower positive or negative HEXplorer scores.
In these typically 20-40-nucleotide long regions with sup-
posed exonic enhancer property we searched for point mu-
tations that disrupted the putative enhancer sequences. The
mutation positions were selected inside the HEXplorer pos-
itive regions, and the substituted nucleotide was chosen to
maximize the HEXplorer score difference AHZg;.

Both the putative ESE containing reference and mutated
sequences were tested in the context of the ESE-dependent
SV-env splicing reporter ((8,46); Figure 4B). The exonic
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splicing enhancer SRSF7 binding site and the splicing neu-
tral sequence were used for calibration of ESE strength
(8,48). Since this analysis covers different exons, we denote
mutated positions with a single coordinate counting from
the start of the NL4-3 genome.

In exon 1, we narrowed down the recently published en-
hancer region upstream of the major 5'ss D1 (25) by iden-
tifying the double mutation 708G>T, 718C>G that effec-
tively suppressed splice site usage in a degree comparable to
the neutral sequence (Figure 7A, cf. lanes 2-4).

In exon 2, we discovered a novel enhancer between
ESEMI1 and ESEM2 (26) that was inactivated by the dou-
ble mutation 4942C>T, 4947A >T. This novel enhancer was
weaker than the SRSF7 binding site, but was still functional
as part of an array of consecutive enhancer motifs possi-
bly compensating for its lack of strength (ESE-Vif, ESEM1,
ESEM?2; Figure 7B, cf. lanes 1-4).

By mutation of the G-run splicing silencer Gp,—1, usage
of alternative 5'ss D2b can be significantly increased (23). In
this exon 2b, we discovered the novel enhancer ESE005-3032
upstream of Gp—1, which was almost completely inacti-
vated by the point mutation 5015A>T, and fully disabled
by the double mutation 5015A>T, 5025A>T (Figure 7C, cf.
lanes 1-6). The different degree of ESE*"%3 3032 inactivation
was reflected by a larger HEXplorer score difference AHZ gy
= —267.4 for the double mutation compared to AHZg; =
—178.4 for 5015A>T or AHZg; = —89.0 for 5025A>T.

A particularly interesting example was discovered in exon
4: the HEXplorer score profile indicated an exonic region
with strong enhancing property wedged between the known
silencer ESS2p and the known enhancer ESE2 (Figure 3).
The enhancing property of this region was confirmed by
the two single-point mutations 5§16G>T (AHZg; = —79.1)
and 5827G>T (AHZg = —119.4), and the correspond-
ing double mutation (AHZg; = —198.6) that reduced D4
splice site usage to a similar degree as the neutral sequence
(Figure 7D, cf. lanes 2 and 6). The single-point mutations
achieved only an intermediate reduction of D4 usage in line
with the respective HEXplorer score differences (Figure 7D,
cf. lanes 3-5). Furthermore, the additional third mutation
5821G>T (AHZg; = —263.1) slightly reduced both D4 us-
age and HEXplorer score below the levels of the double mu-
tation. By analyzing the same RNA samples with primer
pairs also detecting the unspliced messages, we additionally
confirmed that the reduced amount of spliced messages was
indeed due to mutation of an SRE (Supplementary Figure
S1).

Taken together, HEXplorer score profiling permitted us
to firstly identify novel putative splice enhancing regions
in HIV-1 exons 1, 2, 2b and 4 and to secondly find spe-
cific enhancer inactivating mutations inside these regions,
which can serve to identify enhancer binding proteins. In all
cases, splicing reporter experiments qualitatively confirmed
the HEXplorer predicted effects of enhancer mutations.

HEXplorer score difference quantitatively correlates with
HIV-1 splicing activity

In order to quantitatively compare HEXplorer score differ-
ences with changes in exon recognition or splice site usage
even across different reporter systems, we plotted splicing

activity versus HEXplorer score difference AHZg; between
pairs of mutated and reference sequences. In experiments
using the 4-exon splicing reporter we measured splicing ac-
tivity by exon inclusion rate defined as inclusion/(inclusion
+ exclusion), while in the single-intron splicing reporter ex-
periments we used the ratio of 5 splice site usage/GH1
transfection control instead. To account for different refer-
ence splicing activity levels across different exons and re-
porter systems, we separately normalized reference splic-
ing activity to 100% in each reporter. In Figure 8, all 16
point mutations examined in the 4-exon splicing reporter
(Figure 5) are represented by red squares, while data from
four point mutations within ESSV~ (pNEU) (Figure 6, and
one additional mutation not shown) and nine point muta-
tions obtained from exons 1, 2, 2b and 4 (Figure 7) are de-
noted by individual symbols. Across all these experiments,
we obtained an excellent correlation of r = 0.85 (P < 0.001)
between splicing activity and HEXplorer score difference.
These promising results suggest that the HEXplorer score
can be effectively used to (i) determine the splice enhancing
or silencing property of an entire region and (ii) predict the
effects of point mutations on splice site usage.

HEXplorer score difference correlates well with various avail-
able SRE algorithms

We additionally applied two different approaches to com-
pare the HEXplorer score with other available algorithms
for the identification of SREs, using the data set of 29 ex-
perimentally tested mutations.

First, for each of the 29 mutations shown in Figure 8, we
determined all ESR motifs predicted to be overlapping with
the mutated positions by the ESEfinder (10,12), RESCUE-
ESE (9,49), FAS-ESS-hex3 (13), PESX (11) or ESRsearch
(14) algorithms. We aggregated the results of the different
ESR-identifying algorithms by assigning +1 for each ESE
and —1 for each ESS motif, similar to the approach chosen
in (44). Totaling these +1-weights for every pair of reference
and mutant sequences, we obtained the ‘mutant-reference’
ESMD, an integer number measuring the overall net gain
and loss of ESE and ESS. For all 29 mutations, we obtained
an excellent correlation of r = 0.93 (P < 0.001) between
ESMD and HEXplorer score difference (see Supplemen-
tary Figure S2).

Second, we compared the individual exon-intron and
weak—strong hexamer scores (Zg; and Zyws) to the ESRseq
score available for all 1182 ESE and 1090 ESS hexamers
identified as exonic SREs in (15). From the scatterplots in
Supplementary Figure S3 we obtained a good correlation
of r = 0.72 with both Zg; and Zws. Finally, for all 29 mu-
tations shown in Figure 8, we calculated the ESRseq dif-
ference between mutant and reference sequences, using the
same averaging approach as in the HEXplorer score defi-
nition, but with the ESRscore hexamer weights instead of
Zx1. We again found an excellent correlation of = 0.93 be-
tween the ESRseq difference and HEXplorer score differ-
ence (mutant-reference) as shown in Supplementary Figure
S4.

Although predictions of individual currently available
ESR-identifying algorithms are not necessarily consistent
with each other, our results indicate that there is a consider-
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of HIV-1 exons 1 (A), 2 (B), 2b (C), 4 (D), and were experimentally confirmed by HEXplorer-predicted mutations within the SV-env reporter construct
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location (green bars). All positions in HEXplorer-predicted enhancer and

mutant sequences are counted from the start of the HIV-1 NL4-3 genome.

HEXplorer profiles span the entire experimentally tested sequences. HEXplorer score differences are given below the profile graphs, and mutated nucleotides
are indicated by arrows and corresponding positions (dm: double mutation; tm: triple mutation). 2.5 x 103 HeLa cells were transiently transfected with 1 pg
of each of the splicing reporters and 1 wg of pXHGS for normalization. Thirty hours post transfection, RNA was extracted and reverse transcribed using the
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and stained with ethidium bromide.
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deviations from triplicates; N denotes the number of mutations per exon).

able agreement between the HEXplorer score prediction of
SREs—in particular mutation effects—and the average of
all other algorithms for ESR motif identification examined
in this context.

DISCUSSION

Hexamer over-representation between different data sets of
exonic and intronic sequences has been successfully used as
a basis for the identification of exonic SREs (9,11). In the
present study, we extended this approach by incorporating
all hexamer frequencies of an entire sequence region into
a novel HEXplorer score HZg; that was calculated as the
average exon—intron hexamer Zgj-score of all six hexamers
overlapping with any given index nucleotide. Capturing the
overall hexamer content of an entire sequence region, HEX-
plorer score profiles plotted along exonic sequences exhib-
ited a continuous spectrum of exonic enhancing and silenc-
ing properties in the context of a given splice site, rather
than the presence or absence of individual predicted SRE
hexamer binding sites.

Genome wide analyses (7,17,50-53) as well as systematic
splicing reporter experiments (8) have confirmed that SREs
act in a position-dependent manner: classical splice enhanc-
ing SR-proteins bind upstream of a 5’ss, but inhibit splicing
from an intronic position. In a similar way, the typical ex-
onic splice silencing hnRNP H/F proteins act as enhancers
from intronic positions. Based upon the respective different
exonic and intronic hexamer distributions, the HEXplorer
score HZ g presumably captures these position-dependent
splicing regulatory sequence properties in the context of any
given splice site.

For accurate splicing, nearby splice regulatory elements
often modulate proper splice site motif recognition, and
they may be evolutionarily adapted to particular splice site
properties (e.g. intrinsic strength). Therefore, splice enhanc-

ing or silencing sequence properties must always be rated in
the context of the actual splice site, and this rating can be
different in the vicinity of weak splice sites than near strong
ones. Thus, while HEXplorer score ‘differences’ upstream
of a given 5'ss have proven quantitatively valid in mutation
analyses, the comparative validity of ‘absolute’ HEXplorer
area size was limited to its 5’ss context, and care must be
taken in comparing different splice sites. It is therefore nat-
ural that the absolute HEXplorer score area size should be
most meaningful together with the intrinsic 5’ss strength,
measured e.g. by its maxent or HBS. A systematic exami-
nation of the interplay between intrinsic splice site strength
and neighboring HEXplorer score profile and their merging
into a ‘functional splice site score’ could further the under-
standing of normal and pathological splice site usage.

Using the HIV-1 genome heavily relying on SREs (40)
as a model system, we experimentally examined whether
the HEXplorer score faithfully represented the respective
enhancing or silencing properties of genomic regions. In a
helicopter view, we first generated HEXplorer score pro-
files of each HIV-1 exon exhibiting specific HEXplorer score
positive and negative regions that generally coincided with
known exonic enhancers or silencers.

In a set of systematic point mutations of the exemplarily
chosen exonic enhancer ESE,,., the HEXplorer score cor-
related well with exon inclusion in a four-exon splicing re-
porter. Outside this splicing reporter, ESE,,. was previously
examined in a proviral context. In the absence of the repress-
ing ESSYV, strong exon 3 splice site activation led to reduced
levels of unspliced viral mRNA and a deficiency in virus
particle production (19), while the release of virus particles
into the supernatant could be rescued by an ESE,,. double
mutation that was originally suggested by the HEXplorer
algorithm (20). These experiments confirmed that the four-



exon splicing reporter reliably captured HIV-1 splice site us-
age.

Based on HEXplorer profile prediction, we discovered
five novel splicing enhancers in HIV-1 exons and experi-
mentally confirmed all of them by mutagenesis. Further-
more, we were able to design a novel, reduced set of point
mutations disrupting the splicing silencer ESSV to a simi-
lar degree as the established ESSV~ (pNEU). Based on the
relative occurrences of all hexamers, the HEXplorer score
permitted optimizing mutagenesis by a priori determining
the point mutation(s) with the largest effects on the exonic
enhancing or silencing property of a given sequence. More-
over, using HEXplorer score predictions of point mutation
effects on splicing now opens the perspective to design silent
mutations interfering with splice site usage while not alter-
ing the amino acid sequence of the encoded protein.

The HEXplorer score definition was derived from a spe-
cific set of exonic and intronic sequences extracted from the
ENSEMBL database, and it is therefore based on pooled
sequences expressed in different human tissues. Hexamer
weights derived in this way cannot take into account tissue-
specific protein expression and possibly fail to detect SRE
motifs bound by splicing regulatory proteins that are not
ubiquitously expressed (54-57). On the contrary, HEX-
plorer score predictions of regulatory properties may be in-
valid for a specific tissue not expressing a required splicing
regulatory protein. This principal deficiency, however, holds
for all algorithms identifying SREs from pooled sequence
data. Future applications may overcome these limitations
by deriving hexamer weights from cell-type-specific tran-
scriptome data sets obtained from RNA deep sequencing.

In the HEXplorer score definition, the choice of
exonic/intronic neighborhoods entering into the RESCUE-
like hexamer weight calculation was somewhat arbitrary.
Since the median size of a middle exon in human genes is
123 nucleotides (58), we chose 100-nt wide regions (or the
entire exon if it was shorter). These sets of exonic and in-
tronic sequences were sufficiently large that all hexamers
were multiply represented, but shorter than the sequences
used in the original work (9). Experimentally, most splice
enhancers and silencers can be expected to lie within a 100-
nucleotide splice site neighborhood. We comparatively eval-
uated an even smaller neighborhood size of only 30 nu-
cleotides (data not shown) and found an excellent correla-
tion of r = 0.96 between the respective exon—intron scores
of all 4096 hexamers. Thus, within the range of values cov-
ered, the size of the splice site neighborhoods used for the
HEXplorer score definition has only limited impact on the
HEXplorer score values obtained.

We chose to derive the HEXplorer score from exon—
intron hexamer scores Zg; based on heuristic arguments
that splicing enhancing or silencing properties differ more
widely between exonic and intronic splice site neighbor-
hoods than between exons of strong and weak splice sites.
To examine the validity of this choice, we also calculated
analogous Zws-based HEXplorer score differences for all
29 mutations shown in Figure 8. From these Zwgs-based
HEXplorer scores, we obtained a weaker correlation of r =
0.75 with experimentally determined splicing activity than
from AHZg;, which was consistent with our assumption.

Nucleic Acids Research, 2014, Vol. 42, No. 16 10695

The novel computational HEXplorer score profiles pro-
vide a global landscaping of splicing regulatory regions, as
well as a quantitative measure of mutation effects on their
splice enhancing and silencing properties in the vicinity of a
given splice site. In particular, HEXplorer score calculation
may significantly alleviate mutational analyses by reliably
predicting possibly silent point mutations most effectively
disrupting or even creating SREs. This is especially help-
ful for the identification of proteins binding to regulatory
elements. HEXplorer score analyses may also further the
computational prediction of pathogenic mutation effects in
human genetics.
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