
NAR Genomics and Bioinformatics , 2025, 7 , lqaf036 
https://doi.org/10.1093/nargab/lqaf036 
Standard Article 

Fully haplotyped genome assemblies of healthy individuals 

reveal v ar iability in 5 

′ ss strength and suppor t b y splicing 

regulat ory prot eins 

Johannes Pt ok * , St ephan Theiss , Heiner Sc haal 

Institute of Virology, Medical Faculty, Heinrich Heine University Düsseldorf, Düsseldorf 40225, Germany 
* To whom correspondence should be addressed. Email: Johannes.Ptok@hhu.de 

Abstract 

T his w ork presents a comprehensiv e in v estigation of sequence v ariations at human 5 ′ splice sites (5 ′ ss), e xploring their impact on 5 ′ ss strength 
and predicted splicing regulatory protein (SRP) binding. L e v eraging 44 high-quality genomes, with fully haplotyped assemblies, w e w ere able to 
fully assess homozygous and heterozygous sequence variations around and within 5 ′ ss. Variations showed differing tolerance levels in protein- 
coding and non-coding transcripts. Around half of 5 ′ ss variations did not alter 5 ′ ss strength (measured by the HBond score, that estimates 
binding of the 11 nucleotides at the free U1 spliceosomal RNA 5 ′ end). Heterozygous variations resulted in stronger 5 ′ ss strength reductions 
and less compensatory effects of multiple sequence variations at the same 5 ′ ss, compared to homozygous variations. Additionally, we observed 
a slight balance between changes in 5 ′ ss strength and predicted SRP binding. Strong 5 ′ ss (HBond score > 18.8) showed strength variations in 
both directions, as theoretically expected for random distributions, whereas w eak er 5 ′ ss consistently sho w ed lo w er strength reductions than 
expected or achievable. Variations at 5 ′ ss of essential genes were less frequent than in other genes and sho w ed a higher amount of variations that 
did not alter 5 ′ ss strength. Acceptable changes in predicted SRP binding sites were highly dependent on their respective 5 ′ ss strength. 
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plicing is a crucial step in messenger RNA (mRNA) mat-
ration of the majority of human genes, during which in-
rons are removed from precursor RNA transcripts [ 1 , 2 ]. The
pliceosome is a complex of U small nuclear ribonucleoprotein
articles and splicing proteins that assembles at exon–intron
oundaries and recognizes key sequence elements, such as the
 

′ splice site (splice donor, 5 

′ ss) and the 3 

′ splice site (splice
cceptor, 3 

′ ss) [ 3 ]. 
The recognition of 5 

′ ss is facilitated by RNA duplex for-
ation between a 5 

′ ss sequence and the 11 nucleotides long
ree 5 

′ end of the U1 snRNA (small nuclear RNA). Sequence
ariations within the 5 

′ ss sequence itself can drastically af-
ect 5 

′ ss recognition, which can lead to alternative 5 

′ ss usage
nd pathogenic changes in the amount of functional mRNA
ranscripts [ 4 ]. Several algorithms try to estimate 5 

′ ss recog-
ition and thus splice site strength by analyzing the 5 

′ ss itself,
ike the HBond score (HBS) [ 5 ] or the most commonly used

axEntScan score [ 6 ]. While the MaxEntScan for 5 

′ ss only
valuates a 9 nt long sequence, the HBS considers all 11 nu-
leotides possibly complementary to the free 5 

′ end of the U1
nRNA. However, splice site usage is not only dependent on
he 5 

′ ss sequence itself but can be heavily influenced by splic-
ng regulatory proteins (SRPs) that bind the RNA. Depending
n their binding position relative to the splice site, they can sig-
ificantly enhance or repress splice site usage [ 7 ]. The Splice-
ort tool, for instance, thus estimates splice site strength by ad-
itionally taking into account the whole immediate sequence
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surrounding of a splice site sequence ( ±80 nucleotides) [ 8 ].
SRP binding can also be estimated separately with the HEX-
plorer algorithm, which was developed to generally predict
SRP binding sites in a genomic sequence. The HEXplorer-
derived splice site HEXplorer weight (SSHW) summarizes the
overall putative influence of SRPs bound within a ±60 nt win-
dow of a 5 

′ ss [ 9 , 10 ]. 
Correctly predicting splice site usage is very important dur-

ing diagnosis and treatment development for various genetic
diseases [ 11 , 12 ]. Since around 97% of human genes con-
tain intronic sequences that need to be removed during pre-
mRNA maturation, aberrant splicing can potentially affect
translation of almost every human gene [ 13 ]. Even single nu-
cleotide variants (SNVs) can alter correct splicing of RNA
transcripts when they affect 5 

′ ss or SRP binding sites. Mil-
lions of SNVs directly changing the encoded amino acid se-
quence via nonsynonymous substitutions, frameshifts, or pre-
mature stop codons have already been described in the lit-
erature (ClinVar [ 14 ] or SNPdb [ 15 ]). However, within an
RNA transcript, any SNV, whether silent or not, can alter
RNA processing, which has been getting more and more at-
tention in diagnostics in recent years. And indeed, ∼88% of
human SNVs associated with disease do not directly affect
the amino acid sequence, but result in non-functional tran-
script isoforms while located within intronic and intergenic
sequence segments [ 16 ]. Depending on their genomic location,
they can directly alter the sequences of annotated splice sites,
alter the SRP-binding landscape or introduce strong cryptic
arch 18, 2025. Accepted: March 20, 2025 
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splice sites, potentially leading to splice site competition and
aberrant splicing. To our knowledge, the global variance in
splice site strength and the variance in estimated SPR bind-
ing landscape within the immediate 5 

′ ss sequence surrounding
was never analyzed. 

Here, we comprehensively analyzed a specific dataset of
44 healthy individuals’ haplotype genomes from the 1000
Genome Project to consider the entire individual sequences
around all 5ss [ 17 , 18 ]. The newly assembled chromosome
haplotypes, generated using the latest technological advance-
ments, offer a complete view of 5 

′ ss sequence variations for
the first time. Although the sample size of 44 individuals is
relatively small, the dataset might be sufficiently diverse for
the purpose of this work, since the 44 individuals were chosen
from the 1000 Genomes Project to maximize ethnic diversity,
as stated in the original paper describing the dataset. The ap-
parent non-pathogenic variability of 5 

′ ss strength or SSHW
calculated in this dataset might help us to determine thresh-
olds above which significant changes in splice site usage can
be expected. 

Materials and methods 

A recently developed pipeline, combining long-read technol-
ogy with single-cell template strand sequencing (Strand-seq),
enables generation of fully phased diploid genome assem-
blies without use of parent-child trio information or reference
genomes [ 19 ]. Variant calling from these high-quality haplo-
type assemblies increases sensitivity and correctly places vari-
ants into the right genetic context, which is essential when
summarizing the effect of all relevant SNVs on a given splice
site per haplotype. Some of the first genomes, newly assem-
bled using this method, came from 44 individuals of the
1000 Genome Project [ 17 ]. To determine variants in prox-
imity to splice sites, we analyzed the decomposed VCF file
(GRCh38-VCF, version 1.1), from the github repository of the
paper, which refers to coordinates of human reference genome
GRCh38. A custom R-script then applied functions of our
VarCon R package to reconstruct the sequence neighborhood
of 5 

′ ss holding the respective sequence variations [ 20 ] (see
github.com / caggtaagtat / SNVimpact). 

Results and discussion 

High-resolution genomes reflect non-pathogenic 

sequence variations at 5 

′ ss 

To better understand the conditions under which a sequence
variation near an exon–intron border—either by altering
splice site strength or the binding landscape of SRPs—is strong
enough to affect canonical splice site usage, we analyzed ge-
nomic variations in these regions. Our analysis focused on a
subset of 88 high-quality haplotype assemblies from 44 indi-
viduals of the 1000 Genomes Project that were recently pub-
lished [ 17 ]. The 44 genomes were originally selected to repre-
sent global genetic diversity, and for which consent had been
given for unrestricted access [ 17 ]. 

Based on previously developed methods, we wrote a cus-
tom R-script that (i) identifies sequence variations occurring
within a ±60 nt sequence-window around annotated 5 

′ ss, (ii)
integrates these into the reference sequence, and (iii) calculates
changes in the 5 

′ ss strength and SSHW from one or multi-
ple sequence variations in the respective sequence region [ 20 ].
In total, we identified 2 574 001 single nucleotide variations 
(SNVs), 212 465 deletions, and 231 132 insertions that af- 
fected the ±60 nt sequence window of interest. Introducing 
insertion and deletion variations had to be carefully coordi- 
nated with the introduction of SNVs, since the former natu- 
rally changed the original genomic coordinates of the respec- 
tive sequence window. 

Reduction of functional protein concentrations due to spe- 
cific sequence variations within the genetic sequence of only 
one copy of the gene (heterozygous) does not necessarily re- 
sult in disease, since together with the second intact gene copy,
enough protein is still being produced. Evolutionary pressure 
to avoid heterozygous mutations within regulatory sequence 
segments like splice sites might therefore be less stringent than 

on genetic variations that are present in both copies of a gene 
(homozygous), even if the encoded protein is essential. Follow- 
ing this principle, homozygous sequence variations within for 
instance the 5 

′ ss itself could indicate, a general window of ac- 
ceptable variation in 5 

′ ss strength, that does not sufficiently af- 
fect 5 

′ ss usage to be pathogenic. Defining this potential global 
threshold of variations in 5 

′ ss strength or SSHW could be of 
clinical importance during identification and classification of 
individual genomic variations and their potential risk to in- 
duce disease. We therefore first analyzed annotated 5 

′ ss that 
showed a homozygous difference in their strength or SSHW,
in at least one individual and then compared the observations 
with differences originating from heterozygous variations. 

Not all 5 

′ ss annotated in transcript isoforms of a gene 
contribute equally to the production of functional proteins.
For instance, some 5 

′ ss may only be associated with tran- 
script isoforms that are retained in the nucleus or targeted 

for degradation via nonsense-mediated decay. Hence, we gen- 
erated groups of 5 

′ ss that are either found (i) in exclusively 
non-coding transcript isoforms of a gene (“not protein cod- 
ing”) or (ii) in at least one protein-coding transcript (“pro- 
tein coding”). Moreover, some transcripts annotated in the en- 
sembl archive differ in splice site composition or are even com- 
pletely missing from the independent pendant to the ensembl 
archive, called RefSeq, which is provided by the US-American 

National Center for Biotechnology Information (NCBI) [ 21 ].
This “confidence” in a transcript can be assessed by its tran- 
script support level (TSL, levels ranging from 1 [highest con- 
fidence] to 5) provided by the ensembl archive. All anno- 
tated exon–intron borders of TSL1 transcript isoforms are 
found with the same coordinates in both the ensembl and 

RefSeq archives. We therefore additionally labeled 5 

′ ss by 
whether they were either found in (i) exclusively non-TSL1 

transcript isoforms of a gene (“Not TSL1”) or (ii) in at least 
one TSL1 transcript (“TSL1”). 

Calculating the HBS of reference 5 

′ ss of each category re- 
vealed that 5 

′ ss generally show a mean HBS of around 14 

to 15. 5 

′ ss of TSL1 transcripts showed significantly higher 
HBond scores than 5 

′ ss of “Not TSL1” transcripts ( p -value 
of Mann–Whitney U test < .001). Additionally, TSL1 5 

′ ss of 
protein-coding transcripts had slightly higher HBond scores 
than TSL1 5 

′ ss of non-coding transcripts ( Supplementary 
Fig. S1 ). 

Homozygous variations within annotated 5 

′ ss sequences 
First, we selected annotated 5’ss that showed a homozygous 
sequence variation within the 5 

′ ss sequence. From 311 433 

5 

′ ss annotated in ensembl (version 105), only 4044 (1.3%) 
showed a homozygous 5 

′ ss sequence variation across the 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf036#supplementary-data
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Table 1. Groups of 5 ′ ss belonging to TSL1- and / or protein-coding transcript isoforms or not, sho wing homozy gous sequence variations within the 11 
nucleotides of the 5 ′ ss sequence 

Not TSL1 TSL1 Total 

Not protein coding 1376 (1.6% of 83 910) 224 (1.9% of 11 404) 1600 (1.7% of 95 314) 
Protein coding 648 (1.5% of 42 920) 1796 (1.0% of 173 199) 2444 (1.1% of 216 119) 
Total 2024 (1.6% 126 830) 2020 (1.1% of 184 603) 4044 (1.3% of 311 433) 

5 ′ ss could either be (i) exclusively part of non-coding transcript isoforms (“not protein coding”) or (ii) part of at least one protein-coding transcript (“protein 
coding”). Additionally, 5 ′ ss were classified whether they were found in (i) transcripts of TSL level > 1 (“not TSL1”) or (ii) TSL1 transcripts (“TSL1”), with 
TSL1 transcripts representing high-confidence annotated transcripts that are found with the all same exon-junctions in the ensembl-pendant RefSeq. 

Figure 1. �HBS of 5 ′ ss that are affected by homozygous sequence variations within the 11 nucleotides of the 5 ′ ss sequence by TSL and “protein 
coding” category. ( A ) B o xplot depicting �HBS per category. 5 ′ ss w ere grouped into those that w ere (i) e x clusiv ely part of non-coding transcript isof orms 
(“not protein coding”) or (ii) part of protein-coding transcripts (“protein coding”) and those, e x clusiv ely f ound in (i) transcripts of TSL le v el > 1 (“not 
TSL1”) or (ii) TSL1 transcripts (“TSL1”), with TSL1 transcripts representing high-confident annotated transcripts that are found with all the same 
e x on-junctions in the ensembl-pendant RefSeq. ( B ) Histogram of �HBS upon homozygous sequence variation within the sequence of 5 ′ ss, found in 
protein-coding TSL1 transcripts. Depicted is the number of affected 5 ′ ss per �HBS group, either across all individuals (total = 18 156) or only 
considering unique 5 ′ ss per �HBS group (total 1796). Since logarithmic transformation results in 5 ′ ss groups containing only one 5 ′ ss to show a value of 
0, we added 0.02 to enable visualization in these cases. 
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4 individuals. 3011 (74.5%) of the 4044 5 

′ ss showed a ho-
ozygous variation in multiple individuals, which addition-

lly indicates that the occurrence of these variations might
ot be random, but predominantly within the same transcripts
nd 5 

′ ss. 99% of those showed the same HBS difference across
ll affected individuals, potentially due to the presence of less
requent minor alleles in the reference genome sequence. 

Grouping splice donor sites by the above stated “TSL1”
nd “protein coding” labels, we found that 5 

′ ss belonging to
rotein-coding TSL1 transcript isoforms showed the lowest
roportion of affected 5 

′ ss, relative to the total number of an-
otated 5 

′ ss in each category (Table 1 ). 
To analyze changes in 5 

′ ss strength induced by these vari-
tions, we calculated the HBond score difference ( �HBS) by
ubtracting the HBS of the reference 5 

′ ss from the HBS of an
ffected 5’ss and compared the �HBS distribution across the
ifferent 5 

′ ss categories (Fig 1 A). 
Comparing homozygous �HBS between 5 

′ ss categories, we
aw the least deviation from an HBS difference of 0 for 5 

′ ss
hat belong to protein-coding TSL1 transcripts (standard de-
viation of 1.8). Some of the 1796 5 

′ ss of this category were
affected in the genome of multiple individuals, resulting in a
total of 18 156 instances. 9211 of 18 156 (51%) 5 

′ ss of this
category showed a �HBS of 0 across all individuals (Fig. 1 B).
The number of instances with no HBS difference to the refer-
ence despite a homozygous sequence variation is similar when
accounting for 5 

′ ss that show homozygous changes in mul-
tiple individuals (49%). 5 

′ ss that do not belong to protein
coding and not to TSL1 transcripts showed a slightly lesser
proportion of �HBS of 0 (only 5079 of 13 013 instances at
1.37 unique 5 

′ ss, 39%). 5 

′ ss of non-TSL1 transcripts show a
much higher �HBS compared to 5 

′ ss of protein-coding TSL1
transcripts (standard deviation 2.8, p -value of Kolmogorov–
Smirnov test < .001). However, 5 

′ ss of non-coding TSL1 tran-
scripts seem to show a greater �HBS variance, compared to
5 

′ ss of coding TSL1 transcripts (standard deviation 2.6, p -
value of Kolmogorov–Smirnov test < .001) (Fig. 1 A). 

Since most diagnostics based on the analysis of genomic
sequences scan sequences of protein-coding genes, we next
focused on protein-coding transcripts of highest TSL, TSL1.
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Figure 2. Observed HBS difference range depends on HBS of the reference 5 ′ ss. Depicted is the HBS difference ( B ) or alternative HBS ( A ), caused by 
homozygous genetic variations from the reference, within the sequence of annotated 5 ′ ss. 5 ′ ss that were much weaker than the reference 5 ′ ss were 
increasingly found for 5 ′ ss of average strength or below (HBS). 5 ′ ss of relatively high strength showed strong reductions in HBS compared to the 
reference. Each regression line is depicted with its formula stated above. The 95% confidence interval of the regression line is marked by a dark gray 
area. R 

2 is 0.34 ( A ) and 0.24 ( B ), respectively. ( C ) HBS difference of 1743 5 ′ ss with only one SNV within the 5 ′ ss, relative to the strongest HBS increase 
or decrease that is theoretically achie v able b y one SNV, f or each aff ected ref erence 5 ′ ss. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Around half of affected 5 

′ ss showed a �HBS of 0, despite the
sequence variation within the 5 

′ ss sequence. Left and right of
the peak at �HBS of 0, one can detect two additional smaller
peaks ranging from −2.5 to −1 and 1 to 2.5, respectively.
This could indicate that 5 

′ ss of “highest importance” (only
in protein-coding TSL1 transcripts) might normally tolerate
only a slight HBS variation of around ±1; however, some 5 

′ ss
seem to be less restricted in HBS variations without resulting
in disease. Reasons for this could for instance be gene dupli-
cations, non-essential alternatively used 5 

′ ss, a compensating
SSHW, or the strength of the reference 5 

′ ss. Since changes in
strength measured by the HBS can be present in more than one
subject, we additionally checked, how many unique 5 

′ ss were
found in each group and saw no significant aberrations from
the previously described distributions (Fig. 1 B). The �HBS of
heterozygous 5 

′ ss variants showed a slight shift to stronger
HBS decreases ( p -value of Kolmogorov–Smirnov test < .001)
( Supplementary Fig. S2 ). 

Previously, we saw that the reduction of 5 

′ ss strength can
induce usage of nearby competing 5 

′ ss that are usually not
used, independent of the strength of the original 5 

′ ss. This ef-
fect was, however, dependent on the HBS and SSHW differ-
ences between the 5 

′ ss and the competing 5 

′ ss in proximity
to it [ 22 ]. We therefore tested whether this observation would
also fit to our data set of 5 

′ ss from protein-coding TSL1 tran-
scripts that showed homozygous variations within the donor
sequence (Fig. 2 ). 

We saw a small negative correlation between �HBS and
the HBS of the reference 5 

′ ss itself ( R 

2 of linear regres-
sion = 0.237). Stronger 5 

′ ss had a higher tolerance with re-
spect to SNVs, i.e. they permitted larger HBS differences.
5 

′ ss with intermediate HBS (between ∼12 and 15) toler-
ated SNVs, that were only slightly weakening the 5 

′ ss. Weak
5 

′ ss (HBS < 12) mostly tolerated SNVs that actually in-
creased their strength. The same holds true to a slightly lesser
extent for homozygous and heterozygous sequence varia- 
tions within 5 

′ ss of other categories. However, no correla- 
tion could be detected with the SSHW of the affected 5 

′ ss.
One possible explanation for the correlation between refer- 
ence HBS and �HBS is that nucleotide exchanges within high- 
complementarity 5 

′ ss sequences may have a greater likeli- 
hood of randomly decreasing the HBS compared to exchanges 
within low-complementarity 5 

′ ss sequences. 
In order to test, whether the observed sequence variations 

induced a lower HBS reduction than expected by chance, we 
first grouped the reference 5 

′ ss with homozygous �HBS by 
their HBS in steps of 1. Subsequently, we removed 5 

′ ss with > 1 

nucleotide differences to the reference, resulting in 1743 5 

′ ss.
Per HBS group, we then collected every unique 5 

′ ss sequence 
and generated every potential 5 

′ ss that could result from a sin- 
gle nucleotide exchange (27 = 9*3 per unique 5 

′ ss). This set 
of alternative sequences was then used as a data set that de- 
scribes the chance-expected �HBS frequency, which was then 

compared to the observed real data. 
For reference HBS groups of sufficient size (at least 2% 

of unique 5’ss in this HBS group), we compared the theo- 
retically expected frequency of positive and negative �HBS 
with Fisher’s exact test (two-sided) for a 2 by 2 table 
per HBS group (exemplary dataset for one HBS group in 

Supplementary Table S1 ). All HBS groups from 9.8–10.8 up 

to 17.8–18.8 showed significantly less negative �HBS ( �HBS 
< −1) than expected ( p -value < .05). Both remaining HBS 
groups from 18.8 to 19.8 and from 19.8 to 20.8, however,
showed no significant shifts from the expected �HBS fre- 
quency ( Supplementary Fig. S3 and Supplementary Table S2 ).
Thus, stronger 5 

′ ss (HBS ≥ 18.8) seem to allow HBS reduction 

to a higher extent because even after moderate HBS reduction,
they can still ensure sufficient “correctly” spliced transcripts 
and thus functional protein. This observation is further em- 
phasized, when putting the observed HBS difference in rela- 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf036#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf036#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf036#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf036#supplementary-data


Physiologically occurring variability in 5’ss strength 5 

Table 2. Groups of 5 ′ ss belonging to TSL1- and / or protein-coding transcript isoforms or not, showing heterozygous sequence variations within the 11 
nucleotides of the 5 ′ ss sequence 

Not TSL1 TSL1 Total 

Not protein coding 6173 (7.4% of 83 910) 1001 (8.7% of 11 404) 7174 (7.5% of 95 314) 
Protein coding 3082 (7.1% of 42 920) 7200 (4.1% of 173 199) 10 282 (4.8% of 216 119) 
Total 9255 (7.3% of 126 830) 8201 (4.4% of 184 603) 17 456 (5.6% of 311 433) 

5 ′ ss could either be (i) exclusively part of non-coding transcript isoforms (“not protein coding”) or (ii) part of at least one protein coding transcript (“protein 
coding”). Additionally, 5 ′ ss were classified whether they were found (i) exclusively in transcripts of TSL level > 1 (“not TSL1”) or (ii) in at least one TSL1 
transcript (“TSL1”), with TSL1 transcripts representing high-confidence annotated transcripts that are found with the all same exon-junctions in the ensembl- 
pendant RefSeq. 

t  

o  

5  

o  

f  

s  

−
 

s  

o  

t  

v  

c  

e  

t  

t  

s  

t
 

f  

v  

t  

s  

g  

d  

i  

s  

5  

r  

2  

o  

E  

a  

4  

c  

t  

s  

t  

1  

m  

H  

s  

a  

b  

p  

s  

s  

q  

t
 

t  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ion to the maximal increase or decrease that is achievable by
nly one SNV within the sequence of the reference 5 

′ ss. Across
 

′ ss categories, we saw a significant correlation between HBS
f the reference 5 

′ ss and a decrease in the relative HBS dif-
erence, that is theoretically possible by single nucleotide sub-
titutions (Fig. 2 C) (Spearman’s rank correlation coefficient =
0.34, p -value < .001). 
One set of 5 

′ ss that was described to exhibit higher 5 

′ ss
trength compared to other 5 

′ ss, are 5 

′ ss of micro exons (ex-
ns of length ≤30 nucleotides) [ 23 ]. Following the observa-
ion from above, we would expect a higher degree of HBS
ariations for these 5 

′ ss. Indeed, 5 

′ ss exclusively found at mi-
ro exons showed significantly higher HBSs than 5 

′ ss of longer
xons, as well as stronger differences upon sequence varia-
ion ( Supplementary Fig. S4 , p -value of Kolmogorov–Smirnov
est < .001). This further emphasizes the observation that
tronger 5 

′ ss seem to show HBS reductions to a higher degree
han weaker 5 

′ ss. 
Analyzing which 5 

′ ss sequence positions were the most af-
ected by sequence variations revealed an increase in sequence
ariations with increasing distance to the GT dinucleotide into
he respective intron ( Supplementary Fig. S5 A). Either 5 

′ ss po-
ition +7 or +8 was affected in around 31% of all homozy-
ous 5 

′ ss variations. Since the widely used MaxEntScan score
oes not consider the last two 5’ss positions (+7 and + 8)
n its 5 

′ ss score calculation, we calculated the MaxEntScan
core change of every homozygous 5 

′ ss variation, excluding
 

′ ss that only differed to the reference 5 

′ ss in these positions,
educing the number of unique affected 5 

′ ss from 4044 to
908 ( Supplementary Fig. S5 B). Interestingly, in only 0.06%
f protein-coding 5 

′ ss with homozygous variations, the Max-
ntScan score did not change, whereas in the same dataset
round 42% still showed no HBS change at all. However, for
0% of 5 

′ ss, the difference in MaxEntScan score did not ex-
eed a decrease of −1 or an increase of +1. The reason for
he difference between the two scores might be that the HBS
pecifically assesses the number and density of H-Bonds be-
ween the potential 5 

′ ss and the 5 

′ end of the U1 snRNA over
1 nucleotides. Mutations that do not affect the estimated for-
ation of H-Bonds or H-Bond density thus not change the
BS but could potentially still lead to changes in MaxEntScan

cores, which are based on the maximum entropy principle
nd consider both adjacent and non-adjacent dependencies
etween positions within a 9-nucleotide sequence. However,
revious studies have shown, that complementary at 5 

′ ss po-
itions +7 and / or +8 is essential for some 5 

′ ss [ 24 ], since po-
itions +7 and +8 aid at exon recognition [ 5 , 25–27 ]. Conse-
uently, we chose the HBS for our analysis, as it accounts for
hese two positions. 

Next, we analyzed the �HBS of canonical 5 

′ ss of genes
hat have previously been described to be essential across hu-
man cell lines [ 28 ]. We expected no drastic changes in 5 

′ ss
strength for these genes, since the haplotyped assemblies came
from healthy individuals. Indeed, most 5 

′ ss were unaffected
with only 19 (0.3%) of 5826 canonical 5 

′ ss showing homozy-
gous sequence variations within the 5 

′ ss sequence, compared
to 0.7% for canonical 5 

′ ss of other genes. 5 

′ ss of essential
genes additionally showed significantly more instances with
�HBS of 0, with 56% of 337 instances, compared to 51%
for “non-essential” genes ( p -value of Kolmogorov–Smirnov
Test < .001). However, 8 unique 5 

′ ss of canonical 5 

′ ss of es-
sential genes still showed stronger HBS differences to the ref-
erence ranging from −3.2 to even −5.3. This emphasizes that,
although global analysis of physiologically occurring varia-
tion in 5 

′ ss strength can give us an idea of the general accept-
able variance, 5 

′ ss strength variation introduced by a sequence
variation has to be carefully analyzed in the respective genetic
context of a given gene. For instance, one 5 

′ ss belonging to the
essential ribosomal protein RPS9, showed a �HBS of −5.3 in
five donors. However, since it is the 5 

′ ss of the first non-coding
exon, reductions in recognition of this particular 5’ss might
not be as of importance than recognition of coding exons fur-
ther downstream. 

Heterozygous 5 

′ ss sequence variations 
The number of 5 

′ ss with heterozygous variations was under-
standably higher than the number of homozygous variations.
From 311 433 5 

′ ss annotated in ensembl (version 105), 17 456
(5.6%) showed a heterozygous 5 

′ ss sequence variation across
the 44 individuals. Of the 17 456 5 

′ ss, 10 623 (60.1%) showed
a heterozygous variation in multiple individuals (ranging from
2 to 44), further suggesting that these variations may not occur
randomly but rather appear predominantly within the same
transcripts and 5 

′ ss. Moreover, 22.5% of these cases exhib-
ited the same HBS difference across all affected individuals. 

Grouping these splice donor sites by the above defined
“TSL1” and “protein coding” categories, we found that 5 

′ ss
belonging to protein-coding TSL1 transcript isoforms again
showed the smallest percentage of affected annotated 5 

′ ss (Ta-
ble 2 ). Generally, the percentage of affected unique 5 

′ ss seemed
to be on average four times larger than the number of 5 

′ ss af-
fected by homozygous variations. 

As observed for homozygous HBS differences, 5 

′ ss belong-
ing to protein-coding TSL1 transcript isoforms showed the
smallest proportion of affected 5 

′ ss, relative to the total num-
ber of annotated 5 

′ ss in each category (Table 2 ). We again
checked the observed HBS differences per category, splitting
5 

′ ss into a large set, where one allele is still the same as the ref-
erence (17 451 unique 5 

′ ss), and one much smaller set, where
both alleles were different from the reference, but not the same
(92 unique 5 

′ ss). We then compared the observed HBS differ-

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf036#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf036#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf036#supplementary-data
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Figure 3. Differences in 5 ′ ss strength to the reference 5 ′ ss of 5 ′ ss that are affected by heterozygous sequence variations within the 11 nucleotides of 
the 5 ′ ss sequence by TSL and “protein coding” category. Boxplots depicting the HBS differences to the reference 5 ′ ss per category, where either only 
one allele ( A ) or both alleles ( B ) are different from the reference 5 ′ ss sequence. 5 ′ ss were grouped into those that were (i) e x clusiv ely part of non-coding 
transcript isoforms (“not protein coding”) or (ii) part of at least one protein coding transcript (“protein coding”) and those, either found (i) exclusively in 
transcripts of TSL le v el > 1 (“not TSL1”) or (ii) in at least one TSL1 transcript (“TSL1”), with TSL1 transcripts representing high-confident annotated 
transcripts that are found with the all same exon-junctions in the ensembl-pendant RefSeq. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ences of both datasets (Fig. 3 ) to the distribution of HBS dif-
ferences found in homozygous sequence variations (Fig. 1 A). 

5 

′ ss with only one allele different from the reference (Fig.
3 A) showed a shift towards weaker HBSs compared to ho-
mozygous situations, although the median �HBS still lies at
around zero in the heterozygous data. This trend to an HBS
reduction was a little less expressed for protein-coding tran-
scripts. The generally stronger reductions in HBSs observed
in comparison to homozygous variations may be attributed
to the presence of a remaining reference allele without HBS
reduction (Kolmogorov–Smirnov test p -value < .001). This
reference allele could compensate for the variation, suggest-
ing that its unaffected transcript levels might, in some cases,
be sufficient to prevent disease. 5 

′ ss with heterozygous 5 

′ ss
differences in both alleles (Fig. 3 B) showed a significant HBS
increase for 5 

′ ss of protein-coding transcripts compared to ho-
mozygous variations or heterozygous variations affecting only
one allele ( p -value of Kolmogorov–Smirnov test < .001). As
expected, variations that introduce HBS reductions thus seem
to be generally more prevalent in non-coding transcripts and
for heterozygous variations, since they potentially do not dis-
rupt protein-coding potential to an extent that is pathological.

Next, we focused in more detail on heterozygous 5 

′ ss varia-
tions of protein-coding TSL1 transcripts, which again showed
a similar HBS difference distribution compared to homozy-
gous variations (Fig. 4 ). Single-allele changes again seemed
to rather preserve the exact HBS as the reference, with 57%
showing an H-bond score difference of 0, compared to 51%
for homozygous variations. This could indicate that there
might be similar evolutionary pressure to preserve the 5 

′ ss
strength for both heterozygous and homozygous 5 

′ ss sequence
variations. 
However, when comparing the additive or compensatory 
effect on the HBS per SNV within 5 

′ ss affected by multi- 
ple SNVs, heterozygous 5 

′ ss variations showed a significantly 
lower number of instances where the single effect on the HBS 
per variation counteracted each other, compared to homozy- 
gous 5 

′ ss variations. Here, we selected 648 unique heterozy- 
gous and 342 homozygous instances, where a 5 

′ ss sequence 
showed multiple SNVs. For every 5 

′ ss variation, we deter- 
mined the maximal absolute HBond sore change, induced by 
only one of the respective multiple SNVs and then compared,
how all remaining SNVs further effected the resulting total 
HBS difference ( Supplementary Fig. S6 A and B). We classified 

the instances into six groups, namely 5 

′ ss, where the maxi- 
mal absolute HBS difference of a single SNV led to (i) an ac- 
cumulative HBS increase, (ii) an HBS increase that was par- 
tially compensated, and (iii) an HBS increase that was com- 
pletely compensated to HBS 0 or even overcompensated to an 

HBS decrease, or iv–vi) the equivalent groups for HBS reduc- 
tions ( Supplementary Fig. S6 C). Heterozygous 5 

′ ss variations 
showed a higher amount of variations that resulted in a cumu- 
lative total decrease in HBSs ( Supplementary Fig. S6 , p -value 
of Chi-squared test < .001). 

Since the SSHW previously showed to be different but 
less distinctive for silent or used 5 

′ ss [ 22 ], we next mea- 
sured SSHW differences to the reference 5 

′ ss, expecting more 
variance in detected SSHW variations compared to �HBS 
distributions. 

Homozygous variations in proximity of annotated 5 

′ ss se- 
quences 
Homozygous sequence variations were also found in the 
neighboring sequence segment of ±60 nucleotides around an- 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf036#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf036#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf036#supplementary-data
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Figure 4. Observed HBS difference range depends on HBS of the reference 5 ′ ss. Depicted is the HBS difference, caused by heterozygous genetic 
variations from the reference, within the sequence of annotated 5 ′ ss of either one ( A ) or both alleles ( B ). 5’ss that were much more negative than the 
reference 5’ss were increasingly found for 5 ′ ss of average strength (HBS). 5 ′ ss of relatively high strength showed strong reductions in HBS compared to 
the reference. Each regression line is depicted with its formula stated abo v e. T he 95% confidence interval of the regression line is marked by a dark gray 
area. R 

2 as a measure of how close the single data points are to the regression line is 0.13 ( A ) and 0.11 ( B ), respectively. 

Table 3. TSL1 and protein-coding labels for every 5 ′ ss that showed homozygous sequence variations within the ±60 nucleotides sequence surrounding 
of the 5 ′ ss sequence 

Not TSL1 TSL1 Total 

Not protein coding 16 750 (20.0% of 83 910) 2596 (22.7% of 11 404) 19 346 (20.3% of 95 314) 
Protein coding 9128 (21.3% of 42 920) 30 842 (17.8% of 173 199) 39 970 (18.5% of 216 119) 
Total 25 878 (20.4% of 126 830) 33 438 (18.1% of 184 603) 59 316 (19.0% of 311 433) 

5 ′ ss could either be (i) exclusively part of non-coding transcript isoforms (“not protein coding”) or (ii) part of at least one protein-coding transcript (“protein 
coding”) and those either found (i) exclusively in transcripts of TSL level > 1 (“not TSL1”) or (ii) in at least one TSL1 transcript (“TSL1”), with TSL1 
transcripts representing high-confident annotated transcripts that are found with the all same exon junctions in the ensembl-pendant RefSeq. 
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otated 5 

′ ss. With 59 316 (19%) of the 311 433 ensembl (ver-
ion 105) annotated 5 

′ ss, a much higher number of 5 

′ ss was
ffected than by variations within the 5 

′ ss itself. This might be
ue to the much longer sequence segment, comparing a 120
t long sequence (2 × 60 nt) with an 11 nt long sequence
Table 3 ). 

With 17.8%, we again saw the smallest fraction of oc-
urrences within 5 

′ ss of the categories protein coding &
SL1, whereas 5 

′ ss of the other categories showed a slightly
igher fraction of variations. Overall, homozygous variations
n the ±60 nt window around splice sites affect significantly
ore unique 5 

′ ss than variations of the splice site sequence
tself. This might be due to (i) the larger sequence of interest,
hich increases the probability to harbor sequence variations,

nd (ii) due to sequence variations resulting in a much lower
mpact on splice site usage than if positioned directly within
he 5 

′ ss sequence. 
As with variations within the 5 

′ ss sequence itself, we also
nalyzed the SSHW difference distribution across the 5 

′ ss cat-
gories (Fig. 5 A). To analyze variability in 5 

′ ss SSHW, we cal-
ulated the SSHW difference ( �SSHW) by subtracting the
SHW of the reference 5 

′ ss from the SSHW of an affected
5 

′ ss and compared the �SSHW distribution across the differ-
ent 5 

′ ss categories. Across all categories, �SSHW seemed to
be similarly distributed around �SSHW of zero. �SSHW of
5 

′ ss from protein-coding TSL1 transcripts ranged from −250
to +250 with a median of ∼0 (Fig. 5 B). This broad vari-
ance around zero emphasizes again that 5 

′ ss neighborhoods
seem to be less subjected to evolutionary pressure than 5 

′ ss.
Applying the Anderson–Darling test for normality, however,
showed that the SSHW difference values were still not nor-
mally distributed, testing either the total or unique 5 

′ ss counts
( p total < .05, p unique < .05). More extreme SSHW differences
seem to be overrepresented. 

Defining strong SSHW differences as lower −55 or greater
55, we selected the outer most 10% of the SSHW difference
values, which are located at the two tails of the �SSHW dis-
tribution. Starting from 30 842 5 

′ ss only found within coding
TSL1 transcripts that had variations in the ±60 nt neighbor-
hood, we generated a set of 6840 5 

′ ss (21%) with stronger
�SSHW. We subsequently analyzed whether stronger SSHW
differences might correlate with reference SSHW value of
the respective 5 

′ ss, the allele-specific 5 

′ ss strength, or changes
of 5 

′ ss strength. To compare reference SSHW with associ-
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Figure 5. Homozygous SSHW differences to the reference 5 ′ ss via sequence variations within the ±60 nucleotide window around the 5 ′ ss sequence 
grouped by TSL and “protein coding” category. ( A ) Boxplot depicting the SSHW differences to the reference 5 ′ ss per category. 5 ′ ss were grouped into 
those that were part of protein-coding transcripts or not part of protein-coding transcripts and whether the 5 ′ ss was part of TSL1 transcripts or not part 
of TSL1 transcripts, with TSL representing the confidence of splice site annotation by comparison with the RefSeq archive. ( B ) Histogram of SSHW 

differences to the reference 5 ′ ss upon homozygous sequence variation within the ±60 nucleotide sequence window around 5 ′ ss, exclusively found in 
protein-coding TSL1 transcripts. Depicted in red are the 5 ′ ss counts per SSHW-difference group, counting affected 5 ′ ss across all individuals. Depicted 
in blue are the counts of unique 5 ′ ss per SSHW-difference group. 

Figure 6. Strong homozygous SSHW differences to the 5 ′ ss reference and corresponding factors. SSHW differences were grouped in five equally sized 
quintile groups starting from strong negative SSHW differences in the first quintile to strong positive SSHW differences in the fifth quintile. ( A ) SSHW 

difference groups of 5 ′ ss with SSHW difference lo w er −55 or greater 55. ( B ) B o xplot depicting the reference SSHW of 5 ′ ss affected by SSHW 

differences, showing a tendency for strong negative SSHW differences, to occur more often at 5 ′ ss with a higher SSHW reference baseline as strong 
positive SSHW differences. ( C ) Boxplot depicting the reference HBond score of 5 ′ ss affected by strong SSHW differences, showing prevalence of very 
strong SSHW increases to occur at slightly w eak er 5 ′ ss. ( D ) B o xplot depicting the HBond-score difference of 5 ′ ss affected by strong SSHW differences 
of 5 ′ ss, whose strength was altered by sequence variations. A slight tendency of strong negative SSHW differences can be detected to occur with 
negativ e HB ond-score differences, which, ho w e v er, is not supported b y enough data points to be significant. 

 

 

 

 

 

 

 

 

 

 

 

 

  
ated stronger SSHW differences, we binned �SSHW into five
equally large groups (quintiles), with lowest �SSHW starting
in group 1 and �SSHW greater 0 starting in group 3 with a
mean �SSHW of 5 (Fig. 6 A). 

Similar to the negative linear correlation between HBS dif-
ferences and reference HBS, we saw that negative �SSHW val-
ues from −1500 to −65 (belonging to quintile 1–2) seemed
to occur more often in 5 

′ ss with a slightly stronger refer-
ence SSHW baseline (reference SSHW average around 470),
than �SSHW greater −60 (belonging to quintile 3–5 with
a reference SSHW average of 352) (Fig. 6 B). This obser-
vation was slightly less pronounced including heterozygous
SSHW differences. Analyzing the allele-specific 5 

′ ss strength
per �SSHW quintile revealed no observable correlation
(Fig. 6 C). 
Looking at a very small specific group of 5 

′ ss that showed 

nucleotide exchanges within the ±60 nt neighborhood as well 
as within 5 

′ ss, we saw a slight tendency of stronger nega- 
tive �HBS to predominantly occur at 5 

′ ss that showed higher 
�SSHW, whereas 5 

′ ss groups with strong negative �SSHW 

seemed to almost exclusively harbor 5 

′ ss, whose strength was 
not affected by the nucleotide exchange within the 5 

′ ss se- 
quence (Fig. 6 D). It has to be emphasized that this particular 
dataset, due to its strict selection, however, only consisted of 
1018 cases, affecting an even lower number of only 94 unique 
5 

′ ss (13–27 per quintile). The correlation between increasing 
�SSHW and decreasing �HBS is not significant. 

Finally, we also analyzed canonical 5 

′ ss of essential genes 
again to see which SSHW changes still seemed to be tolerated.
Since the impact of the SSHW on 5 

′ ss usage is determined by 
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Figure 7. Alternative SSHW per HBS group of canonical 5 ′ ss of essential genes. Depicted are the SSHW distributions per HBS group for a set of 5 ′ ss 
from a set of 519 essential genes in human. In 15 572 instances, genomes sho w ed a sequence variation within the genomic neighborhood of these 5 ′ ss. 
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he HBS of the 5 

′ ss sequence, we analyzed the SSHW upon
equence variation (Fig. 7 ). 

As expected, the general need for a high SSHW to ensure
’ss usage decreased with an increasing 5’ss strength (HBS),
eveling out at around HBS of 16. The SSHW of constitutive
 

′ ss from other genes was significantly lower for 5 

′ ss of HBS
1.8 to 17.8 ( p -value of two-sided t-test < .05). This might
ndicate that a decrease in SSHW of essential 5 

′ ss within this
BS range should be considered during genetic screening in

he future to improve risk assessment for genetic diseases. 

onclusion 

n this work, we analyzed sequence variations within the im-
ediate vicinity of annotated human exon–intron borders and

heir impact on splice site strength and the predicted bind-
ng profile of SRPs, within a curated subset of high-fidelity
enomes derived from 44 participants of the 1000 Genome
roject [ 18 ]. First, a custom R-script mapped sequence vari-
tions within a 60-nucleotide window around annotated 5 

′ ss
o the reference sequence, allowing us to quantify changes in
plice site strength and SSHW due to these variations within
he respective genomic region. 

A critical aspect of our study was the recognition that not all
 

′ ss annotated in transcript isoforms hold equal importance in
erms of functional protein expression. In instances where 5 

′ ss
re exclusive to non-coding transcript isoforms, their impact
n protein expression is minimal or negligible. In contrast, 5 

′ ss
eatured in protein-coding transcripts significantly influence
he expression of at least some splice isoforms. We addition-
lly considered the confidence level associated with annotated
ranscripts, leveraging the TSL scale provided by the Ensembl
rchive, which ranges from 1 (highest confidence) to 5. This
cale allowed us to distinguish between transcripts that were
obustly supported and those with lower levels of confidence.
Homozygous sequence variations within the 5 

′ ss sequence
itself were relatively rare, occurring in just around 1.3%
of annotated 5 

′ ss sites, which reflects previous observations
that splice site sequences seem to be conserved sometimes
even across species [ 29 ]. Crucially, over half of these sites
exhibited variations in multiple individuals, with most dis-
playing consistent differences in H-Bond scores across all af-
fected individuals. Heterozygous sequence variations within
the 5 

′ ss sequence itself were somewhat more frequent, oc-
curring in around 5.6% of annotated 5 

′ ss sites. The evo-
lutionary pressure governing the tolerance of heterozygous
mutations within the splice site sequence, therefore, might
be somewhat less stringent than in the case of homozygous
mutations, particularly in protein-coding transcripts. Interest-
ingly, for both homozygous and heterozygous sequence varia-
tions within 5 

′ ss sequences, around one half did not result in
changes of predicted 5 

′ ss strength. Since for some proteins, as
for instance the β-globin gene in sickle cell anemia, a reduced
expression is not per se pathogenic [ 30 ], we would have ex-
pected this percentage to be significantly lower for heterozy-
gous variations, since here one allele would still remain intact
[ 31 ]. 

Grouping 5 

′ ss into categories based on coding potential
(protein coding versus not protein coding) and TSL (TSL1 ver-
sus not TSL1) revealed that protein-coding TSL1 transcripts
showed the lowest incidence of affected sites when normal-
ized to the total number of annotated 5 

′ ss in each category.
We further focused on this particular subset of 5 

′ ss since they
are of special importance and annotated with high accuracy. 

Analyzing the interplay between HBSs of reference 5 

′ ss and
detected HBS differences due to homozygous sequence varia-
tions, we saw that 5 

′ ss with HBS lower 18.8 showed a clear
prevalence for sequence variations that do not decrease 5 

′ ss
strength, compared with what would be randomly expected.
5 

′ ss of HBS > 18.8 showed randomly distributed increase or
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decrease of 5 

′ ss strength, indicating that variant-induced dif-
ferences in strength have to be taken into consideration with
the 5 

′ ss baseline. 
Widening the window around 5 

′ ss, we also analyzed se-
quence variations within the ±60 nt window around splice
sites, excluding the splice site sequence itself. This somewhat
arbitrary sequence neighborhood was repeatedly described to
hold an extensive amount of predicted splicing regulatory ele-
ments [ 32 , 33 ]. Sequence variations within these regions were
quite frequent, with 19% of annotated 5 

′ ss sites affected. Like
with HBS differences, SSHW reductions by sequence varia-
tions were slightly enriched in 5 

′ ss with a higher SSHW base-
line around 400. 

Large-scale CRISPR and RNAi screens like The Cancer De-
pendency Map (DepMap) [ 34 ] and Project Score [ 35 ] inves-
tigate the impact of gene knockouts on cancer cell line fit-
ness. These projects assign scores to indicate cell growth in-
hibition or death, but essentiality scores can vary across cell
lines. Sharma et al. identified a cluster of genes highly likely to
be essential across all analyzed cell lines from the mentioned
projects, assigning 942 and 650 genes to this core essential
gene set, with 519 genes shared between both projects. For
5 

′ ss of the main transcript variant of these 519 genes, we ex-
pected significantly less variation in HBSs and SSHW. Indeed,
homozygous sequence variations within the 5 

′ ss sequence of
essential genes were only half as common as homozygous vari-
ations within other 5 

′ ss (0.3%) and additionally showed a
higher amount of variations that did not alter the HBS at all.
The SSHW resulting from sequence variations was still signif-
icantly higher for 5 

′ ss of HBS 11.8–17.8, compared to 5 

′ ss of
other genes. 

However, determining a general threshold for HBS or
SSHW changes with a high probability to disrupt correct splic-
ing remains challenging. Since around 61% of homozygous
5 

′ ss variations did not decrease or increase the HBS by > 1, one
could assume that sequence variants of this category might
show a quit low capacity to significantly affect splice site us-
age. Though in some cases, mild changes in splice site us-
age are able to induce disease, like the Hutchinson-Gilford
progeria syndrome, which is caused by sequence variations
that activate a cryptic exonic 5 

′ ss, leading to aberrant splic-
ing of the LMNA pre-mRNA and production of a protein
isoform that misses 50 amino acids near the carboxy termi-
nus. Although functional protein still makes up the major-
ity of LMNA expression, the amount of pathogenic LMNA
protein is sufficient to induce disease. We could show that
physiologically occurring sequence variations that reduce the
HBS are correlate with the HBS base level of the respective
5 

′ ss and whether they occur on both or only one allele. How-
ever, even homozygous variations within 5 

′ ss of essential genes
showed strong HBS reductions by up to −5.3. Some of these
strong HBS differences could be explained by a high HBS base
level of the 5 

′ ss or the genetic context. The change in for in-
stance splice site strength thus has to be carefully taken into
account with various additional factors as (i) base level splice
site strength, (ii) the SSHW, (iii) the genetic context, (iv) exon
length and potential competing splice sites in proximity, or
even cell-type dependent expression of SRPs. 
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