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Abstract: Kallikreins (KLKs) are a group of 15 serine pro-
teases encoded by the KLK locus on chromosome 19. 
Certain single nucleotide variants (SNVs) within the KLK 
locus have been linked to human disease. Next-generation 
sequencing of large human cohorts enables reexamina-
tion of genomic variation at the KLK locus. We aimed to 
identify all KLK-related SNVs and examine their impact 
on gene regulation and function. To this end, we mined 
KLK SNVs across Ensembl and Exome Variant Server, with 
exome-sequencing data from 6503 individuals. PolyPhen-
2-based prediction of damaging SNVs and population fre-
quencies of these SNVs were examined. Damaging SNVs 
were plotted on protein sequence and structure. We iden-
tified 4866 SNVs, the largest number of KLK-related SNVs 
reported. Fourteen percent of noncoding SNVs overlapped 
with transcription factor binding sites. We identified 602 
missense coding SNVs, among which 148 were predicted 
to be damaging. Nine missense SNVs were common ( > 1% 
frequency) and displayed significantly different frequen-
cies between European-American and African-American 
populations. SNVs predicted to be damaging appeared to 
alter tertiary structure of KLK1 and KLK6. Similarly, these 
missense SNVs may affect KLK function, resulting in dis-
ease phenotypes. Our study represents a mine of infor-
mation for those studying KLK-related SNVs and their 
associations with diseases.
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Introduction
The kallikrein (KLK) proteins are encoded by a locus of 
15 genes located on chromosome 19q13.3–13.4 (Riegman 
et al., 1989; Borgono and Diamandis, 2004). The majority 
of these enzymes (KLKs 1, 2, 4, 5, 6, 8, 10, 11, 12, 13, and 14) 
display trypsin-like serine protease activity and contain 
acidic residues such as aspartic and glutamic acid in 
their active sites, whereas KLKs 3, 7, and 9 are chymot-
rypsin-like serine proteases with hydrophobic residues 
such as tyrosine and phenylalanine in their active sites. 
The acidic and basic residues are located within the S1 
specificity pocket of the proteases. All KLKs contain the 
well-conserved serine protease catalytic triad, consist-
ing of histidine, aspartic acid, and serine. KLK1 contains 
additional exosites, allowing it to bind kininogen. It is 
now established that KLKs mediate a plethora of crucial 
physiological functions in several tissues, including in 
skin, breast, prostate, pancreas, and brain tissue. As part 
of the general extracellular web of proteases, KLK activ-
ity is tightly regulated by endogenous inhibitors, activat-
ing proteolytic cascades and regulatory feedback that 
maintain balanced KLK activity (Borgono and Diaman-
dis, 2004). Disruption of this balance and concomitant 
dysregulation of KLK function has been linked to several 
diseases, including skin diseases (Eissa and Diamandis, 
2008), neurodegenerative diseases, chronic inflamma-
tion, diabetes mellitus (Paliouras and Diamandis, 2006; 
Batra et  al., 2012), and cancer (Bharaj et  al., 2002; Ahn 
et al., 2008; Antoniou et al., 2010; Batra et al., 2011). The 
recent advances in sequencing technologies have brought 
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to light numerous variations, such as single nucleotide 
variants (SNVs), of several KLK genes, as major contribu-
tors to KLK dysregulation in vivo. For example, SNVs 
rs17632542, rs62113212, and rs62113214 in KLK3 have all 
been associated with prostate cancer (Kote-Jarai et  al., 
2011; Parikh et  al., 2011). Furthermore, a missense SNV 
rs5515 discovered in KLK1 gene is known to result in a 
change in amino acid residue from arginine (R) to his-
tidine (H), which, in turn, leads to a marked decrease 
in KLK1 activity in tissue and urine (Slim et  al., 2002; 
Waeckel et al., 2013). Individuals harboring this particu-
lar SNV display endothelial dysfunction and a defect in 
flow-dependent vasodilation (Bergaya et  al., 2004a), as 
well as a propensity to develop hypertension (Margolius 
et  al., 1976; Bergaya et  al., 2004a). A crystallographic 
KLK1 structure demonstrated that the presence of histi-
dine alters the substrate-binding properties of KLK1 to 
kininogen, and this explains the diminished activity of 
the enzyme (Katz et  al., 1998). Further proof of concept 
came from a mouse knockout of KLK1, which displayed 
similar phenotypic features, verifying the pathophysio-
logical significance of this particular SNV (Bergaya et al., 
2004b). Based on these findings, we decided to expand 
current knowledge of potentially damaging SNVs within 
the KLKs (as predicted by the functional SNV class and its 
impact on KLK structure) and investigate their frequen-
cies in certain populations and their potential to result in 
clinical phenotypes.

Single nucleotide polymorphisms (SNPs) are varia-
tions at a single nucleotide position and are considered to 
be the most frequent type of variation within the human 
genome, comprising about 0.1% of the human genome 
(Collins et  al., 1998; International HapMap et  al., 2007). 
Rare SNPs are present at a frequency above 1% in the 
general population, whereas common SNPs are present 
at a frequency above 5–10% (Kruglyak and Nickerson, 
2001; Ladiges et al., 2004). In this study, we use the term 
single nucleotide variation (SNV) to denote variations at a 
single nucleotide position regardless of their frequencies. 
Previous studies have examined SNVs in the KLK locus 
(Goard et al., 2007; Batra et al., 2012). These studies mined 
databases such as dbSNP and 1000 Genomes to discover 
SNVs at the KLK locus and contributed valuable informa-
tion. However, to our knowledge, none of the studies to 
date have linked functional SNV classes at the KLK locus 
with potential structural defects, nor have examined 
the frequencies of potentially damaging KLK SNVs in 
various human populations. The availability of the exome 
sequencing project data, which includes 6503 individuals, 
enables a new look at the genomic variation at the KLK 
locus.

Results

SNVs at the human kallikrein locus

Our first goal was to mine several open access public data-
bases (the Exome Variant Server, the database of Single 
Nucleotide Polymorphisms (dbSNP), the International 
HapMap project, the 1000 Genomes Project, Ensembl 
Genome Browser, and the Catalogue of Somatic Mutations 
in Cancer (COSMIC) database) and compile all data in a 
unique catalog of KLK-related SNVs. The Exome Variant 
Server (Exome Variant Server, NHLBI GO Exome Sequenc-
ing Project (ESP), Seattle, WA http://evs.gs.washington.
edu/EVS/ [June 2013]) and the Ensembl Genomic Data-
base were chosen as the most extensive nonredundant 
sources. We thus based our mining on these two data-
bases. We found a total of 4866 SNVs in the 15 kallikreins. 
Among these, there were 98 SNVs with no rs-identifier. 
The number of SNVs in each KLK did not display marked 
differences (Figure 1A and Table 1). More SNVs were noted 
in KLKs 2, 3, 5, 7, and 13, while fewer were found in KLK9. 
Compared to prior studies (Goard et al., 2007; Batra et al., 
2012), we expanded the number of identified SNVs, as a 
result of the availability of sequencing information from 
larger cohorts of individuals. The total number of our iden-
tified SNVs is similar to that recently described by Batra 
et al., who identified 4331 KLK SNVs. Older studies, such 
as the one by Goard et al., reported on 1856 KLK SNVs in 
2007. Goard and colleagues found a lower number of SNVs 
per KLK, but much like in our current study, the number of 
SNVs across all KLKs appeared uniform (Figure 1A). There 
were 1094 SNVs shared between our study and Goard et al. 
(Figure 1B). The remaining 762 SNVs discovered by Goard, 
but not found in our study, mainly represent SNVs in the 
inter-genic region, which are underrepresented in the 
Ensembl and the Exome Variant Server. We were unable to 
plot the results of Batra et al. in Figure 1, given that their 
SNV data were not publically available. Our complete SNV 
data are submitted as Supplemental data.

Functional classes of SNVs at the kallikrein 
locus

Our next objective was to examine the functional clas-
sification of these newly discovered SNVs. SNVs were 
categorized into gene locus region SNVs, splice junction 
SNVs, intronic SNVs, synonymous SNVs, missense SNVs, 
and untranslated region SNVs. The gene locus region was 
defined as the region 2000 base pairs upstream and 500 
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base pairs downstream of a gene, similar to Goard et al. 
The splice junction region was defined by the Ensembl 
database as the 2 base pairs at the 5′ and 3′ ends of intronic 
regions. Synonymous SNVs were defined as the SNVs that 
did not lead to an amino acid substitution in the resulting 
polypeptide chain, and missense SNVs were SNVs that led 
to an amino acid substitution. Intronic SNVs refer to SNVs 
found in intronic (spliced out) regions of the primary tran-
script that are not included in the mRNA, and untranslated 
region SNVs refer to SNVs found in transcribed regions of 
DNA that are not ultimately translated to protein. We also 

separately examined whether there were any nonsense 
SNVs in the 15 kallikreins. Nonsense SNVs were defined as 
nucleotide substitutions that would lead to the conversion 
of an amino acid codon to a stop codon. Additionally, we 
mined a number of SNVs that did not fall into any of these 
categories.

The bar graph in Figure 2 demonstrates the number 
of SNVs in each functional class. Most of the SNVs were 
in the intronic and gene locus regions, a finding consist-
ent across studies. Of all KLK SNVs, we found 38% in gene 
locus region, 6.4% untranslated, 36.5% intronic, 1.6% 
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Figure 1 (A) Total SNVs found in each KLK. Comparison of SNV frequencies for each KLK between our study and Goard et al. (B) Total SNVs 
found as compared to prior studies. Venn diagram portraying SNVs common and unique to our study and Goard et al. The total number 
of SNVs in our study is smaller than reported, as we also discovered 98 SNVs with no rsIDs, which could not be adequately compared to 
Goard’s studies.
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splice junction, 5.1% synonymous, and 12.3% missense 
SNVs. In comparison, Goard and colleagues reported 
26.9% SNVs in gene locus region, 9.5% untranslated, 55% 
intronic, 0.2% splice junction, 3.5% synonymous, and 
4.8% missense SNVs. Batra et  al. reported 10% of SNVs 
in the gene locus region, 4% untranslated, 27% intronic, 
0% splice junction, 1.5% synonymous, and 2.5% missense 
SNVs. This study also reported 55% of SNVs as unclas-
sified. The frequencies were similar in our and Goard’s 
studies for all SNV classes, with the exception of mis-
sense SNVs, which were more than twice as frequent in 

Table 1 Summary of SNVs for each KLK. Numbers of total SNVs, 
probably damaging SNVs and nonsense SNVs for each KLK.

Kallikrein  Total 
SNVs

  Probably 
damaging SNVs

  Nonsense 
SNVs

KLK1   230  11  1
KLK2   423  9  0
KLK3   454  15  0
KLK4   287  13  3
KLK5   420  13  0
KLK6   368  6  6
KLK7   420  8  6
KLK8   252  1  5
KLK9   195  7  2
KLK10   267  7  6
KLK11   213  11  4
KLK12   259  10  0
KLK13   412  13  8
KLK14   351  18  13
KLK15   315  6  0
Total:   4866  148  54
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Figure 2 Functional SNV types in all KLKs. Comparison of SNV number for each SNV type between our study, Goard et al., and Batra et al.

our study compared to Goard et al. In comparison to Batra 
et al., we found a higher proportion of SNVs in the gene 
locus region and a higher proportion of missense SNVs.

The greatest number of SNVs fell in the noncoding 
regions. We thus examined common noncoding SNVs 
with frequency  > 1%, and there were 1145 of these. Given 
that noncoding regions may contain regulatory elements, 
we investigated whether these noncoding SNVs over-
lapped with transcription factor-binding sites (TFBSs). 
The noncoding SNVs were divided into intronic, gene 
locus region, untranslated, and splice junction. UCSC 
Genome Browser (Kent et al., 2002) was used to identify 
TFBSs populated by each noncoding SNV, by employ-
ing experimentally derived annotation tracks by ChIP-
seq (Hudson and Snyder, 2006; Euskirchen et al., 2007). 
The data in the Browser were generated and analyzed as 
part of the ENCODE project, a genome-wide consortium 
with the aim of cataloging all functional elements in the 
human genome (Rosenbloom et  al., 2013). We identi-
fied 163 SNVs that were located in TFBSs (Supplemental 
data). The number of TFs binding to a SNV site ranged 
from 1 to 47. Most of the SNVs overlapping with TFBSs 
were in the gene locus region (120). There were also 36 
intronic SNVs in TFBSs, six untranslated region SNVs, 
and one splice junction SNV. As an example, we have 
displayed all common KLK3 SNVs together with the asso-
ciated TFs (Table 2). We chose KLK3 because this is argu-
ably the most studied kallikrein. It is of interest that five 
TFs with binding sites that overlap with KLK3 SNVs had 
been experimentally demonstrated to regulate KLK3 gene 
expression in prior studies. These TFs include YY1 (Deng 
et al., 2009), MYC (Bernard et al., 2003), EGR1 (Yang and 
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Abdulkadir, 2003), GATA2 (Deng et al., 2009), and MAZ 
(Tsui et al., 2011). Whether other TFs binding in KLK SNV 
sites also regulate specific KLK expression, remains for 
the most part unknown.

Given the potential functional importance of nonsense 
SNVs, we were particularly interested in the numbers and 
frequencies of these SNV types among the different KLKs. 
In theory, heterozygous nonsense SNVs would result in a 
50% reduction of the functional protein, while homozy-
gous nonsense SNVs would result in complete absence of 
the functional protein, which may in turn manifest in a 
clinical phenotype. We have discovered a total of 54 non-
sense SNVs in all 15 KLKs with the highest number present 
in the KLK14 gene (Table 1).

Frequencies of missense kallikrein SNVs in 
European-American and African-American 
populations

We went on to examine the population frequencies of 
missense and nonsense SNVs at the KLK locus. We were 
particularly interested in these types of SNVs because they 
are more likely to impact protein function. We divided 
the SNVs into common ( > 1% population frequency) and 
rare ( < 1%), based on their frequency in a population of 
European Americans (EA) and African Americans (AA). 
SNV information accessible through the databases was 
available from the study population of 6503 individuals 
(4300 EA and 2203 AA). Common SNVs with 1% frequency 
would thus imply around 65 individuals from this study 
group. We first examined these common SNVs. By mining 
the Exome and Ensembl databases, we found 24 common 
missense SNVs. These common SNVs included three 
KLK1 SNVs, two KLK2 SNVs, four KLK3 SNVs, two KLK6 
SNVs, one KLK7 SNV, one KLK8 SNV, two KLK9 SNVs, two 

Table 2 Common noncoding KLK3 SNVs in sites of transcription factor binding. Downstream variant gene is in the gene locus region.

Kallikrein gene  rsID   SNV type   Transcription factor

KLK3   rs56297463   Downstream gene variant   EZH2
KLK3   rs11549920   Downstream gene variant   YY1a

KLK3   rs4846   Downstream gene variant   NR2F2, JUND, MYCa, ZBTB7A, MAX, MAZa, TEAD4, BHLHE40, 
EP300, HDAC, GATA2a, STAT1, ATF1, STAT2, EGR1a, TAL1

KLK3   rs76975855   Downstream gene variant   CTCF
KLK3   rs8103659   Downstream gene variant   CTCF
KLK3   rs198964   Downstream gene variant   CTCF
KLK3   rs198963   Downstream gene variant   CTCF, RAD21
KLK3   rs198959   Downstream gene variant   JUND
KLK3   rs28419746   Downstream gene variant   JUND

aTranscription factors demonstrated to regulate transcription of the KLK3 gene.

KLK10 SNVs, two KLK12 SNVs, one KLK13 SNV, and four 
KLK14 SNVs. Out of these 24 SNVs, the information about 
frequencies in EA and AA populations was available for 
nine SNVs (Table 3 and Supplemental data). All nine of 
these common SNVs were found at significantly distinct 
frequencies in EA and AA population (Table 3). Variants 
rs5517 (KLK1), rs17632542 (KLK3), rs2075690 (KLK10), and 
rs3745535 (KLK10) were significantly more frequent in EA 
compared to AA population (p < 2.2 × 10-16 for all). In con-
trast, variants rs5516 (KLK1), rs5515 (KLK1), rs77760094 
(KLK6), rs61469141 (KLK6), and rs61742847 (KLK12) 
were significantly more frequent in the AA population 
(p < 2.2 × 10-16 for all except rs5516, which had p = 7.16 × 10-6).  
Not surprisingly, the frequency of nonsense SNVs was 
close to 0 in both EA and AA populations.

In addition to common missense SNVs, we identi-
fied a much larger number of rare SNVs at the KLK locus. 
There were 24 rare missense SNVs in KLK1, 9 in KLK2, 26 
in KLK3, 4 in KLK4, 44 in KLK5, 21 in KLK6, 24 in KLK7, 
13 in KLK8, 14 in KLK14, and 2 in KLK15 (Supplemental 
data). Although these SNVs are potentially interesting, 
their frequencies in the population were extremely low, 
thus, not allowing us to make any statistical predictions 
based on the differences in the EA and AA populations.

SNVs predicted to be damaging

After identifying ‘common’ SNVs with significant popu-
lation differences between EA and AA ancestry, we won-
dered about potential functional consequences related to 
these missense SNVs. Functional consequences of certain 
SNVs could be predicted by sophisticated algorithms. We 
examined the PolyPhen-2, SIFT, and Grantham score algo-
rithms to determine the potential for deleterious effects of 
SNVs on protein function in silico. The PolyPhen-2 score 
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was chosen because of its comprehensive algorithm, 
which takes into account the three-dimensional context 
of the SNV. The PolyPhen-2 score rates SNVs as benign, 
possibly damaging or probably damaging. We identified 
148 total SNVs predicted to be probably damaging in all 
15 KLKs (Table 1). The highest number of probably damag-
ing SNVs was 18 in KLK14. PolyPhen-2 also predicted 223 
SNVs to be possibly damaging (Supplemental data), with 
the highest number in KLK15.

We next examined whether any of the SNVs with 
significantly different frequencies in EA and AA popu-
lations were predicted to be damaging. Indeed, three 
of the nine common SNVs (rs5515 in KLK1, rs77760094 
in KLK6, rs61469141 in KLK6) were possibly damaging, 
and one common SNV (rs61742847) in KLK12 was pre-
dicted to be probably damaging (Table 3). The frequen-
cies of homozygotes with these damaging SNVs were 
reported to be 0.57% for rs5515, 0.03% for rs77760094, 
0.51% for rs61469141, and 0.12% for rs61742847. Individu-
als homozygous for the SNVs predicted to be damaging 
would be more likely to have impaired or absent protein 
function. All four of these potentially deleterious SNVs 
had significantly higher frequencies in the AA compared 
to EA population. The KLK1 SNV, rs5515, had been linked 
to endothelial dysfunction and predilection for hyperten-
sion in prior studies (Margolius et  al., 1976; Slim et  al., 
2002; Bergaya et al., 2004a).

Structural representations of SNVs

Predicted deleterious missense SNVs may result in 
adverse residue interactions in key functional areas in 
primary, secondary, or tertiary protein structure. We thus 
examined whether the probably damaging missense SNVs 
predicted by the PolyPhen-2 algorithm would congregate 

in a particular region of a KLK amino acid sequence. A 
representative example of this is shown in Figure 3. We 
show KLK14 SNVs, given that it had the highest number 
of probably damaging SNVs. As demonstrated, there was 
no discernable pattern between the location of probably 
damaging SNVs and the KLK amino acid sequence, and 
this was true for all 15 KLKs. In addition, deleterious SNVs 
did not appear to congregate in any specific areas of the 
protein domains.

Despite no obvious relationship between the probably 
damaging missense SNVs and KLK amino acid sequences, 
we postulated that these particular SNVs may congregate 
near the active sites of KLKs, impair substrate binding, 
or interfere with neighboring residues in tertiary protein 
structure. To evaluate this, we utilized UCSF Chimera 
software version 1.9 (http://www.cgl.ucsf.edu/chimera), 
which allowed us to display both native and ‘mutated’ 
forms of proteins and to examine steric effects of altered 
amino acids in the vicinity of active sites. We were par-
ticularly interested in examining common missense SNVs 
(Table 3). PDB files 1SPJ (KLK1), 2ZCH (KLK3), and 3VFE 
(KLK6) were used to study the structures of interest. All 
three structures had resolution   ≤  2.8A and almost com-
plete sequence information (Laxmikanthan et  al., 2005; 
Menez et al., 2008; Liang et al., 2012). There was no avail-
able structure for KLK10 or KLK12. Once the structure was 
displayed in the Chimera viewer, residues of interest were 
selected, together with all the residues in the surrounding 
0.5 A. Interactions were examined. The catalytic triad resi-
dues were also highlighted. The residues of interest were 
then mutated by using the Rotamer function. Finally, the 
most energetically favorable and the most probable rota-
meric state of the residue was selected.

We were also interested in potential interactions or 
clashes between the mutated residues and any other 
residues in the vicinity that would render the mutation 

Table 3 Common missense KLK SNVs defined by allele frequency  > 1%.

Gene   Identifier (rs-ID)  EA allele frequency  AA allele frequency  PolyPhen-2 prediction  p-Value

KLK1   rs5517   0.268605  0.196323  Benign    < 2.2e-16

KLK1   rs5516   0.331163  0.370858  Benign   7.16e-6

KLK1   rs5515   0.036047  0.09714  Possibly damaging    < 2.2e-16

KLK3   rs17632542   0.075349  0.013618  Benign    < 2.2e-16

KLK6   rs77760094   0.0041860  0.035406  Possibly damaging    < 2.2e-16

KLK6   rs61469141   0.0004651  0.111665  Possibly damaging    < 2.2e-16

KLK10  rs2075690   0.450548  0.287969  Benign    < 2.2e-16

KLK10  rs3745535   0.358625  0.078025  Benign    < 2.2e-16

KLK12  rs61742847   0.000465  0.056591  Probably damaging    < 2.2e-16

The frequencies of minor allele in European-American (EA) and African-American (AA) populations are given. p-Value is calculated by 
Pearson χ2-test for the comparison between EA and AA alleles. PolyPhen-2 based predictions on the functional effects of SNVs are listed.
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energetically unfavorable. We thus performed structure 
minimization in Chimera. The structure with the residue 
mutated in silico was then examined to find any clashes 
and contacts with all other atoms within 0.6 A. Clashes 
and contacts represent potential steric hindrance of the 
selected residue with neighboring atoms and residues in 
the structure. Any clashing residues were selected to be 
minimized to the most energetically favorable state, and 
the potential energy change was calculated in kJ/mol. 
Proteins fold in a way that minimizes potential energy, 
and so even local clashes may disrupt the native protein 
conformation.

Using this method, we first examined common mis-
sense KLK1 SNVs (Figure 4A). KLK1 SNVs rs5517 and rs5516 
resulted in residue substitutions far from the active site, 
and close to the surface of the protein, with no interfer-
ence with other residues, and no requirement for minimi-
zation. These SNVs were predicted to be benign and were 
common in both EA and AA populations. In contrast, 
KLK1 SNV rs5515 involving arginine mutation to histidine 
(R77H) resulted in significant clashes between H77 and 
W74 residues that could not be minimized (Figure 4A). 
This particular SNV is predicted to be probably damaging 
and was previously associated with decreased function 

and disease in experimental models as well as in humans 
(Katz et al., 1998; Slim et al., 2002).

We next examined KLK3 SNV rs17632542, with I179T 
substitution (Figure 4B). Small threonine residue did 
not result in interference with any neighboring residues. 
This substitution was also predicted to be benign based 
on PolyPhen-2. In contrast, KLK6 SNVs rs77760094 and 
rs61469141 were predicted to be possibly damaging, and 
structural analysis lent support to this prediction. SNV 
rs77760094 with T234M substitution results in an ener-
getically unfavorable clash between M234 and R129 
(Figure 4C). The initial energy of the structure was 148487 
kJ/mol, and the potential energy change after minimiza-
tion was -4133 kJ/mol. This SNV was predicted to be pos-
sibly damaging and demonstrated significantly higher 
frequency in AA population. Similarly, arginine to trypto-
phan (R78W) substitution (rs61469141) was predicted to be 
possibly damaging and demonstrated significantly higher 
frequency in the AA population. As shown in Figure 4C, 
the substituted tryptophan residue was outside the active 
site, but demonstrated steric hindrance with a glutamic 
acid residue (D153), and resulted in exposure of the hydro-
phobic residue on the protein surface. The initial energy 
of this structure was unfavorable at 53,834 kJ/mol, and the 

Figure 3 Visual representation of damaging missense SNVs on KLK14 amino acid sequence. All ‘probably damaging’ SNVs in KLK14 pre-
dicted by PolyPhen-2 are plotted. Each letter represents an amino acid residue, and highlighted letters indicate a type of SNV (missense, 
splice junction, nonsense). Font colors represent the catalytic triad and important domains of the primary structure (signal sequence, 
propeptide sequence, protease domain). It is interesting to note that one SNV replaces the aspartic acid residue in the catalytic triad.
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A

potential energy change from minimization was -3997 kJ/
mol. This residue may, thus, result in an aberrant protein 
conformation. Furthermore, W78 is located in a flex-
ible loop, which changes its conformation in active state 

(Pathak et  al., 2013). Structural in silico analysis of mis-
sense SNVs was supported by PolyPhen-2 prediction and 
limited experimental data, in the case of KLK1.

(Figure 4 Continued)
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B

C

Figure 4 (A) UCSF Chimera representation of KLK1 (PDB file 1SPJ) SNV rs5517 (K186E substitution), rs5516 (E145Q substitution), and rs5515 (R77H 
substitution). Only rs5515 SNV results in steric hindrance between H77 and W74 residues depicted by a broken line. The other two SNVs have no 
predicted consequences on tertiary KLK1 structure. (B) KLK3 (PDB file 2ZCH) SNV rs17632542 with I179T substitution is demonstrated. The sub-
stitution leads to energetically favorable state, without interference with neighboring residues. (C) KLK6 (PDB file 3VFE) SNV rs77760094 with 
T234M substitution and SNV rs61469141 with R78W substitution are displayed. M234 residue interferes with R129 in its vicinity as seen in the 
zoomed view. The relatively large potential energy change from minimization, -4132 kJ/mol, supports the potentially detrimental nature of this 
substitution and the plausible alteration in the original protein conformation. W78 residue interferes with D153 in its vicinity. The relatively large 
potential energy change from minimization, -3997 kJ/mol, suggests a potentially detrimental nature of the substitution with plausible effect on 
protein conformation. All residues within 0.5 A are displayed. The catalytic triad is circled and highlighted in green.
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Discussion
KLKs are important serine proteases that have been impli-
cated in various diseases. The main goal of this paper was 
to perform a comprehensive database mining and in silico 
analysis of the SNVs in the KLK locus. To achieve this goal, 
we had three objectives: 1) to mine nonredundant data-
bases for the most complete collection of SNVs at the KLK 
locus; 2) to examine the functional annotations and fre-
quencies of KLK SNVs, particularly focusing on nonsynon-
ymous (missense and nonsense) SNVs; and 3) to perform 
in silico prediction of deleterious SNVs and link the effect 
of deleterious SNVs to protein structure.

Our first objective was to uncover all SNVs in the KLK 
locus. Exome Variant Server and Ensembl databases are 
the largest sequencing databases currently available, and 
much of the information they contain was derived from 
next-generation sequencing and was not accessible even 
2–3  years ago, when the study by Batra et  al. was likely 
conducted. These databases contain identical SNV acces-
sions and significant amounts of complementary data, 
notwithstanding the resulting redundancy one must be 
cautious of. The number of SNVs recovered by mining of 
these two databases is comparable to Batra et  al., who 
found approximately 500 fewer SNVs in 2012. In contrast, 
Goard et al. reported approximately one third of our SNVs 
in the KLK locus in 2007. For the most part, the difference 
in numbers is accounted for by increasing data complete-
ness. Goard et  al. and Batra et  al. used dbSNP search 
engine to identify SNVs (although this information is cur-
rently included in Ensembl database). Our study identified 
a large number of low-frequency SNVs. While rare SNVs 
are likely to be evolutionarily recent, and to reflect popu-
lation-specific variation, recent study suggested that these 
rare SNVs are likely to make an important contribution to 
disease susceptibility (Tennessen et al., 2012). Batra and 
colleagues reported only validated SNVs, and this may 
explain some of the difference in numbers between our 
studies. Additionally, 55% of their SNVs were unclassified, 
and these potentially represent inter-genic regions, if we 
are to extrapolate from Goard et al. study.

Our second objective was to examine the functional 
annotations and frequencies of the KLK SNVs. The fre-
quencies of almost all functional classes of SNVs have 
remained unchanged between our study and Goard et al. 
Intronic and gene locus region SNVs predominated in 
both studies. Novel insights from the ENCODE consor-
tium have shed light on the fact that even intronic SNVs, 
previously believed to be inconsequential, may contain 
important regulatory elements (Consortium et  al., 2012; 
Gerstein et al., 2012; Schaub et al., 2012). Indeed, 14% of 

the common SNVs we identified in the noncoding regions 
overlap with TFBSs. There is further experimental evi-
dence that at least some of TFs that bind to these sites reg-
ulate KLK expression, as was shown in the case of KLK3. 
Batra et  al. used computational imputation to predict 
SNVs in TFBSs (Batra et  al., 2012). They reported on 15 
SNVs that overlapped with TFBSs. However, none of these 
SNVs overlapped with TFBSs based on the ChIP-seq data 
from the Genome Browser. This discrepancy is not alarm-
ing, given the potential lack of completeness of ENCODE 
ChIP-seq data or incorrect computational prediction. 
Future studies could address how individual SNVs affect 
the binding of TFs and their regulation of KLK genes.

Our study identified a higher fraction of missense 
SNVs compared to the two older studies, mostly due to 
a much larger number of sequenced individuals, and 
to perhaps sequencing artifacts, at least in some cases. 
Nonetheless, we decided to take advantage of this obser-
vation, given that missense SNVs are potentially det-
rimental to protein function. Along the same lines, we 
found 54 nonsense SNVs. These types of SNVs repre-
sent a potential to detect human knockout phenotypes 
and, subsequently, better understand the relationship 
between genotype and phenotype. As expected, the 
frequencies of these deleterious SNVs were extremely 
low. It remains unclear why most of the nonsense SNVs 
occurred in KLK14, but it is possible that decreased func-
tion of this particular KLK does not have a significant 
impact on clinical phenotype.

We next examined the population frequencies of the 
nonsynonymous SNVs. We focused on SNVs likely to be 
damaging and those with a high enough frequency to be 
detected in human populations with relative ease. Numer-
ous whole-genome sequencing studies have identified 
rare SNVs that were subsequently linked to human disease 
(Helgason et al., 2013; Cruchaga et al., 2014). Although we 
did not focus on these rare variants, our collected data 
will remain available for future studies in this area.

In some cases, the SNVs implicated in disease shed 
light on the propensity of a certain population to develop 
a disease of interest. A characteristic example of this is 
a demonstration that two SNVs in the apolipoprotein-L1 
(APOL1) gene on chromosome 22 that are only present 
in African-Americans, lead to markedly increased risk of 
developing kidney disease and progressing to end stage 
renal disease (Genovese et  al., 2010; Parsa et  al., 2013). 
Groundbreaking studies involving APOL1 provide a com-
pelling reason to closely examine those SNVs that dem-
onstrate dramatically different frequencies in different 
populations. Notwithstanding this, large-scale studies 
of nonsynonymous SNVs have uncovered significantly 
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higher frequencies of these SNVs in European compared 
to African populations (International HapMap et  al., 
2007; Lohmueller et al., 2008). Even those SNVs predicted 
to be probably damaging tended to be more common in 
the European population (Lohmueller et  al., 2008). We 
found nine common missense SNVs with significantly 
different frequencies in EA and AA populations. The four 
SNVs predicted to be damaging were between 3- and 100-
fold more common in the AA population. The impact of 
the frequency differences we report cannot be assessed, 
although we note that there are cases where a difference 
in frequency in a SNV accounts for difference in disease 
susceptibility between African and European individu-
als (APOL1). Among these nine SNVs, KLK1 SNV rs5515 
leads to a substitution in an arginine residue for a histi-
dine residue and was previously demonstrated to impair 
kininogen cleavage into bradykinin. This particular SNV 
was linked to human disease, and the high frequency of 
this SNV in the AA population was noted before (Waeckel 
et al., 2013). With AA population frequency of almost 10%, 
compared to 3.6% in EA population, this SNV could plau-
sibly contribute to an increased risk of hypertension and 
renal disease in African-Americans.

Another SNV found at a significantly different fre-
quency between the two populations was previously 
implicated in disease. This was SNV rs17632542 in 
KLK3, which has been linked to non-aggressive pros-
tate cancer (Parikh et  al., 2011). This particular SNV 
was significantly higher in EA population, with a fre-
quency of 7.5%, compared to 1.4% in the AA population 
(p < 2.2 × 10-16). Prostate cancer development and aggres-
siveness may vary between AAs and EAs, but studies 
that examined these relationships reported mixed con-
clusions (Sucheston et al., 2012; Bensen et al., 2013). We 
postulate that this SNV, which was previously linked to 
prostate cancer, may account for higher likelihood of 
developing non-aggressive prostate cancer in EAs. On 
the other hand, this difference in frequency may simply 
reflect the phenomenon of higher frequency of mis-
sense SNVs in the EA population. This remains to be 
studied in the future.

We found two SNVs (rs77760094 and rs61469141) 
in KLK6 with significantly different frequencies in the 
EA and AA populations. Moreover, these two SNVs were 
predicted to be damaging by PolyPhen-2. KLK6 is most 
highly expressed in the brain, with lower expression in 
the genitourinary tract. Earlier studies have implicated 
KLK6 in cancer and neurodegenerative diseases (Yousef 
et  al., 2004; Bayani and Diamandis, 2012). Given that 
the two SNVs we identified display a dramatically higher 
frequency in AAs, and that they are predicted to be 

deleterious both by the algorithm and by our structural 
in silico analysis, we propose that these two SNVs are 
worth studying further to establish whether there is a link 
between one or both of these SNVs and a predilection for a 
certain phenotype in the AA population.

Additionally, two of the SNVs in KLK10, predicted to 
be benign, demonstrated markedly increased frequency in 
the EA population. The frequencies of the two SNVs were 
58% and 70%, respectively, in the population at large. We 
did not focus on these SNVs, given the lack of predicted 
deleterious potential and their high frequency, supporting 
a benign nature of these variants.

Lastly, we noted one probably damaging SNV in KLK12 
(rs61742847), with a higher frequency in the AA popula-
tion. Not much is known about KLK12, but its expression 
was found to be dysregulated in certain cancers, particu-
larly of the lung. No crystallographic structure is available 
for this KLK, so we were not able to examine the effect of 
this SNV on protein structure. Given that this SNV was 
predicted to be damaging, together with its significant 
prevalence in the AA population, a search for the poten-
tial phenotype in this population may be warranted.

Our final objective was to link the predicted delete-
rious SNVs to KLK sequence and structure in silico. The 
PolyPhen-2 algorithm was selected for prediction of the 
functional effect of KLKs. This algorithm has also been 
formally validated (Wang et  al., 2012). There was a sub-
stantial number of potentially damaging SNVs across all 
KLKs, albeit at a low frequency per SNV. Having compiled 
the list of probably damaging SNVs, we examined the 
relationship between SNV position in the sequence and 
secondary protein domains. There was no obvious rela-
tionship between the two, as deleterious SNVs scattered 
throughout the sequence. Examination of the tertiary 
protein structure allowed a more accurate assessment of 
SNVs with relation to three-dimensional active sites and 
other residues in the vicinity. All three KLK SNVs (one 
KLK1 and two KLK6 SNVs) predicted to be damaging by 
PolyPhen-2 were also suggested to be damaging based on 
interference with neighboring residues in tertiary protein 
structure, exerting a potential effect on the final protein 
conformation, and thus protein function. Future studies 
should address the relevance of these SNVs to protein 
function and human disease.

Our study is not devoid of limitations. First, all func-
tional predictions were made in silico, and thus, the asser-
tions we make are hypothesis generating. Furthermore, 
we narrowed our focus on specific aspects of our find-
ings, such as nonsynonymous and potentially detrimen-
tal SNVs. Despite these drawbacks, our study describes 
exhaustive database mining with the most complete 
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discovery of SNVs at the KLK locus to date and the most 
complete description of nonsynonymous KLK SNVs. We 
included novel important aspects, such as examination 
of the frequencies of deleterious SNVs, which can inform 
the prevalence and potential significance of those particu-
lar SNVs. We also extended our knowledge gained from 
data mining to the effects of SNV on protein sequence and 
structure. Finally, we created a resource for future studies. 
As such, we separated common and rare SNVs and fil-
tered out nondamaging SNVs in order to facilitate future 
searches of our data. Future studies should address the 
functional relevance of identified SNVs.

Materials and methods

Database mining
The SNV databases explored include The Exome Variant Server 
(http://evs.gs.washington.edu/EVS/), Database of Single Nucleotide 
Polymorphisms (dbSNP)(http://www.ncbi.nlm.nih.gov/SNP/), The 
International HapMap project(http://hapmap.ncbi.nlm.nih.gov), 
The 1000 Genomes Project (http://www.1000genomes.org), Ensembl 
Genome Browser (http://www.ensembl.org/index.html), and Cata-
logue of Somatic Mutations in Cancer (COSMIC) database (http://
cancer.sanger.ac.uk/cancergenome/projects/cosmic/). SNVs were 
classified differently in each of these databases, so we chose to adopt 
the SNV types used by the Goard et al. study (2007) and classified the 
SNVs from Ensembl and Exome Variant Server accordingly. Database 
mining was performed by two individuals (N.S. and E.S.) separately, 
who pooled the results of their analyses together. Databases were 
mined for population-based allelic frequencies, base pair and amino 
acid substitutions, and algorithmic scores predicting SNV function-
ality (PolyPhen-2, SIFT, and Grantham were the main algorithms 
used) for kallikreins 1 through 15.

We selected PolyPhen-2 as the optimal prediction algorithm 
because it takes into account sequence homology, Pfam annotations, 
and structural information from PDB database (Adzhubei et  al., 
2010). Furthermore, PolyPhen-2 algorithm has been validated dem-
onstrating specificity for pathogenic variants of 95%, positive predic-
tive value (PPV) of 80%, and a false positive rate of 5% (Wang et al., 
2012). Contrary to PolyPhen-2, Grantham scores only reflect chemi-
cal dissimilarity between the substituted residues and may not ade-
quately represent the effect of SNV in the context of tertiary protein 
structure. Similarly, SIFT algorithm only considers sequence homol-
ogy and physicochemical similarity between the substituted residues 
(Ng and Henikoff, 2001).

SNVs in the context of KLK amino acid 
sequence and protein structure
Amino acid sequences were extracted from Uniprot FASTA files for 
each of the KLKs. Information concerning the secondary domains 
was also obtained from Uniprot.

UCSF Chimera software (Pettersen et al., 2004) was used to visu-
ally display protein structures. KLK PDB file IDs were used to fetch 
the structures of interest. Only high-quality files with resolution   ≤  2.0 
A and almost complete sequence information were used. Once the 
structure was displayed in the Chimera viewer, residues of interest 
were selected, together with all the residues in the surrounding 0.5 
A. Interactions were examined. The residues of interest were then 
mutated by using the Rotamer function. Finally, the most energeti-
cally favorable and the most likely position of the residue based on 
probability was selected. We then performed energy minimization 
by moving only the residue of interest and the clashing residue(s), 
while keeping other residues fixed. The initial energy and potential 
energy change are calculated in kJ/mol. Energy minimization simply 
moves the structure to local minimum and does not search for global 
minimum.

Statistics
Comparisons of frequencies between the European and African-
American populations were done based on a Pearson χ2-test on 
the 2 × 2 table of the allele counts. Software package R was utilized. 
p-Values were adjusted for multiple hypothesis testing using Hoch-
berg and Benjamini false detection rate method. p-Values  < 0.01 were 
considered significant.
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