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Polymorphisms of cystathionine beta-synthase gene are
associated with susceptibility to sepsis

Christoph Sponholz*123, Marcel Kramer!?, Franziska Schoneweck!%, Uwe Menzel’,

Kolsoum Inanloo Rahatloo?®, Evangelos ] Giamarellos-Bourboulis’’, Vassileios Papavassileious,
Korina Lymberopoulou®, Maria Pavlaki'?, Ioannis Koutelidakis!!, Ioannis Perdios'?, André Scherag!*,
Michael Bauer!3, Matthias Platzer? and Klaus Huse?

Sepsis is the systemic inflammatory host response to infection. Cystathionine beta-synthase (CBS)-dependent homocysteine
(Hcy) pathway was demonstrated to affect disease severity and mortality in patients with severe sepsis/septic shock. Independent
studies identified a single-nucleotide polymorphism (SNP, rs6586282, hgl9 chr21:8.44478497C>T) in intron 14 of the CBS-
coding gene (CBS) associated with Hcy plasma levels. We aimed to describe the association of this SNP and variants of a splice
donor-affecting variable-number tandem repeat (VNTR, NG_008938.1:8.22763_22793[16_22]) 243 bp downstream of
rs6586282 with severe human sepsis. We analyzed the VNTR structure and genotyped variants of rs6586282 and a neighboring

SNP (rs34758144, hgl9 chr21:2.44478582G > A) in two case—control studies including patients with severe sepsis/septic
shock from Germany (n=168) and Greece (n=237). In both studies, we consistently observed an association of CBS VNTR
alleles with sepsis susceptibility. Risk linearly increased with number of tandem repeats (per allele odds ratio in the adjusted
analysis 1.34; 95% confidence interval (Cl)=1.17-1.55; P<0.001). Association had also been shown for rs34758144 whose
risk allele is in linkage disequilibrium with one long VNTR allele (19 repeat). In contrast, we observed no evidence for an effect
on 28-day survival in patients with severe sepsis/septic shock (per allele hazard ratio in the adjusted analysis for VNTR 1.10;
95% Cl1=0.95-1.28; P=0.20). In a minigene approach, we demonstrated alternative splicing in distinct VNTR alleles, which,
however, was independent of the number of tandem units. In conclusion, there is no ordinary conjunction between human CBS
and severe sepsis/septic shock, but CBS genotypes are involved in disease susceptibility.
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INTRODUCTION
Sepsis is an impetuous inflammatory response of the organism after
the immune system has been challenged by inflammatory agents and
the complex regulation of its components is inappropriate or fails. At
least in part, susceptibility to infectious diseases but more importantly
the course of the corresponding response and the clinical outcome
depend on the genetic make-up of an individual.? Identifying genetic
factors for complex diseases such as sepsis is complicated by the
potentially large number of involved genes and by environmental
factors that greatly influence the outcome such as medical treatment.
Beside inflammation-associated processes, multiple alterations in
different metabolic pathways have been reported for sepsis.>® Changes
in the concentration of amino acids including the sulfur containing
ones are known for a long time.” Especially, redox stress during
infection increases the need for synthesis of glutathione and its
precursor cysteine.810 A major source of cysteine is transsulfuration
from homocysteine (Hcy), a pathway which is also affected in
sepsis.!b12 A recent study focusing on the plasma metabolome in
septic patients revealed correlation of alpha-n-aminobutyric acid with

the patients Sequential Organ Failure Assessment (SOFA) Score and
cystathionine levels.'> Both cystathionine and alpha-n-aminobutyric
acid are metabolites of Hcy downstream of the cystathionine beta-
synthase (CBS, EC 4.2.1.22) reaction. CBS has a crucial role in the
regulation of plasma Hcy, provision of cysteine and glutathione and in
the formation of the gasotransmitter hydrogen sulfide'* (Figure 1).
The latter function is of interest with respect to the emerging role of
hydrogen sulfide in physiological and pathological processes!>~!7 —
especially in sepsis.'® Several mutations and polymorphisms in the
CBS gene (NG_008938 at chromosome 21: hg19.44473301_44496040)
have been associated with CBS function and Hcy plasma
concentrations.'®2°> Two independent studies identified a common
single-nucleotide polymorphism (SNP, rs6586282, hgl9 chr2l:
g.44478497C>T) in intron 14 of CBS to be associated with higher
Hcy plasma level.>?® However, no obviously functional difference
between the SNP alleles exists. At the exon 15-intron 15 border
(exon—intron numbering from NG_0089381.1) downstream (243 bp)
of rs6586282 a 31-bp variable-number tandem repeat (VNTR,
NG_008938.1:2.22763_22793[16_22]) was identified. In each of the
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VNTR repeat units, a putative donor splice site is located indicative of
a splice donor array (Figure 2) with potentially functional implica-
tions. So far, this VNTR was associated with plasma Hcy levels
following postmethionine load.?”?8 Thus, it seems reasonable to
investigate linkage disequilibrium (LD) of the VNTR alleles with those
of 16586282 given that the VNTR might be the functional variation
causing the observed CBS associations.

We hypothesize that either one or both variations in CBS affect Hcy
metabolism and thereby confer susceptibility for severe sepsis/septic
shock. Therefore, we perform two case—control studies with severe
sepsis/septic shock patients from Germany and Greece for potential
allelic association of the CBS VNTR marker alleles. Second, we assess
LD between the CBS VNTR and two SNP (rs6586282 and a
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Figure 1 Cystathionine beta-synthase (CBS) as a key enzyme in the
homocysteine metabolism.

neighboring SNP rs34758144) alleles. Third, we investigate the
prognostic value of the VNTR alleles for patient 28-day survival in
sample of our patients. Finally, we search for molecular mechanisms
underlying the observed association by analyzing potential VNTR
allele-specific splicing in a minigene approach.

MATERIALS AND METHODS

CBS nomenclature

Lievers et al introduced a nomenclature for the sequence content of individual
repeats in the CBS VNTR facilitating the description of haplotypes.?® Based on
this, we use a slightly different nomenclature relying on the sequence of the
18-repeat allele present in the hgl9/build37 assembly of the human genome
(chr21:44477721_44478278) avoiding different designations for the same repeat
sequence (Supplementary Table 1). For example, 14 different repeat units
(A-N, Figure 2) constitute the hgl9 allele in the order ABCDEFGHIJJ-
KIGCLMN (Table 1).

Sample characteristics

Cases. The severe sepsis/septic shock cases were ascertained in two settings.
Although the German patients were collected in the multidisciplinary surgical
intensive care unit (ICU) of Jena University Hospital (JUH), Greek patients
arose from a multicentric patient cohort from the Hellenic Sepsis Study Group
(HSSG, http://hwww.sepsis.gr) with a focus on internal medicine departments.
Regarding the Greek patients no specific stratification was followed. Study sites
provided samples of patients enrolled in the study in a sequential row. All
patients admitted to the ICU were screened within 24 h after admission for
clinical signs of systemic inflammatory response syndrome resulting from
possible or proven infection. When sepsis was diagnosed, all adult patients with
organ dysfunction according to the ACCP/SCCM criteria®® were eligible for
study inclusion. Blood samples were collected within 24h after clinical
diagnosis of severe sepsis/septic shock. After approval by the ethics committees,

exon 15 |GT
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Repeat sequence
GTCATCTACAAGCAGTTCAAACAGGTACCCA
GTCACCTACAGGCAGCTCAAACAGATGCGCA
GTCACCTACAGGCAGCTCAAACAGGTGCCCG
GTCACCTACACGCAGCTCAAACAGGTGCGCG
GTCACCTACAGGCAGCTCAAACAGGTGAGCG
GTCACCTACAGGCAGCTCAAACAGGTACCCG
GTCACCTACAGGCAGCTCAAACAGGETGCGCG
GTCAGCTACAGGCAGCTCAAGCGGETGCGCGE
GTCACCTACAGGCAGCTCAAACGGGETGCCCA
GTCACCTACAGGCAGCTCAAACGGGETGCCCG
GTCACCTACAGGCAGCTCARACGGGETGCGCG
GTCAGCTACAGGCAGCTCAAACAGGETGCGCG
GTCACCTACACGCAGTTCARACAGGTGCGCA
GTCACCTACACGCGGCTCAAACAGGTACTCA
GTCACCTACAGGCAGCTCAAAAGGGTGCCC
GTCAGCTACACGCAGCTCAAACAGGTGCCCG

Figure 2 Human CBS gene structure (intron 14 to exon 16) and analyzed variations in the context of the exon 15-intron 15 border. Position of the VNTR in
intron 15 is shown with the relative positions of the primers used for genotyping (arrows). PCR primers in exon 15 (upstream of donor array) and intron 15
(downstream of donor array) give amplicons of different sizes, which can be separated by capillary electrophoresis. The fluorescence-labeled primer is marked
by a star. Identified repeat units and their sequences are given below: donor sites are in bold and the Kpnl sites in repeat A and B are underlined. Repeats
present in the hgl9 18-repeat allele (ABCDEFGHIJJKIGCLMN) are shaded. The alternative acceptors of exon 16 referred to in the text are depicted by AG.
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Table 1 Nomenclature and composition of CBS alleles
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Nomenclature Number of repeat Order of repeat units
Allele Naming Length Units Common start Unique center Common end
hgl9 allele H1 18 14 ABCD EFGHIJJKIGC LMN
Alternative allele H2 18 14 ABCD FGHJJJKOGCP LMN
Allele-17 17 14 ABCD EFGHJKIGCP LMN
Allele-19 19 15 ABCD EFGHJIKIKJP LMN
Allele-21 21 14 ABCD EFGHJJJKJKJKCP LMN

Bold letters indicate the specific order of repeat units within the different CBS alleles.
Underlined letters indicate Kpnl restriction site.

all patients or legal surrogates gave informed consent for genetic analyses and
data collection.

Controls. Patients admitted to the University Hospital Jena for elective
abdominal surgery and healthy volunteers from Jena (Germany) and Greece
served as controls. All Greek study sites provided control samples. General
inclusion criteria were European origin and lack of any type of familial
relationship with other patients/control individuals participating in this study.
Blood samples were taken after reviewing the inclusion and exclusion criteria by
a questionnaire. All patients gave written informed consent for genetic analyses
and data collection.

Genotyping was performed for all individuals, that is, cases and controls, in
the same laboratory by personnel blinded to the phenotype information.
The study was conducted in accordance with the Declaration of Helsinki
(World Medical Association 2001).

All variants and individuals were submitted to the Leiden Open Variation
Database, refer to http://www.lovd.nl/cbs for details (patient IDs: 00046568,
00046569 and 00047820).

DNA extraction
Genomic DNA from the collected EDTA blood and lymphoblastoid cell
lines was extracted and purified using the QIAmp DNA Blood Kit (Qiagen,
Hilden, Germany).

Cell lines and cell culture
Lymphoblastoid cell lines were obtained from collections at Coriell Cell
Repositories (Camden, NJ, USA) and grown in RPMI 1640 medium (Gibco/
BRL, Eggenstein, Germany) supplemented with 15% fetal calf serum (Gibco/
BRL) and L-glutamine (2 mM, Gibco/BRL) at 37 °C, 5% CO, and 95% humidity.
HEK293-EBNA cells (kindly provided by C Kaether, Leibniz Institute for
Age Research, Jena, Germany) were cultured in Dulbecco’s MEM medium
(PAA Laboratories, Paschberg, Austria) supplemented with 10% fetal calf
serum at 5% CO, atmosphere, 95% humidity and 37 °C.

PCR amplification

PCR was performed with ‘BioMix white’ (Bioline, Randolph, MA, USA)
according to the manufacturer's protocol in a total volume of 25 pl with 10
pmol of each primer. PCR reaction started with an initial denaturation at 93 °C
for 1min, followed by 25 cycles of 30s; denaturation at 95°C for 30s;
annealing at 59 °C and 1 min elongation at 72 °C. Primers (all from Metabion,
Planegg/Steinkirchen, Germany) for genotyping the VNTR and for SNP typing
are depicted in Supplementary Table 6 of the supplement. The amplicon for
SNP typing covers positions of 20 known SNPs (dbSNP141) of which
16586282, hgl9 chr21:g.44478497C>T and, in addition, the nearby variant
rs34758144, hgl9 chr21:2.44478582G > A were called.

Sequencing

PCR products were precipitated by 2 pl of 7.5mM ammonium acetate and
85 pl of ethanol (96%, v/v) washed twice with ethanol (70%, v/v) and Sanger
sequenced with the amplification primers using Dye Terminator 3.1 chemistry
and a 3730 X1 DNA Analyzer (Applied Biosystems, Darmstadt, Germany).

Capillary electrophoresis—laser-induced fluorescence analysis
Capillary electrophoresis was conducted following the protocol previously
described.?® PCR amplification was carried out with CBSx15donf and the 5™-6-
carboxyfluorescein-labeled CBSx15donr primer (Supplementary Table 6). PCR
products were appropriately diluted (up to 1/40) and 1 pl was supplemented
with 10 pl of formamide (Roth) and 0.5 pl of GeneScan ROX 500 (Applied
Biosystems) size standard. The mixture was denatured at 94 °C for 3 min, and
subsequently cooled on ice. The denatured products were separated on an ABI
3730 x1 capillary sequencer and analyzed with the GeneMapper 4.0 software
(Applied Biosystems). VNTR repeat lengths were identified according to
the size of the PCR products (Supplementary Figure 1A). Genotyping by
capillary electrophoresis was confirmed by sequencing of cloned PCR products
of 18-, 19- and 21-repeat length and H1/H2 haplotypes as controls.

Haplotyping

PCR products obtained with primers CBSx15donf and 5’-6-carboxyfluorescein-
labeled CBSx15donr were digested by incubation of 10 pl amplicon with Kpnl
restriction enzyme in the appropriate buffer in 20 pl total volume for 2h at
37°C. 2l of digested samples were subjected to capillary electrophoresis as
aforementioned (Supplementary Figure 1B).

Splicing analysis in a CBS minigene
Minigenes were constructed exhibiting the complete VNTR-containing intron
15 flanked by parts of exon 15 and exon 16. Therefore, PCR products obtained
from a pool of human genomic DNA (Roche) with primers CBSmgx15f and
CBSmgx16r (Supplementary Table 6) were cloned into pcDNA3.1-TOPO
vector (Clontech, Saint-Germain-en-Laye, France). Plasmids containing the
VNTR length alleles 17, 18, 19 and 21 and haplotypes H1 and H2 of 18-repeat
alleles were identified and verified by Sanger sequencing. Besides its specific
VNTR length, the 21-repeat minigene differs at three intronic nucleotide
positions by carrying the haplotype G-T-C from the common variations
1s234702-rs1005584-1s1005585 (hgl9 chr21:g.[44477543G > C; 44477095C>T;
44477033T > C]). All other minigenes exhibit the haplotype C-C-T.

HEK293-EBNA cells were transfected with CBS minigenes using Lipofecta-
mine 2000 (Invitrogen, Darmstadt, Germany) according to the manufacturer’s
instructions. After 24 h, cells were harvested, total RNA was isolated using
RNAeasy (Qiagen) and cDNA synthesized with Maxime RT Random Primer
PreMix Kit according to the manufacturer's instructions (iNtRON Biotechnol-
ogy, via HiSS Diagnostiks, Freiburg, Germany). Minigene-driven transcripts
were amplified (for detailed primer information see Supplementary Table 6)
and splice isoform fractions were calculated subsequent to capillary electro-
phoresis with laser-induced fluorescence analysis (GeneMapper 4.0 software,
Applied Biosystems).

For sequence verification of splice isoforms, RT-PCR was performed with
unlabeled primers. PCR products were cloned into pCR2.1-TOPO vector
(Clontech) and Sanger sequenced.

Statistical analyses

Clinical characteristics of the 405 patients with severe sepsis/septic shock are
summarized as absolute/relative frequencies or means =+ standard deviation.
Accordingly we compared German and Greek cases by (generalized) Fisher’s
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Table 2 Characteristics of the severe sepsis/septic shock cases

All cases (n=405)

German cases (JUH; n=168)

Greek cases (HSSG; n=237) Comparison of case groups (P-value?)

Mean age [years] +SDP 67+12.2 64+10.9
Gender, male 249 (61.5%) 113 (67.3%)
Mean APACHE-II on admission +SDP 21+8.2 22+8.7
Mean SOFA Score + SDP 10+3.8 11+3.4

28-Day mortality, Ngeaths 156 (38.7%)
Missing 0 0

Site of infection

Urogenital 53 (13.1%) 2 (1.2%)
Pneumonia 222 (55.0%) 73 (43.5%)
Abdominal 70 (17.3%) 66 (39.3)
Bacteremia 42 (10.4%) 10 (6.0%)
Soft tissue 12 (3.0) 12 (7.1%)
Endocarditis 5 (1.2%) 5 (3.0%)
Missing 1 0 (0.0%)

48 (28.6%)

70+12.6 <0.001

136 (57.4%) 0.049

21+7.7 0.021

9+3.6 <0.001

108 (46.8%) <0.001
2

51 (21.6%) <0.001

149 (63.1%)
4 (1.7%)
32 (13.6%)
0 (0.0%)

0 (0.0%)

1

3We compared the Greek and the German cases by Student's t-test for continuous data or (generalized) Fishers' exact test for count data (P-value derived from Monte Carlo simulations with 2000

replicates); missing values were excluded from the analyses.
bStandard deviation.

Table 3 Genotype distribution of the severe sepsis/septic shock cases

All cases (severe sepsis patients;

German cases (JUH; Greek cases (HSSG; Comparison of case groups

n=405), (%) n=168), (%) n=237), (%) (P-value?)
Genotype distribution of CBS VNTR 0.118
17-17 0 (0.0 0(0.0) 0 (0.0
17-18 33 (8.1) 20 (11.9) 13 (56.5)
17-19 7 (1.7) 4(2.4) 3(1.3)
17-21 2 (0.5) 0(0.0) 2(0.8)
18-18 235 (58.0) 88 (52.4) 147 (62.0)
18-19 82 (20.2) 36 (21.4) 46 (19.4)
18-21 36 (8.9) 14 (8.3) 22 (9.3)
19-19 4 (1.0 3(1.8) 1(0.4)
19-21 5(1.2) 3(1.8) 2(0.8)
21-21 1(0.2) 0 (0.0) 1(0.4)
Genotype distribution of CBS SNP rs34758144 0.609
G-G 247 (75.3) 116 (73.4) 131 (77.1)
A-G 78 (23.8) 40 (25.3) 38 (22.4)
A-A 3(0.9) 2(1.3) 1(0.6)
Missing 77 10 67
Genotype distribution of CBS SNP rs6586282 0.195
C-C 216 (65.9) 97 (61.4) 119 (70.0)
C-T 106 (32.3) 57 (36.1) 49 (29.8)
T-T 6 (1.8) 4 (2.5) 2(1.2)
Missing 77 10 67

@We compared the Greek and the German cases by generalized Fishers’ exact test for count data (P-value derived from Monte Carlo simulations with 2000 replicates); missing values were excluded

from the analyses.

exact or Student’s t-test in Table 2, respectively. The non-parametric
Wilcoxon-Mann-Whitney tests for continuous variables were applied as
sensitivity analyses (as results were similar data are not shown). All genotype
distributions were checked for evidence for a deviation from Hardy—Weinberg-
equilibrium using exact or Monte Carlo exact tests (2000 replicates)3!3?
cases and controls separately for the VNTR and SNP alleles; all nominal
P-values > 0.01; Table 3).

We compared cases and controls using logistic regression with and without
(data not shown) adjustment for covariates (sex, age (linear) and country) and
report estimated adjusted odds ratios (ORs) and 95% confidence intervals (95%

in
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ClIs) for the genotype effect and the respective nominal two-sided P-values in
Table 4. Similarly, we performed time-to-event analyses by Cox regression.
Survival was defined as the interval from time of diagnosis of severe sepsis/
septic shock until death. Patients alive after the 28-day follow-up were regarded
as censored. Kaplan—Meier estimators were used to display the overall
28-day survival data for the VNTR and SNP genotypes (see Supplementary
Figures 2—4). We report adjusted (sex, age (linear), country (Greece, Germany)
and APACHE-II as covariates) estimated hazard ratios (HR), 95% CIs and
nominal two-sided P-values in Table 5. Next, we recoded the VNTR genotypes
numerically starting with 0 for 17-17 to 8 for 21-21 to estimate the (linear)
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Table 4 Results of the adjusted logistic regression analyses comparing severe sepsis cases and controls: odds ratio point estimates, 95% Cls
and P-values (two-sided) are reported

All cases and controls®

German cases and controls®

Greek cases and controls®

CBS marker genotype 0Odds ratio (95% Cl) P-value 0dds ratio (95% Cl) P-value Odds ratio (95% Cl) P-value
VNTR
18-18 1 — 1 — 1 —
18-19 2.03 (1.36;3.06) <0.001 2.26 (1.23;4.29) 0.01 1.88 (1.11;3.24) 0.02
18-21 1.61 (0.94;2.79) 0.08 1.87 (0.78;4.70) 0.17 1.49 (0.76;3.00) 0.25
17-18 0.64 (0.40;1.02) 0.06 1.00 (0.51;1.92) 0.99 0.41 (0.20;0.80) 0.01
Other 1.33 (0.67;2.68) 0.42 1.08 (0.43;1.02) 0.87 1.94 (0.65;1.30) 0.25
Per VNTR repeat unit 1.34 (1.17;1.55) <0.001 1.26 (1.02;1.56) 0.03 1.42 (1.17;1.73) <0.001
SNP rs34758144
G-G 1 — 1 — 1 —
A-G/A-A 2.81 (1.82;4.44) <0.001 2.44 (1.35;4.58) 0.004 3.31 (1.75;6.58) <0.001
SNP rs6586282
C-C 1 — 1 — 1 —
C-TT-T 1.48 (1.05;2.09) 0.03 1.68 (1.03;2.77) 0.04 1.29 (0.80;2.11) 0.30

2Adjusted for sex, age (linear), country (Germany, Greece).

bAdjusted for sex and age (linear).

Table 5 Results of the adjusted Cox regression analyses in severe sepsis cases: hazard ratio point estimates, 95% Cls and P-values (two-sided)

are reported

All cases® German cases® Greek cases®
CBS marker genotype Hazard ratio (95% CI) P-value Hazard ratio (95% CI) P-value Hazard ratio (95% CI) P-value
VNTR
18-18 1 — 1 — 1 —
18-19 1.22 (0.81;1.83) 0.34 1.22 (0.61;2.45) 0.58 1.19 (0.72;1.96) 0.50
18-21 1.21 (0.67;2.18) 0.52 0.75 (0.22;2.50) 0.64 1.74 (0.88;3.46) 0.11
17-18 0.69 (0.35;1.38) 0.30 0.94 (0.36;2.49) 0.91 0.50 (0.18;1.39) 0.19
Other 1.24 (0.54,;2.84) 0.62 2.11 (0.72;6.15) 0.17 0.80 (0.19;3.27) 0.75
Per VNTR repeat unit 1.10 (0.95;1.28) 0.20 0.99 (0.76;1.29) 0.93 1.21 (1.00;1.46) 0.04
SNP rs34758144
G-G 1 — 1 — 1 —
A-G/A-A 1.38 (0.91;2.10) 0.13 1.37 (0.72;2.60) 0.35 1.34 (0.76;2.36) 0.31
SNP rs6586282
c-C 1 — 1 — 1 —
C-T/T-T 1.29 (0.87;1.91) 0.21 1.20 (0.66;2.17) 0.55 1.24 (0.73;2.12) 0.43

2Adjusted for sex, age (linear), country (Germany, Greece), APACHE-II (linear).

bAdjusted for sex and age (linear), APACHE-II (linear).

length—dosage effect (abbreviated as ‘per allele’ in Tables 3 and 4). Finally, we
performed regression model diagnostics including graphical and formal checks
and applied an exploratory two-sided significance level of 5% throughout. All
analyses were run using PLINK (version 1.07) or R (version 3.1.1.; packages
glm, gap and survival) if not otherwise specified.

RESULTS

Allele complexity of CBS intron 15 splice donor VNTR

To setup methods and gain first insights into the CBS VNTR allele
heterogeneity, we analyzed the CBS locus DNA on 16 human-derived
lymphoblastoid cell lines and two family members (CEPH/UTAH
PEDIGREE 1362 and 1463). PCR-based re-sequencing identified four
cell lines comprising an 18-repeat allele homozygous across the entire

558 nucleotides. One of them (GM11994) was homozygous for the
hgl9 allele, whereas the three others (GM10860, GM12716,
GM15386) were homozygous for an alternative allele differing at 20
nucleotide positions. This alternative allele lacks repeat units E and I
and contains two novel ones, O and P (see Table 1 for details). We
further sequenced 43 individual samples of the German control group
(JUH) carrying two 18-repeat length alleles. Thereof, 13 genomes were
homozygote for the first (hgl9) and 8 for the alternative allele. All
other sequence patterns could be explained by heterozygosity com-
posed of the two alleles. Sequencing of cloned 17-, 19- and 21-repeat
length alleles (4 each) showed haplotypes with differing structures as
depicted in Table 1.
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Only repeat units A and F contain a Kpnl recognition sequence
(GGTACG; Figure 2) and constitute two haplotypes by their relative
positioning. Although A is in all alleles of the VNTR at the first
position, repeat F may reside at positions 6 (further on called
haplotype HI; eg, the hgl9 allele) or 5 (H2; eg, the alternative
allele-18, see Table 1). Therefore, Kpnl digestion enables a high-
throughput identification of H2 alleles (Supplementary Figure 1B).
Applying haplotyping by KpnlI digestion to all samples of our study,
792 (97.8% of 810) successfully digested samples were informative and
identified 478 (59%) as H2 carriers (Supplementary Table 3).

VNTR and SNP alleles associated with susceptibility to severe
sepsis/septic shock
To describe possible association of the CBS VNTR alleles and
susceptibility to severe sepsis/septic shock, we analyzed two indepen-
dent case—control studies with patients (cases) from Germany
(n=168) and Greece (n=237). Patient characteristics are summarized
in Table 2. Although Greek patients were older and included a higher
proportion of females, German patients had a higher illness severity at
ICU admission, measured by APACHE-IT*>> and displayed a higher
rate of organ dysfunction, measured by mean SOFA scores. Never-
theless, German patients had a lower 28-day mortality rate compared
with Greek patients. However, a striking difference between the two
patient groups was observable for the infection sites, which reflects the
different settings of surgical or non-surgical ICUs (for convenience see
Table 2). For both case groups, we selected non-septic controls from
Germany and Greece with similar age and sex distributions (Germany:
n=168, mean age 64+10.9 years in septic cases vs 64 +10.9 years in
controls (P=10.998), 67.3% vs 66.7% male gender (P=1.0); Greece:
n=237, mean age 70+12.6 years in septic cases vs 69 +12.4 years in
controls (P=0.684), 57.4% vs 58.6% male gender (P=0.852)).
Among all 405 septic patients, CBS VNTR length ranged from 17 to
21 repeats. A 20-repeat allele was not detected (see Table 3 for details).
To evaluate the allelic association of CBS polymorphisms (VNTR
length as well as SNPs rs34758144 and rs6586282 genotypes) and
susceptibility to sepsis, we conducted a logistic regression analysis
comparing cases and controls. In this approach, susceptibility to sepsis
significantly increased with length of VNTR alleles (per allele OR in
the adjusted analysis 1.34; 95% CI=1.17-1.55; P<0.001). Moreover,
carriers of the A allele at rs34758144 (adjusted OR=2.81; 95%
CI=1.82-4.44; P<0.001) and carriers of the T-alleles at rs6586282
(adjusted OR=1.48; 95% CI=1.05-2.09; P<0.001) were more
frequently found among the sepsis patients. Despite the setting
differences of patient recruitment, the results were consistently found
in both Greece and German case—control studies (for details see
Table 4).

LD between VNTR and SNP alleles

We calculated LD between CBS VNTR and SNP alleles for all
genotyped individuals (Supplementary Table 4). The largest r* of
0.85 (Greek: 0.87; German: 0.84) resulted for the VNTR marker allele
19, which was in LD with the A allele of SNP rs34758144. The second
largest 1% of 0.60 (Greek: 0.58; German: 0.62) resulted for the VNTR
marker allele 18, which was in LD with the C allele of SNP rs6586282.
This difference in LD highlights the value of genotyping the more
complex multi-allelic VNTR instead of the bi-allelic SNPs alone and
explains the difference in the ORs of both SNPs (Table 4).

Prognostic value of the VNTR alleles for 28-day survival
To address the potential prognostic value of CBS markers, we
evaluated the association of 28-day survival in severe sepsis/septic
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shock patients by VNTR or SNP genotype (Table 5 and
Supplementary Figures 2-4) or by the number of VNTR length alleles.
We found no evidence that supported a prognostic value of the CBS
marker genotypes/alleles.

Allele-specific splicing is not VNTR length dependent

Searching for the molecular mechanisms underlying the observed
association, we examined splicing of CBS transcripts for potential
VNTR allele specificity. Each repeat unit (besides B) harbors a putative
splice donor site. To first gain insights into the phylogenetic history of
the VNTR and therewith into the impact of natural selection on
potentially functional relevant genetic structures, we inspected avail-
able sequences of chimpanzee, gorilla, gibbon and rhesus monkey
(Supplementary Table 2) for the structure of the respective donor of
intron 15. For all species, we identified multiple donor repeats
(chimpanzee 25, gorilla 21, rhesus 4, gibbon 2) with intact consensus
splice site GT in each repeat unit including the second one
(Supplementary Table 2). Therefore, G>A exchange in repeat unit
B is most probably acquired in the human lineage preventing potential
alternative splicing at this site only in this species.

To experimentally study alternative splicing within the donor array,
we tested minigene constructs containing all four haplotype H1 length
alleles (17, 18, 19 and 21 repeats) and the H2 18-repeat allele. Usage of
the splice site in repeat unit A was the major donor event (96%) in H1
constructs and exclusively used in the H2 construct (Supplementary
Figure 5A). The only functional alternative donor in the VNTR was
detected in unit E, specific for haplotype H1, with a frequency of 4%
independent of the allele length (see Supplementary Figure 5B). This is
consistent with splice site predictions®® yielding the highest splice site
score among VNTR donors for unit E (Supplementary Table 5).
Subsequently, the alternative transcript contains a 124-nt insertion of
four 31-nt-repeat units causing a frameshift changing the C-terminus
of the encoded CBS isoform ¢.517_518insNG_008938.1:
g.22787_22910 (p.(GIn489_I1e490ins41;11e490fs*48)). In a small frac-
tion (~2%) of the transcripts, an alternative intron 15 acceptor was
utilized (CAG, hgl9 chr21:g44477234_44477236).

DISCUSSION

The phenotypic heterogeneity of sepsis may be responsible for the
current lack of robust genetic associations, although a strong genetic
predisposition for this multifactorial infectious disease is likely.!
Manifold changes in metabolism occur in sepsis that further expand
the complexity beyond the underlying infection. Transsulfuration as a
central amino-acid pathway with CBS as a key enzyme serves diverse
function by linking the metabolism of sulfur-containing amino acids
with more than hundred S-adenosyl methionine-dependent methyla-
tion reactions, redox-control, the folate cycle and the metabolism of
signaling molecules. CBS function is regulated by diverse metabolites
(heme, CO, NO) and hormones, the levels of which change during
sepsis. CBS degrades Hcy by condensation with either serine or
cysteine. In the latter reaction hydrogen sulfide is formed, a
gasotransmitter involved in many inflammatory processes. Manipula-
tion of endogenous hydrogen sulfide is even considered a potential
therapeutic intervention for sepsis.>* Recently, data were presented
suggesting the possibility of an independent regulation of hydrogen
sulfide formation and canonical transsulfuration fueled by CBS.?
Therefore, even subtle differences in CBS functions might have a
conspicuous pleiotropic impact on complex phenotypes as the host
response in sepsis. We hypothesized that genetic variations of CBS are
associated with sepsis susceptibility. A 31-bp VNTR and a nearby SNP
(rs6586282, within intron 14, 243 nt upstream of the splice donor site



of the first VNTR repeat) were both associated with alterations in Hcy
metabolism and therefore studied in the present work. We developed a
high-throughput assay to determine the genotypes of one of these
variants, the multi-allelic VNTR originally described by Kraus et al.>®
Unfortunately, there is no common definition of the repeat unit in this
VNTR, which leads to apparent differences of VNTR genotype
annotation in several reports (Supplementary Table 1). In our study,
we used the repeat definition of Lievers et al.?® We found the 18/18-
repeat homozygotes and the 18-repeat allele, respectively, as being the
most prevalent. 20-repeat alleles were not found, neither in the JUH
nor in the HSSG cohort. Long alleles of this VNTR are known to be
associated with elevated Hcy levels and lower CBS activity indicating a
disturbed Hcy homeostasis.?”?

We performed two genetic association studies with three CBS
markers in case—control samples from different European countries,
which was suggested to be advantageous.’” We demonstrated an
association of CBS VNTR alleles at the exon 15—intron 15 boundary
with susceptibility to severe sepsis/septic shock in both German and
Greek samples. Differences in the genetic landscape of these European
regions have been demonstrated.>® Importantly, although the JUH and
HSSG cohorts also differed regarding age, mortality and source of
sepsis, both displayed a similar shift toward longer CBS VNTR alleles
compared with healthy controls. An allelic association was also found
for two SNPs (rs6586282 and rs34758144), which we demonstrated to
be in LD with the VNTR alleles. Accordingly, the distribution of the
SNPs and VNTR length alleles and the respective genotypes all differed
significantly between septic patients and control individuals.

Neither allele of the intronic SNP rs6586282 carries a sequence
feature, which makes it an obvious causative variation, although an
association with Hcy levels has been described previously. One should
rather take a possible functional effect of the linked VNTR on CBS
mRNA processing into account. Yang et al’® postulated that
alternative splicing is unlikely due to the lack of a donor GT within
the second repeat unit and the fact that all other donors are too far
from exonic splice regulatory sequences. On the other hand, Lievers
et al.?® provided experimental evidence by RT-PCR for the retention
of intronic sequence in CBS transcripts derived from cultured
fibroblasts. Appearance and conservation of tandem repeat arrays
from rhesus to human indicates functional importance, respectively.
The CBS transcript levels are low in most tissues. Sufficient transcrip-
tion of homozygous alleles is, however, a prerequisite to study VNTR
allele-specific splicing. Therefore, we analyzed splicing of intron 15 in
narrowed sequence context of a minigene. For haplotype HI,
alternative splicing indeed occurs at the splice donor sites of repeats
A and E, whereas in haplotype H2, repeat A exclusively provides the
donor splice site. Another alternative transcript is derived from a splice
acceptor site in intron 15. However, the observed transcript isoforms
are formed at low frequency (below 5%). Neither the alternative
donor nor the alternative splice acceptor usage in CBS are correlated
with VNTR allele length. Therefore, the identified alternative splice
events are not sufficient to explain the observed correlations of CBS
length alleles and sepsis susceptibility. This, however, does not exclude
the possibility that other splicing events are dependent on the VNTR
length or that repeat unit numbers influence mRNA stability in their
native context.

Shortcomings of our study are rather low number of well-
characterized patient samples as well as the inclusion of only two
European ethnicities. However, as we have analyzed not only patients
from different geographic locations with well-characterized disease
states, but also cases arising from either surgical or medical ICUs with
varying infection sites and individual attributes. Observing consistent
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findings despite this increased heterogeneity may thus be regarded as a
sign of robustness of our results.

Taken together, in our case—control studies, we found an associa-
tion of the CBS VNTR with susceptibility to severe sepsis/septic shock
in patients with very different clinical characteristics. The prognostic
impact of the CBS VNTR should be examined in larger patient cohorts
calculating sample sizes in advance given that this part of our analysis
was likely the most underpowered. Thus, CBS remains a promising
target in sepsis research.
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