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Abstract

Objective—ABCC8 encodes sulfonylurea-receptor-1, a key regulatory protein of cerebral edema 

in many neurological disorders including traumatic brain injury (TBI). Sulfonylurea-receptor-1 

inhibition has been promising in ameliorating cerebral edema in clinical trials. We evaluated 

whether ABCC8 tag-single-nucleotide-polymorphisms predicted edema and outcome in TBI.

Methods—DNA was extracted from 485 prospectively enrolled severe TBI patients. 410 were 

analyzed after quality control. ABCC8 tag-single-nucleotide-polymorphisms were identified 

(Hapmap, r2 ≥0.8, minor-allele frequency>0.20) and sequenced (iPlex-Gold, MassArray). 

Outcomes included radiographic edema, intracranial-pressure (ICP), and 3-month Glasgow 

Outcome Scale (GOS) score. Proxy-single-nucleotide-polymorphisms, spatial-modeling, amino-

acid topology, and functional predictions were determined using established software-programs.

Results—Wild-type rs7105832 and rs2237982 alleles and genotypes were associated with lower 

average ICP (β=−2.91 p=0.001; β=−2.28 p=0.003), and decreased radiographic edema (OR=0.42 

p=0.012; OR=0.52 p=0.017). Wild-type rs2237982 also increased favorable 3-month GOS 

(OR=2.45 p=0.006); this was partially mediated by edema (p=0.03). Different polymorphisms 

predicted 3-month outcome: variant-rs11024286 increased (OR=1.84, p=0.006) and wild-type 

rs4148622 decreased (OR=0.40 p=0.01) odds of favorable outcome. Significant tag and 

concordant proxy SNPs regionally span introns/exons 2–15 of the 39-exon gene.

Conclusions—This study identifies four ABCC8 tag-SNPs associated with cerebral edema 

and/or outcome in TBI, tagging a region including 33 polymorphisms. In polymorphisms 

predictive of edema, variant alleles/genotypes confer increased risk. Different variant-

polymorphisms were associated with favorable outcome potentially suggesting distinct 

mechanisms. Significant polymorphisms spatially clustered, flanking exons encoding the 

sulfonylurea-receptor-site and transmembrane-domain-0/loop-0 (juxtaposing the channel-pore/

binding-site). This builds a foundation for developing future strategies that may guide 

individualized care, treatment response, prognosis, and patient selection for clinical trials.

Keywords

ABCC8; sulfonylurea receptor 1 / Sur-1; traumatic brain injury / TBI; cerebral edema; 
polymorphisms

INTRODUCTION

In the developing era of precision medicine, genetic factors are increasingly recognized as 

important contributors to traumatic brain injury (TBI) variability and outcome[1,2]. Other 

than a few outcome-association studies of aquaporin-4 and interleukins, there is limited 

genetic evaluation of pathways affecting cerebral edema (CE) after severe TBI (sTBI)[2,3]. 
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However, clinical evaluation and management of sTBI patients largely focuses on CE- a key 

prognosticator of unfavorable outcomes and frequent cause of herniation, morbidity and 

mortality[4]. The lack of preventive or targeted treatments against CE likely reflects 

challenges associated with disease heterogeneity and complexity of mechanisms underlying 

CE formation, which may have contributory genetic influences.

Several processes are implicated in CE including blood-brain-barrier disruption, cell volume 

regulation, oncotic gradients, and inflammation[5]. Genetic variations in such targets may 

influence transcriptional regulation, protein expression, structure or function. This could 

direct individual differences in timing and degree of CE, dominance of specific pathways, 

therapeutic response likelihood, and outcome. A priori identification of specific 

polymorphisms could provide valuable prognostic and predictive enrichment strategies to 

directing patient-care and clinical trials[6,7]. One such pathway involves sulfonylurea-

receptor-1 (Sur1)- transient-receptor potential cation-channel member-4 (Trpm4). 

Polymorphisms in ABCC8 (encoding Sur1) especially warrant exploration given this 

pathway’s unique attributes and implications for targeted therapies.

Sur1, a transmembrane protein initially known for regulating a potassium-channel 

modulating insulin secretion (Kir6.2), is now also thought to play an important role in CE 

regulation[8]. In central nervous system (CNS) injury, Sur1 is upregulated and associates 

with Trpm4 (a non-selective cation channel) causing depolarization, water influx, oncotic 

edema, and cell death[8]. Unlike other known mechanisms underlying CE, CNS Sur1-

Trpm4 is not normally expressed but is upregulated after injury[8,9]. This pathway harbors 

an exciting potential therapeutic target to prevent/decrease CE: an existing anti-diabetes 

medication (glyburide) inhibits channel opening with promising results in clinical trials of 

stroke[10,11]. Sur1 is expressed in human contusions[12] and cerebrospinal-fluid (CSF) 

Sur1 levels are a potential biomarker of CE in TBI[13]. ABCC8 single-nucleotide-

polymorphisms (SNPs) in whole-exome analysis have been associated with CE in TBI[3]; 

however intrinsic to whole-genome exomic studies, SNP identification was limited to 

existing partial gene coverage, likely resulting in missed relevant SNPs (particularly 

intronic).

We examine effects of coding and non-coding sequence variability on CE and sTBI outcome 

across the entire ABCC8 gene using a targeted, candidate-gene approach to genotype tag-

SNPs and capture a substantial proportion of common sequence variations[14]. We 

hypothesized that ABCC8 tag-SNPs are associated with CE and sTBI outcome. We also 

explored whether CE mediated SNP associations with outcome.

METHODS

Study Design

Subjects were prospectively enrolled through the Brain-Trauma Research Center protocol 

after informed consent from surrogate decision-makers. Inclusion criteria were age 16–80 

years, sTBI with a Glasgow Coma Scale (GCS) score ≤ 8 on presentation and an external 

ventricular drain (EVD) per standard care (at our institution all sTBI patients have dual 

monitors placed including intraparenchymal multimodal monitors in addition to EVDs). 
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Brain death on presentation and pregnancy were excluded. 485 subjects were consecutively 

enrolled between 2000–2014. The University of Pittsburgh Institutional Review Board 

approved the study.

ABCC8 Tag and proxy SNP identification

23 ABCC8 tag-SNPs were identified using HapMap with the tagger-algorithm pairwise 

approach, r2 ≥0.8 and minor allele frequency >0.20. After eliminating tag-SNPs that failed 

quality control, 15 were included in the final analysis (Supplementary Methods-A). Proxy-

SNPs associated with tag-SNPs based on LD (r2 ≥0.8) were identified using SNP annotation 

and proxy search (SNAP, Broad Institute, Version 2.2).

DNA collection and Genotyping

DNA was obtained and extracted from white blood cells by the simple-salting out method as 

per our previously published report[3]. If blood was unavailable, since SNPs are constant per 

individual (regardless of time/source) DNA was extracted from excess CSF containing white 

blood cells in the ventriculostomy bag[3]. Genotyping using iPlex-Gold was performed with 

an Agena Compact MassArray with Nanodispenser by the University of Pittsburgh 

Genomics Research Core. Genotype analysis was performed using Typer-4.0. Assay. After 

quality control (Supplementary Methods-B), 75/485 samples were excluded, yielding 410 

samples for final analysis.

Clinical Data Collection

Three previously established outcome measures were investigated[3,13].

1. Edema on initial head CT (binary)[15]: Consistent with NINDS common data 

element variables this includes size of ventricles, basilar cisterns, transfalcine 

herniation, and loss of gray/white matter differentiation – all of which are 

associated with raised ICP after TBI[15,16]. Determinations were per official 

radiologist reports.

2. Hourly ICP (continuous) – subcategorized into average and peak ICP (typically 5 

days of neuromonitoring at our institution).

3. 3-month Glasgow Outcome Scale (GOS) score (binary): favorable (GOS≥4) 

versus unfavorable (GOS<4).

Spatial relationship modeling between ABCC8 regions and Sur1 structure

Chromosomal locations were determined using the University of California, Santa Cruz 

genome browser, human genome assembly-38. Putative and canonical topology for human 

Sur1 amino-acid sequence was obtained from PROTTER version-1.0[17]. Peptide sequences 

encoded by specific exons and residue overlap splice sites were identified by Ensembl 

(release-87)[18]. ProtAnnot identified Sur1 protein annotations in the context of ABCC8 

genomic sequence[19]. The established 3-dimensional electron microscopy structure of 

Sur1-Kir6.2 was obtained from the Research Collaboratory for Structural Bioinformatics 

Protein Data Bank[20]. University of California, San Francisco Chimera software was used 

to generate the 3-dimensional structure of Sur1 without the associated channel Kir6.2[21].
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Functional category of ABCC8 tag/proxy SNPs

Predicted SNP functional effects were investigated using F-SNP to explore potentially 

clinically significant implications of the genetic variation[22]. SNPs were evaluated for 

established clinical significance via PubMed, Embase, and ClinVar searches (Supplementary 

Methods-C).

Statistical Analysis

Analysis of variance (ANOVA, F-test) and Fisher’s exact test compared outcome variables 

between genotypes of each tag-SNP. Between-group comparisons were adjusted using 

Bonferroni’s method. The exact test assessed Hardy-Weinberg Equilibrium (HWE). 

Univariate linear and logistic regression models evaluated independent relationships between 

ABCC8 tag-SNPs and continuous or categorical outcomes. Multivariate regression models 

were developed with clinically relevant variables (age, gender, initial GCS-score) to control 

for confounders. Odds ratios, β-coefficients, and 95% confidence intervals (CI) were based 

on modes of inheritance: homozygous-wild-type (AA), heterozygous (Ab), homozygous-

variant (bb), as well as by an allele difference model (A vs b). Multiple comparisons for the 

regression models were adjusted using the established Benjamin-Yekutieli (B-Y) 

method[3,14,23] yielding a significance threshold of p=0.01064. The Sobel-Goodman test 

determined mediation effects[24]. Analyses were performed using Stata 14.0(StataCorp, 

TX). Pairwise LD between tag-SNPs was determined using a java-based linkage 

disequilibrium plotter (JLIN) and LDlink for proxy-SNPs[2,3],[25]. R-package Haplo.Stats 

version-1.7.7 was used for haplotype/risk-allele construction (Supplementary Table-1, 

Supplementary Results).

RESULTS

Table 1 summarizes demographic and clinical characteristics. Four tag-SNPs (rs7105832, 

rs2237982, rs11024286 and rs4148622) had significant associations with CE and/or 

outcome in univariate and multivariate single-locus analyses. Table 2 shows relative 

genotype frequencies and descriptive statistics of variation in CE and 3-month GOS between 

genotypes. Although the 15 analyzed tag-SNPs were distributed along the length of ABCC8, 

rs7105832, rs2237982, rs11024286 and rs4148622 were clustered between introns 3–15 

(Figure 1A–B, Figure 2). Tag-SNPs were in HWE and no significant LD was noted (r2 <0.8, 

Figure 1C). This regional clustering is consistent with previously identified ABCC8 SNPs 

associated with CE in sTBI in whole-exome analysis (rs1799857, rs2283261, rs2283258, 

rs3819521)[3].

rs7105832 is associated with CE measures

CE measures were different between rs7105832 genotypes (Table 1, average ICP p=0.003, 

peak ICP p=0.02, acute CT edema p=0.012). A higher proportion of homozygous-variant 

patients had acute CT edema (CC=62.5%) versus heterozygotes (CA=36.8%) and 

homozygous-wild-type (AA=45.3%). After Bonferroni’s correction, homozygous-variant 

had higher average (13.0±7.5 mmHg) and peak (31.9±19.0 mmHg) ICP versus 

heterozygotes (average ICP 10.0±4, p=0.004; peak ICP 24.2±10.3, p=0.045) and 

homozygous-wild-type (average ICP 10.0±3, p=0.004; peak ICP 28.8±17 p=0.099). 
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Univariate and multivariate regression analyses (Table 3) demonstrated that homozygous-

variant rs7105832 was an independent predictor of increased average ICP (β=2.88 

univariate, β=2.73 multivariate), surviving the B-Y correction (p=0.001). The allele-

difference model was consistent: wild-type allele was protective for lower average ICP 

(β=-2.9, p=0.001).

rs2237982 is associated with CE measures and 3-month outcome

CE measures and 3-month GOS were different between rs2237982 genotypes (average ICP 

p=0.0107, peak ICP p=0.0190, acute CT edema p=0.0204, 3-month GOS p=0.015; Table 2). 

Homozygous-variants (TT) had higher average ICP in univariate analysis (β=2.48, p=0.005) 

and presence of wild-type allele (C) was protective (β=-2.28, p=0.003, Table 3). 

Homozygous-variant genotype decreased odds of favorable outcome (OR 0.43, p=0.010) 

and concordantly presence of a wild-type allele increased odds of favorable outcome by 2.45 

(p=0.006), withstanding the B-Y correction in the multivariate model (OR=2.62, p=0.005, 

Table 4). The protective effect of rs2237982 on 3-month GOS was partially mediated 

through CE (Sobel-Goodman proportion of total effect mediated=0.198, p=0.03, Figure 1D).

rs11024286 and rs4148622 are associated with 3-month outcome

Genotype distributions (Table 2) and descriptive statistics for both rs11024286 and 

rs4148622 showed that favorable 3-month GOS was different between genotypes (p=0.017 

and p=0.016 respectively). Table 4 presents univariate and multivariate results. Unlike tag-

SNPs associated with CE where variant-alleles conferred increased risk, for both tag-SNPs 

associated with 3-month GOS, variant-alleles conferred protection against unfavorable 

outcome, suggesting a distinct neuroprotective pathway. Rs11024286 heterozygotes had 

increased odds of favorable outcome (multivariate OR 2.57, p=0.000) versus homozygous-

wild-type(GG). Variant-allele (A) was an independent predictor of favorable outcome 

(multivariate OR 2.40, p=0.000). For rs4148622, wild-type-allele (G) demonstrated 

decreased odds of favorable outcome (OR 0.010) however this did not retain multivariate 

significance (p=0.015).

Predicted functional implications of ABCC8 tag/proxy-SNPs

Thirty-three proxy-SNPs were in LD (r2 ≥0.8) with the significant tag-SNPs (rs7105832, 

rs2237982, rs11024286 and rs4148622). Supplementary Table 2 summarizes association 

strengths/LD, chromosomal locations, predicted functional category, functional significance 

(FS) score[22], and known clinical implications[3,26–28]. Consistent with known SNP 

distributions in the human genome, significant SNPs were in non-coding portions of ABCC8 
with predicted effects on transcriptional regulation or splice site alterations. The significant 

proxy-SNPs, while intronic, have LD extending across coding regions/exons 

(Supplementary Figure 1, Supplementary Table 2). One of the significant proxy-SNPs 

rs2283261 (r2 =1.0 with rs2237982) had been previously evaluated in a smaller untargeted 

analysis where it was independently identified as a predictor of CE [3]. In type-2 diabetes, 

rs2237981 (a proxy-SNP identified in this study r2 =1.0 with rs2237982, intron-10), had a 

trend towards predicting gliclazide responsiveness (p=0.045) without altering the amino-acid 

sequence of Sur1[27] and rs4148609 (r2 =0.97 with rs7105832 intron-4) had a modest 

interaction with metformin treatment[28].

Jha et al. Page 6

J Neurol Neurosurg Psychiatry. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gene-protein spatial model of significant ABCC8 tag/proxy-SNPs

ABCC8 has 39 exons. All significant tag-SNPs and majority (32/33) proxy-SNPs were 

upstream of intron 15 (Supplementary Table 2, Figure 1A–B, 2). This geography is 

consistent with clustering of significant SNPs from a prior whole-exome analysis in sTBI 

(Figure 1A–B)[3] but in contrast with SNPs reported in glucose-metabolism disorders- most 

of which (64.1%) regionally cluster towards introns/exons 16–39 (Figure 2).

Combining human Sur1 putative and canonical amino-acid topology with ABCC8 exons, we 

determined that exons between introns 1–15 encode transmembrane-domain-0 (TMD0, 

exons 1–4), loop-0 (L0, exons 5–6), transmembrane-domain-1 (TMD1, exons 6–12), part of 

nucleotide-binding-domain-1 (NBD1, exons 13–15), and the sulfonylurea receptor motif of 

the protein (exons 2,3, and 7; Figure 3). A 3-dimensional model demonstrates that these 

domains predominantly contribute to the Trpm4 binding site and channel-pore (Figure 3B). 

Conversely, exons contained between introns 16–39 encode majority of the P-loop 

containing nucleoside triphosphate hydrolase, tranemembrane-domain-2 (TMD2), and 

nucleotide-binding-domain-2(NBD2).

Introns-2, 3, 4,10 and 15 all contain significant tag and associated proxy-SNPs 

(Supplementary Table 2), and separate exons with residue overlap splice sites where 1–2 

nucleotides are encoded in the exon preceding the intron, and the remaining nucleotide(s) 

are in the following exon (Figure 3A). Thus, an intermediary intronic SNP may be of 

particular functional or regulatory significance to the encoded protein.

DISCUSSION

In sTBI, CE is a predictor of unfavorable outcome and can account for up to 50% of 

mortality[4]. CE also represents a frequent, often life-threatening concern in other 

neurological disorders including stroke, intracranial-hemorrhage, cardiac-arrest, and 

subarachnoid-hemorrhage. Sur1 plays a key regulatory role in all of these disorders[3,8,10–

12]. Sur1-Trpm4 inhibition is also independently linked with reduced tissue loss, white 

matter preservation, and improved cognition- independent of effects on CE[8,29]. Genetic 

variation may influence the degree to which Sur1-mediated CE or neurodegeneration 

predominates over other pathways, and whether (or how) individual patients respond to 

targeted inhibition. This has potential implications for prognostic and predictive enrichment 

strategies for sTBI and beyond: ABCC8 polymorphisms could guide risk-stratification/

prognostication and may become valuable patient-selection tools for clinical trials evaluating 

efficacy of targeted inhibition with treatments like glyburide. This is an important 

consideration in the context of many failed TBI trials attributed to disease heterogeneity and 

dearth of informative biomarkers[13,30]. It is also immediately relevant given Sur1 

expression in human contusions, its potential as a biomarker of CE in human sTBI, and the 

promising results of CE reduction in recent clinical trials assessing glyburide/Sur1-inhibition 

in stroke[10–13].

This study lays some groundwork for developing the predictive and prognostic utility of 

ABCC8 genetic variability in sTBI with three central findings:
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1. Four ABCC8 tag-SNPs were independent predictors of CE (rs7105832), 

outcome (rs11024286, rs4148622), or both (rs2237982). These were markers of 

33 proxy-SNPs.

2. The effect of rs2237982 on outcome was partially mediated through CE. Eight 

proxy-SNPs were in complete LD with rs2237982 (r2 =1.0) suggesting ~24.3% 

(9/37) of the identified SNPs would also be associated with both CE and 

outcome.

3. Significant tag/associated-proxy SNPs clustered upstream of intron 15, with 

predicted functional consequences related to splicing or transcriptional 

regulation. The interspersed exons (in regions of LD with tag and proxy SNPs) 

encode specific Sur1 regions (TMD0-L0, TMD1 and part of NBD1) that contain 

the sulfonylurea-receptor site and the Trpm4 binding-site/channel-pore.

ABCC8 polymorphisms, CE, and sTBI outcome

Sur1 is a key regulator of CE[8]. An exomic study in sTBI identified four ABCC8 SNPs 

(rs3819521, rs2283258, rs2283261, rs1799857) where variant-alleles increased risk of 

CE[3]. These led to the hypothesis that a targeted analysis of ABCC8 tag-SNPs would detect 

variants associated with both CE and outcome, and that CE would mediate this relationship. 

However, only variant-rs2237982 was associated with both increased measures of CE and 

unfavorable 3-month GOS. Rs2237982 was in complete LD (r2 =1) with eight proxy-SNPs 

and partial LD (r2 =0.97) with two proxy-SNPs (Supplementary Table 2), suggesting that 

these may similarly be associated with both CE and outcome. Statistically, 19.8% of 

rs2237982’s effect of on outcome was mediated by CE. Variant-rs7105832 was solely 

associated with increased CE measures, and variant-rs11024286 and rs4148622 were 

associated with improved neurological outcome but not CE. This suggests potential alternate 

neuroprotective mechanisms (Figure 1D) that have been posited by some preclinical 

studies[8,29].

Spatial location and potential significance of ABCC8 polymorphisms

Unlike glucose-metabolism disorders, where ~2/3rd of reported clinically significant SNPs 

are between introns 16–39 (adjacent to KCJN11 encoding Kir6.2), 4/4 (100%) of the tag-

SNPs and 32/33 (97%) proxy-SNPs associated with CE and/or sTBI outcome occur between 

introns 2–15 (Figure 2). This is also true for the four previously identified SNPs associated 

with CE (Figure 1B)[3]. This portion of DNA is interspersed between sequences encoding 

critical regions of Sur1 encompassed by LD (Supplementary Figure 1, Figure 3): a) the 

sulfonylurea-receptor site which binds sulfonylureas/medications like glyburide and 

regulates channel opening and b) TMD0-L0 domain which juxtaposes the channel pore and 

thought to be the Sur1-Trpm4 binding site[8,20]. One of the proxy-SNPs identified in this 

study (rs2237981, r2 =1.0 with tag-SNP rs2237982) is implicated in predicting sulfonylurea 

responsiveness[27]. None of the significant tag-SNPs/correlated-proxy-SNPs in this study 

occurred in the ABCC8 region containing exons 25–39, ultimately destined for translation 

into TMD2/NBD2.
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Given the different spatial proclivities of polymorphisms in glucose-metabolism disorders 

vs. sTBI, it is not surprising that only 5 of the 37 tag/proxy SNPs (Supplementary Table 2) 

have been previously reported. Few SNPs in similar locations (introns 3,4, 7,10,15) have 

been associated with aberrant splicing in hyperinsulinism[31,32]. The four significant tag-

SNPs (rs7105832, rs2237982, rs11024286, rs4148622) are harbored in introns-3, 10 and 15. 

These introns are flanked by exons with residue overlap splice sites i.e. 1–2 nucleotides are 

encoded in the preceding exon and the remaining nucleotide(s) are in the following exon. A 

SNP in the connecting intron may therefore have important splicing, functional or regulatory 

consequences. Using F-SNP software and FS-score, the functional significance for all tag 

and 29/33 proxy-SNPs was predicted as ‘changed’, particularly with respect to 

transcriptional regulation[22]. FS-scores were between 0–0.208; most intronic SNPs (even 

those known to be disease causing) have an FS-score <0.5 with a median of 0.176 in neutral 

SNPs[22].

Although the predicted functional implications of the tag/proxy-SNPs predominantly relate 

to transcriptional function, the spatial locations described above also suggest a possible role 

involving the Sur1-Trpm4 interaction. These may not be mutually exclusive. Moreover, 

ABCC8 has >20 known transcripts (isoforms)[33]- thus, in addition to potential effects on 

activation/enhancement/repression, these polymorphisms may regulate the type of splice 

variant/transcript produced which, in turn, may affect the Sur1-Trpm4 interaction. The true 

functional implications of the tag/proxy-SNPs currently remain unestablished and need 

further exploration in biological models (in vitro and/or in vivo).

Limitations

The functional significance of the identified tag/proxy-SNPs is unknown, therefore potential 

biologic causality between ABCC8 genetic variation and CE/outcome in sTBI remains to be 

elucidated which was beyond the scope of this study. This was a single-center population 

prone to selection bias. Regional demographics resulted in a 90% Caucasian population. 

Due to quality control, we excluded eight tag-SNPs from the analysis, potentially 

underestimating the number of significant polymorphisms. A validated measure like 

‘Therapeutic Intensity Level’ accounting for escalating treatments against CE that could 

influence ICP or CT-findings would have been useful, however was unavailable. While an 

important limitation, these maneuvers would reduce detected measures of CE and decrease 

the likelihood of false-positive results. We did not evaluate effects of TRPM4 
polymorphisms on CE/outcome- our focus was on ABCC8 since Sur1 is the key regulatory 

protein of the channel contributing to CE. Exploring distinct neuroprotective pathways 

regulated by ABCC8/Sur1 also merits investigation of potentially relevant genes including 

TRPM4, KCJN11 (encoding Kir6.2), MMP-9, TNFA, and CASP-3.

Our report represents one of the largest polymorphisms studies in sTBI[2,3,34,35]. 

Nevertheless, our sample size is small for genetic studies. However, it is a candidate-gene 

targeted (not genome-wide) approach with lower sample-size requirements and reduced 

likelihood of false positive relationships after correcting for multiple comparisons and 

retaining statistical significance[14].
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Only recently have exciting multi-center initiatives such as Transforming Research and 

Clinical Knowledge in TBI (TRACK-TBI) begun developing the required biomarker and 

tissue repositories necessary for future precision medicine and genetic analyses[36]. After 4 

years with 11 enrolling sites in TRACK-TBI, currently there are approximately 294 sTBI 

patients enrolled in this multi-center consortium (with a significant overlap with this study’s 

cohort). To place our cohort in context, recent publications from TRACK TBI reporting 

important genetic contributions to TBI outcome have had between 93–220 subjects[34,37–

39]. A European multi-center initiative (Genetic Associations in Neurotrauma) was 

unfortunately not funded but is crucial to endeavors researching the role of genetics in TBI 

pathophysiology and outcome. Pilot data such as ours may be important to developing and 

funding essential multi-center resources. Our results need validation/replication in such 

multi-center cohorts. Nonetheless, effect-sizes were large and robust to adjusting for 

multiple comparisons and confounding variables in multivariate-regression models. 

Moreover, there is a strong pathophysiologic basis for ABCC8 variability to influence Sur1 

expression/regulation, the presence and degree of CE, response to targeted therapy, and 

outcome in sTBI.

CONCLUSIONS

Identification of polymorphisms in various genes characterizes treatment-responders in 

many fields of medicine, guiding precision medicine, and changing clinical practice[6,7]. 

Our results give credence to the hypothesis that ABCC8 polymorphisms (rs7105832, 

rs2237982, rs4148622, rs11024286 and proxy-SNPs) are important in the equation between 

genetic variability, CE and sTBI outcome. Spatial clustering of significant ABCC8 
polymorphisms occurs around critical regions of DNA interspersed between sequences 

encoding the sulfonylurea receptor and a transmembrane-domain close to the channel-pore 

that binds Trpm4. Consequently, it is possible that these may differentially impact 

sulfonylurea (e.g. glyburide) sensitivity in individual patients. Although consistent with 

known pathophysiology, our findings need to be validated. To our knowledge, this is the first 

report exploring the association between tag-SNPs across the entire ABCC8 gene as they 

correlate with both CE and outcome. Our findings are relevant in the context of reports 

demonstrating Sur1-overexpression in human contusions, and recent clinical-trials 

suggesting that Sur1-inhibition may reduce CE in susceptible patients[10–12]. 

Understanding the impact of ABCC8 variability on Sur1 mediation of CE and outcome in 

sTBI warrants further investigation given its potential to guide patient risk-stratification, 

characterization of treatment responders, development of novel gene-based/targeted 

therapies, and patient-selection for future precision-medicine based clinical trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ABCC8 tag-SNPs associated with cerebral edema (CE) and/or outcome in severe TBI 
(sTBI)
A: Graphical display of the chromosomal location of all sequenced versus significant 

ABCC8 polymorphisms plotted on the University of California Santa Crux (UCSC) genome 

browser (Assembly version GRCh38/hg38, scale-bar for 50 kilo-basepairs shown). A 

schematic of the 39-exon ABCC8 gene is on the X-axis. Exons (separated by introns) are 

marked with vertical lines/blocks. Exon #1 is on the right extreme and exon #39 is on the 

left extreme of the gene schematic. The vertical axis lists all of the single nucleotide 

polymorphisms (SNPs) by rsID sequenced in this study as well as a prior exome analysis. 

Significant tag-SNPs identified in this study (rsID solid red underline) were rs7105832, 
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rs2237982, rs11024286, and rs4148622. SNPs identified in the whole exome analysis as 

being associated with edema are also shown for comparison (rsID solid blue underline). The 

chromosomal location of all significant exome and tag-SNPs in sTBI is highlighted (box).

B: Magnified display of the chromosomal location for significant tag-SNPs in sTBI (scale-

bar for 10 kilobasepairs shown). Tag-SNP location marked with red circles, labeled with the 

appropriate rsID). Direct comparison with significant SNPs identified from a previously 

published whole-exome analysis (dashedcircles) demonstrates consistent geographical 

clustering between introns 3–15.

C: Linkage disequilibrium plot including r2 values between the four significant tag-SNPs 

were generated using the Java LINkage (JLIN) disequilibrium plotter program. The results 

show that none of the r2 values between any of the four tag-SNPs are ≥0.8.

D: Summary schematic of tag-SNPs associated with CE (rs7105832), 3-month GOS 

(rs4148622, rs11024286), or both (rs2237982). The diagram illustrates that 19% of the 

effect of rs2237982 on 3-month GOS is mediated via CE, however 81% is not. Moreover, 

both rs4148622 and rs11024286 are associated with 3-month GOS but not CE. This gives 

rise to the hypothesis that the association with CE presumably mediated via the Sur1-Trpm4 

pathway, may be mechanistically distinct from Sur1 mediated neuroprotection/effect on 

outcome.
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Figure 2. Spatial comparison of ABCC8 tag and proxy SNPs associated with cerebral edema 
(CE) and/or outcome in severe TBI versus previously reported SNPs implicated in glucose 
metabolism disorders
This is a graphical display of the chromosomal location of ABCC8 polymorphisms plotted 

on the UCSC genome browser (Assembly version GRCh38/hg). Base-pair position on 

chromosome 11 is numbered and a scale-bar for 50 kilo-basepairs is shown (shaded orange). 

A schematic of the 39-exon ABCC8 gene is shaded in yellow where exons (separated by 

introns) are marked with vertical blue lines/blocks. Exon #1 is on the right extreme, and 

exon #39 is on the left extreme of the illustrated gene. The position and identification of all 

sequenced SNPs in sTBI is marked (shaded blue), with the 15 tag-SNPs specifically 
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sequenced in this study circled (black dashed-outline) showing coverage across the entire 

gene. The position and rsIDs of all significant SNPs associated with CE and/or outcome in 

sTBI is depicted in the shaded-green region- they cluster primarily between introns 2–15 

with a single exception (a proxy-SNP rs2355017 at intron 20 tagged by rs4148622 with 

incomplete LD r2 =0.83). Significant tag-SNPs from this study are circled (solid-red 

outline), and significant SNPs from the previously published whole-exome study are 

underlined (solid red). The remaining SNPs are proxy-SNPs associated with the significant 

tag-SNPs with r2 ≥0.8. The position and rsIDs of reported clinically significant SNPs 

associated with disorders of glucose metabolism are depicted in the shaded-pink region: 

more than 66% cluster downstream of intron 15 in contrast with the polymorphisms 

significant in sTBI.
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Figure 3. Spatial relationships between ABCC8 gene regions and Sur1 protein structure
A: This is an annotated depiction of ABCC8 introns/exons containing SNPs implicated in 

CE and outcome in sTBI as they relate to specific locations in the Sur1 protein. The 

diagrammatic representation of Sur1 was generated using PROTTER software (UniProt ID 

Q09428). Exons (E) are numbered and separated by solid lines (black line for exons 

separated by introns that do not contain significant tag/proxy SNPs, magenta line for exons 

separated by introns that harbor significant tag/proxy SNPs associated with CE or outcome 

in sTBI). These interspersed introns (I) that contain significant tag/proxy SNPs are 

numbered and categorized into those harboring significant tag/exomic-SNPs (shaded 

magenta circle) versus those containing significant proxy-SNPs (unshaded magenta circle). 

Sulfonylurea-receptor-1 contains 3 transmembrane domains and 2 nucleotide binding 

domains. Different domains of the protein are labeled: TMD0=transmembrane-domain 0, 
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L0=Loop 0, TMD1=transmembrane-domain 1, NBD1=nucleotide binding domain 1, 

TMD2=transmembrane-domain 2, NBD2=nucleotide binding domain 2. The sulfonylurea 

receptor binding site is shaded in light pink and labeled. The p-loop containing nucleoside 

triphosphate hydrolase is shaded in yellow and labeled. Residue overlap splice sites 

separated by introns containing a significant tag/proxy SNP are marked (short magenta-

arrows). Non-significant residue overlap splice sites in other regions of the protein are also 

shown (short gray-arrows). All significant tag, and 32/33 significant proxy-SNPs associated 

with CE+/− outcome in sTBI are located in the gene region that contains exons encoding 

TMD0-L0, the sulfonylurea receptor binding site, TMD1, and a small portion of NBD1.

B: The 3-dimensional structure of Sur1 subunits that assemble with Trpm4 to form a pore-

forming non-selective cation channel was obtained from the Research Collaboratory for 

Structural Bioinformatics Protein Data Bank (RCSB-PDB) based on work from Li et al 

(Cell, 2017) using cryoelectron-microscopy to elucidate the structure of the pancreatic 

Kir6.2-Sur1 complex. University of California, San Francisco (UCSF) Chimera software 

was used to generate the 3-dimension structure of Sur1 in this figure without the associated 

Kir6.2 channel. The panel on the left illustrates 4 Sur1 subunits. TMD0, TMD1, TMD2, 

NBD1, NBD2 and the sulfonylurea subunit are labeled. 1 Sur1 subunit is then rotated 90° on 

the X axis and 60° on the Y axis to better illustrate the orientation of TMD0/TMD1 and the 

sulfonylurea receptor binding site since these domains are encoded by sequences in ABCC8 
regions that are in spatial proximity to significant tag/proxy SNPs associated with CE+/− 

outcome in sTBI.
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TABLE 1

PATIENT CHARACTERISTICS

Variable (n=410) Mean (SD, Range)

Age 38.3 (16.7, 16–78)

Initial GCS 5.83 (1.48, 3–9)

Average ICP 10.6 (4.8, 4–45)

Peak ICP 27.6 (15.2, 9–105)

Frequency n (%)

Gender (M) 315 (77.8%)

Race

  • White 371 (90.5%)

  • African American 29 (7.1%)

  • Asian 2 (0.5%)

  • Native American 2 (0.5%)

  • Unknown 6 (1.4%)

Primary Injury

  • Intraparenchymal hemorrhage +/− intraventricular hemorrhage 135 (33.3%)

  • Epidural 29 (7.1%)

  • Subdural 133 (32.4%)

  • Diffuse Axonal 30 (7.3%)

  • Subarachnoid 72 (17.6%)

  • None 6 (1.5%)

  • Unknown 5 (1.2%)

Edema noted on acute CT (Y) 163 /369 (44.2%)

Decompressive Craniotomy (Y) 131 /405 (32.4%)

  • Day 0 86 /131 (65.6%)

  • Day 1 18 /131 (13.7%)

  • Days 2–5 16 /131 (12.2)

  • > 5 Days 11 /131 (8.4%)

Favorable Outcome GOS ≥ 4 (Y) 126/ 410 (30.7%)
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