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1. Introduction

Hypertrophic scarring (HTS) is considered the key unmet
challenge after burn injury [1]. Defined as raised scarring that
remains within the wound boundary, HTS is the most common
complication of burn injury and reported rates vary between
32 and 72% [2]. There is considerable variation in scarring
potential between individuals [3], and several lines of evidence
support a genetic component to raised skin scars [4].
Identification of genes associated with the increased scar
height and reduced pliability may provide insights into the
aetiology of excessive dermal fibrosis, which remains poorly
understood [5].

Genetic susceptibility to keloid disease (KD), a severe
scarring disorder characterized by benign fibroproliferative
lesions growing beyond the wound edge, is well-recognized
and likely to involve more than one gene [6]. In KD the genetic
contribution is indicated by familial aggregation, higher
prevalence in certain ethnicities, common occurrence in
twins, and alterations in gene expression [7]. Evidence is also
emerging of a genetic influence on HTS, with a higher
prevalence of hypertrophic surgical scars [8,9] and burn scars
[10-13] in individuals or ethnic groups with darker skin

pigmentation.
A small number of candidate gene studies have
examined  whether  specific single nucleotide

polymorphisms(genetic variants) are associated with
HTS or poor scar outcome [11,12,14,15]. These have
generated limitedevidence due to their small size and
lack of replication. The low cost of high resolution single
nucleotide polymorphism (SNP) arrays means it is now
feasible to conduct exome- and genome-wide association
studies (GWAS) unconstrained by prior hypotheses [16]; to
date one exome-wide association study of burn scar
outcome has been performed [17]. This study identified
one genetic variant (SNP in the CSMD1 gene (rs11136645)
associated with increased scar height in a sample of mixed
ancestry [17].

To avoid false positive results in testing hundreds of
thousands of SNPs a stringent threshold for significance must
be used [18], resulting in insufficient statistical power to
identify genetic variants with low to modest effect sizes unless
extremely large sample sizes are used [19]. To overcome this
issue of multiple-testing, new methods have been recently
developed that test for association at a biological (gene)
pathway level rather than at the individual SNP level [20],
increasing statistical power by reducing the number of tests
performed and allowing a functional interpretation of the
results [21].

To test the hypothesis that there is a genetic influence on
burn scar fibrosis we conducted an exome-wide SNP array
association study and gene-based pathway analysis in adults
and children who sustained burn injury and were treated at
hospital in Western Australia or in Liverpool, United Kingdom.
Scar fibrosis is characterised by increased volume and
stiffness of collagen within the scar, therefore the two
outcome measures for the study were scar height (SH) and
scar pliability (SP) sub-scores of the modified Vancouver Scar
Scale (mVSS) [22].

2. Materials and methods

2.1. Ethics statements

All adult subjects gave written informed consent and for
children under 18years parents provided written consent (or
where applicable the guardian or other primary care giver).
Children aged 7years and above also provided written
informed assent. The study was performed according to the
Declaration of Helsinki and the National Statement on Ethical
Conduct in Human Research 2007 (National Health & Medical
Research Council, Australia). Ethical approval was obtained
from the Princess Margaret Hospital for Children (Western
Australia) Human Research Ethics Committee (Registration
Number: 1926/EP), the Research Ethics Committee of the Alder
Hey Children’s NHS Foundation Trust (Liverpool, United
Kingdom) (REC Reference: 13/NW/0691), Royal Perth Hospital
(Western Australia) Human Research Ethics Committee (EC
Number: 2009/114) and site authorization from Fiona Stanley
Hospital (Western Australia) (Project Number: 2014-105).

2.2. Subjects

Adults and children were eligible for recruitment if they
sustained an acute burn injury with hospital admission,
outpatient treatment or HTS treatment in the Burns Service of
Western Australia (Royal Perth Hospital, Fiona Stanley Hospi-
tal or Princess Margaret Hospital for Children) or at the Alder
Hey Children’s Hospital (Liverpool, UK). Subjects were re-
cruited in the outpatient clinic or the burns ward. Subjects
were excluded if they had a history of more than one hospital
admission for acute burn injury, acute burn injury treated
outside the Burns Service of Western Australia or Alder Hey
Children’s Hospital, previous history of keloid scarring, or burn
scar diagnosed as a keloid scar. A total of 953 subjects were
recruited: 679 adults (Western Australia) and 274 children
(Western Australia 244; Liverpool, UK 30).

2.3.  Patient treatment algorithms

The clinical treatment pathways for patients with burn injury
in the care of the Burns Service of Western Australia and Alder
Hey Children’s Hospital are described in Supplementary
Fig. S1.

2.4.  Primary outcome (scar phenotype)

Subjects were followed up for 12months after injury with scar
assessments conducted according to a modified Vancouver
Scar Scale (mVSS) (Fig. 1) [22] at 3, 6 and 12months. The
outcome measures were the mVSS scar height (SH: 0-4) and
scar pliability (SP: 0-5) sub-scores of the subject’s single ‘worst’
scar (scar area with the highest total mVSS score) 12months
after injury. When the 12-month scores were unavailable, the
scores closest to 12months after injury were used. Scar height
(SH) specifically relates to the bulk of the scar above the level of
normal skin and SP is a measure of suppleness. Scar tissue is
normally less supple than normal skin because the scar is
thicker and has an inferior quality of collagen architecture.
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Pigmentation

0 =normal
1 = hypopigmentation
2 = mixed pigmentation

3 =hyperpigmentation

Vascularity
0 =normal

1 = pink
2=red

3 = purple
Pliability

0 =normal

1 = supple — flexible with minimal resistance

2 =yielding — giving way to pressure

3 = firm — inflexible, not easily moved, resistant to manual pressure

4 = banding —rope-like tissue that blanches with extension of scar

5 = contracture — permanent shortening of scar producing deformity or distortion

Height

0 =normal — flat

1=0to 1 mm

2=1to2mm
3=2to4 mm
4=>4mm

Fig. 1 - Modified Vancouver Scar Scale [22].

Subjects discharged from follow-up prior to 12months due to
‘excellent’ scar outcome based on the clinical judgement of a
consultant plastic surgeon were assigned SH and SP values of
0. Subjects recruited with prevalent HTS (treated with
reconstructive surgery, intra-lesional steroids or laser therapy)
were assigned the maximum SH value of 4 and SP value of 5.

2.5. Minimum data set

At the time of recruitment data on the following variables was
extracted from medical records: age (at time of injury —
continuous variable), sex (F; M), external cause of burn injury
(scald, contact, flame, sunburn or radiation, chemical, friction,
electrical), % total body surface area of burn (%TBSA —
continuous variable), length of hospital stay (days), number of
surgical procedures (0; 1; more than 1), healed within 14days
(Yes; No).

2.6. DNA and genotyping
DNA was collected from subjects using Oragene saliva DNA

kits (DNAGenotek, Ottawa, Canada) and extracted and stored
in the Western Australian DNA Bank. DNA was genotyped

using Infinium" HumanCoreExome-24 v1.1 BeadChip arrays
(Mlumina Inc., San Diego, CA, USA) at PathWest (Western
Australia). This microarray detects both exonic variants
(~260,000) and additional intronic and intergenic variants
(~240,000 ‘tag’ SNPs).

2.7.  Statistical analysis

2.7.1. Genotyping and quality control

Of the 953 subjects recruited, 5 did not have DNA collected.
DNA from the remaining 948 subjects was genotyped in two
batches: Set 1 (n=432); Set 2 (n=516). Batch effects were
investigated by performing complete linkage clustering based
on pairwise identity by state distance in PLINK, a tool set for
whole-genome association and population-based linkage
analyses [55]. No batch effects were detected and the two
data sets were merged. SNPs were excluded if they had call
rates of less than 95%, minor allele frequencies <0.1%, or
Hardy-Weinberg P-values <1.0x1077, leaving 298,150 SNPs
available for analysis. A total of 283 subjects were removed for
the following reasons, leaving 665 subjects for analysis: failed
genotyping (no results reported) (n=32); low call rate (<95%)
(n=6); sex-ambiguous (n=6); consent incomplete (n=2); keloid
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scar or history of keloid scar (n=25); missing demographic or
clinical information (n=7); missing scar outcome data (n=51);
relatedness >0.125 (n=4); non-CEU (non-European) ancestry
(n=150). No individuals had excess SNP heterozygosity.

To account for potential population structure, principal
component analysis (PCA) was performed in Eigensoft,
software to model ancestry differences [56], using a subset
of quality control-filtered SNPs (n=40,712). The subset of
common SNPs (minimum allele frequency [MAF]>0.1) for PCA
was generated using PLINK to compute the genotypic correla-
tion (r?) between SNP pairs within a 50 SNP window; removing
one SNP from a pair of SNPs if r*>0.2. Principal component
analysis revealed some population structure, and 150 individ-
uals with non-European ancestry were removed; the principal
components were retained for use as covariates in subsequent
analyses.

2.7.2. Analysis of SNP associations

Associations between each SNP and the two outcomes, SH and
SP, were estimated using an additive genetic model. Each
outcome was treated as a continuous variable and adjusted by
age at time of injury (continuous variable), sex (M; F), number
of surgical procedures (0; 1; more than 1), % total body surface
area (%TBSA) of the burn and the significant principal
components. Model residuals were transformed using the
inverse rank Normal transformation and these were used in
the genetic analyses. Allelic beta coefficients, 95% confidence
intervals (CI) and P-values were calculated using multiple
linear regression in PLINK. Bonferroni correction for multiple
testing was used to account for the number of SNPs tested
(298,150), with P-value <1.7x10°’ considered statistically
significant (critical P-value=a/n=0.05/298,150=<1.7 x 10~7).

2.7.3. Statistical power

Supplementary Fig. S2 estimates the sample size required
to achieve 80% statistical power for differing minor allele
frequencies (MAF) and SNP effect sizes. Effect sizes are
presented in standard deviation (SD) units. With 665 subjects
there is 80% power of detecting a statistically significant
association for a SNP with an effect size of >0.4 and MAF >0.25.
That is, for scar height (SH) and pliability (SP) in this paper,
which have standard deviations of ~1.5 (after covariate
adjustment), we are powered to detect a SNP (with MAF
>0.25) which resulted in a change of >0.6 units of SH or SP
(1.5x0.4). While the effect size per single SNP may differ
between ethnicities, the sample size required for each effect
size would be consistent across all ethnicities.

2.7.4. Pathway analysis

To identify genomic regions for pathway analysis, spatially
correlated P-values were identified using the comb-p software
package [57]. Comb-p identifies genomic regions by (1) calcu-
lating the autocorrelation between genetic variants to adjust
the resulting P-values; (2) running a peak finding algorithm
over these adjusted P-values to identify enriched regions
around a seed signal; and (3) calculating the region P-value. A
seed signal of P-value <5x10°> was used with a distance
parameter set to 25 thousand base pairs. Significant gene
regions were identified as those with at least two genetic
variants sites and P-value <0.01. These genomic regions,

annotated to the nearest gene, were imported into Pathway
Studio” (Elsevier, Netherlands) to identify statistically signifi-
cant enrichment in genes of known functional groups and
curated pathways. Resulting genomic regions were investi-
gated for the Gene Ontology (GO) category, ‘biological
processes’. Functional pathways were further supported by
data extracted from the literature using MedScan and added in
ResNet databases, accessed through the Pathway Studio”
interface.

2.7.5. Replication of results from previous studies

Genetic variants reported to have significant association with
HTS or raised scar in previous studies were directly compared
with this study by ‘looking up’ the variants in the complete
results tables for SH and SP.

3. Results
3.1. Study description and participant characteristics

Exome array SNP genotyping was performed on 948 individua-
Is. Following quality control procedures (including removal of
150 subjects with non-European ancestry), 665 individuals
were available for analysis. The median age of the 665 individ-
uals analysed was 27.9years and 34% of the subjects were
female (Table 1). Increased SH and SP were both associated
with decreased age, female sex, increased %TBSA and the
number of surgeries (all P<0.01) (Supplementary Table S1).

3.2 Relationship between outcome measures

The outcomes SH, SP and total mVSS score were highly
correlated. There were positive linear relationships between
SH and SP (Pearson’s r=0.905), SH and total mVSS (r=0.91), SP
and total mVSS (r=0.91), and [SH+SP] and total mVSS (r=0.94)
(Supplementary Fig. S3 [a-d]), and also between the model
residuals of SH and SP used in the genetic analyses
(Supplementary Fig. S3 [e]).

3.3.  Exome-wide association analysis of individual SNPs

The observed distribution of P-values for the 298,150 SNPs
exhibited minimal deviation from the expected distributions
for both outcomes (Supplementary Fig. S4). Genomic infla-
tion factors (\) were calculated by taking the ratio of the
median of the observed distribution test statistics to the
expected median. Values greater than 1.10 may indicate
evidence of inflation (excess false positives) possibly due to
factors such as population stratification (systematic ancestry
differences in sub-populations) or cryptic relatedness (kin-
ship in the sample that is not known). No overall inflation of
the test statistics for SH or SP were observed, with genomic
inflation factors (A\) of 1.00 and 1.01 respectively.
The -logl0 transformed P-values observed across the
genome are displayed in Fig. 2. No SNPs achieved the
Bonferroni-corrected P-value threshold of <1.7x1077. The
fifty genetic variants with the lowest P-values for SH and SP
are listed in Table 2 and the complete lists can be viewed in
Supplementary Tables S2 (SH) and S3 (SP).
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Table 1 - The characteristics of subjects included in the

analysis (n=665).

Categorical variables

Male sex (
Wound Complications (yes) (
Reconstructive surgery (yes) (
Multiple surgical procedures (>1) 16.2 (108
Healed in 14days (yes) (

(

Asthma (yes)
Eczema (yes) 6.6 (44)
Diabetes (Type I or II) (yes) 5.3 (35)
Fitzpatrick skin type
1 2.3 (15)
2 33.4 (219)
3 53.3 (349)
4 9.9 (65)
5 0.9 (6)
6 0.2 (1)
External cause of burn
Flame 42.1 (280)
Contact 21.1 (140)
Scald 29.5 (196)
Sunburn or radiation 0.6 (4)
Chemical 4.4 (29)
Friction 1.9 (13)
Electrical 0.4 (3)
Burn location
Face/head/neck 3.3(22)
Chest/abdomen/groin 11.2 (74)
Back/buttocks 4.7 (31)
Arm 27.9 (185)
Hand 9.2 (61)
Leg 35.6 (236)
Foot 7.9 (52)
Genitalia 0.2 (1)
Surgery level
Conservative 18.8 (124)
ReCell only 17.8 (118)
SSG+ReCell 61.9 (409)
Integra (+SSG+ReCell) 1.5 (10)

Continuous variables Median (IQR)

Age (years) 27.9 (15.6-46.7)
TBSA (%) 3 (7)

Length of hospital stay (days) 5 (+12)

Time from burn to scar exam (months) 10.40 (5.80-13.95)
Scar height (mVSS score) 1(0-1)

Scar pliability (mVSS score) 0 (0-2)

Total mVSS score 4 (3-8)

Some variants in Table 2 are associated with genes that
could have, or are known to have, a role in skin fibrosis. These
include one SNP near activating transcription factor 7 interact-
ing protein 2 (ATF7IP2: 1s12598337, P=2.38 x 10 ° [SH]); one SNP
near cyclin dependent kinase 8 (CDK8: rs1547918, P=7.60x 10>
[SH]); two SNPs in integrin subunit alpha 11 (ITGA11: rs898586
[intronic], P=4.88x 10> [SP]; rs3736493 [synonymous SNP],
P=2.10x10"* [SH]); one SNP near desmoglein 1 (DSG1:
1s7234316: P=6.34x107° [SP]); and one SNP in chemokine
(G-C motif) ligand 5 (CCL5, also known as RANTES: rs1065341
[3 UTR], P=4.39x 10 ° [SP]).

3.4. Replication of results from previous studies

The P-values for genetic variants reported to be associated
with HTS or increased scar height in previous studies are
reported in Table 3. SNPs in the CSMD1 (rs11136645) [17] and
PTPNS5 (rs56234898) [14] genes were not significantly associated
with SH or SP in the present study, nor did they approach
the threshold P-value. To test the reported association with
HLA-DRB1*16 [23], a tag SNP of this allele was examined
(rs6923504), but was not significant. No SNPs in the TGFB1 gene
[15] were significantly associated with SH or SP (all P>0.01).
Similarly, no SNPs in the melanocortin 1 receptor (MC1R) gene
[11] were significantly associated with SH or SP (all P>0.01).

3.5.  Gene pathway analysis

None of the individual SNPs achieved the threshold P-value
and pathway analysis was therefore used as this consolidates
the effects of multiple variants in genomic regions and
increases the power of the study. A total of 45 significant
enriched GO ‘biological process’ pathways were less than the
Bonferroni-corrected P-value threshold of P<1.68x10°°
(29,656 gene ontology (GO) pathways). Significant enriched
‘biological process’ GO terms for both scar outcomes, SH
(n=19terms) and SP (n=26 terms), are listed in Table 4. The lists
of overlapping gene entities in the significant pathways are
available in Supplementary Tables S4 (SH) and S5 (SP). The
scope of the top ten enriched terms was similar for both
outcomes. Three pathways involving the nervous system were
present in the top ten of both outcome lists: nervous system
development (SH P<3.42x10°; SP P<2.41x10° "), axon
guidance (SH P<2.95x10'; SP P<2.30x10 %) and synaptic
transmission (SH P<5.78x107*3%; SP P<1.34x 10~ ). Several
other pathways were related to cell to cell communication and
cell adhesion. The term, cell adhesion, was present in both
outcome lists, and homophilic cell adhesion via plasma membrane
adhesion molecules,cell-cell junction assembly, cell junction assembly
and single organismal cellcell adhesion were present in the SP
outcome list. The term, extracellular matrix organisation, was
present in the SH outcome list.

4, Discussion

This study has applied association and biological pathway
analysis to a human exome array study focussed on identify-
ingvariants associated with raised scar after burn injury. Using
this approach the predominant biological process pathways
associated with SH and SP were those related to the nervous
system and to cell adhesion.

No significant associations of individual SNPs reported in
previous studies were replicated in this study. These include a
SNP in the CSMD1 gene (rs11136645) reported in a study using
the same exome array and a similar scar outcome measure of
scar height [17]. The latter does not include access to the
complete results tables or provision for data sharing to enable
comparisons to be made with other genetic variants of
interest. The failure to replicate results of individual genetic
variants in independently conducted studies largely points to
the low statistical power of all studies conducted to date.
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Fig. 2 — Manhattan plots of genotyped SNPs from additive genetic model: (a) scar height (SH); (b) scar pliability (SP). The
—log10 transformed P-values observed across the genome are displayed. No SNPs achieved the threshold P-value of <1.7 x 10 .

Sample size has ranged from 128 to 538 for candidate SNP
studies, and 538 [17] to 665 (present study) for exome-wide
studies. Statistical power is influenced by the characteristics of
the phenotype and the putative genetic variant [24], with small
sample size limiting the power of gene association tests for
genes of modest effect size.

In this study no individual SNPs achieved the Bonferroni-
corrected P-value threshold, due to the relatively small
number of samples when investigating a large number of
SNPs. While this study did not identify any genome-wide
significant variants after multiple correction, a few variants
from Table 2 are notable due to their association with genes
that have functions that could be connected with fibrosis.
ATF7IP 2 regulates gene transcription and chromatin forma-
tion [25,26] and CDKS8 drives a cycle of Smad utilization and
disposal that is an integral part of canonical TGF-f3 signalling
pathways [27] which promote fibrosis. ITGA11 is expressed in
dermal fibroblasts [28] where it contributes to collagen type I
binding and collagen production [29,30]. A gene closely related
to DSG1, DSG2, is involved in cardiac fibrosis [31] and CCL5
(RANTES) is a chemokine which appears to mediate important
aspects of fibrosis in liver disease [32].

Pathway analysis was conducted to increase the power of
the study, by consolidating the effect of sets of individual SNPs
located in the same gene region [21]. Grouping sets of
individual SNPs may identify pathways that are significantly
associated with SH or SP even if individual SNPs are not
significantly associated. The finding that three of the top ten
enriched GO terms relate to the nervous system is of interest.
The term nervous system development is a broad term and
includes responses that occur after peripheral nerve injury
from burn — for example, nerve fibre regrowth. After burn
injury thereis an initial loss of nerve fibres in the skin followed
by skin reinnervation during wound healing [33]. However in
the long-term scar tissue has reduced nerve density compared
to uninjured skin [34-36]. The term axon guidance refers to the

process that guides axon migration to a specific target site in
response to attractive and repulsive cues. Axon guidance cues
include the Eph receptor family and their ligands, Ephrins,
which have been shown to play an importantrole in cutaneous
innervation during development [37,38] and to be regulated by
skin wounding [37]. The term synaptic transmission relates to
the biological process by which a nerve cell communicates
with a target cell across a synapse. Peripheral nerve injury in
partial and full-thickness burns [39] may lead to neuropathic
pain [40], believed to be caused by maladaptive changes at
synaptic level (spinal and supra-spinal) [41].

The findings suggest that pathways related to nervous
system function may influence the extent of scar fibrosis. It is
known that peripheral nerve fibres and central mechanisms
are closely linked to inflammatory and immune responses
[42-44]and nerves can enhance wound repair [45,46]. Deficien-
ciesin mechanosignalling pathways [47] and hyperreactivity or
derangement of the mechanosensitive nociceptors of nerve
fibres [48] have been suggested to contribute to HTS formation,
which may be mediated by neurogenic inflammation [49].
Reconstitution of lost body parts and tissue remodelling in
various animal species is dependent on functional innervation
[50]. The axon guidance cues, Eph receptors and Ephrins, have a
role in regulating keratinocyte migration, differentiation and
proliferation [51] which may influence wound repair. Ephrin
signalling may also have a role in the dermis, but presently the
information regarding a role for specific Eph/Ephrin molecules
in the dermis is more limited [52].

The term cell adhesion is the attachment of a cell, either to
another cell or to an underlying substrate such as the
extracellular matrix (ECM), via cell adhesion molecules. The
importance of cell/ECM interactions in scar outcome is well
recognised with ECM glycoproteins, ligands, integrins, and the
cytoskeleton forming a finely tuned network [53]. The finding
that cell adhesion was one of the top pathways for both SH and
SP is therefore consistent with the literature and helps to



Table 2 - The top fifty genetic variants associated with scar height and pliability (smallest P-values). Shaded colours indicate gene variants present in both lists.

Rank Scar height (SH) Scar pliability (SP)
SNP? Gene" Distance Exonic [ co-efficient P-value SNP? Gene" Distance Exonic B co-efficient P-value
to gene function (effect allele) to gene function  (effect allele)
(base (base
pairs) pairs)
1 1s33117 UBE2E2-AS1 394735 Intergenic —0.254(C) 3.31x10°°
3 1512598337  ATF7IP2 39108 Intergenic —0.418(G) 2.38x107° rs7234316 DSG1 22587 Intergenic —2.013(A) 6.34x10°°
4 157645913 ZNF385D 32431 Intergenic 0.272(C) 248x10° rs12598337 ATE7IP2 39108 Intergenic —0.441(G) 8.36x107°
5 151112017 SLC24A2 219687 Intergenic 0.246(C) 3.01x107° 1511191514 CNNM2 0 Intronic 0.416(T) 1.74x10°°
6 154121859 LOC100129203 210572 Intergenic 0.259(A) 3.52x10° 15598650 TECTA 0 Intronic —0.268(T) 2.26x10°°
7 1s978239  UBE2E2 395083  Intergenic 0.232(G) 414x10°° 1516953087 VPS53 0 UTR3 —0.520(C) 3.40x10°°
8 15782847 LOC646241 22428 Intergenic 0.301(C) 4.33x107° rs11191447 AS3MT, 0 ncRNA_ 0.403(T) 3.43x10°°
BORCS7-ASMT Intronic
9 15873913 TRIMS 0 Intronic —0.300(G) 491x10° rs11191454 AS3MT, 0 ncRNA_ 0.404(G) 3.47x107°
BORCS7-ASMT Intronic
10 157680585 LINC00499 184812 Intergenic —0.335(A) 5.05x10° rs873913 TRIM9 0 Intronic —0.305(G) 3.70x10°°
11 1s1465405  HTR4 82112 Intergenic —0.250(G) 5.68x10° 1512472967 EPHA4 340528 Intergenic 2.373(T) 3.73x10°°
12 15909017 UBE2E2-AS1 431724 Intergenic 0.235(T) 6.10x10° rs11191548 NT5C2 1596 Intergenic 0.400(C) 3.81x10°°
13 1534429154 LOC284661 108376 Intergenic —0.220(C) 6.67x107° rs11191580 NT5C2 0 Intronic 0.400(C) 3.81x10°
14 152336046 ZNF385D 24928 Intergenic 0.280(C) 7.59x107° 1511191593 NTS5C2 0 Intronic 0.400(C) 3.81x10°°
15  rs1547918  CDK8 52998 Intergenic 0.229(C) 7.60x10°° rs7032556  GAS1 90623 Intergenic —0.624(A)  4.05x10°°
16 15522737 GRIK2 1104043 Intergenic 0.280(G) 7.66x10° 1512413409 CNNM2 0 Intronic 0.399(A) 4.19x10°°
17 1s898586  ITGA11l 0 Intronic 0.313(A) 7.93%x10°° 1s1065341  CCLS 0 UTR3 0.496(G) 439x10°°
18 1555645458 DRC7 0 synonymous 0.489(A) 9.00x10~° rs8081803 PAFAH1B1 0 Intronic 0.240(C) 4.70x10°°
19 rs10500388 CPPED1 38176 Intergenic —0.279(T) 9.35x10°> 1510905304 GATA3 91934 Intergenic —0.276(A) 480x10°°
20 151792137 TENM4 0 Intronic 0.225(G) 9.86x10° rs898586 ITGA11 0 Intronic 0.322(A) 4.88x10°°
21 1510904588 LOC101927762 3054 Intergenic 0.219(G) 1.04x10 * rs1378006  EPHA4 484685 Intergenic 0.242(A) 5.34x10°
22 156678459 AJAP1 124677 Intergenic 0.244(T) 1.09x10* rs1547918 CDK8 52998 Intergenic 0.233(C) 5.67x10°°
23 15192923495 DHODH 0 Synonymous 2.213(T) 1.22x10°* rs508151 RP11-567M16.3 49966 Intergenic —0.218(G) 5.94x10°°
24 15848641 FEZ2 0 Intronic —0.965(A) 1.27 x10~* 152010190 ALDH5A1 0 Intronic 0.387(C) 6.07 x10°
25 1516863161 MED12L 0 Intronic 0.965(C) 1.27x10"* 1rs191586330 KDM?2B 0 Synonymous —1.207(C) 6.56x 107>
26 151827593 KCNIP4, LOC105374516 O ncRNA_ 0.272(G) 1.27x10~* 1510498593 LINCO00911 0 Intronic —0.314(T) 6.57 x10°
;N I W G WS MBS oo cocosz s e oxem  Gesxio”
28 1s10741231 MIR378C 79172 Intergenic 0.214(T) 1.43x10* rs1886715  GPR139 0 Intronic 0.272(G) 7.41x10°°
29 152196346 THSD7B 0 Intronic 0.207(A) 1.50x10* 156544397 LOC388942 664825 Intergenic 0.262(C) 7.65%x10°°
30 157956979 TMEM132B 0 Intronic 0.222(A) 1.53x10* 156893965 FLJ16171 70396 Intergenic 0.340(T) 7.74x10°°
31 1511134474 SGCD 551239 Intergenic —0.926(G) 1.54x10~* 153011271 SNORD141A, 12197 Intergenic —0.270(T) 7.82x10°°
SNORD141B
32 1513315591 FAMI107A 0 Intronic 0.386(C) 1.56x10* 154894081 SESTD1 0 Intronic —0.234(G) 7.95%x10°°
33 151816918 SCN2A 0 Intronic 0.279(C) 1.56x10"* 1512505296 LOC102723766 0 Intronic —0.258(C) 7.97x107°
34 rs252811 EFNAS 0 Intronic —0.258(C) 1.60x10 % rs35954941 DLGAPS 0 synonymous —1.251(G) 8.13x10°°

(continued on next page)
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Table 2 (continued)

Rank Scar height (SH) Scar pliability (SP)
SNP* Gene® Distance Exonic B co-efficient  P-value SNP* Gene® Distance Exonic B co-efficient P-value
to gene function (effect allele) to gene function  (effect allele)

(base (base

pairs) pairs)
35 154908736 LOC102724539 81521 Intergenic 0.307(G) 1.60x10~* 159409144 DECO01 0 Intronic —0.210(T) 8.54x10°°
36 1512049330 ATXN7L2 0 Intronic —0.278(G) 1.61x10"* rs4474514 KITLG 0 Intronic 0.255(G) 8.63x107°
37 15347134 CMTM7 0 Intronic —0. 217(G) 1.68x10~* 151000788 KITLG Intronic 0.254(G) 8.65x10°°
38 151573224 SLC24A2 155294 Intergenic 0.218(G 1.70x10°*

23 %khmﬂﬁ

41 1513188076 HTR4
42 151101751 PCED1B
43 1512037569 SORT1
44 152731840 EFNAS
45 156732045 HAAO
46 151364795 NAV2
47 153736493 ITGA11
48 1561818256 PKP1

49 151431494 MED12L
50 156142443 PHF20

65903
0
0
0
62454

o O o o

Intergenic
Intronic

Intronic

Intronic
Intergenic
Intronic
Non-synonymous
Synonymous
Intronic

Intronic

—0.238(T
o‘zzs(c)
—0.268(T)
—0.243(C)
2.623(A)
0.260(C)
0.261(C)
0.720(T)
0.929(G)
—0.236(A)

1.86x107*
1.90x10°*
1.93x107*
1.95x107*
1.99x10°*
2.05x107*
2.10x10~*
2.23x10°*
2.27x107%
2.30x10°*

W%ﬂ%&w

1s3907470
157743582
1s7595014
1s7653621
1517252034
153782181
15161799
157298378
1516863161
152731840
154269843

KITLG
Céorf58
NRXN1
MIR548A3
LINCO00371
KITLG
PARK7
PTPRR
MED12L
EFNAS
CH25H

24898
153588
241380
8583

0

6154

0

0

0
21478

Intronic
Intergenic
Intergenic
Intergenic
Intergenic
Intronic
Intergenic
Intronic
Intronic
Intronic
Intergenic

0.252(C)
0.586(C)
0.227(G)
—0.220(T)
0.328(C)

0.251(C)

—0.234(C)
—0.338(G)
0.958(C)

—0.246(C)
—0.284(A)

9.37x10°°
1.00x107*
1.04x10°*
1.05x107*
1.05x107*
1.12x107*
1.16x107*
1.17x10°*
1.42x107*
1.43x107*
1.45x10°*

& Human reference genome version GRCh37 (hg19).

Y Gene nearest to SNP.

vLS
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Table 3 - P-values for genetic variants reported to be associated with HTS in previous studies.

Gene Reference  SNP/gene Sample Type of study Outcome measure Effect on scar P-value in P-value in current study
variant component previous study [threshold P<1.7x107]
TGFB1 [15] rs8110090 202 adults with Candidate SNP Total VSS score (omitting  Increased risk of =~ Q=0.006 (FDR ad-  All TGFB1 SNP P>0.01 for scar
[Transforming surgical wound approach pigmentation) poor scar justed P-value) height and pliability
growth factor excision outcome [rs8110090 not included in
beta 1] HumanCoreExome Beadchip
microarray]
HLA-DR [human [23] HLA-DRB1*16 128 adults (19 with ~ Candidate gene- HTS (clinical diagnosis) Increased risk of P=1.45x10"* Scar height: NS
leukocyte HTS after burn- approach (HLA class HTS (relative risk  (corrected for (3=0.063; P=0.269)
antigen — injury; 109 healthy  II allogenotypes) 12.25) multiple testing)  Scar pliability: NS
antigen Drelated] community (B=0.076; P=0.185)
controls) (based on rs6923504 — partial
tag SNP for HLA-DRB1*16 in
Europeans included in Hu-
manCoreExome Beadchip-
microarray [58])
MC1R [11] rs885479 413 adults with Candidate SNP ap- Severe HTS (dichotomous  Severe HTS:- P<0.001 All MC1R SNP P>0.01 for scar
[melanocortin burn injury (subset  proach (8 SNPs) variable: total VSS score <7  Adjusted- (threshold height and pliability
1 receptor]| of subjects in Sood Us.>7) prevalence P<0.01) [rs885479 and the other 7 SNPs
etal. [17]) ratio=1.35 tested not included in-
HumanCoreExome Beadchip
microarray]|
CSMD1 [CUB and [17] 1511136645 538 adults with GWAS Scar height (fourcategories  Scar height: P=7.9x107® Scar height: NS
Sushi multiple burn injury treated ascontinuous vari- [3=-0.23 (threshold (B=-0.013; P=0.8066)
domains 1] able in linear regression) P <2x107)
PTPNS5 [protein [14] 1556234898 538 adults with Candidate gene All four VSS variables Scar height: P=1.3x10"° Scar height: NS
tyrosine burn injury (same pathway approach —  tested 3=-0.002 (threshold (3=0.351; P=0.141)
phosphatase, subjects as Sood subset of GWAS data  simultaneously in a joint,  Scar pliability: P<2x107°) Scar pliability: NS
non-receptor et al. [17]) (mitogen-activated inverted regression model  (3=-0.007 (3=0.402; P=0.091)
type 5] protein kinase Scar pigmenta- Scar pigmentation: nd
[MAPK] pathways: tion: $=0.206 Scar vascularity: nd
4912 SNPs) Scar vascularity:
B=-0.006

FDR=false discovery rate; nd=not done; NS=not significant.
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Table 4 - Enriched ‘biological process’ gene ontology (GO) terms for scar height and pliability (P < 1.68E-06; Bonferroni

correction for multiple ‘biological process’ gene ontology (GO) terms).

‘Biological process’ gene ontology Gene ontology # of Overlap Percent P-value Jaccard
(GO) term (GO) ID entities overlap similarity
Scar height (SH)

Axon guidance 0007411, 0008040 385 82 21 2.95x10°Y 0.028
Multicellular organismal development 0007275 1171 169 14 1.50x 10~ 0.047
Cell differentiation 0030154 849 132 15 8.52x10 * 0.040
Nervous system development 0007399 523 93 17 3.42x10°** 0.031
Synaptic transmission 0007268 472 84 17 5.78x 103 0.028
Cell adhesion 0007155 616 98 15 7.07 x10"*? 0.032
Positive regulation of transcription from RNA 0045944; 0045817; 0010552 1041 139 13 1.65x107° 0.040
polymerase II promoter

Regulation of ion transmembrane transport 0034765 191 42 21 5.73x 107 0.015
Synaptic transmission, glutamatergic 0035249 43 18 41 9.10x107%° 0.007
Extracellular matrix organisation 0030198 329 57 17 2.79x10°7 0.019
Regulation of membrane potential 42391 91 24 26 4.92x1077 0.008
Adherens junction organization 34332 40 15 37 5.08x 107 0.005
Transport 0006810; 0015460; 0015457 1853 219 11 5.64x 10~ 0.050
Ionotropic glutamate receptor signaling pathway 35235 27 12 44 8.19x 1077 0.004
Potassium ion transmembrane transport 71805 134 30 22 9.33x1077 0.010
Potassium ion transport 0015458; 0006813 136 30 22 1.30x10°° 0.010
Skeletal system morphogenesis 48705 59 18 30 1.31x107° 0.006
Cell junction assembly 34329 77 21 27 1.38x10°° 0.007
Cell-cell junction organization 45216 71 20 28 1.41x107° 0.007
Scar pliability (SP)

Cell adhesion 0007155 616 116 18 1.68x 10 >° 0.039
Nervous system development 0007399 523 98 18 241x107Y 0.033
Multicellular organismal development 0007275 1171 153 13 8.20x 10 *2 0.043
Synaptic transmission 0007268 472 79 16 1.34x10° 1 0.027
Homophilic cell adhesion via plasma membrane 0007156 161 39 24 4.31x10 0.015
adhesion molecules

Positive regulation of transcription from RNA 0045944; 0045817; 0010552 1041 137 13 6.59 x 1071 0.040
polymerase II promoter

Axon guidance 0007411; 0008040 385 66 17 2.30x 10 0.023
Cell-cell junction organization 0045216 71 23 32 9.62x107*° 0.009
Cell junction assembly 0034329 77 23 29 5.68x 1077 0.009
Single organismal cell-cell adhesion 0016337 145 33 22 7.15x107° 0.012
Regulation of membrane potential 0042493; 0017035 91 25 27 8.43x107° 0.010
Signal transduction 0042493; 0017035 1843 207 11 1.199x 1078 0.050
Ion transport 0042493; 0017035 627 87 13 1.97x1078 0.029
Cell differentiation 0042493; 0017035 849 107 12 8.49%1078 0.033
Adherens junction organization 0042493; 0017035 40 15 37 8.69x1078 0.006
Glutamate receptor signaling pathway 0042493; 0017035 14 9 64 1.06 X107 0.004
Negative regulation of cell proliferation 0042493; 0017035 471 68 14 1.57x1077 0.024
Intracellular signal transduction 0042493; 0017035 519 73 14 1.59x 1077 0.025
Negative regulation of transcription from RNA 0042493; 0017035 799 101 12 1.70x 1077 0.032
polymerase II promoter

Negative regulation of cell proliferation 0042493; 0017035 471 68 14 3.83x10°7 0.024
Transmembrane transport 0042493; 0017035 805 100 12 4.46x1077 0.031
Sensory perception of sound 0042493; 0017035 157 31 19 6.04x1077 0.012
Regulation of ion transmembrane transport 0042493; 0017035 191 35 18 7.58 %1077 0.013
Locomotory behavior 0042493; 0017035 108 24 22 1.23x10°° 0.009
Ion transmembrane transport 0042493; 0017035 291 46 15 1.29x10°° 0.017
Response to drug 0042493; 0017035 509 69 13 1.34x10°° 0.024

validate the results of the pathway analysis. Similarly, the
presence of the term, extra cellular matrix organisation, a process
key to the height of scars, in the SH outcome list, is an expected
result that supports the validity of the study approach.

To our knowledge this represents the largest association
study performed to date for burn scar outcome adjusted for
known confounders that may be associated with HTS. It used
reliable and defined outcome measures that are directly

associated with the extent of dermal fibrosis, height (SH) and
pliability (SP) of the subject’s ‘worst’ scar [54]. While the study
is not adequately powered for analysis at genetic variant level,
a biological pathway analysis was also employed.

The key limitation of the study is small sample size, but
another relates to incomplete adjustment for non-genetic
factors in the analysis. Further limitations include the variable
‘surgery number’ being collected at subject level rather than



BURNS 45 (2019) 567-578 577

scar level, and the ‘worst’ scar area being identified according
to total mVSS score rather than SH or SP. The influence of scar
therapies (pressure garments, massage, silicone) was not
accounted for in the analysis, and the analysis was restricted
to subjects of European ancestry. Further studies using similar
and larger datasets will be essential to validate these findings.

The challenges in recruiting sufficient subjects with a
history of burn injury from single centres means that multi-
centre studies are essential to achieve the sample sizes
required for adequately-powered genetic studies focused on
wound healing/repair. These studies will require harmonised
study methodologies with reliable outcome measurements
and data-sharing protocols. The data from this study suggest a
novelrole of the nervous system in influencing dermal fibrosis
and will make an important contribution to future meta-
analyses. Hypotheses related to the role of the nervous system
in dermal fibrosis after burn injury can be explored by
developing and testing novel mechanisms in vitro and in vivo.

4.1.  Data availability

All data generated during this study are included in this
published article (and its Supplementary Information files).
The individual-level genotype and phenotype data analysed
during the current study are available from the corresponding
author on reasonable request.
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