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Abstract

Excessive scarring (keloids and hypertrophic scars) is complex with incompletely
understood genetic underpinnings. The manifestation of a severe excessive scarring
phenotype in an Israeli pedigree carrying a very rare homozygous frameshift variant
(p-Asnd3fs/rs571313759) in the C1QTNF12 gene, encoding adipolin, provided an
opportunity to study its potential role as a highly penetrant causal variant.

Both in wvitro and bioinformatics approaches were adopted, with the latter ex-
tended to examine risk patterns of excessive scarring in a wider population. To
characterise the phenotype of dermal fibroblasts carrying the variant, cells isolated
from the proband were analysed for their morphology, proliferation, and contractil-
ity. These cells had enhanced transforming growth factor beta 1 (TGFf1)-induced
contractility but no differences in morphology or proliferation. To assess the effect
of adipolin on fibroblast contractility, wild-type normal human dermal fibroblasts
were treated with recombinant adipolin and contraction assays performed. No effect

on intrinsic or TGF/1-induced contractility was demonstrated.

To generate insight into the effect of adipolin on the fibroblast transcriptome,
normal human dermal fibroblasts were treated with adipolin-conditioned media
and bulk RNA-sequencing was performed. No significant transcriptomic changes
were induced, suggesting that adipolin may not have a striking direct effect on
dermal fibroblasts. To further substantiate the evidence for or against C1QTNF12
loss-of-function (LOF) in fibrosis, exome data for ~200000 participants in the UK
Biobank (UKB) was interrogated for potentially relevant phenotypic traits. No
phenotypes of clinical relevance to excessive scarring were observed in individuals
with C1QTNF12 LOF variants.

Multivariable logistic regressions and a phenome-wide association study (Phe-
WAS) was performed within the UKB excessive scarring cohort to characterise
comorbid associations with excessive scarring. Previously reported associations with
hypertension, vitamin D deficiency and atopic eczema were identified in models
adjusting for age, sex and ethnicity, but only the association with atopic eczema (OR
1.68, p<0.001) was statistically significant after accounting for additional potential
confounders. Ethnic differences in these comorbid associations were highlighted.
The PheWAS identified numerous previously unreported disease associations that



may inform on common pathological mechanisms, including musculoskeletal disease
and pain symptoms.

To investigate for common genetic variations that associated with excessive scar-
ring, a genome-wide association study (GWAS) was performed for the UKB cohort
and meta-analysed with GWAS summary statistics from FinnGen, comprising an
independent European population. Three of four previously associated loci were
identified: two at genome-wide significance (1g32.1: 1rs35383942, odds ratio [OR]
1.46, p-value 7.0x107M; 1g41: rs10863683, OR 0.69, p-value 3.0x10%) and one
just short thereof (15g21.3: rs60890210, OR 1.24, p-value 6.7x10°®). Bayesian fine-
mapping offered strong evidence for causality of the lead SNP at 1q32.1 (posterior
probability [PP] 0.79) and 1q41 (PP 1.0) but was inconclusive at 15q21.3. Expression
quantitative trait loci (eQTL) were identified for ten genes including PHLDAS
and NEDD/ but colocalisation analysis did not support the hypothesis that these
eQTLs shared a causal variant with keloid susceptibility. A known association with
Dupuytren’s contracture was identified at the 15q21.3 locus, notable as a fibrotic
disorder, hinting at a shared genetic architecture.

Data from this work suggest that the C1QTNF12 variant may not be a highly
penetrant cause of excessive scarring in our pedigree but does not fully rule out a
contributory role to the development of this complex disease. The UKB analyses
were a broad examination of the phenotypic and genetic characteristics of excessive
scars, with findings that parallel previous reports and shed light on new associations.
Importantly, they highlighted the need for better representation of skin phenotypes

in electronic health records for future research.
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1. Introduction

1.1 Cutaneous scarring

Skin scarring is a natural part of wound healing, a tightly-regulated process com-
prising overlapping phases of inflammation, proliferation and remodelling(Marshall
et al., 2018). After injury, a platelet and fibrin clot forms, inducing a complex in-
flammatory response, comprising numerous cellular and chemical mediators(Nurden,
2008). Neutrophils, typically the first cells to arrive, act by phagocytosis and cy-
tokine release. They are followed by other immune cells, primarily macrophages and
T-lymphocytes, carrying out reactions that overall serve to promote re-epithelialisation,
remove debris and prepare the wound for the next phases of repair: proliferation and
remodelling(Eming et al., 2007). This second phase serves to construct granulation
tissue, contract the wound and reorganise the dermal extracellular matrix (ECM),
and is orchestrated by fibroblasts, the most abundant cells in the dermis(Marshall
et al., 2018). Granulation tissue, composed of ECM components such as collagens,
proteoglycans, hyaluronic acid and elastin, as well as cytokines, growth factors
and angiogenic factors, fills the physical defect caused by the injury, promotes
further wound re-epithelialisation, and stimulates wound contraction(Marshall et
al., 2018). A relatively acellular mass of disorganised ECM, devoid of dermal
appendages (e.g. hair follicles, sweat glands) results(Marshall et al., 2018). At this
point, wound resolution and tissue remodelling ensue to restore dermal strength and
integrity. Inflammatory cell clearance and fibroblast apoptosis take place, accom-
panying a delicate balance of ECM synthesis and degradation(Shaw and Martin,
2009). A key phase by which scar outcome is determined, wound remodelling
can last for over a year, although fully normal architecture and strength is never

regained(Marshall et al., 2018).

While fetal skin is capable of scarless healing(Lorenz et al., 1992; Samuels
and Tan, 1999), post-natal skin heals with scars — functionally-deficient tissue
comprising denser, altered ECM with distortion of normal architecture(Xue and
Jackson, 2015). A mature scar consists of a large amount of collagen with the

majority being type 1 collagen and the rest being type 3 collagen(Monaco and
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1. Introduction

Lawrence, 2003). The collagen in normal skin is arranged in a non-parallel “basket-
weave” orientation, whereas scar collagen is arranged in bundles parallel to the
skin surface(Monaco and Lawrence, 2003). Scar tissue tends to be raised above
the skin surface and hyperpigmented — these features tend to reduce as the scar

matures(Baum and Arpey, 2006).

1.2 Excessive scarring

In susceptible individuals, imperfect regulation of wound resolution and remodelling
results in excessive scarring(Wynn, 2008), encompassing keloids and hypertrophic
scars. Hypertrophic scars are characteristically confined to the site of injury and
may regress spontaneously, whereas keloids exhibit tumour-like properties, growing
beyond the boundries of injury without regression and having a tendency to recur
after excision(Limandjaja et al., 2020a). Whether they are distinct entities or
a quantatitive extreme of normal wound scars remains an active area of debate.
Histopathological distinction can be challenging(Gulamhuseinwala et al., 2008). A
comprehensive review found that the most discerning histopathological features of
keloids are a thickened, flattened epidermis; a tongue-like advancing edge in the
dermis; haphazard, thick ‘keloidal’ collagen bundles; increased dermal cellularity;
signs of inflammation; and variable alpha-smooth muscle actin (aSMA) expres-
sion(Jumper et al., 2015). However, most of these features can also be found in
hypertrophic scars (Figure 1.1)(Limandjaja et al., 2020a). Similar abnormal and
variable findings in ECM composition (e.g. increased levels of types 1 and 3 collagen,
increased fibronectin, glycosaminoglycans, chondroitin sulfate and periostin, and
decreased elastin), recently comprehensively reviewed(Limandjaja et al., 2020b), are
reported for both excessive scar types. There is therefore a rationale for considering
both scars as part of one entitiy. Accordingly, a recently introduced term, “keloid
disorder”, collectively refers to both scar types as well as keloidalis nuchae and acne
keloidalis, conditions that also manifest with skin nodules as a result of trauma and

inflammation(Uitto and Tirgan, 2020).
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(a) (of Kscar) (of Yscar)
Nscar Yscar Hscar Kscar sNskin Nskin

Figure 1.1: Histological characteristics of scars by representative haematoxylin and eosin
staining. (a) Epidermis. (b-g) Dermis of (b) normal scar (Nscar), (c) young normal
immature scar (Yscar) with (g) adjacent normal skin (Nskin), (d) hypertrophic scar
(Hscar), and (e) keloid scar (Kscar) with (f) surrounding normal skin (sNskin). Scale
bar = 100pum. The dashed line in (e) indicates the border between ‘keloidal collagen’ (left)
and normal scar dermis (right). Open access figure reproduced from Limandjaja et al
2020.
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These excessive scars provide a stark visual representation of fibrosis/fibro-proliferation,
a process that inevitably besets most chronic diseases. Understanding their occur-
rence is of wide relevance. Numerous observations have been made, especially for
keloids, each offering a window of insight to disease mechanism; however a unified

understanding remains distant.

1.2.1 Keloid risk factors

Keloid risk factors can be grouped into patient-extrinsic and -intrinsic factors.

Patient-extrinsic factors

Patient-extrinsic factors relate to the type of injury that occurs (inciting stim-
ulus) and the body site (topography) it affects. These factors increase the risk of
excessive scar formation, regardless of individual susceptibility, and likely explain
why not all susceptible individuals scar excessively after every injury(Slemp and
Kirschner, 2006). Types of injuries that tend to lead to excessive scars are those
that reach the dermis and/or cause its inflammation (e.g. trauma, piercings, insect
bites, acne, burns)(Ogawa, 2017). This observation has led to numerous studies
on the functional capacities of the heterogeneous resident cells in the context of
scar formation; for example, studies on fibroblasts/fibroblast heterogeneity are bur-
geoning(Driskell et al., 2013; Rinkevich et al., 2015). Body sites that tend to form
excessive scars include earlobes, neck, sternum, upper back, shoulders and upper
limbs. Proposed reasons for why this may be the case include differences in skin
tension(Bux and Madaree, 2010; Ogawa et al., 2012; Peacock et al., 1970), sebaceous
gland density(Fong and Bay, 2002) and cellular embryological origins(Burd and
Huang, 2005; Murray et al., 1981; Thulabandu et al., 2017).

Patient-intrinsic factors

Patient-intrinsic factors that influence excessive scar susceptibility have been
uncovered largely through epidemiological observations. These broadly relate to the

individual’s ethnicity, genetics, gender, age, and comorbidities.
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Ethnic differences Often-cited data on keloid incidence and prevalence is based
largely on decades-old research, whereby ethnic differences are associated with skin
tone(Bloom, 1956). In the black and Hispanic populations, incidence ranges from 4.5-
16%(Bloom, 1956; Oluwasanmi, 1974; Rockwell et al., 1989), whereas in Taiwanese
Chinese and whites, incidence is quoted at <1%(Bloom, 1956; Sun et al., 2014).
However, observations that some lighter-skinned members of African American fam-
ilies can develop more severe keloids than their darker-skinned relatives(Marneros
et al., 2001) and that keloids in Africans with albinism have a similar prevalence
to the general population(Kiprono et al., 2015) suggest that increased pigmentation

itself is not the sole explanation for the ethnic segregation of disease.

Genetics Although most keloids are sporadic, there exist numerous cases of fa-
milial keloids spanning black, white and Asian ethnicities, with observations of an
increased prevalence in twins(Marneros et al., 2001; Ramakrishnan et al., 1974) and
similarities in phenotypic presentation within families(Bayat et al., 2005a; Clark et
al., 2009). The most commonly reported inheritance pattern is autosomal dominant
with incomplete penetrance and variable expression(Chen et al., 2006a; Clark et
al., 2009; Marneros et al., 2001; Ramakrishnan et al., 1974), although there have
also been reports of autosomal recessive and X-linked inheritances(Goeminne, 1968;
Omo-Dare, 1975). The most well-known genetic syndrome associated with keloids
is Rubenstein-Taybi syndrome, caused by autosomal dominant mutations in the
transcriptional co-activators CREBBP (chromosome 16p13.3) or EP300 (chromo-
some 22pl13) and is characterised by short stature, intellectual impairment, facial
dysmorphism, broad thumbs and toes, and a higher incidence of keloids(Goodfellow
et al., 1980; Kurwa, 1979; Selmanowitz, 1981; Shilpashree et al., 2015). It has
been proposed that the association with keloids is through altered transcriptional
co-activation of the TGF 3 signalling pathway or altered expression of heat shock pro-
teins(Lacombe and Morice-Picard, 2014). Interestingly, both CREBBP and EP300
have also been shown to regulate profibrotic gene expression and the contractile

phenotype in Dupuytrens disease, a fibrotic disease of the palmar fascia(Williams
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et al., 2020). Other syndromes that have been reported to have keloids as a
characteristic include the Ehlers Danlos syndromes (classical, linked to mutations
in COL5A1 and COL5A2(Burk et al., 2007) and type IV /vascular, linked to muta-
tions in COL3AI(Ritelli et al., 2020)), the X-linked Goeminne syndrome(Zuffardi
and Fraccaro, 1982) and a recently reported X-linked syndrome linked to FLNA
mutations that manifests with joint contractures, keloids, large optic cup-to-disc

ratios, and renal stones(Lah et al., 2016).

Age and gender Keloids are more frequently reported in women and in individ-
uals between the ages of 10-30 years(Lu et al., 2014; Seifert and Mrowietz, 2009;
Young et al., 2014). Although there is an argument that differences in health-
seeking behavior may be contributory(Bayat et al., 2005a; Burd and Huang, 2005),
observations of robust keloid growth in puberty and pregnancy(Ibrahim et al., 2020),
periods of life during which sex-related hormones spike, hint at an endocrinological
contribution to disease susceptibility(Glass, 2017). However, available literature
is scant. Oestrogenic and gonadotrophic substances have been observed in keloid
tissue and shown to stimulate connective tissue growth(Geschickter and Lewis, 1935),
potentially through the stimulation of TGF/1 signalling(Son et al., 2005). Sex hor-
mones may also contribute to increased susceptibility through their effect on immune
regulation. For example, oestrogen has been reported to be pro-inflammatory by
stimulating the AKT/mTOR pathway(Calippe et al., 2010; Pratap et al., 2015),

which is often implicated in keloidogenesis(Syed et al., 2012).

Comorbidities There are numerous anecdotal reports and independent studies
reporting diseases that tend to co-exist in individuals with excessive scarring. To
date, these have been based on epidemiological observations and speculated bio-
logical mechanisms. The most prominently discussed disease associations include
hypertension(Rutherford and Glass, 2017; Woolery-Lloyd and Berman, 2002), uter-
ine leiomyoma(Sun et al., 2014), atopic eczema(Kwon et al., 2021; Lu et al., 2018),
vitamin D deficiency(El Hadidi et al., 2021; Yu et al., 2013) and skin cancer(Y.-Y. Lu
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et al., 2021). A comprehensive, unbiased examination of the systemic comorbidities
of individuals susceptible to excessive scarring, which may support the discovery of

new mechanistic relationships, is lacking.

1.2.2 Keloid genetics

The patient-intrinsic factors described above, namely, ethnic differences, familial
clustering and genetic syndromes, suggest a genetic basis to keloid pathogenesis.
Familial and population studies have identified several loci to be associated with
keloids. It is still unclear whether these loci are ethnicity specific or whether there
are common elements in the genetics of keloids across ethnicities. The mechanisms
underlying these associations remain unknown and it is likely that there is a sub-
stantial degree of genetic heterogeneity underlying keloids. Key genetic studies

performed to date are summarised.

Linkage studies

Several susceptibility loci have been identified through familial linkage studies,
including chromosome 2q23 (suggested gene TNFAIP6) unique to a Japanese family
and 7pll (suggested gene FGFR) in an African American family(Marneros et al.,
2004). Associations with these loci were not reproduced however, when other
keloid pedigrees were screened(Chen et al., 2006b; Marneros et al., 2004). Indeed,
other susceptibility loci (on chromosome 10g21.21 and 18q21, implicating SMADZ2,
SMAD/ and PIAS2 respectively) were identified in Chinese Han pedigrees(Chen
et al., 2006b; Yan et al., 2007).

Candidate gene association analyses

Key candidate genes studied are related to TGFf3, TP53% and the human leuko-

cyte antigen (HLA).
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TGF[S Despite differences in the expression of TGFS genes between keloid and
normal fibroblasts (higher expression of TGFBI1, lower expression of TGFBS3 in
keloids)(Bock et al., 2005), studies performed, primarily from one research group,
have found no associations between keloid and polymorphisms or mutations in these
genes or their downstream signalling molecules (SMADS3, SMADG6 and SMAD7)(Bayat
et al., 2005b, 2002; Bayat et al., 2004, 2003; Brown et al., 2008a). However, this
does not exclude the possibility that there are relevant polymorphisms affecting

upstream genes and/or long-range modulators of the TGF 3 pathway(Glass, 2017).

TP53 Being important in cell proliferation and apoptosis, this gene has been
proposed to influence keloid predisposition. As with TGFj, although lesional expres-
sion differences have been demonstrated(Ladin et al., 1998), no convincing genetic
associations have thus far been found. A meta-analysis of six Chinese studies (359
keloid cases and 493 healthy controls) showed no association between the commonly
studied TP53 polymorphism (rs1042522) and keloids(Wu et al., 2012). A study of a
Polish cohort (86 cases, 100 controls) similarly found no association between TP53

polymorphisms (rs1042522 or rs17878362) and keloid risk(Dmytrzak et al., 2019).

HLA The HLA system has been associated with other dermal fibrotic diseases
e.g. sarcoidosis(Grunewald et al., 2010). Two groups have studied the association
between HLA-DRBI alleles and keloids, in white (67 cases, 537 controls)(Brown
et al., 2008b) and Chinese (192 cases, 273 controls)(Lu et al., 2010) respectively,
both supporting an association with HLA-DRB1*15. This suggests an immunogenic
component to keloids, although this finding has not been replicated in population-

wide genome scans.

Genome-wide population studies Three genome-wide association studies (GWAS)
in Japanese (816 cases, 2385 controls)(Ishigaki et al., 2020; Nakashima et al., 2010)
and Chinese Han (714 cases, 2944 controls)(Zhu et al., 2013) populations have inde-
pendently identified two shared loci to be associated with keloids, namely 1q41(Ishigaki
et al., 2020; Nakashima et al., 2010; Zhu et al., 2013) and 15q21.3(Ishigaki et
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al., 2020; Nakashima et al., 2010; Zhu et al., 2013). The Japanese studies addi-
tionally identified associations on chromosome 3 which were not identified in the
Chinese study. A cross-population GWAS meta-analysis combined keloid cases
from Japanese(Nagai et al., 2017) (1055 cases, 177671 controls) and European
populations(Kurki et al., 2022; Sudlow et al., 2015) (668 cases, 481244 controls)
and identified 2q37.3 as a novel risk locus (although no significant association was

identified in the individual studies analysed)(Sakaue et al., 2021).

Only the single nucleotide polymorphisms (SNPs) in the 15q21.3 and 3q22.3-23
loci were within genes: 1rs8032158 in 15q21.3 maps to NEDD/ (an E3 ubiquitin
ligase which has been implicated in TGFS and IGF1 signalling)(Nakashima et
al., 2010) whereas rs1511412 in 3q22.3-23 maps to FOXL2 (a transcription factor
that stimulates the expression of gonadotrophin-releasing hormone and regulates

cholesterol metabolism and steroidogenesis)(Nakashima et al., 2010).

Admixture mapping association analysis in an African American cohort (122
cases, 356 controls)(Velez Edwards et al., 2014) showed an association on chro-
mosome 15q21.2-22.3, which includes NEDD/, implicated in both Asian GWASS,
although the most significantly associated SNP (rs747722) was within a different
gene, MYOIE (a non-muscle myosin involved in actin crosslinking). Associations
were also found for SNPs at 11q13.5 (rs35641839 in MYO7A another non-muscle
myosin) and 4q31.21(rs2636675)(Velez Edwards et al., 2014). However it should be

noted that none of the associations in this study met Bonferroni significance.

1.2.3 Cellular keloid abnormalities

The predisposing factors described above culminate in cellular abnormalities char-
acteristic of and ultimately responsible for keloid predisposition. Diverse cell types
have been implicated. For example, keloid keratinocytes have been shown to con-
tribute paracrine regulation of fibroblasts through wound healing mediator secre-
tion(Khoo et al., 2006; Lim et al., 2002; Ong et al., 2006) and undergo epithelial-
mesenchymal transition(Marconi et al., 2021; Stone et al., 2016; Yuan et al., 2019).

Endothelial cell dysfunction has been suggested to play a role in keloidogenesis
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through increased vascular permeability (prolonging the influx of inflammatory me-
diators)(Ogawa and Akaishi, 2016) as well as endothelial-mesenchymal transition,
serving as a source of abnormal keloid fibroblasts(Lee et al., 2016). Increased levels
of immune cells including macrophages (with anti-inflammatory pro-fibrotic fea-
tures)(Bagabir et al., 2012a; Boyce et al., 2001; Jin et al., 2018), T-lymphocytes(Bagabir
et al., 2012a; Boyce et al., 2001) and mast cells(Ammendola et al., 2012; Bagabir et
al., 2012a) have been reported in keloids. A common theme underlying these various
cellular abnormalities in keloids is their effect on the dermal fibroblasts. These cells

are reviewed further in the context of keloids/excessive scarring(Wang et al., 2020).

The keloid fibroblast

The keloid dermal fibroblast (KDF), as the main ECM-producing dermal cell
type, has been the overwhelming focus of keloid research. Although frequently
described as myofibroblasts (a«SMA-expressing contractile fibroblasts that overpro-
duce ECM), these cells are not necessarily universally present in keloids and there
are numerous inconsistencies on the features/identity of KDFs(Bell and Shaw, 2021).
Differentiating features of KDFs that are most often reported in the literature are
their proliferation, contractility, ECM synthesis, and cytokine expression(Chipev
and Simon, 2002; Limandjaja et al., 2020b; Mukhopadhyay et al., 2005).

A general consensus from most in vitro monolayer studies is that KDFs are
hyperproliferative(Blume-Peytavi et al., 1997; Ghazizadeh et al., 2007; Hanasono
et al., 2003; Lim et al., 2006; Romero-Valdovinos et al., 2011; Russell et al., 1988;
Xin et al., 2017) with reduced apoptosis. This is thought to contribute to a larger
than normal pool of cells and the resultant excessive ECM(Chipev et al., 2000;
Ladin et al., 1998; Luo et al., 2001; Messadi et al., 1999). However, a more
complicated picture arises when considering intralesional heterogeneity. Research
groups generally support the concept of quiescent (hypoproliferative) central keloid
regions, with active (hyperproliferative) peripheries(Suttho et al., 2016; Varmeh et
al., 2011); however, there exist others who view the keloid centre as a driver of

pathology, demonstrating increased proliferation and a lack of apoptosis(Akasaka
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et al., 2001; Giugliano et al., 2003; Tsujita-Kyutoku et al., 2005). The variability of
these findings may reflect differences in defining lesional centre and peripheries as
well as the heterogeneity of the keloid phenotype itself (e.g. ‘superficial spreading’
lesions may have quiescent centres whereas ‘bulging’ lesions may have aggressive

cores)(Limandjaja et al., 2020Db).

In line with the theory that keloid cores play an active role in disease, in vitro re-
constructed keloid lesions (comprising patient-derived keratinocytes and fibroblasts)
have demonstrated a more exaggerated phenotype in the central deep keloid region,
in particular, with increased contraction(Limandjaja et al., 2018b). In this region,
activated fibroblasts/myofibroblasts were found to be more abundant and thought to
account for the increased contractility. The observation of a more contractile KDF
phenotype has been supported by other studies, proposing that these fibroblasts are
more primed to effectively transduce TGFf1 signalling(Chipev and Simon, 2002;
Kamamoto et al., 2003; Saito et al., 2011).

Numerous cytokines are implicated in keloids, chiefly TGF/1(Bettinger et al.,
1996; Bock et al., 2005; Daian et al., 2003; Fang et al., 2016; Fujiwara et al., 2005;
Hanasono et al., 2003; Messadi, 1998; Mikulec et al., 2001; Xia et al., 2006, 2004),
connective tissue growth factor (CTGF)(Fang et al., 2016; Xia et al., 2007, 2004),
platelet-derived growth factor (PDGF)(Haisa et al., 1994), vascular endothelial
growth factor(Fujiwara et al., 2005; Ong et al., 2006; Wu et al., 2004) and interleukin-
6 (IL6)(Ghazizadeh et al., 2007; Xue et al., 2000). Interpreting their individual
contributions to pathological fibroblast behaviours amidst the cross-regulatory net-
works is a growing challenge. The TGFf family has been extensively studied in
relation to fibrosis, with TGFg1 and TGF 52 being widely-accepted as profibrotic
factors and TGF (3 being anti-fibrotic(Shah et al., 1995). Both canonical (via the
SMAD complex) and non-canonical (e.g. via ERK/MAPK) TGF/1 signalling can
drive the differentiation and persistence of myofibroblasts, which in addition to their
increased contractility, can produce inappropriate ECM(Clayton et al., 2020). More
recent mechanisms by which TGF 1 has been shown to promote myofibroblast /KDF
differentiation and activity include through the DNA, RNA and protein-regulatory
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functions of non-coding RNA (e.g. microRNA, miR-21(Liu et al., 2016), long non-

coding RNAs, HOXA11-AS(Jin et al., 2019) and GAS5(Tang et al., 2020)).

The abnormal cellular behaviours and molecular mechanisms of the KDF cul-
minate in the synthesis of a qualitatively-distinct and excessive ECM. Whereas
scarless fetal ECM is rich in type 3 collagen and hyaluronic acid(Hallock et al.,
1988; Reinke and Sorg, 2012), adult scars are rich in type 1 collagen and this
enrichment is exaggerated in keloids(Xue and Jackson, 2015). A discovery-based
proteomics study further characterised the keloid ECM, finding specific enrichment
in proteins (e.g. aggrecan, asporin, biglycan, cartilage-associated protein, collagen
a-1 (XI) chain), that when functionally grouped, revealed changes in ECM assembly,
a loss of degradative proteases and a cartilage-like phenotype(Barallobre-Barreiro et
al., 2019). The chondrogenic potential of dermal fibroblasts is established(Outani
et al., 2013) and KDFs have been reported to express chondrogenic genes(Naitoh
et al., 2005). Whether these findings reflect their cellular origin is an area of

ongoing research.

The study of fibroblast plasticity and heterogeneity is fast-evolving. Beyond
myofibroblasts, fibroblast characterisation is being increasingly refined. Within the
last two years, there have been three publications of single cell RNA-sequencing
(scRNAseq) studies on keloids(Deng et al., 2021; Liu et al., 2022; Shim et al., 2022).
Deng et al described four main fibroblast subpopulations that emerged from 13
clusters: secretory-papillary, secretory-reticular, pro-inflammatory and mesenchy-
mal, the latter of which (characterised by high expression of periostin, cartilage
oligomeric matrix protein, type 11 collagen and asporin), is most relevant in keloid
pathgenesis(Deng et al., 2021). Shim et al and Liu et al both confirmed previously de-
fined expression markers (e.g. periostin) of KDF subpopulations and independently
highlighted the significance of fibroblast and vascular subpopulations as well as their

associated dysregulation of TGFf signalling(Liu et al., 2022; Shim et al., 2022).
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The keloid-prone fibroblast

Although interest in the KDF is growing, there is a paucity of research related
to ‘keloid-prone’ fibroblasts. No consensus exists on how they should be defined -
whether they are represented by fibroblasts from the non-lesional (distant or peri-
lesional /keloid-adjacent) skin of individuals with keloids or by fibroblasts from keloid-
prone anatomical sites. As alluded to previously, a keloid-prone individual does not
necessarily form keloids after every injury, yet not all individuals form keloids in
keloid-prone anatomical sites(Al-Attar et al., 2006; Fong et al., 1999; Slemp and

Kirschner, 2006).

Studies that have attempted to differentiate scar fibroblasts have performed
three main comparisons: (i) fibroblasts from ‘scar-prone’ adult skin versus ‘less scar-
prone’ neonatal skin(Mateu et al., 2016; Zivicova et al., 2017); (ii) fibroblasts from
keloid-adjacent skin versus keloid scars and normal skin (from keloid-unaffected
individuals)(Ashcroft et al., 2013; Limandjaja et al., 2018a); and (iii) fibroblasts
from ‘scar-prone’ truncal fibroblasts versus ‘less scar-prone’ facial fibroblasts(Kurita
et al., 2012). Most findings align with observations of the KDF itself; for example,
‘scar-prone’ fibroblasts from adult skin are less plastic; ‘scar-prone’ keloid-adjacent
fibroblasts have increased proliferation, contractility and show a similar keloid-ECM
profile to KDFs(Ashcroft et al., 2013; Limandjaja et al., 2018a); ‘scar-prone’ truncal
fibroblasts have a keloid-fibroblast cytokine profile (greater type 1 collagen, TGFfA1,
CTGF expression)(Kurita et al., 2012). However, other findings such as the greater
expression of aSMA by ‘less scar-prone’ neonatal fibroblasts(Mateu et al., 2016;

Zivicova et al., 2017) are counter-intuitive.

Overall, these findings offer hints for a keloid-prone fibroblast that induces keloid
formation upon receipt of an inciting stimulus, but they are not direct surrogates.
A clearer definition along with advances in cellular characterisation may aid the

efforts into researching this.
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1.2.4 Emerging/underexplored keloid hypotheses

The challenges in understanding keloids have led to a growing list of proposed

pathomechanisms, some of which are discussed here.

Keloid epigenetics

Epigenetic modifications (alterations to DNA expression without affecting its se-
quence, including DNA methylation, histone modification and non-coding RNA reg-
ulation, that ultimately lead to control of gene expression and phenotype) have been
reported in keloids, including altered DNA methylation in keloid tissue and fibrob-
lasts(Jones et al., 2015; Russell et al., 2010) and differential expression of epigenetic
modifying enzymes and non-coding RNAs (e.g. miRNA and lincRNA)(Fitzgerald
O’Connor et al., 2012; Guo et al., 2016; Stevenson et al., 2021). DNA methylation
can either suppress or activate gene expression (by inhibiting transcription factor
or repressor complex binding) whereas non-coding RNA sequences regulate mRNA
both transcriptionally and post-transcriptionally(Stevenson et al., 2021). Overall,
the functional implications of the epigenetic changes observed in keloids are poorly
understood. Of the studies performed, the resulting altered processes were associated
with TGFf signalling(Hu et al., 2017; Wu et al., 2019; Zhang et al., 2015), WNT
signalling(Sun et al., 2017), fibroblast proliferation(Feng et al., 2017; Liu et al., 2014;
Zhang et al., 2016) and ECM formation(Wu et al., 2019; Yuan et al., 2021).

Vasculature in keloids

Several lines of evidence suggest that vascular dysfunction may be relevant to
the development of keloids. These include abnormal microvasculature in keloids, the
enrichment of vascular subpopulations in keloid single-cell transcriptomics studies,
the co-occurrence of keloids and hypertension(Arima et al., 2015, 2015; Dustan, 1995;
Lawton Snyder et al., 1996; Noishiki et al., 2017), and the fact that many treatment
options for keloids suppress angiogenesis (e.g. radiotherapy(Grabham and Sharma,

2013), laser therapy(Koike et al., 2014), compression therapy(Ogawa and Akaishi,
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2016), corticosteroids(Marks et al., 1982)). This theory suggests endothelial dys-
function allows passage of inflammatory mediators and induces abnormal fibroblast

function(Ogawa and Akaishi, 2016).

Inflammation in keloids

Keloids are known to exhibit chronic inflammation within their expanding mar-
gins; infiltrating inflammatory cells as well as an abundance of pro-inflammatory
factors (e.g. IL6, cyclooxygenase-1) have been demonstrated(Abdou et al., 2014;
Bagabir et al., 2012a; Huang et al., 2012; Jumper et al., 2015). Prolonged inflamma-
tion has been shown to increase fibroblast activities, resulting in greater and more
sustained ECM deposition(Jumper et al., 2015). Consistent with these findings,
anti-inflammatory molecules (e.g. IL10) have been shown to negatively regulate
ECM synthesis and reduce scar formation(Kieran et al., 2013; Shi et al., 2016).
Furthermore, corticosteroids, the most widely-used scar treatment, is a well-known

anti-inflammatory agent(Amini-Nik et al., 2018).

However, this finding seems to conflict with the general understanding of the
inflammatory processes in wound healing and tissue repair. In the early stages
of wound healing, pro-inflammatory factors are required as defence mechanisms,
whereas in later stages, anti-inflammatory factors are dominant, promoting cellular
proliferation and remodeling(Wang et al., 2020). If cellular proliferation underlies
excessive scar formation, one would assume that the sustained anti-inflammatory
phase is pathogenic. Interestingly, one of the most-implicated immune cell types in
keloids is the M2 macrophage, which is renowned for its anti-inflammatory functions
but also highly relevant in tissue repair and remodeling — amongst the numerous
anti-inflammatory cytokines it secretes is TGF/1(Barros et al., 2013; Hesketh et
al., 2017; Jin et al., 2018; Seoudy et al., 2022).

Metabolism in keloids

I have previously reviewed the metabolic aberrations found in fibrotic diseases(Ung

et al., 2021). Briefly, the role of metabolism in keloids is highlighted through
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studies on metabolic activity(Ueda et al., 1999), glucose and lipid metabolism(Louw,
2000; Tachi and Iwamori, 2008). It is also indirectly alluded to through discus-
sions on the involvement of adipokines (primarily adiponectin) in fibrosis, including

keloids(Darmawan et al., 2020; Luo et al., 2017; Zétkiewicz et al., 2019).

High-performance liquid chromatography of keloid scars detected increased fi-
broblast number, along with high levels of adenosine triphosphate(Ueda et al.,
1999). Further exploration uncovered that the fibroblasts had enhanced glycolysis
and attenuated oxidative phosphorylation, through altered expression of glucose
uptake receptors and mitochondrial enzymes(Vinaik et al., 2020; Vincent et al.,
2008). These changes may provide a mechanism for the cancer-like behaviour of
KDFs(Vincent et al., 2008) and are thought to cause similar effects including altered
signal transduction pathways (e.g. PI3K/AKT) which impact cellular development
and growth(Wang et al., 2021).

Lipid profile analyses of keloids showed differences in their lipid composition
including a lower proportion of triglycerides, cholesterol and wax esters(Tachi and
Iwamori, 2008) and a higher proportion of arachidoic acid(Louw, 2000). This and
the fact that corticosteroids can alter lipid synthesis(Kao et al., 2003) support their
involvement in keloid development(Huang and Ogawa, 2013). Various hypotheses
have been put forward as to their pathomechanism including the modulation of
inflammation and signal transduction through lipid-derived mediators as well as the
modulation of mechanotransduction, the process by which physical /tension forces
are converted into biochemical signals that are intergrated into cellular responses,

through lipid rafts(Huang and Ogawa, 2013).

A major group of secretory proteins that modulate cellular metabolism are
adipokines, which are mainly produced by adipose tissue. There is an increasing list
of adipokines that regulate numerous aspects of energy homeostasis; their imbalance
has been associated with a range of biochemical alterations resulting in disease(Deng
and Scherer, 2010). Most prominent amongst ‘beneficial’ adipokines is adiponectin,
a pleiotropic adipokine that targets multiple organ systems to regulate insulin sen-

sitivity, energy balance, and cellular metabolism(Wang and Scherer, 2016). Its
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importance has even been extended to the regulation of inflammation, wound healing
and fibrosis(Fang et al., 2012; Luo and Liu, 2016; Reinke et al., 2016; Shibata et
al., 2012). Observations that keloids were found to express less adiponectin and its
receptors were followed by findings that adiponectin suppressed CTGF-induced KDF
proliferation, migration and ECM production(Luo et al., 2017). The adiponectin
discoveries have prompted a search for other ‘good adipokines’ as therapeutic targets

for numerous diseases, including for skin fibrosis(Zétkiewicz et al., 2019).

1.3 Adipolin

Adipolin is an adipokine first identified in 2011 by two independent laboratories(Enomoto
et al., 2011; Wei et al., 2012b). In a discovery study for novel adipokines, Enomoto
et al identified adipolin through a microarray analysis of gene expression profiles
of epididymal adipose tissues in lean versus obese mice, finding it to be one of the
transcripts downregulated in adipose tissues of obese mice. Independently, in search-
ing for novel factors with sequence homology to the more well-known adipokine,
adiponectin, Wei et al performed an in silico screen and identified, amongst other

multimeric proteins, adipolin, which they designated as CTRP12.

1.3.1 Adipolin gene and protein structure

The gene encoding adipolin is most widely referred to as C1QTNF12 (also referred
to as CTRP12, Clqdc2, FAM132A) and this nomenclature will be used hereafter.
Human C1QTNF12 has been mapped to chromosome 1p36.

The protein-coding transcript for adipolin (ENST00000330388) has 1036 base
pairs, translating to 302 amino acids, encoding eight coding exons. It is predicted
to have a signal peptide, a cleavage site, and a complement component 1q/tumour
necrosis factor (TNF)-like domain (Figure 1.2)(Cunningham et al., 2021).

The adipolin protein likely undergoes some post-translational modifications as
suggested by its structure — human adipolin contains a glycosylation site at amino

acid position 43 and a furin cleavage site at amino acid position 97-98; cleavage
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Figure 1.2: Key domains for the adipolin coding transcript. Clq, complement 1q. Image
produced using the R package drawProteins based on data from the Uniprot Protein
Database.

is predicted to produce a globular isoform of the full-length protein(Bateman et
al., 2020). Proteolytic cleavage of adipolin is likely to be performed by the serine
protease, furin, which is highly expressed in adipose tissue, and this process is
enhanced by insulin(Wei et al., 2012a). In keeping with these in silico predictions,
endogenous adipolin secreted from differentiated 3T3-L1 adipocytes, circulating
adipolin in human and mouse serum as well as FLAG epitope-tagged adipolin
expressed in mammalian HEK293T cells have been shown to exist in two isoforms:
full-length (~40kDa) and globular (~25kDa)(Wei et al., 2012a). The globular isoform
of adipolin appears to dominate in the circulation(Wei et al., 2012a).

Subunit interactions for human adipolin are inferred from its murine homolog.
Through disulfide-linked structures, full-length adipolin is thought to form a higher
molecular mass oligomer (~120kDa or higher) consisting predominantly of trimers
and larger complexes, whereas globular adipolin forms a lower molecular mass

oligomer (~45kDa) consisting predominantly of dimers(Wei et al., 2012a).

1.3.2 Adipolin expression

Tissue expression

The murine adipolin transcript is reported to be widely expressed, notably in
adipose tissue(Enomoto et al., 2011; Wei et al., 2012b), kidneys(Enomoto et al., 2011;
Wei et al., 2012b), intestines(Enomoto et al., 2011) and testes(Wei et al., 2012b).

In humans, discrepancy exists regarding tissue expression of the adipolin tran-
script. Using human tissue cDNA panels comprising 16 tissue types and 10 blood
cell types, Wei et al found that adipolin is expressed chiefly by adipose tissue, over

50-fold greater than the next highest expressing tissue, the kidneys, and minimally
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expressed in the other tissues in the panels(Wei et al., 2012b). In the Human Protein
Atlas (HPA) Consensus dataset, a resource created by the combination of three
transcriptomics datasets (HPA(Uhlén et al., 2015), GTEx and FANTOMS5(Lizio et
al., 2018)) for 55 tissue types and six blood cell types, the adipose tissue expression
of adipolin was less marked, with transcript expression enhanced in the intestine
and skin, followed by the kidneys, testes and granulocytes(Uhlén et al., 2015). This
is in part supported by immunohistochemical staining, showing membranous and
cytoplasmic positivity on colonic glandular cells, however no convincing immuno-

histochemical validation was seen in skin.

Cellular expression

Few independent studies have reported on cellular expression of adipolin. Its
transcript expression has been detected in human primary chondrocytes, the T/C-
28a2 (human chondrocyte) cell line and the ATDC-5 (murine chondrocyte) cell
line(Conde et al., 2012). At a protein level, adipolin has been detected in 3T3L1
adipocyte media(Enomoto et al., 2012) and lysates(Wei et al., 2012a) as well as in
H9c¢2 cardiomyocytes(Zhou et al., 2020), although in the latter study, antibody

details were not provided.

Again, some discrepency arises when cellular expression of the adipolin transcript
is examined using data from the HPA. Assessed at a single cell transcriptome level for
13 tissues (excluding adipose tissue) and peripheral blood mononucleated cells (using
datasets from the Single Cell Expression Atlas(Madeira et al., 2022), Human Cell
Atlas(Regev et al., 2017), Gene Expression Omnibus(Edgar, 2002) and European
Genome-phenome Archive(Freeberg et al., 2021)), the adipolin transcript appears to
be group-enriched in renal proximal tubular cells and adipocytes. Notably, using this
single cell resource, there was no detectable expression in the colon or the skin, unlike
the tissue level datasets(Karlsson et al., 2021). Furthermore, there is insufficient
protein validation of adipolin expression, with western blotting failing to detect

convincing expression in the standard panel of cell lysates tested(Uhlén et al., 2015).
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1.3.3 Regulation of adipolin biosynthesis/expression

In healthy humans, plasma adipolin levels have been measured in the range of 749
- 1,176pg/ml(Babapour et al., 2020; Bai et al., 2017; Fadaei et al., 2019; Tan
et al., 2014a). This is substantially lower than the more well-known adipokines,
adiponectin (~10ug/ml(Gavrila et al., 2003)) and leptin (~17 - 38ng/ml(Hellstrom
et al., 2000)) but higher than ghrelin (~357 - 522fg/ml)(Tschop et al., 2001).

There are conflicting reports regarding sex-specific adipolin expression; an initial
study in healthy subjects reported similar expression levels (~700pg/ml —~1150pg/ml,
p>0.05)(Tan et al., 2014b) but a more recent study in patients with coronary artery
disease and healthy controls reported higher levels in females compared to males
when covariate effects were removed (761 + 253pg/ml versus 596 + 213pg/ml,
p<0.001)(Fadaei et al., 2019). Collectively, most published studies have reported
lower adipolin levels in cardiometabolic diseases, namely type 2 diabetes, cardiovas-
cular disease and polycystic ovarian syndrome (PCOS). In patients with cardiovascu-
lar disease, adipolin levels have been measured in the range of 609 - 929pg /ml(Babapour
et al., 2020; Fadaei et al., 2019) with levels particularly decreased in patients with
acute myocardial infarction and stable angina pectoris.(Babapour et al., 2020) In
patients with PCOS, levels were lower, at 338pg/ml.(Tan et al., 2014a) For type
2 diabetes however, study results are inconsistent. Bai et al(Bai et al., 2017)
reported significantly lower levels (387.7 - 506.4pg/ml) compared with healthy con-
trols (753.8 - 892.4pg/ml). However, Kasabri et al(Kasabri et al., 2019) found
significantly higher levels in patients with normoglycaemic (1.08 4+ 0.96 ng/ml) and
pre-diabetic (1.41 + 0.77ng/ml) metabolic syndrome. In support of the latter study,
Mehrdadi et al(Mehrdadi et al., 2016) found that coenzyme Q supplementation
reduced hemoglobin Alc levels in overweight patients with type 2 diabetes while
simultaneously reducing adipolin levels. Moreoever, a further study comparing
adipolin levels in patients with type 2 diabetes and patients with and without type 2
diabetes undergoing haemodialysis, found significantly higher levels in the patients

with diabetes (29ng/ml)(Alipoor et al., 2019).
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As alluded to above, adipolin expression seems to be modulated by metabolic
alterations, although there are also disparate findings between murine and human
studies. Its transcriptional expression is significantly reduced in the adipose tissue of
diet-induced obese mice(Enomoto et al., 2011; Wei et al., 2012b) and although both
globular and full-length adipolin are reduced in obesity, there was an increase in the
ratio of globular to full-length adipolin, indicating enhanced cleavage in diet-induced
obese mice(Enomoto et al., 2012). In accordance with the notion that obesity
is associated with low grade inflammation, treatment of cultured adipocytes with
the pro-inflammatory cytokine TNF-«a led to reduced adipolin expression(Enomoto
et al., 2011). Contrastingly, analyses of the adipose tissue of otherwise healthy
obese women showed they had increased adipolin transcript expression and that this
correlated positively with the expression of TNF-a(Omidifar et al., 2019). With fun-
damental differences between the murine and human studies, including distribution
and levels of adipolin expression as well as chronicity of obesity in the subjects stud-
ied, it is difficult to make direct cross-references. One may postulate that in the early
phases of obesity, adipolin expression is suppressed, and over time its expression is

upregulated as a protective measure against insulin resistance(Omidifar et al., 2019).

Pharmacological interventions that alter insulin sensitivity have been shown
to affect adipolin levels in mice and humans. Wei et al(Wei et al., 2012b) first
reported that insulin and the insulin-sensitising agent rosiglitazone increase adipolin
transcript and protein expression in adipose tissue. This finding was recapitulated
in human studies by Tan et al(Tan et al., 2014a; Tan et al., 2014b). Hyperinsuli-
naemia induction in healthy subjects with an insulin-glucose infusion led to a marked
increase in adipolin levels from ~Ing/ml to ~1.5 - 1.9ng/ml for the duration of the
infusion (26 hours) whilst blood glucose levels remained steady(Tan et al., 2014b).
The authors also showed that the addition of insulin to control human subcutaneous
adipose tissue explants led to increased adipolin protein expression and secretion,
and that these effects were significantly attenuated by the PI3K inhibitor, LY294002,

but not the MEK inhibitor, U0126. They then demonstrated a similar stimulatory
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effect on adipolin expression using the insulin-sensitising peroxisome proliferator-
activated receptor (PPAR )y agonist, rosiglitazone, and blocked this effect using the
PPARyy inhibitor GW9662 (10uM). In a separate study, treating women with PCOS
with a different insulin-sensitiser, metformin, for six months increased their adipolin
levels from 388.7pg/ml to 922.2pg/ml(Tan et al., 2014a). In contrast, oral glucose
challenges reduced circulating adipolin levels (from 447pg/ml to 282pg/ml (P<0.01)
in patients with type 2 diabetes(Bai et al., 2017), from ~550pg/ml to ~500pg/ml in
patients with PCOS(Tan et al., 2014a) and from 447pg/ml to 282pg/ml in healthy
controls(Tan et al., 2014a)).

Little is known about the transcriptional regulation of adipolin. To date, two
members of the Kriippel-like factor (KLF) family of zinc-finger transcription factors
have been implicated. Bell-Anderson et al(Bell-Anderson et al., 2013) identified
KLF3 as a transcriptional repressor of murine adipolin (C1gtnf12) whereas Enomoto
et al(Enomoto et al., 2013) identified KLF'15 as its transcriptional enhancer. Consis-
tent with a metabolic phenotype affecting adipolin expression, KLF3-null mice are
lean and protected from diet-induced obesity(Bell-Anderson et al., 2013), whereas
KLF15 expression is decreased in adipose tissue of obese mice and TNF« treated
adipocytes(Enomoto et al., 2013). However, mouse and human genomes have a
substantial divergance of sequences involved in transcriptional regulation(Yue et
al., 2014); although the mouse C1gtnf12 promoter region contains several KLF3-
binding sites(Bell-Anderson et al., 2013), examination of the human CI1QTNF12
proximal promoter (ENSR00000344551) did not reveal KLF3- or KLF15-binding
sites(Fishilevich et al., 2017).

In wvitro interventions to modulate adipolin levels have primarily targeted in-
flammatory responses, on the premise that they are important in the regulation of
other adipokines in systemic diseases e.g. metabolic diseases(Ouchi et al., 2011) and
osteoarthritis(Conde et al., 2012). For example, in 3T3-L1 adipocytes, adipolin tran-
script levels were reduced by treatment with palmitic acid (a pro-inflammatory satu-

rated fatty acid elevated in obese individuals), TNFa (a pro-inflammatory cytokine)
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and tunicamycin (an antibiotic which induces endoplasmic reticulum stress and pro-
inflammatory signalling pathways)(Enomoto et al., 2011). In primary chondrocytes,
adipolin transcript levels were reduced by treatment with IL-15 and induced by

dexamethasone (an anti-inflammatory glucocorticoid)(Conde et al., 2012).

1.3.4 Adipolin signalling

Studies examining adipolin signalling have been performed either by exposing cul-
tured cells to adipolin or by interrogating differences in pathway activation after
experimental manipulation in adipolin-knockout mouse models. A main challenge

is that an adipolin receptor has not yet been characterised.

Both adipolin isoforms appear to activate different signal transduction pathways
in hepatocytes and adipocytes, with the full-length isoform preferentially activat-
ing AKT signalling and the globular isoform preferentially activating p44/42 and
p38 MAPK signalling(Wei et al., 2012a). Accordingly, the full-length isoform,
via AKT, but not the globular isoform, enhanced insulin-stimulated glucose up-

take in adipocytes.

However, a different group showed that treating murine cardiomyocytes with
full-length recombinant adipolin activated AKT signalling and that this pathway
mediated an anti-inflammatory and anti-apoptotic effect(Takikawa et al., 2020).
The authors also induced myocardial infarction on wild-type (WT) and adipolin-
knockout mice, finding a suppression of damaged-induced AKT signalling in the
hearts of adipolin-knockout mice. In a separate study by the same group, adipolin
was found to promote TGFfS receptor II-dependent activation of Smad2 and this
resulted in an anti-inflammatory response on mouse macrophages, an antiprolifera-
tive effect on human vascular smooth muscle cells and increased TGF /31 secretion by
both cell types(Ogawa et al., 2019). Here, adipolin-knockout mice showed decreased
phosphorylation of Smad2 and increased phosphorylation of NF-kB and c¢-Jun N-

terminal kinases in injured vessels when compared with W'T mice.
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1.3.5 Metabolic effects of adipolin

The positive metabolic effects of adipolin are primarily on glucose clearance. In
a study of patients with cardiovascular disease and healthy controls, fasting blood
glucose negatively correlated with adipolin levels(Babapour et al., 2020). A similar
finding was reported on the association between adipolin and blood glucose in a
multiple regression analysis of patients with PCOS and controls(Tan et al., 2014a).
Increasing blood adipolin in mice by adenoviral expression and recombinant protein
administration led to lower blood glucose and improved insulin sensitivity in three
different mouse models — lean WT, diet-induced obese WT and leptin-deficient
0b/ob mice(Enomoto et al., 2011; Wei et al., 2012b). These effects correlated
with enhanced insulin signalling in adipose tissue and the liver (enhanced tyrosine
phosphorylation of insulin receptor substrate-1 and AKT), but not in skeletal muscle.
Independently of insulin, adipolin suppressed hepatic gluconeogenesis by decreasing
expression of the gluconeogenic genes G6pc and Pckl in the liver and increasing

adipocyte glucose uptake(Wei et al., 2012b).

However, the findings from adipolin knockout studies are more challenging to
interpret. Ogawa et al(Ogawa et al., 2019) reported no difference in body weight or
fasting blood glucose levels between W'T and homozygous adipolin-knockout mice
(aged 12 weeks)without distinguishing sexes, whereas Tan et al(Tan et al., 2020)
found that male (but not female) homozygous adipolin-knockout had impaired

fasting glucose levels.

The effect of adipolin on fat metabolism is less marked and inconsistencies exist
between studies. Overexpression of adipolin led to no observable difference in non-
esterified fatty acid levels in WT, diet-induced obese WT or leptin-deficient 0b/ob
mice(Enomoto et al., 2011; Wei et al., 2012b). Although Enomoto et al(Enomoto et
al., 2011) reported a reduction in adipocyte hypertrophy in adipolin-overexpressing
diet-induced obese mice, this was not the case in the study by Wei et al(Wei et
al., 2012b). In adipolin-knockout mouse studies, even though detrimental effects

on lipid metabolism (reduced lipid tolerance and increased hepatic triglyceride and
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cholesterol levels) were observed in male diet-induced obese heterozygous adipolin-
knockout mice, these effects were not seen in their homozygous counterparts. Unlike
their male counterparts, female heterozygote adipolin-knockout mice subjected to
diet-induced obesity showed minimal change in lipid metabolism (increased hep-
atic very low density lipoprotein and triglyceride secretion but no differences in
hepatic triglyceride and lipid levels). Female homozygous adipolin-knockout mice
unexpectedly gained less weight compared to their WT littermates when subjected
to diet-induced obesity. Moreover, when subjected to a low-fat diet, not only did
these mice gain less weight, they exhibited higher insulin sensitivity (Table 1.1)(Tan
et al., 2020). Only one human study to date examined the lipid metabolism effects
of adipolin — here, epicardial fat thickness and low density lipoprotein-C levels in
patients with cardiovascular disease were negatively correlated with adipolin, but
no differences in total cholesterol, triglycerides or high density lipoprotein-C were

detected(Babapour et al., 2020).
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Table 1.1: Summary of metabolic phenotypes of male and female C1gtnf12 heterozygous
(+/-) and homozygous(-/-) mice.

Male mice Female mice

Clqginfi12+/- Clqinf12-/- Clqtnfi2+/- Clqinf12-/-

Body weight - - - i
Adiposity — — — —

Energy — — — —
expenditure

Low fat diet Insulin — — _ 1
sensitivity

Lipid tolerance — — — _

Liver — — — —
triglyceride
level

Liver — — — —
cholesterol
level

Body weight — T — N
Adiposity — 0 — 1

Energy — d — —
expenditure

High fat diet Insulin — N N —
sensitivity

Lipid tolerance i) — - _

Liver T — — —
triglyceride
level

Liver T — — —
cholesterol
level

Adapted from Tan SY et al (2020).

1.3.6 Anti-inflammatory effects of adipolin

The adipose tissue of adipolin-overexpressing diet-induced obese mice had less macrophage

infiltration and lower transcript levels of the pro-inflammatory cytokines TNFq,
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IL18 and MCP1(Enomoto et al., 2011). In wvitro, treatment of murine peritoneal
macrophages and cardiomyocytes with adipolin-conditioned media and recombinant
adipolin inhibited the stimulatory effect of lipopolysaccharide and TNF«a on the
expression of TNF«, IL15 and MCP1(Enomoto et al., 2011; Ogawa et al., 2019;
Takikawa et al., 2020).

Homozygous adipolin-knockout mice subjected to experimental vascular injury
and myocardial infarction exhibited pathological remodelling and increased local in-
flammatory responses amongst which included macrophage markers (CD68, F4/80),
a total immune cell marker (CD45), TNF«, IL6 and MCP1(Ogawa et al., 2019;
Takikawa et al., 2020). Interestingly, local adipolin expression decreased following
the vascular injury, potentially suggesting a regulatory involvement in the response
to injury. Consistent with this, by overexpressing adipolin in W'T mice, both disease

phenotypes were attenuated(Ogawa et al., 2019; Takikawa et al., 2020).

1.3.7 Adipolin and fibrosis

There has been no study directly assessing the effects of adipolin on fibrosis to date,
although its role in metabolism and/or inflammation may provide a link(Mack, 2018;
Ung et al., 2021). Furthermore, in an adipolin-knockout mouse model of myocardial
infarction, the knockout mice showed an increased fibrotic infarct area(Takikawa et

al., 2020).

Adipolin has been shown to promote TGF 31 secretion in cultured macrophages(Ogawa
et al., 2019). In this study, TGF 1 acted as an anti-proliferative and anti-inflammatory
cytokine acting on vascular smooth muscle cells through TGFf1/Smad signalling.
Extrapolating these findings to fibrogenesis in wvivo requires further investigation.
TGFf1, also commonly a profibrotic cytokine, may be differentially induced, de-
pending on various factors including concentration, receptor activation(Bobik, 2006;
Goumans, 2002; Myoken et al., 1990), temporal dynamics, and the local cytokine
environment(Ashcroft, 1999).
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Figure 1.3: Details of excessive scarring pedigree. A. Pedigree chart showing autosomal
recessive inheritance pattern. B. Histology of a hypertrophic scar biopsy obtained from the
proband. Scale bar = 100um. C, D. Clinical photographs of proband with severe keloids
and hypertrophic scars. E. Sanger sequencing confirmed that the affected siblings in the
pedigree are homozygous for the ¢.126dupG /p.Asn43fs variant (pink arrows) whereas the
unaffected parents are heterozygous. The wild-type control sequence is shown.

1.4 Project overview and objectives

This project was conceived following a clinical encounter with a small Israeli family of
white ethnicity, whose affected members presented with unusually excessive scarring
(both keloids and hypertrophic scars), in an autosomal recessive pattern (Figure 1.3).
Through whole exome sequencing, a rare frameshift variant (p.Asn43fs/rs571313759)
in the CIQTNF12 gene (encoding adipolin) that segregated with the phenotype
was identified. As the premature termination codon that is introduced is located in
the first exon of C1QTNF12, this variant likely leads to nonsense mediated decay
(mRNA degradation by mRNA surveillance machinery)(Kervestin and Jacobson,

2012), giving rise to a LOF of the gene.

One hypothesis of this finding is that the resultant loss of adipolin function
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increases the predisposition to excessive scarring, at a local level by producing a
susceptible fibroblast phenotype or at a systemic level, by producing a susceptible
metabolic phenotype. The phenotype exhibited by this pedigree is thought to
represent an extreme end of the excessive scarring spectrum, serving as a useful
model to investigate its genetic and phenotypic basis. An initial focus on adipolin
is followed by a phenome- and genome-wide study of individuals with excessive

scarring within the UK Biobank (UKB), addressing the following objectives:

o To characterise fibroblasts carrying the C1QTNF12 LOF variant and to anal-
yse the effects of its protein product, adipolin, on fibroblast proliferation and

contractility
o To explore the phenotype of carriers of C1QTNF12 LOF variants

o To explore the phenotypic and genetic associations of individuals with exces-

sive scarring within the UKB
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2.1 Whole exome sequencing of keloid pedigree

One Israeli pedigree with autosomal recessive keloids was studied with ethics ap-
proval and informed consent in collaboration with researchers from Tel-Aviv Sourasky
Medical Center, Professor Eli Sprecher and Dr Ofer Sarig. Pedigree identification
and sample (blood) collection was performed by researchers from Tel-Aviv Sourasky
Medical Center. Whole exome sequencing and Sanger sequencing validation were
performed by members of the McGrath lab (King’s College London). I performed

the whole exome sequencing data analysis.

Whole exome sequencing

Whole exome capture was performed by in-solution hybridization using the
Agilent Sure Select Human All Exon 50Mb kit and sequence data was generated
on the Illumina HiSeq2500 system (Illumina®).

First, DNA fragments of 150-200bp were obtained by shearing genomic DNA
using focused ultrasonication (Adapted Focused Acoustics®, Covaris®). DNA frag-
ments were purified using the Agencourt AMPure XP beads on a Dynal magnetic
separator (Invitrogen). The fragment ends were repaired, ligated with sequence
adaptors, amplified and hybridised against biotinylated 120bp RNA probes (Agi-
lent), targeting protein-coding genomic regions. Targeted regions were selected for
with magnetic streptavidin-coated beads while unbound DNA was washed off. The
purified DNA pool was eluted, amplified with low-cycle polymerase chain reaction
(PCR), multiplexed (4 samples on each lane) and sequenced with 100bp paired-end
reads. Reads were aligned to the Genome Reference Consortium Human Build 37

(GRCh37) using Novoalign (Novocraft Technologies).

Duplicate reads, arising from optical duplicates or PCR clonality, and reads
mapping to multiple regions were excluded from downstream analyses. Depth of

sequence coverage was calculated using the Bedtools package(Quinlan, 2014) and
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custom scripts, whereas variant calling and quality filtering were performed using the
SAMtools software package(Li et al., 2009). Variants were annotated with multiple
passes through the ANNOVAR software package(Wang et al., 2010).

Polymerase chain reaction

Primers for exon 1 were designed(Ye et al., 2012) to validate the segregation
of the C1QTNF12 variant with the phenotype. PCR was performed according to
the AmpliTaq Gold 360 PCR protocol (ThermoFisher Scientific). All samples and
reagents were kept on ice. Briefly, a master mix was prepared for each exon contain-
ing the following components: AmpliTaq Gold 360 DNA Polymerase (ThermoFisher
Scientific) 12.5ul; forward primer (20uM) 1ul; reverse primer (20uM) 1ul and water
9.5ul. 24pl of master mix was added to each well followed by 1ul of DNA (10ng/ul);
with a final reaction volume of 25ul. Once DNA was added, the plate was sealed,
gently vortexed and centrifuged at 400rpm for 15 seconds. The samples were run on
the Thermal Cycler Programme for 1.5 hours under the following cycling conditions:
10 minutes initial denaturation at 95°C, 30 cycles of replication (annealing 15 seconds
at 94°C, denaturing 15 seconds at 60°C, and extension 30 seconds at 72°C) and a
final extension of seven minutes at 72°C. 3ul of the PCR products were run on a
2% agarose gel (2g agarose, 100ml 1x Tris-borate-EDTA, 2.5ul ethidium bromide)
at 100 volts for 15 minutes and the bands of the amplified samples were visualised

under an ultraviolet transilluminator.

Sanger sequencing

The PCR products were cleaned with ExoSAP-IT™ PCR Product Clean-up
Reagent (Applied Biosystems). 1ul (10ng/ul) of each PCR product was added to
0.25pul of ExoSAP-IT™ and 5.75ul molecular grade water. The mixtures were run
on a Thermal Cycler Programme for 30 minutes at 37°C and 15 minutes at 80°C. For
the sequencing reactions, the BigDye terminator kit (Life Technologies, Carlsbad,
CA, USA) was used to sequence the products. 3.5ul of DNA sample was added

to 1.25ul BigDye sequence buffer, 0.25ul BigDye® Terminator v3.1 Ready Reaction
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Mix and 0.25ul (20pM) of forward or reverse primer. The forward and reverse primer
reactions were run separately. Both reactions were incubated in a Thermal Cycler
Programme for 1.5 hours at 96°C for 30 seconds, 50°C for 15 seconds and 60°C for
60 seconds. Products were purified by ethanol precipitation. 20ul of precipitation
solution was added to 5.25ul of each sample, incubated for 15 minutes at room
temperature and spun at 3000rpm for 30 minutes. The supernatant was discarded
and the samples were washed with 100ul per well of 70% ethanol and spun at 3000
rpm for 10 minutes before being dried at 60°C for five minutes. The samples were
then resuspended in 10ul Hi-Di™ Formamide (ThermoFisher Scientific) and heated
at 95°C for two minutes before being run on the ABI 3730XL Automated Sequencer
(Applied Biosystems). Chromatograms were visualised and genetic variants were

detected using the Sequencer software (Gene Codes Corporation) and SnapGene

Viewer (GSL Biotech LLC).

Whole exome sequencing data analysis

Databases

1000 Genomes Project (1IKGP) The 1KGP(Auton et al., 2015) recon-
structed genomes of 2504 individuals from 26 populations using low-coverage whole
genome sequencing, deep exome sequencing and dense microarray genotyping. A

total of more than 88 million genetic variants have been characterised.

Exome Variant Server (EVS) The current EVS data (ESP6500SI-V2) are
derived from 6503 samples of European ancestry taken from multiple NHLBI GO
Exome Sequencing Project (ESP) cohorts and provides all of the ESP exome vari-
ants. The data are publicly available for download for scientific purposes (https:

//evs.gs.washington.edu/EVS/).
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Exome Aggregation Consortium (ExAC) ExAC(Karczewski et al., 2016)
is a large-scale exome sequencing project generating sequence data from 60706 unre-
lated individuals for population genetic and disease-specific studies. The database

is commonly used as a reference for filtering and identifying causative variants.

In-house exome bank Genetic data and variation have been collected by the
Genomics Group at the Department of Genetics and Molecular Medicine (King’s
College London) from over 6000 individuals encompassing unselected population
controls and individuals with rare genetic diseases, who have consented for their

exome data to be used for genetic research purposes.

In silico variant analysis and stepwise filtering approach Variants were
annotated according to IKGP, EVS, ExAC and the in-house exome bank frequencies.
Variants were assigned pathogenicity prediction scores including Polymorphism Phe-
notyping v2 (PolyPhen-2)(Adzhubei et al., 2010), Sorting Intolerant From Tolerant
(SIFT)(Ng, 2003), Combined Annotation-Dependent Depletion (CADD)(Rentzsch
et al., 2018) and Deleterious Annotation of genetic variants using Neural Networks
(DANN)(Quang et al., 2014) scores to assess variants based on their potential

deleteriousness and biological functionality.

PolyPhen-2(Adzhubei et al., 2010) is an online prediction tool to assess the
functional effects of non-synonymous SNPs based on various features including
sequence, phylogenetic and structural information. A score from 0-1 is provided
to determine the effect of a substitution. Values lower than 0.5 are predicted to be

tolerated, whereas scores closer to one are likely damaging.

SIFT(Ng, 2003) predicts a deleterious amino acid substitution distinguishing
between a functionally damaging and a functionally tolerated amino acid. SIFT
provides a score ranging from 0 to 1. Values lower than 0.05 mean that changes
occur in highly conserved residues and are predicted to be damaging, whereas values

over 0.05 are likely tolerated.
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CADD(Rentzsch et al., 2018) incorporates multiple diverse annotations using
a vector machine-based algorithm into a single statistic termed the C score. The

cut-off value used to determine deleteriousness was >15.

DANN(Quang et al., 2014) is a tool that uses deep neural networks to filter
likely pathogenicity of alleles. Values above the recommended cut-off of 0.095 or
approaching one are considered damaging.

The exome variant profiles of both affected individuals were analysed using the
autosomal recessive mode, according to the inheritance pattern of the pedigree.

Analyses were implemented in R version 4.1.2.

Filtering was first performed according to allele frequency. As rare variants are
more likely to result in rare genetic disorders, variants with a minor allele frequency
(MAF) of more than 1% in any population-based database were removed. Variant
profiles were then filtered to remove those present in the in-house databases. Vari-
ant profiles were further filtered by excluding synonymous variants, non-frameshift
deletions and non-frameshift insertions, whilst retaining non-synonymous variants,
splice site variants, stop gain variants and frameshift insertions/deletions, as the
expectation was to identify a protein-altering variant. Using the autosomal recessive
model, variants were filtered to require the presence of at least one homozygous or
two heterozygeous protein-altering variants within the same gene that were shared

by both affected members.

2.2 Adipolin functional studies

Primary dermal fibroblast culture

Primary homozygous C1QTNF12 mutant fibroblasts (hereafter referred to as
11253) were a kind gift from Professor Eli Sprecher and Dr Ofer Sarig from Tel-
Aviv Sourasky Medical Center, Israel. The primary human WT normal and keloid
dermal fibroblasts (NDF, KDF) used were previously harvested by Dr Tanya Shaw
(ethics reference 14/NS/1073) and placed in cryogenic storage. The growth medium
used was Dulbecco’s modified eagle media (DMEM) with high glucose (4.5g/L)
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supplemented with 10% foetal bovine serum (FBS), 50ug/ml penicillin, 50mg/ml
streptomycin and 2mM L-glutamine. For glucose starvation, the growth medium
used contained 1g/L glucose (ThermoFisher Scientific, catalogue number 11054001).
Cryopreserved vials of cells were thawed, resuspended in complete culture medium
into a T-25 culture flask (Corning) and incubated in a 37°C, 5% CO? humidified
incubator overnight. The culture medium was replaced the following day and every
other day until 80% confluency, at which time the cells were subcultured. Cells
for subculture were washed with phosphate buffered saline (PBS) and detached
using 0.05% Trypsin in ethylenediaminetetraacetic acid (EDTA) solution, which
was neutralised with complete culture medium. Cells were then centrifuged for three
minutes at 1200rpm, resuspended and split into two or three flasks as required. For

this report, cells used were below passage 10.

Cell-derived matrix (CDM) generation

CDM generation, briefly summarised below, was performed based on a previously

published protocol (Kaukonen et al., 2017).

Coverslip preparation Sterile 13mm coverslips were placed in each well of a 24-
well tissue culture plate and covered in 70% ethanol for 20 minutes then washed
three times in PBS. Coverslips were coated in 0.2% sterile-filtered gelatin for 60
minutes at 37°C then washed three times in PBS. The gelatin was then cross-linked
with 1% sterile glutaraldehyde (500ul per well) for 30 minutes at room temperature
in a fume hood before washing a further three times in PBS. The cross-linking was
quenched with sterile-filtered glycine (1M, 500ul per well) in PBS for 20 minutes
at room temperature, followed by three PBS washes. Wells were incubated with
complete growth medium for 30 minutes at 37°C and washed a final three times in

PBS. Plates were either used immediately or stored for up to four weeks at 4°C.
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CDM production 45000 cells/well were seeded and cultured overnight. When
cells had formed a confluent monolayer, the culture medium was replaced with fresh
medium supplemented with sterile-filtered ascorbic acid (50ug/ml). The ascorbate
supplemented medium was replaced with freshly prepared medium every two days
for a culture duration of 10 days. Medium was then removed from wells and cells
were washed with PBS by gentle pipetting. Coverslips containing cells and CDM
were fixed in fresh 4% paraformaldehyde for immunofluorescence staining (described

further in Section 2.2.4).

Adipogenic differentiation of cultured dermal fibroblasts

Adipogenic differentiation was performed by Dr Willow Hight-Warburton. Briefly,
for a 24-well plate, 40000 cells were plated in 500l of normal growth medium.
At 100% confluence, cells were subjected to three cycles of adipogenic induction
and maintenance. Adipogenic induction involves a 3-day culture in dexametha-
sone (1pM), insulin (10pg/ml), 3-isobutyl-1-methylxanthine (Sigma, 500u4M) and
indomethacin (Sigma, 50uM) in DMEM supplemented with 10% FBS. This is fol-
lowed by three days of culture in adipogenic maintenance media consisting of DMEM
supplemented with 10% FBS and insulin (10ug/ml). After three cycles of adipogenic
induction and maintenance, cells were cultured for a further seven days in adipogenic
maintenance media with media replacement every two to three days. Adipogenic

differentiation was confirmed by Oil Red O staining.

2.2.1 Functional characterisation of fibroblasts
Assessment of cell morphology

100000 cells per well were seeded in 6-well plates in normal growth medium,
then left to adhere and grow in the incubator for up to 48 hours. Cells were fixed
in fresh 4% paraformaldehyde at six hours, 24 hours and 48 hours and stained
with nuclear and cytoskeletal markers for immunofluorescence imaging as described

in Section 2.2.4.
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Proliferation assay

Proliferation of 11253 fibroblasts was first assayed on coverslips using Ki67 as
a proliferative marker (detailed in Section 2.2.4). The proliferation assay was re-
peated by counting DAPI-positive cell numbers directly in culture vessels over 48
hours. Subsequent proliferation assays including that of normal fibroblasts treated
with adipolin conditioned-media was performed using the DAPI-positive cell count

method.

For assaying 11253 fibroblasts, sterile coverslips and 2% gelatin solution were
prepared by autoclaving. Coverslips were placed in 24-well tissue culture plates,
coated with 2% gelatin by incubating at 37°C for one hour. Wells were washed three
times in PBS before subsequent introduction of culture medium with or without
supplemental sterile-filtered ascorbic acid (50ug/ml). 5000 cells per well were seeded

and left to adhere and grow in the incubator for 48 hours.

The proliferation assay of 11253 fibroblasts was repeated by counting DAPI-
positive cells. 100000 cells per well were seeded in 6-well plates in normal growth
medium (without supplemental ascorbic acid), then left to adhere and grow in the

incubator for 48 hours. Cells were fixed at six hours, 24 hours and 48 hours.

For assaying normal fibroblasts treated with adipolin conditioned-media, 3000
cells per well were seeded in 48-well plates and left to adhere and grow in the

incubator for 72 hours. Cells were fixed at six hours and 72 hours.

Stimulation assays

For stimulation of NDF and 11253 fibroblasts with TGFS1, 45000 cells were
seeded per well in 12-well tissue culture plates in 500ul of culture medium with and
without the addition of TGFS1 1ng/ml. Cell lysates were collected after 72 hours.
Specifically, wells were washed with ice-cold PBS and the cells were lysed with 1004l
of radioimmunoprecipitation assay (RIPA) lysis buffer supplemented with 1:100 pro-
tease inhibitor cocktail. Wells were scraped and all liquid containing protein lysates

transferred into Eppendorfs before being frozen at -80°C for at least overnight.
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For stimulation with commerically obtained adipolin, 45000 cells were seeded
per well in 12-well tissue culture plates in 5004l of culture medium + /- TGFS1 1ng
+/- full length recombinant adipolin (Aviscera Bioscience #00392-02-100). After
24 hours in the incubator, cells were visualised using a phase contrast microscope

with photomicrographs taken.

For stimulation of NDF with adipolin-conditioned medium (Section 2.2.2) for
RNA-sequencing, fresh 24-hour adipolin- and control-conditioned medium were col-
lected, spun down and filtered using a 0.22um-diameter filter. 200000 cells were
seeded per well in 6-well tissue culture plates in 1.5ml of the conditioned medium.

RNA purification was performed after 48 hours (Section 2.2.3).

For stimulation of collagen gel-embedded fibroblasts, cells were embedded into
collagen gels by thoroughly mixing 500ul of cell suspension at 150000 /ml, 200l of
cold collagen I solution (ThermoFisher Scientific, A1048301) and 6xl of 1M NaOH
to neutralise and set the gel (to obtain a final cell concentration of 100000/ml),
taking care to avoid incorporating bubbles. This suspension was dispensed into a
well of a 24-well plate and left for 15-20 minutes at 37°C to set. The collagen gel
was then released from the edge of the well with a p20 pipette tip and 500ul of
culture media (+/- TGFfS1 1ng/ml) was added. For stimulation of the collagen
gel-embedded fibroblasts with recombinant mouse adipolin, the experiment was
scaled down to 96-well tissue culture plates due to limited recombinant protein.
For all experiments, the plates were imaged at 24-hourly intervals for up to 14
days using the BioRad GelDoc+ imaging system. Gel areas were quantified using

ImageJ(Schneider et al., 2012).

2.2.2 Adipolin overexpression and conditioned media prepa-
ration

Preparation of adipolin DNA construct

A FLAG-tagged DNA construct containing the C1QTNF12 cDNA in a pcDNA3.1+ /-
(K)-DYK vector (clone ID OHu26695D) and a His-tagged subclone in a pcDNA3.1+/-

C-6His vector were purchased from Genscript.
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Bacterial transformation

TOP10 chemically competent E. coli were thawed on ice for 10 minutes before
addition of plasmid DNA. 2.5ul (0.5ug) of DNA was added to 25ul of bacterial cells
and left on ice to anneal for 10 minutes before being heat-shocked for 45 seconds at
42°C in a water bath. The sample was immediately placed on ice for two minutes.
15041 of Luria-Bertani (LB) broth was added and the sample was incubated at 37°C
for one hour in a shaking incubator at 225rpm. The transformation reaction was
then plated on an agar plate containing the appropriate resistance antibody for the
vector (ampicillin). The plate was incubated at 37°C for 16 hours before collection
of bacterial colonies. The single largest colony was picked with a pipette tip and
added to 50ml of LB broth containing ampicillin and left in a shaking incubator
for 16 hours. Glycerol stocks of the transformed bacteria was prepared by adding
250ul of glycerol to 750ul of the LB broth containing the transformed bacteria. The
remaining LB broth was centrifuged at 4000rpm for 15 minutes and the pellet was

retained for plasmid DNA purification.

Plasmid purification

Plasmid DNA was purified from the pelleted bacterial cells by alkaline lysis
using the Qiagen Midiprep kit according to the manufacturer’s protocol. Plasmid
DNA was eluted in a high salt buffer (Buffer EB) and quantified using a NanoDrop

spectrophotometer (ThermoFisher Scientific).

Generation of adipolin-overexpressing Hek293 cells

Transient transfection of Hek293 cells was performed using polyethylenimine
(PEI). One day before transfection, 160000 cells/well were seeded in 12-well tissue
culture plates in DMEM supplemented with 10% FBS and 2mM L-glutamine to
achieve a confluency of 80% at the time of transfection. On the day of transfection,
the culture medium in each well was replaced with 900ul fresh medium and the plate
was placed in the incubator whilst DNA-PEI complexes were prepared. For each

transfection sample, equal volumes of diluted plasmid DNA and diluted PEI were

61



2. Methods

prepared separately before mixing and adding to the cells. 1ug of plasmid DNA was
used per well and the ratio of DNA to PEI used was 2.5. For transfection of one
well, two Eppendorf tubes were prepared: one containing 1ug DNA diluted in 50ul
of serum free media (Optimem, ThermoFisher Scientific) and the other with 2.5ug
PEI diluted in 50l Optimem. The tubes were vortexed and spun down briefly, then
incubated for 10 minutes at room temperature. The diluted PEI was added drop-
wise to the diluted DNA while gently mixing and the total transfection mixture
(100pl) was added to each well to be transfected. Cells were incubated with the

transfection mixture for 12-16 hours before lysing for RNA and protein extraction.

Conditioned media preparation

One day before transfection, 2600000 cells were seeded in 100mm dishes in
DMEM supplemented with 10% FBS and 2mM L-glutamine to achieve a confluency
of 80% at the time of transfection. On the day of transfection, the culture medium
in each well was replaced with 6300ul fresh medium and the plate was placed in the
incubator whilst DNA-PEI complexes were prepared. For each transfection sample,
equal volumes of diluted plasmid DNA and diluted PEI were prepared separately
before mixing and adding to the cells. 15ug of plasmid DNA was used per dish and
the ratio of DNA to PEI used was 2.5. For transfection of one dish, two Eppendorf
tubes, each containing 15ug DNA diluted in 350ul of Optimem and 37.5ug PEI
diluted in 350u]1 Optimem, were prepared. The tubes were vortexed and spun down
briefly, then incubated for 10 minutes at room temperature. The diluted PEI was
added to the diluted DNA and the total transfection mixture (700ul) was added
to each dish to be transfected. After 16 hours of incubation with the transfection
mixture, cells were split at 1:3 ratio and cultured in complete media for 24 hours,

after which, conditioned media was collected.
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2.2.3 Nucleic acid assays

DNA extraction

Genomic DNA (gDNA) for the 11253 fibroblasts were extracted using the Monarch
Genomic DNA Purification Kit (New England BioLabs Inc). Briefly, 1000000 cells
were pelleted by centrifugation at 1000 x g for 1 minute and resuspended in 100ul
cold PBS. 1ul Proteinase K and 3ul RNase A (solutions from kit) were added and
mixed. 100ul Cell Lysis Buffer was added and vortexed thoroughly. The sample was
incubated for 5 minutes at 56°C. 400ul gDNA Binding Buffer was added and mixed
thoroughly before being transferred to a gDNA Purification Column and centrifuged
at maximum speed. The column was then transferred to a new collection tube and
500ul gDNA Wash Buffer added. The tube was centrifuged twice for 1 minute at
maximum speed and flow through discarded. gDNA was eluted by adding 35ul

gDNA Elution Buffer and centrifuging at maximum speed for 1 minute.

Polymerase chain reaction

Primer pairs were designed for amplifying fragments containing the C1QTNF12
variant as well as selected published keloid variants using Primer-BLAST (Table
4.3).(Ye et al., 2012) PCR was performed according to the AmpliTaq Gold 360
PCR protocol (ThermoFisher Scientific). All samples and reagents were kept on
ice. Briefly, a master mix was prepared for each exon containing the following
components: AmpliTaq Gold 360 DNA Polymerase (ThermoFisher Scientific) 12.5ul;
forward primer (20uM) 1pul; reverse primer (20uM) 1ul and water 9.5ul. 24ul of
master mix was added to each well followed by 1ul of DNA (10ng/ul); with a
final reaction volume of 25ul. Once DNA was added, the plate was sealed, gently
vortexed and centrifuged at 400rpm for 15 seconds. The samples were run on the
Thermal Cycler Programme for 1.5 hours under the following cycling conditions: 10
minutes initial denaturation at 95°C, 30 cycles of replication (annealing 15 seconds
at 94°C, denaturing 15 seconds at 60°C, and extension 30 seconds at 72°C) and
a final extension seven minutes at 72°C. 3ul of the PCR products were run on a

2% agarose gel (2g agarose, 100ml 1x Tris-borate-EDTA, 2.5ul ethidium bromide)
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at 100 volts for 15 minutes and the bands of the amplified samples were visualised

under an ultraviolet transilluminator.

Table 2.1: Primers used for DNA amplification.

Variant PMID Forward Primer (5-3’) Reverse Primer (5’-3)

rsb71313759 — AGGCGAGGGGAGGATTTACT AGGAGAGGGCTTCCCAGA

(CIQTNF12)

rs873549 20711176; TCAGAGGACATCACAAGGAGA GGACAGATGACAGATGGCAAG
23667473

rs1511412 20711176 GCCAACCAGACTCACATGTG ATTGGCAAGGAAGTGGAGCA

rs940187 20711176 CCACTGGGCCTTTGTTTCAAG CAGCTACCTCCAGCCACTTT

rs8032158  20711176; TTAATTTTGTCACGACTGCATGG CACATACTTTGTTTTCTGCCTCCT
23667473

1192314256 32514122 TCTTGAACTTGACCAGGCCT CTCAAGGAGGGCGTGCTG

Sanger sequencing

The PCR products were cleaned with ExoSAP-IT™ PCR Product Clean-up
Reagent (Applied Biosystems). 1ul of each PCR product was added to 0.25ul
of ExoSAP-IT™ and 5.75ul molecular grade water. The mixtures were run on a
Thermal Cycler Programme for 30 minutes at 37°C and 15 minutes at 80°C. Samples
were submitted to Source BioScience for Sanger sequencing. Chromatograms were

visualised using SnapGene Viewer (GSL Biotech LLC).

RNA purification

Cells were lysed in RLT buffer (Qiagen, 350ul per 1000000 cells) and stored at
-80°C until purification. Samples were homogenised with the QIAshredder (Qiagen)
to maximise yield. RNA was purified using the Qiagen RNeasy mini kit with
on-column DNAse treatment to remove genomic DNA contamination. RNA from
normal skin and keloid scars used were obtained from Dr Shaw’s cryopreserved bank.

Homogenised whole 4mm tissue biopsies, including epidermis, tissue-preserved in
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RNAlater, were processed using the Qiagen RNeasy Fibrous Tissue Mini Kit. The
resulting RNA samples were eluted in RNAse-free water. RNA quantification and
purity assessment was performed using a NanoDrop 2000 Spectrophotometer (Ther-
moFisher Scientific); samples with A260/280 ratios of between 1.9 and 2.1 were
deemed acceptable for quantitative PCR (qPCR).

Reverse transcription

Reverse transcription was performed from RNA (described above) to synthesise
c¢DNA using the RevertAid First Strand cDNA Synthesis Kit (ThermoFisher Scien-
tific) using 1ug total RNA, 24l of 10mM dNTP mix, 1ul of RNase inhibitor (20U /ul),

4pl of 5x reaction buffer and 1ul of reverse transcriptase (200U /pul).

qPCR

Gene expression was assessed using real-time PCR with the Thermofisher Sci-
entific Tagman assay. Hs01012116_ g1, which spanned exon 3-4 of the C1QTNF12
gene, was selected for its best coverage; GAPDH (Hs02786624_gl) was used as an
internal control. The PCR reaction mix was prepared as per the manufacturer’s pro-
tocol using 10ul of the gene expression mastermix containing the DNA polymerase,
1ul of the gene expression assay, and 1ul (100ng) of cDNA per well in a 96-well
optical reaction plate. Samples were prepared in triplicates. The PCR was run using

the Applied Biosystems 7900HT RT PCR system at standard settings for 40 cycles.

Transcriptome sequencing and data analysis

For bulk RNA sequencing, RNA purity and integrity was confirmed using the
Agilent 2100 BioAnalyzer (Agilent Technologies), as per manufacturer’s protocol.
Samples with concentration >30ng/ul and RNA Integrity Number >8 were deemed
acceptable for analysis. Total RNA was submitted to BGI Tech Solutions for
library preparation and transcriptome sequencing. Brieflyy, mRNA enrichment and
purification were performed by oligo dT selection. Non-stranded libraries were
prepared and sequencing was performed on the BGISEQ platform. Paired-end

reads of 100 nucleotides were generated.
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For transcript assembly, clean RNA reads were aligned to GRCh38 using the
HISAT package and to the reference genes using the Bowtie2 package. Transcript
quantification was performed using the RSEM package. Differential expression
analysis and hierarchical clustering were performed using DESeq2 and the R package
pheatmap respectively(Kolde, 2019). P-values were adjusted by the Benjamini-
Hochberg method, controlling the False Discovery Rate (FDR) at 0.05. A liberal fold-
change >1 was set to detect all significant changes in transcript expression, as weak
effect sizes were expected due to the limited sample size and low adipolin dosing in

the conditioned media. Data analysis was performed using R software version 4.1.2.

2.2.4 Protein assays

Immunofluorescence and imaging

As described in Section 2.2, cells with and without CDM were fixed with fresh
4% paraformaldehyde in PBS for 10 minutes and permeabilised with 0.1% (without
CDM) or 0.2% (with CDM) Triton X-100 in PBS for 10 minutes. The Triton solution
was removed and washed twice with PBS before staining was performed. After fixing,
coverslips were washed three times with PBS and permeabilised with 0.2% Triton
X-100 for 10 minutes before a further three washes with PBS. The coverslips were
blocked with 4% bovine serum albumin (BSA) in PBS for one hour. The blocking
solution was removed and the matrices were incubated overnight with 100ul of

primary antibody (anti-Ki67, 1:500, Abcam) diluted in 4% BSA per coverslip at 4°C.

The primary antibodies were removed and coverslips were washed with PBS
before incubation in the appropriate secondary antibodies (e.g. AlexaFluor goat
anti-rabbit, 1:1000) and fluorophores (e.g. 4’, 6-diamidino-2-phenylindole, DAPI,
1:3000, ThermoFisher Scientific; Alexa Fluor 488™ phalloidin, 1:500, ThermoFisher
Scientific) for one hour at room temperature in the dark. The secondary antibodies
were removed and the coverslips washed with PBS followed by distilled water before
mounting on microscope slides. The slides were left to dry overnight in the dark

at room temperature before imaging. Tile scans of each well were obtained with
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fluorescent microscopy at 10x and 20x objective using the Evos FL Auto 2 Cell
Imaging System.

Standardised thresholding of grey-scale images of DAPI-positive cells was per-
formed before automatic quantification on ImageJ. Fluorescent cells within a stan-
dardised area of each well were analysed using a pipeline on CellProfiler(Stirling
et al., 2021). Briefly, cell borders were automatically traced to obtain parameters
including filtered cell area and cell eccentricity. Cell eccentricity (the ratio of focal
length to the major axis length) is a measure of cell shape, whereby a perfect circle

has an eccentricity value of 0 while a highly elongated oval has a value approaching 1.

Protein extraction

Total protein was extracted from tissue, cells, and precipitated from conditioned
media. Conditioned media was generated and collected as described in Section 2.2.2.
One volume of conditioned media (300ul) was added to four volumes of cold acetone
(1200pl1, -20°C) in Eppendorf tubes, vortexed and incubated for >2 hours at -20°C.
The mixture was centrifuged for 10 minutes at 13500 x g. The supernatant was
carefully removed and the pellet was dried by evaporation at room temperature for 30

minutes before being resolubilised in 20ul RIPA and 20l 5x Laemmli sample buffer.

For cell lysate extraction, adherent cultured cells were washed twice with cold
PBS before addition of cold RIPA. Cells were then scraped and collected into an
Eppendorf tube. The cell suspension was centrifuged at 13500 x g for 15 minutes
to pellet cell debris and the supernatant was stored at -80°C for further analysis.
Protein extraction from skin was previously generated within Shaw Lab (King’s
College London) whereas healthy subcutaneous fat protein lysates (from redundant
abdominal surgery) were a kind gift by Dr Paul Caton and Dr Elizabeth Evans

(School of Cardiovascular Medicine and Sciences, King’s College London).

Western blot

4ul of bx Laemmli sample buffer was added to 16ul of sample lysates (equal

volumes assumed equal quantities across conditions). The mixtures were heated for
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10 minutes at 92°C. Samples were loaded onto a 15% SDS PAGE (pre-cast Invitrogen
NuPAGE) gel and run then transferred to a PVDF membrane for immunoblotting.
The membrane was blocked with 5% milk in Tris Buffered Saline (TBS) for one
hour at room temperature then incubated overnight at 4°C on a rocking platform
with primary antibodies diluted in 0.05% BSA in TBS containing 0.1% Tween and
0.02% sodium azide, as follows: anti-aSMA antibody (1:1000, Abcam, ab21027),
anti-GAPDH (1:1000, Sigma, G9545), anti-collagen 1 antibody (1:1000, Abcam,
ab292), anti-5 Actin antibody (1:1000, Abcam, ab8227), anti-adipolin antibody
(1:500, ThermoFisher Scientific, PA5-46452).

After primary antibody removal, the membrane was washed three times in TBS
containing 0.1% Tween, then incubated with the appropriate secondary antibodies
(goat anti-rat antibody, 1:5000, Abcam, ab7097; goat anti-rabbit antibody, 1:5000,
Abcam, ab205718) for one hour at room temperature on a rocking platform. After
three washes with TBS containing 0.1% Tween, the blot was chemiluminescently
developed with the Pierce ECL HRP substrate to visualise bands. Bands were

visualised using ImageLab™ (Bio-Rad).

Immunohistochemistry

Paraffin embedded normal and keloid skin sections used were obtained by Dr
Tanya Shaw for studying the molecular mechanisms of tissue repair and scar forma-
tion (ethics reference 14/NS/1073). Heat-mediated antigen retrieval with sodium
citrate buffer was performed for 20 minutes. The slides were washed twice for
five minutes in TBS and 0.025% Triton X-100 on a rocker then blocked in TBS
with 10% normal serum and 1% BSA in TBS for two hours at room temperature.
The slides were drained and incubated with the primary antibody against adipolin
(1:100, ab121791, Abcam) overnight at 4°C in a humidified chamber. After incu-
bation, the slides were rinsed twice for five minutes in TBS and 0.025% Triton.
Slides were incubated in 0.3% H,O, in TBS for 15 minutes followed by the HRP-
conjugated secondary antibody diluted in TBS with 1% BSA for one hour at room

temperature. After rinsing in tap water and haematoxylin counterstaining, slides
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were dehydrated and mounted. Slides were visualised using the NanoZoomer S60

Digital Slide Scanner.

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) for adipolin was performed accord-
ing to the manufacturer’s protocol (Cusabio, CSB-EL008058HU), using kit reagents.
Culture supernatants (conditioned media) were centrifuged for 15 minutes at 1000 x
g at 4°C and assayed immediately. Sequential dilutions (1:2) of stock standard were
prepared. 100ul of standard and sample per well were pipetted into the assay plate,
covered and incubated for 2 hours at 37°C. 100ul of Biotin-antibody was added
to each well and incubated for 1 hour at 37°C. Wells were washed three times and
100u1 of HRP-avidin was added to each well, for a further 1 hour incubation at 37°C.
Wells were washed five times before adding 90ul of 3,3 ;5,5 -Tetramethylbenzidine
substrate at 37°C, keeping the plate protected from light. Reactions were halted
after 20 minutes and the optical density (OD) of each well were detected with
a microplate reader set to a wavelength of 450nm. FExperiments were performed
with 2 technical duplicates and the average value was reported. OD values from
the standard dilutions were used to plot a standard curve from which the adipolin
concentration in samples were derived using the formula: concentration = (OD

- intercept)/slope.

2.2.5 Statistical analyses

Data from cell-based experiments were used to generate means and standard devia-
tions or medians, 25th and 75th percentile values. All cell-based experiments were
performed in duplicates or triplicates and assessed using the Student t-test and
ANOVA. P-values <0.05 were regarded as statistically significant. The GraphPad
software was used to implement most of the statistical tests in cell-based experi-

ments.
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2.3 UK Biobank

2.3.1 Study population

The UKB is a population-based cohort study that recruited >500,000 participants
(40 - 69 years at recruitment) who attended one of 22 assessment centers across the
UK from 2006 - 2010(Sudlow et al., 2015). Rich health-related information is avail-
able, including self-reported health conditions, lifestyle indicators, anthropometric
and biological measurements. Prospective data linkage to various national health
records has also been performed; Hospital Episode Statistics (covering inpatient
visits only) are available for the whole UKB cohort and primary care records have
recently been made available for nearly half the cohort. Analyses were restricted to
individuals with linked-primary care records to limit the possibility of misclassifying

participants as unaffected controls due to missing data.

2.3.2 UKB ethics

All participants provided electronically written informed consent. UKB has approval
from the North West Multi-Centre Research Ethics Committee (ethics reference
11/NW/0382). This research forms part of approved project number 15147.

2.4 Exploring C1QTNF12 variants within the UKB

2.4.1 UKB exome sequencing

Exome sequencing of the UKB participants was performed on the Illumina NovaSeq
6000 platform using the IDT xGen Exome Research Panel v1.0 and supplemental
probes (targeting ~19396 genes(Van Hout et al., 2020). Exome sequencing and
initial quality control were performed by the UKB central team prior to data release.
Reads were mapped from GRCh37 to GRCh38 using the functional equivalence
protocol as previously described(Szustakowski et al., 2021) and per-sample files
were aggregated and joint-genotyped into a single multi-sample project-level variant

call format (pVCF) file for all UKB 200K samples. As detailed on the UKB
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Data Showcase (https://biobank.ndph.ox.ac.uk/ukb/label.cgi?id=170), no
variant- or sample-level filters were pre-applied to the pVCF files - the pVCF files
contain allele-read depths (DP) and genotype qualities (GQ) for all genotypes from
which variant- and sample-level QC can be calculated and to which analysis-specific

filters can be applied.

2.4.2 C1QTNF12 variant analysis

pVCF exome data for C1QTNF12 from ~200000 UKB participants (data release Oc-
tober 2020) was extracted using the Swiss Army Knife tool within the UKB Research
Access Platform. Variant annotation was performed using the Ensembl Variant Ef-
fect Predictor(McLaren et al., 2016). Predicted LOF (pLOF) variants were defined
as frameshift, stop-gained, splice-acceptor and splice-donor variants. Primary and
secondary care clinical records for individuals homozygous and heterozygous for
these variants were extracted using the R package ukbwranglr(Warwick, 2022a) and
mapped to phecodes via ICD10 using codemapper(Warwick, 2022b) and Phecode
Map 1.2(Wei et al., 2017) (further detailed in Section 2.5.1). QC filtering was applied
to remove samples with DP <10 and GQ <20 (i.e. corresponding to a genotype error
rate <1%). A phenome-wide association study (PheWAS) was then performed using
the R package PheWAS(Carroll et al., 2014), with multivariable logistic regressions
to estimate the effect of heterozygosity for C1QTNF12 pLOF on the risk of each
phecode diagnosis, adjusting for age, sex and ethnicity. A Bonferroni-adjusted
p-value threshold of 0.05/1518=3.3x10"% based on the 1518 phecodes tested was
used to determine statistical significance. Phecodes with <200 cases or controls
were excluded. Statistical analyses and data visualisation were performed with R
version 4.1.2 and additional packages including tidyverse(Wickham et al., 2019)

and targets(Landau, 2021).
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2.5 UKB phenotypic association study
2.5.1 Ascertainment of disease status

Excessive scarring status A broad definition of “excessive scarring” was used,
which included a diagnosis of keloid or hypertrophic scar, as both conditions are
not well-distinguished in electronic health record coding systems. Other large-scale
studies (Biobank Japan(Nagai et al., 2017) and Finngen(Kurki et al., 2022)) have
also used this broad definition to define keloid code selection. Both types of excessive
scarring can be difficult to differentiate(Gauglitz et al., 2010; Lee et al., 2004) and

this approach would enable capture of potential keloid misdiagnoses.

Comorbidities/outcomes A systematic search for excessive scarring disease as-
sociations was performed on Medline using the following search query: (case-control
studies/ or cohort studies/ or (Risk Factors or (comorbidity or Comorbidity) or
comorbidities or (Prevalence or prevalence) or association or predispose or risk).mp.)
and (hypertrophic scar.mp. or Cicatrix, Hypertrophic/ or ((Keloid or keloid or
keloids) not Acne Keloid).m_ titl.).

Clinical code selection Disease status was ascertained through the following
data sources: self-reported (verbal interview), linked hospital episode statistics
[International Statistical Classification of Diseases and Related Health Problems,
ninth and tenth revisions (ICD9 and ICD10)], cancer register (ICD9 and ICD10) and
primary care records (Read2 and Read3). Clinical codelists were manually curated
for excessive scarring, vitamin D deficiency and atopic eczema (Table 2.2, Table
A.1). As an example, for excessive scarring, cases were identified through linked
hospital episode statistics and primary care records only; scarring was not a diag-
nosis included for self-reporting (https://biobank.ndph.ox.ac.uk/ukb/coding.
cgi?id=6). Only codes obtained through primary care records (Read2 and Read3)

were specific to either hypertrophic scar or keloid, whereas those obtained through
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linked hospital episode statistics (ICD9 and ICD10) encompassed both hypertrophic
scar and keloid (Table 2.2).

For conditions that have pre-existing manually-curated codelists (hypertension
and uterine leiomyoma), Read2 and ICDI10 clinical codelists were obtained from
the CALIBER portal(Kuan et al., 2019), an open-access resource that provides
manually-curated clinical codelists for >300 health conditions. These clinical codelists
(Table A.1) were minimally adapted and mapped to Read 3 and ICD9 equivalents
respectively, using the mapping files provided by UKB Resource 592 (https://
biobank.ndph.ox.ac.uk/ukb/refer.cgi?id=592).

Table 2.2: Clinical codelists for keloid and hypertrophic scars.

Disease ICD9 ICD10 Read?2 Read3

Hypertrophic scar 7014 L910 M2y11 X78TS

Keloid 7014 L910 7L19A, M214., M214., XaC07,
M218. XaPxn

PheWAS The PheWAS catalogue with phecodes that represent a single phe-
notype and groupings that categorize these codes into diseases, signs and symp-
toms, injuries, poisonings, procedures and screening codes was used(Denny et al.,
2013; Wei et al., 2017). Linked hospital episode statistics and cancer register
ICD10 records were mapped to phecodes using Phecode Map 1.2(Wei et al., 2017).
Linked hospital episode statistics and cancer register ICD9 records were mapped to
ICD10 codes using mapping files provided by UKB Resource 592 (https://biobank.
ndph.ox.ac.uk/ukb/refer.cgi?id=592) and subsequently mapped to phecodes.
Primary care records were similarly mapped from Read2 and Read3 to ICD10
codes, then to phecodes. Read2-to-ICD10 mappings were restricted to those with
icd10_code_def ‘17, ‘37, ‘57, ‘7’, ‘8 or ‘15". Read3-to-ICD10 mappings were restricted
to those with mapping status ‘E’, ‘G’ or ‘D’, refine_flag ‘C’” or ‘P’, element_num
‘0’ and block num ‘0. Individuals were considered a ‘case’ if they had at least one
occurrence of an ICD10 code mapping to a phecode. An example mapping to the

phecode for ‘Uterine leiomyoma’ is shown in Table A.2.
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2. Methods

2.5.2 Statistical analysis

Descriptive statistics are presented as frequencies with percentages for categori-
cal variables and means with standard deviations for continuous variables. For
comparisons between categorical variables, Pearson’s Chi-squared test was used
whereas for continuous variables, Welch’s t-test was used. Statistical significance

was set at p<0.05.

Significant comorbidity associations were further examined using multivariable
logistic regression analyses to estimate odds ratios (OR) and the associated 95%
confidence intervals (CIs). In each model, excessive scarring was considered the
exposure variable, and the comorbidity was considered the outcome. As we were
testing four primary comorbidities (hypertension, uterine leiomyoma, vitamin D
deficiency, atopic eczema), a Bonferroni-adjusted p-value threshold (0.05/4=0.0125)
was used to determine statistical significance when testing whether the excessive
scarring effect size was significantly different from zero. Multiple imputation was
used to account for missing data (20 imputed datasets generated with the R soft-
ware package Multivariate Imputation by Chained Equations, mice(Buuren and

Groothuis-Oudshoorn, 2011)).

A “minimal model” adjusting for age, sex (except uterine leiomyoma, which
was restricted to female participants only, N=125771), and ethnicity and a “full
model” adjusting for the additional potential confounding covariates were fitted for
each disease association. The additional covariates for each fully-adjusted model
were: (1) hypertension: BMI, Townsend Deprivation Index, smoking status, dia-
betes, hyperlipidaemia(Bozkurt et al., 2016) (2) uterine leiomyoma: BMI, Townsend
Deprivation Index, smoking status(Qin et al., 2020; Stewart et al., 2017) (3) vitamin
D deficiency: BMI, Townsend Deprivation Index, smoking-status(Holick et al., 2011;
Sohl et al., 2014) and (4) atopic eczema: Townsend Deprivation Index, BMI, allergic
rhinitis, asthma(Nutten, 2015).

To assess whether the disease associations varied by ethnicity, fully-adjusted

multivariable logistic regressions were fitted stratifying by ethnicity for the three
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largest ethnic groups. These comprised self-reported white participants (85.9%),
black or black British participants (henceforth “black participants”, 6.4%) and Asian
or Asian British participants (henceforth “Asian participants”, 5.2%).

For the PheWAS, multivariable logistic regressions were performed to estimate
the effect of excessive scarring status on the risk of each phecode diagnosis, adjusting
for age, sex, ethnicity, smoking status, BMI and Townsend Deprivation Index.
A Bonferroni-adjusted p-value threshold of 0.05/1518=3.3x10"% based on 1518
phecodes tested was used to determine statistical significance. Phecodes with <200

cases or controls were excluded.

All statistical analyses were performed with R version 4.1.2. Specific R packages
included mice(Buuren and Groothuis-Oudshoorn, 2011), gtsummary(Sjoberg et al.,
2021), tidyverse(Wickham et al., 2019), flextable(Gohel, 2022), PheWAS(Carroll
et al., 2014), targets(Landau, 2021), ukbwranglr(Warwick, 2022a) and codemap-
per(Warwick, 2022b).

2.6 UKB genetic association study

2.6.1 UKB genotyping and quality control

Genotyping and initial quality control were performed by the UKB central team
prior to data release. Genotyping was performed using the Affymetrix UK BiLEVE
Axiom Array (807411 markers on 49950 individuals) and the Affymetrix UKB Axiom
Array (825925 markers on 438427 individuals)(Bycroft et al., 2018). A variety of
QC approaches were used to account for the large cohort size, population structure,
and batch-based genotype calling (required for handing the large dataset), as de-
tailed in https://biobank.ctsu.ox.ac.uk/crystal/crystal/docs/genotyping_
qc.pdf. Poor quality markers were identified and excluded by testing for batch
effects, plate effects, departure from Hardy-Weinberg equilibrium, sex effects, array
effects, and discordance across control replicates. These marker-based QC tests were
performed on the largest predicted ancestral subset within the cohort (European,

463844 individuals) to attenuate population structure effects. After filtering sample
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outliers, multi-allelic SNPs and SNPs with MAF <1%, genotype imputation (a
process of inferring genotypes that are not directly assayed to increase the number of
SNPs that can be tested for association) was performed by estimating haplotypes for
the full cohort and combining the inferred haplotypes with the Haplotype Reference
Consortium, UK10K and 1KGP phase 3 reference panels(Bycroft et al., 2018).

2.6.2 Ascertainment of disease status

Two case definitions were used: excessive scarring (using the same definition in
the phenotype study, Section 2.5.1, encompassing keloid and hypertrophic scars)
and strict keloid. Whereas ICD codes are non-specific (ICD-10 does not include
separate codes for keloid and hypertrophic scar, so that both are indicated by the
code ‘1.91.0"), primary care (Read) codes include Read codes specific to either keloid
or hypertrophic scar. Therefore, (strict) keloid cases were defined by individuals
with Read codes for keloid (‘7TL19A’ ‘M214.M218.’, ‘XaC07" and ‘XaPxn’) and
without Read codes for hypertrophic scar (‘M2y11” and ‘X78TS’), and (strict) keloid
controls were defined by individuals without any of the ICD and Read codes for

keloid and hypertrophic scar.

2.6.3 Genetic association

Genome wide association studies (GWAS) typically aim to identify variants (SNPs,
single nucleotide changes at specific locations in the human genome sequence, or
indels, short insertions or deletions) that are associated with differences in a pheno-
type within an individual. The presence of related individuals in study populations
can lead to biased estimates of variant effect sizes due to non-random sharing of
variants between relatives. Early methods account for confounding by relatedness
by excluding one member of each pair of related individuals based on SNP-derived
relatedness(Purcell et al., 2007; Yang et al., 2011). However, this can lead to reduced
study power. Mixed-effects models circumvent this by testing for associations be-
tween each genetic variant and the phenotype, conditioning on the sample structure

inferred from all genome-wide SNPs(Aulchenko et al., 2007; Jiang et al., 2019; Kang
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et al., 2010; Segura et al., 2012; Yu et al., 2005). REGENIE is a computationally-
efficient method that implements a logistic mixed-effects model, to model genetic
relationships between individuals as a random effect, using the genome-wide Firth
logistic regression test(Mbatchou et al., 2021). The Firth correction is a bias-
reduction method that allows for the analysis of binary (case-control) traits with
unbalanced case-control ratios, by adding a penalty term to the logistic regression
test when case-control imbalance exists (e.g. small numbers of cases and large

numbers of controls, as we see for excessive scarring)(Firth, 1993).

GWAS was conducted in the UKB using REGENIE (v2) to assess the genetic
associations for both ambiguous and strict keloid definitions. Sample QC excluded
individuals with excess population-adjusted genotype heterozygosity (the fraction of
non-missing markers that are called heterozygous, which may be an indicator of DNA
contamination), excess missing call rates (>5%), sex-discordance (mismatch between
reported sex and inferred sex based on genotype, which may indicate sample mishan-
dling) and excess ‘relatedness’, defined as having 10 or more third degree relatives.
To reduce confounding due to differences in ancestral background, primary analyses
were restricted to individuals with white British ancestry, defined by a combination
of self-reported ethnic background and genetic information(Bycroft et al., 2018).
Analyses were further restricted to individuals who had not withdrawn from the
study by May 2020 and who had linked-primary care records (to limit the possibility
of misclassifying participants as unaffected due to missing data). A subset of black
participants, again defined by a combination of self-reported ethnic background and
genetic information, was selected for candidate variant association testing.

Phenotypic and genetic data was extracted and cohort selection was performed
using Python and Spark on the UKB Research Access Platform. REGENIE was
accessed through the Swiss Army Knife tool on the Platform. In Step One of
REGENIE (i.e. prediction of individual trait values based on genetic data), a subset
of linkage-disequilibrium (LD)-pruned SNPs (r?<0.9) SNPs with MAF>0.01% and
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missing genotype call rates <10% that did not deviate from Hardy-Weinberg equi-
librium (HWE p-value > 1 x 10~ 1%) were used to calculate a polygenic prediction

value for each individual.

Association testing was performed in Step Two, including the polygenic predicted
value from Step One as a covariate in the regression model, in addition to other
covariates, namely, sex, genotyping array and the top five ancestry-informative
PCs derived from genetic data. QC filtering for both Step One and Step Two
of REGENIE were performed using PLINK v2 within the Swiss Army Knife tool.

Post-GWAS data analysis and visualisation were performed using R version 4.1.2
and specific packages including tidyverse(Wickham et al., 2019), qqman(Turner,
2018), biomaRt(Durinck et al., 2009), corrcoverage(Hutchinson and Wallace, 2019),
phenoscanner(Kamat et al., 2019), coloc(Giambartolomei and al, 2014), Genomi-
cRanges(Lawrence et al., 2013), seqminer(Zhan and Liu, 2015), and flextable(Gohel,
2022).

2.6.4 Inflation factors

Population and cryptic relatedness can cause spurious associations in GWAS. To esti-
mate the extent of this, genomic inflation factors, lambda GC, were computed (using
the median of the resulting chi-squared test statistics divided by the expected median
of the chi-squared distribution) with a value of one indicating no systemic bias. This
was corroborated by using LD score regression (LDSC) whereby the intercept term
from the regression is one plus a term proportional to inflation from population
stratification and cryptic relatedness (i.e. one indicates no inflation from population
stratification)(Bulik-Sullivan et al., 2015b) and by visualising quantile-quantile (QQ)

plots of the distribution of observed versus expected p-values from the analysis.

2.6.5 Heritability

SNP-heritability was calculated using LDSC, based on north-west European LD
scores(Bulik-Sullivan et al., 2015a).
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2.6.6 Meta-analysis

FinnGen comprises 414262 participants with phenotypes derived from ICD (version
8, 9 and 10) diagnosis codes; codes used to define hypertrophic scar were 1.91.0
(ICD10), 7014B (ICD9) and 70130 (ICD8). Unlike the community-based recruitment
of UKB (which results in a volunteer bias towards participants being healthier than
average)(Fry et al., 2017), Finngen participants were recruited from hospitals, and
are coupled with legacy case cohorts of several diseases (resulting in higher case num-
bers). The unique genetic makeup of the Finnish population, a relatively young, iso-
lated population, means that disease predisposing alleles are found at higher frequen-
cies that are permitted by selection in larger and older outbred populations(Kurki
et al., 2022). FinnGen samples were genotyped with Illumina and Affymetrix arrays
(ThermoFisher Scientific, Santa Clara, CA, USA). Genotype QC parameters that
were set included: call-rate > 90%; variant quality score recalibration ‘PASS’; quality
by depth, QD > 2 for single nucleotide variants; QD > 6 for indels; variant Hardy-
Weinberg equilibrium p-value > 1x10?; and allele count > 3. Genotype imputation
was carried out using a Finnish population-specific reference panel as described in
the following protocol: dx.doi.org/10.17504/protocols.io.nmndcbhe, and confidently-
imputed variants were defined by INFO > 0.6. Analysis was restricted to unrelated
individuals with Finnish ancestry after removing population outliers; this resulted
in 1126 cases and 291889 controls. Association analysis was performed using the
SAIGE mixed-effects model logistic regression method, with sex, age, genotyping
batch and 10 PCs as covariates. All genotyping, QC and association testing were

performed centrally by FinnGen.

Summary statistics were downloaded from Finngen and the coordinates were
lifted over to GRCh37 to match UKB using UCSC Liftover(Hinrichs, 2006). Variants
were then matched based on chromosome, position, reference and alternative alleles.
Variants that were not consistent between the two studies were excluded.

The meta-analysis was performed in METAL version 2020-05-05(Willer et al.,

2010) using a fixed-effects standard error-weighted approach. METAL implements
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a weighted Z-score method based on sample size, p-value and direction of effect in
each study, and an effect-size based method weighted by the study-specific standard
error. The fixed-effects model assumes that the genetic effects are the same across
the different studies, providing narrower confidence intervals than the random-effects
model. The fixed-effect model was undertaken as only two studies were included
for meta-analysis (hence it was not possible to precisely estimate between-studies
variance for a random-effects model). An association was considered genome-wide
significant at p < 5x10°®. For each genome-wide significant association peak, a locus

was defined as +/-1Mb from the SNP with the lowest p-value.

2.6.7 Risk loci and lead SNP definition

Genomic risk loci were defined using FUMA v1.3.8 (Functional Mapping and An-
notation web-based platform)(Watanabe et al., 2017), an online platform for func-
tional mapping and annotation of genetic variants. Risk loci were defined first by
determining lead SNPs. Independent significant SNPs were defined by genome-
wide significant p-values (p < 5x10®) and the lack of linkage disequilibrium (LD,
square of correlation coefficient between indicator variables of alleles in two loci,
r°<0.6). Independent lead SNPs were defined by r?<0.1. To define risk loci, LD
blocks of independent significant SNPs that were part of the same lead SNPs were
merged followed by merging of physically-overlapping LD blocks or those within
a 250kb distance.

2.6.8 Fine-mapping

The identification of causal SNPs with associated loci is challenging. Lead SNPs
are those with the most significant p-value and may or may not be causal for the
observed associations, whereas the other less significant SNPs may be the true causal
variant, may be associated due to LD or may be independently associated. Fine-
mapping aims to identify potential causal variants amongst those associated with
the trait; for this study Bayesian fine-mapping was performed using the R package

‘coloc’ version 3.2.1(Giambartolomei and al, 2014).
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Bayesian fine-mapping uses posterior probabilities (PPs) of causality to quantify
the evidence that a single variant in a locus is causal. An approximate Bayes factor
(ABF) is calculated from the effect size and standard error of each variant in its
associated locus (lead SNP + 1Mb), assuming a prior variance on the log odds
ratios of 0.04 as originally proposed(Wakefield, 2009). ABFs were rescaled to reflect
the posterior probability for each variant being causal. 95% coverage of credible
sets (i.e. >95% probability that the causal variant is contained in the credible set)

was the accepted minimum threshold.

2.6.9 Functional annotation

Functional mapping and annotation of SNPs from the meta-analysis were performed
using FUMA v1.3.8 (Functional Mapping and Annotation web-based platform)(Watanabe
et al.,, 2017) and Phenoscanner v2 in R(Kamat et al., 2019).

Clinical trait mapping — The 95% credible set variants were queried for pub-
lished GWAS (clinical traits) using Phenoscanner v2. Significant associations were

set at p<1x107.

Gene mapping — Gene mapping was performed using FUMA positional mapping
and expression quantitative trait locus (eQTL, loci that explain variation in gene
expression levels) mapping (using FUMA and Phenoscanner). Genomic risk loci
in which SNPs were in LD (r*>0.6) with independent significant SNPs (defined
in Section 2.6.7) were identified. The maximum distance between LD blocks to
merge into a genomic locus was 250kb. The genetic data of European populations

in 1IKGP phase 3 were used as reference for LD analyses.

FUMA positional gene mapping was performed by mapping all genome-wide
significant SNPs at each genomic risk locus to genes within a positional window
of <10kb. SNPs were also filtered based on a CADD score >12.37 (the accepted

threshold for a deleterious score)(Kircher et al., 2014).

For eQTL mapping within FUMA, SNPs were mapped to genes if there was sig-

nificant association (Benjamini-Hochberg FDR<0.05) with gene expression in fibrob-

81



2. Methods

lasts, skin and/or blood in pre-specified datasets (TwinsUK, eQTLGen, MuTHER
and GTEx v7).

eQTL mapping was also performed using Phenoscanner(Kamat et al., 2019)
whereby the 95% credible set variants were queried for eQTL associations. Sig-

nificant associations were set at p<1x107.

Colocalisation analysis — To further investigate whether there was a single
shared variant between keloid /hypertrophic scar-associated variants and those regu-
lating the expression of the mapped genes in skin and blood, Bayesian colocalisation
tests were performed using the coloc.abf R package(Giambartolomei and al, 2014).
For whole blood cis-eQTLs, publicly available summary data from the eQTLGen
Consortium portal was downloaded. The eQTLGen Consortium analysis is the
largest meta-analysis of blood eQTLs to date and comprises 31,684 samples from
a total of 37 datasets. For skin eQTLs, publicly available summary data from
GTEx v7 for non-sun-exposed suprapubic skin was downloaded with the exception
of eQTLs for the gene ENSG00000232679 (RP11-400N13.1), for which summary
data from GTEx v8 for non-sun-exposed suprapubic skin was used (as eQTL data
for this gene was not available in GTEx v7). For fibroblast eQTLs, publicly available
summary data from GTEx v7 for transformed fibroblasts was downloaded. These
datasets were filtered for eQTLs associated with the mapped genes in respective
tissues at p<0.05. For GTEx, cis-association data were available for SNPs within
1Mb of the transcription start site(GTEx Consortium, 2017), whereas for eQTLgen,
available data was within 1Mb of the centre of the gene(Vosa et al., 2021).

A colocalisation test was performed for each locus where the keloid /hypertrophic
scar-associated variants (within 1Mb of the lead SNP, maximising the variants anal-
ysed, but noting the caveat that some associations may not have a sufficiently large
region on both sides of the SNP to determine colocalisation) were also influencing
gene expression (in the respective datasets), using coloc.abf with default parameters
and priors. Reported sample sizes for respective tissues and datasets were used. As
the eQTLgen summary statistics did not include effect estimates and standard errors,

these were calculated from the Z-scores supplied(Adams, CD, 2021; Zhu et al., 2016).
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This computed posterior probabilities for five hypotheses: PP0, no association with
trait one (eQTL signal) or trait two (keloid GWAS signal); PP1, association with
trait one only; PP2, association with trait two only; PP3, association with trait one
and trait two by two independent signals; and PP4, association with trait one and
trait two by a single shared variant. Evidence of a single shared variant is defined
by PP4 >0.75 and colocalisation is defined by PP3 + PP4 > 0.99 and PP4/PP3
> 5(Guo et al., 2015).

2.6.10 Gene-based association analysis

Gene-based association analyses consider the association between a trait and all
SNPs within a pre-defined window around genes, rather than the association of
individual SNPs. This approach also enables biological pathway-based analysis,
which is based on the premise that genetic bases of complex diseases are a result

of gene interactions rather than a single gene effect.

MAGMA v1.08(Leeuw et al., 2015) within FUMA was used to perform gene-
based association analyses. The main steps in MAGMA involve mapping SNPs
onto genes (if within 10kb of a gene) and computation of gene associations with the
trait of interest (SNP-wise model which computes a gene-level test statistic based on
mean SNP association). P-values are computed using an F-test with the significance
threshold set at p<(0.05/number of protein-coding genes mapped). Using the gene
p-values, a competitive gene set analysis, which tests whether genes in curated gene
sets and gene ontology terms from MsigDB(Liberzon et al., 2015) (with 4728 curated
gene sets and 6166 gene ontology terms) are more strongly associated with the trait
than genes outside the gene set, was performed. The p-value significance threshold

was set at p<(0.05/number of gene sets tested).
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3. Adipolin and fibroblasts

3.1 Introduction

The effects of adipolin on wound healing and remodeling are not known, although re-
ports on its modulatory effects on vascular remodeling(Ogawa et al., 2019; Takikawa
et al., 2020) and inflammation(Enomoto et al., 2011; Ogawa et al., 2019), hint at this
possibility. Fibroblasts are the main cells in the dermis, whose characteristics deter-
mine whether or not wounding (and its sequelae) results in fibrosis/scarring(Griffin
et al., 2020; Jiang and Rinkevich, 2020). These include proliferation, extracellu-
lar matrix (ECM) deposition, and ECM remodeling(Liu et al., 2016; Mukhopad-
hyay et al., 2005).

Experiments in this chapter aimed to investigate whether the LOF in C1QTNF12,
encoding adipolin, is contributory to the excessive scarring phenotype observed
in our pedigree. In vitro analyses were performed to investigate the expression
and function of adipolin on dermal fibroblasts. Population-level genetic data was
analysed to investigate whether LOF variants in C1QTNF12 are observed in other

people suffering from excessive scarring.

3.2 Identifying C1QTNF12 as a putative pathogenic
gene

The exome sequencing coverage and quality statistics for both affected individuals
our the autosomal recessive keloid pedigree are detailed in Table 3.1.

Table 3.1: Exome sequencing coverage and mapping statistics for affected siblings (II-1
and I1-2).

Characteristic

1I-1

11-2

Total reads
Mapped to target reads

Mapped to target reads plus
150bp

Mean coverage

65,244,895
45,867,958 (70.3%)
49,644,475 (76.1%)

118.6

83,878,021
58,327,035 (69.5%)
63,276,576 (75.4%)

149.8

Accessible target bases

33,323,618
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3. Adipolin and fibroblasts

Characteristic

II-1

I1-2

Accessible target bases 1x
Accessible target bases bx

Accessible target bases 10x

33,168,443 (99.5%

32,936,411 (98.8%

33,213,884 (99.7%

33,026,222 (99.1%

( ) (
33,053,467 (99.2%) 33,118,816 (99.4%

( ) (

( ) (

Target bases 20x 32,563,429 (97.7% 32,785,245 (98.4%

A summary of the stepwise filtering approach undertaken using the homozygous
(Table 3.2) and compound heterozygous (Table 3.3) models are shown below. Filter-
ing for compound heterozygous protein-altering variants returned 13 variants in six
genes: CCDCSSB (rs146686061 and rs201629177); FAM/7A (rs17855514 and novel
¢.T1555C variant); IGFNI1 (rs138698246 and rs368038036), NUDT (rs375826824,
rs201969564 and rs371803324); SOX30 (rs182220520 and rs138390114); ZNF790
(rs199677584 and rs201553532)(Table 3.5), mostly missense variants that had been
reported before in dbSNP. A review of the biology, tissue expression pattern and
disease associations of these genes using the GeneCards database did not reveal

obvious links to keloid pathobiology(Stelzer et al., 2016).

Filtering for homozygous protein-altering variants returned two variants (Table
3.4); one of which, rs571313759, in C1QTNF12, was frameshift, whereas the other,
rs7263910, in SEMG1, was missense. As the rs571313759 variant was located within
the first (of eight) exons of CIQTNF12 and introduced a premature termination
codon, the likelihood of it leading to nonsense mediated decay (and hence LOF)
was high(He and Jacobson, 2015; Lykke-Andersen and Jensen, 2015). C1QTNF12
encodes adipolin, a recently identified adipokine with insulin sensitising properties,
reported to be associated with metabolically unfavourable profiles (e.g. glucose
intolerance, PCOS, cardiovascular disease, as discussed in Section 1.3.3), whereas
SEMG1 is a seminal protein which aids the formation of the gel matrix encasing

ejaculated spermatozoa, associated with male infertility(Stelzer et al., 2016).

Taking predicted variant deleteriousness, rarity and putative gene function into

consideration (discussed in Chapter 1), the homozygous frameshift LOF variant in
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C1QTNF12, was considered the most likely candidate causal variant and selected

for functional study.
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Table 3.2: Summary of whole exome filtering process — homozygous filter.

Filter

Sibling II-1

Sibling II-2

Total variants

Variants with MAF<0.01 in
public databases

Variants absent from in-house
exome databases

Homozygous variants

Homozygous nonsynonymous,
splice-site, or
insertion/deletion variants

Homozygous nonsynonymous,
splice-site, or
insertion/deletion variants
shared between both affected
siblings

Nonsense variants

26,871
2,065

516

17
11

26,757
1,097

478

15
10

Table 3.3: Summary of whole exome filtering process — compound heterozygous filter.

Filter

Sibling II-1

Sibling II-2

Total variants

Variants with MAF<0.01 in
public databases

Variants absent from in-house
exome databases

Heterozygous variants
Heterozygous nonsynonymous,
splice-site, or

insertion/deletion variants

Genes with at least 2
mutations

Shared compound
heterozygous variants between
siblings

Nonsense variants

26,871
2,065

516

499

315

29

26,757
1,997

478

463

310

25
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3. Adipolin and fibroblasts

Table 3.4: Variant profiles resulting from the homozygous filtering process.

Gene Variant ID Variant CADD SIFT PolyPhen2, PolyPhen2,
type HumDiv HumVar

SEMG1 rs7263910 nonsynonymous 0.12 0.925 0.932
SNV

C1QTNF12 1s571313759 frameshift  22.4 — — —

insertion

CADD, Combined Annotation-Dependent Depletion score; SIFT, Sorting Intolerant from
Tolerant score; PolyPhen2, online prediction tool to assess functional effects of SNPs, trained
on all damaging alleles with known effects on the molecular function causing human
Mendelian diseases (HumDiv) and all human disease-causing mutations, together with
common nonsynonymous SNPs without annotated involvement in disease (HumVar)
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Table 3.5: Variant profiles resulting from the compound heterozygous filtering process.

Gene Variant ID Variant CADD SIFT PolyPhen2, PolyPhen2,
type HumDiv HumVar

CCDC88B  1s146686061 nonsynonymous 0.00 0.185 0.012
SNV

CCDC8SB 15201629177 mnonsynonymous  25.00 0.02 0.997 0.991
SNV

FAM47A — NONSyNONymous — — —
SNV

FAM47A  rs17855514  nonsynonymous 0.56 0.000 0.000
SNV

IGFN1 rs138698246 nonsynonymous  27.50 0.05 0.821 0.740
SNV

IGFN1 rs368038036 nonsynonymous  11.46 — — —
SNV

NUDT19  1s375826824 nonsynonymous  27.40 0.08 1.000 0.981
SNV

NUDT19 13201969564 nonsynonymous 0.47 0.846 0.624
SNV

NUDT19  1s371803324 nonsynonymous  25.10 0.02 1.000 1.000
SNV

SOX30 rs182220520 nonsynonymous  12.08 0.05 0.244 0.086
SNV

SOX30 rs138390114 nonsynonymous  24.30 0.05 0.988 0.760
SNV

ZNF790 rs199677584 nonsynonymous 0.65 0.255 0.060
SNV

ZNF790 rs201553532 nonsynonymous 0.65 0.001 0.001
SNV

CADD, Combined Annotation-Dependent Depletion score; SIFT, Sorting Intolerant from

Tolerant score; PolyPhen2, online prediction tool to assess functional effects of SNPs, trained
on all damaging alleles with known effects on the molecular function causing human
Mendelian diseases (HumDiv) and all human disease-causing mutations, together with
common nonsynonymous SNPs without annotated involvement in disease (HumVar)
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T TGGG GGG G ATC

1 Proband fibroblasts
(11253)

TTGGGGGGGATC

MMy

TTGGGGGGATC

Proband whole blood

Wild type fibroblasts

Figure 3.1: Sanger sequencing of cultured fibroblasts from proband confirming the
presence of the homozygous c.126dupG/p.Asn43fs variant (pink arrows). The wild-type
sequence is shown.

3.3 Characteristics of fibroblasts derived from proband

3.3.1 Genetic sequence

Sanger sequencing was performed on genomic DNA of cultured fibroblasts derived
from the proband, 11253, confirming the presence of the p.Asn43fs variant (Figure
3.1). Derivation of primary fibroblasts were performed by the Sarig Lab (Tel Aviv
Sourasky Medical Centre) from the patient’s upper torso uninvolved skin punch

biopsy.
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3.3.2 Morphology

Changes in fibroblast morphology may control fibrosis-relevant behaviours such as
proliferation(Chen et al., 1997), differentiation(Kilian et al., 2010) and contrac-
tility(Alford et al., 2011). The fibroblast shape is a function of its adhesion to
its substratum or neighbouring cell(Abercrombie, 1978); elongation correlates with
increased traction forces and may promote TGFf activity(Connor and Gomez, 2013;
Wang et al., 2016a). Also, fibroblast size correlates with ECM component produc-

tion with smaller fibroblasts producing less(Fisher et al., 2015; Quan et al., 2013).

At a qualitative level, there were no observable morphological differences when
comparing 11253 fibroblasts to normal WT dermal fibroblasts (NDF), in terms of
shape, polarity and size, in standard culture conditions. Quantitative assessment
of cellular morphology, conducted by measurement of cell area and eccentricity,
confirmed no differences in these parameters between the cell lines compared (Fig-
ure 3.2). This was not entirely unexpected as primary fibroblasts isolated from
keloid tissue have been observed to exhibit a typical spindle morphology similar
in size and shape to normal dermal fibroblasts (NDF), despite being more TGF3-

responsive(Wang et al., 2016b).

3.3.3 Proliferation

It is generally believed that abnormal hyperproliferation of fibroblasts accounts
for cell hyperplasia and activation, a feature believed to underlie keloid pathol-
ogy (Atiyeh, 2020; Zhang et al., 2017). In order to formally determine whether 11253
fibroblasts had altered proliferation, cells were sparsely seeded and stained for the
nuclear antigen Ki67 as a marker of proliferative cells(Scholzen and Gerdes, 2000),
along with DAPI to mark all cell nuclei. Images and resulting quantitation revealed
no significant differences in the proportion of Ki67+ cells. Analyses of cells grown
with CDMs (i.e. in the presence of ascorbic acid to stimulate ECM synthesis) over 10

days also showed no observable differences in the proportion of Ki67/DAPI positive
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Figure 3.2: Proband (I1253) fibroblasts appear morphologically similar to wild-type
normal dermal fibroblasts (NDF). Phase contrast (A, top panels) and actin-stained
fluorescent (A, bottom panels) images of NDF (n=2) and 11253 fibroblasts (n=1) under
sparse growth conditions on tissue culture plastic. Scale bars: 400pum. B, C. Morphology
quantified by analyzing cell area (B) and cell eccentricity (ratio of distance between
focus of cell ellipse and its major axis length) with zero representing a circle and one
representing a line over 48 hours (C). Each point represents the mean of all cells in one
field of view at 20x magnification over two independent experiments. Data are shown as
mean + standard deviation. Unpaired t-tests indicated no significant differences between
comparison groups.
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3. Adipolin and fibroblasts

cells. An alternative method of measuring cell proliferation, by direct quantification

of cell number over time, yielded similar findings (Figure 3.3).

3.3.4 Response to TGF/j1

As a major growth factor in the context of fibrosis, TGF /1 was selected as the stimu-
lus to elicit profibrotic fibroblast behaviour. KDF are more sensitive to TGFf1 stim-
ulation, showing increased collagen synthesis(Bettinger et al., 1996) and contractil-
ity(Hasegawa et al., 2003). Although derived from unaffected skin, 11253 fibroblasts
were hypothesized to be profibrotic, hence may exhibit keloid fibroblast-like proper-

ties.

Quite strikingly, although no significant morphological differences were apparent
at baseline, the 11253 fibroblasts adopted an enhanced myofibroblast-like appear-
ance following treatment with TGFS1, with denser aggregations and contractile
appearances versus WT fibroblasts, resulting in traction holes within the monolayer

(Figure 3.4A)(Evanko et al., 2015).

To investigate whether 11253 exhibited greater contractility in response to TGFA1,
cells were embedded within a free-floating collagen gel supplemented with and
without TGFF1 and monitored over seven days. Consistent with the observed
morphological changes, TGF31 treatment of 11253 cells led to marked contraction
of the gel when compared to NDF treated with TGFS1 (Figure 3.4B).

Speculating that the increased contractile ability of the 11253 cells is a result of a
myofibroblast-like phenotype, western blotting was performed for aSMA, a smooth
muscle contractile protein widely used as a marker for myofibroblasts, a major source
of pathologic ECM. This showed increased expression of aSMA in 11253 cells and
supported the notion that they are profibrotic both at baseline and in the presence
of TGFpS1 (Figure 3.4D, Figure A.1).

Hypothesizing that these myofibroblast-like cells may show enhanced collagen
synthesis, western blotting was performed, probing for type 1 collagen, a major

ECM protein implicated in keloid(Chipev et al., 2000). Interestingly, the 11253 cells
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Figure 3.3: Wild-type normal dermal fibroblasts (NDF) and proband (11253) fibroblasts
proliferate at a similar rate. A, C. Example fluorescence microscopy images of NDF (n=2)
and 11253 fibroblasts (n=1), fixed and stained for DAPI and Ki67 when cultured for 48
hours in standard 2D culture systems (A) and for 10 days in 3D/cell-derived matrices
(C). Scale bars: 100um. B, D. Proliferation quantified by analyzing the ratio of Ki67 to
DAPI positive cells, with each point representing a field of view at 20x magnification. E.
Proliferation quantified by direct quantification of DAPI positive cells, fixed and imaged
at 4x magnification every 24 hours for 48 hours. Data are shown as mean + standard
error of mean. ns, not significant (unpaired t-test).
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Figure 3.4: Proband (I1253) cells exhibit increased TGFf1-induced contractility. A.
Representative photograph at 4x magnification of normal dermal fibroblasts (NDF') and
11253 fibroblasts at confluency in standard 2D culture conditions. B. Representative
photograph of fibroblast-embedded collagen gels at Day Seven. C. Gel area quantified on
ImageJ with baseline correction for control gels. Each point represents a gel from a pool
of three technical replicates from one biological sample per condition. Pairwise multiple
comparisons were performed following 2-way ANOVA with * denoting P<0.05 and ****
denoting P<0.0001. D. Representative western blot of lysates from NDF (n=2) and 11253
fibroblasts (n=1) treated for 72 hours with TGF/31 1Ing/ml. Lysates were probed for «SMA
(top panel) and GAPDH as a loading control (bottom panel). E. Densitometry analysis
on ImageJ of two representative blots. Pairwise multiple comparisons were performed
following 2-way ANOVA with * denoting P<0.05.
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did not express higher levels of type 1 collagen (Figure 3.5). A representative full
western blot image probing for type 1 collagen is shown in Figure A.3.

To summarise, characterisation of 11253 fibroblasts was performed by assessing
their morphology, proliferation and response to TGF31. Observations of the 11253
fibroblasts indicated no significant differences at baseline apart from aSMA expres-
sion, however upon exposure to TGFfA1, they adopted a more “myofibroblastic”

contractile phenotype, potentially suggesting a greater propensity to fibrosis.
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Figure 3.5: Proband (I1253) fibroblasts do not express more type 1 collagen (COL1A1)
than normal dermal fibroblasts (NDF). Western blot of lysates from NDF (n=2, with
technical repeats at different passages) and 11253 fibroblasts (n=1, with technical repeats
at different passages) at baseline (top panel) and + 72 hour treatment with TGF31 1ng/ml.
Lysates were probed for COL1A1, aSMA and GAPDH as a loading control (middle panel).
A technical replicate for NDF and three technical replicates for 11253 are shown.
Control; T, TGFS1. Densitometry analysis on ImageJ (bottom panel). Pairwise multiple

comparisons were performed following 2-way ANOVA.
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Figure 3.6: Transcript level comparison of C1QTNF12 for normal dermal fibroblasts
(NDF, n=3) versus keloid fibroblasts (KDF, n=3) and normal skin (NS, n=3 with
additional technical replicates) versus keloid scars (KS, n=3 with additional technical
replicates). Cycle threshold levels in each sample were normalised to GAPDH (delta Ct)
and the differences in delta Ct values between groups were analyzed by paired t-test, *
indicating P<0.05, ** indicating P<0.01. Each point represents three technical replicates
per biological sample. ns, not significant.

3.4 Expression of adipolin in skin and fibroblasts

3.4.1 Baseline expression

To understand the functional consequences of adipolin in fibroblasts, it was first
important to study its normal expression. If adipolin is expressed by WT fibroblasts,
its reduced expression would be expected in 11253 (C1QTNF12-LOF) fibroblasts.
The function of adipolin could then be studied through gene-knockdown/knockout
studies, with an aim of rescuing any observed phenotype through its over-expression.

An initial analysis to compare differences in CIQTNF12 mRNA abundance
between NDFs, KDFs, normal skin and keloid scars suggested that it was higher

in normal skin compared to keloid scars, but ultimately there was no difference

between NDF and KDFs (Figure 3.6).
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Adipolin primary antibody No primary antibody

ST T

Figure 3.7: Adipolin is not detectable in normal human skin. Representative images
shown for normal human skin sections (n=2) stained with primary adipolin antibody plus
secondary antibody (left panel) and secondary antibody alone (right panel). A positive
signal indicating the presence of adipolin would be brown (following the oxidation of 3,3 -
diaminobenzidine, a commonly used chromogen in immunohistochemical staining). The
insets show the regions from which the magnified images were obtained.

Hypothesizing that the higher mRNA expression of C1QTNF12 in normal skin
compared to keloid scars was related to the presence of residual subcutaneous fat
or pre-adipocytes in normal skin (which would be absent in the fibroblast cultures),
immunohisochemical staining of normal human skin sections was performed to ques-
tion whether the protein was detectable. The skin sections were chosen to include
the epidermis and subcutaneous fat, to account for extra-dermal expression, with
fat anticipated to be a positive control. As shown in Figure 3.7, adipolin was not

detectable using this method/antibody.

Western blotting of a range of cell lines (adipolin-overexpressing HEK293 cells,
11253 fibroblasts, NDF and healthy subcutaneous fat tissue) were probed for adipolin
expression. Apart from the adipolin-overexpressing HEK293 cells, no adipolin ex-
pression was detected (Figure 3.8A). A representative image of a full western blot
image is shown in Figure A.2.

An interrogation of different cell populations in an unpublished integrated single
cell RNAseq dataset of healthy skin, non-lesional keloid-prone skin, active and
inactive keloid lesions was performed to determine if there were any cutaneous

fibroblast populations that expressed the CIQTNF12 transcript. In particular,
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Figure 3.8: Adipolin is not detectable in dermal fibroblasts or subcutaneous fat at base-
line or with attempted induction. A. Representative western blots for adipolin of wild-type
normal dermal fibroblasts (NDF), proband fibroblasts (I1253) and normal subcutaneous
fat at baseline; B. NDF (n=1) and 11253 (n=1) with and without TGFA1 10ng/ml for
72 hours; C. NDF, keloid-perilesional fibroblasts (NDFC), and keloid fibroblasts (KDF)
cultured in standard high (4.5g/L) or low (1g/L) glucose culture media over six days;
D. mesenchymal stem cells (MSC), NDF, and KDF with and without an adipogenic
differentiation protocol using adipolin overexpressing HEK293 lysates (HEK-Adip) as a
positive control. E. A representative image of the adipogenic differentiation of the MSC,
NDF and KDF, courtesy of Dr Hight-Warburton is shown.
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Figure 3.9: C1QTNF12 transcript was not detectable in fibroblast subpopulations in
an integrated single cell transcriptomics dataset of normal, keloid-prone and keloid skin
samples (Unpublished data by YK Hong and CK Hsu et al, National Cheng Kung
University, Taiwan). FB, fibroblasts; Neu, neutrophils; SGC, sweat gland cells; KC,
keratinocytes; MLA, melanocytes; IEC, lymphatic endothelial cells; Tcell, T cells; MC,
mast cells; MYL, myeloid cells; FB, fibroblasts; SMC, smooth muscle cells; vEC, vascular
endothelial cells.

this was to screen for whether there were pre-adipocyte fibroblast subpopulations
that would be enriched for C1QTNF12(Shook et al., 2018). This confirmed absent
expression in the three major fibroblast subpopulations identified and showed scant

expression in subsets of keratinocytes and sweat gland cells (Figure 3.9).

3.4.2 Attempted induction of adipolin expression in fibrob-
lasts

Before concluding absent expression of adipolin in fibroblasts, it was necessary to

account for whether this protein was inducible in the context of wounding/scarring
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and that the absence of its induction contributed to pathology.

TGFfS1 treatment

To find out whether the differences in 11253 behaviour in response to TGFS1
were a direct result of adipolin expression (with the hypothesis that WT NDF
would upregulate the expression of adipolin in response to TGFA1 limiting their
relative fibrotic response), cells were treated with and without TGF1 and probed

for adipolin expression. There was no detectable expression as shown in Figure 3.8B.

Glucose starvation

Published data state that at a systemic level, serological adipolin concentration
is increased by hypoglycaemic states and decreased by glucose challenges(Tan et al.,
2014a). It is also well known that glucose demands are higher in healing wounds(Im
and Hoopes, 1970). As standard culture medium for fibroblasts contains high
glucose levels (4.5g/L), a variety of primary dermal fibroblast lines (NDF, KDF and
keloid-perilesional fibroblasts, NDFC) were grown in low glucose medium (1g/L) and
probed for adipolin expression. Western blotting of all cell lysates tested showed no
detectable adipolin expression (Figure 3.8C). It is worth noting that two bands are
visible for adipolin in the positive control; this may be a result of post-translational

modification of the protein, as discussed in Chapter 1.3.1.

Adipogenic media culture

Insulin, an established adipogenic differentiation factor(Scott et al., 2011), is
reported to increase adipolin expression in adipose tissue at transcript and protein
levels(Wei et al., 2012b). Adipogenesis is postulated to be an anti-scarring pro-
cess(Hoerst et al., 2019; Plikus et al., 2017) and autologous fat grafting is used to
improve scars(Negenborn et al., 2016). Adipolin by definition is expressed by adipose
tissue(Enomoto et al., 2011) and although in this study it was not detectable in
human subcutanous fat, a consideration was whether reprogramming fibroblasts

towards adipogenesis may induce its expression. Cells subjected to adipogenic
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Figure 3.10: Treatment of fibroblasts with commercially-obtained adipolin results in cell
death. Phase contrast images of normal dermal fibroblasts untreated (control) or treated
with recombinant adipolin (Aviscera Bioscience, product code 00392-02-100, 1ug/ml or
10pg/ml) alone or in combination with TGFS1(1ng/ml). Scale bars are 400pm.

differentiation (Figure 3.8E) were probed for adipolin but no detectable protein

expression was found (Figure 3.8D).

3.5 Effect of exogenous adipolin on dermal fibrob-
lasts

3.5.1 Exogenous adipolin

Human recombinant adipolin purchased from Aviscera Bioscience (product code
00392-02-100, 95% purity, derived from E. coli, dissolved in PBS without preser-
vatives) was used to treat dermal fibroblasts at a low dose of 1ug/ml and the
published effective concentration of 10ug/ml(Wei et al., 2012b). Within 24 hours,
this treatment led to cell death at both concentrations in a dose-dependent man-
ner (Figure 3.10).

As adipolin is reportedly a secreted protein(Wei et al., 2012b), conditioned media
from adipolin-overexpressing HEK293 cells was a potential alternative source of
exogenous adipolin. To generate adipolin-conditioned media, a C1QTNF12 over-

expression plasmid was purchased from Genscript (ClonelD OHu26695, Accession

10/
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32kDa . Adipolin
37kDa GAPDH

Figure 3.11: Conditioned media of the C'1QTNF'12-overexpressing HEK293 cells contains
detectable adipolin. Left panel - western blots of cell lysates from HEK293 overexpressing
CIQTNF12 or GFP. Right panel - Precipitated conditioned media from HEK293 cells
overexpressing C1QTNF12 or GFP. Samples were probed for adipolin (top panel) and
only cell lysates were probed with GAPDH as a loading control (bottom panel).

No. NM_001014980.3, vector pcDNA3.1-C-(k)DYK) and verified by Sanger sequenc-
ing. Lysates and supernatants were collected after 72 hours from HEK293 cells
transfected with the C1QTNF12 overexpression plasmid and probed for adipolin
expression by western blotting. Unconcentrated supernatant showed no detectable
adipolin expression (data not shown); however, concentration of the supernatant by

acetone precipitation confirmed the presence of adipolin (Figure 3.11).

To ascertain whether the 72-hour media conditioning process (i.e. 72-hour deple-
tion/cell waste accumulation) would affect cellular function through factors unre-
lated to adipolin, cellular proliferation was compared between NDF cultured in
control- and adipolin-conditioned media (72h-GFPCM, 72h-AdipCM). NDF cul-
tured in undiluted 72h-GFPCM and 72h-AdipCM showed depressed proliferative
capacity (Figure 3.12 A, B), leading to the conclusion that conditioning over this
duration led to nutrient depletion. Comparing 24-hour conditioned media (24h-
AdipCM and 24h-3.1CM) with various dilutions of standard complete growth media,
proliferative capacity was unaffected (Figure 3.12C). Two independent collections of
24-hour conditioned media showed low but detectable levels of adipolin on enzyme-

linked immunosorbant assay. Although the difference in adipolin concentration
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between 24h-GFPCM and 24h-AdipCM was non-significant, there was a trend to-
wards increased levels in the 24h-AdipCM (Figure 3.12D). Assuming this was a
more physiological context for adipolin exposure, a decision was made to proceed
with using 24h-AdipCM as the treatment for NDF to explore its potential tran-

scriptional effects.

For the following RNA-sequencing experiments, the average mapping ratio with
the reference genome was 95.47% and the average mapping ratio to genes was
87.33%; 17544 genes were identified. Differential expression analysis of NDF (n=2)
over 48h in the presence of 24h-AdipCM showed that any transcriptional changes
that resulted were subtle (Figure 3.13). Although sample segregation was present
between treatment and control groups, this was eclipsed by the wide segregation
between biological replicates (Figure 3.13A). As this was an exploratory experiment,
analysis proceeded using DESeq2 to assess for differential expression signatures
between AdipCM-treated and GFPCM-treated groups. Using an adjusted p-value
threshold of 0.05, only 17 differentially expressed genes emerged when the log2 fold
change threshold was set to 0 (Figure 3.13B, C); of these, Gene Ontology Enrichment

Analysis yielded no statistically significant pathways.

Insufficient adipolin dosing by using conditioned media was a potential limita-
tion of the insignificant transcriptomics findings. Attempts to purify recombinant
adipolin from the conditioned media were unsuccessful (data not shown). As re-
combinant murine adipolin may cross react with its human counterpart (pairwise
sequence alignment(Madeira et al., 2019) showed 75.8% sequence similarity between
orthologous murine adipolin and human adipolin) and that its use on human aortic
smooth muscle cells and human endothelial cells has been published(Enomoto et
al., 2011; Ogawa et al., 2019), it was felt to be appropriate for testing on NDF.
The recombinant murine adipolin was kindly gifted by Ouchi et al(Enomoto et

al., 2011; Ogawa et al., 2019).

Being the only significant feature noted in the 11253 fibroblasts, when compared
to WT NDF, TGFfg1-induced contractility was measured when exposed to the re-
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Figure 3.12: Fibroblasts treated with adipolin-conditioned media (AdipCM) show similar
proliferative ability to control-conditioned media (green fluorescence protein-tagged, GF-
PCM or pcDNA3.1-tagged, 3.1CM). A. Example fluorescence microscopy images of NDF
(n=2) treated with 72h-GFPCM, 72h-AdipCM and complete growth media supplemented
with 10% FBS (DMEM), fixed at 6hr (top panels) and 72hr (bottom panels) growth and
stained for DAPI. Scale bars: 400um. B, C. Proliferation of NDF (n=2) cultured in
various conditioned media dilutions quantified by counting change in DAPI-positive cells
over time. Tile scans of the whole well were performed and stitched at 4x magnification.
Box and whiskers plots of two biological replicates with minimum, maximum, 25th-75th
percentile and median values indicated. * represents P <0.05 from 1-way ANOVA. D.
Adipolin concentrations in 24h-GFPCM and 24h-AdipCM, measured using ELISA. Data
represent three transfection samples from two biological replicates analysed in duplicates
with the median value indicated.
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Figure 3.13: Fibroblasts treated with adipolin-conditioned media show subtle transcrip-
tional changes. A. Principal component (PC) analysis plot of the transcriptome of normal
fibroblasts (n=2) treated with and without adipolin-conditioned media, showing that ~97%
of variance arises from the differences in biological samples and only 1% of variance arises
from the conditioned media treatment. B, C. DESeq2 analysis using a liberal threshold for
log2 fold change (log2FC) >0 and adjusted p-value (Padj) < 0.05 revealed few differentially
expressed genes.

108



3. Adipolin and fibroblasts

combinant murine adipolin. Using the published effective concentration of 300ng/ml,

no significant difference in TGFf1-induced contractility was detected (Figure 3.14).
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Figure 3.14: Treatment of dermal fibroblasts with recombinant mouse adipolin shows
no significant changes to TGF S1-induced contractility. A, C. Representative photographs
of NDF- and I1253-embedded collagen gels treated with and without recombinant mouse
adipolin (300ng/ml) and TGFfS1 (10ng/ml). B, D. Gel area quantified on ImageJ with
baseline correction for control gels. Each point represents a gel from two experimental
replicates. )
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3.6 Phenotype of homozygous carriers of C1QTNF12
LOF variant in the UKB

In light of the absence of detectable adipolin in dermal fibroblasts and the subtle
phenotype observed in fibroblasts treated with adipolin (both adipolin-conditioned
media and murine recombinant adipolin), the only evidence to support the hypoth-
esis that this gene has an aetiological role in keloids is that its homozygous LOF
variant segregated with this phenotype in a single small pedigree. An alternative

approach was therefore sought for supporting evidence.

The UKB is a population based cohort study that recruited > 500000 partici-
pants (40-69 years old at recruitment) who attended one of 22 assessment centres
across the UK between 2006 and 2010(Bycroft et al., 2018). A rich variety of
health-related information is provided by the participants, including self-reported
conditions, lifestyle indicators, genomic data and follow-up linked health records.
Considering that the p.Asn43fs variant in C1QTNF12 (rs571313759) has a reported
minor allele frequency (MAF) of 0.0005 in Europeans and 0.0186 in Africans or
African Americans according to gnomAD v3(Karczewski et al., 2020) it could be
predicted that approximately two other individuals carrying this homozygous variant
would be present in the UKB, which would allow for a qualitative assessment of

the clinical implications.

The chromosomal region for C1QTNF12 (chrl:1242453-1246722) was extracted
from the UKB 200K exome release* and filtered for homozygous pLOF (defined as
frameshift, stop-gained, splice-acceptor and splice-donor) variants. This resulted in
four individuals; however, the genotype quality for their samples were low (Table
3.6). Three individuals, all of whom were homozygous carriers of rs5713137509,
had genotyping quality that indicated <20% error rate. Of these, two had linked
electronic health records (EHR). A review of the summary diagnoses codes for both

individuals showed no indications for primary fibrotic/scarring disease (Table 3.7).

*https://biobank.ndph.ox.ac.uk/ukb/label.cgi?id=170
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Table 3.6: Participants carrying homozygous pLOF variants in C1QTNF12 in the UKB
and their genotyping quality.

Participant Variant Genotype Error
Rate (%)
1 rs115005664 63.1
2 rs571313759 15.8
3 rsb71313759 15.8
4 rsh71313759 12.6

pLOF, predicted loss of function

Table 3.7: Diagnoses recorded for two individuals homozygous for the C1QTNF12 pLOF
variant, rs571313759, within the UKB.

Description Group n
Blood in stool Digestive 1
Duodenal ulcer Digestive 1
Duodenitis Digestive 1
Haemetemesis Digestive 1
Haemorrhage of gastrointestinal tract Digestive 1
Other specified gastritis Digestive 1
Calculus of kidney Genitourinary 1
Renal colic Genitourinary 1
Other anemias Haematopoietic 1
Alcohol-related disorders Mental Disorders 1
Alcoholic liver damage Mental Disorders 1
Tobacco use disorder Mental Disorders 1
Other headache syndromes Neurological 1

pLOF, predicted loss of function; n indicates the number of individuals with the diagnosis in
their electronic health records

112



3. Adipolin and fibroblasts

3.7 PheWAS for heterozygous C1QTNF12 LOF

variant carriers

Novel disease associations have been reported particularly for rare protein coding
variants and a case has been made for studying the additive effects of rare protein
truncating variants(DeBoever et al., 2018). As such, to investigate whether pLOF
variants in C1QTNF12 contribute to risk for fibrotic/scarring traits, a PheWAS
was performed for the 657 heterozygous carriers of pLOF C1QTNF12 variants (all
of whom had high genotyping quality i.e. genotype error rate <1%) using data
extracted from the UKB 200K exomes (https://biobank.ndph.ox.ac.uk/ukb/
label.cgi?id=170), with age, sex and ethnicity as covariates.

Of the 1522 phenotypes (phecodes, see Section 2.5.1) screened, there were no
phenotypes that met phenome-wide significant associations (Figure 3.15). Of those
that met nominal significance (p<0.05), the association with Dupuytren’s disease
was potentially of interest (odds ratio (OR) 2.04, p=0.027), although case numbers
were small (there were ten individuals carrying pLOF variant(s) for C1QTNF12

with a phecode diagnosis of Dupuytren’s contracture compared with 585 without).
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3.8 Genotyping 11253 fibroblasts for single nucleotide
polymorphisms relevant to keloids

In consideration that there may be factors other than the CIQTNF12 variant
responsible for or contributing to the phenotype of the pedigree, five SNPs that were
previously identified to be associated with keloid were selected for Sanger sequencing,
namely rs873549(Nakashima et al., 2010; Zhu et al., 2013), rs1511412(Nakashima
et al., 2010; Zhu et al., 2013), rs940187(Nakashima et al., 2010; Zhu et al., 2013),
rs8032158(Nakashima et al., 2010; Zhu et al., 2013), and rs192314256(Sakaue et
al., 2021). The 11253 fibroblasts were found to be homozygous for the reference
(i.e. non-risk) allele for all SNPs apart from rs8032158, located in intron 5 of the
neuronal precursor cell-expressed developmentally downregulated 4 (NEDDJ/) gene,
for which the fibroblasts were homozygous for the alternate (i.e. risk) allele. However,
this variant did not segregate with the phenotype when Sanger sequencing was

performed on the whole pedigree (Figure 3.16).

115



3. Adipolin and fibroblasts

11253 (Proband)
TTGGGAAAAAACTAGCTTATAATAACATAGGTAGTTTATAACATTTATTAAATA

A

11254 (Affected sibling)
TTGGGAAAAAACTAGCTTATAATAATATAGGTAGTTTATAACATTTATTAAAT

11490 (Unaffected parent)

F'TGGGAAAAAACTAGCTTATAATAACATAGGTAGTTTATAACATTTATTAAAT

11491 (Unaffected parent)

TTGGGAAAAAACTAGCTTATAATAACATAGGTAGTTTATAACATTTATTAAAT

A

Figure 3.16: Sanger sequencing for rs8032158 (non-risk allele, T; risk allele, C; high-
lighted) did not show phenotype segregation (i.e. the risk allele was absent from the
affected sibling and present in the unaffected parents).
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3.9 Discussion

Experiments in this chapter started with studying the characteristics of 11253 fi-
broblasts (carrying the LOF variant in C1QTNF12, which encodes the insulin-
sensitising adipokine, adipolin), derived from non-lesional skin of a patient suffering
from excessive scarring. The hypothesis was that these fibroblasts are scar-prone
as a result of the LOF variant. Although much has been published about KDFs,
the characteristics of keloid-prone fibroblasts are less discussed. Single cell tran-
scriptional profiling of mouse and human fibroblasts have indicated that CD26+
fibroblasts, which represent a large fraction of the human adult (non-papillary)
dermis, may contribute to skin fibrosis and that differential expression of Wnt
pathway, ECM and immunoregulatory genes may prime fibroblasts toward a pro-
or anti-fibrotic role(Philippeos et al., 2018). Comparisons have also been made
between oral mucosal fibroblasts (less prone to scarring) and skin fibroblasts (more
prone to scarring) showing that skin fibroblasts are less proliferative and express
a higher TGF/1 signalling and cell-contractility gene signature(Mah et al., 2014).
Consistent findings have been reported with comparisons between glabrous fibrob-
lasts (less prone to scarring) and non-glabrous fibroblasts (more prone to scarring),
showing that non-glabrous fibroblasts are less proliferative and accumulate more
aSMA (Chipev and Simon, 2002).

The only significant finding in this chapter was that 11253 fibroblasts were
‘myofibroblast-like’, through the increased expression of aSMA and correspond-
ing increased TGF1-induced contractility. a«SMA expressing fibroblasts, typically
deemed as differentiated myofibroblasts, are thought to be responsible for physiolog-
ical wound contraction(Tomasek et al., 2002). Their persistance in a closed wound is
typically considered to mediate pathological development of scar hypertrophy(Van
De Water et al., 2013). It is likely that the contractile force generated by stress fibres
is transmitted to the ECM leading to its straining and stiffening. ECM straining and
stiffening activates TGFS1(Froese et al., 2016; Klingberg et al., 2014), maintaining

a feedback loop through which myofibroblast activity persists.
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Interestingly, there was no increase in type 1 collagen expression in the 11253
adipolin-mutant fibroblasts. Although generally assumed that collagen expression
by KDFs is increased compared to normal fibroblasts(Li et al., 2011), it has been
reported that fibroblasts isolated from keloids often synthesize normal amounts of

collagen(Ala-Kokko et al., 1987; Barallobre-Barreiro et al., 2019).

The significance of 11253 fibroblasts being more ‘myofibroblast-like’ in culture
may suggest they are profibrotic in vivo; however common cell culture conditions
could be influencing this phenotype. Standard culture conditions are known to
promote differentiation of primary fibroblasts into myofibroblasts(Baranyi et al.,
2019). Furthermore, cells plated and passaged at a lower density are more likely to
differentiate into myofibroblasts(Masur et al., 1996). Although effort was made to
standardise culture conditions between patient and healthy control cells during the

experiments, conditions prior to cryopreservation of the control cells were unknown.

Interrogation of the (autocrine) effect of adipolin in fibroblasts was hampered
by the lack of its detectable autologous expression in the tissue types tested. Data
presented here suggest that cultured dermal fibroblasts do not express adipolin at
baseline or with attempted induction by glucose starvation, adipogenic differen-
tiation and TGFfS1 treatment. Likewise, skin staining indicates absent adipolin
expression although in this case there was no reliable positive control for the an-
tibody tested (as was the case in data from the HPA, discussed in Section 1.3.2).
Published literature has widely considered adipolin to be expressed in adipose tis-
sue(Babapour et al., 2020; Enomoto et al., 2011; Sargolzaei et al., 2018; Tan et al.,
2013). At study conception, it was hypothesized that adipolin may have relevance
to fibroblasts, particularly as there is suggestion on the the public gene expression
database, GTEx, that C1QTNF12 is skin-enriched and that fibroblasts are present in
adipose tissue(Gregoire, 2001). In hindsight, when compared with other adipokines
(adiponectin, ADIPOQ); leptin, LEP; and resistin, RETN)(Rankinen et al., 2006)
and skin-enriched genes (keratin 1, KRT1; periostin, POTN; and type 7 collagen,
COL7A1)(Edqvist et al., 2014), its expression in both adipose tissue and skin is
very low (Figure 3.17). Further examination of GTEx and ARCHS?*(Lachmann et
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Figure 3.17: Comparison of C1QTNF12 expression with selected adipokine- (ADIPOQ,
LEP, RETN) and skin enriched- (KRT1, POSTN, COL7A1) genes. Data visualisation
from the GTEx portal. TPM, transcripts per million.

al., 2018) databases suggested that adipolin gene expression is more prominent in
the digestive and urogenital systems, but generally, constitutively low. As genes that
are functionally significant tend to be more highly expressed in disease tissue(Feiglin
et al., 2017), this supports the relevance of C1QTNF12 for metabolic health, but

less so for skin scarring.

There are notable limitations to studying adipolin expression. Data correlating
transcriptomic and protein-level localisation in normal and excessive scars across
different cell types is limited; signals for lowly expressed transcripts/proteins such
as C1QTNF12/adipolin may have been diluted when analysing heterogeneous tis-
sues/cells, as in the data sources examined. There are emerging technologies that
allow spatially-resolved transcriptomic and protein profiling at subcellular levels

(e.g. spatial transcriptomics(Marx, 2021) and imaging mass cytometry(Baharlou et
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al., 2019)). Such information is important for scar research, considering their inter-
and intra-lesional heterogeneity(Limandjaja et al., 2020b), and would be a valuable
resource for future functional genetic studies (although caveats such as the need
for effective and specific probes/antibodies, that may not be available for novel
proteins, remain). Another key limitation is the absence of a temporal context
in currently-available transcript/protein expression data to account for the highly
dynamic processes in normal/excessive scars. Data on gene expression changes
is lacking for wound healing, and even more so for excessive scars. Of publicly-
available data, transcriptomic analysis of the skin of keloid-prone individuals at
six weeks post wound healing did not highlight C1QTNF12 as being differentially
expressed(Onoufriadis et al., 2018). Similarly, changes in mouse skin transcriptome
during wound healing did not highlight C1QTNF12(St. Laurent et al., 2017) al-
though the duration studied (192 hours) corresponded with early-to-mid mammalian

wound healing(Seifert et al., 2012), rather than the later scar-formation phase.

Nevertheless, efforts were made to investigate the effect of exogenous adipolin on
cultured fibroblasts, in the event that fibroblasts were adipolin-responsive. Adipolin
was detectable in concentrated conditioned media from adipolin-overexpressing HEK293
cells after 72 hours of conditioning. Downstream transcriptomics experiments utilised
unconcentrated conditioned media after 24 hours of conditioning as 72-hour condi-
tioning was found to hamper cellular proliferation. No significant differential gene
expression was found through this approach. Here, two key limitations were the
potential insufficient adipolin dosing in treatment conditions and the limited number
of biological samples tested.

The focus of the in wvitro study in this chapter has been on dermal fibroblasts
but it is important to note that there are a myriad of other cell types involved
in wound healing and scarring. As adipolin has previously been reported to be
anti-inflammatory (reducing macrophage accumulation in adipose tissue(Enomoto
et al., 2011)), it would be interesting to find out whether similar effects occur in
skin, and whether an attenuated fibrotic response would ensue. For example, a

published monocyte-keloid skin equivalent co-culture model(Limandjaja et al., 2019)
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might be a starting point to study whether adipolin exposure influences macrophage
phenotype switching (the M2 phenotype is thought to be contributory to keloid
maintenance) as well as the increased contraction and aSMA staining reported by

the authors in the keloid scar model.

Murine recombinant adipolin has previously been shown to protect against patho-
logical vascular remodelling by reducing platelet-derived growth factor-BB-stimulated
proliferation of human vascular smooth muscle cells through a TGFg1-dependent
pathway(Ogawa et al., 2019). Experiments in this chapter using murine recombi-
nant adipolin at the published effective doses did not find evidence that it attenu-
ated TGFf1-induced fibroblast-mediated contraction of collagen gels. As protein
availability was limited and adipolin pharmacokinetics have not been established,
concurrent treatment of adipolin and TGF 1 was employed. It is unknown whether
pre-treatment of fibroblasts with adipolin may have stimulated anti-TGFg1 sig-
nalling cascades when subsequently exposed to TGFS1 (hence resulting in reduced
contractility). However, although not statistically significant, it was interesting
that exposure to adipolin alone appeared to promote rather than inhibit baseline

(serum-induced) contraction.

Reviewing the phenotype of C1qtnf12-null mice in the Mouse Genome Initiative,
the only reported abnormal phenotypes were enlarged/absent seminal vesicle and
abnormal eye morphology (microphthalmia/anophthalmia)(Blake et al., 2020). In
particular, there was no suggestion of abnormalities in the integumentary system.
It is of interest that on metabolic challenges, phenotypes were subtle and sexually
dimorphic, despite more promising in vitro reports(Tan et al., 2020). However, scar-
modelling on these mice (e.g. by wounding or bleomycin treatment) may further the
understanding of the relevance of this gene in fibrosis/excessive scars.

Considering the lack of strong functional evidence supporting the relevance of
adipolin in the excessive scarring phenotype of the proband and the limitations
of causal gene identification in a single small pedigree, data from the UKB was
interrogated to identify carriers of homozygous pLOF variants of C1QTNF12 and to

describe their clinical manifestations. No supporting evidence was drawn from this

121



3. Adipolin and fibroblasts

functional genomic analysis. This may have been a result of incomplete electronic
health recording, incomplete phenotypic penetrance and/or the variable expressivity
of phenotypic traits; however, it also calls into question whether the variant identified

in this pedigree is truly causal of the excessive scarring phenotype in this pedigree.

The likelihood of rs571313759 in C'1QTNF12 leading to nonsense mediated decay
remained an unproven hypothesis due to the inability to detect adipolin in the WT
samples tested, as aforementioned. In light of the negative findings in this chapter,
it would be sensible to consider the potential pathogenicity of other variants that
cosegregated with the disease in the pedigree. The only other variant identified in
the homozygous model was the missense variant in SEMG1 (rs7263910), encoding
semenogelin-1, the predominant protein in semen. Based on the tissue expression
and published disease-associations of SEMGI1(Pletscher-Frankild et al., 2015), this
variant was felt to be less relevant. Reviewing the compound heterozygous variants
shared by both siblings, a number of alternative variants may potentially be of
relevance, namely IGFN1 (rs138698246, rs368038036) and NUDT19 (rs375826824,
rs371803324), which were potentially pathogenic, based on prediction scores (Table
3.4). IGFN1 encodes multiple splicing variants of Immunoglobulin- and Fibronectin-
like domain containing proteins that are predominantly expressed in skeletal mus-
cle(Li et al., 2017). There are reports of its protein variants being involved providing
structural support to skeletal muscle sarcomere(Baker et al., 2010; Li et al., 2017)
but the literature is sparse and the complexity of the locus makes it challenging
to analyse. NUDT19 encodes the Nudix hydrolase, Nudt19. Although largely
understudied, Nudix hydrolases are involved in regulation of CoA, the obligate
cofactor in numerous metabolic reactions(Shumar et al., 2018). Considering the
hypothesised metabolic link in fibrosis(Ung et al., 2021), NUDT19 may be a can-
didate for further study.

On the other hand, it is also worth considering the likely mode of inheritance of
the disease. Although an autosomal recessive inheritance pattern was assumed in
our pedigree, the most commonly reported inheritance pattern for familial keloids

is autosomal dominant with incomplete penetrance and variable expression(Chen et
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al., 2006a; Clark et al., 2009; Marneros et al., 2001; Ramakrishnan et al., 1974).
As our pedigree only spanned two generations, the actual inheritance pattern could
have been autosomal dominant with incomplete penetrance, opening up reams of
alternative pathogenic genes. As our pedigree has since been lost to follow up, it was
not possible to perform a more extensive pedigree review alongside more detailed
phenotyping. This would be an important future step, should the opportunity for
study arise, as larger pedigrees would increase power to enable gene mapping and
rare variant identifcation(Wijsman, 2012). It would also be of interest to revisit

previously reported keloid pedigrees that are likely to have enlarged over time.

Overall, findings in this chapter do not provide functional evidence to sup-
port the hypothesis that C1QTNF12 LOF variant leads to a profibrotic phenotype.
Caution has been raised on the interpretation of rare homozygous LOF genotypes
identified by exome or genome sequencing, as although the effect on protein func-
tion is greatest, most of the proteins affected are LOF-tolerant(Narasimhan et al.,
2016a). C1QTNF12has not yet been reported in systematic surveys with phenotypic
analyses of homozygous LOF variants(Lim et al., 2014; MacArthur et al., 2012;
Narasimhan et al., 2016a; Saleheen et al., 2017). This chapter illustrates the need for
meticulous and systematic phenotyping of pedigrees subjected to DNA sequencing,
in tying together their clinical, epidemiological and molecular data, to identify novel

biological functions for the highlighted genes.

3.9.1 Limitations

A key limitation of the in vitro work is having n=1 of patient fibroblasts, resulting
in a lack of power to detect gene expression differences that might explain the ‘my-
ofibroblast’ phenotype observed in the patient cells. There is increasing discussion
surrounding the heterogeneity of fibroblasts, depending on tissue status, regional
features, microenvironment and cellular state(Shaw and Rognoni, 2020). Dissecting
differences in fibroblasts between disease and healthy states whilst capturing their
physiological complexity is challenging, ideally requiring large sample sizes that are

adequately stratified, tested using a model that recapitulates an in vivo state.
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The lack of a known receptor for adipolin also limited the approaches undertaken
to investigate its effect. Its future identification and a knowledge of its tissue
distribution would aid the study of adipolin-responsive tissues and cells. Studying
the adipolin ligand may provide supporting evidence to its function. As well as in
vitro experiments, this includes the bioinformatic study of phenotypic associations
of its genetic variants at a population level, expanding on the approach undertaken

in this chapter.

Interrogating the phenotype of homozygous C1QTNF12-LOF carriers was lim-
ited by having only two additional individuals with linked-EHR. This is expected,
due to the rarity of this variant. Gene-based variant burden testing is a statis-
tically robust method to screen for pathological phenotypes associated with rare
variants of this gene - a comprehensive database for this was recently made publicly-
available(Karczewski et al., 2022). Through this resource, analysis of C1QTNF12
rare variant burden testing was unremarkable; however, the data used did not
include primary health records and may have excluded a significant number of

relevant diagnoses, including keloids.
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This chapter presents results from an epidemiological assessment of diseases
that are interrelated with keloids and/or hypertrophic scars (henceforth “excessive
scarring”) in the UK Biobank (UKB), a multi-centre population-based longitudinal
observational study of >500000 participants including 972 with a diagnosis of ex-
cessive scarring. A candidate approach was first undertaken to validate previously
reported disease associations, followed by a discovery approach, using a PheWAS.

A PheWAS is an unbiased exploration of associations between independent
variables (e.g. genetic variants/biological measurement /clinical phenotype) and the
entire range of clinical phenotypes (the phenome)(Hebbring, 2014). These phe-

notypes are designated as phecodes, curated hierarchical groups of clinical codes

125



4. Scarring in the UK Biobank

for research, covering broad organ systems/categories(Bastarache, 2021). Although
primarily used for billing and statistical reporting purposes, clinical coding systems
are fundamental to the comprehensive electronic health information accessible for
research. However, classification systems vary between settings; in the UKB, sec-
ondary care health records are coded using the ICD system (ICD9 and ICD10),
whereas primary care data are coded using Read version 2 (Read2) and Read version
3 (Read3) terminologies(Sudlow et al., 2015). Translation of clinical codes between
the different classifications is required to enable their integration for research. In this
study, clinical codes retrieved from the UKB were mapped to their corresponding

(ICD10-based) phecodes before multivariable association testing.

4.1 Study cohort

230078 UKB participants for whom linked GP data were available were analysed
(Figure 4.1). 972 participants had a record of excessive scarring (740 with a diagnos-
tic code specific for keloid, 110 specific for hypertrophic scar, 177 for either keloid or
hypertrophic scar; Figure 4.2) compared to 229106 participants without. Table 4.3
shows the baseline characteristics for the excessive scarring and comparator groups.
In the excessive scar-affected group, there was a higher proportion of females than in
the unaffected group (65% versus 55%) and a lower proprtion of participants with
self-reported white ethnicity (86% versus 95%).

There were 3403 individuals (1.2% of the study cohort) with missing data for
at least one of age, sex, ethnicity, Townsend Deprivation Index, body mass index
(BMI) or smoking status. Participants with missing data were more likely to be
male and of non-white ethnicity, with higher Townsend Deprivation Index and BMI
(Table 4.1). Comparing participants with excessive scarring diagnoses versus those
without, there were no significant differences in the proportion of missing data for
these variables (Table 4.2). Nevertheless, for testing associations, the full cohort

was analysed and multiple imputation was used to account for missing data.
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UK Biobank Cohort
N = 502,701

Withdrawn consent
N =241

A\ 4

> GP records unavailable
N =272,382

\4

Study cohort
N = 230,078
Cases (keloid/hypertrophic scar) Controls
N =972 N = 229,106

Figure 4.1: Flowchart of participants included in study cohort. Participants without
linked primary care data were excluded.

Keloid or hypertrophic scar

count

Keloid Hypertrophic scar

Figure 4.2: Venn diagram of patients with keloid and/or hypertrophic scar diagnosis
codes in their linked electronic health records.

127



4. Scarring in the UK Biobank

Table 4.1: Summary of individuals with and without missing data.

Characteristic With missing Without missing p-value

data, N = 3,403 data, N =

226,675

Age 65 (57, 71) 66 (58, 71) 0.4
Sex <0.001
Female 1,668 (49%) 124,103 (55%)
Male 1,735 (51%) 102,572 (45%)
Ethnic background <0.001
White 1,958 (84%) 216,373 (95%)
Asian or Asian British 205 (8.8%) 4,502 (2.0%)
Black or Black British 81 (3.5%) 2,428 (1.1%)
Chinese 14 (0.6%) 586 (0.3%)
Mixed 10 (0.4%) 1,157 (0.5%)
Other ethnic group 57 (2.5%) 1,629 (0.7%)
Townsend Deprivation Index -0.62 (-2.92, 2.63) -2.16 (-3.65, 0.45) <0.001
Ever smoked 1,292 (58%) 134,654 (59%) 0.3
Body mass index 27.4 (24.7, 31.0)  26.8 (24.2, 30.0) <0.001
Keloid or Hypertrophic Scar 0.7
Control 3,387 (100%) 225,719 (100%)
Case 16 (0.5%) 956 (0.4%)
Hypertension 1,430 (42%) 77,604 (34%) <0.001
Leiomyoma of uterus 196 (5.8%) 13,935 (6.1%) 0.3
Osteoporosis 243 (7.1%) 13,071 (5.8%) <0.001

Continuous variables are summarised as median (interquartile range) and compared using
Wilcoxon rank sum test. Categorical variables as number (%) and compared using Pearson’s
Chi-squared test. Statistical significance is declared at P < 0.05 (bold).
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Table 4.2: Missing data for keloid or hypertrophic scar cases versus control individuals.

Characteristic Control, N = Case, N = 9721 p-value?
229,106

Age

Sex

Townsend Deprivation Index >0.9

Missing 342 (0.1%) 1(0.1%)

Ethnic background 0.8

Missing 1,073 (0.5%) 5 (0.5%)

Ever smoked 0.6

Missing 1,187 (0.5%) 4 (0.4%)

Body mass index >0.9

Missing 1,352 (0.6%) 6 (0.6%)

n (%)

2Fisher’s exact test; Pearson’s Chi-squared test

Statistical significance is declared at P < 0.05.
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Table 4.3: Baseline characteristics for the excessive scarring and comparator groups.

Study Cohort

Keloid or Hypertrophic Scar Cohort

Characteristic N = 230,078 Case, N = 972 Control, N = p-value
229,106

Age 64 (8) 63 (8) 64 (8) <0.001

Sex <0.001

Female 125,771 (55%) 633 (65%) 125,138 (55%)

Male 104,307 (45%) 339 (35%) 103,968 (45%)

Ethnic <0.001

Background

Asian or Asian 4,707 (2.1%) 53 (5.5%) 4,654 (2.0%)

British

Black or Black 2,509 (1.1%) 61 (6.3%) 2,448 (1.1%)

British

Chinese 600 (0.3%) 7 (0.7%) 593 (0.3%)

Mixed 1,167 (0.5%) 7 (0.7%) 1,160 (0.5%)

Other ethnic group 1,686 (0.7%) 10 (1.0%) 1,676 (0.7%)

White 218,331 (95%) 829 (86%) 217,502 (95%)

Townsend -1.33 (3.03) -1.29 (3.12) -1.33 (3.03) 0.7

Deprivation

Index

Ever Smoked 135,946 (59%) 526 (54%) 135,420 (59%) 0.001

Body Mass 27.5 (4.8) 27.9 (5.2) 27.5 (4.8) 0.051

Index

Hypertension 79,034 (34%) 362 (37%) 78,672 (34%) 0.062

Leiomyoma of 14,131 (6.1%) 92 (9.5%) 14,039 (6.1%) <0.001

uterus?

Vitamin D 5,547 (2.4%) 50 (5.1%) 5,497 (2.4%) <0.001

deficiency

Eczema, atopic 13,501 (5.9%) 99 (10%) 13,402 (5.8%) <0.001

Leiomyoma of 14,080 (11%) 92 (15%) 13,988 (11%) 0.009

uterus

Continuous variables are summarised as mean (standard deviation) and compared using Welch’s t-test.
Categorical variables as number (%) and compared using Pearson’s Chi-squared test. Statistical
significance is declared at P < 0.05 (bold); *Only female participants (N total = 125,771, N affected =

633, N unaffected = 125,138) considered for uterine leiomyoma.
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4.2 Previously-studied associations with excessive
scarring

The systematic search for excessive scarring disease associations resulted in 708
references in independent English language studies that were independently reviewed
for relevant studies, excluding case reports. From the 21 remaining references
(Table 4.4), disease associations selected for analysis in this study were those that
were studied in two or more independent reports, namely hypertension, uterine

leiomyoma, vitamin D deficiency and atopic eczema.

Table 4.4: Summary of systematic search for published keloid and hypertrophic scar
disease associations.

PMID Title Study type Participants Disease Disease risk
Association
26677295  The Association  Cohort European Atopic asthma Increase

between Atopic
Disorders and
Keloids: A
Case-control
Study.

34880399  The increased Cohort East Asian Atopic Increase
prevalence of dermatitis
keloids in atopic
dermatitis
patients with
allergic
comorbidities: a
nationwide
retrospective
cohort study.

30021755  Keloid risk in Cohort East Asian Atopic Increase
patients with dermatitis
atopic dermatitis:
a nationwide

retrospective
cohort study in
Taiwan.
28497468 A case-control Case control  African Hypertension Increase
study analyzing American

the association of
keloids with
hypertension and
obesity.
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PMID

Title

Study type

Participants

Disease
Association

Disease risk

26517298

26517298

25728259

12459533

8618497

33541932

33413286

34697275

Association of
keloids with
systemic medical
conditions: a
retrospective
analysis.

Association of
keloids with
systemic medical
conditions: a
retrospective
analysis.

Hypertension: a
systemic key to
understanding
local keloid

severity.

A controlled
cohort study
examining the
onset of
hypertension in
black patients
with keloids.

Keloid associated
with
hypertension.

Migraines and
keloids: a 15-year
Taiwan claim
database analysis.

The association
between keloid
and osteoporosis:
real-world
evidence.

Is Hypertrophic
or Keloid Wound

Scar a Risk Factor

for Stricture at
Esophagogastric
Anastomosis Site
after Esophageal
Cancer
Operation?.

Case control

Case control

Cohort

Case control

Case control

Case control

Case control

Cohort

152

African
American

African
American

East Asian

Blacks (not
specified)

African

Americans and

whites

East Asian

East Asian

East Asian

Hypertension

Obesity

Hypertension

Hypertension

Hypertension

Migraine

Osteoporosis

Post-
procedural
anastamotic
stricture

Increase

Increase

Nil significant

Increase

Increase

Increase

Increase

Increase
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PMID

Title

Study type

Participants

Disease
Association

Disease risk

33403515

33931723

33931723

25081927

24386410

33476473

23867793

Arthrofibrosis
after total knee
arthroplasty:
patients with
keloids at risk.

Risk of cancer
development in
patients with
keloids.

Risk of cancer
development in
patients with
keloids.

Keloid incidence
in Asian people
and its
comorbidity with
other
fibrosis-related
diseases: a
nationwide
population-based
study.

Keloids and
ultrasound
detected fibroids
in young African
American women.

Does vitamin D
deficiency
predispose to
keloids via
dysregulation of
koebnerisin
(S100A15)7 A
case-control
study.

The Taql gene
polymorphisms of
VDR and the
circulating 1,25-
dihydroxyvitamin
D levels confer
the risk for the
keloid scarring in
Chinese cohorts.

Case control

Case control

Case control

Case control

Cohort

Case control

Cohort

1533

Not specified

East Asian

East Asian

East Asian

African
American

Asian
(Egyptian)

East Asian

Post-
procedural
arthrofibrosis

Skin cancer

Pancreatic

cancer (females

only)

Uterine
leiomyoma

Uterine
leiomyoma

Vitamin D
deficiency

Vitamin D
deficiency

Increase

Increase

Increase

Increase

Nil significant

Increase

Increase



4. Scarring in the UK Biobank

PMID Title Study type Participants Disease Disease risk
Association
30204734  Effect of vitamin Cohort Asian Vitamin D Increase
D deficiency on (Turkish) deficiency
hypertrophic
scarring.
30806461  The association  Cohort Fast Asian Vitamin D Increase
between postburn deficiency
vitamin D
deficiency and
biomechanical

properties of
hypertrophic scars

All previously-studied comorbidities were more prevalent for individuals with
excessive scarring. Vitamin D deficiency and atopic eczema were around twice as
common in the excessive scarring cohort: 5.1% versus 2.4% (vitamin D deficiency)
and 10% versus 5.8% (atopic eczema). The differences in uterine leiomyoma and
hypertension prevalence were smaller: 15% versus 11% (leiomyoma) and 37% versus
34% (hypertension).

Each comorbidity was analysed as a disease outcome using two multivariable
logistic regression models: minimally-adjusted (adjusting for age, sex and ethnicity,
except for uterine leiomyoma which was tested within females only adjusting for age
and ethnicity) and fully-adjusted (with additional potential confounders for each
comorbidity; Table 4.5). Statistically-significant associations with excessive scarring
were observed for hypertension and atopic eczema in the minimally-adjusted models,
while the association with vitamin D deficiency fell short of Bonferroni-corrected
significance (OR 1.42, p=0.022). In fully-adjusted models, only the association
with atopic eczema (OR 1.68, p<0.001) was significant. Despite a positive effect-
size estimate, there was no significant association between excessive scarring and

uterine leiomyoma.
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Table 4.5: Associations between excessive scarring and selected comorbidities.

Minimal Model Full Model
Outcome OR! 95% CI! p-value OR! 95% CI! p-value
Hypertension 1.24 1.08, 1.43 0.002 1.11 0.96, 1.30 0.2
Uterine 1.20 0.96, 1.51 0.11 1.19 0.95, 1.49 0.13
leiomyoma
Vitamin D 1.42 1.05, 1.93 0.022 1.47 1.09, 1.99 0.013
deficiency
Atopic 1.78 1.44, 2.19 <0.001 1.68 1.36, 2.07 <0.001
eczema

!OR = Odds Ratio, CI = Confidence Interval

Minimal model adjusts for age, sex (except uterine leiomyoma) and ethnicity for the entire
imputed cohort. Full model adjusts for age, sex (except uterine leiomyoma), ethnicity and
additional confounders for the entire imputed cohort (see Methods). Models for uterine leiomyoma
are restricted to females only without adjusting for sex.

Statistical significance is declared at P < 0.05/4 = 0.0125 (bold)

Association testing was then performed within subgroups of participants defined
by self-reported ethnicity. Results for white (829 excessive scar affected, 217502
unaffected), black (61 affected, 2448 unaffected) and Asian (53 affected, 4654 un-
affected) participants are summarized in Table 4.6. With the exception of atopic
eczema, the analysis revealed a divergence between ethnic groups in the prevalence
of each comorbidity and its association with excessive scarring (Table 4.7). The
associations with hypertension and uterine leiomyoma were nominally significant in
black participants [OR 2.05, p=0.019 (hypertension) and OR 1.93, p=0.05 (uterine
leiomyoma)] and not significant in white or Asian participants. Vitamin D deficiency
was only significantly associated with excessive scarring in Asian participants (OR

2.24, p=0.006). For atopic eczema, the association with excessive scarring was highly

185



4. Scarring in the UK Biobank

significant in white participants (OR 1.69, p<0.001), nominally significant in Asian
participants (OR 2.17, p=0.048), and although not statistically significant in black
participants, exhibited a similar trend (OR 1.89, p=0.13).
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Table 4.6: Summary of comorbidities in cases and controls by ethnic groups.

White participants Black participants Asian participants

Characteristic Control, N Case, N = p- Control, N Case, N = p- Control, N Case, N = p-

= 217,502 8291 value? = 2,448! 61! value? = 4,654} 531 value?
Hypertension 74,175 (34%) 290 (35%) 0.6 1,056 (43%) 38 (62%) 0.004 1,995 (43%) 23 (43%) >0.9
Vitamin D 3,866 (1.8%) 20 (2.4%) 0.2 263 (11%) 6 (9.8%) >0.9 1,041 (22%) 20 (38%) 0.013
deficiency
Eczema, 12,621 (5.8%) 83 (10%) <0.001 144 (5.9%) 7 (11%) 0.12 323 (6.9%) 8 (15%) 0.042
atopic
Uterine 12,843 (11%) 63 (12%) 0.6 458 (33%) 18 (47%) 0.083 291 (13%) 4 (14%) >0.9
leiomyoma
n (%)

2Pearson’s Chi-squared test

Statistical significance is declared at P < 0.05.
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Table 4.7: Associations between pathological scars and selected comorbidities within three main UKB self-reported ethnic groups.

White partcipants Black participants Asian participants
Outcome OR! 95% CI! p-value OR! 95% CI! p-value OR! 95% CI! p-value
Hypertension 1.08 0.92, 1.28 0.3 2.05 1.13, 3.72 0.019 0.95 0.48, 1.86 0.9
Uterine 1.07 0.82, 1.39 0.6 1.93 1.00, 3.71 0.050 1.04 0.36, 3.01 >0.9
leiomyoma*
Vitamin D 1.32 0.85, 2.07 0.2 0.88 0.37, 2.08 0.8 2.24 1.26, 3.97 0.006
deficiency
Atopic eczema 1.68 1.34, 2.12 <0.001 1.89 0.83, 4.28 0.13 2.17 1.01, 4.67 0.048

yuvqQoxg [ 23 Ui buniivog ¥

!OR = 0Odds Ratio, CI = Confidence Interval
Statistical significance is declared at P < 0.05/4 = 0.0125 (bold)

*Model for uterine leiomyoma is restricted to females only without adjusting for sex.
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4.3 Discovery analysis

1518 phecodes across 17 disease groups were screened, identifying 110 diseases
significantly enriched (p<0.05/1518=3.3x10"% based on 1518 phecodes) among par-
ticipants with excessive scarring (Figure 4.3, Table 4.8, Table 4.9).

There was strongest evidence of association for several dermatological diseases,
most prominently sebaceous cyst (OR 2.56, p=9.45x1073?), non-epithelial skin can-
cer(OR 2.89, p=2.03x10"%) and the umbrella phenotype “diseases of hair/hair fol-
licles” (OR 2.3, p=1.50x10"2%), as well as infections of skin/subcutaneous tissue,
seborrheic keratosis, actinic keratosis, acne, and notably, atopic/contact dermatitis,
all with OR>1.9 and p<1.0x10". Similarly strong evidence was observed for pain-
related symptoms, particularly for joint pain (OR 1.84, p=1.87x10"?°) but also back
pain, cervicalgia, enthesopathies and mastodynia, all with OR>1.6 and P< 1.0x107'2.
Significant associations with the largest effect sizes (when limited to those with
more than 10 cases with excessive scarring) were abnormal weight gain (OR 3.97,
p=9.32x10"%), heart valve replacement (OR 3.9, p=6.65x10"") and hypertrophy of
breast (OR 3.82, p=9.53x1019).

Associations were identified with hypertension (OR 1.26, p=2.05x10"3) and vi-
tamin D deficiency (OR 1.47, p=1.34x10"?) as expected, but these did not meet

Bonferroni-corrected significance.

159



0rr1

30
Sebaceous cyst
25 Other non-epithelial cancer of skin
Diseases of hair and hair follicles
20 Pain in joint
—
Q
=
515 Atopic/contact dermatitis due to other or unspecified
<] ’ ’
2 ) ' Malaise and fatigue
! R Acute upper respiratory infections of multiple or unspecifie Other local infections of skin gnd subcutaneous tissue Back pai
Conjunctivitis, infectious o and allied ack pain
Postoperative infection . Seborrheic keratosis Cenvicalgia
‘ Cough Mastodynia Actinic keratosis
ugf cne Enthesopathy
* Acute sinusitis oo e
Rash h fic sk
Vel ok Other diseases of respiratory system, NEC ash and other nonspecific skin eruption
elanomas of skin Acuts pharyngitis Other hypertrophic and atrophic conditions of skin .
10 Dizziness and giddiness (Light-headedness and vertigo) pharyng Abdominal pain
Tuberculosis Acute pain oot
* - i phy of breast
Malignant neoplasm, other Organic or persistent insomnia INflammation of eyelids  Angjna pectoris TS isturb £ sk "
. 4 : * isturbance of skin sensation
 Viral warts & FPV Ju— Eustachian tube disorders . ’ . ) Carbuncle and furuncle*
Darmatophytosis of nail “ Other headache syndromes Acute laryngitis and tracheitis  Hemorrhage of rectum and anus  Inflammatory disease of breast Pruritus and related conditions -
Detmatophytoss. SEXUaly transmitted nfections (not HIV or hepaiitis) he sy! Nonspecific chest pain~Qther chronic ischemic heart disease, unspecified  prgquency of urination and polyuria_ Cystitis ursts Sprains and strains
I Lipoma  Abnormal weight gain Disorders of lacrimal system ~Coronary atheroscférosis Influenza Symptoms involving digestive system Lump or mass in breast Nausea and vomiting
Candidiasis Otalgia» Infection of the eye”  \_" Heart valve replaced : ion. Imegul trual cycl i ed disc di 3
Herpes simplex Other peripheral nerve disorders Hearng lose ] Iitable Bowel Syndrome./E/cesswe or frequent menstruation, Iregular menstrual cycle Diseases of nail. NOS  Other and unspecified disc disorder
Viral infection Migraine  Ofitis extérna Endocardiis ~ Shortness of breath™ Diseases of lipsg Noninflammatory disorders of vagmax/o‘/ iaNaysflammatory disorders of vulva and perineum Sciatica
50y +, Nevus, non-neoplastic Conjunctivitis, noninfectious + Preumonia, - anai and rectal polyp Urinary tract infecti tension Other disorders of soft issues _Swelling of limb C°"‘”5‘°: NOS
ycoses % Hyporcholesterolemia ) TS o Chronic sinusitis*, Y brenagia Renal failure NOS %, Inflammatory diseases of uterus, except cervix Juvenile shoc
Gram hegative septiceqiia Sleep discrders - rhostatic hypo Chronic pharyngitis ang nasopharyngitis , O¥SPad Absent or infrgquent [ idarl Nos Edema
. . Hemangioma and lymphangioma, any site o . - % «  Certain early complicatiqns oftrauma or procedure
\ 5 . . B . . . . LN
% . . . s . . AN .
- . N . y . ~ d oy . .
. “ ~ . o ', - N L . “ L .S
~ \ % N
X % - S B - \
\ \ S ~ \ S \ . \_
3
0 P ~— " S
2 o, 2 @ . % o o, o o ¢ 5,
% 2 3 2 % % 5, 2, N 2 2 Y
s 3 S S ® % 2 % 3, 3 3 2 )
) % o S o S % % % s 3 % 3 K
% [ ki % S o3 > 3 S & S % z
2 2 2 > < 2 % < 2, T
LS 3, ¢ <, % 2 3
% ) ) % S % %,
[} E) Z D %
= (& =z
G s% S, Y
)
Phenotypes

Figure 4.3:

Manhattan plot showing multivariable logistic regression estimates for the effect of excessive scarring status on the risk of

each phecode diagnosis, adjusting for age, sex, ethnicity, smoking status, body mass index and Townsend Deprivation Index. Dots represent

phecodes and colours represent systemic categories. Statistical significance was set at P < 0.015/1518 (based on the number of phecodes
tested), indicated by the red horizontal line.

yunqQorg 3 2y} ul buiunog ¥



4. Scarring in the UK Biobank

Table 4.8: Phecodes significantly associated with excessive scarring status.

Group

Phecode description

Genitourinary (15)

Dermatologic (14)

Respiratory (12)

Infectious diseases (11)

Sense organs (11)

Neoplasms (8)

Symptoms (8)

Circulatory system (7)

Mastodynia; Hypertrophy of breast (Gynecomastia);
Inflammatory disease of breast; Cystitis; Frequency of
urination and polyuria; Lump or mass in breast; Irregular
menstrual cycle; Excessive or frequent menstruation; Ovarian
cyst; Noninflammatory disorders of vagina; Noninflammatory
disorders of vulva and perineum; Premenstrual tension
syndromes; Urinary tract infection; Renal failure NOS;
Inflammatory diseases of uterus, except cervix

Sebaceous cyst; Diseases of hair and hair follicles;
Atopic/contact dermatitis due to other or
unspecified; Other local infections of skin and
subcutaneous tissue; Seborrheic keratosis; Actinic
keratosis; Acne; Rash and other nonspecific skin eruption;
Other hypertrophic and atrophic conditions of skin;
Hyperhidrosis; Disturbance of skin sensation; Carbuncle and
furuncle; Pruritus and related conditions; Diseases of nail,
NOS

Acute upper respiratory infections of multiple or
unspecified sites; Cough; Acute sinusitis; Other diseases
of respiratory system, NEC; Acute pharyngitis; Acute
laryngitis and tracheitis; Influenza; Shortness of breath;
Pneumonia; Pneumonia due to fungus (mycoses); Chronic
sinusitis; Chronic pharyngitis and nasopharyngitis

Postoperative infection; Tuberculosis; Viral warts & HPV;
Dermatophytosis of nail; Sexually transmitted infections (not
HIV or hepatitis); Dermatophytosis; Candidiasis; Herpes

simplex; Viral infection; Mycoses; Gram negative septicemia

Conjunctivitis, infectious; Dizziness and giddiness
(Light-headedness and vertigo); Inflammation of eyelids;
Eustachian tube disorders; Disorders of lacrimal system;
Otalgia; Otitis externa; Infection of the eye; Hearing loss;
Conjunctivitis, noninfectious; Tinnitus

Other non-epithelial cancer of skin; Melanomas of skin;
Malignant neoplasm, other; Lipoma; Other benign neoplasm
of connective and other soft tissue; Benign neoplasm of lip,
oral cavity, and pharynx; Malignant neoplasm of female
breast; Nevus, non-neoplastic

Malaise and fatigue; Back pain; Cervicalgia;
Abdominal pain; Nausea and vomiting; Swelling of limb;
Sciatica; Edema

Angina pectoris; Nonspecific chest pain; Other chronic
ischemic heart disease, unspecified; Coronary atherosclerosis;
Heart valve replaced; Endocarditis; Orthostatic hypotension

Significant associations with excessive scarring (p < 0.05/1518 = 3.3x10-05), grouped by
category (number of phecodes per category shown in brackets). The 20 most significantly
associated phecodes are in bold.
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Group

Phecode description

Musculoskeletal (7)

Digestive (6)

Neurological (5)
Injuries & poisonings (3)

Endocrine /metabolic (2)

Mental disorders (1)

Pain in joint; Peripheral enthesopathies and allied
syndromes; Enthesopathy; Bursitis; Other and
unspecified disc disorder; Other disorders of soft tissues;
Juvenile osteochondrosis

Hemorrhage of rectum and anus; Symptoms involving
digestive system; Irritable Bowel Syndrome; Diseases of lips;
Anal and rectal polyp; Dysphagia

Acute pain; Organic or persistent insomnia; Other headache
syndromes; Other peripheral nerve disorders; Migraine

Sprains and strains; Contusion; Certain early complications
of trauma or procedure

Abnormal weight gain; Hypercholesterolemia

Adjustment reaction

Significant associations with excessive scarring (p < 0.05/1518 = 3.3x10-05), grouped by
category (number of phecodes per category shown in brackets). The 20 most significantly
associated phecodes are in bold.
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Table 4.9: Detailed summary of phecodes significantly associated with excessive scarring

status.

Group Phecode description OR (95% CI) P-value N cases
(Excessive
scarring)

Circulatory

system

Angina pectoris 2.00 (1.59, 2.51) 1.38e-09 96

Nonspecific chest pain 1.48 (1.28, 1.71) 8.21e-08 271

Other chronic ischemic 1.88 (1.47, 2.40) 2.64e-07 83

heart disease, unspecified

Coronary atherosclerosis 1.87 (1.46, 2.40) 9.51e-07 79

Heart valve replaced 3.90 (2.25, 6.73) 6.65e-07 14

Endocarditis 1.95 (1.48, 2.57) 1.47e-06 57

Orthostatic hypotension 2.42 (1.59, 3.68) 2.40e-05 24
Dermatologic

Sebaceous cyst 2.56 (2.17, 3.03) 9.47¢-30 181

Diseases of hair and hair 2.30 (1.94, 2.73) 1.50e-22 169

follicles

Atopic/contact dermatitis ~ 1.77 (1.53, 2.04) 1.44e-15 282

due to other or unspecified

Other local infections of 1.93 (1.63, 2.29) 1.55e-14 168

skin and subcutaneous

tissue

Seborrheic keratosis 1.90 (1.60, 2.26) 7.53e-14 175

Actinic keratosis 2.03 (1.66, 2.47) 9.91e-13 126

Acne 2.42 (1.89, 3.11) 1.32e-12 73

Rash and other nonspecific 1.75 (1.49, 2.05) 2.81e-12 202

skin eruption

Other hypertrophic and 2.00 (1.62, 2.48) 5.14e-11 102

atrophic conditions of skin

Hyperhidrosis 2.54 (1.86, 3.45) 1.67e-09 45

Disturbance of skin 1.80 (1.48, 2.19) 1.78e-09 123

sensation

Carbuncle and furuncle 1.88 (1.52, 2.33) 4.20e-09 100

Statistical significance is declared at P < 0.05/1518.
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Group Phecode description OR (95% CI) P-value N cases
(Excessive
scarring)

Pruritus and related 1.74 (1.43, 2.11) 1.04e-08 126

conditions

Diseases of nail, NOS 2.00 (1.50, 2.65) 1.19¢-06 53
Digestive

Hemorrhage of rectum and  1.67 (1.38, 2.02) 6.63e-08 129

anus

Symptoms involving 1.59 (1.31, 1.93) 1.96e-06 123

digestive system

Irritable Bowel Syndrome — 1.54 (1.28, 1.85) 2.98e-06 142

Diseases of lips 2.54 (1.69, 3.83) 4.83e-06 25

Anal and rectal polyp 1.97 (1.44, 2.70) 1.67e-05 43

Dysphagia 1.84 (1.38, 2.46) 2.14e-05 52
Endocrine/metabolic

Abnormal weight gain 3.97 (2.37, 6.66) 9.32e-08 16

Hypercholesterolemia 1.46 (1.22, 1.74) 1.79e-05 176
Genitourinary

Mastodynia 2.14 (1.74, 2.64) 2.54e-13 114

Hypertrophy of breast 3.82 (2.46, 5.91) 9.53e-10 22

(Gynecomastia)

Inflammatory disease of 2.51 (1.83, 3.45) 7.43e-09 43

breast

Cystitis 1.78 (1.43, 2.21) 9.90e-08 100

Frequency of urination and 1.95 (1.51, 2.52) 1.96e-07 67

polyuria

Lump or mass in breast 1.71 (1.39, 2.10) 2.29e-07 115

Irregular menstrual cycle 1.84 (1.43, 2.36) 1.00e-06 7

Excessive or frequent 1.58 (1.30, 1.93) 2.89e-06 143

menstruation

Ovarian cyst 1.98 (1.47, 2.66) 3.71e-06 51

Noninflammatory disorders 1.67 (1.33, 2.09) 6.51e-06 93

of vagina

Statistical significance is declared at P < 0.05/1518.
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Group Phecode description OR (95% CI) P-value N cases
(Excessive
scarring)

Noninflammatory disorders 2.08 (1.50, 2.89) 8.35e-06 40
of vulva and perineum

Premenstrual tension 2.06 (1.48, 2.86) 1.05e-05 41
syndromes

Urinary tract infection 1.42 (1.21, 1.67) 1.52e-05 200
Renal failure NOS 2.62 (1.66, 4.15) 2.59e-05 20
Inflammatory diseases of 4.14 (2.09, 8.20) 3.13e-05 9

uterus, except cervix

Infectious

diseases

Postoperative infection 2.61 (2.00, 3.40) 4.05e-13 63
Tuberculosis 1.55 (1.35, 1.78) 4.70e-10 302
Viral warts & HPV 1.76 (1.46, 2.14) 3.62e-09 126
Dermatophytosis of nail 1.80 (1.47, 2.20) 5.68e-09 113
Sexually transmitted 1.70 (1.41, 2.06) 1.76e-08 134
infections (not HIV or
hepatitis)
Dermatophytosis 1.69 (1.40, 2.05) 4.23e-08 128
Candidiasis 1.57 (1.31, 1.88) 5.70e-07 153
Herpes simplex 1.68 (1.35, 2.08) 1.57e-06 97
Viral infection 1.49 (1.25, 1.78) 5.90e-06 156
Mycoses 1.87 (1.41, 2.47) 9.33e-06 55
Gram negative septicemia  3.84 (2.02, 7.32) 2.90e-05 10
Injuries &
poisonings
Sprains and strains 2.72 (1.91, 3.89) 2.01e-08 33
Contusion 1.93 (1.45, 2.57) 4.70e-06 52
Certain early complications 2.23 (1.52, 3.29) 3.25e-05 28
of trauma or procedure
Mental
disorders
Adjustment reaction 1.90 (1.51, 2.38) 1.45e-08 88

Statistical significance is declared at P < 0.05/1518.

145



4. Scarring in the UK Biobank

Group Phecode description OR (95% CI) P-value N cases
(Excessive
scarring)
Musculoskeletal
Pain in joint 1.84 (1.61, 2.10) 1.87e-20 440
Peripheral enthesopathies  1.75 (1.50, 2.03) 6.53e-14 247
and allied syndromes
Enthesopathy 1.72 (1.48, 2.01) 2.28e-12 221
Bursitis 1.89 (1.50, 2.38) 4.40e-08 84
Other and unspecified disc  1.44 (1.23, 1.67) 1.65e-06 236
disorder
Other disorders of soft 1.63 (1.31, 2.03) 9.94e-06 93
tissues
Juvenile osteochondrosis 3.62 (2.01, 6.51) 1.24e-05 12
Neoplasms
Other non-epithelial cancer 2.89 (2.36, 3.54) 2.03e-25 120
of skin
Melanomas of skin 3.17 (2.24, 4.50) 3.33e-11 35
Malignant neoplasm, other  2.05 (1.61, 2.61) 2.78e-09 7
Lipoma 1.95 (1.50, 2.54) 3.28e-07 63
Other benign neoplasm of  3.30 (1.91, 5.68) 1.14e-05 14
connective and other soft
tissue
Benign neoplasm of lip, 3.61 (2.01, 6.49) 1.21e-05 12
oral cavity, and pharynx
Malignant neoplasm of 1.75 (1.35, 2.28) 2.04e-05 66
female breast
Nevus, non-neoplastic 2.59 (1.64, 4.08) 2.95e-05 20
Neurological
Acute pain 1.87 (1.53, 2.28) 4.02e-10 117
Organic or persistent 2.08 (1.63, 2.66) 2.44e-09 73
insomnia
Other headache syndromes 1.59 (1.34, 1.88) 4.45e-08 176
Other peripheral nerve 1.60 (1.31, 1.94) 1.80e-06 124

disorders

Statistical significance is declared at P < 0.05/1518.
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Group Phecode description OR (95% CI) P-value N cases
(Excessive
scarring)

Migraine 1.53 (1.27, 1.84) 6.29e-06 137

Respiratory

Acute upper respiratory 1.66 (1.45, 1.89) 2.53e-14 402
infections of multiple or

unspecified sites

Cough 1.63 (1.42, 1.88) 1.53e-12 321
Acute sinusitis 1.79 (1.52, 2.12) 2.73e-12 181
Other diseases of 1.57 (1.37, 1.80) 1.67e-11 380
respiratory system, NEC

Acute pharyngitis 1.66 (1.43, 1.94) 2.51e-11 232
Acute laryngitis and 1.89 (1.52, 2.35) 6.22e-09 96
tracheitis

Influenza 1.76 (1.41, 2.20) 2.57e-07 93
Shortness of breath 1.69 (1.36, 2.10) 1.23e-06 100
Pneumonia 1.63 (1.31, 2.03) 9.67¢-06 93
Pneumonia due to fungus  1.89 (1.41, 2.53) 1.30e-05 51
(mycoses)

Chronic sinusitis 1.53 (1.26, 1.87) 1.57e-05 118
Chronic pharyngitis and 1.67 (1.31, 2.15) 3.26e-05 71
nasopharyngitis

Sense organs

Conjunctivitis, infectious 1.84 (1.57, 2.16) 1.66e-14 205
Dizziness and giddiness 1.70 (1.44, 2.01) 1.29¢-10 187
(Light-headedness and

vertigo)

Inflammation of eyelids 1.78 (1.48, 2.15) 4.98e-10 137
Eustachian tube disorders  1.97 (1.57, 2.47) 2.93e-09 86
Disorders of lacrimal 1.84 (1.45, 2.33) 2.73e-07 82
system

Otalgia 1.69 (1.37, 2.08) 4.84e-07 106
Otitis externa 1.51 (1.27, 1.79) 1.19e-06 173
Infection of the eye 1.91 (1.46, 2.49) 1.21e-06 61

Statistical significance is declared at P < 0.05/1518.
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Group Phecode description OR (95% CI) P-value N cases
(Excessive
scarring)
Hearing loss 1.62 (1.33, 1.97) 1.38¢-06 119
Conjunctivitis, 2.46 (1.65, 3.68) 7.13e-06 26
noninfectious
Tinnitus 1.74 (1.35, 2.25) 1.37e-05 67
Symptoms
Malaise and fatigue 1.90 (1.61, 2.24) 9.42e-15 187
Back pain 1.66 (1.46, 1.90) 1.45e-14 397
Cervicalgia 1.82 (1.55, 2.13) 5.58e-14 205
Abdominal pain 1.55 (1.36, 1.77) 3.33e-11 412
Nausea and vomiting 1.69 (1.37, 2.07) 4.20e-07 108
Swelling of limb 1.95 (1.43, 2.65)  1.38¢-05 46
Sciatica 1.48 (1.23, 1.78) 2.09e-05 141
Edema 1.77 (1.35, 2.33) 2.63e-05 61

Statistical significance is declared at P < 0.05/1518.

Other previously-reported associations that did not meet the selection criteria for

specific analysis were explored, including obesity, osteoporosis, skin cancers, pancre-

atic cancer, migraine and asthma. Of these, (phenome-wide) statistically-significant

associations were observed for skin cancers (melanoma, OR 3.17, p=3.33x10"'!) and

migraine (OR 1.53, p=6.29x10°; Table 4.10).
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Table 4.10: Phecodes of previously reported disease associations with excessive scarring

status.
Group Phecode description OR (95% CI) P-value N cases
(Excessive
scarring)
Circulatory
system
Essential hypertension 1.26 (1.08, 1.46)  2.05e-03 357
Dermatologic
Atopic/contact dermatitis due to  1.77 (1.53, 2.04)  1.44e-15 282
other or unspecified
Endocrine/metabolic
Vitamin D deficiency 1.47 (1.08, 2.00)  1.34e-02 50
Obesity 1.27 (1.03, 1.58)  2.34e-02 139
Musculoskeletal
Osteoporosis NOS 1.17 (0.85, 1.60)  3.33e-01 45
Neoplasms
Other non-epithelial cancer of 2.89 (2.36, 3.54)  2.03e-25 120
skin
Melanomas of skin 3.17 (2.24, 4.50)  3.33e-11 35
Uterine leiomyoma 1.18 (0.93, 1.49)  1.68e-01 87
Pancreatic cancer 0.58 (0.08, 4.32)  5.89¢-01 1
Neurological
Migraine 1.53 (1.27, 1.84)  6.29e-06 137
Respiratory
Asthma 1.17 (0.99, 1.39)  6.32e-02 169

Statistical significance is declared at P < 0.05/1518

4.4 Discussion

To date there have been few large-scale association studies for excessive scarring(Kwon

et al., 2021; Y.-Y. Lu et al., 2021; Lu et al., 2018; Sun et al., 2014; Yu et al.,
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2013). This study aimed to both validate previously-studied associations (hyperten-
sion(Adotama et al., 2015; Lawton Snyder et al., 1996; Rutherford and Glass, 2017),
uterine leiomyoma(Harmon et al., 2013; Sun et al., 2014), vitamin D deficiency(El
Hadidi et al., 2021; Yu et al., 2013), and atopic eczema(Kwon et al., 2021; Lu et al.,
2018)) as well as scan for excessive scarring associations across the phenome. The
ethnicity-specific analysis represents the first comprehensive study in white people

with excessive scarring, the most-represented ethnic group in UKB.

In the trans-ethnic UKB population, associations with three (hypertension, vi-
tamin D deficiency and atopic eczema) of the four primary comorbidities previously
studied two or more times were investigated. Only the associations with hyper-
tension and atopic eczema were statistically significant. However, the association
with hypertension was attenuated after adjusting for additional risk factors (BMI,
Townsend Deprivation Index, smoking-status, diabetes or hyperlipidaemia). This
suggests mediation by indirect effects resulting from differences in these risk factors

between people with and without excessive scarring.

Subgroup analyses revealed ethnic variation in disease risk; the associations with
hypertension and uterine leiomyoma were unique to black participants (hypertension,
OR 2.05, p=0.019; leiomyoma, OR 1.93, p=0.05) whereas the association with
vitamin D deficiency was unique to Asian participants (OR 2.24, p=0.006). The dis-
proportionate burden of these diseases within the respective ethnic groups(Dustan,
1995; Pavone et al., 2018; Stewart et al., 2017; Williams et al., 2016) and the
relatively small sample sizes in this study make a robust interpretation challenging;
however it is possible that there are ethnicity-specific risk determinants shared by
these pathologies. For example, vascular dysfunction is thought to contribute to the
severe hypertension and hypertensive heart failure specifically affecting the black
population(Nayak et al., 2020; Sinha et al., 2021). Abnormal endothelial function
and microvascular architecture are also observed in excessive scarring (in particular,
keloids) and uterine leiomyoma(Kurokawa et al., 2010; Matsumoto et al., 2020;

Noishiki et al., 2019; Tal and Segars, 2013). Replication of these findings in a larger
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cohort may make a case for the early identification of cardiovascular disease in black

individuals with excessive scarring and/or uterine leiomyoma.

The only association that showed nominally significant evidence for association
in multiple ethnic groups was atopic eczema, previously reported in Taiwanese(Lu
et al., 2018) and Korean(Kwon et al., 2021) populations. Atopic eczema skin
is more likely to be excoriated and scars may thus be a commoner phenomenon.
However, this finding also adds epidemiological support to the hypothesis that the
Th2 inflammatory axis contributes to excessive scarring pathogenesis(Wu et al.,
2020). A cross-talk between the Th2 pathway and fibrosis was suggested through
the discovery of interleukin (IL) 4 and IL13 acting on the matricellular protein,
periostin, to increase TGF 51 signalling(Maeda et al., 2019) and increasing collagen
production(Nguyen et al., 2019; Oriente et al., 2000). Molecular profiling of keloid
skin highlighted the Th2 axis as part of a broad immune dysregulation signature(Wu
et al., 2020). Case reports of keloid shrinkage(Diaz et al., 2020) and symptom
improvement(Wong and Song, 2021) following treatment with the recombinant anti-
IL4/IL13 antibody, dupilumab, have resulted in a clinical trial investigating its
efficacy as treatment for keloid (NCT04988022).

Previous non-genetic application of PheWASs(Boland et al., 2013; Liao et al.,
2013; Warner et al., 2013; Zhang et al., 2020) have been based only on ICD diagnostic
codes. This would have excluded a large proportion of excessive scarring cases
only identified through primary care codes. Through the comprehensive strategy
to maximize identification of people with excessive scarring, numerous significant
disease associations were highlighted, potentially indicating an increased risk of
poorer health outcomes.

The frequent female genitourinary disease associations may be explained by the
over-representation of female participants within the excessive scar-affected group.
Nonetheless, adjustments were made for sex and it has been suggested that sex
hormones may play a role in excessive scarring pathophysiology (Ibrahim et al., 2020;
Moustafa et al., 1975; Noishiki et al., 2019). The highly-significant associations

with dermatological conditions and neoplasms may represent true predispositions or
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more likely, reflect ascertainment bias (i.e. if a patient presents with a dermatological
condition or is reviewed post-surgically, it is more likely that a scar-related diagnosis

will be recorded).

Of the dermatological associations, diseases of the pilosebaceous unit (sebaceous
cyst, diseases of hair/hair follicles, acne) support the ‘sebum hypothesis’(Fong and
Bay, 2002) which is based on high sebaceous gland density observed particularly
in keloid-prone skin(Limandjaja et al., 2020b) and sebum being intrinsically pro-
inflammatory(Yagi et al., 1979). The association of keloid with skin cancer has been
previously reported(C.-C. Lu et al., 2021). Although plausible reasons have been
put forward including similar bioenergetics (reliance on glycolysis)(Onoufriadis et
al., 2018; Vincent et al., 2008) and signalling pathways including TGF3/Smad(He
et al., 2009; Liu et al., 2016; Zhao et al., 2018) and Wnt/S-Catenin(Chaudet et al.,
2020; Driskell and Watt, 2015; Igota et al., 2013; Koni et al., 2020), this finding is

interpreted cautiously, again considering the risk of ascertainment bias.

The associations with musculoskeletal disorders (enthesopathy, pain in joint,
back pain, cervicalgia) may support the observation of chondrogeneic misdifferentia-
tion in keloids(Barallobre-Barreiro et al., 2019) and the shared significance of TGF /3
in joint pathologies(Clayton et al., 2020; Wang and Zhang, 2018). Interestingly,
associations with pain symptoms spanned disease categories (non-specific chest pain,
irritable bowel syndrome, mastodynia, acute pain, headache syndromes, pain in joint,
back pain, cervicalgia). Pain is known to debilitate some keloids sufferers(Hawash
et al., 2021); whether there is shared underlying biopsychosocial dysfunction with
other pain entities or whether they may be mutually reinforcing is speculative.
Nonetheless, chronic pain represents a major global burden of disease(Perrot et al.,
2019) and proactive identification of these conditions may aid patient counselling

and treatment decisions.

Finally, whether an individual whose skin scars excessively is at risk of excessive

internal scarring remains unanswered. In our study, the association of peritoneal
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adhesions with excessive scarring carried an OR of 3.68 (p=0.0001), which is in-
triguing but this is based only on 617 cases of peritoneal adhesions, nine of whom

had excessive scarring.

4.5 Limitations

Although this study utilized a large biobank cohort, a relatively small sample size of
excessive scarring cases were identified (n=972). Small sample sizes are also subject
to confounding, which in this study, was controlled for by regression adjustment.
An alternative statistical method to reduce confounding is matching (e.g. propensity
score matching(Austin, 2011)) where cases and controls share potential confounding
characteristics. However, the matching procedure may reduce statistical power
of studies and have been shown to yield identical results as if matching was not
performed.(Faresjo and Faresjo, 2010) This is relevant when attempting to dissect
differences between ethnic groups, as there is less statistical power to detect signif-

icant associations in groups with lower sample numbers.

As the majority of participants report white ethnicity, the main findings, partic-
ularly from the PheWAS, may not be generalizable to other ethnic groups for whom
excessive scarring is a more prominent issue. Sample size was also a limitation
for the detection of associations for some phecode categories, as was the case for

peritoneal adhesions.

From the PheWAS there are a few further discussion points. As a high through-
put phenotyping method was used, potential code conflicts may have arisen. For
example, if an individual has diagnostic codes for both type 1 and type 2 diabetes
in their health records, they would have been labelled as a ‘case’ for both diagnoses.
Further investigation for specific disease associations of interest should therefore
employ validated phenotyping algorithms(Bastarache, 2021). The lack of significant
associations with other fibrotic/scarring comorbidities (e.g. lung or liver fibrosis)
supports previous reports(Bayat et al., 2005a; Sun et al., 2014) although low case

numbers may mean our investigations were insufficiently powered to detect them.
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Secondly, it was striking that all significant associations were positive (i.e. increased
prevalence of comorbidities in people with excessive scarring), potentially a result
of coverage bias whereby participants with more complete coverage of linked health
data may be more likely to have a record of excessive scar diagnosis as well as
a diagnosis of any other comorbidity. This may mean that the effect sizes are

overestimated; nonetheless the relative order of the associations remains informative.
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This chapter presents results from a GWAS for excessive scarring in the UKB cohort
and a meta-analysis of the UKB study with a GWAS of excessive scarring in the
Finnish founder population (FinnGen).

GWAS is a widely used analysis that aims to identify genotype associations with
phenotypes/diseases/traits by testing for differences in the variant allele frequency
between ancestrally-similar individuals. Over the last two decades, GWASs have

yielded numerous genetic associations for many heritable phenotypes/traits; the
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biological insight gained has applications ranging from disease risk prediction to
therapeutic development (e.g. implication of 11.12/23 in Crohn’s disease(Wang et
al., 2009), supporting clinical trials for drugs targeting this pathway(Moschen et al.,
2018)). The standard approach tests for association between single variants and
the trait; typically, blocks of correlated variants (genomic risk loci) may exhibit
association with the trait, as a result of linkage disequilibrium, LD, the non-random
association between variants in close proximity due to lower recombination rates(Hill
and Robertson, 1968). By being in LD with the true causal variant, numerous
non-causal variants can be associated with the trait studied. Various bioinformatic
methods exist to discover the true causal variant(s) and prioritise likely affected
gene(s) to derive relevant biological conclusions. An alternative approach attributes
variation to genes and evaluates their cummulative association with the trait. This
approach increases study power (due to lower penalty for multiple testing) and adds
a layer of functional interpretation, but is limited in the analysis of the non-coding
genome(Ma et al., 2021). Although mainly focused on single variant association
analysis, the latter approach is also explored in this chapter; findings and limitations

will be discussed.

5.1 Introduction

Even though excessive scarring (i.e. keloid and/or hypertrophic scars) can afflict all
ethnicities, the focus of previous genetic studies has been on Asian and black indi-
viduals, in whom the prevalence is greater. Three GWASs and one cross-population
meta-analysis* have been published to date, reporting excessive scarring suscepti-
bility (Ishigaki et al., 2020; Nakashima et al., 2010; Sakaue et al., 2021; Zhu et al.,
2013); two shared risk loci were identified: 1q41 and 15q21.3. The Japanese studies
identified additional loci in 3q22.3-23(Ishigaki et al., 2020; Nakashima et al., 2010;

*The meta-analysis was a systematic analysis of over 200 phenotypes and combined data from
Biobank Japan, UKB and FinnGen. The clinical code used to define cases for this study (ICD10
code 1.91.0) only identified 214 keloid cases from UKB and 454 cases from FinnGen.
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Sakaue et al., 2021) and 1q32.1(Ishigaki et al., 2020) whereas the meta-analysis iden-
tified 2q37.3 as a novel risk locus (although no genome-wide significant association
was identified in any of the individual datasets analysed, and the signal appears
to be largely driven by Japanese cases)(Sakaue et al., 2021). Admixture mapping
analysis in a black cohort (122 cases and 356 controls) also identified a variant
within 15q21.2-22.3(Velez Edwards et al., 2014), suggesting that the chromosome

15 susceptibility locus may not be ethnicity specific.

In this chapter, a GWAS was performed in white British individuals with a
diagnosis of keloids and hypertrophic scars (i.e. excessive scarring) within the UKB
cohort. This was repeated in a sensitvity analysis using a strict definition of keloid.
Whereas previously published GWASs (including the recent meta-analysis(Sakaue et
al., 2021)) have identified excessive scarring cases using secondary care records alone,
both primary and secondary care records were utilised for the UKB analysis in order
to maximise statistical power for discovery. To systematically analyse effect sizes
with increased power, a meta-analysis was performed, combining the UKB study
with results from FinnGen, a Finnish genome and national health register study of
1932 clinical endpoints, including keloids and hypertrophic scars. The genotyping,
imputation and primary quality control of the UKB data were performed by UKB.
I conducted the cohort selection, subsequent quality control, GWAS (UKB), and
downstream functional analyses with the exception of the the Bayesian fine-mapping
of putative variants and the meta-analysis which were performed by my collaborators

Dr Jake Saklatvala and Dr Nick Dand.

5.2 Cohort summary

As detailed in Chapter 2, the UKB is a prospective cohort of over 500000 individuals
recruited between the ages of 40 and 69 from 2006 and 2010 across the UK, in whom
rich phenotyping and genotyping data were collected. Genotyping was performed
using the Affymetrix UK BiLEVE Axiom Array (807411 markers on 49950 indi-
viduals) and the Affymetrix UK Biobank Axiom Array (825925 markers on 438427
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individuals)(Bycroft et al., 2018). Both platforms shared 95% of common genetic
markers, and quality control and imputation (the process of predicting genotypes
that are not directly assayed to boost the number of SNPs that can be tested for
association) were performed jointly(Bycroft et al., 2018). Specifically, genotype
imputation was based on the Haplotype Reference Consortium, UK10K and 1KGP
phase 3 reference panels, resulting in 93095623 genetic markers in 487442 individuals.

Analyses were restricted to individuals with relatively homogeneous ancestry,
excluding those with poor sample quality. Of the 502411 participants available for
study, 402628 remained after excluding individuals of non-white-British ancestry,
with sex-discordance, with excess genotype heterozygosity or missingness and with
‘excess relatedness’ as defined by the UKB central team and provided as QC metrics.
A further 213973 individuals without linked primary care records were removed to
reduce misclassification bias (e.g. individuals with a diagnosis of keloids only in a

primary care setting being misclassified as controls).

Of the remaining participants, a total of 843 participants were found to have a
record of excessive scarring based on secondary (ICD versions 9 and 10) and primary
(Read versions 2 and 3) care diagnosis codes, compared to 187812 without; amongst
the cases, 509 had a diagnosis code strictly for keloid and 334 had a diagnosis code
of keloid and/or hypertrophic scar).

Table 5.1 shows the baseline characteristics for the excessive scarring and com-
parator groups. In the excessive scar-affected group, there was a higher proportion
of females than in the unaffected group (66% versus 54%, p<0.001) and a lower
mean body mass index (28.0 versus 27.5, p=0.014).
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Table 5.1: Baseline characteristics for the excessive scarring and comparator groups.

Characteristic Case, N = 843! Control, N = 187,812! p-value?
Age 64 (8) 65 (8) <0.001
Sex <0.001
Female 556 (66%) 102,111 (54%)

Male 287 (34%) 85,701 (46%)

Townsend Deprivation Index — -1.59 (3.00) -1.54 (2.92) 0.6
Ever smoked 481 (57%) 111,941 (60%) 0.2
Body mass index 28.0 (5.2) 27.5 (4.8) 0.014

'Mean (SD); n (%)

2Welch Two Sample t-test; Pearson’s Chi-squared test
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5.3 Genome-wide association analysis

GWAS analyses were performed for two keloid definitions: excessive scarring (keloid
and hypertrophic scar diagnosis codes) and keloid (keloid diagnosis codes only),
using sex, genotype array and the first five ancestry principal components as co-
variates, in a logistic mixed-effects model (which accounts for relatedness and pop-
ulation structure). Genomic inflation factor calculation and LD score regression
coefficients suggested non-significant genomic inflation due to population stratifica-
tion (Table 5.2). The corresponding Quantile-quantile (QQ)-plots are shown in
Figures 5.1 and 5.2.

Table 5.2: Genomic inflation analyses.

Analysis Cases Controls Genomic LDSC intercept
inflation factor (SD)

Excessive scarring 843 187,812 1.016 0.989 (0.007)

Keloid 509 187,812 1.005 0.989 (0.007)

LDSC, linkage disequilibrium score regression; SD, standard deviation

Using LDSR to estimate the heritability explained by all the SNPs tested (the
amount of variance on the risk of excessive scarring explained by this GWAS), a heri-
tability index of 0.0068(0.0023) was identified for excessive scarring and 0.0047(0.0024)
for keloid. Based on the low sample sizes, it is likely that the study was insufficiently
powered to detect significant heritability estimates. As a result, these low heritability

indices precluded subsequent estimation of genetic correlation with other traits.

The excessive scarring analysis identified two genome-wide significant loci: 1q41
and 8q21.3 (Figure 5.1), comprising 186 SNPs in LD with two lead SNPs (rs10863683,
OR=1.48 (1.34-1.63), p=1.32x10"'%; rs574775574, OR=0.57 (0.47-0.7), p=1.25x10"%)
associated with excessive scarring. However, as the 8q21.3 locus comprised only a
single SNP, this was cautiously interpreted. Notably, the 1q41 locus is consistent
with previous GWASs, albeit with a different lead SNP(Nakashima et al., 2010;
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Shirai et al., 2022; Zhu et al., 2013). The regional plot for the 1q41 locus is shown in

Figure 5.3. This association was confirmed in the strict keloid analysis (Figure 5.2).

5.4 Genome-wide assoiation meta-analysis

A meta-analysis was performed incorporating data from FinnGen (data release
6, 2021), which comprises an independent European ancestry cohort, made up
of a relatively young, isolated population with a unique genetic makeup. The
FinnGen GWAS was based on genotypes imputed using a Finnish population-specific
reference panel and restricted to unrelated individuals with Finnish ancestry after
removing population outliers. A broad ‘hypertrophic scar’ diagnosis was used to
define cases, using ICD (version 8, 9 and 10) codes which included keloids - 1126
cases and 291889 controls were included for association analysis. The SAIGE mixed
model logistic regression method was used to test for associations, with sex, age,

genotyping batch and 10 principal components as covariates.

With the resulting 1969 cases and 479701 controls, significant associations were
identified in three independent loci, previously only established in Asian popula-
tions: 1q32.1/chr1:201437832-201458214 (most significant SNP, rs35383942, OR
1.46, p=6.991x10") and 1q41/chr1:222243525-222427283 (rs10863683, OR. 1.45,
p=3.034x10"?°) at genome-wide significance and 15q21.3/chr15:56089229-56186767
(rs60890210, OR 1.24, p=6.723x10"%) approaching genome-wide significance (Table
5.3, Figure 5.4). Figures 5.5 shows the regional plots for the three loci. The
chromosome 3 risk locus previously reported in the Japanese population was not
replicated (published variant, rs646315, p=0.4244; not significant in either UKB or
FinnGen). A comparison of the meta-analysis results with previously published risk

variants is summarised in Table 5.4.
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Figure 5.1: Top panel. Manhattan plot showing genetic associations for excessive
scarring in the UKB. Red line: Bonferroni-corrected significance threshold. Green dots:
Previously-reported keloid risk variants. Bottom panel. QQ-plot.
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Figure 5.2: Top panel. Manhattan plot showing genetic associations for keloids in
the UKB. Red line: Bonferroni-corrected significance threshold. Green dots: Previously-
reported keloid risk variants. Bottom panel. QQ-plot.
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Figure 5.3: Regional plot for the 1q41 locus with the excessive scarring GWAS p-value
generated within FUMA (showing the range of LD across the region). Independent
significant SNPs (defined by P<5x10® and r?<0.6) with r? > 0.1 are assigned to the
same risk locus. SNPs are colour-coded based on the highest r? (a marker of LD). The
independent significant SNPs and the top lead SNP which has the minimum p-value in
the locus are indicated. SNPs with r2<0.1 are coloured in grey.
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Table 5.3: Independent risk loci and lead SNPs from meta-analysis.

UK Biobank FinnGen Meta-analysis
SNP Locus Ref Alt OR P OR P OR P
rs10863683  1q4l C G 0.68 (0.62; 0.75) 4.60e-15 0.7 (0.64; 0.78) 8.88e-12 0.69 (0.64; 0.74) 3.03e-25
rs35383942 1q32.1 C T 1.35 (1.13; 1.63) 1.04e-03 1.53 (1.32; 1.78) 9.83e-09 1.46 (1.3; 1.64) 6.99e-11
rs60890210 15g21.3 G A 1.21 (1.08; 1.34) 4.60e-04 1.28 (1.14; 1.44) 3.06e-05 1.24 (1.14; 1.34) 6.72e-08

SNP, single nucleotide polymorphism; Ref, reference (non-effect) allele; Alt, alternate (effect) allele; OR, odds ratio (95% confidence interval)
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Table 5.4: Comparison of meta-analysis results with previously published keloid lead variants.

Published UK Biobank FinnGen Meta-analysis
GWAS
SNP Locus Ref Alt OR P OR P OR P OR P
1s192314256* 1g32.1 T C 9.56 3.3e-20 — — — — — —
rs2378519*  1q4l G A 0.54 6.7e-27 0.7 (0.63; 0.77) 1.1e-12 0.73 (0.66; 0.81)  5.4e-09 0.71 (0.66; 0.77)  4.4e-20
rs112930159 141 GT G 0.6 3.7e-26 — — — — — —
rs873549¢  1q41 C T 0.56 5.9e-23 0.7 (0.63; 0.77) 1.1e-12 0.73 (0.66; 0.82)  6.0e-09 0.71 (0.66; 0.77)  4.7e-20
rs1442440°¢  1qg4l T C 0.56 9.9e-18 0.88 (0.79; 0.97)  9.7e-03 0.92 (0.83; 1.01)  7.4e-02 0.9 (0.84; 0.96) 2.1e-03
rs749837919 2q37.3 T C 1.31 3.7e-08 1.04 (0.74; 1.48) 8e-01 — — — —
rs1511412°  3q23 A G 0.53 2.3e-13 0.93 (0.8; 1.09) 3.8e-01 0.97 (0.8; 1.16) 7.2e-01 0.95 (0.84; 1.07)  3.6e-01
1s940187P 3923 T C 0.51 1.8e-13 0.9 (0.8; 1.02) 8.5e-02 0.91 (0.8; 1.04) 1.5e-01 0.9 (0.83; 0.99) 2.4e-02
rs646315* 3q23 G T 2.05 4.2e-12 1.06 (0.92; 1.23)  4.2e-01 1.03 (0.85; 1.23)  7.8e-01 1.05 (0.93; 1.17)  4.2e-01
rs8032158”  15q21.3 T C 1.51 6.0e-13 1.2 (1.09; 1.33) 2.6e-04 1.21 (1.09; 1.34) 1.5e-04 1.21 (1.12; 1.3) 1.4e-07
rs2271289¢  15g21.3 C T 0.66 1.0e-11 0.9 (0.81; 1) 4.3e-02 0.95 (0.86; 1.05)  3.3e-01 0.93 (0.86; 1) 3.6e-02
rs16976600* 15g21.3 C T 1.43 1.3e-11 1.2 (1.08; 1.32) 4.4e-04 1.2 (1.09; 1.33) 2.1e-04 1.2 (1.12; 1.29) 3.3e-07

SNP, single nucleotide polymorphism; Ref, reference (non-effect) allele; Alt, alternate (effect) allele; OR, odds ratio; *PMID 32514122; PPMID 20711176;
¢PMID 23667473; 1PMID 34594039
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Figure 5.4: Top panel. Manhattan plot showing genetic associations for excessive
scarring from the meta-analysis. Red line: Bonferroni-corrected significance threshold.
Green dots: Previously-reported keloid risk variants. Bottom panel. QQ-plot.
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5.4.1 Credible set fine-mapping

As many SNPs may be associated with a trait by being in LD with the causal SNP
and the most significant SNP is not necessarily causal, statistical fine-mapping was
performed to identify likely causal SNPs. Bayesian fine-mapping was performed at
the three risk loci for UKB, FinnGen and meta-analysis results. The number of
variants in the 95% credible set (the smallest set of variants with sum of posterior
probabilities of being causal variants > 95%) for both datasets and the meta-analysis
are summarised in Table 5.5 with the top shared variants and their individual
posterior probabilities. For two of the three risk loci, a single variant was identified
as the putative causal variant with a posterior probability (PP) > 0.78: rs10863683
(chr1:222251089, PP 0.786) and rs35383942 (chr1:201437832, PP 0.999). Already
identified as the lead SNP from the UKB GWAS, rs10863683 is an intergenic
SNP with the long non-coding RNA RP11-4/00N13.1 as its nearest gene, whereas
rs35383942 is a missense variant within PHLDAS3, which encodes a pb3-regulated
repressor of AKT(Kawase et al., 2009). Evidence for causality of the lead SNP

at 15¢g21.3 was inconclusive.

Table 5.5: Fine-mapping summary.

UK Biobank FinnGen Meta-analysis
Locus Top BCS PP BCS PP BCS PP
shared size size size
BCS
variant
1g32.1 1335383942 694 0.00361 20 0.15961 2 0.7860
1q41 rs10863683 20 0.8408 15 0.8782 1 0.9997
15¢g21.3  rs60890210 595 0.00491 1,133 0.03211 46 0.0625

BCS, Bayesian 95% credible set; PP, posterior probability.

fBayesian fine-mapping model allocated a higher posterior probability to the scenario where
there is no causal association than to any individual variant being causal.
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5.4.2 Functional annotation

Using tools embedded within FUMA (Watanabe et al., 2017), an online platform
for functional mapping and annotation of genetic variants, a total of 170 candidate
causal variants from the meta-analysis (including all SNPs in LD (r*>0.6) of the
identified lead SNPs) were annotated. The annotations included functional conse-
quences of the variants (ANNOVAR), the predicted deleteriousness of the variants
(Combined Annotation Dependent Depletion, CADD score), the functionality of the
variants in transcriptional regulation (RegulomeDB) and the predicted chromatin
states for the variants’ genomic segment (ChromHMM). A summary of these an-
notations for the lead variants is in Table 5.6. Notably, a missense variant within
PHLDAS3, rs35383942, also the variant with a posterior probability of being causal
of 0.99, was predicted to have a highly deleterious effect (CADD score 24.3).
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Table 5.6: FUMA annotations of lead SNPs.

rs35383942 rs10863683 rs60890210
Locus 1q32.1 1q41 15q21.3
MAF 0.05964 0.3111 0.2058
OR (95%CTI) 1.46 (1.3 - 1.64) 1.44 (1.35 - 1.55) 1.24 (1.14 - 1.34)
P 6.99¢-11 3.03e-25 6.72¢-08
Nearest gene PHLDAS RP11-400N15.1 NEDD/
ANNOVAR exonic intergenic intergenic
annotation
CADD 24.3 0.158 0.122
RDB 2a 7 6
ChrState (min) 1 5 5
ChrState (common) 1 15 15

MAF, minor allele frequency; OR (95% CI), odds ratio (95% confidence interval); CADD,
Combined Annotation Dependent Depletion score; RDB, RegulomeDB score (1a to 7, la being
the score for SNPs with the most biological evidence to be a regulatory element); ChrState,
15-core chromatin state across 127 tissue/cell types predicted by ChromHMM, consisting of
eight active states (1-8) associated with expressed genes and seven repressed states (9-15).
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To identify additional putative causal genes at the risk loci, a combination of
bioinformatics approaches were taken: gene-mapping of independent SNPs based on
physical proximity (positional mapping), and eQTLs in skin, dermal fibroblasts and
blood (eQTL mapping). Genes mapped by eQTL were analysed using a Bayesian
test for colocalisation, to evaluate the probability of evidence of a single shared
causal variant between excessive scarring risk and transcript expression.

Positional and eQTL gene mapping were primarily performed using the SNP2GENE
function in FUMA. SNPs in high LD (r*>0,6) with any independent lead SNPs (r?
between independent SNPs <(.1) were mapped to genes if being physically located
within or within 10kb of the genes, based on ANNOVAR annotations. FUMA also
mapped SNPs to genes within a distance of 1Mb if associated with the expression
of those genes in skin (reported in MuTHER or GTEx v7), dermal fibroblasts
(GTEx v7 or v8 depending on SNP) and blood (reported in eQTLGen). A limited
number of prioritised target genes were identified (Table 5.7): five genes for the
1q32.1 (PHLDAS3, NAV1, CSRP1, RP11-134G8, RPS10P7), three genes for the
1q41 locus (FAM177B, RP11-815M8, RP11-400N13) and one gene for the 15q21.3
locus (NEDDJ).
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Table 5.7: Genes prioritised by positional mapping and eQTLs using FUMA.

Symbol Locus Type posMapSNPs MaxCADD eqtlMapSNPs eqtlMap_ tissue

RP11-466L17.1 1q32.1 lincRNA 0 0.000 1 Blood

RP11-134G8.8 1q32.1 lincRNA 6 24.300 13 Fibroblasts; Skin

PHLDAS 1g32.1 protein_ coding 8 24.300 11 Skin

CSRP1 1g32.1 protein_ coding 8 7.614 11 Blood

RP11-184G8.7 1q32.1 antisense 0 0.000 11 Blood

RPS10P7 1g32.1 lincRNA 0 0.000 11 Blood; Skin

NAV1 1g32.1 protein_ coding 0 0.000 11 Blood

RP11-815M8.1 1q41 lincRNA 0 0.000 1 Blood

RP11-400N15.8 1q41 lincRNA 1 0.572 23 Fibroblasts

RP11-400N13.1 1q41 lincRNA 123 15.160 0 —

QRSL1P2 1q41 pseudogene 2 0.297 0 —

FAM177B 1q41 protein_ coding 0 0.000 13 Blood

NEDD/ 15¢21.3 protein_ coding 26 12.270 20 Blood;
Fibroblasts

eQTL, expression quantitative trait locus; SNP, single nucleotide polymorphism; posMapSNPs, number of SNPs mapped to gene
based on positional mapping; MaxCADD, the maximum CADD score of mapped SNPs by positional mapping; eqtlIMapSNPs,; the
number of SNPs mapped to the gene based on eQTL mapping; eqtIMap__ tissue, tissue type of mapped eQTL SNPs.
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Additional candidate eQTLs were identified by querying the eQTL catalogue of

Phenoscanner v2 (a database of publicly available genotype associations with a broad

range of phenotypes/traits)(Kamat et al., 2019). This yielded eQTLs associated

with the expression of 10 genes in multiple tissues at P<1x10°(Table 5.8). This

relaxed p-value was selected to maximise the number of genes for further analysis.

Table 5.8: Genes prioritised by eQTLs using Phenoscanner.

Symbol Locus Tissue PMID
RP11-184G8.2 1g32.1  Muscle skeletal; Skin sun exposed lower 25954001
leg
CSRP1 1g32.1  Whole blood 27918533; eQTLGen
NAV1 1g32.1  Whole blood eQTLGen
RP11-134G8.7 1g32.1  Whole blood eQTLGen
RPS10P7 1g32.1  Whole blood eQTLGen
RPS10P7 1932.1  Artery aorta; Esophagus muscularis 25954001
RPS10P7;RP11- 1g32.1  Whole blood 27918533
134G8.6
RP11-400N15.3 1q41 Cells transformed fibroblasts 25954001
TAF1A 1q41 Colon transverse 25954001
NEDD/ 15q21.3 Whole blood; Monocytes 28122634; 22446964
NEDD/ 15g21.3  Whole blood 27918533; eQTLGen
NEDD/ 15q21.3 Neutrophils; Artery tibial; Thyroid:; 27863251; 25954001;
Monocytes; Cells transformed 25720628
fibroblasts; Colon transverse; Artery
aorta; Atherosclerotic internal thoracic
artery
PRTG 15q21.3 Artery aorta; Artery tibial; 25954001; 25720628

Atherosclerotic internal thoracic artery;
Atherosclerotic aortic root

eQTL, expression quantitative trait locus; PMID, PubMed identifier

The significant eQTLs (P<1x10®) were investigated further by using Approx-

imate Bayes Factor colocalisation analysis(Giambartolomei and al, 2014). This

quantifies the probability that expression of the analysed gene (in tissue or blood)
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and an excessive scarring phenotype share the same causal variant by combining
information across multiple variants within a genetic region (taking into account
the prior probabilities that any random variant is associated with either or both
traits). The analysis which was limited to the UKB study, showed no evidence
for a single shared variant (PP.H4.abf > 0.75) with the expression of any of the
selected genes (Table 5.9).
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Table 5.9: Bayesian colocalisation to estimate posterior probability of single shared variant between the expression of mapped genes in
skin, fibroblasts or blood and excessive scarring susceptibility.

Gene symbol Locus eQTL dataset PP.HO PP.H1 PP.H2 PP.H3 PP.H4
RP11-184/G8.8 1g32.1 Skin GTEx v7 — 0.6798 — 0.2924 0.0278
PHLDAS3 1g32.1 Skin GTEx v7 0.0092 0.6188 0.0039 0.2660 0.1021
CSRP1 1g32.1 eQTLGen — 0.6944 — 0.2872 0.0184
RP11-184/G8.7 1qg32.1 eQTLGen — 0.6921 — 0.2778 0.0301
RPS10P7 1g32.1 eQTLGen — 0.6987 — 0.2829 0.0184
NAV1 1g32.1 eQTLGen — 0.7197 — 0.2618 0.0185
RP11-815M8.1 1q41 eQTLGen — — — 1.0000 —
RP11-400N13.8 1q41 Fibroblast — — — 1.0000 —
GTEx v8
FAM177B 1q41 eQTLGen — — — 1.0000 —
NEDD/ 15921.3 Fibroblast 0.0002 0.3059 0.0002 0.4682 0.2255
GTEx v7
NEDD/ 15921.3 Skin GTEx v7 0.3212 0.1013 0.4145 0.1306 0.0324
NEDD/ 15921.3 eQTLGen — 0.4018 — 0.4906 0.1076

eQTL, expression quantitative trait locus; PP, posterior probability. For each row, probability values in columns PP.HO to PP.H4 sum to 1; PP.HO is the
probability that neither trait has a genetic association in the region; PP.H1 indicates that only the eQTL has a genetic association in the region; PP.H2
indicates that only excessive scarring has a genetic association in the region; PP.H3 indicates that both traits are associated, but with different causal
variants; PP.H4 indicates that both traits are associated and share a single causal variant.

yunqQorg 3 2y} ud buiumog ¢
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5.4.3 Gene-level association analysis

Gene-level association analysis of the meta-analysis using MAGMA (a tool for gene-
based association analysis which links variants to genes and integrates GWAS data
to score genes for association with the phenotype as detailed in Chapter 2, embedded
within FUMA) mapped all SNPs to 18831 protein-coding genes. Genome-wide signif-
icance was defined at P=0.05/18831=2.655x10°. Using the default SNP-wise (mean)
model for the gene analysis, the PHLDAS association reached the lowest p-value of
3.53x10%. MAGMA gene-set analysis did not identify any significant associations

with any specific groups of genes sharing biological or functional characteristics.

5.4.4 Phenotype associations

Phenoscanner was also used for look-up of published phenotype associations for
the meta-analysis 95% credible set variants. Five associated traits were identified
with P<10®: breast cancer, Dupuytrens disease, fibroblastic disorders, hair balding
pattern 4 and sitting height; notably, the risk allele for Dupuytrens disease was

directionally consistent (Table 5.10).
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S
Table 5.10: Phenotype associations of the meta-analysis 95% credible set variants. o
S
Phenoscanner traits Keloid (UKB) Keloid (FG) Keloid (meta-analysis) §
S
SNP Locus RefAlt | Trait OR (95%CI) P OR (95%CI) P OR (95%CI) P OR (95%CI) P 3
~
>
1s35383942 1q32.1 C T Breast  0.89 (0.87; 0.92) 4.00e- | 1.35 (1.13; 1.63) 1.0de- | 1.53 (1.32; 1.78) 9.83e- | 1.46 (1.3; 1.64)  6.99- ®
cancer® 13 03 09 11 =)
=
rs35383942 1q32.1 C T Hair or 0.98 (0.98; 0.99) 3.00e- | 1.35(1.13; 1.63) 1.04e- | 1.53 (1.32; 1.78) 9.83e- 1.46 (1.3; 1.64)  6.99e- oo}
balding 08 03 09 11 N
pattern: g
b
pattern 4 %

rs1509406 15q21.3 A G Dupuytrens 1.16 (1.11; 1.22) 3.00e- | 1.18 (1.07; 1.31) 9.90e- | 1.21 (1.1; 1.34) 1.09e- | 1.2 (1.12; 1.29)  3.98e-

disease® 10 04 04 07

rs11632096 15q21.3 A G | Fibroblastic 1(1;1) 4.3le- | 1.2 (1.09; 1.33) 2.88e- | 1.22 (1.1; 1.35)  7.47e- | 1.21 (1.13; 1.3)  8.04e-
disorders®# 07 04 05 08

rs28773028 15¢21.3 C G Sitting  0.99 (0.99; 0.99) 4.57e- | 1.19 (1.07; 1.32) 7.06e- | 1.22 (1.1;1.35) 1.0le- | 1.2 (1.12; 1.29)  2.63e-
height? 07 04 04 07

2PMID 29059683; PUKB (http://www.nealelab.is/uk-biobank/); “PMID 28886342
#Fibroblastic disorders is a group of disorders that encompass Dupuytrens disease, knuckle pads and unspecified fibrosis.

UKB, UK Biobank; FG, Finngen; Ref, reference allele; Alt, alternate allele; OR, odds ratio; 95%CI, 95% confidence interval
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5.5 Subgroup analysis - black British participants

Variants around the three independent loci were also analysed for associations with
excessive scarring in a subset of black British participants with relatively homo-
geneous genetic ancestry (n cases = 50, n controls =1501). As rs35383942 was
filtered out during genotype QC for this sub-cohort, the next most significant
SNP at the same locus, rs12134525, was used as a proxy in the analysis. Using
a Bonferroni-corrected significance threshold of p<0.05/3=0.0125, no significant
shared associations were found (Table 5.11).

Table 5.11: Association analyses for the three lead excessive scarring risk variants in
white and black British participants.

SNP Locus Ref Alt Ethnicity EAF OR (95% CI) P

rs12134525 1q32.1 T C White 0.93 0.72 (0.6; 0.86) 2.09e-04

rs12134525 1q32.1 T C Black 0.97 1.52 (0.41; 5.58) 5.13e-01
rs10863683  1q4l G C White 0.33  1.48 (1.34; 1.63) 1.32e-15
rs10863683  1q4l G C Black 0.25  0.93 (0.57; 1.54) 7.94e-01
rs60890210 15q21.3 A G White 0.73  0.82 (0.74; 0.9) 1.55e-04
rs60890210 15g21.3 A G Black 0.72  0.79 (0.49; 1.27) 3.16e-01

Ref, reference (non-effect) allele; Alt, alternate (effect) allele; EAF, effect allele frequency;
OR(95%CI), odds ratio (95% confidence interval)

5.6 Discussion

By utilising primary and secondary clinical coding data in the UKB, SNPs at
genome-wide significance levels associated with excessive scarring were identified
in individuals of white British ancestry (843 cases and 187812 controls). Meta-
analysis of the UKB dataset with the FinnGen GWAS of 293015 individuals (1126
cases and 291889 controls) identified independent SNPs in three loci to be associated

with excessive scarring: 1q32.1 (p=6.991x10!1), 141 (p=3.034x102°) and 15q21.3
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(p=6.723x10""), replicating findings previously only identified in East Asian partici-
pants.

It is notable that the most significant locus in this study, 1q41, a region without
a known protein-coding gene, was also found to be the most significant in previous
Japanese and Chinese GWAS studies(Ishigaki et al., 2020; Nakashima et al., 2010;
Zhu et al.; 2013). The closest gene is a recently-identified long intervening non-

coding RNA (lincRNA), RP11-400N13.1.

Long non-coding RNAs are a heterogeneous class of non-coding RNAs longer
than 200 nucleotides (of which lincRNA is the largest subtype) that have no apparent
protein-coding functions. They tend to be lowly expressed and lack evolutionary
conservation, but show relatively cell/tissue-specific expression.As a group, they
represent a distinct class of regulatory RNAs that modulate transcriptional activi-
ties(Yao et al., 2019), but to date, few lincRNAs have experimentally verified func-
tions or disease associations(Zhang et al., 2021). Regarding RP11-400N13.1, little is
known, although a genome-wide eQTL association study reported strong association
between the cis-eQTLs (expressed tissue unclear) and the keloid-associated SNP
(rs873549) previously highlighted in the Japanese GWAS(McDowell et al., 2016;
Nakashima et al., 2010).

Relatively more is reported regarding its next closest gene, RP11-400N13.3
(LINCO01705, ENSG00000232679, ENST00000438158.1), which is enriched in cul-
tured fibroblasts (GTEx Portal v8). It was first identified as a differentially-upregulated
lincRNA in gastric, colorectal and breast carcinomas and predicted to regulate ECM
organisation(Bradford et al., 2016; Wang and Zhang, 2018). More recently, it was
reported to be upregulated in retinal pigment epithelial (RPE) cells after stimulation
with TGFS1(Yang et al., 2021). A search of the literature yielded three functional
studies for RP11-400N13.3; two studies found that it mediates TGFS1 effects (in
human lung fibroblasts(X. Yang et al., 2020) and in RPE cells(Yang et al., 2021))
with resultant upregulation of ECM markers and contractility(Yang et al., 2021). A
separate study in colorectal cancer reported that it targets the miR4722-3p/P2RY8

miRNA /protein axis and promotes cellular proliferation, migration and invasion(H.
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Yang et al., 2020). It is interesting however that the excessive scarring risk allele
(rs10863683, C allele) is associated with a decreased expression of RP11-400N13.3
in dermal fibroblasts (Table 5.12). Future functional study of RP11-400N13.3 in

dermal fibroblasts should provide clarification on its relevance to fibrosis.

Table 5.12: Fibroblast eQTL data restricted to rs10863683 for RP11-400N13.3 in dermal
fibroblasts (GTEx v8).

Gene Variant Ref Alt MAF OR (95% P
CI)

RPI11- 1s10863683 C G 0372671 1.33 (1.18; 1.51e-06
J00N13.3 1.49)

eQTL, expression quantitative trait locus; Ref, reference allele; Alt, alternate
allele; MAF, minor allele frequency; OR(95%CI), odds ratio (95% confidence
interval)

The second most significant locus, 1q32.1, was associated with several genes,
with PHLDAS (Pleckstrin Homology Like Domain Family A Member 3) being the

most biologically promising.

PHLDAS was also prioritized in a recent large-scale Japanese GWAS of keloids',
when it was mapped to a different lead SNP, rs192314256, with a large effect size
(OR = 9.56, 5.91-15.45, p=3.28x10"?°)(Ishigaki et al., 2020). Rs192314256 is rare
with a MAF of 0.0096 in East Asians and 0 in Europeans (based on the ALFA project
which provides aggregate allele frequency from dbGAP(Phan et al., 2020)); indeed
this variant was not present in our meta-analysis. On the other hand, rs35383942,
the putative causal SNP at this locus in the meta-analysis has a MAF of 0.058 in
Europeans and is considerably rarer in East Asians (MAF 0.0002). Suitable proxy
SNPs were not identifiable for comparison of direction of effect; nevertheless the
candidate causal gene for this locus, PHLDAS3 is an attractive one as it is a repressor

of AKT(Chen and Ohki, 2020; Kawase et al., 2009), whose signalling pathway

fAn ambiguous definition for keloid that potentially includes hypertrophic scar cases was used
in this study.
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is known for its role in cell survival(Nicholson and Anderson, 2002), fibroblast

activation(Li et al., 2016) and collagen production(Bujor et al., 2008).

The 15q21.3 locus identified in the meta-analysis* overlaps with NEDD/, the first
gene suggested in a GWAS to be associated with excessive scarring(Nakashima et al.,
2010). NEDD/ encodes a ubiquitin-protein ligase with a broad expression pattern
and diverse in wvivo functions(Boase and Kumar, 2015). Of relevance to keloids
include a role as a regulator of inflammation (increased NF-xB/STAT3-mediated in-
flammation)(Marneros, 2019) and a regulator of ECM production (increased insulin-
like growth factor 1/TGFf1 signalling)(Daian et al., 2003; Fukushima et al., 2015).
Interestingly, many of the most significant SNPs in this locus were associated with
another disease of local cutaneous fibroproliferative growths, namely Dupuytrens
disease(Ng et al., 2017). Despite similar histopathology, Dupuytrens disease has
distinct clinico-epidemiological features to keloids - the fibrosis is usually limited to
hands and commonly affects white middle-aged men(Karbowiak et al., 2021). The
simultaneous occurence of both diseases is rare but has been reported(Gonzalez-
Marti‘nez et al., 1995; Ly and Winship, 2011; Tsekouras and McGeorge, 1999). This
potential shared genetic risk strengthens the evidence for the pleiotropy of NEDD,

across heterogeneous fibrotic diseases and merits its further study.

Although the aforementioned mapped genes are functionally promising in their
relevance to excessive scarring, Bayesian colocalisation showed no shared causal vari-
ant affecting their tissue expression (blood, fibroblasts, skin) and excessive scarring
susceptibility, potentially indicating that the risk is mediated through other genes or
tissue types that were not studied. However, the absence of convincing colocalisation
does not mean that changes in gene expression are not mediators of genetic effects

on disease risk; it may be a reflection of reduced power from sample size limitations

iThe FinnGen study identified a risk locus at chromosome 15 (comprising 24 rare variants unique
to FinnGen at 48.6-52.8Mb with MAF <0.1%) that is close to but does not correspond precisely
to 15g21.3. The Finnish population underwent a founding bottleneck ~120 generations prevously
(as a result of rapid population expansion), which has resulted in Finnish-enriched variants that
are rare or missing in other European populations; it is thus likely these novel variant associations
are Finnish population-specific. The biological relevance to the established association is unclear
and difficult to pursue further without Finnish genotype data to disentangle potential patterns of
LD.
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of the datasets analysed(Guo et al., 2015). The eQTL datasets analysed are also
only available in bulk tissues and are not sensitive to the relevant differences in
specific cell types. Therefore it is possible that if disease is caused by altered gene
expression in a small subpopulation of cells, posterior probabilities of colocalisation
may not be sufficiently high(Censin et al., 2021). Furthermore, the expression of
genes in cells or tissues at a single point in time/ at a single state of activation is not
representative of all the potential contexts of fibrosis/wound healing. Nevertheless,
increasing availability of samples and a wider variety of cellular and tissue states
will allow a more complete assessment of whether specific gene expression affects
genetic risk of disease(Guo et al., 2015). Ultimately, the integrative analyses provide
direction for further study and experimental validation is required to investigate

the relevance of the mapped genes.

To conclude, this chapter reports the association of three loci with excessive
scarring for the first time in individuals with white ethnicity. Previously only
reported in East Asians, these risk loci have now been independently validated,
which adds confidence to their biological relevance. Interrogation of these loci
illustrates plausible biological processes through which the genetic risk is mediated.
However, through the integrative bioinformatics approaches taken, there was no

robust evidence for gene-set enrichment or causal gene identification.

5.7 Limitations and future plans

There have not been formal estimates of the heritability of excessive scarring but
numerous reports suggest a heritable component(Glass, 2017; Shih and Bayat, 2010).
The low SNP-based heritability estimates for excessive scarring in this study pre-
cluded genetic correlation studies to search for evidence of shared genetic architec-
ture with diseases that were found to be phenotypically associated with excessive
scarring (4). It is possible that there is a substantial environmental component for
excessive scarring risk, although the low heritability estimates likely reflect limited

statistical power rather than true lack of heritability(Nealelab, 2017). Indeed, for
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Figure 5.6: GWAS statistical power under the additive disease model based on different
genotype relative risks. FG, Finngen; UKB, UK Biobank; Meta, meta-analysis; Power
calculations performed using the GAS Power Calculator online tool (Johnson et al 2017)

the current study, the power to detect risk variants at genome-wide significance
p<5x10® with a risk allele frequency of 30% and a genotype relative risk <1.3
decreases substantially (Figure 5.6)(Johnson and Abecasis, 2017). The lack of
evidence for association for the lead SNPs in black participants again reflects reduced
statistical power from the small sample sizes; the power to detect the selected
risk variants with allele frequencies of 30% and genotype relative risk of 1.5 at
a Bonferroni-corrected p-value of 0.0125 was 45%(Johnson and Abecasis, 2017).
Future plans to expand the GWAS by including data from other biobanks that
have linkage to primary care (e.g. the Norwegian HUNT Biobank or the American
NIH All of Us or Penn Medicine Biobanks) will boost statistical power to widen

the detection of excessive scarring risk variants.

The use of clinical coding systems in case definitions may lead to phenotypic

heterogeneity. As well as making it challenging to identify subtype-specific variants
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(e.g. based on severity /clinical response or anatomical location), increasing the sam-
ple size of heterogeneous phenotypes may even increase the estimates of significance
of genetic effects (i.e. p-values)(Kulminski et al., 2016). This presents a case for
the recruitment of excessive scarring GWAS cohorts through specialist dermatology
or plastic surgery centres, to allow the examination of more homogeneous sub-

phenotypes, for the better understanding of their genetic influences.
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Discussion and future directions

In the first half of this chapter, I discuss the key findings for the functional work
related to CIQTNF12 LOF and suggest avenues for its further study. This is
followed by a discussion of the key findings from the observational population studies,
with a focus on the PheWAS and GWAS studies. Limitations are acknowledged and

future directions are suggested.

6.1 Homozygous C1QTNF12 LOF variant in keloid
pedigree

At the start of this thesis, I set out to investigate the hypothesis that adipolin
LOF contributed to cutaneous fibroproliferation/fibrosis. The discovery of the
homozygous frameshift LOF variant in C1QTNF12 (encoding adipolin) which segre-
gated with an unusually excessive scarring phenotype seemed compelling; it was the
only LOF variant among just two homozygous protein-altering variants identified
through WES - the other was a missense variant in SEMG1 (rs7263910), encoding
semenogelin-1, the predominant protein in semen, hence unlikely relevant to our
skin phenotype. Analysis of the compound heterozygous variants shared by both
siblings was also unremarkable. The CI1QTNF12 variant was validated by Sanger

sequencing (both in blood and dermal fibroblasts, to account for somatic mosaicism).
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However, confirmation of the predicted absent protein product was hampered by the
lack of a positive control - adipolin was not detectable in the normal human dermis,

subcutaneous fat or dermal fibroblast lines tested for this thesis.

Functional analysis showed lack of significant relevance for C1QTNFI12 in a
fibrotic phenotype. Patient-derived C1QTNF12-LOF fibroblasts appeared more
contractile in response to TGF/51 (however WT fibroblasts do not appear to express
adipolin) and treatment of fibroblasts with adipolin did not attenuate TGF{1-
induced contractility. These findings prompted a larger scale search for evidence
supporting C1QTNF12 pathogenicity (i.e. if disease-causing, this variant should
either be present in other individuals with the same class of disorders or be ab-
sent in unaffected individuals(Narasimhan et al., 2016b)). The discovery of two
unrelated individuals with linked primary and secondary care health records carry-
ing the same homozygous variant (within the UKB 200K exomes) was opportune.
Examination of their records showed no remarkable phenotype. Unfortunately,
recall of these individuals for deep phenotyping was not possible. Notwithstanding
other caveats that include poor genotype quality, potential variable penetrance and
health recording quality, this was evidence against homozygous CI1QTNF12-LOF
being disease-causing.

Functionally-redundant homozygous gene knockouts exist. Several studies in
large bottlenecked or consanguinous populations have confirmed the presence of
genes with homozygous LOF variants in apparently healthy individuals(Lim et
al., 2014; MacArthur et al., 2012; Narasimhan et al., 2016a; Rausell et al., 2020;
Saleheen et al., 2017; Sulem et al., 2015). If the variants are truly LOF (rather
than undergoing read-through or translation reinitiation), functional redundancy
may exist because of alternative means (e.g. by paralogous genes). It has been
shown that human monogenic diseases frequently have functionally-dispensible par-
alogs (e.g. through gene duplication leading to additional copies of genes that have
similar functions), an evolutionary-beneficial phenomenon that is thought reduce
the probability of disease genes being removed from the population(Chen et al.,

2013). Although this would mask the phenotypic consequences in the majority of
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individuals, it may be that in some subpopulations, this functional ‘compensation’ is
lost (e.g. if functional duplicates are very lowly expressed), resulting in disease(Chen
et al., 2013). Compensatory mechanisms may also exist that can recover the deficits
from absent genes. For example, a substantial proportion of humans can survive
with a complete deficiency of TLR5, which encodes for a cell surface receptor for
bacterial flagellin(Casanova et al., 2011); alternative immune mechanisms provide

sufficient protection in its absence(Zhao and Shao, 2015).

For many LOF variants, experimental characterisation is lacking - their interpre-
tation tends to rely on indirect measures of functional impact, such as evolutionary
conservation(Richards et al., 2015). In the analysis of confirmed gene knockouts,
finding out whether a relevant phenotype exists is key; cases of disappointing molecu-
lar targets are not infrequent. For example, the findings that the enzymatic activity
of lipoprotein-associated phospholipase A2 (encoded by PLA2G7) was associated
with an increased risk for coronary heart disease led to numerous efforts in the
development of small molecule inhibitors of this protein(Huang et al., 2019). How-
ever, its inefficacy in reducing disease risk was proven in randomised controlled
trials(O’Donoghue et al., 2014; STABILITY Investigators et al., 2014). As expected,
when carriers of the LOF variants in PLA2G7 were analysed, no risk reduction was

observed(Saleheen et al., 2017).

Despite the limitations, results from this work add insight to understanding
the functional relevance of C1QTNF12 LOF and highlights the need to leverage
expression data, experimental models and functional genomics to study its effects.
The effort to identify the function of every protein-coding gene is already being
undertaken for researchers of the mouse genome, through the International Mouse
Phenotyping Consortium, by systematically knocking out genes and performing
standardised phenotyping analyses across biological systems(Meehan et al., 2017); in-
cidentally, a review of this database did not reveal a relevant phenotype in C1qtnf12-
knockout mice. Although substantially more challenging, the Human Knockout
Project(Perdigoto, 2017), currently in its pilot phase, has similar aims, to develop

a comprehensive catalogue of human LOF variants.
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6.2 Unexplored approaches for characterising adipolin
function in excessive scarring/keloids

6.2.1 Experimental approaches

The experimental work in this thesis has focused on the (presumed) heterogeneous
population of primary dermal fibroblasts in a submerged monolayer culture model.
Although there are benefits to studying primary cells in their native physiological
environment, there is potential masking of subtle changes to individual cellular
subpopulations, at heterogeneous states of differentiation/activation, that limit data
interpretation(Lappalainen and MacArthur, 2021). Since the first scRNA study
describing the transcriptionally and functionally heterogeneous nature of human
dermal fibroblasts in 2018(Tabib et al., 2018), there have been an exponentially
increasing number of studies to refine this heterogeneity further, with an aim to
therapeutically manipulate targeted cells that are ultimately responsible for driving
disease(Shaw and Rognoni, 2020). However, whether the heterogeneity is a function
of cellular state in response to the local microenvironment or whether it represents
distinct cell lineages is still unknown(desJardins-Park et al., 2020). It is worth
noting that the exploration of several published single cell fibroblast datasets(Liu
et al., 2022; Philippeos et al., 2018; Tabib et al., 2018) did not reveal significant
differential expression for C1QTNF12 (which was expressed at very low levels across

the datasets) between the cellular clusters defined.

It remains to be explored whether adipolin plays a role in other cells types that
are relevant to scarring. Adipolin has been shown to promote an anti-inflammatory
response (reduced TNFa, I1-13 and MCP1 expression in response to lipopolysaccha-
ride) in murine macrophages(Enomoto et al., 2011; Ogawa et al., 2019; Takikawa et
al., 2020). Although primarily referred to as a fibrotic disorder, keloid /excessive scar
development also depends on inflammation(Wang et al., 2020). Of the inflammatory
cells involved, macrophages are a major player, with the alternatively activated M2
macrophages being prominent in later wound healing (tissue remodelling) stages(Jin

et al., 2018). M2 macrophages have also been found at higher levels in unaffected
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skin of people susceptible to hypertrophic scars(Butzelaar et al., 2016). Functionally,
macrophages have been reported to promote differentiation of myofibroblasts(Shook
et al., 2018) through the secretion of TGFfS1 and PDGF-CC(Glim et al., 2013;
Hesketh et al., 2017). In light of these findings, the effect of adipolin on macrophages

(and subsequent fibroblast responses) may be an avenue to pursue.

As adipolin is an adipokine, the relationship between (adipolin-secreting) adipocytes
and scarring would also be interesting to explore. In murine wound healing, adipocytes
have been observed to regenerate from myofibroblasts(Plikus et al., 2017), a phe-
nomenon suggested to be potentially scar-reducing. Adipocytes have also been
shown to reprogramme to myofibroblasts and it is increasingly established that
adipose tissue can modulate fibrotic outcomes in numerous tissues(Sun et al., 2013).

It is speculative to suggest that adipocytes that have downregulated adipogenic
genes (e.g. C1QTNF12) would be more prone to profibrotic differentiation; the
absence of adipolin detection in our limited subcutaneous fat lysate samples steered
this project away from the study of adipocytes, but if adipocyte cultures are more

freely available, this hypothesis may be interesting to explore.

There are various disease models for studying keloids as prototypic excessive
scars. The 2D-fibroblast monolayer culture model, used in this thesis, is the most
established. However, this limits investigation to a single cell type in an artificial
environment. Co-culture systems add a layer of physiological complexity and have
enabled the study of the paracrine effects of other cells, such as mesenchymal stem
cells, on keloid fibroblasts(Arno et al., 2014; Fang et al., 2016; Kuwahara et al.,
2016; Liu et al., 2018). An alternative approach to the adipolin-conditioned media
culture system used in this thesis could have been the culturing of fibroblasts with
the cellular source of adipolin, if known(Lebeko et al., 2019). Higher dimensional/3D
organotypic models (e.g. organoid cultures(Lee et al., 2012), organotypic cultures
and ez wvivo explant cultures(Bagabir et al., 2012b)) aim for a more physiological
arrangement of cells and a microenvironment that is more representative of tissue
state. They also enable the study of other experimental readouts that are relevant

to keloids, such as ECM composition and architecture. For example, it may be of
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interest to investigate whether adipolin exists within the matrisome of scar ECM
and/or whether its modulation alters ECM properties. An important limitation is
that these models may exclude potentially relevant cell types and do not consider the
spatio-temporal dynamics of scar formation. Animal models, although of value in

the study of wound healing, do not exist for the study of keloids(Lebeko et al., 2019).

6.2.2 Observational (population level) approaches

As long as data sharing continues to progress unhindered, there will be increasingly
comprehensive cohorts of deeply genotyped and phenotyped samples to catalogue
variants, naturally occuring in the human population. However, how genetic variants
result in associated phenotypes is complex - there are multiple cellular, developmen-
tal and environmental conditions, acting through and interacting with a wide range

of pathways, that result in disease(Lappalainen and MacArthur, 2021).

In this thesis, the phenotypic consequences of adipolin LOF were interrogated
by searching for carriers of homozygous LOF variants and reviewing their linked
health records for potentially relevant traits - no relevant phenotype association was
identified. The availability of a large deeply-phenotyped exome-sequenced cohort
thorough the UKB enabled this effort. However, a major challenge was that the
variants are extremely rare, allowing only a descriptive analysis. An alternative
method to increase study power, gene-based burden testing, performs comparisons
by aggregating all rare variants (summarising their cummulative effect) and testing
their association with relevant phenotypic groups(Lee et al., 2014). This is based on
the assumption that other variants in the same gene responsible for disease may have
the same direction and magnitude of effect on the trait. Gene-based burden testing
has been systemically performed for >400K individuals within the UKB(Karczewski
et al., 2022); again, no robust phenotype association was identified for C1QTNF12
LOF. However, this study did not include primary care data, a main source of

excessive scarring diagnosis, so may present an opportunity for further analysis.

The adipolin discoveries made so far seem to parallel that of adiponectin, the

adipokine whose insulin-sensitizing, anti-inflammatory, anti-atherogenic properties
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have been widely demonstrated in animal models(Turer and Scherer, 2012). Its
favourable effects have even recently been extended to skin fibrosis(Lakota et al.,
2012; Luo et al., 2021; Marangoni et al., 2017) and it is conceivable that efforts will be
made to use it as a therapeutic target(Marangoni et al., 2017). However, its human
studies have painted a complicated picture; circulating adiponectin levels associate
with systemic metabolite levels in individuals with good metabolic health, but have
also been linked to higher mortality amongst groups with a high risk of metabolic
disease(Sattar and Nelson, 2008). Furthermore, although genetic association studies
indicate that variants associated with circulating adiponectin are also associated
with cardiometabolic outcomes, Mendelian randomisation (MR) studies which test
for the presence of causal relations have been negative, suggesting that its circulating
level is likely to be an epiphenomenon of disease(Borges et al., 2017; Yaghootkar et
al., 2013). Although there have been studies correlating circulating levels of adipolin
with disease(Babapour et al., 2020; Fadaei et al., 2019; Kasabri et al., 2019; Tan et
al., 2014a), as yet, there is no data available on its associated genetic variants. As
integrated proteomics datasets continue to grow(Ferkingstad et al., 2021), should
this data be made available in the future, a similar MR approach may be useful to

test for causality between adipolin and disease in a large cohort.

Overall, the possibility that the homozygous C1QTNF12 LOF variant identified
through WES in our excessive scarring pedigree is not disease-causing highlights
the challenges of gene identification. The lack of supporting functional evidence
raised several considerations: an alternative coding gene variant is causal (WES
filtering yielded variants in seven other potential causative genes that may be revis-
ited: (i) a homozygous missense variant in SEMG1 and six compound heterozygous
missense variants in CDCC88B, FAM/7A, IGFN1, NUDT, SOX30, and ZNF790);
(ii) an alternative non-coding causal variant exists (whole genome sequencing of
the pedigree, if available, would have been an option to explore this possibility);
(iii) the C1QTNF12 variant associates with a different phenotype that confers a
risk of keloids (e.g. through biological pathway-rewiring(Hu et al., 2016)); (iv)

the C1QTNF12 variant associates with an unrelated phenotype and the excessive
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scarring phenotype in the pedigree is a severe manifestation of the common complex
keloid disorder with polygenic and environmental influences(Albert and Kruglyak,

2015; French and Edwards, 2020).

6.3 Phenotypic profile of individuals with exces-
sive scarring

A review of the pedigree’s clinical information did not point to any Mendelian syn-
dromes for which keloid /excessive scarring is a known manifestation - the proband
has a history of dermatofibromata, obesity (requiring bariatic surgery) and iron
deficiency anaemia whereas her brother has a history of acne vulgaris. Both parents
who are unaffected by keloid/excessive scarring, are overweight. Whether any of
these diseases have a relevant association with keloids/excessive scarring is un-
known. Reliable knowledge of disease comorbidities is important to understanding
complex disease relationships. Epidemiologically robust disease-disease associations
are more likely to show shared molecular-level mechanisms (thereby creating a
higher level understanding of disease networks). For example, numerous studies
of the phenotypic associations of asthma eventually led to discoveries of shared
genetic architecture with immune, cardiometabolic and neurological /mental health
disorders(Blair et al., 2013; Zhou et al., 2022; Zhu et al., 2019, 2018). More topical
examples include studies of COVID-19 comorbidities (e.g. cardiovascular disease,
diabetes, hepatitis, lung/kidney disease) eludicating common molecular pathways
that advanced knowledge on the pathology of viral infection (e.g. immune signalling
pathways and platelet biology(Dolan et al., 2020)). Such findings offer new avenues

for functional validation, disease prevention and treatment.

The studies of keloid comorbidities to date have been focused on single disease
pairs (in isolation), based on speculated biological or demographic similarities. For
example, the notion that keloids are hyperproliferative led to a Taiwanese study
reporting a higher risk for keloid individuals in the development of skin cancers(Y.-Y.

Lu et al., 2021). Studies implicating Th2 responses and polymorphisms in ADAMS33
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(an endopeptidase associated with asthma and atopic eczema) in keloids, prompted
studies in Korean(Kwon et al., 2021) and Taiwanese(Lu et al., 2018) populations that
reported associations between keloids and atopic eczema. The association between
keloids and 12 other fibrotic diseases (including pulmonary, renal, endomyocar-
dial, hepatic and retroperitoneal fibrosis) was examined in a Taiwanese population;
the only disease found to be associated was uterine leiomyoma(Sun et al., 2014).
Obervations of a shared higher prevalence of uterine leiomyoma, hypertension, and
vitamin D deficiency with keloids in black and Asian populations have also led to
formal testing in small cohorts, with some conflicting findings(El Hadidi et al., 2021;
Harmon et al., 2013; Rutherford and Glass, 2017; Woolery-Lloyd and Berman, 2002;
Yu et al., 2013). Although insightful, these studies lack a comprehensive evaluation

of systemic health associations for comparison.

The UKB study of keloid/excessive scarring comorbidities herein was under-
taken with the primary aim of systematically documenting the comorbidities of
keloid/excessive scarring (in Europeans, with comparisons across ethnic groups)
and the secondary aim of generating a list of diseases from which a search for
shared pathobiology/genetic architecture can be undertaken. Of the four most-
studied comorbidities selected for specific analyses (hypertension, uterine leiomyoma,
vitamin D deficiency, atopic eczema), only the association with atopic eczema was

statistically significant (OR 1.68, p<0.001) after fully accounting for confounders.

As 94% of UKB participants are white British, this risk profile may not be repre-
sentative of other ethnicities. Fully-adjusted specific analyses within ethnic groups
revealed associations with hypertension and uterine leiomyoma which were unique to
black participants and associations with vitamin D deficiency in Asian participants.
This may be a result of ethnic variation in disease prevalence; however ethnicity
(and Townsend Deprivation Index) had been adjusted for in the analyses. Although
interpretation is limited by the small sample sizes, this finding suggests disparate
comorbidities between ethnic groups and warrants validation/ further study into
their risk determinants (whether biological, socioeconomic, cultural, environmental

or behavioural).

19/



6. Discussion and future directions

Interrogating a broad spectrum of phenotypes in large cohorts (collected by
physicians from multiple different disciplines), by way of a PheWAS, provides a
comprehensive assessment of correlated diseases. Limitations include ascertainment
bias, which in this study likely led to an over-representation of dermatological asso-
ciations. Cummulative diagnosis codes assigned to each individual may introduce
some misclassification; this may be reflected by the enrichment of “other hyper-
trophic and atrophic disorders of the skin” which may be a differential diagnosis
for excessive scars. Also, interpretation of disease patterns is limited by the lack
of temporal associations/disease trajectories; associations of excessive scarring with
surgical (and dermal inflammatory diseases) may well arise from skin wounds rather
than their shared molecular biology. Nevertheless, similar reports of non-genetic
applications of PheWAS’s are becoming more prevalent with the availability of

large biobanks(Fromme et al., 2022).

Such published studies to date do not include primary care data, as resources
to map them to phecodes are not readily available. In this study, primary care
data were comprehensively mapped to phecodes, maximising case discovery for
disease groups while reducing misclassification of diseases that do not tend to lead
to hospitalisation. The PheWAS revealed a wide range of previously-unreported
correlations across disease systems; musculoskeletal disease and pain symptoms
were the most significant non-dermatological associations whereas abnormal weight
gain, heart valve replacement and breast hypertrophy were the associations with the
largest effect sizes (albeit with small sample sizes). Although the overall associations
did not suggest a clear pattern, they highlight a higher health burden for individuals
with excessive scarring, potentially indicating an increased risk of poorer health
outcomes, and offer insights into potential shared pathobiology.

The lack of significant PheWAS associations with fibrotic diseases in other sys-
tems is noteworthy. For these diseases, the pathogenic cells, extracellular architec-
ture, signalling pathways and mediators implicated are broadly generalisable(Ricard-

Blum and Miele, 2020). It is therefore interesting why some fibrotic diseases were
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less significantly associated than others (e.g. Positively associated: Dupuytren’s con-
tracture, OR=1.8, p=0.001; chronic non-alcoholic liver disease, OR=1.15, p=0.54;
urethral stricture, OR= 1.99, p=0.004; pulmonary fibrosis, OR=2.03, p=0.07; peri-
toneal adhesions, OR 3.68, p=0.0001. Negatively associated: systemic sclerosis,
OR=3.04x10°%, p=0.97; liver cirrhosis, OR=0.89, p=0.87). Small sample sizes
for some of these conditions likely meant insufficient power to detect significant
associations, as signals are generally driven by diseases with the largest sample num-
bers. However these observation suggest there may be commonalities/differences
between fibrotic diseases yet to be uncovered, for a more informed classification
of this phenotype.

The comorbidity study in this thesis would ideally be expanded through a
meta-analysis with other integrated data sources/international biobanks, which over
time may overcome the issues of sample size and reduced ethnic representation.
It is important however to be aware of the limitations that remain: the inher-
ent limitations of the observational study design mean no causal inference can
be made, clinical information may be erroneous/incomplete, and confounders may
be unaccounted for. Furthermore, although the hope is that knowledge gained
will be complementary to molecular level discoveries, high comorbidity between
disease groups (e.g. depression and metabolic disorders) may not necessarily show

corresponding genetic relationships(Bulik-Sullivan et al., 2015a).

6.4 Genetic architecture of excessive scarring

The widely-cited heritable nature of keloids(Chen et al., 2006a; Clark et al., 2009;
Goeminne, 1968; Marneros et al., 2001; Omo-Dare, 1975; Ramakrishnan et al., 1974)
provided justification for an exploration of its genetic architecture. Following the
comprehensive phenotypic profiling of the excessive scarring (keloid/hypertrophic
scar) cohort in the UKB, a GWAS was performed investigating corresponding geno-
type associations, using data from white British individuals within the UKB. Meta-

analysing results from the UKB study with results from FinnGen (made up of a
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distinct European cohort with a unique genetic makeup) led to the identification of
three loci, previously only known to be associated with keloids(/excessive scarring)
in East Asian populations. This indicates shared genetic components with biological
functions that are generalisable across populations. Understanding the existence of
this shared polygenic archictecture also informs the design of future larger studies

in the discovery of novel susceptibility loci.

A striking finding from the keloid GWASs to date (including the work here) is
the highly significant association with disease risk in 1q41, a non-coding region with
limited structural and functional information. At this locus, the nearest genes were
two related lincRNA, RP11-4/00N13.1 and RP11-4/00N13.3; published research on
these molecules suggested potential mechanistic relevance to fibrosis, such as in the
regulation of ECM organisation in lung fibroblasts(X. Yang et al., 2020). eQTL
data from dermal fibroblasts were leveraged to investigate whether the expression
of either of these genes may be a molecular mediator linking genotype to phenotype.
It was encouraging that the lead keloid risk variant was a significant eQTL for
RP11-400N15.3 in dermal fibroblasts (p=1.51x10"), however this could be a chance
finding as eQTLs are abundant(Liu et al., 2019). SNP-level colocalisation, a method
that analyses the co-occuring patterns between eQTLs and GWAS signals, with the
hypothesis that a causal variant contributes to both gene expression changes and dis-
ease susceptibility(Li and Ritchie, 2021), suggested no shared causal variant between
keloid risk and RP11-400N13.3 expression in dermal fibroblasts. This approach had
several caveats: the single causal variant assumption does not consider the fact
multiple causal variants may exist in proximity (although Bayesian fine mapping of
causal variants for keloid risk suggested a single causal variant at this locus, making
multiple causal variants less likely); the datasets used may have been underpowered
as well as not representative of the cellular/tissue/temporal expression pattern of the
candidate genes that are relevant during disease development (the specific cellular
type/state/activity /spatio-temporal context in which risk alleles/candidate genes
act to modify keloid risk is unclear); the overall lower tissue expression levels

of lincRNA may have added statistical uncertainty (datasets with deeper RNA
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sequencing may be required). Furthermore, eQTL analyses performed do not test
the effects of causal variants on other molecular traits (e.g. genomic regulatory
elements) that have less data availability than gene expression profiles(Cano-Gamez
and Trynka, 2020). Nevertheless, although analysis of the ‘intermediate’ non-coding
genome is inherently more challenging/less interpretable, the significance of the
association suggests a need to understand its target interactome in the context

of excessive scarring.

Gene-based association analysis for the meta-analysis results using MAGMA lim-
ited the mapped genes to those that were protein-coding(Sey et al., 2020). PHLDAS
was nominated; its significance to keloid pathology has recently been alluded to(Ishigaki
et al., 2020). The lack of other significantly associated genes (e.g. NEDD/, p=7x10")
is likely a result of an inadequate sample size. Association analyses at the level of
the gene (rather than single variants) are arguably more functionally relevant and
less susceptible to erroneous findings due to differences in allele frequency or LD
structure between populations. However this requires the knowledge of all variations
within/around the genes and their regulatory region for reliable association with the
phenotype(Neale and Sham, 2004). MAGMA assigns SNPs to nearest genes but does
not take into account functional genomics (e.g. long range regulatory interactions or
tissue-specific regulatory relationships). Modifications to MAGMA have been made
to address this(Sey et al., 2020; A. Yang et al., 2020); these may be explored in future
studies, alongside other complementary eQTL-based gene annotation tools, such
as transcriptome-wide association studies (TWAS, which imputes genotype-gene
expression relationship based on eQTL association statistics and tests associations
between predicted gene expression and the phenotype/trait(Wainberg et al., 2019)).

Although widely described to have a heritable component, the heritability index
for keloids has rarely been formally quantified. SNP heritability for keloids/excessive
scarring in Japanese, estimated using LDSC, ranged from 0.28-0.36(Ishigaki et al.,
2020). In comparison, the SNP heritability of keloids in this UKB study was consider-
ably lower (0.0068), thereby precluding genetic correlation analyses. This suggests

the contribution of lower frequency variants or an underpowered study(Nealelab,
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2017). However, both studies shared most of the risk loci and had a similar sample
size. The difference in heritability therefore may be a reflection of different (or
population-specific) variant effect sizes and the moderation of heritability by other
factors (e.g. gene-environment/ gene-gene interactions)(Shi et al., 2021). Models
that account for population-specific effect sizes are being developed(Shi et al., 2021),

and may be worth exploring in the future.

Heterogeneity in cohort definitions in this and other keloid population studies (by
combining diagnosis codes for keloids and hypertrophic scars) may have introduced
bias in effect size estimates even though most cases that were included were strictly
keloid. The rationale for the keloid (ambiguous)/excessive scar definition in this
study was two-fold: to increase study power (lack of case stratification being a
trade-off for larger sample size) and to reduce misclassification bias (e.g. misclassi-
fying hypertrophic scar cases as ‘normal scar’ controls). Furthermore, other large
scale biobank studies on keloids have used similar broad definitions. Sensitivity
analysis using strict keloid definitions and excluding hypertrophic scar diagnoses
from the control cohort showed consistent findings. This promising finding seems
to suggest that there may be a shared ‘fibrotic’ genetic architecture between the

excessive scar types.

The prospect of a ‘fibrotic’ genetic architecture raises the question as to whether
it is feasible to perform a cross-trait GWAS /meta-analysis to identify genetic asso-
ciations across mechanistically-relevant diseases (e.g. identified through analysis of
keloid comorbidities). As well as having increased statistical power, the risk variants
identified across the multiple traits can be integrated for genetic prediction(Maier
et al., 2018). This approach, which is particularly useful for less prevalent diseases
such as keloids, has been adopted in numerous studies, grouping by pathomecha-
nism(Ferreira et al., 2017; Sakaue et al., 2021; Shirai et al., 2022) and organ sys-
tem(Masuda et al., 2019), and has revealed novel insights into disease pathogenicity.
Reliable knowledge of disease correlations, ideally strengthened by significant genetic
correlation data, is crucial. In this thesis, potentially relevant keloid/excessive

scar disease associations may have been masked by the stringent phenome-wide
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significance threshold adopted (e.g. peritoneal adhesions) or not captured due to clin-
ical coding deficiencies (e.g. post-surgical stenosis). Establishing carefully-curated

comorbidities for targeted association studies in large-scale cohorts may be of value.

So far the contribution of low frequency and rare alleles (MAF < 1%) remains
unexplored. This group of variants is thought to potentially be more easily inter-
pretable than the common variants discovered by GWASs, assuming that a variant
strongly affecting disease risk is kept at a low frequency by negative selection and
that these variants have occured more recently in human history therefore have fewer
other variants in LD(Sazonovs and Barrett, 2018). However, studying rare variants
requires more complex study design and association-testing considerations. The
standard methods of genotyping and genotype imputation have decreasing accuracy
with decreasing MAF. WES is less suitable for traits where known variation is in
non-coding regions, whereas whole genome sequencing may have prohibitively high
costs and computational burden. Standard GWAS statistical tests for single rare
variants require either enormous sample or effect sizes. Variant aggregation methods
(burden testing) circumvent the issue of reduced study power but they are limited by
a lack of clear functional groupings for non-coding variants(Lee et al., 2014; Sazonovs
and Barrett, 2018). It may be that rare variant testing is best targeted for cohorts
that have a higher probability of carrying low frequency variants (e.g. unique keloid
pedigrees(Marneros et al., 2004) or individuals with known disease status but low

PRS(Sazonovs and Barrett, 2018)).

The proposed approaches to further the genetic studies, for example, by in-
creasing sample sizes or by studying rare variant association may still be hampered
by limited information on causality. MR is an increasingly used approach to infer
causality from genetic association studies, whereby genetic variants are used as proxy
measures for clinical interventions and used to test for associations between disease
exposures and outcomes, on the premise that the proxy variants are associated
with the exposure and not a confounder and that they influence the oucome only
through the exposure(VanderWeele et al., 2014). This depends on having adequate

study power to identify suitable variants and may not eliminate some issues with
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confounding (e.g. by population structure, LD, genetic pleiotropy). Causation anal-
ysis of genomic studies is an active area of research with continuing development
of methodological advancements(Hu et al., 2018), but ultimately, larger cohorts are

necessary for their application.

6.5 Biobanks for dermatological research

Much of this thesis been made possible by the availability of UKB data. This
biobanking effort has resulted in a high dimensional data resource with large sam-
ple sizes, encompassing longitudinal health-related information, biochemical and
molecular data for diverse clinical, phenomic and genomic research. In this thesis,
a number of challenges were apparent, related to electronic health record (EHR)

phenotyping and relevent complementary data.

EHR phenotyping is typically automated using structured EHR data (clinical
codes). There are issues with the accuracy, standardisation and completeness of
these records(Denny, 2012). For example, EHR data tend to be fragmented (whether
due to clinician perceptions on what is clinically relevant or disconnected health
providers); coding systems change over time resulting in the need for mapping
strategies to combine codes from different systems (such as those employed in this
thesis); coding systems have variable specificity across phenotypes and may be based
on clinical suspicion rather than confirmation of diagnosis(Denny, 2012); codes based
on clinical suspicion may accumulate in records over time despite the assignment
of alternative confirmed diagnoses. Furthermore, an EHR-linked biobank such as
the UKB has de-identified data which prevents patients from being recontacted
for validation. The gold standard in validating clinical codes is a review of clinical
notes(Newton et al., 2013). Increasingly, machine-learning tools are being developed
to leverage this information for better phenotyping performance but, so far, there

are no unified implementation approaches(Carter et al., 2022).

For most dermatological conditions, current EHR data are insufficient for ac-

curate diagnosis prediction and disease stratification - key factors for successful
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phenomic/genomic research. Complementary data to validate EHR (e.g. clinical
photographs/histology) are lacking in biobank studies. The most recent revision
of the ICD codes, ICD11, substantially improves the coverage and categories of
dermatological diseases - a result of the involvement of the international derma-
tology community. However, its timely implementation is unlikely and it may
still lack structured terminologies of sufficient granularity to accurately capture
dermatological presentations. Several initiatives were set up to create dermatology-
specific EHR (e.g. DermLex(Papier et al., 2004) and DermO(Fisher et al., 2016)) but
uptake has been limited and maintenance for both appear to have been discontinued.
This indicates the need for greater dermatological presence within existing biobank
studies to advocate for the integration of dermatology-relevant data. There is
also the case for setting up more disease-relevant consortiums, especially for under-

represented diseases such as keloids/hypertrophic scars.

6.6 Future directions

The in vitro and observational population data from this thesis do not support
the hypothesis that homozygous C1QTNF12 LOF, identified following exome se-
quencing of a small pedigree with excessive scarring, causes the observed phenotype.
In light of its current little-known/unvalidated protein expression status, a data-
driven approach will ideally be pursued further to identify supportive evidence,
before in wvitro functional studies. Examination of the 200K exomes in the UKB
leaves the possibility that significant clinical phenotypes associated with C1QTNF12
LOF were missed as a result of small sample sizes (with the identification of only
two individuals with homozygous C1QTNF12 LOF variants). With the exomes of
over 470000 UKB participants now available, phenotypes robustly associated with
LOF and/or missense variants in C1QTNF12 could be re-interrogated. Absence of
phenotypically-significant associations may help redirect efforts towards functional

analyses of other candidate genes.
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The observational population studies in this project have been restricted to
British and Finnish populations. It would be worthwhile to harness the growing
number of biobanks worldwide to expand on this work. Of immediate relevance
are the the US-based NIH All of Us and the PennMed Biobank (PMBB). The
NIH All of Us programme has ~1500 cases of keloid amongst 227740 participants.
Although a similar data browser is not publicly available for PMBB, it is made up of
a substantially greater proportion of black participants (30% for PMBB as compared
to ~1% for UKB); the likelihood of a significant keloid cohort would be high. Even
with the limited power of this work, from a comorbidity perspective, data from this
thesis provided preliminary supporting evidence for a funding application to study
the mechanistic link between keloids, hypertension and uterine leiomyoma in black
women. The increased number of black participants by the addition of these datasets
would be especially valuable to validate these associations and may allow genetic
correlation analysis. From a genetic perspective, the prospect of potentially doubling
the number of cases means greater power to detect less common risk variants as
well as those with smaller effect sizes. Both biobanks however are currently only
accessible by registered US-based institutions, therefore, collaborative links would
need to be established - the Keloid Research Foundation(Uitto and Tirgan, 2020)

may be a helpful springboard.

Other valuable biobank resources include the well-established Biobank Japan(Nagai
et al., 2017) (which comprises the cohort for the first published keloid GWAS(Nakashima,
et al., 2010)) and Taiwan Biobank (from which keloid studies have not yet emerged)(Lin
et al., 2020). Sakaue et al(Sakaue et al., 2021) performed cross-population meta-
analyses for a large range of phenotypes, combining GWAS data from Biobank
Japan, UKB and FinnGen; although the keloid/excessive scarring phenotype was
included, only 668 cases were detected from UKB and FinnGen combined, compared
with 1126 cases detected in this thesis. The Sakaue et al study(Sakaue et al., 2021),
which identified a novel keloid variant, rs74983791*, used only a single ICD10 code

*This variant was only genome-wide significant for the meta-analysis, but not for the individual
datasets analysed.
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(L91.0) to define keloids (and hypertrophic scarring). Employing the manually-
curated clinical codes used in this thesis and expanding the data sources further,

will hopefully maximise study power whilst minimising misclassification.

Increasing the scale of a single type of -omic data is insufficient to fully explain ge-
netic susceptibility. An example is the highly significant 1q41 keloid risk locus which
contains a cis-eQTL for the lincRNA, RP11-/00N13.3 but subsequent colocalisation
analysis failed to support the hypothesis that there was a shared causal variant.
Although it is tempting to suggest in wvitro functional analysis of RP11-400N13.3,
manipulation of lincRNA is fraught with challenges(Gao et al., 2020) and numerous
studies have reported ambiguous or insignificant resulting phenotypes(Améandio et
al., 2016; Gao et al., 2020; Goudarzi et al., 2019; Han et al., 2018; Kolling et al.,
2018; Stafford et al., 2016). It is pertinent to further explore bioinformatics evidence
supporting causality (e.g. in silico prediction of its structural motifs/functional
domains, correlation of its expression with CpG-site methylation and characterising
its mRNA interaction network(Giral et al., 2018; Tonmoy et al., 2022)). Notably,
these analyses still leave gaps in the understanding of the 1q41 locus (e.g. trans-
eQTLs are not considered). Ultimately, the aim is to integrate multi-omic data to
correlate genetic findings with protein and functional spatio-temporal localisation,
in nominating targets for experimental validation. This should be performed in

suitable in vitro/in vivo models and challenged with disease-relevant stimuli.

6.7 Conclusions

The identification of the homozygous C1QTNF12 LOF variant in a single family with
an autosomal recessive inheritence pattern of excessive scarring has led to a scientific
exploration studying the role of adipolin in fibrosis, with the use of laboratory-based
and bioinformatics approaches. The lack of strong functional evidence to suggest
pathophysiological relevance led to data-driven studies of excessive scarring suscep-

tibilities at a population level from a phenotypic and genetic perspective; these have
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painted a multi-morbid /polygenic picture underlying the disorder whilst highlighting

the need for better representation of skin phenotypes in EHR for future research.
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Figure A.1: Full Western blot image of NDF and 11253 lysates probed for alpha smooth
muscle actin and GAPDH.
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Figure A.2: Full Western blot image of protein lysates probed for adipolin and beta
actin.
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Figure A.3: Full Western blot image of protein lysates probed for collagen 1.
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Table A.1: Clinical codelists for comorbidities in specific multivariable analyses.

Disease ICD9 1ICD10 Read2 Read3
Hypertension 4010, 4011, 110, I11, 14A2., 21261, 212K., 61462, 66, 14A2., 21261, 9019., 61462, G24..,
4019 112, 113, 662b., 662c., 662d., 662F., 662G., G240., G2400, G240z, G241., G2410,
115 6620., 662r., 7Q01., 8B26., 8BL0., G241z, G244., G24z., G2420, G24z1,
8I3N., 9019., F4042, F4213, G2..., Gyu2l, 662F., 662G., F4211, G2...,
G20.., G200., G201., G202., G203., G200., G201., G202., G20z., G21..,
G20z., G21.., G210., G2100, G2101, G210., G2100, G2101, G211., G2110,
G211., G2110, G2111, G21z., G2120, G2111, G21z., G21z1, G220., G221.,
G21z1, G21zz, G22.., G220., G221., G222., G22z., G23.., G230., G231.,
G222., G22z., G23.., G230., G231., G232., G233., G234., G23z., G2y..,
G232., G233., G234., G23z., G24.., G2z.., Gyu2., L122., L1220, L1221,
G240., G2400, G240z, G241., G2410, L1223, L1227, L127., L1272, L128.,
G241z, G244., G24z., G24z0, G24z1, L1280, L1282, TJC52, TJC53, TJCT.,
G24zz, G2y.., G2z.., G672., Gyu2., TJC70, TJC71, TJCT72, TIJC73,
Gyu2l, L122., L1220, L1221, L1223, TJC74, TIC75, TICTz, U60C5, X00ef,
L1222z, L127., L1272z, L128., L1280, XEOUb, XE0OUc, XE0OUd, XE0Ue,
L1282, TJCT., TJC7z, U60C5 XE0Uf, XEOUg, XEOVM, XE15r,
XMO02V, XM1Qp, XSDSb, Xa8HD,
XaBLq, Xaly8, XalyC, XalyD, XalyE,
XaJbh, XaM5bf, XaNFs
Leiomyoma of — D25, D250, 7TA54A, 7TE061, TEODC, B78.., B780., B78.., B780., B781., B782., B78z.,
uterus D251, B781., B782., B78z., BBKO., BBK00, BBKO., BBK00, BBK03, BBKO5,

D252, D259 BBK03, BBK05, BBK06, BBK0z

BBKO06, BBK0z, X403S, XE06e,
Xa99u, XaNQc, XaQYZ

#Two self-reported codes were additionally retrieved for eczema, namely 1452 and 1669 (UK

Biobank Data Coding 6).
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Disease ICD9 ICD10

Read?2

Read3

Eczema# 512, 540,  B000,
3734A, B001,
3735, B653, 120,

37354, 691, L208, L209,

692, 693,  L21, L211,

6984 1218, 1219,
L22, 123,
1230, L231,
1232, 1233,
1234, L235,
L1236, L237,
1238, L2309,
L24, 1.240,
1241, L242,
1243, L244,
L245, 1246,
1247, 1248,
L.249, 125,
L250, L251,
1252, L253,
1254, L255,
1258, L2509,
L.26, 127,
L272, L278,
L1279, L30,
1300, L303,
L1308, L309,
L562, L58,
1580, L581,
1589, L710,
L981

Vitamin D 268 E55, E559
deficiency

14F1., 26C4., A512., A5320, A540.,
A5441, A54x3, F4D30, F4D31,
F4D4., F4D5., G831., G832., M101.,
M102., M11.., M110., M111., M112.,
M113., M114., M116., M117., M118.,
M1180, M118z, M119., M11A.,
M1lz., M12.., M120., M121., M122,
M1220, M1221, M1222, M1223,
M1224, M1225, M122z, M123.,
M1230, M1231, M1232, M1233,
M1234, M1235, M1236, M1237,
M1238, M123z, M124., M1240,
M1241, M1242, M1243, M1244,
M1245, M1246, M1247, M1248,
M124z, M125., M1250, M1251,
M1252, M1253, M1254, M1255,
M125z, M126., M1260, M1261,
M1262, M1263, M1264, M1265,
M1266, M126z, M127., M1270,
M1273, M1278, M127z, M128.,
M1280, M1281, M1282, M1283,
M1284, M1285, M1286, M129.,
M1290, M1291, M1292, M1293,
M1294, M1295, M12C., M12CO0,
M12C1, M12y., M12y0, M12y1,
M12y2, M12y3, M12y4, M12y5,
M12y6, M12y7, M12y8, M12y9,
M12yA, M12yB, M12yC, M12yD,
M12yz, M12z., M12z0, M12z1,
M12z2, M122z3, M12z4, M12zz,
M13.., M130., M131., M13y., M13z.,
M140., M1535, M1536, M1831,
M184., M1y0., M1y2., Myu2.,
Myu20, Myu21, Myu22, Myu23,
Myu24, Myu25, Myu26, Myu27,
Myu28, Myu29, Myu2C

C28..

14F1., A5320, A540., A5441, A54x3,
F4D31, F4D4., F4D5., G831., G832.,
MO07y., M1..., M100., M101., M102.,
M11.., M110., M111., M112., M113.,
M114., M117., M118., M118z, M11z.,
M12.., M120., M121., M122., M1220,
M1221, M1222, M1223, M1224,
M1225, M122z, M123., M1230, M1231,
M1232, M1233, M1234, M1235,
M1236, M1237, M1238, M123z, M124.,
M1240, M1241, M1242, M1243,
M1244, M1245, M1246, M1247,
M1248, M124z, M125., M1250, M1251,
M1252, M1253, M1254, M1255, M125z,
M126., M1260, M1261, M1262, M1263,
M1264, M1265, M1266, M126z, M127.,
M1270, M1273, M1278, M127z, M1280,
M1281, M1282, M1283, M1284,
M1285, M1286, M1290, M1291,
M1292, M1293, M1294, M12C.,
M12C0, M12C1, M12y., M12y0,
Mi12y1l, M12y2, M12y3, M12y4,
M12y5, M12y6, M12y7, M12y8,
M12y9, M12yA, M12yB, M12yC,
M12yD, M12yz, M12z., M12z0, M12z1,
M13.., M130., M131., M13y., M13z.,
M184., M2y41, Myu2., Myu20, Myu21,
Myu23, Myu24, Myu25, Myu26,
Myu27, Myu28, Myu29, Myu2C,
UalAR, X00YT, X00YV, X00YW,
X00iS, X30Cp, X40Fx, X503k, X503l,
X503m, X5040, X5040, X504t, X504u,
X504v, X5051, X505H, X505K, X505L,
X505M, X505N, X5050, X505P,
X505Q, X505R, X505S, X505T,
X505U, X505V, X505X, X505Y,
X505Z, X505a, X505b, X505¢, X505d,
X505e, X505f, X505i, X505j, X505k,
X5051, X5050, X505p, X505r, X505s,
X505t, X505u, X505v, X505w, X505x,
X505z, X5060, X5061, X5062, X5063,
X5064, X5065, X5066, X5067, X5068,
X5069, X506C, X506J, X506K, X506L,
X5060, X506P, X506Q, X506U,
X506¢c, X506d, X5082, X50AK, X50Gj,
X50Gk, X50J8, XE16i, XE1An,
XE1Ap, XE1Aq, XE1Ar, XE1As,
XE1At, XE1Au, XE1Av, XE1Aw,
XE1C4, XE1C6, XE1C8, XE1CA,
XE1CC, XEICE, XE1CG, XE1CI,
XE1CW, XM1PZ, XM1Pa, Xa0WJ,
Xa0p8, Xal3g, Xaldl, Xa3gl, Xa3glJ,
Xa7lZ, XaT7lb, Xa9Bb, Xa9CV, XaBml,
XaBmm, XaBsL, XaEJY, XaEJZ,
XaINK, XaINM, Xal.2Q, XaY4Z,
XaY4a, XaY4o, XaYX9, .14F1, .26C4,
F5C4, .G932, .L2.., .L21., .L22.,
L1221, .L.227, .L.23., .L231, .L.232,
.L233, .L.234, .L.235, .L23Z, .L24.,
L1241, 1,242, .1.243, .1.244, .1.245,
L1246, .1.247, .1.248, .L24Z, .1L.25.,
.L251, .LL252, .L.257Z, .L27., .L28.,
.L27., .L318, .L353, .L354, 26C4.,
F4D30, M116., M119., M11A., M128.,
M129., M1295, M12z2, M12z3, M12zz,
M1535, M1536, M1y0., M1y2., M21A.,
Myu22, X504w, X75uT, Xadjb

C28.., XE112, .C415

#Two self-reported codes were additionally retrieved for eczema, namely 1452 and 1669 (UK

Biobank Data Coding 6).
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Table A.2: Example mapping for primary care and hospital records to the phecode for
'"Uterine leiomyoma'.

Phecode Phecode Code type Code Description ICD10 ICD10
description equivalent description
218.1 Uterine ICD10 D259 Leiomyoma — —
leiomyoma of uterus,
unspecified
218.1 Uterine ICD10 D25 Leiomyoma — —
leiomyoma of uterus
218.1 Uterine ICD10 D250 Submucous — —
leiomyoma leiomyoma
of uterus
218.1 Uterine ICD10 D251 Intramural — —
leiomyoma leiomyoma
of uterus
218.1 Uterine ICD10 D252 Subserosal ~ — —
leiomyoma leiomyoma
of uterus
218.1 Uterine Read2 B78.. Uterine D259 Leiomyoma
leiomyoma leiomyoma - of uterus,
fibroids unspecified
218.1 Uterine Read2 B78z. Uterine D259 Leiomyoma
leiomyoma leiomyoma of uterus,
NOS unspecified
218.1 Uterine Read2 B781. Intramural D251 Intramural
leiomyoma uterine leiomyoma
leiomyoma of uterus
218.1 Uterine Read2 B780. Submucous D250 Submucous
leiomyoma uterine leiomyoma
leiomyoma of uterus
218.1 Uterine Read?2 B782. Subserous D252 Subserosal
leiomyoma uterine leiomyoma
leiomyoma of uterus
218.1 Uterine Read3 B78.. Uterine D259 Leiomyoma
leiomyoma fibroid of uterus,
unspecified
218.1 Uterine Read3 B781. Intramural D251 Intramural
leiomyoma uterine leiomyoma
fibroid of uterus
218.1 Uterine Read3 B78z. Uterine D259 Leiomyoma
leiomyoma leiomyoma of uterus,
NOS unspecified
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Phecode Phecode Code type Code Description ICD10 ICD10
description equivalent description
218.1 Uterine Read3 B782. Subserous D252 Subserosal
leiomyoma uterine leiomyoma
fibroid of uterus
218.1 Uterine Read3 B780. Submucous D250 Submucous
leiomyoma uterine leiomyoma
fibroid of uterus
218.1 Uterine Read3 X78XX Uterine D259 Leiomyoma
leiomyoma fibroid polyp of uterus,
unspecified
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