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Genome-wide association meta-regression identifies stem cell lineage orchestration as a
key driver of acne risk
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Abstract

Over 85% of the population experience acne at some point in their lives, with its severity
spanning a quantitative spectrum, from mild, transient outbreaks to more persistent, severe
forms of the condition. Moderate to severe disease poses a substantial global burden arising

from both the physical and psychological impacts of this highly visible condition.

The analytical approach taken in this study aimed to address the impact of variation in the
dichotomisation of acne case control status, driven by ascertainment and study design, on
effect size estimates across independent genetic association studies of acne. Through a
fixed intercept meta-regression framework, we combined evidence genome-wide for
association with acne across studies in which case-control status had been ascertained in
different settings, allowing for different severity threshold definitions. Across a combined
sample of 73,997 cases and 1,103,940 controls of European, South Asian and African
American ancestry we identify genetic variation at 165 genomic loci that influence acne risk.
There is evidence for both shared and ancestry specific components to the genetic
susceptibility to acne and for sex differences in the magnitude of effect of risk alleles at

three loci.

We observe that common genetic variation explains 13.4% of acne heritability on the
liability scale. Consistent with the hypothesis that genetic risk primarily operates at the level
of individual pilosebaceous units, a polygenic score derived from this case-control study of
acne susceptibility is associated with both self-reported and clinically assessed acne severity

in adolescence, further strengthening the link between genetic risk and disease severity.

Prioritisation of causal genes at the identified acne risk loci, provides genetic validation of
the targets of established and emerging acne therapies, including retinoid treatments. The
identified acne risk loci are enriched for genes encoding downstream effectors of RXRA
signalling, including SOX9 and components of the WNT and p53 pathways. lllustrating that
the control of stem cell lineage plasticity and cellular fate are important mechanisms

through which genetic variation influences acne susceptibility within the pilosebaceous unit.
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Introduction

Acne is the most common human skin disease. It typically emerges during adolescence and
affects nearly all teenagers to varying degrees.! The characteristic lesions of the
pilosebaceous unit, including comedones, papules, and pustules, primarily manifest during
this age range, but for a substantial subset of individuals, the condition persists into

adulthood.!

The severity of acne varies widely. Approximately 16% of the population experience
moderate to severe acne' and over 20% of these individuals develop long-term scarring.
Beyond its physical manifestations, acne is associated with a significant mental health
burden, highlighting the profound psychological impact of this highly visible condition.? The
societal consequences of acne are substantial, contributing to an estimated 5 million
Disability-Adjusted Life Years (DALYs) globally.®> Acne is observed in all global populations,
though prevalence estimates vary, with higher rates reported in economically developed
and socially advantaged regions.* Age standardised rates of disease have increased globally
by 0.55% per year over the last 30 years, with faster increases in males that have narrowed
the sex difference in prevalence, which is currently estimated to be 1.3 times higher in

females.*

There is an unmet need for therapies that are both highly effective and well-tolerated for
the treatment of moderate to severe acne. Current treatments, including topical
medications, systemic antibiotics, and hormonal therapies, often fail to adequately resolve
severe disease.’ Conversely, Isotretinoin, a retinoid derived from vitamin A, is highly
effective, but its use is constrained by its adverse effect profile, including mucocutaneous
symptoms, mood alterations, and severe teratogenic effects, which necessitate close
monitoring and strict precautions to prevent pregnancy.® These limitations underscore the
pressing need for new therapeutic approaches that not only address the underlying causes

of acne but also minimise associated risks.

Improved understanding of the genetic susceptibility to acne offers opportunity to identify
the causal molecular and cellular mechanisms of the disease. An effective treatment

strategy for acne must not only aim to reduce the time to healing of existing lesions, but
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also prevent naive pilosebaceous units entering an acne cycle. Even in areas of severely
affected skin < 0.5% of pilosebaceous units are involved in visible lesions and the mean
lifetime of each lesion is of the order of days for inflammatory lesions and weeks for non-
inflammatory lesions. Given that only a small fraction of pilosebaceous units are affected at
any one time, it is likely that acne risk factors operate at the level of individual
pilosebaceous units, influencing their propensity to develop into acne lesions. Genetic
variation plays a substantial role in acne risk, with heritability estimates reaching up to
80%.” ™ Recent genome-wide association studies (GWAS) have identified genetic variation

at 49 genomic loci that contribute to acne risk.”*™*°

A polygenic risk score for acne has been
shown to correlate with self-reported disease severity,"” consistent with a relationship

between genetic liability to acne and the seveerity of disease manifestation.

To deepen our understanding of the genetic architecture of acne, we have undertaken and
interrogated large-scale genome-wide association studies for combined and sex-specific
effects across 18 individual studies, including participants from diverse ancestry groups. We
integrated evidence of association across studies while accounting for differences in the
dichotomisation of acne, which may be considered a quantitative trait, in different
ascertainment settings. We identify genetic variation influencing acne risk at 117 novel risk
loci. Prioritisation of putative causal genes and cell types provide genetic support for both
established and emerging acne therapies and implicates variation in the molecular control
of lineage plasticity and cellular fates in the pilosebaceous unit as an important contributor

to acne susceptibility.

Results

Genome-wide association meta-analysis in populations of European ancestry

We performed genome-wide association testing of common genetic variants on autosomes
and the X chromosome with acne, analysing data from 16 independent case-control studies
comprising 69,333 cases and 1,051,871 controls of European ancestry (cohort details in
Supplementary Note & Table S1). Ascertainment methods varied across the 16 cohorts,
ranging from clinical diagnoses of acne vulgaris by dermatologists to self-reported
measures. Effect size estimates of lead variants at previously reported acne risk loci were

compared across all 16 studies, which revealed evidence of systematic heterogeneity in
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effect size estimates between cohorts. We noted that cohorts in which acne cases had been
specifically recruited in clinical settings, and thus likely representing individuals with more
severe acne, contributed consistently larger effect size estimates than those relying on
electronic health records or self-reported data (Supplementary Figure 1). We hypothesised
that these systematic differences could be explained in part by different approaches to
ascertainment and study design equating to different effective thresholds in severity and

underlying liability distributions of cases and controls.

Capitalising on quantitative genetic theory that links the observed scale heritability and
underlying liability scale for threshold selected binary traits,”” we utilised a simple heuristic
approach to estimate the difference in the mean liability between case and control
participants in each study that are implied by the ascertainment procedures of each
constituent study (Figure 1a and Methods). The resulting parameter (difference in mean
liability A,) explained 88% of the variance in effect size differences observed at established
acne risk loci across the 16 cohorts (Figure 1b). To account for this ascertainment-induced
bias whilst combining evidence of association across the 16 independent studies, we
performed a fixed intercept meta-regression (FIMR) weighted by the study-level parameter
A, to adjust for ascertainment and an intercept fixed at zero. The estimated effect and
corresponding standard error of each variant were extracted from the FIMR model to
correspond to an acne prevalence of 16%, equivalent to a case control study of moderate to

severe acne.

Inflation of test statistics across the genome was observed in the FIMR at a similar level to
those arising from a fixed effect meta-analysis (FEMA) model (1;-= 1.393 and 1.386,
respectively). LD score regression intercepts (/ipsc = 1.0956 (s.e. = 0.011) and 1.0944 (s.e. =
0.0114), respectively) also indicate inflation of test statistics, though the attenuation ratios
(Rps = 0.1386 (s.e. = 0.0167) and 0.1436 (s.e. = 0.0166), respectively) suggest that this
inflation is principally driven by the polygenicity of acne combined with the large sample

size of the study, rather than systematic bias or population stratification.*®

Across the genome common genetic variants assessed for association using the FIMR model

explained 13.4% (s.e. = 0.00894) of the variance in liability of acne, with 14,612 variants
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surpassing genome-wide significant evidence of association compared to 13,996 observed
with FEMA model. These association signals represent 296 and 290 LD independent (r2 <
0.1) lead variants that are spread across 155 and 157 LD independent blocks™ respectively.
The majority of these loci were common to both methods, with only five and seven unique
to either the FIMR approach or the FEMA respectively. Across the 150 susceptibility loci,
harbouring variants with genome-wide significant effects under both models, there is strong
evidence that the FIMR model provides an improved fit to the data compared to the FEMA
model. The distribution of FIMR model deviance measures across the lead variants of these
150 identified risk loci are lower than those arising from the FEMA model (p=5.47x10";
detailed comparisons of the results from the FIMR and FEMA models are provided in
Supplementary Table S2). Genome-wide significant association signals were observed at 48
of the 49 previously reported acne susceptibility loci (Figure 1c; Supplementary Table S2).**
> The only previously reported risk locus at which no genome-wide significant evidence of
association was observed at 1g24.2, which was previously identified as an acne risk locus in
a Han Chinese population (previously reported lead variant rs7531806; OR=0.99; 95%ClI
0.98-1.01; P=0.46)."
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Figure 1. A) Approach to estimate ascertainment effects from the capture of different severity classes.
Prevalence estimates of acne severity classes from epidemiological studies overlaying a normal distribution
representing the acne liability distribution, with 50% of the population having a history of mild, moderate or
severe acne, 14% moderate or severe, and 2% severe. Below the distribution, illustrates how the study-level
parameter is determined for different ascertainment approaches. The areas representing cases are shaded in
blue, while controls are shaded in white. The red bar indicates the mean liability for cases and controls. The
difference in mean liability between cases and controls, which defines the ascertainment study-level
parameter, is represented by the double headed green arrows. B) Systematic differences in effect sizes
distributions for each of the 16 studies against the study’s respective ascertainment study-level parameter.
The size of each point proportional to the sample size of the respective study. Systematic differences in effect
sizes distributions for each study is measured by the slope of a Deming regression of the study’s effect size
estimates on the fixed effect meta-analysis effect estimates of the lead variants at established acne loci
(Methods). The R-squared (R’) value represents the proportion of variance in the systematic differences in
effect sizes explained by the study-level parameter. C) Evidence of association of genetic variants across the
genome with acne. Genetic variants ordered by chromosome and position along the x-axis with the evidence
of association, —-log10(P-value) from the association analysis using a two-sided Z-test, on the y-axis. The P-
values are not adjusted for multiple comparisons, but the dashed pink line marks the genome-wide
significance threshold (P = 5 x 10’8). Green points represent variants at established acne susceptibility loci,

while points represent variants at novel risk loci.
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A key advantage of modelling the differences in ascertainment with the FIMR approach
should be better calibration of estimated allelic effect sizes on acne risk. To investigate the
calibration of effect sizes across the genome, we generated a series of polygenic risk scores
(PRS) from the GWAS summary statistics from both the FIMR and FEMA models. We
evaluated the performance of the risk scores in an independent cohort of 2,058 individuals
for whom the history of acne had been evaluated by questionnaire. The PRS generated by
both approaches all had strong evidence of association with acne in this independent
cohort, with the point estimates of the effect sizes of PRS generated from the FIMR
consistently larger than those generated from the FEMA (Supplementary Table S3). The
strongest evidence of association was observed with the PRS derived from the FIMR using
the SBayesR method, which leverages genome-wide effects across all SNPs (beta=0.078,
SE=0.010, p=1.75x10"%), corresponding to an estimated 3.5% of acne liability explained
compared to an estimated 2.7% with a PRS derived from the previous largest GWAS meta-

analysis of acne.’

Consistent with previous observations, the mean of the PRS distribution significantly
increases with self-reported disease severity (Figure 2), with higher PRS corresponding to
higher likelihood of reporting more severe disease (none, mild, moderate, severe). An
ordinal regression between acne severity groups showed that the risk of a single category
increase in acne severity increased by 1.63-fold for every one standard deviation increase in
PRS (OR=1.63, 95% Cl 1.45-1.73; P=6.83x10"°). To further evaluate this relationship
between genetic liability and disease severity and overcome the potential limitations of self-
reported evaluation of disease severity we investigated the distribution of PRS in a cross-
sectional cohort of 2,482 teenagers. Within this cohort acne severity was ascertained and
categorised (clear/almost clear, mild, moderate/severe) by trained dermatologists from
three-dimensional facial photographs taken at age ~13.*' Consistent with the findings with
self-reported acne, a single standard deviation increase in polygenic risk corresponds to a
1.53-fold increase in the odds of being one severity category higher (OR =1.53, 95% Cl 1.41-
1.65; P = 2.68x107°).


https://doi.org/10.1101/2025.06.27.25330406
http://creativecommons.org/licenses/by-nc/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.06.27.25330406; this version posted June 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC 4.0 International license .

Mean PRS by Acne Severity Group
Self-Reported Clinically Assessed

None
Clearfalmost_clear

Mild
Mild

Maderate

Moderate/severs
Severe

0.5 0.0 0.5 10 -0.5 0.0 0.5 1.0

Mean PRS (95% CI) Mean PRS (95% CI)

Figure 2: Mean of the polygenic risk score distributions by acne severity classifications in two independent
cohorts. The left-hand panel shows the PRS distributions in the PISA cohort, in which acne severity was
assessed using a self-reported retrospective questionnaire, the right-hand panel the Generation R cohort,
where acne severity was assessed by trained dermatologists. The x-axis denotes the mean PRS calculated using
SBayesR from the FIMR results and the y-axis represents acne severity classification in each cohort. The bars

demark the 95% confidence intervals for the mean.

Evaluation of the consistency of genetic susceptibility to acne across global populations.
The genetic basis of acne has only previously been investigated in populations with recent

European and Han Chinese ancestry.’* ™

We evaluated genome-wide evidence of genetic
association with acne in two cohorts from previously unstudied populations; a UK
population cohort comprising individuals of South Asian (Pakistani and Bangladeshi)
heritage with 4,094 acne cases and 37,935 controls and an African American cohort

comprising 570 cases and 14,134 controls.

Of the 162 acne susceptibility loci identified in European populations, only one is observed
with genome-wide significant evidence of association with acne in either cohort; 5q11.2
(rs38056; OR = 1.16; 95% Cl 1.10-1.23; P = 1.5x10®) in the South Asian study. Whilst the
asymmetry of sample sizes across these populations will impact power to identify
associations of the magnitude observed in the European ancestry meta-analysis, across the
lead variants at each of the 162 acne susceptibility loci only 22 had evidence of a divergent

effect size in the South Asian study compared to Europeans (Supplementary Table $4) and

10
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seven in the African American study compared to Europeans (Supplementary Table S5).
Notably, the risk allele frequencies of 18 of these 29 variants with divergent effects are

>10% between the respective populations.

In the African American study, a genome-wide significant association was observed at
3g25.33 (rs2243130; OR = 2.27; 95% Cl 1.90-2.73; P = 5x10'9). This variant, which is located
in the third intron of /L12A, is not associated with acne in the European FIMR (rs2243130, P
= 0.65), nor is there any genome-wide significant evidence of association of any variant
within 500kb of rs2243130. However, there is nominal evidence of association and
consistent direction of effect of the lead variant in the South Asian study (rs2243130; OR =
1.32,95% Cl 1.06-1.65; P =0.02).

Investigation of sex-specific effects on acne susceptibility

Acne exhibits sexual dimorphism with variation in affected areas, duration of disease and
fluctuation in symptoms that may relate to the menstrual cycle in females.?” To identify
genetic variation that influences susceptibility to acne differently between males and
females, we undertook sex stratified GWAS FIMR across the 16 case-control studies of
European ancestry participants. The female analyses comprised a total of 47,259 cases,
582,604 controls and the male analysis 22,066 cases, 469,137 controls. We observed
genome-wide significant evidence of association of genetic variation with acne at 78 loci in
females and 46 loci in males. These included the 7921.2 locus in males and 5¢g13.3 in
females, which were not observed at genome-wide significance in the combined analysis.
The lead variant at 7g21.2 in males (rs2974116; OR=1.07; 95% Cl 1.05-1.10; P:1.46x10'8)
exhibits nominally significant evidence of association with acne in females (rs2974116, OR=
1.02; 95% Cl 1.00-1.04; P=0.014), but with a significant difference in effect sizes between
sexes (rs2974116, P;,,=0.0015). At 5q13.3 the lead variant in females (rs11744445, OR =
1.04; 95% Cl 1.03-1.06; P 2.47x10°®) was non-significant in males (rs11744445, OR = 1.01;
95% Cl 0.99-1.03; P = 0.46) with a significant difference in these effect estimates
(rs11744445; P;»= 0.009, Figure 3, Supplementary Table S6).

We examined whether any of the allelic associations at the 162 acne susceptibility loci

identified via FIMR or FEMA in the combined European ancestry analysis displayed evidence

11
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of effect size differences between males and females. The lead variants at three of the 162
risk loci exhibited sex bias after adjusting for multiple testing (P<3.08x10 ") (Supplementary
Table 7). In all three cases, there is evidence of an effect on acne risk in both males and
female, but with a difference in the magnitude of effect; two (at 3g21.1 and 15q26.1) with a
larger effect estimate in males and the third (at 1p36.23) where the larger effect was
observed in females {Figure 3, Supplementary Table $7). The lead variants at a further 14
acne susceptibility loci demonstrate nominally significant (P < 0.05) evidence of a
differential effect across sexes. This includes 2935, at which the p. Phe228Ille (rs121908120)
missense variant in WNT10A has been previously reported to have a larger effect in males.™
rs121908120 is not the lead variant at this locus in the current study, though it does

demonstrate evidence consistent with a larger effect on acne risk in males (rs121908120,

Pine = 0.001).
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Figure 3. Sex specific genetics effects on acne risk. Odd ratios of the allelic effects on acne risk in males,
females and combined analysis. The two variants on the left are those identified with a genome-wide
significant effect on acne risk in the sex stratified analyses, and the 17 on the right are the lead variants from
the 162 acne risk loci identified in the combined analysis for which there is a nominally significant difference in
magnitude between male and female effect sizes {P<0.05, two-sided Z-difference test). The x-axis lists the
chromosome band where the lead variant is located, and the y-axis represents the odds ratios. The bars with
demark the 95% confidence intervals. Variants whose evidence of a difference in effect between males and
females surpasses a Bonferroni-adjusted significance threshold for 162 tests (P<3.08x10'4) are marked with a

red asterisk.
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Identification of putative causal genes at acne susceptibility loci

Across the combined total of 165 genomic loci at which genetic variation with acne has been
robustly associated with acne in this study, we sought to identify putative causal genes
through which the allelic effects are likely impacting the biological mechanisms of disease
susceptibility. We considered evidence from a range of sources linking acne associated
variants to specific genes, and biological relationships between genes at distinct

susceptibility loci (methods).

Evidence that acne associated genetic variation influences the expression of specific genes
in skin was assessed by both colocalisation (Supplementary Table 8) and imputation of
expression levels using a transcriptome-wide association study (TWAS) framework
(Methods, Supplementary Table 9). Skin was selected as the most appropriate available
tissue for this analysis, supported by an investigation of the enrichment of acne association
signals in proximity to genes expressed across 205 tissues and cell types using partitioned
LD-score regression (Supplementary Figure 2 & Supplementary Table 10, sun exposed skin
P = 5x107; not sun exposed skin P = 8x10™’). The colocalisation and TWAS analysis identified
23 and 61 genes where there is evidence that expression in skin is influenced by acne

susceptibility variants, with expression of 21 genes implicated by both methods.

We identified a further 161 putative causal genes in which the lead variant (or a variant in
high LD, r* > 0.8) of the acne association signal disrupts the protein coding sequence, an
essential splice site or an established enhancer whose activity is predicted to influence
expression of a specific gene (32 missense variants, 2 nonsense variants, 1 donor splice site

variant and 136 variants within enhancer sequences, Supplementary Tables 11 and 12).

Additionally, we prioritised genes with evidence of shared biological roles using established
bioinformatic tools (DEPICT, Supplementary Table 13 and Polygenic Priority Score (PoPs)
Supplementary Table 14). Rationalisation of this list of genes with links to acne associated
genetic variation or shared biological roles across susceptibility loci, and selection of the
nearest gene to the lead variant at loci where no genes with shared biological relationships
were observed, resulted in a total of 243 genes across 165 loci that were prioritised for

downstream investigations (Figure 4 & Supplementary Table 15). This list included genes
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previously implicated in acne biology at established risk loci, including WNT10A, SEMA4B,

LAMC2, IL36RN and TGFB2.
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Figure 4: Prioritisation of candidate causal genes that are disrupted by rare alleles that cause Mendelian
disorders or encode therapeutic targets. Genes prioritised by local evidence are shown in blue, encompassing
nearest gene to the lead variant of the association signal, coding, splice site or enhancer variants in high LD (r2

> 0.8) with the lead variant, eQTL colocalization and significant TWAS associations in sun exposed or not sun
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exposed skin. Red boxes indicate gene prioritised by methods that examine shared biological functions across
loci with DEPICT and Polygenic Priority Score (PoPs). The 58 genes represented in the table are all located at
acne susceptibility loci identified in this study for the first time and encode the molecular target of an

approved drug therapy (green) and are disrupted by rare alleles in Mendelian disorders (yellow).

Identification of cell types and biological pathways in acne susceptibility

To identify cell types through which associated genetic variation may influence an
individual’s susceptibility to acne, we clustered the set of 243 putative causal genes on the
basis of expression levels in facial skin cell-types (Methods, Supplementary Figure 3). This
revealed populations of facial skin keratinocytes, pericytes and fibroblasts in which subsets
of the putative causal genes are highly expressed. To investigate the biological processes
that these genes may influence in these cell types, we clustered the genes on the basis of
established direct and indirect gene-gene relationships (Figure 5, Methods) and noted the
enrichment of an interacting group of genes that are highly expressed in keratinocytes in
facial skin and contribute to keratinocyte differentiation (p=2.81x10""°) and formation of the
cornified envelope (p=6.6x10""). Other interacting gene modules are enriched for growth
factor activity, Wnt signalling, cell adhesion and p53 signalling pathways (Figure 5,
Supplementary Table 16).
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Figure 5. Clustering of expression levels of selected genes across different cell types in facial skin and

annotation of gene clusters. The heatmap indicates scaled transcript levels within cell types: Keratinocytes,
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Macrophages, Dendritic Cells (DC), Mast Cells (MastC), Plasma Cells (PlasmaC), B Cells (BC), Innate Lymphoid
Cells (ILC), T Cells (TC), Natural Killer cells (NK), Vascular Endothelial Cells (VEC), Lymphatic Endothelial Cells
(LEC), Schwann Cells (SchwannC), Pericytes, Fibroblasts, and Melanocytes. Each row of the bottom plot
indicates genes that have been clustered using evidence of direct and indirect (where a single intermediary
gene serves as a linking bridge) gene-gene relationships from the STRING database. Clusters have a minimum
size of four genes located across four acne loci. Black points indicate the prioritised putative causal genes
identified at acne susceptibility loci, while grey points the intermediary genes in each cluster. Descriptions of
the gene clusters are summaries of the three most enriched gene sets from KEGG, Reactome, GO Biological

Processes or GO molecular function.

Relationship of putative acne risk genes with Mendelian and common complex skin
diseases and cancer

Previous investigation of genes implicated in acne risk has revealed a striking overlap with
genes that are disrupted by rare alleles in Mendelian skin disorders.* Across the set of
putative causal genes at the acne risk loci we note a further 41 have been observed as the
site of rare alleles in Mendelian disorders (Supplementary Table 17). This includes JUP,
KRT16 and RHBDF2, rare alleles of which are responsible for Mendelian disorders in which
palmoplantar keratoderma is a consistent feature (OMIM: 601214, 613000 and 148500) and
TP63 in which rare protein altering alleles cause a dominant ectodermal dysplasia. Notably,
TP53 the most frequently mutated gene in human cancers, including cutaneous
melanoma,”? is also located at the acne susceptibility locus at 17p13.1. MDM2 and MDM4,
situated at acne risk loci 12q15 and 1g32.1 respectively, are potent p53 inhibitors with
established roles in cellular proliferation and apoptosis whose disruption contributes to
melanoma prognosis.** Furthermore, the p53 regulated proto-oncogene MYC is also located

at the acne risk locus at 8q24.21.

At 1g21.3, the allele with the strongest evidence of association with acne is a nonsense
allele in the gene encoding filaggrin (FLG) (rs61816761, p.Arg501* OR = 0.76; 95% Cl| 0.69—
0.83; P = 3x10-10). This gene was originally described as the site of biallelic loss-of-function
alleles in recessive forms of ichthyosis vulgaris, but loss of filaggrin function is now
recognised as a major risk factor for atopic dermatitis.”> The nonsense allele which confers
protection against acne has been shown to increase risk of atopic dermatitis and suggests a

directionally opposing relationship between loss-of-function of filaggrin and these two
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highly prevalent skin conditions. Estimates of genetic correlation between acne and atopic
dermatitis (rg = -0.00097; s.e. = 0.052; p = 0.83) suggest that an inverse relationship in
genetic risk between these two common skin conditions is not prevalent across the genome.
However, we note that the lead variants at three additional acne susceptibility loci are also
genome-wide significant in the largest recent GWAS of atopic dermatitis (Supplementary
Table 18).”> At two of these loci, colocalisation analysis strongly indicates that the causal
variant differs between acne and atopic dermatitis, whereas at 11g22.2 colocalisation
supports a shared causal variant. At this locus, the putative causal variant disrupts an
enhancer sequence that is predicted to regulate the expression of MMP3, which encodes a
matrix metalloproteinase with a role in promoting differentiation of keratinocytes during
tissue remodelling. At 11g22.2 the allele that confers risk of acne is protective for atopic
dermatitis, which is consistent with the direction of allelic effects observed at the filaggrin

locus.

Genetic validation of the targets of acne therapies

To evaluate whether acne associated genetic variation implicates the targets of existing or
potential future acne treatments, we mapped the putative causal genes to the targets of
approved therapeutic agents. Of the 243 prioritised genes, 32 are the targets for
therapeutic agents. This includes genes at four acne risk loci that encode the targets for
prescription acne medications or the active ingredients of widely available cosmetic
products that have been demonstrated to improve acne symptoms (Supplementary Table

19).

These four loci include 12g24.31 where two genes (HCAR2 and HCAR3) encode
hydroxycarboxylic acid receptors that are activated by niacin (nicotinic acid, also known as
vitamin B3), whose topical application is effective in treating acne symptoms and is the
active ingredient of many cosmetic products.5 Similarly, AKR1C1, which encodes an aldo-
keto reductase enzyme,at the 10p15.1 locus, is inhibited by salicylic acid and its derivatives,
which are common active ingredients of cosmetic skin care formulations that promote
epidermal shedding and reducing the risk of follicular occlusion.® At 9932, ALAD encodes
delta-aminolevulinate dehydratase, also known as porphobilinogen synthase, an enzyme

that acts upon aminolevulinic acid, the common precursor of all tetrapyrrole compounds,
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including chlorophyll, heme and vitamin B12. Topical application of aminolevulinic acid is an
effective therapy for actinic keratosis and there is emerging evidence of its effectiveness for
the treatment of severe acne in combination with photodynamic therapy.” Whist there is no
evidence of co-localisation between the acne association signal and an eQTL for ALAD in
bulk skin, we note there is strong evidence for colocalisation in cultured fibroblasts (PP.H4 —
99.6%). The allele of the lead variant (rs1771220) in this association signal that confers

protection to acne is associated with elevated expression of ALAD in fibroblasts.

Importantly, RXRA, located within the acne risk locus at 9934.2, encodes the retinoid X
receptor alpha, a nuclear receptor that is the target of topical and systemic retinoid
therapies, the most widely prescribed class of acne medications.”> The variant with the
strongest evidence of association with acne at 9q34.2, rs7852075, is located within an
experimentally validated USF1 transcription factor binding site. The presence of the acne
risk allele (T), which has an allele frequency of 0.61 in Europeans, at this binding site
matches the USF1 consensus binding motif. This variation in the binding capability of this
motif by rs7852075 is predicted, by the activity-by-contact model, to impact the

transcriptional regulation of RXRA.

Considering genetic support for potential novel therapies for acne, it is potentially
noteworthy that the gene encoding the target of PPAR-y agonists is prioritized as a putative
causal gene at 3p25.2. PPAR-y agonists, including thiazolidinediones, are approved for the
management of type 2 diabetes. Due to the critical role of this nuclear receptor in the
differentiation of stem cells into sebocytes in the pilosebaceous unit,?® this class of drugs
has been proposed as a potential therapy for acne,?” however no human trials have been

reported to date.

Acne susceptibility, retinoic acid signalling and the orchestration of stem cell lineage
choices

All trans retinoic acid (atRA) is derived from retinol (vitamin A) and affects multiple
biological processes  via  the nuclear retinoic  acid receptor  (RAR)
and retinoid X receptor (RXR), which bind to specific DNA sequences as heterodimers (RXR-

RAR) or homodimers (RXR-RXR) and influence transcriptional activity.”® Exogenous atRA and
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its derivatives, delivered topically or systemically, are highly effective for the treatment of
acne. We sought to investigate whether genetic associations with acne impact processes
upstream or downstream of atRA signalling to provide insights into the specificity of this

pathway’s contribution to acne risk.

We first investigated whether variation in circulating levels of the atRA precursor, vitamin A,
has a causal relationship with acne. A two sample Mendelian randomisation analysis with a
genetic instrument comprising eight variants derived from a recent GWAS of circulating
vitamin A levels does not support a causal relationship with acne (Supplementary Tables 20-
21).*° We note that for one of the variants included in the instrument, at 7q11.23, there is
evidence of a shared effect influencing both acne risk and circulating vitamin A (PP.H4 =
66.4%). There is also strong evidence that this association signal influences the expression of
MLXIPL in skin (eQTL colocalization; PPy, = 0.97 and PPysg = 0.99) likely through the
disruption of an enhancer sequence that has strong evidence of activity-by-contact to
MLXIPL (Supplementary Table 12). Triangulation of the allelic effects across these
association signals indicated that acne risk is associated with higher expression of MLXIPL

and higher levels of circulating vitamin A.

To investigate genetic risk of acne downstream of atRA signalling we first investigated the
enrichment of acne susceptibility alleles in experimentally derived RXRA transcription factor
binding sites. A partitioned heritability approach (Methods) indicates an enrichment of acne
risk at these binding sites (p = 2x10™%in LoVo intestinal cell lines; Supplementary Table 22).
Further investigation of lead variants, and variants in high LD (r2 > 0.8), revealed disruption
of RXRA transcription factor binding sites at 13 of the 162 acne susceptibility loci
(Supplementary table 23). We also investigated genetic risk of acne downstream of atRA
signalling by evaluating how many the putative causal genes at acne susceptibility loci are
documented as direct or indirect targets of atRA.*® Of 532 atRA targets, 15 were prioritised
as putative causal genes (enrichment OR = 2.43, p = 0.002; Supplementary Table 24). This
includes SOX9, which encodes a key effector of atRA’s recently described role in local
control of lineage plasticity in the stem cell niche of the pilosebaceous unit.*! In addition,

putative causal genes at acne susceptibility loci whose expression is affected by atRA include
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WNT3A, TGFB2, GATA6 and PPARG, all with established roles in in cellular differentiation

pathways in the skin and upper hair follicle.>'*

Discussion

Over 85% of the population report having experienced acne with varying degrees of
severity.! From this perspective, acne can be considered a quantitative trait, where the
propensity of any individual to develop acne reflects the susceptibility of each of the
pilosebaceous units on the face, neck, upper chest, shoulders, and back to develop into an
acneiform lesion. This conceptualisation is consistent with the notion that the cumulative
risk of individual pilosebaceous units to enter into an acne cycle contributes to extent of

acne symptoms.

The spectrum of acne severity in the population presents challenges in the consistency of
dichotomisation of the trait in different settings. The analytical approach taken in this study
aimed to address the impact of variation in dichotomisation, driven ascertainment and
study design, on effect size estimates across independent GWAS of acne. The simple
heuristic approach taken is unlikely to capture the full range of ascertainment differences
between studies, particularly biases in healthcare-seeking behaviours and recall effects,
which are likely to vary across geographical regions, age ranges, and genders. Indeed, the
lead variants of 32 of the identified risk loci have nominally significant (p < 0.05) evidence of
heterogeneity, indicating that there may be further sources of heterogeneity that are
unaccounted for. Nevertheless, model deviance measures indicate that overall, the FIMR
model fits the observed data better than the FEMA model at the majority of risk loci.
Further support for the use of the FIMR approach arises from the improved calibration of
effect size estimates, demonstrated by the predictive performance of a polygenic risk score
(PRS) derived from this ascertainment adjusted analysis compared to a PRS derived from a
FEMA. The FIMR approach also provides a rational framework for the conversion of effect
estimates to the liability scale. Previous studies have demonstrated that mis-
parameterisation of this conversion with respect to phenotype classification can lead to
large upwards bias of liability scale heritability estimates.>® The liability-scale SNP-based

heritability estimated from the FIMR of 13.4%, sits between previous estimates of 9.4% and
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22.95% calculated in previous GWAS where a population prevalence of acne was assumed

to be 30%."°

Investigation of genetic susceptibility to acne across ancestry groups provides evidence that
the genetic architecture of acne is largely shared but supports ancestry-specific effects at
some loci. The sample sizes for non-European populations are smaller and therefore power
to detect effects of the magnitude observed in the European study is greatly reduced.
However, the vast majority of lead variants at the identified acne susceptibility loci exhibit
effect sizes that are consistent across populations with those observed in the analysis of
individuals of European ancestry. The presence of ancestry-specific risk factors is supported
by the identification of an allelic association with acne at rs2243130 in an African American
population that is not observed in Europeans and the failure to observe an effect consistent
with the previously reported effect of rs7531806 on acne risk in a Han Chinese population in
neither the African American, South Asian nor European analyses. Given the sexual
dimorphism of acne, it is notable that there is evidence of differential effects on acne risk
between males and females at some risk loci. This includes 15¢g26.1, where the lead variant
rs34560261 has a significantly larger effect on acne risk in males. Previous studies have
mapped the causal variant at this locus to a substitution in a p63 transcription factor binding
site, which significantly influences the expression of SEMA4B in the skin.* This putative
causal variant has been previously implicated in the susceptibility to a scarring form of
alopecia that primarily affects females.>® With relevance to this effect, we implicate TP63,
which encodes the p63 transcription factor at the newly identified acne susceptibility locus
at 3928, although there is no evidence of a sex specific effect on acne risk at this particular
locus. The observed ancestry and sex differences underscore the need for larger genetic
studies encompassing individuals of more diverse population ancestries to fully investigate
extent of this heterogeneity and the molecular mechanisms through which these variants

exert their phenotypic effects.

Across all analyses, genetic associations with genome-wide significant evidence were
observed at a total of 165 genomic loci. Interrogation of putative causal genes at these loci

revealed a series of genes that encode the molecular targets of the active ingredients of
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widely used acne therapeutics and skin care products that have been demonstrated to be
effective in improving acne symptoms. Notably, this includes genetic support for the
emerging use of 5-Aminolevulinic acid-based photodynamic therapy (ALA-PDT) in severe
acne. The identification of an acne risk locus at 9q34.2, provides genetic validation of the
gene encoding the target of atRA in acne. Exogenous administration of atRA and its
derivatives, both topically and systemically, are established effective therapies for the
resolution of acne symptoms,® but their effectiveness is balanced with an adverse effect
profile that includes initial skin irritation, redness and peeling (commonly referred to as
retinisation). Systemic administration also carries risk of teratogenicity, and a possible
association with longer term psychological and sexual side effects (erectile dysfunction and
decreased libido) which has led to restrictions on the prescribing of retinoids in some

countries.®

Investigation of genetic susceptibility downstream of atRA signalling provides important
insights into the molecular and cellular mechanisms underlying susceptibility to acne. The
prevailing view of acne pathogenesis assigns a major role to elevated or altered sebum
production, which facilitates the growth of pathogenic strains of Cutibacterium acnes (C.
acnes). However, our findings strongly implicate the molecular control of cell fate within the
pilosebaceous unit as a critical component of acne risk. The pilosebaceous unit is a spatially
constrained microenvironment where the orchestration of cell fates needs to be
meticulously regulated to maintain homeostasis and reduce the risk of occlusion of the
follicular ostia. There is a delicate balance between cell differentiation, proliferation,
migration and apoptosis. Lineage plasticity of the stem cell niche which enables flexibility in
differentiation paths based on microenvironmental cues, plays a significant role in this
process. atRA has recently been shown to be a potent upstream regulator of this process,**
and our findings indicate that genetic variation at genomic loci where key regulators of this
pathway are encoded influences an individual’s risk of acne. Not only do we observe an acne
risk allele that disrupts the USF1 transcription factor binding site upstream of the gene
encoding the RXR receptor but also at loci harbouring genes encoding a series of key

downstream effector molecules critical for the determination of cell fates in the
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pilosebaceous unit. Notably this includes SOX9, encoding a transcription factor upregulated
by atRA that influences the expression of genes critical for cell fate decisions,*® promoting
flexibility to differentiation paths within the stem cell niche.*! The role of variation affecting
cellular differentiation pathways is also evidenced through the identification of genetic risk
loci encoding WNT3A, GATA6, FGF1 and PPARG, at newly defined acne risk loci alongside
TGFB2 at the previously reported susceptibility locus at 1g41 This group of genes are all
direct or indirect regulatory targets of atRA and have established roles in driving

differentiation and proliferation of key cell populations in the pilosebaceous unit.*

Within the confines of the pilosebaceous unit, the efficient elimination of cells and cellular
debris is critical for maintaining homeostasis. Acne risk loci harbour multiple genes involved
in the formation of keratin intermediate filaments, desmosomes and hemidesmosomes;
structure with established roles in keratinocyte shedding. The identification of TP53,
mediators of its activity MDM2 and MDM4 and the p53 regulated MYC at acne susceptibility
loci, suggests that disruption p53 mediated apoptosis may impair homeostasis in the
pilosebaceous unit, contributing to acne risk. Notably, a recent study has demonstrated that
the molecular switch enabling stem cells to phagocytose apoptotic cell corpses in the hair
follicle is mediated by RXR-RXR activation.?’ This interplay between p53-mediated apoptosis
and RXR signalling may represent a key mechanism of genetic susceptibility. The implication
of the p53 pathway in genetic susceptibility to acne also motivates further investigation of
this pathway in the elevated melanoma rates across a 20 year follow up of individuals with a

history of teenage acne in the Nurses’ Health Study Il cohort.*®

This comprehensive GWAS meta-analysis represents a significant advance in the
understanding of acne's genetic architecture, uncovering 117 novel susceptibility loci. The
findings underscore the importance of inclusive research across diverse populations,
revealing broad genetic effects shared across sex and ancestry, while also identifying loci
with differential effects. The study highlights the potential for therapeutic innovation,

providing genetic validation for both existing and emerging acne treatments and
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emphasises the importance of stem cell lineage plasticity and cellular fate control within

individual pilosebaceous units as critical components of acne risk.
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Methods
Meta-analysis and meta-regression

We combined summary statistics from 16 GWAS conducted in populations of European
ancestry (study details in Supplementary Material and Table $1). Prior to the meta-analysis,
all variants aligned to positions on the human genome build GRCh37 (hg19) and variants
with low imputation quality (INFO<0.7), minor allele frequency (MAF) < 0.01, missing values,
P-values or standard errors <0, were excluded from the meta-analysis. Additional post-
meta-analysis QC was performed by only including variants that were 1) present in at least 3
cohorts and 2) included in dbSNP (hgl9, release 150), leading to a total of 8,395,919
variants in the combined sex meta-analysis, 8,415,312 in the female only and 8,411,912 in

the male only meta-analysis.

We used a meta-regression approach to adjust for ascertainment effects that resulted in
systematic heterogeneity of effect sizes across the cohorts in a meta-regression, the allelic
effect of a variant in each GWAS study is modelled through a linear regression, with each
effect weighted by its inverse variance. The fixed intercept meta-regression extends a fixed
effect meta-analysis through the inclusion of covariates, or study-level variables, which can
account for variations in effect sizes across studies. This method is particularly valuable for
exploring how specific factors, such as the method of case ascertainment in this study,

influence overall effect estimates.

We utilised simple heuristic approach to estimate the difference in the mean liability
between cases and controls, which served as the study-level variable in the subsequent
meta-regression. This measure was derived from the prevalence rates of acne at various
severity levels, along with the estimated severity captured by each cohort’s ascertainment
method (as detailed in Supplementary Table S1). The prevalence rates, sourced from
epidemiological studies, were defined as 50% for no acne, 50% for mild acne, 14% for

21398 The calculation of the mean liability based on

moderate acne, and 2% for severe acne.
the case and control ascertainment involved transforming the prevalence of the captured
severities into standard normal distribution cut-points and then normalizing using the

prevalence.
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Differences in effect sizes between cohorts were observed using the slope from a Deming
regression of the study effect sizes against a fixed effect meta-analysis estimate across 30
established acne risk loci where the previously reported lead variant or high LD proxy was
available in each of the 16 studies. To validate the study level variable, we then regressed it
on the Deming regression slopes using a linear regression weighted by the effective sample

size in each study.

The meta-regression model partitions heterogeneity between GWAS studies into that which
is correlated with ascertainment and that which is not and can be used for GWAS loci
discovery.* To model the effect of the ascertainment study-level variable X;, on the effect
size estimates for a genetic variant across k studies, we perform a fixed-effect meta-
regression implemented using the ‘metafor’ package in R (v4.2.2). * For each k™ study, 0,
the estimated effect size for the genetic variant, and ¢ is its corresponding variance. The

fixed effects meta-regression model is then formulated as:

O = BX) + &

Each study's contribution is weighted by its estimated inverse variance, oy, 2. Here, we do
not model an intercept term, as when X, = 0, indicating a scenario in which case/control
status is randomly assigned, the expected genetic effect size @k should also be zero. Also of
note here, we do not estimate the between-study variance (usually denoted as {}), as in a
random-effects meta-regression, we are therefore assuming that all the variability in the
true effect sizes between cohorts is explained by the fixed parameter fX;, and any
additional variation is due to sampling variance and is represented by &;. A fixed-effect
meta-analysis was also performed using the ‘metafor’ package in R (v4.2.2) with the same

set of input summary statistics.
Sex stratified analysis

Sex-stratified meta-analyses across the 16 cohorts were performed to detect sex-specific

genetic associations. To test for differences in effect sizes between males and females we
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used a post-hoc Z-difference test ( ). To assess statistical significance, a

Bonferroni-corrected p-value threshold based on the number of loci tested was applied.

Replication of acne susceptibility loci in South Asian and African American ancestry
individuals

We assessed the replication of the acne risk loci from the current meta-analysis of European
individuals in two additional cohorts, an African American cohort (570 cases and 14,134
controls) and a South Asian cohort (4094 cases and 37,935 controls). Lead SNPs identified in

the European meta-analysis were assessed for significant differences in effect sizes using a

Beur—PB )

fSEEUR2+SEZ

post-hoc Z-difference test (

Susceptibility locus definition

Loci were defined as LD independent regions of the genome (Berisa & Pickrell, 2016") that
contain at least one SNP with P-value < 5x10°®. Index SNPs were defined as the SNP with the
smallest P-value in LD independent regions where there is a genome-wide significant SNP.
Only a single lead variant was retained in the MHC region (chr6:25-34Mb) and in the
chromosome 8 inversion on 8p23.1 due to the long-range LD structure in these regions. We
considered the locus to have been previously reported if it contained lead SNPs reported in

12-15

published large-scale acne GWASs. SNPs in LD with the index SNPs were inferred based
on 1000 Genomes data with European ancestry,*® using PLINK* (version 1.90; www.cog-

genomics.org/plink/1.9).

Polygenic score analysis

The calibration of effect sizes arising from the fixed effect meta-analysis verses a meta-
regression approach in which ascertainment was controlled was evaluated using polygenic
risk scores in the independent PISA cohort of 2,058 individuals in which acne incidence and
severity had been assessed by questionnaire (Supplementary Note). In this cohort acne
severity was classified as none, mild, moderate and severe. PRS weights were generated

using two approaches. 1. LD clumping and p-value thresholding using and series of eight p-
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value thresholds (5x10-08, 1x10-05, 1x10-03, 1x10-02 5x10-02, 0.1, 0.5 and 1). A Bayesian
regression approach, SBayesR, that estimates individual variant effects jointly with the
linkage disequilibrium (LD) between them. The association between PRSs constructed from
the FEMA and FIMR with acne incidence, defined as moderate or severe acne, was assessed

while controlling for sex, ancestry principal components and relatedness in GCTA.

The evaluation of PRS distributions across acne severity categories and the ability to
differentiate between acne these severity classifications was assessed using PRS constructed
using SBayesR from the FIMR in two independent cohorts in which acne severity had been
ascertained by questionnaire (PISA) and through clinical assessment of facial photographs
(Generation R; Supplementary Note). In the self-reported cohort, acne severity was
classified as none, mild, moderate and severe and in the clinically assessed cohort acne

severity was classified as clear/almost clear, mild and moderate/severe.

SNP-heritability, functional, and cell-type enrichment

LD-score regression'® was used to estimate the SNP-heritability (h%np) of acne based on
common HapMap3*® SNPs and LD scores computed from the 1000 Genomes subset with
European ancestry. Follow up analyses estimating the genetic correlation across traits was

also performed using LDSC regression software.

We used stratified LDSC-regression to partition the SNP-heritability for acne by tissues and
cell-types. Genome annotations included those curated by Finucane et al., 2015* & 2018
(1) a baseline model with 53 overlapping functional annotations that are not cell-type
specific, including genic, regulatory, conserved and epigenomic features; (2) multi-tissue

49,50

annotations of gene expression, generated with data from GTEx* and Roadmap

Epigenetics Mapping Consortium.>? Gene expression annotations were jointly modelled with

I”

a “control” set of all genes and with the baseline model (1).

Functional annotation of disease associated variants
The LD independent lead variants (p < 5x10-8 and r” < 0.1) and along with any variant in high

LD (r* > 0.8) at all acne risk loci, except the MHC region, were annotated using Ensembl
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variant effect predictor (VEP).>® High or moderate impact annotations were retained. The
same set of variants were annotated with activity-by-contact (ABC) scores that predict
disruption of enhancer-gene interactions in 131 biosamples from 74 cell types and

54,55

tissues. We reported the highest scoring gene at each locus.

Transcript QTL colocalisation and transcriptome wide association testing

We conducted colocalization analysis to explore the relationship between acne risk alleles
and expression quantitative trait loci (eQTL) in skin tissue (both sun-exposed and not sun-
exposed) using data from GTEx (v8)*' and Twins UK.*® We accessed the EBI eQTL catalogue
(https://www.ebi.ac.uk/eqtl/Data_access/) to gather summary statistics for all QTLs within a
1Mb window around the index SNP in each acne associated locus that was also linked to the
expression of adjacent genes (with a significance level of P < 1x10™). Bayesian colocalization
analysis was conducted for the overlapping acne and QTL variants using the ‘coloc’ package
(v5.2.3)"7 in R (v4.2.2), setting the prior probability for colocalization at 10~°. Evidence for
colocalisation was reported if the H4 posterior probability was greater than 50% and the H3
posterior probability was less than 50% to exclude loci where there is a high probability of

independent signals.

We used FUSION to conduct TWAS.?® Pre-computed gene expression weights for skin (both
sun-exposed and not sun-exposed) were obtained from the FUSION website

(http://gusevlab.org/projects/fusion/). These weights, derived from GTEx v8, were based on

genes with significant heritability, incorporating all samples from GTEx v8 (with sample sizes
of 517 and 605 skin not sun-exposed and skin sun-exposed. The threshold for significance in
TWAS associations was set at P < 1x10°®, corresponding to the Bonferroni-adjusted level for

the number of gene-tissue pairs (20,000 test * 2 skin tissues).

Cross locus prioritisation of putative causal genes

We calculated the polygenic priority scores using PoPs (Polygenic Priority Score)*, a method
that is based on the intuition that genes within risk loci are more likely to be casual when
they share characteristics with genes located at other risk loci. Gene-level association

statistics were calculated using MAGMA (v1.10)*° and gene features for 18,383 genes were
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gathered from a range of sources including 8,479 pathways from DEPICT®® (sourced from
GO,62 KEGG,63 Reactome,64 Mouse Genome Databaseﬁs), 8,717 protein-protein interaction
features from InWeb,*® and 40,546 gene expression-based features from 77 datasets,
predominantly single-cell expression.”® After a feature selection step, PoPs computes a
score for each gene by regressing the selected features on the MAGMA scores. To prioritise
genes for each acne locus, we selected the any gene in the top 10% of the PoPs score

distribution within 500 kb in either direction of the index variant.

Gene prioritisation was performed with DEPICT.®" DEPICT integrates 14,462 reconstructed
gene sets, derived from concordant gene expression across 77,840 microarray datasets, to
assign each gene across the genome a probability for membership in each of the gene sets.
This information is then used to prioritise genes across the disease-associated loci that have
shared predicted biological functions and to calculate an enrichment P-value for each of the

gene sets. As input to DEPICT, we selected clumping with a P-value threshold of 1x10™.

Prioritisation of putative causal genes at acne susceptibility loci

Genes were prioritised if: 1) the index variant or a variants in high LD (r* > 0.8) altered the
protein-coding or splice site sequence 2) there was with evidence from multiple additional
sources including colocalisation and TWAS, location of index SNP (or variant in high LD r* >
0.8) within an enhancer sequence linked to the genes activity by the ABC method or
evidence from at least one of the cross-loci methods and 3) the nearest genes for loci where

no other genes were flagged by the various prioritisation methods.

Annotation of genes with Mendelian traits and as drug targets

For each of the prioritised putative causal genes we queried the Online Mendelian
Inheritance in Man {OMIM) database for links with Mendelian disorders, and two large drug
databases, ChEMBL,*”®® and DrugBank,”® for drug-target interactions. We only included

drugs that are approved.

PPIs and gene-set enrichment analysis (GSEA)
The STRING database was used to create a network of prioritized acne genes, including only

protein-protein interactions (PPIs) with a confidence threshold greater than 0.5.
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Disconnected gene clusters containing more than four genes were isolated. For each
identified cluster, up to five additional protein-protein interactions (PPIs) with non-GWAS
genes were added to the network. The MCL clustering algorithm was then applied to larger
connected clusters to delineate further subclusters that contain at least 4 genes located
across 4 loci. Gene Set Enrichment Analysis (GSEA) was employed to functionally annotate
each cluster. The top six significant gene sets from KEGG, Reactome, WikiPathways, GO

biological process or GO molecular function were reported.

Mendelian randomisation

Mendelian randomization (MR) was used in follow-up analyses to investigate the causal
relationship between circulating retinol and liability to acne risk. The “TwoSampleMR”
package (v0.6.4) in R (v4.3.1) was used with instrumental variables defined from variants
associated with the exposure that surpass genome-wide significant levels of evidence (p <
5x10®%). Palindromic allele combinations were excluded to avoid strand ambiguity. The
instruments alleles were harmonized between the exposure and outcome datasets. We
applied several MR methods, including MR Egger regression, weighted median, inverse
variance weighted (IVW), simple mode, and weighted mode. An MR instrument generated

with variants surpassing a less stringent significance threshold (p < 1x10°*) was also tested.

Overlap between retinol targets and acne genes

To evaluate the overlap between retinol-influenced genes and the putative causal genes, we
obtained a list of retinol target genes, sourced from a review paper.’® A Fisher's Exact Test
was subsequently performed to evaluate the statistical significance of the observed overlap
using a background set of protein coding genes from GENCODE v26 to create a 4x4
contingency table. This test calculates an odds ratio and p-value, assessing whether retinol-
influenced genes are overrepresented among the acne-associated genes compared to what

would be expected by chance.

We used the regulatory element locus intersection (RELI) algorithm to identify whether
there was significant enrichment of transcription factor binding sites for RXRA across acne
risk loci.” RELI evaluates the overlap of GWAS loci (index SNPs and those in high LD with r* >

0.8) and TF-bound DNA sequences determined by chromatin immunoprecipitation and

31


https://doi.org/10.1101/2025.06.27.25330406
http://creativecommons.org/licenses/by-nc/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.06.27.25330406; this version posted June 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC 4.0 International license .

sequencing (ChlP-seq). This is done by comparing the intersection counts to a null

distribution that considers allele frequency and LD block structure.

Additionally, the partitioned SNP heritability of the list of retinol-influencing genes from the

review paper, as well as the TF binding sites and the 100 kb regions flanking them was

calculated using LDSC regression.**°
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