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Differences between males and females have been described for abroad
range of human complex traits, yet their underlying mechanisms are still
poorly understood. In this context, our article' provides an extensive
and agnosticlookinto therole of the human genome, across 530 com-
plex traits, making use of data originating from around half a million
individuals from the UK Biobank. Our article constitutes animportant
first step, with further studies needed to, among others, assess causal
associations and fine-map the genetic variants and regions reported. In
their comment, Li et al.> have begun this important task, performinga
more detailed analysis of the locus linked to ankylosing spondylitis and,
more specifically, the roles of the human leukocyte antigen (HLA) region
genes HLA-Band MICA, which have been subject to previous debate®*.

Li et al.’ replicated our finding of a genotype by sex (G x S) inter-
action for ankylosing spondylitis at the HLA region, and performed a
series of conditional logistic regression analyses, making use of the
UK Biobank data pertaining to unrelated white individuals of British
ancestry (n=334,996). They found that a variant suggested to tag the
HLA-B27 allele (rs116666910), which was filtered by the allele frequency
cutoffinour original analysis, presents the largest evidence of G x Sin
the region, as opposed to the lead single-nucleotide polymorphism
(SNP) atthelocuswereported (rs9266267, for which the closest geneis
HLA-B27,not MICA). This observationis not untypical in fine-mapping
efforts since when SNP density isincreased a better supported marker
may arise. We believe these fine-mapping efforts areincredibly valuable
when dissecting genetic architecture heterogeneity between the sexes
and strongly welcome further such work into potential drivers of the
G x Sinteractions we observed. Linear and logistic models have techni-
cal limitations in the presence of large case-control imbalance’®” (the
number of cases of ankylosing spondylitis in the UK Biobank, consider-
ing all white individuals of European ancestry, being 788 in males and
466infemales), which giverise toinflated typelerror rates>® (discussed
furtherinthe Methods and Supplementary Methods of our article). In
linear mixed models, these issues are ameliorated by applying amore
stringent minor allele frequency cutoffas we did®.

ARISING FROM: Bernabeu et al. Nature Genetics https://doi.org/10.1038/
s41588-021-00912-0 (2021)

After their conditional regression analyses, Li et al.” looked to
replicate our finding of a sex-biased expression quantitative trait locus
(eQTL) at the MICA locus. In our work, we searched for potential links
between G x S interactions in genetic architecture and G x S interac-
tions in gene expression regulation. We did this through an agnostic
search of sex biases in genes near SNPs presenting G x Sinteractionsin
any of the 530 traits considered, not just ankylosing spondylitis. This
analysis, which made use of the Genotype-Tissue Expression (GTEXx)
v.6presource, returned several sex-biased eQTLs, including the eQTL
rs56705452 for MICA in skeletal muscle tissue. This variant is notin
linkage disequilibrium with thers9266267 variant Li et al.*focused on
inthe first part of their report (* = 0.07 in the 1000 Genomes Project’).
Making use of amorerecent GTEx version (v.8), which contains alarger
number of individuals not available to us at the time our study was
conducted, Lietal.’found the same, albeit less significant (P= 0.0013),
rs56705452-MICA sex-biased eQTL in the same tissue (Extended Data
Fig. 8 in the original article and Fig. 2 in the response by Li et al.). Fur-
thermore, intheir study Lietal. did not carry out aninteraction analysis
between HLA-B27 tagging variants and sex for the expression of HLA-B
inany tissue. Hence, while their fine-mapping work is consistent with
the hypothesis that HLA-B27 is linked to ankylosing spondylitis, their
functional analysis falls short of that. To correct this, we tested for a
G x Sinteraction in HLA-B gene expression across all tissues making
use of the GTEx v.8 resource, considering the SNP with the lowest G x S
Pvalue in the logistic analysis by Li et al. (rs116666910; Fig. 1b in the
responseby Lietal.?), suggested to tag HLA-B27. We found a significant
5116666910 by sex interaction for HLA-B expressionin skeletal muscle
tissue (P=0.008; Supplementary Table 1) but this is less significant
than both the association we originally reported between rs56705452
and MICA and the updated result for the same SNP and gene reported
by Lietal.>. We found no evidence of an interaction of rs116666910 and
sex with expression levels in blood of HLA-B27 (P=0.95), the target
tissue suggested by Li et al.”. This reinforces our call for larger sample
sizes to truly understand the linkbetween G x Sinteractions in genetic
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architecture and in gene expression regulation, in concordance with
previous reports'®™,

Finally, Li et al.” speculated that estimates of heritability may be
biased by differencesindisease prevalence recordedin the UK Biobank.
They presented data suggesting there is a lower ‘true’ prevalence of
the disease in the UK Biobank compared to data obtained from clini-
cal settings. Li et al.> based this conclusion on imputed genotypes at
the HLA-B27 allele, the prevalence of whichis lower among ankylosing
spondylitis cases than in clinical settings. That is, they consider the
HLA-B27 genotype as the gold standard of phenotypic definition for
ankylosing spondylitis, an approach we consider as havingimportant
limitations. First, there is a circularity element, since it assumes that
HLA-B27 statusis the causal allele for ankylosing spondylitis. Second, it
assumes thatimputation and typing of HLA-B27 have similar diagnostic
accuracy. Even if we were to accept this as a reasonable definition of
ankylosing spondylitis, Li et al.” presented no evidence that the pur-
ported differencein prevalence between the general UK populationand
the UK Biobank significantly affects the heritability estimates inmales
or females. We conducted a sensibility analysis with our data using
the observed heritability estimated in the UK Biobank for males and
females and transformed it to the liability scale using the prevalences
reported by Lietal.”(Methods and Supplementary Table 2). We found
that a difference in heritability between the sexes was still detected
(P=2.8 x107%). We further transformed the observed heritability esti-
mates making use of the National Institute for Health and Care Excel-
lence (NICE) prevalence of ankylosing spondylitis, considering both
itslower (0.05%) and upper (0.23%) bounds. Significant differencesin
heritability ontheliability scale between males and females were found
for both (Pigye =4.24 1075, P, e, = 4.02 x 107%), albeit the estimates
were outside the parameter space.

To conclude, we accept that thisis acomplicated locus, adetailed
study of which was outside the scope of our manuscript’, but we dis-
agree that the evidence presented by Li et al.” unequivocally dem-
onstrates the exclusive involvement of HLA-B27 in the causation of
ankylosing spondylitis nor that, as they imply, we made the claim that
MICA, but not HLA-B27, was the only causal gene.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

To assess the existence of an interaction between rs116666910, sex
and expression levels of HLA-B (ENSG00000234745.10) across all
non-sex-specific tissues in the v.8 release of GTEX, linear regression
models werefitted using PLINK v.1.9 according to the GTEx Consortium
eQTLdiscovery pipeline.Inaddition, a sensitivity analysis was carried
out to assess the effect of different prevalence estimates of ankylos-
ing spondylitis, including those reported by NICE and by Li et al.> on
heritability on the liability scale. Methods are further described in the
Supplementary Note.

Humanresearch participants

The UK Biobank Project has favorable ethical opinion from the National
Health Service North West - Haydock Research Ethics Committee (ref.
21/NW/0157, previously ref.16/NW/0274).

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

The data used pertain to the GTEx project v.8. Gene expression data
are freely available at https://gtexportal.org/home/. GTEx genotype
data are available on application through the database of Genotypes
and Phenotypes. This research was conducted using the UK Biobank
resource under project no. 788. The GTEx regulatory and consent
protocols canbe found at https://biospecimens.cancer.gov/resources/
sops/library.asp.

Code availability

We used PLINK v.1.9 to run our eQTL analysis, which is freely avail-
able online at https://www.cog-genomics.org/plink2/. The custom
Python code is openly available at Zenodo https://doi.org/10.5281/
zenodo.7093777.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|:| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX [0 OO0 0 XOS

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No software was used for data collection.

Data analysis We used PLINK to run our eQTL analysis (v1.9, freely available online at https://www.cog-genomics.org/plink2/). Custom python code used is
openly available (https://zenodo.org/record/7093777) with doi: 10.5281/zenodo.7093777.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

Lc0c Y21o

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Data from the Genotype Tissue Expression (GTEx) project V8 release was employed, processed gene expression data downloaded from the GTEx portal, which is
openly available: https://gtexportal.org. GTEx genotype data are available upon application through dbGaP.




Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender The GTEx project possesses genotype and gene expression data for 469 males and 237 females.

Population characteristics The GTEx project participants were aged ranging between 20-70 at post-mortem recruitment, with ancestry being about 84%
Europeans, 15% African American and 1% Asian or other.

Recruitment The GTEx sample collection, performed on post-mortem adult donors, as described by them: "Data collection is organized
under the Cancer Human Biobank (caHUB). Donors of any racial and ethnic group and sex who are age 21-70 in whom
biospecimen collection can start within 24 hours of death are eligible. There are few medical exclusionary criteria: human
immunodeficiency virus (HIV) infection or high-risk behaviors, viral hepatitis, metastatic cancer, chemotherapy or radiation
therapy for any condition within the past 2 years, whole blood transfusion in past 48 hours, or body mass index > 35 or <18.5.
GTEx donors are identified through low-post-mortem-interval (PMI) autopsy or organ and tissue transplant settings.
Currently, there is no way to directly sign up to be a GTEx donor. GTEx has agreements with organizations that are involved in
surgery departments in various parts of the United States."
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Ethics oversight The authors did not participate in the recruitment of GTEx.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The GTEx v8 cohort possesses data for 706 individuals.

Data exclusions  No data was excluded.

Replication No replication was conducted/was not relevant to this study.
Randomization  Not relevant to this study.

Blinding The authors did not participate in the recruitment of GTEx.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
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|:| Eukaryotic cell lines |Z |:| Flow cytometry
|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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