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ABSTRACT (150 WORDS)

Summary statistics for genome-wide association studies (GWAS) are increasingly available for downstream
analyses. Meanwhile, the popularity of casual inference methods has grown as we look to gather robust
evidence for novel medical and public health interventions. This has led to the development of methods
that use GWAS summary statistics for causal inference. Here, we will describe these methods in order of
their escalating complexity from genetic association to extensions of Mendelian randomization that
consider thousands of phenotypes simultaneously. We will also cover the assumptions and limitations of
these approaches, before considering the challenges faced by researchers performing causal inference
using GWAS data. GWAS summary statistics are an important data source for causal inference research
that offers a counterpoint to non-genetic methods when triangulating evidence. Continued effort to
address the challenges presented to those using GWAS data for causal inference will allow the full impact
of these approaches to be realised.
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INTRODUCTION

Causality is the relationship between a cause and an effect, where the cause must be at least partially
responsible for the effect. (1) Evidence of causality is highly sought after in the medical literature because
it increases our confidence that an intervention on a cause (e.g., risk factor) will result in a difference in the
effect (e.g., disease). Consequently, causal inference methods that attempt to understand the relationships
between causes and effects have become increasingly popular. (2,3)

Genetic variation refers to the natural differences in germline genomes between individuals of the same
population. (4) Genome-wide association studies (GWAS) can be used to explore genetic variation as they
take a hypothesis free approach to identify genetic variants associated with a given phenotype. This is
typically done at the single nucleotide polymorphism (SNP) level by testing the association of millions of
SNPs with the phenotype using an appropriate statistical model (for example, a linear mixed model for a
continuous phenotype). (5) GWAS estimate the association of each SNP with the phenotype, not the causal
effect of each SNP on the phenotype. However, there are now multiple causal inference methods that can
use GWAS summary statistics as an input. There are also several instances where causal claims may be
made, subject to appropriate assumptions. It should be noted that SNPs are not the only form of genetic
variation between individuals. Individuals may also have ‘structural variation’, defined as a change of more
than 50 base pairs, typically caused by insertions, deletions, duplications, inversions, or translocations. (6)
Structural variation can be difficult to study using summary data as specialised algorithms are needed to
detect this type of variation and they typically require access to individual level data, plus there is a lack of
suitable reference data. (6,7) Therefore, while it may be possible to incorporate structural variation into an
analysis, it has become commonplace to restrict to biallelic SNPs (i.e., SNPs with just two observed alleles).
As such, our focus will be on the use of GWAS summary statistics concerning biallelic SNPs for causal
inference.

The aim of this review is to describe methods that use GWAS data for phenotypic causal inference. With
this in mind, we will describe several methods in order of their escalating causal complexity (Figure 1). That
is, we will start by discussing genetic associations for individual SNPs or in combination to form a polygenic
risk score. Next, we will consider methods that are used for understanding genetic architecture — namely,
fine-mapping and colocalization. These may be considered as a progression from identifying genetic
variants associated with a phenotype to attempting to identify causal genetic variants for a phenotype.
Following this, we will explore how GWAS can be used to understand disease aetiology. Specifically, we will
describe linkage disequilibrium (LD) score regression, Mendelian randomization (MR) and latent causal
variable (LCV) models; which are downstream methods that use full GWAS summary statistics or individual
level data to make causal inferences regarding two phenotypes of interest. The final section will describe
methods that extend upon MR as they require more than two GWAS summary datasets and enable us to
study multiple phenotypes together. These methods are MR-PheWAS, two-step MR and multivariable MR.
We conclude this piece with a note on individual-level data and discussion of the challenges of using GWAS
for causal inference. Key definitions used throughout this review are provided in Table 1.

Figure 1: Summary of the methods covered in the present review
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Table 1: Key definitions

Term

Definition

Linkage disequilibrium (LD)

The non-random association of alleles between SNPs due to genomic
proximity.

Polygenic risk score

The combination of genetic associations for multiple SNPs into a single
metric.

Genetic architecture

The features of genetic variation that result in heritable variation in
phenotypes.

Promotors and enhancers

Sequences of DNA in non-coding regions of the genome that relate to
transcription of a particular gene.

Transcription factor

Proteins needed for transcription of a particular gene.

Regulatory region

A region in the genome where DNA sequences, such as promotors and
enhancers, can be found.

Imputation

A process to predict unobserved genotypes in genetic data using
observed genotypes.

Haplotype

The alleles inherited from a single parent.

Heritable variation

The variation between individuals caused by genetics.

Population stratification

Systematic differences in genetic variation that arise in subgroups of
individuals within a sample and may be an alternative cause of non-
random association of alleles.

Cryptic relatedness

The unknown inclusion of closely related individuals in genetic data.

Genetic correlation

The proportion of variance shared between two traits due to common
genetic causes.

Polygenicity

The situation where the phenotype is the result of variation in multiple
genes.

Instrumental variable analysis

A causal inference method that uses the relationship of the exposure
and the outcome with a third variable, known as the instrument, to
address confounding of the exposure-outcome association.

Reverse causation

The observation of an effect of Y on X when the direction of effect is
thought to be Xon V.

Horizontal pleiotropy

The situation where a genetic variant affects the outcome through a
pathway other than the exposure of interest in addition to affecting
the exposure.

Vertical pleiotropy

The situation where the effect of the genetic variant through the
exposure affects other phenotypes that in turn have an effect on the
outcome.

Mediator

A variable that occurs on the causal path between an exposure and an
outcome.

Non-collapsibility

Unwanted variation that occurs for some measures of association (e.g.,
odds ratios) due to covariate adjustment choices.

GENETIC ASSOCIATIONS

As noted in the introduction, the raw output from a GWAS is the genetic associations of millions of SNPs
with a phenotype of interest. Genetic associations are a blunt tool that may represent several things,
including different types of genuine causal effect (Figure 2) or an induced association due to LD or
population stratification. Consequently, a genetic association is not inherently causal. However, we




anticipate that SNPs with a causal effect on a phenotype will be robustly associated with that phenotype. It
is on this basis that we use genetic associations obtained from GWAS for causal inference and prioritize
SNPs that are strongly associated with a phenotype in GWAS for further causal investigation. Furthermore,
data collected from routine genotyping and used for GWAS reflect germline genetic variation. That is,
differences in SNPs between individuals that are a result of the random allocation of SNPs to individuals
from their parents at conception. This adds a temporal element to genetic associations as we know that
any observed genetic variation precedes the clinical manifestation of the phenotype of interest. Again, this
alone is insufficient to claim causality but is a feature of genetic associations that is exploited in some
causal inference methods that will be discussed in this review.

Figure 2: lllustration of the situations where genetic associations with two phenotypes may be observed
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In the situation where a GWAS provides evidence that multiple SNPs are associated with a phenotype,
there is the opportunity to derive a polygenic risk score. Polygenic risk scores combine the genetic
associations for multiple SNPs into a single metric. This can then be used to calculate the risk of a given
phenotype in a novel group of individuals (i.e., individuals who did not contribute to the GWAS used to
derive the polygenic risk score). In their simplest form, polygenic risk scores can be calculated as the
weighted sum of SNPs associated with the phenotype of interest. However, several methods have been
proposed to improve their prediction. For instance, LDpred is a Bayesian method that uses reference data
on linkage disequilibrium and genetic architecture as a prior to increase polygenic risk score accuracy. (8)
Regardless of how the polygenic risk score is obtained, like the genetic associations for individual SNPs that
the score is composed from, a polygenic risk score is not inherently causal. This is because the polygenic
risk score will also reflect the underlying causes of a phenotype — for instance, a polygenic risk score
derived for C-reactive protein is likely to reflect factors such as body mass index and smoking. Despite this,
the use of SNPs determined at conception to construct a polygenic risk score does infer some inherent
causality. Polygenic risk scores have therefore been used as an alternative input for some causal inference
methods, such as MR. This has been demonstrated many times in the literature for several different
applications, including the identification of mediators and potential novel targets for cardiometabolic
disease. (9) Note that careful consideration should be given to the p-value threshold for inclusion of SNPs
into a polygenic risk score, especially if it is to be used as an input for other methods. For example, a
polygenic risk score composed of genome-wide significant SNPs should produce similar estimates to an
inverse variance weighted MR using the same SNPs. However, MR conducted using a polygenic risk score
derived from a more lenient p-value threshold may produce a different estimate and warrants further
sensitivity analyses. (10)

UNDERSTANDING GENETIC ARCHITECTURE

Genetic architecture is a term used to describe the features of genetic variation that result in heritable
variation in phenotypes. (11) Characteristics of interest include how many SNPs affect a phenotype, how
common those SNPs are at the population level, the effect size of those SNPs, and SNP interactions. (11)
Below we describe two methods that attempt to understand aspects of genetic architecture: fine-mapping
and colocalization. Both methods use multiple SNPs within a specific region of the genome to identify
causal variants. In the case of fine-mapping, the causal variant is for a single phenotype, whereas for
colocalization, the method is trying to determine whether the causal variant is shared between



phenotypes or specific to a single phenotype. These methods therefore advance upon genetic associations
from GWAS and polygenic risk scores as they are explicitly attempting to map causal genetic variants.

Fine-mapping

Fine-mapping considers the relationship of multiple SNPs in a region with a phenotype to identify causal
variants for that phenotype. Consequently, this approach assumes that at least one causal variant for the
phenotype exists in the region under study. (12) Fine-mapping may be performed in a number of ways:
overlapping SNPs identified in a GWAS with functional elements, such as promotors and enhancers;
determining allele-specific SNP effects that indicate function; identifying SNPs that relate to transcription
factors; and calculating SNP effects on regulatory region activity. (13) Each of these fine-mapping
approaches requires a strong understanding of the biology related to the region you wish to study. For this
reason, fine-mapping is often performed as a follow-up analysis once regions of interest have been
identified, usually from a GWAS. For instance, fine-mapping using high-density imputation and islet-specific
epigenome maps was implemented to further interrogate loci identified in the 2018 DIAGRAM type 2
diabetes GWAS of almost 900,000 European individuals. (14)

A key limitation of fine-mapping is that it is reliant on a high density of SNPs to be either directly
genotyped, or imputed well, within the region of interest. Further direct genotyping of participants has
time and cost implications for a study and is simply not feasible in many situations, such as studies using
secondary data, while imputation is subject to its own limitations. (12) In addition, relevant knowledge of
transcription factors or promotors and enhancers is essential for some fine-mapping approaches.
However, these genetic features can be cell-type and/or disease specific. (15) Consequently, fine-mapping
may not be informative in settings where cell-type and/or disease specific data is unavailable. (13)

Colocalization

Colocalization is a Bayesian method to determine whether two phenotypes share a causal variant within a
specified region of the genome. (16—18) The method quantifies the likelihood of a shared causal variant by
calculating the posterior support for five hypotheses:

e Ho: No association with phenotype A or phenotype B

e Hj : Association with phenotype A but not phenotype B

e H: Association with phenotype B but not phenotype A

e Hs: Association with phenotypes A and B, different causal variants
e Ha: Association with phenotypes A and B, same causal variant

The greater the posterior probability for hypothesis Ha, the greater the evidence to support colocalization
of the two phenotypes.

Colocalization may be thought of as a locus specific consideration of SNPs as the approach is applied to a
specific genomic region. For this reason, colocalization has proven valuable as a follow-up analysis for
other analyses, such as MR. For example, it has been used to increase confidence in putatively causal
effects between proteins and disease-related phenotypes, with a view to identifying potential therapeutic
targets. (19) Several extensions to colocalization have also been developed. For instance, while the method
originally required summary statistics derived from distinct samples, an extension allows common controls
to be used to explore the relationship between case-control phenotypes. (20) This has been successfully
demonstrated in a study of four autoimmune diseases (type 1 diabetes, rheumatoid arthritis, celiac
disease, and multiple sclerosis), which found 33 genomic regions associated with two or more of the
disorders. (20) Furthermore, the extensions ‘multiple trait colocalization analysis’ (MOLOC) and ‘hypothesis
prioritisation for multi-trait colocalization’ (HyPrColoc) have also been developed, which allow
consideration of more than two phenotypes in the same model. (21,22) MOLOC has previously been



applied to consider expression and methylation quantitative traits loci simultaneously with a disease
phenotype of interest but can be too computationally intensive when more than four traits are considered
at the same time. (21) HyPrColoc is a more computationally efficient method in these settings as it
considers a reduced set of putative causal configurations to approximate the posterior probability for
hypothesis Ha. It has previously been applied to study the shared genetic associations of coronary heart
disease with 14 relevant risk factor, comorbidity and social traits. (22)

Colocalization requires certain assumptions to be met. Firstly, like many methods that use multiple GWAS,
the GWAS summary statistics must be sampled from the same population. This ensures that patterns in LD
are the same in each sample. Secondly, the method requires that the causal variant has either been
directly genotyped or well imputed in all datasets used for the analysis so that it may be identified. Finally,
it is assumed that there is only a single causal variant in the region of the genome under study. (22)
However, methodological advances mean that in the presence of multiple conditionally distinct association
signals, this assumption can be relaxed. For instance, an approach named ‘pairwise conditional
colocalization’ (PWCoCo) tests all conditionally independent SNPs for one phenotype against all
conditionally independent association signals for the other phenotypes and so overcomes the limitations
of using marginal associations in conventional colocalization analyses. (19) An alternative approach named
‘Sum of Single Effects’ (SuSIE) also relaxes this assumption — this time through conditioning on the causal
signal being considered while evaluating multiple causal variants simultaneously.

There are several limitations of colocalization analysis. As a Bayesian method, colocalization requires priors
to be specified to calculate the posterior support for each of the five hypotheses described above.
Different priors may lead to different posteriors and potentially impact the inferences made from this
approach. Furthermore, colocalization is only as powerful as the summary statistics provided to it. This
means the method may not perform well if one or both phenotypes under consideration are derived from
small samples. Similarly, if the assumption that the causal variant has either been directly genotyped or
well imputed has been violated than inferences may be misleading. Finally, in situations of perfect LD, you
can only determine whether the same haplotype, not variant, is causal using colocalization approaches. As
haplotypes do not necessarily translate across populations that have different LD structures, this may limit
the generalizability of findings.

THINKING BEYOND GWAS TO UNDERSTAND DISEASE AETIOLOGY

This section covers three methods that use genome-wide genetic information to make causal inferences,
typically for two phenotypes of interest: LD score regression, MR, and LCV models. These methods can be
implemented using either full GWAS summary statistics or individual level data and attempt to
characterise the relationship between the phenotypes they consider (Figure 2). This section is followed by
a section that covers extensions to these methods, all of which make use of more than two GWAS.

LD score regression

LD score regression may be considered as a genome-wide consideration of SNPs as opposed to
colocalization that, as described above, is a locus specific consideration of SNPs. For this approach,
genome-wide summary statistics are regressed on LD score, which indicates how likely a SNP is to tag
other SNPs in close proximity. This allows separation of genome-wide inflation of test statistics due to
polygenicity from bias due to population stratification and cryptic relatedness. (23,24) Extensions to LD
score regression have increased the applications of this method to include partitioning heritability by
functional annotation and estimating the genetic correlation between different complex phenotypes.
(25,26) However, LD score regression is not directed with respect to the phenotypes it considers and so
cannot be used for causal inference between them. Instead, genetic correlation obtained from LD score
regression can suggest shared genetic aetiology between the phenotypes, which may underpin causality.



LD score regression can be performed easily using LD Hub, a free tool that provides access to a centralized
database of GWAS summary statistics and automates the regression component of the analysis. (23)
Consequently, LD score regression is often included as a sensitivity analysis alongside other causal
inference methods that use GWAS data. For instance, the genetic correlation of cleft lip/palate and
educational attainment was presented alongside MR estimates to better understand whether there was a
genetic predisposition to low educational attainment among individuals with cleft lip/palate. (27)

The main limitation of LD score regression is the potential for bias induced when there is correlation
between the variance explained by a SNP and the LD score for that SNP. The extent of this correlation
differs between phenotypes. However, when correlation is present, the intercept and slope obtained from
the LD score regression may be altered and the ability to discriminate genome-wide inflation of test
statistics due to polygenicity from bias due to population stratification and cryptic relatedness impacted.
LD score regression is also suspectable to attenuation bias when LD score is poorly measured. This bias can
be accounted for using a dis-attenuation factor if the variance of the measurement error is known. (24)

MR

Earlier we established that differences in SNPs between individuals result from the random allocation of
SNPs to individuals from their parents at conception. Individuals with the same parents are therefore
equally likely to receive a given SNP, meaning the allocation of SNPs is a natural form of randomization. It
was on this basis that the concept of MR was initially introduced as a within-sibship approach. (28,29)
However, the scarcity of data to implement MR in this way meant a more pragmatic approach using
population data had to be used and it was demonstrated that this reasonably matched expectations
regarding genetic variant-phenotype associations. (30,31) Recently large-scale family-based data resources
have become available, allowing analyses to be carried out within the originally proposed framework.
(32,33)

MR can be implemented as an instrumental variable (IV) analysis that uses one or more germline SNPs as
an instrument for an exposure to estimate the causal effect of that exposure on an outcome. (28,34)
Assuming the genetic variant(s) selected as the instrument satisfy three assumptions, the resulting MR
estimate should not be subject to non-genetic confounding or reverse causation. The three instrument
assumptions (Figure 3) are: (IV1) relevance - the instrument must affect the exposure (note: this
instrument does not need to have a causal effect on the exposure to be valid), (IV2) independence - the
instrument must not share any common causes with the outcome, and (IV3) exclusion restriction - the
instrument must only affect the outcome through the exposure. Under these three instrument
assumptions, it is possible to obtain bounds for a causal effect. A fourth assumption, typically monotonicity
(i.e., the exposure is an always increasing or always decreasing function of the instrument) or homogeneity
(i.e., the effect of the exposure on the outcome is the same for all individuals), is required to identify a
point estimate within these bounds. (2,35) Furthermore, if we are to use the estimates obtained from MR
in practice, we must expect the gene-environment equivalence to hold. That is, we must expect that the
change in a phenotype that would result from changing someone’s genotype is comparable to the change
in a phenotype that would result from changing someone’s environmental exposure. (36) The assumptions
described above, and the plausibility of gene-environment equivalence are critical for valid causal
inference and therefore are a major component of the STROBE-MR guidelines for reporting MR studies
(https://www.strobe-mr.org/). (37,38)

The only instrument assumption that can be empirically verified is relevance (IV1). One of the easiest ways
to demonstrate this assumption has been met is to select SNPs that are known to associate with an
exposure based on strong, preferably replicated, signals identified in GWAS. However, it should be noted
that SNPs shown to have a robust association with the exposure of interest that have not been identified
from GWAS are equally suitable for this purpose. Furthermore, we cannot know from the GWAS data alone
whether the SNP(s) selected to instrument the exposure have a causal effect on the exposure, though this
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is not a specific requirement for the SNP(s) to be valid instrument(s). Instrument SNPs are extracted from
an independent sample that contains individual level information on both the exposure and outcome for
one-sample MR to be applied. Alternatively, the instrument SNPs can be extracted from a second GWAS
that relates to the outcome and two-sample MR applied. (39) Two-sample MR therefore removes the need
for individual level data and the identification of a data source that contains both the exposure and the
outcome. However, the data used to select the instruments should not contain the same participants as
the data used to define the outcome (i.e., there should be no sample overlap) as this can result in winner’s
curse bias. (39) The potential impact of this bias on MR estimates can be quantified using a free, online
calculator. (40) The use of GWAS summary data for MR has led to the development of resources such as
the IEU OpenGWAS database, which provides free access to complete GWAS summary statistics for
thousands of phenotypes, allowing easy implementation of two-sample MR approaches. (41,42)

Figure 3: Instrument assumptions required for MR
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MR has multiple applications from the investigation of risk factors for disease to the prediction of adverse
drug effects. (28,43) One notable example of this method is its application to study low-density lipoprotein
(LDL) cholesterol and coronary heart disease. SNPs have been selected to instrument LDL cholesterol in
different ways for different studies and MR consistently reports a protective effect of this lipid fraction on
coronary heart disease. For instance, Ference et al selected nine SNPs from six genes identified in a 2010
GWAS of blood lipids. (44,45) Meanwhile, White et al used 185 SNPs identified by Willer et al in the 2013
Global Lipids Genetics Consortium GWAS. (46,47) More recently, SNPs have been limited to those
occurring within specific genes as a proxy for LDL cholesterol reduction via specific drug targets. For
example, SNPs within the 3-Hydroxy-3-Methylglutaryl-CoA Reductase (HMGCR) gene have previously been
used as a proxy for statins, which target this protein. The MR studies using a restricted version of the more
general LDL cholesterol instrument have confirmed the protective effect of statins on coronary heart
disease, as seen in randomized controlled trials. (48-50) An important consideration when comparing MR
estimates with other sources of evidence, such as randomized controlled trials, is that estimates generally
reflect the long term differences in exposure across life that the SNPs used as instruments relate to. (51,52)
This differs from other estimates — for example, if you calculate the effect of a drug, exposure will typically
be much shorter or may occur at a specific time point in the life course.

MR is subject to several limitations. Among the most concerning is horizontal pleiotropy, which violates the
instrument assumptions and can bias MR estimates. Horizontal pleiotropy occurs when SNPs selected to
instrument an exposure relate to multiple traits on different pathways that all affect the outcome,
distorting the association of the exposure with the outcome. (34) At present, the best approach to address
horizontal pleiotropy is to perform sensitivity analyses using MR methods that are potentially more robust
to certain types of pleiotropy, such as the weighted median and MR-Egger approaches. (53,54) In addition
to this, MR estimates may be biased by genomic confounding as the method is only robust to non-genetic
confounding of the exposure-outcome association. Finally, MR — particularly when conducted in the single
sample setting — can be subject to weak instrument bias, which can violate the first instrument assumption
of relevance. These limitations, plus many more, are discussed in detail elsewhere. (51,52,55)



Concerns regarding the limitations of MR, particularly the potential violation of the instrument
assumptions, has led to the development of multiple sensitivity analyses. (E. Sanderson, M. M. Glymour,
M. V. Holmes, K. Hyunseung, J. Morrison et al., manuscript in review) Most of these sensitivity analyses use
weaker assumptions in place of the core IV assumptions and require multiple instrument SNPs to have
been used for the main analysis. (36) Examples of sensitivity analyses include MR using a Robust Adjusted
Profile Score (MR RAPS), which is designed to address violation of the relevance (IV1) assumption by
allowing weak instruments to be included in the analysis. (56) There are also several ‘pleiotropy robust
methods’ that address violation of the exclusion restriction (1V3) assumption including the weighted
median (53); the weighted mode (57); Steiger filtering (58); MR TRYX (59); MR PRESSO (60); MR-Egger (54);
and MR GxE (61,62) approaches. Given the wealth of MR approaches available and the diversity in their
strengths and limitations, inclusion of multiple MR approaches is considered the best approach to
demonstrating robust results when reporting an MR study. (63)

LCV models

LCV models interrogate the relationship between two phenotypes by quantifying the genetic causality
proportion (GCP) of phenotype A with a latent variable under the model assumed in Figure 4. (64)
Phenotype A is considered ‘fully genetically causal’ for phenotype B if it is in perfect genetic correlation
with the latent variable — this corresponds to the maximum GCP of one. The GCP has a minimum value of
zero, which indicates ‘limited partial genetic causality’. Therefore, GCP values between zero and one can
be interpreted as indicating the extent of partial genetic causality between the two phenotypes. The key
assumption of LCV models is that the joint effect size distribution for the two phenotypes is the sum of two
independent distributions. The first of these distributions represents the shared genetic component of the
model (i.e., the effect through the latent variable) and the second distribution represents all other effects.
This assumption has been shown to be strictly weaker than the exclusion restriction (IV3) assumption
required for MR. LCV models have previously been applied in the literature to investigate the relationship
between brain structure and problematic alcohol use on that basis that variability in brain structure
phenotypes may predispose individuals to problematic alcohol use. (65)

Figure 4: An illustration of an LCV model
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Genetic variant(s) Latent causal variable

Phenotype B

There are several limitations of LCV models, some of which are shared with the other causal inference
methods discussed in this section, such as the risk of confounding due to population stratification. These
limitations are well covered elsewhere. (64) Other important limitations that warrant mentioning here are
that the method is constrained to the model presented in Figure 4. As a result, the model assumes by
design that there is a single latent variable that acts between the two phenotypes and that the effects
between the variables act in the directions shown in this figure. Consequently, they have limited utility
when bidirectional causal effects exist. For example, LCV models would be inappropriate to study the
relationship between BMI and smoking, which has previously been shown to be bidirectional using MR.
(66) A further related limitation of LCV models is that they can only consider two phenotypes at a time.
This means the following section focuses exclusively on extensions of MR, which can consider more than
two phenotypes at a time.



MORE GWAS, MORE PHENOTYPES

Until this point, we have focussed on using up to two GWAS to make causal inferences regarding either a
single phenotype or the effect of one phenotype on another. This section builds upon this by summarizing
methods that use more than two GWAS. Specifically, we will cover three extensions of MR: MR-PheWAS
(one exposure phenotype, multiple outcome phenotypes), two-step MR (one exposure phenotype, one
intermediate phenotype, and one outcome phenotype), and multivariable MR (multiple exposure
phenotypes, one outcome phenotype).

MR-PheWAS

MR-PheWAS, which stands for MR phenome-wide association study, is an extension of MR that involves
performing a hypothesis-free scan of potentially causal effects of a single exposure on multiple outcomes.
This method can either be applied by defining all outcomes in a single sample (for example, using PHESANT
in UK Biobank (67)) or by identifying a different GWAS for each outcome (for example, MR-EVE (68)). In the
case of MR-EVE, instruments were obtained for over 2400 traits and MR systematically performed for each
trait against all other traits. The final results from MR-EVE are available from EpiGraphDB (69) and can be
used for four different applications: (i) to identify confounders of an exposure-outcome association, (ii) to
identify intermediates of an exposure-outcome association, (iii) to identify reverse intermediates (i.e.
intermediates that act outcome > intermediate > exposure, rather than exposure > intermediate >
outcome) of an exposure-outcome association, and (iv) to identify colliders of an exposure-outcome
association. (69) Effects identified in MR-PheWAS approaches share the same limitations as those
identified from conventional MR. In addition, studying multiple outcomes in a MR-PheWAS comes with a
multiple testing burden, though the use of the same instrument to study the effect of an exposure on
multiple (particularly related) outcomes can aid interpretation. For example, the MR-PheWAS approach
has been used to identify causal effects of body mass index in UK Biobank. After accounting for multiple
testing, this analysis identified over 580 associations that included both previously identified effects, such
as higher body mass index increasing the risks of diabetes, and novel effects, such as higher body mass
index reducing the risk of four nervousness/anxiety phenotypes. (70)

Two-step MR

Two-step MR refers to analyses that involve performing two MR analyses in sequence with the second MR
analysis using the outcome from the first MR analysis as its exposure. This approach can be extended
further to explore networks of relationships between phenotypes and, in that case, may then be referred
to as ‘network MR’. Two-step MR was initially introduced in the epigenetic literature as ‘two-step
epigenetic MR’ and contributes to our understanding of the mediating role of DNA methylation. (71)
However, the approach is generalizable and can easily be applied to understand the mediating role of
other (preferably continuous) phenotypes. For instance, two-step MR has previously been applied to study
the mediating role of liability to type 2 diabetes when studying the causal effect of common risk factors for
cardiovascular disease. (72,73) Two-step MR is appealing for mediation analysis as it allows estimation of
the indirect effect of the exposure (i.e., the effect of the exposure via the mediator) on the outcome using
the product of coefficients method. The product of coefficients method involves multiplying the estimate
from the first step MR for the effect of the exposure on the mediator by the estimate from the second step
MR for the effect of the mediator on the outcome and updating the confidence intervals accordingly.
Recently, a hybrid approach that uses multivariable MR (discussed below) for the second step MR to
estimate the direct effect of the mediator (i.e., the effect of the mediator independent of the exposure) on
the outcome has been proposed. The advantage of this hybrid approach is that it ensures the coefficient
for the effect of the mediator on the outcome included in the product is independent of the exposure. (74)



Multivariable MR

Multivariable MR is an MR approach used to calculate the effects of multiple exposures on a single
outcome simultaneously (Figure 5). By including multiple exposures in the same model, this approach can
calculate the direct effect of each exposure (i.e., the effect of each exposure independent of all the other
exposures in the model) on the outcome. Multivariable MR therefore requires distinct SNPs for each
exposure to be identified. Like many of the MR methods discussed in this review, multivariable MR can be
applied in the individual level data setting using a single sample of data (with instruments selected from
independent samples) or in the summary level data setting using full summary statistics from multiple
GWAS. The consideration of multiple exposures at the same time means that multivariable MR is a
particularly useful approach when you want to study multiple related phenotypes and separate their
effects on an outcome from each other. For instance, this approach has previously been used to calculate
the independent causal effects of education and intelligence on liability to Alzheimer’s disease. (75) It is
also useful in situations where the independence and exclusion restriction assumptions required for
univariate MR are violated. (76)

Figure 5: lllustration of multivariable MR design
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Multivariable MR can also be used to study mediation by including the proposed exposure and mediator in
the model and applying the difference of coefficient method to calculate the indirect effect of the
exposure (i.e., the effect of the exposure via the mediator) on the outcome. (74) To apply the difference of
coefficient method, you must perform both a univariate MR analysis of the exposure on the outcome to
calculate the total effect (i.e., the effect of the exposure via all pathways to the outcome) and a
multivariable MR to calculate the direct effect of the exposure on the outcome. The direct effect can then
be subtracted from the total effect to obtain an estimate of the indirect effect. Again, the confidence
intervals for the indirect effect estimate must be updated accordingly. This approach to calculating
mediating effects has been demonstrated multiple times in the literature, including to study the extent to
which adult body size mediates the influence of early life adiposity on breast cancer, cardiovascular disease
and adult systemic metabolism. (77-79)

A NOTE ON INDIVIUDUAL-LEVEL DATA

This review has primarily focused on causal inference using summary-level GWAS data. However, in the
current era, it is possible to access individual-level on a massive scale from resources such as the UK
Biobank (80). These resources provide access to both individual-level genome-wide genetic associations
and detailed clinical phenotyping from questionnaires and/or electronic health records. Many of the
methods discussed in this review, such as MR and its extensions, can readily be applied in the individual-
level data setting. Furthermore, the availability of individual-level data provides new opportunities. For
instance, a novel gene-by-environment (GxE) MR-PheWAS approach has been proposed that combines
MR-PheWAS with the use of GxE interactions and has successfully been applied to interrogate the causal
effect of smoking heaviness on facial aging. (81)



CHALLENGES

Using GWAS data for causal inference presents several challenges. Firstly, most GWAS to date have been
conducted in individuals of European ancestry. This means most causal inference using GWAS data to date
has also been conducted in individuals of European ancestry. Availability of GWAS in multiple ethnicities
can allow the identification of ancestry-specific and cross-ancestry signals that are informative for disease.
(82) Resources, such as the Million Veteran Program, are enabling access to large groups of individuals
from non-European ancestries, including African Americans and Hispanic Americans. (83) However, until
GWAS in non-European ancestries become widespread, causal inference using this type of data will be
limited.

Many of the methods discussed in this review require access to full GWAS summary statistics. However, it
is not uncommon for summary statistics to be limited to the genome-wide significant results reported in a
GWAS publication. This issue has previously been highlighted in a blog post by the NHGRI-EBI GWAS
Catalog, who provide a database of GWAS summary statistics, and report that only 7% of GWAS studies for
cancer traits provide full summary statistics. (84,85) This seriously constrains causal inference work that
can be carried out using GWAS data in the cancer field.

A further challenge for causal inference using GWAS data is the types of traits that have been studied using
GWAS approaches. This limits the causal inference questions that can be answered using this type of data.
For instance, it has been recognised that most GWAS to date relate to disease incidence traits, rather than
disease progression traits. (86) This means that we are often unable to make causal inferences regarding
risk and interventions once an individual has a disease.

GWAS of binary phenotypes can also be problematic for causal inference. Firstly, they often represent a
dichotomization of a latent continuous trait. This can make the effect of binary traits difficult to interpret
clinically as they represent ‘liability to’ the binary phenotype of interest and can violate the assumptions of
some methods — for example, the exclusion restriction (IV3) assumption of MR. (87) Secondly, the
mathematics underlying some causal inference methods relies on traits being continuous. When this is not
the case, non-collapsibility can become an issue. For instance, the use of a binary mediator in two-step MR
for mediation is limited by the non-collapsibility of odds ratios. (73,74)

For GWAS to have utility in downstream causal inference analyses, they must be well documented and
easily accessible. Consequently, there have been recommendations made regarding common storage
formats (for example, the variant call format — an open file format that incorporates metadata at the start
of the file) and standardized, informative headings for data (for example, ‘effect allele’ instead of
‘reference allele’). (88,89) Databases that bring together multiple GWAS in a single place, such as the
previously mentioned IEU OpenGWAS and NHGRI-EBI GWAS Catalog databases, have led to improvements
in both documentation and access. (42,84) However, continued focus on these issues going forward will
allow us to fully realise the potential for causal inference using GWAS data.

GWAS are able to identify ‘small but common’ effects of individual SNPs, while ‘large but rare effects’ are
likely to be of greater clinical impact for patients. Despite this, small but common effects remain important
for our understanding of disease aetiology. (5) In light of this, we must recognise what can be realistically
achieved when using GWAS data and draw any causal inferences accordingly.

CONCLUSIONS

Many opportunities exist to use GWAS data for causal inference. As demonstrated here, these methods
may be considered as escalating in their causal complexity from the humble genetic association to
extensions of MR, such as MR-PheWAS, which allow consideration of thousands of phenotypes
simultaneously. The main challenges facing those attempting to perform causal inference using GWAS data



relate to representation - in terms of ancestry and disease state (progression versus incidence) — and the
availability of full summary statistics to implement these methods. As the community addresses these
challenges, causal inference using GWAS data can increase its impact and continue to contribute to the
triangulation of evidence for causal questions in the medical and public health literature. (90,91)
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