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Mendelian randomization (MR) was developed to improve identification and understanding of
modifiable processes leading to disease, as the title of the first extended presentation of the
approach made clear?. In furthering this aim it leverages the inferential power of employing
germline genetic variants as proxy markers (or instrumental variables) for modifiable phenotypes,
which may influence risk of disease. The focus of this approach is not on gene discovery or
enhancing knowledge of gene function, although developments in these are essential to its success.
The response by Joseph Pickrell> to my commentary® on his original review” clarifies what are the
remaining areas of disagreement in regard to enhancing the utility of the approach. He retracts his
assertion that in 30-years of use MR had not made major contributions to causal understanding - "I
agree with Davey Smith that his correction of "30 years" to "<15 years" makes my statement
considerably weaker, and | will back off of this critique in a revision.” —and thereafter focuses on
pleiotropy, as it is a “...fundamental biological reality that is likely leading to spurious causal claims in

practice”?,

One more time on pleiotropy

Pleiotropy has been very extensively discussed as a key issue that could undermine the usefulness of
MR since the initial presentations of the method. However some basic issues of particular relevance
to MR may not be adequately appreciated. Consider Pickrell’s key example of how he considers
pleiotropy may influence interpretation of MR studies. In his words “for example, variants in an
intron of FTO have been used to study the ‘causal effects’ of obesity on risk of cancer in the MR
context®. But these variants are also associated with timing of puberty and HDL cholesterol levels

(among others), so the standard MR assumption of ‘no pleiotropy’ is potentially violated”?2.

Rather than reword one of the many previous discussions of why this misrepresents the problem of
pleiotropy in MR | will quote from our latest basic review of the field, which coincidentally discusses

exactly the same example as Pickrell uses — FTO and HDL cholesterol®.

Pleiotropy is the phenomenon by which a single locus influences multiple phenotypes’.
Depending on the form it takes, pleiotropy is a potential limitation to interpretation of MR,
so distinguishing between its different types is important. In the context of MR there are
two mechanisms by which pleiotropy occurs: a single process leading to a cascade of events

(e.g. alocus influences one particular protein product, and this causes perturbations in many


http://www.ncbi.nlm.nih.gov/pubmed/19542184

other phenotypes); or a single locus directly influencing multiple phenotypes?® °. Amongst its

many names, the former has been termed “spurious pleiotropy”*° 12, “mediated
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pleiotropy”!! or “type Il pleiotropy”??; the latter “biological pleiotropy”®® or “type |
pleiotropy”*2. Type Il pleiotropy is not only unproblematic for MR, it is the very essence of
the approach, in which the downstream effects of a perturbed phenotype are estimated
through the use of genetic variants that relate to this phenotype. Thus the instrument of
common variation in FTO, known to influence body mass index (BMI1)*, probably through

1516 js gssociated with a wide range of downstream phenotypes;

influencing caloric intake
blood pressure and hypertension?’, coronary heart disease (CHD)*8, fasting insulin, glucose,
HDL cholesterol and trigylcerides?®, bone mineral density?, chronic renal disease??, and
diabetes®. These associations are expected, as higher BMI influences these traits, and it
would be an error to consider them “pleiotropic” effects of FTO variation that vitiate MR

investigations.

Type | pleiotropy, however, is problematic for the interpretation of MR. Estimates of the

degree of pleiotropy suggest that type Il pleiotropy is the more pervasive form? %2

, with type
| pleiotropy being more pronounced at the level of the gene than at the level of single SNPs
1223 Greater pleiotropic effects are seen for mutations with larger effects on the primary
trait?* 2, as would be anticipated for type Il pleiotropic influences that are downstream

effects of considerable perturbation of the primary trait.

Potentially erroneous causal inference due to type | pleiotropy can be minimised by
restricting instruments to genetic effects which plausibly act directly on the trait (e.g. genetic
instruments for CRP levels located within the promoter region of the CRP gene). When less
well-characterised variants, or combinations of variants, are utilised then the ways of
exploring the potential contribution of pleiotropy detailed in this review and elsewhere?

need to be implemented®.

Of course, Pickrell’s examples are likely to be type Il (spurious or mediated) pleiotropy and whilst it is
an elementary truth that pleiotropy is a “fundamental biological reality” the particular way this may
influence MR inference in any particular context requires some contextual understanding. Take
Pickrell’s example of why he thinks there is violation of the MR assumptions with respect to FTO, it is
”?2

because “these variants are also associated with timing of puberty and HDL cholesterol levels

However, greater adiposity causally influences both HDL cholesterol and age at puberty. | will not



labour the point as it is easy to access the extensive literature (including RCTs in the case of HDL
cholesterol) on this. In the MR context the degree to which FTO influences HDL cholesterol is as
anticipated by prospective data on change in BMI and change in HDL cholesterol?’. The illustration
that FTO and other genetic markers influencing BMI generate the same predicted effects of BMI on
HDL cholesterol?’ is a simple example of how use of multiple genetic variants can provide evidence
on the degree to which typel (or biological) pleiotropy may distort interpretation of any particular
MR finding. Pleiotropy is, of course, “a fundamental biological reality”, but needs informed
consideration in each situation, and cannot be simply used as an automatically enunciated hex to

damn any MR study.

Genetic correlations are not Mendelian randomization

Pickrell states, with respect to genetic correlation and MR studies, that “mathematically they are
identical”. Is this true? In the words of Samuel Beckett, “It is not”?. Genetic correlation approaches
attempt to estimate the full extent of correlation between phenotypes accounted for by all germline
genetic variation. MR studies utilise what is generally a very minor component of genetic influence
on a trait as an instrumental variable for that trait. Many studies are based on a single genetic
variant, which hopefully makes this clear (e.g. studies of alcohol and blood pressure using a single

variant in ALDH2%).

The example Pickrell gives of studies of height and CHD* 3! are not investigations of genetic
correlation — they utilise 180 genetic variants identified in a GWAS of height — not the whole-
genome genetic contribution to height — as the instrumental variable. These variants are largely out
of linkage disequilibrium and are scattered across the whole genome, and will work through many
processes to influence height. It is highly likely that some of these individual variants will involve
mechanisms that could influence CHD risk independently of height. However, the magnitude of the
observational association of height and CHD is closely similar to the instrumental variable predicted
influence of height on CHD?!, which suggests that height itself may influence CHD through
mechanisms directly related to height (e.g. lung function and arterial bore)3!. All 180 variants cannot
plausibly influence height and through type 1 (biological) pleiotropy simultaneously influence CHD
risk through processes unrelated to height. Indeed we have previously utilized the association of
height and lung function (forced vital capacity) in methodological explorations of MR32 33, We did so
because we thought it obvious that greater height would lead to greater lung volume for mechanical

reasons, but perhaps we should have added a link to a web animation of a schematic figure being



elongated and their lungs increasing in volume to back this up. One of the papers Pickrell
references®® applied an approach (MR-Egger) which allows estimation when (type 1, biologically)
pleiotropic (i.e. invalid) genetic variants are included, and suggested that with less stringent
assumptions regarding valid instrumental variables, estimation was robust. Furthermore we showed
that the 180 variants individually were estimating a similar causal effect of height on lung function,

with the difference between them being as anticipated by sampling variation (see figure 3 in33).

Spot the phenotype

Pickrell is confused by the example of proprotein convertase subtilisin/kexin type 9 (PCSK9) that |
presented in my earlier commentary. PCSK9 is a protein, one effect of which is to increase LDL
cholesterol levels. Like most proteins it has a series of potential and probable other effects as well3
35, Variation in the PCSK9 gene influences the level of the protein, PCSK9 3637 38 3% MR inference
does not depend upon the genetic variant — intermediate phenotype and the genetic variant—
outcome associations being demonstrated in the same sample, with two-sample approaches

d* 4 Nor does MR inference require estimation of the magnitude

becoming increasingly widely use
of the causal effect, see, for instance the different categories of potential inference presented in the
first extended presentation of the approach1. Thus the demonstration of a robust PCSK9 genetic
variation — PCSK9 association 3¢ together with the demonstration that the same PCSK9 genetic
variation is robustly associated with CHD risk*?, provides evidence that the PCSK9 protein increases
CHD risk. Monoclonal antibodies against PCSK9 (the protein) have been developed, with promising
results* 444> The clue to the proximal phenotype for the MR evidence with respect to PCSK9 is
given by the fact that the name of the gene and its protein product are the same. Indeed,

establishing that the protein PCSK9 causes CHD has led to the protein having been used as surrogate

endpoint in RCTs investigating potential methods of reducing CHD risk 46 47 48 49,

The importance of understanding the primary phenotype (and not just when the name gives it away,
as in this case) is that, as discussed in my earlier commentary?, this provides a powerful way of
establishing (i) on-target, (ii) mediated (in this case by LDL cholesterol) and (iii) off-target
pharmacotherapeutic effects. Studies leveraging inferential power from PCSK9 genetic variation
demonstrate that the protein, PCSK9, influences LDL cholesterol levels, with downstream effects on
CHD. Asshown in figure 1 it can be demonstrated that the effect of PCSK9 genetic variation on CHD
is as anticipated from its effect on LDL cholesterol. This suggests that the effects of the protein,

PCSK9, on CHD is entirely mediated through the effect of the protein on LDL cholesterol, which was



not necessarily the case given additional potential effects of PCSK93*3°, There are several issues
which require nuanced consideration in this example. PCSK9 genetic variation can be utilised as an
instrument for the protein, PCSK9, and this provides evidence with respect to anticipated effects of
manipulating the protein levels. With additional assumptions (that the effect of PCSK9 genetic
variation on outcomes is mediated through the effect of the PCSK9 on LDL cholesterol), PCSK9
genetic variation can be utilised as an instrument for the effects of LDL cholesterol. Interrogating
the appropriateness of this usage depends on additional evidence, such as that presented in figure 1.
Thus, as in all inference regarding causality, a synthesis of evidence from various sources is

required.*

Such findings are of some interest to those attempting to develop effective and safe treatments. To
take one active area of research, consider the unresolved issue of whether there are mechanism-
specific effects of cholesterol lowering on increasing the risk of diabetes (with HMG-CoA reductase
being the mechanism which has been highlighted in this regard), or if it is a consequence of LDL
cholesterol lowering through any means. A preliminary study has suggested the latter may be the
case®! 2, but this is a methodologically challenging question to answer and further exploration of

this is a crucial issue for those concerned with patient care.

<15 years of Mendelian randomization

Pickrell now recognises that the implementation of MR studies has been relatively recent, with “<15
years” being his most recent summation?. It is perhaps important to recognise that the large
majority of MR studies are recent, reflecting the fact that the identification of robust genetic
instruments through GWAS was a pre-requisite for widespread implementation of the approach.
Consider a recent systematic review which identified 179 MR studies® (although this was not a
complete listing, as consortia papers, which are increasingly common in the MR field, those using
different terminology, etc, were not included). Figure 2 presents the year-by-year number of papers
identified in this review, the search for which finished at the end of 20133, It is clear that the very
considerable majority of MR papers have been published in the last five years and most of these in
the last couple of years. This would be a good starting point for Pickrell to evaluate his expectation
that MR studies should have led to many situations in which new causes have been identified and
taken through to completed RCTs, perhaps comparing this to the time course through which other

innovative methodologies have moved from initial findings through to completed phrase 3 RCTs.



Genes are not magic, but Mendelian randomization is promising

| very much welcome this exchange with Joseph Pickrell, as | hope it will help clarify some issues
regarding MR, and | would value the identification of my undoubtedly many misunderstandings of
the approach. | think we agree that cautious optimism is justified, and further development of
methods is certainly important. As one enthusiastic tweeter summarised Pickrell’s last contribution

734 something with which we

for those who found it “too long: didn’t read”, “genetics is not magic
can all agree. This exchange on MR, in which further objections are raised as previous ones appear
chimerical, reminds me of lines from Robert Browning’s wonderful “Soliloquy of the Spanish

Cloister”:

There’s a great text in Galatians,
Once you trip on it, entails
Twenty-nine distinct damnations,

One sure, if another fails:>®

When one damnation passes, the 28 remaining ones await (although in my counting from the Epistle

to the Galatians there are only 17 damnations, but | am no biblical scholar).

There are good and poor MR studies, just as there are good and poor RCTs, or indeed studies using
any design. The strongest inferences can be drawn when different lines of evidence converge, and
MR studies can be useful contributors to this evidence synthesis. In the meantime evidence from
MR studies is being fed into the practical issue of pharmacotherapeutic development® 7, with this
applied work being carried out in parallel with continued theoretical and methodological

speculations. As always critiques remain valuable as practical implementation proceeds (figure 3).



Figure 1. Effect of lower LDL-C on risk of CHD [adapted from Ference et al. (2012)°%]. Boxes
represent the proportional risk reduction (1-OR) of CHD for each exposure allele plotted against the
absolute magnitude of lower LDL-C associated with that allele (measured in mg/dl).SNPs are plotted
in order of increasing absolute magnitude of associations with lower LDL-C. The line (forced to pass
through the origin) represents the increase in proportional risk reduction of CHD per unit lower long-
term exposure to LDL-C.
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Figure 2: Number of Mendelian randomization studies published per year, from> (17 papers

located by a search ending 31* December 2013, appeared in journal issues dated 2014).
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Figure 3: Critics contemplate Mendelian randomization

| can see this works
in practice, but does
it work in theory?
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