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Abstract
Background

There has been considerable interest in statins due to their pleiotropic effects beyond their lipid-
lowering properties. Many of these pleiotropic effects are predominantly ascribed to Rho small
guanosine triphosphatases (Rho GTPases) proteins. We aimed to genetically investigate the role of

lipids and statin interventions on multiple sclerosis (MS) risk and severity.
Method

We employed two-sample Mendelian randomization (MR) to investigate: (1) the causal role of

genetically mimic both cholesterol-dependent (via low-density lipoprotein.cholesterol (LDL-C) and

Results

The results of MR using the_inverse variance/weighted method show that genetically predicted
RAC2, a member of chol -in pathway, (OR 0.86 (95% CI 0.78 to 0.95), p-value
3.80E-03) is implicated camsally in reducing MS risk. We found no evidence for the causal role of
LDL-C and the member of ¢
lifelong higher HDL

was not. Furthermore,

ol biosynthesis pathway on MS risk. MR results also show that
4 (95% CI 1.04 t01.26), p-value 7.94E-03) increase MS risk but TG
e found no evidence for the causal role of lipids and genetically mimicked

statins on MS severity. There is no evidence of reverse causation between MS risk and lipids.
Conclusion

Evidence from this study suggests that RAC2 is a genetic modifier of MS risk. Since RAC2 has been
reported to mediate some of the pleiotropic effects of statins, we suggest that statins may reduce MS
risk via a cholesterol-independent pathway (i.e., RAC2-related mechanism(s)). MR analyses also
support a causal effect of HDL-C on MS risk.
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Introduction

Findings from the phase 2 MS-STAT trial (a randomised, placebo-controlled trial) showed that a
high dose of simvastatin (80 mg per day) led to a significant drop in brain atrophy (by 43%) and
disability progression among 140 patients with secondary progressive multiple sclerosis (MS) over
two years . However, whether statins' beneficial effects on MS are mediated by cholesterol-lowering

or cholesterol-independent pathway is not clear yet.

Indeed, recent evidence derived from clinical and experimental animal models of autoimmune

as prenylation or lipidation) of Rho small guanosine

G-proteins) +°.

Statins exert effects via Rho GTPases

localising to the membrane localisgtion and lo ho proteins with GTP (Figure 1). By inhibiting

3-hydroxy-3-methylglutary z A rgductase (HMGCR), statins prevent the synthesis of

isoprenoid intermediates the sulisequent isoprenylation of Rho GTPases ’. This leads to the

inhibition of Rho protéim,trans ion to the plasma membrane and thus prevents the activation of

their downstream effecfors ’.“The second mechanism by which statins exert effects via Rho GTPases
is GTP loading, which is the conversion of Rho proteins to their active form (GTP-bound). Inhibition
of isoprenoid biosynthesis by statins results in disruption of guanine nucleotide dissociation
inhibitors (GDIs)-Rho GTPase binding, which provides a potential mechanism for GTP loading of
the cytosolic Rho proteins ®°. GDIs are a negative regulator of Rho GTPases that only bind to
isoprenylated Rho proteins to sequester them in the inactive form (GDP-bound) into the cytosol,
preventing them from anchoring to membranes or being activated by guanine nucleotide exchange

factors *°. Thus, in the absence of isoprenoid intermediates, GDIs cannot bind to Rho proteins,

allowing them to be constitutively active (GTP-bound) *°.
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A previous Mendelian randomization (MR) analysis used single-nucleotide polymorphisms (SNPs)
within HMGCR gene region to mimic the effects of statins on the risk of MS developing via HMGCR
inhibition ™. This study revealed no causal link between these SNPs and MS risk, suggesting that
statins have no effect on MS risk **. HMGCR is the target for statins; therefore, it is not surprising
that MR studies focus on HMGCR to mimic the effects of statins. Nevertheless, by only targeting
HMGCR, these studies examined the cholesterol-lowering effect only and may have missed
observing the statins’ pleiotropic effects. Furthermore, the effect of statins on MS severity has not yet
been established. To address this knowledge gap, we adopted two-sample MR approach to
genetically mimic both cholesterol-dependent and cholesterol-independent effects of statins to

A N\ )

explore whether statins’ effects on MS risk and/or MS severity, if any, are mediated by lowering

PN \
cholesterol or are independent of cholesterol. In particular, the cholesterol-dependent pathway was

studied by (a) examining the causal role of genetically predicted the change in the blood expression
levels of 25 genes (including the HMGCR gene) that encode proteins involved in cholesterol
biosynthesis, and (b) examining the causal role‘of genet,ically predicted LDL-C, given that LDL-C is

A X

a relevant prognostic factor for issessing theydegree of HMGCR inhibition'?. The cholesterol-
. \

independent pathway was studied by examining the causal role of genetically predicted the change in

the blood expression levels of 20 genes that encode Rho GTPase family members. We sought also to

-« u/

examine the causal role of genetic predisposition to increased other major plasma lipid fractions
\

(high-density lipoprotein cholesterol (HDL-C) and triglycerides (TG)) in MS risk and severity. In

addition, the reverse causation between HDL-C, LDL-C, TG and MS risk is addressed in this study.

Since no single loci achieved genome-wide significance in MS severity data, we were unable to

perform a reverse causation between lipid fractions and MS severity.

We tested 2 hypotheses to examine whether statins influence MS through cholesterol-dependent or

cholesterol-independent pathways:
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1. We would expect statins causally influence MS via lowering blood cholesterol levels if we
obtain:

a. A statistically significant causal estimates for MR analyses involving LDL-associated SNPs.
b. A statistically significant causal estimates for MR analyses involving SNPs of HMGCR and
any other downstream genes involved in cholesterol biosynthesis.

2. In contrast, we would expect statins causally influence MS via cholesterol-independent
pathway, if we obtain a statistically significant causal estimates for MR analyses involving SNPs of

Rho GTPases.

epidemiology, which is relatively quicker han randomized controlled trial studies and

overcomes some of the limitations inheréAlin ¢ epidemiologic studies **.

Method

Genetic instruments selection for exposures

The summary statistics data for SNPs associated with blood lipid fractions at p-values < 5 x 10°®
were taken from Global Lipids Genetics Consortium (GLGC) genome-wide association study
(GWAS) to investigate the association between lipids and MS *°.

To explore the reverse causation between lipid fractions and MS risk, we initially selected 200
autosomal susceptibility SNPs outside the major histocompatibility complex (MHC) region that

reported by the International Multiple Sclerosis Genetics Consortium (IMSGC) as genome-wide
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significant for MS ®. With MS risk -associated SNPs as the exposure, we obtained corresponding

effect estimates for HDL-C, LDL-C and TG from GLGC as the outcome.

All the selected SNPs for lipid fractions and MS risk (as exposure) were clumped at a linkage
disequilibrium (LD) threshold value of r? < 0.01. Then, we used Steiger filtering to remove genetic
variants that explained more of the variation in the outcome than the variation in the exposure of

interest 1718

The remaining SNPs were used to calculated the mean F-statistic and the proportion of variance
explained (R?) to evaluate the strength of the selected variants *°. Th the mean F-statistics

more than 10, indicates that bias due to weak instruments is negligible *°.

To investigate the potential role of and mechanisMis by stafins in MS risk and severity,

expression quantitative trait loci (eQTL) dat alues x 10® were obtained from the

eQTLGen to genetically mimic statin effécts whole-blood cis-eQTL in a +5 kilobases

flank around 25 genes (including enc@de proteins involved in cholesterol biosynthesis

and around 20 Rho GTPase genewegions ta génetically mimic the effects of statins elicit via the

cholesterol-dependent and\ cholesterpl-independent pathways, respectively, (eTable 1). All the

selected SNPs clu D-clumping threshold value of r? < 0.4.

For replication purpose,Ave obtained independent summary statistics data for lipid fractions from MR
Base (was accessed on August 24, 2022) #* and for eQTL data from the Genotype-Tissue Expression
(GTEX) project (version 8) %%, For further details on exposure datasets, see the Supplementary

Materials.
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Genetic instruments selection for outcome

The summary statistics data from the discovery cohorts of the most recent MS risk GWAS were
obtained from the IMSGC *. Due to complex LD structures and a high potential for pleiotropy in the
MHC region, 12 Mbps around this region (from 24 to 35 megabase pairs of chromosome 6;
GRCh37) were excluded from MS discovery GWAS. For MS severity, we obtained the summary
statistics data from the corresponding author of the original publication %. For further details on

outcome datasets, see the Supplementary Materials.

MR analysis

To assess a potential effect of the exposure of interest o

(r* < 0.4), we implementéd the IV R-Egger methods suggested by Burgess et al., which

account for a co etween genetic variants, thus avoiding ‘double counting’ of

variant effects 2°.

To assess the heterogeneity, we used Cochran’s Q statistic and the related I? index to facilitate
heterogeneity interpretation that expresses the amount of heterogeneity as a percentage 2’. The MR-
Egger intercept was used to assess the presence of pleiotropic effects, a statistically significant

intercept term (p-values < 0.05) indicates directional pleiotropy *'.

Correcting for multiple testing was performed on IVW results using the Benjamini—-Hochberg
method to identify significant associations (false discovery rate (FDR) < 0.05) %. Results with FDR

< 0.05 considered having strong evidence.
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Standard protocol approvals, registrations, and patient consents

The data sources used in this study obtained valid informed consent from all participants. Separate

institutional review board approval was not required for the current study.

Data availability

The GWAS summary data used in this article are available at the URLs as follows: Lipid fractions
(GLGC) http://csg.sph.umich.edu/willer/public/lipids2013/ ; whole blood cis-eQTL (eQTLgen
consortium) https://www.eqtlgen.org/cis-eqtls.ntml ; whole blood cis-seQTL (GTx consortium)

https://www.gtexportal.org/home/datasets ; HDL-C (MR Base) https://masmasinrbase.org/ ;  MS risk

and MS severity data is available upon request to the IMSGC Datg
IMSGC website (https://imsgc.net/?page_id=31).

mittee through the

Figure 2 summarising this Study’s da ethod and results.
Genetically minigked e statins on MS risk is independent of cholesterol
pathway

To genetically mimic the effect of statins on MS risk (obtained from IMSGC), QTL data (obtained
from eQTLGen Consortium) for a total of 35 genes (21/25 genes of the cholesterol biosynthesis
pathway and 14/20 genes of the Rho GTPase family) were selected for analysis on the basis of
having at least one SNP strongly associated with their expression to examine the causal role of
cholesterol-dependent and cholesterol-independent pathways in MS risk. In addition, 99 LDL-C-
associated SNPs were obtained from GLGC to examine the causal role of the cholesterol-dependent

pathway in MS risk.
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Figure 3, eTable 2, and eFigures 1 and 2 display the associations between the genetically mimicked
statin effects and MS risk via cholesterol-dependent (LDL-C (see Table 2) and cholesterol
biosynthesis pathway) and cholesterol-independent (Rho GTPases). The IVW, MR-Egger and MVMR
results revealed no evidence on the causal role of LDL-C on MS risk. MR analyses involving SNPs in these
gene regions found only a link between the expression levels of RAC2 and MS, suggesting that statins may
reduce MS risk via a cholesterol-independent pathway, specifically via a RAC2-related mechanism(s). The
heterogeneity, in general, in these analyses ranged from non-significant to moderate, and the MR-Egger

intercept test provided no evidence for horizontal pleiotropy except for RHOH.

For RAC2, the IVW result revealed that one standard devi enetically predicted

RAC2 expression in the blood was associated with a44% red MS risk. The MR-Egger

causal estimate was significant and largely consi ith theRpl\VW results, reducing the probability

that pleiotropy influenced these results. The vidence for heterogeneity, and the MR-Egger
intercept test provided no evidence ' iotropy. Since the results were survived
multiple testing corrections (RAC2/FDR = 0.0 lication was assessed using the whole-blood cis-
s found that the direction of the effect was identical
across the discovery and réplication rgsults, providing further support for RAC2 playing a protective

role in MS risk (Tab

Genetically mimicked effect of statins had no causal association with MS severity

To genetically mimic the effect of statins on MS severity (obtained from IMSGC), a total of 31 genes
(19/25 genes involved in the cholesterol biosynthesis pathway and 12/20 genes of the Rho GTPase
family) were selected from eQTLGen for analysis on the basis of having at least one SNP strongly
associated with their expression. The MR results showed no evidence of an association between the
SNPs in these genes and MS severity. To further examine the causal role of the cholesterol-

dependent pathway in MS severity, we selected 70 LDL-C-associated SNPs from GLGC. MR results
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revealed no evidence of a causal role for LDL-C on MS severity. There was no evidence for

heterogeneity or horizontal pleiotropy in these MR analyses.

Figure 4, eTable 3, and eFigure 3 display the associations between the genetically mimicked statin
effects and MS severity via cholesterol-dependent (LDL-C (see Table 2) and cholesterol biosynthesis

pathway) and cholesterol-independent (Rho GTPases).

Genetically predicted HDL-C associated with increased MS risk but not MS severity

MR analysis was performed for each of lipid fractions (HDL-C and ), turn to examine the

Instead, it is possibly due to a different SNP-HDL-C influence on MS risk mediated via a different

analysis results after adjustment for LDL-C and TG remained

broadly consistent w rimary findings in the VW estimator, which further supported the
causality relationship bétween HDL-C and MS risk. For TG, there was no evidence for a causal
relationship with MS risk found in the IVW, MR-Egger and MVMR estimator results. There was
evidence of heterogeneity; however, the MR-Egger intercept test did not provide any evidence of

horizontal pleiotropy in these results.

Since the HDL-C results were deemed significant (FDR < 0.05) after multiple testing corrections, the

results were assessed for replication using independent HDL-C data. The replication result aligned

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.



with the initial results, further supporting the significant causal association between HDL-C and MS

risk (Table 1).

The IVW, MR-Egger and MVMR methods were also implemented to assess the lipid influence on
MS severity. The results revealed no evidence of HDL-C or TG having a causal role in MS severity
(Figure 5B, eTable 5, eFigure 5). No evidence of heterogeneity or pleiotropy was detected in this

analysis.

Genetically predicted MS risk not associated with lipid erse causation

analysis)

MR has advantages over cross-sectional observational ies in tha n examine the possibility of

factor. Therefore, we sought to

of the MS heritability. The mean Rsstatistics of these SNPs was around 75. The IVW and MR-Egger
results revealed no causal fink betwe enetic determinants of MS risk and HDL-C, LDL-C or
TG (Figure 5C, eTable 6, € re 6)4 There was evidence of significant heterogeneity; however, the

MR-Egger intercept d no evidence of pleiotropy.

Discussion

The work presented in this study aimed to: (1) explore the potential effects of statins on MS (risk and
severity) via MR analysis conducted using SNPs in different gene regions that genetically mimic
statins biological effects; (2) dissect the causal nature of the association between blood lipid levels
and MS and explore whether genetic predisposition to increased major plasma lipid fractions plays
an aetiological role in MS; and (3) assess whether there is reverse causation between lipid fractions

and MS risk.
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The lower cholesterol levels induced by statins have no effect on MS risk

We used variants related to LDL-C, HMGCR and other downstream genes to mimic the cholesterol-
dependent effects of statins in relation to MS risk. The findings suggest that stains have no effect on
MS risk through mechanisms that contribute to cholesterol level reduction. This result was expected,
because LDL-C itself does not have a causal role in MS risk in the current results and therefore using
a drug intended to lower cholesterol as a therapeutic strategy will be an ineffective approach for MS
prevention. Indeed, a recent study suggests that the beneficial effects of simvastatin in patients with

MS are independent of serum cholesterol %°. In that study, the author sed the phase 2 MS-

STAT trial by applying structural equation models to examin eneficial effects of

simvastatin on reducing the rate of brain atrophy and sl are dependent on or

independent of blood cholesterol reduction 2°.

The effects induced by statins via the e @ rol-independent pathway (RAC2)

may reduce MS risk

Since the cholesterol-dependent pathway showe@ho effect on MS risk, our attention was directed to
exploring the causal link bEtween ses (i.e., mimicking the independent-cholesterol effect

of statins) and MS risk. restingly, the MR results showed that genetically predicted RAC2

expression was caus iated with reducing MS risk. Although RAC2 survived multiple testing

corrections at borderling, this finding emerged as robust with sensitivity analysis and was replicated

in an independent eQTL dataset (GTEX).

RAC?2 is a Rho GTPase family member (eTable 1) expressed mainly in blood cell lineages®. RAC2
regulates multiple key processes of inflammatory responses, including dendritic cell migration,
nicotinamide adenine dinucleotide phosphatase oxidase activity and T-cell proliferation, migration
and differentiation to the Th1 subtype **2. In addition to immune activation, RAC2 is involved in the

induction of peripheral immune tolerance. It is an essential component of restimulation-induced cell
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death *, a necessary process in the self-limiting negative feedback mechanism used to control T-cell

expansion during ongoing immune responses >*.

The exact mechanisms underlying the protective role for RAC2 in MS risk has not yet been
elucidated; however, an association between RAC2 and MS has previously been reported **°. For
example, the expression level of RAC2 in whole blood samples from patients with MS were found to
be low compared to those in healthy controls **. This finding supports the protective role of RAC2 on

MS risk that we observed in the current results.

Recent findings suggest that the RAC2 represents a pleiotropic effects6 A therapy. It has been

shown that statins, through inhibition of isoprenylation of Rac2, C @'stress during sepsis

and downregulate pentraxin 3 in vascular cells during)i atory responses %,
Furthermore, statins have been shown to induce thegx eral genes, including RAC2,
that are involved in epidermal growth factor sig r, the mechanism by which statins

can induce RAC2 expression remains to beAdentified?

Taken together, the current resultsghed light omthesole RAC2 plays as genetic modifier of MS risk.
In addition, suggest that s ight mediate some beneficial effects on MS risk via RAC2-

regulated pathways. Nongtheless, caution should be taken to avoid overinterpretation of these

findings. Although is a ful tool for investigating the causal relationship between an

exposure and an outcogfe, thiS approach cannot identify the specific molecular mechanism(s) of the
relationship or confirm the hypothesis in the current study regarding statins, RAC2 and MS risk. In
addition, the possibility that RAC2 reducing the risk of MS is independent of statins effect cannot be
ruled out. Thus, further studies are required to identify the mechanism responsible for the observed
causal relationship between RAC2 and MS risk and to test the hypothesis that statins reduce MS risk

via a RAC2-related mechanism.
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High plasma HDL-C is a risk factor for MS

We conducted a separate MR analysis to address the influence of other lipid fractions (HDL-C and
TG) on MS risk. The results show that lifelong high HDL-C leads to an increased MS risk. This
finding is reproducible and robust in terms of heterogeneity, pleiotropy and reverse causation testing.
In contrast, genetically raised circulating TGs are unlikely to be associated with the risk of

developing MS.

Associations between lipids and MS risk have received insufficient attention in epidemiological

studies. Surprisingly, only one MR analysis on lipids and MS risk d IMSGC data, the

same datasets used in the current study, has been published 2% The pri dings of that study

demonstrated that there is no causal role for genetically rafsed L Gs on MS risk, and there
was only weak evidence of association between g allyaised HDL-C and MS risk (IVW OR =
1.14, p-value = 0.057) “.

The MR results of the current study agreeWwith the abeve study regarding LDL-C and TGs but not
HDL-C—we found robust evidenge of an HDL-E=MS risk association. The most notable difference
is the number of SNPs incléided in t s model, which may explain why previous results differ
from current results regafding HDL-C. In the aforementioned study, 68 SNPs were used to
genetically proxy ci vels of HDL-C, and they explained about 1.6% of the variance in
HDL-C levels. In the Gurrent study, we used 118 SNPs to genetically proxy circulating levels of
HDL-C, and they explained about 9% of the variance in HDL-C levels, clearly more than the
variances explained by the 68 SNPs in the previous MR study. Thus, the MR model used here had

sufficient power to detect a causal association between HDL-C and MS risk.
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No causal role for genetically mimicked effects of statins and plasma lipids in MS
severity

Despite several epidemiological studies investigating the associations between circulating lipid
fractions and accrual of disability in patients with MS, most of these studies used expanded disability
status scale (EDSS) to measure the disability and a few used MS severity scores. The difference
between these measures is that the MS severity score has better metric properties that correct the

EDSS for disease duration .

Reports on association between lipid fractions levels and EDSS ang severity are however

inconsistent. Whereas some studies report that worsening EDSS antii ity was associated

with higher LDL-C and TGs but not HDL-C ***?, others sho between LDL-C and
TG levels and EDSS diminished after accounting for undin emained significant for MS

severity **. Moreover, other studies found no si t assoClation between lipid fractions and MS

severity or EDSS ****. Indeed, confoundin e causality in observational studies cannot be

entirely ruled out. In the current st was used, which limited the potential bias

associated with the presence of comfounders.

No evidence of associatipn was fqu etween variants in the gene regions that mimic the

cholesterol-dependent and I-independent pathways and MS severity. To the best of our

knowledge, the impa: treatment on disability progression measured by the MS severity
score has not yet been sftidied. A handful of studies have explored the impact of statins on disability
progression measured by the EDSS; however, the results were inconclusive. Whereas the phase 2
MS-STAT trial reports an association *, others found that statin treatment had no effect on the EDSS
score ¢ The possible explanation for this apparent contradiction is that the phase 2 MS-STAT trial
had a larger sample size and the statin doses were larger than the doses in the latter two studies,

indicating the possibility that higher doses of statins may effective to reduce the worsening of

disability in patients with MS. We note, there are ongoing clinical trials, in particular, phase 3 MS-
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STAT? trial [NCT03387670] which will provide further insights into the effect of simvastatin on

disability.

limitations

This study has several limitations. First, the major lipid fractions (HDL-C, LDL-C and TG) are each
heterogeneous groups of particles defined by differences in particle size, density, apoprotein content,
migration characteristics and relationships to disease, and these subfractions differ in their risk

profiles */. This study was designed to investigate total blood lipid levels and thus did not consider

might play different
ine the underlying
mechanism(s) for the potential causal relationship betw risk; however, it is hoped
that the findings presented may motivate further sciepce investigations. Thirdly, we cannot

exclude the possibility that the absence of between statins and MS severity is due to

other pathways unrelated to Rho GTP CRYinhibition, which we could not investigate

here because such pathways remain to be ide . Fourthly, although reverse causation MR was
not performed to determi thes MS sgverity is causally associated with alterations in lipid

levels, MR-Steiger results Wdicated that the assumption of causal directionality was accurate.

Finally, a further i of this work is that we used cross-sectional MS severity GWASSs, which

may limit identifying aycausal link between lipid-related traits/ statins and MS severity for several
reasons. First, cross-sectional MS severity GWAS has not been validated longitudinally against long-
term disability data and might not represent a stable measure of long-term outcome *°. Second, the
heterogeneity in MS severity between individuals and within individuals over time is large, so linear

regression may not be applicable .
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Conclusion

Taken together, the MR findings reported here show that RAC2 is a genetic modifier of MS risk.
Since RAC2 has been reported to mediate some of the pleiotropic effects of statins, these data
suggest that statins may reduce MS risk via a cholesterol-independent pathway (i.e., RAC2-related
mechanism(s)). Evidence from this study also supports the existence of a causal effect of HDL-C on
MS risk. However, no evidence of a causal effect of lipid-related traits/ genetically mimicking statins

on MS severity was found.

&
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Table 1: Replication analysis results for the effect of RAC2 and HDL-C on MS risk

Trait Method No. of OR (95 % CI) p-value Qp- 1? (%) MR- MR-
SNP value Egger Egger
intercept | intercept
p-value
RAC2 Ivw 2 | 0.7 (0.51,0.96) 2.80E-02
HDL-C | IVW 186 | 1.13(1.03,1.23) 6.41E-03
MR 186 | 1.22 (1.04,1.42) 1.63E-02 | 3.48E-01 3.6 | -0.0034 | 2.64E-01
Egger

Abbreviations: HDL-C, high-density lipoprotein cholesterol; No. of SNPs, the number of

independent genome-wide significant single nucleotide polymorphisms; IVW, inverse-variance

weighted; OR, odds ratio; CI, confidence interval; Q p-value, Co tatistic; FDR, false
discovery rate; 1% (%) expresses the level of heterogeneity as a p;rcentage‘
 The 186 SNPs explained 11% of the variation in HDL-C and the mean F-statistics for these SNP is

255.

Table 2: Sample characteristics of the lipid trai

Lipid trait Lipid-MS i ) Lipid-MS severity

No. of SNPs | R°4%) | MeamyF-statistics | No.of SNPs | R (%) | Mean F-statistics

HDL-C 118 ) ) 24 83 6.9 139

LDL-C 99 11. 159 70 1.7 156
\

TG 65 6.3 159 46 5.2 189

Abbreviations: HDL-Cy  high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; TG, triglyceride; No. of SNPs, the number of independent genome-wide significant
single nucleotide polymorphisms; R? (%), approximate variance explained by SNPs in the target trait

that expressed in percentage.
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Figure Legends

Figure 1: Statin effects on cholesterol and Rho GTPases.

HMGCR inhibition by statins lead to: (1) reduce the synthesis of cholesterol, (2) and prevent the
synthesis of isoprenoids (such as Farnesyl-PP and Geranylgeranyl-PP). Isoprenoids are essential
molecules for the prenylation and functioning of the Rho GTPase family >*°. After isoprenylation,
the Rho proteins localise to a target cell membrane (1) and are activated by GEFs that facilitate the
exchange of GDP for GTP ' (1I). This enables them to pass on signals to corresponding
downstream effectors and regulate numerous cellular functions ***°. Finally, the Rho proteins interact
with GAPs that hydrolyse GTP to GDP, thereby inactivating the Rho proteins ***° (111). When the

Rho proteins are inactivated (GDP-bound form), GDIs extract them_from the membrane and

sequester the proteins in the GDP-bound form into the cytosol #° us, preventing the

isoprenylation of Rho GTPases by statins lead to: (2a) the inhihj otein translocation to

forms of Rho GTPases ®°. Abbreviations: HMGCR; ethylglutaryl-CoA Reductase;
Rho GTPases, Rho small guanosine triphosp @ nine nucleotide exchange factors;
GAPs, GTPase-activating proteins; GDIs, ine eotide dissociation inhibitors.
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Figure 2: A flow diagram summarising this study’s method and results.
-

The cross symbol indicates that there is no causal association, while the tick symbol indicates that
- -w 4
there is a causal association. Abbreviations: GLGC, global lipids genetics consortium; MS, multiple
\ -
sclerosis; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol;
X .

TG, triglyceride; IMSGC, The international multiple sclerosis genetics consortium; MHC, major
| 4

/7

Rho-GTP <«

! Isoprenoid

histocompatibility complex.
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A. The effect of statins on MS risk and severity

Data
' | l
. Exposure Outcome
@
S
= Blood cis-eQTLs (eQTLGen) MS risk (discovery GWAS)
(a]
(n = 31,684 individuals) (n = 14,802 cases with MS and n = 26,703 controls)
LDL-C MS severity
(GLGC, n = 188,577 individuals) (n = 7,069 cases with MS)
Mimicking statins' biological effect
i
0
S Cholesterol-dependent Cholesterol-independent
2
=] |
: ! l
Cholesterol biosynthesis LDL-C ‘
Z n=21 n=19 n=99 n=70 n=14 n=12
2 genes genes SNPs SNPs genes genes
]
(-2
MS risk MS severity MS risk MS severity MS risk MS severity
x x x X « (RAC2) X )

B. The effect of lipids on MS risk and severity

777777777777

____________

SNPs SNPs SNPs SNPs
(n=118) (n=83) (n=65) (n = 46)
MS risk MS severity MS severity MS severity
- X X X

C. The effect of MS risk on lipid fraction (reverse causation analysis)

| MS risk (n = 200 SNPs out of MHC) |

v v v
SNPs SNPs SNPs
(n=118) (n=118) (n=119)
v v v
[ HOLC | | wLc | | TG |
X X X

Figure 3: Forest plot showing the associations between the genetically mimicked statins’
biological effects via cholesterol-dependent (through LDL-C and cholesterol biosynthesis

pathway) and cholesterol-independent (through Rho GTPases) and MS risk.

Results from the Wald ratio (if the number of SNPs < 2) or IVW are shown. Each point represents
causal odds ratios of MS risk per one standard deviation increase in LDL-C level or gene expression
in blood with a 95% confidence interval error bars. The grey vertical line (null line) indicates no
effect. Abbreviations: LDL-C, low-density lipoprotein cholesterol; OR, odds ratio; FDR, false
discovery rate; No. of SNPs, the number of genome-wide significant single nucleotide

polymorphisms.

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.



Exposure Number of SNPs OR pvalue FDR

Cholestrol-dependent

LDL 29 0.996 9.4e-01 9.4e-01
LDL adjusted for HDL and TG 99 1.024 6.1e-01
ACAT2 5 1.035 5.8e-01 9.2e-01
ARV1 10 0.939 1.8e-01 7.7e-01
CYP5TA1 3 1.029 7.0e-01 9.2e-01
DHCR24 9 1.053 4.4e-01 9.2e-01
DHCR7 1 0.431 5.7e-02 6.3e-01
FDFT1 25 0.984 4.1e-01 9.2e-01
FDPS 1 0.878 5.5e-01 9.2e-01
GGPS1T 6 1.009 8.7e-01 9.2e-01
HMGCR 3 1.178 2.5e-01 7.7e-01
HMGCS1 1 i 1.877 8.2e-02 6.3e-01
HSD17B7 9 1.067 6.4e-01 9.2e-01
D17 4 0.941 8.0e-01 9.2e-01
LBR 3 0.770 2.7e-01 7.7e-01
LSS 15 0.993 8.0e-01 9.2e-01
MVD 8 1.061 7.3e-01 9.2e-01
MVK 3 1.079 6.4e-01 9.2e-01
PMVK 4 0.877 2.8e-01 7.7e-01
PPAPDC2 9 1.065 2.0e-01 7.7e-01
SC5DL 4 0.989 8.4e-01 9.2e-01
SQLE 5 1.024 8.4e-01 9.2e-01
TM7SF2 3 0.877 8.6e-02 6.3e-01

Cholestrol-independent

EJJ{JJ{{${E{EE E}EEIJJI{{]JEJI{EEEE &

RACT 10 1.071 2.4e-01 5.4e-01
RAC2##* 15 0.861 3.8e-03 5.0e-02
RHOB 3 0.849 4.9e-01 5.8e-01
RHOBTB1 13 0.977 8.1e-01 8.1e-01
RHOBTB2 3 0.713 4.9e-02 2.2e-01
RHOC 5 1.038 7.4e-01 8.0e-01
RHOD 2 0.544 6.3e-02 2.2e-01
RHOF 6 1.134 2.2e-01 5.4e-01
RHOG 4 1.126 4.1e-01 5.7e-01
RHOH 5 0.518 3.0e-02 2.1e-01
RHOQ 9 1.070 5.0e-01 5.8e-01
RHOU 3 1.161 2.7e-01 5.4e-01
RND1 1 0.805 3.8e-01 5.7e-01
cbc4az 10 1.054 4.0e-01 5.7e-01
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
MS risk odds ratio
Figure 4: Forest t SM associations between the genetically mimicked statins’

biological effects rol-dependent (through LDL-C and cholesterol biosynthesis

pathway) and cholestéerol-independent (through Rho GTPases) and MS severity.

Results from the Wald ratio (if the number of SNPs < 2) or IVW are shown. Each point represents
causal betas of MS severity per one standard deviation increase in LDL level or gene expression in
blood with a 95% confidence interval. The grey vertical line (null line) indicates no effect.
Abbreviations: LDL-C, low-density lipoprotein cholesterol; FDR, false discovery rate; No. of SNPs,

the number of genome-wide significant single nucleotide polymorphisms.
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Exposure Number of SNPs

FDR

Cholestrol-dependent

LDL 70
LDL adjusted for HDL and TG 70

ACAT2
ARV
CYP51A1
DHCR24
FDFT1
FDPS
GGPS1
HMGCR
HMGCST
HSD17B7
DI

LBR

LSS

MVD
PMVK
PPAPDC2
SC5DL
SQLE
TM75F2

N =N W= =0 W = = 2 N = 00N = WwWw

Cholestrol-independent

CDC42
RACT
RAC2
RHOB
RHOBTB1
RHOBTB2
RHOC
RHOD
RHOF
RHOG
RHOH
RHOQ

AN PR N= N2 =0 W N

Beta for MS severity

6.0e-01

9.7e-01
9.7e-01
9.7e-01
9.7e-01
7.1e-01
9.7e-01
9.9e-01
9.7e-01
9.7e-01
9.7e-01
9.9e-01
9.7e-01
7.1e-01
9.7e-01
9.7e-01
9.7e-01
9.7e-01
9.9e-01
9.7e-01

9.7e-01
8.3e-01
8.3e-01
8.3e-01
8.3e-01
8.3e-01
8.3e-01
9.1e-01
8.3e-01
8.3e-01
8.3e-01
8.3e-01
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Figure 5: Forest plots showing the causal link between lipids and MS.

A forest plot showing the associations between genetically predicted lipid fractions and MS risk that
reported as causal odds ratios of MS risk per one standard deviation increase in each lipid fractions.
B forest plot showing the associations between genetically predicted lipid fractions and MS severity
that reported as causal betas of MS severity per one standard deviation increase in each lipid
fractions. C forest plot showing the associations between genetically predicted MS risk and the lipid
fractions which presented as causal betas per 1-unit-higher log-odds of MS risk. The horizontal line
represents a 95% confidence interval error bars. The grey vertical line (null line) indicates no effect.
Abbreviations: IVW, Inverse variance weighted; MVMR, Multivariable Mendelian randomization;
OR, odds ratio; FDR, false discovery rate; No. of SNPs, the number of genome-wide significant

single nucleotide polymorphisms.

&
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A. The effect of lipid on MS risk

Exposure  Method Number of SNPs  OR pvalue FDR

HDL VW — 118 1144  7.9e-03 2.4e02 ™"
HDL MR Egger _— 118 1.229 3.0e-02

HDL MVMR _ 118 1.225 9.1e-03

TG VW — 65 0.921  2.0e-01 3.0e-01

TG MR Egger —_— 65 0.859 1.4e-01

TG MVMR 65 1.076  4.7e-01

070809101112131415
MS risk odds ratio

B. The effect of lipid on MS severity

Exposure  Method Number of SNPs Beta  pvalue FDR
HDL VW ———i 83 -0.155 8.5e-02 2.5e-01
HDL MR Egger 83 -0.039 8.7e-01
HDL MVMR _ 83 -0.059 7.3e-01
TG VW —_— 46 -0.001 9.9e-01 9.9e-01
G MR Egger 46 0.080  7.4e-01 )
TG MVMR 46 0.035 7.9e-01

-0.5 0.0 0.5

Beta for MS severity

C. The effect of MS risk on lipid (reverse causation)

Outcome Method Number of SNPs Beta pvalue FDR
HDL VW — 118 -0.004 5.9e-01 8.9e-01
HDL MR Egger 118 -0.016  5.0e-01

LDL VW —— 118 -0.008 2.9e-01 8.8e-01
LDL MR Egger 118 0.000 9.9e-01

TG VW —— 119 0.000 9.6e-01 9.6e-01
TG MR Egger 119 0.017 4.0e-01

-0.075 -0.050 -0.025 0.000 0.025 0.050 0.075
Beta for lipid
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