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Objective: Investigating the causal relationship between rheumatoid arthritis
(RA) and atlantoaxial subluxation (AAS) and identifying and quantifying the role
of C-reactive protein (CRP) as a potential mediator.

Methods: Using summary-level data from a genome-wide association study
(GWAS), a two-sample Mendelian randomization (MR) analysis of genetically
predicted rheumatoid arthritis (14,361 cases, and 43,923 controls) and AAS (141
cases, 227,388 controls) was performed. Furthermore, we used two-step MR to
quantitate the proportion of the effect of c-reactive protein-mediated RA
on AAS.

Results: MR analysis identified higher genetically predicted rheumatoid arthritis
(primary MR analysis odds ratio (OR) 0.61/SD increase, 95% confidence interval
(Cl) 1.36-1.90) increased risk of AAS. There was no strong evidence that
genetically predicted AAS had an effect on rheumatoid arthritis risk (OR
1.001, 95% CI 0.97-1.03). The proportion of genetically predicted rheumatoid
arthritis mediated by C-reactive protein was 3.7% (95%ClI 0.1%-7.3%).

Conclusion: In conclusion, our study identified a causal relationship between
RA and AAS, with a small proportion of the effect mediated by CRP, but a
majority of the effect of RA on AAS remains unclear. Further research is needed
on additional risk factors as potential mediators. In clinical practice, lesions of
the upper cervical spine in RA patients need to be given more attention.
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Mendelian randomization, rheumatoid arthritis, C-reactive protein, atlantoaxial
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Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory
immune system disease characterized by synovitis and
cartilage destruction, which mainly affects the synovial
membrane, tendon sheaths and synovial bursae of the joints
(1). It mainly manifests as clinical symptoms such as joint
pain, stiffness, swelling, deformity, and dysfunction (2). Its
global prevalence is approximately 1% and ranks 42nd among
disabling diseases worldwide (3). As the global population
ages, the prevalence continues to increase. Due to RA’s high
mortality and morbidity rates, patients” quality of life is lower,
and the economic burden on society is greater. The National
Audit Office (NAO) reports that RA costs the UK
approximately £560 million a year in health care costs,
not including the cost of sick leave and work-related
disability (4).

The active segment of the cervical vertebra is the basic
functional unit of the cervical spine. It consists of two adjacent
cervical vertebrae and their attached soft tissues and is the
smallest functional unit of the cervical vertebra. Cervical
instability refers to excessive or abnormal cervical spine
movement that cannot maintain the normal position between
the vertebral bodies under physiological loads (5). Atlantoaxial
subluxation (AAS) in RA patients mostly involves the
atlantoaxial joint, which may be caused by head and neck
trauma, congenital diseases (bone dysplasia), autoimmune
diseases (rheumatoid arthritis), etc. However, the exact reason
is not yet clear. Observational studies have shown that upper
cervical instability occurs in 29.6% of RA patients, of which
atlantoaxial subluxation accounts for 24.6% (6). However,
epidemiological studies may suffer from measurement error,
uncontrolled confounding factors, and reverse causality.
Ultimately, the results may be subject to various biases.
Therefore, a design is needed to avoid or reduce some biases
further to demonstrate the causal relationship between RA
and AAS.

Moreover, potential pathways related to RA and AAS have
not been investigated. Previous studies have provided evidence
that C-reactive protein (CRP) is elevated in both RA and AAS (7,
8). Consequently, CRP might be a potential mediator between
RA and AAS.

Mendelian randomization (MR) is a potential causal inference
method that uses genetic variation as an instrumental variable to
obtain the effect of exposure factors on outcomes from
MR can reduce the effects of
nonmeasurement errors or confounding factors while avoiding

observational data (9).

reverse causality through Mendelian inheritance laws (9).
Therefore, we aimed to (i) determine whether RA is causally
related to AAS and (ii) assess the extent to which CRP mediates
the effects of RA on AAS.
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Methods
Study design

The data used in our analysis were publicly available and were
approved by the institutional review committee in the respective
studies. Therefore, no further sanctions were needed. All
generated results are presented in the article and its supplements.

In this study, we explored the reciprocal causal relationship
between rheumatoid arthritis and atlantoaxial subluxation by
two-sample, bidirectional mendelian randomization. In our
study, single nucleotide polymorphisms (SNPs) were defined
as instrumental variables (IVs) (10).

GWAS summary data sources

The data used in our study were all publicly available, and
the participants in the GWAS were of European ancestry. The
genetic associations of RA were derived from a GWAS meta-
analysis by Ha and colleagues (11), which included 14,361 RA
case and 43,923 controls. All cases met the 1987 American
College of Rheumatology criteria or were diagnosed as RA by a
rheumatologist. ninety-one percent of individuals were
serologically positive for anti-CCP antibodies or rheumatoid
factor. Additional details are shown in Supplementary Table S1.

Data on AAS were drawn from the GWAS summary data
sources on the FennGenn consortium, which is available at
https://www.finngen.fi/en (AAS including 141 cases and
227,388 participants) (12). Individuals with ICD codes [ICD-
10 M43.3 “Recurrent atlantoaxial subluxation with myelopathy”
and ICD-10 M43.4 “Other recurrent atlantoaxial subluxation”]
were characterized as AAS cases.

Summary statistics on CRP levels were obtained from a
published GWAS meta-analysis that included 78 studies of
European ancestry, with the largest sample size thus far
(sample size =204,402) (13). The study design, such as
sample collection, quality control procedures, and imputation
methods, were described in the original publication. Additional
details are shown in Supplementary Table S2. All GWAS data
are from different consortia or organizations, and thus there is
no sample overlap.

Instrumental variable selection and
data harmonization

We included SNPs that were genome-wide significant
(P < 5 x 107%). If there were no significant genome-wide SNPs
as IVs, SNPs with less than a genome-wide significance level
(P < 5 x 10°®) were used as candidate IVs. Then, these SNPs were
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clustered based on linkage disequilibrium (window size = 10,000
kb and r* < 0.001). Estimated levels of linkage disequilibrium
from the 1000 Genomes Project based on European samples
(14). If a particular exposed SNP was not present in the outcome
dataset, proxy SNPs were used by LD tagging. Palindromic and
ambiguous SNPs were excluded from IVs for Mendelian
randomization analysis (15). The F statistic was calculated by
the variance explained by SNPs for each exposure, i.e.
[(N - K - 1)/KJ/[R¥(1 - R?)], where K is the number of
genetic variants, N is the sample size. We removed weak
instrumental variables (F-statistics < 10) (16, 17).

Statistical analysis

We performed MR analysis using R software (version 4.2.0,
http://www.r-project.org) and the “Two-Sample MR” package
(version 0.5.6) (18). MR-Pleiotropy RESidual Sum and Outlier
(MR-PRESSO) and robust adjusted profile score (MR.RAPS)
were performed using the R packages “MRPRESSO” and
“MR.raps”, respectively. Calculation of statistical power for
Mendelian randomization was performed using mRnd (https://
cnsgenomics.shinyapps.io/mRnd/). And we applied a
PhenoScanner search to assess all known phenotypes related
to the considered genetic instruments in our analyses.

Primary analysis

Figure 1 shows a schematic summary of the analysis. We
conducted a two-sample bidirectional MR to evaluate the mutual

A

10.3389/fendo.2022.1054206

causality between RA and AAS (Figure 1A), which was
designated as the total effect.

Inverse variance weighting (IVW) uses meta-analysis to
combine the Wald ratios of causal effects for each SNP (15,
19). Then, MR-Egger (20) and weighted-median (21) methods
were used as a complement to IVW. Different methods adapted
to different validity assumptions were applied to obtain MR
estimates. The application of IVW is based on the premise that
all SNPs are valid instrumental variables. Therefore, this method
can obtain accurate estimation results. MR-Egger assesses
directional pleiotropy for instrumental variables, where the
intercept can be interpreted as an estimate of the average
pleiotropy of genetic variation. The weighted median has the
advantage of maintaining higher precision (smaller standard
deviation) compared to the MR-Egger analysis. In the presence
of horizontal pleiotropy, the weighted median provides a
consistent estimate even if 50% of the genetic variants are
invalid IVs (22).

Mediation analysis

We further performed a mediation analysis using a two-step
MR design to explore whether CRP mediates the causal pathway
from RA to AAS outcome (Figure 1B). The overall effect can be
decomposed into an indirect effect (through mediators) and a
direct effect (without mediators) effect (23). The total effect of
RA on AAS was decomposed into 1) direct effects of RA on AAS
(¢’ in Figure 1B) and 2) indirect effects mediated by RA through
the mediator (a x b in Figure 1B). We calculated the percentage
mediated by the mediating effect by dividing the indirect effect

» Atlantoaxial subluxation

(AAS)

Rheumatoid ¢
arthritis o d
C-Reactive protein
B a

Rheumatoid

Atlantoaxial subluxation

arthritis c

FIGURE 1

g (AAS)

Diagrams illustrating associations examined in this study. (A) The total effect between rheumatoid arthritis(RA) and atlantoaxial subluxation(AAS).
c is the total effect using genetically predicted RA as exposure and AAS as outcome. d is the total effect using genetically predicted AAS as
exposure and RA as outcome. (B) The total effect was decomposed into: (i) indirect effect using a two-step approach (where a is the total effect
of RA on CRP, and b is the effect of CRP on AAS) and the product method (a X b) and (i) direct effect (c’ = ¢ — a X b). Proportion mediated was

the indirect effect divided by the total effect.
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by the total effect. Meanwhile, 95% confidence intervals were
calculated with the delta method (24).

Sensitivity analysis

The causal direction of each extracted SNP to exposure and
outcome was tested by using MR Steiger filtering (25). This
method calculates the variance explained in exposure and
results from the instrumental SNPs and tests whether the
variance in the results is less than the exposure. “TRUE” MR
Steiger results indicate causality in the expected direction,
while “FALSE” results indicate causality in the opposite
direction. We excluded SNPs with ‘FALSE’ results, indicating
that it showed evidence of a major effect on the outcome rather
than exposure.

Heterogeneity between SNPs was assessed using Cochran’s
Q statistic and funnel plots (26, 27). Horizontal pleiotropy was
detected using the MR-Egger intercept (20) method and the MR-
PRESSO (28) method. If outliers were detected, they were
removed, and we re-evaluated the MR causal estimates. If
heterogeneity remained high after removal, the stability of the
results was assessed using a random effects model, which is less
susceptible to weaker SNP exposure associations. Finally, leave-
one-out analysis was used to validate the effect of each SNP on
the overall causal estimates.

Results

Association of RA with AAS

After removing palindromic and ambiguous SNPs, SNPs
without proxy and SNPs with wrong causal directions identified
by MR Steiger filtering, there were 80 SNPs in RA and 4 SNPs in
AAS as instrumental variables (Supplementary Tables S3, S4).
Since AAS did not reach the level of gene-wide significance for
SNPs, SNPs with less than genome-wide significance (P < 5 x 10°
©) were used as instrumental variables. The variance explained by
and the F-statistic for SNPs instrumenting RA exposure were
5.8% and 45, respectively. Our study provides 100% power to
detect the causal effect of RA on AAS risk.

IVW, MR-Egger, and weighted median regression were used
to estimate the causal relationship between genetically predicted
RA and AAS (Figures 2, 3). Across all three MR methods, there
was broad and consistent support for the positive association of
RA with AAS (IVW odds ratio [OR] per SD increase in RA =
1.61 [95% CI, 1.36-1.90], P < 0.0001; MR-Egger OR per SD
increase in RA = 1.66 [95% CI, 1.30-2.13], P < 0.001; weighted
median OR per SD increase in RA = 1.80 [95% CI, 1.39-2.34],
P < 0.0001). However, the results of our MR analysis showed no
reverse causality for genetically predicted RA on AAS (i.e., no
causality for genetically predicted AAS on RA.). The OR was
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1.001 [95% CI, 0.97-1.03; p = 0.87] by using the IVW method.
The results are shown in Figure 3.

Association of RA with CRP

We extracted a total of 52 genome-wide significant SNPs as
instrumental variables after removing palindromic and
ambiguous SNPs, SNPs without proxies, and SNPs in the
wrong causal direction identified by MR Steiger filtering
(Supplementary Table S5). The variance explained by and F-
statistic for SNPs instrumenting RA exposure were 3.3% and
39, respectively.

According to the IVW, MR-Egger and weighted median
methods, genetically predicted RA was found to be positively
associated with CRP risk (IVW method, OR, 1.02; [95% CI, 1.01-
1.03], P<0.0001; MR-Egger method, OR, 1.04; [95% CI, 1.02-
1.05], P<0.0001; weighted median method, OR, 1.03; [95% CI,
1.02-1.04], P<0.0001). The results are shown in Figure 3.

Association of CRP with AAS

Genetic instruments for CRP explained 1.3% of its variance,
with an F-statistic of 54. As shown in Supplementary Table S6,
we presented all genetic instruments associated with CRP at the
genome-wide significance level (P < 5 x 10®). As shown in
Figure 3, genetically predicted CRP was significantly positively
correlated with AAS [OR=2.38, 95% CI, 1.03-5.51; P=0.04] by
using the IVW method. The estimation directions of these three
methods, IVW, MR-Egger and weighted median,
were consistent.

Proportion of the association between
RA and AAS mediated by CRP

We analyzed CRP as a mediator of the pathway from RA to
AAS. We found that RA was associated with increased CRP,
which in turn was associated with an increased risk of AAS. As
shown in Figure 4, our study showed that CRP accounted for
3.7% of the increased risk of AAS associated with RA
(proportion mediated: 3.7%; 95% CI = 0.1%-7.3%).

Sensitivity analysis

Several sensitivity analyses were used to examine and correct for
the presence of pleiotropy in causal estimates. Cochran’s Q-test and
funnel plot showed no evidence of heterogeneity and asymmetry
between these SNPs in the causal relationship between these SNPs
(Supplementary Table S7 and Supplementary Figure S1). In our
study, the MR-Egger intercept showed weak evidence of pleiotropy
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Forest plot to visualize causal effect of each single SNP on total AAS risk.
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FIGURE 3
Forest plot to visualize the causal effects of CRP with RA and AAS.
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FIGURE 4

Schematic diagram of the CRP mediation effect.

at the directional level of the RA instrument (OR=0.996; 95% CI,
0.994-0.998; P=0.0001)), although no other MR-Egger intercepts
did (Supplementary Table S7). We did not detect potential
horizontal pleiotropy by using the MR-PRESSO global test
(Supplementary Table S7). The effect of each SNP on the overall
causal estimates was verified by leave-one-out analysis
(Supplementary Figure S2). After removing each SNP, we
systematically performed the MR analysis again for the remaining
SNPs. The results remained consistent, indicating that all SNPs
were calculated to make the causal relationship significant.

Discussion

Recent studies (6, 29, 30) have examined the relationship
between RA and AAS. However, the current evidence is limited
to observational studies, and the results may be influenced by
confounding factors. Our study aimed to illustrate the causal
effects between RA and AAS. We used MR analysis to investigate
the association between RA and AAS based on existing GWAS
and to demonstrate whether the causal relationship between
them is mediated through CRP. Our results suggested that
genetically predicted RA was associated with an increased risk
of AAS (61% increased risk of AAS for every 1 SD increase in
RA), and 3.7% of this effect was mediated through CRP.

To date, we are the first to investigate the causal relationship
between RA and the risk of instability in the upper cervical spine by
MR methods, while also demonstrating CRP as their mediator. Our
findings are consistent with previous findings from traditional
observational designs. Yurube et al. (31) showed that atlantoaxial
instability occurred in 43.6% of RA patients, with atlantoaxial
subluxation being the most common (at least 32.1%) through a
prospective follow-up study of RA patients with no initial cervical
involvement for at least 5 years. Similarly, in a retrospective study of
240 RA patients, Kotecki et al. (32) showed that the incidence of
cervical spine involvement in RA patients was 75%, the most
common lesion was anterior atlantoaxial subluxation
(approximately 58%), and C-reactive protein levels increased (OR,
19.0; 95% CI, 7.0-32.0; P = 0.016). However, both studies were of
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observational design. First, they had low response rates between the
two groups, and second, their results were more influenced by
reverse causality or other potential mixed effects than MR analyses.

Atlantoaxial instability refers to the structural changes and
dysfunction of the atlanto-occipital joint and atlantoaxial joint
between the atlas, the axis and the base of the skull due to various
reasons (e.g., deformity, trauma, degeneration, tumor and
infection), which lead to excessive or abnormal activity or
abnormal position under physiological load. Atlantoaxial joint
instability and dislocation are rare in normal adults and are
mostly secondary to trauma and disease. Cervical instability can
be further divided into atlantoaxial subluxation (AAS), vertical
subluxation (VS) and subaxial subluxation (SAS). AAS is the most
common, followed by VS, and SAS is less common (6). VS usually
occurs after AAS. VS is considered a serious condition in RA
patients because it can lead to sudden death (33). Synovitis is the
initial link of rheumatoid arthritis, and it is also the basic
pathological change. The characteristics of multiple synovial sacs
of the atlantoaxial joint provide conditions for its involvement. At
the same time, synovial tissue macrophages produce tumor
necrosis factor to promote the inflammatory response of the
atlantoaxial joint (34). Sorimachi et al. (35) have suggested that
synovitis invades the atlantoaxial joint in three stages. First, the
medial and lateral atlantoaxial joints are invaded, the joint capsule
is destroyed, and the joint capsule is swollen and exuded; then, the
synovium begins to proliferate, and the ligaments are edematous
and destroyed, after which finally, it erodes hyaline cartilage and
penetrates into subchondral bone to produce bone tissue
destruction. In addition, the stability of the atlantoaxial joint
mainly depends on the maintenance of the transverse ligament
and other ligaments, which are characterized by high stiffness and
insufficient willfulness. Another characteristic product of RA is
pannus, which not only blocks the bone from obtaining nutrition
through the synovium but also grows to the cartilage surface in the
joint cavity, produces adhesions, and locally releases more
inflammatory factors, proteolytic enzymes, etc. (36). When
inflammation involves the transverse ligament, it not only
destroys the fibrous structure and relaxes the ligament but also
erodes the odontoid process and causes erosion and rupture near
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the attachment point, which finally leads to the instability of the
atlantoaxial joint (37).

CRP, a member of the pentraxin family of proteins, consists of
five 23 kDa subunits that can be increased 1,000-fold or more during
infection, inflammation and tissue damage. Although hepatocytes
are the main source of CRP, other cells, such as monocytes and
lymphocytes, also produce CRP (38). Fang et al. (39) suggested that
synovial tissue from RA patients also produces CRP. Therefore, one
of the reasons for the increased CRP concentrations in synovial fluid
and serum CRP levels in RA patients may be the local production of
CRP in inflammatory synovial tissue (40). On the one hand, the
interaction of CRP with Fcy receptor I and FcyRIIA promotes the
production of proinflammatory cytokines, leading to an
amplification loop of the inflammatory response; on the other
hand, CRP initiates bone destruction by inducing the receptor
activator of nuclear factor-xB ligand protein and directly
stimulating osteoclast generation, thus causing a vicious cycle
between inflammation and bone destruction in RA (41).
Therefore, CRP contributes to atlantoaxial joint instability by
mediating synovial inflammation and bone destruction in RA.

Our findings also suggest that RA may increase the risk of
atlantoaxial subluxation through other important mediators.
Zhang et al. (6) showed that low hemoglobin levels may be
associated with atlantoaxial instability in RA. This may be
because low hemoglobin levels are partly a chronic
inflammatory manifestation of the disease and are thought to
be associated with joint damage in RA (42), thus showing a
correlation with cervical instability. In addition, CD5" B cells in
RA patients can produce IgG with the help of T lymphocytes,
and rheumatoid factor and IgG form immune complexes
deposited in the synovium, which are blocked during the
clearance process, resulting in bone destruction and fusion.

This study has several limitations. First, our analysis was
performed using the European population, which limits its
prevalence (43). Second, the smaller number of cases in AAS
is in the GWAS dataset of AAS, and it is hoped that larger
GWAS data will be available for validation in the future. Third,
even if we took steps to identify and eliminate outlier variants,
we cannot exclude the possibility that horizontal pleiotropy
influenced our results. Fourth, we used summary-level
statistics in our study, not individual-level data. Therefore, we
cannot further explore causal links between subgroups such as
females and males. Fifth, our study demonstrates that genetic
prediction of rheumatoid arthritis mediated by C-reactive
protein is 3.7%, which is very low. Thus, more studies are
needed to quantify other mediators.

Conclusion

In conclusion, our study identified a causal relationship
between RA and atlantoaxial subluxation, with a small
proportion of the effect mediated by CRP, but a majority of
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the effect of RA on atlantoaxial subluxation remains unclear.
Further research is needed on additional risk factors as potential
mediators. In clinical practice, lesions of the upper cervical spine
in RA patients need to be given more attention.
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