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70 Chapter 4

AbsTrACT

objective Genetic factors explain 66% of susceptibility to rheumatoid arthritis, but it 

is unclear how much of this genetic risk can be explained by the genetic risk factors 

known to date. In addition to the contribution of the HLA shared epitope (SE) alleles 

which we have quantified previously, we now investigated the contribution of the protec-

tive HLA-DRB1*13 alleles and of 12 replicated single nucleotide polymorphisms (SNPs), 

to the genetic variance of total, anti-citrullinated protein antibody (ACPA)-positive and 

ACPA-negative RA. 

methods A cohort of 148 twin pairs, of which at least one twin had RA, were tested for 

ACPA. The contribution of the HLA-DRB1 alleles and SNPs to the genetic variance was 

assessed by a logistic regression model with genotype-specific parameters and a random 

effect model representing the contribution of unobserved genetic factors. 

results In the ACPA-positive subset, the HLA SE alleles contributed 19.2% to the genetic 

variance, while the contribution of the protective HLA-DRB1*13 alleles was very small: 

0.13%. Both SE and DRB1*13 alleles hardly contributed to ACPA-negative RA (1.52%). 

The contributions of the separate SNPs to the different subsets of RA were small with an 

average of below 1%. 

Conclusion A modest amount of the genetic variance of ACPA-positive, but not ACPA-

negative RA can be explained by the HLA SE alleles, while the contribution of the protec-

tive HLA-DRB1*13 alleles and non-HLA loci is very small. These results indicate that the 

largest part of the genetic contribution to RA remains unexplained.
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InTroDuCTIon

Rheumatoid arthritis (RA) affects approximately 0.5-1% of the population in western civi-

lizations 1 and investigations of factors which determine a person’s risk of developing RA 

have been ongoing since decades. Several risk factors for RA are now known, and these 

can be broadly classified as genetic or environmental risk factors. The relative importance 

of genetic and environmental risk factors can be investigated by estimating the heritability: 

the amount of disease variance which can be explained by genetic factors. The heritability 

of RA has consistently been reported to be approximately 66% 2, 3.

The hypotheses concerning how risk factors determine the development of RA have 

changed dramatically since the discovery of anti-citrullinated protein antibodies (ACPA) 4. 

Many of the risk factors for RA have now been found to be specific for either ACPA-positive 

or ACPA-negative RA. For example, the genetic risk factors which confer the highest risk 

of disease, the human leucocyte antigen (HLA) DRB1 shared epitope (SE) alleles, have 

been described to specifically predispose to autoantibody-positive, and most prominently 

ACPA-positive, disease 5, 6. This predilection for ACPA-positive RA has also been reported 

for the majority of the other genetic risk factors known to date 7. It was therefore surprising 

to discover that the heritability of ACPA-positive and ACPA-negative disease does not dif-

fer, and is 66% for both subsets of disease, as we have recently described 3. This suggests 

that many genetic risk factors for ACPA-negative RA remain to be discovered. Furthermore, 

the effect of the HLA SE alleles explained a relatively modest 18% of the genetic variance 

of ACPA-positive RA, raising the question which other genetic risk factors could account 

for the  “missing” 82% of the heritability.

A possible answer to this question may lie in genes which confer protection from de-

veloping RA. In a recent meta-analysis of HLA-DRB1 associations in 2800 RA patients 

and 3000 controls, the presence of HLA-DRB1*13 alleles was associated with a markedly 

lower risk of ACPA-positive disease 8. This protective effect was present in both SE-positive 

and SE-negative individuals, demonstrating that protection was not just due to the absence 

of predisposing effects, but was an independent phenomenon. Furthermore, the DRB1*13 

alleles were the only alleles with a significant protective effect, and the protection which 

had in the past been ascribed to alleles harboring a DERAA or D70, could be explained 

solely by the protective effect of the DRB1*13 alleles. Within the DRB1*13 alleles, es-

pecially DRB1*1301 was associated with protection and in light of the strength of this 

protective effect (OR= 0.24 - 0.50), it seems plausible that these protective alleles may 

contribute considerably to the heritability.

Another factor which may play a role in explaining the remaining genetic variance 

of RA, is the effect of non-HLA genes associated with single nucleotide polymorphisms 

(SNPs). As a result of recent genome-wide association studies (GWAS), several new SNPs 

have been described to be associated with RA 9 and although the effects of these SNPs by 
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72 Chapter 4

themselves tend to be limited, the combined effect of several SNPs may nonetheless be 

substantial with regard to the genetic variance of the disease.

For these reasons, we wished to investigate to what extent protective HLA effects, in 

the form of DRB1*13, and the effect of 12 well-replicated SNPs associated with RA, 

contribute to the genetic variance of RA. Using genotype frequencies reported in large 

case-control studies, we applied quantitative genetic methods to data from a relatively 

large twin cohort to assess the effect of these genetic risk factors for RA in general, as well 

as for ACPA-positive and ACPA-negative disease. 

meThoDs

Study population

A nationwide study of twin pairs of which one or both had RA was performed in the 

United Kingdom in 1989 10. Twin pairs were eligible for inclusion if at least one twin 

fulfilled the 1987 revised ACR criteria 11. Blood samples were collected and zygosity 

status was verified by DNA fingerprinting on all same-sexed pairs using non-radioactive 

Southern blotting with a multilocus probe 12. SNP genotyping was not available for this 

twin cohort.

ACPA (Anti-CCP2) assays 

Total IgG anti-CCP2 was measured in serum samples by enzyme-linked immunosorbent 

assay (ELISA) (Immunoscan RA Mark 2; Eurodiagnostica, Arnhem, The Netherlands). 

Samples with a value above 25 units/ml were considered positive according to the manu-

facturer’s instructions. 

Statistical analysis

The contribution of the HLA genotypes and the 12 SNPs to the total genetic variance of RA, 

ACPA-positive and ACPA-negative RA was computed from the genotype frequencies avail-

able for Dutch and UK cohorts and the total genetic variance (t2) estimated previously 3. 

When investigating the genetic contribution of DRB1*13, it is important to take both 

DBR1*13 and SE alleles into account because these alleles are mutually exclusive at the 

HLA-DRB1 locus. All six possible genotype combinations of DRB1*13 (denoted as DR13) 

and SE therefore need to be taken into consideration (SE/SE, SE/x, x/x, DR13/x, DR13/

DR13 and SE/DR13, where x denotes genotypes which are neither SE nor DR13). In order 

to quantify the effect of SE and DRB1*13 alleles separately, the following dummy variables 

were defined:

X1 to measure the effect of 1 SE allele (assuming the value 1 for genotypes SE/x and SE/

DR13 and 0 for the other four genotypes),
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X2 measuring the effect of 2 SE alleles (value=1 for genotype SE/SE and 0 for the other 

five genotypes),

X3 measuring the effect of 1 DRB1*13 allele (value=1 for genotypes DR13/x and SE/

DR13 and 0 for the other four genotypes),

X4 measuring the effect of 2 DRB1*13 alleles (value=1 for genotype DR13/DR13 and 0 

for the other five genotypes).

We assumed the following logistic regression model for the relationship between the 

HLA genotypes and the risk for RA:

P(Y=1|genotypes,u)=
exp(α* +β1

*X1 +β2
*X2 +β3

*X3 +β4
*X4 +ur)

1+ exp(α* +β1
*X1 +β2

*X2 +β3
*X3 +β4

*X4 +ur)
,

 
(1)

With Y = 1 for RA patients and Y=0 for controls, and ur is a Gausian random effect with 

zero mean and variance t2
r
 which represents unmeasured genetic factors.

Previously we estimated the total genetic variance t2 by using model (1) without the 

genotypes (assuming β1, β2, β3, β4 = 03). t2  equals the sum of the genetic variance 

explained by HLA (var(G)) and the genetic variance explained by other genetic risk factors 

(t2
r):

t2 = var(G)+ tr
2 (2)

The contribution of HLA (var(G)) to the total genetic variance t2 can thus be measured by 

var(G)
=

var(G)

var(G)+ tr
2 t2

For the genetic effect of HLA we considered the effect of the six genotypes on RA as 

described above. Var(G) can be expressed as

var(G)=var(β1
*X1 +β2

*X2 +β3
*X3 +β4

*X4)=

β1
*2 var(X1)+β2

*2 var(X2)+β3
*2 var(X3)+β4

*2 var(X4)+2β1
*β2

* cov(X1X2)+2β1
*β3

* cov(X1X3)

+2β1
*β4

* cov(X1X4)+2β2
*β3

* cov(X2X3)+2β2
*β4

* cov(X2X4)+2β3
*β4

* cov(X3X4)
 (3)

The variance terms in this equation can be computed from the genotype frequencies. The 

β* are the parameters of the random effects model (1) and they are related to the β of a 

standard logistic regression model without random effects (marginal model) by

β ≈ (0.346tr
2 +1)-½β*

(4)

13. The β can be computed from the genotype frequencies in cases and controls and from 

the prevalence of RA.
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Given β and t2 and using the two equations given by formula (2) and (4), we can com-

pute t2
r, β* and hence var(G). Note that var(G) in formula (2) is a function of β* as given 

by formula (3).

The contribution of SE alleles was defined as

var(G) =var(β1
*X1 +β2

*X2) = β1
*2 var(X1)+ β2

*2 var(X2)+2β1
*β2

* cov(X1X2) (5)

Analogously the contribution of DRB1*13 alleles was defined as 

var(G) =var(β3
*X3 +β4

*X4)= β3
*2 var(X3)+β4

*2 var(X4)+2β3
*β4

* cov(X3X4) (6)

The calculation of the genetic contribution of the separate SNPs was performed in a simi-

lar manner with the logistic regression formula (1) containing only 1 β and 1 X. Now X 

assumed the value 1 for genotypes containing 1 or 2 minor alleles.

All computations were performed in the freely available software environment for 

statistical computing R.

resulTs

Contribution of HLA-DRB1*13 and *1301 to the genetic variance

The study cohort consisted of 64 monozygotic and 84 dizygotic twin pairs from the United 

Kingdom (UK). The heritability modeling using twin pairs with at least one affected requires 

that the prevalence for each genotype be fixed to the specific population prevalence, in 

this case from the UK. Genotype data from 2914 RA patients, (1470 ACPA-positive, 723 

ACPA-negative RA patients and 721 RA patients without ACPA-status) and 1348 controls 

were used to calculate the HLA population prevalences listed in Table 1 (unpublished 

data received from Ann Morgan). Since four-digit HLA typing was not available for British 

controls, the effect of the HLA-DRB1*1301 alleles, which have been shown to be associ-

ated with the strongest protective effect, could not be assessed. The analysis was therefore 

Table 1. hlA population prevalences from the united kingdom used for modeling.

Prevalence of Population

All RA patients ACPA-positive ACPA-negative Controls

ACPA 67% 100% 0% 1%

HLA-DRB1
      SE/SE
      SE/x
      x/x
      *13/x
      *13/*13
      SE/*13

26.7%
44.0%
18.2%
5.2%
0.5%
5.3%

32.6%
46.5%
12.5%
3.0%
0.3%
5.0%

12.7%
38.5%
31.5%
10.0%
1.0%
6.4%

8.6%
34.1%
42.0%
9.6%
0.7%
5.0%
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performed for the HLA-DRB1*13 alleles, which in meta-analysis were also associated 

with a significant protective effect.

Before performing the heritability analysis, we first investigated whether the protective 

effect of HLA-DRB1*13 on the risk of ACPA-positive RA was also present in the UK, 

based on the prevalences shown in Table 1. In order to correct for skewing due to the 

association between ACPA-positive RA and the SE alleles, the analysis was stratified for the 

SE alleles as described previously 8. There was no effect of DRB1*13 on the development 

of ACPA-positive RA in the SE-negative stratum (OR: 1.08, 95% CI: 0.74-1.58), while in 

the SE-positive stratum there was a trend towards a protective effect (OR: 0.72, 95% CI: 

0.50-1.04). As expected, there was no effect of DRB1*13 on the risk of developing ACPA-

negative RA (OR: 1.15, 95% CI: 0.90-1.47).

Although the effect of HLA-DRB1*13 in the UK was smaller than observed in a large 

European meta-analysis, this did not exclude a contribution of the HLA-DRB1*13 alleles 

to the genetic variance of RA. Using the genotype frequencies from the UK listed in Table 

1, we estimated the contribution of HLA-DRB1*13 to the genetic variance, while also 

taking into account the effect of the SE alleles. As shown in Table 2, the contribution of the 

HLA-DRB1*13 alleles to the genetic variance of total, ACPA-positive and ACPA-negative 

RA was very limited.

The fact that the combined contribution of SE and DRB1*13 is not equal to the sum 

of their separate contributions can be explained by the existence of covariance between 

the various genotypes, as described by the covariance term in formulas (4) and (5) in 

the Methods section. The figures for the contribution of the SE alleles differed slightly 

from the previously reported estimates 3, which is most likely due several factors: the 

statistical methods differed as described in the methods section, the current approach took 

both heterozygote and homozygote effects into account, used another reference category 

(no carriers of SE or DRB1*13 alleles) and was based on slightly different population 

prevalences.

The observation that the DRB1*13 alleles were not associated with a significant protec-

tive effect with regard to the risk of ACPA-positive RA in the UK, raised the question 

whether the contribution of the DRB1*13 alleles might have been larger in a population in 

which there was a strong effect of these alleles. To test this hypothesis, the contribution of 

DRB1*13 to the genetic variance of ACPA-positive RA was also assessed using population 

Table 2. Contribution of hlA se alleles and hlA-Drb1*13 alleles to the genetic variance.

se Drb1*13 Combined se and Drb1*13

Total rA 12.9% 0.1% 12.8%

ACPA-positive rA 19.2% 0.1% 19.6%

ACPA-negative rA 1.4% 0.4% 1.5%
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prevalences from the Netherlands where there is a strong protective effect of DRB1*13. 

Genotype prevalences shown in Table 3 were extracted from the Leiden Early Arthritis 

Clinic (EAC) and the BeSt trial, which together consisted of 844 RA patients, (492 ACPA-

positive and 352 ACPA-negative RA patients), as well as from a cohort of 1213 random 

healthy controls 8.

This however did not result in a larger contribution of DRB1*13 to the genetic variance. 

As shown in Table 4, the DRB1*13 alleles contributed merely 1.46% to the genetic variance 

of ACPA-positive RA. The increase in the combined estimate of the contribution of SE and 

DRB1*13 over the two separate contributions is due to the positive covariance inherently 

present between a predisposing (SE) effect and protective (DRB1*13) effect. For ACPA-

negative RA, the amount of explained genetic variance by the HLA alleles was very small 

and hardly increased by taking the effect of DRB1*13 into account. Since DRB1*1301 is 

the allele which is mainly responsible for the protective effect of DRB1*13, the analysis 

was repeated using the population prevalences of DRB1*1301 from the Netherlands. The 

resulting estimates were similar (data not shown), demonstrating that neither the DRB1*13 

nor the DRB1*1301 alleles explain a large part of the genetic variance of RA.

Contribution of SNPs to the genetic variance

Recent GWAS and meta-analyses of GWAS have revealed numerous SNPs to be associ-

ated with RA 7. For the current analysis, we assessed the effect of 12 SNPs which have been 

Table 3. Population prevalences from the netherlands (ref. 8) used for modeling.

Prevalence of Population

All RA patients ACPA-positive ACPA-negative Controls

ACPA 58% 100% 0% 1%

hlA-Drb1
se/se
se/x
x/x

*13/x
*13/*13
se/*13

18.7%
42.1%
22.7%
8.6%
0.6%
7.4%

25.2%
46.8%
14.9%
6.3%
0%

6.7%

7.6%
34.9%
35.2%
12.3%
1.5%
8.5%

6.0%
30.8%
36.2%
17.5%
2.6%
6.9%

Table 4. Contribution of hlA se alleles and hlA-Drb1*13 alleles to the genetic variance assuming 
population prevalences from the netherlands.

se Drb1*13 Combined se and 
Drb1*13

Total rA 8.9% 0.9% 11.1%

ACPA-positive rA 13.5% 1.5% 17.0%

ACPA-negative rA 0.5% 0.3% 0.9%
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well-replicated, and of which data on the prevalence in the UK in RA patients and controls 

was available. The prevalence figures in the population of the United Kingdom which were 

used for the logistic regression model are listed in Table 5. If the prevalence figures were 

not directly reported in the literature, they were determined based on the reported odds 

ratio’s and patient numbers for the different RA subsets. For some of the SNPs (e.g. TRAF1-

C5, STAT4, IL2RB), the prevalence in the total RA patient population was not completely 

in line with the prevalence in the ACPA-positive and ACPA-negative subgroups. This is 

most likely due to the fact that the patient population used to determine the prevalence in 

all RA patients was much larger than the groups of ACPA-positive and ACPA-negative RA 

patients combined, thereby causing small discrepancies in the SNP prevalences.

Table 6 shows the calculated contribution of the SNPs to the genetic variance. The contri-

butions associated with the separate SNPs were small and, with the exception of PTPN22, 

were all well below 1%. If the effects of these SNPs were to be completely independent 

without interaction, then the addition of the contribution of the separate SNPs would give 

an impression of the total contribution of these SNPs. Assuming this to be the case, the 

12 SNPs would together explain 3.4% of the genetic variance of total RA. Although this 

calculation is not possible for the ACPA-positive and ACPA-negative subset due to the lack 

of subset-specific prevalences for some of the SNPs, it appears unlikely, based on Table 3, 

that these estimates would exceed 5% of the explained genetic variance of total RA. 

Table 5. minor allele frequencies reported in studies from the united kingdom used for modeling.

gene region of snP 
(uk reference)

Population

All RA patients ACPA-positive ACPA-negative Controls

PTPn22 (T allele) 23 15.0% 16.7% 12.1% 10.3%

TrAf1-C5 24 45.6% 45.5% 45.0% 43.8%

sTAT4 24 24.2% 24.7% 25.0% 21.7%

TnfAIP3-olIg3 25 25.1% 26.6% 23.2% 21.5%

CTlA4 26 43% - - 43.8%

CD40 27 22.6% 21.5% 24.5% 25.2%

mmel1-Tnfrsf14 17 29.4% - - 33.2%

kIf5A 28 34.2% 34.4% 33.9% 37.1%

PrkCQ 28 17.1% 16.6% 17.7% 19.5%

CCl21 27 36.5% 37.0% 33.6% 34.8%

Il2rA 29 24.4% - - 28.6%

Il2rb 28 28.4% 29.2% 29.1% 26.1%
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DIsCussIon

In the present study, we investigated to what extent the effects of protective HLA alleles 

and non-HLA SNPs contribute to the, thus far largely unexplained, genetic variance of RA. 

The DRB1*13 and *1301 alleles had only a small contribution  to ACPA-positive RA, and 

together with the HLA SE alleles explained 19.6% of the genetic variance of this subset 

of disease. Neither the HLA SE alleles nor the DRB1*13 alleles contributed substantially 

to the genetic variance of ACPA-negative RA, which was to be expected based on the fact 

that these alleles have not been found to confer a strong predisposing or protective effect 

for ACPA-negative RA 8. The effects of 12 well-replicated SNPs on the genetic variance of 

RA were very modest. Most SNPs explained far less than 1% of the genetic variance, and 

assuming independent effects, all SNPs combined would explain less than 5%.

The HLA-DRB1*13 alleles were not significantly associated with protection from ACPA-

positive RA in the UK, in contrast to the findings of a recent meta-analysis of case-control 

cohorts from Norway, Sweden, the Netherlands and Spain. While the allele frequency of 

DRB1*13 was similar in RA patients in the UK and the four populations contributing to 

the meta-analysis, the prevalence of these alleles in the UK controls used in the current 

report was 8%, compared to at least 14% in the controls from the other cohorts. The lack 

of effect in the UK may thus be due to a difference in population structure and distribution 

of HLA alleles in the general British population.

In light of the non-significant effect of the HLA-DRB1*13 alleles in the UK, it was not 

surprising that this did not result in a large contribution of DRB1*13 to the genetic vari-

Table 6. Contribution of snPs to the genetic variance.

Prevalence of Population

All RA patients ACPA-positive ACPA-negative

PTPn22 (T allele) 1.1% 1.5% 0.2%

TrAf1-C5 0.1% 0.1% 0.0%

sTAT4 0.2% 0.2% 0.3%

TnfAIP3-olIg3 0.4% 0.7% 0.1%

CTlA4 0.0% - -

CD40 0.2% 0.4% 0.0%

mmel1-Tnfrsf14 0.4% - -

kIf5A 0.2% 0.1% 0.2%

PrkCQ 0.2% 0.3% 0.1%

CCl21 0.1% 0.1% 0.0%

Il2rA 0.5% - -

Il2rb 0.2% 0.2% 0.2%
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ance. To investigate whether the DRB1*13 alleles might explain a larger part of the genetic 

variance of RA if they were associated with a stronger protective effect, the analysis was 

repeated in a hypothetical fashion assuming the Dutch prevalences for DRB1*13. Unex-

pectedly, this also did not result in a marked contribution of the HLA-DRB1*13 alleles to 

the genetic variance of ACPA-positive RA. 

The most likely explanation for the limited contribution of HLA-DRB1*13 is the low 

prevalence of these alleles. Despite the fact that the HLA-DRB1*13 alleles are more 

prevalent in the Netherlands than in the UK, an allele frequency of 14.8% in the healthy 

controls used in this study still places a considerable limit on the maximally achievable 

effect. The explanatory value of a genetic risk factor is ultimately dependent on both the 

associated effect size and the prevalence in the general population. In case of the other 

type of genetic risk factor investigated in the current study: the SNPs, the contribution to 

the genetic variance is most likely constrained by the modest effect sizes with which they 

are associated.

It is remarkable that there is a historic estimate of 37% contribution of HLA genes to 

the overall inherited risk of developing RA, as described by Deighton et al 14. Due to the 

haplotype sharing approach which was used in the study by Deighton, protective HLA 

effects were also taken into account and the resulting 37% reflects far more than the 

contribution of solely the SE alleles. A possible reason for the fact that this estimate is 

much larger than our figure could be that, besides the effect of SE and DRB1*1301 alleles, 

other effects may remain within the MHC region 15, 16, which were, perhaps unconsciously, 

also taken into account by the haplotype sharing approach.

The observation that 12 well-replicated SNPs had a relatively minor contribution to 

the genetic variance is in line with the results of a previous study which estimated that 

all non-MHC genetic variants (known at the end of 2008) would explain just 3.6% of the 

total disease variance 17. These results justify the conclusion that SNPs associated with 

moderate odds ratio’s probably have a very limited contribution to the genetic variance.

In order to calculate the contribution of the 12 SNPs to the total genetic variance, we 

used the genotypic specific population prevalences reported in the largest number of total 

RA, ACPA-positive and ACPA-negative patients. This resulted in slightly deviant estimates 

for STAT4 and IL2RB, since the reported prevalences for ACPA-positive and ACPA-negative 

RA patients were higher than for the total RA population. This inconsistency can be re-

solved as soon as data on larger cohorts become available, but the contribution of these 

SNPs to the genetic variance will nonetheless remain small.

The results of the current study improve our understanding of the relative importance of 

distinct genetic factors in developing RA. However, most of the genetic variance remains 

unexplained, and RA therefore still suffers from “missing heritability”, as do many other 

diseases 18. Where should one look for this missing heritability? It appears unlikely that 

other common variants (SNPs) with increasingly smaller odds ratio’s will have a large con-
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tribution, although one cannot exclude that the true causal genetic variants, which may 

be incompletely tagged by the current SNPs, may have a much stronger effect. Another 

possibility is that rare variants, with a low minor allele frequency precluding identification 

by the GWAS, could play an important role 19, 20. Such rare variants could very well have 

considerable odds ratio’s (> 2), and if in addition some of these variants were found to be 

inherited in a Mendelian fashion, a small number of families could thereby explain a large 

part of the genetic component of RA 21. 

Structural genomic variation, such as copy number variants (CNV), may contribute to 

the heritability, although recent data indicate that the SNP genotyping arrays used for the 

GWAS have captured most of the variability due to this trait 22. Another possibility is that 

interaction between different genetic factors may play an important role, although the 

latest reports indicate that there is no gene-gene interaction between the known genetic 

risk factors and the most recently identified SNPs 17. Similarly, gene-environment interac-

tion could be a contributing factor to the heritability, although it is unclear to what extent 

this would be reflected in the current heritability estimates. All of the factors listed above 

may play a part in determining an individual’s risk for RA. Future studies including large 

numbers of patients and controls, and using increasingly advanced techniques to study 

genetic variation will be required to shed more light on the causes of missing heritability.

In conclusion, the current data show that the HLA-DRB1*13 alleles do not substan-

tially contribute to the genetic variance of this RA subset. Similarly, the effect of 12 well-

replicated SNPs on the genetic variance of RA is small. Despite a substantial contribution 

of HLA, the largest part of the genetic risk for both ACPA-positive and ACPA-negative RA 

remains unexplained. 
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