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Abstract

Methotrexate (MTX) has emerged as first-line therapy for early moderate to severe rheumatoid 

arthritis (RA), but individual variation in treatment response remains unexplained. We tested the 

associations between 863 known pharmacogenetic variants and MTX response in 471 TEAR Trial 

participants with early RA. Efficacy and toxicity were modeled using multiple regression, adjusted 

for demographic and clinical covariates. Penalized regression models were used to test joint 

associations of markers and/or covariates with the outcomes. The strongest genetic associations 

with efficacy were in CHST11 (five markers with P <0.003), encoding carbohydrate (chondroitin 

4) sulfotransferase 11. Top markers associated with MTX toxicity were in the cytochrome p450 

genes CYP20A1 and CYP39A1, solute carrier genes SLC22A2 and SLC7A7, and the mitochondrial 

aldehyde dehydrogenase gene ALDH2. The selected markers explained a consistently higher 

proportion of variation in toxicity than efficacy. These findings could inform future development 

of personalized therapeutic approaches.
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Introduction

Methotrexate (MTX) is a disease-modifying anti-rheumatic drug (DMARD) commonly used 

as a first-line agent in the treatment of rheumatoid arthritis (RA).1,2 There is considerable 

inter-individual heterogeneity in response to MTX, both in treatment efficacy and associated 

toxicity. While smoking, female sex, younger age, longer disease duration, and the presence 

of serum rheumatoid factor (RF) are associated with poor response to MTX therapy, they 

explain a rather low proportion of response variability, suggesting a role for 

pharmacogenetic factors.3,4 Consistent with that hypothesis, several reports identified 

polymorphisms in the MTX metabolic pathway to be significantly associated with treatment 

outcomes.5,6 However, much of the currently available genetic evidence remains conflicting 

and limited to a small number of candidate genes involved in the mechanism of MTX 

action, i.e. the major histocompatibility locus including HLA–DRB1 and LTA–TNF as well 

as purine, folate, and adenosine pathways.7–10

Genetic determinants of MTX response can be evaluated early in the course of RA, when 

pharmacologic intervention confers maximum benefits. Thus, identification and validation 

of new markers has important clinical implications, including development of personalized 

therapeutic approaches that result in greater efficacy and lower toxicity. To that end, this 

study used the Affymetrix Drug Metabolism, Excretion, and Transport (DMET) Plus 

Platform to comprehensively examine the role of genetic variation in key pharmacokinetic 

pathways in MTX efficacy and toxicity among participants of the Treatment of Early 

Aggressive Rheumatoid Arthritis Trial (TEAR). The early RA phenotype of the TEAR 

cohort is uniquely suited for exploring pharmacogenetic associations as improvements 

associated with DMARD therapy are on average greater for participants with early rather 

than advanced disease, potentially increasing statistical power and informing future clinical 

interventions.11

Patients and Methods

Study population

The TEAR Trial (n=755), described in previous publications,12, 13, 14 is a 2-year, double-

blind, active control, multicenter Phase IV clinical trial in patients with early (<3 years 

disease duration) RA characterized by an “aggressive” clinical phenotype, defined as 

autoantibody positivity or the presence of erosions on radiographs of hands and feet. Using a 

2 × 2 factorial design, the TEAR Trial compared two treatment strategies (early intensive 

therapy versus step-up therapy) and two combinations of medications (etanercept (ETN) 

plus MTX versus hydroxychloroquine (HCQ) plus sulfasalazine (SSZ) plus MTX). After 24 

weeks of treatment, participants randomized to MTX monotherapy were “stepped up” to 

either oral triple therapy or MTX+ETN if their DAS28 exceeded 3.2. All participants 

received a daily 1 mg supplement of folic acid. If participants developed toxicity to MTX or 

SSZ, the drug was discontinued or the dosage was decreased at the discretion of the treating 

physician. If the treatment changes resolved the toxicity in 2 weeks, the drug was continued 

at that dose.
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Eligibility criteria were reported in detail in prior publications.12 Briefly, entry criteria 

included age of 18 years or older; duration of disease <3 years; RA diagnosis by American 

College of Rheumatology (ACR) criteria;15 have active disease at the time of screening, 

defined as at least 4 swollen and 4 tender joints due to RA (using the 28 joint count) and 

either the presence of erosions or positive rheumatoid factor; if taking corticosteroids, 

receiving stable doses (≤10 mg/day of prednisone) at least 2 weeks prior to screening; if 

taking non-steroidal anti-inflammatory drugs, receiving stable doses for at least 1 week prior 

to screening. Participants were excluded if they were pregnant or lactating; had 

contraindications to study medications; received corticosteroid injections during the 4 weeks 

prior to screening; had a diagnosis of serious infection; or used biologic therapy. Mean 

disease duration ranged from 2.9 to 4.5 months across study arms and RF seropositivity 

approached 90%. Prior use of leflunomide, HCQ, and SSZ was allowable if for no more 

than 2 months, as was a total dose of ≤ 40 mg of MTX. The TEAR Trial was registered with 

clinicaltrials.gov (NCT00259610) and approved by the appropriate IRB committees.

The primary outcome of the TEAR Trial was defined as the mean Disease Activity Score on 

28 joints (DAS28) from weeks 48 to 102, with secondary endpoints defined by ACR criteria 

for improvement (ACR20, ACR50, and ACR70) as assessed by a questionnaire and 

radiographic evidence of joint damage. DAS28 has been previously validated as an outcome 

measure for RA disease activity.16 Participants were evaluated during clinic visits at 6-week 

intervals for the first 48 weeks and at 12-week intervals thereafter. Drug toxicity was 

assessed at 6-week intervals via laboratory measures and a self-report of adverse events at 

each scheduled visit. Because participants were given a folic acid supplement, the risk of 

adverse events was reduced, limiting our statistical power to consider different classes of 

toxicity outcomes. Thus, we have grouped together all instances of adverse events, including 

infections (i.e. upper respiratory, urinary tract, or general infection), as well as 

gastrointestinal, oral, and skin conditions.

Of the 755 participants, 630 consented to genotyping and provided DNA. Of those, 471 had 

complete information on adverse events and covariates, and were included in the analysis.

Genotyping

Genomic DNA was extracted from a whole blood sample using the PureGene system 

(Gentra Systems, Minneapolis, MN, USA). The DMET platform (Affymetrix, Santa Clara, 

CA, USA) enables multiplexed genotyping of 1,936 markers in 225 genes previously 

determined to have functional significance in phase I and phase II drug metabolism enzymes 

and drug transporters. Genotyping was carried out using methods as described by the 

manufacturer.17

Genotype calls were made using the DMET Command Console. Samples were considered 

passed or in bounds if they had genotyping calls of >95%. Samples that were out of bounds 

or had genotyping calls of ≤95% were re-run. Of the original 1936 markers, 1931 were 

successfully genotyped; of those, 1068 were found to be monomorphic in the study 

population and removed, leaving 863 markers in 224 genes in the analysis.
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Statistical analysis

We tested the hypothesis that genes represented by DMET chip SNPs are associated with 

MTX efficacy and toxicity using two different approaches. The first approach was a 

conventional multiple regression model of the association between genetic markers from the 

DMET chip and DAS28 at 24 weeks, adjusted for the baseline DAS28, treatment arm, race 

(European American, African American, or other), sex, age (as linear and quadratic terms), 

and smoking status. The genetic marker effects were assumed to be co-dominant with the 

genotypes coded as {0, 1, 2} according to the number of minor alleles. Additionally, we 

conducted sensitivity analyses modeling genotype effects using recessive and dominant 

modes of inheritance, as well as restricting the analysis to Caucasian participants (data not 

shown). The 863 markers were tested one at a time. The freely available software for genetic 

data analysis, PLINK v1.07,18 was used to fit each of the models. We were primarily 

interested in the P-value from the test of the additional variation explained by the marker vs. 

a null model, which included all covariates except the marker effect. The same variables 

were used to test the association of the individual markers on the toxicity outcome except 

that multiple logistic regression analysis was used as implemented by PLINK.

The issue of adjusting the type 1 error rate to account for multiple testing is not as simple as 

performing a Bonferroni correction because of the linkage disequilibrium (LD) between 

markers on the DMET chip. Assuming complete pairwise LD between markers within a 

gene, we implemented a gene-wise correction for multiple testing, estimating the 

significance level at α= 0.05/224 genes= 2.2 × 10−4.

The second approach to testing the hypothesis that DMET markers were associated with 

variation in efficacy and toxicity was to regard the gene discovery analysis as a model 

selection problem. Because the number of explanatory variables to consider far exceeds the 

number of genotyped participants, we used a form of penalized regression that shrinks small 

marker associations while allowing for greater probability of detecting markers with larger 

associations. In this framework, we tested the hypothesis that the covariates, genes and 

markers were jointly associated with toxicity or the change in DAS28. To test this 

hypothesis, we used a regression model that penalizes both individual markers as well as 

groups of markers, e.g. all markers within a specific gene.19, 20 This approach is a natural 

application to the DMET chip data because each marker can be grouped into a specific gene. 

The approach differs from standard penalized regression approaches (e.g. LASSO, ridge), 

which penalize only the individual markers. The tuning constants, λL and λE, both control 

the penalty on the marker effects, but λL (lasso penalty) applies to individual markers, and 

the λE (Euclidian or ridge penalty) applies to groups of markers, i.e., reflecting the combined 

influence of markers on the outcome across an entire gene.

The key component of the penalized regression model fitting process is choosing the total 

tuning constant (penalty), λ = λL+λE. The model optimization procedure developed by Wu 

et al.21 and Zhou et al.22 is controlled by the number of explanatory variables, which in the 

present case are DMET markers and/or covariates. In general, λ is a decreasing function of 

the number of explanatory variables, i.e. as the dimension of the model grows the penalty 

constant is relaxed.21 Given a preset number of explanatory variables and ratio of individual 

Aslibekyan et al. Page 4

Pharmacogenomics J. Author manuscript; available in PMC 2014 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and group penalties λL/λL+λE, the algorithm uses a “bracketing and bisection” strategy that 

finds a solution for the total tuning penalty. In order to observe the model optimization as 

the penalty varied, we extracted shrinkage estimates of regression parameters as the number 

of variables changed from 1 to 20. The order of entry of markers/covariates into the model 

provides a rubric for selecting an appropriately sized model, which a priori is expected to 

contain markers from a small proportion of the 224 analyzed genes from the DMET array. 

The models were fit using the software Mendel, following the methods outlined by Zhou et 

al.22

The purpose of the penalties λL, λE is to limit the actual number of variants, because clearly 

a small minority of the 863 markers is expected to be important. Here we do not consider 

models with more than 20 variables, including markers and covariates. Because simulation 

studies suggest that penalizing both is the optimal choice,22 we examined the robustness of 

our findings by fitting models with the ratio of individual penalty to total penalty λL/ 

(λL+λE) of 1 (pure lasso penalty), 0.5, 0.25, and 0 (pure group penalty) (Figures 1 and 2). 

The models were fit using the software Mendel.23

Finally, multiple regression was used to compare the proportion of variance in efficacy and 

toxicity explained by the markers selected from the penalized regression analysis with 5 

allowed variables and penalties of λL/ (λL+λE) = 1 or 0.5. These models were fit using R 

software.24

Results

Demographic and clinical characteristics of the study population are listed in Table 1. In this 

analysis, the proportion of patients in each treatment arm did not differ from that in the 

parent study.12 The majority of participants were female and of self-reported European 

ancestry, with a mean age of 50 years and body mass index of 30 (obese). The average 

decrease in DAS28 from baseline to week 24 across treatment arms was 1.9 units.

In single marker analyses of MTX efficacy, the DAS28 score at 24 weeks was associated 

with 42 out of 863, or 4.8%, of the markers at a P<0.05. However, no marker was 

statistically significant after Bonferroni correction at the marker or gene levels. Five of the 

top six associated with DAS28 were in CHST11, which encodes carbohydrate (chondroitin 

4) sulfotransferase 11. For all these markers, the minor allele was associated with greater 

MTX efficacy, as indicated by the change in DAS28 from baseline to 24 weeks. Modeling 

the genotype as dominant vs. additive or restricting the data set to Caucasian participants 

only did not appreciably change the estimates of association (data not shown).

Table 2 shows the marker groups and genes selected by the penalized regression model 

listed by order of entrance into the model under varying proportions of lasso to overall 

penalty. In all four penalized regression models, the baseline DAS28 score was selected 

first, followed by sex in all models except with the pure lasso (i.e. marker only, λL/λ=1) 

penalty. The percentage of overall variance in efficacy explained by DMET chip markers 

when 5 variables were allowed in the model was 2% and 1% with λL/λ = 0.5 and 1.0, 

respectively.
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In single marker analyses adjusted for multiple testing, toxicity was associated with 43 out 

of 863, or 5.0%, of the markers with P< 0.05. No single marker was associated after the 

conservative multiple testing correction. Similarly to the efficacy analyses, the top hits did 

not vary depending on the assumed mode of inheritance or by racial group (Caucasians vs. 

the total study population). In contrast to efficacy, non-genetic covariates such as age, race, 

and treatment were not among the top variables included in the penalized regression model 

of MTX toxicity. Notably, one of the top hits for toxicity, rs671 in the ALDH2 gene, was 

significantly out of Hardy-Weinberg equilibrium in our population (P-value= 8×10−35), 

while other SNPs in the same gene were not. The percentage of overall variance in toxicity 

explained by DMET chip markers when 5 variables were allowed in the model was more 

than threefold higher than for efficacy when λL/λ=0.5 (5% vs. 2%) and twice as high under 

the pure lasso penalty (9% vs. 1%), suggesting that functional variants such as those 

included on the DMET array may play a larger role in explaining the heterogeneity in MTX 

treatment toxicity rather than efficacy.

Discussion

Using the DMET genotyping array, we have evaluated associations between a set of known 

pharmacogenetic variants and MTX response in patients with early RA enrolled in the 

TEAR Trial. Of these, the ALDH2 finding is of particular interest because evidence suggests 

that in vitro human aldehyde dehydrogenase activity is highly variable, and that genetic 

variation in enzymes that catalyze the conversion of MTX to 7-OH-MTX is associated with 

two phenotypes of MTX metabolism among RA patients.25, 26 In single marker analysis, the 

presence of one copy of the minor allele at the rs886205 locus was associated with a 42% 

reduction in the relative odds of adverse events. One possible explanation is that the variant 

genotype is associated with higher enzymatic activity in the formation of 7-OH-MTX from 

MTX, reduced amount of cellular MTX, and therefore reduced MTX toxicity. Under that 

hypothesis, a positive relation would also be expected between the dosage of the minor 

allele at the rs886205 locus and MTX efficacy; however, the association with the DAS28 at 

24 weeks observed in our study population was negative and did not reach statistical 

significance in the single marker analysis.

Associations with solute carrier genes were observed for both efficacy and toxicity 

outcomes. These results are notable as SLC19A1, which encodes solute carrier family 19 

member A1 and belongs to the same family of genes as SLCO4A1, SLC22A2 and SLC28A2, 

plays a crucial role in the pharmacokinetics of both MTX and 7-OH-MTX by transporting 

them into the cell.27 Accordingly, several studies including a genome-wide scan have linked 

polymorphisms in SLC19A1 and SLCO1B3 to MTX treatment outcomes in childhood 

cancers.28, 29 Our study is the first to report associations between SLCO4A1, SLC22A2, 

SLC28A2, and MTX response; future investigations are warranted to consider associations 

between other solute carrier genes and response to anti-folate drugs.

One of the strengths of the penalized regression analysis lies in its ability to identify subsets 

of features, the number of which on the DMET chip far exceeds the available sample size, 

that explain the most amount of variability in the outcomes. For example, we established 

that non-genetic covariates were consistently selected first in the models of MTX efficacy, 
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in accordance with other published algorithms.30, 31 Furthermore, our findings suggest that 

the polymorphisms contained on the DMET chip explain at least twice the amount of 

variance in the toxicity outcome when compared to the efficacy outcome. This is consistent 

with prior studies32, 33 of RA patients that reported statistically significant associations 

between several genetic polymorphisms in the folate metabolic pathway and MTX treatment 

toxicity but not efficacy. Possible explanations for this discrepancy include: 1) differential 

distribution of genetic effects by outcome, e.g. many small effects for efficacy vs. larger 

effects for toxicity and 2) lower heritability of MTX treatment efficacy, which could be due 

to higher phenotypic variance for a given amount of additive genetic variance.34 Finally, the 

variants associated with MTX treatment efficacy may simply be not as well represented on 

the DMET array as those that are important for toxicity. Future studies, including genome-

wide scans, are warranted to explore the differential genetic architecture of MTX efficacy 

and toxicity.

Other strengths of our study lie in its uniquely comprehensive ascertainment of genetic 

variation typed in participants of the TEAR Trial, novelty of the statistical approach, and 

consistency between the results of single marker and penalized regression analyses. 

However, several limitations are germane to interpreting our findings. First, the folic acid 

supplement that was provided to all participants reduces the risk of MTX toxicity, thus 

lowering the number of adverse events and limiting the power of the toxicity analyses.35 

Second, the DMET chip does not include markers in several important genes (e.g. those in 

the folate pathway) that are likely to explain additional variability in MTX response. Third, 

although RF status has been shown to be significantly associated with treatment response, 

we were not able to evaluate it as a modifier of the association between genetic markers and 

the outcomes because almost 90% of the TEAR participants were RF-positive. Fourth, as the 

majority of TEAR participants were of self-reported European ancestry, the results may not 

be generalizable to other populations given the evidence of effect modification by racial 

group.36 Finally, although we were able to confirm that our findings were robust to 

modeling the genotype effects as either dominant or additive, we could not evaluate them 

against the recessive mode of inheritance because the low minor allele frequency (<0.05) of 

almost half of the DMET chip markers resulted in the extremely low number of homozygote 

individuals, and thus inadequate statistical power. In conclusion, we have confirmed 

associations with known pharmacogenetic markers in the context of early RA MTX therapy. 

Future investigations can build on our findings to develop personalized therapeutic 

approaches for early aggressive RA.
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Figure 1. 
Genetic variants selected by group lasso penalized regression for entrance into the additive 

model of methotrexate efficacy in TEAR participants. Panels show the following 

proportions of lasso to total penalty: λL/λ= 0 (pure group penalty), λL/λ=0.25, λL/λ=0.5, and 

λL/λ=1 (pure lasso penalty).
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Figure 2. 
Genetic variants selected by group lasso penalized regression for entrance into the additive 

model of methotrexate-associated adverse events in TEAR participants. Panels show the 

following proportions of lasso to total penalty: λL/λ= 0 (pure group penalty), λL/λ=0.25, λL/

λ=0.5, and λL/λ=1 (pure lasso penalty).
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Table 1

General characteristics of the study population (n=471).

Variable

Age, years 49.6 ± 12.6

Female, n (%) 340 (72)

Treatment

Early intensive therapy—ETN, n (%) 157 (33)

Early intensive therapy—SSZ + HCQ, n (%) 81 (17)

Step-up therapy, n (%) 233 (49)

Race

Caucasian, n (%) 374 (79)

African American, n (%) 51 (11)

Other, n (%) 46 (10)

Body mass index, kg/m2 30.2 ± 7.5

DAS28 at baseline, points 5.8 ± 1.0

DAS28 at 24 weeks, points 3.9 ± 1.5

Experienced any side effects or infection, n (%) 168 (36)
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Table 2

Top groups of variables selected under varying ratios of lasso to total penalties and an additive model of 

methotrexate efficacy in TEAR participants.

λL/λ First Second Third Fourth

1 (pure lasso penalty) DAS28 at
baseline

CYP1A21

rs2069514

ORM2
rs2636889

Sex

0.5 DAS28 at
baseline

Sex SLCO4A1
rs2236553

CHST11
rs903247
rs2463437
rs2463018
rs2468110

rs7847

0.25 DAS28 at
baseline

Sex SLCO4A1
rs2236553

UGT1A3
rs6706232

0 (pure group penalty) DAS28 at
baseline

Sex SLCO4A1 UGT1A3

1
Genes listed in the table encode the following proteins: ORM2—orosomucoid 2; CYP1A2—cytochrome p450 family 1 subfamily A polypeptide 

2; SLCO4A1— solute carrier organic anion transporter family member 4A1; UGT1A3—UDP glucuronosyltransferase 1 family polypeptide A3; 
CHST11— carbohydrate (chondroitin 4) sulfotransferase 11.
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Table 3

Top groups of DMET platform SNPs selected under varying ratios of lasso to total penalties and an additive 

model of methotrexate toxicity in TEAR participants.

λL/λ First Second Third Fourth

1 (pure lasso penalty) SLC22A22

rs624249

CYP20A1
rs2043449

ALDH2
rs886205

CYP39A1
rs7761731

0.5 SLC22A2
rs316019
rs624249

ALDH2
rs886205

CYP39A1
rs9369629
rs2277119
rs953062
rs7761731

CYP20A1
rs1048013
rs2043449

0.25 SLC22A2
rs316019
rs624249

ALDH2
rs886205

rs671

CYP39A1
rs9369629
rs2277119
rs953062
rs7761731

SLC28A2
rs10519020
rs1060896

0 (pure group penalty) SLC22A2 CYP39A1 ALDH2 SLC28A2

2
Genes listed in the table encode the following proteins: SLC22A2—solute carrier family 22 member 2; CYP20A1—cytochrome p450 family 20 

subfamily A polypeptide 1; ALDH2—aldehyde dehudrogenase 2; CYP39A1—cytochrome p450 family 39 subfamily A polypeptide 1; SLC28A2—
solute carrier family 28 member 2.
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