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Common Polymorphisms in the Folate Pathway
Predict Efficacy of Combination Regimens Containing
Methotrexate and Sulfasalazine in Early Rheumatoid
Arthritis
HEATHER M. JAMES, DAVID GILLIS, PRAVIN HISSARIA, SUSAN LESTER, ANDREWA. SOMOGYI,
LESLIE G. CLELAND, and SUSANNA M. PROUDMAN

ABSTRACT. Objective. To study genetic polymorphisms in the folate pathway, a site of action of methotrexate
(MTX) and sulfasalazine (SSZ), as predictors of efficacy of combination disease modifying
antirheumatic drug (DMARD) regimens containing MTX and SSZ in early rheumatoid arthritis
(RA).
Methods. Ninety-eight Caucasian patients with early RA received MTX with SSZ, hydroxychloro-
quine, and folate according to a standardized protocol. Efficacy was evaluated using the Disease
Activity Score (DAS28) and European League Against Rheumatism response criteria at 12 months.
Nine polymorphisms in 7 genes of the folate pathway were studied.
Results. Response to therapy was associated with SLC19A1, MTR, and TYMS polymorphisms. Two
favorable allele combinations associated with responder status at 12 months were identified: the
MTR 2756A allele in combination with either the SLC19A1 80A allele or the TYMS 3R-del6 haplo-
type (multivariate analysis, p = 0.0002, p = 0.009 respectively). Seventy of the 72 patients with these
allele combinations responded compared to 12/24 patients without [odds ratio (OR) 35.0, 95% con-
fidence interval (CI) 6.9-176, p < 0.0001]. An association with remission (DAS28 < 2.6) was also
observed (OR 3.4, 95% CI 1.1-10.0, p = 0.04). When analyzed over 3 years, both the change in DAS
score from baseline and the final DAS scores were significantly higher and lower, respectively, with
the favorable genotype group (p < 0.0001, p < 0.0001).
Conclusion. Polymorphic variations in the MTR, SLC19A1, and TYMS genes were associated with
better clinical response to combination DMARD regimens containing MTX and SSZ. Allele combi-
nations of these genes may predict response to combination DMARD and assist in treatment deci-
sions in patients with early RA. (First Release Mar 1 2008; J Rheumatol 2008;35:562–71)
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Methotrexate (MTX) is the cornerstone of treatment of
rheumatoid arthritis (RA) and is the most widely used dis-
ease modifying antirheumatic drug (DMARD) in newly

diagnosed patients1-3. However, the use and efficacy of
MTX varies among treated patients4. Increasingly, early,
intense disease suppression, ideally remission, is considered
necessary if joint damage is to be avoided; moreover, remis-
sion is unlikely to be achieved with monotherapy5. Further,
factors predictive of poor prognosis tend to be unreliable in
the individual patient, although combinations of adverse
factors may increase the power of prediction. With the
advent of new, typically expensive therapies, the ability to
predict an individual patient’s response to MTX, particular-
ly in combination with other DMARD, would permit newer
therapies to be targeted to those otherwise less likely to
respond and to limit joint damage by avoiding prolonged use
of MTX in unhelpful combinations. Certainly in some coun-
tries, prescribing criteria for subsidized use of agents such as
tumor necrosis factor (TNF) inhibitors require prior failure
of certain treatment regimens, often combinations contain-
ing optimal doses of MTX. Consequently, use of DMARD
combinations that include MTX, particularly in patients
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deemed to have a poor prognosis, has become common-
place. The triple therapy regimen of MTX, sulfasalazine
(SSZ), and hydroxychloroquine (HCQ) has been demon-
strated to be effective with minimal toxicity6, and most
recently in an inception cohort of recent onset RA7.
MTX has a complex mechanism of action including inhi-

bition of enzymes of folate metabolism with the accumula-
tion of adenosine, a potent antiinflammatory agent, believed
to be one mediator of the therapeutic effects of MTX in
RA8-10. Polymorphisms in the genes of the folate pathway
are potentially responsible for interpatient variation in MTX
efficacy and toxicity. MTX enters the cell through the solute
carrier family 19, folate transporter, SLC19A1 (Figure 1)
and is converted to MTX-polyglutamates, which inhibit
thymidylate synthase (TYMS), dihydrofolate reductase
(DHFR), and 5-aminoimidazole-4-carboxamide ribonu-
cleotide formyltransferase/IMP cyclohydrolase (ATIC)9.
Other key enzymes in the folate pathway are 5,10-methyl-

enetetrahydrofolate reductase (MTHFR), serine hydrox-
ymethyltransferase 1 (SHMT1) and 5-methyltetrahydrofo-
late-homocysteine methyltransferase (MTR). TYMS poly-
morphisms in the promoter and 3’ untranslated region
(3’UTR) have been associated with clinical outcomes in RA
patients, and varying results are reported for SLC19A1
G80A, ATIC C347G, MTHFR C677T, and MTHFR
A1298C11-18. Altered levels of plasma homocysteine, a bio-
marker for disruption of the folate cycle, have been observed
in patients with the 19bp deletion in intron 1 of DHFR,
SHMT1 C1420T, and MTR A2756G19-22. Elucidation of the
pharmacogenetics of MTX treatment in RA is complex and
is likely to be multigenic, with complex gene–gene interac-
tions. Composite allele and haplotypic analysis as opposed
to individual polymorphisms may be more informative than
single allele studies9.
The mechanism of action of SSZ is not completely

understood but it also exhibits an antiinflammatory action

Figure 1. Simplified representation of methotrexate action on the folate pathway. Genes are shown in ovals. ATIC = 5-aminoimidazole-4-carboxamide ribonu-
cleotide formyltransferase/IMP cyclohydrolase; DHFR = dihydrofolate reductase; MTHFR = 5,10-methylenetetrahydrofolate reductase; MTR = 5-methylte-
trahydrofolate-homocysteine methyltransferase; SHMT1 = serine hydroxymethyltransferase 1; SLC19A1 = solute carrier family 19, folate transporter
(reduced folate carrier); TYMS = thymidylate synthase; AICAR = aminoimidazole-carboxamide ribonucleotide; AMP = adenosine monophosphate; DHF =
dihydrofolate; THF = tetrahydrofolate; 5,10-CH2THF = 5,10-methylene tetrahydrofolate; 5mTHF = 5 methyl-tetrahydrofolate; 10f-THF = 10-formyl-tetrahy-
drofolate; MTX = methotrexate; MTXglu = methotrexate polyglutamates.
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believed to be mediated by adenosine accumulation23-25.
SSZ has been shown to inhibit enzymes of the folate path-
way26,27, and alter plasma homocysteine levels28. However
polymorphisms of the folate pathway have not been studied
in the context of SSZ efficacy. There is no evidence to date
that HCQ has any influence on the folate pathway.
We examined common polymorphisms in a range of can-

didate genes involved in the folate pathway to assess their
role as predictors of clinical improvement, assessed at 12
months, in our inception cohort of patients with early RA
receiving MTX in combination with SSZ and HCQ, with
pre-defined dosage adjustments according to disease activity.

MATERIALS AND METHODS
RA patient population and treatment. Consecutive patients presenting with
recent onset polyarthritis to the EarlyArthritis Clinics at the RoyalAdelaide
and The Queen Elizabeth Hospitals, as well as private practices of partici-
pating rheumatologists, were assessed7. Included patients were over age 18
years and had a diagnosis of RA according to the 1987 revised American
College of Rheumatology criteria29, symptoms of polyarthritis of more than
6 weeks and less than 24 months, a swollen joint count (SJC) ≥ 3, a tender
joint count (TJC) ≥ 6, and erythrocyte sedimentation rate (ESR) > 28 mm/h
and/or C-reactive protein (CRP) > 10 mg/l. The protocol stipulated exclu-
sion of patients who had taken other DMARD at any stage or antimalarials
for more than 1 month. Patients initially received MTX 10 mg orally week-
ly, folic acid 500 µg daily, SSZ 500 mg daily orally, increasing over 4 weeks
to 1 g twice daily, and HCQ 200 mg twice daily. DMARD doses were
adjusted according to a standardized treatment algorithm based on prede-
termined disease activity criteria7. DMARD dose or treatment was adjust-
ed if SJC > 1 (maximum 44 joints) and CRP and/or ESR were elevated or
if one of these and 2 or more of the following criteria were fulfilled: TJC >
1 (maximum 53 joints), early morning stiffness > 30 min, patient assessed
pain > 30 mm [on a 100 mm visual analog scale (VAS)], and fatigue > 30
mm (on a 100 mmVAS). Briefly, SSZ was increased to 3 g/day, then, if dis-
ease was still assessed as active, the dose of MTX was serially increased to
a maximum of 25 mg/week. Additional DMARD were then added (lefluno-
mide, gold sodium thiomalate, azathioprine, then cyclosporin A). If at any
stage, the Australian prescribing criteria for a TNF inhibitor were fulfilled,
one of these agents was added. In the event of drug intolerance or toxicity,
dosage adjustments including drug withdrawal if severe, were also made
according to pre-defined rules where applicable (e.g., elevated transami-
nases, reduced neutrophil count) as well as patient preference. Based on the
difficulties in defining lack of efficacy of any 1 component of a DMARD
combination, DMARD were discontinued on the basis of toxicity only.

This pharmacogenetic study was limited to Caucasian patients. Efficacy
was analyzed in the patients who received MTX for at least 3 months after
enrolment. A further 6 patients receiving MTX therapy for less than 3
months were included in the analysis of adverse events. The study was
approved by the research ethics committees of the Royal Adelaide and
Queen Elizabeth hospitals according to the Helsinki Declaration and
patients gave informed written consent.

Patients were assessed at baseline for anti-cyclic citrullinated peptide
(anti-CCP) and rheumatoid factor (RF) by ELISA and nephelometry,
respectively, with positive results defined as anti-CCP ≥ 6 and RF ≥ 20.
Shared epitope positivity was based on the amino acid sequence at 70-74
following DNA sequencing of HLA-DRB1. Assessments at baseline and
every 6 weeks were made to assess efficacy (SJC, TJC, VAS for patient
assessed disease activity, pain, and fatigue, stiffness, CRP, and ESR) and
adverse events including elevated transaminases, reduced neutrophil count
and patient-reported intolerance7.

Efficacy evaluation. Efficacy was assessed as improvement between base-

line and 12 months based on the DAS28 score30, with patients classified as
responders (good or moderate) or nonresponders according to the European
League Against Rheumatism (EULAR) criteria31. Clinical remission at 12
months was defined as a DAS28 score < 2.6. Radiographs were scored by
readers blinded to patient identity but not chronological order, with data
evaluated at baseline, 12, and 36 months using modified Sharp scores (both
erosion and total scores)7,32. Progression was defined as an increase in
score of ≥ 2 (erosions) and ≥ 5 (Sharp score) based on our smallest
detectable difference7.

Genotype determination. Genetic variants of the folate pathway were cho-
sen based on clinical relevance in previous publications11-14,20,21,33-36,
effect on plasma homocysteine levels19-22 and with the minor allele fre-
quency in Caucasians of ~20% or more. The DHFR C829T polymorphism
shown to influence DHFR expression in a Japanese study37 was not includ-
ed due to its low incidence in Caucasian populations20. SHMT1 C1420T
(leu474phe), SLC19A1 G80A (Arg27His, rs1232027), TYMS 2R/3R (28
bp variable number of tandem repeats, VNTR, in the promoter, and sin-
gle nucleotide polymorphism, SNP, G116C within this region, 3G/3C)
were detected using polymerase chain reaction (PCR) and restriction
enzyme digest38-41. DHFR (19bp deletion in intron 1) was detected by
allele specific PCR36. TYMS ins6/del6 (1494delTTAAAG, 6 bp deletion
in 3’UTR) was detected using PCR42 and separation using 3% Nusieve
GTG agarose (Cambrex)/1% agarose gel. Real-time Taqman allelic dis-
crimination was used for the ATIC C347G (thr116ser, rs2372536) and
MTRA2756G (asp919gly, rs1805087) polymorphisms12,41. MTHFR vari-
ations C677T (ala222val, rs1801133) and A1298C (glu429ala,
rs1801131) were assayed by primer extension using the ABI PRISM
SNaPshot multiplex system (Applied Biosystems) according to the man-
ufacturer’s instructions. Control samples for all assays were confirmed by
direct DNA sequencing.

Statistical analysis. Univariate associations between responder status at 1
year (responder vs nonresponder) were analyzed by logistic regression for
both additive (allele dose) and genotype models. Because of relative
sparseness of the genotype tables, significant genotype associations were
confirmed by estimating exact p values by permutation (MCMC) using
RxC software (Mark Miller, http://www.marksgeneticsoftware.net/).
MTHFR and TYMS haplotypes, and their association with responder sta-
tus, were analyzed by an additive genetic model, using hapassoc v1.1
(http://stat-db.stat.sfu.ca:8080/statgen/research/hapassoc/) software for
R, which implements the EM algorithm for haplotype estimation and
incorporates haplotype phase uncertainty in the inference of haplotype
trait associations. Genes significant in the univariate analysis were subse-
quently analyzed in a multivariate genetic additive model with 2 factor
interactions, and the best allelic combination predictive of a favorable
response was determined using the Akaike Information Criteria (AIC).
Associations were expressed as odds ratios (OR) derived by exponentia-
tion of the relevant logistic regression coefficient. To extend our findings
relating to the DAS responder status at 12 months, multivariate (i.e.,
repeated measures type) exponential growth curve models were fitted to
the DAS and radiographic scores from baseline to 3 years. Analysis was
performed using both BAUW v1.243 and WinBUGS v4.1 Bayesian analy-
sis software.

RESULTS
The baseline characteristics of 98 patients are summarized
in Table 1. These patients were MTX naive. Eighty-six
patients were treated with the triple drug regimen
(MTX+HCQ+SSZ), 9 received MTX+HCQ, 2 patients were
treated with MTX+SSZ, and 1 received MTX monotherapy.
Eighty-nine patients received MTX for the full 12-month
period, and the remaining 9 patients took MTX for a mean
of 34 weeks (range 31–50 wks). The median MTX dose was
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15 mg (range 10–25). By 12 months, no patient had pro-
gressed to receive a TNF inhibitor.
Using the EULAR response criteria, 49 (50%) patients

had a good response, 34 (35%) had a moderate response,
and 15 (15%) were nonresponders at 12 months. DMARD
efficacy was analyzed further according to the responder
(good and moderate) versus nonresponder status. Responder
status was not associated with gender, anti-CCP, CRP, RF,
shared epitope, baseline erosions, or other baseline
characteristics.
The allele frequencies for the 9 folate transport and metab-

olism polymorphisms were similar to published Caucasian
population frequencies (Table 2). There was minor deviation
from Hardy-Weinberg equilibrium in the MTR locus (p =
0.04) due to lower than expected heterozygosity, but all other
loci were in Hardy-Weinberg equilibrium.
A logistic regression model of responder status, fitting

genotypes of all 9 polymorphisms simultaneously, demon-
strated an overall genetic difference between responders and
nonresponders (p = 0.001, permutation test). Univariate

analysis demonstrated that responder status was primarily
associated with polymorphisms of the SLC19A1, MTR, and
TYMS genes (Table 3). Patients with the SLC19A1 80A vari-
ant allele were more likely to be responders [OR = 3.1, 95%
confidence interval (CI) 1.3-7.7]. There was a strong associ-
ation of MTR genotype and the response (p = 0.0003) with
patients carrying the wild type MTR 2756A allele being
more likely to respond (OR = 2.6, 95% CI 1.1-6.1). The
TYMS promoter 2R/3RVNTR genotype was also associated
with responder status (p = 0.009), and all 29 3R/3R homozy-
gote variants were classified as responders. While not statis-
tically significant, a similar trend was observed for the del6
allele of the TYMS 3’UTR ins6/del6 polymorphism.
The TYMS promoter 2R/3R VNTR and 3’UTR 6bp dele-

tion were in strong linkage disequilibrium (p = 1 × 10-15),
forming 3 common haplotypes: 2R-ins6, 3R-ins6, and 3R-
del6 with frequencies of 0.28, 0.23, and 0.44, respectively.
Consistent with the individual polymorphism results (Table
3), the 3R-del6 haplotype was associated with a clinical
response (OR 2.9, 95% CI 1.0–9.2). The additional G/C sin-
gle-nucleotide polymorphism (SNP) within the TYMS
VNTR subdivided the favorable 3R-del6 haplotype, but was
uninformative in terms of the responder status (data not
shown). Further analysis utilized the TYMS 3R-del6 haplo-
type rather than the individual polymorphisms.
To further investigate the relationship between clinical

response and the 3 genes associated with responder status at
12 months, we analyzed a multivariate allele dosage model
of SLC19A1 80A allele, MTR 2756A allele, and the TYMS
3R-del6 haplotype with 2-factor interactions. The best
model, selected by AIC criteria, comprised not main effects,
but rather 2 interaction terms indicative of epistatic interac-
tion effects between these genes. Patients with either the
SLC19A1 80A/MTR 2756A allele combination (p = 0.0002)
or the TYMS 3R-del6 haplotype/MTR 2756A allele combi-
nation (p = 0.009) are more likely to be responders follow-
ing combination DMARD therapy. Of the 72 patients with
these favorable allele combinations, 70 (positive predictive
value 97%) responded to treatment (Table 4), whereas only
12/24 (negative predictive value 50%) of patients without
either of these allele combinations were responders (OR
35.0, CI 6.9–176, p < 0.0001). Remission (DAS28 < 2.6)
was achieved in 34/72 (47%) of patients with a favorable
allele combination compared to 5/24 (21%) of patients with-
out (OR 3.4, CI 1.1–10.0, p = 0.04).
Adverse events attributed to MTX by the treating clini-

cian occurred in 50 (48%) of the total cohort (n = 104) and
were not associated with the genetic polymorphisms stud-
ied. The 6 patients who took MTX for less than 3 months
had similar allele frequencies for all polymorphisms com-
pared to the 98 patients who continued with MTX therapy.
DAS scores decreased rapidly over the first 6 months

with a plateau beyond 1 year. To extend our findings relat-
ing to the favorable/unfavorable genotype combination and

Table 1. Clinical characteristics of 98 early RA patients at time of enrol-
ment. Values are the median (interquartile range) except where indicated
otherwise.

Characteristic Baseline Value

Age, yrs 57 (44–69)
Female/male, % 75/25
Duration of polyarthritis, wks 12 (8–20)
DAS28 5.9 (5.1–6.4)
Baseline erosions present, % 33
Baseline erosion score 0 (0–1)
Total Sharp score 7 (4–11)
CCP antibody positive, % 49
RF positive, % 51
Shared epitope positive, % 60
CRP, mg/l 13 (6–32)
ESR, mm/h 36 (21–51)

RA: rheumatoid arthritis; DAS: Disease Activity Score; CCP: cyclic cit-
rullinated peptide; RF: rheumatoid factor; CRP: C-reactive protein; ESR:
erythrocyte sedimentation rate.

Table 2. Allele frequency of polymorphic variants of the 7 genes studied
in 98 early RA patients.

Gene Polymorphism Minor Allele Frequency of
Minor Allele

MTHFR C677T 677T 0.30
MTHFR A1298C 1298C 0.34
SLC19A1 G80A 80A 0.45
TYMS promoter VNTR 2R→3R 3R 0.46
TYMS 3’UTR 6 bp deletion 6 bp deletion (del6) 0.29
DHFR 19 bp deletion in intron 1 19 bp deletion 0.39
SHMT1 C1420T 1420T 0.33
MTR A2756G 2756G 0.19
ATIC C347G 347G 0.45
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DAS responder status at 12 months, a multivariate exponen-
tial growth curve analysis was performed on the DAS scores
from baseline to 3 years (Figure 2). The DAS scores (mean
± SE) were not significantly different between the genotype
groups at baseline (favorable 5.46 ± 0.18 and unfavorable
5.07 ± 0.31, p = 0.28). However, the plateau of the DAS
scores was significantly higher in RA patients with the unfa-
vorable genotype (3.63 ± 0.27 compared with 2.34 ± 0.17,
p = 0.00007) and consequently, the overall improvement in
DAS score was significantly greater in RA patients with the
favorable genotype (–3.12 ± 0.21) compared with the unfa-
vorable genotype (–1.45 ± 0.36), p = 0.00004. Therefore the
effects of the favorable/unfavorable genotypic combinations
on DAS responder at 12 months reflected sustained differ-
ences in the DAS response over 3 years. Further, mean

Table 3. Responder status and genotypes of SLC19A1, MTR, TYMS MTHFR, ATIC, SHMT1, and DHFR in 98 early RA patients.

Genotype Distribution Allele Frequencies
Polymorphism Responders, Nonresponders pexact Allele Responders, Nonresponders, p

n = 83 (%) n = 15 (%) n = 83 n = 15

SLC19A1 G80A
AA 20 (24) 1 (7) A 0.49 0.23 0.009
GA 41 (49) 5 (33) 0.036 G 0.51 0.77
GG 22 (27) 9 (60)

MTR A2756G
AA 58 (70) 10 (67) A 0.84 0.67 0.06
AG 23 (28) 0 (0) 0.0003 G 0.16 0.33
GG 2 (2) 5 (33)

TYMS 2R/3R*
3R/3R 29 (35) 0 (0) 3R 0.57 0.39 0.09
2R/3R 35 (43) 11 (79) 0.009 2R 0.43 0.61
2R/2R 18 (22) 3 (21)

TYMS 6bp del
del6/del6 10 (12) 0 (0) del6 0.31 0.17 0.10
ins6/del6 32 (39) 5 (33) 0.31 ins6 0.69 0.83
ins6/ins6 41 (49) 10 (67)

MTHFR C677T
CC 43 (52) 6 (40) C 0.71 0.63 0.39
CT 32 (39) 7 (47) 0.64 T 0.29 0.37
TT 8 (10) 2 (13)

MTHFR A1298C
AA 36 (43) 6 (40) A 0.66 0.67 1.00
AC 38 (46) 8 (53) 0.92 C 0.34 0.33
CC 9 (11) 1 (7)

ATIC C347G
CC 22 (27) 3 (20) C 0.56 0.50 0.56
CG 49 (59) 9 (60) 0.85 G 0.44 0.50
GG 12 (14) 3 (20)

SHMT1 C1420T
CC 37 (45) 6 (40) C 0.67 0.67 1.00
CT 37 (45) 8 (53) 0.92 T 0.33 0.33
TT 9 (11) 1 (7)

DHFR 19bpdel, intron 1
w/w 30 (36) 6 (40) w 0.61 0.60 1.00
w/del 41 (49) 6 (40) 0.80 del 0.39 0.40
del/del 12 (15) 3 (20)

* Two patients carrying TYMS VNTR alleles with > 3 repeats were excluded from the analysis.

Table 4. Association of clinical outcome at 12 months and favorable allele
combination*.

Clinical Outcome Allele Combination† Odds Ratio p
Favorable, Other,
n = 72 (%) n = 24 (%)

Responder status
Responders 70 (97) 12 (50) 35 (6.9–176) < 0.0001
Nonresponders 2 (3) 12 (50)

Remission
Remission 34 (47) 5 (21) 3.4 (1.1–10) 0.04
Nonremission 38 (53) 19 (79)

* Favorable allele combination consists of MTR 2756A allele in combina-
tion with either the SLC19A1 80A allele or the TYMS 3R-del6 haplotype.
† Two patients carrying TYMSVNTR alleles with > 3 repeats were exclud-
ed from the analysis.
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plateau DAS scores in patients with favorable genotype
combinations were consistent with ACR remission criteria
(2.34 ± 0.17), whereas DAS scores for patients with unfa-
vorable genotypes (3.63 ± 0.27) were not.
Radiographic data were available for 92 patients. Erosion

progression between baseline and 12 months was observed
in 13/92 (14%) patients, and progression in the modified
Sharp score was observed in 22/92 (24%) patients. The total
joint scores were higher overall in the RA patients with the
unfavorable genotype (probably reflecting the higher DAS
scores), but there was no evidence of an increased rate of
progression compared with the favorable genotype group at
either 12 months, or in the extended analyses over 36
months (data not shown).

DISCUSSION
Ours is the first study in which associations between genet-
ic polymorphisms at multiple loci in the folate pathway and
efficacy of MTX and SSZ used in combination DMARD
therapy have been studied in patients with early RA. In this
cohort, the alleles SLC19A1 80A variant, the TYMS 3R vari-
ant, and the MTR 2756A wild-type were associated with
better control of disease activity after MTX treatment
administered in combination with SSZ and HCQ. We found
evidence of gene interaction with the allelic combinations of
MTR 2756A with either SLC19A1 80A or TYMS 3R-del6
being predictive of patients who were more likely to respond

to treatment. Perhaps more importantly, this enabled us to
identify a subset of 25% of patients who were less likely to
respond to treatment as assessed by the responder status.
Further, the patients with favorable genotype combinations
defined using responder status at 12 months maintained a
better DAS response up to 3 years compared to patients with
the unfavorable genotype combinations.
Earlier publications in this field centered around the util-

ity of variants in single genes in the folate pathway for pre-
dicting the efficacy of MTX35,44. As MTX has a very com-
plex mechanism of action in RA10, it is more informative to
analyze multiple genes in this pathway11-15,18,45, but previ-
ous studies have been limited by cross-sectional design,
have been performed in cohorts of patients with RA in vary-
ing stages of disease, or have involved limited followup. In
addition, studies to date have been based on MTX
monotherapy, and although this minimizes confounding fac-
tors, MTX in combination with other DMARD is now com-
monly used in order to achieve rapid disease suppression.
Previous studies on the role of TYMS polymorphisms in

the response to MTX therapy in RA have yielded conflict-
ing results. The TYMS del6/del6 genotype was associated
with a significantly improved response to MTX as assessed
by CRP in a Japanese study11, and this is consistent with our
finding that the 3R-del6 haplotype was associated with
responder status. In other RA studies TYMS alleles have
been classified only as 2R or 3R. In a recent 6 month longi-

Figure 2. Changes in DAS scores over time by genotype. Analysis was performed by mul-
tivariate exponential growth curve analysis. The fitted model was of the form DAS = ß11 +
ß12 – (ß21 + ß22)e

-b*Time, where the ß terms are the regression coefficients for each genotype.
The observed data points (± standard error) and the fitted regression curves (solid lines) are
both shown. The DAS scores decrease over the first year, and then plateau. The baseline
DAS scores were not significantly different between the 2 genotype groups (p = 0.28), but
the change in DAS scores over time were significantly different (p = 0.00004).
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tudinal study of MTX monotherapy, no association between
2R/3R status and DAS response was seen18, but in a cross-
sectional study12, 2R/2R homozygotes were associated with
a better clinical response. Our haplotype analysis indicates
that these 2R homozygotes would be predominantly 2R-ins6
homozygotes, and so the results of this cross-sectional
study12 differ from our results and those previously reported
in Japanese patients with RA11.
TYMS 3R promoter variant has been found to be associ-

ated with increased mRNA expression39,46,47 and the 6bp
del in the 3’UTR of TYMS is associated with decreased
mRNA stability and expression48. In cancer association
studies, it has been suggested that both the functional vari-
ants 2R/3R and ins6/del6 should be studied simultaneous-
ly34. Further, an additional G/C single-nucleotide polymor-
phism within the 3R VNTR is associated with greater trans-
lation efficiency of the 3G allele with higher TYMS expres-
sion and is associated with chemotherapy response40,49,50.
The 3G/3C SNP subdivided the 3R-del6 haplotype identi-
fied in this study, but was uninformative in terms of response
to therapy. The overall functional significance of the 3R-
del6 haplotype, identified in the current study as influencing
response to therapy in RA, is not known. We believe it is not
yet clear which TYMS polymorphism is the better marker of
MTX response in RA and TYMS haplotypic analysis should
be considered in assessing efficacy and toxicity of MTX in
RA until the role of these polymorphisms is further
elucidated.
Our results for SLC19A1 were in agreement with those of

previous studies in which an association of SLC19A1 80AA
genotype with efficacy was observed12,16, although this was
not confirmed in other studies13,15. The functional effect of
the SLC19A1 G80A variation is not clear, although RA
patients with the homozygote variant genotype had a higher
level of the active metabolite, MTX-polyglutamate, com-
pared to the G/G or G/A genotypes9,12,51.
TheMTRA2756G polymorphism has been studied in the

context of DAS response to MTX treatment in RA, although
no association was observed15,45. In a recent study, an asso-
ciation of the variant MTR 2756G allele with RA suscepti-
bility was observed52. Further, the MTR 2756GG genotype
was associated with MTX-induced acceleration of rheuma-
toid nodulosis. Their cross-sectional study at a hospital out-
patient clinic may have been enriched for patients who were
more refractory to therapy, which is consistent with our
finding that the MTR 2756G allele is less favorable52.
Homozygous MTR 2756 GG individuals have lower homo-
cysteine levels compared to individuals with the AA geno-
type19,22, suggesting a higher enzyme activity with the GG
genotype and relative resistance to MTX. Interestingly, sim-
ilar to our results, an interaction between MTRA2756G and
TYMS del6 alleles with colorectal adenoma risk was
observed in women33.
Previous pharmacogenetic studies of MTX efficacy in

RA have been in the context of MTX monotherapy. We

found no association ofMTHFR polymorphism with disease
activity following combination DMARD therapy. Recently,
MTHFR C677T and A1298C polymorphisms were reported
to be associated with efficacy of MTX monotherapy using a
study design and patient population similar to our study but
with a shorter, 6-month followup13,15. This association was
not observed in a 12 month study17. The functional effects
of the MTHFR polymorphism may be more evident with
MTX monotherapy, or have less impact on clinical outcome
at 12 months.
Pharmacogenetic studies involving MTX are likely to

require multigenic analysis, but few studies have used this
approach for the prediction of response to DMARD in RA.
In a cross-sectional study, an additive pharmacogenetic index,
based on genotypes of SLC19A1 G80A, TYMS 2R/3R, and
ATIC C347G, was associated with swollen and tender joint
counts as well as disease activity as measured by the VAS14.
In a recent 6 month longitudinal study of MTX monothera-
py, 17 genetic polymorphic sites in 13 genes related to folate
and adenosine pathways were examined18. Four of these
genes, ATIC, methylenetetrahydrofolate dehydrogenase,
adenosine monophosphate deaminase, and inosine triphos-
phate pyrophosphatase, were combined with clinical vari-
ables to give a pharmacogenetic score that was used with
some success to predict response to MTX. However, these
studies did not examine genetic interactions.
We found evidence of epistatic interactions between the

MTR and SLC19A1/TYMS genes. The folate pathway
includes a number of alternate pathways for regeneration of
tetrahydrofolate (THF) from 5,10-methylene-tetrahydrofo-
late as shown in Figure 1. MTX polyglutamates inhibit the
enzymes DHFR, TYMS, and ATIC, thus affecting 2 of the
pathways of THF regeneration and resulting in increased
production of adenosine, an antiinflammatory agent. Lower
enzyme activity in patients with theMTR 2756A allele could
result in reduced flux through a third pathway. Patients with
the SLC19A1 80A have increased levels of MTX-polygluta-
mates so a higher level of inhibition of the MTX target
enzymes could be expected. Functional studies of TYMS
have focused on the individual polymorphisms rather than a
TYMS haplotype, but we postulate that the overall function-
al effect of the TYMS 3R-del haplotype is a reduction in
TYMS enzyme levels. The favorable allele combinations
MTR 2756A with either SLC19A1 80A or TYMS 3R-del
would have lower enzyme activity of MTR with either
increased inhibition of DHFR, TYMS, and ATIC or
decreased amount of TYMS. It is possible that the reduced
MTR and TYMS activity play a key role in increased flux
through alternate pathways of THF regeneration, with a
resultant increased production of adenosine, an antiinflam-
matory agent. Further studies designed to elucidate the func-
tional role of these polymorphisms and to achieve a better
understanding of the complex folate cycle are required for a
fuller understanding of these epistatic interactions.
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Eighty-eight (90%) of the patients in our study were
treated with SSZ in combination with MTX. SSZ is also a
folate antagonist, which can interact with the transport pro-
tein SLC19A1, and like MTX, is an inhibitor of enzymes of
the folate pathway including DHFR, ATIC, MTHFR, and
SHMT26,27,53. The additional inhibition of these enzymes in
patients receiving SSZ would be expected to enhance the
flux through pathways leading to increased adenosine pro-
duction. Differences in our results from studies of MTX
monotherapy could be due to the combined effects of MTX
and SSZ. As MTX is commonly used in combination with
SSZ, our findings have “real life” relevance, which is under-
lined by the extent to which favorable genotype combina-
tions are associated with therapeutic responses to DMARD
regimens involving these agents.
The goal of therapy in RA is suppression of disease activ-

ity in order to reduce the cumulative disease burden over
time and to minimize irreversible joint damage. We did not
observe any associations with radiographic progression and
folate pathway polymorphisms, despite the identified folate
metabolism polymorphisms being associated with better
suppression of disease activity in the first 12 months of
treatment. This suggests a degree of disassociation between
radiographic damage and joint inflammation54 and/or a
greater sensitivity of disease activity scores to change under
conditions of the study.
We followed an inception cohort of patients with early

RA, treated with a standardized DMARD regimen, longitu-
dinally for 1 year to assess the influence of folate metabo-
lism polymorphism on response to combination regimens
containing MTX and SSZ. Ours is the first study to utilize
haplotypic analysis of TYMS and to incorporate potential
gene–gene interaction in the analysis to identify favorable
genetic combinations. At 12 months, patients with the favor-
able allele combinations of MTR 2756A allele and either
SLC19A1 80A or TYMS 3R-del6 haplotype were 35 times
more likely to respond to a MTX-containing DMARD com-
bination compared to other patients. Further, these genotyp-
ic effects on disease activity were sustained beyond 1 year.
We acknowledge that these results may not be applicable to
MTX monotherapy. However, it is of particular significance
that these polymorphisms predict response to MTX in com-
bination with other drugs (SSZ and HCQ) so that these
results are relevant to the contemporary management of RA
that is based on “triple therapy” (i.e., MTX, SSZ, and HCQ),
which is safe and demonstrably superior to MTX
monotherapy6,7,55,56.
Analysis of common genetic polymorphisms allowed us

to identify a small but important proportion of patients with
less favorable genetics for whom alternative treatments such
as TNF inhibition may be considered earlier. Future, larger
prospective pharmacogenetic studies are needed and could
ultimately enable selection of appropriate therapy for
patients with RA at or soon after the time of diagnosis.
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