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Purpose: Pharmacogenetic (PGx) panel testing could help to determine the heritable component of a rheumatoid arthritis (RA)
patient’s susceptibility for therapy failure and/or adverse drug reactions (ADRs) from methotrexate (MTX). Considering the literature
mentioning the potential applicability of PGx panel testing within MTX regimens, we discuss the case of a patient who was treated
with MTX, suffered from ADRs, and obtained a reactive PGx panel testing.
Genotyping: We used a commercial PGx panel test involving the ABC-transporters P-glycoprotein (P-gp; gene: ABCB1), and breast
cancer resistance protein (BCRP; gene: ABCG2), the solute carriers reduced folate carrier 1 (RFC1; gene: SLC19A1), and organic
anion transporting polypeptide 1B1 (OATP1B1; gene: SLCO1B1), and the enzymes inosine triphosphatase (ITPA), and glutathione
transferase P1 (GSTP1). In addition, we genotyped the patient for the enzymes 5-aminoimidazole-4-carboxamide ribonucleotide
formyltransferase (AICAR)/inosine monophosphate (IMP) cyclohydrolase (gene name: ATIC), gamma-glutamyl hydrolase (gene
name: GGH) and methylenetetrahydrofolate reductase (gene name: MTHFR).
Results: The PGx profile of the patient revealed genetic variants in SLC19A1, ABCB1, and MTHFR, which may explain the ADRs
experienced during the treatment with MTX and a potentially lower efficacy of MTX. Based on our interpretation of the PGx profile,
we recommended the patient to avoid MTX in the future.
Conclusion: The MTX pathway is complex, which makes the interpretation of genetic variants affecting metabolism challenging.
A reactive PGx panel test was applicable to explain ADRs experienced during MTX treatment for a patient with RA. However, the
clinical utility of PGx-guided MTX treatment in a primary care setting is still limited. In order to base a recommendation for MTX on
PGx data, we need genome-wide association studies, large prospective multicenter studies and PGx studies, which analyze different
multi-gene haplotypes and gene-drug-drug interactions for MTX.
Keywords: pharmacogenetics, PGx, ABCB1, SLC19A1, MTHFR, rheumatoid arthritis, methotrexate, MTX

Introduction and Background
Rheumatoid arthritis (RA) is a common chronic disease with a prevalence of 0.5% to 1.1%,1 where a suitable
pharmacotherapy can prevent irreversible joint deformation, and thereby increase the quality of life. Here, it is assumed
that an early diagnosis with adequate treatment is crucial as early treatments have been linked to better response rates,2

thereby leading to less joint damage in the long term.
Methotrexate (MTX) is a folic acid antagonist with anti-inflammatory and immune-modulating effects. Low-dose

MTX regimens are indicated in the treatment of arthritis.3 In this context, MTX is considered as a “disease-modifying
anti-rheumatic drug” (DMARD) and is considered first choice,4 where it can be combined with other DMARDs including
small molecules (eg, JAK-inhibitors) or biologicals (eg, TNF-alpha-inhibitors) in patients exhibiting insufficient MTX-
response.3 However, nearly 30% of the patients treated with MTX experience inefficacy or adverse drug reactions
(ADRs).4,5
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Interindividual differences in MTX response may find its explanation in its complex metabolism.6–8 In the following,
we will describe various enzymes and transporters, which are part of the MTX metabolism (see Figure 1), and we will
highlight those, where genetic variants have been linked to changes in MTX efficacy or safety (see “evidence for
polymorphism” in Tables 1 and 2). We are also reporting on genes, which are not mentioned in the Swiss drug label
(summarized at https://www.pharmgkb.org/labelAnnotations and9), and which are not assessed for genetic variability in
our patient.

In the context of oral application, MTX has to pass enterocytes. Here, entry is assumed to be primarily governed by
the reduced folate carrier (RFC1, gene name: SLC19A1), and the proton-coupled folate transporter (PCFT, gene name:
SLC46A1).10 Early findings linked the G80A (rs1051266) variant in RFC1 to changes in folate status,11 which is the
physiologic substrate of this particular transporter. There are multiple reports linking the G allele to an increased risk of
drug-induced toxicity, especially gastrointestinal toxicity,10,12 hepatotoxicity,12,13 and alopecia.13 However, other reports
associated the A allele with an enhanced efficacy of MTX and also with higher intracellular levels of methotrexate
polyglutamate (MTX-PG), an active metabolite of MTX.14

While SLC19A1 and SLC46A1 are facilitating cellular entry, there are members of the ATP-binding cassette
transporter family, namely ABCB1,15 ABCC2 and ABCG2, that are assumed to limit methotrexate bioavailability by
active efflux of the molecule.16 MTX response depends on the expression of ABCG2 (breast cancer resistance protein,
BCRP)17 and it has been shown that genetic variants influenced MTX plasma levels in pediatric patients.18 Moreover,
ABCG2 was associated with MTX discontinuation in a clinical PGx model.19 For ABCB1 (P-glycoprotein, P-gp), there
are reports testing the association of genetic variants with efficacy or safety of MTX. The T allele in the C3435T
(rs1045642) polymorphism was associated with a higher risk for ADRs,20 non-response,21 and low disease activity.22

However, the C allele has been associated with increased toxicity12,23 Therefore, we only know that there might be
a certain effect; however, it is impossible to precisely define the impact of ABCB1 on the MTX pathway.

Figure 1 Overview of the current understanding on enzymes and transporters involved in the pharmacokinetics and pharmacodynamics of methotrexate (MTX).
Abbreviations: ABCB1, ATP-binding cassette transporter B1 (aka P-glycoprotein); ABCC1–4, ATP-binding cassette transporter C1-C4 (aka multidrug resistance protein)
(MRP1 to MRP4); ABCG2, ATP-binding cassette transporter G2 (aka breast cancer resistance protein BCRP); ATIC, 5-aminoimidazole-4-carboxamide ribonucleotide
formyltransferase (AICAR)/inosine monophosphate (IMP) cyclohydrolase; DHFR, dihydrofolate reductase; FPGS, folylpolyglutamyl synthase; GGH, gamma-glutamyl hydro-
lase; GSTP1, glutathione transferase P1; ITPA, inosine triphosphate pyrophosphatase; MTHFR, methylenetetrahydrofolate reductase; MTX-PG, methotrexate polyglutamate;
SLC19A1, solute carrier 19A1 (aka reduced folate carrier 1, RFC1); SLCO1B1/1B3, organic anion transporting polypeptide (OATP) 1B1 and OATP1B3; SLC22A6/A8,
organic anion transporter (OAT)1 and OAT3; SLC46A1, proton-coupled folate transporter (PCFT); TYMS, thymidylate synthase.
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MTX is primarily excreted through renal glomerular filtration, however in the tubular system there are multiple
transporters expressed that are known to interact with MTX including the aforementioned SLC19A1, ABCG2, ABCB1,
ABCC2. However, ABCG2, ABCB1, and ABCC2 are also expressed in the canalicular membrane of hepatocytes, thereby
influencing biliary excretion of MTX involving the efflux transporters ABCC2, ABCB1 and ABCG2, while the sinusoidal

Table 1 Summary of the Genetic Variants of the Patient Determined with a Commercial PGx Panel Test for MTX

Gene, NE (Nucleotide
Exchange); AE (Amino Acid
Exchange)

Genotype of the
Patient

Function in Pathway Evidence for Polymorphism

ATP-binding cassette transporter B1 (ABCB1) aka P-glycoprotein, Efflux transporter →altered transport

ABCB1, g.2685+49T>C rs2032583 CT Active cellular efflux16 No studies in relation to low-dose MTX

ABCB1 c.3435T>C; p.I1145I rs1045642 CC T allele: a higher risk for ADRs,20 non-
response,21 low disease activity;22 C allele:

increased toxicity12,23

ABCB1 c.1236T>C; p.G412G rs1128503 CC Conflicting evidence19,24

ABCB1 c.2677G>A; p.A893T rs2032582 GG No studies in relation to low-dose MTX

ABCB1 c.2677G>T; p. A893S rs2032582 GG No studies in relation to low-dose MTX

ATP-binding cassette transporter G2 (ABCG2) aka Breast cancer resistance protein (BCRP), Efflux transporter→no alternation
in transport

ABCG2 c.421C>A; p.Q141K rs2231142 CC Active cellular efflux16 A allele: adverse events47

ABCG2 g.1194+928A>G, rs13120400 GG G allele: reduced improvement or reduced

severity48

ABCG2 g.89055379G>A, rs17731538 GG A allele: reduced improvement or reduced

severity48

Glutathione transferase P1 (GSTP1), Detoxification of organic substances and protection of the organism from oxidative stress
→no risk

GSTP1 c.313A>G; p.I105V rs1695 AG Detoxification of drugs Conflicting evidence38,39

Inosine triphosphate pyrophosphatase (ITPA), Adenosine pathway →no risk

ITPA c.94C>A; p. P32T rs1127354 CC Conversion of inosine

triphosphate (ITP) to inosine
monophosphate (IMP)

C allele: decreased risk of gastrointestinal

toxicities and increased response to MTX32,37

Organic anion transporting polypeptide 1B1 (SLCO1B1), Uptake transporter →no alteration in transport

SLCO1B1 c.521T>C; p.V174A rs4149056 TT Hepatic MTX excretion26 No studies in relation to low-dose MTX

SLCO1B1 c.463C>A; p.P155T rs11045819 CC No studies in relation to low-dose MTX

SLCO1B1 c.388A>G; p.N130D rs2306283 AA No studies in relation to low-dose MTX

SLCO1B1 c.-910G>A or

g.4195G>A

rs4149015 GG No studies in relation to low-dose MTX

Solute carrier 19A1 (SLC19A1), Uptake transporter → higher risk for toxic side effects; lower chance for remission

SLC19A1 (RFC1) c. 80G>A; p.

H27R

rs1051266 GG Entry in enterocytes10 G allele: gastrointestinal toxicity,10,12

hepatotoxicity,12,13 and alopecia;13 A allele:
enhanced efficacy of MTX14

Notes: The subtitle consists of the gene name, the abbreviation, the pathway and the evaluation of the commercial PGx panel test for MTX.
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transporters ABCC3 and ABCC4 extrude MTX back into the circulation.6,10 Finally, the hepatocellular entry of MTX is
assumed to involve the sinusoidal organic anion transporting polypeptides (OATP) OATP1B1 and OATP1B3, which are
encoded by SLCO1B1 and SLCO1B3, respectively. Even if only a small part of the MTX dose is excreted via the bile,
there are data obtained in a transgenic mouse model supporting OATP1B1 as a determinant of hepatic MTX excretion.26

In particular, for OATP1B1 we know that there are genetic variants influencing its transport function.27

In addition to transmembrane transport, MTX also undergoes conversion catalyzed by multiple enzymes. One of these
conversions is the polyglutamation process catalyzed by the folylpolyglutamate synthetase (FPGS) resulting in the biologi-
cally more active methotrexate polyglutamate (MTX-PG). Both MTX and MTX-PG interact with enzymes in the folate
pathway, thereby exerting the pharmacological function. The conversion of MTX-PG to MTX depends on the gamma-
glutamyl hydrolase (GGH),6 where the C401T (rs3758149) polymorphism has been tested for its influence on MTX-PG
levels, drug response and the risk for ADRs.13,28 The homozygous genotype TTwas associated with higher MTX-PG-levels
and altered MTX-response, whereas the wild-type genotype CC was associated with a higher risk of overall ADRs.13,28

Intracellular MTX and its polyglutamated metabolite (MTX-PG) inhibit the dihydrofolate reductase (DHFR), which
catalyzes the reduction of dihydrofolate (DHF) to tetrahydrofolate (THF), thereby leading to less THF, which is important for
the de novo purine synthesis and the production of biologically active folate cofactors.6 Indeed, the reduction in THF is
assumed to impact enzymes of the folate pathway, eg, the methylenetetrahydrofolate reductase (MTHFR). For MTHFR, the
two polymorphisms A1298C (rs1801131) and C677T (rs1801133) have been extensively investigated. The Tallele within the
C677T polymorphism was associated with an increased risk for toxicity, especially gastrointestinal ADRs,29,30

hepatotoxicity,13,30 and neurotoxicity.31 The C allele within the A1298C polymorphism of MTFHR was linked to a higher
risk for ADRs, such as central nervous system toxicity,32 hepatotoxicity,33 gastrointestinal ADRs34 or overall toxicity,25

whereas the A allele was linked to a higher probability of response measured as a percentage of improvement in the JADAS-
71 score35 at 3 and 6 months after treatment start and at the last follow-up visit.25

In addition to the folate pathway, MTX-PG inhibits the bifunctional purine biosynthesis protein (PURH), also known
as inosine monophosphate (IMP) cyclohydrolase (gene name: ATIC), which converts aminoimidazole carboxamide

Table 2 Summary of the Observed Genotypes Detected in Additional Genes Involved in the MTX Pathway

Gene, NE (Nucleotide
Exchange); AE (Amino
Acid Exchange)

Genotype of the
Patient

Function in Pathway Evidence for Polymorphism

5-aminoimidazole-4-carboxamide ribonucleotide formyltransferase (AICAR)/ inosine monophosphate (IMP) cyclohydrolase
(ATIC), De novo purine synthesis pathway →no risk

ATIC c.347C>G; p.

Thr116Ser

rs2372536 CC Conversion of AICAR into formyl

aminoimidazole carboxamide
ribonucleotide (FAICAR).36

G allele: increased risk of toxicity and better

response.21,36,37

Gamma-glutamyl hydrolase (GGH), Polyglutamation →no risk

GGH−401 C>T rs3758149 CC Conversion of MTX-PG to MTX
depends on the gamma-glutamyl

hydrolase.49

T allele: decreased conversion of MTX to active
metabolite and decreased MTX response28,49

Methylenetetrahydrofolate reductase (MTHFR), Folate pathway → risk of higher toxicity and lower MTX response

MTHFR c.1298 A>C; p.
Glu429Ala

rs1801131 AC Conversion of 5,10-
methylenetetrahydrofolate to

5-methyltetrahydrofolate

C allele: central nervous system
toxicity,32 hepatotoxicity,33

gastrointestinal ADRs34 or overall toxicity;25 A allele:

better MTX response25,35

MTHFR c.67765 C>T; p. p.

Ala222Val

rs1801133 CT Tallele: increased risk for gastrointestinal

ADRs,29,30 hepatotoxicity,13,30 and neurotoxicity31

Notes: The subtitle consists of the gene name, the abbreviation, the pathway and the evaluation for MTX.
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ribonucleotide (AICAR) into formyl aminoimidazole carboxamide ribonucleotide (FAICAR). The C347G (rs2372536)
variant in ATIC has been associated with decreased ATIC activity leading to an accumulation of AICAR and adenosine.
The increased concentration of adenosine in the extracellular space is thought to be part of the mechanism of MTX action
as adenosine exerts anti-inflammatory functions and antiproliferative effects.36 The G allele in the C347G polymorphism
is extensively discussed as a factor impacting the risk for toxicity and improved response to MTX at the same time.21,37

Also involved in the purine homeostasis is the inosine triphosphate pyrophosphatase (ITPA) converting inosine tripho-
sphate (ITP) to inosine monophosphate (IMP). In ITPA, the C allele in the C94A (rs1127354) variant has been linked to
a decreased risk of gastrointestinal toxicities as well as an increased response to MTX.32,37 The last enzyme of the MTX
pathway we want to mention is the glutathione transferase P1 (GSTP1). Glutathione transferases are involved in the
detoxification of drugs, and their variants have been associated with increased drug toxicity. The G allele in the A313G
(rs1695) variant in GSTP1 has been associated with central nervous system toxicity;38 however, in another study, no
association with hepatotoxicity39 was found.

Taken together, the MTX pathway has to be rated as rather complex, where various genetic variants have been
associated with changes in pharmacokinetics and/or drug response and safety. Already in 2006, Ranganathan et al36

suggested that Pharmacogenetics (PGx), the study of genetic variations related to drug response,40 could help indivi-
dualize the treatment with MTX. Consequently, pharmacogenetic (PGx) testing could be applied to determine and/or
predict the heritable component of a RA patient’s susceptibility to experience therapy failure and/or ADRs from MTX
treatment in a reactive and/or pre-emptive PGx test setting.7,8,41

Considering the literature mentioning the potential applicability of PGx panel testing within MTX regimens, we
would like to discuss the case of a patient with RA, who was treated with MTX, suffered from ADRs, and obtained
a reactive PGx panel testing within the setting of a case series called “Pharmacogenetic Testing of Patients with Adverse
Drug Reactions or Therapy Failure” (Clinicaltrials.gov: NCT04154553).

Case Presentation
A male patient of 87 kg, born 1980, presented his case in a community pharmacy offering a commercial PGx panel
test. The patient was diagnosed with rheumatic arthritis in 2014 by the physician (CCP 911 kU/L (<7), Rheuma
factors 304 kU/L (<14), CRP 1.5 mg/l (<10)). One year later, a therapy with MTX was started, increasing from
12.5 mg subcutaneously weekly, by 2.5 mg at a time up to the target dose of 20 mg. This dosage is in agreement with
the S2 guidelines published by the German Society of Rheumatology42 and the guidelines of the American College of
Rheumatology.4 To bridge the gap until the effectiveness of MTX could be expected (about six to eight weeks), the
patient received prednisone 20 mg for one week, then 10 mg and 7.5 mg for 2 weeks each until a provisional
maintenance dose of 5 mg was reached. In addition, an intake of 5 mg folic acid was recommended 12 to 24 hours
after MTX application to reduce ADRs. After four months of treatment, the MTX therapy was discontinued due to
various ADRs, such as nausea, headache, and sore muscles. According to information from the treating rheumatol-
ogist, the monthly measured lab values (CRP, transaminases, blood count) did not show any abnormalities. The
patient’s symptoms stopped as soon as he discontinued drug intake. He then started taking low-dose steroids for about
six months. Later on, he switched to biological DMARDs, namely baricitinib and tofacitinib. The latter was used for
the longest period of time with a dose regimen of 5 mg twice a day. The reason for switching from baricitinib to
tofacitinib was symptoms of influenza which he suffered from every now and then. At the time of counselling, the
patient was taking tofacitinib and prednisone as anti-rheumatics, supplemented with NSAIDs and the proton pump
inhibitor dexlansoprazole (summarized in Table 3). Even if the patient is currently on a treatment with biologics,
which are hitherto not known to be linked in efficacy or safety to genetic variants in the pharmacokinetically relevant
genes typically screened for genetic variability in PGx testings, a PGx panel test was issued on a reactive basis in
order to determine whether his PGx profile would be applicable to explain the ADRs he experienced during intake
of MTX.
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Analyses of Single Nucleotide Polymorphisms in the MTX Pathway
Following the protocol as approved by the ethics committee northwestern and central Switzerland (EKNZ-2019-
01452), the patient signed an informed consent. We used the commercial PGx panel test called Stratipharm issued by
humatrix AG (Pfungstadt, Germany). It consists of a laboratory analysis of approximately 100 pharmacologically
relevant polymorphisms in over 30 different genes, which code for transport proteins, metabolizing enzymes, or drug
targets. Polymorphisms are detected applying real-time PCR using the automated Life Technologies QuantStudio 12
k flex (Thermo Fisher, Waltham, MA, USA) with the respective chemistry. Humatrix AG provides not only the results
of genetic testing but also the prediction of a drug-specific phenotype (PGx profile). In addition to the commercial
PGx panel test we genotyped two variants of the methylenetetrahydrofolate reductase (MTHFR), one variant of the
gamma-glutamyl hydrolase (GGH) and one variant of the 5-aminoimidazole-4-carboxamide ribonucleotide formyl-
transferase (AICAR)/inosine monophosphate (IMP) cyclohydrolase (gene name: ATIC). These variants were selected
as important determinants in the MTX pathway based on previous reports on MTX efficacy and safety. The additional
genotyping was performed after DNA extraction from blood samples using the QIAcube and respective chemistry
(qiagen, Hilden, Germany) and followed by real-time PCR based genotyping using commercially available TaqMan
probe/primer mixes and genotyping chemistry (Applied Biosystems, Thermo Fisher, Waltham, MA, USA).

For MTX, the commercial PGx panel test considers genetic variants in the ATP-binding cassette (ABC)-transporter
P-glycoprotein (P-gp, gene: ABCB1) and breast cancer resistance protein (BCRP; gene: ABCG2), and the solute carriers
reduced folate carrier 1 (RFC1; gene: SLC19A1), and organic anion transporting polypeptide 1B1 (OATP1B1; gene:
SLCO1B1). Furthermore, the commercial PGx panel test evaluates genetic variants of the enzymes inosine triphosphatase
(ITPA), and the glutathione transferase P1 (GSTP1). The genetic profile of the patient for these genes and the predicted
MTX phenotype are summarized in Table 1. In detail, based on the heterozygosity in ABCB1 phenotypically associated
with “altered transport activity”, the heterozygosity in GSTP1 associated with “no elevated risk”, and the homozygosity
in SLC19A1 associated with an “increased risk for toxic ADRs and lower chance for remission”, the overall interpreta-
tion by the commercial PGx panel test was as follows:

The genetic profile of the patient may result in a reduced response and an increased risk of adverse drug effects. The therapy
with MTX can be continued, but should be monitored for that.

Moreover, we have determined the genetic make-up of the patient for the enzymes 5-aminoimidazole-4-carboxamide
ribonucleotide formyltransferase (AICAR)/inosine monophosphate (IMP) cyclohydrolase (gene name: ATIC), gamma-
glutamyl hydrolase (gene name: GGH) and methylenetetrahydrofolate reductase (gene name:MTHFR). The results of the
genotyping of selected variants and the respective function within the MTX pathway is summarized in Table 2. Here, our
patient is heterozygous carrier of both variants assessed within the MTHFR gene locus.

Finally, we also had a look at the genetic constellation of our patient evaluating his co-medication consisting of
diclofenac, ibuprofen, prednisone, dexlansoprazole and vitamin D3 (see Table 3). For the non-steroidal anti-inflammatory

Table 3 Medication of the Patient at the Time of Pharmacogenetic Panel Testing

Substance Dosage Indication

Tofacitinib 5 mg 1-0-1 Rheumatoid arthritis

Prednisone 5 mg 1-0-0 Rheumatoid arthritis

Diclofenac 150 mg 0-1-0 Influenza symptoms

Ibuprofen 200 mg 1-0-1 as necessary Influenza symptoms

Dexlansoprazole 30 mg 0-1-0 as long as Ibuprofen

Vitamin D3 4500 IE/ml, 10ml 2 bottles per month Vitamin D3 deficiency
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drugs (NSAR), the CYP2C9 intermediate metabolizer status was detected. No further PGx warnings appeared for other
co-medications. For vitamin D3, no PGx information was available.

Interpretation and Recommendation
Interpretation
As illustrated in the introduction and shown in Figure 1 the MTX pathway is complex, which makes the interpretation of
genetic variants affecting metabolism challenging. The PGx profile of the patient revealed genetic variants in SLC19A1,
ABCB1, and MTHFR, which may explain the ADRs experienced during the treatment with MTX and a potentially lower
efficacy of MTX.

SLC19A1 codes for the reduced folate carrier and facilitates cellular entry, making it a crucial step in the MTX
pathway. Our patient is homozygous carrier of the risk allele (G) in SLC19A1 G80A (rs1051266). There are multiple
reports linking the G allele with ADRs, such as gastrointestinal toxicity,10,12 hepatotoxicity,12,13 and alopecia,13

supporting our conclusion that the genetic constellation of the SLC19A1 of the patient leads to a high probability of
ADRs. Moreover, as the 80G allele has been linked to a lower chance for remission,43 a treatment with MTX of a patient
with this genotype appears unfavorable.

The patient is heterozygous in ABCB1 T49C (rs2032583), and homozygous to the C allele in ABCB1 C3435T
(rs1045642). Both variants are located within the gene locus ABCB1, which encodes for the efflux transporter
P-glycoprotein: The observed genotype led to the indication of “altered transport” in the results of the commercial
PGx panel test. We are not aware of studies investigating the influence of T49C polymorphism on MTX efficacy and
safety. Studies on C3435T polymorphism had diverging results. The 3435C allele was associated with increased
toxicity,17 while the 3435T allele has been associated with high disease activity and increased ADRs,20 non-
response,21 and with a low disease activity score22 and PharmGKB44 cites that carriers of the 3435T allele might have
an increased risk of toxicity. With these inconclusive findings reported in the literature, it is difficult to decide on the
impact the variants in ABCB1 would have on MTX transport, thereby making a predictive decision impossible.

In addition to the variants identified with the commercial PGx panel test, we observed the patient’s heterozygosity for
the variants A1298C (rs1801131) and C677T (rs1801133) in the MTHFR coding for methyltransferase folate reductase.
There are many studies in patients with low-dose MTX linking these two variants to ADRs or even toxicities. In
summary, the findings of these studies suggest that the 677T allele is a risk factor for gastrointestinal ADRs,29,30

hepatotoxicity,13,30 and neurotoxicity31 and that the 1298C allele is linked to an increased risk for central nervous system
toxicity,32 hepatotoxicity,33 gastrointestinal ADRs34 or overall toxicity.25 Here, a part of the patients’ ADRs (nausea)
might be explained. However, a study34 also described a better response in patients carrying 1298AA or 677CC,
supporting the assumption that our patient might have had insufficient response to MTX.

In addition to transport and polyglutamation, the pharmacology of MTX also involves pathways such as the adenosine
pathway, folate pathway, methionine pathway, and de novo purine synthesis. So far, 120 variants in more than 30 genes
implicated in the MTX pathway have been investigated.45 For example, a systematic review of genetic biomarkers for the
efficacy of MTX described SLC19A1 rs1051266, ATIC rs7563206, dihydrofolate reductase (DHFR) rs836788, thymi-
dylate synthase (TYMS) rs2244500, rs2847153, and rs3786362 as relevant genes.7 With respect to the amount of the
literature and the level of evidence, the 19 variants in nine genes assessed within our patient can only be considered
candidate genes. Overall 15 variants in 6 genes (mostly transporters) were tested through commercial PGx panel test to
which in-house genotyping of 4 variants in 3 genes was added. As the patient was heterozygous to some of the variants,
they could have explained the ADRs seen during the treatment.

Recommendation
Based on our interpretation, we concluded that the ADRs previously experienced by the patient were possibly linked to
his PGx profile. We therefore recommended the patient to avoid MTX in the future and to stay on his current treatment
(tofacitinib, 5 mg, 2 times daily). There were no alerts for this tofacitinib in the PGx profile. The small molecule is
metabolized by CYP3A4. Even though this enzyme exhibits high interindividual variability, it is currently assumed that
the CYP3A-phenotype is not well predicted by genetic variants.46 Moreover, the patient also wanted to know if
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biological DMARDs, such as abatacept or rituximab would be an option for his future treatment of RA. However, for
biologics (as well as for janus kinase inhibitors), there is still little to no evidence for the impact of genetic variants
involved in pharmacokinetics as summarized in the herein applied PGx panel. As the recommendations provided by the
commercial PGx panel test are based on published evidence, both biologics and janus kinase inhibitors appear as
uncritical (“no warning”) in the PGx profile by the commercial panel test.

By effecting a PGx panel test, we had the opportunity to analyze the impact of the patient’s genetic make-up on his
comedication. Accordingly, we were able to provide additional recommendations related to PGx. In detail, due to his
CYP2C9 intermediate metabolizer status, treatment with non-steroidal anti-inflammatory drugs (NSAR) should only be
applied at the lowest possible dose over the shortest possible period. Moreover, the interaction of the NSAR with
prednisone increases the risk of gastrointestinal bleeding. Therefore, we recommended to continue the intake of a proton
pump inhibitor, which was already prescribed (dexlansoprazole). All other substances on his current prescription could
be continued as described.

Discussion
We presented a case of PGx panel testing for a patient experiencing ADR during MTX treatment. As MTX is still the
first-choice drug4,42 in RA and counts as one of the most effective treatments, the patient was curious about the ADRs,
which he experienced under MTX and wanted to know if they had a genetic basis. Our patient learned that his genetic
constellation is unfavorable to a treatment with MTX and as he had made the experience of these various described
ADRs, he then regained confidence in his current treatment.

Although we were able to link the ADRs to genetic variability in this reactive setting, the question remains whether
pre-emptive PGx panel testing in the primary care setting can be used to guide low-dose MTX treatment. Our
recommendation to avoid use of MTX in the present case should be nuanced as firstly, PGx results are probabilistic
and patients can behave differently from what is expected based on the PGx test and secondly, many individuals may
carry these variations and if a general avoidance is adopted, many of them will be deprived of a useful and cost-effective
drug. At this point, we argue that due to the complexity of the MTX pathway involving various polymorphic genes, the
current evidence for pre-emptive PGx panel testing is insufficient, and it is difficult to translate the prevailing evidence as
a whole into clinical recommendations.

When considering all relevant genes, a PGx panel testing for MTX will almost always identify one or more variants
potentially affecting efficacy or toxicity. Under the current circumstance, this would lead us to the recommendation to
avoid MTX in most cases as evidence-based dosing recommendations are missing. We would argue that the clinical
applicability for preemptive PGx panel testing for MTX is currently lacking.

Conclusion
A reactive PGx panel test was applicable to explain ADRs experienced during MTX treatment for a patient with RA. At
the moment, the clinical utility of PGx-guided MTX treatment in a primary care setting is limited. In order to base
a recommendation for MTX on PGx data, we need genome-wide association studies, large prospective multicenter
studies and PGx studies, which analyze different multi-gene haplotypes and gene-drug-drug interactions for MTX. For
now, PGx panel testing for MTX appears to be limited to experts which have the possibility of in-depth pharmacological
investigations, including therapeutic drug monitoring. In the future, we need a PGx panel text for MTX with clear weight
given to each genetic variant. For this, the established and clinically evaluated algorithms augmented by artificial
intelligence that are considering the relevance of all tested variants together with other relevant data at the same time
in one patient, as well as the inclusion of PGx data into an electronic medical health record, will enable PGx-guided
MTX therapy in a primary care setting.
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research purposes. The case was collected in the framework of the observational study “Pharmacogenetic Testing of
Patients with unwanted Adverse Drug Reactions or Therapy Failure” (Clinicaltrials.gov: NCT04154553) approved by the

https://doi.org/10.2147/PGPM.S354011

DovePress

Pharmacogenomics and Personalized Medicine 2022:15472

Jeiziner et al Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


ethics committee northwestern and central Switzerland (Ethikkommission Nordwest- und Zentralschweiz, Hebelstrasse
53, 4056 Basel, eknz@bs.ch) (EKNZ-2019-01452) on 31.10.2019.

Acknowledgment
We would like to thank Dr. med. Pascale Exer for transferring the interesting patient case.

Author Contributions
All authors made a significant contribution to the work reported, whether that is in the conception, study design,
execution, acquisition of data, analysis and interpretation, or in all areas; took part in drafting, revising or critically
reviewing the article; gave final approval of the version to be published; have agreed on the journal Pharmacogenomics
and Personalized Medicine; and agree to be accountable for all aspects of work.

Disclosure
The authors report no conflicts of interest in this work.

References
1. Tobón GJ, Youinou P, Saraux A. The environment, geo-epidemiology, and autoimmune disease: rheumatoid arthritis. J Autoimmun. 2010;35:10–14.
doi:10.1016/j.jaut.2009.12.009

2. Albers HM, Wessels JAM, Van Der Straaten RJHM, et al. Time to treatment as an important factor for the response to methotrexate in juvenile
idiopathic arthritis. Arthritis Care Res. 2009;61:46–51. doi:10.1002/art.24087

3. Bedoui Y, Guillot X, Sélambarom J, et al. Methotrexate an old drug with new tricks. Int J Mol Sci. 2019;20:5023. doi:10.3390/ijms20205023
4. Singh JA, Saag KG, Bridges SL Jr., et al. 2015 American college of rheumatology guideline for the treatment of rheumatoid arthritis. Arthritis
Rheumatol. 2016;68:1–26. doi:10.1002/art.39480

5. Jenko B, Tomšič M, Jekić B, Milić V, Dolžan V, Praprotnik S. Clinical pharmacogenetic models of treatment response to methotrexate monotherapy
in Slovenian and Serbian rheumatoid arthritis patients: differences in patient’s management may preclude generalization of the models. Front
Pharmacol. 2018;9. doi:10.3389/fphar.2018.00020

6. Mikkelsen TS, Thorn CF, Yang JJ, et al. PharmGKB summary: methotrexate pathway. Pharmacogenet Genomics. 2011;21:679–686. doi:10.1097/
FPC.0b013e328343dd93

7. Eektimmerman F, Swen JJ, Madhar MB, Allaart CF, Guchelaar H-J. Predictive genetic biomarkers for the efficacy of methotrexate in rheumatoid
arthritis: a systematic review. Pharmacogenomics J. 2020;20:159–168. doi:10.1038/s41397-019-0098-9

8. Malik F, Ranganathan P. Methotrexate pharmacogenetics in rheumatoid arthritis: a status report. Pharmacogenomics. 2013;14:305–314.
doi:10.2217/pgs.12.214

9. Jeiziner C, Suter K, Wernli U, et al. Pharmacogenetic information in Swiss drug labels - a systematic analysis. Pharmacogenomics J.
2021;21:423–434. doi:10.1038/s41397-020-00195-4

10. Lima A, Bernardes M, Azevedo R, et al. SLC19A1, SLC46A1 and SLCO1B1 polymorphisms as predictors of methotrexate-related toxicity in
Portuguese rheumatoid arthritis patients. Toxicol Sci. 2014;142:196–209. doi:10.1093/toxsci/kfu162

11. Chango A, Emery-Fillon N, de Courcy GP, et al. A polymorphism (80G->A) in the reduced folate carrier gene and its associations with folate status
and homocysteinemia. Mol Genet Metab. 2000;70:310–315. doi:10.1006/mgme.2000.3034

12. Samara SA, Irshaid YM, Mustafa KN. Association of MDR1 C3435T and RFC1 G80A polymorphisms with methotrexate toxicity and response in
Jordanian rheumatoid arthritis patients. Int J Clin Pharmacol Ther. 2014;52:746–755. doi:10.5414/CP202098

13. Swierkot J, Slezak R, Karpinski P, et al. Associations between single-nucleotide polymorphisms of RFC-1, GGH, MTHFR, TYMS, and TCII genes
and the efficacy and toxicity of methotrexate treatment in patients with rheumatoid arthritis. Pol Arch Med Wewn. 2015;125:152–161. doi:10.20452/
pamw.2707

14. Dervieux T, Kremer J, Lein DO, et al. Contribution of common polymorphisms in reduced folate carrier and γ-glutamylhydrolase to methotrexate
polyglutamate levels in patients with rheumatoid arthritis. Pharmacogenetics. 2004;14:733–739. doi:10.1097/00008571-200411000-00004

15. de Graaf D, Sharma RC, Mechetner EB, Schimke RT, Roninson IB. P-glycoprotein confers methotrexate resistance in 3T6 cells with deficient
carrier-mediated methotrexate uptake. Proc Natl Acad Sci U S A. 1996;93:1238–1242. doi:10.1073/pnas.93.3.1238

16. Kusuhara H, Sugiyama Y. ATP-binding cassette, subfamily G (ABCG family). Pflugers Arch. 2007;453:735–744. doi:10.1007/s00424-006-0134-x
17. Muto S, Minamitani N, Ogura T, et al. Good response to methotrexate is associated with a decrease in the gene expression of ABCG2, a drug

transporter, in patients with rheumatoid arthritis. Mod Rheumatol. 2021;31:1079–1086. doi:10.1080/14397595.2021.1879429
18. Esmaili MA, Kazemi A, Faranoush M, et al. Polymorphisms within methotrexate pathway genes: relationship between plasma methotrexate levels,

toxicity experienced and outcome in pediatric acute lymphoblastic leukemia. Iran J Basic Med Sci. 2020;23:800–809. doi:10.22038/
ijbms.2020.41754.9858

19. Jenko B, Lusa L, Tomsic M, Praprotnik S, Dolzan V. Clinical-pharmacogenetic predictive models for MTX discontinuation due to adverse events in
rheumatoid arthritis. Pharmacogenomics J. 2017;17:412–418. doi:10.1038/tpj.2016.36

20. Muralidharan N, Antony PT, Jain VK, Mariaselvam CM, Negi VS. Multidrug resistance 1 (MDR1) 3435C>T gene polymorphism influences the
clinical phenotype and methotrexate-induced adverse events in South Indian Tamil rheumatoid arthritis. Eur J Clin Pharmacol. 2015;71:959–965.
doi:10.1007/s00228-015-1885-0

Pharmacogenomics and Personalized Medicine 2022:15 https://doi.org/10.2147/PGPM.S354011

DovePress
473

Dovepress Jeiziner et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.jaut.2009.12.009
https://doi.org/10.1002/art.24087
https://doi.org/10.3390/ijms20205023
https://doi.org/10.1002/art.39480
https://doi.org/10.3389/fphar.2018.00020
https://doi.org/10.1097/FPC.0b013e328343dd93
https://doi.org/10.1097/FPC.0b013e328343dd93
https://doi.org/10.1038/s41397-019-0098-9
https://doi.org/10.2217/pgs.12.214
https://doi.org/10.1038/s41397-020-00195-4
https://doi.org/10.1093/toxsci/kfu162
https://doi.org/10.1006/mgme.2000.3034
https://doi.org/10.5414/CP202098
https://doi.org/10.20452/pamw.2707
https://doi.org/10.20452/pamw.2707
https://doi.org/10.1097/00008571-200411000-00004
https://doi.org/10.1073/pnas.93.3.1238
https://doi.org/10.1007/s00424-006-0134-x
https://doi.org/10.1080/14397595.2021.1879429
https://doi.org/10.22038/ijbms.2020.41754.9858
https://doi.org/10.22038/ijbms.2020.41754.9858
https://doi.org/10.1038/tpj.2016.36
https://doi.org/10.1007/s00228-015-1885-0
https://www.dovepress.com
https://www.dovepress.com


21. Takatori R, Takahashi KA, Tokunaga D, et al. ABCB1 C3435T polymorphism influences methotrexate sensitivity in rheumatoid arthritis patients.
Clin Exp Rheumatol. 2006;24:546–554.

22. Kato T, Hamada A, Mori S, Saito H. Genetic polymorphisms in metabolic and cellular transport pathway of methotrexate impact clinical outcome
of methotrexate monotherapy in Japanese patients with rheumatoid arthritis. Drug Metab Pharmacokinet. 2012;27:192–199. doi:10.2133/dmpk.
DMPK-11-RG-066

23. Plaza-Plaza JC, Aguilera M, Cañadas-Garre M, et al. Pharmacogenetic polymorphisms contributing to toxicity induced by methotrexate in the
southern Spanish population with rheumatoid arthritis. OMICS J Integr Biol. 2012;16:589–595. doi:10.1089/omi.2011.0142

24. Ranganathan P, Culverhouse R, Marsh S, et al. Methotrexate (MTX) pathway gene polymorphisms and their effects on MTX toxicity in caucasian
and African American patients with rheumatoid arthritis. J Rheumatol. 2008;35:572–579.

25. Zajc Avramovic M, Dolzan V, Toplak N, Accetto M, Lusa L, Avcin T. Relationship between polymorphisms in methotrexate pathway genes and
outcome of methotrexate treatment in a cohort of 119 patients with juvenile idiopathic arthritis. J Rheumatol. 2017;44:1216–1223. doi:10.3899/
jrheum.160950

26. van de Steeg E, van der Kruijssen CM, Wagenaar E, et al. Methotrexate pharmacokinetics in transgenic mice with liver-specific expression of
human organic anion-transporting polypeptide 1B1 (SLCO1B1). Drug Metab Dispos. 2009;37:277–281. doi:10.1124/dmd.108.024315

27. Meyer Zu Schwabedissen HE, Kim RB. Hepatic OATP1B transporters and nuclear receptors PXR and CAR: interplay, regulation of drug
disposition genes, and single nucleotide polymorphisms. Mol Pharm. 2009;6:1644–1661. doi:10.1021/mp9000298

28. Hayashi H, Fujimaki C, Daimon T, Tsuboi S, Matsuyama T, Itoh K. Genetic polymorphisms in folate pathway enzymes as a possible marker for
predicting the outcome of methotrexate therapy in Japanese patients with rheumatoid arthritis. J Clin Pharm Ther. 2009;34:355–361. doi:10.1111/
j.1365-2710.2009.01046.x

29. Haagsma CJ, Blom HJ, Van Riel PLCM, et al. Influence of sulphasalazine, methotrexate, and the combination of both on plasma homocysteine
concentrations in patients with rheumatoid arthritis. Ann Rheum Dis. 1999;58:79–84. doi:10.1136/ard.58.2.79

30. Kim SK, Jun JB, El-Sohemy A, Bae SC. Cost-effectiveness analysis of MTHFR polymorphism screening by polymerase chain reaction in Korean
patients with rheumatoid arthritis receiving methotrexate. J Rheumatol. 2006;33:1266–1274.

31. Weisman MH, Furst DE, Park GS, et al. Risk genotypes in folate-dependent enzymes and their association with methotrexate-related side effects in
rheumatoid arthritis. Arthritis Rheum. 2006;54:607–612. doi:10.1002/art.21573

32. Dervieux T, Wessels JAM, Van Der Straaten T, et al. Gene-gene interactions in folate and adenosine biosynthesis pathways affect methotrexate
efficacy and tolerability in rheumatoid arthritis. Pharmacogenet Genomics. 2009;19:935–944. doi:10.1097/FPC.0b013e32833315d1

33. Mena JP, Salazar-Páramo M, González-López L, et al. Polymorphisms C677T and A1298C in the MTHFR gene in Mexican patients with
rheumatoid arthritis treated with methotrexate: implication with elevation of transaminases. Pharmacogenomics J. 2011;11:287–291. doi:10.1038/
tpj.2010.32

34. Wessels JA, de Vries-bouwstra JK, Heijmans BT, et al. Efficacy and toxicity of methotrexate in early rheumatoid arthritis are associated with
single-nucleotide polymorphisms in genes coding for folate pathway enzymes. Arthritis Rheum. 2006;54:1087–1095. doi:10.1002/art.21726

35. Consolaro A, Ruperto N, Bazso A, et al. Development and validation of a composite disease activity score for juvenile idiopathic arthritis. Arthritis
Rheum. 2009;61:658–666. doi:10.1002/art.24516

36. Ranganathan P, McLeod HL. Methotrexate pharmacogenetics: the first step toward individualized therapy in rheumatoid arthritis. Arthritis Rheum.
2006;54:1366–1377. doi:10.1002/art.21762

37. Wessels JAM, Kooloos WM, De Jonge R, et al. Relationship between genetic variants in the adenosine pathway and outcome of methotrexate
treatment in patients with recent-onset rheumatoid arthritis. Arthritis Rheum. 2006;54:2830–2839. doi:10.1002/art.22032

38. Kishi S, Cheng C, French D, et al. Ancestry and pharmacogenetics of antileukemic drug toxicity. Blood. 2007;109:4151–4157. doi:10.1182/blood-
2006-10-054528

39. Imanishi H, Okamura N, Yagi M, et al. Genetic polymorphisms associated with adverse events and elimination of methotrexate in childhood acute
lymphoblastic leukemia and malignant lymphoma. J Hum Genet. 2007;52:166–171. doi:10.1007/s10038-006-0096-z

40. ICH topic E15: definitions of genomic biomarkers, pharmacogenomics, pharmacogenetics, genomic data, sample coding categories; 2007.
Available from: https://www.ema.europa.eu/en/documents/scientific-guideline/ich-e-15-definitions-genomic-biomarkers-pharmacogenomics-
pharmacogenetics-genomic-data-sample-coding_en.pdf. Accessed July 10, 2019.

41. Jekic B, Maksimovic N, Damnjanovic T. Methotrexate pharmacogenetics in the treatment of rheumatoid arthritis. Pharmacogenomics.
2019;20:1235–1245. doi:10.2217/pgs-2019-0121

42. Fiehn C, Holle J, Iking-Konert C, et al. S2e-Leitlinie: therapie der rheumatoiden Arthritis mit krankheitsmodifizierenden Medikamenten. Z Fur
Rheumatol. 2018;77:35–53. doi:10.1007/s00393-018-0481-y

43. Drozdzik M, Rudas T, Pawlik A, Gornik W, Kurzawski M, Herczynska M. Reduced folate carrier-1 80G>A polymorphism affects methotrexate
treatment outcome in rheumatoid arthritis. Pharmacogenomics J. 2007;7:404–407. doi:10.1038/sj.tpj.6500438

44. Clinical annotation for s1045642 (ABCB1) and methotrexate; 2021. Available from: https://www.pharmgkb.org/clinicalAnnotation/655385462.
Accessed October 01, 2021.

45. Machaj F, Rosik J, Szostak B, Pawlik A. The evolution in our understanding of the genetics of rheumatoid arthritis and the impact on novel drug
discovery. Expert Opin Drug Discov. 2020;15:85–99. doi:10.1080/17460441.2020.1682992

46. Zanger UM, Klein K, Thomas M, et al. Genetics, epigenetics, and regulation of drug-metabolizing cytochrome P450 enzymes. Clin Pharmacol
Ther. 2014;95:258–261. doi:10.1038/clpt.2013.220

47. Stamp LK, Chapman PT, O’Donnell JL, et al. Polymorphisms within the folate pathway predict folate concentrations but are not associated with
disease activity in rheumatoid arthritis patients on methotrexate. Pharmacogenet Genomics. 2010;20:367–376. doi:10.1097/
FPC.0b013e3283398a71

48. Warren RB, Smith RL, Campalani E, et al. Genetic variation in efflux transporters influences outcome to methotrexate therapy in patients with
psoriasis. J Invest Dermatol. 2008;128:1925–1929. doi:10.1038/jid.2008.16

49. Dervieux T, Furst D, Lein DO, et al. Polyglutamation of methotrexate with common polymorphisms in reduced folate carrier, aminoimidazole
carboxamide ribonucleotide transformylase, and thymidylate synthase are associated with methotrexate effects in rheumatoid arthritis. Arthritis
Rheum. 2004;50:2766–2774. doi:10.1002/art.20460

https://doi.org/10.2147/PGPM.S354011

DovePress

Pharmacogenomics and Personalized Medicine 2022:15474

Jeiziner et al Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.2133/dmpk.DMPK-11-RG-066
https://doi.org/10.2133/dmpk.DMPK-11-RG-066
https://doi.org/10.1089/omi.2011.0142
https://doi.org/10.3899/jrheum.160950
https://doi.org/10.3899/jrheum.160950
https://doi.org/10.1124/dmd.108.024315
https://doi.org/10.1021/mp9000298
https://doi.org/10.1111/j.1365-2710.2009.01046.x
https://doi.org/10.1111/j.1365-2710.2009.01046.x
https://doi.org/10.1136/ard.58.2.79
https://doi.org/10.1002/art.21573
https://doi.org/10.1097/FPC.0b013e32833315d1
https://doi.org/10.1038/tpj.2010.32
https://doi.org/10.1038/tpj.2010.32
https://doi.org/10.1002/art.21726
https://doi.org/10.1002/art.24516
https://doi.org/10.1002/art.21762
https://doi.org/10.1002/art.22032
https://doi.org/10.1182/blood-2006-10-054528
https://doi.org/10.1182/blood-2006-10-054528
https://doi.org/10.1007/s10038-006-0096-z
https://www.ema.europa.eu/en/documents/scientific-guideline/ich-e-15-definitions-genomic-biomarkers-pharmacogenomics-pharmacogenetics-genomic-data-sample-coding_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/ich-e-15-definitions-genomic-biomarkers-pharmacogenomics-pharmacogenetics-genomic-data-sample-coding_en.pdf
https://doi.org/10.2217/pgs-2019-0121
https://doi.org/10.1007/s00393-018-0481-y
https://doi.org/10.1038/sj.tpj.6500438
https://www.pharmgkb.org/clinicalAnnotation/655385462
https://doi.org/10.1080/17460441.2020.1682992
https://doi.org/10.1038/clpt.2013.220
https://doi.org/10.1097/FPC.0b013e3283398a71
https://doi.org/10.1097/FPC.0b013e3283398a71
https://doi.org/10.1038/jid.2008.16
https://doi.org/10.1002/art.20460
https://www.dovepress.com
https://www.dovepress.com


Pharmacogenomics and Personalized Medicine Dovepress

Publish your work in this journal
Pharmacogenomics and Personalized Medicine is an international, peer-reviewed, open access journal characterizing the influence of genotype
on pharmacology leading to the development of personalized treatment programs and individualized drug selection for improved safety,
efficacy and sustainability. This journal is indexed on the American Chemical Society’s Chemical Abstracts Service (CAS). The manuscript
management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.
dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/pharmacogenomics-and-personalized-medicine-journal

Pharmacogenomics and Personalized Medicine 2022:15 DovePress 475

Dovepress Jeiziner et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
https://www.dovepress.com

	Introduction and Background
	Case Presentation
	Analyses of Single Nucleotide Polymorphisms in the MTX Pathway
	Interpretation and Recommendation
	Interpretation
	Recommendation


	Discussion
	Conclusion
	Ethics
	Acknowledgment
	Author Contributions
	Disclosure
	References

