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Abstract

Protein tyrosine phosphatase, nonreceptor type 22 (PTPN22), is an archetypal non-HLA

autoimmunity gene. It is one of the most prominent genetic contributors to type 1 diabetes

mellitus outside the HLA region, and prevalence of its risk variants is subject to enormous

geographic variability. Here, we address the genetic background of patients with type 1 dia-

betes mellitus of Armenian descent. Armenia has a population that has been genetically iso-

lated for 3000 years. We hypothesized that two PTPN22 polymorphisms, rs2476601 and

rs1310182, are associated with type 1 diabetes mellitus in persons of Armenian descent. In

this association study, we genotyped the allelic frequencies of two risk-associated PTPN22

variants in 96 patients with type 1 diabetes mellitus and 100 controls of Armenian descent.

We subsequently examined the associations of PTPN22 variants with the manifestation of

type 1 diabetes mellitus and its clinical characteristics. We found that the rs2476601 minor

allele (c.1858T) frequency in the control population was very low (q = 0.015), and the trend

toward increased frequency of c.1858CT heterozygotes among patients with type 1 diabe-

tes mellitus was not significant (OR 3.34, 95% CI 0.88–12.75; χ2 test p > 0.05). The control

population had a high frequency of the minor allele of rs1310182 (q = 0.375). The frequency

of c.2054-852TC heterozygotes was significantly higher among the patients with type 1 dia-

betes mellitus (OR 2.39, 95% CI 1.35–4.24; χ2 test p < 0.001), as was the frequency of the T

allele (OR 4.82, 95% CI 2.38–9.76; χ2 test p < 0.001). The rs2476601 c.1858CT genotype

and the T allele correlated negatively with the insulin dose needed three to six months after

diagnosis. The rs1310182 c.2054-852CC genotype was positively associated with higher

HbA1c at diagnosis and 12 months after diagnosis. We have provided the first information

on diabetes-associated polymorphisms in PTPN22 in a genetically isolated Armenian popu-

lation. We found only a limited contribution of the prototypic gain-of-function PTPN22 poly-

morphism rs2476601. In contrast, we found an unexpectedly close association of type 1

diabetes mellitus with rs1310182.
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Introduction

Armenia has a population that has been genetically isolated since the end of the Bronze Age,

3000 years ago. Armenians were found to have a genetic affinity to (1) Spaniards, Italians, and

Romanians from Europe; (2) Lebanese, Jews, Druze, and Cypriots from the Near East; and (3)

Georgians and Abkhazians from the Caucasus [1]. Type 1 diabetes mellitus is common in

Armenia; the prevalence of type 1 diabetes mellitus in Armenia is 0.048% among persons 0–14

years old and 0.063% among persons 0–19 years old [2]. These values are one order of magni-

tude below those experienced in Sardinia or Finland, and generally lower compared to most

European countries or the United States, but higher compared to South-East and North-East

Asia. The genetic background of Armenian patients with type 1 diabetes mellitus is poorly

understood.

Outside the HLA region, one of the most prominent genetic contributors to autoimmune

diseases, including type 1 diabetes mellitus, is protein tyrosine phosphatase, nonreceptor type

22 (PTPN22), which encodes lymphoid tyrosine phosphatase (LYP). PTPN22 is considered an

archetypal non-human leukocyte antigen (HLA) autoimmunity gene [3]. It is expressed

mainly in hematopoietic cells and may affect autoimmunity. LYP binds the Src homology 3

(SH3) domain of the C-terminal Src kinase (CSK) and is involved in the downregulation of T

cell receptor and B cell receptor signaling when dissociated from CSK [4]. In mice, it regulates

the numbers of regulatory T cells (Treg cells) and follicular T helper cells [5, 6].

PTPN22 is known for its functional polymorphism rs2476601 (c.1858C>T, p.620R>W).

This missense point variation causes a gain-of-function variant of LYP. This mutation of the

P1 linkage domain decreases its affinity to CSK threefold and thus leads to increased CSK

activity [7]. The variant leads to increases in the frequencies of total and naïve

CD4+CD25+CD127lowFOXP3+ Treg cells (CD = cluster of differentiation; FOXP3 = forkhead

box P3) [8]. This gain-of-function variant of LYP is associated with many autoimmune dis-

eases, including type 1 diabetes mellitus, rheumatoid arthritis, systemic lupus erythematosus,

vitiligo, and others [9]. The prevalence of rs2476601 risk allele is subject to enormous geo-

graphic variability, with the highest frequencies in Northern Europe [10]. It is rare in Sub-

Saharan Africa and South Asia and nearly absent in East Asia. Small interfering RNA

(siRNA)-based therapies that target the rs2476601 variant are currently under development

[11, 12]. These novel immunotherapeutic approaches targeting the rs2476601 variant repre-

sent personalized treatments that can be applied to patients harboring this variant in popula-

tions of European descent.

The second polymorphism, we examined in the present study, rs1310182 (c.2054-

852T>C), is much less understood. It is a point mutation in an intronic region that carries a

putative transcription factor-binding site, as described by Carlton et al. [13]. They found that

this polymorphism was associated with rheumatoid arthritis independent of the rs2476601 sta-

tus of the examined patients of European descent. Interestingly, later reports often found a

close association of rs1310182 with various autoimmune diseases but disagreed on which allele

is associated with the disease. The risk allele was C in Japanese patients with type 1 diabetes

mellitus [14], Han Chinese patients with allergic rhinitis [15], Norwegian patients with rheu-

matoid arthritis [16], and Iranian patients with juvenile idiopathic arthritis [17], systemic

lupus erythematosus [18] (in this study, the table with results refers to C as the disease-associ-

ated allele, whereas the text refers to T as the disease-associated variant), and ulcerative colitis

[19]. The risk allele was T in patients of European descent with rheumatoid arthritis [13] or

late-onset autoimmune diabetes of adults (LADA) [20] and patients of Iranian descent with

celiac disease [21] and chronic spontaneous urticaria [22]. There was no association reported

in studies of patients with type 1 diabetes mellitus from Sardinia [23] and Iran [24], various
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monogenic types of diabetes mellitus from the Czech Republic [25], rheumatoid arthritis from

China [26], psoriasis from the United Kingdom [27], chronic spontaneous urticaria from

Poland [28], Behcet’s disease from China [29], Vogt–Koyanagi–Harada syndrome and anky-

losing spondylitis from China [30], and autoimmune thyroid disease from Japan [31]. The

rejection risk of liver transplants is also independent of rs1310182 [32, 33]. In Czech patients

with LADA, the CC genotype was more common in women and was associated with higher

hemoglobin A1c (HbA1c) [20]. The geographic variability in the frequency of this allele in ran-

dom populations is negligible.

In the present study, we tested the hypothesis that rs2476601 and rs1310182 are associated

with type 1 diabetes mellitus in persons of Armenian descent. We tested the frequencies of

these polymorphisms both in the general population and in children with type 1 diabetes mel-

litus. We correlated the presence of minor alleles and genotypes with the clinical characteristics

of the examined patients.

Materials and methods

Selection criteria

From September 2017 through June 2019, we recruited two groups of persons of Armenian

descent for genetic testing of PTPN22 polymorphisms. We applied the following absolute

inclusion criteria:

1. Type 1 diabetes mellitus (n = 96, 40 M, 56 F):

a. Fasting C-peptide <200 pmol/L, and

b. HbA1c 6.5% or higher

c. Age at diagnosis <25 years

2. Nondiabetic controls (n = 100 of undisclosed sex):

a. Fasting C-peptide >260 pmol/L, and

b. HbA1c <5.7%

The patients fulfilled the type 1 diabetes mellitus diagnostic criteria according to the most

recent version of the ADA guidelines [34]. Exclusion criteria were: suspected non-type 1 dia-

betes mellitus (type 2 diabetes, maturity-onset diabetes of the young, secondary diabetes, etc.),

declined enrollment in the study by the patients or their parents, and initial treatment for dia-

betes outside of the study department for more than five days. Thyroiditis was used as an

exclusion criterion for the nondiabetic controls.

The clinical features of the included patients with type 1 diabetes mellitus are described in

Table 1. Both the patients and the controls were of Armenian descent. All were referred for

clinical reasons to the Endocrinology Clinic at the "Muratsan" University Hospital Complex,

Yerevan State Medical University after Mkhitar Heratsi. We obtained written informed con-

sent from each subject.

Clinical and laboratory characterization

At the time of diagnosis, we measured fasting C-peptide and HbA1c, anti-glutamic acid decar-

boxylase (GAD), anti-insulin and anti-islet antigen 2 (IA-2) autoantibodies, thyroid-stimulat-

ing hormone (TSH), and urine ketones. We also recorded the presence of acidosis episodes

and the need for insulin treatment three to six months after the diagnosis and performed

abdominal ultrasonography. We repeated the HbA1c measurements six and 12 months after
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the diagnosis. We determined HbA1c by high-performance liquid chromatography using the

Diabetes Control and Complications Trial (DCCT) % units [35]. We measured the fasting

serum C-peptide and TSH levels by chemiluminescent immunoassay method using Cobas E

411 analyzer (Roche diagnostics, Basel, Switzerland). We detected the autoantibodies using

radioimmunoassays from DIAsource ImmunoAssays S.A. (Louvain-la-neuve, Belgium). Fur-

thermore, we measured ketone bodies using Combur-Test strip with the Urisys 1100 semi-

automated urine testing analyzer (Roche Diagnostics, Basel, Switzerland).

Blood collection

After obtaining informed consent, we collected blood samples for DNA analyses by venipunc-

ture in EDTA-containing tubes and processed the blood as described below. All of the mea-

surements and collections were performed by us or by trained nurses and technicians of the

study institutions.

Genotyping

We purified peripheral blood leukocytes using Ficoll, washed them using physiological saline

solution and froze the pellets at or below -75˚C until further processing. We then isolated

DNA from the peripheral blood leukocytes using the DNeasy Blood & Tissue Kit (Qiagen, Hil-

den, Germany) and ensured that the isolated DNA was of acceptable purity (A260/A280 ratio of

1.7–2.0) and concentration (�30 ng μL-1). Next, we genotyped the following PTPN22 SNPs

Table 1. Clinical features of the patients with type 1 diabetes mellitus. Data are shown as the mean±SD (range)

unless stated otherwise.

Gender Variable M (N = 40) F (N = 56)

Age at diagnosis [years] 8.6±5.8 (0.4–24) 9.4±4.7 (1.0–22)

C-peptide [ng mL-1] 0.5±0.4 (0.1–2.0) 0.5±0.3 (0.2–1.9)

HbA1c at diagnosis [NGSP %] 9.8±2.1 (6.6–15.5) 10.0±1.9 (6.7–14.3)

HbA1c six months after diagnosis [NGSP %] 7.0±1.0 (4.9–9.6) 7.2±1.1 (4.9–10.1)

HbA1c 12 months after diagnosis [NGSP %] 7.7±1.2 (4.9–9.2) 8.3±1.9 (5.5–13.1)

TSH 3.1±1.5 (0.8–8.0) 2.8±1.5 (0.0–7.9)

Autoantibodies No. of patients positive / tested

(%)

No. of patients positive / tested

(%)

Anti-GAD �5.0 IU *mL–1 3 / 15 (20%) 8 / 12 (67%)

Anti-Insulin�5.0 IU *mL–1 3 / 13 (23%) 1 / 11 (9%)

Anti-IA-2�5.0 IU *mL–1 10 / 15 (67%) 3 / 12 (25%)

Urine ketons No. of patients (%): No. of patients:

3+ 25 (63%) 42 (76%)

2+ 6 (15%) 4 (7%)

1+ 5 (13%) 2 (4%)

0 4 (10%) 7 (13%)

Acidosis No. of patients (%): No. of patients (%):

Present 14 (36%) 22 (41%)

Absent 25 (64%) 32 (59%)

Liver ultrasonography No. of patients (%): No. of patients (%):

Increased signal 4 (10%) 8 (15%)

Normal signal 36 (90%) 44 (85%)

Insulin dose three to six months after

diagnosis

0.4±0.3 (0.0–1.2) 0.5±0.3 (0.0–1.0)

https://doi.org/10.1371/journal.pone.0286743.t001
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that have previously been proposed to be associated with autoimmune diseases: rs2476601

(c.1858C>T) and rs1310182 (NM_015967.7:c.2054-852T>C).

We tested the polymorphism rs2476601 by Sanger sequencing (133 samples) or by using a

polymerase chain reaction–restriction fragment length polymorphism (PCR-RFLP) (the

remaining samples; with five randomly chosen samples validated by Sanger sequencing). To

amplify the rs2476601 locus, we used a nested PCR design with the following primers: 1st pair,

fw: CCTCCTGGGTTTGTACCTTAAGAG, rv: CTGGAATTAAAGGCATGAGCCACCATG; 2nd pair,

fw: TCACCAGCTTCCTCAACCACA, rv: GATAATGTTGCTTCAACGGAATTT. We designed the

1st pair of primers for the purpose of this study (using Primer3 [36]) and used the 2nd pair of

primers designed by Bottini et al. [37]. We amplified the extracted DNA using the following

PCR mix: 13.25 μL of PCR water, 5 μL of 5× concentrated Q5 buffer, 0.5 μL of dNTPs (10

mM), 2.5 μL of 50 primer (10 μM), 2.5 μL of 30 primer (10 μM), 0.25 μL of Q5 DNA polymerase

(2 U μL-1) (Thermo Fisher Scientific, Waltham, MA), and 1 μL of extracted genomic DNA

(30–60 ng μL-1). The total volume was 25 μl. PCR was carried out for 35 cycles with 10 s dena-

turation at 98˚C, 10 sec annealing at 55˚C, followed by 2 min extension at 72˚C. Cycling was

started by 30 sec denaturation at 98˚C and terminated by 2 min incubation at 72˚C. The exper-

iments were performed using an Eppendorf Mastercycler (Eppendorf, Hamburg, Germany).

We purified the PCR products using a NucleoSpin Gel and PCR Clean-up kit (Macherey-

Nagel, Allentown, PA) and subjected them either to Sanger sequencing using an ABI 3130

DNA Analyzer (Applied Biosystems, Foster City, CA) or to an overnight restriction with

XcmI. We visualized the sequences using FinchTV v 1.4.0 (Geospiza, Seattle, WA) and pro-

cessed them in MEGA5.2 [38]. In each run of the restriction analyses, we included a DNA

sample as a positive control (a known c.1858CT heterozygote). Uncleaved product length was

215 bp, while the cleaved products were 170 bp and 45 bp long.

We tested the polymorphism rs1310182 by PCR-RFLP, with four randomly chosen samples

validated by Sanger sequencing. To amplify the rs1310182 locus, we used the following PCR

primers: fw: AATGGACATATTTTCCCATGATGT, rv: TGCCTACTGTATGCCAGTTATTTT
(designed for the purpose of this study using Primer3 [36]). The PCR conditions were identical

to those for rs2476601. We then purified the PCR products using a NucleoSpin Gel and PCR

Clean-up kit and subjected them to overnight restriction with PmlI. We retested all individuals

revealed to be heterozygous in the first round of PCR-RFLP to exclude incomplete cleavage. In

each run of the restriction analyses, we included a DNA sample as a positive control (known

c.2054-852TC heterozygote). Uncleaved product length was 285 bp, while the cleaved products

were 140 bp and 145 bp long. Examples of agarose blots with RFLP results and Sanger

sequencing results are disclosed in S1 Fig for both rs2476601 and rs1310182.

Statistical analyses

We calculated the desired sample size by estimating the frequency of the rs1310182 minor

allele to be 35% in the control population and 55% in patients with type 1 diabetes mellitus.

Considering dichotomous endpoints and two independent groups of patients, the tested

groups should include 96 patients or controls to reach 80% power at α = 0.05. The power anal-

ysis was performed with ClinCalc (ClinCalc LLC., Arlington Heights, IL).

We present the clinical characteristics of the patients with type 1 diabetes mellitus as the

mean±SD (range) or absolute counts (%). We further described the differences by calculating

odds ratios (ORs) and corresponding 95% confidence intervals (CIs). We used the χ2 test to

analyze the significance of the calculated OR. We used PERMANOVA to analyze the differ-

ences in the genotype and allelic frequencies between the patients with type 1 diabetes mellitus

and the controls. The rs2476601 c.1858C>T variant functions in an autosomal dominant
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fashion with increased clinical penetrance in carriers who are homozygous [39], while the

genetic model for rs1310182 is unknown. We used principal component analysis (PCA) and

Pearson product-moment correlation analysis to check for the contribution of individual

genotypes and alleles. We calculated the allelic frequencies and analyzed the consistency of the

distribution of genotypes with Hardy-Weinberg’s law. The calculations were performed in

PAST v 2.14, SigmaPlot v 12.0 and Gene-calc.

Statement of ethics

This study was approved by the Ethics Committees of the Third Faculty of Medicine at Charles

University and Yerevan State Medical University after Mkhitar Heratsi. The decisions are not

provided with numbers. All methods were performed in accordance with the relevant guide-

lines and regulations. Written informed consent was obtained from the participants (or their

parents).

Results

PTPN22 signature of Armenian patients with type 1 diabetes mellitus

The concordance rates between the PCR-RFLP and Sanger sequencing results were 100% for

both tested SNPs. Both SNPs were variable in Armenian patients with type 1 diabetes mellitus

and controls. PERMANOVA of the two analyzed polymorphisms, exploring the genotype and

allelic frequencies, revealed significant differences between the patients with type 1 diabetes

mellitus and the controls (permutation n = 9999; F = 4.587; p = 0.01). Subsequent PCA

revealed type 1 diabetes mellitus to be negatively associated with the rs1310182 c.2054-852CC

genotype and positively associated with the c.2054-852T allele. In contrast, the rs2476601

genotypes and alleles contributed negligibly (S2 Fig).

Concerning rs2476601, the control population had a low frequency of this polymorphism;

there were only three c.1858CT heterozygotes among the 100 analyzed controls (q = 0.015;

equal to the minor allele frequency). However, there were nine c.1858CT heterozygotes among

the 96 analyzed patients with type 1 diabetes mellitus (q = 0.047; equal to the minor allele fre-

quency). The c.1858TT homozygotes were absent from both study populations. The trend

toward a higher representation of c.1858CT heterozygotes among the patients with type 1 dia-

betes mellitus was not significant when compared to the frequency of c.1858CT heterozygotes

among the examined controls (OR 3.34, 95% CI 0.88–12.75; χ2 test p> 0.05). Both populations

were in Hardy-Weinberg equilibrium (patients with type 1 diabetes mellitus: χ2 statistics

0.232, p = 0.89; controls: χ2 statistics 0.023, p = 0.99).

Concerning rs1310182, the control population had a high frequency of this polymorphism.

There were 18 c.2054-852TT homozygotes and 39 c.2054-852CT heterozygotes among the 100

analyzed controls (q = 0.375). There were 25 c.2054-852TT homozygotes and 58 c.2054-

852CT heterozygotes among the 96 analyzed patients with type 1 diabetes mellitus (q = 0.563).

The representation of c.2054-852TT homozygotes was similar among the patients with type 1

diabetes mellitus compared to their expected frequency according to the examined controls

(OR 1.60, 95% CI 0.81–3.18; χ2 test p> 0.05). In contrast, the representation of c.2054-852CT

heterozygotes was significantly higher among the patients with type 1 diabetes mellitus com-

pared to their expected frequency according to the examined controls (OR 2.39, 95% CI 1.35–

4.24; χ2 test p< 0.001). The higher prevalence of the T allele among patients with type 1 diabe-

tes mellitus was also significant (OR 4.82, 95% CI 2.38–9.76; χ2 test p< 0.001). Both popula-

tions were in Hardy-Weinberg equilibrium (patients with type 1 diabetes mellitus: χ2 statistics

4.969, p = 0.08; controls: χ2 statistics 2.822, p = 0.24). An overview of the ORs is provided in

Table 2.
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Correlations of PTPN22 genotypes with clinical features of patients with

type 1 diabetes mellitus

The correlation analysis revealed that the rs2476601 c.1858CT genotype and the presence of

the T allele correlated negatively with the male sex among the patients (Pearson r = -0.199,

p = 0.05 for both), while the c.1858CC genotype was correlated positively with the male sex

among the patients (Pearson r = 0.199, p = 0.05). The rs2476601 c.1858CT genotype and the

presence of the T allele also correlated negatively with the insulin dose needed three to six

months after diagnosis (Pearson r = -0.265, p = 0.04 for both). In contrast, the c.1858CC geno-

type was correlated positively with the insulin dose needed three to six months after diagnosis

(Pearson r = 0.265, p = 0.04) (S3 Fig). All the correlations were relatively weak.

The rs1310182 c.2054-852CC genotype was positively associated with a higher HbA1c at

diagnosis (Pearson r = 0.240, p = 0.02) and 12 months after diagnosis (Pearson r = 0.293,

p = 0.04) (S3 Fig).

Other parameters, including all three tested diabetes-associated autoantibodies, were inde-

pendent of the presence of the tested genotypes and alleles (Pearson p> 0.05 each) (S3 Fig).

The raw data are provided in S1 File.

Discussion

The present study provided the first evidence of the frequency of the rs2476601 c.1858CT

genotype in patients with type 1 diabetes mellitus of Armenian descent and in the general

Armenian population. The frequency of rs2476601 in Armenia was previously unknown. The

Armenian nation has been genetically isolated. Therefore, it was unclear whether rs2476601

genotyping could be of any use analogous to its use to predict autoimmune diseases onset in

European populations. It was also unclear whether a fraction of Armenian patients with type 1

diabetes mellitus could be sensitive to the newly developed rs2476601 c.1858T-targeting thera-

pies [11, 12].

Unexpectedly, we identified rs1310182 as a polymorphism closely associated with type 1

diabetes mellitus in the Armenian population. Rs1310182 is an intronic polymorphism located

in a putative transcription factor-binding site of the PTPN22 gene, but this site also overlaps

with the adaptor-related protein complex 4 subunit beta 1 (AP4B1) antisense RNA 1 gene. Pre-

vious reports on its association with autoimmune diseases were conflicting [13, 14, 16, 20, 23,

Table 2. PTPN22 signature of Armenian patients with type 1 diabetes mellitus and nondiabetic controls. Data are

shown as the number of patients/controls with the respective genotype, OR ± 95% CI, with the associated χ2 test p
values.

Polymorphism, genotype / allele N of patients/controls (%) OR (95% CI) χ2 test p value

rs2476601

c.1858CC 87 (90.6%) / 97 (97.0%)

c.1858CT 9 (9.4%) / 3 (3.0%) 3.34 (0.88–12.75) > 0.05

c.1858TT 0 (0%) / 0 (0%) N/A N/A

c.1858C 183 (95.3%) / 197 (98.5%)

c.1858T 9 (4.7%) / 3 (1.5%) 3.23 (0.86–12.11) > 0.05

rs1310182

c.2054-852CC 13 (14.0%) / 43 (43.0%)

c.2054-852CT 58 (60.4%) / 39 (39.0%) 2.39 (1.35–4.24) < 0.001

c.2054-852TT 25 (26.0%) / 18 (18.0%) 1.60 (0.81–3.18) > 0.05

c.2054-852C 84 (43.8%) / 125 (62.5%)

c.2054-852T 108 (56.2%) / 75 (37.5%) 4.82 (2.38–9.76) < 0.001

https://doi.org/10.1371/journal.pone.0286743.t002
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26, 28]. Some of the previous studies reported no significant association; other reported the

association of some autoimmune diseases with the C allele, and only a fraction of previous

studies reported the association of a similar spectrum of autoimmune diseases with the T allele

of the same polymorphism. Here, we found a close association of rs1310182 c.2054-852CT het-

erozygotes and the T allele with type 1 diabetes mellitus.

We noticed a higher frequency of the rs2476601 c.1858CT genotype and the T allele in male

patients with type 1 diabetes mellitus. The sex-specific association of rs2476601 with various

autoimmune diseases is controversial. Previously, Kahles et al. [40] reported a close association

between 1858T and type 1 diabetes mellitus in females but no association in males. Later,

Cinek et al. [41] and Heneberg et al. [20] questioned the gender bias of the pro-diabetic effects

of the 1858T allele. These inconsistencies may be a result of the relatively small sample sizes.

We found that the analyzed polymorphisms were associated with the insulin dose needed

three to six months after diagnosis, HbA1c at diagnosis, and HbA1c 12 months after diagnosis.

The association of polymorphic rs2476601 with higher levels of C-peptide at diagnosis and

lower insulin requirements six months after diagnosis has already been reported [42]. Addi-

tionally, the positive association of the rs1310182 c.2054-852CC genotype with higher HbA1c

was previously reported but only in patients with LADA and measured at various postdiagno-

sis times [20]. Interestingly, wild-type PTPN22 (rs2476601 c.1858CC) combined with FCRL3
rs7528684 NG_023241.1:g.4832CC was previously associated with higher HbA1c at diagnosis

but lower HbA1c at the sixth and later months in patients with type 1 diabetes mellitus [43].

Limitations of the present study consist of enrolling a sample size that would be sufficient

to uncover associations of strength similar to those of rs2476601 in Western- or Central-Euro-

pean populations. However, given that we found that the frequency of the rs2476601 minor

allele is low among control individuals from the study population, a larger sampling effort

would be necessary to confirm the association of rs2476601 with type 1 diabetes mellitus in the

study region. In line with this finding, we found a trend toward higher representation of the

rs2476601 minor allele among patients with type 1 diabetes mellitus in the study population,

but due to the low number of heterozygotes in both controls and patients with type 1 diabetes

mellitus, the association was not significant. These results show that only a small fraction of

Armenian patients with type 1 diabetes mellitus would benefit from recently developed

siRNA-based therapies that target the rs2476601 variant [11, 12], which is in contrast to the

populations with type 1 diabetes mellitus in Western and Central Europe. Another limitation

of the study stems from limited knowledge of the health status of the controls. Although we

selected the controls to be nondiabetic at the time of blood collection, we cannot exclude the

possibility that they could develop type 1 diabetes in the future.

In conclusion, we provide the first information on diabetes-associated polymorphisms in

PTPN22 in a genetically isolated Armenian population. We found only a limited contribution

of the prototypic gain-of-function PTPN22 polymorphism rs2476601 c.1858C>T. In contrast,

we found an unexpectedly close association of type 1 diabetes mellitus with the rs1310182

c.2054-852C>T polymorphism. The function of rs1310182 remains to be elucidated, and addi-

tional studies are needed to corroborate the present finding in patients with type 1 diabetes

mellitus of other geographic origins.

Supporting information

S1 Fig. Examples of agarose blots with RFLP results and Sanger sequencing results. (A)

rs2476601 and (B) rs1310182. Raw images are provided in S1 Raw images.

(PDF)
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S2 Fig. Association of the PTPN22 genotypes with type 1 diabetes mellitus in patients and

controls of Armenian descent. The biplot shows the outcomes of principal component analy-

sis (PCA), which determined, whether any of the two genotyped PTPN22 SNPs (in sum six

genotypes and two minor alleles) were associated with type 1 diabetes mellitus. The PCA sim-

ply reduced the data to only two variables that represent the two most important components

(Axis 1 and Axis 2) and projected the correlation of the other variables with these components.

The genotypes and minor alleles are indicated by the position of the polymorphism and rele-

vant letters; T1DM = type 1 diabetes mellitus. Axis 1 explained 46.9% of the variability (eigen-

value 0.590) and Axis 2 explained 23.1% of the variability (eigenvalue 0.291).

(TIF)

S3 Fig. Volcano plot showing the Pearson product-moment correlation of clinical charac-

teristics of the patients with type 1 diabetes mellitus with their PTPN22 genotypes and

minor alleles. The data are shown as–log10-transformed p values and corresponding Pearson

correlation coefficients r. The most significant values are associated with the descriptor of the

respective data point.

(TIF)

S1 File. Raw data.

(XLSX)

S1 Raw images. Raw images.

(PDF)
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Data curation: Robert Žak, Lusine Navasardyan, Ján Hunák, Jiřina Martinů.

Formal analysis: Petr Heneberg.

Funding acquisition: Petr Heneberg.
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