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Abstract Seven single nucleotide polymorphisms (SNPs)
of the peptidylarginine deiminase 4 (PADI4) gene have
recently been reported to be strongly associated with
rheumatoid arthritis in Japanese individuals. These SNPs
are located in or close to exons 2–4 of PADI4 and are
organized in at least four different haplotypes. However, a
detailed sequencing-based characterization of the PADI4
gene in other populations is still lacking. We therefore
analyzed exons 2–4 of the PADI4 gene in 102 healthy
white Germans individuals by DNA sequencing and
characterized new variants and haplotypes by a novel
haplotype-specific sequencing-based approach. The hap-
lotypes 2/3 (padi4_89*G, padi4_90*T, padi4_92*G,
padi4_94*T, padi4_104*T, padi4_95*C, padi4_96*C),
and haplotype 4 (padi4_89*G, padi4_90*T, padi4_92*G,
padi4_94*T, padi4_104*C, padi4_95*G, padi4_96*T)
conferring susceptibility to rheumatoid arthritis were
detected at frequencies of 30.9% and 7.8%, respec-
tively. In addition, three novel coding SNPs in exons
2, 3, and 4, and three SNPs in introns 2 and 3 located
near the exon-in-tron boundaries were identified in
11 individuals (10.8%). The so-called nonsusceptibili-
ty haplotype 1 (padi4_89*A, padi4_90*C, padi4_92*C,
padi4_94*C, padi4_104*C, padi4_95*G, padi4_96*T)
occurred at a frequency of 58.3%. Additionally, we
identified a closely related novel haplotype, haplotype
1B (2.9%), that differs from haplotype 1 only by pa-
di4_92*G/padi4_96*C. This haplotype was not described
in the Japanese population. Our results indicate that the
PADI4 gene exhibits a remarkable vari-ability and a ra-
ther complex haplotypic organization. Fur-ther studies on
disease association of PADI4 should be performed by
haplotype-specific sequencing-based approaches to iden-
tify the exact genotype of the PADI4 fragment of interest.
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Introduction

The peptidylarginine deiminases (PADs, EC 3.5.3.15) are
enzymes involved in the posttranslational deimination of
protein-bound arginine to citrulline [1]. Five different
types of PADs encoded by the genes PADI1–4 and
PADI6 are currently known [1]. The exact functional
significance of these enzymes is unknown. However, evi-
dence suggests that at least PADI4 might have an im-
munomodulatory function, and that it leads to breakage of
tolerance under certain circumstances. Posttranslational
deimination of proteins is a phenomenon that occurs un-
der physiological and pathological conditions. Citrulline
is found in structural proteins such as filaggrin and in
some keratins in terminally differentiating keratinocytes
[2]. Recent reports describe the stimulation-dependent
citrullinization of histones in granulocytes and suggest a
possible role of this modification in chromatin remodeling
[3]. Moreover, citrulline-modified proteins are thought to
be targets of the autoimmune reaction in some autoim-
mune diseases. For example, enhanced T-cell responsive-
ness to citrullinated myelin basic protein has been ob-
served in multiple sclerosis [4].

The presence of citrulline-modified target epitopes for
autoantibodies is a well known phenomenon in rheuma-
toid arthritis (RA) [5, 6]. PADs were recently implicated
in the generation of anti-cyclic citrullinated peptide an-
tibodies detectable in early stages of RA [5, 6, 7]. The
process resulting in anti-cyclic citrullinated peptide anti-
body formation is thought to play a pivotal role in early
stages of disease progression since it is detectable several
years before the onset of symptoms in patients with RA
[8]. There is evidence that the deimination of arginine at
those peptide side-chain positions that interact with the
so-called shared epitope of some major histocompatibili-
ty complex class II molecules (e.g., HLA-DRB1*0401 or
HLA-DRB1*0404) results in the generation of high-af-
finity peptides, thus inducing a strong in vitro T-cell
activation [7]. Using gene-based linkage disequilibrium
mapping approaches, a Japanese research group identified
in 1p36 a genomic region containing the genes PADI1–4,
which seemed to be associated with susceptibility to RA.
The gene responsible for the association with RA was
identified as PADI4, which has four main haplotypes that
differ at four exonic single nucleotide polymorphisms
(SNPs), with three subsequent amino acid substitutions
[9]. While the so-called susceptibility haplotypes (sPADI)
2, 3, and 4 were found to be significantly more frequent in
Japanese individuals suffering from RA, the nonsuscep-
tibility haplotype (nPADI) 1 predominated in healthy in-
dividuals [10]. However, another group studying the as-
sociation between PADI4 and RA in the United Kingdom

did not find a difference in PADI4 haplotype distribution
between RA patients and healthy individuals [11]. Thus
the relevance of PADI4 variability for susceptibility to
RA is still unclear.

PADI4 variability has been tested until now by SNP
screening using techniques such as TaqMan 50 allelic dis-
crimination or Invader assays, and the corresponding
haplotypes were calculated by the expectation-maximiza-
tion algorithm [10, 11]. In addition, the identification of
SNPs by sequencing-based approaches was limited to
screening for heterozygote positions [10]. In other words,
techniques that allow an in-depth analysis of PADI4 to
determine the exact cis/trans linkage of different SNPs
and to identify additional novel variants in their exact
haplotypic context are still lacking. Consequently we
devised a method for sequencing-based characterization
of exons 2–4 of the PADI4 gene in a healthy white
German population using a novel long-range (5.3 kb)
haplotype-specific amplification technique.

Material and methods

Genomic DNA was extracted from whole blood using GenoPrep
cartridges B and the GenoM-6 system (GenoVision) following the
manufacturer’s instructions. Blood samples were withdrawn from
healthy, unrelated blood donors who gave their informed consent.
The mean age of the 102 individuals studied was 40.6 years (range
19–64 years); 57% of the subjects were women. Cycle sequencing
of DNA samples was carried out in two ways (numbering of nu-
cleotides was based on the respective position in sequence
NT_034376.1).

First, we sequenced PADI4 exons 2, 3, and 4 separately, which
span regions 389,947–390,216 (exon 2), 392,874–393,094 (exon 3),
and 395,101–395,353 (exon 4), respectively. Briefly, we amplified
DNA on a thermal cycler (GeneAmp PCR system 9700, Perkin
Elmer) using primers binding to conserved regions of the respec-
tive introns adjacent to the exon of interest (Table 1). The follow-
ing final concentrations of primers were used: PADI4ex02_01+/
PADI4ex02_01� (250 nM), PADI4ex03_01+/PADI4ex03_01�
(250 nM), and PADI4ex04_01+/PADI4ex04_05� (1.25 �M). The
polymerase chain reactions (PCRs) were performed in a total vol-
ume of 15 �l containing: 20 mM Tris-HCl (pH 8.4), 50 mM KCl,
2 mM MgCl2, 0.2 mM deoxyribonucleoside triphosphate (Invitro-
gen), 50 ng genomic DNA, and 0.6 U Platinum Taq DNA poly-
merase (Invitrogen). Thermal cycling conditions were: denaturation
(96�C, 2 min), 10 cycles (96�C, 15 s; 65�C, 1 min), and 20 cycles of
(96�C, 10 s; 61�C, 2 min; 72�C, 30 s). PCR products were se-
quenced on a thermal cycler (25 cycles of 96�C, 10 s; 50�C, 15 s,
60�C, 4 min) using BigDye terminators v. 1.1 (Applied Biosystems)
and each of the primers (final concentration: 2.5 nM) used for
amplification, separately. Electrophoresis and analysis were per-
formed using an ABI310 capillary sequencer (Applied Biosystems)
and Sequencing Analysis Software (Applied Biosystems) or 4Peaks
(Mek&Tosj, The Netherlands Cancer Institute).

The second sequencing approach was designed to provide in-
formation on the exact haplotypic organization of novel variants
and haplotypes of exons 2–4 of PADI4. It was therefore necessary
to amplify large DNA fragments (5.3 kb) in a haplotype-specific
manner. We designed allele-specific primers for the SNPs pa-
di4_89*A/G and padi4_96*T/C (Table 1) and performed long-
range PCR. Briefly, we performed four amplification reactions
using Platinum PCR SuperMix High Fidelity (Invitrogen) and one
of the following haplotype-specific primer pairs (Table 1; final
concentrations are indicated in parentheses): padi4_89_F01A (for-
ward primer, 300 nM)/padi4_96_R01T (reverse primer, 300 nM),
padi4_89_F01A (forward primer, 200 nM)/padi4_96_R01C (re-
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verse primer, 200 nM), padi4_89_F01G (forward primer, 200 nM)/
padi4_96_R01T (reverse primer, 200 nM), and padi4_89_F01G
(forward primer, 200 nM)/padi4_96_R01C (reverse primer,
200 nM). The thermal cycle profile for long-range PCR was as
follows: denaturation (94�C, 2 min), 15 cycles of (94�C, 30 s; 65�C,
30 s; 68�C, 5.5 min), 15 cycles of (94�C, 30 s; 60�C, 30 s; 68�C,
5.5 min), and 10 cycles of (94�C, 30 s; 55�C, 30 s; 68�C, 5.5 min).
The specificity of these primer pairs for the distinct PADI4 hap-
lotypes was tested on the haplotypes calculated using the expec-
tation-maximization algorithm (EH program, available at ftp://
linkage.rockefeller.edu/software/eh) based on the results of the
sequencing of single exons described above. The reactions resulting
in an amplification product were digested using ExoSAP-IT
(Amersham Biosciences) following the manufacturer’s instructions,
and the PCR products were sequenced on a thermal cycler (25
cycles of 96�C, 10 s; 50�C, 10 s, 60�C, 4 min) using BigDye
terminators v. 1.1 and one of the following sequencing primers
with a final concentration of 2.5 nM (Table 1): PADI4ex02_1�
(exon 2, reverse primer), PADI4ex03_1+ (exon 3, forward prim-
er), PADI4ex03_1� (exon 3, reverse primer), or PADI4ex04_1+
(exon 4, forward primer). The designations of the PADI4 haplo-
types are in accordance with Suzuki et al. [10].

Results

PADI4 haplotype frequencies (exons 2–4)

Different haplotypes formed by SNPs padi4_89,
padi4_90, padi4_92, padi4_94, padi4_104, padi4_95, and
padi4_96 were identified by sequencing-based analysis
of PADI4 exons 2–4 (Table 2). There were no discrep-
ancies between haplotypes calculated by the expectation-
maximization algorithm and those characterized by the
haplotype-specific sequencing-based approach. Nonsus-
ceptibility haplotype 1 (58.3%) and susceptibility hap-
lotype 2/3 (30.9%) were the most prevalent haplotypes.
Haplotype 4 was found at a frequency of 7.8%. We
additionally identified a novel PADI4 haplotype, which
is most close-ly related to haplotype 1. This haplotype
designated as 1B (2.9%, accession number: AJ715933)
differs from haplotype 1 by padi4_92*G/padi4_96*C.
When analyzing the exons 2–4 of PADI4 separately, one
individual seemed to exhibit haplotype 1B (padi4_89*A,
padi4_90*C, padi4_92*G, padi4_94*C, padi4_104*C,
padi4_95*G, padi4_96*C) and an additional novel hap-
lotype. However, when analyzing this DNA sample by
the haplotype-specific sequencing-based approach de-

scribed in this report, we identified haplotypes 1 and 1B.
On haplotype 1 a novel PADI4 variant in intron 2
(AJ715932) was found that was located at the binding
site of primer PADI4ex03_1+. Due to this novel variant
in this case the amplification of exon 3 of the respective
PADI4 haplotype failed using the first sequencing-based
technique, resulting in the artificial identification of an
additional PADI4 haplotype.

Distribution of PADI4 haplotype combinations

The frequencies of the PADI4 haplotype combinations
found in our white population are shown in Table 3.
PADI4 haplotype 1 was most prevalent in homozygous
form or in combination with the haplotype 2/3 (both
34.3%). The frequencies of all haplotypic constellations
are in agreement with a Mendelian distribution.

Table 1 Primers used for se-
quencing of PADI4. Primers
used for amplification and se-
quencing of exons 2, 3, and 4 of
PADI4. The specified locations
of the 30-terminals of the pri-
mers are based on the number-
ing of sequence NT_034376.1
(F forward primer, R reverse
primer)

Designation Product Sequence 50!30 (location of 30 terminal end)

PADI4ex02_1+ (F) Exon 2 GCCCCTCCTCACTGCATC (389,946)
PADI4ex02_1� (R) GATCACGGCAGGACAGAG (390,217)
PADI4ex03_1+ (F) Exon 3 CCAGTGCCCTACCCTGAG (392,873)
PADI4ex03_1� (R) GTAAGCTCCAGGTGTAGTTTC (393,095)
PADI4ex04_1+ (F) Exon 4 GAAACGACCTGCCCATTC (395,100)
PADI4ex04_5� (R) ATGGTGATGCTAATTTTCTTTC (395,354)
padi4_89_F01A (F) Haplotype 1 TCGTGGATATTGCCCACA (390,046)
padi4_96_R01T (R) CGGAATACGTGGGACAGA (395,518)
padi4_89_F01A (F) Haplotype 1B TCGTGGATATTGCCCACA (390,046)
padi4_96_R01C (R) CGGAATACGTGGGACAGG (395,518)
padi4_89_F01G (F) Haplotype 4 TCGTGGATATTGCCCACG (390,046)
padi4_96_R01T (R) CGGAATACGTGGGACAGA (395,518)
padi4_89_F01G (F) Haplotype 2/3 TCGTGGATATTGCCCACG (390,046)
padi4_96_R01C (R) CGGAATACGTGGGACAGG (395,518)

Table 2 Haplotype frequencies of PADI4 (exons 2–4) in white
population (n=102). Haplotypic organization of exons 2–4 of
PADI4 and the haplotype frequencies (parenthesis); PADI4 hap-
lotype designations are based on those of Suzuki et al. [10]

Haplotype

1 (58.3%) 1B (2.9%) 2/3 (30.9%) 4 (7.8%)

padi4_89 A A G G
padi4_90 C C T T
padi4_92 C G G G
padi4_94 C C T T
padi4_104 C C T C
padi4_95 G G C G
padi4_96 T C C T

Table 3 PADI4 (exons 2–4) haplotype combinations in a white
population (n=102): numbers of different PADI4 haplotype com-
binations

Haplotype I Haplotype II

1 1B 2/3 4

1 35 (34.3%) 5 (4.9%) 35 (34.3%) 9 (8.8%)
1B 0 0 1 (1%) 0
2/3 0 0 12 (11.8%) 3 (2.9%)
4 0 0 0 2 (2%)
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Localization and characterization
of six novel PADI4 variants

In the present study we identified six novel PADI4 vari-
ants in 11 individuals (10.8%). Three of these SNPs were
located in exons 2, 3, and 4 of PADI4 and were found in
six individuals (5.9%). The specified positions of these
exonic SNPs are indicated based on cDNA sequence
NM_012387 (Fig. 1). The substitutions 265G!A (n=2,
PADI4h01ex02/01, accession number AJ715934), 304
C’!A (n=2, PADI4h02ex03/01, accession number
AJ715937), and 392G!C (n=2, PADI4h02ex04/01, ac-
cession number AJ715935) result in amino acid substi-
tutions D89 N, P102T, and R131T, respectively. The
novel PADI4 variants were integrated in the haplotypic
context of PADI4 by haplotype-specific sequencing.
While PADI4 265A was linked with haplotype 1, the
SNPs PADI4 304A and PADI4 392C were linked to
haplotype 2/3.

The specified positions of the intronic SNPs identi-
fied in 5 individuals (4.9%) are indicated based on
the sequence NT_034376.1 (Fig. 1). SNP 390194C!T
(PADI4h02in02/01, accession number AJ715938) linked
to haplotype 2/3 was found in three individuals and is
located 38 nucleotides downstream of the boundary of
exon 2 and intron 2. SNP 393030A!G (PADI4h02in03/
01, accession number AJ715936) which was identified
in intron 3 of PADI4 haplotype 2/3 (n=1) is located 14
nucleotides downstream of exon 3. Linked to haplotype
1 the SNP 392864C!T (PADI4h01in02/01, accession
number AJ715932) was found 85 nucleotides upstream of
exon 3 (n=1).

The unambiguous determination of the cis/trans link-
age of SNPs 390194C!T and 392G!C by the expec-
tation-maximization algorithm was not possible because
both SNPs were identified in individuals presenting uni-
formly with PADI4 haplotype 1 combined with haplotype
2/3. In these cases haplotype-specific sequencing was
necessary to assign the exact haplotypic context.

Discussion

The mechanism by which PADI4 variability affects the
breakage of tolerance is still unknown. Initial studies
demonstrated different half-lives of mRNA transcribed
from sPADI4 and nPADI4 [9, 10]. It was argued that
these differences in mRNA stability can result in higher
enzymatic activity in cases in which sPADI4 is present,
leading to the generation of larger amounts of citrulli-
nated peptides. This could ultimately promote an auto-
immunization process. However, we believe that differ-
ences in substrate specificities between sPADI4- and
nPADI4-encoded enzymes that can result in the forma-
tion of specific sPADI4-dependent, citrullinated auto-
antigens triggering autoimmunization should be consid-
ered as well. Similar to the specific binding and presen-
tation of distinct peptide repertoires by different MHC
molecules the gene product of sPADI4 could bind and
modify peptide motifs that are not compatible for the
interaction with nPADI4-encoded proteins. To verify this
hypothesis the PADI4 gene should be characterized using
techniques capable of identifying the cis/trans linkage of
SNPs directly, thus allowing one to determine the exact
haplotypic organization of PADI4, including the detection
and characterization of novel polymorphisms and their
haplotypic linkage.

We devised a corresponding approach allowing an
exact analysis of PADI4 (exons 2–4) haplotypes using a
haplotype-specific amplification protocol covering the
whole region of interest. This approach utilizes a PCR
assay designed to amplify large DNA fragments contain-
ing Taq DNA polymerase and the proofreading enzyme
Pyrococcus species GB-D polymerase. In principle, the
development of a haplotype- or allele-specific amplifica-
tion procedure using allele-specific forward and/or reverse
primers could be hampered by the 30!50 exonuclease
activity of the proofreading enzyme GB-D polymerase.
However, the technique described here permits unam-
biguous haplotype-specific amplification and sequence
analysis (Fig. 2). The applicability of the described ap-
proach for an allele-specific amplification might be ex-
plained by at least two reasons. First, there is an enormous
preponderance of allele-specific primers over those pri-

Fig. 1 Schematic presentation
of novel PADI4 variants. Lo-
calization of the 3 exonic and 3
intronic variants characterized
in this study. Exons 2, 3, and 4
and parts of the neighboring
introns are shown
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mers whose allele-specific 30-terminal ends were cut by
30!50 exonuclease activity during the amplification pro-
cedure. Second, due to the allele-specificity of both the
forward and reverse primers used for haplotype charac-
terization, the portion of such DNA strands synthesized by
the concerted action of forward and reverse primers that
are both cut at their 30-terminal ends is negligible.

The main PADI4 haplotypes in our white German
population exhibited a distribution similar to those in
Japanese and British studies [10, 11]: The most preva-
lent forms were haplotype 1 (padi_89*A, padi_90*C,
padi_92*C, padi4_94*C, padi_104*C, padi4_95*G,
padi4_96*T) and haplotype 2/3 (padi_89*G, padi_90*T,
padi_92*G, padi4_94*T, padi_104*T, padi4_95*C,
padi4_96*C; Germany 58%/31%; Japan 60%/29%;
United Kingdom 56%/32%). We did not discriminate
between PADI4 haplotypes 2 and 3 because SNP
padi4_102, which differentiates between haplotypes 2
and 3, is located more than 11 kb downstream of the
region of interest. Haplotype 4 (padi_89*G, padi_90*T,
padi_92*G, padi4_94*T, padi_104*C, padi4_95*G,
padi4_96*T) was about twice as frequent in Germany
and the United Kingdom as in Japan (Germany 8%;
Japan 4%; United Kingdom 9%).

An exact comparison of the frequency of the haplotype
1B identified in this study with this of previously pub-
lished studies was not possible. No SNP constellation

comparable to haplotype 1B was described in the Japa-
nese population [10]. In the British study only the SNPs
padi4_89, padi4_90, padi4_92, and padi4_104 were de-
termined [11]. However, when considering the constel-
lation padi4_89*A, padi4_90*C, padi4_92*G, and pa-
di4_104*C, which is common to haplotypes 1B, the fre-
quencies reported in the UK (2.2%) and in the present
study (2.9%) are largely similar.

The most remarkable finding in our study was the large
number of additional novel variants identified (Fig. 1).
More than 10% of the individuals studied presented with
previously unknown polymorphisms. All of the exonic
variations result in amino acid substitutions (265G!A,
D89 N; 304C!A, P102T; 392G!C, R131T) that alter
the charge of the respective amino acids (D89 N, R131T),
or that may affect the steric arrangement of the neigh-
boring amino acids (P102T). Because the novel intronic
variations are located near the exon-intron boundaries—
390194C!T, 392864C!T, and 393030A!G are located
38 bp downstream of exon 2, 85 bp upstream of exon 3,
and 14 bp downstream of exon 3—one may speculate that
both variations affect the process of splicing. However,
intronic variants located more distantly from intron-exon
boundaries may also affect the results of disease associ-
ation studies. Further studies should address the questions
of the functional relevance of the described amino acid
substitutions and of the influence of intronic variants on

Fig. 2 Haplotype-specific sequencing of PADI4. Sequences of
DNA sample 040551 are shown. The haplotypes 1 and 2/3 were
amplified and sequenced separately. The presented sequences cover

the boundary between intron 3 and exon 4 of PADI4. 1: SNP
padi_94; 2: SNP padi_104
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PADI4 splicing. Studies focusing on the structural anal-
ysis of PADI4 by X-ray cristallographic analysis are un-
der way [12]. A complete structural analysis of PADI4
will help to understand the way by which PADI4 interacts
with the respective substrates and how variations of
PADI4 could modify substrate specificity.

A further interesting observation is that four out of six
novel variants present in 8 out of 11 individuals were
found to be in cis linkage with the susceptibility haplo-
type 2/3. This finding is all the more interesting when one
considers that haplotype 2/3 is about half as frequent as
haplotype 1. The linkage of the newly described PADI4
variants with the susceptibility haplotype 2/3 raises the
question of whether the phenomenon of association with
RA is affected, not only by the SNP constellation char-
acterizing the so-called susceptibility PADI4 haplotypes
2/3 and 4 themselves but also by additional variants
predominantly found in linkage with these susceptibility
haplotypes. Such additional variants cannot be identified
by simple SNP diagnostic procedures such as amplifica-
tion refractory mutation system, TaqMan 50 allelic dis-
crimination assays or Invader assays. We therefore em-
phasize that further studies on disease association of
PADI4 should be performed using sequencing-based ap-
proaches that allow the identification of novel variants
and the characterization of their exact haplotypic context.

In view of the variability of PADI4 and the need for a
correct attribution of novel variants to the respective
PADI4 haplotypes we feel it is necessary to establish a
PADI4 nomenclature allowing a clearcut description of
PADI4 variants.
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