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Abstract: In rheumatoid arthritis (RA), the expression of many pro-destructive/pro-inflammatory

proteins depends on the transcription factor AP-1. Therefore, our aim was to analyze the presence

and functional relevance of mutations in the coding regions of the AP-1 subunits of the fos and jun

family in peripheral blood (PB) and synovial membranes (SM) of RA and osteoarthritis patients

(OA, disease control), as well as normal controls (NC). Using the non-isotopic RNAse cleavage

assay, one known polymorphism (T252C: silent; rs1046117; present in RA, OA, and NC) and three

novel germline mutations of the cfos gene were detected: (i) C361G/A367G: Gln121Glu/Ile123Val,

denoted as “fos121/123”; present only in one OA sample; (ii) G374A: Arg125Lys, “fos125”; and (iii)

C217A/G374A: Leu73Met/Arg125Lys, “fos73/125”, the latter two exclusively present in RA. In ad-

dition, three novel somatic cjun mutations (604–606∆CAG: ∆Gln202, “jun202”; C706T: Pro236Ser,

“jun236”; G750A: silent) were found exclusively in the RA SM. Tansgenic expression of fos125 and

fos73/125 mutants in NIH-3T3 cells induced an activation of reporter constructs containing either

the MMP-1 (matrix metalloproteinase) promoter (3- and 4-fold, respectively) or a pentameric AP-1

site (approximately 5-fold). Combined expression of these two cfos mutants with cjun wildtype or

mutants (jun202, jun236) further enhanced reporter expression of the pentameric AP-1 construct.

Finally, genotyping for the novel functionally relevant germline mutations in 298 RA, 288 OA, and 484

NC samples revealed no association with RA. Thus, functional cfos/cjun mutants may contribute

to local joint inflammation/destruction in selected patients with RA by altering the transactivation

capacity of AP-1 complexes.
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1. Introduction

Rheumatoid arthritis (RA), the most common rheumatic disease [1], is characterized by
chronic inflammation and the destruction of cartilage and bone in multiple joints [2]. In RA,
activated fibroblast-like synoviocytes (FLS) are a major component of the hyperproliferative,
abnormally transformed, and invasive synovial membrane (SM) [3], the so-called pannus
tissue [4]. FLS contribute to extracellular matrix turnover and joint destruction [5] by
secretion of pro-inflammatory cytokines/chemokines and tissue-degrading enzymes [2,6]
and the interaction with immune cells, e.g., macrophages, T-, or B-cells [6]. A variety of
these effector molecules (such as interleukin (IL-) 1β, tumor necrosis factor, and matrix
metalloproteinases (MMP)-1, -3, and -13) is regulated at the transcriptional level via the
transcription factor activator protein (AP-) 1, classically a homo- or heterodimer of fos/jun
proto-oncogene family members, including cfos, cjun, junB, and junD [7,8]. Amongst oth-
ers, the transactivation activity of AP-1 is regulated by post-translational modifications of
its subunits, e.g., via pro-inflammatory enzymes such as cJun N-terminal kinase (JNK) [9]
and glycogen synthase kinase 3 [10]. Thus, AP-1 appears to be strongly involved in pro-
inflammatory and pro-destructive processes [7] and represents one of the transcription
factors contributing to the pathogenesis of RA [11]. The fos and jun family genes can be
classified as “immediate-early response” genes, as they are rapidly induced by a variety
of activating agents and show a very short half-life of only a few minutes [12]. Therefore,
they can be regarded as markers of recent cell activation, e.g., in activated RA FLS [13], with
clearly different biological activities of individual fos/jun family members [14]. In general,
cFos and cJun are regarded as activating AP-1 subunits, whereas JunD and JunB mediate
predominantly deactivating/inhibitory effects [15]. However, in specific situations, an acti-
vating capacity of JunB (e.g., in combination with Fos-related antigen 1 in collagen-induced
arthritis [16]) and JunD (e.g., in macrophage activation during glumerulonephritis [17])
has been described.

It is well known that genetic alterations affecting functionally relevant domains of Jun
and Fos proteins may critically influence AP-1 activity [18–20]. Recently, our group found
several single nucleotide polymorphisms (SNPs) in the core promoters of cfos and cjun
in RA and osteoarthritis (OA) patients modifying their transcriptional activation and we
provided evidence for an association of the combined SNPs rs2239615 and rs7101 in the
cfos promoter with the occurrence of knee OA [21]. For RA, associations with a variety
of genetic variants have been identified in population genetic studies [22] and variants
within the human leukocyte antigen gene complex appear to have the highest impact on
RA development [22,23]. The presence of genetic variations in the fos and jun coding
regions in the SM of RA patients (including somatic mutations) and their potential role for
RA pathogenesis, however, have not been assessed yet. Therefore, the aim of this study
was to analyze the incidence of genetic variations in the coding regions of cfos, cjun, junB,
and junD in patients with RA, to investigate their functional relevance for AP-1 activity,
and to assess potential associations between these SNPs/mutations and the occurrence of
RA. To focus on the most relevant genetic alterations, a stepwise selection protocol was
performed: (i) detection of polymorphic genetic variants in an initial screening population
(including somatic mutations); (ii) identification of genetic variants with functional effects;
and (iii) investigation of potential associations of the identified variants with RA in an
extended cohort.
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2. Results

2.1. Detection of Fos and Jun Single Nucleotide Polymorphisms (SNPs) and Mutations in Synovial
Membrane (SM) Samples from Rheumatoid Arthritis (RA), Osteoarthritis (OA), and Normal
Control (NC) Individuals

To identify genetic alterations with a potential functional relevance for the activity
of AP-1 in RA, the occurrence of mutations and/or SNPs in the coding regions of fos and
jun family members was initially assessed in (c)DNA samples from a limited number
of affected patients. Therefore, peripheral blood (PB) and SM samples of RA (n = 11),
OA (n = 10; disease controls), and NC patients/donors (n = 5; post-mortem samples from
healthy individuals) were analyzed using the non-isotopic RNAse cleavage assay (NIRCA).

Within the cfos coding region, 4 genetic alterations were found (Table 1). In 7 RA,
3 OA, and 1 NC sample, a known polymorphism (T−→C, rs1046117; [24]) was detected
at position +252 (given in relation to the start codon), representing a silent SNP not af-
fecting the respective amino acid (aa) Ser84. In addition, 3 novel mutations of cfos were
identified, all located in the transactivation domain of the protein. A combined mutation
(C361G/A367G) causing exchanges in codons fos121 and 123 (Gln121Glu/Ile123Val) was
exclusively present in 1 OA patient. This mutant allele of cfos was not further investi-
gated due to its unique occurrence in OA, since we considered OA as disease control
in this study. The other two mutations were exclusively found in RA samples: G374A,
causing the aa exchange Arg125Lys (4 RA patients, described as “fos125”) and the dou-
ble mutant C217A/G374A, responsible for the Leu73Met exchange in combination with
Arg125Lys (1 additional RA patient, “fos73/125”). Since all cfos SNPs and mutations were
observed in both PB and SM of the corresponding patients, they have to be regarded as
germline mutations.

Table 1. Cfos and cjun mutations detected in synovial tissue of rheumatoid arthritis (RA) and

osteoarthritis (OA) patients.

Mutations Incidence of Mutations

Gene Description nt Exchange aa Exchange RA OA NC

cfos fos84 T252C * none 7/11 3/10 1/5

fos121/123 C361G A367G
Gln121Glu
Ile123Val

0 1/10 0

fos125 G374A Arg125Lys 4/11 0 0

fos73/125 C217A G374A
Leu73Met
Arg125Lys

1/11 0 0

cjun jun202 604–606∆CAG 202∆Gln 2/10 0 0
jun236 C706T Pro236Ser 1/10 0 0
jun250 G750A none 3/10 0 0

* SNP rs1046117 (nt, nucleotide; aa, amino acid).

The analysis of jun family genes revealed no SNPs or mutations in the coding regions
of junB and junD. In the cjun coding region, however, 3 novel mutations were found
affecting the glutamine- and proline-rich domain of the protein (exclusively in RA patients;
Table 1). In one case, the deletion of a base triplet (604–606∆CAG; 2 RA patients) resulted
in the loss of a glutamine residue (∆Glu202, “jun202”) in a cluster of 5 glutamines without
affecting the reading frame. In 1 RA patient, a C706T mutation could be identified yielding
a Pro236Ser exchange (“jun236”). Finally, the silent mutation G750A was detected in
3 RA patients. All cjun mutations were exclusively present in the SM but not in the PB,
identifying them as somatic mutations. In this initial screening group, mutations causing
exchanges in the cfos and cjun aa sequences were observed in different patients and did
not occur in combination.
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2.2. Functional Analyses

Considering the localization of the identified cfos and cjun mutations in functionally
relevant protein domains (transactivation and glutamine-/proline-rich domain, respec-
tively), their impact on protein function was assessed. Therefore, the effects of wildtype
(wt) or mutated Fos and Jun proteins on the expression of firefly luciferase derived from
reporter constructs containing either the human MMP-1 promoter or a pentameric AP-1
site were measured (Figure 1).
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Figure 1. Effects of cjun and cfos mutations on reporter gene expression. The graph shows pentameric AP-1 site- and

matrix metalloproteinase 1 (MMP-1) promoter-dependent expression of firefly luciferase 2 days following transfection of

NIH-3T3 cells with wt (A) or mutated (B,C) cfos and cjun expression plasmids (determined in biological triplicates; means

± standard error of the mean). Firefly luciferase expression levels were normalized to renilla luciferase expression levels

in the respective samples (transfection and normalization control). Results are presented as relative luciferase activity

(in x-fold) related to the expression level in the presence of the control vector (A), cfos wt expression vector (B), or cfos and

cjun wt vectors (C). For normalization and to correct for different transfection efficiencies, the renilla luciferase-expressing

vector pRL-CMV was co-transfected. In all analyzed samples, luciferase expression was easy to detect and clearly exceeded

background levels in non-transfected cells. * p ≤ 0.05 vs. controls, i.e., pCMX (A), fosWt (B), and fosWt/junWt (C); +, ◦, §, ‡,

and # p ≤ 0.05 vs. respective other mutants; fos73 represents the double mutant fos73/fos125.

The cfos wt construct did not stimulate reporter gene expression when compared to the
vector control (Figure 1A). In contrast, the cjun wt considerably increased the pentameric
AP-1 site-dependent (3.5-fold) and, even more strongly, the MMP-1 promoter-dependent
luciferase transcription (>10-fold). Co-expression of both cfos and cjun wt did not further
increase cjun-mediated promoter construct activation (Figure 1A).

In comparison to the wt, the presence of the cfos mutations fos125 and fos73/125
(denoted as fos73 in Figure 1) led to a significant activation of AP-1 site-dependent
(4.5- and 5-fold, respectively) or MMP-1 promoter-dependent (3- and 4-fold, respectively)
gene expression. In contrast, cjun mutants jun202 and jun236 did not differ from the wt
(Figure 1B). Moreover, the effects of a combined expression of cfos wt with these cjun
mutants did not differ from those of co-expressed cjun/cfos wt (Figure 1C, upper part).
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Overexpression of fos125 in combination with each of the cjun constructs (wt, jun202,
jun236) led to a significantly stronger activation of the AP-1 site (6- to 7-fold; Figure 1C, cen-
tral part) than the combined overexpression of cfos wt and cjun wt (Figure 1C, upper part)
or fos125 alone (Figure 1B). In addition, combined overexpression of fos73/125 and cjun
wt, jun202, or jun236 led to a further enhancement of the activation of the AP-1 site (up
to 12-fold; p ≤ 0.05 for all respective comparisons; Figure 1C, lower part). When overex-
pressed together with fos125 or fos73/125, interestingly, jun236 showed a numerically or
significantly smaller effect on the AP-1 site than cjun wt or jun202 (approximately 5% and
10% reduction, respectively, when compared to the wt). However, these differences were
only observed with the “artificial” pentameric AP-1 site and not with the “physiological”
MMP-1 promoter (Figure 1C, lower two parts).

2.3. DNA Binding Capacity of Expressed cFos and cJun Mutants

The binding activity of AP-1 transcription factors consisting of the different cFos
and cJun variants was determined by electrophoretic mobility shift assay (EMSA) in
nuclear extracts of human K4IM fibroblasts transfected with expression vectors for the wt
and mutants indicated in Figure 2. DNA activity of AP-1 was strongly increased in the
presence of fosWt, fos125, and junWt when compared to the vector control pCMX. Variants
fos73/125 and jun202 exhibited a less prominent, but still increased binding capacity. AP-1
complexes from jun236-containing samples, however, showed an unaltered binding activity
comparable to vector control-transfected cells (Figure 2A, left). The combined expression
of fosWt with junWt, jun202, and jun236 as well as fos125 and fos73/125 with the junWt
unanimously resulted in a strong interaction of the respective AP-1 complexes with the 32P-
labelled binding sites (Figure 2A, right). These data indicate that, following transfection,
the expressed cFos and cJun proteins are present in the nucleus and able to associate with
their DNA binding sites.

 

Figure 2. DNA binding activity of AP-1 complexes in transfected K4IM fibroblasts and protein

expression of cfos and cjun variants. (A) Electrophoretic mobility shift assay (EMSA) of nuclear

extracts from transfected K4IM cells. The phosphor-image exemplarily shows binding of radio-

labelled AP-1 sites by AP-1 complexes formed in K4IM cells transfected with the indicated cfos

and/or cjun variants (n = 1). (B) In the corresponding whole cell extracts, protein amounts of cFos and

cJun following transfection were detected by Western Blot (n = 1). Loading control: glyceraldehyde

3-phosphate dehydrogenase (GAPDH); fos73: double mutant fos73/fos125.

In parallel, the protein expression of cFos and cJun was analyzed in whole cell extracts
using aliquots of the respective samples. As illustrated in Figure 2B, an overexpression of
cfos wt, cfos mutants, and the cjun wt was detected in transfected K4IM cells. In the case of
mutants jun202 and jun236, a clear overexpression was not detected. However, functional
effects provoked by these mutants in NIH-3T3, RA, and OA FLS (see Sections 2.2 and 2.4)
indicated that in the functional assays, effective protein amounts were expressed.
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2.4. Analysis of Matrix Metalloproteinase 1 (MMP-1) and Interleukin 6 (IL-6) Gene Expression in
the Presence of cFos and cJjun Mutants

To assess the transactivation activity of the cfos and cjun variants in primary cells,
vectors expressing the respective mutants were transfected (either alone or in combination)
into primary FLS derived from RA or OA patients, in whom only the wt alleles could be
detected. Subsequently, the mRNA expression of two AP-1-dependent genes, i.e., MMP-1
and Il-6, was measured by quantitative real-time polymerase chain reaction (qPCR).

Interestingly, all cfos mutants and most of the cjun variants showed a tendency to
repress MMP-1 mRNA expression in both RA and OA FLS when compared to the respective
wt (Figure 3A,B). Only in the presence of jun202 was a significant induction of MMP-1
mRNA observed (Figure 3B).

≤

Figure 3. Quantitation of MMP-1 mRNA expression in jun-/fos-transfected primary human

fibroblast-like synoviocytes (FLS). (A–C) The graph shows the MMP-1 mRNA expression (detected

by qPCR) in primary FLS derived from RA and OA patients (without detectable genetic variations in

the jun and fos genes; n = 3 each, mean ± SD) following transfection of cjun and/or cfos expression

vectors. (A) MMP-1 expression in FLS transfected with the indicated cfos variants. (B) MMP-1

expression in FLS transfected with the indicated cjun variants. (C) MMP-1 expression in FLS trans-

fected with combinations of cfos and cjun variants. MMP-1 mRNA levels in fosWt- (A), junWt-

(B), or fosWt/junWt-transfected cells (C) were set as 1. Statistical analyses: Mann–Whitney U-test,

* p ≤ 0.05 vs. the respective controls; fos73: double mutant fos73/fos125.
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This tendency was also seen when cfos and cjun mutants were expressed in combination.
For instance, when compared to combined cfos and cjun wt, a significant downregulation was
observed in RA FLS transfected with fosWt/jun236 or fos73/jun202 (with fos73 containing
the double mutant fos73/125), as well as OA FLS transfected with fos125/jun236 and all
combinations containing fos73/125 (Figure 3C). Again, only one approach including jun202
(i.e., fosWt/jun202) in OA FLS had a significantly positive effect on MMP-1 gene expression.

In the case of Il-6, comparable results were observed. Transfected mutants showed
either no effect (jun202 in OA FLS; Figure 4B) or a numerical (and in the case of jun236 even
significant) reduction (Figure 4A,B). Expressed together, only fos125/jun202-containing OA
FLS induced a significant increase in IL-6 expression, whereas the fos125/junWt-expressing
approach and all fos73/125-containing combinations in OA FLS showed significantly down-
regulated Il-6 mRNA levels (Figure 4C). Though less prominent (presumably due to the
higher standard deviations), the mutants predominantly had very similar effects in RA FLS.

≤

Figure 4. Quantitation of IL-6 mRNA expression in jun-/fos-transfected primary human FLS. (A–C)

The graph shows the IL-6 mRNA expression (detected by qPCR) in primary FLS derived from

RA and OA patients (without detectable genetic variations in the jun and fos genes; n = 3 each,

mean ± SD) following transfection of cjun and/or cfos expression vectors. (A) IL-6 expression in

FLS transfected with the indicated cfos variants. (B) IL-6 expression in FLS transfected with the

indicated cjun variants. (C) IL-6 expression in FLS transfected with combinations of cfos and cjun

variants. IL-6 mRNA levels in fosWt- (A), junWt- (B), or fosWt/junWt-transfected cells (C) were set

as 1. Statistical analyses: Mann–Whitney U-test, * p ≤ 0.05 vs. the respective controls; fos73: double

mutant fos73/fos125.
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2.5. Allelic Distribution of Mutations

To analyze the allelic distribution of the identified mutations with potential functional
effects on AP-1-dependent gene expression in RA (i.e., mutations detected in RA patients
causing an aa exchange: fos73, fos125, jun202, and jun236), genotyping was performed
in RA (n = 298), OA (n = 288), and NC (n = 484) whole blood DNA samples by single
base extension and matrix assisted laser desorption ionization–time of flight (MALDI-TOF)
multiplex analysis. Furthermore, we determined the frequencies of these mutations in the
genome aggregation database gnomAD reporting on variants observed in a large number
of sequenced human genomes and exomes [25,26].

In gnomAD, for cfos a non-synonymous amino acid exchange was also reported
at amino acid position 73, however, a leucine to phenylalanine exchange was observed.
In cjun, various deletions and duplications in the poly-glutamine cluster were reported,
including the deletion of a single glutamine similar to our observed jun202 mutation
(Table 2). In the analyzed patient/donor cohort (298 RA, 288 OA, and 484 NC samples),
all identified functional germline mutations were genotyped as reference variant, i.e., none
of the germline mutations was observed. Hence, no significant differences in the distribu-
tion of these mutations among different groups were detected.

Table 2. Frequency analysis of mutations in GnomAD.

Observed Mutations GnomAD [25,26] at aa Site

Gene Description
Position hg19
(aa Exchange)

ID
Frequency

(n-Minor Alleles)

cfos
fos73/

chr14:75746655
(Leu73Met)

14-75746684-C-T L73F: 3 × 10−5 (1)

fos125
chr14:75746812

(Arg125Lys)
n.d. n.d.

cjun
jun202

chr1:59248125-
59248133
(202∆Gln)

1-59248123-GGCT-G Q206del: 9 × 10−4 (204)
1-59248123-G-GGCT Q206dup: 2 × 10−4 (39)

1-59248123-G-GGCTGCT Q205_206dup: 2 × 10−5 (5)
1-59248123-GGCT-G Q205_206del: 5 × 10−6 (1)

jun236
chr1:59248037

(Pro236Ser)
n.d. n.d.

gnomAD, genome aggregation database v2.1.1; hg19, reference genome hg19; dup, duplication;
del, deletion; n.d., not detected.

3. Discussion

Progressive destruction of articular cartilage and bone, chronic inflammation, and
the development of a transformed FLS phenotype in the SM are common features of
RA [1,2] rendering the synovium its central pathophysiological component [3]. A variety of
pro-inflammatory and pro-destructive proteins, such as chemokines/cytokines and matrix-
degrading enzymes, decisively contribute to these processes [2]. On the transcriptional
level, several of these genes are driven by the transcription factor AP-1, classically consisting
of the subunits cFos, cJun, JunB, and JunD [7,8]. Thus, the presence and distribution of
functionally relevant mutations and SNPs in the coding regions of these proto-oncogenes
and their potential association with RA were analyzed.

Our initial analysis in blood and SM samples from RA and OA patients and post-
mortem NC revealed that even in the small incipient screening population (11 RA, 10 OA,
and 5 NC), a total of 6 mutations and 1 SNP could be detected (summarized in Table 1).
The SNP rs1046117 represents a silent genetic alteration due to a synonymous T-to-C base
exchange at the third position of codon fos84. Thus, no direct functional consequence on
the aa sequence level results from the presence of this type of SNP [27] and it was not
further studied. However, a concealed impact of such synonymous nucleotide exchanges
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on the gene function is still possible [27,28], e.g., due to biased codon usage [29] or modified
translation efficiency and accuracy [30] during protein synthesis.

While the mainly deactivating AP-1 subunits JunB and JunD invariably showed the
wt, equal numbers of mutations were observed in cfos and cjun, i.e., 3 mutations each.
Interestingly, only the combined mutations affecting codons fos121 (C−→G; Gln−→Glu)
and fos123 (A−→G; Ile−→Val) were selectively identified in 1 OA patient. The majority
of genetic alterations (i.e., 5/6), however, were predominantly observed in RA samples,
reflecting the frequent occurrence of mutations [31], rare variants [32], and other genetic
alterations such as chromosomal aberrations [33,34] in RA. Among these, the G-to-A
exchange at position 750 (given in relation to the first base of the start codon) caused
a synonymous mutation in codon jun250. The loss of codon jun202 (∆CAG) from a
pentameric glutamine cluster in the proline- and glutamine-rich cJun domain also had no
obvious functional consequences, since the transactivation capacity did not significantly
differ from the wt. Although it is known that the domain harboring this cluster enables the
interaction with the JNK [35], the loss of one glutamine residue had no perceptible impact
on cJun activation in our experiments.

The remaining mutations unanimously led to aa exchanges with a potential impact on
function and activity of the affected proteins [36], especially when considering the position
of mutations in functionally relevant protein domains, i.e., the cFos transactivation domain
and the glutamine-/proline-rich (interaction) domain in cJun. In cFos, mutations in codons
fos73 (Leu−→Met) and fos125 (Arg−→Lys; in part occurring in combination) involve
potentially significant changes in the protein structure. Though representing conservative
exchanges between aliphatic/hydrophobic (fos73) and basic/polar aa (fos125), respectively,
the mutations lead to altered size, charge distribution, and/or chemical reactivity of
the respective residue [37]. A functional role for such aa exchanges has already been
demonstrated in the mitochondrial NADH dehydrogenase subunit 2 (Leu−→Met; [38])
and the signal transducer and activator of transcription 3 (Arg−→Lys; [39]). Possible
implications in protein structure and function are even more pronounced in the case of
jun236, in which the hydrophobic, heterocyclic, “turned” proline is replaced by the polar,
aliphatic, and more flexible aa serine [37]. This drastic (though localized) modification
in protein structure may have significant consequences for protein chain conformation
and resulting protein function such as protein–protein interactions. Thus, this mutation
may contribute to the significantly less pronounced enhancement of fos125- and fos73/125-
driven gene expression by jun236 (when compared to jun202 or junWt; Figure 1C).

Nonetheless, functional analyses revealed that the aa exchanges in cfos had a stronger
influence on AP-1 transactivation activity than those in cjun (Figure 1). In comparison
to the wt, which had no inducing effect on the luciferase reporter constructs (Figure 1A),
a considerable induction of gene expression was observed in the presence of the mutants
fos125 and fos73/fos125 (Figure 1B), indicating the susceptibility of AP-1-dependent genes
to alterations in cFos. In contrast, overexpression of cJun wt proteins had a mildly activating
effect on the artificial pentameric AP-1 promoter and caused a stronger activation of the
physiological MMP-1 promoter (Figure 1A). This effect, however, was not modified by
mutated variants jun202 or jun236, whose transactivating capacity was comparable to
the wt (Figure 1B). The combined expression of cfos wt with either the wt or mutated
versions of cjun also showed no differences in terms of reporter gene expression (Figure 1C).
This suggests that under the present conditions, both wt and mutated cJun variants mainly
mediate basal gene activation, as also observed in HeLa cells [40]. In contrast, mutants of
cFos—which enhances stability, DNA binding activity [41], and transactivation activity [40]
of AP-1 heterodimers—may be more powerful drivers of dysregulated AP-1 activity in RA.

Thus, the specific dimer composition of AP-1, which is regarded as one of the key fac-
tors for its impact on AP-1 target genes [42], may be of critical importance for dysregulated
gene expression and its pathophysiological consequences in RA. Interestingly, activation
of the pentameric AP-1 reporter by exogenous fos125 or fos73/125 was further increased
upon co-expression with cjun wt or mutants, with a roughly comparable influence of the
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different jun variants (Figure 1C). This additive effect of cfos and cjun may be due to
the inability of Fos family proteins to form stable homodimers—rendering Fos proteins
dependent on the presence of suitable interaction partners [43]. It further highlights the
necessity of balanced stoichiometric ratios among Fos and Jun proteins for the generation
of active Fos-containing AP-1 complexes [44].

Interestingly, the functional consequences of the different cfos and cjun mutants were
considerably different in immortalized NIH-3T3 fibroblasts and early-passage, primary OA
or RA FLS. In the latter, jun202 (either alone or in combination with either fosWt and/or
fos125) often had a stimulating effect on the MMP-1 and IL-6 mRNA expression, whereas
in particular the co-expression of fos73/125 and the different cjun variants caused a signifi-
cant downregulation of the mRNA expression of these pro-inflammatory/pro-destructive
genes. These differences in cell lines and primary cells underscore the high complexity
and (patho-) physiological variability of AP-1 effects in biological systems, which likely
depend on: (i) the relative abundance of the different fos and jun components; (ii) the
fine-tuned composition of the resulting AP-1 complexes; (iii) the functionally relevant,
three-dimensional structure of these complexes; and (iv) their DNA binding and trans-
activation properties [7,14,42]. Whether crosslinks between the AP-1 pathway and other
central signaling pathways [e.g., mitogen-activated protein kinases (MAPK; such as JNK,
extracellular signal-regulated protein kinase (ERK), and p38), the phosphatidylinositide-3-
kinase, and the Janus kinase/Signal transducer and activator of transcription (Jak/STAT)
pathway [45–47]], known to be dysregulated in RA [46,48] and other diseases [49,50],
contribute to the aforementioned differences, remains the focus of future studies.

In line with these aspects, aa modifying mutations in the jun/fos genes may affect
additional features of AP-1. For instance, the interaction with activating kinases [35] or pro-
inflammatory interaction partners, e.g., nuclear factor κB [51] or CCAAT/enhancer binding
protein β [52], could be influenced. Further sensitive regions are sites acting as targets for
protein-modifying enzymes mediating phosphorylation [42], SUMOylation [40], and others.
Hence, proper post-translational modification in response to extra-cellular signals could
be affected by mutations, with potential consequences for the ability of the cell to react
towards environmental changes. Moreover, Jun and Fos protein stability and turnover
could be affected (as described for a stabilizing point mutation affecting cJun-Ser243 [53]),
i.e., effects potentially contributing to the discrepancy observed between jun/fos mRNA
and protein expression in the SM from RA patients [54]. Furthermore, significantly altered
stabilities of mutated Jun and Fos proteins might also have decisive consequences for
their transactivation capacity, e.g., by prolonged gene expression cycles, altered interaction
profiles with other transcription factors, or the establishment of unexpected feedback-loops.
These aspects, however, have to be assessed in further studies.

Remarkably, in our study all detected mutations in cjun were somatic mutations that
were absent in PB. It has been described before that in the RA SM somatic mutations are
present in regulatory key genes such as p53 [55], affecting the functionality of the respective
protein [56]. Interestingly, various different p53 mutations are found in SM tissue of
individual patients. Moreover, number, type, and frequency of these mutations remarkably
vary among different (sub-) areas within the SM (lining vs. sub-ling layer), a phenomenon
that has been ascribed to the genotoxic stress present in the inflamed synovium [57]. In a
kind of vicious cycle, such stressed and in part (semi-)transformed cells can enhance the
extent of local inflammation [57], an effect possibly further supported by other mutations,
for instance those affecting the inflammasome (which may also occur in mosaicism) [58].
Thus, it is reasonable to speculate that jun and fos family genes are also susceptible to the
local development of de novo mutations due to inflammatory stress.

Despite the frequent occurrence of novel germline mutations in the initial screening
population and the significant consequences of particular aa exchanges for protein function,
no association of the identified alterations with (rheumatoid) arthritis was observed. To the
best of our knowledge, this is consistent with the literature lacking reports on arthritides-
associated jun/fos mutations (with the exception of an association of fos promoter variants
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with knee OA [21]), while a large variety of other susceptibility loci for RA is known [32].
This suggests that the variants observed are rare, distinct genetic alterations originating
from individual or familial incidents. The low (or even absent) frequencies of these variants
observed in a large collection of genetic variants (GnomAD, [25]) supports this assumption.
These variants may be acquired as germline mutations during embryonic development,
either de novo or ancestrally inherited [59], while somatic mutations can result from the
local inflammatory, transformation-supporting milieu [60]. Type and frequency of arising
mutations appear to depend on the specific nucleotide context and the surrounding region
including aspects like existing histone modifications, GC content, and DNA methyla-
tion/hypersensitivity [61]. Despite the missing heritability in RA, it has been hypothesized
that those causal variants (even though occurring in low frequencies) may account for
an underlying genetic risk [32]. They may also contribute to the inter-individual and
gene-specific variances in mRNA expression profiles observed in the RA SM [62].

In summary, the present data indicate that local mutations in the jun and fos family
genes are qualified to modify the transactivation activity of the resulting AP-1 complexes
and presumably contribute to particular pro-inflammatory/pro-destructive characteristics
and disease progression in individual RA patients [63]. Our results also imply that genes
strongly regulated by AP-1, e.g., those containing multiple copies of AP-1-recruiting
tetradecanoylphorbol acetat- or cyclic adenosine monophosphate-responsive elements
or AP-1-driven enhancers, may be more susceptible to the aforementioned fos and jun
mutations than genes with more complex promoters containing a variety of binding sites
for additional transcription factors, co-factors, or modification enzymes [43].

4. Materials and Methods

4.1. Patients, Tissue Samples, and Isolation of Primary Fibroblast-Like Synoviocytes (FLS)

Classification of patients/donors and collection of tissue samples was performed as
described in [21]. FLS were isolated from OA and RA SM samples as published previously
and used in early passage (up to passage 3; [64]). Whole blood samples were collected from
RA (n = 298) and OA patients (n = 288) in the Departments of Orthopedics and Internal
Medicine III/Division of Rheumatology and Osteology (Jena University Hospital) during
routine blood withdrawal. Blood samples from NC donors (n = 484) were collected by
the Institutes of Transfusion Medicine (University Hospitals Jena and Leipzig) during
standard blood donation. The health status was controlled by hemogram, blood pressure
measurements, individual medical history, and determination of virus parameters. If DNA
was not immediately isolated, blood samples were stored at −20 ◦C. For NIRCA analyses
of SM tissue samples (see Section 4.5), RA and OA samples were derived from a subpopu-
lation of the RA/OA patients described above, while NC SM samples were derived from
postmortem biopsies (Charité, University Medicine, Berlin, n = 5).

Informed consent was obtained from all patients and donors before blood sampling
or joint replacement surgery. The experiments were carried out in accordance with the
relevant guidelines and regulations. The study was approved by the Ethics Committees of
the Friedrich Schiller University Jena (code: 0256-5/99, date: 15 May 1999 and code: 1154/-
07/03, date: 30 June 2004) and the Humboldt University Berlin (code: EA1/193/10, date: 26
April 2012) in accordance with the Declaration of Helsinki. RA and OA patients were clas-
sified according to the respective criteria of the American College of Rheumatology [65,66]
valid in the sample assessment period. Clinical characteristics of patients/donors are
presented in Table S1. In all patients, the disease reached a level requiring joint replacement
surgery (advanced joint destruction as assessed by radiography; categorized by the same
team of clinicians), thus reflecting roughly comparable disease stages in the respective
patient groups. Caucasian origin of the patients/donors was validated by self-disclosure
and analysis of principal components of the genetic data.
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4.2. DNA Preparation

Genomic DNA was prepared from 1070 whole blood samples. Extraction of DNA was
performed using QIAamp DNA blood Mini kits or the Qiagen BioRobot EZ1 Workstation
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. DNA concentra-
tion was determined using the Nanodrop ND-1000 system (PeqLab, Erlangen, Germany).

4.3. RNA Extraction, cDNA Synthesis, and Conventional Polymerase Chain Reaction (PCR)

RNA extraction, cDNA synthesis, and conventional PCR were performed as previ-
ously described [67,68]. Coding sequences of cjun, junB, junD, and cfos were amplified
from genomic DNA (jun family genes) or cDNA (cfos, due to the presence of introns) using
sequence-specific primers. Primer pairs contained binding sites for the restriction enzymes
Eco RI and Bam HI or Hind III and Not I for subsequent cloning (see Section 4.4). Primer
sequences and amplification protocols are presented in the Supplement (Table S2). Product
specificity was confirmed by agarose gel electrophoresis and fluorescent cycle sequencing.

4.4. Cloning of DNA Fragments

For NIRCA analyses (see Section 4.5), DNA fragments of the wt cjun, junB, junD,
and and cfos coding sequences were cloned into the vector pUC19 (Invitrogen, Darmstadt,
Germany) by a standard ligation protocol using the restriction sites Eco RI and Bam HI
(New England Biolabs, Frankfurt/Main, Germany).

For functional analyses (see Section 4.6), coding sequences of wt/mutated cfos and
cjun were cloned into the expression vector pCMX [69] using the restriction sites Hind III
and Not I. Vectors pUBT-luc-5AP1 (containing a pentameric AP-1 site (TGACTAA) cloned
into the pUBT-luc vector [70]) and PXP1 (containing the MMP-1 promotor [71]) served as
firefly luciferase reporter constructs for the activity of wt/mutated cJun and cFos.

4.5. Non-Isotopic RNase Cleavage Assay

For initial detection of SNPs and mutations in RA, OA, and post-mortem NC samples,
the highly sensitive NIRCA was applied using the MutationScreener kit (Ambion, Austin,
TX, USA). The assay was performed as previously described [72]. Subsequently, the exis-
tence of the observed base exchanges was validated and the precise position of each SNP
or mutation was identified using Sanger sequencing [72].

4.6. Functional Analyses

Firefly luciferase reporter plasmids pUBT-luc-5AP1 or PXP1 were co-transfected with
wt and/or mutated cfos and cjun expression vectors (500 ng each; see Section 4.4) into
1.5 × 105 NIH-3T3 murine embryonic fibroblasts per well (cultured in Dulbecco’s Modified
Eagle’s Medium + 10% fetal calf serum, 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfo-
nic acid, 100 U/mL penicillin, 100 mg/mL streptomycin, 2.5 mg/mL gentamicin; 6-well
plates) using Polyfect (Qiagen) transfection reagent. The co-transfected renilla luciferase
expressing vector pRL-CMV (10 ng/well) served as an internal transfection/normalization
control [73]. Two days after transfection, cells were lysed with passive lysis buffer (Promega,
Madison, WI, USA). Firefly luciferase expression was assessed via luminescence emission
measurements using the dual luciferase assay system (Promega), normalized to renilla
luciferase expression, and given as relative luciferase activity (i.e., firefly relative light units
divided by renilla relative light units). In all cases, enzymatic activities of firefly and renilla
luciferase were clearly detectable. Data of functional analyses were presented as means
± standard error of the mean (SEM). The Mann–Whitney U-test was applied to analyze
differences among luciferase expression levels. Significant differences were accepted for
p ≤ 0.05.

4.7. Quantitative Polymerase Chain Reaction (qPCR)

The qPCR was performed as previously described [54,67] using a LightCycler 2.0
(Roche Diagnostics, Mannheim, Germany) and primers specific for human MMP-1 (for-
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ward: 5′-gacctggaggaaatcttgc-3′, reverse: 5′-gttagcttactgtcacacgc-3′), IL-6 (forward: 5′-
atgaactccttctccacaagcg-3′, reverse: 5′-ctcctttctcagggctgag-3′), and aldolase as a housekeep-
ing gene (forward: 5′-tcatcctcttccatgagacactct-3′, reverse: 5′-attctgctggcagatactggcataa-
3′) [74]. The general amplification protocol (25 cycles) was described in detail in [74] and
involved initial denaturation (95 ◦C, 15 s), gene-specific settings for denaturation (95 ◦C,
10 s), primer annealing (MMP-1: 58 ◦C, 15 s; IL-6: 62 ◦C, 10 s; aldolase: 58 ◦C, 20 s),
and amplification (68 ◦C, 20 s) as well as an additional heating step to melt potential primer
dimers (81 ◦C, 8 s). Finally, a melting curve protocol (1 cycle) was applied. The fluores-
cence emitted by double-stranded DNA-bound SYBR-Green was measured once at the
end of each additional heating step and continuously during the melting curve program.
Concentrations of MMP-1 and IL-6 cDNA present in each sample were calculated by the
LightCycler software using external standard curves (generated using 10-fold dilutions of
plasmids containing the respective target sequence) and normalized to the aldolase content.

4.8. Preparation of Nuclear and Whole Cell Extracts

Nuclear extracts for the EMSA (see Section 4.9) and whole cell extracts for Western Blot
analyses (see Section 4.10) were prepared from K4IM human fibroblast cells [75] transfected
with expression plasmids coding for cfos and cjun wt and/or mutants (either alone or in
combination) as previously described [76].

4.9. Electrophoretic Mobility Shift Assay

A detailed description of the EMSA is included in [76]. In brief, nuclear extracts
(10 µg total protein) from K4IM cells were incubated with 2 × 108 counts per minute of
a 32P-labeled, double-stranded AP-1 oligonucleotide probe (sense strand only: 5′-CGC
TTG ATG AGT CAG CCG GAA-3′; Promega) in 25 µL binding buffer (1 M Tris, 1 M boric
acid, 0.02 M EDTA, 5% glycerol) supplemented with poly [dI-dC] (0.16 mg/mL) and 2 mM
dithiothreitol. The samples were separated on a 4% polyacrylamide gel and scanned in a
phosphor imager (BAS-1000, Fuji Photo Film, Tokio, Japan).

4.10. Antibodies, Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE),
and Western Blot

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Western
Blot analysis were performed using standard protocols as described in [77]. The protein
content in whole-cell extracts from K4IM cells was determined using the bicinchoninic
acid assay (Pierce, Rockford, IL, USA). For cFos and cJun protein detection, SDS-PAGE
(10%) was performed using 10 µL of each whole cell extract sample, followed by Western
Blot analysis using the respective cFos and cJun antibodies from the TransAM AP-1 Family
Kit (Active Motif, Rixensart, Belgium). The GAPDH antibody was purchased from Sigma-
Aldrich (St. Louis, MO, USA) and the horseradish peroxidase conjugated secondary
antibody from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Proteins were visualized
by chemiluminescence (Supersignal West chemiluminescent substrate; Pierce) using a
Bio-Rad ChemiDoc apparatus [74].

4.11. Genotyping and Statistical Analysis

Genotyping was performed in RA (n = 298), OA (n = 288), and NC (n = 484) whole
blood DNA samples by single base extension and MALDI-TOF multiplex analysis applying
the GenoLink system (Bruker Daltonics, Bremen, Germany). Primers are shown in the
Supplementary Materials (Table S3). For the design of genotyping primers, the software
Calcdalton was used [78]. Reaction conditions were essentially the same as those described
before [21,79].
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Abbreviations

aa amino acid

AP activator protein

del, deletion

dup duplication

EMSA electrophoretic mobility shift assay

FLS fibroblast-like synoviocytes

GAPDH glyceraldehyde 3-phosphate dehydrogenase

gnomAD genome aggregation database

IL interleukin

Jak Janus kinase

JNK cJun N-terminal kinase

MALDI-TOF matrix assisted laser desorption ionization - time of flight
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MMP matrix metalloproteinase

NC normal control

n.d. not detected

NIRCA Non-isotopic RNAse Cleavage Assay

OA osteoarthritis

qPCR quantitative real time polymerase chain reaction

RA rheumatoid arthritis

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

SM synovial membrane

SNP single nucleotide polymorphism

STAT signal transducer and activator of transcription

wt Wildtype
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