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Human S100A9 Protein Is Stabilized by Inflammatory
Stimuli via the Formation of Proteolytically-Resistant
Homodimers
Matteo Riva1*, Zhifei He1, Eva Källberg1, Fredrik Ivars1, Tomas Leanderson1,2

1 Immunology Group, Lund University, Lund, Sweden, 2 Active Biotech AB, Lund, Sweden

Abstract

S100A8 and S100A9 are Ca2+-binding proteins that are associated with acute and chronic inflammation and cancer. They
form predominantly heterodimers even if there are data supporting homodimer formation. We investigated the stability of
the heterodimer in myeloid and S100A8/S100A9 over-expressing COS cells. In both cases, S100A8 and S100A9 proteins were
not completely degraded even 48 hrs after blocking protein synthesis. In contrast, in single transfected cells, S100A8 protein
was completely degraded after 24 h, while S100A9 was completely unstable. However, S100A9 protein expression was
rescued upon S100A8 co-expression or inhibition of proteasomal activity. Furthermore, S100A9, but not S100A8, could be
stabilized by LPS, IL-1b and TNFa treatment. Interestingly, stimulation of S100A9-transfected COS cells with proteasomal
inhibitor or IL-1b lead to the formation of protease resistant S100A9 homodimers. In summary, our data indicated that
S100A9 protein is extremely unstable but can be rescued upon co-expression with S100A8 protein or inflammatory stimuli,
via proteolytically resistant homodimer formation. The formation of S100A9 homodimers by this mechanism may constitute
an amplification step during an inflammatory reaction.
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Introduction

S100A8 and S100A9 proteins belong to the S100 protein

family, which constitutes over 20 low molecular Ca2+-binding

proteins [1,2]. In particular, S100A8 and S100A9 are the focus of

intense research, as they are associated with several inflammatory

diseases and cancer [3,4]. In addition, they are well known protein

markers for an increasing number of inflammatory disorders such

as rheumatoid arthritis, inflammatory bowel disease and prostate

cancer [5–7].

S100A8 (10 kDa) and S100A9 (14 kDa) proteins are expressed

constitutively in circulating neutrophils and monocytes and their

expression can be induced in resting tissue macrophages [8–12].

Although it has been documented that S100A8 and S100A9 can

exist both as homo- and heterocomplexes, they preferentially form

heterodimers or heterotetramers in a Ca2+ and Zn2+ dependent

way [13–18]. Recent studies suggested that S100A8/S100A9

homo- and hetero-oligomers may have distinct roles in cell

physiology. In particular, it has been reported that S100A8/

S100A9 heterocomplexes could mediate apoptosis [19], induce

neutrophil chemotaxis [20], activate the NFêB pathway [21],

exhibit antimicrobial activity [22] and regulate NADPH oxidase

activation upon arachidonic acid binding [23].

S100A8 knock-out (KO) mice show a lethal phenotype [24],

while S100A9-KO mice are perfectly viable and no major

differences in inflammatory response have been observed com-

pared to wild type animals [25]. S100A9, but not S100A8 could

bind heparansulphate [26], mediate neutrophil adesion to

fibronectin [27] and increase Mac-1 affinity [28]. Furthermore,

it has been shown that S100A9 protein is involved in tumour

growth [29].

In the present work, we investigated the protein turnover and

stability of S100A8/S100A9 homo- and heterodimers. In partic-

ular, we observed that human S100A9 (hS100A9) homodimers

were unstable and readily degraded, while human S100A8

(hS100A8) homodimers were perfectly stable. Interestingly,

S100A9 expression could be rescued upon challenge with

inflammatory stimuli that stabilized the protein. Those findings

showed that the cells could generate a qualitatively different

S100A8/S100A9 oligomeric form in response to proper stimuli.

Materials and Methods

Cell Culture
The human monocytic leukemia cell line THP-1 was grown in

RPMI 1640 culture medium (Invitrogen, UK) supplemented with

10% fetal bovine serum (FBS; Invitrogen, UK), 2 mM Glutamine

(Sigma-Aldrich, USA), 1 mM sodium pyruvate, 10 mM Hepes,

100 U/ml of penicillin and 100 mg/ml of streptomycin (P/S;

Invitrogen, UK), at 37uC in 5% CO2. COS and LEP cells were
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cultured in Dulbecco’s Modified Eagle Medium (DMEM)

supplemented with 10% fetal bovine serum (Invitrogen, UK),

2 mM Glutamine (Sigma-Aldrich, USA), 100 U/ml of penicillin

and 100 mg/ml of streptomycin (Invitrogen, UK) at 37uC in 5%

CO2. LEP cells were cultured in the presence of Non-Essential-

Aminoacids (NEA; Sigma-Aldrich, USA). LEP cell is an embry-

onic fibroblast cell line kindly provided by Prof. Vera Casslen [30].

COS and LEP Cell Transfection and Treatment
Three different transfections were performed:

1) hS100A8:1 mg pcDNA3.1-hS100A8+1 mg pcDNA3.1-EGFP;

2) hS100A9:1 mg pDream2.1-hS100A9+1 mg pcDNA3.1-

EGFP;

3) hS100A8/hS100A9:1 mg pcDNA3.1-hS100A8+1 mg

pDream2.1-hS100A9.

Briefly, COS or LEP cells were seeded in 24 well plate in serum-

free medium the day before transfection. DNA-Lipofectamine

2000 mixture was prepared as follow: 2 ml Lipofectamine 2000/

reaction were incubated in 50 ml Optimem medium for 5 min at

room temperature (RT). Plasmid DNA was added to the mixture

and incubated for further 20 minutes at RT. Subsequently, the

DNA-Lipofectamine 2000 mixture was added to the cells, which

were incubated for 3 hrs at 37uC. Finally, 1 ml/well of medium

was added to the transfected COS cells and a further 24 h

incubation at 37uC was performed.

After overnight incubation, transfected COS cells were treated

with different concentrations of proteasomal inhibitor MG132

(Millipore, Billerica, MA, USA), IL-1b (Invivogen, San Diego

USA), LPS (Invivogen, San Diego, USA) and TNFa (Invivogen,

San Diego, USA) as indicated in Figure Legends. In some

experiments, to study protein dimerization, transfected COS cells

were washed in PBS and incubated for 30 min on ice with 1 mM

disuccinimidyl suberate (DSS, Sigma-Aldrich, USA) dissolved in

PBS. To study protein stability, transfected COS cells were treated

with 100 mg/ml of cycloheximide.

Western Blot
10 mg of total cell extract was loaded into 4–20% polyacryl-

amide gel (BioRad, Solna, Sweden). Proteins were subsequently

transferred to PVDF membrane (Roche, Mannheim, Germany),

which was saturated with 1% dry milk in PBS-Tween 0.05%.

Membranes were incubated with the appropriate primary

antibody diluted 1:5000 in PBS-Tween overnight at 4uC, washed

3 times in PBS-Tween, incubated for 1 h at RT with Goat anti-

Rabbit or anti-Mouse secondary antibodies (Abcam, Cambridge,

UK) diluted 1:5000, then washed 3 times in PBS-Tween and

finally developed using ECL kit from Roche, (Mannheim,

Germany).

The primary antibodies were the following: Mouse anti-human

S100A9 (Novus Biologicals Inc., CO, USA), Rabbit anti-human

S100A8 (kindly provided by Prof. Nancy Hogg, UK) and Rabbit

anti-human b-tubulin (Novus Biologicals Inc., CO, USA).

Immunoprecipitation (IP)
Five million COS cells were co-transfected with pcDNA3.1-

hS100A8 and pDream2.1-hS100A9, as described above. After

washing, the cells were re-suspended in lysis buffer (75 mM Tris/

HCl pH 7.6, 1.25% NP-40, 100 mM NaCl and complete protease

inhibitors) and cell debris removed by centrifugation. The

supernatants were thereafter pre-cleared upon incubation with

streptavidin (hS100A9) or protein G-conjugated beads (hS100A8)

at 4uC for 1 hour with gentle shaking. Subsequently, the

supernatants were incubated with biotinylated mouse anti-

hS100A9 antibody (43/8-bio, produced in our lab) or rabbit

anti-hS100A8 antibody (kind gift of Prof. Nancy Hogg, UK), at

4uC overnight. The following day, streptavidin- or protein G-

conjugated beads (Invitrogen, UK) were added to the samples at

4uC for 1 hour. Subsequently, beads-protein complexes were

harvested, washed 3 times in washing buffer (Invitrogen, UK),

eluted in Laemmli Sample Buffer (BioRad, Solna, Sweden) and

boiled at 70uC for 10 min. The samples were then analyzed by

SDS-PAGE and Western blot. In some experiment, as a control,

COS cells were transfected only with pDream2.1-S100A9,

followed by the same procedure described above. TRIS buffer,

NaCl and NP-40 were purchased from Sigma-Aldrich, (USA)

while complete protease inhibitors were obtained from Roche

(Mannheim, Germany).

Results

The hS100A8/hS100A9 Heterodimer is a More Stable
form as Compared to hS100A8 or hS100A9 Expressed
Alone

In order to investigate which S100A8/S100A9 oligomers were

expressed in monocytes, we treated THP-1 cells with the cell-

permeable cross-linker DSS. By Western blot, we could notice a

band around 24 kDa, which was representative of the S100A8/

S100A9 heterodimer complex, while we could not detect any

homodimeric forms (Fig. 1a). Previously, it has been shown that in

granulocytes the S100A8/S100A9 heterocomplex was extremely

protease resistant [31]. We confirmed this finding by treating

THP-1 cells, for different periods of time, with the protein

translation inhibitor cycloheximide and, indeed, found that the

S100A8/S100A9 heterodimer was not completely degraded even

after 24 h (Fig. 1b).

Since we were able to detect only S100A8/S100A9 heterodi-

mers in THP-1 cells, we decided to overexpress hS100A8 and

hS100A9 in COS cells in order to investigate the stability of

S100A8 and S100A9 individually. The results in Fig. 2a–b

indicated that the hS100A8/hS100A9 heterodimer is the most

stable form since hS100A8 expressed alone decayed within 24 hrs.

Surprisingly, hS100A9 expressed alone was not detectable even at

the earliest time point, suggesting that hS100A9 was unstable and

immediately degraded.

In both experiments, we checked cell viability and even though

both THP-1 and COS cells stopped proliferating upon cyclohex-

imide treatment, they did not die (Fig. S1a–b).

The hS100A9 Protein is Proteolytically Degraded in COS
Cells

To corroborate our hypothesis about the rapid turnover of

hS100A9 protein, we treated the hS100A9-transfected cells with

increasing concentrations of the proteasomal inhibitor MG132

and observed a marked increase of hS100A9 protein expression

(Fig. 3a). Thus, hS100A9 expressed alone is unstable and subjected

to rapid proteolytic degradation. In contrast, when COS cells were

co-transfected with both hS100A8 and hS100A9 constructs, we

observed a robust increase in hS100A9 protein expression (Fig. 3a),

indicating that hS100A8 protein could rescue the hS100A9

protein from proteasomal degradation.

On the other hand, hS100A8 was readily detectable in the cells

transfected with the hS100A8 construct alone. In this case,

expression was not altered by MG132 addition, indicating that the

hS100A8 protein was stable by itself (Fig. 3b). In addition, also the

level of hS100A8 protein was increased, even though to a minor

extent, when co-expressed with hS100A9 (Fig. 3b).

S100A9 Homodimer Is Stabilized by IL1b and TNFa
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The hS100A9 Protein is Unstable Also in Fibroblasts
Next we wanted to determine whether the instability of

hS100A9 protein was peculiar to the COS cells. For this purpose,

we transfected a human lung embryonic fibroblast cell line (LEP)

(Fig. 4a–b) with hS100A8 and hS100A9 constructs, alone or

together. The results showed that hS100A9 was proteolytically

degraded also in this cell line. The protein could again be rescued

upon MG132 treatment or hS100A8 protein co-expression. Also

in these cells, hS100A8 was stable by itself. Taken together, these

data indicated that the instability of hS100A9 protein is not tissue-

specific.

Figure 1. hS100A8 and hS100A9 form a stable heterodimer in THP-1. THP-1 were treated with DSS for 30 min in ice. Subsequently samples
were used for Western blot and stained for hS100A9 and hS100A8 (A). THP-1 cells were treated with 10 mg/ml cycloheximide for 4 h, 24 h and 48 h.
Samples were, then, collected and Western blot for hS100A9 and hS100A8 was performed (B).
doi:10.1371/journal.pone.0061832.g001

Figure 2. The hS100A8/hS100A9 heterodimers were more stable than hS100A8 and hS100A9 homodimers. COS cells were transfected
with hS100A8 and hS100A9 separately or together. After 24 h, COS cells were treated with 100 mg/ml cycloheximide for 4 h, 24 h and 48 h. Samples
were collected and analyzed by Western blot. Filters were stained with (A) anti-hS100A9 or (B) anti-hS100A8. In the lower charts, the relative band
intensity compared to non-stimulated cells are indicated.
doi:10.1371/journal.pone.0061832.g002

S100A9 Homodimer Is Stabilized by IL1b and TNFa
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Formation of hS100A8/hS100A9 Heterodimers Stabilizes
the hS100A9 Protein

From the data shown above, we hypothesized that the

stabilization of hS100A9, observed upon co-expression with

S100A8, might be due to formation of S100A8/A9 heterodimers.

To confirm this, we co-transfected COS cells with both the

hS100A8 and hS100A9 constructs and performed a co-immuno-

precipitation (Co-IP) experiment, followed by Western blotting.

We observed that, upon Co-IP of hS100A9, we could effectively

detect the hS100A8 partner and vice versa (Fig. 5). Thus,

hS100A9 was rescued from proteasomal degradation by forming

complexes with hS100A8.

Inflammatory Stimuli Stabilize the hS100A9 Protein
Expression of S100A9 protein could, under inflammatory

conditions, be detected in certain tissue cells such as keratinocytes

or chondrocytes [32,33]. Therefore, we wanted to test whether

pro-inflammatory stimuli could promote hS100A9 stability. For

this purpose we treated hS100A9-transfected COS cells with IL-1b
or LPS. As shown in Fig. 6a–b, both LPS and IL-1b were able to

markedly increase hS100A9 but not hS100A8 expression. In

addition, we confirmed our finding treating COS cells with TNFa,

showing that hS100A9 stabilization was not peculiar to IL1b but it

could occur also upon challenge with other pro-inflammatory

stimuli (Fig. S2). The fact that also inflammatory stimuli promote

hS100A9 expression, suggest that hS100A9 could escape protea-

somal degradation in response to external signals.

Figure 3. hS100A9 protein was unstable in COS cells but could be stabilized by MG132 or co-transfection with hS100A8. COS cells
were transfected with hS100A8 and hS100A9 constructs either separately or together. 24 h after transfection, the cells were stimulated for 8 h with 1
or 10 mM MG132 and subsequently analyzed by Western blot using (A) anti-hS100A9 or (B) anti-hS100A8. The first three lanes (NT) of each panel
represented non-transfected cells. From lane 4 to 6, COS cells were transfected with (A; A9 Transfected) hS100A9 or (B; A8 Transfected) hS100A8
separately, while from lane 7 to 9 (A8/A9 Transfected) cells were co-transfected.
doi:10.1371/journal.pone.0061832.g003

Figure 4. hS100A9 protein was unstable in LEP cells but could
be rescued by MG132 and hS100A8. hS100A8 and hS100A9
expression vectors were transfected into human fibroblasts (LEP cells)
as described before for COS cells. After SDS-PAGE and Western blots
were performed either with (A) anti-hS100A9 or (B) anti-hS100A8. Lane
1 (NT) represented non-transfected cells; from lane 2 to lane 4 cells
were transfected with hS100A9 (panel A; A9 T) or with hS100A8
(panel B; A8 T); in lane 5 (A8/A9 T) cells were co-transfected with
both constructs.
doi:10.1371/journal.pone.0061832.g004

Figure 5. hS100A8 associates with hS100A9 in co-transfected
COS cells. COS cells were co-transfected with expression vectors for
both hS100A8 and hS100A9. 24 h later, hS100A9 was immunoprecip-
itated and analyzed for hS100A8 expression by Western blot (Panel 2,
lane 1). The same experiment was repeated immunoprecipitating
hS100A8 and staining for hS100A9 (Panel 1, lane 1). Lane 2 and 3
represented the controls. In brief, in control samples, COS cells were co-
transfected and a full Co-IP experiment was performed but without the
cell extract, or the antibody, respectively. In panel 1, lane 4, COS cells
were transfected only with hS100A9-carrying vector. The hS100A9
protein was immunoprecipitated and Western blot performed with
hS100A8 staining.
doi:10.1371/journal.pone.0061832.g005

S100A9 Homodimer Is Stabilized by IL1b and TNFa
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IL1b Promotes the Formation of Protease-resistant
hS100A9 Homodimers

To further analyze the composition of the different S100A8/

S100A9 complexes, we transfected COS cells with hS100A8 and

hS100A9 cDNA constructs alone or together. We thereafter

treated COS cells with the membrane permeable cross-linker DSS

and analyzed the S100 proteins by Western blotting staining for

hS100A9 (Fig. 7a) or hS100A8 (Fig. 7b). When hS100A8 was

expressed alone (Fig. 7b), we observed a band with an

approximate Mw of 20 kDa representing the hS100A8 homodi-

mer. When hS100A8 was expressed together with hS100A9, we

observed an additional band at 24 kDa, representing the S100A8/

S100A9 heterodimer. The 24 kDa heterodimer band was weaker

than the 20 kDa hS100A8 homodimer band.

When hS100A9 was expressed alone and the cells were treated

with MG132 to prevent its degradation (Fig. 7 a), we observed a

band with an approximate Mw of 28 kDa, representing the

hS100A9 homodimer. When hS100A8 and hS100A9 were co-

transfected, we could only notice a S100A8/S100A9 heterodimer

band at 24 kDa.

Lastly, we wanted to investigate if this event was peculiar for

MG132 or if also inflammatory stimuli, such as IL1b, could

promote protease-resistant hS100A9 homodimers. To this end,

COS cells were transfected with hS100A9 alone, treated with IL1b
and subsequently with DSS. After Western blot analysis, we

detected a 28 kDa band in the sample treated with IL1b but not in

the untreated control, confirming that hS100A9 was rescued from

protein degradation by IL1b, via formation of protease resistant

homodimers (Fig. 7a, lane 2).

Discussion

In the present work, we investigated the stability of the different

oligomers formed by hS100A8 and hS100A9 in the myeloid cell

line THP-1 and in transfected COS cells. We have shown that

hS100A8 and hS100A9 could form homo- and heterodimers

in vivo. While the hS100A8/hS100A9 heterodimer was the most

stable oligomer, hS100A9 homodimers were unstable and barely

detectable by Western blot. However, proteasome inhibition or

inflammatory stimuli such as IL1b and TNFa could promote the

formation of protease-resistant hS100A9 homodimers.

It is well accepted that the predominant form in which S100A8/

S100A9 associates in physiological and pathological conditions is

the heterodimer, even if it has been observed that S100A8 and

S100A9 could also form homodimers [34,35]. An increasing

amount of data indicate that S100A8 as well as S100A9

homodimers are important regulators of inflammation and cancer,

exhibiting strong pro-inflammatory activity in various mouse

models of diseases [36–38]. In particular it has been shown that,

S100A8 homodimers could promote chondrocyte-mediated carti-

lage destruction, upon metalloproteinase activation, in experi-

mental arthritis [38]. In addition, CD8+ cells from subjects with

lupus erythematosus stimulated with S100A8 or S100A9 showed

an upregulation of IL-17 expression, leading to the development of

auto-reactive lymphocytes [37]. Moreover, it has been shown that

murine S100A8 homodimers were able to recruit leukocytes and

had properties of an oxygen scavenger [39].

On the other hand, it has been observed that S100A9

homodimers interacted with TLR4 and RAGE [40], which are

two receptors involved in the control of tumour growth in different

systems [41,42]. In particular, it has been shown that inhibition of

hS100A9/TLR4 interaction inhibited tumour growth [29]. In

addition, hS100A9 is involved also in metastasis formation, most

likely by interfering at an early stage of metastasis formation [43].

We have shown that treatment with an S100A9-binding molecule

inhibited metastasis formation in a prostate cancer tumour model

[44]. It has been observed that S100A9 was important for the

development and function of myeloid-derived suppressor cells

(MDSC) [45,46]. Also, our previous data has shown that human

S100A9 was a TLR4-dependent pro-inflammatory molecule,

activating NFkB in monocytes [47]. All together, these findings

pointed out that S100A9, rather than S100A8/S100A9, could be

the main mediator of inflammatory diseases and tumours and,

more importantly, is emerging as a potential target for the

treatment of malignant diseases.

Despite the emerging importance attributed to S100A8 and

S100A9 homodimers, the most abundant form detected in serum

is the heterodimer. Thus, in rheumatoid arthritis patients the

amounts of heterodimer were 1000 fold greater as compared to

S100A8 and S100A9 homodimers [21]. In addition, it has been

shown with a two-hybrid system that hS100A8 and hS100A9

could not form homodimers in yeast [48]. Lastly, in granulocytes,

the S100A8/S100A9 heterodimer was protease resistant while the

S100A8 and S100A9 homodimers were not [31].

In our work, we showed by Western blot analyses that in THP-1

cells, no hS100A8 and hS100A9 homodimer could be found and

we confirmed that the S100A8/S100A9 heterodimer was prote-

ase-resistant both in THP-1 and in COS cells over-expressing

these proteins. However, we also showed that hS100A9 homodi-

mers seemed to be rapidly degraded in COS cells, while hS100A8

homodimers were perfectly stable, which is in conflict with

Figure 6. LPS and IL1b induced hS100A9 protein stabilization.
COS cells were transfected either with hS100A8 or hS100A9 constructs,
as described above. 24 h after transfection, COS cells were stimulated
with either 1 or 10 ng/ml IL1b or alternatively with either 10 or 100 ng/
ml LPS. Samples were collected and analyzed by Western blot. Filters
were stained with (A) anti-hS100A9 and (B) anti-hS100A8. Lane 1 (NT)
represented non-transfected cells; from lane 2 to 6, COS cells were
transfected with (A; A9 T) hS100A9 or (B; A8 T) hS100A8 separately; in
lane 7 (A8/A9 T) COS cells were co-transfected with both plasmids.
doi:10.1371/journal.pone.0061832.g006

S100A9 Homodimer Is Stabilized by IL1b and TNFa
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previously published data [31,48]. This apparent discrepancy

could be due to the presence of different subsets of proteases in

COS cells, yeasts and extracellular milieu, leading to a different

hS100A8 protein turnover.

We speculate that hS100A9 degradation occurred via ubiqui-

tination and proteasomal degradation, since hS100A9 protein

expression could be rescued by the proteasomal inhibitor MG132.

Using UbPred program (predictor of protein ubiquitination sites)

we found that Lysine 93 (K93) of the hS100A9 protein could be a

target for ubiquitination.

We also showed that hS100A9 homodimers could be stabilized

by forming protease-resistant homodimers in cells exposed to

inflammatory stimuli. We confirmed our data also in a fibroblast

cell line. That inflammatory conditions could promote hS100A9

homodimer formation, and that hS100A9 is in itself a pro-

inflammatory signal, suggests a mechanism for an inflammatory

amplification step where an inflammatory cytokine would trigger

the production of an additional pro-inflammatory signal. Further

studies will be needed to dissect the detailed mechanism by which

inflammatory stimuli stabilized hS100A9 homodimers. One

possible explanation for the formation of protease-resistant

hS100A9 homodimers could be due to the fact that, upon

inflammatory stimuli, hS100A9 could potentially be post-transla-

tionally modified. Indeed, it is well established that S100 proteins

can be subject to several post-translational modifications [49].

In summary, in this work we showed that hS100A9 homodimer,

which was rapidly proteolytically degraded, could be rescued by

inflammatory stimuli and co-expression with hS100A8. The

stabilization of hS100A9 homodimers may allow hS100A9 to

interact with its target receptors TLR4 and/or RAGE that, in

turn, could start an intracellular signal cascade, mediating

hS100A9 homodimer effects, which could be distinct compared

to effects induced by S100A8/S100A9 heterodimers.

Supporting Information

Figure S1 THP-1 and COS cells viability. THP-1 (A) and

COS (B) cells were treated with 10 and 100 ng/ml of the protein

translation inhibitor cycloheximide respectively. Untreated and

treated cells were collected at 4 h, 24 h and 48 h and subsequently

counted using trypan blue dye.

(EPS)

Figure S2 TNFa induced hS100A9 protein stabilization.
COS cells were transfected either with hS100A8 or hS100A9

constructs, as described above. 24 h after transfection, COS cells

were stimulated with either 1 or 10 ng/ml TNFa. Then, samples

were collected and analyzed by Western blot. Filters were stained

with (A) anti-hS100A9 and (B) anti-hS100A8. Lane 1 (NT)

represented non-transfected cells; from lane 2 to 4, COS cells were

transfected with (A; A9 T) hS100A9 or (B; A8 T) hS100A8

separately; in lane 5 (A8/A9 T) COS cells were co-transfected

with both plasmids.

(EPS)
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Figure 7. IL1b promotes the formation of protease-resistant hS100A9 homodimers. COS cells were transfected with hS100A8 and
hS100A9 expression vectors, either separately or together. 24 h after transfection, transfected cells were treated either with MG132 or IL1b. Then, COS
cells were incubated with 1 mM DSS on ice for 30 minutes and analyzed by Western blot (hS100A9 (A) and hS100A8 (B)).
doi:10.1371/journal.pone.0061832.g007

S100A9 Homodimer Is Stabilized by IL1b and TNFa

PLOS ONE | www.plosone.org 6 April 2013 | Volume 8 | Issue 4 | e61832



References

1. Guignard F, Mauel J, Markert M (1995) Identification and characterization of a

novel human neutrophil protein related to the S100 family. Biochem. J 309:
395–401.

2. Schafer BW, Heizmann CW (1996) The S100 family of EF-hand calcium-
binding proteins: functions and pathology. Trends Biochem. Sci 21: 134–140.

3. Marenholz I, Heizmann CW, Fritz G (2004) S100 proteins in mouse and man:

from evolution to function and pathology (including an update of the
nomenclature). Biochem Biophys Res Commun 322: 1111–1122.

4. Salama I, Malone PS, Mihaimeed F, Jones JL (2008) A review of the S100
proteins in cancer. Eur J Surg Oncol 34: 357–364.

5. Foell D, Frosch M, Sorg C, Roth J (2004) Phagocyte-specific calcium-binding

S100 proteins as clinical laboratory markers of inflammation. Clin Chim Acta
344: 37–51.

6. Hermani A, Hess J, De Servi B, Medunjanin S, Grobholz R, et al. (2005)
Calcium-binding proteins S100A8 and S100A9 as novel diagnostic markers in

human prostate cancer. Clin Cancer Res 11: 5146–52.
7. Sidler MA, Leach ST, Day AS (2008) Fecal S100A12 and fecal calprotectin as

noninvasive markers for inflammatory bowel disease in children. Inflamm Bowel

Dis 14: 359–366.
8. Hessian PA, Edgeworth J, Hogg N (1993) MRP-8 and MRP-14, two abundant

Ca(2+)-binding proteins of neutrophils and monocytes. J Leukocyte Biol 53:
197–204.

9. Delabie J, de Wolf-Peeters C, van den Oord JJ, Desmet VJ (1990) Differential

expression of the calcium-binding proteins MRP8 and MRP14 in granuloma-
tous conditions: an immunohistochemical study. Clin Exp Immunol 81: 123–

126.
10. Zwadlo G, Schlegel R, Sorg C (1986) A monoclonal antibody to a subset of

human monocytes found only in the peripheral blood and inflammatory tissues.
J Immunol 137: 512–518.

11. Zwadlo G, Bruggen J, Gerhards G, Schlegel R, Sorg C (1988) Two calcium-

binding proteins associated with specific stages of myeloid cell differentiation are
expressed by subsets of macrophages in inflammatory tissues. Clin Exp Immunol

72: 510–515.
12. Xu K, Yen T, Geczy CL (2001) IL-10 up-regulates macrophage expression of

the S100 protein S100A8. J Immunol 166: 6358–6366.

13. Strupat K, Rogniaux H, van Dorsselaer A, Roth J, Vogl T (2000) Calcium-
induced noncovalently linked tetramers of MRP8 and MRP14 are confirmed by

electrospray ionization-mass analysis. J Am Soc Mass Spectrom 11: 780–788.
14. Vogl T, Roth J, Sorg C, Hillenkamp F, Strupat K (1999) Calcium-induced

noncovalently linked tetramers of MRP8 and MRP14 detected by ultraviolet
matrix-assisted laser desorption/ionization mass spectrometry. J Am Soc Mass

Spectrom 10: 1124–113.

15. Donato R (2001) S100: a multigenic family of calcium-modulated proteins of the
EF-hand type with intracellular and extracellular functional roles. Int J Biochem

Cell Biol 33: 637–668.
16. Heizmann CW, Fritz G, Schafer BW (2002) S100 proteins: structure, functions

and pathology. Front Biosci 7: d1356–d1368.

17. Leukert N, Vogl T, Strupat K, Reichelt R, Sorg C, et al. (2006) Calcium-
dependent tetramer formation of S100A8 and S100A9 is essential for biological

activity. J Mol Biol 359: 961–972.
18. Teigelkamp S, Bhardwaj RS, Roth J, Meinardus-Hager G, Karas M, et al.

(1991) Calcium-dependent complex assembly of the myeloic differentiation
proteins MRP-8 and MRP-14. J Biol Chem 266: 13462–13467.

19. Ghavami S, Kerkhoff C, Los M, Hashemi M, Sorg C, et al. (2004) Mechanism

of apoptosis induced by S100A8/A9 in colon cancer cell lines: the role of ROS
and the effect of metal ions. J Leukoc Biol 76: 169–175.

20. Ryckman C, Vandal K, Rouleau P, Talbot M, Tessier PA (2003) Proin-
flammatory activities of S100: proteins S100A8, S100A9, and S100A8/A9

induce neutrophil chemotaxis and adhesion. J Immunol 170: 3233–3242.

21. Sunahori K, Yamamura M, Yamana J, Takasugi K, Kawashima M, et al. (2006)
The S100A8/A9 heterodimer amplifies proinflammatory cytokine production

by macrophages via activation of nuclear factor kappa B and p38 mitogenacti-
vated protein kinase in rheumatoid arthritis. Arthritis Res Ther 8: R69.

22. Sohnle PG, Hunter MJ, Hahn B, Chazin WJ (2000) Zinc-reversible

antimicrobial activity of recombinant calprotectin (migration inhibitory factor-
related proteins 8 and 14). J Infect Dis 182: 1272–1275.

23. Kerkhoff C, Nacken W, Benedyk M, Dagher MC, Sopalla C, et al. (2005) The
arachidonic acid-binding protein S100A8/A9 promotes NADPH oxidase

activation by interaction with p67phox and Rac-2. FASEB J 3: 467–479.
24. Passey RJ, Williams E, Lichanska AM, Wells C, Hu S, et al. (1999) A null

mutation in the inflammation-associated S100 protein S100A8 causes early

resorption of the mouse embryo. J Immunol 163: 2209–2216.

25. Hobbs JA, May R, Tanousis K, McNeill E, Mathies M, et al. (2003) Myeloid cell

function in MRP-14 (S100A9) null mice. Mol Cell Biol 23: 2564–2576.

26. Robinson MJ, Tessier P, Poulsom R, Hogg N (2002) The S100 family
heterodimer, MRP-8/14, binds with high affinity to heparin and heparan sulfate

glycosaminoglycans on endothelial cells. J Biol Chem 277: 3658–3665.

27. Anceriz N, Vandal K, Tessier PA (2007) S100A9 mediates neutrophil adhesion

to fibronectin through activation of beta2 integrins. Biochem. Biophys. Res.
Commun. 354: 84–89.

28. Newton RA, Hogg N (1998) The human S100 protein MRP-14 is a novel
activator of the beta 2 integrin Mac-1 on neutrophils. J Immunol 160: 1427–

1435.

29. Källberg E, Vogl T, Liberg D, Olsson A, Björk P, et al. (2012) S100A9

interaction with TLR4 promotes tumour growth. PLoS One 7: e34207.

30. Noskova V, Ahmadi S, Asander E, Casslen B (2009) Ovarian cancer cells

stimulate uPA gene expression in fibroblastic stromal cells via multiple paracrine
and autocrine mechanisms. Gynecol Oncol 115: 121–126.

31. Nacken W, Kerkhoff C (2007) The hetero-oligomeric complex of the S100A8/
S100A9 protein is extremely protease resistant. FEBS Letters 581: 5127–5130.

32. Mork G, Schjerven H, Mangschau L, Soyland E, Brandtzaeg P (2003)
Proinflammatory cytokines upregulate expression of calprotectin (L1 protein,

MRP-8/MRP-14) in cultured human keratinocytes. Br J Dermatol 149: 484–
491.

33. Zreiqat H, Belluoccio D, Smith MM, Wilson R, Rowley LA, et al. (2010)
S100A8 and S100A9 in experimental osteoarthritis. Arthritis Res Ther 12: R16.

34. Longbottom D, Sallenav e JM, van Heyningen V (1992) Subunit structure of
calgranulins A. Invest Dermatol 123: 23–33.

35. Donato R (2001) S100: a multigenic family of calcium-modulated proteins of the

EF-hand type with intracellular and extracellular functional roles. Int J Biochem

Cell Biol 33: 637–668.

36. Vogl T, Tenbrock K, Ludwig S, Leukert N, Ehrhardt C, et al. (2007) Mrp8 and

Mrp14 are endogenous activators of Toll-like receptor 4, promoting lethal,
endotoxin-induced shock. Nat Med 13: 1042–1049.

37. Loser K, Vogl T, Voskort M, Lueken A, Kupas V, et al. (2010) The Toll-like

receptor 4 ligands Mrp8 and Mrp14 are crucial in the development of

autoreactive CD8+ T cells. Nat Med 16: 713–717.

38. van Lent PL, Grevers LC, Blom AB, Arntz OJ, van de Loo FA, et al. (2008)
Stimulation of chondrocyte-mediated cartilage destruction by S100A8 in

experimental murine arthritis. Arthritis Rheum 58: 3776–3787.

39. Harrison CA, Raftery MJ, Walsh J, Alewood P, Iismaa SE, et al. (1999)

Oxidation regulates the inflammatory properties of the murine S100 protein

S100A8. J Biol Chem 274: 8561–8569.

40. Björk P, Björk A, Vogl T, Stenström M, Liberg D, et al. (2009) Identification of
human S100A9 as a novel target for treatment of autoimmune disease via

binding to quinoline-3-carboxamides. PLoS Biol 7: e97.

41. Gebhardt C, Riehl A, Durchdewald M, Nemeth J, Furstenberger G, et al. (2008)

RAGE signaling sustains inflammation and promotes tumour development.

J Exp Med 205: 275–285.

42. Apetoh L, Ghiringhelli F, Tesniere A, Obeid M, Ortiz C, et al. (2007) Toll-like
receptor 4-dependent contribution of the immune system to anticancer

chemotherapy and radiotherapy. Nat Med 13: 1050–1059.

43. Hiratsuka S, Watanabe A, Aburatani H, Maru Y (2006) Tumour-mediated

upregulation of chemoattractants and recruitment of myeloid cells predeter-

mines lung metastasis. Nat Cell Biol 8: 1369–1375.

44. Jennbacken K, Welen K, Olsson A, Axelsson B, Törngren M, et al. (2012)
Inhibition of metastasis in a castration resistant prostate cancer model by the

quinoline-3-carboxamide tasquinimod (ABR-215050). Prostate 72: 913–924.

45. Gabrilovich DI, Ostrand-Rosenberg S, Bronte V (2012) Coordinated regulation

of myeloid cells by tumours. Nat Rev Immunol 12: 253–268.

46. Cheng P, Corzo CA, Luetteke N, Yu B, Nagaraj S (2008) Inhibition of dendritic

cell differentiation and accumulation of myeloid-derived suppressor cells in
cancer is regulated by S100A9 protein. J Exp Med 205: 2235–2249.

47. Riva M, Källberg E, Björk P, Hancz D, Vogl T, et al. (2012) Induction of
nuclear factor-kB responses by the S100A9 protein is Toll-like receptor-4-

dependent. Immunology 137: 172–182.
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