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Abstract

Background: Matrix metalloproteinase (MMP)-dependent extracellular matrix (ECM) remodeling is a key feature in
cardiometabolic syndrome-associated adipogenesis and atherosclerosis. Activation of membrane-tethered (MT) 1-
MMP depends on furin (PCSK3). However, the regulation and function of the natural furin-inhibitor serpinB8 and thus
furin/MT1-MMP-activity in obesity-related tissue inflammation/remodeling is unknown. Here we aimed to determine
the role of serpinB8/furin in obesity-associated chronic inflammation.

Methods and Results: Monocyte — macrophage transformation was characterized by decreases in serpinB8 and
increases in furin/MT1-MMP. Rescue of serpinB8 by protein overexpression inhibited furin-dependent pro-MT1-MMP
activation in macrophages, supporting its role as a furin-inhibitor. Obese white adipose tissue-facilitated macrophage
migration was inhibited by furin- and MMP-inhibition, stressing the importance of the furin-MMP axis in fat tissue
inflammation/remodeling. Monocytes from obese patients (body mass index (BMI) >30kg/m?) had higher furin, MT1-
MMP, and resistin gene expression compared to normal weight individuals (BMI<25kg/m?) with significant
correlations of BMl/furin and furin/MT1-MMP. In vitro, the adipocytokine resistin induced furin and MT1-MMP in
mononuclear cells (MNCs), while MCP-1 had no effect.

Conclusions: Acquisition of the inflammatory macrophage phenotype is characterized by an imbalance in serpinB8/
furin, leading to MT1-MMP activation, thereby enhancing migration. Increases in MT1-MMP and furin are present in
MNCs from obese patients. Dissecting the regulation of furin and its inhibitor serpinB8 should facilitate targeting
inflammation/remodeling in cardiometabolic diseases.
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Introduction
released, further facilitating the inflammatory process [3].

Chronic inflammation of adipose tissue is a key process in This cardiometabolic syndrome-associated
the development and progression of insulin resistance and

Consequently, elevated levels of cytokines/adipokines are

tissue

atherosclerosis, significantly contributing to obesity-associated
increases in cardiovascular mobidity and mortality [1,2]. A
characteristic of this chronic low-grade inflammatory process is
the invasion of white adipose tissue (WAT) by mononuclear
cells (MNCs), and their subsequent interaction with adipocytes.
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inflammation/remodeling typically requires the expression of
matrix metalloproteinases (MMPs) [4], present with their
counterpart TIMPs (tissue inhibitors of matrix
metalloproteinases) in WAT of obese animal models [5].
Recently, gene polymorphisms in membrane-tethered (MT) 1-
MMP (MMP-14) have been linked to human obesity and
insulin-resistance characteristics, and knockout of this protease
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was shown to protect from high-fat diet induced adipose tissue
remodeling/expansion in mice [6].

MT1-MMP gains activation intracellularly, followed by
anchoring of the active protease to the cell membrane,
whereas other MMPs (e.g. MMP-2, -9) are typically expelled as
zymogens and subsequently activated in the interstitium [7].
Pro-MT1-MMP activation depends on prosegment cleavage at
RRKR'"" | Y2, involving the proprotein convertase subtilisin/
kexin type 3 (PCSK3) known as furin [8]. For simplification, the
nine mammalian PCSKs identified so far may be separated
according to their cleavage preferences: seven of them activate
precursors at di-basic amino acid residues (consensus motif:
K/R-Xn-K/R|, where n= 0, 2, 4 or 6 and X is any amino acid),
including PCSK1, PCSK2, PCSK3, PCSK4, PCSK5 (also
named PC5/6), PCSK6 (also named PACE4) and PCSKY7 (also
named PC3) [9]. The other two PCSKs prefer single or pairs of
hydrophobic amino acids for cleavage and are named SKI-1/
PCSK8 and PCSK9, both identified as key regulators in lipid
metabolism [9]. However, despite having common cleavage
preferences, PCSK selectivity/specificity is additionally
determined by cellular/intracellular expression profiles,
differences in regulation in diseases and unique structural/
biochemical requirements in substrates [9]. Thus, PCSK1 and
PCSK2 are typically found in secretory granules of
neuroendocrine cells and PCSK4 is confirmed to germinal
cells, whereas others like furin or PCSK5 are located in the
constitutive pathway, cycling between the trans-Golgi-network
(TGN) and cell membrane via endosomal pathways [9].
Previously, we demonstrated the upregulation of furin and
PCSK5 in monocyte — macrophage transformation, enabling
MNCs to participate in tissue inflammation [10]. Whereas furin-
specific siRNA significantly inhibited MT1-MMP activity in
macrophages, a PCSK-inhibitor completely abrogated pro-
MT1-MMP activation, supporting the notion that both furin and
PCSKS5 target pro-MT1-MMP along its maturation pathway [10].
Indeed, based on their overlap in expression and substrate
specificity, these two PCSKs are commonly regarded as “furin-
like” PCSKs [11].

However, the expression and impact of furin-like PCSKs and
thus MT1-MMP activation in obesity-related WAT inflammation
in cardiometabolic syndrome still have to be elucidated. In
addition, little is known about the (patho) physiological
regulation of the naturally occurring furin-inhibitor serpinB8,
demonstrated to form an SDS-stable complex with its substrate
furin [12]. SerpinB8 belongs to the ovalbumin-like serine
protease inhibitor family and was found to be restricted to
neuroendocrine cells, squamous epithelial cells, platelets and
MNCs [12-15].

Thus, the present study investigated the regulation of
serpinB8 in  macrophage maturation, subsequent furin-
dependent MT1-MMP activation, and consecutive inflammatory
MNC-driven adipose tissue-invasion. Moreover, we examined
the regulation of furin, serpinB8 and MT1-MMP in an animal
model of obesity as well as in obese patients.
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Methods

Ethics statement

Human data: Clinical data and monocyte mRNA were
derived from patients recruited for the trial registered as
ClinicalTrials.gov-ID NCT00561327. The study was approved
by the ethics committee of the Charité - Universitatsmedizin
Berlin, Germany. All patients provided written informed
consent.

Animal data: This study was carried out in strict accordance
with the recommendations in the Guide for the Care and Use of
Laboratory Animals of the Landesamt fir Gesundheit und
Soziales (LAGeSo) - Berlin, Germany. The protocol was
approved by the Committee of the LAGeSo (Permit Number:
T0007/11).

Materials

Cell culture media and materials were purchased from
Invitrogen. The furin-like PCSK inhibitor decanoyl-RVKR-
chloromethylketone (dec-CMK) and the fluorogenic furin-like
PCSK substrate pyr-RTKR-AMC were purchased from
Bachem; the broad spectrum hydroxamate class MMP-inhibitor
GM6001 (llomastat) was from Chemicon. Recombinant
serpinB8 protein was from Abnova, human MCP-1 was
purchased from Millipore, and human resistin was from
PeproTech. Recombinant TIMP-1, -2 and -3 proteins, gelatin,
phorbol 12-myristate 13-acetate (PMA) and brefeldin-A (BFA)
were purchased from Sigma. The following antibodies were
used: monoclonal anti-furin MON-152 (Enzo Life Science), anti-
actin (Sigma) and anti-serpinB8 (R&D Systems). The MT1-
MMP antibody directed against the hinge region (AB815), anti-
TIMP-1, anti-TIMP-2 and anti-TIMP-3 were from Chemicon.
Antibodies against HSP-90, canexin and PARP-1 were from
Amersham.

Cell Culture

The human monocytic THP-1 cell line was purchased from
Deutsche Sammlung von Mikroorganismen und Zellkulturen
(DSMZ), Braunschweig, Germany, and cultured in RPMI 1640
(containing 10% FCS with 2 mmol/L L-glutamine, 100 U/mL
penicillin and 100 pg/mL streptomycin) at 95% relative humidity
and 5% CO, at 37" C. Differentiation of THP-1 monocytes to
macrophages (THP/¢) occurred in the presence of 100 nmol/L
PMA (48h). Following differentiation to THP/¢$, cells were
washed, PMA removed and further experiments were done in
serum-free medium. Pretreatment of cells was performed as
indicated in the figure legends. For serpinB8 protein
transfection the ProteoJuice Protein Transfection reagent
(Novagen) was used as recommended by the manufacturer. All
experiments were done n=3.

Immunoblotting

Briefly, cells were lysed in buffer (20 mmol/L Tris, pH 7.5,
150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 1% Triton
X-100, 2.5 mmol/L Na-pyrophosphate, 1 mmol/L Na ;VO,)
containing freshly dissolved protease inhibitors (Complete
EDTA-free, Boehringer). For subcellular protein expression
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Table 1. Characteristics of the Study Population, diagnoses (mean + S.D.).

Patients’ Characteristics

< 25 kg/m? n=5

25-30 kg/m? n=7

> 30 kg/m? n=14 P for difference (< 25 kg/m? vs. > 30 kg/m?)

Sex, male/female

41

7/0

Age, years 62.246.5 64.119.8

Body Mass Index, kg/m? 24.3+0.6 27.9+1.0
Weight, kg 73.243.3 87.1£9.0
Height, cm 172.2+2.9 176.4£7.9
Systolic blood pressure, mmHg 128.2+26.1 135.1+11.5
Diastolic blood pressure, mmHg 74.4+10.7 75.3x11.9
Heart Rate, min 67.0+£9.1 68.0+12.5

BMI

Diagnosis

Hypertension

Diabetes

Coronary Artery Disease

11/3 n.s.
65.0+7.8 n.s.
32.7+21 <0.001*
96.9+£10.3 <0.001*
171.9+6.6 n.s.
155.5+14.6 n.s.
84.1x7.7 n.s.
71.4+10.7 n.s.

< 25 kg/m? n=5 (%)
5 (100%)

1 (20%)

3 (60%)

25-30 kg/m? n=7 (%)
7 (100%)

1 (14%)

6 (86%)

> 30 kg/m? n=14 (%) P for difference

14 (100%) n.s.
9 (64%) n.s.
11 (79%) n.s.

* < 25 kg/m? vs. 25-30 kg/m?, p<0.001; 25-30 kg/m? vs. > 30 kg/m?, p<0.001; < 25 kg/m? vs. > 30 kg/m?, p<0.001
T < 25 kg/m? vs. 25-30 kg/m?, p=0.026; 25-30 kg/m? vs. > 30 kg/m?, p=0.159; < 25 kg/m? vs. > 30 kg/m?, p<0.001

Table 2. Characteristics of the Study Population, medication, n (%).

25-30 kg/m? n=7 (%)

> 30 kg/m? n=14 (%) P for difference

Medication < 25 kg/m? n=5 (%)

Renin-Angiotensin-Blockers 3 (60%) 5 (71%)
Statins 3 (60%) 6 (86%)
Antiplatelets 4 (80%) 6 (86%)
Diuretics 3 (60%) 3 (43%)
Calcium Channel Blockers 3 (60%) 3 (43%)
Beta-Blockers 4 (80%) 4 (57%)

13 (93%) n.s.
10 (71%) n.s.
12 (86%) n.s.
11 (79%) n.s.
7 (50%) n.s.
11 (79%) n.s.

analyses in THP-1 monocytes and THP/¢, the ProteoExtract
Subcellular Proteome Extraction Kit (Calbiochem) was used
according to the manufacturers’ instructions. Up to 50 ug of
proteins were subjected to 10% reducing SDS-PAGE.
Following standard blotting procedures and exposure to
primary antibodies, HRP-conjugated anti-mouse and anti-rabbit
secondary antibodies (1:25,000) were used with enhanced
chemiluminescence (Amersham) for visualization.

Enzyme activity assay

Furin-like PCSK activity was determined using 10 pg protein
in 10 ymol/L assay buffer (100 mmol/L Hepes (pH 7.5), 0.5%
Triton X-100, 1 mmol/L CaCl2, 1 mmol/L 2-mercaptoethanol)
and 0.5 pmol/L internally quenched fluorescent furin-substrate
pyr-RTKR-AMC at 37° C for 1h. Furin activity was quantified by
the release of the fluorescent AMC moiety, measured with a
fluorospectrometer (Fluostar OPTIMA, 320 nm excitation/425
nm emission).

Patients’ characteristics

Hypertensive patients (n=26) were recruited in the
Department of Medicine/Cardiology at the Deutsche
Herzzentrum Berlin, Germany. Patients were divided into three
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BMI categories (mass (kg) / height (m)?) based on conventional
definitions: normal weight (<25 kg/m?), n=5; overweight (25-30
kg/m?), n=7; obese (>30 kg/m?), n=14. Patients’ characteristics,
diagnoses, and medication are summarized in Tables 1 and 2.
In the obese group, gamma-GT was only documented for
n=12; LDH, sodium and blood pressure for n=13.

Blood sample preparation/storage and serum
parameters

From all patients 40 mL venous blood was withdrawn from
the antecubital vein for monocyte isolation. Besides isolation of
monocytes, serum was separated and parameters analyzed at
the routine laboratory at the Deutsche Herzzentrum Berlin,
Germany (Table 3).

Human monocyte isolation

The Ficoll Hypaque monocyte isolation method employed a
liquid density gradient medium of Ficoll 400 and sodium
metrizoate or sodium diatrizoate solution. Vacutainer Cell
Preparation Tubes (Becton Dickinson) were filled with
peripheral whole blood and centrifuged to isolate the MNCs
above the medium. For separation of monocytes from other
MNCs the Dynal monocyte negative isolation kit was applied
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Table 3. Characteristics of the Study Population, serum parameters, (mean + S.D.).

Furin in Obesity

Serum parameters

BMI

< 25 kg/m? n=5

25-30 kg/m? n=7

> 30 kg/m? n=14

P for difference

Glucose, mg/dL 104.8+19.6 94.9+19.0 122.8+43.4 n.s.
Creatinine, mg/dL 1.19+0.31 1.13+0.20 1.12+0.21 n.s.
Sodium, mmol/L 141.1+1.8 141.9+1.1 138.6+4.5 n.s.
Potassium, mmol/L 3.80+0.23 3.85+0.39 3.83+0.50 n.s.
yGT, UL 125.2+141.0 39.0£17.7 72.2+54.6 n.s.
GOT, UL 31.848.7 30.04£7.0 39.7+38.5 n.s.
LDH, UL 197.6+30.9 191.7+34.8 212.5+82.7 n.s.
Cholesterol, mg/dL 168.6+49.9 164.3+41.9 181.4+47.9 n.s.
LDL-Cholesterol, mg/dL 105.2+38.9 94.3+36.8 110.4+44.1 n.s.
HDL-Cholesterol, mg/dL 40.819.9 43.316.4 48.5+13.1 n.s.
Triglycerides, mg/dL 137.6+54.0 191.7474.5 147.0+83.3 n.s.

(Invitrogen). Non-monocytes were depleted by magnetic

expression was normalized to the average expression of the

Dynabeads after preincubation with an antibody mix against
non-monocytes. Finally, bead- and antibody-free pelleted
monocytes were either shock-frozen in liquid nitrogen and
stored at -80° C, or were grown in RPMI 1640 (containing 10%
FCS, 2 mmol/L L-glutamine, 100 U/mL penicilin and 100
pg/mL streptomycin) at 95% relative humidity and 5% CO, at
37" C. Culture-induced macrophage differentiation occurred at
~ day 5 and was evident by cell morphology and the
expression of vimentin.

Chemotaxis

THP-1 macrophage transwell chemotaxis was analyzed
using transwell cell culture chambers with gelatin-coated
(0.2%) polycarbonate membranes (8 pm pores) (Becton
Dickinson). In inhibition experiments cells were pretreated with
inhibitors or transfected with serpinB8 protein as indicated. The
number of cells per high power field (HPF, magnification x320)
that had migrated to the lower surface of the filters after 4h was
determined microscopically. Four randomly chosen HPFs were
counted per filter. Experiments were performed in ftriplicates
and were repeated at least three times.

RNA isolation and quantitative reverse transcriptase
real-time polymerase chain reaction (QRT-PCR)

RNA from frozen monocyte pellets, cultured THP-1
monocytes/macrophages or from mouse adipose tissue was
isolated using an RNAeasy Mini or Micro kit from Qiagen
(Hilden, Germany). RNA was transcribed to complementary
DNA (cDNA) with random primers (Promega, Madison, WI,
USA), and SuperScript Il Reverse Transcriptase (Invitrogen
GmbH, Karlsruhe, Germany) on a thermocycler (Biometra,
Gottingen, Germany). cDNA was subjected to gqRT-PCR using
the Power SYBRGreen PCR Master Mix Reagent Kit (Applied
Biosystems, Foster City, CA, USA). All primers were used at
100 nmol/L. Sequences are listed in the Supporting Table S1.
The reaction was performed in duplicate to quadruplicate with
an Mx3000P® QPCR System (Stratagene, La Jolla, CA, USA).
Amplification reaction data were analyzed by the
complementary Mx3000P analysis software. Target gene
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18S ribosomal RNA housekeeping gene.

Animals and adipose tissue culture

Male wild-type and ob/ob C57Black/6 mice were purchased
from Janvier (St.-Berthevin Cedex, France). Animals had
access to regular chow diet and water ad libitum, and were
kept at 12h/12h dark/light conditions. Animals aged 11 weeks
were used for the experiments. After body weight
measurement, animals were euthanized under deep isoflurane-
anesthesia by rapid cervical dislocation. Gonadal WAT and
subcutaneous fat was isolated and weights determined, tissues
were shock-frozen in liquid nitrogen and stored at -80° C until
further use for gene expression analyses. Additionally, pieces
of 1g WAT were mechanically minced and cultured for 24h in 1
mL DMEM without serum at 37° C [16]. Thereafter conditioned
media was stored at -20° C until use for chemotaxis assays.
Characteristics of animals are given in Supporting Table S2.

Statistical Methods

Results of the gene expression analyses and laboratory
serum parameters are reported as mean * standard deviation
(SD) or mean = standard error of the mean (SEM), as indicated
in the tables and figure legends. Differences were analyzed by
ANOVA followed by least significance difference post-hoc test,
or t-test, as appropriate. Patients’ characteristics and
diagnoses were analyzed by Oneway ANOVA with or without
post-hoc Tamhane test, respectively. A p-value <0.05 was
regarded as significant.

Results

Monocyte transformation leads to a decline of serpinB8
and subsequent pro-MT1-MMP activation

Regulation of serpinB8/furin in monocyte — macrophage
transformation was investigated using human primary
monocytes and monocytic THP-1 cells. Immunoblotting
revealed opposing regulation of furin and serpinB8 in both cell
types, with strong increases in furin and simultaneous
decreases of serpinB8 upon transformation to the inflammatory
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Figure 1. Regulation of furin and serpinB8 during monocyte transformation. (A) Monocyte transformation (THP-1 cells (upper
left), primary monocytes (upper right)) to macrophages (THP-1/¢) was evident by vimentin expression. Furin was increased and
serpinB8 was decreased in macrophages (upper panel). Furin was detected in its pro- and active form (actin-reblotting for protein
loading). Immunoblotting of supernatants demonstrated that furin was time-dependently shed from THP-1/¢, whereas serpinB8 was
primarily released from monocytic cells (both at 24h; lower panel). (B) QRT-PCR demonstrated significant upregulation of furin and
MT1-MMP accompanying vimentin in THP-1/¢, whereas decreases in serpinB8 were non-significant. (C) Cell-transformation
increased furin-like PCSK activity (#p<0.05 THP-1/¢ vs. THP-1 cells), which was concentration-dependently inhibited by dec-CMK
(CMK, 50 and 100 pmol/L; 12h), or transfection of THP-1/¢ with serpinB8 protein (5 ug/mL; 12h). TM = transfection medium.
*p<0.05 vs. THP-1/¢. n=3.

doi: 10.1371/journal.pone.0070542.g001

macrophage phenotype (Figure 1A, upper panel). Next we
examined whether serpinB8 losses were due to release from
cells. Immunoblotting of conditioned media demonstrated
significant amounts of serpinB8 being time-dependently
released only from monocytic cells, whereas furin was primarily
shed from macrophages (Figure 1A, lower panel). The
imbalance in the furin/serpinB8 ratio was confirmed using qRT-
PCR, demonstrating significant increases of furin mRNA in
macrophages compared to monocytes, with serpinB8
transcripts only slightly decreasing in macrophages (Figure
1B). Additionally, MT1-MMP mRNA was strongly induced in
macrophages, along with vimentin [10], validating monocyte
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transformation (Figure 1B). To further examine the capacity of
serpinB8 as furin-inhibitor, specific enzyme activity assays
were performed using macrophages transfected with serpinB8
protein. Furin-like PCSK enzymatic activity was strongly
increased in macrophages compared to monocytes. This
enhanced activity was significantly inhibited by the specific
synthetic furin-like PCSK inhibitor dec-CMK [17], and by
serpinB8 transfection (Figure 1C).

Next we explored the interplay of furin/serpinB8 within the
MT1-MMP-activation network using cell fractionation to dissect
subcellular localizations (Figure 2A). In monocytes, serpinB8
was mostly present in the cytosol (F1 fraction; HSP-90
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positive), with lesser amounts in the organelle fraction (F2;
calnexin positive). Furin and MT1-MMP were strongly
increased in macrophages, emphasized by subcellular
localization in the organelle fraction (F2), with some furin also
detectable in the membrane fraction (F3; PARP-1 positive). In
contrast, serpinB8 was virtually absent in these cells. Since
furin and MT1-MMP cycle between the TGN and the cell
surface [11], the finding of a cytoplasmic localization of
serpinB8 in monocytes and its downregulation in macrophages
does not per se exclude its function as furin-inhibitor. Thus, the
impact of serpinB8 transfection on MT1-MMP activation in
macrophages was compared to the PCSK inhibitor dec-CMK,
as well as to brefeldin A (BFA). BFA causes a microtubule-
mediated fusion of the trans-Golgi network (TGN) and early
endosomes, dissecting it structurally and functionally from the
Golgi-complex [18,19]. Immunoblotting demonstrated that both
dec-CMK and BFA significantly reduced MT1-MMP activation,
evident by increases in its 65 kDa pro-form. This confirms furin-
like PCSKs as major pro-MT1-MMP convertases in
macrophages, and demonstrates that MT1-MMP activation by
furin-like PCSKs occurs in the TGN/post-TGN compartments
where precursor protein activation by di-basic PCSKs localized
in the constitutive pathway typically occurs (Figure 2B, upper
panel). Along this line, serpinB8 protein transfection resulted in
a significant inhibition of pro-MT1-MMP activation as well
(Figure 2B, lower panel).

Furin-driven pro-MT1-MMP activation is crucial for
adipose tissue inflammation

Typically and concomitant to MMP activation is a release of
TIMPs. Within the TIMP family TIMP-2 is unique, because it not
only inhibits MMPs, but is also obligatory in a cell surface-
associated MT1-MMP/pro-MMP-2/TIMP-2 complex, facilitating
pro-MMP-2 activation [7].

Associated with furin/MT1-MMP upregulation in
macrophages, increases in TIMP-1 and TIMP-2 were detected,
whereas TIMP-3 was lost upon monocyte transformation
(Figure 2C). TIMP-1 is a potent inhibitor of MMP-9, whereas
TIMP-2 and -3 are capable of inhibiting MT1-MMP [20]. Thus,
chemotaxis experiments with TIMPs, synthetic inhibitors of
MMPs and furin, as well as serpinB8 transfection were used to
investigate the control of macrophage motility. MCP-1, a key
regulator of adipose tissue macrophage recruitment, was used
as chemoattractant [16]. MCP-1-directed migration was
significantly inhibited by either furin-like PCSK inhibition with
dec-CMK or serpinB8, as well as by MMP inhibition (with
GM6001) or an excess of exogenous TIMP-2 or TIMP-3
(Figure 2D). In contrast, addition of TIMP-1 had no impact on
the increase of MCP-1-directed macrophage chemotaxis.
These results support the concept that macrophage migration
requires a serpinB8-controlled furin-dependent MMP activation
cascade.

The importance of this proteolytic cascade for a low-grade
inflammatory state, present in obesity, was further investigated
in ob/ob mice (Supporting Table S2). WAT from ob/ob mice
was characterized by inflammation, evident by a significant
upregulation of CD68 and MCP-1 gene expression compared
to wild-type mice (Figure 3A). Moreover, transcript levels of
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furin and MT1-MMP were significantly upregulated in inflamed
adipose tissue. In addition, PCSK5, which may substitute for
furin due to overlapping substrate specificity and subcellular
localization [9], was highly increased (Figure 3A). To further
investigate WAT-driven macrophage infiltration, supernatants
from wild-type or ob/ob mice adipose tissue cultures were used
as chemoattractants. Comparable to the enhanced migration
induced by MCP-1, adipose tissue supernatants from ob/ob
mice strongly facilitated macrophage motility (Figure 3B). This
was inhibited by both furin- and MMP-inhibition, supporting the
concept that furin-initiated MMP-activation mediates adipose
tissue-driven macrophage invasion (Figure 3C).

Furin and MT1-MMP are increased in monocytes from
obese hypertensive patients

The expression of furin, its inhibitor serpinB8, and MT1-MMP
was investigated in monocytes derived from obese patients. In
addition, resistin, known to be increased in obese patients, was
determined [21]. Detailed patients’ characteristics, serum
parameters, and medications are presented in Tables 1, 2 and
3. Significant differences between groups based on BMI were
found for systolic blood pressure, but not for sex, age, height,
diastolic blood pressure, heart rate, diagnosis, concomitant
medication, or analyzed serum parameters (Tables 1-3).
Cardiovascular risk increases with the BMI [1], and further
comparisons were focused on groups of BMI<25 kg/m? and
BMI>30 kg/m?. Compared to normal weight patients (BMI<25
kg/m?), significant increases in transcript levels were detected
for furin, MT1-MMP and resistin in monocytes isolated from
obese patients with BMI>30 kg/m? (Figure 4A), while serpinB8
did not significantly differ. To support and substantiate the
findings of parallel increases of furin and MT1-MMP, correlation
analyses were performed. To this end, furin gene expression
significantly correlated with BMI, and gene expression of MT1-
MMP correlated with its convertase furin (Figure 4B).

Resistin regulates a furin - MT1-MMP activation axis in
monocytic cells

We found synchronized increases in MCP-1, furin, PCSK5
and MT1-MMP transcripts in WAT from ob/ob mice, and
resistin gene expression paralleling increases in furin and MT1-
MMP in monocytes from patients. Thus, the impact of these
two adipokines on furin and MT1-MMP levels in MNCs was
investigated further. QRT-PCR revealed a concentration-
dependent increase of furin and MT1-MMP upon resistin
stimulation, whereas MCP-1 had no effect (Figure 5A).
Immunoblotting confirmed that increases in furin and MT1-
MMP mRNAs were accompanied by protein upregulation,
whereas serpinB8 was not affected by resistin (Figure 5B).
Thus, resistin contributes to an inflammatory phenotype
involving the regulation of a furin/MT1-MMP-axis.

Discussion

This study dissected the impact and interplay of the PCSK
family member furin (PCSK3) and its inhibitor serpinB8 in WAT
inflammation and obesity. We demonstrate that acquisition of
the invasive macrophage phenotype is driven by attenuation of
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activation in THP-1/¢, evident by increases in its 65 kDa pro-form (upper panel). THP-1/¢ were transfected with serpinB8 (5 ug/mL;
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activation, evident by increases in the pro-form of MT1-MMP (lower panel). (C) Monocyte (THP-1)/macrophage (THP-1/¢)
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(200 ng/mL) and transfection medium (TM) had no effect (*p<0.05 vs. controls, co.; #p<0.05 vs. MCP-1 alone). n=3.

doi: 10.1371/journal.pone.0070542.g002

serpinB8 and upregulation of furin, resulting in increased furin- contribute  to  obesity-associated  chronic  low-grade

like PCSK activity. This leads to furin-dependent activation of
pro-MT1-MMP, which is crucial for obese WAT-driven
macrophage chemotaxis. Furthermore, we show that furin and
MT1-MMP are significantly increased in obese patients and
that furin is upregulated by the adipocytokine resistin in
monocytes in vitro, supporting the concept that PCSKs
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inflammation.

WAT inflammation is characterized by macrophage invasion,
recruited by chemokines like MCP-1 [16,22]. Here we
demonstrate that furin-like PCSKs are crucial for MCP-1-
directed macrophage migration, since both the cell permeable
peptide-based irreversable furin-like PCSK inhibitor dec-CMK

August 2013 | Volume 8 | Issue 8 | e70542



>

Furin in Obesity

120 =
CD68 MCP-1 H#H
‘§‘ *k § * i *%
14 « 307
5 5 100 =
& | i " — T
0 201
S8 g T 80+ _—
g6 5 =
E 8 2107 3 60-
52 S 51 ®
-}
20 _i S (s T 40-
= wt ob/ob wt ob/ob o
£
B 20+
g furin H MT1-MMP
« 1.87 il ‘5 4.0 —
161 T S 35 T 0-
2147 ‘5 3.0 wt ob/ob co. 50 100
8 1.2 S 25 MEPA (nalr
5 1.0 S 50 MCP-1 (ng/mL)
X E "
o g.g. ° 15 C 120 -
c . c
@ 0.4 1 g 1.0
g 0.
T 0.2] 3 05 100 - T
o L -
= 0 wt ob/ob 0 wt ob/ob s
I 380
PCSK5 - LA
E 4.0 *% 8 60 =
o
- L g
B E 40 =
8 o
s £
3 20
[}
<
[
(=)}
T 0-
S co. CMK GM6001
wt ob/ob

ob/ob

Figure 3. Obese white adipose tissue (WAT) gene expression and impact on macrophage migration. (A) WAT derived from
wild-type (wt) and obese ob/ob mice was subjected to qRT-PCR. Increased gene expression of CD68, MCP-1, furin, MT1-MMP,
and PCSK5 was found in ob/ob mice (*p<0.05; **p<0.01 vs. wt). (B) Supernatants from WAT cultures of ob/ob mice increased
THP-1/¢ migration (*p<0.05 vs. wt), comparable to MCP-1 (*p<0.05 vs. control, co.; **p<0.01 vs. 50 ng/mL MCP-1). (C)
Supernatant-facilitated migration was inhibited by dec-CMK (CMK, 50 ymol/L; 12h) or the MMP-inhibitor GM6001 (50 umol/L; 12h)

(both #p<0.05 vs. controls, co.). n=3.
doi: 10.1371/journal.pone.0070542.g003

as well as transfection of serpinB8 significantly inhibited
migration. SerpinB8, the naturally occurring furin-inhibitor,
belongs to the serine protease inhibitor family, comprising
proteins with diverse functions but comparable structure, in
which in vivo specificity is fine tuned by specific amino acid
residues in reactive sites, exosite and cofactor necessities
[14,23]. Knowledge about the regulation of serpinB8 in
diseases is sparse. Alterations in its expression have been
described during matrix remodeling following kidney injury [24].
In platelets serpinB8 is released upon stimulation, leading to
inhibition of furin activity and platelet aggregation [12]. Our
findings that serpinB8 is mostly present in monocytes and
virtually absent in macrophages suggest a phenotype-driven
regulatory step. Even though furin is mostly present in the
organelle fraction in macrophages, whereas serpinB8 is
predominantly found in the cytoplasm of monocytes, these

PLOS ONE | www.plosone.org

findings do not exclude serpinB8 as a potential furin-like PCSK
inhibitor per se. While interaction of furin and MT1-MMP on the
cell surface has been described earlier [11,25], the initial
maturation step of pro-MT1-MMP occurs most likely within
TGN/early endosomes [10,11]. Our immunoblotting data
showed that the Golgi-disturbing agent BFA inhibited pro-MT1-
MMP maturation, supporting intracellular activation. Since furin-
like PCSKs cycle between the TGN and the cell surface via
endosomal pathways, serpinB8 inhibiting furin-like PCSKs
along this route is likely possible. Accordingly, reexpression of
serpinB8 in macrophages inhibited processing of the pro-form
of the type | collagenase MT1-MMP comparable to the furin-
like PCSK inhibitor dec-CMK, underscoring serpinB8
functioning as a potent furin-inhibitor.

Comparable to the inhibition of furin-like PCSKs, an MMP-
inhibitor as well as surpluses of TIMP-2 and TIMP-3 inhibited
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macrophage migration, whereas the MMP-9 inhibitor TIMP-1
had no effect. This further supports that rather furin-like PCSK
dependent activated MT1-MMP is the key regulator in MCP-1-
directed migration, since its activity is not significantly affected
by TIMP-1 [20]. Substantiating our findings by using ob/ob mice
as a model of fat tissue inflammation we demonstrate that WAT
culture supernatants from ob/ob mice containing significant
increases in MCP-1 gene expression strongly facilitated
macrophage migration compared to lean littermates. This
obese WAT-enhanced macrophage migration was inhibited by
both furin-like PCSK and MMP inhibition, underlining the
concept that a PCSK-driven MMP-activation cascade is
important for WAT inflammation.

Among the PCSK family, mutations causing partial deficiency
in PCSK1 have been linked to obesity, and mutations in
PCSK9 are associated with hypercholesterolemia and coronary
heart disease [26,27]. However, little is known about the
expression and function of the prototype PCSK, furin, in
metabolic diseases. In the present study we show that furin
and MT1-MMP are significantly increased in inflammatory WAT
from ob/ob mice. Moreover, transcript levels of PCSK5, a
PCSK with overlapping localization and substrate specificity,
was significantly induced, which also might impact on altered
convertase activity in WAT. Indeed, whereas furin-specific
knockdown significantly inhibited pro-MT1-MMP activity in
macrophages, only the general furin-like PCSK inhibitor dec-
CMK completely abrogated its activation [10]. This indicates
potential PCSK redundancy in pro-MT1-MMP activation,
observed earlier by partial MT1-MMP activation in furin-
deficient cells [8]. Likewise, using purified PCSKs and soluble
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MT1-MMP, Remacle et al. [11] found that PCSK5 may
substitute for furin in MT1-MMP activation, whereas other
PCSKs like PCSK7 were rather insignificant contributors [11].
This is supported by a recent study demonstrating that PCSK7
is distinct from furin in its zymogen activation, subcellular
localization, and trafficking [28], thus stressing additional
requirements beyond a common di-basic PCSK cleavage motif.
Several studies support the importance of MMPs and PCSKs
in adipogenesis [29,30]. MMPs and TIMPs are differentially
expressed in adipose tissue in genetic (db/db and ob/ob mice)
and diet-induced obesity models [5]. Thus, whereas
upregulation of MMP-2, -3, -12, -19 and MT1-MMP was shown
in the stromal-vascular compartment together with TIMP-2,
which is required for MMP-2 activation [7], TIMP-3 expression
was decreased in obese WAT [5]. Likewise, upon MNC
maturation we found downregulation of TIMP-3. Interestingly,
this MT1-MMP inhibitor has been shown to characterize an
invasive macrophage phenotype within the arterial wall [31]
and to protect from metabolic inflammation and insulin
resistance in vivo when overexpressed in macrophages [32].
Within the MMP superfamily MT1-MMP is unique in its
intracellular zymogen activation by furin-like PCSKs, its
membrane-bound localization as well as its multiplicity of
proteolytic and non-proteolytic properties [7]. Indeed, the
importance of MT1-MMP for a continuous remodeling of the
adipocytes’ pericellular microenvironment and thus fat cell
expansion is highlighted by the finding that adipocyte
differentiation is lost and WAT development aborted in
knockout mice, resulting in a lipodystrophic phenotype [29].
Comparably, in mice in which the MT1-MMP-inhibitor TIMP-2 is
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knocked out, increased expression of adipokines (e.g. IL-6,
TNF-a), inflammation and macrophage markers (EMRT,
MCP-1), as well as MT1-MMP-dependent collagen turnover is
found [33]. In contrast, despite the demonstration that MMP-9
serum levels are increased in obesity [34], its deficiency did not
impact on adipogenesis in knockout mice on a high-fat diet
[35].

The importance of furin-like PCSKs in MT1-MMP activation
in cardiometabolic syndrome is further supported by our
patients’ data. Here we demonstrate increased MT1-MMP and
its cognate convertase furin in monocytes from obese patients
compared to normal weight individuals. Circulating monocytes
are characterized by a pro-inflammatory/remodeling phenotype
in obese patients [34]. In our study, transcript levels of furin
correlated with the patients’” BMI, and MT1-MMP correlated
with furin. To our knowledge, this suggests for the first time a
concordant regulation of furin and MT1-MMP in monocytes in
obese patients towards the pro-migratory/pro-inflammatory
status characterizing obesity. Furthermore, while furin was
increased, levels of serpinB8 were not significantly altered,
supporting a disruption in the balance of furin and its inhibitor in
adipose patients. Along with furin and MT1-MMP, resistin, an
adipokine typically increased in obesity as well as
atherosclerosis [21,36], was coordinately upregulated in
monocytes from obese patients. Because MCP-1 is the major
chemoattractant derived from obese WAT [22], and resistin is
abundantly found in circulating MNCs in obesity [37], regulation
of furin, serpinB8 and MT1-MMP by these adipokines was
compared. Whereas MCP-1 had no impact, resistin strongly
induced furin and MT1-MMP in monocytes, with no significant
impact on serpinB8. This suggests that resistin may be a
contributor to MNC furin/MT1-MMP regulation. Interestingly,
regulation of hepatic LDL receptors by resistin involves the
related PCSK family member PCSKO9, recently identified as a
novel target in patients suffering from severe dyslipidemia [38].
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