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Background: The metalloprotease ADAM17 emerged as the main sheddase of several cytokines and cytokine

receptors.

Results: The acidophilic kinase PLK2 interacts with and phosphorylates ADAM17 in mammalian cells.
Conclusion: PLK2 represents a novel cellular interaction partner of ADAM17 modulating its activity.
Significance: Regulation of ADAM17 activity is essential for inflammatory responses.

ADAM17 (a disintegrin and metalloprotease 17) controls
pro- and anti-inflammatory signaling events by promoting
ectodomain shedding of cytokine precursors and cytokine
receptors. Despite the well documented substrate repertoire
of ADAM17, little is known about regulatory mechanisms,
leading to substrate recognition and catalytic activation.
Here we report a direct interaction of the acidophilic kinase
Polo-like kinase 2 (PLK2, also known as SNK) with the cyto-
plasmic portion of ADAM17 through the C-terminal non-
catalytic region of PLK2 containing the Polo box domains.
PLK2 activity leads to ADAM17 phosphorylation at serine
794, which represents a novel phosphorylation site. Activa-
tion of ADAM17 by PLK2 results in the release of pro-TNFa
and TNF receptors from the cell surface, and pharmacologi-
cal inhibition of PLK2 leads to down-regulation of LPS-in-
duced ADAM17-mediated shedding on primary macro-
phages and dendritic cells. Importantly, PLK2 expression is
up-regulated during inflammatory conditions increasing
ADAM17-mediated proteolytic events. Our findings suggest
a new role for PLK2 in the regulation of inflammatory dis-
eases by modulating ADAM17 activity.

Proteolysis of transmembrane proteins controls a broad
range of physiological functions. 10% of the cellular secretome
comprise ectodomains derived from proteolytically cleaved
transmembrane proteins (1). Members of the ADAM (a disin-
tegrin and metalloprotease) family catalyze hydrolysis of
numerous transmembrane proteins and have functional rele-
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vance in homeostatic and pathophysiologic processes (2, 3).
ADAM17 was discovered as the key protease involved in proc-
essing the membrane-bound precursor of TNFa to its mature
soluble form (4, 5). To date, in addition to pro-TNF«, more
than 70 ADAM17 substrates have been described including
L-selectin, IL-6 receptor, and ligands of the EGF receptor (6, 7).
The lethal phenotype of ADAM17 knock-out mice underlines
the important physiological function of ADAM17 during devel-
opment and is most likely caused by compromised EGF recep-
tor-ligand shedding (8). The phenotype of conditional knock-
out mice on immune cells highlights the central function of
ADAM17 in modulating inflammatory reactions by regulating
the bioavailability of membrane-bound cytokines, cytokine
receptors, and chemokines. Injection of bacteria or purified
LPS into mice lacking ADAM17 expression on leukocytes led to
higher survival rates and decreased plasma TNFa levels com-
pared with wild type mice (9, 10). Given the importance of
ADAMI17-mediated proteolysis during inflammatory reac-
tions, it is of high interest to identify molecular modulators of
this enzyme. Transgenic mice overexpressing ADAM17 are via-
ble with no morphological defects and moreover do not show
enhanced substrate cleavage, highlighting the importance of post-
translational regulation of ADAM17 (11). ADAM17-mediated
shedding can be induced by a number of stimuli that do not influ-
ence the ratio between the pro- and mature forms of the enzyme
(12); e.g, pro-inflammatory cytokines (interferon-y, TNFe, inter-
leukin-1p), Toll-like receptor ligands (LPS, poly(I:C)), ligands of
purinergic receptors, ligands of G-protein-coupled receptors, and
activators of intracellular kinases like ERK (13), p38 MAPK (14),
1,3-phosphoinositide-dependent protein kinase-1 (15), and PKCs
(16-18). Phosphorylation of the cytoplasmic domain is regarded
as one hallmark of ADAM17 activation (15, 19, 20). However,
many studies have failed to support this hypothesis because
ADAM17 mutants lacking the cytoplasmic portion can rescue
ADAM17 deficiency in knock-out fibroblasts in short term shed-
ding assays (12, 21-23).
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The family of Polo-like kinases (PLKs)*> comprises serine/
threonine kinases that are evolutionary conserved from yeast to
human (24, 25). Five mammalian PLKs have been discovered to
date, which share the same domain topology comprising a con-
served kinase domain at the N terminus and one or two highly
conserved regions of 30 amino acids, termed Polo boxes, in the
noncatalytic C-terminal domain (26-28). The Polo box
domains (PBD) function as critical regulators for PLK kinase
activity and mediate substrate recognition and subcellular
localization (29, 30). Despite the well documented contribution
of PLK1 in regulating cell cycle progression (31, 32), the func-
tional role of PLK2 remains largely elusive. In recent studies, it
was demonstrated that transcriptional up-regulation of plk2 is
regulated by x-ray irradiation of thyroid cells (33), activation of
the p53 pathway (34), and Toll-like receptor activation of den-
dritic cells (35). Therefore, it is highly likely that PLK2 is con-
nected to cellular stress responses and inflammation, which
concomitantly represent physiological activators of ADAM17
(7, 36).

In the present work, we characterize a novel pathway
involved in ADAM17 activation, whereby PLK2 was identified
as a specific intracellular binding partner for ADAM17. We
mapped the C-terminal Polo box domains of PLK2 as a binding
platform for ADAM17 and demonstrate that co-expression of
PLK2 and ADAM17 resulted in serine phosphorylation of the
cytoplasmic portion of the protease accompanied by increased
shedding of ADAMI17 substrates. In summary, our data
strongly suggest that PLK2 activity is involved in modulating
ADAM17-mediated proteolysis.

EXPERIMENTAL PROCEDURES

Reagents—The following reagents were purchased from Sig-
ma: PMA, anisomycin, concanavalin A-Sepharose, LPS Esch-
erichia coli O111:B4, and polyethyleneimine. The following
additional reagents were used: protein G Dynabeads (Life
Technologies), protease inhibitor mixture (Roche Applied
Science), 1,10-phenanthroline (Calbiochem), and BI 2536
(Axon Medchem). The hydroxamate based ADAM inhibitors
GW208264 and GI254023 were synthesized by Iris Biotech.

Antibodies—The following antibodies were used: ADAM17
(clone 10.1) and ADAMI10 (clone 608) rabbit polyclonal anti-
bodies were generated by peptide immunization of rabbits.
Both antibodies were raised against the extracellular portion of
either ADAM10 or ADAM17; the ADAM17 K133 rabbit poly-
clonal antibody was generated by ADAM17 cDNA immuniza-
tion of rabbits and recognized the extracellular portion of
ADAM17; anti-FLAG M2 (Sigma), anti-actin (Sigma), anti-
phosphoserine (Sigma), anti-phosphothreonine (Calbiochem),
and anti-phosphoERK, anti-ERK, anti-phospho-p38 MAPK,
and anti-p38MAPK were obtained from Cell Signaling.

¢DNA Constructs and Cloning—The ¢cDNA for full-length
PLK2 (NM_152804.2) was amplified from murine brain cDNA

2 The abbreviations used are: PLK, Polo-like kinase; TNFR, TNFa receptor; PBD,
Polo box domain; Cub, C-terminal portion of ubiquitin; Nub, N-terminal
portion of ubiquitin; PMA, phorbol 12-myristate 13-acetate; BMDM, bone
marrow-derived macrophage; BMDC, bone marrow-derived dendritic cell;
PNGase F, N-glycosidase F; EndoH, endoglycosidase H; ACN, acetonitrile;
mEF, murine embryonic fibroblast; IP, immunoprecipitation.
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and cloned into the pcDNA4TO vector backbone containing an
additional 5" 3X FLAG epitope. The N-terminal truncated
pcDNA4TO-PBD expression vector was generated comprising
only the PBDs of PLK2 by using the following forward primer:
5'-GATCGCGGCCGCCGATGCAATCCGGATGATAGTC-
AG-3', and reverse primer: 5'-GATCGTTTAAACTCAGTTA-
CATCTCTGTAAGAGCATG-3'. The PLK2 ¢cDNA was also
subcloned into the pQCXIP retroviral vector by standard PCR
techniques. To generate the kinase dead PLK2-KM mutant,
lysine 108 was exchanged to methionine by using the site-di-
rected mutagenesis kit (Fermentas) as instructed. The same
strategy was used to generate the constitutive active PLK2-TE
mutant where threonine 236 was mutated to glutamic acid. The
c¢DNA for full-length PLK1 (NM_011121) was amplified from
murine brain ¢cDNA, and the ¢cDNA for full-length PLK3
(NM_013807.2) was amplified from murine embryonic fibro-
blast cDNA. Both PLK1 and PLK3 cDNAs were cloned into the
pcDNA4TO vector backbone containing an additional 5'-3X
FLAG epitope. The cDNA for full-length cyclophilin A (Ppia,
NM_008907) was amplified from a prey cDNA library clone
isolated from the split ubiquitin yeast two-hybrid analysis with
ADAM17 as a bait and cloned into the pcDNA4TO vector
backbone containing an additional 5'-3X FLAG epitope.
Full-length murine ADAM17 cDNA lacking the signal
peptide was cloned into the yeast expression vector pBT3-
SUC with a 5° and 3’ Sfil restriction. The plasmid
pcDNA3.1-mADAM17 was used as template to subclone the
ADAM17 sequence into the pQCXIH vector backbone by
using the Pmel restriction sites. The C-terminally truncated
ADAM17 deletion mutants were cloned with a 5’ Notl and
3'Xhol restriction site into the pcDNA3.1(+) using the following
primers: forward, 5'-GATCGCGGCCGCACCATGAGGCGGC-
GTCTCC-3', and reverse, 5'-GATCCTCGAGTTAGTCCAGT-
TTCTTATCCACAC-3" (for ADAM17A700); 5'-GATCCTC-
GAGTTACTGGGGTGCAGGAAAG-3' (for ADAM17A735);
5'-GATCCTCGAGTTAGTCCTTCTCAAAACCATCATC-3’
(for ADAM17A784); 5'-GATCCTCGAGTTAGTCTGTGAG-
ATCCTCAAAG-3' (for ADAM17A801); 5'-GATCCTCGGT-
TAGGCCGCCTTTTCACTCC-3" (for ADAM17A811); and
5'-GATCCTCGAGTTAAACTCGGCTCTGACGCTG-3' (for
ADAM17A821). To generate the deletion mutants ADAM17-
D4-ADAM17-D6, where 10-15 amino acids where stepwise
deleted from the intracellular domain, the site-directed
mutagenesis kit (Fermentas) was used according to the manu-
facturer’s instructions: forward primer, 5'-TCACATGCAGA-
TGACGGTTTTG-3', and reverse primer, 5'-TGGCGGCAT-
CATGGCAGCTG-3" for ADAM17-D4 lacking the amino
acids Val”**-Asp’”?; forward primer, 5'-TCATTCAAGCTGC-
AGCGTCAGAGC-3', and reverse primer, 5'-CTTGGCAGCT-
GTGCTGCTGTTG-3" for ADAM17-D5 lacking the amino
acids Ser””?~Lys”*?; forward primer, 5'-TCATTCAAGCTGC-
AGCGTCAGAGC-3', and reverse primer, 5'-CTTGGCAGC-
TGTGCTGCTGTTG-3' for ADAM17-D6 lacking the amino
acids Ser”®*—Ala®'°. ADAM17[S794A], ADAM17[S811A], and
ADAM17[S822A] mutant constructs, in which serine residues
were mutated to alanine, were generated by using the site-di-
rected mutagenesis kit (Fermentas) as instructed. The Myc-
ADAM17wt was generated by subcloning the cDNA of
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ADAM17 without the signal peptide in the pcDNA3.1(+) spIL-
6R-Myc vector, leading to generation of a N-terminally Myc-
tagged ADAMI17. The Myc-ADAMI17APro (lacking the
prodomain, amino acids Met'-Lys**®>) was generated as
Myc-ADAM17wt.

ADAM17 and PLK2 luciferase fusion constructs were cloned
into the Gateway®© entry vector pENTR4 and subcloned into
pSPICA-C1 and C2 (containing N- or C-terminal luciferase
fragment; kindly provided by Yves Jacob, Institut Pasteur Paris)
by homologue recombination using LR clonase II (Invitrogen).
The pcDNA3.1(—)-mADAMI10 expression vector was gener-
ously provided by Prof. Dr. Paul Saftig (Biochemical Institute,
Christian-Albrechts-Universitit, Kiel, Germany). Murine ERK
(Addgene plasmid 14440) and murine p38a-MAPK (Addgene
plasmid 20351) expression plasmids were obtained from Add-
gene. All coding sequences were verified by DNA sequencing.

Split Ubiquitin Yeast Two-hybrid System—A murine brain
c¢DNA library (Mobitec) fused N-terminally to NubG was
transformed into the yeast reporter strain NMY32 expressing
the fusion protein ADAM17-Cub-LexA-VP17 as a bait. The
split ubiquitin yeast two-hybrid screen was performed accord-
ing to the manufacturer’s instructions (Mobitec). Briefly, auto-
activation of the bait was excluded prior screening on selective
media lacking leucine, tryptophane, and histidine. Expression
of the ADAM17-Cub-LexA-VP17 bait protein was analyzed
by using the supplied positive (Nubl) and negative (NubG)
controls. ¢cDNA library transformants were selected on SD
Leu Trp His™ plates containing 5 mM 3-aminotriazole to
reduce background activity. Library transformants were iso-
lated and transformed in E. coli XL1blue by electroporation. All
isolated plasmids harboring an insert with a size over 250 bp
were selected for sequencing. The sense isolated library plas-
mids were retransformed into the NMY32 yeast strain express-
ing either ADAM17 or ADAMI10 as a bait. When the specific
interaction with ADAM17 was confirmed, the cDNA clone was
selected for further investigation.

Cell Lines and Transfection—All cells (HEK293T, NIH3T3,
Neuro2A, mEF) were cultured in DMEM high glucose (PAA
Laboratories) supplemented with 10% FCS and 1% penicillin/
streptomycin at 37 °C, 5% CO, atmosphere, and 95% relative
humidity. Cells were transiently transfected with Turbofect
(Fermentas, Thermo Scientific). Retrovirus was produced as
described previously (37). NIH3T3 or mEFs were transduced
with either pQCXIP empty vector or pQCXIP containing
murine PKL2 and were selected with 3 pg/ml puromycin.

Generation of Bone Marrow-derived Macrophages (BMDM:s)
and Bone Marrow-derived Dendritic Cells (BMDCs)—BMDMs
as well as BMDCs were differentiated as described previously
(38, 39). Cells were maintained over 7 days in the differentiation
medium, subsequently detached using Accutase (PAA Laborato-
ries), and seeded on 6-well plates at a density of 0.5 X 10° cells/
milliliter. The following day, cells were stimulated for the indicated
time periods with LPS (1 pg/ml). TNFe, TNF-RI, and TNF-RII
ELISAs were performed according the manufacturer’s instruc-
tions (R&D Systems). BI 2536 or the indicated metalloprotease
inhibitors were added 10 min prior stimulation with LPS or PMA.

RT-PCR and Real Time PCR Analysis—RNA was extracted
using the GeneJET RNA purification kit (Fermentas, Thermo
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Scientific). cDNA was synthesized from 2 ug of RNA using the
RevertAid™ Moloney MuLV reverse transcriptase (Fermen-
tas, Thermo Scientific). The mRNA transcripts were amplified
by PCR using the following primer pairs: PLK2_fwd, CGGTG-
CTGAAATACTTTTCTCAT; PLK2_rev, TCGGGAGATCA-
CCACCAT, ADAM17_fwd TCCCTGTCTCTGTTTCATC-
ACA; and ADAM17_rev, AGGTACTGGCGGCATCAT, and
quantitative PCR was performed using the LightCycler® 480
Probes Master on a LightCycler480® real time PCR system
(Roche Applied Science) according to the manufacturer’s
instructions. For assay design, the Universal Probe Library Sys-
tem was used to amplify intron-spanning regions for PLK2 and
ADAM17. Relative amounts of target gene mRNA were nor-
malized to the housekeeping gene GAPDH. For quantification,
the LightCycler® 480 software 1.5.0 (Roche Diagnostics) was
used. The relative expression levels were calculated by the
27 44C method. Comparative real time PCR results were per-
formed in triplicate.

Co-immunoprecipitations—HEK293T cells were transiently
co-transfected with plasmids encoding for ADAM17 (4 ug) and
PLK kinases (1 mg). 24 h post-transfection, the cells were
washed with ice-cold PBS and incubated for 1 h on ice in IP
buffer (0,1% Triton X-100, 150 mm NaCl, 50 mm Tris-HCI, pH
7.4) containing 10 mm 1,10-phenanthroline plus complete pro-
tease inhibitor mixture. The lysates were centrifuged (15,000 X
g 15 min, 4°C) and subsequently precleared with protein
G-Sepharose (1 h, 4°C). Immunoprecipitations were per-
formed with anti-FLAG (M2) or anti-ADAM17 (K133) anti-
bodies (overnight, 4 °C) (23). Inmunocomplexes were precipi-
tated with 30 ul of protein G Dynabeads for 30 min at room
temperature. Beads were washed three times with IP buffer and
two times with PBS, eluted in 2X SDS sample buffer containing
50 mM B-mercaptoethanol, and incubated at 95 °C for 5 min
prior to Western blot analysis.

Dephosphorylation and Deglycosylation Analysis—2.5 X 10°
HEK293T cells were lysed for 1 h at 4°C in IP buffer (0,1%
Triton X-100, 150 mm NaCl, 50 mm Tris-HCI, pH 7.4, 10 mm
1,10-phenanthroline plus complete protease inhibitor mix-
ture). Glycoproteins (200 ug of total protein) were captured on
concanavalin A-Sepharose (30 ul; Sigma) overnight at 4 °C.
Sepharose beads were denatured at 100 °C for 10 min in 1X
deglycosylation lysis buffer (New England Biolabs) and treated
with N-glycosidase F (PNGase F) or endoglycosidase H
(EndoH) according to the manufacturer’s instructions (New
England Biolabs). For dephosphorylation analysis, calf intestine
phosphatase (Fermentas) was used. HEK293T cell lysates were
prepared as described above. Concanavalin A-enriched lysates
were resuspended in FastAP buffer containing 30 ul of conca-
navalin A-enriched lysate and 5 ul of FastAP. Control reaction
was performed in the absence of FastAP. After 1 h of incubation
at 37 °C, the reaction was stopped by heating at 100 °C for 5
min.

Gaussia princeps Luciferase Complementation Assay—
HEK293T cells were seeded at a density of 200,000 cells/12-well
plates. 24 h later, cells were transiently transfected with
ADAM17-luciferase fusion plasmids in presence or absence of
the PLK2-luciferase fusion plasmid as described (40). The lucif-
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erase assay was performed 2 days after transfection as described
previously (23).

Immunofluorescence and Confocal Microscopy—HEK293T
cells transiently transfected with ADAM17 as well as PLK2 and
were seeded at a density of 50,000 cells/well in a 12-well plate on
glass coverslips. 24 h later, cells were washed three times with
PBS and fixed with 4% paraformaldehyde/PBS for 20 min at
room temperature. Fixed cells were permeabilized for 5 min
with PBS containing 0.2% saponin and blocked for 1 h at 37 °C
in staining buffer (PBS containing 3% BSA and 0.2% saponin).
The primary antibodies were diluted 1:100 (anti-A17 K133) or
1:1,000 (anti-FLAG M2) and incubated for 1 h at room temper-
ature in staining buffer. The coverslips were washed three times
with PBS, stained for 1 h at room temperature with secondary
antibody (1:250) in staining buffer, washed twice, and finally
stained with DAPI solution. Stained coverslips were mounted
in mounting medium (Dako), viewed, and photographed with
an FV1000 confocal laser scanning microscope (Olympus)
equipped with a U Plan S Apo 100 X oil immersion objective
(N.A. 1.40). Digital images were processed and merged using
FV10-ASW 2.0 Viewer (Olympus).

LPS Injection—For the experimental endotoxemia studies
(approved by the German Animal Welfare Committee, Num-
ber V312-72241.121-3 (60-5/11)), C57BL/6 mice (Charles
River) were injected intravenously with 2.5 mg/kg LPS (0111:
B4; Sigma-Aldrich). 1 h after LPS injection, mice were sacri-
ficed, and tissues were snap frozen in 300 ul of TRIzol® (Invit-
rogen) for RNA preparation. All mice were maintained under
conventional conditions with water and food ad libitum.

Mass Spectrometry-based Identification of Phosphorylation
Sites—For MS-based identification of phosphosites, ADAM17
fused C-terminally to the PC tag was used. HEK293T cells were
transfected with or without PLK2 and lysed 48 h later in MS
buffer (0,5% Nonidet P-40, 150 mm NaCl, 50 mm Tris-HCL, pH
7.4, 4 mMm CaCl,,10 mm 1,10-phenanthroline plus complete
protease inhibitor mixture). ADAM17 was immunoprecipi-
tated with an anti-PC antibody (41, 42) and separated by stan-
dard SDS-PAGE (12.5%). The corresponding bands were in-gel
digested with trypsin. Briefly, bands were excised into 2-mm?
cubes and destained with 30% acetonitrile (ACN) in 50 mm
ammonium bicarbonate. Samples were reduced with 10 mm
dithiothreitol at 56 °C for 45 min and alkylated using iodoacet-
amide (55 mMm) at room temperature for 30 min in the dark.
Prior to digest, gel pieces were washed with ammonium bicar-
bonate and shrunk with ACN. The gels were rehydrated with 50
ng of trypsin in 25 mm ammonium bicarbonate with the addi-
tion of 10% ACN and left to digest overnight at 37 °C. Samples
were extracted using 1% formic acid, 50% ACN in 1% formic
acid, or 100% ACN. Samples were dried in a vacuum centrifuge
and resuspended in 3% ACN in 0.1% trifluoroacetic acid.

Peptides were separated and analyzed with an UltiMate 3000
RS Nano/Cap system (Dionex, Idstein, Germany) coupled
online to an Orbitrap LTQ Velos (Thermo, Bremen, Germany).
Samples were desalted for 7 min (Acclaim PepMap100 C-18,
300-um inner diameter X 5 mm, 5 wm, 100 A, Dionex) at a flow
rate of 30 wl/min using 3% ACN, 0.1% TFA. An Acclaim
PepMap100 C-18 column (75-um inner diameter X 150 mm, 3
wm, 100 A) was used for analytical separation using buffers A
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(0.05% formic acid) and B (80% ACN, 0.04% formic acid) at a
flow rate of 300 ul/min. For elution, a linear gradient from
5-10% B (6—7 min), 12-50% B (7—127 min), and 55-90% B
(127-135 min) followed by an isocratic wash (90% B, 135-145
min) and column re-equilibration (5% B, 145-160 min) was
applied.

MS scans were acquired in the mass range of 300-2,000 m1/z
at a resolution of 60,000. The five most intense signals were
subjected to CID and HCD fragmentation using a dynamic
exclusion of 90 s and a repeat count of 3. For MS/MS measure-
ments, an isolation width of 2.0 Da was used for CID, whereas
for HCD spectra 3.0 Da was used. Normalized collision energy
was set to 35 and 40 for CID and HCD, respectively. For CID
fragmentation, multistage activation was enabled. HCD spectra
were acquired at a resolution of 7,500.

HCD and CID MS? spectra were searched separately using
Sequest and Mascot (2.2.7) via Proteome Discoverer 1.3.0.339
(DBVersion: 78) against the reviewed and canonical human
database (08.03.2103) with common contaminants, mouse
ADAM17 (Q9Z0F8), and recombinant ADAM17 appended to
the database (26,226 sequences). The data were searched with
5-ppm MS tolerance and 0.5- and 0.02-Da tolerance for CID
and HCD spectra, respectively. Spectra were searched with
both tryptic and semitryptic (two missed cleavages allowed)
enzyme specificity. Carbamidomethylation of cysteine residues
(+57.021 Da) was set a fixed modification, oxidation (+15.995
Da) on methionine residues, and phosphorylation (+79.966
Da) of serine, threonine, and tyrosine residues were set as
dynamic modifications. Combined spectra were validated using
percolator. Event detector, precursor ion area detector, and
Phospho RS 3.0 were implemented using default settings.

RESULTS

PLK?2 Interacts with ADAM17 in Yeast—Making use of the
split ubiquitin membrane yeast two-hybrid technology, we
aimed to identify novel proteins interacting with ADAM17. To
this end, we constructed an ADAM17 bait by fusing the
full-length murine cDNA N-terminally to Cub-LexA, thus gen-
erating ADAM17-Cub-LexA (Fig. 1A). We confirmed the spec-
ificity of the employed method by co-expression of ADAM17-
Cub-LexA with a noninteracting membrane protein (negative
control, NubG) or with the ADAM17 substrate pro-TNF«
(NubG-mbTNFa), which led to robust split ubiquitin forma-
tion and activation of the yeast reporter system (Fig. 1B). To
identify novel ADAM17 interaction partners, we screened a
murine brain ¢cDNA library with the cDNAs inserted down-
stream of the NubG sequence. Two isolated cDNAs encoded
PLK2, a member of the Polo-like kinase family. Re-expression
of NubG-PLK2 and ADAM17-Cub-lexA in yeast verified the
specific interaction between the two proteins. However, co-
transformation of ADAM10-Cub-LexA with NubG-PLK2 did
not lead to colony formation upon selection, indicating that
PLK2 is a specific interaction partner for ADAM17 in yeast (Fig.
10).

PLK2 and ADAMI7 Interact and Co-localize in Human
Cells—Because ADAMI17 interacted with the cytoplasmic
kinase PLK2 in the split ubiquitin membrane yeast two-hybrid
system, we sought to validate the interaction in mammalian
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FIGURE 1. PLK2 was identified in the Split ubiquitin yeast two-hybrid screen as ADAM17-binding protein. A, schematic overview of the ADAM17-Cub-
LexA bait protein used in this study. ADAM17 cDNA lacking the native signal peptide was fused to Cub, followed by an artificial transcription factor (LexA). The
numbers of amino acids of ADAM17 and Cub-LexA portions are indicated. ySP, SUC2 (yeast) cleavable signal peptide; ECD, extracellular domain; TM, trans-
membrane region; ICD, cytoplasmic portion. B, co-expression of ADAM17-Cub-LexA with a noninteracting yeast membrane protein fused to the Nubl (+) or
NubG (—) domains. Only co-expression of ADAM17-Cub-LexA with Nubl resulted in split ubiquitin formation and activation of the yeast reporter system (panel
I). This occurs because Nubl associates with Cub independent of additional protein-protein interaction. In contrast NubG only activates the yeast reporter
system when additional protein-protein interaction takes place. Co-transformation of ADAM17-Cub-LexA with NubG did not lead to colony formation on
minimal agar plates supplemented with 5 mm 3-aminotriazole and lacking tryptophan (—trp), leucine (—leu), and histidine (—his) (panel Il). Co-transformation
of ADAM17-Cub-LexA but not ADAM10-Cub-LexA with the prey NubG-mbTNF« (membrane-bound TNF ) led to split ubiquitin formation and activation of the
yeast reporter system (panel Ill). C, ADAM17-Cub-LexA or ADAM10-Cub-LexA were co-transformed with the identified Nub-PLK2 prey in NMY51 yeast. Trans-
formation of bait and prey was verified on agar plates (SC) lacking tryptophan (—trp) and leucine (—leu) (upper panel). Interaction of ADAM17-Cub-LexA with
Nub-PLK2 was shown under selective pressure on minimal agar plates lacking tryptophan (—trp), leucine (—leu), histidine (—his), and adenine (—ade) in

comparison to the negative control where ADAM10-Cub-LexA was used as a bait (lower panel).

cells. To this end, ADAM17 and the ADAM17Acyto mutant,
which lacks the intracellular domain, were transiently overex-
pressed in the presence or absence of FLAG-PLK2 in HEK293T
cells, and co-immunoprecipitations were performed (Fig. 2, A
and B). ADAM17 was co-precipitated with PLK2 (Fig. 2A4), and
vice versa PLK2 was found in the precipitate after ADAM17
pull-down (Fig. 2B). Importantly, the ADAM17Acyto mutant
did not precipitate PLK2, clearly demonstrating that the cyto-
plasmic tail of ADAM17 is necessary for the interaction. Next,
we used the split luciferase complementation assay to further
study ADAM17-PLK2 complex formation in intact HEK293T
cells (40). We therefore fused fragments of luciferase N-termi-
nally to PLK2 (N2-PLK2) and C-terminally to either ADAM17
(ADAM17-C1) or ADAM17Acyto (ADAM17 Acyto-C1) and
co-transfected both fusion proteins in HEK293T cells (Fig. 2, C
and D). Only co-expression of ADAM17-C1 and N2-PLK2
resulted in activation of luciferase activity (Fig. 2E). Upon co-
expression of ADAM17Acyto-C1 with N2-PLK2, no lumines-
cence was measured, again indicating that the cytoplasmic tail
of ADAM17 is important for the interaction of ADAM17 and
PKL2 (Fig. 2E).

Next, we addressed whether ADAM17 co-localized with
PLK2. For this purpose, co-transfected HEK293T cells were
used to visualize ADAM17 and PLK2 by confocal microscopy.
ADAM17 overexpression led to intracellular perinuclear stain-
ing as reported previously (13). The simultaneous expression of

3084 JOURNAL OF BIOLOGICAL CHEMISTRY

FLAGPLK?2 revealed co-localization of both proteins mainly in
intracellular vesicular compartments. No redistribution of
ADAM17 to the cell surface after PLK2 co-transfection was
observed, indicating no obvious role in cell trafficking (Fig. 2F).
Based on these data obtained with independent experimental
systems, we conclude that ADAM17 and PLK2 form a complex
in mammalian cells.

The Polo Box Domains of PLK2 Are Crucial for the Interaction
with ADAM17—To determine which part of PLK2 mediated
the interaction, we co-expressed ADAM17 together with full-
length or an N-terminal truncated versions of PLK2, compris-
ing only the conserved PBDs, which are considered to be essen-
tial for Polo-like kinase substrate recognition. As shown in Fig.
3A,both PLK2 and PBD co-precipitated with ADAM17.1In con-
trast, FLAG-tagged cyclophilin A, which was used as negative
control, showed no co-precipitation. More importantly, co-
expression of PBD with ADAMI10 did not lead to complex
formation, indicating that PLK2 specifically interacted with
ADAM17 via the PBD domains (Fig. 3B). Two other members
of the Polo box domain family, namely PLK1 and PLK3, failed to
co-precipitate with ADAM17 (Fig. 3C), additionally highlight-
ing the specificity of the PLK2/ADAM17 interaction.

ADAMI7 Binding Is Independent of the S(pT/pS)(P/X)
Motif—PBDs act as phosphopeptide-binding modules engag-
ing the consensus motif (S(pT/pS)(P/X)). Thus, PLK2 binds tar-
get proteins, which have already been phosphorylated by an
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FIGURE 2. PLK2, a new ADAM17 interaction partner. A, co-IP of ADAM17 and ADAM17Acyto with FLAG-PLK2 in HEK293T cells. FLAG-PLK2 was precipitated
using the anti-FLAG (M2) antibody. Co-precipitation of ADAM17 but not ADAM17Acyto was shown by Western blot using an anti-ADAM17 antibody raised
against the extracellular portion (clone 10.1). Single transfections of ADAM17 and ADAM17Acyto served as specificity controls. B, HEK293T cells were trans-
fected as described in A, and ADAM17 was precipitated using the anti-ADAM17 antibody K133. Co-precipitation of FLAG-PLK2 with ADAM17 was monitored
by Western blot analysis using the anti-FLAG (M2) antibody. FLAG-PLK2 was not detected in the precipitate of ADAM17Acyto expressing cells. C, scheme of the
constructs used in the luciferase-based protein complementation assay. ADAM17 or ADAM17Acyto were fused to the inactive luciferase fragment C1. PLK2
was fused to the inactive luciferase fragment N2. Numbers of amino acids of ADAM17, PLK2, and luciferase portions are indicated. D, ADAM17-C1 or
ADAM17Acyto-C1 was co-expressed with N2-PLK2 in HEK293T cells. ADAM17-C1, ADAM17Acyto-C1, and N2-PLK2 single transfections served as luminescence
controls. Expression of all fusion proteins was verified by Western blot (WB) using anti-ADAM17 (clone 10.1) and anti-FLAG (M2) antibodies. E, HEK293T cells
were transfected as described in D. 48 h post-transfection, cells were lysed to determine reconstituted luciferase reporter activity. The gray line represents the
threshold of 3.5. The luciferase reporter assay was measured in three in-plate replicates of at least three independent experiments; one representative
experiment is shown. F, co-localization of ADAM17 with PLK2 in transiently transfected HEK293T cells. Cells were fixed, permeabilized, and immunostained

with antibodies against ADAM17 (K133-Alexa488) and PLK2 via anti-FLAG (M2-Alexa594) antibody.

upstream “priming kinase,” adding further phosphate groups
(43). To determine the binding motif in the ADAM17 cytoplas-
mic tail responsible for PLK2 interaction, we constructed
several ADAMI17 truncation mutants (Fig. 4A) and tested
their ability to engage PLK2. Expression of PLK2 in the pres-
ence of wt ADAM17, ADAM17A821, ADAM17A811, and
ADAM17A801 led to complex formation, whereas the trunca-
tion mutants ADAM17A784 and ADAM17A735 did not asso-
ciate with PLK2 (Fig. 4B). We therefore concluded that the
binding interface for PLK2 is located downstream of Asp”®® in
the ADAM17 cytoplasmic portion. Within this region, we iden-
tified the “®8SSTA”°> sequence resembling the PBD consensus
binding motif (44). To test whether 7**SSTA”°? mediated bind-
ing to PLK2, we generated an ADAM17 deletion mutant in
which the 7#SSTA”°? sequence stretch was deleted. As shown
in Fig. 4C, the ADAM17ASSTA mutant co-immunoprecipi-
tated with PLK2 as well as wt ADAM17. Thus, the ability of
PLK2 to bind ADAM17 was independent of the canonical
S(pT/pS)(P/X) motif, implying the existence of a noncanonical
interaction site. To further map the PLK2 interaction region
within the ADAM17 cytoplasmic tail, we generated three addi-
tional deletion mutants termed ADAM17-D4 (AVal”®'-
Asp””?), ADAM17-D5 (ASer””?~Lys’?®), and ADAM17-D6
(ASer”*~Ala®'°) (Fig. 4A). Upon co-transfection with PLK2,
only the ADAM17-D6 deletion mutant failed to co-precipitate
with PLK2 (Fig. 4D), indicating that the PLK2 binding epitope
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within the cytoplasmic portion of ADAM17 resides between
Ser”** and Ala®'°.

PLK2 Interacts with and Phosphorylates ADAMI17—We
observed that co-expression of ADAM17 with PLK2 resulted in
a pronounced shift to lower SDS gel mobility without changes
in total expression, suggestive of phosphorylation (Fig. 5A4).
Notably, we did not observe a similar SDS gel mobility shift
after co-expression of ADAM17 with ERK or p38-MAPK, even
after stimulation with PMA or anisomycin (Fig. 5B). The PLK2
kinase-dead mutant K108 M (KM) had no effect on the electro-
phoretic mobility of ADAM17, whereas the constitutively
active PLK2 mutant T236E (TE) caused a SDS gel shift similar
to that of wt PLK2. Both PLK2-KM and PLK2-TE co-precipi-
tated with ADAM17 (Fig. 5C). ADAM17 was detected by West-
ern blot analysis with an a-ADAM17 (clone 10.1) antibody in
two distinct forms: a 130-kDa proform and a 110-kDa form,
which might represent (i) the mature protein devoid of the
prodomain or (ii) a differently post-translationally modified
isoform of ADAM17. Of note, the 110-kDa ADAM17 form was
detected in most but not in all experiments. Notably, when
ADAM17 was co-transfected with wt PLK2 or PLK2-TE,
the ratio between the 130- and 110-kDa ADAM17 forms
shifted significantly toward the proform, which might indicate
that PLK2 co-expression either inhibited ADAM17 maturation
or affected post-translational modification of the protease.
To address this question, we constructed two Myc-tagged
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FIGURE 3. The PLK2-Polo box domains are crucial for ADAM17 binding. A,
ADAM17 was co-expressed in HEK293T cells in presence of FLAG-cyclophilin
A (CylA), a truncated PLK2 mutant comprising only the PBD and wt PLK2.
Co-immunoprecipitation of ADAM17 by using the anti-FLAG (M2) antibody
was analyzed by Western blot analysis and revealed that the PBD region of
PLK2 is sufficient to bind ADAM17. Cyclophilin A served as negative control. B,
co-IP of ADAM17 and ADAM10 with FLAG-PBD (PLK2) in HEK293T cells. FLAG-
PBD was precipitated using the anti-FLAG (M2) antibody. Co-precipitation of
ADAM17 but not ADAM10 was shown by Western blot using an anti-ADAM17
antibody raised against the extracellular portion (clone 10.1) or an anti-
ADAM10 antibody raised against the extracellular portion (clone 608). Single
transfections of ADAM17 and ADAM10 served as specificity controls (n = 2).
C, ADAM17 was co-expressed in HEK293T cells in presence of the PLK2 paral-
ogues FLAG-PLKT and FLAG-PLK3. Co-immunoprecipitations were per-
formed as described in A and verified a strong interaction of ADAM17 with
PLK2 but not PLK1 or PLK3 (n = 3).

ADAMI17 variants termed MycADAMI17 (control) or
MycAPro-ADAM17 (mutant lacking the prodomain), which
allowed the distinction between the pro- and mature forms of
ADAM17 by Western blot analysis (Fig. 5D). Previous studies
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suggest that full-length ADAM17 is degraded when expressed
without the prodomain in insect cells (45). However, in our
experimental setting, we did not observe enhanced degradation
of the MycAPro-ADAM17 mutant compared with wt
ADAM17. Co-transfection of MycADAM17 or MycAPro-
ADAM17 with PLK2 resulted in SDS gel mobility shifts as com-
pared with the single transfectants. The 110-kDa ADAM17
form, which was strongly diminished after PLK2 co-transfec-
tion, did not correspond to the mature form of ADAM17 as
judged by SDS-PAGE mobility of the MycAPro-ADAM17
mutant (Fig. 5D). To exclude that maturation defects of
MycAPro-ADAM17 led to altered electrophoretic migration,
we compared the electrophoretic mobility of MycAPro-
ADAM17 with MycADAM17 cleaved in vitro by furin (Fig. 5E).
Furin-cleaved ADAM17 showed the same migration behavior
as MycAPro-ADAM17. Therefore, we hypothesized that PLK2
was not involved in maturation of ADAMI17. To investigate, if
PLK2 influenced the glycosylation pattern of ADAM17, we
tracked ADAM17 maturation by EndoH or PNGase F diges-
tion. Co-expression of ADAM17 with PLK2, kinase-dead
PLK2-KM as well as constitutively active PLK2-TE revealed the
presence of almost equivalent populations of EndoH-sensitive
ADAM17, although some EndoH-resistant material was visi-
ble. These results reflect the predominant localization of
ADAM17 in the ER (Fig. 5F).

Identification of a Novel ADAM17 Phosphorylation Site Used
by PLK2—Treatment of Concanavalin A-enriched lysates with
calf intestinal alkaline phosphatase abolished the PLK2-in-
duced gel shift of ADAM17, pointing to phosphorylation of
ADAM17 by this kinase (Fig. 6A4). To directly monitor phos-
phorylation of the ADAM17 intracellular domain (ADAM17-
ICD), we used LC-MS-based phosphoproteomics. We identi-
fied three serine residues, namely Ser”*, Ser®'!, and Ser®*?,
which were phosphorylated in the sample when both ADAM17
fused to the PC tag and PLK2 were present. We detected also
one phosphorylated serine within the PC epitope tag of
ADAM17 (Ser®*®), possibly occurring because of the highly
flexible nature of the C-terminal tag (Table 1 and Fig. 6B). To
verify the results obtained from LC-MS-based phosphopro-
teomics, we mutated each of the three potentially phosphory-
lated serine residues in the ADAMI17-ICD to alanine and
demonstrated that Ser”* but not Ser®'! and Ser®* was
phosphorylated after PLK2 co-expression as judged by
SDS gel mobility shift (Fig. 6C) Interestingly, binding of
ADAM17[S794A] to PLK2 was also strongly diminished, indi-
cating that phosphorylation of Ser”®* stabilized the ADAM17-
PLK2 protein complex (Fig. 6C).

PLK2 Facilitates the Sheddase Activity of ADAM17—We
next investigated whether the proteolytic activity of ADAM17
was regulated by PLK2. NIH3T3 and immortalized murine
embryonic fibroblasts (mEF) represent a useful tool to study
regulation of ADAM17 activity because both cell lines endoge-
nously express the protease in addition to the endogenous
ADAM17 substrate TNF-RI. Furthermore, we extended our
analysis to murine Neuro2A cells because PLK2 has crucial
functions in modulating synaptic plasticity in neuronal cells
(43,46). As shown in Fig. 7A, constitutive release of TNF-RI was
significantly inhibited in presence of the pan-PLK inhibitor BI
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FIGURE 4. The amino acid stretch Ser’*-Ala®'° within the cytoplasmic tail of ADAM17 binds to PLK2. A, schematic representation of truncated and
deletion mutants within the cytoplasmic domain of ADAM17 used to map the interaction interface required for PLK2 binding. A gray box highlights the
identified binding epitope for PLK2. B, Western blots of co-immunoprecipitates and lysates of HEK293T cells transiently co-transfected with the ADAM17
mutants represented in A in presence or absence of FLAG-PLK2. Precipitation of PLK2 with the anti-FLAG antibody (M2) led to co-precipitation of
ADAM17A801, ADAM17A811,and ADAM17A821. C, Western blots of co-immunoprecipitates and lysates of HEK293T cells transiently co-transfected with the
ADAM17 deletion mutant ADAM17ASSTA in presence or absence of FLAG-PLK2. D, Western blots of co-immunoprecipitates and lysates of HEK293T cells
transiently co-transfected with the ADAM17 deletion mutants represented in A in presence or absence of FLAG-PLK2. Precipitation of PLK2 with the anti-FLAG
antibody (M2) led to co-precipitation of ADAM17-D4 and ADAM17-D5. Single transfections of ADAM17 mutants served as specificity controls.

2536, which has shown good tolerability in mice and humans
and is currently being tested as an anti-tumor agent in phase II
clinical trials (47). Interestingly, PMA-induced TNEF-RI release
was not significantly affected by BI 2536 treatment (Fig. 7A).
Next, we stably transfected wt mEF cells with PLK2 leading to
12-fold up-regulation of PLK2 mRNA as compared with mock
transfected mEFs (Fig. 7B). When we evaluated the constitutive
release of TNF-RI into the cell culture supernatant, we
observed an ~2-3-fold increase of soluble TNF-RI compared
with mock transfected cells (Fig. 7C). We confirmed that
ADAM17 activity was also enhanced in stably transfected
NIH3T3 (Fig. 7D), as well as transiently transfected Neuro2A
cells (Fig. 7E). In contrast to wt PLK2, shedding activity was not
increased when the inactive PLK2-KM variant was expressed in
Neuro2A cells (Fig. 7E).

PLK?2 Inhibition Prevents LPS-induced Pro-TNFo Release in
Primary Cells—We measured relative expression of p/k2 and
adam17 mRNA in a panel of mouse tissues and could demon-
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strate high expression of both transcripts in colon, heart, and
brain where strong adverse effects have been reported in
ADAM17-deficient mice (8, 48, 49) (Fig. 84). Inflammatory
challenge of C57/BI6N mice with a single bolus injection of LPS
led to massive up-regulation of p/k2 mRNA after only 1 h in
lymphoid organs but not in the liver (Fig. 8B). Notably, adam17
mRNA was not significantly altered by LPS injection in our
experimental setting (Fig. 8C). Finally, we extended our analysis
to primary BMDC as well as BMDM. Activation of Toll-like
receptor 4 signaling by LPS led to an up-regulation of
plk2-mRNA, which peaked after 4 h in BMDMs and after 2 h
in BMDCs and decreased at later time points (Fig. 8D). To
determine whether PLK2 played a role in the LPS-induced
activation of ADAM17, we applied the pan-PLK inhibitor BI
2356 to BMDCs and BMDMs. LPS treatment led to
enhanced shedding of pro-TNFa and TNF-RI from the cell
surface of BMDMs and BMDCs, which was efficiently
blocked by the combined ADAM17 and ADAMI10 inhibitor
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FIGURE 5. Phospho-dependent binding of PLK2 to ADAM17. A, gel mobility shift of ADAM17 induced by co-transfected wt PLK2. Lysates containing 50 ug
of protein were resolved directly by SDS-PAGE on an 8% polyacrylamide gel (n = 3). WB, Western blot. B, ADAM17 was co-expressed with plasmids encoding
for murine ERK1 (T7-tagged), murine p38a (FLAG-tagged), murine PLK2 (FLAG-tagged), and murine constitutive active murine PLK2-TE (FLAG-tagged). 24 h
after transfection cell culture medium was replaced by growth media containing DMSO (untreated), 100 nm PMA or 1 um anisomycin and stimulated for 1 h
prior to lysis. Lysates containing 10 g of protein were resolved by SDS-PAGE on a polyacrylamide gel for detection of ADAM17, PLK2, ERK, phospho-ERK, p38«,
phospo-p38a, and actin. C, gel mobility shift of ADAM17 induced by co-transfection of wt PLK2 or constitutively active (TE) PLK2 in HEK293T cells, but not by
kinase-dead (KM) PLK2. Co-immunoprecipitations of ADAM17 verified the interaction with the PLK2 mutants. ADAM17 was visualized by using the anti-
ADAM17 (clone 10.1) antibody, which detects under reducing conditions two specific bands: the first migrates as a 130-kDa protein (corresponding to the
proform of ADAM17), and the second was detectable at 110 kDa. D, scheme of the Myc-tagged ADAM17 variants. Myc tag was inserted between the signal
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site at the boundary of the pro- and catalytic domain of ADAM17. Both ADAM17 variants were co-transfected with PLK2 and resolved directly by SDS-PAGE on
an 8% polyacrylamide gel followed by Western blot by using an anti-Myc antibody. Myc-ADAM17 as well as MycApro-ADAM17 displayed a gel mobility shift.
Myc-ADAM17 was detected as two bands (n = 3). E, HEK293T cells were transiently transfected with MycADAM17 and MycAPro-ADAM17. 48 h after transfec-
tion cells were lysed, and ADAM17 was immunoprecipitated with anti-Myc-Sepharose. In addition, precipitated MycADAM17 was cleaved in vitro with furin as
indicated. Western blot analysis of ADAM17 was performed using either the anti-Myc or anti-ADAM17-10.1 antibody (n = 2). F, HEK293T cells were co-
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¢, control; H, EndoH; P, PNGase F (n = 3).

GW208264 but not by the ADAM10 inhibitor GI254023,
corroborating its dependence on ADAM17. As shown in Fig.
8 (E and F), blocking PLK activity by BI 2356 led to signifi-
cant inhibition of TNFa as well as TNF-RI release from the
cell surface of BMDMs and BMDCs.

DISCUSSION

In this study, we identified PLK2 as a binding partner of the
major TNFa sheddase ADAM17, and in subsequent studies we
established a role for PLK2 in TNFa« signaling, most likely by
controlling phosphorylation and activation of ADAMI17.
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Despite numerous studies addressing the function of PLK1 in
mitotic entry, spindle pole assembly, and cytokinesis, the bio-
logical functions of its paralogs, PLK2, PLK3, and PLK4, are
poorly understood, and their cellular targets remain largely
unknown (47, 50). Although they are believed to be less impor-
tant than PLK1 in mitosis regulation, their function in nondi-
viding cells such as dendritic cells and neurons are only begin-
ning to emerge (30, 35, 46). We have demonstrated that PLK
inhibition suppresses pro-TNFa and TNF-RI shedding, which
all represent in vivo validated ADAM17 substrates. These find-
ings are of high clinical relevance because proteolytically
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FIGURE 6. Phospho-dependent binding of PLK2 to ADAM17. A, HEK293T cells were co-transfected with pcDNA4TO, FLAG-PLK2, FLAG-PLK2-KM, and
FLAG-PLK2-TE. 48 h after transfection, cells were lysed and ADAM17 was enriched by concanavalin A (ConA)-Sepharose from 200 ug of total protein. Immu-
noprecipitates were incubated with calf intestinal alkaline phosphatase (CIAP) for 1 h and subsequently analyzed by Western blot using the anti-ADAM17
(clone 10.1) antibody. B, MS/MS spectra (HCD) of phosphopeptides identified in ADAM17 + PLK2 samples via database searching. For clarity not all matched
b- and y-ions are shown. C, ADAM17[S794A], ADAM17[S811A], and ADAM17[S822A] single phosphomutants of ADAM17 were co-transfected in presence or
absence of PLK2. Binding to PLK2 was analyzed by anti-FLAG (M2) co-immunoprecipitation and subsequent Western blot analysis of ADAM17. Gel mobility
shift of ADAM17 induced by co-transfected wt PLK2 was completely abolished in the [S794A] mutant (input, «A17) but not in the other two phosphomutant-
ADAM17 variants. Binding of ADAM17[S794A] to PLK2 was strongly reduced (co-IP, «A17).

TABLE 1
Phosphopeptides and corresponding nonphosphorylated peptides identified by LC-MS/MS in ADAM17 or ADAM17 and PLK2 samples

Phosphorylated peptides are indicated in bold type. Extracted ion chromatographs of the phosphorylated and nonphosphorylated peptides and corresponding MS” spectra
are shown in Fig. 6B. (p) indicates PO; > group.

Residues Sequence Modifications ADAM17 + PLK2 ADAM17
794-805 SFEDLTDHPVTR Yes Yes
794—-805 SFEDLTDHPVTR S1(p) Yes No
806-813 SEKAASFKLQR Yes Yes
806-813 SEKAASFKLQR S6 (p) Yes No
809-813 AASFKLQR Yes Yes
809-813 AASFKLOQR S3(p) Yes No
817-836 QSRVDSKETECGSEDQVDPR Yes Yes
817-836 QSRVDSKETECGSEDQVDPR S13 (p) Yes No
817-836 QSRVDSKETECGSEDQVDPR S6 (p)/S13 (p) Yes No
820-836 VDSKETECGSEDQVDPR Yes Yes
820-836 VDSKETECGSEDQVDPR S10 (p) Yes No
820-841 VDSKETECGSEDQVDPRLIDGK Yes Yes
820-841 VDSKETECGSEDQVDPRLIDGK S10 (p) Yes No

cleaved (soluble) TNFa is critically involved in development
and maintenance of inflammation. Consequently, blockade of
TNFa has proven to be effective in ameliorating numerous
inflammatory disorders that are characterized by dysbalanced
TNF signaling (51, 52). Our results indicate that chemical PLK
inhibition skews the balance between pro- and anti-inflamma-

JANUARY 31,2014 +VOLUME 289-NUMBER 5

tory TNFa signaling strongly toward the anti-inflammatory
side by suppressing TNFa shedding through ADAM17. Of
note, PLK2 and PLK4 kinase activities have been defined as
essential components of antiviral pathways by modulating type
I interferon-induced gene transcription. Specifically, Toll-like
receptor stimulation has been shown to activate PLK2 and 4,
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FIGURE 7. Activity analysis of ADAM17. A, activity of ADAM17 was studied
through the analysis of ADAM17-specific shedding events. wt mEFs express-
ing the endogenous ADAM17 substrate TNFRI were seeded at a density of
500,000 cells. After 24 h, cell culture medium was replaced by medium con-
taining either 1 um of the pan-PLK inhibitor Bl 2536 (gray bars) or DMSO
(vehicle control, black bars). Media were conditioned for 6 h, and afterward
100 nm PMA was added for 1 h. B, wt mEFs were stably transfected with wt
PLK2 or mock plasmid (pQXCIP). Quantitative RT-PCR analysis was performed
to quantify PLK2 expression levels in the stable transfected mEF cells. One
representative experiment is shown. C, stably transfected wt PLK2-mEF cells
as well as mock transfected cells (pQXCIP-mEFs) were seeded at a density of
250,000 cells/12 wells. 24 h later the cell culture medium was replaced and
conditioned for the indicated time periods. D, stably transfected wt PLK2-
NIH3T3 cells as well as mock transfected cells (pQXCIP-NIH3T3) were seeded
at a density of 500,000 cells. 24 h later, the cell culture medium was replaced
and conditioned for the indicated time periods. E, Neuro2A cells were tran-
siently transfected with PLK2 or PLK2KM and seeded at a density of 1 X 10°
cells. 24 h later, the cell culture medium was replaced and conditioned for
24 h (n = 3). All error bars denote S.E. **, p < 0.01; *** p < 0.001; ns, not
significant. For the ELISA experiment, we show the mean of three indepen-
dent experiments performed in duplicate.

which was accompanied by subsequent phosphorylation of
PLK target proteins and finally controlling expression of anti-
viral cytokines (35). Importantly, mRNA expression levels of
inflammatory cytokines including IL-18, IL-1«, or TNFa were
not affected by PLK inhibition via BI 2356 (35). However, IL-13
as well TNFa bioavailability is largely controlled by caspase-1
or ADAM17-mediated proteolysis rather than by transcrip-
tional up-regulation (9, 53). Therefore, the molecular link
between PLK2 and ADAM17 we established in this study might
represent a novel mechanism by which PLK2 controls inflam-
matory responses.

PLK2-deficient mice display mild developmental disorders
because 30% of them were born with open eye lids and are
smaller compared with littermate controls (54). Remarkably,
both the open eye as well as the growth retardation phenotype
was also reported in ADAM17-deficient animals reflecting the
importance of PLK2 biology in controlling ADAM17 activity.

Using mass spectrometry we identified three serine residues
in the ADAM17 cytoplasmic tail, Ser”®*, Ser®'", and Ser®*?, as
being phosphorylated upon PLK2 co-transfection. In addition,
we observed a pronounced gel mobility shift of ADAM17 after
co-transfection with wt PLK2 but not the kinase-dead
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PLK2-KM mutant consistent with extensive conformational
changes. A point mutation of Ser”®* to Ala’** (S794A) abol-
ished the mobility shift of ADAM17, indicating that Ser”**
phosphorylation is a prerequisite for PLK2-induced conforma-
tional changes. Previous studies have defined several phosphor-
ylation sites in the ADAM17 cytoplasmic tail, the most promi-
nent being Thr”®® (13, 20, 55). ADAMI17 cytoplasmic tail
phosphorylation is evoked by a wide range of stimuli including
the bacterial outer membrane component LPS (55). The
MAPKs ERK and p38 have been defined as main regulators of
LPS-induced ADAM17 activity in primary monocytes (55, 56).
Here, we demonstrated that PLK2 was involved in serine phos-
phorylation of ADAM17, which represents to our knowledge
the first report linking PLK biology to ADAM proteases. For the
kinases PLK2 and PLK3, overlapping substrate specificity has
been suggested because it was previously shown for a-sy-
nuclein, which represents a common PLK2/PLK3 substrate (57,
58). However, in our experiments ADAMI17 interacted only
with PLK2, and consequently PLK3 co-transfection did not
induce a pronounced gel-mobility shift of ADAM17. Therefore,
we suggest that ADAM17 is a specific substrate for PLK2. How-
ever, we cannot exclude that PLK3 might also functionally com-
pensate in the absence of PLK2. As it was shown for other sub-
strates of PLKs, ADAMI17 binding is mediated by the
C-terminal Polo box domains, which are classified as Ser(P)/
Thr(P) binding modules (46, 59). In contrast to other phospho-
dependent binding domains (WW domains, FHA, WD40),
PBDs are unique to the Polo-like kinase family and play a crucial
role in subcellular localization and substrate binding (60). We
determined that PLK2 binding critically depends on the small
amino acid stretch within the ADAMI17 cytotail comprising
Ser”**~Ala®'°. Remarkably, this sequence did not contain the
canonical PBD binding core sequence S(pT/pS)(P/X) described
for protein-protein interaction, implying at least for PLK2, the
existence of a noncanonical substrate recognition motif (44).
Point mutation of Ser”** to Ala (5794A) dramatically reduced
PLK2-dependent ADAM17 binding, suggesting that (i) PLK2
binds to previously primed, phosphorylates ADAM17 cytoplas-
mic tail, and further phosphorylates ADAM17 at multiple
sites, which leads to stabilization of the complex, or (ii)
ADAMI17 serves as a PLK2 substrate even in the absence of
phosphorylation.

Further investigations will reveal whether PLK2 binding to
ADAM17 depends on an upstream “priming kinase” as was
shown for the PLK2 substrate SPAR (spine-associated Rap
GTPase-activating protein) (43). The impact of phosphoryla-
tion in regulating ADAMI17 activity is still a matter of debate.
Direct phosphorylation is supposed to be a molecular hallmark
of ADAM17 activation. However, this hypothesis has been
increasingly challenged by previous studies showing that short
term activation of ADAM17 by several stimuli was completely
independent of cytoplasmic phosphorylation (23, 61). In our
experimental system, PLK inhibition interfered with constitu-
tive (long term), as well as LPS-driven proteolysis of various
ADAM17 substrates. However, PMA-induced ADAM17 acti-
vation was only mildly affected by BI 2356, demonstrating that
distinct intracellular pathways control constitutive and stimu-
lated shedding. We are currently investigating whether a direct
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FIGURE 8. PLK inhibition affects pro-inflammatory responses. A, quantitative RT-PCR analysis of RNA isolated from several tissues from C57/BI6N mice. plk2
and adam17 expression levels were normalized against gapdh mRNA. The corresponding spleen signal was fixed at 100%, and all other signals were expressed
as a proportion of this (n = 3). One representative result from three replicate experiments is shown. Band C, C57/BI6N mice were challenged for 1 h with LPS.
Expression levels of plk2 and adam17 mRNA was determined by quantitative RT-PCR (n = 2 untreated mice; n = 3 LPS-treated mice). D, BMDMs as well as
BMDCs were seeded at a density of 1 X 10%/6-well and incubated for indicated time periods with 1 wg/ml LPS. p/k2 mRNA was quantified by quantitative
RT-PCR. One representative experiment is shown (n = 3). E and F, BMDMs and BMDCs were seeded as described in D. After 24 h, cell culture medium was
replaced, and the cells were stimulated with 1 g/ml LPS (12 h) in presence or absence of the metalloprotease or PLK inhibitors Bl 2536 (B/, 1 um), GI1254023X
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by ELISAs in the supernatants (n = 3). All error bars denote S.E. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant. For the ELISA experiments, we show
the means of three independent experiments performed in duplicate.

interaction between ADAM17 and PLK2 is a prerequisite for
the enhanced sheddase activity. In addition to direct post-
translational modification via phosphorylation, it is possible
that (unknown) ADAM17 regulators are direct targets of
kinases, like PLK2, and mediate ADAM17 activation (62).

In conclusion, our results demonstrate that PLK2 is a novel
intracellular binding partner for the major sheddase ADAM17.
PLK2-dependent phosphorylation of ADAM17 at Ser”** led to

JANUARY 31,2014 +VOLUME 289-NUMBER 5

a pronounced SDS gel mobility shift. Additionally, the global
blockade of PLKs dampened TNFRI, TNFRII, and pro-TNF«
release from the cell surface of primary macrophages and den-
dritic cells implicating a new pro-inflammatory function of
PLKs. Our findings have clinical implications because inhib-
itors for PLKs are in clinical trials for cancer therapy, and in
particular BI 2536 therapy resulted in clinical benefit in
patient suffering from non-small cell lung, pancreatic, and
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prostate cancer (63, 64). Our study of PLK2-mediated
ADAM17 phosphorylation expands the potential role of
PLK2 beyond mitotic entry and cytokinesis to inflammatory
diseases of the body.
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