

















FIGURE 4. LPS-mediated MerTK cleavage requires NADPH. A, monolayers
of elicited primary peritoneal macrophages were treated with 50 ng/ml LPS
on tissue culture plates, and intracellular peroxide accumulation was assayed
by DCF fluorescence as described under “Materials and Methods.” Three
fields for each sample were quantified and expressed as a percentage of DCF-
positive cells. B, Western blot of solIMER from primary murine macrophage
supernatants after treating cells with 1 mm NAC. NAC (freshly prepared) was
preincubated with macrophages for 60 min prior to directly adding LPS. Cor-
responding cell extracts of full-length MERTK are shown below. C, SMER gen-
eration by LPS was measured from Nox2-deficient cells by Western blot. Den-
sitometric analysis of the ratio of SMER (SOL) to full-length MERTK (FULL) is to
the right.*, p < 0.05. Error bars, S.E.

phages and ]J774 macrophages (data not shown). In some cases,
for example, when ADAM17 is inactivated or, alternatively, if
cells are activated by ionomycin, the structurally similar
ADAMI10 can also shed ADAM17 substrates (34). However,
siRNA-mediated reduction in ADAM10 (73% knockdown effi-
ciency as indicated in Fig. 68) did not reduce MerTK cleavage in
WT macrophages. Thus, ADAM17 is the primary and non-
redundant sheddase of MerTK.

We next considered how LPS might activate ADAM17.
Previous reports suggest a role for MAPKs, including
ERK1/2 and p38 during the phosphorylation or activation of
ADAM17 (35-38). Although the ERK inhibitor PD98059
failed to reduce sMER levels, the p38 inhibitor SB 202190
(SB) partially reduced sMER generation (Fig. 7A). p38 phos-
phorylation was measured 45 min post-LPS addition and was
partially suppressed after silencing PKC& with siRNA. The
upstream MAPK for p38 is MKK3/6 (39). Similarly, MKK3/6
was also activated after LPS and partially suppressed by
PKC§ silencing (Fig. 7B).

SMER Is Induced in Vivo post-LPS Injection—We set out to
determine the in vivo significance of our findings. sMER has
been identified in human and murine plasma (16), and we asked
if LPS could stimulate sMER in a model of endotoxemia. LPS
was injected into the peritoneum, and plasma was harvested 3 h
later. Plasma sMER levels were then measured by ELISA. As
shown in Fig. 84, sSMER levels were significantly increased after
LPS injection in control mice. sMER was not detected above
background in MerTK-deficient mice before or after LPS
injection. In addition, SMER generation was dependent on
ADAM17, because Adaml7""Lysmcre mice failed to induce
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FIGURE 5. PKC is required for MerTK cleavage. A, primary macrophages
were pretreated for 30 min with 250 nm Go6976 or 250 nm Go6983 in com-
plete medium and subsequently treated with 50 ng/ml LPS. Subsequently,
levels of SMER from cell supernatants and levels of full-length (FULL) MERTK
from cell extracts were measured by Western blot. B, primary macrophages
were incubated with PKC3 siRNA for 48 h, and the top panel exhibits repre-
sentative knockdown efficiency of two PKC& siRNAs (61 and 82) by Western
blot. In parallel, macrophages were cultured with LPS in the presence of PKC8
siRNA and scrambled (sc) control and SMER measured from supernatants and
full-length MERTK from cell extracts by immunoblot. Densitometric analysis is
shown to the right after knockdown with both PKCS siRNAs. C, membrane
translocation of PKC8 and phospho-PKCS (PKCS-P) post-LPS was determined
by immunoblot after isolation of membrane pellets as described under
“Materials and Methods.” Membrane translocation was also measured after
treatment with NAC (right). M, membranous fraction; C, cytosolic fraction; T,
total cellular lysate. Error bars, S.E.

SMER post-LPS injection. Consistent with previous results, LPS
induced robust TNFa production in WT mice, and this was
elevated in Mertk-deficient mice and suppressed in Adam17-
deficient mice (Fig. 8B). Thus, sMER is induced by LPS treat-
ment in vivo, and this requires ADAM17.

DISCUSSION

As expected, the cleavage site of MerTK does not conform to
any previously documented motif for ADAM17 substrates. In
fact, mutational analysis of ADAM17 substrates, such as the
IL-6 receptor, suggests relaxed sequence specificity proximal to
the ADAM17 cleavage site (40). Instead, the length of the mem-
brane-proximal stalk has been implicated as a factor that con-

JOURNAL OF BIOLOGICAL CHEMISTRY 33341

TT02Z ‘9T Jaquwaldas uo ‘Alslaniun eiquinjo) e 610 ogl-mmm woly papeojumoq



Mechanism of MerTK Cleavage

A

LPS

B

Adam17f/

\Lysmcrel

| Lysmcre |

Adam10
Scr siRNA

Immature> quuy .. [<100

Mature> | @D e <75

FULL SOL

Actin>| s e |

1 1 1 1
FERE~""ogN~~
T T T

' Adam10
SIRNA

FIGURE 6. Generation of solMER by LPS requires ADAM17. A,immunoblots of SMER (SOL) and full-length MerTK (full) from Adam 17" and Adam 17" Lysmcre
peritoneal macrophages with or without LPS. Macrophages from the indicated genotype were elicited and purified by adherence to tissue culture-treated
plates in the presence of L-cell conditioned medium for 2 days. Subsequently, 50 ng/ml LPS in serum-free medium was added where indicated for 2 h, and
supernatant was collected and concentrated from all samples forimmunoblot of SMER. Parallelimmunoblot of cellular lysates for full-length MerTK is indicated
below. Where indicated, macrophages were pretreated with Adam10 siRNA. B, representative immunoblot of ADAM10 protein after either scrambled (sc) or
siRNA (si) knockdown of ADAM10 immature (/) and mature (M) forms and indicated molecular weights. A, actin loading control.
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FIGURE 7. LPS-induced MerTK cleavage requires p38. A, the effects of p38 inhibition and ERK inhibition were determined on LPS-induced sMER generation.
Primary peritoneal macrophages were preincubated with p38 (SB 202190, 10 um) and ERK (PD98059, 10 um) MAPK inhibitors for 30 min. Subsequently, 50
ng/ml LPS was added where indicated, and cell supernatant and cell extracts were probed by Western blot for sMER and cellular full-length MerTK, respectively.
Densitometric measurement is to the right. ¥, p < 0.05. B, phosphorylation of p38 (P-38; Thr'8%/Tyr'8?) and MKK3 (P-MKK3; MKK3 Ser'8/MKK6 Ser*®’) after LPS
treatment of primary macrophages was assessed by immunoblot of cell extracts. Analysis was also performed in the presence of PKC& siRNA versus scrambled
(sc) control. Densitometric analysis is shown to the right and normalized to actin loading control. Error bars, S.E.

trols susceptibility to cleavage (41, 42). Based primarily on its
structure, MerTK is grouped into the TAM receptor family of
tyrosine kinases, which include Tyro3, Axl, and Mertk. Mass
spectrometric analysis indicates that TAM family member
AXL is cleaved by ADAM17 (20), and shed AXL has been iden-
tified in both human and murine serum. The cleavage site of
human AXL has been mapped to a 14-amino acid region prox-
imal to the predicted TM domain (43, 44). Cleavage of TYRO3
has not been reported. Based on our own sequence analysis, the
stalk regions of murine TAMs fail to exhibit a consensus motif
for cleavage. However, murine MerTK and human MerTK do
share a significant number of proline residues within their stalk

33342 JOURNAL OF BIOLOGICAL CHEMISTRY

region, leading us to speculate that human MerTK could also be
cleaved after a proline.

The degradome of ADAM17 indicates a wide range of sus-
ceptible substrates. Therefore, how ADAMI17 activation is
finely regulated or, alternatively, a preference for specific cleav-
age substrates may be key to understanding substrate specificity
under disparate homeostatic and pathophysiological contexts.
Previous reports indicate that Gram-positive bacteria can stim-
ulate the transcription of ADAM17 (45, 46). However, LPS-
mediated cleavage was not inhibited by actinomycin D treat-
ment (data not shown) or cylcoheximide (16), implicating a
post-translational mechanism. Furthermore, generation of
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FIGURE 8. LPS induces sMER generation in vivo. Levels of SMER in murine
plasma were determined by ELISA after injection of LPS (black bars) or control
saline (gray bars). 8 -10-week-old Mertk*®, Adam 17", and Adam 17" Lysmcre
mice were injected with 100 ug of LPS or saline into the peritoneum, and
plasma was harvested 3 h later from the left ventricle of the heart. Systemic
plasma sMER (A) and plasma TNFa (B) were measured by ELISA as described
under “Materials and Methods.” Each bar represents the mean of at least four
animals per strain. *, p < 0.05. ND, not detected. Error bars, S.E.

SsMER was specific to the TLR4 agonist, Gram-negative endo-
toxin. The Gram-positive cell wall component lipoteichoic acid
and TLR2 agonist (47) was unable to induce sMER shedding
(data not shown). Although the link between LPS and
ADAM17/TACE is well established, surprisingly little is known
about the intermediary signaling molecules required. A previ-
ous study showed that endotoxin-induced MYD88 was
upstream of ADAM17 processing during generation of EGF
receptor ligands in nonhematopoietic cells (48). Although
MerTK cleavage required TLR4, it was independent of MYD88
and instead signaled through TRIF. Cleavage could also be acti-
vated by the TLR3 agonist poly(l:C). Indeed, in epithelial cells,
multiple Toll-like receptors, including TLR3, have been impli-
cated in ADAM17-mediated shedding (49).

Mitochondrial ROS have been implicated in GPCR-induced
TACE-dependent TGFa shedding (50). In the case of MerTK
shedding post-LPS, the ROS scavenger NAC and NADPH defi-
ciency both blocked cleavage (Fig. 4). Although there are exam-
ples of TLR4 activation of NADPH through MYD88 (51), TRIF-
medicated activation of NADPH is lacking. Interestingly, Park
et al. (52) reported that NADPH oxidase subunits can directly
interact with TLR4 to promote ROS generation. Furthermore,
redox agents have been shown to regulate mature ADAM17
during neutrophil-mediated shedding of L-selectin (53). ROS
has been suggested to activate ADAM17 (54, 55), in part
through activation of PKCS§, and in some cell types, PKC3 is a
redox-sensitive kinase (56, 57). A role for PKC8 in ADAM17
activation was previously implicated only based on data using
the nonspecific PKC inhibitor Rottlerin. Once activated by
ROS, PKC8 may in turn promote additional ROS activation
(58).

Besides LPS, numerous other stimulators of ADAMs have
been implicated. These include activators of protein kinase C,
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such as 12-O-tetradecanoylphorbol-13-acetate and PMA. Pre-
viously, a link between PKC signaling and LPS/TLR4 was
shown for the PKC isozyme €. PKCe was found to phosphory-
late Trif-related adapter molecule downstream of LPS (59). In
addition, PKCé& has been found to bind the TLR4/TLR2 adaptor
protein TIRAP/Mal (60). In vitro activation by LPS has been
shown to induce rapid release of soluble FMS-like tyrosine
kinase-1 receptor (sFlt-1), concomitant with phosphorylation
of PKC5 (61). Furthermore, a PKC8-p38 MAPK cascade has
been identified in Caenorhabditis elegans (62). PKC5-mediated
activation of p38 may lead to p38 interaction with ADAM17
(37), and both p38 and ERK can phosphorylate ADAM17 at
threonine 735 (35). However, activation of ADAM17 by PMA
does not depend on its cytoplasmic domain, arguing against
inside-out regulation via cytoplasmic phosphorylation as an
underlying mechanism (24, 63). One possible explanation is
that the ADAM17 cytoplasmic tail contains an inhibitory resi-
due that must be phosphorylated for activation of ADAM17.
Another possibility may be explained by differences in cell types
utilized for the aforementioned studies. Finally, a still uniden-
tified molecule may act to link PKC3 and p38 to ADAM17.

Proteolytic cleavage is known to regulate the activity of many
transmembrane-anchored proteins. In the case of growth fac-
tors and cytokines, such as EGF, TFGa, and TNFe, proteolysis
can lead to the biological activation of inactive precursors and
their autocrine or paracrine release into the extracellular
milieu. In the case of transmembrane receptors, such as TNFa
receptor-I, TNF-a receptor-II, and L-selectin, proteolytic
cleavage leading to ectodomain shedding can often lead to
antagonist functions. Besides the loss of a cell surface signaling
conduit, the shed ectodomains of cell surface receptors can also
function as competitive decoys to bind receptor ligands. How-
ever, concentration is a critical factor. Low levels of soluble
TNF receptor enhance TNFa action, whereas high concentra-
tions are inhibitory (64). In the case of MerTK, recombinant
sMER has been shown to be inhibitory by two accounts: first
through suppression of efferocytosis in vitro and, second,
through inhibition of thrombus formation in vivo (16). Inter-
estingly, in the case of efferocytosis, LPS has been reported to
inhibit the clearance of neutrophils in vitro, in part through
induction of the ADAM17 target TNFa and suppression of
macrophage-derived GAS6, the ligand for MerTK (65). These
data suggest a coordinated response by macrophages to sup-
press MerTK function upon recognition of LPS. MerTK inac-
tivation by cleavage would also suppress its anti-inflammatory
function, thereby permitting the phagocyte to become fully
activated. Future studies that seek to determine the in vivo/
physiological relevance of MerTK cleavage, both in the context
of bacterial challenge and during diseases of chronic inflamma-
tion and defective efferocytosis, will benefit from the identifi-
cation of the cleavage site and signaling pathways revealed
herein.
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