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Apoptotic cells expose phosphatidylserine (PtdSer) on their
surface, leading to efferocytosis, i.e. their engulfment by resi-
dent macrophages that express the PtdSer receptor T cell immu-
noglobulin mucin receptor 4 (TIM4) and TAM family receptor
tyrosine kinase receptors (MERTK, AXL, and TYRO3). TAM
family receptors stimulate cell proliferation, and the many
aspects of the growth signaling pathway downstream of TAM
family receptors have been elucidated previously. However, the
signaling cascade for TAM receptor–mediated efferocytosis has
been elusive. Here we observed that efferocytosis by mouse-res-
ident peritoneal macrophages was blocked by inhibitors against
the MERTK, mitogen-activated protein kinase/extracellular
signal-regulated kinase kinase (MEK), AKT Ser/Thr kinase
(AKT), focal adhesion kinase (FAK), or STAT6 pathway.
Accordingly, apoptotic cells stimulated the phosphorylation of
MERTK, ERK, AKT, FAK, and STAT6, but not of I�B or STAT5.
A reconstituted efferocytosis system using MERTK- and TIM4-
expressing NIH3T3-derived cells revealed that the juxtamem-
brane and C-terminal regions of MERTK have redundant roles
in efferocytosis. The transformation of murine IL-3– dependent
Ba/F3 cells (a pro-B cell line) with MERTK and TIM4 enabled
them to proliferate in response to apoptotic cells in a PtdSer-de-
pendent manner. This apoptotic cell–induced MERTK-medi-
ated proliferation required both MERTK’s juxtamembrane and
C-terminal regions and was blocked by inhibitors of not only
ERK, AKT, FAK, and STAT6 but also of NF-�B and STAT5
signaling. These results suggest that apoptotic cells stimulate
distinct sets of signal transduction pathways via MERTK to
induce either efferocytosis or proliferation.

Vast numbers of surplus or toxic cells are generated during
animal development (1, 2). These cells undergo apoptosis,
expose phosphatidylserine (PtdSer)2 on their surface as an “eat

me” signal, and are cleared by phagocytes (3, 4). This process
also occurs at the resolution phase of inflammation in adult
tissues (5). In addition, large numbers of senescent cells, such as
aged neutrophils and red blood cells, are cleared by macro-
phages in a PtdSer-dependent manner (3). The engulfment of
apoptotic or senescent cells, called “efferocytosis (6),” is essen-
tial for preventing these cells from undergoing secondary
necrosis, which can cause cells to release their contents, thereby
activating the immune system (3, 5, 7, 8).

The PtdSer exposed on apoptotic and senescent cells is rec-
ognized by soluble PtdSer– binding proteins such as protein S
(PROS), GAS6, and MFG-E8 (9 –11) and by PtdSer receptors
(for example, TIM1 and TIM4) expressed on phagocytes (12).
PROS and GAS6 bind to PtdSer on apoptotic cells and to TAM
family receptor kinases (TYRO3, AXL, and MERTK) on macro-
phages and act as a bridge between apoptotic cells and phago-
cytes (13, 14). Macrophages are the most prominent phago-
cytes that perform efferocytosis and express at least one of the
TAM receptor kinases. We recently showed that a set of resi-
dent macrophages, such as resident peritoneal macrophages
(rpMacs), Kupffer cells, and skin macrophages, express TIM4
and TAM kinase for efficient efferocytosis (15, 16). The extra-
cellular region of TIM4 binds PtdSer with high affinity (12), and
its cytoplasmic region is dispensable for efferocytosis (17). On
the other hand, the affinity of PROS or GAS6 for PtdSer is
weaker than that of TIM4 (16), but the TAM receptors’ cyto-
plasmic region is indispensable for efferocytosis (18). These
results support a two-step model for efferocytosis (19) in which
TIM4 mediates tethering of the apoptotic cell to the macro-
phage, followed by TAM receptor–mediated internalization of
the apoptotic cell.

TAM receptor kinases were originally identified as onco-
genes expressed in various cancer cells, in particular myeloid
leukemia cells (14, 20). PROS or GAS6 induces dimerization of
TAM family receptors, which activates their kinase activity, fol-
lowed by phosphorylation of tyrosine residues in their cytoplas-
mic region (21). Many signaling molecules, such as ERK, p38
MAPK, FAK, AKT, NF-�B, and STAT6, have been identified as
downstream components of MERTK in MERTK-mediated
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growth promotion or chemoresistance of cancer cells (22–24).
In contrast, the signaling cascade for TAM-mediated efferocy-
tosis has been elusive.

In this report, we expressed MERTK and TIM4 in IL-3– de-
pendent Ba/F3 cells and found that these cells survived in the
absence of IL-3 in a PtdSer-dependent manner and that their
growth was strongly enhanced by the presence of apoptotic
cells. We then found that efferocytosis with resident peritoneal
macrophages was inhibited by inhibitors against MEK, AKT,
FAK, or STAT6 but not against NF-�B or STAT5 pathways. On
the other hand, apoptotic cell–induced cell growth was effi-
ciently blocked not only by inhibitors of MEK, AKT, FAK, or
STAT6 but also by inhibitors against NF-�B or STAT5 path-
ways. Using NIH3T3-derived cell lines expressing TIM4 and
MERTK mutants, we showed that MERTK’s membrane-prox-
imal and C-terminal tail regions were not required for effero-
cytosis, whereas apoptotic cell–stimulated growth signaling
required the membrane-proximal and C-terminal tail regions
of MERTK in addition to its kinase domain. These results indi-
cate that apoptotic cells can stimulate cell growth via MERTK
and that overlapping distinct signaling molecules are involved
in MERTK-mediated efferocytosis versus MERTK-mediated
growth promotion.

Results

Apoptotic cell–activated cell proliferation

We showed previously that apoptotic cells are engulfed by
MERTK- and TIM4-expressing macrophages or NIH3T3 cells
(16). Because MERTK is known to mediate growth signaling
(20), we examined the effect of TIM4 on MERTK-mediated cell
growth using mouse IL-3– dependent Ba/F3 cells. The Ba/F3
cells were transformed with MERTK or TIM4 alone or with
both MERTK and TIM4 and cultured in RPMI 1640 medium
containing 10% FCS and IL-3. The culture medium was then
deprived of IL-3 overnight, and the transformants were kept in
medium lacking IL-3. As shown in Fig. 1A, not only the parental
and TIM4-expressing Ba/F3 cells but also the transformants
expressing only MERTK died within 24 h, suggesting that the
PROS in 10% serum (about 30 nM) (9) were not sufficient to
support MERTK-mediated cell growth. On the other hand,
about 60% of cells expressing both TIM4 and MERTK (TIM4/
MERTK) survived for 24 h, and this percentage did not change
after 72 h, suggesting that the same number of cells died and
proliferated.

The percentage of trypan blue–positive dead cells in the cul-
ture of TIM4/MERTK transformants was about 70%, and the
presence of the D89E mutant of MFG-E8 that could mask Ptd-

Figure 1. PtdSer-dependent cell proliferation. A, PtdSer-dependent growth stimulation of TIM4- and MERTK-expressing Ba/F3 cells. Ba/F3 cells (2.5 �
105) expressing TIM4, MERTK, or both TIM4 and MERTK were cultured in 0.5 ml of RPMI 1640 medium containing 10% FBS. After incubation for the
indicated periods, viable cells were counted after staining with trypan blue. Right panel, Ba/F3 cells expressing TIM4 and MERTK were cultured for 72 h
in medium containing the indicated concentration of D89E, and the number of viable cells was expressed as the percentage of that in the absence of
D89E. The experiments were carried out three times, and average values were plotted with S.D. (error bars). The values were statistically analyzed by
Student’s t test. **, p � 0.01; ***, p � 0.001. B, apoptotic cell–stimulated, PtdSer-dependent cell growth. Ba/F3 cells (2.5 � 105) expressing TIM4, MERTK,
or both TIM4 and MERTK were cultured in 0.5 ml of medium for the indicated periods in the presence of 2.5 � 106 apoptotic thymocytes (left panel).
Center and right panels, Ba/F3 cells (2.5 � 105) expressing both TIM4 and MERTK were cultured in 0.5 ml of medium for 72 h in the presence of the
indicated concentration of apoptotic thymocytes (center panel) or in the presence of 6.25 � 105 apoptotic thymocytes and the indicated concentration
of D89E. After incubation, the trypan blue–negative viable cells were counted. Right panel, the number of viable cells was expressed as the percentage
of that in the absence of D89E. The experiments were carried in triplicate, and average values were plotted with S.D. (error bars). *, p � 0.01; **, p � 0.001;
Student’s t test. C, DNA synthesis of Ba/F3 cells expressing TIM4 and MERTK without IL-3. 2.5 � 105 Ba/F3 cells (a, d, and e) and Ba/F3 cells expressing
MERTK and TIM4 (b and c) were cultured at 37 °C for 72 h without (a, b, and c) or with (d and e) IL-3 in the absence (a, b, d, and e) or presence (c) of 2.5 �
106 apoptotic thymocytes. The culture was supplemented with (a– d) or without (e) 10 �M BrdU and incubated further for 4 h. The incorporated BrdU was
then detected with FITC-labeled anti-BrdU Ab.
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Ser on apoptotic cells (11) dose-dependently inhibited cell sur-
vival (Fig. 1A). These results suggested that PtdSer on apoptotic
cells generated by IL-3 deprivation supported the growth of
neighboring cells. To examine this possibility, the Ba/F3 cell
transformants were co-cultured with FASL-treated apoptotic
thymocytes. As shown in Fig. 1B, apoptotic thymocytes stimu-
lated the growth of Ba/F3 cells expressing both TIM4 and
MERTK but not of cells expressing one or the other. This effect
of apoptotic cells on the Ba/F3 transformants was dose-depen-
dent and was reduced by masking PtdSer with D89E.

To further confirm that Ba/F3 cells expressing MERTK and
TIM4 proliferated in response to apoptotic cells, they were cul-
tured for 72 h in the absence of IL-3 and pulsed for 4 h with
BrdU. As shown in Fig. 1C, more than 50% of Ba/F3 cells were
labeled with BrdU in the presence of IL-3, whereas no BrdU-
positive cells were observed in the absence of IL-3. On the other
hand, about 0.8% of Ba/F3 cells expressing TIM4 and MERTK
were labeled with BrdU in the absence of IL-3, and this percent-
age increased to 10.4% when the culture was supplemented
with apoptotic thymocytes.

Effect of signal transducer inhibitors on efferocytosis and cell
proliferation

Mouse rpMacs express both TIM4 and MERTK and effi-
ciently engulf apoptotic cells in a TIM4- and MERTK-depen-
dent manner (15, 16). To analyze the signaling molecules
required for efferocytosis, rpMacs were treated with various
inhibitors against signal transducers and then incubated with
apoptotic thymocytes in the presence of the inhibitor. As
shown in Fig. 2A, a low concentration of CH5451098, an inhib-
itor against MERTK and AXL (25), suppressed efferocytosis in

a dose-dependent manner, confirming that MERTK is essential
for efferocytosis by rpMacs (15, 16). Among the signaling com-
ponents that are reported to be activated by TAM kinase
(20, 22), inhibitors against MEK (PD98059) (26) and PI3K
(LY294002) (27) for the AKT pathway and FAK (PF-00562271)
(28) for the STAT6 pathway (AS1517499) (29) efficiently
blocked efferocytosis. The concentrations of these inhibitors
required to block efferocytosis were comparable with those
reported to inhibit signal transduction in cells. In contrast, caf-
feic acid phenethyl ester and SH4 –54, inhibitors against NF-�B
(30) and STAT3/STAT5 (31), respectively, did not inhibit effe-
rocytosis by rpMacs at concentrations that should inhibit cel-
lular signal transduction.

To examine which signal transducers were involved in apo-
ptotic cell–stimulated MERTK-mediated cell growth, 2.5 � 105

Ba/F3 cell transformants expressing TIM4 and MERTK were
cultured in the absence of IL-3 for 24 h with or without 2.5 �
106 apoptotic thymocytes in the presence of specific inhibitors
for signal transducers. As shown in Fig. 2B, the number of
TIM4/MERTK-Ba/F3 cells decreased to 60 –70% in the ab-
sence of apoptotic thymocytes, whereas this number remained
almost unchanged in their presence. In accordance with the
requirement for MERTK’s kinase activity, an inhibitor of
MERTK’s kinase activity blocked the apoptotic cell–stimulated
cell growth in a dose-dependent manner. The inhibitors against
MEK, AKT, FAK, and STAT6 pathways that blocked efferocy-
tosis (Fig. 2A) also inhibited cell growth, although a higher con-
centration of the PI3K inhibitor was needed to inhibit cell
growth than efferocytosis. Notably, inhibitors against NF-�B or
STAT5 also efficiently blocked apoptotic cell–stimulated IL-3-

Figure 2. Effects of various inhibitors on MERTK-mediated efferocytosis and cell growth. A, effect of various inhibitors on efferocytosis by rpMacs.
Resident peritoneal cells were pretreated with the indicated concentration of each inhibitor and subjected to an efferocytosis assay with pHrodo-labeled
apoptotic thymocytes in the presence of the inhibitor. Efferocytosis (the percentage of pHrodo-positive cells) was determined by flow cytometry and is
expressed relative to that observed without inhibitors. The experiment was done in triplicate, and the average values are plotted with S.D. (error bars). The
values were statistically analyzed by Student’s t test against the value without inhibitor. ##, p � 0.001. B, effect of various inhibitors on apoptotic cell–promoted
cell proliferation. Apoptotic thymocytes were added to Ba/F3 cells expressing WT MERTK and TIM4, and the mixture was incubated in the presence of the
indicated concentrations of the inhibitor. After incubation for 24 h, viable Ba/F3 cells were counted. The experiments were carried out three times, and the
average values were plotted with S.D. (error bars). Student’s t test against the value without inhibitor. The cell number is expressed relative to that observed in
the presence of apoptotic cells without inhibitors. The cell number in the absence of inhibitors was 3–5 � 105 cells/ml. #, p � 0.01; ##, p � 0.001; Student’s t test.
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independent growth of Ba/F3 cell transformants expressing
TIM4 and MERTK.

Phosphorylation of signaling molecules activated by
apoptotic cells

MERTK is autophosphorylated at tyrosine residues when it is
activated (32). To examine whether apoptotic cells induced
activation of MERTK, rpMacs from WT and MerTK�/� mice
were incubated with or without a 10� excess of apoptotic thy-
mocytes for 10 min. The cell lysates were then immunoprecipi-
tated with an anti-mouse MERTK Ab, and the precipitates were
analyzed by Western blotting. As shown in Fig. 3A, a band of
about 200 kDa was detected with anti-MERTK in WT but not
MerTK�/� (KO) rpMacs. Mouse MERTK is heavily glycosy-
lated (15 N-glycosylation sites), which may explain why its
apparent molecular weight was much greater than that calcu-
lated from its amino acid sequence (Mr � 110,155). Western
blotting of the immunoprecipitates with an anti-phosphoty-
rosine mAb (clone 4G10) revealed a 200-kDa band in rpMacs
that had been treated with apoptotic cells. These results indi-
cated that apoptotic cells activated the tyrosine kinase activity
of MERTK in rpMacs.

The cell lysates from the apoptotic cell-treated rpMacs were
then analyzed by Western blotting using antibodies against the
phosphorylated signal transducers. Anti-phospho-ERK1/2
recognizes the phosphorylated Thr-202/Tyr-204 of MAPK
(ERK1/2) generated by MAPK kinase (33). Activated AKT is

detected by an antibody that recognizes phosphorylated Ser-
473, which is phosphorylated by the mTOR-Rictor complex
(34). FAK is a cytoplasmic tyrosine kinase and is activated by
integrin clustering, leading to its auto-phosphorylation at Tyr-
397 (35). STAT5 and STAT6 are transcription factors that are
activated by various cytokines via Janus kinases, which phos-
phorylate Tyr-694 of STAT5 and Tyr-641 of STAT6 (36 –38).
Finally, I�B kinase (IKK) phosphorylates Ser-32 of I�B, leading
to activation of the transcription factor NF-�B (39). As shown
in Fig. 3B, ERK1/2 phosphorylated at Thr-202/Tyr-204, AKT
phosphorylated at Ser-473, FAK phosphorylated at Tyr-397,
and STAT6 phosphorylated at Tyr-641 were detected in
rpMacs incubated with apoptotic cells but not in untreated
cells. None of the phosphorylated signaling molecules were
detected in MerTK�/� rpMacs, indicating that their apoptotic
cell–induced phosphorylation was MERTK-dependent. In con-
trast, neither I�B phosphorylated at Ser-32 nor STAT5 phos-
phorylated at Tyr-694 was detected in apoptotic cell–treated
rpMacs. These results indicated that apoptotic cells induced
activation of ERK1/2, AKT, FAK, and STAT6 in rpMacs, which
agreed with our observation that inhibitors against these signal-
ing pathways suppressed efferocytosis (Fig. 2).

Different MERTK cytoplasmic domains for efferocytosis and
cell growth

The cytoplasmic region of mouse MERTK consists of 386
amino acids, of which 271 form a tyrosine kinase domain

Figure 3. Activation of signaling molecules induced by apoptotic cells. Adherent resident peritoneal cells (2.0 � 106 cells) from WT or MerTK�/� (KO) mice
were incubated at 37 °C for 10 min with (�) or without (�) 1.0 � 107 apoptotic thymocytes, washed with PBS, and lysed in lysis buffer. A, MERTK was
immunoprecipitated with anti-MERTK, dissolved in SDS sample buffer, and one-quarter of the aliquots were analyzed by Western blotting with an HRP
anti-phosphotyrosine mAb (top panel) or a biotinylated anti-MERTK Ab followed by incubation with HRP–streptavidin (center panel). The membrane was
stained with Coomassie Brilliant Blue (CBB, bottom panel). B, cell lysates from 1.5 � 106 cells were analyzed by Western blotting using antibodies against the
indicated phosphorylated (top panel) or nonphosphorylated molecules (bottom panel), followed by HRP-conjugated anti-rabbit IgG. The phosphorylated
amino acid residues recognized by the antibody are indicated in parentheses. Membranes were stained with CBB (bottom panel). #, nonspecific band. The
western blots were performed several times, and the band intensity of the phosphorylated kinase was quantitated by densitometry. When addition of
apoptotic thymocytes in WT macrophages caused an apparent change in band intensity, the -fold change is shown with S.D. *, p � 0.03; Student’s t test.
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(UniProt entry Q60805) (Fig. 4A). The lysine residue at position
614 of MERTK is involved in forming the cleft for ATP binding
and is essential for the MERTK kinase activity (40). To confirm
that MERTK’s tyrosine kinase activity was essential for
MERTK-mediated efferocytosis, lysine 614 was replaced with
methionine (K614M) (Fig. 4A). The juxtamembrane region of
tyrosine kinase receptors, including MERTK and AXL, is well-
conserved and involved in clustering anionic lipids, such as for
signal transduction (41). Mouse MERTK carries two tyrosine
residues (Tyr-867 and Tyr-924) at its C-terminal tail region
(Fig. 4A), and the phosphorylated Tyr-867 is reported to be
involved in activation of NF-�B and PI3K (40). To examine the
requirement of these regions for efferocytosis and cell
growth, three mutants of MERTK lacking either the jux-
tamembrane (�N, amino acids 531–559), the C-terminal tail
region (�C, amino acids 853–994), or both regions (�N�C)
were constructed.

We reported previously that Axl�/�Tyro3�/�Gas6�/�

NIH3T3 (TKO) cells expressing TIM4 and MERTK behave
like rpMacs and efficiently engulf apoptotic cells (16). To
examine the ability of MERTK mutants to engulf apoptotic
cells, TKO cells expressing TIM4 were transformed with WT
or mutant MERTK (Fig. S1) and then subjected to efferocy-
tosis assays. As reported previously (16), TKO transformants

expressing TIM4 and WT MERTK efficiently engulfed apo-
ptotic cells (Fig. 4B). In contrast, the K614M mutant com-
pletely abolished the cells’ ability to perform MERTK-medi-
ated efferocytosis. On the other hand, although the �N and
�C mutants supported efferocytosis as efficiently as WT
MERTK, the efferocytosis activity of the �N�C mutant car-
rying only the kinase domain in the cytoplasmic region
(amino acids 582– 852) (Fig. 4A) was significantly reduced
(Fig. 4B), suggesting that either the N-terminal juxtamem-
brane region or the C-terminal tail region of MERTK was
necessary for full efferocytosis activity.

To examine which of the regions of MERTK was responsible for
apoptotic cell–stimulated cell proliferation, Ba/F3 cells expressing
TIM4 were transformed with WT or mutant MERTK (Fig. S2). As
shown in Fig. 4C, in addition to the kinase-dead mutants (K614M
mutants), the deletion mutant of the N-terminal juxtamembrane
region (�N) completely lost the ability to support IL-3–indepen-
dent Ba/F3 cell growth. The ability of the C-terminal deletion
mutant (�C) of MERTK to support cell growth was reduced to
about 20% of the ability of WT MERTK. These results indicated
that, unlike signal transduction for efferocytosis, not only tyrosine
kinase activity but also signals from the juxtamembrane region and
C-terminal tail region of MERTK were required for MERTK-sup-
ported cell growth.

Figure 4. Effect of MERTK deletion mutations on efferocytosis and cell growth. A, Schematics of MERTK mutants. At the top, the structure of MERTK
is shown schematically. Immunoglobulin-like domains (IG1 and IG2), fibronectin type III–like domains (FN1 and FN2), the transmembrane region (TM),
and the tyrosine kinase domain are boxed, with the amino acid positions indicated at the borders. Amino acid positions 530 and 560 indicate the
exon–intron junction used to construct the �N mutant. Three tyrosine residues at positions 544, 867, and 924, and a lysine residue at position 614 are
indicated. In the K614M mutant, the lysine residue at 614 was mutated to methionine. In the �N and �C mutants, the amino acid region from 531 to 559
proximal to the transmembrane region and the amino acid region from 853 to 994 in the C terminus were deleted, respectively. In the �N�C mutant,
both the N-terminal juxtamembrane and the C-terminal regions were deleted. B, effect of MERTK mutations on efferocytosis. TKO cell transformants (6 �
104 cells) expressing WT or the indicated mutant MERTK together with TIM4 were incubated with 6 � 105 pHrodo-apoptotic thymocytes at 37 °C for 60
min and then analyzed by flow cytometry for pHrodo positivity. The experiments were carried out in triplicate, and the average percentage of
pHrodo-positive cells was plotted as efferocytosis with S.D. (error bars). **, p � 0.01; Student’s t test. C, effect of various mutations of MERTK on apoptotic
cell–promoted cell growth. Ba/F3/TIM4 cell transformants (2.5 � 105 cells in 0.5 ml) expressing WT or the indicated mutant MERTK were incubated for
24, 48, or 72 h in the absence (left) or presence (right) of 2.5 � 106 apoptotic thymocytes, and viable Ba/F3 cells were counted. The experiments were
performed in triplicate, and average values were plotted with S.D. (error bars). The values were statistically analyzed by Student’s t test against that
obtained with WT MERTK.
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Activation of signaling molecules via the kinase domain of
MERTK

We next examined the effect of the MERTK mutations on its
tyrosine kinase activity and on the activation of signaling mol-
ecules. As shown in Fig. 5A, the K614M mutant of MERTK was
not autophosphorylated at tyrosine residues in TKO cells upon
addition of apoptotic cells, confirming that the mutant lost the
kinase activity. On the other hand, the �N or �C mutant was
tyrosine-phosphorylated at a similar efficiency as WT MERTK
by apoptotic cells, confirming that tyrosine kinase activity was
not disrupted by the �N or �C mutation. Accordingly, addition
of apoptotic cells stimulated phosphorylation of ERK1/2, AKT,
and STAT6 in TKO cells expressing WT but not kinase-dead
mutant MERTK (K614M) (Fig. 5B). The activated forms of the
signaling molecules of ERK1/2 and AKT were observed in apo-
ptotic cell–treated cells expressing the �N, �C, or �N�C
mutant. In contrast, STAT6 phosphorylated at Tyr-641 was
observed in cells expressing the �N or �C mutant of MERTK
but not in cells expressing the �N�C mutant, suggesting that,
in addition to the kinase activity of MERTK, a signal from the
N-terminal juxtamembrane region or the C-terminal tail region
of MERTK is required to activate STAT6. In contrast to ERK,
AKT, and STAT6, FAK phosphorylated at Tyr-397 was
observed in parental TKO cells without apoptotic cell stimula-
tion (data not shown), suggesting that FAK might have been
activated through a pathway other than MERTK, such as the
integrin system, which was constitutively activated in TKO
cells.

Discussion

Like other processes of programmed cell death, the
removal of cell corpses has been genetically studied in
Caenorhabditis elegans, in which dying cells are engulfed
by neighboring cells (42). That study identified three par-
tially redundant signaling pathways, CED-1/CED-6/CED7/
CED-10, CED-2/CED-5/CED-12/CED-10, and ABL-1/API-
1/CED-10 (43). Like mammalian cells, PtdSer is exposed
on the surface of dying cells in C. elegans by the caspase
(CED-3)– dependent phospholipid scramblase (CED-8), an
ortholog of mammalian XKR8 (44, 45). CED-1 appears to
indirectly bind PtdSer via a soluble bridging protein called
TTR-52 (46). However, how CED-1 activates downstream
signaling molecules has not been elucidated. A pathway con-
sisting of CED12/ELMO and CED10/RAC has been reported
to elicit efferocytosis in experiments using Chinese hamster
ovary cell lines (47). In addition, brain-specific angiogenesis
inhibitor 1 (BAI1), an adhesion G-protein– coupled receptor
family receptor, has been proposed to activate the ELMO–
RAC pathway for efferocytosis in this Chinese hamster ovary
system. However, whether macrophages use this system for
efferocytosis is not clear.

We recently reported that a set of resident mouse macro-
phages uses MERTK and TIM4 to elicit efficient efferocytosis
(16). Roles of MERTK-activated phospholipase C�2 and FAK in
efferocytosis have been reported previously using the J774
mouse macrophage cell line or HEK293T cells that were tran-
siently transfected with MERTK cDNA (48 –50). MERTK is

known to activate many other signaling molecules, and we
found here that at least the MEK/ERK, AKT, FAK, and STAT6
pathways were necessary for efficient efferocytosis. Efferocyto-
sis takes place at lamellipodia of engulfing cells, where activated
RAC1 is recruited to form a phagocytic cup with polymerized

Figure 5. Effect of MERTK mutations on activation of MERTK and signal-
ing molecules. TKO transformants (1.0 � 106 cells) expressing the WT or the
indicated mutant MERTK were incubated with (�) or without (�) 1.0 � 107

apoptotic thymocytes at 37 °C for 10 min in DMEM containing 1 �g/ml pro-
tein S. After removing unengulfed thymocytes, the cells were lysed with 1.0
ml of lysis buffer containing 1% Triton X-100. A, MERTK in the cell lysates (1 ml)
was immunoprecipitated with an anti-MERTK Ab and dissolved in 60 �l of SDS
sample buffer, and 15-�l aliquots were subjected to Western blotting with an
HRP-anti-phosphotyrosine mAb (top panel) or a biotinylated anti-MERTK Ab
followed by streptavidin–HRP (bottom panel). Membranes were stained with
CBB (bottom panel). B, cell lysates (15 �l) were analyzed by Western blotting
using HRP antibodies against the indicated phosphorylated (top panel) or
nonphosphorylated proteins (bottom panel). The phosphorylated amino acid
residues recognized by the antibodies are shown in parentheses. Membranes
were stained with CBB (bottom panel). Western blots were performed several
times. The band intensity was quantified by densitometry and compared
between those obtained with or without apoptotic cells. When the difference
was apparent, the induction -fold is indicated with S.D. *, p � 0.05, Student’s
t test.
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actin patches to encapsulate apoptotic cells (51). When the apo-
ptotic cells are internalized, the phagocytic cup closes, accom-
panied by depolymerization of actin bundles. This elaborate
process of efferocytosis has features in common with cell motil-
ity (52). Cell motility consists of multiple processes, including
cell protrusion, cell retraction, adhesion, and vesicle exocytosis,
and is regulated by multiple signaling molecules (53). For exam-
ple,downstreamofFAK,ERKlocalizestolamellipodiaandphos-
phorylates myosin light chain kinase to regulate turnover of
focal adhesions (54). Meanwhile, ERK phosphorylates Paxillin,
and phosphorylated Paxillin serves as a scaffold for FAK to acti-
vate PI3K for RAC activation (55). STATs are transcription
factors and are activated by various cytokines via Janus kinases
(56). However, recent studies indicate that some STAT mem-
bers also act outside of the nucleus, such as at mitochondria and
focal adhesions (56 –58). Thus, it is likely that interplay occurs
among these kinases (ERK, FAK, AKT, STAT6, and probably
more) to regulate RAC1 to polymerize or depolymerize actin
for efferocytosis. Using specific inhibitors for these kinases, it
should be possible to dissect this process to study each step in
more detail.

Here we found that apoptotic cells stimulated proliferation
of cells expressing MERTK and TIM4. This growth-promoting
activity was fully dependent on PtdSer. MERTK-mediated effe-
rocytosis is known to produce transforming growth factor � to
stimulate cell proliferation (59). Although this possibility can-
not be ruled out, considering the oncogenic property of
MERTK (14, 20), we prefer the hypothesis that apoptotic cells
directly activate MERTK for cell proliferation. As shown for
PtdSer-dependent efferocytosis (15, 16), it is likely that PtdSer-
exposing apoptotic cells are recruited to MERTK-expressing
cells by TIM4 for MERTK-mediated cell growth. The apoptotic
cells are then cross-linked with MERTK on the responder cells
via an interaction between PtdSer and PROS and activate
MERTK to promote cell growth. Notably, TIM4 is expressed
together with MERTK or AXL in various tumors, such as histi-
ocytic sarcoma, histiocytic and dendritic cell neoplasms, lung
cancer, and glioma (60 –62), and has been proposed to contrib-
ute to tumorigenicity. It will be interesting to examine whether
these primary tumor cells respond to apoptotic cells for their
growth.

Many groups have studied the signal transduction pathway
for MERTK-mediated cell growth and reported that not only
the kinase domain but also the juxtamembrane and C-terminal
tail regions are necessary to mediate the signal (20). The tyro-
sineresidues intheseregionsareautophosphorylated,andphos-
phorylated tyrosines serve as binding sites for signaling mole-
cules. In fact, we found that deleting either the juxtamembrane
or the C-terminal tail region of MERTK severely reduced its
growth-promoting activity. This was in sharp contrast to the
effect of these mutations on efferocytosis. In addition to the
signaling molecules required for efferocytosis, signals from
the NF-�B and STAT6 pathways were required for MERTK-
mediated cell growth, suggesting that the juxtamembrane
region and C-terminal tail regions are responsible for these sig-
naling pathways. It is also possible that signaling through the
MEK, AKT, FAK, and STAT6 pathways has different roles
in growth promotion and efferocytosis. Because MERTK is

strongly expressed in various tumor cells, inhibitors against
MERTK are considered to be anti-tumor agents (63–65). How-
ever, these inhibitors would also block MERTK-mediated effe-
rocytosis, which could lead to autoimmune disease (3, 66). Our
results indicating that MERTK-mediated cell growth requires
additional signaling pathways may be useful for developing
safer and more useful reagents for cancer therapy.

Experimental procedures

Mice, cell lines, recombinant proteins, antibodies, and
reagents

C57BL/6J mice were purchased from Japan SLC and CLEA
Japan. MerTK�/� mice were from The Jackson Laboratory. All
animal experiments were approved by the Animal Care and Use
Committee of the Research Institute for Microbial Diseases
(Osaka University, Osaka, Japan).

Mouse IL-3– dependent Ba/F3 cells were maintained in
RPMI 1640 medium containing 10% FBS and 45 units/ml IL-3
as described previously (67). TKO NIH3T3 cells were described
previously (16). TKO NIH3T3 cells and Plat-E cells (68) were
maintained in DMEM containing 10% FBS.

Recombinant leucine-zippered human Fas ligand (FASL)
was produced in COS7 cells and purified as described previ-
ously (69). In brief, COS7 cells were transfected with a FASL
expression plasmid by electroporation and cultured in DMEM
containing 1% FBS for 48 h. The supernatant was subjected
to (NH4)2SO4 precipitation at 60% saturation and dialyzed
against PBS. The hamster anti-TIM4 Ab (clone Kat5–18) was
described previously (12). Other antibodies and reagents were
as follows: biotinylated goat anti-mouse MERTK (R&D Sys-
tems); rabbit anti-ERK1/2 and anti-phospho-ERK1/2 (Thr-
202/Tyr-204), anti-p38 and anti-phospho-p38 (Thr-180/Tyr-
182), anti-AKT and anti-phospho-AKT (Ser-473), anti-FAK
and anti-phospho-FAK (Tyr-397), anti-I�B and phospho-I�B
(Ser-32), anti-STAT5 and anti-phospho-STAT5 (Tyr-694), and
anti-STAT6 and anti-phospho-STAT6 (Tyr-641) (Cell Signal-
ing Technology); HRP-conjugated mouse anti-phosphoty-
rosine (4G10, Merck Millipore); HRP-mouse anti-FLAG
(Sigma-Aldrich); and pHrodo Red succinimidyl ester (pHrodo,
Life Technologies). The following chemicals were used to
inhibit signaling pathways: PD98059 (MEK), PF-00562271
(FAK), caffeic acid phenethyl ester (NF-�B), and SH4 –54
(STAT5, Selleck Chemicals), LY294002 (PI3K, Cell Signaling
Technology); AS1517499 (STAT6, Sigma-Aldrich), and
CH5451098 (MERTK and AXL, Chugai Pharmaceutical Co.
Ltd.).

Transformation

Lentiviral expression vectors (CSII-EF, pCAG-HIVgp, pENV-
IRES-puro, and pRSV-Rev) were from H. Miyoshi (Riken Re-
source Center). Mouse MERTK cDNA (NM_008587.1) was
described previously (15). Deletion mutants of MERTK, �N
(�531–559), �C (�853–894), and �N�C (�531–559 and �853–
894), were constructed using In-Fusion HD Cloning Kits (Takara
Clontech). The kinase-dead K614M mutant (40) was prepared by
recombinant PCR (70). MERTK and its mutants were FLAG-
tagged at the C terminus and inserted into the CSII-EF vector.
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pMxs-puro-TIM4 and pNEF-BOS-EX-TIM4 were described pre-
viously (12, 15).

The Ba/F3 transformants expressing MERTK and TIM4 (15)
and TKO transformants expressing MERTK and TIM4 (16)
were described previously. MERTK mutants were expressed in
Ba/F3-TIM4 or TKO-TIM4 cells using a lentiviral vector sys-
tem. Briefly, HEK293T cells were co-transfected using FuGENE
6 (Promega) with the CSII-EF vector carrying cDNA for
MERTK or its mutants (pCAG-HIVgp, pENV-IRES-puro, and
pRSV-Rev). After culturing for 48 h, viruses in the supernatant
were used to infect TKO cells. For infection of Ba/F3 cells,
viruses in the supernatant were concentrated by centrifugation
at 6000 � g for 16 h at 4 °C and used for spin infection. Trans-
formants were stained with anti-MERTK and, when necessary,
sorted using a FACSAria II (BD Biosciences).

Efferocytosis assay

Efferocytosis was assayed as described previously (15, 16)
with rpMacs or TKO cells as phagocytes and with apoptotic
thymocytes as prey. In brief, thymocytes from 4-week-old mice
were treated at 37 °C for 1.5 h with 100 units/ml FASL and
washed with PBS. The cells were stained with 0.1 �g/ml
pHrodo for 30 min at room temperature and washed with
DMEM containing 10% FBS. For efferocytosis with rpMacs,
peritoneal cells were isolated from 8- to 10-week old mice and
seeded at 5 � 105 cells on a 12-well plate. After incubation for
2 h at 37 °C in DMEM containing 10% FBS, the cells were
washed with PBS to remove nonadherent cells and subjected to
the efferocytosis assay with 2.5 � 106 pHrodo-labeled apoptotic
thymocytes. To examine the effect of inhibitors, rpMacs were
preincubated with the inhibitor for 30 min, and then the effe-
rocytosis assay was performed at 37 °C for 60 min in the pres-
ence of the inhibitor. For the efferocytosis assay with TKO cells,
6 � 104 TKO cells were seeded in a 24-well plate and cultured
for 24 h at 37 °C. pHrodo-labeled apoptotic thymocytes (6 �
105) were added to TKO cells, and the mixture was incubated at
37 °C for 60 min in DMEM containing 10% FBS. After incuba-
tion, the TKO cells were washed with PBS, detached with tryp-
sin, stained with 0.5 �M SYTOX Blue (Life Technologies) in 20
mM 2-(cyclohexylamino)ethanesulfonic acid buffer (pH 9.0)
containing 150 mM NaCl and analyzed by flow cytometry with a
FACSCanto II (BD Biosciences).

Immunoprecipitation and Western blotting

TKO transformants (1 � 106 cells) in a 6-cm plate were incu-
bated at 37 °C for 6 h in DMEM containing 10% FBS and starved
overnight in serum-free DMEM. The cells were then incubated
with 1 � 107 apoptotic thymocytes in 2 ml of DMEM contain-
ing 1 �g/ml PROS for 10 min at 37 °C, washed with cold PBS,
and lysed in 1 ml of lysis buffer (25 mM Tris-HCl (pH 7.4), 150
mM NaCl, 1 mM EGTA, 1% Triton X-100, 5% glycerol, a mixture
of protease inhibitors (Complete Mini EDTA-free, Roche), and
a mixture of phosphatase inhibitors (PhosSTOP, Roche)). After
centrifugation at 15,000 rpm for 10 min at 4 °C, the superna-
tants were mixed with protein G Dynabeads (Life Technologies,
10 �l/sample) to which the goat anti-MERTK Ab had been
conjugated by incubation for 3 h at 4 °C in TBS-T (25 mM Tris-
HCl buffer (pH 7.5), 137 mM NaCl, 2.7 mM KCl, and 0.1% Tween

20). The mixture was rotated for 3 h at 4 °C, washed with lysis
buffer, suspended in 30 �l of sample buffer (63 mM Tris-HCl
(pH 6.8), 10% glycerol, 2% SDS, 0.1% bromphenol blue, and 2%
�-mercaptoethanol) and incubated at 95 °C for 5 min. After
removing the beads, the eluates were subjected to Western
blotting.

For Western blotting, the samples were separated by 7.5% or
10% SDS-PAGE and transferred to a PVDF membrane (Merck
Millipore). After incubation for 1 h at room temperature in
blocking buffer consisting of TBS-T and 5% skim milk or 5%
BSA (Probumin, Merck Millipore), the membranes were incu-
bated overnight at 4 °C with primary antibody in blocking
buffer. The membranes were then incubated for 1 h at room
temperature with the secondary antibody, and signals were
detected with Immobilon Western Chemiluminescent HRP
substrate (Merck Millipore).

Proliferation assay

Ba/F3 cells (5 � 106 cells) were incubated at 37 °C overnight
in 10 ml of RPMI 1640 medium containing 10% FBS and 45
units/ml mouse IL-3, washed with RPMI 1640 medium con-
taining 10% FBS, and cultured overnight in RPMI 1640 medium
containing 10% FBS. The cells were then cultured at 2.5 � 105

cells/ml in 24-well plates with 2.5 � 106 apoptotic thymocytes
in RPMI 1640 medium containing 10% FBS and counted with a
hemocytometer after staining with trypan blue. DNA synthesis
was assayed by incorporation of BrdU. In brief, Ba/F3 cells were
cultured for 72 h in the absence of IL-3, pulsed for 4 h with 10
�M BrdU (Sigma-Aldrich), and fixed at room temperature for
20 min with 1% paraformaldehyde. After permeabilization with
0.3% saponin, the cells were treated at 37 °C for 1 h with 300
�g/ml DNase I and stained with anti-BrdU (Abcam), followed
by incubation with Alexa Fluor 488 –anti-rat IgG (Molecular
Probes).

Statistical analysis

All data were expressed as the mean with S.D. Differences
between groups were examined for statistical significance using
Student’s t test.
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