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Stimulation of macrophages with phorbolesters, bacterial DNA, or lipopolysaccharides causes regulated
intramembrane proteolysis or RIPping of the CSF-1 receptor. This process involves TACE-mediated
cleavage in the extracellular domain, followed by c-secretase-mediated cleavage within the transmem-
brane region. In the current study, we have identified the TACE cleavage site, which is present twelve
residues from the carboxy-terminal end of the extracellular domain. Replacement of fourteen residues
at the end of the extracellular domain blocked TACE cleavage. In addition, we identified the c-secretase
cleavage site, which is present four residues from the carboxy-terminal end of the transmembrane region.
Replacement of six residues surrounding this site strongly reduced intramembrane cleavage. Our results
provide new insights into the molecular physiology of the CSF-1 receptor and contribute to our
understanding of substrate selection by TACE and c-secretase.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction small intracellular region, a single transmembrane region, and an
The CSF-1 receptor is a protein-tyrosine kinase that is expressed
in a wide variety of cell types, including hematopoietic stem cells,
monocytes, macrophages, smooth muscle cells, placental tropho-
blasts, and neurons [1–4]. Its function is best characterized in the
monocyte/macrophage lineage, where it regulates proliferation,
survival, differentiation, and activation [5]. The CSF-1 receptor is
activated by binding to CSF-1 or IL-34 [6,7]. Ligand binding results
in receptor dimerization, activation of the kinase domain,
autophosphorylation on multiple tyrosine residues, and recruitment
of cellular signaling proteins that bind to phosphotyrosine-
containing recognition sites [8].

More recently, we observed that the CSF-1 receptor is also subject
to regulated intramembrane proteolysis or RIPping [9]. RIPping often
involves cell surface proteins with a single transmembrane region
(Fig. 1). These proteins are first cleaved in the extracellular juxta-
membrane region, which results in ectodomain shedding and pro-
duction of a membrane-bound intracellular domain (mICD) [10].
Products of the first cleavage, integral membrane proteins with a
short extracellular domain, are recognized by a second protease that
cleaves within the transmembrane region, resulting in the release of
a soluble intracellular domain (sICD) into the interior of the cell [11].

The CSF-1 receptor is cleaved in the extracellular juxtamem-
brane region by TACE [12,13]. TACE is a metalloprotease with a
extracellular catalytic domain [14]. The membrane-bound cleavage
product is then recognized by c-secretase (Fig. 1), resulting in the
release of the sICD into the interior of the cell [9]. c-Secretase is an
aspartyl protease composed of four subunits: the catalytic subunit
presenilin, nicastrin, Aph-1, and Pen-2 [11]. c-Secretase is best
known for its role in the etiology of Alzheimer’s disease [11]. While
cleavage sites in sixteen of its substrates have been identified, it
remains unclear exactly how c-secretase recognizes these cleavage
sites [15]. CSF-1 receptor RIPping occurs in response to various
proinflammatory agents, including TPA, lipid A, lipoteichoic acid,
polyI:polyC, and bacterial DNA [16]. This suggests that proteolytic
processing of the CSF-1 receptor and release of its sICD into the
interior of the cell provides a node in the signal transduction
pathway that leads to macrophage activation.

2. Materials and methods

2.1. Reagents

Recombinant human CSF-1 was obtained from R&D Systems
(Minneapolis, MN). A polyclonal antiserum was raised against
the kinase insert domain of the murine CSF-1 receptor. 12-O-
tetradecanoylphorbol-13-acetate (TPA) was purchased from Sigma
(St. Louis, MO). The c-secretase inhibitor L-685,458, S-protein
agarose, and the anti-phosphotyrosine monoclonal antibody
4G10 were purchased from EMD Millipore (Billerica, MA). Protein
A-horseradish peroxidase (HRP) was purchased from Biorad
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Fig. 1. Regulated intramembrane proteolysis of the CSF-1 receptor. The CSF-1 receptor undergoes RIPping in response to TPA, LPS, bacterial DNA, and other macrophage
activators. RIPping is initiated by TACE-mediated cleavage in the extracellular juxtamembrane region, resulting in ectodomain shedding. The membrane associated
intracellular domain (mICD) is recognized by c-secretase, resulting in cleavage in the transmembrane region and release of the soluble intracellular domain (sICD) into the
cytoplasm. We have preliminary results suggesting that the sICD localizes in part to the nucleus, where it is likely to be involved in the regulation of gene expression. The sICD
has a short half-life and is degraded in the proteasome.
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(Hercules, CA). Goat anti-mouse-HRP was purchased from GE
Healthcare Biosciences (Piscataway, NJ). G418 was purchased from
Life technologies (Grand Island, NY).

2.2. Cell lines

Tagged and chimeric receptor mutants were generated by PCR-
mediated mutagenesis. PCR products were sequenced to ensure
fidelity and cloned into the full-length cDNA contained in pcDNA3.
pcDNA3 constructs were transfected into 293A cells by calcium
phosphate precipitation and stable cell lines were selected and
grown in DMEM, 10% FBS, and 400 lg/ml G418.

2.3. Whole cell lysates

Control cells or TPA-stimulated cells were rinsed twice with
cold Tris-buffered saline (TBS) and lysed in 50 mM Hepes pH 7.5,
150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl2,
1 mM EGTA, 100 mM NaF, 10 mM pyrophosphate, 500 lM sodium
orthovanadate, 1 mM PMSF, 10 lg/ml aprotinin, and 10 lg/ml leu-
peptin (PLC lysis buffer). Lysates were cleared by centrifugation for
10 min at 4 �C at 10,000 rpm in a microcentrifuge.
2.4. Cell fractionation

293A cells expressing wild type or chimeric receptors were
grown to confluence on 10 cm tissue culture dishes. Control cells
or cells stimulated with 100 ng/ml TPA were rinsed once with cold
TBS, once with cold 20 mM Tris/Cl pH 7.4, 1 mM MgCl2, 2 mM
EGTA, 0.1 mM sodium vanadate, 10 lg/ml aprotinin and 10 lg/ml
leupeptin (HLB) and incubated for 10 min at 4 �C in HLB (700 ll
per 10 cm dish) followed by Dounce homogenization. Lysates were
centrifuged for 45 min at 10,000 rpm in a microfuge at 4 �C to
separate the membrane-bound and soluble fractions. Soluble frac-
tions were mixed with 1 volume 2 � PLC lysis buffer. Membrane
fractions were solubilized in 1.4 ml PLC lysis buffer and cleared
by centrifugation for 10 min at 4 �C in a microcentrifuge.
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2.5. S-protein affinity chromatography

293A cells stably expressing carboxy-terminally tagged CSF-1
receptors were grown to confluence on 15 cm issue culture dishes.
For purification of the TACE cleavage product cells were pretreated
for 1 h with 5 lM c-secretase inhibitor L-685,458 and stimulated
for 20 min with 100 ng/ml TPA. Cells were lysed by hypotonic lysis,
the membrane fraction was isolated by centrifugation for 45 min at
10,000 rpm in a microcentrifuge at 4 �C, and the membranes were
dissolved PLC lysis buffer. This fraction was cleared by centrifuga-
tion for 10 min at 10,000 rpm in a microcentrifuge at 4 �C and the
membrane extract was incubated for 1 h on a rotator at 4 �C with
S-protein agarose (20 ll bed volume per dish of cells). The agarose
beads were washed 4 times with PLC lysis buffer, boiled in SDS-
sample buffer, and loaded on a 10% polyacrylamide gel. For purifi-
cation of the c-secretase cleavage products, cells were stimulated
with TPA in the presence of 3 mM hydrogen peroxide, the cells
rinsed twice with TBS, lysed in PLC lysis buffer, and lysates were
cleared by centrifugation at 10,000 rpm in a microfuge at 4 �C.
Cleared lysates were incubated with S-protein agarose and washed
as described above.

2.6. Edman degradation

Determination of the amino-terminal sequence of the TACE and
c-secretase cleavage products was carried out on PVDF
membranes containing the cleavage products using an Applied
Biosystems PROCISE 494HT Protein Sequenator at the UCSD
Protein Sequencing Facility (La Jolla, CA).

2.7. Immunoblotting

Samples were resolved by SDS–PAGE and transferred to PVDF
membranes by semi-dry transfer at 50 mA per gel for 50 min at
room temperature. Membranes were blocked for 45 min at room
temperature in 10 mM Tris/Cl pH 7.4, 150 mM NaCl, 0.2% Tween
20 (TBST) containing 5% milk and then incubated for 45 min at
room temperature with a 1:200 dilution of the polyclonal anti-
CSF-1 receptor serum raised against the kinase insert region. Blots
were washed twice for 10 min in TBST and twice for 5 min in TBS.
Membranes were then incubated for 30 min at room temperature
with Protein A-HRP diluted 1:10,000 in TBST and washed as
described above. For anti-P.Tyr blots the membranes were blocked
in TBST containing 5% BSA for 45 min at room temperature and
then incubated for 45 min at room temperature with the monoclo-
nal antibody 4G10 diluted in TBST 5% BSA and washed as described
above. Membranes were then incubated for 30 min at room tem-
perature with goat anti-mouse-HRP and washed as described
above. Reactive proteins were visualized by ECL.
Fig. 2. Identification of TACE and c-secretase cleavage sites in the CSF-1 receptor.
(A) A CSF-1 receptor linked at its carboxy-terminus to a His-tag, followed by an S-
tag and a KT3-tag was stably expressed in 293A cells. The transmembrane region is
shown in blue, the carboxy-terminal tags are shown in various shades of gray. (B)
To identify the c-secretase cleavage products, cells expressing tagged CSF-1
receptors were stimulated with TPA in the presence of hydrogen peroxide.
Unstimulated cells were analyzed in parallel as a control. Cell lysates were
incubated with S-protein agarose, bound proteins were resolved by SDS–PAGE and
visualized by anti-CSF-1 receptor immunoblotting or GelCode Blue staining.
Similarly, TACE cleavage products were isolated from the membrane fraction of
TPA-stimulated cells pretreated with the c-secretase inhibitor L-685,458 (not
shown). (C) Cleavage sites were identified by amino-terminal sequencing of the
cleavage products. The cleavage sites are marked on a part of the receptor’s amino
acid sequence running from phenylalanine 496 to glutamine 545, numbering
according to Rothwell and Rohrschneider [28]. Residues comprising the transmem-
brane region are shown in blue. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
3. Results

We have shown previously that the CSF-1 receptor undergoes
regulated intramembrane proteolysis. During this process the
receptor is cleaved in the extracellular juxtamembrane region fol-
lowed by cleavage in or close to the transmembrane region (Fig. 1).
Exact localization of cleavage sites requires isolation of the cleav-
age products, followed by amino-terminal sequencing. For routine
analysis of processing, the CSF-1 receptor or its cleavage products
are isolated by immunoprecipitation followed by SDS–PAGE.
Unfortunately, the cleavage products to be analyzed co-migrate
with the immunoglobulin heavy chain during electrophoresis.
The presence of antibodies interferes with sequence analysis. To
circumvent the use of antibodies during isolation, we engineered
a CSF-1 receptor containing a His-tag, followed by the S-peptide,
and a KT3 epitope at its carboxy-terminus (Fig. 2A). Tagged recep-
tors were stably expressed in 293A cells. Cells were stimulated to
initiate receptor processing and cleavage products were purified
using batch-wise S-protein affinity chromatography [17]. Bound
proteins were resolved by SDS–PAGE, transferred to PVDF mem-
branes, and detected by immunoblotting or GelCode Blue staining
(Fig. 2B).

The TPA-inducible TACE cleavage site was identified from 293A
cells stably expressing the tagged CSF-1 receptor pretreated with
the c-secretase inhibitor, L-685,458, for 1 h, followed by stimula-
tion with TPA for 20 min. The c-secretase inhibitor was included
to prevent the second cleavage and to optimize recovery of the
TACE cleavage product. Cells were lysed by hypotonic lysis fol-
lowed by Dounce homogenization. Cleavage products present in
the particulate fraction were purified. Edman degradation yielded
the following amino-terminal sequence, SKQLPDES, indicating that
the CSF-1 receptor is cleaved by TACE between Gln503 and Ser504,
12 amino acid residues amino-terminal to the start of the
transmembrane region (Fig. 2C). The c-secretase cleavage site
was identified from cells that were induced for 20 min with TPA
and H2O2. H2O2 was included because it inhibits degradation of
the soluble intracellular domain. Cleavage products purified from
control and stimulated cells were visualized by immunoblotting
and GelCode Blue staining (Fig. 2B). Amino-terminal sequencing
yielded a major and a minor sequence, LLLYKYKQKP and YKYKQKP
respectively. This shows that the CSF-1 receptor contains a major
c-secretase cleavage site between Leu532 and Leu533 and a minor
c-secretase cleavage site between Leu535 and Tyr536 (Fig. 2C). Con-
stitutive and CSF-1-induced processing yielded identical cleavage
sites (results not shown).

To confirm the identification of the TACE cleavage site, two
chimera were constructed, in which the 14 amino acid residues
immediately amino-terminal to the transmembrane region were
replaced with homologous sequences derived from the insulin
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receptor and a PDGF receptor (Fig. 3A). Wild type and chimeric
receptors were stably expressed in 293A cells. To ensure that the
chimera were functional and present on the cell surface, cells were
stimulated with CSF-1 and cell lysates were analyzed by anti-P.Tyr
and anti-CSF-1 receptor immunoblotting (Fig. 3B). The results
show that both chimeric receptors can be activated by exposure
of cells to CSF-1 (Fig. 3B). To test whether the chimera were able
to undergo RIPping, the cells were stimulated with TPA for 20
and 60 min and cell lysates were analyzed for the presence of
full-length receptors and cleavage products by anti-CSF-1 receptor
immunoblotting (Fig. 3C). As expected, stimulation with TPA
resulted in the disappearance of wild type receptors and the tran-
sient appearance of the 50 kDa ICD (Fig. 3C, lanes 1–3). In contrast,
receptors containing the insulin receptor extracellular juxtamem-
brane region were unable to undergo cleavage; neither the disap-
pearance of mature receptors nor the appearance of the ICD were
observed following stimulation with TPA (Fig. 3C, lanes 4–6).
Unexpectedly, receptors containing the a PDGF receptor extracel-
lular juxtamembrane region were efficiently processed in response
to TPA (Fig. 3C, lanes 7–9). These results confirm the identification
of the TACE cleavage site and show that TACE-mediated cleavage of
the CSF-1 receptor is dependent on sequences immediately amino-
terminal to the transmembrane region.

To confirm the identification of the c-secretase cleavage site in
the transmembrane region, two chimera were analyzed for their
ability to undergo intramembrane cleavage. In the first chimera
the CSF-1 receptor transmembrane region was replaced with the
transmembrane region of the insulin receptor (Fig. 4A, CSF-1R/
IRtm). In the second chimera the carboxy-terminal six residues of
the transmembrane region were replaced with those present in
the insulin receptor (Fig. 4A, CSF-1RSIYLFL). To monitor stability of
the ICD, 293A cells expressing wild type receptors or chimera were
stimulated with TPA for 20 or 90 min and cell lysates were ana-
lyzed by anti-CSF-1 receptor immunoblotting. In cells expressing
wild type receptors, low levels of the ICD were present in unstim-
ulated cells. The ICD levels went up following stimulation with
Fig. 3. The extracellular juxtamembrane region determines the sensitivity to TACE cleava
In these chimera, 14 residues immediately amino-terminal to the transmembrane region
PDGF receptor. The transmembrane region is shown in blue, sequences from the insulin
were stably expressed in 293A cells. Lysates from control and CSF-1-stimulated cells we
control and TPA-stimulated cells expressing wild type and chimeric receptors were analy
color in this figure legend, the reader is referred to the web version of this article.)
TPA, and returned to control levels by 90 min (Fig. 4B, lanes 1–3
and 10–12). When cells expressing the wild type receptor were
stimulated with TPA in the presence of the c-secretase inhibitor
L-685,458, we observed stabilization of the ICD (Fig. 4B, lanes 4–
6). Replacing the complete transmembrane region or the car-
boxy-terminal six residues of the transmembrane region with
homologous sequences from the insulin receptor resulted in stabil-
ization of the ICD, suggesting that these chimera are not subject to
cleavage by c-secretase (Fig. 4B, lanes 7–9 and 13–15). The ICD has
to be released from the plasma membrane before it can be
degraded by the proteasome. To investigate this further, 293A cells
expressing wild type or chimeric receptors were stimulated with
TPA for 20 or 90 min, lysed by hypotonic lysis followed by separa-
tion into a membrane-bound and a soluble fraction. Processing of
wild type receptors resulted in the transient appearance of a mem-
brane-bound ICD (Fig. 4C, lanes 1–3 and 13–15). Membrane-bound
levels went down as the ICD was released into the soluble fraction,
followed by its degradation (Fig. 4C, lanes 7–9 and 19–21).
Replacement of the complete transmembrane region or the car-
boxy-terminal six amino acids of the transmembrane region by
those of the insulin receptor did not affect the appearance of the
ICD in the membrane-bound fraction (Fig. 4C, lanes 4–6 and 16–
18). However, the ICD disappeared very slowly from the
membrane-bound fraction and could not be detected in the soluble
fraction (Fig. 4C, lanes 10–12 and 22–24). These results confirm the
identification of the c-secretase cleavage site and strongly suggest
that cleavage is dependent of sequences surrounding the cleavage
site.

4. Discussion

RIPping of the CSF-1 receptor is initiated through TACE-
mediated cleavage in the extracellular juxtamembrane region
[12,13]. In the current study we have determined that TACE cleaves
the receptor between Gln503 and Ser504. TACE was originally puri-
fied as the enzyme that releases tumor necrosis factor-a (TNFa)
ge. (A) Schematic representation of CSF-1 receptor chimera and relevant sequences.
of the CSF-1 receptor were replaced by those present in the insulin receptor or the a
and a PDGF receptors are shown in magenta. (B) Wild type and chimeric receptors

re analyzed by anti-CSF-1 receptor and anti-P.Tyr immunoblotting. (C) Lysates from
zed by anti-CSF-1 receptor immunoblotting. (For interpretation of the references to



Fig. 4. The transmembrane sequence of the CSF-1 receptor determines its sensitivity to c-secretase cleavage. (A) Schematic representation and relevant sequences of chimera
in which amino acid sequences in the transmembrane region of the CSF-1 receptor were replaced with sequences derived from the insulin receptor. CSF-1 receptor
transmembrane sequences are shown in blue, sequences derived from the insulin receptor are shown in magenta. (B) Lysates from control and TPA-stimulated cells
expressing wild type or transmembrane chimera were analyzed for the presence of the ICD by anti-CSF-1 receptor immunoblotting. Cells expressing wild type receptors
pretreated with the c-secretase inhibitor L-685,458 were included as a control. (C) Control or TPA-stimulated cells expressing wild type receptors or transmembrane chimera
were lysed by hypotonic lysis and separated into membrane-bound and soluble fractions. Both fractions were analyzed for the presence of the full-length receptor and the
ICD by anti-CSF-1 receptor immunoblotting. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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from its membrane bound precursor [18]. In vitro cleavage studies
using peptide substrates suggest that TACE prefers to cleave the
Ala-Val site that is present in the TNFa precursor [19,20]. However,
identification of additional TACE substrates suggests that TACE has
a broader substrate specificity in vivo [21,22]. The presence of
cleavage sites in amphiregulin and epiregulin, where TACE cleaves
carboxy-terminal to Gln, and in L-selectin and the TNF receptor,
where TACE cleaves amino-terminal to Ser, is consistent with our
identification of a Gln-Ser cleavage site in the CSF-1 receptor
[23–25].

A chimeric receptor in which 14 amino acids amino-terminal to
the transmembrane region have been replaced with those present
in the insulin receptor did not undergo cleavage, suggesting that
the sequences in this region are important for the interaction with
TACE. Interestingly, a chimeric receptor in which the same 14 res-
idues were replaced with those present in the a PDGF receptor did
undergo cleavage. This suggests the possibility that the a PDGF
receptor, which is closely related to the CSF-1 receptor and to c-
Kit, the stem cell receptor, could act as a substrate for TACE as well
[26]. Finally, the wild type receptor and both chimera contain an
Ala-Val site 18 amino acids amino-terminal to the transmembrane
region (Fig. 3A). Our results indicate that this site is not being used,
suggesting an important role for sequences adjacent to the cleav-
age site during the interaction with TACE. In addition, the distance
between the cleavage site and the membrane may be important.

We have previously shown that release of the CSF-1 receptor
ICD from the membrane can be inhibited using c-secretase inhib-
itors [9]. Here we have identified a major and a minor c-secretase
cleavage site, between L532 and L533 and between Leu535 and Tyr536,
respectively. It is possible that c-secretase cleaves once either
carboxy-terminal to Leu532 or carboxy-terminal to Leu535. Alterna-
tively, c-secretase could act processively, first cleaving carboxy-
terminal to Leu532 and subsequently carboxy-terminal to Leu535.
Our observations are consistent with other studies reporting
multiple cleavage sites in c-secretase substrates [15].

Exactly how c-secretase recognizes its substrates remains unre-
solved. Because of the heterogeneity of cleavage sites, some have
proposed that cleavage is independent of the sequence and that
substrates are recognized as type I integral membrane protein with
a very short (average length of the extracellular domain is 15
amino acids) extracellular region. This idea is supported by the
observation that nicastrin is involved in substrate selection by
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binding to the amino-terminal amino group of substrate proteins
[27]. Our results show that replacement of complete transmem-
brane region or six amino acids surrounding the cleavage site with
those of the insulin receptor blocks efficient cleavage of the CSF-1
receptor by c-secretase in cells. Thus, substrate recognition by c-
secretase involves the length of the extracellular region as well
as the sequence of the transmembrane domain.

In summary, we have identified the TACE and c-secretase cleav-
age sites in the CSF-1 receptor and we have created mutants that
are resistant to cleavage. These observations contribute to our
understanding of substrate selection by both TACE and c-secretase
and the mutants created here will be used to further investigate
the biological function of CSF-1 receptor RIPping.
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