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Abstract
The Casitas B-lineage lymphoma (Cbl) family proteins are E3 ubiquitin ligases implicated in the
regulation of various immune cells. However, their function in macrophages remains unclear. We show
that macrophage-specific deficiency of Cbl-b and c-Cbl (Cbls) causes mice to die prematurely from
spontaneous macrophage massive invasive lung inflammation. Mechanically, we identify that Cbls
functions upstream of AKT and Erk to mediate the ubiquitination and degradation of M-CSFR. upon M-
CSF stimulation, M-CSF binds to M-CSFR to activates downstream PI3K-AKT and Erk signaling pathways.
At the same time, autophosphorylation of tyrosine at position 559 on M-CSFR receptor can promote
receptor recruitment and phosphorylation of Cbls, and phosphorylated activated Cbls can target lysine at
position 791 of M-CSFR for K63 linked-polyubiquitination modification. Eventually, the receptor is
internalized and degraded through the lysosomal pathway, preventing the signaling pathway from being
over-activated. Thus, Cbls deficiency in macrophages promotes M-CSF-induced activation of M-CSFR,
AKT and Erk, which causes the accumulation of systemic macrophages due to increased cell
proliferation and decreased apoptosis. Together, these data demonstrate that Cbl-b and c-Cbl play
critical roles in the regulation of macrophage homeostasis by inhibiting M-CSFR-mediated AKT and Erk
activation.

Introdution
Macrophages are an important part of the immune system, playing key roles in the primary response to
pathogens and in coordinating adaptive immune responses, inflammation resolution, tissue
homeostasis and repair [1]. In addition, the total number of macrophages has also been shown to be

critical for the regulation of the immune system [2–7]. Thus, to ensure the proper function of immune
system, the homeostasis, maturation, and total number of macrophages must be tightly regulated.
Currently, there remain large gaps in our understanding of the mechanisms underlying the regulation of
these processes in macrophages.

Macrophage colony-stimulating factor (M-CSF, also known as CSF-1) is essential for proliferation,
survival, and differentiation of macrophages and their precursors [8–10]. M-CSFop/op mice develop
osteoporosis due to lack of osteoclasts and defects in tissue macrophages and blood monocytes[11]. M-
CSF binds to the M-CSF receptor (M-CSFR, also known as CSF-1R or CD115) and activates multiple
downstream signaling events [10, 12, 13]. Specifically, the PI3K-AKT and Erk signaling pathways are critical
for proliferation and survival of macrophages and their precursors [14–16].

Casitas B-Lymphoma (Cbl) is a family of E3 ubiquitin ligases containing ring finger. In mammals, the Cbl
protein family contains of three members: Cbl-b, c-Cbl, and Cbl-3 [17–20], which play key negative

regulatory roles in various signaling pathways [21–25]. Systemic double knockout of Cbls resulted in early
fetal death in mice, while Cbl-b single knockout and c-Cbl single knockout did not affect birth and
lifespan in mice, suggesting that Cbl-b and c-Cbl have important redundant functions in some biological
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processes. Cbls plays important roles in the prevention of T-cell and B-cell-mediated autoimmune
diseases [26, 27]. They regulate T and B cell development, tolerance, and function by regulating signals
transmitted by T and B cell antigen receptors and coreceptors [22, 24]. In addition, studies have also found
that mice specifically knocked out by DC cells of Cbl-b and c-Cbl developed severe spontaneous
cirrhosis and liver fibrosis [28, 29]. The role of Cbls in macrophage biology, as compared to T, B and DC
cells, and how members of the Cbl family cooperate in macrophages is currently unclear.

Here we found mice with deficiency in Cbl-b and c-Cbl in macrophages spontaneously developed severe
lung inflammation disease with extensive macrophage infiltration. Moreover, we found that cellular
proliferation of double knockout (dKO) macrophages were increased while cell apoptosis was
decreased. Mechanistically, we report that both Cbl-b and c-Cbl are regulators of macrophage
proliferation, apoptosis and M-CSF signaling by ubiquitinating and degradating M-CSFR, thereby
inhibiting AKT and Erk activation. Studies have demonstrated that binding of M-CSF to CSF-1R activates
PI3K and Erk signaling to promote macrophage proliferation and survival [14, 15, 30, 31]. We found that
deficiency of Cbl-b and c-Cbl significantly upregulates M-CSFR protein levels, resulting in prolonged
activation of AKT and Erk. Taken together, our data suggest that Cbl-b and c-Cbl exhibit functional
redundancy in macrophage homeostasis and maturation.

Results

Cbl-b and c-Cbl-deficient mice develop severe lung disease
To investigate whether and how Cbl-b and c-Cbl cooperate in macrophages, we crossed Cbl-b−/− mice
with Lyz2-Cre+ c-Cblflox/flox mice to finally obtain four groups of mice: Lyz2-Cre− c-Cblflox/flox Cbl-b+/+ (WT,
thereafter), Lyz2-Cre− c-Cblflox/flox Cbl-b−/− (Cbl-b KO, thereafter), Lyz2-Cre+ c-Cblflox/flox Cbl-b+/+ (c-Cbl
cKO, thereafter) and Lyz2-Cre+ c-Cblflox/flox Cbl-b−/− (dKO, thereafter) mice (Fig. 1A). Deletion of c-Cbl
mediated by Lyz2-Cre occurs predominantly in myeloid cells (including macrophages), and deletion of
Cbl-b and c-Cbl in BMDMs was confirmed at protein level by Western blot (Fig. 1B). Figure 1A and Fig. 1B
together confirmed the successful generation of Cbl-b KO, c-Cbl cKO and dKO mice.

During our study of Cbl-b KO, c-Cbl cKO, and dKO mice, we noticed that dKO mice died prematurely. DKO
mice were born at normal Mendelian frequency (Supplementary Fig. 1A); however, within 2 weeks they
became obviously sick, growth retarded, and most died within 2 months, with a maximum survival of no
more than 3 months (Fig. 1C-E). By contrast, Cbl-b KO and c-Cbl cKO mice remained relatively healthy
after birth. To explore the reason for the premature death of dKO mice, organs including hearts, livers,
spleens, lungs and kidneys were dissected and examined. On morphologic examination, we observed
that the lungs of dKO mice were significantly enlarged in appearance compared with other three groups
of mice (Fig. 1F). Next, we found that the lungs of dKO pups at about 2 weeks of age already
spontaneously developed serious lesions. Histologic analysis revealed that the number of alveoli in the
lungs of dKO pups significantly decreased, the cells around the alveolar wall significantly increased, and
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the alveolar wall significantly thickened (Fig. 1G). With the gradual development and maturity of dKO
mice, the degree of lung lesions increased. At 6–8 weeks, the lung structure of dKO mice had been
seriously damaged, and the existence of alveoli was almost invisible, and there were a large number of
cells in the entire field of vision (Fig. 1G). And we observed no major abnormalities in hematoxylin and
eosin (H&E) stained sections of dKO mice hearts, spleens, kidneys and livers (Supplementary Fig. 1B).
Given the early and rapid development of lung lesions in dKO mice, this could be the main cause of
premature deaths in dKO mice.

DKO macrophages accumulate in large numbers in lung, liver and
spleen
Since only dKO mice developed severe lung disease, we speculated that some aspects of dKO
macrophages might be altered relative to other three groups of macrophages, which enabled dKO
macrophages to drive lung impaired directly or indirectly. To verify this, we analyzed macrophage
compartments in lung. Compared with WT mice, total cell numbers in bronchoalveolar lavages fluid
(BALF) were increased by 20-30-fold in dKO mice (data not shown). And we found the percentage and
absolute number of alveolar macrophages (AMs) were significantly elevated in dKO BALF (Fig. 2A-C).

Lyz2-Cre transgenic mice are myeloid cell specific knockout tool mice, which are currently widely used
for specific knockout of target genes in macrophages [32–34]. However, Lyz2-Cre is not a macrophage-
specific marker. In addition to macrophages, Lyz2-Cre promoter is also active in several other myeloid
cells, such as Monocytes, Neutrophils, and Dendritic cells (DCs), etc. The Western blot analysis results
also showed that the double deletion of Cbl-b and c-Cbl occurred not only in macrophages, but also in
other myeloid cells, while the deletion of Cbl-b only occurred in T and B Cells, and the expression of c-Cbl
was normal (Fig. 2D).

Lung is known to contain various myeloid lineage cells such as AMs, interstitial macrophages (IMs),
neutrophils, eosinophils, CD11b+ DCs, CD103+ DCs and monocytes. Therefore, it is also necessary to
determine whether the proportion and absolute number of other myeloid immune cells in the lungs of
dKO mice are affected by the double knockout of Cbl-b and c-Cbl. The results showed that the proportion
and absolute number of AMs and IMs in the lungs of dKO mice increased significantly (Fig. 2E-J), while
the proportion of CD11b+ cDCs, CD103+ cDCs and monocytes decreased significantly but the absolute
number did not change significantly (Supplementary Fig. 2A-H). In addition, the proportion and absolute
number of neutrophils and eosinophils in the lungs were significantly reduced (Supplementary Fig. 3A-F).
In addition, Lyz2-Cre can also label type Ⅱ alveolar (AT2) cells [35], so we examined the proportion of AT2
cells and immune cells in the lungs of WT and dKO mice. The results showed that CD45+ immune cells
were mainly increased in the lungs of dKO mice, but not AT2 cells (Supplementary Fig. 4), and AMs were
mainly increased in these immune cells. Together, these results indicated that macrophages subsets
accumulate in the lungs of dKO mice and promote lung enlargement in dKO mice.
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Inspection of other organs including spleen (Supplementary Fig. 5A-C) and liver (Supplementary Fig. 5D-
F) revealed the same dominant accumulation of macrophages, indicating Cbl-b and c-Cbl affected the
homeostasis of systemic macrophages.

Hyper-proliferation and impaired apoptosis of dKO macrophages
contribute to the accumulation of macrophages in mice
The increased number of macrophages might be due to more efficient proliferation and/or less cell
death. To investigate the reasons for dKO macrophages accumulation, we first analyzed cell proliferation
and apoptosis. As expected, proliferating alveolar macrophages in the lungs of dKO mice was
significantly increased and apoptotic AMs in the lungs of dKO mice was much decreased compared with
other three groups of mice (Fig. 3A-C). Thus, these data indicated that deficiencies of Cbl-b and c-Cbl
could promote macrophages proliferation and inhibit macrophages apoptosis, which could contribute to
cell accumulation.

The proliferation and differentiation of macrophages depend on the interaction of their specific growth
factors with receptors, namely M-CSF and its specific receptor M-CSFR. This interaction triggers cascade
signalling pathways that promote differentiation, proliferation, survival, and normal function of
macrophages [36–38]. The absence of ligands or receptors either impures the proliferation of
macrophage populations or affects their differentiation [39–44]. To investigate whether the M-CSF/M-
CSFR signaling pathway is involved in the proliferation and apoptosis of macrophages in dKO mice, we
analyzed the proliferation and apoptosis of macrophages in M-CSF-dependent bone marrow (BM) cell
culture system. First, we examined the proliferation capacity of BM cells with double knockout of Cbl-b
and c-Cbl in M-CSF culture. In experiments, M-CSF is commonly used to induce macrophages from BM
precursor cells. When cultured BM cells from four groups of mice with M-CSF, we found that the dKO BM
cells produced more, larger, and denser macrophage clones under M-CSF stimulation compared to the
control groups (Fig. 3D), and the total number of macrophages obtained by differentiation of dKO BM
cells with M-CSF also increased significantly (Fig. 3E). Consistent with in vivo results, the proportion of
BrdU+ proliferating cells in dKO BMDMs was significantly increased compared to the control groups
(Fig. 3F, G), confirming the hyperproliferative response to M-CSF of Cbl-b and c-Cbl-deficient cells. To
verify the role of Cbl-b and c-Cbl in cell cycle progression, we measured the expression levels of mRNA
transcripts encoding cell cycle-regulatory proteins in WT and dKO BMDMs cultured with M-CSF for 3 and
7 days. dKO BMDMs expressed more c-Myc, Cyclin D1and Cyclin D2 mRNA at day 3 and 7 compared
with WT BMDMs (Fig. 3H). These data suggest that the absence of Cbl-b and c-Cbl promotes M-CSF-
induced macrophage proliferation.

We also evaluated whether the effects of deficiencies of Cbl-b and c-Cbl on macrophage apoptosis were
dependent on the presence of M-CSF. WT, Cbl-b KO, c-Cbl cKO and dKO BMDMs were cultured in the
presence of M-CSF for 5 days, and then switched to M-CSF-free medium for 2 more days. After M-CSF
deprivation, there was no significant change in apoptosis percentage of dKO BMDMs compared with the
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control groups, nevertheless dKO BMDMs displayed a decreased percentage of apoptosis in the
presence of M-CSF (Fig. 3I-L). These data suggest that the absence of Cbl-b and c-Cbl contributes to M-
CSF-induced macrophage survival. Collectively, our findings demonstrate that Cbls negatively regulate
M-CSF-induced macrophage proliferation and promoted macrophage apoptosis.

Meanwhile, we also analyzed cell development. We found that the percentages and absolute numbers of
macrophage precursors/progenitors, including common myeloid progenitor (CMP) and granulocyte-
macrophage progenitor (GMP), did not change among four groups of mice (Supplementary Fig. 6A-E),
indicating that deficiencies of Cbl-b and c-Cbl did not affect macrophage development.

Both dKO AMs and BMDMs contribute to lung disease and injury
To explore whether dKO AMs could directly drive lung disease and injury, we conducted an adaptive
transfer of BALF AMs purified from WT or dKO mice into WT recipient mice, respectively. Histologic
analysis revealed that structural damage to the lungs of WT mice during adoptive transfer of AMs from
dKO mice (Fig. 4A-B). These data suggested that dKO AMs could directly contribute to lung disease and
injury.

In order to further explore whether dKO BMDMs could play a similar role to dKO AMs in lung injury, we
conducted an adaptive transfer of BMDMs induced from bone marrow cells in WT or dKO mice into WT
receptor mice, respectively. Histological analysis revealed that structural damage to the lungs of WT
mice during adoptive transfer of BMDMs from dKO mice (Fig. 4C-D). These data suggested that, like dKO
AMs, dKO BMDMs could also directly contribute to lung disease and injury.

dKO BMDMs exhibit prolonged AKT and Erk activation upon M-CSF
stimulation
The excessive proliferation and improved survival of M-CSF-induced dKO macrophages suggests that
Cbls are involved in the regulation of M-CSF signalling. Studies have shown that binding of M-CSF to M-
CSFR activates PI3K-AKT and Erk signalling to promote macrophage proliferation and survival. We
therefore examined whether deficiencies of Cbl-b and c-Cbl enhanced PI3K-AKT and Erk signalling. Since
we could not obtain enough pulmonary macrophages for a biochemical study, we used BM cell derived
macrophages in our experiments. We attempted to stimulate WT, Cbl-b KO, c-Cbl cKO and dKO BMDMs
with M-CSF at different time points and analysed the activation of these signalling pathways by Western
blot. The results showed that activated p-AKT was barely detectable in unstimulated WT, Cbl-b KO and c-
Cbl cKO BMDMs, whereas M-CSF stimulation significantly increased AKT activity for a short period of
time, but rapidly decreased AKT activity to the lowest level with prolonged stimulation (Fig. 5A-C).
However, during M-CSF stimulation, AKT in dKO BMDMs remained in a state of continuous
phosphorylation (Fig. 5A-C). After 30 minutes of stimulation with M-CSF, p-AKT decreased to a very low
level in WT, Cbl-b KO, c-Cbl cKO and dKO BMDMs, but after 6 hours of stimulation with M-CSF, a high
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expression level of p-AKT could still be detected in dKO BMDMs (Fig. 5A-C). In contrast, Erk activation
did not seem to be significantly affected by Cbls deficiency (Fig. 5A-C). However, we found that after 30
minutes of stimulation with M-CSF, the expression level of p-Erk was relatively higher in dKO BMDMs
than in the control group (Fig. 5A-C). We suspected that the change in Erk activity might occur in the
early period, so we controlled the stimulation time of M-CSF within 30 minutes, and then analysed the
activation of Erk by Western blot. The results showed that although p-Erk in WT, Cbl-b KO, c-Cbl cKO and
dKO BMDMs had decreased to a lower level within 20–30 minutes of stimulation with M-CSF, the
expression level of p-Erk in dKO BMDMs was still higher than that of the control group (Fig. 5D-F). These
results indicated that the double knockout of Cbl-b and c-Cbl significantly prolonged the activation of
AKT and Erk stimulated by M-CSF. Taken together, these findings suggest that Cbl-b and c-Cbl may be
involved in macrophage proliferation by regulating the M-CSF/M-CSFR signalling pathway.

In order to further explore the molecular mechanism of Cbls involved in macrophage apoptosis by
regulating M-CSF/M-CSFR signalling pathway. We detected the expression levels of apoptosis-related
proteins in WT and dKO BMDMs induced with M-CSF by Western blot. It is well known that the Caspase
family plays a crucial role in the process of apoptosis, and Cleaved Caspase-3 and Cleaved Caspase-7
are the key executive molecules [45, 46]. The above flow detection results showed that in the presence of
M-CSF, the proportion of apoptotic cells in dKO BMDMs was significantly reduced compared with WT
BMDMs (Fig. 3K, L). We further confirmed this result by using Western blot to measure the cleavage of
effector caspases downstream of apoptosis pathway, including caspase-3 and caspase-7. Consistently,
the cleavage of caspase-3, caspase-7 and caspase-9 were much lower in dKO BMDMs, with no change
for intact forms (Supplementary Fig. 7). In addition, the protein expression levels of pro-apoptotic
molecule Bim in dKO BMDMs were significantly decreased, while the protein expression levels of the
anti-apoptotic molecule Bcl-xL were significantly increased (Supplementary Fig. 7). Taken together, these
findings suggest that Cbl-b and c-Cbl may be involved in macrophage apoptosis by regulating the M-
CSF/M-CSFR signalling pathway.

Cbl-b and c-Cbl collaboratively inhibit M-CSF-dependent cell proliferation and promote cell apoptosis by
down-regulating M-CSFR protein levels

Since the function of M-CSF is mediated by its specific receptor M-CSFR, we hypothesized that Cbl-b and
c-Cbl may play a role in regulating M-CSF/M-CSFR signaling by influencing M-CSFR expression. To
further confirm the regulatory relationship between Cbls and M-CSF/M-CSFR signalling pathway. We
examined M-CSFR expression on the surface of AMs from WT, Cbl-b KO, c-Cbl cKO and dKO mice. Flow
cytometric analysis revealed that M-CSFR expression was significantly higher on dKO AMs compared to
that on WT, Cbl-b KO and c-Cbl cKO AMs (Fig. 6A). However, qPCR results showed that the double
knockout of Cbl-b and c-Cbl did not affect the expression of M-CSFR mRNA (Fig. 6B). Consistent with the
results in vivo, we found that M-CSFR protein levels were significantly increased in dKO BMDMs
compared with those in other three counterparts (Fig. 6C), indicating Cbl-b and c-Cbl collaborated to
down-regulated M-CSFR protein levels.



Page 9/41

To verify the positive role of M-CSFR on macrophage proliferation in dKO mice, specific inhibitor BLZ945
for M-CSFR was added into the culture system used for induction of BMDMs, and then cell proliferation
was assessed by flow cytometry. Results showed the addition of BLZ945 significantly inhibited the
formation of macrophage clones in dKO mice (Fig. 6D) and significantly decreased the percentage of
proliferating dKO BMDMs (Fig. 6E, F). Next, M-CSF was used to stimulate dKO BMDMs at different time
points and BLZ945 was combined to treat the cells. Finally, Western blot was used to analyze the
activation of M-CSF/M-CSFR downstream signaling pathway. The results showed that the levels of p-
AKT and p-Erk in dKO BMDMs were significantly increased after M-CSF stimulation, whereas the
phosphorylation of AKT and Erk induced by M-CSF stimulation was effectively reduced after BLZ945
treatment of dKO BMDMs (Fig. 6G), suggesting that M-CSFR indeed participated the proliferation of
macropahges controlled by Cbl-b and c-Cbl.

To further verify the negative role of M-CSFR on macrophage proliferation in dKO mice, specific inhibitor
BLZ945 for M-CSFR was added into the culture system used for induction of BMDMs, and then cell
apoptosis was assessed by flow cytometry. Results showed the addition of BLZ945 increased the
percentage of apoptotic dKO BMDMs (Fig. 6H, I). Next, we treated dKO BMDMs with BLZ945, and then
analyzed the expression levels of apoptosis-related proteins downstream of M-CSF/M-CSFR signaling
pathway by Western blot. The results showed that the treatment of dKO BMDMs with BLZ945 resulted in
protein expression levels of Cleaved caspase-3, Cleaved caspase-7, Cleaved caspase-9 and the pro-
apoptotic molecule Bim were significantly increased, while protein expression levels of the anti-apoptotic
molecule Bcl-xL were significantly decreased (Fig. 6J), suggesting that M-CSFR indeed participated the
apoptosis of macrophages controlled by Cbl-b and c-Cbl.

Cbls mediate M-CSF-induced the ubiquitination and
degradation of M-CSFR
As members of the Cbl family are E3 ubiquitin ligases, we next investigated whether Cbls negatively
regulate M-CSFR via ubiquitination and degradation. Since endogenous M-CSFR was not expressed in
HEK293T cells, we constructed an overexpression plasmid of M-CSFR and confirmed that M-CSFR could
be expressed on the cell membrane of HEK293T cells by Western blot and flow cytometry
(Supplementary Fig. 8A, B). First, we found that exogenous M-CSFR was associated with Cbl-b or c-Cbl
when they were co-expressed in HEK293T cells (Fig. 7A, B). Furthermore, endogenous M-CSFR was
inducibly associated with Cbl-b or c-Cbl in MH-S cells (Supplementary Fig. 8C, D). and BMDMs (Fig. 7C,
D) after stimulation with M-CSF. To investigate whether Cbls could ubiquitinate and degrade M-CSFR, we
co-expressed M-CSFR with Cbl-b or c-Cbl in HEK293T cells and examined the ubiquitination and
degradation of M-CSFR with or without M-CSF stimulation. Overexpression of either Cbl-b or c-Cbl
significantly promoted the ubiquitination and degradation of M-CSFR after stimulation with M-CSF
(Fig. 7E, F). In contrast, overexpression of either Cbl-b C373A or c-Cbl C379A, two ubiquitin E3 ligase
inactive mutants of Cbl-b and c-Cbl, significantly down-regulated M-CSFR ubiquitination and prevented
M-CSFR degradation (Supplementary Fig. 8E-H). To further confirm the effect of endogenous Cbl-b and
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c-Cbl in primary cells on the ubiquitination modification of M-CSFR, we stimulated BMDMs from WT and
dKO mice with M-CSF. We found that M-CSF stimulation significantly enhanced M-CSFR ubiquitination in
WT BMDMs (Fig. 7G). However, double deletion of Cbl-b and c-Cbl significantly reduced M-CSF-induced
M-CSFR ubiquitination (Fig. 7G). Since the two molecules, Cbl-b and c-Cbl, co-exist in WT BMDMs, we
wanted to further explore whether endogenous Cbl-b or c-Cbl can play the same role when they are
present alone. Next, we stimulated BMDMs from WT, Cbl-b KO, c-Cbl KO and dKO mice with M-CSF. We
found that compared with WT BMDMs, M-CSFR in Cbl-b KO and c-Cbl cKO BMDMs can still undergo
significant polyubiquitination modification under M-CSF stimulation (Fig. 7H). However, M-CSFR in dKO
mouse BMDMs did not undergo significant polyubiquitination modification under M-CSF stimulation
(Fig. 7H). Consequently, the signal-induced degradation of M-CSFR after M-CSF stimulation was
significantly blocked only in dKO BMDMs but not in Cbl-b-deficient or c-Cbl-deficient BMDMs (Fig. 7I-K).

To further understand the pathways by which Cbl-b and c-Cbl promote M-CSFR degradation, we treated
HEK293T cells with either CQ (a lysosome inhibitor) or MG132 (a proteasome inhibitor). The results
showed that lysosomal inhibition by CQ significantly blocked Cbl-b and c-Cbl-mediated M-CSFR
degradation after M-CSF stimulation, whereas MG132 had no effect on proteasome inhibition (Fig. 7L).
Thus, these data indicate that both Cbl-b and c-Cbl target M-CSFR for lysosomal degradation after M-
CSF stimulation.

Phosphorylation of Cbls and autophosphorylation of M-CSFR are
critical for M-CSFR ubiquitination and degradation
Studies have shown that both Cbl-b and c-Cbl contain various tyrosine residues, which can be
phosphorylated under multiple stimuli, and tyrosine phosphorylation of Cbl-b and c-Cbl is critical for their
biological activity [47, 48]. To further investigate whether Cbl-b and c-Cbl can undergo tyrosine
phosphorylation during M-CSF stimulation, we stimulated MH-S cell line or WT mice primary BMDMs
with or without M-CSF. We found that M-CSF stimulation can induce prominent tyrosine phosphorylation
of both Cbl-b and c-Cbl (Fig. 8A-D). To determine whether the tyrosine phosphorylation of Cbls is
mediated by their target kinase M-CSFR, we expressed Cbls alone or with M-CSFR in HEK293T cells, and
then measured the tyrosine phosphorylation levels of Cbls with or without M-CSF stimulation. The
results showed that M-CSF stimulation did not induce tyrosine phosphorylation when Cbl-b or c-Cbl was
expressed alone, but M-CSF stimulation significantly increased the tyrosine phosphorylation level of Cbl-
b or c-Cbl when they were co-expressed with M-CSFR (Fig. 8E, F). When M-CSFR loses its kinase activity,
it cannot mediate tyrosine phosphorylation of Cbl-b or c-Cbl (Fig. 8G, H). These results suggest that M-
CSFR can mediate tyrosine phosphorylation of Cbl-b or c-Cbl after M-CSF stimulation, depending on the
presence of M-CSFR receptor tyrosine kinase activity.

Based on previous studies of Cbls and information from the UniProt database, we noticed that Cbl-b
contains four of the most significantly phosphorylated tyrosine (Tyr, F) residues (including Tyr363, 664,
708 and 889) and c-Cbl contains five of the most significantly phosphorylated tyrosine residues (Tyr369,
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672, 698, 737 and 780). To further investigate whether M-CSFR-mediated tyrosine phosphorylation of
Cbls during M-CSF stimulation has an effect on ubiquitination and degradation of M-CSFR, we mutated
each tyrosine (Y) residue to phenylalanine (F) to simulate non-phosphorylation. Overexpression of either
Cbl-b Y363F or c-Cbl Y369F in HEK293T cells did not promote the degradation of M-CSFR during M-CSF
stimulation (Fig. 8I, J). Furthermore, overexpression of either Cbl-b Y363F or c-Cbl Y369F in HEK293T
cells significantly down-regulated the level of M-CSFR polyubiquitination modification during M-CSF
stimulation (Fig. 8K, L). These results suggest that tyrosine phosphorylation of M-CSFR at Cbl-b Tyr-363
or c-Cbl Tyr-369 mediates ubiquitination and degradation of M-CSFR by Cbl-b or c-Cbl, respectively,
during M-CSF stimulation.

We also found that when the kinase activity of M-CSFR was lost, Cbl-b and c-Cbl were unable to degrade
the M-CSFR kinase inactivated mutant K614M during M-CSF stimulation (Supplementary Fig. 9A).
Consistent with these results, overexpression of either Cbl-b or c-Cbl significantly up-regulated the
polyubiquitination level of M-CSFR (WT) under M-CSF stimulation, whereas overexpression of either Cbl-
b or c-Cbl did not up-regate the polyubiquitination level of M-CSFR kinase inactivated mutant K614M
(Supplementary Fig. 9B, C). These results suggest that M-CSFR kinase activity is required for M-CSFR
ubiquitination and degradation through Cbls.

M-CSF binds to M-CSFR on the cell surface to dimerize M-CSFR, and dimerization activates M-CSFR
tyrosine autophosphorylation and recruitment of related signaling proteins. Since M-CSFR is
autophosphorylated during M-CSF stimulation, we wondered what the impact of these events is on M-
CSFR stability. First, we stimulated WT BMDMs with M-CSF at different time points, and treated the cells
in combination with M-CSFR inhibitor BLZ945 (BLZ945 acts as a potent and selective small molecule
inhibitor of M-CSFR receptor tyrosine kinase, blocking the autophosphorylation activation of M-CSFR),
and then detected the protein expression level of M-CSFR. The results showed that M-CSFR in WT
BMDMs was rapidly degraded during M-CSF stimulation, and the treatment of WT BMDMs with BLZ945
effectively prevented M-CSFR degradation induced by M-CSF stimulation (Supplementary Fig. 9D). These
results suggest that BLZ945 inhibition of autophosphorylation activation of M-CSFR can effectively
prevent the degradation of M-CSFR.

Based on previous studies of M-CSFR and information from the UniProt database, we noticed that M-
CSFR contains eight of the most significantly phosphorylated tyrosine (Tyr, F) residues (including Tyr544,
559, 697, 706, 721, 807, 921 and 974). To examine whether autophosphorylation is required for M-CSFR
ubiquitination and degradation by Cbl-b and c-Cbl, we each tyrosine (Y) residue to phenylalanine (F) to
simulate non-phosphorylation and construct a series of M-CSFR phosphorylated mutant plasmids. We
found that overexpression of either Cbl-b or c-Cbl effectively promoted the degradation of M-CSFR WT,
Y544F, Y697F, Y706F, Y721F, Y807F, Y921F and Y974F after stimulation with M-CSF, but not Y559F
(Supplementary Fig. 9E, F). Importantly, mutation of Tyr559 abolished Cbl-b or c-Cbl-mediated
ubiquitination of M-CSFR induced by M-CSF stimulation (Supplementary Fig. 9G, H). These data suggest
that autophosphorylation of Tyr559 is critical for M-CSFR ubiquitination and degradation by Cbls.
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Cbls mediate the K63-linked polyubiquitination modification at Lys791
of M-CSFR
We further analysed the putative lysine (Lys, K) residues of M-CSFR with ubiquitination modifications
from the Protein Lysine Modifications Database (PMLD). We noticed that there are six potential
ubiquitinated lysine residues on M-CSFR including Lys572, 584, 604, 698, 791 and 868 (Fig. 9A). Next, we
further used the NCBI database to perform site sequence homology comparison, and the results showed
that K791 was a conserved ubiquitination motif in the M-CSFR homology (Fig. 9B). This suggested that
K791 might be a site of polyubiquitination modification on M-CSFR. To verify this hypothesis, we
mutated each lysines (K) residue to arginines (R). We found that overexpression of either Cbl-b or c-Cbl
effectively promoted the degradation of M-CSFR WT, K572R, K584R, K604R, K698R and K868R after
stimulation with M-CSF, but not K791R (Fig. 9C, D). Importantly, mutation of Lys791 abolished Cbl-b or c-
Cbl-mediated ubiquitination of M-CSFR induced by M-CSF stimulation (Fig. 9E, F). These data suggest
that Cbls induce polyubiquitination of M-CSFR at Lys791 during M-CSF stimulation.

To determine which type of polyubiquitin linkage to M-CSFR is catalysed by Cbls, we transfected M-CSFR
and Cbl-b or c-Cbl into HEK293T cells together with different ubiquitin mutant types of HA-Ub, including
K6, K11, K27, K29, K33, K48 and K63, each of which contains only one lysine available for
polyubiquitination. We found that overexpression of either Cbl-b or c-Cbl significantly promoted K63-
linked polyubiquitination of M-CSFR after stimulation with M-CSF (Fig. 9G, H). Furthermore, mutation of
Lys791 largely inhibited Cbl-b or c-Cbl-mediated K63-linked polyubiquitination of M-CSFR after
stimulation with M-CSF (Supplementary Fig. 10A, B). At the same time, we found that M-CSF stimulation
significantly enhanced M-CSFR K63-linked polyubiquitination in WT BMDMs (Fig. 9I). However, double
deletion of Cbl-b and c-Cbl significantly reduced M-CSF-induced M-CSFR K63-linked polyubiquitination
(Fig. 9I). Thus, we demonstrated that Cbls induce K63-linked polyubiquitination at Lys791 of M-CSFR
during M-CSF stimulation, leading to M-CSFR protein endogenous degradation via the lysosomal
pathway.

Discussion
Tissue-resident macrophages provide immune defense and help establish and maintain tissue
homeostasis. Studies have shown that in a stable state, tissue-resident macrophage AMs in the lung is
required to clear dead cells and cell debris or release soluble mediators, thereby avoiding host damage
and protecting lung function. The absence or dysfunction of AMs can lead to PAP [2–5]. Tissue-resident
macrophage OCs in bone tissue are responsible for bone resorption and together with bone formation in
OBs form homeostasis to maintain bone homeostasis. The decrease or dysfunction of OCs can lead to
the decrease of bone resorption and the increase of cortical bone and calcified cartilage, leading to
osteosclerosis [6, 7]. This indicates that the precise control of the stable number of macrophages in
tissues and organs is very important for maintaining body health. In this study, we found that knocking
out Cbls in macrophages altered the homeostasis of macrophage numbers, leading to a significant
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increase in the number of macrophages in spleen, liver, and especially lung tissue. dKO mice exhibit
spontaneous chronic lung inflammation. Therefore, our study shows that Cbls is a key regulator in
maintaining tissue macrophage number homeostasis and demonstrates that altering the homeostasis
of macrophage number disrupts the body's health state.

The balance of proliferation rate and apoptosis rate together stabilized the number of macrophages.
Here, we found that simultaneous loss of c-Cbl and Cbl-b in macrophages leads to massive
accumulation of macrophages in spleen, liver, and lung tissues by promoting proliferation and inhibiting
apoptosis. Since there was no significant change in the proportion and absolute number of
macrophages in either Cbl-b or c-Cbl single-knockout mice, this suggests that Cbl-b and c-Cbl have
overlapping functions in regulating macrophage proliferation and apoptosis. The signaling pathway
activated by M-CSF and its receptor M-CSFR can regulate the development of most tissue macrophages
such as OCs and AMs, playing an important role in development and innate immunity [36]. Macrophages
in many tissues of Csf1op/op and M-CSFR−/− mice are deficient, and they all suffer from severe

osteosclerosis, which is caused by the loss of OCs leading to decreased bone resorption [39]. In addition
to OCs, the lung tissue of young Csf1op/op mice was relatively deficient in AMs, which returned to normal
in adulthood, and even then, adult Csf1op/op mice spontaneously developed emphysema [49]. These
suggested that M-CSF may have a relatively greater importance in the perinatal and neonatal period than
in adulthood. And M-CSF may be important for the normal AM function throughout life. Moreover, M-CSF
and its receptor M-CSFR can trigger multiple cascade signaling pathways that promote differentiation,
proliferation, survival and normal function of macrophages, such as PI3K-AKT and Erk signaling
pathways [14, 15, 30, 31]. However, whether Cbl-b and c-Cbl can jointly regulate the M-CSF/M-CSFR signaling
pathway to maintain the number and function of macrophages in the body has not been studied. In this
study, we found that the simultaneous deletion of c-Cbl and Cbl-b in macrophages led to the sustained
activation of AKT, the main target of PI3K downstream of the M-CSF/M-CSFR signaling pathway, which
significantly promoted the proliferation of macrophages and inhibited their apoptosis, ultimately leading
to a significant increase in the number of macrophages. Data from adoptive transfer experiments
indicated that, like dKO AMs, M-CSF induced dKO BMDMs could also directly initiate or drive lung
disease and injury. Moreover, as we all know, AT2-derived GM-CSF is crucial for both AM development
and maintenance [50]. We also attempted to stimulate WT and dKO BMDMs with GM-CSF at different
time points and analysed the activation of downstream signalling pathways by Western blot. The results
showed that there was no significant difference in p-STAT5, p-AKT and p-Erk between WT and dKO
BMDMs with the change of GM-CSF stimulation time (Supplementary Figure. 12). Therefore, based on
the experimental results, we believe that the deletion of Cbl-b and c-Cbl may not greatly affect the
transduction of CSF2R signaling pathway in our dKO mice model.

Although as early as 1999, it has been reported that c-Cbl can ubiquitinate M-CSFR to promote its
internalization and degradation. However, the researchers found that although the M-CSF/M-CSFR
complex on the surface of c-Cbl−/− macrophages was internalized more slowly, it still could not avoid the
complete degradation of M-CSFR, suggesting that the absence of c-Cbl alone was not sufficient to
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completely prevent the ubiquitination degradation of M-CSFR. This suggests that there are other factors
besides c-Cbl that can regulate the degradation of M-CSFR [51]. Our study found that Cbls can negatively
regulate the M-CSF/M-CSFR signaling pathway by promoting ubiquitination degradation of M-CSFR.
Because Cbl-b and c-Cbl proteins are structurally similar and homologous, they can both perform the
function of ubiquitination to degrade M-CSFR. In addition, we further clarified the specific ubiquitination
sites and the types of polyubiquitination connections that Cbl-b and c-Cbl regulate M-CSFR.

In addition, our study showed that AMs in dKO mice were different from AMs in WT mice, with high
expression of M2-type macrophage surface marker CD206 (Supplementary Fig. 11A, B), suggesting that
AMs in dKO mice migrated to M2 phenotype, and Cbl-b and c-Cbl could inhibit macrophage migration to
M2 phenotype in vivo. By detecting the expression of inflammatory factors in lung tissue, we also found
that the expression levels of M2-related anti-inflammatory cytokines IL-4 and IL-10 were significantly
increased, while the expression levels of M1-related pro-inflammatory cytokines, such as IL-1β, IL-12 and
IFN-γ, were significantly decreased except for the expression levels of IL-6 (Supplementary Fig. 10C, D).
It is suggested that a large number of AMs in the lung tissue of dKO mice may cause M2 phenotypic
shift, causing chronic pulmonary inflammation. It has been reported that Src Homology 2-containing
Inositol Phosphatase-1 (SHIP-1) can also inhibit the migration of macrophages to M2 phenotype in vivo.
Macrophages in SHIP-1−/− mice also migrated to the M2 phenotype [52]. This is similar to the phenotype
of our dKO mice. SHIP-1 can control the intracellular level of PI3K product PIP3 through
dephosphorylation of PIP3 and is a negative regulator of the PI3K-AKT pathway [53, 54]. The main reason
for M2 phenotypic shift of macrophages in mice induced by SHIP-1 knockout is the increase of
intracellular PIP3 level in the critical stage of cell development. Then, like SHIP-1, the double knockdown
of Cbl-b and c-Cbl can also cause the M-CSF/M-CSFR/PI3K/AKT signaling pathway to be continuously
activated. Moreover, a large number of studies have reported that M-CSF can promote the polarization of
M2-type macrophages [55–60]. For example, many tumor cells can highly express M-CSF, and M-CSFR
acts on macrophages in the tumor microenvironment to differentiate into M2-type TAMs. TAMs, on the
other hand, can inhibit the anti-tumor immune response by promoting the formation of tumor blood
vessels and the proliferation of endothelial cells, and ultimately play a role in promoting the development
and metastasis of tumors [61–63]. Not only is M-CSF overexpressed in tumors, but elevated M-CSFR levels
are also associated with poor prognosis in patients with various cancers, and targeting M-CSFR
signaling in tumor-promoting Tams is an attractive strategy for eliminating or repolarizing these cells [64–

67]. Therefore, we have reason to believe that Cbl-b and c-Cbl can affect macrophage polarization by
regulating M-CSF/M-CSFR/PI3K/AKT signaling pathway.

Materials and methods

Mice
Mice were C57BL/6 background. Cbl-b−/− and c-Cblflox/flox mice were kindly gifted by Dr. Hua Gu

(Montreal Clinic Research Institute, Montreal, Quebec, Canada) [23]. Lyzs-Cre mice were gifted by Prof.
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Yulong He (Soochow University, China). Lyzs-Cre mice were crossed with c-Cblflox/flox to generate c-
Cblflox/flox Lyzs-Cre+ mice. Subsequently, the progeny was crossed with Cbl-b−/− mice to generate Cbl-b−/−

c-Cblflox/flox Lyzs-Cre+ (dKO) mice. All mice were housed under specific pathogen-free conditions at the
Soochow University animal facility. 6–8 weeks old mice were used unless indicated with no sex-selective
preference. Our study examined male and female animals, and similar findings are reported for both
sexes. All animal experiments were performed following the institutional guidelines and approved by the
Institutional Animal Use and Care Committee of Soochow University.

Cell culture, maintenance and transfection
Human embryonic kidney (HEK) 293T and MH-S (Mouse alveolar macrophage cell line) cells were
purchased from the American Type Culture Collection (ATCC). HEK293T cells cultured in DMEM medium
(HyClone, Logan, Utah) containing 10% fetal bovine serum (Gibco, Hong Kong), 100 U/mL penicillin and
100 µg/mL streptomycin (Gibco, Hong Kong). MH-S cells cultured in RPMI 1640 medium (HyClone,
Logan, Utah) containing 10% (vol/vol) fetal bovine serum (Gibco, Hong Kong), 100 U/mL penicillin and
100 µg/mL streptomycin (Gibco, Hong Kong). All cells were cultured at 37℃ under 5% CO2. All transient

transfections were carried out using D-porzai (Merit, Tianjin, China) according to manufacturer’s
instruction.

Histopathology
For histopathology analysis, tissues were fixed more than 24 h in a 4% paraformaldehyde solution
(Solarbio, Beijing, China), processed, and then embedded in paraffin (Leica, Germany) according to
standard procedures. Next, 5 µm sections were stained with hematoxylin solution (Sigma-Aldrich, USA)
for 5–10 min and 0.5% eosin solution (Solarbio, Beijing, China) for 30–90 sec. The Stained sections were
scanned using a microscope (ECLIPSE 90i, Nikon, Japan).

Preparation of mouse lung tissue single-cell suspension
Mouse lungs were cut into fine pieces and digested with 0.5 mg/mL collagenase IV (Sigma-Aldrich, USA)
and 20 ng/mL DNase I (Solarbio, Beijing, China) in RPMI-1640 medium (HyClone, Logan, Utah) for 1 h at
37°C. The cells were then washed twice with ice-cold 1 × PBS (PROLEADER, Shanghai, China) and
erythrocytes were removed using ACK lysis buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA,
pH 7.2–7.4).

Isolation of mouse liver lymphocytes
Mouse livers were cut into fine pieces and digested with 0.5 mg/mL collagenase IV (Sigma-Aldrich, USA)
and 20 ng/mL DNase I (Solarbio, Beijing, China) in RPMI-1640 medium (HyClone, Logan, Utah) for 30 min
at 37°C. The cells were then washed twice with ice-cold 1 × PBS and resuspended in 10 mL Mouse 1 ×
Lymphocyte Separation Medium (DAKEWE, Shenzhen, China). Lymphocytes were separated according to
the manufacturer’s protocol.

Cell staining and flow cytometry
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Cells were stained with fluorescence-coupled anti-mouse antibodies listed below diluted in 1 × PBS for
30 min at 4℃ and subsequently washed with 1 × PBS. Analysis was carried out on a BD FACSCanto™ Ⅱ
(BD Pharmingen™, USA) while cell sorting was conducted on a BD FACSAria™ Ⅲ (BD Pharmingen™, USA).
APC/Cy7-anti-CD11c (N418) (#117324), APC-anti-CD11c (N418) (#117310), PE/Cy7-anti-CD11c (N418)
(#117318), PE-anti-CD11b (M1/70) (#101208), FITC-anti-CD11b (M1/70) (#101206), APC-anti-CD45 (30-
F11) (#103112), PE-anti-CD64 (X54-5/7.1) (#139304), PerCP/Cy5.5-anti-Siglec-F (S17007L) (#155526),
APC-anti-CD24 (clone M1/69) (#101814), FITC-anti-IA/IE (M5/114.15.2) (#107606), PE/Cy7-anti-IA/IE
(M5/114.15.2) (#107630), PE-anti-F4/80 (BM8) (#123110), PE/Cy7-anti-Ly-6G (1A8) (#127618),
PerCP/Cy5.5-anti-Ly-6G (1A8) (#127616), APC-anti-LY-6C (HK1.4) (#128016), PE-anti-CD115 (AFS98)
(#135506), FITC-anti-CD326 (G8.8), PE/Cy7-anti-CD45R/B220 (RA3-6B2) (#103222), APC-anti-CD206
(C068C2) (#141708), FITC-anti-CD86 (GL-1) (#105006), PE/Cy7-anti-CD4 (GK1.5) (#100422), PE/Cy7-
anti-CD8a (53 − 6.7) (#100722), PE/Cy7-anti-NK1.1 (PK136) (#108714), APC-anti-Sca-1 (D7) (#108112),
PE/Cy7-anti-TER-119/Erythroid Cells (TER-119) (#116222), PE/Cy7-anti-Ly-6G/Ly-6C (Gr-1) (R86-8C5)
(#108416), APC/Cy7-anti-c-Kit (2B8) (#105826), PE-anti-CD34 (MEC147) (#119308), APC/Cy7-anti-
CD16/32 (93) (#101328) and APC-anti-Flt3/CD135 (A2F10) (#135310) were purchased from BioLegend
(San Diego, USA). PE/Cy7-anti-CD11b (M1/70) (#552850), APC-anti-F4/80 (BM8) (#123116) and PE/Cy7-
anti-CD3e (145-2C11) (#100220) were purchased from BD Pharmingen™ (USA). Alexa Flour 488®-anti-
CX3CR1 (#FAB5825G) were purchased from R&D Systems (USA).

Bronchoalveolar lavage of mice
After euthanized, the bronchoalveolar lavage (BAL) was performed on the whole lungs of mice by 2 ml 1
× PBS (PROLEADER, Shanghai, China) for 6 times with gentle massage. Almost 90% of fluid were
recovered. The bronchoalveolar lavage fluid (BALF) was centrifuged at 1000 g for 5 min at 4℃. The
supernatant of the BALF stored at -80℃ for enzyme-linked immunosorbent assay (ELISA), and
sediments were collected for cell counts and flow cytometry assay.

Isolation of alveolar macrophages (AMs)
AMs were isolated by BALF. BALF was collected and then centrifuged at 1000 g for 5 min at 4°C. The
cells were re-suspended with DMEM medium (HyClone, Logan, Utah) containing 10% (vol/vol) fetal
bovine serum (Gibco, Hong Kong), 100 U/mL penicillin and 100 µg/mL streptomycin (Gibco, Hong Kong)
and inocubated in 10 cm cell culture dishes (NEST, Wuxi, China) for 2–4 h at 37℃. The cells adhering to
the bottom of dish were collected for further experimental use.

ELISA
The level of IL-1β, IL-6 and TGF-β in BALF of WT and dKO mice was determined by ELISA (Invitrogen,
USA; Biolegend, USA; MEIMIAN, China). 100 µl supernatant of BALF was added per well and the assay
was performed according to the protocol of manufacturer. The OD values at 450 nm were detected using
Synergy™ H4 (BIO-TEK, USA).

Cell proliferation assay
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For BrdU incorporation analysis in vivo, mice aged 6–8 weeks were labeled by two intraperitoneal
injections of BrdU. According to the standard of 200 mg/kg, mice were intraperitoneally injected with 200
µL of 10 mg/mL BrdU solution (Sigma-Aldrich, Germany) at 12 h and 4 h before sacrifice. AMs were
isolated by BAL as“Isolation of alveolar macrophages”described. The AMs were seeded at a density of 1
× 104 cells/well in a 96-well plate (NEST, Wuxi, China) and incubated for 2 h at 37℃. The BrdU Cell
Proliferation Assay Kit (CST, Danvers, MA, USA) used an anti-BrdU antibody to detect BrdU incorporated
into cellular DNA during cell proliferation and the assay was performed according to the manufacturer's
instructions. The OD values at 450 nm were detected using Synergy™ H4 (BIO-TEK, USA).

For BrdU incorporation analysis in vitro, M-CSF-stimulated cells were incubated in RPMI-1640 medium
containing 10 µM BrdU (Sigma-Aldrich, Germany) for 4–6 h. The Cells were stained with corresponding
antibodies against surface markers and subsequently washed with 1 × PBS. Next, the cells were treated
with Cytofix/Cytoperm Fixation and Permeabilization Solution (BD Pharmingen™, USA) overnight at 4℃,
digested by DNase I (Solarbio, Beijing, China) for 1 h, intracellular stained with FITC-anti-BRDU (#51-
33284X) (BD Pharmingen™, USA) or APC-anti-BrdU (Bu20a) (#339808) (BioLegend, USA) for 30 min at
4℃. After washing with 1 × BD Perm/Wash Buffer (BD Pharmingen™, USA), the cells were run on a BD
FACSCanto™ Ⅱ (BD Pharmingen™, USA) and data were analyzed with FlowJo software (Treestar, USA).

Cell apoptosis assay
For the apoptosis analysis, Alveolar macrophages and M-CSF-stimulated cells were first stained with
corresponding antibodies against surface markers and subsequently washed with 1 × Annexin V binding
buffer (BD Pharmingen™, USA). Next, single cell suspensions were stained with APC-anti-Annexin V
(#640941) (Biolegend, USA) or FITC-anti-Annexin V (#51-65874X) (BD Pharmingen™, USA) and
PerCP/Cy5.5-anti-7-AAD (#51-68981E) (BD Pharmingen™, USA) in a 1 × Annexin V binding buffer
according to the manufacturer’s instruction. Cells were analyzed using a BD FACSCantoTM Ⅱ (BD
Pharmingen™, USA). FACS data was quantified using the FlowJo software (Tree Star, USA).

Preparation of BMDMs and cell culture
Femur and tibia were harvested from mice, washed with 1 × PBS and bone marrow cells were flushed
out with 1 × PBS. Erythrocytes were removed using ACK lysis buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1
mM Na2EDTA, pH 7.2–7.4). The cell suspension was filtered through 70 µm cell strainer to remove any
cell clumps and impurities. The single cell suspension was then cultured at a density of 2 × 106 cells/mL
in RPMI-1640 medium (HyClone, Logan, Utah) containing 10% (vol/vol) fetal bovine serum (Gibco, Hong
Kong), 100 U/mL penicillin, 100 µg/mL streptomycin (Gibco, Hong Kong) and 20 ng/ml recombinant
murine M-CSF (Peprotech, USA). Fresh medium containing M-CSF was added on day 3, half of the
medium containing M-CSF was exchanged on day 5, and the fully differentiated BMDMs were harvested
on day 7 for function assay. For M-CSFR inhibitor treatment, different concentrations of the M-CSFR
inhibitor BLZ945 (Sotuletinib, MedChemExpress, USA) were added to the culture system for 7 d. The
inhibitor was replenished with media exchanges.
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Adoptive transfer mouse model
In the AMs adoptive transfer experiment, 6–8 weeks old WT mice in a C57BL/6 background were
irradiated and injected intravenously with BALF AMs purified from WT or dKO mice (2 × 106 cells).
Injections were carried out 3 times, once every 5 days. After two weeks, mice were sacrificed to assess
pathologic lung changes via Hematoxylin and eosin (H&E) staining.

In the BMDMs adoptive transfer experiment, 6–8 weeks old WT mice in a C57BL/6 background were
irradiated and injected intravenously with BMDMs induced from the bone marrow of WT or dKO mice (2 ×
106 cells). Injections were carried out 4 times, once every 5 days. After three weeks, mice were sacrificed
to assess pathologic lung changes via Hematoxylin and eosin (H&E) staining.

Western blotting
Cell lysates were obtained from cultured cells using NP-40 lysis buffer (Beyotime, Shanghai, China)
containing 1 mM protease inhibitors PMSF (Beyotime, Shanghai, China) for 20–30 min on ice. The BCA
Protein Assay Kit (Thermo Fisher Scientific, USA) was used to quantify protein concentration in the
samples. Prior to loading, 5 × SDS loading buffer (NCM Biotech, Suzhou, China) was added to protein
lysates and the samples were boiled for 10 min. Equivalent amount of proteins were subjected to SDS-
PAGE gel and then were transferred to PVDF membranes (Millipore, Germany). Membranes were blocked
with 5% nonfat milk (Bio Basic, Shanghai, China) or 2% BSA for 1 h at room temperature, and then
incubated with the primary antibodies overnight at 4°C. After washing three times with 0.1% PBST (1 ×
PBS and 0.1% Tween 20), the membranes were subjected to secondary antibodies (HRP-conjugated
Affinipure Goat Anti-Mouse IgG [Proteintech, USA] or Goat Anti-Rabbit IgG-HRP [Sourthern Biotech, USA])
in 5% nonfat milk (Bio Basic, Shanghai, China) for 1 h at room temperature. After washing three times
with 0.1% PBST, the membranes were treated with enhanced chemiluminescence (ECL) reagents (Bio-
Rad, USA), and protein bands were observed by exposure to X-ray films (FUJIFILM, Japan). The following
antibodies (Clone) with dilutions were used in our study: anti-Cbl-b (D3C12) (#9498, 1:1000), anti-c-Cbl
(D4E10) (#8447, 1:1000), anti-M-CSFR (E6W9F) (#43390, 1:1000), anti-Myc (9B11) (#2276, 1:1000), anti-
His (D3I1O) (#12698, 1;1000), anti-AKT (C67E7) (#4691, 1:1000), anti-p-AKT (D7F10) (#9018, 1:1000),
anti-Erk1/2 (137F5) (#4695, 1:1000), anti-p-Erk (D13.14.4E) (#4370, 1:1000), anti-Phospho-Tyrosine
(4G10) (#96215, 1:1000), anti-Caspase-9 (#9504, 1:1000), anti-Caspase-8 (#4927, 1:1000), anti-Caspase-
7 (#9492, 1:1000), anti-Cleaved Caspase-7 (Asp198) (#9491, 1:1000), anti-Caspase-3 (D3R6Y) (#14220,
1:1000), anti-Cleaved Caspase-3 (5A1E) (#9664, 1:1000), anti-Bim (C34C5) (#2933, 1:1000), anti-Bcl-xL
(54H6) (#2764, 1:1000) and anti-K63-linkage Specific Polyubiquitin (D7A11) (#5261, 1:1000), all
antibodies purchased from Cell Signaling Technology (Danvers, MA, USA). Anti-Ubiquitin (P4D1)
(#G2618, 1:1000) antibody was purchased from Santa Cruz (USA). Anti-HA (#T0050, 1:1000) and anti-β-
Actin (#T0022, 1:5000) antibodies were purchased from Affinity Biosciences (USA).

Immunoprecipitation
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Cells were harvested in NP-40 lysis buffer (Beyotime, Shanghai, China) containing containing 1 mM
protease inhibitors PMSF (Beyotime, Shanghai, China). When protein ubiquitination was examined, 10
mM N-ethylmaleimide (MedChemExpress, USA) was added into the NP-40 lysis buffer. When protein
phosphorylation was examined, 1 × phosphatase inhibitor (Beyotime, Shanghai, China) was added into
the NP-40 lysis buffer. The cell lysates were incubated with corresponding specific antibodies overnight
on a rotor at 4℃. Protein G-Agarose beads (Roche Diagnostics GmbH, Mannheim, Germany) were
washed thrice with NP-40 wash buffer (5 M NaCl, 1 M Tris-HCl, pH 7.4, 1% Noidet P-40) and then were
added into the supernatant. The mixture was incubated for 4–6 h on a rotor at 4℃. Immunoprecipitates
were washed once with NP-40 wash buffer, once with High Salt buffer (5 M NaCl, 0.05% Triton X-100, 1 ×
PBS), and finally once with NP-40 washing buffer. After boiling with 60 µL loading buffer (NP-40 wash
buffer, 5× SDS loading buffe) for 10 min, the immunoprecipitates were analyzed by western blot.

M-CSFR ubiquitination and degradation assays
For in vitro M-CSFR ubiquitination and degradation assays, HEK293T cells transfected with indicated
overexpressed plasmids. 24 h later, transfected cells were treated with or without 50 ng/ml M-CSF at
37°C for 2 h. For protein degradation assay, new protein synthesis was blocked by 50 µM CHX
(SelleckChem, USA). For protein degradation pathway assay, 10 µM MG132 (Sigma-Aldrich, USA) and 20
µM CQ (MedChemExpress, USA) were used to block protein degradation, respectively. For protein
ubiquitination assay, protein degradation was blocked with 20 µM CQ (MedChemExpress, USA) for 15
min before stimulation with M-CSF. Exogenous M-CSFR ubiquitination and expression were then
analyzed by Imunoprecipitation and Western blot analysis using indicated antibodies.

For in vivo M-CSFR degradation assays, the fully differentiated BMDMs were incubated at 37°C without
M-CSF for 16–24 h. Cells were then stimulated with or without 50 ng/ml M-CSF at 37°C for indicated
time. For in vivo M-CSFR ubiquitination assays, the fully differentiated BMDMs were incubated at 37°C
without M-CSF for 16–24 h. Next, BMDMs stimulated with or without 50 ng/ml M-CSF at 37°C for 1–3
min and M-CSFR degradation was blocked with 20 µM CQ for 15 min before stimulation with M-CSF.
Endogenous M-CSFR ubiquitination and expression were then analyzed by Imunoprecipitation and
Western blot analysis using indicated antibodies.

Real-time PCR
Total RNA was extracted from purified BALF AMs or mouse lung tissue using the RNA isolater Total RNA
Extraction Reagent (Vazyme, Nanjing, China). First-strand complementary DNAs (cDNAs) were
synthesized using the HiScript III RT SuperMix for qPCR (+ gDNA wiper) (YEASEN, Shanghai, China).
QPCR was performed on a QuantStudio 1 real-time fluorescence quantitative PCR system (Thermo
Fisher Scientific, USA). Quantification of all target genes was carried out by normalizing to the control
gene β-actin or 18S. The sequences of primers used in Real-time PCR are listed in Table S1. All primers
were synthesized by Azenta (GENEWIZ, Suzhou, China).

Plasmids and reagents



Page 20/41

HA ubiquitin (HA-Ub), HA-K6 (all lysines on the ubiquitin gene are mutated to arginines except 6), HA-K11
(all lysines on the ubiquitin gene are mutated to arginines except 11), HA-K27 (all lysines on the ubiquitin
gene are mutated to arginines except 27), HA-K29 (all lysines on the ubiquitin gene are mutated to
arginines except 29), HA-K33 (all lysines on the ubiquitin gene are mutated to arginines except 33), HA-
K48 (all lysines on the ubiquitin gene are mutated to arginines except 48) and HA-K63(all lysines on the
ubiquitin gene are mutated to arginines except 63) plasmids were gifts from Dr. Hui Zheng of Institutes
of Biology and Medical Sciences (Soochow University, Suzhou, China). Sequences coding for Cbl-b and
c-Cbl were amplified from C57BL/6J mouse thymus cDNA and cloned into pcDNA3.1 + basic vector
between the KpnI and XhoI sites. Sequences coding for M-CSFR was amplified from C57BL/6J mouse
splenic cDNA and cloned into pcDNA3.1- basic vector between the EcoRI and XhoI sites. The sequences
of primers used for cloning are shown in Table S2. Five Cbl-b (C373A, Y363F, Y664F, Y708F and Y889F),
six c-Cbl (C379A, Y369F, Y672F, Y698F, Y737F and Y780F) and fifteen M-CSFR (K614M, Y544F, Y559F,
Y697F, Y706F, Y721F, Y807F, Y921F, Y974F, K572R, K584R, K604R, K698R, K791R and K868R) mutations
were generated using the 2 × Phanta Max Master Mix (Vazyme, Nanjing, China) and FastDigest DpnI
(Thermo Fisher Scientific, Lithuania) according to the manufacturer’s instructions. Primers used for Cbl-b
and c-Cbl mutations are shown in Table S3 and primers used for M-CSFR mutations are shown in Table
S4.

Statistical analysis
Biological replicates were performed for all experiments as indicated. Prism 8 (GraphPad) was used for
statistical analysis. To assess the statistical significance of different treatment groups, we used One-
Way ANOVA comparisons or unpaired two-tailed Student’s t tests in two different treatments. For
survival curve analysis, log-rank tests were performed. *indicated p < 0.05; **p < 0.01; ***p < 0.001, ****p 
< 0.0001, ns indicates not significant. p values less than 0.05 were considered statistically significant.
Data represent three independent experiments unless indicated. Values for all data points in graphs are
reported in the Supporting Data Values file.
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Figure 1

Cbl-b and c-Cbl-deficient mice develop severe lung disease.

(A) Genomic DNA was extracted and PCR was performed to detect levels of Lyz2, Cbl-b and c-Cbl in
WT,Cbl-b KO, c-Cbl cKO and dKO mice.
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(B) Western blot analysis of Cbl-b and c-Cbl expression in WT, Cbl-b KO, c-Cbl cKO and dKO BMDMs.

(C) The body weight of WT and dKO mice aged 0 to 8 weeks was measured. n=5 per group. The data
represent the mean ± SD throughout the figures.

(D) The appearance of four groups of mice. The mice shown are 6 weeks in age.

(E) Survival curves of four groups of mice. n=15 per group.

(F) Lungs of mice of all four genotypes were dissected for morphologic examination. n=3 per group. (G)
Microscopy of hematoxylin and eosin staining of lung sections from four groups of mice at different
ages (n=3 per group); scale bar, 100 μm. ns, no significance, *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001. p<0.05 was considered statistically significant.
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Figure 2

Macrophages were accumulated in dKO lung.

(A) Flow cytometry analysis of alveolar macrophages (AMs) (Siglec-F+ CD11b+ CD64+ CD11c+) in BALF
(Bronchoalveolar lavage fluid) from four groups of mice. n=4 per group.
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(B and C) Statistics of percentage (B) and absolute number (C) of AMs in BALF from four groups of
mice, as shown in A.

(D) Western blot analysis of Cbl-b and c-Cbl expression in WT and dKO monocytes, neutrophils, cDCs,
AMs, B and Tcells.

(E) Flow cytometry analysis of AMs (CD45+ Siglec-F+ CD11bint CD64+ CD11c+) in lungs from four groups
of mice. n=4 per group.

(F and G) Statistics of percentage (F) and absolute number (G) of AMs in lungs from four groups of
mice, as shown in E.

(H) Flow cytometry analysis of interstitial macrophages (IMs) (CD11c+ IA/IE+ CD24- Siglec-F- CD11bhigh)
in lungs from four groups of mice. n=4 per group.

(I and J) Statistics of percentage (I) and absolute number (J) of IMs in lungs from four groups of mice,
as shown in H. ns, no significance, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. p<0.05 was considered
statistically significant.
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Figure 3

Hyper-proliferation and impaired apoptosis of dKO macrophages contribute to the accumulation of
macrophages in mice.

(A) Mice were injected with 1 mg BrdU 24 h and 6 h prior to sacrifice, respectively. Proliferation of AMs in
BALF from four groups of mice was quantified using BrdU Cell Proliferation Assay Kit. n=5 per group.
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(B) Flow cytometry analysis of Annexin V+ AMs in BALF from four groups of mice. n=4 per group.

(C) Statistics of percentage of Annexin V+ AMs in BALF from four groups of mice, as shown in B.

(D) Microscopy of clonal morphology of WT, Cbl-b KO, c-Cbl cKO and dKO BMDMs generated in M-CSF
dependent BM cell culture; scale bar, 100 μm.

(E) Statistics of absolute number of WT, Cbl-b KO, c-Cbl cKO and dKO BMDMs generated in M-CSF
dependent BM cell culture. n=3 per group.

(F and G) Proliferation of WT, Cbl-b KO, c-Cbl cKO and dKO BMDMs generated in M-CSF dependent BM
cell culture. Shown are FACS analyses (F) and statistics (G) of BrdU+ F4/80+ CD11b+ cells. n = 3 per
group.

(H) Quantitative PCR analysis of the expression levels of cell cycle-related genes c-Myc, cyclin D1 and
cyclin D2 in WT and dKO BMDMs cultured in the presence of M-CSF (20 ng/mL) for the indicated times.

(I and J) WT, Cbl-b KO, c-Cbl cKO and dKO BMDMs were cultured in the presence of M-CSF (20ng/mL) for
5 days, followed by culturing in M-CSF-free medium for another 2 days. Then apoptosis rates were
analyzed by flow cytometry. FACS analyses (I) and statistics (J) of Annexin V+ 7AAD− and Annexin V+

7AAD+ F4/80+ CD11b+ cells. n = 3 per group.

(K and L) WT, Cbl-b KO, c-Cbl cKO and dKO BMDMs were cultured in the presence of M-CSF (20ng/mL)
for 7 days. Then apoptosis rates were analyzed by flow cytometry. FACS analyses (K) and statistics (L)
of Annexin V+ 7AAD− and Annexin V+ 7AAD+ F4/80+ CD11b+ cells. n = 3 per group. ns, no significance,
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. p<0.05 was considered statistically significant.
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Figure 4

DKO AMs contribute to lung disease and injury.

(A and B) BALF AMs purified from WT or dKO mice were adoptively transferred into WT recipient mice
respectively, and lung sections were stained with hematoxylin and eosin (n=3 per group); scale bar, 100
μm. (C and D) BMDMs induced from WT or dKO mice bone marrow were adoptively transferred into WT
recipient mice respectively, and lung sections were stained with hematoxylin and eosin (n=3 per group);
scale bar, 100 μm.
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Figure 5

dKO BMDMs exhibit prolonged Akt and Erk activation upon M-CSF stimulation.

(A and D) WT and dKO BMDMs were starved of M-CSF for 24 h and restimulated with M-CSF (50 ng/mL)
for indicated times and harvested for western blot analysis of p-AKT and p-Erk.
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(B and E) Cbl-b KO and dKO BMDMs were starved of M-CSF for 24 h and restimulated with M-CSF (50
ng/mL) for indicated times and harvested for western blot analysis of p-AKT and p-Erk.

(C and F) c-Cbl cKO and dKO BMDMs were starved of M-CSF for 24 h and restimulated with M-CSF (50
ng/mL) for indicated times and harvested for western blot analysis of p-AKT and p-Erk.

Figure 6
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Cbl-b and c-Cbl collaboratively inhibit M-CSF-dependent cell proliferation and promote cell apoptosis by
down-regulating M-CSFR protein levels.

(A) Flow cytometry analysis of cell surface expression of CD115 (M-CSFR) in WT, Cbl-b KO, c-Cbl cKO
and dKO BALF AMs. n = 3-5 per group

(B) QPCR analysis of M-CFSR mRNA levels in WT, Cbl-b KO, c-Cbl cKO and dKO AMs.

(C) Western blot analysis of M-CSFR expression in WT, Cbl-b KO, c-Cbl cKO and dKO BMDMs.

(D) Microscopy of clonal morphology of four groups of mice macrophages induced by M-CSF; scale bar,
100 μm.

(E and F) Proliferation of WT and dKO BMDMs generated in M-CSF dependent BM cell culture which
added BLZ945. Shown are FACS analyses (E) and statistics (F) of BrdU+ F4/80+ CD11b+ cells. n = 3 per
group.

(G) dKO BMDMs were starved of M-CSF for 24 h and treated with M-CSF (50 ng/mL) and different
concentrations of BLZ945 for indicated times and harvested for western blot analysis of p-AKT and p-
Erk.

(H and I) Apoptosis of WT and dKO BMDMs generated in M-CSF dependent BM cell culture which added
BLZ945. Shown are FACS analyses (H) and statistics (I) of Annexin V+ 7AAD− and Annexin V+ 7AAD+

F4/80+ CD11b+ cells. n = 3 per group.

(J) dKO BMDMs treated with different concentrations of BLZ945 and harvested for western blot analysis
of cleaved caspase-3, -7, -8, -9, Bim and Bcl-xL. ns, no significance, *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001. p<0.05 was considered statistically significant.
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Figure 7

Cbls mediate M-CSF-induced the ubiquitination and degradation of M-CSFR.

(A) Immunoprecipitation analysis of the exogenous interaction between His-M-CSFR and Myc-Cbl-b in
HEK293T cells.
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(B) Immunoprecipitation analysis of the exogenous interaction between His-M-CSFR and Myc-c-Cbl in
HEK293T cells.

(C) WT BMDMs were starved of M-CSF for 24 h and restimulated with M-CSF (50 ng/mL) and harvested
for immunoprecipitation analysis of the endogenous interaction between M-CSFR and Cbl-b.

(D) WT BMDMs were starved of M-CSF for 24 h and restimulated with M-CSF (50 ng/mL) and harvested
for immunoprecipitation analysis of the endogenous interaction between M-CSFR and c-Cbl.

(E) Immunoprecipitation analysis of polyubiquitination of M-CSFR in HEK293T cells cotransfected with
His-M-CSFR, HA-Ub and Myc-Cbl (Cbl-b or c-Cbl) and then treated with M-CSF (50 ng/mL) for 2 h.

(F) Western blot analysis of M-CSFR in HEK293T cells cotransfected with His-M-CSFR and Myc-Cbl (Cbl-
b or c-Cbl) and then treated with M-CSF (50 ng/mL) and CHX (50 µM) for 2 h.

(G) WT and dKO BMDMs were starved of M-CSF for 24 h and restimulated with M-CSF (50 ng/mL) for 3
min and harvested for immunocoprecipitation analysis of polyubiquitination of M-CSFR.

(H) WT, Cbl-b KO, c-Cbl cKO and dKO BMDMs were starved of M-CSF for 24 h and restimulated with M-
CSF (50 ng/mL) for 3 min and harvested for immunocoprecipitation analysis of polyubiquitination of M-
CSFR.

(I) WT and dKO BMDMs were starved of M-CSF for 24 h and restimulated with M-CSF (50 ng/mL) for
indicated times and harvested for western blot analysis of degradation of M-CSFR.

(J) Cbl-b KO and dKO BMDMs were starved of M-CSF for 24 h and restimulated with M-CSF (50 ng/mL)
for indicated times and harvested for western blot analysis of degradation of M-CSFR.

(K) c-Cbl cKO and dKO BMDMs were starved of M-CSF for 24 h and restimulated with M-CSF (50 ng/mL)
for indicated times and harvested for western blot analysis of degradation of M-CSFR.

(L) Western blot analysis of M-CSFR in HEK293T cells cotransfected with His-M-CSFR and Myc-Cbl (Cbl-
b or c-Cbl) and then treated with M-CSF (50 ng/mL), DMSO, CQ (20 µM) and MG132 (10 µM) for 2 h as
indicated.
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Figure 8

Phosphorylation of Cbls is critical for M-CSFR ubiquitination and degradation.

(A) Immunoprecipitation analysis of tyrosine phosphorylation of Cbl-b in RAW 264.7 cells treated with M-
CSF (50 ng/mL).
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(B) Immunoprecipitation analysis of tyrosine phosphorylation of c-Cbl in RAW 264.7 cells treated with M-
CSF (50 ng/mL).

(C) WT BMDMs were starved of M-CSF for 24 h and restimulated with M-CSF (50 ng/mL) and harvested
for Immunoprecipitation analysis of tyrosine phosphorylation of Cbl-b.

(D) WT BMDMs were starved of M-CSF for 24 h and restimulated with M-CSF (50 ng/mL) and harvested
for Immunoprecipitation analysis of tyrosine phosphorylation of c-Cbl.

(E) Immunoprecipitation analysis of tyrosine phosphorylation of Cbl-b in HEK293T cells cotransfected
with Myc-Cbl-b and His-M-CSFR and then treated with M-CSF (50 ng/mL) for 3 min.

(F) Immunoprecipitation analysis of tyrosine phosphorylation of c-Cbl in HEK293T cells cotransfected
with Myc-c-Cbl and His-M-CSFR and then treated with M-CSF (50 ng/mL) for 3 min.

(G) Immunoprecipitation analysis of tyrosine phosphorylation of Cbl-b in HEK293T cells cotransfected
with Myc-Cbl-b and His-M-CSFR (WT or K614M) and then treated with M-CSF (50 ng/mL) for 3 min.

(H) Immunoprecipitation analysis of tyrosine phosphorylation of c-Cbl in HEK293T cells cotransfected
with Myc-c-Cbl and His-M-CSFR (WT or K614M) and then treated with M-CSF (50 ng/mL) for 3 min.

(I) Western blot analysis of M-CSFR in HEK293T cells cotransfected with His-M-CSFR and Myc-Cbl-b (WT
or its tyrosine mutants) and then treated with M-CSF (50 ng/mL) and CHX (50 µM) for 2 h.

(J) Western blot analysis of M-CSFR in HEK293T cells cotransfected with His-M-CSFR and Myc-c-Cbl
(WT or its tyrosine mutants) and then treated with M-CSF (50 ng/mL) and CHX (50 µM) for 2 h.

(K) Immunoprecipitation analysis of polyubiquitination of M-CSFR in HEK293T cells cotransfected with
His-M-CSFR, HA-Ub and Myc-Cbl-b (WT or Y363F) and then treated with M-CSF (50 ng/mL) for 2 h.

(L) Immunoprecipitation analysis of polyubiquitination of M-CSFR in HEK293T cells cotransfected with
His-M-CSFR, HA-Ub and Myc-c-Cbl (WT or Y369F) and then treated with M-CSF (50 ng/mL) for 2 h.
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Figure 9

Cbls mediate the K63-linked polyubiquitination modification at Lys791 of M-CSFR.

(A) Model diagram of M-CSFR structure and its potential ubiquitination site.

(B) Highly conserved lysine (K) residues (K791) on M-CSFR from different species.
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(C) Western blot analysis of M-CSFR in HEK293T cells cotransfected with His-M-CSFR (WT or its lysine
mutants) and Myc-Cbl-b and then treated with M-CSF (50 ng/mL) and CHX (50 µM) for 2 h.

(D) Western blot analysis of M-CSFR in HEK293T cells cotransfected with His-M-CSFR (WT or its lysine
mutants) and Myc-c-Cbl and then treated with M-CSF (50 ng/mL) and CHX (50 µM) for 2 h.

(E) Immunoprecipitation analysis of polyubiquitination of M-CSFR in HEK293T cells cotransfected with
His-M-CSFR (WT or K791R), HA-Ub and Myc-Cbl-b and then treated with M-CSF (50 ng/mL) for 2 h.

(F) Immunoprecipitation analysis of polyubiquitination of M-CSFR in HEK293T cells cotransfected with
His-M-CSFR (WT or K791R), HA-Ub and Myc-c-Cbl and then treated with M-CSF (50 ng/mL) for 2 h.

(G) Immunoprecipitation analysis of polyubiquitination types of M-CSFR in HEK293T cells cotransfected
with His-M-CSFR, Myc-Cbl-b and different types of HA-Ub and then treated with M-CSF (50 ng/mL) for 2
h.

(H) Immunoprecipitation analysis of polyubiquitination types of M-CSFR in HEK293T cells cotransfected
with His-M-CSFR, Myc-c-Cbl and different types of HA-Ub and then treated with M-CSF (50 ng/mL) for 2
h.

(I) WT and dKO BMDMs were starved of M-CSF for 24 h and restimulated with M-CSF (50 ng/mL) for 3
min and harvested for immunocoprecipitation analysis of K63-linked polyubiquitination of M-CSFR.
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