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ABSTRACT The ubiquitination of transmembrane receptors regulates endocytosis, intracel- Monitoring Editor

lular traffic, and signal transduction. Bone marrow-derived macrophages from myeloid Cbl-- Sergio Grinstein
and Cbl-b~- double knockout (DKO) mice display sustained proliferation mirroring the myelo- Hospital for Sick Children
proliferative disease that these mice succumb to. Here, we found that the ubiquitin ligases Cbl Received: Sep 5, 2023
and Cbl-b have overlapping functions for controlling the endocytosis and intracellular traffic of Revised: Dec 11, 2023
the CSF-1R. DKO macrophages displayed complete loss of ubiquitination of the CSF-1R Accepted: Dec 18, 2023

whereas partial ubiquitination was observed for either single Cbl”~ or Cbl-b~- macrophages.
Unlike wild type, DKO macrophages were immortal and displayed slower CSF-1R internaliza-
tion, elevated AKT signaling, and a failure to transport the CSF-1R into the lumen of nascent @ New Hypothesis
macropinosomes, leaving its cytoplasmic region available for signaling. CSF-1R degradation
depended upon lysosomal vATPase activity in both WT and DKO macrophages, with this deg-
radation confined to macropinosomes in WT but occurring in distributed/tubular lysosomes in
DKO cells. RNA-sequencing comparison of Cbl”-, Cbl-b- and DKO macrophages indicated
that while the overall macrophage transcriptional program remained intact, DKO macrophages
had alterations in gene expression associated with growth factor signaling, cell cycle, inflam-
mation and senescence. Cbl-b”~ had minimal effect on the transcriptional program whereas
Cbl- led to more alternations but only DKO macrophages demonstrated substantial changes
in the transcriptome, suggesting overlapping but unique functions for the two Cbl-family
members. Thus, Cbl/Cbl-b-mediated ubiquitination of CSF-1R regulates its endocytic fate, con-
strains inflammatory gene expression, and regulates signaling for macrophage proliferation.

SIGNIFICANCE STATEMENT

* Macrophages form macropinosomes in response to signaling from the CSF-1R. The CSF-1R is
sequestered in the lumen of macropinosomes, however, the mechanism regulating this step and its
importance in CSF-1R signaling is unknown.

* The authors found that overlapping ubiquitination activity of Cbl and Cbl-b are critical for sequestra-
tion of the CSF-1R within macropinosomes, shaping CSF-1R signaling and controlling macrophage
proliferation and preventing senescence.

* These findings define a new function for macropinosomes and Cbl and Cbl-b in regulating growth
factor signaling with implications for cancer and immunology.
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INTRODUCTION

Cbl and Cbl-b are E3 ubiquitin ligases that regulate the endocytic
traffic and signaling of receptor tyrosine kinases (RTKs) and immuno-
receptors including EGFR, PDGFR, c-Kit, CSF-1R, TCR and FcyR
(Matsuo et al., 1996; Erdreich-Epstein et al., 1999; Schmidt and Di-
kic, 2005; Marois et al., 2011; Mohapatra et al., 2013; Voisinne et al.,
2016). Upon receptor activation, Cbl and Cbl-b are recruited to
phosphotyrosine residues on the cytoplasmic tail of RTKs by the
adaptor Grb2 or through direct interaction mediated by their tyro-
sine kinase-binding domains (Miyake et al., 1997; Ettenberg et al.,
1999; Pennock and Wang, 2008). Loss-of-function mutations in the
Cbl gene have been identified in more than 10% of patients with
juvenile myelomonocytic leukemia, a myeloproliferative disease
(Loh et al., 2009; Makishima et al., 2009; Sanada et al., 2009) as well
as in a smaller proportion of adult myeloid neoplasms (Nadeau
et al., 2012). Mice lacking either Cbl or Cbl-b in the hematopoietic
compartment survive with normal to mild developmental defects,
whereas mice carrying the double knockout for Cbl and Cbl-b (DKO)
develop severe myeloproliferative disease with a substantially short-
ened life-span averaging 65 days (Naramura et al., 2010; An et al.,
2015, 2016; Goetz et al., 2016). This strong association with myelo-
proliferative disease suggests that Cbl and Cbl-b function redun-
dantly to control the growth of myeloid cells (Naramura et al., 2010;
An et al., 2015, 2016; Goetz et al., 2016).

Ubiquitination of RTKs mediated by Cbl and Cbl-b regulates re-
ceptor endocytosis and intracellular traffic and thus controls the sub-
cellular location and degradation. Polyubiquitinated RTKs such as
EGFR and VEGFR are recognized by the endosomal sorting com-
plex required for transport complex (ESCRT) for sorting in multive-
sicular bodies and targeted for lysosomal degradation (Katzmann
etal., 2002; Lu et al., 2003; Haglund and Dikic, 2012). In addition to
ubiquitin ligase activity, Cbl can act as an adaptor or scaffold protein
by binding SH2- and SH3-containing signaling proteins including
Crk, Fyn, Lck, PI3K, and Shc (Miyake et al., 1997; Andoniou et al.,
2000; Rao et al., 2002a, 2002b; Duan et al., 2004; Ghosh et al.,
2004).
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The CSF-1R is an RTK that supports proliferation and differentia-
tion of macrophages (Chitu and Stanley, 2017). CSF-1R signaling is
of interest for modulation of macrophage-dependent immune func-
tions (Edwards et al., 2019), cancer therapy (Cannarile et al., 2017),
and as a model for high-frequency oncogenic paralogs such as Kit
and Flt3 (Ridge et al., 1990; Sapi et al., 2004). Although the signal-
ing of the CSF-1R has been extensively studied, little is known about
the contributions of endocytosis and the effects of subcellular com-
partmentalization on CSF-1R signaling (Lou et al., 2014). In macro-
phages, phosphorylated CSF-1R follows an unconventional endo-
cytic pathway that involves small-vesicle endocytosis followed by
subsequent traffic to macropinosomes formed in response to CSF-
1R signaling. It has been recognized for some time that the CSF-1R
traffic in macrophages is unique and understanding whether CSF-1R
traffic regulates its signaling will be important for delineating how
CSF-1R signaling is regulated by endocytosis (Lee et al., 1999;
Huynh et al., 2012; Lou et al., 2014).

By analyzing CSF-1R signaling and traffic in macrophages from
WT, Cbl ~~, Cbl-b ~~, and Cbl/Cbl-b DKO mice, we have found that
Cbl and Cbl-b both contribute to the regulation of CSF-1R internal-
ization, are required for delivery of the CSF-1R to the macropino-
some and influence the nature and duration of downstream signal-
ing. Importantly, these changes in DKO bone marrow—derived
macrophages (BMDM) drive shifts in the macrophage transcriptional
program that are sufficient to maintain elevated cell growth and es-
cape from senescence. Mechanistically, these changes are driven by
Cbl and Cbl-b-mediated receptor ubiquitination that drives intralu-
menal budding into macropinosomes and thus modifies the charac-
ter of CSF-1R signaling to regulate growth control.

RESULTS

Growth phenotype in DKO macrophages

Given the severe myeloproliferative disease observed in myeloid
DKO mice (Naramura et al., 2010; An et al., 2015, 2016; Goetz
et al., 2016), we sought to determine the extent to which Cbl and
Cbl-b constrain the proliferation of macrophages via CSF-1R-medi-
ated signaling. BMDM from WT and Cbl-~, Cbl-b~~ and DKO mice
all demonstrated CSF-1-dependent growth, with DKO cells display-
ing a potent hyperproliferative phenotype at day 6 (Figure 1A).
Analysis of their growth kinetics revealed that initial growth rates of
macrophages from WT, Cbl 7, Cbl-b~, and DKO mice macro-
phages during 5-15 d in culture were similar; however, beyond day
15 in culture, the DKO macrophages continued to proliferate,
whereas the macrophages of other genotypes began to senesce
(Figure 1B). Previous work using Cbl~ macrophages demonstrated
a mild hyperproliferative phenotype that was not detected here (Lee
et al., 1999). Given their strong hyperproliferative phenotype, we
sought to determine whether the DKO BMDM escape senesce. For
this purpose, we continued to culture the WT and DKO cells for 94
d postisolation. The growth rates between days 83 and 94 illustrate
that while WT macrophages can be maintained, they were senes-
cent, whereas the DKO cells continue to proliferate (Figure 1C).
Thus, Cbl and Cbl-b redundantly regulate CSF-1-dependent growth
and senescence in macrophages, providing an explanation for the
myeloproliferative phenotype observed in Cbl/Cbl-b-DKO mouse.

Cbl and Cbl-b redundantly promote the CSF-1-induced
ubiquitination of CSF-1R and its signaling complex, but are
not required for CSF-1R degradation

We speculated that accelerated CSF-1-dependent growth observed
in DKO macrophages was a result of the loss of ubiquitination of the

Molecular Biology of the Cell


http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E23-09-0345
http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E23-09-0345

A B g0 WT Cbl-- Cbl-b-- DKO | c
200 - o= o
0 wWT - 250
0 Cbl - & WT DKO
150 S 200 —— —o—
® Cbl-b -/- z 5
s 5 $
Z100 " DKO o Z 150
= 0 T
[T}
o % © 100
50 o
[ 50
i S o
Neg. ctrl 0
5 10 15 20 25 83 85 87 94
+CSF1 (ng/mL) Days post isolation R )
Days post isolation
Chbl-- Cbl-b --
D wT Cbl - Chbl-b - DKO E . wr : Deo
037 103060 0 3 710 3060 0 3 7103060 0 3 7 10 30 60 7
1B: Ub i 5
IP: CSF-1R q ' ' ' ’ ' f 5 ¢
25
g4
— - 3 3
165 kD F o ‘E
IP:CSF-1R - 2 1
0
10 30
F +CSF-1 (min)
WT Cbl --
0 3 7 15 30 60 90 0 3 7 15 30 60 90 1.2 O WT —O—Chl-/- —& Chlb-/- —e—DKO
Anti-CSF-1R - s 1
| Jf -k £ s
& O
Cbl-b -/ % 04
Anti-CSF-1R |5 ~ ﬂ - (LIII-)
W — —— O 0.2
0 7 15 30 60
time (min)

+CSF-1 (min)

FIGURE 1: Cbl and Cbl-b DKO macrophages evade exit from the cell cycle and have minimal CSF-1R ubiquitination.
(A) BMDM growth measured at day 6 postisolation (n =5 fields of view and n = 3 replicates, error bar = std. dev.).

(B) Growth curves, measured by alamar blue for WT, Cbl-, Cbl-b- and DKO BMDMs measured over 25 d from 1,000
cells starting at day 5 postisolation. CSF-1-containing media was added every other day followed by replating to a
density of 1,000 cells/well (indicated by arrows, n = 6 replicates, error bars = std. dev.). (C) The growth rates between
day 83 to day 94 of DKO and WT cells (n = 3 replicates, error bars are std. dev.). (D) CSF-1R immunoprecipitation and
ubiquitin blot across BMDM of different genotypes following stimulation with CSF-1 (minutes after stimulation).

(E) Quantification of D (data is representative of 3 independent experiments). F. CSF-1R western blot and quantification
in BMDM stimulated with CSF-1 (after O min). Erk1/2 was used as a loading control. G. Quantification of CSF-1R

degradation across three experiments (mean +/- std. dev.).

CSF-1R. Immunoprecipitation of the CSF-1R followed by ubiquitin
blotting showed nearly complete loss of CSF-1 induced ubiquitina-
tion of the CSF-1R in DKO (Figure 1, D and E). In contrast, WT and
Cbl-b~~ displayed strong ubiquitination at 3, 7, 10 min post CSF-1
stimulation (Figure 1, D and E). Interestingly, Cbl~~ macrophages had
a delay and partial reduction in ubiquitination relative to WT, consis-
tent with earlier work (Lee et al., 1999). CSF-1R ubiquitination in
Cbl-b~- BMDM was almost indistinguishable from WT (Figure 1E).
These patterns suggest a more prominent contribution of Cbl to
ubiquitination of the CSF-1R at early time points and Cbl-b mediat-
ing CSF-1R ubiquitination with a slower kinetic. Taken together, our
results suggest that Cbl and Cbl-b both promote the ubiquitination
of the CSF-1R, with Cbl being particularly important for the early
phases.

Western blotting for total CSF-1R showed that a significant pro-
portion of the CSF-1R was degraded upon CSF-1 stimulation of mac-
rophages of all four genotypes, including the DKO (Figure 1D and F).
Together, these results suggest that while Cbl and Cbl-b are essential
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to promote the CSF-1R ubiquitination, the CSF-1-induced receptor
degradation can proceed despite marked loss of ubiquitination.

Cbl and Cbl-b regulate CSF-1R endocytosis and transport to
the lumen of nascent macropinosomes

Endocytosis and subsequent subcellular traffic of the ligand-acti-
vated CSF-1R are known to contribute to its signaling and signal
attenuation (Huynh et al., 2012). Given prior work demonstrating a
mild CSF-1R endocytic defect in Cbl”~ macrophages (Lee et al.,
1999), we first sought to examine the endocytosis of CSF-1R in mac-
rophages of various genotypes. Immunofluorescence analysis of cell
surface CSF-1R following CSF-1 stimulation indicated that the re-
ceptor was rapidly internalized across the genotypes at 2.5 min post
CSF-1 exposure with slightly less complete clearance in Cbl-b”~and
DKO macrophages at later time points (Figure 2, A and B). These
results indicate that Cbl and Cbl-b have minor roles in the endocy-
tosis of activated CSF-1R, with Cbl-b appearing to have a role at
later times.

Cbl/Cbl-b regulation of the CSF-1R | 3
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Cbl and Cbl-b facilitate CSF-1R internalization and translocation to the macropinosome lumen.
(A) Immunofluorescence of cell surface CSF-1R in WT and DKO macrophages at indicated CSF-1 stimulation period.
(B) Quantification of surface CSF-1R at different time points, scale bars are SD with n= 100, same letters are not
significantly different (p< 0.05) by 2-way ANOVA followed by Tukey HSD comparison of means. (C) Phase contrast
images illustrating the number of macropinosomes in DKO BMDM. (D) Quantified number of macropinosomes per cell
(error bars = std. dev., n = 100 macrophages across two experiments). (E) Delivery of the CSF-1R to the macropinosome
visualized labeling by sequential imaging of Texas-red dextran (macropinosome) and CSF-1R immunofluorescence
following permeabilization (scale bar = 5 pm). (F) Quantification of the percentage of macropinosomes that contain
luminal CSF-1R (error bar = std. dev. with n =50 from two independent experiments). (G) CSF-1Rimmunofluorescence
delivery to macropinosomes and degradation (scale bar = 10 um). (H). Colocalization of CSF-1R and Hrs 10 min after

CSF-1 exposure (scale bar = 10 ym).

Previously, we determined that the activated CSF-1R traffics into
the lumen of newly formed macropinosomes following the endo-
cytic uptake via small vesicular carriers that include clathrin-coated
pits (Lou et al., 2014). DKO macrophages exhibited nearly twice as
many macropinosomes per cell as in WT macrophages while the
numbers in Cbl”~ and Cbl-b~ macrophages were comparable to
those in WT (Figure 2C, D), suggesting a role for Cbl and Cbl-b in
regulating CSF-1R signaling for micropinocytosis. Given that only a
modest CSF-1R endocytosis defect was observed in DKO macro-
phages, and that the CSF-1R can signal from endosomes (Huynh
et al., 2012), we speculated that Cbl and Cbl-b may be responsible
for directing the endosomal traffic of the CSF-1R to macropino-
somes. We quantified the delivery of the CSF-1R to newly-formed
macropinosomes by sequential imaging of the Texas-red dextran to
identify macropinosomes followed by fixation and permeabilization
of cells and staining of the same cells for CSF-1R (Lou et al., 2014).
Strong colocalization of the CSF-1R in Texas-red dextran macropi-
nosomes was observed in WT; however, DKO macrophages dis-
played much lower quantities of CSF-1R localizing to macropino-
somes (Figure 2E, F, Figure S2). Confocal imaging of total
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immunostained CSF-1R in macrophages across different genotypes
showed that trafficking of the CSF-1R was altered in DKO macro-
phages (Figure 2G). Specifically, WT, Cbl”~ or Cbl-b~~ macrophages
rapidly transported the CSF-1R into small (<1 pm) endosomal com-
partments at 5 min that were then delivered to large newly formed
macropinosomes and accumulated in their lumen (bright circular
structures, Figure 2G). However, DKO macrophages trafficked the
CSF-1R through dispersed vesicles that were less efficient at deliver-
ing the CSF-1R to macropinosomes and did not result in CSF-1R
accumulation in their lumen (Figure 2G). Thus, Cbl and Cbl-b work
together to direct the transport of the CSF-1R into the macropino-
some lumen. Consistent with the western blot data showing unal-
tered ligand-induced CSF-1R degradation in DKO macrophages
(Figure 1, F and G), the CSF-1R immunofluorescence signals showed
a similar decay at late time points across all genotypes (Figure 2G).

Cbl and Cbl-b regulate Hrs and CSF-1R association

in macrophages

We surmised that the delivery of the CSF-1R into the macropino-
some lumen may involve the Endosomal Sorting Complex Required

Molecular Biology of the Cell
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Cbl and Cbl-b are essential for sequestration of the CSF-1R and subsequent degradation within
macropinosomes. (A) Immunofluorescence of the CSF-1R with and without inhibition of the vacuolar ATPase with 30 min
pretreatment with bafilomycin A1 followed by CSF-1 exposure time course (images are identically window leveled and
were collected under identical conditions). (B) Immunofluorescence staining of the intracellular and extracellular
epitopes of the CSF-1R with selective permeabilization of the plasma membrane with digitonin or complete membrane
permeabilization with Triton-x 100 at 15 min post CSF-1 stimulation. Gray arrows denote locations of macropinosomes.
Green staining in during digitonin indicates cytosolic accessibility of the CSF-1R. (C) Distribution of LAMP1-positive
lysosomes in relation to the CSF-1R contained with the lumen (WT) or limiting membrane of the macropinosome (DKO)
at 15 min post CSF-1 stimulation. (D) Quantification of the CSF-1R localization from 30 macropinosomes for each WT

and DKO based on morphology in the Triton-X 100 staining condition.

for Transport (ESCRT) recognition of the ubiquitin-interacting pro-
tein Hrs (Hurley, 2008). Indeed, immunofluorescence analysis dem-
onstrated that while Hrs strongly colocalized with the CSF-1R in WT,
Cbl~ or Cbl-b”- BMDM, colocalization was markedly reduced in
DKO BMDM (Figure 2H), indicating that CSF-1R ubiquitination by
Cbl and Cbl-b was required for recognition by the ESCRT and sub-
sequent luminal budding into macropinosomes.

Cbl and Cbl-b are essential for sequestration and
subsequent degradation of the CSF-1R within
macropinosomes in a lysosome-dependent manner

These results support the idea that Cbl- and Cbl-b-mediated ubig-
uitination enables rapid sequestration of the CSF-1R into the lumen
of macropinosomes via ESCRT-mediated luminal budding and sub-
sequent fusion of the macropinosome with the lysosome. Inhibition
of the vacuolar ATPase with bafilomycin A1 for 30 min protected the
CSF-1R from degradation in both WT and DKO BMDM (Figure 3A).
Lysosomal neutralization was verified by loss of lysosomal pHro-
doRed-Dextran signal (Supplemental Figure S4). Proteasome inhibi-
tion by Bortezomib had no effect on the rate of CSF-1R degradation
(Supplemental Figure S3). We also noticed that bafilomycin A1
treatment caused some of the CSF-1R to redistribute into a perinu-
clear region (Figure 3A, 0 min), which was similar to an effect caused
by treating BMDM with the drug EIPA (Lou et al., 2014). We specu-
lated that this relocalization was associated with alkalinization of ly-
sosomes and/or the extracellular environment. Indeed, culturing
macrophages in media of pH 5-9 for 15 min recapitulated this al-
teration in CSF-1R endocytosis and traffic (Supplemental Figure S5).
Regardless of this effect, the CSF-1R was observed to traffic nor-
mally to the macropinosome lumen in WT cells but showed defec-
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tive transport (including the limiting membranes of macropino-
somes) in DKO cells, while bafilomycin A1 blocked CSF-1R
degradation in both cases, indicating that lysosomes mediate the
degradation of the CSF-1R (Figure 4A).

To determine whether Cbl and Cbl-b were required for seques-
tration of the cytoplasmic tail, we took advantage of our previ-
ously developed method to costain with antibodies specific for
the extracellular and cytoplasmic domains of the CSF-1R follow-
ing either selective permeabilization of the plasma membrane us-
ing digitonin or complete permeabilization using triton-X100 (Lou
et al., 2014). At 15-min post CSF-1 stimulation, under digitonin
permeabilization, WT cells sequestered the CSF-1R cytoplasmic
tail away from the cytosol and were negative for both antibodies,
whereas the CSF-1R cytoplasmic tail was accessible in DKO in
macropinosomes and lysosomes (Figure 3, B and D). Permeabili-
zation with triton-X 100 revealed that both intracellular and extra-
cellular domains of the CSF-1R were localized within the macropi-
nosome lumen in WT cells. DKO cells, however, displayed the
same overall pattern as that observed with digitonin permeabili-
zation, which was largely limited to the macropinosome limiting
membrane and some tubular structures (Figure 3B). Indeed, at 15
min, tubular lysosomes were observed to interact and envelop
macropinosomes that either had the CSF-1R within their lumen
(WT) or on their limiting membrane (DKO) (Figure 3C). The CSF-
1R could also be observed in tubular structures that colocalized
with lysosomes suggesting that lysosome-macropinosome kiss
and run events (Racoosin and Swanson, 1993) were responsible
for the delivery of the lysosomal hydrolyses responsible for CSF-
1R degradation. These results indicate that Cbl and Cbl-b are
not required for CSF-1R degradation by lysosomal hydrolases;

Cbl/Cbl-b regulation of the CSF-1R | 5
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Cbl and Cbl-b limit CSF-1R and AKT phosphorylation while supporting Erk1/2 and broad tyrosine
phosphorylation. (A) Immunoblot of CSF-1R phosphorylation (pY721) following CSF-1 stimulation for 0-300 min. Note
the higher molecular weight products consistent with ubiquitination observed in all blots except DKO. (B) Quantification
of the phospho-CSF-1R signal intensity from three immunoblots (all molecular weights of CSF-1R), normalized to total
Erk1/2 (mean+/- std. dev.) (C and D) Immunofluorescence and quantification of pan phosphotyrosine in WT and DKO
BMDM following CSF-1 stimulation, illustrated broadly impaired tyrosine phosphorylation in the DKO. Error bar is
standard error of mean, n =50 cells per genotype. (E) AKT(S473) phosphorylation following CSF-1 stimulation.

(F) Quantification of pAKT(S473), mean+/-std. dev. from two independent experiments. (G) Western blot of Erk1/2
phosphorylation following CSF-1 stimulation. (H) Quantification of pErk (mean +/- std. dev., n = 3 experiments).

however, they are essential for the intralumenal sequestration of
the CSF-1R from the cytosol implying their importance for regulat-
ing signal transduction.

Cbl and Cbl-b regulate CSF-1R phosphorylation and limit
downstream AKT and ERK signaling

Given the continued proliferation of DKO macrophages beyond
when WT cells exhibited senescence, together with the loss of CSF-
1R ubiquitination and its traffic to the macropinosome, we sought to
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determine the impact of DKO on CSF-1R signaling. Western blot-
ting for CSF-1R pY721 showed that the CSF-1R in WT, Cbl”~ and
Cbl-b= macrophages ran as a high molecular weight smear, that
was not present in the DKO cells (Figure 4A). This molecular weight
shift is consistent with Cbl and Cbl-b mediated ubiquitination
(Figure 1D). Quantification of CSF-1R phosphorylation which in-
cluded the shifted (smeared) molecular weight species, indicated
that the peak pY721 levels were elevated and remained higher for
longer in DKO cells, with Cbl”~ macrophages exhibiting a similar

Molecular Biology of the Cell



but less robust elevation and Cbl-b”~ macrophages only showing a
moderate elevation of peak phosphorylation compared with WT
cells (Figure 4B). These results indicated an inverse relationship
between the levels of ubiquitination and phosphorylation of the
CSF-1R and support the conclusion that Cbl and Cbl-b have addi-
tive, but potentially distinct roles with Cbl more prominently in-
volved in attenuating CSF-1R phosphorylation.

Given the CSF-1R hyperphosphorylation in DKO macrophages,
we considered the possibility that downstream targets would also be
hyperphosphorylated. Surprisingly, immunofluorescence staining
with an anti-phosphotyrosine antibody revealed lower total tyrosine
phosphorylation in CSF-1 stimulated DKO compared with WT mac-
rophages (Figure 4, C and D). Furthermore, tyrosine phosphorylation
in CSF-1-stimulated WT macrophages was localized to punctate in-
tracellular structures reminiscent of early endosomes and macropi-
nosomes, consistent with previous observations that the CSF-1R
continues to signal from endosomes (Huynh et al., 2012). Thus, Cbl
and Cbl-b attenuation of CSF-1R phosphorylation does not translate
directly into increased downstream signaling, but rather Cbl and
Cbl-b both constrain CSF-1R signaling and scaffolding of the down-
stream signaling directly or through ubiquitin-driven processes.

The altered pattern of tyrosine phosphorylation upon Cbl/Cbl-b
DKO suggested that Cbl and Cbl-b may shape the character of CSF-
1R signaling. Measurements of p-AKT signaling, which is mainly ini-
tiated at the cell surface (Katz et al., 2007), demonstrated that CSF-1
stimulation led to increased p-AKT(S473) signals that peaked at 7
min in WT, Cbl”~ and Cbl-b™ cells and then came down quickly
reaching baseline levels by 15min (Figure 4, E and F). In contrast,
DKO cells exhibited a markedly elevated and sustained induction of
p-AKT(S473). This pattern is consistent with an extended residence
of activated CSF-1R at the plasma membrane, resulting in hyper-
phosphorylation of AKT. In contrast, induction of p-Erk as a measure
of activation of the Erk kinase, which signals downstream of the CSF-
1R, reduced and less sustained in DKO macrophages (Figure 4G).
These results are consistent with previous observations that CSF-1R
activation of the MAPK/ERK signaling is amplified on endosomes
(Huynh et al., 2012) and suggest that regulation of subcellular CSF-
1R traffic by Cbl and Cbl-b or their potential adapter roles contrib-
ute to Erk pathway activation. Overall, our findings suggest that Cbl
and Cbl-b function together to control the subcellular distribution of
CSF-1R signaling and thus determine the nature of CSF-1R signaling
via Erk and Akt.

Cbl and Cbl-b regulate gene expression downstream of the
CSF-1R

We conducted RNA-sequencing experiments on day 8 macro-
phages to delineate the consequences of Cbl and Cbl-b regulation
of CSF-1R traffic and signaling on gene expression that constrains
cell proliferation and growth. We anticipated that transcripts associ-
ated with increased responsiveness to CSF-1 and signaling via the
AKT pathway might be upregulated. Differential expression analysis
indicated that 520 genes were upregulated and 280 were down-
regulated in DKO macrophages when compared with WT controls
and a smaller number (200) of total genes were differentially ex-
pressed in Cbl”~ and only 28 in Cbl-b relative to WT (Figure 5).
Thus, consistent with the changes in ubiquitination, traffic, and
phosphorylation, Cbl had a stronger influence than Cbl-b in regulat-
ing gene expression, but Cbl-b largely compensated for Cbl™-, as
could be seen in that the DKO cells displayed many more altera-
tions in gene expression levels than either single knockout. Principle
component analysis indicated that WT and Cbl-b™~ macrophages
were similar in gene expression character and that Cbl”~ and DKO
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displayed different principal components with PC1 and PC2 ac-
counting for 60% of the total variance (Figure 5B). A Venn diagram
captures the number of genes differentially expressed by compari-
son with the WT with a false discovery rate (FDR) of 0.05 (a statistic
derived from the DESeq2, predicting ~5% of the differential genes
would be false positive (Love et al., 2014), Figure 5C). Of these, the
WT/DKO pair showed 675 unique differentially expressed genes,
vastly exceeding that of WT paired with Cbl~~ or Cbl-b~. The large
number of genes whose expression is altered in the DKO macro-
phages is consistent with a redundant contribution of Cbl and Cbl-b
to shaping the macrophage transcriptome. MA plots illustrate the
effect of this differential gene expression and highlight broader al-
terations of the macrophage transcriptional program in the DKO
than in the single KOs (Figure 5D). We considered the possibility
that relative expression levels of Cbl and Cbl-b may determine the
changes in the transcriptomic profile in KO cells. However, comput-
ing the transcripts per million reads (TPM) indicated that in our sys-
tem they are expressed at similar levels and only an small (~15%)
increase in expression was observed for Cbl-b in Cbl”= macro-
phages, with no change in Cbl transcripts in Cbl-b cells, indicating
little or no expression compensation (Figure SH). Thus, we conclude
that Cbl and Cbl-b cooperate to constrain signaling from the CSF-
1R and likely other receptors to shape certain components of the
macrophage transcriptional program.

To gain more in-depth insights into the gene expression
changes resulting from combined Cbl and Cbl-b KO, we con-
ducted pathway analyses using the iDEP as a broad multiplatform
analytical tool (Ge et al., 2018). Gene ontology analysis across Bio-
Process revealed that the DKO macrophages were dramatically
altered relative to WT, including pathways corresponding to re-
sponses to external stimulus, leukocyte, and leukocyte cell migra-
tion (Figure 5E). A KEGG pathway analysis identified alterations in
Proteasome degradation, presumably reflecting altered traffic of
cargo proteins whose ubiquitination is regulated by Cbl/Cbl-b, as
well as a broad number of inflammation-related cytokine and in-
nate immunity pathways (Figure 5F). In view of the pathway analy-
sis results, we carried out Gene set enrichment analysis (GSEA) for
genes associated with senescence (Saul et al., 2022). Indeed,
many of the macrophage genes associated with senescence were
observed as being upregulated in the DKO cells (Figure 5G). While
counterintuitive given the hyperproliferative phenotype, this gene
set likely reflects upregulation of macrophage genes in tissues
bearing an aged cell burden, as opposed to genes that directly
contribute to senescence, suggesting that the sustained growth of
DKO cultures triggers an environment that shares similarity with
the in vivo situation, which may require macrophage proliferation
to compensate.

DISCUSSION

The Cbl family of E3 ubiquitin ligases are recognized as important
negative regulators of receptor tyrosine kinase signaling pathways,
primarily through their activities to promote ubiquitin modification
and subsequent endocytic degradation of target receptors (Thien
and Langdon, 2001; Schmidt and Dikic, 2005; Mohapatra et al.,
2013). In this work, we shed new light on the mechanisms by which
the individual and additive functions of Cbl and Cbl-b regulate
growth factor signaling in a prototypical myeloid cell, the macro-
phage. This work provides insight into why Cbl or Cbl-b single
knockout in mice are nonlethal, while Cbl and Cbl-b double knock
out mice develop lethal myeloproliferative disease (Naramura et al.,
2010; An et al., 2015, 2016; Goetz et al., 2016). Specifically, we
found that Cbl and Cbl-b have overlapping function in controlling
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macrophage growth and ubiquitination of CSF-1R, leading to CSF-
1R traffic to macropinosomes where it associates with Hrs and is
packaged into the macropinosome lumen to suppress signaling
(Lou et al., 2014). The control of CSF-1R ubiquitination and traffic by
Cbl and Cbl-b regulates CSF-1R signaling through AKT and Erk ulti-
mately regulating the macrophage transcriptional program and con-
trolling proliferation and exit from the cell cycle.

Previously we characterized the transport of the CSF-1R into
the lumen of macropinosomes where it is degraded (Lou et al.,
2014). Single knockouts in either Cbl or Cbl-b had a modest effect
on this pathway. However, DKO macrophages lost the ability to
transport the CSF-1R into the macropinosome presumably via ac-
tion of the ESCRT which in turn led to amplified AKT signaling.
Ubiquitination of the CSF-1R by Cbl and Cbl-b was not required
for its degradation, yet the lysosome function was. We conclude
that there are redundant mechanisms that traffic ligand-stimulated
CSF-1R to the lysosome although with prolonged exposure of the
cytoplasmic tail to the cytosol. Thus, the import of activated CSF-
1R into macropinosomes is a critical step in attenuating its signal-
ing (Lou et al., 2014). The CSF-1R can signal from endosomes
(Huynh et al., 2012), indicating that Cbl and Cbl-b direction of the
CSF-1R to the macropinosome acts as an important step in endo-
somal CSF-1R signaling and signal termination. The loss of this
activity in DKO macrophages is consistent with potentiated AKT
signaling, presumably at the plasma membrane, as larger amounts
of CSF-1R (pY721) were observed with slower internalization from
the surface (Lee et al. 1999), consistent with the reported function
of CSF-1R Y721 phosphorylation in the activation of AKT signaling
pathway at the plasma membrane (Katz et al., 2007). Thus, our
studies indicate that in addition to directing CSF-1R traffic to mac-
ropinosomes that Cbl and Cbl-b are important constraining AKT
signaling.

Consistent with prior work previously implicating Cbl in regulat-
ing CSF-1R signaling (Lee et al., 1999), we observed that Cbl KO
macrophages had a stronger phenotype for ubiquitination, signal-
ing and gene expression changes over Cbl-b~. Our findings repro-
duce some of these phenotypes, however these are mild when
compared with the phenotype of DKO macrophages, leading to the
conclusion that either Cbl or Cbl-b protein is sufficient to regulate
CSF-1-depndent macrophage growth and that their overlapping
functions protect against sustained proliferation of myeloid cells,
which is also consistent with the myeloproliferative phenotype ob-
served in the DKO mice. Moreover, Cbl and Cbl-b were recently
found to also constrain the growth of type 1 conventional dendritic
cells (Xu et al., 2022). The 8 tyrosine residues on the intracellular
domain of CSF-1R can contribute to activation of different signaling
pathways (Pixley and Stanley, 2004) that may be influenced by the
timing of ubiquitination. Specifically, Y559 recruitment of Cbl via
SFK-mediated ubiquitination of CSF-1R is thought to be important
for phosphorylation of other tyrosine residues on CSF-1R, while
Y697 recruitment of Cbl via Grb2 is important for ERK signaling
pathway activation and tyrosine phosphorylation (Pixley and Stan-
ley, 2004; Stanley and Chitu, 2014). Our work suggests that Cbl and
Cbl-b likely have overlapping, but different capacities for these two
roles, with Cbl showing a slightly dominant effect on CSF-1R signal-
ing, despite similar expression levels of these two genes (Figure 5H).

In summary, we find that Cbl and Cbl-b have overlapping func-
tions in ligand-induced CSF-1R ubiquitination, endocytosis, trans-
port into the lumen of macropinosomes. Future studies under more
limiting growth factor conditions may help reveal more significant
differences since Cbl/Cbl-b combined deletion is known to render
cells more sensitive to lower levels of growth factors (Naramura
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et al. 2010). Together, these shape the signaling and transcriptional
regulation of the CSF-1R and constrain macrophage proliferation.
Thus, Cbl and Cbl-b play a critical role in controlling CSF-1R signal-
ing and macrophage-related growth and likely contribute to the
regulation of other myeloid growth factor receptors, potentially
including the GM-CSF receptor (Xu et al., 2022).

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Reagents

Dulbecco’s Modified Eagle Medium (#SH30022, GE Healthcare
Life Sciences), FBS (#SH30088, GE Healthcare Life Sciences) and
L-cell supernatant were used for cell culture. Recombinant human
CSF-1 (#:574806, BioLegend) was used for CSF-1R stimulation.
Alamar blue reagent (#DAL1025, Thermo Fisher Scientific) was
used for growth assay of macrophages. CSF-1R antibody (SC692,
Santa Cruz Biotechnology, AFS98, eBioscience), pCSF-1R (Y721-
mouse/Y723-human) antibody (49C10, Cell Signaling Technology),
p-ERK antibody (9101, Cell Signaling Technology), pAKT antibody
(4691, Cell Signaling Technology), p-Tyrosine antibody (P-Tyr-100,
Cell Signaling Technology), goat anti-mouse Dylight 600, goat anti-
rabbit Dylight 800, goat anti-Rat Dylight 594, goat anti-Rabbit
Dylight 488 conjugated secondary antibodies (Thermo Fisher Sci-
entific) were used for western blot or immunofluorescence. Texas-
Red Dextran (70 kD) (#D 1864, Thermo Fisher Scientific) was used to
label macropinosomes. GeneJET RNA Purification Kit (K0732,
Thermo Fisher Scientific) and Turbofree DNA free Kit (AM1907,
Thermo Fisher Scientific) were used to purify total RNA for RNA
sequencing. ToxinSensorTM Gel Clot Endotoxin Assay Kit (LO0351,
GenScript) was used to assess any LPS contamination of the
media.

Generation of WT, Cbl-, Cbl-b”-, and DKO macrophages
Bone marrow cells were isolated from mouse femurs of WT, Cbl-,
Cbl-b~, and Cbl/Cbl-b-DKO mice and cultured in bone marrow
medium, which consists of 20% FBS and 30% L-cell supernatant, a
source of CSF-1 (Stanley et al., 1976; Waheed and Shadduck, 1979),
and 50% Dulbecco’s Modified Growth Medium containing 4.5 g/L
glucose, 110 mg/| sodium pyruvate, 584 mg/| L-glutamine, 1 1U/ml
penicillin, and 100 pg/ml streptomycin (Naramura et al., 2010). Gen-
otypes were validated by PCR on BMDM DNA using primers for
Cbl: forward-TTG CAG GTC AGA TCA ATA GTG G, reverse-TGG
GAG CCT AAT GTG TCT TGC and Cbl-b: forward-TCC TGT TGG
GGA AAT ACT TTC ATA, reverse-TGC ATC CTG AAT AGC ATC AA
(Supplemental Figure S1).

Growth assay of macrophages

Day 6 postisolation macrophages were differentiated in bone mar-
row medium, and their growth was monitored by counting five sites
per sample in triplicates under microscope with DMEM+10% FBS
containing 100 ng/mL CSF-1. The Alamar blue assay was used to
measure the growth of wildtype and mutant macrophages between
days 5-25 postisolation. Briefly, six replicate wells of day 5 macro-
phages were plated on nontissue culture-treated 96-well plates in
DMEM containing 10% FBS with no CSF-1, 10 ng/ml CSF-1, or
100 ng/ml CSF-1. A total of 1,000 cells/well were originally plated,
and cells were replated after reaching 90% confluence. The Alamar
blue dye was applied to cells every other day from day 5 to 25.
Alamar blue dye reaction with cells was done in a 37° C CO; incuba-
tor for 40 min. The reaction product was measured using 550 nm
excitation and 585 nm emission to calculate the cell number per
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well, and data were normalized to cell number on day 5. To assay
growth from day 81 to day 94 of culture, macrophages were plated
on 6-well plates with triplicate wells, and the cell number was re-
corded in 5 fields of view and plotted against days of cell culture.

Immunofluorescence

For immunofluorescence analysis of intracellular targets, cells were
fixed with 4% (PFA) for 10 min, and permeabilized with 0.1% Triton
X-100 at room temperature for 15 min for p-ERK staining or fixed
and permeabilized with cold methanol at —20 °C for CSF-1R or
phospho-tyrosine staining. For analysis of surface CSF-1R, cells were
fixed with 2% PFA for 5 min and used without permeabilization. The
samples were blocked with 2.5% BSA in PBS. The samples were in-
cubated with primary antibodies for 1 h at room temperature or
overnight at 4°C, washed and secondary antibody added for 1 h
incubation at room temperature.

Western blot analysis

Macrophages were lysed in M-Per solution (Cat#78501 Thermo
Fisher Scientific) at different times following CSF-1 stimulation, ly-
sates were centrifuged for 10 min at 12,000 rpm at 4°C and cleared
supernatants analyzed for total protein using the BCA reagent
(#P123221, Thermo Fisher Scientific). 20-pg aliquots of total lysate
protein were loaded on 8% SDS-PAGE gels and resolved at 150V for
1 h. Protein Transfer to nitrocellulose membrane was achieved at
300 amps for 30 min. The membrane was blocked in 5% BSA in
PBST (PBS with 0.1% Tween 20) or TBST (20 mM Tris pH 7.5, 150 mM
NaCl, 0.1% Tween 20) solution at room temperature for 30 min. The
membranes were incubated with the primary antibody overnight at
4°C, followed by secondary antibody at room temperature for 1 h.

Microscopy and data analysis
Immunofluorescence images were acquired on a Leica CTR4000 in-
verted microscope equipped with an QICAM 16-bit color camera
via Micromanager software and 60 X oil lens. Exposure time was
optimized according to sample brightness and held constant for all
the samples within a staining group. Imaging parameters were kept
constant for each experimental condition. Cell Nucleus was masked
with HCS (#H10325, Thermo Fisher Scientific), and Pholloidin-Dy-
light647 (#A22287, Thermo Fisher Scientific) labeling of actin cyto-
skeleton was used to mask cells. CellProfiler (Broad Institute) was
used to measure the fluorescence intensity from individual cells over
the region defined by the phalloidin stain and HSC.
Macropinosomes were labeled by incubating cells with Texas
red-dextran (70 kD) or FITC-dextran (150 kD) and CSF-1. Sequential
immunostaining of the CSF-1R was performed on a custom-built Till
iMic microscope (FEI) using 60 X water objective, or on a High con-
tent microscope (ImageExpress Pro XLS, Molecular Devices) using
60 X air objective.

RNA Sequencing by lllumina

Bone marrow derived macrophages from WT, Cbt-, Cbl-b7-, Cbl/
Cbl-b-DKO mice were cultured in DMEMmedium supplemented with
CSF-1 (100 ng/ml) until day 8 in 6-well nontissue-treated plates. Total
RNA was purified from each sample and indexed libraries prepared
using the lllumina Truseq kit. The samples were sequenced on a Next-
Seg500 using a high output lllumina chip with 150-nt single-end read
lengths. Reads were filtered based on quality control set up and
mapped to Mouse genome using the RNA-sequencing pipeline in
CLCBio genomic workbench 9.0.1 (QIAGEN) and counts were nor-
malized to calculate the expression level as RPKM (Reads Per Kilobase
of transcript per Million reads mapped). Raw total exon counts were
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also used to do principal component analysis, MA plot of differentially
expressed genes, gene ontology analysis, KEGG pathway analysis,
and cancer gene analysis in macrophages across different genotypes
in iDEP with cutoff values of FDR < 0.05 (Ge et al., 2018). All data are
available via the NIH Gene Expression Omnibus at GSE130527.
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