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Abstract

Background—The oncogenic potential of colony stimulating factor 1 receptor (CSF-1R) has
been well described, while its relevance for human acute myelogenous leukemia (AML) is still
undetermined. In a recent clinical trial for AML, sunitinib was found to hold potential therapeutic
benefit, however, the mechanism for this remains unknown.

Materials and Methods—In this study, we treated three myeloid cell lines, Mono-Mac 1,
THP-1, and U937, with sunitinib, and a small-molecule CSF-1R inhibitor (cFMS-I) to test the
anticancer effect of such treatment.

Results—Mono-Mac 1 cells had inhibited proliferation and extracellular-signal regulated kinase
activity as a result of CSF-1R inhibition and a dose-dependent increase in CSF-1R expression with
both sunitinib and cFMS-I.

Conclusion—Our results suggest potential for CSF-1R as an important target of sunitinib or
other similar drugs. Future study of CSF-1R may produce more targeted therapeutic approaches
and aid in the development of personalized medicine for AML.
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Colony-stimulating factor 1 (CSF-1), previously known as macrophage colony-stimulating
factor (MCSF), is a hematopoietic growth factor, which synergizes with other factors to
regulate the survival, proliferation, differentiation and motility of cells of the monocyte
lineage (1,2). In light of the mitogenic response that results from CSF-1 signaling cascade, it
is not surprising that the receptor for CSF-1, colony stimulating factor 1 receptor (CSF-1R)
or cFMS, has been identified as an oncogene. Originally, v-FMS was identified as a
transforming retroviral product contained in the genome of Susan McDonough strain of
feline sarcoma virus (SM-FeSV), a retrovirus which causes fibrosarcoma in cats (3).
Additionally, CSF-1R is also up-regulated and subsequently mutated in one fifth of cases of
Friend murine leukemia virus (F-MuLV)-derived leukemia (4). Studies of the v-FMS gene
have identified sites of mutation that promote transformation which causes one of two
phenotypic outcomes: inactivation of regulation and ligand independent activation. A 50
amino acid truncation in the carboxyl-terminus along with 11 other residues of an unknown
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source (5) was identified in v-FMS that inactivates the regulatory domain (6). This deletion,
however, is only responsible for partial transformation (5,7). Additional mutations in the
extracellular domain promote autophosphorylation and full transformation, with additive
effects observed when both carboxyl-terminus and extracellular domain mutation are
combined (5,8). Similar findings have been observed with carboxyl-terminus and
extracellular mutation of a humanized v-FMS (5)

Expression of v-FMS in myeloid cells causes transformation, supporting the belief that this
oncogene may be involved in acute myelogenous leukemia (AML) (9,10). Consequently,
several studies in humans have also implicated CSF-1R in AML. It was reported that
CSF-1R expression is increased in later stages of AML (11) and mutant FMS was identified
in 23% of human AML M4 (12). If CSF-1R is indeed important in AML, the increased
likelihood of CSF-1R involvement in differentiated AML may imply either that these cells
rely on CSF-1R signaling to a greater extent, that these tumors are more differentiated due to
CSF-1R activity (which promotes differentiation), or both.

Current therapeutics for AML, among other targets, are designed to inhibit specific tyrosine
kinase receptors, but may have cross-reactivity to many targets. sunitinib, for example,
inhibits vascular endothelial growth factor, platelet-derived growth factor, tyrosine protein
kinase, and FMS-related tyrosine kinase 3 (FLT3) (13,14). However, sunitinib can also
inhibit CSF-1R (15,16). Considering that genes for all of these may be involved in cancer, it
is difficult to ascertain exactly which receptors are being affected in achieving therapeutic
results. In a recent phase 1 clinical trial for AML, sunitinib was shown to promote partial
remission (6/14 patients) (17). Although the doses used (0.125-0.25 pM: 50 ng/mI-100 ng/
ml) were sufficient for both FLT3 and CSF-1R inhibition (15,16), it was asserted that the
clinical response was due to FLT3, as 4/4 patients with FL 73 mutations were partial
responders. However, other studies suggest that the effect of sunitinib on AML is unlikely to
be solely due to FLT3 inhibition. Whereas sunitinib was found to promote mitogen-activated
protein kinase/extracellular-signal regulated kinase (MAPK/ERK) inhibition (18), FLT3
inhibition alone did not reduce constitutive ERK activation in AML cells, including those
with FL 73 mutations (19). Further, where sunitinib induces differentiation in both FL73
mutant and wild type AML cells (20), suggesting that that at least, additional receptors are
involved in these effects. Considering that CSF-1R is important in differentiation and
MAPK/ERK signaling, and the crossreactivity of sunitinib to CSF-1R kinase, our study was
designed to investigate the possible role of CSF-1 receptor signaling in AML.

Materials and Methods

Cell culture

As a model for AML, three myeloid cell lines were used. U937 cells are derived from
pleural effusion from a patient with histiocytic lymphoma (21) and resemble promonocytic
cells (22). THP-1 cells are derived from acute monocytic leukemia (M5b) (23) and resemble
monocytes (24). Mono-Mac 1 cells are derived from peripheral monoblastic leukemia (M5a)
(25) and resemble mature monocytes (24,26). THP-1 and U937 cells were grown in RPMI
1640 supplemented with 10% FBS, 2mM L-glutamine, and penicillin (50 U/ml)/
streptomycin (50 pg/ml). Mono-Mac 1 cells were grown in the same media but
supplemented with 1X non-essential amino acids and 1 mM sodium pyruvate (Invitrogen,
Carlshad, CA, USA).

The compounds used for the treatment of cells included sunitinib (0.01-0.1uM) (LC
laboratories, Woburn, MA, USA), U0126 (1-10 uM) (Merck KGaA, Darmstadt, Germany),
staurosporine (0.5 uM) (Sigma-Aldrich, St. Louis, MO, USA), and a small molecule (8-
indan-5-yl-2-[4-(1-methylpiperidin-4-yl) phenylamino]-5-ox0-5,8-dihydropyrido[2,3-
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d]pyrimidine-6-carboxylic acid methoxyamide), an inhibitor of CSF-1R, designated herein
as cFMS-1. The optimization of the latter compound for CSF-1R inhibition has been
described previously (27). The cFMS-I inhibitor was a gift from Johnson & Johnson
Pharmaceutical Research & Development.

Western blot and immunoprecipitation

For cell signaling experiments, all three AML cell lines were serum starved (0.1% FBS) for
48 hours and treated with CSF-1 (10 ng/ml) for 20 minutes at which point the samples were
harvested. Samples were then analysed by western blot using Tris/Glycine buffer and
transferred onto a hybond-P membrane (Amersham, GE, Fairfield, CT, USA). All protein
samples were quantified by using a BCA assay to ensure similar protein quantities in all
lanes of the western gel (Thermo Scientific Inc.). Antibodies used in western blot
experiments were CSF-1R (sc692, 1:1000, Santa Cruz, Santa Cruz, CA, USA), phospho-
tyrosine (sc-508, 1:1000, Santa Cruz,), phospho-ERK (sc-7383, 1:1000, Santa Cruz), total
ERK (sc-94, 1:1000, Santa Cruz), and B-actin (A2228, 1:10,000, Sigma-Aldrich,). All
antibodies were incubated with the blot overnight at 4°C in 5% BSA TTBS. The secondary
antibodies mouse 1gG-HPR (sc-2061, 1:10,000, Santa Cruz,) or rabbit 1gG-HPR (sc-2030,
1:10,000, Santa Cruz,) were incubated for 1 hour at room temperature in 5% milk TTBS.
The signal was detected using Super Signal West Pico Chemiluminescent Substrate (Thermo
Scientific Inc., Waltham, MA, USA).

Immunoprecipitation (IP) was conducted using CSF-1R antibody followed by western blot
for phospho-tyrosine and then cFMS. Mono-Mac 1 cells or macrophages were treated
overnight with inhibitor (cFMS-I, sunitinib or anti-CSF-1) and stimulated with CSF-1 (10
ng/ml) for 5 minutes and then harvested in lysis buffer. Samples were harvested in lysis
buffer (150 mM NaCl, 40 mM Tris HCI pH 7.4, 1% NP40, 1 mM Dithiothreitol, 1 mM
EDTA). Protein lysate (1000 .g) from Mono-Mac 1 cells was used for IP with 6 pg of
CSF-1R or rabbit 1gG control (Santa Cruz). IP was done over night at 4°C using Dynabeads
conjugated to protein G (Invitrogen) in conjunction with the recommended BS3 cross-
linking protocol (Thermo Fisher Scientific Inc.). The total precipitate was then analyzed by
western blot as noted above.

Cell proliferation and toxicity assays

Results

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was conducted
following 3 days of treatment with inhibitor for all three cell lines (Roche, Basel,
Switzerland). All cell lines were initially plated at 25 x 103 cells/96 well. Student’s t-test
was conducted to compare the effect of no treatment to that with the highest drug
concentration for each cell line. The optical density was read at 4 hours (test: 550 nm,
reference: 630 nm). Propidium iodide assay was performed after 24 hours of treatment of
Mono-Mac 1 cells using standard protocol (Sigma-Aldrich). An annexin/7-
Aminoactinomycin D (7AAD) assay was carried out after 48 hours of treatment with cFMS-
I, sunitinib, or U0126 using the manufacturer protocol (BD Biosciences, Franklin Lakes, NJ,
USA). All flow cytometry was conducted on a Guava Easy Cyte mini machine (Guava
Technologies, Billerica, MA, USA). The annexin/7AAD data was analyzed using FlowJo
9.2 software (Ashland, OR, USA).

In order to assess the relevance of CSF-1R in AML, three myeloid cell lines, Mono-Mac 1,

THP-1 and U937, were treated with compounds that affect the CSF-1R and other pathways.
Firstly, a specific CSF-1R inhibitor (cFMS-I) was used at concentrations from .01 to 1 pM

(Figure 1A). After allowing the cells to grow for three days, only Mono-Mac 1 cells
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demonstrated reduced proliferation with cFMS-I treatment as determined by MTT assay. As
sunitinib has been used in clinical trials for AML, and can also inhibit cFMS, all three cell
lines were treated with sunitinib at concentrations from 0.01 to 0.1 M (Figure 1B). At these
concentrations, sunitinib can inhibit CSF-1R (15,16) and these are similar to those used in a
recent clinical trial (17). As with the treatment with cFMS-I, sunitinib caused differences in
proliferation of the Mono-Mac 1 cells. In order to confirm that the downstream signaling for
CSF-1R is similarly important for the growth of these cells, all three cell lines were treated
with a MEK1/2 inhibitor, U0126 at concentrations from 1 to 10 uM (Figure 1C).
Surprisingly, all three cell lines showed some inhibition of growth with 10 uM
concentration of U0126. However, U0126 treatment produced a smaller degree of inhibition
than did cFMS-1 and sunitinib treatment.

To determine the nature of the toxicity of these three treatments, the three cell lines were
cultured with cFMS-1 (1 M), sunitinib (0.1 wM), U0126 (10 M), or stuarosporine (0.5
M) for 24 hours and a propidium iodide cell-cycle assay was conducted. In Mono-Mac 1
cells, cFMS-I increased the G4 population from 57.92% to 64.04% (Figure 2B), Sunitinitb
increased G, cells from 57.92% to 63.4% (Figure 2C), and U0126 increased the G;
population from 57.92% to 62.6% (Figure 2D). Staurosporine, as expected, caused DNA
fragmentation due to cell death (data not shown). cFMS-I treatment, however, caused very
small changes in cell-cycle of THP-1 or U937 cells, altering the percentage of cells in the G,
phase of the cell cycle from 61.14% to 61.64% and 45.52% to 46.52% respectively (data not
shown). In U937 cells, sunitinib increased the percentage of cells in G; from 45.52% to
48.04% and U0126 increased the population from 45.52% to 53.9% (data not shown). In
order to assess the possible role of apoptosis in the toxicity of these treatments, an annexin/
7AAD assay was conducted (data not shown). No apoptosis was observed in any of these
cell lines, except on treatment with stuarospoine (0.5 wM).

We next evaluated the effect of these drug treatments on the cell signaling of the three AML
cell lines. We found that of the three cell lines, Mono-Mac 1 cells were the only cell line to
have constitutive ERK activity (Figure 3A). Furthermore, this activity was slightly
responsive to CSF-1 and was inhibited by cFMS-1 (1 wM). THP-1 cells did not have ERK
activity with CSF-1 and therefore, we did not observe any inhibition with cFMS-I treatment.
U937 cells also did not have ERK activation with CSF-1, but interestingly, did have slight
ERK activation with cFMS-1. This may have been due to off-target activity. Next, we
compared the effects of cFMS-1 (1 wM), sunitinib (0.1 M), and U0126 (10 M) on ERK
activity in Mono-Mac 1 cells with and without CSF-1 treatment (Figure 3B). As shown in
Figure 3A, the Mono-Mac 1cells had high ERK activity and CSF-1 induced slight ERK
activation. cFMS-I, sunitinib, and U0126 all inhibited ERK activity. sunitinib caused the
greatest inhibition of ERK, followed by cFMS-I, and U0126 had the smallest effect on ERK.
Interestingly, the degree of inhibition of each compound closely corresponds to the efficacy
and potency, according to the MTT assay (Figure 1A-C). Further, even though inhibition by
cFMS-1 is not competitive with regards to CSF-1, we did observe an effect of CSF-1
treatment on ERK activity, implying that the inhibition by cFMS-I is not complete in these
conditions. Additionally, some CSF-1 ERK activation was noted in the U0126 treated
Mono-Mac 1 cells, also suggesting that the inhibition of ERK is incomplete with 10 uM of
U0126 treatment. We then compared the level of CSF-1R expression in the three AML cell
lines by western blot. We were only able to detect CSF-1R in Mono-Mac 1 cells (Figure
3C). The observation that CSF-1R is not expressed in THP-1 and U937 cells has been
reported in previously (11). Interestingly, we found that the CSF-1R was down-regulated
after 5 minutes of treatment with CSF-1 (Figure 3D).

To determine if effect of cFMS-1 on CSF-1R phosphorylation occurred at similar doses as
the inhibition of growth observed from the MTT assay, We next treated Mono-Mac 1 cells
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were treated with cFMS-I (0.01-1 M) and sunitinib (0.01-1M) (Figure 3E). Following IP
for cFMS, we observed inhibition of phosphorylation in a similar dose dependent manner
for cFMS-I. sunitinib also had inhibitory effects on CSF-1R activation, but these were not
clearly dose dependent. Both treatments appeared to increase the amount of total CSF-1R by
IP. By western blot, both treatments did indeed show a profound and dose dependent
increase in the amount of total CSF-1R receptor in Mono-Mac 1 cells (Figure 3F).

Discussion

Our findings show that Mono-Mac 1 cells alone are inhibited by cFMS-1 and sunitinib
treatment, while U0126 treatment is somewhat toxic to all three cell lines. The nature of the
inhibitory effect was primarily G arrest, as shown by cell-cycle analysis and annexin/7AAD
staining. We found that Mono-Mac 1 cells had constitutive ERK activation that was
inhibited with toxic treatments and was partly responsive to CSF-1. Mono-Mac 1 cells were
the only cell line to express CSF-1R and demonstrated down-regulation of CSF-1R with
CSF-1 treatment. We found that cFMS-I inhibited the receptor activity at similar
concentrations that caused growth arrest in these cells. In agreement with previous
publications, we also showed that sunitinib inhibits CSF-1R phosphorylation, supporting the
possibility that CSF-1R may be one target of the drug. Finally, both drugs were observed to
increase the expression of CSF-1R receptor in Mono-Mac 1 cells in a dose-dependent
manner.

While we have not conclusively proven that CSF-1R is required for sunitinib efficacy in
AML, we provide ample evidence that it is a very likely target. Two compounds that have
activity against the CSF-1R kinase inhibited the growth of the only cell line, of the three
tested found to have CSF-1R expression. We cannot exclude, however, the possibility that
another target common to both drugs is responsible for this effect. Alternatively, the two
drugs may have separate targets in Mono-Mac 1 cells other than cFMS. Another possibility
is that CSF-1R is involved in the toxicity of both compounds, but is not sufficient by itself
as a target. Consistent with the notion that CSF-1R is indeed inhibited, ERK inhibition was
observed with both treatments, as well as with U0126, a known MEK1/2 and ERK inhibitor.
This inhibition also explains the cell-cycle arrest that we report, as the ERK pathway is
involved in the G4/S transition (28). While ERK is activated by CSF-1 in myeloid cells
(29,30), ERK activation is a common pathway to many extracellular signals and does not
specifically implicate CSF-1R (31). Finally, the up-regulation of CSF-1R in response to
drug treatment of Mono-Mac 1 cells shows that the expression of the receptor in these cells
is linked to it’s phosphorylation status and likely indicates that this receptor function is
important for cell division and is highly regulated by these cells. It is, however, also possible
that CSF-1R up-regulation is a non-specific event in response to growth arrest. In both
cases, the induction of CSF-1R by tyrosine kinase inhibitors may be an important marker to
study and correlate to patient outcomes.

The nature of CSF-1R signaling in Mono-Mac 1 cells is likely not the same as for those with
the wild-type protein. While we did not sequence the gene in these cells, our results show
that the receptor has different epitopes than that of donor derived-macrophages. The CSF-1R
antibody used detected two expected bands in primary cells (data not shown), but only one
band in Mono-Mac 1 cells under similar electroporation conditions (Figure 3C—F). This
implies that the peptide detected by the antibody is mutated or differentially modified post-
transcriptionally by phosphorylation of glycosylation. It is possible that such modification
may lead to ligand-independent activation, however, it is also likely that the regulatory
domain is not affected as there appears to be a down-regulation of the signaling by CSF-1
treatment in Mono-Mac 1 cells (Figure 3D). Furthermore, if CSF-1R function is indeed
needed for the growth of Mono-Mac 1 cells, it is unlikely that CSF-1 produced by these cells
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activates the pathway as this cell line produces extremely low quantities of CSF-1 (data not
shown). Future studies will be needed with this cell line to determine the exact nature of
CSF-1 signaling.

We treated three cell lines that represent different stages of AML with inhibitors for both
extracellular tyrosine kinase receptors and for downstream ERK signaling. Of the three cell
lines used, Mono-Mac 1 cells display the most mature phenotype (mature monocyte) (24,26)
and are the only one of the three to express CSF-1R (Figure 3C). This is consistent with
previous literature that reports more probable up-regulation and mutation of CSF-1R in
well-differentiated forms of AML (11,12). This observation further suggests that CSF-1R is
a driving factor for proliferation of some AML cell types. However, it is unclear why
sunitinib, which can affect multiple extracellular receptors, has minimal effects on U937 and
THP-1 cells. These cell lines might have mutations downstream of receptors and do not rely
on such signaling for growth. It may be an important future study to determine the need for
surface receptor signaling in various types of AML, and correlate this data to drug
responsiveness. Even though U937 and THP-1 cells were not observed to have high
constitutive ERK activation (Figure 3A), U0126 treatment had some effect on the
proliferation of these cells (Figure 1C). It may be that even undetectable levels of ERK
activation have significant effects on cellular processes in these cells. This implies that ERK
status in AML may be a deceptive finding, however, this needs to be evaluated further, as
our results may be unspecific or due to inhibition of other pathways.

Our data suggests that the level of differentiation level of AML may be an important factor
in the selection of personalized medicine. Furthermore, we propose that CSF-1R signaling
may be more important for mature phenotypes of AML, or that the induction of cFMS, and
possibly other receptors, might make a good marker for drug responsiveness. We believe our
findings may encourage clinical trials testing these compounds to incorporate such criteria in
the future or during retrospective analyses of past data. Likewise, Mono-Mac 1 cells may be
an interesting model for the role of CSF-1R in future /in vitro studies. Finally, this report
emphasizes the understudied role of CSF-1R in AML and highlights the unique signaling of
this pathway in transformed myeloid cells.
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Figure 1. The effect of colony stimulating factor 1 receptor inhibitor, sunitinib, and U0126 on
acute myelogenous leukemia cell line proliferation
Mono-Mac 1, THP-1 and U937 cells were treated for 3 days with cFMS-I (A), sunitinib (B),

and U0126 (C) * P< 0.05 for comparison of treatment at the highest concentration to that of

no treatment.
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Figure 2. The effect of colony stimulating factor 1 receptor inhibitor, sunitinib, and U0126 on
Mono-Mac 1 cell cycle distribution
Mono-Mac 1 cells were treated for 24 hours with medium alone (A), cFMS-I (B), sunitinib

(C), and U0126 (D).
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Figure 3. Céll signaling and colony stimulating factor 1 receptor (CSF-1R) receptor function
with drug treatment in acute myelogenous leukemia cell lines

A: Mono-Mac 1, THP-1 and U937 cells were treated for 24 hours with medium alone or
cFMS-I and were re-stimulated with and without colony-stimulating factor 1 (CSF-1) for 20
minutes. Phospho-extracellular-signal regulated kinase (ERK) and total ERK are shown. B:
Mono-Mac 1 cells were treated with medium alone, cFMS-I, sunitinib, or U0126 for 24
hours and were re-stimulated with and without CSF-1 for 20 minutes. Phospho-ERK and
total ERK are shown. C: Western blot of CSF-1R expression in Mono-Mac 1, THP-1, and
U937 cells. D: The expression of CSF-1R in Mono-Mac 1 with and without 5 minutes of
CSF-1 treatment cells. E: Mono-Mac 1 cells were pre-treated with cFMS-1 or sunitinib for
24 hours and were then treated with CSF-1 for 5 minutes. Immunoprecipitation for CSF-1R
followed by western blot or phospho-tyrosine and CSF-1R and F: for total cFMS.
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