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The formation of clathrin-coated vesicles is essential for intracellular membrane trafficking between subcellular
compartments and is triggered by the ARF family of small GTPases. We previously identified SMAP1 as an ARF6
GTPase-activating protein that functions in clathrin-dependent endocytosis. Because abnormalities in clathrin-dependent
trafficking are often associated with oncogenesis, we targeted Smap1 in mice to examine its physiological and
pathological significance. Smap1-deficent mice exhibited healthy growth, but their erythroblasts showed enhanced
transferrin endocytosis. In mast cells cultured in SCF, Smap1 deficiency did not affect the internalization of c-KIT but
impaired the sorting of internalized c-KIT from multivesicular bodies to lysosomes, resulting in intracellular accumulation
of undegraded c-KIT that was accompanied by enhanced activation of ERK and increased cell growth. Interestingly,
approximately 50% of aged Smap1-deficient mice developed anemia associated with morphologically dysplastic cells of
erythroid-myeloid lineage, which are hematological abnormalities similar to myelodysplastic syndrome (MDS) in humans.
Furthermore, some Smap1-deficient mice developed acute myeloid leukemia (AML) of various subtypes. Collectively, to
our knowledge these results provide the first evidence in a mouse model that the deregulation of clathrin-dependent
membrane trafficking may be involved in the development of MDS and subsequent AML.
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The formation of clathrin-coated vesicles is essential for intracellular membrane trafficking between subcel-
lular compartments and is triggered by the ARF family of small GTPases. We previously identified SMAP1 as 
an ARF6 GTPase-activating protein that functions in clathrin-dependent endocytosis. Because abnormalities 
in clathrin-dependent trafficking are often associated with oncogenesis, we targeted Smap1 in mice to exam-
ine its physiological and pathological significance. Smap1-deficent mice exhibited healthy growth, but their 
erythroblasts showed enhanced transferrin endocytosis. In mast cells cultured in SCF, Smap1 deficiency did 
not affect the internalization of c-KIT but impaired the sorting of internalized c-KIT from multivesicular 
bodies to lysosomes, resulting in intracellular accumulation of undegraded c-KIT that was accompanied by 
enhanced activation of ERK and increased cell growth. Interestingly, approximately 50% of aged Smap1-defi-
cient mice developed anemia associated with morphologically dysplastic cells of erythroid-myeloid lineage, 
which are hematological abnormalities similar to myelodysplastic syndrome (MDS) in humans. Furthermore, 
some Smap1-deficient mice developed acute myeloid leukemia (AML) of various subtypes. Collectively, to our 
knowledge these results provide the first evidence in a mouse model that the deregulation of clathrin-depen-
dent membrane trafficking may be involved in the development of MDS and subsequent AML.

Introduction
Intracellular and extracellular homeostasis is maintained by a ves-
icle transport system that mediates the trafficking of membrane 
proteins to appropriate organelles. Clathrin-coated vesicles are 
formed at donor membrane sites in a highly ordered manner, and 
a number of molecules are involved in this process. Among them, 
small GTPases of the ARF family play a central role in vesicle forma-
tion. An ARF molecule cycles between two conformations, an active 
GTP-bound form and an inactive GDP-bound form. This cycling 
is mediated by a guanine nucleotide exchange factor that replaces 
GDP with GTP and a GTPase-activating protein (GAP) that hydro-
lyzes GTP to GDP and converts ARF into its inactive form. There 
are 6 ARFs (ARF1–ARF6) and several ARF-related proteins in mam-
mals (1, 2). ARF6 is an isoform that localizes mainly to the plasma 
membrane and functions in the endocytosis and recycling of vesi-
cles as well as in actin rearrangement and lipid metabolism (3, 4).

We previously demonstrated that small ARF GAP1 (referred 
to as SMAP1) is a regulator of clathrin-dependent endocytosis, 
based on a series of observations (5, 6). First, SMAP1 exhibits 
GAP activity against ARF6, as assessed by an in vitro GAP assay. 
Second, SMAP1 localizes to juxta-plasma membrane regions 
in which ARF6 also exists. Third, SMAP1 binds to the clathrin 
heavy chain directly via its clathrin-binding box. Fourth, over-
expression of SMAP1 abrogates clathrin-dependent internaliza-
tion of the transferrin receptor and E-cadherin.

Recently, mutations and chromosomal translocations associ-
ated with various human cancers and leukemia have been identi-
fied in the genes that encode endocytosis-related proteins (7–10). 
However, the precise molecular mechanisms that underlie the 
effect of these genetic alterations on membrane trafficking and 
lead to disorders in cell growth and/or differentiation remain 
poorly understood. Therefore, the significance of these mutations 
needs to be clarified. One process that could link membrane traf-
fic to alterations in cell growth/differentiation is the deregulation 
of receptor tyrosine kinase (RTK) downregulation. Alterations in 
the endocytosis and/or lysosomal degradation of RTKs result in 
the persistence of these molecules on the membrane, which leads 
to the activation of growth and differentiation pathways (11–13).

Several studies have reported the involvement of SMAP1 in onco-
genesis in humans. For example, the MLL gene is a frequent target 
for recurrent chromosomal translocations in acute myeloid leu-
kemia (AML), and more than 50 MLL fusion partners have been 
identified, including endocytosis-related genes, such as EPS15, 
CALM, and EEN (10). Interestingly, SMAP1 was previously identi-
fied as one of the fusion partners of MLL (14). In colorectal cancers 
displaying microsatellite instability, mutations causing the trun-
cation of the polypeptide chain have been detected in SMAP1 (11% 
homozygous and 73% heterozygous) (15). This finding suggests 
that SMAP1 may be acting as a tumor suppressor gene in intestinal 
cells. Based on these findings, we generated Smap1-targeted mice 
to examine the function of SMAP1 in clathrin-dependent vesicle 
trafficking and to determine the potential role of SMAP1 in cell 
growth and differentiation in vivo.
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Results
Establishment of Smap1-targeted mice and SMAP1 expression. The func-
tions of SMAP1 in vivo were analyzed using a gene targeting approach. 
Figure 1A illustrates the genomic structure of SMAP1 around exon 1 
and the configuration of the targeting vector. Exon 1 was chosen as 
the targeting site because it harbors the SMAP1-initiating methionine 
codon. Two independent Smap1+/– mouse lines (44 and 64) were estab-
lished and crossed to each other to generate Smap1–/– mice. Genomic 
DNA was processed for Southern blot analysis (Figure 1B). Based on 
the size of the detected bands, mouse genotypes were determined as 
wild-type, heterozygous, or homozygous targeting.

To confirm the expression of SMAP1, protein extracts from bone 
marrow cells were analyzed by immunoblotting (Figure 1C). SMAP1 
was detected in wild-type cells but was substantially reduced in 
heterozygous cells and not detected in homozygous targeted cells. 
SMAP2, a homolog of SMAP1 (16), was detected in equal amounts 
in the 3 cell types. RT-PCR analyses did not detect SMAP1 transcripts 
spanning exons 1 or 3 through to exon 9 in the Smap1–/– cells (Fig-

ure 1D). Thus, homozygous targeting was confirmed to correspond 
to a Smap1-deficient status. Smap1+/– mice exhibited no particular 
abnormality, and Smap1–/– mice also grew to adulthood and were 
apparently healthy. Both male and female Smap1–/– mice were fertile, 
and pups were born following the Mendelian ratio of inheritance.

SMAP1 expression was examined in various hematopoietic lineages 
isolated from the bone marrow of wild-type mice, as this information 
is relevant to the phenotypes of targeted mice, as described below. 
RT-PCR analyses (Figure 1E) showed that a substantial amount of 
SMAP1 transcript was detected in the MEP (megakaryo/erythroid 
progenitor) and Ter119+ fractions, whereas a lower amount was 
detected in the remaining fractions. This indicates that SMAP1 is 
expressed abundantly in the erythroid lineage but is also distributed 
broadly in the other hematopoietic lineages, including progenitors.

Endocytosis of transferrin is enhanced in Smap1-targeted cells. The iden-
tification of SMAP1 as an ARF6 GAP was based on the effects of 
SMAP1 overexpression on the endocytosis of the transferrin recep-
tor using tissue culture cells (5, 6). Here, we examined whether 

Figure 1
Establishment of Smap1-targeted mice and SMAP1 expression. (A) Physical maps of the SMAP1 gene locus and its targeting vector. Features 
of the recombined and targeted SMAP1 alleles are also depicted. Horizontal lines indicate the genomic sequences. The thick lines indicate the 
sequence incorporated into the targeting vector. Exon 1, neomycin resistance gene, and diphtheria toxin subunit A gene are indicated. Black and 
white arrowheads indicate the loxP and frt sequences, respectively. The small rectangle under the line corresponds to the probe that was used 
for Southern blot hybridization. B indicates a BamHI restriction site. (B) Southern blot analysis of genomic DNA prepared from Smap1+/+ (+/+), 
Smap1+/– (+/–), and Smap1–/– (–/–) mice. DNA was digested by BamHI and processed for Southern blotting using the hybridization probe shown 
in A. The wild-type and targeted alleles gave rise to 2.7-kb and 3.3-kb bands, respectively. (C) Immunoblot analysis of protein lysates prepared 
from bone marrow cells of Smap1+/+, Smap1+/–, and Smap1–/– genotypes. The 50-kDa band represents SMAP1, whereas SMAP2 served as a 
control. Three independent experiments were performed, and one representative reproducible result is shown. (D) RT-PCR analyses of Smap1 
transcripts in bone marrow cells from Smap1+/+ and Smap1–/– mice. Primers were set between exons 1 or 3 and exon 9. HPRT served as a control. 
(E) SMAP1 expression in hematopoietic cells. Fractions of various hematopoietic lineages were sorted from bone marrow cells of wild-type mice 
by flow cytometry, and RNA was prepared from each and processed for semiquantitative RT-PCR analyses. DDW, distilled deionized water; -RT, 
without reverse transcription.
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SMAP1 functions as an ARF6 GAP in mouse tissues. Figure 2A 
shows the incubation of protein lysates from bone marrow cells 
with the GST-GGA1 fusion protein. GGA1 is a clathrin-adaptor 
protein that binds GTP-bound forms but not GDP-bound forms 
of ARF (17). The GST-GGA1–bound fraction was processed for 
immunoblot analysis using anti-ARF6 or anti-panARF antibod-
ies, which showed that the amount of GGA1-bound ARF6 was 
increased by 3.1 fold in Smap1–/– cells as compared with that in 
wild-type cells. Expression of ARF6 itself was not affected by 
SMAP1 targeting, as shown by the immunoblotting of lysates 
prior to the application of GST-GGA1. These results indicate that 
SMAP1 indeed functions as an ARF6 GAP in vivo.

Erythroblasts, which show highly active transferrin endocytosis, 
were used to examine the effect of SMAP1 targeting on ARF6-reg-
ulated endocytosis. Bone marrow cells were incubated with trans-
ferrin at 4°C, excessive transferrin was washed away, and the cells 
were incubated at 37°C for various time periods. Then, the remain-
ing surface-bound transferrin was stripped off, leaving only the 
intracellularly incorporated molecules intact. Figure 2B depicts a 
time course of transferrin fluorescence intensity that was obtained 
by gating the Ter119+ erythroid cell fraction. The fluorescent 
intensities were quantified and are shown in Figure 2C. Although 

no differences were detected during the 
recycling phase (after 5 minutes), a sig-
nificant increase in the amount of trans-
ferrin was incorporated into Smap1–/– cells 
compared with wild-type cells during the 
initial uptake at 1 and 3 minutes. Notably, 
prior to the incubation at 37°C, amounts 
of the initially cell surface–bound trans-
ferrin at 4°C were similar between the 2 
genotypes of Ter119+ bone marrow cells 
(Figure 2B, top left).

Transferrin endocytosis in Smap1-targeted 
cells is mediated by SMAP2. The effect of 
SMAP1 deficiency on transferrin endo-
cytosis was investigated in cells of differ-
ent lineages. Two independent wild-type 
and Smap1–/– mouse embryo fibroblast 
(MEF) cultures were established. Figure 
3A shows the immunofluorescence of 
endogenous SMAP1 on the cell surface 
and, as multiple dots in the cytoplasm, of 
wild-type cells but not targeted cells.

MEFs were incubated with transferrin for 
various time periods and then washed and 
fixed. Figure 3B depicts the fluorescence 
signals derived from internalized transfer-
rin and shows that the intensity of fluores-
cence is stronger in Smap1–/– cells than in 
wild-type cells. MEFs were recovered as a 
suspension and processed for flow cytom-
etry. Figure 3C shows the gradual accu-
mulation of transferrin in the cytoplasm. 
Transferrin accumulation was 1.3- to 1.9-
fold more effective in the targeted cells as 
compared with that in the wild-type cells. 
When endocytosis and recycling were sep-
arately assayed using biotinylated trans-
ferrin, internalization was enhanced but 

recycling was not affected in Smap1–/– cells as compared with that in 
wild-type cells (Supplemental Figure 1; supplemental material avail-
able online with this article; doi:10.1172/JCI63711DS1), indicating 
that the enhanced accumulation of transferrin in Smap1–/– MEFs 
(Figure 3C) is likely due to the enhanced incorporation of molecules 
(Supplemental Figure 1). Note that the fluorescence intensity of 
transferrin initially bound to the cell surface was similar in wild-type 
and Smap1–/– MEFs (Supplemental Figure 1A).

We then examined why transferrin endocytosis was not abro-
gated in Smap1–/– cells. The effectiveness of siRNAs against SMAP2 
was tested using wild-type MEFs (Figure 3D), and immunoblot 
analysis showed that siRNA2 worked more efficiently. Figure 
3E shows the internalization of transferrin and SMAP2 levels in 
wild-type and Smap1–/– MEFs after siRNA2-mediated silencing of 
SMAP2. Interestingly, the effects of siRNA2 appeared random and 
differed among cells, because endogenous SMAP2 remained intact 
in some cells, whereas it was almost abolished in other cells. Under 
these conditions, and in the case of Smap1+/+ MEFs, transferrin was 
equally incorporated regardless of the levels of SMAP2. In contrast, 
in Smap1–/– MEFs, transferrin was not incorporated in SMAP2-
silenced cells. These results suggest that SMAP2 likely compensates 
for the lack of SMAP1 in Smap1–/– MEFs.

Figure 2
ARF6 activation and transferrin endocytosis in bone marrow cells. (A) Protein lysates were pre-
pared from Smap1+/+ and Smap1–/– bone marrow cells and incubated with GST or GST-GGA1 
coupled to glutathione-Sepharose. The bound fraction was processed for immunoblot detection 
by anti-ARF6–specific and anti-panARF antibodies, as indicated. An asterisk represents nonspe-
cific bands. The amounts of ARF6 in each lysate prior to incubation with GST or GST-GGA1 were 
also evaluated by immunoblotting (see “Total ARF6”). (B and C) Bone marrow cells were pre-
pared from Smap1+/+ and Smap1–/– mice and labeled with fluorescein-transferrin at 4°C. Exces-
sive transferrin in the medium was washed away (initially bound transferrin at this time is shown 
as “4°C” as indicated in the top left of B), and, after incubation of cells at 37°C for the indicated 
time, surface-remaining transferrin was stripped off. Cells were labeled with PE-anti-Ter119 and 
processed for flow cytometry. The Ter119+ fraction was gated, and the transferrin-derived fluores-
cence intensities are displayed. Relative amounts of internalized fluorescein were measured by 
comparing fluorescence intensities at 0 minutes and each given time. Cells were prepared from 
3 independent pairs of Smap1+/+ and Smap1–/– mice and processed for assays. Averages ± SD 
of internalized transferrin were calculated for each incubation time at 37°C (n = 3). *P < 0.05.
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Accumulation and enhanced signaling of c-KIT in Smap1–/– cells. 
c-KIT is highly expressed in hematopoietic progenitors and mast 
cells and is internalized through clathrin-coated vesicles. Because 
SMAP1 was detected in both types of cells (Figure 1E), the effects 
of SMAP1 targeting on c-KIT internalization were examined. 
Bone marrow–derived mast cells (BMMCs) were prepared and 
incubated with stem cell factor (SCF), and cell surface–located 

c-KIT was measured by flow cytometry (Figure 4A). Cyclohexim-
ide was added to prevent the de novo synthesis of c-KIT, thereby 
preventing its expression on the cell surface. The top panel of Fig-
ure 4A shows the fluorescence intensity of cell surface c-KIT, as 
detected by anti–c-KIT, and the bottom panel of Figure 4A shows 
the percentage of internalized c-KIT. No difference was detected 
between the 2 genotypes, indicating that the SCF-induced endo-

Figure 3
Transferrin transport in MEFs. (A) Immunofluorescence detection of endogenous SMAP1 in wild-type and Smap1–/– MEFs using an anti-SMAP1 
antibody (green). Blue indicates DAPI staining. (B and C) Internalization of transferrin in wild-type and Smap1–/– MEFs. Cells were incubated with 
fluorescein-transferrin for the indicated times, and then surface-remaining transferrin was stripped off. The cells were then processed for analyses 
by (B) fluorescence microscopy or (C) flow cytometry. In C, the intensities of intracytoplasmic fluorescence were measured and expressed in rela-
tive arbitrary units. Independent cultures were prepared in triplicate from the indicated MEF clones, and averages ± SD are shown (n = 3). “No. 1,”  
“No. 8,” “No. 5,” and “No. 7” refer to the MEF cell line numbers. (D) Effects of siRNA against SMAP2. Wild-type MEFs were treated with or without 
siRNA against SMAP2 (2 differentially designed siRNAs, siRNA1 and siRNA2, were used). Protein lysates were prepared and processed for 
immunoblot analyses using anti-SMAP2 and anti-SMAP1 antibodies. (E) Effects of SMAP2 knockdown on transferrin incorporation. The Smap1+/+ 
and Smap1–/– MEFs were incubated with siRNA2 against SMAP2 and then with fluorescent transferrin and processed for immunofluorescence 
detection using an anti-SMAP2 antibody. The arrows indicate the reduction in fluorescence intensity from SMAP2, whereas DAPI staining indi-
cates the location of cell nuclei. Scale bar: 10 μm.
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Figure 4
Transport kinetics and c-KIT signaling in BMMCs. (A) Endocytosis of c-KIT. Smap1+/+ and Smap1–/– BMMCs were cultured, starved in 
the presence of cycloheximide, incubated with SCF at 37°C for the indicated times, and processed for flow cytometry analyses. The top 
panel displays the fluorescence intensity of c-KIT and cell numbers, whereas the bottom panel plots the percentages of internalized 
c-KIT calculated by considering the initial surface fluorescence to be 100%. BMMCs were prepared from 3 independent pairs of Smap1+/+ 
and Smap1–/– mice and processed for assays. Averages ± SD of internalized c-KIT were calculated for each incubation time (n = 3). (B) 
Immunofluorescence detection of c-KIT in BMMCs. The Smap1+/+ and Smap1–/– cells were incubated in the presence of SCF for the indi-
cated times and stained for c-KIT. Scale bar: 10 μm. (C) Activation status of c-KIT signaling molecules. Wild-type and Smap1–/– BMMCs 
were incubated with SCF for the indicated times, and protein lysates were prepared and processed for immunoprecipitation/immunoblot 
analyses. Band densities were quantified, and averages ± SD are shown (n = 3). p-c-KIT, phosphorylated form of c-KIT; p-ERK1/2, 
phosphorylated form of ERK1/2; ub-c-KIT, ubiquitinylated c-KIT; c-KIT-associated Grb2, Grb2 recruited into anti–c-KIT immunoprecipitates. 
(D) DNA synthesis in BMMCs. Triplicate cultures of cells were prepared from each of the wild-type and Smap1–/– mice, incubated in the 
presence of IL-3 and/or SCF for 16 hours, and then treated with 3H-thymidine for 8 hours. The incorporation of 3H-thymidine into acid-insol-
uble fractions was measured, and averages ± SD are shown (n = 3). *P < 0.05.
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cytosis of cell surface c-KIT was not affected by SMAP1 targeting, 
contrary to the effect on transferrin endocytosis.

Immunofluorescence analysis using anti–c-KIT antibodies 
(Figure 4B) showed that, prior to the addition of SCF, c-KIT was 
similarly detected on the cell surface in both types of cells. Fifteen 
and thirty minutes after addition of SCF, internalized c-KIT was 
detected in a punctate pattern in the cytoplasm. Prolonged incu-
bations for up to 180 minutes resulted in the disappearance of the 
c-KIT signal in wild-type cells, whereas it was still clearly visible in 
the targeted cells, suggesting that the downregulation of internal-
ized c-KIT might be delayed in the Smap1-targeted BMMCs.

Immunoblot analyses (Figure 4C) confirmed this effect by show-
ing the c-KIT protein at comparable levels in both genotypes before 
addition of SCF and a significant downregulation of the protein 
60 minutes after addition of ligand in the wild-type cells but not 
the targeted cells. Immunoblotting and immunofluorescence 
results collectively indicate that although c-KIT endocytosis was 
not affected by SMAP1 targeting, the downregulation of internal-
ized c-KIT was delayed in the targeted BMMCs.

Then, we examined whether c-KIT remaining in targeted cells was 
capable of transmitting growth signals to downstream molecules. 
SCF binding triggers tyrosine phosphorylation of c-KIT, which is fol-
lowed by monoubiquitination and Grb2 association. Ubiquitination 
and Grb2 association are the necessary events leading to endocytosis 

of c-KIT and signal transmission to ERK1/2, respectively. As seen in 
Figure 4C, the induction and downregulation of c-KIT phosphory-
lation and the levels of Grb2 and ERK1/2 did not differ between the 
2 genotypes. On the other hand, c-KIT ubiquitination, Grb2 associ-
ation with c-KIT, and ERK1/2 phosphorylation increased 2 fold in 
Smap1–/– BMMCs as compared with that in the wild-type cells (see 
the quantification of band densities in Figure 4C, right panels). Fig-
ure 4D shows the incorporation of 3H-thymidine into an acid-insol-
uble fraction and demonstrates that SCF treatment induced DNA 
synthesis and a 1.6-fold increase in 3H-thymidine incorporation 
in the targeted cells as compared with that in the wild-type cells. 
Collectively, the above results indicate that, in the presence of SCF, 
Smap1-targeted BMMCs tend to accumulate c-KIT in the cytoplasm, 
resulting in enhanced signaling and cell growth activity.

Sorting of c-KIT to lysosomes is delayed in Smap1–/– MEFs. Ligand-
engaged and internalized c-KIT is transported first to early endo-
somes and then transits through multivesicular bodies (MVBs) 
and finally to lysosomes, in which the protein is degraded by 
digestive enzymes (18, 19). Because the persistent accumulation 
of c-KIT in the cytoplasm of Smap1–/– BMMCs suggests an altera-
tion in the transport pathway, the intracellular trafficking of 
c-KIT was examined in MEFs.

As shown in Figure 5A, c-KIT was detected on the cell surface 
prior to SCF stimulation (see 0 minutes) and then internalized 
into the cytoplasm after 10 minutes of SCF treatment in both 
SMAP1 genotypes. However, after 30 minutes, a substantial frac-
tion of c-KIT colocalized with lysotracker in the wild-type MEFs 
but not in targeted MEFs. The colocalization efficiency of the 2 
molecules was quantified, and the result is shown as a histogram 
(Figure 5A). In Smap1–/– cells, although c-KIT was incorporated 
into the cytoplasm upon SCF addition, its transport to lysosomes 
appeared impaired.

To identify the specific step in the transport of c-KIT that was 
affected by SMAP1 targeting, wild-type MEFs were costained for 
endogenous SMAP1 and various organelle markers. SMAP1 fluo-
rescence did not overlap with that of EEA1, Rab5, Rab11, and 
LBPA, and no colocalization with lysotracker was observed (data 
not shown). However, SMAP1 showed partial colocalization with 
Hrs, an MVB marker (Figure 5B). Substantial colocalization of 
SMAP1 and clathrin was as previously reported (5, 6). These obser-

Figure 5
Transport of c-KIT and EGFR in MEFs. (A and C) Wild-type and 
Smap1–/– MEFs were transfected by EYFP-c-KIT, incubated with SCF 
for the indicated times, and processed for double-fluorescence detec-
tion of (A) c-KIT and lysotracker or (C) c-KIT and Hrs. (D) MEFs were 
incubated with dye-conjugated EGF for the indicated times and pro-
cessed for double-fluorescence detection of EGF and lysotracker. In A, 
C, and D, the colocalization of the 2 molecules was analyzed and plot-
ted as histograms for the indicated incubation period. Data are shown 
as averages ± SD (n = 50–70). Reproducible results were obtained 
for 2 independent Smap1–/– MEF cultures. *P < 0.05. (B) Double-im-
munofluorescence detection of endogenous SMAP1 and the indicated 
organelle marker in wild-type MEFs. The nuclei were stained by DAPI. 
The arrows in insets indicate colocalization of SMAP1 with Hrs or clath-
rin. Scale bars: 10 μm; 1 μm (insets).

Table 1
Peripheral blood counts in SMAP1–/– mice

Genotype	 No. of mice	 rbc 	 Hematocrit 	 Hemoglobin	 MCV	 MCH	 Reticulocytes	 PLT 	 wbc 

		  (104/μl)	 (%)	 (g/dl)	 (fl)	 (pg)	 (%)	 (104/μl)	 (102/μl)

Smap1+/+	 24	 1,002 ± 49	 45.2 ± 1.8	 14.8 ± 0.6	 44.8 ± 1.0	 14.7 ± 0.3	 4.7 ± 0.9	 145.2 ± 21.9	 108 ± 27

Smap1–/	 16	 1,012 ± 81	 45.8 ± 2.0	 15.1 ± 0.7	 45.5 ± 2.8	 14.9 ± 0.9	 4.1 ± 1.2	 158.6 ± 47.6	 123 ± 59
  (nonanemic)
Smap1–/–	 10	 704 ± 120A	 35.8 ± 5.6A	 11.0 ± 2.1A	 51.4 ± 3.6A	 15.3 ± 1.1	 16.8 ± 9.0B	 90.5 ± 46.9B	 101 ± 39
  (anemic MDS)
Smap1–/–	 2	 777 ± 69A	 42.1 ± 4.3	 14.0 ± 1.6	 54.2 ± 0.8A	 18.0 ± 0.5A	 nd	 45.4 ± 43.1A	 201 ± 11A

  (MPD/MDS)
Smap1–/– 	 5C	 752 ± 93A	 36.5 ± 4.0B	 12.0 ± 1.1A	 48.7 ± 2.9	 15.6 ± 1.1	 8.0 ± 3.5	 150.0 ± 97.5	 164 ± 13B

  (AML)

Statistically significant differences were detected between Smap1+/+ and Smap1–/– mice by Student’s t test (AP < 0.001, BP < 0.01). CNote that, out of 5 AML-
suffering mice, 3 mice were examined for their peripheral blood counts (see Supplemental Table 1 as well). MCV, mean corpuscular volume; MCH, mean 
corpuscular hemoglobin; PLT, platelets; nd, not determined.
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vations suggest a possible involvement of SMAP1 in the MVB-to-
lysosome transport pathway.

To verify this, the fate of internalized c-KIT was monitored in 
relation to Hrs (Figure 5C). After 10 minutes of SCF stimulation, a 
substantial proportion of internalized c-KIT was colocalized with 
Hrs, indicating the localization of c-KIT in MVBs. After 20 and 30 
minutes, c-KIT colocalization with Hrs was not detected in wild-
type MEFs but was present in Smap1–/– MEFs, indicating that the 
transport of c-KIT from the MVB to the lysosome was impaired 
in Smap1-targeted MEFs and possibly explaining the accumula-
tion of internalized c-KIT in Smap1–/– BMMCs. The delay in the 
exit of c-KIT from late endosomes/MVBs in Smap1–/– MEFs was 
confirmed by another marker, Rab7 (Supplemental Figure 2A). 
However, the exit of c-KIT from early endosomes was not affected 
by SMAP1 targeting, as shown by its colocalization with the early 
endosome marker Rab5 (Supplemental Figure 2B).

The possible involvement of ARF GTPase itself in the 
intracellular transport of c-KIT was examined in COS7 cells. Over-
expression of the active form of ARF, which can mimic SMAP1 
deficiency, induced the substantial colocalization of c-KIT, Hrs, 
and ARF (Supplemental Figure 3). This implies the delay or block 
of c-KIT exit from MVBs. On the other hand, the EGF-induced 
transport of EGFR, another RTK, to the lysosome was not affected 
in Smap1–/– MEFs (Figure 5D). Therefore, an ARF/SMAP1 system 

appears to be functioning in the MVB-to-lysosome trans-
port of c-KIT but not that of EGFR.

Smap1–/– aged mice develop phenotypes similar to those of mye-
lodysplastic syndrome in humans. The results described above 
(Figures 2–5) were based on MEFs from embryos and bone 
marrow cells from 2- to 4-month-old mice, and despite the 
alterations in membrane traffic, Smap1–/– mice were healthy 
up to the age of 12 months old. When Kaplan-Meier curves 
were plotted from the 35-month observation period, no 
statistically significant differences were detected between 
the survival percentages of Smap1-targeted and wild-type 
mice, although homozygously targeted mice showed a 
tendency to die at a somewhat younger age (Supplemental 
Figure 4A). Notably, a substantially higher percentage of 
homozygously targeted mice showed ill-health conditions 
after 12 months (Supplemental Figure 4B), suggesting the 
development of age-related diseases.

In fact, certain mice older than 1 year developed hemato-
logical disorders, and 33 of these Smap1–/– mice older than 
1 year were analyzed by measuring the number of periph-

eral blood cells in each individual mouse (Table 1 and Supplemen-
tal Table 1). Based on the number of rbc, Smap1–/– mice were cat-
egorized into nonanemic and anemic/myelodysplastic syndrome 
(anemic/MDS) groups (100% and 70% rbc count as compared with 
wild type, respectively).

The average hematocrit and hemoglobin values in the anemic 
Smap1–/– group were lower (70%–75%) than those in the nonane-
mic Smap1–/– group and wild-type mice. MCV values were signifi-
cantly increased in the anemic group, whereas MCH values did not 
differ significantly between the 2 groups, indicating the presence 
of macrocytic and normochromatic anemia in approximately half 
of Smap1–/– mice. A remarkable increase in the number of reticu-

Figure 6
Morphology of peripheral blood and bone marrow cells from 
Smap1–/– mice. Smear samples were stained by May-Grun-
wald Giemsa. (A–F) In peripheral blood (PB), the cells are 
(A) polychromatic erythrocytes (arrows), (B) Howell-Jolly 
bodies (arrows), (C) erythroblasts (arrows), (D) giant plate-
lets (arrow), (E) micromegakaryocytes (arrow), and (F) hyper-
segmented neutrophils (arrow). (G–K) In bone marrow cells 
(BM), the abnormal cells include (G) megaloblasts (arrow) 
and binucleated basophilic erythroblasts (arrowheads), (H) 
basophilic erythroblasts with cytoplasmic blebs (arrowheads) 
and pseudo-Pelger-Huet neutrophils (arrow), (I) multinucleated 
polychromatic megaloblasts, (J) orthochromatic erythroblasts 
with fragmented nuclei (arrows), and (K) megakaryocytes with 
hypolobulated nuclei. Scale bar: 10 μm.

Table 2
Summary of the hematological diagnosis seen in mice

Genotype	 No. of mice 	 Age 	 Diagnosis 	 Spleen 
of mice		  (mo.)	 (no.)	 weight (g)
Smap1+/+	 24	 12–25	 Nonanemic (24)	 0.11 ± 0.07
Smap1–/–	 33	 13–25	 Nonanemic (16)	 0.10 ± 0.05
			   MDS (10)	 0.23 ± 0.16
			   MPD/MDS (2)	 0.68 ± 0.37
			   AML (5)	 0.99 ± 0.59
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Figure 7
Enhanced erythropoiesis in Smap1–/– mice with MDS (ID no. 47; see Table 3). (A and G) Flow cytometry analyses of (A) bone marrow 
cells and (G) splenocytes prepared from Smap1+/+ and Smap1–/– mice. The cells were stained for indicated hematopoietic lineage markers. 
The numbers represent percentages of cells in each gated box. Flow cytometry analyses were performed for all Smap1–/– mice with MDS, 
and reproducible results were obtained. (B–F) Histology of spleens. (B) A macroscopic view of the spleen. Note the enlargement of the 
Smap1–/– spleen. (C and D) Sections were stained by hematoxylin and eosin. Note the enrichment of cells with densely stained nuclei in 
the red pulp of the targeted spleen. (E and F) Smears of Giemsa-stained splenocytes. Erythroblasts with densely stained nuclei are evident 
in the Smap1–/– smear. Scale bar: 10 μm. (H) CFU-C assay of bone marrow cells. Cells from wild-type and Smap1–/– mice were assayed 
in vitro for their CFU-C activity. The numbers of colonies were counted under a microscope, and the morphology was classified as shown. 
Triplicate cultures were prepared from each mouse, and 4 independent pairs of older than 1 year Smap1+/+ and Smap1–/– mice were used. 
The panel shows the averages ± SD of CFU-C values obtained from 12 cultures from each genotype. *P < 0.0. (I) Estimation of replicating 
cells in the spleen. Splenocytes from Smap1+/+ and Smap1–/– mice were processed for flow cytometry analysis of GATA1 and TOPRO3. 2N 
and 4N represent the diploid and tetraploid status of chromatin.
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locytes was observed in the Smap1–/– anemic group, which likely 
reflects a mechanism of compensatory erythropoiesis. The num-
ber of platelets in Smap1–/– mice also decreased to 62%.

Peripheral blood and bone marrow cells from Smap1–/– mice 
were visualized using May-Grunwald-Giemsa staining (Figure 6), 
which revealed several morphological abnormalities mainly in 
erythrocytes and erythroid cells but also in megakaryocytic and 
even myeloid lineages (see the legend Figure 6 for details). Overall, 
the hematological disorders of Smap1–/– mice included (a) macro-
cytic and normochromatic anemia, (b) thrombocytopenia, and (c) 
abnormal cellular morphologies observed mainly in the erythroid 
lineage. These hematological disorders were detected exclusively 
in aged mice. Based on the Bethesda guidelines (20), these pheno-
types correspond to features seen in MDS in aged humans.

Based on the above results, 10 Smap1–/– mice were diagnosed 
with MDS (Tables 1 and 2). Mice showing moribund conditions 
were sacrificed, and their bone marrow cells were examined by 
flow cytometry (Figure 7A). Erythroid lineage differentiation 
stages include Ter119medCD71hi (proerythroblasts), Ter119hiC-
D71hi (basophilic erythroblasts), and Ter119hiCD71med/lo (late 
erythroblasts, including polychromatic/orthochromatic ery-
throblasts) (21). The Ter119hiCD71hi fraction increased sub-
stantially in the Smap1–/– marrow as compared with the wild-
type marrow (43% vs. 20%). In addition, the bone marrow from 
Smap1–/– mice showed hypercellularity, suggesting erythroid 
hyperplasia. Based on smears and flow cytometry, erythroid 
hyperplasia was detected in 7 out of 10 MDS-diagnosed Smap1–/– 
bone marrow samples (Table 3).

MDS-bearing Smap1–/– mice showed splenomegaly (Table 2), 
as illustrated in Figure 7B. Stained sections of Smap1–/– spleens 
(Figure 7D) revealed structurally intact red and white pulps, but 
the red pulp was extensively replaced by cells with densely stained 
nuclei. Splenocyte smears (Figure 7F) showed that the majority of 
these densely stained cells were erythroblasts. This was confirmed 
by flow cytometry analysis (Figure 7G), which revealed an increase 

in the Ter119hiCD71hi fraction from 3.8% in the wild-type spleno-
cytes to 55% in Smap1–/– splenocytes. Thus, splenomegaly seen in 
Smap1–/– mice most likely reflects erythroid hyperplasia.

To examine whether erythroid hyperplasia was accompanied 
by an enhancement of cell growth activity, a CFU assay was per-
formed by in vitro culture of bone marrow cells (Figure 7H). 
BFU-E activity in Smap1–/– marrow cells was 1.8-fold higher than 
that in wild-type cells. This increase of BFU-E was apparent only 
in cells from mice older than 1 year of age, as shown in Figure 
7H (data from younger mice is shown in Supplemental Figure 5). 
GATA1 is a master transcription factor of erythroid lineage. Sple-
nocytes were stained for GATA1 expression and TOPRO3 (Figure 
7I). In the Smap1-targeted spleen, the number of GATA1+ cells with 
a DNA content above the diploid value (>2 N), which represent 
those undergoing DNA replication, increased to 22%.

The BFU-E assay and GATA1/TOPRO3 staining demonstrated 
that erythroid cell growth was enhanced in Smap1–/– mice. On 
the other hand, as shown above, these mice were characterized 
by anemia. Therefore, although erythropoiesis was enhanced in 
Smap1-targeted hematopoietic organs, the presence of morpholog-
ical abnormalities in erythroid cells was indicative of a dysregula-
tion of this process, resulting in overall ineffective erythropoiesis 
and eventually anemia.

AML and myeloproliferative disease in Smap1-targeted mice. In 
humans, patients with MDS often develop AML. We therefore 
assessed the incidence of AML in Smap1-targeted mice and found 
that 5 out of 33 Smap1–/– mice developed AML (Tables 1–3). Hema-
tological subtypes of leukemia included erythroid (2 mice) and 
monocytic (3 mice). Figure 8A shows an example of a monocytic 
Smap1–/– AML mouse in which the liver and spleen were enlarged. 
Tissue sections of Smap1–/– mice (Figure 8B) show the infiltration 
of leukemic cells in the liver and spleen. Peripheral blood and bone 
marrow cell smears (Figure 8C) revealed the presence of immature 
monoblasts with large nuclei in the targeted mice. Figure 8, D and 
E, shows the results of flow cytometry analyses of bone marrow 

Table 3
Details of the hematological disorder seen in Smap1–/– mice

Mouse ID no.	 Founder	 Sex	 Age (mo.)	 Bone marrow	 % Blasts in	 Diagnosis
					     bone marrow cellsA

47	 44	 F	 13	 Erythroid hyperplasia	 2.9	 MDS
675	 64	 F	 15	 Erythroid hyperplasia	 0.4	 MDS
834	 44	 F	 18	 Erythroid hyperplasia	 nd	 MDS
826	 64	 F	 18	 Erythroid hyperplasia	 7.4	 MDS
524	 64	 F	 19	 Erythroid hyperplasia	 4.6	 MDS
231	 44	 F	 23	 Erythroid hyperplasia	 6.3	 MDS
576	 64	 M	 18	 Erythroid hyperplasia	 0.9	 MDS
69	 64	 F	 24	 ns	 3.4	 MDS
72	 64	 M	 17	 ns	 nd	 MDS
199	 64	 M	 25	 ns	 5.0	 MDS
448	 44	 F	 23	 Myeloproliferative	 12	 MPD/MDS
518	 64	 F	 17	 Myeloproliferative	 16	 MPD/MDS
192	 44	 F	 14	 Erythroleukemia	 28	 AML
987	 64	 F	 20	 Erythroleukemia	 24	 AML
831	 44	 F	 18	 Monocytic leukemia	 20	 AML
34	 64	 M	 19	 Monocytic leukemia	 22	 AML
138	 64	 F	 25	 Monocytic leukemia	 36	 AML

ANote that the average percentage of blasts in bone marrow cells was 0.4 ± 0.3, as counted for 6 Smap1+/+ mice. Numbers in the “Founder” column indicate 
the mouse line (the ES number). ns, no significant hyperplasia.
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cells and splenocytes, respectively. Smap1–/– cells showed a substan-
tial increase in the c-KIT+Mac1+ fraction (45% and 64% in bone 
marrow cells and splenocytes, respectively, as compared with 8.6% 
and 5.5% in the wild type) and an increase in the Gr1–Mac1+ frac-
tion in the spleen (36% vs. 0.4% in the wild type). In addition, the 
immature Ter119hiCD71hi fraction increased to 27% in the tar-
geted spleen compared with 4.4% in the wild-type spleen (data not 
shown). This is likely the effect of enhanced compensatory ery-
thropoiesis in response to anemia, suggesting the occurrence of 
AML in an MDS background. In fact, dysplastic cells were found 
in the peripheral blood smear (see Smap1–/– in Figure 8C).

In addition to monocytic leukemia, Smap1–/– mice developed ery-
throleukemia, as shown in Supplemental Figure 6. Overall, in the 5 
mice that developed AML, the percentage of bone marrow blasts was 
above 20%, compared with 0.4%–7.4% in MDS-only mice (Table 2).

Two Smap1–/– mice developed a mixture of myeloproliferative 
disease (MPD) and MDS (Tables 1–3). The diagnosis of MPD 
was based on the increase in myeloid lineage cells, according to 
the Bethesda guidelines. Leukocytosis (as well as anemia and 
the presence of dysplastic cells) was observed in the peripheral 
blood, whereas in the bone marrow, the percentage of myeloid 
blasts was 12%–16%. Supplemental Figure 7 shows the results of 
analyses performed in a MPD Smap1–/– mouse.

Role of c-KIT signaling in the growth of a Smap1–/– cell line derived from 
AML. Finally, we examined the possible involvement of c-KIT sig-
naling in the growth of Smap1–/– cells (Supplemental Figure 8). 
A cell line was established from the bone marrow of a monocytic 
AML mouse (ID no. 831; see Table 3). This cell line displayed a mac-
rophage-like morphology and expressed c-KITlo, Mac1hi, CD71lo, 
and SCF (Supplemental Figure 8, A and B). Interestingly, as seen 
in Supplemental Figure 8C, which shows cells cultured without 
exogenous SCF, c-KIT was detected not only on the cell surface but 
also in the cytoplasm, and a fraction of cytoplasmic c-KIT colo-
calized with Hrs. In addition, treatment of cells with imatinib (a 
tyrosine kinase inhibitor) (22) or ISCK03 (a c-KIT inhibitor) (23) 
reduced cell viability and ERK1/2 phosphorylation (Supplemental 
Figure 8, D–F). Therefore, c-KIT signaling appears to have a positive 
effect on the viability of this AML-derived cell line.

Discussion
We previously reported that the overexpression of SMAP1 impairs 
the endocytosis of the transferrin receptor in cultured cells (refs. 5, 6, 
and see Supplemental Figure 9 for the effects of SMAP1 overexpres-
sion on c-KIT transport). In this study, we confirmed that SMAP1 
is similarly involved in transferrin endocytosis in mouse tissues but 
unexpectedly found that SMAP1-deleted cells (both erythroblasts 

Figure 8
Monocytic AML in a Smap1–/– mouse (ID no. 831; see Table 3). (A and B) Macroscopic and histological views of the liver and spleen. Note the 
remarkably enlarged liver and spleen in the Smap1–/– mouse. Sections of liver and spleen were stained by hematoxylin and eosin. Note the 
massive infiltration of leukemic cells in the Smap1–/– tissues. The leukemic cells were relatively small in size and possessed densely stained 
nuclei. Original magnification, ×40; ×100 (insets). Li, liver; Sp, spleen. (C) Peripheral blood (top) and bone marrow cell (bottom) smears. Scale 
bar: 10 μm. (D and E) Flow cytometry analyses of (D) bone marrow cells and (E) splenocytes prepared from Smap1+/+ and Smap1–/– mice. The 
cells were stained for hematopoietic lineage markers. The numbers indicate the percentage of cells in each gated box.
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human patients with MDS. Importantly, the signs of MDS were 
observed in 50% of Smap1-targeted aged mice, suggesting that 
disturbances in membrane transport may act as a predisposing 
but not a deterministic factor for MDS development. For MDS to 
occur, a genetic alteration may need to be present in addition to 
SMAP1 deficiency.

The MDS-like features observed in Smap1-targeted mice 
included anemia, thrombocytopenia, and the presence of dysplas-
tic blood cells. The majority of these mice showed signs of accel-
erated erythropoiesis in the bone marrow and spleen, which were 
confirmed by an increase in the number of erythroid-committed 
progenitors. Erythroid cells may have acquired enhanced prolif-
eration abilities associated with differentiation defects, resulting 
in the occurrence of anemia. Enhanced expression of SMAP1 in 
the MEPs and Ter119+ fractions is in good accordance with the 
erythroid lineage-specific effects of SMAP1 targeting.

Patients with MDS are particularly prone to developing AML. 
In this study, Smap1-targeted mice developed a range of AML sub-
types, such as erythroid and monocytic leukemia. This is consis-
tent with the notion that, in humans, MDS clones arise in CD34+ 
progenitor cells (39) and with the observation that SMAP1 expres-
sion is detected broadly in various hematopoietic lineages. Several 
Smap1–/– animals that had been diagnosed with MDS in our study 
subsequently developed AML (data not shown). It must be noted 
that not all MDS mice progressed to AML. This suggests that an 
additional genetic alteration(s) might be necessary to fully confer 
AML phenotypes. Screening and identification of such secondary 
mutations might provide information on the possible cooperation 
between SMAP1 and another gene, resulting in the progression 
from MDS to AML.

Several clathrin-related molecules have been reported to 
enhance both transferrin endocytosis and cell growth. Hunting-
tin-interacting protein 1 (HIP1) is a clathrin-associated protein, 
and its expression level is frequently elevated in primary human 
cancers. In addition, overexpression of HIP1 alters the distribu-
tion patterns of clathrin and the AP-2 adaptor protein and pro-
motes endocytosis of the transferrin receptor (40). Hrb/AGFG, 
another ARF GAP, functions positively in transferrin endocytosis 
in leukemic cells overexpressing Notch (41). It is widely accepted 
that transferrin receptor expression is increased in malignant 
tumors, including hematological malignancies, and may pro-
mote cell growth (42–44). Therefore, the enhanced endocytosis 
of transferrin in Smap1-targeted mice might facilitate the active 
iron metabolism and c-KIT–induced growth of erythroblasts and 
MDS/AML cells.

Furthermore, certain molecules that regulate the endocytosis 
of RTKs, such as c-KIT, have been associated with several human 
cancers. c-Cbl encodes an E3 ligase that ubiquitinates RTKs and is 
mutated in some cases of human MDS/AML (45, 46). Tsg101 is a 
component of the ESCRT-1 complex that functions downstream 
of Hrs to sort ubiquitinated RTKs to MVBs. In various human 
cancers, TSG101 is deleted or its splicing pattern is altered (7, 47). 
Furthermore, SMAP1 is frequently mutated in human colon can-
cer associated with microsatellite instability (15). Base deletion or 
addition in the (A)10 repeat causes a frameshift in the ARF GAP 
domain, resulting in a loss-of-function type mutation of SMAP1 
(occurrence of colon cancer has not been observed in our Smap1–/– 
mice so far). Although one case of a MLL-SMAP1 chimeric gene was 
reported in monocytic AML, the possible involvement of SMAP1 in 
human MDS/AML remains to be investigated in the future.

and MEFs) incorporated transferrin more efficiently than wild-type 
cells. One possible explanation for this enhanced endocytosis of 
transferrin is the upregulation of the active form of ARF6 in the 
absence of SMAP1. In this case, SMAP1 could be conferred a neg-
ative role in endocytosis. However, a number of reports provided 
evidence that, for vesicles to be formed properly, ARF has to exert its 
GTPase activity and itself be converted to an inactive form (24–28). 
Therefore, as an alternative mechanism of transferrin endocytosis, 
we hypothesized that endogenous SMAP1 could play a positive role 
by converting ARF6 to an inactive form and speculated the possi-
ble involvement of SMAP2, a SMAP1 homolog. Namely, SMAP1 
deficiency might be accompanied by the mobilization of SMAP2 
as a compensatory mechanism in Smap1-targeted cells (29). Since 
SMAP2 can function as an ARF1 GAP and exhibit higher GAP 
activity than SMAP1 (16), the recruitment of SMAP2 might lead to 
enhancement of transferrin endocytosis. This mechanism was sup-
ported by the abolishment of transferrin endocytosis in SMAP2-si-
lenced Smap1–/– MEFs. A positive role for SMAP1 is compatible with 
the function of other ARF GAP proteins whose knockdown impairs 
vesicle transport. For example, targeting of ARF GAP1 impaired 
transferrin endocytosis (30), suggesting an ARF GAP1–dependent 
but SMAP1/2-independent route of transferrin endocytosis. In any 
case, our results support a positive role of SMAP1 in vesicle forma-
tion and may contribute to the discussion on the putative termina-
tor versus effector functions of ARF GAPs (31, 32).

In this study, the loss of SMAP1 from BMMCs had no impact on 
SCF-mediated endocytosis of c-KIT, indicating that SMAP1 may 
play a role in the constitutive endocytosis of transferrin but not in 
the ligand-induced internalization of c-KIT. This result supports 
the idea that ARF GAP proteins function in distinctive, cargo-de-
pendent pathways of endocytosis (33, 34). Alternatively, the pres-
ent results may reveal a novel and possibly important function of 
SMAP1 in the degradation of c-KIT. SCF induces the phosphory-
lation and monoubiquitination of c-KIT, which are necessary for 
Grb2 association and endocytosis, respectively. The dephospho-
rylation of internalized RTKs occurs on early endosomes (7, 35). 
We observed that the kinetics of c-KIT in the early phases, such 
as phosphorylation, dephosphorylation, endocytosis from the cell 
surface, and exit from early endosomes, were not affected by the 
loss of SMAP1. In the late phases, c-KIT is transported to MVBs 
and eventually to the lysosomes (18, 19, 36). The endocytic adap-
tor protein Hrs functions at the MVB together with clathrin to 
sort ubiquitinated cargo to the lysosome (37, 38). Our results show 
that endogenous SMAP1 colocalized at least partially with clath-
rin and Hrs, suggesting that SMAP1 may be involved in the sorting 
of cargo at the MVB. In line with this notion, transport of c-KIT 
from MVB to lysosomes was substantially delayed in Smap1–/– cells. 
Importantly, undegraded c-KIT, ubiquitinated c-KIT, and Grb2-as-
sociated c-KIT increased in Smap1-targeted cells. Collectively, our 
results suggest that, in Smap1–/– cells, c-KIT persisting on MVBs 
may be in the dephosphorylated form but still capable of associat-
ing with Grb2, thereby leading to elevated levels of phosphorylated 
ERK. This suggests an enhancement of SCF-triggered c-KIT sig-
naling, which was confirmed by an increase in thymidine uptake in 
these cells as an indicator of enhanced cell growth activity.

The alterations in transferrin and c-KIT transport discussed 
above were based on the analysis of Smap1-targeted cells derived 
from embryos and/or young mice exhibiting no obvious pathol-
ogies. We also revealed that aged Smap1-targeted mice exhibited 
phenotypes that resembled those of hematological disorders in 
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Hematological and histological examination. Peripheral blood was collected 
from the tail veins of mice, and hematological parameters were measured 
using an automated cell counter (XT-4000i, Sysmex). Smears of peripheral 
blood and bone marrow cells were prepared on glass slides and stained 
with May-Grunwald-Giemsa (Wako). Tissues, such as those derived from 
the spleen and liver, were fixed in 4% (w/v) paraformaldehyde in PBS for 18 
hours at 4°C and embedded in paraffin. Microsections of each specimen 
were fixed on glass slides, deparaffinized, and stained with hematoxylin 
and eosin (Wako).

Flow cytometry analyses. Single cell suspensions were prepared from the 
bone marrow and spleen and incubated with CD16/32 mAb (BD Pharm-
ingen) for 15 minutes, followed by incubation with an appropriately 
diluted, fluorescein-conjugated mAb on ice for 30 minutes. The mAbs 
used were PE-anti-CD71 (eBioscience) and FITC-anti–c-KIT, PE-an-
ti-Ter119, APC-anti-Ter119, PE-anti-Gr1, APC-anti-Mac1, APC-anti-B220, 
and FITC-anti-CD3ε (all from BD Pharmingen). For DNA labeling, cells 
were fixed in 4% (w/v) paraformaldehyde in PBS and permeabilized with 
0.25% (v/v) Triton X-100 and 5% (w/v) DMSO in PBS. After blocking with 
10% (v/v) goat serum in PBS, cells were incubated with anti-GATA1 mAb 
(Santa Cruz Biotechnology Inc.) and TOPRO3 (Molecular Probes), fol-
lowed by a secondary antibody reaction. The labeled cells were separated 
with an analytical flow cytometer (Beckman Coulter), and the data were 
analyzed with EXPO32 software. Various hematopoietic progenitor frac-
tions were identified using the appropriate antibodies. These populations 
were designated as follows: KSL, Lin–/c-KIT+/Sca-1+; FLT3-KSL, Lin–/ 
c-KIT+/Sca-1+/FLT3–; FLT3+KSL, Lin–/c-KIT+/Sca-1+/FLT3+; CMP, Lin–/ 
c-KIT+/Sca-1–/CD34hi/FcγRlo; GMP, Lin–/c-KIT+/Sca-1–/CD34hi/FcγRhi; 
and MEP, Lin–/c-KIT+/Sca-1–/CD34lo/FcγRlo. Cell sorting was performed 
using a FACSAria (Becton Dickinson).

Colony formation and 3H-thymidine incorporation assays. Single cell suspen-
sions were prepared from the femoral bone marrow and plated at a density 
of 1 × 104 cells per ml of methylcellulose (M3234, Stem Cell Technolo-
gies) in a 3.5-cm–diameter dish. The culture medium contained 50 ng/ml 
rmSCF (Kirin Brewery Company Ltd.), 10 ng/ml rmIL-3 (Wako), 10 ng/ml  
rmIL-6 (Wako), and 3 U/ml rhEPO (Peprotech). Colonies formed were 
observed through a phase-contrast microscope, and their numbers were 
counted on the third day for CFU-E and twelfth day for BFU-E, CFU-G, 
CFU-M, CFU-GM, and CFU-GEMM. In certain cases, 20 kBq of 3H-thy-
midine (GE Healthcare) was added to the culture of 2 × 104 BMMCs for 
8 hours, and its incorporation into an acid-insoluble fraction was mea-
sured by a beta-counter, Matrix 9600 (Packard), according to the described 
method (50).

Transport assay. Intracellular uptake and recycling of transferrin were 
evaluated using an erythroblast-containing fraction. Bone marrow cells 
were incubated in serum-free medium at 37°C for 2 hours and then in 
RPMI1640 containing 50 μg/ml Alexa Fluor 488–conjugated transferrin 
(Molecular Probes), 20 mM HEPES (pH 7.4), and 1% (w/v) BSA on ice for 
30 minutes. After washing 3 times, transferrin internalization was induced 
by incubating cells in RPMI1640 containing 10% (v/v) FBS at 37°C for 
the indicated times. Transferrin remaining on the plasma membrane was 
removed by incubating cells in a prechilled buffer consisting of 20 mM 
MES (pH 5), 130 mM NaCl, 50 μM deferoxamine, 2 mM CaCl2, and 0.1% 
(w/v) BSA on ice for 20 minutes. After washing 3 times, cells were labeled 
with PE-anti-Ter119, and the fluorescence intensity of internalized trans-
ferrin in each Ter119+ fraction was quantified by flow cytometry.

For measuring the internalization of c-KIT, BMMCs were first serum 
starved and then incubated in RPMI1640 supplemented with 100 ng/ml  
SCF and 0.1% (w/v) BSA in the presence of 100 μg/ml cycloheximide 
(Sigma-Aldrich), and the c-KIT remaining on the cell surface was measured 
by flow cytometry.

In summary, this study revealed the predisposing role of altera-
tions in clathrin-dependent protein trafficking in the development 
of MDS (and subsequent AML). To the best of our knowledge, this 
is the first report describing this mechanism using a mouse model.

Methods
Mice. The 4.8-kb and 6.4-kb fragments corresponding to the 5′ and 3′ 
sequences, respectively, of exon 1 of SMAP1 were obtained from the corre-
sponding BAC clones by appropriate restriction digestion. The genomic 
fragments, as well as the loxP site, frt-flanked neomycin resistance cassette, 
and diphtheria toxin subunit A gene, were inserted into the targeting vec-
tor. The resulting plasmid DNA was linearized and electrophoretically 
transfected into TT2 ES cells, which were derived from an F1 mouse of a 
C57BL/6 and CBA mating (48). Positive and negative selection and PCR 
genotyping yielded 14 colonies. Recombinant alleles were detected by PCR 
screening using the forward and reverse primers (5′-CTGACCGCTTCCTC-
GTGCTTTACG-3′ and 5′-AATACACATGGCCTAGATATTAACCTATAG-3′) 
derived from the neomycin resistance cassette and 3′ external region. Recom-
bination was verified by Southern blot analysis, and 3 independent clones 
were each injected into 8-cell stage embryos of CD-1 mice. Two clones, 44 and 
64, were successfully transmitted through the germ line, and Smap1-hete-
rozygous mice were backcrossed to C57BL/6 mice for more than 10 genera-
tions. During these matings, heterozygous mice were crossed with E2A-Cre 
transgenic mice, causing the deletion of exon 1 in all tissues. Smap1+/– mice 
(acc. no. CDB0427K; http://www.cdb.riken.jp/arg/mutant%20mice%20
list.html) were thus established. For PCR genotyping of mice, the reverse 
primer was 5′-CCTCTGCTAACTCTACTCAG-3′, and the forward primers 
were 5′-GTCATCCTGGTTAGCCTCAGTCTTG-3′ for the wild-type alleles, 
5′-CGCCTTCTATCGCCTTCTTGACG-3′ for the floxed alleles, and 5′-CCT-
GCCCTTACCCAGACTGTCTTAG-3′ for the targeted alleles. The expected 
sizes of PCR products were 330 bp, 554 bp, and 480 bp for wild-type, floxed, 
and targeted alleles, respectively. Mice were maintained in the Animal Facil-
ity of the Institute of Development, Aging, and Cancer, Tohoku University, 
an environmentally controlled and specific pathogen–free facility.

Cultures of BMMCs, the AML-derived cell line, and MEFs. Femoral bone mar-
row cells were cultured in RPMI1640 supplemented with 10% (v/v) FBS, 
2 mM l-glutamine, 50 μM 2-mercaptoethanol, 10 mM HEPES (pH 7.4), 
0.2 mM nonessential amino acids, 1 mM sodium pyruvate, 100 U/ml  
penicillin, and 100 μg/ml streptomycin. The cytokines added were  
20 ng/ml IL-3 and 10 ng/ml SCF for the first 2 weeks followed by 20 ng/ml  
IL-3 only for the next 2 weeks. The purity of BMMCs reached over 95%, 
as assessed by the surface expression of c-KIT and FcεRI. A cell line was 
established from the bone marrow of an AML-bearing Smap1–/– mouse 
(ID no. 831; see Table 3) and cultured (deposited as TKG 0661 at the Cell 
Resource Center for Biomedical Research, Institute of Development, Aging 
and Cancer, Tohoku University). The medium was the same as that used 
for BMMCs but without any cytokine added. Cell viability was measured 
using a Cell Counting Kit-8 (Dojindo). In the indicated cases, cells were 
treated with imatinib mesylate (Santa Cruz Biotechnology Inc.) or ISCK03 
(Sigma-Aldrich).

MEFs were prepared according to a previously published procedure 
(49). Briefly, 16.5-day-old embryos were isolated from pregnant mice. 
Single cell suspensions were prepared by trypsin digestion, cultured in a 
monolayer in DMEM supplemented with serum for 3 days, and immortal-
ized by transfection with the SV40 large T antigen. Two independent cul-
tures were established for wild-type and Smap1–/– genotypes. Two siRNAs  
against SMAP2, siRNA1 and siRNA2, were purchased from Japan BioSer-
vices Co. LTD. and used to downregulate endogenous SMAP2 in MEFs. 
The sequences of siRNA1 and siRNA2 were 5′-GGAUUUAUUCGA-
GAUAAAUTT-3′ and 5′-CCUGUUGUUUUUGAGAAAGTT-3′, respectively.
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Transferrin internalization in MEFs was measured by adjusting the proce-
dure to a monolayer culture. MEFs were incubated in serum-free medium at 
37°C for 2 hours and then in the presence of dye-conjugated transferrin at 
37°C for various time periods. After treatment of cells with an acid buffer to 
remove cell surface transferrin, cells were harvested by trypsin-EDTA treat-
ment and processed for flow cytometry. In the indicated cases, endocytosis 
and recycling were measured separately using biotinylated transferrin that 
was prepared by coupling Holo-Transferrin (R&D Systems) and NHS-SS-bi-
otin (Thermo SCIENTIFIC). In the internalization assay, MEFs grown on 
gelatin-coated dishes were incubated in serum-free medium at 37°C for 2 
hours and then in the presence of 20 μg/ml biotinylated transferrin for 30 
minutes at 4°C, washed, and further incubated at 37°C for various times. 
Then, the surface-bound biotinylated transferrin was stripped by treating 
cells with 50 mM sodium 2-mercaptoethane sulfonate (MESNA) in TNB 
buffer (50 mM Tris-HCl [pH 8.6], 100 mM NaCl, 0.2% [w/v] BSA) for 30 
minutes at 4°C, and MESNA was quenched by 75 mM iodoacetamide in 
TNB buffer for 30 minutes at 4°C. Lysates were prepared in lysis buffer (10 
mM Tris-HCl [pH 7.4], 50 mM NaCl, 1 mM EDTA, 0.2% [w/v] BSA, 0.1% 
[w/v] SDS, 1% [v/v] Triton X-100) and applied to ELISA plates coated with 
anti-transferrin antibodies. After washing, antibody-trapped biotinylated 
transferrin was detected using HRP-conjugated streptavidin (DAKO). In the 
recycling assay, MEFs were incubated with 20 μg/ml biotinylated transferrin 
for 40 minutes at 37°C, followed by reduction with MESNA and incubation 
with 200 μg/ml unlabeled transferrin at 37°C for various times. Preparation 
of cell lysates and ELISA were the same as that above.

To monitor endocytosis and intracellular transport of c-KIT, MEFs 
were transfected by signal sequence-tagged EYFP-c-KIT (51) (provided 
by J. Duyster, Technical University of Munich, Munich, Germany) using 
a 4D-Nucleofector System (Lonza), incubated with 100 ng/ml SCF 
for different times, fixed with 4% (w/v) paraformaldehyde in PBS, per-
meabilized with 0.1 (v/v) Triton X-100 in PBS, and then processed for 
immunofluorescence detection. To examine the possible involvement of 
ARF GTPases in the intracellular transport of internalized c-KIT, COS7 
cells were transfected with dominant-active forms of ARF1(Q71A), 
ARF5(Q71A), or ARF6(Q67A) (provided by K. Nakayama, Kyoto Univer-
sity, Kyoto, Japan) together with EYFP-c-KIT. To monitor the internaliza-
tion of the EGFR, MEFs were incubated with 100 μg/ml Alexa Fluor 488–
conjugated EGF (Molecular Probes).

Immunoblotting, immunofluorescence, and RT-PCR. The immunoblotting 
and immunofluorescence protocols used were as previously described 
(6). Anti-SMAP1 and anti-SMAP2 antibodies were purchased from 
Sigma-Aldrich. Anti-SMAP1 antibody was raised against amino acids 210–
306 of the SMAP1 protein (440 amino acids), as specified by the manufac-
turer. The mAbs used were as follows: anti-panARF (Affinity Bioreagents); 
anti-clathrin heavy chain (Thermo Fisher Scientific); anti–c-KIT and anti-
ARF6 (both from Santa Cruz Biotechnology Inc.); anti-ubiquitinated 
proteins (BIOMOL); anti-Rab11, anti-EEA1, anti-Grb2, and anti–phos-
pho-tyrosine (all from BD Transduction Labs); anti-Rab5, anti-Rab7, anti-
phosphorylated ERK1/2, and anti-ERK1/2 (all from Cell Signaling Tech-
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