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Introduction
Genetic cooperation is important to expanding the capabilities of 
certain mutations of oncogenes and/or tumor suppressors. How-
ever, the functional significance of such genetic cooperation has 
not yet been clarified. Moreover, the role of oncogenic activation 
in the expansion of malignant cells in vivo is only partially under-
stood. Abdominal B–like (AbdB-like) HOX genes play an impor-
tant role both in normal hematopoiesis and leukemogenesis (1–4). 
HOXA9 is overexpressed in human acute myeloid leukemia (AML) 
of poor prognosis, and AbdB-like HOX is a downstream target of 
mixed-lineage leukemia (MLL) fusion oncoproteins (5–7). Fur-
thermore, AbdB-like HOX is also found fused to NUP98 in human 
myeloid neoplasms (8). These HOX genes possess transforming 
activity for hematopoietic cells when the genes are overexpressed 
(9). However, HOX aberrations are frequently associated with 
alterations of other genes, such as Meis1, NPM1, and Trib1/2, in 
human and murine AML (10–13).

Meis1 was first identified as a common retroviral integration 
site in BXH2 mouse AML (14). Of greater significance to our study, 
Meis1 has been found to be cooperatively activated with Hoxa7/a9 
in AML (10), and it indeed promotes leukemogenic activities of 
Hoxa9 as well as its chimeric mutant NUP98-HOXA9 (15, 16). Meis1 
encodes a TALE-class homeodomain protein, and it is essential for 
both fetal and adult hematopoiesis (17–20). Loss of Meis1 results 
in severe impairment of hematopoietic stem cell (HSC) function, 

and HSCs with the Meis1-null mutation do not support long-term 
hematopoiesis due to stem cell exhaustion. Possible target genes 
of MEIS1 include Msi2 and Hif1a, which might be important for 
Meis1 function (20, 21). Moreover, several hematopoiesis/leuke-
mia-related target genes, including Cd34, Flt3, Myb, and Erg, have 
been identified (21, 22). However, the molecular mechanisms of 
Meis1 cooperativity specific to Hoxa9 have not been clarified. It 
is very likely that Meis1’s cooperative activity with Hoxa9 is only 
effective in vivo, since hematopoietic cells can be transformed by 
overexpression of Hoxa9 alone (23).

Identification of the target genes downstream from MEIS1 that 
are responsible for the leukemogenic activity of Meis1 and Hox is 
therefore of great importance. Here, we determined that synap-
totagmin-like 1 (Sytl1, also known as Slp1) was a direct target of 
MEIS1 and replaced MEIS1’s cooperative activity with HOXA9. 
By interacting with Rab27a/b, synaptotagmin-like proteins facili-
tated intracellular trafficking of cytokine and chemokine receptors 
as well as transportation and secretion of vesicles to extracellular 
spaces (24, 25). Prompt trafficking of receptors helps leukemic cells 
to access bone marrow niches that secrete specific ligands. Thus, 
MEIS1 coordinately orchestrates leukemic cell engraftment and 
growth expansion in vivo by regulating target gene transcription.

Results
MEIS1 is required for Hoxa9-induced leukemogenesis in vivo but is 
dispensable in vitro. To evaluate the function of MEIS1 in Hoxa9- 
induced leukemia, an immortalized cell line (H9M1) was estab-
lished by introducing pMYs-Hoxa9-IRES-mKO and pMYs-loxP- 
Meis1-IRES-GFP-loxP retroviruses into primary murine bone 
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The number of transplanted leukemic cells was also significantly 
diminished in the spleen (Supplemental Figure 3, A and B). The 
same results were obtained with an independent cell line, H9M11, 
that expresses Hoxa9 and Meis1 in the same genetic background 
(Supplemental Figure 3, C and D).

To gain insight into the mechanisms of leukemic cell homing 
and engraftment, the interaction between leukemic cells and bone 
marrow–derived stromal cells was examined using cocultivation 
of H9M1 cells and OP9 cells. Cobblestone-like areas of H9M1 cells 
on OP9 cells (a signature of stem cell–like activity, ref. 30) were 
frequently observed in the coculture, and the number of cobble-
stone areas was greatly decreased by Meis1 KO and recovered by 
Meis1 reintroduction (Figure 1F). These data indicate that MEIS1 
supports leukemic cell homing and engraftment into hematopoi-
etic niches in bone marrow and spleen through its alteration of 
cell-cell interaction.

MEIS1 mediates increased migratory activity upon cytokine stim-
ulation. A number of molecules mediate the interaction between 
hematopoietic cells/leukemic cells and stromal cells in the bone 
marrow niche (29). These include cytokines, chemokines, adhe-
sion molecules, extracellular matrix proteins, and their specific 
receptors (31–34). To clarify the biological processes that are 
responsible for MEIS1-induced promotion of AML homing and 
engraftment, we compared expression of adhesion molecules, 
receptor tyrosine kinases, and chemokine receptors between 
H9M1 cells and HΔM cells and between H9M1 cells before and 
after engraftment. Frequencies of leukemic cells positive for 
12 different integrin α chains, 4 β chains, 3 integrin complexes, 
PECAM-1, PGP-1, VCAM-1, and CSF1R were not decreased by 
Meis1 KO (Supplemental Table 1). CXCR4-positive, KIT-positive, 
and FLT3-positive cells were slightly decreased. Meis1 KO also 
diminished expression of integrin α IIb (CD41).

Next, we examined cytokine-stimulated migration activity 
of H9M1 cells. FLT3L, CXCL12, CSF2 (also known as GM-CSF), 
IL-3, and CSF1 (also known as M-CSF) enhanced migration by 
H9M1 cells, whereas SCF and TPO had no such effect (Figure 
2A). Because H9M1 is an IL-3–dependent cell line similar to sev-
eral murine myeloid cell lines, the significant effect of CXCL12 
was intriguing, given the important function of the CXCL12/
CXCR4 axis in hematopoiesis and the hematopoietic niche (35). 
The existence of CXCL12-stimulated migration that is Meis1 
dependent was confirmed in another cell line (H9M11) (Supple-
mental Figure 4A). Indeed, in vitro migration of H9M1 cells upon 
CXCL12 stimulation, homing of H9M1 cells, and the interaction 
between H9M1 and OP9 cells were significantly suppressed by 
anti-CXCR4 or CXCL12 knockdown in OP9 cells, respectively, 
similar to behavior of Meis1 KO cells (Figure 2B and Supplemen-
tal Figure 4, B and C).

To examine signaling pathways that are important for cell 
migration, gene expression profiles were compared between 
H9M1 and HΔM cells. The microarray analysis showed that 551 
genes were downregulated (<1.5) by Meis1 KO in H9M1 cells 
(accession number GSE50645). The 551 genes include those 
known to be downstream from Meis1 (Cd34, Flt3, and Msi2) as 
well as leukemia-associated genes, such as Erg, Gfi1b, Hhex, Myc, 
Nup98, and Trib1. Gene set enrichment analysis (GSEA) was car-
ried out to identify important signaling pathways involved in tran-

marrow cells derived from the Rosa26-Cre-ERT2 mouse (Sup-
plemental Figure 1A; supplemental material available online 
with this article; doi:10.1172/JCI81516DS1). Cell growth and the 
colony-forming activity of H9M1 cells were mildly reduced by 
4-hydroxy-tamoxifen–induced (4-OHT–induced) (as shown in 
Meis1-deleted H9M1 cells [HΔM cells], Figure 1A). Significant pro-
motion of self-renewal by MEIS1 expression was reported previ-
ously (26), suggesting that MEIS1 might affect cellular growth in a 
lineage- and/or cytokine-dependent manner in vitro. There were 
no morphologically significant changes due to Meis1, although a 
decrease of cytoplasmic granules was detected (Supplemental 
Figure 1A). Slight myeloid differentiation was also induced, as 
detected by a reduced frequency of CD34-positive cells and a mild 
increase of Gr-1–positive cells (Supplemental Figure 1B).

In contrast, Meis1 KO by 4-OHT treatment completely abol-
ished leukemia development of transplanted H9M1 cells (Figure 
1B). Similar results were obtained in primary bone marrow cells 
transduced with Hoxa9/Meis1-expressing retrovirus (12). Hoxa9 
expression was sufficient to increase replating activities and 
immortalization, whereas Meis1 did not enhance self-renewal 
(Supplemental Figure 2A). However, Meis1 expression markedly 
accelerated Hoxa9-induced leukemogenesis (Supplemental Fig-
ure 2B). The effect of Meis1 expression was also tested in mixed-
lineage leukemia/eleven-nineteen-leukemia–induced (MLL-
ENL–induced) leukemia, since MLL fusion proteins are upstream 
regulators of Hoxa9 and Meis1, and Meis1 is upregulated in AML 
by MLL fusions (27, 28). Meis1 conditional KO by tamoxifen treat-
ment in vivo was achieved with recipient mice transplanted with 
MLL-ENL-transduced bone marrow cells with a Meis1fl/fl Rosa26-
Cre-ERT2 background (20). As expected, MLL/eleven nineteen 
leukemia–induced (MLL-ENL–induced) leukemogenesis was 
markedly suppressed, except when leukemic cells acquired a dele-
tion of the Meis1 loxP site in one allele (Supplemental Figure 2C). 
Granulocytic and monocytic differentiation was induced by Meis1 
KO in MLL-ENL–induced AML in vitro (Supplemental Figure 2D), 
although the effect was limited. These results clearly indicate that 
Meis1 must cooperate with Hoxa9 for myeloid leukemogenesis in 
vivo. In contrast, the growth promotion and differentiation effects 
of Meis1 are weak in vitro.

MEIS1 contributes to leukemia cell homing and engraftment in 
bone marrow. Upon occupation of hematopoietic niches, leukemia- 
initiating cells can interact with bone marrow stromal cells, main-
tain dormancy, increase their self-renewal activity, and develop 
drug resistance (29). Promotion of leukemogenesis by MEIS1 in 
vivo suggests that MEIS1 may support leukemic cell homing and 
engraftment into bone marrow. To address this question, 1 × 107 
H9M1 cells were injected into C57BL/6 mice irradiated with 4 Gy, 
and the efficiency of homing and engraftment was examined by 
flow cytometry as well as by fluorescent microscopy. Forty-eight 
hours after injection, H9M1 cells constituted approximately 1% of 
total bone marrow cells, whereas the fraction almost disappeared 
in Meis1 KO mice. The homing activity was restored by reinfection 
of HΔM cells with the Meis1 retrovirus (Figure 1, C and D). These 
findings were confirmed in bone marrow sections in which we 
detected H9M1 cells prestained with DiO (Figure 1D). The dif-
ference was continuously observed for 2 weeks (Figure 1E), indi-
cating that engraftment activities are also supported by MEIS1. 
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Figure 1. Hoxa9 and Meis1 cooperation in leukemogenesis: leukemic cell engraftment is supported by MEIS1. (A) Comparison of the proliferation and 
colony-forming activities of H9M1 cells expressing (+) or lacking (–) Meis1. MEIS1 expression in H9M1 and HΔM cells was confirmed by Western blotting; 
blots are representative of 2 experiments. Cumulative numbers of H9M1 cells in liquid culture were counted. Means of the natural logarithm of cell num-
bers from 3 independent experiments are shown (*P < 0.05, 2-tailed Student’s t test). Colony numbers per 1,000 H9M1 cells in methylcellulose culture 
were measured, and representative culture plates are shown (3 experiments). (B) Leukemia-free survival of sublethally irradiated animals transplanted 
with 1 × 106 H9M1 cells are shown for H9M1 cells with (red line) or without (blue line) Meis1. (C) H9M1 cells in bone marrow 48 hours after transplantation 
were detected as an mKO-positive fraction by flow cytometry. A significant reduction of H9M1 cells in bone marrow was observed in animals transplanted 
with Meis1 KO cells. The number was restored by reintroduction of Meis1. Frequencies of mKO-positive cells in bone marrow are indicated as mean ± SEM 
of 3 independent experiments (**P < 0.01, 1-way ANOVA with Dunnett’s multiple comparison test). (D) Representative images of H9M1 cells in frozen 
bone marrow sections (3 experiments). DiO-stained H9M1 cells were detected, though they were absent in Meis1 KO mice, and were observed after Meis1 
reintroduction into HΔM cells. Gr-1 is indicated by red fluoro-dye, and nuclei were counterstained with DAPI. Scale bar: 20 μm. (E) Engraftment activities 
were assessed by flow cytometry, which detected H9M1 or HΔM cells in bone marrow 2 weeks after transplantation as mKO-positive fractions. Data are 
representative of 3 independent experiments. (F) Coculture of H9M1 cells with OP9 cells. Cobblestone areas were established by H9M1 cells, but not by 
Meis1 KOs, and were restored by Meis1 reintroduction. Scale bar: 100 μm. Numbers of cobblestone areas (CFAs) are indicated as mean ± SEM of 3 indepen-
dent experiments (**P < 0.01, 1-way ANOVA with Dunnett’s multiple comparison test).
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in hematopoietic cells was previously reported (ref. 38 and Sup-
plemental Figure 6A). The ChIP-Seq analysis was performed in 
duplicate, and similar results were obtained in two experiments.

The ChIP-Seq analyses for HOXA9 and total PBX revealed 
770 and 3,198 peaks, respectively. The numbers of HOXA9 
and PBX peaks were increased to 2,892 and 4,163 upon Meis1 
KO, respectively (Supplemental Table 2). The exact cause of 
the increased HOXA9 and PBX peaks in the absence of MEIS1 
is unclear; however, the components of DNA-binding com-
plexes might be affected by depletion of MEIS1. Within 6,324 
MEIS1-binding peaks, PBX binding was associated with 1,966 
loci, whereas 564 peaks were associated with HOXA9 binding. 
While we observed 543 HOXA9/PBX peaks, there were 465 
MEIS1/PBX/HOXA9 trimeric peaks, indicating that the major-
ity of the HOXA9/MEIS1- and HOXA9/PBX-binding complexes 
were in the HOXA9/PBX/MEIS1 complex (Supplemental Figure 
6B). The data suggest that MEIS1 upregulation affects not only 
its own target genes, but also PBX/HOXA9-regulated genes. 
Approximately 30.1% of the binding sites were located in the 
introns of known genes and less than 4% were located in the 
promoter regions within 1 kb upstream of known transcription 
start sites (Supplemental Figure 6C). Most of the MEIS1-binding 
peaks (84%) and the HOXA9-binding peaks (70.9%) that were 
reported in the ChIP-Seq analysis of Huang et al. (22) are also 

scriptional regulation by MEIS1. Interestingly, the pathways for 
chemokine/cytokine and receptor interaction, protein transport, 
and focal adhesion were enriched by altered Meis1 expression 
(Figure 2C and Supplemental Figure 5). The findings suggest that 
MEIS1-induced transcriptional regulation affected cell-cell inter-
action that promoted leukemic cell engraftment in vivo.

Identification of MEIS1 target genes that are responsible for 
HOXA9 cooperativity and leukemic cell homing /engraftment. MEIS1 
functions as a sequence-specific transcriptional activator (36, 37). 
Therefore, we tried to identify the target genes of MEIS1 that were 
involved in leukemic cell homing, engraftment, and/or cell-cell 
interaction. ChIP, followed by sequencing (ChIP-Seq) analyses, 
was carried out to identify genome-wide MEIS1-binding sites in 
H9M1 cells. In addition, HOXA9- and PBX-binding sites were 
assessed in the same cell line. This was done because clarification 
of cooperative DNA binding among MEIS1, HOXA9, and PBX is 
important to understanding how these homeodomain proteins 
regulate transcription in leukemia cells (21, 22). Using a FDR cut-
off of 0.1, a total of 6,324 MEIS1-binding regions were identified 
(Figure 3A and Supplemental Table 2) (data are available at NCBI 
Gene Expression Omnibus, with accession number GSE48679). 
To validate the results, MEIS1 enrichment at representative 
peaks was confirmed by ChIP-qPCR for the Maf locus that con-
tains a MEIS1 consensus binding sequence, and MEIS1 binding 

Figure 2. Association of the cell migratory activity with MEIS1. (A) Cell migration assay. CXCL12, FLT3L, GM-CSF, IL-3, and M-CSF significantly enhanced 
cell migration of H9M1 but not HΔM cells. Results represent mean frequencies of migratory cells per 5 × 105 cells ± SEM of 3 independent experiments 
(**P < 0.01, 2-tailed Student’s t test). (B) Inhibition of interaction between H9M1 and OP9 cells by CXCL12 knockdown in OP9 cells. A significant decrease 
of cobblestone areas was observed in OP9 cells treated with two independent CXCL12-targeting siRNAs. Scale bar: 100 μm. Numbers of cobblestone 
areas are indicated as the mean ± SEM of 3 independent experiments (**P < 0.01, 1-way ANOVA with Dunnett’s multiple comparison test). (C) Global 
gene expression changes of H9M1 cells in response to Meis1 KO. The data sets of gene expression differences resulting from Meis1 KO were used for 
GSEA. Enrichment plots are shown for selected sets identified by GSEA. Normalized enrichment scores (NES), nominal P values (calculated by an empiri-
cal phenotype-based permutation test), and FDR q values are indicated.
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Figure 3. Sytl1 is a MEIS1 transcriptional target in leukemogenesis. (A) Schematic diagram for target gene identification. (B) Sytl1 cooperated with Hoxa9 
in leukemogenesis. Kaplan-Meier survival curves for recipient mice transplanted with Hoxa9-, Sytl1-, Hoxa9/Sytl1-, or Hoxa9/Meis1-transduced bone 
marrow cells. **P = 0.015, log-rank test. (C) ChIP-Seq analysis showed a MEIS1-binding peak 2 kb upstream of Sytl1. (D) Downregulation of Sytl1 by Meis1 
KO in H9M1 cells. Representative gels of RT-PCR (3 experiments) and Q-RT-PCR (3 experiments) for Sytl1 mRNA expression and immunoblotting for the 
SYTL1 protein using α-SYTL1 in H9M1 (3 experiments). Immunoblotting for GAPDH and HA-MEIS1 proteins was performed on separate gels. Mean values of 
relative Sytl1 mRNA expression were normalized to Gapdh mRNA (**P < 0.01, 1-way ANOVA with Dunnett’s multiple comparison test). (E) Sytl1 expression 
was upregulated by Meis1 overexpression in 32Dcl3 cells. Sytl1 mRNA expression relative to Gapdh mRNA based upon Q-RT-PCR (n = 3, **P < 0.01, 2-tailed 
Student’s t test). (F) Luciferase reporter assay. A 2-kb fragment upstream of Sytl1 was introduced upstream of the luciferase cDNA. The mutant clone 
was created by introducing TGACAG to TGTTAG mutations into 3 putative MEIS1-binding sequences (MBS). Relative luciferase activities are shown in the 
presence or absence of MEIS1. Data represent mean ± SEM of 3 independent experiments (**P < 0.01, 2-tailed Student’s t test).
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identified in our current analysis. These results suggest that our 
ChIP-Seq analysis provided reliable information in spite of the 
low number of experimental repetitions.

A total of 2,644 genes that have MEIS1 peaks within 30 
kb of known gene bodies have been annotated (Supplemental 
Table 3). The results of gene expression profiles were compared 
with the ChIP-Seq data, and expression of 281 genes contain-
ing MEIS1-binding peaks was found to be downregulated by 
Meis1 KO (Figure 3A and Supplemental Table 3). Evaluation of 
the known functions of those 281 genes indicated that 32 of the 
281 genes are implicated in hematopoiesis and/or malignancy 
(Figure 3A and Supplemental Table 4). Seven genes (Cd34, Flt3, 
Foxo3a, Id1, Smad7, Sytl1, and Zc3h12a) were selected to identify 
the MEIS1 target gene responsible for MEIS1’s HOXA9 cooper-
ativity in vivo (Table 1).

Sytl1 is a transcriptional target of MEIS1 that cooperated with 
HOXA9 in leukemogenesis. We examined the 7 aforementioned 
genes for their oncogenic cooperation with HOXA9 using cotrans-
duction of retroviruses bearing the candidate genes with Hoxa9 
into mouse primary bone marrow cells followed by bone marrow 
transplantation. Sytl1 is 1 of 2 genes that significantly accelerated 
Hoxa9-induced leukemogenesis (Figure 3B). Another cooperative 
gene that accelerated Hoxa9-induced leukemogenesis is Smad7. 
The others failed to show such cooperative activities with Hoxa9. 
Like Meis1, Sytl1 by itself does not show any leukemogenic activ-
ity (Figure 3B). Sytl1 belongs to the synaptotagmin-like or Slp gene 
family, which encodes a Rab27-binding protein with a 58-kDa 
molecular weight (39). In association with Rab27, SYTL1 family 
proteins facilitate transportation and secretion of cytoplasmic 
granules, such as platelet granules and zymogen granules, to cel-
lular surfaces and transportation of membrane proteins such as 
receptor tyrosine kinases (24, 25, 40).

The MEIS1-binding peak is located 2 kb upstream from the 
transcriptional start site of Sytl1 (Figure 3C), and MEIS1 binding at 
the locus was validated by quantitative ChIP-PCR (Supplemental 
Figure 6D). Meis1 KO in H9M1 cells showed downregulated Sytl1 
mRNA as well as protein (Figure 3D). In MLL-ENL–induced AML, 
4-OHT–mediated KO of Meis1 downregulated Sytl1 (Supplemental 
Figure 6E). This was also observed in H9M11 cells (Supplemental 

Figure 6E). Furthermore, Meis1 overexpression in 32Dcl3 myeloid 
cells increased Sytl1 expression (Figure 3E). A reporter assay using 
a 2-kb fragment containing the Sytl1 promoter showed that MEIS1 
expression increased the luciferase activity that was abolished by 
introducing mutations into putative MEIS1-binding sites (Figure 
3F). These results indicate that Sytl1 cooperates with Hoxa9 in mye-
loid leukemogenesis as a direct transcriptional target of MEIS1.

SYTL1 supports homing and engraftment of leukemia. To clar-
ify the role of SYTL1 in its cooperation with HOXA9 in leukemo-
genesis and leukemic cell homing and engraftment, Sytl1 was 
retrovirally introduced into HΔM cells. As expected, Sytl1 intro-
duction restored leukemic cell homing and engraftment in bone 
marrow and spleens (Figure 4, A and B, and Supplemental Fig-
ure 7, A–C). In addition, cobblestone formation of leukemic cells 
in OP9 coculture and CXCL12-induced cellular migration were 
recovered by Sytl1 expression (Figure 4, C and D). These results 
strongly indicate that SYTL1, a molecule downstream from 
MEIS1, initiates MEIS1’s function by cooperating with HOXA9. 
That is, it promotes leukemic cell engraftment and cell-cell inter-
action with stromal cells. Furthermore, bone marrow cells derived 
from Sytl1 homozygous KO mice (41) transduced with the Meis- 
Hoxa9 retrovirus failed to show AML development, and AML 
development was recovered by exogenous introduction of Sytl1 
(Figure 4E). Coexpression of Hoxa9 and Meis1 in Sytl1 KO bone 
marrow cells supported neither bone marrow homing nor cellu-
lar migration upon CXCL12 stimulation, and these activities were 
rescued by Sytl1 introduction (Figure 4, F and G). These obser-
vations are in contrast to the results obtained in wild-type bone 
marrow cells in which both MEIS1 and SYTL1 promoted homing 
activity (Supplemental Figure 7D). The expression level of exoge-
nous SYTL1 was comparable with endogenous expression in the 
presence of MEIS1 (Figure 4H). Moreover, knockdown of Sytl1 or 
Rab27b inhibited cellular migration of 32Dcl3 cells upon CXCL12 
stimulation (Figure 4I). Similar findings were obtained by direct 
injection of H9M1 cells into bone marrow (Supplemental Figure 
7E), indicating that the phenomena were not caused by artificial 
experimental conditions, i.e., bone marrow transplantation via 
the tail vein. Collectively, these data indicate that Sytl1 is essential 
for Meis1-related leukemogenesis. On the other hand, suppres-
sion of Sytl1 expression (by doxycycline-induced expression of 
shRNA) inhibited homing, but it did not reduce in vivo expansion 
of leukemic cells (Supplemental Figure 8). These findings suggest 
that Sytl1 activation might be very effective in the early stage of 
leukemogenesis, at which time genetic and/or epigenetic abnor-
malities have not accumulated.

SYTL1 is expressed in human AML and has key functions. The 
important role of SYTL1 in human AML was also examined by 
knocking down SYTL1 with shRNA. When NOD/SCID mice under-
went bone marrow transplantation with RS4;11 human AML cells 
with a fused MLL-AF4 gene, we observed suppression of homing 
and engraftment (Figure 5, A and B). As a result, SYTL1 knockdown 
extended the survival of recipient NOD/SCID mice transplanted 
with RS4;11 by 14 days, and during this time period, there were no 
detectable leukemic cells in peripheral blood (Figure 5C). More-
over, cellular migration upon CXCL12 stimulation was decreased 
(Figure 5D). We then analyzed the gene expression profile of 526 
human AML cases. The analysis revealed that SYTL1 upregulation 

Table 1. Candidate genes tested for Hoxa9 cooperativity

Genes Binding LocationA ExpressionB

Cd34 M, P Intron 1 ST-HSC, MPP, CMP
Flt3 H, M, P Intron 9 and exon 20 ST-HSC, MPP, CLP, CMP
Foxo3a M, P Promoter and intron 1 Multilineage
Id1 M promoter Monocyte, granulocyte
Smad7 H, M, P 14 and 19 kb upstream LT-HSC, ETP, PreB
Sytl1 M 2 kb up Multilineage
Zc3h12a H, M, P 4 kb up Monocyte
ALocation of binding peaks is indicated. BGene expression in the 
hematopoietic system was assessed by HemaExplorer (http://servers.
binf.ku.dk/hemaexplorer/, ref. 66). M, SYTL1; P, PBX; H, HOXA9; ST-HSC, 
short-term HSC; MPP, multipotent progenitor; CMP, common myeloid 
progenitors; CLP, common lymphoid progenitor; LT-HSC, long-term HSC; 
ETP, early T cell precursor; PreB, pre–B cell.
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(Figure 7C and Supplemental Figure 9C). In addition, a close asso-
ciation between H9M1 or HΔM/SYTL1 cells and CXCL12-abun-
dant reticular (CAR) cells (46) was frequently observed in the 
bone marrow of recipient mice (Figure 7D and Supplemental Fig-
ure 9D). Collectively, these results suggest that SYTL1 promotes 
trafficking of CXCR4 from cytoplasmic vesicles to the plasma 
membrane following the binding to CXCL12 and internalization 
(Figure 7E). Since the CXCR4/CXCL12 axis also plays a role in 
the maintenance of HSCs, we analyzed hematopoiesis in Sytl1 KO 
mice. The colony-forming activity of Sytl1 KO bone marrow cells 
was mildly increased for multilineage progenitors (Supplemental 
Figure 10A). However, comparing Sytl1 KO and wild-type bone 
marrow, there were no significant differences in the frequencies 
of SLAM cells (CD34- and CD48-negative and CD150-positive 
LSK cells) or LSK cells (Supplemental Figure 10B). These results 
suggest possible redundant functions by other SYT/SYTL1 family 
proteins in normal hematopoiesis.

Discussion
Here, we demonstrate that Meis1 and Sytl1 cooperate with Hoxa9 
in vivo (but not in vitro) in promoting myeloid leukemogenesis. 
Leukemic cell homing and engraftment in bone marrow niches 
is an important early event in MEIS1/HOXA9 cooperation. It 
has been difficult to clarify the fundamental mechanisms for in 
vivo activity of transcription factors in the leukemogenic pro-
cess. Identification of MEIS1-binding sites in the whole genome, 
evaluation of binding using microarray analysis, and cotrans-
duction experiments enabled us to identify Sytl1 as a MEIS1 
target gene responsible for cooperativity with HOXA9. Coex-
pression of SYTL1, HOXA7/A9, and MEIS1 in a subset of human 
AML supports the functional association of SYTL1 with these 
homeodomain proteins.

SYTL1 is a cytoplasmic protein that belongs to the SYTL1/
JFC1 family that interacts with Rab family proteins to facilitate 
membrane trafficking of cytoplasmic granules and proteins (47–
49). SYTL1 family proteins associate with the plasma membrane 
using C-terminal C2 motifs, and they also recognize Rab family 
proteins through their N-terminal regions (25, 50). SYTL1- and 
Rab-mediated vesicular trafficking plays an important role in a 
variety of cellular processes, including cellular migration, secre-
tion of bioactive structures/substances, cell adhesion, and luminal 
formation (24, 25, 51, 52).

This study demonstrates for the first time to our knowledge 
that SYTL1 is involved in leukemogenesis and in the modulation 
of CXCR4 trafficking and signaling. The enhanced response to 
CXCL12 stimulation is mediated by SYTL1 expression. The results 
strongly suggest that the trafficking of CXCR4 helps leukemic 
cells obtain chemokine signals produced by bone marrow micro-
environment CAR cells, resulting in prompt homing in bone mar-
row niches. Suppression of leukemogenic activity as well as hom-
ing and engraftment of Hoxa9/Meis1 in Sytl1 KO hematopoietic 
cells support this possibility. In addition, KO of Meis1 decreased 
cytoplasmic granules, suggesting that trafficking of cytoplasmic 
granules might be affected by SYTL1 expression.

Modification of receptors and cytokine signaling pathways 
other than the CXCR4/CXCL12 axis by SYTL1 should also be 
noted. FLT3 is one such receptor. Migration of H9M1 cells stim-

was markedly associated with that of MEIS1, HOXA7, and HOXA9 
(Figure 5E). Coexpression of SYTL1 and MEIS1 is also remarkable 
in an AML subgroup characterized by having NPM1 mutations 
that are frequently associated with HOX gene overexpression (11). 
Interestingly, high levels of SYTL1 expression were observed in 
MLL-associated AML, with BREloEVI1hi expression but not BRE-
hiEVI1lo expression (refs. 42, 43, and Figure 5E), suggesting that 
SYTL1 upregulation might be associated with poor prognosis in 
MLL-related AMLs. Collectively, these findings suggest that SYTL1 
upregulation is closely associated with MEIS1 expression and that 
SYTL1 may be a key factor in HOX/MEIS1-related human AML.

Sytl1 facilitates cellular responses to CXCL12 stimulation 
and promotes membrane trafficking of CXCR4. Previous studies 
reported that the synaptotagmin family of proteins modulated cel-
lular migration mediated by CXCL12 and CXCR4 signaling (44, 
45). Since Meis1 KO suppressed the migratory activity induced 
by CXCL12, the role of SYTL1 in cell migration and CXCR4 sta-
tus was further examined. SYTL1 overexpression in 32Dcl3 cells 
significantly enhanced CXCL12-induced cell motility (Figure 6, A 
and B, and Supplemental Videos 1 and 2). Moreover, Meis1 KO in 
H9M1 cells significantly suppressed the incorporation of CXCL12-
coated beads, and the suppression was restored by Sytl1 expres-
sion (Figure 6C). Prolonged CXCR4 expression on the cellular 
surface was observed in H9M1 and HΔM/SYTL1 cells, compared 
with that in HΔM cells (Figure 7, A and B), and similar results were 
obtained in Sytl1-expressing 32Dcl3 cells (Supplemental Figure 
9, A and B). Prompt internalization of CXCR4 was observed in 
Hoxa9-expressing cells, regardless of Meis1 or Sytl1 expression 
(Figure 7B), indicating that SYTL1 promotes membrane traffick-
ing of CXCR4 but does not inhibit internalization of the receptor. 
Increased and prolonged phosphorylation of ERK1/2 and AKT 
upon CXCL12 stimulation was exhibited in cells expressing SYTL1 

Figure 4. SYTL1 supports leukemic cell engraftment. (A) Sytl1 was retro-
virally introduced into HΔM cells. Forty-eight hours after transplantation, 
bone marrow samples were analyzed for mKO-positive fractions by flow 
cytometry. Data are representative of 3 experiments. (B) Representative 
flow cytometric analysis (same as A) was performed 2 weeks after trans-
plantation (3 experiments). (A and B) Frequencies of mKO-positive cells 
in bone marrow are indicated. (C) Representative images of OP9 coculture 
experiments (3 experiments). Cobblestone areas were recovered after 
SYTL1 was introduced into HΔM cells. The numbers of cobblestone areas 
are indicated. Scale bar: 100 μm. (D) Cell migration assay. H9M1, HΔM, 
and HΔM/SYTL1 cells were loaded onto chamber inserts. Cells migrated to 
the lower chamber containing CXCL12. Mean values of migratory cells per 
5 × 105 cells ± SEM. (E) Sytl1 deletion abrogated HOXA9/MEIS1-induced 
leukemogenesis. Kaplan-Meier survival curves are shown for recipients 
transplanted with Hoxa9/Meis1-transduced bone marrow cells on a 
wild-type or Sytl1–/– background and Sytl1/Hoxa9/Meis1-transduced bone 
marrow cells on a Sytl1–/– background. (F) Homing of Hoxa9-transformed 
bone marrow cells of Sytl1–/– background was enhanced by Sytl1 but not by 
Meis1. Frequencies of mKO-positive cells in bone marrow were measured 
48 hours after transplantation. (G) Migration upon CXCL12 stimulation 
of Hoxa9-transformed bone marrow cells of Sytl1–/– background was 
enhanced by Sytl1 but not by Meis1. All the experiments were performed 
in triplicate. (H) The expression levels of both endogenous and exogenous 
SYTL1 proteins were assessed by immunoblotting; blots are representative 
of 2 independent experiments. (I) Knockdown of Sytl1 or Rab27b inhibited 
cellular migration of 32Dcl3 cells after CXCL12 stimulation. (A–D, F, and 
G–I) n = 3, **P < 0.01, 1-way ANOVA with Dunnett’s multiple comparison 
test. Mean ± SEM is shown throughout.

https://www.jci.org
https://www.jci.org
https://www.jci.org/126/5
https://www.jci.org/articles/view/81516#sd
https://www.jci.org/articles/view/81516#sd
https://www.jci.org/articles/view/81516#sd
https://www.jci.org/articles/view/81516#sd
https://www.jci.org/articles/view/81516#sd
https://www.jci.org/articles/view/81516#sd
https://www.jci.org/articles/view/81516#sd
https://www.jci.org/articles/view/81516#sd
https://www.jci.org/articles/view/81516#sd


The Journal of Clinical Investigation   R e s e a R c h  a R t i c l e

1 6 7 2 jci.org   Volume 126   Number 5   May 2016

Figure 5. SYTL1 functions in human AML. (A) SYTL1 silencing inhibits homing of RS4;11 AML cells in NOD/SCID mice. Bone marrow samples were 
analyzed for the human CD45-positive fraction by flow cytometry (representative of 3 experiments). Data are compared between shSYTL1-treated 
(shSytl1 #4 and #5) and control shRNA (negative control) RS4;11 cells. Efficiencies of SYTL1 silencing were confirmed by RT-PCR. GAPDH, which was run 
on a separate gel, is shown as a loading control of cDNA. (B) SYTL1 silencing inhibits engraftment of RS4;11 AML cells in NOD/SCID mice. Bone marrow 
samples were analyzed for the human CD45-positive fraction by flow cytometry (n = 3). SYTL1 knockdown by shSYTL1 was confirmed by immunoblotting; 
blots are representative of 3 independent experiments. (A and B) Frequencies of human CD45-positive cells in bone marrow are indicated (mean ± SEM). 
(C) Survival curve of NOD/SCID mice transplanted with RS4;11 cells with shSYTL1 lentiviral vectors or empty vector. (D) Suppression of cell migration by 
SYTL1 knockdown. RS4;11 cells were transduced with lentiviral vectors bearing shSYTL1, and frequencies of cell migration were examined in the presence 
or absence of CXCL12. Data represent mean ± SEM of 3 independent experiments. (E) Pairwise correlations between gene expression profiles of 526 AML 
samples hybridized to the Affymetrix HGU 133Plus 2.0 GeneChips identified subsets with high SYTL1, HOXA9, HOXA7, and MEIS1 expression levels. The 
bar next to each sample indicates AML with the following genetic mutations in red: A: t(8;21), B: t(15;17), C: inv(16), D: CEBPA double mutation, E: CEBPA 
single mutation, F: NPM1 mutation, and G: 11q23 abnormalities/MLL fusions. Histograms next to the bar indicate expression levels of the following: 1: 
SYTL1, 2: HOXA9, 3: HOXA7, 4: MEIS1. Correlation coefficients were 0.33, 0.32, and 0.40 between SYTL1 and HOXA9, HOXA7, and MEIS1, respectively. 
An inset is enlarged to show two subsets of MLL-associated AML. I: BREhiEVI1lo, II: BREloEVI1hi. (A, B, and D) **P < 0.01, 1-way ANOVA with Dunnett’s 
multiple comparison test.
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teins, as is MEIS1. They are DNA-binding cofactors of MEIS1, with 
a strong affinity for a bipartite DNA sequence (36). The close cor-
relation between MEIS1 and PBX was highlighted by recent ChIP-
Seq analyses of E11.5 mouse embryo trunks (54). In our analyses, 
a close interaction between MEIS1 and PBX in DNA binding was 
confirmed in vivo, and the presence of the MEIS1/PBX/HOXA9 
trimeric complexes appeared to be common. Given the proposed 
role of MEIS1 as a transcriptional activator (37, 55), the current 
microarray and ChIP-Seq analyses indicate that target genes of 
PBX and/or HOXA9 are actively regulated by MEIS1. Sytl1 was 
not identified as a target of MEIS1 in mouse HSCs (38). The dif-
ferences in DNA binding of transcription factors as well as differ-

ulated by FLT3L was inhibited by Meis1 KO and restored by Sytl1 
expression (Figure 2A). Although a previous study showed that 
Flt3 gene expression was dispensable for Meis1/Hoxa9-induced 
leukemogenesis (53), additional effects of enhanced FLT3 sig-
naling might contribute to MEIS1-related leukemogenesis. Fur-
thermore, Flt3 is a transcriptional target of MEIS1 (Supplemental 
Tables 3 and 4), suggesting that MEIS1 orchestrates its function 
from Flt3’s transcription to FLT3’s transportation.

Previous ChIP-Seq studies of MEIS1-binding sites in hemato-
poietic cells revealed that the majority of MEIS1-binding loci were 
located outside of promoters (22, 38), a finding that was confirmed 
by this study. PBX proteins are TALE-class homeodomain pro-

Figure 6. Sytl1 increases CXCL12/CXCR4 signaling. (A) 
Motility of 32Dcl3 cells with or without Sytl1 over-
expression was observed during a 30-minute period 
of stimulation by CXCL12-coated beads. The original 
position of each cell is indicated as a white mark at 10, 
20, or 30 minutes. See Supplemental Videos 1 and 2 
for videos of the same cells. Representative images of 
3 independent experiments are shown. Scale bar: 20 
μm. (B) CXCL12-induced chemotaxis was quantified by 
measuring the accumulated distance in 40 cells each 
for SYTL1-expressing and -nonexpressing 32Dcl3 cells. 
Average accumulated distances (in number of 280-nm 
units) are indicated in boxes (n = 3, *P < 0.05; **P < 
0.01, Mann-Whitney test). (C) Frequent incorporation 
of CXCL12-coated beads in H9M1 and HΔM/SYTL1 cells. 
Cells were seeded into VCAM1-coated chambers. The 
cells were fixed with 4% paraformaldehyde 5 minutes 
after addition of CXCL12-coated beads. Representative 
images of 3 independent experiments (arrows) are 
shown. The number of cells incorporating CXCL12-
coated beads was measured. Frequencies of positive 
cells are indicated as the mean ± SEM of 3 independent 
experiments (**P < 0.01, 2-tailed Student’s t test). 
Scale bar: 20 μm.
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dishes containing Methocult M3534 methylcellulose medium (Stem 
Cell Technologies) at 1 × 104 cells per plate, and the H9M1 cells were 
established by replating the same number of cells 3 times. Expression 
of HOXA9 and MEIS1 was confirmed by detecting kusabira orange 
(mKO) and EGFP by flow cytometry as well as immunoblotting. For 
conditional KO of exogenous Meis1, 2 μM 4-OHT (Sigma-Aldrich) was 
added to the medium, and Meis1 deletion was confirmed by genomic 
PCR. 32Dcl3 cells were maintained in RPMI-1640 medium containing 
10% FBS and 10 ng/ml IL-3. Human RS4;11 AML cells were obtained 
from ATCC and maintained in IMDM supplemented with 10% FBS.

Antibodies. The following antibodies were obtained from eBio-
science and were used for flow cytometry: rat anti-mouse CD11b 
(M1/70), rat anti-mouse Ly-6G/Gr-1 (RB6-8C5), rat anti-mouse 
CD117 (2B8), rat anti-mouse Ly-6A/E/Sca-1 (D7), rat anti-mouse 
CD34 (RAM34), mouse anti-human CD45 (HI30), rat anti-mouse 
CXCR4 (2B11), hamster anti-mouse CD3 (145-2C11), rat anti-mouse 
CD4 (RM4-5), rat anti-mouse CD8 (53-6.7), rat anti-mouse B220 
(RA3-6B2), rat anti-mouse Ter119 (TER-199), rat anti-mouse c-kit 
(2B8), rat anti-mouse FCγR (clone 93), hamster anti-mouse CD48 
(HM48-1), rat anti-mouse CD150 (mShad150), and mouse anti- 
human CD45 (HI30). Antibodies used for immunofluorescence 
staining were as follows: rat anti-mouse Ly6H/Gr-1 (RB-8C5, eBio-
science), mouse anti-CD31 (390, BioLegend), and rabbit anti-S100 
(Dako). Antibodies used for Western blotting, co-IP, and ChIP were 
as follows: rabbit anti-MEIS1 (ab19867, Abcam), rabbit anti-FLAG 
(F7425, Sigma-Aldrich), rabbit anti-PBX1/2/3 (C-20, Santa Cruz 
Biotechnology), rabbit anti-JFC1/SYTL1 (H-80, Santa Cruz Bio-
technology), mouse anti-GAPDH (9GHT, HyTest), mouse anti-HA 
(ab-hatag, Invivogen), mouse anti-c-myc (9E10, Roche), rabbit anti-
phospho p44/42 MAPK T202/Y204 (9101, Cell Signaling), rabbit 
anti-p44/42 MAPK (9102, Cell Signaling), rabbit anti-phospho AKT 
(S473, Cell Signaling), and mouse anti-AKT (2H10, Cell Signaling). 
Antibodies used for adhesion molecule analysis by flow cytometry are 
shown in Supplemental Table 1.

Replating assay. H9M1 cells or retrovirally transduced bone mar-
row cells were plated in Petri dishes in Methocult M3534 (STEMCELL 
Technologies), and colonies were counted.

Animals and bone marrow transfer. The Meis1 conditional KO 
mouse was generated by inserting loxP sequences into introns 7 and 8 
(20). The Rosa26-Cre-ERT2 mouse was provided by Tyler Jacks (Mas-
sachusetts Institute of Technology, Cambridge, Massachusetts, USA), 
and the Sytl1 KO mouse was provided by Mitsunori Fukuda (Tohoku 
University, Sendai, Japan). Both Meis1 and Sytl1 KO mice are on the 
C57BL/6 background. C57BL/6J recipient mice were irradiated (8.5-
Gy X-rays for leukemogenesis assays with primary bone marrow cells 
or 4-Gy X-rays for assays with cell lines; MBR-1520A, Hitachi Medico) 
and injected with primary bone marrow or leukemic cells. For trans-
plantation of primary bone marrow cells, hematopoietic stem/progen-
itor cells were enriched by 5-FU administration 5 days before prepa-
ration and cotransduced with the indicated retroviruses, and 1 × 106 
unsorted cells were injected into each mouse. For transplantation of 
RS4;11 human AML cells, 1 × 106 cells were injected into (2-Gy X-ray) 
NOD/SCID mice. Bone marrow cells and leukemic cells were injected 
via tail vein or directly into femoral bone. Mice were monitored daily 
for evidence of disease, and smears of peripheral blood were exam-
ined every week. The onset of AML was determined by detecting 
when immature myeloid cells constituted at least 20% of the leuko-

ences in transcriptional regulation between normal and neoplastic 
cells might be caused by alterations in chromatin conditions at 
target loci (56). In contrast, known target genes of MEIS1, such as 
Msi2 (20) and Hif1a (21), were also identified in the present study 
(Supplemental Table 3). These data suggest that MEIS1 transcrip-
tional regulation may have important roles in the musashi/numb 
signaling axis, asymmetric cell division, and leukemic cell mainte-
nance in hypoxic niches (21, 57).

In conclusion, the present study directly demonstrates that 
MEIS1 abnormally affects transcriptional regulation and plays 
important roles in HOXA9-induced oncogenic events in vivo. In 
addition, we showed the role of the SYTL1 protein family in leu-
kemogenesis and intracellular trafficking of CXCR4. The onset of 
leukemia in animals transplanted with HOXA9/SYTL1-express-
ing bone marrow cells was slightly delayed, compared with that in 
those transplanted with HOXA9/MEIS1-expressing bone marrow 
cells, suggesting that other downstream genes, such as Smad7, 
which was also identified as a MEIS1 downstream gene, might 
reinforce MEIS1-associated leukemogenic activity. Nevertheless, 
the fact that SYTL1 facilitated interaction between leukemic cells 
and the bone marrow niche suggests new therapeutic approaches 
to eliminate leukemic stem cells that occupy hematopoietic niches 
and are otherwise resistant to chemotherapy.

Methods
Plasmids. Hoxa9, Meis1, Sytl1, and MLL-ENL (a gift from Tetsuya 
Nosaka, Mie University, Mie, Japan) cDNAs were cloned into pMYs 
retroviral vectors. The loxP sites were inserted to encompass MEIS1-
IRES-GFP in the pMYs vector.

Cells. Bone marrow cells were prepared from 8-week-old female 
Rosa26-Cre-ERT2 mice (58) 5 days after injection of 150 mg 5-fluor-
ouracil/kg body weight (Kyowa Hakko Kogyo). Bone marrow cells 
were cultured for 24 hours in IMDM (Invitrogen) supplemented with 
10% FBS (HyClone) and 10 ng/ml IL-6, 10 ng/ml IL-3, and 100 ng/ml 
SCF (R&D Systems). Retroviral stocks of pMYs-HOXA9-IRES-mKO 
and pMYs-loxP-MEIS1-IRES-EGFP-loxP were added to the medium 
containing bone marrow cells with 6 μg/ml Polybrene (Sigma-Aldrich) 
and then spun at 1,400 g for 2 hours. The cells were plated on Petri 

Figure 7. SYTL1 promotes membrane trafficking of CXCR4 and activates 
downstream signaling. (A) Representative immunofluorescence of H9M1, 
HΔM, or HΔM/SYTL1 cells after the indicated incubation periods with 
CXCL12 (3 experiments). Alexa Fluor 350–conjugated wheat germ aggluti-
nin (WGA) was used to indicate plasma membrane. Scale bar: 20 μm. (B) 
The expression of CXCR4 on the surfaces of H9M1, HΔM, or HΔM/SYTL1 
cells was analyzed by flow cytometry at the indicated times after CXCL12 
stimulation. The cells were incubated with the anti-CXCR4 antibody after 
(same staining condition as A) or before CXCL12 stimulation. The data are 
representative of 3 independent experiments. (C) ERK and AKT phos-
phorylation after CXCL12 stimulation in the indicated cell types; blots are 
representative of 3 independent experiments. (D) Juxtaposition of H9M1 
or HΔM/SYTL1 cells and CAR cells in bone marrow. CAR cells are stained 
with anti-S100. Representative images of 3 independent experiments. 
Quantification with statistical analysis is shown in Supplemental Figure 
9D. Scale bar: 20 μm. (E) Proposed model showing enhanced membrane 
trafficking of CXCR4 after SYTL1 upregulation. CXCR4 is internalized and 
ubiquitinated upon binding to CXCL12. However, CXCR4 is rapidly provided 
from its reservoir on the limiting membrane of multivesicular bodies in the 
presence of SYTL1 and Rab27b.

https://www.jci.org
https://www.jci.org
https://www.jci.org/126/5
https://www.jci.org/articles/view/81516#sd
https://www.jci.org/articles/view/81516#sd


The Journal of Clinical Investigation   R e s e a R c h  a R t i c l e

1 6 7 6 jci.org   Volume 126   Number 5   May 2016

metrix) was hybridized with aRNA probes generated from H9M1 cells. 
After staining with streptavidin-phycoerythrin conjugates, arrays were 
scanned using an Affymetrix GeneAtlas Scanner and analyzed using 
Affymetrix GeneChip Command Console Software (AGCC, Affyme-
trix) and GeneSpring GX 11.0.2 (Agilent Technologies). GSEA was per-
formed using GSEA-P 2.0 software (62).

Western blotting. Western blot analysis was performed using lysates 
of whole-tumor tissues with specific antibodies as described above.

RT-PCR and real-time quantitative RT-PCR. Total RNA extraction, 
reverse transcription, and RNA quantification were performed by 
standard methods. Conventional RT-PCR and real-time quantitative 
RT-PCR (Q-RT-PCR) were performed with a Gene Amp 9700 thermal 
cycler (Applied Biosystems) and a 7500 Fast Real-Time PCR System 
(Applied Biosystems), respectively. The sequences of the oligonucleo-
tide primers are shown in Supplemental Table 5.

Luciferase assay. A 2.0-kbp genomic DNA fragment upstream 
of murine Sytl1 exon 1 was amplified by PCR using the forward 
(5′-AAGTGCTGGGATTTAGAGGTG-3′) and reverse (5′-GACGA-
CAACTTCAAAGGCGAC-3′) primers. The fragment was inserted into 
the pGL4.10 vector (Promega). Mutations of putative MEIS1-binding 
sites were introduced by in vitro mutagenesis using the KOD-Plus 
Mutagenesis Kit (Toyobo). Reporter plasmids and the expression plas-
mid of Meis1 were nucleofected into 32Dcl3 cells using Nucleofector 
Kit V (Lonza). Luciferase assays were performed by a standard method.

Gene expression profiling of human patients with AML. Gene 
expression profiling of 526 AML cases was carried out on Affymetrix 
HGU133A Plus2.0 GeneChips as previously described (63). The vali-
dation of the scaling/normalization factors of the GeneChips was less 
than 3-fold. Mutational analyses to detect recurrent mutations in AML 
were performed as previously described (64). All supervised class pre-
diction analyses were performed with Prediction Analysis for Microar-
rays software version 1.28 in R version 2.1.0.

Cell migration assay. The cell migration assay was performed as 
described previously with modification (65). Ten ng/ml of CXCL12, 
FLT3L, or IL-3 or 100 ng/ml of M-CSF, GM-CSF, SCF, or TPO was 
added to the lower chambers. All the chemokines and cytokines above 
were purchased from R&D Systems. To block CXCR4, 10 μg/ml anti-
CXCR4 was added to the upper chambers.

RNA interference studies. For knockdown of Sytl1 and Cxcl12, siRNAs 
were purchased from QIAGEN (GS269589 and GS20315). siRNAs were 
introduced into 32Dcl3 cells by nucleofection as described above or into 
OP9 cells using Lipofectamine 2000 (Life Technologies). Knockdown 
efficiencies were confirmed by Western blotting using anti-JFC1 (H-80, 
Santa Cruz Biotechnology) or RT-PCR for Cxcl12. SYTL1 knockdown in 
RS4;11 cells was performed by infecting the cells with the pLKO.1-puro 
lentiviral vector bearing shSYTL1 (Sigma-Aldrich). Tetracycline-induc-
ible silencing of Sytl1 was performed using the BLOCK-IT Inducible H1 
Lentiviral RNAi System (Invitrogen). For induction of shSytl1 expres-
sion, mice were given 0.5 mg/ml doxycycline in their drinking water 
supplemented with 2 mg/ml sucrose. For cell culture, doxycycline was 
used at a concentration of 2 μg/ml.

Confocal laser microscopy. Murine bone marrow and spleen sam-
ples were fixed with 4% paraformaldehyde and embedded in OCT 
compound. Frozen sections were subjected to immunofluorescence 
using the antibodies described above. H9M1 or 32Dcl3 cells stimu-
lated with CXCL12 were incubated on ice with a biotin-conjugated 
anti-CXCR4 antibody, streptavidin rhodamine (Jackson ImmunoRe-

cytes in peripheral blood (59). All of the diseased mice were subjected 
to autopsy and analyzed morphologically and by flow cytometry using 
a FACSCalibur flow cytometer (BD Biosciences).

OP9/H9M1 coculture assay. Bone marrow–derived OP9 stromal 
cells were cultured in 6-well plates. At confluence H9M1 cells were 
added to the wells. The number of cobblestone areas was compared 
between MEIS1-positive and -negative or between SYTL1-expressing 
and -nonexpressing cells after a 48-hour incubation.

Leukemic cell homing and engraftment. Mice were subjected to 
4.0-Gy irradiation and injected intravenously with 1 × 107 H9M1 
cells labeled with DiO. The frequencies of mKO-positive H9M1 cells 
in bone marrow and spleen were examined by flow cytometry, and 
cellular localization was evaluated using DiO signals by fluorescence 
microscopy. For CXCR4 inhibition, 1 × 107 H9M1 cells were injected 
after a 30-minute incubation with 10 μg/ml anti-CXCR4 in vitro, and 
75 mg/kg anti-CXCR4 was intraperitoneally administered to recip-
ient mice 24 hours after injection of H9M1 cells. A rat anti-CXCR4 
antibody (RM0366-30L4) and its isotype control IgG2b were pur-
chased from Abcam.

Flow cytometric analysis. Immunophenotypic analysis was per-
formed by flow cytometric analysis using fluorochrome- or biotin-con-
jugated monoclonal antibodies described above and a FACSAria flow 
cytometer (BD Biosciences).

ChIP and ChIP-Seq. A total of 5 × 107 cells per immunoprecipita-
tion were cross-linked with 1% formaldehyde for 10 minutes at room 
temperature. Chromatin was sheared in lysis buffer containing 1% 
Triton X-100, 0.1% sodium deoxycholate, and 0.1% SDS to an aver-
age size of 300 to 500 bp through sonication on ice in a Bioruptor 
(UCD-200T, Diagenode) for 20 minutes (30 seconds on, 30 seconds 
off; high-power load). ChIP was then performed with anti-MEIS1 
(Abcam), anti-FLAG (Sigma-Aldrich), or anti-total PBX (Santa Cruz 
Biotechnology) antibodies preconjugated to protein G magnetic 
beads. Immunoprecipitated DNA was purified and subjected to 
next-generation sequencing. Libraries were prepared according to 
instructions accompanying Illumina’s DNA sample kit (part 0801-
0303). Briefly, DNA was end repaired using a combination of T4 
DNA polymerase, E. coli DNA Pol I large fragment (Klenow poly-
merase), and T4 polynucleotide kinase. The blunt, phosphorylated 
ends were treated with a Klenow fragment (32 to 52 Exo-minus) 
and dATP to yield a protruding 3-“A” base for ligation of Illumina’s 
adapters that have a single “T” base overhang at the 3′ end. After 
adapter ligation, DNA was PCR amplified with Illumina primers 
for 15 cycles, and library fragments of approximately 250 bp (insert 
plus adaptor and PCR primer sequences) were band isolated from 
an agarose gel. The purified DNA was captured on an Illumina flow 
cell for cluster generation. Libraries were sequenced on the Genome 
Analyzer following the manufacturer’s protocols. Base calls were 
performed using CASAVA version 1.4. ChIP-Seq reads were aligned 
to the mm9 genome assembly using ELAND (Illumina). Peaks were 
called using PeaksFind version 2.2 with the following setting: ChIP 
threshold of 0.2, enrichment fold of 2.5, and rescue fold of 3. The 
enriched genomic regions were determined using CisGenome (60). 
Overlapping of MEIS1, HOXA9, or PBX peaks was determined using 
an intersect function of BEDtools (61).

Microarray analysis. GeneChip analysis was conducted to deter-
mine gene expression profiles. Total RNA was extracted using the 
RNeasy Mini Kit (QIAGEN). The murine Genome 430 PM Array (Affy-
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SEM, and statistical significances were compared with 2-tailed Stu-
dent’s t test for comparison between 2 groups, 1-way ANOVA with 
Dunnett’s test for multiple comparisons, Mann-Whitney test, or χ2 
test. Survival analysis was performed using the Kaplan-Meier life-
table method, and survival between groups was compared with the 
log-rank test. All P values were 2 sided, and a P value of less than 
0.05 was considered significant.

Study approval. Animals were housed, observed daily, and han-
dled in accordance with the guidelines reviewed and approved by the 
Institutional Animal Care Committee at the Japanese Foundation for 
Cancer Research.
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