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Rearrangements of the MLL (ALL1) gene are very common in acute
infant and therapy-associated leukemias. The rearrangements un-
derlie the generation of MLL fusion proteins acting as potent on-
cogenes. Several most consistently up-regulated targets of MLL
fusions, MEIS1, HOXA7, HOXA9, and HOXA10 are functionally re-
lated and have been implicated in other types of leukemias. Each
of the four genes was knocked down separately in the human
precursor B-cell leukemic line R$4;11 expressing MLL-AF4. The mu-
tant and control cells were compared for engraftment in NOD/
SCID mice. Engraftment of all mutants into the bone marrow
(BM) was impaired. Although homing was similar, colonization
by the knockdown cells was slowed. Initially, both types of cells
were confined to the trabecular area; this was followed by a rapid
spread of the WT cells to the compact bone area, contrasted with
a significantly slower process for the mutants. In vitro and in vivo
BrdU incorporation experiments indicated reduced proliferation of
the mutant cells. In addition, the CXCR4/SDF-1 axis was hampered,
as evidenced by reduced migration toward an SDF-1 gradient and
loss of SDF-1-augmented proliferation in culture. The very similar
phenotype shared by all mutant lines implies that all four genes
are involved and required for expansion of MLL-AF4 associated
leukemic cells in mice, and down-regulation of any of them is not
compensated by the others.

leukemic cells’ migration | bone marrow colonization of leukemic cells

Rearrangements of the MLL/ALLI gene occur in 20% of
acute lymphoblastic leukemias (ALL) and in 5-6% of acute
myeloid leukemias (AML) (1, 2). A high percentage of ALLs
with MLL rearrangement show biphenotypic traits. The epide-
miology of MLL-associated leukemias is unique (3). They pre-
dominate infant acute leukemia, and account for the majority of
therapy-related leukemias occurring in cancer patients treated
with etoposide (VP-16) or doxorubicin (4). The very short la-
tency of the disease (3, 4) and its aggressive nature suggest the
involvement of a powerful oncogene. Most MLL rearrangements
are due to reciprocal chromosome translocations that link MLL
to any of >100 partner genes (5). This results in production of
oncogenic MLL proteins, comprising the N-terminal MLL poly-
peptide fused in frame to the C-terminal fragment of a partner
protein. The partner proteins most commonly found associated
with MLL (AF4, AF9, ENL, AF10, ELL) are transcriptional
elongation factors (6). Because these factors physically associate
(6, 7), the function of the most common partner polypeptides
within MLL fusion proteins appears to be the recruitment of the
other elongation factors, and consequently the augmentation of
target genes transcription (8-11).

Initial gene expression analysis of leukemic cells from ALL
patients indicated up-regulation of HOXA9 and HOXA10 and
their essential cofactor MEIS1 in cells with the #(4;11) chromo-
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some translocation and MLL-AF4 (12). Subsequent gene ex-
pression profiling of leukemic cells with MLL rearrangements
from patients showed up-regulation of MEIS1 and HOXAS-
HOXALI10, as well as other genes (13-15). Recently, application
of ChIP-seq determined that MEISI, HOXA7, HOXA9, and
HOXAI0 are among the 226 primary targets of MLL-AF4 in a
human ALL cell line (8). Up-regulation of similar Hoxa genes
and Meis] were obtained in murine model systems (16-19). Many
studies applying overexpression of HOXA9 and/or MEIS1 showed
the requirement for both proteins in induction of acute leukemia
in mice (20, 21). HOXA9 and MEIS proteins function within the
same protein complex (with PBX) and occupy simultaneously the
same gene targets (22, 23).

The consistent up-regulation of several HOXA genes in MLL-
associated leukemias raised the issue whether HOXAS-10 spec-
ify a “HOX code” (18, 24), in which each of the members con-
tributes to pathogenicity and is required for it. Experiments to
resolve the issue involved induction of leukemia in mice knocked
out for HOXA9. The results varied with the particular MLL fu-
sion, and with the way by which the MLL fusion was introduced
into the mutant mice (18, 25, 26). Because murine leukemic cells,
in particular those involved in AML, might not reproduce all of
the processes occurring in human ALL cells with MLL rear-
rangements, we decided to examine the biological effects of
knockdown of HOX A7,9,10 or MEIS1 in the human leukemic
cell line RS4;11, expressing MLL-AF4.

Results

Knockdown of HOXA Genes or MEIST Impairs Engraftment of RS4;11
Cells. The precursor B-cell line RS4:11, a classical biphenotypic
cell line (27), was knocked down for the HOXA7, A9, A10 or
MEIS] genes. This was done by lentiviral-mediated transduction
of constructs encoding short hairpin (sh) RNAs, designed to si-
lence the genes (Table S1). The shRNAs sequences were se-
lected to minimize homology to nontarget mRNAs and avoid
perfect dsRNA stretches of >11 bp; also, no IFN response (28)
was detected. We applied Western analysis to determine the
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extent of silencing affected by the different shRNA constructs.
The identity of the HOXA/MEIS1 proteins was further con-
firmed by their comigration with the corresponding epitope-
tagged (Flag or HA) proteins produced in 293T cells expressing
the former (Fig. 14). In most cases we found more than one
construct encoding unique shRNA, potent in down-regulation of
>80% of the protein; cell lines showing the most efficient
knockdown were chosen for further work (Fig. 14). As controls
we used RS4;11 cells infected with the lentiviral vector, and cells
expressing HOXA9 shRNA found to be nonpotent in elimina-
tion of the protein. Two recent studies indicated down-regula-
tion of MEIS1 RNA (29, 30), as well as of RNAs of multiple
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Fig. 1. Knockdown of MEIS1 and HOXA by lentiviral-mediated delivery of
shRNAs or by treatment with siRNAs. (A) Western analysis of MEIS1 and
HOXA7, A9, and A10 proteins in nuclear extracts of RS4;11 cells expressing
shRNAs directed against one of the four genes (constructs MEIS1_3a,
HOXA9_1, HOXA7_1, HOXA10_4a; 3,1,4 specify the gene's sequence tar-
geted, and a or b correspond to different plasmid clones of the same con-
struct), or a vector construct, or a control construct. Identity of the proteins
was confirmed by demonstrating their comigration with the epitope-tagged
proteins expressed in 293T cells (A). Molecular mass (estimated by compar-
ison of the electrophoretic mobility to that of BioRad protein standards) of
MEIS1, HOXA7, HOXA9 and HOX A10 proteins are 49, 34, 36, and 50 kDa,
respectively. Histone H3 was used as loading control. (B) Knockdown of
MEIS1, HOXA7, or HOXA10 by treatment of RS4;11 and SEM cells with
siRNAs does not show cross down modulation between the three mRNAs.
NanoString nCounter gene expression system was used to quantitate
abundance of mRNAs. Genes are ordered by their P values from top to
bottom. Controls are cells treated with scramble siRNA. Two to four bi-
ological replicas were analyzed. Probes for two different regions of most
genes were used (e.g.,, HOXA10-1, HOXA10-2). kd, knocked down. Addi-
tional details are provided in S/ Materials and Methods.
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HOXA genes (30), in MLL-rearranged cells knocked down for
HOXADO9. To examine whether similar cross-modulation is asso-
ciated with MEIS1, HOXA7, and HOXA10 knockdowns, we
analyzed the abundance of HOXA/MEIS1 RNAs by applying
the technology of NanoString nCounter gene expression system,
which captures and counts individual mRNA transcripts by their
hybridization to a multicomplex probe library (31). Cultured
lymphoid RS4;11 and SEM cells, both expressing MLL-AF4,
were treated with MEIS1, HOXA7, HOXA10, or scrambled
siRNAs and the extracted RNAs were reacted with a library
containing probes for MEIS1 and HOXA and other mRNAs (S7
Materials and Methods). Although cells treated with a particular
siRNA were down-regulated for its expression, the abundance of
the other HOXA (except HOXAS) or MEIS1 RNAs was not
reduced (Fig. 1B).

We also considered the possibility that the shRNAs induced
a general deleterious effect on the cells. However, we found this
unlikely because shRNAs directed against different sequences of
the same gene and downregulating its expression induced very
similar biological and biochemical effects when contrasted with
cells expressing shRNAs inefficient in silencing of the gene which
behaved like vector-infected or noninfected cells (see Figs. 2 and
64 and Table S2).

The transplanted NOD/SCID mice were killed at 1 d (16 h),
1-5 wk (mice injected with control cells), or 1-6 wk (mice
injected with mutant cells). At 4 and 6 wk after injection of
control and mutant cells, respectively, increasing numbers of
animals appeared ill or succumbed to the malignancy. Initially,
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Fig. 2. Impaired engraftment of RS4;11 cells knocked down for MEIS1 or
HOXA into the BM of NOD/SCID mice. Cells were obtained from the BM at 2—
4 wk after transplantation, and percentage of human cells was assayed using
human-specific mAbs. (A) Examples of bone marrow obtained 3 wk post
transplantation. Gate R2 shows human engrafting cells; number of the cells
in R2 is indicated at the top of each image. (B) Percentage of engrafting
mutant cells is compared with that of cells transfected with empty vector.
*P < 0.05. Results correspond to average + SD of five independent experi-
ments performed in duplicate.
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engraftment in the BM and spleen was determined. At 21 and 26
d, the frequency of intact RS4;11 cells was fivefold higher in the
bone marrow (BM) compared with the spleen (Fig. S1). An even
higher tendency to accumulate in the BM rather than in the
spleen (10- to 20-fold) was observed for the manipulated cells.
Therefore, in the next experiments, we focused on the fate of the
cells in the BM. In this analysis, the RS4;11 cells were sorted by
virtue of surface expression of CDA45; all these cells were positive
for GFP, indicating expression of the lentivirus. The results
demonstrated that similar numbers of mutant and control cells
populated the bone marrow during the first day after trans-
plantation (Table S2). However, at 2—4 wk reduced engraftment
of the mutant cells was indicated (Fig. 2 and Table S2). Only at 5
wk, when substantial numbers of mice injected with the control
cells had already died, the frequency of the mutant cells in BM
was not far off the frequency of the control cells in BM of the
surviving animals (Table S2). These results implied that the
knockdown cells did not vary from the control cells in arrival
(homing) to the bone marrow, but were impaired during sub-
sequent stages.

To compare the location of the control cells and of knockdown
RS4;11 cells in the BM, immunohistochemical analysis was car-
ried out on BM sections from the femurs and tibias of mice 1-5
wk after transplantation (Fig. 3). At 1 wk (not shown) and 2 wk
(Fig. 3), both mutant and control cells were found in the tra-
becular bone (TB) area, composed of metaphysis and epiphysis,
but not in the compact bone (CB, also termed diaphysis or bone
shaft) area. At 3 wk after transplantation, a clear difference
appeared between the control and mutant cells: whereas the
former filled up both the TB and CB areas, the latter were lo-
calized nearly only to the TB region (Fig. 3). At 5 wk, the
knockdown cells packed the TB and expanded into large zones
within the CB (Fig. 3, bottom right). Thus, although the control
human cells spread from the trabecular to the compact bone
area between the second and third week post transplantation, the
spread of the knockdown cells lingered by ~2 wk. The borders
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between the TB areas of the bone inhabited by human cells, and
the CB areas which were not, were quite sharp in some sections
(Fig. 3, bottom left). This possibly reflected the presence of two
discrete zones within the bone itself. Because previous studies
have shown that SDF-1 (CXCL12), a key chemotactic factor, is
expressed at higher levels in the epiphysis compared with the
diaphysis (32, 33), we applied immunohistochemistry to examine
the location of SDF-1 within the BM of mice transplanted with
mutant or control RS4;11 cells (Fig. S2). Indeed, SDF-1 local-
ized mostly to the trabecular area, but there was no difference in
its abundance between BM containing control or mutant cells.

Proliferation of Mutant RS4;11 Cells Is Decreased. One potential
reason for impairment in engraftment of the knocked-down cells
is reduced proliferation. This was first examined in tissue culture.
The cells were labeled with BrdU and subsequently analyzed by
FACS for incorporation of BrdU and for distribution within the
cell cycle (Fig. 4). The percentage of cells in the S phase was
reduced in the mutant cells, and a higher percentage of them was
identified in the GO/G1 phase. This indicated diminished pro-
liferation of the knockdown cells. Importantly, no cells in sub G1
were observed in any of the lines, excluding the possibility that
the alteration in growth was due to enhanced apoptosis. Also,
apoptosis was not observed in experiments with Annexin (not
shown). Next we performed in vivo BrdU labeling in mice 3 wk
after their transplantation. FACS analysis (Fig. 5) indicated that
the mutant cells were reduced in incorporation of BrdU and
hence in proliferation. The lower proliferation in the BM is likely
to explain, at least in part, the impaired engraftment of the
knockdown cells, as well as the delayed spread to the compact
bone area (Discussion).

Flawed SDF-1-Dependent Chemotaxis and Proliferation of Mutant
Cells. Extensive experimental evidence has indicated the impor-
tance of the CXCR4/SDF-1 axis for BM engraftment of both
normal stem/progenitor cells and leukemic cells (34-36). There-
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Fig. 3. Immunohistochemical analysis of mutant and control RS4;11 cells in BM of transplanted NOD/SCID mice indicates a lag in spreading of the mutant into
the CB area. BM sections were prepared at different times after transplantation. Human cells appear brown. Cells transplanted harbored empty vector,

MEIS1_3b, HOXA9_1, or HOXA10_4a constructs.
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Fig. 4. Decreased proliferation of cultured manipulated RS4;11 cells. Cells
in culture were labeled with BrdU and subjected to FACS analysis of the
cell cycle. (A) Examples of the analysis. Cells harbored the empty lentiviral
vector, or the MEIS1_3b, shRNA construct. (B) Percentage of cells at different
stages of the cell cycle are compared with that of cells transfected with
empty vector. *P < 0.05. Results shown are average + SD of two independent
experiments performed in quadruplicate.

fore, we compared the control and knockdown cells for migration
toward an SDF-1 gradient and for acceleration in proliferation
in response to the presence of SDF-1 in the culture’s medium.
Migration of the mutant cells to an SDF-1 gradient was reduced
by 56-78% compared with control cells (Fig. 64). In parallel,
growth kinetics assays indicated that inclusion of SDF-1 in the
cultures’ media enhanced proliferation of the control but not of
the mutant cells (Fig. 6B), in which SDF-1 did not affect or re-
duce growth. Thus, knockdown of of the genes altered response
to SDF-1. In an attempt to pinpoint the stage at which the
CXCR4/SDF-1 axis was impaired, the cells were compared for
abundance of the CXCR4 receptor on their surface; the abun-
dance was found to be similar in the mutants and controls (Fig.
S3). Furthermore, comparison of the amounts of GTP-bound
RAC, an activated effector of CXCR4/SDF-1 (37), did not show
a difference between HOXA10 and MEIS1 knockdowns and
control cells (Fig. S4). Finally, the extent of total or activated
(phosphorylated) AKT, ERK1/2, and PKCzeta, downstream
mediators of RAC-GTP (38), did not vary (not shown) between
HOXA7, HOXA9, HOXA10, and MEIS1 mutants and control
cells, prior or subsequent to treatment with SDF-1 (the amount
of pAKT, but not pERK1/2, increased after treatment of all cells
with 200 ng/mL of SDF-1 for 2 min). In addition to the CXCR4/
SDF-1 axis, other pathways are involved in engraftment and
retention of stem/precursor cells and of leukemic cells in the BM
(39, 40). These pathways mediate interactions of the cells with
BM niches, and include adhesive interactions between the a4f1
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Fig. 5. Diminished proliferation of knockdown cells within BM of trans-
planted mice. Transplanted mice were labeled with BrdU. BM cells labeled
with human-specific Ab were subjected to FACS analysis to determine frac-
tion of human cells that have incorporated BrdU. (A) Example of analysis.
Cells contained control constructs or knockdown constructs as in Fig. 4. M1
and M2 were determined according to the pattern of the IgG control, where
M2 encompassed <1% of the total IgG counts. (B) Percentage of BrdU-
positive cells within human cell population is compared with that obtained
from BM of mice injected with vector-infected cells. *P < 0.05. Results are
average + SD of four independent experiments.

and oS5p1 integrin proteins on the cells’ surface and fibronectin
and /or VCAM-1 (both produced in the niche), the interaction
between the cells receptor c-Kit and the niche’s stem cell factor
(SCF) ligand, and interaction between CD44 on the cells’ surface
and hyaluronan (HA) in the niche. To this end, we compared the
mutants and control cells for the presence on their surface of
VLA4, VLAS (components of a4pl and o5p1, respectively), the
integrin LFA-1, c-Kit, and CD44. c-Kit was not present on the
cells’ surface, and the abundance of the other proteins was
similar on mutant and control cells (Fig. S5). In addition, ad-
hesion of the mutant and control cells to fibronectin, or VCAM1
was roughly equivalent, and adhesion of the mutants to HA, was
somewhat increased (Fig. S6).

Discussion

By knocking down HOXA7 or HOXA9 or HOX10 or MEISI in
RS 4;11 cells, we found impaired leukemogenicity in NOD/SCID
mice of each of the cell lines. Although knockdown of HOXA9
was previously shown to down-regulate the transcription of other
HOXA genes and MEIS1 (30), such cross—down-regulation was
not found here after knockdown of HOXA7, HOXAI10, or
MEIS1. The four mutant cell lines showed similar biological and
biochemical features culminating in an impaired capacity to
proliferate in the NOD/SCID mice. This suggests that the four
genes are all involved in expansion of leukemic MLL-AF4-
associated cells in vivo, and loss of each cannot be compensated
by the intact other three. Further insights to the precise functions
of the genes should emerge from a comparative analysis of the
primary and secondary targets of the four proteins in leukemic
cells with the #(4;11) abnormality, together with analysis of infant
ALL cases positive for #(4;11) and expressing MEIS1, but lacking
expression of HOXA (41, 42).

The main organ targeted by the injected RS4;11 cells was the
bone marrow and not the spleen, and the mutant cells arrived to
the target at similar time and efficiency as the control cells. Both
mutant and control cells initially inhabited the trabecular area
of the bone, wherein the control cells proliferated considerably
more rapidly. In addition to their slower proliferation, the knock-
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Fig. 6. Reduced migration of RS4;11 mutants to an SDF-1 gradient, and loss
of SDF-1-dependent growth augmentation in culture. (A) SDF-1 was added
to lower chamber of transwells; manipulated RS4;11 cells were placed at the
upper chamber and allowed to migrate toward the SDF-1 gradient. Per-
centage of cells migrated was evaluated by FACS. Results show the relative
number of cells migrated, normalized to the number of vector-infected cells
migrated, set as 100 (*P < 0.05). Results shown are average + SD of five
independent experiments. (B) Manipulated RS4;11 cells (shRNA constructs as
in Fig. 4) were seeded into flasks and grown for 2 wk in RPMI containing
10% FCS, in the presence or absence of recombinant SDF1-a. Curves repre-
sent average + SD of four different experiments. Constructs as in Fig. 4. KD,
knocked down.

down cells were delayed in their spread into the compact bone.
The preferred initial arrival site and growth in the trabecular
area of both types of cells might be due to the higher concen-
tration of SDF-1 in that region of the bone. The delayed trans-
location of the mutant cells into the compact bone could reflect
the longer time required for them to reach a threshold density
for overflowing into the compact bone, or a shortage within the
mutant cells of a substance necessary for growth in that com-
partment.

We identified, in our mutants, impairment in two parameters
known to play roles in the engraftment of hematopoietic cells
into the bone marrow: proliferation, and response to the SDF-1
chemokine. Both HOXA and MEIS1 mutants exhibited reduced
proliferation within the bone marrow of transplanted mice and
a shift in the cell cycle of cultured cells toward smaller numbers
in S phase and diminished multiplication. The defects we
observed in our mutant cells in proliferation in vitro and in en-
graftment/proliferation in mice that have undergone transplan-
tation and irradiation are reminiscent of well-known results of
Lawrence et al. (43), who showed that Hoxa9 knockout murine
progenitor marrow cells homed normally to the bone marrow but
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exhibited reduction in proliferation in culture, as well as in in
vivo repopulation ability. Also, fetal liver cells from Meisl
knockout mice were found to be impaired in engraftment and
repopulation of irradiated mice (44). In this context, it should be
noted that numerous studies applying overexpression or down-
regulation approaches to normal hematopoietic stem cells (45)
or leukemia stem cells (17) showed a role of HOX and MEIS1
genes in self-renewal (which involves expansion of cells and
suppression of their differentiation potential). Direct linkage
between MEISI, cell proliferation, and the cell cycle has emerged
very recently from microarray analysis (46, 47), suggesting MEIS1
regulation of genes acting in DNA replication and in cell-cycle
entry (Cdk2, Cdk6, CdkN3, Cdc7, cyclin D3, and others). Fur-
thermore, several HOX proteins were shown to bind DNA rep-
lication origins in vivo and interact with the replication regulator
geminin (ref. 48 and references therein). Thus, the silencing of
MEIS1 and HOXA might slow cell cycle entry and inhibit initi-
ation of replication, respectively.

The second biological function found to be impaired in the
mutant cells was the response to the SDF-1 chemokine. The flaw
in the CXCR4-SDF-1 axis was shown here by in vitro assays of
SDF-1-dependent migration and growth. Surprisingly, homing of
the mutant cells to the bone marrow 16 h post transplantation
(dependent on the CXCR4-SDF-1 axis) was similar to that of the
control cells. We note, however, that hematopoietic progenitors
knocked out for Hoxa9, although defective in engraftment, ex-
hibited normal homing (43); moreover, in addition to the CXCR4/
SDF-1 axis, the VLA-4/VCAM-1 pathway was also found opera-
tive in BM homing of precursor cells and could compensate for
the loss of the former (49). Our intensive attempts to pinpoint the
defective component within the CXCR4/SDF-1 pathway were not
successful. However, because this pathway interacts with other
routes such as Wnt (50) and Notch (51), the critical depleted
component might reside within those routes or others. Because
proliferation of the mutants in culture is slowed down also in the
absence of SDF-1, we consider it likely that the defect in pro-
liferation and the defect in response to SDF-1 are due to alter-
ations in expression of different MEISI/HOXA targets.

Two recent reports used the shRNA knockdown approach to
show roles for MEIS1 (46) and HOXA9 (30) in survival and
leukemia induction of mouse MLL-AF9 knockin cells trans-
planted into C57Bj/6 mice, and human SEMK2 cells (expressing
MLL-AF4) transplanted into SCID-beige mice, respectively.
Most mice injected with MEIS1 knockdown cells survived even
after 170 d. In the second system, the transplanted parental
SEMK?2 cells populated the spleens, but the knockdown cells
failed to grow in the mice. In both systems, cultured human cells
expressing the shRNAs were slowed in their growth, and ex-
hibited cell cycle arrest and apoptosis. We suggest that the
milder effects shown by our knockdown cells in vitro and their
ability to grow, although more slowly, in the transplanted mice is
due to a less robust silencing of the target genes or to the dif-
ferences in the cells studied. The preferred homing and en-
graftment into the bone marrow and not to the spleen in our
experiments is likely due to the variance in the cell lines or in the
recipient mouse strains.

Materials and Methods

For engraftment experiments, RS4;11 cells infected with viruses expressing
shRNAs were injected i.v. 24 h after sublethal irradiation. At various time
points single cell suspensions were prepared from the BM of transplanted
mice and engraftment was assayed by flow cytometry. BrdU incorporation in
cultured cells and in vivo was assayed by flow cytometry analysis. Cell mi-
gration assays were done in transwells, and immunochemical staining was
performed on mouse BM sections. Details of all methods, constructs, and
antibodies used are provided in S/ Materials and Methods.
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