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Acute myeloid leukemia (AML) is intrinsically prone to resistance to conventional
chemotherapeutic agents. Here we explore the Rac family of small GTPases as novel
biologic targets for AML treatment. The Rac subfamily of Rho guanosine triphosphatases
(GTPases) plays an essential role in regulating normal hematopoiesis (1). Rac proteins cycle
between active GTP-bound and inactive GDP-bound states. Of the three known Rac family
members, Racl and Rac3 are expressed ubiquitously, while Rac? is restricted to the
hematopoietic system. In hematopoietic cells, Rac proteins integrate signals from growth
factor, chemokine, and adhesion receptors to mediate a variety of cellular responses,
including cell growth and survival, gene transcription, adhesion, motility, and formation of
the actin cytoskeleton (1). We recently identified the Rac GTPases as molecular targets in
BCR-ABL-induced myeloproliferative disease (2, 3). However, the role of Rac in AML has
thus far not been clearly defined. Elevated levels of GTP-bound Rac have been described in
CD34+ cells isolated from patients with AML. In these samples, Rac signaling was
identified as a critical mediator of stem/progenitor cell and stroma interaction (4). Recently,
Wei et al. observed a critical role of Rac signaling in a disease model of human CD34+ cells
transduced with the Mixed Lineage Leukemia (MLL)-AF9 fusion oncogene (5).
Interestingly, while MLL-AF9 transduced cells were sensitive to Rac inhibition, cells
transduced with the AML-ETO oncogene did not depend on Rac signaling for survival and
proliferation. These discrepancies prompted us to further investigate the role of Rac
signaling in a panel of human AML cell lines, including the MLL gene-rearranged ML-2
cell line and cell lines not harboring MLL rearrangements such as the histiocytic lymphoma
U937 and the acute promyelocytic HL-60 cell line. We demonstrate the presence of GTP-
Rac in all cell lines via p21-activated kinase (PAK)-binding domain (PBD) pull-down and
immunoblot (data not shown). Compared to purified normal human CD34+ cells, ML-2
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cells, which contain a MLL-AF6 translocation (6), showed the most profound inhibition of
cell proliferation upon pharmacologic inhibition of Rac using the small molecule Rac
inhibitor NSC23766 (7) (Figure 1A). To determine whether a correlation exists between Rac
activation and the observed decrease in proliferation of ML-2 cells, we analyzed the effect
of NSC23766 on GTP-Rac via PBD pull-down assay and observed abrogation of Rac
activation with drug treatment (Figure 1B). We next wanted to determine whether
NSC23766 treatment would impact apoptosis (Figure 1C) and/or cell cycle progression of
ML-2 cells (Figure 1D). ML-2 cells displayed an increase of early and late apoptosis as
measured by Annexin VV/7AAD 72 hours after drug exposure (Figure 1C). In addition, Rac
inhibition led to increased cell cycle arrest in GO/G1 (Figure 1D). Importantly, these effects
were specific to ML-2 cells, as normal CD34+ cells were not significantly affected by
NSC23766 exposure. Analogous effects were observed in the MLL-AF9 containing THP-1
cell line (Supplemental Figure 1). In contrast to these MLL gene rearranged cell lines, no
significant effect of NSC23677 on cell cycle or apoptosis was observed in U937 cells and
only marginal effects were observed in HL- 60 cells (data not shown). To further analyze the
potential therapeutic efficacy of NSC23766 in a murine xenograft model, 2 x 107 ML-2
cells were transplanted into irradiated (350 Gy) NOD/SCID mice. Alzet osmotic pumps
containing NSC23766 (2 pumps, 75 mM NSC23766 per pump) or PBS were implanted on
day 21 post transplant. The pumps were exchanged for new pumps on day 35 and removed
on day 49 post transplant. Animals were monitored for survival and bone marrow chimerism
of ML-2 cells (human CD45+) was assessed by flow cytometry post-mortem. Animals with
less than 15% human CD45+ chimerism were censored from the study (3 animals in the
NSC23766- and four animals in the PBS-cohort). We noted a significant difference in the
survival of PBS vs. NSC23677-treated animals (Figure 2). Death due to disease progression
in the treatment group occurred predominantly following pump removal.

In summary, we demonstrate the impact of Rac inhibition on a panel of human AML cell
lines. While the drug target GTP-Rac was present in all cell lines (not shown), the MLL
gene-rearranged cell line ML-2 displayed the most profound dependence on Rac signaling.
This finding is consistent with recently published findings in human CD34+ cells transduced
with the MLL-AF9 oncogene and corroborated by our findings in the MLL-AF9 positive
THP-1 cell line (5). The effect of NSC23766 may point to a potential specific vulnerability
of MLL rearranged leukemia to Rac inhibition. The mechanism by which the other cell lines
bypass this pathway will require further studies. Taken together, our findings highlight the
Rac GTPases as potential molecular targets for a subgroup of AML. Development of more
potent inhibitors of Rac GTPases is warranted to enable clinical use of this approach.
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Figure 1.
The Rac-specific inhibitor NSC23766 significantly impacts proliferation, survival, and cell

cycle progression of human AML cell lines. (A) Proliferation of a panel of AML cell lines
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was analyzed by MTS assay 72 hrs after exposure to increasing doses of NSC23766 (n=3,
24 wells per condition). Black bars indicate 0 uM, hatched bars 20 uM, and white bars 40
UM NSC23766. (B) NSC23766 inhibits Rac activation in ML-2 cells. ML-2 cells were
cultured in the presence of increasing doses of NSC23766. Lysates were analyzed for active,
GTP-Rac. As controls, total lysates were analyzed for Rac and actin expression. (C)
Apoptosis of ML-2 and CD34+ cells was analyzed 72 hours after exposure to NSC23766.
Left panel depicts a representative dot blot analysis. Numbers indicate percentage of cells
per quadrant. Graph depicts percentage of 7AAD-positive cells after exposure to 0 uM
(black bars), 20 uM (hatched bars), or 40 UM (white bars) NSC23766 (n=5). (D) Cell cycle
analysis of ML-2 and CD34+ cells was performed 48 hours after exposure to NSC23766.
Left panel depicts representative dot blot after exposure to 0 or 40 UM NSC23766. Graph
depicts percentage of cells in G1/GO0 or S phase of cell cycle 48 hours after exposure to 0
UM (black bars) or 40 uM (white bars) NSC23766, respectively (n=5). ** p<0.01, NS = not
significant.
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Figure 2.
NSC23766 significantly delays the development of leukemia in a murine in vivo model. 2 x

107 ML-2 cells were transplanted into sublethally irradiated NOD/SCID mice. Arrows
indicate placement/removal of Alzet osmotic pumps containing PBS (solid line, n=8) or
NSC23766 (dotted line, n=9). ** p < 0.01 (log-rank test).
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