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of microarrays was GLI2, a critical effector of Hh signaling required for
responsiveness to Hh ligand during embryonic development (23-25).
We examined three additional AML data sets and similarly found that
GLI2 expression was higher in FLT3-ITD compared to wild-type FLT3
AML (Fig. 1A) (3, 26, 27). Moreover, within The Cancer Genome Atlas
(TCGA), the expression of GLI2 in FLT3-ITD cases correlated with the
major Hh target gene GLI1, indicative of active Hh signaling (fig. S1A).
GLI2 and its target gene BCL2 were also overexpressed in primary
FLT3-ITD clinical specimens compared to both wild-type FLT3 AML
and normal CD34" hematopoietic stem and progenitor cells (HSPCs)
(Fig. 1B), whereas GLII was highly expressed in both FLT3-ITD and
wild-type AML (fig. S1B). We also examined FLT3-ITD specimens with-
in TCGA’s data set and found that higher GLI2 (P = 0.046), but not GLI1
expression, was associated with a shorter median overall survival (fig. S1,
C and D). Therefore, the inferior survival of FLT3-ITD AML cases over-
expressing GLI2 suggests that the Hh pathway contributes to the patho-
genic impact of this common genetic abnormality.

Hh pathway activation drives the progression of indolent
myeloproliferative disease

To examine the functional impact of Hh signaling in FLT3-ITD AML,
we crossed transgenic Flt3-ITD mice in which an 18-base pair ITD
mutation has been knocked into the Flt3 juxtamembrane domain with
mice expressing the constitutively active SMO mutant, SmoM2, fused
to yellow fluorescent protein (YFP) from the Rosa26 locus (28, 29).
Conditional expression of both FLT3-ITD and SmoM2 within the he-
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Fig. 1. GLI2 expression is increased in human FLT3-ITD AML. (A) GLI2
expression in human AML data sets (probe GLI2 — 228537_at) or TCGA.
(B) Relative GLI2 and BCL2 expression in primary AML samples compared
to normal CD34* HSPCs [n = 5 for HSPCs, wild-type (WT) FLT3, and FLT3-ITD
specimens]. Data represent mean + SD. n.d., not detected.
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matopoietic system was induced by MxI-Cre and poly(I:C) (polyinosinic-
polycytidylic acid) treatment and confirmed by polymerase chain re-
action (PCR) and the detection of YFP in peripheral blood cells (fig.
S2, A to C) (30). Furthermore, we detected the expression of Gli2 in Mx1-
Cre;SmoM?2 (SmoM2), MxI1-Cre;Fit3-ITD (FIt3/ITD), and MxI-Cre;
SmoM2;Fit3-ITD (Flt3/ITD-SmoM2) mice, as well as Glil, a major Hh
pathway target, in SmoM2 and Flt3/ITD-SmoM2 mice (fig. S2D). In con-
trast, Glil and Gli2 were not expressed in animals lacking MxI-cre. The
expression of Gli2 in the absence of Glil by Flt3/ITD bone marrow cells
suggests that GLI2 does not primarily drive pathway activation but
allows cells to be responsive to Hh ligands, similar to what happens in
the developing neural tube and genital tubercle (31, 32). We also found
that recombinant Sonic Hh (SHH) ligand could induce GliI expression
in bone marrow cells of Flt3/ITD but not wild-type mice (fig. S2E).

FLT3-ITD mutations primarily occur in de novo AML and are as-
sociated with rapidly proliferating disease, but similar to previous find-
ings, heterozygous Fit3-ITD expression in mice resulted in gradually
increasing peripheral WBC counts resembling a chronic MPN, with a
median life span of 40 weeks; the expression of SmoM2 alone did not
alter peripheral blood counts or survival compared to wild-type controls
(Fig. 2A) (28). In contrast, the median survival of Flt3/ITD-SmoM?2
mice was significantly shorter than Flt3/ITD animals at 12 weeks (P =
0.0001) and was associated with elevated peripheral WBC counts and
the generation of a new population of Macl "Gr1™ leukemic blasts about
3 weeks after poly(I:C) administration (Fig. 2, B to D). Within the bone
marrow, FIt3/ITD-SmoM2 animals demonstrated significantly increased
cellularity compared to FIt3/ITD mice because of the accumulation of an
abnormal population of immature cKit*Gr1™ myeloid cells (Fig. 2E;
P = 0.03). These cells also infiltrated the spleen, resulting in spleno-
megaly, as well as nonhematopoietic organs such as the liver and lungs
(Fig. 2, F and G, fig. S2F, and table S1). Infiltration within the bone mar-
row also resulted in the reduction of red blood cell and platelet counts
(Fig. 2G and fig. S2G). The accelerated death of Flt3/ITD-SmoM2 mice
along with increased numbers of myeloid blasts in the bone marrow
and spleen, infiltration of myeloid cells into nonhematopoietic organs,
and increased number of myeloid cells in the peripheral blood indi-
cate that constitutively active Hh signaling induces disease progres-
sion in FIt3/ITD animals to an MPN-like myeloid leukemia based
on established criteria (33).

Myeloid progenitor compartments are expanded

in FIt3/ITD-SmoM2 mice

Compared to wild-type mice, FIt3/ITD mice display increased num-
bers of lineage-negative (Lin~) multipotent bone marrow cKit"Scal®
(KSL) HSPC:s as well as committed myeloid progenitors (28). In Flt3/
ITD-SmoM2 mice, we found that Lin~ cells were increased compared to
Flt3/ITD mice, but the frequency and total number of KSL cells, long-
term hematopoietic stem cells (KSL CD150"CD48"CD34"), short-term
hematopoietic stem cells (KSL CD34"Flk2"), and multipotent progeni-
tors (KSL CD34'Flk2") did not change (Fig. 3, A and B, and fig. S3A).
In contrast, cKit"Scal Lin~ myeloid progenitors were increased by two-
fold in Flt3/ITD-SmoM2 mice, primarily due to the expansion of gran-
ulocyte/monocyte progenitors (GMPs; cKit"Scal Lin"CD34 Flk2") but
not of common myeloid (CMP; cKit"Scal Lin CD34"FlIk2") or of mega-
karyocyte/erythrocyte progenitors (MEPs; cKit"Scal Lin CD34 Flk27).
Therefore, peripheral blood leukocytosis and the increased frequency
of leukemic blasts in Flt3/ITD-SmoM2 mice arise from the relative
expansion of the GMP compartment.
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Fig. 2. FIt3/ITD-SmoM2 mice develop rapidly fatal AML. (A) Kaplan-
Meier survival curve of transgenic animals after poly(l:C) induction. Sta-
tistical significance determined by log-rank (Mantel-Cox) test comparing
FIt3/ITD and FIt3/ITD-SmoM2 animals. (B) White blood cell (WBC) counts
at 3 months after the completion of poly(l:C) treatment. Data represent
mean + SD. (C) Wright-Giemsa staining of peripheral blood smears. (D)
Fluorescence-activated cell sorting (FACS) analysis of peripheral blood

The proliferation of myeloid progenitors is increased

in FIt3/ITD-SmoM2 mice

Both increased FLT3 signaling and Hh pathway activity enhance the
proliferation and survival of myeloid leukemia cells (16, 34). To deter-
mine the impact of Hh signaling on FLT3-ITD cells, we studied the
proliferation of bone marrow cells by quantifying bromodeoxyuridine
(BrdU) incorporation. Compared to Flt3/ITD mice, BrdU incorpora-
tion in bone marrow cells of Flt3/ITD-SmoM2 mice was similar for
most primitive HSPC populations (fig. S3B), but it was increased by
greater than twofold in GMPs, which were markedly expanded in the
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cells. Bar graph represents percentage of Mac1*Gr1* cells (n = 5 to 7 per
genotype). Data represent mean = SD. (E) FACS analysis of bone marrow
cells. Bar graph depicts bone marrow cellularity and percentage of
Gr1*cKit"™ cells (n = 3 to 7 per genotype). Data represent mean + SD.
(F) Spleen weights and representative spleen sizes. Data represent mean +
SD. (G) Hematoxylin and eosin staining of bone marrow and spleen sec-
tions. RP, red pulp; WP, white pulp.

bone marrow of Flt3/ITD-SmoM2 mice (Fig. 3, C and D). BrdU incor-
poration was also increased in KSL cells and MEPs, although total
numbers of these cells were not increased in Flt3/ITD-SmoM?2 mice.
Therefore, Hh pathway activity increases the number of GMPs by
increasing their proliferative potential.

Hh signaling affects malignant hematopoiesis in a
cell-intrinsic manner

In some cancers, aberrant Hh pathway activation is mediated by auto-
crine signaling, in which tumor cells both produce and respond to Hh
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Fig. 3. Myeloid progenitors are expanded and more proliferative in
FIt3/ITD-SmoM2 mice. (A) Representative FACS plots depicting relative
percentages of stem and progenitor KSL (Lin"Sca1*cKit*), myeloid pro-
genitor (Lin"Scal~cKit™), GMP (Lin"Scal cKit"CD34*CD16/32%), CMP
(Lin~Sca1~cKit"CD34*CD16/327), and MEP (LinScal cKit"CD34 CD16/32")

ligand (14, 35, 36). In other diseases, paracrine signaling has also been
described, such that tumor cells secrete Hh ligands and induce path-
way activation in nonmalignant stromal cells but not tumor cells (37).
We initially studied the role of bone marrow stromal cells in the prop-
agation of leukemia from Flt3/ITD-SmoM2 mice by transplanting
AML cells into wild-type recipients. However, we could not detect leu-
kemic engraftment 8 weeks after transplantation despite cell doses of
up to 10 million cells, similar to previous studies with Flt3-ITD mice
(38). Because the MxI promoter can be activated by poly(I:C) in
multiple cell types, including bone marrow stromal cells (30), we next
examined whether the generation of AML by SmoM2 requires cell-
intrinsic or cell-extrinsic Hh signaling. We transplanted bone marrow
from unexcised CD45.2 Flt3/ITD-SmoM2 mice into wild-type con-
genic CD45.1 recipient animals (fig. S4A). After the generation of sta-
ble donor blood chimerism, recipient mice were treated with poly(I:C)
and developed AML with similar tumor cell phenotype and survival as
Flt3/ITD-SmoM2 mice (fig. $4, B and C). We also detected YFP expres-
sion by flow cytometry within CD45.2" bone marrow hematopoietic
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cells in bone marrow of transgenic animals. (B) Total number of cells of each
specific type per femur (n = 3 to 7 animals per genotype). Data represent
mean * SD. n.s, not significant. (C) Representative FACS plots of cells with BrdU
incorporation in KSL, CMP, GMP, and MEP compartments. (D) Frequency of
BrdU-positive cells from each population (n = 5). Data represent mean * SD.

cells but not CD45™ cells, indicating that stromal cells did not express
SmoM2 (fig. $4D). Therefore, Hh signaling enhances AML progression
in Flt3/ITD animals in a cell-autonomous manner.

Constitutive Smo activity enhances STATS5 signaling

in FIt3-ITD cells

To determine the mechanisms by which Hh pathway activation affects
FLT3-ITD signaling, we initially compared the gene expression pro-
files of isolated KSL and GMP cells from wild-type, Flt3/ITD, and
Flt3/ITD-SmoM2 mice. We used Gene Set Enrichment Analysis (GSEA)
and focused on biological pathways frequently activated during onco-
genesis, such as proliferation, survival, and self-renewal (39). Among
the top GSEA sets, we identified a gene signature consistent with in-
creased STATS signaling in Flt3/ITD compared to wild-type animals,
as expected from the known role of STAT5 as a major downstream tar-
get of FLT3-ITD required for the survival and proliferation of myeloid
leukemia cells (Wierenga_STATS5_targets_group2) (fig. S5A). We also
used the analysis of functional annotation (AFA) method to further
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