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Background: Hedgehog (Hh) signaling is involved in the pathogenesis of tumors. By
performing gene chip analysis, we predicted that Hh signaling might regulate multiple
downstream pathways in acute myeloid leukemia (AML).

Methods: In this study, the potential role of the Hh pathway in refractory AML, and the
impact of Hh expression on clinical prognosis were examined. We also investigated the role
of the Hh inhibitor NVP-LDE225 in reversing drug resistance of refractory primary AML
cells in vitro and the roles of multiple drug-resistant HL60/Adriamycin-resistant cells in vitro
and in vivo (in a xenograft mouse model). Finally, we explored the underlying mechanisms.
Results: Hh pathway was highly active in chemotherapy-resistant AML cells; by contrast,
activation was less pronounced in chemosensitive cells and non-refractory primary cells. Strong
activation of this pathway was associated with higher recurrence rates and poorer relapse-free
and overall survival. NVP-LDE225 inhibited MRP1 protein expression, increased intracellular
accumulation of Adriamycin, and reversed chemotherapeutic resistance. These effects were
likely mediated through inhibition of the IGF-1R/Akt/MRP1 pathway. In the AML xenograft
mouse model, NVP-LDE225 plus Adriamycin resulted in marked tumor regression.
Conclusion: These findings suggest that targeting the Hh pathway might be a therapeutic
avenue for overcoming MDR resistance and preventing refractory AML.
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Introduction
Acute myeloid leukemia (AML) is the most common myeloid malignancy in adults.
Sixty percent of AML patients achieve complete remission (CR) after standard che-
motherapy; unfortunately, most become insensitive to chemotherapeutic drugs, relapse,
and eventually die of the disease.! Previous studies suggest various mechanisms that
underlie drug resistance in leukemia; these include genetic mutations, activated/sup-
pressed signaling pathways, the tumor microenvironment, and the presence of highly
resistant stem cells.”” IGF-1R/PI3K/Akt signaling promotes the growth and survival of
human acute leukemia cells.*® Previously, we showed that combined treatment of
Adriamycin-resistant cells (HL60/ADR) and refractory primary AML cells with the
histone deacetylase (HDAC) inhibitor panobinostat plus the proteasome inhibitor
bortezomib exerts synergistic effects via inhibition of the PI3K/Akt/MRP1 pathway.’
Gene chip analysis led us to predict that the Hedgehog (Hh) signaling pathway was a
major signaling cascade that regulates multiple downstream pathways.

The Hh signaling pathway is complex and functions via two cellular receptors:
patched (Ptch) and smoothened (Smo). Under non-ligated conditions, Ptch1 represses
Smo, thereby silencing the Hh signaling pathway.* Once Hh binds to Ptch, Smo is
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able to transduce the Hh signal, which is mediated via
glioma-associated oncogene homologue (Gli) transcription
factors.”® Dysregulation of Hh signaling, which is an essen-
tial pathway for embryonic development, is implicated in a
variety of cancers, including human pancreatic carcinoma,
colorectal cancer, prostate cancer, small-cell lung cancer,
basal cell carcinomas, and hematological malignancies.” '
For example, the Hh pathway is important for the survival
and expansion of Ber-Abl+ leukemia stem cells.'! In accor-
dance with these findings, others showed that Hh signaling
plays an important role in the self-renewal of hematopoietic
stem cells and in the maintenance of cancer stem cells in
those with leukemia.'? Evidence suggests that Hh might
induce chemoresistance in leukemia cells. Previous studies
show that Hh signaling induces radio-resistance in esopha-
geal adenocarcinoma cells.'> Min Xu et al found that inhi-
biting Hh signaling improves the efficacy of chemotherapy

4 and

in patients with pancreatic ductal adenocarcinoma,
others showed that Hh inhibitors restore drug resistance in
CD34+ leukemia cells."

In this study, we evaluated expression of Hh in
Adriamycin-sensitive (HL60) and multidrug-resistant (HL60/
ADR) cell lines, as well as in non-refractory and refractory
primary AML cells. We also analyzed whether expression of
Hh pathway components correlates with clinical prognosis. In
addition, we investigated the effect of NVP-LDE225, a potent
inhibitor of Smo, on the proliferation, apoptosis, and drug
resistance of HL60/ADR cells and cells isolated from refrac-
tory AML patients, as well as its effect in a mouse model of
leukemia. We found that HL60/ADR and refractory primary
AML cells showed higher expression of Hh than HL60 or non-
refractory primary AML cells. Furthermore, higher expression
of Hh was related to higher recurrence rates and poorer
relapse-free survival (RFS) and overall survival (OS). The
Hh inhibitor NVP-LDE225 reversed resistance to multiple
chemotherapy drugs, increased intracellular accumulation of
Adriamycin, and induced apoptosis in both HL60/ADR and
refractory primary AML cells. In addition, NVP-LDE225
decreased expression of MRP1, Bcl-2, p-IGF-1R, IRS-1,
p-Akt, and Gli-1, suggesting that Hh regulates the IGF-1R/
Akt/MRP1 pathway, which is consistent with the results
obtained from gene chip analysis.

Patients and methods

AML patients and cells
The patient subject study was approved by the Institutional

Ethics Committee of the First Affiliated Hospital Of Jinan

University. And was performed in accordance with the
Declaration of Helsinki and the guidelines of the Ethics
Committee of Jinan University. Written informed consent
was also provided by all participants. Sixteen refractory
and fifteen non-rsefractory AML patients recruited from
the Department of Hematology in the First Affiliated
Hospital Of Jinan University and Nanfang Hospital and
were enrolled in the study. All patients provided informed
consent to participate in the study. Refractory patients
were defined as persons who either failed to achieve CR
following at least two induction cycles, or persons in
whom disease recurred within 12 months of CR (<5%
marrow blasts) and who were resistant to the reinduction
protocol.” Bone marrow mononuclear cells (BMMCs)
were isolated on Lymphocyte Separation Medium (TBD,
China) and suspended in RPMI-1640 medium supplemen-
ted with 10% fetal bovine serum (FBS; GIBCO, USA).
HL60 and HL60/ADR cells (Chinese Academy of
Sciences, Shanghai, China) were cultured in RPMI-1640
medium (Hyclone, USA) supplemented with 10% heat-
inactivated FBS (GIBCO) in a humidified atmosphere of
5% CO, at 37 °C. HL60/ADR cells were maintained in
1.0 pg/mL Adriamycin (Doxorubicin) (Sigma, USA) to
ensure drug resistance. HL60/ADR displayed 79-fold
higher resistance to Adriamycin than the parental line.’
Cells (1x10%) cells/mL were incubated with different che-
motherapy agents as described below. All experiments
were repeated at least three times.

Reagents

Panobinostat was provided by Novartis Pharmaceuticals
(Basel, Switzerland) and bortezomib was purchased from
Millennium Pharmaceuticals (Cambridge, MA, USA).
NVP-LDE225 was obtained from Selleck BioSciences
Corporation (Shanghai, China) and chemotherapeutic
drugs were purchased from Nanfang Hospital. 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT) and anti-GAPDH and anti-B-actin antibodies were
purchased from Sigma (St. Louis, MO, USA). An Annexin
V-fluorescein isothiocyanate (FITC)/propidium iodide (PI)
staining kit was purchased from NanlJing KeyGen
Biotechnology (NanlJing, China). Primary antibodies spe-
cific for phosphorylated IGF-1R (p-IGF-1R), IGF-1R,
IRS-1, phosphorylated AKT (p-AKT), AKT, and Bcl-2
were purchased from Cell Signaling Technology
(Beverly, MA, USA). Antibodies specific for Sonic hedge-
hog (Shh), Ptch, Smo, and Gli-1 were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA) or
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Abcam (USA). An antibody specific for MRP1 and sec-
ondary horseradish peroxidase-conjugated goat anti-mouse

IgG and goat anti-rabbit IgG antibodies were obtained
from Abcam (USA).

RNA extraction

HL60/ADR cells were seeded in 75 cm? plates at a con-
centration of 1x107 cells/plate and then treated for 48 h
with panobinostat and bortezomib (final concentrations of
21 nM and 12 nM, respectively), or with a combination of
both. RNA was extracted using Trizol (Invitrogen, USA),
according to the manufacturer’s recommended protocol.
The quantity and purity of RNA were determined by
measuring A260 and A280 in a NanoDrop ND-1000 spec-
trometer (NanoDrop). The integrity of the RNA was deter-
mined by 1.5% agarose gel electrophoresis.

Gene expression microarray

Total RNA was harvested from different groups of cells as
described above. First-strand cDNA was transcribed with a
primer containing a T7 oligo (dT) sequence. Next, multi-
ple copies of biotin-modified aRNA were synthesized
using the double-stranded cDNA as templates. The labeled
aRNA was fragmented prior to hybridization with
GeneChip® 3’ expression arrays. In the Affymetrix
Genechip system, hybridization is performed using the
Human Genome U133 Plus 2.0 Array. Differences in the
gene expression profiles of treated and control HL60/ADR
cells were then analyzed. A difference in gene expression
was defined as a -fold change >2. After removing nega-
tive-flagged probes and data normalization using R’s
“limma” package, differentially expressed genes were
selected based on the fold-changes for functional enrich-
ment using R programming (www.cran.r-project.org) and
the NextBio platform (www.nextbio.com). Gene set
enrichment analysis was performed using an in-house
web tool, in which the main data sources are provided by
MSigDB (Broad Institute), Reactome, BioCarta, and the
Gene Ontology Consortium, in addition to gene sets col-
lected from literature mining.

Assessment of cell viability

Cell lines or primary AML cells were treated with che-
motherapeutic drugs, either alone or in combination with
NVP-LDE225. Antiproliferative effects were measured in
an MTT assay. Briefly, 20 pL MTT solution (5 mg/mL) in
200 pL medium plus drug was added to each well for the
last 4 h of a 48 h culture. Absorbance was measured in a

spectrophotometer (Thermo Scientific Evolution 600,
China) at 540 nm. Cell viability was calculated and

expressed as a percentage.

Apoptosis analysis

After 48 h of culture, 1x10* cells were collected and
washed twice (each for 5 min) with cold PBS (pH =6.9).
Cells were then stained for 30 min in the dark with 5 pL
Annexin V-FITC and 5 pL PI prior to flow cytometry
analysis (Becton Dickinson, CA, USA) of apoptosis.

Intracellular adriamycin accumulation

assay

After pretreatment for 48 h with NVP-LDE225, HL60/
ADR cells were incubated for 1 h at 37 °C with
Adriamycin (0.5 pg/mL), washed twice with cold PBS,
and subjected to flow cytometry analysis. Intracellular
mean fluorescence intensity (MFI) associated with
Adriamycin was measured at excitation/emission wave-
lengths of 488/575 nm, and intracellular accumulation of

Adriamycin was calculated.

Western blot analysis

Western blot analysis was carried out as described
previously.> Briefly, HL60/ADR and primary AML cells
were cultured for 48 h with different concentrations of
NVP-LDE225. Cells were harvested and lysed in 200 pL
cold lysis buffer (0.5 M Tris-HCI, pH 6.8, 2 mM EDTA,
10% glycerol, 2% SDS, 5% B-mercaptoethanol) containing
0.5 mM dithiothreitol (DTT) and 0.1 mM phenylmethyl-
sulfonyl fluoride (PMSF). The supernatant was collected
after centrifugation (12,000 rpm, 20 min), and protein
concentration was determined using a BCA protein deter-
mination kit (Pierce Chemical, Rockford, IL, USA). Cell
extracts were subjected to sodium dodecylsulfate-polya-
crylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to a polyvinylidene difluoride (PVDF) membrane.
The membranes were blocked with 5% skimmed milk or
5% BSA in Tris-buffered saline containing 0.1% Tween 20
and then incubated overnight at 4 °C with appropriate
primary antibodies, followed by a horseradish peroxi-
dase-linked secondary antibody. Reactions were visualized
(Millipore, USA).
Antibodies specific for pB-actin or GAPDH were used to

ensure equivalent loading.

by enhanced chemiluminescence
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AML xenograft mouse model

Xenograft tumor experiment was performed in accordance
with the Guide for the Care and Use of Laboratory Animals
and approved by the Ethics Review Committee of Nanfang
Hospital, and was conducted in accordance with the
Decalration of Helsiki. were established in female BALB/c
nu/nu mice (46 weeks old) purchased from the Animal
Resources Centre (Guangdong, China). Approximately
1x10” HL60/ADR cells in 200 uL RPMI medium were
injected subcutaneously into the right flank of each mouse.
When tumors reached 100-300 mm?® in volume, mice were
divided into cohorts (n=6) and treated with: (a) vehicle alone,
(b) NVP-LDE225 (80 mg/kg), (c) ADM (3 mg/kg), and (d)
ADM (3 mg/kg) + NVP-LDE225 (80 mg/kg). Vehicle and
LDE225 were administered by gavage once daily and ADM
was administered i.p. q3d (three injections). In the combina-
tion therapy group, mice received a daily oral administration
of NVP-LDE225 on days 1-10. Tumor size was measured
every 2 days using a caliper and the tumor volume (V) was
calculated as follows: V=1/2x a x b?, where a and b are the
longest and the shortest diameters of the tumor (in mm). The
rate of tumor inhibition was expressed in terms of relative
tumor volume, calculated as follows: (1-V/V,) x100%, where
V:and V are the average tumor volumes in the treatment and
control groups, respectively. All tumors were excised and
weighed. Mice were euthanized when the set endpoint of the
experiment was reached.

Statistical analysis

The statistical significance of differences between groups
was determined using a two-sided Student’s #-test or an
independent-sample #-test. Kaplan—-Meier survival curves
and log-rank tests were used to estimate RFS and OS. The
statistical significance of differences among tumor volumes
was assessed by one-way analysis of variance (ANOVA).
p<0.05 was considered significant. All data were obtained
from three independent experiments.

Results
Panobinostat and bortezomib induce gene

expression changes in HL60/ADR cells

Compared with the control group, HL60/ADR cells treated
with panobinostat expressed 460 upregulated genes and 150
downregulated genes. After treatment with bortezomib, 221
genes were upregulated and 65 genes were downregulated.
Finally, combined treatment led to upregulation of 1,301 genes
and downregulation of 1,446 genes (Supplementary data).

These genes are closely associated with EZH2 (p<0.05) as
well as the proteasome (p<0.05). Many gene sets associated
with histone methylation or the proteasome, both of which
regulate downstream pathways such as the E2F transcription
factor network, the C-MYC transcription factor network,
TNF-mediated apoptosis, HSC progenitors, and the NF-kB,
JAK-STAT, ERK/AKT, WNT, and PI3K/AKT pathways,
were also enriched (Supplementary data). In addition, bioin-
formatics analyses using the literature mining tool FABLE
(www.fable.chop.edu) revealed that the molecular interactions
regulated the genes via a network (Figure 1). These data
strongly suggest a non-random association among these
genes. Within the network, the Hh pathway (a pathway asso-
ciated with HSC progenitors and self-renewal) was considered
to be the upstream molecular switch.

High expression of Hh is associated with
refractory primary AML cells and a poor
clinical prognosis

To explore the potential role of the Hh pathway in refractory
AML, we examined expression of the Gli-1 protein, which is a
surrogate marker of Hh signaling pathway activity.'® BMMC
fractions from 31 diagnosed AML patients (16 refractory and
15 non-refractory patients, median age, 43 years (range,
1662 years)) were examined. As shown in Figure 2A,
13/16 refractory patients expressed Gli-1 (81.3%); by contrast,
only 4/15 non-refractory cases expressed Gli-1 (26.7%,
p=0.002) (Figure 2B). The primary samples were divided
|high

into a Gli- 1low

group and a Gli- group. There were no
differences between these groups in terms of gender distribu-
tion, age, WBC counts, bone marrow blast cell counts, and
FAB subtypes (including treatment regimen and therapy after
CR) (»p>0.05). However, there were significant differences
between the groups with respect to relapse rates, RFS, and
OS. High expression of Gli was associated with rapid leuke-
mia relapse or with several relapses (p=0.031). The RFS and
OS of the Gli-1"€" group were significantly shorter than those
of the Gli-1" group (p=0.009 and p=0.026). Survival curves

are shown in Figure 2C and D.

Expression of Hh pathway components is
higher in refractory AML cell lines, and
pharmacological inhibition of Hh signaling

reverses drug resistance
So far, the data suggest that the Hh signaling pathway is more
active in primary refractory AML cells and is associated with a
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Figure | A hypothetical model of gene expression regulation by panobinostat and bortezomib. We propose a model in which hedgehog is the upstream molecular switch,
thereby turning on/off downstream targets/pathways. Dash line: inhibition; solid line: activation.

poor prognosis. However, it is not clear whether high expres-
sion of Hh contributes to the drug resistance of AML cells, or
to what extent the chemoresistant phenotype depends on this
pathway. Figure 3A and B show RT-PCR and Western blot
data. Expression of components of the Hh signaling pathway
by the multidrug-resistant AML cell line HL60/ADR was
higher than that by parental HL-60 cells; this was true at both
the mRNA and protein level. Pharmacological inhibition of the
Hh pathway in HL60 and HL60/ADR cells using NVP-
LDE225 revealed that the inhibitor did not affect survival of
HL60 and HL60/ADR cells when used at concentrations up to
10 uM for 48 h (data not shown). However, combination
treatment with the chemotherapeutic agent LDE225 (10 uM)
led to a marked increase in the sensitivity of HL60/ADR cells
to Adriamycin, daunorubicin, homoharringtonine (HHT), and

cytarabine (Figure 3C and Table 1). However, this effect was
not observed in HL60 cells (Figure 3D).

NVP-LDE225 increases apoptosis of
HL60/ADR cells and intracellular

accumulation of adriamycin

To determine whether NVP-LDE225 alone induces apoptosis,
HL60/ADR cells were treated with the drug (0, 5 M, 10 uM,
or 20 uM) for 48 h. Apoptosis was determined by flow
cytometry, including early apoptotic (Annexin V-FITC posi-
tive, PI negative) and late apoptotic/necrotic (Annexin V-FITC
and PI positive) cells (Figure 4A). Significant apoptotic cell
death was observed at only 20 pM (p<0.0001). Next, cells
were treated for 48 h with NVP-LDE225 and incubated for 1 h
with Adriamycin. Intracellular accumulation of Adriamycin
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Figure 2 Protein expression of Hh pathway components in primary cells. (A) Protein expression of Gli-| was detected by Western blotting of primary bone marrow
mononuclear cells from 16 refractory and |5 non-refractory AML patients. (B) Significantly more samples from refractory than from non-refractory patients highly
expressed Gli-1. Expression of Gli-1 was higher in refractory cells than in non-refractory cells (P=0.002). (C, D) Kaplan-Meier analysis of RFS and OS of patients.

was measured by flow cytometry. As shown in Figure 4B, the
MFI associated with intracellular Adriamycin was signifi-
cantly higher in cells exposed to LDE225 (5 uM or 10 pM)
than in untreated HL60/ADR cells (»<0.0001). Importantly, at
these doses, NVP-LDE225 did not induce marked cell death.

NVP-LDE225 reverses resistance to
chemotherapeutics by inhibiting the IGF-
| R/Akt/MRP-1 pathway

Previously, we showed that bortezomib plus panobino-
stat inhibits PI3K/Akt/MRP1 signaling to reverse drug

resistance.” Here, gene chip analysis revealed that Hh
signaling might act upstream of the IGF-1R/Akt/MRP1
signaling pathway. To investigate whether the Hh inhi-
bitor NVP-LDE225 also inhibited IGF-1R/Akt/MRP1,
we treated HL60/ADR cells with NVP-LDE225 and
examined by

Western blotting. As shown in Figure 5, compared

expression of signaling molecules
with the control, treatment with different concentra-
tions of LDE225 could decrease expression of p-IGF-
IR, p-Akt, and Gli-1 (a marker of Hh pathway

activation).
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Figure 3 Expression of Hh signaling components is higher in HL60/ADR cells than in HL60 cells, and inhibition of Hh signaling reverses drug resistance of HL60/ADR cells.
(A) Agarose gel electrophoresis demonstrated that Hh signaling molecules were highly expressed in HL60/ADR cells. (B) Protein expression of Hh signaling molecules was
higher in HL60/ADR cells than in HL60 cells. (C) HL60/ADR cells were treated with increasing concentrations of Adriamycin, Daunorubicin, Cytarabine, or
Homoharringtonine in the presence of 10 yM NVP-LDE225 for 48 h, and then cell viability was determined. (D) HL60 cells were treated with NVP-LDE225 (5uM) in

combination with different concentrations of Adriamycin for 48 h.

Effects of the Hh inhibitor NVP-LDE225

on cells from refractory AML patients

Next, we examined the biological effects of NVP-LDE225 on
cells isolated from refractory or relapsed AML patients.
Representative results from a single relapse patient are
shown in Figure 6A (six patients were tested in all). Cell
viability in the presence of 10 uM NVP-LDE225 plus differ-
ent doses of Adriamycin was significantly lower than that in
the presence of Adriamycin alone. In addition, NVP-LDE225

itself induced apoptosis and increased uptake of Adriamycin
(Figure 6B and C). Finally, NVP-LDE225 reduced expression
of MRP1 in a dose-dependent manner (Figure 6D).

NVP-LDE225 plus adriamycin reduces the

volume of tumors in mice

Finally, we used a mouse subcutaneous xenograft model
(bearing HL60/ADR tumors) to determine whether the
combination of ADM plus NVP-LDE225 reverses ADM
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Table 1 NVP-LDE225 increases the cytotoxicity of chemotherapeutic agents in vitro
Chemotherapeutics IC50 (ug/mL or mg/mL¥) -fold reversal p
Signal drug Combined with LDE225
Adriamycin* 0.081+0.002 0.016+0.001 5.06 0.000
Daunorubicin*® 0.213+0.015 0.07+0.003 3.08 0.000
HHT* 0.038+0.007 0.011+0.004 3.18 0.000
Cytarabine* 2.80%2.299% 0.17£0.057% 16.4 0.000
Adriamycin® 0.0033+0.000 0.0031+0.00 1.06 0.692

Notes: *HL60/ADR cells; "HL60 cells; #IC50 units of Cytarabine group or Cytarabine combined with LDE225 group. HL60/ADR and HL60 cells were exposed for 48 h to

different chemotherapeutics in the presence/absence of NVP-LDE225 (10 uM). Cell viability was measured in an MTT assay. Values are expressed as the mean * SD of three
independent experiments.

Abbreviations: ADM, Adriamycin; DNR, daunorubicin; HHT, homoharringtonine; Ara-C, cytarabine.
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relationship between the Shh/Gli-1 and IGF-1R/Akt/MRPI| pathways in refractory AML.

resistance in vivo. ADM (3 mg/kg on days 1, 4, and 7)
plus LDE225 (80 mg/kg on days 1-10) inhibited tumor
growth to a significantly (p<0.05) greater extent than
either drug alone or the control. Although ADM and
LDE225 alone inhibited tumor growth in mice when com-
pared with the control, the differences were not significant
(Figure 7). Daily oral administration of NVP-LDE225
(80 mg/kg) and intraperitoneal injection of ADM (3 mg/
kg) showed only modest antitumor efficacy (6.1% and
16.1% tumor growth inhibition, respectively, compared
with untreated control mice). Combined treatment with
ADM plus LDE225 inhibited tumor growth by 75.8%
compared with the control, suggesting that combination
therapy with a Smo inhibitor improves responses to ADM.

Discussion

Multidrug resistance (MDR) is characterized mainly by
simultaneous resistance to a variety of antitumor drugs
with  different
Intrinsic and acquired MDR against chemotherapy agents

structures and molecular targets.>
remains one of the major problems when treating
leukemia.'**'*"'® The mechanism underlying MDR is com-
plex and includes reduced drug accumulation in target
cells, increased DNA repair, and blockade of signaling
pathways. Activation of the Hh pathway plays a crucial
role in the proliferation, survival, and drug resistance of
leukemic cells and CML stem cells.'”

In this study, we showed that Hh pathway signaling
components are overexpressed in refractory primary AML

cells and drug-resistant AML cells. Also, we demonstrated
that expression of Hh pathway components correlates with
a poor clinical prognosis. Moreover, targeting the Hh path-
way sensitized drug-resistant AML cells to chemothera-
peutic agents induced tumor cell apoptosis and increased
intracellular accumulation of Adriamycin. Also, we
demonstrated that the Hh pathway might regulate the
IGR-1R/Akt/MRP1 pathway in AML cells. Participation
of Hh signaling in AML cell survival and chemotherapy
resistance makes it an attractive target, especially in
patients who relapse and succumb to chemoresistant dis-
ease. All of the findings presented herein are consistent
with those of a previous study by Hiba Ahamd Zahreddine

et al*®

. They also found that overexpression of Gli-1 con-
tributes to drug resistance and clinical relapse in some
AML patients and that inhibiting Gli-1 restores sensitivity
to clinically relevant doses of Ara-C. In addition, Hh
mutations are associated with resistance to induction che-
motherapy in patients with T-cell acute lymphoblastic
leukemia.*'

HL-60/ADR is a multidrug-resistant AML cell line that
overexpresses MRP1, which is a drug efflux pump respon-
sible for drug resistance and a poor prognosis in AML.***?
Also, the Bcl-2 protein regulates cell apoptosis via mito-
chondria-intrinsic pathways and may thus be a therapeutic
target for leukemia.>* We demonstrated that a combination
of panobinostat and bortezomib shows synergistic cyto-
toxic effects against HL60/ADR cells and chemoresistant
primary AML cells by down-regulating the PI3K/Akt/
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Figure 6 Refractory primary cells were treated with NVP-LDE225 for 48 h. (A) MTT cytotoxicity assay of primary cells exposed to Adriamycin in combination with 10uM
NVP-LDE225. (B) Primary cells were exposed to different concentrations of NVP-LDE225 for 48 h and then analyzed by the Annexin V/PI assay. Means + SD of three
experiments are presented. Results marked with an asterisk were statistically significant (**P<0.005; ***P<0.0001). (C) After primary cells were treated with LDE225 for
48 h, accumulation of Adriamycin in the medium (right upper quadrant) with 0.5 pug/mL Adriamycin was measured and analyzed by flow cytometry. Means + SD of three
experiments are presented. Results marked with an asterisk were statistically significant (***P<0.0001). (D) Primary cells were treated with different doses of NVP-LDE225

for 48 h. MRPI was detected by Western blotting.

MRP1 pathway and Bcl-2 expression. Here, gene chip
analysis, cluster analysis, and signal transduction pathway
analysis revealed that bortezomib affects the ubiquitin
proteasome system, NF-kB, P53, reactive oxygen species,
and mitochondria; these findings are in agreement with
those in patients with leukemia and multiple myeloma.*>°
In addition, panobinostat acts on the FOS, JNK, P53, and
TGFB/TGFPR pathways,>” > all of which have been
investigated in the context of other tumors. In this study,
we analyzed gene networks and found that the Hh pathway
acts upstream of all dysregulated pathway networks; there-
fore, it may regulate other signaling pathways such as

PI3K/Akt. Next, we analyzed the differential expression
of Hh pathway components in refractory and non-refrac-
tory AML cells, investigated the ensuing biological
effects, and explored the relationship between Hh and the
PI3K/Akt pathway. We found that Hh may regulate the
IGF-1R/PI3K/Akt pathway to reverse drug resistance.

Hh signaling plays a role in solid tumors and hemato-
logical diseases, including acute or chronic myeloid leuke-
mia, multiple myeloma, lymphoma, and others. However,
crosstalk between Hedgehog and other signaling pathways,
especially PI3K/Akt, is rarely reported. Francisco Vega et al
reported that Shh and Gli-1 proteins are upregulated in
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Figure 7 A mouse model with subcutaneous HL60/ADR xenografts was used to
evaluate the in vivo antitumor efficacy of NVP-LDE225 in combination with
Adriamycin (ADM). Mice were treated with vehicle, NVP-LDE225, ADM, or
NVP-LDE225 plus ADM as detailed in the Methods section. Antitumor activity
was higher in mice treated with NVP-LDE225 plus ADM than in mice treated with
the vehicle control, ADM alone, and LDE225 alone (P=0.003, P=0.006, and P=0.045,
respectively).

ALK+ ALCL cell lines and tumor samples, and that inhibi-
tion of Shh/Glil signaling pathways reduces cell viability,
colony formation, and induction of cycle arrest. They also
showed synergism between PI3K/Akt and Hh signaling,
and that activation of Akt contributes to activation of the
Hh signaling pathway.'® Others found that Hedgehog sig-
naling regulates Stat3 activation but does not induce phos-
phorylation of Akt or p44/42-MAPK in CD34+ CML
cells.*® Jillian/Brechbiel summarized the crosstalk between
Hh and other pathways such as RAS/RAF/MEK/ERK,
PI3K/AKT/mTOR, EGFR, and Notch.”'
reported herein indicate that a combination of an Hh inhi-

The results

bitor plus another therapeutic agent would be a better choice
for treating leukemia. Figure 5B shows a schematic diagram
summarizing the proposed relationship between Hh/Gli-1
and PI3K/Akt in refractory AML. These findings are in
agreement with the previous findings.

Taken together, the results of this study suggest differ-
ential expression of Hh pathway components in AML,
which affect the proliferation, apoptosis, and drug resis-
tance of cancer cells. Also, the results from an AML
xenograft mouse model reveal that combined treatment
with NVP-LDE225 and ADM results in marked tumor
regression. These findings provide evidence that the Hh/
IGF-1R/Akt/MRP1 pathway plays a role in refractory
AML. Inhibiting this pathway may overcome drug resis-
tance and improve therapeutic outcomes for patients with
refractory AML.
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