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Abstract: The Hedgehog (Hh) pathway, containing the Patched (PTCH) and Smoothened (SMO)
multitransmembrane proteins, is the main regulator of vertebrate embryonic development.
A non-canonical Hh pathway was recently observed in numerous types of solid cancers and
hematological malignancies. Although acute myeloid leukemia (AML) is a common and lethal
myeloid malignancy, the chemotherapy for AML has not changed in the last three decades. The Hh
pathway and other intracellular signaling pathways are important for the tumor cells’ cycle or
therapeutic resistance of AML cells. In this article, we will review the current trends in Hh pathway
inhibitors for treating AML.
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1. Introduction

Intracellular signaling pathways are considered as therapeutic targets for acute myeloid leukemia
(AML). AML is a highly complex and heterogeneous disorder; conventional chemotherapy for
patients with AML is partially effective, but not in all patients. The treatment for AML depends
on the characteristics of each patient, such as age, performance status, and cytogenetic/molecular
abnormalities. Systemic combination chemotherapy includes two phases: the induction phase and
the consolidation of remission phase [1]. Older or unfit patients with AML cannot be administered
intensive induction therapy because of their frailty. Thus, these patients may benefit from low-dose
cytosine arabinoside (LDAC) or hypomethylating agents, such as azacitidine (AZA), which is a key
drug for treating myelodysplastic syndrome (MDS). A recent phase III trial showed that AZA was
effective in patients with relapsed/refractory AML [2]. For patients with an unfavorable risk or
induction failure, allogeneic stem-cell transplantation is preferred [3–6]. Over the last three decades
of administering cytotoxic induction therapy, we have seen that it is sometimes difficult to achieve
remission, particularly in older or unfit patients.

In the 1990s, Dick et al. showed that CD34+ CD38-AML-initiating cells can migrate to the bone
marrow (BM) and reconstitute human AML in immunodeficient mice [7]. This was demonstrated by
the presence of leukemic stem cells (LSCs), which can proliferate, differentiate, and self-renew [8,9].
The BM environment in AML, which is reconstituted by LSCs, can be modified to suppress normal
hematopoiesis while supporting leukemic cells [10]. This leukemic BM environment at initial diagnosis
is related to the clinical outcome, relapse, or sustainment of complete remission (CR) for several
years. Improving the understanding of LSCs and the BM environment can increase the number of
therapeutic targets.
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Some healthy elderly patients have clonal hematopoiesis of indeterminate potential (CHIP),
which involves a mutation in a leukemia-associated gene at a variant allele frequency of >0.02 and
an annual risk of developing a myeloid neoplasm [11,12]. These somatic leukemia-associated driver
genes, such as DNA methyltransferase 3A (DNMT3A), ten-eleven translocation 2 (TET2), and isocitrate
dehydrogenase 2 (IDH2), give rise to pre-LSC, which precedes the formation of fully transformed
LSC [13–15]. These epigenetic changes are the earlier cooperating mutations in AML, rather than
cytogenetic changes, such as those in the FMS-like tyrosine kinase 3 (FLT3) or Rat sarcoma (RAS)
pathway [16,17]. As described above, AML is a highly complex disorder involving cytogenetic and
epigenetic changes, and a new approach is needed to improve the treatment outcomes of AML patients.

In the following sections, we will describe the Hh-pathway activation and dysregulation in AML.
We will summarize the various drugs used as Hh-pathway inhibitors, which are under clinical trials.
We hope this review will be helpful for researchers in this field.

2. Hh Pathway Activation and Dysregulation

The Hh pathway was first discovered by Wieschaus and Nusslein-Volhard [18]. In the normal
embryonic development, the Hh pathway is a well-conserved pathway and plays an important role for
maintenance, regeneration, and redifferentiation of adult tissues. The secreted Hh proteins induce a
series of cellular responses, such as survival, proliferation, differentiation, and fatal determination [19].
Proper Hh pathway at appropriate level requires the control of Hh ligand’s production, processing,
secretion and transportation. In the canonical pathway, there are three types of Hh ligands in
mammals (Sonic Hedgehog (SHH), Indian Hedgehog (IHH), and Desert Hedgehog (DHH)), with the
pathway consisting of two receptors, a negative regulator (Patched (PTCH)) and a positive regulator
(Smoothened (SMO)) [20]. Binding of Hh to PTCH1 derepresses the SMO, which leads to accumulation
of SMO in the cilia and phosphorylation at the cytoplasmic end. This process mediates downstream
signal transduction [21,22]. Glioma (GLI) zinc finger transcription factors (GLI1, GLI2, and GLI3)
are activated by SMO activation, and activated GLI is translocated into the nucleus and binds the
target DNA of the promoter to express specific genes, such as those encoding c-MYC, BCL2, and
SNAIL [20,23–25]. Suppressor of Fused (SuFu) is also the element of the canonical Hh pathway and
down-regulates GLI1-mediated target genes.

Although the expression of GLI1 reflects Hh pathway activity, several other proteins, such as
RAS and transforming growth factor β, are the factors regulating GLI activity, regardless of the Hh
pathway [26,27] (Figure 1). Abnormalities in this pathway lead to the dysregulation of cell regeneration,
redifferentiation, or cell death, and depend on three mechanisms: Activation downstream of SMO
resulting from genetic changes in PTCH, and autocrine or paracrine Hh pathways dependent on Hh
ligands from BM stroma cells [28,29]. However, the mechanisms underlying the Hh pathway have not
been completely clarified, particularly in cancer stem cells and LSCs. In addition to an important role
in normal embryonic development and adult tissue homeostasis, aberrations in the Hh pathway affect
the survival of hematological malignancy-related cells, such as chronic myeloid leukemia (CML) cells
and multiple myeloma (MM) cells [30]. GLI-dependent Hh activation induced by the overexpression of
GLI1 target genes, such as GLI1 and PTCH1, is observed in MM tumor cells. Therefore, understanding
the regulatory mechanism of the Hh pathway leads to the development of new drugs and treatments
for many Hh-dependent malignancies.
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Figure 1. Hh pathway in AML cells. CCND, cyclin D; DNMT, deoxyribonucleic acid methyltransferase;
FLT3, FMS-like tyrosine kinase 3; GLI, Glioma; Hh, Hedgehog; PI3K, phosphoinositide 3-kinase; PTCH,
Patched; RAS, Rat sarcoma; SMO, Smoothened; TGF, transforming growth factor.

3. Hh Pathway in AML

The Hh pathway plays a role in the survival of AML patients. This pathway is related to
the resistance of AML cells to drugs and radiotherapy, resulting in poor outcomes. GLI1 and the
UDP-glucuronosyl transferase (UGT1A) family of enzymes are elevated in blasts with resistance
to Ara-C [31]. UGT1As cause glucuronidation of many drugs, modifying their metabolism and
attenuating their activities. GLI1 mRNA levels are elevated at relapse and decreased during the
response. There is a clear correlation between GLI1 elevation and UGT1A activity, which results in a
poor prognosis. Thus, drug resistance can be overcome by using a GLI1 inhibitor, but it remains a
major problem for patients with AML.

Resistance to radiotherapy is another clinical problem. Total body irradiation with chemotherapy
is the myeloablative regimen for allogeneic stem-cell transplantation, and radiotherapy is the part of an
effective procedure in conditioning. The expression of Hh signaling proteins, including SMO and GLI1
in radiation-resistance myeloid leukemia cells, are higher than that observed in radiation-sensitive
myeloid leukemia cells, suggesting that Hh pathway activation is related to radiotherapy resistance [32].
Another study revealed the expression of GLI-1 and SMO in AML cells, while no expression of Hh
ligands was detected by quantitative polymerase chain reaction [33]. These results suggest that GLI
and SMO can be activated in AML cells, regardless of the presence of Hh ligands. DHH plasma levels in
AML patients and DHH mRNA levels in BM samples are higher than those in healthy individuals [33].
This is because a paracrine interaction may occur between leukemic cells and BM niche cells.

From the perspective of clinical outcomes, GLI2 expression has a negative influence on event-free
survival (EFS), relapse-free survival, and overall survival (OS) and is correlated with the FLT3
mutation status. A single genetic mutation in FLT3-ITD causes gradual myeloid cell expansion as in a
myeloproliferative neoplasm (MPN), but does not cause the full development of AML [34]. Although
SMO is a canonical Hh pathway, constitutively active SMO cooperates with aberrant FLT3 activity
to generate AML. Another protein, spleen tyrosine kinase (SKY), contributes to transform FLT3-ITD
positive MPN into AML [35,36]. Recent data demonstrated that inhibition of GLI1 and SMO increase
the activity of Ara-C for AML; thus, combination therapy for Hh pathway, SKY, and FLT3 is an
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acceptable and comprehensive therapeutic candidate and may improve clinical outcomes [31]. In AML,
activation of the Hh pathway is a marker of poor prognosis; thus, it is desirable to suppress the
Hh pathway.

As for MDS, the expression of DHH and SHH proteins was higher in the MDS cells than in the
non-MDS cells (megaloblastic anemia cells) [37]. The expression of SMO was also increased in the
BM of MDS patients, moreover, the patients with a higher expression of SMO showed significantly
shorter 5-year EFS and 5-year AML evolution than those with a lower expression of SMO. In a murine
model of MDS, there is a correlation between Hh/GLI1 activation and leukemic transformation, and
SMO expression plays a role in the widespread expansion of immature myeloid cells, resulting in
fatal AML [38,39]. A recent report showed that the Hh pathway does not play synergistic roles in
hematopoietic stem cells because these functions could be masked by other signaling pathway, such
as Notch and Wingless (Wnt), which can interact with the Hh pathway [40]. Studies are needed to
determine the relationship between the Hh pathway and other intracellular signals.

4. Hh Pathway as a Therapeutic Target in AML

The SMO inhibitor, Vismodegib (GDC-0449), showed efficacy and was approved by the US Food
and Drug Administration (FDA) for treating other non-hematological malignancies, such as basal cell
carcinoma and basal cell nevus syndrome [41,42]. Because of the cross-talk between the Hh pathway
and other intracellular signaling, monotherapy of the Hh pathway inhibitor did not show a sufficient
effect on AML. However, combined administration of an Hh pathway inhibitor with other conventional
drugs could involve two different mechanisms: direct action on the intracellular pathway and indirect
action for overcoming the resistance of other drugs. Combination therapy could pave the way to
further and innovative strategies for the pharmacological treatment of AML, not only to increase
efficacy, but also to decrease toxicity of individual agents. Accordingly, several studies and clinical
trials of the combination of an Hh pathway inhibitor and other agents, such as LDAC and AZA, have
been conducted [43–46].

4.1. SMO Antagonist

4.1.1. LDE225 (Sonidegib)

LDE225 is a specific SMO inhibitor and spreads to other multi-pathway through Hh-mediated
regulation of target genes, which can inhibit insulin-like growth 1 receptor (IGF-1R), phosphoinositide
3-kinase (PI3K), Akt, and multidrug-resistance protein 1 (MRP1) pathway. In refractory primary AML
cells and adriamycin-resistant AML cells, LDE225 increased cell apoptosis and the efficacy of adriamycin
against tumor cells and lowered the expression of the targeted protein. For Adriamycin-treated AML
cells, LDE225 suppressed tumor cell proliferation in an AML xenograft mouse model [47]. Using
a combination of LDE225 and AZA, primary MDS and AML colony counts were reduced; the
concentrations of LDE225 and AZA used were 2–4 and 1–2 µM, respectively, which is clinically
feasible for AZA [46]. In a phase I/Ib trial, to determine the maximum tolerated dose (MTD) and
best overall response with the use of LDE225 and AZA for myeloid malignancies including AML,
the safety of LDE225 was observed and the response rate of SD was remarkably high, particularly
in relapsed/refractory AML with a median follow-up of 14.5 months [48]. Common grade 3/4
hematological adverse effects (AEs) were thrombocytopenia (91%), followed by neutropenia (84%) and
anemia (77%). The number of ClinicalTrials.gov Identifier was NCT02129101 and under examination.

4.1.2. PF-04449913 (Glasdegib)

PF-04449913 (Glasdegib) is a selective SMO inhibitor and decreased the leukemia-initiation
potential in AML cells in a serial transplantation mouse model [49]. The safety and tolerability of
PF-04449913 in Japanese hematological malignancies has been demonstrated in a phase I study [50].
To evaluate the response of glasdegib, NANOG transcripts, which are associated with GLI-target genes,
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can act as biomarkers in glasdegib therapy [51]. In another phase-I safety and pharmacokinetics study
of myeloid malignancies, 400 mg once daily was considered as the MTD, achieving a minor response
(over 25% decrease from baseline in BM blasts) or better in more than 30% of AML patients [52].
Sixty percent of patients had grade 1–3 AEs, and 13% of patients had to decrease the dose because of
treatment-related AEs. Subsequently, a combination 100 or 200 mg glasdegib once daily and LDAC or
decitabine to unfit AML or high-risk MDS was generally well-tolerated in a phase-Ib study [45]. Based
on these results, the recommended phase-II dose was determined as 100 mg once daily. A phase-II
study to evaluate glasdegib from day 3 plus standard-induction chemotherapy (100 mg/m2 Ara-C
on days 1–7 and 60 mg/m2 daunorubicin (DNR) on days 1–3 in a 28-day cycle) for untreated and fit
AML or high-risk MDS patients revealed that 46.4% of patients achieved CR [43]. In all patients, the
median OS was 14.9 months and most common grade 3/4 AEs were febrile neutropenia (FN) and
anemia. Another phase II randomized study of 132 patients with unfit AML or high-risk MDS were
treated with glasdegib (100 mg, oral, once daily) and LDAC (20 mg, subcutaneous, twice daily) or with
LDAC monotherapy [44]. The glasdegib and LDAC arm resulted in an approximately 2-fold increase
in OS as compared with results in the LDAC monotherapy arm (8.8 and 4.9 months, respectively).
Because of the small number of patients with genetic mutations, no obvious conclusions regarding the
association of specific genes with the response to therapy were confirmed. A randomized, double-blind,
multicenter, placebo-control phase III trial to assess the efficacy of glasdegib in combination with
induction-chemotherapy, or AZA, is currently underway (NCT03416179). Another phase II trial to
determine the safety and tolerability of different drug combinations, such as glasdegib, gemtuzumab
ozogamicin (GO, anti-CD33 monoclonal antibody), and PF-04518600 (OX40 agonist monoclonal
antibody), is also ongoing (NCT03390296).

4.1.3. GDC-0449 (Vismodegib)

GDC-0449 was first discovered from a library of small-molecule compounds and appeared to
cause an objective response for locally advanced or metastatic basal-cell carcinoma [42]. GDC-0049
monotherapy exhibits efficacy toward AML cell lines, and a phase Ib trial for patients with
relapsed/refractory AML administered 150 mg GDC-0449 once daily showed minimal clinical efficacy
and safety [53]. A phase II trial to determine the response with ribavirin and GDC-0449 and/or
decitabine for relapsed/refractory AML M4 or M5 in the FAB subtype (NCT02073838) was planned but
not updated for two years.

4.1.4. BMS-833923 (XL139)

BMS-833923 has a high-binding affinity to SMO receptors [54]. In a phase I trial, BMS-833923
with dasatinib improved the control of CML resistant to tyrosine kinase inhibitors [55]. A previous
clinical trial, using BMS-833923 with lenalidomide or bortezomib (NCT00884546) to treat MM, was
conducted; however, there is no clinical trial for AML or high-risk MDS to administer BMS-833923 that
is underway.

4.2. GLI Antagonist

4.2.1. GANT-61

GANT-61 blocks GLI1 function, decreases proliferation and clonogenic potential, and causes
growth arrest and apoptosis in AML cells [39,56,57]. GLI-associated gene mutation and gene fusion,
such as CBFA2T3-GLI-similar protein 2 (GLIS2), which is a fusion gene found in 17% of non-Down
syndrome acute megakaryoblastic leukemia, were reported in pediatric AML, leading to a poor
prognosis [58]. GANT-61 can induce apoptosis in AML cells with CBFA2T3-GLIS2 and decrease
GLIS2-specific genes. In an FLT3-mutated mouse model, a combination GANT61 and sunitinib,
a non-selective FLT3 inhibitor, prolonged the survival compared to each single agent [59]. Clinical
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trials of the GLI inhibitor are needed because GLI is regulated by not only the Hh pathway, but also by
transcription factors.

We will show the representative clinical trials and their details of Hh-pathway-targeted agents in
AML below (Table 1). As mentioned above, several Hh-pathway inhibitors are under clinical trials or
developing; however, only one drug has now launched. FDA designated the application of glasdesib
as a priority review and has approved it in combination with LDAC for newly diagnosed elderly
(75 years old or older) or unfit AML patients on 21 November 2018. This decision was based on the
NCT 01546038, which was a multicenter, open-label, randomized study.

Table 1. Representative clinical trials of Hh-pathway-targeted agents in AML.

Agent NCT Identified &
Phase

Primary Outcomes
Measures

Single or Combo
Agents Outcomes Journal or Trial

Status

LDE 225
(Sonidegib)
(Novartis)

NCT 021229101
and Phase I/Ib

MTD and best
overall response

LDE225 at 0–400 mg
with AZA

MTD: 200 mg/day best
overall response: 76%
of R/R AML was SD

and OS was
7.6 months.

Blood. 2017 130:
2629 (ASH
abstract)

PF-04449913
(Glasdegib)

(Pfizer)

NCT 02038777 and
Phase I

First cycle DLT &
safety

Single agent (25 mg,
50 mg, and 100 mg per

day)
No DLT

Cancer Science.
2017, 108:
1628–1633

NCT 00953758 and
Phase I First cycle DLT

Single agent (5 mg,
10 mg, 20 mg, 40 mg,

80 mg, 120 mg, 180 mg,
270 mg, 400 mg and

600 mg per day)

DLT determined. (each
received 80 mg and
600 mg dose. N = 2)

MTD: 400 mg per day

The Lancet
Haematology. 2015,

2: e339–346

NCT 01546038 and
Phase Ib MTD and RP2D

Glasdegib, in combo
with LDAC (arm A), in
combo with decitabine
(arm B) and in combo

with standard ICT
(arm C)

No DLT in arm A and
B, One DLT

determined in arm C
with grade 4

polyneuropathy. RP2D:
100 mg daily

Clinical Cancer
Research. 2018, 24:

2294–2303

NCT 01546038 and
Phase II

CR with the final
analysis defined as
deaths in at least 40

of 60 patients
≥55 years old

Glasdegib, 100 mg
daily with DNR and

Ara-C

46.4% achieved CR of
the 69 patients. In

patients aged
≥55 years old, 40.0%

achieved CR.

American Journal
of Hematology.

2018, 93: 1301–1310

NCT 01546038 and
Phase II OS

LDAC monotherapy
(N = 41) or Glasdegib,

100 mg daily with
LDAC (N = 84)

median OS: LDAC 4.9
months Glasdegib

with LDAC 8.8 months

Leukemia. 2019, 33:
379–389

PF-04449913
(Glasdegib)

(Pfizer)

NCT 03416179 and
Phase III OS

Invasive study: Arm A:
Glasdegib + ′7 + 3′

Arm B: Placebo + ′7 +
3′ Non-intensive study:

Arm C: Glasdegib +
AZA Arm D: Placebo +

AZA

No results available
Recruiting due for
completion June

2021

NCT 03390296 and
Phase II AE and CRc

Drug combinations:
PF-04518600,

Avelumab, AZA,
Utomilumab, GO,

Glasdegib

No results available
Recruiting due for

completion
December 2023

GDC-0449
(Vismodegib)

(Genetech)
Phase Ib Safety and Efficacy Vismodegib, 150 mg

daily

Safety: 97.4% of
patients (including

84.2% with Grade ≥ 3)
experienced at least

one AEEfficacy: ORR
was 6.1%.

British Journal of
Haematology 11

September 2018 in
online.

NCT 02073838 ORR
Decitabine and

Ribavirin with or
without Vismodegib

No results available
This study is not
verified in more

than 2 years.

AE, adverse effect; AML, acute myeloid leukemia; ASH, American Society of Hematology; AZA, Azacitidine; CR,
complete remission; CRc, Composite Complete response; DLT, dose-limiting toxicity; DNR, daunorubicin; GO,
gemtuzumab ozogamicin; ICT, induction chemotherapy; LDAC, low-dose cytosine arabinoside; MTD, Maximal
tolerated dose; NCT, National Clinical Trial; ORR, overall response rate; OS, overall survival; RP2D, recommended
phase 2 dose; R/R, relapsed/refractory; SD, stable disease.
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5. Conclusions and Future Perspectives

In the last decade, numerous new agents for treating patients with AML, such as Hh pathway
inhibitors, monoclonal antibodies, or other intracellular pathway inhibitors, have become available
or are under clinical trials. No Hh pathway inhibitors other than glasdegib for AML or high-risk
MDS have been approved, and their long-term toxicity profiles are unclear. In a dose escalation trial,
the most frequent non-hematological AEs were associated with the gastrointestinal system, followed
by alopecia and prolonged QTc. Among healthy donors treated with proton-pomp inhibitors, the
same AEs were observed following the administration of 100 mg glasdegib daily [60]. Several SMO
antagonists have been demonstrated to benefit patients with AML or high-risk MDS, whereas GLI
antagonists are still in the preliminary stage of clinical trials. Recently, an isoflavone derivative, named
as Glabrescione B (GlaB), was produced. GlaB is a small-molecule binding GLI1ZF and showed
potential for reducing the growth of Hh/GLI-dependent tumor and cancer stem cells by interfering with
its interaction with DNA [61,62]. In medulloblastoma cells, GlaB behaved as SMO and GLI antagonist,
respectively, inhibiting the cell growth [61,63]. Similar mechanisms to inhibit Hh pathway are expected
in AML cells.

A programmed death receptor-1 (PD-1) pathway inhibitor with CD8+ cytotoxic T-cell adoptive
infusion can reduce the levels of human AML cells in an AML mouse model [64]. In gastric cancer cells,
the Hh pathway modulates PD-L1 expression and, subsequently, promotes tumor proliferation [65].
Decreasing the expression of PD-L1, by using an Hh pathway inhibitor or a combination of an Hh
pathway inhibitor and PD-1 blockade in AML cells or LSCs, may be effective. Another agent, such as
venetoclax or CPX-351, which is a selective BCL-2 inhibitor, or in combination with Ara-C and DNR
agents, respectively, may be useful for treating patients with unfit or secondary AML [66].

AML is a heterogeneous hematological malignancy. Numerous pathways including Hh pathway
and genetic or epigenetic abnormalities may be correlated to the occurrence of AML, its pathological
condition, and drug resistance. Future studies will provide an improvement of the outcomes of AML
patients by using Hh-pathway inhibitors in combination with other novel agents.
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