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Simple Summary: The Hedgehog signaling pathway is aberrantly activated in many myeloid
malignancies, and pathway inhibition is clinically beneficial in specific patients with acute myeloid
leukemia. However, even with the approval of these agents, the role of Hedgehog signaling in
other myeloid disorders is less clear. In this review, we summarize the laboratory studies that have
examined Hedgehog signaling in normal and malignant hematopoiesis as well as the clinical studies
that have been carried out in several myeloid leukemias. Finally, we explore potential strategies to
further expand the use of pathway inhibitors as therapies for these diseases.

Abstract: Myeloid malignancies arise from normal hematopoiesis and include several individual
disorders with a wide range of clinical manifestations, treatment options, and clinical outcomes. The
Hedgehog (HH) signaling pathway is aberrantly activated in many of these diseases, and glasdegib,
a Smoothened (SMO) antagonist and HH pathway inhibitor, has recently been approved for the
treatment of acute myeloid leukemia (AML). The efficacy of SMO inhibitors in AML suggests that
they may be broadly active, but clinical studies in other myeloid malignancies have been largely
inconclusive. We will discuss the biological role of the HH pathway in normal hematopoiesis and
myeloid malignancies and review clinical studies targeting HH signaling in these diseases. In
addition, we will examine SMO-independent pathway activation and highlight potential strategies
that may expand the clinical utility of HH pathway antagonists.
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1. Introduction

The Hedgehog (HH) signaling pathway is highly conserved and required for normal
embryonic development in both invertebrates and vertebrates [1,2]. Along with other
developmental signaling pathways, including Notch and Wnt, it specifies both early
patterning and polarity events and the subsequent formation of specific organs by spatially
and temporally regulating cell proliferation and differentiation. Aberrant HH signaling
has been identified in a wide range of malignancies, and translational efforts have led to
the development of several pathway antagonists. One approved clinical indication for HH
pathway inhibitors is the treatment of acute myeloid leukemia (AML), and in this review
we will discuss the role of HH signaling in normal hematopoiesis and malignancies arising
from hematopoietic stem cells (HSCs) as well as future strategies to expand the clinical
utility of pathway inhibition.

2. Hedgehog Signaling and Hematopoiesis

The activation of the HH signaling pathway in mammals is initiated by binding
one of the three HH ligands found in mammals, Sonic (SHH), Indian (IHH), or Desert
(DHH), to the 12-pass transmembrane receptor Patched (PTCH). All three of these HH
ligands are post-translationally modified by the covalent attachment of cholesterol and
palmitate moieties that are required for proper secretion, extracellular distribution along
morphogenic gradients, and maximal pathway activation [3]. In the unbound state, PTCH
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represses the activity of the 7-pass transmembrane signal transduction protein Smoothened
(SMO) that shares homology with G protein-coupled receptors. The de-repression of SMO
ultimately leads to the expression and/or post-translational processing of the three GLI
zinc-finger transcription factors that regulate the expression of HH target genes. GLI1 is
a transcriptional activator, GLI3 primarily serves as a transcriptional repressor, and GLI2
can either activate or repress gene expression depending on post-transcriptional splicing
events and post-translational modifications [4,5]. The balance between the activating
and repressive forms of the three GLI transcription factors dictates the overall expression
of HH target genes, including PTCH1 and GLI1, and the functional impact of pathway
activity [4,6].

Hematopoiesis provides life-long blood cell production, and the HH signaling path-
way has been found to regulate the development of the hematopoietic system during
embryogenesis as well as definitive post-natal hematopoiesis [7]. Within primitive yolk sac
hematopoiesis, IHH ligand expression leads to HH pathway activation within epiblasts
to specify the patterning of the hematopoietic mesoderm and eventually the initial stages
of hematopoiesis and angiogenesis. In a similar fashion, IHH or SMO deficiency impairs
the formation of blood islands and organized vasculature by embryonic stem cells that
can replicate the development of primitive hematopoiesis. In definitive hematopoiesis
giving rise to all blood cells found in adults, the role of HH signaling has been difficult
to understand because different model systems have provided conflicting results [8]. Ini-
tial studies demonstrated that primitive CD34+CD38negLinneg human cord blood HSCs
express PTCH1, SMO, and GLI transcription factors, and HH pathway activation with the
exogenous Shh ligand induced proliferation in a BMP4-dependent manner [9]. Subsequent
studies using mice with somatic or conditional loss of Ptch1 expression to increase baseline
HH pathway activity demonstrated an expansion of HSCs and improved hematopoietic
recovery after bone marrow injury with 5-fluorouracil [10,11]. This sustained proliferation
eventually led to HSC exhaustion, but treatment with cyclopamine, a small molecule
inhibitor of SMO, restored long-term HSC function. In line with these results, the loss of
Smo expression and HH signaling was found to profoundly impact HSC function during
initial and secondary transplantation [12].

In contrast, multiple other studies demonstrated that the loss of Smo either in fetal
liver HSCs or adult bone marrow HSCs or exposure to cyclopamine had no impact on the
ability of HSCs to home to the bone marrow or provide long-term engraftment during
serial transplantation. These studies concluded that Smo is completely dispensable for
normal adult HSC function, suggesting that SMO inhibition will have little hematologic
toxicity [11,13,14] Discrepancies between these findings may be due to the nature of the
gene promoter (i.e., Vav or Mx1) used to conditionally express Cre recombinase and
knockout Smo expression in hematopoietic cells. Given that GLI1 is the major effector of HH
pathway activation, the loss of GLI1 in hematopoiesis has also been studied [15]. In somatic
Gli1 knockout mice, HSC proliferation was decreased within both HSCs and lineage-
committed progenitors associated with lower expression of the Gli1 target gene Cyclin
D1, and increased HSC quiescence improved both long- and short-term HSC engraftment.
Therefore, the precise role of HH signaling in adult hematopoiesis remains unclear.

3. Hedgehog Signaling in Chronic Myeloid Leukemia

The HH pathway was initially implicated in cancer development by studies in Gorlin
syndrome that demonstrated a high frequently of loss of function mutations in PTCH1
that result in ligand-independent pathway activation [16]. Myeloid malignancies repre-
sent a heterogeneous group of disorders arising from normal HSCs and hematopoietic
progenitors, and the HH pathway has been implicated in several of these diseases. Chronic
myeloid leukemia (CML) is characterized by the Philadelphia chromosome that encodes
the fusion BCR-ABL tyrosine kinase. The role of the HH pathway in CML was initially
suggested by high Ptch1 expression in CD34+ cells from blast crisis CML (CML-BC) clinical
specimens [17]. Subsequent functional studies used CML mouse models in which bone
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marrow or fetal liver cells transduced ex vivo with the BCR-ABL gene give rise to leukemia
following transplantation into naïve recipients [11,12]. Compared to normal hematopoietic
cells, the transduction of BCR–ABL into Smo-deficient cells led to a significant decrease
in disease burden and improved survival rates. Leukemic stem cells (LSCs) are enriched
for clonogenic growth potential and self-renewal similar to normal HSCs and are thought
to be responsible for resistance to BCR–ABL tyrosine kinase inhibitors (TKIs) and disease
relapse. In CML, the expression of HH target genes, including GLI1 and PTCH1, is low
in leukemia cells isolated from patients in CML-CP, but increases during progression to
CML-AP and CML-BC [11,18,19]. Multiple studies have demonstrated that HH signaling
supports LSCs and cyclopamine, and other SMO antagonists can limit the functional prop-
erties of CML LSCs and resistance to TKIs [20–23]. Therefore, pharmacologic inhibition of
the HH signaling pathway may reduce CML relapse.

The identification of aberrant HH signaling pathway activity in cancer has led to
the development of pathway inhibitors as potential therapeutic agents. Initial evidence
that the HH signaling pathway could be pharmacologically targeted was provided by
the discovery that cyclopamine, a steroidal alkaloid found in Veratum californicum, was a
naturally occurring inhibitor of SMO. Cyclopamine was originally identified as the causal
agent of congenital holoprosencephaly in sheep ingesting V. californicum, and the genetic
loss of SHH in mice resulted in similar morphogenic defects in mice [24,25]. Cyclopamine
was subsequently demonstrated to bind to and inhibit SMO [26], and based on these early
findings, several additional SMO antagonists have been developed and tested clinically,
including vismodegib and sonidegib, which are approved for advanced BCC, and glasdegib
for AML.

Preclinical studies have demonstrated that SMO inhibitors, including cyclopamine,
vismodegib, erismodegob/sonidegib, and glasdegib, are capable of inhibiting CML bulk
cells and LSCs either alone or in combination with BCR-ABL tyrosine kinase inhibitors
(TKIs) [11,12,20,21,27]. Based on these studies, two clinical trials have been reported in CML
targeting the HH signaling pathway through SMO inhibition. The first study was a phase
1 trial examining the safety and efficacy of the SMO inhibitor BMS-833923 (XL-139; Bristol
Myers Squib) in patients with chronic phase CML (CML-CP) who failed or responded
sub-optimally to prior TKI or with accelerated phase CML (CML-AP) or Ph + acute
lymphoblastic leukemia (ALL) resistant to imatinib or nilotinib [28]. Twenty-seven patients
were enrolled and treated with the second-generation TKI dasatinib for 4 weeks followed
by the addition of BMS-833923. The most frequent adverse events were like those seen with
the first clinically tested SMO inhibitor vismodegib and consisted of dysgeusia, alopecia,
anorexia of nausea, muscle spasms, and fatigue [29]. Given co-administration of dasatinib,
the efficacy of BMS-833923 was difficult to definitively demonstrate, but the addition of
the SMO inhibitor resulted in prolonged responses, including one complete cytogenetic
response (CCyR) in three of ten CP-CML patients previously resistant to dasatinib.

A second trial examined the safety and efficacy of combining the TKI nilotinib and
SMO inhibitor erismodegib/sonidegib (LDE225; Novartis) in a phase 1b clinical trial that
included 11 CML-CP patients who were resistant, intolerant, or sub-optimally responding
to one prior TKI, excluding nilotinib [30]. The most frequent toxicities observed were
consistent with SMO inhibition, but notably two patients experienced grade 4 elevations in
blood creatine phosphokinase (CPK) levels suggestive of muscle injury. Efficacy included
the maintenance of CCyR at baseline for 12 months in eight of ten patients and major
molecular responses (MMR) in three patients. Moreover, improvements in cytogenetic and
molecular responses were seen in three additional patients. Overall, the activity of the
combination was modest, and given the poor tolerability of the combination, this trial was
stopped prior to the planned phase 2 expansion.

4. Hedgehog Signaling in AML

AML is characterized by the proliferation and accumulation of immature leukemic
blasts within the bone marrow, which interferes with normal hematopoiesis. It is also
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molecularly heterogeneous with a diverse range of recurrent gene mutations and chro-
mosomal alterations. Several studies have demonstrated that components of the HH
signaling pathway are expressed in AML cell lines and clinical samples, including PTCH,
SMO, and all three GLI transcription factors [31–34]. Furthermore, the expression of
GLI1 and GLI2 suggestive of pathway activation in clinical specimens is associated with
chemotherapeutic resistance and inferior survival rates, providing additional evidence that
HH signaling is clinically relevant in patients with AML and myelodysplastic syndrome
(MDS) [35–38]. Pharmacological and genetic inhibition of HH signaling in these cells has
significant antileukemic effects, including the induction of apoptosis, reduced prolifer-
ation and colony formation in AML cells, and prolonged survival in mouse xenograft
studies [21,31,39,40]. Furthermore, the inhibition of SMO can target LSCs and decrease
tumor initiating potential [21,39].

AML is typically treated with high doses of cytotoxic chemotherapeutic agents, in-
cluding anthracyclines (e.g., daunorubicin, idarubicin) and the nucleoside analogue cy-
tarabine. Resistance to these drugs is a major challenge in the management of AML,
and multiple studies have found that chemotherapeutic resistance is associated with HH
pathway activation [31,34,41]. Active HH signaling promotes multi-drug resistance by
inducing the expression of the P-glycoprotein transporters that export chemotherapeutic
agents, and cyclopamine can re-sensitize AML cells to cytotoxic agents [42]. It can also
induce drug resistance by modulating drug metabolism as GLI1 induces the expression
of UDP glucuronosyltransferase (UGT1A), which inactivates drugs by glucuronidation
in chemotherapy-resistant AML cells, and the inhibition of GLI1 activity either through
siRNA-mediated knockdown or treatment with the SMO inhibitor vismodegib sensitizes
AML cells to cytarabine or the eIF4E inhibitor ribavirin [34]. Similarly, the loss of GLI3 ex-
pression is associated with cytarabine resistance in AML cells and promotes the expression
of several factors associated with drug transport and metabolism [43].

In patients unable to receive intensive chemotherapy, hypomethylating agents (HMAs),
including azacytidine and decitabine, can be used alone or in combination with other tar-
geted agents. In elderly AML patients, the combination of azacytidine and the BCL2
inhibitor venetoclax has become a standard approach based on superior response and
survival rates compared to azaciticine alone [44]. The mechanisms responsible for HMA
resistance are unknown, but an RNAi-based screen in AML cells identified several HH
pathway components (SMO, SHH, and GLI3) that were associated with 5-azacytidine resis-
tance, and the combination of the SMO inhibitor sonidegib with 5-Aza led to synergistic
cell killing [40]. A second study demonstrated that GLI1 silencing inhibited proliferation
and induced apoptosis of MUTZ-1 cells derived from an MDS patient and enhanced the
demethylation of the p15 promoter by 5-Aza [45]. Further studies into the interactions
between HMA therapy and HH signaling have demonstrated that glasdegib induced
the expression of GLI3R, which in turn inhibited the expression of AKT and AML cell
viability [46]. These investigators also found that the GLI3R promoter is silenced by methy-
lation in some cases of AML, but treatment with decitabine induced GLI3R expression and
sensitized cells to SMO inhibition. Therefore, combining a HMA and SMO antagonist may
represent a promising approach to AML, especially in those cases lacking GLI3R expression.

In addition to cytotoxic chemotherapeutic agents and HMAs that can be broadly used
in AML, several drugs have been approved to target specific and recurrent mutations
found in AML. FLT3 is a receptor tyrosine kinase that is mutated in approximately 30% of
adult AML patients [47]. Point mutations within the kinase domain or internal tandem
duplication (ITD) in the juxta-membrane domain result in constitutive kinase activity and
are associated with poor outcomes. Multiple studies have demonstrated that a higher
expression of GLI2 is associated with inferior survival rates in FLT3-mutant AML [35,36,48],
and in a novel mouse model, HH pathway activation through the expression of the consti-
tutively active SMO mutant SMO-M2 resulted in the transformation of a myeloproliferative
disorder generated by the FLT3-ITD mutation alone into AML [35]. The enhanced kinase
activity of mutant FLT3 constitutively activated downstream Stat5, which directly induced
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Gli2 expression. With the expression of Gli2, AML cells gain responsiveness to the HH
ligand, resulting in pathway activation (Figure 1). In this and other studies, the combi-
nation of FLT3 inhibitors and SMO antagonists was found to inhibit AML growth in a
synergistic manner, suggesting that combinations of kinase and HH pathway inhibitors
may be clinically effective [48].
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Figure 1. HH pathway activation in FLT3-ITD AML. Constitutive FLT3-ITD kinase activity induces
the expression of GLI2, which permits responsiveness to HH ligands (illustrated using BioRender.com,
accessed on 14 June 2021).

AML can both arise as de novo disease in healthy individuals and secondary acute
leukemia in patients with chronic hematologic malignancies. The activation of HH signal-
ing alone in the hematopoietic system does not lead to leukemia in mice and is unlikely to
be an initiating event in myeloid malignancies [12,14]. In addition to the progression of
the indolent myeloproliferative state in FLT3-ITD mice by constitutively active SMO [35],
these findings suggest that aberrant HH signaling may primarily play a role in promoting
secondary AML. A recent study examined a role of HH signaling during the progression of
MDS and found that GLI1 expression increased with the progression of MDS to secondary
AML in matched clinical specimens [38]. In addition, conditional expression of SMO-M2
in the hematopoietic system of a mouse model of MDS driven by the NUP98-HOXD13
fusion gene led to progression to aggressive AML. Further analysis demonstrated that HH
signaling induced the expansion of myeloid progenitors that expressed several self-renewal
pathways and could propagate disease during serial transplantation indicative of LSC
activity. These findings suggest that aberrant HH activity may primarily accelerate the
progression and transformation of indolent myeloid diseases to AML.

5. Clinical Studies in AML

Multiple SMO inhibitors have been clinically studied in AML, either alone or in
combination with additional anti-leukemic agents. Vismodegib (GDC-0449; Genentech,
San Francisco, CA, USA) was modified from a benzimidazole compound identified in a
high-throughput screen using a mouse embryonic fibroblast and a GLI reporter system
and eventually became the first SMO inhibitor approved for clinical use [49,50]. A phase
1b trial evaluated the safety and efficacy of vismodegib in 38 relapsed or refractory AML
patients [51]. Aside from the hematologic toxicities expected in AML, the most common
adverse events were nausea and dysgeusia similar to the use of vismodegib in BCC patients.
The efficacy of vismodegib was limited with an overall response rate (ORR) of 6.1%, which
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included one complete remission with incomplete hematologic recovery (CRi) and one
partial response (PR). The median OS in all treated patients was 3.4 months.

Sonidegib was developed from a biphenyl carboxamide identified using a HH path-
way reporter system in mouse testicular epithelial cells and has been FDA approved for the
treatment of locally advanced BCC [52]. A phase 1/1b clinical trial examined the safety and
efficacy of the combination of sonidegib and 5-Aza in 63 patients with newly diagnosed
or relapsed/refractory myeloid malignancies, including AML, intermediate and high-risk
MDS, chronic myelomonocytic leukemia (CMMoL), and myelofibrosis (MF) [53]. In terms
of safety, non-hematologic adverse events were generally mild and most frequently con-
sisted of fatigue, constipation, nausea, cough, and diarrhea. Overall response rates (ORR)
for AML and MDS were 23.1% and 7.1% for newly diagnosed and relapsed/refractory
patients, respectively. In addition, relapsed/refractory AML experienced a high rate of
stable disease (SD) at 76% and a median overall survival of 7.6 months. A second trial
examined the addition of sonidegib to 5-Aza in 23 high-risk MDS patients who failed to
respond or lost response to 5-Aza alone [54]. During the initial dose escalation phase, grade
4 adverse events included elevations in CPK levels and aspartate aminotransferase (ASAT)
levels consistent with hepatic toxicity, and within the complete cohort, infections occurred
in 73% of all evaluable patients. The ORR was 13.6% and included one complete remission
(CR), marrow CR, and PR, and the median overall survival was 6.8 months.

Glasdegib (PF-04449913; Pfizer, New York, NY, USA) is an oral SMO inhibitor [55], and
seven clinical trials for myeloid malignancies have been reported, including four as a single
agent and three in combination with other therapies. An initial dose-escalation phase I trial
in myeloid malignancies examined single agent glasdegib in 47 patients with untreated
or previously treated AML, MDS, CML, MF, and CMMoL, with the majority (60%) with
AML [56]. Treatment-related non-hematologic adverse events were mostly grade 1 or 2 in
severity, and the most common toxicities were consistent with SMO inhibition including
dysgeusia, decreased appetite, and alopecia. Notably, grade 3 QTc prolongation was
observed in four of five patients at the highest dose level of 600mg daily but resolved
after treatment of reversable causes. Although the ORR was not described due to disease
heterogeneity, potential responses were noted in 23 (49%) of the patients and included
one CRi in a patient with secondary AML arising from CMMoL and four PRs (18%) in
28 patients with AML, hematologic improvement in two of six MDS patients, and PRs and
SD in the remaining 16 responding patients with CML, MF, or AML. For the entire cohort
of patients, the median progression free survival was 4.4 months.

A second clinical trial of single agent glasdegib consisted of a phase 2 study in patients
with AML, MDS, and CMMoL previously failing HMA treatment [57]. The majority (74%)
of the 35 patients enrolled and evaluable for treatment responses were diagnosed with
MDS, and following a median of three (range 0–11) cycles, two (6%) patients experienced
marrow CRs with improved peripheral blood counts. An additional 56% of patients had
SD, and the median OS was 10.4 months. The spectrum and severity of non-hematologic
toxicities were similar to those seen in the previous phase 1 study of glasdegib in myeloid
malignancies. A separate phase 1 study of single agent glasdegib in Japanese patients
with hematologic malignancies enrolled 13 patients with previously treated AML, MDS,
CMMoL, and MF [58]. Toxicities were similar to other glasdegib studies, and efficacy
consisted of one CR and four patients with SD in seven AML patients and one CR and two
SD in four patients with MDS. Taken together, these studies suggest that glasdegib has
moderate clinical activity as a single agent across a wide range of myeloid malignancies.

A fourth clinical trial using single agent glasdegib examined its use as maintenance
therapy in 31 patients with AML or MDS following myeloablative or non-myeloablative
allogeneic bone marrow transplantation (alloBMT) [59]. Glasdegib was initiated at a
median of 46 days post-transplant and was administered daily for a median of 142 days,
with 26% of patients completing the planned one year of maintenance therapy. The 1- and
2-year relapse-free survival (RFS) rates were 42% and 32%, respectively, and the cumulative
incidence of relapse, including minimal residual disease (MRD) positivity at 1 year, was



Cancers 2021, 13, 4888 7 of 13

45%. The 1- and 2-year OS rates were 65% and 47%, respectively. Grade 2–4 graft versus
host disease (GVHD) and chronic GVHD occurred at a rate of 38.7 and 41.9%, respectively.
Both the relapse and GVHD rates were similar to historical alloBMT data, suggesting that
the effects of glasdegib were limited in this setting, but overall, frequent dose interruptions
and reductions due to toxicity led to poor adherence.

Combination studies of glasdegib include a three-arm open label phase 1b dose-
escalation trial in AML and high-risk MDS patients examining glasdegib with low-dose
cytarabine (LDAC, Arm A) or the HMA decitabine (Arm B) in patients who were considered
unsuitable for standard induction chemotherapy due to age, performance state, or renal or
cardiac insufficiency. A third arm consisted of glasdegib in combination with daunorubicin
and cytarabine in medically fit patients (Arm C) [60]. A total of 52 patients were enrolled,
and the majority of patients (87%) were diagnosed with AML. An initial dose-escalation
phase was carried out in each arm and demonstrated that these combinations, in general,
were well tolerated and consistent with the toxicities of each anti-leukemic regimen. Toxici-
ties associated specifically with SMO inhibitors were primarily grade 1 or 2 events, and a
recommended phase 2 dose (RP2D) of 100mg daily was established based on these findings.
Each arm was further expanded, and the overall CR + CRi rates in each cohort were 8.7%
in Arm A, 28.6% in B, and 54% in C, with a median OS of 4.4, 11.5, and 34.7 months,
respectively. In the AML patients, a clinically defined beneficial response that included
PRs was observed in 10% of patients in Arm A, 60% in B, and 60% in C. For MDS, 67% of
patients in Arm A and all patients in Arms B and C had either a CR or marrow CR.

A single-arm phase II trial of glasdegib and standard induction chemotherapy in
newly diagnosed AML of MDS patients was subsequently carried out based on the RP2D
based on the initial phase 1b combination study described above [61]. Glasdegib was
administered during daunorubicin and cytarabine (7 + 3) induction chemotherapy, two to
four cycles of consolidation with cytarabine, and maintenance therapy as a single agent for
six months. Sixty-nine patients were enrolled on the study, and the majority (91%) did not
complete the full course of therapy due to a lack of clinical response, referral to alloBMT, or
treatment-related adverse events. Notably, 93% of the enrolled patients were diagnosed
with AML and 87% of the evaluable patients were older than 55 years of age. The CR
rate was 46% and the median OS was 14.9 months. The OS rates compared favorably
with historical data from risk-adjusted cohorts treated with cytarabine-based intensive
regimens. In general, the addition of glasdegib was well tolerated, with limited adverse
events typically observed with SMO inhibitors.

The randomized, open-label, phase 2 BRIGHT AML 1003 trial in newly diagnosed
AML and high-risk MDS patients with co-morbidities that prevented the use of intensive
induction chemotherapy was also developed following the initial phase 1b combination
study [62]. In this trial, 122 patients were randomized to receive low-dose cytarabine
(LDAC) with or without glasdegib in a 2:1 ratio. In 115 evaluable patients, the combination
of glasdegib and LDAC (G-LDAC) produced a significant difference in CR rate of 17%
compared to 2.3% for LDAC alone. Furthermore, the primary endpoint of the trial, median
OS, significantly favored G-LDAC at 8.8 months compared to 4.9 months with LDAC
alone. The majority (94%) of patients enrolled in the trial were diagnosed with AML, and
among these, the median OS was also significantly different for the G-LDAC and LDAC
arms at 8.3 months and 4.3 months, respectively. Based on this OS benefit, the G-LDAC
combination was approved by the FDA for clinical use in newly diagnosed AML patients
unfit for intensive induction chemotherapy in 2018. With additional follow up, the OS
advantage for G-LDAC was not limited to patients who achieved a CR as the median OS of
G-LDAC-treated patients without CR or CRi was 5.0 vs. 4.1 months [63]. In the HR-MDS
patients, G-LDAC was associated with a 22.8% reduction in the risk of death compared to
LDAC alone, but the small number of MDS patients limited the approval of G-LDAC to
AML. An additional two phase 3 studies are currently ongoing in the BRIGHT AML 1019
study that is examining glasdegib or placebo in combination with either cytarabine and
daunorubicin or azacytidine in patients with untreated AML [64].
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6. GLI Activation and Targeting in Myeloid Malignancies

In several solid tumors, the GLI transcription factors can be activated downstream
of SMO by several commonly activated oncogenic pathways such as KRAS, PI3 kinase,
mTOR, and TGF-β [65]. Cross talk with these other pathways has been found to induce
and enhance GLI1 and in some cases GLI2 activity through multiple mechanisms including
gene expression, cellular localization, protein stability, and transcriptional activity. Since
strategies targeting the HH pathway through SMO inhibition alone are unlikely to be
effective in these cases, additional targeting strategies are needed. In myeloid malignancies,
the MDS cell MDS-L has been found to be resistant to glasdegib, but the inhibition of
GLI1 by siRNA-mediated knockdown or the GLI1 antagonist, GANT61, inhibits cell
proliferation [38]. Therefore, approaches that directly target GLI may be useful in myeloid
malignancies, and in Figure 2, we provide a schema of potential strategies.
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Several studies have demonstrated that GLI1 expression can be inhibited by targeting
the oncogenic pathways that lead to its activation. For example, aberrant MEK1 activity
within the MAPK signaling pathway leads to GLI1 expression, which can be subsequently
inhibited by pharmacologic MEK inhibition [66]. One potential mechanism driving GLI1
activity involves Suppressor of Fused (SUFU), a negative regulator of HH signaling that
retains GLI1 in the cytoplasm, and increased MAPK signaling has been found to inhibit
SUFU and allow the nuclear translocation of GLI1 [67]. Similarly, active PI3K signaling
leads to GLI1 phosphorylation at serine 84 by S6 Kinase 1 (S6K1), which dissociates GLI1
from SUFU [68]. TGF-β signaling can activate HH signaling by directly inducing GLI2
expression through SMAD3 and β-catenin binding to the GLI2 promoter [69]. Multiple
inhibitors have been developed to target each of these pathways, and these findings may
provide the basis for their use as GLI1 inhibitors.

GLI1 is primarily regulated by its gene expression, but it also undergoes multiple
post-translational modifications and protein interactions that may serve as novel targeting
approaches. In addition to S6K1, other kinases can phosphorylate GLI1 and impact its
activity. Atypical Protein Kinase C (aPKC, PKC iota/lambda) levels can be increased
in SMO inhibitor-resistant BCC cells and can phosphorylate GLI1 near its zinc-finger
DNA binding domain to increase its transcriptional activity [70]. The family of Dual-
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Specificity Tyrosine Phosphorylation Regulated Kinases (DYRK) can also phosphorylate
and activate GLI1 by promoting nuclear translocation [71,72]. This effect appears to be
primarily mediated by DYRK1B, and DYRK1B has been found to inhibit the growth of
GLI-dependent pancreatic cancer cells [73]. On the other hand, additional DYRK family
members, specifically DYRK2, have been found to inhibit HH signaling by phosphorylating
GLI2, which leads to its degradation [74]. Therefore, targeting DYRK may require inhibiting
DYRK1B but not DYRK2. Similarly, the activation of Casein kinase 1-alpha (CK1A) leads
to the preferential formation of GLI repressor isoforms and GLI degradation, but at the
same time also promotes GLI accumulation within primary cilia that may enhance GLI
activity [75].

The deacetylation of GLI1 and GLI2 is required for their full activity [76], and histone
deacetylase (HDAC) inhibitors can decrease their transcriptional activity [77]. HDAC
inhibitors are approved for the treatment of T cell lymphomas and multiple myeloma,
suggesting that these agents could inhibit GLI activity in the clinical setting either alone
or in combination with other GLI targeting agents, such as aPKC inhibitors [78,79]. The
transcriptional activity of GLIs can be modulated by the BET family member Bromodomain
4 (BRD4), which binds directly to the GLI1- and GLI2-dependent promoters [80,81], and
several BRD4 inhibitors have entered clinical testing and may be novel strategies to target
SMO-independent GLI activation. Several BET inhibitors are undergoing early clinical
evaluation and may serve as GLI inhibitors.

Additional agents that can inhibit aberrant GLI activation include arsenic trioxide
(ATO), which is approved for the treatment of acute promyelocytic leukemia. ATO has been
found to inhibit HH signaling by preventing ciliary accumulation of GLI2 and the growth of
tumors with acquired resistance to SMO antagonists [82]. ATO can also interact with GLI1
to inhibit its transcriptional activation of HH target genes [83], suggesting that it may target
the HH signaling pathway at multiple points downstream of SMO. Oxysterols are oxidized
derivatives of cholesterol that have multiple effects on the HH signaling pathway. These
compounds can act as both SMO agonists and antagonists as well as act as ligands for Liver
X Receptors (LXR), which can inhibit GLI1 activity downstream of SMO [84–86]. Taken
together, several strategies may be capable of targeting SMO-independent GLI activation.

7. Summary and Future Directions

The HH signaling pathway is widely active in myeloid malignancies and promotes
tumor cell proliferation, drug resistance, and LSC properties. Early clinical studies using
SMO antagonists have demonstrated promising data, and in the case of glasdegib, have
been approved for use in AML based on improved OS rates. However, the activity of SMO
inhibitors has been limited in most other trials, and coupled with the toxicities common
to all of these compounds, alternatives approaches are needed. Since ligand- and SMO-
independent GLI activation has been documented in AML and MDS, novel approaches
capable of directly targeting GLI may expand the utility of HH pathway inhibition in these
diseases as well as other cancers.

Author Contributions: Conceptualization, A.A. and W.M.; writing—original draft preparation, A.A.
and W.M.; writing—review and editing, W.M.; visualization, A.A. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Nusslein-Volhard, C.; Wieschaus, E. Mutations Affecting Segment Number and Polarity in DROSOPHILA. Nature 1980,

287, 795–801. [CrossRef]
2. Varjosalo, M.; Taipale, J. Hedgehog: Functions and Mechanisms. Genes Dev. 2008, 22, 2454–2472. [CrossRef]
3. Ryan, K.E.; Chiang, C. Hedgehog Secretion and Signal Transduction in Vertebrates. J. Biol. Chem. 2012, 287, 17905–17913.

[CrossRef]

http://doi.org/10.1038/287795a0
http://doi.org/10.1101/gad.1693608
http://doi.org/10.1074/jbc.R112.356006


Cancers 2021, 13, 4888 10 of 13

4. Aberger, F.; Ruiz i Altaba, A. Context-dependent signal integration by the GLI code: The Oncogenic load, Pathways, Modifiers
and Implications for Cancer Therapy. Semin. Cell Dev. Biol. 2014, 33, 93–104. [CrossRef]

5. Kasper, M.; Regl, G.; Frischauf, A.-M.; Aberger, F. GLI Transcription Factors: Mediators of Oncogenic Hedgehog Signalling.
Eur. J. Cancer 2006, 42, 437–445. [CrossRef]

6. Ruiz i Altaba, A. Gli Proteins Encode Context-Dependent Positive and Negative Functions: Implications for Development and
Disease. Development 1999, 126, 3205–3216. [CrossRef]

7. Lim, Y.; Matsui, W. Hedgehog Signaling in Hematopoiesis. Crit. Rev. Eukaryot. Gene Expr. 2010, 20, 129–139. [CrossRef]
8. Merchant, A.A.; Matsui, W. Smoothening the Controversial Role of Hedgehog in Hematopoiesis. Cell Stem Cell 2009, 4, 470–471.

[CrossRef]
9. Bhardwaj, G.; Murdoch, B.; Wu, D.; Baker, D.P.; Williams, K.P.; Chadwick, K.; Ling, L.E.; Karanu, F.N.; Bhatia, M. Sonic Hedgehog

Induces the Proliferation of Primitive Human Hematopoietic Cells via BMP Regulation. Nat. Immunol. 2001, 2, 172–180. [CrossRef]
10. Trowbridge, J.J.; Scott, M.P.; Bhatia, M. Hedgehog Modulates Cell Cycle Regulators in Stem Cells to Control Hematopoietic

Regeneration. Proc. Natl. Acad. Sci. USA 2006, 103, 14134–14139. [CrossRef]
11. Dierks, C.; Beigi, R.; Guo, G.-R.; Zirlik, K.; Stegert, M.R.; Manley, P.; Trussell, C.; Schmitt-Graeff, A.; Landwerlin, K.; Veelken,

H.; et al. Expansion of Bcr-Abl-Positive Leukemic Stem Cells is Dependent on Hedgehog Pathway Activation. Cancer Cell 2008,
14, 238–249. [CrossRef]

12. Hofmann, I.; Stover, E.H.; Cullen, D.E.; Mao, J.; Morgan, K.J.; Lee, B.H.; Kharas, M.G.; Miller, P.G.; Cornejo, M.G.; Okabe, R.; et al.
Hedgehog Signaling is Dispensable for Adult Murine Hematopoietic Stem Cell Function and Hematopoiesis. Cell Stem Cell 2009,
4, 559–567. [CrossRef]

13. Gao, J.; Graves, S.; Koch, U.; Liu, S.; Jankovic, V.; Buonamici, S.; El Andaloussi, A.; Nimer, S.D.; Kee, B.L.; Taichman, R.; et al.
Hedgehog Signaling is Dispensable for Adult Hematopoietic Stem Cell Function. Cell Stem Cell 2009, 4, 548–558. [CrossRef]

14. Merchant, A.; Joseph, G.; Wang, Q.; Brennan, S.; Matsui, W. Gli1 Regulates the Proliferation and Differentiation of HSCs and
Myeloid Progenitors. Blood 2010, 115, 2391–2396. [CrossRef]

15. Merchant, A.A.; Matsui, W. Targeting Hedgehog—A cancer stem cell pathway. Clin. Cancer Res. 2010, 16, 3130–3140. [CrossRef]
[PubMed]

16. Sengupta, A.; Banerjee, D.; Chandra, S.; Banerji, S.K.; Ghosh, R.; Roy, R.; Banerjee, S. Deregulation and cross talk among Sonic
hedgehog, Wnt, Hox and Notch signaling in chronic myeloid leukemia progression. Leukemia 2007, 21, 949–955. [CrossRef]
[PubMed]

17. Long, B.; Zhu, H.; Zhu, C.; Liu, T.; Meng, W. Activation of the Hedgehog pathway in chronic myelogeneous leukemia patients.
J. Exp. Clin. Cancer Res. 2011, 30, 8. [CrossRef] [PubMed]

18. Su, W.; Meng, F.; Huang, L.; Zheng, M.; Liu, W.; Sun, H. Sonic hedgehog maintains survival and growth of chronic myeloid
leukemia progenitor cells through β-catenin signaling. Exp. Hematol. 2012, 40, 418–427. [CrossRef] [PubMed]

19. Irvine, D.A.; Zhang, B.; Kinstrie, R.; Tarafdar, A.; Morrison, H.; Campbell, V.L.; Moka, H.A.; Ho, Y.; Nixon, C.; Manley, P.W.; et al.
Deregulated hedgehog pathway signaling is inhibited by the smoothened antagonist LDE225 (Sonidegib) in chronic phase
chronic myeloid leukaemia. Sci. Rep. 2016, 6, 25476. [CrossRef]

20. Sadarangani, A.; Pineda, G.; Lennon, K.M.; Chun, H.-J.; Shih, A.; Schairer, A.E.; Court, A.C.; Goff, D.J.; Prashad, S.L.; Geron,
I.; et al. GLI2 inhibition abrogates human leukemia stem cell dormancy. J. Transl. Med. 2015, 13, 98. [CrossRef]

21. Katagiri, S.; Tauchi, T.; Okabe, S.; Minami, Y.; Kimura, S.; Maekawa, T.; Naoe, T.; Ohyashiki, K. Combination of Ponatinib with
Hedgehog Antagonist Vismodegib for Therapy-Resistant BCR-ABL1–Positive Leukemia. Clin. Cancer Res. 2013, 19, 1422–1432.
[CrossRef]

22. Zeng, X.; Zhao, H.; Li, Y.; Fan, J.; Sun, Y.; Wang, S.; Wang, Z.; Song, P.; Ju, D. Targeting Hedgehog signaling pathway and
autophagy overcomes drug resistance of BCR-ABL-positive chronic myeloid leukemia. Autophagy 2015, 11, 355–372. [CrossRef]
[PubMed]

23. Binns, W.; Keeler, R.F.; Balls, L.D. Congenital deformities in lambs, calves, and goats resulting from maternal ingestion of
Veratrum californicum: Hare lip, cleft palate, ataxia, and hypoplasia of metacarpal and metatarsal bones. Clin. Toxicol. 1972,
5, 245–261. [CrossRef] [PubMed]

24. Chiang, C.; Litingtung, Y.; Lee, E.; Young, K.E.; Corden, J.L.; Westphal, H.; Beachy, P.A. Cyclopia and defective axial patterning in
mice lacking Sonic hedgehog gene function. Nature 1996, 383, 407–413. [CrossRef]

25. Cooper, M.K.; Porter, J.A.; Young, K.E.; Beachy, P.A. Teratogen-mediated inhibition of target tissue response to Shh signaling.
Science 1998, 280, 1603–1607. [CrossRef] [PubMed]

26. Okabe, S.; Tauchi, T.; Tanaka, Y.; Katagiri, S.; Ohyashiki, K. Effects of the Hedgehog Inhibitor GDC-0449, Alone or in Combination
with Dasatinib, on BCR-ABL-Positive Leukemia Cells. Stem Cells Dev. 2012, 21, 2939–2948. [CrossRef]

27. Shah, N.P.; Cortes, J.E.; Martinelli, G.; Smith, B.D.; Clarke, E.; Copland, M.; Strauss, L.; Talpaz, M. Dasatinib Plus Smoothened
(SMO) Inhibitor BMS-833923 in Chronic Myeloid Leukemia (CML) with Resistance or Suboptimal Response to a Prior Tyrosine
Kinase Inhibitor (TKI): Phase I Study CA180323. Blood 2014, 124, 4539. [CrossRef]

28. LoRusso, P.M.; Rudin, C.M.; Reddy, J.C.; Tibes, R.; Weiss, G.J.; Borad, M.J.; Hann, C.L.; Brahmer, J.R.; Chang, I.; Darbonne,
W.C.; et al. Phase I Trial of Hedgehog Pathway Inhibitor Vismodegib (GDC-0449) in Patients with Refractory, Locally Advanced
or Metastatic Solid Tumors. Clin. Cancer Res. 2011, 17, 2502–2511. [CrossRef]

http://doi.org/10.1016/j.semcdb.2014.05.003
http://doi.org/10.1016/j.ejca.2005.08.039
http://doi.org/10.1242/dev.126.14.3205
http://doi.org/10.1615/CritRevEukarGeneExpr.v20.i2.30
http://doi.org/10.1016/j.stem.2009.05.006
http://doi.org/10.1038/84282
http://doi.org/10.1073/pnas.0604568103
http://doi.org/10.1016/j.ccr.2008.08.003
http://doi.org/10.1016/j.stem.2009.03.016
http://doi.org/10.1016/j.stem.2009.03.015
http://doi.org/10.1182/blood-2009-09-241703
http://doi.org/10.1158/1078-0432.CCR-09-2846
http://www.ncbi.nlm.nih.gov/pubmed/20530699
http://doi.org/10.1038/sj.leu.2404657
http://www.ncbi.nlm.nih.gov/pubmed/17361218
http://doi.org/10.1186/1756-9966-30-8
http://www.ncbi.nlm.nih.gov/pubmed/21235817
http://doi.org/10.1016/j.exphem.2012.01.003
http://www.ncbi.nlm.nih.gov/pubmed/22240607
http://doi.org/10.1038/srep25476
http://doi.org/10.1186/s12967-015-0453-9
http://doi.org/10.1158/1078-0432.CCR-12-1777
http://doi.org/10.4161/15548627.2014.994368
http://www.ncbi.nlm.nih.gov/pubmed/25701353
http://doi.org/10.3109/15563657208991003
http://www.ncbi.nlm.nih.gov/pubmed/5065665
http://doi.org/10.1038/383407a0
http://doi.org/10.1126/science.280.5369.1603
http://www.ncbi.nlm.nih.gov/pubmed/9616123
http://doi.org/10.1089/scd.2012.0016
http://doi.org/10.1182/blood.V124.21.4539.4539
http://doi.org/10.1158/1078-0432.CCR-10-2745


Cancers 2021, 13, 4888 11 of 13

29. Ottmann, O.G.; Stegelmann, F.; Breccia, M.; Steegmann, J.L.; Olavarria, E.; Aimone, P.; Lipton, J.H. Smoothened inhibitor
erismodegib combined with nilotinib in patients with chronic myeloid leukemia resistant/intolerant to at least one prior tyrosine
kinase inhibitor: A phase 1b study. Leuk. Lymphoma 2021, 62, 739–742. [CrossRef] [PubMed]

30. Kobune, M.; Takimoto, R.; Murase, K.; Iyama, S.; Sato, T.; Kikuchi, S.; Kawano, Y.; Miyanishi, K.; Sato, Y.; Niitsu, Y.; et al. Drug
resistance is dramatically restored by hedgehog inhibitors in CD34+ leukemic cells. Cancer Sci. 2009, 100, 948–955. [CrossRef]

31. Campbell, V.; Tholouli, E.; Quigley, M.T.; Keilty, J.; Kelly, P.; McGovern, K.; Read, M.; Kutok, J.L.; Byers, R. Evidence That
Activated Hedgehog Signaling Predicts for Poor Clinical Outcome in Acute Myeloid Leukemia. ASH Annu. Meet. Abstr. 2012,
120, 1441. [CrossRef]

32. Kobune, M.; Iyama, S.; Kikuchi, S.; Horiguchi, H.; Sato, T.; Murase, K.; Kawano, Y.; Takada, K.; Ono, K.; Kamihara, Y.; et al.
Stromal cells expressing hedgehog-interacting protein regulate the proliferation of myeloid neoplasms. Blood Cancer J. 2012, 2, e87.
[CrossRef] [PubMed]

33. Zahreddine, H.A.; Culjkovic-Kraljacic, B.; Assouline, S.; Gendron, P.; Romeo, A.A.; Morris, S.J.; Cormack, G.; Jaquith, J.B.;
Cerchietti, L.; Cocolakis, E.; et al. The sonic hedgehog factor GLI1 imparts drug resistance through inducible glucuronidation.
Nature 2014, 511, 90–93. [CrossRef]

34. Lim, Y.; Gondek, L.; Li, L.; Wang, Q.; Ma, H.; Chang, E.; Huso, D.L.; Foerster, S.; Marchionni, L.; McGovern, K.; et al. Integration
of Hedgehog and mutant FLT3 signaling in myeloid leukemia. Sci. Transl. Med. 2015, 7, 291ra296. [CrossRef] [PubMed]

35. Wellbrock, J.; Latuske, E.; Kohler, J.; Wagner, K.; Stamm, H.; Vettorazzi, E.; Vohwinkel, G.; Klokow, M.; Uibeleisen, R.; Ehm,
P.; et al. Expression of Hedgehog Pathway Mediator GLI Represents a Negative Prognostic Marker in Human Acute Myeloid
Leukemia and Its Inhibition Exerts Antileukemic Effects. Clin. Cancer Res. 2015, 21, 2388–2398. [CrossRef]

36. Xavier-Ferrucio, J.M.; Pericole, F.V.; Lopes, M.R.; Latuf-Filho, P.; Barcellos, K.S.; Dias, A.I.; Campos Pde, M.; Traina, F.; Vassallo, J.;
Saad, S.T.; et al. Abnormal Hedgehog pathway in myelodysplastic syndrome and its impact on patients’ outcome. Haematologica
2015, 100, e491–e493. [CrossRef] [PubMed]

37. Lau, B.W.; Huh, K.; Madero-Marroquin, R.; De Marchi, F.; Lim, Y.; Wang, Q.; Lobo, F.; Marchionni, L.; Smith, D.B.; DeZern,
A.; et al. Hedgehog/GLI1 activation leads to leukemic transformation of myelodysplastic syndrome in vivo and GLI1 inhibition
results in antitumor activity. Oncogene 2019, 38, 687–698. [CrossRef]

38. Fukushima, N.; Minami, Y.; Kakiuchi, S.; Kuwatsuka, Y.; Hayakawa, F.; Jamieson, C.; Kiyoi, H.; Naoe, T. Small-molecule
Hedgehog inhibitor attenuates the leukemia-initiation potential of acute myeloid leukemia cells. Cancer Sci. 2016, 107, 1422–1429.
[CrossRef]

39. Tibes, R.; Al-Kali, A.; Oliver, G.R.; Delman, D.H.; Hansen, N.; Bhagavatula, K.; Mohan, J.; Rakhshan, F.; Wood, T.; Foran, J.M.; et al.
The Hedgehog pathway as targetable vulnerability with 5-azacytidine in myelodysplastic syndrome and acute myeloid leukemia.
J. Hematol. Oncol. 2015, 8, 114. [CrossRef]

40. Huang, K.; Sun, Z.; Ding, B.; Jiang, X.; Wang, Z.; Zhu, Y.; Meng, F. Suppressing Hedgehog signaling reverses drug resistance of
refractory acute myeloid leukemia. Oncol. Targets Ther. 2019, 12, 7477–7488. [CrossRef]

41. Queiroz, K.C.; Ruela-de-Sousa, R.R.; Fuhler, G.M.; Aberson, H.L.; Ferreira, C.V.; Peppelenbosch, M.P.; Spek, C.A. Hedgehog
signaling maintains chemoresistance in myeloid leukemic cells. Oncogene 2010, 29, 6314–6322. [CrossRef]

42. Freisleben, F.; Behrmann, L.; Thaden, V.; Muschhammer, J.; Bokemeyer, C.; Fiedler, W.; Wellbrock, J. Downregulation of GLI3
Expression Mediates Chemotherapy Resistance in Acute Myeloid Leukemia. Int. J. Mol. Sci. 2020, 21, 5084. [CrossRef] [PubMed]

43. DiNardo, C.D.; Jonas, B.A.; Pullarkat, V.; Thirman, M.J.; Garcia, J.S.; Wei, A.H.; Konopleva, M.; Döhner, H.; Letai, A.; Fenaux,
P.; et al. Azacitidine and Venetoclax in Previously Untreated Acute Myeloid Leukemia. N. Engl. J. Med. 2020, 383, 617–629.
[CrossRef] [PubMed]

44. Zou, J.; Zhou, Z.; Wan, L.; Tong, Y.; Qin, Y.; Wang, C.; Zhou, K. Targeting the Sonic Hedgehog-Gli1 Pathway as a Potential New
Therapeutic Strategy for Myelodysplastic Syndromes. PLoS ONE 2015, 10, e0136843. [CrossRef] [PubMed]

45. Chaudhry, P.; Singh, M.; Triche, T.J.; Guzman, M.; Merchant, A.A. GLI3 repressor determines Hedgehog pathway activation and
is required for response to SMO antagonist glasdegib in AML. Blood 2017, 129, 3465–3475. [CrossRef]

46. Daver, N.; Schlenk, R.F.; Russell, N.H.; Levis, M.J. Targeting FLT3 mutations in AML: Review of current knowledge and evidence.
Leukemia 2019, 33, 299–312. [CrossRef]

47. Latuske, E.-M.; Stamm, H.; Klokow, M.; Vohwinkel, G.; Muschhammer, J.; Bokemeyer, C.; Jücker, M.; Kebenko, M.; Fiedler, W.;
Wellbrock, J. Combined inhibition of GLI and FLT3 signaling leads to effective anti-leukemic effects in human acute myeloid
leukemia. Oncotarget 2017, 8, 29187. [CrossRef] [PubMed]

48. Sekulic, A.; Migden, M.R.; Oro, A.E.; Dirix, L.; Lewis, K.D.; Hainsworth, J.D.; Solomon, J.A.; Yoo, S.; Arron, S.T.; Friedlander,
P.A.; et al. Efficacy and safety of vismodegib in advanced basal-cell carcinoma. N. Engl. J. Med. 2012, 366, 2171–2179. [CrossRef]

49. Robarge, K.D.; Brunton, S.A.; Castanedo, G.M.; Cui, Y.; Dina, M.S.; Goldsmith, R.; Gould, S.E.; Guichert, O.; Gunzner, J.L.;
Halladay, J.; et al. GDC-0449-a potent inhibitor of the Hedgehog pathway. Bioorg. Med. Chem. Lett. 2009, 19, 5576–5581. [CrossRef]
[PubMed]

50. Bixby, D.; Noppeney, R.; Lin, T.L.; Cortes, J.; Krauter, J.; Yee, K.; Medeiros, B.C.; Krämer, A.; Assouline, S.; Fiedler, W.; et al. Safety
and efficacy of vismodegib in relapsed/refractory acute myeloid leukaemia: Results of a phase Ib trial. Br. J. Haematol. 2019,
185, 595–598. [CrossRef]

51. Casey, D.; Demko, S.; Shord, S.; Zhao, H.; Chen, H.; He, K.; Putman, A.; Helms, W.; Keegan, P.; Pazdur, R. FDA Approval
Summary: Sonidegib for Locally Advanced Basal Cell Carcinoma. Clin. Cancer Res. 2017, 23, 2377–2381. [CrossRef] [PubMed]

http://doi.org/10.1080/10428194.2020.1839649
http://www.ncbi.nlm.nih.gov/pubmed/33153366
http://doi.org/10.1111/j.1349-7006.2009.01111.x
http://doi.org/10.1182/blood.V120.21.1441.1441
http://doi.org/10.1038/bcj.2012.36
http://www.ncbi.nlm.nih.gov/pubmed/22961059
http://doi.org/10.1038/nature13283
http://doi.org/10.1126/scitranslmed.aaa5731
http://www.ncbi.nlm.nih.gov/pubmed/26062848
http://doi.org/10.1158/1078-0432.CCR-14-1059
http://doi.org/10.3324/haematol.2015.124040
http://www.ncbi.nlm.nih.gov/pubmed/26294731
http://doi.org/10.1038/s41388-018-0431-9
http://doi.org/10.1111/cas.13019
http://doi.org/10.1186/s13045-015-0211-8
http://doi.org/10.2147/OTT.S216628
http://doi.org/10.1038/onc.2010.375
http://doi.org/10.3390/ijms21145084
http://www.ncbi.nlm.nih.gov/pubmed/32708452
http://doi.org/10.1056/NEJMoa2012971
http://www.ncbi.nlm.nih.gov/pubmed/32786187
http://doi.org/10.1371/journal.pone.0136843
http://www.ncbi.nlm.nih.gov/pubmed/26317501
http://doi.org/10.1182/blood-2016-05-718585
http://doi.org/10.1038/s41375-018-0357-9
http://doi.org/10.18632/oncotarget.16304
http://www.ncbi.nlm.nih.gov/pubmed/28418873
http://doi.org/10.1056/NEJMoa1113713
http://doi.org/10.1016/j.bmcl.2009.08.049
http://www.ncbi.nlm.nih.gov/pubmed/19716296
http://doi.org/10.1111/bjh.15571
http://doi.org/10.1158/1078-0432.CCR-16-2051
http://www.ncbi.nlm.nih.gov/pubmed/28073840


Cancers 2021, 13, 4888 12 of 13

52. Tibes, R.; Kosiorek, H.E.; Dueck, A.; Palmer, J.; Slack, J.L.; Knight, E.A.; Hashmi, S.K.; Bogenberger, J.M.; Zblewski, D.; Hogan,
W.J.; et al. Phase I/IB Study of Azacitidine and Hedgehog Pathway Inhibition with Sonidegib (LDE225) in Myeloid Malignancies.
Blood 2017, 130, 2629. [CrossRef]

53. Vey, N. Addition of the SMO Inhibitor Sonidegib to Azacitidine in Patients with Higher Risk Myelodysplastic Syndrome (MDS)
Who Failed to Respond or Lost Response to AZA Alone: Results of a Phase 1-2 Add-on Study By the GFM. Blood 2018, 132, 4368.
[CrossRef]

54. Munchhof, M.J.; Li, Q.; Shavnya, A.; Borzillo, G.V.; Boyden, T.L.; Jones, C.S.; LaGreca, S.D.; Martinez-Alsina, L.; Patel, N.; Pelletier,
K.; et al. Discovery of PF-04449913, a Potent and Orally Bioavailable Inhibitor of Smoothened. ACS Med. Chem. Lett. 2012,
3, 106–111. [CrossRef]

55. Martinelli, G.; Oehler, V.G.; Papayannidis, C.; Courtney, R.; Shaik, M.N.; Zhang, X.; O’Connell, A.; McLachlan, K.R.; Zheng, X.;
Radich, J.; et al. Treatment with PF-04449913, an oral smoothened antagonist, in patients with myeloid malignancies: A phase 1
safety and pharmacokinetics study. Lancet Haematol. 2015, 2, e339–e346. [CrossRef]

56. Sallman, D.A.; Komrokji, R.S.; Sweet, K.L.; Mo, Q.; McGraw, K.L.; Duong, V.H.; Zhang, L.; Nardelli, L.A.; Padron, E.; List,
A.F.; et al. A phase 2 trial of the oral smoothened inhibitor glasdegib in refractory myelodysplastic syndromes (MDS). Leuk. Res.
2019, 81, 56–61. [CrossRef]

57. Minami, Y.; Minami, H.; Miyamoto, T.; Yoshimoto, G.; Kobayashi, Y.; Munakata, W.; Onishi, Y.; Kobayashi, M.; Ikuta, M.; Chan,
G.; et al. Phase I study of glasdegib (PF-04449913), an oral smoothened inhibitor, in Japanese patients with select hematologic
malignancies. Cancer Sci. 2017, 108, 1628–1633. [CrossRef]

58. Kent, A.; Vasu, S.; Schatz, D.; Monson, N.; Devine, S.; Smith, C.; Gutman, J.A.; Pollyea, D.A. Glasdegib as maintenance therapy
for patients with AML and MDS patients at high risk for postallogeneic stem cell transplant relapse. Blood Adv. 2020, 4, 3102–3108.
[CrossRef]

59. Savona, M.R.; Pollyea, D.A.; Stock, W.; Oehler, V.G.; Schroeder, M.A.; Lancet, J.; McCloskey, J.; Kantarjian, H.M.; Ma, W.W.;
Shaik, M.N.; et al. Phase Ib Study of Glasdegib, a Hedgehog Pathway Inhibitor, in Combination with Standard Chemotherapy in
Patients with AML or High-Risk MDS. Clin. Cancer Res. 2018, 24, 2294–2303. [CrossRef]

60. Cortes, J.E.; Douglas Smith, B.; Wang, E.S.; Merchant, A.; Oehler, V.G.; Arellano, M.; DeAngelo, D.J.; Pollyea, D.A.; Sekeres, M.A.;
Robak, T.; et al. Glasdegib in combination with cytarabine and daunorubicin in patients with AML or high-risk MDS: Phase 2
study results. Am. J. Hematol. 2018, 93, 1301–1310. [CrossRef] [PubMed]

61. Cortes, J.E.; Heidel, F.H.; Hellmann, A.; Fiedler, W.; Smith, B.D.; Robak, T.; Montesinos, P.; Pollyea, D.A.; DesJardins, P.; Ottmann,
O.; et al. Randomized comparison of low dose cytarabine with or without glasdegib in patients with newly diagnosed acute
myeloid leukemia or high-risk myelodysplastic syndrome. Leukemia 2019, 33, 379–389. [CrossRef]

62. Cortes, J.E.; Heidel, F.H.; Fiedler, W.; Smith, B.D.; Robak, T.; Montesinos, P.; Candoni, A.; Leber, B.; Sekeres, M.A.; Pollyea,
D.A.; et al. Survival outcomes and clinical benefit in patients with acute myeloid leukemia treated with glasdegib and low-dose
cytarabine according to response to therapy. J. Hematol. Oncol. 2020, 13, 92. [CrossRef] [PubMed]

63. Cortes, J.E.; Dombret, H.; Merchant, A.; Tauchi, T.; Di Rienzo, C.G.; Sleight, B.; Zhang, X.; Leip, E.P.; Shaik, N.; Bell, T.; et al.
Glasdegib plus intensive/nonintensive chemotherapy in untreated acute myeloid leukemia: BRIGHT AML 1019 Phase III trials.
Future Oncol. 2019, 15, 3531–3545. [CrossRef] [PubMed]

64. Pietrobono, S.; Gagliardi, S.; Stecca, B. Non-canonical Hedgehog Signaling Pathway in Cancer: Activation of GLI Transcription
Factors Beyond Smoothened. Front. Genet. 2019, 10, 556. [CrossRef] [PubMed]

65. Riobo, N.A.; Haines, G.M.; Emerson, C.P., Jr. Protein kinase C-delta and mitogen-activated protein/extracellular signal-regulated
kinase-1 control GLI activation in hedgehog signaling. Cancer Res. 2006, 66, 839–845. [CrossRef]

66. Stecca, B.; Mas, C.; Clement, V.; Zbinden, M.; Correa, R.; Piguet, V.; Beermann, F.; Ruiz, I.A.A. Melanomas require HEDGEHOG-
GLI signaling regulated by interactions between GLI1 and the RAS-MEK/AKT pathways. Proc. Natl. Acad. Sci. USA 2007,
104, 5895–5900. [CrossRef] [PubMed]

67. Wang, Y.; Ding, Q.; Yen, C.J.; Xia, W.; Izzo, J.G.; Lang, J.Y.; Li, C.W.; Hsu, J.L.; Miller, S.A.; Wang, X.; et al. The crosstalk of
mTOR/S6K1 and Hedgehog pathways. Cancer Cell 2012, 21, 374–387. [CrossRef]

68. Dennler, S.; Andre, J.; Verrecchia, F.; Mauviel, A. Cloning of the human GLI2 Promoter: Transcriptional activation by transforming
growth factor-beta via SMAD3/beta-catenin cooperation. J. Biol. Chem. 2009, 284, 31523–31531. [CrossRef] [PubMed]

69. Atwood, S.X.; Li, M.; Lee, A.; Tang, J.Y.; Oro, A.E. GLI activation by atypical protein kinase C iota/lambda regulates the growth
of basal cell carcinomas. Nature 2013, 494, 484–488. [CrossRef]

70. Mao, J.; Maye, P.; Kogerman, P.; Tejedor, F.J.; Toftgard, R.; Xie, W.; Wu, G.; Wu, D. Regulation of Gli1 Transcriptional Activity in
the Nucleus by Dyrk1. J. Biol. Chem. 2002, 277, 35156–35161. [CrossRef]

71. Ehe, B.K.; Lamson, D.R.; Tarpley, M.; Onyenwoke, R.U.; Graves, L.M.; Williams, K.P. Identification of a DYRK1A-mediated
phosphorylation site within the nuclear localization sequence of the hedgehog transcription factor GLI1. Biochem. Biophys.
Res. Commun. 2017, 491, 767–772. [CrossRef]

72. Lauth, M.; Bergström, Å.; Shimokawa, T.; Tostar, U.; Jin, Q.; Fendrich, V.; Guerra, C.; Barbacid, M.; Toftgård, R. DYRK1B-
dependent autocrine-to-paracrine shift of Hedgehog signaling by mutant RAS. Nat. Struct. Mol. Biol. 2010, 17, 718–725. [CrossRef]
[PubMed]

http://doi.org/10.1182/blood.V130.Suppl_1.2629.2629
http://doi.org/10.1182/blood-2018-99-113529
http://doi.org/10.1021/ml2002423
http://doi.org/10.1016/S2352-3026(15)00096-4
http://doi.org/10.1016/j.leukres.2019.03.008
http://doi.org/10.1111/cas.13285
http://doi.org/10.1182/bloodadvances.2020001991
http://doi.org/10.1158/1078-0432.CCR-17-2824
http://doi.org/10.1002/ajh.25238
http://www.ncbi.nlm.nih.gov/pubmed/30074259
http://doi.org/10.1038/s41375-018-0312-9
http://doi.org/10.1186/s13045-020-00929-8
http://www.ncbi.nlm.nih.gov/pubmed/32664995
http://doi.org/10.2217/fon-2019-0373
http://www.ncbi.nlm.nih.gov/pubmed/31516032
http://doi.org/10.3389/fgene.2019.00556
http://www.ncbi.nlm.nih.gov/pubmed/31244888
http://doi.org/10.1158/0008-5472.CAN-05-2539
http://doi.org/10.1073/pnas.0700776104
http://www.ncbi.nlm.nih.gov/pubmed/17392427
http://doi.org/10.1016/j.ccr.2011.12.028
http://doi.org/10.1074/jbc.M109.059964
http://www.ncbi.nlm.nih.gov/pubmed/19797115
http://doi.org/10.1038/nature11889
http://doi.org/10.1074/jbc.M206743200
http://doi.org/10.1016/j.bbrc.2017.07.107
http://doi.org/10.1038/nsmb.1833
http://www.ncbi.nlm.nih.gov/pubmed/20512148


Cancers 2021, 13, 4888 13 of 13

73. Varjosalo, M.; Björklund, M.; Cheng, F.; Syvänen, H.; Kivioja, T.; Kilpinen, S.; Sun, Z.; Kallioniemi, O.; Stunnenberg, H.G.; He,
W.-W.; et al. Application of Active and Kinase-Deficient Kinome Collection for Identification of Kinases Regulating Hedgehog
Signaling. Cell 2008, 133, 537–548. [CrossRef] [PubMed]

74. Li, B.; Fei, D.L.; Flaveny, C.A.; Dahmane, N.; Baubet, V.; Wang, Z.; Bai, F.; Pei, X.H.; Rodriguez-Blanco, J.; Hang, B.; et al.
Pyrvinium attenuates Hedgehog signaling downstream of smoothened. Cancer Res. 2014, 74, 4811–4821. [CrossRef] [PubMed]

75. Canettieri, G.; Di Marcotullio, L.; Greco, A.; Coni, S.; Antonucci, L.; Infante, P.; Pietrosanti, L.; De Smaele, E.; Ferretti, E.; Miele,
E.; et al. Histone deacetylase and Cullin3-REN(KCTD11) ubiquitin ligase interplay regulates Hedgehog signalling through Gli
acetylation. Nat. Cell Biol. 2010, 12, 132–142. [CrossRef] [PubMed]

76. Coni, S.; Antonucci, L.; D’Amico, D.; Di Magno, L.; Infante, P.; De Smaele, E.; Giannini, G.; Di Marcotullio, L.; Screpanti, I.;
Gulino, A.; et al. Gli2 acetylation at lysine 757 regulates hedgehog-dependent transcriptional output by preventing its promoter
occupancy. PLoS ONE 2013, 8, e65718. [CrossRef]

77. Zhao, J.; Quan, H.; Xie, C.; Lou, L. NL-103, a novel dual-targeted inhibitor of histone deacetylases and hedgehog pathway,
effectively overcomes vismodegib resistance conferred by Smo mutations. Pharmacol. Res. Perspect. 2014, 2, e00043. [CrossRef]

78. Mirza, A.N.; Fry, M.A.; Urman, N.M.; Atwood, S.X.; Roffey, J.; Ott, G.R.; Chen, B.; Lee, A.; Brown, A.S.; Aasi, S.Z.; et al. Combined
inhibition of atypical PKC and histone deacetylase 1 is cooperative in basal cell carcinoma treatment. JCI Insight 2017, 2. [CrossRef]

79. An, S.S.; Bai, T.R.; Bates, J.H.T.; Black, J.L.; Brown, R.H.; Brusasco, V.; Chitano, P.; Deng, L.; Dowell, M.; Eidelman, D.H.; et al.
Airway smooth muscle dynamics: A common pathway of airway obstruction in asthma. Eur. Respir. J. 2007, 29, 834–860.
[CrossRef]

80. Tang, Y.; Gholamin, S.; Schubert, S.; Willardson, M.I.; Lee, A.; Bandopadhayay, P.; Bergthold, G.; Masoud, S.; Nguyen, B.; Vue,
N.; et al. Epigenetic targeting of Hedgehog pathway transcriptional output through BET bromodomain inhibition. Nat. Med.
2014, 20, 732–740. [CrossRef]

81. Kim, J.; Lee, J.J.; Kim, J.; Gardner, D.; Beachy, P.A. Arsenic antagonizes the Hedgehog pathway by preventing ciliary accumulation
and reducing stability of the Gli2 transcriptional effector. Proc. Natl. Acad. Sci. USA 2010, 107, 13432–13437. [CrossRef]

82. Beauchamp, E.M.; Ringer, L.; Bulut, G.; Sajwan, K.P.; Hall, M.D.; Lee, Y.C.; Peaceman, D.; Ozdemirli, M.; Rodriguez, O.;
Macdonald, T.J.; et al. Arsenic trioxide inhibits human cancer cell growth and tumor development in mice by blocking
Hedgehog/GLI pathway. J. Clin. Investig. 2011, 121, 148–160. [CrossRef] [PubMed]

83. Corcoran, R.B.; Scott, M.P. Oxysterols stimulate Sonic hedgehog signal transduction and proliferation of medulloblastoma cells.
Proc. Natl. Acad. Sci. USA 2006, 103, 8408–8413. [CrossRef] [PubMed]

84. Johnson, J.S.; Meliton, V.; Kim, W.K.; Lee, K.B.; Wang, J.C.; Nguyen, K.; Yoo, D.; Jung, M.E.; Atti, E.; Tetradis, S. Novel oxysterols
have pro-osteogenic and anti-adipogenic effects in vitro and induce spinal fusion in vivo. J. Cell. Biochem. 2011, 112, 1673–1684.
[CrossRef] [PubMed]

85. Nachtergaele, S.; Mydock, L.K.; Krishnan, K.; Rammohan, J.; Schlesinger, P.H.; Covey, D.F.; Rohatgi, R. Oxysterols are allosteric
activators of the oncoprotein Smoothened. Nat. Chem. Biol. 2012, 8, 211–220. Available online: http://www.nature.com/
nchembio/journal/v8/n2/abs/nchembio.765.html#supplementary-information (accessed on 14 June 2021). [CrossRef]

86. Agarwal, J.R.; Wang, Q.; Tanno, T.; Rasheed, Z.; Merchant, A.; Ghosh, N.; Borrello, I.; Huff, C.A.; Parhami, F.; Matsui, W.
Activation of Liver X Receptors inhibits of Hedgehog signaling, clonogenic growth, and self-renewal in multiple myeloma.
Mol. Cancer Ther. 2014, 13, 1873–1881. [CrossRef]

http://doi.org/10.1016/j.cell.2008.02.047
http://www.ncbi.nlm.nih.gov/pubmed/18455992
http://doi.org/10.1158/0008-5472.CAN-14-0317
http://www.ncbi.nlm.nih.gov/pubmed/24994715
http://doi.org/10.1038/ncb2013
http://www.ncbi.nlm.nih.gov/pubmed/20081843
http://doi.org/10.1371/journal.pone.0065718
http://doi.org/10.1002/prp2.43
http://doi.org/10.1172/jci.insight.97071
http://doi.org/10.1183/09031936.00112606
http://doi.org/10.1038/nm.3613
http://doi.org/10.1073/pnas.1006822107
http://doi.org/10.1172/JCI42874
http://www.ncbi.nlm.nih.gov/pubmed/21183792
http://doi.org/10.1073/pnas.0602852103
http://www.ncbi.nlm.nih.gov/pubmed/16707575
http://doi.org/10.1002/jcb.23082
http://www.ncbi.nlm.nih.gov/pubmed/21503957
http://www.nature.com/nchembio/journal/v8/n2/abs/nchembio.765.html#supplementary-information
http://www.nature.com/nchembio/journal/v8/n2/abs/nchembio.765.html#supplementary-information
http://doi.org/10.1038/nchembio.765
http://doi.org/10.1158/1535-7163.MCT-13-0997

	Introduction 
	Hedgehog Signaling and Hematopoiesis 
	Hedgehog Signaling in Chronic Myeloid Leukemia 
	Hedgehog Signaling in AML 
	Clinical Studies in AML 
	GLI Activation and Targeting in Myeloid Malignancies 
	Summary and Future Directions 
	References

