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Abstract: Aberrant activation of the hedgehog (HH) pathway is observed in many neoplasms,
including acute myeloid leukemia (AML). The glioma-associated oncogene homolog (GLI)
transcription factors are the main downstream effectors of the HH signaling cascade and are responsible
for the proliferation and maintenance of leukemic stem cells, which support chemotherapy resistance
and leukemia relapse. Cytarabine (Ara-C)-resistant variants of AML cell lines were established
through long-term cultivation with successively increasing Ara-C concentrations. Subsequently,
differences in GLI expression were analyzed by RT-qPCR. GLI3 mRNA levels were detectable in
parental Kasumi-1, OCI-AML3, and OCI-AMLS5 cells, whereas GLI3 expression was completely
silenced in all resistant counterparts. Therefore, we generated GLI3-knockdown cell lines using
small hairpin RNAs (shRNA) and evaluated their sensitivity to Ara-C in vitro. The knockdown of
GLI3 partly abolished the effect of Ara-C on colony formation and induction of apoptosis, indicating
that GLI3 downregulation results in Ara-C resistance. Moreover, we analyzed the expression of
several genes involved in Ara-C metabolism and transport. Knockdown of GLI3 resulted in the
upregulation of SAM and HD domain-containing protein 1 (SAMHD1), cytidine deaminase (CDA),
and ATP-binding cassette C11 (ABCC11)/multidrug resistance-associated protein 8 (MRPS8), each of
which has been identified as a predictive marker for Ara-C response in acute myeloid leukemia.
Our results demonstrate that GLI3 downregulation is a potential mechanism to induce chemotherapy
resistance in AML.

Keywords: AML; GLI3; HH; cytarabine; Ara-C; resistance; SAMHD1; CDA; ABCC11

1. Introduction

Attaining sustained long-term remission in acute myeloid leukemia (AML) patients presents a
notable therapeutic challenge. Despite high initial response rates to chemotherapy, the majority of
patients suffer from a relapse, ultimately leading to death in most cases [1,2]. Growing evidence indicates
that relapse is caused by a small population of leukemic stem cells (LSCs) resistant to chemotherapy,
which serve as reservoir for leukemic blasts [3,4]. In the bone marrow niche, hematopoietic stem
cells (HSC) maintain their stemness and survival by bidirectional crosstalk with the bone marrow
microenvironment [5]. LSCs are able to infiltrate the niche and alter homeostatic processes to maintain
their quiescence, survival, and resistance to chemotherapy [6]. The interaction of LSC with the
microenvironment involves a variety of stem cell signaling pathways, including the hedgehog (HH)
signaling pathway [7].
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The HH signaling pathway is a highly conserved signaling cascade that plays a critical role during
embryogenesis and is strongly involved in many basic cellular functions, including cell differentiation
and proliferation and stem cell maintenance [8]. It is well established that aberrant hedgehog signaling
is associated with a wide variety of neoplasms [9], which results in the activation of the GLI transcription
factors, the main downstream effectors of the HH signaling cascade. In previous work, we could show
that GLI expression represents a negative prognostic factor in AML [10].

The GLI transcription factors consist of three members with specialized function and distinct
regulation mechanisms: GLI1, GLI2, and GLI3. GLI1 and GLI2 represent transcriptional activators,
whereas GLI3 occurs predominantly in its repressor form and functions as a strong repressor of
GLI-mediated transcription [11-13]. In the canonical HH pathway, SMO regulates the level of
GLI activity by shifting the balance between transcriptional stimulation through activated GLI2
and inhibition through GLI3 in its repressor form (GLI3R), while GLI1 is not expressed in resting
cells [13-15]. However, GLI transcription factors represent central hubs in the oncogenic signaling
network and can get activated non-canonically by cross-talk with a variety of pathways, including
FLT3, PI3K-AKT, RAS-RAF-MEK, or TGF( [16,17]. In AML cells, HH activation is largely independent
of SMO activity but is strongly suppressed by GLI3R protein expression [18]. Analysis of The Cancer
Genome Atlas AML data set has shown that GLI3 expression is epigenetically silenced in the majority
of AML patient samples [18]. Consistent with these findings, we could show that GLI3 expression is
absent in most AML patients as determined by qPCR analysis [10].

Several studies have supported the role of activated GLI signaling in the development of resistance
to chemotherapy in multiple cancers, including AML, gastric cancer, and ovarian cancer [19-21].
While it has been shown that chemotherapy resistance can be caused by aberrant activation of the
transcriptional activators GLI1 or GLI2 [22,23], changes in GLI3 expression have never been described
in this context in AML. We hypothesized that the transcriptional repressor GLI3 may represent a major
switch involved in sensitivity to chemotherapy.

2. Results

2.1. GLI3 Expression Silenced in Cytarabine (Ara-C)-Resistant Cell Lines

To better understand the role of the hedgehog pathway in the development of drug resistance and
relapse in AML, we generated Ara-C-resistant variants of the AML cell lines Kasumi-1, OCI-AML3,
and OCI-AMLS5 through long-term cultivation with successively increasing Ara-C concentrations.
Ara-C resistance was characterized by an IC80 value (80% inhibitory concentration) for cell growth
above 10,000 nM (refer to Figure 1 for relative number of viable cells and Figure Al for cell viability,
respectively).

Subsequently, GLI expression was analyzed in resistant variants and compared to that in their
respective parental cell lines. We could not detect consistently significant changes in GLI1 and GLI2
mRNA expression (Appendix A, Figure A2). However, RT-qPCR analysis revealed that GLI3 expression
was completely silenced in Ara-C-RCL Kasumi-1, OCI-AML3, and OCI-AML5, whereas GLI3 mRNA
levels were detectable in their parental counterparts (Figure 2a). Moreover, we could show that
resistant OCI-AML3 and OCI-AMLS5 cells had lower protein levels of both full length GLI3 and its
repressor form compared to their parental cell line, using western blot analysis (Figure 2b).
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Figure 1. Number of viable cells in resistant vs. parental cell lines following treatment with increasing
cytarabine (Ara-C) concentrations. Resistant cell lines (RCL) and wildtype (WT) variants of acute
myeloid leukemia (AML) cell lines Kasumi-1 (a), OCI-AML3 (b), OCI-AMLS5 (c) were plated with
different concentrations of Ara-C ranging from 100 nM to 10,000 nM. Cell counts were normalized
to the those in untreated controls. The average number of viable cells (J) in the untreated control
samples was 1.00 X 10° (Kasumi-1), 1.54 x 10° (OCI-AML3), and 1.43 x 10° (OCI-AML3) for WT cells
and 1.96 x 10° (Kasumi-1), 1.92 x 10° (OCI-AML3), and 1.75 x 10° (OCI-AML3) for RCL; * p < 0.05 and
** p < 0.01 in Welch'’s t-test.
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Figure 2. Downregulation of GLI3 in Ara-C resistant cell lines. (a) WT and Ara-C-RCL Kasumi-1,
OCI-AML3, and OCI-AML5 were analyzed for GLI3 mRNA levels by RT-qPCR analysis; * p < 0.05
and ** p < 0.01 in Welch’s t-test. (b) Western blot of full length GLI3 (GLI3FL) and its repressor form
(GLI3R) in WT and RCL variants of OCI-AML3 and OCI-AMLS5.

30f15

2.2. GLI3 Knockdown Promotes Resistance to Chemotherapy

For shRNA experiments, we chose the AML cell lines THP-1 and OCI-AML3 that express the
highest levels of GLI3 (Figure A3). To investigate whether GLI3 silencing alone imparted drug
resistance, we generated GLI3-knockdown cells by lentiviral transduction of two distinct GLI3-specific
shRNAs. AML cells with GLI3 knockdown were compared with control cells containing nontargeting
shRNA. Compared with the control, GLI3 expression was reduced to 39.6% (+ 31.1%) in THP-1 cells

and to 53.7% (+ 31.4%) in OCI-AMLS3 cells (Figure 3).
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Figure 3. Efficiency of GLI3 knockdown in AML cell lines THP-1 and OCI-AML3. GLI3 mRNA levels
were measured by RT-qPCR following lentiviral transduction with two distinct shRNA targeting GLI3.

The expression of GLI3 was normalized to that in control cells transduced with a scrambled control

shRNA; * p < 0.05 and ** p < 0.01 in Welch'’s t-test.

We performed colony formation assays to investigate whether GLI3 knockdown affects the ability
of leukemic cells to form colonies upon exposure to Ara-C. GLI3-knockdown and scrambled shRNA
control AML cell lines THP-1 and OCI-AML3 were treated with Ara-C concentrations ranging from 25
to 100 nM. Colony numbers were counted on day 7 and normalized to the untreated control. For both
GLI3-knockdown cell lines, Ara-C treatment reduced the colony numbers significantly compared to

the control cells (Figure 4a,b).
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Figure 4. GLI3 knockdown partially protects AML cells against the cytotoxic effect of Ara-C. AML cell
lines THP-1 (a) and OCI-AML3 (b) after GLI3 knockdown and treatment with scrambled shRNA
control were subjected to different Ara-C concentrations for 7 days. Colony numbers were counted and

normalized to those of the untreated controls. The average number of colonies (&) in the untreated
control samples was 84 (scrambled shRNA) and 62 (GLI3 shRNA) for THP-1 and 72 (scrambled shRNA)
and 83 (GLI3 shRNA) for OCI-AMLS3; * p < 0.05 and ** p < 0.01 in Welch'’s t-test; ns, statistically

not significant.

THP-1 cells transduced with either GLI3-targeted shRNA or non-targeting control sShRNA were
investigated for apoptosis induction upon Ara-C treatment. Cells were treated with Ara-C concentration
ranging from 1 uM to 10 uM, and apoptosis rates were determined by flow cytometry. GLI3 knockdown
had the most pronounced effect on apoptosis rates in the presence of high concentrations of Ara-C,
with significant differences observed at 2.5 and 5 uM (Figure 5).
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Figure 5. GLI3 knockdown suppresses apoptosis induction upon treatment with Ara-C. THP-1 cells
transduced with GLI3-targeted shRNA or scrambled shRNA control were treated with the indicated
concentrations of Ara-C, and induction of apoptosis was measured after 48 h by flow cytometry using
Annexin V and propidium iodide. In the untreated (control) samples, the majority of cells transduced
with scrambled shRNA (& 5.9% Annexin V-positive) or GLI3 shRNA (& 6.9% Annexin V-positive) were
viable. Representative flow cytometry plots are shown in Figure A4 (Appendix A). Error bars represent
the mean values + standard deviation; * p < 0.05, ** p < 0.01 in the Welch'’s t-test; ns, statistically
not significant.

2.3. GLI3 Knockdown Impacts the Expression of Ara-C Resistance Genes

Because GLI3 knockdown reduced the sensitivity of AML cells to Ara-C, we next assessed
whether gene knockdown was associated with expression changes of several genes involved in Ara-C
metabolism and transport. RT-qPCR analysis revealed that SAMHD1, CDA, and ABCC11 (MRPS8) were
upregulated in GLI3-knockdown cells compared to cells transduced with control shRNA (Figure 6).
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Figure 6. Knockdown of GLI3 results in the upregulation of genes involved in Ara-C metabolism and
transport. Expression levels of SAMHD]1 (a), CDA (b), and ABCC11 (c) in GLI3-knockdown cell lines
THP-1 and OCI-AML3 were quantified by RT-qPCR and compared to their expression levels in control
cells transduced with a scrambled shRNA. Error bars represent the mean values + standard deviation;
*p <0.05,** p < 0.01 in the Welch’s -test; ns, not significant.

SAMHDI1 and CDA are two key enzymes of the Ara-C metabolism that strongly reduce the
intracellular level of the active Ara-C metabolite by promoting the conversion of Ara-C to an inactive
state. In addition, GLI3 knockdown increased the expression of ABCC11, a membrane transporter with
the ability to efflux nucleoside analogues, such as Ara-C, inhibiting their intracellular accumulation
(Figure 7).



Int. J. Mol. Sci. 2020, 21, 5084 6 of 15

ABCC11

CDA
Ara-C — Ara-U

]
]
' || SAMDH1
v

Ara-CTP

Cytotoxic Effects

Figure 7. Role of SAMHD1, CDA, and ABCC11 in Ara-C metabolism. ATP-binding cassette C11
(ABCC11) functions as a nucleotide efflux pump and reduces the intracellular levels of Ara-C; cytidine
deaminase (CDA) irreversibly deaminates Ara-C to its inactive uracil derivative uracil arabinoside
(Ara-U); the phosphohydrolase SAMHDI1 reduces active Ara-CTP levels through hydrolyzing Ara-CTP
into inactive Ara-C.

3. Discussion

Despite high responses to initial chemotherapy, the vast majority of AML patients relapses
after remission due to persistent subpopulation of LSC, because of their drug-resistant phenotype.
The LSC hypothesis is of substantial clinical relevance, offering an explanation for minimal residual
disease, relapse, and therapy failure and highlighting the need to target these cells in order to achieve
long-lasting remissions [24,25].

In mammals, three GLI transcription factors function as central mediators of HH signaling.
GLI1 only functions as a transcriptional activator [26], while GLI2 and GLI3 can function both as
activating and as inhibitory regulators [27]. Full-length GLI3 (GLI3FL), after phosphorylation and
nuclear translocation, acts as a weak transcriptional activator [28]. The proteolytically processing of
GLI2FL to its repressor form is not present in cultured cell lines or, at best, is inefficient. The majority of
GLI2FL is degraded completely by the proteasome. In contrast, GLI3FL is efficiently processed to the
truncated GLI3-repressor form that acts as a strong negative regulator of GLI-mediated transcription [11].
In the absence of HH signaling, GLI3 is predominantly in its repressor form and functions as a strong
repressor of GLI-mediated transcription. The level of GLI signaling activity is largely determined by
the balance between the transcriptional activators GLI1 and GLI2 and the repressor GLI3R [14,15].

To investigate the molecular changes underlying resistance to chemotherapy, we generated
Ara-C-resistant strains of several AML cell lines and performed gene expression analysis of the HH
pathway members using RT-qPCR and western blot. We showed that GLI3 expression was silenced in
AML cells with acquired Ara-C resistance. A tumor suppressor role for GLI3R has been demonstrated
in a medulloblastoma mouse model driven by GLI2AN expression. GLI2AN is a constitutively active
GLI2 isoform. In the absence of cilia, GLI2AN induces medulloblastoma early in life by elimination of
GLI3R [29]. The primary cilium is required for proteolytical processing of GLI3 to its repressor form [30].
Interestingly, it has been shown that primary cilia are absent in a high proportion of AML cells, possibly
resulting in reduced intracellular GLI3R levels in most cases [31]. In line with this hypothesis, we could
observe the absence of GLI3 expression in 74% of AML patient samples [10]. Consistent with these
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results, genetic analysis of The Cancer Genome Atlas AML dataset by Chaudhry et al. demonstrated
that GLI3 expression is epigenetically silenced in most AML patients [18]. In agreement with these
findings, when analyzing AML cell lines by RT-qPCR, GLI3 expression could not be detected in HL-60
cells, while low expression was found in MOLM-13 and OCI-AML5 AML cell lines. The highest GLI3
mRNA levels could be detected in Kasumi-1, THP-1, and OCI-AML3 cells (Appendix A, Figure A3).
As previously mentioned, GLI3 is epigenetically silenced in a large number of AML cells, which suggests
that GLI3 expression was also downregulated through epigenetic mechanisms in the Ara-C-resistant
subclones. Accordingly, it has been demonstrated that GLI3 expression could be restored in AML cells
treated with decitabine, a hypomethylating agent [18].

We showed that downregulation of GLI3 using shRNA reduced cell sensitivity towards Ara-C
treatment. This effect was especially obvious in clonogenic assays of AML cells. This indicates that
GLI3 downregulation might specifically protect leukemic stem or progenitor cells from the cytotoxic
effects of Ara-C. Even though GLI3 silencing has never been described in the context of Ara-C resistance
in AML, the association of HH pathway activity with chemotherapy resistance is well established
in leukemia and other cancers. Queiroz and colleagues showed that activation of the HH pathway
was associated with a multidrug-resistant phenotype of myeloid leukemia cells by upregulation
of p-glycoprotein, a drug efflux pump [32]. Several studies demonstrated that the combination of
Ara-C with the SMO inhibitor cyclopamine or the GLI inhibitor GANT-61 significantly enhanced the
sensitivity of AML cell lines and primary CD34" AML cells to Ara-C [21,33,34]. In a recent study,
GLI1 expression was significantly higher in refractory patients compared to non-refractory cases.
In addition, high expression of GLI1 was associated with rapid and repeated relapse. The authors
could reverse resistance in the multiple drug-resistant HL-60 AML cell line using the SMO inhibitor
NVP-LDE225, resulting in decreased protein expression of MRP1, which is a membrane drug transporter
protein responsible for drug resistance and a poor prognosis in AML patients [35]. Furthermore,
activated GLI signaling results in the upregulation of several drug transporters, including the ABC
transporters ABCB1, ABCB2, and ABCG2, DNA repair mechanisms, and drug-modifying enzymes of
the UDP glucuronosyltransferase (UGT1A) family [22,36-38]. However, while the role of GLI signaling
in drug resistance is well established, the involvement of GLI3 gene expression in the development of
chemotherapy resistance has not been investigated.

We could show that GLI3 downregulation resulted in increased expression of SAMHDI,
CDA, and ABCC11 (MRPS8). ATP-binding cassette C11 (ABCC11) is a member of the multidrug
resistance-associated protein (MRP) family of ATP-binding cassette transporters, which functions as
a nucleotide efflux pump and has been shown to reduce the intracellular levels of several clinically
relevant nucleotide analogs, including the anticancer fluoropyrimidines and antiviral agents [39].
The expression of the efflux transporter ABCC11 correlates with poor prognosis in AML. Cells transfected
with ABCC11 were resistant to Ara-C and showed reduced intracellular levels of Ara-C and its
metabolites [40]. Intracellularly, Ara-C is activated through three phosphorylation steps leading to
its active metabolite cytidine-5'-triphosphate (Ara-CTP), with phosphorylation of Ara-C to Ara-CMP
by deoxycytidine kinase (DCK) being the rate-limiting step in its activation [41]. SAMHDI is a
phosphohydrolase that cleaves deoxynucleoside triphosphates (ANTP) into inorganic triphosphate
and deoxyribonucleosides [42]. In leukemic cells exposed to Ara-C, SAMHDI1 drastically reduces
Ara-CTP levels through hydrolyzing Ara-CTP into inactive Ara-C [43]. Schneider et al. showed that
inactivation of SAMHDI1 strongly sensitizes AML cells to the cytotoxic effects of Ara-C in vitro and
in vivo. Moreover, they showed that SAMHDI expression is a negative predictor of the response
to Ara-C-based treatment in AML patients [44]. In the activation of Ara-C, DCK competes with
cytidine deaminase (CDA), which irreversibly deaminates Ara-C to its inactive uracil derivative uracil
arabinoside (Ara-U) [45]. Ohta et al. showed that high CDA activity mediates the resistance of U937
monocytoid leukemia cells to Ara-C [46]. In an ex vivo cytotoxicity assay of AML patient samples,
CDA expression was significantly lower in the Ara-C-sensitive group compared with intermediately
sensitive or resistant samples and was found to be a strong predictor of Ara-C response [47]. In AML
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patients, high activity and expression of CDA was associated with poor initial response and predictive
of remission duration [48,49].

In conclusion, we describe that loss of GLI3R through GLI3 gene silencing in AML cells results
in acquired Ara-C resistance. GLI3R functions as a strong repressor of GLI-mediated transcription,
and its downregulation by shRNA significantly reduces the effect of Ara-C in AML cells by modulating
key enzymes involved in Ara-C metabolism.

4. Materials and Methods

4.1. Cell Lines and Cell Culture

The cell lines used in this study were either purchased from the DSMZ (Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany) or authenticated by the
Multiplex human Cell Authentication test (Multiplexion GmbH, Heidelberg, Germany). THP1 cells
were maintained in RPMI 1640 medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% fetal bovine serum (FBS Superior, Biochrom GmbH, Berlin, Germany).
Kasumi-1 cells were cultured in RPMI 1640 medium supplemented with 20% FBS. OCI-AML3
cells were maintained in «-MEM medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 20 % FBS. OCI-AMLS5 cells were cultured in «e-MEM mediumsupplemented with
20 % FBS and 10 ng/mL GM-CSF (PeproTech GmbH, Hamburg, Germany). All cells were maintained
in a humidified incubator with 5 % CO, at 37 °C.

4.2. Generation of Ara-C-Resistant Cell Lines

Kasumi-1, OCI-AML3, and OCI-AMLS cells were cultivated with their respective IC95 Ara-C
concentration continuously for several months. Cell viability was measured twice a week on day 3 and
day 7, and Ara-C dose was adjusted according to cellular IC95 rates. Cells were routinely tested for
Ara-C resistance in proliferation assays with Ara-C concentration up to 10,000 nM. Resistance was
defined as IC80 > 10,000 nM Ara-C. All cell lines (resistant and parental) were routinely checked to
ensure there was no mycoplasma contamination, using MycoAlert Mycoplasma Detection kit (Lonza
Group AG, Basel, Swiss).

4.3. Lentiviral Transduction of AML Cell Lines with GLI3-Specific sShRNA

Two different pLKO.l-puro vectors encoding GLI3 (#1, TRCN0000416117, sequence
5-CCGGACAAGAGGTCCAAGATCAAACCTCGAGGTTTGATCTTGGACCTCTTGTTTTTTTG-3’
and #2, TRCN0000020506, sequence 5'-CCGGGCCATCCACATGGAATATCTTCTCGAGAAGATATTC
CATGTGGATGGCTTTTT-3") or scrambled shRNA (SHC002, non-target shRNA vector) were
purchased from Sigma-Aldrich (Taufkirchen, Germany). We used the Lentiviral Gene Ontology Vector
(LeGO) system for cloning and transfection into the AML cell lines (LeGO-C/Zeo and LeGO-G/Puro,
respectively) [50]. Lentiviral particle-containing supernatants were generated in HEK293T cells
co-transfected with the plasmids LeGO-C/Zeo + GLI3 shRNA (#1), LeGO-G/Puro + GLI3 shRNA (#2),
or LeGO-G/Puro + scrambled shRNA in combination with pMD2.G-VSV-G and psPAX2-Gag-Pol,
using calcium phosphate co-precipitation. THP-1 or OCI-AML3 were transduced either with
non-targeting shRNA (negative control) or with two shRNA against GLI3, simultaneously. On day
3 after transduction, the transduced cells were selected by treatment with puromycin (2 pg/mL;
Sigma-Aldrich, Taufkirchen, Germany) and/or zeocin (500 pg/mL; Thermo Fisher Scientific, Waltham,
MA, USA) for 7 days prior to functional assays. The knock-down efficiency for GLI3 was determined
using quantitative PCR analysis after 7 days of zeocin and/or puromycin selection. All work with
lentiviral particles was done in an S2 facility after approval according to German law.

11



Int. J. Mol. Sci. 2020, 21, 5084 9of 15

4.4. Proliferation Assay

Ara-C-resistant and parental cells of the AML cell lines Kasumi-1, OCI-AML3, and OCI-AML5
were plated in 24-well plates at a density of 150,000 cells/well in 500 uL of cell culture medium and
cultured with increasing concentrations of Ara-C for 3 days. The number of viable cell was determined
after 3 days with the Trypan Blue dye exclusion method, using the cell viability analyzer Vi-Cell ™ XR
(Beckman Coulter, Brea, CA, USA).

4.5. Apoptosis Assay

THP-1 cells were seeded in 96-well plates at a density of 200,000 cells/well in 200 uL of cell
culture medium and incubated with increasing concentrations of Ara-C for 48h. For shRNA
experiments, GLI3-knockdown AML cells were compared to the negative control containing
non-targeting shRNA. Induction of apoptosis was measured after 48 h by flow cytometry using
APC (allophycocyanin)-conjugated Annexin-V (MabTag GmbH, Friesoythe, Germany) and propidium
iodide. Data analysis was performed using the FACS Calibur (BD Biosciences, San Jose, CA, USA) and
FlowJo X (Version 10.0.7, BD Life Sciences, FlowJo, LLC, Ashland, OR, USA) Software.

4.6. Colony Formation Assay

Cell lines were seeded in cell culture dishes (35 x 10 mm, Sarstedt AG & Co. KG, Niimbrecht,
Germany) at a density of 250 cells/mL in 1 mL of methylcellulose-based semi-solid medium (Methocult
H4230, Stemcell Technologies, Vancouver, BC, Canada) supplemented with different concentrations of
Ara-C. For shRNA experiments, the colony formation capacity of AML cell lines with GLI3 knockdown
were compared to that of the negative controls containing non-targeting shRNA. After 7 days,
the number of colonies was counted using an inverted microscope (Axiovert 25, Zeiss, Jena, Germany).

4.7. Protein Isolation and Western Blot Analysis

Proteins of OCI-AML3 and OCI-AMLS5 cells were extracted using the trichloroacetic acid
method. Protein concentration was determined using the DC Protein Assay (Bio-Rad Laboratories,
Inc., Hercules, CA, USA). For each sample, a total of 20 ug of protein was separated using a 4-12%
tris-glycine SDS-polyacrylamide gel (Thermo Fisher Scientific, Waltham, MA, USA). The proteins were
transferred to a nitrocellulose membrane, and the membrane was incubated with either polyclonal
goat IgG anti-human/mouse GLI3 (AF3690, 1:2000, R&D Systems) or mouse anti-human (3-ACTIN
(sc-47778, 1:5000, Santa Cruz Biotechnology, Dallas, TX, USA) at 4 °C overnight. HRP-linked anti-goat
immunoglobulins (P0449, 1:10,000) and anti-mouse IgG (NXA931, 1:10,000) secondary antibodies
were purchased from Dako (Glostrup, Denmark) and GE Healthcare (Chicago, IL, USA), respectively.
Membranes were incubated with secondary antibodies for 1 h at room temperature. Imaging was
performed using the Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare,
Chicago, IL, USA) and the Fusion SL 4 3500 WL chemiluminescence system (Vilber Lourmat,
Eberhardzell, Germany).

4.8. Reverse Transcription and Quantitative PCR

Exon-spanning primers were designed with Primer 3 software (Whitehead Institute for Biomedical
Research, Boston, MA, USA) or obtained from the GETPrime qPCR primer database [51]. RNA was
extracted using innuPREP RNA Mini Kit 2.0 (Analytik Jena, Jena, Germany) and reverse-transcribed
into cDNA using PrimeScript™ RT Master Mix (TaKaRa Bio Inc., Kusatsu, Japan). RT-qPCR analyses
were carried out on the LightCycler 1.2 (Roche, Basel, Swiss) using the TB Green Premix Ex Taq II
(TaKaRa Bio Inc., Kusatsu, Japan) over 40 PCR cycles. The relative expression of the target genes was
normalized to that of the reference gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and
calculated using the Pfaffl method [52]. Primers are listed in Appendix A (Table A1).
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4.9. Statistical Analysis

Data from the in vitro assays were statistically analyzed by the Welch’s t-test using GraphPad
Prism 7 (GraphPad Software, Inc., San Diego, CA, USA). A p value < 0.05 was considered to be
statistically significant.
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Abbreviations
AML acute myeloid leukemia
LSC leukemic stem cells
HSC hematopoietic stem cells
HH hedgehog (signaling pathway)
GLI glioma-associated oncogene homolog family zinc finger protein
GLI3FL GLI3, full length
GLI3R GLI3, repressor form
Ara-C cytarabine, cytosine arabinoside
Ara-U uracil arabinoside
Ara-CTP aracytidine-5’-triphosphate
SAMHD1 SAM and HD domain-containing protein 1
CDA cytidine deaminase
ABCC11 ATP-binding cassette C11
MRP8 multidrug resistance-associated protein 8
WT wildtype
RCL resistant cell line
shRNA small hairpin RNA
APC allophycocyanin
Appendix A
Table Al. Primers used in this study.
Gene Sense Anti-Sense
GAPDH GTCAGTGGTGGACCTGACCT TGCTGTAGCCAAATTCGTTG
GLI1 CTACATCAACTCCGGCCAAT CGGCTGACAGTATAGGCAGA
GLI2 GGCCATCCACATGGAATATC TGAAGAGCTGCTACGGGAAT
GLI3 GGCCATCCACATGGAATATC TGAAGAGCTGCTACGGGAAT
SAMHD1 ATTGAAAGACGCACGAGAG AAGAGATTCATAGTCCTCCCT
CDA GAGAATCTTCAAAGGGTGCA TTGTACCCTTCTGAGACGG
ABCC11 CCTACTTCATTATTGGATACACTGC CTTGTCATGAATACCGCCAG
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Figure Al. Cell viability of resistant and parental cell lines following treatment with increasing Ara-C
concentrations. Resistant (RCL) and wildtype (WT) variants of AML cell lines Kasumi-1 (a), OCI-AML3
(b), OCI-AMLS5 (c) were plated with different concentrations of Ara-C ranging from 100 nM to 10,000 nM.
Cell viability was determined after 3 days with the Trypan Blue dye exclusion method.
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Figure A2. No consistently significant changes in GLI1 and GLI2 mRNA expression in Ara-C-resistant
cell lines. (a) WT and Ara-C RCL Kasumi-1, OCI-AML3, and OCI-AMLS5 were analyzed for GLI1 and
GLI2 mRNA levels by RT-qPCR. Relative GLI2 expression could not be analyzed for OCI-AML3, as the
GLI2 expression levels were below the detection level. Error bars represent the mean values + standard
deviation; * p < 0.05, ** p < 0.01 in the Welch’s t-test; ns, not significant.
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Figure A3. Expression levels of GLI3 in different AML cell lines. GLI3 expression in AML cell

lines Kasumi-1, THP-1, OCI-AML3, OCI-AML5, MOLM-13, and HL-60 was quantified by RT-qPCR.

ACT values were calculated with the following formula: ACT = CT(GLI3) —-CT(GAPDH). Small ACT
values indicate high GLI3 expression. If no expression was found, the CT values were equated with the
total cycle number (50 cycles). No GLI3 expression was found in HL-60 cells. Error bars represent the

mean values + standard deviation.
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Figure A4. Representative flow cytometry plots for the treatment of THP-1 cells transduced with
GLI3-targeted shRNA or scrambled shRNA control with 5 pM Ara-C. Induction of apoptosis was
measured after 48 h by flow cytometry using Annexin V-APC and propidium iodide.
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Abstract: The prognosis of elderly AML patients is still poor due to chemotherapy resistance. The
Hedgehog (HH) pathway is important for leukemic transformation because of aberrant activation of
GLI transcription factors. MBZ is a well-tolerated anthelmintic that exhibits strong antitumor effects.
Herein, we show that MBZ induced strong, dose-dependent anti-leukemic effects on AML cells,
including the sensitization of AML cells to chemotherapy with cytarabine. MBZ strongly reduced
intracellular protein levels of GLI1/GLI2 transcription factors. Consequently, MBZ reduced the GLI
promoter activity as observed in luciferase-based reporter assays in AML cell lines. Further analysis
revealed that MBZ mediates its anti-leukemic effects by promoting the proteasomal degradation
of GLI transcription factors via inhibition of HSP70/90 chaperone activity. Extensive molecular
dynamics simulations were performed on the MBZ-HSP90 complex, showing a stable binding
interaction at the ATP binding site. Importantly, two patients with refractory AML were treated with
MBZ in an off-label setting and MBZ effectively reduced the GLI signaling activity in a modified
plasma inhibitory assay, resulting in a decrease in peripheral blood blast counts in one patient.
Our data prove that MBZ is an effective GLI inhibitor that should be evaluated in combination to
conventional chemotherapy in the clinical setting.

Keywords: GLI; AML; MBZ; mebendazole; HSP90; HSP70

1. Introduction

The Hedgehog (HH) signaling pathway is a highly conserved signaling cascade that
plays a critical role during embryogenesis and is strongly involved in many basic cellular
functions, including cell differentiation, proliferation and stem cell maintenance [1]. The
main receptor for HH ligands is Patched (Ptch), a 12-pass transmembrane protein. Upon
ligand binding Ptch releases SMO, a seven-transmembrane domain G-protein coupled
receptor-like protein, which then activates the GLI transcription factors representing the
main effectors of the HH signaling pathway. In addition to this canonical HH pathway,
numerous signaling cascades result in non-canonical activation of the GLI transcription
factors, including FLT3/STAT5, RTK/RAF/MEK/ERK and PI3K/AKT/mTOR [2,3].

It is well established that aberrant activation of HH signaling is associated with a
wide variety of neoplasms [4]. Activated GLI transcription factors drive a transcriptional
program that promotes survival, growth, migration and stemness [2,4,5]. Expression of
GLI1 is associated with a poor prognosis in a wide variety of cancers [6,7]. Moreover, GLI
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transcription factors play a fundamental role in the maintenance of leukemia, initiating
cells that are responsible for therapy failure and tumor relapse due to their chemotherapy
resistance [2]. In a previous work, we showed that a high GLI1 and GLI2 expression
represents a negative prognostic marker in AML, and that targeted inhibition of GLI1 and
GLI2 mediates anti-leukemic effects in vitro and in vivo [7].

Current treatment strategies aim to inhibit GLI signaling by targeting SMO in cancer
cells. SMO inhibitors have been tested in AML, where Glasdegib is an approved treatment
in conjunction with low-dose cytarabine [8]. However, due to the frequent non-canonical
activation of the HH pathway, the inhibition of GLI transcription factors may represent a
better choice.

For decades the synthetic benzimidazole Mebendazole (MBZ) has been an approved
anthelminthic drug, effective against a broad spectrum of intestinal helminthiasis with a
favorable toxicity profile. Indications include short-term and low-dose treatments, as well
as high-dose long-term treatments (e.g., 50 mg/kg bodyweight for several months) [9,10].
Besides its anthelmintic activity, MBZ exhibits strong anti-tumor effects in different cancer
entities [9]. MBZ’s mechanisms of action are manifold—including anti-angiogenic proper-
ties, and inhibition of microtubule depolymerisation and signaling cascades (e.g., BRAF,
MEK) [9]. Walf-Vorderwtiilbecke et al. proposed that MBZ induced c-MYB degradation by
inhibiting protein folding through blockade of HSP70 in AML [11]. Herein, we show that
MBZ mediates strong anti-leukemic effects by promoting the degradation of GLI transcrip-
tion factors through inhibition of HSP70/90 chaperone activity, and that MBZ sensitizes
AML cells to chemotherapy. Furthermore, two patients with refractory AML were treated
with MBZ in an off-label setting, and the clinically achievable MBZ plasma concentrations
effectively reduced the GLI signaling activity in a modified plasma inhibitory assay. Our
data prove that MBZ is an effective GLI inhibitor that should be evaluated in combination
to conventional chemotherapy in the clinical setting.

2. Results
2.1. MBZ Inhibits SMO Independent Non-Canonical GLI Signaling Predominant in AML

Since the 1987 discovery of GLI1 in human glioma cells [12], the role of the three
members GLI1, GLI2 and GLI3 in a variety of cancers has become increasingly apparent [4],
with GLI1 expression specifically identified as a negative prognostic factor in numerous
cancers [6,7]. Previously, we demonstrated that the treatment of GLI reporter AML cell
lines with SMO-inhibitor cyclopamine did not lead to a reduction in GLI promoter ac-
tivity [3]. We hypothesized that this might be due to the predominant expression of the
GLI2AN isoform in AML cells. GLI2AN represents a constitutively active GLI2 isoform
that lacks the amino-terminal repressor domain [13] and has the ability to induce target
genes several fold stronger in comparison to the GLI2 full length (GLI2FL) [14]. Expression
of GLI2AN results in a constitutively active GLI signaling cascade even in the presence of
SMO inhibitors, providing an important mechanism for resistance to SMO inhibitors in
cancer [15]. Consequently, we analyzed the expression of GLI2AN and GLI2FL in samples
from 47 newly diagnosed AML patients by qPCR. GLI2 expression was detected in 16 of
the 47 samples (34%). GLI2AN mRNA expression was 29.5-fold higher than the expression
of GLI2FL mRNA (with a range of 0.8- to 111.5-fold; Figure 1A). Moreover, protein levels of
GLI2AN were considerably higher than those of GLI2FL in the AML cell lines used herein
as determined by western blot (Figures 2C and 3B, Supplementary Materials Figure S1I).
This indicates that GLI2AN is the predominantly expressed isoform, relative to GLI2FL,
in AML.
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Figure 1. MBZ inhibits SMO independent non-canonical GLI signaling predominant in AML. (A) Pre-
treatment samples of 16 different AML patients with detectable GLI2 expression were analyzed
for GLI2FL and GLI2AN expression using RT-qPCR. GLI2AN expression was normalized to GLI2FL
expression. (B) The AML reporter cell lines MV4-11, MOLM-13, HL60, THP-, Kasumi-1, OCI-AML3
and OCI-AMLS5 were treated with increasing MBZ concentrations or DMSO as solvent control. The
GLI promoter activity was measured after 48 h. (C) The IC50 of MBZ on the GLI promoter activity
of the different GLI reporter cell lines was calculated from the data shown in (B) using a nonlinear
regression (curve fit) for inhibitor vs. response with three parameters in GraphPad Prism 7.04.

The anthelmintic MBZ has shown to exhibit strong anti-tumor effects in preclinical
studies [9]. In order to investigate if MBZ inhibits the GLI cascade, we treated seven
AML GLI reporter cell lines with increasing MBZ concentrations for 48 h. Endogenous
expression of GLI transcription factors has been detected in leukemic blasts from a large
proportion of AML patients and cell lines [7,16] and was also found in all AML cell lines
used herein. Treatment with MBZ led to a strong dose-dependent reduction in all analyzed
AML reporter cell lines (Figure 1C). The MBZ concentration required to inhibit the GLI
promoter activity was within clinically achievable concentrations, with an IC50 ranging
from 32 + 20 to 267 & 71 nM after 48 h in the AML cell lines tested (Figure 1C). In contrast
to MBZ, the active metabolite of albendazole (i.e., Albendazole sulfoxide (ABZ-S)), a closely
related benzimidazole-derived anthelmintic agent [17], had no effect on the GLI reporter
activity (Supplementary Materials, Figure S2).

2.2. MBZ Promotes Proteasomal Degradation of GLI

To analyze the effects of MBZ on GLI expression, AML cell lines MV4-11, MOLM-13,
THP-1 and OCI-AML3 were treated with MBZ in increasing concentrations from 100 nM
to 500 nM, followed by western blot and RT-qPCR analyses. We found that GLI1 and GLI2
protein levels were clearly reduced in 24 h after MBZ exposure (Figure 2A—C), whereas
GLI1 and GLI2 mRNA levels did not decrease (Supplementary Materials Figure S1A-H).
Incubation of AML cells with MBZ for 48 h strongly affected GLI2AN protein levels and
thus could overcome SMO inhibitor resistance (Supplementary Materials Figure S1I).

We hypothesized that MBZ decreases the GLI protein levels by promoting their protea-
somal degradation. Therefore, we evaluated the influence of the 26S proteasome inhibitor
Bortezomib (BTZ) on GLI protein levels and signaling activity after MBZ treatment. AML
GLIreporter cell lines THP-1 and OCI-AML3 were treated with 5 or 10 nM BTZ for 24 h. As
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anticipated, MBZ inhibited GLI signaling activity in a dose-dependent manner. However,
BTZ fully reversed MBZ-mediated inhibition of the GLI promoter activity (Figure 2D,E).
Consistent with these results, 10 nM BTZ abolished MBZ'’s effect on GLI1 and GLI2 pro-
tein levels in THP-1 and OCI-AMLS3 cells in western blot analysis (Figure 2A-C). Taken
together, these results strongly suggest that MBZ mediates proteasomal degradation of
GLI1 and GLI2.

2.3. MBZ Promotes Degradation of GLI Transcription Factors via Inhibition of
HSP70/90-Chaperone Activity

The heat shock proteins 70 (HSP70) and 90 (HSP90) tightly cooperate in the protein
stabilization of a wide spectrum of client substrates, including transcription factors. In-
hibition of either HSP70 or HSP90 disrupts this chaperone machinery and leaves a client
protein prone to misfolding, resulting in its ubiquitination and proteasomal degradation.
Walf-Vorderwtiilbecke et al. reported that MBZ promotes proteasomal degradation of tran-
scription factor c-MYB by interaction with HSP70 [11]. However, GLI protein stability has
never been associated with heat shock proteins. Inhibition of either HSP70 or HSP90 with
small-molecule inhibitors VER-155008 and PU-H71, respectively, resulted in significant re-
duction in GLI1 and GLI2 protein levels in western blot analysis. Inhibition of both HSP70
and HSP90 by combination of both agents increased the effect considerably (Figure 3A,B).
In accordance with the effects mediated by MBZ, GLI1 and GLI2 mRNA levels did not
decrease (Supplementary Materials Figure S3).
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Figure 2. Decreased GLI1 and GLI2FL/GLI2AN protein levels upon MBZ treatment. Cell lines THP-1 (A) and OCI-AML3
(B,C) were treated with the indicated concentrations of MBZ alone or in combination with 10 nM BTZ for 24 h. GLI1 (A,B)
and GLI2 (C) protein expression was examined by western blot analysis. THP-1 (D) and OCI-AML3 (E) GLI luciferase
reporter cells were treated with MBZ alone or in combination with 5 nM or 10 nM BTZ. The GLI promoter activity was

measured after 24 h. Error bars represent the mean values + standard deviation from at least three independent experiments.
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Figure 3. MBZ promotes degradation of GLI Transcription Factors via Inhibition of HSP70/90-
Chaperone Activity. AML cell lines MV4-11, MOLM-13, THP-1 and OCI-AML3 have been treated
with 1 uM PU-H71 (PU-H) and 25 uM VER-155008 (VER) for 24 h. Subsequently expression of GLI1
(A) and GLI2 (B) was examined by western blot analysis. (C,D) AML cell lines MV4-11 and THP-1
were treated with 500 nM MBZ or DMSO as a solvent control for 24 h and protein levels of HSF-1 and
phosphorylated HSF-1 (Ser-326) were determined by western blot analysis. Phosphorylated HSE-1
(Ser-326) represents the active state of HSF-1. (E) MOLM-13!"* cell line constitutively expressing a
firefly luciferase were incubated with 10 uM MBZ, 1 uM PU-H71 (PU-H), 25 uM VER-155008 (VER)
or a solvent control. Following a heat-shock, recovery of the intracellular luciferase activity was
measured on different time points and normalized to the luciferase activity of the non-heat-shock
native control. (F) The luminescence recovery rate derived from (E) as the slope of the luminescence
increases after treatment with MBZ, PU-H71 (PU-H), VER-155008 (VER) or a solvent control. Error
bars represent the mean values + standard deviation from at least three independent experiments.
* p < 0.05 in the Welch’s t-test.

We also demonstrated that treatment with 500 nM MBZ did not alter HSP70/HSP90
protein expression in MV4-11, MOLM-13, THP-1 and OCI-AMLS3 after 24 h using western
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blot analysis (Supplementary Materials Figure S4). However, HSF-1, the major transcription
factor of the heat shock response genes, was heavily phosphorylated on Serine 326 in
MBZ-treated MV4-11 and THP-1 cells—reflecting an active state of HSF-1 (Figure 3C).
Interestingly, the total HSF-1 protein levels were reduced by MBZ treatment compared to
control (Figure 3D).

To further investigate if MBZ directly inhibits the enzymatic activity of the HSP
chaperone machinery in AML cells, we generated a MOLM-13 cell line constitutively
expressing a firefly luciferase (MOLM-13luc+), Following heat-shock, refolding of heat-
denatured firefly luciferase depends on cooperative chaperone activity of both HSP70 and
HSP90. We treated MOLM-131¢* cells with 10 uM MBZ, 25 uM VER-155008, 1 uM PU-H71
or DMSO as a solvent control. The luciferase signal was recovered without an inhibitor in
MOLM-13lue+ following a heat-shock, but incubation of AML cells with MBZ or specific
HSP inhibitors significantly impaired recovery of the signal (Figure 3E,F), suggesting a
direct inhibition of HSP70/HSP90-mediated luciferase refolding.

2.4. In Silico Modeling of MBZ Bound to HSP90

Six molecular models were created to explore how MBZ might bind to HSP90 based
on the inhibition data shown above. Using three different HSP90 protein crystal structures
to diversify the starting coordinates, MBZ was placed into their ATP binding site. MD
simulations were subsequently performed under physiological conditions, allowing MBZ
to sample different interactions within the binding pocket (Figure 4). A total of nine
poses were identified with distinct orientations and significant populations (Figure 4).
Throughout all simulations MBZ remained in the ATP binding site, forming nonbonded
interactions with 10-16 amino acids, with the residues Asn51, Ala55, Ile96, Gly97, Met98,
Asn106, Leul07, Phel38, Thr184 and Val186 being most frequently involved. A free energy
analysis revealed two poses that are mostly likely for being experimentally observed. An
extensive analysis of the nine binding poses can be found in reference [18] Manuscript is
in preparation, which includes an examination of water involvement, how MZB binding
effects amino acid motion and a thorough quantum mechanical study of the possible
conformations that MBZ can adopt.

2.5. Mebendazole and the GLI Inhibitor GANT-61 Exhibit Synergistic Anti-Leukemic Effects

We treated AML cell lines and primary AML samples with different MBZ concen-
trations, resulting in a dose-dependent effect on the proliferation, colony formation and
apoptosis (Figure 5A-D).

To evaluate the anti-leukemic activity of MBZ upon combined inhibition of GLI, we
also investigated its usage with the small molecule GLI inhibitor GANT-61. We treated the
AML cell lines MV4-11, MOLM-13, THP-1 and OCI-AML3 with combinations of MBZ and
GANT-61, and analyzed cell proliferation and colony formation. In all cell lines tested, MBZ
treatment alone already resulted in decreased proliferation and colony forming capacity in
a dose dependent manner (Figure 5A-C). The combination of MBZ with the GLI inhibitor
GANT-61 synergistically increased MBZ'’s anti-proliferative effects on all three AML cell
lines (Figure 6A). Therapeutic synergy between MBZ and GANT-61 was indicated by a
combination index < 1 calculated using the Chou-Talalay-Method (Figure 6A). In colony
formation assays, treatment with high MBZ concentrations, in particular, resulted in signif-
icant reduction in colony numbers of MV4-11, MOLM-13 and THP-1 cells. Furthermore,
GLI inhibition by GANT-61 increased the effect of MBZ on colony formation significantly
(Figure 6B). Moreover, inhibition of HH signaling using shRNA targeting GLI1 sensitized
THP-1 cells to anti-proliferative effects by MBZ compared to control cells transduced with
a scrambled shRNA (Figure 6C). Freshly isolated primary AML cells from 13 patients
were investigated for anti-proliferative effects of MBZ treatment alone and in combination
with GANT-61. MBZ mediated a strong and significant inhibitory impact on primary
AML cell growth (Figure 5A), which was further increased by combination with GANT-61
(Figure 6D). Additionally, we treated the GLI luciferase reporter AML cell line THP-1 with
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MBZ or GANT-61 alone and in combination for 24 h and measured the GLI promoter
activity. As expected, MBZ and GANT-61 reduced the GLI promoter activity compared to
the untreated control. The inhibitor combination resulted in a more pronounced decrease
relative to the single agent treatment (Figure 6E).

Predicted Relative Stability

[N /
2W16-ff14sb

Figure 4. The nine binding poses of MBZ bound to HSP90’s ATP binding site as identified through
hierarchical clustering of the molecular dynamics simulations (600 ns in total). Each pose is shown
with the protein rendered as a cartoon and surface. The poses are grouped according to the results of
MM/PBSA calculations, with the highest (i.e., 0.0-0.3 kcal /mol), medium (4.6-8.9 kcal/mol) and
lowest (12.6 kcal/mol) relative stabilities group together. The source of the poses are noted according
to the protein crystal structure and force field used in the modeling. Only the poses identified with
populations of >10% in the simulations are shown. Note that clustering a single model’s data can
yield multiple poses.
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Figure 5. MBZ induces apoptosis and growth inhibition of AML cells. (A) Effects of increasing MBZ doses on AML cell
lines MV4-11, MOLM-13, THP-1, and OCI-AML3 were analyzed for proliferation after three days. (B) Cell growth of
primary AML cells (n = 13) was determined after 7 days of MBZ treatment. (C) Clonogenicity of AML cell lines MV4-11,
MOLM-13 and THP-1 with increasing MBZ doses was investigated in colony formation assays. (D) Apoptosis induction
was measured at 48 h after MBZ treatment in AML cell lines. Error bars represent the mean values + standard deviation.
*p <0.05, *** p < 0.0001 in the Welch'’s t-test.
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Figure 6. MBZ shows synergistic anti-leukemic effects upon combined treatment with GANT-61. (A) MV4-11, MOLM-13
and THP-1 cells were treated with the indicated concentrations of MBZ and GANT-61 alone or in combination and the effect
on the proliferation capacity was analyzed after three days. The drug combination was tested for synergy by the method
of Chou and Talalay using CompuSyn software. (B) The clonogenicity of AML cell lines MV4-11, MOLM-13 and THP-1
under MBZ treatment alone and in combination with GANT-61 was investigated in colony formation assays. (C) Effects
of MBZ on cell growth of THP-1 cells transduced with shRNA against GLI1 were analyzed in comparison with control
cells transduced with a scrambled shRNA cell growth after 3 days. (D) Primary AML cells were treated with MBZ and
GANT-61 alone, in combination or a solvent control. The effect on the proliferation capacity was analyzed after three days.
Two representative data sets shown out of four AML samples. (E) GLI Reporter AML cell line THP-1 was treated with MBZ
and GANT-61 alone or in combination. The GLI promoter activity was measured after 24 h. Error bars represent the mean
values + standard deviation. * p < 0.05, ** p < 0.01 in the Welch’s f-test.
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2.6. MBZ Sensitizes AML Cells to Chemotherapy

Cumulating evidence suggests that active GLI signaling plays a fundamental role
in the maintenance of leukemia initiating cells, which evade chemotherapy due to their
high drug resistance against cytotoxic drugs [19]. Consequently, they are associated with
residual disease, relapse and therapy failure. Therefore, we examined the combinational
effect of cytarabine and MBZ on the cell growth of AML cell lines MV4-11, MOLM-13
and OCI-AML3. As shown in Figure 7A, combined effect of cytarabine and MBZ induced
a significant reduction in cell growth compared to each agent alone. To quantify if the
combination of MBZ and cytarabine represents a favorable drug combination, data were
analyzed using CompuSyn to compute the dose-reduction index (DRI) values for the drug
combination tested at a constant dose ratio. DRI values represent the fold decrease in the
dose of a drug needed in a combination to achieve the same efficacy as the drug alone.
DRI values > 1 are considered favorable with regard to the predicted reduction in toxicity
of a drug therapy. These parameters are particularly relevant for the analysis of drug
combinations in the context of cancer treatment. When combined with MBZ, cytarabine
doses can be reduced by 288.0-, 2.7- and 4.5-fold in MV4-11, MOLM-13 or OCI-AMLS3,
respectively, to meet the same anti-proliferative effect level (Figure 7B). In all three cell lines,
the DRI values increased with the rising effect level (Fraction affected (Fa)), suggesting the
beneficial effect is particularly pronounced in the relevant effect level of a cancer therapy
(Figure 7B,C).
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Figure 7. MBZ significantly sensitizes AML cells to cytarabine. (A) AML cell lines MV4-11, MOLM-13
and OCI-AML3 were treated with the indicated concentrations of MBZ and cytarabine (ARA-C)
alone or in combination and the effect on the proliferation capacity was analyzed after three days.
(B) Dose reduction index (DRI) of MBZ and GANT-61 combination on proliferation of MV4-11,
MOLM-13 and OCI-AMLS3 cells. Values have been calculated from data of at least three independent
experiments (A) using CompuSyn Software for Drug Combinations. DRI > 1 indicating a favorable
drug combination. (C) Effect-dose-relationship of cytarabine (ARA-C) on proliferation of MOLM-13
cells alone or in combination with MBZ, respectively. Values have been calculated from data of at
least three independent experiments using CompuSyn Software for Drug Combinations. Error bars
represent the mean values + standard deviation.
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2.7. MBZ Effectively Inhibits GLI Signaling in Clinically Achievable Plasma Levels

To further evaluate if MBZ is a suitable therapeutic agent to inhibit GLI, we transferred
these findings into the clinical setting by treating two refractory AML patients with MBZ
monotherapy in an off-label setting. Using a modified plasma inhibitory assay (PIA) by
incubating an indicator cell line carrying the GLI luciferase promoter transgene with the
patients” plasma, a reduction in GLI promoter activity was detected for both samples
(Figure 8A). Moreover, a 62-year-old male healthy volunteer ingested MBZ at a dose of
50 mg/kg divided over two ingestions at time 0 h and 12 h. Blood was drawn at 4 h and
at 24 h. PIA results indicated a biological active plasma concentration (Figure 8A). Two
patients with refractory AML received MBZ monotherapy after informed consent: Patient
1, a 66-year-old female, with normal karyotype and NPM1, FLT3-TKD and IDH1 mutations
(ELN favorable risk). This patient had received 2 induction cycles of cytarabine and
daunorubicine followed by three consolidation therapies with cytarabine and in relapsed
setting, mitoxantrone, cytarabine and etoposide (MEC) with no response to treatment);
Patient 2, a 74-year-old female, had adverse risk (ELN criteria) secondary AML after MDS
according with a complex aberrant karyotype (deletion 5, deletion 8 and monosomy 17 with
no additional AML specific mutations). This patient has been treated non-intensively with
low-dose cytarabine and venetoclax with no response to therapy prior to MBZ treatment.
In patient 1, a clear and continuous decrease in leukemic blasts in peripheral blood and a
fast reduction in GLI2 levels in peripheral leukemic blood cells could be shown whereas
patient 2 did not respond. (Figure 8B,C).
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Figure 8. Clinically achievable plasma concentrations of MBZ effectively inhibit GLI signaling.
(A) Two patients with refractory AML were treated with MBZ monotherapy with a daily dose of up
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to 50 mg/kg. Patient blood samples taken at different time points over the period of 16 to 17 days.
Isolated plasma samples were incubated GLI luciferase reporter cell line OCI-AML3 for 24 h before
GLI promoter activity was measured. A healthy volunteer ingested MBZ at a dose of 50 mg/kg
divided into two doses at time 0 h and 12 h. Blood was drawn at 4 h and at 24 h. In a modified Plasma
Inhibitory Assay (PIA) MV4-11 GLI luciferase reporter cells were incubated with isolated plasma
samples and GLI promoter activity measured after 24 h using the Dual-GLO Luciferase Assay Kit and
the Infinite F200 PRO reader. Patient 1 (B) and patient 2 (C) with refractory AML were treated with
MBZ monotherapy as described above. Under MBZ therapy, the blast counts in the peripheral blood
of the AML patients were measured. Peripheral mononuclear cells (PBMC) of patient 1 and patient
2 were isolated from several samples throughout the entire treatment period and GLI2 analyzed
by western blot analysis. -Actin was used as a loading control. Error bars represent the mean
values + standard deviation.

3. Discussion

MBZ is a broad spectrum benzimidazole used for several decades in human and
veterinary medicine to treat a variety of parasitic worm infections [17]. Lately, MBZ gained
attention as a promising candidate for drug repurposing in oncology due to multiple stud-
ies reporting substantial in vitro and in vivo anticancer effects [9]. Besides neuroblastoma,
hematological malignancies—including leukemia, lymphoma and multiple myeloma—
were identified as the most sensitive cancers to treatment with the MBZ analogue flubenda-
zole, as shown in a screen of 321 cell lines from 26 cancer entities [20].

In this study, the anti-leukemic effects of MBZ were confirmed in AML cell lines
and primary blasts from AML patients. Most importantly, we revealed that MBZ'’s anti-
leukemic effects were, at a minimum, partly due to a significantly reduced activity of
the HH transcription factors GLI1 and GLI2 in AML. Furthermore, our data strongly
indicate that MBZ mediates its anti-leukemic effects by promoting the degradation of GLI
transcription factors through inhibition of HSP70/90 chaperone activity. Interestingly, MBZ
sensitized AML cells to chemotherapy.

We previously demonstrated the importance of GLI1 and GLI2 in AML pathophysiol-
ogy [7], and showed that inhibition of GLI activity resulted in pronounced anti-leukemic
effects in vitro and significantly prolonged survival in a leukemic mouse model. We also
showed that high expression of GLI represents a negative prognostic factor in two indepen-
dent AML patient cohorts [7]. The potent anti-cancer effects mediated by inhibition of GLI
transcription factors have also been demonstrated in numerous other studies [21].

Previously, Larsen et al. showed that MBZ inhibits canonical HH signaling in Shh
Light2 fibroblasts by inhibiting the formation of the primary cilium [22], which is required
for SMO-mediated GLI activation [23]. However, in previous work we could show that the
treatment with the SMO inhibitor cyclopamine had no impact on the GLI promoter activity
in AML reporter cell lines—leading to the hypothesis that the activation of GLI proteins
in AML cells occurs independently of SMO [3]. In line with this theory, Chaudhry et al.
also demonstrated that GLI signaling occurs independently of SMO [16]. Another study
showed that primary cilia, which are essential for functional SMO signaling, are absent
in most AML cells [24]. Mounting evidence implicates SMO-independent, non-canonical
ways of GLI activation by alternative oncogenic pathways in AML, including FLT3-ITD,
PI3K/AKT/mTOR and RAS/RAF/MEK/ERK signaling cascades [2,3]. These results support
our hypothesis that MBZ mediates its inhibitory potential against the HH pathway in an
SMO-independent way by inhibiting GLI downstream from SMO.

We could show that the decrease in GLI promoter activity resulted from a reduction
in GLI1 and GLI2 protein levels. Inhibition of the 26S proteasome by Bortezomib abolished
the effect of MBZ on GLI protein levels, indicating that the reduced GLI protein levels are
caused by degradation via this proteasome.

Heat shock proteins act as molecular chaperones that are involved in the folding,
activation and assembly of a variety of proteins. HSP70 and HSP90 are believed to act as
the core chaperone system regulating stability, trafficking and degradation of signaling
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proteins [25,26] and therefore maintaining the activity of a variety of protein kinases,
transcription factors and steroid hormone receptors [26]. Based on our hypothesis that
MBZ promotes the proteasomal degradation of GLI transcription factors, we investigated
the effect of inhibition of HSP70 and HSP90 on GLI transcription factors. Treatment of AML
cells with small molecule HSP70 and HSP90 inhibitors resulted in a marked decrease in
GLI1 and GLI2 protein levels without reducing mRNA levels. Walf-Vorderwiilbecke et al.
extensively demonstrated the ability of MBZ to inhibit HSP70 [11]. However, such an
effect of MBZ on HSP90 has not yet been demonstrated. Based on the strong effects of
MBZ on GLI1 and GLI2 protein levels, which were comparable to dual inhibition with an
HSP90 and an HSP70 inhibitor in our experiments, we hypothesized that MBZ might be
an inhibitor of HSP70 and HSP90. To further support this hypothesis, in silico molecular
models were created by binding MBZ to the ATP binding site. The modeling predicts that
MBZ forms short-range nonbonded interaction with at least 10-16 amino acids within the
binding site. Thus, the combined experimental and theoretical data strongly support the
idea that MBZ binds to heat shock proteins and inhibits their binding to other proteins.

For binding to HSP90, its client proteins require other chaperones and co-chaperones
since they are unable to be bound by HSP90 directly. Certain client proteins, such as
transcription factors, have to be bound by HSP70 and its co-chaperone HSP40 first before
being delivered to HSP90 [26]. Disruption of the HSP70-HSP90 chaperone cascade results in
misfolding and degradation of those client proteins [27]. The strong sensitivity to inhibition
of HSP70 and HSP90 in our study suggests that GLI transcription factors rely heavily on
the HSP70-HSP90 chaperone cascade for protein folding and stability [28].

Similar to inhibitors of HSP70 or HSP90, MBZ was able to inhibit refolding of heat-
denatured luciferase in MOLM™¢* AML cells. This suggests that MBZ mediates its effect,
at least in part, by disrupting the cellular protein folding machinery. In line with our
findings, Walf-Vorderwiilbecke et al. demonstrated that MBZ is able to interfere with
different members of the HSP70-HSP90 chaperone family in AML cells using nematic
protein organization technique (NPOT®) analysis and DAVID analysis [11]. They indeed
showed that the association of c-MYB with the HSP70 complex was lost after MBZ exposure,
leading to misfolding and subsequent proteasomal degradation of MYB [11].

Treatment of AML cell lines with MBZ had no effect on the HSP70 or HSP90 protein
expression, as shown by western blot analysis. However, HSF-1, the major transcription
factor of the heat shock response genes, was heavily phosphorylated at Serine 326 in MBZ-
treated AML cells, a modification that is critical for stress-induced HSF-1 activation [29].
Triggering of the HSF-1 stress response by MBZ could be due to proteotoxic stress that is
also caused by other HSP inhibitors [29]. On the other hand, MBZ induced a reduction in
total HSF-1 protein levels in AML cells. A possible explanation might be the depletion of
factors that stabilize HSF-1 protein levels, such as Bcl-2 interacting cell death suppressor
(BIS) [27,30-32].

It should be noted that for MBZ—in addition to the inhibition of HSP70 and HSP90,
and subsequent degradation of transcription factors (e.g., GLI1, GLI2, MYB) and other HSP
client proteins (e.g., FLT3)—a variety of other mechanisms have been identified that can
mediate both inhibitory effects on GLI signaling and generate anticancer effects. Observed
MBZ-mediated anticancer effects include the induction of anti-tumor immune response,
sensitization to radiation and chemotherapy, inhibition of angiogenesis, induction of apop-
tosis, and inhibition of proliferation [9]. For instance, MBZ was shown to inhibit several
important signaling kinases, including VEGFR2, FAK, GTPases Rho-A and Rac1 [9], ABL,
JNKS3 and KIT [33]. Furthermore, it was revealed that MBZ inhibits BRAF and MEK by
blocking their ATP binding pocket [34]. Furthermore, MBZ inhibits tubulin depolymeriza-
tion in several tumor models, including non-small cell lung cancer and glioblastoma [35,36].
However, in AML, MBZ did not induce microtubule depolymerization in concentrations of
up to 10 uM [11].

We could show that in AML cells, the combination of MBZ with the small-molecule
GLI inhibitor GANT-61 leads to synergistic anti-leukemic effects. This could be used as
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a potential treatment strategy in the future to enhance the efficacy of a pharmacological
HH blockade. Several HH pathway inhibitors are in development for AML treatment
and are being considered as a new class of therapeutics [37]. MBZ represents a promising
candidate to potentiate the effect of these agents and maximize their therapeutic success.
Moreover, MBZ sensitized AML cell lines MV4-11, MOLM-13 and OCI-AMLS3 to cytarabine
as indicated by large positive DRI values. This possible dose reduction could lower the
therapy’s toxicity while maintaining the same anti-leukemic effect. Consequently, this
would be a suitable approach to achieve an improved treatment for the elderly who cannot
tolerate higher doses. [38,39]. The prognosis for elderly, unfit patients is still bleak with
current treatments. Although, fortunately, in recent years, the prognosis for these patients
has brightened-up with the introduction of new targeted agents such as Bcl-2, FLT3 and
IDH1/2 inhibitors. Especially the combination of azacitidine and venetoclax has become
a wide-spread regimen for elderly, unfit AML patients resulting in an increased overall
survival compared to hypomethylating agents alone [40]. However, not all new treatment
modalities are curative, and treatment options for patients becoming refractory to these
regimens are sparse. Therefore, MBZ may represent a valuable therapeutic option in this
setting because of its very favorable toxicity profile, which is well suited for the treatment
of elderly patients [38,39].

Long-term, repeated administration of mebendazole results in significantly higher
plasma levels compared to a single dose, possibly due to enterohepatic circulation [41].
There is a large interindividual variation in the plasma levels achieved, with one study
showing a maximum plasma concentration ranging from 0.017-0.134 uM after a single
1.5 g dose and up to 0.5 uM after repeated administrations of 1 g [42]. In another study,
12 patients with cystic disease were treated with a single or repeated dose of 10 mg/kg.
Single dose administration resulted in a maximum plasma concentration of 0.24 uM on
average (ranging from 0.06-1.69 uM), while repeated administration resulted in a maximum
concentration of 0.47 uM and an Area Under The Curve five times higher than after a
single dose [41]. We demonstrated that clinically achievable plasma concentrations of MBZ
effectively inhibit GLI signaling in all three subjects (two AML patients and one healthy
volunteer). Most notably, one patient with refractory AML treated with MBZ monotherapy
in an off-label setting responded with a clear and continuous decrease in leukemic blasts
in peripheral blood and a fast reduction in GLI2 levels in peripheral leukemic blood cells.
In agreement with previous studies on MBZ plasma levels, repeated administration of
the drug resulted in a stronger inhibitory effect than a single dose. Furthermore, and
most importantly, MBZ-treatment led to strong anti-leukemic effects in one patient which
was consequently accompanied by reduction in GLI2 protein levels in blast lysates. This
suggests that oral administration of MBZ is suitable for achieving noticeable therapeutic
effects in clinical use.

In summary, our work highlights the exceptional potential of MBZ as a future ther-
apeutic option for the treatment of diverse cancers. Based on the results herein, we are
currently pursuing a clinical trial with MBZ and low dose cytarabine for the treatment of
elderly, refractory AML patients.

4. Materials and Methods
4.1. Cell Lines and Cell Culture

Cell lines MV4-11, MOLM-13, HL-60, THP1, Kasumi-1, OCI-AML3 and OCI-AML5
were either purchased at the DSMZ (Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH, Heidelberg, Germany) or at the ATCC (American Type Culture Col-
lection, Manassas, VA, USA) or authenticated by the Multiplex human Cell Authentication
test (Multiplexion, Heidelberg, Germany). MV4-11, MOLM-13, HL-60 and THP1 cells
were maintained in RPMI 1640 medium (Gibco, Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% fetal bovine serum (FBS Superior, Biochrom GmbH, Berlin,
Germany). Kasumi-1 cells were cultured in RPMI 1640 medium supplemented with 20%
FBS. OCI-AMLS3 cells were maintained in x-MEM medium (Gibco, Thermo Fisher Scien-
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tific, Waltham, MA, USA) supplemented with 20% FBS. OCI-AMLS5 cells were cultured in
«-MEM medium supplemented with 20% FBS and 10 ng/mL GM-CSF (PeproTech GmbH,
Hamburg, Germany). All cells were maintained in a humidified incubator with 5% CO; at
37 °C. Primary AML cells were obtained after patient’s informed consent and approval
of the study by the ethics committee (PV3469, Ethik-Kommission der Arztekammer Ham-
burg). Cells were isolated from bone marrow using density gradient centrifugation and
cultured as described elsewhere [43].

4.2. Inhibitors and Reagents

Mebendazole ((Methyl-N-(5-benzoyl-1H-benzimidazol-2-yl)-carbamat, #M2523) and
VER-155008 (#SML027) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Cy-
tarabine (Cytosin-1-p-D-arabinofuranosid) was purchased from Cell Pharm GmbH (Ara-
Cell, 06983044, STADA, Bad Vilbel, Germany). GANT-61 (2,20-[[Dihydro-2-(4-pyridinyl)-
1,3(2H,4H)-pyrimidinediyl]bis(methylene)]bis[N,N-dimethylbenzenamine], #3191) and
PU-H71 (6-Amino-8-[(6-iodo-1,3-benzodioxol-5-yl)thio]-N-(1-methylethyl)-9H-purine-9-
propanamine, #3104) were purchased from Tocris Biosience (Bristol, UK).

4.3. Reverse Transcription and Quantitative PCR

Exon-spanning primers were designed with Primer Blast [44] or Primer3web [45].
RNA was extracted using innuPREP RNA Mini Kit 2.0 (845-KS-2040250, Analytik Jena,
Jena, Germany) and reverse transcribed into cDNA using PrimeScript™ RT Master Mix
(RR036B, TaKaRa Bio Inc., Kusatsu, Japan). RT-qPCR analyses were carried out on the
LightCycler 96 (Roche, Basel, Swiss) using the TB Green Premix Ex Taq II (RR820B, TaKaRa
Bio Inc., Kusatsu, Japan) over 40 PCR cycles. Relative expression of the target genes was
normalized to the reference gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and
calculated using the Pfaffl method [46].

Differentiation of GLI2 and GLI2AN was performed according to the method of Lon-
dofio et al. [47]. The expression of the full-length transcript (GLI2-FL) and the C-terminus
(GLI2-C-term) were determined in relation to total GLI2 (GLI2-ALL). The expression of
GLI2AN was calculated by subtracting the expression of GLI2-FL from the expression of
GLI2-C-term. The difference corresponds to the expression of GLI2ZAN.

Primers are listed in Appendix A (Table Al).

4.4. Protein Isolation and Western Blot

Protein isolation and western blots were performed as described before [48]. For
analysis of phosphorylated proteins, cells were harvested and lysed with radioimmunopre-
cipitation assay (RIPA) buffer (89900, Thermo Fisher Scientific, Waltham, MA, USA) sup-
plemented with protease and phosphatase inhibitors (cOmpleteTM Tablets, 11697498001,
Roche, Basel, Swiss; Sodium orthovanadate, 13721-39-6, Fivephoton Biochemicals, San
Diego, CA, USA). Antibodies against rabbit anti-GLI1 monoclonal antibody (C68H3, 1:1000,
Cell Signaling Technology, Inc., Danvers, MA, USA), mouse anti-GLI-2 (Dilution, C-10:
sc-271786, Santa Cruz Biotechnology, Dallas, TX, USA), rabbit Anti-HSF1-phospho(5326)
antibody (1:5000, EP1713Y, abcam, Cambridge, UK), rabbit Anti-HSF1 antibody (1:1000,
4356, Cell Signaling Technology, Inc., Danvers, MA, USA), Mouse anti-HSP70/HSPA1A
antibody (1:1000, MAB1663, R&D Systems, Inc. Minneapolis, MN, USA), Rabbit anti-
HSP90 Antibody (1:1000, #4874, Cell Signaling Technology, Inc., Danvers, MA, USA) or
mouse anti-B-ACTIN (sc-47778, 1:5000, Santa Cruz Biotechnology, Dallas, TX, USA). Sec-
ondary antibodies against HRP-linked anti-rabbit immunoglobulins (1:10,000, 7074) and
anti-mouse IgG (1:10,000, NXA931) secondary antibodies were purchased from Cell Sig-
naling Technology (Danvers, MA, USA) and GE Healthcare (Cytiva, Marlborough, MA,
USA), respectively.
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4.5. GLI Reporter Assays

Stable GLI reporter AML cell lines were transduced by lentiviral constructs containing
the firefly luciferase gene under the control of GLI transcriptional response elements and as
internal control the renilla luciferase gene under the control of CMV promoter elements (Cig-
nal™ Lenti Reporters, S-6030L, Qiagen, Venlo, The Netherlands) followed by puromycin
(P7255, Sigma-Aldrich, St. Louis, MO, USA) and hygromycin (1287.1, Carl Roth GmbH,
Karlsruhe, Germany) selection. Stable GLI reporter cells were treated with MBZ, GANT-
61, PU-H71, VER-155008 or a solvent control, with the GLI promoter activity measured
after 24 h using the Dual-GLO Luciferase Assay Kit (E2940, Promega, Madison, WI, USA)
and the Infinite F200 PRO reader (Tecan, Mdnnedorf, Switzerland). The firefly luciferase-
mediated GLI promoter activity was normalized to the renilla luciferase-mediated CMV
promoter activity.

4.6. Plasma Inhibitory Assay

OCI-AMLS3 reporter cells were plated at a ratio of 1:9 in serum-free medium plus
plasma sample and incubated for 24 h at 37 °C. Before measurement, cells were washed
three times with serum-free culture medium and the luciferase-mediated GLI promoter
activity was measured in triplicates as described above.

4.7. Refolding Assay

MOLM-131* cells stably expressing firefly luciferase were generated by lentiviral
transduction using a luciferase-encoding vector kindly provided by Kristoffer Riecken [49].
The 1.5 million MOLM-13'4“* cells were incubated with 10 uM MBZ, 1 uM PU-H71, 25 uM
VER-155008 or a solvent control at 37 °C for 30 min. Subsequently, cells were exposed
to a heat-shock by incubation at 42 °C for 30 min, while the non-heat-shock control was
incubated at 37 °C. Following heat-shock, cells were incubated at 37 °C and intracellular
luciferase activity was measured on different time points (0, 30, 60, 120 min) using the
Dual-GLO Luciferase Reagent (E2940, Promega, Madison, WI, USA) and the Infinite F200
PRO reader (Tecan, Mdnnedorf, Switzerland).

4.8. Proliferation Assay

AML cells were incubated with different concentrations of MBZ alone or in com-
bination with either GANT-61 or cytarabine for 3 or 7 days. Viable cell numbers were
determined with the Trypan Blue dye exclusion method using the cell viability analyzer
Vi-Cell ™ XR (Beckman Coulter, Brea, CA, USA).

4.9. Apoptosis Assay

AML cells were incubated with different concentrations of MBZ. Induction of apop-
tosis was measured after 48 h by flow cytometry using an APC-conjugated Annexin-V
(AnxA100, MabTag GmbH, Friesoythe, Germany) and propidium iodide (P3566, Invitrogen,
Thermo Fisher, Waltham, MA, USA) Data analysis was performed using the FACS Calibur
(BD Biosciences, San Jose, CA, USA) and FlowJo V10 (Version 10.0.7, BD Life Sciences,
FlowJo, LLC, Ashland, OR, USA) software.

4.10. Colony Formation Assay

AML cell lines were incubated with different concentrations of MBZ and/or GANT-61
and cultured in methylcellulose-based semi-solid media without or supplemented with
growth factors, respectively (04230, Methocult H4230, Stemcell Technologies, Vancouver,
BC, Canada). After seven days, the number of colonies was counted using an inverted
microscope (Axiovert 25, Zeiss, Jena, Germany).

4.11. Cloning and Lentiviral Transduction

A pLKO.1-puro vectors encoding GLIT (TRCN0000020485, sequence 5'CCGGCCTGAT
TATCTTCCTTCAGAACTCGAGTTCTGAAGGAAGATAATCAGGTTTTT-3'), or scrambled
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shRNA (SHC002, non-target sShRNA vector) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). The Lentiviral Gene Ontology Vector (LeGO) system was used for cloning and
transfection into the AML cell lines (LeGO-G/Puro) [49]. Lentiviral particle containing
supernatants were generated in HEK293T cells co-transfected with the plasmids LeGO-
G/Puro (GLI1 shRNA) or LeGO-G/Puro (scrambled shRNA) in combination with pMD2.G-
VSV-G and psPAX2-Gag-Pol using calcium phosphate co-precipitation. THP-1 cells were
either transduced with non-targeting shRNA (negative control) or with shRNA against
GLI1. On day 3 after transduction, transduced cells were selected by addition of puromycin
(2 ug/mL; Sigma-Aldrich, St. Louis, MO, USA) for 7 days prior to functional assays. The
knock-down efficiency for GLI1 was determined using quantitative PCR analysis after
seven days of puromycin selection. To generate the MOLM-13U* cells, MOLM-13 cells
were transduced with a LeGO vector encoding for firefly luciferase using the same protocols.
All work with lentiviral particles was done in a S2 facility after approval according to
German law.

4.12. In Silico Modeling

All-atom molecular dynamic (MD) simulations were performed on models where
MBZ was bound to HSP90’s ATP binding site using the AMBER software package [50]. A
total of 6 independent simulations were performed that differed in the protein’s crystal
structure used (i.e., 2WI16, 2BT0 and 4W7T [51-53]) for model development and in the force
field employed during the simulation. The proteins were modeled using the ff14SB and
fb15 force fields [54,55], while MBZ was modeled using the gaff2 force field and RESP
partial atomic charges [56]. The models were solvated using TIP3P or force-balanced water
models, as appropriate for the protein force field. In total, 600 nanoseconds of simulation
data were collected and analyzed. A complete description of the modeling can be found in
reference [18].

4.13. Statistical Analysis

Data from the in vitro assays were statistically analyzed by the Welch'’s t-test using
GraphPad Prism 7 (GraphPad Software, Inc., San Diego, CA). A p value less than 0.05 was
considered to be statistically significant. The combination index (CI) and dose reduction
index (DRI) were calculated using the CompuSyn program (Version 1.0, ComboSyn Inc.,
Paramus, NJ, USA) based on the Chou Talalay Method [57].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/1jms221910670/s1, Figure S1: Treatment with MBZ does not reduce GLI1 or GLI2 mRNA
expression in AML cell lines, Figure S2: Treatment with ABZ does not reduce GLI promoter activity
in AML reporter cell lines, Figure S3: Treatment with HSP70 or HSP90 inhibitors does not reduce
GLI1 or GLI2 mRNA expression in AML cell lines, Figure S4: Mebendazole treatment does not affect
HSP70 or HSP90 protein levels.
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Appendix A

Table Al. Primers used in this study.

Gene Sense Anti-Sense
GLI1 CTACATCAACTCCGGCCAAT CGGCTGACAGTATAGGCAGA
GLI2 CCCCTACCGATTGACATGCG GAAAGCCGGATCAAGGAGATG
GLI2-ALL AACCCTGTCGCCATTCACAA CCAGTGGCAGTTGGTCTCAT
GLI2-FL TCAGCCTTTGGACACACACC TGCACTTGTGGGGCTTCTC
GLI2-C-term GCTGCAACAAAGCCTTCTCC TTCTCTTTGAGCAGCGGTGT
GAPDH GTCAGTGGTGGACCTGACCT TGCTGTAGCCAAATTCGTTG
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2. Darstellung der Publikationen mit Literaturverzeichnis

Die akute myeloische Leukdmie (AML) ist eine Erkrankung des blutbildenden Systems, die
durch eine klonale Expansion von abnormal differenzierten Blasten der myeloischen Linie
gekennzeichnet ist. Sie entsteht auf dem Boden der onkogenen Transformationen einer
hamatopoetischen ~ Stammzelle oder einer Progenitorzelle mit  wiedererlangten
stammzelldhnlichen Eigenschaften. Die Proliferation der unreifen Blasten resultiert in einer
Verdrangung der normalen Hamatopoese mit Andmie, Hadmorrhagien und schwerwiegenden
Infektionen und fuhrt unbehandelt innerhalb kirzester Zeit zum Tod (Short et al., 2018). Seit
vielen Jahrzehnten stellt das 7+3-Chemotherapieschema (7 Tage Cytarabin und 3 Tage
Daunorubicin) die Standardbehandlung dar, mit der in 60-85% der Erwachsenen jlinger als 60
Jahre und in 40-60% der Patienten Uber 60 Jahren eine komplette Remission erzielt werden
kann. Auch nach Erreichen einer kompletten Remission erleidet ein groRer Teil der Patienten
ein Rezidiv, sodass das Langzeitiberleben mit 35-45% bei Patienten unter 60 Jahren und nur
10-15% bei den Patienten mit 60 Jahren und niedrig schlecht ist (Dohner et al., 2017; Pabst et
al., 2012).

Als Wurzel des Therapieversagens und von Rezidiven in der AML gelten leukamische
Stammzellen (LSC), die in der Knochenmarksnische tberleben und ein Reservoir fir
leukédmische Blasten bilden (Batlle & Clevers, 2017; Bonnet & Dick, 1997; Lapidot et al.,
1994). Diverse Studien konnten zeigen, dass der Nachweis einer starken stammzelltypischen
Genexpression oder einer hohen Frequenz an LSC im Blut bei Erstdiagnose in hohem Malie
pradiktiv fur Rezidive und das klinische Outcome ist (Eppert et al., 2011; Gentles et al., 2010;
Ho et al., 2016; Rocca et al., 2018; Shlush et al., 2017). Wie hdmatopoetische Stammzellen
besitzen auch LSC diverse Stammzell-Charakteristiken, die ihnen unter anderem die Féhigkeit
zur Selbsterneuerung und ihre Widerstandfahigkeit gegenliber Therapien ermdglichen. Dazu
zdhlen auch vielfaltige Resistenzmechanismen wie beispielsweise Tumor Dormancy,
Expression von Multidrug-Transportern und Apoptoseresistenz (Niu et al., 2022). Diese
Eigenschaften werden durch hochkonservierte Stammzell-Signalwege vermittelt, unter
anderem die Wnt/pB-Catenin- (Hu et al., 2009; C. Zhao et al., 2007), Bmi-1- (Lessard &
Sauvageau, 2003) und Hedgehog-Signalkasakade (Dierks et al., 2008; C. Zhao et al., 2009).
Um langanhaltende Remissionen zu erreichen, ist es notwendig, diese malignen Stammzellen
gezielt zu eliminieren.

Der Hedgehog-Signalweg (HH) ist eine hochkonservierte Signalkaskade, die eine
entscheidende Rolle wéhrend der Embryogenese spielt und zudem an vielen grundlegenden
Zellfunktionen, einschlieBlich Zelldifferenzierung, Proliferation und Stammzellerhaltung,
beteiligt ist (Jiang & Hui, 2008). Der wichtigste Rezeptor flir HH-Liganden ist Patched (Ptch),
ein 12-Transmembranprotein. Nach der Ligandenbindung setzt Ptch SMO frei, ein
rezeptorahnliches Protein mit sieben Transmembrandomanen, dessen Freisetzung letztlich zur
Aktivierung der drei GLI-Zink-Finger-Transkriptionsfaktoren fiihrt. Nach deren Aktivierung
translozieren die GLI-Transkriptionsfaktoren in den Zellkern und induzieren die Expression
von HH-Zielgenen. Die GLI-Transkriptionsfaktoren stellen tber die Beeinflussung der
zelluldren Genexpression die zentralen Effektoren des HH-Signalwegs dar (Niewiadomski et
al., 2019). Sie bestehen aus den drei Mitgliedern GLI1, GLI2 und GLI3 mit jeweils
spezialisierten Funktionen und unterschiedlichen Regulationsmechanismen. GLI1 und GLI2
sind Transkriptionsaktivatoren, wahrend GLI3 tberwiegend in seiner Repressorform vorliegt
und als starker Inhibitor der GLI-vermittelten Transkription fungiert (Jiang & Hui, 2008; Pan
& Wang, 2007; H. Sasaki et al., 1997). Das Gleichgewicht zwischen den aktivierenden und
suppressiven Formen der drei GLI-Transkriptionsfaktoren bestimmt die Gesamtexpression von
HH-Zielgenen, einschliellich PTCH1 und GLI1(Aberger & Ruiz i Altaba, 2014). GLI1 wird in
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ruhenden Zellen nicht exprimiert und fungiert nach HH-vermittelter Expression als positiver
Feedback-Mechanismus (C. B. Bai et al., 2002). Im kanonischen HH-Signalweg reguliert SMO
das Ausmal} der transkriptionellen GLI-Aktivitét, indem es das Gleichgewicht zwischen einer
Aktivierung durch GLI2 und einer Inhibition durch GLI3 in seiner Repressorform (GLI3R)
verschiebt (Aberger & Ruiz i Altaba, 2014).

Wie oben beschrieben spielt der HH Signalweg jedoch auch eine zentrale Rolle in der
Physiologie von leuk&mischen Stammzellen. Seine aberrante Aktivierung wurde daruber
hinaus auch in zahlreichen weiteren Krebsentitaten gezeigt, darunter Karzinome der Prostata,
Lunge, Brust und des Pankreas (Teglund & Toftgard, 2010). Aberrante Aktivierung des HH-
Signalwegs kann durch den kanonischen Weg tber Mutationen von SMO oder Ptch erfolgen,
was unter anderem im Basalzellkarzinom und Medulloblastom gezeigt wurde (Raffel et al.,
1997; Reifenberger et al., 2005; Xie et al., 1997, 1998). Oft erfolgt in Krebszellen jedoch die
direkte Aktivierung der GLI-Transkriptionsfaktoren auf nicht-kanonischem Weg uber
Schnittstellen mit zahlreichen onkogenen Signalkaskaden, einschlielich FLT3/STATS,
RTK/RAF/MEK/ERK und PI3K/AKT/mTOR (Pietrobono et al., 2019). Diese intrinsische
Aktivierung von Stammzell-Signalwegen ist eine mdgliche Erklarung fur eine zunehmende
Unabhangigkeit der Krebsstammzellen von extrinsischen Signalen mit fortschreitender
maligner Transformation (Batlle & Clevers, 2017).

Die klinische Relevanz zeigt sich dadurch, dass eine aktivierte GLI-Signalkaskade in
verschiedenen Krebsarten mit einer schlechteren Prognose assoziiert ist (Cheng et al., 2016).
Wir konnten in vorherigen Arbeiten zeigen, dass die Expression von GLI auch in der AML
einen negativen prognostischen Faktor darstellt (Wellbrock et al., 2015). Dieser Effekt konnte
unter anderem Uber eine erhohte Widerstandsfahigkeit gegeniiber Chemotherapie vermittelt
werden. Mehrere Studien haben die Rolle einer aktivierten GLI-Signalkaskade bei der
Entwicklung von Chemotherapieresistenz bei verschiedenen Krebsarten, einschlielich AML,
Magen- und Ovarialkarzinomen, belegt (Kobune et al., 2009; Yoon et al., 2014; Zhang et al.,
2018).

Es wurde mehrfach gezeigt, dass die Kombination von Cytarabin (Ara-C) mit dem SMO-
Inhibitor Cyclopamin oder dem GLI-Inhibitor GANT-61 die Empfindlichkeit von AML-
Zelllinien und priméaren CD34* AML-Zellen gegeniiber Ara-C deutlich erhoht (Kobune et al.,
2009; Liang et al., 2017; Long et al., 2016). Bei therapierefraktdren AML-Patienten wurde
gegeniiber nicht refraktaren Fallen eine signifikant héhere GLI1-Expression festgestellt.
Dariiber hinaus wurde eine hohe Expression von GLI1 mit einem erhéhten Risiko fir rasche
und wiederholte Rezidive in Verbindung gebracht. Die Autoren konnten die Resistenz einer
multipel arzneimittelresistenten HL-60 AML-Zelllinie mit dem SMO-Inhibitor NVP-LDE225
aufheben. Die SMO-Inhibition fiihrte zu einer verringerten Proteinexpression von MRP1,
einem Membrantransporterprotein, das mit Arzneimittelresistenz und einer schlechten
Prognose bei AML-Patienten assoziiert ist (Huang et al., 2019). Darlber hinaus fiihrt ein
aktivierter GLI-Signalweg zur Hochregulation verschiedener Medikamententransporter,
darunter die ABC-Transporter ABCB1, ABCB2 und ABCG2, DNA-Reparaturmechanismen
und wirkstoffmodifizierende Enzyme der UDP-Glucuronosyltransferase(UGT1A)-Familie
(Chen et al., 2014; Meng et al., 2015; Zahreddine et al., 2014; Zhou et al., 2020).

Im Rahmen meiner Promotion setzte ich mich mit der zentralen Fragestellung auseinander,
inwieweit der Hedgehog-Signalweg und insbesondere die GLI-Transkriptionsfaktoren zur
Entstehung und Aufrechterhaltung von Chemotherapieresistenz in der AML beitragen und
welche Mechanismen der Resistenzentwicklung zugrunde liegen. Zudem sollten neue Wege
oder Wirkstoffe untersucht werden, um die GLI-Transkriptionsfaktoren zu inhibieren und damit
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einer Resistenzentwicklung entgegenzuwirken. Die Ergebnisse meiner Studien konnte ich in
zwei Erstautoren-Publikationen verdffentlichen, deren Inhalt ich im Folgenden kurz erldutern
und diskutieren werde.

Um die Rolle des Hedgehog-Signalwegs und dessen Mechanismen bei der Entwicklung von
Chemotherapieresistenz gegen Ara-C in der AML zu untersuchen, erzeugten wir Ara-C-
resistente Varianten verschiedener AML-Zelllinien durch Langzeitkultivierung mit sukzessive
steigenden Ara-C-Konzentrationen. Ara-C ist seit tiber vier Jahrzehnten der Kern der Standard-
Induktionstherapie als Teil des 7+3-Schemas fir Patienten, die fir eine Hochdosis-
Chemotherapie in Frage kommen (Dohner et al., 2017; Short et al., 2018). Die Ara-C-Resistenz
wurde durch einen 1C80-Wert (80%ige inhibitorische Konzentration) fiir das Zellwachstum
uber 10.000 nM definiert. AnschlieBend untersuchten wir die GLI-mRNA-Expression der
resistenten Varianten im Vergleich zu ihrer jeweiligen parentalen Zelllinie. Bei der mRNA
Expression von GLI1 oder GLI12 wurden keine signifikanten VVeranderungen festgestellt. GLI3
mRNA war jedoch bei allen resistenten Varianten, deren parentale Zelllinie eine GLI3-
Expression aufwies, nicht mehr nachweisbar. Dartiber hinaus konnten wir mittels Western-Blot
nachweisen, dass in den AML Zelllinien OCI-AML3 und OCI-AMLS5 auch auf Proteinebene
signifikant niedrigere GLI3-Konzentrationen zu beobachten waren. Diese Herunterregulation
scheint auch eine klinische Relevanz zu besitzen. Bereits in friiheren Arbeiten stellten wir bei
74 % der AML-Patientenproben eine fehlende GLI3-Expression fest (Wellbrock et al., 2015).
Im Einklang mit diesen Ergebnissen zeigte die genetische Analyse des AML-Datensatzes des
Cancer Genome Atlas durch Chaudhry et al., dass die GLI3-Expression bei den meisten AML-
Patienten epigenetisch stillgelegt ist (Chaudhry et al., 2017).

Um zu untersuchen, ob die Herunterregulation von GLI3 allein zu einer
Chemotherapieresistenz flhrt, erzeugten wir GLI3-Knockdown-Zellen durch lentivirale
Transduktion mit zwei verschiedenen GLI3-spezifischen short hairpin RNAs (shRNA). Bei
gleichzeitiger Transduktion der beiden GLI13-spezifischen sShRNAs wurde die GLI3-Expression
in THP-1-Zellen auf 39,6 % (x 31,1 %) und in OCI-AML3-Zellen auf 53,7 % (x 31,4 %) im
Vergleich zur Kontrolle reduziert. Trotz einer grenzwertigen Verringerung der GLI13 mRNA-
Spiegel im Vergleich zur vollstandigen Ausschaltung in resistenten Zelllinien konnten wir
zeigen, dass die Herunterregulation von GLI3 mittels ShRNA zu einer signifikant reduzierten
Sensibilitdt der Zellen gegeniiber Ara-C fuhrte. Dieser Effekt war besonders deutlich in
klonogenen Assays von AML-Zellen. Dies deutet darauf hin, dass die Herunterregulation von
GLI3 leukdmische Stamm- oder Vorlduferzellen spezifisch vor den zytotoxischen Wirkungen
von Ara-C schiitzen kdnnte. Wie oben ausgefuhrt wurde der Zusammenhang zwischen aktiver
HH-Signalkaskade und Chemotherapieresistenz bei AML und zahlreichen anderen Krebsarten
gezeigt. Die Herunterregulation von GLI3 im Zusammenhang mit der Entwicklung einer Ara-
C-Resistenz bei AML wurde bisher jedoch nie beschrieben.

Um den Mechanismus hinter der erhéhten Ara-C-Resistenz der Knockdown-Zelllinien zu
verstehen, analysierten wir die Expression zahlreicher Gene, die am Ara-C-Stoffwechsel
beteiligt oder im Kontext von Resistenzmechanismen beschrieben worden sind. Im Vergleich
zum Wildtyp zeigten die GLI3-Knockdown-Zelllinien eine erhohte Expression von SAMHDL,
CDA und ABCC11 (MRP8). Die ATP-bindende Kassette C11 (ABCC11) gehort zur Familie
der ATP-bindenden Kassettentransporter, die als Nukleotid-Efflux-Pumpe fungieren und die
intrazellularen Konzentrationen mehrerer klinisch relevanter Nukleotidanaloga, einschlieBlich
der zur Behandlung von Malignomen eingesetzten Fluoropyrimidine, verringern (Guo et al.,
2003). Die Expression des Efflux-Transporters ABCC11 korreliert mit einer schlechten
Prognose in der AML. Zellen, die mit ABCC11 transfiziert wurden, waren resistenter gegen
Ara-C und wiesen geringere intrazellulare Konzentrationen von Ara-C und seinen Metaboliten
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auf (Guo et al., 2009). Intrazellular wird Ara-C durch drei Phosphorylierungsschritte aktiviert,
die zu seinem aktiven Metaboliten Cytidin-5'-triphosphat (Ara-CTP) flhren, wobei die
Phosphorylierung von Ara-C zu Ara-CMP durch die Desoxycytidin-Kinase (DCK) der
geschwindigkeitsbestimmende Schritt bei seiner Aktivierung ist (Lamba, 2009). SAMHD1 ist
eine  Phosphohydrolase, die Desoxynukleosidtriphosphate (dNTP) in anorganisches
Triphosphat und Desoxyribonukleoside spaltet (Franzolin et al., 2013). In leuk&mischen Zellen,
die Ara-C ausgesetzt sind, reduziert SAMHD1 den Ara-CTP-Spiegel drastisch, indem es Ara-
CTP zu inaktivem Ara-C hydrolysiert (Hollenbaugh et al., 2017). Die Inaktivierung von
SAMHD1 fuhrt in AML-Zellen zu einer deutlichen Sensibilisierung gegeniber den
zytotoxischen Wirkungen von Ara-C in vitro und in vivo. Aul3erdem zeigte sich eine SAMHD1-
Expression als ein negativer Pradiktor fiir das Ansprechen auf eine Ara-C-basierte Behandlung
bei AML-Patienten (Schneider et al., 2017). Bei der Aktivierung von Ara-C konkurriert DCK
mit Cytidindesaminase (CDA), die Ara-C irreversibel zu seinem inaktiven Uracil-Derivat
Uracil-Arabinosid (Ara-U) deaminiert (Cohen, 1977). Ohta et al. zeigten, dass eine hohe CDA-
Aktivitat die Resistenz von U937 monozytoiden Leukamiezellen gegen Ara-C vermittelt (Ohta
et al., 2004). In einem Ex-vivo-Zytotoxizitatstest mit AML-Patientenproben war die CDA-
Expression in der Ara-C-sensitiven Gruppe im Vergleich zu den intermediér sensiblen oder
resistenten Proben signifikant niedriger und erwies sich als ein starker Prédiktor fir das
Ansprechen auf Ara-C (Abraham et al., 2015). Bei AML-Patienten war eine hohe Aktivitat und
Expression von CDA mit einem schlechten initialen Ansprechen verbunden und pradiktiv fur
die Dauer der Remission (Jahns-Streubel et al., 1997; Schréder et al., 1998).

Wir konnten zeigen, dass die Herunterregulation von GLI3 einen Mechanismus fir die
Resistenz von AML-Zellen gegen Ara-C darstellt, den wir wéhrend der Resistenzbildung von
AML-Zellen beobachten konnten. Zudem zeigte sich auch in Polymerase Chain Reaction
(PCR)- bzw. Sequenzierungs-Daten priméarer AML-Proben in einem GroRteil der Zellen eine
fehlende GLI3 Expression. In Anbetracht der (bereinstimmenden Daten scheint die
Herunterregulation von GLI3 in AML-Zellen von Vorteil zu sein. Eine Erklarung hierfir ist,
dass GLI3 tiberwiegend in seiner Repressorform GLI3R vorliegt - dem wichtigsten Suppressor
GLI-vermittelter Genexpression (Petrova et al., 2013). Fur AML-Zellen scheint eine
Ausschaltung dieses Suppressors eine zentrale Rolle zuzukommen. Besonders bei einer nicht-
kanonischen Aktivierung der GLI-Transkriptionsfaktoren stellt eine intakte, aber nicht
aktivierte kanonische HH-Signalkaskade ber Bildung von GLI3R einen starken
inhibitorischen Stimulus dar. So zeigt sich in einem Medulloblastom-Mausmodell, das durch
die Expression von GLI2AN angetrieben wird, eine tumorsuppressive Rolle fiir GLI3R.
GLI2AN ist eine konstitutiv aktive GLI2-lIsoform, die zu einer Uberaktivierten GLI-
Signalantwort fuhrt (Han et al., 2009). Das primare Zilium ist fir die proteolytische
Verarbeitung von GLI3 zu seiner Repressorform erforderlich (Chaudhry et al., 2017; Laclef et
al., 2015). Erst nach Verlust der Zilien und daraus folgender Blockade der GLI3R-Bildung kann
GLI2AN im Mausmodell frih Medulloblastome erzeugen (Han et al.,, 2009). Ein
entsprechender Mechanismus wurde auch im Basalzellenkarzinom beobachtet. Dort verstérkte
die Ablation der Zilien das Wachstum von GLI2-induzierten Tumoren deutlich (Wong et al.,
2009). Der volle Effekt einer nicht-kanonischen Uberaktivierung der HH-Signalkaskade auf
dem Level der GLI-Transkriptionsfaktoren kann in der Zelle folglich nur zum Tragen kommen,
wenn die Bildung von GLI3R durch Verlust der Zilie blockiert wird. Interessanterweise fehlen
die primdren Zilien bei einem grofRen Teil der AML-Zellen (Singh et al., 2016). GLI3R hat
insbesondere dann eine suppressive Rolle, wenn eine nicht-kanonische GLI-Aktivierung in
Abwesenheit einer kanonischen Aktivierung vorliegt. Eine simultane kanonische HH-
Aktivierung fuhrt aufgrund einer reduzierten Bildung von GLI3R zu keiner Suppression (Han
et al., 2009; Wong et al., 2009). Durch die in der AML weit verbreitete Herunterregulation von
GLI3 bzw. Verhinderung der GLI3 Bildung durch Verlust des primaren Ziliums liegt der
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Schluss nahe, dass in einem Teil der AML-Zellen eine nicht-kanonische GLI-Aktivierung
vorliegt. Interessanterweise wird die Stérke der GLI-Aktivitat in AML-Zelllinien weniger von
SMO und mehr von der Menge des GLI3 Suppressors beeinflusst (Chaudhry et al., 2017).
Hierbei muss allerdings bedacht werden, dass in Zelllinien aufgrund lhrer reduzierten
Abhangigkeit von &dulleren Stimuli zur Selbsterhaltung maglicherweise vorwiegend intrinsische
Signalaktivierung vorliegt, die die Realitdt von Interaktionen der AML-Zellen in der
Knochenmarksnische nicht vollstandig abbilden. Damit eignen sie sich nur begrenzt fir
Ruckschlisse der im Patienten vorliegenden Signalmechanismen in der AML.

Das Vorliegen einer dysfunktionalen kanonischen HH-Signalkaskade in einem Teil von AML-
Zellen hatte weitreichende klinische Implikationen fiir Inhibitoren des Signalwegs. Inhibitoren
von SMO, wie der fur die AML Klinisch zugelassene HH Inhibitor Glasdegib (Jamieson et al.,
2020), wirken Uber einen intakten kanonischen HH-Signalweg. So zeigten Chaudhry et al., dass
die Expression von GLI3 und die Bildung von GLI3R fir die Wirksamkeit von SMO-Hemmern
erforderlich ist (Chaudhry et al., 2017). Zudem kénnen SMO-Inhibitoren zwar die kanonische
Aktivierung von GLI1 und GLI2 reduzieren, die nachfolgende Aktivierung der GLI-
Transkriptionsfaktoren auf nicht-kanonischem Wege koénnen sie jedoch nicht verhindern.
Damit tbereinstimmend konnte in vorherigen Arbeiten unserer Arbeitsgruppe gezeigt werden,
dass die Behandlung von GLI-Reporter-AML-Zelllinien mit dem SMO-Inhibitor Cyclopamin
nicht zu einer Verringerung der GLI-Promotoraktivitét fuhrt (Latuske et al., 2017). Dennoch
zeigten einige Studien die Wirksamkeit von SMO-Inhibitoren in der AML (Kobune et al., 2009;
Liangetal., 2017; Long et al., 2016). Daruber hinaus konnten in einer vorherigen Arbeit unserer
Arbeitsgruppe erhohte Spiegel von Desert Hedgehog (DHH), einem Liganden der HH-
Signalkaskade, im Serum von AML-Patienten nachgewiesen werden. Diese wurden in
Stromazellen des Knochenmarks nachgewiesen, was auf eine parakrine Stimulation des HH-
Signalwegs in AML-Zellen hinweist (Wellbrock et al., 2015). Auch die Wirksamkeit des SMO-
Inhibitors Glasdegib in der AML weist auf eine grofle Bedeutung der kanonischen HH-
Signalkaskade hin (Heuser et al., 2021). Ein grof3es Problem fir die Wirksamkeit von SMO-
Inhibitoren bei fortgeschrittener Therapiedauer ist, dass die Herunterregulation von GLI3 bzw.
Blockade der GLI3 Uber zilidre Ablation einen Resistenzmechanismus sowohl gegen SMO-
Inhibitoren als auch, wie in dieser Arbeit gezeigt, gegen Ara-C-basierte Chemotherapie
darstellt. Zudem konnte aufgrund des damit einhergehenden Verlusts der kanonischen HH-
Signalkaskade die Relevanz von nicht-kanonischer HH-Aktivierung maoglicherweise mit
zunehmender Therapieresistenz in der AML zunehmen.

Neben der bekannten Aktivierung von GLI iber andere onkogene Signalwege, iberpriften wir,
ob eine nicht-kanonische Aktivierung der GLI-Signalkaskade (ber die Expression der
GLI2AN-Isoform vorliegt. GLI2AN ist eine konstitutiv aktive GLI2-Isoform, der die
aminoterminale Repressordomane fehlt (Sadam et al., 2016) und die die Fahigkeit besitzt,
Zielgene im Vergleich zur GLI2-FullLength (GLI2FL) um ein Mehrfaches starker zu
induzieren (H. Sasaki et al., 1999). Die Expression von GLI2AN fiihrt selbst in Gegenwart von
SMO-Inhibitoren zu einer konstitutiv aktiven GLI-Signalkaskade, was einen wichtigen
Mechanismus flr die Resistenz gegen SMO-Inhibitoren in Krebszellen darstellt (X. Zhao et al.,
2015). Daher analysierten wir die Expression von GLI2AN und GLI2FL in Proben von 47 neu
diagnostizierten AML-Patienten mittels quantitativer PCR (qPCR). Die GLI2-Expression
wurde in 16 der 47 Proben (34 %) nachgewiesen. Die mMRNA-Expression von GLI2AN war
29,5-mal hoher als die mRNA-Expression von GLI2FL. Darliber hinaus waren die
Proteinkonzentrationen von GLI2AN in den untersuchten AML-Zelllinien deutlich hoher als
die von GLI2FL, wie mittels Western-Blot festgestellt wurde. Dies deutet darauf hin, dass
GLI2AN im Vergleich zu GLI2FL die Uberwiegend exprimierte Isoform in der AML ist. Dies
stellt einen neuen Mechanismus zur nicht-kanonischen GLI-Aktivierung in der AML dar.
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Aufgrund der in der AML vorhandenen nicht-kanonischen HH-Aktivierung tiber Schnittstellen
mit anderen Signalwegen, Resistenzmechanismen gegentber SMO-Inhibitoren und der
konstitutiv aktiven GLI2AN Isoform wire ein therapeutischer Ansatz, der direkt auf die GLI-
Transkriptionsfaktoren abzielt, das Mittel der Wahl. Obwohl jedoch bereits mehrere GLI-
Inhibitoren entdeckt wurden (Sabol et al., 2018), wird derzeit keiner davon klinisch eingesetzt.

Bei der Untersuchung potenzieller Kandidaten fir klinisch verfligbare GLI-Inhibitoren mittels
GLI Reporter Zelllinien konnten wir zeigen, dass das Anthelminthikum Mebendazol (MBZ) zu
einer starken dosisabhangigen Reduktion der GLI-Promoter-Aktivitat in AML-Zellen fiihrt.
MBZ ist ein Breitspektrum-Benzimidazol, das seit mehreren Jahrzehnten in der Human- und
Veterindrmedizin zur Behandlung einer Reihe von parasitdren Wurminfektionen eingesetzt
wird (Dayan, 2003). In den letzten Jahren wurde MBZ als vielversprechender Kandidat fur
Drug Repurposing in der Onkologie bekannt, sprich der Umnutzung zugelassener
Medikamente zur Behandlung anderer Erkrankungen. In mehreren Studien konnten bei MBZ
erhebliche In-vitro- und In-vivo-antitumorale Effekte beobachtet werden (Guerini et al., 2019).
Neben dem Neuroblastom wurden h&matologische Malignome - darunter Leukamie,
Lymphome und multiple Myelome - als die Krebsentitaten identifiziert, die am empfindlichsten
auf eine Behandlung mit dem MBZ-Analogon Flubendazol reagieren, wie ein Screening von
321 Zelllinien aus 26 Krebsentitaten zeigte (Michaelis et al., 2015). Die MBZ-Konzentration,
die zur Hemmung der GLI-Promotoraktivitat erforderlich ist, lag in unseren Versuchen
innerhalb der klinisch erreichbaren Konzentrationen. Die mittlere inhibitorische Konzentration
(1C50) betrug nach 48 Stunden bei den getesteten AML-Zelllinien zwischen 32 + 20 und 267 £
71 nM. In der Vergangenheit wurde gezeigt, dass die langfristige, wiederholte Verabreichung
von Mebendazol zu signifikant hoheren Plasmaspiegeln im Vergleich zu einer Einzeldosis
fiihrt, was moglicherweise auf den enterohepatischen Kreislauf zurtickzufthren ist (Braithwaite
et al., 1982). Die erreichten Plasmaspiegel variieren stark zwischen den Individuen, wobei in
einer Studie eine maximale Plasmakonzentration von 0,017-0,134 uM nach einer Einzeldosis
von 1,5 g und bis zu 0,5 uM nach wiederholter Verabreichung von 1 g festgestellt wurde (Munst
et al., 1980). In einer anderen Studie wurden 12 Patienten mit chronischer Echinokokkose mit
einer einmaligen oder wiederholten Dosis von 10 mg/kg behandelt. Die Verabreichung einer
Einzeldosis flhrte zu einer maximalen Plasmakonzentration von durchschnittlich 0,24 uM
(zwischen 0,06 und 1,69 pM), wahrend die wiederholte Verabreichung zu einer maximalen
Konzentration von 0,47 UM und einer Area under the curve (AUC) flhrte, die funfmal héher
war als nach einer Einzeldosis (Braithwaite et al., 1982). Dariber hinaus gibt es bereits
verschiedene Ansétze, um die Bioverfligbarkeit von oralem MBZ zu verbessern, wodurch eine
Steigerung der Bioverfugbarkeit in einer Studie um den Faktor 2,12 (Chaudhary et al., 2016).
und in einer weiteren Arbeit von 11% auf 41% (Zimmermann et al., 2018) erreicht werden
konnte. Mittels Selbst-Nanoemulgierenden Drug-Delivery-Systemen (SNEDDS) konnte die
AUC von MBZ um den Faktor 10 gesteigert werden (Sumimoto et al., 2022). Aufgrund des neu
geweckten Interesses an MBZ zur Behandlung von Tumoren werden neue Darreichungsformen
erprobt, unter anderem eine Mikroemulsion fiir intranasale Applikation zur Behandlung des
Glioblastoms oder subkutane Implantate bei murinem triple-negativem Mamakarzinom. Beide
Darreichungsformen von MBZ fiihrten im Tiermodell zu einer verbesserten Uberlebenszeit
gegentiber der Kontrolle, wahrend fur die subkutanen Implantate im murinen triple-negativen
Mammakarzinom sogar eine Uberlegenheit gegeniiber der oralen Gabe von MBZ gezeigt
werden konnte (Kefayat et al., 2022; Mena-Hernandez et al., 2020).

Um zu verstehen, wie MBZ die transkriptionelle Aktivitat der GLI-Transkriptionsfaktoren
reduziert, analysierten wir deren Expression auf Protein- und mRNA-Ebene. MBZ fihrte zu
einer deutlichen Abnahme der GLI1 und GLI2 Proteinlevel, wéhrend sich die Level von
GLI1/GLI2 mRNA nicht reduzierte. Da MBZ seine Wirkung auf der Proteinebene - und nicht
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auf transkriptionellen Ebene - auszutiben schien, stellten wir die Hypothese auf, dass MBZ die
GLI-Proteinkonzentration tber Forderung deren proteasomalen Abbaus reduzierte. Daher
analysierten wir den Einfluss des 26s-Proteasom-Inhibitors Bortezomib (BTZ) auf die GLI-
Proteinlevel und Signalaktivitat in AML-Zellen nach MBZ-Behandlung. Die Behandlung mit
BTZ konnte die MBZ-vermittelte Hemmung der GLI-Promotoraktivitét vollstandig aufheben.
In Ubereinstimmung mit diesen Ergebnissen konnte durch BTZ die Wirkung von MBZ auf die
GLI1- und GLI2-Proteinspiegel deutlich reduziert werden, wie mittels Western-Blot-Analyse
gezeigt werden konnte. Diese Ergebnisse stlitzten die These, dass MBZ den proteasomalen
Abbau von GLI1 und GLI2 vermittelt.

Hitzeschockproteine wirken als molekulare Chaperone, die an der Faltung, Aktivierung und
dem Zusammenbau einer Vielzahl von Proteinen beteiligt sind. Heat Shock Protein 70 (HSP70)
spielt eine Rolle in zahlreichen Prozessen der intrazellularen Proteinfaltung und -stabilisierung,
wéhrend Heat Shock Protein 90 (HSP90) ausschlieBlich bei einer Auswahl von Client-
Substraten beteiligt ist (Rosenzweig et al., 2019; Taipale et al., 2010). Fur die Bindung an
HSP90 bendtigen seine Client-Proteine andere Chaperone und Co-Chaperone, da sie nicht
direkt von HSP90 gebunden werden konnen. Bestimmte Client-Proteine, wie z.B.
Transkriptionsfaktoren, mussen zundchst von HSP70 und seinem Co-Chaperon HSP40
gebunden werden, bevor sie an HSP90 tibergeben werden kénnen (Taipale et al., 2010). Es wird
angenommen, dass HSP70 und HSP90 als zentrales Chaperonsystem fungieren, das die
Stabilitédt, den Transport und den Abbau von Signalproteinen reguliert (Rosenzweig et al., 2019;
Taipale et al., 2010) und somit die Aktivitdt einer Vielzahl von Proteinkinasen,
Transkriptionsfaktoren und Steroidhormonrezeptoren aufrechterhélt (Taipale et al., 2010). Eine
Unterbrechung der HSP70/HSP90-Chaperonkaskade fuhrt zur Fehlfaltung und zum Abbau
dieser Client-Proteine (Butler et al., 2015). So beschrieben Walf-Vorderwilbecke et al. in der
AML, dass MBZ den proteasomalen Abbau des Transkriptionsfaktors c-MYB durch Hemmung
von HSP70 fordert (Walf-Vorderwilbecke et al., 2018). Die Abhéngigkeit der Stabilitat der
GLI-Proteine von der enzymatischen Aktivitat der Hitzeschockproteine wurde zuvor nicht
beschrieben. Um die Rolle der Proteindestabilisierung durch HSP-Hemmung bei der Abnahme
der GLI-Proteinlevel zu untersuchen, behandelten wir AML-Zellen mit niedermolekularen
Inhibitoren von HSP70 (VER-155008) bzw. HSP90 (PU-H71). Inkubation von AML-Zellen
mit dem jeweiligen Inhibitor flhrte zu einer signifikanten Verringerung der GLI1- und GLI2-
Proteinspiegel in der Western-Blot-Analyse. Die simultane Hemmung von HSP70 und HSP90
durch die Kombination beider Wirkstoffe verstarkte die Wirkung nochmals erheblich. In
Ubereinstimmung mit den durch MBZ vermittelten Effekten sanken die mRNA-Spiegel von
GLI1 und GLI2 nicht. MBZ hatte keinen Einfluss auf die Proteinexpression von HSP70 oder
HSP90.

Um zu untersuchen, ob MBZ einen direkten Inhibitor der enzymatischen Aktivitat der HSP-
Chaperon-Maschinerie in  AML-Zellen darstellt, etablierten wir einen in-vitro
Renaturierungsversuch in AML-Zellen. Hierflr erzeugten wir eine MOLM-13-Zelllinie, die
konstitutiv eine Firefly-Luciferase exprimiert (MOLM-13luc™) und identifizierten die
optimalen Bedingungen fiir den ,,Hitzeschock® (Wérmeexposition). Nach dem Hitzeschock
wurde die Zelllinie erneut bei 37°C inkubiert und die Starke des durch die Luciferase erzeugten
Lichts in einem Luminometer als Rickschluss auf die gesamte intrazellulare enzymatische
Aktivitat im Zeitverlauf gemessen. Nach Exposition von Zellen gegeniiber thermischem Stress
héngt die Ruckfaltung der hitzedenaturierten Firefly-Luciferase und die Regeneration der
enzymatischen Aktivitat von der kooperativen Chaperonaktivitat von HSP70 und HSP90 ab
(Moran Luengo et al., 2018). Nach einem Hitzeschock erholte sich das Luciferasesignal in
MOLM-13luc™ ohne Inhibitor. Die Inkubation von AML-Zellen mit MBZ oder spezifischen
HSP-Inhibitoren beeintrachtigte die Wiederherstellung des Signals erheblich, was auf eine
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direkte funktionelle Hemmung der HSP70/HSP90-vermittelten Rickfaltung der Luciferase
durch MBZ hindeutet. Die starke Empfindlichkeit der GLI Proteine gegentber der Hemmung
von HSP70 und HSP90 deutet darauf hin, dass die GLI-Transkriptionsfaktoren fiir die
Proteinfaltung und -stabilitat stark auf die HSP70/HSP90-Chaperonkaskade angewiesen sind.
Heat Shock Factor 1 (HSF1) ist der wichtigste Transkriptionsfaktor der Hitzeschockfamilie und
zentraler Vermittler der Heat-Shock-Reaktion, einer zellularen Anpassungsreaktion auf unter
anderem thermischen oder proteotoxischen Stress (Cyran & Zhitkovich, 2022). HSF1 war nach
MBZ-Behandlung von AML-Zellen stark an Serin 326 phosphoryliert, was einen aktiven
Zustand von HSF1 anzeigt. Dies ist ein Hinweis darauf, dass in den untersuchten Zellen
proteotoxischer Stress durch MBZ-vermittelte Stérung der Proteinfaltungsmechanismen
vorliegt. In Kooperation mit Dr. Karl Kirschner der Hochschule Bonn-Rhein-Sieg (Insitut fir
Visual Computing) erfolgte eine in-silico Analyse der mdglichen Interaktion von MBZ an die
ATP-Bindungsstelle von HSP90. Mittels computergestitzter Simulation konnten zwei stabile
Bindungspositionen identifiziert werden, die mit grolRer Wahrscheinlichkeit experimentell
beobachtet werden kdnnen. Eine ausfihrliche Analyse der neun Bindungsposen ist in Referenz
(Fiedler et al., 2022) zu finden (W. Fiedler, F. Freisleben, J. Wellbrock, K.N. Kirschner,
"Mebendazole’s Conformational Space and Its Predicted Binding to Human Heat-Shock
Protein 90", J. Chem. Inf. Model. 2022, 62, 15, 3604-3617).

Wir konnten die zuvor beschriebenen antileuk&mischen Effekte durch MBZ bestéatigen. Die
Behandlung von AML-Zelllinien und primaren AML-Proben mit verschiedenen MBZ-
Konzentrationen fiihrte zu einer dosisabhdngigen Wirkung auf die Proliferation,
Koloniebildung und Apoptose. Wir konnten zeigen, dass in AML-Zellen die Kombination von
MBZ mit dem niedermolekularen GLI-Inhibitor GANT-61 zu synergistischen anti-
leuk&dmischen Effekten fiihrt. Dies konnte in Zukunft als potenzielle Behandlungsstrategie
eingesetzt werden, um die Wirksamkeit einer pharmakologischen HH-Blockade zu erhdhen.
Mehrere HH-Inhibitoren befinden sich in der Entwicklung fiir die AML-Behandlung, sodass
HH-Inhibitoren als eine neue Klasse von Therapeutika angesehen werden kdnnen (Jamieson et
al., 2020). MBZ ist ein vielversprechender Kandidat, um die Wirkung dieser Wirkstoffe zu
potenzieren und ihren therapeutischen Erfolg zu maximieren. Um zu untersuchen, ob MBZ die
Sensibilitdt der AML-Zelllinien MV4-11, MOLM-13 und OCI-AML3 gegeniber Cytarabin
erhdhen kann, berechneten wir die Dose-Reduction-Index-Werte (DRI) fiir Cytarabin in der
Wirkstoffkombination mit Mebendazol. Hierfur analysierten wir die Proliferationsdaten
computergestutzt nach der Chou-Talalay-Methode (CompuSyn), um DRI-Werte fiur die
getestete Wirkstoffkombination mit Ara-C und MBZ bei konstantem Dosisverhéltnis zu
berechnen (Chou, 2010). Die DRI-Werte geben den Faktor an, um den die Dosis eines
Medikaments in einer Kombination reduziert werden kann, um die gleiche Wirkstarke zu
erzielen wie die Monotherapie des Medikaments. DRI-Werte > 1 gelten als guinstig im Hinblick
auf die prognostizierte Verringerung der Toxizitat einer Arzneimitteltherapie. Mittels hoher
DRI-Werte konnten wir zeigen, dass MBZ die AML-Zelllinien gegenuber Cytarabin
sensibilisierte. Diese maogliche Dosisreduktion konnte die Toxizitdt der Therapie beli
gleichbleibender antileukdmischer Wirkung verringern. Das wére ein moglicher Ansatz, um
eine verbesserte Behandlung fur &ltere Patienten zu erreichen, bei welchen eine Hochdosis-
Chemotherapie nicht in Frage kommt. Die Prognose flr altere, nicht fiir intensive Therapie
geeignete Patienten ist mit den derzeitigen Behandlungen weiterhin schlecht. Glucklicherweise
hat sich die Prognose fur diese Patienten in den letzten Jahren durch die Einfuhrung neuer
zielgerichteter Wirkstoffe wie Bcl-2-, FLT3- und IDH1/2-Inhibitoren verbessert. VVor allem die
Kombination von Azacitidin und Venetoclax hat sich bei alteren, flr intensive Chemotherapie
ungeeigneten AML-Patienten zu einem weit verbreiteten Behandlungsschema entwickelt, das
im Vergleich zu hypomethylierenden Wirkstoffen allein zu einem l&ngeren Gesamtuberleben
fihrt (DiNardo et al., 2020; Short & Kantarjian, 2021). Allerdings sind nicht alle neuen
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Behandlungsmethoden kurativ und die Behandlungsmaoglichkeiten fur Patienten, die auf diese
Therapien nicht mehr ansprechen, sind spérlich. Daher konnte MBZ aufgrund seines sehr
gunstigen Toxizitatsprofils (Pantziarka et al., 2014; Patil et al., 2020) eine wertvolle
therapeutische Option bei der Behandlung &lterer Patienten darstellen.

Um weiter zu untersuchen, ob MBZ ein klinisch geeignetes Therapeutikum zur Hemmung von
GLI ist, etablierten wir einen modifizierten Plasma-Inhibitory-Assay (mPIA). Hierbei wird eine
das GLI-Luciferase-Promotor-Transgen tragende Indikatorzelllinie mit dem Plasma von
Patienten vor und nach Wirkstoffverabreichung inkubiert. AnschlieBend wurde tberprift,
inwieweit die im Plasma enthaltene Wirkstoffmenge einen Effekt auf die transkriptionelle
Aktivitdt von GLI in der Indikatorzelllinie austibt. So lassen sich Ruckschlusse auf die
biologisch aktive Plasmakonzentration ziehen. Wir behandelten zwei refraktare AML-Patienten
mit einer MBZ-Monotherapie nach deren ausfuhrlicher Aufklarung und Einwilligung in einem
Off-Label-Setting. Wahrend der Therapie entnahmen wir regelmaRig Blutproben tber den
Verlauf von bis zu 17 Tagen. Die genauen Patientencharakteristika lassen sich der
Originalarbeit entnehmen. Daruber hinaus nahm ein 62-jahriger ménnlicher gesunder Proband
MBZ in einer Dosis von 50 mg/kg, verteilt auf zwei Einnahmen zum Zeitpunkt 0 h und 12 h,
ein. Die Blutentnahme erfolgte nach 4 h und 24 h. In allen Féallen zeigten die mP1A-Ergebnisse
uber eine deutliche Reduktion der GLI-Promoter-Aktivitdt in der Indikatorzelllinie eine
biologisch aktive Plasmakonzentration an. In Ubereinstimmung mit friineren Studien zu MBZ-
Plasmaspiegeln fuhrte die wiederholte Verabreichung des Medikaments bei den beiden
Patienten zu einer starkeren Hemmwirkung als eine Einzeldosis. Zudem erfolgte eine klinische
Uberwachung des Verlaufs beider Patienten unter MBZ-Monotherapie. Bei einem der beiden
Patienten konnte unter MBZ-Therapie ein deutlicher und kontinuierlicher Rickgang der
leuk&dmischen Blasten im peripheren Blut, sowie eine rasche Verringerung der GLI2-
Proteinspiegel in Blastenlysaten peripherer leuk&mischen Blutzellen beobachtet werden.
Zusammenfassend deuten unsere Ergebnisse darauf hin, dass die orale Verabreichung von
MBZ geeignet ist, um in der klinischen Anwendung spirbare therapeutische Effekte zu
erzielen. Dies unterstreicht das aufRergewohnliche Potenzial von MBZ als zukinftige
therapeutische Option fur die Behandlung verschiedener Krebsarten.

Neben den beschriebenen Effekten sei darauf hingewiesen, dass fur MBZ eine Vielzahl anderer
Mechanismen identifiziert wurden, die sowohl hemmende Wirkungen auf die GLI-
Signaliibertragung vermitteln als auch krebshemmende Wirkungen erzeugen kénnen. Zu den
beobachteten krebshemmenden Wirkungen von MBZ gehdren die Induktion einer Anti-Tumor-
Immunantwort, die Sensibilisierung fir Strahlen- und Chemotherapie, die Hemmung der
Angiogenese, die Induktion von Apoptose und die Hemmung der Proliferation (Guerini et al.,
2019). Es wurde gezeigt, dass MBZ mehrere wichtige Signalkinasen hemmt, darunter
VEGFR2, FAK, die GTPasen Rho-A und Racl (Guerini et al., 2019), ABL, JNK3 und KIT
(Nygren et al., 2013). Darber inhibiert MBZ die Kinasen BRAF und MEK durch Blockierung
ihrer ATP-Bindungstasche (Simbulan-Rosenthal et al., 2017). MBZ hemmt die Tubulin-
Depolymerisation in verschiedenen Tumorentitaten, einschlieBlich nicht-kleinzelligem
Lungenkrebs und Glioblastom (R.-Y. Bai et al., 2011; J.-I. Sasaki et al., 2002). In AML-Zellen
fuhrte MBZ in Konzentrationen von bis zu 10 puM jedoch nicht zu einer Mikrotubuli-
Depolymerisation (Walf-Vorderwilbecke et al., 2018). In unserer Arbeit konnten wir sehen,
dass MBZ ebenfalls den Abbau von FLT3 induziert (Daten nicht gezeigt), dessen
Uberaktivierung einen wichtigen Stimulus fiir nicht-kanonische GLI-Aktivierung darstellt
(Latuske et al., 2017). Es sind weitere Untersuchungen notwendig, um die vielféltigen
Wirkungen von MBZ auf Krebszellen und auch auf die GLI-Transkriptionsfaktoren zu
identifizieren.
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Trotz der vielversprechenden Ergebnisse von MBZ in vitro und in Tierversuchen konnte in den
Phase 2 Studien bei high-grade Gliomen oder Krebs des Gastrointestinaltrakts bisher kein
Vorteil durch MBZ im klinischen Kontext gezeigt werden (Mansoori et al., 2021; Patil et al.,
2022). Ein Grund konnte die schwierige und interindividuell stark unterschiedliche
Bioverfiigbarkeit von MBZ sein. Weitere klinische Studien stehen noch aus, unter anderem im
metastasiertem kolorektalem Karzinom (Clinical Trials.gov Identifier: NCT03925662). Weitere
Forschung ist notwendig, um aufgrund der schlechten und unterschiedlichen Bioverfiigbarkeit
neue und zuverlassigere Darreichungsformen zu etablieren, bevor MBZ im klinischen Alltag
angewendet werden kann.

In einer Phase 2 Studie (BRIGHT 1003) zeigte die Kombination des SMO Inhibitors Glasdegib
mit niedrigdosiertem Ara-C (Low Dose Ara-C, LDAC) in der AML einen deutlichen
Gesamtiiberlebensvorteil (Heuser et al., 2021; ClinicalTrials.gov Identifier: NCT01546038),
was zur Zulassung von Glasdegib flhrte. Diese vielversprechenden Ergebnisse sollen in der
aktuell laufenden BRIGHT AML 1019 Phase 11l Studie mit LDAC bestatigt und ebenfalls mit
intensiver Chemotherapie im 7+3 Schema (berprift werden (Cortes et al., 2019;
ClinicalTrials.gov Identifier: NCT03416179). Im Pankreaskarzinom waren klinische Studien
mit SMO-Inhibitoren in Kombination mit Chemotherapie nicht erfolgreich (Catenacci et al.,
2015; De Jesus-Acosta et al., 2020). Eine mogliche Ursache kdnnte ein nicht-kanonischer
Aktivierungsweg der HH-Signalkaskade in Pankreaszellen darstellen. Gleichzeitig wurde
gezeigt, dass der Mechanismus einer Chemotherapieresistenz ber Herunterregulation von
GLI3 in der AML ebenfalls einen bekannten Resistenzmechanismus gegen SMO-Inhibition
darstellt (Chaudhry et al., 2017). Die klinische Relevanz dieses geteilten
Resistenzmechanismus muss im klinischen Umfeld tberprift werden.

Zusammenfassend unterstitzt diese Arbeit die vielversprechenden Ergebnisse durch Glasdegib
in Kombination mit Cytarabin in der AML und liefert Erklarungs- und Forschungsansatze, um
diese Therapiestrategie in Zukunft effektiver zu gestalten. GLI3 wurde als relevanter Mediator
einer Chemotherapieresistenz in der AML identifiziert und mehrere Kklinisch relevante,
zugrundeliegende Resistenzgene nachgewiesen. Die Physiologie der HH-Aktivierung in der
AML wurde tiefergehend beschrieben und ein neuer Mechanismus einer nicht-kanonischen
GLI-Aktivierung Uber GLI2AN in der AML erstmals identifiziert. Zudem wurden
Erklarungsansatze fur ein mangelndes Ansprechen von SMO-Inhibitoren in anderen
Krebsentitaten und mdgliche Resistenzmechanismen aufgezeigt. Mit der Identifikation von
MBZ als starker Inhibitor des GLI-Signalwegs konnte ein weiteres Element seiner komplexen
krebshemmenden Wirkung beschrieben werden. Weitere Untersuchungen und eine
Optimierung der pharmakologischen Eigenschaften sind jedoch notwendig, bevor MBZ im
breiten klinischen Umfeld zur Anwendung kommen kann.
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3. Zusammenfassungen
3.1. Zusammenfassung (Deutsch)

Die akute myeloische Leukamie (AML) ist eine maligne Erkrankung des blutbildenden
Systems und entsteht auf dem Boden einer onkogenen Transformation einer hamatopoetischen
Stamm- oder Progenitorzelle im Knochenmark. Die Standardbehandlung stellt ein intensives
Chemotherapieschema dar. Selbst nach initialem Ansprechen erleidet ein grofRer Teil der
Patienten einen Ruckfall, sodass die Prognose weiterhin schlecht ist. Als Ursache des
Therapieversagens und von Rezidiven gelten Leukdamische Stammzellen (LSC), die in der
Knochenmarksnische Uberleben und ein Reservoir fur leuk&mische Blasten bilden. Die
Stammzelleigenschaften der LSC, einschlieBlich einer hohen Therapieresistenz, werden tber
Stammzell-Signalwege vermittelt, unter anderem dem Hedgehog-Signalweg (HH). Eine
aberrante Aktivierung des Hedgehog-Signalwegs (HH) wird bei vielen Neoplasien,
einschlieBlich AML, beobachtet. Die GLI-Transkriptionsfaktoren sind die wichtigsten
nachgeschalteten Effektoren der HH-Signalkaskade, indem sie die Transkription von Zielgenen
regulieren. Im Rahmen dieser Promotion wurde untersucht, inwieweit die GLI-
Transkriptionsfaktoren zur Entstehung und Aufrechterhaltung von Chemotherapieresistenz in
der AML beitragen und welche Mechanismen der Resistenzentwicklung zugrunde liegen.
Zudem sollten neue Wege oder Wirkstoffe untersucht werden, um die GLI-
Transkriptionsfaktoren zu inhibieren und so einer Resistenzentwicklung entgegenzuwirken.
Hierfur erzeugten wir Cytarabin(Ara-C)-resistente Varianten von AML-Zelllinien durch
langfristige Kultivierung mit Ara-C. Die Expression von Mitgliedern der HH-Signalkaskade
wurde anschliefend untersucht. Im Vergleich zu den parentalen Zelllinien war die GLI3-
Expression in allen resistenten Varianten vollstandig unterdrickt. Wir erzeugten GLI3-
Knockdown-AML-Zelllinien mittels shRNA. Der Knockdown von GLI3 reduzierte die
Wirkung von Ara-C auf die AML-Zellen. Daruber hinaus analysierten wir die Expression
verschiedener Gene, die am Stoffwechsel und Transport von Ara-C beteiligt sind. Die
Herunterregulation von GLI3 fuhrte zu einer Hochregulierung der Resistenzgene SAMHD1,
CDA und ABCC11, von denen jedes als pradiktiver Marker flr das Ansprechen auf Ara-C in
der AML identifiziert worden ist. Die Herunterregulation von GLI3 stellt somit einen
potenziellen Mechanismus dar, um eine Chemotherapieresistenz in der AML zu induzieren. Es
ist bekannt, dass die Herunterregulation von GLI3 ebenfalls einen bekannten
Resistenzmechanismus gegen SMO-Inhibitoren, wie das fir die AML zugelassene Glasdegib,
darstellt. Bei SMO-Inhibitoren handelt es sich um die derzeit einzige klinische zugelassene
Wirkstoffklasse zur Hemmung des HH-Signalweges. Zudem kénnen SMO-Inhibitoren nur die
kanonische HH-Aktivierung, nicht jedoch nicht-kanonische HH-Aktivierung inhibieren. Durch
gPCR-Analyse von Proben 47 neu diagnostizierter AML-Patienten konnten wir zeigen, dass
die Expression der GLI2AN-Isoform eine weit verbreitete Form der nicht-kanonischen GLI-
Aktivierung in  AML-Zellen darstellt. Ein Inhibitor, der direkt auf die GLI-
Transkriptionsfaktoren abzielt, wére daher die bessere Wahl. Allerdings ist bisher kein
klinischer GLI-Inhibitor verfligbar. Mebendazol (MBZ) ist ein seit Jahrzehnten zugelassenes
und gut vertragliches Anthelminthikum. Wir konnten MBZ als potenten Inhibitor der HH-
Signalkaskade identifizieren. Wir zeigten, dass MBZ in der Lage ist, das HSP70/HSP90
Chaperonesystem zu hemmen und so die Proteinfehlfaltung von GLI1 und GLI2 und deren
Abbau Uber das 26s-Proteasom zu induzieren. Zwei Patienten mit refraktdrer AML wurden im
Rahmen einer Off-Label-Behandlung mit MBZ behandelt. Wir konnten in einem modifizierten
Plasma-Inhibitory-Assay eine biologisch aktive Plasmakonzentration im Blut der Patienten
nachweisen, die die GLI-Aktivitat einer Indikatorzelllinie in-vitro reduzieren konnte. Daruiber
hinaus zeigte einer der Patienten einen Rickgang der Anzahl der Blasten im peripheren Blut
unter Therapie. Daher ist MBZ ein bereits zugelassener und vielversprechender GLI-Inhibitor,
dessen Wirksamkeit in der klinischen Praxis gepruft werden sollte.
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3.2. Zusammenfassung (Englisch)

Acute myeloid leukemia (AML) is a malignant disease of the hematopoietic system and
develops due to an oncogenic transformation of a hematopoietic stem or progenitor cell in the
bone marrow. The standard treatment is an intensive chemotherapy regimen. Even after initial
response, a large proportion of patients relapse, so the prognosis remains poor. Leukemic stem
cells (LSCs), which survive in the bone marrow niche and form a reservoir for leukemic blasts,
are the cause of treatment failure and relapse. The stem cell properties of LSCs, such as high
resistance to therapy, are mediated by stem cell signaling pathways, including the Hedgehog
(HH) pathway. Aberrant activation of the Hedgehog signaling (HH) pathway is observed in
many neoplasms, including AML. The GLI transcription factors are the key downstream
effectors of the HH signaling cascade by regulating the expression of target genes. This doctoral
thesis investigated if the GLI transcription factors contribute to the development and
maintenance of chemotherapy resistance in AML and the mechanisms underlying resistance
development. In addition, we aimed to investigate new approaches or agents to inhibit GLI
transcription factors and thus counteract resistance development. For this purpose, we generated
cytarabine (Ara-C)-resistant variants of AML cell lines by long-term cultivation with Ara-C.
The expression of members of the HH signaling cascade was subsequently examined.
Compared with the parental cell lines, GLI3 expression was completely silenced in all resistant
variants. We generated GLI3 knockdown AML cell lines using shRNA. Knockdown of GLI3
reduced the effect of Ara-C on AML cells. In addition, we analyzed the expression of several
genes involved in Ara-C metabolism and transport. Downregulation of GLI3 resulted in
upregulation of the resistance genes SAMHD1, CDA, and ABCCL11, each of which has been
identified as a predictive marker for response to Ara-C in AML. Thus, downregulation of GLI3
represents a potential mechanism to induce chemotherapy resistance in AML. It is known that
downregulation of GLI3 is also a known mechanism of resistance to SMO inhibitors, such as
Glasdegib, which has been approved for AML. SMO inhibitors are currently the only clinically
approved class of HH pathway inhibitors. Moreover, SMO inhibitors can only inhibit canonical
HH activation, but not non-canonical HH activation. By qPCR analysis of samples from 47
newly diagnosed AML patients, we demonstrated that expression of the GLI2AN isoform is a
common form of noncanonical GLI activation in AML cells. Therefore, an inhibitor that
directly targets the GLI transcription factors would be a better choice. However, no clinical GLI
inhibitor is yet available. Mebendazole (MBZ) is a well-tolerated anthelmintic that has been
approved for decades. We identified MBZ as a potent inhibitor of the HH signaling cascade.
We demonstrated that MBZ can inhibit the HSP70/HSP90 chaperone system, promoting
protein misfolding of GLI1 and GLI2 and their degradation via the 26s proteasome. Two
patients with refractory AML were treated with MBZ in an off-label setting. In a modified
plasma inhibitory assay, we detected a biological active plasma concentration in the blood of
the patients, which was able to reduce the GLI activity of an indicator cell line in vitro. In
addition, one of the patients showed to a decrease in the number of blasts in peripheral blood
under therapy. Therefore, MBZ is an already approved and promising GLI inhibitor whose
effectiveness should be tested in clinical practice.
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