GDCh
~~

Hedgehog Signaling

Research Articles

'.) Check for updates

An dte

Chemie

Internati

International Edition: DOI: 10.1002/anie.201907632
German Edition: DOI: 10.1002/ange.201907632
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Abstract: The Hedgehog (Hh) signaling pathway is crucial for
vertebrate embryonic development, tissue homeostasis and
regeneration. Hh signaling is upregulated in basal cell carci-
noma and medulloblastoma and Hh pathway inhibitors
targeting the Smoothened (SMO) protein are in clinical use.
However, the signaling cascade is incompletely understood and
novel druggable proteins in the pathway are in high demand.
We describe the discovery of the Hh-pathway modulator
Pipinib by means of cell-based screening. Target identification
and validation revealed that Pipinib selectively inhibits phos-
phatidylinositol 4-kinase I3 (PI4KB) and suppresses GLI-
mediated transcription and Hh target gene expression by
impairing SMO translocation to the cilium. Therefore, inhib-
ition of PI4KB and, consequently, reduction in phosphatidyl-
4-phosphate levels may be considered an alternative approach
to inhibit SMO function and thus, Hedgehog signaling.

Introduction

The Hedgehog (Hh) signaling pathway is essential during
vertebrate embryonic development as well as for tissue
homeostasis and regeneration in adults. Crucial events during
pathway activation include binding of the Hh ligand to the

Patched (PTC) receptor, transduction of the signal to the
seven-pass transmembrane protein Smoothened (SMO) and
subsequent relocalization of SMO from intracellular vesicles
to the cilium."! This recruitment ultimately leads to translo-
cation of the glioma-associated oncogene 2 and 3 (GLI2/3)
transcription factors to the nucleus and subsequent transcrip-
tional activation of the pathway target genes, for example,
Glil, Pichl and Pich2.”!

Hh signaling is upregulated in cancers of the skin (basal
cell carcinoma, BCC)®! and the brain (medulloblastoma,
MB).M Pathway inhibitors targeting the SMO protein are in
clinical use and under continuous development.[s] However,
therapeutic application of SMO inhibitors is hampered by
development of resistance due to point mutations in SMO."!
Moreover, different mechanisms to activate Hh signaling in
cancer cells exist that bypass SMO.""! Thus, identification of
inhibitors that modulate proteins, not yet investigated as
potential targets, is of major interest.[® Tdentification of such
compounds and their targets may be facilitated by target-
agnostic cellular assays and subsequent identification of the
biological target. Due to their unbiased nature such assays
may link bioactive compounds to unknown targets by means

[*] Dr. L. Kremer, M. Sc. E. Hennes, A. Brause, Dr. A. Ursu, Dr. L. Robke,
M. Sc. ). Flegel, Dr. P. Janning, Dr. S. Ziegler,
Prof. Dr. Dr. h.c. H. Waldmann
Department of Chemical Biology, Max-Planck-Institute of Molecular
Physiology
Otto-Hahn-Strae 11, 44227 Dortmund (Germany)
E-mail: herbert.waldmann@mpi-dortmund.mpg.de
Dr. A. Ursu, Dr. L. Robke, Prof. Dr. Dr. h.c. H. Waldmann
Faculty of Chemistry and Chemical Biology, Technical University
Dortmund
Otto-Hahn-StraRe 6, 44221 Dortmund (Germany)
Dr. H. T. Matsubayashi, Dr. Y. Nihongaki, Prof. Dr. T. Inoue
Department of Cell Biology, Johns Hopkins University School of
Medicine
855 N. Wolfe Street, 453 Rangos, Baltimore, MD 21205 (USA)
Dr. |. Mejdrovd, Dr. R. Nencka
Institute of Organic Chemistry and Biochemistry
Flemingovo nam. 2,16610 Prague 6 (Czech Republic)
Dr. ). Eickhoff, Dr. M. Baumann, Dr. S. Kordes
Lead Discovery Center GmbH
Otto-Hahn-Strae 15, 44227 Dortmund (Germany)

Angew. Chem. Int. Ed. 2019, 58, 16617 -16628

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Dr. S. Kordes, Prof. Dr. H. R. Schéler, Dr. J. Sterneckert
Department of Cell and Developmental Biology, Max Planck Institute
for Molecular Biomedicine
Rontgenstr. 20, 48149, Minster (Germany)
Prof. Dr. H. R. Schéler
Medical Faculty, University of Miinster
Domagkstr. 3, 48149, Minster (Germany)
Dr. J. Sterneckert
Technische Universitit Dresden, DFG-Research Center for Regener-
ative Therapies Dresden
01307, Dresden (Germany)
Dr. A. Ursu
Current address: Department of Chemistry, The Scripps Research
Institute
110 Scripps Way, Jupiter, FL, 33458 (USA)
@ Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under:
https://doi.org/10.1002/anie.201907632.

d\ © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co.

KGaA. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly
cited.

Wiley Online Library

16617


http://dx.doi.org/10.1002/ange.201907632
http://dx.doi.org/10.1002/anie.201907632
http://orcid.org/0000-0002-9606-7247
https://doi.org/10.1002/anie.201907632
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.201907632&domain=pdf&date_stamp=2019-10-04

GDCh
~—

of appropriate readouts like monitoring differentiation pro-
cesses/markers and indicative phenotypic changes.

We monitored Hh-induced osteogenesis as a cell-based
screening for inhibitors of the Hh pathway. Subsequent target
deconvolution and validation led to the discovery of the Hh
pathway inhibitor Pipinib, which selectively targets PI4KB
over the other three PI4-kinases. Inhibition of PI4KB by
Pipinib reduces intracellular PI4P levels, in particular at the
Golgi apparatus, and impairs translocation of SMO to the
cilium as well as subsequent pathway activation. Our results
indicate that PI4KB may be a relevant target protein for
pharmacological inhibition of Hh signaling.

Results and Discussion
Identification of a Novel Hh Signaling Pathway Inhibitor

In order to identify novel inhibitors of Hh signaling,
336,639 compounds were subjected to an osteoblast differ-
entiation assay that monitors differentiation of multipotent
C3H10T1/2 mesenchymal progenitor cells to osteoblasts upon
activation of the Hh pathway by treatment with the SMO
agonist Purmorphamine.'™!  Osteogenesis is detected
through monitoring of alkaline phosphatase expression and
activity (Figure Sla, Supporting Information). The screen
revealed a class of thieno[3,2]pyrimidine derivatives as potent
inhibitors (Table S1, Supporting Information), with com-
pound 1 (Figure 1a) showing the highest activity. In addition
to these compounds, several analogues were synthesized to
further explore the correlation between activity and structure.
The results shown in Table 1 indicate that for R' the
introduction of primary amines with acyclic (Table 1, en-
tries 1-3 and 6) or cyclic substituents (Table 1, entries 4, 5, 7,
8) and introduction of heteroatoms (Table 1, entries 6, 7) or of
tertiary amines (Table 1, entries 9-11) leads to reduction of
bioactivity. In two cases, moderate cytotoxicity was observed
(Table 1, entries 5 and 11). Replacement of the methyl ester
in R? by a nitrile group (Table 1, entries 12-14) and wider
variation of the substitution pattern of the aromatic ring
(Table S1) also yielded compounds with lower activity.
Introduction of a substituent into the thiophene ring was
not beneficial either (Table S1).

The most active compound 1 (IC5,=0.6+0.3 pm, Fig-
ure 1b) was termed Pipinib and selected for further charac-
terization. In an orthogonal assay, Pipinib inhibited GLI
reporter gene activity in Sonic hedgehog (Shh)-LIGHT?2 cells
(ICsp=1.7£0.1 u™m, Figure 1c and S1b) and expression of Hh
target genes Ptchl and Glil (IC5y=3.1£09 pum and 4.1 £
1.6 um, respectively, Figure 1d). Treatment of NIH/3T3 cells
with 2 pm Pipinib led to an increase of the truncated repressor
form GLI3-R (as compared to treatment with Purmorph-
amine) to which the full-length protein is proteolytically
converted upon pathway inactivation (Figure 1e, quantifica-
tion in Figure 1 f). These results show that Pipinib inhibits the
Hh pathway upstream of GLI processing.

Numerous small molecule Hh pathway inhibitors bind to
SMO and thereby inhibit Hh signaling."! To assess direct
binding of Pipinib to SMO, we monitored displacement!™ of
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the BODIPY-labelled SMO antagonist Cyclopamine, which
binds to the heptahelical bundle of SMO."" While the known
SMO antagonist Vismodegib successfully competed with
BODIPY-Cyclopamine in SMO-transfected HEK293T cells
(detected as a decrease in BODIPY-related cellular fluores-
cence, Figure 2a), Pipinib did not displace BODIPY-Cyclop-
amine from SMO at 10 and 20 um (Figure 2a and S2a).

Quantitative analysis of BODIPY-related fluorescence in
live cells expressing BFP-SMO via flow cytometry indicated
partial displacement of BODIPY-Cyclopamine by Pipinib,
(Figure 2b,c and S2b,c). To further address the putative SMO
targeting by Pipinib, we employed inducers of Hh signaling
with different modes of action, i.e., Shh, which binds to PTC1
and acts upstream of SMO and SAG, which is a SMO agonist.
Compounds that bind to the heptahelical bundle in SMO,
which is targeted by most SMO modulators like Purmorph-
amine, SAG, and Vismodegib, should display weaker potency
when Hh signaling is activated with high vs. low concentration
of SAG (e.g., Vismodegib, Figure S3a) or Purmorphamine vs.
Shh (e.g., Vismodegib, Figure S3b).*! In contrast, Pipinib,
similar to the GLI inhibitor GANT61, retained similar
potency upon activation of the Hh pathway with 1 um SAG
(Figure 2d and S3c¢) or Purmorphamine (Figure 2e, S1c, and
S3d) as compared to stimulation with 0.1 pm SAG or Shh,
respectively. Thus, whereas Pipinib may bind to SMO at high
concentrations, it most likely does not act via inhibition of
SMO at lower concentration.

Pipinib is an Inhibitor of PI4KB

Inspection of the chemotype!® ! representative of Pipinib
suggested that the compound might be a kinase inhibitor.
Indeed, thienopyrimidine derivatives with such activity have
been reported to target SYK and Protein kinase D1
(PRKD1)." Investigation of binding to, or inhibition of 394
wildtype and 66 mutated kinases by 10 um Pipinib (Table S2)
revealed eight potential targets (Table S3), of which phos-
phatidylinositol 4-kinase IIIf (PI4KB) showed the highest
inhibition (76 +£2%). Pipinib did not inhibit the enzymatic
activity of Syk and PRKD1 and PRKD2 (Table S2). Of the
potential targets, GRK7 was excluded because mouse cells
were used in the osteoblast differentiation assay and mouse
orthologs of GRK7 do not exist (https://www.genecards.
org;"¥l GCID: GCO3P141778). Although we cannot rule out
impairment of a non-enzymatic function, MAPKS8 and
MYLK4 were excluded as well because, in contrast to
binding, inhibition of the enzymatic activity was <50 %
(Table S4). siRNA knockdown or employment of structurally
unrelated kinase inhibitors devalidated TTK, GAK,
PIP5K1C and PIK3C2G with respect to Hh signaling (Fig-
ure S4).

Monitoring of ATP displacement from kinase active sites
by an inhibitor, here Pipinib, by means of an affinity
enrichment in cell lysates (ActiveX ATP probe displacement
assay, Figure S5a) identified PI4KB as the only target protein
of Pipinib (Figure 3a,b and S5b-S5d). Pipinib inhibits PI4KB
(ICsp=2.2£0.8 um) but not the isoenzymes PI4KA (phos-
phatidylinositol 4-kinase I11a.), PI4AK2A (phosphatidylinositol

Angew. Chem. Int. Ed. 2019, 58, 16617-16628
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Figure 1. Identification of a novel Hh signaling pathway inhibitor. a. Structure of Pipinib (1). b. Osteoblast differentiation assay using C3H10T1/2
cells. DMSO-Purmorphamine was set to 100%. Data are mean values + SD of three biological replicates. c. GLI reporter gene assay using Shh-
LIGHT2 cells. DMSO-Purmorphamine was set to 100%. Data are representative (mean values + SD) of three biological replicates. d. Hh target
gene expression. DMSO-Purmorphamine was set to 1. Data are mean values + SD of three biological replicates. e. GLI3-FL and GLI3-R levels. A
representative blot of three biological replicates is shown. f. Quantification of GLI3-R band intensities for three biological replicates. GLI3 band
intensities were normalized to f-actin band intensities and non-activated lysates were set to 100%. Statistical analysis was performed using an
unpaired two-tailed t-test; *: p <0.05. Experimental details are given in the Supporting Information.
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Table 1: Modulation of Purmorphamine-induced osteogenesis! and cell
viability® by thieno[3,2]pyrimidine derivatives.

N.__R'
7 N
S /N
HN
R2
No. R' R? Osteogenesis Viability
ICso [um]® 1Csq [um]®
1 )\N/.z‘! COOMe 0.6(£0.3) inactive
H
2 \/\H}z COOMe  2.9(£02) ~10
3 Y\H}L’ COOMe 3.4(+0.1) >10
4 Q\ /ﬁlz COOMe 3.8(+0.2) >10

Iz

COOMe  3.4(+£023) 8.0(£0.6)

i
A

6 /O\/\N}" COOMe  4.9(0.5) inactive
H

N

7 C[’Jr\ N COOMe  6.8(£0.3) inactive
H
0]
A
8 O/\H COOMe 7.7(£1.4) >10
P
9 C'\l COOMe  2.1(40.5) >10
N’i"
10 O COOMe  3.0(+0.1) >10
A
mn (\ COOMe  2.9(+0.1) 6.8(+0.1)
o
12 /LN /1’1 CN 2.4(£0.2) inactive
H
13 \r\”}‘ CN 6.5(+0.4) inactive
14 & /‘Hl CN 4.0(£0.3) inactive

Iz

An dte
Table 1: (Continued)
No. R' R? Osteogenesis Viability
ICso [um]® 1Cs [um]®
-
15 V/\H ‘77’ CN 3.8(+£0.1) >10
16 /O\/\N}“ N 6.3(+0.7) inactive
H

[a] C3H10T1/2 cells were incubated with 1.5 um Purmorphamine and the
compounds or DMSO as a control for 96 h. The activity of alkaline
phosphatase was assessed by means of a luminescence readout. Data
are mean values of three independent experiments (n=3) + SD.

[b] Viability was measured in the same setting using a CellTiter Glo Kit
(Promega). Values >10 um were obtained when the inhibition achieved
up to a concentration of 10 um was not sufficient to calculate an 1C,
value. A compound was considered as “inactive” if no toxicity was
observed up to the maximum applied concentration of 10 pum.

4-kinase IIa) or PI4K2B (phosphatidylinositol 4-kinase IIf3)
up to a concentration of 50 um (Figure S5e). Kinetic measure-
ments and analysis demonstrated that Pipinib is an ATP-
competitive inhibitor of PI4KB activity (Figure 3 c—¢). Target
engagement was confirmed by means of a cellular thermal
shift assay (CETSA)!"” that showed an increase of the melting
temperature for PI4KB by 2.8+ 0.6°C upon exposure to
Pipinib (Figure 3 f, quantification in Figure 3 g). Identification
of PI4KB as target of Pipinib in the context of Hh pathway
inhibition is in accordance with earlier findings suggesting
a role for PI4P, i.e., the product of phosphorylation of PIP by
PI4KB, in the regulation of SMO activity!"*! and of protein
trafficking to the cell membrane.!

Pipinib Reduces PI4P Levels in Cellulo

Visualization of cellular PI4P levels with a validated
antibody® revealed a reduction of PI4P levels 6h after
treatment of NIH/3T3 cells with Pipinib (Figure 4a and S6).
Prolonged treatment with 5 um Pipinib for 48h led to
a decrease of PI4P levels to ca. 60 % (Figure 4b), as measured
by means of flow cytometry. The dynamics of intracellular
PI4P pools was monitored employing a YFP-PH(FAPP1)
PI4P sensor® or a mCh-P4Mx2 PI4P sensor,?! which both
recognize PI4P via the PH domain of the FAPP1 protein or
the PAM domain from L. pneumophila SidM,*>* qualifying
these fusion proteins as sensors for PI4P.

The sensors were applied in combination with a Golgi
marker (B1,4-galactosyltransferase fused to CFP, GT-CFP>)
or a plasma membrane marker (Lyn kinase fused to CFP, Lyn-
CFP™). Addition of 30 um Pipinib to NIH/3T3 cells trans-
fected with YFP-PH(FAPP1) and GT-CFP led to reduction of
the Golgi intensity of YFP-PH(FAPP1) within 10 min (Fig-
ure 4c,d). In addition, treatment of NIH/3T3 cells transfected
with mCh-P4Mx2 and Lyn-CFP led to an increase of mCh-
P4Mx2 in the cytosol (Figure 4e,f). PI4KB is located at the
Golgi, while the isoenzyme PI4KA localizes to the plasma
membrane.””! Since Pipinib selectively inhibits PI4KB, the

16620 www.angewandte.org © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim  Angew. Chem. Int. Ed. 2019, 58, 1661716628
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Figure 2. Pipinib does not modulate Hh signaling via SMO. a. SMO binding assay. Images are representative of three biological replicates. Scale
bar: 50 um. b and c. Quantitative SMO binding assay. b. Representative dot plots. c. Quantification of median BODIPY fluorescence intensity of
three biological replicates. Only BFP-positive, that is, SMO-expressing, cells were considered for the calculation. Data are mean values of three
biological replicates &= SD. d and e. GLI reporter gene assay using Shh-LIGHT2 cells. Shh-LIGHT2 cells were treated with different concentration
of SAG (d) or 2 um Purmorphamine or Shh conditioned medium (Shh CM) (e) and Pipinib or DMSO as a control for 48 h. Data are mean values
=+ SD of three biological replicates. Experimental details are given in the Supporting Information.

live-cell imaging results indicate that reduction of PI4P levels
at the Golgi is directly due to enzyme inhibition.

Pipinib Impairs Ciliary Localization of SMO

PI4P was reported to bind to SMO and to promote its
phosphorylation and thus ciliary accumulation.”” Pipinib
inhibits PI4KB and reduces PI4P levels suggesting that this

compound may also impair the proper localization of SMO

Angew. Chem. Int. Ed. 2019, 58, 1661716628

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

upon pathway activation. To investigate whether Pipinib
affects SMO trafficking, we detected SMO and acetylated
tubulin as a ciliary marker®! in ciliated cells. Pipinib induced
a significant decrease of ciliary SMO after activation of
Hedgehog signaling (Figure 5a, quantification in Figure 5b,
see also Figure S7), while neither ciliary size nor ciliogenesis
were affected (Figure 5S¢ and S7). Thus, Pipinib prevents
translocation of SMO to the cilium, which may be attributed
to reduced PI4P levels and/or binding to SMO, thereby
inhibiting Hedgehog signaling.
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Figure 3. Pipinib is an inhibitor of PI4KB. a. Immunoblot readout for PI4KB after ActiveX affinity chromatography. A representative blot is shown
(five independent experiments). b. Quantification of PI4KB that was enriched by the desthiobiotin probe (see a, data from five biological
replicates). ****: p <0.0001 (unpaired t-test with Welch’s correction). c—e. Mode of PI4KB inhibition. Different concentrations of Pipinib were
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obtained velocity against the substrate concentration are shown. Data are mean values + SD (three independent experiments). e. V,,,, and K,
values obtained from c. SE: standard error. f. Cellular thermal shift assay. The blot is representative of three biological replicates. g. Quantification
of PI14KB band intensities from three repetitions of the experiment shown in f. Data were normalized to the 40.3°C band intensity (100%) and are
mean values £ SD (three biological replicates). Experimental details are given in the Supporting Information.
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Figure 4. Pipinib reduces PI4P levels in NIH/3T3 cells. a. Qualitative assessment of intracellular PI4P levels. Cells were incubated with the
compounds for 6 h and were fixed and stained with an antibody against PI4P (green) and DAPI (nucleus, blue). Zoom-in of representative images
(three biological replicates, scale bar=20 um), full size images are available in Figure S6. b. Quantitative assessment of intracellular P14P levels.
Cells were treated with the compounds for 48 h. Data are mean values & SD of three biological replicates. *: p<0.05 (unpaired t-test with
Welch’s correction). c. Live-cell tracing of PI14P with PH(FAPP1). The graph shows the ratio of Golgi to cytosol intensity of the YFP-PH(FAPP1)
sensor. Data are mean values = SEM (N=8 for each). d. Representative images show cells 6 min before and 10 min after addition of Pipinib and
DMSO, respectively. e. Live-cell tracing of PI4P with PAMx2. The graph shows the intensity of cytosolic mCherry-P4Mx2. f. Representative images
show cells 6 min before and 10 min after addition of Pipinib and DMSO, respectively. Scale bar: 10 um (for the full movies, see Supporting
Information, Movies 1-4). Experimental details are given in the Supporting Information.
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Figure 5. Pipinib impairs ciliary localization of SMO in NIH/3T3 cells. a. Ciliary localization of SMO. Cilia were stained with an antibody against
acetylated tubulin (Ac-tubulin, green), SMO was stained with an anti-SMO antibody (red) and the nucleus was marked with DAPI (blue). Images
are representative of three biological replicates. Zoom-in on examplary cilia is shown. Full images are provided in Figure S7. b. Quantification of
ciliary localization of SMO. More than 100 cilia of a representative experiment were analyzed for the intensity of the anti-SMO antibody (see
Figure 5a). Each data point represents the intensity value of a single cilium. Statistical significance was assessed using an unpaired t-test with

a confidence level of 95% (****=p <0.0001). c. Quantification of cilium area and percentage of ciliated cells. More than 100 cilia of

a representative experiment were analyzed for the ciliary area defined by Ac-tubulin staining (three independent experiments). Each data point
represents the area count of a single cilium. Statistical significance was assessed using an unpaired t-test with a confidence level of 95%
(n.s.=p>0.05). The percentage of ciliation was assesed by dividing the number of cilia (ac-tubulin staining) by the number of cells (DAPI
staining) in each picture (three independent experiments). Experimental details are given in the Supporting Information.
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Validation of PI4KB as a Positive Regulator of Hh Signaling and
Effector of Pipinib

Downregulation of PI4KB by means of siRNA (Fig-
ure 6a, quantification in Figure 6b; knockdown efficiency
69%) led to reduced expression of Prchl and Glil target
genes after pathway activation with Purmorphamine (Fig-
ure 6¢), which is in accordance with earlier findings.””
Additional treatment with Pipinib led to further reduction
of gene expression (Figure 6¢), and, accordingly, a shift of
ICs, values for inhibition of Ptchl and Glil expression from
52425 uwmand 7.3+2.4 um to 1.6 £ 0.3 um and 1.6 £ 0.5 pm,
respectively, in the presence of PI4KB targeting siRNA (see
also Figure S8). Using the CRISPR-Cas9 system, we attempt-
ed to disrupt the Pi4kb gene. Unfortunately, Pi4kb knockout
cells could not be generated, most likely because PI4KB is an
essential gene.””! However, the CRISPR-Cas9 approach led
to depletion of PI4KB. By analogy to siRNA-mediated
knockdown, depletion of PI4KB with the CRISPR-Cas9
system (efficiency 61.6 +5.3%, Figure 6d, quantification in
Figure 6¢) led to reduced expression of Ptchl and Glil after
pathway stimulation with Purmorphamine (Figure 6 f). Ap-
plication of known PI4KB inhibitors MI-247, 275 and 343 with
unrelated chemotypes®™ (for structures see Figure S9a) dose
dependently inhibited Ptchl and Glil expression (Figure 6 g),
reduced the GLI responsive reporter activity (Figure S9b)
and the ciliary localization of SMO ( Figure S9c¢), thereby
further confirming the results obtained with Pipinib. These
findings show that Pipinib targets and inhibits PI4KB and
thereby leads to impaired Hh signaling.

PI4KB is the Major Pl4-Kinase Required for Hh Signaling

Depletion of both, PI4KB and PI4KA has been reported
to reduce GLI reporter gene expression, whereas depletion of
PI4K2A or PI4K2B did not affect Hh signaling.”” In order to
determine whether both isoenzymes are positive regulators of
Hh signaling, we investigated modulation of Hh target gene
expression by the selective PI4KA inhibitor AZ7.5% While
treatment of NIH/3T3 cells with 10 um Pipinib led to
reduction of Ptchl and Glil expression by 83 and 87 %,
application of the biochemically ca. 1000-fold more potent
PI4KA inhibitor (ICs,=6.3 nM) at the same concentration
reduced gene expression only by 44 and 17 % (Figure 6h). In
addition, application of an equimolar mixture of Pipinib and
AZ7 did not show an additive effect suggesting that PI4KB is
at least the major PI4-kinase positively regulating Hh signal-
ing.

Conclusion

Target-agnostic cell-based assessment of bioactivity for
small molecules holds promise to link biological processes to
yet unexplored biomolecules, in particular proteins. We have
identified the thieno[3,2]pyrimidine derivative Pipinib as
a novel selective inhibitor of PI4KB and show that small-
molecule inhibition of this lipid kinase leads to Hh pathway

Angew. Chem. Int. Ed. 2019, 58, 1661716628

Research Articles

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Internati

inhibition. We demonstrate that Pipinib reduces ciliary local-
ization of SMO, which may be attributed to inhibition of
PI4KB and/or the binding to SMO. We validate PI4KB as
a relevant Hh pathway component via siRNA knockdown
and employment of additional PI4KB inhibitors with a struc-
turally unrelated chemotype.

Phosphatidylinositol-4-phosphate (PI4P) was proposed as
small-molecule mediator of signal propagation from PTC to
SMO. We demonstrate that phosphatidylinositol 4-kinase IIIf3
(PI4KB) generates PI4P that is relevant for Hh signaling. The
mechanism by which the Hh signal is transduced from PTC to
SMO and by which PTC controls SMO in mammalian cells
has been described as “the major mystery of the Hh field”.!
Since both receptors do not physically interact, it has been
suggested that the inhibitory effect of PTC on SMO is
mediated via an endogenous small molecule modulator whose
abundance is controlled directly or indirectly by PTC.I!
Several endogenous modulators have been postulated, for
example, oxysterols,*! cholesterol® or budesonide®! but
final proof and a link to PTC is still missing.

In Drosophila, loss-of-function mutations have shown that
the lipid kinase SST4, the ortholog of mammalian PI4KA, is
necessary for SMO translocation to the membrane upon Hh
pathway activation.”” In addition, Hh pathway activity is
reduced in mouse cells after depletion of PI4KA and PI4KB
but not after knockdown of PI4K2A or PI4K2B.”"! Recent
findings by Jiang et al. confirmed the link between PI4P and
Hedgehog signaling.” It was shown that the phosphoinosi-
tide binds to the C-terminal tail of SMO in vitro, which
induces a conformational change that promotes SMO migra-
tion to the cilium and that Hh signaling regulates PI4P levels
through PTC.”! However, the mechanism underlying this
possible modulation is unknown. In general, PI4P is gener-
ated by four isoenzymes that have distinct cellular local-
izations and are differently regulated.””! PI4P is necessary for
membrane trafficking, serves as precursor for various lipid
signaling molecules and can be a signaling molecule on its
own.”!*3! PI4P generation at the Golgi, e.g., by PI4KB,
modulates the lipid composition of more distal membranes
like the plasma membrane, suggesting that inhibition of
differently localized PI4-kinases may have widespread effects
throughout the whole cell.*!

Our results demonstrate the relevance of PI4KB for Hh
signaling as previously indicated by genetic evidence.”
PI4KB is localized at the Golgi where it generates PI4P that
is required for vesicular trafficking to the plasma mem-
brane.*”) Pipinib also inhibits Hh signaling when the pathway
was activated by the SMO agonist Purmorphamine.[*" Since
this mode of pathway activation circumvents PTC, it is
unlikely that PTC regulates PI4KB. A possible explanation
could be that PI4P is one of several SMO ligands. It has been
suggested that SMO is controlled by two endogenous ligands,
i.e., one Shh-independent ligand that targets the cysteine-rich
domain (CRD), and one ligand regulated by PTC that binds
to the transmembrane (TM) core of SMO.!*! The CRD ligand
would prime SMO for activation and would act in synergism
with the second ligand—both steps would be required for full
pathway activation.*! PI4P binds to the cytoplasmic tail of
SMO™! and could likewise fulfill the role of a priming ligand.
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Figure 6. Validation of PI4KB as a positive regulator of Hh signaling and effector of Pipinib in NIH/3T3 cells. a. siRNA knockdown efficiency.
Representative blot of PI4KB levels. b. Quantification of band intensities from three repetitions of the experiment shown in a. PI4KB band
intensities were normalized to [-actin band intensities and values for cells that were treated with non-targeting siRNA (NT) were set to 100%.

c. siRNA-mediated knockdown of PI4KB. Data are mean values + SD of three biological replicates. d. CRISPR-Cas9-mediated knockdown (KD)
efficiency. Representative blot of PI4KB levels. e. Quantification of band intensities from three repetitions of the experiment shown in d. PI4KB
band intensities were normalized to (-actin band intensities and lysates from parental NIH/3T3 cells (wt) were set to 100%. f. CRISPR-Cas9-
mediated knockdown of PI4KB.Cells were treated with the compounds for 48 h. Data are mean values & SD of three biological replicates.

g. Influence of PI4KB inhibitors on Hh target gene expression. Data are mean values £ SD of three biological replicates. h. Influence of PI4KA
inhibitor AZ7 on Hh target gene expression. NIH/3T3 cells were treated as in G, using AZ7 instead of the PI4KB inhibitors as well as an
equimolar mixture of Pipinib and AZ7 (Mix). Data are mean values & SD of three independent experiments. Experimental details are given in the

Supporting Information.
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Purmorphamine, which binds to the TM domain, might need
PI4P to fully activate Hh signaling. Jiang et al., however, have
shown that PI4P alone activates Hh signaling and induces
translocation of SMO to the cilium.” Since signaling in cells
stimulated with the SMO agonist Purmorphamine was
inhibited by treatment with Pipinib or by siRNA-mediated
depletion of PI4KB, we propose that PI4KB activity is not
controlled by Hh signaling. This is supported by the fact that
PI4P is required for general cellular processes like overall
membrane trafficking and that there is no indication for PTC-
mediated regulation of PI4KB activity.

Acknowledgements

Research at the Max Planck Institute of Molecular Physiology
and the Lead Discovery Center was supported by the Max
Planck Society and the European Research Council under the
European Union’s Seventh Framework Programme (FP7/
2007-2013)/ERC Grant agreement no. 268309. This study was
supported in part by the National Institutes of Health
(GM123130 and DK102910 to T.I.). The compound manage-
ment and screening center (COMAS) Dortmund is acknowl-
edged for performing the primary screening and for ICs,
determinations in the osteoblast differentiation assay. We
are grateful to Malte Metz and Andreas Brockmeyer (Max
Planck Institute of Molecular Physiology) for assistance
during MS/MS measurements. A.U. received funding from
the IMPRS in Chemical and Molecular Biology (IMPRS-
CMB). Hideaki Matsubayashi and Yuta Nihongaki are
supported by the Japan Society for the Promotion of Science
(JSPS). We thank Gerald R.V. Hammond for providing DNA
constructs of PAM PI(4)P sensor and technical advices about
P4M live cell imaging.

Conlflict of interest
The authors declare no conflict of interest.
Keywords: biological activity - Hedgehog signaling - inhibitors -

PI4KB

How to cite: Angew. Chem. Int. Ed. 2019, 58, 16617-16628
Angew. Chem. 2019, 131, 16770-16781

[1] F. Wu, Y. Zhang, B. Sun, A. P. McMahon, Y. Wang, Cell Chem.
Biol. 2017, 24, 252.

[2] a) C.-C. Hui, S. Angers, Annu. Rev. Cell Dev. Biol. 2011, 27, 513;
b) Y. Katoh, M. Katoh, Curr. Mol. Med. 2009, 9, 873.

[3] J. Xie, M. Murone, S. M. Luoh, A. Ryan, Q. Gu, C. Zhang, J. M.
Bonifas, C. W. Lam, M. Hynes, A. Goddard, A. Rosenthal, E. H.
Epstein, F. J. d. Sauvage, Nature 1998, 391, 90.

[4] C. Raffel, R. B. Jenkins, L. Frederick, D. Hebrink, B. Alderete,
D. W. Fults, C. D. James, Cancer Res. 1997, 57, 842.

[5] a) G. K. Abou-Alfa, L. D. Lewis, P. LoRusso, M. Maitland, P.
Chandra, S. Cheeti, D. Colburn, S. Williams, B. Simmons, R. A.
Graham, Cancer Chemother. Pharmacol. 2017, 80, 29; b) R.
Dummer, A. Guminski, R. Gutzmer, L. Dirix, K. D. Lewis, P.

Angew. Chem. Int. Ed. 2019, 58, 1661716628

Research Articles

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Internati

Combemale, R. M. Herd, M. Kaatz, C. Loquai, A. J. Stratigos,
H.-J. Schulze, R. Plummer, S. Gogov, C. Pallaud, T. Yi, M. Mone,
A. L. S. Chang, F. Cornélis, R. Kudchadkar, U. Trefzer, J. T. Lear,
D. Sellami, M. R. Migden, J. Am. Acad. Dermatol. 2016, 75, 113;
¢) Y. Minami, H. Minami, T. Miyamoto, G. Yoshimoto, Y.
Kobayashi, W. Munakata, Y. Onishi, M. Kobayashi, M. Ikuta, G.
Chan, A. Woolfson, C. Ono, M. N. Shaik, Y. Fujii, X. Zheng, T.
Naoe, Cancer Sci. 2017, 108, 1628.

[6] a) R. L. Yauch, G.J. P. Dijkgraaf, B. Alicke, T. Januario, C. P.
Ahn, T. Holcomb, K. Pujara, J. Stinson, C. A. Callahan, T. Tang,
J. F. Bazan, Z. Kan, S. Seshagiri, C. L. Hann, S. E. Gould, J. A.
Low, C. M. Rudin, F. J. d. Sauvage, Science 2009, 326, 572; b) S.
Peukert, K. Miller-Moslin, ChemMedChem 2010, 5, 500; c) H. J.
Sharpe, W. Wang, R. N. Hannoush, F. J. de Sauvage, Nat. Chem.
Biol. 2015, 11, 246; d) A. E. Owens, etal., J. Am. Chem. Soc.
2017, 139, 12559.

[7] S. Teglund, R. Toftgard, Bba-Rev. Cancer 2010, 1805, 181.

[8] R. Bao, C. Lai, C. Qian, Patent US20130102595; Curis, Inc.,
United States, 2013.

[9] a) D. Gonzdlez Cabrera, C. Le Manach, F. Douelle, Y. Younis,
T.S. Feng, T. Paquet, A. T. Nchinda, L. J. Street, D. Taylor, C.
de Kock, L. Wiesner, S. Dufty, K. L. White, K. M. Zabiulla, Y.
Sambandan, S. Bashyam, D. Waterson, M. J. Witty, S. A. Char-
man, V. M. Avery, S. Wittlin, K. Chibale, J. Med. Chem. 2014, 57,
1014; b) X. Y. Li, Y. M. Zhang, J. Tang, F. Yang, F. J. Nan, Chin.
J. Chem. 2010, 28, 1437.

[10] L. Kremer, C. Schultz-Fademrecht, M. Baumann, P. Habenberg-
er, A. Choidas, B. Klebl, S. Kordes, H. R. Scholer, J. Sterneckert,
S. Ziegler, G. Schneider, H. Waldmann, Angew. Chem. Int. Ed.
2017, 56, 13021; Angew. Chem. 2017, 129, 13201.

[11] X. Wu, J. Walker, J. Zhang, S. Ding, P. G. Schultz, Chem. Biol.
2004, 71, 1229.

[12] a) L. Hoch, H. Faure, H. Roudaut, A. Schoenfelder, A. Mann, N.
Girard, L. Bihannic, O. Ayrault, E. Petricci, M. Taddei, D.
Rognan, M. Ruat, FASEB J. 2015, 29, 1817; b) Y. Wang, A. C.
Arvanites, L. Davidow, J. Blanchard, K. Lam, J. W. Yoo, S. Coy,
L.L. Rubin, A. P. McMahon, ACS Chem. Biol. 2012, 7, 1040;
c) C. W. Wilson, M.-H. Chen, P.-T. Chuang, PloS one 2009, 4,
e5182.

[13] S. Sinha, J. K. Chen, Nat. Chem. Biol. 2006, 2, 29.

[14] J. K. Chen, J. Taipale, M. K. Cooper, P. A. Beachy, Genes Dev.
2002, 16, 2743.

[15] J. K. Chen, J. Taipale, K. E. Young, T. Maiti, P. A. Beachy, Proc.
Natl. Acad. Sci. USA 2002, 99, 14071.

[16] F. A. Partridge, R. Forman, N. J. Willis, C. J. R. Bataille, E. A.
Murphy, A. E. Brown, N. Heyer-Chauhan, B. Marinic, D. J. C.
Sowood, G. M. Wynne, K. J. Else, A.J. Russell, D. B. Sattelle,
PLoS Neglected Trop. Dis. 2018, 12 (7): e00064887.

[17] a) K. Bravo-Altamirano, K. M. George, M.-C. Frantz, C. R.
Lavalle, M. Tandon, S. Leimgruber, E. R. Sharlow, J. S. Lazo,
Q.J. Wang, P. Wipf, ACS Med. Chem. Lett. 2011, 2, 154; b) S.
Kaneko, T. Fujimoto, Y. Nagasawa, M. Kato, H. Kurata, Sankyo
Co., Ltd., Japan, 2008, Patent JP 2006-189089; JP 2008013527 .

[18] G. Stelzer, N. Rosen, I. Plaschkes, S. Zimmerman, M. Twik, S.
Fishilevich, T. I. Stein, R. Nudel, I. Lieder, Y. Mazor, S. Kaplan,
D. Dahary, D. Warshawsky, Y. Guan-Golan, A. Kohn, N.
Rappaport, M. Safran, D. Lancet, Curr. Protoc. Bioinf. 2016,
54,1.30.1-1.30.33.

[19] D. Martinez Molina, R. Jafari, M. Ignatushchenko, T. Seki, E. A.
Larsson, C. Dan, L. Sreekumar, Y. Cao, P. Nordlund, Science
2013, 341, 84.

[20] K.Jiang,Y.Liu,J. Fan,J. Zhang, X.-A. Li, B. M. Evers, H. Zhu, J.
Jia, PLoS Biol. 2016, 14, €1002375.

[21] a) Z. Szentpetery, P. Varnai, T. Balla, Proc. Natl. Acad. Sci. USA
2010, 707, 8225; b) J. Tan, J. A. Brill, Crit. Rev. Biochem. Mol.
Biol. 2014, 49, 33.

www.angewandte.org

An dte

Chemie

16627


https://doi.org/10.1016/j.chembiol.2017.02.010
https://doi.org/10.1016/j.chembiol.2017.02.010
https://doi.org/10.1146/annurev-cellbio-092910-154048
https://doi.org/10.1038/34201
https://doi.org/10.1007/s00280-017-3315-8
https://doi.org/10.1016/j.jaad.2016.02.1226
https://doi.org/10.1111/cas.13285
https://doi.org/10.1126/science.1179386
https://doi.org/10.1002/cmdc.201000011
https://doi.org/10.1038/nchembio.1776
https://doi.org/10.1038/nchembio.1776
https://doi.org/10.1021/jacs.7b06087
https://doi.org/10.1021/jacs.7b06087
https://doi.org/10.1021/jm401760c
https://doi.org/10.1021/jm401760c
https://doi.org/10.1002/cjoc.201090245
https://doi.org/10.1002/cjoc.201090245
https://doi.org/10.1002/anie.201707394
https://doi.org/10.1002/anie.201707394
https://doi.org/10.1002/ange.201707394
https://doi.org/10.1016/j.chembiol.2004.06.010
https://doi.org/10.1016/j.chembiol.2004.06.010
https://doi.org/10.1096/fj.14-267849
https://doi.org/10.1021/cb300028a
https://doi.org/10.1371/journal.pone.0005182
https://doi.org/10.1371/journal.pone.0005182
https://doi.org/10.1038/nchembio753
https://doi.org/10.1101/gad.1025302
https://doi.org/10.1101/gad.1025302
https://doi.org/10.1073/pnas.182542899
https://doi.org/10.1073/pnas.182542899
https://doi.org/10.1021/ml100230n
https://doi.org/10.1126/science.1233606
https://doi.org/10.1126/science.1233606
https://doi.org/10.1371/journal.pbio.1002375
https://doi.org/10.1073/pnas.1000157107
https://doi.org/10.1073/pnas.1000157107
https://doi.org/10.3109/10409238.2013.853024
https://doi.org/10.3109/10409238.2013.853024
http://www.angewandte.org

GDCh
~—

[22] a) F. R. Garcia-Gonzalo, S.C. Phua, E.C. Roberson, G.r.
Garcia, M. Abedin, S. Schurmans, T. Inoue, J. F. Reiter, Dev.
Cell 2015, 34, 400; b) M. Chavez, S. Ena, J. van Sande, A.d.
Kerchove d’Exaerde, S. Schurmans, S. N. Schiffmann, Dev. Cell
2015, 34, 338.

[23] a) A. Balla, G. Tuymetova, A. Tsiomenko, P. Vérnai, T. Balla,
Mol. Biol. Cell 2005, 16, 1282; b) S. Dowler, R. A. Currie, D. G.
Campbell, M. Deak, G. Kular, C.P. Downes, D.R. Alessi,
Biochem. J. 2000, 351, 19.

[24] G.R. V. Hammond, M. P. Machner, T. Balla, J. Cell Biol. 2014,
205, 113.

[25] T. Komatsu, 1. Kukelyansky, J. M. McCaffery, T. Ueno, L. C.
Varela, T. Inoue, Nat. Methods 2010, 7, 206.

[26] G. Gaus, H. Stieve, Z. Naturforsch. C 1992, 47, 300.

[27] E. Boura, R. Nencka, Exp. Cell Res. 2015, 337, 136.

[28] G. Piperno, M. LeDizet, X. J. Chang, J. Cell Biol. 1987, 104, 289.

[29] A. Yavari, R. Nagaraj, E. Owusu-Ansah, A. Folick, K. Ngo, T.
Hillman, G. Call, R. Rohatgi, M. P. Scott, U. Banerjee, Dev. Cell
2010, 79, 54.

[30] V. A. Blomen, P. Majek, L. T. Jae, J. W. Bigenzahn, J. Nieuwen-
huis, J. Staring, R. Sacco, F. R. van Diemen, N. Olk, A. Stukalov,
C. Marceau, H. Janssen, J. E. Carette, K. L. Bennett, J. Colinge,
G. Superti-Furga, T. R. Brummelkamp, Science 2015, 350, 1092.

[31] 1. Mejdrov4, D. Chalupsk, P. Platkovd, C. Miiller, M. Sala, M.
Klima, A. Baumlovd, H. Hrebabecky, E. Prochazkova, M.
Dejmek, D. Strunin, J. Weber, G. Lee, M. Matousova, H.

Research Articles

An dte

Chemie

Internatic

Mertlikova-Kaiserova, J. Ziebuhr, G. Birkus, E. Boura, R.
Nencka, J. Med. Chem. 2017, 60, 100.

[32] M.J. Waring, D. M. Andrews, P. F. Faulder, V. Flemington, J. C.
McKelvie, S. Maman, M. Preston, P. Raubo, G. R. Robb, K.
Roberts, R. Rowlinson, J. M. Smith, M. E. Swarbrick, I. Treinies,
J. J. G. Winter, R. J. Wood, Chem. Commun. 2014, 50, 5388.

[33] R. B. Corcoran, M. P. Scott, Proc. Natl. Acad. Sci. USA 2006,
103, 8408.

[34] a) E. F. X. Byrne, R. Sircar, P. S. Miller, G. Hedger, G. Luchetti,
S. Nachtergaele, M. D. Tully, L. Mydock-McGrane, D. E. Covey,
R.P. Rambo, M. S. P. Sansom, S. Newstead, R. Rohatgi, C.
Siebold, Nature 2016, 535, 517; b) P. Huang, D. Nedelcu, M.
Watanabe, C. Jao, Y. Kim, J. Liu, A. Salic, Cell 2016, 166, 1176;
¢) G. Luchetti, R. Sircar, J. H. Kong, S. Nachtergaele, A. Sagner,
E. F. Byrne, D. F. Covey, C. Siebold, R. Rohatgi, eLife 2016, 5,
€20304.

[35] R. Rana, C. E. Carroll, H.-J. Lee, J. Bao, S. Marada, C. R. R.
Grace, C. D. Guibao, S. K. Ogden, J.J. Zheng, Nat. Commun.
2013, 4, 2965.

[36] E.L. Clayton, S. Minogue, M. G. Waugh, Prog. Lipid Res. 2013,
52,294,

Manuscript received: June 19, 2019
Accepted manuscript online: August 27, 2019
Version of record online: October 4, 2019

16628 www.angewandte.org © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2019, 58, 16617-16628


https://doi.org/10.1016/j.devcel.2015.08.001
https://doi.org/10.1016/j.devcel.2015.08.001
https://doi.org/10.1016/j.devcel.2015.06.016
https://doi.org/10.1016/j.devcel.2015.06.016
https://doi.org/10.1091/mbc.e04-07-0578
https://doi.org/10.1042/bj3510019
https://doi.org/10.1083/jcb.201312072
https://doi.org/10.1083/jcb.201312072
https://doi.org/10.1038/nmeth.1428
https://doi.org/10.1016/j.yexcr.2015.03.028
https://doi.org/10.1083/jcb.104.2.289
https://doi.org/10.1016/j.devcel.2010.06.007
https://doi.org/10.1016/j.devcel.2010.06.007
https://doi.org/10.1126/science.aac7557
https://doi.org/10.1021/acs.jmedchem.6b01465
https://doi.org/10.1039/C3CC48391F
https://doi.org/10.1073/pnas.0602852103
https://doi.org/10.1073/pnas.0602852103
https://doi.org/10.1038/nature18934
https://doi.org/10.1016/j.cell.2016.08.003
https://doi.org/10.1016/j.plipres.2013.04.002
https://doi.org/10.1016/j.plipres.2013.04.002
http://www.angewandte.org

