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The efficient exploration of biologically relevant chemical space is essential
for the discovery of bioactive compounds. A molecular design principle
that possesses both biological relevance and structural diversity may

more efficiently lead to compound collections that are enriched in diverse
bioactivities. Here the diverse pseudo-natural product (PNP) strategy,
which combines the biological relevance of the PNP concept with synthetic
diversification strategies from diversity-oriented synthesis, is reported.
Adiverse PNP collection was synthesized from a common divergent
intermediate through developed indole dearomatization methodologies
to afford three-dimensional molecular frameworks that could be further
diversified viaintramolecular coupling and/or carbon monoxide insertion.
Intotal, 154 PNPs were synthesized representing eight different classes.
Cheminformatic analyses showed that the PNPs are structurally diverse
between classes. Biological investigations revealed the extent of diverse
bioactivity enrichment of the collection in which four inhibitors of
Hedgehog signalling, DNA synthesis, de novo pyrimidine biosynthesis and
tubulin polymerization were identified from four different PNP classes.

The strategic navigation of biologically relevant chemical space for the
discovery of bioactive small molecules is a core principle of chemical
biology and drug discovery programmes'. Through evolution, nature
has explored biologically relevant chemical space to afford current
natural product (NP) structures that represent biologically prevali-
dated chemical matter. NPs have been and continue tobe arich source
of chemical probes and therapeutics®; however, the development of
NPs into chemical probes and/or therapeutics can be restricted by low
availability and insufficient access to derivatives.

Several molecular design principles based on NP structures,
such as function-oriented synthesis* ¢, biology-oriented synthesis’®,
dynamic retrosynthetic analysis®'® and others”, have successfully
addressed these issues by providing compounds that retain the bioac-
tivities of the NPs of interest but are more synthetically tractable than

the guiding NPs. Nevertheless, these methods are inherently limited
since the resulting compounds have core scaffolds that are presentin
theguiding NPs and therefore are likely to have the same bioactivities
asthe guiding NPs. NPs, as well as design principles that are derivatives
of NPscaffolds, arealso limited due to evolutionary constraints. Natural
evolutionisavery slow process that has resulted in NPs occupying only
afraction of theoretical NP-like chemical space®. Therefore, relying
solely on current NP scaffolds, which are synthesized via existing bio-
synthetic pathways, has limitations in molecular discovery.
Employing methods that are inspired by nature and go beyond
current biosynthetic pathways may facilitate the exploration of biologi-
cally relevant NP-like chemical space™'". The complexity-to-diversity
approach is a chemical extension of natural biosynthetic pathways in
which suitable NPs or synthetic NP-like compounds are subjected to
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Fig.1| General depiction of the PNP and DOS concepts. a, PNP logic: the
combination of NP fragments in unprecedented arrangements. b, DOS logic:
scaffold diversity using a build-couple-pair strategy from available starting
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materials. ¢, Merging the two concepts of PNPs and DOS, generation of dPNPs.
d, An overview of dPNP compound class syntheses from common indole-based

starting materials.

ring distortionreactions to afford compound collections with diverse
scaffolds that are distinct from the starting NP yet retain the biologi-
cal relevance and complexity of NPs”™. We have recently introduced
a design principle for pseudo-natural products (PNPs) through the

de novo combination of NP fragments (Fig. 1a)*%*. The PNP concept
identifies fragments characteristic in different NP classes and combines
theminarrangements thatare novel and notaccessible by known bio-
synthetic pathways. The PNP scaffolds are not known to be produced
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innature butmay retain the biological relevance of NPs and therefore
have diverse bioactivity profiles and targets. Different NP fragments
can be combined in different arrangements and connectivity pat-
terns to access various PNP scaffolds that have diverse bioactivity
profiles®?. However, access to diverse PNPs can be laborious in which
typically specific starting materials must be made for each scaffold.

To access diverse scaffolds more rapidly, we envisioned devel-
oping a design principle for PNP compound collections based on a
common divergent intermediate, whereby one common interme-
diate could give rise to a variety of PNP scaffolds that may possess
various bioactivities. In this context, the diversity-oriented synthesis
(DOS) strategy®*>? can cover a wide area of chemical space to gener-
ate compound collections with diverse and complex scaffolds, with
abuild-couple-pair approach as one example® (Fig. 1b). DOS does
lead to diverse compound collections that may have NP-like features
that positively contribute to biological performance®, such as high
fraction of sp>-hybridized centres and stereogenic content. However,
inour perspective, DOS, unlike the PNP design principle, is not directly
based on NP structures, and therefore scaffolds resulting from DOS
do not necessarily include fragments of biological relevance’®. Thus,
we envisioned combining the two logics of DOS and PNPs to generate
acompound collection that incorporates both scaffold diversity and
biological relevance, termed as diverse PNPs (dPNPs, Fig. 1c).

Inthis Article, wereport a strategy to access dPNP scaffolds from
a common divergent intermediate. Chemical methodologies for
indole dearomatization®*® were developed to streamline scaffold
construction including intramolecular indole dearomatizations via
a o-acylpalladium intermediate through in situ-generated carbon
monoxide (CO). Dearomatization is a powerful approach to access
underexplored three-dimensional topologies® from flat aromatic
compounds. Furthermore, dearomatization canintroduce new stereo-
genic centre(s) and increase the fraction of sp*> carbons, both of which
are favourable properties for target-binding selectivity and clinical
progression of drug candidates®*°. The dearomatization of indoles
and coupling and/or pairing of intermediates resulted in a total of 154
PNPs constituting eight different classes with diverse combinations and
orientations of NP fragments (Fig.1d). The PNP collection was assessed
by cheminformatic methods and was found to be chemically diverse
between compound classes. Phenotypic screening and morphological
profiling revealed diverse bioactivity profiles within the collection. In
particular, unprecedented chemotypes for Hedgehog (Hh) signalling
inhibition, DNA synthesis inhibition, de novo pyrimidine biosynthesis
inhibition and tubulin modulation were identified.

Results
PNP collection synthesis viaindole dearomatizations
The initial design was the construction of a scaffold containing indo-
lenine and indanone fragments (Fig. 2a). Indolenine and indanone
fragments are commonly found in various bioactive NPs; however,
known biosynthetic pathways do not produce NP scaffolds that have
bothindolenine and indanone fragments (Supplementary Fig.1). We
envisioned that the combination of these fragments would be possible
by dearomatizing planar indole starting materials with a C3-tethered
electrophile viaa palladium-catalysed intramolecular carbonylation/
indole dearomatization cascade. The dearomatative nature of the
reaction and resulting spirocyclic fusion patternshould resultin com-
pounds with higher degrees of chirality and three-dimensionality***.
Initial attempts started with 1a (R = Me, R* ¢ = H) as amodel sub-
strate (Fig. 2b) and CO gas as a carbonyl source with the goal of obtain-
ing dearomatized compound Al (PNPs are identified by the letter of
the compound class followed by the compound number within the
compound class (Alisclass A,compound1)) (refs.43-47). Treatment of
lawith palladiumacetate as a catalyst and 1,1’-bis(diphenylphosphino)
ferrocene as a ligand in the presence of triethylamine in benzene at
1atm. CO gas at 80 °C delivered the desired product Alin 23% yield.

Optimization of different reaction parameters such as solvent, ligand
and base in the presence of CO gas did not lead to an improved yield
(Supplementary Tables1-3). We hypothesized that superstoichiomet-
ricamounts of CO gasinthe medium may be hindering thereactionand
focused on CO surrogates that cangenerate CO gasinacontrolled man-
ner in situ*®°, Gratifyingly, the use of N-formyl saccharin (2a) in the
presence of palladium acetate, Xantphos (4,5-bis(diphenylphosphino)-
9,9-dimethylxanthene) and sodium carbonate in N,N-dimethyl for-
mamide (DMF) provided Al in an excellent yield of 86%. N-formyl
saccharin (2a) was developed by Manabe et al. and is an inexpensive,
safe, efficientand environmentally friendly CO surrogate***°. Employ-
ingother CO surrogatesin place of 2a, such as1,1’-carbonyldiimidazole,
2,4,6-trichlorophenyl formate, molybdenum hexacarbonyl and dico-
baltoctacarbonyl, provided little or no desired product (Supplemen-
tary Table 4).

Thescope of the developed dearomatization reactionwas explored
and led to the construction of PNP class A termed spiroindolylin-
danones (Fig. 2c). Substrates having either electron-withdrawing
or electron-rich groups afforded the desired products in moderate
to high yields (A2, A4, A6, A7, A22 and A25-A27 and A3, A5, A20
and A21, respectively). Multi-substituted and heterocycle-based
aryl bromides also reacted to afford the dearomatized products
in good yields (A8, A10 and A29-A31 and All, A12 and A32-A35,
respectively). C5-substituted indoles reacted well regardless of
the substituents and substitution pattern of the tethered aryl bro-
mide to furnish spiroindolylindanones A14-A35 in good to excel-
lent yields. C2-phenyl-substituted indoles reacted to afforded the
dearomatized products A36-A41inrelatively lower yields than their
methyl-substituted derivatives, possibly due to steric and/or electronic
reasons. Overall, the developed methodology is an unprecedented
example of acarbonylation/intramolecularindole dearomatization via
ao-acylpalladiumintermediate cascade. Thereactionis operationally
simple and robust, which allowed for the rapid synthesis of class A.

Derivatization of compounds belonging to class A was possible
through variousreaction pathways and sequences (Fig. 3a). Reduction
oftheindolenine moiety was performed with Hantzsch ester and a cata-
lyticamount of pyridinium p-toluenesulfonate (PPTS) to generate the
spiro-indoline-indanone class B with good to excellent diastereoselec-
tivities (6:1 > 20:1diastereomericratio (d.r.))*". Single-crystal analysis of
the major diastereomer of compound B10 revealed a cis-relationship
between the methyl and carbonyl groups.

Functional group installation at the free amine group of class B
generated a new class of compounds (class C). Treatment of 2-methyl
indolenines with a-halo-acetyl chloride derivatives furnished
exocyclic-olefinic a-halo-amides (class D). The isoquinolinone frag-
ment,acommon motifina variety of biologicallyimportantalkaloids,
was fused to the spiroindolylindanone scaffold (class A) by employing
methyl 2-bromobenzoate in the presence of a palladium/Xantphos
catalyst and K;PO, as the base®. The final indoline-indanone-isoqui-
nolinone scaffold defines a PNP class with both spiro- and edge-fusion
combinations (class E).

To establish further scaffold diversity, we envisioned rearranging
landsubjectingit todifferent variations of the developed Pd-catalysed
reaction conditions. Inspired by previous reports on photocatalytic
oxidative semipinacolic rearrangement®>*, we developed a seminal
reaction by employing 2 mol% Eosin Y as a photocatalyst and SiO,
as solid additive to induce the rearrangement of 1 to indolin-3-one
derivatives 4. By employing the developed Pd-catalysed conditions,
indolin-3-one derivatives (4) underwent direct C-N cross couplingsin
the absence of the CO surrogate 2atoyield 3-oxindole-indoline-fused
PNPs (class F, Fig. 3b). In the presence of 2a, a carbonylation/cycliza-
tion cascaderesulted in a fusion-edge combination of 3-oxindole and
dihydroisoquinolone fragments (class G, Fig. 3b). Finally, compounds
5, stemming from oxa-Pictet-Spengler reactions of tryptophol and
benzaldehyde derivatives (Supplementary Fig. 2), were treated with
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Fig.2|Design, fragment combination and synthesis of spiroindolylindanone
PNPs. a, Indolenine and indanone fragment combination to construct
spiroindolylindanone PNPs. b, Method development and optimization of a
COinsertion reaction to construct spiroindolylindanone PNPs using N-formyl
saccharin (2a) as anon-toxic bench-stable solid and inexpensive CO surrogate.

¢, Substrate scope for the spiroindolylindanone synthesis. *The PNPs in this
manuscript are identified by the letter of the compound class followed by the
compound number within the compound class, that is, Alis class A, compound 1.
®Isolated yields are shown.
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Fig. 3| Synthetic routes to classes B-H. a, Access to classes B-H from class
A.Therelative configuration of B10 was determined by X-ray crystallography
(Supplementary Information), and the structures of other products (including
class C) were drawn by analogy. Diastereomeric ratios of class B were determined
by 'H nuclear magnetic resonance. For individual diastereomeric ratios, see

Supplementary Information. b, Synthesis of classes F, Gand Hfrom1and 5,
respectively, utilizing the NH of indole derivatives. Isolated yields are shown.
Parent NP examples and the corresponding NP fragments from which the PNPs
are derived are shown on the right side of the figures. RT, room temperature; CFL,
compact fluorescent lamp; fan, 3 W cooling fan.

N-formyl saccharin for CO insertion. In this case, dearomatization
of the indole and formation of the isoquinolinone fragment yielded
indoline-isoquinolinone-tetrahydropyran PNPs (class H, Fig. 3b).
Intotal, 154 PNPs representing eight subclasses with different NP
fragment combinations and fusion patterns were synthesized from

divergentintermediates 1or compounds 5. Searchesin the Dictionary
of Natural Products revealed that neither the NP fragment combina-
tions nor the scaffolds of the subclasses are observed in known NPs
(Supplementary Fig. 1). By employing the combination of diverse
PNP design with developing and implementing synthetic chemical
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Fig. 4 | Cheminformatic analyses of the diverse PNP collection. a, APMI plot
for the shape of the PNPs (black circles). The corners of the triangle within the
plotindicate arod-like shape (top left), disk-like shape (bottom middle) and
sphere-like shape (top right). The contour lines represent a Gaussian kernel
density estimation with ten steps. For a PMI plot with individual PNP subclasses,
see Supplementary Fig. 3. b, NP-likeness scores of the PNPs (black curve)
compared with the DrugBank compound collection (orange curve), ChEMBL
NPs (green curve) and Enamine building blocks (blue curve). ¢, QED of the PNPs
(black curve) compared with the DrugBank compound collection (orange curve),
ChEMBL NPs (green curve) and Enamine building blocks (blue curve). d, Box plot
ofintra- and interclass Tanimoto similarity calculations of Morgan fingerprints
(ECFC4) following Tukey’s definitions with outliers®. Centre line, median; box

limits, upper and lower quartiles; whiskers, 1.5x interquartile range; and points,
outliers. The dashed line indicates the 95th percentile median (0.23) of random
reference compound subsets. For full cross-similarity values, see Supplementary
Figs.9-10. e, Box plot of intra- and interclass Tanimoto similarity calculations of
Morgan fingerprints (ECFP6) following Tukey’s definitions with outliers®. Centre
line, median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile
range; and points, outliers. The dashed line indicates the 95th percentile median
(0.17) of random reference compound subsets. For full cross-similarity values,
see Supplementary Figs.11and 12. The number of compounds in reference sets is
527,411(50,000 random compounds were selected for PMI analysis) for Enamine,
4,866 for DrugBank and 45,679 for ChEMBL NPs.

methodologies, we were able toreadily access a diverse range of PNPs
that are not possible through existing biosynthetic pathways.

Cheminformatic analysis of the PNP classes

For the characterization of structural and physiochemical properties
ofthe PNP classes, characteristic properties were computed using the
open-source software RDKit**. The PNPs were compared with reference
setsincluding NPsin the ChEMBL29 database (representing bioactive
NPs, 45,679 compounds)*, DrugBank compounds (representing mar-
keted and investigational drugs, 4,866 compounds)** and the Enamine
Advanced Screening Collection (representing a synthetic drug-like
screening library, 527,411 compounds)®’. To analyse the molecular
shapes of the PNP collection and reference sets, principal moments
of inertia (PMI) were calculated®®. The PMI calculation revealed that
the PNP collection has shape diversity and overlaps with concen-
trated areas of bioactive compounds (Fig. 4a). Atom connectivities
were evaluated by a NP-likeness score® calculation and were found to
notably overlap with DrugBank compounds (Fig. 4b). Alack of consid-
erable overlap with ChEMBL NPs may be due to the PNPs representing

fragment combinations and arrangements that are not found in nature.
A quantitative estimation of drug-likeness®® (QED) analysis suggested
that the PNP collection has favourable drug-like properties, which
are similar to the properties calculated for the Enamine Advanced
Screening Collection (Fig. 4¢). A principal component analysis® of 17
molecular descriptors shows that the PNP collection occupies chemical
space thatis shared by high-density regions of all three reference sets
(Supplementary Figs.4-6). Interestingly, 77% of the PNPs have lead-like
sizes, that is, 14 < heavy atoms < 26 (refs. 62,63) and, in combination
with drug-like properties suggested by QED analysis, indicates that
the PNP collection may be lead like. Future compound classes could
be designed by combining NP fragments with appropriate molecular
properties to afford other lead-like PNP collections.

Intra- and interclass Tanimoto similarities of the Morgan finger-
prints of two different designs (ECFC4 and ECFP6) were calculated to
determine structural diversity (Fig. 4d,e, and for full comparisons,
see Supplementary Figs. 9-12). Within compound classes, the median
similarities were high (ECFC4 of 0.49-0.77 and ECFP6 of 0.32-0.67),
whereas between compound classes the median similarities are
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distinctly lower (ECFC4 of 0.26-0.44 and ECFP6 of 0.10-0.29). For
comparison, a threshold of randomness was determined by calculat-
ing the 95th percentile median similarities from 100 subsets with 100
random members from the Enamine Advanced Screening Collection
(ECFC4 0f 0.23 and ECFP6 0of 0.17; for more details, see Supplementary
Information). Several interclass PNP similarities are near but do not
fall below the randomness thresholds. This may be expected as similar
NP fragments are conserved throughout the compound collection,
albeit in different arrangements. It can therefore be concluded that
the majority of interclass structures of the PNP collection are diverse.

Identification of an inhibitor of Hh signalling

The bioactivity of the PNP collection was investigated by employ-
ing cell-based assays monitoring different cellular pathways and
signalling cascades including autophagy, kynurenine production
and Hh-dependent osteoblast differentiation. Gratifyingly, spiroin-
dolylindanone class A was enriched with inhibitors of Hh-dependent
osteoblast differentiation. Nocompounds fromthe PNP collection were
identified as hits, thatis, >50% inhibition at 10 pM, in assays monitoring
autophagy or kynurenine production.

The Hh signalling pathway plays an important role during verte-
brate embryonic and post-embryonic development including tissue
homeostasis and regeneration®’. Hh signalling is activated through
the binding of Hh ligands to the membrane receptor Patchedl, which
inturnrelieves Patchedl-mediated inhibition of the membrane protein
Smoothened (SMO). This activation ultimately leads to the transcrip-
tion of Hh target genes, such as GliI and Ptchl, by the transcription
factors glioma-associated oncogene homologues 2 and 3 (GLI2 and
GLI3) (ref. 65). Unregulated Hh signalling has been connected to can-
cers such as basal cell carcinoma and medulloblastoma. Therefore,
novel therapeutics for inhibiting the Hh pathway are in high demand®®.

Toidentify novelinhibitors of Hh signalling, we employed an osteo-
blast differentiation assay using C3H/10T1/2 mesenchymal progenitor
cells upon stimulation with purmophamine®. Stimulation of the Hh
pathway induces osteoblast differentiation, which can be detected
through monitoring of alkaline phosphatase expression and activity.
The screen revealed compound A23 is an inhibitor of Hh-dependent
cell differentiation with a half-maximal inhibitory concentration of
0.93 + 0.13 pM and no effect on cell viability (Fig. 5a).

Variation of the substitution pattern on A23 to establish a struc-
ture-activity correlation did not uncover more potent compounds
(Fig. 5a). Removal of chlorine and fluorine substituents led to aloss in
potency (A1) and affected cell viability. Reintroduction of a chlorine
(A16) totheindolenine moiety at R®led to a more potent activity relative
to Al without affecting cell viability, whereas a methyl (A14) or a fluo-
rine (A15) at the same position led to similar and weaker activities rela-
tiveto Al, respectively. Addition of afluorine to the indanone moiety at

R*(A6)led toalossin potency relative to Alas did theintroduction of a
methyl (A3) or dimethoxy substituents (A9). Moving the fluorine sub-
stituent toR® (A7) led to better activity. When compounds withachlo-
rine at R® and similar substitution patterns on the indanone moiety as
above were evaluated, only the activity of A23 increased, whereas A20,
A30 and A27 became less active. Compounds A6, A16, A23 and two
other derivatives (A8 and A21) were resynthesized and re-evaluation
in an osteoblast differentiation assay resulted in similar activities to
the original batches (Supplementary Fig.13). Compound A23 was the
most active inhibitor (Fig. 5b) and was also found to suppress alka-
line phosphatase gene expression (Alpl) in adose-dependent manner
(Fig. 5c), whichisin line with inhibition of osteoblast differentiation.
Evaluation of Hh genes by quantitative reverse transcription PCR
(RT-gPCR)®® showed that A23 reduced expression of the Hh target
genes Ptchland Glil (reduction of 46% and 47% at10 pM, respectively,
Fig.5d,e). AsSMOis frequently targeted by smallmolecules, the bind-
ing of A23 to SMO was explored in a competition assay using fluori-
nated boron-dipyrromethene (BODIPY)-cyclopamine®. Cyclopamine
is a NP that binds to the heptahelical bundle in SMO™ that is targeted
by the most SMO modulators. Compound A23 did not compete with
BODIPY-cyclopamine and, therefore, most likely does not bind to SMO
(Fig. 5f). All together, these results indicate that A23 is inhibiting Hh
signallingindependent of direct SMO modulation. It should be noted
that current therapies affecting Hh signalling target SMO, which can
cause mutations leading to drug resistance”. Therefore, novel inhibi-
tors of the Hh pathway that do not target SMO are of particular interest.

PNP biological evaluation viathe CPA

Beyond monitoring specific biological processes or signalling path-
ways, the PNP library was evaluated by morphological profiling via the
cell painting assay (CPA)’>”>. This unbiased morphological profiling
method monitors phenotypic changesin cells upon compound treat-
ment by employing six fluorescent dyes that selectively stain various
compartments. High-contentimaging via multi-channel fluorescence
microscopy and automated image analysis extracts and quantifies the
changes of cellular morphologiesinto 579 cellular features to generate
acharacteristic profile.

Aninduction value, representing the percentage of significantly
changed features relative to dimethylsulfoxide (DMSO) controls, isa
measure for compound activity in the CPA™. Investigation of the PNP
collectionat concentrations ranging from1to 50 M revealed that 78%
of the compounds are characterized by an induction value >5% and
are considered bioactive (Supplementary Fig. 14). Furthermore, all
compound classes contained CPA-active compounds. For comparison,
42% of compounds with annotated bioactivities (2,230 of 5,307) and
45% of our in-house, non-annotated compounds (6,581 0f 14,784) have
induction values >5% at concentrations up to 50 puM.

Fig. 5|Biological investigation of PNP A23 for Hh signalling inhibition.

a, Selected compounds with structural variation to the most active compound
(A23) inan osteoblast differentiation assay. Cell viability was assessed using a
CellTiter-Glo Luminescent Cell Viability Assay and treating C3H10T1/2 cells with
compound (30 pM) in the absence of purmorphamine for 96 h. The viability of cells
treated with DMSO was set to 100%. ICs,, half-maximal inhibitory concentration.
b, C3H10T1/2 cells were treated for 96 hwith 1.5 uM purmorphamine, DMSO as
acontrol or compound A23. The activity of alkaline phosphatase was measured

to determine Hh pathway activity. Values for cells treated with purmorphamine
and DMSO were set to 100%. The data are the mean values + s.d. of three biological
replicates (n=3). ¢, Alplgene expression; C3H10T1/2 cells were incubated for 96 h
with1.5 pM purmorphamine and DMSO, 1 pM vismodegib (vismo) or1,50r10 uM
of A23 before RT-qPCR. Data are mean values + s.d. of three biological replicates
(n=3).The Pvaluesrelative to cells treated with DMSO and purmorphamine are
<0.0001 for DMSO-treated, <0.0001 for vismo (1 uM)-treated, 0.0014 for A23

(1 uM)-treated, 0.0005 for A23 (5 uM)-treated and 0.0006 for A23 (10 pM)-treated
cells.d,e, Expression of the Hh target gene Glil (d) and Ptchl (e). C3H10T1/2 cells

were incubated with 1.5 pM of purmorphamine and DMSO, 1 uM vismo or A23
(1uM, 5 M or 10 pM) for 96 hbefore RT-qPCR. Data are mean values + s.d. of three
biological replicates (n = 3). For Hh target gene GliI, the Pvalues relative to cells
treated with DMSO and purmorphamine are 0.0001 for DMSO-treated, 0.0003 for
vismo (1 uM)-treated, 0.0477 for A23 (1 uM)-treated, 0.0052 for A23 (5 uM)-treated
and 0.0203 for A23 (10 pM)-treated cells. For Hh target gene Ptch1, the Pvalues
relative to cells treated with DMSO and purmorphamine are 0.0010 for DMSO-
treated, 0.0024 for vismo (1 pM)-treated, 0.4559 for A23 (1 uM)-treated, 0.0111

for A23 (5 uM)-treated and 0.0142 for A23 (10 pM)-treated cells. f, SMO binding
assay. HEK293T cells were transfected with a SMO-expressing plasmid. After 48 h,
the cells were fixed and incubated with BODIPY-cyclopamine (green, 5 nM) and
treated with either DMSO, vismo or A23 for 4 h. The nuclei were visualized by
staining the cells with 4,6-diamidino-2-phenylindole (DAPI) (blue). Theimages

are representative of three biological replicates (n = 3). Scale bar, 30 um. For

c-e, statistical analyses were performed relative to DMSO/purmorphamine by
employing unpaired two-tailed ¢-tests with Welch’s correction (*P < 0.05,*P < 0.01,
***P < 0.001, ***P< 0.0001; NS, not significant).
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The CPA can enable target or mode-of-action (MoA) identifica- We have recently introduced the concept of a CPA subprofile analysis
tion by directly comparing full CPA profiles of uncharacterized com-  tofacilitate rapid target or MoA prediction’. In short, subprofiles are
pounds with reference compounds with annotated bioactivities”.  defined by reducing the number of profile features to only those that
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Fig. 6 | CPA subprofile analysis of the dPNP collection and bioactivity
validation of C3 and E13. a, A heat map showing the percentage of PNPsin each
class that have >85% similarity to a bioactivity cluster profile and induction
values >15%. The PNPs were measured at various concentrations (<50 pM),
generating several profiles for each PNP. For each PNP, the profile with the
highest similarity to a bioactivity cluster was selected for this analysis. L/CH,
lysosomotropism/cholesterol homeostasis. For heat maps of bioactivity cluster
similarities of individual profiles of hit compounds, see Supplementary Figs. 15
and16.b, The chemical structure of C3, C3-resynthesized, C18 and E13.c, The
influence of C3, C3-resynthesized and C18 on DNA content and the cell cycle.
U20S cells were treated with DMSO or compound (30 puM) for 22 h followed by

the addition of 10 uM EdU and incubated for an additional 2 h. DNA-incorporated
EdU was labelled with Alexa Fluor 488 via click reaction and DNA was stained
with propidiumiodide. Single-cell analysis via flow cytometry measuring EdU
incorporation and total DNA content was used to determine the percentage of
cellsineither G1(2N), S (2N-4N) or G2 (4N) phase. Data are mean values + s.d.
(n=10,000 cells examined over three biologically independent samples).
Histograms of the FACS analysis can be found in Supplementary Fig. 19.d, Uridine
rescue assay. HCT116 cells were treated with either DMSO (control), E13 or E13in
the presence of uridine (100 pM). Cell confluence was used as a measure of cell
proliferation and was monitored over a 96 h period using an IncuCyte ZOOM/S3.
Data are mean values + s.d. of four independent replicates (n = 4).

areshared by annotated compoundsinaparticular bioactivity cluster.
High similarities (>85%) to bioactivity cluster profiles can facilitate the
annotation of uncharacterized compounds without prior knowledge of
the top biosimilar reference compounds. So far, 12 bioactivity cluster
subprofiles have been defined that include biological targets related
to AKT/PI3K/MTOR, Aurorakinases, bromodomain and extra-terminal
(BET) domain, de novo pyrimidine biosynthesis, DNA synthesis, histone
deacetylase (HDAC), HSP90, Na*/K* ATPases and tubulin, or processes
such as lysosomotropism/cholesterol homeostasis regulation, protein
synthesis and uncoupling of the mitochondrial proton gradient.

AII CPA PNPs profiles with induction values >15% and relative cell
counts >50% were subjected to a subprofile analysis. Overall, several
PNPs from different compound classes induced subprofiles that were

similar to reference subprofiles including inhibition of DNA synthe-
sis, inhibition of de novo pyrimidine biosynthesis and modulation of
tubulin (Fig. 6a and Supplementary Figs.15and 16).

Compound C3 (Fig. 6b) wasidentified by the CPA subprofile analy-
sisas apotentialinhibitor of DNA synthesis and was the only compound
in class C that induced a profile with >85% similarity to the DNA syn-
thesis cluster profile with all other compounds in the class, having
<60%similarity (Supplementary Fig.17). A brief structure-phenotype
relationship” study of C3 was conducted with respect to the DNA syn-
thesis cluster. The indolenine and N-unsubstituted indoline synthetic
precursors to C3 (Al and B1, respectively) both have weak activity in
the CPA and low similarity to the DNA synthesis profile (Supplementary
Fig.18). Introduction of an acrylamide moiety to Bl affords C3, which
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has ahigh similarity to the DNA synthesis profile (92% similarity). Other
N-functionalized derivatives of Blincluding a-halo amide compounds
(Cland C2), an ethyl carbamate compound (C4), an N-allylated com-
pound (C5) and an N-tosylated compound all have very low similarities
tothe DNA synthesis profile. These results suggest that the acrylamide
moiety of C3is crucial for producing a highly similar phenotype to the
DNA synthesis profile.

Theinfluence of C3 on DNA synthesis and the cell cycle was inves-
tigated by fluorescence-activated cell sorting (FACS) flow cytometry
employing 5-ethynyl-2’-deoxyuridine (EdU) and propidium iodide.
EdU is an alkynyl thymidine analog that can be incorporated into
newly synthesized DNA, and the attachment of a fluorophore via
click chemistry and subsequent microscopy can be used to quantify
DNA synthesis”’. Additional staining with propidium iodide, which
quantifies overall DNA content, and single-cell analysis via FACS
flow cytometry can determine the influence of compounds on the
cell cycle. At 30 uM, compound C3 led to a remarkable decrease
in DNA-incorporated EdU (Supplementary Figs. 19 and 20) and a
depletion of cells in the S phase relative to DMSO controls (Fig. 6¢).
These results indicate that C3 prevents DNA synthesis and confirms
the CPA-generated MoA hypothesis. Compound C3 was resynthe-
sized (C3-resynthesized) and reverified to be an inhibitor of DNA
synthesis (Fig. 6¢ and Supplementary Figs. 19 and 20). Since C3 has
anacrylamide moiety that may act as a Michael acceptor, asaturated
ethylamide derivative (C18, Fig. 6b) was synthesized and evaluated.
Interestingly, C18 provided similar results to a DMSO control via
FACS flow cytometry (Fig. 6c and Supplementary Figs.19 and 20) and
confirmsthat the acrylamide moiety of C3 is necessary for its activity
asaDNA synthesisinhibitor.

The CPA subprofile analysis (Fig. 6a) also suggested that E13
(Fig. 6b) may affect atarget related to de novo pyrimidine biosynthesis
(85% biosimilarity to the de novo pyrimidine biosynthesis profile and
28%inductionat 50 pM) (ref. 78). Pyrimidine biosynthesis is one facet
of the biosynthesis of nucleic acids and nucleotide cofactors that are
required for DNA and RNA synthesis as well as several other essential
cellular processes’. The dysregulation of nucleotide metabolism is
prevalent in various types of cancers as well as viral infections, and
small molecules that target nucleotide biosynthetic pathways have
been successful therapeutics to combat these diseases’.

To examine whether E13 affects de novo pyrimidine biosynthesis, a
uridine rescue assay was employed (Fig. 6d). If pyrimidine biosynthesis
is inhibited, pyrimidine nucleotides will be depleted, leading to the
suppression of cellular growth due to the lack of DNA synthesis and
transcription. The supplementation of excess uridine can restore nor-
mal cell growth by bypassing the need for de novo pyrimidine biosyn-
thesis. Whentreated with E13 at 30 uM, the growth of HCT116 cells was
impaired over a96 htime frame (Fig. 6d). Co-treatment of cells with E13
and supplemental uridine (100 pM) completely restored cell growth
relative to the DMSO control, confirming the CPA-guided hypothesis
that E13 is inhibiting de novo pyrimidine biosynthesis. Compound

E13 was resynthesized and its bioactivity as an inhibitor of de novo
pyrimidine biosynthesis was reconfirmed (Supplementary Fig. 21a).

Besides E13, no other compoundsin class Ehad similarities to the
de novo pyrimidine biosynthesis bioactivity profile >85% and induc-
tion values >20%, suggesting that they either weakly inhibit or do not
inhibit de novo pyrimidine biosynthesis (Supplementary Fig. 22).
Compounds E18 and E4, which had moderate similarities to the de novo
pyrimidine biosynthesis bioactivity profile (84% and 79% similarity at
50 puM, respectively) and weak induction values (10% and 15% at 50 pM,
respectively), were resynthesized and subjected to the uridine rescue
assay. At 50 pM concentrations, E18 had weak activity, whereas E4
inhibited cell proliferation but could not be rescued by supplemental
uridine and therefore is probably not affecting de novo pyrimidine
biosynthesis (Supplementary Fig. 21b,c).

From the CPA subprofile analysis, class Fwas found to be enriched
in profiles that had >85% similarity to the tubulin-targeting cluster
(25% of all compounds in class F). Closer examination of these pro-
files resulted in the identification of six possible tubulin-targeting
compounds that characteristically reduce cell count (Fig. 7a,b).
Astructure—phenotype relationship study” of class F was conducted
by comparing similarity with the tubulin cluster profile and induction
relative to concentration (Supplementary Fig. 23). Unsubstituted
compound F1gave amoderate induction value (30%) with a high simi-
larity to the tubulin cluster profile at 30 uM (93% similarity). Installa-
tion of a fluoride to the eastern hemisphere either gave similar (F2
and F6) or more potent activity (F4), whereas the introduction of a
methyl (F3) or a fused-phenyl (F8) group resulted in lower induction
values and low similarities to the tubulin cluster profile relative to
F1. Methoxy-substituted compound F5 gave a high tubulin cluster
profile similarity at a relatively low concentration of 3 pM. A similar
dioxole derivative (F7) retained high tubulin cluster similarity but
only ata concentration of 30 uM or higher. Incorporation of a methyl
(F15versus F6) or chloride (F14 versus F4) to the western hemisphere
of the scaffold or an a-phenyl ketone (F21 versus F4) led to relatively
lower inductions and low tubulin cluster profile similarities. A closely
related 2H-isoquinolinone derivative (G4) was also less active thanits
indoline counterpart (F5).

Compound F5 was selected for further investigation since it has
agood induction value at a relatively low concentration (3 pM) while
retaining a high similarity to the tubulin subcluster, indicating that
it may be the most potent compound. To further corroborate the
tubulin-targeting prediction, the full profile of F5at 3 uM was compared
with the full profiles of reference compounds. Gratifyingly, 11 of the
first12most similar reference compounds are in the tubulin-targeting
bioactivity cluster (Supplementary Fig. 24).

To investigate the predicted bioactivity, U20S cells were treated
withF5for 24 hfollowed by immunostaining for tubulinand DNA. Upon
treatment of F5, there was an accumulation of round cells with con-
densed microtubules and multipolar spindles (Fig. 7c), which are con-
sistent witha tubulin-targeting phenotype®. Notably, upon treatment

Fig.7|Validation of F5 as a tubulin-targeting compound. a, Structures

of the six class F compounds that have >85% similarity to the tubulin cluster
profile. b, Tubulin cluster profile relative to class F compounds that have >85%
similarity to the tubulin cluster profile. The selected profiles are those that have
>85% similarity to the tubulin cluster profile and >20% induction at the lowest
concentrations per compound. The reference profile is the first profile (100%
biosimilarity) for which all subsequent profiles are compared. The tubulin
profile has 424 features and is divided into three segments: cell, cytoplasm
and nuclei. Biosim, biosimilarity to the tubulin cluster profile; ind, induction
(percentage of significantly changed features relative to DMSO controls); and
conc, concentration. Theinduction value reported is relative to the full CPA
profiles with 579 features. ¢, Influence on the microtubule network. U20S cells
were treated for 24 h with DMSO (control) or F5 before staining for tubulin
(green) and DNA (blue). Scale bar, 50 pm. d, Quantification of mitotic cells via

immunocytochemistry. U20S cells were treated with DMSO (negative control),
F5, nocodazole (noc, positive control) or colchicine (col, positive control) for

24 hbefore staining of cells for phospho-histone H3 and DNA. Cells in mitosis
were quantified as the percentage of phospho-histone H3-positive cells. Data
are meanvalues + s.d. of threeindependent replicates (n = 3). Statistical analyses
were performed relative to the DMSO control by employing unpaired two-tailed
t-tests (***P < 0.0001). The Pvalues relative to cells treated with DMSO are
<0.0001 for F5 (10 pM)-treated, <0.0001 for F5 (30 pM)-treated, <0.0001 for
noc-treated and <0.0001 for col-treated cells. e, In vitro tubulin polymerization
assay. The polymerization was initiated upon addition of guanosine triphosphate
(GTP) to porcine tubulin and quantified by means of turbidity measurement
at340 nmand 37 °C. DMSO was used as a negative control and noc was used as
apositive control for tubulin destabilization. Data are representative of three
independent experiments (n=3).
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of F5 (10 uM), the abundance of miotic cellsincreased by ninefold rela-
tive to the DMSO control as quantified by means of phospho-histone
H3-positive cells (Fig. 7d). A concentration-dependent response was
observed with anearly two-fold increase in mitotic cellsupontreatment
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with 10 pM to 30 pM of F5. Additionally, compound F5 suppressed
in vitro tubulin polymerization at 20 uM and parallels the activity
of the known tubulin polymerization inhibitor nocodazole (Fig. 7e).
These results confirm that the PNP F5 is a microtubule modulator
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and validates the target prediction of the CPA subprofile analysis.
Compound F5 was resynthesized and functionalized to afford four
additional derivatives (Supplementary Fig. 25a). The bioactivity of F5
wasreconfirmedinatubulin polymerization assay, and the derivatives
were either inactive or moderately active relative to the parent com-
pound (Supplementary Fig. 25b). Furthermore, F5 was more potent
thanF4, and F4 was more potent than F15 (Supplementary Fig. 25b), as
was suggested by the structure-phenotype analysis (Supplementary
Fig.23).

Conclusions

In molecular discovery programmes, several design strategies have
been applied with the goal of efficiently exploring biologically relevant
chemical space. DOS focuses on the rapid synthesis of compound col-
lections that have high chemical diversity with the intention of probing
awide range of biological space; however, the compounds generated
may not necessarily be biologically relevant. The PNP principle provides
structurally focused collections by combining NP fragments in arrange-
ments not found in existing NP structures to afford NP-like scaffolds
that are endowed with the inherent biological relevance of NPs.

We have proposed the diverse PNP concept that combines the
chemical diversity of DOS collections with the inherent biological rel-
evance of the PNP concept to afford compound collections that may be
enriched withbothstructural and biological diversity. The diverse PNP
concepthasbeendemonstrated by employing a divergentintermediate
strategy along with the development and implementation of synthetic
methodologies for the rapid access to eight chemically diverse PNP
classes. Of note, dearomatization methodologies were employed to
convertaromaticring systemsinto more three-dimensional moieties
with new stereogenic centre(s) and increased fraction of sp* carbons
(Supplementary Fig. 26). The biological diversity of the collection was
exemplified by phenotypic screening and morphological profiling
in which four compounds from different classes were identified to
have unique bioactivities as either aninhibitor of Hh signalling (A23),
tubulin polymerization (F5), DNA synthesis (C3) or de novo pyrimidine
biosynthesis (E13).

The diverse PNP concept may help guide the future design of
NP-like compound collections that embody both chemical diversity
and biological relevance. Incorporation of both of these features may
lead to high-quality compound collections that more effectively probe
diverse biologically relevant chemical space and, in conjunction with
suitable screening technologies, lead to the identification of unex-
pected or novel bioactivities as demonstrated here. Recently, virtual
screenings of ultra-large make on-demand compound collections have
been used to expand the exploration of biologically relevant chemical
space®"®?, While this approach can rapidly evaluate billions of com-
pounds and lead to the discovery of new chemotypes, it is limited to
known targets and binding sites, whereas assessing compounds, such
as the collection described here, in an unbiased manner may lead to
theidentification of novel targets, binding pockets or molecular glues.
Further biological screening campaigns of these and other PNPs may
provide context for the biological relevance of PNPs relative to NPs and
collections of different designs as well as the importance of chemical
diversity within PNP design.
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Methods

Procedure for CO insertion/indole dearomatization cascade
An oven-dried screw-capped reaction tube with a magnetic stir bar
was charged with 3-(2-bromobenzyl)-2-methyl-1H-indole (0.5 mmol),
N-formyl saccharin (2a, 1.5 equiv., 0.75 mmol), Pd(OAc), (3 mol%,
0.015 mmol, 3.4 mg), Xantphos (4.5 mol%, 13 mg) and Na,CO; (3 equiv.,
159 mg). A screw cap fitted with a rubber septum was attached to the
reaction tube then degassed and refilled with argon; the process was
repeated two additional times. Dry DMF (5 ml) was added to the reac-
tion tube, and the reaction tube was placed in metal block and vigor-
ously stirred at room temperature for 10 min followed by heating to
85 °C. Thereaction mixture was cooled toroomtemperature after 36 h,
diluted with10 mlof ethyl acetate and 25 ml of water. The organic layer
was separated and concentrated under vacuum. The crude mixture was
purified by column chromatography using silica gel (100-200 mesh
size) and petroleum ether/ethyl acetate as the eluent.

Cheminformatic analyses
All details related to the cheminformatic analyses can be foundin the
repository atref. 84.

Biological assays
All details pertaining to the biological assays can be found in Supple-
mentary Information.

Primers used for RT-qPCR:

Primer  Forward (5'-3') Reverse (5'-3')

Ptchi CTCTGGAGCAGATTTCCAAGG TGCCGCAGTTCTTTTGAATG

Gli1 CACCGTGGGAGT CCAGAGCGTTACAC

AAACAGGCCTTCC ACCTGCCCTTC

Alpl ATCTTTGGTCTGGCTCCCATG TTTCCCGTTCACCGTCCAC

Gapdh  CAGTGCCAGCCTCGTC CAATCTCCACTTTGCCACTG

Ap3dl  CAGAGGGCTCATCGGTACAC GCCGGAAGTCCAACTTCTCA
Reporting summary

Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support this study are available within the article and
Supplementary Information. The reference datasets used on the
manuscript (stemming from Enamine Advanced Screening Col-
lection, https://enamine.net/hit-finding/compound-collections/
screening-collection/advanced-collection downloaded on 7 December
2020; Drugbank approved and investigational drugs, v.5.1.8; ChEMBL
v30) are not included, but the steps to generate them are described
in the code repository. All structures covered in this manuscript and
their calculated properties are included in the GitHub repository at
ref. 84. Crystallographic data for the structure reported in the article
have been deposited at the Cambridge Crystallographic Data Centre,
under deposition number CCDC 2221540 (B10). Copies of the datacan
be obtained free of charge via https://www.ccdc.cam.ac.uk/structures.
Further datasets generated and analysed during the current study are
available from the corresponding authors upon request.

Code availability

The code for the standardization of chemical structures, the extraction
of NPs from ChEMBL (one of the reference datasets), the calculation of
chemical descriptors for the principal component analysis and for the
calculation of PMIis available as a GitHub repository at ref. 84.
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um, ionization method: electron spray ionization)
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Data analysis comas/2023_bag_bio_diverse_pnps
Cell Painting Assay data were analyzed using CellProfiler (version 3.0.0), custom Python (https://www.python.org/) scripts using the Pandas
(https://pandas.pydata.org/) and Dask (https://dask.org/) data processing libraries as well as the Scientific Python (https://scipy.org/).
ODA IC50 calculations: GraphPad Prism 9 (GraphPad Software, USA)
RT-gPCR: 2-AACt method (9. Pfaffl, M. W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 29,
e45 (2001).)
Immunocytochemistry: CellProfiler (version 3.0.0)
Flow Cytometry: FlowJo 10.7.2
Uridine Rescue Assay: IncuCyte Zoom software (Essen BioScience)
Statistical analysis: GraphPad Prism 9.2.0 software
X-ray analysis: APEX 3 Suite (v.2018.7-2) with the integrated programs SAINT (integration) and SADABS (adsorption correction) by Bruker AXS
GmbH
NMR: Mestranova x64

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The reference data sets used on the manuscript (Enamine Advanced Screening Collection, https://enamine.net/hit-finding/compound-collections/screening-
collection/advanced-collection downloaded on 07-Dec-2020.; Drugbank approved and investigational drugs, v. 5.1.8; ChEMBL v30) are not included, but the steps to
generate them are described in the code repository https://zenodo.org/records/8320827. All structures covered in this manuscript and their calculated properties
are included in the Github repository https://github.com/mpimp-comas/2023_bag_bio_diverse_pnps. Crystallographic data for compound B10 has been deposited
with the Cambridge Crystallographic Data Centre, with deposition number CCDC 2221540.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender N/A

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size A sample size of typically 3 independent experiments was chosen in line with the standard of the field in the molecular biosciences. For non-
guantitative experiments, the sample size is indicated in each figure caption.

Data exclusions  No data was excluded.
Replication Three or more biological replicates were used for Hedgehog-dependent osteoblast differentiation assay, RT-qPCR (Alpl, Ptch1, and Gli1),

smoothened binding assay, Immunocytochemistry, tubulin polymerization assay, flow cytometry, and uridine rescue assay. Three technical
replicates were used for the cell painting assay. The obtained results were consistent bewteen the independent replicates.

>
Q
=)
e
(D
O
@)
=4
o
=
—
(D
O
@)
=
)
(@]
wv
C
=
=
)
<




Randomization  Randomization was not applicable as no experiments involving human/animals were performed, and no included experiment were sensitive
to the order of measurement/treatment.

Blinding Blinding was not carried out as no subjective analysis was performed.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

XXX X[ s
OO000XK

Antibodies
Antibodies used anti-tubulin-FITC antibody (clone TU-01, Thermo Fisher, MA119581) and anti-phospho-histone H3 antibody (Cell Signalling, #8481)
Validation The antibodies were validated using the control condition for the respective method: the anti-tubulin FITC antibody was validated by

the detection of mitotic spindles in the DMSO control(Figure 7c). Nocodazole and Colchicine treatment of cells validated the anti-
phospho-histone 3 antibody as upon treatment, the percentageof cells with phosphorylated histone 3 increased as expected (Figure
7d).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) U20S (CLS, 300364; RRID:CVCL_0042; sex: female)
C3H10T1/2 cell line (ATCC, CCL-226, RRID:CVCL_0190)
HEK293T (ATCC, CRL-11268; RRID:CVCL_1926, sex: female)
HCT116 (DSMZ, ACC 581; sex: male)

Authentication Authentication not performed

Mycoplasma contamination All cell lines were regularly tested for mycoplasma contamination using the MycoAlert (Mycoplasma Detection Kit, Lonza,
LT07-218) according to manufacturer's instructions and were always found to be free of micoplasma.

Commonly misidentified lines o commonly misidentified cell line was used in this study.
(See ICLAC register)

Flow Cytometry

Plots
Confirm that:
|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|Z| All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation For cell cycle analysis by flow cytometry, the Click-itTM Plus EdU Alexa FluorTM 488 Flow Cytometry Assay Kit (Thermo Fisher
Scientific, Cat. No. C10632) was used according to the manufacturer’s protocol. For this, 1.25 x 105 U20S cells were seeded
per well in a 6-well plate and incubated overnight. The following day, cells were treated with the compounds or with DMSO
as a control and incubated for 22 h. Afterwards, cells were pulsed with 10 uM EdU (5-ethynyl-2"-deoxyuridine) or medium as
a control and incubated for another 2 h. Cells were washed with PBS, detached using trypsin, re-suspended in PBS and




centrifuged at 300 xg for 7 min at room temperature. After another washing step with 1 % BSA in PBS, cells were fixed with 4
% paraformaldehyde (PFA) in PBS, permeabilized and subjected to a click-reaction to label the incorporated EdU. All

centrifugation steps after fixation were performed at 900 xg for 7 min at room temperature. The DNA content was stained S
with a propidium iodide solution (100 pug/mL propidium iodide, 0.1 % (v/v) Triton X-100 and 100 pug/mL DNase-free RNase A g
in PBS) for 30 min at room temperature. Before analysis, the cell suspensions were filtered into FACS tubes through a nylon ®
mesh. O
Q
—
Instrument BD LSRIl analyzer (Becton Dickinson, USA) Ei'
=
Software FlowJo 10.7.2 —
@
Cell population abundance 10,000 U20S cells were analyzed per sample. _8
=5
Gating strategy SSC-A vs. FSC-A and FSC-W vs. FSC-A was used to separate cells from debris and to select single cells. Cells were finally 8
separated into cell cycle gates (2N, S Phase, 4N) based on EdU-Alexa Fluor 488 and propidium iodide (Supplementary Figure 2
22). 3
Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information. g
<
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