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ABSTRACT: Pediatric diffuse intrinsic pontine glioma (DIPG), Yo gsh Miophagy | M,mhond,,a,
classified under diffuse midline glioma, is a deadly tumor, with no b e - M
effective treatments. The human mitochondrial protease hCIpP is a + Synthesis optimization

potential DIPG therapeutic target, and this study describes the ! :T'

synthesis of two new series of tetrahydropyridopyrimidindiones =y~ \jlr; )

(THPPDs) as hClpP activators. Among the tested compounds, we wawo @ o @ é s

have identified 36 (THX6) that shows a strong hClpP activation ~_ W \’\' =

(ECso = 1.18 uM) and good cytotoxicity in ONC201-resistant cells ey . -
(ICsy = 0.13 pM). Studying the oxidation mechanisms on cell i
membranes, the treatment of DIPG cells with 36 (THX6) causes a b=

change in levels of fatty acids (PUFAs, MUFAs, and SFAs) compared '

to untreated cells and dysregulates the level of proteins involved in i T

oxidative phosphorylation, biogenesis, and mitophagy that lead to a

global collapse of mitochondrial integrity and function suggesting this as the mechanism through which 36 (THX6) accomplishes its

antitumor activity in DIPG cell lines.

1. INTRODUCTION where ONC201 acts as an allosteric activator.” A randomized,
double-blind, placebo-controlled, parallel-group, international,
phase III clinical trial is currently underway to evaluate the
efficacy of ONC201 in patients with newly diagnosed diffuse
H3K27-altered glioma, following first-line radiotherapy.’
Notably, ONC201 induced regression of the primary thalamic
lesion in a limited number of DMG patients.

hClpP is a tetradecameric (two stacked heptameric rings)
serine protease located in the mitochondrial matrix.”® It plays a
crucial role in mitochondrial proteostasis and is upregulated in
numerous solid and hematological tumors, both primary and
metastatic. In some cases, increased hCIpP expression correlates
with reduced patient survival.”"°

hClpP hydrolyzes misfolded and damaged proteins that are
first recognized by the hexameric AAA+ unfoldase/translocase
chaperone ClpX, forming the soluble complex ClpXP. As part of

Diffuse intrinsic pontine glioma (DIPG) according to the World
Health Organization is a high-grade glioma (hGG) classified
under diffuse midline gliomas (DMG)."” This tumor typically
arises in the pons of children aged 4—10 years and is very
aggressive. Following diagnosis, usually confirmed by magnetic
resonance imaging with a contrast medium, the mean
progression-free survival is approximately 7 months, with an
overall survival of about 3 months, regardless of the treatment
administered. Symptoms of DIPG include impaired balance,
strabismus, hemiparesis, eye movement disorders, facial muscle
paralysis, and difficulty swallowing. Management of DIPG
remains challenging due to the lack of a universally accepted and
standardized treatment protocol. The current standard treat-
ment involves radiotherapy, sometimes combined with various
classes of drugs." In a screen of approximately 2000 small
molecules from the National Cancer Institute Chemical Library
Diversity Set II, compound ONC201 (formerly known as Received: July 24, 2024
TIC10) (Figure 1) was identified as a pS3-independent inducer Revised:  January 20, 2025
of TRAIL-mediated apoptosis.”* ONC201 was proposed as a Accepted:  January 30, 2025
treatment for hGG, including DIPG, also because of its ability to

cross the blood—brain barrier (BBB). Subsequent studies

identified human caseinolytic protease hClpP as its target,
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Figure 1. Chemical structures of ONC201, IMP07S, and some TRs representative [tetrahydropyridopyrimidindiones (THPPDs)].

Figure 2. hClpP:ONC201 (PDB ID: 6DL7) complex crystal structure. (A) Top view of the seven pockets; (B) zoom view of one of the seven pockets
randomly selected for virtual screening; (C) 3D binding pose and interaction area for ONC201; (D) 2D binding interactions with residues for
ONC201.

the mitochondrial unfolded protein response system (UPRmt), affecting oxidative phosphorylation and mitochondrial metab-
. . . olism in glioma cell lines and in other cancer models."”""
ClpXP degrades misfolded or aggregated proteins in mammalian ONC201 has a pharmacokinetic and pharmacodynamic
mitochondria maintaining organelle function and integrity and profile, requiring further optimization. The dose used in clinical
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Figure 3. hClpP:TRS7 (PDB ID: 7UVN) complex crystal structure. (A) Top view of seven pockets; (B) TR57 (blue) and TR3 (red) superimposed
probes; (C) 2D binding interactions with residues of TRS7; (D) 2D binding interactions with residues of TR3.

trials is relatively high, and not all the patients respond to
treatment; moreover, ONC201 antipsychotic effects must be
considered because of its role as a dopamine D2 receptor
antagonist (DRD2) presenting noncompetitive/negative allos-
teric pharmacology.'”

Current investigations are aimed at better understanding the
mechanism of action of ONC201 and to identify novel
compounds with improved pharmacological profiles. Conse-
quently, a plenty of ONC201 analogues have been synthesized,
incorporating slight structural modifications to enhance
efficacy.”"” Significant improvements in hCIpP activation were
achieved by shifting the 2-methylbenzyl group from the amide to
amine nitrogen atom (IMPO75, Figure 1),13‘14 resulting in an
order of magnitude increase in potency, whereas the attempt to
simplify the ONC201 chemical structure has led to the design a
new class of hCIpP activators, known as TR derivatives
(THPPDs), among which TRS7 was ~10-fold more active
than ONC201 (Figure 1).>%"

In addition, TRs were found to be approximately 50—100
times more potent than ONC201 in inhibiting the proliferation
of HEK293 and MDA-MB-231 cell lines.*

Herein, we describe the expansion of the number of
compounds (two series called THX and THY) designed using

TRS7/TR3 as leads, also supported by in silico studies. Their
toxicity on five DIPG cell lines (HSJD-DIPG-007, SU-DIPG-36,
SU-DIPG-VI, SU-DIPG-50, and SF8628) with a different
ONC201 sensitivity and harboring a diverse mutated H3
isoform (H3.1K27- or H3.3K27-altered) was determined. All
newly synthesized compounds have been evaluated for their
capability to activate hClpP; moreover, the effects on
mitochondrial processes such as oxidative phosphorylation,
biogenesis, and mitophagy in the SU-DIPG-36 cell line were also
analyzed. Finally, the impact of the synthesized compounds on
the lipid content of cell lines was also evaluated. In such a
respect, gas chromatographic techniques coupled to mass
spectrometry (GC—MS) and flame ionization detection
(GC—FID) were used for the separation, identification, and
quantification of the fatty acid methyl esters (FAMEs).

2. RESULTS AND DISCUSSION

2.1. Rational Design of the New Compounds. The
hClpP crystal structure in complex with ONC201 (PDB ID:
6DL7; resolution, 2.00 A)'® was preliminarily used in finger-
prints for ligands and proteins (FLAP) studies. The software
identified 21 areas of interest (pockets), seven of which are
symmetric (Figure 2A). The latter were taken into consideration

https://doi.org/10.1021/acs,jmedchem.4c01723
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Scheme 1. Reagents and Conditions: (a) CH;0H, K,COj, r.t, 4 h; (b) NH;-H,0, EtOH, 70 °C, § h; (c) EtOAc, Triphosgene, 0—
80 °C, 4 h; (d) Et;N, Toluene, 80 °C, 16 h/MeONa, MeOH, Reflux, 16 h
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Scheme 2. Reagents and Conditions: (a) S bar H,/Raney Nickel, 2N NH; in Ethanol, 20 °C, 16 h
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H H H H

33 (THX1)

45 (OMB1)

because they are those in which the ligand ONC201 is
cocrystallized. One of those seven was randomly selected to
study the interactions established between hClpP and the novel
compounds (Figure 2B). Amino acids involved in the
ONC201:hClpP interaction include Arg78, Leu79, Glu82,
Ile84, His116, Tyrll8, Trpl46, Vall48, Leul70, Leu24S,
Ile100, Leul04, Phel0S, GInl07, Ser108, Thr135, and
Tyr138. The average of the distances of three key amino acid
residues involved in the ONC201-pocket interaction was found
to be 3.4 A for Tyr118, 4.65 A for Trp146, and 2.2 A for Tyr138

highlighted in its 3D (Figure 2C) and 2D pose analysis (Figure
2D).

After determining with the software FLAP the exact binding
mode of ONC201 cocrystallized with hClpP, it was tested
whether the similar interaction model could be applied to TR3
in order to use it as a “lead compound” to study the structural
determinants that increase the proteolytic activity of hClpP.
Since the hClpP:TR3 complex is not yet reported, and due to
the TR3 and TRS7 high structural similarity, FLAP analysis was
carried out by using X-ray data of the crystal hClpP:TRS7 (PDB
ID: 7UVN; resolution, 3.11 A).U The results confirm that the

https://doi.org/10.1021/acs,jmedchem.4c01723
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Table 1. FLAP Scores of ONC201, TR3, TR57, TR107, and 33—40 (THX)- and 41—45 (THY)-Sets of Compounds

compound GLOB-SUM GLOB-PROD
ONC201 2.945 0.781
TR3 2792 0.557
TRS7 3.141 0.818
TR107 3.103 0.803
33 (THX1) 2.962 0.573
34 (THX2) 2.993 0.562
35 (THX4) 2.816 0.569
36 (THX6) 3.192 0.599
37 (THX7) 2.724 0.614
38 (THXS) 3.124 0.597
39 (THX10) 2.927 0.556
40 (THX11) 2.826 0.592
41 (THY1) 2.599 0.627
42 (THY2) 2.617 0.557
43 (THY3) 2.703 0.542
44 (THY4) 2.525 0.543
45 (OMB1) 3.080 0.681

Distance H DRY N1 O
8.523 0.959 2.050 0.000 0.250
6.984 0.976 1.895 0.125 0.332
7.698 0.963 2.234 0.000 0.367
8.148 0.947 2.058 0.000 0.295
6.827 0.955 2.059 0.108 0.333
6.866 0.960 1.948 0.134 0.298
7.084 0.938 1.887 0.108 0.342
6.268 0.967 2.131 0.121 0.364
7.047 0.966 1.774 0.107 0.379
6.733 0.969 1.990 0.135 0.321
7.131 0.965 1.872 0.139 0.278
7.061 0.957 1.828 0.140 0.327
7.610 0.952 1.641 0.117 0.275
7.562 0.943 1.647 0.126 0.289
7.650 0.966 1.817 0.121 0.271
7.852 0.954 1.579 0.116 0.284
5.806 0.962 1913 0.205 0.333

B

Figure 4. 3D binding poses of ONC201 (blue) and 36 (THX6) (purple). (A) ONC201 and 36 (THX6) 3D comparison poses. (B) 3D binding poses
and interaction area for ONC201. (C) 3D binding poses and interaction area for 36 (THX6). (D) 2D binding poses for 36 (THX6). hClpP:ONC201

complex crystal structure (PDB ID: 6DL7).

THPPD ring of TR3 is in the same position exactly where the
pyrimidin-2,4-dione portion of ONC201 is positioned (Figure
3).

This portion anchors the compound to the molecular surface
of the enzyme via water-mediated hydrogen bonds, both in the
backbone and in the side chain of Glu82 and Leul04. The

benzyls further stabilize the binding due to the presence of the
cyano group spanning the backbone of Cysl47 and the
trifluoromethyl group opposite the guanidinium terminal of
Arg78, respectively. Therefore, the pharmacophore organization
of TR3 is highly comparable to that of ONC201, prompting us
to design some modifications of TR3. This led to the novel

https://doi.org/10.1021/acs,jmedchem.4c01723
J. Med. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c01723?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c01723?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c01723?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c01723?fig=fig4&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.4c01723?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

Table 2. FLAP Scores of ONC201, TR57, TR3, TR107, and 36 (THX6) (PDB ID: 7UVN)

compound GLOB-SUM GLOB-PROD Distance H DRY N1 O

ONC201 2.823 0.752 8.901 0.971 1.815 0.000 0.282
TRS7 2.852 0.839 8.283 0.973 1.746 0.000 0.333
TR3 2.702 0.568 7.646 0.966 1.650 0.120 0.290
TR107 2.804 0.782 8.810 0.958 1.747 0.000 0.293
36 (THX6) 2.950 0.579 6.770 0.962 2.010 0.131 0.319

Figure 5. (A) TRS7 (light blue) and 36 (THX6) (red) 3D comparison poses (PDB ID: 7UVN); (B) 2D binding interactions with residues for THX®6.

THPPDs series (33—45, Schemes 1 and 2) in which the group
attached to the right-hand benzyl ring was modified, providing
the THX series (33—40) and 45 (OMB1). Then, the group on
the left-hand benzyl ring was changed, obtaining the THY series
(41—44), leading to compounds that are differently potent in
increasing the proteolytic activity of hCIpP (Table 3).

2.2. Chemistry. To prepare 7—11, the appropriate benzyl
bromide (2—6) was added to a methanol solution of methyl-4-
oxo-3 piperidine carboxylate hydrochloride (1) under basic
conditions. Ketones (7—11) are transformed into the
corresponding Schiff bases that, then, spontaneously convert
into their enamine isomers 12—16. Following the reaction
between the latter and the appropriate isocyanate (25—32),
target compounds (33—44) were obtained. Isocyanates are
prepared by reacting triphosgene and suitable benzylamine
(17—24) (Scheme 1). 45 (OMB1) was prepared by reducing
the cyano group with H,/Raney-nickel in the presence of NH;
(Scheme 2).

2.3. THX and THY Design Based on FLAP Analysis.
FLAP identifies the molecular interaction fields (MIFs), using
GRID calculations with four molecular probes: H (shape, steric
effects), DRY (hydrophobic interactions), N1 (H-bond donor),
and O (H-bond acceptor) interactions. In addition, the
structure-based virtual screening (SBVS) mode provides three
other important scores to evaluate the interactions: GLOB-
SUM, GLOB-PROD, and Distance. The GLOB-SUM and
GLOB-PROD scores refer to the summation and production of
the interactions, respectively. The Distance score represents the
overall similarity obtained by combining the degree of overlap
between the individual probes (H, DRY, O, and N1) of the MIFs
calculated for each candidate compound and the binding site;
FLAP molecular probe scores based on the hClpP:ONC201
crystal structure are listed in Table 1.

The ONC201-GLOB-SUM score (2.945) was used as a
reference to evaluate the degree of interaction of the target
compounds 33—435 with hClpP. Among all the new compounds,
GLOB-SUM values higher than 3.0 were obtained for several
compounds: 36 (THX6, 3.192), TRS7 (3.141), 38 (THXS,
3.124), TR107 (3.103), and 45 (OMBI, 3.080). In Figure 4A, a
comparison between the 3D poses of ONC201 (blue) and 36
(THX®, purple) endowed with the highest GLOB-SUM value is
shown. Focusing on their 3D and 2D poses (Figure 4B—D), 36
(THX6) demonstrates notable compatibility with the pocket
compared to ONC201. 36 (THX6) bends and seemingly fits
into the active site (Figure 3C), as supported by its H (0.967)
and Distance (6.268) scores (ONC201’s H and Distance scores
are 0.959 and 8.523, respectively). 36 (THX6) exhibits a sizable
DRY (green area) and H-bond donor (blue area) interaction
area (Figure 3D), which is larger than that of ONC201. Three
amino acid residues (Tyr118, Trp146, and Tyr138), crucial for
the ONC201 interaction, are also essential for the 36 (THX6)—
hClpP interaction. The calculated average distances for these
residues are 8.15, 3.7, and 7.68 A for Tyrl118, Trpl46, and
Tyr138, respectively (Figure 3D).

Similar interactions were detected carrying out FLAP by using
the hCIpP:TRS7 crystal (PDB ID: 7UVN) (Table 2). GLOB-
SUM scores for 36 (THX6) (2.95) and TR57 (2.85) are also, in
this case, the highest values of the considered compounds.
Figure SA,B shows a comparison of TRS7 and 36 (THX6) by
2D and 3D poses.

2.4. Evaluation of hClpP Activity. Two sets of new
compounds, 33—40 and 45 (OMB1) (THX series) and 41—44
(THY series), were prepared in discrete yields. THX
compounds are characterized by the presence of an m-CN on
the left benzyl, whereas THY compounds have different groups
linked at both left and right benzyl positions. Their capability to
increase the proteolytic activity of hClpP was evaluated in a cell-
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Table 3. 33—45 and References ONC201 and TR3 Biological Data, Percentage (%) Activation at 100 #M Normalized to the

ONC201 Effect, and Calculated LogP by Consensus Log P,

o/w

SwissADME?>°

o R?
Rk@/\{/\ﬁ‘\ N R3
|
N’go R*

H RS

compound R! R? R3 R*
33 (THX1) CN H H CH,
34 (THX2) CN H H cl
35 (THX4) CN H H NO,
36 (THX6) CN H cl cl
37 (THX7) CN H CF, H
38 (THXS8) CN Cl H H
39 (THX10) CN H H SCF,
40 (THX11) CN H OCH, H
41 (THY1) OCH, H H CF,
42 (THY2) CF, H H CF,
43 (THY3) cl H H CF,
44 (THY4) NO, H H CF,
45 (OMB1) CH,NH, H H CH,
TR3 CN H H CF,4
ONC201”

R® hClpP ECg, (uM) + SEM (% activation)” ClogP
H 10.00 + 0.10 (71) 3.74
H 3.99 + 0.10 (90) 3.94
H 770 + 1.6 (87) 1.87
H 1.18 + 0.14 (97) 341
CF, 16.0 + 1.1 (44) 448
CF, 42 +0.4(93) 3.89
H 22,0 + 2.1 (76) 375
OCH; 34.7 + 1.6 (76) 2.35
H 9.0 +3.1 (71) 3.68
H 3.80 = 0.6 (96) 4.60
H 47 + 1.1 (100) 415
H 2.88 + 0.24 (84) 3.04
H >100 2.32
H 2.0 + 0.9 (100) 348

5.90 + 2.5 (100) 2.99

“ECj, values are presented as means + SEM from at least 3 independent experiments, each performed in triplicate. “ONC201 chemical structure is

depicted in Figure 1.
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Figure 6. THX (33—40) series EC; values tree.
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free assay using the fluorogenic protein substrate fluorescein-
isothiocyanate (FITC)-casein (Table 3).'®'” ONC201 and
TR3 were used as references, showing ECsy = 5.9 and 2.0 uM,
respectively. ONC201 was chosen because it is the first
compound to receive FDA fast-track designation for clinical
use for the treatment of hGG, while TR3 is a prototype of the
THX and THY series. Among the THX series designed with the

consideration of FLAP prediction (Tables 1 and 2), compound
36 (THX6, R® = R* = Cl) with an ECy; of 1.18 yM is 5- and 1.7-
fold more potent than ONC201 and TR3, respectively.
Compounds 33 (THX1, R* = CH;) and 34 (THX2, R* = CI)
have quite different EC, values of 10.0 and 3.99 uM, despite
similar ClogP (3.74 and 3.94) but an opposite electronic effect
on the aromatic ring; in particular, R*= CH,in 33 (THX1) isa

https://doi.org/10.1021/acs,jmedchem.4c01723
J. Med. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c01723?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c01723?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c01723?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c01723?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c01723?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c01723?fig=fig6&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.4c01723?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

(strong EWG) (strong EWG)

(EWG)

@f&@a @f&o@ @f&o@

(EWG)
TR3 EC5,=2.0uM

'
el

43 (THY3) EC5,=4.7uM

(mild EDG)

Figure 7. THY (41—44) series ECy, values tree.

44 (THY4) EC5,=2.88uM

42 (THY2) EC5,=3.80uM

e &o@

41 (THY1) EC5,=9.0uM

Melting curves
140
120
100
80
60
40
20

55 58 60 61 64 67 70

% Non denatured protein

Temperature, °C

e DMSO e ONC201 e===THX6

55° 58° 60° 61° 64° 67° 70°

ClpP

ONC201 28KDs)

T C— —— —

THX6

. ——— ———
— -

Figure 8. hClpP protein stability in the presence of ONC201 or 36 (THX6) (CETSA). Melting curves (left panel) are based on hClpP protein

expression (right panel) relative to the intensity at 55 °C.

mild electro-donating (ED) group due to hyperconjugation and
the higher electronegativity of the carbon atom of the aromatic-
ring-hybridized sp® than the carbon atom of the methyl-
hybridized sp?, instead R* = Cl in 34 (THX2) exerts a mild
electro-withdrawing (EW) effect. The presence of an additional
EWG in the meta-position causes a drastic reduction in potency,
as seen with compounds 37 (THX7, R® = R® = CF;) and 38
(THXS, R* = Cl, R® = CF,), which have ECy, values of 16.0 and
4.2 uM, respectively. Compound 39 (THX10, R* = SCF,)
bearing a mild EW group has an ECy, = 22 puM. These
compounds have similar ClogP values of 3.89 and 3.75.
Compound 40 (THX11, R* = R® = OCHj;), another mild
EDG, has an ECy, = 34.7 uM. In the THY series, compound 41
(THY1, R' = OCH,, R* = CF;) has an ECy = 9.0 uM and a
ClogP = 3.68. Compounds 42 (THY2, R' = R* = CF,), bearing
two trifluoromethyls, and 43 (THY3, R' = Cl, R* = CF;), with
one chlorine atom and one trifluoromethyl group in the same
positions, have similar EC;, values of 3.8 and 4.7 uM,
respectively. The presence of R* = NO, and R* = CF; in
compound 44 (THY4) results in an ECg, of 2.88 uM,
comparable to the EC;, value of TR3. Compound 45
(OMBI1, R* = CH,NH, and R* = CF;) has no effect on the
hClpP proteolytic activity (ECs, > 100 M) and a very low
ClogP value of 2.32.

In summary, within the THX series (33—40), the
replacement of CF; in TR3 by either EWG or EDG did not
increase the hClpP proteolytic activity except for compound 36
(THX6) (Figure 6 and Table 3), confirming the FLAP
prediction (Table 1 and Table 2).

The THY series (41—44) confirmed the importance of a
strong EWD. Specifically, replacing the cyano group with a nitro
group (conversion of TR3 into 44 (THY4)) maintained the
activation potency nearly unchanged (Figure 7 and Table 3).
The other substitutions did not result in significant variations in
the ECs, values.

2.5. hClpP Thermal Stability. Hydrolytic enzymes are
stable and retain their catalytic activity under extreme
conditions, such as temperatures exceeding S0 °C and in
nonaqueous solvents.”"**

Cellular Thermal Shift Assay (CETSA) is a valuable method
for investigating hCIpP engagement within its complex cellular
environments, since many proteins denature and aggregate
when subjected to increasing temperatures. As protein
aggregates are insoluble, this causes a shift from soluble to
insoluble fractions. By quantifying the amount of remaining
soluble protein at each temperature, the melting curve of hClpP
can be generated and the point where the protein remains
soluble can be identified. Stabilization of #ClpP by the presence
of binding activators such as ONC201 and 36 (THX6)
determines a shift in the thermal stability of the enzyme. The
process for performing a CETSA on human colon carcinoma
cells (Caco-2) is illustrated in Figure 8. hClpP was stabilized in
the presence of 36 (THX6) and, to a lesser extent, by ONC201.
This stabilization was evident from the hClpP melting curves
and Western blot assay. CETSA band intensities were
normalized to 100% with hClpP remaining in the supernatant
at 55 °C set to 100% and subsequent bands expressed as a
percentage thereof.
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2.6. Evaluation of D2R and D3R Affinity. Knowing that
ONC201 was reported as a D2R/D3R antagonist, displaying
noncompetitive/negative allosteric activity, the affinity of
selected novel compounds was determined. The D2R/D3R
affinity (K;) of 33 (THX1), 36 (THX6), and 4 (THY4),
alongside TR3 and ONC201, used as references, was measured.
The novel compounds showed no affinity for D2R, up to 100
uM, and an affinity for D3R equal to 31.4 uM for 33 (THX1),
51.1 uM for 36 (THX6), 26.7 uM for 44 (THY4), and 36.4 uM
for TR3. ONC201 presented moderate affinity for D2R and
D3R (Table 4).'>*

Table 4. hD2R and hD3R Competition Binding in HEK293
Cells for Selected Novel hClpP Activators (33, 36, and 44)
and References ONC201 and TR3

hD2R hD3R
compound K; (uM) = SEM“
33 (THX1) >100 314 + 1.49
36 (THX6) >100 S1.1+1.52
44 (THY4) >100 26.7 + 5.86
ONC201 14.8 + 1.40 4.09 + 0.690
TR3 >100 364 £ 7.51

“K; values were determined by competitive inhibition of [*H]N-
methylspiperone binding in membranes harvested from HEK293 cells
stably expressing hD2R and hD3R. K; values are presented as means &
SEM from at least 3 independent experiments, each performed in
triplicate.”*

2.7. DIPG Cell Lines Cytotoxicity with Different
ONC201 Sensitivity. The cytotoxicity of ONC201 and TR3
and all newly synthesized compounds (33—45) was evaluated
on two DIPG cell lines with a different sensitivity to ONC201>°
and with H3.1K27M/H3.3K27M mutation representing the
disease with different characteristics (Table 5). H3K27M
mutation causes epigenetic silencing, although its precise role
in tumorigenesis remains to be clarified. Mutated isoforms H3.1
and H3.3 influence differently survival, phenotype, and clinical
outcomes. Specifically, histone H3.1 mutations are generally

Table 5. Cytotoxic Effect of ONC201, TR3, and 33—45 on
SU-DIPG Cell Lines Determined Using CCK-8 Assay”

compound SU-DIPG-36 H3.1K27M  SU-DIPG-50 H3.3K27M

ICy, = SEM, uM (% proliferation inhibition)

ONC201 37 +£2.5(82) 25 + 12.3 (66)

TR3 25.9 +0.03 (72) 22.8 + 2.66 (68)

33 (THX1) 30 + 1.0 (72) 29 + 1.0 (41)

34 (THX2) 73 +2.5 (83) >100 (36)

35 (THX4) >100 (59) >100 (35)

36 (THX6) 47.7 +7.2 (81) >100 (39)

37 (THX7) >100 (65) >100 (77)

38 (THXS) >100 (58) >100 (61)

39 (THX10) >100 (81) >100 (77)

40 (THX11) 37 + 2.5 (65) 36 + 1.8 (40%)

41 (THY1) 80.2 + 6.7 (85) 59.2 + 8.5 (65%)

42 (THY2) 27.6 + 5.2 (85) 20.0 + 6.3 (66%)

43 (THY3) 60.7 + 9.8 (86) 52.7 + 12.3 (56%)

44 (THY4) 46.2 + 18 (84) 17.4 + 1.87 (69%)

45 (OMB1) >100 (73) >100 (67)

“Data are expressed as the mean of three independent experiments,
and SEM values are reported.

associated with a slightly longer survival and reduced metastasis.
Prognosis is poor in the presence of the mutations, regardless of
the isoform involved (Table 5)."***7*” Even in our
experimental conditions, ONC201 was revealed to be more
effective in the SU-DIPG-36 cell line with an IC, of 37 uM
reaching 82% of cell death compared to SU-DIPG-50, in which
cell death is only of 66% with an ICs, of 25 M. As for ONC201,
all the other analyzed compounds had an efficacy higher in the
SU-DIPG-36 cell line, particularly an ICs, lower than 100 xM
was registered for all the THY series (41—44) and for 33, 34, 36,
and 40 of THX series (Table ).

The cytotoxic potency of all synthesized compounds was on
the order of micromolar magnitude, indicating that the
antiproliferative effects are comparable. 36 (THX6) was the
most potent hClpP activator and it was chosen to be tested in
other DIPG cell lines and compared to ONC201 and TR3
(Table 6).

Table 6. TR3 and 36 (THX6) Cytotoxic Effect in DIPG Cell
Lines That Show Variable Response to ONC201 Treatment

Low High
| -RESISTANCE
Cell
line HSJD-007 SF8628 SU-DIPG-VI
mutation H3.3K27M H3.3K27M H3.3K27M
source autopsy biopsy autopsy
ICsouM
ONC201 1.27+0.07 5.82+0.31 32.3+4.70
TR3 0.41+0.13 6.37+0.89 34.27+7.96
36 (THX6) 0.46+0.06 468+1.15 10.89+0.02

Jackson et al.”® reported that the SU-DIPG-VI cell line does
not respond to the treatment with ONC201, while HSJD-007
are sensitive to the action of imipridone, reporting an IC;, value
of 2.13 uM; no data are available regarding the commercial
DIPG cell line SF8628. In our experimental conditions, SU-
DIPG-VI was confirmed to be the most ONC201-resistant cell
line (ICso = 32.3 M), followed by SF8628 (ICs, = 5.82 uM)
and HSJD-007 (ICs, = 1.27 uM). The same behavior was
observed for TR3 and 36 (THX6); a slightly higher efficacy of
36 in SU-DIPG-VI is noteworthy (Table 6).

2.8. Membrane Permeability of ONC201, 33, 35, 36,
and 41—44. The membrane crossing rate, which considers
both passive and active transport, is explicated through the
apparent permeability coefficient (Papp). Papp is measured by
using a monolayer of Caco-2,*™>" which endogenously
expresses a variety of carrier proteins present in various
endothelial and epithelial barriers of the body. In particular,
the P-gp efflux pumps present at the BBB are responsible for a
limitation in drug membrane crossing. The Caco-2 cell
monolayer is polarized to express P-gp only apically; thus, the
basolateral-apical direction value (PappBA) refers to the rate at
which compounds cross the membrane only considering their
chemical—physical properties (passive transport). The com-
pound that crosses the monolayer fastest is TR3 which has a
PappBA of 3385 nm/s followed by 33 (THX1) (2894 nm/s)
and ONC201 (2157 nm/s). On the contrary, the apical-
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basolateral direction value (PappAB) represents the crossing
rate in the presence of efflux pumps, specifically P-gp. In fact, the
flux rate is always reduced compared to that of PappBA, since the
compounds are partially retained by the efflux pumps. 33
(THX1) (905 nm/s) and TR3 (759 nm/s) are least retained. 41
(THY1), ONC201, 44 (THY4), 42 (THY2), and 36 (THX6)
are moderately retained, showing a flux rate of 287—356 nm/s
43 (THY3) and 35 (THX4) were the most retained, having a
crossing rate lower than 250 nm/s (Table 7).

Table 7. Apparent Permeability (Papp)“ Values of 33, 35, 36,
41—44, ONC201, and TR3

compound P,,,BA (nm/s) P,,,AB (nm/s)
33 (THX1) 2894 + 111 905 + 27
35 (THX4) 1024 + 35 150 + 2

36 (THX6) 459 + 18 287 + 8

41 (THY1) 1210 + 3§ 403 + 18
42 (THY2) 499 + 11 30249

43 (THY3) 915 + 21 223+ 11
44 (THY4) 1184 + 38 346 + 9
ONC201 2157 +£98 356 £ 12
TR3 3385 + 110 759+ 5

“Data are expressed as the mean of three independent experiments,
and SEM values are reported.

2.9. 36 (THX6) Effect on Mitochondrial Oxidative
Phosphorylation, Biogenesis, and Mitophagy in the SU-
DIPG-36 Cell Line. 2.9.1. Integrity of the CIpXP Complex. As
proven above, 36 (THX6) was found to be a highly potent
activator of purified recombinant hCIpP expressed in bacteria."”
Therefore, it seemed appropriate to evaluate its effect on
mitochondrial processes such as oxidative phosphorylation,
biogenesis, and mitophagy in the SU-DIPG-36 cell line, which
was treated with 36 (THX6) for 24 h at a concentration close to
its hCIpP ECg, value (Table 3).

hClpXP activators, such as ONC201 and ADEPs, are known
to displace the ATP-dependent ClpX chaperone from the
hClpXP complex and bind each hClpP subunit, resulting in the
widening of the central substrate cavity.” This promotes the
proteolytic activity independent of the ClpX chaperone,
followed by the rapid degradation of ClpX.

The levels of hClpX and hClpP were measured in the SU-
DIPG-36 cell line treated with 36 (THX6) to analyze its effect
on the integrity of the hCIpXP complex. First, it was assessed
whether the compound could cause the hClpX downregulation,
an event generally considered a typical marker of aberrantly
active hClpP.*” The level of the chaperone subunit was strongly
decreased in response to 36 (THX6) (Figure 9A,B), suggesting
that similar to other protease activators, it probably promotes
the displacement of hClpX from the peptidase component
hClpP, inducing selective degradation of the chaperone subunit.
It is known that uncontrolled hCIpP activity could be
responsible for the degradation of its own regulatory subunit,
although the intervention of additional groteases of the
mitochondrial matrix cannot be excluded.® Still, it remains
unknown whether hClpX downregulation is critical for the
functioning of hCIpP activators or instead represents an
unrelated secondary effect.

The decrease in the level of hClpX induced by 36 (THX6)
treatment did not appear to affect the amount of hClpP, which
remained essentially unchanged after 24 h of exposure to the
compound (Figure 9A,B). Our data are in agreement with the

observations reported by others in different tumor cell lines and
for longer exposure.*

2.9.2. OXPHOS Function, Mitochondrial Biogenesis, and
Mitophagy. Several proteins, involved in mitochondrial
OXPHOS, have been identified as substrates of hClpP.>*
Therefore, we analyzed the effect of 36 (THX6) on the level of
some respiratory chain subunits such as SDHA and ATPSA,
which are nuclear-encoded subunits of complexes II and V,
respectively, and COI, which is a mitochondrial (mt) DNA-
encoded subunit of complex IV. A strong decline of all subunits’
level, in particular, COI, was observed (Figure 9A,B). Such
downregulation, which had already been documented for a wide
variety of cancer cell models treated with ONC201, could cause
the collapse of mitochondrial bioenergetics.' >

The effect of hClpP activation on some regulatory factors that
control mitochondrial biogenesis, such as NRF1 and TFAM,
was investigated. The signaling cascade of mitochondrial
biogenesis is initiated by activation in the nucleus of PGC-1
alpha, resulting in NRF1 stimulation. This in turn stimulates
transcription and expression of the mitochondrial protein
TFAM, which plays an essential role in maintaining mtDNA
genome integrity, copy number, transcription, and mtDNA
replication.*® Immunoblot experiments (Figure 9A, B) indicate
that treatment of cells with compound 36 (THX6) for 24 h
significantly diminished the level of NRF1 and, more markedly,
TFAM.

Since NRF1 and TFAM are both differently important for the
maintenance of mtDNA, their depletion following 36 (THX6)
treatments prompted us to measure mtDNA relative levels in
SU-DIPG-36 cells. Effectively, the mtDNA copy number was
decreased, in agreement with the diminished levels of the two
factors (Figure 9C). Overall, these data indicate that
mitochondrial biogenesis and mtDNA maintenance were
dysregulated when SU-DIPG-36 cells were treated with
compound 36 (THXS).

On the other hand, the downregulation of TFAM, as early as
24 h, could result from proteolysis by hyperactivated hClpP,
considering that TFAM was identified as a direct substrate of
TR6S5-activated ClpP.8 Moreover, TEFAM was shown to be a
potential ClpP interactor by BioID interaction analyses.”” Direct
TFAM degradation by chemically activated ClpP was reported
in breast and endometrial cancer cell lines exposed to the
imipridone ONC201, showing a reduction of the TFAM level
already within 6 h, which preceded that of its transcript.”
Therefore, the TFAM decrease is likely contributed by a
combination of proteolysis and perturbation of mitochondrial
biogenesis.

To further confirm the effect of 36 (THX6) on mitochondrial
biogenesis, we measured the level of TOMM20, which is a
subunit of the mitochondrial outer membrane translocator,
commonly used as a marker of mitochondrial content (Figure
9B); actually, a mitochondrial mass decrease was observed.

Finally, given the regulatory roles of hClpXP in mitoph-
agy,”>” we sought to assess the effect of hClpP hyperactivation
on mitochondria degradation. Mitophagy is driven by
specialized proteins that, by sensing distinct extra-/intracellular
signals, help in the recognition of superfluous or dysfunctional
mitochondria by the autophagic machinery. We measured the
levels of mitophagy markers such as Parkin, BNIP3, and NIX. A
marked reduction of the Parkin level was detected in lysates of
SU-DIPG cells treated with 36 (THX6) (Figure 9D,E). Such a
decrease could be the result of a series of events that begin within
mitochondria with the massive proteolytic cleavage of PINK1 by
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Figure 9. Molecular analysis of 36 (THX6) effects in SU-DIPG-36 cells. (A) Immunoblotting of whole cell Iysates from untreated and 36 (THX6)-
treated cells. (B) Relative quantification of proteins shown in panel A, normalized to f-actin. Results are presented as the mean & SEM (n = 4). (C)
Relative mtDNA content of the treated SU-DIPG-36 compared to untreated cells. Results are presented as the mean + SD (n = 3). (D) Western blot
analysis of mitophagy protein markers. (E) Relative quantification of proteins shown in panel (D), normalized to -actin. Statistical analyses in (B,C,E)

were performed using the Student’s ¢ tests (*, p < 0.05; **, p < 0.01).

hyperactivated hClpP. Cleaved PINKI1 is released into the
cytoplasm, where it binds cytosolic Parkin and promotes its
degradation, downregulating mitophagy.*’ Immunoblotting of
BNIP3 and NIX yielded no statistically significant data,
suggesting that the level of both markers is not affected by the
two activating compounds. Hence, the decrease in mitochon-
drial mass upon 36 (THX6) treatment, inferred from TOMM20
level decline, could therefore be primarily attributed to the
alteration of mitochondrial biogenesis, rather than to mitochon-
dria degradation events.

Collectively, our data indicate that hCIpP activation by 36
(THX6) does not trigger mitochondrial degradation, suggesting
that the anticancer potential of this compound might be rather
based on mitophagy inhibition. In agreement with our findings is

the observation that some mitophagy proteins, such as BNIP3,
exacerbate progression of breast cancer, glioblastoma, and
pancreatic tumor. Additionally, proteins not directly involved in
mitophagy, such as the proto-oncogene product FAM72A,
could also promote tumor progression by stimulating mitophagy
in glioma tissues."'

2.10. Lipidomic Research. One of the characteristics of
tumor cells is altered lipid metabolism, whose specific lipid
profile can represent a further interesting aspect with potential
diagnostic (i.e., disease stage and grade) and prognostic
applications. Furthermore, the synthesis of fatty acids, the
desaturation, their absorption, and lipid metabolism in tumor
cells may represent a target for cancer therapy.”> Hence, fatty
acid profiles of SU-DIPG-36 and SU-DIPG-50 and, as
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Figure 10. Effect of ONC201 and 36 (THX6) on SFAs, MUFAs, PUFAs, ®-6, and -3 fatty acids in the SU-DIPG-50 cell line.

representative of a non-DIPG tumor, SH-SYSY, a cloned subline
of a neuroblastoma cell line from a metastatic bone tumor, were
determined in untreated cells and treated with ONC201 and 36
(THX6).

To investigate the changes in lipid profiles after cell treatment,
GC—MS and GC—FID analyses of the FAMEs were performed.
The lipid profiles revealed a total of 34 fatty acids present to
different extents in the analyzed samples (untreated cells and
treated). Identified FAMEs can be grouped according to
chemical structures: saturated fatty acids (SFAs), monounsatu-
rated fatty acids (MUFAs), polyunsaturated fatty acids
(PUFAs), and omega-6 (w-6) and omega-3 (w-3) fatty acids.
FAMEs GC-MS profiles of SH-SYSY, SU-DIPG-36, and SU-
DIPG-50 cell lines untreated and treated with ONC201 and 36
are depicted in Figures S1—S9. In Table S1 are listed the FAME
derivatives detected in untreated and treated cell lines and their
relative contents. The untreated SH-SYSY cell line showed high
contents of SFAs due to the presence of abundant amounts of
palmitic (28.69 + 0.04%) and stearic (18.01 + 0.03%) acids.
Relevant quantities of MUFAs were also registered with oleic
(28.85 + 0.18%) and vaccenic (5.00 + 0.03%) acids as main
components. The family of PUFAs was mainly represented by
linoleic (2.46 + 0.05%), arachidonic (2.84 + 0.05%), and
docosahexaenoic (1.41 = 0.08%) acids. With regard to the SU-
DIPG-36 and SU-DIPG-50 cell lines, similar fatty acid profiles
consisting mainly of high amounts of SFA (68.65 + 0.16% and
7545 + 0.28 detected in SU-DIPG-36 and SU-DIPG-50,
respectively) followed by MUFAs (23.33 + 0.17% in SU-DIPG-
36and 17.07 + 0.15% in SU-DIPG-50) were determined; PUFA
content ranged from 7.48 + 0.14% in SU-DIPG-50 to 8.01 +
0.04% in SU-DIPG-36 due to the presence of significant
amounts of mead and docosatrienoic acids. Cell treatment with
ONC201 and 36 (THX6) caused the alteration of the
composition of the fatty acids, especially those which are
prone to structure modification such as PUFAs and MUFAs. On
the other hand, SFAs showed a poor susceptibility to oxidations
mechanisms after 24 h of ONC201 and 36 (THX6) treatment

because of the absence of double bonds along the carbon chain.
Significant decreases of PUFAs and MUFAs levels were
particularly observed in SH-SYSY and SU-DIPG-50 cell lines
treated compared with untreated samples because of reductive
mechanisms on cell membranes (Table S1). Surprisingly, this
behavior was not found in SU-DIPG-36 after 24 h treatment
with both ONC201 and 36 (THX-6) compounds. This latter
finding merits further investigation. Figure 10 shows the changes
of SFAs, MUFAs, and PUFAs of the three different cell lines
untreated and treated. In addition, the trends of w-6 and w-3
fatty acids are included in Figure 10 indicating that the effect of
ONC201 and 36 (THX6) on the cell membranes of the SH-
SYSY and SU-DIPG-50 lines was independent of the position of
the double bond along the carbon chain, rather selective toward
a higher degree of unsaturation.

3. CONCLUSIONS

TR3 (Figure 1) has been developed as an attempt to simplify the
chemical structure of ONC201 which is currently studied in
phase III clinical trials for hGG treatment, even if a very few
patients benefit from its administration. In this work, two series
(THX and THY) of novel compounds (33—45, Schemes 1 and
2) have been developed, using TRS7/TR3 as “lead compounds”
and FLAP scores, as activators of the mitochondrial serine
protease hClpP, target of ONC201. Among all the new
synthesized compounds, 36 (THX6) is the most potent
identified activator of hClpP showing an ECs, of 1.18 #M and
a 97% enzyme activation (Table 3). It was also found that it has
no affinity for D2R up to 100 #M and an affinity for D3R equal to
51.1 uM, and its interaction with hClpP induces a stabilization of
this protease. Moreover, 36 (THX6) has shown a significant
cytotoxic effect in the order of submicromolar magnitude (ICq,
=0.13 M) in the highly ONC201-resistant cell line SU-DIPG-
V1. 36 (THX6) also has an affinity for hCIpP higher than
ONC201 as verified with the CETSA experiment and a
permeability through membranes comparable to ONC201.
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In addition, we report preliminary data obtained in a patient-
derived DIPG cell line concerning the ability of the novel
THPPD-related compound 36 (THX6) to dysregulate the level
of some proteins involved in crucial steps of mitochondrial
processes such as oxidative phosphorylation, organelle bio-
genesis, and mitophagy.

The anticancer activity of 36 (THX6) could be linked to
mitophagy inhibition. Altering organelle clearance, however,
may not always be an effective antitumor strategy due to the dual
role (pro-survival and pro-death) of mitophagy in cancer, which
depends on a variety of parameters including the unique
metabolic environments of different tumors and the stage of
tumor progression. Therefore, targeting mitophagy for ther-
apeutic purposes should be done with caution.

It is known that treatment of cancer cells with the imipridone
ONC201 decreases, in addition to subunits of the respiratory
chain, also proteins involved in mitochondrial translation, such
as translation factors, ribosomal subunits, and assembly factors.
Further investigations are currently underway to assess whether
the sensitivity of DIPG cells to the imipridone-derivative 36
(THX6) also includes perturbation of mitochondrial translation.

Several questions remain about the molecular mechanisms by
which chemically activated hClpP impairs mitochondria. For
example, it is not clear how the mitochondrially located protease
could affect the level of cytosolic factors or influence the
expression of nuclear genes. Although a specific mechanism has
not yet been elucidated, it has been proposed that fragments of
mitochondrial proteins degraded by hyperactivated hClpP exit
mitochondria and promote an integrated stress response as well
as the inhibition of cytosolic protein synthesis. The latter event
may control the level of nuclear-encoded regulators of
mitochondrial biogenesis.

In conclusion, our findings suggest that mitochondrial
dysfunction could contribute to 36 (THX6) cellular toxicity.
Further investigation is currently underway to validate 36
(THX®6) as a novel anticancer drug candidate able to induce cell
death by disrupting mitochondrial functions.

4. EXPERIMENTAL SECTION

4.1. Synthetic Methods. Reagents and solvents were purchased
from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA) and used
without any further purification. '"H NMR and "*C NMR spectra were
recorded on a Bruker 600 MHz or AGILENT 500 MHz spectrometer,
and chemical shifts are reported in parts per million (§), and the
following abbreviations were used to explain the multiplicities: s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, quin =
quintuplet, sext = sextet, sep = septet, and b = broad. A Thermo
Scientific Nicolet Summit PRO FTIR Spectrometer was employed to
obtain the infrared spectra. GC analyses were performed on a HP 6890
model, Series II by using a HP1 column (methyl siloxane; 30 m X 0.32
mm x 0.25 ym film thickness). Analytical thin-layer chromatography
was carried out on precoated 0.25 mm thick plates of Kieselgel 60 F254;
visualization was accomplished by UV light (254 nm). Column
chromatography was accomplished by using silica gel 60 with a particle
size distribution 40—63 pm and 230—400 ASTM. GC—MS analyses
were performed on an HP 5995C model. High-resolution mass
spectrometry (HRMS) analyses were performed using a Bruker
microTOF QII mass spectrometer equipped with an electrospray ion
source (ESI). High-performance liquid chromatography (HPLC) and
electrospray ionization mass spectrometry (ESI—MS) analysis were
also carried out. Full characterization data for the newly synthesized
compounds are reported below.

All compounds are >95% pure by RP-HPLC analysis, except for
compound 40 (THX11 with a HPLC purity = 87%). In the 'H NMR
spectra of 7—11 is observed in different extent the keto—enolic

equilibrium (Scheme 3). Altogether, 13 new final products were
synthesized, analyzed, and tested.

Scheme 3. Keto—Enolic Equilibrium Observed in 7—11 'H
NMR Spectra
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4.2. General Synthesis of 7—11. A mixture of methyl 4-
oxopiperidine-3-carboxylate hydrochloride 1 (10.32 mmol) in
CH,0H (100 mL), K,CO; (10.43 mmol), and the appropriate
substituted-benzyl bromide 2—6 (10.41 mmol) was stirred at room
temperature for 4 h. The reaction mixture was concentrated, extracted
with ethyl acetate (3 X 100 mL), and washed with brine. The extracts
were dried over anhydrous Na,SO,, and the solvent evaporated under
reduced pressure to give 7—11, which were directly used for the next
step.

4.3. Methyl 1-(3-cyanobenzyl)-4-oxopiperidine-3-carboxy-
late (7). Yellow oil; 61% yield. "H NMR (500 MHz, CDCl,, §): 11.94
(sharp s, 1H, OH-enolic form), 7.67—7.43 (m, 4H, aromatic protons),
3.77 (s, 2H, NCH,Ar), 3.75 (s, 3H, OCHj,), 3.70-3.62 (m, 2H,
NCH,CH-keto form and NCH,—enolic form), 3.30—3.14 (m, 1H,
CHCO-keto form), 2.70—2.63 (m, 2H, NCH,CH,CO), 2.47—2.43 (m,
2H, NCH,CH,CO). HRMS (ESI) m/z: calcd for [C;sH¢N,O; +
Na]*: 295.1055; ESI-MS-MS: 295.1055, 265.0802, 206.1204,
151.0328, 121.0155, 76.9985. ESLMS m/z:: [CysH,N,O — HI-,
271.1082; ESI-MS-MS: 271.1082, 221.0681, 154.0503, 127.0397,
95.0145, 57.0347.

4.4. Methyl 1-(3-methoxybenzyl)-4-oxopiperidine-3-carbox-
ylate (8). Yellow oil; 63% yield. '"H NMR (500 MHz, CDCl,, §): 11.94
(sharp s, 1H, OH-enolic form), 7.27—7.21 (m, 1H, aromatic proton),
6.95—6.78 (m, 3H, aromatic protons), 3.83 (s, 3H, ArOCHj,), 3.81 (s,
2H, NCH,Ar), 3.80 (s, 3H, OCHS,), 3.76 (s, 3H, OCHS,), 3.75—3.60
(m, 2H, NCH,CH-keto form and NCH,—enolic form), 3.25—3.20 (m,
1H, CHCO-keto form), 2.68—2.60 (m, 2H, NCH,CH,CO), 2.45—
2.38 (m, 2H, NCH,CH,CO). HRMS (ESI) m/z: caled for
[C,sH,,NO, + Nal*: 300.1204; ESI-MS-MS: 300.1204,, 268.0933,
151.0372, 121.0643, 91.0537. ESI-MS m/z: [C,sH,,NO, — H]~,
276.1254; ESI-MS-MS: 276.1254, 154—0535, 127.0410, 95.0152,
§57.0357.

4.5. Methyl 4-oxo-1-(3-(trifluoromethyl)benzyl)piperidine-
3-carboxylate (9). Yellow oil; 61% yield. 'H NMR (500 MHz, CDCl,,
8): 11.94 (sharp s, 1H, OH-enolic form)), 7.67—7.43 (m, 4H, aromatic
protons), 3.77 (s, 3H, OCHj,), 3.75 (s, 2H, NCH,Ar), 3.72—3.60 (m,
2H, NCH,CH-keto form and NCH,—enolic form), 3.27—3.22 (m, 1H,
CHCO-keto form), 2.69—2.65 (m, 2H, NCH,CH,CO), 2.47—2.43 (m,
2H, NCH,CH,CO). HRMS (ESI) m/z: calcd for [C,sH,(F;NO; +
Na]*: 338.0978; ESI-MS-MS: 338.0978, 288.5759, 238.1071,
151.0360, 119.0097, 96.0771. ESLMS m/z: [C,H,F,NO, H]",
314.1016; ESI-MS-MS: 314.1016, 226.0486, 154.0519, 127.0406,
85.0304, 57.0352.

4.6. Methyl 1-(3-chlorobenzyl)-4-oxopiperidine-3-carboxy-
late (10). Yellow oil; 83% yield. '"H NMR (500 MHz, CDCl,, 5): 11.94
(sharp s, 1H, OH-enolic form), 7.66—7.33 (m, 4H, aromatic protons),
3.74 (s, 2H, NCH,Ar), 3.73 (s, 3H, OCH,), 3.72—3.60 (m, 2H,
NCH,CH-keto form and NCH,—enolic form), 3.20—3.16 (m, 1H,
CHCO-keto form), 2.68—2.60 (m, 2H, NCH,CH,CO), 2.45—2.40 (m,
2H, NCH,CH,CO). HRMS (ESI) m/z: caled for [C,H,(CINO; +
Na]*: 304.0676; ESI-MS-MS: 304.0676, 272.0454, 176.0257,
151.0360, 125.0158, and 91.0544. ESI-MS m/z: [C,H,(CINO; —
H]™, 280.0748; ESI-MS-MS: 220.0152, 154.0505, 127.0397, 111.0449,
85.0301, 57.0352.

4.7. Methyl 1-(3-nitrobenzyl)-4-oxopiperidine-3-carboxy-
late (11). Orange oil; 84% yield. '"H NMR (500 MHz, CDCl,, §):
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11.94 (sharp s, 1H, OH-enolic form), 8.24—8.12 (m, 2H, aromatic
protons), 7.72—7.63 (m, 1H, aromatic proton), 7.55—7.40 (m, 1H,
aromatic proton), 3.75 (s, 2H, NCH,Ar), 3.72 (s, 3H, OCH,), 3.70—
3.62 (m, 2H, NCH,CH-keto form and NCH,—enolic form), 3.18—3.16
(s, 1H, CHCO-keto form), 2.66 (t, 2H, ] = 10.0 Hz, NCH,CH,CO),
243 (t,2H, J = 10.0 Hz, NCH,CH,CO). HRMS (ESI) m/z calcd for
[C,H,(N,O + Nal*: 315.0952; ESI-MS-MS: 315.0952, 285.9841,
151.0339, 151.0360, 112.9584, 76.9976. ESI-MS m/z: [C,,H,¢N,0; —
H]7, 291.0987; ESI-MS-MS: 291.0987, 154.0502, 122.0241, 95.0144,
57.034S.

4.8. General Synthesis of 12—16. An ammonia solution (1.68
mL, 25%) and each of 7—11 (7.35 mmol) in ethanol (26 mL) were
heated at 70 °C for S h. The reaction mixture was concentrated,
extracted with methylene chloride (3 X 50 mL), and washed with brine.
The extracts were dried over anhydrous Na,SO,, and the solvent
evaporated under reduced pressure to give 12—16. The resulting oil
underwent chromatography (silica gel and EtOAc/hexane = 8/2 as the
mobile phase) to isolate the products. The product was used in the next
step without any further purification.

4.9. Methyl 4-amino-1-(3-cyanobenzyl)-1,2,5,6-tetrahydro-
pyridine-3-carboxylate (12). 50% yield; yellow solid. Mp 73—78 °C.
'H NMR (500 MHz, CDCl,, 8):7.70—7.43 (m, 6H, 4 H, aromatic
protons and NH,), 3.74 (s, 2H, NCH,Ar), 3.66 (s, 3H, OCH,), 3.27 (s,
2H, NCH,C), 2.72—2.64 (m, 2H, NCH,CH,), 2.48—2.40 (m, 2H,
NCH,CH,). GC—MS (70 eV) (m/z) (rel. int.) 270.10 (58), 256.10
(70), 238.10 (100), 212.20 (57), and 11620 (84).

4.10. Methyl 4-amino-1-(3-methoxybenzyl)-1,2,5,6-tetrahy-
dropyridine-3-carboxylate (13). Yellow oil; 54% yield. '"H NMR
(500 MHz, CDCl;, 6): 7.62—7.40 (m, 6H, 4 H, aromatic protons and
NH,), 3.72 (s, 3H, OCH,), 3.68 (s, 2H, NCH,Ar), 3.66 (s, 3H, OCHj,),
3.23 (s, 2H, NCH,C), 2.60—2.50 (m, 2H, NCH,CH,), 2.40—2.30 (m,
2H, NCH,CH,). HRMS (ESI) m/z: calcd for [CsH,,N,0;5 + Nal*,
299.1053; ESI-MS-MS: 299.1053, 268.0906, 176.0259, 121.0586,
76.9948, 62.9801.

4.11. Methyl 4-amino-1-(3-(trifluoromethyl)benzyl)-1,2,5,6-
tetrahydropyridine-3-carboxylate (14). Yellow oil; 25% yield. 'H
NMR (500 MHz, CDCl,, §): 7.60—7.40 (m, 6H, 4 H, aromatic protons
and NH,), 3.68 (s, 2H, NCH,Ar), 3.66 (s, 3H, OCH,), 3.22 (s, 2H,
NCH,C), 2.60-2.52 (m, 2H, NCH,CH,), 2.38-2.30 (m, 2H,
NCH,CH,). HRMS (ESI) m/z: caled for [C;sH;,F;N,0, + Nal*:
337.1120; ESI-MS-MS: 337.1120, 307.1083, 221.1311, 159.0400, and
76.9967. ESI-MS m/z: [C,sH,,FsN,0,—H]", 313.1170; ESI-MS-MS:
313.1170, 281.0919.

4.12. Methyl 4-amino-1-(3-chlorobenzyl)-1,2,5,6-tetrahy-
dropyridine-3-carboxylate (15). Yellow oil; 78% yield. '"H NMR:
(500 MHz, CDCl,, §): 7.65—7.40 (m, 6H, 4 H, aromatic protons and
NH,), 3.68 (s, 2H, NCH,Ar), 3.66 (s, 3H, OCHj,), 3.22 (s, 2H,
NCH,C), 2.60-2.50 (m, 2H, NCH,CH,), 2.36—2.30 (m, 2H,
NCH,CH,). GC—MS (70 eV) (m/z) (rel. int.) 280.60 (0.9), 270.10
(50), 256.10 (60), 238.10 (92), 212.20 (54), and 116.20 (100).

4.13. Methyl 4-amino-1-(3-nitrobenzyl)-1,2,5,6-tetrahydro-
pyridine-3-carboxylate (16). Yellow oil; 37% yield. "H NMR (500
MHz, CDCl,, §): 8.25—7.46 (m, 6H, 4 H, aromatic protons and NH,),
3.71 (s, 2H, NCH,Ar), 3.66 (s, 3H, OCH,), 3.20 (s, 2H, NCH,C),
2.68—2.55 (m, 2H, NCH,CH,), 2.40—2.35 (m, 2H, NCH,CH,). GC—
MS (70 eV) (m/z) (rel. int.) 290.80 (13), 290.00 (45), 276.00 (63),
258.10 (100), 232.10 (56), 136.00 (28), 90.10 (49).

4.14. General Synthesis of 33—44. 4.14.1. Step 1: Synthesis of
Benzyl Isocyanate (25—32). The appropriate benzylamine 17-24
(3.10 mmol) was dissolved in EtOAc (12 mL), and at 0 °C, triphosgene
(3.06 mmol) was added to the solution. The reaction mixture was
stirred at 0 °C for S min, and then it was warmed at 80 °C under stirring
for 4 h. After this time, the solvent was removed by evaporation under
reduced pressure, and the residue immediately used without further
purification for the next step because the products are unstable.

4.14.2. Step 2: Conversion of 25—32 into 33—44. To a solution of
each 12—16 (3.13 mmol) in toluene (10 mL) were added the
appropriate benzyl isocyanate 25—32 and triethylamine (4.35 mmol).
The reaction mixture was heated under stirring to 80 °C overnight. The
reaction mixture was cooled to room temperature and concentrated in

vacuo. NaOMe (2.78 mmol) was added to the resulting solid dissolved
in MeOH (9 mL), and the mixture refluxed overnight. The resulting oil
underwent column chromatography on silica gel to give 33—44.*7**

4.14.3. 3-((3-(4-Methylbenzyl)-2,4-dioxo-1,3,4,5,7,8-
hexahydropyrido[4,3-d]pyrimidin-6(2H)-yl)methyl)benzonitrile 33
(THX1). Orange solid, mp 170—173 °C; 10% yield; IR (liquid film):
3103,2919,2850,2229, 1594, 1442, 773,688, 578 cm™. "H NMR (500
MHz, CDCl,, 6): 10.26 (s, 1H, NH), 7.69 (s, 1H, aromatic proton),
7.57 (d, 2H. J = 7.75 Hz, aromatic protons), 7.43 (t, 1H, ] = 7.7 Hz,
aromatic proton), 7.31 (d, 2H, ] = 7.9 Hz, aromatic protons), 7.07 (d,
2H, ] =7.9 Hz, aromatic protons), 5.02 (s, 2H, CH,NCO), 3.70 (s, 2H,
NCH,Ph), 3.29 (s, 2H, NCH,C), 2.69 (t, 2H, ] = 1.1 Hz, NCH,CH,),
2.49 (t,2H, ] = 1.1 Hz, NCH,CH,), 2.28 (s, 3H, Ph—CH,). 3*C NMR
(125 MHz, CDCl,, §): 161.90, 152.60, 146.01, 139.50, 137.30, 133.17,
132.24, 131.12, 129.37, 129.25, 128.90, 127,85, 118.62, 106.39, 61.29,
60.38, 48.77, 48.38, 21.11, 21.04. HRMS (ESI) m/z: caled for
[C,3H,,N,0,+Nal*, 409.1630; ESI-MS-MS: 409.156S, 265.0949,
236.0757, 105.0711, 76.9969. ESI-MS m/z: [CyH,,N,0,—H]",
385.1663; ESI-MS-MS: 385.1658, 268.1091, 241.0980, 94.0307. The
product was isolated by column chromatography (silica gel and EtOAc/
hexane = 9/1 as the mobile phase).

4.14.4. 3-((3-(4-Chlorobenzyl)-2,4-dioxo-1,3,4,5,7,8-
hexahydropyrido[4,3-d]pyrimidin-6(2H)-yl)methyl)benzonitrile 34
(THX2). Orange solid, mp 173—176 °C; 15% yield. IR (liquid film):
2924, 2853, 2228, 1711, 1641, 1442, 1092, 803, 688 cm™". "H NMR
(500 MHz, CDCl,, §): 10.17 (s, 1H, NH), 7.66 (s, 1H, aromatic
proton), 7.59—7.50 (m, 6H, aromatic protons), 7.44—7.42 (m, 1H,
aromatic proton), S.11 (s, 2H, CH,NCO), 3.71 (s, 2H, NCH,Ph), 3.29
(s, 2H, NCH,C), 2.70 (t, 2H, J = 5.7 Hz, NCH,CH,), 2.49 (t,2H, ] =
5.5 Hz, NCH,CH,). 3C NMR (125 MHz, CDCl,, §): 161.99, 152.68,
146.01, 139.53,133.75, 133.17, 132.24, 131.12, 129.36, 129.24, 128.98,
128.89, 127.81, 118.78, 112.62, 106.39, 61.29, 48.77, 48.38, 43.36,
21.08. HRMS (ESI) m/z: calcd for [C,,H;yN,O,Cl + Na]*, 429.3171.
ESI-MS-MS: 311.2920, 125.0139, 76.9968. ESI-MS m/z:
[C,,H,oN,0,CI-H]~, 405.1113. ESI-MS-MS: 405.1107, 288.0541,
261.0434, 218.0373, 94.0300. The product was isolated by column
chromatography (silica gel and EtOAc/hexane = 9/1 as the mobile
phase).

4.14.5. 3-((3-(4-Nitrobenzyl)-2,4-dioxo-1,3,4,5,7,8-
hexahydropyrido[4,3-d]pyrimidin-6(2H)-yl)methyl)benzonitrile 35
(THX4). Light-yellow solid, mp 233—236 °C; 10% yield. IR (liquid
film): 3075, 2880, 2226, 1704, 1524, 1344, 687 cm™"."H NMR (500
MHz, CDCl,/CD;0D, §): 8.11-8.09 (m, 2H, aromatic protons),
7.65—7.41 (m, 6H. aromatic protons), 5.10 (s, 2H, CH,NCO), 3.70 (s,
2H, NCH,Ph), 3.25 (s, 2H, NCH,C), 2.74—2.66 (m, 2H, NCH,CH,),
2.56—2.48 (m, 2H, NCH,CH,). *C NMR (125 MHz, CDCl,/
CD30D, §): 162.53, 151.41, 147.19, 144.19, 139.23, 133.54, 132.35,
131.18, 129.34, 129.32, 123.50, 118.63, 121.21, 105.33, 61.14, 42.95,
26.27. HRMS (ESI) m/z: calcd for [Cyp,H oNO,+Na]*, 440.1322;
ESI-MS-MS: 440.1322, 411.2963, 301.2119, 213.0302, 119.0432,
76.9971. ESI-MS m/z: [C,,HyN;O,—H]~, 416.1363. ESI-MS-MS:
416.1363, 299.0789, 272.0676, 229.0619, 94.0298. The product was
isolated by column chromatography (silica gel and chloroform/
methanol = 9.2/0.8 as the mobile phase).

4.14.6. 3-((3-(3,4-Dichlorobenzyl)-2,4-dioxo-1,3,4,5,7,8-
hexahydropyrido[4,3-d]pyrimidin-6(2H)-yl)methyl)benzonitrile 36
(THX6). White solid, mp 225—227 °C; 8% yield. IR (liquid film):
2952, 2813, 2230, 1708, 1637, 1445, 1133, 607 cm™"."H NMR (500
MHz, CD;0D, §): 7.62 (s, 1H, aromatic proton), 7.55—7.52 (m, 2H,
aromatic protons), 7.46—7.20 (m, 4H, aromatic protons), 4.94 (s, 2H,
CH,NCO), 3.71 (s, 2H, NCH,Ph), 3.23 (s, 2H, NCH,C), 2.70—2.62
(m, 2H, NCH,CH,), 2.51-2.43 (m, 2H, NCH,CH,). *C NMR (125
MHz, CDCl,/CD,0D, §): 166.28, 155.44, 149.990, 143.20, 140.85,
137.33,136.27,136.06, 135.48, 135.11, 134.62, 134.15, 133.25, 122.53,
116.35, 109.43, 65.09, 52.21, 46.45, 30.24. HRMS (ESI) m/z calcd for
[C,,H4CL,N,0,+Na]*, 463.0707; ESI-MS-MS m/z: 463.0707,
326.2401, 225.0059, 185.0130, 76.997S5). ESI-MS m/z:
[C,,H,sCLN,0,—H]~, 439.0728. ESI-MS-MS: 439.0728, 322.0153,
295.0042, 251.9985, 94.0300. The product was isolated by column
chromatography (silica gel and EtOAc/hexane = 8/2 as the mobile
phase).
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4.14.7. 3-((3-(3,5-Bis(trifluoromethyl)benzyl)-2,4-dioxo-
1,3,4,5,7,8-hexahydropyrido[4,3-d]pyrimidin-6(2H)-yl)methyl)-
benzonitrile 37 (THX7). Light-yellow solid, mp 150—152 °C; 7% yield.
IR (liquid film): 2955, 2230, 1713, 1638, 1277, 1170, 1129, 681 cm™.
'"H NMR (500 MHz, CDCl,, §): 10.12 (s, 1H, NH), 7.92 (s, 2H,
aromatic protons), 7.77 (s, 1H, aromatic proton), 7.68 (s, 1H, aromatic
proton), 7.58 (d, 2H, J = 7.6 Hz, aromatic protons), 7.44 (t, 2H, J = 7.7
Hz, aromatic protons) 5.14 (s, 2H, CH,NCO), 3.74 (s, 2H, NCH,Ph),
3.33 (s, 2H, NCH,C), 2.79-2.68 (m, 2H, NCH,CH,), 2.59—2.52 (m,
2H,, NCH,CH,). *C NMR (125 MHz, CDCI,, §): 161.65, 152.43,
145.45, 138.94,133.14, 133.22, 132.06, 131.77, 131.51, 131.24, 129.65,
129.31,123.14 (q, ] = 271 Hz), 122.06, 121.85 (quin, ] = 3.77), 112.69,
106.56, 61.14, 48.61, 48.13, 42.92, 21.09. HRMS (ESI) m/z: calcd for
[C,,H,sF¢N,0,+Nal*, 531.1232; ESI-MS-MS m/z: 531.3861,
397.1383, 278.2419, 76.9968. ESI-MS m/z: [C,,H,sFsN,0,— H]",
507.1268. ESI-MS-MS: 507.1270, 390.0698, 363.0586, 268.0214,
162.0319. The product was isolated by column chromatography (silica
gel and EtOAc/hexane = 9/1 as the mobile phase).

4.14.8. 3-((3-(2-Chloro-5-(trifluoromethyl)benzyl)-2,4-dioxo-
1,3,4,5,7,8-hexahydropyrido[4,3-d]pyrimidin-6(2H)-yl)methyl)-
benzonitrile 38 (THX8). White solid, mp 204—206 °C; 10% yield. IR
(liquid film): 3261, 2811, 2225, 1721, 1614, 1326, 1113, 533 cm™.'H
NMR (500 MHz, CDCl,/CD;0D, §): 7.66—7.54 (m, 3H, aromatic
protons, 7.46—7.39 (m, 3H, aromatic protons), 7.18 (s, 1H, aromatic
proton) $.16 (s, 2H, CH,NCO), 3.72 (s, 2H, NCH,Ph), 3.30 (s, 2H,
NCH,C), 2.83—-2.66 (m, 2H, NCH,CH,), 2.62—2.49 (m, 2H,
NCH,CH,). ®C NMR (125 MHz, CDCl,;, §): 162.35, 15141,
146.55, 136.80, 135.14, 130.07, 129.40, 129.35, 129.09, 125.12 (q, J
= 3.75 Hz), 123.88 (q, ] = 270 Hz), 123.59 (q, ] = 3.6 Hz), 122.48,
120.31, 118.56, 112.32, 61.00, 48.26, 48.25, 41.25, 26.20. HRMS (ESI)
m/z: caled for C,3H sCIF;N,0,+Na]*, 497.0965. ESI-MS-MS m/z:
497.3215, 353.0279, 239.0203, 185.0126, 76.9979). ESI-MS m/z:
[C,;H,4CIF;N,0,—H]", 473.0994. ESI-MS-MS: 473.0966, 356.0410,
320.0675, 213.0293, 119.0252. The product was isolated by column
chromatography (silica gel and EtOAc/hexane = 9/1 as the mobile
phase).

4.14.9. 3-((2,4-Dioxo-3-(4-((trifluoromethyl)thio)benzyl)-
1,3,4,5,7,8-hexahydropyrido[4,3-d]pyrimidin-6(2H)-yl)methyl)-
benzonitrile 39 (THX10). Light-yellow solid, mp 197—200 °C; 10%
yield. IR (liquid film): 2917, 2227, 1707, 1650, 1445, 1132, 688
cm™L.'H NMR (500 MHz, CDCl,/CD;0D, §): 7.62 (s, 1H, aromatic
proton), 7.55—7.48 (m, 4H, aromatic protons), 7.41—7.36 (m, 3H,
aromatic protons), 5.01 (s, 2H, CH,NCO), 3.68 (s, 2H, NCH,Ph),
3.25 (s, 2H, NCH,C), 2.72—2.61 (m, 2H, NCH,CH,), 2.53—2.44 (m,
2H, NCH,CH,). 3C NMR (125 MHz, CDCl,, §): 158.32, 147.59,
141.79, 135.81, 132.31, 129.59, 128.45, 127.37, 126.73, 125.73, 125.39,
124.29, 119.35, 114.67, 108.43, 57.18, 44.58, 44.34, 39.18, 22.28.
HRMS (ESI) m/z: caled for [C,3H,0F5N,0,S + Nal*, 495.1093; ESI-
MS-MS: 495.1093, 351.0402, 239.0171, 185.0153, 76.9980. ESI-MS
m/z: [Cy3H, oF3N,O,S—H]™, 471.1123 ESI-MS-MS: 471.1121,
354.0551, 327.0436, 285.0591, 163.0392, 94.0309. The product was
isolated by column chromatography (silica gel and EtOAc/hexane = 7/
3 as the mobile phase).

4.14.10. 3-((3-(2,4-Dimethoxybenzyl)-2,4-dioxo-1,3,4,5,7,8-
hexahydropyrido[4,3-d]pyrimidin-6(2H)-yl)methyl)benzonitrile 40
(THX11). Yellow semisolid; 15% yield. IR (liquid film): 2927, 2229,
1710, 1640, 1207, 733 cm™'. "H NMR (500 MHz, CDCl,, §): 9.66 (s,
1H, NH), 7.66 (s, 1H, aromatic proton), 7.58—7.53 (m, 2H, aromatic
protons), 7.45—7.40 (m, 1H, aromatic proton), 691 (d, 1H, J = 8.35
Hz, aromatic proton), 6.42 (d, 1H, J = 2.35 Hz, aromatic proton), 6.37
(dd, 1H, J' = 8.35 Hz, J” = 2.36 Hz, aromatic proton), 5.03 (s, 2H,
OCNCH,), 3.80 (s, 3H, OCHj,), 3.74 (s, 3H, OCHj;), 3.70 (s, 2H,
PhCH,N), 3.29 (s, 2H, NCH,C), 2.69 (t, 2H, ] = 5.2 Hz, NCH,CH,),
2.49 (t, 2H, ] = 4.7 Hz, NCH,CH,). '*C NMR (125 MHz, CDCl,, 6):
161.90, 160.10, 157.98, 152.34, 144.58, 132.91, 131.89, 131.17, 129.38,
127.66, 118.49, 116.37, 112.84, 112.84, 104.38, 98.35, 60.66, 55.73,
48.99, 47.97, 38.41, 30.26, 26.73, 22.90. HRMS (ESI) m/z: calcd for
[CyH,N,O,+Na]*, 455.1704; ESI-MS-MS: 455.1704, 376.1654,
311.1023, 233.0907, 151.0753, 76.9976. ESI-MS m/z:
[C,,H,,N,0,—H]~, 431.1737. ESI-MS-MS: 431.1737, 314.1155,
287.1048, 164.0469, 94.0301. The product was isolated by column

chromatography (silica gel and EtOAc/methanol = 9/1 as the mobile
phase).

4.14.11. 6-(3-Methoxybenzyl)-3-(4-(trifluoromethyl)benzyl)-
5,6,7,8-tetrahydropyrido[4,3-d]pyrimidine-2,4(1H,3H)-dione 41
(THY1). Yellow semisolid; 6% yield. IR (liquid film): 2939, 1710,
1634, 1322, 1120, 782 cm™". "H NMR (500 MHz, CDCl,, §): 10.06 (s,
1H, NH), 7.54—7.50 (m, 4H, aromatic protons), 7.24 (t, 1H, J = 7.0 Hz,
aromatic proton), 6.94—6.88 (m, 2H, aromatic protons), 6.84—6.79
(m, 1H, aromatic proton), 5.10 (s, 2H, OCNCH,), 3.79 (s, 3H,
OCH,), 3.68 (s, 2H, PhCH,N), 3.35 (s, 2H, NCH,C), 2.75—2.66 (m,
2H, NCH,CH,), 2.55—2.44 (m, 2H, NCH,CH,). *C NMR (125
MHz, CDCl,, §): 161.86, 159.78, 152.43, 145.34, 140.60, 129.95,
129.69, 129.44, 129.06 125.31 (q, ] = 3.67 Hz), 125.11, 122.95, 121.38,
114.62, 112.94, 62.03, 55.21, 48.72, 47.92, 26.67. HRMS (ESI) m/z:
caled for [C,3H,,F;N;05+Nal*, 468.1514; ESI-MS-MS: 468.1514,
439.1048, 326.1303, 159.0372, 121.0610, 81.0281). ESI-MS m/z:
[CyHpF3N;05—H]™, 444.1534. ESI-MS-MS: 444.1534, 322.0804,
295.0695, 252.0656, 94.0294. The product was isolated by column
chromatography (silica gel and EtOAc/hexane = 9/1 as the mobile
phase).

4.14.12. 6-(3-(Trifluoromethyl)benzyl)-3-(4-(trifluoromethyl)-
benzyl)-5,6,7,8-tetrahydropyrido[4,3-d]pyrimidine-2,4(1H,3H)-
dione 42 (THY2). Orange solid, mp 137—140 °C; 6% yield. IR (liquid
film): 2916, 2849, 1706, 1646, 1325, 1103, 1018, 692 cm™"."H NMR
(500 MHz, CDCl; 6): 10.336 (s, 1H, NH), 7.56—7.33 (m, 8H,
aromatic protons), 5.05 (s, 2H, OCNCH,), 3.69 (s, 2H, PhCH,N),
3.27 (s, 2H, NCH,C), 2.69—2.61 (m, 2H, NCH,CH,), 2.51-2.41 (m,
2H, NCH,CH,). *C NMR (125 MHz, CDCl,, §): 161.86, 159.78,
152.43, 146.34, 140.60, 130.20, 129.95, 129.69, 129.44, 129.06, 127.27,
125.35 (q,J = 3.70 Hz), 125.23 (q, ] = 3.66 Hz), 122.94, 121.38, 106.64,
62.03, 55.20, 48.72, 47.92, 26.64. HRMS (ESI) m/z calcd for
[Cy3H,0FN,;0, + Nal*, 506.1261; ESI-MS-MS: $06.1261, 467.2950,
324.1752, 213.0070, 185.0124, 76.9972. ESI-MS m/z:
[C,;H,F¢N,0,—H]", 482.1311. ESI-MS-MS: 482.1311, 322.0816,
295.070S, 252.0657, 94.0302. The product was isolated by column
chromatography (silica gel and EtOAc/hexane = 7/3 as the mobile
phase).

4.14.13. 6-(3-Chlorobenzyl)-3-(4-(trifluoromethyl)benzyl)-5,6,7,8-
tetrahydropyrido[4,3-d]pyrimidine-2,4(1H,3H)-dione 43 (THY3).
Light-yellow solid, mp 173—176 °C; 12% yield. IR (liquid film):
2924, 2853, 1712, 1645, 1324, 1123, 1066, 780. cm™". "H NMR (500
MHz, CDCl; 6): 9.67 (s, 1H, NH), 7.52 (s, 4H, aromatic protons),
7.41—-7.31 (m, 1H, aromatic proton) 7.24—7.16 (m, 3H, aromatic
protons), 5.11 (s, 2H, OCNCH,), 3.65 (s, 2H, Ph CH,), 3.31 (s, 2H,
NCH,C), 2.68 (t,2H, ] = 10.0 Hz, NCH,CH,), 2.48 (t,2H, J = 10.0 Hz,
NCH,CH,). 3C NMR (125 MHz, CDCl,, §): 161.89, 152.17, 146.10,
142.59, 139.77, 134.36, 129.69, 129.06, 128.89, 127.64, 127.54, 127.00,
125.40,125.35, 125.30, 135.29, 64.55, 48.73, 48.07, 26.82. HRMS (ESI)
m/z caled for [Cy,H;oCIF;N;0,+Nal*, 472.1008; ESI-MS-MS:
472.1008, 425.0514, 279.0953, 185.0116, 119.0086, 76.9978. ESI-MS
m/z: [CyuHoCIFsN,0,—H]™, 448.1042. ESI-MS-MS: 448.1042,
322.0809, 295.0699, 252.0639, 94.0300. The product was isolated by
column chromatography (silica gel and EtOAc/hexane = 7/3 as the
mobile phase).

4.14.14. 6-(3-Nitrobenzyl)-3-(4-(trifluoromethyl)benzyl)-5,6,7,8-
tetrahydropyrido[4,3-d]pyrimidine-2,4(1H,3H)-dione 44 (THY4).
White solid, mp 198—201 °C; 9% yield. IR (liquid film): 3190, 1714,
1623, 1526, 1323, 1122, 731 cm™".'"H NMR (500 MHz, CDCl,, 6):
10.13 (s, 1H, NH), 8.24—8.21 (m, 1H, aromatic proton), 8.17—8.11
(m, 1H, aromatic proton), 7.61—7.73 (m, 1H, aromatic proton), 7.54—
7.45 (m, SH, aromatic protons), 5.10 (s, 2H, CH,NCO), 3.79 (s, 2H,
NCH,Ph), 3.33 (s, 2H, NCH,C), 2.75-2.72 (m, 2H, NCH,CH,),
2.55-2.46 (m, 2H, NCH,CH,). *C NMR (126 MHz, CDCl,, §):
162.82, 152.40, 148.48, 146.20, 140.54, 136.85, 134.82, 130.07, 129.64,
129.44,129.21,129.06, 125.81, 125.33 (q, ] = 6.25 Hz), 124.74, 123.60,
122.63, 61.20, 48.64, 48.32, 43.23, 22.67. HRMS (ESI) m/z: calcd for
[Cy,H,oF;N,O,+Na]*, 483.1217; ESI-MS-MS: 483.1217, 425.0514,
239.0198, 185.0127, 120.9865, 76.9965. ESI-MS m/z:
[CpH,F3N,0,—H]~, 459.1296. ESI-MS-MS: 459.1296, 322.0813,
295.0699, 252.0651, 121.0403. The product was isolated by column
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chromatography (silica gel and EtOAc/hexane = 8/2 as the mobile
phase).

4.15. Synthesis of 45 (OMB1). To a solution of 33 (THX1) (0.13
mmol) in 30% NH; (3 mL) and CH;CH,OH (17 mL) was added
Raney-nickel. Raney nickel is activated by treating a block of nickel—
aluminum alloy with concentrated sodium hydroxide. The suspension
is transferred into an autoclave at room temperature and stirred for 16 h
under 5 bar atmospheres of hydrogen. After this time, the reaction
mixture was filtrated on Celite, and the solvent was removed by
evaporation under reduced pressure. The resulting yellow oil
underwent column chromatography (silica gel, CH,ClL,/CH;0H =
9/1 as the mobile phase) to isolate the product.

4.15.1. 6-(3-(Aminomethyl)benzyl)-3-(4-methylbenzyl)-5,6,7,8-
tetrahydropyrido[4,3-d]pyrimidine-2,4(1H,3H)-dione 45 (OMBI).
Light-yellow semisolid; 30% yield. IR (liquid film): 3360, 3190, 2922,
2851, 1632, 1468, 1410, 700 cm™."H NMR (500 MHz, CD;0D, §):
7.35—7.22 (m, 6H, aromatic protons), 7.07—7.00 (m, 2H, aromatic
protons), 4.97 (s, 2H, CH,NCO), 3.94 (s, 2H, CH,NH,), 3.66 (s, 2H,
NCH,Ph), 3.33 (s, 2H, NCH,C), 2.73—-2.65 (m, 2H, NCH,CH,),
2.53-2.43 (m, 2H, NCH,CH,), 2.24 (s, 3H, CH,). *C NMR (126
MHz, CD,OD, 8): 162.91, 150.56, 146.37, 137.97, 137.06, 135.86,
133.70, 129.38, 129.08, 129.0S, 128.83, 128.35, 127.35, 105.19, 77.23,
63.22, 61.86, 43.80, 43.22, 29.50, 23.08, 20.63. HRMS (ESI) m/z: caled
for [Cp3H,N,0,+Na]*, 413.1933; ESI-MS-MS: 413.3182, 340.2208,
239.0197, 185.0122, 131.0042, 76.9970. ESI-MS m/z: [Cy3Hy6N,0,
HJ", 389.1982. ESI-MS-MS: 389.2006, 268.1111, 241.1002, 213.1034,
94.0311.

4.16. Computational Studies. Virtual screenings were accom-
plished using FLAP software (version 2.2.2, build date: 12 February
2020) employing structure-based mode (SBVS).**” This software
identifies interaction fields (MIFs), computed in GRID, which depict
the interactions between the molecules being analyzed and the specified
areas of interest (referred to as pockets) within the crystalline
structure.*® GRID MIFs were generated using four molecular probes:
H (shape, steric effects), DRY (hydrophobic interactions), N1 (H-
bond donor), and O (H-bond acceptor) interactions. Furthermore, the
SBVS mode provides three additional crucial scores for interaction
assessment: GLOB-SUM, GLOB-PROD, and Distance. The first two
values represent the summation and product of interactions,
respectively. The Distance score indicates the overall similarity
resulting from a combination of the overlap degrees among the
individual probes (H, DRY, O, and N1) of the MIFs calculated for each
candidate ligand and binding site. The crystallized structure employed
in FLAP is hClpP in complex with ONC201 (PDB ID: 6DL7;
resolution, 2.00 A) and TR57 (PDB ID: 7UVN; resolution, 3.11 A).
The GLOB-SUM score served as a reference for evaluating the extent of
interaction extent. GLOB-PROD was not utilized due to its limited
indicative value, potentially influenced by interaction scores with zero
values. Screenings were performed with UCSF Chimera*”*° (Resource
for Biocomputing, Visualization, and Informatics at the University of
California, San Francisco, with support from NIH P41-GM103311)
with the tools AutoDock Vina Software®"*” to validate the results
obtained by FLAP. PyMOL (The PyMOL Molecular Graphics System,
Version 3.0 Schrodinger, LLC.) was also used to identify the
coordinates of the pockets docked with the above-mentioned software.
This last step was necessary to ensure that the docking took place in a
GRID BOX corresponding to the pocket identified by FLAP (Figures
$10—S13).%¢

4.17. hClpP Activity Test. FITC-casein assay was performed to
assess the potency of the proteolytic activity of hClpP. In a black, flat-
bottom, 96-well plate, purified 3 uM hClpP in assay buffer (AB) (50
mM N-(2-hydroxyethyl)piperazine-N’-ethanesulfonic acid (HEPES),
pH 7.5,300 mM KCl, 1 mM DTT, 15% v/v glycerol; AB) preincubated
at 37 °C for 15 min was added to S L of the tested compounds in
dimethyl sulfoxide (DMSO) at different concentrations (1—100 yM)
and incubated for 15 min at 37 °C under shaking. As a control, three
wells were filled with 5 yL of DMSO. The kinetic measurement was
started after adding 2 uM fluorogenic FITC-casein (Merck, C3777),
used as the enzyme substrate. The FITC fluorescence from the
hydrolyzed FIT C-casein was recorded over 60 min at 37 °C on a Tecan

Infinite M200 Pro (4, = 485 nm, A, = S35 nm, gain: 60). The slope in
the linear range between 480 and 1200 s was determined and plotted
against time. The ECy, for each tested compound was calculated using
GraphPad Prism 7.0S. Results are reported as the mean of two
independent experiments performed in triplicate (Table 3).

4.18. Cellular Thermal Shift Assay. Caco-2 cells were
preincubated for 1 h with compounds solubilized in DMSO at a final
concentration of 20 M or DMSO alone as control experiment at the
concentration of 0.04%. 100 uL of treated cells was aliquoted into
polymerase chain reaction (PCR) tubes (Qiagen) and heated in a
SensoQuest 96-well Thermal Cycler (Diatech Pharmacogenetics) at
the indicated temperature range for 3 min. Immediately following
heating, the aliquots were equilibrated to room temperature (3 min).
Subsequently, the cells were rapidly frozen in liquid nitrogen to extract
their contents and immediately centrifuged at 14,000 rpm for 20 min at
4 °C to separate soluble from insoluble fragments. The supernatant was
carefully aspirated and subjected to Western blotting under reducing
conditions. The soluble fractions were solubilized in 2X Laemmli and
separated onto 10% Tris-Glycine-SDS minigels (Bio-Rad) and then
transferred onto 0.2 ym nitrocellulose membranes using the Trans-Blot
Turbo Transfer System (Bio-Rad). Membranes were blocked for 1 h at
room temperature with blocking buffer (5% non-fat dry milk, 0.1%
Tween-20 in Tris-buffered saline, TBS). The membranes were probed
with anti-hClpP polyclonal primary antibody (Product #PAS-52722,
Thermo Fisher) at a dilution of 1:1000 at 4 °C overnight, diluted in $%
bovine serum albumin in TBST. After incubation time, membranes
were washed X3 with TBST and incubated with a secondary peroxidase
antibody (1:3000 antirabbit) for 1 h at room temperature. After
repeated washing, the membranes were treated with the Clarity
Western ECL substrate (Bio-Rad) according to the manufacturer’s
instructions, and the blot was visualized by iBright FL1000 Imaging
Systems (Thermo Fisher Scientific).

4.19. Radioligand Binding Studies. 4.79.1. hD2R and hD3R.
Radioligand binding assays were conducted as previously described.”*
Briefly, HEK293 cells stably expressing human D,; R or D3R were
grown in a 50:50 mix of Dulbecco’s modified Eagle’s medium (DMEM)
and Ham’s F12 culture media, supplemented with 20 mM HEPES, 2
mM L-glutamine, 0.1 mM nonessential amino acids, 1X antibiotic/
antimycotic, 10% heat-inactivated fetal bovine serum, and 200 yg/mL
hygromycin (Life Technologies, Grand Island, NY) and kept in an
incubator at 37 °C and 5% CO,. Upon reaching 80—90% confluence,
cells were harvested using premixed Earle’s balanced salt solution with §
mM EDTA (Life Technologies) and centrifuged at 3,000 rpm for 10
min at 21 °C. The supernatant was removed, and the pellet was
resuspended in 10 mL of hypotonic lysis buffer (S mM MgCl,, S mM
Tris, pH 7.4 at 4 °C) and centrifuged at 14,500 rpm (~25,000g) for 30
min at 4 °C. The pellet was then resuspended in binding buffer.
Bradford protein assay (Bio-Rad, Hercules, CA) was used to determine
the protein concentration. Membranes were diluted to 500 yg/mL, in
fresh EBSS binding buffer made by 8.7 g/L Earle’s balanced salts
without phenol red (US Biological, Salem, MA), 2.2 g/L sodium
bicarbonate, pH to 7.4, and stored in a —80 °C freezer for later use. On
the test day, each test compound was diluted into half-log serial
dilutions using the 30% DMSO vehicle. Membranes were diluted in
fresh binding buffer. Radioligand competition experiments were
performed in 96-well plates containing 300 uL of fresh binding buffer,
50 uL of the diluted test compound, 100 4L of membranes (20 ug/well
total protein for both hD, R and hD3R), and SO yL of radioligand
diluted in binding buffer ([*H]-N-methylspiperone: 0.4 nM final
concentration for all the hD,-like receptor subtypes; Novandi
Chemistry AB). Aliquots of radioligand solution were also quantified
accurately in each experiment replicate, to determine how much
radioactivity was added, taking into account the experimentally
determined counter efficiency. Nonspecific binding was determined
using 10 uM (+)-butaclamol (Sigma-Aldrich, St. Louis, MO), and total
binding was determined with the 30% DMSO vehicle (3% final
concentration). All compound dilutions were tested in triplicate, and
the reaction incubated for 60 min at room temperature. The reaction
was terminated by filtration through PerkinElmer Uni-Filter-96 GF/C,
presoaked for the incubation time in 0.5% polyethylenimine, using a
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Brandel 96-Well Plates Harvester Manifold (Brandel Instruments,
Gaithersburg, MD). The filters were washed thrice with 3 mL (3 times
~1 mL/well) of ice-cold binding buffer. A PerkinElmer MicroScint20
Scintillation Cocktail (65 uL) was added to each well, and filters were
counted using a PerkinElmer MicroBeta2Microplate Counter. ICs,
values were determined from dose—response curves, and K; values were
calculated using the Cheng—Prusoff equation.”® Ky values of the
radioligand were determined via separate homologous competitive
binding experiments. When a complete inhibition could not be
achieved at the highest tested concentrations, K; values have been
extrapolated by constraining the bottom of the dose—response curves
(=0% residual specific binding) in the nonlinear regression analysis.
These analyses were performed using GraphPad Prism version 9 for
Macintosh (GraphPad Software, San Diego, CA). All results were
rounded to the third significant figure. K; values were determined from
at least three independent experiments, each performed in triplicate,
and are reported as the mean =+ the standard error of the mean (SEM).

4.20. Cell Cultures. Patient-derived DIPG cell cultures (SU-DIPG-
36, SU-DIPG-50, SU-DIPG-VI, and HSJD-DIPG-007) were kindly
provided by Prof. Michelle Monje of Institutional Review Board
(Stanford University and Prof. Javad Nazarian. The cells were cultured
as a monolayer in media that was changed once a week at 37 °C in 5%
CO, by using Tumor Stem Media composed by a 1:1 ratio of DMEM/
F12 (Invitrogen)/Neurobasal (-A) (Invitrogen), B27 (-A) (Life
Technologies, Milan, Italy), 20 ng/mL human basic fibroblast growth
factor (Life Technologies), 20 ng/mL recombinant human epidermal
growth factor (Life Technologies), 10 ng/mL platelet-derived growth
factor-AA, 10 ng/mL platelet-derived growth factor-BB (Life
Technologies), and 20 ng/mL heparin (StemCell Technologies,
Milan, Italy)."” Caco-2 cells were grown in Dulbecco’s high-glucose
modified Eagle medium, composed of 10% fetal bovine serum, 2 mM
glutamine, 100 U/mL penicillin, and 0.1 mg/mL streptomycin (all
components purchased from Euroclone, Milan, Italy). Human
neuroblastoma SH-SYSY cells were cultured at 37 °C in 5% CO, as
in DMEM/F12 (Invitrogen) with an L-glutamine medium composed of
10% FBS, 1% penicillin/streptomycin. SF8628 cells were kindly
provided by Prof. Nazarian and were grown in high-glucose DMEM
supplemented with 10% FBS, 1X GlutaMAX-I (Invitrogen catalog no.
35030), 1X MEM sodium pyruvate solution (Invitrogen catalog no.
11360), and 1X Pen/Strep (Thermo Fisher cat#15140122).

4.21. Cytotoxic Assay. The in vitro cytotoxicity assay was
conducted seeding cells at a density of 10,000 cells/well for 24 h in a
96-well plate (Corning, NY, USA) and incubated overnight at 37 °C in
a 5% CO, atmosphere. Subsequently, the culture medium was replaced
with 100 yL of fresh medium containing dilutions of drug ranging from
0.19 to 200 uM and incubated at 37 °C for 72 h. Drug-solvent DMSO
was added to each control to evaluate a possible solvent cytotoxicity.
After the incubation time with each compound, CCK-8 (10 uL) was
added to each well, and after 3—4 h of incubation at 37 °C, the
absorbance values at A = 450 nm were determined on the Tecan Infinite
200 microplate reader Tecan Infinite 200. IC;, values were obtained by
using GraphPad Prism software.

4.22. Fatty Acids Profiling by GC—MS and GC—FID Analyses.
Total lipids of the cell lines untreated and treated with ONC201 and 36
(THX6) were extracted by using the protocol reported in Stincone et al.
with some minor modifications.>* Briefly, 4 mL of chloroform/
methanol (1:2 v/v) was added to the cell culture pellet contained in a S0
mL-conical centrifuge tube; the mixture was homogenized using a
vortex mixer for 5 min. Next, 1 mL of chloroform and 2 mL of sodium
chloride aqueous solution were added to the extraction mixture; the
mixture was homogenized using a vortex mixer and centrifuged (NEYA
16R centrifuge, NEYA ROTORS) at 10,000 rpm for 10 min. The lower
chloroform phase containing the lipids was collected by using a Pasteur
pipet and transferred into a 2 mL autosampler. Lipids extract in
chloroform was dried with an EZ-2 evaporator (EZ-2 Personal-
Evaporator, Genevac).

Lipid extracts were derivatized as follows: 500 uL of sodium
methoxide methanolic solution (0.5 M, Merck Life Science) was added
to the lipid extract, sonicated for S min, and heated for 30 min at 95 °C.
After cooling, 500 uL of boron trifluoride methanolic solution (14% w/

v, Merck Life Science) was added to the reaction mixture; the solution
was heated for 30 min at 95 °C. After cooling, 300 L of n-heptane and
200 puL of water were added to the mixture; the sample was agitated
using a vortex mixer for S min. After the gravitational separation of the
phases, the upper heptane layer containing the FAMEs was collected
and injected into the GC systems for the complete characterization.

Separation and identification of FAMEs was performed on a GCMS-
QP2020 NX system (Shimadzu, Duisburg, Germany). The injection of
the samples was carried out using an AOC-20i autosampler. A split/
splitless injector (280 °C) was installed on the GC—MS instrument.
The separation of FAMEs was performed on an SLB-IL-60i capillary
GC column of 30 m X 0.25 mm ID x 0.20 gm d; (Merck Life Science).
The temperature program was as follows: 70 to 180 °C (10 min) at 3.0
°C min™" and after up to 280 °C at 3.0 °C min™". Helium was used as a
carrier gas at a constant linear velocity of 30 cm s™" (inlet pressure 31.7
kPa). Volume injection was of 1.0 L (split ratio 1:10). MS parameters
were as follows: mass range 40—550 amu, event time 100 ms; ion source
temperature: 220 °C, interface temperature: 250 °C. GC—MS solution
software (version 4.50, Shimadzu) was used for data collection and
handling. The identification of FAMEs was performed by using two
different identification criteria: mass spectral similarity (over 85%) and
linear retention index (LRI) with a tolerance window of +10 units of
LRI. In such a respect, a homologue series of C4—C24 even carbon
saturated FAMEs (Merck Life Science) were used for calculating LRIs.
The identification of FAMEs was carried out by using a commercial
database, namely, LIPIDS GC—MS Library (version 1.0, Shimadzu).

FAMEs quantification was carried out on a Nexis GC-2030 high-
performance capillary gas chromatograph (Shimadzu) coupled to a
flame ionization detector (FID). The instrument was equipped with a
split/splitless injector (280 °C) and an AOC-20i autosampler. The
capillary column, temperature program, and gas linear velocity were the
same as described for GC—MS instrumentation, except for the inlet
pressure of the carrier gas (103.5 kPa). FID temperature was set at 280
°C (sampling rate 40 ms); gas flows were 40 mL min ™" for hydrogen, 10
mL min~" for make up (nitrogen), and 400 mL min~" for air. Data were
acquired and processed through LabSolutions software (ver. 5.92,
Shimadzu). Each sample was injected in triplicate for major data
precision.

4.23. Drug Transport Experiments. The experiment started with
the preparation of the Caco-2 monolayer, which occurred by seeding
the cells (20,000/well) in Millicell plates (Millipore, Milan, Italy). Its
growth was followed for 21 days by changing the medium occasionally
and measuring its transepithelial electrical resistance daily using an
epithelial voltohmmeter (Millicell-ERS)*® until at least 1000W was
reached. After 21 days, the plate was washed twice with Hank’s balanced
salt solution (HBSS) (Invitrogen). After the second wash, the wells
were filled with buffer and the plate was kept at 37 °C for 30 min. After
the incubation time, the HBSS buffer was replaced with the solutions of
the compounds to be tested at a concentration equal to 10™* M. The
plates were placed in an incubator at 37 °C for 2 h. The apparent
permeability (P,,,) was calculated in units of nm/s.

4.24. Immunoblotting Analyses. Western blots were performed
as previously described.” Briefly, whole cell proteins (40 ug) from
either untreated or compound 36 (THX6)-treated cells were
solubilized in 1X Laemmli buffer and separated onto 12% Tris-
Glycine-SDS minigels. Immunodetection was carried out by the
following primary antibodies: anti-hClpX, anti-hClpP, anti-NRF1, anti-
COl, anti-ATPSA, anti-Parkin, anti-BNIP3, and anti-NIX (all from
Abcam); anti-TOMM?20 (Proteintech); anti-SDHA (Millipore); anti-
TFAM (Cell Signaling Technology); anti-f-actin (Sigma-Aldrich).
Chemiluminescent detection was performed using the Clarity Western
ECL substrate (Bio-Rad), and signals were revealed by the ChemiDoc
MP Imaging System (Bio-Rad).

4.25. Relative Quantitation of the mtDNA Level. For DNA
isolation, SU-DIPG-36 untreated and treated cells were harvested from
10 cm tissue culture dishes and pelleted by centrifugation. Pellets were
resuspended in TE solution (10 mM Tris, pH 7.4; 1 mM EDTA),
followed by addition of 1% SDS and 2 mg/mL proteinase K. After
overnight incubation at 37 °C with gentle shaking, DNA was phenol-
extracted, precipitated, and resuspended in sterile water. Mitochondrial
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DNA levels were measured by real-time quantitative PCR using the
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) and the
Applied Biosystems 7500 Fast Real-Time PCR System (Thermo Fisher
Scientific). Primer sequences used to amplify specific regions within
either the mitochondrial genome (target) or 18S rRNA gene
(reference) were as follows: ND4-for 5’-CCATTCTCCTCC-
TATCCCTCAAC-3'; ND4-rev 5'-CACAATCTGATGTTTTGGT-
TAAACTATATTT-3'; 18S-for 5'-GTAACCCGTTGAACCCCATT-
3'; 18S-rev §'-CCATCCAATCGGTAGTAGCG-3'. Melting curve
analysis was performed to ensure the amplification specificity; the
relative quantification was carried out according to the formula R =
(Ep)2“T/(Ec)*“C where E; and Ec indicate the amplification
efficiencies on the mt-ND4 (target) and 18S rRNA gene (control),
respectively.”®
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