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Discovery of a new selective ERAPT inhibitor
for Hedgehog-dependent cancer treatment
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Inappropriate activation of the Hedgehog (HH) signaling
pathway drives the pathogenesis of several cancers, including
medulloblastoma (MB), the most common malignant brain
tumor in children. HH group MB (HH-MB) is highly hetero-
geneous and resistant to current treatments. Understanding
the molecular events underlying the control of the HH
pathway is critical for the development of more effective and
tailored interventions. Endoplasmic reticulum aminopepti-
dase 1 (ERAP1), a key regulator of the immune response,
has emerged as a promising therapeutic target for HH-MB,
but the lack of clinically viable ERAP1 inhibitors has hindered
progress in this area. Here, we identify canthin-6-one (N1) asa
selective ERAP1 inhibitor. N1 binds directly to ERAP1 and
disrupts its function in the HH pathway, resulting in reduced
signaling. Specifically, N1 impairs the association of ERAP1
with the deubiquitinase USP47, promoting fTrCP protein sta-
bility and Glil degradation. Notably, HH-dependent cells
genetically depleted for ERAP1 are insensitive to N1, confirm-
ing its specificity. Remarkably, N1 inhibits HH-MB growth
in vitro and in vivo, crosses the blood-brain barrier, and im-
proves survival in an HH-MB mouse model. These findings
highlight N1 as a breakthrough ERAP1 inhibitor and provide
a promising therapeutic option for the treatment of HH-
dependent cancers.

INTRODUCTION

The Hedgehog (HH) signaling pathway plays a crucial role in
embryogenesis and stemness maintenance, and its deregulation has
been implicated in a wide range of cancers.' > HH signaling is gov-
erned by extracellular HH ligands and two transmembrane recep-
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tors, Patchedl (Ptchl) and Smoothened (SMO). The binding of
the ligand to its Ptchl receptor releases repression on the SMO co-
receptor, leading to activation of the Gli family transcription fac-
tors,”® with Glil and Gli2 having activating functions and Gli3 acting
mainly as a repressor.” Gli regulation is finely orchestrated by ubiq-
uitin-dependent proteolytic processes, including those mediated by
the P-transducin-repeat containing E3 ubiquitin protein ligase
(BTrCP), an F box protein of the Skp1/Cull/F box E3-ligase complex.
Indeed, PTrCP controls the activation of the HH pathway by pro-
moting the proteasomal degradation of Glil and Gli2*'" and the
cleavage of Gli3 into its repressor form, Gli3R."””""* Deregulation
of these events leads to uncontrolled cell proliferation and tumori-
genesis.” Among the HH-dependent tumors, medulloblastoma
(HH-MB) is the most common malignant and highly aggressive pe-
diatric brain cancer. HH-MB results from alterations in the develop-
mental program of cerebellar granule neuron progenitors (GNPs),
which are mainly mutated in Ptchl or SMO receptors.'” Notably,
non-canonical activation of the HH pathway is also frequently
observed in MB and other tumors, highlighting the importance of
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discovering new mechanisms to regulate Gli activity.'®'” Recently,

we identified endoplasmic reticulum aminopeptidase 1 (ERAPI1), a
key component of the antigen processing and presentation (APP)
pathway able to reprogram tumor immunogenicity,'® >
regulator of the HH pathway involved in Gli protein stability and
HH-MB development.”’ We found that ERAP1 forms a complex
with the deubiquitylating enzyme USP47, which promotes fTrCP
degradation and Gli protein stabilization, thereby favoring cell pro-
liferation and tumorigenesis.” ERAP1 inhibition reduced tumor
growth in preclinical models of HH-MB,”' suggesting that its
blockade may offer an innovative approach to the treatment of
HH-dependent tumors. Modulation of ERAP1 also alters peptide
presentation, helping tumors to evade immune surveillance and pro-
mote an immunosuppressive environment.”>>> Targeting ERAP1
may thus provide a dual therapeutic advantage in HH-MB, both
by inactivating HH/GLI signaling and by increasing the presentation
of more immunogenic peptides that enhance cytotoxic T cell re-
sponses.”* Researchers are focusing on the development of specific
and potent ERAP1 inhibitors to enhance immune responses while
minimizing side effects and overcoming drug resistance. ERAP1 in-
hibitors could be critical in targeting HH-MB and improving clinical
outcomes, but currently, there are few specific compounds for use in
the clinic.”” In this study, we identify canthin-6-one, an alkaloid
naturally extracted from Pentaceras australis (Rutaceae),”® hereafter
referred to as N1, as a novel small molecule that binds and inhibits
ERAPI1 functions. We find that N1 impairs ERAPI association
with USP47 and promotes fTrCP protein stability and degradation
of Gli activating factors, thereby suppressing HH-MB growth both
in vitro and in vivo.

as a positive

RESULTS

Virtual library and functional screening of potential ERAP1
small-molecule inhibitors

To identify new putative ERAPI inhibitors, we used the crystallo-
graphic structure of ERAP1 in complex with the aminopeptidase in-
hibitor bestatin as a rigid receptor in molecular docking simula-
tions.”” We virtually screened an in-house library of approximately
1,000 natural products and their derivatives against the catalytic
site of ERAP1.”® Eleven compounds (N1-N11) endowed with a
remarkable chemical diversity among one another, emerged as puta-
tive ligands of ERAP1 (Figure 1).>*"** A significant proportion of
these small molecules belongs to the chemical class of phenolic com-
pounds (N2-3 and N5-9). Another compound identified was a pen-
tacyclic triterpenoid (N4), while three other candidates belong to the
chemical class of alkaloids. Alkaloids are one of the largest and most
intriguing families of natural compounds, characterized by a wide
structural diversity with no agreed-upon classification. They include
a p-carboline alkaloid (N1), an oxazole alkaloid (N10), and an imid-
azole-type alkaloid (N11). To test the ability of the selected com-
pounds to inhibit ERAP1 and affect the APP pathway, we used a
cell-based ERAP1 antigen presentation assay based on the recogni-
tion of the SIINFEKL (S8L) epitope by the 25.D1.16 antibody
when presented by murine H-2K®. HeLa cells stably overexpressing
the H-2K? allele (HeLa-K®) were transfected with a vector encoding

the LEQLESIINFEKL (L13L) peptide, which requires the enzymatic
activity of ERAP1 to generate the S8L epitope.”>** In the absence of
an inhibitor, L13L-expressing HeLa-K” cells show high levels of
H-2K"/S8L complex presentation on the cell surface, as determined
by flow cytometry. Leucinethiol (LeuSH), a leucine aminopeptidase
inhibitor, was included as a positive control.*>%®
were tested except N6, which was incompatible with the assay due
to its yellow color. Four (N1, N3, N7, and N10) of the 10 compounds
tested showed a significant dose-dependent reduction in the presen-
tation of the H-2K"/S8L complex on the cell surface (Figure 2A). The
remaining compounds did not affect the presentation of the H-2K"/
S8L complex, even at the highest concentrations (Figure S1A). With
the exception of compound N10, no effect on cell viability was
observed for compounds N1, N3, and N7 at concentrations up to
10 pM (Figure S1B). We decided to focus on compound N1, the can-
thin-6-one, a P-carboline alkaloid with an additional D ring
belonging to the canthinone alkaloid family,”* because it is the
most active in inhibiting ERAP1 compared to N3 and N7
(Figure 2A). Consistently, molecular docking simulation revealed
that N1 fits into the catalytic site of ERAP1 showing good overlap
with crystallographic Zn-binding inhibitors (Figure 2B). To further
assess potential binding modes, additional docking simulations
were performed across the entire accessible surface of ERAP1. These
analyses indicated that, in addition to the catalytic site, N1 can also
bind to the allosteric regulatory site near Lys685, displaying substan-
tial overlap with the crystallographic pose of recently characterized
cyclohexyl acid ERAP1 inhibitors (Figure $2).*

All compounds

ERAP1 directly interacts with N1

To investigate the direct binding of N1 to ERAPI1 in cells, we per-
formed a cellular thermal shift assay (CETSA), a label-free method
that allows the assessment and quantification of the strength with
which a molecule can bind its target protein.** We observed that
N1, but neither N3 nor N7, induced a thermal stabilization of
ERAPI1 (Figures 2C and S3) following the formation of new bonds
between the compound and its target, shifting its melting curve for-
ward from 48°C to 58.8°C (AT, = 10.8°C; Figure 2D). This evidence
was further confirmed by an isothermal dose-response fingerprint
(ITDRF) assay in which incubation of mouse embryonic fibroblast
(MEF) lysate with increasing amounts of N1 heated to 62°C induced
dose-dependent thermal stability, fixing its OCs, (observed concen-
tration 50) at 0.6 pM (Figure 2E). These results demonstrate that N1
binds ERAP1 in the intact cell environment.

N1 impairs HH pathway activity

Given the role of ERAP1 as an activator of the HH pathway,49’50 we
next investigated whether N1 impairs HH activity. To this end, we
performed a functional transcriptional assay in which NIH 3T3
SHH-Light II cells, stably carrying a Gli-responsive firefly luciferase
reporter (Gli-RE), were treated with SAG,"" a well-known syn-
thetic agonist of SMO, alone or in combination with compound
N1. We found that the luciferase activity of the HH pathway reporter
was suppressed in the presence of N1 in a dose-response manner
(Figure 3A) and at a much lower concentration (half-maximal
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Figure 1. Chemical structures of the 11 natural products (N1-N11) that are identified as a putative ERAP1 ligand
The compounds include canthin-6-one (N1), coumaric acid (N2), rhein (N3), oleanolic acid (N4), sakuranetin (N5), ferruginin B (N6), luteolin (N7), cathecin hydrate (N8),
p-methoxydihydrocinnamic acid (N9), halfordinol (N10), and pilocarpine nitrate (N11). The main plant sources and their respective taxonomic families are reported next to

each compound.

inhibitory concentration [ICsp] = 46.24 nM) than LeuSH (ICs, =
629.1 nM) (Figure 3B). Consistent with the above data, N3 and N7
were unable to inhibit HH pathway activity (Figure S4). Importantly,
N1 did not affect luciferase activity driven by either the HH-related
or HH-unrelated signaling pathway (i.e., Wnt/B-catenin and Jun/
AP1, respectively), demonstrating the specificity of action for HH
signaling (Figure S5).

The inhibitory properties of N1 on the HH pathway were also
confirmed in Ptch1~'~ MEFs, in which the pathway is constitutively
active due to the loss of the Ptchl repressor gene. In these cells, N1
significantly reduced the mRNA and protein levels of endogenous
Glil, the final and most potent effector of the HH pathway
(Figures 3C-3E),”" as well as the mRNA expression of the other
HH target genes, Gli2 and CycD2 (Figure 3C). The observed effect
is stronger than that obtained with LeuSH at the highest concentra-
tions (Figures 3C-3E).
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To investigate whether the effect of N1 on HH pathway inhibition is
independent of ERAP1, we genetically silenced ERAP1 in Ptchl ™'~
MEFs by infection with lentiviral particles encoding small hairpin
ERAP1 (shERAP1) or shCTR (short hairpin control). Treatment
with N1 was ineffective in ERAP1 knockdown cells. Indeed, the
reduction of HH target genes at the protein and/or mRNA level in
these cells was exclusively due to the genetic silencing of ERAP1
and not to a dose-response effect of the inhibitor as in control cells
(Figures 3F-3H). As expected, the expression of ectopic ERAP1 in
Ptch1™'~ ERAPI knockdown MEFs rendered the cells sensitive to
N1 again, as shown by the significant decrease in both Glil mRNA
and protein levels (Figure 3I). Finally, to further verify the N1 spec-
ificity for ERAP1, Ptchl™'~ MEFs genetically silenced for ERAPI
were transfected with a plasmid encoding the wild-type form of
Glil (HA-WT Glil). Remarkably, treatment with increasing concen-
trations of N1 did not alter Glil mRNA or protein levels (Figure 3J).
These results confirm that the inhibitory effect of N1 on the HH
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pathway is mediated by ERAP1 and that this compound specifically
targets ERAPI.

N1 inhibits the ERAP1/USP47 interaction by increasing the
stability of pTrCP

To elucidate the molecular mechanism by which pharmacological
N1-dependent ERAP1 inhibition affects HH pathway activity, we
first evaluated the effect of N1 in MEFs in which the HH pathway
is activated by SAG treatment. Interestingly, we observed a signifi-
cant increase in the protein levels of fTrCP and Gli3R and a concom-
itant decrease in Glil and Gli2 (Figures 4A and 4B). Accordingly,
treatment with increasing amounts of N1 leads to a reduction of
HH signature genes at the mRNA level (Figure 4C). Interestingly,
the in vitro pull-down assay demonstrated that N1, by binding to
ERAPI, is able to displace the direct interaction of ERAP1 with
USP47 (Figures 4D and 4E). These data were also confirmed by
the co-immunoprecipitation experiment, which showed that treat-
ment with increasing concentrations of N1 inhibited the ERAP1/
USP47 interaction in a dose-dependent manner (Figures 4F and
4G). In addition, the proximity ligation assay (PLA) revealed that
N1 robustly decreased the interaction between ERAP1 and USP47,
as indicated by the decreased number of red dots (Figures 4H and
41). Displacement of USP47 from ERAP1 by N1 resulted in a dose-
dependent increase in USP47 association with fTrCP (Figures 4]
and 4K). Consistent with our previous findings that USP47 overex-
pression stabilizes PTrCP and promotes Glil degradation,”' treat-
ment with N1 under USP47 overexpression further enhances this ef-
fect (Figures S6A-S6C). Moreover, N1 treatment alone increased the
half-life of PTrCP (Figures 4L and 4M), an effect attributable to
reduced polyubiquitylation, as assessed by the in vivo ubiquitylation
assay (Figure S6D). Overall, these data indicate that N1 disrupts the
ERAP1-dependent regulation of the HH pathway, thereby altering
its activity.

SAXS analysis confirms a conformational change

ERAPI1 has been crystallized in two different conformations: open
and closed.”>>’
tion in solution, some inhibitors promote and stabilize its closed
conformation.”” We hypothesized that the binding of N1 to
ERAP1 might induce a conformational change of this enzyme, pre-

venting it from binding to USP47 and thus interfering with the acti-

While ERAP1 typically maintains an open conforma-

Molecular Therapy

vation of the HH pathway by ERAPI. To verify this hypothesis, we
studied the tertiary structure of recombinant ERAP1 in solution
with and without N1 using small-angle X-ray scattering (SAXS) anal-
ysis. We obtained recombinant WT ERAP1 expressed in baculovi-
rus-infected Hi5 insect cells and purified them to homogeneity.
The purified sample was highly pure, homogenous, and folded, as
demonstrated by SDS-PAGE, mass photometry (MP), and TSA anal-
ysis (Figure S7). As expected, SAXS analysis of ERAPI and the
ERAPI/N1 complex at 300 pM revealed an important change in
the tertiary structure of ERAP1. As shown in Figures 4N (green
shape) and S8A-S8C, the ATSAS software showed good agreement,
with a y* of 0.996, between the ERAP1 sample and the SAXS exper-
imental data, with a good radius of gyration value. In the case of the
ERAP1/N1 complex, we also obtained a reasonable agreement with a
x* of 1.165, and it is possible to appreciate the different tertiary orga-
nization of the protein/inhibitor complex (Figure 4N, yellow shape).
The comparison between the two shapes of our samples clearly
shows that the binding of N1 to the ERAP1 protein induces a confor-
mational change in which the structure of the complex adopts a more
elongated conformation (Figure 4N). This change would result in the
protein having different exposed contact surfaces compared to the
structure without N1, which adopts a more globular shape, prevent-
ing binding with USP47. Based on our experimental data, we pro-
pose a model of ERAP1 conformational change. As shown in
Figures S8D and S8E, our model incorporates all four ERAP1 do-
mains and suggests that the inhibitor may induce an approximately
90° rotation of the N-terminal domain (shown in red) away from the
two central domains (shown in blue and orange). This movement
would result in an opening of the ERAP1 structure, thereby exposing
regions of the protein that could engage in interactions with other
cellular partners.

N1 impairs HH-dependent growth of cerebellar GNPs

The HH signaling pathway is crucial for cerebellum development as it
controls the expansion of GNPs under HH stimuli released by Pur-
kinje cells. In mice, physiological disruption of the HH signal after
the first postnatal week results in the arrest of GNP growth and induc-
tion of their differentiation into mature granules.”* Genetic or epige-
netic alterations in key components of the HH pathway can lead to
failure of signal withdrawal, stimulating uncontrolled proliferation
of GNPs and promoting their tumorigenic transformation.>>*°

Figure 2. Functional screening of selected compounds and docking-based binding pose of compound N1 confirmed by ERAP1 thermal stabilization

(A) Relative expression of H-2KP/SIINFEKL (S8L) complex in Hela-KP cells transfected with LEQLESINFEKL (L13L) and treated with increasing concentrations (5, 10, and
30 pM) of the indicated compounds and analyzed by flow cytometry. Leu-SH-treated cells were used as positive controls. Results of samples tested in triplicate in at least
three independent assays are shown. Statistical significance was assessed using one-way ANOVA (F(13, 55) = 19.23; p < 0.0001). (B) Putative binding mode of N1 within the
catalytic site of the ERAP1 crystallographic structure as predicted by molecular docking simulations. The ERAP1 inhibitor is shown as cyan sticks, and Zn coordination is
highlighted by a black dashed line. The catalytic Zn(ll) ion is shown as a gray sphere; residues within 5 A from N1 are shown as lines, while residues surrounding the small
molecules are colored yellow and labeled. Zn-binding residues are shown as green sticks. Left: illustration and line representation of the ERAP1 catalytic site. Right: surface
representation of the ERAP1 catalytic site. (C) N1-mediated stabilization of ERAP1 protein. Representative western blot showing thermostable ERAP1 after indicated heat
shocks following treatment with N1 or DMSO. Red Ponceau (RP) staining was used as a loading control. (D) Quantification of thermostable ERAP1 from three independent
experiments. The stabilization of ERAP1 in the presence of N1 is expressed as the mean (SD) of AT,. Statistical analyses were performed using two-way ANOVA: treatment F
(1, 4) = 130.3, p = 0.0003; temperature F(3, 12) = 787.7, p < 0.0001; and interaction F(3, 12) = 60.42, p < 0.0001. (E) Quantification of the dose response of thermostable
ERAP1 by N1 at 62°C; OCso = 0.6 pM, at which 50% of ERAP1 is occupied by N1 in cells. Significant differences vs. CTR are indicated as *p < 0.05; **p < 0.01; **p < 0.001;

0 < 0.0001.
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To assess whether N1 could interfere with GNP growth events, we
first evaluated its ability to suppress HH-dependent proliferation
of 5-day-old mouse GNPs. As shown in Figures 5A and 5B, N1
downregulated SAG-enhanced 5-ethynyl-2'-deoxyuridine (EdU)
uptake by GNPs in a dose-dependent manner. Accordingly, reduced
expression levels of HH signature genes and cell growth-related
genes were observed in N1-treated GNPs (Figures 5C-5E), confirm-
ing that the effect of this compound on GNP proliferation is related
to the impairment of HH signaling activity.

Consistent with previous findings, we confirmed that the presence of
ERAPI is required for the function of N1. Indeed, we observed that
N1 is unable to further reduce the expression of the HH signature
and cell-cycle-related genes at mRNA and/or protein levels
in GNPs derived from constitutionally ERAP1 knockout (ERAP
KO) mice,**”” compared to GNPs from ERAP1 WT mice
(Figures 5F-5H).

N1 inhibits HH-MB cell growth in vitro

Since GNPs are considered the cells of origin of HH-MB,"*® the most
common and aggressive pediatric brain malignancy,” we next
evaluated the effect of N1 on HH-MB growth. Treatment with N1
significantly reduced the proliferation of Medl cells, an HH-MB
cell line,*°!
and induced apoptosis, as shown by increased caspase-3/-7
compared to controls (Figures S9B, S9C, S9E, and S9F). Consistently,
expression of HH signature genes was decreased at both mRNA and
protein levels in Med1 cells (Figures SYD-S9F). Similar results were
obtained in the murine basal cell carcinoma (BCC) cell line ASZ001
(Figure S10), a well-characterized HH-dependent tumor model,***
further confirming the efficacy of N1 in suppressing aberrant HH
pathway activation in multiple contexts.

in a dose- and time-dependent manner (Figure S9A),

To validate these findings, short-term cultures of primary HH-MB
cells isolated from tumors of Mathl-Cre/Ptch1®C mice, a widely
used HH-dependent tumorigenesis model,”"**®> were treated with
increasing concentrations of N1. As expected, N1 strongly reduced
the proliferation of primary HH-MB cells in a dose- and time-
dependent manner (Figure 6A) and reduced bromodeoxyuridine
(BrdU) uptake (Figures 6B and 6C). In line with results in Med1 cells,

Molecular Therapy

N1 treatment induced apoptosis in primary HH-MB cells, as
shown by increased annexin V staining and caspase-3/-7 activity
(Figures 6D-6F). Moreover, N1 downregulated HH target genes
and proliferation markers at the mRNA level (Figure 6G) and
decreased Glil and Gli2 protein expression, while it increased
pTrCP, Gli3R, and the pro-apoptotic markers cleaved poly
(ADP-ribose) polymerase (PARP) and cleaved caspase-3 (Figures
6H and 6I).

To further validate the specificity of N1 for ERAP1, primary HH-MB
cells from MathI-Cre/Ptch1““ mice were genetically silenced for
ERAPI and treated with N1. As shown in Figure 6G, the downregu-
lation of the HH signature upon genetic silencing of ERAP1 is attrib-
utable only to the absence of ERAPI, with no additional effect due to
N1 treatment (Figure 6]).

Aberrant activation of the HH pathway controls several aspects of
tumorigenesis, including the generation and maintenance of a sub-
population of tumor cells that exhibit the cancer stem cell phenotype.
MB-stem-like cells (SLCs) exhibit self-renewal and tumor-initiating
properties and are able to differentiate into transient amplifying cells
that contribute to tumor cell heterogeneity.®® *® These cells are
involved in tumor maintenance, metastasis, and relapse and are a
major cause of chemoresistance. They are therefore considered an
interesting druggable target to test the therapeutic potential of N1
for the treatment of HH-MB.>*’

To obtain MB-SLCs, tumor cells isolated from MB of MathI-Cre/
Ptch1““ mice were cultured as neurospheres in a culture medium
without epidermal growth factor (EGF) and p fibroblast growth fac-
tor (BFGF) to maintain the characteristics of HH-subtype MB in vivo
and avoid differentiation of GNPs. Interestingly, pharmacological
inhibition of ERAP1 by N1 decreased the neurosphere-forming abil-
ity of MB-SLCs (Figures S11A and S11B), and a reduction in the
number and size of these cells was observed (Figures S11C and
S11D). Accordingly, MB-SLCs neurospheres treated with increasing
amounts of N1 showed altered HH-pathway activity, as evaluated
by the significant reduction in mRNA and/or protein expression of
HH-pathway target genes, as well as genes related to stemness,
growth, and oncogenicity (Figures S11E-S11G). Furthermore,

Figure 3. Effect of N1 on HH pathway activity

(A and B) Dose-response curve of compound N1 (A) and LeuSH (B) in SAG-treated NIH 3T3 SHH-Light Il cells. Treatment time was 48 h and data were normalized against
Renilla luciferase. (C-E) mRNA expression levels (C) and protein expression levels (D) of HH target genes of Ptch1~/~ MEFs treated for 48 h, with the indicated concentrations
of N1 or DMSO as negative control and LeuSH as positive control. Densitometric analysis of Gli1 protein shown in (D). (F-H) Ptch1~/~ MEFs were transduced with shCTR or
shERAP1 constructs and treated with N1 at the indicated concentrations. (F) Quantitative real-time PCR analysis of endogenous HH target genes and proliferation-related
genes. (G and H) Representative immunoblotting analysis (G) and densitometric analysis (H) of endogenous HH target genes. mRNA levels were normalized to endogenous
control HPRT. All data are the mean of three independent experiments. (I) Glil mRNA and protein levels in Ptch1~'~ MEFs genetically silenced for ERAPT upon ectopic
expression of FLAG-ERAP1 treated with N1 at the indicated concentration for 48 h. (J) Glit mRNA and protein levels in Ptch1~/~ MEFs genetically silenced for ERAP1
following ectopic expression of HA-Gli1 and treated with increasing amounts of N1. Data are presented as mean (SD) from at least three independent experiments. Sta-
tistical analyses were performed as follows: (A and B) two-sided Student’s t test; (C) two-way ANOVA, treatment F(6, 36) = 22.10, p < 0.0001; gene F(2, 6) = 5.35, p = 0.0464;
interaction F(6, 36) = 1.634, p = 0.1662; (E) one-way ANOVA, F(1.355, 2.709) = 48.50, p = 0.0080; (F) two-way ANOVA, treatment F(4, 48) = 27.08, p < 0.0001; protein F(5,
12) =5.59, p = 0.0069; interaction F(20, 48) =8.61, p < 0.0001; (H) two-way ANOVA, treatment F(4, 32) =29.81, p < 0.0001; protein F(4, 32) =29.81, p < 0.0001; interaction F
(12, 32) =35.70, p < 0.0001; () one-way ANOVA, F(1.202, 2.404) = 14.86, p = 0.0450; and (J) one-way ANOVA, F(1.694, 3.388) = 11.36, p = 0.0325. Statistical significance
vs. CTR is indicated as *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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inhibition of ERAPI by N1 in these cells promotes an increase in
Gli3R, with a marked reduction in Glil and Gli2 protein levels
(Figures S11F and S11G).

N1 inhibits HH-MB tumor growth in vivo

Based on the in vitro data, we investigated the ability of N1 to block
HH-MB tumor growth in vivo. To this purpose, immunocompro-
mised mice were subcutaneously (s.c.) engrafted with Med1 cells,
and the resulting tumor masses were treated every other day with in-
tratumoral injections of N1 at a concentration of 1 mg/kg or vehicle.
In agreement with the in vitro data, we observed a reduction in the
growth of tumor masses treated with N1 compared to controls
(Figures S9H and S9I), with a concomitant decrease in the expression
of endogenous HH target genes at the mRNA level (Figure S9]).

The in vivo anti-tumor effect of N1 on HH-MB was also confirmed in
another heterotopic allograft model in which NOD/SCID gamma
(NSG) mice were engrafted with spontaneous primary MB from
Math1-Cre/Ptch1”C mice, and the resulting tumor masses were
treated with N1 or vehicle. Notably, we observed a significant reduc-
tion in tumor growth in N1-treated masses compared to the control
group (Figures S12A and S12B). Immunohistochemical (IHC) stain-
ing showed reduced cellularity and decreased expression of the prolif-
eration marker Ki67 in the tumor cells, while NeuN and cleaved
caspase-3 expression was increased (Figures S12C-S12F). Accord-
ingly, the expression of the HH signature, proliferation, neural
differentiation-related genes, and the apoptotic marker cleaved
caspase-3 was reduced at both mRNA and/or protein levels in N1-
treated tumor masses compared to controls (Figures S12G and
$12I), confirming that this compound impairs tumor growth by coun-
teracting the activity of the HH pathway also in an in vivo context.

To investigate whether N1 is able to cross the blood-brain barrier
(BBB), WT CDI1 mice were treated with N1 intravenously (i.v.;
1 mg/kg) using p-cyclodextrins as vehicle at five different time points
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(0.5, 1, 2, 4, and 6 h), and the concentration of N1 in brain and cer-
ebellum extracts was analyzed by ultra-high-performance liquid
chromatography coupled to electrospray tandem mass spectrometry
(UHPLC-MS/MS). The quantitative analysis of N1 in cerebellum
and brain tissues was expressed as nanograms of N1 per gram of
brain or cerebellum (Figure 7A; Figure S13; Table S1).

Based on the UHPLC-MS/MS results, we performed an orthotopic
allograft model in which NSG mice were engrafted with spontaneous
primary MB cells from Mathi-Cre/Ptch1< mice. Ten days after tu-
mor implantation, mice were treated i.v. with N1 (1 mg/kg) or vehicle
twice weekly for 25 days. Consistent with the previous data, we
observed a significant reduction in HH-MB tumor growth in N1-
treated mice compared to control mice (Figures 7B and 7C), which
correlates with reduced Ki67 expression and increased NeuN expres-
sion and cleaved caspase-3 in tumor cells (Figures 7B and 7D-7F). To
further evaluate the effect of ERAP1 inhibition by N1 in a natural tu-
mor niche for HH-MB growth, symptomatic Gfap-Cre/Ptch1</®
were treated with N1 or vehicle. As expected, N1 treatment reduced
the expression of the HH pathway target genes at both mRNA and pro-
tein levels and increased the protein level of fTrCP (Figure S14). Inter-
estingly, we found that i.v. treatment with N1 significantly improved
survival in Math-Cre/Ptch1“ mice (Figure 7G). In conclusion, our
findings indicate that ERAPI inhibition by N1 strongly inhibits HH-
MB tumor growth and promotes cell differentiation.

mice

N1 impairs growth of human SHH-MB PDX cells

Finally, we investigated the effect of ERAP1 inhibition by N1 in hu-
man SHH-MB patient-derived xenograft (PDX).”° Similar to murine
tumor models, treatment with N1 reduced cellular confluence in
SHH-MB PDX cells in a dose- and time-dependent manner
(Figure 8A), accompanied by the decreased expression of HH target
genes at both mRNA and protein levels (Figures 8B and 8C). In
accordance with the data obtained in HH-dependent models, N1
treatment promoted apoptotic cell death also in SHH-MB PDX cells,

Figure 4. N1 impairs ERAP1/USP47 interaction and promotes gTrCP stability

(A-C) Representative immunoblotting analysis of the indicated proteins (A and B) and quantitative real-time PCR (C) of HH target genes in SAG-treated MEF WT in com-
bination with different amounts of N1 or DMSO as control for 48 h. (B) Densitometric analysis of the proteins shown in (A). (D) In vitro pull-down assay showing the direct
interaction between ERAP1 and FLAG-USP47. (E) Densitometric analysis of the experiment shown in (D). (F) MEFs were transfected with FLAG-USP47 and treated with
increasing amounts of N1 for 48 h. The interaction between FLAG-USP47 and endogenous ERAP1 was assessed by immunoprecipitation and immunoblotting with the
indicated antibodies. (G) Densitometric analysis of the binding affinity between FLAG-USP47 and ERAP1 after N1 treatment. (H) Representative image of the interaction
between ERAP1 and FLAG-USP47 by the proximity ligation assay (PLA) with or without N1 treatment (1 pM). After cell fixation, PLA was performed with antibodies against
ERAP1 (1:50) and FLAG-USP47 (1:500). The detected interaction is indicated by red dots. Nuclei were counterstained with DAPI (blue). Scale bar: 10 pM. The schematic
diagram of the PLA method used in this study is shown on the right. (I) Number of interactions (dots per nucleus) detected in (H). (J) MEFs were transfected with FLAG-USP47
and treated with N1 at the indicated concentration for 48 h. The interaction between FLAG-USP47 and endogenous BTrCP was detected as described in (F). (K) Densi-
tometric analysis of the binding affinity of FLAG-USP47 and (J). (L) BTrCP protein levels in WT MEFs treated with N1 or DMSO as control and treated with CHX (100 pg/mL) at
different time points after 24 h. (M) Densitometric analysis of actin-normalized BTrCP levels of the experiment shown in (L). (N) (Top) The ERAP1 shape model after SAXS data
refinement in ChimeraX; (bottom) the shape model of the ERAP1/N1 complex obtained through the same procedure. This model provides a speculative interpretation of the
open conformation of ERAP1 upon N1 binding, based on domain modeling in ChimeraX, in the absence of high-resolution structural data for the inhibitor-bound state. For
western blot analysis, actin was used as a loading control. Results are shown as mean (SD) from a minimum of three independent experiments. Statistical analyses were
performed as follows: (B) two-way ANOVA, treatment F(4, 40) = 6.98, p = 0.0002; protein F(4, 10) = 21.42, p < 0.0001; interaction F(16, 40) = 51.29, p < 0.000; (C) two-way
ANOVA, treatment F(4, 24) = 33.38, p < 0.0001; gene F(2, 6) = 68.21, p < 0.0001; interaction F(8, 24) = 6.87, p = 0.0001; (E) two-sided Student’s t test; (G) one-way ANOVA,
F(1.426, 2.853) = 373.5, p = 0.0004; (1) two-sided Student’s t test; (K) one-way ANOVA, F(1.181, 3.543) = 30.06, p = 0.0072; and (L) two-sided Student’s ¢ test. Statistical
significance vs. SAG (B and C) or CTR (E, G, |, K, and L) is indicated as *p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001.
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as shown by increased caspase-3/-7 activity compared to controls
(Figure 8D). Notably, this effect appeared to be specific to the HH
subgroup, as N1 treatment did not impair growth of HH-indepen-
dent immortalized human MB cell lines (Figures SI5A-S15C) or
group 3 MB PDX (Figure 8E). Given that the ERAPI regulatory
network positively regulates the HH pathway, we hypothesized
that its inhibition might sensitize HH-MBs to HH/SMO inhibitors.
Importantly, dual treatment with N1 and the SMO inhibitor GDC-
0449”" showed synergistic effect in SHH-MB PDX cells, particularly
at N1 concentrations of 5-10 pM (Figures 8F-8H). Similar results
were obtained also in primary murine HH-MB cells treated with
N1 in combination with SMO antagonist GDC-0449 or the GLII in-
hibitor GANT617* (Figure S16), suggesting that complementary
mechanisms of action between upstream and downstream inhibitors
may underlie the observed synergy and represent a potential thera-
peutic strategy.

DISCUSSION

Brain tumors are the most common solid tumors in childhood, and
MB accounts for nearly 20% of all pediatric brain malignancies.”
MB is classified as a grade IV tumor by the World Health Organiza-
tion and arises from the cerebellum or posterior fossa. HH-MB, the
best-understood subgroup, arises from the neoplastic transformation
of GNPs.”* The proliferation of these cells is finely orchestrated by HH
signaling, and aberrant activation of this pathway has been implicated
in the onset and progression of MB. Although current treatments have
improved the 5-year survival rates to approximately 70%, mortality
remains significant and surviving patients suffer from severe long-
term side effects. Over the past two decades, HH signaling has
emerged as an attractive druggable target, and several pathway-spe-
cific inhibitors have entered the clinic.””>’® However, due to acquired
drug resistance and the side effects of the current HH inhibitors, there
is an urgent need to identify more effective therapies. This emphasizes
the importance of unveiling the molecular mechanisms underlying
the control of HH signaling for the discovery of novel druggable tar-
gets.”” In this context, we have recently identified ERAP1 as a key
player in the HH pathway and a promising therapeutic target for
HH-MB.”' ERAPI is a well-studied aminopeptidase for its role in
APP, a mechanism that leads to the production of high-affinity pep-
tides for binding to major histocompatibility complex class I mole-
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cules.”® Loss of ERAP1 function results in the generation of a novel
immunopeptidome that stimulates anti-tumor immune responses,
leading to tumor regression in several mouse tumor models.”>*>”’
These findings suggest that modulation of ERAP1 function could be
a novel tool in cancer immunotherapy, highlighting the importance
of identifying new selective and effective ERAP1 inhibitors.

In this study, we focused on the relevance of natural products as a use-
ful source in cancer therapy. It is known that natural compounds ac-
count for more than one-third of all US Food and Drug Administra-
tion (FDA)-approved new molecular entities, and one-fourth of these
are derived from plants.*o Moreover, among human diseases, cancer
therapy is the most important application area for natural products.*’

For several years, great efforts have been made to identify new HH
inhibitors able to suppress its aberrant activation. The first discovery
was cyclopamine, an alkaloid derived from the Liliaceae family,
which acts as a SMO antagonist and finds its application in HH-
dependent tumors.”” In addition, many other natural products
have been developed to interfere with HH signaling in cancers, acting
both upstream and downstream of SMO.**> However, pharmaco-
logical HH inhibitors have several limitations, including poor phar-
macokinetics, severe side effects, and the emergence of drug resis-
tance due to point mutations in the molecular targets. These issues
prompted us to discover new small molecules that act as HH inhib-
itors with low toxicity and high specificity for their targets. Here, we
have identified N1 as a new inhibitor of ERAPI that acts as an HH
antagonist. N1 shows high selectivity for ERAP1 and specifically sup-
presses HH-MB tumor growth both in vitro and in vivo.

N1 belongs to a subclass of B-carboline alkaloids isolated from a va-
riety of plant species. Recent studies show that this compound may
have potential therapeutic effects in many oncogenic and inflamma-
tory diseases.*” *° For example, N1 limits tumor cell proliferation
and infection by counteracting the excessive release of pro-inflam-
matory cytokines and mediators (e.g., interleukin [IL]-1f, IL-6, tu-
mor necrosis factor a, nitric oxide, prostaglandin E2) in various
cell types, thereby regulating the activation of several signaling cas-
cades, such as the nuclear factor kB, and phosphatidylinositol

3-kinase-Akt pathways.g(”88 In addition, N1 and its derivatives

Figure 5. N1 inhibits HH-dependent cell growth of cerebellar granule neuron progenitors

(A) Percentage of EdU uptake in cerebellar granule neuron progenitors (GNPs) isolated from 5-day-old mice treated with DMSO (control), SAG, or SAG in combination with N1
at the indicated concentrations for 48 h. EAU incorporation was calculated to the total number of cells counted. (B) Representative images of the GNPs EdU assay shown in
(A). Scale bar represents 20 pM. (C) Quantitative real-time PCR analysis shows the mRNA expression levels of HH targets and proliferation-related genes determined in GNP
cultures treated with SAG alone or in combination with compound N1 for 48 h. (D) Immunoblotting analysis of protein lysate from GNPs treated with SAG alone or in
combination with N1 at the indicated concentrations. (E) Densitometric analysis of protein shown in (D). (F-H) GNPs from 5-day-old ERAP1 WT mice and ERAP1 KO mice.
mRNA expression levels (F) and protein expression levels (G) of endogenous HH targets and proliferation-related genes are shown. (H) Densitometric analysis of the protein
shown in (G). Results in (C) and (F) were normalized to endogenous control HPRT and represent the mean of three independent experiments. In (D) and (G), actin was used as
a loading control. Data are presented as mean (SD) from at least three independent experiments. Statistical analyses were performed using two-way ANOVA, unless
otherwise specified, with treatment, gene, or protein as factors: (B) one-way ANOVA, F(1.076, 2.152) = 30.58, p = 0.0264; (C) treatment F(4, 72) = 107.3, p < 0.0001; gene F
(5, 18) = 15.05, p < 0.0001; interaction F(20, 72) = 4.33, p < 0.0001; (E) treatment F(3, 12) = 18.01, p < 0.0001; protein F(1, 4) = 0.25, p = 0.6413; interaction F(3, 12) = 0.30,
p =0.8277; (F) treatment F(3, 72) = 36.06, p < 0.0001; gene F(11, 24) = 15.86, p < 0.0001; interaction F(33, 72) = 4.56, p < 0.0001; and (H) treatment F(3, 24) = 783.5,
p < 0.0001; protein F(3, 8) = 67.80, p < 0.0001; interaction F(9, 24) = 323.6, p < 0.0001. Statistical significance vs. SAG (A and C) or CTR (E, F, and H) are indicated as
*0 < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001.
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have been shown to have significant anti-proliferative effects on
many tumor cell lines, demonstrating anti-tumor activity.*>”

Despite the potential curative properties of N1, it should not be
underestimated that several studies have demonstrated the potential
cytotoxicity of this compound in human lung, breast, and epithelial
cancer cell lines.*””* In this work, we demonstrated that N1, at the
highest effective dose used in vitro, did not induce significant toxicity
(Figure S17A). Consistently, in vivo studies in C57BL/6 mice showed
that N1 was well tolerated at the effective dose of 1 mg/kg, as indi-
cated by the stable body weight, while only the highest tested dose
(30 mg/kg) induced a modest reduction (~10%) compared to con-
trols (Figure S17B). These findings indicate that N1 exerts anti-tumor
activity at therapeutically relevant doses without appreciable toxic ef-
fects. We also elucidated the mechanism of action of N1 and identi-
fied ERAPI as a direct target of this compound. Our findings not only
establish ERAPI as a critical player and druggable target to block the
uncontrolled activation of the HH pathway but they also highlight
the therapeutic potential of N1, a natural compound with precise ef-
ficacy and minimal toxicity. Overall, this work paves the way for
next-generation treatments for HH-MB, offering hope for improved
survival and quality of life for affected patients.

MATERIALS AND METHODS

Molecular docking

Docking simulations were carried out with the FRED docking
program, version 3.0.1 (OpenEye, Cadence Molecular Sciences,
Santa Fe, NM; http://www.eyesopen.com) using the default set-
tings and the “High” docking resolution.*””* The X-ray crystal-
lography structure of ERAP1 bound to the zinc aminopeptidase
inhibitor bestatin (PDB: 3MD]J) was used as a rigid receptor.53
The binding site was centered on the co-crystallized ligand within
the catalytic site, and it had an outer shape of 762 A®. Conforma-
tional analysis of the compound library was achieved with Omega
software version 3.1.0.3 (OpenEye, Cadence Molecular Sciences),
allowing the storage of up to 600 conformers for each ligand”" Vi-
sual inspection and drawings were carried out with an open-
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source build of the PyMOL Molecular Graphics System, version
2.2.0 (Schrodinger).

Chemistry

All the tested compounds (N1-N11) are known structures belonging
to the in-house library of natural products available at the Organic
Chemistry Laboratory of the Department of Chemistry and Technol-
ogy of Drugs of Sapienza University (Rome, Italy). The chemical
identity of compounds was assessed by rerunning NMR experiments
and proved to agree with the literature data reported below for each
compound:

Compound N1 (canthin-6-one or 1,6-diazatetracyclo[7.6.1.05,16.
010,15]hexadeca-3,5(16),6,8,10,12,14-heptaen-2-one) showed
NMR spectra identical to those reported in the literature.”

Compound N2 (coumaric acid or (E)-3-(4-hydroxyphenyl)prop-
2-enoic acid) showed NMR spectra identical to those reported in
the literature.”

Compound N3 (rhein or 4,5-dihydroxy-9,10-dioxoanthracene-2-
carboxylic acid) was purchased from TCI (CAS: 478-43-3, Chuo-
ku, Tokyo, Japan) and used without further purification.

Compound N4 (oleanolic acid or ((4aS,6aS,6bR,8aR,10S,12aR,
12bR,14bS)-10-hydroxy-2,2,6a,6b,9,9,12a-heptamethyl-1,3,4,5,6,
6a,6b,7,8,8a,9,10,11,12,12a,12b,13,14b-octadecahydropicene-4a
(2H)-carboxylic acid) was purchased from Sigma-Aldrich (CAS:
508-02-1, St. Louis, MO) and used without further purification.

Compound N5 (sakuranetin or (+)-5-hydroxy-2-(4-hydroxy-
phenyl)-7-methoxy-2,3-dihydrochromen-4-one) showed NMR
spectra identical to those reported in the literature.”

Compound N6 (ferruginin B or 4,5,10-trihydroxy-7-methyl-
1,1,3-tris(3-methylbut-2-enyl)anthracen-2-one) showed NMR
spectra identical to those reported in the literature.™
Compound N7 (luteolin or 2-(3,4-dihydroxyphenyl)-5,7-dihy-
droxychromen-4-one) showed NMR spectra identical to those re-
ported in the literature.”

Figure 6. N1 suppresses the growth of primary HH-MB cells in vitro
Primary cell cultures of Math1-Cre/Ptch1°/¢

mice HH-MBs were treated with different amounts of N1. (A) Primary cells were counted with trypan blue at the indicated time

points to evaluate the growth rate of viable cells. (B) Inhibition of cell proliferation measured as the percentage of BrdU uptake in N1-treated cells vs. DMSO used as control.
(C) Representative images of BrdU uptake in primary HH-MB cells treated with N1 corresponding to the quantification shown in (B). (D) Percentage of cell death measured in
the same cells as in (A). (E and F) Real-time quantification of apoptosis in primary HH-MB cells treated with increasing amounts of N1 using the IncuCyte Live Cell Analysis
System with Annexin V (E) and Caspase-3/-7 (F) dyes. Annexin V or caspase-3/-7* cells are expressed as fold change (FC) relative to time 0 (0 h) = SD of n = 3 experiments. (G)
Quantitative real-time PCR analysis of HH target and proliferation-related genes in primary HH-MB cells treated with the indicated doses of N1, normalized to HPRT. (H)
Representative immunoblot of HH pathway components and apoptosis-related markers in the HH-MB cells analyzed in (G). (I) Densitometric analysis of the proteins shownin
(H). (J) Quantitative real-time PCR of HH target genes and proliferation-related genes of primary HH-MB cells transduced with lentiviral particles encoding shCTR or shERAP1
and treated for 48 h with N1 or DMSO as control. Results are presented as mean (SD) from at least three independent experiments. Statistical analyses were performed using
two-way ANOVA, unless otherwise specified, with treatment, time, gene, or protein as factors: (A) treatment F(3, 8) = 79.87, p < 0,0001; time F(3, 24) = 79.39, p < 0.0001;
interaction F(9, 24) = 7.990, p < 0.0001; (B) one-way ANOVA, F(1.498, 2.997) = 552.6, p = 0.0002; (D) treatment F(3, 8) = 31.84, p < 0.0001; time F(2, 16) = 13.78, p = 0.0003;
interaction F(6, 16) = 1.362, p = 0.2881; (E) treatment F(3, 8) = 222.8, p < 0.0001; time F(12, 96) = 617.5, p < 0.0001; interaction F(36, 96) = 29.67, p < 0.0001; (F) treatment F
(8, 8) =22.20, p = 0.0003; time F(12, 96) = 426.2, p < 0.0001; interaction F(36, 96) = 15.65, p < 0.0001; (G) treatment F(3, 45) = 49.69, p < 0.0001; gene F(4, 15)=2.97,p =
0.0544; interaction F(12, 45) = 0.73, p = 0.7118; (l) treatment F(3, 42) = 7.39, p = 0.0004; protein F(6, 14) = 13.84, p < 0.0001; interaction F(18, 42) = 8.68, p < 0.0001; and
(J) treatment F(3, 60) = 125.3, p < 0.0001; gene F(9, 20) = 66.79, p < 0.0001; interaction F(27, 60) = 14.69, p < 0.0001. Statistical significance vs. CTR is indicated as
*p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001.
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Figure 7. N1 crosses the BBB and inhibits the growth of primary HH-MB in an orthotopic implantation model

(A) The bar graph shows nanograms of N1 compound absorbed per gram of organ at different time points (0, 0.5, 1, 2, 4, and 6 h). Maximum absorption occurs at 0.5 h for
both the brain and the cerebellum. At time zero, the quantified values are below the limit of quantification. (B) H&E (scale bar: 1 mm) and IHC staining for Ki67, NeuN, and
cleaved caspase-3 in the explanted cerebellar tumor masses (scale bar: 50 pM). (C—F) Quantification of IHC staining shown in (B). Mean (SD); *p < 0.05; **p < 0.01; calculated
with two-sided Student’s t test. (G) Survival analysis by Kaplan-Meier curves and log rank (Mantel-Cox) test of Math-Cre/Ptch1/° mice treated with N1 (1 mg/kg) or vehicle.

Compound N8 (catechin hydrate or (2R,3S)-2-(3,4-dihydroxy-
phenyl)-3,4-dihydro-2H-chromene-3,5,7-triol hydrate) showed
NMR spectra identical to those reported in the literature.”

Compound N9 (p-methoxydihydrocinnamic acid or 3-(4-
methoxyphenyl)propanoic acid) showed NMR spectra identical
to those reported in the literature.””

Compound N10 (halfordinol or 4-(2-pyridin-3-yl-1,3-oxazol-5-
yl)phenol) showed NMR spectra identical to those reported in
the literature.”

Compound NI11 (pilocarpine nitrate or (3S,4R)-3-ethyl-4-[(3-
methylimidazol-4-yl)methyl]oxolan-2-one nitrate) showed NMR
spectra identical to those reported in the literature.”

Chemicals and reagents

Optima MS-grade water, acetonitrile (ACN), methanol (MeOH),
and isopropanol were purchased from Thermo Fisher Scientific
(Waltham, MA). All reagents and salt were purchased from Merck
(Darmstadt, Germany).

Cellular antigen processing assay

HelLa cells stably overexpressing H-2K were grown to 90% conflu-
ence in 12-well plates and transfected with the pTracer-CMV2-
L13L construct encoding the L13L peptide and the GFP reporter
for the detection of transfected cells. Lipofectamine 2000 (Life Tech-
nologies, Carlsbad, CA) was used as the transfection reagent, accord-
ing to the manufacturer’s protocol. After 6 h, cells were treated with
increasing concentrations of ERAP1 inhibitors (5, 10, 30 pM) or Leu-
SH (30 pM) for 48 h. Cells were then harvested and stained with the
monoclonal antibody 25-D1.16, which recognizes the ovalbumin-
derived peptide S8L bound to H-2K. The mean fluorescence in-
tensity of the S8L-H-2K" complex was assessed on the GFP* cell pop-
ulation by flow cytometry.

Cell and primary cultures

NIH 3T3 SHH-Light II cells, MEFs from WT or Ptch1™'~ mice,
Med1-MB, and HDMBO03 were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM,; Sigma-Aldrich) plus 10% fetal bovine serum
(FBS; Sigma-Aldrich). D283 was maintained in Eagle’s minimum
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essential medium (Sigma-Aldrich) plus 20% FBS. CHLA cells were
cultured in DMEM:F12 medium (American Type Culture Collection
[ATCC] 30-2006) with 20 ng/mL human recombinant EGF, 20 ng/
mL human recombinant basic FGF (bFGF), and 2% (v/v) B-27 sup-
plement. All media contained 1% penicillin-streptomycin (P/S) and
1% L-glutamine (Sigma-Aldrich). ASZ001 BCC cells were cultured in
154CF medium (Gibco-BRL, Grand Island, NY) plus 2% FBS
chelated with Chelex 100 sodium form (Sigma-Aldrich), calcium
chloride 0.05 mM (Gibco-BRL) and 1% P/S. Ptchl~'~ MEFs were
a gift from Dr. M.P. Scott (Stanford, CA), and Medl-MB cells
were a gift from the laboratory of Yoon-Jae Cho (Stanford, CA).
D283 and HDMBO03 were kindly provided by Dr. V. D’Angiolella.
CHLAs (CRL-3021) were obtained from the ATCC.

For cerebellar GNP cultures from 5-day-old mice, cerebella were
removed aseptically, cut into small pieces, and incubated at room
temperature for 15 min in digestion buffer (Dulbecco’s phosphate-
buffered saline [PBS; Invitrogen, Gaithersburg, MD] with 0.1%
trypsin, 0.2% EDTA, and 10 pg/mL DNase). Tissues were then trit-
urated with fire-polished Pasteur pipettes to obtain a single-cell sus-
pension. Cells were centrifuged and resuspended in neurobasal me-
dium supplemented with B27 (2%), P/S (1%), and 1-glutamine (1%)
and plated at a density of 2 x 10° cells/cm?.

Primary HH-MB cells were freshly isolated from Mathl-Cre/
Ptch1“’“ mice. Briefly, the tumor was mechanically disrupted with
fire-polished Pasteur pipettes in Hank’s balanced salt solution with
1% P/S and treated with DNase (10 pg/mL) for 20 min. Cells were
centrifuged and resuspended in neurobasal media-A (Sigma-
Aldrich) with B27 supplement minus vitamin A (2%), P/S (1%),
and L-glutamine (1%). Stable HH-dependent MB cells were cultured
as neurospheres in DMEM/F12 media (2% B27 minus vitamin A, 3%
glucose 10x, 0.2% insulin 10 mg/mL, 1% P/S, 0.01% heparin
2 mg/mL, and 0.06% N-acetyl-L-cysteine).

ICN-MB-PDX12 (SHH) and ICN-MB-PDX7 (G3) were derived
from primary human MB tumors obtained from surgical resections
at the Necker Hospital for Sick Children (Paris, France). All human
samples were collected with informed consent from patients or their
legal representatives, and all experimental procedures adhered to
guidelines approved by the institutional review board at Necker
Hospital.

Once established in vivo, PDX models were maintained through
serial propagation in nude mice in compliance with the Animal
Research: Reporting of In Vivo Experiments (ARRIVE) guide-
lines. For in vitro culture, tumors were dissociated using a solu-
tion containing neurobasal media, DNase I, collagenase P, colla-
genase/dispase, B27 supplement without vitamin A, and N2
supplement.

SHH-MB PDX cells were cultured in neurobasal media supple-
mented with B27 supplement without vitamin A, bovine serum albu-
min (BSA), N-acetyl cysteine, p-glucose, P/S, and L-glutamine. G3-
MB PDX cells were maintained in neurobasal media supplemented
with B27 supplement without vitamin A, N2 supplement, BSA,
P/S, L-glutamine, human bFGF, and human EGF.

For drug treatment, SHH-MB PDX cells were cultivated in adherent
conditions on dishes or multi-well plates that were pre-coated with
poly-p-lysine (Millipore, Burlington, MA) and Matrigel Growth Fac-
tor Reduced (catalog no. 354230, Corning, Corning, NY).

Whenever necessary, neurosphere cultures were pelleted and disso-
ciated by incubation with Accutase to obtain a single-cell suspension.

Mycoplasma contamination in cell cultures was routinely detected
by using a PCR detection kit (Applied Biological Materials, Rich-
mond, Canada).

Transfections and lentiviral infections

Transient transfections were performed using DreamFectGold
transfection reagent (Oz Biosciences SAS, Marseille, France) in
accordance with the manufacturer’s protocols.

Lentiviral particles were generated in HEK293 cells by combining
packaging plasmids pCMV-dR8.74 and VSV-G/pMD2, with
pLKO.1 plasmid (shCTRL SHC002; shERAP1 TRCN0000031119,
Sigma-Aldrich), using the calcium phosphate transfection method.
Ptch1™'~ MEFs were infected by the spin inoculation method, and
primary MB cells were infected with purified lentiviral particles.

Plasmids, antibodies, and other reagents
pcDNA3.1-FLAG-USP47, FLAG-ERAP1, and HA-Glil was gener-
ated in our lab with standard cloning techniques and verified by

Figure 8. N1 impinges on SHH-MB PDX cell growth

(A) Tumor cells were seeded in 96-well tissue culture plates, and their proliferation was measured as phase area confluence normalized to point O and calculated using
IncuCyte Zoom software from phase-contrast images. Cells were scanned every 3 h, from O to 96 h after the treatment. Graph shows data + SD analyzed by using the
IncuCyte software (Essen BioScience). (B and C) mRNA (B) and protein (C) expression levels of HH target genes of SHH-MB PDX cells treated with the indicated con-
centrations of N1 for 48 h. Results in (B) were normalized to endogenous control GAPDH. (D) Caspase-3/-7 activity in human SHH-MB PDX treated with N1 for 48 h at the
indicated concentration. (E) Cell viability of SHH-MB PDX and G3-MB PDX cells after treatment with N1 for 48 h at the indicated concentrations. (F-H) Percentage of cell
viability inhibition (F) and HSA model (G and H) showing the synergistic effect of combined N1 and GDC-0449 treatment in SHH-MB PDX calculated by https://synergyfinder.
org/. Data are presented as mean (SD) from at least three independent experiments. Statistical analyses were performed using two-way ANOVA, unless otherwise specified,
with treatment, time, gene, or subgroup as factors: (A) treatment F(3, 12) = 22.74, p < 0.0001; time F(32, 384) = 318.9, p < 0.0001; interaction F(96, 384) = 18.88, p < 0.0001;
(B) treatment F(1, 10) = 139.1, p < 0.0001; gene F(4, 10) = 5.68, p = 0.0119; interaction F(4, 10) = 5.68, p = 0.0119; (D) one-way ANOVA, F(1.513, 3.027) = 23.10, p = 00155;
and (E) treatment F(2, 6) = 11.90, p = 0.0082; MB subgroup F(1, 6) = 39.12, p = 0.0008; interaction F(2, 6) = 10.14, p = 0.0119. Statistical significance vs. SAG (A and C) or
CTR (E, F, and H) is indicated as *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001.
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sequencing. shCTRL (SHC002) and shERAP1 (TRCN0000031119)
in pLKO.1 plasmid were purchased from Sigma-Aldrich.

Mouse anti-Glil (L42B10, 1:500), rabbit anti-BTrCP (D13F10,
1:1,000), rabbit anti-cleaved caspase-3 (Aspl75 D3E9, 1:100 for
THC, 1:500 for western bloting [WB]), rabbit anti-Nanog (D73G4
XP, 1:1,000), mouse anti-Oct4 (D705Z, 1:1,000), and rabbit anti-
PARP (1:1,000) were purchased from Cell Signaling Technologies
(Beverly, MA). Mouse anti-p-actin C4 horseradish peroxidase
(HRP) (sc-47778, 1:2,000), mouse anti-vinculin 7F9 (sc-73614,
1:2,000), mouse anti-cyclin D2 DCS-3 (sc-56305, 1:1000), mouse
anti-HA-probe F-7 HRP (sc-7392 HRP, 1:1,000), mouse anti-cas-
pase-3 4i29 (sc-56050, 1:1,000), mouse anti-N-myc B8.4.B (sc-
53993, 1:1,000), and mouse anti-BTrCP C-6 (sc-390629, 2 ug)
were purchased from Santa Cruz Biotechnology (Dallas, TX).
Goat anti-Gli3 (AF3690, 1:500), goat anti-Gli2 (AF3635, 1:1,000),
and mouse anti-ERAP1 6H9 (MAB2334, 1:500) were purchased
from R&D Systems (Minneapolis, MN). Anti-FLAG M2 HRP
(A85921:2,000) was purchased from Sigma-Aldrich. Rabbit anti-
SOX2 (1:1,000) was purchased by Abcam (Cambridge, UK).
Phycoerythrin-cyanine7-conjugated mouse antibody against the
OVA,s;.264 (SIINFEKL) peptide bound to H-2K® (25-D1.16) was
purchased from Thermo Fisher Scientific. Goat anti-mouse immu-
noglobulin G (IgG) HRP conjugated (1:5,000), goat anti-rabbit IgG
HRP conjugated (1:5,000), and donkey anti-goat IgG HRP conju-
gated (1:5,000) were purchased by Bethyl Laboratories (Montgom-
ery, TX).

Where indicated, cells were treated with SAG (200 nM, Alexis
Biochemicals, Farmingdale, NY), cycloheximide (CHX; 100 pg/mL,
Sigma-Aldrich), vismodegib (Selleckchem, Houston, TX) and
GANT61 (Enzo Life Sciences, Exeter, UK) at the indicated
concentrations.

Luciferase reporter assay

The HH-dependent luciferase assay was performed in NIH 3T3
SHH-Light II cells, stably expressing a Gli-RE and the pRL-TK Re-
nilla (normalization control), treated for 48 h with SAG (200 nM)
and N1, N3, N7, or N10 and/or DMSO as control at the indicated
concentrations. Luciferase and Renilla activities were assayed with
a dual-luciferase assay system according to the manufacturer’s in-
structions (Biotium, Hayward, CA). Results were expressed as lucif-
erase/Renilla ratios and represented the mean + SD of at least three
experiments, each performed in triplicate.

WNT and Jun luciferase assays were performed in MEFs transfected
with Top Flash-luciferase reporter and f-catenin or MMP1-lucif-
erase reporter and c-Jun, respectively, and treated with different con-
centrations of compound N1 or DMSO as a control for 48 h. Lucif-
erase and Renilla activities were assayed with a dual-luciferase assay
system according to the manufacturer’s instructions (Biotium). Re-
sults were expressed as luciferase/Renilla ratios and represented
the mean + SD of at least three experiments, each performed in
triplicate.
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Immunoblot analysis and immunoprecipitation

Cells were lysed in a solution containing radioimmunoprecipitation
assay (RIPA) buffer (50 mM Tris-HCl at pH 7.6, 150 mM NaCl, 0.5%
sodium deoxycholic, 5 mM EDTA, 0.1% SDS, 100 mM NaF, 2 mM
NaPPi, and 1% NP-40) supplemented with protease and phosphatase
inhibitors. The lysates were centrifuged at 40,000 rpm for 20 min at
4°C and the resulting supernatants were resuspended in sample
loading buffer, boiled for 5 min, resolved in SDS-PAGE, transferred
to nitrocellulose membranes (GVS North America, Sanford, ME),
blocked with 5% skim milk in Tris-buffered saline containing 0.1%
Tween 20 (Sigma-Aldrich), and incubated with the indicated
antibodies.

Immunoprecipitation was performed using whole-cell extracts ob-
tained by lysing cell pellets with Triton X-100 buffer (50 mM Tris-
HCI, pH 7.5, 250 mM sodium chloride, 50 mM sodium fluoride,
1 mM EDTA, pH 8, 0.1% Triton X-100), supplemented with
protease and phosphatase inhibitors. Cell lysates were immunopre-
cipitated overnight at 4°C with rotation with specific primary anti-
bodies or IgG used as a control (2 pg/mg, Santa Cruz Biotech-
nology). The day after, immunocomplexes were incubated with
protein G agarose beads (Santa Cruz Biotechnology) for 1 h at
4°C with rotation. The immunoprecipitates were then washed
five times with the lysis buffer described above, resuspended in
sample loading buffer, boiled for 5 min, resolved in SDS-PAGE,
and then subjected to immunoblot analysis. Additional pull-
down experiments were carried out using in vitro translated
FLAG-USP47 from pcDNA3.1-FLAG-USP47 plasmid and ERAP1
from pCMV6-XL5-ERAP1 (SC311137, Origene, Rockville, MD)
plasmid by the TNT Quick Coupled Transcription/Translation Sys-
tem (Promega, Madison, WI). FLAG-USP47 and ERAPI were
placed in a 1:1 ratio into PC-100 binding buffer (HEPES, pH 7.4,
20 mM, MgCl, 2 mM, KCI 100 nM, glycerol 20%, EDTA 0.2 mM,
IGEPAL 0.05%, BSA 100 mg/mL, and DTT 1 mM) supplemented
with protease and phosphatase inhibitors and with N1 (1 pM) or
vehicle as control. The protein mixture was immunoprecipitated
overnight at 4°C with rotation with anti-ERAP1 6H9 (2 pg/mg,
MAB2334, R&D Systems) or IgG used as a control (2 pg/mg, Santa
Cruz Biotechnology). The day after, the immunocomplexes were
analyzed as described above.

For all immunoblot analyses, immunoreactive bands were visualized
by enhanced chemiluminescence using WesternBright enhanced
chemiluminescence HRP substrate (Advansta or Cyanagen).

CETSA and ITDRF

For the CETSA assay, MEF protein extracts were freshly prepared in
RIPA buffer (10 mM Tris HC, pH 7.4, 150 mM NaCl, 1% IGEPAL,
1% sodium deoxycholate, 0.1% SDS, 0.1% glycerol, and 2 mM DTT),
supplemented with protease and phosphatase inhibitors. Homogeni-
zation was performed by three cycles of freezing and thawing in dry
ice. The soluble fraction was separated from debris. The cell lysate
was divided into two tubes: the first half was treated with N1, N3,
or N7 (1 pM), and the second half was exposed to vehicle only
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(control). After a 30-min incubation at room temperature, lysates
were further divided into smaller aliquots (400 pg each) and heated
individually at the reported temperatures for 3 min, followed by
3 min cooling at room temperature. Then, they were centrifuged
to separate the soluble fractions from precipitates. All supernatants
were analyzed by WB. For the ITDRF assay, MEF protein extracts
were freshly prepared using the same lysis buffer described above.
The cell lysate was equally divided into six tubes: five were treated
with an increasing amount of N1 (1, 10, 100, 1,000, 5,000 nM),
and the sixth was exposed to vehicle only (control). After a 30-min
incubation at room temperature, lysates were heated at 62°C, accord-
ing to the results obtained in the CETSA assay, for 3 min followed by
3 min of cooling at room temperature. Then, they were centrifuged
to separate the soluble fractions from precipitates. All supernatants
were analyzed by WB.

Expression, purification, and quality control of recombinant
ERAP1

ERAP1 expression plasmid was kindly provided by Nicola Burgess-
Brown (Addgene plasmid no. 39174; http://n2t.net/addgene:39174;
RRID: Addgene_39174). Recombinant bacmid was obtained via
transposition using Escherichia coli DH10EmBacY cells (kindly
provided by Imre Berger, University of Bristol, Bristol, UK) and
used for baculovirus generation in Sf9 cells (Expression Systems,
Davis, CA). The protein was expressed in the secreted form in
Hi5 cells (Expression Systems) and purified from the medium after
72 h post-infection. One liter of human recombinant ERAP1-con-
taining medium was concentrated to 200 mL by diafiltration using a
10-kDa molecular weight cutoff crossflow protein concentration
cassette (Pierce, Thermo Scientific), and then incubated with
1 mL Ni Sepharose excel resin (Cytiva, Marlborough, MA) for
2 h at 4°C. The slurry was loaded on a gravity column that after
extensive washing with Tris buffer 50 mM, pH 8, 10 mM imidazole,
0.5 M NaCl, and 10% glycerol was eluted with the same buffer con-
taining 300 mM imidazole. His-tag was removed by homemade to-
bacco etch virus protease during an overnight dialysis step in
20 mM HEPES, pH 7.4, 200 mM NaCl, and 0.5 mM Tris(2-carbox-
yethyl)phosphine (TCEP). The untagged protein was recovered us-
ing negative affinity and further purified on a 5-mL HiTrap Q HP
column (Cytiva) over a linear gradient with a buffer of 20 mM
HEPES, pH 7.4, 0.5 mM TCEP, and 1 M NaCl. Fractions containing
ERAPI were concentrated and loaded onto a Superdex 200 16/60
column equilibrated with 20 mM HEPES, pH 7.4, 0.15 M NaCl,
0.5 mM TCEP, and 5% glycerol. The final protein was concentrated
to 20 mg/mL, flash-frozen, and stored at —80°C. The protein qual-
ity was evaluated by SDS-PAGE gel, TSA, and MP (Refeyn, Wal-
tham, MA) as described in Figure S7.

SAXS data collection and analysis

In setting up the SAXS measurements, ERAPI and ERAPI in com-
plex with N1 were individually purified by size-exclusion chroma-
tography exploiting a Superdex 200 10/300 GL column. The buffer
used as mobile phase for ERAP1 alone during the SAXS measure-
ments was composed of HEPES 10 mM, pH 7.4, NaCl 150 mM,

and glycerol 5% v/v. In addition, for the complex ERAP1/N1, we
used the same buffer as the mobile phase added with 300 uM NI1.
Prior to the chromatography run, ERAP1 was incubated on ice
with 300 pM N1 for 30 min. The fractions corresponding to the
elution peaks were pooled and used in the SAXS experiment. The
protein samples used for data collection had a final concentration
of 3.5 mg/mL for ERAP1 and 1.57 mg/mL for the ERAP1/N1 com-
plex. Data for both samples were collected by exposing the single
protein and the complex, with 10 exposures of 1 s each, with temper-
ature control fixed at 20°C. The corresponding buffer scattering
signal was measured before and after each sample, and the average
scattering signal was subtracted from the protein scattering curves.
The one-dimensional scattering profiles were obtained by subtract-
ing the buffer average from the ERAP1 and ERAP1/N1 scattering
curves using the ATSAS software package'” to start the ab initio
model reconstructions, the Guinier analysis, and the pair distance
distribution (P(r)) function. The ab initio models of ERAP1 and
ERAPI/N1 were generated using the DAMMIF software,'’" while
the P(r) functions were calculated by the program GNOM.'"

In situ PLA

For the in situ visualization of protein-protein interactions, we fol-
lowed the Duolink PLA fluorescence protocol (Sigma-Aldrich) using
the Duolink In Situ Detection Reagents Orange Kit (catalog no.
DUO092007, Sigma-Aldrich). Briefly, after fixation with 4% parafor-
maldehyde for 15 min and permeabilization with 0.2% PBS-Triton
X-100 at room temperature for 10 min, the cells were blocked in a
drop of blocking solution (Sigma-Aldrich) at 37°C for 1 h and incu-
bated with primary antibodies that were diluted in Duolink antibody
diluent (Sigma-Aldrich) in a humidity chamber. Following washing
in wash buffer A (10 mM Tris, 150 mM NaCl, and 0.05% Tween 20),
cells were incubated with secondary antibodies conjugated with
PLUS and MINUS probes (Sigma-Aldrich) for 1 h at 37°C. The
following Duolink in situ PLA secondary antibodies were used:
Anti-Mouse MINUS (catalog no. DU0O92004), and Anti-Rabbit
PLUS (catalog no. DU092002). Next, the cells were again washed
twice in wash buffer A and then incubated with the ligase (diluted
1:40 in ligation buffer) for 30 min at 37°C. Following the next round
of washing in wash buffer A, cells were incubated with the polymer-
ase (diluted 1:80 in an amplification buffer) for 100 min at 37°C.
Finally, the cells were washed in wash buffer B (200 mmol/L Tris
and 100 mmol/L NaCl), counterstained with DAPI (0.5 pg/mL,
Sigma-Aldrich), mounted in fluorescence mounting medium
(Dako, Agilent Technologies, Denmark), and allowed to dry before
imaging. Negative controls were performed using only secondary
antibodies.

In vivo ubiquitylation assay

MEFs were lysed with a denaturing buffer (1% SDS, 50 mM Tris-HCl
at pH 7.5, 0.5 mM EDTA, 1 mM DTT) to disrupt protein-protein in-
teractions. Lysates were then diluted 10 times with NETN buffer
(100 mM NaCl, 20 mM Tris-HCl, pH 8.0, 0.5 mM EDTA, 0.5%
NP40) and subjected to immunoprecipitation with anti-pTrCP
(Santa Cruz Biotechnology) overnight at 4°C with rotation. The
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immunoprecipitated proteins were then washed five times with the
NETN buffer, resuspended in sample loading buffer, boiled for
5 min, resolved in SDS-PAGE, and then subjected to immunoblot
analysis. Polyubiquitylated forms were detected using mouse anti-
HA from Santa Cruz Biotechnology.

Cell proliferation and cell death assays

For Medl and MB cells, trypan blue count was performed after
treatment periods of 24, 48, and 72 h with N1 at the indicated
dose. For IncuCyte experiments, cells were seeded in 96-well plates
(Corning, catalog no. 353072; 3 x 107 cells/well for Med1; 12 x 10°
cells/well for HH-MB; 10 x 10* cells/well for SHH-MB PDX; 6 wells
for each condition) in complete medium and treated with N1 or
DMSO as control. Where indicated, MB cells were treated with
IncuCyte Caspase-3/-7 Green Dye (catalog no. 4440, Sartorius, Got-
tingen, Germany) and IncuCyte Annexin V NIR Dye (catalog no.
4768, Sartorius) to assess cell viability. Plates were transferred into
the IncuCyte Live Cell Analysis Systems and incubated at physiolog-
ical conditions (37°C, 5% CO,) over 72 h after treatment. Images
were collected once per day for Medl, every 12 h for HH-MB,
and every 3 h for SHH-MB PDX; proliferation was evaluated as
phase area confluence (%) normalized to scans obtained at time
0 (0 h) and expressed as fold change (FC) + SD of n = 3 experiments.
Data were analyzed by using the IncuCyte software package (Essen
BioScience, Ann Arbor, MI). Cell viability of HeLa-K® cells, primary
HH-MB murine cells, and SHH-MB PDX cells after ERAP1 inhib-
itor treatment was tested in vitro using the CellTiter-Glo Assay
(Promega), as per the manufacturer’s protocol. For HH-MB cells,
15 x 10* cells were seeded on a 96-well plate (Corning, catalog
no. 353072), in 100 pL culture medium. After 48 h of treatment, cells
were lysed by adding 1 volume of the properly prepared reagent
from the kit. We transferred 100 pL lysate to an opaque-white
flat-bottom 96-well plate (Corning, catalog no. 3355) for lumines-
cence measurement using a luminometer (Tristar 3 Multimode
Reader, Berthold Technologies, Oak Ridge, TN). Synergy/antago-
nism scores for in vitro combinatorial drug treatment were calcu-
lated using SynergyFinder software and CellTiter-Glo data as input,
following the highest single agent (HSA) model.

Caspase-3/-7 activity in an N1-treated human SHH-MB PDX model
was measured using the Caspase-Glo 3/7 Assay System (Promega,
catalog no. G8091) according to the manufacturer’s instructions.

mRNA expression analysis

Total RNA was extracted using the RNeasy Plus Mini Kit (QIAGEN,
Hilden, Germany) for MONO-exonic genes or TRIzol reagent
(Thermo Fisher Scientific) and reverse transcribed with the
SensiFAST ¢cDNA Synthesis Kit (Bioline Reagents Limited, London,
UK). Reverse quantitative polymerase chain reaction analysis of Glil,
Gli2, CyclinD2, HHIP1, N-Myc, Patchedl, Nanog, and POU5FI
(OCT4) mRNA expression was performed using the ViiA 7 Real-
Time PCR System (Life Technologies). Standard quantitative real-
time PCR thermal cycler parameters were used to amplify a reaction
mixture containing cDNA template and SensiFAST Probe Lo-ROX
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Mix (Bioline Reagents Limited) and TagMan gene expression assays
(Thermo Fisher Scientific). The average of two threshold cycles was
used to calculate the amount of transcript in each sample amplified
in triplicate (using SDS version 2.3 software). mRNA quantification
was calculated as the ratio of the sample quantity to the calibrator quan-
tity expressed in arbitrary units. Data were normalized with the endog-
enous control (HPRT) and expressed as the FC with respect to the con-
trol sample value.

The following primers were used to amplify the indicated genes:

mGlil forward 5'-GCC AAC TTT ATG TCA GGG TCC CAG-3'
mGlil reverse 5'-GGA GAG AGC CCG CTT CTT TGT TAA-3'
mGli2 forward 5'-CAG CCA CCC CAG CGT AGA CA-3
mGli2 reverse 5'-GCC CCA GGT CGC ACT CTA G-3'

mCycD2 forward 5'-AGA AGG ACA TCC AAC CGT ACA
TG-3/

mCycD2 reverse 5'-CAT GGC CAG AGG AAA GAC CTC-3'
mHPRT forward 5'-GCT TCC TCC TCA GAC CGC TT-3'
mHPRT reverse 5'-GGT CAT AAC CTG GTT CAT CAT GG-3

TagMan gene expression assays (Thermo Fisher Scientific) were
used to amplify the following genes:

mPtchl Mm00436026_m1
mHHIP1 Mm00469580_m1
mMycn Mm00476449_m1
mNanog Mm02019550_s1
mPou5f1 (OCT4) Mm03053917_g1
mHPRT Mm03024075_m1
hGlil Hs00171790_m1
hGli2 Hs01119974_m1
hPtchl Hs001811117_m1
hCycDI Hs00765553_m1
hMycN Hs002332074_m1
hGapdh Hs02786624_g1

BrdU and EdU incorporation and MB-neurosphere-forming
assay

Cell proliferation was evaluated by BrdU (Roche, Welwyn Garden
City, UK) or EAU (Thermo Fisher Scientific) detection. Briefly, cells
were pulsed for 24 h with BrdU or EdU and then fixed with 4%
paraformaldehyde and permeabilized with 0.2% PBS-Triton X-100.
Nuclei were counterstained with Hoechst reagent, and fluorescence
detection was performed according to the manufacturer’s instruc-
tions. At least 500 nuclei were counted in triplicate, and the number
of BrdU" and EdU" nuclei was recorded.



www.moleculartherapy.org

For the neurosphere-forming assay, MB-SLCs were plated in 96-well
plates in decreasing numbers (50, 25, 10, 5 cells; 12 wells for each
condition, 10 replicates per cell/density number) in neurosphere cul-
ture media and treated with the indicated concentration of N1. The
plates were incubated in a 37°C, 5% CO,, humidified incubator. At
10 days, any well that contained neurospheres was scored.

Extreme limiting dilution analysis was conducted using the software
available at https://bioinf.wehi.edu.au/software/elda/.

Animal studies

For the allograft experiment, Med1-MB cells (2 x 10°) were injected
s.c. at the posterior flank of NSG mice (Charles River Laboratories,
Lecco, Italy). Tumors were grown until they were a median size of
~100 mm’. Animals were randomly divided into two groups
(n = 6) and intratumorally injected every other day with 1 mg/kg
N1 and/or vehicle for 28 days. Cells were resuspended in an equal
volume of culture medium and Matrigel (BD Biosciences, Heidel-
berg, Germany) before the s.c. injection. After the injection, tumor
growth was monitored and measured with a caliper. Changes in tu-
mor volume were evaluated with the formula (length x width)

x 0.5 x (length + width).

Moreover, spontaneous MB from Math1-Cre/Ptchl € mice was iso-
lated, minced, and pipetted to obtain a single-cell suspension. Equal
amounts of cells (2 x 10°) were injected s.c. at the posterior flank of
NSG mice (Charles River Laboratories). Tumors were grown until
they were a median size of ~200 mm>. Animals were randomly
divided into two groups (n = 6) and intratumorally injected every
other day with 1 mg/kg N1 and/or vehicle for 17 days. Cells were re-
suspended in an equal volume of culture medium and Matrigel (BD
Biosciences) before the s.c. injection. After the injection, tumor
growth was monitored and measured with a caliper. Changes in tu-
mor volume were evaluated with the formula (length x width)
x 0.5 x (length + width).

For the orthotopic allograft model, adult NSG mice were anesthe-
tized by intraperitoneal injections of ketamine (10 mg/kg) and xyla-
zine (100 mg/kg). The posterior cranial region was shaved and placed
in a stereotaxic head frame, and primary cells of spontaneous MB
from freshly isolated Mathl-Cre/Ptch1“’“ mice were stereotaxically
implanted into the cerebellum (2 x 10°/3 pL) according to the atlas
of Franklin and Paxinos coordinates. After injection, at an infusion
rate of 1 pL/min, the cannula was kept in place for 5 min, and
then the skin was closed using metallic clips. At 10 days following tu-
mor implantation, the animals were randomly divided into two
groups (n = 6) and treated i.v. every other day with 1 mg/kg N1 or
vehicle only. After 25 days of treatment, animals were sacrificed,
and their brains were fixed in 4% formaldehyde and paraffin
embedded. Tumor volume calculation was performed on serial 60
coronal sections of 5 pm after H&E staining every 75 pm of brain
slice. A microscope (Axio Imager M1 microscope, Leica Microsys-
tems GmbH, Wetzlar, Germany) equipped with a motorized stage
and Image Pro Plus 6.2 software was used to evaluate the tumor

area of each slide. The tumor volume was calculated by the formula
tumor volume = sum of measured area for each slice x slice
thickness x sampling frequency.

For Gfap-Cre/Ptch1“’“ mice injection, symptomatic mice were
randomly divided into two groups (n = 5) and injected s.c. under
the scruff with 1 mg/kg N1 or vehicle. After 24 h of treatment, tumor
masses were explanted and analyzed by quantitative real-time PCR
and immunoblotting analysis.

For survival analysis, P21 Math-Cre/Ptch1““ mice were randomized
to receive either N1 (1 mg/kg) or vehicle twice per week by iv.
injection.

For toxicity experiments, 4-week-old C57BL/6 mice were treated
every 3 days i.v. for 4 weeks at the indicated concentration of N1.

All animal protocols were approved by local ethics authorities (Min-
istry of Health) and conducted in accordance with Italian governing
law (D.lgs 26/2014). We followed the European and national regula-
tions for the care and use of animals to protect them for experimental
and other scientific purposes (D.lgs 26/2014). The study is also in
compliance with ARRIVE guidelines.

IHC

Formalin-fixed paraffin-embedded (FFPE) tissues were cut into
5-pm sections for Ki67, NeuN, and cleaved caspase-3 IHC staining.
FFPE slides were deparaffinized and subjected to heat-induced anti-
gen retrieval at low or high pH buffer. Slides were blocked for 10 min
with Super Block solution (ScyTek Mouse to Mouse HRP Staining
System MTMO01). FFPE slides were incubated with monoclonal an-
tibodies against Ki67, NeuN, and cleaved caspase-3 (overnight 4°C).
This step was followed by incubation for 20 min with secondary an-
tibodies coupled with peroxidase (ScyTek, Logan, UT). Bound
peroxidase was detected with diaminobenzidine (DAB) solution
and DAB substrate buffer containing peroxide (ScyTek). Cell quan-
tification was performed on collected sections using the imaging
software NIS-Elements BR 4.00.05 (Nikon Instruments Europe,
Campi Bisenzio, Italy).

UHPLC-MS/MS analysis

Extraction procedure

The brain and cerebellum samples (500 mg), previously stored at
—80°C for 24 h, were homogenized with 1 mL PBS using an ultra-
sound probe (20% pulse, 6 min). A solution of ZnSO4 0.1 M in
H,O0 (1 mL) and ACN for HPLC (1 mL) was added to the mixture,
which was further homogenized with ultrasound for 15 min. Subse-
quently, the homogenized brain was agitated using a vortex for 1 h at
room temperature and then centrifuged at 3,000 x g for 5 min at 4°C.
The supernatants were recovered and desalted following the protocol
previously described,'*® using solid-phase extraction (SPE) C18 car-
tridges (Bond Elut 1 cm® LRC-C18, Varian, Palo Alto, CA), canthin-
6-one was eluted from the SPE column with 500 pL. ACN/H,O (70/
30, v/v) containing 0.1% trifluoroacetic acid and dried in a SpeedVac
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SC250 Express (Thermo Savant, Holbrook, NY) to a final volume of
50 pL. Then, an isotopically labeled internal standard (C;; labeled
caffeine, 5 ng/pL) was introduced. Subsequently, appropriate sol-
vents were added to achieve a final composition of 200 pL 80:20
H,0/MeOH v/v.

UHPLC-MS/MS analysis

The UHPLC-MS/MS analysis was conducted using a Vanquish bi-
nary pump H system (Thermo Fisher Scientific). The system was
equipped with a thermostatted autosampler and column compart-
ment, employing a Cg Hypersyl GOLD column (100 x 2.1 mm,
1.9 pm particle size; Thermo Fisher Scientific) at 60°C, with a flow
rate of 500 pL min *. The mobile phases included H,O (referred
to as phase A) and MeOH (referred to as phase B), both with
0.02% CH;COOH and 5 mM CH;COONH,. The chromatographic
gradient comprised 5 min at 30% phase B, a linear increase from 30%
to 99% phase B over 15 min, 10 min at 99% phase B for washing, a
rapid decrease from 99% to 30% phase B in 1 min, followed by
5 min at 30% phase B for equilibration. The injection volume
was 10 pL.

The UHPLC system was coupled to the Q Exactive hybrid quadru-
pole-Orbitrap mass spectrometer (Thermo Fisher Scientific). The
source settings included a spray voltage of 3.5 kV (electrospray ioni-
zation, ESI(+)) and 2.5 kV (ESI(—)), capillary temperatures of 275°C
(ESI(+)) and 320°C (ESI(—)), sheath gas flow rates of 55 (ESI(+)) and
35 (ESI(—)) arbitrary units (a.u.), an auxiliary gas flow rate of 15 a.u.,
and auxiliary gas heater temperatures of 450°C (ESI(+)) and
400°C (ESI(—)). Full-scan MS data were acquired in the 200- to
1,200-m/z range, with a resolution (full width at half-maximum
[FWHM)]) of 70,000. The isolation window width was 2 m/z. For
TOP 5 data-dependent acquisition MS/MS fragmentation, a resolu-
tion (FWHM) of 35,000 was used. The automatic gain control (AGC)
target value was set at 100,000, and dynamic exclusion was set to 3 s.
Collision energy fragmentation was achieved in the higher-energy
collisional dissociation cell at 80 normalized collision energy. Raw
data files were acquired using Xcalibur software (version 3.1, Thermo
Fisher Scientific). All samples were analyzed in triplicate.'**

The UHPLC-MS/MS method was validated following FDA guide-
lines using a brain and cerebellum control pool. The method was
validated in matrix (a pool of control white samples). Specifically, re-
coveries were calculated in brain and cerebellum pools at three
different concentrations (low, 0.02 pg/pL; medium, 1 pg/pL; high,
100 pg/pL), and intra-day and inter-day precision were assessed by
evaluating the relative standard deviation (RSD%), matrix effect,
and the minimum limits of quantification and of identification. Cali-
bration curves were then constructed in matrix separately for the
brain and cerebellum. All the results were in accordance with the
guidelines and are shown in Table S1 and Figure S13.

Statistical analysis

For all experiments, statistical significance was assessed using one-
way or two-way ANOVA, and, where appropriate, a two-sided Stu-
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dent’s t test. Results are expressed as mean (SD) from an appropriate
number of experiments (at least three biological replicates). Statisti-
cal significance was set at p < 0.05. Statistical analyses were per-
formed using GraphPad Prism software (version 8.0, San Diego,
CA). Data from IncuCyte experiments were analyzed with the
IncuCyte software package.

DATA AND CODE AVAILABILITY

All data generated in this study are available within the article and supplemental
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