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Purpose: In medulloblastoma (MB), group 3 (G3) patients with MYC amplification tend to
exhibit worse prognosis, thus creating a need for novel effective therapies. As the driver and
crucial dependency for MYC-amplified G3-MB, MYC has been proven to be a prospective
therapeutic target. Here, we aimed to identify novel effective therapeutic strategies against
MYC-amplified G3-MB via targeting MYC translation.

Materials and Methods: Major components of translation initiation complex elF4F were
subjected to MB tumor dataset analysis, and EIF44] was identified to be a potential
therapeutic target of MYC-amplified G3-MB. Validation was performed through genetic or
pharmacological approaches with multiple patient-derived tumor models of MYC-amplified
G3-MB in vitro and in vivo. Underlying mechanisms were further explored by Western blot,
quantitative real-time PCR and mass spectrometry (MS) analyses.

Results: MB tumor datasets analyses showed that EIFF441 was significantly up-regulated in
G3-MB patients relative to normal cerebella, positively correlated with MYC in G3-MB at
transcriptional level and a crucial cancer dependency in MYC-amplified G3-MB cells.
Targeting EIF441 with a CRISPR/Cas9 approach or small-molecule inhibitor silvestrol
effectively attenuated growth in multiple preclinical models of MYC-amplified G3-MB via
blocking proliferation and inducing apoptosis. Mechanistically, EIF4A1 inhibition effectively
impeded MYC expression at translational level, and its potency was positively associated
with MYC level. Whole-proteome MS analysis of silvestrol-treated cells further unveiled
other biological functions and pathways influenced by EIF4A1 inhibition.

Conclusion: Our investigation shows that interrupting MYC translation by EIF4A1 inhibi-
tion could be a potential effective therapeutic approach when treating patients with MYC-
amplified G3-MB.

Keywords: eIF4F complex, EIF4A1, MYC-amplified group 3 medulloblastoma, Silvestrol,
translation inhibition

Introduction
Medulloblastoma (MB) is the most common malignant pediatric brain tumor.
Current treatment of MB patients includes surgery, craniospinal radiation and high-
dose chemotherapy. Despite these aggressive therapies, one-third of patients still
succumb to their disease, and survivors suffer severe side effects, including cogni-
tive deficits, endocrine disorders and increased incidence of secondary cancers later
in life." Thus, more effective targeted therapy is imperative for MB.
Genomics-based tumor classification has been shown to help in predicting
prognosis of MB and providing clues of candidate drivers and therapies.” The
current consensus is that there are four major subgroups of MB: WNT (Wingless
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type), SHH (Sonic hedgehog), group 3 (G3) and group 4
(G4).> Among these, G3-MB patients with MYC amplifi-
cation tend to exhibit the poorest prognosis.*> MYC has
been demonstrated to be an oncogenic driver and essential
cancer-dependent gene of MYC-amplified G3-MB,*’ mak-
ing it a promising therapeutic target. Pharmacologically
targeting transcription factor MYC directly has been pro-
ven to be quite difficult. However, indirectly targeting
MYC at transcription, translation or post-translation levels
has recently shown promising efficacy against multiple
MYC-driven tumor types including MYC-amplified G3-
MB.»’

Neoplasia often exhibits dysregulated mRNA transla-
tion. The eukaryotic translation initiation factor 4F (eIF4F)
protein complex, which is composed of elF4E, e[F4A and
elF4G, was found to be commonly dysregulated in many
tumor types.'®'* Up-regulation of eIF4E is frequently
involved in higher-grade tumor and poorer patient
prognosis.'” "7 Elevated elF4A and elF4G levels have
been reported in hepatocellular and lung cancers,
respectively.'® 2 Overexpression of eIF4E could promote
normal cell transformation into tumor cell, and forced
expression of elF4A accelerates tumor progression in an
ALL (acute lymphocytic leukemia) mouse model.>'>

The elF4F complex regulates cap-dependent mRNA
translation initiation by assembling itself at the m’G cap
structure of the messenger, with elF4G serving as the scaf-
fold, binding both cap-binding protein eIF4E and the RNA
helicase eIF4A."* The aberrant activity of the eIF4F com-
plex in cancer often contributes to selective syntheses of
proteins involved in tumor growth and metastasis.'*
Therapeutic targeting of elF4F complex has been widely
studied in preclinical and clinical research,'* such as anti-
sense oligonucleotides against eIF4E,”>° inhibitors of
interaction between eIF4E and 5-mRNA-cap or eIF4G,**
and inhibitors against eIF4A.%"?® In particular, eIF4A inhi-
bitors have displayed impressive anti-neoplastic effects,
with efforts underway to improve their pharmacodynamics
for clinical usage.'®> Two molecules from the same class of
flavaglines, silvestrol and rocaglamide have exhibited
potent effects against elF4A. Silvestrol binds free elF4A
protein, forms a stable ternary complex with sequence-
specific mRNA and blocks the helicase activity of elF4A,
leaving an unchanged secondary structure behind and halt-
ing protein translation.”” Rocaglamide was reported to
interrupt protein expression through clamping elF4A onto
polypurine sequences in mRNA without consuming ATP.%’

Notably, MYC activation has been shown to be asso-
ciated with deregulated elF4F activity and its enhanced
tumor dependency, making eIF4F inhibition a potential
synthetic lethal therapeutic approach for MYC-activated
cancer types.’” Moreover, MYC has been shown to be
a critical target mediating the therapeutic effects of elF4F
inhibition against several cancer types.’'**> Thus, here we
aimed to evaluate the potential of elF4F inhibition in
targeting MYC translation and treating MYC-amplified G3-
MB.

Materials and Methods

Compounds and Cell Lines

Silvestrol (HY-13251) and rocaglamide (HY-19356) were
purchased from MedChemExpress (MCE). D425, D458,
MB002 and HD-MBO03 cell lines were kindly provided by
Professor Yoon-Jae Cho (Oregon Health & Science
University). Human fetal neural stem cell line (hfNSC)
was kindly provided by Dr. Michelle Monje (Stanford
University, School of Medicine). Daoy was obtained
from Cell Bank of Chinese Academy of Science
(Shanghai, China). 293T was from our lab preservation.
D425, D458, Daoy and 293T were cultured in Dulbecco’s
modified Eagle’s medium/High glucose (DMEM, BI-01-
052-1ACS, Biological Industries) supplemented with 10%
FBS (fetal bovine serum, F2442, Sigma). MB002, HD-
MBO03 and hfNSC cell lines were cultured in Tumor Stem
Media (TSM) comprising DMEM/F12 (11330032, Gibco),
B27(-A) (12587010, Gibco), Neurobasal-A (10888022,
Gibco), human EGF (20 ng/mL, 100-15, PeproTech, NJ,
USA), human FGF-basic (20 ng/mL, 100-18B,
PeproTech), human LIF (10 ng/mL, 300-05, PeproTech),
1 x Antibiotic-Antimycotic (15240062, Gibco) and 0.2%
Heparin  Solution (2 ug/mL, 07980, Stem Cell
Technology).

Astrocytes were obtained from P1 neonatal mouse cor-
tex. Tissue was dissociated into single cells by TrypLE
(12604021, Gibco) at 37°C for 15 min. To remove the
fibroblasts, cells were cultured in the uncoated dish for 30
min at 37°C, then astrocytes were transferred from the
supernatant to a PDL-coated flask in DMEM supplemented
with 1 x penicillin-streptomycin solution and 10% FBS.
Granule neurons were obtained from the differentiated
granule neuron precursors (GNPs). Cerebella from eutha-
nized mice (P1) were dissociated into single cells by
TrypLE for 15 min at 37°C. Then, 35%/65% gradient per-
coll solution was used to isolate GNPs. NB-B27 medium
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comprising 1 x B27 (-A), 1 mM sodium pyruvate,
FBS, 1 x Antibiotic-
Antimycotic, 1 mM glucose (Sigma), 1 mM KCI (Sigma)

Neurobasal-A  medium, 1%

and 2 mM L-glutamine was used to induce GNPs to differ-
entiate into granule neurons in the 0.1% matrigel-coated 96-
well plate (354230, BD) for 3-5 days.

All cell lines used in this work have been approved
by the ethics committee of the Shanghai Jiao Tong
University School of Medicine; meanwhile, all MB cell
lines used (D425/D458/MB002/Daoy/HD-MBO03) have
been proved by STR (Short Tandem Repeat) analyses
(data not shown).

Datasets Analyses and Statistics

Gene dependencies of components of e[F4F complex in
different G3-MB cell lines were denoted by corrected
CERES (Computational correction of copy-number effect
in CRISPR-Cas9 essentiality screens) score obtained from
the DepMap project (https://figshare.com/articles/
DepMap Achilles 19Q1 Public/7655150). A
negative number implies more essential effect on cell

smaller

survival.

All normal- or patient-derived microarray-based gene
expression data from different publications (Pomeroy,”
U133P2% % and Cavalli*®) were obtained via R2
(Genomics Analysis and Visualization Platform, https://hgser
verl.amc.nl/cgi-bin/r2/main.cgi). Among these,
Ul133P2 was directly merged with 3 datasets (Roth,
Pﬁster,35 and Gilbenson4), which used the same testing flat-

form (U133P2) followed by the same normalization method

dataset

(MASS5.0). Comparisons of single gene expression were car-
ried out between normal cerebella and MB subgroups in
Pomeroy and U133P2 datasets. Data from each group were
firstly subjected to either Shapiro—Wilk test (3 < n < 50) or
D’Agostino and Pearson test (50 < n < 1000) for normality
assessment. Significance of differentially expressed gene
levels (log2 transformed) among normally distributed groups
was evaluated by Brown—Forsythe and Welch ANOVA tests,
followed by Dunnett’s T3 multiple comparisons tests (against
the normal control). For comparisons between groups (at least
one group did not pass Gaussian distribution test), either
Mann—Whitney test or Kruskal-Wallis test followed by
Dunn’s multiple comparisons test (against the normal control)
was used.

Simple linear regression was employed to evaluate
correlation coefficient between 2 genes’ expression within
G3 subgroup from the Cavalli dataset (containing no nor-
mal control samples). The values of correlation coefficient

R were obtained from the website of R2 directly on
queries.

Other routine statistical analyses were performed as
mentioned in figure legends. All statistical analyses were
conducted via GraphPad Prism (Version 8; La Jolla,
California).

Cell Proliferation, Apoptosis and Viability
Assays

Cell proliferation was measured with the Click-iT EdU
Alexa Fluor 647 Flow Cytometry Assay Kit (C10640,
Invitrogen, CA, USA). Cells were treated with drug for
20 h and incubated with 10 uM EdU for 8 h. The positive
degree of EdU represents the proliferating cell quantity.

Cell apoptosis was measured using the Annexin V-FITC
Apoptosis Detection Kit I (556547, BD Biosciences, CA,
USA). Cells were treated with drug for 48 h and exposed to
1 mg/mL DAPI (D9542, Sigma) and Annexin V. FACS
analyses were performed by the BD Fortessa FACS
machine (BD Biosciences, CA, USA), and collected data
were processed by FlowJo software (FlowJo, LLC,
OR, USA).

For cell viability assays, cells were plated in 96-well
plates in triplicate (5000 cells/well). After drug treatment,
cells were then subjected to Celltiter Glo assay (G7571,
Promega, WI, USA) for cell viability measurement.
A Synergy H4 Hybrid Reader (BioTek, Winooski, VT,
USA) was used to collect the data.

Western Blot, RNA Extraction and
Quantitative Real-Time PCR

Whole cell lysates were obtained from samples lysed with
RIPA buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1%
Nonidet P-40, 0.5% sodium deoxycholate and 0.1%
sodium dodecyl sulfate) containing 1 pM protease inhibi-
tor PMSF (93482, Sigma). Protein concentration was
determined by Pierce™ Bicinchoninic Acid (BCA)
Protein Assay Kit (23225, Thermo Fisher Scientific)
according to the manufacturer’s protocol. Equal
amounts of protein were loaded for Western blot analysis
with the following primary antibodies: c-MYC (1:1000,
5605S, Cell Signaling Technology), OTX2 (1:1000,
13497-1-AP, ProteinTech), EIF4A1 (1:1000, 2490s, Cell
Signaling Technology) and TUBB (1:5000, ab6046,
Abcam).

Total RNA was extracted using TRI Reagent (TR118,

MRC) according to the manufacturer’s instructions.
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Reverse transcription of total RNA was performed with
High Capacity cDNA Reverse Transcription Kit (4368813,
Thermo Fisher Scientific). Quantitative PCR analysis was
performed on Fast Real-time PCR System (ABI, 7900HT)
with FastStart Universal SYBR Green Master (ROX)
(04913850001, Roche). The qPCR primers are listed in
supplementary Table 1.

Plasmid Construction, Lentivirus

Preparation and Infection

MYC-expressing plasmid pCDH-CMV-cMY C-EF1-Puro
and the corresponding empty vector were courtesy of Dr.
Michelle Monje and Professor Jinke Cheng (Shanghai Jiao
of Medicine),
Complementary oligo pairs

Tong University School respectively.
shRNA

sequences against MYC mRNA were annealed and cloned

containing seed
into TRC2-pLKO-puro vector (Sigma). Similarly, comple-
mentary oligo pairs containing sgRNA spacers against
EIF4A1 were annealed and cloned into lentiCRISPR V2
vector (Plasmid #52961, Addgene). Lentivirus was produced
by co-transfection of 293T cells with packaging vectors
psPAX2 and pMD2.G. Lentiviral particles within culture
medium were harvested, concentrated by PEG 6000, resus-
pended in PBS, then directly added into cell culture for
infection. The shRNA- and sgRNA-related oligo sequences
are listed in supplementary Table 1.

Patient-Derived Xenografts and

Bioluminescence Imaging of Mice

In vivo experimental procedures were approved by the
Experimental Animal Care Committee of Shanghai Jiao
Tong University School of Medicine, following the guide-
lines provided in ‘Guide for the Care and Use of
Laboratory Animals’ (National Academy Press, USA).
D425 cells were infected with either sgEIF4A1 or sgCon
lentivirus and stereotactically injected into the cerebella of
nude mice (2 mm below the dura at a location 2 mm right
of the midline and 2 mm posterior of the bregma). Three
days after injection, tumor-bearing mice were prepared for
bioluminescence imaging (BLI) and twice a week from
that day on. For preparation, mice were intraperitoneally
injected D-luciferin (40902ESO1, YEASEN, Shanghai,
China) and isoflurane-anesthetized for bioluminescence
IVIS,

signal  acquisition PerkinElmer,

Waltham, MA, USA).

(Xenogen

Proteome Analysis
MS sample preparation, data acquisition, protein identi-
fication and quantitation were performed by Jingjie
PTM BioLab (Hangzhou) Co. Ltd (China). Briefly,
drug-treated cell pellets were sonicated in lysis buffer
(8 M urea, 1% Protease Inhibitor Cocktail). Cleared
supernatant was collected by
12,000g at 4°C for 10 min.

For digestion, the BCA-quantitated protein solution
was reduced (5 mM dithiothreitol, 30 min at 56°C) and
alkylated (11 mM iodoacetamide, 15 min at room tem-

centrifugation  at

perature (RT)) in the dark. Then the protein sample was
mixed with 100 mM triethylammonium bicarbonate
(TEAB) to dilute urea (under 2 M). Trypsin was used at
1:50 and 1:100 (m/m, trypsin:protein) for overnight- and 4
h-digestion sequentially.

Peptide was then desalted (by Strata X C18 SPE col-
umn (Phenomenex)), vacuum-dried, dissolved in 0.5
M TEAB and labeled by TMT (Tandem Mass Tag) fol-
lowing manufacturer’s instruction. Peptide mixtures were
incubated with TMT reagent (1 unit) in acetonitrile (2 h at
RT), desalted, vacuum-centrifuge dried, dissolved in 0.1%
formic acid and loaded onto a reverse-phase column (L/I.
D.: 15 cm/75 um). The subsequent HPLC and NSI-MS
/MS acquisition and protein database searching procedures
have been detailed previously.’” Related proteomic data in
this work have been deposited in the Integrated Proteome
Resources (iProX)*® with identifier IPX0002538000/
PXD022014.

Protein quantitation data obtained from above were
submitted to the R package named DEP*’ (Differential
Enrichment analysis of Proteomics data, v.1.10.0) installed
in R (v.4.0.2) for differential analysis. All related R-based
analyses were performed in an RStudio (v.1.3.959) envir-
onment. Briefly, expression data of proteins presented in at
least one sample were kept for background correction and
vsn (variance stabilizing transformation) normalization.
Together with function MinProb-imputed missing values
(g = 0.01), they underwent protein-wise linear models
combined with empirical Bayes statistic test (by function
test_diff using limma (https://www.bioconductor.org/

packages/release/bioc/html/limma.html)). Heatmap of

deregulated proteins (values of cutoff: absolute log2 (fold
change) > 1.2, p < 0.01) in all four samples was plotted by
the R package pheatmap (v.1.0.12) against normalized

log2 intensity processed from above.
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Gene symbols of these deregulated proteins were then
sent to Molecular Signatures Database (https://www.gsea-

msigdb.org/gsea/msigdb/annotate.jsp) for on-line Gene

Sets analysis. Briefly, the gene symbol list of either down-
or up-regulated proteins was used as input to compute GO
biological process (BP)/canonical pathways (KEGG over-
lapping with REACTOME) gene sets enrichment with FDR
g-value less than 0.05, respectively. Top-hit items were
plotted against their negative log10 transformed FDR.

Results

Tumor Dataset Analyses Identify EIF4AI
as a Potential Therapeutic Target of
MYC-Amplified G3-MB

MYC normally turns over rapidly via the ubiquitin-
proteasome pathway. After phosphorylation by GSK3, it
is targeted by the E3 ubiquitin ligase SCF-FBXW?7 for
degradation.*” To measure the stability of MYC in MYC-
amplified MB, three patient-derived MYC-amplified MB
lines (D425, MB002 and HD-MBO03) were treated with
global translation inhibitor cycloheximide (CHX, 50 pg/
mL) for different times (0/2/4/8/24 hours) and then sub-
jected to immunoblot analysis. As shown in Figure 1A,
MYC protein dropped to nearly undetectable within 2
hours of CHX exposure in all three lines, whereas
OTX2, another hallmark transcription factor and onco-
genic driver of MYC-amplified G3-MB,*' decreased
much more slowly. These data confirmed the low stability
of MYC protein and implied the therapeutic potential of
targeting MYC translation in MYC-amplified MB. Next,
we checked the cancer dependencies of EIF4E, EIF4A4 and
EIF4G, the major components of eukaryotic translation
initiation complex elF4F, in publicly available whole-
genome CRISPR/Cas9 functional genomic screening data-
sets of MYC-amplified or up-regulated G3-MB lines
(D283, D341, D425 and D458).*> The corrected CERES
scores of EIF4A1 were the lowest in all 4 MYC-amplified
G3-MB cell lines presented in DepMap dataset (Version
19Q1), indicating this subunit of eIF4F complex exhibited
strongest cancer dependency (Figure 1B). Moreover, we
explored the differential expression of these genes and
their correlations with MYC in publicly available MB
tumor datasets, including in the Pomeroy dataset
(Figure 1C, supplementary Figure 1A), U133P2 dataset
1D,
dataset (Figure 1E, supplementary Figure 1D). Our results

(Figure supplementary FigurelB) and Cavalli

revealed that EIF441 was the only eIlF4F component gene

that exhibited not only significantly higher expression
level in G3-MB compared to normal control (Figure 1C
and D, supplementary Figure 1A—C) but also robust posi-
tive correlation with MYC in G3-MB (R = 0.614)
(Figure 1E, supplementary Figure 1D). Kaplan—Meier ana-
lysis further showed that ETF'441-high MB patients tended
to exhibit worse prognosis compared to EIF4A41-low ones

(Supplementary Figure 1E). Taken together, we hypothe-

sized that EIF4A1 could be a promising therapeutic target
for treating MYC-amplified G3-MB.

Genetic Targeting of EIF4A| Inhibits
Growth of MYC-Amplified G3-MB

in vitro and in vivo

To validate the above-mentioned hypothesis, we went on
to test whether genetic targeting EIF4A1 could inhibit
growth of preclinical tumor models of MYC-amplified G3-
MB in vitro and in vivo. We targeted EIF441 by CRISPR-
Cas9 approach in both D425 and D458 cells. Our results
showed that knockout of EIF441 in both MYC-amplified
MB lines significantly slowed down their growth in vitro
(Figure 2A and B). Moreover, nude mice orthotopically
xenografted with EIF4AI-knockout D425 cells showed
significantly elongated survival (p = 0.0324) and reduced
tumor sizes compared to the ones of sgCon group
(Figure 2C-E). These data demonstrated the importance
of EIF4A1 for growth of MYC-amplified MB in vitro and
in vivo, confirming its potential as a therapeutic target.

EIF4A Inhibitor Silvestrol Attenuates
Growth of MYC-Amplified G3-MB

in vitro Through Blocking Proliferation
and Inducing Apoptosis

To further demonstrate the therapeutic effect of targeting
EIF441 in MYC-amplified G3-MB, we tried exposing
MYC-amplified G3-MB (D425, D458, HD-MBO03 or
MBO002) and control normal neural cell lines (hfNSC, astro-
cyte or granule neuron) to two similar anti-e[F4A small-
molecule inhibitors, silvestrol and rocaglamide, which
could enhance the binding between elF4A and RNA and
subsequently sequester and deplete eIF4A from translation
initiation complex.'*** We found that the MYC-amplified
G3-MB lines were more sensitive to either of the elF4A
inhibitors compared to control lines (Figure 3A). The inhi-
bition by targeting elF4A took place in a time- and dose-
dependent manner (Figure 3B). Moreover, FACS analyses
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Figure | MYC is highly correlated with EIF4A[ in G3-MB. (A) Western blots for MYC and OTX2 in G3-MB cell lines D425, MB002 and HD-MBO3 treated with 50 pg/mL
cycloheximide (CHX) for increasing time as denoted. TUBB was served as loading control. (B) The dependency showed by corrected CERES scores of genes constituting
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subunits of elF4F complex of MB patients in Cavalli dataset (n = 763). ns, non-significant; *p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001. Statistical tests used here are
detailed in Materials and Methods.
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showed that silvestrol significantly induced cell apoptosis  revealed that eIF4A inhibitor could effectively suppress
and suppressed cell proliferation when treating MYC-  growth of MYC-amplified G3-MB in vitro, supporting its
amplified G3-MB lines (Figure 3C and D). These results  potential therapeutic efficacy.
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Silvestrol Effectively Inhibits MYC
Translation, and MYC Amplification

Contributes to Its Sensitivity

To explore the therapeutic mechanism of e[F4A inhibition
against MYC-amplified G3-MB, we firstly measured the
time-dependent changes of MYC protein levels of MYC-
amplified G3-MB cells in response to CHX (20 pg/mL) or
silvestrol (0.01 pM) within 24 hours. OTX2 and EIF4Al
were also tested in parallel as controls. Our results showed
that only MYC was drastically down-regulated by silves-
trol in all tested lines within 4 hours, and its inhibitory
effects were nearly comparable to that of CHX (Figure 4A
and B, Supplementary Figure 2A). Moreover, rocaglamide
(R, 0.05 pM) was tested in parallel with silvestrol (S, 0.01
uM), and they were shown to exhibit similar inhibitory

effects and selectivity across multiple MYC-amplified G3-
MB lines (Figure 4C). RT-qPCR analyses further revealed
that MYC transcript was actually significantly up-regulated
upon elF4A inhibitor treatment, confirming that their inhi-
bitory effects took place at the protein level (Figure 4D).
Together, these results verified that eIF4A inhibition
exhibited potent and selective translation inhibition on
MYC in MYC-amplified G3-MB.

To demonstrate the potential synthetic lethal relation-
ship between MYC amplification and elF4F dependency in
MYC-amplified G3-MB, we tested the effect of modulating
MYC expression levels on silvestrol sensitivity. MB002
cells transfected with shMYC or scrambled shRNA
(shScr), or Daoy cells (a human MYC-low MB cell line)
overexpressing MYC or empty vector (EV) were subjected
to silvestrol dose-response measurements. The efficacy of
MYC intervention in untreated MB002 or Daoy cells was
presented (right panels, Figure 4E and F). Our results
showed that knockdown of MYC in MB002 cells decreased
its sensitivity to silvestrol (left panel, Figure 4E) whereas
overexpression of MYC in Daoy cells had the opposite
effect (left panel, Figure 4F), indicating that MYC activation
contributed to the enhanced sensitivity of MYC-amplified
G3-MB to elF4A inhibition.

Whole-Proteome Analyses Identified
Additional Biological Functions or
Pathways Affected by EIF4AI Inhibition in

MYC-Amplified G3-MB Cells
To better understand the global response of MYC-amplified

G3-MB to elF4A inhibition, whole-cell lysates (WCL) of

HD-MBO3 cells treated with either DMSO or silvestrol
(0.01 uM) for 20 h were subjected to proteomic-MS ana-
lyses (Figure 5A). As a quality control, part of the submitted
WCLs of DMSO or silvestrol-treated HD-MBO03 from 3
biological replicates was tested for protein levels of MYC,
OTX2, EIF4A1 and TUBB, confirming the drug response
(Figure 5B). As shown in Figure 5C, supplementary Table 2

and supplementary Table 3, proteomic analyses demon-

strated a selective and potent inhibitory effect (220
significantly down-regulated proteins versus 77 signifi-
cantly up-regulated proteins) of silvestrol on HD-MB03
proteome. When genes coding these significantly down-
regulated proteins were evaluated in publicly available
whole-genome CRISPR-Cas9 functional genomic screen-
ing datasets (from DepMap 19Q1) of MYC-amplified or
up-regulated G3-MB lines, nearly 73% of them (160 out
of 220) were found to be cancer-dependent genes (corrected
CERES scores less than zero) in at least two out of four lines
tested (Figure 5D, supplementary Table 4), suggesting their

down-regulation could also mediate the therapeutic effects
of silvestrol. We further performed gene ontology (GO) and
pathway analyses of genes encoding the significantly down-
regulated and up-regulated proteins respectively. The
results showed that the enriched biological functions of
down-regulated proteins were mostly related to cell cycle
regulation, development, RNA polymerase II transcription,
heat shock response and DNA repair (Figure 5E). Many of
the down-regulated functions have been shown to be MYC
targets in cancer, such as cell cycle control** and transcrip-
tional elongation during RNA polymerase II-directed
transcription,* suggesting the reduction of these proteins
might result from the effective targeting of MYC via
EIF4A1 inhibition. On the other hand, the enriched biolo-
gical functions of up-regulated proteins were largely related
to metabolism (branched-chain amino acids degradation,
TCA cycle and fatty acid metabolism) and translation
(Figure 5F). Many of these up-regulated biological pro-
cesses have been shown to contribute to disease progression

or drug resistance in other cancer types,'**¢~>°

suggesting
that certain responsive compensation mechanisms might
occur in response to elF4A inhibition in MYC-amplified

G3-MB.

Discussion

MYC-amplified G3-MB represents the most aggressive form
of MB and needs effective therapy most urgently. Targeting
elF4F translation initiation machinery has been shown as an
effective therapeutic strategy against multiple MYC-activated
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Figure 4 MYC plays an essential role in inhibition of MB treated with silvestrol. (A) Immunoblot was applied to detect the expression levels of MYC, OTX2 and EIF4Al in
D425, HD-MBO03 and MB002 cells treated with silvestrol (0.01 uM) or CHX (20 pg/mL) for 0—4 h. (B) The same protein detection as in (A) was applied on D425 and HD-
MBO3 cells treated with the same drugs as in (A) for 0-24 h. (C) Immunoblot was applied to detect MYC, OTX2 and EIF4A| expression in D425, D458 and MB002 cells
treated with rocaglamide (R, 0.05 pM) or silvestrol (S, 0.01 uM). (D) Q-PCR for detecting mRNA levels of MYC in D425, D458 and MB002 cells treated with rocaglamide or
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tumor types, including lymphoma and colorectal cancer.>*!

In this study, we evaluated the therapeutic potential of e[F4F
inhibition in treating MYC-amplified G3-MB. Our MB tumor
dataset analyses and functional validation with CRISPR/
Cas9 approach identified E/F441 as the most promising
drug candidate among all the eIF4F complex subunits.
Moreover, we showed that e[F4A inhibitors worked effec-
tively on attenuating growth of multiple patient-derived
tumor cell lines of MYC-amplified G3-MB via selectively

blocking MYC translation. Thus, we demonstrated that tar-
geting MYC translation by elF4A inhibition could be an
effective therapeutic strategy against MYC-amplified G3-
MB. Unfortunately, the flavagline class of anti-EIF4A1
small-molecule inhibitors (silvestrol and rocaglamide) cur-
rently being widely used in research have not been convin-
cingly proven to efficiently cross the blood—brain barrier
(BBB). Therefore, strategies such as direct drug delivery
into tumor regions with conventional-enhanced-delivery
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Figure 5 The proteome of G3-MB was modulated by treatment with silvestrol. (A) Working scheme: HD-MBO3 cells treated with DMSO or silvestrol were sent for QC-
WSB or proteomic analysis simultaneously. (B) Western blot result of QC. (C) Heatmap of differentially expressed proteins obtained from proteomic analysis of HD-MB03
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titled above each of the panels.

(CED) approach, molecule modification or reform of the
current compounds are still needed to further translate our
finding from bench-side to bedside.

In line with a previous study, whole-proteome analyses
of silvestrol-treated MYC-amplified G3-MB cells found
that targeting translation via e[F4A inhibitor could signifi-
cantly down-regulate the transactivation activity of HSF1
and related heat shock response.”’ Intriguingly, that study
also showed that hyperactive translation in cancer cells
could induce HSF1 transactivation to reprogram cancer
transcriptome to support protein production in a positive
feed-back way, including the modulation of cancer
metabolism.”" Therefore, it would be interesting to further
dissect the role of HSF1 in MYC-amplified G3-MB.
Another attention-deserving pathway enriched in down-
regulated proteins is DNA repair. Better outcome of

treating MYC-amplified G3-MB might be achieved from
combining usage of elF4A inhibitor with radiotherapy
and/or certain DNA-targeting chemotherapy. Even though
neither EIF4A1 nor MYC was detected by TMT-labeled
MS analyses, MAX and EIF4Gl, the heterodimerizing
partner of MYC during transcription activity®> and the
scaffold molecule of elF4F complex, were both found in
significantly down-regulated proteins, further assuring the
functional inhibition of MYC and eIF4F. Whole-proteome
analyses also found that the top up-regulated functions by
elF4A inhibitor were BCAA metabolism, translation and
fatty acid metabolism, which have been shown before to
contribute to disease progression or drug resistance in
other cancer types.'***° Thus, combinatory targeting of
elF4A and one of the last two processes might work
synergistically on treating MYC-amplified G3-MB.
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A feed-forward regulatory loop leading to a synthetic
lethal interaction has been proposed before to describe the
relationship between MYC and the eIF4F complex in other
tumor types.’® Similar results were obtained in our study.
High MYC expression levels were found to contribute to
the sensitivity of MB cells to eIF4A inhibitor (Figure 4F).
Of note, the MYC gene family contains three members:
MYC, MYCN and MYCLI. Activation of MYC gene family
members via gene copy amplification or transcriptional
up-regulation was commonly observed in MB.”>* G3-MB
is often associated with MYC amplification, and those ones
without MYC amplification are often characterized by
MYC up-regulation or MYCN amplification.>* SHH-MB
and G4-MB are enriched with MYCN amplification,
while MYCLI amplification are only detected in a small
number of SHH-MB patients.>* MYCN-amplification in
SHH-MB often couples with 7P53 mutation, and these
patients had the worst prognosis in this subtype.’*>*
Since MYC family members exhibit very similar charac-
teristics, we speculate that elF4A inhibition may also
exhibit robust therapeutic effects on MB with MYCN or
MYCLI amplification. It would be interesting to test this
hypothesis with appropriate patient-derived models of
SHH-MB and G4-MB in future.
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