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ABSTRACT

Intrinsic resistance to current therapies, leading to
dismal clinical outcomes, is a hallmark of glioblas-
toma multiforme (GBM), the most common and ag-
gressive brain tumor. Understanding the underlying
mechanisms of such malignancy is, therefore, an ur-
gent medical need. Deregulation of the protein trans-
lation machinery has been shown to contribute to
cancer initiation and progression, in part by driv-
ing selective translational control of specific mMRNA
transcripts involved in distinct cancer cell behaviors.
Here, we focus on elF3, a multimeric complex with a
known role in the initiation of translation and that is
frequently deregulated in cancer. Our results show
that the deregulated expression of elF3e, the e sub-
unit of elF3, in specific GBM regions could impinge
on selective protein synthesis impacting the GBM
outcome. In particular, elF3e restricts the expression
of proteins involved in the response to cellular stress
and increases the expression of key functional reg-
ulators of cell stemness. Such a translation program
can therefore serve as a double-edged sword promot-
ing GBM tumor growth and resistance to radiation.

INTRODUCTION

Glioblastomas (or glioblastoma multiformes, GBMs) are
one of the most common brain tumors in adults and rep-
resent the second most common cause of death in children
and the third in adults in the world (1). Despite the standard

treatments, which combine surgical resection followed by
radiotherapy and chemotherapy, the median survival does
not exceed 14-15 months (2,3). The main reason for this
dismal course is the high rate of tumor recurrence, which
is associated with both the extremely infiltrative nature of
glioblastoma growth and a frequently occurring resistance
to conventional treatments, in part due to tumor hetero-
geneity. Indeed, aside from sharing common characteris-
tics, such as high vascularization, pseudopalisading necrosis
and infiltrating growth, these tumors are also very heteroge-
neous at the genetic, molecular and cellular levels. Among
the sources of this heterogeneity are (i) the presence of a
wide spectrum of driver mutations (4), (ii) distinct molecu-
lar subtypes (5) and (iii) cellular plasticity relying on can-
cer stem cells (or glioma stem cells, GSCs) responsible for
tumor recurrence and resistance to therapy (6). In this con-
text, in-depth study of gene expression programs in GBM
cells and tumors, their mechanisms of regulation and func-
tional consequences provide an opportunity to identify new
targets and develop new therapeutics that will fill a major
unmet clinical need in oncology.

Translation is the most energetically demanding process
in the cell and its deregulation, often associated with the
modification of the expression/activity of certain transla-
tion factors, contributes to development, tumor progression
and the response to therapeutic treatments (7-10). Beyond
an increase in global translation rates supporting cellular
proliferation and growth, selective mRNA translation plays
key roles in rapidly and precisely regulating gene expres-
sion steering distinct aspects of the transformed phenotype.
Recent work pointed out the heterogeneity and specialized
functions of individual components of the ribosome and of
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the translation initiation factor complexes elF3 and eIF4F,
which are required for recruitment of the ribosome to the
mRNA 5 untranslated region (SUTR) (11).

Here, we focus on the expression and function of eIF3, a
multimeric complex, composed of 13 subunits (a—m), con-
necting the 43S pre-initiation and the eIF4F initiation com-
plexes. The expression of the different subunits is altered in
cancers, but the function associated with this deregulation
is not fully understood (9,10). Novel insights into the link
between elF3 and cancer have been provided by recent stud-
ies showing that elF3 specifically recognizes mRNA struc-
tures (12), mRNA modifications (m®A) or, in the case of the
elF3d subunit, the 5’ cap of mRNAs (13,14), suggesting that
elF3 subunits drive selective mRNA translation in cancer.
Our previous work showing that elF3e is essential for pro-
liferation and survival of GBM cells (15) prompted us to in-
vestigate whether, where and how this factor impacts GBM
patient outcome by regulating mRNA translation. Our re-
sults support a model whereby the heterogeneous expres-
sion of elF3e in GBM is linked to its specialized function in
mRNA translational regulation and steers functional path-
ways involved in GBM progression and response to treat-
ments.

MATERIALS AND METHODS
Cell lines and culture conditions

Human glioblastoma cell lines U87 (ATCC HTB-14, ob-
tained from the American Type Culture Collection, Manas-
sas, VA, USA), U251, LN18 and SF767 (obtained from C.
Simon’s laboratory, UPENN, Philadelphia, PA, USA) were
used and routinely maintained in Dulbecco’s Modified Ea-
gle Medium (Lonza, Portsmouth, NH, USA) supplemented
with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/ml
penicillin and 100 pg/ml streptomycin at 37°C in 5% CO;-
humidified incubators as previously described. Cells were
tested for mycoplasma contamination by PCR. When indi-
cated, cells were treated with cobalt chloride (CoCl,; Sigma,
St Louis, MO, USA) at 100 M (2 x 50 pM at24 hand 48 h
after transfection) or with MG132 (5 pM for 2 h; Sigma, St
Louis, MO, USA) or irradiated at 5 Gy using the Gamma-
cell 40 Exactor irradiator (Nordion, Ottawa, ON, Canada).

Cell transfection

For siRNA transfections, human glioblastoma cells
were transfected with 20 nmol/l of siScramble
(siScr:  Qiagen, Venlo, Limburg, The Netherlands)
or 20 nmol/l of siRNA against human Int6/elF3e
(si3e: SI102662499, FlexiTube eIF3E siRNA, 20
nmol, 5-CCCAAAGGUCGCGAUAAUAUU-3,
Qiagen; or si3e#2: Dharmacon ON-TARGET plus
SMART pool eIlF3E siRNA 3646, 10 nmol) or
against DDX3X (siDDX3X: SIGMA, 50 nmol, 5'-
CCUAGACCUGAACUCUUCAGAUAAU-3), com-
bined with Lipofectamine™ RNAIMAX as recommended
by the manufacturer (Invitrogen Life Technologies, Carls-
bad, CA, USA) as previously described (15). For luciferase
mRNA transfections, 250 ng of reporter mRNA was
transfected 48h after siRNA transfection in 48-well plates

using Lipofectamine 2000 reagent according to the manu-
facturer’s instructions. Cells were subsequently incubated
at 37°C for 16 h following mRNA reporter transfections
before harvesting and analysis.

Western blot analysis

Cells were lysed in lysis buffer [SO mM HEPES, pH 7, 150
mM NaCl, 10% glycerol, 1% Triton, 100 mM NaF, 1 mM
EGTA, 1.5 mM MgCl,, 10 mM sodium pyrophosphate
complemented by protease inhibitors (Sigma-Aldrich, St
Louis, MO, USA) at 1/100]. For immunoblotting analysis,
proteins were resolved on 10% denaturing polyacrylamide
gels and were transferred to nitrocellulose membranes. The
blots were blocked for 30 min with TBST-5% milk and
then probed overnight with primary antibodies against
Int6/elF3e (Bethyl, A302-985A), HIF-2a (Novus Biolog-
icals, NB100-122), HIF-1a (Cayman Chemical, 10006421),
GADD45a (Cell Signaling, CS4362), CDC45 (Abcam,
ab-108350), FAS (Santa Cruz, sc-4233), B-actin (Santa
Cruz, sc-8432), elF3c (Cell Signaling, CS2068), eIF3a (Ab-
cam, ab-128996), elF3b (Santa Cruz, sc-16377), elF3d
(Bethyl, A301-758A), eI F3f (Bethyl, A303-005A), GAPDH
(Santa Cruz, sc-32233), DDX3X (Santa Cruz, sc-365768),
elF4E (Cell Signaling, CS9742S), hnRNPU (Santa Cruz,
sc-32315), elF4A (Santa Cruz, sc-50354), eIF4G (Santa
Cruz, sc-11373), phospho-ser209-eIF4E (Cell Signaling,
CS9741S) and B-tubulin (Cell Signaling, CS2146). Gel
quantification was performed using ImageJ (Research Ser-
vices Branch, NIH, Bethesda, MD, USA). The secondary
antibody was either HRP-conjugated anti-rabbit or HRP-
conjugated anti-mouse. The blots were developed using the
ECL system (Amersham Pharmacia Biotech) according to
the manufacturer’s instructions.

RT-qPCR

Reverse Transcription (RT) was performed on 1 pg to-
tal RNA using the RevertAidH Minus First (Thermo
Fisher) according to the manufacturer’s instructions. A
total of 12.5 ng of cDNA was analyzed by qPCR with
the SybrGreen (KAPA KK4605) and a StepOnePlus (Ap-
plied Biosystems/Life Technologies, Carlsbad, CA, USA).
Expression of elF3e, HIF-1a, HIF-2a, GADD45a, FAS,
UBE2VI, CDC45 and GASS was standardized using B2M
as a reference. Relative levels of expression were quantified
by calculating 2" AACT, where AACT is the difference in
CT (cycle number at which the amount of amplified target
reaches a fixed threshold) between target and reference. All
primer sequences are available in Table 1.

Flow cytometry

72 h after transfection with siRNA (siScr or si3e) and
48 h after ionizing radiation (IR) treatment (5 Gy) or
CoCl; treatment (100 wM), cells were collected, washed in
Phosphate-Buffered Saline (PBS) and incubated in 100 w1 of
Annexin-binding buffer 5X (10 mM HEPES, pH 7.4, 140
mM NaCl, 2.5 mM CaCl,), containing 5 wl of Annexin
V-FITC antibody and 1 pl of Propidium Iodide (PI; In-
vitrogen Life Technologies, Carlsbad, CA, USA) solution



Table 1. qPCR primer sequences
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Targets Forward primer (5'-3") Reverse primer (5'-3')

B2M ACCCCCACTGAAAAAGATGA ATCTTCAAACCTCCATGATG
Int6/elF3e TTCTTCAATCACCCCAAAGG TAGAACCTGCCGACGTTTTC
GADD45a GAGAGCAGAAGACCGAAAGGA CACAACACCACGTTATCGGG
UBE2V1 CGGGCTCGGGAGTAAAAGTC CCCCAGCTAACTGTGCCATC
HIF-la TTTACCATGCCCCAGATTCAG GGTGGACTTTGTCTAGTGCTTCCA
HIF-2«a CCACCAGCTTCACTCTCTCC TCAGAAAAAGGCCACTGCTT
FAS TCTGGTTCTTACGTCTGTTGC CTGTGCAGTCCCTAGCTTTCC
CDC45 GCCATGGTGATGTTTGAGCT TGTGTTCTCCTCATCCTCGT
GAS5 TGAAGTCCTAAAGAGCAAGCC ACCAGGAGCAGAACCATTAAG

at 100 pg/ml (FITC Annexin V/Dead Cell Apoptosis Kit
with FITC Annexin V and PI; Invitrogen Life Technologies,
Carlsbad, CA, USA) during 15 min at room temperature in
the dark. 400 pl of Annexin-binding buffer 5X were then
added after washes with PBS—bovine serum albumin 1%.
Labeled cells were preserved on ice and run on a flow cy-
tometer (BD Accuri™ C6, BD Biosciences, Franklin Lakes,
NJ, USA).

Polysome profiling and isolation of total, non-polysomal,
light polysomal and heavy polysomal mRNA fractions

Cells were incubated for 15 min at 37°C with 100 pg/ml
cycloheximide (CHX), washed in PBS, lysed in hypotonic
polysome lysis buffer (5 mM Tris-HCI, pH 7.5, 2.5 mM
MgCl,, 1.5 mM KCIl, 100 pg/ml CHX, 2 mM DTT, 40
U/pl RNAse OUT, 10% Triton X-100, 10% sodium de-
oxycholate) on ice, mixed by vortexing and centrifuged at
1400 rpm for 5 min. Lysates were layered onto 15-50%
sucrose gradients for fractionation (2 h at 39 000 rpm in
a Beckman SW40.1 rotor and L8 ultracentrifuge at 4°C).
After ultracentrifugation, fractions were harvested with a
gradient fractionator and polysome profiles were continu-
ously visualized with a monitoring at A»s4 nm. The fractions
were collected and pooled before mRNA extraction; non-
polysomal (NP), light polysomal (LP) and heavy polyso-
mal (HP) mRNAs. Pooled fraction mRNAs and cytoplas-
mic mRNAs were extracted using TRIzol® reagent (In-
vitrogen). TRIzol® reagent was added on samples (3 vol-
umes) and incubated for 5 min at room temperature. Chlo-
roform was added (0.2 ml per 1 ml of TRIzol®) and sam-
ples were shacked vigorously by hand for 15 s and incubated
for 2-5 min at room temperature. After centrifugation at
12 000 x g for 15 min at 4°C, the aqueous phase was recov-
ered and submitted to the RNA isolation with isopropanol
(0.5 ml per 1 ml of TRIzol®) overnight at —20°C. The sam-
ples were then centrifugated at 12 000 x g for 30 min at 4°C
and RNAs were washed by adding 75% ethanol (1 ml 75%
ethanol per 1 ml of TRIzol®), vortexing briefly and cen-
trifugating samples (at 7500 x g for 5 min at 4°C). RNAs
were then dried and resuspended in RNase-free water.

Microarray analysis

Before labeling, RNA concentration and integrity were
measured using a Nanodrop™ spectrophotometer (Nan-
oDrop Technologies, Wilmington, DE, USA) and con-
trolled on ‘Lab-on-Chip’ by a Bioanalyzer (Agilent Tech-
nologies, Stockport, UK), according to the manufacturer’s

instructions. From each pool, 100 ng of RNA was con-
verted into labeled cRNA with nucleotides coupled to a
Cy3 fluorescent dye using the Low Input Quick Amp La-
beling kit (Agilent Technologies, Palo Alto, CA, USA) fol-
lowing the manufacturer’s instructions. The quality and
quantity of the resulting labeled cRNA were assessed us-
ing a NanoDrop™ spectrophotometer (NanoDrop Tech-
nologies, Wilmington, DE, USA). We have done two
labelings/sample to obtain the quantity of Cy3 -labeled
cRNA necessary for the hybridization (600ng).Each Cy3-
labeled cRNA was hybridized to human microarray ship
(Agilent Human V2 Microarrays, 8*60k, G4858A) for 17 h
at 65°C, 10 rpm as described in the One-Color Microarray-
Based Gene ExpressionAnalysis Protocol (Agilent). The hy-
bridized arrays were then washed and scanned using an
TECAN MS200 scanner. Data were extracted from the
scanned image using Feature Extraction V11.5.1.1 (Agilent
Technologies, Redwood City, CA, USA) and analyzed using
GeneSpring v.7.2 software (Agilent Technologies). Differ-
ential translation analysis was assessed with ANOTA anal-
ysis as described previously (16).

5'UTR sequence analysis

Sequence motifs were discovered using DREME (17).
Where more than one transcript from one gene was present,
only the longest UTR sequence was used; 156 sequences
were used in the analysis. Motifs up to 8 nt long were sought
in the SUTR sequences against the same sequences ran-
domized using DREME. We considered the predicted con-
sensus sequences with P < 1 x 107* as significant motifs.
Minimum free energies (AG) of SUTR secondary struc-
tures were calculated using the Vienna RNA package (ver-
sion 1.8.5) (18). The Kolmogorov—Smirnov test was per-
formed to investigate whether there were significant dif-
ferences between elF3e-dependent and elF3e-independent
groups.

Plating efficiency clonogenicity assay

U251 and LN18 glioblastoma cells were transfected with
siRNA (siScr or si3e); after 48 h, cells were harvested and
plated in six-well plates at different concentrations (10, 15
or 20 cells/cm? for siScr and 20, 30 or 40 cells/cm? for si3e)
in duplicate. 48 h later, cells were irradiated with an IR scale
(from 0 to 4 Gy) using the Gammacell 40 Exactor irradia-
tor (Nordion, Ottawa, ON, Canada). Cells were then incu-
bated for ~10 days until colonies were visible with the naked
eye without any joining between colonies. Then, plates were
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washed and cells were fixed with 10% formalin for 10 min,
the formalin was removed and cells were covered with 10%
crystal violet oxalate (RAL Diagnostics, Martillac, France)
for 10 min; plates were rinsed with water until no additional
color comes off the plate. Colonies were then counted to
calculate the dose enhancement factor (DEF). DEF is mea-
sured as follows: for the same biological effect, the dose on
the curve radiation alone (here Scr) is divided by the dose
on the curve radiation + treatment (here 3e¢). A DEF >1
means that the treatment is functioning as a radiosensitizer.

Immunohistochemistry and scoring

Formalin-fixed, paraffin-embedded glioblastoma tissue sec-
tions were immersed in a Tris-EDTA buffer (pH 9) provided
in the EnVision™ FLEX High pH kit K8000 (Dako, Ely,
UK) and incubated for 20 min at 96°C for epitope retrieval.
EnVision™ FLEX Peroxidase-Blocking Reagent was used
for blocking (provided in the K8000 kit, Dako, Ely, UK)
for 5 min. Sections were incubated for 1 h with diluted 1/50
(diluted in EnVision™ FLEX Antibody Diluent) human
elF3e-specific primary antibody, HPA 023973 (Sigma, St
Louis, MO, USA), and washed with PBS-Tween 0.3%. Sec-
tions were incubated with secondary antibody-HRP (En-
Vision™ FLEX/HRP, K8000 kit, Dako, Ely, UK) for 20
min and after washes with PBS—Tween 0.3%, EnVision™
FLEX system (DAB+ Chromogen, K8000 kit, Dako, Ely,
UK) was used for signal visualization according to the man-
ufacturer’s instructions and we counterstained sections with
hematoxylin (EnVision™ FLEX Hematoxylin, provided in
the K8000 kit, Dako, Ely, UK). After dehydration, slides
were mounted with EUKITT® mounting medium. The
levels of cytoplasmic elF3e staining were scored by two
anatomopathologists using a 4-point score intensity to dis-
tinguish between ‘high’ (2 or 3 points) and ‘low’ (0 or 1
point) elF3e staining levels. Patient survival between high
and low elF3e-stained glioblastomas was measured using
the log-rank test and the Gehan—Breslow—Wilcoxon test.

Immunoprecipitation

U251 cells were lysed in lysis buffer [20 mM Tris—HCI, pH 8,
0.5% NP-40, 450 mM NacCl, 0.5% Triton, 2% glycerol com-
plemented by protease inhibitors (Sigma-Aldrich, St Louis,
MO, USA) at 1/100)]. Cell extracts were incubated for 1 h
at room temperature with Benzonase (Millipore E1014) and
DNase I (Thermo Scientific EN0521; see Supplementary
Figure S3) and precleared with protein-Sepharose beads for
1 h at 4°C. DDX3X (Santa Cruz, sc-365768) and IgG (In-
vitrogen, 026502) antibodies were incubated with 20 .l of
slurry beads (washed and equilibrated in cell lysis buffer)
for 1 h at 4°C. Beads were incubated with 1 mg of cell ex-
tracts overnight at 4°C. Beads were washed four times with
cell lysis buffer and co-immunoprecipitated proteins were
analyzed by western blot.

RNA immunoprecipitation

U251 cells were lysed in lysis bufter [20 mM Tris—HCI, pH 8§,
0.5% NP-40, 450 mM NacCl, 0.5% Triton, 2% glycerol com-
plemented by protease inhibitors (Sigma-Aldrich, St Louis,

MO, USA) at 1/100)]. Cell extracts were incubated for 1
h at room temperature with DNase I (Thermo Scientific
ENO0521) and precleared with protein-Sepharose beads for
1 h at 4°C. DDX3X (Santa Cruz, sc-365768) and IgG (In-
vitrogen, 026502) antibodies were incubated with 20 wl of
slurry beads (washed and equilibrated in cell lysis buffer) for
1 h at 4°C. Beads were incubated with 1 mg of cell extracts
overnight at 4°C. Beads were washed four times with cell ly-
sis buffer and eluted in NT2 buffer [SO mM Tris, pH 7.4, 1
mM MgCl,, 0.05% NP-40, 0.1% SDS and 30 p.g proteinase
K (Qiagen, Venlo, Limburg, The Netherlands)]. RNAs are
then extracted by phenol/chloroform and analyzed by RT-
qPCR.

In vitro transcription

RNAs used in RNA chromatography experiments were
transcribed using the MEGAscript Kit (Invitrogen
AM1333) as per manufacturer’s instructions. 7.5 mM
ATP/CTP/GTP, 6.75 mM UTP and 0.75 mM biotinylated
UTP (Biotin-16-UTP, Lucigen BU6105H) were used. For
luciferase reporter mRNAs, m’G-cap was added using
the Vaccinia capping system kit (M208S NEB) according
to the manufacturer’s instructions. To generate the DNA
templates to synthetize the luciferase reporter mRNAs,
oligonucleotides CDC45, FAS and GADD45a were ampli-
fied by PCR using the following primers. For CDC45, PCR
products were used as template for in vitro transcription.
For GADD45a and FAS, PCR products were cloned in the
pSC-B-amp/kan plasmid from the Strataclone Blunt PCR
Cloning Kit, and then digested by, respectively, BamHI
and Xhol (restriction sites for transcription run-off) and
purified. All oligonucleotide sequences are available in the
following table (bold: T7 promoter). For GADD45«a, T7
sequence used was in pSC-B-amp/kan plasmid.

Name Sequence

FW: GGAGAGCGGGGCCCTTTGTC RV:
CTGGATCATAAACTTTCGAAGTCATATT
GCAAACTGCAGGTCGCCC

FW: TAATACGACTCACTATAGGGAAAGA
AAGGAAGGCTGGGAACTAA RV:
CTGGATCATAAACTTTCGAAGTCATAGC
CACGGCGGCCGGACG

FAS FW: TAATACGACTCACTATAGGGATCAA
TGGAGCCCTCCCCAAC RV:
CTGGATCATAAACTTTCGAAGTCATGGT
TGTTGAGCAATCCTCCGAA

GADD45«

CDC45

In cellulo luciferase activity analysis

U251 cells transfected with luciferase Renilla and Firefly re-
porter mRNAs were harvested in 100 pl of Passive Lysis
Buffer (Promega). 10 wl of this extract were analyzed with
the luciferase assay.

RNA chromatography

200 g of the U251 cells were lysed in 500 wl of lysis buffer
[20 mM Tris-HCI, pH 8, 1% NP-40, 150 mM NaCl, 2
mM EDTA complemented by protease inhibitors (Sigma-
Aldrich, St Louis, MO, USA) at 1/100]. Cells extracts



were precleared with 20 wl of streptavidin acrylamide beads
(Thermo Fisher Scientific) in the binding buffer contain-
ing 20 mM Tris, pH 8, | mM DTT, 100 mM KCI, 0.2
mM EDTA and 0.05% NP-40 for 1 h at 4°C. 3 pg of in
vitro-transcribed biotinylated RNAs were fixed on 10 1 of
streptavidin acrylamide beads by incubation in the binding
buffer for 1 h at 4°C. The RNA fixed on beads was then
combined with the precleared extracts for 3 h at 4°C. The
beads were collected by centrifugation, washed five times
with 1 ml of the binding buffer, resuspended in 30 wl of
Laemmli buffer, boiled for 5 min, loaded onto an SDS-
PAGE gel and analyzed by western blot.

GBM tumor samples

For Figure 5C(i), total protein lysates in RIPA buffer
(Sigma) [S0 mM Tris—HCI, pH 8.0, 150 mM NacCl, 1% NP-
40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sul-
fate, 5 mM sodium fluoride, 0.5 mM sodium vanadate and
1 x protease inhibitor cocktail (Roche)] were extracted from
three GBM (grade 1V) and four diffuse low-grade gliomas
(grade II: two astrocytomas and two oligodendrogliomas).
Tumors samples were obtained from the Montpellier
Hospital (‘Biological Resource Centre’, Collection NEU-
ROLOGIE, DC-2013-2027/DC-2010-1185/Authorization
AC-2017-3055/Research Protocol P487) with patient con-
sent. All the methods used were carried out in accordance
with relevant guidelines and regulations of French Insti-
tut National de la Santé et de la Recherche Médicale (IN-
SERM). All experimental protocols were approved by IN-
SERM. The tissues were obtained from patients, who un-
derwent surgical resection. The tissues were processed, clas-
sified and graded as previously described. The clinicopatho-
logical parameters of the patients and tumors are described
in the following table.

Ip/19q IDH1
Designation Tumor type codeletion mutation ATRX
LGGI112 Oligodendroglioma IT Deleted R132H Preserved
LGGI110 Astrocytoma 11 No deletion R132H Loss
LGG141 Astrocytoma 11 No deletion R132H Loss
Gli22b GBM
Gli25 GBM
Gli26 GBM

Patient characteristics for the tumors studied in Figure
SD(iii):

% of positive cells

Delay for
Patient recurrence Survival Initial
number Gender Age (months) (months) diagnosis Recurrence
6 F 57 6 13 20 50
9 F 43 16 26 20 80
12 M 56 S 24 20 80
17 M 68 18 24 20 80
18 F 63 42 24 10 80
19 M 58 4 54 10 80
20 M 50 15 10 10 80
22 M 79 19 26 50 80
Ivy GAP
Gene expression in the various anatomical re-

gions of glioblastoma
the Ivy Glioblastoma

tumors was analyzed using
Atlas Project (GAP; http:
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/Iglioblastoma.alleninstitute.org/). Gene expression in
major anatomic structures of glioblastoma (leading edge,
infiltrating tumor, cellular tumor, perinecrotic zone, pseu-
dopalisading, hyperplastic blood vessels and microvascular
area) was quantified by RNA sequencing in the Anatomic
Structures RNA-Seq Study. The Ivy GAP cohort is
comprised of 42 tumors.

TCGA GBM

Gene expression from 529 patients in the glioblastoma
database of The Cancer Genome Atlas (TCGA; http://xena.
ucsc.edu/) and 10 normal tissues was used to compare GBM
subtypes and assess correlations between genes among dif-
ferent subgroups.

Statistical analysis

Correlations between quantitative data were assessed using
the Spearman’s rank correlation coefficient. Differences be-
tween subgroups were assessed with the Mann—Whitney U
test or z-test. The signed-rank test was used to assess re-
lationships between paired data. Dunn’s pairwise compar-
isons were adjusted for multiple testing with Benjamini-
Hochberg correction. For the TCGA cohort, overall sur-
vival was defined as the time from initial diagnosis to death
from any cause (event) or the last follow-up (censored data).
Univariable and multivariable analyses were performed us-
ing the log-rank test and Cox proportional hazards model;
hazard ratios (HR) were estimated with 95% confidence in-
tervals. Univariable analyses were performed using the log-
rank test. Two-sided P < 0.05 was considered statistically
significant. Significance was represented by asterisks, where
"P <0.05,"P <0.01 and """ P < 0.001.

RESULTS
elF3e regulates HIF mRNA translation

We previously demonstrated that elF3e inhibition resulted
in decreased expression of the hypoxia-inducible factors
(HIFs) in GBM cells associated with a decreased prolif-
eration and increased apoptosis (15). HIFs are transcrip-
tion factors, composed of two subunits: HIF-a and HIF-
B, and the two major HIF-a subunits are HIF-la and
HIF-2a. These factors control the transcription of >150
genes important for GBM cells, mainly involved in angio-
genesis, metabolism, proliferation and cell migration (19).
HIFs and hypoxia are known to compromise the cyto-
toxic effects of IR and limit the success of radiotherapy
(20). To further investigate the elF3e—HIF interplay, we de-
fined whether elF3e depletion in U251 and LN18 GBM
cell lines downregulated HIF proteins by transcriptional or
post-transcriptional mechanisms. As shown in Figure 1A,
knockdown of elF3e in GBM cells decreased HIF protein
levels and this effect was maintained in conditions that in-
duce HIF protein accumulation as a result of protein sta-
bilization by the proteasome inhibitor MG132. Consistent
with this result, treating GBM cell lines with CoCl,, a hy-
poxia mimetic agent that stabilizes HIF proteins, only par-
tially reverses HIF protein loss (Figure 1A) or apoptosis
(Figure 1B) induced by elF3e silencing. The percentage of
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apoptotic cells (increasing from 7.2% to 25.5% in U251 and
from 5.8% to 14% in LN18) following elF3e depletion is
indicative of biological significance. These results demon-
strated that the effect of eIF3e modulation on HIF protein
levels was related neither to GBM cell type nor solely to a
change in protein stability. In addition, elF3e silencing in
U251 cells did not alter HIF mRNA levels (Figure 1C).

To explore whether the amount of H/F mRNA engaged
in translation was affected by the elF3e knockdown, we
transfected U251 cells with elF3e-specific (si3e) or control
siRNAs (siScr) and then fractionated cytoplasmic extracts
of these cells by sucrose density gradient centrifugation.
RNA was isolated from translationally inactive (NP) or ac-
tive (including LP and HP) fractions, and the distribution
of HIF mRNA (or the control B2M mRNA) along these
fractions was determined by RT-qPCR. We observed that
elF3e loss induced a change in the distribution of the HIF-
Ia mRNA (Figure 1D), but not the control B2M mRNA
or the HIF-2a mRNA (data not shown), along the sucrose
gradient. Indeed, HIF-1o mRNAs shifted from the highest
to the lowest polysome fractions, suggesting that elF3e in-
hibits HIF-1a« mRNA translation.

elF3e affects the translation of mRNAs relevant to GBM pro-
gression and response to treatments

Next, based on elF3 functions in the regulation of both
global and mRNA-specific translation (11), we further in-
vestigated the potential involvement of el F3e in protein syn-
thesis. We previously reported that elF3e knockdown had
no significant impact on bulk protein synthesis in GBM
cells (15). Therefore, we pushed further our analysis to iden-
tify mRNAs whose translation is mediated by elF3e by per-
forming genome-wide analysis of mRNA polysomal pro-
files in U251 GBM cells. Interestingly, sucrose density gra-
dient separation revealed no major differences in polysome
distribution in U251 cells where elF3e is silenced (Fig-
ure 2A and Supplementary Figure S1A). These data show
that elF3e modulation does not significantly affect global
mRNA translation, which corroborates our previous 3S-
methionine metabolic labeling of protein synthesis (15).
However, combining polysome profiling and microarray hy-
bridization, we identified 278 differentially expressed mR-
NAs between control cells and cells transfected with si3e
in total cytosolic fraction, and 650 differentially translated
mRNAs associated with polysomes (Supplementary Table
S1). Interestingly, the abundance and/or polysome associa-
tion of 405 mRNAs were increased upon elF3e knockdown,
whereas those of 245 mRNAs were decreased (thereafter
called trans-UP and trans-DN, respectively; Figure 2B).
Within the mRNAs affected by elF3e deletion in GBM
cells, we focused our attention on the altered expression of
those that are relevant to cancer progression and response
to treatments. Translation of two major mRNAs of the
p53 pathway, GADD45«a and FAS, was increased, respec-
tively, by 6- and 3.5-fold, and translation of the survival
and DNA replication/repair response mRNAs FGFI1,
UBE2VI1, JAK3 and CDC45 was decreased, respectively,
by 5-, 4-, 2- and 2-fold, in elF3e-depleted U251 cells (Sup-
plementary Table S1). In order to confirm our analysis,
we validated some of these targets, including HIF-Ia, by

RT-gqPCR on polysomal fractions and total mRNAs from
U251 cells (Figure 2C and Supplementary Figure S1B). The
expression of the elF3e-regulated targets identified above
followed the same pattern as observed in the microarray
data analysis. More specifically, we observed an increased
translation of GADD45« and FAS and a decreased trans-
lation of UBE2V1 and CDC45 mRNAs (Figure 2C). Con-
sistent with Figure 1D, HIF-1¢ mRNA translation was sig-
nificantly decreased by 2-fold in elF3e-depleted U251 cells
(Supplementary Figure S1B). Additionally, we were able to
confirm these changes of mRNA levels in polysomes at the
protein level by western blot analysis in several GBM cell
lines (Figure 2D and Supplementary Figure SIC and D).
Although the effects at the translation and protein levels for
all genes were qualitatively consistent, we noted a quantita-
tive difference, in particular for GADD45« and FAS (Fig-
ure 2D and Supplementary Figure S1C). While this could
be explained by previous observations suggesting a rapid
turnover of these two proteins (21,22), it remains to be de-
termined in future studies whether this discrepancy is re-
lated to elF3e.

To directly investigate whether the 5UTR drives elF3e-
specific translational regulation, we focused on validating
elF3e targets that were highly regulated, either positively
or negatively. To this end, we transfected RNA reporters
containing the luciferase open reading frame fused to the
SUTRSs of GADD45a, FAS or CDC45 mRNAs into U251
cells (Figure 2E). In agreement with both polysomal pro-
filing and western blot analysis, we found that the activ-
ity of S UTR-luciferase fusions was either upregulated (for
GADD45a or FAS reporters) or downregulated (for CDC45
reporters) upon knockdown of elF3e relative to control
cells (Figure 2E). Differences in the magnitude of the effects
(Figure 2C-E and Supplementary Figure S1C and D) indi-
cate the possibility of complex translational and possibly
post-translational regulation, which is quite consistent with
the multivalent function of eIF3e in translation, and more
generally in gene expression. Overall, these results suggest
that elF3e affects the selective translation of mRNAs with
opposite effects on protein synthesis and regardless of the
GBM cell line. Of note, mRNAs were not the only type
of transcripts whose association with polysomes was mod-
ulated by elF3e depletion. Indeed, among the RNAs tar-
geted for translation by elF3e, we found several other RNA
types, including long non-coding RNAs (IncRNAs; Supple-
mentary Figure S2A). While the regulation of IncRNAs by
elF3e remains to date unappreciated, this is consistent with
the work of Lee et al. who showed a direct interaction be-
tween elF3 and several ncRNAs (12). To validate this result,
we focused on GASS since this IncRNA is translationally
regulated by elF3e (Supplementary Table S1) and directly
targeted by elF3 subunits in living cells (12). Importantly,
GASS plays a role in glioma cell growth, invasion and apop-
tosis (23). Consistent with polysome profiling data (Supple-
mentary Table S1), we found that elF3e silencing increased
the association of GASS with polysomal fractions (Supple-
mentary Figure S2A).

Next, we sought to go further in the investigation of the
translatome of elF3e. Recent transcriptome-wide analysis
of in cellulo eTF3-RNA interactions revealed that elF3 sub-
units preferentially interacted with specific subsets of mR-
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NAs, predominantly in YUTRs (12). Further structure—
function investigation of elF3 target mRNAs uncovered
the existence of specific stem—loop structures with oppo-
site effects on translation (12). These results are consis-
tent with our elF3e translation data (Figure 2) and led
us to explore and compare SUTR features of both elF3e
translationally repressed and activated mRNAs. We found
that trans-UP mRNAs had longer S UTRs with greater
predicted secondary structure stability [i.e. lower minimum
free folding energy (A G)] compared to the trans-DN mR-
NAs. However, there was no significant relationship with
the G/C content (Supplementary Figure S2B). In the trans-
UP group of mRNAs, but not in the zrans-DN mRNAs, the
DREME software showed the enrichment of partially self-
complementary GC-rich sequences, possibly forming sec-
ondary structures (Supplementary Figure S2C). The lack of
motif enrichment in the trans-DN mRNAs suggested that
this effect is not related to a particular sequence or struc-
ture.

Cooperation of elF3e, elF3d and DDX3X drives selective
translational regulation

Previous works demonstrated that elF3e forms a binary
complex with the d subunit, elF3d, of the elF3 multi-
meric assembly. Moreover, this interaction occurs inde-
pendently of the whole elF3 complex and requires the
C-terminal region of elF3e for assembly into elF3 (24).
Based on these observations, it has been proposed that
elF3e forms a module with elF3d (25). Since elF3e could
lead to co-depletion of elF3d (24,26,27), we tested whether
this occurs in GBM cells. We found that elF3e silenc-
ing reduced elF3d expression while leaving the other sub-
units unaffected (Figure 3A). This suggests that, as pro-
posed by Shah et al. (27), elF3e could function in syn-
ergy with elF3d to orchestrate an mRNA-specific transla-
tional program in GBM cells. Since, unlike elF3d, elF3e
does not have RNA interaction domains, its binding to the
RNA could be mediated by elF3d. Therefore, to get in-
sights into the molecular mechanism underlying the func-
tion of elF3e in mRNA-specific translation, we studied
the network of RNA-binding proteins (RBPs) associated
with the SUTRs bound by elF3d (derived by available
CLIP datasets) (12) using the AURA database (28). The co-
regulation analysis revealed that the most enriched factor
bound to elF3d-associated S UTRs (Supplementary Figure
S4A)is DDX3X, an RNA helicase that plays opposite roles
in mRNA translation (29-31). elF3d and DDX3X (32)
shared 1953 sites (62.7% of elF3d hits, 16.6% of DDX3X
hits) that map mainly to 5UTRs (Figure 3B). Collectively,
elF3d and DDX3X share many target mRNAs, suggesting
a possible co-regulation of common target mRNAs by these
two RBPs.

The possibility that elF3e, eIF3d and DDX3X may work
in concert on the same targets to regulate their transla-
tion was first tested by immunoprecipitating DDX3X us-
ing GBM cytoplasmic extracts. In agreement with (33), we
found that DDX3X co-immunoprecipitated both elF3 sub-
units (but not GAPDH that also displays RNA-binding ac-
tivity) in an RNA/DNA-independent manner (Figure 3C
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and Supplementary Figure S3). Then, we analyzed whether
DDX3X interacted with mRNAs translationally regulated
by elF3e. The intersection of datasets from elF3e polysome
profiling (Supplementary Table S1) and DDX3X CLIP data
(32) revealed a significant enrichment of DDX3X with the
mRNAs whose translation is increased after el F3e silencing
(Supplementary Figure S4A). Then, we performed RNA
chromatography to verify the binding status of eIF3e, el F3d
and DDX3X on two previously validated elF3e mRNA
translational targets, CDC45 and GADD45«, which we
showed to be down- and upregulated by elF3e, respectively
(Figure 2C-E). Consistent with the enrichment of DDX3X
binding sites on the trans-UP mRNAs (Figure 3B and Sup-
plementary Figure S4A), we found that DDX3X preferen-
tially bound the GAD D45« SUTR compared to the CDC45
5'UTR (Figure 3D). This differential binding was most ev-
ident when comparing uncapped RNAs, and a similar pat-
tern was shared by elF3e/elF3d, suggesting that the bind-
ing of the three factors to the GADD45« 5'UTR is cap
independent and relies on a specific sequence/structure.
Another important difference between the two RINAs was
the differential binding of eIF3e/elF3d to capped and un-
capped CDC45 or GADD45a¢ RNAs. Indeed, while the re-
cruitment of elF3e/elF3d on the CDC45 SUTR occurred
mainly following the addition of the cap, their binding to
the GADD45« was mainly cap independent with only a
limited change after cap addition (Figure 3D). Consistent
with these in vitro results, immunoprecipitation of DDX3X
bound to mRNAs from U251 GBM cells resulted in pref-
erential binding of DDX3X to the GADD450¢ mRNA com-
pared to the CDC45 mRNA (Supplementary Figure S4B).
In addition, similarly to Figure 3D, loss of elF3e decreased
the recruitment of DDX3X on GADD45x¢ mRNA but not
on CDC45 mRNA (Supplementary Figure S4B), indicating
an RNA-specific RBP-helicase cooperative recruitment. To
further support this model, we performed polysome anal-
ysis of DDX3X-depleted U251 cells (Supplementary Fig-
ure S4C). We observed that DDX3X silencing did not sig-
nificantly modify global polysomal profiles (Supplementary
Figure S4C), yet the translation of the GADD45¢ mRNA
was significantly increased compared to that of CDC45 or
the B2M control mRNA (Figure 3E). This conclusion was
further supported by the analysis of the effect of DDX3X
silencing on protein accumulation (Figure 3F and Supple-
mentary Figure S4D) and expression from RNA reporters
(Figure 3G). Overall, these results show that the activating
and repressive effects of elF3e on mRNA translation might
be explained in part by a distinct binding pattern of elF3e,
elF3d and DDX3X on the target mRNAs, suggesting the
existence of an RBP-helicase cooperative interaction mech-
anism (34).

In addition to these differential protein/RNA interac-
tions, and in agreement with previous results (35), e[F3e de-
pletion induced a decrease in the phosphorylation of eIF4E
(Supplementary Figure S4E). MNK-mediated phosphory-
lation of eIF4E affects eIF4F activity and is associated with
cancer progression, likely by modulating the translation
of specific mRNAs (36,37), suggesting that this modifica-
tion might contribute to the mechanisms underlying elF 3e-
driven selective mRNA translation.
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elF3e modulation impact on GBM cell radiosensitization

To explore the biological consequences associated with
elF3e modulation, positively and negatively elF3e-
regulated mRNAs were subjected to gene ontology
(GO) enrichment analysis. The 405 genes that are pref-
erentially translated after elF3e silencing were largely
enriched for genes involved in the cellular response to
stress, including response to external stimulus, drugs or IR
(Figure 4A). Strikingly, proteins encoded by the trans-DN
mRNAs may also influence these pathways. Indeed, among
these genes we found ALDHI A (Supplementary Table S1),
a GSC marker that is associated with tumor growth and
resistance to chemoradiotherapy (38). Radiation is a funda-
mental component of GBM therapeutic treatments, though
radiation-surviving cells can evolve toward more aggressive
and invasive phenotypes, constituting one major resistance
mechanism (39,40). Tumors respond to radiation-induced
DNA lesions by triggering a sophisticated network of DNA
damage signaling and repair pathways that determine cel-
lular fate, including survival, death and genomic stability.
Based on our previous findings (15), we wondered whether
elF3e silencing could enhance the cytotoxic effects of
radiation. To assess the radiosensitizer potential of elF3e
inhibition, we depleted elF3e in U251 and LN18 GBM
cells (that are radiosensitive and radioresistant, respec-
tively) and performed a plating efficiency clonogenic assay.
Interestingly, we observed that elF3e silencing significantly
decreased the survival fraction after irradiation of U251
cells with a mean DEF >1 (Figure 4B). A similar trend was
observed for LNI18 cells (Figure 4B). This suggests that
elF3e inhibition leads to a radiosensitization phenomenon
in both U251 and LN18 cells. Overall, these results suggest
that eIF3e knockdown could impact GBM cell response to
treatments.

Deregulated expression of elF3e in specific GBM regions
could impinge on selective protein synthesis impacting GBM
outcome

The murine /nt6 gene, encoding elF3e, was originally iden-
tified as a site of mouse mammary tumor virus (MMTYV)
integration in MMTV-induced tumors and a neoplastic
lesion (41). Since then, the role of elF3e in tumorigene-
sis has been controversial and various reports have impli-
cated differing roles for this protein, both as an oncogene
and as a tumor suppressor depending on cancer type, tu-
mor stage or the baseline level of eIF3e expression (42,43).
To examine the expression pattern of elF3e in GBM pa-
tients, we analyzed e/F3e¢ mRNA expression on a large co-
hort of GBM cancer patients (Cancer Genome Atlas Net-
work) made available by the TCGA (https://www.cancer.
gov/tcga). Strikingly, e/F3e mRNA expression was signif-
icantly increased in the primary GBM tumors compared
to normal tissue (Figure 5A). This result was reinforced by
data extracted from the Oncomine database (http://www.
oncomine.org), where several sets that compare expression
in GBM with normal brain show a highly significant in-
crease in e/F3e mRNA levels (Supplementary Figure S5A).
A Pearson’s correlation analysis was performed using the
TCGA database, and the results indicated that eIF3e ex-
pression was highly correlated with genes with functions
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in protein synthesis and translational regulation (Supple-
mentary Table S2). As shown in Figure 5B, stratification
of samples along low and high expression (median thresh-
old) of the top-ranked elF3e-correlated genes showed sig-
nificant differences in overall survival, with high expres-
sion associated with poor prognosis. The risk score based
on elF3e and top-ranked correlated genes (linear predic-
tor) was significantly associated with overall survival (HR =
2.72[1.78;4.14], P < 0.0001) and remains a good prognostic
factor when adjusting on clinical parameters (P = 0.0249;
Supplementary Figure S5B). Thus, multivariate analysis
supports the clinical relevance of the elF3e signature. Ad-
ditionally, eIF3e overexpression in human GBM samples
was confirmed at the protein level by western blot analy-
sis of graded human glioma specimens (Figure 5C). The
expression of elF3e correlated with morphologically de-
termined tumor grades, with low levels in low-grade tu-
mors and high levels in high-grade tumors. To investigate
whether these results were clinically relevant, we collected
eight matched GBM tissues from the initial surgery for un-
treated tumors and from the second surgery after treat-
ment failure with radiation and chemotherapy (temozolo-
mide) for elF3e immunohistochemistry (IHC) analysis. We
observed an overall trend of increased elF3e expression in
recurrent tumors compared with primary untreated tumor
sections (Figure 5D). Similarly, the proportions of elF3e-
positive tumor cells were generally increased in recurrent
tumors compared with matched primary tumors (Figure
5D). Collectively, these results show that elF3e is upregu-
lated in post-treatment GBM tissues, indicating that e[F3e
may play an important role in the development of chemo-
and radioresistance.

GBMs are highly heterogeneous malignancies at his-
tological, genetic and gene expression levels (5,44). With
the aim to characterize e/F3e mRNA distribution in
different GBM histological regions, we explored the
Ivy GBM database (http://glioblastoma.alleninstitute.org/)
that provides RNA sequencing data from seven laser-
microdissected GBM regions: leading edge, infiltrating tu-
mor, cellular tumor, perinecrotic zone, pseudopalisading
cells around necrosis, hyperplastic blood vessels and mi-
crovascular proliferation. Data analysis indicated that the
expression of elF3e was highly enriched at the microvas-
cular proliferation and pseudopalisading areas of tumors
compared with other regions within the tumor (Figure
6A). To validate these results, we performed IHC and ob-
served that elF3e staining colocalized with both GBM re-
gions. However, elF3e subunits showed differential expres-
sion over distinct regions of GBM (Supplementary Figure
S6A). For instance, the e/F3¢ mRNA did not show sig-
nificant enrichment in a specific area of the tumor, while
elF3a expression was significantly increased in hyperplastic
blood vessels and microvascular proliferation area but not
in pseudopalisading region (Supplementary Figure S6B). It
is important to note that the expression of elF3e in both re-
gions is correlated with gene groups having different func-
tions (Supplementary Figure S7 and Supplementary Ta-
ble S2). Specifically, in pseudopalisading we found several
terms associated with translational regulation. Among the
best-correlated genes, we noticed several mRNAs contain-
ing an oligopyrimidine tract at their 5’ termini (5" TOP).


https://www.cancer.gov/tcga
http://www.oncomine.org
http://glioblastoma.alleninstitute.org/

12 NAR Cancer, 2020, Vol. 2, No. 3

cellular response to stress

(i)

positive regulation of biological process

@ siScr U251 @ siScr
[ | si3e [ | Si3e
Dose (Gy)
0 1 2 3 4 5
1 : : : : :
c
S 0,1 £
k3] " ® ~
E — ~- O
2 001 =1
22 £e
£e =
= >
2 0,001 A 5
@ * 2
0,0001 -

Dose g 1 (siScr) = 3,92
Dose g ¢ (si3e) = 1,58
DEF = 2,47

animal organ morphogenesis

mitotic cell cycle

cellular
component
organization
or biogenesis

glycosaminoglycan

biosynthesis
cellular

metabolism

modified amino
acid transport

(i)

LN18
Dose (Gy)
0 1 2 3 4 5
0,1 -
0,01 4
0,001
0,0001 .

Dose g 4 (siScr) = 7,87
Dose g 4 (si3e) = 2,24
DEF =35

Figure 4. cIF3e silencing increases GBM cell radiosensitization. (A) GO enrichment analysis of the mRNAs that are upregulated after eIF3e silencing and
plotted with REVIGO. Size of the rectangles reflects the P-value (logjo). (B, C) Plating efficiency assays measuring the surviving fraction in LN18 (B) or
U251 (C) cells treated with control (siScr) or elF3e (si3e) siRNAs and submitted to a radiation dose scale. Data are presented as mean values = SEM of
three independent experiments; “~* P < 0.005, *** P < 0.0005 (paired #-test). DEF for U251 and LN18 cells is measured as follows: for the same biological
effect (here surviving fraction of log 0.1), the dose on the curve radiation alone (here siScr) is divided by the dose on the curve radiation + treatment (here

si3e)). A DEF >1 means that the treatment is functioning as a radiosensitizer.
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These mRNAs encode components of the translational ma-
chinery whose expression at the transcriptional and trans-
lational levels is sensitive to mTOR regulation. This obser-
vation, together with previous findings showing that phos-
phorylated mTOR displayed a predilection for pseudopal-
isading perinecrotic cells in GBM (45), suggests that elF3e
is part of a specific gene expression program requiring co-
ordinated activation of the translational machinery, possi-
bly under control of mTOR. By contrast, the expression of
elF3e in the microvascular area was correlated with genes

involved in chromosome duplication (Supplementary Fig-
ure S7), in accordance with the notion that endothelial cells
of tumor blood vessels have high frequencies of excess cen-
trosomes (46).

Pseudopalisading necrosis and microvascular prolifera-
tion are unique histological features that differentiate GBM
from lower grade gliomas and make GBM one of the
most hypoxic and angiogenic of all tumors (47). Pseudopal-
isading cells express high nuclear levels of HIF-1a that in
turn activates an adaptive transcriptional response to hy-



poxia, which includes activation of glycolytic metabolism,
secretion of proangiogenic factors and increased cell mi-
gration. Importantly, the pseudopalisading areas with a
necrotic core create the hypoxic niche for GSCs. Indeed, hy-
poxia promotes stemness through the activation of genes
implicated in self-renewal and dedifferentiation (including
HIF-1a), and protects tumor cells and GSCs from chemo-
and radiotherapy (48). Since we observed that elF3e reg-
ulates the expression of HIFs (Figure 1) and GSC mark-
ers (ALDHI1AL; Supplementary Table S1), we hypothesized
that a deregulation of its expression in GSCs could con-
tribute to cell stemness by selectively modifying transla-
tion of key GSC regulators. To investigate the expression
of elF3e in GSCs, we analyzed the microarray data from
Mao’s dataset (GSE67089) including 11 GSC and 5 nor-
mal astrocyte samples (38). We found that eIF3e was one
of the most upregulated translation factor-encoding gene
in GSCs compared with normal human astrocytes (Figure
6B). Then, we analyzed whether elF3e expression changed
between the Mes and the PN subtypes. These are character-
ized by striking genetic and phenotypic differences, includ-
ing aberrantly high expression of ALDH1A, marked resis-
tance to radiation and more aggressive phenotype in Mes
GSCs (38). Interestingly, elF3e expression was specifically
higher in the Mes subtype than PN one (Figure 6B), indi-
cating that elF3e might be involved in GBM heterogeneity
through directing specific gene expression programs associ-
ated with therapeutic resistance in GSCs.

DISCUSSION

The elF complex is a paradigm of the complexity of the
translational apparatus, linked to the deregulation of the
expression of its components, their modulability and het-
erogeneity in cancer cells (7-10), whose understanding is
key for elaborating novel and effective targeting strategies.
More recently, this notion of complexity has been broad-
ened by the, as yet poorly understood, ability of some fac-
tors, including elF3 (12,13), to influence both the basic
functional mechanisms and those guiding their activity to
shape mRNA translation programs allowing cells to re-
spond and adapt to environmental conditions. By focusing
on the e subunit of the elF3 complex, this work revealed
additional facets of this complexity associated with both in-
tratumoral heterogeneity of elF3 expression and the com-
binatorial activation and repression of elF3e translational
programs linked to GBM resistance to radiation therapy.
Underlying the reduced sensitivity to radiation is the abil-
ity of cells to repair damaged DNA, limit apoptosis, evolve
to a stem-like phenotype and cope with hypoxic stress and
metabolic reprogramming, among others. Our results sup-
port the notion that eIF3e is a hub that coordinates these
different pathways through combinatorial activation and
repression of synthesis of key protein factors at the cross-
road of different resistance mechanisms. Among the genes
positively regulated by elF3e, HIF-1a stands out because
its enhanced expression after irradiation enables adapta-
tion to hypoxic stress through gene expression reprogram-
ming impacting angiogenesis, apoptosis, migration and, as
reported more recently, metabolism and is a potential tar-
get for the development of future GBM therapeutics (49). A
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possible link between elF3e and reprogramming of GBM
metabolism is also suggested by our polysome profiling
analysis showing selective translation of genes involved in
glycolysis/gluconeogenesis, including the stem cell marker
ALDHI (Supplementary Table S1). Considering that (i)
elF3e, HIF-1a and ALDHI1 are strongly expressed in high-
grade glioma (Figure 5) (50), particularly in hypoxic pseu-
dopalisading regions including niches for GSC and con-
ferring survival advantage in the tumor microenvironment
(Figure 6) (51), (ii) the expression of elF3e is correlated in
these areas with a translational signature of poor prognos-
tic possibly related to the mTOR control (Figure 5), (iii)
elF3e increases the translation (but not the accumulation)
of HIF-la (Figure 1) and ALDHI mRNAs (Supplemen-
tary Table S1) and finally (iv) a link between elF3e and glu-
cose metabolism has recently been established (27,52,53),
we propose that elF3e could activate selective translational
programs related to energy metabolism contributing to the
mechanisms underlying resistance to treatments in specific
GBM regions.

Our polysome profiling results, which were validated
at the mRNA and protein levels as well as using RNA
reporters (Figure 2), suggest that elF3 could concomi-
tantly modulate these mechanisms by repressing the trans-
lation of mRNAs involved in the stress response, including
GADD45«. The activation of this gene with multiple func-
tions in DNA repair, cell cycle, senescence and induction
of apoptosis is essential for mediating anticancer activity of
multiple genotoxic treatments and its absence might abro-
gate their effects in cancer cells (54). In GBMs and GSCs,
radiation modifies gene expression primarily at the level of
translation and GADD45« has been found targeted for in-
creased protein synthesis (55-57). Our study suggests that
translational repression modulated by elF3e high expres-
sion in GBM adds to the post-transcriptional regulatory
mechanisms targeting GADD45« for both selective repres-
sion in unstressed cells and activation upon DNA damage
(58,59).

In addition to the alteration of expression and op-
posite translational effects, this work highlights that the
complexity of elF3e-mediated translational regulation in-
volves multiple overlapping mechanisms. First, the abun-
dance of elF3e impacts the accumulation and/or activ-
ity of other translation factors, including other eIF3 sub-
units, notably elF3d [in agreement with (24,27) and Fig-
ure 3] with which elF3e interacts, and eIF4E at both the
phosphorylation [in agreement with (35)] and mRNA trans-
lation levels (Figure 3 and Supplementary Table S1). Sec-
ond, the elF3e-dependent regulatory mechanisms rely on
sequence/structure features and protein partners (Figure 3)
whose combination may determine the translational out-
come. Among the trans-regulators, we identified DDX3X
enriched on mRNAs repressed by elF3e (Figure 3), includ-
ing GADD45«¢ mRNAs (Figure 3). These results are consis-
tent with the observation that these transcripts have longer
and more stable 5UTRs. While the role of DDX3X bound
to these RNAs requires further investigation, the pattern of
protein interaction to the CDC45 and GADD45a¢ mRNAs
(which are activated and repressed by elF3e, respectively)
displayed a different requirement of e[F3e/elF3d/DDX3X
for the presence of the 5 cap (Figure 3). The ability
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of elF3e/elF3d to similarly bind uncapped and capped
GADD450 mRNAs strongly supports the possibility that
elF3e/elF3d selectively inhibit translation through binding
cis-regulatory elements/structures within the SUTR (12).
Cap addition resulted in a decreased binding of DDX3X
to GADD45a 5UTR, but not to CDC45 SUTR, which
could be explained by its displacement from direct binding
to RNA and indirect recruitment by elF4E, thus partici-
pating in the translational repression of GAD D45« through
the formation of a DDX3X—eIF4E inhibitory complex (30).
Based on the observation that DDX3X is abnormally in-
creased in high-grade gliomas (60), that this increase in
expression induces nucleation of stress granules (SGs) de-
pending on the DDX3X—elF4E interaction (61,62) and that
SGs associated with translational inhibition also contain
elF3 subunits (63), it is possible that the translational regu-
lation of el F3e targets involves these cellular compartments
(63). However, it seems unlikely that e[F3e/DDX3X regu-
lation would involve upstream open reading frames, as pro-
posed for some (but not all) el F3 subunits (31), since we did
not find ATF4 mRNA as a translational target for elF3e.
Taken together, these data indicate that eIF3e acts as an
important component of the initiation translation machin-
ery in GBM cells. Although the molecular mechanisms un-
derlying the anti-GBM activity of elF3e silencing are not
clear yet, we could think that by directly regulating the
translation of specific subsets of mRNAs involved in tu-
morigenic pathways, eIF3e seems to support GBM malig-
nant phenotype and progression. In addition to its poten-
tial prognostic value, el F3e inhibition, through the modula-
tion of the HIFs, could also represent an effective adjuvant
therapy to the standard radio/chemotherapies. In conclu-
sion, our work shows that e[F3e could become a promising
target for GBM patients and it might be of special interest
to develop specific new therapeutic agents to reverse elF3e-
regulated changes in the protein synthesis profile.
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