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Background. A cDNA library made from 2 glioma cell lines, U87MG and T98G, was screened by serological identification of antigens by
recombinant cDNA expression (SEREX) using serum from a glioblastoma patient. Elongation factor Tu GTP binding domain containing
protein 1 (EFTUD1), which is required for ribosome biogenesis, was identified. A cancer microarray database showed overexpression of
EFTUD1 in gliomas, suggesting that EFTUD1 is a candidate molecular target for gliomas.

Methods. EFTUD1 expression in glioma cell lines and glioma tissue was assessed by Western blot, quantitative PCR, and immunohis-
tochemistry. The effect on ribosome biogenesis, cell growth, cell cycle, and induction of apoptosis and autophagy in glioma cells during
the downregulation of EFTUD1 was investigated. To reveal the role of autophagy, the autophagy-blocker, chloroquine (CQ), was used in
glioma cells downregulating EFTUD1. The effect of combining CQ with EFTUD1 inhibition in glioma cells was analyzed.

Results. EFTUD1 expression in glioma cell lines and tissue was higher than in normal brain tissue. Downregulating EFTUD1 induced G1
cell-cycle arrest and apoptosis, leading to reduced glioma cell proliferation. The mechanism underlying this antitumor effect was
impaired ribosome biogenesis via EFTUD1 inhibition. Additionally, protective autophagy was induced by glioma cells as an adaptive
response to EFTUD1 inhibition. The antitumor effect induced by the combined treatment was significantly higher than that of either
EFTUD1 inhibition or CQ alone.

Conclusion. These results suggest that EFTUD1 represents a novel therapeutic target and that the combination of EFTUD1 inhibition

with autophagy blockade may be effective in the treatment of gliomas.
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Glioblastoma (GBM) is the most common and malignant type of
primary brain tumor. Despite aggressive multimodal treatment
with maximal surgical resection followed by temozolomide and
radiation, the prognosis for patients with GBM remains poor,
with a median survival of 14.6 months and a 3-year survival
rate of only 10%." The development of new therapies for gliomas
is therefore necessary.

We previously isolated several candidate glioma antigens
using serological identification of antigens by recombinant
cDNA expression (SEREX).”* Elongation factor Tu GTP-binding
domain containing protein 1 (EFTUD1) was identified as one of
the isolated antigens. Serological reactivity against recombinant
EFTUD1 protein was not observed in 13 healthy individuals.
Thus, EFTUD1 was recognized only by the serum from a GBM pa-
tient and not by normal donor serum. Following the primary
screening by SEREX, in silico analysis of the Oncomine’ cancer

microarray database showed overexpression of EFTUD1 in glioma
samples compared with matched normal samples (see Supple-
mental Fig. S1). Here, we focused on EFTUD1 as a candidate
molecular target for gliomas.

EFTUD1 belongs to the GTP-binding elongation factor family
and plays an important role in ribosome biogenesis and its
translational activation (see Supplemental Fig. S2).“"7 In the
nucleus/nucleolus, eukaryotic translation initiation factor 6
(eIF6) binds to 60S-ribosome subunits and exports them to
the cytoplasm, where they undergo final maturation.*’ ! In
the cytoplasm, EFTUD1 triggers the GTP-dependent release of
elF6 from 60S-ribosome subunits together with Shwachman-
Bodian-Diamond syndrome protein (SBDS).*”"'%13 The release
of elF6 allows 60S-ribosome subunits to join 40S-ribosome
subunits, resulting in the formation of actively translating 80S
complexes.
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Ribosome biogenesis represents a key metabolic requirement
in proliferating cells, and its tight regulation is essential for normal
cell growth and proliferation.**~?! Consequently, deregulation of
this process is thought to contribute to tumor biology.'®2* =23 In-
deed, overexpression of ribosomal proteins and mutations in
genes encoding for proteins that regulate ribosome biogenesis
are associated with several cancers.?®2%%* However, the role of
EFTUD1 in cancers, including glioma, remains unknown.

Here, we analyzed the expression and function of EFTUD1 in
glioma to examine the efficacy as a candidate molecular target.

Materials and Methods

Tissue Samples and Cell Lines

All tumor tissue specimens were obtained from glioma patients
who underwent surgery at the Department of Neurosurgery,
Keio University School of Medicine. Written informed consent
for the study was obtained from all participants, and the study
was approved by the local ethical review board of Keio University
(No. 12-21-2). Tumors obtained from surgical cases were classi-
fled according to the World Health Organization (WHO) criteria.
Human adult brain-tissue samples were obtained from Biochain.
Human glioblastoma cell lines (U87MG, U251MG, KNS81, T98G,
SF126, and KALS-1) were maintained in Dulbecco’s modified Ea-
gle’s medium (GIBCO) supplemented with 10% fetal bovine
serum and antibiotics (50 IU/mL benzyl penicillin G potassium
and 100 pg/mL streptomycin sulfate (Meiji) in a humidified incu-
bator at 37°C and 5% CO,. U251MG cells were purchased from
the RIKEN Cell Bank. KNS81, SF126, and KALS-1 cells were pur-
chased from the Japanese Collection of Research Bioresources
Cell Bank. Short tandem repeat DNA profiling of T98G and
U87MG cells, a kind gift from collaborators (Keio University),
was performed using the Cell ID System (Promega).

Immunoscreening of the cDNA Library With SEREX
and Identification of Glioma Antigen

Total RNA was extracted from cultured glioma cell lines (U87MG
and T98G) by the guanidinium thiocyanate method, and poly(A)*™
RNA was purified. cDNA was ligated into a lambda ZAP expression
vector (Stratagene), and a lambda-phage cDNA library was ob-
tained through in vitro packaging. Immunoscreening for the
detection of reactive clones was performed with serum from a
glioma patient. E. coli transfected with recombinant lambda-ZAP
phages were plated at a density of 10* plaque-forming units per
150-mm plate. After nitrocellulose membrane presoaked with
10 mM isopropyl B-D-thiogalactoside was placed onto plates,
the membrane was incubated with the absorbed serum at a
1:100 dilution. The membrane was further incubated with alka-
line phosphatase-conjugated goat antihuman IgG secondary
antibodies, and reactive phage plaques were visualized with
5-bromo-4-chloro-3-indolyl-phosphate and nitroblue tetrazoli-
um. Positive clones were subcloned twice and screened for puri-
fication. After amplification of cDNA inserts, sequencing of the
cDNA fragments was performed using the BigDye Terminator
v1.1 Cycle Sequencing Kit (Applied Biosystems) and an automat-
ed DNA sequencer (ABI-PRISM 310 Genetic Analyzer; Perki-
nElmer). Comparison of DNA homology was performed with
BLAST software on the GenBank database.

Plasmid Construction and Transfection

EFTUD1 full-length cDNA was subcloned into a pcDNA3myc
vector to generate the pcDNA3myc/EFTUD1 construct. Monkey
kidney fibroblast cell line COS-7 cells were transfected with a
pcDNA3myc/EFTUD1 plasmid using Lipofectamine 2000 (Invitro-
gen) according to the manufacturer’s protocol.

Preparation of Polyclonal Antibody Against EFTUD1

The full cDNA of EFTUD1 was subcloned into a pMAL plasmid vector
(New England Biolabs), and maltose-binding protein (MBP)-tagged
protein was expressed in E. coli. The recombinant EFTUD1 protein
was purified using an amylose resin column (New England
Biolabs). The polyclonal antibody against EFTUD1 was made by im-
munizing rabbits against the recombinant EFTUD1 protein.

Western Blot Analysis

Cell lysates were prepared using a radio immunoprecipitation assay
(RIPA) buffer (25 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 1% sodium
deoxycholate, and 0.1% sodium dodecy! sulfate; pH 7.6) containing
protease inhibitors (Cocktail Tablet; Roche Diagnostics). The protein
concentration of each sample was determined using a Bio-Rad pro-
tein assay kit (Bio-Rad). Identical amounts of proteins were electro-
phoresed in 10% or Any kD Mini-PROTEAN TGX Precast Gel (Bio-Rad)
and transferred to a nitrocellulose membrane. Blots were incubated
with either a rabbit EFTUD1 antibody (1:500), a mouse anti-B-actin
antibody (1:4,000; Sigma), a rabbit anti-p62 antibody (1:5,000;
Sigma), a horseradish peroxidase (HRP)-conjugated anti-p53
(DO-1) antibody (1:5,000; Santa Cruz Biotechnology), a rabbit
anti-p21(C-19) antibody (1:1,000; Santa Cruz Biotechnology), or a
rabbit anti-LC3 antibody (1:2,000; PM036; MBL). The blots were incu-
bated with HRP-conjugated secondary antibodies (1:20 000; anti-
rabbit; MBL International; anti-mouse; GE Health Care Biosciences),
and were then exposed to x-ray films.

Quantitative Polymerase Chain Reaction Analysis

cDNA was synthesized from 10 pg total RNA using reverse tran-
scriptase XL (AMV; Takara Bio). The primers were designed as fol-
lows: for EFTUD1, forward primer, 5'-CTAGTATTCAGCCATTGGG-3,
and reverse primer, 5-CTTGGTTCTCAGAGTCAG-3'; for glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH), forward primer,
5’-CCCACTCCTCCACCTT TGAC-3/, and reverse primer, 5-ATGA
GGTCCACCACCCTGTT-3'. Quantitative reverse-transcriptase PCR
analysis was performed using SYBR Green (PerkinElmer) and the
ABI prism 7700 Sequence Detection System (PerkinElmer).
The threshold-cycle value was defined as the value obtained in
the PCR cycle when the fluorescence signal increased above the
background threshold.

Immunohistochemical Staining

Paraffin-embedded tissue sections (5 wm) were deparaffinized in
xylene and rehydrated. The sections were treated with a heat-
based antigen retrieval method using a citrate solution (pH 7.0;
0.01 M). Nonspecific binding of antibodies was blocked by incuba-
tion in 2.5% normal horse serum (IMmmMPRESS reagent kit; Vector
Laboratories) for 60 minutes. The slides were then incubated with
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a rabbit anti-human EFTUD1 polyclonal antibody (1:100) diluted
with 0.02% bovine serum albumin in 0.01 M phosphate-buffered
saline overnight at 4°C in a humidified box. The slides were then
incubated with a secondary antibody conjugated with polymers
of horseradish peroxidase (ImmPRESS™ reagent kit; anti-rabbit;
Vector Laboratories) for 60 minutes at 37°C. The sections were
developed with 3,3’-diaminobenzidene and then lightly counter-
stained with Mayer’s hematoxylin.

siRNA/Lentivirus-mediated shRNA Gene Knockdown

Two short interference RNA (siRNA) oligonucleotide sequences for
EFTUD1 were used: siRNA1 (sense strand, 5-GCAGUCAUACA
CCAAAUGAAA-3’; antisense strand, 5" -UCAUUUGGUGUAUGAC
UGCAA-3’) and siRNA2 (sense strand, 5'- CUAUGAAAUCCAGU
GCCAUTT-3’; antisense strand, 5'- AUGGCACUGGAUUUCAUAG
TT-3'). Predesigned RNAI (sense strand, 5-GUACCGCACGUC AUU
CGUAUC-30; antisense strand, 5-UACGAAUGAC GUGCGGUAC
GU-3’) was used as a control siRNA. The final concentration of
20 nM siRNA was incubated with Lipofectamine RNAiMax (Invitro-
gen) according to the manufacturer’s instructions.

Recombinant lentiviruses were produced by cotransfecting
either control lentiviral vector (TRC2; Sigma) or validated
EFTUD1 targeting shRNA vector (ShEFTUD1-1; TRCNO00023650,
SshEFTUD1-2; TRCN0O000236501; Sigma) with 2 second-genera-
tion packaging plasmid psPAX2 (Addgene) and envelope plasmid
pMD2G (Addgene), into 293T cells. The gene knockdown efficiency
of the EFTUD1 targeting shRNA vector in U87MG cells was exam-
ined by quantitative RT-PCR.

Immunofluorescent Cell Staining

U87MG and U251MG cells were seeded on chamber slides (Nunc)
at a density of 5x 10°/well. After siRNA transfection, cells were
fixed, permeabilized, blocked, and incubated with either a rabbit
anti-EFTUD1 antibody (1:500) or a rabbit anti-eIF6 antibody
(1:100; Cell Signaling Technology). The cells were then incubated
with Alexa-Fluor anti-rabbit IgG. Finally, they were treated with
4’ 6-diamidino-2-phenylindole (DAPI) for 5 minutes for nuclear
staining. The slides were washed, mounted, and imaged using
fluorescence microscopy (Axioplan 2 imaging; Carl Zeiss).

Cell Viability Assay

Glioma cells were plated in 96-well plates at a seeding density of
3 x 10“ cells/well. In the combined therapy (siRNA and chloroquine
(CQ), €Q (50 uM; Sigma) was added 24 hours before analysis. Cell
viability assay was analyzed 2, 4, and 6 days after transfection
using the Cell Titer-Glo Luminescent Cell Viability assay kit (Prom-
ega) according to the manufacturer’s protocol with a luminometer
(Wallac ARVO 1420 multilabel counter; Wallac Oy). Results are pre-
sented as fold relative to the cell viability in control cells
(mock-treated or control siRNA-treated cells) at day O.

Flow Cytometry Assay

Cell-cycle analysis by DNA content was performed using flow cy-
tometry. siRNA-transfected cells with or without nocodazole
(final 0.1 wg/mL; Sigma) for 12 hours were stained with
propidium iodide for 30 minutes at 37°C according to the

manufacturer’s protocol and then subjected to flow cytometry
(Gallios; Beckman Coulter).

Clonogenicity Assay

U87MG cells were transfected with control siRNA and EFTUD1 siR-
NAs. Combined treatment (siRNA and CQ) included 3 hours of CQ
(50 wM) administration beginning 24 hours after transfection.
Subsequently, both CQ-treated and untreated cells (2 x 10%)
were mixed with 2 mL of culture medium containing 0.4% agar
and 10% fetal calf serum (FCS) and then plated on 2 ml of the
bottom layer containing 0.6% agar with 10% FCS in each well
of a 6-well plate. Each experiment was performed in triplicate.
After culturing for 4 weeks, colonies were counted after staining
with MTT 3-(4,5-dimethyl-2-thia- zolyl)-2,5-diphenyl-2H-tetrazolium
bromide.

Xenograft Tumor Models

For subcutaneous implantation, 12 six-week-old male BALB/c
nude mice (Sippr-bk) were randomly divided into a control
group (n=6) or EFTDU1 knockdown group (n = 6). Mice received
10° U87 MG cells infected with lentivirus expressing either control
shRNA or shRNA EFTDU1-1 (1 day after infection) injected into the
right flank. Tumor length and width were measured with calipers,
and measurements were performed at regular intervals. Animals
were euthanized when tumors grew to nearly 2 cm in length.
Tumor volume was calculated using the formula: volume =
(length x width?)/0.5. Gene silencing of EFTUD1 in tumor samples
obtained from euthanized animals was confirmed by quantitative
real-time PCR analysis.

Apoptosis Assay

Caspase-3/7 activity in siRNA-transfected cells was measured
using the Caspase-Glo 3/7 assay kit (Promega). U87MG and
U251MG glioma cells were plated in 96-well plates at a seeding
density of 5x 10> cells/well and transfected by siRNAs after the
24-hour incubation. CQ (50 wM) was added 24 hours before anal-
ysis in the combined-treatment (siRNA and CQ) condition.
Caspase-3/7 activity was measured 6 days after siRNA transfec-
tion. In parallel, signals of viable cells treated in a similar manner
were measured by the Cell Viability Assay. The value of
caspase-3/7 activity was normalized according to signals from vi-
able cells. Relative caspase-3/7 activity was presented as fold rel-
ative to this normalized value found in control siRNA-transfected
cells. Every experiment was performed in triplicate.

In Silico Analysis

Data mining and analysis of EFTUD1 mRNA expression were
performed using some datasets from the Oncomine database.
Details of the standardized normalization techniques and statis-
tical calculations can be found on the Oncomine website (https:/
www.oncomine.com).

Statistical Analysis

Differences between groups in xenografted tumor models were
analyzed using a Mann-Whitney U Test. Data are presented as
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the mean+ standard error of the mean (SEM). All other statistical
analyses were performed with 1-way ANOVA or Student’ t test.
Data are presented as the mean+standard deviation (SD).
Differences were considered statistically significant at P <.05.

Results

Identification of EFTUD1 as a Glioma Antigen
and It’s Expression Analysis in Gliomas

To identify human glioma antigens, a cDNA library made from 2
human glioma cell lines, U87MG and T98G, was screened by
SEREX with serum from a GBM patient (a 48-year-old male).
Four different positive clones were identified by SEREX screening
(not shown). Sequence analysis revealed that one of the isolated
clones was EFTUD1. EFTUD1 was recognized exclusively only by
the serum from the GBM patient but not by normal donor
serum. Following the primary screening by SEREX, the expression
analysis of EFTUD1 in gliomas was performed using in silico

microarray data. EFTUD1-expression profiles from normal brain
and malignant glioma (WHO grade III or IV) were analyzed in
Oncomine. Significantly high expression of EFTUD1 in gliomas
was confirmed in Oncomine analysis of 3 datasets (see Supple-
mental Fig. S1). These results indicated that EFTUD1 may be a
candidate molecular target for gliomas.

We analyzed the expression of EFTUD1 in glioma cell lines and
glioma tissue. Western blot analysis was performed against a
positive control (lysate from pcDNA3myc/EFTUD1-transfected
COS7), a negative control (lysate from COS7 cells), 6 glioma cell
lines (UB7MG, U251MG, T98G, KNS81, SF126, and KALS-1), 10 gli-
oma tissues, and 2 normal brain tissues (Fig. 1A). EFTUD1 protein
was highly expressed in all 6 glioma cell lines and 10 glioma tissue
samples but was rarely expressed in the 2 normal brain tissues.
Quantitative PCR analysis using a cDNA panel containing 5 glioma
cell lines (U87MG, U251MG, T98G, KNS81, and SF126) and 10 gli-
oma tissues also revealed that the expression of EFTUD1 was
higher in gliomas than in normal brain tissue (Fig. 1B). Although
we investigated the expression of EFTUD1 in a total of 31 glioma
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Fig. 1. High expression of EFTUD1 in glioma cell lines and tissue. (A) Western blot analysis of EFTUD1 expression in a positive control, a negative control,
2 normal brain tissues, 6 glioma cell lines (U87MG, U251MG, T98G, KNS81, SF126, and KALS-1), and 10 glioma tissues. Cell lysate of COS-7 cells
transfected with pcDNA3myc/EFTUD1 was prepared as a positive control, and COS-7 cells were prepared as a negative control. -actin loading
controls from the same blots are shown in the lower panels. (B) Quantitative PCR analysis of the EFTUD1 gene in glioma cell lines and tissue
compared with normal brain tissue. The same glioma cells and tissue samples as Western blot analysis were investigated. Relative EFTUD1
expression level was normalized to GAPDH level in each sample and calculated as the threshold cycle (CT) value in each sample divided by the CT
value in the normal brain. Mean+S.D. (bars) for at least 3 independent experiments are shown.
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samples (Fig.1B and Supplementary Fig. S3), no apparent correla-
tion was observed between EFTUD1 expression and the WHO
grade of gliomas.

We also immunohistochemically stained formalin-fixed
paraffin-embedded sections of 8 tissues from different GBM
patients and normal brain tissue with an EFTUD1 antibody
(Fig. 2A). EFTUD1-immunopositive cells were detected in all 8
GBM tissues but not in the normal brain tissue. Expression of
EFTUD1 in glioma cells was observed predominantly in the cyto-
plasm and slightly in the nucleus. The same result was confirmed
by immunofluorescent cell staining of U87MG and U251MG glio-
ma cells with an EFTUD1 antibody (Fig. 2B).

Inhibition of Glioma Cell Growth by Downregulation
of EFTUD1 In Vitro and In Vivo

U87MG and U251MG glioma cell lines exhibited high expression of
EFTUD1 (Fig. 1B) and were therefore selected for further testing.
Transfection with 2 different siRNAs targeting EFTUD1 downregu-
lated EFTUD1 expression in these glioma cells at 1 and 6 days
after transfection (see Supplemental Fig. S4).

In order to reveal the role of EFTUD1 in glioma cell growth,
cell viability during EFTUD1 downregulation was examined using
the Cell Titer Glo luminescent cell viability assay. Compared with
control cells, EFTUD1 siRNA-treatment significantly suppressed
the proliferation of 2 glioma cell lines 6 days after transfection
(Fig. 3A). Growth suppression, caused by downregulation of
EFTUD1, was also demonstrated in other glioma cell lines
with different p53 status (see Supplemental Fig. S5). The clono-
genicity assay revealed that the number of colonies formed by
EFTUD1 siRNA-transfected U87MG glioma cells was significantly
lower than those formed by control glioma cells (Fig. 6B). Addi-
tionally, we investigated the effect of EFTUD1 knockdown on
U87MG cell growth in a mouse xenograft tumor model using
lentivirus-mediated shRNAs (see Supplemental Fig. S6A and
B). In the EFTUD1 knockdown group, the growth of U87MG xe-
nograft tumors was significantly suppressed, and gene silencing
of EFTUD1 by lentivirus treatment in tumor samples was con-
firmed in vivo. (see Supplemental Fig. S6C and D). These data
indicated that EFTUD1 plays a role in glioma cell growth and
cell viability.

G1 Arrest and Apoptosis in Glioma Cells by EFTUD1
Downregulation

The cell cycle during EFTUD1 downregulation in U87MG and
U251MG cells was examined by DNA content analysis (Fig. 3B).
Compared with controls, inhibition of EFTUD1 expression induced
an increase in the proportion of G1-phase cells and a correspond-
ing decrease in S-phase cells. To further confirm that EFTUD1 in-
hibition leads to G1 arrest, we also evaluated the cell-cycle
analysis in the additional presence of nocodazol, which has
been previously reported to synchronize all cycling cells at meta-
phase.?® The cell cycle of control glioma cells showed a significant
increase in the G2/M phase and a decrease in the G1 phase. In
contrast, EFTUD1 siRNA-transfected glioma cells kept a higher
peak of G1 phase than G2/M phase, even in the presence of noco-
dazol. These results clearly indicate that the downregulation of
EFTUD1 triggered G1 arrest in the cell cycle of glioma cells.

Normal brain

B EFTUD1

DAPI Merge

Us7MG

U251MG

Fig. 2. EFTUD1 expression pattern in glioma cells and tissue analyzed by
immunohistochemistry (A) and immunofluorescence (B). (A) Immunohisto-
chemical analysis of EFTUD1 expression in glioma tissue and normal brain
tissue. Representative immunohistochemical sections of 2 GBM patient tis-
sues (Patient 1, magnification 10x; Patient 2, magnification 40x) and nor-
mal brain tissue (magnification 10x) using an EFTUD1 antibody are
shown. The sections were counterstained with hematoxylin. Scale bar,
50 wm. The boxed area shows higher magnification images. Scale bar in
the boxed area, 10 pm. (B) Immunofluorescent cell staining of glioma cell
lines (U87MG and U251MG) using an EFTUD1 antibody and a rhodamine-
conjugated secondary antibody. Cell nuclei were stained with DAPI. Scale
bar, 50 pm.

Caspase 3/7 activity was measured 6 days after siRNA trans-
fection. Compared with controls, EFTUD1 siRNA treatment in-
duced significant apoptosis in U87MG and U251MG glioma cells
(Fig. 3C). Additionally, analysis of the p53-p21 axis during
EFTUD1 downregulation revealed that the expression of both
p53 and p21 was suppressed in EFTUD1 siRNA-transfected glioma
cells (Fig. 3D).
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Redistribution of elIF6 to Perinuclear Regions and
Cytoplasm by Downregulation of EFTUD1

We speculated that the downregulation of EFTUD1 would affect
ribosome biogenesis. To address this issue, we analyzed the mo-
lecular behavior of eIF6. eIF6 plays an essential role in the nuclear
export and cytoplasmic maturation of ribosome subunits and is
then recycled to the nucleus®® (see Supplemental Fig. S2). Previ-
ous reports demonstrated that mutations in either EFTUD1 or
SBDS resulted in retention of eIF6 on nascent subunits and redis-
tribution of eIF6 to the cytoplasm.*'?® We therefore investigat-
ed the localization of elF6 during EFTUD1 downregulation. As
shown in Fig. 4A, eIF6 was mainly localized in the nucleus (specif-
ically in the nucleolus) of U87MG glioma cells treated with control
siRNA. In contrast, US7MG glioma cells treated with EFTUD1 siR-
NAs for 3 days showed a greater redistribution of eIF6 to the peri-
nuclear regions and cytoplasm (Fig. 4A and B), which is consistent
with a previous report'® indicating that EFTUD1 downregulation
impaired ribosome biogenesis.

Autophagy Induced by Glioma Cells in Response to
EFTUD1 Downregulation

Given that ribosome biogenesis was impaired by EFTUD1inhibi-
tion, protein synthesis should be also reduced in glioma cells. Eu-
karyotic cells adapt to starvation and low protein synthesis by
digesting their own cytoplasmic materials into amino acids and
fatty acids to maintain the cellular energy level, which is a process
called autophagy.?”-?8 Furthermore, various cancers, including gli-
oma, have been shown to induce autophagy in response to nutri-
ent deprivation, low protein synthesis, hypoxia, and anticancer
treatments.?? 3 To reveal whether autophagy was induced in
glioma cells during EFTUD1 downregulation, we investigated the
expression of the autophagy-associated proteins, light chain 3
(LC3) and p62 (SQSTM1/sequestosome 1), in U87MG and
U251MG glioma cells. During nonselective autophagy, the cyto-
solic form of LC3-I is converted to its autophagosome
membrane-associated form, LC3-II. LC3 is ultimately degraded
by autolysosomal enzymes, which results in degradation of the
total LC3 amount (LC3-I plus LC3-I1).2%3738 During selective
autophagy, autophagic degradation of specific proteins is associ-
ated with the degradation of p62.2” Here, autophagy-associated
changes after EFTUD1 siRNA transfection were observed in
both U87MG and U251MG, specifically as the degradation of
total LC3 and p62 (Fig. 5). Compared with controls, another
autophagy-associated change, conversion from LC3- I to LC3-1I
(LC3-II/LC3-I ratio), was also observed during the early period
after EFTUD1-siRNAs treatment. Although the increasing expres-
sion of LC3-II progressed over time in control siRNA-transfected

glioma cells, this could have been due to metabolite accumula-
tion consistent with basal autophagy rather than promotion of
autophagy.?? Thus, the glioma cells induced both nonselective
and selective autophagy in response to EFTUD1 downregulation.

Enhancement of Antitumor Effect by Inhibiting Protective
Autophagy in EFTUD1 siRNA- transfected Glioma Cells

Autophagy can play either a cytoprotective or cytocidal role under
various stressful conditions.?®*9~* Cytoprotective autophagy is
induced by cancer cells as an adaptive response to unfavorable
conditions when cells are exposed to hypoxia, ionizing radiation,
and chemotherapeutic agents.? =3¢ On the other hand, a cytoci-
dal role of autophagy has also been proposed to be autophagic
cell death because accumulation of autophagosomes was ob-
served in dying cells in response to anticancer therapy.*>~*’ To re-
veal the role of autophagy in EFTUD1 siRNA-transfected glioma
cells, we investigated how autophagy blockade affected viability
of U87MG and U251MG glioma cells treated with EFTUD1 siRNA.
An autophagy blocker, CQ, was added to EFTUD1 siRNA-
transfected glioma cells 24 hours before cell-viability analysis.
As shown in Fig. 6A, compared with single treatment (either CQ
or EFTUD1 siRNA alone), combined treatment (EFTUD1 siRNA
plus CQ) significantly suppressed the proliferation of 2 glioma
cell lines 6 days after transfection, suggesting that the autopha-
gic response to EFTUD1 downregulation is cytoprotective. Treat-
ment with an autophagy blocker against tumor cells, which are
surviving by means of protective autophagy, has been shown to
be therapeutically effective for several cancers including glio-
ma.??33:40:4849 The gntitumor effect of combined treatment
(EFTUD1 siRNA and CQ) was also assessed in a clonogenicity
assay and an apoptosis assay. The addition of CQ resulted in re-
duced colony formation by siRNA-transfected glioma cells
(Fig. 6B). Furthermore, caspase 3/7 activity was measured
6 days after siRNA transfection with CQ. Combined treatment
resulted in more apoptosis than either individual treatment
alone (CQ or EFTUD1 siRNA alone in U87MG) (Fig. 6C).

Discussion

SEREX has been applied to a variety of human tumor types and
has successfully identified novel tumor antigens.”®~>? We have
previously used SEREX to isolate several candidate glioma anti-
gens including Sox6.%* Here, we identified a novel glioma antigen,
EFTUD1, that was highly expressed in gliomas but not in normal
brain tissue. According to in silico analyses (see Supplemental
Fig. S1), EFTUD1 was highly expressed in malignant gliomas.

Fig. 3. Inhibition of glioma cell proliferation by EFTUD1 downregulation. (A) Effect of EFTUD1 siRNAs on cell proliferation in U87MG and U251MG glioma
cells. Cell viability was analyzed 0, 2, 4, and 6 days after transfection. Results are presented as fold relative to the cell viability in mock-treated cells at
day 0. Data are mean+S.D. (bars) of 3 experiments. **P < 0.01 using 1-way ANOVA. (B) Cell-cycle analysis of EFTUD1 siRNA-transfected glioma cells with
and without nocodazol (0.1 mg/mL for 12 h). Cells were fixed with 70% ethanol 4 days after transfection, treated with RNAse, and stained with
propidium iodide. Cell-cycle distributions were analyzed by flow cytometry. Data are shown as the percentage of cells in various phases of the cell
cycle. (C) Effect of EFTUD1 siRNAs on apoptosis in U87MG and U251MG glioma cells. Caspase 3/7 activity in glioma cells was analyzed 6 days after
siRNA transfection. Caspase 3/7 activity was normalized to viable cell signals measured by the CellTiter Glo luminescent cell-viability assay. Relative
caspase 3/7 activity is presented as fold relative to this normalized value found in control siRNA-transfected cells. Results are mean+S.D. (bars) of
3 experiments. *P < .05, **P < .01 using 1-way ANOVA. (D) Western blot analysis of p53 and p21 in U87MG and U251MG 3 days after siRNA

transfection. B-Actin was used as a loading control.
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Fig. &. Impairment of ribosome biogenesis by EFTUD1downregulation. (A) Immunofluorescent cell staining of eIF6 in U87MG glioma cells treated with
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followed by fluorescein isothiocyanate-conjugated secondary antibody. Nuclei were stained with DAPL. Scale bar, 50 pm. (B) Quantitative analysis of
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pictures was counted visually. Mean + S.D. (bars) for at least 10 independent random fields are shown. **P < 0.01, using 1-way ANOVA.

These findings suggest that EFTUD1 might be a therapeutic target
for glioma.

EFTUD1 plays a role in ribosome biogenesis and translational
activation of ribosomes. The rate of ribosome biogenesis controls
cellular growth and proliferation.**?° Ribosome biogenesis is
therefore tightly requlated in mammalian cells and is activated
in response to extracellular stimuli such as nutrient requests
and stress. This tight regulation between extracellular signaling
and ribosome biogenesis is disrupted in cancers; cancer cells pro-
duce excessive ribosomes, which are necessary for the protein
synthesis associated with aberrant cancer growth. Recently, the
cross interaction among EFTUD1, SBDS, and elF6 in ribosome bio-
genesis has been reported,*~#1°-122¢ and several reports have
shown overexpression of elF6 in various cancers.”*>* Gandin
et al reported that elF6 can affect tumorigenesis by showing
that that mouse embryonic fibroblasts from elF6 heterozygous

(eIF6+/—) mice formed fewer transformed colonies in soft agar
when infected with oncogene-carrying retroviruses as compared
with those from wild-type mice.? Similarly, Miluzio et al also dem-
onstrated that elF6 inactivation delayed tumorigenesis and re-
duced tumor growth in mice.>® These reports suggest that
EFTUD1 may also become unregulated in cancers. Here, we dem-
onstrated that EFTUD1 was highly expressed in gliomas and that
its downregulation suppressed glioma cell growth both in vitro
and in vivo. In contrast, EFTUD1 was rarely expressed in normal
brain tissue in this study. However, proliferative cells in the normal
brain, such as neural stem and progenitor cells, may display ac-
tive ribosome biogenesis. It would be important to investigate
the effects of EFTUD1 inhibition on these cells in a future study.

Previous reports have shown cross interaction among EFTUD1,
SBDS, and elF6 in ribosome biogenesis.*>”1° Shwachman-
Diamond syndrome, which is caused by defects in the SBDS
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Fig. 5. Autophagy induced by glioma cells as an adaptive response to EFTUD1 downregulation. Western blot analysis of autophagy-associated proteins,
LC3 (I and II) and p62, in U7MG and U251 glioma cells after siRNA transfection. B-Actin was used as a loading control.

gene, is a ribosomopathy resulting from failed release of elF6 from
60S-ribosome subunits due to loss in cooperative activity between
SBDS and EFTUD1 during ribosome maturation.* Because Finch
et al demonstrated that EFTUD1 inactivation impaired ribosome
biogenesis in the same manner as in Shwachman-Diamond syn-
drome,” we analyzed the molecular behavior of elF6 in glioma
cells during EFTUD1 inhibition. As the previous papers reported,*!?
we demonstrated the cytoplasmic accumulation of elF6 in EFTUD1
siRNA-transfected glioma cells indicating that EFTUD1 downregu-
lation impairs ribosome biogenesis.

Chemotherapeutic agents blocking ribosome biogenesis have
been shown to induce cell-cycle arrest and apoptosis via ribosomal
stress.”® 8 Here, EFTUD1 downrequlation also induced cell cycle
arrest and apoptosis in glioma cells. Although cell-growth
suppression due to ribosomal stress often occurs via the p53-
dependent pathway,'**® ribosomal stress via the p53-indepen-
dent pathway has also been reported.?**° %! Regardless of p53
status, EFTUD1 inhibition reduced tumor growth in several glioma
cell lines with different p53 status. EFTUD1 inhibition also induced
cell-cycle arrest and apoptosis in U87MG (p53-wild type) and
U251MG (p53-mutant type) glioma cell lines. These results there-
fore suggested that EFTUD1 inhibition might trigger ribosomal
stress via a p53-independent pathway. On the other hand, as
shown in Fig. 3, EFTUD1 downregulation decreased the expression
of p53 and p21. This result suggested that EFTUD1 inhibition might
trigger the loss of p53 stability and subsequent decrease of p21
expression. However, it is unlikely that these results were due to
the regulation of upstream signaling to p53 because they were
observed in U7MG (p53-wild type) and U251MG (p53-mutant
type) glioma cells. We speculated that the decreased expression
of p53 and p21 might arise secondarily because of decreased glob-
al translation by ribosome biogenesis inhibition. In fact, the mTOR
inhibitor (RADOO1), which controls ribosome biogenesis and protein
synthesis, was shown to decrease p53 and p21 expression because
of the inhibition of global translation.®?

The induction of autophagy was also demonstrated in EFTUD1
siRNA-transfected glioma cells. Autophagy can play dual roles
against cancer treatments. Recently, the therapeutic strategy
to modulate autophagy has shown efficacy for various
cancers,?9:30:40:41,43,44,48,49.63 Th ;s ynderstanding the role of

autophagy against EFTUD1 inhibition is useful for determining
therapeutic strategy. In this study, an autophagy blocker en-
hanced the growth suppression of glioma cells treated with
EFTUD1 siRNA, suggesting that glioma cells induced protective
autophagy as an adaptive response to EFTUD1 downregulation.
Many studies have shown that protective autophagy contributes
to a resistance mechanism in cancer cells treated with conven-
tional DNA-damaging chemotherapy, molecularly targeted ther-
apy, and antiangiogenic therapy.?® 3133344143 Tymor cells
under protective autophagy can be sensitized to anticancer
drugs using an autophagy blocker.?444>48-50 protein-synthesis
inhibitors have also been shown to enhance the antitumor effect
of treatment when combined with an autophagy blocker in sev-
eral cancers, including gliomas.“®¢*%° These findings provide the
molecular rationale for combining an autophagy blocker with
EFTUD1 inhibition as the therapeutic strategy. CQ, traditionally
used as an antimalarial drug, is the only US Food and Drug
Administration-approved autophagy inhibitor. Although CQ was
shown to have a concentration-dependent antitumor effect in gli-
oma cells,®® CQ dose level in the present study was not high
enough to produce the antitumor effect with a single treatment.
Here, we demonstrated that combined therapy with EFTUD1
siRNA and CQ produced a significantly greater antitumor effect
than either agent given alone. Thus, EFTUD1 inhibition in combi-
nation with autophagy blockade is expected to represent an
effective therapeutic strategy for the management of gliomas.

Conclusions

Here, we demonstrated that EFTUD1 is highly expressed in glio-
mas and plays a role in the cell proliferation of these tumors.
Downregulation of EFTUD1 induced cell-cycle arrest and apopto-
sis in gliomas by impairing ribosome biogenesis. Additionally, pro-
tective autophagy was induced by glioma cells as an adaptive
response to EFTUD1 downregulation. Combination therapy
consisting of EFTUD1 downregulation with an autophagy blocker
enhanced the antitumor effect. Although further analysis is
required, these findings indicate that EFTUD1 is a promising
therapeutic target and that EFTUD1 inhibition with autophagy
blockade is an effective therapeutic strategy for gliomas.
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Fig. 6. Antitumor effect by combined inhibition of EFTUD1 with an autophagy blocker. (A) Effect of combined treatment (EFTUD1 siRNAs and CQ) on
glioma cell growth. CQ (50 uM) was added to siRNA-transfected cells 24 hours before analysis. Cell viability analysis was performed 0, 2, 4, and 6 days
after transfection. Results are presented as fold relative to the cell viability in control siRNA-treated cells at day 0. Data are mean+S.D. (bars) of 3
experiments. **P < 0.01 using 1-way ANOVA. (B) Effect of combined treatment on clonogenicity in U87MG glioma cells. Twenty-four hours after
transfection, cells were treated with CQ (50 wM) for 3 hours (combined treatment) and then plated out to grow on soft agar in 6-well plates at 2 x
10* cells/well. Colonies stained with MTT were counted 4 weeks after siRNA transfection. Results are mean+S.D. (bars) of 3 experiments. n.s. not
significant, *P < .05, **P <.01 using 1-way ANOVA. (C) Effect of combined treatment on apoptosis in U87MG glioma cells. CQ (50 pM) was added
24 hours before analysis (combined treatment). Caspase 3/7 activity in U87MG glioma cells was analyzed 6 days after siRNA transfection. Caspase
3/7 activity was normalized to viable cell signals measured by the CellTiter Glo luminescent cell-viability assay. Relative caspase-3/7 activity is
presented as fold relative to this normalized value found in control siRNA-transfected cells. Results are mean+S.D. (bars) of 3 experiments. n.s. not
significant, *P < .05, **P < .01 using 1-way ANOVA.
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