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Mammalian eukaryotic translation initiation factor 3 (eIF3) is the largest

complex of the translation initiation factors. The eIF3 complex is com-

prised of thirteen subunits, which are named eIF3a to eIF3 m in most mul-

ticellular organisms. The eIF3e gene locus is one of the most frequent

integration sites of mouse mammary tumor virus (MMTV), which induces

mammary tumors in mice. MMTV-integration events result in the expres-

sion of C-terminal-truncated eIF3e proteins, leading to mammary tumor

formation. We have shown that tumor formation can be partly caused by

activation of hypoxia-inducible factor 2a. To investigate the function of

eIF3e in mammals, we generated eIF3e-deficient mice. These eIF3e�/� mice

are embryonically lethal, while eIF3e+/� mice are much smaller than wild-

type mice. In addition, eIF3e+/� mouse embryonic fibroblasts (MEFs) con-

tained reduced levels of eIF3a and eIF3c subunits and exhibited reduced

cellular proliferation. These results suggest that eIF3e is essential for

embryonic development in mice and plays a role in maintaining eIF3

integrity.

Mammalian eIF3 is the largest complex of the trans-

lation initiation factors, with a molecular weight of

around 800 kDa [1,2]. eIF3 is required for stabilizing

43S pre-initiation complex and binding of Met-

tRNAi
Met and mRNA species to the 40S ribosome

through an mRNA 5ʹ end-dependent or end-indepen-

dent manner [3–5]. Furthermore, it has been reported

that eIF3 orchestrates not only translational activation

but also repression via binding to the distinct stem-loop

structure localized within the 5ʹ-untranslated region

(5ʹUTR) of specific mRNA species, which could be tar-

geted to control carcinogenesis [6]. In nearly all multicel-

lular organisms, the eIF3 complex consists of 13

subunits called eIF3a to eIF3 m [1,7]. Enormous efforts

using a biochemical constitutive approach have pro-

vided a comprehensive view of the function for each

eIF3 subunit [8–10], whereas the knowledge of their

roles in vivo is still limited [11–13].
The eIF3e gene locus, also called integration site 6

(Int6), is one of the frequent integration sites of mouse

mammary tumor virus (MMTV), which provokes mam-

mary tumor in mice [14]. MMTV-integration events occur

within intronic regions of eIF3e, resulting in generation of

a C-terminal-truncated eIF3e/MMTV viral long terminal

repeat chimeric mRNA [15]. Expression of the truncated

eIF3e is believed to have cancer-promoting activity [16,17].

Abbreviations

eIF3, Eukaryotic initiation factor 3; Int6, Integration site 6; MEF, mouse embryonic fibroblast; MMTV, mouse mammary tumor virus.
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The functions of eIF3e in vivo have been studied in

many model organisms, and different functional

aspects of eIF3e have been elucidated [18–23]. In

Schizosaccharomyces pombe, eIF3e-null cells are viable

but exhibit a slow-growth phenotype [18–20]. Saccha-
romyces cerevisiae do not have a gene encoding eIF3e,

but have structurally similar protein Pci8p that does

not act as a translational regulator [21]. In Drosophila

melanogaster, eIF3e is an essential gene for survival of

somatic, germline, and embryonic cells [22], by regulat-

ing cullin neddylation. In Danio rerio, loss of eIF3e

leads to abnormal development, and eIF3e was identi-

fied as a tissue-specific modulator of MEK-ERK sig-

naling [23].

eIF3e is a multifunctional protein involved in multiple

molecular processes. It has been reported to play a role

in translation [19,24], mitosis [19,25], nonsense-mediated

mRNA decay [26], ubiquitin-mediated proteolysis in

S. pombe [27], and Nedd8-mediated proteolysis in

D. melanogaster [22]. Accordingly, eIF3e interacts with

multiple proteins that constitute functional protein com-

plexes, including a ribosomal complex, a proteasome, a

COP9 signalosome [28], and a proteasome–ribosome

supercomplex (translasome) [29].

We have previously demonstrated that an interac-

tion between eIF3e and hypoxia-inducible factor 2a
(HIF2a) is important for the regulation of HIF2a
degradation, independent of pVHL which is an oxy-

gen-dependent E3 ubiquitin ligase [30]. We have also

reported that eIF3e regulates angiogenesis of normal

arteries and veins in mice [31]. To further investigate

the function of eIF3e in mice, we disrupted the eIF3e

open reading and found that eIF3e�/� mice are embry-

onically lethal and eIF3e+/� mice show haploinsuffi-

ciency with concomitant decrease in the protein level

of eIF3a and eIF3c subunits and reduced levels of cel-

lular proliferation.

Materials and methods

Generating eIF3e-targeted mice

Mice were maintained under specific pathogen-free condi-

tions. All animal (approved number: #16063) and gene

recombination (approved number: #15-040) experiments

were performed in accordance with the Research Ethical

Committee Guidelines of the Tokyo Metropolitan Institute

of Medical Science. Targeting vector (PG00188_Y_2_D09)

for the generation of reporter-tagged null allele [32] was

purchased from the European Conditional Mouse Mutage-

nesis Program. The vector was linearized with AsiSI and

was electroporated into embryonic stem RENKA cells

derived from C57BL/6N mice [33]. G418-resistant colonies

were expanded and screened for homologous recombina-

tion by performing PCR with two specific primer pairs

(one for detecting 3ʹ loxP sequence [forward: 5ʹ-
GAGATGGCGCAACGCAATTA-3ʹ and reverse: 5ʹ-
GCGCCCTGTGCACAGGATGT-3ʹ] and another for 3ʹ
loxP long PCR [forward: 5ʹ-GAGATGGCGCAACG-

CAATTA-3ʹ and reverse: 5ʹ-TTATGTGCTGGTCAG-

CAAGC-3ʹ]). Positive clones were checked for unexpected

integration of the targeting vector by southern blotting.

Southern blotting was performed using DIG DNA Label-

ing and Detection Kit (Sigma-Aldrich, MO, USA) accord-

ing to the manufacturer’s protocol. Genomic DNA (10 lg)
was digested overnight with PacI and was separated on a

0.7% agarose gel. Digested fragments were transferred to a

positively charged nylon membrane (Sigma-Aldrich) and

were hybridized with a probe. DIG present in the probe

was detected using an anti-DIG alkaline phosphatase-con-

jugated antibody and by exposing the membrane to Fuji-

film LAS 4000 imager (GE Healthcare, PA, USA). Two

independently isolated eIF3e+/� ES clones were individu-

ally aggregated with diploid 8-cell embryos of Crl:CD1

(ICR). The resultant chimeras were mated to C57BL/6N

mice to obtain offspring.

Genotyping

Offspring genotypes were determined by performing PCR

with two primer sets, using genomic DNA purified from

tail-tip biopsies (one set for detecting the mutant allele [for-

ward: 5ʹ-GTCGAGATATCTAGACCCAG-3ʹ and reverse:

5ʹ-GCGCCCTGTGCACAGGATGT-3ʹ] and another set

for detecting the wild-type allele [forward: 5ʹ-GTCTATTG

TACTTGAAGCTC-3ʹ and reverse: 5ʹ-GCGCCCTGTGCA

CAGGATGT-3ʹ]).

Copy number assay

For copy number assay, amnion or placenta obtained from

pregnant mice after euthanasia was treated with proteinase

K to purify genomic DNA. Real-time PCR was performed

using 100 ng purified genomic DNA as a template and the

following primers: (a) eIF3e intron sequence forward (5ʹ-
GCGGACGCCTTATAACCTG-3ʹ) and eIF3e intron

sequence reverse (5ʹ-AGCACTGGGGTTGGTTCTC-3ʹ) or

(b) LacZ forward (5ʹ-TTTCAGCCGCGCTGTACT-3ʹ) and
LacZ reverse (5ʹ-CGTAGGTAGTCACGCAACTCG-3ʹ).
Copy numbers were calculated as a ratio of LacZ to eIF3e.

Mouse embryonic fibroblast and siRNA-based

gene silencing

Mouse embryonic fibroblasts (MEFs) were prepared from

E13.5 embryos obtained from heterozygous intercrosses

using standard trypsinizing methods. Cells were cultured as

described previously [30]. Cells at passage 4 were used for
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further analyses. The following siRNA species directed

against murine eIF3e were used: si219, 5ʹ-AAGAACCA

CAGUUGUUGCGCA-3ʹ; sim1, 5ʹ-GACUACUGCCGU

CAUAACCAACA-3ʹ; sim2, 5ʹ-GUCCACAUAUUCUAC

GCUAUUG-3ʹ; and siCont as a negative control, 5ʹ-GU

ACCGCACGUCAUUCGUAUC-3ʹ (RNAi Co. Tokyo,

Japan). MEFs were transfected with these siRNA species at

10 nM for 72 h using Lipofectamine RNAi Max (Thermo

Fisher Scientific, MA, USA) according to the manufac-

turer’s instructions.

Western blotting

Western blotting was performed as described previously

[31]. Primary antibodies are listed in Table S1.

Histology

For histological evaluation, embryos were fixed in 4%

paraformaldehyde in PBS. Next, 6-lm sections of paraffin-

embedded tissue samples were stained with hematoxylin

and eosin. Anti-E-cadherin and antivimentin antibodies

were used for immunostaining. Embryo sections were incu-

bated with the primary antibody overnight at 4 °C and

then with the biotin-conjugated secondary antibody for 2 h

at room temperature. The color was developed using DAB-

Ni. Nuclei were counterstained with Kernechtrot (Merck

Millipore, Darmstadt, Germany). The stained samples were

photographed using a BZ-9000 microscope (Keyence,

Osaka, Japan). All antibodies are listed in Table S1.

Quantitative reverse-transcription PCR (qRT-PCR)

Total RNA isolation and qRT-PCR were performed as

described previously [31] with gene-specific primer pairs listed

in Table S2. Target gene expression was normalized to that of

GAPDH for mice tissues or to that of 18S rRNA gene for

MEFs. Relative expression values from real-time PCR were cal-

culated using CFXManager (Bio-Rad, Hercules, CA, USA).

Cell proliferation and translation activity assay

To evaluate cell proliferation, 5 9 104 MEFs were seeded

in a 12-well plate and were harvested at indicated times

after passaging. Dead cells were detected by staining with

trypan blue, and the number of live and dead cells was

counted at indicated times.

Total translation activity was determined by performing

Coomassie Brilliant Blue (CBB) staining of total proteins sep-

arated by SDS/PAGE. Briefly, 1 9 106 MEFs were counted

and lysed in RIPA buffer. Equal volume of lysates was

resolved by SDS/PAGE, and the gel was stained with CBB.

Images of the gels were obtained using a LAS 4000 imager.

Methionine incorporation for the detection of

nascent protein synthesis was evaluated using Click-it

L-homopropargylglycine (HPG) Alexa Fluor Protein Syn-

thesis Assay Kit (Thermo Fisher Scientific) according to

the manufacturer’s protocol. HPG is a methionine ana-

logue that contains an alkyne moiety that can be fed to cul-

tured cells and incorporated into proteins during active

protein synthesis. MEFs were incubated for 30 min in

methionine-free medium supplemented with HPG. Free

HPG was removed by washing with PBS, and HPG incor-

porated into newly synthesized proteins was labeled with

Alexa Fluor 488. The incorporated fluorescence of HPG/

Alexa Fluor 488 was detected using a flow cytometer

(FACSCanto II; BD Biosciences, San Jose, CA, USA).

Generation and transduction of retroviruses

HA-tagged murine eIF3e, eIF3e-DC [31], and AcGFP were

subcloned into the NotI-BamHI site of the pQCXIP vector

(TAKARA, Shiga, Japan) and were cotransfected with into

GP2-293 cells along with pVSV-G to produce viral parti-

cles. Retroviral supernatants were harvested 48 h after

transfection and concentrated by PEG centrifugation. After

filtration by Millex-HV filter (Merck Millipore), these retro-

viral supernatants were used to transduce genes into

MEFs.

Pulse-chase experiments

Newly synthesized proteins were labeled using L-azidoho-

moalanine (AHA), which is an analogue of methionine that

contains an azide moiety. After pre-incubation in methion-

ine-free medium for 30 min, MEFs were incubated for

180 min in methionine-free medium supplemented with

AHA. Free AHA was removed by washing with PBS, and

complete medium was added to the MEF cultures. After

incubation for 0, 24, 48, 72, and 96 h, MEFs were har-

vested and lysed with 1% SDS in 50 mM Tris/HCl

(pH8.0). AHA incorporated into nascent proteins was

labeled with biotin–alkyne by a ‘click’ reaction. Biotiny-

lated lysates (100 lg) and streptavidin beads (JSR, Tokyo,

Japan) were incubated at 4 °C for 1 h in a solution con-

taining 0.5% NP-40, 20 mM Tris/HCl (pH 7.4), 150 mM

NaCl, and 0.5 mM DTT. Beads were washed with the same

buffer three times, and pull-down products were eluted by

heating with SDS/PAGE sample buffer to perform western

blotting.

Statistical analysis

Statistical analysis was performed by GraphPad Prism

(Graph Pad Software, CA, USA). Data are expressed as

means � standard deviation. Differences were evaluated by

two-way ANOVA followed by Bonferroni’s post hoc

multiple comparison for time-course data or by two-tailed

Student’s t-test for the case of comparisons of two-group

data.
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Results

Expression profiles of mouse eIF3e

We examined eIF3e expression in adult mouse organs

by performing western blotting and qRT-PCR (Fig. 1).

Results of western blotting showed a ubiquitous expres-

sion pattern with variable expression levels. High eIF3e

protein and mRNA expression were found in the testis,

ovaries, and spleen (Fig. 1A,B). Discordant expression

levels between mRNA and its protein were observed in

the heart, lung, stomach, kidneys, and liver.

Targeted disruption of eIF3e

To investigate the role of eIF3e in mice, we disrupted

the eIF3e allele as shown in Fig. 2A. Results of PCR

with two primer sets (Fig. S1A) for the first (Fig. S1B)

and second screening (Fig. S1C) showed that 14% (20/

144) G-418-resistant ES cell clones had at least the 3ʹ
region of the targeting cassette. Twenty positive clones

were further verified by southern blotting (Fig. 2B),

and two independent eIF3e+/� ES cell clones were

chosen for further study. We mated the chimeric mice

with wild-type mice and obtained eIF3e+/� mice in

their offspring. The expression of eIF3e was decreased

in the liver of eIF3e+/� mouse, compared with that of

eIF3e+/+ mouse, which likely depends on gene dosage

(Fig. 2D). eIF3e mRNA levels were also decreased in

eIF3e+/� MEFs compared to that in eIF3e+/+ MEFs

(Fig. 4C). In the eIF3e+/� lane, eIF3e proteins were

detected at 50 kDa without additional smaller band

(data not shown). This suggests that the disruption

mutation resulted in a null-like state. eIF3e+/� mice

were crossed to produce eIF3e�/� mice. Genotyping of

50 offspring from 14 litters showed that 22 offspring

were wild-type (eIF3e+/+) and 28 were heterozygous

(eIF3e+/�) in the targeted allele (Fig. 2E). Homozy-

gous (eIF3e�/�) offspring were not detectable. The

average size of litter produced from heterozygous

intercrosses (3.0 � 0.8 mice/litter) was smaller than

those from wild-type and heterozygous intercrosses

(7.0 � 1.9 mice/litter). These results suggest that eIF3e

is gene essential for embryogenesis in mice.

eIF3e deficiency causes early embryonic lethality

In E13.5 embryos from eIF3e+/� intercrosses, we iso-

lated measurable embryos and a few very small fetal

membranes that were considered a vestige of embryo

(Fig. S2A). To clarify the genotypes of these embryos, we

calculated the dosage of the LacZ gene derived from the

gene-targeting vector, using quantitative PCR with geno-

mic DNA as described in Fig. S2B. LacZ/wild-type allele

ratios likely showed the genomic LacZ copy numbers,

that is, 0, 1, and 2, which correspond to �/�, +/�, and

+/+ of the embryo genotypes, respectively (Fig. S2C).

To understand to what extent the eIF3e�/� embryo

can develop in utero, we obtained E10.5 to 14.5

embryos from eIF3e+/� intercrosses. As summarized

in Fig. 3A, at E10.5, the frequency of eIF3e�/�

embryos (0.6%) was lower than that from the expected

Mendelian ratio (25%). Interestingly, these embryo

sizes were likely consistent with their genotypes

(eIF3e+/+ > eIF3e+/� > eIF3e�/�) (Fig. 3B). At E12.5

to E14.5, there were no eIF3e�/� embryos with pre-

served normal size and shape, and we found the

abnormal small fetal membranes whose genotypes

were eIF3e�/� or eIF3e+/�. These results suggest that

embryonic lethality of eIF3e�/� fetuses might be

explained by antecedent growth retardation and/or

resorbing of embryos started before E10.5.

Fig. 1. Expression profiles of eIF3e mRNA and protein in mice. Cell lysates and cDNA species were prepared from 10-week-old male

C57BL/6N mice. Only ovary samples were prepared from female mice of the same age. (A) Protein expression patterns of eIF3e (upper

panel) and control GAPDH (lower panel) in different mouse organs. (B) mRNA expression patterns of eIF3e in different mouse organs. eIF3e

expression was normalized using GAPDH expression; columns represent mean values with SD.

1191FEBS Open Bio 8 (2018) 1188–1201 ª 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

D. Sadato et al. Phenotypes of eIF3e/Int6 gene deletions in mice



Sagittal sections of eIF3e+/+ and eIF3e+/� embryos

at E10.5 were prepared to test whether heterozygous

eIF3e deletion led to tissue abnormality. eIF3e+/�

embryos clearly showed hypoplasia (Fig. 3C). The

organ size of eIF3e+/� embryonic liver was smaller than

eIF3e+/+. However, a cell size of embryonic liver was

not different between eIF3e+/+ and eIF3e+/�

(Fig. 3D). Thus, smaller-size eIF3e+/� embryos were

likely caused by growth retardation without morpholog-

ical abnormalities. Indeed, eIF3e+/� pups were grown

to be fertile, but the body weight of female eIF3e+/�

pups is significantly lower than that of eIF3e+/+ from

weaning to 9 weeks of age (Fig. 3E), although the

mechanisms that underlie the sex-biased phenotype have

remained elusive. These results suggest that eIF3e+/�

show haploinsufficiency in murine normal development.

We next examined whether decreased eIF3e levels affect

the epithelial-to-mesenchymal transition (EMT) in the

developing mouse embryo, because it has been reported

that eIF3e acts as an EMT regulator in some epithelial cell

Fig. 2. Targeted disruption of mouse eIF3e. (A) Scheme for generating eIF3e-deficient mice. The genomic structure of eIF3e and the

desired homologous recombination allele along with southern blotting probes are shown. Open boxes represent eIF3e exons, and the other

functional sequences or cassettes are illustrated with their names. SA refers to the splicing acceptor for expressing lacZ and that modifies

the mRNA structure of eIF3e for target disruption. Dotted lines show the insertion region that results in desired recombination. Numerical

value (kb) with double arrows indicates genomic fragment size digested with PacI. (B) Representative results of southern blotting of ES cell

clones with 5ʹ (upper panel) and 3ʹ probes (lower panel). Arrows indicate the target allele band. The asterisk indicates the clones used for

generating chimeric mice. (C) Representative results of PCR genotyping of tail DNA of offspring obtained from heterozygous intercrosses.

(D) Western blotting of eIF3e in the liver lysates of eIF3e+/+ (+/+) and eIF3e+/� (+/�) mice, which is representative of four animals of each

genotype analyzed. GAPDH was used as a loading control. Columns represent mean values with SD. Asterisk indicates P < 0.05 when

compared to eIF3e+/+. (E) Genotyping of mice generated from heterozygous intercrosses.
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lines [34,35]. We stained paraffin sections of eIF3e+/+

and eIF3e+/� embryos at E10.5 with antivimentin and

anti-E-cadherin antibodies as a mesenchymal and epithe-

lial marker, respectively. The developmental stages of

eIF3e+/+ and eIF3e+/� were not completely synchro-

nized owing to growth retardation of eIF3e+/� embryos.

Nonetheless, vimentin and E-cadherin signals were

comparable between eIF3e+/+ and eIF3e+/� (Fig. S3A,

B). To further examine this in primary cells, several

mesenchymal markers as well as E-cadherin expression

were determined in MEFs by western blotting. The

expression of each marker was not significantly changed

between eIF3e+/+ and eIF3e+/� MEFs, suggesting that it

is unlikely to result in EMT in eIF3e+/� mice (Fig. S3C).

Heterozygous deletion of eIF3e inhibits normal

cell proliferation

For an analysis at the cellular level, we established mouse

embryonic fibroblasts (MEFs) from eIF3e+/+ and

eIF3e+/� fetuses. We could not establish MEFs from

eIF3e�/� embryos. Cultured eIF3e+/+ and eIF3e+/�

MEFs showed comparable size and morphology

(Fig. 4A). Next, we measured the level of protein and

Fig. 3. Essential role of eIF3e in mouse embryonic development. (A) Genotyping and phenotyping analyses of embryos obtained from

heterozygous intercrosses. The number of abnormal small fetal membranes is indicated in parentheses. (B) Representative images of eIF3e+/+,

eIF3e+/�, and eIF3e�/� embryos at E10.5. Hematoxylin and eosin staining of E10.5 whole embryos (C) and a magnified image of fetal liver (D).

(E) Time-course change of weight from weaning (4 weeks) to 9 weeks of age. Body weights shown by points represent mean values with SD.

(*two-way ANOVA for age/genotype; P < 0.001, followed by Bonferroni’s post hoc multiple comparison test; P < 0.05, n = 5 for each group).
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mRNA expression of eIF3e in these MEFs. The protein

and the mRNA expression of eIF3e was decreased in

eIF3e+/� MEFs (Fig. 4B,C) compared to those of

eIF3e+/+ MEFs. To evaluate cell proliferation and cell

viability of both genotypes, we cultured eIF3e+/+ and

eIF3e+/� MEFs for 5 days (Day 1 to 5). eIF3e+/�

MEFs showed significantly lower proliferation than

eIF3e+/+ MEFs (P < 0.001, Fig. 4D, upper panel).

However, cell viabilities were not different between

eIF3e+/+ and eIF3e+/� MEFs (Fig. 4D, lower panel),

indicating that the deletion of eIF3e makes cell prolifer-

ation slower, independent of cell death.

Heterozygous deletion of eIF3e affects normal

translation

Next, to examine whether protein biogenesis is influ-

enced by heterozygous deletion of eIF3e, we compared

eIF3e+/� and eIF3e+/+ MEFs. We independently

established three MEFs in each genotype derived from

the fetuses. Equal number of MEFs were lysed and

separated by SDS/PAGE, and CBB staining was per-

formed to visualize the total amount of protein.

Results of CBB staining showed that eIF3e+/� MEF

proteins slightly decreased compared to those of

eIF3e+/+ MEF (Fig. 5A). To confirm this, we also

measured the protein concentration of these lysates.

The protein concentration of eIF3e+/� lysates was sig-

nificantly lower than that of eIF3e+/+, by about 20%

(Fig. 5B). These suggest that heterozygous deficiency

of eIF3e impairs global translational activity.

To further evaluate the insufficient protein biogenesis

in eIF3+/� MEFs, we next measured methionine incorpo-

ration. eIF3+/+ and eIF3+/� MEFs effectively incorpo-

rated the methionine analogue HPG labeled by Alexa

Fluor 488 (orange and purple area, Fig. 5C). Mean fluo-

rescence intensity of eIF3e+/� cells was significantly

lower than that of eIF3e+/+ cells (P < 0.05,

11960.0 � 1698.0 vs. 26801.3 � 915.7), suggesting that

methionine incorporation was impaired in eIF3e+/�

MEFs (Fig. 5C). These data indicate that translation

speed per unit time in eIF3e+/� cells decreased to approx-

imately half of that in eIF3e+/+ cells and show that

heterozygous deletion of eIF3e affects normal translation.

Heterozygous deletion of eIF3e disrupts the

stability of eIF3a and eIF3c subunits

To examine the effect of heterozygous deletion of

eIF3e on the stability of the eIF3 complex

Fig. 4. Impaired proliferation of eIF3e+/� cells. (A) Microscopy images of MEFs established from eIF3e+/+ (+/+), eIF3e+/� (+/�) mice

embryos. (B) Western blotting of eIF3e and GAPDH as a loading control (left) and (C) qRT-PCR showing the eIF3e mRNA expression

normalized by 18S rRNA gene (right) in the eIF3e+/+ and eIF3e+/� MEFs. Columns represent mean values with SD from two independent

experiments. (D) Cell numbers and viability of eIF3e+/+ and eIF3e+/� MEFs from three clones each. Cell numbers are counted at 1, 3, and

5 days after starting to culture cells at 5 9 104. Viabilities (%) calculated by trypan blue exclusion test are shown at 1, 3, and 5 days.

Columns represent mean values with SD from three independent experiments. The asterisk indicates P < 0.05 when compared to eIF3e+/+.
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(Fig. 6A), we compared the protein levels of various

eIF3 subunits in eIF3e+/� and eIF3e+/+ MEFs

(Fig. 6B). Using western blotting and band densito-

metry analysis, eIF3a and eIF3c protein expressions

were also reduced in eIF3e+/� MEFs without

significant impact for the expression of other sub-

units (Fig. 6B,C). Given that the mRNA levels of

eIF3a, eIF3b, eIF3c, eIF3e, and eIF3 h were not

changed between eIF3e+/� and eIF3e+/+ MEFs

(Fig. 6D), the decrease in eIF3a and eIF3c proteins

Fig. 5. Decrease in translational activity in eIF3e+/� cells. (A) Total protein level of eIF3e+/+ and eIF3e+/� MEFs. Each lane represents a

sample from an individual animal. Protein lysates were visualized by CBB staining. (B) Protein concentrations of MEF lysates were

measured by the BCA method. Columns represent mean values with SD from three independent sets of three MEF clones. (C) HPG

incorporation of eIF3e+/+ and eIF3e+/� MEFs demonstrated by FACS. FACS histograms are representative of three independent

experiments. Histogram representing HPG-treated and HPG-non-treated cells are shown in the upper panel, and HPG-treated eIF3e+/+ MEFs

(purple) and eIF3e+/� cells (orange) in the middle panel. Bar graph shows the mean fluorescence intensity values for HPG-incorporated cells

(mean � SD) from three independent FACS experiments. The asterisk indicates P < 0.05 when compared to eIF3e+/+.
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is not attributable to regulation at mRNA level. To

determine whether altered protein stability is

responsible for the reduction of eIF3a and eIF3c

levels in eIF3e+/� MEFs, pulse-chase experiments

were performed and showed that eIF3a and eIF3c

proteins had reduced stability in eIF3+/� MEFs

compared to that in eIF3+/+ MEFs, whereas eIF3e

stability was unchanged (Fig. 7). These data suggest

that eIF3e might stabilize eIF3a and eIF3c, and

therefore, haploinsufficiency of eIF3e might be

explained at least in part by instability of the eIF3

complex.

Fig. 6. eIF3e deficiency selectively leads the decrease in eIF3a and eIF3c protein expression. (A) The diagram shows subunit interactions

within the eIF3 complex. Each line indicates subunit–subunit interaction based on a mass-based study (solid lines) [27] or protein-based

assay (dotted lines) [28]. Dark gray circles (eIF3a and eIF3c) and a diagonal circle (eIF3e) indicate the targets affected by eIF3e disruption.

(B) Western blotting of the indicated eIF3 subunits in the total cell lysates of eIF3e+/+ (+/+) and eIF3e+/� (+/�) MEFs. GAPDH was used as a

loading control. (C) Protein expression of the indicated eIF3 subunits. Band densities from western blot results were calculated and are

shown by the columns representing the mean values with SD. (D) qRT-PCR showing mRNA expression of the indicated eIF3 subunits.

mRNA expression of each gene was normalized using that of the 18S rRNA gene. Columns represent mean values with SD from three

independent experiments. The asterisk indicates P < 0.05 when compared to eIF3e+/+.
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eIF3e is necessary and sufficient for the

concomitant reduction of eIF3a and eIF3c in

eIF3e+/� MEFs

To confirm the concomitant reduction of eIF3a and

eIF3c in eIF3e+/� MEFs, we performed gene silencing

experiments in wild-type MEFs using three siRNA

species against eIF3e. The expression levels of eIF3e

mRNA and protein were decreased using all three

siRNA species, suggesting that these were working

in vitro (Fig. 8A,B). Reduced protein levels were

observed for eIF3a and eIF3c after treatment with

eIF3e siRNA species, independent of mRNA levels of

eIF3a and eIF3c (Fig. 8B). Next, to examine whether

forced eIF3e expression in eIF3e+/� MEFs can rescue

these cellular phenotypes, HA-tagged eIF3e was retro-

virally expressed in eIF3e+/� MEFs. Western blotting

successfully detected exogenous eIF3e and AcGFP.

eIF3a and eIF3c protein levels increased in eIF3e+/�

MEFs expressing exogenous eIF3e but not in the con-

trol. These results suggest that eIF3e is necessary and

sufficient for the stabilization of eIF3a and eIF3c pro-

teins (Fig. 8C).

Discussion

We hypothesize that fetal death in eIF3e�/� mice may

be because global or selective translation activity is not

sufficient to maintain cell growth or proliferation in

embryos lacking eIF3e. In addition, we should point

out that EMT might occur in eIF3e�/� embryos.

Embryonic lethality in eIF3 m-deficient mice, which

had smaller body size at E9.5 than wild-type mice,

might also be attributed to translation dysfunction

[11]. Additionally, mice lacking eIF3b subunit showed

embryonic lethality from E3.5 to E13.5 in [12]. These

suggest that the deficiency of eIF3 subunits might be

integrated in the arrest of global translation and thus

highlighted the importance of eIF3 subunits in early

embryonic development. Furthermore, analysis of

eIF3 m+/� mice indicates a positive correlation

between eIF3 expression levels and body weight or

organ size [11]. Similar results were obtained in the

present study using eIF3e+/� mice (Fig. 3). The

impaired methionine incorporation in eIF3e+/� cells

Fig. 7. Increase in proteolytic instability of eIF3a and eIF3c in

eIF3e+/� MEFs. Pulse-chase analysis of eIF3a, eIF3c, and eIF3e in

eIF3e+/+ (+/+) and eIF3e+/� (+/�) MEFs. Nascent proteins were

labeled by AHA (pulse); cells were collected at 0–96 h every 24 h

after labeling (chase), and AHA-incorporated proteins were

biotinylated and pulled down using streptavidin (SA) beads to

analyze by immunoblot (upper) and also perform band density

analysis (lower). Lane C in the immunoblot serves as a negative

control sample from SA beads incubated with nonbiotinylated

lysates. Band intensities from three western blot results were

calculated by assuming the highest point to be 100%. The

calculated data are shown by a line chart (mean � SD, blue as

eIF3+/+ and orange as eIF3+/� MEFs). Asterisks indicate level of

statistical significance (*two-way ANOVA for hour/genotype;

P < 0.001, followed by Bonferroni’s post hoc multiple comparison

test; P < 0.05, n = 3–4 for each group).
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supports our hypothesis mentioned above (Fig. 5C).

Considering qualitative differences between the

methionine incorporation experiment and the polysomal

experiment [18], it is not fully analyzed to know how

and which step of translation is exactly affected. More-

over, another possibility of nontranslational defects,

Fig. 8. Effects of eIF3e silencing and

forced eIF3e expression in eIF3e+/� MEFs.

(A) qRT-PCR showing mRNA expression

of eIF3a, eIF3c, and eIF3e. mRNA

expression of each gene was normalized

to that of the 18S rRNA gene. Columns

represent mean values with SD from three

independent experiments. The asterisk

indicates P < 0.05 when compared to

siCont-transfected MEFs. (B) Western

blotting of eIF3a, eIF3c, and eIF3e in the

total cell lysates of wild-type MEFs

transfected with the indicated siRNA

species. GAPDH was used as a loading

control. Band densities from western blot

results were calculated and are shown by

the columns representing the mean values

with SD. The asterisk indicates P < 0.05

when compared to siCont-transfected

MEFs. (C) Western blotting of the

indicated eIF3 subunits and transgenes

(HA: exogenous eIF3e; AcGFP: control) in

the total cell lysates of eIF3e+/� MEFs

infected with the indicated genes

packaged by retroviruses. GAPDH was

used as a loading control. Western blot

and relative band intensities were

representative of three independent

experiments.
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including methionine transport and metabolism in

eIF3e+/� cells, is not ruled out. Therefore, further

analysis (i.e., polysome experiment) is needed to better

characterize the cellular haploinsufficient phenotype in

eIF3e+/� animals.

Regarding the phenotype observed for eIF3e+/�
mice, we hypothesize that haploinsufficiency of human

eIF3e gene might be a cause of an undiagnosed con-

genital disorder.

Results of the present study also showed that eIF3e

is critical for stabilizing eIF3a and eIF3c subunits

(Fig. 6). Mass spectrometry studies have suggested

that eIF3e, eIF3l, and eIF3k form a subcomplex that

binds to the eIF3 complex through an eIF3e–eIF3c
interaction [36]. Other studies have shown that eIF3e

binds to an eIF3a–eIF3c heterodimer in different spe-

cies [37,38]. Our results support the possibility that

eIF3e binds to and stabilizes the eIF3a–eIF3c core

dimer (Fig. 6A). As we focused on only a limited num-

ber of eIF3 subunits in the present study, further com-

prehensive analyses are required to completely

understand the regulation of the eIF3 complex at pro-

tein level.

It has been reported that full-length eIF3e is

required for cell proliferation in human glioblastoma

cells [39] and in Neurospora crassa [38]. The present

study in mice supports these reports. However, trun-

cated eIF3e protein caused by MMTV-integration has

an ability of promoting transformation [17,40]. It is

reasonable to think that the oncogenic mutation in

eIF3e gene caused by MMTV-integration is gain of

function but not loss of function. Indeed, Chiluiza

et al. have reported that truncated eIF3e causes a

shift from cap-dependent to cap-independent transla-

tion [41]. To extend our knowledge further on the

roles of eIF3e, especially in cancer, we believe it

important to consider classification of the loss of

function or gain of function of eIF3e. Moreover,

noncanonical functions of eIF3e exerted through

molecular interactions with proteins, such as HIF2a
[30], MCM7 [42], ATM [43], or MIF4GD/SLIP1 [44],

have been reported, but their physiological and/or

pathological importance still remains elusive. We

envision that eIF3e acts as a unique modifier in sev-

eral disease states.

In this study, we established an eIF3e-null allele in

mice. eIF3e�/� results in embryonic lethality at early

stage of embryo, suggesting that eIF3e is essential for

embryonic development. This is the first report of mice

carrying the eIF3e-null allele. We also analyzed

embryos, MEFs, and mice from eIF3e+/+ and

eIF3e+/� and found that eIF3e+/� shows haploinsuffi-

ciency. This suggests two copies of eIF3e are required

for cell proliferation and normal protein biogenesis

in vivo and in vitro.
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Fig. S1. Screening of Int6/eIF3e-targeted mouse ES

cells by PCR. (A) The scheme for targeted ES cell

screening by performing PCR. The homologous

recombination allele and the two primer sets for the

first and second screening are shown. (B) Representa-

tive results of PCR genotyping with the first set of

screening primers. (C) Representative results of PCR

genotyping with the second set of screening primers.

Arrows indicate the predicted bands, and asterisk indi-

cates nonspecific bands.

Fig. S2. Copy number detection for genotyping of

embryos. (A) Photo image of E13.5 embryos from

eIF3e+/� intercrossing. (B) The genomic structure of

eIF3e targeted homologous recombination allele, along

with primers used for copy number assays, is shown.

(C) Representative results of the copy number assay

showing the copy number ratio (LacZ/eIF3e intron).

Columns represent mean values with SD from tripli-

cate samples. Asterisk indicates the sample with abnor-

mality (extremely small or empty fetal membrane).

Fig. S3. Expression of epithelial and mesenchymal

markers in mice embryos and MEFs. Sagittal embryo

sections show immunohistochemical analysis per-

formed by antivimentin antibody (A, shown in black)

and anti-E-cadherin antibody (B, shown in black) in

eIF3e+/+ and eIF3e+/� at E10.5. (C) Western blotting

of the indicated epithelial and mesenchymal marker

proteins in the total cell lysates of eIF3e+/+ (+/+) and
eIF3e+/� (+/�) MEFs from three independent clones.

GAPDH was used as a loading control. Band densities

were calculated from western blot results and shown by

graphs (means � standard deviation). P value was

calculated using an unpaired two-tailed Student’s t-test.

Table S1. Monoclonal and polyclonal antibodies used

in western blot and immunohistochemistry.

Table S2. Specific primers used in qRT-PCR experi-

ments.
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