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Abstract: elF3a is the largest subunit of elF3 complex and is a key player in translational control. Recently elF3a is
recognized as a proto-oncogene, which is overexpressed and connected to tumorigenesis of many cancers. However,
the mechanistic roles of elF3a during the tumorigenesis remain largely elusive. Here, we report that depletion of
elF3a significantly reduced HIF1a protein level and cellular glycolysis ability. Mechanistically, we found that elF3a
regulates HIF1a protein synthesis through internal ribosomal entry site (IRES)-dependent translation. Importantly,
through analyses of our own sample collection, we found that elF3a is overexpressed in hepatocellular carcinoma
(HCC) tissues, and a high level of elF3a predicts poor prognosis of HCC patients. TCGA analyses further confirmed
that elF3a is coincident with an elevated activity of HIF1a pathway genes. Collectively, we identify elF3a as a regu-
lator for glycolysis through HIF1a IRES-dependent translational regulation, which may be a potential therapeutic

target for HCC.
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Introduction

Translational control is one of the key regula-
tions of gene expression, with four major steps
including initiation, elongation, termination,
and ribosome recycling [1, 2]. Among them, the
initiation step is rate-limiting and highly regu-
lated [3]. In eukaryotes, the eukaryotic transla-
tion initiation factors (elFs) play major roles in
this process with at least 12 members [4].
Among these known elFs, elF3 complex, com-
posed of 13 subunits from elF3a to elF3m, is
the largest and most complex one [5]. Although
some of these subunits are considered as core
subunits of the elF3 complex [6, 7], various
subcomplexes of elF3 with different subunits
have been proven to exist [8-10]. Furthermore,
diverse elF3 subunits have different expression
in tumors and were considered to have onco-
genic or tumor suppressor functions [11]. For
example, elF3a, the largest subunit of elF3,
which has been reported to play roles in a num-

ber of cellular, physiological, and pathological
processes, including translation initiation, cell
cycle, differentiation, fibrosis, carcinogenesis,
and DNA synthesis and repair [12], has been
revealed potential oncogenic roles in cancer
occurrence, metastasis, prognosis, and thera-
peutic response [12]. Importantly, elF3a is
found to be overexpressed in the carcinomas of
breast, cervix [13], esophagus [14], lung [15],
stomach [16], colon [17], ovary [18], urinary
bladder [19], oral cavity [20], and pancreas
[24]. These findings may indicate that high lev-
els of elF3a in tumors may be due to overex-
pression of the entire elF3 complex to induce a
more efficient translation initiation rate.
Although this is a common feature in cancer,
this possibility was not specifically examined in
those tumors. Another possibility is that high
levels of elF3a regulate specific MRNAs transla-
tion. Consistent with this hypothesis, transla-
tion of hepatitis C virus RNA occurs through
essential interactions between elF3a and a
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structured internal ribosome entry site (IRES)
element in the viral genome [22-24]. Recently,
it has found that elF3a bound to replication pro-
tein A2 (RPA2) IRES element and inhibited its
activity [25]. IRES-dependent mechanism was
served as an alternative mechanism to support
the translation of specific mMRNAs [26].
Currently, only a few eukaryotic mRNAs have
been proved to contain IRES. However, whether
elF3a has regulatory effect on all these IRES
containing mRNAs is still unknown.

Hypoxia-inducible factor 1o (HIF1lax) is a key
transcription factor, which activates target
genes involved in glycolysis and is essential for
tumor cells to maintain high demand of glyco-
lytic metabolites in keeping rapid proliferation,
as well as metastasis and angiogenesis [27,
28]. The protein level of HIF1lx is strictly regu-
lated at post-transcriptional levels [29]. While
oxygen-dependent hydroxylation of HIF1la by
prolyl hydroxylases and subsequent ubiquity-
lation by von Hippel Lindau protein (VHL) have
been regarded as the primary mechanism in
controlling HIF1lx protein level, emerging evi-
dences indicate that HIF1a is also subjected to
translational regulation [30-32]. Along this line,
it has been reported that the HIF1a translation
can be regulated at IRES-dependent mecha-
nism [30], however, the exact mechanisms are
not clear. Considering eif3a is found to be over-
expressed in many tumors and has been shown
to regulate IRES activity of certain eukaryotic
MRNA, it is of great significance to investigate
whether eif3a can regulate HIFla through
IRES-dependent translation.

Cancer cells in general possess enhanced pro-
tein synthesis and glycolytic capability to sup-
port the growth demand [33, 34]. However,
whether and how these two steps are mecha-
nistically connected are not clear. Here, we
found that elF3a is essential for the IRES-
dependent HIF1lax translation. Inhibition of
elF3a by RNAI approach in Huh-7 and HepG2,
two HCC (Hepatocellular carcinoma) derived
cancer cell lines, led to significantly reduced
HIF1x protein and consequently drastically
attenuated cellular glycolytic ability. Signifi-
cantly, we found that elF3a is overexpressed in
HCC (Hepatocellular carcinoma) tissues, and
high levels of elF3a positively correlate with
elevated glycolytic activities and predict poor
prognosis for HCC patients, supporting our
mechanistic study. As HCC is the third cause of
cancer-related mortality worldwide, mainly due
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to its high rate of metastasis and recurrence
[35], our findings not only uncovered elF3a as a
regulator for glycolysis through HIF1la IRES-
dependent translational regulation, but also
indicate intervention of elF3a related transla-
tional control may confer therapeutic advan-
tage in HCC cancers with high levels of HIF1a
and glycolytic activities.

Materials and methods
Cells and transfections

Huh-7 and HepG2 (human hepatocellular carci-
noma) cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Hyclone)
supplemented with 10% fetal bovine serum
(FBS, Gibco). All cell lines were originally
acquired from ATCC. Plasmid transfections
were performed using Lipofectamine 2000
(Invitrogen), according to the manufacturer’s
protocol, and luciferase assay or western blot
assays were performed 48 h after transfection.
siRNA transfection was performed using
RNAIMAX (Invitrogen), according to the manu-
facturer’s protocol. Cells were collected at 72
hours post siRNA transfection for following
analyses. For hypoxic conditions, cells were
incubated with 200 pmol/L cobalt chloride
(CoCl,) for 20 hours.

Plasmids and siRNA

siRNA oligonucleotides against elF3a gene
were purchased from Genepharma Inc. (elF-
3a siRNA #1: 5-CCAUGAUAUUGCCCAGCAA-3’,
elF3a siRNA #2: 5-GCAGAUGGUCUUAGAUA-
UA-3’). Human elF3a cDNA was cloned from the
Hela cell line. The siRNA-resistant FLAG-elF3a
vector was constructed by mutation of the
elF3a region (522-540 bp) to CCACGACATCG-
CTCAACAG, which had no impact on the encod-
ed protein sequence. The HIF1a overexpres-
sion plasmid was constructed by inserting the
HIF1lx open reading frame, isolated by PCR
from human cDNA, into pRevlet-On. IRES
reporter constructs pRF, pRhifF and pRHCVF
were a generous gift from Dr Gregory Goodall.

Western blot

Western blot analysis was performed using the
following antibodies: anti-elF3a (Cell Signaling
Technology 3411); anti-HIF1lx (Cell Signaling
Technology 3716); and anti-B-Actin (Proteintech
60008-1-Ig).
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RT-gPCR

Total RNA was isolated using TRIzol Reagent
(Invitrogen) according to manufacturer’s proto-
col. cDNA was synthesized with PrimeScript RT
reagent kit (Takara Bio) containing random
primers using 1 ug of extracted RNA per sam-
ple. RT-gPCR was performed using SYBR Green
Master Mix (Roche) with the Roche LightCycler
480 Instrument Il system. B-Actin was used
as an internal control for normalization.
Amplifications were carried out using the fol-
lowing primers: HIF1lx forward 5-TCATCCAT-
GTGACCATGAGG-3’ and reverse 5-CGGCTAG-
TTAGGGTACACTTC-3’; elF3a forward 5-GTGG-
GAGTCTTACAGGCAGT-3’ and reverse 5-GGTT-
ATGGTGGCGCTGAATC-3’; GLUT1 forward 5’-CT-
TGGCTCCCTGCAGTTTG-3’ and reverse 5-GG-
ACCCATGTCTGGTTGTAG-3’; GLUT 2 forward
5-CTGCATCATTCTTTGGTGGG-3' and reverse
5-CCATCAAGAGAGCTCCAACT-3’; GLUT 3 for-
ward 5-GAATTAGATTACAGCGATGGG-3' and
reverse 5-GTGTTGTAGCCAAATTGGA-3; PGK1
forward 5-CTTCCAGGAGCTCCAAACTG-3’ and
reverse 5-CTGTGGGGGTATTTGAATGG-3’; PDK1
forward 5-GAAGCAGTTCCTGGACTTCG-3’ and
reverse 5-ACCAATTGAACGGATGGTGT-3’; LD-
HA forward 5-CTTCTAAAGGAAGAACAGACCC-3’
and reverse 5-CAAGAGCAAGTTCATCTGCC-3;
elF3a forward 5-GTGGGAGTCTTACAGGCAGT-3’
and reverse 5-GGTTATGGTGGCGCTGAATC-3’;
B-Actin forward 5’-CCCTGGAGAAGAGCTACGAG-
3’and reverse 5-CGTACAGGTCTTTGCGGATG-3..

Measurement of cellular glucose uptake

For glucose uptake assays, cells were incubat-
ed in the culture medium with 100 uM 2-NBDG
(Peptide Institute) for 1 hrs, as previously
described [36]. Fluorescence was measured by
fluorescence-activated cell sorting (FACS) using
Canto Flow Cytometer (Becton Dickinson).
Values were calculated as the mean fluores-
cence intensities of the indicated samples.

Real-time measurement of the extracellular
acidification rate (ECAR)

ECAR was performed according to the manu-
facturer’s guidelines by Seahorse XF96 extra-
cellular Flux analyser (Agilent). In brief, 20,000
cells per well were seeded in 96-well multi-
plates, and then incubated in a 5% CO, incuba-
tor at 37°C. The next day, the culture medium
was removed and replaced by XF glycolytic
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stress test medium (powdered DMEM, 143 mM
NaCl, 3 mg/l phenol red, 2 mM L-glutamine
(Invitrogen), pH 7.3-7.4 at 37°C) and incubated
for 1 h in a non-CO, incubator at 37°C. ECAR
values were measured after injections of 10
mM glucose (port A), 1 uM oligomycin (port B)
and 50 mM 2-DG (port C). All additives were
purchased from Sigma-Aldrich unless indicated
otherwise. For all experiments, three biological
replicates were performed and within each bio-
logical replicate at least three technical repli-
cates were used.

Luciferase assay

Luciferase reporter constructs were transfect-
ed for 48 hours and the firefly and renilla lucif-
erase activities were measured using the Dual
Luciferease kit (Promega) according to the
manufacturer’s instructions.

HCC tissue microarrays and I[HC

Atotal of 106 formalin-fixed paraffin embedded
HCC tissues (containing tumor and paratumor
compartments) were collected from consecu-
tive patients with HCC who underwent curative
resection from 2006 to 2007 at the Liver
Cancer Institute of Fudan University (Shanghai,
China). Histopathological diagnoses were
based on World Health Organization criteria.
Ethical approval was obtained from the
research ethics committee of Fudan University
affiliated Zhongshan Hospital, and written
informed consent was obtained from each
patient. Among the 106 patients, 91 cases
were male, 15 cases were female. The age dis-
tribution was from 27 to 80 years old. Tumor
size ranged from 1 cm to 20 cm. Follow-up data
were summarized at the end of May 2013, with
a median follow-up of 54 months. Tissue micro-
arrays (TMAs) were constructed as previously
described [37] and immunohistochemistry
(IHC) was performed as described elsewhere
[38, 39]. IHC analysis was performed using the
following antibodies: anti-elF3a (Cell Signaling
Technology 3411).

Statistical analysis

Statistical analysis was performed with SPSS
software (19.0; SPSS, Inc., Chicago, IL). Values
are presented as mean * standard deviation
(SD). The Student t test was used for compari-
sons between groups. Pearson’s correlation
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Figure 1. elF3a depletion led to decreased HIF1a protein level in cancer cells. A. WB analyses of HIF1a, elF3a and
B-Actin (as control) in the indicated Huh-7 cells under CoCl, treatment. B. RT-gPCR analyses of HIF1a in the control
and elF3a KD Huh-7 cells under the indicated treatment and data are represented as mean + SD from three biologi-
cal replicates. *P < 0.05, T test. C. WB analyses of HIF1a and elF3a in the control and elF3a KD Huh-7 cells under
the treatment of PHD inhibitor DMOG. B-Actin was used as control. D. WB analyses of HIF1x, elF3a and B-Actin (as
control) in the indicated HepG2 cells under CoCl, treatment. E. WB analyses of HIF1a, elF3a and B-Actin (as control)
in the control, elF3a KD and elF3a KD Huh-7cells with the indicated rescuing construct under CoCl, treatment.

analyses were performed for the mRNA levels
of elF3a and selected HIF1lax target genes.
Overall survival rates were analyzed using
Kaplan-Meier’'s method and the log-rank test. P
< 0.05 was considered statistically significant.

Results

elF3a depletion led to decreased HIF 1a pro-
tein level in cancer cells

To investigate whether elF3a regulates HIF1a
translation, RNAi approach was performed in a
human HCC cell line, Huh-7. Notably, we found
that elF3a knock down (KD) using two indepen-
dent siRNAs significantly decreased HIF1« pro-
tein level, under both normoxic condition and
CoCl, treatment, which inhibits O,-dependent
PHD activity and mimic hypoxia condition, in
Huh-7 cells (Figure 1A). In addition, we exam-
ined HIFLx mRNA levels in the control and
elF3a KD Huh-7 cells. As shown in Figure 1B,
the HIF1lax mRNA level was not affected by
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elF3a depletion under either normoxic or hypox-
ic conditions. Since oxygen-dependent hydrox-
ylation of HIF1a by prolyl hydroxylases and sub-
sequent ubiquitylation by von Hippel Lindau
protein (VHL) have been considered as the pri-
mary mechanism in controlling HIF1lx protein
level [29], we wanted to clarify whether HIF1a
protein is reduced by elF3a-KD via the ubiquitin
proteasome degradation, however, the pr-
olyl hydroxylase inhibitor dimethyloxalylglycine
(DMOG) did not restored HIF1a protein level in
elF3a KD cells to a comparable level in the con-
trol Huh-7 cells, suggesting that elF3a regula-
tion of HIF1« is not at the level of protein desta-
bilization (Figure 1C). Such elF3a and HIF1lx
connection was further verified in another HCC
cell line, HepG2 (Figure 1D). Thus, the reduc-
tion of HIF1a protein is likely occurred at trans-
lational steps upon elF3ainhibition. Importantly,
such deceased was largely rescued by reintro-
duction of a RNAi-resistant elF3a in the elF3a
KD cells, excluding potential off-target effect of
the RNAi approach (Figure 1E).

Am J Cancer Res 2019;9(5):1079-1090
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elF3a depletion led to decreased cellular gly-
colytic activity in HCC cells

Next, we wanted to further determine the cel-
lular effect of elF3a depletion in HCC cells. As
mentioned in the introduction, HIF1x is a key
transcription factor to activate target genes
involved in glycolysis, which is required by
tumor cells to maintain high demand of glyco-
lytic metabolites in keeping fast proliferation,
as well as metastasis and angiogenesis [27,
28], we examined the expression of glycolysis
genes in the control and elF3a KD Huh-7 cells.
As shown in Figure 2A, in consistent with the
reduced HIFla protein level, elF3a depletion
led to significantly reduced mRNA expression of
most of the glycolysis genes targeted by HIF1c.
To further examine the phenotype, glucose
uptake was measured using a fluorescent glu-
cose analog, 2-NBDG, by flow cytometric analy-
sis, which showed a significant decrease of glu-
cose uptake in the elF3a KD Huh-7 cells (Figure
2B), consistent with the downregulation of
GLUT expression. To confirm the metabolic
alterations upon elF3a depletion, we monitored
live cells using Seahorse. Compared with the
control Huh-7 cells, elF3a KD led to a signifi-
cant decrease of the extracellular acidification
rate (ECAR), an index of glycolytic activity
(Figure 2C). In addition to Huh-7 cells, we also
found significant reduction of glycolytic activity
in HepG2 cells when elF3a was knocked down
(Figure 2D), suggesting such regulation is likely
general but not Huh-7 specific.

elF3a regulates HIF 1a protein translation
through IRES-dependent mechanism

We then wondered what could be the mecha-
nism of elF3a in regulating HIF1a translation. It
has been reported that HIF1« translation could
be regulated through both conventional cap-
dependent and IRES-dependent mechanisms
[30, 40, 41]. Since mTOR-S6K-4EBP1 pathway
is essential in activation of global cap-depen-
dent translation, we treated the control and
elF3a KD Huh-7 cells with a well-established
mTOR inhibitor, Torin 1, to suppress cap-depen-
dent translation. However, Torin 1 treatment
did not affect the change of HIF1a protein level
between control and elF3a KD cells (Figure
3A), suggesting that the elF3a regulation of
HIF1a translation is not cap-dependent. We
next turned to the possibility of IRES-dependent
translational regulation. To do so, we took the
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advantage of the commonly used HIF1la IRES-
dependent bicistronic reporter construct
(Figure 3B), with which the ratio of firefly over
renilla luciferase activity reflects the level of
IRES-dependent translation. Supporting an
IRES-dependent mechanism, we found that the
reporter gene with HIF1a IRES showed signifi-
cant lower activities in the elF3a KD Huh-7 and
HepG2 cells compared with control cells,
respectively (Figure 3C and 3D), consistent
with the changes observed for the endogenous
proteins (Figure 1A and 1D). Such effect could
also be observed for a Hepatitis C virus (HCV)
IRES reporter, a well-known elF3a target (Figure
3C and 3D) [22-24].

Finally, and importantly, restoring HIF1a expres-
sion level through a non-IRES containing HIF1x
construct in elF3a Huh-7 KD cells reversed the
effect of elF3a depletion on glycolysis regula-
tion (Figure 3E and 3F), indicating that elF3a
influences cellular glycolysis state through
its regulation of the IRES-dependent HIFla
translation.

Elevated elF3a expression and its correlation
with HIF 1« activities in the aggressive type of
liver cancer

As global metabolic programing to glycolysis is
a hallmark of tumorigenesis, and HIF1la activa-
tion has been demonstrated to play a crucial
role by activating glycolytic genes during this
process, we next wondered whether the regula-
tion of HIF1a by elF3a is also involved in HCC
progression [27, 28]. To assess elF3a expres-
sion in HCC, we first examined elF3a expres-
sion by IHC in 106 HCC tissues and matched
para-tumor tissues. Such exercise revealed sig-
nificantly elevated elF3a protein in 50.9% of
the cancer samples compared to paired para-
cancer tissues (Figure 4A). In contrast, only
12.3% of the HCC cancer samples showed
attenuate levels of elF3a protein compared to
the paired para-tumor tissue (Figure 4A). Next,
we analyzed the prognostic implication of elF3a
expression in 106 HCC patients. Importantly,
we found that patients with high elF3a expres-
sion had significantly worse prognosis than
those with low elF3a expression (Figure 4B).
These results indicate that elF3a is likely
involved in the tumorigenesis and progression
of the aggressive type of HCC. Finally, we turned
back to TCGA database and used the mRNA
levels of HIF1x target genes as the surrogates
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quantified and shown in the bottom. B. Prognostic analyses of elF3a expression in 106 HCC patients. C. Pearson correlation analyses of the mRNA levels of elF3a
and indicated HIF 1a target genes (Data from TCGA). The correlation coefficient (R) and P value (by two-sided t-test) were indicated. TPM represents transcripts per
million.
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of HIF1la activities due to stability issue of
HIF1lx protein during sample preparation.
Consistent with the idea that elF3a promotes
HIF1lx translation leading to enhanced glyco-
lytic activity, we found strong correlations at the
MRNA levels between elF3a and 5 well-defined
HIF1a target genes, such as GLUT1, GLUT2,
PGK1, PDK1 and LDHA again supporting our
mechanistic findings (Figure 4C). In addition,
we also found strong correlations at the mRNA
levels between elF3a and VEGF, a well-defined
HIF1la target gene, related to angiogenesis
[42].

Discussion

Previously, elF3a was regarded primarily as a
translation initiation factor for mRNA transla-
tion [43]. A number of recent studies suggest
that elF3a may have many regulatory roles in
cellular, physiological, and pathological pro-
cesses including cell cycle, differentiation,
fibrosis, carcinogenesis, and DNA synthesis
and repair [12]. Several specific mRNAs had
been demonstrated to be regulated by elF3a,
and these mRNAs include RRM2, a-tubulin,
p27kip, XPA, XPC, and RPA [18, 44-47]. A more
recent study using genome-wide approach had
identified a total of 375 transcripts regulated
by elF3a through direct interactions, and most
of the transcripts are involved in cell cycle, dif-
ferentiation, apoptosis and growth, via 5 UTR
[48]. All these findings suggest that elF3a is
playing important roles in regulating specific
sets of mMRNAs, and its malfunction may lead to
deregulation of protein synthesis and tumori-
genesis. Our finding of elF3a as a mammalian
translation initiation factor, mediating glycoly-
sis metabolism via IRES-dependent HIFlax
translation, shed new light on the physiological
activities regulated by elF3a. As HIFla is a well-
established oncogene, especially under hypox-
ic condition and when cancer cells need to
meet high glycolysis demands [27, 28], our
work now provide new mechanistic understand-
ing of elF3a involvement in tumorigenesis
through promoting IRES-dependent HIF1la
translation. In addition, although most genes
are regulated by cap-dependent translation
mechanism, some stress-activated genes are
regulated by IRES-dependent translation mech-
anism. Considering previous report and our
work have shown eif3a has regulatory effects
on IRES-dependent translation, other IRES con-
taining mRNAs, such as CCND1 [49], ESR1
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[50], may also subject to a similar regulation by
elF3a. And it will be an interesting question for
future investigation.

Clinical researches have revealed that genes
encoding translation initiation factors are fre-
quently gained or lost in human tumors and
thus are aberrantly expressed during cancer
progression [51]. elF3a is the largest subunit of
elF3 complex, and is widely and extensively
investigated. The previous findings suggest
that elF3a is potentially a proto-oncogene and
may play an important role in tumorigenesis.
For example, elF3a is found to be overex-
pressed in the carcinomas of breast [52], cer-
vix [13], esophagus [14], lung [15], stomach
[16], colon [17], ovary [18], urinary bladder [19],
oral cavity [20], and pancreas [21]. These find-
ings indicate that high level of elF3a in cancer
cells may promote a more efficient translation
initiation rate. Although this is a common fea-
ture in cancer, the exact downstream events
have not been fully explored. In our study, we
found that elF3a is significantly up-regulated in
HCC tissues compared to the adjacent normal
tissues, and patients with higher elF3a expres-
sion had significantly worse prognosis, indicat-
ing elF3a can be a potential prognostic factor
of HCC. Importantly, we found depletion of
elF3a in Huh-7 cells, a well-established HCC
cells, significantly decreased HIFla protein
level as well as glucose uptake and cellular gly-
colytic activity. We also found strong correla-
tions in HCC at the mRNA levels between elF3a
and glycolysis genes regulated by HIF1a from
TCGA database, further supporting our mecha-
nistic findings. As many solid tumors utilize
HIF1lx to transcriptionally activate glycolysis
pathway to generate biomaterials and energy in
order to meet their rapid growth, investigating
the regulatory axis of elF3a-HIF1a-glycolysis is
crucial and worthwhile. Moreover, while effec-
tive targeted therapeutics for liver cancer are
still lacking, our findings highlight elF3a related
translationally regulatory node as a promising
target of therapeutic intervention for liver or
other cancers with elevated glycolysis state.

Acknowledgements

We thank Drs. Mark T Bedford (MD Anderson)
and Gregory J Goodall (University of South
Australia) for sharing IRES reporter constructs.
This work was partially supported by grants
from the National Natural Science Foundation

Am J Cancer Res 2019;9(5):1079-1090



elF3a regulates HIF1x translation in HCC

of China: 81602513, 81472840, 81672825
and 81871929, and from Shanghai Municipal
Natural Science Foundation: 18410720700,
17411951200. Cancer Biology State Key
Laboratory Project (CBSKL201717) and the
Outstanding Clinical Discipline Project of
Shanghai Pudong (PWYgy2018-02).

Disclosure of conflict of interest
None.

Address correspondence to: Jiabin Cai, Fei Lan and
Guoming Shi, Key Laboratory of Carcinogenesis and
Cancer Invasion of Ministry of Education, Key
Laboratory of Medical Epigenetics and Metabolism,
Institutes of Biomedical Sciences, Fudan University,
Shanghai 200032, China. E-mail: cai.jiabin@zs-hos-
pital.sh.cn (JBC); fei_lan@fudan.edu.cn (FL); shi.
guoming@zs-hospital.sh.cn (GMS)

References

[1] Pestova TV, Kolupaeva VG, Lomakin 1B,
Pilipenko EV, Shatsky IN, Agol VI and Hellen
CU. Molecular mechanisms of translation initi-
ation in eukaryotes. Proc Natl Acad Sci U S A
2001; 98: 7029-7036.

[2] Jackson RJ, Hellen CU and Pestova TV. The
mechanism of eukaryotic translation initiation
and principles of its regulation. Nat Rev Mol
Cell Biol 2010; 11: 113-127.

[3] Sonenberg N and Hinnebusch AG. Regulation
of translation initiation in eukaryotes: mecha-
nisms and biological targets. Cell 2009; 136:
731-745.

[4] Dong Zand Zhang JT. Initiation factor elF3 and
regulation of mRNA translation, cell growth,
and cancer. Crit Rev Oncol Hematol 2006; 59:
169-180.

[5] Browning KS, Gallie DR, Hershey JW,
Hinnebusch AG, Maitra U, Merrick WC and
Norbury C. Unified nomenclature for the sub-
units of eukaryotic initiation factor 3. Trends
Biochem Sci 2001; 26: 284.

[6] Asano K, Phan L, Anderson J and Hinnebusch
AG. Complex formation by all five homologues
of mammalian translation initiation factor 3
subunits from yeast Saccharomyces cerevisi-
ae. J Biol Chem 1998; 273: 18573-18585.

[71 Masutani M, Sonenberg N, Yokoyama S and
Imataka H. Reconstitution reveals the func-
tional core of mammalian elF3. EMBO J 2007;
26: 3373-3383.

[8] Chaudhuri J, Chakrabarti A and Maitra U.
Biochemical characterization of mammalian
translation initiation factor 3 (elF3). Molecular
cloning reveals that p110 subunit is the mam-

1088

(10]

(11]

[12]

(13]

(15]

(16]

(17]

malian homologue of Saccharomyces cerevisi-
ae protein prtl. J Biol Chem 1997; 272:
30975-30983.

Fraser CS, Lee JY, Mayeur GL, Bushell M,
Doudna JA and Hershey JW. The j-subunit of
human translation initiation factor elF3 is re-
quired for the stable binding of elF3 and its
subcomplexes to 40 S ribosomal subunits in
vitro. J Biol Chem 2004; 279: 8946-8956.
Zhou C, Arslan F, Wee S, Krishnan S, Ivanov
AR, Oliva A, Leatherwood J and Wolf DA. PCI
proteins elF3e and elF3m define distinct trans-
lation initiation factor 3 complexes. BMC Biol
2005; 3: 14.

Yin JY, Dong Z, Liu ZQ and Zhang JT.
Translational control gone awry: a new mecha-
nism of tumorigenesis and novel targets of
cancer treatments. Biosci Rep 2011; 31: 1-15.
Yin JY, Zhang JT, Zhang W, Zhou HH and Liu ZQ.
elF3a: a new anticancer drug target in the elF
family. Cancer Lett 2018; 412: 81-87.

Dellas A, Torhorst J, Bachmann F, Banziger R,
Schultheiss E and Burger MM. Expression of
p150 in cervical neoplasia and its potential
value in predicting survival. Cancer 1998; 83:
1376-1383.

Chen G and Burger MM. p150 expression and
its prognostic value in squamous-cell carcino-
ma of the esophagus. Int J Cancer 1999; 84:
95-100.

Pincheira R, Chen Q and Zhang JT. Identification
of a 170-kDa protein over-expressed in lung
cancers. Br J Cancer 2001; 84: 1520-1527.
Chen G and Burger MM. p150 overexpression
in gastric carcinoma: the association with p53,
apoptosis and cell proliferation. Int J Cancer
2004; 112: 393-398.

Haybaeck J, O'Connor T, Spilka R, Spizzo G,
Ensinger C, Mikuz G, Brunhuber T, Vogetseder
A, Theurl |, Salvenmoser W, Draxl H, Banziger
R, Bachmann F, Schafer G, Burger M and
Obrist P. Overexpression of p150, a part of the
large subunit of the eukaryotic translation ini-
tiation factor 3, in colon cancer. Anticancer
Res 2010; 30: 1047-1055.

Zhang Y, Yu JJ, Tian Y, Li ZZ, Zhang CY, Zhang
SF, Cao LQ, Zhang Y, Qian CY, Zhang W, Zhou
HH, Yin JY and Liu ZQ. elF3a improve cisplatin
sensitivity in ovarian cancer by regulating XPC
and p27Kip1 translation. Oncotarget 2015; 6:
25441-25451.

Spilka R, Ernst C, Bergler H, Rainer J, Flechsig
S, Vogetseder A, Lederer E, Benesch M,
Brunner A, Geley S, Eger A, Bachmann F,
Doppler W, Obrist P and Haybaeck J. elF3a is
over-expressed in urinary bladder cancer and
influences its phenotype independent of trans-
lation initiation. Cell Oncol (Dordr) 2014; 37:
253-267.

Am J Cancer Res 2019;9(5):1079-1090


mailto:cai.jiabin@zs-hospital.sh.cn
mailto:cai.jiabin@zs-hospital.sh.cn
mailto:fei_lan@fudan.edu.cn
mailto:shi.guoming@zs-hospital.sh.cn
mailto:shi.guoming@zs-hospital.sh.cn

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

[32]

[33]

[34]

1089

elF3a regulates HIF 1« translation in HCC

Spilka R, Laimer K, Bachmann F, Spizzo G,
Vogetseder A, Wieser M, Muller H, Haybaeck J
and Obrist P. Overexpression of elF3a in squa-
mous cell carcinoma of the oral cavity and its
putative relation to chemotherapy response. J
Oncol 2012; 2012: 901956.

Wang SQ, Liu Y, Yao MY and Jin J. Eukaryotic
translation initiation factor 3a (elF3a) pro-
motes cell proliferation and motility in pancre-
atic cancer. J Korean Med Sci 2016; 31: 1586-
1594,

Sun C, Querol-Audi J, Mortimer SA, Arias-
Palomo E, Doudna JA, Nogales E and Cate JH.
Two RNA-binding motifs in elF3 direct HCV
IRES-dependent translation. Nucleic Acids Res
2013; 41: 7512-7521.

Buratti E, Tisminetzky S, Zotti M and Baralle
FE. Functional analysis of the interaction be-
tween HCV 5’UTR and putative subunits of eu-
karyotic translation initiation factor elF3.
Nucleic Acids Res 1998; 26: 3179-3187.
Sizova DV, Kolupaeva VG, Pestova TV, Shatsky
IN and Hellen CU. Specific interaction of eu-
karyotic translation initiation factor 3 with the
5’ nontranslated regions of hepatitis C virus
and classical swine fever virus RNAs. J Virol
1998; 72: 4775-4782.

Yin JY, Dong ZZ, Liu RY, Chen J, Liu ZQ and
Zhang JT. Translational regulation of RPA2 via
internal ribosomal entry site and by elF3a.
Carcinogenesis 2013; 34: 1224-1231.

Godet AC, David F, Hantelys F, Tatin F, Lacazette
E, Garmy-Susini B and Prats AC. IRES trans-
acting factors, key actors of the stress re-
sponse. Int J Mol Sci 2019; 20.

Semenza GL. Hypoxia-inducible factors in
physiology and medicine. Cell 2012; 148: 399-
408.

Weidemann A and Johnson RS. Biology of HIF-
lalpha. Cell Death Differ 2008; 15: 621-627.
Semenza GL. HIF-1: upstream and down-
stream of cancer metabolism. Curr Opin Genet
Dev 2010; 20: 51-56.

Lang KJ, Kappel A and Goodall GJ. Hypoxia-
inducible factor-1alpha mRNA contains an in-
ternal ribosome entry site that allows efficient
translation during normoxia and hypoxia. Mol
Biol Cell 2002; 13: 1792-1801.

Denko NC. Hypoxia, HIF1 and glucose metabo-
lism in the solid tumour. Nat Rev Cancer 2008;
8: 705-713.

Prabhakar NR and Semenza GL. Adaptive and
maladaptive cardiorespiratory responses to
continuous and intermittent hypoxia mediated
by hypoxia-inducible factors 1 and 2. Physiol
Rev 2012; 92: 967-1003.

Warburg 0. Origin of cancer cells. Oncologia
1956; 9: 75-83.

Diaz-Ruiz R, Uribe-Carvajal S, Devin A and
Rigoulet M. Tumor cell energy metabolism and

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

its common features with yeast metabolism.
Biochim Biophys Acta 2009; 1796: 252-265.
Siegel R, Ma J, Zou Z and Jemal A. Cancer sta-
tistics, 2014. CA Cancer J Clin 2014; 64: 9-29.
Zhong L, D'Urso A, Toiber D, Sebastian C,
Henry RE, Vadysirisack DD, Guimaraes A,
Marinelli B, Wikstrom JD, Nir T, Clish CB,
Vaitheesvaran B, lliopoulos O, Kurland I, Dor Y,
Weissleder R, Shirihai OS, Ellisen LW, Espinosa
JM and Mostoslavsky R. The histone deacety-
lase Sirt6 regulates glucose homeostasis via
Hif1alpha. Cell 2010; 140: 280-293.

Ke AW, Shi GM, Zhou J, Huang XY, Shi YH, Ding
ZB, Wang XY, Devbhandari RP and Fan J.
CD151 amplifies signaling by integrin alpha-
6betal to PIBK and induces the epithelial-
mesenchymal transition in  HCC cells.
Gastroenterology 2011; 140: 1629-1641,
e1615.

Shi GM, Ke AW, Zhou J, Wang XY, Xu Y, Ding ZB,
Devbhandari RP, Huang XY, Qiu SJ, Shi YH, Dai
Z, Yang XR, Yang GH and Fan J. CD151 modu-
lates expression of matrix metalloproteinase 9
and promotes neoangiogenesis and progres-
sion of hepatocellular carcinoma. Hepatology
2010; 52: 183-196.

Huang XY, Ke AW, Shi GM, Zhang X, Zhang C,
Shi YH, Wang XY, Ding ZB, Xiao YS, Yan J, Qiu
SJ, Fan J and Zhou J. alphaB-crystallin com-
plexes with 14-3-3zeta to induce epithelial-
mesenchymal transition and resistance to
sorafenib in hepatocellular carcinoma. Hepa-
tology 2013; 57: 2235-2247.

Wouters BG and Koritzinsky M. Hypoxia signal-
ling through mTOR and the unfolded protein
response in cancer. Nat Rev Cancer 2008; 8:
851-864.

Tanaka H, Yamamoto M, Hashimoto N, Mi-
yakoshi M, Tamakawa S, Yoshie M, Tokusashi
Y, Yokoyama K, Yaginuma Y and Ogawa K.
Hypoxia-independent overexpression of hypox-
ia-inducible factor lalpha as an early change
in mouse hepatocarcinogenesis. Cancer Res
2006; 66: 11263-11270.

Semenza GL. Targeting HIF-1 for cancer thera-
py. Nat Rev Cancer 2003; 3: 721-732.
Gomes-Duarte A, Lacerda R, Menezes J and
Romao L. elF3: a factor for human health and
disease. RNA Biol 2018; 15: 26-34.

Dong Z and Zhang JT. EIF3 p170, a mediator of
mimosine effect on protein synthesis and cell
cycle progression. Mol Biol Cell 2003; 14:
3942-3951.

Dong Z, Liu LH, Han B, Pincheira R and Zhang
JT. Role of elF3 p170 in controlling synthesis of
ribonucleotide reductase M2 and cell growth.
Oncogene 2004; 23: 3790-3801.

Yin JY, Shen J, Dong ZZ, Huang Q, Zhong MZ,
Feng DY, Zhou HH, Zhang JT and Liu ZQ. Effect
of elF3a on response of lung cancer patients

Am J Cancer Res 2019;9(5):1079-1090



[47]

(48]

[49]

1090

elF3a regulates HIF1x translation in HCC

to platinum-based chemotherapy by regulating
DNA repair. Clin Cancer Res 2011; 17: 4600-
46009.

Liu RY, Dong Z, Liu J, Yin JY, Zhou L, Wu X, Yang
Y, Mo W, Huang W, Khoo SK, Chen J, Petillo D,
Teh BT, Qian CN and Zhang JT. Role of elF3a in
regulating cisplatin sensitivity and in transla-
tional control of nucleotide excision repair of
nasopharyngeal carcinoma. Oncogene 2011;
30: 4814-4823.

Lee AS, Kranzusch PJ and Cate JH. elF3 targets
cell-proliferation messenger RNAs for transla-
tional activation or repression. Nature 2015;
522:111-114.

Shi Y, Sharma A, Wu H, Lichtenstein A and
Gera J. Cyclin D1 and c-myc internal ribosome
entry site (IRES)-dependent translation is regu-
lated by AKT activity and enhanced by rapamy-
cin through a p38 MAPK- and ERK-dependent
pathway. J Biol Chem 2005; 280: 10964-
10973.

(50]

(52]

Barraille P, Chinestra P, Bayard F and Faye JC.
Alternative initiation of translation accounts
for a 67/45 kDa dimorphism of the human es-
trogen receptor ERalpha. Biochem Biophys
Res Commun 1999; 257: 84-88.

Bhat M, Robichaud N, Hulea L, Sonenberg N,
Pelletier J and Topisirovic |. Targeting the trans-
lation machinery in cancer. Nat Rev Drug
Discov 2015; 14: 261-278.

Bachmann F, Banziger R and Burger MM.
Cloning of a novel protein overexpressed in hu-
man mammary carcinoma. Cancer Res 1997;
57: 988-994.

Am J Cancer Res 2019;9(5):1079-1090



