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Abstract

The multisubunit eukaryotic translation initiation factor elF3 is thought to assist in the recruitment
of ribosomes to mRNA. The expression of elF3 subunits is frequently disrupted in human cancers,
but the specific roles of individual subunits in mRNA translation and cancer remain elusive. Using
global transcriptomic, proteomic, and metabolomic profiling, we found a striking failure of
Schizosaccharomyces pombe cells lacking elF3e and elF3d to synthesize components of the
mitochondrial electron transport chain, leading to a defect in respiration, endogenous oxidative
stress, and premature aging. Energy balance was maintained, however, by a switch to glycolysis
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with increased glucose uptake, upregulation of glycolytic enzymes, and strict dependence on a
fermentable carbon source. This metabolic regulatory function appears conserved in human cells
where elF3e binds metabolic mMRNAs and promotes their translation. Thus, via its elF3d-elF3e
module, elF3 orchestrates an mRNA-specific translational mechanism controlling energy
metabolism that may be disrupted in cancer.
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Introduction

Protein synthesis through mRNA translation is the dominant determinant of cellular protein
levels (Schwanhausser et al., 2011). Translation initiation is considered a rate-limiting step
in protein synthesis that is governed by the availability and activity of eukaryotic translation
initiation factors, elFs (Sonenberg and Hinnebusch, 2009). elF3 is the most complex
translation initiation factor (Hinnebusch, 2006), comprising 13 subunits in mammals
(Damoc et al., 2007; Querol-Audi et al., 2013) and 11 subunits in the fission yeast S. pombe
(Sha et al., 2009; Zhou et al., 2005). elF3 appears to encircle the 40S ribosome to serve as a
scaffold orchestrating the recruitment of other elFs involved in mRNA binding, scanning,
and AUG recognition (Erzberger et al., 2014; des Georges et al., 2015; Querol-Audi et al.,
2013). For certain mRNAs, the elF3-dependent initiation mechanism involves direct
interactions with RNA stem-loop structures or methylated adenosines within the 5’-UTR
(Lee et al., 2015; Meyer et al., 2015).

Upregulation of elF3 subunits is frequently observed in human cancers (Hershey, 2015).
Overexpression of some subunits can drive de novo holo-complex formation and modest
increases in protein synthesis along with cell transformation (Zhang et al., 2006), although
the specific mechanisms leading to transformation remain unknown. A recent study
suggested that elF3 promotes the synthesis of proteins related to cell proliferation and
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demonstrated that elF3-mediated synthesis of c-JUN promotes cell migration (Lee et al.,
2015).

Not all elF3 subunits are essential, however, suggesting that some subunits have regulatory
functions such as mediating the translation of subsets of mMRNAs under specific conditions
(Choudhuri et al., 2013; Grzmil et al., 2010; Kim et al., 2007; Zhou et al., 2005). For
example, elF3e was first identified as a gene disrupted by integration of Mouse Mammary
Tumor Virus during breast tumorigenesis (Asano et al., 1997; Marchetti et al., 1995), and
elF3e is downregulated in several human cancers (Buttitta et al., 2005; Hershey, 2015;
Marchetti et al., 2001; Suo et al., 2015). Downregulation of elF3e induces epithelial-
mesenchymal transition in breast epithelial cells (Gillis and Lewis, 2012) and
transdifferentiation of human mesynchemal stem cells into carcinoma-associated fibroblasts
(Suo et al., 2015), but the molecular mechanisms underlying the apparent tumor suppressor
function of elF3e remain unknown.

As in breast cancer, eff3eis dispensable in fungi, including fission yeast (Smith et al., 2013;
Zhou et al., 2005). Cells deleted for the gene encoding elF3e (aka. Yin6p or Int6p) or its
binding partner elF3d (Moelp) show a ~25% reduction in global protein synthesis and
growth, and are hypersensitive to stress conditions (Bandyopadhyay et al., 2000, 2002).
While these observations suggested potential mMRNA-selective functions, the specific impact
of elF3e on protein synthesis and its role in breast tumorigenesis have remained elusive. We
show here that elF3e and elF3d form a specificity module for the efficient synthesis of
components of the mitochondrial electron transport chain (ETC) and that lack of elF3d and
elF3e leads to a metabolic switch from respiration to glycolysis similar to what is frequently
observed in cancer cells undergoing the Warburg effect. The data implicate the elF3d-elF3e
module of elF3 in a translational circuit to uphold metabolic balance that may be disrupted
in human cancer.

Cells deleted for elF3 subunits e and d are deficient in initiation of translation

Using sucrose density gradient centrifugation, we observed that e/f3e deleted cells have a
disturbed polysome profile with accumulation of light polysomes (<5) at the expense of
heavy polysomes (>5, Fig. 1A). A strain deleted for /734, encoding a direct interactions
partner of elF3e (Yen and Chang, 2000), has the same growth and stress phenotype
(Bandyopadhyay et al., 2002) and showed a polysome profile identical to e/f3e deleted cells
(Fig. 1A). The abnormal profile suggested that the mutants are defective in recruiting
ribosomes to MRNAs. To determine the efficiency of translation initiation, polysome run-off
was induced by removing glucose from the culture media for 15 minutes, followed by
glucose re-addition to induce initiation of translation. Whereas wild-type cells efficiently re-
established polysomes containing more than 5 ribosomes within 10 seconds of glucose re-
addition, the bulk of polysomes formed in e/f3e mutant cells within the same period
contained fewer than 4 ribosomes (Fig. 1B). This defect, which was even more pronounced
at 30 seconds after glucose re-addition indicated a reduced efficiency in recruiting ribosomes
to mMRNAs.
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Proteomic analysis of ribosome-associated proteins points to a role of elF3e in the
synthesis of mitochondrial ETC components

To gain further insight into the apparent initiation defect of e/f3¢ mutant cells, we sought to
assess the state of translating ribosomes. Cell lysate from wild-type and e/f3e deleted cells
was digested with RNAse, and 80S ribosomes and their associated proteins and nascent
polypeptides were isolated and analyzed by liquid chromatography and tandem mass
spectrometry (“80S proteomics”, Fig. 1C). In five independent experiments, 1622 proteins
were quantified of which 261 showed a statistically significant difference (p < 0.05) between
the wild-type and e/f3e mutant cells (Supplementary Data File 1).

Gene Ontology (GO) enrichment analysis (Huang et al., 2008) revealed that the group of
130 proteins that were downregulated in the 80S fraction of e/f3e deleted cells fell into three
main categories: ribosome biogenesis, transmembrane transport, and oxidative
phosphorylation, in particular subunits of mitochondrial respiration complexes Ill, 1V, and V
(Fig. 1D, Fig. S1A). The elF3 complex (GO:5852) was also enriched owing to minor
depletion of elF3b and h and the virtually complete absence of elF3d from 80S particles
isolated from e/f3e deleted cells (Fig. S1B). This finding is consistent with our previous
demonstration that S. pombe elF3 complexes missing subunit e are also devoid of elF3d
(Sha et al., 2009) and suggests that elF3d and elF3e are recruited into the complex as a
module. At the same time, these data complement our previous evidence that a stable elF3
complex can exist in the absence of elF3d and elF3e (Sha et al., 2009; Zhou et al., 2005).

The list of 131 proteins whose abundance was significantly increased in 80S complexes
isolated from e/f3e deleted cells was enriched for amino acid and lipid biosynthesis,
transmembrane proteins, and glycolysis with its two downstream metabolic pathways
alcohol fermentation and tricarboxylic acid (TCA) cycle. Only minor differences were found
in ribosomal proteins (Fig. S1C), other initiation factors (Fig. S1D), and ribosome-
associated chaperones (HSP70s, CCT complex) suggesting that overall 80S structure is
intact in the absence of e/f3e.

Cells deleted for eif3e are defective in synthesizing ETC proteins

To assess whether the differences in the 80S-associated proteome observed between wild-
type and e/f3e mutant cells reflected differences in the synthesis of nascent proteins, we
acquired a series of datasets on global protein dynamics employing stable isotope labeling
techniques coupled with mass spectrometry. Differences in translation rates as determined in
a pulsed SILAC experiment (Selbach et al., 2008) correlated significantly (r = 0.40; p <
0.001) with the differences observed in the 80S-associated proteome (Fig. 2A). In addition,
out of the translation rates determined for 2597 proteins, 228 were significantly reduced in
eff3e mutant cells, whereas 187 were increased. The lists of proteins with significantly
altered rates of synthesis enriched GO terms that overlapped with those obtained for proteins
with altered 80S association shown in Fig. 1D, indicating that the synthesis of components
of the mitochondrial respiration chain is downregulated in e/f3e deleted cells, whereas
amino acid biosynthesis and glucose metabolism are upregulated (Fig. S2A, Supplementary
Data File 1). Identical GO terms were also enriched in the set of 694 proteins whose steady-
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state levels significantly differed in ¢/f3e mutant cells as determined by quantitative mass
spectrometry (Fig. S2B, Supplementary Data File 1).

We next directly measured changes in the synthesis rates of 80S-associated proteins in wild-
type and e/f3e mutant cells by labeling nascent proteins through growing cells in media
containing heavy nitrogen (1°N), followed by purification of 80S complexes and mass
spectrometry. Observing changes in 14N/15N ratios of the identified peptides allowed us to
assess the rate of synthesis of 232 proteins associated with 80S complexes (Supplementary
Data File 1) of which 27 represented metabolism-related proteins that we had found altered
in their 80S association in e/f3e mutant cells. Plotting protein synthesis rates versus steady
state levels of these 80S-associated proteins revealed a highly significant correlation (r =
0.64; p < 0.001, Fig. 2B), again indicating that mitochondrial proteins with reduced 80S
ribosome association in e/f3e mutant cells correspond to those with a reduced rate of
synthesis. Conversely, increased association of glycolysis and TCA cycle proteins appears to
reflect increased synthesis.

Although there was an overall positive correlation between a protein’s association with 80S
complexes and its corresponding mRNA level (r = 0.45, p < 0.001, Fig. 2C), only 19 of the
261 proteins (= 7.3%) differentially associated with 80S ribosomes in wild-type versus e/f3e
mutant cells showed a statistically significant change at the mRNA level. In addition,
decreased 80S association of 35 mitochondrial proteins was not correlated with their mMRNA
levels (Fig. S2D,E). The transcriptomic differences between wild-type and e/f3e mutant cells
(402 mRNAs, Supplementary Data File 1) did not enrich any of the metabolism related GO
terms found in the proteomic datasets (80S proteome, pSILAC, Steady-State dataset Fig.
S2C). Instead, there was marginally significant enrichment of the terms transmembrane
transport and cellular stress response (Fig. S2C). In addition, thiamine biosynthesis was
enriched in the set of 218 mMRNAs that were upregulated in e/f3e mutant cells (Fig. S2C).
Comparison with our parallel proteomic datasets revealed that the corresponding
biosynthetic enzymes as well as the thiamine transporter Thi9p were also upregulated at the
protein level (Supplementary Data File 1), suggesting that e/f3e mutant cells have an
increased demand for thiamine, a vitamin essential for glucose oxidation at multiple levels.
In summary, the integrated analysis of 80S proteomics, pSILAC, steady-state protein and
MRNA datasets strongly suggested that the highly selective changes in the levels of
metabolism-related proteins observed in the absence of the elF3e are primarily driven by
changes at the level of translating specific classes of transcripts.

Metabolomic analysis indicates a glycolytic switch in elF3d and elF3e deficient cells

To assess phenotypic consequences of the translational changes observed in e/f3e mutants,
we considered the possibility that the abnormal polysome profile may result from a defect in
ribosome biogenesis. However, e/f3e mutants did not display typical phenotypic features of
ribosome biogenesis mutants such as flocculation (not shown) and “ribosome halfmers” (Li
et al., 2013; Meyer et al., 2007) in the sucrose density gradient profile (Fig. S3A). Cells
deleted for e/f3e did, however, display a 10 - 20% reduction in total RNA levels, the bulk of
which consists of ribosomal RNA (Fig. S3B). Thus, while ribosome biogenesis may be
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slightly reduced in e/f3e mutant cells, these data suggest that this is a consequence rather
than the cause of the reduced growth rate of the mutant.

With respect to the large energy requirements of protein synthesis in exponentially growing
cells — up to 30 % of the cellular ATP utilization (Rolfe and Brown, 1997) - we considered
the possibility that failure to maintain the synthesis of mitochondrial respiration chain
components might lead to a deficiency in ATP thereby causing inefficient protein synthesis.
Exponentially growing S. pombe cells are known to derive ~50 — 65% of their energy from
mitochondrial respiration (Zuin et al., 2008). Consistent with the proteomic data, cells
deleted for e/f3e maintained under exponential growth conditions showed a ~60% reduction
in mitochondrial oxygen consumption rate (Fig. 3A). Similar reductions were observed with
strains deficient in two other non-essential subunits, elF3d and elF3h (Tif38). Deletion of
elF3j (Herl), a sub-stoichiometric subunit thought to have modulatory function (Wagner et
al., 2014), had no effect on respiration (Fig. 3A).

To determine whether reduced respiration coincides with reduced ATP levels, we generated
a comprehensive metabolomic profile of wild-type and e/f3e deficient cells by LC-MS. In
triplicate experiments, ATP, ADP, and AMP levels did not significantly vary between wild-
type and e/f3e deleted cells (Fig. 3B), indicating that the translational phenotype of e/if3e
mutant cells is not due to ATP depletion. We then used the MetaboAnalyst tool suite (Xia et
al., 2015), to identify a set of 90 metabolites (out of over 8000 LC-MS peaks) whose levels
were significantly changed in e/f3e mutant cells (Supplementary Data File 2). Pathway
analysis of this metabolite set integrated with the list of significantly altered proteins
identified by quantitative proteomics (Supplementary Data File 1), enriched numerous
highly significant Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (Fig. 3C).
The analysis revealed glucose utilization (i.e. glycolysis, pyruvate metabolism, TCA cycle),
amino acid metabolism, and nucleotide metabolism as significantly upregulated KEGG
pathways. Likewise, oxidative stress defense functions (glutathione metabolism and pentose
phosphate pathway) were upregulated in e/f3e deleted cells, a finding that is consistent with
the well-established stress phenotype of e/f3e mutant cells (Bandyopadhyay et al., 2000;
Udagawa et al., 2008) as well as with our transcriptomic profile which indicated
upregulation of oxidative stress response genes in the mutant (Fig. S2C). Consistent with a
role of elF3 in promoting the synthesis of the respiration chain, disruption of the ETC has
previously been shown to lead to endogenous oxidative stress in S. pombe (Zuin et al.,
2008). Biosynthesis pathways of several vitamin coenzymes essential for glucose, amino
acid, and lipid metabolism was also found upregulated in cells lacking e/f3e (i.e. biotin,
pyridoxal 5'-phosphate, thiamine). The apparent high demand for thiamine of e/f3¢ mutant
cells is consistent with the upregulation of the thiamine transporter Thi9p noted above.

Cells deleted for eif3e and eif3d are dependent on glucose

The combined proteomic and metabolomic data suggested that S. pombe cells lacking elF3e
function undergo a metabolic switch from respiration (which is downregulated) to glycolysis
(which is upregulated) in order to maintain energy balance. To test this hypothesis, we
determined glucose utilization by measuring the depletion of glucose from the media.
Glucose uptake was significantly increased in cells lacking eif3e (Fig. 4A). This finding is
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consistent with the pronounced induction of the high affinity glucose transporter Ght5p
(Saitoh et al., 2014) (Fig. 2C), which was more than 60-fold higher in the 80S fraction
isolated from e/f3e mutant cells (Supplementary Data file 1). Using RT-PCR, we assessed
the presence of ght5 mRNA across the fractions of a sucrose density gradient. While in wild-
type cells, a significant portion of the transcript was present in monosomal fractions, ght5
MRNA was quantitatively sequestered in polysomes of e/f3e deleted cells, indicating
strongly increased translation of g/ht5 mRNA in the mutant (Fig. 4B).

To test whether increased glucose uptake is relevant to cell physiology, we determined
growth under glucose limiting conditions. Although yeast extract growth media (YES)
typically contains 3% glucose, wild-type cells can maintain growth at glucose concentrations
as low as 0.2% (Takeda et al., 2015). However, the growth of e/f3e and e/f3d mutant cells
was inhibited at glucose concentrations below 1.5% (Fig. 4C). At 0.2%, both e/f3 mutants
were inviable (Fig. 4C). In minimal media (EMM), which contains 2% glucose and in which
cells have an increased reliance on respiration (Zuin et al., 2008), e/f3 mutant cells grew
very poorly (Fig. 4D). Growth improved, however, 5 — 25-fold upon raising the glucose
concentration to 5% (Fig. 4D). Cells deficient in elF3e and elF3d were entirely unable to
grow in media containing non-fermentable glycerol as the carbon source (Fig. 4D),
confirming that they are severely impaired in respiration.

Since elF3 appears to promote the synthesis of ETC proteins, elF3 subunits might be
induced under conditions of increased respiration. Mitochondrial respiration is upregulated
by shifting S. pombe cells to 0.08% glucose, a response that coincides with increased levels
of the complex I subunit Cox2p (Takeda et al., 2015), which we found to require elF3e for
efficient synthesis (Supplementary Data File 1). Under the same glucose limiting conditions,
both elF3 subunits we tested, elF3e and elF3m, were upregulated between 30 — 40% after 4
hours (Fig. 4E), suggesting that elF3 contributes to the upregulation of respiration upon
glucose restriction.

Lack of elF3e and elF3d causes endogenous oxidative stress and premature aging

Consistent with the described stress sensitivity of e/f3eand eif3d mutant cells
(Bandyopadhyay et al., 2000; Udagawa et al., 2008), we found that these cells are sensitive
to oxidative stress administered by the presence of 1 mM hydrogen peroxide in the media
(Fig. 5A). To test whether poor growth on EMM is due to endogenous oxidative stress from
which respiration deficient cells are known to suffer (Zuin et al., 2008), we supplemented
the media with the anti-oxidant N-acetyl cysteine (NAC). NAC was able to substantially
rescue the growth of e/f3e and eif3d mutant cells on EMM, leading to a minimum 25-fold
improvement (Fig. 5B). These phenotypic data combined with the mRNA data indicating
induction of a stress response signature strongly suggest that the defect in mitochondrial
respiration observed in elF3 deficient cells leads to leakage of electrons from the ETC and
subsequent oxidative stress.

Since S. pombe cells with impaired mitochondrial function are known to display defects
during postdiauxic stationary phase (Zuin et al., 2008), we determined the survival of e/f3e
and eff3d deleted cells in stationary phase which is a read-out of chronological aging (Roux
et al., 2006). Studies in Saccharomyces cerevisiae established a “respiratory threshold”
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below which chronological longevity was drastically curtailed (Ocampo et al., 2012).
Conversely, enhanced synthesis of ETC components prolongs lifespan in Drosophila under
conditions of dietary restriction (Zid et al., 2009) . Accordingly, we found that after 5 days
in the postdiauxic phase, respiration deficient S. pombe cells deleted for eif3e or eif3dhad a
4- to 5-fold reduction in viability as determined by the ability to form colonies (Fig. 5C).
Likewise, using exclusion of propidium iodide as a marker of cell integrity, cells deleted for
eif3e or eif3d showed a ~5-fold reduction in survival (Fig. 5D). In summary, these data
indicate an important metabolic homeostatic function of the elF3d-elF3e module in cellular
physiology and aging.

elF3e promotes the synthesis of electron transport proteins in human breast cells

Since S. pombe Int6p and human elF3e are functional orthologues (Crane et al., 2000), we
asked whether human cells also rely on elF3e for maintaining ETC integrity. Knockdown of
elF3e with two distinct siRNAs in MCF7 breast cancer cells and in non-tumorigenic
MCF10A cells led to a marked downregulation of UQCRB and ATP5H (Fig. 6A,B), two
complex Il and V subunits whose S. pombe orthologues, ubiquinol-cytochrome-c reductase
complex subunit 6 (SPCC737.02c) and FO-ATPase subunit D (SPBC29A10.13) require
elF3e for efficient synthesis (Supplementary Data File 1). The complex Il subunit SDHB
was also downregulated in elF3e depleted MCF10A cells, whereas the complex | subunit
NDUFB8 seemed unaffected (Fig. S4A,B).

Since the levels of mMRNAS encoding ETC proteins were not decreased after elF3e
knockdown (Fig. 6C, S4C), we tested whether elF3e regulates the synthesis of ETC proteins
using reporter gene assays. Plasmids driving the expression of luciferase mRNA fused to the
5’-UTRs of ATP5H, UQCRB, and SDHB (Fig. S5A) were transfected into MCF10A cells
24 hours after knockdown of elF3e. In three independent experiments, each with multiple
technical replicates (Fig. S5B), the activity of 5’-UTR-luciferase fusions was strongly
downregulated upon knockdown of elF3e relative to control knockdown cells (Fig. 6 D). In
contrast, luciferase reporter activity driven by the 5’UTR of PSMB6 was not affected by
knockdown of elF3e (Fig. 6D).

Since elF3 was recently shown to regulate translation through direct binding of mRNA (Lee
et al., 2015; Meyer et al., 2015), we prepared elF3e and elF3c immunoprecipitates and
analyzed the associated mMRNA by gPCR for the presence of select mMRNAs encoding ETC
components. Despite some variability, this assay, performed in triplicates in two different
cell lines, MCF7 and HeLa, strongly suggested that elF3 subunits associated with mRNAs
encoding ETC subunits (Fig. 6E and S5D). elF3 also bound the mRNA encoding the
glycolytic enzyme GAPDH whose S. pombe orthologues are upregulated in the absence of
elF3e (Supplementary Data File 1). In summary, these data indicate that the function of
elF3e in maintaining the synthesis of mitochondrial ETC components may be conserved
both in yeast and mammalian cells.

However, we could not detect a specific interaction of elF3 with SDHB mRNA (Fig. 6E),
even though SDHB protein and reporter activity were decreased in elF3e knockdown cells
(Fig. 6A, D, S5A). Conversely, whereas we detected robust interaction with mRNA
encoding the proteasome subunit PSMB6 (Fig. 6E, S5D), a finding consistent with recent
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PAR-CLIP data (Meyer et al., 2015), its 5’-UTR did not mediate detectable elF3e
dependence in the reporter assay (Fig. 6D). It is therefore likely that mechanisms in addition
to mRNA binding mediate the effect of elF3 on translation.

Discussion

Control of energy metabolism at the level of mMRNA translation

Compared to transcriptional pathways (Scarpulla et al., 2012), little is known about the
control of mitochondrial biogenesis at the level of protein synthesis. Recent studies
implicated the mTORC1/4E-BP/elF4E axis in augmenting the synthesis of ETC subunits as
well as mitochondrial ribosomal proteins (Gandin et al., 2016; Morita et al., 2013; Truitt et
al., 2015). The findings presented here identified the elF3 holo-complex as another critical
promoter of the synthesis of ETC components and mitochondrial ribosomal proteins. Lack
of this function as apparent in cell deleted for e/f3d and eif3e causes respiratory deficiency
and oxidative stress, a compensatory upregulation of glycolysis, strong dependence on
glucose, and reduced lifespan (Fig. 7). These biochemical and cell biological observations
are bolstered by negative genetic interactions of deletion of e/f3e with the deletion of
mitochondrial proteins as well as suppression of the e/f3e mutant phenotype by
overexpression of glycolytic and TCA cycle enzymes (Supplementary Data File 3). In
response to glucose limitation, cells upregulate elF3e and elF3m, and probably the entire
elF3 holo-complex, in an apparent attempt to maximize the synthesis of respiration chain
components. elF3 function may therefore be a central node in the plasticity of cellular
energy metabolism.

Transcript-selective control by elF3: elF3d-elF3e as a specificity module

Our results show that cells deficient in elF3e and elF3d are not globally defective in protein
synthesis as they are translating the compensatory response mRNAs encoding glycolytic
enzymes and the glucose transporter Ght5p with greater efficiency than wild-type cells. Our
findings thus strengthen our previous finding that S. pombe harbors two distinct elF3
complexes distinguished by the presence or absence of the elF3d-elF3e dimer (Sha et al.,
2009; Zhou et al., 2005). Consistent with this model, our quantitative mass spectrometry
data show that a quasi stoichometric elF3 complex containing all subunits except elF3d is
stably associated with 80S complexes in cells deleted for e/f3e (Fig. S1B). The stability of
this alternative complex, referred to as elF329’¢ (Fig. 7), likely accounts for the viability of
cells lacking e/if3d or eif3e, whereas most other elF3 subunits are essential. Together with
the exact overlap of their mutant phenotypes, their direct physical interaction, and their
mutual dependency for proper protein levels and recruitment into the elF3 holo-complex
(Sha et al., 2009; Yen and Chang, 2000), it is likely that elF3d and elF3e together serve as
specificity module to drive the synthesis of mitochondrial proteins.

How might the elF3d-elF3e module regulate specific MRNAs? Using RIP-CHIP, we have
previously reported that elF3 subunits interact with specific sets of mMRNAs (Zhou et al.,
2005). Re-examination of these datasets prompted by the 80S proteomics data presented
here revealed a significant enrichment of the Gene Ontology term “Mitochondrial Part”
(G0:0044429) within the list of the 100 MRNAs associating most abundantly with elF3e
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(Supplementary Data File 4). Indeed, 12 of the top 100 mRNAs encode mitochondrial
proteins, including mitochondrial ribosomal proteins as well as complex I, 1, IV, and V
subunits (Supplementary Data File 4). In the present work, we found that the interaction of
elF3 with mRNAs encoding ETC components is conserved in human cells. Likewise, recent
PAR-CLIP data (Lee et al., 2015; Meyer et al., 2015) confirmed direct binding of elF3
subunits to unique sets of MRNAs, which we found to be highly enriched in the Gene
Ontology terms “Mitochondrion Organization” (GO:0007005, FDR = 10733) and
“Respiratory Electron Transport Chain (GO:0022904, FDR = 10~20-2) (Supplementary Data
File 5). In conjunction with our demonstration that knockdown of elF3e in human breast
cells leads to downregulation of several ETC proteins, elF3 likely promotes the synthesis of
mitochondrial ETC components through direct interaction with their encoding mRNAs.

The efficient synthesis of Ght5p and glycolytic enzymes in e/f3e deleted cells ostensibly
relies on the alternative elF329’€ complex, which we and others have shown to account for
~75% of the total elF3 population in S. pombe (Ray et al., 2008; Sha et al., 2009; Zhou et
al., 2005). Remarkably, the translational efficiency of ght5 mRNA is even higher in the
absence of elF3e than in its presence as it is quantitatively sequestered into polysomes in
eif3e deleted cells (Fig. 4B). This suggests that holo-elF3, which contains subunits d and e,
actively represses ght5 mRNA translation. Our previous RIP-CHIP data (Zhou et al., 2005)
revealed that elF3e interacts with mRNAs for which we now show either decreased (e.g.
ETC components) or increased (e.g. glucose transporters) translation in the absence of elF3e
(Supplementary Data File 4). Significantly, Lee et al. recently reported that elF3 binding to
two distinct mMRNAs can either promote or inhibit their translation (Lee et al., 2015).
Regardless, through dual stimulatory and inhibitory activities which remain to be defined
molecularly, transcript-specific functions of elF3 subunits appear to fine tune energy
metabolism at the level of synthesis of high and low affinity glucose transporters.

elF3 and cancer metabolism

As with other elFs, upregulation of elF3 subunits is frequently observed in human cancers
(Hershey, 2015). Overexpression of individual subunits can drive de novo holo-complex
formation and modest increases in global protein synthesis along with cell transformation
(Zhang et al., 2006). With the re-emerging focus on the essential role of the mitochondrial
ETC in cell proliferation, transformation, cancer stem cell maintenance, metastasis, and drug
resistance (Birsoy et al., 2015; De Luca et al., 2015; LeBleu et al., 2014; Martinez-
Outschoorn et al., 2014; Sullivan et al., 2015; Tan et al., 2015; Truitt et al., 2015; Wolf,
2014), it is conceivable that the ETC promoting function of elF3 discovered in this report
underlies, at least in part, its tumor promoting activity. In this model, elF3 would be limiting
for mitochondrially produced building blocks which fuel cancer cell anabolism and thus
represent an intriguing cancer drug target.

Unlike most elF3 subunits which are upregulated in cancer, elF3e mRNA has been found
downregulated in bulk samples of human breast and lung cancers (Buttitta et al., 2005;
Marchetti et al., 2001). A recent study clarified that elF3e protein downregulation in breast
cancer occurs not in the epithelial carcinoma cells but in the stromal cancer-associated
fibroblasts (CAFs) (Suo et al., 2015). In fact, knockdown of elF3e is sufficient to confer
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CAF-like properties to normal human mammary fibroblasts (Suo et al., 2015). In situ studies
of human breast cancer samples have revealed that CAFs have low OXPHQS activity but are
highly glycolytic, whereas the epithelial cancer cells show the opposite metabolic profile, a
phenomenon referred to as “Reverse Warburg” effect (Martinez-Outschoorn et al., 2014;
Whitaker-Menezes et al., 2011). In this scenario, CAF catabolism and glycolysis will
provide lactate and pyruvate to fuel the oxidative metabolism known to drive the tumor cells
(Birsoy et al., 2015; De Luca et al., 2015; Martinez-Outschoorn et al., 2014; Sullivan et al.,
2015; Tan et al., 2015; Wolf, 2014). Thus, based on our discovery of elF3 as a promoter of
ETC synthesis, the downregulation of elF3e as well as all other elF3 subunits ((Finak et al.,
2008) and data not shown) specifically in CAFs may underlie metabolic synergy in the
breast cancer microenvironment. If so, elF3 inhibition as a therapeutic strategy may need to
be approached with caution, at least in breast cancers showing the Reverse Warburg profile.

Experimental Procedures

Yeast strains

Strains deleted for e/f3d and eif3e were described before (Yen and Chang, 2000). The sks2
gene was replaced with the NAT gene conferring resistance to nourseothricin. S. pombe
strains were maintained in standard yeast extract (YES) or Edinburgh Minimal Media
(EMM) unless otherwise noted.

Sucrose density gradient profiling

Cell lysates prepared in polysome lysis buffer (20 mM Tris-HCI, pH 7.5, 50 mM KClI, 10
mM MgCl,, 1 mM DTT, 100 pg/ml cycloheximide) were separated on 10-50% (w/v)
sucrose gradients. For immunoblotting, fractions were mixed with SDS sample buffer. For
RNA isolation, collected fractions were precipitated in 1 volume of isopropanol at —80°C,
followed by purification via the RNeasy Kit (Quiagen).

Preparation of 80S complexes for LC-MS/MS analysis

Wild-type and e/f3e deleted cells in exponential growth phase were lysed in a buffer
containing 20 mM Tris pH 8, 140 mM KCI, 5 mM MgCl,, 100 pg/ml cycloheximide, 1%
Triton X-100, 200 pg/ml heparin, and 1 mM PMSF and digested with RNAsel. The lysates
were loaded onto 25% sucrose cushions and ribosomal pellets were analyzed by liquid
chromatography tandem mass spectrometry (LC-MS/MS) (Brill et al., 2009).

For analysis of newly synthesized components, wild-type and e/f3e deleted cells were
switched from YES to EMM growth media containing 14N-NHCl, as the nitrogen source for
4 h, followed by purification of 80S complexes and LC-MS/MS analysis. Statistically
significant differences in the rate of synthesis of 80S-associated proteins between wild-type
and eff3e mutant cells were derived from calculating 1°N-WT and 15N-e/f3e protein ratios
from 15N-labeled peptides using IP2-Integrated Proteomics Pipeline software.

Quantitative proteomic profiles

Total lysate of wild-type and e/f3e deleted cells were digested with trypsin, and peptides
were separated by 2D-LC and analyzed on an Orbitrap Velos Pro mass spectrometer
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(Thermo Fisher Scientific) operated in positive data-dependent acquisition mode. All mass
spectra were analyzed with MaxQuant software version 1.5.0.25 (Cox and Mann, 2008).
MS/MS spectra were searched against the Pombase protein sequence database ASM294
(version 2.23) using settings described in the Supplemental Methods.

For pulsed SILAC, wild-type and e/f3e deleted cells were grown to exponential phase in
YES medium, washed and switched to EMM containing 30 mg/L isotopically

labeled 13C6 15N2 lysine (K8). Cell lysate was prepared after 2 hours and analyzed by
2DLC-MS/MS as described above. MaxQuant was used for quantifying K8-labeled
peptides. Statistically significant differences in the rate of synthesis of individual proteins
between wild-type and e/f3e mutant cells were derived from calculating K8-WT and K8-
eif3e protein ratios from K8-labeled peptides.

RNA seq analysis

Total RNA was extracted by phase separation using RNA-Bee™ (Amsbio) and chloroform,
and samples were treated with RiboMinus Eukaryotic Kit (Invitrogen) to deplete rRNA. The
rRNA-depleted sample was subjected to enzymatic fragmentation and used for cDNA
library construction. The cDNA was PCR amplified and sequenced on the SOLID 4
platform. Data analysis followed similar steps as for ribosome profiling. Differentially
expressed genes were called using the edgeR package. The RNA-seq data were deposited
into the Gene Expression Omnibus repository (accession number GSE80349).

Metabolomic profiling by LC-MS

Metabolomic analysis was performed as described previously (Pluskal et al., 2010). Briefly,
wild-type and e/f3e deleted cells were quenched in methanol and disrupted using a Multi-
Beads Shocker (Yasui Kikai, Osaka, Japan). Proteins were removed by centrifugal filtration
and samples were concentrated by vacuum evaporation. Finally, each sample was re-
suspended in 40 pl of 50% acetonitrile and 1 pl was used for liquid chromatography mass
spectrometry (LC-MS) analysis on a Paradigm MS4 HPLC system (Michrom Bioresources,
Auburn, USA) coupled to an LTQ Orbitrap mass spectrometer (Thermo Fisher Scientific,
Waltham, USA). The data were analysed using MetaboAnalyst (http://
www.metaboanalyst.ca/). Pathway enrichment analysis was done by hypergeometric test,
topology analysis was based on degree centrality, and a combined gene-metabolite mode
was used.

Studies in mammalian cells

elF3e was knocked down in MCF7 and MCF10A cells using siRNA transfection. The levels
of elF3e and ETC proteins were analyzed by immunoblotting as described in the
Supplemental Methods section. mRNA levels were determined by g-PCR. For reporter gene
assays, constructs fusing the 5’-UTRs of ETC encoding mRNAs were fused to luciferase
and transfected into MCF10A cells upon knockdown of elF3e. Luciferase activity was
normalized to luciferase mMRNA measured by g-PCR. elF3-mRNA interactions were tested
by immunoprecipitating elF3 complexes with elF3e and elF3c antibodies, followed by
MRNA extraction and detection by g-PCR.
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Statistical analysis

Statistical analyses of replicate datasets was performed with Microsoft Excel. Typically, data
were averaged, standard deviations calculated, and statistical significance was assessed using
the T.Test function assuming two-tailed distribution and unequal variance. The statistical
analysis of proteomic and transcriptomic datasets is detailed in the Supplementary Methods
section.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

elF3d and elF3e promote synthesis of the mitochondrial ETC and
respiration

elF3 deficiency leads to glycolytic switch, oxidative stress, and reduced
lifespan

elF3e promotes the synthesis of ETC proteins through 5’-UTR-
mediated mechanism

elF3 subunits interact with mRNAs encoding ETC proteins
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eTOC Blurb

elF3 is frequently dysregulated in cancer. Shah et al. show that lack of elF3d and elF3e
results in impaired synthesis of mitochondrial OXPHOS proteins, respiratory deficiency,
glycolytic switch, oxidative stress, and reduced lifespan. Thus, the elF3d-elF3e module
mediates mMRNA-specific translational control of energy metabolism that may be
disrupted in cancer.
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Highlights

Cells deleted for e/f3e are defective in synthesizing mitochondrial ETC
proteins

Metabolomic analysis indicates a glycolytic switch in elF3e deficient
cells

Lack of elF3e and elF3d causes glucose dependence, oxidative stress,
and aging

elF3e promotes the expression of ETC proteins in human breast cells
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SP_PIR_KEYWORDS Membrane 40 137 0.02 0.11
Up in eif3e
GO:0008652 Cellular amino acid biosynthetic process 14 4.92 0.00 0.00
G0:0008610 Lipid biosynthetic process 3.51 0.00 0.01
GO:0006096 Glycolysis 5 8.62 0.00 0.06
GO:0046164 Alcohol catabolic process 8 6.73 0.00 0.01
KEGG Pathway Citrate cycle (TCA cycle) 5 3.80 0.03 0.39
G0:0022900 Electron transport chain (complex I1) 8 5.91 0.00 0.01
GO: T transport 16 1.95 0.01 0.27
SP_PIR_KEYWORDS 4 1.58 0.00 0.02

Figure 1. Effect of deletion of eif3e and eif3d on protein synthesis
A) Sucrose density gradient profile of the indicated wild-type (blue) and /73 mutant (red)

strains.
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B) Polysome run-off was induced by glucose withdrawal for 15 minutes, and translation

initiation was assesses by sucrose density gradient centrifugation upon re-addition of
glucose for the indicated times. Glucose-induced protein synthesis was stopped at the
indicated time points by the addition of 100 ug/ml cycloheximide.

C) Strategy for 80S proteomics. Cell lysate was digested with RNAse 1 and separated by
sucrose density gradient centrifugation. Fractions containing 80S ribosomes were analyzed
by liquid chromatography and tandem mass spectrometry (LC-MS/MS).
D) Gene ontology terms enriched in the list of proteins that were significantly up- (yellow)
or down-regulated (blue) in 80S complexes isolated from e/f3e mutant cells. Data are from a
total of five repeat experiments.
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Figure 2. Effect of deletion of eif3e on the synthesis of metabolism-related proteins
A) Correlation between changes in the association of a protein with 80S complexes and its

translation rate as determined by pulsed SILAC in the absence of e/f3e. Translation rates are
averages of two replicates. Pearson coefficient and p value of an ANOVA regression analysis

are indicated.
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B) 80S complexes were isolated from cells pulse-labeled with 1°N-NH4ClI to profile changes
in the 80S association of newly synthesized metabolism-related proteins in e/f3¢ mutant

cells relative to wild-type (WT) cells. The resulting e/f3e/WT log2 ratios were plotted on the
vertical axis. Data are averages of two independent experiments. Corresponding steady-state
80S association ratios were plotted on the horizontal axis. Pearson coefficient and p value of

an ANOVA regression analysis are indicated.

C) Intensity map of changes (log2) in 80S association, translation (pulsed SILAC), and
steady-state protein and mMRNA levels e/f3e deleted cells /WT ratios. Proteins are sorted
according to gene ontology terms. Missing values are in light grey.
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Figure 3. Metabolic re-programming in eif3 deficient cells
A) Oxygen consumption rate was determined in the indicated wild-type (WT) and e/f3

mutant strains. Two different WT strains were used that are syngeneic with the eif3 deleted
strains to their right. Error bars represent standard deviations of 3 (WT, eif3e, eif3d, eif3h,
eif3)) or 4 (WT, cog4) independent measurements. P values correspond to the results of a t-
test with two-tailed distribution and unequal variance.

B) eif3e/WT ratios of the indicated metabolites as determined by LC-MS/MS in triplicates
and statistical analysis in MetaboAnalyst. P values are results of a t-test.

C) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enriched in the sets of 90
metabolites and 521 proteins that significantly differed between wild-type and e/f3e mutant
cells. Plotted are the Z scores for pathway enrichment and pathway topology analysis
derived from the MetaboAnalyst 3.0 tool suite (Xia et al., 2015). Since this type of
integrated metabolite and protein expression analysis is only available for mammalian data,
the putative human orthologues of the significantly changed S. pombe proteins were used for
the analysis.
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Figure 4. Effect of elF3 deficiency on glucose uptake
A) Glucose uptake was measured by determining the depletion of glucose from the media

during the growth of wild-type (WT) and e/f3e deleted cells using a YSI 2950 metabolite
analyzer. Glucose concentration in the media was normalized to cell growth (i.e. ODggg) to
account for the slower growth rate of e/f3e deleted cells. Data are averages of three
biological replicates with error bars indicating standard deviations. Statistical significance
was assessed with a t-test assuming two-tailed distribution and unequal variance.

B) RNA was purified from sucrose density gradient fractions prepared from WT and e/f3e
mutant cells and employed in RT-PCR reactions with primers specifically amplifying the
MRNA encoding the hexose transporter g/ht5and erg2 as a reference. Only fractions
containing mMRNA (3 — 12) were used for RT-PCR. Total RNA was used as reference.
Reactions excluding reverse transcriptase are shown to prove that the band shown is derived
from RNA not DNA.

C) Growth of eif3e and eif3d deleted cells under limiting glucose conditions. 5-fold serial
dilutions of the indicated strains were plated onto rich yeast extract (YES) media containing
decreasing glucose concentrations and growth was scored after 2 — 4 days.

D) Growth of e/f3e and e/f3d deleted cells on minimal media (EMM) containing increasing
concentrations of glucose or on glycerol as the sole carbon source.

E) Effect of glucose restriction on the levels of elF3e and elF3m proteins. Strains harboring
alleles of e/f3¢ and eff3m modified with protein A epitope tags (Zhou et al., 2005) were
shifted from media containing 3% glucose to medium containing 0.08% glucose for the
indicated times. Cell lysates were loaded in duplicates and blotted with anti-protein A
antibodies to detect elF3e and elF3m, respectively. Bands obtained with anti-PSTAIR
antibodies were used as loading reference (bottom panels). Blots from biological replicates
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were quantified with the Licor Image Studio Lite package and results corrected for the
loading reference were plotted. Statistical significance was assessed with a t-test assuming
two-tailed distribution and unequal variance. Asterisks indicate p < 0.05.
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Fig. 5. Stress sensitivity and premature aging of eif3e and eif3d deleted cells
A) Sensitivity of eff3deleted cells to H,O, was assessed by spotting 5-fold serial dilutions

on plates containing 1 mM H,0,.

B) Effect of the anti-oxidant N-acetyl cysteine on the growth of e/f3 deleted strains in
minimal media (EMM with 2% glucose).

C) Viability of wild-type (WT) and e/f3deleted strains in stationary phase as determined by
colony formation. Data represent averages of biological replicates, and error bars indicate
standard deviations. Statistical significance of the difference between WT and e/f3 deleted
cells at each time point was assessed with a t-test assuming two-tailed distribution and
unequal variance. The asterisks indicate p < 0.05.

D) Viability of wild-type (WT) and e/f3 deleted strains in stationary phase as determined by
exclusion of propidium iodide. Data represent averages of biological replicates, and error
bars indicate standard deviations. Statistical significance of the difference between WT and
eif3deleted cells at each time point was assessed with a t-test assuming two-tailed
distribution and unequal variance. The asterisks indicate p < 0.05.
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Fig. 6. Effect of knockdown of elF3e on the synthesis of ETC proteins in mammalian cells
A) elF3e was knocked down in non-tumorigenic MCF10A and tumorigenic MCF7 cells,

followed by determination of the levels of the indicated ETC proteins by immunoblotting.
B) Blots in A) derived from biological replicates were quantified with the Licor Image
Studio Lite package and results corrected for the loading reference were plotted in a bar
graph (bottom panel). Statistical significance was assessed with a t-test assuming two-tailed
distribution and unequal variance. Two asterisks indicate p < 0.05, one asterisk indicates p <
0.1. Error bars represent standard deviations.

C) elF3e was knocked down in MCF7 cells, followed by determination of the levels of the
indicated mRNA by quantitative RT-PCR relative to GAPDH mRNA as a reference.
Averaged data from four biological replicates were plotted in a bar graph. Error bars indicate
standard deviations. Statistical significance was assessed with a t-test assuming two-tailed
distribution and unequal variance. P values for differences to the si-Control values are
indicated. The corresponding mRNA data for MCF10A cells is shown in Fig. S4C.

D) Reporter constructs fusing the 5’-UTRs of the indicated ETC encoding mRNAs were
fused to luciferase and transfected into MCF10A cells upon knockdown of elF3e. Luciferase
activity was normalized to luciferase mMRNA measured by g-PCR. The graph shows averages
of 3 independent experiments (Fig. S5B). Error bars indicate standard deviations. Statistical
significance was assessed with a t-test assuming two-tailed distribution and unequal
variance. P values for differences to the si-Control values are indicated. elF3e knockdown
efficiency is documented in Fig. S5C.

E) elF3 complexes were immunopurified from MCF7 cells using antibodies against elF3e
and elF3c as indicated. elF3-associated mMRNA was extracted and quantified by q-PCR. The
graph shows fold change in the enrichment relative to the 1gG control. Data represent
averages of at least 3 independent experiments, and error bars indicate standard deviations.
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Fig. 7. Model for the role of elF3 complexes in the translational control of energy metabolism
An elF3 complex containing all subunits including elF3d and elF3e directs the synthesis of

mitochondrial ETC components and other mitochondrial proteins leading to efficient
respiration and ATP production (left panel). In cells missing e/f3e and e/f3d, the synthesis of
ETC components is diminished, leading to decreased respiration (right panel). As a result of
inefficient electron transport, mitochondrial ROS production increases, resulting in
endogenous oxidative stress and reduced life span. In an apparent attempt to balance the
mitochondrial deficit, a retrograde mitochondria-to-nucleus signaling loop in elF3d/e
depleted cells leads to the induction of a transcriptional program upregulating the mRNAs
encoding the high affinity glucose transporter Ght5p as well as glycolytic enzymes. These
MRNASs appear preferentially translated by the elF3 complex lacking subunits “d” and “e”
(elF32d%8) ‘since their ribosomal occupancy is greatly increased in eif3e deleted cells. This
suggests in inhibitory activity of the elF3 holo-complex on the translation of MRNAs
encoding glucose utilization components in wild-type cells whose biochemical mechanism -
which our data suggest involves direct mRNA binding - remains subject to further
investigations.
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