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ABSTRACT

The 12-subunit mammalian elF3 is the largest and
most complex translation initiation factor and has
been implicated in numerous steps of translation ini-
tiation, termination and ribosomal recycling. Imbal-
anced elF3 expression levels are observed in vari-
ous types of cancer and developmental disorders,
but the consequences of altered elF3 subunit expres-
sion on its overall structure and composition, and on
translation in general, remain unclear. We present the
first complete in vivo study monitoring the effects of
RNAi knockdown of each subunit of human elF3 on
its function, subunit balance and integrity. We show
that the elF3b and octameric elF3a subunits serve as
the nucleation core around which other subunits as-
semble in an ordered way into two interconnected
modules: the yeast-like core and the octamer, re-
spectively. In the absence of elF3b neither module
forms in vivo, whereas elF3d knock-down results in
severe proliferation defects with no impact on elF3
integrity. Disrupting the octamer produces an array
of subcomplexes with potential roles in translational
regulation. This study, outlining the mechanism of
elF3 assembly and illustrating how imbalanced ex-
pression of elF3 subunits impacts the factor’s overall
expression profile, thus provides a comprehensive
guide to the human elF3 complex and to the relation-
ship between elF3 misregulation and cancer.

INTRODUCTION

Protein synthesis is one of the fundamental cellular pro-
cesses ensuring genetic information stored in DNA is trans-
lated into functional polypeptides. As such, it plays a critical
role in nearly all aspects of a cell’s life. Even a small distur-
bance in the timing, spatial distribution and/or fidelity of

protein synthesis causes or accompanies many diseases, in-
cluding various types of cancer (reviewed in (1-3)). Transla-
tion is mostly regulated through its initiation phase, which
in eukaryotes is modulated by 12 protein initiation factors
(reviewed in (4,5)). Of these, el F3 is the largest and the most
complex, in mammals comprising 12 non-identical subunits
(named elF3a-m excluding eIF3;j) that together form a com-
plex with a molecular weight of around 800 kDa (6,7). Sev-
eral lines of evidence suggest that one of the originally iden-
tified subunits, eIF3j, which would be the 13th, does not re-
ally represent a true elF3 subunit. It only loosely associates
with the elF3 holocomplex in both yeasts and mammals (8-
12) and functionally also seems to be rather divergent (dis-
cussed in (13)); hence hereafter we will refer to elF3j as an
elF3-associated factor.

elF3 has been implicated in promoting the assembly
of the 43S pre-initiation complex (PIC)—which comprises
the 40S ribosomal subunit, Met-tRNA;M¢ and several
elFs—and in bridging contacts between the PIC and mR-
NAs complexed with the elF4 factors. el F3 also appears to
play a role in scanning and AUG recognition (reviewed in
(4)). Besides these general roles in the mechanism of trans-
lation initiation, eIF3 has also been demonstrated to regu-
late translation in a transcript-specific manner (14-16), to
promote reinitiation after the translation of short upstream
ORFs (17-20), and even to control translation termination
and ribosomal recycling (13,21) and stimulate stop codon
readthrough (22,23). The involvement of elF3 in events
throughout the translational cycle is consistent with the ob-
servation of deregulated eIF3 expression in developmental
disorders (24-27), cancer, and other diseases (1-3). And yet,
the molecular mechanism of elF3’s involvement in these
processes remains unknown, in part owing to the lack of
detailed characterization of elF3 composition and assem-
bly, its interactions with the translational machinery, or the
roles of its subunits both in its core functions and in gene-
specific translational control.
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Human elF3 takes the form of an anthropomorphic com-
plex with 5 lobes named the head, right and left arms and
right and left legs (28) (Figure 1). Subunits a, ¢ and e
form the left arm, head and right arm, respectively. The
left leg is composed of subunits f, h and m and the right
leg is built from the k and | subunits (29). These eight sub-
units form a structural scaffold that is shared by the func-
tionally unrelated 19S proteasome lid as well as the COP9
signalosome (30,31) and that is, according to the occur-
rence of the signature domains contributing to the struc-
ture, called the PCI/MPN octamer. Six subunits contain
a PCI domain (for Proteasome-COP9 signalosome-elF3)
and two subunits contain an MPN domain (for Mprl-Padl
N-terminal). These PCI or MPN structural domains are fol-
lowed, in each of these eight subunits within all three com-
plexes, by alpha helices that form what is called—at least
in the mammalian eIF3 complex—a helical bundle (32)).
The remaining four non-octameric subunits (d, b, g and
1) are most probably rather flexible; the cryo-EM density
for the 12-subunit complex contains little additional den-
sity when compared to that for the octamer (33). Despite
recent structures illuminating much of the structure of the
mammalian elF3 complex and its interaction with the PIC
(32,34,35), how the eight subunits of the octamer are ar-
ranged in concert with the remaining four subunits to form
the entire complex both on and off the ribosome, and how
this ribosome-scale complex is assembled within the cell re-
main a mystery.

Despite the remarkable conservation of elF3 composi-
tion in most eukaryotes, as well as certain plants and pro-
tists (36), the budding yeast Saccharomyces cerevisiae is en-
dowed with one of the smallest known elF3 complexes, con-
sisting of only 5 core subunits: TIF32, PRT1, NIP1, TIF35
and TIF34, respectively, orthologous to the a, b, ¢, g and
1 subunits (37); the elF3-associated factor elF3j also has
an orthologue, HCR1 (9,38). Two Excavata protists, 77i-
chomonas vaginalis and Giardia duodenalis, have been pre-
dicted to have even smaller eIF3 complexes than S. cere-
visiae, sharing with the budding yeast only the b, c and i sub-
units (36); however, to our knowledge no experimental data
are available to validate these bioinformatic predictions.
Taking into account the marked evolutionary conservation
of the protein synthesis pathway throughout eukaryotes, it
is striking that budding yeast e[ F3—itself capable of partic-
ipating in events throughout the initiation pathway and in
other aspects of translation—contains only two of the eight
mammalian octameric subunits. These subunits have previ-
ously been proposed to represent the structural and func-
tional core of this larger eIF3 complex. These seemingly
opposed observations suggest two possibilities. First, it is
likely the minimalistic 5-subunit core of the budding yeast
elF3 that constitutes the basic functional unit sufficient to
support life in a unicellular organism such as S. cerevisiae.
Second, the added subunit complexity of other eIF3 factors
likely represents its robust participation in translation reg-
ulation. In strong support of this hypothesis, we previously
described a stable subcomplex composed of the a, b, gand i
subunits of human elF3 that closely resembles the minimal
budding yeast complex and demonstrated that it performs
the basic functions of elF3 in HeLa and HEK?293 cells (39).
Moreover, others have reported that a similar complex (even
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containing the elF3c subunit [NIP1 in yeast]) can form in
vitro at increased levels of ionic strength (7), as well as in
Neurospora crassa, a fungus whose elF3 displays the com-
plex subunit composition observed in mammals (40). In ac-
cordance with these observations, we will refer to this hu-
man a-b-g-i subcomplex as the Yeast-Like Core (YLC).

Altered expression levels of several elF3 subunits have
been observed in various types of cancer (reviewed in (1)).
The majority of these studies monitored the levels of only
one subunit of elF3. However, recent investigations have
shown that changes in the expression of one elF3 subunit
can affect the expression of other elF3 subunits (see for ex-
ample (26,39,41)). As we have demonstrated, this may lead
to the formation of elF3 subcomplexes capable of perform-
ing a subset of the elF3 repertoire of functions (39). It is
therefore important to understand the entire network of
physical and functional interactions among the elF3 sub-
units in order to reveal how each subunit affects the stability
and expression of its counterparts.

To this end, we have complemented our previous siRNA
analysis of human elF3 by knocking down the remaining
10 subunits of eIF3 in HeLa cells. With the help of co-
immunoprecipitation and Western blot analyses, we show
here that several stable eIF3 subcomplexes can form in vivo
when the expression of certain eIF3 subunits is compro-
mised. We also demonstrate the impact of individual elF3
knock-downs on cell fitness, translation initiation rates and
the stability of the remaining, non-targeted eIF3 subunits.
Based on our results we propose in vivo assembly and disas-
sembly pathways for human elF3 and describe an array of
expression dependencies among the eIF3 subunits.

MATERIALS AND METHODS
Whole cell extract (WCE) preparation and transfection

HeLa cells were grown at 37°C and 5% CO, in 24-well
plates, @10 cm or @15 cm dishes in DMEM (Sigma, cat #
D6429) supplemented with 10% FBS (Sigma, cat # F7524).
Twenty four hours after seeding, cells were transfected with
the ON-TARGETplus siRNA cocktail system from Dhar-
macon at a final concentration of 5 nM. Catalog numbers
for all siRNAs used in this study are listed in Supplementary
Table S1. INTERFERIin (Polyplus, cat # 409) was used as
a transfection reagent and transfection was performed ac-
cording to the vendor‘s instructions. Cells were harvested
3 days after transfection, as described previously (39), ex-
cept that the Tris-based lysis buffer was substituted with a
HEPES-based buffer (10 mM HEPES (pH 7.5), 62.5 mM
KCl, 2.5 mM MgCly, | mM DTT, 1 mM PMSF, 1 g/ml
Aprotinin, 1 wg/ml Leupeptin, 1 wg/ml Pepstatin, mini
Complete EDTA-free (Roche) 1 tablet/5 ml, 1% Triton X-
100).

Western blotting and quantification

All samples were resolved using SDS-PAGE followed by
western blotting. All primary antibodies used in this study
are listed in Supplementary Table S2. The signals obtained
from all elF3 antibodies are shown on an uncropped gel
and with size markers indicated in Supplementary Figure
S1. The specificity of each band was determined by (i) its
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Figure 1. A schematic model of human elF3 was adapted from (32). The eIF3 subunits forming the PCI/MPN octamer with the anthropomorphic shape
are indicated by the grey background. The rectangle marks the seven a-helices involved in formation of the 7-helix bundle (32). The Yeast-Like Core
(YLC) comprising the eIF3 subunits a, b, g and i (defined previously (39)) is depicted and so is the elF3-associated factor elF3j with arrows indicating its
contacts with other elF3 subunits. The upper right-hand side arrow indicates the interaction between elF3e and elF3d that attaches eIF3d to the rest of

eIF3 (7,32.40).

mobility at the expected position on the SDS-PAGE as pre-
dicted by its molecular weight, (ii) the fact that it specifi-
cally co-immunoprecipitates with the rest of eIF3 (see our
elF3b and elF3f Co-IP experiments here and in (39) and
(iii) the fact that it specifically co-sediments with PICs in
sucrose gradients (39). The western signal was developed
using SuperSignal West Femto Maximum Sensitivity Sub-
strate from Thermo Scientific (cat # 34096) and detected
in a G-Box imager from Syngene using a series of varying
exposure times. Signals were processed with Quantity One
(BioRad). Only signals from the same strips and with the
same exposure times were compared. If not stated other-
wise, reported values represent the mean of at least five in-
dividual experiments. The resulting values were normalized
as indicated in the corresponding figure legends.

Co-Immunoprecipitation assays

elF3 complexes were immunoprecipitated from WCEs, the
preparation of which is described above, using GammaBind
G Sepharose (GE Healthcare, cat # 17-0885-01) with either
anti-eIF3b (Santa Cruz, cat # sc-16377) or anti-eIF3f (kind
gift of Dr Hiroaki Imataka) primary antibodies. The de-
tailed ColP protocol was reported previously (39). To vi-
sualize western signals particularly from the eIF3f-ColP,
a protein-A linked to peroxidase (GE Healthcare, cat #
NA9120) had to be used because of the rabbit origin of the
elF3f antibodies.

PARP cleavage detection

WCEs from cells treated with different siRNAs were sub-
jected to western blotting to detect the presence of cleaved
poly(ADP-ribose)polymerase-1 (PARP-1). PARP-1is a tar-
get of caspase-3 and -7 and is intact in cells that have not
entered apoptosis. As a positive control, apoptosis was in-
duced by incubating non-transfected cells with 1 M stau-
rosporine (Cell Signaling, cat # 9953) for 4 h at 37°C.
DMSO was used as control.

MTT assay and polysome profile analysis

MTT assay and polysome profiling were carried out as de-
scribed previously (39).

RNA isolation, reverse transcription and gPCR

Total RNA was isolated using RNA Blue reagent (Top
Bio, cat # RO13) 72 h post-transfection according to the
manufacturer’s instructions. After DNase I digestion (NEB,
cat # MO0O303L), cDNA was synthesized using the High-
capacity cDNA reverse transcription kit (Applied Biosys-
tems, # 4368813). qPCR was performed using 5x HOT
FIREPol EvaGreen qPCR Mix Plus (Solis BioDyne # 08-
25-00020). The obtained data were normalized to B2MG
mRNA levels; at least two individual experiments were per-
formed. qPCR primers are listed in Supplementary Table
S3.



mRNA binding analysis

Polysomal gradients were run as described previously (39),
with the exception that a 10-50% sucrose gradient was
used here. 49 fractions were collected and 50 ng of in vitro-
transcribed yeast RPL41 mRNA was added to each frac-
tion as the RNA spike prior to further manipulation. Sub-
sequently, SDS was added to each fraction to a final concen-
tration of 1%, and two successive acid phenol:chloroform
(5:2) extractions were carried out (first at 65°C and the
second at the room temperature), followed by one chloro-
form:isoamylalcohol (25:1) extraction. RNA was then pre-
cipitated with ethanol in the presence of 300 mM sodium
acetate at —20°C. DNasel digestion, reverse transcription
and qPCR were carried out as described above. The same
fraction of each sample was used for the reverse transcrip-
tion and gPCR, and Cq values were normalized to the RNA
spike.

RESULTS

‘Knockin’ on elF3’s door’—individually downregulating three
octameric and all non-octameric elF3 subunits produces dele-
terious effects on the rate of translation initiation and the
overall proliferation of human cells

To study the assembly and function of the entire human
elF3 complex in vivo we employed RNA interference (using
ON-TARGETplus siRNAs listed in Supplementary Table
S1) and individually knocked down each of the 12 subunits
of elF3, as well as the elF3-associated elF3j in HeLa cells.
We previously applied this strategy to study the functions of
the elF3a and c subunits and elF3j (39). Here, we present
our results for the remaining 10 elF3 subunits (b, d, ¢, f, g,
h, 1, k, 1 and m) and compare them with our earlier findings
(39).

As before, all experiments described here were carried out
three days after the subunit-specific siRNA transfection of
HeLa cells, at which point the protein levels of each tar-
geted subunit were decreased by ~80-90% (Tables 1-3). Im-
portantly, none of the knocked down cultures had entered
apoptosis at this time point, as judged by the poly(ADP-
ribose)polymerase-1 (PARP-1) cleavage assay (Supplemen-
tary Figure S2), even though approximately half of the
knock-downs did not recover after the siRNA treatment
and the cells eventually died (see below).

We first measured the proliferation and overall fitness of
each cell population over several days using the MTT assay,
which follows the reduction of yellow thiazolyl-tetrazolium-
bromide (MTT) to purple formazan (Figure 2A). Inhibited
proliferation, which leads to a lower number of cells and re-
duces the fitness of these surviving ones, results in an overall
decrease in the reduction of MTT to formazan. All tested
knock-downs fall into three groups, according to the sever-
ity of their growth defect. Downregulation of the right leg
subunits elF3k and elF31 had no effect on overall cell fit-
ness (Figure 2A), indicating that these subunits are either
not essential or that the residual protein is sufficient to sup-
port wild-type growth. A similar effect was previously re-
ported for the knock-down of the elF3-asssociated factor
elF3j(39). Downregulation of the left leg subunits of the oc-
tamer (f, h and m) partially diminished cell fitness by day 3,
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but cell growth improved with time and cultures ultimately
recovered after sSiRNA treatment; this effect was most rapid
for the eIF3h knock-down (eIF3hKP), which recovered by
day 4 (Figure 2A). In contrast to these effects, individual
knock-down of either the non-octameric subunits (b, g, i
and d) or of the three subunits composing the head and
both arms of the octamer—a and ¢ as demonstrated in (39)
and elF3e—strongly diminished cell fitness, an effect from
which cells were unable to recover (Figure 2A). These re-
sults may suggest that the octamer head with both arms (c,
a, and e) and the YLC module (comprising the a, b, g and
i subunits) can form, together with eIF3d, a minimal elF3
complex via the shared elF3a subunit that is partially capa-
ble of performing the core functions of the elF3 holocom-
plex.

Accordingly, polysome profile analysis of these cells
demonstrated that knock-down of elF3 subunits produc-
ing the most severe growth defects also similarly produced
the largest observed decreases in the ratio of polysomes to
monosomes (P/M), when compared to cells treated with
non-targeting siRNA (Figure 2B and C). The P/M ratio re-
flects translation rates; the high P/M ratios observed upon
knock-down of eIF3kKP, eIF3IXP and elF3j¥P, whose
numbers do not differ from control cells, reflect efficient
translation (Figure 2C). In contrast, we observe a greater
than 70% drop in the P/M ratios for cells in which the left
leg f, h and m subunits have been knocked-down. In fact,
these effects appear more dramatic than those we observe
on the growth of these cells (Figure 2A). This suggests that
the relationship between the proliferation and translation
rates is not linear. In other words, that the relatively low
P/M ratio observed upon knock-down of elF3f, h and m is
sufficient to support significant proliferation rates, but per-
haps not to maximize the proliferation rate under most opti-
mal conditions. In fact, we have observed that the P/M ratio
can vary dramatically (3 < P/M < 8) in NT cells exhibiting
only modest changes in confluency (unpublished observa-
tion).

The octameric right leg subunits eIF3k and eIF3l impact their
mutual expression but are dispensable for the integrity of the
rest of the elF3 complex

In our pilot study, we observed that protein downregulation
of specific eIF3 subunits, like eIF3aXP and eIF3cKP, leads
to simultaneous downregulation of other, non-targeted
elF3 subunits (39). We showed that this downregulation oc-
curs exclusively on their protein levels and also that other
elFs such as elF2 or elF5 are not affected. Hence, we next
wished to investigate this phenomenon for the remaining 10
elF3 subunit knock-downs.

First, we examined the effects of each individual knock-
down on the mRNA levels of all 12 eIF3 subunits. Consis-
tent with our previous results, only the mRNA levels of the
targeted subunit were reduced; the mRNA levels of the re-
maining 11 non-targeted subunits were virtually unchanged
(Supplementary Figure S3 and (39)).

In contrast, transfection with siRNA against el F3k led to
simultaneous, robust downregulation of elF31 protein lev-
els, and vice versa (Figure 3A and C, Supplementary Figure
S4A and C, and Table 1). The remaining 10 ¢IF3 subunits
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Table 1. Quantification of experiments shown in Figure 3 and Supplementary Figure S4

elF3k® elF31"® elF3e"®

WCE |  b-ColP WCE |  b-ColP WCE |  b-ColP
d 86 + 17]92 =+ 4|8 + 2[71 + 17|24 x 6]18 =+ 7
h 100 + 392 =+ 10[102 100 + 30[75 + 765 + 12
f M2 + 4]94 & 18[90 = 83 + 7]100 + 25[61 + 14
m 116 + 196 + 15|104 + 10|94 + 32|94 = 25[43 & 17
a 102 + 4]9 + 17[108 + 99 &+ 22|97 + 9]9 + 10
c 87 + 9|95 + 17 70 & 11|79 + 16|85  12[46 + 21
e 82 + 2[105 + 20|66 = 104 = 24[10 & 110 =+ 5
| 24 = 2|28 £ 17 =+ 23 £ 7|23 £+ 6| 8 x4
k 2 £ 3 16 = 25 + 5|6 ¢ 28 + 10[11 + 4
b 95 + 8 normalized 106 + 18 normalized 120 + 21 normalized
g 88 + 19|121 =+ 18|89 + 12[93 + 14]|101 £ 18|147 =+ 5
i 108 + 16[103 + 10f[99 + 2[8 =+ 11]121 + 30[116 + 26
j 87 108 + 17|83 + 9[91 =+ 13108 + 7 [126 =+ 18

elF2a 101 + 7 n.d. 106 + 24 n.d. 99 + 23 n.d.

elF5 130 + 23 n.d. 105 + 13 n.d. 121 + 0 n.d.

Quantified signals were normalized to NT control cells and to GAPDH (column: WCE) or the bait eIF3b (column: b-ColP) for the total protein levels or
the ColP analysis, respectively. Ratios are expressed as percentages. The average of at least five experiments is shown +SD. The bold rectangle encloses all
elF3 subunits forming the PCI/MPN octamer. eIF3 subunits comprising the yeast-like core (YLC) are highlighted in gray. The targeted elF3 subunit is

highlighted in pink.

were well expressed (more than 80% of the levels observed in
control cells treated with non-targeting siRNA), with only
the elF3e (right arm) and eIF3c (head) subunits, which are
the closest subunits to elF3l in the schematic shown in Fig-
ure 1, displaying a slightly greater (~30-35%) decrease of
their protein levels in eIF3IXP cells (Figure 3A and C, Sup-
plementary Figure S4A and C, and Table 1).

To determine if the 10 eIF3 subunits unaffected by elF3k
or elF31 knock-down can still form a stable complex, we co-
immunoprecipitated the elF3 subunits using elF3b as bait.
In untreated cells or cells treated with non-targeting siRNA,
anti-eIF3b antibodies efficiently pull down all 12 eIF3 sub-
units and the el F3j factor, as reported previously (39) (Sup-
plementary Figure S5A). Neither the selected small ribo-
somal proteins nor elF3 binding partners elF2 and elF5
were recovered, even though based on our previous yeast
studies (9,42) the latter two elFs might have been expected
to co-purify with eIF3. In eIF3kXP and elF31XP cells, all
10 well-expressed elF3 subunits are efficiently pulled down
with anti-eIF3b (Figure 3B and D; Supplementary Figure
S4B and D, and Table 1).

To complement these experiments, we additionally co-
immunoprecipitated the eIF3 subunits using elF3f as bait.
As we observe when using elF3b as bait, anti-eIF3f an-
tibodies pull down all 12 eIF3 subunits and elF3j from
control cells transfected with non-targeting siRNA (Sup-
plementary Figure S5B). This antibody pulls down small
amounts of elF2 but virtually no elF5 or small riboso-

mal proteins. Because elF3f is an integral part of the oc-
tamer (whereas elF3b is not), this approach balances the
elF3b pulldowns because the former pulls the complex
down via the YLC, whereas the latter pulls it down via the
octamer. As expected, anti-eIF3f antibodies pulled down all
but eIF3k and I subunits in eIF3kXP cells (Supplementary
Figure S6A and B). Collectively, these results strongly sug-
gest that the k and | subunits of elF3 are dispensable for
the formation of a stable and fully functional eI F3 complex.
This in turn explains the fact that they are not essential for
normal cell proliferation.

The elF3e subunit within the right arm of the octamer stabi-
lizes binding of the right leg subunits (k, 1) and eIF3d to the
octamer and supports the octamer attachment to the YLC

We next tested the effects of elF3e downregulation on the
integrity of the elF3 complex. siRNA knockdown of elF3e
resulted in simultaneous, severe downregulation of the pro-
tein levels of subunits within the entire right side of the eIF3
octamer body: the right leg subunits elF3k and elF3l, as
well as the non-octameric elF3d subunit (Figure 3E, Sup-
plementary Figure S4E, and Table 1). The latter is consis-
tent with recent studies where elF3e was proposed to con-
nect elF3d to the rest of the octamer (32,40). All other elF3
subunits were unaffected by eIF3e downregulation. Inter-
estingly, eIF3b ColP experiments revealed that simultane-
ous downregulation of the former subunits impacts the in-
tegrity of the eIF3 complex, as only the YLC subunits (a, g



and 1) and elF3;j efficiently co-purified with the eIF3b bait.
In contrast, the subunits within the octamer left leg (f, h and
m) as well as the eIF3c subunit within the head co-purified
with the YLC module at reduced levels (by ~45 - 65%), de-
spite their protein levels not being affected (Figure 3F, Sup-
plementary Figure S4F, Table 1). These data indicate that
at least two partial subcomplexes form: 1) the YLC mod-
ule with elF3j alone and 2) a complex containing the YLC
module, elF3j, and the head and left limbs of the octamer
(namely elF3c, f, h, m and shared elF3a). Indeed, using
anti-eIF3f as the bait, we confirmed the existence of this
second subcomplex, as it was pulled down with 100% effi-
ciency compared to cells treated with non-targeting siRNA
(Supplementary Figure S6C and D). The fact that we did
not observe increased amounts of the e[F3c-f-h-m subunits
co-precipitating with anti-eIF3f antibodies in these knock-
down cells suggests that the eIF3c-f-h-m octameric subunits
do not form a subcomplex stable enough to survive our pu-
rification procedure.

Similarly, we previously observed that two distinct elF3
subcomplexes can be purified from eIF3cKP cells (39).
Knocking down the elF3c head subunit resulted in simulta-
neous downregulation of the right limb subunits e, k, and 1,
as well as the non-octameric eIF3d subunits, breaking elF3
into two subassemblies: the YLC with eIF3j and the left leg
f-h-m trimer.

Taken together, these findings suggest that elF3e stabi-
lizes the attachment of the k and 1 subunits of the right leg
to the rest of the octamer. Moreover, they support the pre-
vious observation that eIF3e directly connects the d subunit
to the elF3 complex (32,40). Finally, these results indicate
that besides the left arm subunit eIF3a—which is shared by
both the octamer and the YLC modules—both the elF3c
subunit and to a smaller degree also the eIF3e subunit sup-
port the attachment of the left leg subunits (f, h, m) to the
YLC module via their attachment to the eIF3a subunit.

The elF3f and m subunits of the octamer left leg are, to-
gether with elF3c and elF3a, the key building blocks of the
PCI/MPN octamer

Moving to the subunits of the octamer left leg, we observe
that targeted siRNA of the elF3h subunit within the oc-
tamer left leg strongly reduces the protein levels of the right
leg subunits el F3k and eIF31, to ~30% of those observed in
control NT cells (Figure 4A, Supplementary Figure S7A,
and Table 2). The protein levels of the remaining octameric
subunits elF3a, ¢, e, f and m and the non-octameric elF3d
subunit were reduced less dramatically (by ~20-40%), with
elF3a being the least affected (Figure 4A, Supplementary
Figure S7A, and Table 2).

Co-immunoprecipitation experiments with anti-eIF3b
revealed again that two partial subcomplexes can form: 1)
the YLC module with elF3;j alone and 2) the YLC module
with elF3j, eIF3d and the octamer lacking both its right leg
(3k and 1) and a part of the left leg (3h). The former com-
plex forms with very high efficiency while the latter com-
plex occurs at ~40-50% of the levels observed for the for-
mer (Figure 4B, Supplementary Figure S7B, and Table 2).
Co-immunoprecipitation experiments with anti-e[F3f con-
firmed the existence of the larger 9-subunit complex, which
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was pulled down at ~60% of efficiency observed from con-
trol NT cells (Supplementary Figure S6E and F). These
findings suggest that elF3h collaborates with elF3e to at-
tach the right leg subunits eIF3k and 1 to the octamer.

siRNAs directed against either elF3f or elF3m affect
the expression and integrity of the eIF3 complex similarly.
Protein levels of both the left (f, h, m) and right (k, I)
legs were strongly decreased (down to 20-40% for both
knock-downs). Notably, elF3f protein levels were more
severely compromised in elF3mXP cells than in the recip-
rocal case (eIF3m levels in eIF3fXP cells) (Figure 4C and
E, Supplementary Figure S7C and E, and Table 2). In con-
trast, the levels of the right arm subunit e[F3e were more
severely downregulated in eIF3fXP cells (by ~55%) than in
elF3mXP cells(by ~35%); we are currently investigating the
origin of these effects. Protein levels for the eIF3c (octamer
head) and non-octameric elF3d subunits were reduced less
dramatically (by 30-40%). The levels of the YLC subunits
were largely unaffected.

Despite these differences, the elF3b ColP experiments
produce similar results for both elF3f and elF3m knock-
downs and further resemble our earlier data obtained with
elF3cKP cells (39). With the exception of the YLC mod-
ule and elF3j, all eIF3 subunits co-purify with elF3b at
significantly reduced levels from (~15-30% of control cell
levels), from either eIF3f%P or eIF3mXP cells (Figure 4D
and F, Supplementary Figure S7D and F, and Table 2). In-
terestingly, there is a slight enrichment of the targeted sub-
unit, elF3f, from elF3fXP cells, which we cannot explain at
present. Hence in the absence of elF3f and elF3m, the a, ¢
and e subunits are unable to form a stable upper body sub-
complex of the octamer connected to the YLC. Together
with our earlier experiments with eIF3akP and eIF3ckP
(39), these results suggest that the subunits of the head (c),
left arm (a) and left leg (m and f) of elF3 are critically re-
quired for formation of the e[F3 octamer module.

The elF3b subunit of the yeast-like core is required for for-
mation of the complete eIF3 holocomplex

The effects of elF3b downregulation appear to be more
general. Targeted siRNA downregulation of elF3b led to
a broad-spectrum, pattern-less downregulation of all eIF3
subunits to ~40-70% of the levels observed in control cells,
with the exception of elF3i and the elF3j factor, which are
not significantly reduced (Figure 5A, Supplementary Fig-
ure S8A, and Table 3). Consistent with this, all elF3 sub-
units co-precipitate with e[F3f at dramatically reduced lev-
els from these cells, reflecting the severe instability of the
whole elF3 complex and the general effect of eIF3b down-
regulation (Figure 5B, Supplementary Figure S8B, and Ta-
ble 3). This intriguingly suggests that the eIF3 octamer does
not form in vivo without the non-octameric eIF3b subunit
and that eIF3b is crucial, as it is in yeast (42,43), for sta-
ble formation of the entire eIF3 complex, and therefore for
maintaining the optimal protein levels of the majority of
human elF3 subunits.
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Figure 4. The octameric left leg subunits el F3f and m represent, together with elF3c and elF3a, the key building blocks of the PCI/MPN octamer. Similar
to Figure 3 except that knock-downs of either eIF3h (A and B), f (C and D) or m (E and F) were analyzed. Quantifications of at least five independent
experiments with standard deviations are shown in Supplementary Figure S7 and Table 2.
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Table 2. Quantification of experiments shown in Figure 4 and Supplementary Figure S7

elF3h*® elF3f<P elF3m*°®

WCE | b-ColP WCE | b-ColP WCE | b-ColP
d 73 + 16]42 :+ 8|65 & 11[25 s+ 12|61 x 9|13 + 6
h 22 + 6|16 + 3|40 + 928 + 11|34 + 2|18 + 2
f 69 + 15|56 + 16| % % 6|47 =+ 11| 7 + 2|22 =+ 6
m 75 + 9 (3 + 938 + 7[27 + 9|12 £ 2|9 + 3
a 85 + 27| 82 + 13| 84 + 18| 88 + 29| 8 £ 11| 9 + 28
c 68 + 16|52 =+ 14|61 + 7|28 + 9|71 =+ 15[13 + 3
e 59 + 21|48 + 11|44 + 1|23 + 1465 =+ 17[15 + 9
I 35 + 723 + 9|31 + 8|22 =+ 11|26 =+ 1017 + 3
k 30+ 11] 12 2 + 9|15 + 3|27 x 8|7 & 2
b 104 + 26 normalized 111 = 10 normalized 105 =+ normalized
g 86 + 13104 =+ 31][108 + 27 [101 93 + 8|76 + 11
i 91 + 17|90 + 18] 9 + 18[102 + 12|105 + 13[113 + 7
j 106 + 16|89 + 8 [105 + 27|106 + 16[103 = 13[125 & 11
elF2a 83 + 22 n.d. 108 + 8 n.d. 100 = 12 n.d.
elF5 141 + 23 n.d. 109 + 24 n.d. 145 + 19 n.d.

Quantified signals were normalized to NT control cells and to GAPDH (column: WCE) or the bait eIF3b (column: b-ColP) for the total protein levels or
the ColP analysis, respectively. Ratios are expressed as percentages. The average of at least five experiments is shown £SD. The bold rectangle encloses all
elF3 subunits forming the PCI/MPN octamer. eIF3 subunits comprising the yeast-like core (YLC) are highlighted in gray. The targeted elF3 subunit is

highlighted in pink.

The yeast-like core elF3g and elF3i subunits mutually pro-
mote their own attachment to the elF3 complex

We next tested the effects of downregulating the 1 and g
subunits of the YLC. When elF3g was targeted by siRNA,
protein levels of elF3i strongly decreased to 26%. However,
knocking down eIF3i did not have the reciprocal effect on
elF3g protein levels, which were affected less dramatically
in eIF3iXP cells (Figure 5C and E, Supplementary Figure
S8C and E, and Table 3). Because these subunits bind to
each other (7) while elF3i binds to both elF3a and elF3b
and elF3g interacts only with eIF3b within the elF3 com-
plex (44) (Figure 1), it is possible that the unique network
of interactions in which each subunit participates underlies
these distinct effects. Alternatively, these effects might be a
result of eIF3i knock-down being less efficient than that of
elF3g. High-resolution structural studies will likely be re-
quired to explain these effects completely. Beyond this dif-
ference, both knock-downs resulted in a broad-based reduc-
tion (between ~30 and 60%) in the levels of the remaining
10 subunits (excluding the elF3j factor) similar to that ob-
served in eIF3bXP cells. In the case of both eIF3iXP and
elF3gKP all eI F3 subunits except for elF3g and elF3i co-
immunoprecipitated with anti-eIF3b or anti-e[F3f at lev-
els ranging between ~60 and 90% (Figure 5D and F, Sup-
plementary Figure S8D and F, and Table 3) or ~40-70%
(Supplementary Figure SOA-D), respectively. Direct com-
parison of the anti-el F3f Co-IP experiments from eIF3b*P,
elF3i%P, and eIF3gKP cells clearly underscores that knock-

ing down elF3b produces the most severe impact on the in-
tegrity of the eIF3 complex (compare Figure 5B with Sup-
plementary Figure S9A and C). This implies that: 1) the
elF3 complex can form in the absence of the g and i sub-
unit; 2) they promote binding of each other to the eIF3 com-
plex and 3) they further promote the critical role of eIF3b
in organizing the elF3 holocomplex, possibly by stabilizing
assembly of the evolutionary conserved YLC, whose forma-
tion may precede the formation of the octamer. Taken to-
gether with the el F3aXP and eI F3bXP data, we propose that
elF3b functions, together with the major scaffolding sub-
unit elF3a, as the nucleation core of the entire eIF3 com-
plex: the YLC nucleates around elF3b whereas the octamer
nucleates around elF3a. In the absence of these two sub-
units, neither the YLC nor the octamer can form.

The non-octameric subunit elF3d affects neither the expres-
sion nor the integrity of eIF3 but is nonetheless essential for
cell proliferation

Like the elF3-associated factor eIF3j (39), eIF3d is the only
subunit whose downregulation affects neither the protein
levels of the other eIF3 subunits (Figure 5G, Supplemen-
tary Figure S8G, and Table 3) nor the integrity of the elF3
complex. All 11 remaining elF3 subunits, as well as elF3j,
co-purify from eIF3dXP cells (with either eIF3b and eIF3f
baits) at levels unchanged from those observed with control
cells (Figure SH, Supplementary Figure S8H, Table 3; and
Supplementary Figure S9E and F). Strikingly, despite the
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Figure 5. The YLC subunits e[F3b, g and i are required for a stable formation of the eIF3 holocomplex, whereas eIF3d is dispensable for stable complex
formation. Similar to Figure 3 except that knock-downs of either eIF3b (A and B), g (C and D), i (E and F) or d (G and H) were analyzed. The integrity of
the eIF3 complex in the eIF3b knock-down was examined by the anti-eIF3f ColP analysis instead of anti-eIF3b (panel B). The signal of our anti-eIF3e and
anti-elF3g antibodies could not be clearly visualized in the anti-eIF3f ColIPs, because of the heavy chain of elF3f antibodies of the rabbit origin migrating
at the same size (in spite of using the protein-A linked peroxidase; n.d. = not determined). Quantifications of at least five independent experiments with
standard deviations are shown in Supplementary Figure S8 and Table 3.
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Table 3. Quantification of experiments shown in Figure 5 and Supplementary Figure S8

elF3bXP elF3gk® elF3ikP elF3d*®

WCE | fColP WCE [ b-ColP WCE | b-ColP WCE [ b-ColP
d 46 + 619 + 7|62 + 11]73 + 18|67 + 6]71 + 16|19 & 3]24 = 15
h 52 + 6|17 + 9|65 + 17|74 + 3|62 + 13|90 =+ 117|107 + 15| 97 & 28
f 63 = normalized | 68 + 9 [102 + 18| 74 + 16|84 + 29|11 x 18| 92 & 25
m 48 + 631 + 25|51 + 7 )60 + 11|51 + 9[60 + 10[128 + 25[109 = 16
a 29 + 1215 + 2|58 + 9[77 + 1552 =+ 14|76 + o |116 + 16|124 =+ 25
c 39 + 7|30 + 7]49 + 12|66 + 10|45 + 15/80 =+ 13[102 x 16[101 &+ 25
e 27+ 13 n.d. 38 + 10[64 + 8|37 + 14[75 + 14|98 x 17[115 &+ 22
I 45 + 23|88 + 3|42 + 13|68 + 22|44 x 14[77 + 24|104 x 46[119 x 12
k 48 + 11|26 + 3|5 + 13/62 + 13|59 + 15/67 + 13[105 & 21[137 + 23
b 20 £ 7 |16 + 5| &7 =+ 13 normalized 54 + 17| normalized | 107 + 6 normalized
g 57 & nd 11+ 15[ 27 =+ 10[42 + 11]32 + 16][95 + 10[141 =+ 23
i 79 + 9[10 + o026 + 9[34 + 1122 8|41 + 12|100 = 25[108 = 14
j 112 + 19[38 + 2[136 = 40[87 =+ 20[122 =+ 37]87 =+ 19|95 + 16[116 + 25
elF2a 88 + 9 n.d. 95 + 26 n.d. 82 =+ 12 n.d. 104 + 4 n.d.
elF5 122 + 16 n.d. 123 + 18 n.d. 100 + 11 n.d. 133 + n.d.

Quantified signals were normalized to NT control cells and to GAPDH (column: WCE) or the bait elF3b or elF3f (column: b-ColP or {-ColP) for the
total protein levels or the ColP analysis, respectively. Ratios are expressed as percentages. The average of at least five experiments is shown +SD. The
bold rectangle encloses all eIF3 subunits forming the PCI/MPN octamer. el F3 subunits comprising the yeast-like core (YLC) are highlighted in gray. The
targeted elF3 subunit is highlighted in pink. For the eIF3f-ColP, the signal of anti-eIF3e and -3g antibodies could not be clearly visualized because of the
heavy chain of eIF3f antibodies of the rabbit origin migrating at the same size (n.d. = not determined).

fully preserved integrity of the 11-subunit e[F3 complex in
elF3dXP cells, they display some of the most severe defects
we observe in both the rate of translation and cell growth
(Figure 2).

Increased protein turnover likely underlies the simultaneous
downregulation of elF3 subunits observed in cells where an-
other elF3 subunit has been knocked-down

Next we wished to investigate if the simultaneous downreg-
ulation of elF3 subunits we observe when knocking down
individual eIF3 subunits occurs because these subunits are
degraded, either as a consequence of impaired elF3 in-
tegrity or as a result of elF3-specific mRNA translational
control. To this end, we isolated total RNA from all polyso-
mal fractions of a sucrose gradient prepared with whole cell
extracts derived from Hela cells treated with either control
siRNA or elF3c siRNA and analyzed the polysomal as-
sociation of mRNAs encoding each elF3 subunit by RT-
gPCR (Supplementary Figure S10). These experiments re-
veal no obvious difference in the polysomal distribution of
mRNAs encoding subunits simultaneously downregulated
in eIF3cXP cells (d, k or 1) compared with subunits whose
levels are unaffected in these cells (b, g, 1, f or m). To but-
tress these results, we further performed ribosome profiling
in eIF3cKP and el F3fXP cells and detected no change in the
distribution of footprints over mRNAs of the elF3 subunits,
whose protein levels significantly decrease in these knock-
downs (SW, Neelam Sen, Alan G. Hinnebusch and LSV,
unpublished observations). These findings suggest that, at
least in case of elF3cKP and elF3fXP, the dominant mech-

anism underlying the simultaneous downregulation of elF3
subunits in cells where another subunit within the com-
plex has been knocked-down is increased protein turnover.
This increased turnover is likely due to incomplete com-
plex assembly and not to some peculiar translational con-
trol mechanism, which would have to be specific for selected
sets of human elF3 subunits.

DISCUSSION

The results presented here extend our previous study (39),
such that we have now monitored the effects of knocking
down each individual subunit of eIF3 in HeLa cells on a
broad array of mechanistic readouts: overall cell fitness,
translation initiation rates, the integrity of the elF3 com-
plex, and the expression levels elF3 subunits not directly
targeted for downregulation by siRNA. Having catalogued
these effects, we can now define for the first time the disas-
sembly pathway of the human eIF3 complex (Figure 6). We
suggest that the ordered disassembly of the eIF3 complex
occurs as a consequence of the destabilization of several
keystone interactions that hold the full complex together.
Each one of these interactions contributes a varying degree
of stability to the elF3 complex. It is notable that many of
these critical interactions lie either in the PCI/MPN do-
mains of individual subunits, in the helical bundle of the oc-
tamer, or within the elF3a subunit, itself the major scaffold-
ing subunit within eIF3. The likely consequence of ordered
elF3 disassembly—triggered by targeted downregulation of
specific el F3 subunits—is the rapid degradation via the pro-
teasome of those subunits no longer anchored within the
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Figure 6. The assembly/disassembly pathways of the human elF3 complex. The eIF3 subcomplexes that were observed in this or our previous study (39)
are framed by a solid rectangle; subcomplexes that are based on our analysis predicted to form are framed by a dashed rectangle. The scaffold eIF3a subunit
together with elF3b first creates the eIF3 nucleation core. Subsequently, the subunits g and i join as a couple along the C-terminus (the spectrin domain
(44)) of elF3a to form the YLC (a question mark indicates that their attachment is not a strict prerequisite for the formation of the rest of eIF3 and that
they may join elF3 at any time of its assembly). Around the same time, the eIF3c subunit starts to form the octamer hand in hand with the h-f-m triangle;
elF3c cannot attach to YLC without elF3f and/or m and vice versa, in contrast to N. crassa (47). Based on our ‘disassembly’ data, an alternative pathway
is also depicted, where elF3f, m and c join the complex first and the subunit h attaches to elF3 further downstream; the resulting complex (framed by a
dashed rectangle) is only our assumption. Subsequently elF3e integrates into the complex bringing elF3d along. Finally, subunits k and | attach as a pair
to complete the assembly.



elF3 complex. Consistent with this interpretation, we ob-
serve no effect on the association of mRNAs encoding for
the subunits of eIF3 with 80S couples in polysomes in ei-
ther eIF3cKP or eIF3fKP cells, even for those subunits that
are downregulated as a result of knocking down elF3c or
elF3f. (Supplementary Figure S10 and unpublished obser-
vations). Based on our findings we propose and further dis-
cuss the assembly pathway for human elF3. We believe this
pathway likely mirrors the disassembly pathway but in re-
verse (Figure 6).

According to our siRNA experiments in HeLa cells, the
elF3 subunits k and 1 within the right leg and the elF3-
associated factor elF3j are either dispensable for wild-type
growth under normal conditions or capable of supporting
normal translational rates at the residual levels (<20% of
WT) we observe in knock-down cells (Figure 2 and (39)).
We strongly favor the first interpretation for several reasons.
First, neither eIF3k nor elF3l exist in Schizosaccharomyces
pombe, whose elF3 complex otherwise more closely resem-
bles the mammalian complex than the budding yeast com-
plex (45,46). Second, neither of these subunits is essential
in N. crassa (47) (nor is elF3j in S. cerevisiae (38)). Finally,
it is unlikely that these subunits are both indispensable and
yet their absence from ~80% of elF3 complexes (Figure 3)
would not affect the cell’s ability to satisfy the protein syn-
thesis demands of rapid proliferation. We observe that the
protein levels of e[F3k and I depend strictly on each other,
suggesting that they form a dimer that precedes their as-
sembly within the elF3 complex, most probably during the
last step of eIF3 assembly in vivo (Figure 6). In support of
this, the association of the eIF3k:eIF31 dimer with eIF3 re-
quires prior recruitment of eIF3e and el F3h to the complex;
knocking down elF3h or elF3e results in the strong and si-
multaneous downregulation of both elF3k and I (Figures
3 and 4). Knock-down of elF3e also robustly reduces the
levels of eIF3d (see below). In contrast, eIF3d¥P does not
affect the levels of either eIF3k or eIF3l (Figure 5). A sim-
ilar interdependence between the elF3k and 1 subunits in
vivo was observed in N. crassa (47). The in vivo dependence
of eIF3l (and thus in turn also of eIF3k) on the elF3e sub-
unit can be explained by the fact that the PCI domains of
these subunits directly interact with each other (32). This
i1s not the case, however, for eIF3h, which resides on the
other side of the PCI arc. This suggests that eIF3h forms
a supportive joint with elF3k and/or 1 within the 7-helix
bundle of the octamer (32). In fact, while this article was
in preparation, Smith and colleagues (40) demonstrated the
importance of interactions within the helical bundle for the
integrity of elF3 in N. crassa. Taken together, these obser-
vations suggest that while the e[F3k and | subunits are dis-
pensable during normal conditions, they may nonetheless
play an important regulatory role under stress conditions
or during development or aging, as recently proposed (48).

Upon knocking down the elF3h subunit of the left leg,
which strongly reduced the levels of both elF3k and | and
more modestly downregulated several other elF3 subunits,
we observe two unique elF3 complexes: 1) the YLC bound
by the elF3-associated factor elF3j (YLC+j) and 2) the 9-
subunit complex+elF3j lacking elF3h, k and 1, which oc-
curs at approximately half the abundance of the YLC+j
complex (Figure 4). That elF3h knockdown precipitates
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the dissolution of eIF3 into these distinct subcomplexes in-
dicates that eIF3h plays an important supporting role in
stabilizing the elF3 octamer. Because elF3h knock-down
only modestly affects growth and initiation rates (Figure
2), it is highly likely that the reduced cellular levels we ob-
serve for the 9-subunit complex are sufficient to support life-
sustaining rates of protein synthesis. In support of this in-
terpretation, elF3h was recently shown to be non-essential
in HEK293 cells (the eIF3h deletion did not display an ob-
vious phenotype), and previously in both S. pombe (its dele-
tion affected spore formation) and in N. crassa (reduced
aerial hyphae) (40,47,49).

Importantly, because we observe the YLC+j complex
upon knocking down several distinct elF3 subunits (eIF3c,
e, f, h, and m) (Figures 3 and 4 and (39)), this complex
appears to assemble completely independently of the oc-
tamer, perhaps as soon as the scaffolding eIF3a subunit in-
teracts with elF3b to form the nucleation core of the elF3
complex (Figure 6). In fact, we find that formation of this
elF3-nucleation core is the key prerequisite, not only for the
formation of the YLC+j complex, but for the octamer as
well (Figure 5B). Thus, we propose that once the a-b dimer
forms, both the YLC and the octamer independently nu-
cleate around their interacting partners within this nucle-
ation core, elF3b and elF3a respectively. Consistent with
this model, our preliminary yeast ribosomal profiling data
indicate that eIF3a/TIF32 interacts with eIF3b/PRT1 co-
translationally as soon as the extreme N-terminal RRM do-
main of PRT1 folds (SW, Nick Ingolia and LSV, unpub-
lished observations). Moreover, reduced expression of any
one subunit of the YLC b-g-i trimer led to markedly reduced
expression of all other subunits (with the exception of the
elF3-associated factor elF3j) and conferred severe growth
defects (Figures 2 and 5).

Elsewhere, the presence of elF3g and i1 within the elF3
complex strictly depend on each other, and so does their
expression. And yet, downregulation of eIF3g has a more
pronounced effect on the protein stability of elF3i than
vice versa. We suggest that, like e[F3k and I, e[F3g and i
can form a dimer that subsequently associates with e[F3b
during assembly of the YLC. However, this dimer is likely
not strictly required for the formation of the rest of the
elF3 complex (Figure 6). In support of this proposal, the
steady state levels of both elF3g and 1 are the least sensi-
tive among the elF3 subunits to e[F3b knock-down (Figure
5). Despite the fact that knocking down each of these two
YLC subunits does not prevent the formation of the elF3
complex, their downregulation does partially destabilize the
connection between elF3a and elF3b. Consistent with this,
a human elF3 complex missing the g and i subunits can
also form in vitro (33). Interestingly, a core complex lack-
ing TIF34 (elF3i) and TIF35 (elF3g) also forms in budding
yeast cells. This subcomplex is capable of promoting ternary
complex and mRNA recruitment to 40S ribosomes in vitro,
though subsequent experiments have suggested these sub-
units are important, both for ternary complex stabilization
and the recruitment of a natural mRNA (42,43). In fact, the
critical role of TIF34 and TIF35 in translation initiation
most probably lies in their stimulation of ribosomal scan-
ning (50,51). We postulate that e[F3g and i stabilize the as-
sembly of the evolutionary conserved YLC, which in turn
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fortifies the connection between the YLC and the octamer
that is mediated mainly by the eIF3b and elF3a nucleation
core. Interestingly, elF3i is the lone subunit found to have
a related Archaean homologue and thus is likely the most
conserved of the elF3 subunits, which may indicate that it
indeed plays a critical role within elF3 (36).

It is surprising that we do not detect a YLC complex con-
taining the eIF3¢ subunit (NIP1 in yeast), despite elF3c be-
ing well expressed in elF3eXP, XD and mXP cells. Yeast
elF3c (NIP1) forms a stable trimer with eIF3a (TIF32) and
elF3b (PRT1), both in vitro and in vivo (42,43). Moreover,
human elF3a and elF3c form a stable dimer in vitro (33),
and the YLC+elF3c pentameric complex has previously
been detected by mass spectrometry (7). Nonetheless, we
have previously shown that the YLC lacking eIF3cis able to
perform the basic functions of eIF3 in HeLa and HEK?293
cells, though with expectedly reduced efficiency (39). Thus,
the YLC likely represents a minimal functional unit of the
elF3 complex partially capable of promoting the core events
of the initiation pathway, such as the binding of ternary
complex and mRNA to the 40S ribosome. This minimal
complex may further contribute to scanning, though pro-
cessive scanning appears to require elF3c (39).

From the pattern of elF3 subcomplexes formed upon
knocking down either eIF3c or eIF3e, we are able to deduce
that elF3c is required to closely collaborate with elF3a to
connect the subunits composing the left hand (f, h, m) to
the YLC, with the eIF3e subunit of the right hand further
supporting this assembly step (Figure 3 and (39)). elF3e un-
doubtedly further serves to connect the e[F3d subunit to
the rest of eIF3, as reported previously (32). The elF3e and
elF3d subunits further appear to form a stable dimer prior
to their joining the remainder of the complex (40), similar
to the elF3g:elF3i and elF3k:elF31 dimers. Interestingly,
the 8-subunit complex (i-g-b-a-c-f-h-m) we observe upon
knocking down elF3e is one of the two distinct elF3 com-
plexes shown to naturally occur in S. pombe (45,46). The
conservation of this complex, together with recent studies
demonstrating the importance of the helical bundle in N.
crassa (40) and a recent structure of mammalian eIF3 (32),
suggest that the helical bundle formed by the octamer sub-
units represents, like the mutual contacts between the PCI
and MPN domains of elF3a and the f-h-m trimer, another
keystone interaction network that cements the attachment
of the left leg to the rest of the eIF3 body.

Turning to the role of elF3f and elF3m, our results
demonstrate that in the absence of these two subunits of
the left leg, the octamer cannot form. This formation is
blocked despite the fact that the protein levels of both arms
(subunits elF3a and e) and the elF3 head (elF3c) remain
high in eIF3fXP and eIF3mXP cells (Figure 4). This im-
plies that, while the a-c dimer, which was originally pro-
posed to function as the elF3 nucleation center, can form
in vitro (33), it cannot form in vivo unless at least these left
leg subunits—elF3m and elF3f—are well expressed (Fig-
ures 4 and 6—dashed rectangle). Because elF3e is dispens-
able for the formation of the minimal a-c-f-h-m subcomplex
of the octamer (Figure 3), we propose that the i-g-b-a-c-f-
h-m YLC-octamer subcomplex represents one of the major
intermediates of the e[F3 assembly pathway (Figure 6). The
fact that eIF3m is missing from the el F3 complex in all pro-

tists (36) suggests that, of these two subunits, it is eI F3f that
plays a more critical role in stabilizing the a—c dimer and its
connection to the YLC.

Perhaps the most striking result we obtain is upon knock-
ing down elF3d, which has no impact on the expression
levels of other elF3 subunits nor on the integrity of elF3
in vivo (Figure 5), but nonetheless confers severe defects in
growth and translation rates (Figure 2). The elF3d subunit
is attached to the elF3 holocomplex via elF3e, which is ab-
sent in S. cerevisiae, but is nonetheless found in the majority
of other studied organisms. elF3e is essential in N. crassa
(52) and in S. pombe, where two distinct elF3 complexes
have been observed; the presence of eIF3d (and elF3e) dis-
tinguishes a subcomplex thought to be responsible for the
translation of a restricted set of mRNAs; the other com-
plex, which contains the full complement of eIF3 subunits
is thought to promote the translation of all mRNAs (45,46).
While it is indeed possible that the loss of e[F3d may result
in an intact but functionally inactive complex, it is tempting
to speculate that the essential character of eIF3d does not lie
in its indispensability for the canonical roles of eIF3 in gen-
eral translation, but instead in promoting the translation of
specific mRNAs encoding proteins with vital cellular roles.
Indeed, elF3d was recently identified as a non-canonical
cap binding protein that in complex with eIF3 drives cap-
dependent but elF4F-independent expression of a specific
subset of mMRNAs (14,53). In fact, such a role for eIF3d, and
perhaps some other eIF3 subunits, might explain the differ-
ential severity of growth and initiation phenotypes observed
in eIF3cXP and elF3eXP versus eI F3fXP and eIF3mXP cells.
Future experiments are required to explain precisely why
elF3d is essential.

Our elF3 knock-down analysis produced two patterns
of expression dependencies among the eIF3 subunits that
appear to reflect the ability of the remaining subunits to
form subcomplexes and thus escape the proteolysis that
our results suggest is the fate of unbound subunits. The
first of these two patterns implies that elF3g impacts the
steady state levels of elF3i, which in turn controls elF3b,
followed by a, c, e, and finally (in no particular order)
the trio d, k and L. In short: g>i>b>a>c>e>d,k,l. The
second pattern, which differs from the first in the sub-
units that are affected by elF3a, suggests that elF3a in ad-
dition impacts the f-m subunits, followed by elF3h and
finally the k-1 dimer (a>f,m>h>k,]). The expression of
the elF3-associated factor elF3j was unaffected by any of
the elF3 knock downs; elF3j was always found in com-
plexes co-immunoprecipitated by anti-e[F3b (Figures 3-
5). This is consistent with the known interaction between
elF3j/HCR1 and the RRM domain of elF3b/PRT1, both
in humans and in S. cerevisiae (9,11).

The implications of our results on human disease are un-
derscored by the fact that altered expression levels of the
elF3 subunits has been observed in various types of cancer
(1). Our results demonstrate that these perturbations to the
relative balance of elF3 subunits lead to the formation of
partial eIF3 subcomplexes that are associated with defects
in the rate of translation and cell fitness and thus begin to
illuminate the potential role of eIF3 in cancer and other hu-
man diseases.



SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We are very much grateful to Hiroaki Imataka for the gift
of antibodies, to Colin Echeverria Aitken and Marc Dodd
for critical reading of this manuscript and for correcting our
English, to Olga Krydova and Kristina Koudelova for their
technical assistance, and to all members of the Laboratory
of Regulation of Gene Expression for their comments and
discussion.

FUNDING

Czech Science Foundation [GA14-05394S to L.S.V.]; Well-
come Trust [090812/B/09/Z to L.S.V.]. Funding for open
access charge: Wellcome Trust [090812/B/09/Z].

Conflict of interest statement. None declared.

REFERENCES

L.

2

10.

11.

12.

13.

Hershey,J.W. (2015) The role of eIF3 and its individual subunits in
cancer. Biochim. Biophys. Acta, 1849, 792-800.

. Silvera,D., Formenti,S.C. and Schneider,R.J. (2010) Translational

control in cancer. Nat. Rev. Cancer, 10, 254-266.

. Spilka,R., Ernst,C., Mehta,A.K. and Haybaeck,J. (2013) Eukaryotic

translation initiation factors in cancer development and progression.
Cancer Lett., 340, 9-21.

. Valasek,L.S. (2012) 'Ribozoomin’ — translation initiation from the

perspective of the ribosome-bound eukaryotic initiation factors
(elFs). Curr. Protein Pept. Sci., 13, 305-330.

. Hinnebusch,A.G. (2014) The scanning mechanism of eukaryotic

translation initiation. Annu. Rev. Biochem., 83, 779-812.

. Unbehaun,A., Borukhov,S.I., Hellen,C.U. and Pestova,T.V. (2004)

Release of initiation factors from 48S complexes during ribosomal
subunit joining and the link between establishment of
codon-anticodon base-pairing and hydrolysis of eIF2-bound GTP.
Genes Dev., 18, 3078-3093.

. Zhou,M., Sandercock,A.M., Fraser,C.S., Ridlova,G., Stephens,E.,

Schenauer,M.R., Yokoi-Fong,T., Barsky,D., Leary,J.A., Hershey,J.W.
et al. (2008) Mass spectrometry reveals modularity and a complete
subunit interaction map of the eukaryotic translation factor elF3.
Proc. Natl. Acad. Sci. U.S.A., 105, 18139-18144.

. Fraser,C.S., Lee,J.Y., Mayeur,G.L., Bushell, M., Doudna,J.A. and

Hershey,J.W. (2004) The j-subunit of human translation initiation
factor elF3 is required for the stable binding of eIF3 and its
subcomplexes to 40S ribosomal subunits in vitro. J. Biol. Chem., 279,
8946-8956.

. Valasek,L., Phan,L., Schoenfeld,L.W., Valaskova,V. and

Hinnebusch,A.G. (2001) Related eIF3 subunits TIF32 and HCR1
interact with an RNA recoginition motif in PRT1 required for eIF3
integrity and ribosome binding. EMBO J., 20, 891-904.
Nielsen,K.H., Valasek,L., Sykes,C., Jivotovskaya,A. and
Hinnebusch,A.G. (2006) Interaction of the RNP1 motif in PRT1 with
HCR1 promotes 40S binding of eukaryotic initiation factor 3 in
yeast. Mol. Cell. Biol., 26, 2984-2998.

ElAntak,L., Wagner,S., Herrmannova,A., Karaskova,M., Rutkai,E.,
Lukavsky,P.J. and Valasek,L. (2010) The indispensable N-terminal
half of eIF3j co-operates with its structurally conserved binding
partner eIF3b-RRM and elF1A in stringent AUG selection. J. Mol.
Biol., 396, 1097-1116.

Kolupaeva,V.G., Unbehaun,A., Lomakin,I.B., Hellen,C.U. and
Pestova,T.V. (2005) Binding of eukaryotic initiation factor 3 to
ribosomal 40S subunits and its role in ribosomal dissociation and
anti-association. RNA, 11, 470-486.

Beznoskova,P., Cuchalova,L., Wagner,S., Shoemaker,C.J.,
Gunisova,S., Von der Haar, T. and Valasek,L.S. (2013) Translation
initiation factors eIF3 and HCR1 control translation termination and
stop codon read-through in yeast cells. PLoS Genet., 9, €1003962.

14.

15.

16.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Nucleic Acids Research, 2016, Vol. 44, No. 22 10787

Lee,A.S., Kranzusch,PJ. and Cate,J.H. (2015) eIF3 targets
cell-proliferation messenger RNAs for translational activation or
repression. Nature, 522, 111-114.

Meyer,K.D., Patil,D.P., Zhou,J., Zinoviev,A., Skabkin,M.A.,
Elemento,O., Pestova,T.V., Qian,S.B. and Jaffrey,S.R. (2015) 5 UTR
m(6)A promotes cap-independent translation. Cel/, 163, 999-1010.
Shah,M., Su,D., Scheliga,J.S., Pluskal, T., Boronat,S.,
Motamedchaboki,K., Campos,A.R., Qi,F., Hidalgo,E., Yanagida,M.
et al. (2016) A transcript-specific eIF3 complex mediates global
translational control of energy metabolism. Cell Rep, 16, 1891-1902.

. Szamecz,B., Rutkai,E., Cuchalova,L., Munzarova,V.,

Herrmannova,A., Nielsen,K.H., Burela,L., Hinnebusch,A.G. and
Valasek,L. (2008) elF3a cooperates with sequences 5" of uORF1 to
promote resumption of scanning by post-termination ribosomes for
reinitiation on GCN4 mRNA. Genes Dev., 22, 2414-2425.

. Munzarova,V., Panek,J., Gunisova,S., Danyi,l., Szamecz,B. and

Valasek,L.S. (2011) Translation reinitiation relies on the interaction
between elF3a/TIF32 and progressively folded cis-acting mRNA
elements preceding short uORFs. PLoS Genet., 7, e1002137.
Gunisova,S. and Valasek,L.S. (2014) Fail-safe mechanism of GCN4
translational control-uORF2 promotes reinitiation by analogous
mechanism to uORF1 and thus secures its key role in GCN4
expression. Nucleic Acids Res., 42, 5880-5893.

von Arnim,A.G., Jia,Q. and Vaughn,J.N. (2014) Regulation of plant
translation by upstream open reading frames. Plant Sci., 214, 1-12.
Pisarev,A.V., Hellen,C.U.T. and Pestova,T.V. (2007) Recycling of
eukaryotic posttermination ribosomal complexes. Cell, 131, 286-299.
Beznoskova,P., Wagner.,S., Jansen,M.E., von der Haar, T. and
Valasek,L.S. (2015) Translation initiation factor eIF3 promotes
programmed stop codon readthrough. Nucleic Acids Res., 43,
5099-5111.

Beznoskova,P., Gunisova,S. and Valasek,L.S. (2016) Rules of
UGA-N decoding by near-cognate tRNAs and analysis of
readthrough on short uORFs in yeast. RNA, 22, 456-466.
Choudhuri,A., Maitra,U. and Evans,T. (2013) Translation initiation
factor elF3h targets specific transcripts to polysomes during
embryogenesis. Proc. Natl. Acad. Sci. U.S.A., 110, 9818-9823.
Yuan,Y., Zhang,Y., Yao,S., Shi,H., Huang,X., Li,Y., Wei,Y. and
Lin,S. (2014) The translation initiation factor eIF3i up-regulates
vascular endothelial growth factor A, accelerates cell proliferation,
and promotes angiogenesis in embryonic development and
tumorigenesis. J. Biol. Chem., 289, 28310-28323.

Zeng,L., Wan,Y., Li,D., Wu,J., Shao,M., Chen,J., Hui,L., Ji,H. and
Zhu,X. (2013) The m subunit of murine translation initiation factor
elF3 maintains the integrity of the eIF3 complex and is required for
embryonic development, homeostasis, and organ size control. J. Biol.
Chem., 288, 30087-30093.

Gildea,D.E., Luetkemeier,E.S., Bao,X., Loftus,S.K., Mackem,S.,
Yang,Y., Pavan,W.J. and Biesecker,L.G. (2011) The pleiotropic mouse
phenotype extra-toes spotting is caused by translation initiation
factor Eif3c mutations and is associated with disrupted sonic
hedgehog signaling. FASEB J., 25, 1596-1605.

Siridechadilok,B., Fraser,C.S., Hall,LR.J., Doudna,J. A. and
Nogales,E. (2005) Structural roles for human translation factor eIF3
in initiation of protein synthesis. Science, 310, 1513-1515.
Querol-Audi,J., Sun,C., Vogan,JM., Smith,M.D., Gu,Y., Cate,J.H.
and Nogales,E. (2013) Architecture of human translation initiation
factor 3. Structure, 21, 920-928.

Ellisdon,A.M. and Stewart,M. (2012) Structural biology of the
PClI-protein fold. Bioarchitecture, 2, 118-123.

Pick,E., Hofmann,K. and Glickman,M.H. (2009) PCI complexes:
beyond the proteasome, CSN, and eIF3 Troika. Mol. Cell, 35,
260-264.

des Georges,A., Dhote,V., Kuhn,L., Hellen,C.U., Pestova,T.V.,
Frank,J. and Hashem,Y. (2015) Structure of mammalian eIF3 in the
context of the 43S preinitiation complex. Nature, 525, 491-495.
Sun,C., Todorovic,A., Querol-Audi,J., Bai,Y., Villa,N., Snyder,M.,
Ashchyan,J., Lewis,C.S., Hartland,A., Gradia,S. et al. (2011)
Functional reconstitution of human eukaryotic translation initiation
factor 3 (eIF3). Proc. Natl. Acad. Sci. U.S. A., 108, 20473-20478.
Hashem,Y., des Georges,A., Dhote,V., Langlois,R., Liao,H.Y.,
Grassucci,R.A., Hellen,C.U., Pestova,T.V. and Frank,J. (2013)
Structure of the mammalian ribosomal 43S preinitiation complex
bound to the scanning factor DHX29. Cell, 153, 1108-1119.


http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkw972/-/DC1

10788 Nucleic Acids Research, 2016, Vol. 44, No. 22

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Hashem, Y., des Georges,A., Dhote,V., Langlois,R., Liao,H.Y.,
Grassucci,R.A., Pestova, T.V., Hellen,C.U. and Frank.,J. (2013)
Hepatitis-C-virus-like internal ribosome entry sites displace elF3 to
gain access to the 40S subunit. Nature, 503, 539-543.

Rezende,A.M., Assis,L.A., Nunes,E.C., da Costa Lima,T.D.,
Marchini,EX., Freire,E.R., Reis,C.R. and de Melo Neto,O.P. (2014)
The translation initiation complex eIF3 in trypanosomatids and other
pathogenic excavates—identification of conserved and divergent
features based on orthologue analysis. BMC Genomics, 15, 1175.
Phan,L., Zhang,X., Asano,K., Anderson,J., Vornlocher,H.P.,,
Greenberg,J.R., Qin,J. and Hinnebusch,A.G. (1998) Identification of
a translation initiation factor 3 (eIF3) core complex, conserved in
yeast and mammals, that interacts with eIF5. Mol. Cell. Biol., 18,
4935-4946.

Valasek,L., Hasek,J., Trachsel,H., Imre,E.M. and Ruis,H. (1999) The
Saccharomyces cerevisiae HCRI gene encoding a homologue of the
p35 subunit of human translation eukaryotic initiation factor 3 (eIF3)
is a high copy suppressor of a temperature-sensitive mutation in the
Rpglp subunit of yeast elF3. J Biol. Chem., 274, 27567-27572.
Wagner,S., Herrmannova,A., Malik,R., Peclinovska,L. and
Valasek,L.S. (2014) Functional and biochemical characterization of
human eukaryotic translation initiation factor 3 in living cells. Mol.
Cell . Biol., 34, 3041-3052.

Smith,M.D., Arake-Tacca,L., Nitido,A., Montabana,E., Park,A. and
Cate,J.H. (2016) Assembly of elF3 mediated by mutually dependent
subunit insertion. Structure, 24, 886-896.

Zhang,L., Pan,X. and Hershey,J.W. (2007) Individual overexpression
of five subunits of human translation initiation factor eIF3 promotes
malignant transformation of immortal fibroblast cells. J. Biol. Chem.,
282, 5790-5800.

Valasek,L., Nielsen,K.H. and Hinnebusch,A.G. (2002) Direct
elF2-elF3 contact in the multifactor complex is important for
translation initiation in vivo. EMBO J., 21, 5886-5898.

Phan,L., Schoenfeld,L.W., Valasek,L., Nielsen,K.H. and
Hinnebusch,A.G. (2001) A subcomplex of three elF3 subunits binds
elF1 and elF5 and stimulates ribosome binding of mRNA and
tRNA;Met, EMBO J, 20, 2954-2965.

Dong.,Z., Qi,J., Peng,H., Liu,J. and Zhang,J. T. (2013) Spectrin
domain of eukaryotic initiation factor 3a is the docking site for

45.

46.

47.

48.

49.

50.

51.

52.

53.

formation of the a:b:i:g subcomplex. J. Biol. Chem., 288,
27951-27959.

Zhou,C., Arslan,F., Wee,S., Krishnan,S., Ivanov,A.R., Oliva,A.,
Leatherwood,J. and Wolf,D.A. (2005) PCI proteins eIF3e and eIF3m
define distinct translation initiation factor 3 complexes. BM C Biol., 3,
14.

Sha,Z., Brill,L.M., Cabrera,R., Kleifeld,O., Scheliga,J.S.,
Glickman,M.H., Chang,E.C. and Wolf,D.A. (2009) The eIF3
interactome reveals the translasome, a supercomplex linking protein
synthesis and degradation machineries. Mol. Cell, 36, 141-152.
Smith,M.D., Gu,Y., Querol-Audi,J., Vogan,J.M., Nitido,A. and
Cate,J.H. (2013) Human-like eukaryotic translation initiation factor 3
from Neurospora crassa. PLoS One, 8, €78715.

Cattie,D.J., Richardson,C.E., Reddy,K.C., Ness-Cohn,E.M.,
Droste,R., Thompson,M.K., Gilbert, W.V. and Kim,D.H. (2016)
Mutations in nonessential eIF3k and eIF3I genes confer lifespan
extension and enhanced resistance to ER stress in Caenorhabditis
elegans. PLoS Genet., 12, ¢1006326.

Ray,A., Bandyopadhyay,A., Matsumoto,T., Deng,H. and Maitra,U.
(2008) Fission yeast translation initiation factor 3 subunit eIF3h is
not essential for global translation initiation, but deletion of eif3h+
affects spore formation. Yeast, 25, 809-823.

Herrmannova,A., Daujotyte,D., Yang,J.C., Cuchalova,L., Gorrec,F.,
Wagner,S., Danyi,l., Lukavsky,P.J. and Valasek,L.S. (2012) Structural
analysis of an eIF3 subcomplex reveals conserved interactions
required for a stable and proper translation pre-Initiation complex
assembly. Nucleic Acids Res., 40, 2294-2311.

Cuchalova,L., Kouba,T., Herrmannova,A., Danyi,I., Chiu,W.-1 and
Valasek,L. (2010) The RNA recognition motif of eukaryotic
translation initiation factor 3g (eIF3g) is required for resumption of
scanning of posttermination ribosomes for reinitiation on GCN4 and
together with elF3i stimulates linear scanning. Mol. Cell. Biol., 30,

4671-4686.
Smith,C.L., Horowitz-Scherer,R., Flanagan,J.F., Woodcock,C.L. and

Peterson,C.L. (2003) Structural analysis of the yeast SWI/SNF
chromatin remodeling complex. Nat. Struct. Biol., 10, 141-145.
Lee,A.S., Kranzusch,P.J., Doudna,J.A. and Cate,J.H. (2016) elF3d is
an mRNA cap-binding protein that is required for specialized
translation initiation. Nature, 536, 96-99.



