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A B S T R A C T

Translation initiation of most mammalian mRNAs is mediated by a 5′ cap structure that binds eukaryotic initi-
ation factor 4E (eIF4E). Notably, most mRNAs are still capped when eIF4E is inhibited, suggesting alternative
mechanisms likely mediate cap-dependent mRNA translation without functional eIF4F. Here we found that,
when eIF4E is inhibited, the ribosomal scaffold RACK1 recruits eIF3d on the 43S pre-initiation complex.
Moreover, we found that it is just PKCBII in its active form that promotes the binding of RACK1 to eIF3d. These
studies disclose a previously unknown role of ribosomal RACK1 for eIF3d specialized translation.

1. Introduction

Translation of mRNAs into proteins is the most energy-consuming
process in the cell and, therefore, is finely regulated by several mecha-
nisms [1]. Regulation is mostly exerted at the initiation step, which is
generally considered the rate-limiting step in protein synthesis [2]. In
eukaryotes, the canonical cap-dependent translation initiation is a
complicated process that depends on the cooperation of many trans-
lation initiation factors (eIFs) [3]. These cooperate in (i) recognizing the
5′-end of the mRNA by binding to its 5′-cap structure, (ii) recruiting the
40S ribosomal subunit to the 5′-end, (iii) scanning of the 43S pre-
initiation complex (PIC) along the 5′-untranslated region (5′-UTR) to
the AUG start codon and, (iv) joining the large (60S) ribosomal subunit
to form a functional ribosome [4].

Specifically, the eukaryotic initiation factors eIF1, eIF1A, eIF3, and
eIF5 and the ternary complex (TC) of eIF2–guanosine 5′-triphosphate
(GTP)–methionine initiator transfer RNA (tRNAiMet) first binds to the
40S ribosomal subunit to form the 43S PIC [5]. Once assembled, the 43S
PIC is recruited to the cap-binding complex eIF4F at the 5′ end of mRNA
to form a 48S initiation complex. This scans the mRNA in the 5′–3′ di-
rection until a start codon is found [3].

eIF4F is a heterotrimeric complex composed of eIF4E, the DEAD-box
helicase eIF4A and eIF4G. eIF4E binds the 7-methylguanosine (7-m-
GTP) cap, whereas eIF4A unwinds the secondary structures in the 5′
untranslated regions (UTR) of the mRNAs [6]. The scaffold protein
eIF4G, besides recruiting the 43S PIC through the interaction with eIF3,
promotes the circularization of mRNAs by interacting with the poly-A
binding proteins (PABPs) [7].

The eIF4E component of the eIF4F complex is generally considered
to be the rate-limiting factor in translation initiation and, therefore, its
availability is tightly controlled through a regulated interaction with
eIF4E-binding proteins (4E-BPs) [8]. These proteins function as
competitive inhibitors of the binding of eIF4E to eIF4G resulting in the
inhibition of the eIF4F complex from initiating mRNA translation.
Instead, the mammalian target of rapamycin (mTOR) plays an essential
role in promoting mRNA translation by directly phosphorylating and
inhibiting 4E-BPs [9]. Actually, under normal growth conditions, acti-
vated mTORC1 phosphorylates eIF4E-binding proteins (4E-BPs) result-
ing in the release of eIF4E from 4E-BPs and leading to an increase in the
translation of a pool of mRNAs often referred to as “eIF4E-sensitive”
[10].

A multitude of stresses inhibit mTORC1 activity resulting in
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hypophosphorylated 4E-BPs that sequester eIF4E [11]. However, upon
mTORC1 inhibition, the overall translation is reduced by only 60%. This
does not necessarily mean that the remaining 40 % of translation solely
relies on cap-independent mechanisms [12]. Notably, most mRNAs are
still capped when the canonical eIF4F is inhibited, suggesting that
alternative mechanisms likely exist to mediate cap-dependent mRNA
translation in the absence of functional eIF4F [2].

EIF3d, one of the eIF3 subunits, which is the largest and most com-
plex initiation factor that binds to the solvent-exposed side of the 40S
ribosome, has been recognized as another mRNA cap-binding protein
[13]. eIF3d has been reported to interact directly with the 5′-cap
mRNAs, indicating that eIF3d may help recruit mRNAs to the 43S PICs
independent of eIF4F [14]. Thus, there may be an alternate or nonca-
nonical cap-dependent initiation mechanism via eIF3d, different from
the canonical cap-dependent translation initiation via eIF4F [15]. It is
just by interacting with DAP5, a member of the eIF4G family, that eIF3d
contributes to the translation of approximately 20 % of mRNAs when the
eIF4F-dependent translation is inhibited [16]. The noncanonical regu-
lation of mRNA translation may contribute to the role of eIF3d in bio-
logical processes such as metabolic stress adaptation, chronic glucose
deprivation, disease onset and progression, including tumorigenesis and
acquired immune deficiency syndrome [17].

The mammalian eIF3 complex has a molecular weight of 800 kDa
and is composed of 13 subunits (eIF3a through eIF3m) organized in two
major modules [18], the Proteasome COP9-signalosome eIF3/Mpr1,
Pad1_N-terminal (PCI/MPN) octamer core and five peripheral subunits
flexibly linked to the octamer core. Recent structural studies have
detailed the architecture of mammalian and yeast eIF3 complexes in the
context of the 43S PIC [19–22] and 48S PICs [23]. Interestingly, these
studies proved that the peripheral subunit, eIF3d, is located on the
opposite site of the mRNA channel, near the exit and adjacent to the
ribosomal protein that is the receptor for the activated C kinase 1
(RACK1) [19].

This finding is intriguing since RACK1 is not only a core component
of the ribosomal 40S subunit but is by itself a regulator of global and
specific translations in different ways [24]. RACK1 functions as a mo-
lecular ship that shuttles the activated protein kinase C βII (PKCβII) [25],
but it may also interact with various other signaling proteins, including
integrin and Src protein-tyrosine kinase [26–29]. The interaction be-
tween RACK1 and various proteins in different cellular compartments
makes RACK1 relevant in many physiological processes, such as cell
motility, cell survival and death, proliferation, immune signaling,
tumorigenesis, and neuronal function [30–33]. Thus, eIF3d and RACK1
may coordinate in the noncanonical cap-independent translation initi-
ation. Information on this novel mechanism of cap-independent trans-
lation initiation still lacking, however. Herein, we show that RACK1
recruits eIF3d on 43S PIC for the synthesis of the HSP-70 protein and
that this occurs during heat stress and when eIF4F is inhibited.
Furthermore, we demonstrate that the active PKCβII kinase promotes
the binding of eIF3d with ribosomal RACK1.

2. Materials and methods

2.1. Cell culture and treatments

Neuroblastoma SH-SY5Y, MCF-7 and MDA-MB-231 cell lines were
purchased from the ATCC (American Type Culture Collection) and
maintained at 37 ◦C under 5 % CO2 in Dulbecco's Modified Eagle Me-
dium: Nutrient Mixture F12 (DMEM F12) supplemented with 10 % fetal
bovine serum (FBS) and antibiotics.

Cells stably expressing R36D K38E mutant or wild-type RACK1, both
fused to histidine-my tag (RACK1DE-his-myc or RACK1WThis-myc) were
produced as in [34]. For eIF3d transient over-expression, SH-SY5Y cells
were transfected with Lipofecatimine 2000 (ThermoFisher), following
the manufacturer's instructions. The pcDNA5/FRT eIF3d-HA plasmid
was gently provided by Cate Lab. For PKCβII transient expression, cells

stably expressing RACK1WT-his-myc were transfected by Lipofectamine
2000 (ThermoFisher), following the manufacturer's instructions, with
pcDNA3-GFP PKCβII constitutively active, termed C.A., or the pcDNA3-
GFP PKCβII kinase-dead, termed K.D., encoding for a mutated form of
PKCβII, gently provided by prof. Alexandra Newton (University of Cal-
ifornia at San Diego) [35]. A list of the cell lines used for the experiments
is reported below:
Cell line Genotype Identifier

SH-SH5Y Empty plasmid CTRL
SH-SH5Y RACK1WT-his-myc WT
SH-SH5Y RACK1DE-his-myc DE
SH-SH5Y eIF3dHA eIF3dHA
SH-SH5Y RACK1WT-his-myc/eIF3dHA WT/eIF3dHA
SH-SH5Y RACK1DE-his-myc/eIF3dHA DE/eIF3dHA
SH-SH5Y RACK1WT-his-myc/GFP-PKCβII C.A. WT/C.A.
SH-SH5Y RACK1WT-his-myc/GFP-PKCβII K.D. WT/K.D.
MCF-7 RACK1WT-his-myc WT
MDA-MB-231 RACK1WT-his-myc WT

Where indicated, cells were serum-starved and then treated with
Rapamycin 500 nM (Sigma-Aldrich) for 1 h. For heat exposure, 44 ◦C
was applied for 30 min without serum starvation [36].

2.2. Polysomal profiles

Polysomal profiles were performed as previously described [37].
Briefly, cells were lysed in 10 mM Tris-HCl, 50 mM KCl, 10 mM MgCl₂
and 0.5 % NP-40. Lysates were clarified at 14,000 r.p.m. for 5 min at
4 ◦C and cytoplasmic extracts were loaded on a 15–50 % sucrose
gradient and centrifuged at 4 ◦C in a SW41Ti Beckman rotor for 2 h at
37,000 r.p.m. Absorbance at 254 nm was recorded by BioLogic LP
software (BioRad) and fractions (1ml each) were collected for subse-
quent protein extraction.

Proteins from individual polysome fractions were isolated using
TCA/Deoxycholate precipitation. Briefly, deoxycholate was added to
each fraction at a final concentration of 0.01 % (v/v) and incubated on
ice for 30 min. Next, 100 % TCA was added to each fraction (final TCA
concentration is 10 % (v/v) and incubated on ice for a further 30 min.
The mixture was then centrifuged at 14,000 g at 4 ◦C for 30 min. The
supernatant was carefully discarded, and the pellet was washed with 1
volume of ice-cold acetone, centrifuged at 14,000 g at 4 ◦C for 10 min
and resulting pellets were allowed to air dry for ~10min in a fume hood.
Individual fractions were re-suspended in 2× Laemmli Sample Buffer
(125 mM Tris-HCl, pH 68, 20 % Glycerol, 10 % SDS 10 %, 1 M DTT,
0,004 % Bromophenol blue) with 2-mercaptoethanol and equal volumes
of fractions were subjected to western blot analysis.

2.3. Histidine protein interaction pull-down (HPIPD)

Histidine pull-down was performed as previously described [34].
Briefly, after 2 washes in PBS 1× (Na2HPO4 8 mM, KHPO4 1,4 mM,
NaCl 140 mM, KCl 1,7 mM), cells were lysed in 10 mM Tris-HCl, 50 mM
KCl, 10 mM MgCl₂ and 0,5 % NP-40 and centrifugated at 14,000 r.p.m.
for 5 min at 4 ◦C. Cell lysates were then incubated with the indicated
nickel affinity resin (Biorad) for 2 h. Immunoprecipitates were subse-
quently washed three times in lysis buffer using purification columns
(Biorad), and eluted using 10 mM Tris-HCl, 50 mM KCl, 10 mM MgCl₂
and 0,5 % NP-40 containing 300 mM Imidazole. Eluted proteins were
isolated using the previously described TCA/Deoxycholate precipitation
and subjected to western blot analysis. For histidine pull down in pres-
ence of RNase I, protein extracts, were or not treated with 50 μg/ml of
RNase I for 30 min at room temperature before histidine purification as
previously seen. [36]
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2.4. Cap-binding assays

For cap-binding assays, cells were lysed in 10 mM Tris-HCl, 50 mM
KCl, 10 mMMgCl₂ and 0,5 % NP-40. Cell lysates were incubated with 7-
methyl-GTP Sepharose (GE Healthcare) for 2 h and then clarified at
14,000 r.p.m. for 15 min at 4 ◦C. Pull-downs were eluted with 1×
Laemmli Sample Buffer and then subjected to immunoblotting as
described later.

2.5. SUnSET assay

The rate of protein synthesis was measured using the SUnSET assay
as reported in [34]. Briefly, cells were treated with 5 μg/ml puromycin
for 10 min at 37 ◦C under 5% CO2. Following treatment, cells were lysed
in 10 mM Tris-HCl, 50 mM KCl, 10 mMMgCl₂ and 0,5 % NP-40. Lysates
were then clarified at 14,000 r.p.m. for 5 min at 4 ◦C. Puromycin
incorporation was then determined by Western blotting, as described
later.

2.6. SDS-PAGE and Western blotting

SDS-PAGE and Western blotting were performed on protein extracts
obtained from cells lysed in 10 mM Tris-HCl, pH 7.6, 100 mM NaCl, 100
mM MgCl, Triton 0.1 % supplemented with complete Protease Inhibitor
Cocktail (ROCHE). Cell lysates were separated by SDS-PAGE and
transferred to polyvinylidene fluoride membranes (Millipore). Immu-
noblotting was performed using the following primary antibodies:
antibody Source Identifier

β-Actin Cell Signaling 4967
eIF3d Proteintech 10,219
eIF4E Cell Signaling 9742
eIF4G Cell Signaling 2498
GFP Abcam 13,970
HA Cell Signaling C29F4
HSP70 Sigma-Aldrich H5147
Myc-tag (9B11) Cell Signaling 2276
Puromycin Merck-Millipore MABE343
RACK1 BD Transduction Laboratories™ 610,178
PKCβII BD Transduction Laboratories™ 610,127
Ribosomal Protein S6 Cell Signaling 4858
Cyclin D2 Cell Signaling 3741

Subsequently, membranes were incubated with secondary anti-IgM
(Sigma Aldrich) or anti-IgG mouse or rabbit HRP-tagged antibodies
(GE Healthcare, 1:5000; Sigma, 1:5000) and the chemiluminescent
signals were detected with Amersham ECL Prime (Thermo Fisher Sci-
entific) using the iBrightTM CL750 Imaging System (Thermo Fisher
Scientific).

2.7. RNA extraction and quantitative RT-PCR

Total RNA was purified with TRIzol reagent (ThermoFisher) from
SH-SY5Y cells stably expressing RACK1DE-his-myc or RACK1WThis-myc and
transfected with cDNA5/FRT eIF3d-HA plasmid.

Gene expression analysis was performed by quantitative real-time RT-
PCR (qPCR) using SYBR Green PCR Master Mix (Promega) with the
following pairs of primers: HSP-70 forward, 5’-AGGCCGACAAGAA-
GAAGGTGCT-3′, HSP-70 reverse, 5’-TGGTACAGTCCGCTGATGATGG-3′;
Cyclin D2 forward primer- 5’-GCAAATGTGTACGTGCATGC-3′, reverse 5’-
CGATGATTTGCTGGGGATG-3 GAPDH forward 5’-GAAGGT-
GAAGGTCGGAGTC-3′, GAPDH reverse 5’-CCCGAATCACATTCTCCAA-
GAA-3′.

2.8. Statistical analysis

The statistical significance of raw data between the groups one-way
ANOVA followed by the Tukey post-test (multiple comparisons). A p-

value ≤0.05 is considered statistically significant. * < 0,05, ** < 0,01,
*** < 0,001 **** < 0,0001. The GraphPad Prism software package
(GraphPad Software, San Diego, CA, USA) was used. The results were
expressed as means ± s.d.

3. Results

3.1. RACK1 recruits eIF3d on the translational machinery

To identify the translational signaling pathway used by the ribo-
somal RACK1 to increase the SH-SY5Y cell cycle [34], we looked at its
position on the 40S ribosomal subunit. The 43/48S PIC cryo-EM elab-
orations show that ribosomal RACK1 lies in the exit mRNA channel
between two subunits of the eIF3 multi-complex, the eIF3a and eIF3d
proteins [19], which are both involved in cell proliferation [19,38,39].
Of the two proteins, the interaction of RACK1 with eIF3a excludes a
possible role in cell proliferation [40,41], while its interaction with
eIF3d is not examined yet. Therefore, we wondered whether the eIF3d
impacts the ribosomal RACK1 activity to raise the cell cycle. To this end,
we initially compared the ribosomal distribution of eIF3d on the trans-
lational machinery between down-proliferating SH-SY5Y cells express-
ing the ribosomal-low affinity RACK1 mutant (R36D/K38E, RACK1DE-
his-myc) and over-proliferating cells expressing the wild-type RACK1
(RACK1WT-his-myc) [42]. The ribosomal RACK1 mutant expression in
yeast and mammalian cells reduces the binding of RNA-binding pro-
teins, such as α-Scp160, TDP-43, and FMRP, and kinases such as the
PKCβII to translational machinery [33,36,42,43]. Moreover, its expres-
sion induces cellular defects likely to those caused by the RACK1
depletion in both yeast and neurons [33,44]. For this, the RACK1mutant
may be useful to investigate the role of eIF3d in the ribosomal RACK1
function. As previously reported [34], in the over-proliferating cells,
RACK1WT was mainly present on the 40S and 80S ribosomes while the
endogenous RACK1 was equally distributed on monosomes (40S, 60S
free ribosomes and 80S) and polyribosomes (Fig. 1A and Supplemental
Fig. 1A). In contrast, in down-proliferating cells, the mutant RACK1
accumulates at the top gradient, out from monosomes and poly-
ribosomes without affecting the ribosomal distribution of endogenous
RACK1 (Fig. 1B and Supplemental Fig. 1A). The eIF3d immunoblotting
found that eIF3d co-sedimented with RACK1WT-his-myc and endogenous
RACK1 on free monosomes and polyribosomes in the RACK1WT-his-myc
cells. Instead, in the RACK1DE-his-myc cells, eIF3d behaved as mutant
RACK1. It accumulated at the top of the gradient, excluded from ribo-
somal fractions (Fig. 1A, B and C). To confirm the abnormal ribosomal
distribution of eIF3d depended on the RACK1 mutant expression, we
examined whether the eIF4E distribution, which is distant from eIF3d
and RACK1 on the 40S subunit (picture in Fig. 1E) [19], was also
affected. The eIF4E immunoblotting revealed that the eIF4E was equally
distributed in the RACK1DE-his-myc and RACK1WT-his-myc polysomal pro-
files (Fig. 1A, B and C), and thus its ribosomal distribution was unaf-
fected by the RACK1DE-his-myc expression. To exclude that free ribosomes
and polyribosomes were differently purified, we examined the levels of
rps6 in the collected fractions. Free ribosomes and polyribosomes
revealed similar levels of rps6 by immunoblotting demonstrating the
translational machinery was equally purified by RACK1DE-his-myc and
RACK1WT-his-myc polysomal profiles.

To further examine whether the RACK1DE-his-myc expression modifies
the association of eIF3d with translational machinery, we examined its
m7GTP cap affinity by m7GTP cap-binding chromatography [15]. The
eIF3d resulted in being weakly cap-purified in the case of control cells
transfected with empty plasmid and in mutant RACK1 cells, but more
significantly purified in the case of cells expressing RACK1WT-his-myc
(Fig. 1D and bar graph). As observed in polysomal fractions, the
expression of the RACK1 mutant unaffected the level of the endogenous
RACK1 purified with the cap chromatography (Fig. 1D), implying that
the RACK1mutant expression alters the binding of eIF3d to translational
apparatus in down-proliferating cells.
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Fig. 1. Ribosomal RACK1 recruits eIF3d on the translational machinery. A) and B) Representative immunoblotting (n = 3 independent experiments) showing the
expression of eIF3d, myc, eIF4E, RACK1 and Rps6 on collected polysomal fractions of SHSY5Y human neuroblastoma cells stably expressing RACK1WT-his-myc A) or
and RACK1DE-his-myc B). C) Quantifying eIF3d levels normalized to Rps6 level on polysomal fractions of RACK1WT-his-myc and RACK1DE-his-myc SHSY5Y cells. Data
reported as mean ± sd. D) Representative immunoblotting (n = 3 independent experiments) showing the expression of eIF3d, eIF4E, RACK1 and myc on both total
lysate and m7GTP eluate in control (CTRL), RACK1DE- (DE) and RACK1WT-his-myc (WT) cells. The bar graph (lower) reports the band intensity ratio between eIF3d,
RACK1 and myc to eIF4E on the eluted proteins (Arbitrary units). Data are mean ± sd. E) Representative immunoblotting (n = 3 independent experiments) showing
the expression of eIF3d, eIF4E, eIF4G, RACK1, Rps6 and myc on both, total lysate and His pull-down eluate in RACK1DE- (DE) and RACK1WT-his-myc (WT) cells. The bar
graph (lower) reports the band intensity ratio between eIF3d, eIF4E, eIF4G, RACK1, and Rps6 to Myc. Data are mean ± sd. The picture shows endogenous RACK1,
eIF3d and eIF4E associated with 40S ribosomal protein in control cells (SH-SY5Y), RACK1DE-his-myc and RACK1WT-his-myc, eIF3d and eIF4E associated with 40S ri-
bosomal protein in RACK1WT-his-myc and RACK1WT-his-myc cells, respectively. Moreover, the picture shows the nickel-resin affinity in His purification. F) Represen-
tative immunoblotting (n = 3 independent experiments) showing the expression of RACK1 and eIF3dHA on immunoprecipitation eluate in SH-SY5Y cells expressing
either eIF3dHA (3dHA) or empty plasmid (control).
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To understand how the expression of the RACK1mutant modifies the
ribosomal affinity of eIF3d, we thought that the RACK1 mutant and
eIF3d form a complex from which eIF4E and ribosomes are excluded.
For this, a co-purification assay by a Histidine pull down from RACK1DE-
his-myc and RACK1WT-his-myc cells (picture Fig. 1E) studied the binding of
eIF3d, eIF4E and rps6 with them by immunoblotting on imidazole
eluted proteins. The assay proved that eIF3d co-purified with RACK1DE-
his-myc and RACK1WT-his-myc similarly, while rpS6, eIF4E and eIF4G co-
purified with RACK1WT-his-myc but not with mutant RACK1 (Fig. 1E
and bar graph). Worth noting, the presence of eIF3d, eIF4E, eIF4G and
RpS6 proteins in RACK1WT-his-myc his protein interaction pull-down
(HPIPD) assay implies that the 43S/48S complexes (PICs) are also pu-
rified with RACK1WT-his-myc protein. In turn, this suggested that
RACK1WT-his-myc HPIPD is a useful tool for PIC isolation. Thus, the
binding of eIF3d with the RACK1DE-his-myc explains the decline of the
eIF3d on translational machinery, most likely to PICs, and demonstrates
that ribosomal RACK1 is required to recruit eIF3d to PICs. Interestingly,
although the endogenous RACK1 expression was unaffected by the
mutant and wild-type RACK1 expression, a small amount of endogenous
RACK1 copurified with the RACK1 mutant (Fig. 1E, bar graph and
Supplemental Fig. 1B), suggesting that a no-significant amount of
endogenous RACK1 may be removed by PICs.

To further support that RACK1 binds eIF3d we performed a recip-
rocal co-purification assay. To this end, N-terminal eIF3d tagged with
hemaglutinin (eIF3dHA) was expressed in SH-SY5Y neuroblastoma cells,
along with empty vector plasmid and its binding to the endogenous
RACK1 was analyzed by HA-immunoprecipitation. Although the RACK1
expression was decreased by the eIF3dHA up-regulation, in agreement
with the HPIPD results, RACK1 co-immunoprecipitates with eIF3dHA
(Fig. 1F). In addition, we performed the HPIPD assay after RNAse
treatment to verify whether the interaction between the RACK1WT-his-myc
and eIF3d was RNA-dependent. We found that RNAse did not affect the
binding of RACK1WT-his-myc to eIF3d (Supplemental Fig. 2) demon-
strating that RACK1 and eIF3d form a biochemical complex independent
of RNA.

3.2. eIF3d-RACK1 binding contributes to the specific translation of cyclin
D2 mRNA

We were next interested in understanding whether the RACK1-
mediated eIF3d recruitment on PICs induced the translation of specific
mRNAs encoding for cell cycle proteins. To this end, we examined the
translation of the cyclin D2 mRNA because it is among mRNAs binding
to eIF3d [14] and is translationally regulated by RACK1WT-his-myc
[34,43], representing an ideal target mRNA. To study whether the cyclin
D2 mRNA translation is modulated by the binding of eIF3d to RACK1 on
PICs, we analyzed its translation when the eIF3d is not associated or
associated with PICs. To this aim, eIF3dHA has been expressed in
RACK1DE-his-myc and RACK1WT-his-myc cells and its absence or presence on
PICs has been analyzed by cap chromatography and HPIPD assay.
eIF3dHA increased its cap affinity when RACK1WT-his-myc bound to the
cap structure, while it was countered by the absence of the RACK1
mutant from the cap element (Fig. 2A). Interestingly, the affinity of
eIF4E for cap-element decreased as the cap-binding of eIF3dHA increased
(Fig. 2A and bar graph lower). In agreement with this, the HPIPD assay
displayed that the binding of eIF3dHA with RACK1WT-his-myc excluded
eIF4E from the His purification (Fig. 2B). Therefore, the RACK1WT-his-myc
expression localizes the eIF3dHA on PICs and the RACK1 mutant ex-
cludes it from them. Under these conditions, the cyclin D2 expression
shows the highest increase when eIF3dHA was expressed with RACK1WT-
his-myc (Fig. 2C and bar graph), even more elevated than cells expressing
eIF3dHA or the RACK1WT-his-myc that were already higher compared to
control (Fig. 2C and bar graph), in agreement with previous reports
[34,45,46]. In contrast, the expression of eIF3dHA in the RACK1DE-his-myc
cells failed to increase the cyclin D2 expression maintaining to levels to
the RACK1 mutant alone (Fig. 2C and bar graph), just as previously

reported [34].
To exclude that the different translation of cyclin D2 mRNA was due

to changes in the global translation, we analyzed the protein synthesis
rate by the SUnSET assay. This showed that cells expressing eIF3dHA
incorporate less puromycin than all other cases (Fig. 2C), suggesting that
eIF3dHA decreases the translation rate. RACK1WT-his-myc fails to
normalize the eIF3dHA-induced translation decrease, while the RACK1
mutant expression restored the translation rate to the control levels
(Fig. 2C).

To finally confirm that the cyclin D2 expression was translationally
controlled by the eIF3d-RACK1 complex we measured its mRNA level by
the qRT-PCR assay. The level of cyclin D2 mRNA was unaffected by the
eIF3d, RACK1, or both upregulation (Fig. 2D).

Thus, the recruitment of eIF3 of PIC by ribosomal RACK1 induces the
translation of cyclin D2 mRNA.

3.3. The active form of PKCBII promotes the binding of RACK1 to eIF3d
and the cyclin D2 expression

Next, to understand which translationally controlling pathways
might regulate the binding of RACK1 with eIF3d, we considered the
function of anchoring to the translational machinery of ribosomal
RACK1 for the active PKCβII in the phosphorylation of the eIF6 in 80S
ribosomal joining and the phosphorylation of eIF4G [41,47,48]. To
verify whether the active PKCβII also modulates the binding of RACK1 to
eIF3d, we monitored the interaction of eIF3d with RACK1WT-his-myc by
HPIPD assay when a GFP-tagged active (constitutively active, C.A.) or
inactive (kinase-dead, K.D.) PKCβII [35] were expressed in the
RACK1WT-his-myc SH-SY5Y cells. The eIF3d immunoblotting reveals that
the active PKCβII increases the eIF3d binding to RACK1WT-his-myc
compared to the control cells (transfected with the empty vector
plasmid) (Fig. 3). Instead, the inactive PKCβII, as well as for the control
case, does not modify this binding. This suggests that the RACK1-eIF3d
complex is sensitive to active PKCβII. In support of this, the active PKCβII
is co-purified with eIF3d and RACK1WT-his-myc, in contrast to the inactive
PKCβII, which is absent from the purification (Fig. 3). To further
investigate whether the active PKCβII promotes the association of
RACK1 with eIF3d, we induced the neuronal cell differentiation signal,
which relies on the PKC beta activation [49,50] in the RACK1WT-his-myc
SH-SY5Y cells, and led the HPIPD assay. Aphidicolin (0,3 μM) and NGF
(100 ng/ml) administration, required for SH-SY5Y cell differentiation
[51,52], increases the binding of ribosomal RACK1 to eIF3d (Supple-
mental Fig. 3), corroborating the positive effect of the active PKCβII on
the ribosomal RACK1-eIF3d interaction.

To further understand whether the active PKCβII regulates the ac-
tivity of the RACK1-eIF3d complex, we measured the expression of
cyclin D2. In agreement with the active PKCβII results, the cyclin D2
expression increased in cells expressing active PKCβII more than in
inactive PKCβII and control cells (Fig. 3). Thus, the active PKCBII
stimulates the association of RACK1 with eIF3d and the expression of
cyclin D2.

3.4. The eIF4E canonical translation blocking induces the binding of
RACK1 to eIF3d promoting the HSP-70 mRNA translation

Accumulating evidence reveals that eIF3d specialized translation is
critical during eIF4F blocking conditions [12,15,53]. Therefore, we
wondered whether the binding of ribosomal RACK1 to eIF3d studied by
the HPIPD assay might be modulated under the rapamycin administra-
tion or heat shock stress, two conditions inhibiting eIF4E canonical-
dependent translation [54,55]. We found that both treatments
increased the association of eIF3d with RACK1WT-his-myc (Fig. 4A), at the
same time the level of the co-purification of eIF4E with RACK1WT-his-myc
decreased, inhibiting the eIF4F complex, and the global translation rate
was reduced (Fig. 4A and B). As RACK1 up-regulation also stimulates the
proliferation rate of MCF-7 and MDA cells [34], we repeated the HPIPD
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Fig. 2. The ribosomal RACK1/eIF3d complex regulates the cyclin D2 protein expression. A) Representative immunoblotting (n = 3 independent experiments)
showing the expression of HA, myc and eIF4E on total lysate and m7GTP eluate in control, RACK1DE- (DE) and RACK1WT-his-myc (WT) cells, expressing or not the
eIF3DHA protein. The bar graph (lower) reports the ratio of band intensity between purified eIF4E to total eIF4E. Data are mean ± sd B) Representative immuno-
blotting (n = 3 independent experiments) shows the expression of HA, eIF4E, Rps6, RACK1 and myc on both, total lysate and His pull-down eluate in RACK1WT-his-myc
(WT) expressing or not the eIF3DHA protein. The bar graph (lower) reports the ratio of band intensity between HA, eIF4E and Rps6 to Myc. Data are mean ± sd. C)
Representative immunoblotting (n = 3 independent experiments) showing the expression of cyclin D2, HA, myc on total lysate of Ctrl, RACK1DE- (DE) and RACK1WT-
his-myc (WT) cells transfected with the eIF3dHA plasmid. An anti-puromycin antibody was used to measure the puromycin incorporation level. The ponceau (lower)
shows the protein loading for each line. Bar graphs (right) report the band intensity ratio between cyclin D2 to actin, and puromycin to ponceau. Data are mean ± sd.
D) qRT-PCR analysis measures the level of cyclin D2 normalized to that of GAPDH mRNA. The bar graph reports the mean ± sd (n = 3 independent experiments).
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assay on heat-shocked MCF-7 and MDA RACK1WT-his-myc cells and found
similar results (Supplemental Fig. 4A and B).

To understand whether the eIF4E blocking conditions modulate the
binding of eIF3d with PIC by ribosomal RACK1, we looked for, among
the mRNAs able to bind to eIF3d, those whose translation is induced by
heat shock [14]. We found the HSP-70, a mRNA whose translation has
been demonstrated to be cap-independent [55–57]. Analysis of the HSP-
70 expression by immunoblotting showed that rapamycin administra-
tion and heat shock, in addition to increase the RACK1 binding to eIF3d,
stimulated more HSP-70 protein than non-treated cells (Fig. 4B). The
same results were found for the heat stress-treated MCF-7 and MDA
RACK1WT-his-myc cells (Supplemental Fig. 3C and D).

As observed for the translation control of cyclin D2 mRNA, we
examined the HSP-70 translation when eIF3d is recruited on PIC by
RACK1WT-his-myc. In control cells, the eIF3dHA expression raised the HSP-
70 level compared to controls (Fig. 4C). When stably expressing the
RACK1WT-his-myc cells a larger increase of the HSP-70 protein is observed
(Fig. 4C), while the mutant RACK1 does not modify its expression
(Fig. 4C). Looking at the HSP-70 expression in RACK1WT-his-myc cells
expressing eIF3dHA we found that HSP-70 expression was more effective
than in the case of eIF3dHA alone (Fig. 4C), showing a further increase of
expression. Instead, when eIF3dHA is expressed in mutant RACK1 cells
the HSP-70 level is like that observed in mutant RACK1 cells, indicating
that the RACK1mutant abolishes their expression stimulated by eIF3dHA
(Fig. 4C). These results suggest that HSP-70 translation requires the
binding of eIF3d to ribosomal RACK1.

Finally, we also investigated the HSP-70 mRNA expression by qRT-
PCR analysis in SH-SY5Y cells expressing RACK1DE-his-myc and
RACK1WT-his-myc and transfected with eIF3d-HA plasmid. The results
indicated that the HSP-70 mRNA amounts were unaffected in all
investigated cases (Fig. 4D), suggesting that the HSP-70 mRNA expres-
sion was modulated at the translational level.

4. Discussion

Numerous studies have shown that ribosomal RACK1 up-regulation
leads to an increase in cell proliferation by the eIF4F non-canonical
translation [43,58,59]. However, the underlying mechanism has not
been fully defined yet. In this work, using the PIC conformational data
previously obtained from cryo-EM analyses and the ribosomal RACK1
mutant (R36D/K38E, RACK1DE), we demonstrate that up-regulated ri-
bosomal RACK1 recruits eIF3d on 43S PIC for the specific translation of
cyclin D2 mRNA. Furthermore, we have found that the active PKCβII
promotes the binding of ribosomal RACK1 with eIF3d, suggesting that
the RACK1-eIF3d complex might depend on the activation of a specific
translational controlling pathway. As support to this suggestion, we find
that eIF4F blocking conditions, such as rapamycin administration and
heat shock stress, increase the association of ribosomal RACK1 with
eIF3d leading to HSP-70 translation.

In previous studies [33,34] and in this study, the RACK1DE-his-myc and
RACK1WT-his-myc have been used to understand the ribosomal RACK1
activity. Supplemental Fig. 1 A reveals a decrease of endogenous RACK1
on ribosomal fractions in RACK1WT-his-myc cells which is compensated by
the level of RACK1WT-his-myc when compared to its endogenous level in
RACK1DE-his-myc cells. The presence of the two RACK1 forms on the ri-
bosomes, over to confirm the soundness of the HPIPD assay, suggests
that RACK1may form a hetero- and/or homodimer on ribosomes. This is
also supported by our HPIPD assay in which a small amount of endog-
enous RACK1 co-purifies with RACK1WT-his-myc (Fig. 1E). The homo- and
heterodimerization of RACK1 is required for N-methyl-D aspartate re-
ceptor [60], thus we cannot exclude that ribosomal RACK1 functions as
homo- and heterodimer on the ribosomes However, so far cryo-EM
elaborations do not report a RACK1 dimer on ribosomes and, also in
this study we observe that endogenous RACK1 co-purifies with RACK1
mutant (Fig. 1E). Thus, further studies are required to determine
whether the ribosome own RACK1 dimers and whether they are
required to increase the proliferation.

This study shows that RACK1 may act as a ribosomal scaffold for the
recruitment of eIF3d on 43S PIC. As inferred from the cryo-EM analyses,
RACK1 is located closer to eIF3d, namely behind the head of the 43S and
48S PICs, near to the 5′ exit channel [61]. This position has been thought
to be involved in initiation events, such as the binding with eIF3 [62],
and in the internal ribosome entry site in viral mRNAs [59]. The RACK1
position is also conserved in the yeast 40s subunit, where, although
eIF3d is not expressed, the RACK1/Asc1 interacts with the eIF3c/NIP1
subunit [63]. These findings support our suggestion that ribosomal
RACK1may act as an eIF3d ribosomal scaffold andmay contribute to the
eIF3d specialized translation, rather than be involved in eIF4F canonical
translation. This is supported by the side of the RACK1 on 48S being
opposite to the eIF4F complex, reducing its possibility to participate in
the eIF4F canonical translation [64,65]. This is in keeping with our
HPIPD experiments that confirm the eIF4F and eIF3d positions on 43S/
48S PICs. Recent studies have demonstrated that eIF3d controls the
translation of specific mRNAs [15] when the eIF4F translation is arres-
ted [12]. This fits in with our findings according to which the inhibition
of eIF4F canonical translation by rapamycin and heat shock stress in-
creases the interaction of the ribosomal RACK1 with eIF3d, as we have
found. In addition, in this study we report that the eIF3d up-regulation
declines the global translation. Although this is in contrast with different
reports [66,67], we found that the association of eIF3dHA to PICs by the
binding with ribosomal RACK1 leaves out eIF4E leading to decrease of
the eIF4E dependent translation, furthermore, supporting our
hypothesis.

Our study also shows that the active PKCβII stimulates the interac-
tion of RACK1 with eIF3d. The PKCβII phosphorylation mediated by
ribosomal RACK1 on eIFs was described only in the case of eIF6 phos-
phorylation [48]. Next, it has been found that eIF4E is also phosphor-
ylated by the RACK1-PKCβII complex [41,68]. Furthermore, another
eIF3 subunit, eIF3a, is phosphorylated by the RACK1-PKCβII kinase

Fig. 3. The ribosomal RACK1/eIF3d binding increases when PKCβII is acti-
vated. Representative immunoblotting (n = 3 independent experiments) shows
the expression of eIF3d, GFP PKCβII and myc on both total lysate and His pull-
down eluate in RACK1WT-his-myc (WT) expressing either a GFP-tagged catalyti-
cally active (C.A.) or inactive (kinase-dead, K.D.) PKCβII. Cyclin D2 and actin
immunoblotting in total lysate. Mock (NT) was used as a transfection-negative
control. The bar graph (lower left) reports the ratio of band intensity between
Cyclin D2 and actin and Bar graph (lower right) reports the ratio of band in-
tensity between eIF3d, GFP PKCβII to myc. Data are mean ± sd.
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complex [40]. Interestingly, eIF3a is positioned on the 43S PIC near
RACK1 but in the site opposite to eIF3d. Such a position of eIF3a does
not exclude the possibility for PKCβII kinase to bind and, eventually,
phosphorylate both eIF3 subunits [19] and demonstrates that RACK1 is
not an exclusive ribosomal scaffold for the eIF3d but also other eIF3
subunits. Nevertheless, further studies are needed to demonstrate that
active PKCβII can phosphorylate eIF3d to modulate its activity. In this
context, it is useful to remind, that eIF3d is phosphorylated by the Casein
I kinase [12].

We have shown that the binding of ribosomal RACK1 to the eIF3d-
RACK1 complex is also induced by heat shock stress, which is known
to block translational initiation [69]. It has been reported that glucose
deprivation, a nutrient stress, promotes the activation of eIF3d special-
ized translation [12]. Furthermore, the persistent integrated stress
response is controlled by eIF3d specialized translation [53], supporting
the critical role of eIF3d under stress conditions. RACK1 plays a role in
ribosome-associated quality control (RQC), in which stress signaling
promote the dissociation of stalled ribosomes in the elongation phase
and the recycling of 40S subunits in a new round of translation [70,71].
Although heat shock is a stress factor different from glucose deprivation,
our results suggest that the increased interaction of RACK1 and eIF3d
under stress conditions may lead to fast recycling of 40S subunit for a
new round of translation.

Finally, we found that when ribosomal RACK1 is driven to associate
with eIF3d, as in the case of eIF3dHA expression, rapamycin adminis-
tration or heat shock, the HSP-70 protein expression increases. The HPS-
70 mRNA is known to be transcriptionally and cap-independent trans-
lationally regulated following a heat shock mediated by N6-
methyladenosine (m6A) in 5’UTR [55–57]. In turn, The eIF3 complex
uses 5’UTR (m6A) to promote the cap-independent translation, and
eIF3d is, among the eIF3 subunits, a candidate for binding to m6A [55].
HPS-70 mRNA has been also purified by eIF3d pull-down [14]. In yeast,
the Asc1/RACK1 binds and controls the translation of the SSA4, the most
heat stress-inducible HSP-70 mRNA family [72]. Therefore, the present
and the previous findings suggest that the formation of the ribosomal
RACK1-eIF3d complex is mainly driven by the change of the trans-
lational conditions as in the case of the translation of specific mRNAs.
However, additional experiments are needed to ascertain this idea.

5. Conclusions

This study establishes that the scaffold ribosomal RACK1 binds eIF3d
on ribosomes to control the specialized translation in eIF4F independent
manner, and to modulate eIF3d function by PKCβII kinase. In this
context, the PKCβII kinase-eIF3d-RACK1 axis may represent a new
mechanism of translational control alternative to mTORC1 pathway.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cellsig.2024.111494.
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Release of eIF6 (p27BBP) from the 60S subunit allows 80S ribosome assembly,
Nature 426 (6966) (2003) 579–584.

[49] V. Parrow, E. Nanberg, J. Heikkila, U. Hammerling, S. Pahlman, Protein kinase C
remains functionally active during TPA induced neuronal differentiation of SH-
SY5Y human neuroblastoma cells, J. Cell. Physiol. 152 (3) (1992) 536–544.

[50] U. Trollér, R. Zeidman, K. Svensson, C. Larsson, A PKCbeta isoform mediates
phorbol ester-induced activation of Erk1/2 and expression of neuronal
differentiation genes in neuroblastoma cells, FEBS Lett. 508 (1) (2001) 126–130.

[51] P. LoPresti, W. Poluha, D.K. Poluha, E. Drinkwater, A.H. Ross, Neuronal
differentiation triggered by blocking cell proliferation, Cell Growth Different. Mol.
Biol. J. Am. Assoc. Cancer Res. 3 (9) (1992) 627–635.

[52] S. Capsoni, S. Covaceuszach, S. Marinelli, M. Ceci, A. Bernardo, L. Minghetti,
G. Ugolini, F. Pavone, A. Cattaneo, Taking pain out of NGF: a "painless" NGF
mutant, linked to hereditary sensory autonomic neuropathy type V, with full
neurotrophic activity, PLoS One 6 (2) (2011) e17321.

[53] S. Mukhopadhyay, M.E. Amodeo, A.S.Y. Lee, eIF3d controls the persistent
integrated stress response, Mol. Cell 83 (18) (2023) 3303–3313, e6.

[54] M.E. Hester, M.J. Murtha, S. Song, M. Rao, C.J. Miranda, K. Meyer, J. Tian,
G. Boulting, D.V. Schaffer, M.X. Zhu, S.L. Pfaff, F.H. Gage, B.K. Kaspar, Rapid and
efficient generation of functional motor neurons from human pluripotent stem cells
using gene delivered transcription factor codes, Mol. Ther. 19 (10) (2011)
1905–1912.

[55] K.D. Meyer, D.P. Patil, J. Zhou, A. Zinoviev, M.A. Skabkin, O. Elemento, T.
V. Pestova, S.B. Qian, S.R. Jaffrey, 5’ UTR m(6)A promotes cap-independent
translation, Cell 163 (4) (2015) 999–1010.

[56] S. Lindquist, E.A. Craig, The heat-shock proteins, Annu. Rev. Genet. 22 (1988)
631–677.

[57] J. Zhou, J. Wan, X. Gao, X. Zhang, S.R. Jaffrey, S.B. Qian, Dynamic m(6)A mRNA
methylation directs translational control of heat shock response, Nature 526
(7574) (2015) 591–594.

[58] V. Volta, A. Beugnet, S. Gallo, L. Magri, D. Brina, E. Pesce, P. Calamita, F. Sanvito,
S. Biffo, RACK1 depletion in a mouse model causes lethality, pigmentation deficits
and reduction in protein synthesis efficiency, Cell. Mol. Life Sci. 70 (8) (2013)
1439–1450.

[59] K. Majzoub, M.L. Hafirassou, C. Meignin, A. Goto, S. Marzi, A. Fedorova,
Y. Verdier, J. Vinh, J.A. Hoffmann, F. Martin, T.F. Baumert, C. Schuster, J.L. Imler,
RACK1 controls IRES-mediated translation of viruses, Cell 159 (5) (2014)
1086–1095.

[60] C. Thornton, K.C. Tang, K. Phamluong, K. Luong, A. Vagts, D. Nikanjam, R. Yaka,
D. Ron, Spatial and temporal regulation of RACK1 function and N-methyl-D-
aspartate receptor activity through WD40 motif-mediated dimerization, J. Biol.
Chem. 279 (30) (2004) 31357–31364.

[61] A. Herrmannova, T. Prilepskaja, S. Wagner, D. Sikrova, J. Zeman, K. Poncova, L.
S. Valasek, Adapted formaldehyde gradient cross-linking protocol implicates
human eIF3d and eIF3c, k and l subunits in the 43S and 48S pre-initiation complex
assembly, respectively, Nucleic Acids Res. 48 (4) (2020) 1969–1984.

[62] K. Schmitt, N. Smolinski, P. Neumann, S. Schmaul, V. Hofer-Pretz, G.H. Braus,
O. Valerius, Asc1p/RACK1 connects ribosomes to eukaryotic Phosphosignaling,
Mol. Cell. Biol. 37 (3) (2017).
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