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TRANSLATION REGULATION

A phosphorylation-regulated elF3d translation
switch mediates cellular adaptation

to metabolic stress

Adam M. Lamper*t, Rebecca H. Fleming*, Kayla M. Ladd*, Amy S.Y. Leef§

Shutoff of global protein synthesis is a conserved response to cellular stresses. This general
phenomenon is accompanied by the induction of distinct gene programs tailored to each stress.
Although the mechanisms driving repression of general protein synthesis are well characterized,
how cells reprogram the translation machinery for selective gene expression remains poorly
understood. Here, we found that the noncanonical 5' cap-binding protein elF3d was activated in
response to metabolic stress in human cells. Activation required reduced CK2-mediated
phosphorylation near the elF3d cap-binding pocket. elF3d controls a gene program enriched in
factors important for glucose homeostasis, including members of the mammalian target of
rapamycin (mTOR) pathway. elF3d-directed translation adaptation was essential for cell survival
during chronic glucose deprivation. Thus, this mechanism of translation reprogramming regulates

the cellular response to metabolic stress.

uring stress, cells undergo substantial
alterations to protein synthesis. Global
translation is inhibited, whereas the
translation of a subset of mRNAs en-
coding stress-responsive proteins is con-
siderably up-regulated. Translation shutoff
is mediated through inactivation of core
translation initiation factors, including the 5’
cap-binding protein eukaryotic translation
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Fig. 1. elF3d-specialized translation increases during chronic A
glucose deprivation. (A) Jun and rpS19 protein levels in HEK293T cells
after nutrient deprivation. (B and C) Polysome association of Jun or
PSMB6 mRNA in response to glucose deprivation in HEK293T cells.
PSMB6 is a control for elF4E-dependent translation. mRNA abundance is
expressed as a percentage of total transcript recovered from all
fractions. Results are plotted as the mean + SD from a representative
quantitative reverse transcription polymerase chain reaction (qRT-PCR)
performed in duplicate. The results of (A) to (C) are representative

of three biological replicates. (D) elF3d binding to the 5' cap of Jun
mRNA in HEK293T cells upon nutrient deprivation. elF3d cap binding

is quantified as levels of Jun transcripts determined by reverse
transcription and quantitative PCR, in HIV-1 PR-treated elF3d immuno- 3 8
precipitation samples compared with total input Jun RNA. Cap binding is < %
normalized to samples prepared from cells grown in complete media Q
(CM). glu, glucose; s, serum; glut, glutamine. Results are shown as

initiation factor 4E (eIF4E) (I). How initia-
tion factor activity is modified during stress
to allow some mRNAs to escape shutoff de-
spite carrying a conserved 5' cap structure
remains unknown. The elF3d subunit of the
13-subunit eukaryotic initiation factor com-
plex 3 (eIF3) is a cap-binding protein that
directs noncanonical translation of the tran-
scription factor Jun (2), raising the possibility
that eIF3d could be harnessed for stress-
induced translation.

To test this hypothesis, we examined changes
to elF3d-mediated translation of the Jun mRNA
during metabolic stress in human embryonic
kidney (HEK) 293T cells. Conditions of nutrient
depletion caused a marked decrease in general
protein synthesis (fig. S1A), yet chronic glucose
depletion led to a pronounced increase in Jun

protein levels (Fig. 1A). The increase in Jun

expression was stress specific and did not oc-
cur with glutamine or serum starvation (Fig.
1A). Analysis of Jun mRNA distribution in
polysome fractions revealed that elevation of
Jun protein synthesis during glucose depri-
vation was due to increased ribosome asso-
ciation and translation efficiency (Fig. 1, B and
C). By contrast, the eIF4E-dependent control
mRNA PSMB6 shifted to monosome and free
RNA fractions under the same glucose depri-
vation conditions (Fig. 1, B and C). Thus, the
ability to engage elF3d is likely key to enabling
the Jun mRNA to escape translation shutoff.
‘We next investigated whether nutrient starva-
tion directly changed eIF3d cap-binding activ-
ity. An autoinhibitory conformation restricts
elF3d and necessitates that the subunit must
function as part of the 13-subunit eIF3 com-
plex for 5’ cap recognition (2). Taking advan-
tage of a natural HIV-1 protease (PR) cleavage
site in eIF3d that occurs immediately before
the cap-binding domain (fig. S1B) (3), we used
immunoprecipitation and on-bead cleavage to
isolate eIF3d cap-binding activity separately
from other eIF3 complex functions (4-6) (fig.
S1, C to G). elF3d cap binding to Jun mRNA
increased 10-fold specifically during glucose
deprivation (Fig. 1D). Thus, a cellular mecha-
nism can reprogram elF3d cap-binding activ-
ity and translation regulation during nutrient
depletion.

Protein phosphorylation is a major mech-
anism regulating translation factor function (7).
Using [*?P]-orthophosphate labeling, we found
that 48 hours after glucose starvation, the eIF3
complex underwent a phosphorylation switch,
with loss of modification of an ~70-kDa protein
(Fig. 1E). Protein complex digestion with HIV-1
PR confirmed that the phosphorylated pro-
tein was elF3d (Fig. 2A). Mass spectrometry
mapped the phosphorylation sites in eIF3d to
positions S528 and S529 (Fig. 2B and fig. S2A).

the mean + SD of three independent experiments. (E) Phosphorylation
of elF3 subunits after nutrient deprivation. Shown is a phosphor image
of SDS—polyacrylamide gel electrophoresis (PAGE) gel resolving elF3 subunit phosphorylation levels as detected by [3°P]-orthophosphate labeling of HEK293T cells

and immunoprecipitation of the elF3 complex. The results are representative of two independent experiments.
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Fig. 2. CK2 phosphorylation inhibits elF3d cap-binding activity.

(A) Phosphorylated elF3 subunit identification by selective cleavage with
HIV-1 PR. HIV-1 PR was incubated with elF3 complex immunoprecipitated
from [3?P]-orthophosphate-labeled HEK293T cells. HIV-1 PR cleavage of
elF3d leads to faster gel migration. (B) Location of phosphorylated elF3d
residues S528 and S529 (blue) identified by mass spectrometry.

(C) Validation of elF3d phosphorylation sites using elF3d-HA mutants by
[32P]-orthophosphate labeling in HEK293T cells. Coomassie staining is
shown as a loading control. WT, wild-type. (D and E) Fold change in elF3d
binding to the 5' cap of Jun mRNA by phosphoinhibitory (§528/529N) or
phosphomimetic (S528/529D) mutants in HEK293T cells. Cap-binding
activity was measured as in Fig. 1D and normalized to WT elF3d. Results
are shown as the mean + SD of three independent experiments.

(F) Association of Jun transcripts with ribosomal complexes in HEK293T
cells in which endogenous elF3d was replaced with elF3d mutants through
coexpression of shRNA-resistant mutants and an elF3d-targeting shRNA.
The results are representative of two independent experiments, and
ribosome association was determined as in Fig. 1C. (G) In vitro
phosphorylation of the recombinant 12-subunit elF3 complex by
incubation with purified CK2 and [y*2P] ATP. Autophosphorylated CK2
subunits are indicated. (H) CK2 inhibition in HEK293T cells with 10 uM
CX-4945 or CX-5011 decreases elF3d phosphorylation levels as assessed
by [32P]-orthophosphate labeling. The results in (A), (C), (G), and (H) are
representative of three independent experiments.

Fig. 3. elF3d™" Subunit-Seq identifies cap-binding targets enriched in
regulators of cell metabolism. (A) Schematic of elF3d™" Subunit-Seq
methodology. Position R131 within elF3d was selected for TEV site insertion
to minimize perturbation of elF3d function because this linker region exhibits
high phylogenetic variation and is naturally targeted by HIV-1 PR (3)

(fig. SIB). See text for details. (B) Immunoblot of elF3d™" Subunit-Seq
samples. In, Input lysates; IP, anti-HA elF3d immunoprecipitants; TEV-IP,

IP samples after on-bead incubation with TEV protease. Results are
representative of three independent experiments. (C) Read mapping to
respective transcripts from elF3d"™" Subunit-Seq performed in glucose-
deprived cells. The schematics represent the transcript architecture: Thin
lines are the 5" and 3' UTRs and thick lines are the open reading frames. The
annotated y-axis maximum is set equivalently for within each transcript for
input (In) and TEV-IP samples. (D) Gene ontology analysis of elF3d cap-
binding targets from glucose-deprived cells. (E) Phosphor image of SDS-
PAGE gel resolving RNase-protected 32P-cap-labeled 5" UTRs. Recombinant
elF3 complex was cross-linked to target RNAs in vitro and treated with
RNase. Cap protection by elF3d leads to the formation of a radiolabeled
covalent elF3d-cap complex. HIV-1 PR cleavage was performed to validate
cross-linked subunit identity as elF3d, as shown through the shifted
migration of the cap-cross-linked complex. (F) In vitro elF3d cap-cross-linking
to Raptor and Larpl 5" UTRs specifically requires a methylated cap
structure. The competitor methylated cap analog m’GpppG (m’G) blocks
elF3d cross-linking to the 5" UTR, unlike the unmethylated cap analog
GpppG (G). The results in (E) and (F) are representative of three
independent experiments.
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Phosphorylation was reduced with single-site
mutations and completely abolished in an
elF3d S528/529D double mutant (Fig. 2C). The
elF3d phosphorylation sites are in a location
capable of influencing 5’ cap recognition,
proximal to the cap-binding domain (2) (Fig.
2B and fig. S2B). In support of a regulatory
role of phosphorylation, phosphoinhibitory
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(S528N/S529N) mutations increased eIF3d
5' cap-binding activity in cells (Fig. 2D and
S2C). Conversely, phosphomimetic (S528D/
S529D) elF3d mutations inhibited 5’ cap-
dependent Jun mRNA interactions (Fig. 2E)
and mirrored the reduced ability of eIF3d to
interact with Jun when cells were in nutrient-
replete conditions (Fig. 1, D and E). We next

13 November 2020

measured Jun translation efficiency in cells
engineered to express elF3d mutants exclu-
sively through stable knockdown and res-
cue with short hairpin (shRNA)-resistant
plasmids (fig. S2, D and E). Jun mRNA as-
sociation was lost in the polysome fractions
of cells expressing eIF3d S528D/S529D and
gained in cells expressing eIF3d S528N/S529N
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(Fig. 2F and fig. S2F). Thus, phosphorylation
under nutrient-replete conditions represses
elF3d cap binding, and loss of phosphoryl-
ation upon chronic glucose deprivation relieves
this inhibition.

The eIF3d phosphorylation sites are each
predicted substrates of the protein kinase
CK2, which recognizes the sequence motif
S*/T*XXE/D with an enrichment in down-
stream acidic residues (fig. S3A) (7, 8). CK2 is
regulated by environmental stimuli (9), and
CK2-substrate complex formation is inhibited
in low-glucose conditions (10), in agreement
with nutrient-dependent phosphorylation of
elF3d (Fig. 1E). We confirmed that CK2 was
capable of modifying eIF3d in vitro in the
context of the full eIF3 complex (Fig. 2G).
Treatment of cells with the CK2 active-site
inhibitors CX-4945 or CX-5011 (I1) led to a
loss of eIF3d phosphorylation (Fig. 2H). By
contrast, eIF3d phosphorylation was unaffected
by treatment with staurosporine (fig. S3B), a
broadly acting kinase inhibitor for which CK2
is atypically insensitive (72). Additionally, CK2
inhibition increased the ability of wild-type,
but not phosphomimetic, eIF3d to bind the 5’
cap (fig. S3C), further demonstrating a role for
the CK2-dependent phosphorylation in regu-
lating eIF3d.

Activation of eIF3d cap-binding activity
during glucose deprivation suggests that an
elF3d-controlled gene program may be critical
to supporting the cellular response to this
metabolic perturbation. However, because eIF3d
is an essential gene and 5’ cap recognition oc-
curs as part of the ~800-kDa 13-subunit eIF3
complex (2, 5), technical restrictions have
prevented a comprehensive identification of
elF3d target mRNAs (2, 13, 14). To overcome
this challenge, we developed Subunit-Seq, a
method that allows for the specific release
and isolation of an individual subunit domain
and its associated mRNAs away from a larger
multisubunit complex. We created a cell line
expressing an engineered elF3d protein with
an internal tobacco etch virus (TEV) protease
cleavage site proximal to the cap-binding do-
main and a C-terminal hemagglutinin (HA)
affinity tag (Fig. 3A and fig. S4A). To perform
Subunit-Seq, we isolated HA-tagged eIF3 com-
plexes and used TEV protease to induce on-
bead cleavage and specific isolation of the eIF3d
cap-binding domain-RNA complexes (Fig. 3, A
and B). Contaminating RNAs that did not have
elF3d-protected 5' cap structures were removed
with on-bead pyrophosphatase decapping and
5" exoribonuclease digestion. This method-
ology can be readily adapted to separate the
functions of other multisubunit RNA-binding
protein complexes through rational insertion
of TEV protease sites.

eIF3d™ Subunit-Seq revealed that eIF3d
binds the 5’ cap of 668 transcripts in glucose-
deprived HEK293T cells (Fig. 3C; fig. S4, B
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and C; and table S1). In agreement with a
starvation-induced increase in cap binding,
~70% of the elF3d targets exhibited a two-
fold or higher increase in eIF3d binding upon
glucose deprivation (fig. S4, D to F, and tables
S2 and S3). Gene ontology analysis of the
elF3d targets identified an enrichment in cell
metabolism and glucose homeostasis path-
ways, including mammalian target of rapa-
mycin (mTOR), mitogen-activated protein
kinase (MAPK)/phosphatidylinositol 3-kinase
(PI3K), and forkhead box O (FoxO) signal-
ing (Fig. 3D). Indeed, elF3d targets included
Regulatory-associated protein of mTOR
(Raptor), an essential component of the mTOR
complex 1 (mTORC1) (15), and La-related pro-
tein 1 (Larpl), a protein that blocks translation
of 5" terminal oligopyrimidine motif-containing
RNAs during mTOR inhibition (Fig. 3C) (16, 17).
We biochemically validated targets using puri-
fied recombinant eIF3 complex and in vitro
transcribed mRNAs (2) and observed that
eIF3d bound to and protected the *?P-labeled
cap structure of Raptor and Larpl 5’ untrans-
lated regions (UTRs) from RNase digestion in
vitro (Fig. 3E and fig. S4G). This interaction
required a 5’ methylated cap structure, with

binding competed away by the competitor
ligand m’GpppG (Fig. 3F). Using selective
2'-hydroxyl acylation analyzed by primer
extension (SHAPE) RNA structure analysis,
we identified a stem loop structure in the
Raptor 5" UTR that is conserved with the
characterized eIlF3-Jun RNA-binding deter-
minant (4), including a U-rich loop, an upper
C-rich internal bulge, and a multihelical junc-
tion (fig. S5, A and B, and fig. S6). Disruption
of this Raptor 5' UTR stem loop by deletion
or mutagenesis was sufficient to block eIF3d
cap binding (fig. S5C) and translation (fig.
S5, D to F), suggesting that the presence of
conserved secondary structure may allow co-
ordinated regulation of the eIF3d-directed
gene program.

We next investigated whether up-regulation
of the elF3d-directed gene program through
the phosphorylation switch provides an adapt-
ive response to glucose deprivation. Lack of
glucose triggered increased cell death, rounded
cell morphology, and poor attachment in cells
expressing a phosphomimetic eIF3d mutant
(Fig. 4, A and B, and fig. S7A). By contrast,
CK2 inhibition enhanced the cell survival
phenotype in cells expressing wild-type, but

A S528D S528N B — glucose
WT S529D S529N S528D  S528N
7.62 11 8.43 9 S
om 2l
= 2 s
5 24.5 33 L%
3 S528N  S528D
= —glu S529N 529D
o 4. , A glucose: + - + -
Propidium iodide ——* Raptor
c S528/520D  S528/529N p-mTOR [ = = —|
LR oss == |
S N e
;\?138 i 12% 67% E Nutrient Chronic
g 601 \ N replete  glucose deprivation
3 4071\
s P
l'ft‘j 28 Y PR M, b
:::, gg 28% 25%
;E; 20 / A Ve 7 elF3d elF3d-specialized
% 18 """ AN L My cap-binding translatif)n
Frac: 1234567812345678 Cell survival

Fig. 4. Regulation of elF3d-specialized translation through a phosphorylation switch promotes cell
survival during chronic glucose deprivation. (A) Analysis of apoptotic cell percentage by propidium iodide
staining and flow cytometry in elF3d phosphorylation mutant cell lines. Results in (A) are representative

of two independent experiments. (B) Representative images of the cell morphology after 48 hours of glucose
deprivation in elF3d phosphorylation mutant cell lines. Results in (B) are representative of three independent
experiments. (C) Association of Raptor mRNA with ribosomal complexes in elF3d mutant cell lines during glucose
deprivation. The percentage of total RNA associated with heavy polysomes (i.e., more than three ribosomes) is
indicated. Results are representative of two independent experiments, and ribosome association was determined
as in Fig. 1C. (D) Immunoblot of mTORCI pathway activation in elF3d phosphorylation mutant cell lines during
glucose deprivation. Results in (D) are representative of three independent experiments. (E) Model for
phosphorylation-mediated regulation of elF3d-specialized translation during metabolic stress.
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not phosphomimetic, eIF3d (fig. S7B). Fur-
thermore, dephosphorylated elF3d was es-
sential for the target mRNA Raptor to bypass
starvation-induced global shutoff (Fig. 4C
and fig. S7, C and D), whereas phosphomimetic
elF3d-expressing cells exhibited decreased
Raptor protein levels (Fig. 4D). Raptor is crit-
ical for substrate recruitment and mTORC1
kinase activity (15). Correspondingly, during
glucose deprivation, incorrect control of eIF3d
phosphorylation status led to decreased lev-
els of activated mTOR and reduced phospho-
rylation of rpS6, a downstream target of the
mTOR pathway (15, 18) (Fig. 4D). Although
mTOR is rapidly inactivated within a few
hours of nutrient deprivation, long-term star-
vation reactivates it and promotes cell sur-
vival (19, 20). A protective response during
chronic endoplasmic reticulum stress is also
dependent on partial rescue of mTOR activity
(13, 21). This response is blocked by shRNA-
mediated knockdown of eIF3d (13), which
could be due to the inability of Raptor and the
elF3d-mediated gene program to be trans-
lated (fig. S7, E and F, and table S1).

Our results establish a model in which a
phosphorylation-regulated switch in elF3d
cap-binding activity enables cellular control
of elF3d-specialized translation in response
to metabolic state (Fig. 4E). These findings

Lamper et al., Science 370, 853-856 (2020)

uncover a parallel between stress-induced
regulation of eIF3d and the essential canonical
translation factors eIF2 and eIF4E (7). During
glucose deprivation, phosphorylation-regulated
inhibition of eIF2 and elF4E, through hypo-
phosphorylation and activation of the 4E-BPs,
allows cells to block general protein synthesis.
The conserved but opposing regulation of eIF4E
and elF3d in response to glucose deprivation
reveals that the balance of canonical versus
noncanonical cap-dependent translation is a
key decision point for cellular adaptation to
metabolic state.
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Cellular adaptation during metabolic stress

Cells respond to environmental stress by down-regulating general protein synthesis and inducing selective
expression of proteins required for survival. However, the mechanisms controlling this selective messenger RNA (mRNA)
translation response remain poorly understood. Lamper et al. report that the noncanonical 5' cap-binding protein subunit
elF3d is activated upon metabolic stress in mammalian cells to reprogram cellular mRNA translation. elF3d is activated
by a switch in phosphorylation status at sites near the cap-binding pocket and enables cells to express the proteins
required for the regulation of metabolism and survival during stresses, including glucose starvation. This work reveals
how elF3d-dependent, noncanonical cap-dependent translation controls the cellular adaptation to stress.
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