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Translation is an essential biological process, and dysregula-
tion is associated with a range of diseases including ribosomo-
pathies, diabetes, and cancer. Here, we examine translation
dysregulation in vivo using RNAi to knock down them-subunit
of the translation initiation factor eIF3 in the mouse liver.
Transcriptome sequencing, ribosome profiling, whole prote-
ome, and phosphoproteome analyses show that eIF3m
deficiency leads to the transcriptional response and changes
in cellular translation that yield few detectable differences in
the translation of particular mRNAs. The transcriptional
response fell into two main categories: ribosome biogenesis
(increased transcription of ribosomal proteins) and cell meta-
bolism (alterations in lipid, amino acid, nucleic acid, and
drug metabolism). Analysis of ribosome biogenesis reveals
inhibition of rRNA processing, highlighting decoupling of
rRNA synthesis and ribosomal protein gene transcription in
response to eIF3m knockdown. Interestingly, a similar reduc-
tion in eIF3m protein levels is associated with induction of
the mTOR pathway in vitro but not in vivo. Overall, this
work highlights the utility of a RNAi-based in vivo approach
for studying the regulation of mammalian translation in vivo.
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INTRODUCTION
Translational control plays a role in a number of cellular homeostasis
mechanisms, and alterations in translation can induce pathological
conditions in humans. For example, genetic ribosomopathies, such
as Diamond-Blackfan anemia and Schwachman-Diamond syndrome,
are caused by the decreased expression of ribosomal proteins and
translation factors.1 An increase in the rate of protein synthesis makes
cells prone to cancer.2–4 The regulation of ribosome activity and num-
ber is a mechanism by which cells can adapt to stress.5 Ribosome
assembly accompanies diurnal cyclic changes in animal activity in
quiescent hepatocytes in the liver.6
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Modulation of the levels and/or activity of translation factors provides
mechanisms for the reprogramming of gene expression and, thus, has
a significant impact on cellular function.7,8 For example, eukaryotic
translation initiation factor eIF2 catalyzes tRNA binding to the small
subunit of the ribosome, while modulation of eIF2 activity can induce
changes in the translation of particular mRNAs that mediate response
to stress, memory formation, and cancer development.9 Translation
initiation factor eIF4E recruits a small ribosomal subunit to mRNA;
eIF4E overexpression can promote carcinogenesis by activating can-
cer-related signaling pathways.10 Translation initiation factor eIF6
facilitates the association of small and large ribosomal subunits; vari-
ation in its expression modulates insulin sensitivity via specialized
translation of lipogenic and glycolytic enzymes.11 Translation initia-
tion factor eIF3 stimulates several steps of translation initiation,
including the binding of mRNA to the ribosome; recruitment of
translation initiation factors eIF1, eIF1A, and eIF3; formation of
the eIF2-Met-tRNAiMet-GTP ternary complex; and ribosome
recycling.8,9 The downregulation of eIF3 subunits led to increased
longevity in C. elegans (eIF3k and eIF3l subunits),12 developmental
disorders in zebrafish (eIF3h subunit),13 and reduced malignant
properties of the cells (eIF3a, -m, and -h subunits).4

The necessity to work with essential genes is one challenge in the
study of the regulation of translation in vivo. Despite advances in
engineering genetically modified mice, it remains challenging and
://creativecommons.org/licenses/by-nc-nd/4.0/).
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time consuming to generate animal models.14 The majority of studies
focusing on protein synthesis in eukaryotes have been performed in
yeast and mammalian proliferating cells.8 While a role for eIF3 in
translation initiation has long been established, recent studies impli-
cate individual subunits of the complex in the regulation of diverse
cellular processes, including longevity, cancer, and organ develop-
ment.12,13,15–18 The eIF3m subunit is absent in budding yeast, and
it is conserved from fission yeast to higher eukaryotes.19 eIF3m plays
a critical role in maintaining the structural integrity of the eIF3 com-
plex.20,21 The gene is essential in mouse, both for embryonic develop-
ment and homeostasis of the mature liver.19 eIF3m heterozygous
mice were viable; however, they showed reduced organ size and
diminished body weight.19

The objective of the study was to test whether eIF3m is involved in the
regulation of the translation of the subset of mRNAs in the liver. More
globally, we were interested to evaluate the in vivo biological response
to the decrease in the translation initiation by perturbating an essen-
tial component of the translational machinery.

To investigate the regulatory network associated with the eIF3m sub-
unit, we used small interfering RNA (siRNA) lipid nanoparticles
(LNPs) that are capable of delivering functional siRNA to the liver,
in both rodents and non-human primates.22 This approach enables
a rapid evaluation of the biological effects of knockdown of essential
genes, such as those involved in translation, in the context of the
mature organ, in adult animals.23–25 Furthermore, by applying
various concentrations of siRNA LNPs, it is possible to maintain
the desired levels of mRNA and thereby titrate the amount of targeted
proteins in cells.22 Using these methods, we found that: (1) long-term
knockdown of eIF3m in mouse liver results in the global inhibition of
translation and is lethal; (2) the earlier hepatic response (9 and
13 days of treatment with siRNA LNPs) to eIF3m knockdown is asso-
ciated with changes in transcription but not translational efficiency
for individual mRNAs—only 6 genes (including the previously iden-
tified ferritin light chain Ftl1) were found to be translationally regu-
lated in this system; (3) at the transcriptional level, two major cellular
processes, ribosome biosynthesis and cellular metabolism, are
affected by eIF3m knockdown; (4) major alterations in ribosome
biosynthesis involved increased transcription of the ribosomal pro-
teins and inhibition of rRNA processing; and (5) a similar reduction
in eIF3m protein levels is associated with the activated mammalian
target of rapamycin (mTOR) pathway in vitro but not in vivo. Alto-
gether, these results provide new insight into the in vivo response
to perturbation of the translational machinery and further highlight
the utility of using siRNA nanoformulations to study in vivo biology.

RESULTS
In Vivo Knockdown of eIF3m in Mouse Liver

siRNAs were designed to avoid off-target activity based on the known
criteria for siRNA and mRNA binding properties.25 The candidate
19-mer siRNA sequences were aligned against the RefSeq mRNA
database and ranked based on the number of the mismatches in the
seed, non-seed region, and mismatches in the cleavage site posi-
tion.25–27 In order to choose the most potent duplexes, we performed
in vitro dose-response analysis for the 10 selected siRNAs, which were
ranked best by the computational analysis. The siRNAwith the lowest
IC50 (4.6 pM with a 95% confidence interval of 2.4–8.6 pM) was cho-
sen for further in vivo studies (Figure S1A). Transfection of
Hepa1c1c7 cells with the selected siRNA for 3 days resulted in 99%
knockdown of eIF3m at the RNA level and more than 90% protein
reduction (Figures S1A and S1B).

To perform eIF3m knockdown in mouse liver, we used chemically
modified siRNA formulated into C12-200 lipid nanoparticles
(LNPs), optimized for hepatic delivery.22 Due to the relatively small
size (around 100 nm) and almost neutral zeta potential, C12-200
siRNA-LNPs pass the endothelium layer, separating hepatocytes
from blood, and are further internalized by hepatocytes via macropi-
nocytosis, enabling hepatocyte-specific knockdown.22,23,26 One day
after the tail vein injection of eIF3m siRNA LNP at a concentration
of 0.5 mg/kg, we observed more than 95% knockdown of eIF3m
mRNA (Figure 1A). The silencing was hepatocyte specific and was
not observed in kidney, spleen, lungs, and heart (Figure S1C). A single
injection with siRNA LNPs yielded sustained knockdown for 9 days,
followed by slow recovery of mRNA levels (Figure S1D). For long-
term experiments, mice were repeatedly injected every 5 days.
Western blot analysis confirmed knockdown of eIF3m at the protein
level in mouse livers upon treatment and showed the reduction of
eIF3m by 65% at day 13 and 75% at day 21 of treatment with
eIF3m siRNA LNPs (Figures 1B and S1E).

To select the most informative conditions for analyzing the regulatory
network associated with the eIF3m-dependent inhibition of transla-
tion initiation, we wanted to choose a time point that would better
reflect primary changes in transcription and translation after eIF3m
knockdown. Such changes would result from the inhibition of trans-
lation initiation through eIF3m depletion but would not be associated
with the response induced by liver damage due to the reduction of the
total protein synthesis.

We evaluated possible changes in liver functioning by the analysis of
factor VII activity in mouse serum, ribosome profiles, serum
biochemistry, liver morphology, and immunohistochemistry.

Factor VII is a protein with a short half-life (4–6 h) expressed specif-
ically in hepatocytes and secreted into the blood and, thus, represents
a convenient marker of liver functioning that could be monitored in
the serum without sacrificing the mouse.28 We reasoned that the
changes in the protein synthesis would affect factor VII activity
(either directly as a result of the reduced protein synthesis or indi-
rectly through other processes, such as protein folding, trafficking,
and secretion). A modest reduction in factor VII activity was detected
6 days after the first injection; a significant effect (more than 50%
reduction) could be seen after 10 days of treatment; at day 21, mice
began experiencing significant stress and had to be sacrificed. At
that time point, factor VII activity was estimated to be 20%, compared
to that in the control (Figure 1C).
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Figure 1. RNAi-Mediated Knockdown of eIF3m in Mouse Liver

(A) eIF3m knockdown at the mRNA level in mouse liver 1 day after injection with siRNA LNPs (0.5 mg/kg, n = 3, mean ± SEM). (B) Western blot analysis of eIF3m protein

level in mouse liver 13 days after the first injection with eIF3m siRNA LNPs (n = 4 biological replicates for each condition). (C) Time-course analysis of factor VII activity in

mouse serum. (D) Representative polysome profile of the livers treated with eIF3m siRNA LNPs for 9, 13, and 21 days, compared to the control. (E) Fold change in the

level of the markers of liver damage ALT and AST in response to eIF3m knockdown. Dashed lines indicate the normal range of the level of the enzyme (n = 3, mean ±

SEM). (F) Histological analysis of livers collected from siRNA-LNP-treated mice. H&E staining of liver sections (scale bar, 200 mM); TUNEL assay analysis of liver sections

(scale bar, 500 mM). (G) Representative images of transmission electron microscopy performed on mouse livers 21 days after the first injection with eIF3m siRNA

LNPs. Arrows indicate nucleoli; round circles indicate accumulation of small lipid droplets in the cytoplasm. For p values, comparison by two-tailed paired t test was used:

*p < 0.05; **p < 0.01.
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Polysome profiles did not show any changes in the polysome and
monosome quantity/ratio after 9 days of treatment (Figures 1D and
1E). After 13 days of treatment, we detected a decrease in the amount
of polysomes and 60S subunits and an increase in the amount of
monosomes and 40S subunits; the overall polysome/monosome ratio
was decreased, indicating a modest reduction in protein synthesis
(Figure 1D).29 Analysis of the polysome profiles at the 21-day time
point showed a significant reduction in the amount of polysomes
and an increase in the amount of monosomes, which suggests global
decrease in translation initiation and efficiency of protein synthesis
(Figure 1D).

The activity of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST), markers of liver damage, was within the
254 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
normal range at the 9- and 13-day time points and elevated above
the normal range in mice treated with eIF3m siRNA LNPs at
21 days (Figure 1E). H&E staining did not reveal any changes in liver
morphology after 9 days of treatment (Figure 1F). At day 13, vacu-
oles in a small number of cells around the central vein could be seen,
while the periportal zone appeared to be completely normal (Figures
1G and S1F). Livers treated with eIF3m siRNA LNPs for 21 days
were characterized by distorted liver architecture (Figure 1G).
Nucleoli appeared to be larger in the hepatocytes of treated livers
(Figure S1G). We did not observe an induction of apoptosis in
response to eIF3m depletion during the course of the experiment,
as shown by the dUTP nick-end labeling assay (TUNEL) (Fig-
ure 1G). We further performed transmission electron microscopy
of liver sections and found that the cytoplasm of hepatocytes was
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Depleted Livers

(A) An example of correlation in the number of aligned

reads per gene between two replicates. (B) Meta-gene

plots of Ribo-seq (top) and RNA-seq (bottom). (C)

Distribution of Ribo-seq reads over different functional

regions of mRNAs and to other regions of the

transcriptome. (D and E) Analysis of differential gene

expression based on changes in RNA-seq signal (x axis)

and Ribo-seq signal (y axis) on the 9th (D) and the 13th (E)

days. A diagonal line shows the similarity in the response

of Ribo-seq and RNA-seq, indicating a general absence

of the differential regulation at the translational level. The 6

genes regulated at the translational level are highlighted

in green.
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vacuolated, with tiny lipid droplets accumulated in the cell (Fig-
ure 1H). A similar phenotype is associated with hepatic steatosis.30

In accordance with the results of H&E staining, livers depleted of
eIF3m for 21 days had enlarged, abnormal looking nuclei
(Figure 1H).

Based on these results we chose to focus on the analysis of two time
points: 9 and 13 days of treatment with siRNA LNPs. These repre-
sented two slightly different systems. At 9 days of treatment, liver
morphology was completely normal, and there was no change in the
polysome-to-monosome ratio; however, the changes associated with
the knockdown could be detected based on the factor VII activity assay.
At 13 days of treatment, ribosomes were enriched for monosomes, and
the amount of polysomes was slightly decreased, indicating reduction
in the protein synthesis. This time point was also associated with minor
changes in liver morphology (Figures 1G and S1F).We assumed that 9-
and 13-day treatment time points would be informative for analysis by
RNA sequencing (RNA-seq) and ribosome profiling (Ribo-seq); we
further performed proteomic and phosphoproteomic profiling of the
livers at the 13-day treatment time point.

eIF3m Knockdown Is Associated with Changes in mRNA

Expression and Has Limited Impact on mRNA-Specific

Translation

To investigate the effect of eIF3m knockdown on the hepatic tran-
scriptome and translatome in vivo, we performed RNA-seq and
Ribo-seq analysis of the livers from mice treated with eIF3m or con-
trol siRNA LNPs for 9 and 13 days. The Spearman correlation coef-
ficients between the number of aligned reads per gene in all replicates
exceeded 0.93, indicating high reproducibility (Figures 2A and S2A).

The metagene profile revealed an increased ribosome density in the 50

leader and in the first 25 codons of the gene coding sequence (CDS)
Molecular Th
on day 13 relative to both the controls and
treated samples on day 9 (Figures 2B and 2C).
This effect was widespread across the analyzed
genes and is known to be observed under many
stresses.31,32 The RNA-seq metagene profile
showed a higher read density downstream of stop codons on day
13. This difference was not specific to the treatment and reflected dif-
ferences in RNA-seq approaches (see Materials and Methods).

Differential expression analysis was carried out by means of a Z-score
transformation, as previously demonstrated.32 This approach accounts
for the variance in dispersion of the gene expression signal owing to dif-
ferences in the sequencing depths for individual transcripts. We per-
formed the Z-score transformation for each replicate (see Materials
and Methods) and then used the Z scores across the replicates to score
the likelihood that RNA levels (through RNA-seq), protein synthesis
rates (through Ribo-seq), or translational efficiency (TE; the ratio of
Ribo-seq to RNA-seq) was different between the two conditions.

Differential expression analysis confirmed the knockdown of the
eIF3m gene (Figures 2D and 2E). It also revealed a significant transcrip-
tional response occurring by day 9, with 575 genes found to be differ-
entially expressed (DE) (false discovery rate [FDR] < 0.05): 246 genes
were upregulated, and 329 genes were downregulated (Data S1). A total
of 638 genes were differentially expressed at the RNA level upon
13 days of treatment with siRNA LNPs (359 upregulated and 279
downregulated) (Data S1). The transcriptional response at both time
points was similar (Spearman’s rho = 0.4), with 166 commonDE genes
between day 9 and day 13 (Figure S2B). The difference in the response
indicates a continued reprogramming of gene expression in response to
eIF3m knockdown. While the direction of the difference in expression
was the same for most of the genes, we detected 8 cases of upregulation
at day 9 followed by downregulation at day 13 (Errfi1, Saa3, Ccr1, Lyz1,
LOC105244195, Ccrn4l, Col3a1, and Noct) and 2 cases of downregu-
lation at day 9 followed by upregulation at day 13 (Egr1 and Zc3h6).

Further analysis revealed 902 and 835 DE genes at the Ribo-seq level
(at days 9 and 13 of treatment, respectively). There was a strong
erapy: Nucleic Acids Vol. 19 March 2020 255
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Figure 3. Overexpression of the Genes Involved in

Ribosome Biogenesis in Response to eIF3m

Knockdown Is a Transcription-Driven Process

(A) Gene set enrichment analysis (GSEA) of the RNA-seq

data obtained for liver samples treated with siRNA LNPs for

9 days shows enrichment of the KEGG_Ribosome gene set

in eIF3m-knockdown samples. (B) qPCR analysis of the

mRNA expression level of the genes involved in ribosome

biogenesis in Hepa1c1c7 cells treated with control or eIF3m

siRNA LNPs (n = 3 or 4, mean ± SEM). For p values,

comparison by two-tailed paired t test was used: *p < 0.05;

**p < 0.01, ***p < 0.001. (C) Total RNA amount, normalized

by wet tissue weight; livers were collected frommice treated

with siRNALNPs for 13days (n = 8,mean±SEM). (D)mRNA

degradation rate of the genes involved in ribosome biogen-

esis in Hepa1c1c7 cells treated with control or eIF3m siRNA

LNPs, fold change (experiment performed in biological

replicates; individual values are indicated). Universal protein

names are used according to Ban et al.64
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correlation between RNA-seq and Ribo-seq Z scores for both time
points, indicating that the majority of the changes observed at the
level of Ribo-seq is owing to the changes at the RNA level (Figures
2D and 2E). In addition, the comparison of the TE Z scores obtained
for individual replicates did not reveal evidence of a translational
response of specific mRNAs (a general translational repression
observed via ribosome profiles would not be detectable with this
approach) (Figure S2C).

Only (3 and 3) genes were found to be differentially expressed at the
TE level for day 9 and day 13 of the treatment, respectively. The TE
DE genes consisted of the upregulation of LOC100862446, Ftl1, and
Fth1 on day 9 and the downregulation of Gas5 and Pabpc1 and
upregulation of Hamp2 on day 13 (Figures 2D and 2E). Interestingly,
of the 6 TE DE genes, 4 (light- and heavy-chain ferritins
LOC100862446, Ftl1, Fth1, and hepcidin Hamp2) belong to the iron
metabolism pathway.

We have further performed a western blot against ferritin proteins,
which showed a small but significant 10% increase in the expression
of Ftl1 protein and a non-significant increase in the expression of Fth1
(Figure S3). The LOC100862446 gene is an ortholog of Ftl1, so it
would also be detected as Ftl1. Recently, it has been shown that
eIF3 acts as a repressor of Ftl1 translation in vitro.33 Our results
confirm the link between eIF3 and Ftl1 and, for the first time, provide
evidence for the repression of Ftl1 translation by eIF3 in vivo in the
liver.
256 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
Transcriptome Changes in eIF3m-Depleted

Livers

To gain biological insight into the pathways
affected by eIF3m depletion, we performed gene
set enrichment analysis (GSEA) using the KEGG
gene set collection from MsigDb.34,35 Analysis of
the 9-day time point identified three significantly
enriched (FDR q value < 0.05) gene sets in
eIF3m-depleted livers (ribosome, extracellular matrix [ECM] receptor
interaction, and cell adhesion) and a number of gene sets enriched in
the control (Table S1). The two leading gene sets enriched in the control
were related to metabolism by cytochrome P450; others represented
metabolic pathways, including redox processes and lipid, amino acid,
and sugar metabolism. Analysis of the 13-day treatment time point re-
vealed upregulation of the genes involved in 4 KEGG pathway gene
sets: ribosome, RNA degradation, spliceosome, and aminoacyl tRNA
biosynthesis; 47 gene sets were enriched in the case of downregulated
proteins, and many of these were involved in drug metabolism, lipid,
amino acid metabolism, and oxidation processes (Table S1). Changes
in the gene expressionwere verifiedbyqPCRanalysis for a subset of genes
from the KEGG_Ribosome and KEGG_DRUG_METABOLISM_CY-
TOCHROME_P450 gene sets (Figures S4A and S4B). The result was
further reproduced in vitro for the genes involved in ribosome biogenesis
inHepa1c1c7 cells treatedwith eIF3m siRNALNPs for 3 days (Figure 3).

Overexpression of the Genes Involved in Ribosome Biogenesis in

Response toeIF3mKnockdown IsaTranscription-DrivenProcess

It has previously been shown that the expression of the genes coding ri-
bosomal proteins is coordinated at both the transcription and translation
levels. Usually, cells respond to stress by downregulating genes involved
in ribosome biogenesis.36–38 Surprisingly, eIF3m knockdown led to
robust overexpression of the ribosomal genes (Figures 3A and 3B). At
the same time, we detected no difference in the total RNA content in
livers of control and knockdown mice at day 13 (Figure 3C, normalized
by wet tissue weight). In order to prove that the increased expression of
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the ribosomal genes is caused by eIF3m reduction and not off-target ac-
tivity of the siRNA, we performed eIF3m knockdown with the 2nd
eIF3m siRNAduplex identifiedduring the initial screen. The qPCRanal-
ysis confirmed robust upregulation of the ribosomal gene expression in
Hepa1c1c7 cells upon treatment with the two different eIF3m siRNAs
(Figure S4C), indicating that this effect is a consequence of eIF3mknock-
down and not the result of siRNA off-target activity.

The increased abundance of the mRNA of ribosomal genes could be a
consequence of increased transcription or inhibited mRNA degrada-
tion. In order to distinguish between these possibilities, we evaluated
the mRNA degradation rate in a pulse-chase experiment with the use
of 4-thiouridin in vitro. Briefly, Hepa1c1c7 cells were labeled with
4-sU for 1 h, themediumwas then replacedwith a freshone, and labeled
RNAwas extracted at two time points. The ratio between the remaining
labeledRNAat two timepoints in eIF3m-knockdown cells compared to
control cells would, thus, represent changes in the degradation rate.39,40

As expected, eIF3m mRNA degraded approximately 2.6-fold faster in
the eIF3m siRNA-treated cells compared to control cells (Figure 3D).
We further assessed degradation rates for the upregulated genes with
the most altered expression including 17 ribosomal proteins (10 Rps
and 7 Rpl) and 7 translation initiation factors. The fluctuations in
mRNA stability were random, with no common direction for the
changes between the different genes. Thus, we concluded that increased
mRNA levels of the genes involved in ribosome biogenesis are a conse-
quence of the increased transcription and not a subject of a unified
mRNA stability regulation mechanism.
A Similar Reduction in eIF3m Protein Levels Is Associated with

the Activated mTOR Pathway in vitro but Not in vivo

Although particular transcription factors, which mediate transcrip-
tion of ribosomal proteins in mammalian organisms, are not known,
Molecular T
it has been shown that c-Myc overexpression is
associated with the induction of ribosomal pro-
tein genes in mouse liver.41 We tested c-Myc
expression by western blot analysis of the mouse
livers and did not detect significant changes in
the c-Myc protein level. mTOR is the master
regulator of growth, and it has previously been
implicated in both transcriptional and transla-
tional regulation of the genes involved in protein
synthesis.42,43 We evaluated mTOR pathway activity by analyzing the
phosphorylation status of the major downstream mTOR targets S6
and 4EBP1. No changes in the phosphorylation levels of S6 and
4EBP1 proteins were found in mouse liver samples in the tested con-
ditions (Figure 4A). Interestingly, a similar reduction in eIF3m con-
centration in vitro resulted in the significant increase in the phosphor-
ylation of S6 and 4EBP1, indicating strong activation of the mTOR
pathway (Figure 4B). Considering that the dynamics of mTOR acti-
vation can be different in vitro and in vivo, we tested other time points
in vitro (1 and 2 days) and in vivo (3 and 9 days). None of the tested
in vivo samples showed changes in the phophorylation of S6 and
4EBP1, while all of the tested time points in vitro showed a significant
increase in S6 and 4EBP1 phosphorylation (Figure 4B; Figure S5).
Based on these results, we conclude that mTOR is regulated differ-
ently in vitro and in vivo upon knockdown of eIF3m. Further, the
absence of changes in the activity of c-Myc and the mTOR pathway
in vivo suggests that the ribosomal gene expression upon eIF3m
knockdown is regulated through a different mechanism.

Proteomic Profiling of eIF3m-Depleted Liver

To assess the relative abundance of proteins in eIF3m-depleted livers,
we applied Tandem Mass Tag (TMT) label-based quantitative mass
spectrometry. 2,055 proteins were detected, with at least two unique
peptides present in all six samples. We found that 174 out of 2,055 de-
tected proteins were differentially expressed (adjusted p value < 0.05).
Seven proteins were upregulated with a fold change (FC) >1.5, and 19
proteins were downregulated with an FC >1.5. 74 proteins were
moderately upregulated, and 74 were downregulated (1 < FC < 1.5,
p < 0.05) (Table S2). The observation of the relatively small changes
in protein abundance confirmed that the chosen time point for the
experiment reflected primary changes associated with eIF3m knock-
down. We used the PANTHER classification system to characterize
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processes affected upon eIF3m depletion at the proteomics level.44,45

Consistent with RNA-seq and Ribo-seq data, we observed a 20%–50%
increase in the abundance of ribosomal proteins (Figure 5A; Fig-
ure S6A; Table S2). Other pathways that described overrepresented
upregulated proteins included metabolic processes (in particular,
lipid and amino acid metabolism), protein homeostasis, RNA pro-
cessing, and cytoskeleton maintenance. Pathways that represented
downregulated proteins included metabolic processes, protein ho-
meostasis, and transcription regulation (Figure 5A; Table S2).

Differentially expressed proteins were strongly associated with the
corresponding condition in mRNA expression data. All genes were
ranked from high in Eif3m knockdown to high in control using the
Wald statistic from DESeq2 differential expression analysis. Custom
gene sets were then prepared from upregulated and downregulated
proteins, and GSEA was used to characterize the distribution of these
differentially detected proteins in the rank-ordered gene list. In each
case, the proteomics-based gene sets were significantly enriched in
their corresponding condition in the mRNA-derived contrast.
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GSEA assigns genes responsible for the observed enrichment to a sub-
set called the leading edge. In this analysis, 58 out of 81 upregulated
proteins and 72 out of 93 downregulated proteins are assigned to their
corresponding leading-edge groups (Figure 5B). Notable exceptions
to these associations are the eIF3h, eIF3k, and eIF3l subunits that
were significantly downregulated in the proteome dataset (FCs =
1.44, 1.4, and 1.29, respectively) but were upregulated at the RNA
level (FCs = 2.1, 1.3, and 1.4, respectively) (Figure 5B, arrows;
Table S2). Previous studies showed that the eIF3m subunit stabilized
the eIF3 complex.19 Thus, it is likely that eIF3m depletion led to the
decreased stability of eIF3h, eIF3k, and eIF3l proteins, which would
explain the discrepancy between proteome and transcriptome data.
We further looked at the protein level of the other eIF3 subunits
and found that the abundance of 11 out of 12 subunits was slightly
decreased (Figure S6B). Interestingly, the eIF3j subunit protein level
was upregulated in eIF3m-depleted liver samples by 1.38-fold.

In summary, the comparison of the differential protein levels with the
RNA-seq data suggested that eIF3m knockdown in mouse liver is not
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associated with changes in TE for a subset of mRNAs at the chosen
time points and, thus, confirmed the results of the ribosome profiling
analysis.

Phosphoproteome Analysis of eIF3m-Depleted Livers

To understand the broad regulatory network associated with the inhi-
bition of translation initiation in vivo, we performed phosphoproteo-
mic profiling of the livers of mice treated with siRNA LNPs for
13 days. The analysis identified 3,458 phosphopeptides on 1,622 pro-
teins. We found 45 phosphopeptides on 39 proteins that showed vari-
ation in abundance with 80% confidence intervals; 39 phosphopeptides
were upregulated, and 6 were downregulated (Table S3). The identified
proteins belonged to the pathways associated with translation, meta-
bolism, the cytoskeleton, the ubiquitin proteasome pathway, apoptosis,
transcription, and splicing (Figure 5C; Table S3). Out of the 39 pro-
teins, 6 upregulated proteins were involved in rRNA biogenesis
(NOL8, RRP5, RRP36, BYSL, DDX10, and ZNHIT6) (Figure 5D).

In addition to the identified proteins, we were interested in the phos-
phorylation status of the translation factors eEF2 and eIF2alpha, as
their phosphorylation plays an important role in the regulation of
translation in response to diverse stimuli. eIF2 recycling is an impor-
tant step of translation initiation; phosphorylation of the alpha sub-
unit of eIF2B factor inhibits recycling and, thus, leads to a decrease
in global protein synthesis.46 Western blot analysis showed a 20%
decrease in the phosphorylation of the eIF2alpha subunit (Figure 5E).
Such a modification would favor an increase in the efficiency of trans-
lation initiation.46 eEF2 phosphorylation is another major pathway
regulating translational efficiency, which is often activated in
Molecular T
response to stress.47 No difference in eEF2 phos-
phorylation was detected in eIF3m-depleted
livers after 13 days of treatment (Figure 5E).

rRNA Processing Is Altered in eIF3m-

Depleted Liver and Cultured Hepa1c1c7

Cells

The increased amount of the phosphorylated
proteins involved in rRNA biogenesis encour-
aged us to assess rRNA maturation (transcription rate and process-
ing) in the eIF3m knockdown system.

Four rRNA molecules constitute the core of the eukaryotic ribosome.
18S, 5.8S, and 28S rRNAs are synthesized by RNA polymerase I as a
long polycistronic precursor (47S), which matures through a coordi-
nated series of cleavage steps; 5S is transcribed by RNA polymerase
III. After the processing, the non-coding regions of the rRNA precur-
sor quickly degrade, while mature rRNAs assemble with the
ribosomal proteins and are exported into the cytoplasm.48

We first checked whether the activity of polymerase PolI (transcrip-
tion rate of 47S rRNA precursor) was affected. Mice treated with
siRNA for 12 days were injected with 4-thiouridin; 24 h later, newly
synthesized labeled RNA was purified via conjugation with biotin fol-
lowed by isolation on magnetic beads; relative quantities of 18S and
28S rRNA were then assessed by qPCR. No changes in the transcrip-
tion rate of 47S pre-rRNA was detected (Figure 6A). This result was
reproduced in vitro in Hepa1c1c7 cells (Figure S7A).

We further assessed the total abundance of rRNA upon eIF3m deple-
tion in vitro and in vivo using qPCR. In both cases, there were no sig-
nificant changes in the qPCR signal for 18S and 28S rRNA; however,
we detected an approximately 1.6-fold increase in the abundance of
rRNA precursors (Figures 6B and S7B). Such a result indicates an in-
hibition of the processing of the 47S rRNA precursor.49 Indeed, since
the rRNA transcription rate was not affected, the cell would produce
the same quantities of rRNA, resulting in similar qPCR estimates for
the mature 18S, 28S, and 5S sequences. However, inhibition of rRNA
herapy: Nucleic Acids Vol. 19 March 2020 259
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processing would result in reduced degradation of the pre-rRNA
external and internal spacers, which would lead to an increase in their
abundance in eIF3m-depleted cells.

Through the analysis of H&E liver staining and transmission electron
microscopy, we observed enlarged nucleoli in eIF3m-depleted livers
at the 20-day treatment time point (Figures 1G and S1G). Such an ef-
fect was in agreement with the inhibited rRNA processing, as unpro-
cessed rRNA cannot be exported from the nucleus and, thus, accumu-
lates in the nucleoli.

To gain further insight into the particular steps of rRNA processing
affected in eIF3m-depleted hepatocytes, we performed deep
sequencing of rRNA transcripts from the in vivo (13-day treatment
time point) and in vitro (3-day treatment of Hepa1c1c7 cells) exper-
iments. Sequencing reads were aligned to the 47S rRNA precursor.
The depth of coverage was quantified with SAMtools (v.1.3). Fig-
ure 6C shows the ratio between the number of rRNA reads in
eIF3m versus control siRNA-treated samples. Sequencing showed
an approximately 2- to 3-fold increase in the abundance of the
non-coding areas of rRNA within the 50 ETS, ITS1, ITS2, and 30

ETS segments of 47S pre-rRNA. This observation is consistent with
the qPCR measurements and supports the conclusion of inhibited
rRNA processing. The ratio between the reads corresponding to the
mature 18S, 5.8S, and 28S was close to 1, which confirms that the
rate of rRNA transcription remained unchanged, both in vitro and
in vivo. At the chosen time points, we observed several differences
between in vivo and in vitro data. The ratio of the reads aligned to
the pre-rRNA area 1–650 nt (A’ site) remained unchanged in vivo;
however, in vitro, this segment was enriched 3- to 3.5-fold in
eIf3m-depleted cells. The result suggested uncoupling of the A’ site
from the other processing steps in vivo but not in vitro.

Further, we observed a gap in the eIF3m/control reads ratio at position
414–447 nt in vitro (Figure 6C, arrow; Figure S7C), which most likely
indicates an rRNAprocessing step in this region. The gapwas not seen
in vivo, suggesting a difference in the regulation of rRNAprocessing in
the developed system in liver and Hepa1c1c7 cells. The region C414-
C416 to G420-U422 has previously been identified as the cleavage site
for human pre-rRNA (site 01) but not mouse.48

In summary, our data indicate the inhibition of rRNA maturation in
response to eIF3m knockdown and further suggest differences
between the in vitro and in vivo regulation of rRNA processing
(the A’ cleavage site remains active in vivo but not in vitro; addition-
ally, rRNA sequencing data in vitro provides evidence of the human
01 processing site, which has not been previously reported in mouse
pre-rRNA).

DISCUSSION
Despite advances in understanding protein synthesis in yeast and
mammalian proliferating cells, less is known about the regulation of
translation in adult tissue in vivo.8 One challenge is the lack of
methods available to study ribosomal factors in vivo, as knockout
260 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
of many key translation genes leads to lethality at different stages of
embryogenesis.2,19 Conditional deletion of ribosomal proteins in
adult animals and heterozygous knockout mice represents one way
of dissecting the role of translation factors. Nevertheless, genetic ma-
nipulations are costly, time consuming, and require animal breeding
and colony maintenance. In vivo, RNAi overcomes these limitations
by enabling rapid experimental design, the selection of any available
mouse strain, and the combinatorial targeting of more than one gene
at a time.50,51 This experimental flexibility allows for more rapid
dissection of complex translation-related genetic disorders, such as ri-
bosomopathies.52,53 Furthermore, the success of siRNA LNPs in the
clinic may allow for rapid extension of gene knockdown targets
into human trials.54 Most importantly, siRNA LNP-based knock-
down allows for the assessment of hepatocyte biology in vivo in the
context of the mature liver.

Multiple steps need to be coordinated to generate and assemble ribo-
somes on mRNA, including transcription and processing of rRNA,
transcription and translation of ribosomal proteins and translation
factors, export of the ribosomal subunits from the nucleus, and as-
sembly of the ribosome with mRNA in the cytoplasm.29,53,55 Eukary-
otic initiation factor eIF3, a complex consisting of 13 subunits (eIF3a
to eIF3m), is one of the largest participants in the translation machin-
ery. Growing evidence suggests that, apart from the general role of
eIF3 in initiating cap-dependent translation, it can specifically regu-
late expression of the subset of genes at the translational level.13,16–18

One of the objectives of the study was to test whether eIF3m is
involved in the regulation of the translation of specific mRNAs in vivo
in the liver. We have observed that the reduced concentration of
eIF3m led to a significant transcriptional response (Table S1) but
only minor changes in the TE for specific mRNAs (Figure 2). Only
6 genes were identified to be translationally regulated in the eIF3m-
treated livers. Interestingly, 4 out of the 6 identified genes are involved
in the iron metabolism pathway (light- and heavy-chain ferritins
LOC100862446, Ftl1, and Fth1 and hepcidinHamp2). Recent research
provides an additional confirmation for the link between eIF3 and
ferritin genes.33 Previously, photoactivatable ribonucleoside-
enhanced crosslinking and immunoprecipitation (PAR-CLIP) anal-
ysis showed interaction between ferritin light-chain (FTL) mRNA
and eIF3 subunits.16 It has further been shown that eIF3 acts as a
repressor of FTL mRNA translation and that eIF3-mediated Ftl
repression is disrupted by a subset of SNPs in the FTL 50 UTR that
cause hyperferritinemia, a disease characterized by an overload of
ferritin protein in the liver.33,58 Our finding of eIF3m knockdown
leading to increased Ftl1 translation efficiency is in agreement with
these data; it also, for the first time, provides justification for the
link between eIF3 and ferritins in vivo in the liver.

It is possible that there are more genes regulated at the level of the
translation in response to eIF3m knockdown; however, they could
not be identified, as some of the changes in mRNA level relate to
mRNA stability changes caused by translation. The importance of
the coupling of mRNA stability and translation has become
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increasingly clear, at least in yeast, in recent years.56,57 It is also
possible that the reduced eIF3m level causes mostly a general effect
on translation of all mRNAs in the cells, which is not specific to
particular mRNAs (except for the discussed genes).

We demonstrated that the decreasing concentration of eIF3m led to
differential regulation of several steps of the ribosomal biosynthesis
process (the scheme is shown in Figure S8). eIF3m depletion was fol-
lowed by the increased transcription of ribosomal proteins (Figure 3;
Table S1), an increased amount of phosphorylated rRNA biogenesis
proteins (Figure 5B), and inhibition of rRNA processing (Figure 6).
Furthermore, we detected a decrease in eIF2alpha phosphorylation
(Figure 5E), an important regulatory step of the translation initiation
process.9 Similarly to the eIF3m knockdown system, rRNA process-
ing is negatively regulated in starvation conditions and in response
to DNA damage both in yeast and in mammalian cells.49,59,60 Such
a response leads to further inhibition of the protein synthesis.37,60

On the contrary, the increase in the transcription of the proteins
involved in translation is rarely detected in response to stress.36,61

Both increased production of the ribosomal proteins and dephos-
phorylation of eIF2alpha would favor an increase in global protein
synthesis.35,60 We anticipate that these processes are activated to
compensate for the decreased protein synthesis, sensed by the cell
(Figure S8). The combination of the global upregulation of ribosomal
protein genes and downregulation of rRNA processing indicates
decoupling of the major steps of ribosome biosynthesis in response
to the inhibition of translation initiation (Figure S8).

rRNA sequencing analysis suggested that rRNA maturation in vivo
(in the liver) and in vitro (Hepa1c1c7 cell culture) is regulated differ-
ently in response to eIF3m depletion. Our data indicate that the A’
cleavage site remained active in vivo but not in vitro (Figure 6C).
The in vivo result is in agreement with previous data, which showed
that A’ could be uncoupled from the other processing steps under
certain types of stress.48 The earliest processing site previously char-
acterized for murine rRNA precursor is located at the position A650-
U652, A656-A658 nt.48 Interestingly, we detected a gap in the 414- to
447-nt region in the case of eIF3m-depleted cells in vitro (Figure 6C;
Figure S7C). This position corresponds well to the 01 processing site
found in human 47S rRNA (C414-C416 and G420-U422) but has not
been described in a mouse pre-rRNA. This result could be explained
in two ways. The processing step could be specifically activated upon
eIF3m knockdown, which would explain why it has not been charac-
terized previously in murine pre-rRNA. It is also possible that the site
is constantly active in vitro; however, the fact that it has not been de-
tected in earlier studies argues against this possibility. Importantly, a
number of ribosomopathies are associated with the inhibition of
rRNA processing in response to depletion of the translation factors.1

Interestingly, eIF3m knockdown was associated with the induction of
the mTOR pathway in vitro, which could not be detected in vivo un-
der similar eIF3m protein levels (Figures 4A, 4B, and S5). mTOR is a
serine/threonine protein kinase that integrates signals from nutrients,
growth stimulation, and stress. It is also known to be a master regu-
lator of protein synthesis, accounting for various changes in the ribo-
some biogenesis, including rRNA synthesis and ribosomal protein
transcription and translation.62,63 Activation of mTOR in vitro is in
line with the previous data showing that inhibitors of protein synthe-
sis, such as cycloheximide, can activate mTORC1 through increased
intracellular levels of amino acids.61 The lack of mTOR activation
in the in vivo data could be associated with the slower dynamics of
eIF3m reduction. A similar level of eIF3m knockdown at the protein
level (approximately 60% protein reduction) was detected after 3 days
in vitro and 13 days in vivo (Figures 4A, 4B, and S5). It is possible that
the slower protein knockdown dynamics in vivo allows the system to
adjust to the protein expression changes without mTOR activation.

The detected differences in the rRNA processing and in mTOR
pathway activity in vitro and in vivo highlight the importance of
working with the animal models for studying different aspects of
translation regulation. Accumulating such knowledge will be impor-
tant to understand molecular mechanisms that involve dysregulation
of the protein synthesis in response to stress and diseases.

MATERIALS AND METHODS
Cell Culture

The following siRNAs were used: lead eIF3m sense, 50-uGAuAA
AGAuGuuGAAAGudTsdT-30; lead eIF3m antisense, 50-ACUU
UcAAcAUCUUuAUcAdTsdT-30; control sense, 50-cuuAcGcuGAG
uAcuucGAdTsdT-30; and control antisense, 50-UCGAAGuACUc
AGCGuAAGdTsdT-30. 20-OMe-modified nucleotides are indicated
with lowercase letters, and phosphorothioate linkages are indicated
by the letter “s.” siRNAs were formulated in LPNs, as described by
Love et al.22 Hepa1c1c7 cells obtained from ATCC were propagated
in DMEM supplemented with 10% fetal bovine serum (FBS). Cells
were transfected either with siRNA using Lipofectamine RNAiMAX
(Invitrogen) or with siRNA LNPs.

Animals

FVB/N mice were purchased from Charles River Laboratories. Study
protocols were approved by the Committee on Animal Care of MIT.
Six- to 8-week-old mice received siRNA in LNP formulations at
0.5 mg/kg via tail vein injection (intravenously [i.v.]). Blood for anal-
ysis was collected from submandibular vein via the cheek pouch
method. Factor VII activity in the blood serum was measured with
the Biophen Factor VII assay (HYPHEN BioMed). Animals were
sacrificed by CO2 overdose.

Histological and Immunohistochemical Analyses

Freshly collected liver tissues were fixed in 4% buffered paraformalde-
hyde and embedded into paraffin. Sections (5 mm thick) were sub-
jected to H&E or TUNEL staining. The EnVision System (Dako)
was used for indirect peroxidase reaction, with 3,3'-Diaminobenzi-
dine (DAB) used as a chromogen.

Electron Microscopy

The liver tissue was trimmed and fixed in 2.5% gluteraldehyde, 3%
paraformaldehyde with 5% sucrose in 0.1 M sodium cacodylate buffer
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(pH 7.4) and post-fixed in 1% osmium in veronal-acetate buffer. The
tissue was stained in block overnight with 0.5% uranyl acetate in
veronal-acetate buffer (pH 6.0) and then dehydrated and embedded
in Embed-812 resin. Sections were cut on a Leica Ultracut UCT
microtome with a Diatome diamond knife at a thickness setting of
50 nm and were stained with uranyl acetate and lead citrate. The sec-
tions were examined using an FEI Tecnai Spirit transmission electron
microscope at 80 kV.

Gene Expression Analysis by qPCR

Gene expression analysis was performed by qPCR using the Roche
LightCycler 480. Gapdh or b-actin mRNAwere used as housekeeping
gene controls. The mRNA levels were normalized to the house-
keeping gene level and to an average value in the control group.
Specific probes and primers are listed in Table S4.

RNA Sequencing and GSEA

RNA for sequencing was purified from frozen ground livers with the
use of the QIAGEN RNeasyMini Kit. Single-end RNA-seq reads were
aligned to mm10 with STAR v.2.5.3a, and gene expression was
summarized with RSEM v.1.3.0 using an Ensembl v.88 annotation.
Differential expression analysis was done using DESeq2 v.1.18.1
without fold change moderation and with Cook’s cutoff and indepen-
dent filtering turned off. The DESeq2 Wald statistics were used as the
ranking metric in pre-ranked GSEA with the KEGG gene set collec-
tion from MsigDB v.6.1 or custom gene sets prepared from proteins
found to be differentially expressed using proteomics analysis.

Ribosome Profiling

Polysome profiles were obtained from 20 mg frozen liver. The tissue
was pulverized with a ceramic mortar and pestle filled with liquid
nitrogen and then lysed using a glass Teflon Dounce homogenizer
in a lysis buffer: 20 mM Tris-HCl (pH 7.5), 100 mM KCl, 5 mM
MgCl2, 1 mM DTT, 1% Triton, 0.1 mg/mL cycloheximide. Lysate
was cleared by a 2-min spindown at 12,000� g.When the preparative
extraction of ribosome-protected fragments was required, heparin
was added to a final concentration of 800 mg/mL followed by the addi-
tion of 2 mL RNase T1 (Epicenter) and 1 h incubation at room tem-
perature with gentle agitation. Ribosome fractionation was performed
by ultracentrifugation for 3 h at 35,000 rpm in an SW41 rotor
(Beckman Coulter, Optima L-20K) at 4�C in a 10%–50% sucrose
gradient buffered with 20 mM Tris-HCl (pH 7.5), 100 mM KCl,
10 mM MgCl2, 1 mM DTT, 0.1 mg/mL cycloheximide. After
the centrifugation, gradients were passed through a UV detector
(Bio-Rad), and the absorption at 254 nm was recorded. The fraction
containing monosomes was collected in a single tube and concen-
trated to 50 mL on a 100-kDa filter (Amicon, Millipore). The concen-
trate was diluted to 600 mL with 10 mM Tris-HCl (pH 7.5), 2 mM
EDTA, 1% SDS. Total RNA was extracted by hot acid phenol (Am-
bion) and precipitated by ethanol (1/10 volume 3M sodium acetate
[pH 5.5], 1/100 volume glycogen, 2.5 volumes ethanol 100%, incu-
bated for 1 h at �20�C). RNA was loaded on a 15% Tris-borate-
EDTA (TBE)-urea polyacrylamide gel. The band at around 28–30
nt was cut, and RNA footprints were eluted and dephosphorylated
262 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
with T4 kinase (Fermentas). The sequencing library was prepared
similarly to the protocol described in the ARTseq Kit (Epicenter),
with some changes. The 30 adaptor (rApp-AGATCGGAAGAGCA
CACGTCT-ddC) was ligated to footprints with T4 ligase 2 truncated
(New England Biolabs [NEB]): 2.75 mL water, 4 mL 50% PEG 8000,
1 mL ligase buffer, 0.25 mL Superase-In, 1 mL ligase, with 3-h incuba-
tion at �25�C. After ligation, reaction was precipitated with ethanol,
and a reverse transcription was set up: 11.5 mL ligation product resus-
pended in water, 1 mL reverse transcription primer, 1 mL dNTP mix
(10 mM), with incubation at 65�C, placement on ice, and the addition
of 4 mL 5� buffer, 2 mL DTT, 0.5 mL Superase-In, and 0.5 mL Super-
Script III (Life Technologies). The reaction was kept for 30 min at
48�C, 1 min at 65�C, and 5 min at 80�C. To get rid of RNA, we added
0.8 mL of 2 MNaOH for hydrolysis and incubated for 30 min at 98�C.
The reaction mix was neutralized by 0.8 mL of 2 M HCl and precip-
itated with ethanol. The pellet was resuspended in 16.5 mL water,
and the ligation reaction was set up with the CircLigase II Kit
(Epicenter). Ribo-seq libraries were amplified by PCR with individu-
ally barcoded primers (Table S5) using Phusion polymerase (NEB).

The analysis was done with 3 replicates per condition in the case of 9-
day treatment and 2 replicates per condition in case of 13-day treat-
ment. RNA-seq on day 9 was done with single-end reads 70 nt in
length; the sequencing on day 13 was performed using paired-end
reads 50 nt in length. Between 7 and 56 million non-rRNA RNA-
seq reads and between 1.9 and 9.1 million Ribo-seq reads were map-
ped for each sample (Table S7). The RNA-seq data analysis was car-
ried out similarly to that of Andreev et al.32 The reads were clipped
with Cutadapt and aligned to the RefSeq annotated transcriptome
with Bowtie. The RefSeq annotations were downloaded on June
13th, 2016, and thereby closely correspond to release 77. For the quan-
tification of the Ribo-seq signal of protein coding genes, only those
reads were used whose inferred A’ site codon locations were mapped
to annotated CDS. For transcripts lacking annotated CDS, all the
aligned reads were used to quantify expression. The A’ site location
of footprints was inferred using a 17-nt offset from the read 50 end.
For quantification of gene RNA levels, the RNA-seq reads aligning
to all transcripts deriving from the same gene locus were used. Reads
that aligned to transcripts from more than 3 genome loci were dis-
carded, while the value of “ambiguous” reads that aligned to 2 or 3
genes was downweighed proportionally (i.e., the count of a read map-
ped to two genes was reduced by half).

The meta-gene profile was made using read alignments to the longest
transcript of each gene, transcripts with 50 leaders, and 30 UTRs shorter
than 60 nt were excluded as well as transcripts with less than 100 reads
aligned to them. The density of footprints was normalized for each
transcript by the average read density of its annotated coding region.
The normalized densities were aggregated to produce a meta-gene pro-
file. The meta-gene profile shown in Figure 2A is an average of the
meta-gene profiles for the individual replicates for each condition.

A Z-score transformation was carried out to score the likelihood that
RNA levels (RNA-seq), protein synthesis rate (Ribo-seq), or translation
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(TE) of the genes were different between the two conditions. In the
Z-score transformation, geneswerefirst binned into groups of 300 based
on the lowest read count of the RNA-seq samples as before.32 For differ-
ential expression of RNA-seq (or Ribo-seq), this is simply theminimum
RNA-seq (or Ribo-seq) read count across the two conditions. For differ-
ential expression analysis of TE, this is theminimumread count of either
Ribo-seq or RNA-seq across the two conditions. The SD and mean dif-
ference between the two conditions of the genes in each bin were then
used to calculate the Z score for each gene. The Z-score transformation
was performed independently for each replicate.

FDR Calculation

The absolute value of the average Z score was used to score the
transcript as differentially expressed:

z =

�
�
�
�
�
�
�
�

Pn=N

n= 0
Zn

N

�
�
�
�
�
�
�
�

;

where N is the number of replicates and Zn is the Z score in the repli-
cate n. We chose the threshold for calling a transcript differentially
expressed based on the empiric FDR, which we determined using
the following approach. The Z score for every gene may be character-
ized based on its direction as either positive (+) or negative (�). With
multiple replicas or tests, the direction of the Z scores of bona fide
differentially expressed genes is expected to be the same, e.g., (+/+)
or (�/�) for two replicates. However, the difference in expression
signal due to technical variation between two replicates is equally
likely to be convergent (+/+, �/�) or divergent (+/�, �/+).

The average of the absolute Z score may be defined as:

z0 =

Pn=N

n= 0
jZnj
N

:

We used this value, obtained from divergent genes as a means to es-
timate the expected distribution ofz

�
. For instance, for two replicates,

the number of divergent transcripts exceeding z0 can be used to
approximate the number of false positives among the genes deter-
mined as differentially expressed withz0equal toz

�
. This principle

can be extended to any number of replicates, as the number of conver-
gent transcripts exceeding a certain z

�
relates to the number of diver-

gent transcripts (with at least one inconsistent replicate) as 2/(2n-2)
for n replicates. Thus, the FDR for a certain threshold,z0, equals the
number of divergent transcripts withz

�
exceeding the same threshold

value multiplied by 2/(2n-2). We used an FDR of 0.05 as a threshold
of differential expression.
Measurement of the Changes in mRNA Degradation Rate in

eIF3m-Depleted Cells

3 days after the treatment with siRNA, Hepa1c1c7 cells were labeled
with 250 mM 4-sU (Sigma) for 1 h, the medium was then replaced
with a fresh one, and total RNA was extracted at two time points
(immediately after labeling with 4-sU for 1 h and 4 h after the
medium was replaced with a fresh one). 4-sU-labeled RNA was
further isolated as previously described.39 The relative amount of
labeled mRNA of the ribosomal protein genes was assessed by quan-
titative real-time PCR analysis at two time points in control and
eIF3m siRNA-treated cells. The ratio between the labeled RNA at
two time points in eIF3m knockdown compared to control cells
was quantified to assess the changes in the degradation rate.

Western Blot Analysis

Western blot analysis was performed as in the study by Bogorad
et al.23 Antibodies used for the analysis are listed in Table S6.

Proteomic and Phosphoproteomic Analyses of Liver Samples

Liver samples from 3 control and 3 eIF3m siRNA-LNP-treated mice
were lysed in 8 M urea (Sigma); protein concentration was quantified
using the Pierce BCA Protein Assay Kit. Lysates were reduced with
10 mM DTT and then alkylated with 55 mM iodoacetamide in the
dark. Proteins were digested with modified trypsin (Promega) at an
enzyme/substrate ratio of 1:50 in 100 mM ammonium acetate
(pH 8.9) at 25�C overnight. Trypsin activity was halted by the addition
of acetic acid (99.9%; Sigma) to a final concentration of 5%. Samples
were further desalted with Protea Biosciences C18 spin columns.

Peptide labeling with TMT 10plex Labeling Reagent (Thermo Fisher
Scientific) was performed per the manufacturer’s instructions. The
TMT-labeled peptide pellet was fractioned via high-pH reverse-phase
high-performance liquid chromatography (HPLC) into 15 fractions.
The fractions were vacuumed with the SpeedVac vacuum concen-
trator (Thermo Scientific Savant) to near dryness. In the case of phos-
phoproteome analysis, phosphopeptides were enriched from each of
the 15 fractions using the High-Select Fe-NTA Phosphopeptide
Enrichment Kit (Thermo Fisher Scientific) per the manufacturer’s in-
structions. Peptides were loaded on a precolumn and separated by
reverse-phase HPLC using an EASY-nLC 1000 liquid chromatograph
(Thermo Fisher Scientific) over a 140-min gradient before nanoelec-
trospray using a QExactive Plus mass spectrometer (Thermo Fisher
Scientific). The full mass spectrometry (MS) scan was followed by
tandem MS (MS/MS) for the top 10 precursor ions in each cycle
with a Normalized Collision Energy (NCE) of 34 and dynamic exclu-
sion of 30 s. Raw mass spectral data files (.raw) were searched using
Proteome Discoverer (Thermo Fisher Scientific) and Mascot v.2.4.1
(Matrix Science). Only peptides with a Mascot score greater than or
equal to 25 and an isolation interference less than or equal to 30
were included in the data analysis. The p values were quantified
with the usage of the limma package for Affymetrix microarrays.

Analysis of rRNA Biogenesis by Sequencing

RNA for sequencing was purified by phenol-chloroform extraction
from grinded livers. In the case of Hepa1c1c7 cells, RNA for
sequencing was purified with the use of the SurePrep Nuclear
RNA Purification Kit from Fisher Scientific. RNA was quantified
using the Fragment Analyzer System (Advanced Analytical
Molecular Therapy: Nucleic Acids Vol. 19 March 2020 263
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Technologies), and 1 ng total RNA was used to prepare indexed
RNA-seq libraries using the SMARTer Stranded Total RNA-
Seq - Pico Input Mammalian Kit (Takara), omitting the depletion
of ribosomal cDNA with the ZapR step. Illumina libraries were
quantified using the Fragment Analyzer and by qPCR and
sequenced on an Illumina MiSeq using 75-nt paired-end reads.
Reads were aligned to the mouse 45S rRNA precursor (GenBank:
NR_046233.2) using BWA-MEM v.0.7.12. Sequence depth at each
position was then calculated using SAMtools depth v.1.3. The depth
at each position was then normalized for sequence volume by
scaling each value to correspond to the depth per 10,000,000 total
depth for each sample. The normalized depths for each sample
group were then averaged and a ratio of Eif3m/Control was calcu-
lated for each position. Ratios were then converted to bedGraph
format and visualized with IGV v.2.3.
Data Availability

The GEO submission (GEO: GSE118395).
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