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Cross-talks between Metabolic and
Translational Controls during Beige
Adipocyte Differentiation

Daehwa Youn 1,5, Boseon Kim 2,3,5, Dahee Jeong 1,2,3,5, Ju Yeon Lee 4,
Seha Kim1, Dulguun Sumberzul1, Rehna Paula Ginting2,3, Min-Woo Lee 2,3,
Ju Hwan Song4, Ye Seul Park4, Yumin Kim 1, Chang-Myung Oh 1,
Mihye Lee 2,3 & Jun Cho 1

Whether and how regulatory events at the translation stage shape the cellular
and metabolic features of thermogenic adipocytes is hardly understood. In
this study, we report two hitherto unidentified cross-talk pathways between
metabolic and translational regulation in beige adipocytes. By analysing tem-
poral profiles of translation activity and protein level changes during
precursor-to-beige differentiation, we found selective translational down-
regulation of OXPHOS component-coding mRNAs. The down-regulation
restricted to Complexes I, III, IV, and V, is coordinated with enhanced trans-
lation of TCA cycle genes, engendering distinct stoichiometry of OXPHOS and
TCA cycle components and altering the related metabolic activities in mito-
chondria of thermogenic adipocytes. Our high-resolution description of
ribosome positioning unveiled potentiated ribosome pausing at glutamate
codons. The increased stalling is attributable to remodelled glutamate meta-
bolism that decreases glutamates for tRNA charging during pan-adipocyte
differentiation. The ribosome pauses decrease protein synthesis and mRNA
stability of glutamate codon-rich genes, such as actin cytoskeleton-
associated genes.

Thermogenic adipocytes have drawn great interest, given their spe-
cialised function of heat production and energy expenditure that are
associated with their positive effects on ameliorating obesity-related
metabolic disorders1. Thermogenic capacities of beige and brown
adipocytes are primarily linked or attributed to their cellular
morphologies andmetabolic strategies.Unlike non-thermogenicwhite
adipocytes, they harbour multilocular lipid droplets and densely
packed mitochondria to presumably provide structural benefits for
efficient energy burn and exploit uncoupled respiration from ATP
synthesis to dissipate stored energy as heat2,3. The considerable

similarities of brown and beige adipocytes, despite clear differences in
their developmental lineages, imply that potent consensus pro-
grammes are involved in the acquisition of the thermogenic adipocyte-
specific phenotypes4–6. In addition to the thermogenic characteristics,
thermogenic adipocytes have been noted due to their phenotypic
plasticities upon external stimuli, such as chronic cold exposure.
Browning of white fat for adaptive thermogenesis involves de novo
differentiation from adipocyte precursors or white-to-beige adipocyte
conversion7,8. In either route, the cells differentiating into beige adi-
pocytes undergo rapidly progressive and visually discernible changes
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in cellular morphology and metabolism, which unequivocally result
from or in considerable changes in gene expression profiles9,10.

Delineating gene regulation governing thermogenic adipocyte
differentiation may lead to an exquisite control over the thermogenic
organs and a novel therapeutic intervention against obesity and
metabolic disorders11. Numerous previous studies have attempted to
explain transcriptional and epigenetic programmes underlying beige
or brown adipocyte differentiation12–15. In addition to transcriptional
and epigenetic controls, regulatory events after mRNA synthesis, such
as translational controls, are critically involved in gene expression,
which is supported by the previous studies showing that mRNA levels
poorly correlate with protein levels in many biological contexts16,17.
However, with regard to quantitative and genome-wide description of
gene expression changes during thermogenic adipocyte differentia-
tion, a very limited number of studies were performed to estimate
alterations in translation activities or protein levels. Moreover, the
available datasets were prepared by separate experiments at different
times and in different laboratories, making them difficult to compare
with each other and to find biologically significant changes. Simulta-
neous and parallel genome-wide evaluations of mRNA translation and
protein expression along with mRNA expression will be useful to elu-
cidate hidden gene regulation underlying the development and func-
tion of the thermogenic adipocytes.

Metabolismandgene expression reciprocally regulate each other,
orchestrating cell proliferation, survival, and differentiation. Tran-
scriptional and epigenetic programs for thermogenic adipocyte dif-
ferentiation alter expressions of certain genes, such as Ucp1 and other
mitochondrial protein-coding genes, which directly modulate cellular
metabolism, including mitochondrial respiration, fatty acid oxidation,
and tricarboxylic acid (TCA) cycle18–21. Changes in metabolites and
metabolic pathways can directly or indirectly impact the transcrip-
tional and epigenetic regulation of specific genes as well. Chromatin
remodelling via DNA and histone modification that are mediated by
metabolites of glycolysis, TCA cycle, and nucleotide synthesis is such
an example22,23. Recent studies demonstrated that increase in α-
ketoglutarate level via AMPK activation mediates DNA demethylation
in the Prdm16 promoter, thereby enhancing PRDM16 expression for
beige and brown adipocyte differentiation24,25. Given that thermogenic
adipocytes require exquisite controls over variousmetabolic pathways
to fulfil their specialised role of heat production by burning fats, such
mutual interactions between metabolic and gene regulation possibly
act as effective strategies to gain thermogenic adipocyte-specific
phenotypes and functions. However, it is currently unclear whether
and howmetabolic activities and translation regulation influence each
other during thermogenic adipocyte differentiation.

In this study, we elucidate two hitherto unknown cross-talk
pathways between metabolic and translational controls underlying
beige adipocyte differentiation: selective translational down-
regulation of oxidative phosphorylation (OXPHOS) component-
coding genes and potentiated ribosome stalling at glutamate (Glu)
codons. From the simultaneous and parallel genome-wide evaluations
of translation efficiencies and protein expressions during pre-to-beige
differentiation, we found that translation activities of OXPHOS
component-codingmRNAs remarkably declined. The down-regulation
is restricted to Complexes I, III, IV, and V, which is attributable to the
attenuated translation of mitochondrial ribosomes. The relatively
higher expression of Complex II, a.k.a. succinate dehydrogenase
(SDH), harmoniseswith translational up-regulation for other TCA cycle
components, contributing to distinct stoichiometry and activities of
OXPHOS andTCA cycle inmitochondria of thermogenic adipocytes. In
addition, by virtue of high-resolution Ribo-seq data, we assessed
ribosome positions across transcripts, which unveiled potentiation of
ribosome stalling at glutamate codons. The elevated ribosome pauses
at Glu codons is attributable to altered glutamate metabolism, such as
a dramatic increase of glutamate-ammonia ligase (GLUL) which

decreases available glutamates for charging of cognate tRNAs during
pan-adipocyte differentiation. The potentiated stalling disrupts the
downstreamelongation of translating ribosomes, leading to decreases
in protein production and mRNA stability of Glu-rich protein-coding
genes, including actin cytoskeleton-associated genes. The rates of
cellular differentiation and actin cytoskeleton formation can be con-
trolled by manipulating glutamate consumption, highlighting the
impact of the metabolic change-driven regulation on adipocyte
differentiation.

Results
Genome-wide assessment of translation activities unveils atte-
nuated translation of OXPHOS complex-coding mRNAs during
beige adipocyte differentiation
In order to interrogate gene regulation at the RNA and protein levels
for cellular differentiation of WAT browning, we quantitatively and
genome-widely estimated the steady-state levels of translated RNAs
and proteins, along with total RNAs by using Ribo-seq and tandem
mass tag (TMT) mass spectrometry (MS), in parallel with RNA-seq
(Fig. 1a and Supplementary Data 1). We prepared lysates of adipocyte
lineage cells thatwere differentiating into beige adipocytes fromWAT-
derived precursors upon hormonal stimuli. To examine temporal
dynamics of gene regulation during the differentiation, the lysates
were taken at three different time points (0, 4, and 8 days post-
differentiation induction, respectively) showing differential accumu-
lation and expression of lipid droplets (Fig. 1a, left panels) and marker
genes (Supplementary Fig. 1a, Plin1 and Ucp1), respectively. A lysate of
onebiological replicate at each timepointwas commonly shared in the
construction of a single set of transcriptome (RNA-seq), translatome
(Ribo-seq), and proteome (TMT MS) to avoid the effect of source
inconsistency.

Beige adipocyte differentiation accompanies massive and drastic
accumulation ofmembranous organelles, includingmitochondria and
lipid droplets, which may disturb biochemical treatments to isolate
ribosome-associated mRNAs that are subjected to Ribo-seq library
construction. We hence optimised the Ribo-seq preparation protocol
by examining various conditions for ribosome isolation and RNase
digestion, which ensured high purities of the ribosome protected
fragments (RPFs) with ~30 nt of lengths from the differentiating cells
(Supplementary Fig. 1b). Our Ribo-seq libraries showed noticeably
improved preservation of ribosome-mRNA interactions that were
represented by coding sequence (CDS) enrichments and three
nucleotide periodicities compared to the other Ribo-seq libraries
prepared from adipocytes and adipose tissues (Fig. 1b and Supple-
mentary Fig. 1c). The movements of translating ribosomes at a single
nucleotide resolution were manifestly observable even across indivi-
dual transcripts (Fig. 1b), which enabled in-depth analyses on the
changes in ribosome positions along mRNAs that will be descri-
bed later.

The profiles of transcriptomes, translatomes, and proteomes
represent gene expression levels of threedifferent states, totalmRNAs,
translated mRNAs, and proteins, respectively, in the differentiating
cells. Principal component analyses of the three datasets revealed that
the biological replicates of each time point were clustered together,
and the clusters were segregated fromeach other, indicating that each
group reproducibly describes characteristic gene expressions of total
mRNAs, translated mRNAs, and proteins at individual time points of
the differentiation (Supplementary Fig. 1d). Although certain dissim-
ilarities were observed between sequencing- and mass spectrometry
-based estimations, the profiles of translatedmRNAs, rather than those
of total mRNAs, exhibited higher correlations with those of cognate
proteins (Supplementary Fig. 1e) in consistency with previous reports
in different biological contexts26,27, suggesting that there are at least
more than auxiliary roles of translation controls in determining protein
abundances in the differentiating cells.
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To evaluate whether translational regulation has a decisive role in
gene regulation during beige adipocyte differentiation, we selected
genes that exhibited significant increases or decreases in ribosome
densities (i.e. translation efficiencies) during the differentiation
(Fig. 1c, left panel, Supplementary Fig. 1f and Supplementary Data 2)

and compared their changes in total mRNAs, translated mRNAs, and
proteins27. Whereas the total RNA and protein level changes of these
genes exhibited noticeable discrepancies (Fig. 1c, right panels, RNA
and protein, and Supplementary Fig. 1g, upper panels), their translated
mRNA and protein levels showed corresponding increases and
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Fig. 1 | Decreaseddensity of translating ribosomesonOXPHOScomplex-coding
mRNAs during beige adipocyte differentiation. a Assessment of the steady-state
levels and changes in mRNAs, translated mRNAs, and proteins of individual genes
during the beige adipocyte differentiation to interrogate transcriptional and post-
transcriptional controls. Oil RedO staining of differentiating cellswasperformed to
track differentiation. Representative images among biological triplicates are pre-
sented. b Distribution of 5’ end of RPFs near the start and stop codons. Genes that
have themost abundantRPFs ineachdataset are shown. cVolcanoplot of ribosome
density fold change during differentiation (left) and cumulative distribution of
normalised fold change of mRNA, translated mRNA, and protein levels for genes
with decreased or increased ribosome density (ribosome density-differentially
expressed genes; RD DEGs) (right). d Gene set enrichment analysis (GSEA) with

ribosome density. Each circle represents a GO cellular component term. e Protein-
protein interaction network and heat maps displaying ribosome density fold
change of genes included in leading edge subsets from the threemost significantly
enriched terms by GSEA. f Ribosome density at each time point for each indicated
MitoCarta pathway. g Normalised fold change of mRNA, translated mRNA, and
protein levels for each indicated MitoCarta pathway. Statistical tests and tools:
edgeR for FDR-adjusted p-values of (c); GSEApy for NES and FDR-adjusted p-values
of (d); two-sided paired t-test for p-values of (f); and two-sided Kolmogorov-Smir-
nov test for p-values of (g). *p <0.05, **p <0.01, ***p <0.001. Box plots of (f, g)
include boxes that extend from first to third quartile withmedian line andwhiskers
with 1.5 x interquartile range.
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decreases to each other (Fig. 1c, right panels, RPF and protein, and
Supplementary Fig. 1g, lower panels). These results demonstrate that
translational regulation critically affects protein expressions for cer-
tain genes in the cells undergoing beige adipocyte differentiation.

We performed gene set enrichment analyses (GSEAs) using ribo-
some densities of individual genes at 4 or 8 days post-induction (4d or
8d) and those of undifferentiated controls (0d) to predict cellular and
molecular functions that are modulated by translational regulation
during beige adipogenesis (Fig. 1d, Supplementary Fig. 1h, i and Sup-
plementary Data 3). Many gene sets that were significantly enriched
(<0.1 FDR) in either pairwise comparison of 4d versus 0d or 8d versus
0d showed same direction of ribosome density changes in the other
comparison, implying that translational up- or down-regulation for the
gene sets consistently occur throughout the differentiation.We focused
on three gene sets that exhibited profoundly significant enrichments
(<10-3.5 FDR) in both comparisons: inner mitochondrial membrane pro-
tein complex (GO:0098800), respirasome (GO:0070469), and NADH
dehydrogenase complex (GO:0030964). These gene sets with negative
normalised enrichment scores are functionally related to each other and
share many component genes, suggesting that a common set of genes
involved in the gene set-representing functions are translationally
down-regulated. Protein-protein interaction (PPI) network analysis28 of
97 genes leading the enrichments indicates that most of the leading
genes (72 of 97 genes, ~74.2%) encode proteins that constitute OXPHOS
complexes, highlighting attenuated translation for OXPHOS complex
component genes during beige adipocyte differentiation (Fig. 1e).

Given that thermogenic adipocytes are characterised with dense
mitochondriawhich require active synthesis ofmitochondrial proteins
during the differentiation, this finding was unexpected and surprising.
Our RNA-seq datasets also showed potent transcriptional up-
regulation of mitochondrial coding genes (Supplementary Fig. 1j), as
with the previous transcriptome studies15,20. We then hypothesised
that translational down-regulation for OXPHOS complex component
genes possibly result in relatively lower rate ofprotein production than
other mitochondrial protein-coding genes in beige adipocytes despite
overall increases in mRNA levels by transcriptional activation
throughout the differentiation. Indeed, compared to other mito-
chondrial protein-coding genes with higher ribosome densities, such
as TCA cycle and fatty acid oxidation-related genes (Fig. 1f), protein
productions of OXPHOS complex component genes were compro-
mised (Fig. 1g). These observations support our hypothesis and indi-
cate that differential translation activities of mitochondrial protein-
coding genes can change stoichiometry ofmitochondrial components
and their related metabolic functions in the differentiating cells.

Selective translational down-regulation ofOXPHOS component-
coding genes is attributable to attenuated translation within
mitochondria
Whether and how translation of mitochondrial protein-coding mRNAs
are specifically and differentially regulated still remains elusive. One
recent study revealed that mitochondrial protein-coding mRNAs
exhibit characteristic subcellular localisation depending on their
interaction with translation machinery or RNA binding proteins by
exploiting one leading-edge technique, APEX-seq29. We exploited the
APEX-seq data to re-analyse proximities of mitochondrial protein-
coding mRNAs to outer mitochondrial membrane (OMM) upon
cycloheximide (CHX) or puromycin (PUR) treatment (Supplementary
Fig. 2b, left panel). Given that CHX stalls elongating ribosomes onto
mRNAs and PUR dissociates ribosomes from mRNAs (Supplementary
Fig. 2a), exclusive responsivenesses of OMM enrichment to CHX or
PUR treatment (Supplementary Fig. 2b, right panel) represent ribo-
some dependent and independent OMM localisation of individual
mRNAs, respectively. Mitochondrial protein-coding genes were cate-
gorised into three groups by OMM enrichment scores (Fig. 2a). Intri-
guingly, a portion of genes whose mRNAs were enriched in OMM via

ribosome-independent interactions exhibited potent translational
down-regulation during beige adipocyte differentiation (Fig. 2a, group
III). Pathway and function enrichment analysis for these genes over-
represented OXPHOS subunit and mitochondrial ribosome terms of
MitoCarta pathways (Fig. 2b), suggesting that mRNAs encoding con-
stituent proteins of these complexes are localised toOMMpossibly via
interactions with non-ribosomal RBPs. Indeed, most genes that belong
to these MitoCarta pathway terms showed OMM localisation in
ribosome-independent manner (Fig. 2c) and decreases in ribosome
densities in the cells undergoing differentiation (Fig. 1c,f and Supple-
mentary Fig. 2c).

The electron transfer chain of OXPHOS is composed of five dis-
tinct complexes in the inner mitochondrial membrane. We compared
magnitudes of translational down-regulation for the genes encoding
component proteins of the five complexes by estimating fold changes
in ribosome densities (Fig. 2d and Supplementary Fig. 2d). Notably,
translational suppression of Complex II protein-coding genes was
hardly detected while the other complex component-coding genes
evidently exhibited attenuated translation in the differentiating cells.
These results imply that protein synthesis for Complex II is relatively
more active than the other OXPHOS complexes during beige adipo-
cyte differentiation, which possibly leads to faster and higher accu-
mulation of Complex II than the other complexes in the differentiating
cells. In agreement with the prediction, our proteome datasets
revealed that the protein level changes of Complex II genes were
higher than those of genes of other complexes (Fig. 2e), and the pro-
portion of Complex II proteins among all OXPHOS complex proteins
increased from ~6.4 % on day 0 to ~12.8 % on day 8 of the differentia-
tion (Fig. 2f).

One noteworthy feature of Complex II is that its component
proteins are entirely encoded by nuclear DNA (nDNA), whereas the
other complexes are composed of proteins encoded bymitochondrial
DNA (mtDNA) as well as nDNA. We noted that the intensities of
translational suppression for the component genes of Complex I, III,
IV, and Vweremuch strongerwhen they are encoded bymtDNA rather
than nDNA (Fig. 2d, g). mRNAs transcribed from the mitochondrial
genome are translated by mitochondrial ribosomes within the orga-
nelles, and it has been previously reported that mitochondrial trans-
lation is synchronised with cytosolic translation30,31 and suppression of
mitochondrial translation reduces cytosolic translation via an Atf4-
dependent cascade32. Given these previous findings and our data
showing the more pronounced translational suppression of mtDNA-
encoded genes (Fig. 2g) and translation inhibition of mitochondrial
ribosome genes (Fig. 2a,c and Supplementary Fig. 2c), we hypothe-
sised that attenuation of mitochondrial translation possibly leads to
the selective translational suppression of OXPHOS Complex I, III, IV,
and V component genes during beige adipocyte differentiation
(Fig. 2i). The analyses of our transcriptome, translatome andproteome
datasets indicated significantly lower expression of genes that are
involved in mitochondrial translation activities, compared with other
mitochondrial function-relatedgenes, supporting this scenario (Fig. 2h
and Supplementary Fig. 2e). To validate our hypothesis, we treated the
differentiating cells with chloramphenicol, an inhibitor of mitochon-
drial translation, and evaluated the abundances of OXPHOS complex
proteins via western blotting (Fig. 2j). Upon chloramphenicol treat-
ment, MTCO1, one of the mitochondrial genome-encoded proteins,
showed obvious decreases, indicating successful inhibition of mito-
chondrial ribosome activities. Surprisingly, protein levels of NDUFB8,
UQCRC2, and ATP5A (Complex I, III, and V component proteins,
respectively) noticeably decreased upon the treatment, though their
cognate mRNAs are translated by cytosolic ribosomes that are not
targeted by chloramphenicol. In contrast, SDHB, a component protein
of Complex II, did not show a significant difference upon the treat-
ment. Taken together, these results demonstrate that suppression of
mitochondria translation can attenuate protein expressions of not
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onlymitochondrial genes but also nuclear genes of Complexes I, III, IV,
and V in coordinated manner, without affecting expression of Com-
plex II component-coding genes devoid of mitochondrial origins.

Differential translation of OXPHOS- and TCA cycle-associated
genes contribute to thermogenic adipocyte-specific mitochon-
drial activities
Given that thermogenic and non-thermogenic adipocytes have
distinguishably different metabolic activities that are associated
with mitochondria, we wondered whether the selective transla-
tional controls of OXPHOS complex genes manifest during dif-
ferentiation towards the other types of adipocytes. We estimated
ribosome density changes of OXPHOS component-coding genes

from the translatome and transcriptome data of the cells differ-
entiating into brown and white adipocytes33 (Supplementary
Fig. 3a). Interestingly, brown adipocytes exhibited translational
down-regulation for the genes encoding component proteins of
Complexes I, III, IV, and V, as with beige adipocytes, whereas
white adipocytes showed even up-regulation for these genes
(Fig. 3a, upper panels). Translation efficiencies of Complex II
protein-coding genes were slightly enhanced or not altered in
brown adipocytes while moderately declined in white adipocytes
(Fig. 3a, lower panels, SDH). These results imply that attenuated
translation of the genes encoding component proteins of
OXPHOS complexes with mitochondrial origins is likely to be
characteristic gene regulation of thermogenic adipocytes.
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Complex II is a bifunctional enzyme that is involved in the succi-
nate dehydrogenation of TCA cycle as well as electron transfer of
OXPHOS. We noted that the genes encoding constituent proteins of
the other TCA cycle enzymes exhibited enhanced translation activities
in thermogenic adipocytes compared to white adipocytes (Fig. 3a,
lower panels). Given that both OXPHOS and TCA cycle-associated
genes are transcriptionally up-regulated in the cells differentiating into
all types of adipocytes (Supplementary Fig. 3a, b), we hypothesised
that the selective translational down-regulation of OXPHOS-associated
genes and the overall translational up-regulation of TCA cycle-
associated genes can alter the balances between the steady state
levels of the proteins of OXPHOS and TCA cycle in thermogenic adi-
pocytes, by adding another layer of differential gene expressions after
the transcriptional changes. Indeed, when we normalised the RNA and
RPF level changes of the TCA cycle and Complex II component-coding
genes with those of the gene encoding constituent proteins of Com-
plex I, III, IV, and V, the normalised RNA level changes of the TCA cycle-
associated genes did not show noticeable differences among all types
of adipocytes, but the normalised RPF level changes exhibited evident
increases only in thermogenic adipocytes (Fig. 3b), supporting the
scenario.

We, therefore, examined whether protein expressions of the
OXPHOS and TCA cycle-associated genes follow the patterns of
translational controls in thermogenic adipocytes and white adipo-
cytes. To exclude the effect of overall transcriptional up-regulation of
mitochondrial protein-coding genes, we isolated mitochondria from
fully differentiated beige and white adipocytes and estimated protein
levels of OXPHOS complexes from equal amounts of the mitochon-
drial lysates. Mitochondria of beige adipocytes showed a higher ratio
of Complex II protein (SDHB) relative to other OXPHOS proteins, as
compared with those of white adipocytes (Fig. 3c and Supplementary
Fig. 3d), which is in line with our aforementioned results demonstrat-
ing that selective translational attenuation of OXPHOS component-
coding genes can induce larger increases of Complex II proteins during
thermogenic adipocyte differentiation (Fig. 2j). Additionally, we
assessed the expression levels of other OXPHOS component proteins
and TCA cycle enzyme proteins by analysing the proteomes of beige,
brown, and white adipocytes34. The result showed higher percentages
of Complex II proteins among all other OXPHOS proteins in beige and
brown adipocytes compared towhite adipocytes (Fig. 3d), augmenting
our hypothesis. As for the comparison of TCA cycle proteins, given
overall increases of mitochondrial proteins in thermogenic adipocytes
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(Supplementary Fig. 3e), we normalised the protein abundances of the
TCA cycle-associated genes with those of whole mitochondrial
protein-coding genes. The result indicated that beige and brown adi-
pocytes had higher proportions of TCA cycle-related proteins among
all mitochondrial proteins than white adipocytes (Fig. 3e and Supple-
mentary Fig. 3f). Taken together, the relative protein levels of OXPHOS
and TCA component genes between thermogenic and non-
thermogenic adipocytes correspond to the differences between their
translation controls of the genes.

We reasoned that thedifferent stoichiometryofOXPHOSandTCA
cycle components in mitochondria of thermogenic adipocytes can
endow distinct activities of metabolic functions the components are
involved in. To examine the possibility, we evaluated enzyme activities
for NADH (1,4-Dihydronicotinamide adenine dinucleotide) oxidation
and succinate dehydrogenation of Complex I and II, respectively, from
beige and white adipocytes. As with the western blots, the enzyme
activity assays were performed using equal amounts of mitochondrial
lysates to exclude the effects of overall increases of mitochondrial
proteins in thermogenic adipocytes.Mitochondria of beige adipocytes
exhibited much higher activities of succinate dehydrogenation by
Complex II, as comparedwith thoseofwhite adipocytes (Fig. 3f). Given
that succinate dehydrogenation is one of key biochemical reactions of
TCA cycles, this result supports that relatively higher expressions of
TCA cycle proteins can lead to enhanced TCA cycle activities in indi-
vidual mitochondria of thermogenic adipocytes. NADH oxidation
activities of mitochondria from beige adipocytes were significantly
lower than those from white adipocytes (Fig. 3g), which suggests that
the activities of certain biochemical reactions of OXPHOS per mito-
chondrion can be attenuated by the relatively lower expressions of
corresponding OXPHOS components. Complex II, a bifunctional
enzyme acting as succinate hydrogenase as well, is presumably
exempted from the translational down-regulation mediated attenua-
tion of OXPHOS activities during beige adipocyte differentiation. This
unequal regulation possibly works as an elaborate strategy to keep
relatively higher activities of TCA cycles in mitochondria of thermo-
genic adipocytes versus those of non-thermogenic adipocytes (Fig. 3i).
In agreement with this postulation, mitochondria isolated from beige
adipocytes exhibited higher activities of Complex II/SDH relative to
those of Complex I, as compared with white adipocytes (Fig. 3h).
Moreover, it has previously been shown that extracellular succinates
are rapidly metabolised by thermogenic adipocytes, and their oxida-
tionbySDH is required for activationof thermogenesis19. The relatively
larger increase in the amount and activity of Complex II/SDH per
mitochondrion is likely a strategy to cope with that circumstance.

Ribosome stalling at glutamate codons is potentiated during
adipocyte differentiation
Our Ribo-seq datasets detected the precise information of ribosome-
mRNA interactions at single nucleotide resolution even from indivi-
dual transcripts (Fig. 1b), which enabled a thorough investigation into
fine positions of ribosomes across mRNAs. A-site positions of ribo-
somes that are determined by the offset subtraction from individual
RPFs can be exploited to identify ribosome stalling in the middle of
translational elongation35–37. We evaluated ribosome pauses that were
determined by aggregations of RPF tags in our datasets (Fig. 4a, left
panel) and noted that ribosome stalling became intensified as the
differentiation proceeded (Fig. 4a, right panel). Surprisingly, cate-
gorising the ribosome pauses according to amino acid codons at
A-sites revealed a prominent elevation of ribosome stalling at gluta-
mate (Glu) codons in the differentiating cells (Fig. 4b, d, Supplemen-
tary Fig. 4a and Supplementary Data 4): GAA and GAG codons
encoding glutamate exhibited the most pronounced increases in
stalling on day 4 and8of the differentiation, with the extent noticeably
stronger at GAA codon thanGAG codon (Fig. 4b, c and Supplementary
Fig. 4b). We then exploited a statistical metric used in Stein et al.’s

study37 to investigate specific codons exhibiting ribosome pauses
during the differentiation. The number of codonswith ‘differentiation-
dependent stalling’ increased on day 4 and day 8, and Glu codons
comprised the largest portions of them (Fig. 4e and Supplementary
Data 5). These results demonstrate that the increases in ribosome
pauses at Glu codon are predominant over those at other codons
during beige adipocyte differentiation.

To examinewhether and how the potentiated ribosome stalling at
Glu codons affect translation elongation, we analysed movements of
elongating ribosomes around Glu codons via meta-gene alignments of
RPF tags (a.k.a. diricore analysis38) using our Ribo-seq datasets. Nota-
bly, ribosome occupancies exhibited dramatic surges at Glu codons in
both comparisons of day 4 or 8 versus day 0 (Fig. 4g and Supple-
mentary Fig. 4c, d), describing that elongating ribosomes get stuck
when they confront Glu codons in the differentiating cells. Moreover,
ribosome occupancies across the downstream region of Glu codons
markedly declined in the comparisons, indicating compromised
elongation of ribosomes passing through Glu codons. The signatures
of impediment of ribosomeelongationweremost pronounced around
Glu codons, though aweaker extent of enhanced stallingwas observed
around other amino acid codons, such as aspartate (Fig. 4f, g). The
hindered movement of elongating ribosomes at Glu codons was
observable even at individual transcript levels. For example, RPF tags
aligned to Tef locus exhibited a substantial surge around the Glu
codon, followed by noticeable decline in the downstream region on
day 8 (Fig. 4h and Supplementary Fig. 4e). All these results collectively
point to elevated stalling of ribosomes preferentially at Glu codons,
hindering downstream movement of the ribosomes in the cells dif-
ferentiating into beige adipocytes.

We next assessed whether the potentiated ribosome stalling at
Glu codons was observed in other types of adipocytes by re-
analyzing the Ribo-seq data in Martinez et al.’s study34. In spite of
smaller numbers of the identified stalling sites due to the relatively
lower depth and preservation of ribosome protected fragments
(Fig. 1b), Glu codons exhibited the most pronounced ribosome
stalling in brown and white adipocytes, which is similar to our
observations in beige adipocytes (Fig. 4i, left and middle panels and
Supplementary Fig. 4f). Notably, aspartate (Asp) codons showed
comparable degrees of ribosome pauses to Glu codons in white
adipocytes. To validate the preferential stalling at Glu codons in
in vivo context, we examined ribosome stalling at amino acid codons
in inguinal WATs (iWATs) that were exposed to cold temperature39.
Despite a preference for Asp codons comparable to that for Glu
codons, which is possibly attributed to white adipocytes comprising
a proportion of the tissue13,40, Glu codons still exhibited most pro-
minent ribosome pauses (Fig. 4i, right panel and Supplementary
Fig. 4f). These results demonstrate that the potentiated ribosome
stalling at Glu codons manifests in other types of adipocytes and
adipose tissues, suggesting that the elevation of ribosome pauses is
possibly attributed to a common mechanism that three different
types of adipocytes share.

Potentiated ribosome stalling at Glu codon is attributable to
remodelled glutamatemetabolism, including potent increase of
GLUL in adipocytes
Given that translation elongation involves incorporation of aminoacyl-
tRNAs that are specified by codons of mRNA into ribosomes, we
hypothesised that the elevated rates of ribosomestalling atGlu codons
in the differentiated adipocytes are caused by diminished supply of
glutamyl-tRNAs (Glu-tRNAs). The expression levels of glutamyl-prolyl-
tRNA synthetase (Eprs1) did not show remarkable changes in our
datasets (Supplementary Fig. 5a), indicating that theGlucodon-stalling
is unlikely a direct outcome of altered expression of the aminoacyl-
tRNA synthetase. Supply and steady-state level of aminoacyl-tRNA are
affected by availability and cellular level of cognate amino acid.
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Moreover, it has been reported that intracellular depletion of certain
amino acids resulted in ribosome pauses on the cognate codons in
diverse biological contexts38,41–43. We hence assessed the expression
changes of genes that are involved in glutamate metabolism during
beige adipocyte differentiation (Fig. 5a and Supplementary Fig. 5a).
The glutamate metabolism-associated genes exhibited considerable
changes, indicating extensive remodelling of glutamatemetabolism in
the differentiating cells. We noted the most dramatic increase of Glul
and moderate decrease of Gls, genes encoding glutamate-ammonia
ligase (GLUL) and glutaminase (GLS) that converts glutamate (Glu)
to glutamine (Gln) and Gln to Glu, respectively. Given that the
other glutamate metabolism-associated genes can contribute to
intracellular glutamate increase and decrease reversibly, the increase
of GLUL and decrease of GLS had us speculate Glu to Gln conversion is

accelerated in the differentiating cells, diminishing available gluta-
mates for other uses, such as Glu-tRNA synthesis.

To examine this scenario, we estimated the relative ratios of
intracellular glutamate versus glutamine during the differentiation via
a bioluminescence assay that detects glutamate/glutamine-mediated
NADH production. The ratios of glutamate to glutamine exhibited
noticeable decreasesonday4 and8 (Fig. 5b), supporting enhancedGlu
to Gln transition during the differentiation. The quantification of
intracellular concentrations of Glu and Gln revealed decrease of Glu
and increase of Gln in the differentiating cells, respectively (Supple-
mentary Fig. 5c). The inhibition of GLUL/Glul using methionine sul-
foximine (MSO), a chemical GLUL inhibitor, and siRNA targeting Glul
mRNA (siGlul) increased the ratios of Glu relative to Gln (Fig. 5b and
Supplementary Fig. 5c–f), underscoring the impact of GLUL in
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tissue.
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determining intracellular levels of glutamate and glutamine during
adipocyte differentiation. Given that intracellular decrease of a specific
amino acid can directly compromise efficient charging of the amino
acid onto cognate tRNA, we performed tRNA charging assay38,44 and
northern blot to evaluate the ratios between amino-acylated and free
forms of glutamate tRNA (tRNAGlu) in the differentiating cells. Both
results indicated reduction of glutamate-conjugated (amino-acylated)
forms during the differentiation (Fig. 5c, d). These results collectively
support our hypothesis that a decrease in net glutamate level caused
by augmented Glu to Gln conversion leads to an inefficient supply of
Glu-tRNAs during beige adipocyte differentiation.

We next examined whether hindering glutamate supply impedes
protein synthesis of Glu codon-containing transcripts. To monitor
protein production, we constructed reporter plasmids that harbour
multiple Glu codons or Ala codons upstream of green fluorescence
protein (GFP)-coding sequences (Fig. 5e, top panels). We transfected
3T3-L1 adipogenic precursor cell lines with the reporter plasmids, and
then estimated GFP signals from individual cells upon treatment with
BPTES, a GLS inhibitor, to decrease intracellular glutamate by blocking
glutamate synthesis. GFP signals from the reporter genes with Glu
codons not with Ala codons were attenuated (Fig. 5e, bottom panels)
upon the GLS inhibition, supporting that translation of Glu codon-
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containing mRNAs can be preferentially hampered by intracellular
glutamate decrease.

Given that the potentiated ribosome stalling at Glu codons was
commonly observed in white and brown adipocytes as well as beige
adipocytes, we wondered whether the alteration of glutamate meta-
bolism including enhanced Glu to Gln transition, is preserved in the
other types of adipocytes. We hence assessed expression changes of
Glul, Gls, and other glutamate metabolism-associated genes during
white and brown adipocyte differentiation33. The genes exhibited
considerably similar patterns of up- or down-regulation in white and
brown adipocytes (Fig. 5f and Supplementary Fig. 5b), demonstrating
that the remodelling of glutamate metabolism commonly occurs
during differentiation into all types of adipocytes. To investigate
whether this finding is recapitulated in in vivo contexts, we exploited
single-cell transcriptomic data of iWAT45. We examined expression
levels of the glutamate metabolism-associated genes in adipocyte
precursors and adipocytes within tissue microenvironments (Fig. 5g
and Supplementary Fig. 5h, i). Glul and Gls expressions were con-
siderably higher and moderately lower respectively in the adipocyte
population compared to those in the precursor population, support-
ing a bias toward Glu to Gln conversion in mature adipocytes in the
in vivo environment.

To evaluate the impact of the enhanced Glu to Gln conversion on
adipocyte differentiation, we estimated expression levels of differ-
entiation marker genes in the cells undergoing beige adipocyte dif-
ferentiation when the GLUL-mediated conversion is dampened. Upon
treatment with MSO (Fig. 5h) and siGlul (Supplementary Fig. 5g) to
decrease intracellular GLUL activities, marker genes of common and
thermogenic adipocyte markers, such as Pparg2, Fabp4, Adipoq, Ucp1,
and Cox8b exhibited significantly compromised expressions during
the differentiation. In addition, supplementation of glutamates for the
differentiating cells not only recovered the decreased Glu to Gln ratio
(Supplementary Fig. 5j) but also dampened the expression of the
marker genes (Supplementary Fig. 5k). These results demonstrate that
reversing the direct outcome of Glul up-regulation, intracellular glu-
tamate reduction, can retard or attenuate the acquisition of adipocyte
phenotypes, underlining the importance of Glu to Gln transition by
GLUL for adipocyte differentiation.

Glutamate-rich protein-coding genes exhibit decreases in pro-
tein synthesis and mRNA stabilities during adipocyte
differentiation
The diminished associations of ribosomes following their intensified
pauses at Glu codons (Fig. 4g and Supplementary Fig. 4c, d) imply that
the stalling leads to inefficient translation of mRNAs harbouring Glu
codons. This interpretation is supported by attenuated protein
expression of GFP reporter genes that contain multiple glutamate
codons upon the blockage of glutamate synthesis (Fig. 5e). To inves-
tigate whether the scenario is valid for endogenous mRNAs, we first

categorised genes according to glutamate codon frequencies in their
CDS sequences (Glu enrichment rank). Gene sets harbouring higher
Glu enrichment ranks showedmore frequent ribosome stalling on day
4 and 8 of the differentiation (Fig. 6a and Supplementary Fig. 6a),
demonstrating that Glu codons play a prominent role in provoking the
ribosome pauses in the differentiating cells. We next examined whe-
ther the endogenous transcripts containing Glu codons exhibit com-
promised protein synthesis by assessing protein level changes of the
corresponding proteins in the proteome datasets. To minimise the
effects of RNA level changes, we separated the categorised genes into
three groups with similar RNA level changes (average normalised RNA
logFC: -0.85 ~ -0.25; -0.25 ~ 0.25; and 0.25 ~ 0.85). Within each group,
negative correlations between Glu codon enrichments and protein
level changes on both day 4 and day 8 versus day 0 were observed
(Fig. 6b and Supplementary Fig. 6b), demonstrating that genes with
more Glu codons showed more attenuated protein production in the
differentiating cells. Given that the RNA level changes did not show
noticeable positive or negative correlation with the Glu enrichment
ranks within each group, the attenuated protein production for Glu-
codon containing genes was unlikely attributed to RNA level changes.
Taken together, these results indicate that Glu codon-rich genes have
preferential increases in ribosome stalling and decreases in protein
production during the differentiation, underpinning the stalling-
mediated translational inhibition of Glu codon-rich mRNAs.

Despite no significant correlation between RNA level change and
Glu codon enrichment of the genes with narrow ranges of RNA level
changes (Fig. 6b and Supplementary Fig. 6b), we observed weak but
clear negative correlations (r≈ -0.9) when the comparisons were
extended to the entire range of RNA level changes (Fig. 6c and Sup-
plementary Fig. 6c). These observations suggest that the ribosome
stalling may possibly affect mRNA stabilities as well as translation
activities of the Glu codon-containing transcripts in the differentiating
cells. It has previously been reported that mRNA surveillance pathway
(No-Go Decay) induces degradation of mRNAs harbouring stalled
ribosomes46–50. To examine the enhanced decay of Glu codon-rich
mRNAs, we took advantage of our RNA-seq libraries that were pre-
pared by rRNA subtraction method, providing sequencing reads from
pre- and mature- mRNAs. According to Alkallas et. al.’ s method51, we
evaluated mRNA stability changes using discrepancies between exon-
and intron-mapped reads, by separating stability- and transcription-
driven RNA level changes during the differentiation (Supplementary
Fig. 6 d and Supplementary Data 6). The estimated mRNA stability
changes successfully detected elevated mRNA decay by miR-196a, a
microRNA known to be involved in beige adipogenesis52, validating
the efficacy of this estimation (Supplementary Fig. 6e). Notably, the
gene sets with higher Glu enrichment ranks exhibited larger decreases
in RNA stability on day 4 and day 8 (Fig. 6d), indicating that mRNA
decay of Glu codon-rich genes was accelerated in the differentiat-
ing cells.

Fig. 5 | Decreases in intracellular glutamate levels and glutamate tRNA char-
ging during adipocyte differentiation. a Diagram showing how GLS, GLUL,
GLUD1, GOT1, GOT2, GPT2, BCAT1, and BCAT2 mediate glutamate metabolism
(top) and bar plots depicting their expression changes during beige adipocyte
differentiation (bottom). Replicate N = 3 for each bar. b Glutamate to glutamine
ratio during beige adipocyte differentiation with or without treatment of methio-
nine sulfoximine (MSO), a glutamine synthetase (GLUL) inhibitor. Replicate Nnon-

MSO = 3, NMSO= 2. c Changes in the ratios of charged versus uncharged tRNAs were
measured in preadipocytes and beige adipocytes using a qPCR-based tRNA ami-
noacylation assay. Primers specific to tRNAGly(TCC), tRNAGln(CTG), and tRNAGlu(TTC) were
used. Replicate N = 3. d Assessment of tRNAGlu(TTC) charging. Top panel shows
northern blot of tRNAGlu(TTC) with deacylated sample (left) and lysates of 0 day
(middle)or 8days (right) of beige adipocyte differentiation. Bottompanel shows 5S
and 5.8S rRNA stained with SYBR Gold. Representative images among three

replicates are shown. e Schematic of the reporter assay for the doxycycline indu-
cible Glu or Ala codon-rich EGFP expression (top) and flow cytometry results of
3T3-L1 cells showing changes in EGFP expression of the reporters whether dox-
ycycline and BPTES treatment. (bottom). Replicate N = 3. f Bar plots displaying
expression changes of genes involved in glutamate metabolism during white and
brown adipocyte differentiation. Replicate N = 2. g A heat map showing single-
nucleus expression of indicated genes in ASPCs or adipocytes. Each column of the
heat map represents one nucleus, and columns are grouped into ASPCs (left) and
adipocytes (right). h qRT-PCR results showing relative mRNA levels of adipogenic
and thermogenic markers under differentiation with or without MSO treatment.
Replicate NPparg2,Fabp4,Adipoq= 6, NUcp1,Cox8b= 2. Statistical tests: two-sided unpaired
t-test for p-values of b, h; and two-sided paired t-test for p-values of c, e. *p <0.05,
**p <0.01, ***p <0.001, NSmeans ‘not significant’. Bar plots of a–c, e–g are shownas
mean (SD). Source data are provided as a Source Data file.
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Given the differential decreases in protein production and
mRNA stabilities of individual genes that are correlating with the
enrichments of Glu codons, we tried to find cellular and molecular
functions that sensitively respond to the potentiated stalling at Glu
codons. To this end, we performed pathway and function enrichment
analyses for the genes encoding Glu-rich proteins and exhibiting
substantial increases in ribosome stalling in the differentiating cells.

Interestingly, the result overrepresented multiple GO terms asso-
ciated with cytoskeletal structures, especially actin cytoskeleton
(Fig. 6e and Supplementary Data 7), suggesting that the expressions
of genes that are involved in cytoskeletal structures and organisa-
tion, such as actin filament formation, are sensitively affected by the
stalling at Glu codons. Indeed, cytoskeleton and actin-related genes
exhibited decreases inmRNA stability and protein production during
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Fig. 6 | Promotion of cytoskeleton disassembly during adipocyte differentia-
tion by decreased protein production and mRNA stability of Glu-rich protein-
coding genes. a Correlation between glutamate enrichment and ribosome stalling
occurrence. Genes were ranked by glutamate proportion of protein they code and
binned into 10 groups. Percentage of transcripts with at least one significantly
increased stalling site was calculated for each group. b A scatter plot displaying
protein expression change relative to RNA expression change for groups with
different glutamate enrichment. Genes exhibiting RNA level changes in specific
ranges (bottom: from −0.85 to −0.25, middle: from −0.25 to 0.25, top: from 0.25 to
0.85 of normalisedRNA logFC) were grouped, and the average normalised logFCof
RNA (grey) and protein (red) were calculated. c A scatter plot showing RNA and
protein expression changes of groups with different glutamate enrichment. For
each group, the average normalised logFC of RNA (grey) and protein (red) were
calculated. d mRNA stability change of groups with different glutamate enrich-
ment. e Gene list enrichment analysis of genes with significantly increased stalling

sites at 8 d, included in the top 10% glutamate enrichment group. f Scatter plots
showing stalled transcript percentage, average RNA log2FC, and average protein
log2FCof cytoskeletonand actin-relatedgene sets. Distributionof other gene sets is
displayed by contour plots. g, h Immunofluorescence images of F-actin (binary and
red), PLIN1 (green), and nucleus (blue) in 3T3-L1 cells during beige adipocyte dif-
ferentiation g or 2 days post-differentiation induction with or without BPTES h.
i qRT-PCR results showing relative mRNA levels of adipogenic and thermogenic
markers in beige and white adipocytes differentiated with or without cytochalasin
D treatment. Replicate N = 3. Statistical tests and tools: two-sided linear least-
squares regression for p-values of a–c; GSEApy for odds ratio and FDR-adjusted p-
values of (e); and two-sided unpaired t-test for p-values of (i). *p <0.05, **p <0.01,
***p <0.001. Shadingsofa,b, c represent confidence intervals (CI). Ford, the centre
and radii of ellipses representmean and standard error. Bar plots of (i) are shown as
mean (SD). Source data are provided as a Source Data file.
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beige adipocyte differentiation (Fig. 6f). Actin-associated cytoskele-
tal structures are known to be disassembled during non-thermogenic
adipocyte differentiation, and actin depolymerisation has been
reported to enhance adipogenesis53–55, but the upstream mechanism
underlying the disassembly process still remains elusive. We
observed that actin proteins were densely polymerised in adipocyte
precursors, and the polymerized structures were dismantled during
beige adipocyte differentiation (Fig. 6g). Interestingly, blocking
glutamate synthesis with BPTES treatment accelerated depolymer-
isation of the actin structures in the differentiating cells (Fig. 6h).
Given that BPTES treatment diminished protein production of the
Glu codon containing genes (Fig. 5e), the disassembly of actin
cytoskeleton is possibly attributed to ribosome stalling at Glu codons
of actin-associated protein-coding mRNAs. Lastly, we examined
whether the depolymerisation of actin cytoskeleton enhances ther-
mogenic adipocyte differentiation. Upon cytochalasin D treatment
to disrupt actin polymerisation, adipogenic cells differentiating into
beige adipocytes exhibited increases in their expressions of differ-
entiation markers, as with the cells differentiating into white adipo-
cytes (Fig. 6i). Taken together, these results suggest that
manipulating glutamate metabolism can control pan-adipocyte dif-
ferentiation possibly via disassembly of actin cytoskeletal structures
by the stalling-mediated gene down-regulation.

Discussion
Although a number of previous studies have delineated tran-
scriptional and epigenetic controls for thermogenic adipocyte
differentiation12–15,56, post-transcriptional regulation underlying
the cellular differentiation is less thoroughly understood. We
provide the first single source-originated profiles of total RNA,
translated RNA, and protein levels during beige adipocyte dif-
ferentiation, which will be a valuable resource to study how gene
regulations at the mRNA and protein levels shape gene expres-
sions for the phenotype acquisition of thermogenic adipocytes,
given the difficulties in comparing separately-constructed tran-
scriptomes, translatomes, and proteomes of adipocytes and pre-
adipocytes in the previous studies. Moreover, high-resolution
profiles of well-preserved mRNA-ribosome interactions will
enable further investigations into previously unknown gene reg-
ulation at translational elongation step and unidentified peptide
coding regions that are authentically translated by ribosomes.

Given that thermogenic adipocytes have distinct cellular meta-
bolisms such as uncoupled respiration, to perform their specialised
roles of heat production by burning calories, it is not surprising that
gene regulation and metabolic controls reciprocally influence each
other for thermogenic adipocyte differentiation. Uncoupled respira-
tion by UCP1 expression and demethylation of Prdm promoter by
increase in α-ketoglutarate are such examples24,25. However, it still
remains elusive whether and how translational regulation of specific
genes modulates a certain metabolic pathway for the differentiation
process and vice versa. In this study, we unveiled two previously-
unreported cross-talk pathways between translational and metabolic
controls during beige adipocyte differentiation: selective translational
down-regulation of OXPHOS component-coding genes and increased
ribosome pausing at glutamate codons (Fig. 7). The former one results
in metabolic changes in thermogenic adipocytes, whereas the latter
one results from altered metabolism during adipocyte differentiation.

Thermogenic adipocytes are featured with an abundant popula-
tion of mitochondria, which is presumably driven by potent and
overall transcriptional up-regulation of mitochondrial protein-coding
genes. By virtue of the elevated transcription, OXPHOS and TCA cycle
component proteins exhibit increases as well in a view of an individual
cell. Our study suggests that there is an additional layer of gene reg-
ulation at the translation stage that engenders differential expressions
of the mitochondrial protein-coding genes. Translational down-

regulation of OXPHOS complexes except Complex II results in smal-
ler increases of these complexes while a larger increase of Complex II
in thermogenic adipocytes (Fig. 7), as shown in the analyses of our
translatome and proteome data. The selective attenuation of protein
synthesis for Complexes I, III, IV, and V is attributable to weakened
mitochondrial translation in the differentiating cells. It has been pre-
viously reported that a cross-talk betweenmitochondrial and cytosolic
translation enables coordinated synthesis of subunits derived from
different origins, serving as a quality control mechanism to ensure the
proper assembly of OXPHOS complexes30,31. Our study reveals that the
strategy can be exploited for the phenotype acquisition of thermo-
genic adipocytes.

The higher proportion of Complex II among other complexes
underpins different stoichiometry among OXPHOS complexes in a
view of an individual mitochondrion in thermogenic adipocytes.
Given that Complex II/SDH acts as an essential component of TCA
cycle, the relatively higher expression of Complex II genes may
provide metabolic benefits for thermogenic adipocytes to perform
their role in burning calories through the enhanced activity of TCA
cycle. Acetyl-CoAs yielded by active fatty acid oxidation in thermo-
genic adipocytes need to be effectively consumed by TCA cycle to
produceNADH anddihydroflavine-adenine dinucleotide (FADH2) for
OXPHOS57. Our observation of translational up-regulation of TCA-
associated genes during beige and brown adipocyte differentiation
also supports this scenario. On the other hand, Complex II, succinate
hydrogenase, may solely provide a benefit for thermogenic adipo-
cyte metabolism. Previous studies reported that extracellular succi-
nates significantly contribute to thermogenic respiration in brown
adipose tissue via their oxidation by SDH19. The relatively larger
increases of Complex II may be for priming the cells to cope with the
situation.
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Fig. 7 | Model of reciprocal regulation between metabolism and translation
during beige adipocyte differentiation. During beige adipocyte differentiation,
OXPHOS complexes and TCA cycle components are differently regulated at
translation level, leading to distinct stoichiometry and altering the related meta-
bolic activities in mitochondria. On the other hand, elevated glutamate consump-
tion causes potentiated ribosomepausing at glutamate codons, decreasing protein
synthesis and mRNA stability of glutamate codon-rich genes such as actin
cytoskeleton-associated genes.
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While OXPHOS complexes play essential roles in ATP generation
by running electron transfer chains, they produce reactive oxygen
species (ROS), especially via electron leakage at Complexes I and III.
Excessive accumulation of ROS impinges on mitochondrial function
and homoeostasis, leading to damages on various cellular processes58.
Given that thermogenic adipocytes harbour densely packed mito-
chondria for uncoupled respiration, the attenuated increase in
OXPHOS complexes by translational down-regulationmay possibly be
a strategy for the cells to circumvent the mitochondrial stresses. Fur-
ther investigation is needed to explain how mitochondria in thermo-
genic adipocytes monitor or cope with ROS stresses while they are
actively runningOXPHOS for heat production andenergy expenditure.

Inadequate tRNA charging and ribosome stalling have been
observed in several pathological contexts including leukaemia and
kidney cancer, as well as in cellular stress conditions such as nutrient
depletion and ageing37,38,42,44. In this study, we provided compelling
evidence of ribosome stalling on glutamate codons upon a metabolic
transition under physiological circumstances of a non-pathological
context. Adipogenesis involves metabolic remodelling of pre-
adipocytes, including increases in glucose uptake and net glutamine
production59, which facilitate differentiationof the precursors towards
non-thermogenic adipocytes60,61. We observed a higher ratio of gluta-
mine to glutamate throughout beige adipocyte differentiation, which
suggests that glutamate to glutamine transition is commonly critical
for both thermogenic and non-thermogenic adipocyte differentiation.
This notion is supported by the increases and decreases in catabolic
and anabolic enzymes for glutamine, respectively, in the mature adi-
pocytes regardless of the adipocyte lineages. Moreover, reversing
glutamate to glutamine transition hampered differentiation into
thermogenic adipocytes as well, underpinning the impact of the
metabolic remodelling on adipocyte differentiation, along with the
previous studies60,62. Our study reveals that the rewired glutamine-
glutamate metabolism can lead to reduced intracellular levels of
glutamate-charged tRNAs, thereby augmenting ribosome pausing at
Glu codons. The elevated stalling at Glu codons can consequently
decelerate protein synthesis and acceleratemRNAdecayof Glu codon-
rich genes, such as actin cytoskeleton-associated genes, during adi-
pocyte differentiation, which is supported by decent correlations of
protein production rates and mRNA stabilities with Glu codon
enrichments of individual genes. Collectively, our findings elucidate a
hitherto unidentified gene regulatory programme underlying adipo-
cyte differentiation, which is implemented at the mRNA translation
stage and is triggered by a specific change in the metabolic pathways
during the cellular differentiation.

We revealed that manipulating glutamate consumption alters
actin cytoskeleton formation and differentiation rates of pre-to-
mature adipocytes, which underscores the impact of the glutamate
and glutamine metabolism on adipocyte differentiation and proposes
the potentials of controlling the regulatory pathways to cope with
adipocyte-related metabolic disorders63. Moreover, metabolic con-
trols of glutamate and glutamine are known to play critical roles in
diverse pathological contexts, including cancer64 and neurodegen-
erative disease65. Given that ribosome stalling has been reported to
occur at amino acid codons other than Glu codon upon cellular ill-
nesses and stresses in the previous studies38,41–44,66, it will certainly be
intriguing to examine whether ribosome pauses at Glu codons are
implicated in the pathologies associatedwith glutamate andglutamine
metabolisms.

Given that the differentially attenuated translation of OXPHOS is
exclusive to thermogenic adipocyte lineages while potentiated ribo-
some stalling at Glu codons is common in pan-adipocyte lineages, we
speculate the two regulatory events may independently take place in
the differentiating cells. Indeed, the genes encoding Complex I, III, IV,
and V did not exhibit strong Glu-codon enrichment and noticeably
elevated stalling during the differentiation, supporting that weakened

translation of the cognate mRNAs is not directly caused by ribosome
pauses at Glu codons. However, we still cannot exclude that the two
translational controls indirectly affect eachother in a certain biological
context. One recent study67 reported that inhibition of glutaminase
(encoded by Gls) ameliorated obesity-associated metabolic abnorm-
alities and triggered thermogenic gene programmes in iWATs,
underscoring the impact of altered glutamate metabolism on ther-
mogenic adipocyte differentiation. It will be intriguing to examine
whether and how the ribosome pauses are involved in the acquisition
of thermogenic adipocyte-specific phenotypes, including the different
stoichiometry of OXPHOS per mitochondrion in the obesity-related
condition.

Methods
Animal model
Four-week-old male C57BL/6 mice were purchased from Orient to
isolate adipose precursors. Mice were maintained under tempera-
ture- (23 °C) and humidity-controlled (40–60%) conditions with free
access to food (normal chow diet; LabDiet, #5053) and water on a 12-
h light/12-h dark cycle. All mice are age and sex matched for indivi-
dual experiments. All animal care and procedures were conducted
according to the protocols and guidelines approved by the Soon-
chunhyang University Institutional Animal Care and Use Committee.

Isolation of adipocyte precursor cells and cell culture
Four-week-oldmale C57BL/6 mice were sacrificed with carbon dioxide
(CO2) inhalation followed by cervical dislocation. Adipose precursor
cells were isolated from inguinal white adipose tissue and then
homogenised in 5mL of digestion buffer containing collagenase 1
(Worthington, LS004196), bovine serum albumin, and Dulbecco’s
modified Eagle’s medium (DMEM) at 37 °C for 30min. After homo-
genisation, the mixtures were filtered through a 100 μm cell strainer
and centrifuged at 400 g for 5minutes. The isolated cells were sub-
sequently resuspended in a culture medium consisting of 10% foetal
bovine serum (FBS, Corning) and 1% penicillin/streptomycin (Thermo
Scientific) in DMEM (Corning). For differentiation to beige adipocytes,
cells were exposed to beige differentiation induction medium con-
taining 2μg/mL dexamethasone, 0.5mmol/L 3-isobutyl-1-methyl-
xanthine, 125 μmol/L indomethacin, 5μg/mL insulin, 1 μmol/L 3,3′,5-
triiodo-L-thyronine, and 0.5 μmol/L rosiglitazone (all from Sigma-
Aldrich). After two days, the cells were maintained inmedia without 3-
isobutyl-1-methylxanthine, indomethacin, and dexamethasone from
beige differentiation induction medium68,69. For white adipocyte dif-
ferentiation, cells were exposed to a white differentiation induction
medium containing 2μg/mL dexamethasone, 0.5mmol/L 3-isobutyl-1-
methylxanthine, 5μg/mL insulin, and 0.5 μmol/L rosiglitazone for 2
days. Then, differentiated cells were maintained in a medium con-
taining 5μg/mL insulin. Beige and white maintenance media were
replaced every two days. 3T3-L1 cells were cultured in a medium
comprising DMEM with 10% calf serum (Hyclone) and 1% penicillin/
streptomycin. These cells underwent the same differentiation induc-
tion mentioned earlier for beige-like differentiation. Beige-like differ-
entiated cells were maintained in differentiation media without
indomethacin and dexamethasone from the beige differentiation
inductionmedia.Mediawere changed every two days70,71. For chemical
treatment, a chemical-containing medium was added to the cultured
cells every two days until harvesting for analysis, unless otherwise
indicated. To inhibit the mitochondrial translation, cells were treated
with 200μg/ml chloramphenicol for two days with daily changes of
maintenancemedia. For measuring the glutamate/glutamine ratio and
checking the adipogenic gene expressionwithqPCR, cellswere treated
with 1mMmethionine sulfoximine (Sigma-Aldrich,M5379) and 20mM
glutamate (Sigma-Aldrich, G1251) in maintenance media. To inhibit
glutaminase, 3T3-L1 cells were treated with 20μM BPTES (Sigma-
Aldrich, SML0601). Adipocyte precursor cells were treated with white
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adipocyte differentiationmedia containing 0.02μg/mL cytochalasin D
(Sigma-Aldrich, C8273) to induce F-actin disassembly. For small
interfering RNAs (siRNA)-mediated Glul knock-down (KD), siRNAs
were purchased from BIONEER, and lipofectamine RNAiMAX (Thermo
Scientific, 13778075) was used to transfect siRNA into the cells,
according to the manufacturer’s protocol in a final siRNA concentra-
tion of 100 nM. To evaluate the effect of Glul siRNA treatment on
intracellular glutamate/glutamine ratio, a mixture of 3 different Glul
siRNAs was transfected into precursor adipocyte cells twice. To con-
firm the impact of Glul KD on adipogenesis, preadipocytes were
transfected by Glul siRNA for a day, harvested, and seeded to achieve
an appropriate confluency of cells for differentiation. Next day, dif-
ferentiation into beige adipocytes was induced. During differentiation,
cells were transfected with Glul siRNA on days 1 and 3, and harvested
on day 4. siRNA sequences were provided in Supplementary Data 8.

Preparation of lysates for transcriptomes, translatomes, and
proteomes
Cultured cells were washed two times with 1X Phosphate-base buffer
(PBS) and then incubated for 30min on ice with the lysis buffer
(10mM/mLTris-HCl, pH 7.4 (Thermo Scientific, AM9850G, AM9855G);
5mM/mL MgCl2 (Thermo Scientific, AM9530G); 100mM/mL KCl
(Thermo Scientific, AM9640G); 2mM/mL dithiothreitol (DTT, Thermo
Scientific, 707265ML); 100μg/mL cycloheximide (CHX, Sigma-
Aldrich, C1988); 1% Triton X-100 (Sigma-Aldrich, T8787); 1X protease
inhibitor (Sigma-Aldrich, 539134); 2μL/mL SUPERase inhibitor
(Thermo Scientific, AM2696); and 2μL/mL RNase inhibitor (Thermo
Scientific, AM2694). After centrifuging the lysates at 20000g for
15min at 4 °C, the layers of lipids formed upon centrifugation were
removed, and the supernatant was separated into three portions for
RNA-seq, Ribo-seq, and mass spectrometry.

Ribo-seq and RNA-seq
Preparation of Ribo-seq and RNA-seq libraries. For RNA-seq, the
supernatant was treated with TRIzol LS (Thermo Scientific, 10296028)
to isolate the RNA. The total RNAs were used for the generation of a
transcriptome library (RNA-Seq) using the TruSeq Stranded Total RNA
Library Prep Gold (Illumina, 20020599). For Ribo-seq, the supernatant
was treated with 3U/mL RNase I (Thermo Scientific, EN0601) for
30min at 25 °C to digestmRNA regions not associatedwith ribosomes.
The subsequent procedures followed the previous study72. The sam-
ples were passed through MicroSpin S400 HR Columns (Cytiva, 27-
5140-01) and prewashed with a polysome buffer (20mM HEPES-KOH,
pH 7.4 (Sigma-Aldrich, H0887); 5mMMgCl2; 100mM KCl; 2mM DTT;
and 100μg/mL CHX). The filtered samples of ribosome-protected
mRNA-containing lysate excluding the digestedmRNA fragments were
treated with TRIzol LS to isolate the RNA. Ribosomal RNAs were
removed using a Ribo-Zero Gold Kit of the TruSeq Stranded Total RNA
Library Prep Gold protocol (Illumina, 20020599). The RNA samples
were then precipitated in 100% ethanol (Thermo Scientific, A995-1) at
-20 °C, labelled with radioisotope γ-P32 ATP (PerkinElmer, NEG-502H-
1) using T4 Polynucleotide kinase (T4 PNK, New England Biolabs,
M0201L), and separated on a 10% denaturing Urea-PAGE (Sigma-
Aldrich, U5128) gel. The signals were visualised and analysed using an
Amersham Typhoon Biomolecular Imager (GE Healthcare, v2.0.0.6)
and MultiGauge (v3.0), respectively. Radioisotope signals around ~30
nucleotides region were excised and eluted in RNA elution buffer
(0.3M NaOAc, Thermo Scientific, AM9740; 2% sodium dodecyl sul-
phate (SDS), Biosesang, SR2003-050-00) followed by RNA precipita-
tion. The isolated RNA samples were then dephosphorylated using
Antarctic Phosphatase (New England Biolabs, M0289S) and relabeled
with γ-P32 ATP using the T4 PNK reaction. The labelled samples were
separated on a 10% denaturing Urea-PAGE gel to remove free ATPs,
followed by gel excision and RNA extraction. Adaptor ligation and PCR
amplification were performed using a RealSeq®-AC miRNA Library Kit

(RealSeq Biosciences, 500-00048). The adaptor-ligated PCR products
were purified with SPRIselect magnetic beads and then subjected to
sequencing in the NovaSeq 6000 system.

Pre-processing and alignment for Ribo-seq and RNA-seq libraries.
Pre-processing and alignment procedure is based on the previous
study72 with few modifications. Adaptor sequences (Illumina TruSeq
RA3) at the 3′ ends of sequenced Ribo-seq reads were trimmed, and
reads between 20 nt and 40 nt in length were selected using cutadapt
(v3.4) with the following options: ‘-u 1 --overlap 6 --minimum-length 20
--maximum-length 40 --trimmed-only’. Ribo-seq and RNA-Seq reads
were mapped to common noncoding RNAs (ncRNAs), including ribo-
somal DNA complete repeating units (Rfam accession RF00001,
RF00002, RF01960, and RF02543), signal recognition particle DNA
(Rfam accession RF00017), and genomic tRNA (GtRNAdb release 19)
using HISAT2 (v2.2.1) with the --very-sensitive option. Next, unmapped
reads were aligned to themouse genome (GENCODEGRCm39 Release
M27) by HISAT2 (v2.2.1) with the following options: ‘--pen-non-
cansplice 0 --very-sensitive --no-softclip --rna-strandness F -k 32 --sec-
ondary’. Using intersectBedof BEDTools andFilterSamReadsof Picard,
reads mapped to the mouse repeat regions (according to the UCSC
genome annotation database) were eliminated. To determine the
representative isoform from severalmRNA isoforms for each gene, the
following priorities of the GENCODE annotation (release M27) column
were used: ‘basic’, ‘CCDS’, and ‘APPRIS principal’.

Quantification of gene expression levels in Ribo-seq and RNA-
Seq libraries
Using the featureCounts of Subread (v2.0.3), Ribo-seq and RNA-seq
reads aligned to the exonic region were counted. Raw counts were
normalised by the median of ratios method to minimise the bias by
grouped regulation of mitochondrial protein-coding genes. Protein-
coding genes that had over 20 normalised counts in all replicates of at
least one condition were kept. As the final step, 1 pseudocount was
added to prevent the exclusion of genes such as thermogenic marker
Ucp1 from analyses. Ribosome density values were calculated by
dividing normalised counts of Ribo-seq by normalised counts of
RNA-seq.

Proteomics
Sample preparation for mass spectrometry. For the cell lysate ali-
quot for mass spectrometry (MS), the buffer exchange was performed
with theMS-compatible solution (8MUrea in 50mMTris-HCl, pH 8.0)
through centrifugal filtration using 10 kDa molecular weight cutoff
filter (Amicon Ultra-0.5 Centrifugal Filter Unit). Proteins were dena-
tured with 5mM DTT at 25 °C for 1 hr, and free thiol groups were
alkylated with 12.5mM Iodoacetamide at 25 °C for 1 hr in dark. Protein
samples were treated with sequencing-grade trypsin (Promega, V5111)
at 1:20 enzyme-to-protein ratio (w/w) overnight at 25 °C after dilution
under 2M Urea with 50mM Tris-HCl, pH 8.0. The digestion was
quenched by adding formic acid to reach 3% formic acid. Total peptide
concentration of each sample was measured by BCA assay after
desalting of the digest by solid phase extraction (SPE) cleanup. The
same amount of peptide from each sample, including nine samples
(triplicates of 0, 4, and 8 days post-differentiation induction) and two
pooling samplesmade fromnine samples,was then labelledwith TMT-
11plex reagents following the manufacturer’s protocol. After 1 hr
incubation, 5% aqueous hydroxylamine solutionwas added to stop the
labelling reaction. The 11 TMT-labelled samples were combined, dried,
and reconstituted in water containing 0.1% formic acid. The combined
TMT-11plex labelled sample was desalted with SPE, dried, and dis-
solved in water.

High pH reversed-phase liquid chromatography for peptide frac-
tionation. The dissolved TMT-11plex labelled sample was fractionated
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using a XBridge BEH Shield RP18 Column (130Å, 2.5 μm, 4.6 × 150mm,
Waters) onNexeraXRHPLC (Shimadzu)with a 70mingradient from5%
to 95% mobile phases B at a flow rate of 1.0mL/min. Mobile phase A
consisted of 5mM ammonium formate in 100% water, and mobile
phase B consisted of 5mM ammonium formate in 95% acetonitrile;
both buffers were adjusted to pH 10.0 with ammonium hydroxide. A
total of 40 fractionswere collected using an FRC-10A fraction collector
(Shimadzu) after the start of elution in an interval of 1min for each
fraction. The initially collected 42 fractions were concentrated into 11
fractions. The secondary fractions 1 to 10 were composed of the initial
fractionswith intervalsof 10 fractions. For example, the initial fractions
1, 11, 21, and 31 were assigned to the secondary fraction 1; the initial
fractions 2, 12, 22 and 32 fractions were assigned to the secondary
fraction 2. The final secondary fraction 11 comprised the initial fraction
41 and 42. The concentrated fractions were dried and kept at -80 °C
until LC-MS/MS analysis.

Liquid chromatography TMT mass spectrometry. Eleven fractions
were analysed using an LC-MS/MS system consisting of an Easy nLC
1200 (Thermo Scientific) and an Orbitrap Fusion Lumos mass spec-
trometer with a nano-electrospray source (EASY-Spray Sources). Pep-
tides were first trapped in a precolumn (C18, 75 μm × 2 cm, nanoViper,
Acclaim PepMap100, Thermo Scientific) and then applied to an ana-
lytical column (C18, 75μm×50cmPepMapRSLC, ThermoScientific) at
a flow rate of 250 nL/min. The mobile phases were composed of 100%
water (A) and 80% acetonitrile and 20%water (B), each containing 0.1%
formic acid. The LC gradient began with 5% B, ramped to 7% B over
5min, followedby 25%Bover 78min and increased to 40%B for 13min
and to 95% B over 5min, then was held constant for 8min, and ended
with 5% B over 1min. After a gradient, the column was re-equilibrated
with 5% B for 10min before the next run. The voltage applied to pro-
duce an electrospray was 1900 V. The Orbitrap Fusion Lumos was
operated in data-dependent mode, automatically switching between
MS and MS/MS with a 3 sec cycle time. Full scan MS spectra (400-
2000m/z) were acquired with a maximal ion injection time of 100ms
at a resolution of 120,000 and an automatic gain control (AGC) target
value of 4.0 × 105. MS/MS spectra were acquired from 110m/z at a
resolution of 60,000with a high energy collision dissociation (HCD) of
37.5% normalised collision energy within 1.2 Da isolation window. AGC
target value was 5.0 × 104 with maximal ion injection time of 105ms.
The exclusion time for previously fragmented ions was 30 s
within 10 ppm.

Protein identification and quantitation. The Integrated Proteomics
Pipeline using built-in search engines (IP2, v6.5.5, Integrated Pro-
teomics) was utilised for data analysis with the UniProt mouse pro-
tein database (January, 2022, Reviewed 17,102 proteins). The
reversed sequences of all proteins were appended into the database
for calculation of false discovery rate (FDR). ProLuCID was used to
identify the peptides with a precursor mass error of 5 ppm and a
fragment ion mass error of 50 ppm. Trypsin was selected as the
enzyme, with two potential missed cleavages. TMT modification
(+229.1629) at the N-terminus and lysine residue by the labelling
reagent and carbamidomethylation at cysteine were chosen as static
modifications. Oxidation at methionine was chosen as variable
modification. Reporter ions were extracted from small windows
(±20 ppm) around their expected m/z in the HCD spectrum. The
output data files were filtered and sorted to compose the protein list
using the DTASelect (The Scripps Research Institute, USA) with two
and more peptides assignments for protein identification and a false
positive rate less than 0.01.

A quantitative analysis was conducted using Census in the IP2
pipeline (Integrated Proteomics, USA) with only the unique peptides.
The intensity at a reporter ion channel for a protein was calculated as
the sum of this reporter ion’s intensities from all constituent

peptides from the identified protein73. Reversed and potential con-
taminant proteins were removed. For the protein quantification,
intensities of proteins were normalised by the median of ratios
method.

Oil Red O staining
Cells werefixedwith 4%paraformaldehyde solution (SolMate, SM-P01)
for 30min and washed twice with PBS. Cells were then incubated with
60% isopropanol (Supelco, 109634) for 5min and stained with a fil-
tered working solution of 60% Oil Red O (Sigma-Aldrich, O0625) for
20min. Afterwashingwithwater for three times, imageswere acquired
using a microscope (Olympus, CKX53).

Western blotting
Total cell lysates were prepared using the lysis buffer (50mMTris-HCl
pH 7.4, 400mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, and
0.1% SDS). The protein samples were separated by SDS-PAGE and
transferred to nitrocellulose membranes (Cytiva, 10600002). The
membrane was blocked in 5% BSA and 0.1% Tween 20 in PBS for 1 hr
and incubated with primary antibodies overnight at 4 °C. After several
washes, themembranewas incubatedwith HRP-conjugated secondary
antibodies for 40min at RT. Protein bands were detected using Clarity
Western ECL Blotting Substrates (Bio-Rad, 170-5060) on a ChemiDoc
Imaging System. The membrane was rinsed with TDW 3 times after
antibody detection and stainedwith Ponceau S (Sigma-Aldrich, P7170).
Ponceau S staining image was produced using the ChemiDoc Imaging
System. The antibodies used for western blotting in this study were:
HSP90 (Cell Signaling Technology, 4874; 1:4000), UCP1 (Abcam,
ab10983; 1:2000), PLIN1 (Perilipin A, Sigma-Aldrich, p1998; 1:2000),
OXPHOS Rodent Cocktail (Abcam, ab110413; 1:2000), GLUL (Cell Sig-
naling Technology, 80636; 1:1000), Goat anti-Rabbit IgG (H+ L) Sec-
ondary Antibody, HRP (Thermo Scientific, 31460; 1:4000), Goat anti-
mouse IgG (H + L) secondary antibody, HRP (Thermo Scientific,
31430; 1:4000).

Mitochondria isolation
Beige and white differentiated adipocytes were homogenised using a
Dounce homogeniser to isolate the mitochondria, following the pro-
tocol provided by the Mitochondria Isolation Kit for Cultured Cells
(Thermo Scientific, 89874). Differential centrifugation was subse-
quently employed to isolatemitochondrial fractions, utilising reagents
A and C provided by the kit.

Mitochondrial OXPHOS complex activity assay
Mitochondrial OXPHOS complex I and II activities weremeasuredwith
Complex I Enzyme Activity Microplate Assay Kit (Colorimetric)
(Abcam, ab109721) and Succinate Dehydrogenase Activity Assay Kit
(Colorimetric) (Abcam, ab228560), respectively. Assays were per-
formed according to the manufacturer’s instructions. The isolated
mitochondria from beige and white adipocytes were diluted with PBS.
Their protein concentrations were measured using BCA assay with
small aliquots. After that, for the OXPHOS complex I, 5μg mitochon-
drial lysates per well was incubated for 3 h in an antibody-coated plate
for immunocapture. After incubation, the plate was washed twice, and
NADH substrate and dye were added. OD450 nm was recorded for each
well at every 1min for 30min using BioTek Epoch Microplate Reader,
and Complex I activity was calculated as the increase in OD450 nm in
each well between 10min and 30min time points. For the OXPHOS
complex II, 50μg of isolated mitochondria was loaded in a plate, and
SDH substrate mix and electron probe were added in each well.
OD600 nm was recorded for each well at every 1min for 1 hr using
BioTek Epoch Microplate Reader. Complex II activity was determined
as the decrease in OD600 nm between 2.35min and 12.53min. With the
DCIP standard curve, the amount of reduced DCIP during reaction
time can be calculated with the Δ OD value. This value reflects SDH

Article https://doi.org/10.1038/s41467-025-58665-x

Nature Communications |         (2025) 16:3373 15

www.nature.com/naturecommunications


activity. OD values were estimated with BioTek Epoch Microplate
Reader. The time windows that showed linear decrease or increase
were selected for calculation of activity, and the slope was calculated
with linear least squares regression. The relative activity values were
calculated from dividing the activity values of both beige and white
adipocytes by average activities of white adipocytes.

Glutamine/Glutamate measurement
Glutamine/Glutamate-Glo™ Assay kit (Promega, J8021) was used to
measure the ratio of glutamine and glutamate during the differentia-
tion of beige adipocytes. Intracellular glutamine/glutamate levels were
determined from cell lysates in the 12-well plate scale, following a
modified manufacturer’s instruction. Cells were washed twice with
cold PBS and treated with 150 μl PBS and 75μl inactivation solution I
(0.3 N HCl) for 5min. Next, 75μl Tris solution I (450mM Tris pH 8.0)
was added and incubated for 1min. Lysates were collected and diluted
20-fold with PBS. The sample was divided into two designated wells of
a white luminometer 96-well plate to measure ‘total glutamine-plus-
glutamate’ and ‘glutamate-only’. For the glutamine-plus-glutamate
measurement, glutaminase in the glutaminase buffer was added. For
the glutamate-only measurement, glutaminase buffer without gluta-
minasewas added. Glutamate and glutamine at various concentrations
are also measured to be used as standards for sample quantification.
After incubation at RT for 40min, Glutamate Detection Reagent was
added to each well. The samples were incubated at RT for 1 h, and
luminescence was measured using the GloMax Discover Microplate
Reader (Promega, GM3000).

Quantitative real-time PCR
Total RNA was extracted from cells using TRIzol (Life Technologies,
15596018) and subsequently treated with DNase I (Takara Bio, 2270A).
cDNA was synthesised with 0.5μg of DNase-treated RNA using Rever-
Tra Ace qPCR RT Master Mix (Toyobo, FSQ-201). cDNA was amplified
with SYBR Green real-time PCR Master Mix (Toyobo, QPK-201) and
analysedbyQuantStudioReal-TimePCR system. ThemRNA level of the
individual target gene was determined with normalisation to 36B4
level. Primer sequences were provided in Supplementary Data 8.

tRNA aminoacylation assay
Total RNA sampleswere prepared in0.3M acetate/10mMEDTAbuffer
(pH 4.5) after isolation by TRIzol (Life Technologies, 15596018)
according to the manufacturer’s protocol. RNA samples were treated
with either 50mMNaCl (control) or 50mMNaIO4 (oxidised condition)
in 100mM acetate buffer (pH 4.5) for 20min, subsequently quenched
with 100mM glucose for 20min, purified with Microspin G-50 col-
umns (Cytiva, 27-5330-01), and then precipitated with ethanol. The
precipitated RNA was resuspended in 50mM Tris-Cl (pH 9.0) and
incubated for 50min at 37 °C for deacylation. The deacylation reaction
was quenched with acetate buffer. RNA was precipitated and ligated
with a 5’ adenylated DNA adaptor, using truncated KQmutant T4 RNA
ligase 2 (New England Biolabs, M0373) for 3 h at 25 °C38. The reverse
transcription was performed with the SuperScriptIV First-Strand
Synthesis System (Thermo Scientific, 18091050) using the specific
primer complementary to the DNA adaptor. Relative tRNA levels were
analysed by qRT-PCR using tRNA isodecoder-specific forward primer
and reverse primer complementary to the junction of the 3’ end of
tRNA and the adaptor42,44. Yeast tRNAPhe (Sigma-Aldrich, R4018) was
added to each sample and used for the normalisation. Primers were
designed based on reference tRNA sequences retrieved from the
GtRNA database74. Adaptor and primer sequences are provided in
Supplementary Data 8.

tRNA northern blot
For tRNA northern blot, TRIzol-purified total RNA pellet was dis-
solved in ultrapure water and divided in half. One half was stored as

final concentration of 10mM NaOAc (pH 4.5)/1mM EDTA buffer for
acylated samples, and the other half was diluted in final concentra-
tion of 100mMTris-HCl (pH 9.0) for deacylation control. Deacylation
of tRNA was done at 37 °C for 1 h and subsequently quenched to pH
5.3 by addition of pH 4.5 NaOAc. Deacylated control was re-
precipitated with ethanol and suspended in 10mM NaOAc (pH 4.5)/
1mM EDTA buffer. For acid urea polyacrylamide gel electrophoresis
(acid Urea-PAGE), acylated RNA samples and deacylated control were
mixed with 2X acidic loading buffer (0.1M NaOAc pH 4.5, 8M Urea,
0.05% Bromophenol blue, 0.05% Xylene Cyanol), denatured at 65 °C
for 15min, and quickly cooled down on ice. 17.2 cm long, 1mm thick
10% acid Urea-PAGE gel (10% polyacrylamide [19:1 acrylamide/bisa-
crylamide], 8M Urea, 0.1M NaOAc pH 4.5) were casted for 2 h at
room temperature after adding of ammonium persulfate (APS) and
tetramethylethelenediamine (TEMED), andwere pre-electrophoresed
by 205 V (12 V/cm) constant for 1 hr at 4 °C prior to sample loading.
Samples were loaded in the middle part of the wells, and the wells
adjacent to the loaded wells were loaded with the same amount of
blank RNA to prevent band curving. Electrophoresis was carried out
for 6.5 - 8 h at 4 °C by 80mA constant until the tRNA region was well
separated. While the gel was running, excessive bubbles around the
wells were removed every 1 hr, and the running buffer was replen-
ished after 5 h of running. After gel running, RNA quality check prior
to the transfer was done with SYBRTM Gold (Thermo Scientific,
S11494) staining following the manufacturer’s protocol. tRNA region
of the gel was excised and transferred to BrightStarTM-Plus Positively
Charged Nylon Membrane (Thermo Scientific, AM10104) by semi-dry
transfer using 0.5X Tris-Borate-EDTA (TBE) buffer at 2.5mA/cm2 for
100min. tRNAs were UV-crosslinked by irradiating 360 mJ/cm2 twice,
and the membrane was baked at 80 °C for at least 30min. Probes for
tRNAGlu(TTC) were 5’-[32P] radiolabeled with [γ-P32]-ATP by T4 PNK (NEB,
M0201L), purified using phenol, and finally dissolved in Tris-EDTA
(TE) buffer. Membrane was pre-hybridised with sperm DNA at 37 °C
for 30min, and probe hybridisation was carried out at 37 °C for at
least 2 h in PerfectHyb Plus Hybridisation Buffer (Sigma-Aldrich,
H7033). After the hybridisation, the membrane was quickly washed
three times with Sol I (2X SSC, 0.05% SDS), mildly rocked in Sol I for
30min twice, and thenmildly rocked in Sol II (0.1X SSC, 0.1% SDS) for
15min three times. The membrane was exposed to the Fuji Imaging
Plate, and the image was scanned by Amersham Typhoon.

Reporter assay
Glu or Ala codon-rich EGFP reporter was constructed by incorporating
the Glu or Ala codon-rich oligo and the EGFP fragment into the pLVX
TetOne Puro vector (Clontech, 631849). EGFP sequence was obtained
from a pLenti CMV GFP Hygro (Addgene, #17446) through PCR
amplification. The Glu or Ala codon-rich oligo, coupled with a down-
stream flexible linker (GGGGSGGGGS) was synthesised by GENEWIZ,
Inc, and IDT, respectively. The sequence of the Glu or Ala codon-rich
oligo is detailed in Supplementary Data 8. For the reporter assay in
3T3-L1 cells, lentivirus expressing the reporter was generated by
transfecting a mixture of Glu or Ala codon-rich EGFP, psPAX2
(Addgene, #12260), and pMD2.G (Addgene, #12259) plasmids into
HEK293T cells using lipofectamine 3000 reagent (Thermo Scientific,
L3000015). psPAX2 and pMD2.G were gifts from Didier Trono. At 72 h
post-transfection, the supernatant was collected, centrifuged at 500 g
for 10min to remove cell debris, and concentrated by Lenti-X con-
centrator (Takara Bio, PT4421-2). The concentrated viral mix was
centrifuged at 1500 g for 45min at 4 °C, and the supernatant was
removed. The viral pellet was resuspended with the appropriate
media. 3T3-L1 cells in 6 well plates were infected with virus in
the presence of 10μg/mLof polybrene (Sigma-Aldrich, TR-1003-G).On
the following day, the viral mix from the plates was replaced with the
appropriatemedia. After 24 h, 3T3-L1 cells were harvested, centrifuged
at 200 g for 5min, and seeded in 12well plates.Oneday later, cellswere
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treated with 20μM of BPTES (Sigma-Aldrich, SML0601) for 24 h.
Subsequently, the expression of Glu or Ala codon-rich EGFP was
induced by 1μg/ml of doxycycline with 20μM of BPTES for an addi-
tional 24 h. For flow cytometry, cells expressing Glu or Ala codon-rich
EGFPwere harvested and centrifuged at 200 g for 5min. The cell pellet
was resuspended in FluoroBriteTM Buffer (Thermo Scientific,
A1896701) and put on ice. EGFP signal was measured using a FACS-
Canto II (Becton Dickinson And Company) with 488/530 nm (ex/em).
Data was analysed using FlowJo (v10.9.0).

Immunocytochemistry
3T3-L1 cells were seeded on coverslips (Marienfeld Superior, 0101050)
coated with 0.1% gelatin solution (Welgene, LS 023-01) in 6-well plates.
One day later, differentiation was induced for 48 h using an induction
media. The cells were then maintained in culture with the appropriate
media for up to 8 days. Cells on the coverslips were fixed for 15min
with 4% formaldehyde (Thermo Scientific, 28908) in phosphate-
buffered saline (PBS, Sigma-Aldrich, P4417) and rinsed twice with PBS.
Permeabilization was performed by treating the cells with 0.5% Triton
X-100 (Sigma-Aldrich, 99443) in PBS for 10min, followed by three
washes with PBS. Cells were blocked for 30min using a solution con-
taining 1% bovine serum albumin (BSA, BioShop Life Science,
ALB001.100) and 0.05% Tween 20 (Sigma-Aldrich, P9416) in PBS, and
washed three times with PBS. Cells were incubated with anti-PLIN1
antibodies (Sigma-Aldrich, P1998; 1:200) in the blocking solution for
1 hr at room temperature (RT), followed by incubation with anti-rabbit
secondary antibodies (Thermo Scientific, A32731; 1:400), DAPI (Sigma-
Aldrich, MBD0015; 1:2000), and rhodamine conjugated phalloidin
(Thermo scientific, R415; 1:400) in the blocking solution for 1 hr. After
washing, coverslips were mounted to microscope slides (Thermo Sci-
entific, 1255015) with SlowFade Antifade Mountants (Thermo Scien-
tific, MAN0018916). Imaging was performed using an LSM 710
confocal microscope (Carl Zeiss) and analysed using Zeiss Zen 2012
(blue edition, v1.1.1.0.) software. Binary images were produced using
the image to binary art converter function provided by OnlineTools.

Bioinformatics
Reproducibility check of transcriptomes, translatomes, and pro-
teomes by the principal component analysis. StandardScaler and
PCA of scikit-learn (v1.2.2)75 were used to scale the normalised
expression tables of transcriptomes, translatomes and proteomes to
perform the principal component analysis.

Gene set enrichment analysis with ribosome density. To estimate
the changeof ribosomedensity duringbeige adipocytedifferentiation,
signal to noise ratio (μA-μB/σA +σB) was calculated by comparing 4 d vs
0d or 8 d vs 0d. Using the signal to noise ratio as the ranked metric,
GSEAs were carried out by prerank of GSEApy (v1.0.6)76 with the fol-
lowing options: ‘min_size = 15, max_size = 500, permutation_num =
3000, seed = 6’. Gene set collections from MSigDB77 were applied for
analyses.

Protein-protein interaction analysis. As a downstream analysis of the
GSEA, STRING analysis was performed with leading edge subsets from
the three terms most significantly and commonly enriched in both
GSEA results. Genes included in subsets at least once were used for
analysis. Analysis was performed by STRING v12.0 (string-db.org)28

with the following options: ‘network type = physical subnetwork,
meaning of network edges = confidence, active interaction sources =
(text mining, experiments, databases), minimum required interaction
score = 0.4’. Then, information of the network and functional anno-
tations were exported for visualisation.

Gene list enrichment analysis. Gene list enrichment analyses in this
study were performed using the enrichr of GSEApy (v1.0.6)76. To

prevent redundant enrichment of pathways or terms, MitoCarta
pathways without any child pathways were selected from
MitoCarta3.078 for analysis in Fig. 2b. With the same purpose, gene
ontology terms with levels between 3 and 5 were used for analysis
in Fig. 6e.

Determination of P-site and A-site codons of ribosome-protected
fragments (RPFs). Meta-gene analysis was performed for each length
of RPFs. Based on the robust peaks of start codon and stop codon,
offsets between 5’ end of RPFs and P- and A-site codons were deter-
mined. For RPFs of 30-33 nucleotides in length, P-site offsets of 12
and 13, and A-site offsets of 15 and 16 were used for the following
analyses.

Calculation of subsequence (ribosomal A-site) abundance shift.
The analysis followed the process described in Loayza-Puch et al.’s
study38. A-site codons of RPFs were counted for each transcript, and
transcripts that have over 200 RPFs in every sample were selected.
Percentages of codon abundance at A-sites and their changes during
differentiation were calculated at the transcript level. Average per-
centage changes of transcripts were applied for visualisation.

Calculation of stalling score. The calculation method of stalling
score was based on the Stein et al.’s method to calculate pause
score37 with some modifications. In the following procedure, count
refers to the number of RPFs that have an A-site on the indicated
codon position. Transcripts with CDS length of more than 100
nucleotides were initially selected. After exclusion of the first 10 and
last 10 sense codons, transcripts were additionally filtered out with
the following criteria: ‘over 90% of codons have no counts’ or
‘average total counts of replicates <100 in at least one condition’ or
‘average read depth of replicates <0.5 in at least one condition’.
Stalling score of each codon position was calculated by dividing the
counts of the codon position by the average read counts of codons
in the same transcript. Only sites with stalling score > 0 for every
condition were exploited for further analyses. Stalling scores of
Reid et al.’s and Martinez et al.’s Ribo-seq libraries33,34 were calcu-
lated with the same procedure.

Identification of ribosome stalling sites dependent upon beige
adipocyte differentiation. The method to identify differentiation-
dependent ribosome stalling sites was based on the Stein et al.’s
method37 with somemodifications. After the same filtering steps in the
stalling score calculation, read counts at each codon position were
averaged across the replicates and rounded to the closest integer. For
each codon position, a contingency table of counts of the codon and
total counts of transcript except the codon in each condition (0 d and
either 4 d or 8 d) was generated. Odds ratio was calculated by the
following formula (n and N refers to counts of the codon and total
counts of transcript except the codon, respectively. ‘day’ is 4 d or 8 d):
Odds ratio = (nday / n0d) / (Nday / N0d). p-values were calculated by the
two-sided Fisher’s exact tests with the contingency tables and cor-
rected by Benjamini-Hochberg method.

Evaluation of ribosome occupancy around each codon. Differential
ribosome occupancy was evaluated by the diricore analysis38. Tran-
scripts that have at least one average countmapped to CDS per codon
were used to calculate relative ribosome occupancy. Counts of each
transcript were internally normalised by the total counts of the tran-
script. Then, for every codon position of each transcript, normalised
counts from 150 nt upstream to 150 nt downstream were acquired.
Average normalised counts of all acquired windows represent the
relative ribosome occupancy. Differential ribosome occupancy was
calculated by subtracting relative ribosome occupancies between
different conditions.
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Estimation of mRNA stability changes. Using the exonic and intronic
counts, relative mRNA stability was calculated by REMBRANDTS51 with
the linear biasMode and0.6 stringency. Exonic and intronic readswere
counted by the Counting Reads for Intronic and Exonic Segments
(CRIES) pipeline, which is accessible through the github page of
REMBRANDTS.

Reanalysis of publicly available APEX-seq dataset. From Fazal
et al.’s study29, we utilised the data of mRNA enrichment near outer
mitochondrial membrane (OMM) upon treatment of cycloheximide
(CHX) or puromycin (PUR), which are identical with Cyclohex-
imide_L2FC and Puromycin_L2FC from Supplementary Data 4 of their
study, respectively. In Fig. 2 and Supplementary Fig. 2, ‘Ribosome
dependent OMM enrichment’ score was calculated by subtracting
‘OMM enrichment upon PUR’ from the ‘OMM enrichment upon CHX’.
‘Ribosome independent OMM enrichment’ score is identical with
‘OMM enrichment upon PUR’. After calculation of enrichment scores,
the table was merged with a table containing ribosome density values
by Ensembl gene IDs for further analyses.

Re-analysis of publicly available Ribo-seq and RNA-seq libraries
constructed using adipocyte lineage cells and adipose tissues.
Ribo-seq and RNA-seq raw result files of Reid et al.’s and Martinez
et al.’s studies33,34 were downloaded from Gene Expression Omnibus
(GSE89108 and GSE198109, respectively). Except the adaptor
sequence (Illumina TruSeq Read 1) for trimming, pre-processing,
alignment, and gene expression quantification procedure was applied
in the same way as applied to the libraries in this study. The only
exception is that ‘over 5 normalised counts’ criterion is applied for
Ribo-seq libraries of Reid et al.’s study due to relatively low
sequencing depth.

Re-analysis of publicly available mass spectrometry libraries con-
structed using adipocyte lineage cells. Raw mass spectrometry files
of Martinez et al.’s studies34 were downloaded from MassIVE
(MSV000089022). To process the raw files, the DIA-NN software
platform (v1.8.1) was used79. To construct the spectral library, 24 DDA
raw data were searched using DIA-NN with fasta file (uni-
prot_all_Mus_musculus_20200810_reviewed_All_Novo_BAT_WAT_bei-
ge_smORFs_noBLASTp_final_PRTC) which Martinez et al. provided.
Regarding the general parameters, digestion mode was set to specific
with Trypsin/P protease, allowing maximum of one missed cleavage.
Carbamidomethylation of cysteine was set as fixed modification. Oxi-
dation of methionine and acetylation of the N-terminus were set as
variable modifications. The parameters for peptide length range, pre-
cursor charge range, precursorm/z range, and fragment ionm/z range
as well as other software parameters were used with their default
values. 1% precursor false discovery rate (FDR) cutoff was applied, and
MS1 and MS2 mass tolerances were automatically determined by
DIA-NN.

To process the 15 DIA raw files, the ‘report-lib.tsv’ spectral library
file constructed from 24 DDA raw data was used as a database for
searching with DIA-NN. All other parameters were set the same as the
DDA search method.

6495 and 4803 proteins were totally identified and commonly
quantified respectively from 15 raw data (‘report-first-pass.pg_ma-
trix.tsv’ generated by DIA-NN). Intensities of proteins were normalised
by the median of ratios method.

For Supplementary Fig. 3f, to calculate the relative protein levels
among mitochondrial proteins, mitochondrial proteins reported by
MitoCarta3.078 were selected, and their intensities were normalised by
the median of ratios method.

Re-analysis of mouse white adipose tissue single-nucleus tran-
scriptome. A publicly available single-nucleus RNA-Seq dataset of

mouse white adipose tissue45 was downloaded from Gene Expression
Omnibus (GSE176171). Data processing was carried out using Seurat
(v4.3.0.1)80 in R (v4.2.0). Cells with unique feature counts <200 or
>5000, and >2% mitochondrial counts were removed. Then, data was
normalised using the NormalizeData with the following options: ‘nor-
malisation.method = “LogNormalize”, scale.factor = 10000’. 4000
most variable genes were identified by FindVariableFeatures with the
‘vst’ selection method. After scaling the data by applying ScaleData
using all genes that passed the filtering, principal component analysis
was performed with the variable genes. Neighbours and clusters were
found by FindNeighbors and by FindClusters with 0.5 resolution,
respectively. UniformManifold Approximation and Projection (UMAP)
was performed with 30 neighbours and minimum distance 0.3.

Statistics
For the gene set enrichment analysis and gene list enrichment analysis,
statistics calculated by ‘prerank’ and ‘enrichr’ofGSEApy (v1.0.6)76 were
utilised, respectively. For the identification of genes with decreased or
increased ribosome density, glmQLFit, glmQLFTest, and other func-
tions of edgeR (v4.0.2)81 were used. Remaining statistical tests per-
formed for each analysis were indicated in the figure legends. Paired t-
test, unpaired t-test, Mann-Whitney U test, Fisher’s exact test, and
linear least squares regression were carried out by ttest_rel, ttest_ind,
mannwhitneyu, fisher_exact, and linregress of SciPy (v1.9.3)82, respec-
tively. Locally weighted scatterplot smoothing (LOWESS) was per-
formedby lowess of statsmodels (v0.13.5). NS is an abbreviation of ‘not
significant’ and represents p-value > 0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All raw RNA-seq and Ribo-seq data files have been deposited in Gene
Expression Omnibus under the accession code GSE247715, and all raw
mass spectrometry data files have been deposited at MassIVE under
the accession code MSV000093396 (PXD046925). Source Data are
provided with this paper. Publicly available datasets used in this study
were downloaded from Gene Expression Omnibus and MassIVE under
the accession code GSE8910833, GSE19810934, GSE17617145, and
MSV00008902234. Source data are provided with this paper.

Code availability
All custom codes used for the analyses of RNA-seq, Ribo-seq, and
mass spectrometry datasets and for the visualization of experimental
results in this study have been deposited in GitHub and Zenodo:
https://github.com/DaehwaYoun/Beige_Ad and https://doi.org/10.
5281/zenodo.1495827983.
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