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SUMMARY
tRNA-derived fragments (tRFs) are an emerging class of small non-coding RNAs with distinct cellular func-
tions. Here, we studied the contribution of tRFs to the regulation of postnatal b cell maturation, a critical pro-
cess that may lead to diabetes susceptibility in adulthood. We identified three tRFs abundant in neonatal rat
islets originating from 50 halves (tiRNA-5s) of histidine and glutamate tRNAs. Their inhibition in these islets
reduced b cell proliferation and insulin secretion. Mitochondrial respiration was also perturbed, fitting with
the mitochondrial enrichment of nuclear-encoded tiRNA-5HisGTG and tiRNA-5GluCTC. Notably, tiRNA-5
inhibition reduced Mpc1, a mitochondrial pyruvate carrier whose knock down largely phenocopied
tiRNA-5 inhibition. tiRNA-5HisGTG interactome revealed binding to Musashi-1, which was essential for the
mitochondrial enrichment of tiRNA-5HisGTG. Finally, tiRNA-5s were dysregulated in the islets of diabetic
and diabetes-prone animals. Altogether, tiRNA-5s represent a class of regulators of b cell maturation, and
their deregulation in neonatal islets may lead to diabetes susceptibility in adulthood.
INTRODUCTION

The human genome is composed of 3.2 billion base pairs, of

which 76% are transcribed, yet only a tiny proportion (2%) pro-

duces proteins (Kapranov et al., 2007). The remaining RNAs

constitute the non-coding transcriptome. Initially regarded as

futile degradation products of cellular stress, tRNA-derived frag-

ments (tRFs) are now established as a group of conserved short

non-coding RNAs regulating various cellular functions (Xie et al.,

2020). The most common tRNA fragmentations occur at the

loops of mature tRNAs because of programmed cleavage by en-

donucleases, whose activity may depend on the modification

status of the tRNA (Lyons et al., 2018). Angiogenin-mediated

cleavage at the anticodon loop yields 29- to 50-nt-long tRNA

halves, also known as tiRNAs (Xie et al., 2020). Alternatively,

Dicer and other enzymes cleave at the T and D loops to generate

14- to 30-nt-long fragments (Xie et al., 2020). The nomenclature

of tRFs is not yet unified. In this manuscript, we will refer to tRNA

halves, which are a subset of tRFs, as tiRNA, followed by �3 or

�5, indicating the prime position on the mature tRNA. Functional

output of tRFs is cell and condition specific and may occur at

epigenetic, translational, and post-translational levels (Kim

et al., 2017a; Saikia et al., 2014; Schorn et al., 2017), and regula-

tion of cell proliferation by tiRNA-5s has been described in

various models (Honda et al., 2015; Kfoury et al., 2021; Tao

et al., 2021). For example, in colorectal cancer cells, hypoxia-
This is an open access article under the CC BY-N
induced tiRNA-5HisGTG targets the expression of tumor suppres-

sor kinase 2 (LATS2) and promotes the activation of oncogenic

Hippo signaling pathway (Tao et al., 2021). Alternatively, in

osteoblastic cells, genotoxic or infectious stress-induced

tiRNA-5ProCGG is packaged within extracellular vesicles and pro-

motes the proliferation of the recipient monocytes by directly

interfering with their translational complex (Kfoury et al., 2021).

Pancreatic b cells, which are located in the islets of Langer-

hans, uniquely produce, store, and secrete insulin in response

to elevated blood glucose levels (Marchetti et al., 2017). In the

postnatal period, b cells undergo a maturation process that es-

tablishes a fully differentiated and functional b cell mass, which

can control glucose homeostasis during adulthood (Stolovich-

Rain et al., 2015). Neonatal and adult b cells share certain

features including insulin content and responsiveness to secre-

tagogues such as L-leucine (Helman et al., 2020; Jacovetti

et al., 2015). However, neonatal b cells lack the metabolic profile

to efficiently secrete insulin in response to high glucose. In

contrast, they possess a strong proliferative capacity that estab-

lishes an appropriate b cell mass (Liu and Hebrok, 2017). This

transcriptomic rewiring of b cells occurs in parallel with the

dietary shift associated with the suckling-weaning transition in

rodents (Jacovetti et al., 2015; Stolovich-Rain et al., 2015). Im-

pairments in the proliferative potential of neonatal b cells

contribute to diabetes susceptibility in adulthood (William

et al., 2012). Accordingly, animal models ofmaternal malnutrition
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and intrauterine growth restriction by selective ligature of utero-

placental vessels are associated with reduced postnatal b cell

proliferation and impaired insulin secretion in adulthood

(Boehmer et al., 2017; Theys et al., 2009).

Emerging evidence is pointing to a potential involvement of

tRFs in metabolic control. Indeed, a paternal low-protein (LP)

diet in mice has been associated with increased tiRNA-5 levels

in sperm that repress the endogenous retroelement MERVL dur-

ing embryogenesis, ultimately contributing to the dysregulation

of the offspring’s pancreatic islet transcriptome (Sharma et al.,

2016). Moreover, methyltransferase TRMT10A deficiency, which

is associated with apoptosis of b cells, has been attributed to the

increase of tRF-5GlnCTG (Cosentino et al., 2018). Considering the

role of tRFs in proliferation and the limited understanding of their

role in islet biology, we investigated their potential contribution to

neonatal b cell maturation. Our results indicate that a subset of

tiRNA-5s are abundant in islets of neonatal rats and are required

for efficient neonatal b cell proliferation and insulin secretion. We

further illustrate that these nuclear-encoded fragments are en-

riched in the mitochondrial fractions and modulate the respira-

tory capacity in neonatal b cells.

RESULTS

tiRNA-5s generated from tRNAHisGTG, tRNAGluCTC, and
tRNAGluTTC are downregulated during postnatal b cell
maturation
To characterize tRFs potentially implicated in b cell maturation,

we analyzed islets of neonatal (postnatal day 10 [P10]) and adult

(12 weeks) rats by small RNA sequencing (GEO: GSE163582).

The composition of these islets is similar, with a slightly

increased proportion of a cells in neonates (Jacovetti et al.,

2015). Using this approach, we detected 489 unique tRF reads,

43 of which were differentially abundant upon islet functional

maturation (17 downregulated, 26 upregulated). Categorization

of these fragments revealed that 50 tRNA halves (tiRNA-5s)

were the most abundant class in islets of both P10 and adult

rats (Figures 1A and 1B). Cleavage of the anticodon loop can

occur at various locations, generating several tiRNA-5s from a

single tRNA, a phenomenon previously reported by others

(Goodarzi et al., 2015). By analyzing the fragmentation of isoac-

ceptors, we observed that tiRNA-5s are mainly generated by

Gly, Glu, His, and Val tRNAs. However, only tiRNA-5HisGTG,

tiRNA-5GluCTC, and tiRNA-5GluTTC were collectively skewed

toward higher expression in islets of P10 rats (Figure 1C). These

accounted for 6 out of the 17 downregulated tRFs in islets of
Figure 1. Identification of tRNA-derived fragments in neonatal and adu

(A and B) tRF levels in islets of P10 (A) and adult (B) rats (n = 3). tRFs are classified

fragments. TPM, transcripts per million.

(C) Fragmentation profile of isoacceptors. Vertical dashed lines indicate a fold cha

islets.

(D) Volcano plot of tRFs in islets of P10 and adult rats. Fragments above the hor

indicate a fold change of +/� 2.

(E) Real-time PCR validation of tiRNA-5 downregulation in adult islets. Level in isle

small non-coding RNA (ncRNA). The data are shown as means ± SD (n = 4). **p

(F) Levels of tiRNA-5s in FACS a and b cells obtained from rat islets, measured b

housekeeping small ncRNA. Data and mean are represented ± SD (n = 4).
adult rats (Figure 1D). Due to their high abundance in islets of

P10 rats and uniform downregulation in islets of adult rats, these

tiRNA-5s were chosen for further analysis, and the changes in

their levels were validated by qPCR (Figure 1E). Since islets

are composed of different cell types, we sorted islet cells by

fluorescence-activated cell sorting (FACS) and observed that

tiRNA-5GluCTC, tiRNA-5GluTTC, and tiRNA-5HisGTG levels were

comparable in b cells and glucagon-secreting a cells (Figure 1F).

Angiogenin regulates tiRNA-5 levels in islets of P10 rats
Next, mRNA levels of two enzymes important for the cleavage of

tRNAs were measured in islets of P10 and adult rats. The ribonu-

clease Angiogenin cleaves tRNAs at the anticodon to generate

tiRNA-5s, a process that may be aided by the demethylase ac-

tivity of Alkbh3 on anticodon regions (Chen et al., 2019). Like

tiRNA-5s, Angionenin was more abundant in islets of P10 rats

(Figure 2A), whereas the expression of Alkbh3 was not changed

upon b cell maturation (Figure 2B). Furthermore, knock down

of Angiogenin in neonatal islets reduced tiRNA-5 levels

without affecting those of tRF-3AlaAGC, which belongs to another

class of tRFs not predicted to be generated by Angiogenin

(Figures 2C and 2D). These results suggest that Angiogenin con-

tributes to the abundance of tiRNA-5s in islets of neonatal rats.

tiRNA-5s are vital for proper b cell proliferation and
insulin secretion in islets of P10 rats
To elucidate the biological function of tiRNA-5s, we transfected

dispersed islet cells of P10 rats with antisense LNA inhibitors

against tiRNA-5GluCTC, HisGTG, GluTTC (tiRNA-5 cocktail;

Figures S1A–S1D). As illustrated by TUNEL assay, concomitant

inhibition of tiRNA-5s did not affect b cell death at basal condi-

tions or in response to pro-inflammatory cytokines (Figure 3A).

On the other hand, tiRNA-5 cocktail inhibition significantly

reduced the proliferation of b cells from P10 rats, as illustrated

by a lower proportion of Ki67+ (Figure 3B) and BrdU+Ins+ cells

(Figure S1E). Meanwhile, LNA cocktail inhibition of 30-derived
halves (tiRNA-3HisGTG, GluCTC, GluTTC) had no impact on b cell

proliferation (Figure S1F). At the protein level, blockade of the

tiRNA-5s resulted in a reduction of important regulators of b

cell-mass expansion such as phosphorylated Akt and Survivin

(Figures 3C and 3D).

Furthermore, the impact of the tiRNA-5s on insulin secretion

was investigated. As immature b cells are unable to secrete insu-

lin efficiently in response to glucose alone (Jacovetti et al., 2015),

the cells were stimulated with glucose in the presence of a phys-

iological L-leucine concentration (Helman et al., 2020). Inhibition
lt islets

as tRNA halves (tiRNA), distal (tRF), internal (i-tRF), pre-tRNA (tRF-1), or ‘‘other’’

nge of +/� 2, with negative values presenting fragments more detected in P10

izontal dashed line are significantly changing (p < 0.05). Vertical dashed lines

ts of P10 rats was used as a baseline, and miR-7 was used as a housekeeping

< 0.01, ***p < 0.001 by two-tailed unpaired t test.

y real-time PCR. b cell level was used as a baseline, and let-7e was used as a
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Figure 2. tiRNA-5 levels rats are correlated to and regulated by Angiogenin

(A and B) Expression of Angiogenin (A) and Alkbh3 (B) in islets of P10 and adult rats measured by qPCR. P10 level used as a baseline, and Hprt1 used as a

housekeeping gene. The data are shown as means ± SD (n = 5–8).

(C) Angiogenin silencing in dispersed islet cells of P10 rats transfected with control (si-Control) or Angiogenin (si-Ang) siRNAs for 72 h. Hprt1 was used as

housekeeping gene. The data are shown as means ± SD (n = 3).

(D) tRF levels in dispersed islet cells of P10 rats transfected with control (si-Control) or Angiogenin (si-Ang) siRNAs for 72 h. miR-7 was used as housekeeping

small ncRNA. Data and mean are represented ± SD (n = 3). *p < 0.05, **p < 0.01 by two-tailed unpaired (A and B) and paired (C and D) t tests.
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of the tiRNA-5s in islets of P10 rats had no impact on basal insulin

secretion, protein content, or insulin content (Figures 3E, S1G,

and S1H). However, a decrease in insulin secretion was

observed upon stimulatory conditions (Figure 3E). Inhibition of

the corresponding 30-derived halves waswithout effect, confirm-

ing the specificity of tiRNA-5s contribution to neonatal b cell

secretion (Figure S1I).

tiRNA-5GluCTC and tiRNA-5HisGTG are enriched in the
mitochondria of b cells
To better characterize tiRNA-5s in b cells, we next sought to

determine their subcellular localization. Using a protocol that

separates nuclear from non-nuclear fractions of INS832/13 cells,

a rat b cell line, we determined that tiRNA-5GluTTC is present in

both fractions, whereas tiRNA-5GluCTC and tiRNA-5HisGTG are

enriched in the non-nuclear fraction (Figure 4A). Moreover,

using an approach to distinguish mitochondrial RNA from other
4 Cell Reports 40, 111069, July 12, 2022
non-nuclear fractions (Figures S2A and S2B), we found that

tiRNA-5GluCTC and tiRNA-5HisGTG are highly enriched in the mito-

chondrial fraction (Figure 4B). In contrast, no enrichment was

observed for tiRNA-5GluTTC or miR-106b (Tsukita et al., 2017).

tiRNA-5s are required for efficient mitochondrial
respiration in islets of P10 rats
To assess whether tiRNA-5GluCTC, HisGTG, GluTTC inhibition in-

duces mitochondrial dysfunction, mitochondrial respiration

was assessed by Seahorse XFp Extracellular Flux Analyzer (Agi-

lent Technologies). Respiration was measured as the oxygen

consumption rate (OCR) in a low-glucose (basal) condition,

followed by sequential challenges to high glucose/L-leucine

and modulators of electron-transport chain oligomycin (ATP

synthase inhibitor), carbonyl cyanide-4 (trifluoromethoxy) phe-

nylhydrazone (FCCP) (mitochondrial uncoupler), and rotenone/

antimycin A (inhibitors of mitochondrial respiration) (Figure 4C).



Figure 3. tiRNA-5s are essential for proliferation and insulin secretion of b cells of P10 rats
Dispersed islet cells from P10 rats transfected with anti-control or anti-tiRNA-5 cocktail LNA inhibitors for 72 h.

(A) Basal and 24 h cytokine-induced apoptosis by TUNEL staining. >1,000 insulin+ cells counted. The data are shown as means ± SD (n = 4).

(B) Proliferation assays using Ki-67 immunostaining. >1,000 insulin+ cells counted. The data are shown as means ± SD (n = 3).

(C) Western blot of proliferation markers (representative of three independent repeats).

(D) Quantification of western blots. p-Akt (Ser473) and survivin normalized with Akt and tubulin. The data are shown as means ± SD (n = 3).

(E) Basal (2 mM glucose) and stimulated (10 mM Glucose and 1 mM L-leucine) insulin secretion. Data are normalized to insulin content. Anti-control basal

secretion was used as baseline. Data and mean are represented as ± SD (n = 4). *p < 0.05, **p < 0.01 by two-tailed paired t test. ns, not significant.
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Compared with control cells, tiRNA-5 inhibition induced reduc-

tions in basal respiration, ATP production, and maximal respira-

tory capacity (Figures 4D, 4E, and 4G). The respiratory response

to high glucose/L-leucine (Figure 4F), coupling efficiency, and

non-mitochondrial oxygen consumption were not significantly

altered (Figures S2C and S2D). These results illustrate the role

of the tiRNA-5s in mitochondrial respiration.

tiRNA-5 inhibition is associated with a decrease inMpc1
protein level in islets of P10 rats
To determine themode of action of the tiRNA-5s, we analyzed the

changes in the transcriptomic and proteomic profiles occurring

in dispersed islets of P10 rats upon tiRNA-5GluCTC, HisGTG, GluTTC

inhibition. No significant changes were observed by mRNA

sequencing (cutoff of at least 2-fold, adjusted p < 0.05; Figure 5A;

GEO: GSE163584). In contrast, we identified 13 proteins that are

differentially expressed (cutoff of at least 2-fold, p < 0.05; Fig-

ure 5B; Table S1). Among the top downregulated proteins,
Mpc1, a mitochondrial pyruvate transporter, was reduced by

2.8-fold. These findings were validated by western blotting using

an antibody against Mpc1 (Figures 5D and 5E). This effect was

specific since transfection of islet cells with oligonucleotides

directed against the 30 halves of tRNAGluTTC, GluCTC, HisGTG had

no effect on Mpc1 level (Figures S3A and S3B).

The mRNA level of Mpc1 was not significantly affected by

tiRNA-5 inhibition, indicating that tiRNA-5s are likely to regulate

Mpc1 expression on a posttranscriptional level (Figure 5F). The

levels of neither the Mpc1 co-stabilizing protein Mpc2 nor any

other abundant mitochondrial proteins such as Cox4-6 were

changed (Table S1), suggesting that the reduction in Mpc1 is

highly unlikely to be due to a reduction in mitochondrial mass.

Mpc1 knock down largely phenocopies tiRNA-5 inhibi-
tion in islets of P10 rats
To potentially attribute the defective b cell function observed

upon tiRNA-5 inhibition to reduced Mpc1 levels, Mpc1 was
Cell Reports 40, 111069, July 12, 2022 5



Figure 4. Subcellular localization of tiRNA-5 in b cells, and their impact on mitochondrial respiration in islet cells of P10 rats

(A) tiRNA-5 levels in nuclear fractions of INS832/13 cells. miR-7 is used as a non-nuclear control. The data are shown as means ± SD (n = 4).

(B) Enrichment of tiRNA-5s in mitochondrial fractions of INS832/13 cells. miR-106b is used as a cytoplasmic control. The data are shown as means ± SD (n = 4).

(C) OCR profiles of dispersed islet cells of P10 rats (n = 4) transfected with anti-control (gray) or anti-tiRNA-5 cocktail (turquoise) inhibitor for 72 h at basal glucose

levels, followed by sequential injections of 20 mM glucose/1 mM L-leucine, 5 mM oligomycin, 2 mM FCCP, and 1 mM rotenone/1 mM antimycin A at indicated

intervals. Data normalized to mg protein. The data are shown as means ± SD (n = 4).

(D–G) OCR values used to calculate basal respiration, ATP production, glucose/L-leucine-stimulated, and maximal respiration (n = 4). *p < 0.05, **p < 0.01,

****p < 0.0001 by two-tailed paired t test (A, B, and D–G) or two-way ANOVA (C).
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Figure 5. The effect of tiRNA-5 cocktail inhibition on the transcriptome and proteome of islets cells of P10 rats

Dispersed islet cells of P10 rats transfected with anti-control or anti-tiRNA-5 cocktail inhibitors for 72 h (n = 4 per condition).

(A) Scatterplot of RNA-seq analysis. Diagonal line depicts no change.

(B) Scatterplot of mass spectrometry. Diagonal line depicts no change. Significantly changing hits (fold change > 2, p < 0.05) are colored. Green: upregulated; red:

downregulated.

(legend continued on next page)
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knocked down in dispersed islets of P10 rats using a small inter-

fering RNA (siRNA) (Figure 6A). Mpc1 knock down also reduced

the proliferative capacity of b cells of P10 rats (Figure 6B) and

impaired glucose and L-leucine-stimulated insulin secretion

without affecting basal secretion (Figure 6C). Furthermore,

blockade of mitochondrial pyruvate uptake using MPC inhibitor

UK5099 (Vacanti et al., 2014) reduced maximal mitochondrial

respiration and ATP production. In contrast, basal respiration

rate was not affected (Figures 6D and 6E). To assess whether

Mpc1 interacts with tiRNA-5s, we analyzed the RNAs co-

precipitated with Mpc1. Upon Mpc1 immunoprecipitation, an

enrichment of tiRNA-5HisGTG was observed (Figures 6F and

6G). Overall, these results indicate that b cell defects observed

upon tiRNA-5 inhibition may, in part, be mediated by Mpc1.

Interaction of tiRNA-5HisGTG with RNA-binding proteins
As tRFs can regulate biological processes through protein inter-

actions (Jacovetti et al., 2021), we sought to unveil the molecular

bases for the tiRNA-5 function by performing RNA pull-down as-

says in INS832/13 cells coupled to mass spectrometry. A

biotinylated oligonucleotide of tiRNA-5HisGTG was used as bait

due to its enrichment in mitochondrial fractions andMpc1 immu-

noprecipitation (Figures 7A and 7B). Analysis of the protein inter-

actome revealed 18 RNA-binding proteins (RBPs) significantly

enriched (log2 fold change > 2, adjusted p < 0.05) upon

tiRNA-5HisGTG pull-down. These included members of the het-

erogeneous nuclear ribonucleoprotein (hnRNP) and Musashi

(Msi) families, as well as mitochondrial ribosomal proteins

(Figures 7C; Table S2). Several of the interacting proteins were

verified by western blots (Figure 7D).

Msi1 is essential for the mitochondrial enrichment of
tiRNA-5HisGTG

Among tiRNA-5HisGTG-binding proteins, Msi1 and Msi2 are trans-

lational regulators of proliferation in various models, including in

pancreatic b cells (Kudinov et al., 2017; Szabat et al., 2011).

Furthermore,Msi proteins canmodulatemitochondrial respiration

and microRNA (miRNA) trafficking to mitochondria in different

models (Guo et al., 2020; Lang et al., 2017). In line with the litera-

ture, silencing Msi1 in dispersed P10 rat islet cells significantly

reduced b cell proliferation (Figures 7E and 7G). While we could

not detect a specific enrichment of Msi1 in b cell mitochondria

(Figures S4A and S4B), silencing Msi1 dissipated the accumula-

tion of tiRNA-5HisGTG in the mitochondrial fraction (Figure 7F).

This provided a direct molecular basis for the mitochondrial trans-

fer of tiRNA-5HisGTG potentially contributing to the phenotype

observed upon tiRNA-5 inhibition in islet cells from P10 rats.

tiRNA-5 levels are altered in pathophysiological models
of b cell maturation
Finally, as tiRNA-5s are highly abundant in proliferative neonatal

islets, their levels in pathophysiological models of defective b
(C) List of significantly changing proteins (at least 2-fold change, p < 0.05).

(D) Confirmation of Mpc1 downregulation by western blot (representative of thre

(E) Quantification of western blots. Mpc1 levels are normalized to actin. The resu

(F)Mpc1 level measured by qPCR. Control islets used as baseline.Hprt1 used as a

two-tailed paired t test. ns, not significant.
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cell-mass expansion were investigated. Maternal LP diet during

gestation and lactation reduces the proliferative capacity of b

cells from neonatal rats, thereby preventing the establishment

of an appropriate b cell mass (Theys et al., 2009). Feeding rat

dams with an LP diet during gestation and lactation drastically

reduced the body weight of the pups by P10 (Figure S5A). The

levels of tiRNA-5GluTTC, tiRNA-5GluCTC, and tiRNA-5HisGTG were

significantly lower in islets of the LP offspring compared with

the control-diet group (Figure S5B). Furthermore, an LP diet

reduced islet Alkbh3 expression without significantly changing

Angiogenin expression (Figure S5C).

While under physiological conditions, the b cell mass is rather

constant during adulthood, obesity propels an expansion of the b

cells to compensate for the increased metabolic demands. Two

established animal models of obesity are normoglycemic leptin-

deficient ob/ob mice and hyperglycemic leptin-receptor-defi-

cient db/db mice (Wang et al., 2014). Compared with healthy

db/+ littermates, tiRNA-5GluTTC level was significantly increased

in db/db islets, while tiRNA-5HisGTG and tiRNA-5GluCTC were not

changed (Figure S5D). On the other hand, no changes in tiRNA-5

levels were observed in the islets of ob/ob mice (Figure S5E),

suggesting that tiRNA-5s are dispensable for b cell expansion

in this model. Altogether, tiRNA-5s levels are altered in the islets

of LP rats, which is a relevant pathophysiological model of

neonatal b cell-mass expansion.

DISCUSSION

In this study, we investigated whether tRFs contribute to b cell

function at a critical time point in b cell development. We identi-

fied and focused on three fragments deriving from His and Glu

tRNAs based on their high abundance in neonatal islets and

downregulation in islets of adult rats. Inhibition of these frag-

ments in dispersed islets of P10 rats reduced b cell proliferation

and insulin secretion and perturbed mitochondrial respiration.

To appreciate the role of tiRNA-5s, we modulated their levels

in the islets of P10 rats to mimic the profile observed in adults.

To do so, we used an LNA-inhibition strategy that does not

impact the whole tRNA (Goodarzi et al., 2015), possibly due to

the rigid L-shaped tertiary structure of mature tRNAs and their

tight binding to elongation factors in the cytoplasm. Indeed, inhi-

bition of 30 halves of the same tRNAs (tiRNA-3s) had no impact

on b cell proliferation. We elected not to use an overexpression

strategy as endogenous tRF function relies heavily on their modi-

fication profile, which may not be replicated with oligonucleotide

mimics (Guzzi et al., 2018). We also emphasized on tiRNA-5

function independent of Angiogenin. While Angiogenin overex-

pression is sufficient to recover cytokine-mediated proliferative

defects in b cells (Rutti et al., 2018), it has other essential func-

tions within cells, including ribosomal RNA transcription (Kishi-

moto et al., 2005). Hence, it would be infeasible to specifically

delineate tiRNA-5 function in Angiogenin models.
e independent experiments).

lts are shown as means ± SD (n = 3).

housekeeping gene. Data andmean are represented ± SD (n = 4). *p < 0.05 by



Figure 6. Impact of Mpc1 knock down in dispersed islet cells of P10 rats

(A–C) Dispersed islet cells from P10 rats were transfected with si-control or si-Mpc1 for 72 h.

(A) Mpc1 knockdown confirmation by western blot.

(B) Proliferation of b cells as determined by Ki-67 staining. At least 1,000 insulin-positive cells were counted. The results are presented as means ± SD (n = 3).

(C) Basal (2 mM Glucose) and stimulated (10 mM glucose and 1 mM L-leucine) insulin secretion. Data normalized to insulin content. Si-control basal secretion

used as baseline. The results are the means ± SD (n = 3).

(D) OCR profiles of dispersed islet cells from P10 rats treated with vehicle (gray) or 150 mM UK5099 (turquoise) at basal glucose levels, followed by sequential

injections of 20 mM glucose/1 mM L-leucine, 5 mM oligomycin, 2 mM FCCP, and 1 mM rotenone/1 mM antimycin A at indicated intervals (dashed lines). Data

normalized to mg protein. The results are presented as means ± SD (n = 3).

(legend continued on next page)
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Importantly, tiRNA-5 inhibition decreased the proliferative ca-

pacity of b cells of P10 rats, suggesting that the critical b cell-

mass expansion occurring in the neonatal period may be

impaired if tiRNA-5 levels cannot be maintained. The effect of

tiRNA-5s is generally attributed to translational repression as a

rapid reaction to cellular stress (Ivanov et al., 2011). However,

dichotomous roles of tiRNA-5s in cell proliferation have been re-

ported. For example, upregulation of tiRNA-5GlyGCC reduces the

proliferation of hematopoietic stem cells by inducing a global

suppression of protein synthesis (Goncalves et al., 2016). In

contrast, the same tiRNA-5 promotes proliferation of breast can-

cer cells (Honda et al., 2015). Furthermore, tiRNA-5HisGTG is

reported to promote hippo signaling proliferation in colorectal

cancer cells and xenografts through targeting large tumor

suppressor kinase 2 (LATS2) (Tao et al., 2021). Therefore,

tiRNA-5s need to be studied in a cell-specific manner, where

the microenvironment may propel tiRNA-5s to exert unique

effects.

The functions of tRFs generated from the nuclear-encoded

tRNAs have only been studied in the nucleus or the cytoplasm.

However, other non-coding RNAs such as tRNAs and miRNAs

are actively transported to the mitochondria (Kim et al., 2017b).

This prompted us to measure tiRNA-5 levels in mitochondrial

fractions of b cells, where we indeed observed an enrichment

of tiRNA-5HisGTG and tiRNA-5GluCTC. To our knowledge, this is

the first suggestion of the transfer of a nuclear-encoded tRF to

mitochondria.

It has previously been reported that immature b cells have a

higher level of mitochondrial oxygen consumption and ATP pro-

duction than mature b cells at basal levels of glucose (Stolovich-

Rain et al., 2015). Importantly, in the absence of the tiRNA-5s in

islets of P10 rats, we have observed a divergence from this key

characteristic of immature b cells, as both basal mitochondrial

oxygen consumption and ATP production were reduced.

Furthermore, the maximal respiration was significantly reduced,

suggesting that the cell may not be able to achieve rapid oxida-

tion of substrates upon a metabolic challenge. Altogether, the

perturbed respiratory capacity and ATP production may

contribute to the observed defects in b cell proliferation and

insulin secretion. It is important to note that after a 72 h

tiRNA-5 inhibition, the b cell-proliferation rate drops from 5.7%

to 3.8% in the islets of neonatal rats. This change is not yet suf-

ficient to reflect on the total islet protein content or on the content

of b cell identity proteins, such as insulin (Table S1), suggesting

that the respiratory defect is not due to a reduction in b cell mass.

To better characterize the molecular signatures of the

observed phenotypes, we have performed proteomic and tran-

scriptomic analyses. Mpc1, a vital pyruvate carrier located in

the inner mitochondrial membrane, was among the 13 differen-

tially expressed proteins. Mpc1 and its co-stabilizing protein

Mpc2 form a hetero-oligomeric complex that assembles on the

inner mitochondrial membrane (Bricker et al., 2012). This com-
(E) OCR values in (D) used to calculate ATP production.

(F) Immunoblotting (IB) of Mpc1 upon Mpc1 or control immunoglobulin G (IgG) im

(G) qPCR of tRFs uponMpc1 or IgG IP. IgG IP used as a baseline. Data andmean

or two-way ANOVA (D).
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plex links glycolysis to oxidative phosphorylation (OXPHOS) by

importing pyruvate into the mitochondrial matrix to be incorpo-

rated into the tricarboxylic acid (TCA) cycle. Previously, a defect

in glucose-stimulated insulin secretion was observed in the islets

of Mpc2 hypomorphic mice (Vigueira et al., 2014), as well as in

human and rat islet cells treated with an siRNA against Mpc1

or with pharmacological inhibitors of the MPC complex (Brun

et al., 2015). Notably, the islets of b cell-specificMpc2 knockout

mice are associated with a decreased glucose-induced respira-

tion, an ATP-sensitive potassium channel hyperactivity, and an

impaired insulin secretion (McCommis et al., 2016). The MPC

complex has been shown to function as a Warburg-suppressive

unit in highly glycolytic cancer cells (Bensard et al., 2020). In

contrast to cancer cells, b cells are more lipogenic, less glyco-

lytic, and more reliant on OXPHOS (Rutter et al., 2015). Accord-

ingly, Mpc1 inhibition attenuates mTORC1 signaling in the

INS-1E b cell line (Rumala et al., 2020), suggesting that MPC

may fuel, rather than suppress, cell growth in b cells. In agree-

ment with this hypothesis, targeting Mpc1 in islets of P10 rats

largely phenocopied the inhibition of the tiRNA-5s and reduced

b cell proliferation. This suggests that the phenotypes observed

upon tiRNA-5 inhibition may, in part, stem from incomplete

pyruvate import into the mitochondria.

The emergence of proteomic analyses on tRF-immunoprecip-

itated samples has led to the identification of new potential tar-

gets of tRFs (Chen et al., 2019; Krishna et al., 2019). Using a

similar approach, we identified the interacting proteins of

tiRNA-5HisGTG, which was highly enriched in the mitochondrial

fraction. It is noteworthy that Mpc1 was not detected in our

tiRNA-5 pull-down assay, possibly due to a higher affinity of

tiRNA-5s to RBPs within this setting. Identification of proteins

acting on various pathways may be indicative of a synergistic

effect contributing to the tiRNA-5-mediated phenotype. Among

these,Msi1 andMsi2 are critical proliferation regulators.We spe-

cifically focused on Msi1, as we could confirm its interaction to

tiRNA-5HisGTG by western blot. The function of the Msi1 has

mostly been attributed tomodulation of Notch signaling pathway

(Kudinov et al., 2017). Particularly, in the MIN6 mouse b cell line,

Msi1 stimulates proliferation through upregulation of Hes1, a key

regulator of the Notch signaling pathway (Szabat et al., 2011).

Msi1 silencing indeed attenuated neonatal b-cell proliferation.

However, no significant changes in the components of Notch

signaling pathway were observed upon tiRNA-5 inhibition, as

shown by proteomic profile. This suggests other ways in which

the Msi1-tiRNA-5HisGTG interaction is functionally relevant. Inter-

estingly, we found that Msi1 is essential for the mitochondrial

enrichment of tiRNA-5HisGTG. This finding is in line with a recent

report on MSI2 transporting miR-301a-3p to mitochondria in hu-

man umbilical vein endothelial cells (HUVECs) (Guo et al., 2020).

Considering the essential role of mitochondrial metabolism

in differentiation and development, how tiRNA-5s impact

mitochondrial function remains an important and outstanding
munoprecipitation (IP) in INS832/13 cells. 10% cell lysate loaded as input.

are represented ± SD (n = 5). *p < 0.05 by two-tailed paired t test (B, C, E, and F)



Figure 7. Identification of tiRNA-5HisGTG-interacting proteins

(A) Workflow of in vitro pull down. INS832/13 cell lysates incubated with 30 biotinylated tiRNA-5HisGTG oligonucleotide or its scrambled control. Proteins pulled

down with streptavidin beads and either visualized on an SDS-PAGE or analyzed by mass spectrometry.

(legend continued on next page)
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question. Within the cytosol, tiRNA-5s interfere with the stability

of the translational complexes through their interactions with

various factors and ribosomal proteins (Chen et al., 2019). A

similar mechanism may also be relevant for mitochondrial trans-

lation. In fact, a set of mitochondrial ribosomal proteins were

among the identified targets of tiRNA-5HisGTG. Mitochondrial

DNA encodes for 13 proteins essential for OXPHOS. Future

studies analyzing their translation efficiency and stability in the

absence of tiRNA-5s are necessary to delineate the potential

role of tiRNA-5s in mitochondrial translation.

Finally, we have illustrated that tiRNA-5 levels are dysregu-

lated in the islets of db/db mice and in the offspring of rat

dams kept on an LP diet. The upregulation of tiRNA-5GluTTC, as

well as the upregulation tendency of other tiRNA-5s, in db/db

islets and not normoglycemic ob/ob islets may be due to the

dedifferentiated state of b cells from db/db islets (Talchai et al.,

2012), which resemble b cells from P10 rats. These results sug-

gest that tiRNA-5s are implicated in pathophysiological models

of b cell-mass expansion.

In conclusion, a global profiling of tRFs in islets of neonatal and

adult rat islets allowed us to identify tiRNA-5s as key regulators

of neonatal b cell proliferation, a critical event to achieve a

sufficient b cell mass to avoid blood glucose homeostasis

deficiencies leading to diabetes. Furthermore, we highlight mito-

chondrial enrichment of certain tiRNA-5s and regulation of mito-

chondrial function. This may pave the way for identifying new

regulations of mitochondrial pyruvate metabolism driving meta-

bolic reprogramming in various cell types.

Limitations of the study
Here, we highlight the impact of tiRNA-5s on b cell function in an

ex vivo setting. We further illustrate that tiRNA-5 levels are impli-

cated in relevant pathophysiological conditions. Whether these

tiRNA-5s regulate functional b cell mass in vivo is yet to be

proven.

It is noteworthy that a set of splicing factors belonging to the

hnRNP family were identified in the tiRNA-5HisGTG interactome.

These are highly abundant and predominantly nuclear proteins

that attach to various RNAs in pull-down-based approaches

(Guzzi et al., 2018; Geuens et al., 2016). However, we cannot

rule out any changes in the alternative splicing landscape

contributing to the phenotypes observed in neonatal islets. While

we did not study these splicing factors any further, certain

hnRNPs are detected within the mitochondria (Klimek-Tomczak,

et al., 2006; Xavier and Martinou, 2021). Whether tiRNA-5s are

implicated in potential mitochondrial effects of hnRNPs is

unknown.
(B) Representative scan of ponceau S staining upon tiRNA-5HisGTG (HisGTG) or s

(C) tiRNA-5HisGTG (HisGTG) or scrambled tiRNA-5HisGTG (control) interactome

tiRNA-5HisGTG pull down are visualized (log2 fold change > 2, adjusted p < 0.05).

(D) Verification of tiRNA-5HisGTG-interacting proteins by western blot.

(E) Western blot confirmation of Msi1 knockdown in dispersed islet cells of P10 r

means ± SD (n = 3).

(F) Impact ofMsi1 knock down on themitochondrial enrichment of tiRNA-5s in INS

means ± SD (n = 3).

(G) Proliferation of b cells as determined by Ki-67 staining in dispersed islet cells

counted. The results are means ± SD (n = 3). **p < 0.01, ***p < 0.001 by two-taile
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Another outstanding question that remains unanswered is

through which mechanism tiRNA-5s regulate Mpc1 levels.

Further studies replenishing Mpc1 levels upon tiRNA-5 knock

down may help establish this relationship.
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Goat anti-guinea pig IgG Alexa Fluor 555 1:500 Thermo Fisher Cat# A-21435; RRID:AB_2535856

Goat anti-mouse IgG (H + L) 1:10000 Jackson Immunoresearch Cat# 211-035-109; RRID:AB_2339150

Goat anti-mouse IgG Alexa Fluor 555 1:500 Thermo Fisher Cat# A-21422; RRID:AB_2535844
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Goat anti-rabbit IgG Alexa Fluor 488 1:500 Thermo Fisher Cat# A-11008; RRID:AB_143165

Mouse anti hnRNPA1 1:500 Santa Cruz Biotechnology Cat# Sc-32301; RRID:AB_627729

Mouse anti-Akt 1: 500 Cell Signaling Technology Cat# 2920; RRID:AB_1147620

Mouse anti-Beta-actin 1:2000 Santa Cruz Biotechnology Cat# Sc-47778; RRID:AB_626632

Mouse anti-BrdU 1:400 BD Biosciences Cat# BD55627

Mouse anti-glucagon 1:1000 Abcam Cat# Ab10988; RRID:AB_297642

Mouse anti-Msi1 (WB) 1:500 Santa Cruz Biotechnology Cat# Sc-135721; RRID:AB_10610465

Mouse anti-Tubulin 1:2000 Sigma Cat# T5168; RRID:AB_477579

Rabbit anti-calreticulin 1:100 Homemade N/A

Rabbit anti-Caprin1 1:200 Proteintech Cat# 15112-1-AP; RRID:AB_2070016

Rabbit anti-Cox IV 1:500 Cell Signaling Technology Cat# 4850; RRID:AB_2085424

Rabbit anti-Ki67 1:700 Abcam Cat# Ab15580; RRID:AB_443209

Rabbit anti-MPC1 1:1000 Cell Signaling Technology Cat# 14462; RRID:AB_2773729

Rabbit anti-Mrpl38 1:200 Proteintech Cat# 15913-1-AP; RRID:AB_2146047

Rabbit anti-Msi1 (ICC) 1:200 Sigma Cat# AB5977

Rabbit anti-p-Akt 1:500 Cell Signaling Technology Cat# 4060; RRID:AB_2315049

Rabbit anti-Survivin 1:1000 Abcam Cat# Ab182132

Chemicals, peptides, and recombinant proteins

BrdU Abcam Cat# Ab142567

Hoechst 33342 Invitrogen Cat# H21492

IFNg R&D system Cat# 485-MI

IL-1b Peprotech Cat# 211-11B

M-280 Streptavidin Dynabeads Invitrogen Cat# 11206D

Mitotracker Deep Red FM Thermo Fisher Cat# M22426

TNFa Peprotech Cat# 315-01A

UK5099 Sigma Cat# PZ0160

Critical commercial assays

Imprint RNA Immunoprecipitation Kit Sigma RIP-12RXN

rtStar tRF&tiRNA Pretreatment Kit Arraystar Cat# AS-FS-005

Seahorse XFp Cell Mito Stress Test Kit Agilent Cat# 103010-100

TUNEL In Situ Cell Death Detection Kit Sigma Cat# 11684795910

Deposited data

P10 vs adult rat islet tRF profiling This paper GEO: GSE163582

P10 rat islet RNA-seq upon tiRNA-5 inhibition This paper GEO: GSE163584

Experimental models: Cell lines

INS832/13 cell line Dr. C. Newgard Hohmeier et al., 2000
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Angiogenin SMARTpool siRNA Dharmacon Cat# L-086613-02
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miRCURY LNA inhibitors customized Qiagen Cat# 339121

Mpc1 SMARTpool siRNA Dharmacon Cat# L-093029-02

Msi1 SMARTpool siRNA Dharmacon Cat# L-097920-02

Nontargeting SMARTpool siRNA Dharmacon Cat# D-001810-10

Software and algorithms

RStudio 2022.02.1 RStudio https://www.rstudio.com
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Lead contact
Further information and requests for resources and reagents may be directed to and will be fulfilled by the Lead Contact, Romano

Regazzi (romano.regazzi@unil.ch).

Materials availability
No new unique reagents were generated in this study.

Data and code availability
RNA-seq data were deposited at GEO and are publicly available. Accession numbers are provided in the Key resources table. No

unique codes were generated in this study. Any additional information required to reanalyze data presented in this study can be re-

quested from the Lead Contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethical statement
All procedures were performed in agreement with the NIH guidelines and approved by the Swiss federal food safety and veterinary

offices.

Rats
Three-month-old adult male Sprague-Dawley rats and three-month-old pregnant Sprague-Dawley rats were purchased from Janvier

Laboratories (Le Genest-Saint-Isle, France). Rat pups were collected at postnatal day 10 (P10). For the low protein (LP) diet model,

Sprague-Dawley female rats were fed either a control diet (16.1% [w/w] protein, U8978P Version 0022, Safe-diet, France) or an LP

diet (5% [w/w] protein, U8959P Version 0156, Safe-diet, France) during pregnancy and lactation. Animals were housed under stan-

dard conditions on a 12h light/dark cycle with free access to chow or LP diet and water. Islet RNA samples from C57BL/KsJ db/db

and C57BL/6J ob/obmice (13–16weeks old) and age-matched lean control mice (db/+ C57BL/KsJ and�/�C57BL/6J, respectively)

were kindly provided by Dr D. Ross Laybutt (Australia).

METHOD DETAILS

Pancreatic islet isolation and culture
Rat pancreatic islets were isolated using collagenase P (Sigma, #11213865001) digestion, histopaque density gradient (Sigma, 1077

and 1119) and handpicking (Gotoh et al., 1987). P10 rat pancreata were harvested and digested in collagenase by handshaking for

5 min. Isolated islets were recovered in RPMI 1640 GlutaMAXmedium (Invitrogen) containing 11 mM glucose and 2 mM L-glutamine

and supplemented with 10% fetal calf serum (Sigma), 10 mM Hepes pH 7.4, 1 mM sodium pyruvate, 100 mg/mL streptomycin and

100 IU/mL penicillin before being dissociated into single cells by incubation in Ca2+/Mg2+ free phosphate buffered saline, 3mMEGTA

and 0.002% trypsin for 3.5 min at 37�C.
e2 Cell Reports 40, 111069, July 12, 2022

mailto:romano.regazzi@unil.ch
https://www.rstudio.com
https://www.graphpad.com
https://app.biorender.com/


Article
ll

OPEN ACCESS
Enriched fractions of a- and b-cells were obtained by Fluorescence-Activated Cell Sorting (FACS) of dissociated islet cells based

on b-cell autofluorescence as previously described (Guay et al., 2019). FACS purity was evaluated by double immunofluorescence

using mouse anti-glucagon and guinea pig anti-insulin antibodies. b-cell fractions contained 99.1 ± 0.9% insulin-positive cells and

0.6 ± 0.6% glucagon-positive cells, while a-cell-enriched fractions contained 10.6 ± 8.2% insulin-positive cells and 88.8 ± 8.2%

glucagon-positive cells.

Cell culture
INS832/13 rat b-cell line, provided by Dr. C. Newgard (Duke University) (Hohmeier et al., 2000), was cultured in RPMI 1640 GlutaMAX

medium (Invitrogen) containing 11 mM glucose and 2 mM L-glutamine and supplemented with 10% fetal calf serum (Sigma), 10 mM

Hepes pH 7.4, 1 mM sodium pyruvate and 0.05 mM of b-mercaptoethanol. INS832/13 cells were cultured at 37�C in a humidified

atmosphere (5% CO2, 95% air) and tested negative for mycoplasma contamination.

Small RNA-sequencing
RNA was isolated from pancreatic islets of three adult male rats and three independent P10 litters using miRNeasy micro kit

(QIAGEN). Small RNA-sequencing, tRF annotation and data analyses were performed by Arraystar (Rockville, MD, USA). For efficient

reverse transcription, the following treatments were done by Arraystar on RNA samples prior to sequencing library construction:

3’-aminoacyl (charged) deacylation to 3’-OH for 3’ adaptor ligation, 3’-cP (2’,3’-cyclic phosphate) removal to 3’-OH for 3’ adaptor

ligation, 5’-OH (hydroxyl group) phosphorylation to 5’-P for 5’-adaptor ligation, m1A and m3C demethylation. Sequencing libraries

were size-selected for the RNA biotypes to be sequenced using an automated gel cutter. The libraries were qualified and absolutely

quantified using Agilent BioAnalyzer 2100 and sequenced using Illumina NextSeq 500. For small RNA sequencing, the sequencing

type was 51-bp single-read at 10M reads. Image analysis and base calling were performed using Solexa pipeline v1.8 (OffLine Base

Caller software, v1.8). Sequencing quality was examined by FastQC software and trimmed reads (pass Illumina quality filter, trimmed

3’-adaptor bases by cutadapt were aligned to mature-tRNA and pre-tRNA sequences from GtRNAdb using NovoAlign software

(v2.07.11). The remaining reads were aligned to the transcriptome sequences (mRNA/rRNA/snRNA/snoRNA/piRNA/miRNA). The

expression profiling and differential expression of tRFs, tiRNAs and known miRNAs were calculated based on normalized TPM.

Hierarchical clustering, scatterplots and volcano plots were performed with the differentially expressed tRFs and tiRNAs in R or

Python environment for statistical computing and graphics.

tRF quantification
To remove tRNA-modifications that may interfere with the quantification of tRNA-derived fragments, RNA was pretreated with rtStarTM

tRF&tiRNA Pretreatment Kit (Arraystar). Real-time PCR quantification of tRNA-derived fragments was performed using the miRCURY

LNA Universal RT microRNA PCR system (QIAGEN). The input sequences used for primer design are indicated in Table S3.

Inhibition of tRFs
Dispersed islet cells of P10 rats were transfected with 20 picomole tRF or scrambled control inhibitor for 72h using Lipofectamine

2000 (Invitrogen).

siRNA treatment
Dispersed islet cells of P10 rats or INS832/13 cells were transfected with 40 picomole siRNAs for 72h with the use of Lipofectamine

(2000) (Invitrogen).

Immunocytochemistry
Transfected cells on coverslips were fixed with methanol, permeabilized with saponin (0.5% in PBS), and blocked with 1%BSA. The

coverslips were incubated with the primary antibodies for 1h at room temperature, and secondary antibodies for 30 min at 37�C.
Hoechst 33342 was used to visualize cell nuclei. For BrdU incorporation, cells were incubated with BrdU for 48h. For TUNEL assay,

DNA was denatured with 2N HCl. Images were obtained with Zeiss AxioVision. Mitochondria of INS832/13 cells were labeled with

MitoTrackerTM for 15 min at a 200 nM concentration.

Insulin secretion and insulin ELISA
For insulin secretion, transfected islet cells were washed and incubated at 37�C for 1h in KREBS Buffer (25mMHEPES, pH 7.4, 0.1%

BSA, and 2 mM glucose). The cells were sequentially incubated at 37�C for 1h in KREBS supplemented with 2 mM glucose (basal) or

10 mM glucose and 1 mM L-leucine (stimulatory) and supernatants were collected. The cells were harvested in acidic ethanol (75%

ethanol, 0.55% HCl) or RIPA buffer (Thermo Scientific) to determine cellular insulin and protein content, respectively. Insulin levels

were measured by ELISA (Mercodia) and protein concentration by Bradford assay (Thermo Fisher).

RNA sequencing
RNA from transfected P10 Sprague Dawley islet cells (n = 4 per condition) were extracted with miRNeasy Micro kit (QIAGEN). Library

preparation, sequencing, and data processing were conducted by Lausanne Genomic Technologies Facility. Sequencing libraries
Cell Reports 40, 111069, July 12, 2022 e3
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were prepared with the TruSeq Stranded mRNA Library Prep kit and a HiSeq 2500 instrument for a single end run of 125 cycles using

the SBS chemistry v4 (Illumina). For data processing, adaptors and low-quality baseswere trimmed from raw sequencing reads using

CutAdapt (Version 1.8) and FASTX-Toolkit (Version 0.0.13.2) and reads less than 16nt were discarded. After quality control and data

filtering, reads were aligned to the reference genome Rnor_6.0 by TopHat2 (v2.1.1), allowing 3 mismatches. Reads only unambigu-

ously aligned were preserved to calculate reads number and RPKM value (RPKM represents reads per kilobase and per million) for

each gene. Differentially expressed genes between the paired groups were analyzed by using edgeR in R packages. The genes were

retained for further analysis if their expression reached count-per-million levels above 1 in at least 1 sample. For each gene,

significance p value was obtained based on the model of negative binomial distribution. Fold changes of gene expression were

also estimated within the edgeR statistical package. The criterion for DEG has been set as fold change >2 and p < 0.05.

Protein digestion for mass spectrometry
Frozen pellets of transfected (72h) dispersed islet cells of P10 rats (n = 4) were digested with a modified version of the iST method

(Kulak et al., 2014), and analyzed by Liquid Chromatography-tandem Mass spectrometry. The frozen pellets were resuspended in

50mL miST lysis buffer (1% Sodium deoxycholate, 100 mM Tris pH 8.6, 10 mM DTT) by vigorous vortexing. Resuspended samples

were heated at 95�C for 5 min and protein concentration was determined by the tryptophane fluorescence method. Samples were

then diluted 1:1 (v:v) with water containing 4mMMgCl2 andBenzonase (Merck #70746, 2,5 Units/ml) and incubated for 15min at RT to

digest nucleic acids. Reduced disulfides were alkylated by adding ¼ vol (25 mL) of 160 mM chloroacetamide (final concentration of

32 mM) and incubated at 25�C for 45 min in the dark. Samples were adjusted to 3 mM EDTA and digested with 0.5 mg Trypsin/LysC

mix (Promega #V5073) for 1h at 37�C, followed by a second 1h digestion with an identical aliquot of proteases. To remove sodium

deoxycholate, two sample volumes of isopropanol containing 1% TFA were added to the digests, and the samples were desalted on

a strong cation exchange (SCX) plate (Oasis MCX; Waters Corp., Milford, MA) by centrifugation. After washing with isopropanol/1%

TFA, peptides were eluted in 250mL of 80% MeCN, 19% water, 1% (v/v) ammonia.

Liquid Chromatography-tandem mass spectrometry (LC-MS)
Eluates after SCX desalting were dried, and resuspended in variable volumes of 0.05% trifluoroacetic acid, 2% acetonitrile to

equilibrate concentrations. A total of 1 mg of each sample was injected on a column for nanoLC-MS analysis.

MS analysis
Data-dependent LC-MS/MS analysis of TMT sample was carried out on a Fusion Tribrid Orbitrap mass spectrometer (Thermo

Fisher Scientific) interfaced through a nano-electrospray ion source to an Ultimate 3000 RSLCnano HPLC system (Dionex).

Peptides were separated on a reversed-phase custom packed 40 cm C18 column (75 mm ID, 100Å, Reprosil Pur 1.9 um particles,

Dr. Maisch, Germany) with a 4–76% acetonitrile gradient in 0.1% formic acid (total time 140 min). Full MS survey scans were per-

formed at 120’000 resolution. A data-dependent acquisition method controlled by Xcalibur 4.2 software (Thermo Fisher Scientific)

was used that optimized the number of precursors selected (‘‘top speed’’) of charge 2 + to 5 + while maintaining a fixed scan cycle

of 1.5s. The precursor isolation window used was 0.7 Th. Full survey scans were performed at a 120’000 resolution, and a top

speed precursor selection strategy was applied to maximize acquisition of peptide tandem MS spectra with a maximum cycle

time of 0.6s. HCD fragmentation mode was used at a normalized collision energy of 32%, with a precursor isolation window of

1.6 m/z, and MS/MS spectra were acquired in the ion trap. Peptides selected for MS/MS were excluded from further fragmenta-

tion during 60s.

Western blotting
Proteins were extracted from transfected P10 islet cells using RIPA buffer (Thermo Fisher) and quantified by Bradford Assay (Thermo

Fisher). A total of 10 mg of protein was loaded on SDS-PAGE and transferred to a nitrocellulose membrane (Bio-RAD). Membranes

were blocked in 5% BSA (Sigma) in TBS-T and incubated overnight at 4�C with the primary antibody, and for 1h at RT with the

secondary antibody. ECL substrate (Pierce, #32106) was used to reveal the membranes.

Mitochondrial fractionation
Mitochondria were isolated from 23 106 INS832/13 cells as previously described (Lampl et al., 2015), with somemodifications. Cells

were collected, washed 3 times with PBS and resuspended in 1 mL of ice-cold mitochondrial isolation buffer (MIB: 200mM sucrose,

10mMTris/MOPS, 1mMEGTA/Tris, pH 7.4; 1M Tris/MOPS: 12.1g of Tris base in 70mLH2O,MOPS added to get pH 7.4, final volume

adjusted to 100mL with water, filter sterilized and store at +4�C; 0.2 M EGTA/Tris: 3.8 g of EGTA to 10 mL of H2O,�30–40 mL of 1 M

Tris/MOPS added until it dissolved, final volume adjusted to 50 mL with water, solution filtered and stored at room temperature (the

pH will be �6.7). The cells were sonicated for 3 times 15 s. The solution was drawn into a 1 mL syringe using a 27 gauge needle and

thrown it out back into the 1.5mL tube by expelling it against the inside wall of the tube in order to use that force to further break out

cell membrane. This syringe stepwas repeated 3 times. The samples were then centrifuged for 5min at 600 x g, 4�C. The supernatant
was collected and centrifuged at 10,000 x g, 4�C for 5min. The pellet containing themitochondria was resuspended in 700ul of Trizol,

left on ice for 5 min and vortexed for 30 s before RNA isolation using miRNeasy micro kit (QIAGEN).
e4 Cell Reports 40, 111069, July 12, 2022



Article
ll

OPEN ACCESS
Mitochondrial respiration
Oxygen consumption rates (OCRs) of dispersed and transfected islet cells from P10 Sprague Dawley rats were analyzed with XFp

Extracellular Flux Analyzer (Agilent Technologies). Prior to analysis, cells were starved in KREBS solution (114mMNaCl, 4.7 mMKCl,

1.2 mMKH2PO4, 1.16 mMMgSO4, 2.5 mMCaCl2.2H2O, 20 mMHepes, pH 7.4) supplemented with 2 mM glucose and 0.2%BSA for

1h at 37�C without CO2. To block Mpc-complex, an additional 150 mMUK5099 in DMSO was supplemented to the KREBS solution.

Mitochondrial respiration was measured at basal (2 mM) glucose followed by subsequent injections of 20 mM glucose/1 mM

L-leucine, 5 mMoligomycin, 2 mMFCCP, and 1 mM rotenone/1 mMantimycin A. Data were normalized to protein content. Basal respi-

ration was calculated by subtracting non-mitochondrial respiration (minimum rate after rotenone/antimycin A injection) from the last

measurement before oligomycin injection, maximal respiration by subtracting non-mitochondrial respiration from the first measure-

ment after FCCP injection, response to glucose and L-leucine by subtracting the last measurement of basal respiration from the last

measurement after glucose/L-leucine injection, ATP production by subtracting the minimummeasurement after oligomycin injection

from the last basal measurement, and coupling efficiency by dividing ATP production by basal respiration.

Identification of tiRNA-5HisGTG interacting proteins
tiRNA-5HisGTG interacting proteins were identified as previously reported (Krishna et al., 2019), with some modifications. Potential

Mpc1-tiRNA-5 interactions were investigated with an RNA immunoprecipitation kit (Imprint Kit, RIP-12RXN, Sigma). First, protein

Agarose A beads were coupled to 5 mg of either MPC1 or IgG antibody. INS832/13 cell lysates (5 3 106 cells per condition) were

prepared in a hypotonic lysis buffer that preserves RNA-protein interactions (Imprint Kit, RIP-12RXN, Sigma). Then, the antibody-

treated beads were incubated with the INS832/13 cells lysates overnight at 4�C. Beads were washed thoroughly, and equal

volumes were used for Western blot and qPCR analyses. For Western blot analysis, immunoprecipitated proteins were eluted

by boiling the beads in 2x Laemmli buffer (Bio-Rad). MPC1 and IgG immunoprecipitated samples, as well as a cell lysate input

(10%), was run on a 4–15% SDS-PAGE gel. MPC1 immunoprecipitation was confirmed by blotting the nitrocellulose membrane

with MPC1 antibody as previously described. For real-time PCR analysis, Qiazol reagent (QIAGEN) was added directly on to beads

and small RNAs were extracted with RNeasy micro kit (QIAGEN). tRNA-derived fragments were then quantified by as previously

described.

tiRNA-5HisGTG pull-down and Mass Spectrometry
A total of 3 mg of 30-biotinylated oligonucleotides mimicking the sequence of tiRNA-5HisGTG or its scrambled control is heated at 95�C
for 2min, recovered on ice for 2min, and refolded at room temperature for 20min in 100 ul of RNA structure buffer (10mMTris pH 7.0,

0.1 M KCl, 10 mMMgCl2). The refolded oligonucleotides are incubated at room temperature for 1h (rotating) with 1 mg of INS832/13

cell lysate prepared with a harsh lysis solution (50 mM Tris–HCl pH 7.5, 150 mM NaCl, 1% NP40, 0.1% SDS, 0.5% sodium deoxy-

cholate, 1 mM DTT, protease inhibitor cocktail, 80 U/ml RNase inhibitor). The samples are then incubated with 50 mL of streptavidin

dynabeads (M-280 Streptavidin, 11206D, Invitrogen) for another 1h at room temperature. The beads are washed thoroughly (50 mM

Tris–HCl pH 7.5, 150 mM NaCl, 1% NP40, 0.1% SDS, 0.5% sodium deoxycholate), and the proteins are eluted by heating the sam-

ples in Laemmli buffer at 95�C for 5 min. Washed beads were eluted in 25ul of elution buffer (5% SDS, 50mM Triethylammonium bi-

carbonate (TEAB), 5mM tricarboxyethylphosphine, 30mMchloroacetamide, pH 8.5) by heating at 95�C for 5min under agitation. The

supernatant was collected and subjected to trypsin digestion according to the S-TRAP (Protifi, Farmingdale, NY) method. Briefly, an

aliquot of 12% phosphoric acid was added to lower pH to 3.0, followed by dilution with 4 volumes of S-TRAP loading buffer (100mM

(final concentration) TEAB pH 8.0, in 90% MeOH). The obtained mixture was passed by centrifugation on S-TRAP micro cartridges,

which were then washed 3 times with 600ul of loading buffer. Digestion was started by adding to the cartridges 2 ug of Trypsin

(Promega) in 25 mL of 50mMTEAB, pH 8 andwas carried out for 2h at 47�Cwithout shaking. Digested peptides were eluted by centri-

fugation, followed by further elution of the cartridge with 40mL of 50mM TEAB, then 40ul of 0.2 formic acid and 40 ul of 50% aceto-

nitrile (each time at 3000 x g for 1 min). All eluates were pooled and dried by evaporation.

Tryptic peptide mixtures (5 ul) were resuspended in 2% acetonitrile, 0.05% TFA and injected on a Dionex RSLC 3000 nanoHPLC

system (Dionex, Sunnyvale, CA, USA) interfaced via a nanospray source to a high resolution QExactive Plus mass spectrometer

(Thermo Fisher Scientific). Peptides were separated on an Easy Spray C18 PepMap nanocolumn (25 or 50 cm 3 75 mm ID, 2mm,

100Å, Dionex) using a 110 min gradient from 2 to 90% acetonitrile in 0.1% formic acid for peptide separation. Full MS survey scans

were performed at 70,000 resolution. In data-dependent acquisition controlled by Xcalibur software (Thermo Fisher), the 10 most

intense multiply charged precursor ions detected in the full MS survey scan were selected for higher energy collision-induced disso-

ciation (HCD, normalized collision energy NCE = 27%) and analysis in the orbitrap at 17’500 resolution. The window for precursor

isolation was of 1.6 m/z units around the precursor and selected fragments were excluded for 60s from further analysis.

Tandem MS data were processed by the MaxQuant software (version 1.6.3.4) incorporating the Andromeda search engine. The

UniProt Rattus norvegicus reference proteome (RefProt) database of January 2019 was used (29’959 sequences), supplemented

with sequences of common contaminants. Trypsin (cleavage at K, R) was used as the enzyme definition, allowing 2 missed cleav-

ages. Carbamidomethylation of cysteine was specified as a fixed modification. N-terminal acetylation of protein and oxidation of

methionine were specified as variable modifications. The match between runs function was not activated. All identifications were

filtered at 1% FDR at both the peptide and protein levels with default MaxQuant parameters.
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Data are represented as mean ± standard deviation. Statistical analyses were conducted using GraphPad Prism 8. Plots and figures

were prepared on RStudio and GraphPad Prism 8. A two-tailed one-sample t test was used to compare data when control was set

to 1. A two-tailed t test was used when comparing two datasets. ANOVA was used to compare multiple datasets, followed by Tukey,

Dunnett, or GamesHowell post hoc tests. Correlation of datasets was assessed by a two-tailed Pearson test. Differences between

datasets were considered statistically significant when p values <0.05.
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