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Pseudouridine synthase 1 regulates
erythropoiesis via transfer RNAs
pseudouridylation and cytoplasmic translation

Deyang Shi,1,2,3,6 Bichen Wang,1,2,6 Haoyuan Li,1,2,6 Yu Lian,1 Qiuyi Ma,1,2 Tong Liu,1,2 Mutian Cao,1,2

Yuanwu Ma,4 Lei Shi,5 Weiping Yuan,1,2,* Jun Shi,1,2,* and Yajing Chu1,2,7,*
SUMMARY

Pseudouridylation plays a regulatory role in various physiological and pathological processes. A prime
example is the mitochondrial myopathy, lactic acidosis, and sideroblastic anemia syndrome (MLASA),
characterized by defective pseudouridylation resulting from genetic mutations in pseudouridine synthase
1 (PUS1). However, the roles and mechanisms of pseudouridylation in normal erythropoiesis and MLASA-
related anemia remain elusive. We established a mouse model carrying a point mutation (R110W) in the
enzymatic domain of PUS1, mimicking the common mutation in human MLASA. Pus1-mutant mice ex-
hibited anemia at 4 weeks old. Impaired mitochondrial oxidative phosphorylation was also observed in
mutant erythroblasts. Mechanistically, mutant erythroblasts showed defective pseudouridylation of tar-
geted tRNAs, altered tRNA profiles, decreased translation efficiency of ribosomal protein genes, and
reduced globin synthesis, culminating in ineffective erythropoiesis. Our study thus provided direct evi-
dence that pseudouridylation participates in erythropoiesis in vivo. We demonstrated the critical role
of pseudouridylation in regulating tRNA homeostasis, cytoplasmic translation, and erythropoiesis.

INTRODUCTION

Pseudouridine (J), also known as the fifth nucleotide, is the most abundant RNA modification.1,2 It was initially discovered in transfer RNAs

(tRNAs) and plays an essential role inmaintaining their stability, thereby regulating translation.3,4 Themodification ofJ in tRNA fragments has

been shown to determine cell fate, and its dysregulation has been implicated in leukemogenesis.4,5 More recently, J modification has also

been identified inmRNA and long non-coding RNA,6–8 indicating its involvement in regulating gene expression through variousmechanisms,

including influencing alternative pre-mRNA processing9,10 and ensuring the fidelity of translation in ribosomal RNA (rRNA).11,12 Despite these

significant findings, the roles of J in a variety of biological processes remain to be fully understood.

The isomerization of uridine to pseudouridine can be catalyzed through either a small nucleolar RNA (snoRNAs)-dependent mechanism

requiring the box H/ACA ribonucleoproteins,13 or through an RNA-independent mechanism involving the pseudouridine synthase (PUS) en-

zymes.14 PUS enzymes are classified into six families: RluA, RsuA, TruA, TruB, TruD, and Pus10.14–16Mutations in pseudouridine synthases have

been associated with various human diseases.17 Among these, human mitochondrial myopathy, lactic acidosis, and sideroblastic anemia

(MLASA) was reported to be associated with mutations in PUS1,18 a member of TruA family. Previous studies have shown that PUS1 is respon-

sible for pseudouridylation at various positions in several mitochondrial-tRNA and cytoplasmic-tRNA in mammals,6,19–21 some of which are

involved in tRNA stability.22–25 To date, several PUS1mutations have been reported in patients with MLASA, with the R144Wmutation-where

the arginine residue is replaced with tryptophan-being the most common.18,19 This missense mutation affects a highly conserved domain

(RTDKGV) that contains the catalytic aspartate residue as the active site for the conversion of U-to-J. In vitro assays have confirmed that

the R144Wmutant significantly reduced its pseudouridylation activity, probably by sterically blocking the active site,26 indicating that defec-

tive pseudouridylation of PUS1 targets may underlie the molecular mechanism of MLASA.
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Figure 1. R110W mice developed anemia at 4 weeks old

(A) Illustration of the two human PUS1 isoforms and the mutations reported in patients with MLASA. The hPUS1-427aa contains a mitochondrial targeting signal

and is localized within mitochondria, while the hPUS1-399aa isoform lacks a mitochondrial targeting signal and is localized in the nucleus. The mutation R144W in

hPUS1-427aa corresponds to R116W in hPUS1-399aa and R110W in mPUS1.

(B) The amino acid Arginine 144 (144R) in the enzymatic region of PUS1 is highly conserved across vertebrates. The alignment was performed using T-Coffee

(https://tcoffee.crg.eu).

(C) Construction strategy of R110W mice using CRISPR-Cas9 technology with CGA replaced with TGG.

(D) Confirmation of the Pus1mutation by the Sanger sequence of mouse genomic DNA. The location of this mutation is denoted in orange text. Primers used are

listed in Table S1.

(E) Relative expression of Pus1 in whole BM cells of R110W mice and WT littermates normalized to 18s; n = 4.

(F) The protein level of mutant Pus1 in the bone marrow (BM) and spleen of mutant and wild-type (WT) littermates was analyzed by Western blotting. The ratio

represents the fold change in expression between the two groups as measured by densitometric analysis.

(G) Body weights of the WT and R110W male mice at 4 weeks old (n = 14 for WT; n = 9 for R110W).

(H) Spleen weights of the WT and R110W male mice at 4 weeks old (n = 13 for WT; n = 9 for R110W).

(I) Representative images of the spleen in the WT and R110W male mice (n = 4).

(J) Representative images of BM cells flushed from WT littermates, heterozygous and homozygous mice of R110W.

(K) Complete blood count analysis of peripheral blood from 4-week-old R110W and WTmale mice (n = 15 for WT; n = 7 for R110W). RBC, Red blood cells; HGB,

Hemoglobin; HCT, Hematocrit; PLT, Platelets. Data are represented as Mean G SEM; *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S1.
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In addition to PUS1, two other genes implicated in MLASA are mitochondrial tyrosyl-tRNA synthetase (YARS2)27 and mitochondrial-DNA

encoded ATP synthase membrane subunit 6 (MT-ATP6).28,29 Patients carrying pathogenic mutations in PUS1, YARS2, and MT-ATP6 exhibit

similar symptoms, withmitochondrial dysfunction being a shared clinical manifestation in all patients withMLASA, suggesting that the disrup-

tion of mitochondrial functionmay be a commonmechanism underlyingMLASA. Mitochondria are not only crucial for energy production but

also act as integration centers for various metabolic and biogenesis pathways. Interestingly, genes associated with congenital sideroblastic

anemia (CSA), including MLASA, are mainly involved in mitochondrial metabolism, including heme biosynthesis, iron-sulfur cluster biogen-

esis, and mitochondrial respiratory chain biosynthesis.30 While the roles of heme and iron-sulfur cluster biosynthesis in iron metabolism and

erythropoiesis are well-established, the exact mechanisms by which dysfunction in mitochondrial respiratory chain biosynthesis leads to CSA

are incompletely understood.

Erythropoiesis is a tightly regulated and intricate process that begins in the bone marrow, arising from a multipotent stem cell and culmi-

nating in the formation of mature erythrocytes. Hematopoietic stem cells (HSCs) serve as the starting point in this process, giving rise to com-

mon myeloid progenitors (CMPs), which subsequently differentiate into megakaryocyte-erythroid progenitors (MEPs). MEPs subsequently

generate erythroid-committed precursors (burst-forming unit-erythroid, BFU-E, and colony-forming unit-erythroid, CFU-E) and mature red

blood cells (RBCs). The maturation process from BFU-E and CFU-E to mature RBCs is termed terminal erythropoiesis.31 Proerythroblasts un-

dergo morphological changes, produce erythroid-specific proteins such as hemoglobin, and exhibit reduced proliferative capacity as they

sequentially differentiate into basophilic, polychromatophilic, and orthochromatic erythroblasts to produce mature RBCs.32

RBCs need to respond rapidly and synthesize sufficient hemoglobin tomeet environmental changes.32,33 Fine-tuning of translation control

is essential to ensure that protein synthesis provides the necessary proteins for the physiological function of erythrocytes without excessive

production. Thus, erythropoiesis evolves a comprehensive andmulti-faceted regulatory network that involvesmitochondrial biogenesis, ribo-

some abundance, translation initiation, and the balanced synthesis of heme and globin chains, and so forth.33 However, it remains unclear

whether pseudouridine deficiency disrupts the homeostasis of globin chains and heme synthesis by altering the tRNA stability or abundance,

ultimately leading to anemia.

In this study, we generated amousemodel carrying the PUS1 R110Wmutation, which is designed tomimic the R144Wmutation inMLASA

patient. We found that R110W-mutant PUS1 protein maintained comparable levels and cellular distribution to the wild-type (WT) PUS1 pro-

tein, making it an ideal model for dissecting the enzymatic-dependent role of PUS1 in pseudouridylation and erythropoiesis. Our findings

revealed that PUS1 R110W mutant mice exhibited defective pseudouridylation of specific tRNAs, impaired mitochondrial oxidative phos-

phorylation (OXPHOS), reduced cytoplasmic translation, and consequently developed anemia.
RESULTS

Pseudouridine synthase 1 R110W mutant mice developed anemia at 4 weeks old

There are two isoforms of PUS1 protein in both humans andmice, with the shorter one located in the nucleus, whereas the longer one, which

contains a mitochondrial targeting signal in mitochondria.34 The R144W mutation in human PUS1-427 (hPUS1-427aa) (corresponding to

R116W in the 399aa short form of hPUS1-399aa) is the most frequent mutation observed in patients with MLASA (Figure 1A). The arginine

residue (R144) in the enzymatic domain, which has an equivalent mutation in mice known as R110W (Figure 1A), is highly conserved across

vertebrates (Figure 1B). To investigate the pathogenesis of the R144W mutation in MLASA, we generated Pus1-mutant mice by introducing

a CGA to TGG substitution at position 444–446 in the Pus1 gene by CRISPR-Cas9 (referred to as R110W mice hereafter) (Figure 1C), and

confirmed it by Sanger sequencing (Figure 1D). The RNA level of Pus1 in BMcells fromR110Wmicewas higher than that in controls (Figure 1E),

whereas the protein level of PUS1 in both BM and spleen cells was comparable between these two groups (Figure 1F). Further, immunoflu-

orescence staining revealed similar co-localization of PUS1 with DAPI-labeled nuclei and Mitotracker-labeled mitochondria in both mutant
iScience 27, 109265, March 15, 2024 3
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Figure 2. Mutation of Pus1 impaired erythroid lineage cell commitment and differentiation in mice

(A) Flow cytometric gating strategy of erythroblasts in BMbyCD71 and Ter119 staining. Region I (CD71highTer119intermediate) represents proerythroblasts, region II

(CD71highTer119+) are basophilic erythroblasts, region III (CD71intermediateTer119+) reflects late basophilic and chromatophilic erythroblasts and region IV

(CD71-Ter119+) are orthochromatophilic erythroblasts.41.

(B) The proportion of erythroblasts in BM at different stages during terminal erythropoiesis (n = 4, male mice).

(C) Flow cytometric gating strategy of erythroblasts in the spleen.

(D) The proportion of erythroblasts in the spleen at different stages during terminal erythropoiesis. (n = 4, male mice).

(E) Schematic diagram for competitive serial transplantation assay. 53105 BM cells from R110W or control mice, together with 53105 BM cells from actin-EGFP

mice as protective cells, were transplanted into lethally irradiated actin-EGFP mice to evaluate the intrinsic regulation of PUS1 on hematopoiesis. Secondary

transplantation was performed 4 months later.

(F) The total frequencies of donor cells derived erythrocytes (Ter119+) and platelets (CD41+) in the PB of recipient male mice at indicated time point during

primary and secondary transplantation (n = 4).

(G‒H) The frequencies of donor cells derived mature erythrocytes (Ter119+) (G) and platelets (CD41+) (H) in the PB of recipient male mice during primary and

secondary transplantation (n = 4). Data are represented as Mean G SEM; *p < 0.05, **p < 0.01, ***p < 0.001. See also Figures S1–S4.
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and wild type (WT) cells, consistent with a previous report,19 suggesting that the cellular distribution of PUS1 was not affected by the R110W

mutation (Figure S1A). Phenotypic analysis revealed that the body weights of 4-week-old R110Wmice were slightly lower than controls (Fig-

ure 1G), while the weights and sizes of the spleen decreased significantly in R110Wmice (Figures 1H and 1I). Additionally, the flushed BM cells

from the lower limbs appeared paler in R110W mice than in controls (Figure 1J).

Complete blood count analysis revealed that R110W mice had lower levels of RBCs and hemoglobin compared with controls at 4 weeks

old, while no obvious differences were observed in platelet numbers (Figures 1K and S1B). The proportions of peripheral blood (PB) cells were

similar between R110W and control mice (Figure S1C), and the serum iron levels were also comparable (Figure S1D). These findings indicate

that R110W mutation in PUS1 causes anemia in mice without affecting other hematopoietic lineages in a steady state.

Mutation in pseudouridine synthase 1 caused impaired erythropoiesis in an intrinsic manner

To explore whether anemia is caused by impaired erythropoiesis in R110W mice, we analyzed the frequencies of immature nucleated eryth-

roblasts in the BM and spleen with the expression of CD71 and Ter119. CD71 (transferrin receptor) mediates the uptake of transferrin-iron

complexes,35 and its expression increased from the proerythroblast stage, peaks in basophilic and polychromatophilic erythroblasts,

decreases in orthochromatophilic cells, and is absent in mature erythrocytes.36 Although no ring sideroblasts were observed in R110W

BM erythroblasts (Figure S1E), an increase in the proportion of basophilic erythroblasts and higher numbers of proerythroblasts and baso-

philic erythroblasts in R110W BM cells were observed (Figures 2A, 2B, and S2A). Similarly, elevated proportions of basophilic and chromato-

philic erythroblasts were found in the R110W spleen (Figures 2C, 2D, and S2B). Furthermore, we found the mean fluorescence intensity (MFI)

of CD71 in R110Wmice was significantly higher than that of the controls (Figures S2C and S2D). To rule out the possibility that the increased

CD71 level was due to ferroptosis,37,38 we also analyzed lipid peroxidation, another marker of ferroptosis.39 Lipid peroxidation levels were

similar in both groups of erythroblasts (Figures S2E and S2F), suggesting the increased CD71 level was mainly caused by defective erythro-

poiesis rather than increased ferroptosis.

To further investigate whether impaired erythropoiesis originated at the stem cell level, we analyzed the proportion of hematopoietic stem

and progenitor cells (HSPC) in Pus1-mutant mice. We found the frequencies of LSK+(Lin-Sca-1+c-Kit+) cells, LKS- (Lin-c-Kit+Sca-1-) cells, long-

termHSCs, short-termHSCs, andmultipotent progenitor cells were comparable between the two groups (Figures S3A‒S3D). The proportion
of MEP cells decreased in the BM of R110Wmice, while CMP and granulocyte-macrophage progenitor (GMP) remained unchanged between

the two groups (Figures S3E and S3F). We further evaluated the functional BFU-E and CFU-E by colony-forming assay, and observed similar

colony morphology and numbers of BFU-E (Figures S3G and S3H) and CFU-E (Figures S3I and S3J) in both groups. Taken together, these

findings suggest that impaired erythropoiesis in R110Wmice does not appear to originate from abnormalities at the stem cell level but rather

occurs at later stages of erythropoiesis in a steady state.

To determine whether the defect in erythropoiesis is intrinsic or extrinsic, we employed transgenic GFP-positive mice as the recipients and

the source of protective BM cells, which carried an EGFP transgene under the control of the Actin promoter, resulting in the labeling of all

blood cell lineages, including erythrocytes, platelets, granulocytes, monocytes, and lymphocytes with EGFP. Under the transplantation con-

ditions, the cells differentiated from protective cells were GFP-positive, while blood cells from BM cells of wild-type or mutant donor mice

were GFP-negative, allowing us to quantify the percentage and absolute number of GFP-negative cells in the bone marrow and peripheral

blood of recipient mice to evaluate the degree of chimerism. Briefly, we performed serial transplantation assays with actin-EGFP transgenic

mice as donor mice, in which the hematopoietic cells were labeled as GFP+ (Figure S4A).40 We transplanted 53105 BM cells from R110W or

control mice together with 53105 BM cells from actin-EGFP mice as protective cells into lethally irradiated actin-EGFP mice to evaluate the

intrinsic regulation of PUS1 on hematopoiesis, particularly erythropoiesis. Secondary transplantation was performed 4 months later (Fig-

ure 2E). During the first transplantation, the total RBCs and platelet chimerism derived from R110W cells in the PB of recipients was extremely

lower than those of controls (Figures 2F and S4B). Interestingly, this diminution of RBCs and platelets individually upon reconstitution was

even more conspicuous during serial transplantation (Figures 2G and 2H). Furthermore, a significant decrease in the proportion of donor-

derived erythroblasts was also observed in the BM of R110W recipients during secondary transplantation (Figure S4C). Surprisingly, lower

reconstitution of myeloid cells during the first transplantation and T/B cells during secondary transplantation derived from R110W were
iScience 27, 109265, March 15, 2024 5
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observed (Figure S4D). These differences were not evident under steady-state conditions (Figure S1C), suggesting that the PUS1 R110Wmu-

tation specifically affects the multilineage differentiation potential of HSPCs under transplantation pressure. Taken together, these results

indicate that the PUS1 R110W mutation not only impairs the commitment and differentiation of RBCs and platelets but also attenuates

the self-renewal capacity and multilineage differentiation potential of HSCs under transplantation pressure.
Pseudouridine synthase 1 mutation impaired the mitochondrial oxidative phosphorylation of bone marrow erythroblasts

To assess the impact of the R110W mutation on mitochondrial function, we measured mitochondrial OXPHOS levels using a Seahorse XF24

Extracellular Flux Analyzer. The results showed that the oxygen consumption rate of R110W BM erythroblasts, particularly the basal and

maximum oxygen consumption rates, was significantly decreased, compared with controls (Figures 3A and 3B). We further examined the

mitochondrial membrane potential (MMP), mitochondrial mass, mitochondrial superoxide (MitoSox), and cellular reactive oxygen species

(ROS) levels in BM and spleen erythroblasts of the two groups. Erythroblasts from Pus1-mutant BM and spleen exhibited markedly elevated

cellular ROS levels (Figures 3C and 3D). The MitoSox level was also increased in mutant spleen erythroblasts but not in BM erythroblasts

(Figures 3E and S4E). Moreover, no significant differences in MMP and mitochondrial mass in erythroblasts were observed between the

two groups (Figures 3F, 3G, S4F, and S4G).

To elucidate the underlying causes of abnormal mitochondrial OXPHOS in R110W mice, we assessed the enzyme activities of mitochon-

drial complex I-IV subunits and cellular ATP levels in BM or spleen cells. Compared with controls, complex I activity (Figure 3H) and ATP levels

(Figure 3I) were increased in R110Wmice. Conversely, complex III activity was decreased (Figure 3J). The enzymatic activities of complex II and

IV remained unchanged (Figures 3K and 3L). These findings indicate that the R110W mutation in PUS1 specifically affects the function of

certain mitochondrial OXPHOS complexes, which consequently contribute to the impairedmitochondrial oxygen consumption and elevated

ROS levels observed in R110W mice.
Pseudouridine synthase 1 R110W mutation altered mitochondrial and cytoplasmic transfer RNAs profiles

To gain further insights into the mechanisms underlying blocked erythropoiesis and mitochondrial dysfunction caused by the Pus1mutation,

we conducted an analysis of the overall tRNA profile with a tRNA PCR array, which allowed us to identify specific tRNAs that may be affected

by Pus1mutation. In themitochondrial tRNAPCR array analysis, we observed decreased levels of mt-tRNAIle (GAT) and increased levels of mt-

tRNATyr (GTA) in R110W BM erythroblasts in comparison with controls, while all other mitochondrial tRNAs remained unchanged (Figure 4A;

Table S2). In contrast to the mitochondrial tRNAs, the levels of a large number of cytoplasmic tRNAs were changed. Among the 18 differen-

tially expressed cytoplasmic tRNAs identified in the BM erythroblasts, 16 cytoplasmic tRNAs were significantly upregulated in R110W mice,

while only two tRNAs were downregulated. Between these two decreased tRNAs, only tRNAPro (GGG) was involved in amino acid transport,

while the other one was a suppressor tRNA (tRNA-Sup-TTA) (Figures 4B; Table S2).

PUS1 modifies uridines at positions 27 and 28 in most cytoplasmic and mitochondrial tRNAs.42,43 To investigate whether the differentially

expressed tRNAs were pseudouridine-modified by PUS1, we performed a CMC primer extension assay targeting positions 27 and 28 of two

differentially expressed mitochondrial tRNAs (Figure 4C). Interestingly, both the upregulated mt-tRNATyr (GTA) and the downregulated mt-

tRNAIle (GAT) contained J at position 28 in WT cells, while it was absent in Pus1-mutant cells (Figure 4D). Besides, mt-tRNAHis(GTG)44 has

been reported as a target of PUS1 in mice at positions 27 and 28, while no changes in expression were observed in mutant mice, suggesting

a differential effect of PUS1 on the expression of tRNAs undergoing pseudouridylation.

Since the differentially expressed tRNAs may influence the translation of proteins that rely on their cognate codons, we calculated the cu-

mulative proportion of codon usages corresponding to the changed mitochondrial or cytoplasmic tRNAs. Based on these values, we ranked

the mitochondrial genome-encoded or nuclear-encoded OXPHOS proteins (Figures 4E and S5A). Despite the high codon usage of differen-

tially expressed mt-tRNAs for mt-CYTB, no significant differences were observed in the protein level of mt-CYTB. Similarly, the protein levels

of mt-ND3, mt-CO1, and mt-CO2 were comparable between R110W BM erythroblasts and controls (Figure S5B). This could be attributed to

the combined effect of the upregulated and downregulated codon usages of tRNAs on the translation of the same protein.

In R110W BM erythroblasts, we observed elevated levels of nuclear-encoded complex I proteins, specifically NDUFS1 (ranking 3%) and

NDUFS2 (ranking 43%) (Figure 4F). However, no significant changes were seen in Ter119- non-erythroblasts (Figure S5B). These findings sug-

gest that the PUS1 mutation specifically affects the expression of nuclear-encoded complex I subunits in erythroblasts, which may contribute

to the increased activity of complex I observed in our study (Figure 3H).

Overall, the Pus1mutation disrupts mitochondrial and cytoplasmic tRNA profiles, leading to altered translational levels of specific genes

involved in mitochondrial function.
R110W bone marrow erythroblasts exhibited decreased translation efficiency of ribosomal protein genes

Since a considerable number of cytoplasmic tRNAs were altered in R110W, we speculated that the global translation of cytoplasmic protein

may be affected. To characterize the translation dynamics resulting from the PUS1 mutation, polysome profiles of erythroblasts fromWT and

R110W mice were performed. The data showed that the PUS1 R110W mutation resulted in a slight decrease of 40S, 60S subunits and poly-

somes (Figure 5A), suggesting a mild defect of ribosome formation in R110W. The lower level of pre-ribosomal subunits (40S and 60S) can

occur by different mechanisms, including impaired synthesis of ribosomal proteins, defective of rRNA transcription and the rRNA processing

pathway, or disruptions of the ribosome assembly process.
6 iScience 27, 109265, March 15, 2024



Figure 3. Pus1 mutation resulted in mitochondrial respiratory chain dysfunction

(A) Mitochondrial respiration in R110W and control BM erythroblasts measured by cellular OCR at baseline and after various inhibitors treatment. The OCR prior

to the addition of oligomycin represents basal respiration. Mitochondrial ATP synthesis, proton translocation, andO2 uptake weremeasured after the addition of

oligomycin (Oligo). Addition of carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) defines maximal respiratory capacity, while rotenone plus

antimycin A (Rot/AA) describes spare respiratory capacity (n = 6, male mice).

(B) OCR of basal respiration (left) and maximal respiratory capacity (right) from (A) (n = 6, male mice).

(C and D) Mean fluorescence intensity (MFI) peak (left) and values (right) of CellROS in BM (C) or SP (D) erythroblasts between WT and mutant male mice (n = 17–24

for WT; n = 11–17 for R110W).

(E) MFI peak (left) and values (right) of MitoSox in spleen erythroblasts between WT and mutant male mice (n = 9 for WT; n = 6 for R110W).

(F‒G) MFI values of TMRE (F) and mitotracker (G) in spleen erythroblasts between WT and mutant male mice (n = 20–24 for WT; n = 16–20 for R110W).

(H) Complex I activity of BM cells in the two groups, see the detailed protocol in the STAR methods (n = 12, male mice).

(I) ATP level of BM cells in the two groups, see the detailed protocol in the STAR methods (n = 6, each sample includes three or four replicates, male mice).

(J) Complex III activity of spleen cells in the two groups, see the detailed protocol in the STAR methods (n = 6, male mice).

(K‒L) Complex II (K) and complex IV (L) activity of BM cells in the two groups, see the detailed protocol in the STAR methods (n = 3, each sample includes three

replicates, male mice). Data are represented as Mean G SEM; *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S4.
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Figure 4. Pus1-mutant mice presented defective pseudouridylation of targeted tRNAs

(A) Expression levels of mitochondrial tRNA in BM erythroblasts of the two groups, all of the detectedmitochondrial tRNAs were listed in the panel. (n = 3, female

mice).

(B) Heatmap showing the expression level of cytoplasmic tRNAs with significant differences between the two groups (n = 3, female mice).

(C) Sequences and secondary structures of the mitochondrial tRNA with differential expression in R110W BM erythroblasts. Red boxes indicate putative Pus1

target sites that we examined by the CMC primer extension assay.

(D) CMC primer extension assay of mitochondrial tRNAIle (GAT) and tRNATyr (GTA). M, marker, a pool of indicated length of RNAs. Red arrows indicate sites that

contain pseudouridine modifications in WT but are not found in the R110W cells. The detailed sequences used are shown in the supplementary materials.

(E) Nuclear-encodedmitochondrial OXPHOS genes ranked by the frequencies containing codons of the up-regulated cytosolic tRNAs in R110W cells. The arrows

indicate the ranking of NDUFS1 and NDUFS2, respectively.

(F) Expression changes of nuclear-encoded mitochondrial respiratory chain-related proteins in R110W BM erythroblasts by Western blotting. Data are

represented as Mean G SEM; *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S5 and Table S2.
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To further elucidate the potential impact of the R110W on rRNA processing, fractions containing RNAs with varying sedimentation were

collected into 18 tubes, as depicted in Figure 5A. The expression levels ofmature and intermediate products of rRNA in the initial 6 tubeswere

analyzed with RT-qPCR, and no significant differences were observed in the expression of either mature or intermediate rRNA products

compared to the control group (Figure S6A), suggesting the R110W mutation may have no effect on rRNA processing.

To further assess the impact of the PUS1 mutation on ribosomal protein translation, we performed RNA sequencing (RNA-seq) and ribo-

some profiling (Ribo-seq) on BM erythroblasts from R110Wmice and controls (Figure S6B). We calculated the translational efficiency (TE) for

each transcript and found that the number of genes with decreased TE was higher than that with increased TE in R110W (Figure S6C;

Table S3). Further KEGG enrichment analysis revealed that the transcripts with decreased TE in R110W mice were enriched in the ribosome
8 iScience 27, 109265, March 15, 2024



Figure 5. BM erythroblasts of Pus1-mutant mice showed decreased translation efficiency of ribosomal protein

(A) Polysome profiles were performed by fractionation on a 10 to 45% sucrose gradient. Fractions were collected and corresponding tube numbers were

indicated, and the optical density at 260 nm (A260) was measured. The positions of the 40S and 60S native subunits and the 80S monosomes are indicated

(n = 3, female mice).
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Figure 5. Continued

(B) KEGG enrichment analysis of down-regulated translational efficiency genes (log2FC < �1, p < 0.05, left) and up-regulated translational efficiency genes

(log2FC > 1, p < 0.05, right).

(C) RNA expression changes of ribosomal protein genes by RNA-seq (upper) and translational expression changes of ribosomal protein gene by Ribo-seq

(bottom). Blue, downregulated genes; Pink, upregulated genes. Related genes are listed in Table S4.

(D) GSEA performed on all genes detected by RNA-seq. NES: normalized enrichment score.

(E) GSEA performed on all genes detected by Ribo-seq. NES: normalized enrichment score.

(F) MFI values of OPP incorporation in BM erythroblasts (n = 3, female mice). The gating strategy is shown in Figure S7B.

(G) Expression of Hbb-b2, Hbb-y, and b-s protein in BM erythroblasts (upper) by Western blotting and quantification (bottom).

(H) Relative mRNA level of Hbb-b2/b-s and Hbb-y (n = 3). Primers used are listed in Table S1. Data are represented as Mean G SEM; *p < 0.05, **p < 0.01,

***p < 0.001. See also Figures S6 and S7.
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andmetabolic-related pathways (Figure 5B). We further analyzed the differential TE of ribosomal protein genes using RNA-seq and Ribo-seq

and determined whether the differential TE of ribosomal protein genes was influenced by transcription, translation, or both. We found that

while the number of upregulated anddownregulated ribosomal protein genes at the RNA level was comparable, a significant portion of these

genes exhibited decreased translational levels (Figures 5C; Table S4), suggesting that the decreased TE of ribosomal protein genes was

mainly caused by reduced translation. Gene Set Enrichment Analysis (GSEA) further supported these findings, showing the enrichment of

mitochondrial translation, mitochondrial ribosome, and mitochondrial protein complex enriched in R110W erythroblasts in RNA-seq (Fig-

ure 5D). Conversely, translation and ribosome-related signaling pathways, such as the ribosome and regulation of translation, were inversely

correlated with the R110W group in ribosome-seq (Figure 5E), confirming that the TE of ribosome-related proteins was downregulated in

R110W mice.

O-propargyl-puromycin (OPP, an analog of puromycin) incorporation assay was further used to determine the cytoplasmic translation be-

tween R110W and control groups. The results showed that the MFI of OPP in LSK+ cells were increased in R110W mice, while it was compa-

rable in Ter119+ erythroblasts between the two groups (Figure S7A). The OPP incorporation in the immature nucleated erythroblasts at

different stages was further identified, and decreased OPP incorporation was observed in BM orthochromatic erythroblasts of R110W

mice (Figures 5F and S7B). These findings suggest that the effect of PUS1 mutation on cytoplasmic translation varied during the develop-

mental stages of hematopoietic cells, and with decreased protein synthesis in the late-stage erythroblasts of mutant mice. Given the high

synthesis activity of hemoglobin proteins during erythropoiesis, which represents approximately 98% of the proteome,45 we investigated

the protein levels of Hbb-b2, Hbb-y, and b-s, which are crucial components of hemoglobin. We found a striking decrease in hemoglobin pro-

tein levels in R110W erythroblasts (Figure 5G), while the transcriptional levels of these genes remained unchanged (Figure 5H).

Overall, these results suggest that the impact of the PUS1 mutation on translation may not be attributed to its effect on the rRNA matu-

ration of ribosome biogenesis. The overall decrease in translational efficiency of ribosomal protein genes and the absence of tRNApseudour-

idylationmay be the reasons for the translation impairment caused by the PUS1mutation. Thewidespread translational changes in R110WBM

erythroblasts, with a particular impact on ribosomal protein synthesis, lead to reduced protein synthesis in the late-stage erythroblasts and

impaired hemoglobin translation, which likely contributes to the impaired erythropoiesis observed in R110W mice.

Disturbances of oxidative phosphorylation and cytoplasmic translation collectively contribute to the pathogenesis of

mitochondrial myopathy, lactic acidosis, and sideroblastic anemia syndrome

The findings of mitochondrial OXPHOS and mitochondrial and cytoplasmic translation abnormalities during erythroid differentiation in

R110W mutant mice prompted us to further dissect which process may account for the defective erythropoiesis. BM Lin- cells from WT

mice were isolated and cultured in an erythroid differentiation system with varying concentrations of different inhibitors of mitochondrial

oxidative respiration for 48 h, and the ratio of differentiated erythrocytes (Ter119+) was measured on the second and sixth day of the differ-

entiation process (Figures 6A and S8A). We found a concentration-dependent inhibition of erythroid differentiation by complex III inhibitor

Antimycin A. Interestingly, the inhibitory effect of a low concentration of Antimycin A (0.1 mM) could be partially relieved by day 6 (Figures 6B

and S8B), suggesting a reversible nature of the inhibition. These results indicate that the impairment of OXPHOS, specifically through the

inhibition of complex III, plays a role in the defective erythropoiesis in R110W.

To assess the impact of translation inhibitors on erythroid differentiation, we treated Lin- cells during erythropoiesis with two different

inhibitors for 48 h: cycloheximide (CHX), which inhibits cytoplasmic translation, and doxycycline (DOX), which inhibits mitochondrial trans-

lation. The results showed that both low and high concentrations of CHX significantly inhibited the differentiation of erythroid cells

(Figures 6C and S8B). As for Dox, a high concentration exhibited a modest inhibitory effect on early differentiation (Day 2), but the pro-

portion of Ter119+ cells recovered to a comparable level to that of DMSO control by day 6 (Figures 6D and S8B), suggesting a transient

effect of mitochondrial translation inhibitor on erythropoiesis. We further increased the concentration range of DOX and prolonged the

drug incubation for six days to examine the effect of DOX on erythropoiesis. We found that higher concentrations and longer incubation

of DOX significantly reduced cell viability, but did not affect the erythroid differentiation (Figure 6E). These results suggest that cyto-

plasmic translation plays an important role in regulating erythropoiesis, whereas mitochondrial translation may have less of an effect.

Taken together, our results highlight the importance of OXPHOS and cytoplasmic translation in erythroid differentiation and suggest

that disturbances in these processes, rather than mitochondrial translation, may contribute to the defective erythropoiesis observed in

MLASA.
10 iScience 27, 109265, March 15, 2024



Figure 6. Inhibition of the mitochondrial electron transport chain and cytoplasmic translation exerted inhibitory effects on erythropoiesis

(A) Strategy of in vitro erythropoiesis differentiation.

(B) Quantification of erythroid cells that were differentiated from sorted Lin- cells ofWTmice with erythropoiesis differentiation culturemedium in the presence or

absence of antimycin A. Inhibitors were both incubated with cells for 48 h, and then the drugs were withdrawn.

(C and D) Quantification of erythroid cells that were differentiated from Lin- cells of WT mice cultured in liquid medium in the presence or absence of

cycloheximide (C) or doxycycline (D), inhibitors both incubate with cells for 48 h.

(E) Quantification of live cells or Ter119+ erythroid cells at day 6 after differentiation by the treatment with doxycycline for 2 days or 6 days. Data are represented as

Mean G SEM; *p < 0.05, **p < 0.01, ***p < 0.001. See also Figures S8 and S9.
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It was reported that the targets of PUS1 also includedmRNA and lncRNA.46,47 We referred to previous studies on PUS1 targeting mRNAs,

highlighting genes related toOXPHOS and cytoplasmic translation in Figure S9A, to see whether the expression of these genes was changed

in R110W groups. We analyzed the TE of these genes using RNA-seq and Ribo-seq data and found that only RPS8 exhibited significant dif-

ferences between the two groups (Figure S9B). We further assessed the relevant protein levels of some selected genes. The results indicated

that EIF4E2, EIF3H, EEF1A1, RPS8, and MT-CO1 showed no significant differences in protein levels between the two groups (Figure S9C).

These data suggest that despite the loss of PUS1 enzymatic activity, there were no notable alterations in the protein levels of PUS1 mRNA

targets. Therefore, the reduced protein translation observed in PUS1 R110W erythropoietic cells may be not related to PUS1 targetedmRNA

coding genes involved in the OXPHOS pathway or cytosolic protein regulation.
DISCUSSION

In this study, we have presented compelling evidence demonstrating the involvement of pseudouridylation in erythropoiesis in vivo through

the establishment of an MLASA mouse model harboring the most common enzymatic inactivating PUS1 mutation associated with patients

with MLASA. Our findings in R110Wmice, characterized by mitochondrial dysfunction and anemia, closely resemble the primary clinical man-

ifestations observed in patients with MLASA. Importantly, we have identified that loss of tRNA pseudouridylation affects the TE of specific

genes by modulating tRNA abundance, and reduces hemoglobin production, thereby leading to ineffective hematopoiesis. Furthermore,

our study has revealed that the impairment of OXPHOS and cytoplasmic translation collectively contribute to the pathogenesis of MLASA.

RNAmodifications play a critical role in controlling RNA functions and gene expression. Although some studies have suggested non-enzy-

matic role(s) of PUSs,3 most studies have utilized knockout or knockdown systems, which do not allow clear differentiation between the enzy-

matic-dependent or -independent functions of PUSs. In this study, we have established a unique mouse model carrying the enzymatically

inactive R110W-mutant PUS1, which exhibits comparable protein level and cellular distribution to WT PUS1, thus providing an ideal model

to dissect the enzymatic role of PUS1 in biological processes. Similar to patients with MLASA, the R110W mice displayed mild growth
iScience 27, 109265, March 15, 2024 11



ll
OPEN ACCESS

iScience
Article
retardation but survive and manifested a specific defect in erythropoiesis, underscoring the relatively specific role of PUS1 mediated pseu-

douridine in erythropoiesis.

As a critical component of bothmitochondrial and cytoplasmic translationmachinery, tRNAare tightly regulated via various post-transcrip-

tional modifications. Among these modifications, pseudouridine has been implicated in influencing tRNA structure, stability, and the

translation efficiency.48 Interestingly, in our study, we made an intriguing observation that two newly identified PUS1-targeted mt-tRNAs

mt-tRNATyr (GTA) andmt-tRNAIle (GAT) showed opposite expression patterns with depleted pseudouridine in R110Werythroblasts, suggest-

ing the complex regulatorymechanism involving pseudouridine or other post-transcriptionalmodifications in regulating tRNA stability. Given

the differential expression of these two tRNAs, it is not surprising that no obvious changes were observed in the level of mt-CYTB, which uti-

lizes these two tRNAs in a high ratio of as cognate codons. Apart from its mitochondrial localization, PUS1 is also present in the nucleus and

converts uridine into pseudouridine in several cytosolic tRNAs. In our study, the levels of numerous cytosolic tRNAs were altered by R110W-

mutant PUS1. Despite the upregulation of two nuclear encoded mito-proteins, NDUFS1 and NDUFS2, the overall translation efficiency was

reduced at the late stage of erythropoiesis, resulting in ineffective erythropoiesis in PUS1 mutant cells.

OXPHOS is a key energy producing process that involves coupling electron transport chain, while producing many essential interme-

diates for other metabolic pathways such as the tricarboxylic acid (TCA) cycle.49 OXPHOS dysfunction is a common characteristic

observed in patients with MLASA and has been recapitulated in our MLASA mouse model and PUS1 knockout mice.44 However, the

signaling link between OXPHOS and erythropoiesis remains elusive. Impaired OXPHOS causes disturbed energy production and

increased ROS production due to electron transport disruption.50 It may also perturb related metabolites,51 such as succinyl-CoA, a sub-

strate involved in iron metabolism and heme biosynthesis, thereby affecting erythropoiesis. We observed decreased OXPHOS and

increased ROS levels in the erythroblasts of R110W mice, suggesting that oxidative stress, as an unfavorable environment cue, may be

involved in the regulation of erythropoiesis. Using an in vitro erythroid differentiation system, we further demonstrated that OXPHOS in-

hibition significantly impeded the progression of erythroid differentiation, providing direct evidence for the impact of OXPHOS disruption

on erythropoiesis.

During the late stage of erythropoiesis, translation becomes a pivotal biological process that is tightly regulated by various internal and

external signals. For instance, when cellular levels of ROS accumulate or iron availability is limited, the rate of protein synthesis rate is atten-

uated. Ribosomal proteins play a crucial role in translation, and perturbations in these proteins, as observed in Diamond–Blackfan anemia

(DBA), can lead to decreased protein synthesis.52,53 In our study, we also observed a reduction in cytoplasmic protein synthesis in R110W-

mutant orthochromatic erythroblasts, resulting in decreased hemoglobin levels. This impaired protein synthesis may be the primary cause

of the blockage in erythroid maturation, ultimately leading to anemia.

In summary, our study has uncovered the critical role of PUS1-mediated pseudouridylation in maintaining mitochondrial function during

erythropoiesis. We have provided evidence that the catalytically inactivated R110W mutation in PUS1 leads to defective tRNA pseudouridy-

lation and alters the abundance of both cytoplasmic and mitochondrial tRNAs. The disruption of cyto- and mito-tRNAs collectively results in

impaired OXPHOS, reduced TE of ribosomal protein genes, and diminished hemoglobin translation in BM erythroblasts, all of which

contribute to defective erythropoiesis. Our study suggests that modulating mitochondrial homeostasis and protein translation may hold

promise as potential therapeutic strategies for congenital anemias and mitochondria-related anemia syndromes.
Limitations of the study

Although we provide direct evidence that pseudouridylation plays a role in erythropoiesis in vivo, further investigation into this mechanism in

human samples would be valuable. Given the interspecies differences in iron metabolism, erythrocyte development, and mitochondrial ho-

meostasis between humans and animal models, additional experiments are warranted to confirm the relevance of these findings to patients.
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Antibodies

CD71 (Transferrin Receptor) Monoclonal Antibody,

clone R17217 (RI7 217.1.4), APC

eBioscience Cat# 17-0711-82; RRID: AB_1834355

TER-119 Monoclonal Antibody, clone TER-119,

PE-Cyanine7

eBioscience Cat# 25-5921-82; RRID: AB_469661

CD3e Monoclonal Antibody, clone 145-2C11,

PE-Cyanine7

eBioscience Cat# 25-0031-82; RRID: AB_469572

anti-mouse/human CD11b Antibody, clone

M1/70, PE

Biolegend Cat# 101207; RRID: AB_312790

Ly-6G/Ly-6C Monoclonal Antibody, clone

RB6-8C5, PE

eBioscience Cat# 12-5931-82; RRID: AB_466045

CD45R (B220) Monoclonal Antibody, clone

RA3-6B2, APC

eBioscience Cat# 17-0452-82; RRID: AB_469395

Rat Anti-Mouse CD41 Antibody, clone

MWReg30, PE

BD Pharmingen Cat# 558040; RRID: AB_397004

anti-mouse CD4 Antibody, clone GK1.5,

APC/Cyanine7

BioLegend Cat# 100414; RRID: AB_312699

CD8a Monoclonal Antibody, clone 53-6.7,

APC-eFluor 780

eBioscience Cat# 47-0081-82; RRID: AB_1272185

CD117 (c-Kit) Monoclonal Antibody, clone 2B8,

APC-eFluor 780

eBioscience Cat# 47-1171-82; RRID: AB_1272177

Ly-6A/E (Sca-1) Monoclonal Antibody, clone D7,

PE-Cyanine7

eBioscience Cat# 25-5981-82; RRID: AB_469669

Rat Anti-Mouse CD34, clone RAM34, BV421 BD Horizon Cat# 562608; RRID: AB_11154576

anti-mouse CD135 Antibody, clone A2F10, PE BioLegend Cat# 135305; RRID: AB_1877218

CD16/CD32 Monoclonal Antibody, clone 93,

PerCP-Cyanine5.5

eBioscience Cat# 45-0161-82, RRID: AB_996659

CellROX� Green Reagent, for oxidative stress

detection

Invitrogen Cat# C10444

MitoSOX Mitochondrial Superoxide Indicators Invitrogen Cat# M36008

MitoTracker� Green FM Invitrogen Cat# M7514

TMRE Invitrogen Cat# T669

Anti-Ter-119 MicroBeads, mouse Miltenyi biotech Cat# 130-049-901; RRID: AB_2936424

Anti-PUS1 (A-4) antibody Santa Cruz biotechnology Cat# sc-390043

Anti-Ndufs1 antibody Abcam Cat# ab169540; RRID: AB_2687932

Recombinant Anti-NDUFS2 antibody Abcam Cat# ab192022; RRID: AB_2895019

Rabbit Anti-GAPDH Monoclonal Antibody Cell Signaling Technology Cat# 2118; RRID: AB_561053

Anti-Hemoglobin b/g/d/ε antibody Santa Cruz biotechnology Cat# sc-390668

MT-ND3 Rabbit pAb ABclonal Cat# A17969; RRID: AB_2861771

MT-ND6 Rabbit pAb ABclonal Cat# A17991; RRID: AB_2861788

MTCO1 Rabbit pAb ABclonal Cat# A17889; RRID: AB_2861744

MTCO2 antibody Proteintech Cat# 55070-1-AP; RRID: AB_10859832

CYTB antibody Proteintech Cat# 55090-1-AP; RRID: AB_2881266

b-Actin (8H10D10) Mouse mAb Cell Signaling Technology Cat# 3700; RRID: AB_2242334
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EIF3H Rabbit pAb ABclonal Cat# A18026; RRID: AB_2861822

EIF4E2 Polyclonal Antibody ABclonal Cat# A4305; RRID: AB_2765612

eEF1A1 Rabbit mAb ABclonal Cat# A23515

RPS8 Rabbit mAb ABclonal Cat# A21124

Bacterial and virus strains

Trans1-T1 Phage Resistant Chemically Competent Cell TransGen Biotech Cat# CD501-03

Chemicals, peptides, and recombinant proteins

N-cyclohexyl-N0-(2- morpholinoethyl) carbodiimide Sigma Cat# C106402

Glycogen, RNA grade Thermo Scientific Cat# R0551

TRIzol� Reagent Invitrogen Cat# 15596018

EDTA (0.5 M), pH 8.0, RNase-free Invitrogen Cat# AM9260G

Fast SYBR Green Master Mix Clontech Cat# 639676

RNase H (5 U/mL) Thermo Scientific Cat# EN0202

Holo-Transferrin, powder, BioReagent, suitable for

cell culture, R97%

Sigma Cat# T0665

Bovine Serum Albumin, heat shock fraction,

protease free, low endotoxin, suitable for cell

culture, pH 7, R98%

Sigma Cat# A4919

Insulin-Transferrin-Selenium-Ethanolamine

(ITS -X) (100X)

Gibco Cat# 51500056

Glutamax supplement Gibco Cat# 3505061

Epo 3SBIO INC

Dexamethasone Sigma Cat# D2915

Penicillin-Streptomycin HyClone Cat# SV30010

Recombinant Murine SCF peprotech Cat# 250-03

Antimycin A Sigma Cat# A8674

Cycloheximide Sigma Cat# S7418

Doxycycline monohydrate Selleck Cat# S6068

FCCP Selleck Cat# S8276

MethoCult� SF M3436 STEMCELL Technologies Cat# 03436

MethoCult� M3334 STEMCELL Technologies Cat# 03334

Critical commercial assays

DNeasy Blood & Tissue Kit Qiagen Cat# 69506

Lineage Cell Depletion Kit Miltenyi Biotec Cat# 130-110-470

PrimeScript� II 1st Strand cDNA Synthesis Kit Takara Cat# 6210B

Evo M-MLV Mix Kit with gDNA Clean for qPCR Accurate Biology Cat# AG11728

Pierce� BCA Protein Assay Kit Thermo Scientific Cat# 23225

Mitochondria Isolation Kit Thermo Scientific Cat# 89874

Image-iT� Lipid Peroxidation Kit Invitrogen Cat# D3861

Seahorse XF Cell Mito Stress Test Kit Agilent Cat# 103015-100

Click-iT� Plus OPP Protein Synthesis Assay Kits Invitrogen Cat# C10457

Iron Assay Kit Sigma Cat# MAK025

Complex I Enzyme Activity Dipstick Assay Kit Abcam Cat# ab109720

Succinate Dehydrogenase Assay Kit Abcam Cat# ab228560

Mitochondrial Complex III Activity Assay Kit Abcam Cat# ab287844

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Cytochrome c Oxidase Assay Kit Abcam Cat# ab239711

CellTiter-Glo� 2.0 Cell Viability Assay kit Promega Cat# G9241

NucleoBond Xtra Midi Plus kit MACHEREY-NAGEL Cat# 740410.5

Deposited data

nrStar� Mouse tRNA PCR Array This paper Table S2

RNA sequencing This paper GSA: CRA009788

Ribosome profiling This paper GSA: CRA009788

Experimental models: Organisms/strains

Mouse: Pus1R110W/R110W mice This paper N/A

Mouse: b-actin-GFP transgenic reporter mice

(actin-EGFP mice) in a C57BL/6-Ly5.2 background

Tao Cheng’s lab Dong F et al.54

Oligonucleotides

PCR, qPCR and CMCT primer extension assay

primers see Table S1

This paper N/A

Software and algorithms

GraphPad Prism 8 GraphPad https://www.graphpad.com/scientific-

software/prism/www.graphpad.com/

scientific-software/prism/; RRID: SCR_002798

FlowJo BD Biosciences https://www.flowjo.com/solutions/flowjo/

downloads; RRID: SCR_008520

fastp (version 0.18.0) Chen et al.55 https://github.com/OpenGene/fastp;

RRID: SCR_016962

HISAT2 Kim et al.56 http://daehwankimlab.github.io/hisat2/;

RRID: SCR_015530

StringTie v1.3.1 Pertea et al.57 https://ccb.jhu.edu/software/stringtie/#install;

RRID: SCR_016323

DESeq2 Love MI et al.58 https://bioconductor.org/packages/release/

bioc/html/DESeq2.html; RRID: SCR_015687

RiboWaltz Lauria F et al.59 https://github.com/LabTranslationalArchitectomics/

riboWaltz; RRID: SCR_016948

RSEM Li et al.60 https://github.com/deweylab/RSEM;

RRID: SCR_013027

Fiji Schindelin, J et al.61 https://imagej.net/software/fiji/downloads;

RRID: SCR_002285
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yajing Chu

(chuyajing@ihcams.ac.cn).
Materials availability

Mice line and all unique/stable reagents generated in this study are available on a reasonable request from the lead contact, Yajing Chu

(chuyajing@ihcams.ac.cn).
Data and code availability

� The raw sequence data reported in this paper have been deposited in the Genome Sequence Archive (Genomics, Proteomics & Bio-

informatics 2021) in National Genomics Data Center (Nucleic Acids Res 2022), China National Center for Bioinformation/Beijing
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Institute of Genomics, Chinese Academy of Sciences (GSA: CRA009788) that are publicly accessible at https://ngdc.cncb.ac.cn/gsa.

These accession numbers are also listed in the key resources table.
� This paper does not report original code.

� Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

CRISPR-Cas9 system was used to generate Pus1R110W/+ mice by creating a missense mutation in exon 3. Pus1R110W/+ mice were crossed to

generate Pus1R110W/R110W (R110W). Genotyping of mice were determined with genomic DNA PCR followed by Sanger sequencing (BGI

tech company). Primer sequences are listed in Table S1. Age- and gender-matched littermates were used as control. b-actin-GFP transgenic

reporter mice (actin-EGFPmice) in a C57BL/6-Ly5.2 background were presented by Tao Cheng’s lab.54 8–12 weeks old actin-EGFPmice were

served as donors and recipients after confirming GFP-positive cell rate in PB. All animals were bred in a specific-pathogen-free facility. All

experiments were conducted under the institutional guidelines of the Institutional Animal Care and Use Committee of SKLEH. Mice used

here were on C57BL/6-Ly5.2 (Ly5.2, CD45.2) genetic background.

METHOD DETAILS

tRNA PCR array

nrStarMouse tRNA PCR Array was performed to determine the tRNA abundance by Aksomics company. Pellet enriched Ter119+ cells by centri-

fugation. Lyse cells in Trizol Reagent by repetitive pipetting. Then RNAextraction, RNAdemethylation, first strand cDNA synthesis, real-time PCR

were carried out to obtain the raw data of tRNA expression. The raw data was analyzed by DDCt method and showed in Table S2.

RNA sequencing

Total RNA was extracted using Trizol reagent kit (Invitrogen) according to the manufacturer’s protocol. RNA quality was assessed using an

Agilent 2100 Bioanalyzer (Agilent Technologies) and checked by RNase-free agarose gel electrophoresis. mRNA was enriched by Oligo(dT)

beads. The enriched mRNA was then fragmented into short fragments using fragmentation buffer and reversely transcribed into cDNA by

using NEBNext Ultra RNA Library Prep Kit for Illumina (NEB). The purified double-stranded cDNA fragments were end repaired, A-tailed,

and ligated to Illumina sequencing adapters. The resulting cDNA library was sequenced using Illumina Novaseq6000 by Gene Denovo

Biotechnology Co. (Guangzhou, China).

Readswere further filtered by fastp (version 0.18.0).55 After removing the rRNAmapped reads, paired-end clean readsweremapped to the

reference genome using HISAT2.56 The mapped reads of each sample were assembled by StringTie57 v1.3.1 in a reference-based approach.

For each transcription region, an FPKM (fragment per kilobase of transcript per million mapped reads) value was calculated to quantify its

expression abundance. RNAs differential expression analysis was performed by DESeq2.58

Preparation and processing of Ribo-seq data

1mL of pre-cooled PBS (containing 0.1mg/mL cycloheximide) was added to the Ter119+ erythroblasts andmixedwell, followed by the centri-

fugation. After repeated treatment with 1 mL of pre-cooled PBS (containing 0.1 mg/mL cycloheximide), the precipitates were frozen in liquid

nitrogen and stored at �80�C.
Low-quality reads are filtered using fastp, followed by STAR for genome-wide alignments. Then, according to the position of the 5’end of

the reads, the remaining ribosome footprints (RF) were aligned to different regions of the genome (50 UTR, CDS, 30UTR and intron). The R

package ‘‘RiboWaltz’’ was used to calculate optimal P-site offsets.59 The counts of reads in the open reading frame of the coding gene

were calculated using RSEM software60 and standardized using FPKM. Translational efficiency (TE) for each transcript was calculated by

dividing normalized ribosome-protected fragment reads (as assessed by Ribo-seq) by the normalized RNA-seq reads. TE levels of Differen-

tially expressed genes by Ribo-seq and RNA-seq are showed in Table S3.

BM competitive transplantation

For continuous competitive reconstitution assays, 53 105 BMcells fromR110Wmutantmice and their littermate controls weremixedwith 53105

GFP+ BM competitor cells and injected intravenously into lethally-irradiated EGFP recipient mice. Donor-derived chimerism (including RBC,

Platelet, T cells, B cells andmyeloid cells) of peripheral blood samples from recipientmice was analyzed at 4, 8, 12, 16weeks after transplantation

according to a previous study.62 Secondary transplantation was performed by transferring 1 3 106 BM cells of the primary recipient mice into

lethally irradiated actin-EGFP mice. After 4 months, all recipient mice were sacrificed for donor-derived erythropoiesis and HSPC analysis.

Blood routine examination

Blood samples are harvested at different developmental stages of mice. The procedure for blood routine examination has been previously

described.63,64 Briefly, 20 mL PBwas collected from tail vein of mice into 1.5mL tube containing 120 mL PBE (PBSwith 2mMEDTA and 2%FBS).

Then the 1:7 diluted blood were measured and analyzed by XN-1000 V hematology analyzer (Sysmex).
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RNA extraction

Total RNAwas extracted using Trizol reagent (Invitrogen) following themanufacturer’s protocol, with Phasemaker tube (Invitrogen) to accom-

modate RNA extraction.

CMC labeling

Total RNA was CMC (N-cyclohexyl-N0-(2- morpholinoethyl) carbodiimide) labeled as previously described.65 Briefly, 3 - 10 mg total RNA in

12 mL RNase-free water was added to 24 mL of 13 TEU buffer (50 mM Tris-HCl (pH 8.3), 4 mM EDTA, 7 M urea), and 4 mL TEU buffer with

(CMC+) or without (CMC-) 1 M CMC. The incubation was performed at 30�C for 16 h. After incubation, 160 mL of 50 mM KOAc (pH = 7),

200 mMKCl, 3 mL of 5 mg/mL glycogen, and 550 mL of ethanol were mixed with the samples, followed by > 2 h incubation at�80�C and centri-

fugation at 14 krpm for 30min to remove excess CMC. After removing the supernatant, 500 mL of 75% ethanol was added to the pellet, kept at

at �80�C for >2 h, and centrifuged at 14 krpm for 30 min. The precipitation needed to repeated once more. RNA pellets recovered from the

CMC+ and CMC- samples were then separately dissolved in 40 mL of 50 mMNa2CO3, 2 mM EDTA (pH = 10.4) and incubated at 37�C for 6 h.

The precipitation and washing procedure was then repeated.

Reverse transcription

After CMC labeling, RNA samples were dissolved in 8–15 mL Nuclease-free water, and the RNA concentration was determined by Nanodrop.

Reverse transcription was carried out using PrimeScript II 1st Strand cDNA Synthesis Kit (Takara) following the manufacturer’s protocol. More

than 1 mg of RNA was used as input for reverse transcription. Targeted tRNA primers were modified at the 50 end with Cy3 (Sangon Biotech).

When reverse transcription was complete, 1 mL of RNase H was added and incubated at 37�C for 20 min to remove RNA. Then, 75% ethanol

was used to precipitate the cDNA.

Gel electrophoresis

The cDNA pellet was dissolved in 7 mL of TE buffer, mixed with 7 mL of 23 TBE-Urea loading buffer (denaturating urea gel) (Real-Times Biotech-

nology), and incubated at 70�C for 5min. The entiremixture was loaded onto a pre-run 22%denaturing urea gel containing 13 TBE. The bands

were determined using the Tanon imaging system at 605 nm.

In vitro erythropoiesis assay

This in vitro erythropoiesis assay was modified from a previously published article.66 Briefly, Lin� cells were enriched and plated on fibronectin-

coated (2 g/cm2) Costar 24-well Clear TC-treated Multiple Well Plates (Corning) at a cell density of 1 3 105/mL in erythropoietic medium with

drug or DMSO treatment. The erythropoietic medium consisted of Iscove’s modified Dulbecco’s medium (IMDM, Gibco) containing 15%

FBS, 1% detoxified BSA (low endotoxin), 200 mg/mL holotransferrin, 10 mg/mL recombinant human insulin, 2 mM L-glutamine, 10�4 M

(0.1 mM) b-mercaptoethanol, 50 units/ml penicillin G and 50 g/mL streptomycin, 10 units/ml Epo, 10 ng/mL SCF (R & D Systems, Minneapolis,

MN), 10 mM dexamethasone (Sigma). After 48 h incubation, the erythropoietic medium was replaced with maintenance medium for 48 h

including Iscove’s modified Dulbecco’s medium (IMDM, Gibco) supplemented with 20% FBS, 2 mM L-glutamine, 0.1 mM b-mercaptoethanol,

50 units/ml penicillin G and 50 g/mL streptomycin. Then, half of the medium was discarded and replaced with fresh maintenance medium. The

drugs used are listed below, Antimycin A (Sigma, A8674), Cycloheximide (NSC-185) (Sigma, S7418), Doxycycline monohydrate (Selleck, S6068).

Immunoblotting

The Immunoblotting was performed as documented previously and underwentminormodifications.67 Enriched Ter119+ cell lysates were har-

vested by RIPA Buffer (Cell Signaling Technology), incubated on ice for 30 min, and 13SDS-PAGE loading buffer was added. The samples

were subjected to electrophoresis on 12.5% SDS-PAGE gels after heating them at 100�C for 10 min. Then, proteins were transferred to poly-

vinylidene difluoride (PVDF) membrane (Millipore) by wet-based transfer experiment (Bio-Rad). Immobilon Western Chemiluminescent HRP

Substrate (Millipore) was used to detect HRP-labeled antibodies and the protein bands were detected with a ChemiDoc Imaging Systems

machine (Bio-Rad) and quantified with ImageJ software. The antibodies used in this study are listed below. Anti-PUS1 (A-4) antibody (Santa

Cruz biotechnology, sc-390043), Anti-Ndufs1 antibody (abcam, ab169540), Anti-Ndufs2 antibody (abcam, ab192022), Anti-GAPDH antibody

(Cell Signaling Technology, 2118), Anti-Hemoglobin b/g/d/ε antibody (Santa Cruz biotechnology, sc-390668), Anti-ND3 antibody (abclonal,

A17969), Anti-ND6 antibody (abclonal, A17991), Anti-CO1 antibody (abclonal, A17889), Anti-CO2 antibody (Proteintech, 55070-1-AP),

Anti-CYTB antibody (proteintech, 55090-1-AP), Anti-b-Actin antibody (Cell Signaling Technology, 3700). The relative density was quantified

using Fiji.61

Measurements of oxygen consumption rates

Oxygen consumption rates (OCRs) were measured using a Seahorse Bioscience Extracellular Flux Analyzer (XFe24) according to manufac-

turer’s instructions. Freshly isolated whole bone marrow cells of mice were enriched for the Ter119+ cells using magnetic cell sorting and

800,000 cells/well in 100 mL were immobilized to XFe24 plate (Agilent) pre-coated with Cell-Tak (Corning). The plate was incubated in an incu-

bator at 37�Cwithout CO2 for 40min to equilibrate and 400 mL assaymediumwas added subsequently. Oxygen consumptionmeasurements,

taken every 10min, weremeasured at baseline and after sequential addition of 1 mMoligomycin, 2 mMFCCP, and 1 mM rotenone/antimycin A.
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Flow cytometry analysis and cell enrichment

Staining and washing procedures for flow cytometry have been previously described.68 The lineage cocktail markers used include CD3, CD4,

CD8, B220, Mac1, Gr1 and Ter119. Cells were analyzed using an LSR II or Canto II instrument (BD Biosciences). Lin� cells and Ter119+ cells

were enriched with Lineage microbeads and Ter119 microbeads (Miltenyi Biotec), respectively, according to the manufacturer’s instructions.
Mitochondrial mass and membrane potential measurement

Mitochondrial mass and mitochondrial membrane potential (MMP) were determined using flow cytometry as documented previously.69

Briefly, 1 3 106 BM or SP cells from mice were resuspended with 1mL pre-warmed PBS, incubated with cell surface antibody and 50 nM

MitoTracker Green (Invitrogen) for 30 min at 37�C, and measured with 488 nm excitation. MMP was determined by TMRE staining. Cells

were centrifuged to obtain a cell pellet and the supernatant was aspirated. Then, cells were gently resuspended in prewarmed (37�C)
PBS. 200 nM TMRE (Invitrogen) and cell surfacemarkers were added to cell suspension. For FCCP (carbonyl cyanide 4-(trifluoromethoxy) phe-

nylhydrazone) control, 1 mL 50 mM FCCP (Selleck) was added to cell suspension for 15 min at 37�C followed by 200 nM TMRE staining. Cells

were then washed, resuspended and analyzed on a BD LSR II or Canto II.
ROS and MitoSox detection

Mitochondrial superoxide and cellular ROS levels were assessed by staining with MitoSOX, CellROX (Invitrogen) and H2DCFDA (Invitrogen),

respectively. For MitoSOXmeasurement, 13 106 BM or SP cells were resuspended in 500 mL PBS and incubated with cell surfacemarkers and

0.5 mL 5 mM MitoSOX reagent stock solution. Incubations were performed in the dark for 20 min at RT, then cells were analyzed by flow cy-

tometry. For CellROX and H2DCFDAmeasurement, cells were resuspended with 1 mL pre-warmed PBS and incubated with CellROX (2.5 mM

final concentration) and H2DCFDA (10 mM final concentration) for 30 min at 37�C. Then cells were washed, resuspended and analyzed on BD

LSR II or Canto II.
Lipid peroxidation measurement

Lipid peroxidation were determined using the Image-iT Lipid Peroxidation Kit (Thermo Fisher). Ter119+ cells were isolated from BM and SP

cells of mice by magnetic-activated cell sorting (MACS). The Image-iT Lipid Peroxidation Sensor (Component A) was added to the cells at a

final concentration of 10 mM. Cells were then incubated for 30 min at 37�C. For the positive control, cumene hydroperoxide (Component B)

was added to the cells at a final concentration of 100 mMand incubated at 37�C for 2 h. Then, the Image-iT Lipid Peroxidation Sensor (Compo-

nent A) was added at a final concentration of 10 mM for the last 30 min of incubation. Lipid peroxidation was determined by quantifying the

fluorescence intensities in the FITC channel on a BD LSR II or Canto II instrument.
Cell separation by magnetic-activated cell sorting

BM and SP cells were collected and suspended in 3 mL PBE. After centrifugation at 1500 rpm for 8 min, cell pellets were harvested and re-

suspend in 90 mL of buffer per 107 total cells. 10 mL of anti Ter-119 MicroBeads (Miltenyl Biotec) per 107 total cells were added to the cell sus-

pension and incubated for 15 min at 4� 8�C. Cells were washed by adding 1–2 mL of PBS per 107 cells and centrifuged at 3003 g for 10 min.

Cells were resuspended at 108/500 mL in PBS for magnetic separation by MS column (Miltenyl Biotec) or LS column (Miltenyl Biotec). Ter119+

and Ter119- Cells were harvested and collected for next experiment.
Iron detection

This protocol refers to the manufacturer’s documentation. Serum iron was analyzed using Iron Assay Kit from Sigma. Standards of 0, 2, 4, 6, 8,

and 10 nmol/well were prepared as described in the protocol. Then, proper volumes of blood serum frommice were used to detected serum

iron at the range of standards. Ferrous (Fe2+) iron and total iron were detected using amicroplate reader bymeasuring absorbance at 593 nm.

The level of ferric (Fe3+) iron was obtained by subtracting the ferrous iron from the total iron.
Colony formation assay

For BFU-E assay, 1 3 105 BM cells were plated in 24 - well plates containing 500 mL Methocult methylcellulose (Stem Cell Technologies,

MethoCult SF M3436). The number of colonies formed on each plate was counted after culturing 10–12 days which was incubated at

37�C, in 5% CO2.

For CFU-E assay, 4 3 103 BM cells were plated in 24 - well plates containing 500 mL Methocult methylcellulose (Stem Cell Technologies,

MethoCult M3334). The number of colonies formed on each plate was counted after 3–4 days culturing which was cultured at 37�C in a hu-

midified atmosphere with 5% CO2.
Enzyme activity measurements

Activities of Complex I (NADH dehydrogenase), Complex II (succinate dehydrogenase), Complex III (ubiquinol-cytochrome c oxidoreductase

complex), Complex IV (cytochrome c oxidase) were determined using Abcam’s Complex I Enzyme Activity Dipstick Assay Kit (abcam,
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ab109720), Succinate Dehydrogenase Assay Kit (abcam, ab228560), Mitochondrial Complex III Activity Assay Kit (abcam, ab287844), Cyto-

chrome c Oxidase Assay Kit (ab239711) according to the manufacturer’s instructions, respectively.
ATP production determination

The CellTiter-Glo 2.0 Cell Viability Assay kit (Promega, G9241) was used for ATP determination according to the manufacturer’s instructions.

Briefly, the reagents of this assay were equilibrated to room temperature before the experiment. The 100 mL detection reagent was added to

100 mLmedium containing 1 - 23 106 cells, andmixed on the orbital shaker for 2min to induce cell lysis. After incubation at room temperature

for 10 min, the luminescence was read on amicroplate reader (Syneregy H4, Bio-Tek). Different concentrations of ATP (Sigma-Aldrich, A7699)

standards were prepared with the medium and determined together with the samples.
OPP protein synthesis assay

Nascent protein synthesis in gated cells was determined by the Click-iT Plus OPP Protein Synthesis Assay Kits (ThermoFisher). Briefly, 53 106

BM or SP cells were centrifuged and resuspended in 500 mL IMDM containing 10% fetal bovine serum (FBS). Click-iT OPP (Component A) was

added to a final concentration of 20 mM along with FACS antibodies. Cells were incubated at 37�C for 60 min. Fixation was carried out by

500 mL 4% PFA at room temperature for 15 min. Cells were washed once with pre-warmed PBS. Permeabilization was performed using

500 mL 0.5% Triton X-100 in PBS at room temperature for 15 min. After washing cells with PBS, the Click-iT Plus OPP reaction cocktail was

added to cells following the manufacturer’s protocol. Once the incubation was completed, cells were washed and resuspended in PBS,

and analyzed using FACS canto II.
QUANTIFICATION AND STATISTICAL ANALYSIS

All data were analyzed usingGraphPad Prism 8 and presented asMeanG SEM.One-wayANOVA and unpaired Student’s t-test were used for

two groups and multiple-group comparisons, respectively. p < 0.05 was considered significant (asterisks indicate *p < 0.05, **p < 0.01, and

***p < 0.001).
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