
American Society of Hematology
2021 L Street NW, Suite 900,
Washington, DC 20036
Phone: 202-776-0544 | Fax 202-776-0545
editorial@hematology.org

Mitochondrial tRNA pseudouridylation governs erythropoiesis
Tracking no: BLD-2023-022004R2

Bichen Wang (State Key Laboratory of Experimental Hematology, Institute of Hematology and Blood
Diseases Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College, China)
Deyang Shi (State Key Laboratory of Experimental Hematology, Institute of Hematology and Blood
Diseases Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College, China)
Shuang Yang (State Key Laboratory of Experimental Hematology, National Clinical Research Center for
Blood Diseases, Institute of Hematology & Blood Diseases Hospital, Chinese Academy of Medical
Sciences & Peking Union Medical College, China) Yu lian (Shanxi Bethune Hospital Department of
Hematology, China) Haoyuan Li (State Key Laboratory of Experimental Hematology, Institute of
Hematology and Blood Diseases Hospital, Chinese Academy of Medical Sciences and Peking Union
Medical College, China) Mutian Cao (State Key Laboratory of Experimental Hematology, National
Clinical Research Center for Blood Diseases, Institute of Hematology & Blood Diseases Hospital,
Chinese Academy of Medical Sciences & Peking Union Medical College, China) Yifei He (State Key
Laboratory of Experimental Hematology, Institute of Hematology and Blood Diseases Hospital, Chinese
Academy of Medical Sciences and Peking Union Medical College, China) Lele Zhang (State Key
Laboratory of Experimental Hematology, National Clinical Research Center for Blood Diseases, Haihe
Laboratory of Cell Ecosystem, PUMC Department of Stem Cell and Regenerative Medicine, CAMS Key
Laboratory of Gene Therapy for Blood Diseases, Institute of Hematology & Blood Diseases Hospital,
Chinese Academy of Medical Sciences & Peking Union Medical College, China) Chen Qiu (State Key
Laboratory of Experimental Hematology, Institute of Hematology and Blood Diseases Hospital, Chinese
Academy of Medical Sciences and Peking Union Medical College, China) Tong Liu (State Key Laboratory
of Experimental Hematology, National Clinical Research Center for Blood Diseases, Institute of
Hematology & Blood Diseases Hospital, Chinese Academy of Medical Sciences & Peking Union Medical
College, China) Wei Wen (Institute of Hematology and Blood Disease Hospital, China) Yuanwu Ma (Key
Laboratory of Human Disease Comparative Medicine, National Health Commission of China (NHC), AND
Beijing Engineering Research Center for Experimental Animal Models of Human Critical Diseases,
Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences, Peking Union Medicine
College, China) Lei Shi (Key Laboratory of Breast Cancer Prevention and Therapy (Ministry of
Education), Haihe Laboratory of Cell Ecosystem, Department of Biochemistry and Molecular Biology,
School of Basic Medical Sciences, Tianjin Medical University Cancer Institute and Hospital, Tianjin
Medical University, China) Tao Cheng (State Key Laboratory of Experimental Hematology, National
Clinical Research Center for Blood Diseases, Institute of Hematology & Blood Diseases Hospital,
Chinese Academy of Medical Sciences & Peking, China) Lihong Shi (Institute of Hematology & Blood
Diseases Hospital, Chinese academy of medical sciences, China) Weiping Yuan (State Key Laboratory
of Experimental Hematology, National Clinical Research Center for Blood Diseases, Haihe Laboratory
of Cell Ecosystem, Institute of Hematology & Blood Diseases Hospital, Chinese Academy of Medical
Sciences & Peking Union Medical College, China) Yajing Chu (State Key Laboratory of Experimental
Hematology, National Clinical Research Center for Blood Diseases, Institute of Hematology & Blood
Diseases Hospital, Chinese Academy of Medical Sciences & Peking Union Medical College, China) Jun
Shi (State Key Laboratory of Experimental Hematology, National Clinical Research Center for Blood
Diseases, Haihe Laboratory of Cell Ecosystem, Institute of Hematology & Blood Diseases Hospital,
Chinese Academy of Medical Sciences and Peking Union Medical College; Tianjin Institutes of Health
Science; Regenerative Medicine Clinic & Red Blood Cell Diseases, Institute of Hematology & Blood
Diseases Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College, China) 

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/doi/10.1182/blood.2023022004/2222626/blood.2023022004.pdf by guest on 18 M

ay 2024

https://crossmark.crossref.org/dialog/?doi=10.1182/blood.2023022004&domain=pdf&date_stamp=2024-04-18


Abstract:
Pseudouridine is the most prevalent RNA modification, and its aberrant function is implicated in
various human diseases. However, the specific impact of pseudouridylation on hematopoiesis remains
poorly understood. In this study, we investigated the role of tRNA pseudouridylation in
erythropoiesis and its association with mitochondrial myopathy, lactic acidosis, and sideroblastic
anemia syndrome (MLASA) pathogenesis. By utilizing patient-specific induced pluripotent stem cells
(iPSCs) carrying a genetic PUS1 mutation and a corresponding mutant mouse model, we demonstrated
impaired erythropoiesis in MLASA iPSCs and anemia in the MLASA mouse model. Both MLASA iPSCs and
mouse erythroblasts exhibited compromised mitochondrial function and impaired protein synthesis.
Mechanistically, we revealed that PUS1 deficiency resulted in reduced mitochondrial tRNA levels due
to pseudouridylation loss, leading to aberrant mitochondrial translation. Screening of
mitochondrial supplements aimed at enhancing respiration or heme synthesis showed limited effect in
promoting erythroid differentiation. Interestingly, the mTOR inhibitor rapamycin facilitated
erythroid differentiation in MLASA-iPSCs by suppressing mTOR signaling and protein synthesis, and
consistent results were observed in the MLASA mouse model. Importantly, rapamycin treatment
effectively ameliorated anemia phenotypes in the MLASA patient. Our findings provide novel insights
into the crucial role of mitochondrial tRNA pseudouridylation in governing erythropoiesis and
present potential therapeutic strategies for anemia patients facing challenges related to protein
translation. -
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Key points： 37 

 The deficiency of Ψ in mt-tRNAs due to PUS1 mutation contributes to impaired 38 

mitochondrial function and anemia in an MLASA patient  39 

 The mTOR inhibitor rapamycin shows promise as a therapeutic approach for 40 

MLASA-associated anemia 41 

 42 

Abstract 43 

Pseudouridine is the most prevalent RNA modification, and its aberrant function is 44 

implicated in various human diseases. However, the specific impact of 45 

pseudouridylation on hematopoiesis remains poorly understood. In this study, we 46 

investigated the role of tRNA pseudouridylation in erythropoiesis and its association 47 

with mitochondrial myopathy, lactic acidosis, and sideroblastic anemia syndrome 48 

(MLASA) pathogenesis. By utilizing patient-specific induced pluripotent stem cells 49 

(iPSCs) carrying a genetic PUS1 mutation and a corresponding mutant mouse model, 50 

we demonstrated impaired erythropoiesis in MLASA iPSCs and anemia in the MLASA 51 

mouse model. Both MLASA iPSCs and mouse erythroblasts exhibited compromised 52 

mitochondrial function and impaired protein synthesis. Mechanistically, we revealed 53 

that PUS1 deficiency resulted in reduced mitochondrial tRNA levels due to 54 

pseudouridylation loss, leading to aberrant mitochondrial translation. Screening of 55 

mitochondrial supplements aimed at enhancing respiration or heme synthesis showed 56 

limited effect in promoting erythroid differentiation. Interestingly, the mTOR inhibitor 57 

rapamycin facilitated erythroid differentiation in MLASA-iPSCs by suppressing mTOR 58 

signaling and protein synthesis, and consistent results were observed in the MLASA 59 

mouse model. Importantly, rapamycin treatment effectively ameliorated anemia 60 

phenotypes in the MLASA patient. Our findings provide novel insights into the crucial 61 

role of mitochondrial tRNA pseudouridylation in governing erythropoiesis and present 62 

potential therapeutic strategies for anemia patients facing challenges related to 63 

protein translation.   64 
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 4 

Introduction 65 

Pseudouridine is the most abundant RNA modification found in tRNA, rRNA, and 66 

mRNA.1,2 It plays a vital role in RNA biology, affecting processes such as protein 67 

translation, pre-mRNA processing, and various cellular functions.3,4 Pseudouridylation 68 

refers the process of converting uridine (U) into pseudouridine (Ψ) catalyzed by 69 

pseudouridine synthases (PUSs). Abnormal pseudouridylation has been associated 70 

with several human diseases,5 for example PUS7-mediated pseudouridylation in stem 71 

cell commitment, leukemogenesis,6,7 and glioblastoma.8  72 

Erythropoiesis is a complex process with different stages, and any disturbances 73 

can result in anemia.9 Sideroblastic anemia (SA) is a type of anemia characterized by 74 

ring sideroblasts. The pathogenic genes associated with congenital sideroblastic 75 

anemia (CSA) such as LARS2, ABCB7 and ALAS2,10-12 are predominantly involved in 76 

pathways involving mitochondria, such as heme biosynthesis, iron-sulfur cluster 77 

biogenesis, mitochondrial translation and respiration, indicating a relationship of 78 

anemia and mitochondria. A rare form of SA, known as mitochondrial myopathy, lactic 79 

acidosis, and sideroblastic anemia (MLASA), involves multi-system defects and is 80 

associated with mutations in three genes: pseudouridine synthase 1 (PUS1),13-24 81 

mitochondrial tyrosine tRNA synthetase (YARS2), and MT-ATP6 gene.11 PUS1 is the 82 

first gene identified in connection with MLASA, but the roles of PUS1 in erythropoiesis 83 

remains unclear. 84 

In this study, we investigated the effects of pseudouridylation in erythropoiesis 85 

with MLASA patient-derived induced pluripotent stem cell (iPSC) lines and a 86 

corresponding Pus1 mutant mouse model. We identified that PUS1 deficiency leads 87 

to altered tRNA pseudouridylation, resulting in decreased protein synthesis and 88 

subsequent anemia. We further explored the potential use of an mTOR inhibitor to 89 

alleviate the anemia phenotype in MLASA patients.  90 

  91 
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 5 

Methods 92 

Clinical samples 93 

The patient and her parents signed informed consent to utilize their clinical data and 94 

blood samples in this study in accordance with the Declaration of Helsinki. patient 95 

sample usage has been approved by the Ethics Advisory Committee of the Institute of 96 

Hematology and Blood Diseases Hospital (NSFC2021073-EC-2). For the exploratory 97 

treatment in this case, we obtained written authorization from the patient and her 98 

parents to use the off-label drug sirolimus.  99 

 100 

Human iPSC culture 101 

Human iPSCs and ESCs were maintained in Matrigel-coated in E8 medium or 102 

mTeSR1TM medium (STEMCELL) according to the manufacturer’s manual as 103 

previously described.25  104 

 105 

Generation of mouse model  106 

All experiments were conducted under the institutional guidelines of the Institutional 107 

Animal Care and Use Committee of State Key Laboratory of Experimental 108 

Hematology. For details see supplementary methods. 109 

 110 

Statistical analysis 111 

All data statistics were processed using GraphPad Prism 8 and presented as 112 

Mean±SD. One-way ANOVA, two-way ANOVA and unpaired Student's t-test were 113 

used for variance analysis, *P<0.05; **P<0.01; ***P<0.001. 114 

 115 

Research using patient samples has been approved by the Ethics Advisory 116 

Committee of the Institute of Hematology and Blood Diseases Hospital. All 117 

experiments  were conducted under the institutional guidelines of the 118 

Institutional Animal Care and Use Committee of State Key Laboratory of 119 

Experimental Hematology.  120 
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 6 

Results 121 

A novel PUS1 p.P175fs mutation identified in a MLASA patient 122 

A 16-year-old female patient was admitted to our hospital with self-reported exercise 123 

intolerance, long-term pallor, and undue fatigue in 2013. The patient has a history of 124 

anemia and was first diagnosed at 6 months’ old in a local hospital (Supplemental 125 

Table 1). Complete blood count suggested macrocytic anemia (HGB 46 g/L; RBC 126 

1.33×1012/L; HCT, 16.1%; MCV, 121.1 fL). Blood tests also presented 127 

hyperlactacidemia (lactate 2.4 mmol/L, normal range 1.0–1.8 mmol/L). B-ultrasound 128 

revealed splenomegaly, while her hepatic functional test results were normal. The 129 

bone marrow (BM) aspiration revealed dysplastic erythropoiesis with 12% ring 130 

sideroblasts (Figure 1A). Based on the above findings, the patient was diagnosed with 131 

SA. Transfusion of RBCs only achieved a short-term relief. In the subsequent six 132 

years, the patient was prescribed with various medications including folic acid, vitamin 133 

B1 or vitamin B6. However, the hemoglobin level showed no improvement (Figure 1B 134 

and Supplemental Table 2).  135 

We then performed targeted sequencing for 636 genes related to hematological 136 

and genetic diseases (Supplemental Table 3) with peripheral blood (PB) cells of the 137 

patient and her parents. Notably, a novel homozygous frameshift mutation resulting in 138 

a premature stop codon in the amino acid 183 (c.523delC, p.P175fs*8; NM 025215.6) 139 

of PUS1 gene was identified in the patient, while the other recognized mutations were 140 

all heterozygous (Supplemental Table 4). This mutation in PUS1 was verified by 141 

Sanger sequencing, and her parents carried the same heterozygous variant, 142 

indicating this mutation is inherited (Figure 1C). PUS1 mutations have been reported 143 

to cause MLASA, and P175 was found to locate in the most mutated catalytic domain 144 

(Supplemental Figure 1A)13-23. The patient was then preliminarily diagnosed as 145 

MLASA, with a new PUS1 P175fs mutation.  146 

 147 
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 7 

The P175fs mutation in PUS1 results in a reduction of its mRNA and a loss of 148 

the protein 149 

To ascertain that PUS1 P175fs mutation causes MLASA in this patient and the 150 

underlying pathogenesis, we established a patient-derived-inducible pluripotent stem 151 

cell (iPSC) line (MLASA-iPSCs) by introducing Yamanaka factors into isolated BM 152 

mononuclear cells from patient by electroporation (Supplemental Figure 1B) since in 153 

vitro patient-derived iPSC model is suitable for disease pathogenesis analysis and 154 

drug screening. A cell line with repaired mutation (MLASA-Res-iPSCs) by 155 

CRISPR-Cas9 to introduce the missing cytosine at position 523 to the PUS1 mutated 156 

gene via homologous repair (Supplemental Figure 1C) was also established. The 157 

mutation and correction of the PUS1 gene were verified by Sanger sequencing in 158 

these iPSC lines (Supplemental Figure 1D), and the iPSCs derived from a healthy 159 

individual (Normal-iPSCs) were used as control. 160 

The pluripotency of MLASA-iPSCs and MLASA-Res-iPSC was confirmed 161 

through mRNA and protein expression analysis of pluripotency markers by RT-qPCR, 162 

flow cytometry or immunofluorescence (IF) assay (Supplemental Figure 1E-G), and 163 

further confirmed by the generation of three germ layers in teratoma formation assays 164 

(Supplemental Figure 1H). All three iPSC lines tested were free of mycoplasma 165 

infection (Supplemental Figure 1I). A lower mRNA expression level and a complete 166 

absence of PUS1 protein (Supplemental Figure 1J-K) were observed in 167 

MLASA-iPSCs, which was restored in MLASA-Res-iPSCs.  168 

 169 

The deficiency of PUS1 leads to a blockade of erythropoiesis 170 

To examine whether the P175fs mutation affected erythropoiesis in patient-derived 171 

iPSC, we examined erythropoiesis of the iPSCs with four induction strategies. The 172 

first differentiation strategy involves a modified feeder- and xeno-free defined system 173 

with three stages (Figure 1D). In the tiling iPSC colony formation stage, 174 

MLASA-iPSCs formed dense colonies with normal morphology but in much smaller 175 
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 8 

size than those of Normal- or MLASA-Res-iPSCs (Figure 1Ei and 1F). Following 4 176 

days of hematopoietic endothelial (HE, CD34+CD31+) cells induction in the 2nd stage, 177 

MLASA-iPSCs generated similar proportions of HE cells with Normal- or 178 

MLASA-Res-iPSCs (Figure 1Eii and 1G). After 7-day of erythropoiesis, HE cells 179 

derived from Normal-iPSCs could produce more than 10% erythroblasts 180 

(CD71+CD235a+), while few erythroblasts (about 0.04%) were observed in MLASA 181 

group, which was fully rescued in MLASA-Res-iPSCs (Figure 1Eiii and 1H). The red 182 

pellets of erythroblasts indicated the production of hemoglobin (Figure 1Eiv). We also 183 

evaluated the erythroblasts at multiple time points during the differentiation process, 184 

and the results showed that the cells derived from MLASA-iPSCs did not differentiate 185 

early or delayed, but rather arrested at proerythroblast/basophilic erythroblast stages 186 

(Supplemental Figure 2A-H).  187 

Similar findings were observed using another two-stage erythroid differentiation 188 

strategy26 (Figure 1I). After the first 6-day of hemogenic induction, the percentage of 189 

HE cells were similar between MLASA-iPSCs, Normal and MLASA-Res-iPSCs 190 

(Figure 1J and Supplemental Figure 2Fi). Following another 6-day of erythroid 191 

differentiation stage, while Normal-iPSCs and MLASA-Res-iPSCs produced more 192 

than 20% erythroblasts, MLASA-iPSCs only produce less than 10% erythroblasts 193 

(Figure 1K and Supplemental Figure 2Fii-H). Since the proportions of erythroblasts 194 

obtained by above two strategies were not high enough, we also optimized two 195 

normoxic differentiation methods, and obtained similar results (Supplemental Figure 196 

3A-G, Supplemental Figure 4A-G). In conclusion, patient-derived MLASA-iPSCs have 197 

erythroid differentiation defects. 198 

 199 

The depletion of PUS1 impairs mitochondrial function 200 

Mitochondrial dysfunction has been reported in MLASA patients carrying various 201 

PUS1 mutations.20 Our patient complained of fatigue after exercise is an indication of 202 

mitochondrial dysfunction. A notably higher level of mitochondrial mass and a lower 203 
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 9 

ratio of MMP to mitochondrial mass (Figure 2A-B), which indicating compromised 204 

mitochondria function, were observed in MLASA-iPSCs that could be rectified in 205 

MLASA-Res-iPSCs. The mtDNA copy number of MLASA-iPSCs was comparable 206 

between Normal-iPSCs and MLASA-Res-iPSCs (Figure 2C). Only MLASA-iPSCs has 207 

significant reduced ATP production (Figure 2D), and elevated mitochondrial 208 

superoxide, cytoplasmic and total ROS levels (Figure 2E-G). More importantly, both 209 

the basal and maximum oxygen consumption rates (OCRs) were decreased in 210 

MLASA-iPSCs in comparison with Normal-iPSCs or MLASA-Res-iPSCs (Figure 2H-I). 211 

The activities of NADH dehydrogenase (complex I) and cytochrome c reductase 212 

(complex III) were attenuated while the activity of succinate-coenzyme Q reductase 213 

(complex II) was increased in MLASA-iPSCs (Figure 2J).  214 

 215 

Loss of pseudouridylation of PUS1 targeted mt-tRNAs affects the abundance of 216 

mitochondrial proteins 217 

Mitochondrial genome encodes 13 proteins, synthesized by mitochondrial ribosome 218 

and mt-tRNAs, are all components of the oxidative respiratory chain. As some 219 

mt-tRNAs have been reported to be the targets of PUS123 and pseudouridine can 220 

affect the stability of tRNAs,27 we analyzed the mt-tRNA levels in MLASA- and 221 

MLASA-Res-iPSCs using mt-tRNA PCR array (Supplemental Table 5). Five of the 22 222 

mt-tRNAs were differentially expressed, and all were down-regulated in the 223 

MLASA-iPSCs, namely mt-tRNACys, mt-tRNASer (UCN), mt-tRNAAla, mt-tRNATyr, and 224 

mt-tRNAGln (Figure 3A). In view of the important role(s) of mt-tRNA for mitochondrial 225 

translation, we evaluated the overall mitochondrial translation of iPSCs by 226 

immunofluorescence. As expected, PUS1 deletion led to a decrease in mitochondrial 227 

protein synthesis (Supplemental Figure 5A-B). To further explore the potential 228 

mechanism, we identified mt-tRNACys, mt-tRNASer (UCN), and mt-tRNATyr contain sites 229 

(position 28) that may be modified by PUS1 according to the reported PUS1 targeted 230 

sites and structural motifs (Figure 3B),2,27 and confirmed that those sites were PUS1 231 
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 10 

targets by N-cyclohexyl-N′-(2-morpholinoethyl)carbodiimide (CMC) primer extension 232 

assay (Figure 3C). 233 

We further investigated whether the above three PUS1-modified mt-tRNAs affect 234 

the translation of mitogenome-encoded proteins. The 13 proteins were ranked 235 

according to the sum of the usage frequency of codons complementary to these three 236 

mt-tRNAs (Figure 3D) and their protein levels were determined by the Western blot 237 

(Figure 3E-F). As expected, the protein level of first-ranked CYTB, the only 238 

component of complex III encoded by the mitochondrial genome (III:CYTB), was 239 

greatly decreased in MLASA-iPSCs (Figure 3E-F). The expression of the second 240 

ranked CIV:COX1, was also reduced, whereas the expression of CIV:COX2 and 241 

CV:ATP6, that ranked in the last one-thirds, showed an increase, suggesting that the 242 

overall mitochondrial translation was dysregulated due to PUS1 deficiency (Figure 243 

3E-F). Since components of OXPHOS complex are coordinately synthesized by 244 

mitochondrial and cytosolic translation,28 we examined the expression of several 245 

nuclear-encoded mitochondrial subunits and found that the protein levels of 246 

CIII:UQCRC1, CIII:UQCRC2 and CI:NDUFB8 were greatly decreased in 247 

MLASA-iPSCs, while CII:SHDA and CV:ATP5A remain unchanged (Figure 3G-H). In 248 

conjunction with the decreased expression of mitochondrial-encoded CIII:CYTB, 249 

these results explain the reduced activities of Complex III and Complex I. Interestingly, 250 

although the protein levels were reduced, the mRNA levels of both mito- and 251 

nuclear-encoded mitochondria genes examined did not decrease, suggesting an 252 

underlying post-transcriptional mechanism (Figure 3I). The combined findings 253 

suggest that PUS1 regulates mitochondrial function via altering the abundance of 254 

mt-tRNAs by pseudouridylation, which synchronizes the cytoplasmic and 255 

mitochondrial translation of the subunits of OXPHOS complexes, consequently 256 

regulating their activities. 257 

 258 

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/doi/10.1182/blood.2023022004/2222626/blood.2023022004.pdf by guest on 18 M

ay 2024



 11 

Rapamycin alleviates erythroid differentiation arrest caused by PUS1 259 

deficiency  260 

Since PUS1 deficiency leads to the loss of pseudouridine in mtRNA, resulting in 261 

abnormal mitochondrial and cytoplasmic protein synthesis, we performed RNA 262 

sequencing (RNA-Seq), ribosome sequencing (Ribo-Seq) and proteomics analyses 263 

with iPSCs from MLASA- and MLASA-Res- groups (Supplemental Figure 6A-G), to 264 

gain a whole picture of protein synthesis. The translation efficiency (TE) of genes was 265 

obtained by combined analysis of Ribo-seq and RNA-seq using X-tail.29 The results 266 

showed that the up-regulated differential genes of TE were enriched in the mTOR 267 

signaling and OXPHOS pathway, while the differential genes of proteomics were also 268 

enriched in the OXPHOS pathway (Supplemental Figure 6C, 6F and Supplemental 269 

Table 6-8). Based on the above results, we selected mTOR inhibitors and 270 

mitochondrial function-related reagents for drug screening.30-32 Interestingly, while 271 

nicotinamide ribose (NR) treatment improved the mitochondrial function 272 

MLASA-iPSCs (Supplemental Figure 7A-D), the efficiency of erythropoiesis was not 273 

improved (Supplemental Figure 7E), so were coenzyme Q10 (CoQ10) and its 274 

analogue mitoquinone (MitoQ) in MLASA-iPSCs (Supplemental Figure 7F-I). Several 275 

other metabolic-related compounds33 screened did not improve the erythroid 276 

differentiation of MLASA-iPSCs either (Supplemental Figure 7J-K, Supplemental 277 

Table 9).  278 

Interestingly, we found that rapamycin, an inhibitor of mTOR pathway 279 

(Supplemental Figure 8A), improved the erythroid differentiation in MLASA-iPSCs 280 

(Figure 4A and Supplemental Figure 8B-G), while the proportion of erythroblasts in 281 

the Normal and MLASA-Res groups treated with rapamycin was significantly reduced 282 

(Figure 4A, Supplemental Figure 8F-G), indicating that the therapeutic effect of 283 

rapamycin for MLASA group is specific. Subsequent Western blot and flow cytometry 284 

analyses revealed a higher phosphorylation level of ribosomal protein S6 (S6) and 285 

eukaryotic translation initiation factor 4E (eIF4E)-binding proteins (4E-BP1) in 286 
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 12 

MLASA-iPSCs and MLASA-HEs (Figure 4B-D), suggesting an activation of mTOR 287 

complex I (mTORC1) signaling in MLASA-cells. More than half of 94 288 

mTORC1-targeted mRNAs, containing 5′ terminal oligopyrimidine (TOP) or TOP-like 289 

motifs34,35, have up-regulated translation efficiency, most of which are cytoplasmic 290 

ribosomal proteins (Figure 4E; Supplemental Table 8). Furthermore, puromycin 291 

incorporation assay showed that the global level of protein synthesis was higher in 292 

MLASA-iPSCs than MLASA-Res-iPSCs (Figure 4F). Consistent with elevated protein 293 

synthesis in iPSCs, we also observed a higher protein synthesis rate of HE cells 294 

derived from MLASA group than MLASA-Res group (Figure 4G). Further rapamycin 295 

treatment of MLASA HE cells resulted in a marked reduction in global translation 296 

(Figure 4H). Our data thus indicated that rapamycin improved erythroid differentiation 297 

arrest caused by PUS1-deletion probably via inhibiting global protein synthesis. 298 

To investigate the link between hyperactivated mTOR signaling pathway and 299 

abnormalities of OXPHOS, we treated Normal-iPSCs with complex III inhibitors 300 

antimycin A (AA) and 4NQO, and found activation of mTOR signaling pathway (Figure 301 

4I-N). However, rapamycin treatment of iPSCs did not improve the mitochondrial 302 

function (Supplemental Figure 9A-G). These data indicate that complex III inhibition 303 

activates mTOR signaling pathway in iPSCs. 304 

 305 

PUS1-deficient mice exhibited anemia  306 

The highly conserved amino-acid sequence between murine PUS1 (mPUS1) and 307 

human PUS1 (hPUS1) (Supplemental Figure 10A) prompted us to establish and 308 

study a corresponding mouse model Pus1S172fs/S172fs (S172fs), mimicking patient 309 

P175fs mutation (Supplemental Figure 10B-C). No off-target effects were observed 310 

due to the editing of mutant mice (Supplemental Figure 10D-E). Consistent with 311 

patient-specific iPSC, the S172fs mutation led to mRNA reduction and protein loss 312 

(Supplemental Figure 11A-B) in mice. Further, no protein was detected by 313 

overexpression of N-terminal Flag-tagged mPUS1 carrying S172fs in MEL cell line 314 
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(Supplemental Figure 11C). Using CMC primer extension assay, we observed a loss 315 

of pseudouridine in mt-tRNAIle, suggesting that other members of PUS family were 316 

unable to compensate for mPUS1 deficiency (Supplemental Figure 11D-E).  317 

The 4-week-old S172fs mice showed significant reduced body and spleen weight 318 

when compared to wild-type (WT) mice, with no difference in spleen/body weight ratio 319 

(Supplemental Figure 11F-I). The complete blood count (CBC) analysis revealed that 320 

the S172fs mice exhibited significant lower levels of RBCs, HGB and HCT than those 321 

of WT mice, indicating the presence of anemia, regardless of gender (Figure 5A, 322 

Supplemental Figure 11J). Furthermore, the frequency and absolute count of 323 

proerythroblasts (proE, CD71+Ter119int, int, intermediate) and basophilic erythroblasts 324 

(CD71highTer119+) in the BM of S172fs mice were significantly increased, while the 325 

frequency of late basophilic and chromatophilic erythroblasts (CD71intTer119+) and 326 

orthochromatophilic erythroblasts (CD71-Ter119+) were significantly decreased, 327 

indicating a blockage of erythroid maturation in BM of S172fs mice (Figure 5B-D). 328 

Similarly, the spleen of the S172fs mice exhibited arrested erythroid development 329 

(Figure 5E-G). Similar to the erythrocytes derived from MLASA-iPSCs, no ring 330 

sideroblasts were observed in S172fs BM cells stained by Prussian blue 331 

(Supplemental Figure 11K). Further, both female and male mutant mice exhibited 332 

impaired erythropoiesis in the BM (Supplemental Figure 12A-B), indicating that the 333 

effect of S172fs on erythropoiesis is gender independent in mice.  334 

Consistent with the previous established PUS1 knockout mouse model,36 the 335 

S172fs mutant mice did not display anemia at 7-8 weeks (Supplemental Figure 12C), 336 

yet exhibited impaired erythropoiesis in both BM and SP of S172fs mice 337 

(Supplemental Figure 12D-E). Therefore, the anemia phenotype observed in our 338 

mouse model is specific to the 4-week-old mice.  339 

To investigate the underlying causes of abnormal erythroid differentiation in 340 

S172fs mice, the hematopoietic stem and progenitor cells (HSPCs) and erythroid 341 

precursor cells were examined. We found that the frequencies of lineage−c-Kit+Sca-1+ 342 
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(LSK) and short-term HSCs (ST-HSC) were slightly increased in S172fs mice at 4 343 

weeks, independent of gender (Supplemental Figure 13A-K). Serial competitive 344 

transplantation experiments revealed impaired functionality of hematopoietic stem 345 

cells in terms of self-renewal and multi-lineage differentiation in S172fs mice (Figure 346 

5H-I and Supplemental Figure 14A-E). Collectively, our findings establish that PUS1 347 

plays an important role in regulating erythroid differentiation both in vitro and in vivo, 348 

and its deficiency impairs erythropoiesis. 349 

 350 

PUS1-deficient mice exhibited mitochondrial dysfunction 351 

We further investigated mitochondrial functions in HSPCs from mutant and WT mice, 352 

and found an upregulation in mitochondrial mass in HSCs, GMPs, and CMPs within 353 

the S172fs group (Figure 6A). Additionally, we observed an increase in MMP 354 

specifically in HSCs and MPPs in the S172fs group (Figure 6B). Cytoplasmic and 355 

mitochondrial ROS level were relatively stable in HSPCs (Supplemental Figure 356 

15A-B). We observed a slightly increased mitochondrial biomass, reduced MMP, and 357 

elevated cytoplasmic ROS in BM Ter119+ erythroid cells in 4-week-old S172fs mice 358 

(Figure 6C-E). No significant differences were observed in the mitochondrial ROS 359 

levels of BM Ter119+ cells (Figure 6F), and the mitochondrial mass and ROS levels of 360 

SP erythroid cells (Supplemental Figure 15C-F) between two groups. The copy 361 

numbers of mtDNA in both BM and spleen cells were similar between two groups 362 

(Supplemental Figure 7G-H). Thus, it appears that the mitochondrial functions of 363 

HSPCs are more susceptible to the effects of PUS1 deletion than in erythroblasts. 364 

Similar to the results observed in iPSCs, the basal and maximum oxygen 365 

consumptions of erythrocytes (Ter119+) from S172fs mice were lower than that of WT 366 

(Figure 6G-H). In addition, the activity of complex III was significantly decreased in 367 

hematopoietic cells of the mutant group, while that of complex II was increased 368 

(Figure 6I-J).  369 
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We found that mTOR signaling activation indicator 4E-BP1’s phosphorylation 370 

levels were higher in both S172fs BM and spleen cells than controls (Figure 7A and 371 

Supplemental Figure 16A). Administration of rapamycin intraperitoneally to 372 

3-week-old S172fs mice for 7 consecutive days partially recovered the PB values of 373 

RBC, HGB and HCT of S172fs mice than vehicle-treatment group (Figure 7B-E).  374 

In addition, a delayed erythroid differentiation (Supplemental Figure 16B-C) and 375 

enhanced activation of the mTOR signaling pathway (Supplemental Figure 16D-G) 376 

were observed in WT Lin- cells when treated with complex III inhibitor AA in erythroid 377 

differentiation experiments37, indicating that complex III inhibition triggers the 378 

activation of the mTOR signaling pathway and potentially abnormalities in erythroid 379 

differentiation. These findings collectively demonstrate that the loss of PUS1 leads to 380 

mitochondrial dysfunction, both in vitro and in vivo. 381 

Furthermore, the effects of rapamycin in mutant HSC function were evaluated 382 

with competitive transplantation assay (Supplemental Figure 17A). Elevated 383 

phosphorylation of S6 in mutant BM cells were significantly reduced after rapamycin 384 

treatment (Supplemental Figure 17B). Rapamycin-treated mutant cells showed 385 

increased reconstitution of RBCs than mutant-vehicle cells (Supplemental Figure 386 

17C-D), albeit still significantly lower than WT-vehicle groups (Supplemental Figure 387 

17C-I). Thus, rapamycin partially improves the impaired erythropoietic reconstitution, 388 

while its impact on other hematopoietic lineages is not significant. 389 

 390 

Rapamycin effectively ameliorates abnormal erythroid differentiation in the 391 

MLASA patient 392 

Previous studies showed that hyper-activated mTORC1 caused macrocytic anemia 393 

while hypo-activated mTORC1 led to microcytic anemia.38 Interestingly, our MLASA 394 

patient exhibited macrocytic anemia and hyper-activated mTORC1. Based on the 395 

encouraging results of rapamycin treatment in MLASA-iPSCs and S172fs mice, and 396 

its established clinical safety, we hypothesized that inhibiting mTOR signaling 397 
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pathway could alleviate anemia in MLASA patients. The MLASA patient was 398 

administered with sirolimus (rapamycin) at a dosage of 1 to 2.5 mg per day under 399 

strict supervision and medical guidance (Figure 7F-M). Remarkably, within one-month 400 

of treatment，the patient’s blood HGB content significantly increased to 94 g/L, a level 401 

that had never been reached before in the patient’s clinical history. The RBC count 402 

and HCT values also increased. The value of RDW-CV decreased with sirolimus 403 

treatment, indicating an improvement in the size uniformity of the patient's RBCs, and 404 

normal WBC count. The serum level of sirolimus in MLASA patient was 13.92 ng per 405 

milliliter, an effective and safe therapeutic concentration in the human body.39 The 406 

patient continued sirolimus treatment for one year, and the benefits sustained. These 407 

data strongly suggest that suppression of aberrantly activated mTORC1 signaling can 408 

be beneficial for MLASA patients in terms of alleviating anemia.409 
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Discussion 410 

The cellular and molecular processes connecting pseudouridylation to erythroid 411 

differentiation have not been clearly elucidated over nearly 30 years since the first 412 

report of MLASA with a PUS1 genetic mutation.18 Here, we utilized in vitro 413 

patient-specific iPSC and in vivo mouse models, demonstrated that PUS1 deficiency 414 

causes altered pseudouridine modification of specific mt-tRNAs, resulting in 415 

disordered mitochondrial biogenesis. This disruption leads to mitochondrial 416 

dysfunction and aberrant activation of the mTOR signaling pathway. Ultimately, these 417 

molecular events culminate in the blockage in erythroid differentiation and the 418 

development of anemia. Importantly, the administration of rapamycin, an mTOR 419 

inhibitor, effectively relieved anemia in disease models as well as in the MLASA 420 

patient. Through our work, we have defined the role of pseudouridylation in 421 

erythropoiesis and anemia, thus offering valuable insights for the treatment of anemia 422 

in CSA and potentially other relevant disorders.  423 

Our study further clarified the role of pseudouridine in mt-tRNA. In humans, 424 

although the PUS1-catalyzed Ψ formation at multi-positions of mt-tRNA has been 425 

reported,27 their effect on mt-tRNAs are not fully elucidated. We showed that the 426 

presence of PUS1-targeted pseudouridine at position 28 of mt-tRNACys, 427 

mt-tRNASer(UCN) and mt-tRNATyr, enhanced their stability, which were consistent with 428 

previous studies indicating that pseudouridine could increase the thermodynamic 429 

stability of tRNAs.40 The absence of specifically modified tRNAs can lead to 430 

translation stalling and impaired protein synthesis,41 was also observed in mt-tRNAs 431 

and mitochondrial-encoded proteins CYTB and COX1, leading to impaired 432 

mitochondria respiration in MLASA cells. These new findings provided a clearer 433 

sequential event linking pseudouridylation to OXPHOS and mitochondrial function.  434 

In our study, both patient-derived iPSCs and S172fs mice exhibited multiple 435 

mitochondrial abnormalities and a blockage in erythroid differentiation. Rapamycin 436 

could effectively improve the erythroid differentiation but did not ameliorate 437 
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mitochondrial function in patient-derived iPSCs and S172fs mice, while complex III 438 

inhibitors could activate the mTOR signaling pathway in both iPSCs and mouse cells. 439 

It is well-recognized that dysregulated mTOR signaling plays a crucial role in 440 

erythropoiesis and hematopoietic stem cell (HSC) function.38,42 Knight et al. 441 

demonstrated that mTORC1 is regulated by dietary iron, and that activation or 442 

inhibition of mTORC1 by overexpression or ablation of Raptor results in macrocytic or 443 

microcytic anemia.38 The activation of the mTOR signaling pathway is known to be 444 

governed by multiple factors, including metabolic signals such as glucose, amino 445 

acids, growth factors, hormones, cytokines, cellular iron content, and oxidative 446 

stress.43,44 Therefore, the mTOR activation observed with PUS1 deletion may not 447 

solely stem from the defect in the enzyme activity of complex III, and needs further 448 

exploration.  449 

Additionally, our findings highlight the intricate relationship and the interplay 450 

between mitochondrial dysfunction and the development of anemia in CSA or in other 451 

non-CSA anemia, when comprehensive treatment approaches to target multiple 452 

aspects of mitochondrial function in treating anemia more effectively is needed. 453 

Indeed, we observed that long-term usage of mTOR inhibitor sirolimus effectively 454 

alleviated anemia symptoms and improved the blood profile of this specific MLASA 455 

patient, without noticeable side effects. This improvement could be attributed to a 456 

combination of factors, such as directly correcting hyper-activation of mTOR signaling 457 

to erythroid differentiation, or restoring aberrant ribosome biogenesis to a more 458 

sustainable level. Currently, treatment options for CSA patients, including blood 459 

transfusions, iron removal, or other therapeutic approaches, have limited efficacy or 460 

yielded inconsistent or ineffective results due to the heterogeneity of the diseases.45,46 461 

Interestingly, while our studies demonstrated that sirolimus, an mTOR inhibitor, 462 

improved erythropoiesis and corrected anemia in the patient, sirolimus was used to 463 

treat refractory/relapsed/intolerant acquired pure red cell aplasia and refractory 464 

autoimmune hemolytic anemia.47,48 Our new treatment regimen may be suitable for 465 
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anemia patients with mitochondrial dysfunction and/or stress-induced mTOR 466 

over-activation. Further clinical trials are necessary to validate this hypothesis and to 467 

provide more substantial evidence for the use of sirolimus in the treatment of anemia 468 

associated with mitochondrial dysfunction. 469 

470 
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Figure legends 619 

Figure 1. PUS1 p.P175fs mutation leads to abnormal erythroid differentiation. 620 

(A) Representative image of bone marrow iron stain of the patient with MLASA. Black 621 

arrows indicate ring sideroblasts. (B) Blood routine data of the patient from 2013 to 622 

2019. Red dotted lines define the normal ranges. WBC, white blood cell; RBC, red 623 

blood cells; PLT, platelets; HGB, Hemoglobin; HCT, hematocrit; RDW-CV, Red blood 624 

cell volume distribution width-coefficient of variation; MCHC, mean corpuscular 625 

hemoglobin concentration; MCV, mean corpuscular volume. (C) Pedigree tree of the 626 

patient’s family (left panel) and chromatograms of Sanger sequencing results (right 627 

panels). Patient has a homozygous PUS1 mutation (c.523delC) is indicated by 628 

blackened symbols. Her parents carrying the same but heterozygous mutation are 629 

also indicated. The mutant proline at position 175 is marked with red, and the red 630 

arrow points to the location of the missing cytosine at position 523. (D) The schematic 631 

diagram of 3-stage erythroid differentiation from iPSCs. Green line: stage of tiling 632 

iPSC colony formation, orange line: stage of hemogenic induction, blue line: stage of 633 

erythroid differentiation. (E) Analysis of 3-stage erythroid differentiation efficiency at 634 

different stages. Representative images of iPSC colonies (i). Flow cytometry analysis 635 

of hemogenic endothelium cells (HEs) (ii) and erythroblasts (iii). Cell pellets of 636 

CD71+CD235+ cells and CD71-CD235- cells produced by HEs in vitro for 7 days (iv). 637 

(F-H) Quantification of the sizes of iPSC colonies (F, Normal, n = 5; MLASA, n = 5; 638 

MLASA-Res, n = 6), the percentages of hemogenic endothelium cells (G, 639 
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CD34+CD31+, n = 3) and erythroblasts (H, CD71+CD235a+, n = 3). (I) The schematic 640 

diagram of iPSCs Normoxia Strategy I. Purple line: stage of hemogenic induction, 641 

brown line: stage of erythroid differentiation. (J-K) Quantification of the flow cytometry 642 

analysis of hemogenic endothelium cells (J, Normal, n = 4; MLASA, n = 5; 643 

MLASA-Res, n = 6), and erythroblasts (K, Normal, n = 2; MLASA, n = 3; MLASA-Res, 644 

n = 3) derived from iPSCs under normoxia induction strategy I. Values in all panels 645 

denote mean ± SD, *P < 0.05, **P < 0.01; one-way ANOVA. 646 

 647 

Figure 2. Loss of PUS1 impairs mitochondrial function in iPSCs. 648 

(A-B) Mitochondrial biomass (A) and the ratio of biomass to mitochondrial membrane 649 

potential (MMP, B) were evaluated in three iPSC lines by flow cytometry. The 650 

representative histogram (left) and Geometric mean fluorescent intensity (gMFI, right) 651 

are shown. Normal, n = 3; MLASA, n = 2; MLASA-Res, n = 3. (C) Quantitative 652 

analysis of mtDNA copy number via RT-qPCR in iPSCs. MT-LEU, 653 

mitochondria-tRNALeu; B2M, beta-2-microglobulin. n = 4. (D) Cellular ATP levels in 654 

iPSCs detected by CellTiter-Glo® 2.0 Reagent. n = 3. (E-G) Mitochondrial (E), total (F) 655 

and cytoplasmic (G) ROS levels of iPSCs were evaluated by MitoSOX, H2DCFDA 656 

and CellROX, respectively. The representative histogram (left) and gMFI (right) are 657 

shown. n = 3. (H-I) Measurement of cellular oxygen consumption in iPSCs. Oxygen 658 

consumption rates (OCRs) were monitored by injecting 1 μM oligomycin (Oligo), 0.5 659 

μM FCCP, and 1μM rotenone/antimycin A (Rot/AA) in sequential order using the 660 
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Seahorse XFe24 Extracellular Flux Analyzer (H). The average basal and maximum 661 

respirations were normalized with Normal-iPSCs (I). n = 3. (J) Activity analyses of 662 

mitochondrial respiratory chain complexes. Complex I, II, III, IV, and V activities were 663 

measured according to the manuals of relevant kits. n = 3. Values in all panels denote 664 

mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001; one-way ANOVA. 665 

 666 

Figure 3. PUS1 regulates mitochondrial translation through downregulation of 667 

specific mitochondrial tRNAs. 668 

(A) Heat map of the amount of mitochondrial tRNAs (mt-tRNAs) differentially 669 

expressed in MLASA-iPSCs and MLASA-Res-iPSCs. P < 0.05 and fold change 670 

(FC) >1.2; n = 3. (B) Simplified secondary structures of five down-regulated mt-tRNAs 671 

in MLASA-iPSCs. Potential pseudouridine sites that may be modified by PUS1 are 672 

marked in red. The 5’ and 3’ ends of the tRNAs are labeled. The yellow arrows 673 

indicate the targeted regions of the designed primers for the CMCT primer extension 674 

assay. (C) Primers specific for mt-tRNACys (left), mt-tRNASer(UCN) (middle) or mt-tRNATyr 675 

(right) were used in primer extension reactions to determine the location of Ψ in 676 

MLASA and MLASA-Res iPSCs as described in Methods. The reverse transcription 677 

stops, corresponding to residue Ψ28, are labeled with red triangles. Full length 678 

indicated, the fragment from the beginning of the primer to the 5' end of the tRNA. 679 

Primer, the unbound primers. (D) Ranking according to the sum of usage frequency of 680 

codons complementary to mt-tRNACys, mt-tRNASer(UCN) and mt-tRNATyr in each 681 
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mitochondrial-encoded protein. (E-F) Western blot analyses (E) and densitometry (F) 682 

of the mitochondrial-encoded proteins examined in iPSCs. Protein levels are 683 

normalized to β-actin or β-tubulin. n = 2. (G-H) Western blot analyses (G) and 684 

densitometry (H) of the nuclear-encoded oxidative respiratory chain proteins 685 

examined in iPSCs. Protein levels are normalized to β-actin or β -tubulin. n = 2. (I) 686 

RT-qPCR analyses for mRNA expression levels of some selected 687 

mitochondrial-encoded and nuclear-encoded oxidative respiratory chain genes in 688 

iPSCs. Expression levels are normalized to 18S. n = 3. Values in all panels denote 689 

mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001; unpaired Student’s t-test. 690 

 691 

Figure 4. Rapamycin not NR alleviates the erythroid differentiation arrest 692 

caused by PUS1 deletion by inhibiting global protein synthesis. 693 

(A) Frequencies of the iPSC-derived erythroblasts after 7 days treatment with 694 

rapamycin under hypoxia conditions. Rapa, rapamycin. n = 3. (B) Phosphorylation 695 

levels of S6 (left) and 4E-BP1 (right) were examined by Western blot in iPSCs. 696 

Normalized to β-actin. (C-D) Phosphorylation levels of 4E-BP1 were measured by 697 

flow cytometry in iPSCs (C) and iPSC-derived HE cells (D). n = 3. (E) Pie chart 698 

representing the difference in translation efficiency of 94 TOP or TOP-like mRNAs 699 

between two iPSC lines. UP (purple) represents genes with increased TE in 700 

MLASA-iPSCs, while DOWN (azure) shows the decreased. NA (green) means the 701 

undetected genes, and NS (blue) no significant difference. (F) Global protein 702 
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synthesis was examined by puromycin incorporation in iPSCs. Western blot (left) and 703 

densitometry analyses (right) of the relative rate of protein synthesis are shown. 704 

Protein levels are normalized to β-tubulin. n = 3. (G) Protein synthesis rates monitored 705 

by OP-puro incorporation in HEs derived from iPSCs. The representative histogram 706 

(left) and MFI (right) of OP-puro are shown. n = 4. (H) Protein synthesis rates 707 

monitored by OP-puro incorporation in HE cells treated with rapamycin for 48 h during 708 

erythroid differentiation from HEs. The representative histogram (left) and MFI (right) 709 

of OP-puro are shown. n = 3. (I-J) Activity of Complex III in normal iPSCs with or 710 

without antimycin A (0.4 nM and 1.6 nM, n=3) (I) and 4NQO (100 nM, n=3) (J) 711 

treatment. (K-L) Phosphorylation levels of S6 (K) and 4E-BP1 (L) were examined by 712 

flow cytometry in normal iPSCs with or without antimycin A (0.4 nM and 1.6 nM). 713 

Representative graph (left) and frequency statistics (right) are shown. n = 4. (M-N) 714 

Phosphorylation levels of S6 (M) and 4E-BP1 (N) were examined by flow cytometry in 715 

normal iPSCs with or without 4NQO (100 nM). Representative graph (left) and gMFI 716 

(right) are shown. The gMFI was obtained using FlowJo 10.4 and the gMFI values of 717 

S6 and 4E-BP1 were normalized for each IgG background. n = 3. Values in all panels 718 

denote mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001; unpaired Student’s t-test (C, D, 719 

F, G, J, M and N), one-way ANOVA (H, I, K and L) or two-way ANOVA (A).  720 

 721 

Figure 5. PUS1 deficiency impairs erythroid development in mice. 722 

(A) Complete blood count analysis of Wild-Type (WT) and Pus1S172fs/S172fs mice 723 

(S172fs) aged four weeks with different gender. Green dotted lines define the normal 724 
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ranges. Female mice at 4 weeks: WT, n = 7; S172fs, n = 11. Male mice: WT, n = 8; 725 

S172fs, n = 5. (B-D) Flow cytometry analysis of erythroblasts in bone marrow (BM) of 726 

mice aged four weeks. The gating strategy of erythroblasts by flow cytometry. R I to R 727 

IV represent proerythroblasts (Region I, CD71highTer119int), basophilic erythroblasts 728 

(Region II, CD71highTer119+), late basophilic and chromatophilic erythroblasts (Region, 729 

III, CD71intTer119+), orthochromatophilic erythroblasts (Region IV, CD71-Ter119+), 730 

respectively. Representative graph (B), frequency statistics (C) and absolute numbers 731 

(D) of different stages are shown. WT, n = 11, 7 female mice and 4 male mice at 4 732 

weeks; S172fs, n = 9, 7 female mice and 2 male mice at 4 weeks. (E-G) Flow 733 

cytometry analysis of erythroblasts in spleen (SP) cells of mice aged four weeks. 734 

Representative graph (E), frequency statistics (F) and absolute numbers (G) of 735 

different stages are shown. WT, n = 11, 7 female mice and 4 male mice at 4 weeks; 736 

S172fs, n = 9, 7 female mice and 2 male mice at 4 weeks. (H) Schematic diagram of 737 

serial competitive transplant assay. (I) Frequency of donor cells of mature 738 

erythrocytes in serial competitive transplant assay. Primary competitive 739 

transplantation n=7, 4 female mice and 3 male mice; secondary competitive 740 

transplantation n=6, 3 female mice and 3 male mice. Values in all panels denote 741 

mean ± SD *P < 0.05, **P < 0.01, ***P < 0.001; unpaired Student’s t-test (A), paired 742 

Student’s t-test (I) or two-way ANOVA (C, D, F and G).  743 

 744 

Figure 6. PUS1 deficient mice exhibit mitochondrial dysfunction. 745 
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(A-B) Mitochondrial biomass (A) and MMP (B) of Lin- / LKS- / LSK+ / LT-HSC / ST-HSC 746 

/ MPP / MEP / CMP / GMP cells were evaluated by flow cytometry. Female mice at 4 747 

weeks, WT, n = 5; S172fs, n = 4. (C-D) Mitochondrial biomass (C) and MMP (D) of BM 748 

Ter119+ cells were evaluated by flow cytometry. The representative histogram (left) 749 

and gMFI (right) are shown. Male mice at 4 weeks. WT, n = 6; S172fs, n = 3. (E-F) 750 

Cytoplasmic (E) and mitochondrial (F) ROS levels of BM Ter119+ cells evaluated by 751 

CellROX and MitoSOX, respectively. The representative histogram (left) and gMFI 752 

(right) are shown. Male mice at 4 weeks. WT, n = 6; S172fs, n = 3. (G-H) 753 

Measurement of cellular oxygen consumption in BM Ter119+ cells of mice. OCRs 754 

were monitored by injecting 1 μM Oligo, 2 μM FCCP, and 1μM Rot/AA in order using 755 

the Seahorse XFe24 Extracellular Flux Analyzer (G). The average basal and 756 

maximum oxygen consumptions were normalized to WT mice (H). n =6, male mice at 757 

7-8 weeks. (I) Activities of mitochondrial respiratory chain complexes in WT and 758 

mutant mice. Complex I , II, III and IV (WT, n = 9-10; S172fs, n = 6, male mice at 7-8 759 

weeks; Complex I , II and IV: BM cells; Complex III: SP cells) activities were measured 760 

according to the manuals of relevant kits. (J) Cellular ATP levels of BM cells between 761 

WT and S172fs groups were detected by CellTiter-Glo® 2.0 Reagent. WT, n = 10; 762 

S172fs, n = 6, male mice at 7-8 weeks. Values in all panels denote mean ± SD, *P < 763 

0.05, **P < 0.01, ***P < 0.001; unpaired Student’s t-test (C-J) or two-way ANOVA (A 764 

and B). 765 

 766 
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Figure 7. Rapamycin effectively ameliorates abnormal erythroid differentiation 767 

PUS1 deficient mice and MLASA patient. 768 

(A) Phosphorylation levels of 4E-BP1 were examined by Western blot in BM cells of 769 

mice. Protein levels are normalized to β-actin. (B-E) Complete blood count analysis of 770 

WT and Pus1-mutant mice with or without 4 mg/kg/day rapamycin treatment. RBC (B), 771 

HGB (C), HCT (D) and PLT (E) are shown. WT, n = 3; S172fs, n = 3, female mice at 4 772 

weeks. Rapa, rapamycin. (F-I) Blood routine of RBC (F), HGB (G), HCT (H), MCV (I), 773 

RDW-CV (J), PLT (K), MCHC (L) and WBC (M) of the patient pre- and post-treatment 774 

with Sirolimus. Grey and lavender arrows indicate the time period of patients before 775 

and after sirolimus treatment, respectively. Values in all panels denote mean ± SD, *P 776 

< 0.05, **P < 0.01; two-way ANOVA. 777 

 778 
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