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ABSTRACT 1 

Diamond-Blackfan anemia (DBA) is a genetic disorder caused by mutations in genes 2 

encoding ribosomal proteins and characterized by erythroid aplasia and various physical 3 

abnormalities. Although accumulating evidence suggests that defective ribosome 4 

biogenesis leads to p53-mediated apoptosis in erythroid progenitor cells, little is known 5 

regarding the underlying causes of the physical abnormalities. In this study, we 6 

established induced pluripotent stem cells from a DBA patient with RPL5 7 

haploinsufficiency. These cells retained the ability to differentiate into osteoblasts and 8 

chondrocytes. However, RPL5 haploinsufficiency impaired the production of mucins 9 

and increased apoptosis in differentiated chondrocytes. Increased expression of the pro-10 

apoptotic genes BAX and CASP9 further indicated that RPL5 haploinsufficiency 11 

triggered p53-mediated apoptosis in chondrocytes. MDM2, the primary negative 12 

regulator of p53, plays a crucial role in erythroid aplasia in DBA patient. We found the 13 

phosphorylation level of MDM2 was significantly decreased in RPL5 haploinsufficient 14 

chondrocytes. In stark contrast, we found no evidence that RPL5 haploinsufficiency 15 

impaired osteogenesis. Collectively, our data support a model in which RPL5 16 

haploinsufficiency specifically induces p53-mediated apoptosis in chondrocytes through 17 

MDM2 inhibition, which leads to physical abnormalities in DBA patients. 18 

19 

20 

21 

22 
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INTRODUCTION 23 

Diamond-Blackfan anemia (DBA) is characterized by erythroid aplasia, and most of the 24 

patients carry mutations in structural genes encoding ribosomal proteins (RPs).1 About 25 

40% of DBA patients also suffer from growth retardation and/or multiple physical 26 

abnormalities, particularly in the craniofacial region, upper limbs, heart, and urinary 27 

system.2,3 So far, 78% of all DBA cases have been associated with mutations or 28 

deletions in at least 19 different RP-encoding genes.4 Among these, RPS19, which 29 

encodes a component of the 40S ribosomal subunit, is the most commonly affected gene 30 

and is mutated in 25% of all DBA cases.5 In contrast, mutations in RPL5, which 31 

encodes a component of the 60S ribosomal subunit, are found in only 6.6% of all DBA 32 

cases. Notably, DBA patients harboring RPL5 mutations exhibit a higher frequency of 33 

physical abnormalities (70%) than those with RPS19 mutations (46%).6 Moreover, 34 

RPL5 mutations have been reported to cause phenotypes such as micrognathia and short 35 

stature, which suggest defective chondrogenesis.6 36 

 Recent reports on the pathophysiology of DBA have suggested that ribosomal 37 

dysfunction can activate tumor protein p53 (p53)-mediated apoptosis in cells of the 38 

erythroid lineage. Indeed, in vitro inhibition of RP-encoding genes such as RPS14 or 39 

RPS19 results in p53 accumulation and triggers apoptosis in human hematopoietic 40 

progenitor cells.7 The murine double minute 2 (MDM2) E3 ubiquitin ligase is the 41 

primary negative regulator of p53 and promotes its degradation, keeping p53 at low 42 

levels in unstressed cells.8 However, MDM2-mediated ubiquitylation of p53 is inhibited 43 

by various cellular stresses, such as DNA damage or nucleolar stress, which can result 44 

in the activation of the p53 signaling pathway.9 45 
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Remarkably, recent reports have suggested that ribosomal dysfunction could 46 

cause nucleolar stress, and several RPs have been reported to inhibit MDM2 47 

activity.10,11 Under normal conditions, RPs are transported from the cytosol into the 48 

nucleolus, where ribosomal RNAs are transcribed, to assemble pre-ribosomal 49 

particles.12 However, mutations in RP-encoding genes can impair ribosome biogenesis, 50 

which increases the availability of ribosome-free forms of RPs. Subsequently, some of 51 

these ribosome-free RPs can bind to MDM2 and inhibit MDM2-mediated p53 52 

degradation.13,14 Furthermore, inhibition of RPS14 or RPS19 expression has been shown 53 

to induce nucleolar stress and activate the p53 signaling pathway in erythroid progenitor 54 

cells.7 55 

 Although dysregulation of MDM2-mediated p53 degradation appears to play 56 

a crucial role in the hematopoietic defects in DBA patients, the molecular mechanisms 57 

underlying DBA-related physical abnormalities remain elusive. Nevertheless, a 58 

previous study has established that in a zebrafish model of DBA, RPS19 deficiency is 59 

associated with severe cartilage defects and impairs ribosomal biogenesis, which 60 

activates p53-mediated apoptosis.15 To the best of our knowledge, there is no published 61 

study focusing on the molecular causes underlying DBA-related skeletal abnormalities 62 

in human. In this study, we established induced pluripotent stem cells (iPSCs) from 63 

peripheral blood cells of an RPL5 haploinsufficient DBA patient and investigated the 64 

molecular mechanisms underlying the physical abnormalities in DBA patients. 65 

 66 

MATERIALS AND METHODS 67 

Study approval 68 
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The study protocol was approved by the institutional ethics committee of Okayama 69 

University (approval number 1608-030) and Kyoto University (approval number 70 

R0091/g0259). All methods were performed following the relevant guidelines and 71 

regulations. Written informed consent for inclusion in this study and disclosure of 72 

clinical information was obtained from all the participants. 73 

 74 

Nucleic acid isolation and Sanger sequencing 75 

After the informed consent process, peripheral blood mononuclear cells were isolated 76 

using a BD Vacutainer (BD Biosciences, San Jose, CA, USA) according to the 77 

manufacturer’s instructions. Genomic DNA was isolated using Wizard genomic DNA 78 

purification kit (Promega, Madison, WI, USA). Individual RPL5 exons with flanking 79 

regions were PCR-amplified, and corresponding PCR products were isolated from an 80 

agarose gel by QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany). The isolated 81 

DNA was used for direct sequencing on Applied Biosystems 3130xl Genetic Analyzer 82 

(Applied Biosystems, Foster City, CA, USA). 83 

 84 

Establishment of iPSCs 85 

Peripheral blood cells from a 10-year-old male DBA patient (CiRA-j-0084) and a 86 

healthy sib (CiRA-j-0086, for control experiments) were used to generate iPSCs as 87 

previously described.16 Briefly, peripheral blood mononuclear cells were cultured for 5 88 

days in StemSpan-ACF medium (STEMCELL Technologies, Vancouver, BC, Canada) 89 

supplemented with 100 ng/ml stem cell factor (R&D Systems, Minneapolis, MN, USA), 90 

100 ng/ml thrombopoietin (R&D Systems), 100 ng/ml Flt ligand (R&D Systems), 50 91 
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ng/ml IL-6 (R&D Systems), and 20 ng/ml IL-3 (R&D Systems). Next, 1-2 ×106 92 

peripheral blood mononuclear cells were transfected with 3 μg of episomal plasmids 93 

(600 ng of each: pCE-hOCT3/4, pCE-hSK, pCE-hUL, pCE-mp53DD, and pCXB-94 

EBNA1) using the Amaxa Human CD34+ Cell Nucleofector Kit (Lonza, Basel, 95 

Switzerland) and a Nucleofector 2b device (Lonza) according to the manufacturer’s 96 

instructions. Electroporated cells were seeded into tissue-culture plates coated with 97 

iMatrix-511 (Nippi, Tokyo, Japan) and cultured in StemSpan-ACF medium 98 

supplemented with the cytokines listed above. The culture medium was gradually 99 

replaced with StemFit AK03 medium (Ajinomoto, Tokyo, Japan), and 2–3 weeks after 100 

transduction, individual colonies were isolated and expanded.  101 

Established iPSCs were maintained at 37°C in a humidified incubator with an 102 

atmosphere containing 5% CO2 and 21% O2, using iMatrix511-coated tissue-culture 103 

plates and StemFit AK03 medium. Established iPSCs were passaged by dissociation 104 

into single cells with TrypLE Select (Life Technologies, Carlsbad, CA, USA). 105 

 106 

Differentiation of iPSCs into mesenchymal stem cells (MSCs) 107 

MSCs were derived from iPSCs as previously described.17,18 Briefly, StemFit AK03 108 

medium was replaced with Alpha Minimum Essential Medium (α-MEM; Invitrogen, 109 

Carlsbad, CA, USA) supplemented with 10% stem cell-qualified fetal bovine serum 110 

(HyClone, Logan, UT, USA), 100 units/ml penicillin (Invitrogen), 100 mg/ml 111 

streptomycin (Invitrogen), 4 mg/ml human basic fibroblast growth factor (R&D 112 

Systems), and 10 mM non-essential amino acids (Gibco, Grand Island, NY, USA). The 113 

culture medium was replaced every day for 14 days. On day 14, cells were detached 114 
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from the iMatrix511-coated Petri dishes using 5 % Trypsin/EDTA (Life Technologies) 115 

and transferred into CELLSTAR cell culture dishes (Sigma, St. Louis, MO, USA). 116 

Differentiated MSCs were maintained using low glucose Dulbecco’s modified Eagle 117 

medium (DMEM; Life Technologies) supplemented with 15% stem cell-qualified fetal 118 

bovine serum, 100 units/ml penicillin, and 100 mg/ml streptomycin. The culture 119 

medium was replaced twice a week. 120 

 121 

Osteogenic and chondrogenic differentiation assays 122 

For osteogenic differentiation, MSCs were cultured in α-MEM supplemented with 10% 123 

stem cell-qualified fetal bovine serum, 100 units/ml penicillin, 100 mg/ml streptomycin, 124 

100 nM dexamethasone (Sigma), 0.05 mM L-ascorbic acid (Sigma), and 10 mM 125 

β-glycerophosphate (Sigma). The culture medium was replaced twice a week, and after 126 

3 weeks, Alizarin Red S (Nakarai Tesque, Kyoto, Japan) staining was used to assess 127 

osteogenic differentiation. 128 

 For chondrogenic differentiation, approximately 3×105 MSCs aliquots were 129 

pelleted in 15 ml polypropylene conical tubes (Sigma) and then cultured by pellet 130 

culture method in presence of high-glucose DMEM (Life Technologies) supplemented 131 

with 100 units/ml penicillin, 100 mg/ml streptomycin, 100 nM dexamethasone, 1 mM 132 

sodium pyruvate (Sigma), 0.17 mM L-ascorbic acid, 0.35 mM L-proline (Sigma), 10% 133 

ITS+ Universal Culture Supplement Premix (BD Biosciences), and 10 ng/mL human 134 

transforming growth factor beta 3 (R&D Systems). The culture medium was replaced 135 

twice a week, and after 3 weeks, Alcian Blue (Sigma) staining was performed to assess 136 

chondrogenic differentiation. BX-51 microscope (Olympus, Tokyo, Japan) with a DP-137 
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72 CCD camera (Olympus) was used to obtain the images. The captured images were 138 

binalized and positive area for Alcian Blue or Alizarin Red was measured by ImageJ 139 

software (NIH, Bethesda, MD, USA). 140 

 141 

Immunoblot analysis 142 

MSCs of each group were lysed in RIPA buffer (Merck, Darmstadt, Germany). The 143 

resulting lysates were run on 10% Mini-Protean TGX gels (Bio-Rad, CA, USA) and 144 

transferred to Immobilon-P Transfer Membrane (Merck). The following antibodies were 145 

used for immunodetection: RPL5 (1:1,000, 14568, Cell Signaling Technology, MA, 146 

USA) and β-actin (1:2,000, A5441, Sigma). 147 

 148 

TdT-mediated dUTP nick-end labeling (TUNEL) assay and immunofluorescence 149 

Differentiated chondrocytes and osteoblasts were fixed overnight at 4°C in 150 

4% paraformaldehyde (Nakarai Tesque). Fixed chondrocytes were embedded in paraffin 151 

and 6-μm-thick sections were cut. The TUNEL In Situ Cell Death Detection Kit, 152 

fluorescein, (Roche Applied Bioscience, Manheim, Germany) was used to measure cell 153 

death according to the manufacturer’s instructions. Fluorescence images were processed 154 

using ImageJ software (NIH). For immunostaining, fixed chondrocyte masses were 155 

stained with monoclonal anti-MDM2 (1:100, SC-965, Santa Cruz Biotechnology, CA, 156 

USA), polyclonal anti-phospho-MDM2 (Serine 166) (1:100, ab131355, Abcam, 157 

Cambridge, MA, USA) at 4°C overnight. The proliferation associated nuclear antigen 158 

was detected with anti-Ki67 (1:200, ab15580, Abcam). Alexa Fluor 594-conjugated goat 159 

anti mouse and Alexa Fluor 488-conjugated goat anti rabbit were used as secondary 160 
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antibodies. Then, the sections were counterstained with 4',6-diamidino-2-phenylindole 161 

(DAPI; 1:1,000, D9542, Sigma) and mounted with fluorescent mounting medium 162 

(Dako, Glostrup, Denmark). 163 

 164 

Quantitative real-time reverse transcription polymerase chain reaction (RT-qPCR) 165 

Total RNA was isolated using ISOGEN reagent (Nippon Gene, Tokyo, Japan) and 166 

reverse-transcribed using the ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan), both 167 

according to the manufacturer’s instructions. The relative levels of cDNA products were 168 

analyzed by qPCR analyses using gene-specific primers and the SYBR Green Realtime 169 

PCR Master Mix (Toyobo) according to the manufacturer’s instructions. The qPCR 170 

analyses were performed using a LightCycler 96 System (Roche Life Science, 171 

Mannheim, Germany), and the relative expression was calculated and normalized using 172 

the 2−ΔΔCt method with GAPDH as the internal reference. 173 

 174 

Statistical analyses 175 

All analyses were performed using SPSS version 18 software (IBM, Somers, NY, 176 

USA). All data are expressed as mean values ± standard deviation (SD) of at least three 177 

independent experiments. The difference between two groups was considered 178 

statistically significant for Student’s t-test p values < 0.05. 179 

 180 

RESULTS 181 

Clinical features of the DBA patient 182 

To investigate the underlying causes of the physical phenotypes in DBA patients, we 183 
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established DBA-specific human iPSCs from peripheral blood cells of a 10-year-old 184 

male DBA patient. Our mutation analysis confirmed that the patient carried a 185 

heterozygous 2-base deletion in exon 3 of RPL5 (c.175_176delGA), which resulted in a 186 

frameshift mutation (p.D59Yfs*53) with premature RPL5 protein termination (Fig. 1a-187 

c). Expression of RPL5 protein level was reduced in MSCs established from iPSCs of 188 

the DBA patient (Fig. 1d). 189 

In addition to macrocytic anemia, the RPL5 haploinsufficient DBA patient 190 

presented multiple physical abnormalities, which included short stature, micrognathia, 191 

cleft lip and cleft palate, hypertelorism, snub nose, congenital missing permanent teeth, 192 

and pulmonary atresia (Fig. 2a-f). However, cephalometric radiographs suggested that 193 

the patient presented no apparent abnormalities in intramembranous bones, such as the 194 

clavicles and cranial bones (Fig. 2g, h). 195 

 196 

Chondrogenic and osteogenic differentiation of RPL5 haploinsufficient MSCs 197 

To gain some insight into the molecular mechanisms underlying physical phenotypes in 198 

DBA patients, we derived MSCs from RPL5 haploinsufficient iPSCs and assessed their 199 

ability to differentiate into chondrocytes and osteoblasts. We first used RT-qPCR to 200 

measure the expression levels of SOX9, ACAN, and COL10A1, three specific markers of 201 

chondrogenic differentiation, and OSX, OPN, and BSP, three osteogenic-specific genes. 202 

After 3 weeks of culture in chondrogenic or osteogenic differentiation medium, the 203 

expression levels of the three chondrogenic or osteogenic markers were increased in 204 

both RPL5 haploinsufficient and control cells (Fig. 3a, b). 205 

To further assess cell differentiation, we used Alcian Blue and Alizarin Red S 206 
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to detect mucins in chondrocytes cultures and calcium deposition in osteoblasts 207 

cultures, respectively. Importantly, staining confirmed the presence of differentiated 208 

chondrocytes and osteoblasts in both RPL5 haploinsufficient and control cells (Fig. 3c, 209 

d). However, the quantification of the Alcian Blue-positive staining areas showed that 210 

RPL5 haploinsufficient chondrocytes produced less mucins than control chondrocytes 211 

(Fig. 3e), whereas Alizarin Red S-positive staining areas were comparable in the RPL5 212 

haploinsufficient and control osteoblasts (Fig. 3f). We also evaluated RPL5 production 213 

level in cell lysates of differentiated chondrocytes and osteoblasts from both groups. 214 

Western blot analysis showed that RPL5 level was significantly lower in RPL5 215 

haploinsufficient chondrocytes and osteoblasts than those of control group (Fig. 3g, h). 216 

When we focused on the RPL5 level in the individual groups, no significant tissue-217 

specific differences were found between chondrocyte and osteoblasts (Fig. 3h). 218 

 219 

Apoptosis in RPL5 haploinsufficient chondrocytes and osteoblasts 220 

Previous studies investigating the underlying causes of anemia in DBA patients have 221 

reported an increase in p53-mediated cell death in human erythroid progenitor cells.7 222 

Therefore, we hypothesized that cell death could be responsible for the reduction of 223 

Alcian Blue-positive staining areas in the chondrocytes derived from the RPL5 224 

haploinsufficient DBA patient. Using the TUNEL assay to assess apoptosis, we found 225 

that the number of apoptotic cells was low in control chondrocyte masses but increased 226 

significantly in RPL5 haploinsufficient chondrocyte masses, particularly in the central 227 

area of the specimen (Fig. 4a, c). 228 

To examine the potential relationship between the p53 signaling pathway and 229 
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apoptosis observed in RPL5 haploinsufficient chondrocyte masses, cells were harvested 230 

at different time points and the expression levels of P53 and its target genes BAX and 231 

CASP9 were measured by RT-qPCR. Although P53 expression tended to decrease after 232 

differentiation in both RPL5 haploinsufficient and control chondrocytes, the changes 233 

observed were not significant (Fig. 4e). Remarkably, while there was no notable 234 

activation of the p53 signaling pathway in control chondrocytes, BAX and CASP9 235 

expression increased significantly in RPL5 haploinsufficient chondrocytes at two and 236 

three weeks after culture, despite the lack of increase in P53 expression (Fig. 4e). 237 

Importantly, the number of apoptotic cells after differentiation (Fig. 4b, d) and the 238 

expression levels of P53, BAX, and CASP9 (Fig. 4f) were not significantly different 239 

between RPL5 haploinsufficient and control osteoblasts at all time points. 240 

To investigate the role of RPL5 in cell proliferation, we counted the number 241 

of Ki67-positive proliferating chondrocytes or osteoblasts (Fig. 4g, h) and quantified the 242 

ratio of these cells as a percentage of the total cell number (Fig. 4i, j). The ratio of Ki67-243 

positive proliferating chondrocytes and osteoblasts were comparable between RPL5 244 

haploinsufficient and control groups (Fig. 4i, j), indicating that the RPL5 mutation does 245 

not alter cell proliferation in the differentiated chondrocytes and osteoblasts. 246 

To dissect the molecular mechanism governing how RPL5 haploinsufficiency 247 

results in cell death in the DBA chondrocytes, we examined the phosphorylation levels 248 

of MDM2 by immunostaining (Fig. 4g). The number of phospho-MDM2 positive cells 249 

was significantly reduced in DBA chondrocytes (Fig. 4h), that is coincide with the 250 

previous report demonstrating mutation of RP gene reduces phosphorylation levels of 251 

MDM2 in HCT116 cells.19  252 
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 253 

MDM2 activity in chondrocytes 254 

Several studies have shown that RPs, including RPL5, RPL11, RPL23, and RPS7, can 255 

bind to MDM2 and impair MDM2-mediated p53 degradation in DBA patients.20,21 To 256 

further dissect the molecular mechanisms governing how RPL5 haploinsufficiency 257 

results in cell death in the DBA chondrocytes (Fig. 4a, c) and investigate the potential 258 

involvement of MDM2, we examined the phosphorylation levels of MDM2 by 259 

immunostaining (Fig. 4g). Remarkably, the number of phospho-MDM2 positive cells 260 

was significantly reduced in DBA chondrocytes (Fig. 4h), that is coincide with the 261 

previous report demonstrating mutation of RP gene reduces phosphorylation levels of 262 

MDM2 in HCT116 cells.19 263 

 264 

DISCUSSION 265 

Diseases caused by mutations altering the structure or function of ribosomal 266 

components are known as ribosomopathies. Although ribosome biogenesis is a 267 

ubiquitous and essential process in all cells, the clinical phenotypes of ribosomopathies 268 

are highly variable and often tissue-specific.20 For instance, the 5q deletion syndrome 269 

(OMIM: 153550) is caused by heterozygous mutations in RPS14 and is associated with 270 

symptomatic anemia without physical abnormalities.20,22 In contrast, cartilage-hair 271 

hypoplasia (OMIM: 250250) is caused by homozygous or compound heterozygous 272 

mutations in RMRP, an essential factor in 5.8S rRNA maturation, and is associated with 273 

hypoplastic anemia with skeletal abnormalities, including short limbs and short 274 

stature.23,24 Among ribosomopathies, DBA is characterized by its genetic heterogeneity 275 
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that results in variable phenotypes in DBA patients. Mutations in RPL35A, RPL11, and 276 

RPL5 are associated with genitourinary malformations, thumb abnormalities, and 277 

craniofacial skeletal abnormalities, respectively.25 In this study, we focused on the 278 

effects of RPL5 haploinsufficiency on the skeletal elements. 279 

 Skeletal development occurs through endochondral and intramembranous 280 

ossification. During normal ossification, osteochondroprogenitor cells differentiate into 281 

chondrocytes and osteoblasts, which are essential for endochondral and 282 

intramembranous ossification, respectively. Therefore, we focused our investigations on 283 

chondrocytes and osteoblasts, aiming to elucidate the underlying causes of skeletal 284 

abnormalities in RPL5 haploinsufficient DBA patients. Both RPL5 haploinsufficient and 285 

control chondrocytes showed increased SOX9 expression, which is essential for the 286 

differentiation of proliferating chondrocytes.26 Similarly, ACAN and COL10A1 287 

expression, which increases in proliferating and hypertrophic chondrocytes, 288 

respectively, was equivalent in RPL5 haploinsufficient and control cells. Although these 289 

results suggested that RPL5 haploinsufficiency does not alter the transcriptome 290 

following chondrogenic differentiation, Alcian Blue staining and TUNEL assays 291 

highlighted a significant reduction in mucins production and an increase in apoptosis, 292 

respectively, in RPL5 haploinsufficient chondrocytes cultures. 293 

In stark contrast, we found no evidence that RPL5 haploinsufficiency 294 

impaired osteogenesis. This finding is consistent with the observation that the DBA 295 

patient did not present apparent abnormalities in membranous bones formation. In 296 

agreement with these observations, our previous study on bone morphogenetic protein 297 

signaling in a conditional knock-in mouse model showed that p53-mediated apoptosis 298 
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was significantly higher in cartilages than in bone tissues during cranial development of 299 

the mutant mice.27 Furthermore, a previous report showed that P53 knockdown partially 300 

rescues cartilage defects in a zebrafish model of DBA.28 Although the molecular 301 

mechanisms underlying the tissue-specificity of ribosomopathies remain unknown, 302 

several studies have suggested that heterogeneity in RPs expression levels might 303 

explain these tissue-specific variations.20 According to these reports, we compared 304 

RPL5 production level between chondrocytes and osteoblasts. In the result, RPL5 level 305 

was comparable, and we could not find such tissue-specific difference explaining why 306 

apoptosis was higher in RPL5 insufficient chondrocyte than osteoblast. To understand 307 

the mechanism underlying the tissue-specific variation, further study about nucleolar 308 

stress and how the stress is integrated to p53 apoptotic pathway in each tissue is 309 

required. 310 

 Intriguingly, our RT-qPCR analyses revealed that the p53 apoptotic pathway 311 

was activated in RPL5 haploinsufficient chondrocytes, as shown by the increased 312 

expression of the pro-apoptotic factors BAX and CASP9. However, p53-mediated 313 

apoptosis occurred without induction of P53 expression, which instead slightly 314 

decreased in both RPL5 haploinsufficient and control cells. In agreement with this 315 

observation, previous studies have reported that homeostatic expression of P53 is 316 

essential to maintain the stemness and proliferation properties of MSCs.29,30 317 

In general, p53 is activated in response to a variety of cellular stresses, which 318 

trigger its nuclear accumulation, and is inhibited by ubiquitylation, which induces its 319 

degradation.31,32 MDM2 is recognized as a critical E3 ubiquitin ligase in the p53 320 

regulatory network,33 and accumulating evidence suggests that various RPs, including 321 
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RPL5, RPS7, RPS14, RPL11, RPL23, RPL26, and RPS27, can bind MDM2 and inhibit 322 

MDM2-mediated p53 degradation.21,33-40 In our study, phosphorylation of MDM2 was 323 

decreased, and cell death was increased in RPL5 haploinsufficient chondrocytes 324 

indicating that MDM2 played an important regulatory role in the induction of p53-325 

mediated apoptosis and the productions of mucins by chondrocytes. Importantly, it has 326 

been previously suggested that activation of the p53 apoptotic pathway without 327 

increased P53 expression could be mediated by post-transcriptional modifications of 328 

p53.7 Collectively, it is plausible to speculate that RPL5 haploinsufficiency caused 329 

decrease of MDM2 phosphorylation, which inhibited its nuclear import and ubiquitin 330 

ligase activity, and consequently the p53 apoptotic pathway was activated (Fig. 5). 331 

Nevertheless, p53-independent pathways have also been proposed to play a 332 

role in DBA pathogenesis,41 and at this stage, we cannot exclude the possibility that 333 

alterations in these pathways, which might involve MDM2, contributed to the 334 

phenotypes associated with RPL5 haploinsufficiency. 335 

 In conclusion, our DBA iPSCs model revealed that RPL5 haploinsufficiency 336 

specifically increased cell death during chondrogenesis, but not osteogenesis, via 337 

MDM2 inhibition and activation of the p53 apoptotic pathway in chondrocytes. These 338 

findings shed light on the molecular mechanisms underlying the physical abnormalities 339 

found in DBA patients. However, further studies will be required to fully understand the 340 

tissue-specific role of RPL5, as well as the more general mechanisms leading to tissue-341 

specific defects in DBA and other ribosomopathies. 342 
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Titles and legends to figures 482 

Figure 1 The DBA patient carries a heterozygous mutation in exon 3 of the RPL5 gene. 483 

(a) Diagram depicting the changes in RPL5 mRNA. (b) Mutation analysis by Sanger 484 

sequencing. (c) Alignment showing the cDNA and corresponding amino acid sequences 485 

of exon 3 of the mutant variant of RPL5. (d) Expression level of RPL5 protein in MSCs 486 

by immunoblot analysis. 487 

 488 

Figure 2 Images highlighting the clinical features of the 10-year-old DBA patient. 489 

Whole-body (a), intraoral (b, c), and facial photographs (d-f). Frontal (f) and lateral (h) 490 

cephalometric radiographs showing clavicles with normal shape (white arrowheads). 491 

 492 

Figure 3 Effects of RPL5 haploinsufficiency on chondrogenesis and osteogenesis. (a, b) 493 

Total RNA was isolated from MSCs, and differentiated chondrocytes (a) or osteoblasts 494 

(b), and mRNA expression levels were measured by RT-qPCR using GAPDH as an 495 

internal reference. Histograms showing the relative expression levels of three 496 

chondrogenic differentiation markers, SOX9, ACAN, and COL10A1 (a), and three 497 

osteogenic differentiation markers, OSX, OPN, and BSP (b). (c, d) Chondrocytes (c) and 498 

osteoblasts (d) derived from the RPL5 haploinsufficient DBA patient (DBA) and a 499 

healthy sib (control) were stained with Alcian Blue (c) and Alizarin Red S (d), 500 

respectively. Scale bars are 100 µm. (e, f) Quantification of Alcian Blue-positive (e) and 501 

Alizarin Red S-positive (f) staining areas. (g, h) Expression level of RPL5 protein in 502 

chondrocytes and osteoblasts of control and RPL5 haploinsufficient groups. All data are 503 

mean values ± SD (n=3), and asterisks indicate the p values for Student’s t-test 504 
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(*p < 0.05 and ** p < 0.01). 505 

 506 

Figure 4 Effects of RPL5 haploinsufficiency on p53-mediated apoptosis in 507 

chondrocytes and osteoblasts. (a, b) Detection of apoptosis by TUNEL assay in control 508 

and RPL5 haploinsufficient chondrocytes (a) and osteoblasts (b). TUNEL-positive 509 

nuclei are labeled with fluorescein (green), and all nuclei are counterstained with DAPI 510 

(blue). (c, d) Quantification of apoptosis in control and RPL5 haploinsufficient 511 

chondrocytes (c) and osteoblasts (d). (e, f) Total RNA was isolated from chondrocytes 512 

(e) and osteoblasts (f), and mRNA expression levels were measured by RT-qPCR using 513 

GAPDH as an internal reference. Line graphs showing the relative expression levels of 514 

three genes involved in the p53 signaling pathway, P53, BAX, and CASP9, in 515 

chondrocytes (e) and osteoblasts (f). (g, h) Detection of proliferating chondrocytes (g) 516 

and osteoblasts (h). Immunofluorescent staining of Ki67 is shown in green, and all 517 

nuclei are counterstained with DAPI (blue). (i, j) Quantification of cell proliferation in 518 

control and RPL5 haploinsufficient chondrocytes (i) and osteoblasts (j). (k, l) Detection 519 

of phospho-MDM2 (Ser166) by immunofluorescence in control and RPL5 520 

haploinsufficient chondrocytes. Phospho-MDM2 (Ser166) labeled with fluorescein 521 

(green), MDM2 are labeled with fluorescein (red), and all nuclei are counterstained with 522 

DAPI (blue) (k). Quantification of phospho-MDM2 (Ser166) in control and RPL5 523 

haploinsufficient chondrocytes (l). All scale bars are 100 µm. All data are mean values ± 524 

SD (n=3), and asterisks indicate the p values for Student’s t-test (*p < 0.05 and ** 525 

p < 0.01). 526 

 527 
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Figure 5 Diagram depicting a model for the decrease of MDM2 phosphorylation and 528 

the activation of p53-mediated apoptosis in RPL5 haploinsufficient chondrocytes. 529 

 530 



 
  



 

  



 
  



 

  



 


