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Variants with pathogenic clasification

Gene
name

Genome level Region
Protein

level
Genotype

ExAC
freq

ClinVar rs ClinVar phenotype

F5 g[1:169549811_C>T] exon:10 .
reference
heterozygous

. rs6025
Budd-Chiari_syndrome/susceptibility_to|Ischemic_stroke
/susceptibility_to|Recurrent_abortion|Factor_V_deficiency|Thrombophilia_due_to_activated_protein_C_resistance|Thrombophilia_due_to_factor_V_Leiden

F5 g[1:169549811_C>T] CDS:10 534:2_R>Q
reference
heterozygous

. rs6025
Budd-Chiari_syndrome/susceptibility_to|Ischemic_stroke
/susceptibility_to|Recurrent_abortion|Factor_V_deficiency|Thrombophilia_due_to_activated_protein_C_resistance|Thrombophilia_due_to_factor_V_Leiden

MBL2 g[10:52771475_C>T] exon:1 .
reference
heterozygous

. rs1800450 Mannose-binding_protein_deficiency

MBL2 g[10:52771475_C>T] CDS:1 54:2_G>D
reference
heterozygous

. rs1800450 Mannose-binding_protein_deficiency

ABCC6 g[16:16198014_G>C] intron:10 .
reference
heterozygous

. rs9940089 Pseudoxanthoma_elasticum

SLC9A3R1 g[17:74749174_C>G] exon:1 .
reference
heterozygous

. rs35910969 Nephrolithiasis/osteoporosis/hypophosphatemic/2

SLC9A3R1 g[17:74749174_C>G] CDS:1 110:1_L>V
reference
heterozygous

. rs35910969 Nephrolithiasis/osteoporosis/hypophosphatemic/2

RYR1 g[19:38499961_T>A] exon:45 .
reference
heterozygous

. rs118192174 Talipes_equinovarus|EMG_abnormality|Lower_limb_amyotrophy|Minicore_myopathy_with_external_ophthalmoplegia|not_provided

RYR1 g[19:38499961_T>A] CDS:45 2423:2_M>K
reference
heterozygous

. rs118192174 Talipes_equinovarus|EMG_abnormality|Lower_limb_amyotrophy|Minicore_myopathy_with_external_ophthalmoplegia|not_provided

KLKB1 g[4:186236880_G>A] exon:5 .
non-
reference
homozygous

. rs3733402 Prekallikrein_deficiency

KLKB1 g[4:186236880_G>A] CDS:4 143:2_S>N
non-
reference
homozygous

. rs3733402 Prekallikrein_deficiency

KLKB1 g[4:186236880_G>A] exon:6 .
non-
reference
homozygous

. rs3733402 Prekallikrein_deficiency

KLKB1 g[4:186236880_G>A] CDS:3 105:2_S>N
non-
reference
homozygous

. rs3733402 Prekallikrein_deficiency

GATA4 g[8:11748803_T>C] UTR5 .
reference
heterozygous

. rs3735819 Congenital_heart_disease

GATA4 g[8:11748803_T>C] intron:2 .
reference
heterozygous

. rs3735819 Congenital_heart_disease

GATA4 g[8:11748803_T>C] intron:1 .
reference
heterozygous

. rs3735819 Congenital_heart_disease

GATA4 g[8:11748803_T>C] intron:4 .
reference
heterozygous

. rs3735819 Congenital_heart_disease

GATA4 g[8:11758186_A>G] intron:6 .
reference
heterozygous

. rs745379 Congenital_heart_disease

GATA4 g[8:11758186_A>G] intron:5 .
reference
heterozygous

. rs745379 Congenital_heart_disease

GATA4 g[8:11758186_A>G] intron:8 .
reference
heterozygous

. rs745379 Congenital_heart_disease

C1GALT1C1 g[X:120626774_A>T] exon:2 .
non-
reference
homozygous

. rs17261572 Polyagglutinable_erythrocyte_syndrome

C1GALT1C1 g[X:120626774_A>T] exon:3 .
non-
reference
homozygous

. rs17261572 Polyagglutinable_erythrocyte_syndrome

C1GALT1C1 g[X:120626774_A>T] CDS:1 131:3_D>E
non-
reference
homozygous

. rs17261572 Polyagglutinable_erythrocyte_syndrome

Variants selected by phenotype

Gene
name

Genome level Region
Protein

level
Genotype

ExAC
freq

dbSNP Phenotype

ELANE g[19:853279_G>C] CDS:3 81:2_R>P
reference
heterozygous

. .
Autosomal dominant severe congenital neutropenia^CYCLIC NEUTROPENIA^RNA polymerase II transcription corepressor activity^negative regulation of
transcription from RNA polymerase II promoter in response to UV-induced DNA damage^NEUTROPENIA SEVERE CONGENITAL 1 AUTOSOMAL DOMINANT
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Abstract

Objective: Diamond-Blackfan anaemia (DBA) is predominantly underlined by mutations in 

genes  encoding  ribosomal  proteins  (RP);  however,  its  aetiology  remains  unexplained  in 

approximately 25% of patients.

Methods: We performed panel sequencing of all ribosomal genes in DBA patient without 

previously known molecular pathology. Pathogenicity of the novel mutation was extensively 

studied in vitro in a mutation-transfected human fibroblast cell line MRC-5. 

Results and conclusions: A novel heterozygous RPS7 mutation hg38 chr2:g.3,580,153G>T 

coding RPS7 p.V134F was found in one female patient and subsequently confirmed in two 

asymptomatic family members, in whom mild anaemia and increased erythrocyte adenosine 

deaminase  (eADA) levels  were detected  on further  examination.  We observed defects  in 

nucleolar morphology and functions, decreased protein translational activity and ribosomal 

stress activation in the RPS7 p.V134F transfected cells. We also observed altered erythrocyte 

metabolism  in  the  DBA  patient,  which  may  have  negatively  affected  the  lifespan  of 

erythrocytes and contributed to the pathophysiology of the disease.

Keywords: Diamond-Blackfan  anaemia  (DBA);  massive  parallel  sequencing  (MPS); 

ribosomal proteins; ribosomal stress; RPS7



Introduction

Diamond-Blackfan  anaemia  (DBA)  is  a  rare  congenital  red  cell  aplasia  with  causative 

mutations in genes encoding ribosomal proteins (RP), which involve small ribosomal subunit 

genes (RPS19,  RPS26,  RPS7,  RPS24,  RPS17,  RPS10, RPS15A) or large ribosomal subunit 

genes  (RPL5,  RPL11 and  RPL35A)  (1–3).  These  mutations  affect  translational  activity, 

protein folding and ribosome biogenesis in an autosomal dominant manner  (4). DBA may 

also be associated with mutations in non-ribosomal genes, such as GATA1 (5) and TSR2 (6). 

Despite intensive research, aetiology of DBA remains unexplained in approximately 25% of 

patients.

DBA mostly manifests during the first year after birth, but its phenotype is highly variable 

from  silent  carriers  over  mild  (typically  macrocytic)  anaemia  to  severe  transfusion 

dependency accompanied by short stature with skeletal abnormalities (7), mental retardation 

(8,9) and increased risk of tumour development (10).

Molecular pathology of DBA involves an activation of the ribosomal stress ultimately leading 

to induction of TP53 signalling pathway, to cell cycle arrest and apoptosis  (11,12). Some 

ribosomal proteins (e.g., RPS7, RPL5, RPL23 and RPL11) transduce nucleolar stress signals 

through  binding  to  MDM2,  which  results  in  decreased  ubiquitination  of  TP53  (13). 

Furthermore, TP53 deficiency partially rescued anaemic phenotype in mouse and zebrafish 

DBA  models  (14,15).  During  the  last  years,  whole  transcriptome  studies  have  been 

performed on  RPS19,  RPS24,  RPL5 and  RPL11 zebrafish knock-out  models  prepared by 

morpholino  technique  (16–19),  where  additional  molecular  mechanisms  and  pathways 

contributing to DBA phenotype were identified. Recently, it was also shown that ribosomal 

insufficiency increased oxidative stress in erythrocytes of DBA patients (19).



In this study, we performed massive parallel sequencing (MPS) of RP gene panel by selective 

capture hybridization to identify novel mutations among patients in the Czech National DBA 

Registry  (20) without  previously  known  molecular  pathology.  We  found  a  novel  RPS7 

mutation  in  three  female  members  of  one  family  accompanied  by  elevated  erythrocyte 

adenosine deaminase (eADA) levels. Pathogenicity of the mutation was confirmed by in vitro 

studies evaluating nucleolar and ribosomal dysfunctions in transfected cells. These methods 

may serve as a tool to validate functional impact of novel mutations in DBA.

Patients and methods

Clinical report

The patient was an 18-year-old female born in term from second uncomplicated pregnancy 

with a birth  weight of 2,600 g. She had no congenital  malformations  and presented with 

severe anaemia during the first month of life. Bone marrow aspirate showed a severe isolated 

erythroid aplasia  and the diagnosis of DBA was established.  The patient  was transfusion 

dependent during the first year of life and required irregular red blood cell transfusions until 3 

years of age. She was treated with small dose of prednisolone on alternate days since 3 years 

of age, responded well to steroid therapy and is currently in remission with haemoglobin (Hb) 

101 g/L and mean corpuscular volume (MCV) 112 fL. Her body height is normal.

Patient‘s  mother  and older sister  are both asymptomatic  and their  past  medical  history is 

insignificant. They harbour no somatic malformations. Normal Hb levels (120 g/L and 127 g/

L, respectively) and mild macrocytosis (MCV of 97 fL and 96 fL, respectively) were detected 

on laboratory examination. Other family members are healthy.

DNA extraction, RNA extraction and cDNA preparation



DNA was extracted  from peripheral  blood by Genomic DNA Whole  Blood kit  (Qiagen, 

Germany) using MagCore HF116 robotic station (RBC Bioscience Corp., Taiwan) according 

to  manufacturer’s  protocol.  RNA  isolation  was  performed  from  blood  samples  stored 

in Tempus  Blood  RNA  Tubes  using  Tempus  Spin  RNA  Isolation  kit  (Thermo  Fisher 

Scientific,  MA,  USA)  or  from  resuspended  cell  pellets  according  to  manufacturer’s 

instructions in case of RPS7 transfected cells. RNA integrity and concentration was checked 

by Agilent Bioanalyzer (Agilent Technologies, CA, USA) and Nanodrop ND 1000 (Thermo 

Scientific, USA). 

For  reverse  transcription,  we  pre-incubated  3 μg of total RNA with 0.3 μg of Randomg  of  total  RNA  with  0.3  μg of total RNA with 0.3 μg of Randomg  of  Random 

Primers (Promega, USA) at 70 °C for 5 minutes, and immediately placed the mixture on ice.  

Then  6  µl  of  RevertAid  5x  RT  buffer  (Fermentas,  Lithuania),  3  µl  of  10  mM 

deoxyribonucleotide  triphosphates  (dNTPs),  0.75  µl  of  40  U/µl  RNAsin  ribonuclease 

inhibitor (Promega, USA), and DEPC treated water (Ambion, USA) up to a final volume of 

30 μg of total RNA with 0.3 μg of Randoml were added, and the mixture was incubated for 5 minutes at room temperature. During 

the final step, 150 U of RevertAid Moloney Murine Leukemia Virus reverse transcriptase 

(Fermentas,  Lithuania)  were added to each tube and the samples were incubated at room 

temperature for 10 minutes. Finally, samples were incubated at 42 °C for 60 minutes and then 

70 °C for 10 minutes. 

RPS7 wild-type (RPS7wt) vs. RPS7 p.V134F (RPS7mut) allele ratio was estimated using RPS7 

cDNA sequencing. Amplicon for target cDNA  RPS7 was obtained by PCR using primers 

specifically  designed  to 5‘  and  3‘  UTR  regions  of  the  gene  (tctcgcgagatttgggtctctt, 

ttacaattgaaactctgggaattcaaaat).

RP panel library preparation and sequencing



NimbleGen SeqCap EZ custom targeting probes library was designed for all human exon 

regions of RPS and RPL genes (Suppl. Tab. 1). Sequencing library was prepared from 500 ng 

of nebulized genomic DNA following the supplier‘s protocol (Roche Nimblegen, WI, USA). 

Libraries were sequenced on 454 GS Junior platform.

Raw fastq reads were trimmed by Trimmomatic software  (21) and aligned to the ensembl 

hg38  reference  genome  by  BWA  MEM  algorithm  (22).  BWA-mem  aligned  reads  were 

filtered for minimal mapping quality (MQ) ≥10.  Subsequently, alignment was transformed to 

mpileup  format  by  SAMtools  (23).  Variant  calling  format  (VCF)  file  was  generated  by 

VarScan2 (24) (minimal coverage 10x, minimal variants supporting reads 4, minimal variant 

frequency 0.3, minimal Phred base quality 20) and annotated against reference genome hg38 

with relevant GTF file (version 83) by in-house Python scripts. Due to the bias of the 454 

sequencing in homopolymer regions  (25), all indel variants were excluded and only single 

nucleotide variants (SNVs) were evaluated.

Annotated variants were compared with common variants in dbSNP database (build-id 146). 

Selected  variants  were  checked  and  visualised  in  IGV  browser  (26,27) Polyphen2,  I-

Mutant2.0-Seq and MUpro were  used  to  assess  functional  impact  of  DNA mutations  on 

protein  stability  and  function  (28–30).  RP  gene  panel  sequencing  revealed  RPS7 hg38 

chr2:g.3,580,153G>T  mutation,  which  was  subsequently  was  confirmed  by  Sanger 

sequencing. DNA was amplified by PCR with following primers targeting exon 6 of  RPS7 

(cattttgacttaaagaggtgc,  cactaaaatccactctcactg).  Results from Sanger sequencing were edited 

and visualized in Unipro UGENE (31).

RPS7 cDNA library preparation and sequencing



Sequencing  library  was  prepared  using  Nextera  XT  kit  (Illumina,  USA)  according 

to manufacturer’s  protocol  and  sequencing  was  performed  on  MiSeq  platform  (Illumina, 

USA). Raw fastq reads were trimmed by Trimmomatic software and aligned by STAR (32). 

Only unique mapped reads (MQ = 255) were used. Frequencies of RPS7mut vs. RPS7wt  were 

subtracted in IGV browser. 

Enzyme assays

Activity  of  enzymes  involved  in  anaerobic  glycolysis,  oxidative  defence  and  nucleotide 

metabolism,  particularly  pyruvate  kinase  (PK),  hexokinase  (HK),  glucose  6-phosphate 

dehydrogenase (G6PD) and eADA, was determined according to the methods recommended 

by the International  Committee for Standardization in Haematology  (33),  with the use of 

leukocyte- and platelet-free erythrocyte lysates as previously described (34,35). Briefly, the 

enzyme reaction was pre-incubated for 10 min at 37 °C, thereafter the substrate was added. 

Absorbance  was  measured  at  340  nm  in  1  min  intervals  for  20  min  at  37  °C 

(Spectrophotometer  Infinite  200  Nanoquant;  Tecan,  Switzerland)  and  specific  enzyme 

activity  was calculated  using the  Lambert-Beer  law.  All  chemicals  and purified enzymes 

were purchased from Sigma Aldrich (Germany).

Measurement of glutathione, ATP and ADP

Freshly prepared erythrocyte lysates, extracted with 5% trichloroacetic acid (Sigma-Aldrich, 

Germany), were used for the measurements of reduced glutathione (GSH), ATP and ADP 

levels by high-performance liquid chromatography-mass spectrometry (HPLC-MS) (HPLC 

Dionex Ultimate 3000 MS, Thermo Scientific, USA; LC/MS/MS System MDS API 3200, 

Applied Biosystems, USA) as previously published (34,36).



Oxidative stress and Annexin V binding

Peripheral  blood  erythrocytes  (2x107/ml)  were  incubated  with  0.4  mM  2ʼ,7ʼ-

dichlorofluorescein  diacetate  (DCF;  Sigma-Aldrich,  Germany)  for  15  min  at  37  °C  as 

previously described (36). For a positive control, erythrocytes were exposed to 2 mM H2O2 

for  10  min  before  DCF  labelling.  The  levels  of  reactive  oxygen  species  (ROS)  were 

determined based on the DCF-dependent intensity of fluorescence measured by FACSCalibur 

(BD Biosciences, New Jersey, USA).

Annexin V binding to erythrocyte membrane was analysed using Annexin V/FITC kit (BD 

Biosciences, New Jersey, USA) following manufacturer‘s instructions. Fluorescence intensity 

was also measured by FACSCalibur.

Plasmid preparation and transfection

RPS7wt cDNA was obtained from peripheral blood of healthy controls by amplification using 

specific primers. The resulting amplicon was then cloned into 3.3-TOPO TA vector (Life 

Technologies, CA, USA) according to manufacturer’s instructions, followed by site-directed 

mutagenesis using QuikChange II kit (Agilent, CA, USA) and mutagenesis primers in order 

to create RPS7mut cDNA.

MRC-5 human fibroblast cell line was cultured in DMEM medium supplemented with 10% 

FBS, 1% non-essential amino acids, penicillin (100 U/mL) and streptomycin (100 μg of total RNA with 0.3 μg of Randomg/mL). 

One million cells were transfected by 5 μg of total RNA with 0.3 μg of Randomg of plasmid or empty vector (control cells) using 

Neon transfection system (Life Technologies, CA, USA) set to 1700 V 20 ms 1x.

Western blot



Cultured cells were trypsinized, washed in PBS, resuspended and lysed in RIPA buffer (25 

mM Tris-HCl pH 7.6, 150 mM NaCl,  1% NP-40, 1% sodium deoxycholate,  0.1% SDS). 

Protein concentration was determined by BCA kit (Sigma Aldrich, MO, USA). In total, 10 μg of total RNA with 0.3 μg of Randomg 

of cellular  proteins were denatured in SDS loading buffer (5% β-mercaptoethanol,  0.02% 

bromophenol  blue,  30%  glycerol,  10%  SDS,  250  mM  Tris-HCl),  separated  on  SDS-

polyacrylamide  gel  electrophoresis  and  transferred  onto  nitrocellulose  membrane. 

Membranes were incubated with primary antibodies against TP53 (sc-6243) and β-actin (sc-

47778, both Santa Cruz Biotechnology, CA, USA) overnight at 4 °C followed by incubation 

with appropriate peroxidase-linked secondary antibody. Positive signals were visualised by 

chemiluminescence detection system (Bio-Rad, CA, USA) using the Odyssey imaging device 

(LI-COR Biosciences, NE, USA).

Immunofluorescence analysis

Cells were transfected with RPS7wt/mut cDNA as described above and after 3 days in culture 

fixed by 4% paraformaldehyde in 1x PBS for 15 min and permeabilized by 0.5% Triton X-

100 in 1x PBS for 15 min at room temperature. Overnight incubation with anti-TP53 (sc-

6243, Santa Cruz, CA, USA) in 5% FBS was carried at 4 °C. Samples were incubated with 

species-specific  secondary antibody labelled by Alexa Fluor 488 (Life Technologies,  CA, 

USA) in 5% FBS for 1 hour at room temperature. Coverslips were washed three times and 

placed in mounting medium with DAPI (Kreatech, Czech Republic). Localization of TP53 

was  examined  using  confocal  fluorescent  microscopy  with  super-resolution  (Carl-Zeiss, 

Germany)  at  objective  magnification  100x.  Image  quantification  was  calculated  as  a 

corrected spot intensity in the nucleoli using Columbus software version 2.71 (Perkin-Elmer, 

MA, USA).



Nucleolar morphology staining

Nucleolar  morphology  was  evaluated  by  Smetana’s  staining  (37).  Transfected  fibroblasts 

were fixed after 3 days in culture and washed with 1x PBS followed by incubation with 0.3% 

toluidine blue in McIlvain buffer (2.1% citric acid, 7.16% sodium phosphate dibasic; pH 6) 

for  10  min  at  room temperature  and  washed  in  McIlvain  buffer.  Stained  nucleoli  were 

examined at  100x magnification  and divided in  two categories:  1.  unperturbed nucleoli  - 

round and tight; and 2. unfolded nucleoli – with amorphous shape and loosen structure. The 

slides were examined by light microscope (Carl-Zeiss, Germany) at objective magnification 

100x. Image quantification was calculated as a corrected spot intensity in the nucleoli using 

Columbus software version 2.71 (Perkin-Elmer, MA, USA).

rRNA fluorescence in situ hybridization

Cells were transfected and fixed as described above and permeabilized by 70% ethanol at -20 

°C overnight. Cells were washed twice in wash buffer (2x SSC, 10% formamide), followed 

by hybridisation at 37 °C for 5 hours in hybridisation buffer (10% formamide, 2x SSC, 0.5 

mg/mL  tRNA,  10%  dextran  sulphate,  250 µg/mL  BSA,  10 mM  ribonucleoside  vanadyl 

complexes and 0.5 ng/µL probe cgctagagaaggcttttctc conjugated with cy5). Coverslips were 

washed  twice  in  wash  buffer  at  37  °C  and  mounted  by  mounting  medium  with  DAPI 

(Kreatech, Czech Republic). The cells were examined using confocal fluorescent microscopy 

with super-resolution (Carl-Zeiss, Germany) at 100x magnification. Image quantification was 

calculated as a corrected spot intensity in the nucleolus in Columbus software version 2.71 

(Perkin-Elmer, MA, USA).

Northern blot 



Northern blot was used for 18S pre-RNA detection. In total, 5µg of RNA was separated on 

1X  MOPS  denaturing  gel  followed  by  transfer  to  Hydrobond  N+ nylon  membrane  (GE 

Healthcare, France). Probe cgctagagaaggcttttctc was labelled with digoxigenine (DIG) using 

oligonucleotide  3'-end  labelling  kit  (Sigma-Aldrich,  Germany).  RNA was  detected  using 

DIG-labelled  probe  and  DIG  Northern  Kit  (Sigma-Aldrich,  Germany)  according  to 

manufacturer's protocol.

Protein synthesis assay

Fibroblasts were transfected as mentioned above, seeded on Petri dish, grown overnight and 

on the following day subjected to the incorporation of methionine analogue using Click-IT 

AHA kit (Thermo Fisher Scientific, CA, USA). Translational efficiency was measured by 

FACS Calibur flow cytometer and data were analysed using CellQuest software (both BD 

Biosciences, NJ, USA). Gate for translationally active cells was set according to control cells 

(gate R2). Next, cells were examined using Yokogawa CV8000 System (Yokogawa, Japan). 

Image  quantification  was  calculated  as  cytoplasmic  intensity  using  Columbus  software 

version 2.71 (Perkin-Elmer, MA, USA).

Results

The  Czech  National  DBA  registry  currently  includes  52  patients.  Previously,  causative 

mutations were identified in 33 out of 46 patients (71.7%) in genes coding for RPS19, RPS26, 

RPL5, RPL11 and RPS17 using Sanger sequencing.



In study of RP gene panel sequencing,  we obtained 108,774 reads after  mapping quality 

filtration and PCR duplicates removal. The reads covered 200,696 bases of RP gene panel 

exons represented in bed file with minimum coverage threshold of 10x per nucleotide with 

average coverage 52x. 74,924 nucleotide positions were not been included into the VCF file 

due to insufficient coverage (10x), from which 3,379 bases included coding DNA sequence 

(CDS) regions (Suppl. Tab. 2.).

A  novel  nonsynonymous  germline  heterozygous  transversion  hg38  chr2:g.3,580,153G>T 

resulting in amino acid substitution p.V134F was identified by MPS in exon 6 of the RPS7 

gene in one female patient with DBA and in two of her asymptomatic relatives. The mutation 

was subsequently confirmed by cDNA sequencing (Fig. 1). Ultra-deep cDNA sequencing 

(average coverage 78,285x) revealed that expression of the mutated allele is in concordance 

with genotype (proband: 55% RPS7wt / 45% RPS7mut, mother: 58% RPS7wt / 42% RPS7mut, 

sister: 63% RPS7wt / 37% RPS7mut).

The mentioned point mutation has not yet been published nor reported in human variants 

databases. Valine 134 is highly conserved in RPS7 and substitution by phenylalanine in this 

position  is  considered  possibly  damaging  by  Polyphen2  (score  0.965).  In  silico  protein 

stability  predictors  I-Mutant  and  MUpro  evaluated  the  substitution  as  decreasing  RPS7 

protein stability (I-Mutant reliability index 9, MUpro scores were -0.97 by Neural Network 

method and -1 by Support Vector Machine method).

Translational activity, nucleolar morphology, 18S rRNA precursors and TP53 activation

Electrophoretogram shows comparable levels of  RPS7mut and  RPS7wt transfected cells (Fig. 

2A).  Furthermore,   using Sanger  sequencing, we observed a  same  RPS7mut/wt  ratio  in  the 

transfected cells as in the DBA patient and her relatives. 



Protein synthesis assay showed decreased translational capacity in RPS7mut cells: only 78.9% 

of  RPS7mut  cells were translationally active (i.e., gated to R2 gate), compared to 97.7% of 

RPS7mut cells and 92.9% of control cells. Furthermore, overall intensities of translationally 

active cells were significantly lower in RPS7mut cells compared to RPS7wt cells (mean 586.2 

vs. 1874.4 fluorescence units, respectively, Fig. 2C). Cells treated with puromycin served as a 

positive control for the inhibition of protein synthesis. These results were confirmed by image 

analysis,  where  RPS7mut cells  had cytosolic  intensity  of  133.7±3 compared to  160.1±7 in 

RPS7wt cells and 177.3±12.5 in control cells and (Fig. 2B).  

To assess the effect of  RPS7mut, we performed a functional study in transiently transfected 

cells. Using 5'ITS rRNA FISH, NCL and toluidine blue staining, we detected changes in the 

nucleolar  structure  suggestive  of  an  rRNA  processing  defect  (Fig.  3A,  D).  Abnormal 

nucleolar morphology was more frequent in  RPS7mut  compared to  RPS7wt  cells and control 

cells: unperturbed/unfolded nucleoli ratio per 100 cells was 47/53 in RPS7mut  cells, 76/24 in 

RPS7wt cells and 87/13 in control cells (Fig. 3B). Furthermore, 5'ITS rRNA staining revealed 

increased  nucleolar  spot  intensity  in  RPS7mut  cells  (118.1±0.36)  compared  to  RPS7wt  

(118.4±0.45) and control cells (119.8±0.35) (Fig. 3C). Perturbation of nucleolar structure was 

also apparent  using NCL immunostaining (Fig.  4D).  In  RPS7mut cells,  NCL intensity  was 

increased (0.31±0.0057) compared to  RPS7wt  (0.317±0.0084) and control (0.36±0.011) (Fig. 

3C) 

The fact that RPS7mut perturbs rRNA processing was confirmed by analysis of 18S pre-rRNA 

species using Northern blot. RPS7mut accumulated of 45S pre-rRNA and decreased intensity of 

30S pre-rRNA along with an increased size of this precursor compared to RPS7wt and control 

cells (Fig. 3E). 



Western  blot  revealed  significantly  increased  levels  of  TP53  in  RPS7mut  cells  (Fig.  4B). 

Activation of TP53 and its accumulation in the nucleus in RPS7mut cells was also confirmed 

using immunofluorescent staining against TP53 (Fig. 4A).

Adenosine metabolism and oxidative stress of red blood cells

Determination of eADA is considered one of the confirmatory tests for DBA, because eADA 

level is raised in the majority of DBA patients  (39). Indeed, we detected elevated levels of 

eADA  not  only  in  the  affected  patient,  but  also  in  both  asymptomatic  family  members 

harbouring the same  RPS7 mutation (patient:  4.2±0.8 IU/g Hb; mother:  3.5±0.2 IU/g Hb; 

sister: 4.6±0.3 IU/g Hb; reference range: 0.8-2.5 IU/g Hb) (Tab. 1).

In the following experiments, we focused on anti-oxidative defence of mature erythrocytes 

and on the activity of their key metabolic enzymes. As shown in Fig. 5A, increased levels of  

ROS were detected only in the patient‘s erythrocytes (X-mean fluorescence: 19.2), but not in 

erythrocytes of her asymptomatic mother (X-mean fluorescence: 13.7) and sister (X-mean 

fluorescence: 14.2; control range of X-mean fluorescence: 12.6-14.2). Consistently, only the 

patient showed increased anti-oxidative defence parameters, particularly elevated levels of 

reduced glutathione (GSH) and glucose 6-phosphate dehydrogenase (G6PD) compared to her 

mother  and sister  and healthy  controls  (Tab.  1),  confirming ongoing oxidative  stress  and 

stimulated anti-oxidative defence.

Concomitant  increase  in  the  activity  of  hexokinase  (HK;  approximately  3.5x),  pyruvate 

kinase (PK; approximately 2.5x) and in the levels of ATP (approximately 3x) in the patient‘s 

red blood cells also differentiated patient from healthy controls as well as from asymptomatic 

family  members  harbouring  the  same  mutation  (Tab.  1).  These  changes  in  anaerobic 

glycolysis suggest increased demand for ATP in patients with hypoxia caused by inadequate 

erythrocyte production.  



Despite  activated  anti-oxidative  defence  and  hyperactivated  anaerobic  glycolysis,  flow 

cytometry of annexin V binding revealed increased exposure of phosphatidylserines (PS) on 

the membrane of patient‘s red blood cells compared to her asymptomatic family members 

and  controls  (Fig.  5B,  C).  This  may  indicate  enhanced  recognition  and  destruction  of 

patient‘s erythrocytes by reticuloendothelial macrophages.

Discussion 

Here we present  the first  case of a  missense mutation  in  RPS7 as  the cause of DBA in 

humans. To date, five cases of  RPS7 mutations clinically associated with DBA have been 

published, however, in all of these patients, mutations were located at splice sites and clinical  

course of DBA was milder than in our case (40–43).

Previously,  two  ENU-induced  Rps7  mouse  mutants,  harbouring  heterozygous  sequence 

variants, have been reported to have impaired ribosomal biogenesis (44). Despite the fact that 

the  murine  models  did  not  yield  a  phenotype  analogous  to  DBA,  the  RPS7  p.V156G 

substitution resulted in decreased growth, abnormal skeletal morphology, mid-ventral white 

spotting and eye malformations - phenotypes that also occur due to haploinsufficiency of 

genes coding for other ribosomal subunits (44).

We identified the RPS7 p.V134F substitution in the patient and her asymptomatic mother and 

sister. In silico modelling predicted damaging effect of this variant on the RPS7 protein. To 

validate the causality of the mutation, we performed a number of functional tests. Decreased 

translational  capacity  caused  by  a  lack  of  mature  ribosomes  is  one  of  the  characteristic 

features of DBA-mutant cells. We have previously shown that translational assay can be used 

to determine if given variants in ribosomal genes impair ribosomal biogenesis  (45). Using 

this approach, we confirmed that the newly identified RPS7 p.V134F variant distorts protein 

synthesis.



Nucleolar disruption has been observed in ribosomal protein depletion models and nucleolar 

stress models (46,47). Accordingly, we detected profound changes in nucleolar morphology 

(i.e., loss of shape and unfolding) in RPS7mut transfected cells, and thus assume that the RPS7 

p.V134F mutation perturbs nucleolar structure and leads to nucleolar stress. In addition, we 

observed abnormal rRNA processing in RPS7mut cells.

Protein TP53 is the main response element during nucleolar and ribosomal stress; several 

ribosomal proteins,  including RPS7, bind to TP53 ubiquitin  ligase MDM2 and inhibit  its 

activity towards TP53. Significantly higher levels of TP53 in RPS7mut cells compared to both 

RPS7wt cells  and  control  cells  are  consistent  with  the  ribosomal  stress  theory.  Slightly 

increased  TP53  level  in  RPS7wt cells  compared  to  controls,  which  we  observed,  is  in 

agreement with literature (48).

Increased exposure of phosphatidylserine on erythrocyte membrane in the patient compared 

to her asymptomatic family members and healthy controls suggests that the tendency towards 

redox balance restoration and membrane integrity does not completely prevent an enhanced 

recognition  and  destruction  of  the  patient’s  red  blood  cells  by  reticuloendothelial 

macrophages. We suppose that altered red blood cell metabolism may affect the lifespan of 

erythrocytes in DBA and thus contribute to the worsening of the blood condition, especially 

during infections.

As  we  observed,  the  phenotype  of  family  members  with  the  identical  mutation  can  be 

different, including silent carriers. All family members of patients with DBA should therefore 

be  examined,  even  if  asymptomatic.  Testing  of  eADA levels  could  serve  as  a  sensitive 

screening method for these purposes.



In  conclusion,  the  presented  functional  tests  revealed  multiple  cellular  abnormalities 

associated with the novel RPS7 p.V134F variant,  which have been previously reported in 

DBA and support the causality of this mutation. Analyses within larger cohort of patients are 

necessary  to  further  elucidate  the  pathophysiology  of  DBA,  especially  in  the  remaining 

approximately 25% of cases without known underlying molecular aberration, and to better 

understand disease modifying conditions in symptomatic versus asymptomatic carriers.
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Figures:

Fig.  1.  RPS7 mutation  in  the  patient  with  DBA  and  two  of  her  family  members.  The 

confirmation  of  hg38  chr2:g.3,580,153G>T  heterozygous  mutation  in  RPS7 by  Sanger 

sequencing technique in the patient panel (A). The mutation has been previously identified by 

MPS sequencing of genomic DNA (G). Mutation was later detected in patient‘s cDNA C1 as 

well as in her mother (C2) and sister (C3). Panel (B) visualizes alignments in last two RPS7 

exons by IGV in comparison of RP panel gene sequencing and cDNA sequencing. Panel (C) 

shows position of the mutation in exon 6 of RPS7 in detail.









Fig. 5. Determination of ROS levels and Annexin V binding assay. Representative plots and 

histograms showing elevated levels of ROS (A), increased phosphatidylserine (PS) exposure 

on erythrocyte membrane (B) and increased percentage of Annexin V-positive erythrocytes 

(C) in the DBA patient compared to her asymptomatic family member and healthy control. In 

panel (A), DCF-dependent intensity of fluorescence is proportional to the concentration of 

ROS; erythrocytes of a healthy control treated with H2O2 served as a positive control for 

induced ROS formation. In panels (B) and (C), increased Annexin V-binding to RBC reflects 

increased exposure of PS on erythrocyte membrane.

   



 eADA GSH G6PD PK HK ATP

 (IU/g Hb) (μg of total RNA with 0.3 μg of RandomM) (IU/g Hb) (IU/g Hb) (IU/g Hb) (μg of total RNA with 0.3 μg of Randommol/L)

Reference 
range [0.8-2.5] [1978-2888] [5.4-7.0] [5.1-5.8] [0.8-1.6] [188-334]

Patient 4.2±0.8 4356±44 10.3±0.6 14.8±0.8 4.4±0.05 775±96

Mother 3.5±0.2 2125 5.3±0.2 4.9±0.2 0.7±0.02 205±32

Sister 4.6±0.3 2450±35 6.5±0.1 6.8±0.5 0.9±0.13 251±45

 

Table  1.  Levels  of  eADA, GSH and ATP and the  activity  of  selected  enzymes  of  anti-

oxidative defence and anaerobic glycolysis in red blood cells.
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