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Abstract

Diamond Blackfan anemia (DBA) is a ribosomopathy of variable expressivity and penetrance 

characterized by red cell aplasia, congenital anomalies, and predisposition to certain cancers, 

including early onset colorectal cancer (CRC). DBA is primarily caused by a dominant mutation 

of a ribosomal protein (RP) gene, although approximately 20% of patients remain genetically 

uncharacterized despite exome sequencing and copy number analysis. While somatic loss-of-

function mutations in RP genes have been reported in sporadic cancers, with the exceptions of 5q- 

myelodysplastic syndrome (RPS14) and microsatellite unstable CRC (RPL22), these cancers are 

not enriched in DBA. Conversely, pathogenic variants in RPS20 were previously implicated in 

familial CRC; however, none of the reported individuals had classical DBA features. We describe 
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two unrelated children with DBA lacking variants in known DBA genes who were found by 

exome sequencing to have de novo novel missense variants in RPS20. The variants affect the same 

amino acid but result in different substitutions and reduce RPS20 protein level. Yeast models with 

mutation of the cognate residue resulted in defects in growth, ribosome biogenesis, and polysome 

formation. These findings expand the phenotypic spectrum of RPS20 mutation beyond familial 

CRC to include DBA, which itself is associated with increased risk of CRC.
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INTRODUCTION

Diamond Blackfan anemia (DBA) is a genetic disorder characterized by red cell aplasia and 

macrocytic anemia typically presenting in the first year of life (Da Costa, Narla, & 

Mohandas, 2018). Additional associated features include craniofacial, thumb, renal, and 

cardiac anomalies, and short stature. Underlying these phenotypes is a disorder of ribosomes 

caused primarily by heterozygous germline pathogenic variants in a small or large ribosomal 

subunit protein gene (RPS or RPL, respectively). To date, 19 ribosomal protein (RP) genes 

have been implicated in the pathogenesis of DBA, 10 which encode components of the 

small, 40S ribosomal subunit, and 9, which encode components of the large, 60S ribosomal 

subunit (see Supp. Table S1 for genes and MIM#s). The incidence of specific gene 

involvement varies; however, only 9 genes (RPS19, RPL5, RPS26, RPL11, RPL35A, 

RPL15, RPS24, RPS17, and RPS10) are mutated in one percent or more of large cohorts of 

patients with DBA (Quarello et al., 2020; Ulirsch et al., 2018). In addition, rare individuals 

with DBA have been found to have pathogenic variants in the X-linked genes GATA1 and 

TSR2, which encode a hematopoietic master transcription factor required for normal 

erythropoiesis and an RPS26 chaperone protein, respectively (Khajuria et al., 2018; Ludwig 

et al., 2014). Lastly, some patients who carry an initial diagnosis of DBA have been found to 

have biallelic pathogenic variants in ADA2 (formerly known as CECR1) (Supp. Table S1), 

which encodes adenosine deaminase 2, although the mechanism by which this leads to a 

DBA-like disease is unknown (Ben-Ami et al., 2016). While single nucleotide variants are 

most common, approximately 10–20% patients harbor large deletions or insertions that 

disrupt RP gene expression (Farrar et al., 2011).

A recent report described the results of exome sequencing with copy number variant analysis 

of 472 individuals with DBA (Ulirsch et al., 2018). Rare and predicted deleterious variants 

in one of the known DBA genes were detected in 78% of cases. Notably, nine mutations in 

seven previously unreported RP genes (RPL3, RPL34, RPL10, RPL10A, RPL19, RPLP0, 
and RPS11) were also identified, however, these were not further evaluated at the time of the 

report. Finally, an additional 13 individuals in that cohort were found to have variants 

causative of other rare genetic disorders associated with anemia. Thus, even with 

comprehensive diagnostics, approximately 20% of patients with red cell aplasia and a 

clinical diagnosis of DBA remain uncharacterized genetically.
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Germline pathogenic variants in DBA-associated RP genes are also associated with cancer 

predisposition. Registry data indicate that individuals with DBA have an increased risk of 

myelodysplastic syndrome (MDS), acute myeloid leukemia, osteosarcoma, and colorectal 

cancer (CRC) (Vlachos et al., 2018). The distribution of RP genes mutated in those 

individuals with MDS or cancer was comparable to that of those mutated in the general 

DBA population. Although somatic loss-of-function (LOF) mutations in RP genes have been 

reported in a variety of sporadic cancers, in most cases, the strongest associations have been 

in cancer types that have not been found to be significantly enriched in DBA [e.g., acute T-

cell lymphoblastic leukemia (RPL5, RPL10, and RPL22) (De Keersmaecker et al., 2013; 

Rao et al., 2012); aggressive chronic lymphocytic leukemia (RPL15) (Landau et al., 2015); 

and glioblastoma multiforme, uterine corpus endometrial carcinoma, melanoma, and breast 

cancer (RPL5) (Fancello, Kampen, Hofman, Verbeeck, & De Keersmaecker, 2017)]. 5q-

MDS and microsatellite unstable CRC are exceptions to this with somatic mutation in DBA-

genes RPS14 and RPL22, respectively (Ebert et al., 2008; Ferreira et al., 2014).

Interestingly, a four-generation kindred with Familial CRC Type X was reported to harbor a 

germline RPS20 LOF variant [NM_001023.3: c.147dupA, p.(Val50Serfs*23)] co-

segregating with CRC (Figure 1A) (Nieminen et al., 2014). The development of CRC was 

highly penetrant in that family with eight of eight confirmed or obligate RPS20 mutation 

carriers developing CRC as early as age 24 years (median 52) and two carriers developing 

multiple primary CRCs. Further supporting RPS20 as a CRC susceptibility gene was the 

identification of a novel p.(Leu61Glufs*11) LOF variant in a young adult with 

metachronous CRC, and a rare missense variant, p.Val54Leu, predicted to be deleterious, in 

a young adult who was likely to have Lynch syndrome based on Amsterdam-criteria (Figure 

1A) (Broderick et al., 2017). Notably, none of the individuals with an RPS20 variant was 

reported to have anemia, short stature, or congenital anomalies, and, heretofore, mutations in 

RPS20 have not been reported in DBA. However, given the known variable expressivity, 

incomplete penetrance, spontaneous remissions of anemia, and increased risk of CRC in 

DBA, the possibility that RPS20 may represent a DBA gene has remained an open question. 

Here we report novel, de novo RPS20 variants in two unrelated patients with DBA, and 

evidence to support expansion of the RPS20 phenotype to include DBA.

MATERIALS AND METHODS

Ethical Policies and Ethical Considerations

The procedures followed were in accordance with the Helsinki Declaration of 1975, as 

revised in 2008. Written informed consent was obtained via research protocol H-17698 

(BMF# IDs) or H-21708 (RQ4–115) approved by the Baylor College of Medicine 

Institutional Review Board (IRB), or research protocol NCI 02-C-0052 (NCI-62–1 family) 

(ClinicalTrials.gov Identifier: NCT00027274) approved by the National Cancer Institute 

IRB.

Subjects

BMF92 family medical information was obtained and clinical evaluations carried out as part 

of clinical care provided within Texas Children’s Hospital. Detailed family history and 
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medical history questionnaires were completed by NCI-62–1 and his parents and detailed 

medical record review, comprehensive questionnaires, and thorough clinical evaluations 

were conducted at the NIH Clinical Center.

Exome sequencing and variant prioritization

Clinical exome sequencing was performed for BMF92 on peripheral blood DNA prior to 

hematopoietic cell transplantation (HCT) at the CLIA-certified Baylor Genetics Laboratory, 

Houston, TX, as previously described (Yang et al., 2014). Variant classification and 

interpretation were conducted according to the American College of Medical Genetics and 

Genomics variant interpretation guidelines (Richards et al., 2015).

Exome sequencing on NCI-62–1, his parents, and his unaffected sibling were conducted at 

the NCI’s Cancer Genomics Research Laboratory as previously described (Ballew et al., 

2013; Mirabello et al., 2014) using DNA extracted from whole blood or buccal cells. See 

Supplemental Methods for description of in silico analyses.

Structure analyses

See Supplemental Methods.

Analysis of RPS20 protein levels

Lymphoblastoid cell line (LCL) protein lysates were prepared in RIPA buffer [50mM Tris 

pH 8.0, 150mM NaCl, 1% IGEPAL, 0.5% Na deoxycholate, 1% SDS, 5mM EDTA, 1mM 

PMSF, with protease inhibitors (Millipore 539134)], fractionated by SDS-polyacrylamide 

gel electrophoresis and analyzed by western blotting using α-β-actin (Sigma A5441), α-

RPS20 (Abcam ab133776), and α-neomycin (Millipore AC113) antibodies. For transient 

overexpression assays, RPS20 p.Ile84Asn and p.Ile84Ser mutations were introduced into 

myc-RPS20/pCDNA3, kindly provided by Carol Prives, Ph.D. (Columbia University). One 

or 3 micrograms of plasmid were transfected into 293T cells and lysates prepared using 

RIPA buffer. Proteins were analyzed as above.

LCL polysome fractionation

Polysome profiling was adapted from the method previously described (Pereboom et al., 

2014). In brief, 10 million lymphoblastoid cells (6 OD 260 units after lysis) were 

resuspended in lysis buffer (110 mM KAc, 20 mM MgAc, 10 mM Tris-HCl, pH 7.6, 100 

mM KCl, 10 mM MgCl2, 0.1% NP-40, and freshly added 2 mM DTT, 200 U/ml RNAsin, 

and 100 μg/ml cycloheximide) and homogenized for 30 strokes in an ice cold Dounce 

homogenizer. Samples were pre-cleared at 1,300 rpm for 10 minutes at 4°C before loading 

onto a sucrose gradient (17–50% sucrose in 110 mM KAc, 20 mM MgAc, and 10 mM Tris-

HCl, pH 7.6). Samples were spun 38,000 rpm for 2.5 hours at 4°C in a Beckman SW41Ti 

rotor and fractionated with an ISCO fractionator with UV monitoring at 254 nm. Data 

collection was accomplished using the Logger Pro software suite.

Yeast growth assays

See Supplemental Methods for construction of yeast plasmids and strains. pRS315 plasmids 

carrying wild type (pFJZ1072) or mutant (pFJZ1073–8) RPS20 genes were transformed into 
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YAB814 MATa rps20Δ::kanMX his3Δ1 leu2Δ ura3Δ0/pAB913 (CEN URA3 RPS20). 

Strains were grown on media containing 5-fluoroacetic acid (5-FOA) to select for cells that 

passively lost the RPS20 covering plasmid (pAB913) and obtain strains bearing the pRS315 

plasmids alone. Logarithmically growing yeast cultures were plated at 1:10 serial dilutions 

on synthetic complete (SC)-Leu media and grown at the indicated temperatures and for the 

indicated times.

Yeast polysome profiling

Yeast strains carrying wild type (pFJZ1072) or mutant (pFJZ1073–8) RPS20 alleles were 

cultured in SC-Leu medium at 16°C to OD260 ∼1; cycloheximide was added to 50 μg/mL 

for 10 min prior to harvesting. Whole cell extracts (WCEs) were prepared in breaking buffer 

(20 mM Tris-HCl at pH 7.5, 50 mM NaCl, 10 mM MgCl2, 1 mM DTT, 200 μg/mL heparin, 

50 μg/mL cycloheximide, and 1 Complete EDTA-free Protease Inhibitor Tablet [Roche]/50 

mL buffer). Twenty-five OD260 units of WCEs were separated by velocity sedimentation on 

a 4.5%–45% sucrose gradient by centrifugation at 39,000 rpm for 3 hours at 4°C in an 

SW41Ti rotor (Beckman). Gradient fractions were scanned at 254 nm to visualize ribosomal 

species.

Ribosomal RNA analyses

Total RNA was isolated from LCLs using Trizol (Invitrogen). RNA separated by capillary 

electrophoresis was analyzed by Experion Automated Electrophoresis (Bio-Rad) or by 

Agilent 2100 Bioanalyzer (by the Baylor College of Medicine Genome and RNA Profiling 

Core). Precursor ribosomal RNAs were analyzed by northern blotting as previously 

described using an ITS1 probe (Rouquette, Choesmel, & Gleizes, 2005). Ratios of various 

pre-rRNA species were determined by quantification of ethidium bromide stained 28S bands 

and northern blot 21S and 18S-E bands using Image Studio V5.2.5 software (Li-Cor) and 

ImageQuant software (GE Healthcare Life Sciences).

Statistical methods

For analysis of the 21S/28S and 21S/18S-E ratios, a one way analysis of variance with 

Dunnet’s comparisons was performed on log transformed data for the data sets having a 

lognormal rather than normal distribution. Dunnet’s post-hoc test was performed and p 

values adjusted for multiple comparisons. For the 28S/18S ratio, a paired t test was 

performed to determine significant difference between BMF92-F and BMF92.

RESULTS

Two unrelated white/Hispanic males with genetically uncharacterized DBA (BMF92 and 

NCI-62–1) presented with transfusion-dependent anemia during the first month of life (Table 

1). Bone marrow evaluations revealed marked erythroid hypoplasia and stabilization of p53 

(in the case of BMF92; NCI-62–1 p53 was not analyzed), as characteristic for DBA (Dutt et 

al., 2011) (Supp. Figure S1). Proband BMF92 experienced a spontaneous remission of his 

anemia toward the end of the first year of life, possibly related to corticosteroids 

administered for bronchiolitis. Upon assessment approximately 1 year following his initial 

remission, his red blood cell (RBC) mean corpuscular volume (MCV) was within normal 
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range and his hemoglobin F was at the upper limits of normal range (2.9%). His erythrocyte 

adenosine deaminase (eADA) level, however, was elevated [10.5 units (mol/min/gm hg), 

reference range 0.42–3.5 units (Baylor Genetics, Houston)]. BMF92’s hypoplastic anemia 

recurred at age 2 ½ years and responded only transiently to corticosteroids on multiple trials. 

He was treated with an empiric course of leucine 100 mg/kg for 9 months without 

improvement in his transfusion requirements (Pospisilova, Cmejlova, Hak, Adam, & Cmejla, 

2007). He ultimately underwent hematopoietic cell transplantation (HCT) at age 6 years 

from his histocompatibility locus antigen (HLA)-matched sibling. He is now 3 years status 

post HCT and is fully engrafted.

Proband NCI-62–1 was born anemic with respiratory distress and transfused at birth. Bone 

marrow biopsy at 4 weeks of age was normocellular showing erythroid hypoplasia 

consistent with a diagnosis of DBA (Table 1). His anemia was unresponsive to steroid 

treatment that he received until 14 months of age, and refractory to immunosuppressive 

therapy with cyclosporine and mycophenolate mofetil. He was RBC transfusion-dependent 

from birth until age 17 years, which precluded determination of eADA levels. He underwent 

a 10/10 HLA-matched unrelated donor HCT at age 17 years, after which he developed grade 

I gastrointestinal graft-versus-host disease but otherwise is doing well at 23 months post-

HCT.

BMF92 and NCI-62–1 are of normal stature and have no documented congenital anomalies. 

Notably, both experienced chronic colitis, which is not a reported characteristic of DBA. 

BMF92 initially presented with eosinophilic colitis and was later (post-HCT) diagnosed with 

eosinophilic esophagitis, gastritis, and duodenitis. NCI-62–1 was found to have chronic 

colitis of unclear etiology within the first year of life. He had multiple colonic biopsies that 

showed nonspecific colitis. A biopsy at the age of 2 years showed excessive apoptosis in the 

colonic mucosa. In both cases, family history for DBA was negative and parental eADA 

levels were within normal limits.

Exome sequencing of peripheral blood DNA did not identify a variant in any of the known 

DBA genes; however, it did identify heterozygous variants of unknown significance (VUS) 

in the RP gene RPS20 in both BMF92 and NCI-62–1 (Figure 1B). Parental studies, which 

confirmed the expected parentage, revealed that the RPS20 VUS were de novo. The variants 

were at the same genomic position but resulted in different amino acid substitutions in 

RPS20 [NM_001023.3: c.251T>A, p.Ile84Asn in BMF92 and c.251T>G, p.Ile84Ser in 

NCI-62–1]. Sanger sequencing of DNA from a buccal swab (BMF92) or LCL (NCI-62–1) 

obtained prior to HCT confirmed the presence of the variant (Figure 1B), consistent with a 

germline defect.

Both variants were novel based on inspection of several databases, including the Genome 

Aggregation Database (gnomAD), dbSNP, Kaviar, Human Gene Mutation Database, 

ClinVar, and the COSMIC database, which reports somatic mutations in cancer (see Web 

Resources). In silico analyses were consistent with the variants being damaging and disease 

WEB RESOURCES
Bioinformatic databases and tools utilized for exome interpretation
CADD (Rentzsch et al., 2019) https://cadd.gs.washington.edu/
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causing across numerous prediction tools (including PolyPhen-2, SIFT, Mutation Taster, and 

VEST4) and ensemble methods (including REVEL), affecting a highly evolutionarily 

conserved residue (GERP, PhyloP, and PhastCons) (Supp. Table S2). The combined 

annotation dependent depletion (CADD) phred scores were 31 and 27.4 for 

RPS20.pIle84Asn and RPS20.pIle84Ser, respectively, predicting the variants to be in the 

<0.1% and <1% of the most deleterious substitutions possible in the human genome, 

respectively (Rentzsch, Witten, Cooper, Shendure, & Kircher, 2019).

The high resolution cryo-electron microscopy structure of the human 80S ribosome (PDB 

ID 6EK0) (Natchiar, Myasnikov, Kratzat, Hazemann, & Klaholz, 2017) revealed RPS20 

interacts with the 18S ribosomal RNA, RPS3, and RPS29 within the 40S subunit (Figures 

2A,B). Whereas portions of RPS20 localize to the ribosome surface (Figure 2A), Ile84 is 

positioned internally within a conserved motif on β−sheet 3 close to the RPS20 and RPS3 

interface (Figures 2B,C). Additionally, it is surrounded by highly conserved lysine residues 

that form a positively charged pocket (Figure 2B). The mutation observed in BMF92 or 

NCI-62–1 changes the hydrophobic isoleucine residue to a hydrophilic asparagine or serine 

residue, respectively, suggesting that the mutant proteins are unable to establish a 

hydrophobic interaction at position 84. Moreover, additional in silico analyses (MUpro and 

I-Mutant2.0) predicted that the variants decreased the stability of the protein structure (Supp. 

Table S2). Consistent with this prediction, RPS20 protein in the BMF92 proband LCL was 

reduced compared to his father, BMF92-F, and unaffected sibling, BMF92-S1 (Figure 2D). 

In addition, we found reduced steady state protein levels of the RPS20 mutants compared to 

wild type following transient over-expression in 293T cells (Figure 2E). Increasing the 

amount of plasmid transfected from 1 to 3 μg did not increase the mutant protein expression 

to the level of the wild type protein, possibly indicating an intolerance for the mutant 

proteins.

Mutations in DBA-associated RP genes have also been shown to alter ribosome distribution 

in polysome profiling (Cmejlova et al., 2006). Compared with the unaffected control LCL 

(BMF92-S1), we observed a reduction in the 80S peak and polysomes (Figure 3A), and an 

increase in the 60S peak relative to the 40S peak in the BMF92 LCL, similar to the RPS19 
mutated-BMF51 LCL (Figures 3B–E). This result was consistent with an RPS gene defect in 

the RPS20 mutant cells.

ClinVar (Landrum et al., 2018) https://www.ncbi.nlm.nih.gov/clinvar/
COSMIC (Tate et al., 2019) https://cancer.sanger.ac.uk/cosmic
dbSNP (Sherry et al., 2001) https://www.ncbi.nlm.nih.gov/snp/
GERP (Davydov et al., 2010) http://mendel.stanford.edu/sidowlab/downloads/gerp/index.html
GnomAD Browser (Lek et al., 2016) http://gnomad.broadinstitute.org/
Human Mutation Database (Stenson et al., 2017) http://www.hgmd.cf.ac.uk/ac/index.php
I-Mutant2.0 (Capriotti, Fariselli, & Casadio, 2005) http://folding.biofold.org/i-mutant/i-mutant2.0.html
Kaviar (Glusman, Caballero, Mauldin, Hood, & Roach, 2011) http://db.systemsbiology.net/kaviar/
MUpro (Cheng, Randall, & Baldi, 2006) http://mupro.proteomics.ics.uci.edu/
Mutation Taster (Schwarz, Rodelsperger, Schuelke, & Seelow, 2010) http://www.mutationtaster.org/
PhyloP (Pollard, Hubisz, Rosenbloom, & Siepel, 2010) http://compgen.cshl.edu/phast/
PolyPhen-2 (Adzhubei et al., 2010) http://genetics.bwh.harvard.edu/pph2
SIFT (Kumar, Henikoff, & Ng, 2009) http://sift.bii.a-star.edu.sg/
Sitewise likelihood-ratio (Massingham & Goldman, 2005) https://www.ebi.ac.uk/goldman-srv/SLR/
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To directly test the impact of the RPS20 mutations on the ribosome, we turned to 

Saccharomyces cerevisiae, a tractable model system which has proven valuable in the study 

of ribosome maturation defects in DBA (Leger-Silvestre et al., 2005; Moore, Farrar, Arceci, 

Liu, & Ellis, 2010). S. cerevisiae harbors a single RPS20 gene, which is essential. Alignment 

of human and S. cerevisiae proteins identified S. cerevisiae Rps20 p.Ile86 as cognate to 

human RPS20 p.Ile84 (Supp. Figure S2). Superimposition of S. cerevisiae Rps20 onto 

human RPS20 gave average root mean square deviations of 0.74 Å for 89 common Cα 
atoms, demonstrating high similarity between the human and yeast proteins (Figure 4A). 

Lastly, similar to human RPS20 p.Ile84 (Figure 2B), yeast Rps20 p.Ile86 is surrounded by 

lysine residues that form a positively charged pocket (Figure 4B). Together, these analyses 

support the use of the yeast model system for the study of the functional impact of mutation 

of human RPS20 p.Ile84 on cells.

Plasmids expressing the cognate patient mutations rps20-Ile86Asn or rps20-Ile86Ser, or one 

of four other amino acid substitutions -Ile86Ala, -Ile86Pro, -Ile86Asp, or -Ile86Lys, were 

introduced into a yeast strain bearing a deletion of the endogenous RPS20 gene, which was 

maintained by expression of wild type RPS20 from a centromeric plasmid. Cells expressing 

rps20-Ile86Asn, rps20-IleI86Asp, and rps20-Ile86Lys had impaired growth at low 

temperature (16°C) following eviction of the wild type plasmid (Figure 4C). Analysis of 

polysome profiles of the cells expressing rps20-Ile86Asn and rps20-Ile86Asp showed that 

these rps20 mutants had markedly increased 60S/40S ratios and slightly reduced 

polysome/80S monosome ratios (Figure 4D). Together, these data support the critical role of 

S. cerevisiae Rps20 p.Ile86, and, by extension, human RPS20 p.Ile84, in normal ribosome 

biogenesis, polysome formation and, thus, potentially translation.

In addition to altering the ribosome and polysome profiles, mutations in DBA-associated RP 

genes have been shown to impact the processing of precursor rRNAs (pre-rRNAs) and level 

of mature rRNAs (Choesmel et al., 2007; Farrar et al., 2008; Flygare et al., 2007; Gazda et 

al., 2008). Mutations in RPS versus RPL genes can be distinguished by changes in the 

relative abundance of pre-rRNAs (Farrar et al., 2014) or by changes in ratios of 28S and 18S 

rRNAs (Quarello et al., 2016). Therefore, we compared pre-rRNA processing in LCLs from 

BMF92 and NCI-62–1 to processing in healthy control LCLs as well as in LCLs from 

individuals with DBA-causative pathogenic variants in RPL5 (BMF16) and RPS19 (BMF54 

and BMF73) (Supp. Table S3).

Amounts of 28S and 18S rRNAs were quantified as peaks resolved by capillary 

electrophoresis (Figure 5A). BMF92 and NCI-62–1 both showed a higher 28S/18S ratio 

relative to controls BMF92-F and BMF92-S1 (Figure 5B), as previously observed in cells 

carrying other DBA-associated RPS gene mutations (Quarello et al., 2016). Also, BMF92 

and NCI-62–1 LCLs lacked the elevated 32S pre-rRNA seen in BMF16 (Figure 5A); this 

small but noticeable 32S peak is a consistent feature of cells with an RPL mutation, but is 

not seen with RPS mutations (Farrar et al., 2008; Gazda et al., 2008).

Small interfering RNA (siRNA) knockdown of RPS20 in HeLa cells has been shown to 

increase the amounts of 26S, 21S, and 18S-E pre-rRNAs relative to 28S rRNA two- to eight-

fold (O’Donohue, Choesmel, Faubladier, Fichant, & Gleizes, 2010). We therefore examined 
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the relative abundance of these species in LCLs derived from BMF92 and NCI-62–1 or 

controls (Figure 5C). We found that, compared with control LCL RQ4–115, the 21S/28S 

ratio was significantly increased in the LCL from NCI-62–1 (Figure 5D), similar to the 

increase in LCLs BMF54 and BMF73, which were derived from patients with DBA and 

RPS19 pathogenic variants. The ratios in BMF92 or BMF92-F LCLs were not significantly 

different from RQ4–115 (Figure 5D). Notably, the 18S-E to 28S ratio showed no statistically 

significant difference in any of the same samples compared the RQ4–115 control (Figure 

5E), however, we did find statistically significant increases in the 21S to 18S-E ratios for the 

mutant but not the BMF92-F LCLs (Figure 5F). The low abundance of the 26S on the 

northern blots precluded rigorous assessment (Figure 5C).

DISCUSSION

In summary, we provide evidence that the described variants in RPS20 at the p.Ile84 locus 

are causative of DBA. At a gene level, the gnomAD database observed a lower than 

expected number of missense variants in RPS20 [observed/expected ratio 0.66 (90% 

confidence interval 0.53 – 0.84)], yet novel, de novo variants in RPS20 were identified in 

these two children afflicted with a rare disorder, DBA, which has an incidence of 1 in 

100,000 to 200,000 live births (Boria et al., 2010). At a protein level, RPS20 is a component 

of the ribosome, which is central in the pathogenesis of DBA. Residue p.Ile84 displays 

evolutionary conservation and is located within a highly evolutionarily conserved motif 

[R(I/V/T)HKR] and within a positively charged pocket (Figures 2B,C and Supp. Figure S2). 

The Ile84Asn and Ile84Ser mutations destabilize RPS20 protein, with markedly reduced 

levels of RPS20 protein in the proband BMF92 LCL (Figure 2D) and upon transient over-

expression. (Figure 2E). While we were unable to test whether transgenic RPS20 expression 

could rescue the erythropoietic defect in BMF92 or NCI-62–1 CD34+ cells due to a lack of 

or insufficient cells pre-HCT, respectively, we have presented functional data to support an 

impact of the mutant RPS20 proteins on ribosomes, mimicking the defects observed in other 

RPS-mutant DBA lines. We found lymphoblastoid cells bearing the RPS20 p.Ile84Asn 

variant exhibited an abnormal ribosome and polysome profile (Figure 3B,D) and increased 

28S/18S rRNA ratio (Figure 5B), consistent with an RPS20 deficiency (O’Donohue et al., 

2010). Lymphoblastoid cells bearing the RPS20 p.Ile84Ser variant exhibited an increase in 

the 28S/18S, 21S/28S, and 21S/18S-E ratios (Figures 5B–E), similarly consistent with a 

RPS20 protein defect. Lastly, yeast bearing mutations of the residue cognate to human 

RPS20 p.Ile84 showed abnormal ribosome biogenesis as well as polysome profiles, 

indicating an impairment of translation (Figure 4D). While the results of the pre-rRNA 

analyses of the LCLs do not fully mirror those of RPS20 siRNA-treated HeLa cells 

(O’Donohue et al., 2010), collectively the data are consistent with a negative impact of the 

RPS20 variants on ribosome function, which is central to DBA pathophysiology. Lastly, 

application of the American College of Medical Genetics standards and guidelines for the 

interpretation of sequence variants in genes that cause Mendelian disorders (Richards et al., 

2015) renders both variants as pathogenic (Supp. Table S4).

The absence of additional individuals with an RPS20 variant in a 472 person DBA cohort or 

in other reports of genetically uncharacterized cases of DBA in which RPS20 was among 

several RP genes sequenced is notable (Doherty et al., 2010; Gerrard et al., 2013; Ulirsch et 
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al., 2018). Given this and the finding that the same position, p.Ile84, of the 142 amino acid 

RPS20 was mutated in both patients described in this report, it is likely that only a limited 

set of mutations in this gene may result in impaired erythropoiesis characteristic of DBA. 

Thus, while we observed a reduction in RPS20 mutant protein (Figures 2D,E), it may be a 

combination of reduced and mutant protein that is required to elicit an impact on 

erythropoiesis.

The possibility of such a genotype-phenotype correlation is supported by the reports of a 

family with an RPS20 LOF variant [p.(Val50Serfs*23)] segregating with mismatch repair-

proficient nonpolyposis CRC and of a young adult bearing a germline RPS20 LOF p.

(Leu61Glufs*11) variant with metachronous CRC. Anemia or other DBA-related features 

were not reported in these studies (Broderick et al., 2017; Nieminen et al., 2014). This 

suggests that perhaps mutation of RPS20 p.Ile84 does not simply result in reduce protein 

expression but additionally elicits either a gain-of-function or dominant negative effect. The 

potential for a genotype-phenotype correlation may underlie the occurrence of RPS20 as the 

first RP gene in which germline variants are associated with an infant-onset erythroid 

phenotype characteristic of DBA, as observed in BMF92 and NCI-62–1, as well as a highly 

penetrant and in some cases early onset CRC phenotype, as observed in the family reported 

by Nieminen and colleagues (Nieminen et al., 2014). It remains unknown whether the 

features of eosinophilic colitis manifest in BMF92 and the chronic colitis with excessive 

apoptosis in the colonic mucosa in NCI-62–1, neither of which are typical of DBA, relate 

specifically to their RPS20 mutations or potential risk of CRC. Evidence-based guidelines 

for earlier or potentially more frequent CRC surveillance for individuals with DBA have not 

been established, but may be of particular benefit for BMF92 and NCI-62–1.

RPS20 is an integral component of the 40S ribosome, where it plays a critical role in the 

processing of the pre-rRNA, the maturation of the pre-40S ribosomal subunit, and ribosome-

mediated quality control (Matsuo et al., 2017; Mitterer et al., 2019; O’Donohue et al., 2010). 

In addition to this, and similar to several other ribosomal proteins, such as RPL5 and RPL11 

(Lohrum, Ludwig, Kubbutat, Hanlon, & Vousden, 2003; Marechal, Elenbaas, Piette, 

Nicolas, & Levine, 1994), RPS20 has also been shown to interact with the p53 regulator 

MDM2 and inhibit its E3 ubiquitin ligase activity, leading to p53 stabilization (Daftuar, Zhu, 

Jacq, & Prives, 2013). The extent to which one or more of the molecular effects of RPS20 

mutation impacts the development of CRC remains to be determined.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Previously reported and two novel RPS20 germline variants. (A) Positions of germline 

RPS20 variants previously reported in familial colorectal cancer (black), a young adult with 

metachronous CRC (blue), and a young adult predicted to have Lynch syndrome (green) 

(Broderick et al., 2017; Nieminen et al., 2014), as well as those identified in BMF92 and 

NCI-62–1 (red). (B) BMF92 and NCI-62–1 family trees and sequence chromatograms of 

RPS20 genomic DNA from buccal swab (BMF92) or LCL (NCI-62–1). A half-filled symbol 

indicates the presence of one variant.
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Figure 2. 
The structure of RPS20 in the human 80S ribosome and reduced expression of mutant 

RPS20 proteins (A) The localization of RPS20 in the human 80S ribosome (PDB ID: 6EK0) 

(Garreau de Loubresse et al., 2014; Natchiar et al., 2017). The 80S ribosome and RPS20 are 

colored cyan and yellow, respectively. (B) Close-up view of RPS20 p.Ile84 in the human 

80S ribosome. 18S ribosomal RNA, RPS3, and RPS29 are colored orange, wheat and green, 

respectively. The amino acid residues located around p.Ile84 are depicted by stick models, 

and the corresponding amino acid residues are labeled. (C) Graphical representation of the 

conserved motif within which human p.Ile84 resides [generated by WebLogo (Crooks, Hon, 

Chandonia, & Brenner, 2004)]; p.Ile84 is indicated by the arrowhead. (D) Representative 

western blot of RPS20 protein in LCL whole cell lysates from proband BMF92 compared to 

his unaffected father, BMF92-F, or sibling BMF92-S1. β-actin is a loading control. (E) 

Representative western blot of wild type, p.Ile84Asn-, or p.Ile84Ser-mutant RPS20 protein 

in 293T whole cell lysates following transient transfection with the designated quantity of 

myc-RPS20 plasmid. Neomycin and β-actin are transfection and loading controls, 

respectively.
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Figure 3. 
RPS20 p.Ile84Asn missense variant LCL has altered ribosome and polysome profiles. 

Polysome profile analysis of (A) RPS20 unaffected sibling control (BMF92-S1), BMF92 

(RPS20 mutated), and RPS19 mutant (BMF51). Close-up views of (B) BMF92-S1, (C) 
BMF92, and (D) BMF51 LCL polysome profile analyses. (E) Composite of graphs B-D. 

Positions of the 40S, 60S, 80S and polysome peaks are shown.

Bhar et al. Page 18

Hum Mutat. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Mutation of yeast Rps20 p.Ile86 can affect growth, ribosome biogenesis, and polysome 

profiles. (A) Superposition of human RPS20 (yellow) and S. cerevisiae Rps20 (light blue) 

structures. Human Ile84/S. cerevisiae Ile86 are depicted by stick models. (B) Close-up view 

of Rps20 p.Ile86 interactions in the S. cerevisiae (yeast) 80S ribosome (PDB ID: 4U4R) 

(Garreau de Loubresse et al., 2014; Natchiar et al., 2017); 18S ribosomal RNA, Rps3, Rps29 

and Rps20 are colored light yellow, pink, magenta, and light blue, respectively. (C) S. 
cerevisiae expressing wild type and mutant Rps20 proteins plated at 1:10 serial dilutions and 

Bhar et al. Page 19

Hum Mutat. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



grown at the designated temperatures for the designated times. (D) Polysome profiling of 

yeast bearing RPS20 (wild type), rps20-Ile86Asn, or rps20-Ile86Asp alleles. Area under the 

curve 60S/40S and polysome/80S ratios are shown. The rps20-Ile86Asn strain was analyzed 

using one transformant, whereas the wild type and rps20-Ile86Asp strains were analyzed 

using two transformants, with the averages and standard deviations shown.
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Figure 5. 
RPS20 p.Ile84 missense variant LCLs have variably altered pre-rRNA processing. (A) 
Representative electropherograms from LCL total RNA. The 18S and 28S rRNA peaks are 

indicated, as well as a minor 32S pre-rRNA peak in the BMF16 sample. (B) Comparison of 

28S/18S rRNA ratios as measured by electropherograms; similar symbols came from the 

same experiment. P values were not calculated for BMF92-S1 nor NCI-62–1 as fewer than 

three biological replicates were performed. Shown is the mean and standard error of the 

mean (sem). (C) Representative northern blot analysis of RNA isolated from the designated 
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LCLs (listed below) using an ITS1 probe. (D) Quantification of 21S pre-rRNA/28S rRNA 

ratios from four independent blots as in C. (E) Quantification of 18S-E pre-rRNA/28S rRNA 

ratios from four independent blots as in C. (F) Quantification of 21S/18S-E pre-rRNA ratios 

from four independent blots as in C. LCLs tested: BMF92 and NCI-62–1: RPS20 missense 

variants; BMF16: RPL5 missense variant; BMF92-F: unaffected father of BMF92; BMF92-

S1: unaffected sibling of BMF92; RQ4–115: healthy/unaffected control; BMF54 and 

BMF73: RPS19 missense variants.
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Table 1

Clinical features of RPS20-mutated study patients

Clinical feature BMF92 NCI-62–1

Current age/Race/Ethnicity 8 y/ White/ Hispanic 18 y/ White/ Hispanic

Age at presentation First month of life First month of life

Mean corpuscular volume Normal range Not available†

Erythrocyte adenosine deaminase 10.5 mol/min/gm/hgb (normal range 0.42–3.5) Not available†

Hemoglobin F % 2.9 (normal range 0–3) Not available†

Congenital anomalies None None

Stature Normal (43 %tile) Normal

Gastrointestinal disease Eosinophilic colitis Colitis, NOS

Family history for anemia or colitis Negative Negative

†
Red blood cell transfusion-dependent from birth

Hgb, hemoglobin; NOS, not otherwise specified
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