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Abstract 

Ribosomal protein (RP) gene mutations, mostly associated with inherited or acquired bone marrow 
failure, are believed to drive disease by slowing the rate of protein synthesis. Here de novo missense 
mutations in the RPS23 gene, which codes for RPS23, are reported in two unrelated individuals with 
microcephaly, hearing loss, and overlapping dysmorphic features. One individual additionally presents 
with intellectual disability and autism spectrum disorder. The amino acid substitutions lie in two 
highly conserved loop regions of RPS23 with known roles in maintaining the accuracy of mRNA codon 
translation. Primary cells revealed one substitution severely impaired OGFOD1-dependent hydroxylation 
of a neighboring proline residue resulting in 40S ribosomal subunits that were blocked from polysome 
formation. The other disrupted a predicted pi-pi stacking interaction between two phenylalanine 
residues leading to a destabilized RPS23 that was poorly tolerated in 40S subunit biogenesis. Despite no 
evidence of a reduction in the rate of mRNA translation, these RPS23 variants impaired the accuracy of 
mRNA translation and rendered cells highly sensitive to oxidative stress. These discoveries describe a 
ribosomopathy linked to RPS23 and reveal mechanistic distinctions between RP gene mutations driving 
hematopoietic disease and those resulting in developmental disorders.

Introduction

Ribosomopathies are diseases caused by mutations in genes coding for components of the ribosome, 
such as ribosomal proteins (RPs), or in one of the many proteins required for ribosome biogenesis 
and maturation. Classical ribosomopathies have been typically associated with bone marrow failure 
(BMF). Examples are the inherited BMF Diamond-Blackman anemia (DBA) (OMIM #105650) and 
acquired 5q-myelodysplastic syndrome (5q-MDS) (OMIM #153550), both of which are linked to RP gene 
haploinsufficiency and predominantly affect the development of red blood cells.1; 2 Other inherited 
BMF syndromes linked to genes important for ribosome biogenesis are dyskeratosis congenita (OMIM 
#305000) and Shwachman-Diamond syndrome (OMIM #260400), diseases that drive pancytopenia and 
neutropenia, respectively. Beyond the hematopoietic phenotype of ribosomopathies are developmental 
disorders. Almost 30% of individuals diagnosed with DBA experience physical malformations of the 
hands (such as abnormal thumbs), face (low nasal bridge, cleft lip/palate), head (microcephaly), heart, 
or urogenitals.1 Treacher-Collins syndrome (OMIM #154500) is a disorder associated with mutations 
affecting rRNA production that affects development of the facial bones, eyes, and ears. Isolated 
congenital asplenia (ICA) (OMIM #271400) is linked to extremely rare mutations of the gene coding 
for ribosomal protein uS2 (RPSA).3 Mutations in the gene coding for ribosomal protein uL16 (RPL10) 
(OMIM #300847) are found in individuals with intellectual disability (ID), autism spectrum disorder 
(ASD), and cerebellar hypoplasia. These individuals also present with microcephaly, anteverted ears, a 
broad nasal ridge and epicanthus, myopia, urogenital anomalies, and a delay of motor development.4-6 
While almost all DBA-linked RP gene mutations studied to date are loss of function,7 the fact that 
inherited variants of uS2 and uL16 exist in the absence of any hematopoietic phenotype suggests more 
mechanisms underlying the pathogenicity of these mutations remain to be uncovered. Further support 
for this comes from the discovery that somatic mutations in genes coding for uL16 and uL18 (RPL5) are 
associated with the malignancy T-cell acute lymphoblastic leukemia.8

Here de novo missense mutations in the RPS23 gene coding for ribosomal protein RPS23 were 
investigated in two unrelated individuals with microcephaly, hearing loss, and overlapping dysmorphic 
features. RPS23 is positioned within the decoding center of the ribosome that serves to maintain 
translational fidelity by monitoring the complementarity between the mRNA codons being translated 
and the anti-codons of aminoacyl-tRNAs.9 Studies in yeast and bacteria have described several amino 
acid substitutions within two highly conserved loop regions in RPS23, PNSA and PGVRY, which disrupt 
translational fidelity and impair the accuracy of mRNA decoding.10-12 

Human RPS23 is a known substrate of the 2-oxoglutarate and Fe(II)-dependent oxygenase domain-
containing protein 1 (OGFOD1).13 Acute reductions of OGFOD1 in mammalian cells alter translational 
fidelity and increase the formation of mRNA-containing stress granules.13 This study uncovers similar 
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phenotypes in human cells carrying RPS23 mutations that lead to RPS23 variants in the PNSA and 
PGVRY domains. Moreover, the results suggest that the mutations impair OGFOD1 hydroxylation and 
stabilization of RPS23, and that a mechanism exists in cells preventing ribosomes carrying the RPS23 
variant from entering the translationally-active polysomal pool. 

Materials and Methods

Cell culture. Fibroblasts were obtained by a punch biopsy and maintained in DMEM (Gibco) + 10% FCS 
and 1% penicillin/streptomycin. LCLs were derived from EBV-immortalization of peripheral mononuclear 
cells isolated from whole blood using Ficoll (GE Life Sciences) and grown in RPMI (Gibco) + 10% FCS 
+ 1% L-glutamine + 1% penicillin/streptomycin as previously described.14 The study was approved by 
the Medical Ethical Committee (METC) of the Amsterdam Medical Center (AMC) and performed in 
accordance with the ethical standards of the 1964 Declaration of Helsinki. Written informed consent 
was received from the participants prior to inclusion in this study.

Exome sequencing. Whole exome sequencing was performed with a SOLiDv4 machine from Life 
TechnologiesTM after enrichment with the Agilent SureSelectXT Human All Exon 50Mb Kit. Data analysis 
was done with BioScopeTM. The analysis in this indication was focused on identification of de novo 
variants. Comparing the exome data of the individual with the exome data of both parents identified 
the de novo variants. Sanger sequencing confirmed the variants in RPS23. 

Sanger sequencing of fibroblasts. cDNA was synthesized using the QuantiTect reverse transcription kit 
(Qiagen #205313). The RPS23 gene was amplified by standard PCR using 250 ng of cDNA and with 
forward primer 5’-TGCGGTGCTTCTCTCTTTCG-3’ and reverse primer 5’- CATCTTGGGCCCCTGTAAGA-3’. 
Unincorporated primers and dNTPs were eliminated with ExoSAP-IT (Fisher Scientific #AF8200200). A 
BigDye Terminator sequence reaction was performed according to the manufacturer’s instructions in a 
total reaction volume of 10µl using sequencing primer 5’- GTCACCGACGAGACCAGAAG-3’. Sequences 
were analyzed with 3730XL DNA Analyzer (ThermoFisher Scientific #3730XL) and 4Peaks software.

Ribosome purification. RPS23 was isolated from intact ribosomes by sucrose density sedimentation 
and purified by reverse-phase HPLC using established protocols.13 RPS23-containing fractions were 
lyophilised by vacuum centrifugation prior to solubilization in Laemmli buffer, resolution by SDS-PAGE 
with Coomassie Blue visualization (Imperial Protein Stain, Thermo Fisher) and in-gel trypsinolysis 
(Trypsin Singles, Sigma).

RNA sequencing. Total RNA was isolated from 1x106 of healthy control or RPS23 p.Arg67Lys LCLs using 
TRIzol (Thermo Fisher) and purified by Qiagen RNAeasy columns (Qiagen). RNA-Seq libraries were 
prepared using poly(A)+ selection of the mRNA. Unstranded RNA-Seq was performed using HiSeq 
2000 v4 Paired-End 125bp protocol. The transcripts were pseudo-aligned and quantified using Kallisto. 
Expression levels were expressed as Fragments Per Kilobase of transcript per Million mapped reads 
(FPKM).

Mass spectrometry. Liquid chromatography was performed on a Dionex Ultimate 3000 nanoLC system 
employing a trapping configuration (Pepmap 100, C18, 5um, 100um x 2cm, Thermo Fisher) with 8ul/
min flow. Separation was performed with 250 nl/min flowrate on a gradient of 2% to 35% ACN in 
0.1% Formic acid and 5% DMSO over 60 minutes on an Easyspray column (Pepmap RSLC, C18, 2um, 
75mm x 50cm, Thermo Fisher) with mass spectrometric analysis on an Orbitrap Fusion Lumos mass 
spectrometer. MS1 scans were acquired between 360 and 1500 m/z with a resolution of 120,000 for up 
to 50ms and an ion target of 4E5. We acquired an MS1 scan every 3 seconds and used the parallelizable 
time to maximize MS2 scan events in the linear ion trap (rapid scan, CID with 35% collision energy) 
for up to 250ms and an ion target of 4E3. Dynamic precursor exclusion was set to 7 seconds and the 
precursor selection threshold was 5E3 counts after quadrupole isolation (1.2 m/z). Data processing was 
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performed using PEAKS 7 software (Bioinformatics Solutions) with the following parameters: full tryptic 
specificity with two missed cleavages; mass tolerance set at 5 ppm for precursor and 0.5 Da for product 
ions; cysteine carbamidomethylation as a fixed modification; methionine oxidation, hydroxylation, 
deamidation (Asn/Gln) and Pyro-glu (Gln) were specified as variable modifications; and a maximum of 
3 PTMs per peptide. Unspecified PTM searches were enabled via PEAKS PTM algorithm. Data files were 
searched against human Uniprot database (release 2016_01) supplemented with the RPS23 p.Arg67Lys 
protein sequence. Peptide assignments were filtered to a false discovery rate (FDR) of ≤ 1% and a 
peptide score (-10 lgP) of ≥ 15. PEAKS searches assigned a number of modifications associated with 
sample handing to Pro62 containing peptides, including: conversion of N-terminal Gln to pyro-Glu, 
deamidation of Gln/Asn and carbamylation and carbamidomethylation of Lys. Since detection of these 
artifactual modifications varied between samples, we measured the most frequently detected peptide 
variants and aggregated the data in order to derive a robust quantitation (Table S1 for summary of 
quantitated peptides and counts). Relative peptide quantitation was performed using precursor ion 
signal intensity. Abundance measurements (peak area integrations of extracted ion chromatograms) 
were obtained using the Genesis peak detection algorithm in Qual Browser (Xcalibur, Thermo Fisher). 
Where necessary, manual integrations were performed. Peptides assigned by MS/MS in at least one 
sample were used to derive accurate mass and retention time (AMT) signatures of precursor ions for 
quantitation in all samples. Stringent tolerances for AMT assignment were employed (m/z window 
+/- 5 ppm and 0.5 min retention time deviation) reflecting the high mass accuracy and reproducible 
chromatography of the nanoLC Lumos platform. 

Immunoprecipitations. Endogenous OGFOD1/RPS23 protein associations were assayed by OGFOD1 
IP/IB (Sigma #HPA003215) and RPS23 IB (Abcam # ab57764) using standard immunoprecipitation 
protocols. Normal rabbit IgG (Cell signaling #2729) served as control antibody for immunoprecipitation. 
Interactions between ectopic FLAG-OGFOD113 and HA-RPS23 variants were assayed by transient 
transfection and immunoprecipitation in HEK293 cells. OGFOD1- and RPS23-bound complexes were 
purified with anti-FLAG (Sigma) and anti-HA (Sigma) agarose affinity gel and immunoblotted with the 
respective epitope tag specific antibody.

Plasmids and transfections. 3xFLAG-OGFOD1 was constructed as previously described.13 Wild type and 
p.Arg67Lys human RPS23 gene fragments (NCBI CCDS47241) with a C-terminal HA tag and 5’ BamHI/3’ 
XbaI restriction enzyme sites were purchased from Eurofins Genomics. These fragments were cloned into 
the pCS2+ vector and transfected into HEK293 cells by calcium phosphate precipitation. The p.Phe120Ile 
substitution was introduced into the HA-tagged wild-type RPS23 pCS2+ plasmid with forward primer 
5’-CTGGAGTCCGCATTAAGGTTGTC-3’ and reverse primer 5’-GACAACCTTAATGCGGACTCCAG-3’ using 
Quickchange II Site Directed Mutagenesis kit (Agilent). 

Yeast plasmids and strains. A GAL::RPS23A rps23b∆ yeast strain was generated in the parental strain 
YPH499 (MATa ura3-52 lys2-801 ade2-101 trp1-Δ63 his3-Δ200 leu2-Δ1).  The endogenous RPS23B 
locus was knocked out with the HIS3MX6 gene amplified by the polymerase chain reaction (PCR) 
(oligonucleotides F-deltaB and R-deltaB) with 60 base pair ends homologous to the RPS23B locus 
from the pFA6a-HIS3MX6 plasmid15 to create an rps23b∆::HIS3MX6 strain in YPH499. The strain 
was confirmed by PCR from genomic DNA using oligonucleotides F-5’rps23b and R-inhis5 (272 base 
pair product) as well as oligonucleotides F-inhis5 and R-3’rps23b (334 base pair product) to confirm 
insertion of the HIS3MX6 gene into the RPS23B locus. The rps23b∆ strain was used to generate a strain 
where the endogenous RPS23A gene is under the control of a glucose-repressible, galactose-inducible 
(GAL) promoter by PCR amplification (oligonucleotides F-GAL and R-GAL) of the GAL promoter and 
the kanMX6 selection marker from pFA6a-kanMX6-PGAL115 with 70 base pair ends homologous the 
upstream region adjacent to the transcription start site of the RPS23A gene. The strain was confirmed 
by PCR from genomic DNA using oligonucleotides F-inGAL and R-inRPS23A (221 base pair product) to 
confirm insertion of the GAL promoter upstream of RPS23A.

The RPS23A gene was cloned into a plasmid to heterologously express wild-type and mutated 



  6

A Ribosomopathy Reveals Decoding Defective Ribosomes Driving  Human Dismorphism

93

Rps23a protein. RPS23A was amplified by PCR from YPH499 genomic DNA with oligonucleotide primers 
nested-F and nested-R and PCR amplified subsequently with oligonucleotide primers GWF and GWR, 
PEG precipitated, and shuttled into the Gateway donor vector pDONR221 using a BP reaction (Life 
Technologies). To generate Rps23a mutant proteins, a plasmid containing RPS23A was mutated with 
oligonucleotides MutArg69Lys, MutArg69Glu, MutArg69His, and MutLys62Arg and the Change-IT 
Multiple Mutation Site Directed Mutagenesis Kit (Affymetrix). The mutated plasmids were confirmed 
with Sanger sequencing by Genewiz. All genes encoding wild-type and mutated Rps23a were shuttled 
into the Gateway destination vector p424GPD-CFLAG-gw (TRP1 marker). A stop codon at the end of the 
genes encoding wild-type and mutated Rps23a prevented expression of the C-terminal FLAG epitope. 

Western blotting with yeast. To examine protein levels of wild-type and aberrant Rps23a, the YPH499 
GAL::RPS23A rps23b∆ yeast strain was transformed with either empty vector (EV) p424GPD-CFLAG-gw 
or p424GPD-CFLAG-gw expressing wild-type or mutated Rps23a. Endogenous Rps23a was depleted 
by first growing yeast cultures to mid-log phase (OD600 = 0.3–0.8) in synthetic medium containing 2% 
galactose and 2% raffinose and lacking tryptophan (SG/R-W), and then by shifting yeast cultures to 
synthetic medium containing 2% dextrose and lacking tryptophan (SD-W) medium for 6 h at 30°C. 
Protein was then extracted by the alkaline lysis method16.  Protein extracts (0.25 OD600 equivalents 
per lane) were separated on a 15% Tris-glycine gel by SDS-PAGE and transferred to a PVDF membrane. 
Expression of Rps23a was determined using an anti-RPS23 antibody (AbD Serotec, ca. no. MCA3433Z; 
1:1,000 dilution; anti-mouse-HRP secondary antibody at 1:10,000). An anti-G6PDH antibody (Sigma, ca. 
no A9521; 1:10,000 dilution; anti-rabbit-HRP secondary antibody at 1:10,000) was used for a loading 
control.

Yeast growth assays. For analysis of complementation of the growth defect conferred by Rps23a wild-
type and aberrant proteins, the YPH499 GAL::RPS23A rps23b∆ yeast strain was transformed with either 
empty vector (EV) or plasmids expressing wild-type or mutated Rps23a. For serial dilutions, 0.2 mL 
of cells at an OD600 of 1 were resuspended in 1 mL water, diluted 1/10 and spotted onto SG/R-W 
(endogenous and plasmid-borne Rps23a expressed) or SD-W (only plasmid-borne Rps23a expressed). 
Cells were incubated at 30 °C.

qPCR. RNA was extracted from fibroblasts grown to 70-90% confluency using TRIzol® RNA isolation 
reagents (ThermoFisher Scientific, #15596018) and cDNA synthesis was performed using the QuantiTect 
reverse transcription kit (Qiagen, #205313) both according the manufacturer’s specifications.  qPCR 
was performed with 5ng of cDNA with 1.25µM of primers in a final volume of 8µl using LightCycler® 
480 (Roche, #05015243001) and LightCycler® 480 SYBR Green I Master (Roche, #04707516001). qPCR 
conditions were 10 min at 95°C, followed by 45 cycles at 95°C for 10s, 60°C for 10s, and 72°C for 15s 
and then a melting curve at 95°C and cooling to 37°C. Primers used in this assay were: Forward RPS23 
5’- GGACGCCCTTTTCACTGCTA-3’, Reverse RPS23 5’- CTGAGGCGCCGGAGATTATT-3’, Forward βactin 5’- 
GTCAACATGATCTGGGTC-3’, Reverse βactin 5’- GGCACCAGGGCGTGATGG-3’. Experiments were repeated 
with three independently grown samples of each cell line.

rRNA processing analysis. Lymbloblastoid cell lines and HeLa cells were cultured in RPMI and DMEM, 
respectively (Gibco). These media were supplemented with 10% fetal bovine serum and 1 mM sodium 
pyruvate (Sigma). Different 21-mer siRNAs (Eurogentec, Seraing, Belgium), whose efficiency was verified 
by qPCR, were used to knock down expression of the following human mRNAs in HeLa cells: RPS23 
(GenBank accession number: NM_001025.4): 5’- GGGUCCAGCUGAUCAAGAAdTdT-3’ (siRNA RPS23-1), 
5’- GUGGCAUGAUAAACAGUAUdTdT-3’ (siRNA RPS23-2), 5’- CAGCCUUUGUACCCAAUGAdTdT-3’ (siRNA 
RPS23-3) (20819938). Each siRNA solution was added at a final concentration of 500 nM to 200 µl of cell 
suspension (50 x 106 cells/ml diluted in Na phosphate buffer, pH 7.25, containing 250 mM sucrose and 
1 mM MgCl2).  Electro-transformation was performed at 240 V with a Gene Pulser (Bio-Rad, Hercules, 
CA)17. Control HeLa cells were electro-transformed with a scramble siRNA (siRNA-negative control 
duplex; Eurogentec). After 10 min incubation at ambient temperature, cells were plated and grown at 
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37°C for 48 hours.

RNA extraction and analysis by northern blot. Total RNAs were extracted with Trizol from cell pellets 
containing 20-30 x 106 cells. The aqueous phase was further extracted with phenol-chloroform-
isoamylic alcohol (25:24:1; Sigma), then with chloroform. Total RNAs were recovered after precipitation 
with 2-propanol. For Northern blot analyses, RNAs were dissolved in formamide, denatured for 10 
min at 70°C and separated on a 1.2% agarose gel containing 1.2% formaldehyde and 1X Tri/Tri 
buffer (30 mM triethanolamine, 30 mM tricine, pH 7.9) (3 µg RNAs/lane). RNAs were transferred to 
a Hybond N+ nylon membrane (GE Healthcare, Orsay, France) by passive transfer and cross-linked 
under UV light. Pre-hybridization was performed for 1 hour at 45°C in 6X SSC, 5X Denhardt’s solution, 
0.5% SDS, 0.9 g/ml tRNA. The 5’-radiolabeled oligonucleotide probe was incubated overnight. 
The sequences of the probes were: 5’-ITS1 (5’-CCTCGCCCTCCGGGCTCCGTTAATGATC-3’), ITS1-5.8S 
(5’-CTAAGAGTCGTACGAGGTCG-3’), ITS2 (ITS2b: 5’-CTGCGAGGGAACCCCCAGCCGCGCA-3’ and ITS2d/e: 
5’-GCGCGACGGCGGACGACACCGCGGCGTC-3’), 18S (5’-TTTACTTCCTCTAGATAGTCAAGTTCGACC-3’), 28S 
(5’-CCCGTTCCCTTGGCTGTGGTTTCGCTAGATA-3’). Membranes were washed twice for 10 min in 2X SSC, 
0.1% SDS and once in 1X SSC, 0.1% SDS, and then exposed. Signals were acquired with a Typhoon Trio 
PhosphorImager (GE Healthcare) and quantified using the MultiGauge software. 

Translational fidelity assays in yeast. Yeast cells yJD 1729 (RPS23A), yJD 1730 (rps23a-p.Lys62Arg), and 
yJD 1731 (rps23a-p.Arg69Lys) were transformed using the alkali cation method.18 pJD376 (pYDL-LA), 
pJD1018 (pYDL-EST2), pJD1039 (pYDL-STN1), and pJD1041 (pYDL-EST1)19 were used to monitor rates of 
-1 PRF. Rates of +1 PRF were assayed using pJD377 (pYDL-EST3). pJD431 (pYDL-UAA), and pJD432 (pYDL- 
UAG) were used to assay termination codon readthrough. Suppression of an AGC near-cognate serine 
codon or a TCT non-cognate serine codon in the firefly luciferase catalytic site was assayed using pJD642 
(pYDL-TCT218), and pJD643 (pYDL-AGC218).

20; 21 pJD375 (pYDL-control) was used as the zero frame dual 
luciferase reporter. All assays were performed in triplicate a minimum of 3 independent times. The yeast 
strains were grown overnight in H–tryptophan –uracil liquid media containing galactose and raffinose, 
and after 24 hrs media was replaced with –tryptophan –uracil liquid media containing dextrose. Yeast 
cells were pelleted by centrifugation, resuspended in 500 μL of lysis buffer (1× PBS pH 7.4, 1 mM PMSF), 
and lysates were prepared as described previously.22 Luciferase activities were determined using 20 
μL of lysate/sample using the Dual-Luciferase® Assay System and a GloMax®-Multi+ Detection System 
(Promega). Data were analyzed as described previously.23 

Translational fidelity in fibroblast cell lines. Fibroblasts were transfected by electroporation 
using a NucleofectorTM II apparatus and the Normal Human Dermal Fibroblasts NucleofectorTM 
kit (AmaxaTM), per the manufacturer’s instructions. For each transfection, 4 - 5 x 105 cells were 
mixed with 3 μg of plasmid DNA. pJD2046 (pHDL-fullCMV-UAA) was used to monitor termination 
codon readthrough. pJD2044 (pHDL-fullCMV-control) was used as the zero frame dual luciferase 
reporter. To make these constructs, the CMV promoter/enhancer was PCR amplified using 
pCDNA3.1(+) plasmid template and the following forward and reverse oligonucleotide primers: 
CMVprom-forward 5’-ACTGTCGGTACCCAGATATACGCGTTGACATTGATTATTGAC-3’, CMVprom-reverse 
5’-ACTGTCCTGCAGGCCAGTAAGCAGTGGGTTCTCTAG-3’.  Primers were designed to have either a 
KpnI or PstI restriction enzyme digest site so that PCR amplicons could be digested and ligated into 
similarly digested pJD175f(pHDL-SV40-control), and pJD1643 (pHDL-SV40-UAA) dual luciferase reporter 
plasmids. All assays were performed in triplicate a minimum of 3 times. Cell lysates were prepared using 
passive lysis buffer (Promega) and luciferase activities were determined using the Dual-Luciferase® 
Assay System and a GloMax®-Multi+ Detection System (Promega), per the manufacturer’s instructions 
24 hours post-transfection. Data were analyzed as described above for yeast translational fidelity assays.

Structural modeling, alignments, and SNP identification. All structural models of RPS23 were 
generated from a cryo-EM structure of the human 80S ribosome (PDB ID: 4UG0)24 using the PyMOL 
Molecular Graphics System, Version 1.8 Schrödinger, LLC. Identification of polar interactions, distance 
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measurements, and modeling of mutated residues were also performed using PyMol. Multiple protein 
sequence alignments were performed with ClustalX 2.1.25 SNPs were collected from the NCBI database 
and the cBio Cancer Genomics Portal.26 

Growth curve. 50,000 LCLs were plated in triplicate in a 12-well dish with DMEM +10%FCS and counted 
daily with a CASY® Cell Counter for five days. Each well was counted in triplicate each day.

De novo protein synthesis measurement. 1x10e5 LCLs were plated in 150µl methionine-free medium 
(DMEM containing 4,500 mg/L D-glucose, without L-glutamine, sodium pyruvate, L-methionine, and 
L-cysteine, Invitrogen #21013). Assays performed using the Click-iT® AHA Alexa Fluor® 488 Protein 
Synthesis HCS Assay (Thermo Scientific) per the manufacturer’s instructions using 2% paraformaldehyde 
for fixation and 1:1000 dilution of AHA. Fluorescence was measured by flow cytometry using an LSR-II 
apparatus and analyzed with FACSDiva software (BD Biosciences).

Polysome profiling analysis. 400µg of total protein from freshly lysed cells was loaded onto 17-50% 
sucrose gradients as previously described27. The tubes were centrifuged at 4°C and at 40,000 rpm for 2 
hours in a SW41 rotor (Optima L100XP ultracentrifuge; Beckman Coulter). The gradient fractions were 
collected at OD254 with a Foxy Jr. gradient collector (Teledyne Isco). 

Confocal analysis. Fibroblasts were plated to 50% confluence on glass coverslips in a 24-well plate. The 
following day cells were treated for 30 minutes with varying concentrations of arsenite (Sigma #S7400) 
dissolved in DMEM + 10% FCS at 37°C. Cells were fixed for 10 minutes at RT with 2% paraformaldehyde 
(Sigma #P6148) in PBS and washed 2x with PBS. Cells were then permeabilized for 5 minutes at RT 
with 0.1% Triton X-100 (Sigma #T8787) in PBS and washed 3x with PBS. Cells were then blocked for 
30 minutes at RT with 1% BSA (Sigma #A2153) in PBS and incubated with G3BP1 antibodies (BD 
Transduction Laboratories #611126) at a 1:100 dilution in blocking buffer at RT for 30 minutes. Cells 
were then incubated at RT for 30 minutes with anti-mouse immunoglobulin conjugated to biotin diluted 
at 1:200 in blocking buffer (Dako #E0433), followed by 2x washes with PBS and a final incubation in the 
dark for 30 minutes at RT with streptavidin conjugated to FITC at a 1:200 dilution in blocking buffer. 
Cells were then washed 3x with PBS and mounted on slides with Prolong® Gold Antifade Mountant 
(ThermoFisher #P36935) and left to dry overnight in the dark at RT. Images were acquired with a Leica 
SP-8 confocal microscope. For quantifications, biological triplicates of each condition were analyzed by 
generating 3x3 tiles at 40x objective three times from each slide.

Western blot analysis. Bafilomycin A (Sigma, #B1793) treatment was at 20nM for 6 hours. Cycloheximide 
(Sigma #C104450) treatment was at 200µg/ml and cells lysed at 6, 12, or 24 hours after addition. For 
p53 stabilization, cells were exposed to 25 Gy ionizing radiation and lysed 4 hours later. SDS/PAGE gels 
were run under reducing conditions and immunoblotted on nitrocellulose membranes. 25µg of protein 
was run on 12% acrylamide gels for detection of HA (Sigma #H3663), RPS23 (Santa Cruz #sc-100837), 
uL5 (RPL11) (Abcam #ab79352), tubulin (Sigma #T6199), and LC3 (Abcam #ab51520). 10% acrylamide 
gels were run for detection of p53 (Santa Cruz, #sc-6243) and phospho-S6 kinase (Cell Signaling 
#92345). 4-20% acrylamide gels were used for the cycloheximide experiments. Primary antibodies 
were diluted 1:1000 in 5% milk in TBST and incubated overnight at 4°C. For detection of p53, pS6k, 
and LC3HRP-conjugated secondary antibodies were diluted 1:10,000 at RT for one hour and detected 
with ECL reagents (Amersham) and exposed to film. For detection of RPS23, HA, uL5, and tubulin the 
Odyssey detection kit (LI-COR) was used. Quantifications were performed with ImageJ software.

Sucrose cushion experiment. Transfected HEK293 cells were lysed in polysomal lysis buffer (supplemented 
with 110mM potassium acetate, 20mM magnesium acetate, 10mM HEPES, 100mM potassium 
chloride, 10mM magnesium chloride, 0.1% NP-40, 2mM DTT, 40U/mL RNase inhibitor [Thermo 
Fisher #10777019), 100ug/ml cycloheximide [Sigma #C104450] and 1X Protease inhibitor Cocktail V 
[Calbiochem]). Lysates were treated with 1500 U RNAse1 (Ambion) for 30 min at 21° C and loaded onto 
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6 ml polysome lysis buffer layered over 4 ml 32% sucrose cushions. Tubes were centrifuged in a SW41 
rotor for 2.5h in a Beckman Coulter L-100 XP ultracentrifuge. The supernatants were removed and 
pellets were dissolved in 6x SDS loading buffer for western blot analysis.

Results

A missense mutation is identified in RPS23 at c.200G>A in an individual with ID, ASD, and hearing loss. 
Trio exome sequencing identified a de novo Chr5(GRCh37):g.81572302C>T; NM_001025.4:c.200G>A 
(p.[Arg67Lys]) mutation in the RPS23 gene of a 10-year old male that was absent in both parents. Sanger 
sequencing confirmed the mutation in fibroblasts (Fig. S1A). Queries in BioMuta, DMDM, the NHLBI 
Exome database, and NCBI did not reveal any previously reported SNPs corresponding to Arg67. The 
individual presents with a mild ID, ASD, and hearing loss. Additionally the individual has a broad range of 
dysmorphic features often associated with ID/ASD such as simian palmar creases, epicanthic folds in the 
eyes, fetal finger pads, extra front teeth, low back hairline, facial asymmetry, and high palate (Table 1).28; 

29 Hypotonia at birth was also noted. No abnormal hematology results were found by routine analysis 
(Table 2). A case report shows the individual’s brittle hair has structural abnormalities compared to 
family members.30

A variant in yeast RPS23 orthologous to p.Arg67Lys affects growth of a unicellular eukaryote. The 
affected Arg67 lies in a loop region of RPS23, PNSA, which is completely conserved in all three domains 
of life (Fig. S1B).10  The PNSA loop interacts with aminoacyl-tRNAs, 18S rRNA, and the decoding center of 
the ribosome upon binding of a cognate anticodon-stem-loop.31 Substitution of amino acids within this 
loop alters translational accuracy, including Lys42 in E. coli and Lys62 in S. cerevisiae (both analogous 
to Lys60 in humans).10-12 Because of the clear importance of the PNSA loop in ribosome function, the 
affected human Arg67 was examined at the atomic level. Structural analysis of RPS23 from a cryo-
EM reconstruction of the human 80S ribosome revealed the position of Arg67 and its predicted polar 
contacts (hydrogen bonds). Two polar contacts occur between Arg67 and guanosine 617 in the 18S 
rRNA (Fig. 1A). Other polar contacts occur internally with Asp114 in RPS23 (Fig. 1A).24 In addition, Arg67 
is closely situated in proximity to a prolyl residue (Pro62) in RPS23 that, like Asp114, is completely 
conserved (Fig.s 1A and S1A). Substitution of the arginine at position 67 in RPS23 with a lysine is 
predicted by PyMOL to abolish the polar contacts normally maintained by Arg67 with guanosine 617 in 
the 18S rRNA (Fig. 1B). 

To investigate the cellular consequences of the RPS23 p.Arg67Lys variant, its effects were tested 
in S. cerevisiae. Haploid yeast cells contain two RPS23 orthologues, presently named RPS23A and 
RPS23B, which encode identical RPS23 proteins. A strain was constructed to test the effects of the 
mutant form of RPS23 as the sole form of RPS23 protein in cells. This strain was constructed harboring 
a complete deletion of RPS23B (rps23b∆::HIS3MX6) in which RPS23A transcription was under the 
control of the glucose-repressible, galactose-inducible GAL4 promoter (GAL::RPS23A). Episomal high 
copy vectors were also constructed enabling constitutive heterologous expression of the wild-type and 
variant forms of RPS23 (Fig. 1C). Both the endogenous RPS23 and plasmid-borne RPS23 are produced in 
medium containing galactose and lacking glucose, but only plasmid-borne RPS23 is produced in media 
containing glucose and lacking galactose. Depletion of endogenous RPS23 was confirmed by western 
blotting (Fig. 1D, lane 2). The levels of RPS23 from the plasmid (Fig. 1D; lane 4, 6, 8, 10, 12) are at or 
above the level for undepleted EV (Fig. 1D, lane 1), which represents only endogenous levels of RPS23 
(Rps23) protein.  Therefore, all variant RPS23 proteins are found near the levels of the endogenous 
protein in this system. 



  6

A Ribosomopathy Reveals Decoding Defective Ribosomes Driving  Human Dismorphism

97

Individual 1
RPS23 c.200G>A
uS12 p.Arg67Lys

Individual 2
RPS23 c.358T>A

uS12 p.Phe120Ile
Face Low nasal bridge Low nasal bridge (as infant)

Epicanthic folds Epicanthic folds

Long eyelashes Long eyelashes

Blue sclerea Bushy eyebrows with synophrys

Arched eyebrows, right eyebrow “different” Submucous cleft palate and bifid uvula          
(corrected with surgery) 

Open mouth, thick under lip Thin lips

High arched palate Periorbital fullness, round face as infant (as a 
baby face became less round)

Head Small skull (-2.5 SD in infancy, -2.0 at age 12) Small skull (-2.5 SD at age 5) 
Flat skull on backside

Flat skull on backside Right ear deformed and lower placed 

Webbed neck as infant
Right ear deformed and lower placed

Mild low set ears, overlapping helix superior

Two extra front teeth in upper jaw (surgically 
removed)

Normal teeth, permanent teeth more irregular 
placed than first teeth.

Small lower jaw

Skin/hair Pigmented, elastic skin Normal, thick hair

Hairy underarms
Low back hairline

Hairy underarms/legs, is less prominent than 
as baby

 Course skin on legs and arms Low back hairline

Thin brittle hair

Hands Simian palmar crease Bilateral atypical simian palmar crease

Fetal fingerpads Fetal fingerpads

Short fifth finger Mild short fifth fingers

Small brittle nails Nails a bit broad, toe nails mildly concave.

Other Loose joints/hypotonia as baby Delayed motor development

Hearing loss right ear
Eye sight cylindric dev(r-3,5 I-2)
Short stature at age 12

Bilateral conductive hearing loss (tubes, tonsils 
extirpated), now grossly normal hearing

Disharmonic intellectual profile 
Non-verbal learning disability

Normal vision
Mild short stature

Right hip higher than left 
Autism Spectrum Disorder

Disharmonic intellectual profile 
Nonverbal>performal, intelligence in similar 
range as family members
Raynaud-like phenomena in hands/feet when 
cold
Is communicative

Table 1. Clinical features of individuals carrying RPS23 gene mutations that code for uS12 variants. 
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Site-directed substitutions in the plasmid-expressed RPS23 were generated including p.Arg69Lys, 
p.Arg69Glu, p.Arg69His, and p.Lys62Arg. p.Arg69Lys is orthologous to the human RPS23 p.Arg67Lys 
substitution (see alignment in Fig. S1B). p.Arg69Glu and p.Arg69His were employed to test the effect 
of amino acid charge at that same residue, whilst the p.Lys62Arg substitution (previously shown to 
negatively affect translational fidelity in yeast) served as a control.11 Serial dilutions were spotted 
onto plates containing galactose or glucose of the GAL::RPS23A rps23b∆ strain transformed with the 
p424GPD plasmids. In galactose (Fig. 1E, left panels, 3 and 7 days of growth), no differences among 
the substitutions can be seen, indicating even spotting of the yeast cultures and no dominant negative 
effects of the substitutions. In glucose (Fig. 1E, right panel), plasmid-borne wild-type RPS23 was able to 
rescue growth defects caused by depletion of endogenous RPS23 (Fig. 1E, right panel, compare EV vs. 
WT at 3 days of growth). However, RPS23 p.Arg69Lys did not rescue growth to the same degree as wild-
type RPS23 (Fig. 1E, right panel, 3 days of growth), indicating that p.Arg69Lys is a deleterious variant. 
The colony size of the yeast producing RPS23 p.Arg69Lys is also smaller, indicating impaired growth 
(Fig. 1E, right panel, 3 and 7 days of growth). Interestingly, the known deleterious RPS23 p.Arg69Lys 
variant rescued growth to a comparable degree as RPS23 p.Lys62Arg (Fig. 1E, right panel, 3 days of 
growth). In contrast, replacement of the positively charged arginine at position 69 with a negatively 
charged glutamate was not able to rescue growth. Moreover, substitution to histidine (a positively 
charged amino acid like arginine and lysine) at position 69 in RPS23 was able to rescue growth of yeast 
when grown to saturation (Fig. 1E, right panel, 7 days of growth), albeit to a lesser degree than the 
p.Arg69Lys substitution. Taken together, these results highlight the importance of a positively charged 
amino acid at position 69 in RPS23.  Nevertheless, as neither the p.Arg69Lys or p.Arg69His variants 
were able to rescue growth to the same degree as wild-type RPS23, the importance of Arg69 cannot 
simply lie in its positively charged side chain. These results support the hypothesis that the p.Arg67Lys 
missense substitution results in a human RPS23 that is likely only partially functional, and thus could be 
a pathogenic hypomorphic allele.

The RPS23 p.Arg67Lys variant affects ribosome biogenesis but not cell proliferation, de novo protein 
synthesis rates, or the ribosomal stress response. To investigate the functional consequences of RPS23 
p.Arg67Lys on ribosome biogenesis, EBV-immortalized lymphoblast cell lines (LCLs) were compared to a 
knockdown of RPS23. The knockdown of many RPs, including RPS23, results in accumulation of pre-rRNA 
molecules early in the processing pathway.32; 33 In recapitulation, RPS23 in HeLa cells was knocked down 
to analyze accumulations of pre-rRNA by RAMP (ratio analysis of multiple precursors).34 Reductions in 
free 40S subunits by polysome profiling analysis confirmed the efficacy of the knockdown (Fig. S2A). 
An accumulation of 30S pre-rRNA was revealed by northern blotting with ITS1 (internally transcribed 
spacer-1) probes alongside a reduction of 21S and 18S-E (Fig. 2A,B). Analysis of the effect of the RPS23 
p.Arg67Lys substitution in the LCL, however, suggested a different and much later defect in pre-rRNA 
processing. Northern blot analysis revealed an accumulation of 18S-E pre-rRNA in RPS23 p.Arg67Lys 
cells, suggesting one of the final steps of pre-rRNA maturation is impaired (Fig.s 2A,B). Probes against 

Individual 1
RPS23 c.200G>A
uS12 p.Arg67Lys

Individual 2
RPS23 c.358T>A

uS12 p.Phe120Ile
Hematology Hemoglobin: 7.5 mmol/L

MCV: 81.0 fL
Leukocytes: 6.0 x 10.9/L 
Leukodifferentiation: 
Eosinophils: 3% 
Neutrophils: 64% 
Lymphocytes: 28% 
Monocytes: 6% 
Thrombocytes: 238 x 10.9/L

Hemoglobin: 8.0 mmol/L 
MCV: 81.0 fL 
Leukocytes: 7.9 x 10.9/L 
Leukodifferentiation:  
Eosinophils: 1% 
Neutrophils: 59% 
Lymphocytse: 33% 
Monocytes: 7% 
Thrombocytes: 183 x 10.9/L

Table 2. Hematology results from individuals carrying RPS23 gene mutations that code for RPS23 variants. 
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Figure 1. Substitution of Arg69 in yeast RPS23, orthologous to Arg67 in human RPS23, results in growth defects. 
(A) Arg67 in wild-type RPS23 is shown to be in close proximity with Pro62 with hydrogen bonds between 18S 
rRNA (left) that are not predicted to form with RPS23 Lys67 (B). (C) Schematic of the yeast strains used for testing 
the effects of RPS23 mutation in yeast RPS23 on growth. In haploid yeast, one copy of RPS23 was knocked out 
(rps23b∆::HIS3MX6 ) and the other copy of RPS23 was put under the control of a glucose-repressible, galactose 
inducible promoter (GAL::RPS23A). (D) Immunoblotting with RPS23 antibodies shows wild-type and mutated 
RPS23 are found at the same levels from the p424GPD plasmid and endogenous RPS23 is successfully depleted. U 
indicates undepleted endogenous RPS23, and D indicates depleted endogenous RPS23. EV indicates empty vector. 
(E) Substitutions of RPS23 impairs growth of yeast on solid media. Serial dilutions of yeast expressing the indicated 
RPS23 constructs were grown on solid media for the indicated number of days at 30ºC. Two biological replicates 
were performed starting with transformations of the plasmids into the yeast strain. EV indicates empty vector. See 
Figure S1 for multiple sequence alignment of RPS23.
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ITS2 and ITS1-5.8S did not reveal any major differences in cells with knocked down RPS23 or carrying 
the p. Arg67Lys variant (Fig. S2B). Included in the analysis is an LCL derived from an individual with DBA 
carrying a mutation in the RPS24 gene, which codes for RPS24. These cells revealed the expected early 
processing defect evident by 30S pre-rRNA accumulation (Fig.s 2A,B). A full schematic of mammalian 
pre-rRNA processing is shown in Fig. S2C and a highlight of the relevant portion of the pathway is shown 
in Fig. 2C.33

Polysome profiles of LCL extracts derived from a healthy control individual revealed the expected 
ratio of small 40S to large 60S ribosomal subunits (Fig. 2D,F). In contrast, the number of mature 40S 
subunits was reduced in cells carrying the RPS23 p.Arg67Lys substitution (Fig. 2 E,F). Western blot 
analysis showed that this reduction of 40S subunits was not due to a reduction of total RPS23 protein 
in the cells (Fig. S2D,E) and RNA sequencing of polyA-RNAs isolated from LCLs showed there was equal 
expression of wild-type and mutant alleles transcribing RPS23 mRNAs  (Fig. 2G). 

Further analysis revealed that while LCLs derived from an individual with DBA displayed reduced 
cell proliferation compared to two unrelated healthy controls, proliferation of the RPS23 p.Arg67Lys 
LCL was unaffected (Fig. 2H). Similarly, de novo protein synthesis, as determined by fluorescence-based 
AHA incorporation, was reduced in the DBA LCL but remained unchanged in the RPS23 p.Arg67Lys LCL 
(Fig. 2I). 

DBA-linked RP haploinsufficiency causes a number of ribosomal stress responses including 
autophagy, S6 kinase phosphorylation, and/or stabilization of the p53 tumor suppressor.35; 36 Western 
blotting of cells carrying the RPS23 variant did not reveal any changes in the ratio of LC3-I to LC3-II 
proteins, a measurement indicative of autophagy (Fig. S3A).37 No increase in S6K phosphorylation or 
changes in p53 stabilization were observed in RPS23 p.Arg67Lys cells compared to healthy control cells 
(Fig. S3B,C). These results together suggest that the ID and dysmorphism in the RPS23 individual are 
due to a ribosomal dysfunction that does not manifest as a reduction of protein synthesis or in the 
subsequent ribosome stress response.

A second variant linked to dysmorphism destabilizes RPS23. Having established that the p.Arg67Lys 
variant is likely pathogenic but does not cause a DBA-like phenotype, additional evidence was sought 
to link RPS23 to syndromic phenotypes. A 5-year old female was identified with a de novo mutation 
in RPS23 at Chr5(GRCh37):g.81005179>A; NM_001025.4:c.358T>A (p.[Phe120Ile]). Trio exome 
sequencing confirmed neither parent carried the mutation. Sanger sequencing confirmed the mutation 
in fibroblasts (Fig. S1A). Queries in BioMuta, DMDM, the NHLBI Exome database, and NCBI did not 
reveal any previously reported SNPs corresponding to Phe120. The affected phenylalanine lies in 
another highly conserved loop region of RPS23, PGVRY (Fig. S1B). This aromatic residue is invariant 
in Eukarya and strongly conserved in Archaea and Bacteria, where the residue is an aromatic tyrosine 
(Fig. S1B). The PGVRY loop region of RPS23, similar to PNSA, makes contact with the decoding center 
of the ribosome and is also the site of substitutions that affect translational fidelity in E. coli and reduce 
growth in S. cerevisiae.10; 11 The individual with the RPS23 p.Phe120Ile variant, similar to the p.Arg67Lys 
individual, presented with hearing loss and many similar dysmorphisms such as microcephaly, short 
stature, epicanthic eye folds, low back hairline, low set ears, palmar creases, short fifth digits, and 
fetal finger pads (Table 1). The p.Phe120Ile individual also presented with submuccous cleft palate, a 
bifid uvula, and Raynaud-like phenomena in response to cold. In contrast to the p.Arg67Lys indivivdual, 
the p.Phe120Ile individual has no intellectual disability and is communicative (Table 1). The cryo-EM 
structure of the 80S ribosome revealed that the Phe120 residue is predicted to interact with Phe41 in 
RPS23 through pi-pi stacking (Fig. 3A).24 Substitution of Phe120 with a non-aromatic isoleucine would 
abolish pi-pi stacking and potentially result in a structural change that affects the stability of RPS23 (Fig. 
3B). 

To determine the extent of the predicted effect of the substitutions on RPS23 stability, protein 
levels of RPS23 were measured in human dermal fibroblasts. Untreated wild-type and mutant 
fibroblasts revealed equivalent levels of RPS23 (Fig. 3C,D). However, when de novo protein synthesis 
was blocked with cycloheximide, a reduction of RPS23 protein was detected over time in cells carrying 
the p.Phe120Ile variant but not in healthy control cells (Fig.s 3C,D). We did not observe significant 
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destabilization of RPS23 in p.Arg67Lys fibroblasts treated with cycloheximide (data not shown).

Figure 2. RPS23 p.Arg67Lys affects ribosome biogenesis but not proliferation or de novo protein synthesis 
(A) Northern blot analysis of siRNA-treated HeLa cells or LCLs with 5’ITS1 probes. (B) RAMP analysis of 30S, 21S, and 
18S-E alterations from (A) (N=3). (C) Polysome profiles of an LCL from a healthy individual. (D) Polysome profiles 
of the LCL from the RPS23 p.Arg67Lys individual showing a reduction of 40S small ribosomal subunits (arrow). (E) 
Quantification of ratios of 40S:60S peak sizes from (C) and (D) (N=3). (F) RNA sequencing measurement of RPS23 
(RPS23) wild-type and p.Arg67Lys alleles in LCLs. (G) Growth curves of LCLs over 5 days. The standard deviations 
for Healthy Control 1, Healthy Control 2, RPS23 p.Arg67Lys, and DBA are as follows: Day 1 (+/-8.8e3, 2.7e4, 2.1e4, 
9.5e3), Day 2 (+/-3.0e4, 1.5e4, 1.8e4, 1.7e4), Day 3 (+/-2.9e4, 3.8e4, 1.6e4, 1.7e4), Day 4 (+/-7.4e4, 6.9e4, 4.2e4, 
2.2e4), and Day 5 (+/-8.5e4, 1.0e5, 6.0e4, 2.5e4). N=3. (H) De novo protein labeling measured over 30 minutes in 
LCLs from healthy controls, the individual with the RPS23 p.Arg67Lys variant, or an individual with DBA. See also 
Figures S2 and S3. **p<0.01.
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To determine if the substitutions affect the ability of RPS23 to assemble into ribosomal complexes, 
plasmids expressing wild-type and mutant HA-tagged RPS23 were transfected into HEK293 cells. In 
whole cell lysates, a lesser amount of HA-RPS23 p.Phe120Ile protein was evident compared to equivalent 
levels of HA-RPS23 wild-type and HA-RPS23 p.Arg67Lys protein (Fig. 3E,F). Cell lysates were then size-
separated by ultracentrifugation on a 32% sucrose cushion. Both HA-RPS23 wild-type and HA-RPS23 
p.Arg67Lys were detected in the high-density pellets that were devoid of tubulin but enriched with 
RPL11 (Fig. 3E,F). In contrast, far less HA-tagged protein was detected in the pellets of cells transfected 
with plasmids encoding HA-RPS23 p.Phe120Ile (Fig. 3E,F). This suggests the destabilizing effect of the 
p.Phe120Ile substitution in RPS23 may be impairing the involvement of the variant in pre-40S biogenesis 
at an earlier point in subunit formation than the p.Arg67Lys substitution.

Polysome profiling of fibroblasts revealed different abnormalities compared to healthy control 
cells (Fig.s 3G-I). Compared to the clear reduction of 40S subunits in LCLs with the RPS23 p.Arg67Lys 
variant (Fig.s 2E,F), the variant in fibroblasts instead has a much more pronounced effect on the 80S 
monosome (Fig.s 3H,J). In contrast, the profiles of fibroblasts carrying the p.Phe120Ile substitution do 
reveal a significant reduction of 40S subunits in addition to fewer 80S monosomes (Fig.s 3I,J). It is 
possible that this discrepancy is due to the much faster rate of LCL proliferation compared to fibroblasts. 
This is evident when comparing the size of the polysome peaks, which are robust in LCLs (Fig.s 2D,E) 
and undetectable in fibroblasts (Fig.s 3G-I). This greater demand for ribosome biogenesis in LCLs may 
result in an amplification of detectable differences in subunit amounts, and unfortunately LCLs from 
the individual with the p.Phe120Ile variant were not available to fully test this. However, the polysome 
profiling of fibroblasts from both individuals reveal reductions of monosomes, and add further evidence 
that the RPS23 p.Phe120Ile variant may have a greater effect on pre-40S subunit formation than the 
p.Arg67Lys variant.

Quantitative RT-PCR was then used to determine if the expression of RPS23 mRNA is compensating 
for defective RPS23 protein in fibroblasts carrying the variant. When expressed relative to βactin mRNA, 
a striking increase in RPS23 mRNA was noted in the variant fibroblasts compared to healthy control cells 
(Fig. 3K). This may reflect an attempt by the cells carrying the variants to ramp up synthesis of wild-type 
alleles coding for RPS23 as a response to the apparent difficulties in generating functional ribosomes 
for active translation.

p.Arg67Lys impairs RPS23 hydroxylation by OGFOD1. The conserved prolyl residue at codon 62 in 
human RPS23 is hydroxylated by the 2-OG oxygenase OGFOD1.13 OGFOD1 forms discrete associations 
with RPS23 that can be visualized as differentially migrating species in SDS-PAGE.13 Hydroxylation of 
RPS23 leads to the formation of a high-affinity protein complex with OGFOD1 that migrates as an 
~100 kDa adduct by SDS-PAGE. This association is separable from a lower-affinity interaction that is 
hydroxylation-independent and is reducible by denaturing electrophoresis. Using the presence of the 
100 kDa adduct as a surrogate for RPS23 hydroxylation, parallel OGFOD1 immunoprecipitations were 
performed in LCLs derived from a healthy control or the individual carrying the RPS23 p.Arg67Lys variant. 
Equivalent capture of uncomplexed OGFOD1 (~75 kDa) was observed in both p.Arg67Lys and control 
lysates. However, capture of the ~100 kDa hydroxylation-dependent species was significantly reduced 
in p.Arg67Lys lysate compared to healthy control lysate (Fig. 4A; lane 3, 6). This was in the absence of 
any effect on RPS23 binding at its native molecular weight, as determined by RPS23 immunoblotting 
(Fig. 4A). 

LCLs were not available from the individual carrying the p.Phe120Ile variant. To assay the effect 
of the p.Phe120Ile substitution on RPS23 binding to OGFOD1, plasmids coding for HA-tagged RPS23 
were transiently co-expressed with those coding for FLAG-OGFOD1 in HEK293 cells and anti-HA (RPS23) 
pulldowns were performed. Concordant with endogenous IPs, HA-RPS23 p.Arg67Lys co-purified 
FLAG-OGFOD1 but did not form the 100 kDa adduct (Fig. 4B). In contrast, high-affinity HA-RPS23 
p.Phe120Ile:FLAG-OGFOD1 complexes were detected, albeit to a lesser degree than wild-type RPS23 
due to lower protein levels of RPS23 p.Phe120Ile (Fig. 4B). These data suggest that the p.Arg67Lys 
substitution impairs RPS23 hydroxylation by OGFOD1 without affecting protein:protein interaction, and 
that destabilized RPS23 p.Phe120Ile likely results in fewer hydroxylated RPS23 proteins.
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Figure 3. p.Phe120Ile affects stabilization of RPS23 and 40S subunit levels while both p.Arg67Lys and p.Phe120Ile 
reduce 80S monosomes. 
(A) Phe120 in wild-type RPS23 is in close proximity with Phe41 and likely creates pi-pi stacking which is absent with 
RPS23 Ile120 (B). (C) Western blot analysis of RPS23 protein levels in healthy control and RPS23 p.Phe120Ile variant 
fibroblasts subject to 200µg/ml cycloheximide (CHX) over 24 hours. (D) Quantification of protein levels in (C) (N=3) 
(E) Western blot analysis of HA-tagged protein levels in whole cell lysates of transfected HEK293 cells (lanes 1-4) or 
pellets resulting from lysates run over a 32% sucrose cushion. (F) Quantification of (E) (N=3). (G-I) Representative 
polysomes profiles of fibroblasts derived from healthy controls (G), the individual with the RPS23 p.Arg67Lys 
variant (H), or the p.Phe120Ile variant (I). (J) Quantification and ratios of 40S, 60S, and 80S polysome peak sizes in 
(G-I). For controls N=8, for p.Arg67Lys N=3, for p.Phe120Ile N=4. Statistical analysis compares variant samples to 
healthy controls. (K) Quantitative real-time PCR results comparing the relative expression of RPS23 to β-actin cDNA 
transcribed from mRNA isolated from healthy or variant fibroblasts. N=3. *p<0.05, **p<0.01, ***p<0.001.
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To directly assay the effect of the p.Arg67Lys substitution on hydroxylation and incorporation 
of RPS23 into the ribosome we isolated endogenous RPS23 from polysomes derived from healthy 
control and p.Arg67Lys LCLs by sucrose density ultracentrifugation and reverse phase chromatography. 
RPS23 was subjected to proteolytic digestion with trypsin and peptides were analyzed by liquid 
chromatography tandem mass spectrometry (LC-MS/MS). The relative abundance of the mutant 
peptide was monitored in ribosomes derived from the p.Arg67Lys LCL by measuring peak intensities 
of equivalent wild-type and p.Arg67Lys precursor ions assigned by MS/MS (Table S1). Ion intensities of 
wild-type and p.Arg67Lys peptides were summed and expressed as a relative ratio. Quantifying data 
from 5 independent experiments indicated a marked reduction of p.Arg67Lys peptides in polysomal 
ribosomes with less than 10% of the total peptide counts carrying the p.Arg67Lys substitution (Fig. 4C). 
As no decrease in polysome size or suppression of mutant allele expression in the LCL was detected 
(Fig. 2C-F), this suggests that a mechanism exists preventing ribosomes carrying the RPS23 variant from 
entering the polysomal pool.

Figure 4. Substitutions perturb OGFOD1 binding and RPS23 Pro62 hydroxylation. 
(A) Immunoprecipitation of endogenous OGFOD1 in LCLs from a healthy control individual or carrying the RPS23 
p.Arg67Lys variant immunoblotted with antibodies against OGFOD1 or RPS23. The ~100 kDa high affinity complex 
is labeled (*). (B) Immunoprecipitation of ectopic HA-tagged RPS23 variants in HEK293 cells co-expressing FLAG-
OGFOD1. Anti-HA immunoprecipitates were immunoblotted with anti-HA and anti-FLAG antibodies to visualize 
RPS23 and OGFOD1 respectively. The ~100 kDa high affinity complex is labeled (*). (C) Relative quantitation of 
wild-type and variant RPS23 peptides in ribosomes isolated from p.Arg67Lys LCLs. The abundance of endogenous 
RPS23 tryptic peptides containing either Arg67 (wild-type) or Lys67 (mutant; p.Arg67Lys) was measured by mass 
spectrometry. Data (N=5) are presented as relative ratios of wild-type to p.Arg67Lys based on aggregate precursor 
ion intensities. (D) Pro62 hydroxylation level in ribosomes isolated from LCLs carrying the RPS23 p.Arg67Lys variant 
compared to healthy control LCLs. Data are aggregate counts of precursor ions from independent biological 
replicates (healthy control, N=3; variant p.Arg67Lys, N=5) expressed as mean relative hydroxylation level +/- 
standard deviation. See Figure S4 for representative extracted ion chromatograms and Table S1 for peptide level 
counts. ***p<0.001.
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We next considered the effect of the substitution on OGFOD1-dependent catalysis, seeking 
to corroborate interaction data with direct measurement of hydroxylation by mass spectrometry. 
Fortuitously, the p.Arg67Lys substitution preserves a trypsin cleavage site and is present on all peptides 
that contain the target prolyl hydroxylation site. This enabled direct measurement of the effect of the 
p.Arg67Lys substitution on RPS23 hydroxylation at the peptide level in ribosomes isolated from LCLs. 

Relative quantitation indicated a deleterious effect of the p.Arg67Lys substitution on Pro62 
hydroxylation with <40% of the Lys67-bearing peptides recovered from ribosomes hydroxylated. (Fig. 
4D, Fig. S4 for representative extracted ion chromatograms and MS/MS assignments and Table S1 
for Summary). In contrast, wild-type RPS23 peptides with Arg67 extracted from the same cells, and 
from separate healthy control LCLs, were near fully hydroxylated (>95%; Fig. 4D). High levels of wild-
type RPS23 hydroxylation in LCLs carrying p.Arg67Lys RPS23 argue against the substitution having a 
significant dominant negative function in this context.  These results show that the substitution of lysine 
for arginine at amino acid position 67 has detrimental consequences for hydroxylation of RPS23 by 
OGFOD1, and that very few ribosomes carrying the variant protein are incorporated into the polysomal 
pool.

RPS23 variants intensify stress granule formation and affect translational fidelity. Cellular stress such as 
hypoxia or heat shock induces the formation of cytoplasmic stress granules as a mechanism to suppress 
the translation of mRNAs not immediately required for the stress response.38 Stalled pre-initiation 
complexes that include 40S subunits and small RPs are rapidly sequestered in stress granules upon 
assembly by the GTPase-activating protein SH3 domain binding protein 1 (G3BP1).39 Deregulated stress 
granule formation is being revealed as an important indicator of several human pathologies, including 
neuronal dysfunction and degeneration.40 Because acute loss of OGFOD1 drives G3BP1+ stress granule 
formation in U2OS cells,13 their formation in the RPS23 variant cells was investigated.

Fibroblasts derived from healthy controls and the individuals carrying RPS23 variants were 
exposed to arsenite to induce oxidative stress. Stress granules in these cells were then stained by 
immunofluorescence and analyzed by confocal microscopy. In all cell types, G3BP1 localized diffusely 
throughout the cytoplasm and aggregated in granules of about 100-200 nm in size when treated for 
30 minutes with 500 µM arsenite (Fig. 5A). However, the percentage of cells revealing stress granules 
when exposed to increasing concentrations of arsenite was consistently higher in cells carrying either 
the RPS23 p.Arg67Lys or p.Phe120Ile substitution compared to healthy control cells (Fig.s 5A,B and 
S5). These data suggest that the RPS23 variants affect the dynamics of stress granule formation, and 
render cells particularly sensitive to oxidative stress. Increased oxidative stress levels or reduced levels 
of OGFOD1 change the fidelity of protein translation.13; 41 This can manifest as changes in suppression 
of missense mutations, readthrough of stop codons, or in rates of -1 or +1 Programmed Ribosomal 
Frameshifting (-/+1 PRF) on so-called “slippery sites”, and can be measured with dual luciferase reporter 
plasmids (Fig. S6).23 

The RPS23 p.Arg69Lys (Arg67 in humans) substitution had a pronounced effect on translational 
fidelity in yeast. Experiments were performed alongside a strain carrying p.Lys62Arg substitution that 
has been previously reported to affect translational fidelity.11; 12 Similar to the RPS23 p.Lys62Arg variant, 
the strain carrying the p.Arg69Lys variant displayed altered rates of -1 PRF in a sequence-dependent 
manner (Fig. 5C). Additionally, RPS23 p.Arg69Lys increased the rate at which ribosomes read through 
UAA and UAG stop codons (Fig. 5D). The p.Arg218Ser substitution when introduced into the firefly 
protein renders the luciferase inactive.20 However, when this substitution is introduced with a non-
cognate DNA mutation (AGA [arginine]->TGT [serine]) yeast cells carrying the RPS23 p.Arg69Lys variant 
were more likely to select the missense arginine residue instead of the serine (Fig. 5E). No changes in 
EST3-directed +1 PRF as a result of RPS23 p.Arg69Lys were detected (Fig. 5F). +1 PRF is entirely driven 
by interactions between the peptidyl-tRNA, the ribosomal P-site, and the mRNA. In contrast, -1 PRF 
involves both the P- and A-sites, while near- and non-cognate tRNA interactions involve the ribosomal 
A-site.42 By process of elimination, it is likely that the RPS23 variants are affecting A-site but not P-site 
function.
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Figure 5. RPS23 substitutions increase stress granules formation and impair translational fidelity. 
(A) Confocal microscopy of fibroblasts stained with G3BP1 antibodies either untreated (top) or treated with 500µM 
arsenite for 30 minutes (bottom). Note the formation of G3BP1+ stress granules in the arsenite treated cells. (B) 
Quantification of the percent of total fibroblasts from a healthy individual or the individuals carrying the RPS23 
variants that are stress granule positive upon treatment with increasing concentrations of arsenite for 30 min 
(N=3). The statistical analysis compares the variant cells to the healthy cells subject to similar treatment. See 
Figure S5 for representative images. (C-F) Translational fidelity assays in RPS23 variant and wild-type yeast cells 
transformed with dual luciferase reporters described in Figure S6: (C) -1 PRF promoted by LA, EST1, EST2, or STN1 
signals; (D) UAA or UAG readthrough; (E) Missense suppression with reporters carrying near- (AGA->AGC) or non-
cognate (AGA->TGT) codons for R218; (F) +1 PRF with EST3 sequence. (G) UAA readthrough in primary fibroblasts 
from the individuals carrying the RPS23 p.Arg67Lys or p.Phe120Ile variants and two unrelated healthy controls. See 
Figure S6 for luciferase reporter details. *p<0.05, **p<0.01, ***p<0.001.
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Translational fidelity was also assayed in the human fibroblasts. Cells carrying RPS23 p.Arg67Lys 
or p.Phe120Ile revealed a significant increase in the rate of UAA stop codon readthrough compared to 
healthy control cells (Fig. 5G). Together, these results suggest that the human RPS23 variants, similar 
to what was reported previously in E. coli,10-12 adversely affect the decoding of mRNA and the fidelity of 
protein translation. 

Discussion

This study suggests that RPS23 variants affecting the ability of ribosomes to correctly decode mRNA 
drive human dysmorphism and in some cases can also impair neurodevelopment. Comparable 
developmental defects were presented in unrelated individuals with missense substitutions in two highly 
conserved loop regions of RPS23 that in bacteria and yeast are important for translational accuracy and 
growth.10-12 The p.Phe120Ile substitution destabilized the RPS23 protein and the p.Arg67Lys substitution 
impaired OGFOD1 hydroxylation, an event known to be important for translational fidelity.13 Despite a 
mild ribosome biogenesis defect in LCLs carrying the p.Arg67Lys substitution, there was no indication 
of proliferation impairment or changes in the rate of protein synthesis as is commonly observed in 
LCLs derived from individuals with DBA. However, ribosomes carrying RPS23 variants were less able to 
accurately decode mRNA codons. This is readily apparent in the yeast model, where the only form of 
RPS23 is the variant. Of course this is different in diploid human cells where both wild-type and mutant 
copies of RPS23 are expressed, thus the human mutations are haploinsufficient as is the case with many 
other ribosomopathies such as DBA. This underscores the centrality of a functioning ribosome and 
shows how even small changes can be greatly amplified in complex developmental processes.

The scarcity of RPS23 peptides with Lys67 in the polysomal pool of LCLs is particularly interesting 
in light of the equal expression in these cells of both wild-type and mutant alleles. RPS23 p.Arg67Lys 
does not appear to impair 40S assembly until very late stages (as in LCLs) if at all (as in fibroblasts), 
suggesting the existence of a quality control mechanism that identifies 40S subunits with the RPS23 
variant and largely prevents them from entering the polysomal pool. One possibility is that the RPS23 
variant is being replaced with a wild-type RPS23. This process of ribosome repair by replacing damaged 
RPs, specifically RPS23, has been previously described in E. coli.43 A similar mechanism might occur in 
the human context, where ribosomes carrying an unhydroxylated, unstable, or absent RPS23 are held in 
stalled pre-initiation complexes while a repair is made. Since pre-initiation complexes are coordinately 
recruited to stress granules in response to oxidative stress,44 this may explain the more rapid formation 
of these structures in the fibroblasts carrying the RPS23 variants upon exposure to arsenite. 

These results may also shed light on the question of why RP gene mutations affect such discrete 
tissue types. All cells in the body express all the RPs, albeit not necessarily equally, and it has been a 
puzzle as to why the haploinsufficient loss of specific RP genes results in such tissue-specific effects. 
Perhaps the answer lies in how much of the wild-type RP gene is expressed and available in a particular 
cell type or subcellular location for ribosome repair. To use ICA as an example, individuals with RPSA 
mutations suffer severely impaired development of the spleen but no hematopoietic (or any other 
major) phenotype. Conversely, asplenia is not reported in individuals with DBA. Tagged uS2 proteins 
carrying substitutions linked to ICA are, like the RPS23 p.Phe120Ile variant reported here, unstable and 
levels are so low as to be undetectable in some cases.3 However these variants, like RPS23 p.Arg67Lys, do 
not seem to adversely affect LCLs in contrast to DBA-linked RP variants.3 Thus the ability to compensate 
for lost or defective RPs seems to depend on which RP is impaired in which cell type. Extending this 
analysis to DBA, if erythrocyte progenitor cells express less of the wild-type allele to replace the RP 
variant in comparison to other hematopoietic cell types, this may explain the pure red cell aplasia. If 
the wild-type RP allele expression in erythrocyte progenitors varies between individuals, this may be 
why some healthy parents can carry a mutant RP gene (or “silent mutation”) that is pathogenic in their 
offspring. As the number of human disorders linked to RP gene mutation continues to increase, further 
studies into the reasons underlying tissue-specific defects are definitely warranted.

This study reveals the pathogenicity of a previously undescribed ribosomopathy and suggests that 
while the hematopoietic phenotypes resulting from RP gene mutations are largely due to reductions 
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in mRNA translation rates, these mutations reported in RPS23 instead drive developmental disorders 
by coding for RPS23 variants that impair the ability of ribosomes to accurately decode mRNA. The 
implications of this may well go beyond RP gene mutations. Translational fidelity defects, such as 
increased rates of frameshifting, have been reported in yeast carrying a mutation in the sister chromatid 
cohesion 2 gene (SCC2).45 This mutation impairs rRNA production and ribosome assembly but does not 
affect protein synthesis rates.45 Orthologous mutations of this gene, Nipped-B (NIPBL), are found in 
individuals with Cornelia de Lange syndrome (OMIM #122470). Individuals with this syndrome feature 
many of the same clinical phenotypes as the individuals reported here, including the ID/ASD, hearing 
loss, microcephaly, hypotonia at birth and delayed motor development, abnormal hair growth (such as 
long eyelashes and bushy eyebrows with synophrys), low set ears, the palmar crease, and short fifth 
digits. Thus translational inaccuracy may be an underlying cause of developmental defects in a much 
wider spectrum of human disorders than is currently appreciated.
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Supporting information

Figure S1 (Related to Figure 1). Multiple sequence alignment for ribosomal protein RPS23 in all domains of life 
reveals substitutions occur in highly conserved amino acids. 
(A) Sanger sequencing of human fibroblasts from individuals reported with RPS23 gene mutations reveal double 
peaks corresponding to Arg67 and Phe120 (right panels) compared to single peaks in healthy control cells (left 
panels). (B) The multiple sequence alignment was generated using ClustalX 2.1. Below the alignment is the quality 
curve plotting the conservation score for each residue. The symbols above residues in the alignment are defined 
as follows: “*” indicates positions which have a single, fully conserved residue; “:” indicates a strongly conserved 
residue; “.” indicates a weakly conserved residue. Strong and weak are defined as a score of > 0.5 for strong and < 
0.5 for weak according to the Gonnet Pam250 matrix. A red box outlines the invariant proline residue hydroxylated 
by OGFOD1. A blue box outlines the invariant arginine that is mutated to a lysine in RPS23 in Individual 1. The 
phenylalanine that is mutated to an isoleucine in RPS23 in Individual 2 is outlined by a green box, is invariant in 
Eukaryotes, and strongly conserved in Archaea and Bacteria which have a tyrosine at this residue. The locations of 
the PNSA and PGVRY domains in bacteria are labeled.



Chapter 6 

  6

112

Figure S2 (Related to Figure 2). RPS23 p.Arg67Lys causes a mild and late ribosome biogenesis defect. 
(A) Polysome profiles of HeLa cells transfected with a scrambled siRNA control or three different siRNAs against 
RPS23. 40S, 60S, 80S peaks and polysomes are labeled. Note the reduction of the 40S peaks and concomitant 
increase of 60S peaks in all samples with siRNAs against RPS23. (B) Northern blot analysis of rRNA processing in 
HeLa cells transfected with a scrambled (Scr) siRNA or siRNAs against RPS23, as well as LCLs derived from a healthy 
control, the RPS23 p.Arg67Lys individual, or a DBA individual with an eS24 mutation. ITS2 and ITS1-5.8S probes 
are shown along with actin as a loading control. (C) A schematic and legend of the rRNA processing pathway in 
mammalian cells. (D) Western blot analysis of RPS23 protein levels in healthy control and RPS23 p.Arg67Lys LCLs. 
3 independent experiments are shown. N.S. = not significant. (E) Quantification of RPS23 protein levels from (D).
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Figure S3 (Related to Figure 2). RPS23 p.Arg67Lys does not induce autophagy, activate S6 kinase signaling, or 
stabilize p53. 
(A) Representative western blot analysis of LC3-I and LC3-II protein levels in fibroblasts derived from a healthy 
control, the RPS23 p.Arg67Lys individual, or a DBA individual with a RP mutation. -10% FCS indicates samples 
starved of serum overnight. 20mM bafilomycin A was added for 6 hours to block autophagosome fusion with 
lysosomes and to provide a positive control for LC3-II accumulation. Ratios of LC3-I to LC3-II are calculated and 
listed. (B) Representative western blot analysis of S6 kinase phosphorylation in LCLs from the RPS23 p.Arg67Lys 
individual or a healthy control. (C) Representative western blot analysis of p53 stabilization in LCLs with the RPS23 
p.Arg67Lys variant or from a healthy control either untreated or exposed to 25 Gy ionizing radiation (IR). In all cases 
biological triplicates were performed.
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Figure S4 (Related to Figure 4). Comparative assessment of wild-type and variant RPS23 hydroxylation in LCLs. 
(A) Exemplar chromatogram indicating elution time and intensity of extracted ion masses corresponding to the 
following pyro-Glu (pQ) modified [M+H]2+ RPS2361-68 species: nonhydroxylated wild type (dashed blue line; m/z 
448.751); hydroxylated wild type (solid blue line; m/z 456.749); non-hydroxylated p.Arg67Lys (dashed red line; 
m/z 434.748); hydroxylated p.Arg67Lys (solid red line; m/z 442.746). See Table S1 for summary of peptide level 
counts used for relative quantitation in Figure 4. (B) Corresponding RPS23 fragmentation spectra (i) wild type non-
hydroxylated; (ii) wild type hydroxylated; (iii) p.Arg67Lys non-hydroxylated; (iv) p.Arg67Lys hydroxylated.
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Figure S6 (Related to Figure 5). Translational fidelity dual luciferase reporters used to assay: 
(A) Readthrough control; (B) -1 PRF, +1 PRF, and nonsense suppression; and (C) missense suppression. (D) Formula 
to calculate translational recoding efficiency. x stands for experimental and c for control.

Figure S5 (Related to Figure 5). The RPS23 variants increase stress granule formation in fibroblasts.
Confocal microscopy of fibroblasts either untreated or treated with 100, 250, or 500 M arsenite for 30 minutes, 
stained with antibodies against G3BP1 (grey), and labeled with DAPI (blue). Arrows indicate stress granule positive 
cells.



Chapter 6 

  6

116

Table S1 (Related to Figure 4). List of RPS23 peptides identified and quantitated from individual and control LCLs 
by mass spectrometry. 
Key: XIC: Extracted ion chromatogram counts; ND: Not Detected – p.Arg67Lys Peptide not assigned by MS/MS in 
healthy control; <LOD: Below limit of detection or confounding co-eluting peptide interfering with quantitation; 
Ion intensities in bold assigned by MS/MS; Posttranslationallly modified peptides: N(+.98) deamidation, Q(-17.03) 
pyroGlu, K(+43.01) carbamylation, K(+57.02) carbamidomethylation.


