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In this thesis we investigated mRNA translation under various conditions. We investigated translation 
initiation using genome wide ribosome profiling, and analyzed translation initiation of few examples in 
more detail. The consequences of deregulated translation control were studied in case of a mutation in 
RPS23, found in 2 children with moderate developmental defects, and upon loss of Tis7 a gene that is 
upregulated as part of the integrated stress response (ISR).

Translation initiation

Translation initiation depends on secondary structures. In chapter 3 we found that predicted secondary 
structures were present on the 5’UTR of Igbp1. We found that the polypirimidine-tract binding protein 
(PTB) can bind to these structures and may facilitate a possible ribosome shunt mechanism. 

The two major rate-limiting translation initiation factors that are controlled by environmental 
factors are translation initiation factors (eIFs) eIF2 and eIF4E. Control of the mTOR pathway by growth 
factors, leads to the release of eIF4E, and translation of eIF4E dependent transcripts with structured 
5’UTRs like Igbp1 and Use1 in erythroblasts.1 The prevailing hypothesis is that secondary structures 
in the 5’UTR render translation dependent on the eIF4A helicase activity, to unwind these structures 
and enable the preinitiation scanning complex to proceed.2 Structures can be predicted by Mfold,3 
but they are only predictions and analysis following chemical cross-linking, to maintain secondary 
structure, should prove the existence of these structures. Interestingly, we found that these secondary 
structures were required for translation of Igbp1 (Chapter 3) and Use1. A structure on the 5’UTR of 
Use1 is necessary for interaction with the RNA-binding protein Grsf1 to regulate Use1 translation.4 In 
light with this, in chapter 3 we found that the secondary structures on the Igbp1 5’UTR were necessary 
for interaction with PTB. Interestingly, Igbp1 and Use1 not only contained secondary structures, but also 
several upstream open reading frames (uORFs) with start codons in an optimal Kozak context. In case 
of Use1, the first uORF starts just in front of a secondary structure. Ribosome profiling data uncovers 
that this first uORF is translated despite a poor Kozak context, according to the GWIPS database.5 This 
short uORF subsequently seems to protect from translation of a long uORF downstream. Whether this 
is a constitutive mechanism or whether translation of the distinct uORFs is regulated is not known. 
We did find that the uORFs were required to synthesize a short protein isoform of Use1 (Nieradka, 
unpublished).  

In Igbp1, however, the situation is different as there is no evidence in our own data, nor in ribosome 
profiling data in other cell types that the uORFs in the Igbp1 mRNA are translated. Several arguments 
led to the hypothesis that translation initiation of Igbp1 may involve shunting by the scanning complex. 
First, translation initiation was eIF4E-dependent,1 while the pseudoknot had modest IRES activity with 
respect to its position just upstream of the start codon, binding of PTB, and requirement to express the 
second cistron in a polycistronic reporter (Chapter 3).  Second, the uORFs present on the 5’UTR are 
not translated despite start codons in optimal Kozak sequence, according to GWIPS database, which 
suggested that the preinitiation scanning complex may not scan these start codons. It was postulated 
that ribosome shunting may be facilitated by PTB binding to the ribosome shunt site, because these sites 
are pyrimidine-rich.6 However, we have not shown whether PTB interacts with ribosomes to facilitate 
ribosome shunting. We observed that translation of reporter RNAs was partly inhibited when antisense 
oligonucleotides (morpholinos) were annealed to the region between the two secondary structures. 
We interpret this observation as evidence that ribosomes are able to bypass these structures to 
translate the downstream coding sequence (CDS), however not all ribosomes seem to do this, because 
the annealed oligonucleotides partially blocked scanning. Ribosome shunting may be activated due to 
cellular stress.7 Therefore, it may depend on the cellular context, e.g. stress, whether more ribosomes 
bypass the Igbp1 5’UTR. Future studies should answer the question whether additional RNA-binding 
proteins are involved in translation initiation of Igbp1 and whether there is an interplay between RNA-
binding factors and eIF4E release during growth factor-controlled mRNA translation.

Different eIFs are needed to regulate uORF translation. In Chapter 4 we investigated if and how uORF 
translation affects control of mRNA translation following eIF2 phosphorylation in erythroid progenitors. 
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To do this, we treated cells with Tm and and we analyzed translation by both initiating and elongating 
ribosomes with ribosome profiling. We found that uORF translation was widespread in stressed 
erythroblasts and that not all uORF containing transcripts were sensitive to tunicamycin (Tm) treatment. 
We found that the uORFs of upregulated transcript were long, conserved uORFs and often started with 
a CUG start codon and the uORFs of downregulated transcripts were shorter that started from an AUG 
codon. 

The presence of uORFs are thought to render translation dependent on the availability of eIF2. 
Phosphorylation of translation initiation factor eIF2 during stress suppresses mRNA translation in 
general, but enables the translation of specific transcripts due to uORFs.8 The general consensus on 
eIF2 mediated translational repression is that some mRNAs with uORFs on their 5’UTR are selectively 
translated. However, we found that uORFs were not present on all upregulated transcripts, suggesting 
that not all uORFs impose translational control through eIF2. Previously, it was postulated that during 
eIF2 phosphorylation, transcripts that were upregulated during eIF2 phosphorylation had different 
uORF length and numbers.9 Transcripts that were upregulated tended to have longer uORFs, whereas 
downregulated transcripts had shorter uORFs, most up- or downregulated transcripts had one or two 
uORFs.. We do not know how this uORF length can affect translation efficiency during stress. Of note, 
the distance between the stop codon of the long uORF and the CDS start codon was often short in 
transcripts with long uORF and enhanced translation upon eIF2 phosphorylation. An example is Tis7 
(chapter 5). The ribosome density on the uORF of Tis7 shows a clear peak in front of the uORF stop 
codon and a putative hairpin structure just in front of the CDS start codon. Although we did not test this 
hypothesis, it cannot be ruled out that the scanning complex is partially recovered while pausing at the 
stop codon to allow for translation initiation. Therefore, more experiments are needed to investigate 
the role of this uORF. Interestingly, whereas we found changes in proliferating cells during proteotoxic 
stress, another group showed that uORF-mediated translational repression of some transcripts seems 
to be widespread during erythropoiesis to adapt to reduced protein synthesis due to ribosomal RNA 
degradation during erythroid differentiation.10 These experiments show the complexity of uORF 
translation and show how important uORFs are for erythroid cells.

In addition to eIF2, also eIF1 and eIF5 are involved in uORF-mediated translational control. 
Different expression levels of eIF1 and eIF5 lead to altered translation of uORF-bearing mRNAs.11,12 
Polysome recruitment of eIF5 is reduced during EPO and SCF signaling in erythroblasts, whereas during 
differentiation polysome recruitment was upregulated. However, there was no evidence of altered 
eIF1 polysome recruitment (Grech, unpublished results). Also eIF4E availability determines uORF 
translation. The expression of different C/EBP isoforms depends on the availability of eIF2 but also of 
eIF4E and is mediated through uORF translation. High eIF availability results in expression of truncated 
C/EBP isoforms that sustain proliferation, whereas reduced eIF availability results in expression of a full 
length protein and proliferation arrest and differentiation of adipocytes.13 Also, isoform expression of 
the transcription factor SCL depends on availability of eIF2 and eIF4E. Full length SCL induces erythroid 
differentiation, whereas a short isoform steers differentiation towards megakaryocytes.14 In erythroid 
cells, polysome recruitment of specific mRNAs was dependent on growth factor-controlled eIF4E 
availability.1 Therefore, varying expression levels of eIF5 and eIF4E during erythropoiesis could lead to 
the expression of different protein isoforms. 

The unfolded protein response has three major branches. Iron deficiency activates the eIF2 
phosphorylation pathway and induces the ISR.15 We used Tm as a rapid inducer of eIF2 phosphorylation 
to investigate altered ribosome density in erythroid progenitors during proteotoxic stress. However, Tm 
causes ER stress by inhibiting N-glycosylation of proteins and induces the unfolded protein response 
(UPR).16 The UPR consists of 3 branches: the eIF2 phosphorylation pathway that modulates mRNA 
translation, and two branches that activate IRE1α/XBP1 and Atf6 to induce other transcriptional changes 
or mRNA degradation.17 Therefore, we tried to diminish transcriptional changes by treating the cells 
with Tm for a short time period. However, we are not sure whether altered ribosome density of some 
transcripts was indeed due to eIF2 phosphorylation or due to a side-effect of the Tm treatment. Therefore, 
we have not proven that the transcripts that we found were indeed altered due to phosphorylation 
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of eIF2. To do this, mutant eIF2 that cannot be phosphorylated should be overexpressed in mouse 
erythroblasts and their polysome recruitment should be investigated. Transcripts with uORFs, that did 
not respond to tunicamycin and eIF2 phosphorylation in our study, may be regulated by another eIF in 
other developmental or stress processes. 

Future perspectives. Whereas eIF2 is phosphorylated during proteotoxic stress, eIF1 availability seems 
to be modulated during oxygen and glucose deprivation.18 In addition, phosphorylation of eIF1 during 
arsenite stress may lead to reduced release of eIF1 from the ribosome and to increased bypass of single 
uORFs.19 We still have an incomplete understanding of the exact processes and interactions between 
different eIFs that play a role in translation. Therefore, it is logic to look at single regulatory steps, but in 
future research we have to take the interplay of the various regulatory pathways into context, because 
there may be cross-talks in AUG recognition imposed by the different eIFs. During erythropoiesis, it 
would be interesting to investigate how different eIFs contribute to isoform expression of specific 
transcripts and what the biological roles of these protein isoforms are.

Methods to investigate mRNA translation efficiency

Advantages and disadvantages of different methods. A way to measure translation efficiency is by 
sequencing of polysome-bound mRNA. This technique is robust, reproducible, and sensitive for low 
abundant transcripts. However, this technique does not provide information about uORF translation 
and can be misleading when a transcript has a long translated 5’UTR compared to its untranslated CDS, 
as is the case for Atf4.20 With this method we identified Igbp1 as a target downstream of PI3K, mTOR 
signaling.1 However, we were not able to predict how the 5’UTR contributed to regulation of translation. 
With ribosome profiling we obtained indications that ribosomes may bypass the Igbp1 5’UTR. With this 
technique we can (i) discriminate uORF translation (ii) investigate ribosome density, and (iii) determine 
which frame is translated at the nucleotide level. In contrast, ribosome profiling can be time consuming 
and technically demanding. Also, the risk of ribosomal RNA (rRNA) contamination or contamination with 
small RNAs can reduce analysis power.20 Different methods and bioinformatics pipelines make it difficult 
to compare between studies. Nevertheless, our ribosome profiling studies yielded much information 
on mRNA translation, and we established ribosome density during Tm treatment of erythroid cells and 
the use of uORFs. It is a matter of debate how ribosome density should be compared between samples. 
Some groups take care to perform total RNA sequencing on fragments of the same size as ribosome 
protected fragments, that are isolated and processed into libraries with the same protocols used for 
ribosome profiling.21,22 Using internal quantitative controls this allows to calculate and compare the 
density of ribosomes per transcript in a near absolute level. We did not do this. Instead, we used polyA-
selected mRNA and general RNAseq protocols to determine transcript levels. It is for this reason that 
we did not calculate a ratio of ribosome footprint reads over total transcript reads, but we employed a 
statistical interaction model that allows to compare whether the interaction coefficient between two 
unrelated identities (ribosome footprint reads versus RNAseq reads) changes between two conditions. 
Therefore, different methods make it difficult to compare between studies.
  
Translation-inhibiting drugs cause artefacts in ribosome reads. Some issues concerning translation-
inhibiting drugs must be taken into consideration when interpreting ribo-seq data. For example, 
pretreatment of cells with Ht causes an accumulation of 80S ribosomes at start codons. However, 
assembly of the preinitiation complex at the mRNA cap, and scanning of the 5’UTR by the scanning 
complex is not inhibited by Ht, leading to an accumulation of initiating ribosomes at the first start codon 
upon Ht pre-treatment. Therefore, subsequent start codon will accumulate less 80S ribosomes. This 
may lead to an underrepresentation of downstream TISs, compared to the first TIS on a transcript, that 
is more dependent on the distance between start codons, than on their actual use as start codon. In 
addition, we found that Ht stalled ribosomes during scanning at codons that coded for Arginine (R) and 
Lysine (K) amino acids. We consider Ht-stalled peaks on R and K codons artefacts that affect the peaks 
obtained at downstream start codons. Furthermore, recent work showed that translation inhibiting 
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drugs can cause artifacts in ribo reads. Pretreatment of Tm treated cells with CHX causes a buildup 
at the 5’UTR of mRNAs,23 which led to the belief that translation of uORFs was upregulated during 
proteotoxic stress, which should canonically be downregulated. Therefore, recent studies, instead CHX 
is added to the PBS during the washing step while collecting cells.9 Taking these issues into account, 
we have confidence in the analysis of uORFs with respect to the conclusion whether a transcript has 
translated uORFs because the first start codon is well recognized. However, the identification of short 
isoforms is unreliable. We did not find much evidence that eIF2 phosphorylation may alter the ratio 
between long and short isoforms in transcripts with an uORF. This may, however, be due to the above-
mentioned skewing of Ht-dependent peaks. 

Ribosome profiling methods have been optimized since the publication of the first protocol.9,24,25 
The protocol that we used could be optimized further with, for example, (i) reduced or no pre-
treatment with translation-inhibiting drugs to prevent artefacts; (ii) optimization of RNAseI digestion 
to yield footprints of optimal size (iii) optimize the ligation method for library preparation to reduce 
ligation bias. Nevertheless, ribosome density analysis of the CDS should be reliable. Extra care should 
be taken for the detection of protein isoforms, and therefore a revised protocol could yield a more 
reliable output.

Future perspectives. Despite some limitations, ribosome profiling is still considered a powerful tool to 
measure translation efficiency and to investigate which parts of mRNAs are translated by ribosomes. 
This technique gave us an insight into possible mechanisms for translation of the Igbp1 5’UTR presented 
in chapter 3. In chapter 4, we applied ribosome profiling to investigate which transcripts had altered 
translation in Tm-treated mouse erythroblasts to find transcripts that are involved in protection of 
erythroblasts during proteotoxic stress. This led us to investigate the role of Tis7 in erythropoiesis in 
chapter 5. In addition, ribosome profiling could also be used to identify ribosomal frame-shifting or stop 
codon read-through in RPS23 mutant patients, described in chapter 6. 

Often pairing ribosome profiling to other -omics techniques can give powerful results. For example, 
novel N-termini predicted by ribosome footprints cannot be detected by mass spectrometry. Therefore, 
predicted N-termini can be added to a custom protein sequence library, that is generated by open 
reading frame (ORF) and translation initiation site (TIS) usage predicted by ribosome profiling, where 
peptides can be mapped.26 Therefore, like with any other genome-wide technique, the results found, 
should be validated with other methods.

Possible roles of Tis7 in erythropoiesis and the ISR
 
Tis7 controls erythroblast expansion. In chapter 5 we found that Tis7 is needed for erythroid cell survival 
at the proliferation stage and that 338 genes were differentially expressed upon Tis7 loss. In addition, 
we found that 33 genes were differentially expressed after Tis7 KD in erythroblasts treated with Tm. 
We used a p53 null erythroblast cell line for our study. P53 modulates the IRE1α/XBP1 pathway of the 
UPR by activating proteasomal degradation of IRE1α.27 Therefore, we cannot exclude the possibility 
that some of the transcriptional changes occurred due to modulation of the UPR by lack of p53. 
The molecular mechanism responsible for impaired erythropoiesis during iron deficiency, is not well 
known. HRI is activated during iron deficiency to phosphorylate eIF2 and activate the ISR, among 
which Atf4 and Ddit3.28 However, a recent study showed that Atf4 translation was not increased upon 
erythroid differentiation.10 Interestingly, we found that protein expression of Tis7 was decreased during 
erythropoiesis. Instead, we found that Tis7 was lowly expressed in early erythroblasts and expression 
was increased during ER stress, that leads to induction of the UPR. Our study shows that Tis7 , unlike Atf4 
and Ddit3, is not involved in erythroid differentiation, but instead is required for erythroid expansion. It 
would be interesting to investigate whether enhancing Tis7 signaling in human erythroblasts can lead to 
an increased expansion or survival in vitro, to culture erythroblasts for transfusion purposes
 
The roles of Tis7 target genes peroxiredoxin-1 and IRP1 in proteotoxic stress. One of the notable genes 
that was differentially expressed during eIF2 phosphorylation, in absence of Tis7, was peroxiredoxin-1 
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(Prdx1). Interestingly, Prdx1 expression decreased in control cells and increased after Tis7 knockdown 
during eIF2 phosphorylation. This finding may seem unexpected because Prdx1 is a member of the 
Peroxiredoxin family of antioxidant enzymes involved in the defense against ROS. Another member of 
the Prdx family, Prdx2, is upregulated in erythroid cells of beta-thalassemia patients to protect these 
cells against ROS.29 Despite Prdx1 and Prdx2 having 90% DNA homology, there are some structural 
differences in their protein structure. These differences lead to a rapid inactivation of Prdx1 during 
hydrogen peroxide (H2O2) scavenging compared to Prdx2.30 Perhaps, Tis7 is needed for downregulation 
of Prdx1 to not interfere with Prdx2 function. Of note, we found a slight decrease of Prdx2 during Tm 
treatment in control cells and Tis7 knockdown cells. Additional factors may be required in the protection 
of erythroblasts against ROS compared to ER stress. 

In addition, we found that Tis7 is needed to upregulate the expression of Iron Responsive Protein 1 
(Irp1). This is an interesting target, considering that we hypothesize that the ISR may protect erythroid 
cells during iron deficiency. When iron stores are low, Irp1 is involved in increasing iron uptake by 
regulating mRNA stability of the transferrin receptor and inhibits ferritin, ferroportin and Alas2 protein 
synthesis to reduce heme synthesis and iron efflux.31 Perhaps Tis7 links eIF2 phosphorylation and the 
ISR with Irp1 expression to efficiently deal with lack of iron. More studies are needed to uncover the 
roles of Tis7 and its targets in erythroid cell survival, especially in an iron deficient setting.

Future perspectives. It would be interesting to investigate whether the iron deficiency induced by 
repeated blood donations leads to alterations in Tis7 protein expression. Tis7 knockout mice appear 
morphologically normal, aside from smaller muscle fibers in vivo and myogenesis defects, when cultured 
in vitro, compared to wildtype mice. In vivo, muscle regeneration of these Tis7 null mice was impaired 
after muscle crush damage. However, these mice did not have impaired erythropoiesis.32 The lack of 
an erythropoiesis defect in Tis7 null mice may be attributable to a lack of a challenge. In agreement, 
HRI knockout mice had impaired erythropoiesis, but only after they were fed a low iron diet.15 The Tis7 
null mice could also be challenged by induction of iron deficiency and then investigating the effect on 
erythropoiesis. Evidence is shown that Tis7 modulates the transcription of genes in muscle, intestine 
and adipocytes.33–35 We did not find these specific genes in our dataset, which implies that Tis7 has 
different functions in different tissues. Our study shows the importance of Tis7 in erythroid expansion 
and the transcriptional cascade that is associated with Tis7 knockdown. This study paves the way to 
further explore the role of Tis7 in erythroblast expansion and how cells deal with proteotoxic stress. 
Of note, we observed in human erythroblasts, cultured without holo-Transferrin (an iron carrier), that 
these cells had decreased expansion, which shows that iron is also important in the early stages of 
erythropoiesis (unpublished results). 

In chapter 4 we found that other transcripts were differentially translated during proteotoxic stress. 
The erythroid translatome changes during differentiation, due to expression of different transcription 
factors, and investigating whether these transcripts are responsive to a distorted heme balance at 
different stages of differentiation could be the topic of future research. 

The RPS23 ribosomopathy

Mutations in specific RPs may impair their function. Diamond-Blackfan anemia is characterized as a 
ribosomopathy, in which mutations in genes coding for RPs lead to haploinsufficiency and ultimately to 
erythroid cell death.36 In chapter 6 we described that several distinct molecular mechanisms contribute 
to the DBA phenotype, that render this disease very heterogeneous. A question that emerges in the 
DBA field is whether RP deficiencies always cause DBA. The relation between mutant RP genes and 
cellular (patho)biology is complex. Some ribosomopathy models show that erythroid development is 
unaffected by mutations in RP genes.37,38 

In chapter 6 we described two cases with different de novo heterozygous missense mutations 
in RPS23, with overlapping characteristics, but also some distinct phenotypes. We found that the 
mutated RPS23 led to an altered ribosome profile, impaired yeast growth and affected stop codon 
recognition and translation fidelity. The  disorder is named by OMIM as Brachycephaly, Trichomegaly 
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and Developmental Delay (BTDD). We became interested in these cases, because mutations in RPS23 
had not been reported as pathological. The patients presented no hematopoietic phenotype, but a mild 
anemic phenotype may have been missed at younger age. Moreover, an increasing number of carriers 
of a DBA allele appear to be healthy.  

We showed a reduction in 40S ribosomal subunits and slightly impaired ribosomal RNA biogenesis 
in cells harboring the Arg67Lys mutation, implicating that this mutation indeed led to a ribosomopathy. 
These findings further stress the heterogeneity in RP pathology. We have shown that the Arg67Lys 
mutation impaired yeast growth, however, we cannot exclude the possibility that single-nucleotide 
polymorphisms (SNPs) in other genes also contribute to the pathology in these two patients. To find out 
what the exact role is of these RPS23 mutations it would be interesting to introduce these mutations 
in induced pluripotent stem cells (IPSCs) and to differentiate them to different mature cells, which 
allows to study these mutations in the same genetic background. Decoding defective ribosomes might 
selectively skip stop codons on specific mRNAs, which may lead to protein misfolding or longer proteins 
with impaired or altered function. In flies, protein misfolding due to impaired hydroxylation can also 
lead to aggregation of proteins that can damage the cell and induction of eIF2 phosphorylation and 
the UPR.39,40 We did not test whether Tis7 or other ISR genes are upregulated in RPS23 cells, because 
patient material was scarce and we do not yet have a good model. Therefore, ribosome profiling can be 
performed on IPSCs carrying the Arg67Lys and the Phe120Ile mutations to investigate stop codon read-
through on specific mRNAs on a genome wide scale in different tissues. Behavioral autistic studies can 
be performed by introducing the Arg67Lys mutation in neuronal cells in mice.

Ribosomes are present in all cells in the body and one of the main questions in the DBA field is 
why only specific tissues are affected in ubiquitously expressed RP mutations.41 Lately, the concept 
of a “specialized ribosome” is becoming more appreciated. A recent study showed that ribosomes 
are heterogeneous within the same cell and that subsets of ribosomes translate specific mRNAs.42 In 
addition, some RPs may have spatiotemporal expression, for example an RPL10 mutation slowed down 
translation rate in zebrafish heads, but not in the bodies.43 This may explain why not all tissues in the 
body are affected due to RP mutations. Both BTDD patients had malformations in some tissues, but 
the majority of organs were unaffected. Therefore, it will be important to investigate the distribution 
of RPS23 in different tissues, but also its distribution in ribosomes with mass spectrometry. Afterwards, 
ribosome profiling can be performed to investigate if RPS23 is involved in translation of specific mRNAs.  

Oxidative stress may contribute to BTDD progression. OGFOD1 was found as a modulator of eIF2 
phosphorylation.44 Knockdown of OGFOD1 is associated with increased stress granule formation 
and increased phosphorylation of eIF2, which results in a reduction in protein synthesis.45 ROS leads 
to oxidative stress, which leads to activation of HRI and misfolded proteins activate PERK to induce 
subsequent eIF2 phosphorylation and the ISR. We have also shown that RPS23 mutant fibroblasts were 
more susceptible to oxidative stress as they had increased stress granule formation. However, oxidative 
stress also negatively affects translation fidelity.46 Unstressed RPS23 fibroblasts and LCLs did not have 
impaired protein synthesis, meaning that eIF2 phosphorylation should not be affected. It would be 
interesting to investigate whether eIF2 phosphorylation is increased in RPS23 mutant fibroblasts during 
arsenite treatment. Oxidative stress plays a role in normal embryonic development,47 however if RPS23 
mutant cells are more sensitive to this type of stress, translational fidelity can be impaired already at the 
developmental stage. Interestingly, some cell types do not have increased eIF2 phosphorylation after 
OGFOD1 knockdown.45 Also, this result might explain why some tissues are not affected, perhaps in 
the developmental stage they are not affected by translation fidelity changes due to resistance to eIF2 
phosphorylation. In the future, it might be worthwhile to add RPS23 to screening panels for children 
that fail to thrive at young age.  If more patients with RPS23 mutations can be identified, the diagnosis 
and future prognosis can be improved so that these individuals can receive proper care from the start. 
Future studies should also address the role of eIF2 signaling in the embryonic development of BTDD 
patients.
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Ribosome defects might predict a predisposition for cancer. RP mutations can be associated with 
increased risk for cancer. In T-cell acute lymphoblastic leukemia (T-ALL), almost 20% of cases (out of 
211) presented with mutations in RPL5 and RPL10, among which 5 individuals had a recurrent amino 
acid change (Arg98Ser) in RPL10.48 This mutation impaired yeast growth,48 similar to the Arg67Lys 
RPS23 mutation. In addition, RPL10 Arg98Ser leads to altered ribosomal frame-shifting that may lead 
to frame shifts in translation of mRNAs encoding components of the JAK-STAT, that may partially drive 
tumorigenesis.49,50

Also the RPS23 mutations that we investigated led to altered translation fidelity and ribosomal 
frameshifting. Therefore, individuals presenting with RPS23 mutations should be screened for tumors 
or genes with altered frame-shifting that could drive tumorigenesis. Ribosome profiling can be used 
to investigate at the nucleotide level which reading frame is used by ribosomes in RPS23 mutant cells. 
Interestingly, intraperitoneal injection of recombinant RPS23 in a tumorigenic mouse model, protected 
these mice from tumor formation, suggesting a role of RPS23 in tumorigenesis.51 In addition, OGFOD1, 
the enzyme that hydroxylates RPS23, is elevated in breast cancer and correlates with poor cancer 
prognosis.52 However, it is not known whether this elevation would affect RPS23 function or whether the 
mutant RPS23 may play a role in tumor formation. It might also be that RP mutations slow down protein 
synthesis and cancer risk is elevated due to additional mutations that cells acquire to compensate for 
reduced translation.53 However, we found that the Arg67Lys mutation in the RPS23 gene did not impair 
protein synthesis, at least in immortalized B-cells. We also performed polysome profiles of primary in 
vitro cultured fibroblasts of healthy and both affected individuals, but these did not give conclusive 
results as both healthy and mutant fibroblasts grew slowly and had flat polysomes. Therefore, it would 
be wise to investigate translation rate of other fast-growing organs in BTDD individuals. 

Future perspectives. Our study can be seen as the first step towards unraveling RPS23-linked pathology 
and finding a proper therapy for individuals with BTDD, perhaps one that addresses translational 
fidelity or an antioxidant therapy. In addition, our study further stressed how RP mutations can lead 
to differences in phenotypes. As long as it is unknown how the specific translatome is affected by each 
RP mutation, we cannot say that mutations in RP genes all contribute to DBA. More work is needed to 
understand the full spectrum of BTDD.
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