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Lymphoblastoid cell lines from
Diamond Blackfan anaemia
patients exhibit a full ribosomal
. stress phenotype that is rescued by
e gene therapy
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Diamond Blackfan anaemia (DBA) is a congenital bone marrow failure syndrome characterised by
selective red cell hypoplasia. DBA is most often due to heterozygous mutations in ribosomal protein
(RP) genes that lead to defects in ribosome biogenesis and function and result in ribosomal stress and
p53 activation. The molecular mechanisms underlying this pathology are still poorly understood and
studies on patient erythroid cells are hampered by their paucity. Here we report that RP-mutated
lymphoblastoid cell lines (LCLs) established from DBA patients show defective rRNA processing and
ribosomal stress features such as reduced proliferation, decreased protein synthesis, and activation

of p53 and its target p21. These phenotypic alterations were corrected by gene complementation. Our
data indicate that DBA LCLs could be a useful model for molecular and pharmacological investigations.

Diamond Blackfan anaemia (DBA, OMIM #105650) is a rare congenital hypoplasia of erythroid progenitors char-

acterised by normochromic macrocytic anaemia with normal leukocytes and platelets, and, in one third of cases,

congenital malformations?. DBA is associated with an increased risk for myelodysplastic syndrome (MDS),
. acute myeloid leukaemia (AML), and solid tumours®. Patients are treated with steroids or chronic transfusions;
. the only curative therapy for the haematologic manifestations of DBA is haematopoietic stem cell transplantation.

Most cases of DBA are caused by heterozygous mutations in ribosomal protein (RP) genes that cause haploinsuf-
. ficiency and impairment of ribosome biogenesis and function. So far, mutations in 19 RP genes (RPS19, RPS24,
RPS17, RPL35A, RPL5, RPL11, RPS7, RPS10, RPS26, RPL26, RPL15, RPL31, RPS29, RPS28, RPL27, RPS27,
© RPSI15A, RPL35, RPL18) have been identified in DBA patients, including deletions, missense, nonsense and splice
* mutations*'”. RPS19 is the most frequently mutated gene and accounts for 25% of cases'®. Mutations in RPs of the

small (RPS) or large (RPL) ribosomal subunits affect various steps of ribosomal RNA (rRNA) maturation, result-
. ing in the accumulation of specific rRNA precursors'>!®!°, Ribosomal stress, also named nucleolar stress, induced
© by RP deficiency triggers p53 stabilisation and activation?, as well as p53-independent pathways*! probably lead-
* ing to impaired proliferation and/or apoptosis of the erythroid progenitors in the bone marrow?*. Since patients’
. erythroid progenitors are not easily accessible for research purposes, several animal and cellular models of DBA
. have been developed with the aim of elucidating the molecular mechanisms of the disease. Disruption of one
. Rps19allele in mice does not recapitulate DBA, possibly because of some unknown compensation mechanism?,
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ID GENE MUTATION

S§19-1 | RPS19 €.283_284delG; p.Gly95Alafs*16
§19-2 | RPS19 ¢.36_37insAG; p.Glul3Argfs*17
$19-3 |RPS19 | c.280C>T;p.Arg94*

§19-4 | RPS19 c.341delA; p.Lys115Argfs*9
§19-5 | RPS19 ¢.58delG; p.Ala20Profs*9

I51 |RPL5 | c.147C>G;p.Tyrd9*

L5-2 RPL5 c.132C> A; p.Tyrd4*

L5-3 RPL5 c.1A>G;p.Metl?

L11-1 |RPLI11 c.451_458delATTGGGGC; p.1le151Glnfs*18
L11-2 | RPLI1 ¢.94_95dupA; p.Leu33Thrfs*22
L35A | RPL35A | deletion of the whole gene

Table 1. Genotype of LCLs established from DBA patients. All mutations are heterozygous.

while zebrafish models show both haematopoietic and developmental anomalies, resembling DBA?*-%". Recently,
induced pluripotent stem cells (iPSCs) were generated from fibroblasts of DBA patients carrying mutations in
RPS19 or RPL5 and their use has been proposed for drug screening?>%.

Lymphoblastoid cell lines (LCLs) established from DBA patients have been used previously to study aberrant
rRNA processing’~>. Other features of these cells, such as protein synthesis rates and activation of the p53 path-
way have not yet been studied in detail. Here we characterise the phenotype of RP mutated LCLs obtained from
DBA patients and suggest that they may be useful for molecular and pharmacological investigations.

Results

Characterisation of the pathological phenotype of LCLs from DBA patients. Lymphoblastoid cell
lines (LCLs) were established by infection with Epstein-Barr virus (EBV) of primary lymphocytes from 14 healthy
subjects and 11 DBA patients. All patients had a heterozygous loss-of-function mutation in RPS19, RPL5, RPL11
or RPL35A (Table 1).

DBA cells had a significantly lower growth rate compared to LCLs from healthy controls, as determined by
cell counting on day 3 after seeding (Fig. 1A) and a reduced proportion of cells in S/G2/M phase (Fig. 1B,C).
Late-stage apoptotic and necrotic cells, that appear in the subGl1 region, were increased in number in DBA LCLs
(Fig. 1C). General protein synthesis, as measured by incorporation of [**S]methionine/cysteine into newly syn-
thesised proteins, was decreased (Fig. 1D), as expected in cells with a reduced number of functional ribosomes.
Ribosomal stress is known to activate the tumour suppressor p53 pathway?*?, and, accordingly, p53 protein level
was generally increased in patients’ cells compared to controls (Fig. 1E,F). In addition, both transcript and protein
levels of p21, a target of p53, were increased (Fig. 1IE-G). To search for potential biomarkers for the disease, we
analysed the expression of AMP-activated protein kinase (AMPK), a protein involved in ribosomal stress™, and
MDM2, an important negative regulator of p53*2. Several DBA LCLs showed an increase in the phosphorylation
of Thr172, a key activating site in AMPK, when compared with LCLs from normal controls, whereas the total
expression of AMPK was not altered (Fig. 1E,F). MDM2 levels were also increased (Fig. 1E,F) consistent with
higher p53 levels and subsequent MDM2 transcriptional activation®?.

The phenotype due to RP mutations can be rescued by gene therapy. We then asked whether the
phenotypic alterations caused by RPS19 mutations could be recovered by gene complementation. We transduced
three control LCLs and three RPS19-mutated LCLs with a lentiviral vector carrying RPS19 cDNA (LV-RPS19,
Suppl. Fig. S1). GFP was used as a reporter gene to monitor transduction efficiency by flow cytometry. GFP* cells
that ranged between 44% and 76% of total cells (data not shown) were sorted to obtain a pure population (Suppl.
Fig. S2). The exogenous RPS19 increased the amount of RPS19 mRNA in DBA patients and, to a lesser extent, in
healthy controls; the average fold change in patients was 1.5 (Suppl. Fig. S3). RPS19-mutated LCLs show a defec-
tive maturation of pre-rRNAs resulting in the accumulation of 21S pre-rRNA (Fig. 2A), in accordance with pre-
vious observations in other RPS19-depleted cells'**. Pre-rRNA processing was fully restored by the expression
of the RPS19 transgene (Fig. 2A). All the other parameters we examined were partially improved or fully rescued
by the expression of the transgene (Fig. 2B-G). In particular, proliferation and protein synthesis were increased
(Fig. 2B-D), whereas the expression of p53 and p21 was significantly reduced (Fig. 2E-G). These results show
that pathogenic phenotypes observed in patient LCLs are specifically due to RPS19 haploinsufficiency and can
be recovered by the expression of a RPS19 transgene. We performed a similar experiment on RPL5-mutated LCL
transduced with a vector expressing RPL5 cDNA (LV-RPL5). We found that the expression of the RPL5 transgene
achieved a partial rescue of 285 rRNA maturation in the patient LCL, as shown by the reduction of the 32S rRNA
precursor, that accumulates in RPL5-deficient cells (Fig. 3A). Protein synthesis rate was restored to normal values
(Fig. 3B) and the levels of p53 and p21 were slightly diminished (Fig. 3C,D). Notably, the overexpression of RPL5
seemed to have a deleterious effect on a control LCL, reducing general protein synthesis and inducing p53 and
p21 upregulation (Fig. 3C,D).

Discussion
Although anaemia is the main clinical symptom of DBA, the erythroid lineage is not the only tissue affected by RP
mutations, as widely demonstrated by studies on lymphocytes and fibroblasts isolated from DBA patients!>3*34,
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Figure 1. Characterisation of the pathological phenotype of LCLs from DBA patients. (A) Proliferation curve
obtained by cell count. Growth rate in DBA LCLs was significantly lower than in controls after three days
(p=0.0043). Blue: controls, red: DBA patients. (B) Representative cell cycles of control and DBA cells; cells
were fixed, stained with propidium iodide and subjected to flow cytometry. M1: subG1; M2: GO/G1; M3: S/
G2/M. (C) Box plots reporting the mean percentages of cells in subG1 and S/G2/M phases. DBA patients show
a higher proportion of cells in subG1 and a lower proportion of cells in S/G2/M phase, compared to controls.
Ten control and 11 DBA LCLs were examined. Horizontal line represents median. **p value <0.01, ***p
value < 0.001. (D) General protein synthesis is decreased in DBA cells, as assessed by incorporation of [**S]
methionine/cysteine. Horizontal line represents median. *p value <0.05. (E) Western blot shows an increase
in the levels of p53, p21, MDM2 and phosphoAMPK (Thr172), whereas the level of total AMPK is unchanged.
(F) Densitometric analysis on western blot data from three separate experiments. Horizontal line represents
median. (G) Expression of p21 transcript, measured by qRT-PCR, is increased in DBA patients. Horizontal line
represents median.

More than 200 different causal mutations have been identified in DBA patients so far'®. Given the current lack of
a simple model system that recapitulates the disease hallmarks we were prompted to evaluate the phenotype of
LCLs from patients with known mutations in RP genes.
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Figure 2. The phenotype due to RPS19 mutations can be rescued by the expression of a RPS19 transgene.

(A) Northern blot: normal maturation of rRNA is restored in RPS19 mutated patients after expression of an
exogenous RPS19 cDNA. The probe labels 18S precursors. (B) Proliferation curve: the expression of RPS19
cDNA rescues the growth defect in RPS19-mutated patients. (C) Representative cell cycles in S19-2 LCL after
transduction with LV-RPS19: percentage of subG1 cells was decreased and percentage of S/G2/M cells was
increased. LV:LV-RPS19. (D) Protein synthesis, measured by incorporation of [**S]methionine/cysteine, is
improved in patient cells after transduction with LV-RPS19. (E) Western blot shows a normalisation in the levels
of p53, p21, MDM2 and phospho-AMPK. (F) Densitometric data calculated on three western blot experiments.
(G) Level of p21 transcript in control and RPS19-mutated LCLs: transduction with LV-RPS19 reduced p21 in
DBA patients.

Establishment of LCLs is straightforward and it only requires a small amount of peripheral blood and so
useful for specimens from young children. Contrary to other immortalised cell lines, LCLs retain normal p53
function®*®. Here we show that RP deficient LCLs exhibit many of the characteristics of primary haematopoi-
etic cells from DBA patients. These characteristics include defective rRNA processing, reduced proliferation,
decreased protein synthesis, and activation of p53 and its target p21. In addition to an increased level of pAMPK,
which has been previously reported in a prostate carcinoma cell line transfected with RPS19-specific small inter-
fering RNAs*!, we observed an increase in MDM2 expression. MDM2 is a ubiquitin E3 ligase that targets p53 for
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Figure 3. A RPL5 transgene ameliorates the pathological phenotype of a RPL5-mutated LCL. (A) Deficient
rRNA maturation in RPL5-mutated cells is partially rescued by transduction with LV-RPL5. Normal 285/18S
ratio ranges between 1.9 and 2.2 in our experimental model. RPL5-mutated cells have a reduced 285/18S

ratio due to deficient 28S maturation, together with a prominent 32S pre-RNA peak. Expression of RPL5 after
transduction with LV-RPL5 can improve the production of mature 28S rRNA. (B) Protein synthesis, measured
by incorporation of [**S]methionine/cysteine, is improved after transduction with LV-RPL5 in patient cells,

but decreased in control cells. LV:LV-RPL5. (C) p53 level is slightly decreased in RPL5-mutated cells after RPL5
gene transfer, but increased in control cells. LV:LV-RPL5. Original uncropped blots are shown in Supplementary
Information. (D) Quantitative RT-PCR showing expression of p21:transduction with LV-RPL5 increases p21
expression in control cells, and slightly decreases p21 level in RPL5-mutated cells. LV:LV-RPL5.

degradation by the proteasome. The binding of different RPs, especially RPL5 and RPL11, to MDM2, inhibits its
activity leading to stabilisation of p53%, that, in turn, induces MDM2 expression®?. Therefore it is likely that the
accumulation of free RPs due to aberrant ribosome biogenesis in RP-deficient cells is responsible for the increased
levels of p53 and MDM2?° (Fig. 4).

All these pathological features were specifically caused by RP deficiency and could be corrected by gene com-
plementation. Gene transfer in haematopoietic cell lines can be troublesome, especially in cells with a reduced
proliferation rate, therefore we used a third generation lentiviral system®” and were able to obtain an average
transduction efficiency of 59%. To our knowledge, this is the first report that shows normalisation of ribosome
biogenesis and function in DBA LCLs. RPS19 gene transfer achieved a rescue of the phenotype in RPS19-mutated
patients without adverse effects on control LCLs, whereas RPL5 gene transfer appeared to trigger a stress response
in control cells, with the upregulation of p53. This is not unexpected, since RPL5 can bind MDM2 and promote
p53 stabilisation?’, and suggests that gene therapy would be more feasible for RPS19 than for RPL5-mutated
patients, unless the number of copies of the transgene are precisely quantified to avoid overexpression. However,
research on a larger number of subjects is needed to confirm this finding.

The employment of LCLs could be a useful tool to easily explore the effects of many different mutations and
RP-specific pathways. Our approach might also be advantageous for diagnostic applications and drug screening.
Moreover, our results indicate that, more than an erythroid-specific disorder, DBA should be considered a sys-
temic disease.
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Figure 4. Scheme depicting the interplay among p53, MDM2 and RPs. In normal cells, MDM2 targets p53 for
degradation by the proteasome. In DBA cells, the deficiency of a RP perturbs ribosome assembly and causes the
accumulation of ribosome-free RPs, such as RPL5 and RPL11, that bind MDM2 and inhibit its activity on p53.
Once stabilised, p53 can activate its downstream effectors.

Methods

Patients and cell cultures.  All the studies were conducted in accordance with the Declaration of Helsinki.
A written informed consent was signed by all the subjects or their parents or guardians on behalf of the minors/
children. The study was approved by the ethics committee at the University Children’s Hospital in Freiburg.
After collection of peripheral blood, mononuclear cells were isolated by Ficoll density gradient centrifugation
and infected with Epstein-Barr Virus (EBV). Cells were maintained in RPMI 1640 medium supplemented with
10% foetal bovine serum and antibiotics (100 U/ml penicillin and 100 pg/ml streptomycin) and were incubated at
37 °C in a humidified atmosphere with 5% CO,.

Cell proliferation and cell cycle assays. LCLs were seeded in triplicate at a density of 600,000 cells/ml in
25cm? flask. They were diluted 1:2 with trypan blue dye (purchased from Sigma-Aldrich) and counted, for three
consecutive days, in a Neubauer chamber. Cell growth quantification, for each cell line, was carried out using the
counting of viable cells. The means of three independent experiments were calculated and plotted in a graph.

For cell cycle analysis LCLs were seeded at a density of 250,000 cells/ml and collected after 48 hours. They were
fixed with 70% ethanol, washed with PBS, treated with RNase A, stained with propidium iodide 50 ug/ml, then
subjected to flow cytometry analysis.

Protein labelling.  For general protein synthesis analysis, 1 x 10° lymphoblastoid cells were incubated for
30 min with [**S]methionine/cysteine (PRO-MIX, GE Healthcare, > 1000 Ci/mmol) to a final concentration of
10 pCi/ml. Cells were lysed in PBS-SDS bufter (150 mM NaCl, 2.7 mM KCl, 8 mM Na,HPO,, 1.4 mM KH,PO,
and 0.1% SDS) and proteins were precipitated in 10% (w/v) trichloroacetic acid (TCA). After three washes with
5% (w/v) cold TCA, the insoluble material was collected on GFC filters (Whatman) and the incorporated radio-
activity was measured in scintillation counting.

RNA isolation and analysis. Total RNA extraction was performed using TRIzol Reagent (Invitrogen), fol-
lowed by on-column DNase treatment and purification with miRNeasy Mini Kit (Qiagen). To study the altera-
tions of rRNA maturation, RNA was either examined by the Agilent 2100 Bioanalyzer System, or subjected to
Northern blot. Four pg of total RNA was fractionated on 1.5% formaldehyde agarose gels and transferred to a
positively charged nylon membrane (Roche). The RNA was immobilised on the membrane by UV-crosslinking
(120 milliJoules/cm?). Hybridisation was performed as previously described"’.

For quantitative RT-PCR, cDNA was synthesised using the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). Real-time PCR amplification was performed in triplicate using Power SYBR® Green PCR
Master Mix (Applied Biosystems) and specific primers (available upon request). GAPDH or ACTB (3-actin) were
used as reference genes.

For Bioanalyzer experiments total RNA was analysed as previously described*.
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Western blot analysis. For western blot analysis cells were harvested after 48 hours from the last split and
lysed in lysis buffer containing 350 mM NaCl, 1 mM MgCl,, 50 mM Tris-HCI (pH 7.5), 0.5 mM EDTA, 0.1 mM
EGTA, 1% NP-40, aprotinin 1 mg/ml, phenylmethylsulfonyl fluoride 100 mg/ml and 1% [vol/vol] phosphatase
inhibitor cocktail IT and III from Sigma-Aldrich. Protein concentration was measured by Bio-Rad Bradford rea-
gent. Protein samples were prepared by addition of Laemmli Sample buffer and resolved on 8-12% SDS-PAGE
(Sodium dodecyl sulfate—polyacrylamide gel), transferred onto nitrocellulose Protran membrane (Schleicher &
Schuell), and incubated with the following primary antibodies and antisera: mouse monoclonal anti-GAPDH
(Millipore, MAB374), rabbit polyclonal anti-MDM2 (Santa Cruz Biotechnology, sc-813), mouse monoclonal
anti-p53 (Santa Cruz Biotechnology, sc-126), rabbit polyclonal anti-p21 (Santa Cruz Biotechnology, sc-397),
mouse monoclonal anti-AMPK (Santa Cruz Biotechnology, sc-74461), rabbit monoclonal anti-phospho
AMPK Thr172 (Cell Signaling Technologies, #2535). Primary antibodies were revealed using horseradish
peroxidase-conjugated anti-rabbit or anti-mouse Ab (Jackson Immunoresearch) and the ECL Clarity Western
substrate detection (Bio-Rad). Quantification analyses were performed by LAS3000 Image System (Fuji) and
ImageQuant software (GE Healthcare). Original uncropped blots are shown in Supplementary Information.

Vector system for RPS19 and RPL5 rescue.  For rescue experiments, we used a third generation lentivi-
ral vector (LV) system. RPS19 or RPL5 cDNAs were cloned and inserted in a bidirectional transfer vector under
the control of the phosphoglycerate kinase (PGK) ubiquitous promoter, whereas a minimal human cytomegalo-
virus (minCMV) promoter drove the expression of the Green Fluorescent Protein (GFP) oriented in the opposite
direction to the transgene (Suppl. Fig. S1)*. LVs were produced after transient transfection of 293 T cells with the
packaging plasmids (pMDLg/pRRE, pRSV-REV and pMD2-VSVG) and the transfer vector for RPS19 or RPL5
(LV-RPS19, LV-RPL5). LCLs were transduced with 10 multiplicity of infection (MOI). Transduction efficiency
was monitored by GFP detection; two weeks after transduction, GFP* cells were sorted (Suppl. Fig. S2) using a
FACSAria™ III sorter (BD Biosciences) and recultured as described above.

Statistical analysis. Results are expressed as mean values of technical replicates. Comparison among con-
trol and DBA LCLs was made using the two-tailed nonparametric Mann-Whitney test. The efficacy of RPS19
transgene in rescue experiments was evaluated using the one-tailed nonparametric Mann-Whitney test. A p
value < 0.05 was considered statistically significant.

References
1. Vlachos, A., Dahl, N., Dianzani, I. & Lipton, J. M. Clinical utility gene card for: Diamond-Blackfan anemia-update 2013. Eur. J.
Hum. Genet. 21 (2013).
2. Vlachos, A. et al. Diagnosing and treating Diamond Blackfan anaemia: results of an international clinical consensus conference. Br.
J. Haematol. 142, 859-76 (2008).
3. Vlachos, A., Rosenberg, P. S., Atsidaftos, E., Alter, B. P. & Lipton, J. M. Incidence of neoplasia in Diamond Blackfan anemia: a report
from the Diamond Blackfan Anemia Registry. Blood 119, 3815-9 (2012).
4. Draptchinskaia, N. et al. The gene encoding ribosomal protein S19 is mutated in Diamond-Blackfan anaemia. Nat. Genet. 21,
169-75 (1999).
5. Gazda, H. T. et al. Ribosomal Protein S24 Gene Is Mutated in Diamond-Blackfan Anemia. Am. J. Hum. Genet. 79, 1110-1118 (2006).
6. Cmejla, R., Cmejlova, J., Handrkova, H., Petrak, J. & Pospisilova, D. Ribosomal protein S17 gene (RPS17) is mutated in Diamond-
Blackfan anemia. Hum. Mutat. 28, 1178-82 (2007).
7. Farrar, J. E. et al. Abnormalities of the large ribosomal subunit protein, Rpl35a, in Diamond-Blackfan anemia. Blood 112, 1582-92
(2008).
8. Gazda, H. T. et al. Ribosomal protein L5 and L11 mutations are associated with cleft palate and abnormal thumbs in Diamond-
Blackfan anemia patients. Am. J. Hum. Genet. 83, 769-80 (2008).
9. Doherty, L. et al. Ribosomal protein genes RPS10 and RPS26 are commonly mutated in Diamond-Blackfan anemia. Am. J. Hum.
Genet. 86,222-8 (2010).
10. Gazda, H. T. et al. Frameshift mutation in p53 regulator RPL26 is associated with multiple physical abnormalities and a specific pre-
ribosomal RNA processing defect in diamond-blackfan anemia. Hum. Mutat. 33, 1037-44 (2012).
11. Landowski, M. et al. Novel deletion of RPL15 identified by array-comparative genomic hybridization in Diamond-Blackfan anemia.
Hum. Genet. 132, 1265-74 (2013).
12. Farrar, J. E. et al. Exploiting pre-rRNA processing in Diamond Blackfan anemia gene discovery and diagnosis. Am. J. Hematol. 89,
985-91 (2014).
13. Mirabello, L. et al. Whole-exome sequencing and functional studies identify RPS29 as a novel gene mutated in multicase Diamond-
Blackfan anemia families. Blood 124, 24-32 (2014).
14. Gripp, K. W. et al. Diamond-Blackfan anemia with mandibulofacial dystostosis is heterogeneous, including the novel DBA genes
TSR2 and RPS28. Am. J. Med. Genet. A 164A, 2240-9 (2014).
15. Wang, R. et al. Loss of function mutations in RPL27 and RPS27 identified by whole-exome sequencing in Diamond-Blackfan
anaemia. Br. J. Haematol. 168, 854-64 (2015).
16. Ikeda, E. et al. Exome sequencing identified RPS15A as a novel causative gene for Diamond-Blackfan anemia. Haematologica 102,
€93-e96 (2017).
17. Mirabello, L. et al. Novel and known ribosomal causes of Diamond-Blackfan anaemia identified through comprehensive genomic
characterisation. J. Med. Genet. 54, 417-425 (2017).
18. Boria, L. et al. The ribosomal basis of Diamond-Blackfan Anemia: mutation and database update. Hum. Mutat. 31, 1269-79 (2010).
19. Flygare, J. et al. Human RPS19, the gene mutated in Diamond-Blackfan anemia, encodes a ribosomal protein required for the
maturation of 40S ribosomal subunits. Blood 109, 980-6 (2007).
20. Ellis, S. R. Nucleolar stress in Diamond Blackfan anemia pathophysiology. Biochim. Biophys. Acta 1842, 765-8 (2014).
21. Aspesi, A. et al. Dissecting the transcriptional phenotype of ribosomal protein deficiency: implications for Diamond-Blackfan
Anemia. Gene 545, 282-9 (2014).
22. Dutt, S. et al. Haploinsufficiency for ribosomal protein genes causes selective activation of p53 in human erythroid progenitor cells.
Blood 117, 2567-76 (2011).
23. Moniz, H. et al. Primary hematopoietic cells from DBA patients with mutations in RPL11 and RPS19 genes exhibit distinct erythroid
phenotype in vitro. Cell Death Dis. 3, €356 (2012).
24. Matsson, H. et al. Targeted disruption of the ribosomal protein S19 gene is lethal prior to implantation. Mol. Cell. Biol. 24, 4032-7
(2004).

SCIENTIFICREPORTS |7:12010| DOI:10.1038/s41598-017-12307-5 7


http://S1
http://S2

www.nature.com/scientificreports/

25. Danilova, N., Sakamoto, K. M. & Lin, S. Ribosomal protein S19 deficiency in zebrafish leads to developmental abnormalities and
defective erythropoiesis through activation of p53 protein family. Blood 112, 5228-37 (2008).

26. Danilova, N., Sakamoto, K. M. & Lin, S. Ribosomal protein L11 mutation in zebrafish leads to haematopoietic and metabolic defects.
Br. J. Haematol. 152,217-28 (2011).

27. Taylor, A. M. & Zon, L. I. Modeling Diamond Blackfan anemia in the zebrafish. Semin. Hematol. 48, 81-8 (2011).

28. Gargon, L. et al. Ribosomal and hematopoietic defects in induced pluripotent stem cells derived from Diamond Blackfan anemia
patients. Blood 122, 912-21 (2013).

29. Doulatov, S. et al. Drug discovery for Diamond-Blackfan anemia using reprogrammed hematopoietic progenitors. Sci. Transl. Med.
9, eaah5645 (2017).

30. Choesmel, V. et al. Mutation of ribosomal protein RPS24 in Diamond-Blackfan anemia results in a ribosome biogenesis disorder.
Hum. Mol. Genet. 17, 1253-63 (2008).

31. Juli, G. et al. Depletion of ribosomal protein S19 causes a reduction of rRNA synthesis. Sci. Rep. 6, 35026 (2016).

32. Barak, Y., Juven, T., Haffner, R. & Oren, M. mdm2 expression is induced by wild type p53 activity. EMBO J. 12, 461-8 (1993).

33. Choesmel, V. et al. Impaired ribosome biogenesis in Diamond-Blackfan anemia. Blood 109, 1275-83 (2007).

34. Quarello, P. et al. Ribosomal RNA analysis in the diagnosis of Diamond-Blackfan Anaemia. Br. J. Haematol. 172, 782-5 (2016).

35. Allday, M. J., Sinclair, A., Parker, G., Crawford, D. H. & Farrell, P. J. Epstein-Barr virus efficiently immortalizes human B cells without
neutralizing the function of p53. EMBO J. 14, 1382-91 (1995).

36. Forte, E. & Luftig, M. A. MDM2-Dependent Inhibition of p53 Is Required for Epstein-Barr Virus B-Cell Growth Transformation
and Infected-Cell Survival. J. Virol. 83, 2491-2499 (2009).

37. Follenzi, A., Ailles, L. E., Bakovic, S., Geuna, M. & Naldini, L. Gene transfer by lentiviral vectors is limited by nuclear translocation
and rescued by HIV-1 pol sequences. Nat. Genet. 25, 217-22 (2000).

Acknowledgements

The authors wish to thank the patients and their families for providing biological specimens for this study. We
thank Dr. Davide Rossi for assistance with the Bioanalyzer experiments. This work was supported by Telethon
grant GGP13177 (to ID and FL), Fondazione Europea per la DBA (to AA), Gruppo di Sostegno DBA Ttalia (to ID
and UR), Banca del Piemonte (to UR).

Author Contributions

A A. designed and performed the research, analysed the data, wrote the paper. LD, C.S., A.F, EL., S.R.E. designed
and supervised the research study and critically reviewed the manuscript. V.M. designed the research and
performed protein and RNA analyses. M.B., C.A., G.M., M.S. performed cell cultures, DNA and RNA analyses.
U.R. and S.G. provided assistance with RNA analyses. M.W. provided cells. All authors approved the final version
of the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-12307-5.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

¥ License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7:12010| DOI:10.1038/s41598-017-12307-5 8


http://dx.doi.org/10.1038/s41598-017-12307-5
http://creativecommons.org/licenses/by/4.0/

	Lymphoblastoid cell lines from Diamond Blackfan anaemia patients exhibit a full ribosomal stress phenotype that is rescued  ...
	Results

	Characterisation of the pathological phenotype of LCLs from DBA patients. 
	The phenotype due to RP mutations can be rescued by gene therapy. 

	Discussion

	Methods

	Patients and cell cultures. 
	Cell proliferation and cell cycle assays. 
	Protein labelling. 
	RNA isolation and analysis. 
	Western blot analysis. 
	Vector system for RPS19 and RPL5 rescue. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Characterisation of the pathological phenotype of LCLs from DBA patients.
	Figure 2 The phenotype due to RPS19 mutations can be rescued by the expression of a RPS19 transgene.
	Figure 3 A RPL5 transgene ameliorates the pathological phenotype of a RPL5-mutated LCL.
	Figure 4 Scheme depicting the interplay among p53, MDM2 and RPs.
	Table 1 Genotype of LCLs established from DBA patients.


