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ABSTRACT 

 

Diamond-Blackfan anemia is a congenital erythroid hypoplasia caused by 

functional haploinsufficiency of genes encoding ribosomal proteins. Mutations 

involving the ribosomal protein S19 gene are detected in 25 % of patients. 

Enforced expression of ribosomal protein S19 improves the overall proliferative 

capacity, erythroid colony-forming potential and erythroid differentiation of 

hematopoietic progenitors from ribosomal protein S19-deficient patients in vitro 

and in vivo following xenotransplantation. However, studies using animal models 

are needed to assess the therapeutic efficacy and safety of the viral vectors. In 

the present study we have validated the therapeutic potential of gene therapy 

using mouse models for ribosomal protein S19-deficient Diamond-Blackfan 

anemia. Using lentiviral gene transfer we demonstrate that enforced expression 

of ribosomal protein S19 cures the anemia and lethal bone marrow failure in 

recipients transplanted with ribosomal protein S19-deficient cells. Furthermore, 

gene-corrected ribosomal protein S19-deficient cells showed an increased pan-

hematopoietic contribution over time compared to untransduced cells without 

signs of vector-mediated toxicity. Our study provides a proof of principle for the 

development of clinical gene therapy to cure ribosomal protein 19-deficient 

Diamond-Blackfan anemia.   

 

 

INTRODUCTION 

 

Diamond-Blackfan anemia (DBA) is a congenital erythroid hypoplasia that 

present early in infancy. The classic hematologic profile of DBA consists of 

macrocytic anemia with reticulocytopenia, normal or decreased levels of 

neutrophils, and variable platelet count1. In addition to the hematopoietic 

symptoms, DBA is characterized by the presence of physical abnormalities and 

cancer predisposition2,3,4. 
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Mutations in genes that encode ribosomal proteins (RPs) have been identified in 

approximately 60-70 % of DBA patients5,6,7,8,9,10,11,12,13. Among these genes, 

RPS19 is the most common DBA gene (25 % of the cases)5. All reported patients 

are heterozygous for the given mutation, and in most cases the mutations are 

predicted to result in haploinsufficiency of the respective ribosomal protein14,15. 

Corticosteroids form the main therapeutic regimen in DBA4. However, although 

approximately 80 % of the patients initially respond to corticosteroids, only half of 

these patients sustain the therapeutic response, while the remaining patients 

need chronic transfusion therapy. Twenty percent of the patients undergo 

spontaneous remission and maintain acceptable hemoglobin level without 

therapeutic intervention. The only curative treatment for DBA is allogeneic bone 

marrow (BM) transplantation16.  

Current DBA therapies involve risks for serious side effects, and a high 

proportion of deaths are treatment-related underscoring the need for 

development of novel therapies4. We have previously demonstrated that 

enforced expression of RPS19 improves the overall proliferative capacity, 

erythroid colony-forming potential and erythroid differentiation of hematopoietic 

progenitors from RPS19-deficient DBA patients17,18. Furthermore, gene-

correction of stem cells from RPS19-deficient DBA patients improves their 

engraftment and erythroid differentiation following transplantation into 

immunocompromised mice19. Despite these encouraging findings, it has not been 

clear whether gene replacement therapy using ribosomal protein genes can cure 

the anemia and bone marrow failure in vivo. In the current study we have 

assessed the therapeutic efficacy and safety of gene therapy using mouse 

models for RPS19-deficient DBA. We demonstrate that enforced expression of 

RPS19 fully rescues the anemia and lethal BM failure in these mice, and confers 

Rps19-deficient cells a repopulation advantage over uncorrected Rps19-deficient 

cells over time. Collectively our findings demonstrate that development of clinical 

gene therapy for RPS19-deficient DBA is feasible. 
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METHODS 

 

Design of lentiviral vector constructs and lentivirus production 

Self-inactivating (SIN) lentiviral vectors used in this study were derived from the 

pRRL.PPT.PGK.GFPpre vector20. A codon-optimized human RPS19 cDNA was 

designed and inserted downstream of the spleen focus-forming virus (SFFV) 

promoter. Following the RPS19 cDNA, internal ribosomal entry site (IRES), GFP, 

and improved posttranscriptional regulatory element (Pre*) were inserted to form 

the pRRL.PPT.SF.RPS19co.iresGFP.pre* vector (hereafter SFFV-RPS19). A 

similar vector, in which the RPS19 cDNA was replaced with an equally long non-

coding spacer sequence, was used as a control 

(pRRL.PPT.SF.spacer.iresGFP.pre*; hereafter SFFV-GFP). Lentiviral vectors 

were produced by the Vector Unit at Lund University.  

 

Mice  

Generation of the transgenic Rps19 knockdown mice has been reported 

previously21. Briefly, this model contains an Rps19-targeting shRNA (shRNA-D) 

that is expressed by a doxycycline-responsive promoter located downstream of 

the Collagen A1 gene. Rps19 deficiency was induced by feeding the mice with 

doxycycline-containing food pellets (200 mg/kg doxycycline; Bio-Serv), with the 

exception of the recipients transplanted with D/D BM that obtained doxycycline in 

the drinking water (2 mg/mL doxycycline; Sigma-Aldrich) supplied with 10 mg/mL 

sucrose (Sigma-Aldrich) for the first two weeks of induction. Mice were 

maintained at Lund University animal facility and all animal experiments were 

performed with consent from the Lund University animal ethics committee.  

 

Transduction and transplantation of hematopoietic stem and progenitor 

cells  

c-Kit+ cells were enriched from the BM of the transgenic mice (CD45.2) using 

CD117 MicroBeads and MACS separation columns (Miltenyi), and pre-stimulated 

in serum-free StemSpan®SFEM medium supplemented with 
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penicillin/streptomycin (P/S; GIBCO), mSCF (100 ng/mL, PeproTech), hTPO (50 

ng/mL, PeproTech), mIL-3 (10 ng/mL, PeproTech) and hIL-6 (10 ng/mL, 

PeproTech) in 6-well plates (non-tissue culture treated; BD) for one day (0.5x106 

cells per mL). Retronectin-coated (20 ng/mL; Takara) 6-well plates were 

preloaded with the SFFV-RPS19 or SFFV-GFP vector (100 μL per well 

corresponding to MOI of 15-30), and one million cells were seeded into each well 

in 3 mL pre-stimulation medium. After incubation for one day, 1.0 x106 

(experiment 1) or 0.5 x106 (experiment 2 and 3) bulk transduced cells were 

transplanted in 500 μL PBS into tail vein of lethally irradiated (900 cGy) wild-type 

recipients (CD45.1). Secondary transplantations were performed by intravenous 

injection of 3 million whole BM cells into lethally irradiated wild-type recipients 

(CD45.1.2). 

An additional experiment (experiment 4) was performed by transducing FACS-

sorted lineage-Sca1+c-Kit+ (LSK) hematopoietic stem and progenitor cells. In this 

experiment 100 x103 LSKs were pre-stimulated in serum-free medium 

supplemented with P/S, mSCF (100 ng/mL) and hTPO (100 ng/mL) in 48-well 

plate (tissue culture treated, BD). After one day, LSKs were transferred into 96-

well plate (tissue culture treated, BD; 20 x103 LSKs per well in 100 μL pre-

stimulation medium), and transduced with 100 μL virus-containing pre-stimulation 

media, corresponding to MOI of ~50). One day after transduction, 10 x103 bulk 

transduced LSKs, together with 250 x103 fresh BM cells of the same genotype, 

were transplanted as above. 

 

 

RESULTS 

 

Induction of Rps19 deficiency causes lethal bone marrow failure that is 

cured by enforced expression of RPS19 

As the enforced expression of RPS19 improves the erythroid development in 

CD34+ cells from RPS19-deficient DBA patients17,18,19, we asked whether gene 

therapy could cure the lethal BM failure in our mouse model for RPS19-deficient 
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DBA without vector-mediated toxicity21. Briefly, this model contains an Rps19-

targeting shRNA (shRNA-D) that is expressed by a doxycycline-responsive 

promoter located downstream of the Collagen A1 gene (Figure 1A). Experimental 

animals were bred either heterozygous (D/+) or homozygous (D/D) for the 

shRNA in order to generate two models with intermediate or severe Rps19 

deficiency, respectively (Figure 1B). To genetically correct the Rps19 deficiency, 

we developed lentiviral vectors harboring a codon-optimized human RPS19 

cDNA driven by the internal SFFV promoter, followed by IRES and GFP (SFFV-

RPS19) (Figure 1C)21. The codon-optimized RPS19 cDNA was further modified 

to prevent its recognition and downregulation by the used Rps19-targeting 

shRNA. A similar vector without the RPS19 cDNA was used as a control vector 

(SFFV-GFP). In order to assess the functionality of these vectors, we cultured 

transduced c-Kit-enriched BM cells from control and D/D mice in liquid cultures in 

presence of doxycycline. The D/D cells transduced with the SFFV-GFP control 

vector failed to expand during 4 days of culture (Figure 1D). In contrast, the 

SFFV-RPS19 vector mediated a 6-fold increase in total cell number when 

compared to the SFFV-GFP vector. Next we quantified the expression of 

endogenous Rps19 and vector-derived RPS19 in these cultures on day 4. The 

SFFV-RPS19 vector transduced control cells showed on average 1.5-fold higher 

expression of RPS19 compared to endogenous Rps19, while the SFFV-GFP 

vector transduced cells showed no RPS19 expression (Figure 1E). The 

expression of RPS19 was on average more pronounced in the D/D cells 

transduced with SFFV-RPS19 vector (2.2-fold). This is expected since at this 

time-point the D/D culture consists mainly of transduced cells, and thus this value 

reflects the true RPS19 expression more accurately. Indeed, the SFFV-GFP 

vector transduced D/D cells could not be analyzed due to their poor proliferation 

and survival. 

Next we assessed the efficacy of the generated vectors in vivo. Administration of 

doxycycline to the recipients with D/D BM results in acute and lethal BM failure, 

while the recipients with D/+ BM develop a mild and chronic phenotype 

(Supplementary Figure 1)21. Since the D/D mice develop a lethal BM failure 
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shortly after doxycycline administration, we chose this model to rigorously test 

whether gene correction can rescue the lethal phenotype and cure the disease. 

Alternatively, the D/+ model was used in parallel to test the vectors upon Rps19 

haploinsufficiency21, a condition that is not lethal and allows long-term monitoring 

of experimental animals. We transduced uninduced BM cells from the control, 

D/+ and D/D mice with the vectors, and transplanted the transduced cells into 

wild-type recipient mice. We decided to use wild-type recipients since we have 

shown previously that the hematopoietic phenotype in the Rps19-deficient mice 

is autonomous to the blood system21. Initial transduction efficiencies with 

therapeutic and control vectors varied on average between 40 % and 50 % 

based on the percentage of GFP+ cells before transplantation (Supplementary 

Figure 2). Following engraftment and stable regeneration of the blood system, 

the recipient mice were administered doxycycline to downregulate the 

endogenous Rps19 in order to induce the disease (Figure 2A). After two weeks 

of doxycycline administration, the recipients transplanted with SFFV-RPS19 or 

SFFV-GFP control cells exhibited similar blood cellularity (Figure 2B). The 

recipients with the SFFV-GFP transduced D/D BM developed a lethal BM failure 

as exemplified by dramatic decrease in erythrocyte, reticulocyte, white blood cell 

and platelet counts, and died around this time-point. The reduction in the mean 

corpuscular volume (MCV) in these mice reflects a complete lack of new 

erythrocytes produced under doxycycline administration. Remarkably, the 

recipients transplanted with the SFFV-RPS19 D/D BM showed normal blood 

cellularity. In contrast to the recipients with SFFV-GFP D/D BM, the recipients 

with SFFV-GFP D/+ BM showed a mild reduction in the number of erythrocytes, 

hemoglobin and white blood cells, and were able to compensate for the erythroid 

defect as indicated by the normal reticulocyte number. Similarly to the recipients 

with D/D BM, SFFV-RPS19 cured the erythroid defect and improved the number 

of white blood cells (Figure 2B).  

To ask whether long-term therapeutic benefits would be observed, the mice were 

monitored for 4 months (Figure 3A). Remarkably, the recipients with SFFV-

RPS19 D/D BM continued to show normal blood cellularity over time, 
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demonstrating long-term cure of the acute lethal BM failure (Figure 3B). The 

recipients with SFFV-GFP D/+ BM were able to compensate for the erythroid 

defect over time and showed only a reduction in the number of white blood cells 

after 4 months. The number of white blood cells was slightly improved by SFFV-

RPS19, although the observed increase was not statistically significant. Finally, 

at this time-point all groups showed high overall donor reconstitution confirming 

the absence of recipient-derived hematopoiesis (Supplementary Figure 3).  

 

Gene-corrected Rps19-deficient cells gain a competitive advantage 

resulting in increased contribution to hematopoiesis in vivo 

To assess how gene correction affects the hematopoietic contribution of 

hematopoietic stem and progenitor cells over time, we monitored the percentage 

of GFP+ white blood cells in the peripheral blood of the recipients (Figure 4A). As 

expected based on the initial transduction efficiencies, the mean percentage of 

total GFP+ cells before the administration of doxycycline varied between 30 % 

and 63 % (Figure 4B). Following the doxycycline administration, the mean 

percentage of GFP+ cells remained relatively stable in the recipients repopulated 

with SFFV-GFP and SFFV-RPS19 control BM, and SFFV-GFP D/+ BM, while it 

was decreasing in the recipients with SFFV-GFP D/D BM. Importantly, there was 

considerable variation in the reconstitution levels of GFP+ cells between 

individual mice in these groups. By contrast, the recipients with SFFV-RPS19 D/+ 

BM and SFFV-RPS19 D/D BM showed a clear increase in the frequency of total 

GFP+ cells at 4 months (46 % to 64 %, and 63 % to 77 %, respectively) with 

relatively small variation. As the total white blood cells include lymphoid cells with 

a long life span, we analyzed the percentage of GFP+ myeloid cells in the 

peripheral blood, which provides a more dynamic read-out for BM activity. 

Similarly to the total white blood cells, the percentage of GFP+ myeloid cells in 

the recipients with SFFV-GFP and SFFV-RPS19 control BM, and SFFV-GFP D/+ 

BM remained relatively stable and a notable variation was observed between 

individual recipients (Figure 4C). By contrast, in the recipients with SFFV-RPS19 

D/+ BM and SFFV-RPS19 D/D BM administration of doxycycline increased the 
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mean percentage of GFP+ cells close to 100 % with minimal variation between 

individual recipients.  

Although the recipients with D/+ BM were able to compensate for the blood 

cellularity over time, it is clear that enforced expression of RPS19 conferred 

Rps19-deficient cells a growth advantage compared to untransduced Rps19-

deficient cells. Indeed, the recipients with SFFV-GFP D/+ BM showed a trend 

toward reduced BM cellularity that was improved by RPS19 overexpression 

(Figure 4D). Furthermore, using a previously described FACS strategy that 

allows fractionation of the myeloerythroid compartment in the BM 

(Supplementary Figure 4)21,22, the mean percentage of GFP+ progenitor cells was 

considerably higher in the recipients with SFFV-RPS19 D/+ BM and SFFV-

RPS19 D/D BM compared to the other groups demonstrating the competitive 

advantage of gene-corrected cells already early in the hematopoietic hierarchy 

(Figure 4E).  

Finally, in order to provide a definite proof for long-term cure of the recipients with 

SFFV-RPS19 D/D BM, we transplanted whole BM from SFFV-RPS19 control and 

D/D primary recipients into lethally irradiated secondary recipients, and assessed 

the cellularity and GFP frequency in the peripheral blood 10 weeks after 

transplantation. Despite the mild reduction in the number of white blood cells in 

the recipients with SFFV-RPS19 D/D BM, no significant changes in the blood 

cellularity were observed compared to the recipients with SFFV-RPS19 control 

BM (Supplementary Figure 5A). Furthermore, we continued to observe high 

percentage of GFP+ cells in the peripheral blood of the secondary recipients with 

SFFV-RPS19 D/D BM (Supplementary Figure 5B). 

 

Gene-corrected Rps19-deficient cells sustain polyclonal hematopoiesis and 

have a typical lentiviral insertion profile 

In order to assess the integration profile of the SFFV-RPS19 vector as well as 

clonal dynamics of the transduced cells, we performed insertion site analysis on 

DNA of BM cells of 5 control and 5 D/+ mice obtained from recipients after 17-23 

weeks of doxycycline administration (Supplementary Figure 6A). Integration sites 
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were analyzed by LAM-PCR and sequences retrieved by high throughput 454- 

sequencing. In total, 54464 sequences were collected that identified 718 unique 

integrations (274 in the control group and 444 in the D/+ group). The mean vector 

copy number (VCN) was similar in all analysed animals subjected to 

pyrosequencing (Supplementary Figure 6B). According to the transduction 

efficiency prior to transplantation, the number of transplanted cells per mouse, 

the LAM-PCR protocol and the VCN, we did not observe a reduction in clonality 

but rather a stable polyclonal to oligoclonal situation in the bone marrow of all 

animals (for details see Supplementary Table 1).  

Lentiviral vectors preferentially integrate inside of transcription units23. Our 

analysis revealed that in both groups only 65% (control group) and 50% (D/+ 

group) of all hits were intronic. When compared to a typical lentiviral integration 

pattern (70-85% intronic hits), this reduction indicates a certain selection of the 

transduced cells in vivo. However, we did not observe an accumulation of 

insertions close to the transcription start site (TSS) of genes, like for 

gammaretroviral vectors or in case of enhancer mediated clonal selection 

(Supplementary Table 2). In the control group 81.5% of all insertions were 

present with low read counts (<10 reads), which did statistically not differ from 

the D/+ animals showing 86.4% of low read insertions (Supplementary Figure 

6C). High read clones (>100 reads) were found in both groups at the same level 

(7.5% control, 6.3% D/+ group) (Supplementary Figure 6D) within a polyclonal 

background as also indicated by the gel pictures of the LAM-PCR products 

(Supplementary Figure 7). These clones either indicate potential dominant clones 

within the transduced compartment or simply fluctuation of highly active clones 

contributing to hematopoiesis. However, the presence of high read count clones 

was not different between the two groups and there was no accumulation of hits 

near possible proto-oncogenes (Supplementary Table 3). We observed 20 

different common insertion sites (CIS)24,25 of which 17 were present in both 

groups (Supplementary Table 4). One third of the CIS were also found in our 

previous integration site analysis of other mouse cohorts transplanted with 

lentiviral vectors expressing other genes26. 
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DISCUSSION 

 

In this study we demonstrate that gene therapy is feasible in a mammalian model 

of Diamond-Blackfan anemia. Lentiviral vectors overexpressing RPS19 corrected 

the anemia and lethal bone marrow failure in Rps19-deficient mice showing that 

pathophysiological correction of the disease is possible through gene therapy. 

Enforced expression of RPS19 has been shown improve the overall proliferative 

capacity, erythroid colony-forming potential and erythroid differentiation of 

hematopoietic progenitors from RPS19-deficient DBA patients in vitro17,18. 

Furthermore, gene-correction improves the engraftment and erythroid 

differentiation of these cells when transplanted into immunocompromised mice19. 

However, the xenograft recipient mice do not develop a hematopoietic phenotype 

characteristic of DBA and it is therefore essential to ask whether mouse models 

with severe hematopoietic defects due to Rps19 deficiency can be corrected with 

gene therapy following RPS19 gene transfer into Rps19-deficient hematopoietic 

stem cells. Furthermore, studies using mouse models are essential to assess the 

safety of the therapeutic vectors. 

In the current study we decided to utilize the strong and ubiquitously expressed 

SFFV promoter to provide a proof of principle for the feasibility of gene therapy in 

the treatment of RPS19-deficient DBA. Furthermore, as codon-optimization of 

therapeutic genes has been shown to improve gene expression, we designed a 

codon-optimized human RPS19 cDNA that is not recognized by the Rps19-

targeting shRNA. Indeed, the expression of RPS19 driven by the SFFV promoter 

was approximately 2-fold higher compared to the endogenous Rps19. 

Furthermore, the rescue of the proliferation of transduced c-Kit+ D/D BM cells 

demonstrates similar or higher level of RPS19 compared to the endogenous 

Rps19 protein. 

The onset of Rps19 deficiency in the recipients with shRNA-D BM resulted in a 

phenotype that correlates with the level of Rps19 downregulation. The recipients 

with D/D BM developed lethal BM failure, while the recipients with D/+ BM 

exhibited a mild and chronic phenotype. Remarkably, SFFV-RPS19 completely 
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cured the BM failure generated by the D/D BM, demonstrating the potential of 

gene therapy to cure RPS19-deficient patients with severe transfusion-

dependent DBA. Furthermore, after 4 months of doxycycline administration the 

recipients with SFFV-RPS19 D/D BM showed on average close to 100 % GFP+ 

cells in all hematopoietic BM compartments, including stem cells, suggesting 

competitive advantage of gene-corrected cells already in these populations. 

Although the recipients with D/+ BM were able to compensate for the blood 

cellularity over time, they also showed an increased frequency of GFP+ 

progenitor cells indicating a competitive advantage of gene-corrected cells in the 

absence of severe blood cellularity defect.  

Taken together, our findings demonstrate the feasibility for development of 

clinical gene therapy in the treatment of RPS19-deficient DBA. Importantly, by 

designing a codon-optimized RPS19 cDNA, driven by the SFFV promoter, we 

have succeeded in generating a vector system that allows high-enough RPS19 

expression for full functional correction of the anemia and BM failure in Rps19-

deficient mice. In normal cells, ribosomal proteins are produced in excess to the 

needs of the ribosome assembly, and the excess protein is subjected to 

proteosomal degradation27. Because of this physiological regulation, it is thus 

unlikely that the ectopic expression of RPS19 would promote uncontrolled 

growth. This notion is supported by findings from transgenic mice overexpressing 

the normal RPS19 cDNA in addition to the endogenous Rps19 gene28. 

Consistent with this, we did not observe any hematological abnormalities due to 

enforced expression of RPS19. Our gene therapy approach to correct Rps19-

deficient hematopoiesis required relatively high levels of RPS19 expression and 

therefore the use of the retroviral SFFV promoter to drive the transgene cassette. 

In our experiments and the clonality analysis we did not find signs for overt 

insertional mutagenesis. However, we cannot fully exclude that the use of a 

strong internal promoter, such as SFFV, results in a residual risk factor. 

Nevertheless, studies assessing the efficacy of clinically relevant promoters like 

the human phosphoglycerate kinase (PGK) promoter and the elongation factor 

1α short (EF1αs) promoter should be performed since these promoters are less 
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likely to cause insertional oncogenesis29. Future studies using vectors with these 

mammalian promoters are needed to ask whether safer vectors can generate 

sufficient RPS19 expression to correct the pathophysiology of the disease. 
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FIGURE LEGENDS 

 

Figure 1 The Rps19 knockdown mouse model and the design of lentiviral 

vectors. (A) Overview of the modified loci. (B) Breeding strategy to adjust the 

level of Rps19 downregulation. (C) Overview of the generated vectors. (D-E) 

0.25 million c-Kit –enriched hematopoietic progenitors from the BM of uninduced 

mice were transduced and seeded in liquid cultures in presence of doxycycline. 

(D) Cell counts on day 4. (E) Expression of endogenous Rps19 and vector-

derived RPS19 on day 4. Data shown in (D) and (E) represent the average of two 

independent experiments with two technical replicates each.  SA indicates splice 

acceptor; pA, polyadenylation signal; RSV, Rous sarcoma virus; ψ, packaging 

signal; SD, splice donor; RRE, rev-response element; cPPt, polypurine tract. 

Black arrowheads in panel (A) indicate transcriptional start sites. 

 

Figure 2 Enforced expression of RPS19 rescues the lethal bone marrow 

failure in Rps19-deficient mice. (A) Experimental strategy to validate the 

therapeutic potential of RPS19 gene correction. (B) Erythrocyte number, 

hemoglobin concentration, MCV, reticulocyte number, white blood cell number 

and platelet number on day 14 after doxycycline administration (n = 23, 24, 16, 

16, 10 and 11 for the Control SFFV-GFP, Control SFFV-RPS19, D/+ SFFV-GFP, 

D/+ SFFV-RPS19, D/D SFFV-GFP and D/D SFFV-RPS19, respectively). Error 

bars represent standard deviation.  
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Figure 3 Enforced expression of RPS19 results in long-term rescue of the 

hematopoietic defect of Rps19-deficient mice. (A) Experimental strategy to 

validate the long-term therapeutic potential of RPS19 gene correction. (B) 

Erythrocyte number, hemoglobin concentration, MCV, reticulocyte number, white 

blood cell number and platelet number after 4 months of doxycycline 

administration (n = 22, 24, 14, 16 and 11 for the Control SFFV-GFP, Control 

SFFV-RPS19, D/+ SFFV-GFP, D/+ SFFV-RPS19 and D/D SFFV-RPS19, 

respectively). Error bars represent standard deviation. 

 

Figure 4 Enforced expression of RPS19 confers a competitive advantage 

over untransduced Rps19-deficient cells. (A) Experimental strategy to validate 

the therapeutic potential of RPS19 gene correction. The percentage of 

transduced (B) total donor-derived white blood cells (CD45.2+GFP+) or (C) 

myeloid cells (CD45.2+Gr1+CD11b+GFP+) in the peripheral blood before 

doxycycline administration, 2 weeks and 4 months after doxycycline 

administration (n = 9-24 per group). (D) BM cellularity of the recipients 17-23 

weeks after the doxycycline administration (n = 11-24 per group). (E) The 

percentage of transduced cells in the hematopoietic stem and progenitor 

compartments (n = 11-24 per group). Data in (B) is presented as a box whisker 

plot with minimum and maximum values. Error bars in (C) represent standard 

deviation. 
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Supplementary	  Methods	  

	  

Blood	  and	  bone	  marrow	  analysis	  	  

Peripheral	  blood	  was	  collected	  from	  the	  tail	  vein	  into	  Microvette	  tubes	  (Sarstedt)	  

and	  analyzed	  using	  Sysmex	  XE-‐5000.	  Erythrocytes	  were	  lysed	  using	  ammonium	  

chloride	   for	   10	   minutes	   at	   room	   temperature.	   To	   evaluate	   the	   contribution	  

towards	   various	   blood	   lineages	   following	   BM	   transplantation,	   samples	   were	  

stained	  with	  the	  following	  antibodies	  for	  30	  minutes	  on	  ice	  in	  the	  dark:	  CD45.1	  

(Biolegend,110730),	   CD45.2	   (eBioscience,	   47-‐0454-‐82),	   B220	   (Biolegend,	  

103208),	   B220	   (Biolegend,103212),	   CD3	   (Biolegend,100312),	   CD11b	  

(Biolegend,101208),	   Gr1	   (Biolegend,108408).	   Experiments	   were	   performed	  

using	   a	   FACSCanto™	   II	   cytometer	   (Becton	   Dickinson)	   and	   analyzed	   by	   FlowJo	  

software	  (Tree	  Star,	  v9.3.3).	  FACS	  analysis	  of	   the	  myeloerythroid	  compartment	  

in	  BM	  was	  performed	  as	  previously	  described	  (Jaako,	  2011;	  Jaako,	  2012).	  Briefly,	  

BM	   cells	  were	   isolated	   by	   crushing	   femur	   and	   tibia	   in	   PBS	   containing	   2%	  FCS	  

(GIBCO).	  Fresh	  cells	  were	  stained	  with	  following	  antibodies:	  CD41	  (eBioscience,	  

12-‐0411-‐83),	   GR1	   (Biolegend,	   108410),	   CD11b	   (Biolegend,	   101210),	   B220	  

(Biolegend,	   103210),	   CD3	   (Biolegend,	   100310),	   Ter119	   (eBioscience,	   25-‐5921-‐

82),	   CD150	   (Biolegend,	   115910),	   c-‐Kit	   (eBioscience,	   47-‐1171-‐82),	   Endoglin	  

(Biolegend,	  120404)	  and	  Sca-‐1	  (Biolegend,	  122520).	  Streptavidin	  was	  purchased	  

from	  Life	  Technologies	  (Q10101MP).	  Propidium	  iodide	  (Life	  Technologies)	  was	  

used	  to	  exclude	  dead	  cells.	  Experiments	  were	  performed	  using	  a	  FACS	  Aria	  cell	  

sorter	  (Becton	  Dickinson)	  and	  analyzed	  by	  FlowJo	  software	  (Tree	  Star,	  v9.3.3).	  

	  

Expression	  analyses	  

Total	   RNA	  was	   isolated	   from	   cultured	   cells	   after	   two	   days	   using	   the	   RNAeasy	  

mini	  kit	  (Qiagen)	  and	  cDNA	  transcribed	  with	  SuperScript	  III	  reverse	  trancriptase	  

(Life	   Technologies).	   Rps19	   mRNA	   was	   quantified	   by	   real-‐time	   PCR	   using	   the	  

SYBR	   GreenERTM	   system	   (5’-‐GCAGAGGCTCTAAGAGTGTGG-‐3’;	   5’-‐

CCAGGTCTCTCTGTCCCTGA-‐3’)	   according	   to	   manufacturer’s	   instructions	   (Life	  

Technologies,	  11761-‐500).	  

	  

	  



LAM-‐PCR	  and	  insertion	  site	  analysis	  

Linear	   amplification-‐mediated	  PCR	   (LAM-‐PCR)	   (Schmidt	  M	  et	   al.,	  Nat	  Methods.	  

2007)	  was	  performed	  on	  300	  ng	  of	  whole	  BM	  genomic	  DNA	  using	  5	  units	  of	  the	  

enzyme	  Tsp509l,	  TaqIα	  and	  HaeIII.	  Samples	  were	  subject	  to	  linear	  amplification,	  

before	   they	   were	   split	   in	   three	   separate	   digestion	   reactions.	   After	   restriction	  

enzyme	   specific	   linker	   ligation,	   the	   samples	  were	   unified	   again	   for	   the	   nested	  

PCR	   reactions.	   Barcoding,	   sequencing	   and	   bioinformatic	   analysis	   using	   custom	  

Perl	  scripts,	  HISAP	  and	  MAVRIC	  (http://mavric.erasmusmc.nl/)	  were	  performed	  

as	  described	  previously	  (Rittelmeyer	  and	  Rothe	  et	  al.,	  Hepatology	  2013).	  

	  	  

Statistical	  analyses	  	  

One-‐way	  ANOVA	  with	  Tukey’s	  multiple-‐comparison	  test	  was	  used	  to	  determine	  

statistical	  significance	  using	  Prism	  (version	  6,	  GraphPad	  Software).	  

	  



Supplementary	  Table	  1.	  	  Comparison	  of	  estimated	  and	  observed	  number	  of	  integration	  sites.	  

Treatment	  
group	  

Transplanted	  
cells	  

Transduction	  
efficiency	  

Transduced	  
cells	  

Possibly	  tdx	  
HSC	  (1	  in	  
1000)	  

Mean	  VCN	  
of	  3	  

Mappable	  
IS	  with	  3E	  

After	  
clustering	  
(mean	  IS	  
number)	  

Percent	  of	  
theoretically	  
mappable	  IS	  

Potential	  
new	  IS	  by	  
repeat	  of	  
LAMs	  

Control	  RPS19	   600000	   50,0%	   300000	   300	   900	   675	   136	   20,2	  %	   555	  
D/+	  RPS19	   900000	   50,0%	   450000	   450	   1350	   1013	   209	   20,7%	   905	  
	  
Most	  deep	  sequencing	  data	  for	  gene	  therapy	  experiments	  available	  in	  the	  literature	  are	  related	  to	  the	  follow-‐up	  of	  treated	  patients	  and	  
analysis	  of	  the	  starting	  pool	  of	  integrations	  prior	  to	  transplantation.	  In	  these	  cases,	  thousands	  of	  different	  integration	  sites	  are	  mapped,	  
something	  that	  is	  specific	  to	  the	  human	  setting,	  where	  we	  deal	  with	  much	  more	  input	  cells	  used	  for	  transplantation.	  In	  mice,	  however,	  
the	  amount	  of	  long-‐term	  (LT)	  repopulating	  hematopoietic	  stem	  cells	  (HSC)	  is	  around	  1	  in	  10000	  nucleated	  bone	  marrow	  cells	  (Challen	  
et	  al.,	  Cytometry	  A	  2009).	  In	  our	  experiments,	  the	  c-‐kit	  enrichment	  increased	  the	  number	  of	  LT-‐HSC	  to	  around	  1	  in	  1000	  isolated	  cells.	  
Supplementary	   Table	   1	   shows	   how	  we	  would	   calculate	   the	   expected	   number	   of	   detectable	   insertions	   in	   our	  mice	   according	   to	   the	  
expected	  number	  of	  stem	  cells	  in	  the	  grafts.	  We	  explain	  this	  by	  looking	  at	  the	  Control	  group:	  
	  	  
In	  the	  Control	  group,	  we	  had	  one	  mouse	  from	  the	  experiment	  1	  (1x10^6	  cells	  transplanted)	  and	  four	  mice	  from	  experiments	  2	  and	  3	  
(both	   5x10^5	   cells	   transplanted).	   For	   calculation,	   we	   chose	   the	   mean	   of	   6x10^5	   cells	   transplanted	   cells	   in	   this	   group.	   With	   a	  
transduction	   efficiency	   of	   around	   50%	   (Supplementary	   Figure	   2	   for	   transduction	   efficiencies),	   we	   likely	   had	   around	   3x10^5	   cells	  
transduced.	   Of	   those,	   approximately	   300	   HSC	   could	   have	   been	   hit.	   With	   a	   mean	   vector	   copy	   number	   (VCN)	   of	   3	   in	   the	   animals	  
(Supplementary	  Figure	  6),	  we	  could	  have	  possibly	  screened	  for	  900	  insertion	  sites	  (IS)	  per	  animal.	  From	  previous	  experiments	  using	  
LAM-‐PCR	  (Gabriel	  et	  al.	  Nature	  Medicine	  2009;	  Rittelmeyer	  and	  Rothe	  et	  al.,	  Hepatology	  2013)	  we	  know	  that	  is	  possible	  to	  map	  around	  
75%	  of	  all	   insertions	  with	  3	  Enzymes,	   in	  our	  case	  675	   integrations.	  We	  observed	  a	  mean	  of	  136	   insertions	  per	  animal	   in	   the	  Control	  
group,	  which	  is	  20.2	  %	  of	  the	  theoretically	  possible	  sites.	  This	  was	  also	  true	  for	  the	  D/+	  group	  for	  which	  we	  mapped	  209	  insertions	  per	  
mouse	  (20.9	  %).	  As	  mentioned	  in	  Supplementary	  Figure	  6C,	  we	  see	  on	  average	  between	  82-‐86%	  of	  low	  read	  insertions	  in	  the	  samples.	  
In	  the	  standard	  LAM-‐PCR	  protocol	  only	  1/5th	  of	  the	  DNA	  sample	  is	  used	  as	  input	  for	  the	  following	  nested	  PCR	  steps.	  Assuming	  that	  we	  
would	  have	  detected	  a	  certain	  amount	  of	  insertions	  again	  due	  to	  increased	  abundance	  indicated	  by	  high	  read	  counts,	  we	  can	  also	  expect	  



to	  find	  even	  more	  new	  insertions	  with	  low	  read	  counts	  per	  mouse.	  From	  the	  experience	  of	  previous	  experiments	  we	  know	  that	  the	  ratio	  
of	  background	  to	  high	  read	  counts	  would	  not	  be	  affected	  by	  this.	  	  
	  
Putting	  these	  calculations	  into	  perspective,	  we	  can	  assume	  a	  polyclonal	  to	  oligoclonal	  situation	  in	  these	  mice	  because	  malignant	  clonal	  
dominance	  would	  have	  resulted	  in	  a	  much	  lower	  number	  of	  different	  integration	  sites.	  From	  our	  estimations,	  it	  seems	  as	  if	  there	  was	  no	  
major	  reduction	  in	  clonality.	  We	  cannot	  exclude	  the	  likely	  situation	  of	  certain	  clones	  contributing	  more	  actively	  to	  hematopoiesis	  at	  the	  
time	  of	  measurement.	  This	  can	  lead	  to	  an	  overrepresentation	  of	  clones	  within	  a	  polyclonal	  background	  (Supplementary	  Figure	  6D).	  With	  
our	  experiments	  we	  aimed	  to	  detect	  clonal	  dominance	  and	  not	  for	  mapping	  of	  all	  possible	  integration	  sites	  in	  the	  mice.	  
	  



Supplementary	   Table	   2.	   Transcription	   start	   site	   (TSS)	   distance	   analysis	  
using	  MAVRIC	  (http://mavric.erasmusmc.nl/).	  	  

Treatment	  group	   %	  in	  gene	   -‐	  10	  kb	  to	  
TSS	  

+	  10	  kb	  to	  
TSS	  

+/-‐	  10	  kb	  to	  
TSS	  in	  %	  

Control	  RPS19	   65,1%	   7,3%	   14,2%	   21,5%	  
D/+	  RPS19	   49,8%	   7,0%	   8,1%	   15,1%	  
Lentivirally	  transduced	  
human	  CD34+	  cells	   84,5%	   6,5%	   12,9%	   19,4%	  
Gammaretrovirally	  
transduced	  human	  CD34+	  
cells	   62,9%	   16,7%	   21,8%	   38,6%	  
	  



Supplementary	   Table	   3.	   Cancer	   gene	   list	   overlap	   using	   MAVRIC	  
(http://mavric.erasmusmc.nl/).	  	  

Treatment	  group	   Unique	  gene	  
symbols	  

Element	  of	  
Cancer	  Lists	  

%	  Cancer	  list	  
overlap	  

Control	  RPS19	   274	   51	   18,6%	  
D/+	  RPS19	   444	   72	   16,2%	  
Lenti	  -‐	  control	   2137	   369	   17,3%	  
Gamma	  -‐	  control	   1245	   266	   21,4%	  
	  
Cancer	  Gene	  List	  Overlap:	  
Network	  of	  Cancer	  Genes	   	   http://bio.ieo.eu/ncg3/index.html	  
Collection	  of	  Cancer	  Gene	  Lists	   http://www.bushmanlab.org/links/genelists	  



Supplementary	   Table	   4.	   List	   over	   the	   20	   most	   common	   insertion	   sites.	  
Insertion	   site	   analysis	   was	   performed	   on	   DNA	   isolated	   from	   unfractioned	   	   bone	  
marrow	   cells	   of	   five	   recipient	   mice	   transplanted	   with	   transduced	   control	   or	   D/+	  
hematopoietic	   cells.	   Integration	   sites	   were	   amplified	   by	   LAM-‐PCR	   and	   sequences	  
were	   retrieved	   by	   high	   throughput	   454-‐sequencing.	   CIS=common	   insertion	   site,	  
RF=recurrently	   found	   in	   other	   studies	   with	   this	   vector	   type;	   Tx=transplantation;	  
Co=control.	  
CIS 

# 
Gene Symbol Hits Range 

(kb) 
Animals Different 

TX 
Top Ranked 
insertion 

1	   Plcb4	   2	   3.9	   Co2,	  D/+1	   yes	   Top	  2	  in	  animal	  D/+1	  
2	   Ksr2	   3	   0.4	   D/+2,	  D/+3,	  

D/+4	  
no	   Top	  6	  in	  animal	  D/+4;	  

RF	  
3	   Fzd9	   2	   21.9	   Co2,	  D/+2	   yes	   	  
4	   Sox5	   2	   0.2	   Co2,	  D/+2	   yes	   	  
5	   Olfr1344	   4	   0.2	   Co1,	  D/+1,	  

D/+2,	  D/+4	  
yes	   	  

6	   Lim2	   3	   0.7	   Co1,	  D/+1,	  
D/+2	  

yes	   	  

7	   Gm6816	   4	   0.2	   Co1,	  Co3,	  
D/+2,	  D/+3	  

yes	   	  

8	   Usp3	   2	   0.3	   Co3,	  Co5	   no	   Top	  3	  in	  animal	  Co5	  
9	   Sfi1	   2	   7	   Co3,	  D/+2	   yes	   RF	  
10	   Klhl29	   3	   0.2	   D/+1,	  D/+3,	  

D/+5	  
yes	   	  

11	   Prl	   7	   1.2	   Co3,	  Co5,	  
D/+1,	  D/+2,	  
D/+3,	  D/+4	  

yes	   RF	  

12	   Fars2	   3	   0.2	   Co3,	  D/+2,	  
D/+3	  

yes	   RF	  

13	   4930452B06Rik	   3	   0.7	   Co4,	  D/+2,	  
D/+3	  

yes	   RF	  

14	   Tmem74	   3	   0.1	   Co3,	  D/+2,	  
D/+3	  

yes	   Top	  3	  in	  animal	  Co3	  

15	   Hdac7	   3	   0.2	   Co1,	  D/+1,	  
D/+2	  

yes	   	  

16	   Mir1941	   3	   31.5	   Co2,	  D/+1,	  
D/+2	  

yes	   	  

17	   Ndufv2	   2	   0.2	   Co5,	  D/+1	   yes	   Top	  3	  in	  animal	  D/+1	  
18	   Snx32	   6	   0.4	   Co2,	  Co3,	  

D/+1,	  D/+2,	  
D/+3,	  D/+4	  

yes	   RF	  

19	   5830428H23Rik	   3	   0.2	   Co3,	  D/+4,	  
D/+5	  

yes	   	  

20	   Pir	   2	   0.7	   Co2,	  Co4	   yes	   Top	  1	  in	  animal	  Co4	  
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Supplementary Figure 1. Schematic representation of the erythroid phenotype in recipients 
transplanted with D/+ or D/D bone marrow. The graph illustrates how the number of erythrocytes 
decreases rapidly in the recipients with D/D bone marrow whereas the reduction of erythrocytes in 
recipients with D/+ bone marrow is milder and gradually compensated (Jaako et al., Blood 2011). 
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0

20

40

60

Tr
an

sd
uc

tio
n 

ef
fic

ie
nc

y 
(%

)

[+/+] [D/+] [D/D]

SFFV-GFP
SFFV-RPS19

Supplementary Figure 2. Transduction efficiencies.  Transduction efficiencies were determined 
based on the frequency of GFP+ cells one day after the transduction. Error bars represent standard 
deviation.



Supplementary Figure 3
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Supplementary Figure 3. Donor reconstitution based on the frequency of CD45.2+ cells in the blood 
after 4 months of doxycycline administration. Error bars represent standard deviation.
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Supplementary Figure 4. The applied FACS strategy allowing the fractionation of myeloerythroid 
progenitors and erythroid precursors.
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Supplementary Figure 5.
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Supplementary Figure 5. (A) Erythrocyte number, hemoglobin concentration, mean corpuscular 
volume (MCV), white blood cell number and platelet number in secondary recipients reconstituted with 
SFFV-RPS19 control or D/D whole BM 10 weeks after transplantation . (B and C) The percentage of 
GFP+ total white blood cells and myeloid cells in the peripheral blood 10 weeks after transplantation. 
(n = 7 /group). Error bars in (A) represent standard deviation. Data in (B-C) are presented as a box 
whisker plot with minimum and maximum values
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*P <0.05

 **P <0.01



C

Supplementary Figure 6

D

Transduction of
LSK or c-Kit+ BM cells Transplantation

Day 1

Doxycycline
administration 

Day 0[+/+], [D/+]

A

17-23 weeks3 months

Integration site analyses
(LAM-PCR)

< 10 reads

%
 o

f i
ns

er
tio

ns
0

25

50

75

100

Control [D/+]
0

5

10

15

20

%
 o

f i
ns

er
tio

ns

> 100 reads

Control [D/+]
0

1

2

3

4

Ve
ct

or
 c

op
y 

nu
m

be
r

Control [D/+]

B

Supplementary Figure 6. Gene-corrected Rps19-deficient cells sustain polyclonal hematopoiesis and 
show a typical lentiviral insertion profile. (A) Experimental strategy to validate the integration profile of the 
SFFV-RPS19 vector and clonal dynamics of the transduced cells. DNA was isolated from unfractioned BM 
cells of 5 recipient mice transplanted with transduced control or D/+ hematopoietic cells after 17-23 weeks of 
doxycycline administration. Integration sites were amplified by LAM-PCR and sequences were retrieved by 
high throughput 454-sequencing. (B) Vector copy number per cell in recipients with SFFV-RPS19 transduced 
control or D/+ BM cells. (C-D) Percentage of insertions with low read counts (<10 reads; C) or with high read 
counts (>100 reads; D) in recipients with SFFV-RPS19 transduced control or D/+ BM cells. 
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Supplementary Figure 7. LAM-PCR amplicons. The gel 
picture shows the amplicons generated by LAM-PCR. 
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