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Abstract 
 
Diamond-Blackfan anemia is a rare genetic bone marrow failure disorder which is usually caused by mutations in 
ribosomal protein genes. In the present study, we generated a traceable RPS19-deficient cell model using CRISPR-Cas9 
and homology-directed repair to investigate the therapeutic effects of a clinically applicable lentiviral vector at single-cell 
resolution. We developed a gentle nanostraw delivery platform to edit the RPS19 gene in primary human cord blood-
derived CD34+ hematopoietic stem and progenitor cells. The edited cells showed expected impaired erythroid 
differentiation phenotype, and a specific erythroid progenitor with abnormal cell cycle status accompanied by 
enrichment of TNFα/NF-κB and p53 signaling pathways was identified by single-cell RNA sequencing analysis. The 
therapeutic vector could rescue the abnormal erythropoiesis by activating cell cycle-related signaling pathways and 
promoted red blood cell production. Overall, these results establish nanostraws as a gentle option for CRISPR-Cas9-
based gene editing in sensitive primary hematopoietic stem and progenitor cells, and provide support for future clinical 
investigations of the lentiviral gene therapy strategy. 
 

Introduction 
Diamond-Blackfan anemia (DBA) is a rare genetic bone 
marrow failure disorder characterized by anemia and is 
associated with physical malformations and a predisposi-
tion to cancer. Around 75% of DBA cases are related to a 
heterozygous allelic variation in ribosomal protein genes 
of either small or large ribosomal subunit.1 The most fre-
quently affected gene is ribosomal protein S19 (RPS19), 
which accounts for approximately 25% of the cases that 
occur in 6 out of 1 million live births.2 The defect has been 
defined functionally by a reduced ability to generate ery-
throid burst-forming unit (BFU-E) and erythroid colony-
forming unit (CFU-E) colonies, and are associated with 
aberrant ribosome biogenesis and activation of p53-de-
pendent apoptotic pathways.1,3,4 However, despite signifi-
cant progress in understanding the molecular basis of 
DBA pathophysiology, up to now, there is no curable treat-

ment for patients except allogeneic bone marrow trans-
plantation.1,2  
Our group recently developed a self-inactivating lentivi-
ral vector containing a codon-optimized RPS19 cDNA 
driven by the clinically applicable promoter, shortened 
version of human elongation factor 1α (EFS), and dem-
onstrated the therapeutic effects in RPS19-deficient DBA 
mice.5 Due to the very limited availability of patient 
samples, creating a human cell model that faithfully 
mimics the naturally occurring loss of RPS19 would be 
critical for the development of a gene therapy approach 
that can eventually be used to treat patients. To achieve 
this, we aimed to generate a RPS19 haploinsufficient cell 
model using CRISPR-Cas9 (Cas9) and an adeno-associ-
ated virus (AAV)-based HDR template carrying a trace-
able marker gene via homologous recombination that 
can be used to label and identify successfully edited 
cells by their marker gene expression. Initially, we de-
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livered Cas9 editing cargo with electroporation, but 
found it difficult to recover sufficient numbers of viable 
edited cells. This is likely due to a combination of sev-
eral factors. First, since homozygous loss of RPS19 is 
lethal, any biallelic knockout (KO) cells are not expected 
to be viable.2,6-8 Secondly, heterozygous RPS19 KO cells 
are expected to be viable, but highly sensitive to stress, 
since monoallelic loss of RPS19 generates nucleolar 
stress, p53 stabilization and activation of its targets.1 
Last but not least, both electroporation and Cas9 activ-
ity have been shown to impair the function and viability 
of treated hematopoietic stem and progenitor cells 
(HSPC).9,10 The combined stress of these factors makes 
it challenging to generate an ideal RPS19-deficient CD34+ 
HSPC model.  
Novel non-viral transfection methodologies such as na-
nostraws have been shown to be a gentle and non-toxic 
alternative to electroporation.11-13 Nanostraws are hollow 
alumina nanotubes that can be used to inject mRNA and 
other biomolecules directly into the cytoplasm via the 
application of a gentle, pulsed electric field.11 Until now, 
however, they have only been used to successfully de-
liver smaller mRNA (e.g., gene fluorescent protein, GFP) 
to human HSPC. Efficient nanostraw-mediated Cas9 de-
livery to primary cells has so far not been demonstrated, 
even though this would be a major advancement for the 
generation of desired cell models in situations where 
the number of available cells is limited. 
In the present study, we demonstrate nanostraw-me-
diated Cas9 mRNA delivery that enables gentle gene 
editing in human CD34+ HSPC. Using this approach, we 
successfully generated a traceable RPS19-deficient cell 
model, and confirm the therapeutic effect of the thera-
peutic vector with erythroid differentiation assays and 
single-cell transcriptomics. 

Methods  
Primary human samples, isolation and transduction of 
hematopoietic stem and progenitor cells 
Human cord blood samples were obtained from the ma-
ternity wards of Helsingborg General Hospital and Skåne 
University Hospital in Lund and Malmö, Sweden, after in-
formed, written consent according to guidelines ap-
proved by the regional ethical committee. Mononuclear 
cells were separated through density-gradient centrifu-
gation, as described previously.5 Cells were cultured in 
serum-free expansion medium, supplemented with stem 
cell factor, thrombopoietin, and FLT3-ligand at 100 ng/mL 
(all from Stem Cell Technologies). Transduction of the 
therapeutic lentiviral vector was performed at a multi-
plicity of infection (MOI) of 5, according to the published 
protocol.5 

Other experimental methods 
Descriptions of other methods used in the study are pro-
vided in the Online Supplementary Appendix. 

Results 
Delivery of Cas9 and RPS19-targeting sgRNA with 
electroporation leads to loss of cell viability 
The primary aim of the study was to create a traceable 
RPS19-deficient cell model using Cas9 via homologous re-
combination in cord blood-derived human CD34+ HSPC.14 To 
this end, we selected a sgRNA with high editing efficiency 
and which causes an obviously impaired erythroid differen-
tion block phenotype (Online Supplementary Figure S1A, B). 
To make the edited cell traceable, we designed a comple-
mentary adeno-associated virus (AAV)-based homology-di-
rected repair (HDR) template that allows GFP expression 
driven by PGK promoter (Figure 1A) (see Methods). With this 
system, cells with the expected RPS19-deficiency can be 
distinguished from unedited cells by their GFP expression. 
Moreover, by taking advantage of the lethal effects of 
homozygous loss of the RPS19 gene, the viable GFP+ cells 
are expected to be carrying heterozygous loss of RPS19.2,6-8 
Initially, we used electroporation to deliver Cas9 RNP or 
mRNA into CD34+ HSPC, followed by AAV transduction at 
optimized MOI (Figure 1B). Almost no GFP signal can be de-
tected when the MOI is equal or less than 5x104 vg/cell on 
day 4 in the AAV-only treated group (Online Supplementary 
Figure S2A-C). We decided to transduce with AAV at MOI of 
5x104 vg/cell, which indicates that any GFP signals detected 
on day 4 or later should be primarily from successful HDR. 
Considering that the complete loss of RPS19 causes lethal 
effects, we included a control condition in which the cell 
surface marker CD45 was targeted, the KO of which is well 
tolerated by CD34+ HSPC.15 The cell viability was measured 
one day after editing. We found about 26% live cells (7-AAD-
Annexin V-) were recovered in the Cas9 RNP RPS19-edited 
group relative to the untreated group (Figure 1C, E) and up 
to 12% GFP+ cells (Figure 1C, F) on day 1 post electropora-
tion. In the Cas9 RNP CD45-edited group, about 35% live 
cells were recovered relative to the untreated group (Online 
Supplementary Figure S3A, C). On day 4, however, less than 
3% live cells in the Cas9 RNP RPS19-edited group and  28% 
live cells in the Cas9 RNP CD45-edited group were re-
covered relative to the untreated group (Figure 1D, E, Online 
Supplementary Figure S3B, C). Importantly, only very few 
cells carrying the desired edit and template insertion, i.e., 
being GFP positive, were recovered on day 4 in the RPS19-
edited group (Figure 1D, F). By counting the total number, 
only up to 150 live GFP+ cells can be obtained on day 4 from 
a starting cell number of 2x104 CD34+ HSPC, and the low ef-
ficiency therefore hinders further downstream analysis. 
Compared with this, the CD45 KO efficiency is about 63% 
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in live cells in the Cas9 RNP CD45-edited group (Online Sup-
plementary Figure S3B, D). This strongly indicates that the 
loss of RPS19 has a detrimental effect on the cells, which is 
possibly exacerbated by the stress from the electroporation. 
Since the negative effect of electroporation on HSPC func-
tion and viability is well documented,9 we decided to use a 
milder delivery method that might enable the recovery of 
higher numbers of successfully edited cells. 

Nanostraws enable gentle gene editing with improved 
cell viability 
Arguably the most gentle method of delivering nucleic 
acids to human HSPC is nanostraws.10 We previously 
showed that both the viability and function of CD34+ are 
fully maintained after nanostraw-mediated delivery of a 

transiently expressed mRNA (Figure 2A).10 To investigate 
if nanostraws could be used for stable gene editing via 
Cas9 mRNA delivery, we first attempted to KO CD45 (Fig-
ure 2B). As shown in Figure 2C-E, total live cell numbers 
at a rate of 75% (day 1) and 53% (day 4) relative to com-
pletely untreated cells could be recovered upon CD45-
targeting using Cas9 mRNA delivery. The efficiency of 
CD45 KO can reach up to 23% (Figure 2D, F). We also at-
tempted to deliver Cas9 RNP instead of mRNA, but found 
that the efficiency was low (approx. 3.5% on average on 
day 4) (Figure 2D, F), which may be due to the differences 
in structure and charge between the protein and the 
GFP-mRNA previously used.10 Therefore, we decided to 
use Cas9 mRNA for the following experiments. 
We next investigated whether changing the delivery 
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method from electroporation to nanostraws could im-
prove the cell viability and recovery of RPS19-deficient 
cells. To this end, we delivered Cas9 mRNA and RPS19-
targeting sgRNA to CD34+ HSPC with nanostraws and 
added the AAV HDR-template at the optimized MOI to 
the cells (Figure 3A). In the RPS19-deficient group, we 
obtained similar numbers of viable cells (7-AAD-Annexin 
V-) compared to the untreated group on day 1, and 70% 
7-AAD- cells relative to the untreated group on day 4 
(Figure 3B, C). This was an enormous improvement over 
the electroporation results, where less than 3% viable 
cells compared to the untreated condition could be re-
covered on day 4. Importantly, we could obtain far more 
viable GFP+ cells on day 1 (12% on average) and day 4 (1% 
on average; Figure 3B, D) compared to electroporation 
(0.2% on average on day 4). On average, nanostraws en-

abled the recovery of 130-fold more live cells than elec-
troporation, and about 7-fold more GFP+ cells than elec-
troporation when treating the same initial number of 
cells (Online Supplementary Figure S4A). In addition, 
deep sequencing was performed on edited cells with no 
HDR template added. The frequency of insertions and 
deletions (indels) was on average 12% on day 1, but de-
creased to about 1% on day 4 (Online Supplementary Fig-
ure S4B). The decrease of the indels likely reflects the 
lethal effects of homozygous loss of the RPS19 gene. 
Consistent with this, we could generate around 1% live 
GFP+ cells on day 4.  
To detect the integration of the HDR template into the 
RPS19 locus and to assess the differentiation ability of 
edited cells, we sorted 7-AAD-GFP+ cells from the edited 
group and 7-AAD- cells from the mock group. PCR with 
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Figure 1. Genome editing via homologous recombination 
using electroporation leads to strongly decreased cell vi-
ability. (A) Schematic overview of RPS19 editing strategy. 
The RPS19 gene is targeted with Cas9, and gene fluor-
escent protein (GFP)-encoding adeno-associated virus 
(AAV) with homology arms flanking the cut site. Successful 
integration of the homology-directed repair (HDR) template 
leads to disruption of RPS19 expression, which allows 
traceable GFP expression. (B) Timeline of experiment. (C 
and D) Representative FACS plots of cell viability and GFP 
expression of cells on (C) day 1 and (D) day 4 after electro-
poration. (E) Percentage of live cell recovery relative to 
completely untreated cells on days 1 and 4 after electro-
poration (*P<0.05 by t-test, N=3). (F) Relative percentage 
of GFP+ cells compared to total recovered live cell numbers 
of the untreated condition, on days 1 and 4 after electro-
poration (*P<0.05, **P<0.01, ****P<0.0001 by one-way 
ANOVA test, N=3). LHA: left homology arm; RHA: right 
homology arm; HSPC: hemotopoietic stem and progenitor 
cells.
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primers flanking the homology arms confirmed that the 
HDR template integrated at the expected site (Online 
Supplementary Figure S5A, B). This was further confirmed 
by Sanger Sequencing of the PCR product (Online Sup-
plementary Figure S5C). To investigate the differentiation 
ability, a CFU assay was performed. The number of col-
onies for BFU-E, CFU-G/M/GM, and CFU-GEMM in the 
edited group was significantly lower than in the mock-
treated group (Figure 3E). In particular, GFP can be de-
tected in individual colonies from the edited group 
(Online Supplementary Figure S6). To distinguish mono 
and bi-allelic integration into the RPS19 locus of edited 
cells, single colonies were picked and used to perform 
digital droplet PCR (ddPCR) (Online Supplementary Figure 
S7). The abundance of the edited allele compared to the 
alleles of a reference gene (APOE, on same chromosome) 
are in the range of 40-60% in the majority of colonies 
(85%), which indicated monoallelic integration in the 
GFP+ cells that successfully formed colonies (Figure 3F). 
This further confirms the generation of heterozygous 
RPS19 loss in our model. In particular, about 15% of all 
the colonies were found GFP-negative in the edited 
group on day 14, which may be due to the cytoplasmic 
non-integrated-AAV that also express GFP when we 
sorted the cells on day 4, and then gradually became 
GFP-negative after cell proliferation during culture. Over-
all, our results demonstrate a successful gentle genome 
editing strategy for generating RPS19-deficient CD34+ 
HSPC at levels where the edited cells are sufficient for 
further downstream analysis. 

EFS-RPS19 vector rescued impaired erythroid 
differentiation in RPS19-deficient hematopoietic stem 
and progenitor cells 
We next analyzed if the edited cells have the expected 
erythroid differentiation block phenotype, and whether 
this disease phenotype can be ameliorated by our thera-
peutic lentiviral vector, EFS-RPS19. Briefly, RPS19-defi-
cient cells (RPS19-D) were generated using nanostraws 
after 2 days of culture (Figure 4A). A fraction of the RPS19-
D cells was transduced with the EFS-RPS19 (LV-RPS19) 
vector one day later. CD34+ HSPC without treatment 
(CD34), or Cas9-only treated cells (without sgRNA, named 
Cas9) were used as control groups. We sorted 7-AAD-GFP+ 
cells from the RPS19-D group on day 4, and these were 
cultured in erythroid differentiation medium. On the same 
day, the expression of endogenous RPS19 and the codon-
optimized RPS19 (coRPS19) produced by EFS-RPS19 was 
measured by RT-qPCR. As expected, expression levels of 
endogenous RPS19 were strongly reduced in GFP+ cells, 
which further confirms the successful generation of 
RPS19-deficient CD34+ HSPC (Figure 4B). Interestingly, en-
dogenous RPS19 expression was significantly reduced in 
cells transduced with the therapeutic vector, which might 
be caused by a compensatory mechanism triggered by the 
overexpression of the transgene RPS19 (Figure 4C). It is 
also possible that survival of potential homozygous 
RPS19-deficient cells that would not have survived other-
wise was enabled by transduction with the EFS-RPS19 
vector. 
The edited cells showed impaired erythroid differentiation 
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Figure 2. Nanostraw-mediated Cas9 mRNA delivery enables 
CD45 knockout in human hematopoietic stem and progenitor 
cells. (A) Schematic overview and false-colored scanning elec-
tron microscope picture of the nanostraw delivery system. (B) 
Timeline of experiment. (C) Representative FACS plots of cell 
viability (7-AAD-/Annexin-) on day 1 (D1). (D) Representative 
FACS plots of edited cells on day 4. (E) Percentage of live cell 
recovery compared to completely untreated cells on days 1 and 
4 upon Cas9 mRNA and RNP delivery to knockout CD45 
(*P<0.05, **P<0.01, ***P<0.001 by one-way ANOVA test, N=3). 
(F) Efficiency of CD45 knockout in live (7-AAD-) cells on day 4 
(***P<0.001, ****P<0.0001 by one-way ANOVA test, N=3). 
HSPC: hematopoietic stem and progenitor cells.



with increased numbers of progenitor cells (CD71-CD235-

) and BFU-E/CFU-E cells (CD71+CD235-) on day 10 (Figure 
4D). This is consistent with clinical observations that dif-
ferentiation of patient cells is inhibited at the initial stage 
(BFU-E and CFU-E).1 The erythroid differentiation block is 
consistently present throughout all measured timepoints 

(days 6, 8 and 10) during differentiation (Figure 4E). In 
contrast, cells treated with EFS-RPS19 could be rescued 
from the impaired erythroid differentiation, and showed 
significantly increased production of erythroblasts 
(CD71+CD235+) and mature red blood cells (CD71-CD235+) 
at all timepoints. The RPS19-D group produced a smaller 
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and fainter red pellet compared to the CD34 group, or the 
Cas9-only group, while the LV-RPS19 group produced 
larger pellets than the RPS19-D group on day 21 (Figure 
4F). Overall, the results show that we successfully created 
a RPS19-deficient model that accurately mimics the im-
paired DBA erythroid differentiation phenotype, which 
could be rescued by our therapeutic EFS-RPS19 vector. 

Single-cell transcriptomic and differentiation trajectory 
during erythroid differentiation 
We next performed single-cell RNA sequencing (scRNA-
seq) to analyze the transcriptome of RPS19-D cells before 
and after treatment with EFS-RSP19 during the early stage 
of erythroid differentiation. Briefly, we cultured the sorted 
RPS19-deficient cells in erythroid differentiation medium 
for 6 days, followed by sorting GFP+ cells from the RPS19-
D and the LV-RPS19 group, and GFP-negative cells from 
the CD34 group for scRNA-seq analysis. The expression of 
GFP, endogenous RPS19 and EFS-RPS19-produced RPS19 
(coRPS19) were checked in each group and were consist-
ent with our previous results (Online Supplementary Fig-
ure S8). Unsupervised clustering by the Leiden method 
identified 11 distinct clusters from all the samples.16 We 
identified clusters based on the markers for hemato-
poietic progenitor compartments, megakaryocyte progen-
itors, and erythroid progenitors (EP) as described in the 

Methods (Figure 5A, Online Supplementary Figure S9). For 
the identified EP-related clusters, the late EPs1 (LEPs1) 
showed high HBB expression and the LEPs2 showed high 
HBA1 and HBA2 expression (Figure 5A). The expression of 
GYPA increased gradually from the LEPs1 to the LEPs3, 
which may indicate the gradual erythroid differentiaton. 
This is further supported by the gradual increased ex-
pression of KLF1 (Figure 5A). On the contrary, both the 2 
DBA EP showed lower HBB, HBA1 and HBA2 expression 
compared to the LEP. Specifically, we did not observe ob-
vious differences on the expression of transcription fac-
tors of GATA1 and GATA2 among LEP clusters. In addition, 
cell cycle genes (MKI67 and AURKB) showed very low ex-
pression in the DBA EPs1, which is also the main LEP 
cluster in the RPS19-D group (38.9%, Figure 5B). The DBA 
EPs2 showed higher MKI67 and AURKB expression, but still 
lower expression of hemoglobin genes compared to the 3 
LEP. Importantly, there was an almost 50% reduction of 
the DBA EPs1 cluster in the LV-RPS19 group (19.9%). In-
stead, the Rescued EP cluster became the main cluster 
(23.1%), with higher expression of hemoglobin (HBA1, HBA2) 
and cell cycle (MKI67 and AURKB) genes compared to the 
2 DBA EP clusters.  
We next used a force-directed graph drawing algorithm, 
Force-Atlas2, to infer the differentiation trajectory of the 
cells during erythroid differentiation (Figure 5C).17 The ob-
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Figure 3. Delivery of Cas9 mRNA with nanostraws enables the recovery of heterozygous GFP+ RPS19-deficient hematopoietic 
stem and progenitor cells with reduced cell viability. (A) Timeline of experiment. (B) Representative FACS plots of cell viability 
and GFP+ cells on (left) day 1 and (right) day 4. (C) Percentage of live cell recovery compared to completely untreated cells 
on days 1 (D1) and 4 upon using nanostraw to deliver Cas9 mRNA (*P<0.05 by t-test, N=3). (D) Relative percentage of GFP+ 
cells compared to total recovered live cell numbers of the untreated condition, using a nanostraw to deliver Cas9 mRNA on 
days 1 and 4 (**P<0.01, ***P<0.001 by t-test, N=3). (E) Number of colonies for BFU-E, CFU-G/M/GM and CFU-GEMM in each 
dish after culture with methylcellulose media for 14 days (####P<0.0001, #P<0.05 compared with the same colony category in 
the RPS19-deficient group by unpaired Mann-Whitney test, N=12 dishes in each group). (F) Ratio of edited allele (HDR-RPS19-
GFP) to reference gene (APOE) by ddPCR (a total of 20 colonies in the mock group, and 100 colonies in the RPS19-deficient 
group were analyzed). HSPC: hematopoietic stem and progenitor cells.



Figure 4. RPS19-deficient cells showed impaired erythroid differentiation ability which can be rescued by the lentiviral EFS-RPS19 
vector. (A) Schematic overview of erythroid differentiation analysis of RPS19-deficient CD34+ cord blood hematopoietic stem and 
progenitor cells (HSPC). (B) Expression of endogenous RPS19 (*P <0.05, **P <0.01, ***P <0.001 by two-way ANOVA test, N=3). (C) 
Transgene RPS19 (coRPS19) expression (****P<0.0001 by two-way ANOVA test, N=3). (D) Representative FACS plots of GFP+ cells for 
erythroid differentiation on day (D) 10 in each group. (E) Statistical analysis of each population during erythroid differentiation from 
stage I (day 6) to stage II (day 10) (#P<0.001 compared to the CD34 and the Cas9 only groups; **P<0.01 compared to the RPS19-D 
group; ***P<0.001 compared to the RPS19-D group; ****P<0.0001 compared to the RPS19-D group, by two-way ANOVA test, N=3). 
(F) Formation of red blood cell pellets on day 21 in each group. EM: expansion medium; ED: erythroid differentiation.
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Figure 5. Clustering analysis and differentiation trajectory dur-
ing erythroid differentiation.  (A) Heatmap of the mean ex-
pression value of manually selected marker genes for each 
cluster. CMP: common myeloid progenitors; GMP: granulocyte-
macrophage progenitors; MKP: megakaryocyte progenitors; 
EEP: early erythroid progenitors; LEP: late erythroid progen-
itors. (B) UMAP plot colored by (left) cluster  and (middle) UMAP 
plot split by tissue. (Right) Frequency of each cluster in CD34, 
RPS19-D, and LV-RPS19 groups. (C) Partition-based approxi-
mate graph abstraction (PAGA) initialized embedding and PAGA 
graph of the differentiation trajectory. Size of dots is propor-
tional to number of cells in the clusters.

tained global topology revealed high connections of the 
EEP with the LEP and Rescued EP, compared to the DBA 
EPs1, which were further supported by the partition-based 
approximate graph abstraction (PAGA) graph. The hemo-
globin genes were highly expressed in the LEP and the 
Rescued EP (Online Supplementary Figure S10). These re-
sults indicate the abnormal erythroid differentiation of the 
DBA EPs1.  
Overall, specific clusters were identified in the RPS19-D 
and the LV-RPS19 group. The Rescued EP showed reversed 
erythroid marker gene expressions and higher correlations 
with the LEP in the CD34 group than the DBA EPs1 by the 
differentiation trajectory analysis.  

EFS-RPS19 helps to recover abnormal cell cycle in the 
erythroid progenitors of the RPS19-D group 
Since several LEP were observed, we next focused on the 
their transcriptomic differences. We compared genes re-
lated to erythroid progenitors and cell cycle according to 
a previous publication.3 There was an obvious reduction 
in the EP-related cell cycle genes in the DBA EPs1 (TUBA1B, 
TUBB, TUBB4B, etc.) (Online Supplementary Figure S11). On 
the contrary, the cell cycle-related genes were more 

highly expressed in the DBA Eps2, as mentioned above. 
We further analyzed the cell-cycle phase in all the LEP 
clusters. The DBA EPs1 showed a high percentage of genes 
in G1 phase (81.9%), while the DBA EPs2 showed a high 
percentage of genes in G2M (72.6%) and S phase (21.5%) 
compared to the other clusters (Figure 6A). Importantly, 
the Rescued EP showed similar cell cycle stage (G1: 54.4%; 
G2M: 25.9%; S: 19.7%) to the LEPs1 (G1: 55.1%; G2M: 25.9%; 
S: 19%). These results demonstrate the characteristics of 
the DBA EPs1 with impaired cell-cycle stage and lower he-
moglobin gene expressions. However, treatment with the 
therapeutic vector could activate the cell cycle and im-
prove hemoglobin gene expressions, as observed in the 
Rescued EPs. Since the cell-cycle stage in the Rescued 
EP reached a similar level to the LEPs 1, we applied the 
gene set enrichment analysis (GSEA) algorithm analysis 
among the LEPs1 (from the CD34 group), the DBA EPs1 
(from the RPS19-D group), and the Rescued EP (from the 
LV-RPS19 group). TNFα, p53 and apoptosis signaling path-
ways were enriched in the DBA EPs1 compared to the 
LEPs1 and the Rescued EP (Figure 6B). On the contrary, 
cell cycle-related signaling pathways (e.g., MYC targets, 
G2M checkpoint and mitotic spindle signaling pathways) 
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and heme metabolism were highly enriched in both the 
LEPs1 and the Rescued EP clusters (Online Supplementary 
Tables S1, S2). This further supports the conclusion that 
EFS-RPS19 could reverse the impaired erythroid differ-
entiation of the RPS19-D cells by activating the cell-cycle 
status. The top 20 differentially expressed genes are 

shown in Figure 6C. Specifically, EFS-RPS19 could reverse 
the expression of several cell cycle-related genes, such 
as HMGB1, HMGB2 and TUBA1B, which may contribute to 
the therapeutic effects. The recovery of the cell-cycle 
genes in the Rescued EP was also observed when we 
compared it to the LEPs2 (Online Supplementary Figure 
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S12), and some heat shock proteins (HSP90AA1 and HSPD1) 
were also found to be highly expressed in the Rescued EP. 
Although the DBA EPs2 showed high expression of cell-
cycle genes, low hemoglobin genes were still observed in 
the cluster. By comparing it with the LEP, some long non-
coding RNA (lncRNA), such as MALAT1 and XACT, were 
found highly expressed in the DBA EPs2 (Online Supple-
mentary Figure S13A, B).  
Taken together, we identified specific cluster with abnor-
mal cell-cycle status and enriched TNFα, p53 and apop-
tosis signaling pathways in the RPS19-D group. On the 
contrary, the EFS-RPS19-treated cells could recover cell-

cycle status through activation of cell cycle-related sig-
naling pathways, which are similar to the levels in the 
CD34 group.  

Discussion 
Due to the very limited avaliablility of the patient samples, 
a traceable and precise DBA cell model would be useful to 
explore mechanisms and allow therapeutic investigations. 
We previously generated a RPS19 knockdown cell model 
using shRNA.5 However, modeling of haploinsufficient 

Continued on following page.
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Figure 6. RPS19-deficient cells show abnormal cell cycle with 
activation of inflammatory signaling pathway that can be res-
cued by EFS-RPS19. (A) Donut plots showing percentages of 
cells in G1, S, and G2M phase in erythroid progenitor (EP) 
clusters. (B) Bubble plot showing abnormal significantly en-
riched signaling pathways (NOM: P<0.05) in the DBA EP 1 cluster 
from the RPS19-deficient group compared with the LEP 1 
cluster from the CD34 group and Rescued EP cluster from the 
LV-RPS19 group. Pathways are from the Hallmark gene sets of 
the Molecular Signatures Database. (C) Dot plot showing the 
20 top differentially expressed genes in the indicated clusters.

C

human diseases like DBA is challenging because the phe-
notype is highly dependent on the level of gene downregu-
lation. Moreover, the shRNA-based knockdowns can be a 
useful approach to model the effect of disease-causing mu-
tations, but it is difficult to precisely mimic the effect of 
heterozygous gene loss. Furthermore, shRNA-based knock-
downs induce wide-ranging unintended off-target effects 
on unrelated genes. These issues make it more difficult to 
generate accurate disease models and to determine precise 
cause-effect relationships with shRNA.18 
In this study, we set out to create a traceable RPS19-defi-
cient model by using CRISPR-Cas9 to validate and gener-
ate the transcriptomic landscapes of our previously 
developed therapeutic lentiviral vector. Since DBA already 
presents early in infancy, we decided to use umbilical cord 
blood HSPC from healthy donors as the starting material 
for generating the cell model. However, working with these 
cells comes with multiple challenges. First, only limited 
numbers of cells can be obtained from each donor, which 
limits the scale of experiments that can be performed.19 

Second, they are highly sensitive to stress, such as that 
induced by electroporation.20 Third, they are challenging to 
transfect.21 In our results, the conventional method of 
using electroporation for Cas9 delivery turned out to be 
highly detrimental for the cells when RPS19 was targeted, 
and did not allow sufficient recovery of edited cells. We 
speculate that several parts of the procedure likely con-
tributed to the toxicity. Programmable nucleases, such as 
Cas9, cut DNA and induce double-stranded breaks (DSB).22 

DSB can trigger apoptosis, differentiation or replicative ar-
rest in HSPC, and limit their long-term engraftment capa-
city.9 It has also been shown that delivering Cas9 to HSPC 
via electroporation is toxic and activates p53, which leads 
to decreased cell viability and function.14,23,24 Furthermore, 
electroporation itself triggers a strong stress response in 
HSPC, even when a more benign cargo, such as GFP mRNA, 
is delivered. All of this, however, is not enough to explain 
the extreme toxicity that we observed when targeting 
RPS19 with electroporation-based Cas9 delivery, since tar-
geting a different gene (CD45) with the same method was 
much less toxic and allowed for the recovery of a reason-
able number of cells. Deficiencies in ribosomal genes such 
as RPS19 have been shown to induce the activation of p53, 
p21, and apoptosis.1,25 This might have compounded the 
negative effects of the electroporation and DSB, and 
caused the complete loss of viability that we observed.  
To overcome the toxicity issue, we used nanostraws to de-
liver Cas9 to HSPC. We adapted the nanostraws and de-
livery parameters to facilitate efficient disruption of RPS19 
in HSPC enabling recovery of sufficient numbers of edited 
cells, which make it possible to perform downstream 
functional studies such as verifying the therapeutic effects 
of our clinically-applicable lentiviral vector. This approach 
has allowed us to establish a geno- and phenotypically 
correct DBA disease model using cord blood-derived 
CD34+ HSPC. This method of generating cell models will 
be useful for studying other disease-related genes that, 
until now, could not easily be knocked out in sensitive pri-
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mary cell types. 
The mechanistic basis for DBA pathophysiology is not fully 
understood, and this has limited the development of new 
therapeutic modalities. We observed a 75% recovery on 
the erythroid differentiation (increased CD235 expression) 
after treatment with EFS-RPS19. Interestingly, this is also 
consistent with our previously reported transduction effi-
ciency of the vector at the same MOI.5 By applied scRNA-
seq analysis, our data indicate that the vector exerts its 
therapeutic effects by reversing the cell-cycle stage to 
promote cells to enter into cycling. Moreover, activated in-
flammatory signaling pathways were enriched in the 
RPS19-deficient group compared to the CD34 group and 
the vector-treated group. Consistent with our observation, 
recent studies demonstrated that elevated TNF-α can be 
detected in DBA bone marrow plasma,3 and inflammatory 
signature was shown in erythroblasts and red blood cells 
from DBA patients.26 Iskander et al. also demonstrated en-
riched TNF-α signaling via the NF-κB pathway in erythroid 
progenitors of DBA patients by RNA-sequencing.3 The role 
of inflammatory signaling pathway is worthy of future 
study.  On the other hand, we also identified one cluster 
with activated cell-cycle status, but low hemoglobin gene 
expression in the RPS19-D group. The underlying mechan-
ism remains unknown; however, lncRNA such as MALAT1 
and XACT were found highly enriched the cluster. The 
MALAT1 has been shown to be regulated by p53 and plays 
a significant role in maintaining the proliferation potential 
of early-stage hematopoietic cells.27 This may indicate that 
abnormal epigenetic regulation also contributes to the im-
paired erythroid differentiation, which would be an inter-
esting topic for future studies. 
Overall, we successfully generated a traceable RPS19-defi-
cient CD34+ HSPC cell model by using nanostraws to de-
liver Cas9 mRNA and sgRNA. The nanostraw platform 
provides an optimal delivery option for targeting genes that 
sensitize cells to stress when knocked out, especially in 
sensitive primary stem cells. By using a clinically appli-
cable lentiviral therapeutic vector EFS-RPS19, the impaired 
erythroid differentiation can be rescued with increased cell 
cycle to promote red blood cell production, which is also 
supported by the scRNA-seq results. Our results will en-
courage further investigation of the therapeutic effects of 
EFS-RPS19 in primary patient samples. 
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