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Abstract 
 
Clinical trials have shown that lentiviral-mediated gene therapy can ameliorate bone marrow failure (BMF) in non-
conditioned Fanconi anemia (FA) patients resulting from the proliferative advantage of corrected FA hematopoietic stem 
and progenitor cells (HSPC). However, it is not yet known if gene therapy can revert affected molecular pathways in 
diseased HSPC. Single-cell RNA sequencing was performed in chimeric populations of corrected and uncorrected HSPC 
co-existing in the BM of gene therapy-treated FA patients. Our study demonstrates that gene therapy reverts the 
transcriptional signature of FA HSPC, which then resemble the transcriptional program of healthy donor HSPC. This 
includes a down-regulated expression of TGF-β and p21, typically up-regulated in FA HSPC, and upregulation of DNA 
damage response and telomere maintenance pathways. Our results show for the first time the potential of gene therapy 
to rescue defects in the HSPC transcriptional program from patients with inherited diseases; in this case, in FA 
characterized by BMF and cancer predisposition. 
 

Introduction 
The potential of gene therapy (GT) to correct a variety of 
human inherited diseases, including primary immunodefi-
ciencies and hemoglobinopathies, has been well demon-
strated in previous clinical studies.1 In addition, we have 
recently shown that lentiviral-mediated GT can also enable 
correction of more complex diseases, such as Fanconi ane-
mia (FA), in which marked phenotypic defects are already 
evident in the self-renewing hematopoietic stem cells 

(HSC). As previously reported, the infusion of corrected 
CD34+ cells in non-conditioned FA patients resulted in a 
marked hematopoietic stem and progenitor cell (HSPC) 
proliferative advantage, which facilitates the progressive 
increase in the number of gene-corrected cells in the bone 
marrow (BM) and peripheral blood (PB).2  
Despite significant advances in the field of GT, the full po-
tential of this therapeutic modality will depend on its ca-
pacity to re-establish the molecular circuits and the 
functional potential of diseased cells. This is even more rel-
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evant in syndromes such as FA, characterized by DNA re-
pair defects resulting in progressive accumulation of DNA 
damage and additional molecular responses triggered by a 
defective FA/BRCA pathway. In patients treated in the FAN-
COLEN-I clinical trial, the presence of a chimeric popu-
lation of corrected and uncorrected FA HSPC, none of 
which had been exposed to any conditioning agent, has 
allowed us to comparatively investigate the differential 
molecular pathways that characterize each of these popu-
lations co-existing in the BM of these patients (Figure 1). 
This approach allowed us to demonstrate that lentiviral-
mediated GT not only mediates a progressive engraftment 
of gene-corrected HSPC in FA patients, but also results in 
the reprogramming of the transcriptional signature of FA 
HSPC, which then resembles those of healthy HSPC, thus 
accounting for the phenotypic correction of FA HSPC. 

Methods 
Patients and healthy donors 
Fanconi anemia patients included in this study (patients FA-
02002, FA-02004, FA-02006 and FA-02008) were Fanconi 
anemia group A (FA-A) patients enrolled in the FANCOLEN-
1 gene therapy trial (FANCOLEN-1; clinicaltrials.gov 
NCT03157804; European Clinical Trials Database 2011-
006100-12) and were 5, 7, 6 and 3 years old, respectively, at 
the time of transduced cell infusion. Patients complied with 
all relevant ethical regulations approved by the ethics com-
mittees at the Hospital Vall d’Hebron in Barcelona and the 
Hospital del Niño Jesús in Madrid.  
Patients were infused with autologous CD34+ cells after 
transduction with the therapeutic PGK-FANCA.Wpre* LV.3 
Recent clinical data have shown that although no con-
ditioning was given to these patients prior to cell infu-

sion, a progressive engraftment of corrected cells took 
place over time, implying the presence of a chimeric 
population of corrected and uncorrected cells in their 
hematopoietic tissues.2 For the participation of healthy 
donors (HD) in this study (median age 20 years), BM as-
piration was performed after informed consent. The 
study was approved by the clinical research ethics com-
mittee of the Clínica Universidad de Navarra.  

Bone marrow cells 
Bone marrow cells from GT-treated patients were obtained 
in the course of routine follow-up studies of the GT trial 
and as part of additional exploratory studies. Samples used 
in these studies were obtained 5 years (FA-02002), 4 years 
(FA-02004), 3 years (FA-02006), and 2 years (FA-02008) 
after infusion of transduced CD34+ cells, respectively. Pa-
tients FA-02004 and FA-02008 had been treated with el-
trombopag to stimulate hematopoiesis 12 and 6 months 
prior to the evaluation of BM cells, respectively. All samples 
were processed immediately after BM aspiration.  
For the purification of CD34+ cells, erythrocytes were 
lysed with ammonium chloride lysis solution (0.155 
mmol/L NH4Cl + 0.01 mmol/L KHCO3 + 10−4 mmol/L EDTA), 
washed using PBS (Gibco) + 0.2%BSA (10%) + 2% PenStrep 
(Gibco) and stained using CD45 APC (clone 2D1; Biolegend) 
and CD34 PECY7 (clone 4H11; eBiosciences) for 30 minutes 
at 4°C. DAPI was used at a concentration of 1 μg/mL as a 
viability marker. CD34+ cells were then sorted in a BD IN-
FLUX™ (BD Biosciences) or BD FACSAria II (BD Biosciencs), 
as previously shown.2 Purified CD34+ cells were directly 
used for scRNA seq analysis and small aliquots stored at 
-80°C for vector copy number analysis. 

Chromosomal instability test in peripheral blood T cells  
The diepoxybutane (DEB)-induced chromosomal instabil-

Figure 1. Experimental design of scRNAseq analyses performed in Fanconi anemia group A patients 2-5 years after lentiviral-
mediated gene therapy. Four Fanconi anemia group A (FA-A) patients who had been treated with ex vivo lentiviral-mediated gene 
therapy in the absence of conditioning were included in this study. At 2-5 years post gene therapy, these patients harbored a 
chimeric population of corrected and uncorrected hematopoietic stem and progenitor cells (HSPC) in their bone marrow (BM). 
Aliquots of BM CD34+ cells from these patients were sorted and processed for single-cell RNA-seq. Bioinformatic analyses com-
paratively investigated changes in the transcriptional program of corrected versus uncorrected HSPC, co-existing in each of the 
gene therapy-treated patients. HSC: hematopoietic stem cell.
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ity test was carried out in PB T cells from the FA patients 
prior to and in the long-term after infusion of corrected 
cells. After 24 hours (h) of culture, PB cells were incu-
bated in the absence or the presence of DEB (0.1 μg/mL; 
Sigma-Aldrich), and 46 h later colcemid was added 
(Gibco; 0.1 μg/mL). A further two hours later, metaphase 
spreads were obtained and stained with Giemsa. Fifty 
metaphases were analyzed from DEB-treated and 25 
metaphases from unexposed cultures in a Zeiss Imager 
M1 microscope coupled to a computer-assisted meta-
phase finder (Metasystems). Criteria for the determina-
tion and quantification of chromosome breakage have 
been described previously.4 
Additional information on patients and study methods is 
available in the Online Supplementary Appendix. 

Results 
Gene therapy modifies the hematopoietic stem and 
progenitor cell transcriptional program in Fanconi 
anemia patients 
Bone marrow CD34+ cells from four FA-A patients (pa-
tients FA-02002, FA-02004, FA-02006, and FA-02008) 
who had respectively been treated by gene therapy (GT) 
5, 4, 3, and 2 years previously, were purified and analyzed 
by single-cell RNA sequencing (scRNAseq) (Figure 1). 
Quantitative polymerase chain reaction (qPCR) analyses 
from these samples showed the presence of 0.77 vector 
copy numbers (VCN) per cell in the BM of patient 02002, 
and 0.45, 0.26, and 0.29 VCN per cell in purified CD34+ 
cells in patients FA-02004, FA-02006, and FA-02008, re-
spectively (see Methods). Since the average VCN per cor-
rected cell was of 1.0 copies,2 the proportion of corrected 
cells in these patients is estimated to be 77%, 45%, 26%, 
and 29%, respectively, revealing the chimeric nature of the 
HSPC populations present in their BM. 
CD34+ cells from FA patients were classified according to 
transcriptional profiles described previously,5,6 which ident-
ified 12 different HSPC clusters that corresponded to primi-
tive HSC and more committed lympho-hematopoietic 
progenitor cells. (See analyses from patient FA-02006 in 
Figure 2A, and patients FA-02002, FA-02004 and FA-02008 
in Online Supplementary Figure S1A-D). To investigate the 
impact that GT had in the transcriptional program of FA 
HSPC, CD34+ cell subpopulations from GT-treated FA pa-
tients were classified as FANCA+ and FANCA-, based on the 
expression of FANCA by scRNAseq (see Methods). Impor-
tantly, we observed that cells with reads mapping to the 
poly-A sequence of the viral vector, a region only present 
in gene therapy-treated cells, were enriched for FANCA+ 
cells (P<0.001 for all patients). As a result, despite the spar-
sity of single-cell data, we concluded that gene-corrected 
cells are enriched in the FANCA+ set. 

Next, we observed that, in most of the patients, the pres-
ence of FANCA+ cells was evident in all HSPC populations 
(Figure 2B, C; see details for low prevalent cells in Online 
Supplementary Figure S1E). No significant differences in 
the proportion of FANCA+ cells present in these subpopu-
lations were observed among the four patients (Online 
Supplementary Table S1). In addition, a wide range of 
FANCA expression was observed in the samples analyzed, 
although higher expression levels were observed in most 
HSPC subpopulations from patient FA02002 compared 
with the other patients (Figure 2D).   
To investigate the impact that ectopic FANCA expression 
had in the transcriptional program of HSPC, we per-
formed a differential expression analysis between 
FANCA+ and FANCA- HSPC present in each GT-treated pa-
tient. The ectopic expression of FANCA up-regulated a 
high number of genes compared to the number of genes 
that were down-regulated (Figure 2E). As expected, 
genes with statistically differential expression cor-
responded to subpopulations with a higher representa-
tion (i.e., CD34+ cells committed to the monocyte 
lineage). Genes with significantly up-regulated and 
down-regulated expression (P<0.001) are shown in Figure 
2E. Remarkably, most of the up-regulated and down-
regulated genes in FANCA+ versus FANCA- cells showed 
the same expression pattern in each of the analyzed pa-
tients (Figure 2E). To select the genes with a robust dif-
ferential expression between FANCA+ versus FANCA- 
HSPC, we considered those genes that showed a signifi-
cant differential expression (abs(logFC)>0.25 and ad-
justed P-value <0.05) in at least one cell type and in at 
least three patients. In addition, changes in gene ex-
pression should be in the same direction in all the four 
patients. Based on these criteria, a total number of 152 
differentially expressed genes were identified (Online 
Supplementary Table S2).  
Because our analysis is based on the enrichment in 
FANCA+ cells of gene-corrected cells, we investigated the 
fingerprint identified when comparing two extreme 
groups of cells, aiming to characterize the difference be-
tween “highly enriched gene-therapy cells (G1) versus 
non-gene-therapy cells (G2)”. The first group, G1, is en-
riched with gene-corrected cells by including cells with 
at least one read mapping to: (i) FANCA; (ii) poly-A se-
quence of the viral vector; and (iii) PGK1. The second 
group, G2, is enriched with the opposite: no reads map-
ping to any of the previous targets. When comparing those 
two reduced groups of cells per sample, the differences 
identified by the fingerprint were also observed (Online 
Supplementary Figure S2).  
Taken together, data obtained in these analyses indicate 
that the ectopic expression of FANCA induced long-term 
reproducible changes in the gene expression program of 
HSPC from FA-A patients.  
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Figure 2. scRNAseq analysis of corrected and uncorrected 
hematopoietic stem and progenitor cells (CD34+ cells) from Fan-
coni anemia group A patients 2-5 years after lentiviral-mediated 
gene therapy. (A) UMAP plot showing the clustering analysis for 
BM CD34+ cells from a Fanconi anemia group A (FA-A) patient 
previously treated by gene therapy (FA-02006 patient as an 
example; see Online Supplementary Figure S1 for patients FA-
02002, FA-02004 and FA-02008). A total of 12 clusters were 
identified, spanning the different hematopoietic stem and pro-
genitor cell (HSPC) CD34+ subpopulations. Identified clusters in-
clude an HSC cluster (hematopoietic stem cell; brown). Clusters 
with megakaryocytic-erythroid identity include MEP (mega-
karyocyte-erythroid progenitor; purple), erythroid (erythroid pro-
genitor; pink), and basophils (basophil progenitor; light pink). 
Clusters with lympho-myeloid identity include LMPP (lymphoid-
primed multipotent progenitor; light blue), Cycling-LMPP (blue), 
CLP (common lymphoid progenitor; orange), GMP1 and GMP2 
(granulocyte-monocyte progenitor; light green and green), 
monocytes (monocyte progenitor; red), DC (dendritic cell pro-
genitor; nude), and PreB (B-cell progenitor; light purple). (B) 
Same UMAP as shown in (A), highlighting the distribution of 
FANCA+ cells (FANCA mRNA detectable; red) versus FANCA- cells 
(FANCA mRNA levels are below detection limit; blue). (C) Barplot 
showing the total number of cells in the different HSPC CD34+ 
populations corresponding to the four gene therapy-treated pa-
tients. In each case, the number of FANCA+ (red) and FANCA- 
(blue) cells is shown.  (D) Boxplot of integrated and normalized 
FANCA gene expression in FANCA+, depicted by cell type and FA 
individual (N=3). (E) Barplot representation of the differential ex-
pression analysis between FANCA+ and FANCA- for each FA pa-
tient (N=4) and for each of the HSPC CD34+ populations. In each 
case, the number of up-regulated and down-regulated genes is 
shown. Up-regulated genes were defined as logFC>0.25 (orange), 
up-regulated and significant genes were defined as a logFC>0.25 
and adjusted P-value <0.05 (red), down-regulated genes were 
defined as a logFC<-0.25 (light blue) and down-regulated and 
significant genes were defined as logFC<-0.25 and adjusted P-
value <0.05 (dark blue). The number of genes with the same be-
havior (up-regulated or down-regulated) in the four individuals 
is shown below each HSPC (labeled as “shared”).  

E

Gene therapy reprograms the transcriptional signature 
of Fanconi anemia hematopoietic stem and progenitor 
cells towards the transcriptional profile characteristic 
of healthy hematopoietic stem and progenitor cells  
Next, we investigated whether changes in the transcriptional 
program of gene-corrected FA-A HSPC resembled profiles 

characteristic of healthy donor (HD) HSPC. To this end, 
scRNAseq data from GT-treated FA CD34+ cells was com-
pared with those obtained from HD CD34+ cells. The ectopic 
expression of FANCA (FANCA+ cells) was detected in the dif-
ferent CD34+ cell clusters (Figure 3A and Online Supplemen-
tary Figure S3). In addition, FANCA expression levels in the 
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Figure 3. Comparisons of the gene expression signa-
ture between corrected and uncorrected hemato-
poietic stem and progenitor cells co-existing in gene 
therapy treated Fanconi anemia patients. (A) Left, 
large panel: UMAP plot showing the clustering analy-
sis of CD34+ bone marrow (BM) cells after integration 
of data from a gene therapy-treated Fanconi anemia 
group A (FA-A) patient and a healthy donor (HD). (FA-
02006 is included as a representative example; see 
Online Supplementary Figure S3 for the other indi-
viduals). Right, small panel: the same UMAP as 
shown in left panel but highlighting the distribution 
of HD hematopoietic stem and progenitor cells 
(HSPC) (yellow), FANCA+ HSPC (red) and FANCA- 
HSPC (blue). Cluster identification as in Figure 1. (B) 
Boxplot representation of normalized single-cell 
FANCA expression of FANCA+ cells (red) and HD cells 
(yellow) by HSPC cluster. For each cell type, differ-
ences in the expression levels between the ectopic 
expression of FANCA from corrected FA CD34+ cells 
and expression levels corresponding to HD CD34+ 
cells are shown. *Adjusted P<0.05; **adjusted 
P<0.01; ***adjusted P<0.001. (C) Results associated 
to three differential expression contrasts: FANCA+ 
versus FANCA- HSPC from GT-treated FA patients; 
HD HSPC versus FANCA- HSPC from GT-treated pa-
tients; and HD HSPC versus FANCA+ HSPC from GT-
treated patients. Second row shows the twelve 
different CD34+ cell types; third row shows the 
sample identification from each of the four GT-
treated patients. Up-regulated genes (logFC>0) are 
shown in orange; those with significant upregulation 
in red (logFC>0.25 and adjusted P<0.05). Down-regu-
lated genes (logFC<0) are shown in light blue and 
those with significant downregulation in dark blue 
(logFC<-0.25 and adjusted P<0.05). Unsupervised hi-
erarchical clustering using Pearson distance and aver-
age linkage method was applied for gene 
classification. Genes included in the heatmap are 
those that for at least one cell type are identified as 
differentially expressed (abs(logFC)>0.25 and ad-
justed P<0.05) in “at least three patients”, and 
“showing the same direction of the change for the 
three patients”, when considering the contrast 
FANCA+ versus FANCA- (N=152; entire list available in 
Online Supplementary Table S2). FANCA was ex-
cluded from the list.

A

C

B
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different HSPC subpopulations were highly heterogeneous, 
not only in the case of GT-treated FA patients, but also in HD 
(Figure 3B). Despite this heterogeneity, in 8 of the 12 HSPC 
subpopulation levels of FANCA mRNA were significantly 
higher in HD HSPC compared with the corresponding values 
observed in FANCA+ HSPC from GT-treated FA patients. This 
observation is consistent with the average insertion of one 
proviral FANCA copy per corrected cell after GT, in compari-
son with the two copies of WT FANCA per HD cell, and also 
with the moderate activity of the phosphoglycerate kinase 
(PGK) promoter that had been selected for the therapeutic 
vector because of its favorable safety profile. 
To investigate if GT reprogrammed the transcriptional signa-
ture of FA HSPC towards one corresponding to HD HSPC, ad-
ditional gene expression analyses were conducted in HD and 
FA HSPC, focusing on the 152 genes that showed significant 
expression changes between FANCA+ and FANCA- HSPC in 
GT-treated patients (Figure 2E and Online Supplementary 
Table S2). In these studies, three different comparisons were 
performed in each of the twelve HSPC subpopulations: 
FANCA+ versus FANCA-  HSPC from GT-treated FA patients 
(GT-FA HSPC); HD HSPC versus FANCA- GT-FA HSPC; and fi-
nally, HD HSPC versus FANCA+ GT-FA HSPC (Figure 3C). Sig-
nificant differences (dark red or blue spots in Figure 3C) were 
most evident in HSPC subpopulations with a higher repre-
sentation (i.e., monocyte CD34+ cells; P<0.001) (Figure 2).  
Regarding the comparison of GT-FANCA+ versus GT-FANCA- 
HSPC, several differentially expressed genes with relevance 
in FA were identified (Figure 3C). Interestingly, genes involved 
in functions such as DNA repair or cell cycle were up-regu-
lated in GT-FANCA+ versus GT-FANCA- cells. The gene ex-
pression pattern of HSPC from HD was compared with that 
corresponding to uncorrected HSPC from GT-treated pa-
tients (HD vs. GT-FANCA-) (Figure 3C). Strikingly, most of the 
transcriptional changes observed between these popu-
lations resembled changes seen between corrected and un-
corrected FA HSPC (Figure 3C; see Online Supplementary 
Table S3 for detailed analyses per cell type using two com-
plementary statistical analyses). Finally, in contrast to the 
above-mentioned observations, the comparison of the tran-
scriptional program of HD HSPC versus FANCA+ HSPC from 
GT-treated FA patients (Figure 3C) showed limited changes, 
most of which were not significant and not related to dif-
ferences noted when HD or corrected FA HSPC were com-
pared with uncorrected FA HSPC. Overall, these studies 
demonstrate that lentiviral-mediated GT reverts the gene 
expression program of FA HSPC, which then acquire an ex-
pression pattern that resembles the signature characteristic 
of healthy HSPC. 

Lentiviral-mediated gene therapy reverts molecular 
pathways characteristic of Fanconi anemia 
hematopoietic stem and progenitor cells 
Having observed that the ectopic expression of FANCA in 

FA HSPC reverts the transcriptional signature of these 
cells to resemble a healthy HSPC signature, we next per-
formed a gene-set enrichment analysis to determine 
changes in relevant pathways associated with FA. These 
include pathways related to DNA damage response and 
repair, cell cycle checkpoint, cell aging, and telomere 
maintenance (see Methods). An up-regulated expression 
of several of these pathways was observed when FANCA+ 
and FANCA- HSPC present in each of the GT-treated pa-
tients were compared (Figure 4 and Online Supplementary 
Table S4). Moreover, an almost identical upregulation of 
these pathways was observed when HSPC from HD were 
compared with FANCA- HSPC from GT-treated patients 
(Figure 4).   
A deeper comparative expression analysis of genes in-
volved in cell cycle control was then performed between 
FANCA+ and FANCA- HSPC from GT-treated patients (Fig-
ure 5A). Similar comparisons were also made between HD 
HSPC and FANCA- HSPC from GT-treated patients (Figure 
5A). As shown, the ectopic expression of FANCA was as-
sociated with the downregulation of TGF-β in every pa-
tient, and also of p21 (CDKNA1) in 2 of the 4 GT-treated FA 
patients. On the other hand, a number of cyclins and mini-
chromosome maintenance (MCM) genes were up-regu-
lated in corrected versus uncorrected FA HSPC (FANCA+ 
vs. FANCA- HSPC). Notably, when similar comparisons 
were performed between HD HSPC and FANCA- HSPC 
from GT-treated FA patients, almost identical gene ex-
pression changes were observed (Figure 5A), indicating 
that the behavior of cell cycle and DNA checkpoint path-
ways in corrected FA-A HSPC resembled the pathways 
characteristic of healthy HSPC.  
Since previous studies have shown that p21 participates 
in the transcriptional repression of different genes of the 
FA/BRCA pathway,5-8 changes in the expression of 
FA/BRCA genes were also comparatively investigated in 
FANCA+ and FANCA- HSPC from GT-treated patients. In ad-
dition to FANCA, several other genes participating in the 
FA/BRCA pathway, including FANCB, FANCI, FANCD2, 
FANCG, UB2T (FANCT), BRCA2, PALB2, BRCA1 and BRIP1 
(FANCJ) were up-regulated in GT-FANCA+ versus GT-
FANCA- HSPC (Figure 5B). Again, many of these genes were 
also up-regulated when HD HSPC were compared with 
uncorrected GT-FANCA- HSPC.  
This set of studies thus demonstrates that GT reverts 
physiologically-relevant molecular pathways that are se-
verely affected in HSPC from FA patients. 

Functional implications of the restored transcriptional 
program of corrected Fanconi anemia hematopoietic 
stem and progenitor cells  
In a final set of experiments, we investigated the functional 
implications associated with the restored transcriptional 
program of gene-corrected FA HSPC. First, we investigated 
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Figure 4. Enrichment score of restored gene expression pathways associated to the ectopic expression of FANCA in hematopoietic 
stem and progenitor cells from gene therapy-treated Fanconi anemia patients. Dotplot depicts the outcome of the Gene Set En-
richment Analysis for a selected set of pathways. For each patient, paired comparisons between FANCA+ versus FANCA- hematopoietic 
stem and progenitor cells (HSPC) from gene therapy (GT)-treated Fanconi anemia (FA) patients and healthy donor (HD) HSPC versus 
FANCA- HSPC are shown. The dotplot depicts the statistical significance (color) and enrichment score (size). The complete name of 
the pathways with numbers are: (i) telomere maintenance via semi-conservative replication, (ii) positive regulation of G2/M transition 
of mitotic cell cycle, (iii) negative regulation of G2/M transition of mitotic cell cycle, (iv) double-strand break repair via nonhomologous 
end joining, (v) double-strand break repair via homologous recombination, and (vi) DNA damage response, detection of DNA dam-
age.

if the restored DNA repair pathways had a direct implication 
in the correction of the hypersensitivity of FA-HSPC to inter-
strand crosslinking agents such as mitomycin C (MMC). 
While colony-forming cells (CFC) from the four patients 
were highly sensitive to MMC prior to the infusion of cor-
rected HSPC (no colonies were generated when cells were 

exposed to 10 nM MMC), survival of these cells to MMC was 
markedly increased 2-5 years after GT (22.3-67.3% of CFC 
survived in 10 nM MMC) (Figure 6A). Consistent with these 
studies, the percentage of T cells with DEB-induced aber-
rant chromosomes was also markedly decreased after GT 
of FA-A patients (Figure 6B), which in two patients reached 
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Figure 5. Restored gene expression of key pathways of CD34+ cells committed to the monocyte lineage in corrected hematopoietic 
stem and progenitor cells from gene therapy-treated Fanconi anemia patients. (A) Up-regulated and down-regulated genes impli-
cated in cell cycle control. The figure represents the logFC associated to two contrasts (see Contrast box): FANCA+ versus FANCA- 
hematopoietic stem and progenitor cells (HSPC) from gene therapy (GT)-treated Fanconi anemia (FA) patients (internal crowns), and 
healthy donor (HD) HSPC versus FANCA- HSPC from GT-treated patients (external crowns). Each external and internal crown is divided 
in four parts (see Sample box), each of them representing one FA patient. Up-regulated genes are shown in red and down-regulated 
genes in blue. (B) Same representation as in (A) showing changes in the expression of genes participating in the FA/BRCA pathway. 
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levels comparable to those found in HD. Overall, these 
studies confirm the functional implications associated with 
the restoration of the DNA repair pathways observed in the 
scRNAseq analyses (see Figure 4). 
Finally, since scRNAseq studies showed upregulation of 
pathways associated with the telomere elongation and sta-
bilization (Figure 4), including RPA3, FEN1, PARP1 and PRKDC 
(Online Supplementary Figure S4), we studied changes in 
the telomere length of PB cells from the four FA patients 
included in this study (Figure 6C). In particular, we evaluated 
changes that took place from day 15 post infusion (when 
the proportion of corrected cells was still undetectable) up 
to 5 years post infusion. As a negative control, changes in 
the telomere length of PB cells from three FA-A patients 
with no significant engraftment of corrected cells 
(VCN<0.008; control FA group) were investigated at com-
parable time points. While a clear reduction in the telomere 
length was observed in PB cells from the negative control 
group, in 2 of the 4 GT-treated patients (patients 02004 and 
02006) an elongation trend was observed in PB cells at 4 
years post infusion. Interestingly, the comparison of the te-

lomere length of PB cells with HD of the same age indicated 
that telomeres from GT-treated patients were still below 
corresponding HD values. These analyses suggest that len-
tiviral-mediated gene therapy may be associated with the 
reactivation of telomere maintenance pathways, and thus 
with the improved preservation of telomeres from cor-
rected hematopoietic cells.  
Overall, the results obtained in this study demonstrate 
for the first time that GT, and in particular the lentivi-
ral-mediated GT in FA patients, reverts the transcrip-
tional program of diseased HSPC, which then display 
gene expression signatures, molecular pathways and 
cellular phenotypes that resemble the physiological 
status of healthy HSPC. 

Discussion  
Gene therapy has emerged as a safe and efficient thera-
peutic option for diverse monogenic disorders affecting the 
hematopoietic system.1 In a previous study, we showed for 

Figure 6. Functional implications associated to the restoration of DNA repair and telomere biology pathways. (A) Survival to mi-
tomycin C (MMC; 10 nM) of bone marrow (BM) colony forming cells (CFC) from Fanconi anemia group A complementation group 
(FA-A) patients shown in Figures 1-5 prior and after infusion of gene-corrected cells. (B) Percentage of peripheral blood (PB) T cells 
with chromosomal aberrations induced by diepoxibutane (DEB), prior to and after gene therapy. (C) Analysis of the telomere length 
of PB cells from FA-A patients shown in Figures 1-5 at 15th day post infusion, when corrected cells were still undetectable, to the 
2nd-5th year post infusion of gene-corrected cells. As a negative control, three FA patients with no significant engraftment of gene-
corrected cells are included. Dashed lines correspond to telomere lengths from healthy donor (HD) age-matched PB cells. Time 
points of the MMC, DEB and telomere analyses are the same or the closest ones corresponding to the scRNAseq analyses shown 
in Figures 1-5. Percentages of survival in (A) are deduced from colony counts in cultures grown in the absence of MMC. Dashed 
lines (A) and (B) correspond to mean values determined in samples from HD. GT: gene therapy; d: days; y: years.

A

C

B

 Haematologica | 108 - October 2023   
2661

ARTICLE - scRNA seq following gene therapy in FA HSPC M. Lasaga et al.



the first time preliminary clinical evidence of safety and ef-
ficacy of GT in a more complex genetic disease, such as 
FA.2 In that clinical study, we demonstrated that the ec-
topic expression of FANCA reproducibly conferred engraft-
ment and proliferative advantage of corrected HSC in 
non-conditioned FA-A patients. Nonetheless, the question 
of whether corrected FA HSPC acquire the transcriptional 
profile characteristic of healthy HSPC was not addressed 
in our previous study, nor in any other GT trial of a mono-
genic disease.  
By leveraging scRNAseq profiling, we have extended the 
conclusions from our previous study towards the evalu-
ation of changes in the transcriptional program of corrected 
versus uncorrected HSPC that co-exist in the BM of the 
same patient. These analyses, and also gene expression 
comparisons performed with respect to HD HSPC, allowed 
us to demonstrate for the first time that GT not only cor-
rects the expression of the mutated gene (in this case, 
FANCA), but also reprograms the molecular circuits of dis-
eased FA-A HSPC, which then acquire a normalized gene 
expression pattern characteristic of healthy HSPC.  
Importantly, the restored expression of FANCA decreased 
the expression of two genes with particular implications in 
FA: TGF-β and p21. Increased mRNA levels of these two 
genes have been observed in HSPC from FA patients and 
murine FA models, and are believed to contribute to the 
BMF characteristic of the disease.9,10 Notably, previous 
studies have shown that p21 down-regulates USP1 upon ex-
posure to DNA damage, disrupting FANCD2/L mono-ubi-
quitination and nuclear foci formation.8 Additional studies 
have also shown that several genes involved in the telomere 
biology and in the FA/BRCA pathway are down-regulated via 
the p21/E2F4 pathway.5,7 Although it might be expected that 
p53 and Myc, which have been shown to be up-regulated 
in FA patients,9,11 should be also down-regulated in cor-
rected FA HSPC, our data do not support this hypothesis. 
These unexpected observations could result either from the 
enhanced expression of cell cycle genes in corrected FA 
HSPC, with post-transcriptional regulatory mechanisms in-
volved in p53 expression, or also from the moderate BMF 
status of the FA patients enrolled in the FANCOLEN I trial.2 
Our study also shows that several defective pathways im-
plicated in the FA cellular phenotype were significantly 
up-regulated as a result of the ectopic expression of 
FANCA in FA-A HSPC. Collectively, the restoration of DNA 
repair-related pathways has enormous implications in FA 
GT since this accounts for the correction of the hypersen-
sitivity of BM progenitors and PB T cells to genotoxic 
drugs, such as MMC and DEB.  
Also of note was the observation of the increased ex-
pression of mini-chromosome maintenance (MCM) heli-
case genes in corrected FA-A HSPC. Previous studies have 
shown that decreased levels of MCM proteins are associ-
ated with HSC hypersensitivity to replication stressors,12 

and mediate a relationship between FA and accelerated 
aging.13 Strikingly, our study shows for the first time that 
corrected FA-A HSPC up-regulates the expression of MCM, 
emulating the MCM expression observed in HD HSPC, and 
suggesting that genetic correction should reduce the re-
plication stress and contribute to the rejuvenation of the 
HSC from FA patients. Importantly, our study also shows 
that GT up-regulates several genes associated with telo-
mere biology, and reveals for the first time the mainten-
ance or even elongation of the telomere length in PB cells 
from FA patients after 2-5 years post GT. This observation 
contrasts with the progressive telomere attrition pre-
viously characterized in FA patients,14,15 and also with the 
negative FA control group included in our study. Although 
our study suggests that GT may stabilize the telomeres 
from gene-corrected hematopoietic cells from FA pa-
tients, longer follow-up studies should be performed in 
these patients to confirm the implications of GT to prevent 
the progressive telomere attrition characteristic of the dis-
ease, or even to extend the telomere length of corrected 
hematopoietic cells to levels observed in HD cells.  
Our gene expression analyses in corrected and uncor-
rected HSPC from patients with a HSC disease, such as 
FA, has obvious limitations due to the low number of cells 
that can be analyzed. In addition, due to the limited 
number of individuals in whom it was possible to perform 
these studies, it is currently not feasible to conduct cor-
relation studies between the transcriptomic insights and 
the clinical co-variates.  
Taken together, in this study we show for the first time that 
GT reverts the transcriptional program and defective mol-
ecular pathways in corrected FA HSPC. This observation has 
a particular impact in FA, and possibly in other HSC diseases 
characterized by DNA repair defects, since here we dem-
onstrate that GT restores the molecular pathways of FA 
HSPC towards a signature characteristic of healthy HSPC. 
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