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Abstract
Introduction: Acute promyelocytic leukemia (APL) is defined by the PML-RARA fusion gene. APL treatment can 
have significant side effects, therefore the development of optimal therapeutic options is crucial. Although the 
study of miRNAs is still in its infancy, it has been shown that these molecules are involved in the pathogenesis of 
neoplasms by modulating the expression of target genes. miRNAs can be considered possible biomarkers in APL 
and can be used as therapeutic targets or as markers for the therapeutic response. Objectives: The purpose of 
this study was to determine whether differentially expressed putative miRNAs that have RARA as a target gene 
could be considered reliable biomarkers for APL. Methods: Using bioinformatics tools, a panel of 6 miRNAs with 
possible tropism for the RARA gene was selected from miRDB. We evaluated their expression levels in samples 
from patients with APL (n=20) or from healthy subjects without mutations in genes associated with leukemia or 
myeloproliferative diseases (n=21). Results: All 6 putative miRNAs were identified using electrophoresis (hsa-
mir-4299, hsa-mir-4328, hsa-mir-7851-3p, hsa-mir-6827-5p, hsa-mir-6867-5p, hsa-mir-939-5p). Of the six miR-
NAs, hsa-mir-4328 is deeply downregulated in subjects diagnosed with APL compared to healthy subjects, whereas 
hsa-mir-4299 and hsa-mir-7851-3p show small differences in expression between the two study groups, but without 
statistical significance. Our results suggest that hsa-mir-4328 may have a role in the pathogenesis of APL and may 
represent a new biomarker for this type of leukemia. Keywords: miRNA, APL, leukemia, bioinformatics.
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Introduction

Acute promyelocytic leukemia (APL) is a he-
matological neoplasm accounting for 10-15% of 
cases of acute myeloid leukemia (AML). Clini-
cal presentation includes abnormal white blood 
cell (WBC) levels, low platelets, coagulopathy 
and anemia. Early death can occur in the first 
30 days due to bleeding (1). APL is defined by 
a balanced translocation, t(15;17)(q22;q12-21), 
which causes the fusion of the promyelocytic 
leukemia (PML) gene with the alpha retinoic acid 
receptor (RARA) gene. This translocation can 
be identified using in situ fluorescent hybridiza-
tion (FISH), while the PML-RARA fusion gene 
can be detected by PCR (transcripts bcr1, bcr2, 
bcr3). The PML gene is involved in apoptosis 
and tumor suppression, while the RARA gene is 
responsible for regulating gene expression relat-
ed to myeloid differentiation. Consequently, in 
APL, myeloid cells are not able to differentiate 
beyond the stage of promyelocytes and accumu-
late in the peripheral blood and bone marrow (2)
(3). APL treatment includes agents such as all-
trans retinoic acid (ATRA) and arsenic trioxide 
(ATO), with good remission and survival rates. 
ATRA and ATO have redefined APL from a fre-
quently fatal disease to a curable disease and 
have improved survival rates by at least 80-90% 
(4). Although, many patients achieve complete 
remission, at least 10% still have high-risk of 
relapse (5). APL treatment can have significant 
side effects depending on the type of drug and 
the dose used, the duration of treatment, and oth-
er comorbidities. The most important side effects 
are differentiation syndrome and hemorrhage 
secondary to pancytopenia (6)(7). For this rea-
son, development of new therapeutic manage-
ment options is crucial. 
miRNAs are a class of small single-stranded un-
coded RNAs with a length of 19-25 nucleotides. 
They play key roles in the posttranscriptional 
regulation of cell proliferation, development, 

differentiation and apoptosis. miRNAs modulate 
a large part of the genome, their expression be-
ing dysregulated in cancers. Studies indicate that 
miRNAs can act as tumor suppressors or as on-
cogenes (8). If tumor-suppressing miRNAs lose 
their function, they promote the development 
of cancer. At the same time, overexpression of 
oncomiR accelerates tumor formation and de-
velopment (9). Several families of miRNAs are 
expressed in hematopoietic tissues and have an 
important role in differentiating cell lines. Also, 
in pathological conditions, such as leukemias, 
miRNAs have an aberrant level of expression 
(10)(11). Recent studies report that miRNAs can 
be considered possible biomarkers in APL and 
can be used as therapeutic targets, predictors of 
response to treatment or prognostic markers (12)
(13). 
Most therapies involving miRNAs have been de-
veloped for solid cancers and are based on bring-
ing miRNAs to a normal level of expression. 
Some of the methods based on this gene therapy 
are: antagomiRs, miRNA sponges and miRNA 
replacement therapy or mimics miRNAs (9). Be-
cause the concept of miRNA is relatively new, 
their study is still in its infancy. 

Objective 

The purpose of this study is to determine wheth-
er differentially expressed putative miRNAs that 
have RARA as a target gene could be reliable 
biomarkers for APL.

Methods

Patient groups
This study was carried out in the Molecular 
Genetics Laboratory of Hematology Depart-
ment, Fundeni Clinical Institute, Bucharest, us-
ing samples collected between 2017-2021. The 
study included 2 groups: 20 patients with APL 
(group A) and 21 patients negative for leuke-
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mia mutations (group B/control group) (Table 
1). The comorbidities of subjects from group B 
were detailed in Annex 1. This study includes 
only patients at the onset of the disease, as once 
treatment is initiated and the period of remission 
of the disease begins, there is a possibility that 
miRNA expression may be influenced. For APL 
diagnosis, patients underwent clinical examina-
tion and bone marrow morphological analysis. 
APL was molecularly confirmed by the pres-
ence of PML-RARA fusion transcripts on PCR 
in peripheral blood samples. Of the 20 patients 
diagnosed with APL, 14 had bcr2 transcript and 
6 had bcr3 transcript. All samples were tested 
for additional leukemia-specific mutations and 
fusion transcripts detailed in table 1. 
This study was conducted in compliance with 
the principles of the Helsinki Declaration and 
approved by the ethics committee of the Fundeni 
Clinical Institute. Prior to inclusion in the study, 
informed written consent was obtained from all 
patients for the scientific use of their data.

Computational prediction of in silico miRNAs
We identified 106 in silico miRNAs targeting 

RARA gene using miRDB.org (miRNA Data-
base). According to the developer recommenda-
tions, we preferentially filtered for targets with 
a prediction score (target score) higher than 85; 
resulting in 17 miRNAs with tropism for RARA 
gene. Their veracity was established by query-
ing them with similar miRDB software: targets-
can, mirbase and miRWalk (target score > 0.85). 
Finally, we selected 6 miRNAs commonly re-
turned by all algorithms as possibly involved in 
APL: hsa-mir-6867-5p, hsa-mir-4328, hsa-mir-
6827-5p, hsa-mir-939-5p, hsa-mir-7851-3p and 
hsa-mir-4299.

Blood samples and total RNA extraction
Total RNA extraction was performed from pe-
ripheral blood, using an in-house protocol. 12 
ml peripheral blood and 38 ml erythrocyte ly-
sis buffer 1x were incubated at low temperature. 
After supernatant removal, 1ml PBS (1x) was 
added. The leukocyte concentration was mea-
sured using a XN-2000 Hematology-Analyzer 
(Sysmex). The equivalent of 2*107 leukocytes 
was distributed in 50 ml tubes and centrifuged 
(5 min, 3000 rpm, 4°C). Subsequently, 1ml of 
trizol (TRIzol™, Invitrogen™) was added and 
homogenized with a 2ml syringe, and stored for 
24h at -20°C. To separate the total RNA from 
the trizol mixture, two washes with chloroform 
(200 μl) were performed, then the upper phase 
was extracted and transferred to a new tube. 
For total RNA precipitation, two consecutive 
washes were performed with 100% (500 μl) and 
75% (1000 μl) ethanol. After incubation (30min, 
-20°C) and centrifugation of the samples (10 
min, 10600 rpm, 4°C), the supernatant was re-
moved. The pellet was dried and rehydrated with 
35μl ultrapure water. Total RNA concentration 
(11.7-1270.1 ng/µl) and purity (A260/A230, 
1.80-2.06; A260/A280, 1.66-2.25) were mea-
sured by spectrophotometry (NanoDrop™ 1000, 
Thermo Scientific™).

Table 1. Mutations excluded for group B
Acute myeloid leukemia

AML1-ETO t(8;21)(q22;q22)
CBFB-MYH11 inv(16)(p13q22)

PML-RARA t(15;17)(q22;q21)

MLL-AF9 t(9;11)(p22;q23)
FLT3-ITD internal tandem duplications

Acute lymphoblastic leukemia
TEL-AML1 t(12;21)(p13;q22)
SIL-TAL1 del(1)(p32;p32)
E2A-PBX1 t(1;19)(q23;p13
MLL-AF4 t(4;11)(q21;q23)

BCR-ABL1 t(9;22)(q34;q11)
Chronic myelogenous leukemia

BCR-ABL1 t(9;22)(q34;q11)
Myeloproliferative diseases

JAK2 (V617F)
CALR

http://rrml.ro/articole/annex/Annex_rrlm-2022-0022.pdf
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Reverse transcription and qRT-PCR 
For miRNA detection, we used a two-step RT-
PCR protocol: a Reverse Transcription PCR 
with stem-loop primers specific for each miRNA 
of interest, and qRT-PCR (TaqMan®MicroRNA 
Assays, Thermo Fisher Scientific) (Table 2)(14). 
For the reverse-transcription PCR a TaqMan® 
MicroRNA Reverse Transcription Kit (Thermo 
Fisher Scientific) was used, with a total volume 
of 15μL per reaction. A mixture of 7 μL Master 
Mix and 5 μL total RNA and 3 μL of stem-loop 
primer was prepared and incubated on ice for 5 
min. The reverse-transcription was performed 
on a Veriti™ 96-Well Thermal Cycler (Applied 
Biosystems™), 30 min, 16°C; 30 min, 42°C; 5 
min, 85°C; 10 min, 4°C.

Complementary DNA electrophoresis
DNA electrophoresis was used to verify the re-
sults of the reverse transcription reaction and to 
identify miRNAs of interest for qRT-PCR. A 5% 
agarose gel (5g agar powder, 95ml TAE, 5 µL 
ethidium bromide) was prepared. 10µL cDNA 
sample and 3µL loading dye were loaded into the 
wells. To identify the length of the gel migrated 
fragments, 5µL of molecular weight marker (Ul-
tra Low Range DNA Ladder, Invitrogen™) was 
used (15). PyElph software (version 1.4) was 
used to estimate the size of the electrophoretic 
bands corresponding to the miRNAs.

Real-Time PCR
Real-Time PCR was performed with TaqMan 
MicroRNA Assay (20X) and TaqMan 2X Univer-
sal PCR Master Mix No AmpErase UNG (Ther-
mo Fisher Scientific), in a 1.5 µl total volume 
reaction. The LightCycler 480 (Roche) platform 
was utilized with the following program: 95°C, 
10 min (1 cycle); 95°C, 15s; 60°C, 1 min (40 
cycles); 4°C, 3 min. All samples were worked 
in duplicate, in with 96-well opaque plates. A 
no-template control (NTC) was also included. 
The Ct values for qRT-PCR were determined us-
ing the LightCycler 480 Software (Roche) and 
the threshold method. To achieve the standard 
curve, the sample with the highest concentration 
of total RNA (1270.1 ng/μl) was selected. From 
this sample, 5 serial dilutions were performed 
(4 μl H2O + 4 μl sample/previous dilution). The 
selection of the sample was made after spectro-
photometry, considering the purity of the sample 
expressed as a percentage of absorbance (1.98-
2.04).

Statistical analysis 
Statistical analysis was performed using the 
following software tools: R software (3.4.4 ver-
sion) and GraphPad Prism version 8.3.1. The test 
used to determine statistical significance was un-
paired two-tailed Mann-Whitney U test with a 
definition of statistical significance of p<0.05.

Table 2. Final list of the in silico miRNAs

Name Sequence  
(5’ – 3’) Stem - loop primer sequence miRDB 

score
miRWalk 

score
hsa-mir-
6867-5p

UGUGUGUGUAGAG-
GAAGAAGGGA

CCCGGUGUGUGUGUAGAGGAAGAAGGGAAGCUGGGAAC-
CUGACUGCCUCUCCCUCUUUACCCACUAG 98 0.923

hsa-
mir-4328

CCAGUUUUCCCAG-
GAUU

AACAGUUGAGUCCUGAGAACCAUUGAGAACCAGUUUUCCCAG-
GAUUAACUGUUCCG 90 1.0

hsa-mir-
6827-5p

UGGGAGCCAUGAGG-
GUCUGUGC

UCUGGUGGGAGCCAUGAGGGUCUGUGCUGUCUCUGAGCAC-
CGUCUCUUCUGUUCCCCAG 87 1.0

hsa-mir-
939-5p

UGGGGAGCUGAGG-
CUCUGGGGGUG

UGUGGGCAGGGCCCUGGGGAGCUGAGGCUCUGGGGGUGGCCG-
GGGCUGACCCUGGGCCUCUGCUCCCCAGUGUCUGACCGCG 87 1.0

hsa-mir-
7851-3p

UACCUGGGAGACU-
GAGGUUGGA

UGGCUCACUGCAGCCUCCCCGCCCCCUCAGGUGAUCCUCCCAC-
CUCAUCCUCCCAAGUAGCUGGGAAUACAGGUGUGUGCCAC-

CAUGCUCUACAAGCUACCUGGGAGACUGAGGUUGGAAGAUUG-
CUUGAGCCUAGGAGGUCGAGGCGACAGUGAGCCA

86 1.0

hsa-
mir-4299

GCUGGUGACAUGA-
GAGGC

GGGUUCUGACCAAUCAUGUUACAGUGUUUUCUCCUUUAGAGA-
GAGCUGGUGACAUGAGAGGCAGAAAAAGGA 86 1.0
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All these tests aimed at obtaining a better verac-
ity of the p-value and the interpretation of the Ct 
accordingly. The information used to calculate 
the p-value was represented by the raw Ct values   
of the two groups (mean of duplicates for each 
sample) and by the values   obtained after apply-
ing the formula , where ∆Ct represents 
the difference between the mean Ct of the target 
gene and the Ct of the internal control (16). As 
mentioned above, the sample with the highest 
concentration of total RNA was used to gener-
ate the standard curve and was considered as an 
experimental control and a calibrator for relative 
quantification analysis. 

Results

Demographic and clinical profile of study sub-
jects
Median age of group A was 44 years, while medi-
an age of group B was 53.3 years (p-value 0.09). 
Significant information from the medical histo-
ry of group B subjects is detailed in Annex 1. 
Male to female ratio in group A was 11:9, while 
in group B was 15:5 male. One-year outcomes in 
patients who received APL treatment are: 30% 
of the patients achieved persistent complete re-
mission (CR), 35% died without achieving CR 
and 35% relapsed. The death occurred mainly 
due to differentiation syndrome, inflammatory 
syndrome, hemorrhagic syndrome, and acute 
myocardial infarction.

Identification of in silico selected miRNAs
Following the 5% agarose gel electrophoresis, 
all 6 miRNAs of interest were identified in both 
groups. The size of the amplicons was measured 
using PyElph software, which indicated a length 
of 47 bp (Figure 1). This is consistent with pub-
lished data suggesting the size of miRNA am-
plicons should be between 40-50 bp, due to the 
stem-loop extension resulted from reverse-tran-
scription reaction.

Quantitative Real-Time PCR
Samples were analyzed using Real-Time PCR. 
Their amplification pattern was compared with a 
standard curve, which presented the characteris-
tic qRT-PCR parameters within the limits recom-
mended by the manufacturer (median efficiency 
1,933; median slope -3,494; median y-intercept 
44,11). Of the 6 miRNAs analyzed, expression 
differences were obtained between the 2 groups, 
in the case of hsa-mir-4328.

Data Analysis
The differential expression analysis conclud-
ed that of the six identified miRNAs, only hsa-
mir-4328 reached the significant expression 
difference threshold (Figure 2). Statistical anal-
ysis (unpaired two-tailed Mann-Whitney U test) 
showed that the expression level of mir-4328 
was markedly downregulated (p-value = 0.02) in 
the APL cohort, whereas hsa-mir-4299, hsa-mir-
939-5p and hsa-mir-7851-3p were also differen-
tially expressed between the two groups, sug-
gesting their dysregulation in the APL patients, 
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Fig. 1. Identification of miRNAs (agarose 
electrophoresis)

http://rrml.ro/articole/annex/Annex_rrlm-2022-0022.pdf
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although not significant. The expression level of 
hsa-mir-6827 and hsa-mir-6867 was similar in 
both groups.

Target gene prediction and functional enrich-
ment analysis of hsa-mir-4328 
We next sought to investigate the potential 
genes and pathways of interest targeted by hsa-
mir-4328, the candidate the most significantly 
downregulated in the APL patients group. 
Our in silico prediction analysis using miRWalk 
(http://mirwalk.umm.uni-heidelberg.de/) with 
a prediction score greater than 0.95 returned 
24 genes involved in AML (DOID:9119) and 
APL (DOID:60318) altogether and potentially 
modulated by hsa-mir-4328 (Figure 3A). We 
selected genes with hsa-mir-4328 binding sites 
within 5’-UTR, CDS and 3’-UTR regions of the 

gene. The functional enrichment analysis using 
miRPathDB, v2.0 (https://mpd.bioinf.uni-sb.
de/) revealed 127 Gene Ontology – biological 
processes, 24 Gene Ontology – molecular func-
tions pathway (Figure 4A) and 26 Reactome 
pathways (Figure 4B), significantly enriched 
for hsa-mir-4328 (p<0.05, over-representation 
analysis with Benjamini-Hochberg correction). 
Most of the identified pathways are involved in 
gene transcription and transcription regulation, 
suggesting that hsa-mir-4328 could modulate the 
transcription of RARA by interfering with nucle-
ic acid binding and RNA polymerase action as 
potential mechanisms. Moreover, hsa-mir-4328 
targets pathways known to be associated with 
AML signaling such as Receptor Tyrosin Kinases 
(RTKs), growth factor and interleukin signaling, 
MAPK pathway signaling or RUNX1 expres-

Fig. 2. Expression levels of selected miRNAs in healthy control subjects and APL patients, evaluated by 

 method. hsa-mir-4328 is significantly downregulated in the APL group (two tailed Mann-Whitney U 
test p-value=0.023)

http://mirwalk.umm.uni-heidelberg.de/
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Fig. 3. Target gene prediction and pathway network of hsa-mir-4328. A: Predictive targets of hsa-mir-4328 
in AML and APL identified by miRWalk; B: Random network layout representing pathway analysis of 

hsa-mir-4328 targets by miRTargetLink 2.0
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sion modulation. Remarkably, pathway analysis 
using miRTargetLink 2.0 (https://ccb-compute.
cs.uni-saarland.de) of validated hsa-mir-4328 
targets identified enriched pathways involved in 

myeloid cell differentiation, reinforcing the ther-
apeutic potential in APL, a disease essentially 
characterized by a myeloid progenitors differen-
tiation impairment. 

Fig. 4. Predictive pathways of hsa-mir-4328. A: Gene Ontology - Molecular function pathways enriched for 
hsa-mir-4328; B: Reactome pathways enriched for hsa-mir-4328
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We further investigated whether the expres-
sion of hsa-mir-4328 is influenced by the type 
of PML-RARA transcript (bcr2, bcr3), but no 
association between the type of transcript and 
hsa-mir-4328 expression level could be made 
(Spearman r=0.20, p=0.31).

Discussion 

The staple of APL pathogenesis is the PML-
RARA fusion gene. In this study, we investi-
gate the expression of miRNAs that in silico are 
predicted to target RARA, in primary samples 
from patients with APL. We opted for RARA 
as target gene because, unlike PML, its size re-
mains constant within the PML-RARA fusion 
gene, regardless of the transcript (bcr1, bcr2, 
bcr3). Although less often, RARA could also be 
involved in APL by fusing with other partners 
(PLZF, NPM, NuMA, STAT5b) (17). Consider-
ing recent literature data, we preferred to select 
patients at diagnosis and treatment-naïve, as the 
chances of a maximum load of altered-expres-
sion miRNA are much higher. Normalization of 
the miRNA expression profile was observed at 
the initiation of chemotherapy or in stages such 
as disease remission (18)(19). 
For the subjects in the control group, the diagno-
sis of CML was excluded because of the possi-
bility of transformation into AML (blastic trans-
formation), but also due to the property of cer-
tain miRNAs to cross-target multiple oncogenic 
fusions such as BCR-ABL. In addition, samples 
from all subjects included in the control group 
were only included if undetectable for the fusion 
genes and mutations detailed in Table 1. 
However, in the case of hsa-mir-4328, we ob-
served that the amplification curves of 5 subjects 
from group B had a similar pattern to those in 
group A. Also, the threshold values   of those sub-
jects correspond to the median value of group 
A rather than the control group. Their medical 
history revealed myeloproliferative syndrome 

(negative for mutations in JAK2 and CALR), es-
sential thrombocytosis, essential polycythemia, 
systemic lupus erythematosus, and Noonan syn-
drome. Because miRNAs do not have specifici-
ty for only one target gene, we hypothesize that 
these 5 subjects have distinct genotypic profiles 
in respect to hsa-mir-4328 targets. Thus, using a 
candidate approach from the genes known to be 
involved in the pathogenesis of these diseases, 
we queried miRDB database to look for a pos-
sible hsa-mir-4328 tropism for these genes. For 
all 5 subjects, 3 genes with prediction score be-
tween 77 and 89 were identified (THPO, KRAS, 
FCGR2B). In the case of the subject diagnosed 
with Noonan syndrome, which is a rare autoso-
mal dominant RASopathy, a KRAS mutation is 
probable. Although bulk DNA sequencing was 
performed on a sample from this patient to check 
this hypothesis, the presence of a KRAS variant 
had been unknown by the time of submitting this 
manuscript.
For the total RNA extraction, the trizol-based 
method was preferred. Compared to commer-
cially available kits, it allows to obtain signifi-
cantly higher quantities and purities, a better 
stability of the sample over time, as well as the 
possibility of optimizing the method for particu-
lar cases, at each stage of the protocol (20)(21). 
In the reverse-transcription reaction, the use of 
primer pools was avoided to minimize the risk 
of primer-dimer formation. Stem-loop prim-
ers were chosen instead of universal ones due 
to their high sensitivity and specificity because 
they target only the amplified mature miRNAs 
of interest. At the same time, these primers allow 
immediate electrophoresis for screening purpos-
es (14). The agarose electrophoresis method is 
not very efficient for miRNAs, due to their short 
length, with polyacrylamide electrophoresis be-
ing preferred instead. However, by optimizing 
the method and increasing the agarose gel con-
centration to 5%, the risk of certain miRNAs not 
being identified can be limited (15). The advan-
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tage of using agar electrophoresis is to verify the 
efficiency of the reverse-transcription reaction 
and therefore saving time and resources by re-
stricting the set of samples to be tested later by 
the Real-Time PCR method. The peculiarity of 
qRT-PCR is given by the selection of one of the 
samples (group B) for internal control and serial 
dilutions. This variant was preferred because the 
efficiency parameter offered by the LightCycler 
480 platform has high accuracy (22). However, 
this method should be complemented by pro-
teomics techniques to provide a more granular 
understanding of the biological processes in 
which selected miRNAs are involved (20).
As previously mentioned, the study of miRNAs 
represents a new direction of research in the 
pathogenesis of multifactorial diseases, espe-
cially neoplasms, due to their property to modu-
late the expression of target genes. According to 
our results, the identification of a new miRNA 
(hsa-mir-4328), with significant downregulated 
expression in APL, can represent a new starting 
point in gene therapy, but also in monitoring the 
therapeutic response. 
Because the expression of this miRNA is re-
duced in APL at diagnosis, it would be important 
to observe how its expression varies dynamical-
ly through the course of the disease. Due to miR-
NA sensitivity, APL relapse could be anticipated 
by a decrease in hsa-mir-4328 expression, even 
before the detection of the PML-RARA fusion 
protein. The remission of the disease could lead 
to a normalized level of this miRNA. If this hy-
pothesis is confirmed, hsa-miRNA-4328 has the 
potential of becoing a new marker for APL prog-
nosis and monitoring. At the same time, the spec-
ificity of this miRNA for the RARA gene should 
be considered. As in the case of the 5 subjects in 
the control group where hsa-mir-4328 was also 
downregulated, these molecules show tropism 
for a multitude of genes. Considering this, it may 
be necessary to design a larger panel of miRNAs 
with higher specificity for APL (Annex 2).

In conclusion, the bioinformatics methods used 
are reliable, with a high predictive power, allow-
ing an accurate check of the initial hypotheses. 
All 6 miRNAs were identified using electropho-
resis, and even more, one of them (hsa-mir-4328) 
has a low expression in the early stage of APL, 
compared to the control group (p <0.05). The 
differences in expression of this miRNA may 
represent a starting point in the development of 
a panel of miRNA for monitoring the therapeutic 
response of APL and for developing new gene 
therapies.
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