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Abstract

Fanconi anemia (FA) is a genetic disorder characterized by bone marrow failure and cancer predisposition. The FA cellular
phenotype is marked by a defective DNA double-strand break repair. Alongside this defect, FA cells exhibit mitochondrial
dysfunction and redox unbalance. In addition, FA cells display an altered microRNA profile, including miR-29a-3p,
which plays a crucial role in hematopoiesis by supporting the self-renewal, lineage commitment, and differentiation of
hematopoietic stem cells (HSCs). In this study, we demonstrate that miR-29a-3p is downregulated in lymphoblasts and
fibroblasts mutated for the FANC-A gene, leading to hyperactivation of PI3K/AKT pathway due to the overexpression of
its target genes, FOXO03, SGK1, and IGF1, and resulting in altered mitochondrial metabolism and insufficient antioxidant
response. In addition, miR-29a-3p downregulation appears associated with hyperactivation of the TGF-f signal. By contrast,
FA cells transfected with miR-29a-3p show an improvement in mitochondrial metabolism, oxidative stress response, and
DNA damage accumulation, by inhibiting the PI3K/AKT pathway and modulating the TGF-p pathway through a feedback
mechanism. In conclusion, our results highlight the central role of miR-29a-3p in FA cells, suggesting that it is a promising
molecular target to address several mechanisms based on FA pathogenesis.
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Introduction

Fanconi anemia (FA) is a genetic disease, typically with
pediatric onset, characterized by aplastic anemia and pre-
disposition to several types of cancer, such as acute myeloid
leukemia, gynecological carcinoma, and head and neck
squamous cell carcinoma (HNSCC) [1, 2].

DNA repair has long been considered the primary defect
in FA cells [3, 4]. However, in the last 20 years, research has
shown that FA proteins are involved in several other cellu-
lar processes, including defective energy metabolism [5, 6],
impaired antioxidant response [7-9], and the overproduc-
tion of pro-inflammatory and cytotoxic cytokines [10—13].
In detail, FA cells are characterized by altered electron trans-
port between respiratory complexes I and I1I [14, 15], lead-
ing to the uncoupling of oxidative phosphorylation (OxPhos)
[16—18]. As aresult, FA cells exhibit increased reactive oxy-
gen species (ROS) production [19, 20], not counteracted by
endogenous antioxidant defensesbecause FA cells are not
able to trigger an adaptative response to the oxidative stress
increment [21-23]. This imbalance in redox status promotes
DNA damage accumulation [24] and the development of a
pro-inflammatory environment [7], triggering a vicious
circle. Additionally, unrepaired DNA damage is reported
to contribute to the pro-inflammatory conditions observed
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in FA patients [25, 26], increasing the expression of cyto-
toxic cytokines. This heightened expression is associated
with increased cellular sensitivity and leads to the death of
hematopoietic progenitors [13, 27]. In this context, several
pro-inflammatory cytokines have already been associated
with defective hematopoiesis in patients with FA [28]. For
example, bone marrow mononuclear cells (BM-MNC) iso-
lated from FA patients have shown hypersensitivity to TNF-
o, which inhibits erythropoiesis in vitro [12]. Additionally,
hyperactivity of the TGF-/SMAD3 pathway inhibits DNA
repair via homologous recombination (HR), activating
non-homologous end joining (NHEJ), which is toxic to FA
HSCs [29]. Although DNA damage accumulation, impaired
energy metabolism and antioxidant defenses, and increased
production of proinflammatory cytokines in FA have been
extensively described in the literature, no mechanism has
yet been proposed to explain their interconnection and
mutual influence. To address this gap, we focused our atten-
tion on the microRNA (miRNA) profile in FA cells, because,
to date, few studies have explored the miRNA profile in FA
cells [30-32], although their modulation appears to play a
role in FA. For example, an initial analysis of the miRNA
profile in FA by the Cappelli and Degan group reported a
total of 24 miRNAs that were commonly altered in both FA
cell lines and patient samples compared to healthy subjects,
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which were involved in seven biological pathways associ-
ated with the FA phenotype, such as DNA damage protec-
tion, gene stability, and fatty acid metabolism [30]. A second
analysis also revealed the altered expression of miR-1246
and miR-206, two miRNAs that influence various biochem-
ical pathways associated with processes, such as autophagy,
oxidative stress response, and cell cycle regulation. In par-
ticular, miR-206 was identified as a key player in the BM
mesenchymal stem cells (MSC) regulation in FA patients
[31]. Additionally, Cagnan et al. identified 50 microRNAs
with differential expression between healthy donors and FA
patients prior to bone marrow transplantation (BMT), five of
which (e.g., hsa-miR-146a-5p, hsa-miR-148b-3p, hsa-miR-
187-3p, hsa-miR-196b-5p, and hsa-miR-25-3p), involved
in senescence and cancer progression, were significantly
downregulated in FA patients. Interestingly, after BMT, the
expression of hsa-miR-146a-5p and hsa-miR-874-3p was
restored, suggesting a potential role in the recovery of bone
marrow function [32].

In this study, we investigate the role of miR-29a-3p, a
member of the miR-29 family. The miR-29 family members
plays a multifaceted role in several cellular processes and
diseases [33], primarily acting as tumor suppressors [33,
34], anti-fibrotic agents bytheTGF-f} signal modulation [35,
36], and regulators of immune responses [37, 38]. miR-29s
are involved in processes such as apoptosis, proliferation,
and differentiation. For example, miR-29s can act as tumor
suppressors by targeting oncogenes and anti-apoptotic
genes, ultimately inhibiting tumorigenesis and metastasis
[39]. Additionally, miR-29s can influence epigenetic mech-
anisms [40], such as DNA methylation and histone modi-
fications, affecting gene expression; it have been linked to
impaired glucose metabolism [41]. More sepcifically, miR-
29a-3p modulates numerous biochemical and physiological
pathways, including the maturation, differentiation, and sur-
vival of hematopoietic stem and progenitor cells (HSPCs)
[42]. In detail, miR-29a-3p has been shown to regulate DNA
methyltransferase 3 (DNMT3), supporting self-renewal in
HSPCs and guiding lineage commitment and differentia-
tion [42—44]. Interestingly, the expression of miR-29a-3p is
inhibited by the hyperactivation of the TGF-f pathway [45],
whichis a hallmark of FA cells [46]. In addition, altered
miR-29a-3p expression is associated with the development
of Head and Neck Squamous Cell Carcinoma (HNSCC)
[47], a type of cancer highly prevalent in individuals with
FA [48].

Our findings reveal that FA lymphoblasts and primary
fibroblasts exhibit significantly reduced expression of miR-
29a-3p compared to healthy controls and isogenic corrected
cells. This reduction is mediated by negative feedback
involving TGF-B pathway activity. Furthermore, transfec-
tion of FA cells with miR-29a-3p restores mitochondrial

function, enhances the oxidative stress response and reduces
DNA damage by modulating the TGF-p pathway through
decreasing SMAD3 phosphorylation.

Materials and methods
Samples

Fanc-A lymphoblast cell lines and FANC-A primary fibro-
blast cell lines that carried out different mutations of the
FANC-A gene were obtained from the “Cell Line and DNA
Biobank from Patients affected by Genetic Diseases™ (G.
Gaslini Institute) - Telethon Genetic Biobank Network
(Project No. GTB07001). As controls, isogenic FA-corr cell
lines generated by the same FANC-A lymphoblast and fibro-
blast cell lines corrected with S11FAIN retrovirus (Lympho
FA-corr and Fibro FA-corr) were employed [49]. None of
the samples used in this study were affected by HNSCC or
pre-malignant changes.

The study was conducted following the Declaration of
Helsinki and approved by the regional ethics committee,
protocol JS002, register number 037 —21/01/2019. All the
subjects or their legal guardians gave written informed con-
sent to the investigation.

Cell culture and treatments

For lymphoblast cell lines, RPMI-1640 medium (GIBCO,
Billing, MT, USA) containing 10% fetal bovine serum
(FBS, Euroclone, Milano, Italy), 100 U/mL penicillin, and
100 pg/mL streptomycin (Euroclone, Milano, Italy) was
used, and the cells were grown at 37 °C with a 5% CO,
[49]. Primary fibroblasts were cultured as a monolayer in
DMEM high glucose with glutamax® (GIBCO, Billing, MT,
USA), containing 10% FBS (Euroclone, Milano, Italy), 100
U/mL penicillin, and 100 pg/mL streptomycin (Euroclone,
Milano, Italy) at 37 °C with a 5% CO, [49].

FA lymphoblast and fibroblast cells transfection
with miR-29a-3p

FA lymphoblast cells were transfected with miR-29a-3p
mimic (Thermo Fisher Scientific, Waltham, MA, USA),
using the lipofectamine RNAIMAX Transfection Reagent
(Invitrogen, Waltham, MA, USA) according to the manufac-
turer’s instruction. In detail, for subsequent RNA extraction,
500.000 cells grown in 6-well plates were transfected with
25 pmol of miR-29a-3p mimic or negative control mimic
using 7.5 pl lipofectamine. After 48 h, cells were harvested,
washed with PBS, lysed, and RNA was extracted. For the
subsequent biochemical analysis, 7.5 x 10® cells grown in
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75 cm? flasks were transfected with 187.5 pmol of miR-
29a-3p mimic or negative control mimic using 56.25 pl
lipofectamine. Cells were processed 48 h post-transfection.
FA fibroblast cells were transfected with miR-29a-3p
mimic (Thermo Fisher Scientific, Waltham, MA, USA)
using the same transfection reagent (Invitrogen, Waltham,
MA, USA). In detail, for the subsequent RNA extraction,
75,000 cells grown in 6-well plates were transfected with
25 pmol of miR-29a-3p mimic or negative control mimic
using 7.5 pl lipofectamine. After 48 h, cells were harvested,
washed with PBS, lysed, and RNA was extracted. For sub-
sequent biochemical analysis, 500,000 cells grown in 175
cm? flasks were transfected with 437.5 pmol of miR-29a-3p
mimic or negative control mimic using 131.25 ul lipo-
fectamine. Cells were processed 48 h post-transfection.

FA lymphoblast cell treatments

To inhibit the TGF-p pathway, lymphoblasts were treated
with Luspatercept, an inhibitor acting on the SMAD2/3 sig-
naling [50]. In detail, 500,000 cells were plated in a 2 ml
culture medium in the presence of 10 ng/ml Luspatercept
for 48 h.

To inhibit IGF1 signaling, 500,000 lymphoblasts were
treated with 400 pM Klotho [51] for 48 h.

In silico selection of pathway-related miR-29a-3p
target genes

To identify putative miR-29a-3p target genes potentially
involved in Fanconi cell metabolism impairment, we uti-
lized the miRPathDB v2.0 database (https://mpd.bioinf.un
i-sb.de). A curated list of miR-29a-3p-regulated genes asso-
ciated with DNA damage response, oxidative stress, mito-
chondrial metabolism, lipid metabolism, and apoptosis was
generated by evaluating the strength of predicted miRNA-
target gene interactions using TargetScan (https://mpd.bioin
f.uni-sb.de). Further refinement was conducted by assessing
the role and the subcellular localization of each gene with
the help of the NCBI Gene database (https://www.ncbi.nlm.
nih.gov/gene) and GeneCards (https://www.genecards.org).

RNA isolation to evaluate the expression of miR-
29a-3p and FOX03, SGK1, and IGF1 genes

RNA, including the small RNA fraction, was extracted
using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s protocol. The expres-
sion of miR-29a-3p was assessed using a specific TagMan
MicroRNA Assay (Applied Biosystems, Waltham, MA,
USA). Briefly, 10 ng of RNA was reverse-transcribed using
the TagMan MicroRNA Reverse Transcription Kit and the
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specific RT primer. Real-time PCR was performed in trip-
licate with specific primers. miRNA expression levels were
normalized to RNU44 expression.

To evaluate the expression of the FOXO03, SGK1, and
IGF1 genes, 100 ng of RNA were reverse transcribed using
the SuperScript VILO IV ¢cDNA Synthesis Kit (Invitrogen,
Waltham, MA, USA). The resulting cDNA was used for
real-time PCR with primers provided in the specific TagMan
Gene Expression Assays (Applied Biosystems, Waltham,
MA, USA). Gene expression levels were normalized to
GAPDH expression. All experiments were performed in
triplicate. Ct standard deviation values of used reference
genes among the performed treatments are reported in Sup-
plementary Table 1.

Catalase activity evaluation

Catalase (CAT) activity was assayed as a marker of cellular
antioxidant defenses. For each spectrophotometric assay, 50
ng of total proteins were used, following the H,0, decom-
position at 240 nm. The assay mix contained 100 mM Tris-
HCI (pH 7.4, Sigma-Aldrich, St. Louis, MO, USA) and 5
mM H,0, (Sigma-Aldrich, St. Louis, MO, USA) [21].

Oxidative stress markers evaluation

The thiobarbituric acid reactive substances (TBARS) assay
was employed to quantify malondialdehyde (MDA), an
indicator of lipid peroxidation. The TBARS reagent was
prepared using 0.25 M HCI, 0.25 mM trichloroacetic acid,
and 26 mM thiobarbituric acid (all sourced from Merck,
Darmstadt, Germany). A total of 50 pg of protein, dissolved
in 300 pl of Milli-Q water, was mixed with 600 ul of the
TBARS solution. The reaction mixture was incubated at 95
°C for 1 h and the absorbance was measured spectrophoto-
metrically at 532 nm. Standard solutions of MDA, with con-
centrations ranging from 1 to 20 pM, were used to generate
a calibration curve [21].

To measure 8-hydroxy-2-deoxyguanosine (8-OHdG),
a biomarker of oxidative DNA damage, an ELISA kit
(#ab201734, Abcam, Cambridge, UK) was utilized accord-
ing to the manufacturer’s instructions.

Evaluation of aerobic metabolism function and
efficiency

The OxPhos function was assessed by measuring the oxygen
consumption rate (OCR) and F_F,-ATP synthase activity.
OCR was determined using an amperometric electrode
(Unisense Microrespiration, Aarhus, Denmark) in a closed
chamber. For each test, 10° cells were permeabilized for
1 min with 0.03 mg/ml digitonin and then used in the assay.
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To activate the respiratory pathway led by Complex I or
Complex II, 10 mM pyruvate with 5 mM malate (Merck,
Darmstadt, Germany) or 20 mM succinate Merck, Darm-
stadt, Germany) were added, respectively [21].

F,F,-ATP synthase activity was measured in 10> cells
suspended in PBS plus 0.6 mM ouabain Merck, Darmstadt,
Germany) and 0.25 mM di (adenosine)—5-penta-phosphate
(an adenylate kinase inhibitor, Merck, Darmstadt, Ger-
many). After 10 min of incubation, 10 mM pyruvate with 5
mM malate (Merck, Darmstadt, Germany) or 20 mM succi-
nate (Merck, Darmstadt, Germany) were added to stimulate
pathways mediated by Complex I or II, respectively. ATP
production was quantified using a luminometer (GloMax®
20/20 Luminometer, Promega Italia, Milan, Italy), employ-
ing the luciferin/luciferase chemiluminescent method (ATP
bioluminescence assay kit CLS II, #11699695001 Roche,
Basel, Switzerland). Measurements were taken at 30-second
intervals over 2 min [21].

The OxPhos efficiency was determined by calculating the
P/O ratio, which represents the amount of ATP synthesized
aerobically per oxygen molecule consumed. Mitochondria
with optimal efficiency exhibit P/O ratios around 2.5 for
pyruvate and malate or 1.5 for succinate. Ratios below these
thresholds suggest incomplete oxygen utilization for ATP
production, potentially reflecting increased ROS generation
[21].

Assessment of ATP and AMP intracellular
concentration and the consequent cellular energy
status

ATP and AMP concentrations were assayed in 50 ug of
total protein. ATP content spectrophotometric analysis was
performed following the NADPreduction at 340 nm. The
assay solution contained 100 mMTris-HCI (pH 8.0; Merck,
Darmstadt, Germany), 0.2 mM NADP (Merck, Darmstadt,
Germany), 5 mM MgCl, (Merck, Darmstadt, Germany), 50
mM glucose (Merck, Darmstadt, Germany), and 3 ug of
pure hexokinase and glucose-6-phosphate dehydrogenase
(Merck, Darmstadt, Germany) [20].

AMP was measured spectrophotometrically following
the NADH oxidation at 340 nm. The reaction medium was
composed of 100 mM Tris-HCI (pH 8.0; Merck, Darmstadt,
Germany), 5 mM MgCl, (Merck, Darmstadt, Germany),
0.2 mM ATP (Merck, Darmstadt, Germany), 10 mMphos-
phoenolpyruvate (Merck, Darmstadt, Germany), 0.15 mM
NADH (Merck, Darmstadt, Germany), 10 IU adenylate
kinase, 25 IU pyruvate kinase, and 15 IU lactate dehydroge-
nase (Merck, Darmstadt, Germany) [20].

The cellular energy status was calculated as the ratio
between intracellular concentration of ATP and AMP (ATP/
AMP ratio) [20].

Evaluation of electron transfer between complex |
and complex il

To evaluate the electron transfer between Complex I and
Complex III, a spectrophotometric assay was performed
following the reduction of oxidized cytochrome ¢ (cytc)
at 550 nm in the presence of NADH. The assay medium
contained 50 mMTris-HCI (pH 7.4; Merck, Darmstadt, Ger-
many), 5 mMKCI (Merck, Darmstadt, Germany), 2 mM
MgCl, (Merck, Darmstadt, Germany), 0.5 M NaCl (Merck,
Darmstadt, Germany), 0.03% oxidized cytc (Merck, Darm-
stadt, Germany), and 0.6 mM NADH (Merck, Darmstadt,
Germany) [20].

Western blot analysis

The expression of several proteins belonging to the
FOXO03a, SGK1, IGF1, and SMAD3 (TGF-B effector)
signalling pathways was assessed by western blot (WB)
analysis performed on cell homogenates of FA lympho-
blasts and their controls. In detail, denaturing electropho-
resis (SDS-PAGE) was performed on 30 pg of proteins
employing a 4-20% gradient gel (BioRad, Hercules, CA,
USA). The following primary antibodies were used: phos-
pho-H2AX (#05-636, Merck, Darmstadt, Germany). phos-
pho-FOXO3a (#9466,Cell Signaling Technology, Beverly,
MA, USA), FOXO3a (#2497S, Cell Signaling Technol-
ogy, Beverly, MA, USA), GAPDH (#2118, Cell Signal-
ing Technology, Beverly, MA, USA), Histone H3 (#4499,
Cell Signaling Technology, Beverly, MA, USA), phospho-
AKT (#4060S, Cell Signaling Technology, Beverly, MA,
USA), AKT (#46918S, Cell Signaling Technology, Beverly,
MA, USA), phospho-SGK1 (#5599, Cell Signaling Tech-
nology, Beverly, MA, USA), SGK1 (#711183, Thermo
Fisher Scientific, Waltham, MA, USA), phospho-SMAD3
(#95208, Cell Signaling Technology, Beverly, MA, USA),
SMAD3 (#9523S, Cell Signaling Technology, Beverly,
MA, USA), and B-Actin (#MA1-140, ThermoFisher Sci-
entific, Waltham. MA, USA). All primary antibodies were
diluted following the manufacturer’s instructions in PBS
plus 0.15% Tween 20 (PBSt; Roche, Basel, Switzerland).
Specific secondary antibodies were employed (Merck,
Darmstadt, Germany, all diluted 1:10,000 in PBSt). Bands
were detected in the presence of an enhanced chemilumi-
nescence substrate (ECL, BioRad, Hercules, CA, USA),
by a chemiluminescence system (Alliance 6.7 WL 20 M,
UVITEC, Cambridge, UK). Band intensity was evaluated
by UV1D software (UVITEC, Cambridge, UK). All bands
of interest were normalized versus the actin signal detected
on the same membrane.

Since FOXO3a function is closely linked to its translo-
cation from the cytoplasm to the nucleus [52], FOXO3a
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expression has also beeen evalauted in nuclear fraction
obtained from FA and FAcorr lymphoblatsts. To obtain
nuclei-enriched fractions (N), cells were homogenated in a
0.25 M sucrose solution. This homogenate (H) was centri-
fuged at 800 g for 10 min. The supernatant was collected
and used as a cytoplasmic fraction (C), and the pellet was
resuspended in 0.25 M sucrose solution and centrifuged
again at 800 g for 10 min to obtain N.

In addition, the expression of proteins involved in the
TGF-f signalling modulation has been evaluated in samples
treated with Luspatercept, a TGF-f pathway inhibitor acting
on SMAD?2/3 signaling [50].

Statistical analysis

Data about gene expression, western blot analysis, ATP syn-
thesis, OCR, mitochondrial efficiency were obtained from
three independent replicate experiments; the other bio-
chemical data were obtained from six independent replicate
experiments. Data were shown as means +standard devia-
tion (SD). Student’s t test or one-way ANOVA followed
by Tukey’s multiple comparison test by Prism 9 Software
(GraphPad Software Inc., Boston, MA, USA) was used to
compare the differences between two or more groups. p<
0.05 was considered statistically significant. ns represent
statistically non-significant, * p< 0.05, ** p<0.01, *** p<
0.001, and **** p<0.0001.

Results

miR-29a-3p expression is downregulated in Fanc-A
cells

Although several miRNAs may potentially be involved in
the pathogenesis of FA [30, 31], we focused our attention
on miR-29a-3p, due to its role in modulating mitochon-
drial activity and redox balance [42], two features altered in
FA cells [17, 21]. Our data show a significant reduction in
miR-29a-3p expression in Fanc-A lymphoblasts (Fig. 1A)
and fibroblasts (Figure S1) compared to the corresponding
isogenic corrected cells, suggesting a possible role of miR-
29a-3p in mitochondrial dysfunction and associated oxida-
tive stress production in FA cells.

Several putative miR-29a-3p-regulated genes are
involved in DNA repair, mitochondrial function,
redox balance, and apoptosis

Based on the results of miR-29a-3p expression, we inter-

rogated the miRPathDB v2.0 database to identify puta-
tive associations between miRNAs, target genes, and
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cellular pathways. Specifically, we selected genes poten-
tially regulated by miR-29a-3p and involved in DNA dam-
age response, oxidative stress, mitochondrial metabolism,
lipid metabolism, and apoptosis, all of which are pathways
potentially altered in FA cells. Furthermore, TargetScan was
used to define the gene list based on the strength of pre-
dicted miRNA-target gene interactions. The list was then
refined by analyzing the role and subcellular location of
each gene using NCBI Gene and GeneCards. The final list
is reported in Fig. 1B.

miR-29a-3p transfection reduced the
oxidative damage and improved the oxidative
phosphorylation in Fanc-A cells

Since low expression of miR-29a-3p in FA cells suggests
possible altered expression of genes involved in oxida-
tive stress response (Fig. 1B), catalase (CAT) activity, and
intracellular malondialdehyde (MDA) levels have been
evaluated as markers of antioxidant defenses and oxidative
damage, in FA cells transfected with miR-29a-3p. Addition-
ally, 8-hydroxy-2’-deoxyguanosine (§8-OHdG) content and
histone H2AX phosphorylation have been assayed as DNA
damage markers.

Fanc-A cells displayed reduced CAT activity (Fig. 2A and
Figure S2A) and increased concentrations of MDA (Fig. 2B
and Figure S2B) and 8-OHdG (Fig. 2C and Figure S2C)
compared to the corrected cells, indicating increased oxida-
tive damage to lipids and DNA due to defective antioxidant
defenses. In addition, histone H2AX was hyper-phosphor-
ylated in Fanc-A lymphoblasts (Fig. 2D), confirming DNA
damage accumulation. However, these detrimental effects
appeared partially recovered after miR-29a-3p transfection,
suggesting a role of this miRNA in the unbalanced oxidative
stress of FA cells.

Considering that miR-29a-3p could also regulate genes
involved in energy metabolism and that FA cells display an
altered OxPhos associated with increased oxidative stress
production [14, 17, 49], the ATP synthesis through F F,-
ATP synthase, the oxygen consumption rate (OCR), and the
OxPhos efficiency were investigated before and after miR-
29a-3p transfection in Fanc-A lymphoblasts and fibroblasts.
As expected, data show that Fanc-A cells were characterized
by defective ATP production (Fig. 2E and Figure S2D) and
OCR (Fig. 2F and Figure S2E) when OxPhos was induced
by pyruvate/malate addition but not with succinate. This
impairment resulted in a decrease of OxPhos efficiency via
complexes [-III-IV, as indicated by the reduction of the P/O
value (Fig. 2G and Figure S2F). All these metabolic param-
eters showed a significant improvement after miR-29a-3p
transfection. This recovery depended on the restoration of
electron transport between respiratory complexes I and III
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Fig. 1 miR-29a-3p expression in Fanc-A cells and putative
miR-29a-3p-regulated genes. (A) The graph shows the comparison
of miR-29a-3p expression in isogenic Fanc-A corrected lymphoblasts
(Fanc-A corr, used as a control) and Fanc-A lymphoblasts (Fanc-A).
RNU44 was used as a reference control. Data are expressed as mean
+SD and are representative of three independent experiments (n= 3).

(B) Putative target genes of miR-29a-3p in DNA damage response
processes, mitochondrial function, oxidative stress, lipid metabolism,
and apoptosis.In bold are marked the genes that are recurrent across
the different pathways analyzed. In panel A, ** indicates a significant
difference for p<0.01
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{ Fig. 2 Antioxidant defenses, oxidative stress, and energy metabolism
were modulated by miR-29a-3p expression in Fanc-A lymphoblasts.
All analyses were conducted on Fanc-A lymphoblasts corrected with
the WT Fanc-A gene (Fanc-A corr), Fanc-A lymphoblasts (Fanc-A),
Fanc-A lymphoblasts transfected with a miRNA mimic negative con-
trol for 48 h (Fanc-A scr), and Fanc-A lymphoblasts transfected with
miR-29a-3p for 48 h (Fanc-A +miR-29a-3p) (A) Catalase activity as
an antioxidant defense marker. (B) Intracellular concentration of malo-
ndialdehyde (MDA) as a lipid peroxidation marker. (C) 8-hydroxy-
2’-deoxyguanosine (8-OHdAG) content as a DNA oxidation marker.
(D) WB signal and relative densitometric analysis of p-H2AX. The
densitometric analysis was normalized to the actin signal and used as a
housekeeping protein. (E) ATP synthesis through F F,-ATP synthase.
(F) Oxygen consumption rate (OCR). (G) P/O value, an OxPhos effi-
ciency marker. For Panels E, F, and G, the analyses were conducted
in the presence of pyruvate plus malate (P/M) or succinate (Succ)
to induce the OxPhos pathways led by Complex 1 or Complex II,
respectively. (H) Electron transfer between Complexes I and III. (I)
Intracellular ATP content. (J) Intracellular AMP content. (K) Cellular
energy status is obtained by calculating the ATP/AMP ratio Data are
expressed as mean £SD and are representative of three independent
experiments (n= 3) for Panels D-G and six independent experiments
for Panels A-C and H-K (n= 6).*** and **** indicate a significant
difference for p< 0.001, and 0.0001, respectively. ns indicates a no-
significant statistical difference

(Fig. 2H and Figure S2G), leading to an increase in intracel-
lular ATP content (Fig. 21 and Figure S2H) and a reduction
in AMP concentration (Fig. 2J and Figure S2I), ultimately
improving the energy status (Fig. 2K and Figure S2J).

miR-29a-3p transfection restores FOX03, SGK1, and
IGF1 genes expression in Fanc-A cells

The data presented in Fig. 1B highlight that FOXO3, SGK1,
and IGF1 are implicated in multiple pathways, including
DNA damage response, mitochondrial activity regulation,
oxidative stress management, and apoptosis, all hallmark
features of FA pathology. Consequently, the expression of
these genes was assessed in Fanc-A lymphoblasts (Fig. 3A-
C) and Fanc-A fibroblasts (Fig. S3A-C). The results revealed
significantly elevated expression levels for all three genes
compared to their corrected counterparts. By contrast, in
Fanc-A cells transfected with miR-29a-3p, the expression
of the FOXO03, SGK1, and IGF1 genes decreased by about
40%, 34%, and 30%, respectively, compared to the FA cells,
reaching a comparable level compared to control cells.

Treatment with miR-29a-3p restores the nuclear
translocation of FOXO3a in Fanc-A lymphoblasts

WB analysis of FOXO3a localization revealed that Fanc-
A lymphoblasts predominantly expressed FOXO3a in the
cytoplasmic fraction while Fanc-A corr cellsexhibited
higher protein expression in the nucleus. Conversely, miR-
29a-3p transfection in Fanc-A cells significantly promoted

FOXO03a translocation to the nucleus, enhancing its tran-
scriptional activity (Fig. 3D-G).

The miR-29a-3p-induced nuclear translocation
of FOX03a depends on the modulation of its
hyperphosphorylation through AKT and SGK1
pathways

FOXO03a migration from cytoplasm to nucleus depends on
different post-transcriptional modifications [53-55], includ-
ing the phosphorylation on Ser253 by AKT phosphorylated
on Ser473, which is the principal post-translational modi-
fication that prevents FOXO3a entry into the nucleus [56,
57]. Therefore, the phosphorylation levels of these two
proteins were evaluated by WB analysis. Our results show
that Fanc-A lymphoblasts displayed higher phosphorylation
of Ser253 p-FOXO03a (Fig. 4A and B) and Ser473 p-AKT
(Fig. 4A and C) compared to Fanc-A corrected cells, which
was reverted by miR-29a-3p treatment. Furthermore, since
SGK1 shares the same phosphorylation site on FOXO3a as
AKT [58, 59] when phosphorylated on Ser422, the expres-
sion of phosphorylated and total forms of SGK1 in Fanc-A
cells has been evaluated, observing a hyperphosphoryla-
tion in Fanc-A cells compared to Fanc-A corr, which was
reduced after miR-29a-3p transfection(Fig. 4A and D).

miR-29a-3p and TGF-p pathway modulate each
other

Since the miR-29a-3p expression is negatively regulated by
the TGF-f pathway hyperactivation, its expression has been
evaluated in the presence of Luspatercept, observing that
treated FA lymphoblast increased the miR-29a-3p expres-
sion, reaching the level of control cells (Fig. 5A).

On the other hand, miR-29a-3p also affects TGF-f sig-
naling, as miR-29a-3p transfection in Fanc-A lymphoblasts
reduced SMAD3 hyperphosphorylation to levels compara-
ble to those observed in corrected cells (Fig. 5B).

Inhibition of TGF-Bor IGF1 signaling reduces the
oxidative damage and improves the oxidative
phosphorylation in Fanc-A lymphoblasts

As shown in Fig. 5, the TGF-Bsignal reduction leads to a
recoveryof miR-29a-3p content in FA lymphoblasts, sug-
gesting the evaluation of possible effects of Luspater-
cept on antioxidant defenses, DNA damage, and energy
metabolism. Moreover, since FA cells displayed elevated
IGF1 expression compared to the control, which, however,
decreased after transfection with miR-29a-3p (Fig. 3C), the
same investigation was considered appropriate for Klotho,
an IGF1 signaling inhibitor [51].
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Fig.3 FOXO03, SGK1, and IGF1 expression and FOXO3a intracellular
localization in Fanc-A lymphoblasts. In the top of the figure graphs
show the comparison of FOXO3 (A), SGK1 (B), and IGF1 (C) expres-
sion in (i) Fanc-A cells corrected with the WT Fanc-A gene (Fanc-A
corr), (ii) Fanc-A cells (Fanc-A), (iii) Fanc-A cells transfected with a
miRNA mimic negative control for 48 h (Fanc-A scr), and (iv) Fanc-A
cells transfected with miR-29a-3p for 48 h (Fanc-A +miR-29a-3p).
GAPDH was used as the reference control. Data are expressed as mean
+SD and are representative of three independent experiments (n= 3)
To investigate the intracellular localization of FOXO3a, all analyses
were conducted on cell homogenate (H), nuclear fraction (N), and
cytoplasmic fraction (C) derived from Fanc-A corr, Fanc-A scr, and
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Fanc-A +miR-29a-3p. (D) Representative WB signals of FOXO3a,
GAPDH (used as a cytoplasmic marker), and Histone H3 (used as
a nuclear marker). The virtual absence of the GAPDH signal in the
nuclear fraction and the Histone H3 signal in the cytoplasmic frac-
tion demonstrates the correct separation of the two cellular fractions.
(E) Densitometric analysis of the FOXO3a signal. (F) Densitometric
analysis of the GAPDH signal. (G) Densitometric analysis of the his-
tone H3 signal. Data in panels E-G are expressed as mean +SD and
are representative of three independent experiments (n=3). *, **, ***
and **** indicate a significant difference for p<0.05, 0.01, 0.001, and
0.0001, respectively. ns indicates a no-significant statistical difference
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Fig. 4 miR-29a-3p transfection modulates the FOXO3a, AKT, and
SGK1 phosphorylation in Fanc-A lymphoblasts. All analyses were
conducted on Fanc-A lymphoblasts corrected with the WT Fanc-A
gene (Fanc-A corr), Fanc-A lymphoblasts (Fanc-A), Fanc-A lym-
phoblasts transfected with a miRNA mimic negative control for 48 h
(Fanc-A scr), and Fanc-A lymphoblasts transfected with miR-29a-3p
for 48 h (Fanc-A +miR-29a-3p) (A) Representative WB signals of:
phospho-FOXO3a (Ser253); total FOXO3a; phospho-AKT (Ser473);

The data show that both the inhibition of the TGF-f path-
way and IGF1 signaling exhibit the same trend observed after
transfecting FA cells with miR-29a-3p. In particular, Luspater-
cept and Klothotreatmentsincreased AO response (Fig. 6A),
an evident reduction in oxidative stress accumulation(Fig. 6B-
C), a recovery of mitochondrial function(Fig. 6D-G), and of
cellular energy status (Fig. 6H-L).

Luspatercept and Klotho treatments reduce the
hyperphosphorylation of FOX03a, SGK1, and AKT

Since Luspatercept and Klotho treatments modulate miR-
29a-3p expression and downstream function, respectively,
their effects on the hyperphosphorylation of FOX0O3a, AKT,
and IGF1 have been investigated. Data reported in Fig. 7
show that bothtreatments can reduce the phosphorylation
level of miR-29a-3p targets, restoring levels similar to the
control.

Discussion

The data presented herein provide novel insights into the
role of the miR-29a-3p and TGFp axis in FA pathogenesis,
particularly concerning mitochondrial dysfunction, redox
balance, and DNA damage accumulation.
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total AKT; phospho-SGK1 (Ser422); total SGK1. Actin signal was
used as housekeeping. (B) The ratio of phosphorylated and total forms
of FOXO3a signals. (C) The ratio of phosphorylated and total forms of
AKT signals. (D) The ratio of phosphorylated and total forms of SGK1
signals. Data in panels B, C, and D are expressed as mean = SD and
are representative of three independent experiments (n=3). *, **, ***
and **** indicate a significant difference for p<0.05, 0.01, 0.001, and
0.0001, respectively

These findings suggest that, although the defect in DNA
damage repair is the principal cause of FA, additional
molecular mechanisms contribute to maintaining an altered
cellular state, perpetuating a vicious cycle that exacerbates
DNA damage over time.

Previous studies have highlighted the dysregulation of
several miRNAs in FA cells [30-32], showing how FA cells
are characterized by a different miRNA profile compared to
healthy individuals and how BMT can partially revert this
alteration, suggesting a key role of miRNAs in the patho-
genesis of FA. However, to the best of our knowledge, this
is the first study to demonstrate that the downregulation of
miR-29a-3p impacts energetic and redox imbalances typical
of FA cells. In detail, we report that the miR-29a-3p trans-
fection improved OxPhos in terms of function and coupling
and promoted the antioxidant enzyme expression and activ-
ity in FA lymphoblasts and fibroblasts. This enhancement
of redox balance prevented membrane lipoperoxidation,
as evidenced by reduced MDA levels, and mitigated DNA
damage, as indicated by decreased 8-OHdAG content and
reduced H2AX phosphorylation. On the other hand, miR-
29a-3p has emerged as a critical regulator, modulating the
expression of genes involved in mitochondrial activity [41],
redox balance [42], DNA damage [42], and cell prolifera-
tion [60].

To understand the mechanism underlying the influ-
ence of miR-29a-3p on the energy metabolism and redox
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Fig. 5 Reciprocal effect of SMAD3 inhibition and miR-29a-3p trans-
fection in Fanc-A lymphoblasts. (A) miR-29a-3p expression in Fanc-A
lymphoblasts corrected with the WT Fanc-A4 gene (Fanc-A corr), Fanc-
A lymphoblasts (Fanc-A), Fanc-A lymphoblasts treated with Luspater-
cept (TGF-beta pathway inhibitor) for 48 h (Fanc-A + Luspatercept)
(B) Representative WB signals of phospho-SMAD3 (Ser423/425),
total SMAD3, and Actin (housekeeping protein) signals and relative
ratio of phosphorylated and total forms of SMAD3 signals performed

balance of FA cells, we focused our attention on FOXO3a,
a miR-29a-3p-targeted transcription factor playing a piv-
otal role in the mitochondrial metabolism modulation [41].
On the other hand, miR-29a-3p appears essential for the
self-renewal of hematopoietic stem cells just by controlling
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on Fanc-A corr, Fanc-A, Fanc-A lymphoblasts transfected with a
miRNA mimic negative control for 48 h (Fanc-A scr), and Fanc-A
lymphoblasts transfected with miR-29a-3p for 48 h (Fanc-A +miR-
29a-3p). For both hystograms, data are expressed as mean + SD and
are representative of three independent experiments (n= 3).**, and
**** indicate a significant difference for p< 0.01, and 0.0001, respec-
tively. ns indicates a no-significant statistical difference

mitochondrial function [61]. Our data show that FA cells
displayed a threefold higher expression of the FOXO3
gene compared to control cells. This elevated expression
in FA cells could explain the metabolic alterations charac-
terizing FA cells as FOXO3a activation causes a reduction
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in mitochondrial DNA copy number, mitochondrial pro-
tein expression, respiratory complexes, and mitochondrial
respiratory activity [62]. This hypothesis is confirmed by
the recovery of OxPhos activity and efficiency as well as
the cellular energy status improvement observed after the
reduction of FOXO3 gene expression following the trans-
fection with miR-29a-3p both in FA lymphoblasts and
fibroblasts. In addition, behind the FOXO3 gene expres-
sion, it is necessary to consider that FOXO3a protein func-
tiondepends on its cellular localization, which is regulated
by various post-translational modifications; for example,
FOXO3a nuclear translocation is promoted by the macro-
phage stimulating 1 (MST1)-induced phosphorylation while
it is inhibited by thephosphorylation on Thr32 and Ser253
by Ser473-phosphorylated AKT [58]. Since AKT hyper-
phosphorylation is a hallmark of FA cells [63], it is quite
surprising to observe that, in FA lymphoblasts, FOXO3a
appears hyperphosphorylated at Ser253 and accumulates in
the cytoplasmic fraction. Interestingly, both FOX0O3a and
AKT hyperphosphorylation were reduced in cells trans-
fected with miR-29a-3p, leading to an increase in FOX0O3a
levels in the nuclear fraction, suggesting that the AKT path-
way is also regulated by miR-29a-3p [64]. Indeed, a recent
study by Pang et al. proposes that the FOXO3a localization
in nuclei depends on the mono-ubiquitination of FANCD2
and is independent of AKT phosphorylation. However,
this discrepancy suggests that the regulation of FOX0O3a
nuclear localization is highly complex and involves addi-
tional post-translational modifications [65].

Since FOXO03a also promotes ROS detoxification by
increasingcellular antioxidant defense [66] and genome sta-
bility [52], it is plausible to speculate that the miR-29a-3p-
induced FOXO3 gene and protein modulation also leadsto
the increase in catalase activity and the decrease of the DNA
damage accumulation observed in transfected FA lympho-
blasts and fibroblasts.

The SGK1, another miR-29a-3p target gene, also modu-
lates FOXO3a phosphorylation and the consequent cellu-
lar localization. In detail, SGK1 phosphorylated on Ser422
leads to the FOXO3a negative modulation [58]. Regarding
this, our data show that FA lymphoblasts are characterized
by elevated SGK1 gene expression and hyperphosphoryla-
tion of the SGK1 protein, which return to levels similar to
those of controls following transfection with miR-29a-3p.
Therefore, these data suggest that miR-29a-3p transfection
exerts a dual effect on FOXO3a: it acts as a direct modula-
tor of its gene expression while also influencing its cellular
localization and function through the regulation of AKT and
SGK1, another target gene of miR-29a-3p. In other words,
the reduction of miR-29a-3p triggers a cascade signal that
facilitates the DNA damage, as resumed in Fig. 8 and by

the following flow: Fanc-A gene KO — miR29a-3p| —
TGF-B1 (via SMAD3") +SGK17t +AKT"t + FOXO03"t
— FOXO3a nuclear translocation| —Mitochondrial energy
metabolism efficiency| and antioxidant defences| — oxida-
tive stressT — DNA damage?.

To investigate the mechanism underlying the downregu-
lation of miR-29a-3p in FA cells, we focused on the TGF-f
signaling, as this pathway is hyperactivated in FA cells [67].
In addition, the miR-29a-3p expression is modulated by
TGF-f through the signal transducer SMAD?3 [68]. Indeed,
our data show that inhibition of TGF-f signaling following
treatment with Luspatercept leads to an increased expres-
sion of miR-29a-3p in FA lymphoblasts, which, in turn,
exerts positive effects on mitochondrial metabolism, cellu-
lar energy status, and the activation of antioxidant defenses.
The same results were also observed in the presence of
Klotho, an inhibitor of IGF1 signaling, which is an effec-
tor of the TGF-p pathway [69]. IGF1 expression is elevated
in FA cells and is regulated by miR-29a-3p. This finding is
particularly interesting given that FA patients are character-
ized by borderline hyperglycemia [70], which could lead to
increasing in IGF1 signaling.

The inhibition of the TGF-} signal throughLuspatercept
or Klotho also causes a reduction of DNA damage accu-
mulation, as demonstrated by the decrement in §-OHdG
content and H2AX phosphorylation. On the other hand, in
FA cells, the hyperactivation of TGF-f signaling promotes
DNA repair via non-homologous end joining (NHEJ), an
error-prone repair pathway that contributes to toxicity in FA
hematopoietic stem cells [67]. Conversely, inhibition of the
TGF-p pathway through silencing of the SMAD3 gene in
FA mice and human cells modulates the expression of DNA
repair genes in favor of homologous recombination (HR)
over NHEJ, resulting in increased growth of hematopoietic
progenitors and rescue of bone marrow failure [29].

In addition, TGF-P signaling inhibition plays a pivotal
role in modulating the PI3K/AKT pathway [71, 72] also
influencing FOXO3a, as demonstrated by the decreased
phosphorylation of AKT, SGK1, and FOXO3a following
treatment with Luspatercept and Klotho.

Interestingly, miR-29a-3p is also a modulator of the
TGF- pathway, as its transfection into FA cells reduces the
phosphorylation of SMAD3, a key effector of the TGF-3
pathway. In other words, the data suggest that miR-29a-3p
and TGF-p are connected through a negative feedback loop
that mutually regulates their expression.

Therefore, if increased miR-29a-3p expression can
restore mitochondrial functionality and redox balance while
reducing DNA damage accumulation in FA cells through the
modulation of AKT, SGK1, and FOXO3a, it is plausible to
hypothesize that thismodulation, in turn, reduces the release
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{ Fig. 6 Antioxidant defenses, oxidative stress, and energy metabolism
were modulated by Luspatercept or Klotho treatment in Fanc-A lym-
phoblasts. All analyses were conducted on Fanc-A lymphoblasts cor-
rected with the WT Fanc-A gene (Fanc-A corr), Fanc-A lymphoblasts
(Fanc-A), Fanc-A lymphoblasts treated with Luspatercept (TGF-p
pathway inhibitor) for 48 h (Fanc-A +Luspatercept), and Fanc-A
lymphoblasts treated with Klotho (IGF1 signaling inhibitor) for 48
h (Fanc-A +Klotho) (A) Catalase activity as an antioxidant defense
marker. (B) Malondialdehyde (MDA) intracellular concentration,
as a lipid peroxidation marker. (C) 8-hydroxy-2’-deoxyguanosine
(8-OHdG) content as a DNA oxidation marker. (D) ATP synthesis
through F F,-ATP synthase. (E) Oxygen consumption rate (OCR). (F)
P/O value, an OxPhos efficiency marker. For Panels D, E, and F, the
analyses were conducted in the presence of pyruvate plus malate (P/M)
or succinate (Succ) to induce the OxPhos pathways led by Complex
I or Complex II, respectively. (G) Electron transfer between Com-
plexes I and III. (H) Intracellular ATP content. (I) Intracellular AMP
content. (J) Cellular energy status is obtained by calculating the ATP/
AMP ratio Data are expressed as mean = SD and are representative of
three independent experiments (n= 3) for Panels D-F, and six indepen-
dent experiments (n= 6) for Panels A-C and G-J. *, ¥* *** and ****
indicate a significant difference for p< 0.05, 0.01, 0.001, and 0.0001,
respectively. ns indicates a no-significant statistical difference

of pro-inflammatory cytokines, leading to a consequent
decrease of the TGF-B signaling, further promoting miR-
29a-3p expression. In other words, the mutual modulation
of miR-29a-3p and TGF-p signaling can be resume in two
flows that converge in the reduction of mitochondrial and
DNA damage:

(A) TGF-B| (via Luspatercept) — miR29a-3pt — SGK1°|
+AKTP| + FOX03"| — FOXO3a nuclear transloca-
tionf —Mitochondrial energy metabolism efficiency(
and antioxidant defences — oxidative stress| — DNA
damage].

(B) miR29a-3pt — TGF-|(via SMAD3") — SGKIP|
+AKTP| + FOX03®?| — FOXO3a nuclear transloca-
tionT —Mitochondrial energy metabolism efficiency?(
and antioxidant defencest — oxidative stress| — DNA
damage|.

Conclusions

The data presented in this study demonstrate the central role
of miR-29a-3p and the TGF-f pathway in the pathogenesis
of FA, as the overexpression of the former and the downreg-
ulation of the latter promote the recovery of metabolic func-
tionality, the restoration of redox balance, and the reduction
of DNA damage accumulation. These findings also suggest
that the cellular dysfunctions characteristic of FA, which
lead to DNA damage accumulation, depend on the activa-
tion of multiple, partially redundant signaling pathways
(Fig. 8). Thus, although FA remains a DNA repair disor-
der, other molecular alterations—triggered by DNA dam-
age but which, in turn, lead to further accumulation of DNA
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Fig. 7 Luspatercept and Klotho treatments modulate the FOXO3a,
AKT, and SGK1 phosphorylation in Fanc-A lymphoblasts. All analy-
ses were conducted on Fanc-A lymphoblasts corrected with the WT
Fanc-A gene (Fanc-A corr), Fanc-A lymphoblasts (Fanc-A), Fanc-A
lymphoblasts treated with Luspatercept (TGF-beta pathway inhibitor)
for 48 h (Fanc-A +Luspatercept), and Fanc-A lymphoblasts treated
with Klotho (IGF1 signaling inhibitor) for 48 h (Fanc-A +Klotho)
(A) Representative WB signals of: phospho-FOXO3a (Ser253); total

FOXO3a; phosphor-AKT (Ser473); total AKT; phosphor-SGK1
(Ser422); total SGK1. Actin signal was used as housekeeping. (B) The
ratio of phosphorylated and total forms of FOXO3a signals. (C) The
ratio of phosphorylated and total forms of AKT signals. (D) The ratio
of phosphorylated and total forms of SGK1 signals. Data in panels B,
C, and D are expressed as mean + SD and are representative of three
independent experiments (n= 3). **** indicates a significant differ-
ence for p< 0.0001. ns indicates a no-significant statistical difference
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Fig. 8 Role of miRN-29a-3p as a dynamic modulator of FA pathogenesis. The image show the role of miR-29a-3p in the modulation of FOXO3a,
IGF1, and TGF-p signals in healthy cells (left) and FA cell (right). The font size is proportional to the expression level of the indicated protein

mutations—may contribute to disease pathogenesis, such as
the enhancement of inflammatory and oxidative stress envi-
ronments, representing potential molecular targets for new
therapies. Consequently, any effective therapeutic approach
should aim to modulate the FA cells alterations at multiple
levels.

In addition, since impaired mitochondrial function,
oxidative stress and pro-inflammatory state are functional
defects known to be involved in the development of aplastic
anemia and further neoplastic evolution, these data may rep-
resent an interesting model for studying the pathogenesis of
inherited or acquired bone marrow failure syndromes.
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