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Abstract: The β-thalassemias are inherited genetic disorders affecting the hematopoietic system. In
β-thalassemias, more than 350 mutations of the adult β-globin gene cause the low or absent production
of adult hemoglobin (HbA). A clinical parameter affecting the physiology of erythroid cells is the
excess of free α-globin. Possible experimental strategies for a reduction in excess free α-globin chains
in β-thalassemia are CRISPR-Cas9-based genome editing of the β-globin gene, forcing “de novo” HbA
production and fetal hemoglobin (HbF) induction. In addition, a reduction in excess free α-globin
chains in β-thalassemia can be achieved by induction of the autophagic process. This process is
regulated by the Unc-51-like kinase 1 (Ulk1) gene. The interplay with the PI3K/Akt/TOR pathway,
with the activity of the α-globin stabilizing protein (AHSP) and the involvement of microRNAs in
autophagy and Ulk1 gene expression, is presented and discussed in the context of identifying novel
biomarkers and potential therapeutic targets for β-thalassemia.
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1. Introduction

The β-thalassemias are inherited genetic disorders affecting the hematopoietic sys-
tem [1–3], characterized by more than 350 known mutations of the adult β-globin gene [4].
In addition to that, a clinical parameter affecting the physiology of erythroid cells is the
excess of free α-globin [5–10]. Figure 1 summarizes the key biochemical/molecular al-
terations in β-thalassemia. In this pathology, the most important feature is ineffective
erythropoiesis associated with a low or absent production of β-globin, leading to a low or
absent production of HbA (α2β2) [1–3].
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Figure 1. The interplay between production of HbA, excess of free α-globin chains and ineffective
erythropoiesis in β-thalassemia. Created with BioRender.com.

The low/absent production of β-globin is the leading cause of an accumulation of
free α-globin chains in the cytoplasm of erythroid cells. This is the most important factor
contributing to ineffective erythropoiesis [11,12]. In fact, the free α-globin chains tend to
aggregate each other and precipitate, causing cytotoxic effects [5,13], oxidative stress [14]
and low survival of the erythroid cells [15] associated with high levels of hemolysis [7,16].
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From the analytical point of view, these alterations are easily appreciable using
HPLC [17–20]. In this case, particularly informative is the comparison of chromatograms
using lysates from erythroid cells derived from β0-thalassemia patients (who produce
only trace amounts of HbA) and β+-thalassemia patients (who produce low but clearly
detectable amounts of HbA). In both cases, the presence of α-globin aggregates is detectable.
Figure 2 shows representative chromatograms of erythroid cells of a β0-thalassemia patient
(Figure 2A) and a β+-thalassemia patient (Figure 2B).

Cells 2024, 13, x FOR PEER REVIEW  2  of  20 
 

 

tributing to ineffective erythropoiesis [11,12]. In fact, the free α-globin chains tend to ag-

gregate each other and precipitate, causing cytotoxic effects [5,13], oxidative stress  [14] 

and low survival of the erythroid cells [15] associated with high levels of hemolysis [7,16]. 

From the analytical point of view, these alterations are easily appreciable using HPLC 

[17–20]. In this case, particularly informative is the comparison of chromatograms using 

lysates from erythroid cells derived from β0-thalassemia patients (who produce only trace 

amounts of HbA) and β+-thalassemia patients  (who produce  low but clearly detectable 

amounts of HbA). In both cases, the presence of α-globin aggregates is detectable. Figure 

2 shows representative chromatograms of erythroid cells of a β0-thalassemia patient (Fig-

ure 2A) and a β+-thalassemia patient (Figure 2B). 

 

Figure 2. Representative HPLC profiles showing the presence of an “α-globin-peak” (“α-globin ag-

gregates” close to the HbF peak) (A). HPLC of erythroid cells from a β039/β039 patient. (B). HPLC 

of erythroid cells from a β039/β+-IVSI-110 patient. Modified from Cosenza et al. [20] (panel A) and 

Zuccato  et  al.  [18]  (panel  B)  with  permission  (copyright  can  be  found  at 

https://www.mdpi.com/2073-4425/13/10/1727 and https://www.mdpi.com/1420-3049/29/1/8, respec-

tively; accessed on 25 March 2024) [18,20]. 

In comparison with the HPLC profile of the blood from a healthy subject and consid-

ering HbA2 as a hemoglobin reference, absent (Figure 2A) and lower (Figure 2B) produc-

tion of HbA is clearly evident, together with the presence of the “α-globin-peak”, located 

near  the HbF peak and constituted by α-globin aggregates  [21]. The  insoluble  fraction, 

composed of precipitated α-globin, can be studied by a different procedure. In this case, 

membranes are isolated and carefully washed to remove the soluble fraction. In the final 

step of the procedure, the proteins (that also contain the precipitated α-globin chains) are 

suspended in an SDS-containing buffer, separated by polyacrylamide gel electrophoresis 

and then analyzed by Western blotting to quantify the α-globins [21–23]. 

In this short review, we will focus on the interplay between the excess of the α-globin 

chain,  ineffective  erythropoiesis  and  autophagy  in  β-thalassemia. The  interactions  be-

tween  the PI3K/Akt/TOR pathway,  the activity of  the α-hemoglobin stabilizing protein 

(AHSP) and the involvement of microRNAs in autophagy and Ulk1 gene expression will 

also be presented and discussed in the context of identifying novel biomarkers and poten-

tial therapeutic targets for β-thalassemia. 

2. The Clinical Impact of the Imbalanced Expression of β-Globin Genes Versus α-Glo-

bin Genes in β-Thalassemia: A Major Role for Ineffective Erythropoiesis in β-Thalas-

semia 

The importance of studying the extent of excess α-globin chains in β-thalassemia is 

related to the fact that this information is clinically relevant since the free α-globin mole-

cules, as schematically reported in Figure 1, are prone to precipitate, causing toxicity to 

the erythroid cells, interference with cell maturation [24,25] and ineffective erythropoiesis 

[11,12]. This is sustained by a number of complementary observations that concurrently 

demonstrate that α-globin expression is strictly associated with the severity of β-thalasse-

mia. The first observation  is  that  the co-inheritance of α-thalassemia  traits significantly 

Figure 2. Representative HPLC profiles showing the presence of an “α-globin-peak” (“α-globin
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Zuccato et al. [18] (panel B) with permission (copyright can be found at https://www.mdpi.com/20
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March 2024) [18,20].

In comparison with the HPLC profile of the blood from a healthy subject and consider-
ing HbA2 as a hemoglobin reference, absent (Figure 2A) and lower (Figure 2B) production
of HbA is clearly evident, together with the presence of the “α-globin-peak”, located
near the HbF peak and constituted by α-globin aggregates [21]. The insoluble fraction,
composed of precipitated α-globin, can be studied by a different procedure. In this case,
membranes are isolated and carefully washed to remove the soluble fraction. In the final
step of the procedure, the proteins (that also contain the precipitated α-globin chains) are
suspended in an SDS-containing buffer, separated by polyacrylamide gel electrophoresis
and then analyzed by Western blotting to quantify the α-globins [21–23].

In this short review, we will focus on the interplay between the excess of the α-globin
chain, ineffective erythropoiesis and autophagy in β-thalassemia. The interactions between
the PI3K/Akt/TOR pathway, the activity of the α-hemoglobin stabilizing protein (AHSP)
and the involvement of microRNAs in autophagy and Ulk1 gene expression will also
be presented and discussed in the context of identifying novel biomarkers and potential
therapeutic targets for β-thalassemia.

2. The Clinical Impact of the Imbalanced Expression of β-Globin Genes Versus α-Globin
Genes in β-Thalassemia: A Major Role for Ineffective Erythropoiesis in β-Thalassemia

The importance of studying the extent of excess α-globin chains in β-thalassemia is
related to the fact that this information is clinically relevant since the free α-globin molecules,
as schematically reported in Figure 1, are prone to precipitate, causing toxicity to the
erythroid cells, interference with cell maturation [24,25] and ineffective erythropoiesis [11,12].
This is sustained by a number of complementary observations that concurrently demonstrate
that α-globin expression is strictly associated with the severity of β-thalassemia. The first
observation is that the co-inheritance of α-thalassemia traits significantly reduces the severity
of β-thalassemia, as recently reviewed [26]. For instance, Gringras et al. showed that among
the major determinants of β-thalassemia disease severity, the co-inheritance of α-thalassemia
traits should be considered; in fact, the presence of an α-thalassemia deletion is associated
with a significantly reduced initial disease severity [27]. The interaction of α-thalassemia
with heterozygous β-thalassemia was extensively discussed by Kanavakis et al. [28], and
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the impact of α-globin expression on β-thalassemia was an object of several studies and
reviews [27–31]; interestingly, silencing of α-globin can synergize with the induction of
γ-globin in experimental protocols of interest as a potential therapy for β-thalassemia [32].

The clinical impact of the imbalanced expression of α-globin genes versus β-globin
genes in β-thalassemia was further demonstrated using animal model systems. In a very
informative study, β-globin knockout (KO) mice (beta+/−), characterized by a severe
form of anemia, were used. In order to study the effects of the co-inheritance of α- and β-
thalassemia, these mice were mated with heterozygous α-globin KO mice (alpha++/−−) [33].
The results obtained analyzing the phenotype of the alpha-KO/beta-KO mice were com-
patible with the following conclusions: (a) co-inheritance of α- and β-thalassemia in mice
improves the thalassemic phenotype, as it was reported in humans; (b) the heterozygous
murine β-globin KO mouse model might be a very useful in vivo model system to test
druggable approaches for the therapeutic knockdown of α-globin gene expression. This
was further demonstrated by the same research team, that published a study indicating a
siRNA-mediated reduction of α-globin associated with phenotypic improvements in this
β-thalassemic mouse model system [33].

A final proof-of-concept sustaining that a decreased expression of α-globin genes is
beneficial for β-thalassemia was obtained using CRISPR-Cas9 protocols for decreasing the
production of α-globin. For instance, CRISPR/Cas9 genome editing was employed by
Mettananda et al. [34] to mimic a natural mutation causing α-thalassemia in association
with a deletion of the MCS-R2 α-globin enhancer. This protocol caused a dramatic reduction
in the expression of α-globin genes [34]. Furthermore, in the report by Pavani et al. [35],
the production of α-globin was downregulated by CRISPR/Cas9 editing, leading to HBA2
gene deletion in hematopoietic cells from β-thalassemia patients [35]. This generated an
α-thalassemia trait, correcting the pathological phenotype of β-thalassemia cells associated
with an α/β-globin imbalance [35].

Figure 3 depicts additional approaches to reduce the imbalanced α-globin/β-like
globin ratio in β-thalassemia.
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(A). CRISPR-Cas9-based genome editing of β-globin gene, forcing “de novo” HbA production levels.
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(HbF) induction obtained by exposure of β-thalassemic erythroid cells to HbF inducers. (D). Induction
of the autophagic process. Created with BioRender.com.

In this respect, Cosenza et al. [36] have demonstrated that the accumulation of cor-
rected β-globin mRNA and a “de novo” production of β-globin and adult hemoglobin (HbA)
were found after CRISPR-Cas9-based genome editing of the β-globin gene on erythroid
cells from homozygous β039-thalassemia patients. Interestingly, the CRISPR-Cas9-forced
HbA production levels were associated with a significant reduction in excess free α-globin
chains [36]. This strategy is indicated in Figure 3 as approach “A”.

BioRender.com
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A reduction in excess free α-globin chains in β-thalassemia cells can also be obtained
following γ-globin gene activation and fetal hemoglobin (HbF) induction (Figure 3, ap-
proaches “B” and “C”). In this case, increased γ-globin gene expression leads to an increased
production of γ-globin. This contributes to decreasing free α-globin by the formation of
α2γ2 tetramers (HbF).

Evidently, γ-globin gene activation and fetal hemoglobin (HbF) induction can be
obtained either by CRISPR-Cas9 gene editing, targeting γ-globin gene repressors or the
binding sequences presenting the γ-globin gene promoter (Figure 3, approach “B”) [37–39],
or by exposure of β-thalassemic erythroid cells to a variety of HbF inducers, (Figure 3C) as
reviewed elsewhere [40–42] (Figure 3, approach “C”). Finally, a decrease in the excess free
α-globin chains can be achieved in erythroid cells by the activation (or potentiation) of au-
tophagy (as outlined in Figure 3, approach “D”), and is reported in several studies [43–48].

3. Reduction in Excess Free α-Globin in β-Thalassemia: The Role of Autophagy

In β-thalassemia, several pathways operate to prevent and/or counteract the deleterious
event of excess free α-globin accumulation. First of all, it is clearly established that protein
quality control (PQC) pathways, such as ubiquitin-mediated proteolysis, are activated in
β-thalassemia [43,49]. In fact, free α-globin is stabilized by the AHSP (α-globin stabilizing
protein); this facilitates solubilization and refolding [50,51]. The eventually misfolded α-globin
undergoes poly-ubiquitinization and degradation in β-thalassemic erythroid cells (Figure 4,
pathway A). This should, therefore, be considered an α-globin-specific proteolysis, increased
in β-thalassemic erythroblasts relative to normal patient samples [52,53].
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Interestingly, Khandros et al., using the heterozygous thalassemic (Th3/+) mouse
model system, found an accumulation of insoluble α-globin chains in erythroid precursors
that further accumulates in proteasome-inhibited β-thalassemic reticulocytes [43]. In
addition, as shown in Figure 4, a key biological process leading to a reduction in excess free
α-globin in erythroid cells is the autophagy process, which is dependent on the Unc-51-like
autophagy-activating kinase 1 (Ulk1) [45,47,48].

3.1. Introductory Remarks on Autophagy

Autophagy is a highly regulated process that delivers proteins or organelles to lyso-
somes for degradation [54–57]. Autophagy pathways are essential for eukaryotic tis-
sue development, cellular homeostasis and protection against metabolic and proteotoxic
stresses [57–61]; in addition, autophagy is involved in several human diseases [61–65].
Figure 4 summarizes the key steps of the autophagy process, which can be tentatively
sub-divided into initiation of the autophagosome (steps “a” and “b” of Figure 4B), vesicle
nucleation, elongation and fusion (steps “c” and “d” of Figure 4B), and, finally, degradation
(step “e”) [66].

Excellent reviews describing the biochemical/molecular pathways involved in au-
tophagy are available [66–70]. As outlined in Figure 4, the initiation of autophagy is
controlled by multi-protein complexes, the most important being the Unc1-like kinase 1
(Ulk1) complex. This ULK1 complex is constituted by Ulk1, ATG13, FIP200 (the FAK-family
interacting protein of 200 kDa) and ATG101. The ULK1 complex is largely regulated by two
sensor molecules, mTOR (mammalian target of rapamycin) and AMPK (AMP-activated
protein kinase) [66,71,72]. The mTOR complex 1 (mTORC1), constituted by mTOR and
raptor, in the presence of nutrients, inhibits autophagy following interaction with the ULK1
complex and phosphorylation of Ulk1 and ATG13 [66]. In Figure 4, other key players of
autophagosome initiation and autophagosome maturation are indicated; among them,
the rubicon (RUBCN) protein is of some interest, as it is a repressor of autophagosome
maturation and autophagosome fusion with lysosomes [73–75]. The repressor activity
of RUBCN is mediated by a direct binding of RUBCN to Beclin 1 complex and Rab7. In
erythroid cells present in pathological conditions, among the stimuli known to activate
the autophagy initiation are (a) the excess of free α-globin chains (as depicted in Figure 4),
(b) the generation of ROS due to free iron, and (c) iron accumulation [66].

3.2. Autophagy in Human Diseases

In cancer, autophagy has been suggested to behave as a tumor suppressor as well a tu-
mor promotion pathway [66,76–79]. Therefore, both inhibitors and activators of autophagy
can be of interest in anti-cancer therapy. For instance, chloroquine (CQ) and its derivate
hydroxychloroquine (HCQ) are known to inhibit autophagosome fusion with lysosome,
inhibit tumor growth, both in vitro and in vivo, and have been approved by the FDA as
anti-cancer agents [66]. On the other hand, considering the dual roles of autophagy in
cancer, some autophagy activators are also suggested in cancer therapy, such as the mTOR
inhibitor rapamycin [80] and the AMPK activator palbociclib [81]. In neurodegenerative
diseases (such as Parkinson’s disease, Alzheimer’s disease, and Huntington’s disease), the
role of the abnormal accumulation of certain neuroproteins is known [82,83]. In this respect,
autophagy is critical for the degradation of protein aggregates in these diseases [84–86].
Accordingly, autophagy has a close interplay with neurodegeneration, as it can degrade
toxic protein aggregates. Therefore, modulation of autophagy might be a possible thera-
peutic strategy for neurodegenerative diseases. A further example of autophagy in human
diseases concerns infectious diseases. In this context, autophagy functions as a mechanism
to fight against infectious agents, including bacteria (such as Salmonella Typhimurium) and
viruses [66,87]. In the case of viral infections, autophagy can act both as an anti-viral
or pro-viral mechanism [66]. Other examples of diseases associated with autophagy are
several metabolic diseases, Crohn’s disease, and Lysosomal storage disorders (LSDs) [88].
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3.3. Autophagy and Ineffective Erythropoiesis in β-Thalassemia

Autophagy participates in normal erythropoiesis, facilitating the removal of mito-
chondria, ribosomes and other organelles during terminal phases of differentiation of
erythroid cells. The modulators of autophagy that regulate erythroid differentiation have
been reviewed by Zhang et al. [89] and Grosso et al. [90]. In agreement, Mortensen et al.
reported data showing that the autophagy protein Atg7 is essential for hematopoietic
stem cell maintenance [91]. The same research group further supported this conclusion
in a study based on mice lacking the Atg7 gene. They found that these Atg7−/− mice
develop severe anemia, suggesting that accumulate of damaged mitochondria with altered
membrane potential was responsible for the high frequency of erythrocyte cell death found
in these mice [92]. The conclusion was that a loss of autophagy in erythroid cells leads
to the defective removal of mitochondria and severe anemia when in vivo [92]. In this
context, as already pointed out in Figure 1, improving ineffective erythropoiesis (IE) is
mandatory in β-thalassemia, considering the clinical manifestation associated with IE in
β-thalassemia, such as splenomegaly, as well as skeletal deformities due to extramedullary
hematopoiesis, osteopenia, pulmonary hypertension, thrombosis, renal diseases, vascular
diseases, endocrinopathies, liver diseases and cardiac diseases [93]. It is, therefore, not
surprising that mitophagy was found to increase during erythroid differentiation in β-
thalassemia [45–47,94]. Interestingly, increased autophagy leads to decreased apoptosis
during β-thalassemic mouse and patient erythropoiesis [95], suggesting that a lack of
autophagy potential might be associated with high-apoptosis of erythroid cells, a clear
hallmark of ineffective erythropoiesis.

Finally, in the case of transfusion-dependent β-thalassemia, the role of iron in in-
effective erythropoiesis and autophagy should be considered [96]. In this respect, the
intracellular level of iron needs to be tightly balanced because an excess of iron (such
as is occurring in β-thalassemia) can have damaging and heavily toxic effects caused by
the generation of iron-catalyzed reactive oxygen species (ROS) [97]. In fact, iron can par-
ticipate in the Fenton and Haber–Weiss reactions, leading to ROS generation and, thus,
oxidative stress [97]. Autophagy is known to play an important role in maintaining phys-
iological iron balance in the cell through its role in the degradation of the iron-storage
protein, ferritin [98]. Interestingly, autophagy deficiency exacerbates iron-induced ROS
production and apoptotic cell death [99]. This very important topic should also be con-
sidered with respect to the possible impact of iron chelators on the autophagic process,
considering the use of these agents for the treatment of iron overload diseases, such as
β-thalassemia [100].

4. The Unc-51-like Kinase 1 (Ulk1) Gene Plays an Essential Role in Regulating
Autophagy in β-Thalassemia: Experimental Evidence from In Vivo Studies Involving
β-Thalassemic Mice and β-Thalassemia Patients

Several recent pieces of evidence sustain the key role of the Unc-51-like kinase 1 (Ulk1)
gene in regulating autophagy in β-thalassemia. The key study in this research field has
been published by Lechauve et al. [45] and was designed and performed to determine
whether Ulk1 was able to mediate free α-globin degradation in β-thalassemia and what the
effects of Ulk1 activity were on the β-thalassemia phenotype. To this aim, they introduced
a null allele into β-thalassemic mice (strain HbbTh3/+) and compared the phenotype of mice
carrying the following Hbb/Ulk1 genotypes: (A) Hbb+/+ Ulk1+/+; (B) HbbTh3/+ Ulk1+/+;
and (C) HbbTh3/+ Ulk1−/−. The Hbb+/+ Ulk1+/+ genotype exhibited a healthy phenotype;
the HbbTh3/+ Ulk1+/+ exhibited a β-thalassemia-like phenotype in the context of normal
expression of the Ulk1 gene; and the HbbTh3/+ Ulk1−/− genotype exhibited a β-thalassemia-
like phenotype in the context of suppressed expression of the Ulk1 gene. A summary of the
most relevant results obtained by Lechauve at al. [45] is reported in Figure 5.
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Figure 5. Summary of the key results of the study by Lechauve et al. [45] demonstrating that Ulk1
mediates clearance of free α-globin in β-thalassemia phenotypic differences in mice carrying the
Hbb+/+ Ulk1+/+, Hbb Th3/+ Ulk1+/+, and HbbTh3/+ Ulk1−/− genotypes are shown in the upper part of
the panel. Created with BioRender.com.

The results obtained conclusively show that the knocking out of Ulk1 exacerbated
β-thalassemia [45]. In HbbTh3/+ Ulk1−/− mice, a 20% reduction in the RBC count and a
twofold increase in the reticulocyte count were observed in comparison to HbbTh3/+ Ulk1+/+

mice. A loss of Ulk1 reduced the half-life of circulating β-thalassemia RBCs and caused
increased splenomegaly, bone marrow hyperplasia, and extramedullary erythropoiesis
in the spleen and liver. In addition, a loss of the expression of Ulk1 was associated with
the accumulation of insoluble α-globin, a reduction in the RBC life span, worsening of
ineffective erythropoiesis and decreased survival of HbbTh3/+ Ulk1−/− mice compared with
HbbTh3/+ Ulk1+/+ and Hbb+/+ Ulk1+/+ mice (Figure 5) [45].

A second important conclusion of the study by Lechauve et al. is that rapamycin is a
pharmacologic inducer of Ulk1-mediated apoptosis in HbbTh3/+ mice as well on erythroid
precursor cells (ErPCs) from β-thalassemia patients [45].

In this respect, Zurlo et al. published a study indicating that Ulk1 gene expression
is upregulated, together with the induction of autophagy, following “ex vivo” exposure
of ErPCs from β-thalassemia patients to low rapamycin concentrations (100–200 nM)
(Figure 6) [47]. More importantly, they determined an increase in Ulk1 gene expression in
the ErPCs isolated from β-thalassemia patients participating in the NCT03877809 clinical
trial and treated with 0.5–2 mg/day sirolimus [47].

Their data support the concept that autophagy, Ulk1 increased expression, and α-
globin chain reduction are activated in β-thalassemia patients who take a daily dosage of
2 mg rapamycin (sirolimus). The experimental evidence and technology-transfer activities
sustaining sirolimus-based clinical trials have been recently reviewed [101]; information
on the NCT03877809 clinical trial can be found in Gamberini et al. [102], while the first
report on the results of the trial has been published by Zuccato et al. [103]. The main
results of the trial, reported by Zuccato et al. [103], were that the content of γ-globin RNA
and HbF are increased in ErPCs isolated from sirolimus-treated β-thalassemia patients.
No major side effects and no alteration of the immunophenotype were found. The re-
sults by Zurlo et al. [47], depicted in Figure 6 (panels E and F), suggest that Ulk1 gene
expression is upregulated, and the excess of free α-globin decreases in the ErPCs isolated
from sirolimus-treated β-thalassemia patients, supporting the conclusions originally pre-
sented by Lechauve et al. [45] regarding the fact that the autophagy-activating kinase
Ulk1, inducible by rapamycin, mediates clearance of free α-globin in β-thalassemia mice,
improving the phenotype (see also Figure 5).
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Figure 6. Key results of the study by Zurlo et al. demonstrating Ulk1 upregulation in β-thalassemia
patients treated with rapamycin (sirolimus) [47]. (A). Rapamycin reduces insoluble α-globin in
erythroid precursor cells treated with 100 and 200 nM sirolimus. This is further confirmed in panel
(B), in which the results from 5 ErPC cultures are summarized. The decrease in insoluble α-globin is
associated with an increased content of Ulk1 mRNA (panel (C)). (D–F). Increased Ulk1 gene expression
(D,E) and a decrease in free α-globin chains (F) are present in ErPCs isolated from β-thalassemia
patients treated with sirolimus and participating in the NCT03877809 clinical trial. Modified from
Zurlo et al., with permission (copyright can be found at https://www.mdpi.com/1422-0067/24/2
0/15049, accessed on 3 March 2024) [47]. The uncropped version of the Western blots shown in
panels (A,B) can be downloaded at https://www.mdpi.com/1422-0067/24/20/15049, accessed on 9
May 2024.

5. MicroRNAs as Possible Targets for Induction of Autophagy in Erythroid Cells of
β-Thalassemia Patients: A Working Hypothesis

MicroRNAs (miRNAs) are a class of non-protein-encoding RNA molecules that
specifically bind to the 3′-untranslated region (3′-UTR) of target mRNAs, causing their
degradation or protein translation inhibition to maintain optimal levels of the target pro-
tein [104–107]. There is a large consensus on the fact that miRNAs are involved in the
regulation of a variety of cellular and molecular events, including cell proliferation, dif-
ferentiation, metabolism and apoptosis. Several review articles on miRNAs’ biological
functions in normal and pathological cells and tissues are available [108–113].

The roles of miRNAs during the different phases of autophagy have been presented
and discussed in several reports [114–118]. MicroRNAs are involved in all the phases of
autophagy. This has been extensively studied in cancer, cardiovascular disorders, dia-
betes, digestive and kidney diseases, infectious diseases, inflammation, osteoarthritis and
neurological disorders [119]. For instance, miR-144, miR-125a, miR-761, miR-129-3p, miR-
146a, miR-126, miR-494, miR-22, miR-145, and miR-99b are all miRNA that are involved
in transcriptional silencing of the PI3K/Akt/TOR networks that are responsible for the
downregulation of autophagy [119–127]. Beclin-1, ATG12, ATG5, ATG7, ATG14, ATG2B
and ATG16L1 (all activators of autophagy) are transcriptionally silenced by miR-129-5p
and miR-30a (Beclin-1) [114,128,129]; miR-23b (ATG12) [130]; miR-30a, miR-30c, miR-376b,
miR-153-3p and miR-46a-5p (ATG5) [119,131–133]; miR-153-3p, miR-202-5p, miR-210, miR-
375 and miR-17 (ATG7) [119,134–136]; miR-375 and miR-25-3p (ATG14) [137,138]; miR-375
(ATG2B) [119,139]; and miR-130a and miR-20a-5p (ATG16L1) [119,140].

https://www.mdpi.com/1422-0067/24/20/15049
https://www.mdpi.com/1422-0067/24/20/15049
https://www.mdpi.com/1422-0067/24/20/15049
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With respect to the relevance for possible applications is in inducing Ulk1 and, con-
sequently, autophagy, several microRNAs have been demonstrated to be involved in the
post-transcriptional regulation of Ulk1 mRNA [141–149]. For instance, Wu et al. reported
that miR-20a and miR-106b negatively regulate autophagy that has been induced by leucine
deprivation via the suppression of Ulk1 expression in C2C12 myoblasts [141]. A second
example is the study by Zheng et al. [142], who were able to demonstrate that miR-26a-5p
regulates cardiac fibroblasts’ collagen expression by targeting Ulk1. Furthermore, Chen
et al. reported that the downregulation of Ulk1 by microRNA-372 inhibits the survival
of human pancreatic adenocarcinoma cells [147]. Considering the key role of Ulk1 in
an autophagy-mediated decrease of excess α-globin chains in β-thalassemia (Figure 4)
and considering the important role of miR-144/451 in the regulation of gene expression
during mouse erythropoiesis [150], Keith et al. demonstrated that the disruption of the
bicistronic microRNA gene miR-144/451 alleviates β-thalassemia by reducing mTORC1
activity and stimulating Ulk1-mediated autophagy of free α-globin [48]. Interestingly, they
provided a strong demonstration that miR-144/451 indirectly regulates Ulk1. In fact, the
disruption of miR-144/451 increases Cab39/Strad/LKB1 activation of AMPK and increases
the autophagy of α-globin via activation of the Ulk1 autophagy kinase, improving cell
survival [48]. This very interesting finding was recently discussed by Babbs [151] and
opens new perspectives in pharmaceutic control of free α-globin degradation and the
counteraction of ineffective erythropoiesis.

6. Discussion

β-thalassemias are inherited genetic disorders affecting the hematopoietic system and
are caused by a low or absent production of adult hemoglobin (HbA) [1–3]. A clinical
parameter affecting the pathophysiology of erythroid cells is excess free α-globin. This
is the most important factor contributing to ineffective erythropoiesis [11,12]. In fact, the
free α-globin chains tend to aggregate each other and precipitate, causing cytotoxic effects,
oxidative stress and low survival of the erythroid cells [15], which is associated with high
levels of hemolysis [14]. Possible experimental strategies for a reduction in excess free
α-globin chains in β-thalassemia are CRISPR-Cas9-based genome editing of the β-globin
gene, forcing “de novo” HbA production levels and fetal hemoglobin (HbF) induction [36].

Table 1 summarizes the strategies used to reduce the content of α-globin, thereby
ameliorating the β-thalassemia phenotype and the α/β-globin chain ratio.

In this review, we present studies supporting the involvement of autophagy in the
reduction of excess α-globin production in β-thalassemia. This process is highly regulated
by the Unc-51-like kinase 1 (Ulk1) gene, as demonstrated by the study published by
Lechauve et al. [45]. The results obtained by this group conclusively show that the knocking
out of Ulk1 in the β-thalassemia Th3/+ mouse model system exacerbates β-thalassemia [45].
The most important results of this study are summarized in Figure 5. Most of the studied
hematological parameters that are a typical feature of the β-thalassemia Th3/+ mice
(such as ineffective erythropoiesis, presence of insoluble α-globin, spleen size, half-life of
circulation RBC and mean survival) are worsened when mice with the HbbTh3/+ Ulk1−/−

genotype were compared to mice with the HbbTh3/+ Ulk1+/+ genotypes [45]. A second
conclusion of Lechauve’s study was that the mTOR inhibitor rapamycin was able to induce
Ulk1 and autophagy, decreasing excess α-globin chains in the erythroid precursors isolated
from β-thalassemia patients and treated “ex vivo” with rapamycin (sirolimus). In this
respect, Zurlo et al. published a study that fully supports the study by Lechauve et al. [45],
indicating that Ulk1 gene expression is upregulated “in vivo” in the ErPCs isolated from
β-thalassemia patients participating in the NCT03877809 clinical trial and treated with 0.5–2
mg/day sirolimus [47]. In conclusion, the induction of Ulk1 gene expression by the mTOR
inhibitor rapamycin (sirolimus) was demonstrated both “ex vivo” [45,47] and “in vivo” [47].
The understanding of the interplay of the PI3K/Akt/TOR pathway, expression of Ulk1 and
autophagy (see Figure 4 for a brief scheme) is important not only from the theoretical point
of view but also from the applied point of view in biomedicine.
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Table 1. Examples of experimental approaches to reduce the excess α-globin production in β-thalassemia.

Approach and/or Drug Key Results of the Reviewed Study Authors Comments

siRNA targeting

siRNA-mediated reduction of
α-globin chain was obtained after

transfection of in vitro
β-thalassemia murine primary

erythroid cells with siRNA targeting
the α-globin mRNA.

Voon et al., 2008 [29]

This study indicates that
siRNA-mediated reduction of

α-globin has potential therapeutic
potentials for β-thalassemia.

RNAi, antisense RNA

A combined RNAi and antisense
RNA approach targeting α-globin
mRNA has been used to restore

balanced α/β-globin gene expression
in β654-thalassemia mice.

Xie S.et al, 2007 [12]

As amelioration of hematologic
parameters was observed in treated

mice, the data presented in this
study demonstrate the feasibility of

this approach for β-thalassemia
therapy by balancing α- and

β-globin chains.

Treatment with antagomiRNAs

This study demonstrates that loss of
miR-144/451 alleviates

β-thalassemia by stimulating
Ulk1-mediated autophagy of

free α-globin.

Keith et al., 2023 [48]

The microRNA miR-144/451 should
be considered a potential target of
druggable anti-miRNA molecules,
with the objective of reproducing

the upregulation of Ulk1 functions,
the induction of autophagy and

improving the β-thalassemia
phenotype of treated cells.

CRISPR/Cas9 genome editing

CRISP/Cas9-based editing of an
α-globin enhancer in primary human

hematopoietic stem cells was
employed to reduce α-globin

expression, showing effectiveness in
xenograft assays in mice.

Mettananda et al., 2017 [34]

This study demonstrates the
feasibility of editing an α-globin

enhancer in primary human
hematopoietic stem cells as a
treatment for β-thalassemia.

CRISPR/Cas9 genome editing

Correction of β-thalassemia by
CRISPR/Cas9 editing of the α-globin

locus in human hematopoietic
stem cells.

Pavani et al., 2021 [35]

Overall, we described an innovative
CRISPR/Cas9 approach to improve

α/β-globin imbalance in
thalassemic HSPCs, paving the way

for novel therapeutic strategies
for β-thal.

CRISPR/Cas9 genome editing

CRISPR-Cas9-based genome editing
of β-globin gene was employed on
erythroid cells from homozygous

β039-thalassemia patients.

Cosenza et al., 2021 [36]

The CRISPR-Cas9-based strategy
forced HbA production associated

with a significant reduction in
excess free α-globin chains.

Cas9/AAV6-mediated
genome editing

The employed
Cas9/AAV6-mediated genome
editing strategy can replace the

entire HBA1 gene with a full-length
HBB transgene in

β-thalassemia-derived
hematopoietic stem and

progenitor cells.

Cromer et al., 2021 [152]

Gene replacement of α-globin with
β-globin restores hemoglobin

balance in β-thalassemia-derived
hematopoietic stem and

progenitor cells.

Treatment with vorinostat

This histone deacetylase inhibitor
drug, vorinostat, in addition to its
beneficial effects for patients with
β-thalassaemia through induction

of γ-globin, has the potential to
simultaneously suppress
α-globin expression.

Mettananda et al., 2019 [32]

A randomized clinical trial for
evaluating the efficacy of Vorinostat
to induce fetal hemoglobin in sickle

cell disease has been proposed
(NCT01000155).

Treatment with rapamycin

Rapamycin induces the
autophagy-activating kinase Ulk1,
which mediates clearance of free

α-globin in β-thalassemia.

Lechauve et al., 2019 [45]

Ulk1 can be proposed as a
functional target to mediate

clearance of free α-globin
in β-thalassemia.

Treatment with rapamycin

Decrease in α-globin and increase in
the autophagy-activating kinase

Ulk1 mRNA in erythroid precursors
from β-thalassemia patients treated

with rapamycin.

Zurlo et al., 2023 [47]

Two clinical trials on β-thalassemia
have been proposed, useful to

further clarify this issue
(NCT03877809 and NCT04247750).
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Rapamycin (sirolimus) has been proposed as an in vivo fetal hemoglobin inducer for
the treatment of β-thalassemia. Information on rapamycin, from its discovery and the first
applied biomedical studies to the in vitro, ex vivo and in vivo experiments demonstrating
its possible effect as HbF inducer, can be found in the review article by Gambari et al. [101].
Considering the rapamycin-mediated effects on HbF production, two clinical trials have
been proposed for β-thalassemia using sirolimus as a therapeutic drug, NCT03877809 and
NCT04247750 [102,103], with the objective of verifying the in vivo effects of treatment with
low dosage of sirolimus, with respect to fetal hemoglobin production and expression of
γ-globin genes in erythroid cells.

In this respect, the study by Lechauve et al. [45] and by Zurlo et al. [47] support the
hypothesis that, in addition to the induction of fetal hemoglobin, sirolimus reduces the
excess free α-globin chains by activating autophagy via Ulk1 gene expression, both in vitro
and in vivo. A reduction in the excess insoluble free α-globin chains and the expression of
autophagy-related genes (including Ulk1) should be considered, in addition to γ-globin
and HbF production, as endpoints in sirolimus-based clinical trials for β-thalassemias, such
as the NCT03877809 and NCT04247750 clinical trials.

To study the interplay between Ulk1, autophagy and the control of excess α-globin
production, novel experimental model systems might be of interest. In this respect, the
experimental mouse system was carrying the HbbTh3/+ Ulk1−/− genotype, as described by
Lechauve et al. [45]. With respect to the “in vitro” model systems, Zurlo et al. have recently
obtained K562 cellular clones that are able to hyper-express α-globin protein [153]. In this
work, they have demonstrated that the accumulation of toxic α-globin is able to induce
apoptosis proportionally to its production/accumulation rate. Interestingly, they found
that autophagy is spontaneously triggered by the accumulation of α-globin protein, and
cellular clones that produce higher levels of the protein seem to have higher levels of p62
adaptor protein, probably in order to manage α-globin clearance. This and similar model
systems might be of interest for further studying the regulation of the expression of the
Ulk1 gene, including the possible involvement of microRNAs in autophagy and Ulk1 gene
expression [153].

A further model system is represented by the ErPCs isolated from β-thalassemia
patients. These cells have been applied for the identification and characterization of fetal
hemoglobin inducers, can be bio-banked, and can be corrected either by gene therapy
protocols or by gene editing. The preliminary observation published by Zurlo et al. demon-
strates that basal levels of Ulk1 expression (analyzed by RT-qPCR) are highly variable (see
Figure 5D). In addition, different responses to rapamycin (sirolimus) treatment “in vivo”
were observed [47]. These ex vivo cultured ErPCs from β-thalassemia patients might,
therefore, be considered for studying the effects of differential expression of Ulk1 on the
other autophagy-associated biochemical and/or molecular parameters.

Some of the results obtained using the ErPC model system that was focused on the
interplay between Ulk1 and autophagy are already available. Zurlo et al. reported that
low concentrations of sirolimus (100 and 200 nM) are able to induce Ulk1 and reduce p62,
strongly suggesting the activation of autophagy in the erythroid precursor cells (ErPCs)
from β-thalassemia patients [47] This was confirmed using the ErPCs from sirolimus-
treated β-thalassemia patients who participated in the NCT03877809 (Sirthalaclin) clinical
trial. In these ErPCs, Ulk1 was found to be upregulated, and the excess of free α-globin
chains was strongly reduced. In our opinion, the results on Ulk1 expression in the ErPCs
isolated from sirolimus-treated patients deserve attention since the role of Ulk1 in the
pathophysiology of β-thalassemia is a topic of active interest and translational applications.

In this context, no information is available in the literature about the possible co-
activation of the AHSP-dependent and Ulk1-dependent pathways in sirolimus-treated
erythroid cells from β-thalassemia patients. This might be considered for further studies
in order to verify the very interesting possibilities of a co-regulation of transcription of
AHSP and the Ulk1 gene in erythroid cells. Studies of interest in this research area are those
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demonstrating that the transcription factor NF-E2 positively regulates Ulk1 [154] and the
AHSP [155] genes.

Finally, with respect to the possible therapeutic approaches targeting autophagy and
ineffective erythropoiesis, some strategies have been presented in Table 1. In most of
them, erythroid-lineage-specific autophagy-targeted therapy is a very challenging issue.
Oligonucleotide-based therapy should take advantage of efficient (and possibly erythroid-
selective) delivery systems. With respect to this issue, the choice of a good molecular
target is, of course, important. In the case of targeting α-globin RNA, the selectivity of this
intervention is expected to be high due to the tissue-specific expression of the γ-globin
gene. On the contrary, many biochemical and molecular targets of autophagy are expressed
in several tissues (for instance, the autophagy inhibitors mTOR, mTOR-associated raptor
and autophagy inhibitor Rubicon (RUBCN) (see Figure 4)), supporting the concept that
approaches modulating these targets might affect several tissues. In this context, a very
interesting approach for controlling autophagy in erythroid cells is based on the modulation
of GATA-1, which is considered a master regulator of erythropoiesis [156,157]. At the same
time, Chromatin immunoprecipitation (ChIP) assays revealed GATA-1 occupancy at the
regulatory sites of many autophagy genes [158]. The molecular approaches demonstrated
that GATA-1 regulates autophagy [158]. Accordingly, studies focusing on the interactions
between GATA-1 and other transcription factors and modulators might open new avenues
for erythroid-specific approaches regulating autophagy.

7. Conclusions and Future Perspectives

In this review article, we presented and discussed several studies outlining the re-
lationship between a reduction in excess α-globin in β-thalassemia and the activation of
Ulk1-mediated autophagy. Future studies are needed in order to identify novel and potent
inducers of autophagy in β-thalassemia. In this respect, rapamycin (sirolimus) appears of
great interest for the following reasons: (a) it is a direct down-regulator of mTOR and, there-
fore, is able to upregulate Ulk1 expression and autophagy (Figure 4); (b) it is a potent HbF
inducer, both in vitro and in vivo; (c) it is considered in two clinical trials in β-thalassemia
(the NCT03877809 and NCT04247750 clinical trials); and (d) it upregulates Ulk1 in treated
β-thalassemia patients.

A second future perspective is the development of a combined treatment using in-
ducers of Ulk1-mediated autophagy and other approaches for therapy of β-thalassemia,
including gene therapy and gene editing, to obtain the de novo production of HbA together
with the highest possible reduction of excess free α-globin chains. A combination of HbF
induction with the induction of Ulk1-mediated autophagy could be considered of interest.

A final comment concerns the interplay between AHSP activity and Ulk1 gene expres-
sion. Both pathways are involved in a reduction of α-globin excess in erythroid cells (see
Figure 4). It is, in fact, firmly established that the α-hemoglobin-stabilizing protein, AHSP,
a chaperone highly expressed in erythroid cells, is involved in counteracting α-globin
precipitation and related cytotoxicity [50,51].

Author Contributions: Conceptualization, R.G. and A.F.; resources, R.G. and A.F.; writing—original
draft preparation, R.G.; writing—review and editing, R.G. and A.F.; funding acquisition, R.G. All
authors have read and agreed to the published version of the manuscript.

Funding: The authors have been funded by the Wellcome Trust (Innovator Award 208872/Z/17/Z),
by the UE THALAMOSS Project (Thalassemia Modular Stratification System for Personalized Therapy
of Beta-Thalassemia; no. 306201-FP7-HEALTH-2012-INNOVATION-1), and by FAR funds from the
University of Ferrara (FAR-2023-Finotti). This research was also supported by the Interuniversity
Consortium for Biotechnology (CIB)(Project n◦ex D.M. 1059 del 09/08/2021 to A.F.), Italy. The clinical
trial NCT04247750 has been entirely funded by AIFA (AIFA-2016-02364887). The sponsor of the
NCT03877809 trial was Rare Partners srl Impresa Sociale.

Acknowledgments: We acknowledge Associazione Veneta per la Lotta alla Talassemia Elio Zago
(AVLT) and Associazione Tutti per Chiara ONLUS for its continuous support.



Cells 2024, 13, 918 13 of 19

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Higgs, D.R.; Engel, J.D.; Stamatoyannopoulos, G. Thalassaemia. Lancet 2012, 379, 373–383. [CrossRef] [PubMed]
2. Thein, S.L. Molecular basis of β thalassemia and potential therapeutic targets. Blood Cells Mol. Dis. 2018, 70, 54–65. [CrossRef]

[PubMed]
3. Weatherall, D.J. Thalassaemia: The long road from bedside to genome. Nat. Rev. Genet. 2004, 5, 625–631. [CrossRef] [PubMed]
4. Weatherall, D.J. Phenotype—Genotype relationships in monogenic disease: Lessons from the thalassaemias. Nat. Rev. Genet. 2001,

2, 245–255. [CrossRef] [PubMed]
5. Arlet, J.-B.; Dussiot, M.; Moura, I.C.; Hermine, O.; Courtois, G. Novel players in β-thalassemia dyserythropoiesis and new

therapeutic strategies. Curr. Opin. Hematol. 2016, 23, 181–188. [CrossRef]
6. Mettananda, S.; Higgs, D.R. Molecular Basis and Genetic Modifiers of Thalassemia. Hematol. Oncol. Clin. North Am. 2018, 32,

177–191. [CrossRef] [PubMed]
7. Origa, R.; Galanello, R. Pathophysiology of beta thalassaemia. Pediatr. Endocrinol. Rev. 2011, 8, 263–270. [PubMed]
8. Higgs, D.R.; Garrick, D.; Anguita, E.; De Gobbi, M.; Hughes, J.; Muers, M.; Vernimmen, D.; Lower, K.; Law, M.; Argentaro, A.;

et al. Un-derstanding alpha-globin gene regulation: Aiming to improve the management of thalassemia. Ann. N. Y. Acad. Sci.
2005, 1054, 92–102. [CrossRef] [PubMed]

9. Njeim, R.; Naouss, B.; Bou-Fakhredin, R.; Haddad, A.; Taher, A. Unmet needs in β-thalassemia and the evolving treatment
landscape. Transfus. Clin. Biol. 2024, 31, 48–55. [CrossRef]

10. Grech, L.; Borg, K.; Borg, J. Novel therapies in β-thalassaemia. Br. J. Clin. Pharmacol. 2022, 88, 2509–2524. [CrossRef]
11. Sanchez-Villalobos, M.; Blanquer, M.; Moraleda, J.M.; Salido, E.J.; Perez-Oliva, A.B. New Insights into Patho-physiology of

β-Thalassemia. Front. Med. 2022, 9, 880752. [CrossRef] [PubMed]
12. Xie, S.Y.; Ren, Z.R.; Zhang, J.Z.; Guo, X.B.; Wang, Q.X.; Wang, S.; Lin, D.; Gong, X.L.; Li, W.; Huang, S.Z.; et al. Restoration of the

balanced alpha/beta-globin gene expression in beta654-thalassemia mice using combined RNAi and antisense RNA ap-proach.
Hum. Mol. Genet. 2007, 16, 2616–2625. [CrossRef] [PubMed]

13. Traeger-Synodinos, J.; Vrettou, C.; Sofocleous, C.; Zurlo, M.; Finotti, A.; Gambari, R. Impact of α-Globin Gene Expression and
α-Globin Modifiers on the Phenotype of β-Thalassemia and Other Hemoglobinopathies: Implications for Patient Management.
Int. J. Mol. Sci. 2024, 25, 3400. [CrossRef] [PubMed]

14. Nienhuis, A.W.; Nathan, D.G. Pathophysiology and Clinical Manifestations of the β-Thalassemias. Cold Spring Harb. Perspect Med.
2012, 2, a011726. [CrossRef] [PubMed]

15. Mettananda, S.; Gibbons, R.J. Higgs DR α-Globin as a molecular target in the treatment of β-thalassemia. Blood 2015, 125,
3694–3701. [CrossRef] [PubMed]

16. Rund, D.; Rachmilewitz, E. Beta-thalassemia. N. Engl. J. Med. 2005, 353, 1135–1146. [CrossRef] [PubMed]
17. Cosenza, L.C.; Breda, L.; Breveglieri, G.; Zuccato, C.; Finotti, A.; Lampronti, I.; Borgatti, M.; Chiavilli, F.; Gamberini, M.R.; Satta,

S.; et al. A validated cellular biobank for β-thalassemia. J. Transl. Med. 2016, 14, 255. [CrossRef] [PubMed]
18. Zuccato, C.; Cosenza, L.C.; Tupini, C.; Finotti, A.; Sacchetti, G.; Simoni, D.; Gambari, R.; Lampronti, I. New Synthetic Isoxazole

Derivatives Acting as Potent Inducers of Fetal Hemoglobin in Erythroid Precursor Cells Isolated from β-Thalassemic Patients.
Molecules 2023, 29, 8. [CrossRef] [PubMed]

19. Loucari, C.C.; Patsali, P.; van Dijk, T.B.; Stephanou, C.; Papasavva, P.; Zanti, M.; Kurita, R.; Nakamura, Y.; Christou, S.; Sitarou, M.;
et al. Rapid and Sensitive Assessment of Globin Chains for Gene and Cell Therapy of Hemoglobinopathies. Hum. Gene Ther.
Methods 2018, 29, 60–74. [CrossRef]

20. Breda, L.; Casu, C.; Gardenghi, S.; Bianchi, N.; Cartegni, L.; Narla, M.; Yazdanbakhsh, K.; Musso, M.; Manwani, D.; Little, J.; et al.
Therapeutic hemoglobin levels after gene transfer in β-thalassemia mice and in hematopoietic cells of β-thalassemia and sickle
cells disease patients. PLoS ONE 2012, 7, e32345. [CrossRef]

21. Sorensen, S.; Rubin, E.; Polster, H.; Mohandas, N.; Schrier, S. The role of membrane skeletal-associated α-globin in the path-
ophysiology of β-thalassemia. Blood 1990, 75, 1333–1336. [CrossRef] [PubMed]

22. Vasseur, C.; Pissard, S.; Domingues-Hamdi, E.; Marden, M.C.; Galactéros, F.; Baudin-Creuza, V. Evaluation of the free α-
hemoglobin pool in red blood cells: A new test providing a scale of β-thalassemia severity. Am. J. Hematol. 2011, 86, 199–202.
[CrossRef] [PubMed]

23. Lee, Y.T.; Kim, K.S.; Byrnes, C.; de Vasconcellos, J.F.; Noh, S.-J.; Rabel, A.; Meier, E.R.; Miller, J.L. A synthetic model of human
beta-thalassemia erythropoiesis using CD34+ cells from healthy adult donors. PLoS ONE 2013, 8, e68307. [CrossRef] [PubMed]

24. Angastiniotis, M.; Lobitz, S. Thalassemias: An Overview. Int. J. Neonatal Screen. 2019, 5, 16. [CrossRef] [PubMed]
25. Cazzola, M. Ineffective erythropoiesis and its treatment. Blood 2022, 139, 2460–2470. [CrossRef] [PubMed]
26. Sripichai, O.; Munkongdee, T.; Kumkhaek, C.; Svasti, S.; Winichagoon, P.; Fucharoen, S. Coinheritance of the different copy

numbers of alpha-globin gene modifies severity of beta-thalassemia/Hb E disease. Ann. Hematol. 2008, 87, 375–379. [CrossRef]
[PubMed]

27. Gringras, P.; Wonke, B.; Old, J.; Fitches, A.; Valler, D.; Kuan, A.M.; Hoffbrand, V. Effect of alpha thalassaemia trait and enhanced
gamma chain production on disease severity in beta thalassaemia major and intermedia. Arch. Dis. Child. 1994, 70, 30–34.
[CrossRef]

https://doi.org/10.1016/S0140-6736(11)60283-3
https://www.ncbi.nlm.nih.gov/pubmed/21908035
https://doi.org/10.1016/j.bcmd.2017.06.001
https://www.ncbi.nlm.nih.gov/pubmed/28651846
https://doi.org/10.1038/nrg1406
https://www.ncbi.nlm.nih.gov/pubmed/15266345
https://doi.org/10.1038/35066048
https://www.ncbi.nlm.nih.gov/pubmed/11283697
https://doi.org/10.1097/MOH.0000000000000231
https://doi.org/10.1016/j.hoc.2017.11.003
https://www.ncbi.nlm.nih.gov/pubmed/29458725
https://www.ncbi.nlm.nih.gov/pubmed/21705976
https://doi.org/10.1196/annals.1345.012
https://www.ncbi.nlm.nih.gov/pubmed/16339655
https://doi.org/10.1016/j.tracli.2023.12.003
https://doi.org/10.1111/bcp.14918
https://doi.org/10.3389/fmed.2022.880752
https://www.ncbi.nlm.nih.gov/pubmed/35492364
https://doi.org/10.1093/hmg/ddm218
https://www.ncbi.nlm.nih.gov/pubmed/17716993
https://doi.org/10.3390/ijms25063400
https://www.ncbi.nlm.nih.gov/pubmed/38542374
https://doi.org/10.1101/cshperspect.a011726
https://www.ncbi.nlm.nih.gov/pubmed/23209183
https://doi.org/10.1182/blood-2015-03-633594
https://www.ncbi.nlm.nih.gov/pubmed/25869286
https://doi.org/10.1056/NEJMra050436
https://www.ncbi.nlm.nih.gov/pubmed/16162884
https://doi.org/10.1186/s12967-016-1016-4
https://www.ncbi.nlm.nih.gov/pubmed/27590532
https://doi.org/10.3390/molecules29010008
https://www.ncbi.nlm.nih.gov/pubmed/38202591
https://doi.org/10.1089/hgtb.2017.190
https://doi.org/10.1371/journal.pone.0032345
https://doi.org/10.1182/blood.V75.6.1333.1333
https://www.ncbi.nlm.nih.gov/pubmed/1690033
https://doi.org/10.1002/ajh.21918
https://www.ncbi.nlm.nih.gov/pubmed/21264907
https://doi.org/10.1371/journal.pone.0068307
https://www.ncbi.nlm.nih.gov/pubmed/23861885
https://doi.org/10.3390/ijns5010016
https://www.ncbi.nlm.nih.gov/pubmed/33072976
https://doi.org/10.1182/blood.2021011045
https://www.ncbi.nlm.nih.gov/pubmed/34932791
https://doi.org/10.1007/s00277-007-0407-2
https://www.ncbi.nlm.nih.gov/pubmed/18026953
https://doi.org/10.1136/adc.70.1.30


Cells 2024, 13, 918 14 of 19

28. Kanavakis, E.; Wainscoat, J.S.; Wood, W.G.; Weatherall, D.J.; Cao, A.; Furbetta, M.; Galanello, R.; Georgiou, D.; Sophocleous,
T. The interaction of alpha thalassaemia with heterozygous beta thalassaemia. Br. J. Haematol. 1982, 52, 465–473. [CrossRef]
[PubMed]

29. Voon, H.P.; Wardan, H.; Vadolas, J. siRNA-mediated reduction of alpha-globin results in phenotypic improvements in be-ta-
thalassemic cells. Haematologica 2008, 93, 1238–1242. [CrossRef]

30. Mettananda, S.; Gibbons, R.J.; Higgs, D.R. Understanding alpha-globin gene regulation and implications for the treatment of
beta-thalassemia. Ann. N. Y. Acad. Sci. 2016, 1368, 16–24. [CrossRef]

31. Voon, H.P.; Vadolas, J. Controlling alpha-globin: A review of alpha-globin expression and its impact on beta-thalassemia.
Haematologica 2008, 93, 1868–1876. [CrossRef]

32. Mettananda, S.; Yasara, N.; Fisher, C.A.; Taylor, S.; Gibbons, R.; Higgs, D. Synergistic silencing of alpha-globin and induction of
gamma-globin by histone deacetylase inhibitor, vorinostat as a potential therapy for beta-thalassaemia. Sci. Rep. 2019, 9, 11649.
[CrossRef] [PubMed]

33. Voon, H.P.; Wardan, H.; Vadolas, J. Co-inheritance of alpha- and beta-thalassaemia in mice ameliorates thalassaemic phe-notype.
Blood Cells Mol. Dis. 2007, 39, 184–188. [CrossRef]

34. Mettananda, S.; Fisher, C.A.; Hay, D.; Badat, M.; Quek, L.; Clark, K.; Hublitz, P.; Downes, D.; Kerry, J.; Gosden, M.; et al. Editing
an α-globin enhancer in primary human hematopoietic stem cells as a treatment for β-thalassemia. Nat. Commun. 2017, 8, 424.
[CrossRef]

35. Pavani, G.; Fabiano, A.; Laurent, M.; Amor, F.; Cantelli, E.; Chalumeau, A.; Maule, G.; Tachtsidi, A.; Concordet, J.-P.; Cereseto, A.;
et al. Correction of β-thalassemia by CRISPR/Cas9 editing of the α-globin locus in human hematopoietic stem cells. Blood Adv.
2021, 5, 1137–1153. [CrossRef] [PubMed]

36. Cosenza, L.C.; Gasparello, J.; Romanini, N.; Zurlo, M.; Zuccato, C.; Gambari, R.; Finotti, A. Efficient CRISPR-Cas9-based ge-nome
editing of β-globin gene on erythroid cells from homozygous β039-thalassemia patients. Mol. Ther. Methods Clin. Dev. 2021, 21,
507–523. [CrossRef]

37. Quagliano, A.; Acevedo, D.; Hardigan, P.; Prasad, S. Using Clustered Regularly Interspaced Short Palindromic Repeats gene
editing to induce permanent expression of fetal hemoglobin in beta-thalassemia and sickle cell disease: A comparative me-ta-
analysis. Front. Med. 2022, 9, 943631. [CrossRef] [PubMed]

38. Mingoia, M.; Caria, C.A.; Ye, L.; Asunis, I.; Marongiu, M.F.; Manunza, L.; Sollaino, M.C.; Wang, J.; Cabriolu, A.; Kurita, R.; et al.
Induction of therapeutic levels of HbF in genome-edited primary beta(0) 39-thalassaemia haematopoietic stem and progenitor
cells. Br. J. Haematol. 2021, 192, 395–404. [CrossRef]

39. Finotti, A.; Gambari, R. Combined approaches for increasing fetal hemoglobin (HbF) and de novo production of adult hemoglobin
(HbA) in erythroid cells from β-thalassemia patients: Treatment with HbF inducers and CRISPR-Cas9 based genome editing.
Front. Genome Ed. 2023, 5, 1204536. [CrossRef]

40. Perrine, S.P.; Pace, B.S.; Faller, D.V. Targeted fetal hemoglobin induction for treatment of beta hemoglobinopathies. Hematol. Clin.
North Am. 2014, 28, 233–248. [CrossRef]

41. Prosdocimi, M.; Zuccato, C.; Cosenza, L.C.; Borgatti, M.; Lampronti, I.; Finotti, A.; Gambari, R. A Rational Approach to Drug
Repositioning in β-thalassemia: Induction of Fetal Hemoglobin by Established Drugs. Wellcome Open Res. 2022, 7, 150. [CrossRef]

42. Bou-Fakhredin, R.; De Franceschi, L.; Motta, I.; Cappellini, M.D.; Taher, A.T. Pharmacological Induction of Fetal Hemoglobin in
β-Thalassemia and Sickle Cell Disease: An Updated Perspective. Pharmaceuticals 2022, 15, 753. [CrossRef]

43. Khandros, E.; Thom, C.S.; D’Souza, J.; Weiss, M.J. Integrated protein quality-control pathways regulate free alpha-globin in
murine beta-thalassemia. Blood 2012, 119, 5265–5275. [CrossRef]

44. Khandros, E.; Weiss, M.J. Protein quality control during erythropoiesis and hemoglobin synthesis. Hematol. Oncol. Clin. North Am.
2010, 24, 1071–1088. [CrossRef]

45. Lechauve, C.; Keith, J.; Khandros, E.; Fowler, S.; Mayberry, K.; Freiwan, A.; Thom, C.S.; Delbini, P.; Romero, E.B.; Zhang, J.; et al.
The autophagy-activating kinase ULK1 mediates clearance of free α-globin in β-thalassemia. Sci. Transl. Med. 2019, 11, eaav4881.
[CrossRef] [PubMed]

46. Chaichompoo, P.; Svasti, S.; Smith, D.R. The Roles of Mitophagy and Autophagy in Ineffective Erythropoiesis in β-Thalassemia.
Int. J. Mol. Sci. 2022, 23, 10811. [CrossRef] [PubMed]

47. Zurlo, M.; Zuccato, C.; Cosenza, L.C.; Gasparello, J.; Gamberini, M.R.; Stievano, A.; Fortini, M.; Prosdocimi, M.; Finotti, A.;
Gambari, R. Decrease in α-Globin and Increase in the Autophagy-Activating Kinase ULK1 mRNA in Erythroid Precursors from
β-Thalassemia Patients Treated with Sirolimus. Int. J. Mol. Sci. 2023, 24, 15049. [CrossRef]

48. Keith, J.; Christakopoulos, G.E.; Fernandez, A.G.; Yao, Y.; Zhang, J.; Mayberry, K.; Telange, R.; Sweileh, R.B.A.; Dudley, M.W.;
Westbrook, C.; et al. Loss of miR-144/451 alleviates β-thalassemia by stimulating ULK1-mediated autophagy of free α-globin.
Blood 2023, 142, 918–932. [CrossRef] [PubMed]

49. Wickramasinghe, S.N.; Lee, M.J. Evidence that the ubiquitin proteolytic pathway is involved in the degradation of precipitated
globin chains in thalassaemia. Br. J. Haematol. 1998, 101, 245–250. [CrossRef]

50. Favero, M.E.; Costa, F.F. Alpha-hemoglobin-stabilizing protein: An erythroid molecular chaperone. Biochem. Res. Int. 2011, 2011,
373859. [CrossRef]

https://doi.org/10.1111/j.1365-2141.1982.tb03916.x
https://www.ncbi.nlm.nih.gov/pubmed/6289863
https://doi.org/10.3324/haematol.12555
https://doi.org/10.1111/nyas.12988
https://doi.org/10.3324/haematol.13490
https://doi.org/10.1038/s41598-019-48204-2
https://www.ncbi.nlm.nih.gov/pubmed/31406232
https://doi.org/10.1016/j.bcmd.2007.01.006
https://doi.org/10.1038/s41467-017-00479-7
https://doi.org/10.1182/bloodadvances.2020001996
https://www.ncbi.nlm.nih.gov/pubmed/33635334
https://doi.org/10.1016/j.omtm.2021.03.025
https://doi.org/10.3389/fmed.2022.943631
https://www.ncbi.nlm.nih.gov/pubmed/36250099
https://doi.org/10.1111/bjh.17167
https://doi.org/10.3389/fgeed.2023.1204536
https://doi.org/10.1016/j.hoc.2013.11.009
https://doi.org/10.12688/wellcomeopenres.17845.1
https://doi.org/10.3390/ph15060753
https://doi.org/10.1182/blood-2011-12-397729
https://doi.org/10.1016/j.hoc.2010.08.013
https://doi.org/10.1126/scitranslmed.aav4881
https://www.ncbi.nlm.nih.gov/pubmed/31434755
https://doi.org/10.3390/ijms231810811
https://www.ncbi.nlm.nih.gov/pubmed/36142738
https://doi.org/10.3390/ijms242015049
https://doi.org/10.1182/blood.2022017265
https://www.ncbi.nlm.nih.gov/pubmed/37339583
https://doi.org/10.1046/j.1365-2141.1998.00699.x
https://doi.org/10.1155/2011/373859


Cells 2024, 13, 918 15 of 19

51. Mollan, T.L.; Yu, X.; Weiss, M.J.; Olson, J.S. The role of alpha-hemoglobin stabilizing protein in redox chemistry, denaturation,
and hemoglobin assembly. Antioxid. Redox Signal. 2010, 12, 219–231. [CrossRef] [PubMed]

52. Braverman, A.S.; Lester, D. Evidence for increased proteolysis in intact beta thalassemia erythroid cells. Hemoglobin 1981, 5,
549–564. [CrossRef] [PubMed]

53. Loukopoulos, D.; Karoulias, A.; Fessas, P. Proteolysis in thalassemia: Studies with protease inhibitors. Ann. N. Y. Acad. Sci. 1980,
344, 323–335. [CrossRef] [PubMed]

54. Lithanatudom, P.; Wannatung, T.; Leecharoenkiat, A.; Svasti, S.; Fucharoen, S.; Smith, D.R. Enhanced activation of autophagy in
β-thalassemia/Hb E erythroblasts during erythropoiesis. Ann. Hematol. 2011, 90, 747–758. [CrossRef] [PubMed]

55. Uchiyama, Y.; Shibata, M.; Koike, M.; Yoshimura, K.; Sasaki, M. Autophagy–physiology and pathophysiology. Histochem. Cell
Biol. 2008, 129, 407–420. [CrossRef] [PubMed]

56. Parzych, K.R.; Klionsky, D.J. An overview of autophagy: Morphology, mechanism, and regulation. Antioxid. Redox Signal. 2014,
20, 460–473. [CrossRef] [PubMed]

57. Das, G.; Shravage, B.V.; Baehrecke, E.H. Regulation and function of autophagy during cell survival and cell death. Cold Spring
Harb. Perspect. Biol. 2012, 4, a008813. [CrossRef] [PubMed]

58. Deretic, V.; Klionsky, D.J. Autophagy and inflammation: A special review issue. Autophagy 2018, 14, 179–180. [CrossRef] [PubMed]
59. Wong, S.Q.; Kumar, A.V.; Mills, J.; Lapierre, L.R. Autophagy in aging and longevity. Hum. Genet. 2020, 139, 277–290. [CrossRef]
60. Papáčková, Z.; Cahová, M. Important role of autophagy in regulation of metabolic processes in health, disease and aging. Physiol.

Res. 2014, 63, 409–420. [CrossRef]
61. Saha, S.; Panigrahi, D.P.; Patil, S.; Bhutia, S.K. Autophagy in health and disease: A comprehensive review. Biomed. Pharmacother.

2018, 104, 485–495. [CrossRef] [PubMed]
62. Mizushima, N.; Levine, B. Autophagy in Human Diseases. N. Engl. J. Med. 2020, 383, 1564–1576. [CrossRef] [PubMed]
63. Bhatia, D.; Choi, M.E. Autophagy in kidney disease: Advances and therapeutic potential. Prog. Mol. Biol. Transl. Sci. 2020, 172,

107–133. [PubMed]
64. Luo, P.; Gao, F.; Niu, D.; Sun, X.; Song, Q.; Guo, C.; Liang, Y.; Sun, W. The role of autophagy in chondrocyte metabolism and

osteoarthritis: A comprehensive research review. BioMed Res. Int. 2019, 2019, 5171602. [CrossRef] [PubMed]
65. Zhang, X.; Yang, K.; Le, W. Autophagy and motor neuron diseases. Adv. Exp. Med. Biol. 2020, 1207, 53–74. [PubMed]
66. Lei, Y.; Klionsky, D.J. The Emerging Roles of Autophagy in Human Diseases. Biomedicines 2021, 9, 1651. [CrossRef] [PubMed]
67. Lu, G.; Wang, Y.; Shi, Y.; Zhang, Z.; Huang, C.; He, W.; Wang, C.; Shen, H. Autophagy in health and disease: From molecular

mechanisms to therapeutic target. MedComm 2022, 3, e150. [CrossRef] [PubMed]
68. Mizushima, N. A brief history of autophagy from cell biology to physiology and disease. Nat. Cell Biol. 2018, 20, 521–527.

[CrossRef] [PubMed]
69. Klionsky, D.J.; Petroni, G.; Amaravadi, R.K.; Baehrecke, E.H.; Ballabio, A.; Boya, P.; Pedro, J.M.B.; Cadwell, K.; Cecconi, F.; Choi,

A.M.K.; et al. Autophagy in major human diseases. EMBO J. 2021, 40, e108863. [CrossRef]
70. Feng, Y.; He, D.; Yao, Z.; Klionsky, D.J. The machinery of macroautophagy. Cell Res. 2014, 24, 24–41. [CrossRef]
71. Deleyto-Seldas, N.; Efeyan, A. The mTOR–Autophagy Axis and the Control of Metabolism. Front. Cell Dev. Biol. 2021, 9, 655731.

[CrossRef]
72. Park, J.-M.; Lee, D.-H.; Kim, D.-H. Redefining the role of AMPK in autophagy and the energy stress response. Nat. Commun. 2023,

14, 2994. [CrossRef] [PubMed]
73. Yamamuro, T.; Kawabata, T.; Fukuhara, A.; Saita, S.; Nakamura, S.; Takeshita, H.; Fujiwara, M.; Enokidani, Y.; Yoshida, G.; Tabata,

K.; et al. Age-dependent loss of adipose Rubicon promotes metabolic disorders via excess autophagy. Nat. Commun. 2020, 11,
4150. [CrossRef]

74. Bhargava, H.K.; Tabata, K.; Byck, J.M.; Hamasaki, M.; Farrell, D.P.; Anishchenko, I.; DiMaio, F.; Im, Y.J.; Yoshimori, T.; Hurley, J.H.
Structural basis for autophagy inhibition by the human Rubicon–Rab7 complex. Proc. Natl. Acad. Sci. USA 2020, 117, 17003–17010.
[CrossRef]

75. Nah, J.; Zablocki, D.; Sadoshima, J. The roles of the inhibitory autophagy regulator Rubicon in the heart: A new therapeutic target
to prevent cardiac cell death. Exp. Mol. Med. 2021, 53, 528–536. [CrossRef]

76. Chavez-Dominguez, R.; Perez-Medina, M.; Lopez-Gonzalez, J.S.; Galicia-Velasco, M.; Aguilar-Cazares, D. The Double-Edge
Sword of Autophagy in Cancer: From Tumor Suppression to Pro-tumor Activity. Front. Oncol. 2020, 10, 578418. [CrossRef]
[PubMed]

77. Ding, Z.-B.; Shi, Y.-H.; Zhou, J.; Qiu, S.-J.; Xu, Y.; Dai, Z.; Shi, G.-M.; Wang, X.-Y.; Ke, A.-W.; Wu, B.; et al. Association of autophagy
defect with a malignant phenotype and poor prognosis of hepatocellular carcinoma. Cancer Res. 2008, 68, 9167–9175. [CrossRef]
[PubMed]

78. Yang, S.; Wang, X.; Contino, G.; Liesa, M.; Sahin, E.; Ying, H.; Bause, A.; Li, Y.; Stommel, J.M.; Dell’Antonio, G.; et al. Pancreatic
cancers require autophagy for tumor growth. Genes Dev. 2011, 25, 717–729. [CrossRef] [PubMed]

79. Gammoh, N.; Fraser, J.; Puente, C.; Syred, H.M.; Kang, H.; Ozawa, T.; Lam, D.; Acosta, J.C.; Finch, A.J.; Holland, E.; et al.
Suppression of autophagy impedes glioblastoma development and induces senescence. Autophagy 2016, 12, 1431–1439. [CrossRef]

80. Tian, T.; Li, X.; Zhang, J. mTOR Signaling in Cancer and mTOR Inhibitors in Solid Tumor Targeting Therapy. Int. J. Mol. Sci. 2019,
20, 755. [CrossRef]

https://doi.org/10.1089/ars.2009.2780
https://www.ncbi.nlm.nih.gov/pubmed/19659437
https://doi.org/10.3109/03630268108991686
https://www.ncbi.nlm.nih.gov/pubmed/7319826
https://doi.org/10.1111/j.1749-6632.1980.tb33672.x
https://www.ncbi.nlm.nih.gov/pubmed/6930874
https://doi.org/10.1007/s00277-010-1152-5
https://www.ncbi.nlm.nih.gov/pubmed/21221583
https://doi.org/10.1007/s00418-008-0406-y
https://www.ncbi.nlm.nih.gov/pubmed/18320203
https://doi.org/10.1089/ars.2013.5371
https://www.ncbi.nlm.nih.gov/pubmed/23725295
https://doi.org/10.1101/cshperspect.a008813
https://www.ncbi.nlm.nih.gov/pubmed/22661635
https://doi.org/10.1080/15548627.2017.1412229
https://www.ncbi.nlm.nih.gov/pubmed/29304718
https://doi.org/10.1007/s00439-019-02031-7
https://doi.org/10.33549/physiolres.932684
https://doi.org/10.1016/j.biopha.2018.05.007
https://www.ncbi.nlm.nih.gov/pubmed/29800913
https://doi.org/10.1056/nejmra2022774
https://www.ncbi.nlm.nih.gov/pubmed/33053285
https://www.ncbi.nlm.nih.gov/pubmed/32620239
https://doi.org/10.1155/2019/5171602
https://www.ncbi.nlm.nih.gov/pubmed/31111057
https://www.ncbi.nlm.nih.gov/pubmed/32671738
https://doi.org/10.3390/biomedicines9111651
https://www.ncbi.nlm.nih.gov/pubmed/34829881
https://doi.org/10.1002/mco2.150
https://www.ncbi.nlm.nih.gov/pubmed/35845350
https://doi.org/10.1038/s41556-018-0092-5
https://www.ncbi.nlm.nih.gov/pubmed/29686264
https://doi.org/10.15252/embj.2021108863
https://doi.org/10.1038/cr.2013.168
https://doi.org/10.3389/fcell.2021.655731
https://doi.org/10.1038/s41467-023-38401-z
https://www.ncbi.nlm.nih.gov/pubmed/37225695
https://doi.org/10.1038/s41467-020-17985-w
https://doi.org/10.1073/pnas.2008030117
https://doi.org/10.1038/s12276-021-00600-3
https://doi.org/10.3389/fonc.2020.578418
https://www.ncbi.nlm.nih.gov/pubmed/33117715
https://doi.org/10.1158/0008-5472.can-08-1573
https://www.ncbi.nlm.nih.gov/pubmed/19010888
https://doi.org/10.1101/gad.2016111
https://www.ncbi.nlm.nih.gov/pubmed/21406549
https://doi.org/10.1080/15548627.2016.1190053
https://doi.org/10.3390/ijms20030755


Cells 2024, 13, 918 16 of 19

81. Hsieh, F.; Chen, Y.; Hung, M.; Chu, P.; Tsai, M.; Chen, L.; Hsiao, Y.; Shih, C.; Chang, M.; Chao, T.; et al. Palbociclib induces
activation of AMPK and inhibits hepatocellular carcinoma in a CDK4/6-independent manner. Mol. Oncol. 2017, 11, 1035–1049.
[CrossRef] [PubMed]

82. Spires-Jones, T.L.; Attems, J.; Thal, D.R. Interactions of pathological proteins in neurodegenerative diseases. Acta Neuropathol.
2017, 134, 187–205. [CrossRef] [PubMed]

83. Moda, F.; Ciullini, A.; Dellarole, I.L.; Lombardo, A.; Campanella, N.; Bufano, G.; Cazzaniga, F.A.; Giaccone, G. Secondary Protein
Aggregates in Neurodegenerative Diseases: Almost the Rule Rather than the Exception. Front. Biosci. 2023, 28, 255. [CrossRef]
[PubMed]

84. Zavodszky, E.; Seaman, M.N.; Moreau, K.; Jimenez-Sanchez, M.; Breusegem, S.Y.; Harbour, M.E.; Rubinsztein, D.C. Mutation in
VPS35 associated with Parkinson’s disease impairs WASH complex association and inhibits autophagy. Nat. Commun. 2014, 5,
3828. [CrossRef] [PubMed]

85. Moreau, K.; Fleming, A.; Imarisio, S.; Ramirez, A.L.; Mercer, J.L.; Jimenez-Sanchez, M.; Bento, C.F.; Puri, C.; Zavodszky, E.; Siddiqi,
F.; et al. PICALM modulates autophagy activity and tau accumulation. Nat. Commun. 2014, 5, 4998. [CrossRef] [PubMed]

86. Martin, D.D.; Ladha, S.; Ehrnhoefer, D.E.; Hayden, M.R. Autophagy in Huntington disease and huntingtin in autophagy. Trends
Neurosci. 2015, 38, 26–35. [CrossRef] [PubMed]

87. Ganesan, R.; Hos, N.J.; Gutierrez, S.; Fischer, J.; Stepek, J.M.; Daglidu, E.; Krönke, M.; Robinson, N. Salmonella Typhimurium
disrupts Sirt1/AMPK checkpoint control of mTOR to impair autophagy. PLoS Pathog. 2017, 13, e1006227. [CrossRef] [PubMed]

88. Jiang, P.; Mizushima, N. Autophagy and human diseases. Cell Res. 2014, 24, 69–79. [CrossRef] [PubMed]
89. Zhang, J.; Wu, K.; Xiao, X.; Liao, J.; Hu, Q.; Chen, H.; Liu, J.; An, X. Autophagy as a Regulatory Component of Erythropoiesis. Int.

J. Mol. Sci. 2015, 16, 4083–4094. [CrossRef]
90. Grosso, R.; Fader, C.M.; Colombo, M.I. Autophagy: A necessary event during erythropoiesis. Blood Rev. 2017, 31, 300–305.

[CrossRef]
91. Mortensen, M.; Soilleux, E.J.; Djordjevic, G.; Tripp, R.; Lutteropp, M.; Sadighi-Akha, E.; Stranks, A.J.; Glanville, J.; Knight, S.;

Jacobsen, S.-E.W.; et al. The autophagy protein Atg7 is essential for hematopoietic stem cell maintenance. J. Exp. Med. 2011, 208,
455–467. [CrossRef] [PubMed]

92. Mortensen, M.; Ferguson, D.; Edelmann, M.; Kessler, B.; Morten, K.; Komatsu, M.; Simon, A. Loss of autophagy in erythroid cells
leads to defective removal of mitochondria and severe anemia in vivo. Proc. Natl. Acad. Sci. USA 2010, 107, 832–837. [CrossRef]
[PubMed]

93. Madan, U.; Bhasin, H.; Dewan, P.; Madan, J. Improving Ineffective Erythropoiesis in Thalassemia: A Hope on the Horizon. Cureus
2021, 13, e18502. [CrossRef] [PubMed]

94. Wu, L.; Xu, W.; Xu, L.; Kong, Q.; Fang, J. Mitophagy is increased during erythroid differentiation in β-thalassemia. Int. J. Hematol.
2017, 105, 162–173. [CrossRef] [PubMed]

95. Chaichompoo, P.; Nithipongvanitch, R.; Kheansaard, W.; Tubsuwan, A.; Srinoun, K.; Vadolas, J.; Fucharoen, S.; Smith, D.R.;
Winichagoon, P.; Svasti, S. Increased autophagy leads to decreased apoptosis during β-thalassaemic mouse and patient erythro-
poiesis. Sci. Rep. 2022, 12, 18628. [CrossRef]

96. Krishan, S.; Jansson, P.J.; Gutierrez, E.; Lane, D.J.; Richardson, D.; Sahni, S. Iron metabolism and autophagy: A poorly explored
relationship that has important consequences for health and disease. Nagoya J. Med. Sci. 2015, 77, 1–6. [PubMed]

97. Stohs, S.; Bagchi, D. Oxidative mechanisms in the toxicity of metal ions. Free. Radic. Biol. Med. 1995, 18, 321–336. [CrossRef]
[PubMed]

98. Park, E.; Chung, S.W. ROS-mediated autophagy increases intracellular iron levels and ferroptosis by ferritin and transferrin
receptor regulation. Cell Death Dis. 2019, 10, 822. [CrossRef] [PubMed]

99. Sung, H.K.; Murugathasan, M.; Abdul-Sater, A.A.; Sweeney, G. Autophagy deficiency exacerbates iron overload induced reactive
oxygen species production and apoptotic cell death in skeletal muscle cells. Cell Death Dis. 2023, 14, 252. [CrossRef]

100. Shang, C.; Zhou, H.; Liu, W.; Shen, T.; Luo, Y.; Huang, S. Iron chelation inhibits mTORC1 signaling involving activation of AMPK
and REDD1/Bnip3 pathways. Oncogene 2020, 39, 5201–5213. [CrossRef]

101. Gambari, R.; Zuccato, C.; Cosenza, L.C.; Zurlo, M.; Gasparello, J.; Finotti, A.; Gamberini, M.R.; Prosdocimi, M. The Long
Scientific Journey of Sirolimus (Rapamycin): From the Soil of Easter Island (Rapa Nui) to Applied Research and Clinical Trials on
β-Thalassemia and Other Hemoglobinopathies. Biology 2023, 12, 1202. [CrossRef] [PubMed]

102. Gamberini, M.R.; Prosdocimi, M.; Gambari, R. Sirolimus for Treatment of β-Thalassemia: From Pre-Clinical Studies to the Design
of Clinical Trials. Health Educ. Public Health. 2021, 4, 425–435.

103. Zuccato, C.; Cosenza, L.C.; Zurlo, M.; Gasparello, J.; Papi, C.; D’aversa, E.; Breveglieri, G.; Lampronti, I.; Finotti, A.; Borgatti, M.;
et al. Expression of γ-globin genes in β-thalassemia patients treated with sirolimus: Results from a pilot clinical trial (Sirthalaclin).
Ther. Adv. Hematol. 2022, 13, 20406207221100648. [CrossRef] [PubMed]

104. Bartel, D.P. MicroRNAs: Target recognition and regulatory functions. Cell 2009, 136, 215–233. [CrossRef]
105. Jonas, S.; Izaurralde, E. Towards a molecular understanding of microRNA-mediated gene silencing. Nat. Rev. Genet. 2015, 16,

421–433. [CrossRef] [PubMed]
106. Pasquinelli, A.E. MicroRNAs and their targets: Recognition, regulation and an emerging reciprocal relationship. Nat. Rev. Genet.

2012, 13, 271–282. [CrossRef] [PubMed]

https://doi.org/10.1002/1878-0261.12072
https://www.ncbi.nlm.nih.gov/pubmed/28453226
https://doi.org/10.1007/s00401-017-1709-7
https://www.ncbi.nlm.nih.gov/pubmed/28401333
https://doi.org/10.31083/j.fbl2810255
https://www.ncbi.nlm.nih.gov/pubmed/37919089
https://doi.org/10.1038/ncomms4828
https://www.ncbi.nlm.nih.gov/pubmed/24819384
https://doi.org/10.1038/ncomms5998
https://www.ncbi.nlm.nih.gov/pubmed/25241929
https://doi.org/10.1016/j.tins.2014.09.003
https://www.ncbi.nlm.nih.gov/pubmed/25282404
https://doi.org/10.1371/journal.ppat.1006227
https://www.ncbi.nlm.nih.gov/pubmed/28192515
https://doi.org/10.1038/cr.2013.161
https://www.ncbi.nlm.nih.gov/pubmed/24323045
https://doi.org/10.3390/ijms16024083
https://doi.org/10.1016/j.blre.2017.04.001
https://doi.org/10.1084/jem.20101145
https://www.ncbi.nlm.nih.gov/pubmed/21339326
https://doi.org/10.1073/pnas.0913170107
https://www.ncbi.nlm.nih.gov/pubmed/20080761
https://doi.org/10.7759/cureus.18502
https://www.ncbi.nlm.nih.gov/pubmed/34754662
https://doi.org/10.1007/s12185-016-2114-z
https://www.ncbi.nlm.nih.gov/pubmed/27796739
https://doi.org/10.1038/s41598-022-21249-6
https://www.ncbi.nlm.nih.gov/pubmed/25797965
https://doi.org/10.1016/0891-5849(94)00159-h
https://www.ncbi.nlm.nih.gov/pubmed/7744317
https://doi.org/10.1038/s41419-019-2064-5
https://www.ncbi.nlm.nih.gov/pubmed/31659150
https://doi.org/10.1038/s41419-022-05484-3
https://doi.org/10.1038/s41388-020-1366-5
https://doi.org/10.3390/biology12091202
https://www.ncbi.nlm.nih.gov/pubmed/37759601
https://doi.org/10.1177/20406207221100648
https://www.ncbi.nlm.nih.gov/pubmed/35755297
https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.1038/nrg3965
https://www.ncbi.nlm.nih.gov/pubmed/26077373
https://doi.org/10.1038/nrg3162
https://www.ncbi.nlm.nih.gov/pubmed/22411466


Cells 2024, 13, 918 17 of 19

107. O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions, and Circulation. Front.
Endocrinol. 2018, 9, 402. [CrossRef] [PubMed]

108. Zhang, K.; Zhang, X.; Cai, Z.; Zhou, J.; Cao, R.; Zhao, Y.; Chen, Z.; Wang, D.; Ruan, W.; Zhao, Q.; et al. A novel class of
microRNA-recognition elements that function only within open reading frames. Nat. Struct. Mol. Biol. 2018, 25, 1019–1027.
[CrossRef]

109. Esteller, M. Non-coding RNAs in human disease. Nat. Rev. Genet. 2011, 12, 861–874. [CrossRef]
110. Duarte, F.V.; Palmeira, C.M.; Rolo, A.P. The Emerging Role of MitomiRs in the Pathophysiology of Human Disease. Adv. Exp.

Med. Biol. 2015, 888, 123–154. [CrossRef]
111. Condrat, C.E.; Thompson, D.C.; Barbu, M.G.; Bugnar, O.L.; Boboc, A.; Cretoiu, D.; Suciu, N.; Cretoiu, S.M.; Voinea, S.C. miRNAs

as Biomarkers in Disease: Latest Findings Regarding Their Role in Diagnosis and Prognosis. Cells 2020, 9, 276. [CrossRef]
[PubMed]

112. Ho, P.T.B.; Clark, I.M.; Le, L.T.T. MicroRNA-Based Diagnosis and Therapy. Int. J. Mol. Sci. 2022, 23, 7167. [CrossRef] [PubMed]
113. Filipowicz, W.; Bhattacharyya, S.N.; Sonenberg, N. Mechanisms of post-transcriptional regulation by microRNAs: Are the

answers in sight? Nat. Rev. Genet. 2008, 9, 102–114. [CrossRef] [PubMed]
114. Frankel, L.B.; Lund, A.H. MicroRNA regulation of autophagy. Carcinogenesis 2012, 33, 2018–2025. [CrossRef] [PubMed]
115. Engedal, N.; Žerovnik, E.; Rudov, A.; Galli, F.; Olivieri, F.; Procopio, A.D.; Rippo, M.R.; Monsurrò, V.; Betti, M.; Albertini, M.C.

From oxidative stress damage to pathways, networks, and autophagy via MicroRNAs. Oxidative Med. Cell. Longev. 2018, 2018,
4968321. [CrossRef] [PubMed]

116. Akkoc, Y.; Gozuacik, D. MicroRNAs as major regulators of the autophagy pathway. Biochim. Biophys. Acta Mol. Cell Res. 2020,
1867, 118662. [CrossRef]

117. D’adamo, S.; Cetrullo, S.; Minguzzi, M.; Silvestri, Y.; Borzì, R.M.; Flamigni, F. MicroRNAs and autophagy: Fine players in the
control of chondrocyte homeostatic activities in osteoarthritis. Oxidative Med. Cell. Longev. 2017, 2017, 3720128. [CrossRef]

118. Balzano, F.; Campesi, I.; Cruciani, S.; Garroni, G.; Bellu, E.; Dei Giudici, S.; Angius, A.; Oggiano, A.; Rallo, V.; Capobianco, G.;
et al. Epigenetics, stem cells, and autophagy: Exploring a path in-volving miRNA. Int. J. Mol. Sci. 2019, 20, 5091. [CrossRef]

119. Roy, S.G. Regulation of autophagy by miRNAs in human diseases. Nucleus 2021, 64, 317–329. [CrossRef]
120. Wang, Z.; Yuan, B.; Fu, F.; Huang, S.; Yang, Z. Hemoglobin enhances miRNA-144 expression and autophagic activation me-diated

inflammation of microglia via mTOR pathway. Sci. Rep. 2017, 7, 11861. [CrossRef]
121. Chen, D.; Huang, X.; Lu, S.; Deng, H.; Gan, H.; Huang, R.; Zhang, B. miRNA-125a modulates autophagy of thyroiditis through

PI3K/Akt/mTOR signaling pathway. Exp. Ther. Med. 2019, 17, 2465–2472. [CrossRef] [PubMed]
122. Peng, N.; He, J.; Li, J.; Huang, H.; Huang, W.; Liao, Y.; Zhu, S. Long noncoding RNA MALAT1 inhibits the apoptosis and

autophagy of hepatocellular carcinoma cell by targeting the microRNA-146a/PI3K/Akt/mTOR axis. Cancer Cell Int. 2020, 20, 165.
[CrossRef] [PubMed]

123. Wei, L.; Chen, Z.; Cheng, N.; Li, X.; Chen, J.; Wu, D.; Dong, M.; Wu, X. MicroRNA-126 inhibit viability of colorectal cancer cell by
repressing mTOR induced apoptosis and autophagy. Onco Targets Ther. 2020, 13, 2459–2468. [CrossRef] [PubMed]

124. Ning, S.; Li, Z.; Ji, Z.; Fan, D.; Wang, K.; Wang, Q.; Hua, L.; Zhang, J.; Meng, X.; Yuan, Y. MicroRNA-494 suppresses
hypoxia/reoxygenation-induced cardiomyocyte apoptosis and autophagy via the PI3K/AKT/mTOR signaling pathway by
targeting SIRT1. Mol. Med. Rep. 2020, 22, 5231–5242. [CrossRef] [PubMed]

125. Meng, C.-Y.; Zhao, Z.-Q.; Bai, R.; Zhao, W.; Wang, Y.-X.; Xue, H.-Q.; Sun, L.; Sun, C.; Feng, W.; Guo, S.-B. MicroRNA-22 mediates
the cisplatin resistance of osteosarcoma cells by inhibiting autophagy via the PI3K/Akt/mTOR pathway. Oncol. Rep. 2020, 43,
1169–1186. [CrossRef] [PubMed]

126. Xiang, J.; Jiang, T.; Zhang, W.; Xie, W.; Tang, X.; Zhang, J. Human umbilical cord-derived mesenchymal stem cells enhanced HK-2
cell autophagy through MicroRNA-145 by inhibiting the PI3K/AKT/mTOR signaling pathway. Exp. Cell Res. 2019, 378, 198–205.
[CrossRef] [PubMed]

127. Yan, L.; Guo, N.; Cao, Y.; Zeng, S.; Wang, J.; Lv, F.; Wang, Y.; Cao, X. miRNA145 inhibits myocardial infarction induced apoptosis
through autophagy via Akt3/mTOR signaling pathway in vitro and in vivo. Int. J. Mol. Med. 2018, 42, 1537–1547. [PubMed]

128. Zhao, K.; Zhang, Y.; Kang, L.; Song, Y.; Wang, K.; Li, S.; Wu, X.; Hua, W.; Shao, Z.; Yang, S.; et al. Methylation of microRNA-
129-5P modulates nucleus pulposus cell autophagy by targeting Beclin-1 in intervertebral disc degeneration. Oncotarget 2017, 8,
86264–86276. [CrossRef] [PubMed]

129. Zhu, H.; Wu, H.; Liu, X.; Li, B.; Chen, Y.; Ren, X.; Liu, C.-G.; Yang, J.-M. Regulation of autophagy by a beclin 1-targeted microRNA,
miR-30a, in cancer cells. Autophagy 2009, 5, 816–823. [CrossRef]

130. Wang, P.; Zhang, J.; Zhang, L.; Zhu, Z.; Fan, J.; Chen, L.; Zhuang, L.; Luo, J.; Chen, H.; Liu, L.; et al. MicroRNA 23b regulates
autophagy associated with radioresistance of pancreatic cancer cells. Gastroenterology 2013, 145, 1133–1143. [CrossRef]

131. Bin Li, B.; Chen, Y.L.; Pang, F. MicroRNA-30a targets ATG5 and attenuates airway fibrosis in asthma by suppressing autophagy.
Inflammation 2020, 43, 44–53. [CrossRef] [PubMed]

132. Yang, S.; Abdulla, R.; Lu, C.; Zhang, L. Inhibition of microRNA-376b protects against renal interstitial fibrosis via inducing
macrophage autophagy by upregulating Atg5 in mice with chronic kidney disease. Kidney Blood Press. Res. 2018, 43, 1749–1764.
[CrossRef] [PubMed]

https://doi.org/10.3389/fendo.2018.00402
https://www.ncbi.nlm.nih.gov/pubmed/30123182
https://doi.org/10.1038/s41594-018-0136-3
https://doi.org/10.1038/nrg3074
https://doi.org/10.1007/978-3-319-22671-2_8
https://doi.org/10.3390/cells9020276
https://www.ncbi.nlm.nih.gov/pubmed/31979244
https://doi.org/10.3390/ijms23137167
https://www.ncbi.nlm.nih.gov/pubmed/35806173
https://doi.org/10.1038/nrg2290
https://www.ncbi.nlm.nih.gov/pubmed/18197166
https://doi.org/10.1093/carcin/bgs266
https://www.ncbi.nlm.nih.gov/pubmed/22902544
https://doi.org/10.1155/2018/4968321
https://www.ncbi.nlm.nih.gov/pubmed/29849898
https://doi.org/10.1016/j.bbamcr.2020.118662
https://doi.org/10.1155/2017/3720128
https://doi.org/10.3390/ijms20205091
https://doi.org/10.1007/s13237-021-00378-9
https://doi.org/10.1038/s41598-017-12067-2
https://doi.org/10.3892/etm.2019.7256
https://www.ncbi.nlm.nih.gov/pubmed/30906434
https://doi.org/10.1186/s12935-020-01231-w
https://www.ncbi.nlm.nih.gov/pubmed/32435156
https://doi.org/10.2147/OTT.S238348
https://www.ncbi.nlm.nih.gov/pubmed/32273718
https://doi.org/10.3892/mmr.2020.11636
https://www.ncbi.nlm.nih.gov/pubmed/33174056
https://doi.org/10.3892/or.2020.7492
https://www.ncbi.nlm.nih.gov/pubmed/32323781
https://doi.org/10.1016/j.yexcr.2019.03.019
https://www.ncbi.nlm.nih.gov/pubmed/30880031
https://www.ncbi.nlm.nih.gov/pubmed/29956747
https://doi.org/10.18632/oncotarget.21137
https://www.ncbi.nlm.nih.gov/pubmed/29156793
https://doi.org/10.4161/auto.9064
https://doi.org/10.1053/j.gastro.2013.07.048
https://doi.org/10.1007/s10753-019-01076-0
https://www.ncbi.nlm.nih.gov/pubmed/31748850
https://doi.org/10.1159/000495394
https://www.ncbi.nlm.nih.gov/pubmed/30472709


Cells 2024, 13, 918 18 of 19

133. Zhang, W.; Dong, Y.-Z.; Du, X.; Peng, X.-N.; Shen, Q.-M. MiRNA-153-3p promotes gefitinib-sensitivity in non-small cell lung
cancer by inhibiting ATG5 expression and autophagy. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 2444–2452. [CrossRef] [PubMed]

134. Chen, J.; Sun, Q.; Liu, G.Z.; Zhang, F.; Liu, C.Y.; Yuan, Q.M.; Di, X.S.; Long, S.W.; Jia, Y.S.; Wang, Y.J. Effect of miR-202-5p-mediated
ATG7 on autophagy and apoptosis of degenerative nucleus pulposus cells. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 517–525.
[PubMed]

135. Wang, C.; Zhang, Z.-Z.; Yang, W.; Ouyang, Z.-H.; Xue, J.-B.; Li, X.-L.; Zhang, J.; Chen, W.-K.; Yan, Y.-G.; Wang, W.-J. MiR-
210 facilitates ECM degradation by suppressing autophagy via silencing of ATG7 in human degenerated NP cells. Biomed.
Pharmacother. 2017, 93, 470–479. [CrossRef] [PubMed]

136. Comincini, S.; Allavena, G.; Palumbo, S.; Morini, M.; Durando, F.; Angeletti, F.; Pirtoli, L.; Miracco, C. microRNA-17 regulates the
expression of ATG7 and modulates the autophagy process, improving the sensitivity to temozolomide and low-dose ionizing
radiation treatments in human glioblastoma cells. Cancer Biol. Ther. 2013, 14, 574–586. [CrossRef] [PubMed]

137. Liu, G.; Kang, X.; Guo, P.; Shang, Y.; Du, R.; Wang, X.; Chen, L.; Yue, R.; Kong, F. miR-25-3p promotes proliferation and inhibits
autophagy of renal cells in polycystic kidney mice by regulating ATG14-Beclin 1. Ren. Fail. 2020, 42, 333–342. [CrossRef]
[PubMed]

138. Yang, S.; Wang, M.; Yang, L.; Li, Y.; Ma, Y.; Peng, X.; Li, X.; Li, B.; Jin, H.; Li, H. MicroRNA-375 targets ATG14 to inhibit autophagy
and sensitize hepatocellular carcinoma cells to sorafenib. Onco Targets Ther. 2020, 13, 3557–3570. [CrossRef] [PubMed]

139. Li, H.; Li, Z.; Pi, Y.; Chen, Y.; Mei, L.; Luo, Y.; Xie, J.; Mao, X. MicroRNA-375 exacerbates knee osteoarthritis through repressing
chondrocyte autophagy by targeting ATG2B. Aging 2020, 12, 7248–7261. [CrossRef]

140. Wang, I.-K.; Sun, K.-T.; Tsai, T.-H.; Chen, C.-W.; Chang, S.-S.; Yu, T.-M.; Yen, T.-H.; Lin, F.-Y.; Huang, C.-C.; Li, C.-Y. MiR-20a-5p
mediates hypoxia-induced autophagy by targeting ATG16L1 in ischemic kidney injury. Life Sci. 2015, 136, 133–141. [CrossRef]

141. Wu, H.; Wang, F.; Hu, S.; Yin, C.; Li, X.; Zhao, S.; Wang, J.; Yan, X. MiR-20a and miR-106b negatively regulate autophagy induced
by leucine deprivation via suppression of ULK1 expression in C2C12 myoblasts. Cell. Signal. 2012, 24, 2179–2186. [CrossRef]
[PubMed]

142. Zheng, L.; Lin, S.; Lv, C. MiR-26a-5p regulates cardiac fibroblasts collagen expression by targeting ULK1. Sci. Rep. 2018, 8, 2104.
[CrossRef] [PubMed]

143. Ma, Z.; Li, L.; Livingston, M.J.; Zhang, D.; Mi, Q.; Zhang, M.; Ding, H.F.; Huo, Y.; Mei, G.; Dong, Z. p53/microRNA-214/ULK1
axis impairs renal tubular autophagy in di-abetic kidney disease. J. Clin. Investig. 2020, 130, 5011–5026. [CrossRef] [PubMed]

144. Lv, Q.; Zhong, Z.; Hu, B.; Yan, S.; Yan, Y.; Zhang, J.; Shi, T.; Jiang, L.; Li, W.; Huang, W. MicroRNA-3473b regulates the expression
of TREM2/ULK1 and inhibits autophagy in inflammatory pathogenesis of Parkinson disease. J. Neurochem. 2021, 157, 599–610.
[CrossRef] [PubMed]

145. Li, W.; Yang, Y.; Ba, Z.; Li, S.; Chen, H.; Hou, X.; Ma, L.; He, P.; Jiang, L.; Li, L.; et al. MicroRNA-93 Regulates Hypoxia-Induced
Autophagy by Targeting ULK1. Oxidative Med. Cell. Longev. 2017, 2017, 2709053. [CrossRef] [PubMed]

146. Salgado-García, R.; Coronel-Hernández, J.; Delgado-Waldo, I.; de León, D.C.; García-Castillo, V.; López-Urrutia, E.; Gutiérrez-Ruiz,
M.C.; Pérez-Plasencia, C.; Jacobo-Herrera, N. Negative Regulation of ULK1 by microRNA-106a in Autophagy Induced by a Triple
Drug Combination in Colorectal Cancer Cells In Vitro. Genes 2021, 12, 245. [CrossRef] [PubMed]

147. Chen, H.; Zhang, Z.; Lu, Y.; Song, K.; Liu, X.; Xia, F.; Sun, W. Downregulation of ULK1 by microRNA-372 inhibits the survival of
human pancreatic adenocarcinoma cells. Cancer Sci. 2017, 108, 1811–1819. [CrossRef] [PubMed]

148. Liu, K.; Hong, D.; Zhang, F.; Li, X.; He, M.; Han, X.; Zhang, G.; Xu, G.; Stonehouse, N.J.; Jiang, Z.; et al. MicroRNA-106a Inhibits
Autophagy Process and Antimicrobial Responses by Targeting ULK1, ATG7, and ATG16L1 During Mycobacterial Infection. Front.
Immunol. 2021, 11, 610021. [CrossRef] [PubMed]

149. Li, M.-L.; Li, R.-N.; Ma, Y.-M.; Jiang, B.; Chen, Y.-J.; Hu, W.-X.; Qv, C.-L.; Zhang, Y.-J.; Song, Y.-Y.; Wang, Y. MiRNA-1297 inhibits
myocardial fibrosis by targeting ULK1. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 2070–2076. [CrossRef]

150. Xu, P.; Palmer, L.E.; Lechauve, C.; Zhao, G.; Yao, Y.; Luan, J.; Vourekas, A.; Tan, H.; Peng, J.; Schuetz, J.D.; et al. Regulation of gene
expression by miR-144/451 during mouse erythropoiesis. Blood 2019, 133, 2518–2528. [CrossRef]

151. Babbs, C. The incredible ULK improves β-thalassemia. Blood 2023, 142, 862–863. [CrossRef] [PubMed]
152. Cromer, M.K.; Camarena, J.; Martin, R.M.; Lesch, B.J.; Vakulskas, C.A.; Bode, N.M.; Kurgan, G.; Collingwood, M.A.; Rettig,

G.R.; Behlke, M.A.; et al. Gene replacement of α-globin with β-globin restores hemoglobin balance in β-thalassemia-derived
hematopoietic stem and progenitor cells. Nat. Med. 2021, 27, 677–687. [CrossRef] [PubMed]

153. Zurlo, M.; Gasparello, J.; Cosenza, L.C.; Breveglieri, G.; Papi, C.; Zuccato, C.; Gambari, R.; Finotti, A. Production and Characteri-
zation of K562 Cellular Clones Hyper-Expressing the Gene Encoding α-Globin: Preliminary Analysis of Biomarkers Associated
with Autophagy. Genes 2023, 14, 556. [CrossRef] [PubMed]

154. Gothwal, M.; Wehrle, J.; Aumann, K.; Zimmermann, V.; Gründer, A.; Pahl, H.L. A novel role for nuclear factor-erythroid 2 in
erythroid maturation by modulation of mitochondrial autophagy. Haematologica 2016, 101, 1054–1064. [CrossRef] [PubMed]

155. Han, G.; Cao, C.; Yang, X.; Zhao, G.-W.; Hu, X.-J.; Yu, D.-L.; Yang, R.-F.; Yang, K.; Zhang, Y.-Y.; Wang, W.-T.; et al. Nrf2 expands the
intracellular pool of the chaperone AHSP in a cellular model of β-thalassemia. Redox Biol. 2022, 50, 102239. [CrossRef] [PubMed]

156. Briegel, K.; Bartunek, P.; Stengl, G.; Lim, K.-C.; Beug, H.; Engel, J.D.; Zenke, M. Regulation and function of transcription factor
GATA-1 during red blood cell differentiation. Development 1996, 122, 3839–3850. [CrossRef] [PubMed]

https://doi.org/10.26355/eurrev_201903_17391
https://www.ncbi.nlm.nih.gov/pubmed/30964170
https://www.ncbi.nlm.nih.gov/pubmed/32016953
https://doi.org/10.1016/j.biopha.2017.06.048
https://www.ncbi.nlm.nih.gov/pubmed/28667916
https://doi.org/10.4161/cbt.24597
https://www.ncbi.nlm.nih.gov/pubmed/23792642
https://doi.org/10.1080/0886022x.2020.1745236
https://www.ncbi.nlm.nih.gov/pubmed/32340512
https://doi.org/10.2147/ott.s247655
https://www.ncbi.nlm.nih.gov/pubmed/32431510
https://doi.org/10.18632/aging.103073
https://doi.org/10.1016/j.lfs.2015.07.002
https://doi.org/10.1016/j.cellsig.2012.07.001
https://www.ncbi.nlm.nih.gov/pubmed/22781751
https://doi.org/10.1038/s41598-018-20561-4
https://www.ncbi.nlm.nih.gov/pubmed/29391491
https://doi.org/10.1172/JCI135536
https://www.ncbi.nlm.nih.gov/pubmed/32804155
https://doi.org/10.1111/jnc.15299
https://www.ncbi.nlm.nih.gov/pubmed/33448372
https://doi.org/10.1155/2017/2709053
https://www.ncbi.nlm.nih.gov/pubmed/29109831
https://doi.org/10.3390/genes12020245
https://www.ncbi.nlm.nih.gov/pubmed/33572255
https://doi.org/10.1111/cas.13315
https://www.ncbi.nlm.nih.gov/pubmed/28677209
https://doi.org/10.3389/fimmu.2020.610021
https://www.ncbi.nlm.nih.gov/pubmed/33505399
https://doi.org/10.26355/eurrev_202002_20385
https://doi.org/10.1182/blood.2018854604
https://doi.org/10.1182/blood.2023021369
https://www.ncbi.nlm.nih.gov/pubmed/37676694
https://doi.org/10.1038/s41591-021-01284-y
https://www.ncbi.nlm.nih.gov/pubmed/33737751
https://doi.org/10.3390/genes14030556
https://www.ncbi.nlm.nih.gov/pubmed/36980829
https://doi.org/10.3324/haematol.2015.132589
https://www.ncbi.nlm.nih.gov/pubmed/27479815
https://doi.org/10.1016/j.redox.2022.102239
https://www.ncbi.nlm.nih.gov/pubmed/35092867
https://doi.org/10.1242/dev.122.12.3839
https://www.ncbi.nlm.nih.gov/pubmed/9012505


Cells 2024, 13, 918 19 of 19

157. Gutiérrez, L.; Caballero, N.; Fernández-Calleja, L.; Karkoulia, E.; Strouboulis, J. Regulation of GATA1 levels in erythropoiesis.
IUBMB Life 2020, 72, 89–105. [CrossRef]

158. Kang, Y.-A.; Sanalkumar, R.; O’Geen, H.; Linnemann, A.K.; Chang, C.-J.; Bouhassira, E.E.; Farnham, P.J.; Keles, S.; Bresnick, E.H.
Autophagy driven by a master regulator of hematopoiesis. Mol. Cell. Biol. 2012, 32, 226–239. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/iub.2192
https://doi.org/10.1128/mcb.06166-11

	Introduction 
	The Clinical Impact of the Imbalanced Expression of -Globin Genes Versus -Globin Genes in -Thalassemia: A Major Role for Ineffective Erythropoiesis in -Thalassemia 
	Reduction in Excess Free -Globin in -Thalassemia: The Role of Autophagy 
	Introductory Remarks on Autophagy 
	Autophagy in Human Diseases 
	Autophagy and Ineffective Erythropoiesis in -Thalassemia 

	The Unc-51-like Kinase 1 (Ulk1) Gene Plays an Essential Role in Regulating Autophagy in -Thalassemia: Experimental Evidence from In Vivo Studies Involving -Thalassemic Mice and -Thalassemia Patients 
	MicroRNAs as Possible Targets for Induction of Autophagy in Erythroid Cells of -Thalassemia Patients: A Working Hypothesis 
	Discussion 
	Conclusions and Future Perspectives 
	References

