
Edited by

Rare Monogenic 
Diseases
Molecular Pathophysiology 
and Novel Therapies

Ivano Condò
Printed Edition of the Special Issue Published in  

International Journal of Molecular Sciences

www.mdpi.com/journal/ijms



Rare Monogenic Diseases: Molecular
Pathophysiology and Novel Therapies





Rare Monogenic Diseases: Molecular
Pathophysiology and Novel Therapies

Editor

Ivano Condò
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A rare disease is defined by its low prevalence in the general population. Although
the fixed threshold slightly varies between different countries, a specific disorder is usually
considered to be rare when it affects less than 50–60 in 100,000 individuals. The inherited
defects originating from single gene mutations characterize the vast panorama of rare
monogenic diseases. More than 4000 monogenic mutations account for at least 80% of
all rare diseases, involving a broad spectrum of clinical features and pathophysiological
mechanisms. Strikingly, rare monogenic diseases often appear during childhood and
remain largely untreatable, underscoring the hard challenges in biology and medicine to
identify the underlying molecular mechanisms and to develop effective therapies.

The Special Issue “Rare Monogenic Diseases: Molecular Pathophysiology and Novel
Therapies” provides a collection of original research articles and systematic reviews focused
on diverse conditions stemming from a pathogenic single gene mutation. However, we
are aware of at least 6000 monogenic phenotypes and clearly this cannot be an exhaustive
collection of all the rare monogenic diseases. The included articles cover current progress
in pathogenesis mechanisms and experimental therapeutics concerning such diverse condi-
tions as neurodegenerative or neurodevelopmental disorders, lysosomal storage diseases,
coagulation disorders, hemoglobinopathies, kidney diseases and cancer.

Among rare monogenic diseases, close to 70% of these disorders affects the nervous
system. In particular, predominant phenotypic manifestations are represented by neu-
rodevelopmental and neurodegenerative alterations. Loi et al. present preclinical data
supporting a new therapeutical strategy for the disease caused by mutations in X-linked
cyclin-dependent kinase-like 5 (CDKL5) gene [1]. CDKL5 deficiency disorder (CDD) is char-
acterized by defects in neuronal development and survival, a condition with no available
therapy. Because single inhibitors able to target GSK-3β kinase and histone deacetylases
(HDAC) have been shown to have neuroprotective effects in CDD mice, the authors demon-
strate in vitro and in vivo the efficacy of a novel combinatorial therapy using Compound
11 (C11), a synthetic GSK-3β/HDAC dual inhibitor [1]. Trinucleotide repeat disorders, a
group of neuropathological conditions caused by abnormal expansion of natural triplet
repeats in a specific gene, are the focus of two systematic reviews. The expansion of CAG
trinucleotide repeats within the coding sequence of huntingtin gene (HTT) generates the
elongation of polyglutamine sequence in the mutated HTT protein and triggers Hunting-
ton’s disease (HD), a neurodegenerative disorder examined by Tomczyk et al. [2]. This
review describes the complex network of molecular and cellular changes affecting purine
metabolism and signaling in HD. Based on the summarized dysfunctions, the authors
analyze and propose potential therapeutic strategies able to target intracellular and extra-
cellular adenosine levels [2]. On the other hand, the pathogenic expansion of CGG triplets
occurs in the 5’ non-coding sequence of the Fragile X Mental Retardation 1 (FMR1) gene
and leads to various early or late-onset Fragile-X-associated syndromes. Valor et al. review
the molecular pathogenic mechanisms involved in the adult syndromes, a spectrum of
gain-of-function disorders [3]. The authors analyze in detail the mechanistic roles of mutant
FMR1 mRNA (riboCGG), FMR1-derived long non-coding RNAs (lncRNAs), RNA-binding
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proteins and FMR1-derived cryptic polyglycine peptide (FMRpolyG). Moreover, an inter-
esting description of established and potential biomarkers for adult Fragile-X-associated
syndromes is provided [3].

Lysosomal storage disorders (LSDs) are metabolic diseases that result from genetic en-
zyme deficiencies. Although more than 50 genes are involved in specific pathogenesis, most
storage disorders are systemic because of the ubiquitous functions of lysosomes. Currently,
approved drugs for some LSDs include recombinant proteins for enzyme replacement
therapy (ERT) and small molecules acting as pharmacological chaperone therapy (PCT).
Unfortunately, these approaches present important therapeutic limitations. Total or partial
loss of lysosomal α-galactosidase A (GLA) enzyme activity results in Fabry disease (FD),
a multisystemic X-linked disorder. Naturally, aggressive disease manifestations develop
more frequently in male FD patients. However, depending on the random X chromosome
inactivation, female patients may exhibit milder signs and symptoms. Modrego et al.
provide a systematic overview of the knowledge stemming from the countless mutations af-
fecting the GLA gene in FD patients [4]. By analyzing the structure-function relationships of
GLA enzyme, these authors illustrate the potential use of recombinant GLA mutants charac-
terized by increased enzyme activity, improved protein stability or lower immunogenicity.
Altogether, the proposed approach may generate novel therapeutics to promptly improve
ERT and PCT for the treatment of FD [4]. Mucopolysaccharidosis type II (MPS II) is another
X-linked LSD caused by a mutation in the gene encoding iduronate 2-sulphatase (IDS). This
multisystemic disorder is partially treatable with ERT. However, the recombinant enzyme
cannot cross the blood–brain barrier, thus no improvement is possible in central nervous
system of MPS II patients with severe forms. Zapolnik and Pyrkosz evaluate the progresses
of gene therapy as future alternative to cure MPS II patients [5]. By describing successes
and failures of MPS II preclinical and clinical studies based on retroviruses, lentiviruses,
adeno-associated viruses and genome editing technology, this review looks at possible
achievements of ongoing and upcoming MPS II clinical trials centered on gene therapies [5].

Monogenic blood disorders may be associated with abnormalities in a protein either
soluble in blood plasma or present within blood cells. For instance, mutations in the genes
encoding coagulation factors critically affect the blood clotting mechanism and lead to
bleeding disorders. The review by Rodríguez-Merchán et al. illustrates the promises of gene
therapy in the context of hemophilia A, arising from mutations in coagulation factor VIII
gene, and hemophilia B, triggered by mutations in coagulation factor IX gene [6]. This paper
also inspects the main clinical trials on hemophilia patients to discuss opportunities and
limits of current adenoviral vector-mediated gene transfer protocols [6]. Parahemophilia
or Owren’s disease, is an ultra-rare coagulation disorder associated with mutations in
the factor V gene. Bernal et al. describe the molecular study performed to characterize
two patients’ families and the consequent discovery of a new mutation leading to severe
factor Va deficiency [7]. β-thalassemia is instead a blood cells disorder, linked to mutations
of the β-globin gene and reduced expression of the encoded adult hemoglobin (HbA)
protein in erythrocytes. The original article by Zuccato et al. focuses on the induction
of fetal hemoglobin (HbF) as experimental therapy to overcome HbA deficiency in β-
thalassemia [8]. This study demonstrates that Cinchonidine and Quinidine, two natural
alkaloids from Cinchona plants, are able to induce HbF expression in affected cells derived
from β-thalassemia patients and to potentiate the similar effects of sirolimus, a drug
currently under clinical evaluation to treat this hemoglobinopathy [8].

The selective expression or the particular role of specific genes in a single tissue
explains the appearance of organ-specific inherited diseases. This is the case of genetic
disorders of the kidney, which include dominant and recessive forms of cystic diseases, and
renal tubulopathies. Mutations in polycystin-1 (PKD1) or -2 (PKD2) genes lead to autosomal-
dominant polycystic kidney disease (ADPKD), whose gender-dependent phenotype was
analyzed in the study by Talbi et al. [9]. These results, obtained in mice lacking PKD1
expression, show the involvement of intracellular Ca2+ levels in the more severe phenotype
affecting male ADPKD animals. Altogether, identification of the molecular mechanisms

2



Int. J. Mol. Sci. 2022, 23, 6525

underlying enhanced Ca2+ signaling and proliferation in cells from male kidneys may
contribute to develop novel therapeutics for ADPKD [9]. The autosomal-recessive form of
polycystic kidney disease (ARPKD) mostly arises from defects in the gene named polycystic
kidney and hepatic disease 1 (PKHD1), whereas a minority of cases is linked to a second
causative gene DZIP1L. To examine the still unclear molecular pathophysiology of ARPKD,
Cordido et al. recapitulate known molecular disease mechanisms and possible therapeutic
approaches, from cellular and animal models to clinical trials [10]. The knowledge of
ARPKD pathogenic pathways, involving the epidermal growth factor receptor (EGFR)
axis, the production of adenylyl cyclase adenosine 3′,5′-cyclic monophosphate (cAMP)
and the activation of several protein kinases, begins to stimulate possible pharmacological
interventions [10]. Inherited loss of function in various electrolyte transport proteins located
along the nephron leads to two types of kidney tubulopathy with overlapping clinical
symptoms: Gitelman and Bartter syndromes. The review by Nuñez-Gonzalez et al. aims to
explain the different molecular basis of these difficult to diagnose monogenic syndromes.
Moreover, the authors provide an overview of current therapeutic approaches and highlight
the presence of common and specific options for Gitelman and Bartter patients [11].

Finally, the disparate group of rare monogenic diseases also include well-known
genetic mutations that directly cause inherited cancers. These kinds of neoplasia occur by
two classic types of germline mutations: inactivating alterations in a tumor suppressor gene
or activating variants in a proto-oncogene. Multiple endocrine neoplasia type 1 (MEN1) is
triggered by mutations in the tumor suppressor gene MEN1 encoding for menin, a nuclear
protein involved in broad transcriptional regulation. Given the absence of a direct genotype-
phenotype correlation in tumorigenesis affecting patients with identical MEN1 mutations,
the review by Marini and Brandi explores the involvement of epigenetic regulations [12].
In light of the molecular effects of microRNA-24 (miR-24) on menin expression, the authors
discuss a possible role of this miRNA in MEN1 development and progression. The potential
use of RNA therapeutics able to target miR-24 in MEN1 patients is examined as well [12].

Overall, this collection of articles underlines how molecular therapies for a monogenic
disorder may target either directly the mutated gene-product or the associated pathway(s).
Indeed, as understanding of molecular mechanisms improves, novel therapeutics target-
ing different disease pathways become conceivable. By providing insights into specific
molecular defects and broadly applicable therapies, these contributions may be a valuable
resource to stimulate future scientific advances in the field of genetic diseases.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Mutations in the X-linked cyclin-dependent kinase-like 5 (CDKL5) gene cause a rare
neurodevelopmental disorder characterized by early-onset seizures and severe cognitive, motor,
and visual impairments. To date there are no therapies for CDKL5 deficiency disorder (CDD). In
view of the severity of the neurological phenotype of CDD patients it is widely assumed that CDKL5
may influence the activity of a variety of cellular pathways, suggesting that an approach aimed at
targeting multiple cellular pathways simultaneously might be more effective for CDD. Previous
findings showed that a single-target therapy aimed at normalizing impaired GSK-3β or histone
deacetylase (HDAC) activity improved neurodevelopmental and cognitive alterations in a mouse
model of CDD. Here we tested the ability of a first-in-class GSK-3β/HDAC dual inhibitor, Compound
11 (C11), to rescue CDD-related phenotypes. We found that C11, through inhibition of GSK-3β and
HDAC6 activity, not only restored maturation, but also significantly improved survival of both
human CDKL5-deficient cells and hippocampal neurons from Cdkl5 KO mice. Importantly, in vivo
treatment with C11 restored synapse development, neuronal survival, and microglia over-activation,
and improved motor and cognitive abilities of Cdkl5 KO mice, suggesting that dual GSK-3β/HDAC6
inhibitor therapy may have a wider therapeutic benefit in CDD patients.

Keywords: CDKL5 deficiency disorder; GSK-3β; HDAC6; dual inhibitor; neuronal survival; hip-
pocampal defects; synapse development

1. Introduction

CDKL5 deficiency disorder (CDD) is a complex and severe neurodevelopmental
disorder caused by mutations of the CDKL5 gene [1], for which a cure is not available.
Patients with CDD are characterized by early-onset seizures and severe cognitive, motor,
visual, and autonomic disturbances [1–4]. Incidence varies from 1:40,000 to 1:60,000 [5],
and due to the fact that CDKL5 is located on the X chromosome, the prevalence of CDD
among women is four times higher than in men. Genetic mutations of the CDKL5 gene
cause absence of a functional CDKL5 protein, a serine/threonine kinase that is highly
expressed in the brain and, in particular, in neurons [6,7].

In vitro and in vivo models of CDD have helped to provide important insights into
the mechanism of CDKL5 functions in neuronal development. CDKL5 has been found
to regulate neuronal migration, axon outgrowth, dendritic morphogenesis, and synapse
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development in cultured rodent neurons as a model system [8–12]. Similarly, Cdkl5 defi-
ciency in mice impairs spine maturation and dendritic arborization of hippocampal and
cortical neurons [13–18], indicating that CDKL5 plays a role in dendritic morphogene-
sis and synapse development. CDKL5 has been shown to regulate cell survival [19–21].
CDKL5 deletion in human neuroblastoma cells induces an increase in cell death and in
DNA damage-associated biomarkers [19]. During brain aging, loss of Cdkl5 was shown
to decrease neuronal survival in different brain regions such as the hippocampus, cor-
tex, and basal ganglia in Cdkl5 knockout (KO) mice, paralleled by increased neuronal
senescence [22].

In view of the variety of cellular processes regulated by protein kinases and of the
severity of the neurological phenotype of CDD patients, it is widely assumed that CDKL5
may have a very complex role in neurons, influencing the activity of a variety of intracellular
pathways. Indeed, through a kinome profiling study, Wang and colleagues demonstrated
that several signaling transduction pathways involved in neuronal and synaptic plasticity
are disrupted in the forebrain of Cdkl5 KO mice [23]. Among the signaling pathways whose
function is altered in the absence of Cdkl5, the AKT-GSK-3β signaling pathway is particu-
larly interesting due to its pivotal role in brain development and function [24,25]. Increased
GSK-3β activity plays a role in several neurodevelopmental alterations that characterize
Cdkl5-deficient brains. Importantly, pharmacological inhibition of GSK-3β activity rescues
dendritic morphogenesis and synapse development in the Cdkl5 KO mouse [26,27]. Similar
benefits to defective dendritic spine number and dynamics were obtained with the AKT
activator IGF-1 in Cdkl5 KO mice [17]. However, inhibition of GSK-3β activity has been
shown to have positive effects in juvenile but not in adult Cdkl5 KO mice [26], suggesting
that pharmacological interventions aimed at normalizing only impaired GSK-3β activity
might not be sufficient to restore the defects of a complex disease such as CDD. Inter-
estingly, epigenetic modulators, including histone deacetylase (HDAC) inhibitors, have
recently been shown to improve neurodevelopmental and cognitive alterations in Cdkl5
KO mice [11], suggesting that imbalanced protein acetylation might represent a molecular
mechanism that underlies Cdkl5 function.

Combinatorial therapies have recently become one of the most successful drug de-
velopment strategies for complex diseases. For instance, it was reported that combined
inhibition of GSK-3β and HDACs induces synergistic effects compared to the single target
drug, with a potential improved therapeutic efficacy [28]. Due to the complexity of CDD, it
is worth hypothesizing that the combined inhibition of GSK-3β and HDACs by a multi-
target drug might be more efficient then a single-target therapy. Here, we examined the
effect of treatment with a recently synthetized first-in-class GSK-3β/HDAC dual inhibitor,
Compound 11 (C11) [29], to rescue CDD-related phenotypes in in vitro and in vivo models
of CDD.

2. Results
2.1. Treatment with C11 Restores GSK-3β and HDAC6 Activity in a Human Cellular Model of
CDKL5 Deficiency

Compound 11 (C11) was selected for its high dual activity against GSK-3β and histone
deacetylase 6 (HDAC6) [29], which offer potential nontoxic therapeutic targets for the
amelioration of CNS development [30,31]. In order to confirm the dual inhibitory activity
of C11 on GSK-3β and HDAC6, we treated a recently generated human neuronal cell
model of CDKL5 deficiency, the CDKL5 knockout (KO) SH-SY5Y neuroblastoma cell line
(SH-CDKL5-KO; [19]), with C11 (1 and 10 µM), and, as a control for selective GSK-3β
inhibition, with NP-12 (Tideglusib; 1 µM).

GSK-3β is a constitutively active serine/threonine kinase that is predominantly mod-
ulated by inhibitory serine-9 (Ser9) phosphorylation [32]. Consistently with previous
evidence [19], we found that phosphorylation of GSK-3β at Ser-9 was reduced in SH-
CDKL5-KO compared with parental SH-SY5Y cells (Figure 1A,B). SH-CDKL5-KO cells
treated with C11 underwent an increase in Ser-9-phosphorylated GSK-3β levels that, at
a dose of 10 µM, became similar to those of parental SH-SY5Y cells (Figure 1A,B). Simi-
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larly, NP-12-treated SH-CDKL5-KO cells showed an increase in GSK-3β phosphorylation
(Figure 1A,B). As a molecular consequence of GSK-3β inhibition in SH-CDKL5-KO cells,
we evaluated the levels of the downstream GSK-3β target, CRMP2 (collapsing response
mediator protein 2), the phosphorylation of which is regulated by GSK-3β [33]. In line with
an increased activity of GSK-3β (Figure 1A,B), we found higher phosphorylation levels
of CRMP2 (Figure 1C,D) in SH-CDKL5-KO cells. Treatment with C11 recovered CRMP2
phosphorylation in SH-CDKL5-KO cells (Figure 1C,D). As expected, we found a complete
recovery of CRMP2 phosphorylation in NP12-treated SH-CDKL5-KO cells (Figure 1C,D).
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phospho-GSK-3β (Ser9; P-GSK-3β; A,B), P-collapsin response mediator protein 2-(Thr514P; P-CRMP2; C,D) and acetylated 
alpha tubulin (TubulinAc; E,F) levels in protein extracts from parental cells (SH-SY5Y; n = 8–9), SH-CDKL5-KO cells (SH-
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Figure 1. Effect of treatment with C11 on GSK-3β and HDAC6 signaling in SH-CDKL5-KO cells. Western blot analysis of
phospho-GSK-3β (Ser9; P-GSK-3β; A,B), P-collapsin response mediator protein 2-(Thr514P; P-CRMP2; C,D) and acetylated
alpha tubulin (TubulinAc; E,F) levels in protein extracts from parental cells (SH-SY5Y; n = 8–9), SH-CDKL5-KO cells
(SH-CDKL5-KO; n = 8–9) and SH-CDKL5-KO cells treated with C11 (1 µM and 10 µM; n = 6–9) or NP12 (1 µM; n = 3–8)
for 24 h. Immunoblots are examples from two biological replicates of each experimental condition. Histograms on the
left show P-GSK-3β, P-CRMP2, and TubulinAc protein levels normalized to corresponding total protein levels. Data are
expressed as a percentage of parental cells. Values are represented as means ± SE. ** p < 0.01; *** p < 0.001 as compared to the
vehicle-treated SH-SY5Y condition; # p < 0.05; ## p < 0.01; ### p < 0.001 as compared to the vehicle-treated SH-CDKL5-KO
condition (Fisher’s LSD test after one-way ANOVA).
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Since tubulin is a substrate of HDAC6 [34], to confirm the inhibitory activity of
C11 on HDAC6, we investigated acetylated tubulin levels in untreated and treated SH-
CDKL5-KO cells. Interestingly, we found that SH-CDKL5-KO cells showed decreased levels
of acetylated tubulin compared with parental SH-SY5Y cells (Figure 1E,F), that were not
related to increased HDAC6 levels (Figure S1A,B). Treatment with C11 recovered acetylated
tubulin levels in SH-CDKL5-KO cells (Figure 1E,F). Importantly, the effects on tubulin were
not observed when SH-CDKL5-KO cells were treated with NP12 (Figure 1E,F).

As previously demonstrated [29], the weak in vitro inhibitory activity of C11 on other
HDACs such as HDAC1 was confirmed by the lack of an effect of C11 treatment on H3
acetylation levels in SH-CDKL5-KO cells (Figure S1C,D).

2.2. Treatment with C11 Restores Neuronal Maturation and Survival of a Human Cellular Model
of CDKL5 Deficiency

When SH-SY5Y cells were treated with retinoic acid (RA) for 5 days, a considerable
proportion of cells differentiated to a more neuronal phenotype by extending neuritic
processes [19]. As previously reported [19], RA-treated SH-CDKL5-KO clones showed
reduced neurite outgrowth in comparison with parental cells (Figure 2). Since C11 and
NP12 inhibit GSK-3β at different concentration ranges (C11: IC50 = 2.7 µM [29]; NP12:
IC50 = 60 nM), to compare drug efficacy we used C11 at a concentration that was 10 times
higher (10 µM) than that of NP12 (1 µM). We found that treatment with C11 restored
neuritic length in SH-CDKL5-KO clones (Figure 2A,D). After treatment with NP-12, neuritic
length in SH-CDKL5-KO cells increased to levels that were even higher than those of
parental cells (Figure 2A,D), confirming the positive effect of GSK-3β inhibition in neuronal
maturation [35].

To investigate cell proliferation and viability in SH-CDKL5-KO clones, we evaluated
the percentage of mitotic and pyknotic nuclei visualized with Hoechst staining. As previ-
ously reported [19], SH-CDKL5-KO showed a reduced number of mitotic cells (Figure 2B,D)
and an increase in the fraction of pyknotic nuclei (Figure 2C,D) compared to parental cells.
Interestingly, we found that treatment with C11 restored cell proliferation (Figure 2B,D)
and strongly improved survival (Figure 2C,D) in SH-CDKL5-KO cells, while treatment
with NP-12 had very limited or no effect (Figure 2B,D).

In parental SH-SY5Y cells, treatment with C11 had no effect on neuronal maturation
and survival (Figure S2A,B).

Increased stress-induced cell death and DNA damage characterizes CDKL5-null
cells [19]. To test whether C11 protects SH-CDKL5-KO cells from stress, we examined
cell viability and induction of DNA damage in SH-CDKL5-KO cells after oxidative (H2O2)
stress. SH-CDKL5-KO cells were more sensitive to treatment with H2O2 than were parental
SH-SY5Y cells, showing an increased number of pyknotic nuclei and γH2AX levels
(Figure 2E,F). Treatment with C11 drastically improved survival and DNA damage in-
duction in SH-CDKL5-KO cells (Figure 2E,F). Again, treatment with NP-12 had no effect
(Figure 2E,F). In agreement with the increased apoptotic cell death after oxidative stress,
SH-CDKL5-KO cells showed decreased phosphorylation of AKT (Figure 2G) [36]. Restored
levels of AKT phosphorylation in C11-treated, but not NP12-treated, SH-CDKL5-KO cells
(Figure 2G), confirmed the pro-survival effect of C11.
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Figure 2. Effect of treatment with C11 on cell differentiation, proliferation, and survival in SH-CDKL5-KO cells. (A) 
Quantification of neurite outgrowth of SH-SY5Y (n = 4) and SH-CDKL5-KO (n = 6) cells treated daily with retinoic acid 
(RA; 10 μM) for 5 days. SH-CDKL5-KO cells were treated with C11 (10 μM, n = 6) or NP12 (1 μM, n = 6) every 2 days 
during retinoic acid differentiation. (B,C) Percentage of mitotic (B) and apoptotic (C) cells in proliferating SH-SY5Y (n = 

Figure 2. Effect of treatment with C11 on cell differentiation, proliferation, and survival in SH-CDKL5-KO cells. (A) Quan-
tification of neurite outgrowth of SH-SY5Y (n = 4) and SH-CDKL5-KO (n = 6) cells treated daily with retinoic acid (RA;
10 µM) for 5 days. SH-CDKL5-KO cells were treated with C11 (10 µM, n = 6) or NP12 (1 µM, n = 6) every 2 days during
retinoic acid differentiation. (B,C) Percentage of mitotic (B) and apoptotic (C) cells in proliferating SH-SY5Y (n = 20–30)
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and SH-CDKL5 KO cells (n = 20–30); cells were treated with C11 (10 µM, n = 20) or NP12 (1 µM, n = 20) for 24 h.
(D) Representative phase-contrast images of neurite outgrowth (upper panel) of cells treated as in (A) (scale bar = 50 µm);
fluorescence images of Hoechst-stained nuclei (lower panel; white triangles indicate pyknotic nuclei, yellow triangles
indicate mitotic nuclei) of SH-SY5Y and SH-CDKL5 KO cells treated as in (B,C) (scale bar = 30 µm). (E) Percentage of
apoptotic cells in untreated (n = 10), and treated with H2O2 (200 µM, n = 10) for 24 h, parental SH-SY5Y and SH-CDKL5-KO
cells, and in SH-CDKL5-KO cells co-treated with H2O2 (200 µM) and C11 (10 µM, n = 10) or NP12 (1 µM, n = 10) for 24 h.
(F,G) Western blot analysis of γH2AX (F) and phospho-AKT-Ser473 (P-AKT; (G)) levels in protein extracts of SH-SY5Y
and SH-CDKL5-KO cells treated as in E (untreated cells n = 3; treated cells n = 4). Histograms show γH2AX protein levels
normalized to GAPDH (F), and P-AKT levels normalized to total AKT protein levels (G). Examples of γH2AX, GADPH,
P-AKT, and AKT immunoblots (upper panels). Values represent mean ± SE of 3 independent experiments. In (A–C)
* p < 0.05; ** p < 0.01 as compared to the vehicle-treated SH-SY5Y condition; # p < 0.05; ### p < 0.001 as compared to the
vehicle-treated SH-CDKL5-KO condition (Fisher’s LSD test after one-way ANOVA). In (E–G) ** p < 0.01; *** p < 0.001 as
compared to the untreated SH-SY5Y cell condition; # p < 0.05; ## p < 0.001 as compared to the SH-SY5Y + H2O2 treated cell
condition; § p < 0.05; §§ p < 0.001 as compared to the SH-CDKL5-KO + H2O2 treated cell condition (Fisher’s LSD test after
one-way ANOVA).

2.3. Treatment with C11 Restores Neuronal Maturation and Survival of Hippocampal Neurons
from Cdkl5 KO Mice

As previously reported [11,12], hippocampal neurons generated from Cdkl5 −/Y mice
had a reduced neuritic length compared to control (+/Y) neurons (Figure 3), as well as a
reduced number of dendritic PSD-95 (postsynaptic protein 95) immunoreactive puncta
(Figure 3B,C). Treatment with C11 or NP12 fully restored the reduced dendritic outgrowth
of hippocampal neurons from Cdkl5 −/Y mice (Figure 3A,C), suggesting that GSK-3β
signaling plays a major role in hippocampal neuron maturation. In contrast, the number of
PSD-95 immunoreactive puncta were not recovered by treatment with NP12 (Figure 3B,C)
and only partially recovered by treatment with C11 (Figure 3B,C).

It has been shown that differentiating hippocampal neurons generated from Cdkl5 −/Y
mice have a reduced survival rate [20], which is evident in the reduced number of Cdkl5 −/Y
neurons present in culture after 10 days of differentiation, in comparison with control (+/Y)
cultures (Figure 3D). Treatment with C11 restored neuronal survival in hippocampal cultures
from Cdkl5 −/Y (Figure 3D). Similarly to SH-CDKL5-KO cells, treatment with NP-12 had no
effect on Cdkl5 −/Y hippocampal neuron survival (Figure 3D).

In control (+/Y), neuron treatment with C11 had no effect on neuronal maturation
and survival (Figure S2C,D).

2.4. Effect of Treatment with C11 on Behaviors of Cdkl5 KO Mice

Based on the results obtained in vitro we sought to investigate whether dual GSK-3β
and HDAC6 inhibition improves the neurodevelopmental alterations that characterize
the Cdkl5 −/Y brain. Since to date there are no studies on the action of C11 in vivo, a
pilot study was performed to examine the effect of an acute treatment with increasing C11
doses (10, 50, and 100 mg/kg) on GSK-3β inhibition. We found a dose response increase
of phosphorylated GSK-3β levels in both the hippocampus and cortex of Cdkl5 −/Y mice
(Figure 4A,B).
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Figure 3. Effect of treatment with C11 on maturation and survival of hippocampal neurons from Cdkl5 KO mice. (A) 
Quantification of the total length of MAP2-positive cells from 10-day differentiated (DIV10) hippocampal neurons. On 
day 2 post-plating (DIV2) hippocampal cultures were treated with vehicle (0.1% DMSO in PBS; Cdkl5 +/Y; n = 6 and Cdkl5 

Figure 3. Effect of treatment with C11 on maturation and survival of hippocampal neurons from Cdkl5 KO mice. (A) Quan-
tification of the total length of MAP2-positive cells from 10-day differentiated (DIV10) hippocampal neurons. On day 2
post-plating (DIV2) hippocampal cultures were treated with vehicle (0.1% DMSO in PBS; Cdkl5 +/Y; n = 6 and Cdkl5 −/Y;
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n = 8), C11 (10 µM; Cdkl5 −/Y + C11; n = 3), or NP12 (1 µM; Cdkl5 −/Y + NP12, n = 3), which was then administered on
alternate days throughout the entire differentiation period. (B) Quantification of the number of PSD-95 immunoreactive
puncta per 20 µm in proximal dendrites of hippocampal neurons from vehicle-treated (Cdkl5 +/Y; n = 4 and Cdkl5 −/Y; n = 5),
C11-treated (Cdkl5 −/Y + C11; n = 3), and NP12-treated (Cdkl5 −/Y + NP12; n = 2) hippocampal cultures. (C) Upper panels:
representative fluorescence images of differentiated MAP2-positive hippocampal neurons from Cdkl5 +/Y and dkl5 −/Y
mice treated as in (A) (scale bar = 40 µm). Lower panels show a magnification of a proximal dendrite immunopositive for
PSD-95 (scale bar = 1 µm) of hippocampal neurons from Cdkl5 +/Y and Cdkl5 −/Y mice treated as in (A). (D) Quantitative
analysis of the number of MAP2-positive cells in hippocampal cultures from wild-type (Cdkl5 +/Y; n = 3), KO (Cdkl5 −/Y;
n = 3), KO treated with C11 (Cdkl5 −/Y + C11; n = 3), and KO treated with NP12 (Cdkl5 −/Y + NP12; n = 4). Values are
represented as mean ± SE. Values in D are represented as % of the Cdkl5 +/Y conditions. * p < 0.05; ** p < 0.01; *** p < 0.001
as compared to the untreated cell Cdkl5 +/Y condition; # p < 0.05; ## p < 0.01; ### p < 0.001 as compared to the untreated
Cdkl5 −/Y cell condition (Fisher’s LSD test after one-way ANOVA).

Based on these results, we treated 1-month-old Cdkl5 −/Y mice (P30) daily for 15 days
with C11 (50 mg/kg), the lower dose that was shown to improve or even restore phospho-
rylated GSK-3β (P-GSK-3β) to control levels (Figure 4). Animals were behaviorally tested
in the time window shown in Figure 5A and then sacrificed at P60. The effects of treatment
on the neuroanatomy of the hippocampal region were examined in mice at P60. We found
that treatment had no adverse effect on body weight, indicating that C11 does not impair
animals’ well-being (Figure 5B).

Common features of CDKL5 deficiency disorder include decreased mobility, such as
muscular rigidity, and repetitive hand movements (stereotypies), such as clasping and
hand-sucking [37].

Catalepsy bar tests are widely used to measure the failure, resulting from muscular
rigidity or akinesia, to correct an imposed posture [38]. Using this test we found that
Cdkl5 −/Y mice spent significantly more time hanging onto the bar than did control (+/Y)
mice (Figure 5C). Treatment with C11 restored this motor behavior in Cdkl5 −/Y mice
(Figure 5C), suggesting that treatment improves muscular rigidity due to loss of Cdkl5.

Similarly to the human condition, Cdkl5 KO mice exhibited a hind-limb clasping be-
havior [13]. In order to examine the effect of treatment with C11 on motor stereotypies, we
evaluated the hind-limb clasping time during the two minutes’ testing period (Figure 5D).
While control (+/Y) mice exhibited very little hind-limb clasping, Cdkl5 −/Y mice spent
more time in the clasping position (Figure 5D). Importantly, Cdkl5 −/Y mice treated with
C11 showed a significant decrease in clasping (Figure 5D), indicating a treatment-induced
improvement of motor stereotypies.

Animals that had been treated with C11 were subjected to the Morris Water Maze
(MWM) test in order to explore hippocampus-dependent spatial memory. As previously
reported [26], we found that, while control (+/Y) mice learned to find the platform by the
second day, Cdkl5 −/Y mice showed a clear learning deficit over the 2–4 days of the trial
(Figure 5E). Treatment with C11 improved the learning ability of Cdkl5 −/Y mice, which
became significantly different from untreated Cdkl5 −/Y mice on the second and fourth day
of testing (Figure 5E). In the probe test, as previously reported [26], Cdkl5 −/Y mice showed
an increased latency to enter the former platform zone (Figure 5F). Treatment with C11 in
Cdkl5 −/Y mice caused a notable reduction in their latency to enter the former platform
zone (Figure 5F), indicating an improvement in spatial memory. Performance in the MWM
is influenced by motor functions that can be assessed by analyzing swimming patterns
such as swim speed. No difference was observed between untreated and treated Cdkl5 +/Y
and Cdkl5 −/Y mice as far as swim velocity was concerned (Figure 5G), indicating that the
deficit of Cdkl5 −/Y mice in the hidden platform test was not caused by abnormalities in
swimming abilities.

12



Int. J. Mol. Sci. 2021, 22, 5950
Int. J. Mol. Sci. 2021, 22, 5950 9 of 28 
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KO (Cdkl5 −/Y n = 4–5), and KO treated with a single intraperitoneal dose of C11 (Cdkl5 −/Y + C11 10 mg/kg n = 3, 50 mg/kg 
n = 3, 100 mg/kg n = 3) mice. Mice were sacrificed 4 h after the treatment. Histograms on the left show P-GSK3β protein 
levels normalized to corresponding total protein levels. Immunoblots on the right are examples from two animals of each 
experimental group of CDKL5, P-GSK-3β, and total GSK-3β levels. Values are represented as means ± SE and data are 
expressed as a percentage of untreated Cdkl5 +/Y mice. * p < 0.05; ** p < 0.01 as compared to the untreated Cdkl5 +/Y 
condition; # p < 0.05; ## p < 0.01 as compared to the untreated Cdkl5 −/Y condition (Fisher’s LSD test after one-way ANOVA). 
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Figure 4. Effect of in vivo treatment with C11 on GSK-3β activity in the brain of CDKL5 −/Y mice. Western blot analysis
of P-GSK-3β levels normalized to total GSK-3β levels in the hippocampus (A) and cortex (B) of wild-type (Cdkl5 +/Y
n = 3), KO (Cdkl5 −/Y n = 4–5), and KO treated with a single intraperitoneal dose of C11 (Cdkl5 −/Y + C11 10 mg/kg
n = 3, 50 mg/kg n = 3, 100 mg/kg n = 3) mice. Mice were sacrificed 4 h after the treatment. Histograms on the left show
P-GSK3β protein levels normalized to corresponding total protein levels. Immunoblots on the right are examples from two
animals of each experimental group of CDKL5, P-GSK-3β, and total GSK-3β levels. Values are represented as means ± SE
and data are expressed as a percentage of untreated Cdkl5 +/Y mice. * p < 0.05; ** p < 0.01 as compared to the untreated
Cdkl5 +/Y condition; # p < 0.05; ## p < 0.01 as compared to the untreated Cdkl5 −/Y condition (Fisher’s LSD test after
one-way ANOVA).
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Figure 5. Effect of treatment with C11 on motor coordination and hippocampus-dependent learning and memory in Cdkl5
−/Y mice. (A) Experimental protocol. Starting from postnatal day 30 (P30), Cdkl5 +/Y mice were treated with vehicle and
Cdkl5 −/Y male mice were treated with vehicle or C11 (50 mg/kg), administered via intraperitoneal injection every day for
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15 days. Animals from different experimental groups were behaviorally tested. Animals were sacrificed 15 days after
the last injection (P60). (B) Body weight in grams of vehicle-treated Cdkl5 +/Y (n = 15) and Cdkl5 −/Y (n = 17) mice and
C11-treated Cdkl5 −/Y (n = 12) mice during the daily treatment period. (C) Amount of time taken to remove both paws
from the bar in vehicle-treated (Cdkl5 +/Y n = 14, Cdkl5 −/Y n = 17) and C11-treated (Cdkl5 −/Y + C11 n = 12) Cdkl5 male
mice. (D) Total amount of time spent hind-limb clasping during a 2 min interval in vehicle-treated (Cdkl5 +/Y n = 14,
Cdkl5 −/Y n = 17) and C11-treated (Cdkl5 −/Y + C11 n = 11) Cdkl5 male mice. (E) Spatial learning (5-day learning period)
assessed using the Morris Water Maze in vehicle-treated (Cdkl5 +/Y n = 9, −/Y n = 10) and C11-treated (Cdkl5 −/Y + C11
n = 10) Cdkl5 male mice. (F) Spatial memory on day 6 (probe test) in mice as in (D). Memory was assessed by evaluating the
latency to enter the former platform zone. (G) Mean velocity during the learning phase in mice as in (D). Values represent
mean ± SE; (*) p = 0.058; * p < 0.05; ** p < 0.01; *** p < 0.001 as compared to vehicle-treated Cdkl5 +/Y mice; (#) p = 0.059;
# p < 0.05; ## p < 0.01 as compared to vehicle-treated Cdkl5 −/Y mice. Dataset in (B) Fisher’s LSD after two-way ANOVA;
dataset in (E) Fisher’s LSD after three-way mixed ANOVA; datasets in (C,D,F,G) Fisher’s LSD after one-way ANOVA.

2.5. Effect of Treatment with C11 on Synapse Development in Cdkl5 KO Mice

Alteration in synaptogenesis is now considered the main structural brain defect that
underlies the behavioral abnormalities in the Cdkl5 KO mouse [11,17,27,39].

Given the positive effects of treatment with C11 on behavior in Cdkl5 −/Y mice, we in-
vestigated the effects of C11 on spine maturation/connectivity. As previously reported [26],
spine density of Golgi-stained CA1 hippocampal pyramidal neurons was reduced, as was
the percentage of mature vs. immature spines in Cdkl5 −/Y mice in comparison with
control (+/Y) mice (Figure 6A–C). Treatment with C11 restored the number of dendritic
spines (Figure 6A,C) and the balance between immature and mature spines (Figure 6B,C)
in Cdkl5 −/Y mice.

Recruitment of PSD-95 to the postsynaptic compartment is one factor that contributes
to the stabilization of synaptic contacts [40]. To confirm that the C11-induced restoration of
spine maturation was accompanied by a restoration of synaptic connectivity, we evaluated
the number of immunoreactive puncta for PSD-95 in the hippocampal of Cdkl5 −/Y mice.
As previously reported [11,41], in Cdkl5 −/Y mice, the number of postsynaptic terminals
was lower in comparison with that of Cdkl5 +/Y mice (Figure 6D,E). Treatment with C11
rescued this defect (Figure 6D,E).

2.6. Effect of Treatment with C11 on Neuronal Survival in Cdkl5 KO Mice

Recent evidence has shown that, in addition to affecting synaptogenesis, CDKL5
also impacts on neuronal survival [19–21]. Cdkl5 KO mice are characterized by decreased
survival of hippocampal neurons, which worsens with age [42].

In order to evaluate whether treatment with C11 affects neuronal survival rate in
Cdkl5 KO mice, we evaluated cell density in the CA1 layer of the hippocampus. We
found that Cdkl5 −/Y mice showed a reduced number of Hoechst-positive nuclei and
NeuN-positive pyramidal neurons in the CA1 layer in comparison with control (+/Y)
mice (Figure 7A–C), confirming the reduced neuronal survival in the absence of Cdkl5.
Importantly, treatment with C11 rescued hippocampal neuronal survival (Figure 7A–C).
Otherwise, in vivo treatment with NP12 [26] does not improve survival of pyramidal
neurons in the hippocampus in Cdkl5 −/Y mice (Figure S3), assessed as Hoechst-positive
nuclear density in the CA1 layer.
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Figure 6. Effect of treatment with C11 on dendritic spine density and maturation in the hippocampus of Cdkl5 −/Y mice. 
(A) Dendritic spine density in CA1 pyramidal neurons of intraperitoneal vehicle-treated (Cdkl5 +/Y n = 4, Cdkl5 −/Y n = 5; 
P60) and C11-treated (Cdkl5 −/Y n = 4; P60) Cdkl5 male mice. Data are expressed as number of spines/10 μm. (B) Percentage 
of immature and mature spines in relation to the total number of protrusions in CA1 pyramidal neurons of mice as in A. 
(C) Examples of Golgi-stained dendritic branches of CA1 pyramidal neurons of one animal from each experimental group. 
Scale bar = 1 μm. (D) Number of fluorescent puncta per μm2 exhibiting PSD-95 immunoreactivity in the stratum oriens of 
the hippocampus of intraperitoneal vehicle-treated (Cdkl5 +/Y n = 3; Cdkl5 −/Y n = 3; P60) and C11-treated (Cdkl5 −/Y n = 4; 
P60) Cdkl5 male mice. (E) Representative confocal images of CA1-sections processed for PSD-95 immunohistochemistry 
of one animal from each experimental group. Scale bar = 2.5 μm. Values are represented as means ± SE. * p < 0.05; ** p < 
0.01 as compared to the vehicle-treated Cdkl5 +/Y condition; # p < 0.05; ## p < 0.01; ### p < 0.001 as compared to the vehicle-
treated Cdkl5 −/Y condition (datasets in (A,D), Fisher’s LSD after one-way ANOVA; dataset in (B), Dunn’s test after 
Kruskall–Wallis). 

Figure 6. Effect of treatment with C11 on dendritic spine density and maturation in the hippocampus of Cdkl5 −/Y mice.
(A) Dendritic spine density in CA1 pyramidal neurons of intraperitoneal vehicle-treated (Cdkl5 +/Y n = 4, Cdkl5 −/Y
n = 5; P60) and C11-treated (Cdkl5 −/Y n = 4; P60) Cdkl5 male mice. Data are expressed as number of spines/10 µm.
(B) Percentage of immature and mature spines in relation to the total number of protrusions in CA1 pyramidal neurons
of mice as in A. (C) Examples of Golgi-stained dendritic branches of CA1 pyramidal neurons of one animal from each
experimental group. Scale bar = 1 µm. (D) Number of fluorescent puncta per µm2 exhibiting PSD-95 immunoreactivity
in the stratum oriens of the hippocampus of intraperitoneal vehicle-treated (Cdkl5 +/Y n = 3; Cdkl5 −/Y n = 3; P60) and
C11-treated (Cdkl5 −/Y n = 4; P60) Cdkl5 male mice. (E) Representative confocal images of CA1-sections processed for
PSD-95 immunohistochemistry of one animal from each experimental group. Scale bar = 2.5 µm. Values are represented as
means ± SE. * p < 0.05; ** p < 0.01 as compared to the vehicle-treated Cdkl5 +/Y condition; # p < 0.05; ## p < 0.01; ### p < 0.001
as compared to the vehicle-treated Cdkl5 −/Y condition (datasets in (A,D), Fisher’s LSD after one-way ANOVA; dataset in
(B), Dunn’s test after Kruskall–Wallis).
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Figure 7. Effect of treatment with C11 on neuronal survival and microglia activation in the hippocampus of Cdkl5 −/Y mice.
(A,B) Quantification of Hoechst-positive cells (A) and NeuN-positive cells (B) in CA1 layer of hippocampal sections from
intraperitoneal vehicle-treated (Cdkl5 +/Y; n = 4, Cdkl5 −/Y; n = 5; P60) and C11-treated (Cdkl5 −/Y + C11; n = 4; P60) mice.
(C) Representative fluorescence images of immunopositive for NeuN (red) and counterstained with Hoechst (blue) sections
in the hippocampal CA1 region of one animal from each group. Scale bar = 50 µm. (D) Representative fluorescence images
of hippocampal sections processed for AIF-1 immunohistochemistry of one animal from each group. (E) Mean microglia
cell body size in hippocampal sections from vehicle-treated (Cdkl5 +/Y; n = 4, Cdkl5 −/Y; n = 5; P60) and C11-treated (Cdkl5
−/Y + C11; n = 4; P60) mice. Scale bar = 50 µm. Values are represented as means ± SE. ** p < 0.01, as compared to the
vehicle-treated Cdkl5 +/Y mice; # p < 0.05; ### p < 0.001 as compared to the vehicle-treated Cdkl5 −/Y mice (Fisher’s LSD
test after one-way ANOVA).
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2.7. Effect of Treatment with C11 on Microglia Over-Activation in Cdkl5 KO Mice

It has been shown that C11, in addition to its dual GSK-3β/HDAC6 inhibitory action,
decreases neuroinflammation by modulating the microglial phenotypic switch from the M1
(pro-inflammatory) to the M2 (anti-inflammatory) phenotype [29]. We recently found increased
microglial activation in the brain of the Cdkl5 KO mouse [43]; indeed, modulation of microglial
activation seems to be a therapeutic approach to be considered for CDD. Similarly to previous
findings, we found alterations in microglial cell morphology, with an enlarged body size that
is typical of a state of activation [44], in the hippocampus of Cdkl5 −/Y mice compared to
their wild-type counterparts (Figure 7D,E). Interestingly, treatment with C11 reversed the
inflammatory status in Cdkl5 −/Y mice, bringing microglial soma size to levels that were even
lower than those of vehicle-treated control (+/Y) mice (Figure 7D,E).

3. Discussion

It is likely that, due to CDKL5 failure, alterations in multiple complex molecular
networks are involved in the mechanisms that underlie the CDD-related phenotype. The
complexity of this disease might limit the efficacy of commonly used single molecular drug
therapeutics. Therefore, the severity of the neurological phenotype of CDD patients could
be better tackled using a multi-target approach that is able to simultaneously modulate
multiple targets involved in the onset of the disease. Our study provides novel evidence
that, in in vitro experimental models of CDD, the GSK-3β/HDAC6 dual inhibitor, C11 [29],
is more effective at recovering neuronal survival than treatment with a single inhibitor
that is selective for GSK-3β. Importantly, in vivo treatment with C11 restored synapse
development, neuronal survival, and microglia over-activation, and improved motor and
cognitive abilities of Cdkl5 KO mice. Overall, our data suggest that a GSK-3β/HDAC6 dual
inhibitor therapy may engender a more effective strategy with which to achieve therapeutic
benefits in CDD patients.

To validate the effect of C11 in CDD we selected, as an in vitro model, a recently
generated human cellular model of CDKL5 deficiency that exhibited alterations in the GSK-
3β signal pathway [19] as well as reduced survival and differentiation. Here, we found
that CDKL5 deficiency in these cells causes decreased acetylation of a well-known substrate
of HDAC6 deacetylase activity, αtubulin [45]. The decreased αtubulin acetylation, not
resulting from deregulated HDAC6 expression (Figure S1A), may be attributed to increased
HDAC6 activity which, in turn, could be explained by the complex regulation of HDAC6
activity, including direct or indirect binding partners and kinase-mediated phosphorylation
that leads to either increased or reduced HDAC6 activity [46]. Among the kinases that
regulate HDAC6 activity, GSK-3β interacts and localizes with HDAC6, and enhances
HDAC6 activity; thereby, it may indirectly influence tubulin acetylation [47]. The link
between HDAC6 and GSK-3β may explain the partial recovery of tubulin acetylation in
CDKL5 deficient cells obtained with the single GSK-3β inhibitor, NP12.

Abnormal activation of GSK-3β has been associated with several neurological and
psychiatric disorders that share developmental abnormalities and altered neurocircuitry
maintenance, such as schizophrenia, bipolar disorder, autism, and Alzheimer’s disease
(AD) [48–50]. The involvement of GSK-3β misregulation in a variety of brain abnormalities
strongly supports its pivotal role in controlling basic mechanisms of neuronal function
from brain bioenergetics to the establishment of neuronal circuits, modulation of neuronal
polarity, migration, and proliferation [24]. In particular, the role of GSK-3β in phospho-
rylation of cytoskeletal proteins impacts neuronal plasticity, as cytoskeletal constituents
are involved in the development and maintenance of neurites, and changes in the rate
of stabilization/destabilization of microtubules could influence major cellular compart-
ments of neurons, such as dendrites, spines, axons, and synapses. Confirming previous
findings involving GSK-3β inhibitors [26,27], we found that pharmacological inhibition
of the GSK-3β activity with C11 improved or even restored neuronal maturation and
connectivity in in vitro and in vivo models of CDD. In both human CDKL5 deficient cells
and hippocampal neurons from Cdkl5 KO mice a complete restoration of the extension
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of the neuritic processes was obtained when cells were treated with either C11 or NP12.
Similarly, the effects of in vivo treatment with C11 or NP12 were comparable in terms of
dendritic spines and PSD-95 positive puncta in CDKL5 KO mice (present findings and
those of [41]).

Interestingly, we showed here that C11 treatment was much more effective at recover-
ing neuronal survival than treatment with NP12 in both in vitro and in vivo experimental
models of CDD, suggesting that the C11 pro-survival effect is conveyed to HDAC6 inhibi-
tion. In support of this, our findings are in line with a previous study showing that inhibi-
tion of HDAC6 activity in neurons promotes protection against oxidative stress-induced
death [30]. There is a growing consensus that HDACs play a role in the regulation of neu-
ronal survival [51–53]. Considerable research activity has focused on histone deacetylase
(HDAC) inhibitors as neuroprotective agents for a number of neurodegenerative diseases
and CNS injuries [52,54]. HDAC6, a member of Class IIb family of HDACs, regulates
trafficking of neurotrophic factor, functions as an αtubulin deacetylase, and modulates
mitochondrial transport in hippocampal neurons [55]. Importantly, HDAC6 is involved in
several events of the neurodegenerative cascades [56]; specific HDAC6 inhibition exerts
neuroprotection by increasing the acetylation levels of αtubulin with subsequent improve-
ment of the axonal transport, which is usually impaired in neurodegenerative disorders [56].
HDAC6 is a specific deacetylase of the homodimeric molecular chaperone Hsp90, which
sequesters the heat shock transcription factor 1 (HSF1) [57]. A further mechanism through
which the inhibition of HDAC6 could exert its pro-survival action concerns the decreasing
of HSP90 deacetylation. A number of reports suggest that HSP90 may be a viable target
for neuroprotection, as HSP90 inhibitors have been found to promote HSF1 release and
augment the heat-shock response, which protects against neurotoxic insults in a variety of
models of neurodegenerative disease [58,59]. While we cannot rule out the possibility that
other HDAC family members may also be targets for neuroprotection in CDKL5 KO cells,
our findings showing that treatment with C11 selectively increases αtubulin acetylation,
without altering histone H3 acetylation, strongly confirm the higher specificity of C11
for HDAC6.

Evidence that microglia-mediated inflammation contributes to the neuropathology of
CDD has recently been reported [43]. Chronic activation of microglia may cause reduced
neuronal maturation and survival through the release of potentially cytotoxic molecules
such as pro-inflammatory cytokines [60,61]. Therefore, suppression of microglia over-
activation by C11 might contribute to restoring neuronal survival and connectivity in
the hippocampus of Cdkl5 KO mice. The anti-inflammatory effect exerted by C11 may
depend on both of its inhibitory activities. GSK-3 inhibitors lead to a reduction in microglia
activity [62,63] via increased expression of the inhibitory marker CD200R and diminished
inflammatory mediators such as nitric oxide (NO), glutamate, pro-inflammatory cytokines
(TNF-α and IL-6) [64]. The mechanism by which HDAC inhibition is anti-inflammatory is
not understood, but inhibitors of HDACs reduce the inflammatory response of isolated
microglia to stimulants such as lipopolysaccharide [65,66], and in vivo delivery of HDAC
inhibitors reduces neuroinflammation in models of brain injury [67,68].

Conclusions

The search for better results in clinical practices, because of the inefficacy of some
treatments based on single drugs, has encouraged the adoption of polypharmacology as a
new therapeutical strategy. This multi-target approach could be: association of drugs, com-
bination of drugs, or a single drug with multiple ligands. However, the deleterious effects
caused by drug–drug interactions and toxicity of combination therapy have reinforced the
emergence of novel strategies in drug discovery. The most recent approach is now consid-
ering single drugs that concomitantly recognize more than one molecular target. Although
GSK-3β and HDAC inhibitors have been previously tested in Cdkl5 KO mice [11,26,27],
this is the first combinatorial approach using a GSK-3β/HDAC6 dual inhibitor to study
the beneficial effects of GSK-3β and HDAC6 inhibition in CDKL5-null neurons. The im-
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portance of the use of an inhibitor with large selectivity for HDAC6 such as C11 is that it
can overcome all of the neuronal toxicity associated with the use of pan-HDAC inhibitors,
suggesting that its specific inhibition may eliminate a range of untoward effects seen with
the clinical application of pan-HDAC inhibitors in cancer [69]. This is also consistent with
the demonstration that mice lacking HDAC6 are viable and develop normally [45]. Our
finding that treatment with C11 improved motor and cognitive behavior in Cdkl5 KO
mice suggest that dual GSK-3β/HDAC6 inhibitors might be an effective treatment option
for CDD. Since previous findings showed that a pharmacological intervention aimed at
normalizing impaired GSK-3β activity elicits different age-dependent outcomes in Cdkl5
KO mice [26], a multi-target compound, acting simultaneously on different pathways that
are essential for neuronal maturation and survival, might have a better chance of being
effective regardless of age. At present we do not know whether the therapeutic effect of the
C11 double inhibitor is more efficient at recovering brain abnormalities in CDD at different
developmental ages than a therapy with a selective GSK-3β or HDAC6 inhibitor. Future
studies may clarify this issue.

4. Materials and Methods
4.1. Compound 11 Synthesis

Compound 11 (C11) was synthetized as previously reported [29].

4.2. Cell Lines, Treatments and Measurements

Human neuroblastoma cell line SH-SY5Y, deriving from The European Collection
of Authenticated Cell Cultures (Sigma-Aldrich, St. Louis, MO, USA) and the CDKL5
knockout (KO) SH-SY5Y neuroblastoma cell line (SH-CDKL5-KO; [19]), were maintained
in Dulbecco modified Eagle medium (DMEM, Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% heat-inactivated FBS, 2 mM of glutamine, and antibiotics
(penicillin, 100 U/mL; streptomycin, 100 µg/mL, Thermo Fisher Scientific, Waltham, MA,
USA), in a humidified atmosphere of 5% of CO2 at 37 ◦C. Cell medium was replaced every
3 days and the cells were sub-cultured once they reached 90% confluence.

4.2.1. C11 and NP-12 Treatments

Cells were plated onto poly-D-lysine-coated slides in a 6-well plate at a density of
2.5 × 105 cells per well in culture medium supplemented with 10% FBS. The day after,
cells were exposed to C11 (1 µM and 10 µM; stock solution 10 mM in 100% DMSO), NP-12
(Tideglusib; 1 µM; stock solution 10 mM in 100% DMSO; Sigma-Aldrich, St. Louis, MO,
USA), or vehicle (0.1% DMSO) for 24 h.

4.2.2. Hydrogen Peroxide Treatment

Cells were plated onto poly-D-lysine-coated slides in a 6-well plate at a density of
2.5 × 105 cells per well in culture medium supplemented with 10% FBS. The day after, cells
were exposed to H2O2 (200 µM; Sigma-Aldrich, St. Louis, MO, USA) and C11 (10 µM) or
NP12 (1 µM) for 24 h. The following day, cells were fixed in a 4% paraformaldehyde 4%
glucose solution at 37 ◦C for 30 min.

4.2.3. Retinoic Acid Induced Differentiation

For differentiation analyses, cells were plated onto poly-D-lysine-coated slides in a
6-well plate at a density of 1 × 105 cells per well in culture medium supplemented with
10% FBS. Twenty-four hours after cell plating, retinoic acid (RA; Sigma-Aldrich, St. Louis,
MO, USA) 10 mM in ethanol was added to the medium at 10 µM final concentration each
day for 5 days. Cells were co-treated with C11 (10 µM), NP12 (1 µM), or vehicle (0.1%
DMSO) every 2 days.
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4.2.4. Analysis of Neurite Outgrowth

Phase contrast images of cells were taken with an Eclipse TE 2000-S microscope (Nikon
Instruments Inc., Melville, NY, USAnikon) equipped with a DS-Qi2 digital SLR camera
(Nikon Instruments Inc., Melville, NY, USA). Images were taken from random microscopic
fields. Neurite outgrowth was measured using the image analysis system Image Pro Plus
(Media Cybernetics, Silver Spring, MD, USA). Only cells with neurites longer than one cell
body diameter were considered as neurite-bearing cells. In each experiment, a total of 900
cells was analyzed. All experiments were performed at least three times. The total length
of neurites was divided by the total number of cells counted in the areas.

4.2.5. Apoptotic and Mitotic Index

Nuclei were stained with Hoechst 33342 (Sigma-Aldrich, St. Louis, MO, USA). Apop-
totic cell death was assessed by manually counting the number of pyknotic nuclei and
apoptotic bodies and is expressed as a percentage of the total number of cells. The number
of mitotic cells was assessed by manually counting the cells in prophase (chromosomes are
condensed and visible), metaphase (chromosomes are lined up at the metaphase plate),
and anaphase/thelophase (chromosomes are pulled toward and arrive at the opposite
poles) and expressed as a percentage of the total number of cells.

4.3. Colony

The mice used in this work derive from the Cdkl5 knockout (KO) strain in the
C57BL/6N background developed in [13] and backcrossed in C57BL/6J for three gen-
erations. Cdkl5 KO mice (Cdkl5 −/Y) and age-matched controls (wild-type; Cdkl5 +/Y),
when possible littermates, were used for all experiments and genotyped as previously
described [13]. The day of birth was designated as postnatal day (P) zero and animals with
24 h of age were considered as 1-day-old animals (P1). Mice were housed 3–5 per cage on
a 12 h light/dark cycle in a temperature- (23 ◦C) and humidity-controlled environment
with standard mouse chow and water ad libitum. The animals’ health and comfort were
controlled by the veterinary service. All efforts were made to minimize animal suffering
and to keep the number of animals used to a minimum.

4.4. Primary Hippocampal Cultures, Treatments and Measurements

Primary hippocampal neuronal cultures were prepared from 1-day-old (P1) wild-type
(WT) and Cdkl5 KO mice as described [70]. Briefly, hippocampi were dissected from mouse
brains under a dissection microscope and treated with 2.5% trypsin (Sigma-Aldrich, St.
Louis, MO, USA) for 15 min at 37 ◦C and 1% DNase (Sigma-Aldrich, St. Louis, MO,
USA) for 2 min at room temperature before being triturated mechanically with a fire-
polished glass pipette to obtain a single-cell suspension. Approximately 1.2 × 105 cells
were plated on coverslips coated with poly-L-lysine in 6-well plates and cultured in Neu-
robasal medium supplemented with B27 (Invitrogen, Thermo Fisher Scientific, Waltham,
MA, USA) and glutamine (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). Cells
were maintained in vitro at 37 ◦C in a 5% CO2-humified incubator and fixed for immunos-
taining or western blot analysis on day 10 after plating (DIV10). Treatment was added to
the conditioned medium and replenished every second day until DIV10. Cell cultures were
fixed in a 4% paraformaldehyde 4% glucose solution at 37 ◦C for 30 min and processed for
immunocytochemistry analysis.

4.4.1. Morphological Analyses

To evaluate neuritic outgrowth and connectivity, fixed cells were stained with the
following primary antibodies: a rabbit polyclonal anti-MAP2 (1:100, Merck Millipore,
Burlington, MA, USA) and a mouse monoclonal anti-PSD-95 (1:100, Abcam, Cambridge,
UK) antibody. Detection was performed using a FITC-conjugated anti-rabbit IgG (1:200,
Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) and a Cy3-conjugated
anti-mouse IgG (1:200, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA)
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antibody, respectively. Nuclei were counterstained with Hoechst-33342 (Sigma-Aldrich, St.
Louis, MO, USA) and fluorescent images were acquired using a Nikon Eclipse Te600 micro-
scope equipped with a Nikon Digital Camera DXM1200 ATI system (Nikon Instruments,
Inc., Melville, NY, USA). The neuritic length of MAP2-positive neurons was measured and
quantified by tracing along each neuronal projection using the image analysis system Image
Pro Plus (Media Cybernetics, Silver Spring, MD, USA) as previously described [11]. The
degree of synaptic innervation was evaluated by counting the number of PSD-95 positive
puncta on proximal dendrites and expressed as the number of PSD-95 puncta per 20 µm of
neuritic length. Immunofluorescence images were taken with a LEICA TCS SL confocal
microscope (Leica Mycrosystems, Wetzlar, Germany). Fifty neurons for each condition
were evaluated.

4.4.2. Neuronal Survival

In order to assess survival of differentiated hippocampal neurons in culture, the
number of MAP2-positive neurons was counted and expressed as a percentage of the total
number of cells in culture evaluated through Hoechst staining.

4.5. In Vivo Treatment

C11 was dissolved in a vehicle solution of 5.5% dimethyl sulfoxide (DMSO) in water.

4.5.1. Acute C11 Treatment

Two-month-old Cdkl5 +/Y mice were treated with vehicle (5.5% of DMSO in water)
and two-month-old Cdkl5 −/Y mice were treated with vehicle or C11 (10 mg/kg, 50 mg/kg
or 100 mg/kg) administered intraperitoneally. Animals were sacrificed after 4 h.

4.5.2. Chronic C11 Treatment

Since in the mammalian brain, the dramatic rearrangements in structure and function
that characterize childhood/adolescence result in a critical and sensitive period of brain
development and suggest that early interventions would provide potential clinical benefits,
we decided to chronically treat juvenile Cdkl5 KO mice [71]. Cdkl5 +/Y and Cdkl5 −/Y male
mice were randomly assigned to the experimental conditions and, starting from postnatal
day 30 (P30), were treated with vehicle (5.5% of DMSO in water) or C11 (50 mg/kg)
administered via a daily intraperitoneal injection for 15 consecutive days. Body weight of
the mice was monitored daily.

4.5.3. Chronic NP12 Treatment

Brain sections that were processed for Hoechst staining, and used to evaluate hip-
pocampal neuron survival, derived from animals used in [26]. Briefly, 3-week-old Cdkl5
+/Y and Cdkl5 −/Y male mice were treated with vehicle (corn oil; Sigma-Aldrich, St. Louis,
MO, USA) or NP-12 (Tideglusib; 20 mg/kg body weight in corn oil; Sigma-Aldrich, St.
Louis, MO, USA), administered via subcutaneous injection every other day for 20 days.
The dose of NP12 was chosen based on [72].

4.6. Behavioral Assays

A total of 44 animals, from 9 litters, were used for behavioral studies. The sequence of
the tests was arranged to minimize the effect of one test influencing subsequent evaluation
of the next test, and mice were allowed to recover for 1–2 days between different tests. All
behavioral studies and analyses were performed blind to genotype. Mice were allowed
to habituate to the testing room for at least 1 h before the test, and testing was always
performed at the same time of day. Three independent test cohorts were used. The first test
cohort consisted of 15 animals (Cdkl5 +/Y n = 1, Cdkl5 −/Y n = 8, and Cdkl5 −/Y + C11
n = 6) that were tested with the following assays: clasping, catalepsy, and Morris water
maze. The second cohort consisted of 18 animals (Cdkl5 +/Y n = 9, Cdkl5 −/Y n = 3, and
Cdkl5 −/Y + C11 n = 6) that were tested with the following assays: clasping, catalepsy, and
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Morris Water Maze. The third cohort consisted of 11 animals (Cdkl5 +/Y n = 5 and Cdkl5
−/Y n = 6) that were tested with the following assays: clasping and catalepsy.

4.6.1. Morris Water Maze

Hippocampal-dependent spatial learning and memory was assessed using the Morris
Water Maze (MWM) as previously described [26]. Mouse behavior was automatically
videotracked (EthoVision 3.1; Noldus Information Technology, Wageningen, the Nether-
lands). During training, each mouse was subjected to either 1 swimming session of 4 trials
(day 1) or 2 sessions of 4 trials per day (days 2–5), with an intersession interval of 1 h
(acquisition phase). Mice were allowed to search for the platform for up to 60 s. The latency
to find the hidden platform was used as a measure of learning. Twenty-four h after the last
acquisition trial, on day 6, the platform was removed and a probe test was run. Animals
were allowed to search for the platform for up to 60 s. The latency of the first entrance into
the former platform area and the average swim speeds were measured. A visual cue test
was conducted after the probe test to assess sensorimotor ability, motivation, and visual
ability. The percentage of floating was defined as the percentage of time swimming at a
speed slower than 4 cm/s. Animals that failed the visual clue or floating test (1 Cdkl5 +/Y,
1 Cdkl5 −/Y and 2 Cdkl5 −/Y + C11) were excluded from the analysis.

4.6.2. Catalepsy Bar Test

The bar was set at a height of 6 cm. Mice were gently positioned, by placing both
forelimbs on the bar and their hindlimbs on the floor. The time needed for the mice to
remove both paws from the bar was measured using a stopwatch.

4.6.3. Hind-Limb Clasping

Animals were suspended by their tail for 2 min and hind-limb clasping was assessed
independently by two operators from video recordings. A clasping event is defined as
the retraction of limbs into the body and toward the midline. The time spent hind-limb
clasping was expressed as a percentage.

4.7. Western Blot Analysis

Total proteins from SH-SY5Y and SH-CDKL5-KO cell lines were lysates in ice-cold
RIPA buffer (50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1% Triton-X100, 0.5% sodium deoxy-
cholate, 0.1% SDS) supplemented with 1mM PMSF, and with 1% protease and phosphatase
inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). Total protein from the hippocampus
and cortex of 2-month-old Cdkl5 −/Y and Cdkl5 +/Y male mice were homogenized in ice-
cold RIPA buffer supplemented with 1mM PMSF, and with 1% protease and phosphatase
inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). Protein concentration for both cell
and tissue extracts was determined using the Bradford method [73]. Equivalent amounts
of protein (50 µg) were subjected to electrophoresis on a 4–12% Mini-PROTEAN® TGXTM

Gel (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and transferred to a Hybond-ECL
nitrocellulose membrane (Amersham—GE Healthcare Life Sciences, Chicago, IL, USA).
For acetylated tubulin detection, 10 µg of proteins were loaded on the gel. The primary
and secondary antibodies used are listed in Table S1. To quantify post-translational mod-
ifications, such as phosphorylation and acetylation, the nitrocellulose membranes were
stripped in Restore Western Blot Stripping Buffer (Thermo Fisher Scientific, Waltham, MA,
USA) for 20 min and reprobed with the corresponding total protein antibody. Repeated
measurements of the same samples were performed by running from two to four different
gels. The signal of one sample (internal control) was used to perform a relative analysis of
the antigen expression of each sample on the same gel. We considered the control signal as
100 and assigned a value to the other sample as a percentage of the control. Data analysis
was performed by averaging the signals obtained in two to four gels for each individual
sample. The densitometric analysis of digitized Western blot images was performed using
Chemidoc XRS Imaging Systems and Image LabTM Software (Bio-Rad Laboratories, Inc.,
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Hercules, CA, USA). Images acquired with exposition times that generated protein signals
out of a linear range were not considered for the quantification.

4.8. Histological and Immunohistochemistry Procedures

For histological and immunohistochemistry analysis, animals were euthanized with
isoflurane (2% in pure oxygen) and sacrificed through cervical dislocation. Brains were
quickly removed and cut along the midline. Right hemispheres were fixed via immer-
sion in 4% paraformaldehyde in 100 mM phosphate buffer, pH 7.4, stored in fixative for
48 h, kept in 20% sucrose for an additional 24 h, and then frozen with cold ice. Subse-
quently, hemispheres were cut with a freezing microtome into 30 µm thick coronal sections
that were serially collected in anti-freeze solution (30% glycerol; 30% ethylen-glycol; 10%
PBS10X; 0.02% sodium azide; MilliQ to volume) and processed for immunohistochem-
istry procedures as described below. Left hemispheres were Golgi-stained as previously
described [27]. All steps of sectioning, imaging, and data analysis were conducted blindly.

4.8.1. NeuN and AIF-1 Immunohistochemistry and Measurements

One out of every 8 serial brain sections from the hippocampal formation was incubated
with one of the following primary antibodies: mouse monoclonal anti-NeuN antibody
(1:250; Merk Millipore, Burlington, MA, USA) or rabbit polyclonal anti-AIF-1 antibody
(1:300; Thermo Fisher Scientific, Waltham, MA, USA). Sections were then incubated for 2 h
at room temperature with a Cy3-conjugated anti-mouse secondary antibody (1:200, Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA, USA) or with a Cy3-conjugated anti-
rabbit secondary antibody (1:200, Jackson ImmunoResearch Laboratories, Inc., West Grove,
PA, USA). Nuclei were counterstained with Hoechst-33342 (Sigma-Aldrich, St. Louis, MO,
USA). Fluorescent images were acquired using a Nikon Eclipse TE600 microscope equipped
with a Nikon Digital Camera DXM1200 ATI System (Nikon Instruments Inc., Melville, NY,
USA). The number of Hoechst-positive and NeuN-positive cells were manually counted
using the Image Pro Plus software (Media Cybernetics, Silver Spring, MD, USA) and estab-
lished as cells/mm3. Starting from 20X magnification images of AIF-1-stained hippocampal
slices, AIF-1 positive microglial cell body size was manually drawn using the Image Pro
Plus measurement function, and expressed in µm2.

4.8.2. PSD-95 Immunohistochemistry and Measurements

One out of every 6 free-floating sections from the hippocampal formation was incu-
bated with a rabbit polyclonal anti-PSD-95 antibody (1:1000, Abcam, Cambridge, UK) and
with a CY3-conjugated anti-rabbit IgG secondary antibody (1:200, Jackson ImmunoRe-
search Laboratories, Inc. Laboratories, Inc., West Grove, PA, USA). For quantification of
PSD-95 immunoreactive puncta, images from the stratum oriens of the hippocampus were
acquired using a LEICA TCS SL confocal microscope (63X oil immersion objective, NA 1.32;
zoom factor = 8 Leica Microsystems; Wetzlar, Germany). Three to four sections per animal
were analyzed and puncta counts were performed on a single plan, 1024 × 1024 pixel
images. Counting was carried out using Image Pro Plus software (Media Cybernetics,
Silver Spring, MD, USA).

4.8.3. Spine Density and Morphology

In Golgi-stained 100-µm-thick sections, spines of CA1 pyramidal neurons were
counted using a 100× oil immersion objective lens. Dendritic spine density was mea-
sured by manually counting the number of dendritic spines on basal dendrites of CA1
pyramidal neurons. In each mouse, 15 dendritic segments (segment length: 10–30 µm)
from each zone were analyzed and the linear spine density was calculated by dividing the
total number of counted spines by the length of the sampled dendritic segment. The total
number of spines was expressed per 10 µm. Based on their morphology, dendritic spines
can be divided into five different classes which fall into two categories which also reflect
their state of maturation (immature spines: filopodium-like, thin- and stubby-shaped;
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mature spines: mushroom- and cup-shaped). The total number of spines was expressed
per µm and the number of spines belonging to each class was counted and expressed as
a percentage.

4.9. Statistical Analysis

Data from single animals represented the unity of analysis. Results are presented as
mean ± standard error (SE). Statistical analysis was performed using GraphPad Prism (ver-
sion 7, San Diego, CA, USA). All datasets were analyzed using the ROUT method (Q = 1%)
to identify significant outliers and the D’Agostino–Pearson omnibus test for normality.
Datasets with normal distribution were analyzed for significance using Student’s t-test or a
one-way analysis of variance (ANOVA) with genotype and treatment as factors. Post hoc
multiple comparisons were carried out using the Fisher least significant difference (Fisher
LSD) test. For the learning phase of the MWM test, statistical analysis was performed using
a repeated three-way mixed ANOVA with genotype and treatment as grouping factors
and day as a repeated measure. For categorical data, that is, percentages of spines, we
used a chi-squared test. Animals identified as outliers by the use of Grubb’s test were
excluded from the analyses [74]. A probability level of p < 0.05 was considered to be
statistically significant.
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Abstract: Huntington’s disease (HD) is a multi-system disorder that is caused by expanded CAG
repeats within the exon-1 of the huntingtin (HTT) gene that translate to the polyglutamine stretch in
the HTT protein. HTT interacts with the proteins involved in gene transcription, endocytosis, and
metabolism. HTT may also directly or indirectly affect purine metabolism and signaling. We aimed to
review existing data and discuss the modulation of the purinergic system as a new therapeutic target
in HD. Impaired intracellular nucleotide metabolism in the HD affected system (CNS, skeletal muscle
and heart) may lead to extracellular accumulation of purine metabolites, its unusual catabolism,
and modulation of purinergic signaling. The mechanisms of observed changes might be different
in affected systems. Based on collected findings, compounds leading to purine and ATP pool
reconstruction as well as purinergic receptor activity modulators, i.e., P2X7 receptor antagonists, may
be applied for HD treatment.

Keywords: purine metabolism; purinergic signaling; Huntington’s disease

1. Introduction
1.1. Huntington’s Disease Pathophysiology

Huntington’s disease (HD) is a rare neurodegenerative disease that extensively affects
the central nervous system. The disorder is inherited in an autosomal dominant manner.
Clinically, HD is manifested by the occurrence of cognitive, mental, and motor disorders [1].
One of the earliest signs of the motor disorder in Huntington’s disease is chorea, i.e., invol-
untary dance-like movements. Patients with HD are also characterized by bradykinesia
(motor slowness) and dystonia (the occurrence of unnaturally slow, prolonged muscle
spasms that cause repetitive torsional movements affecting various parts of the body) [2].
Thus, the motor disorders in Huntington’s disease visibly affect the attitude, balance, and
gait of HD patients. Furthermore, with the development of the disease, the speech of a
patient with HD becomes unclear. Moreover, swallowing difficulties may also occur, which
may lead to weight loss [3]. In addition to movement disorders, HD causes prominent
changes in personality and mood. Most often HD patients suffer from depression, apathy,
anxiety, irritability, outbursts of anger, impulsiveness, obsessive-compulsive syndromes,
sleep disorders, and withdrawal from social life [4]. A characteristic feature of Hunting-
ton’s disease is also cognitive impairment, which affects the understanding, reasoning, and
memory. It includes slower thinking, problems with concentration, organization, planning,
decision-making, answering questions, short-term memory disorders, as well as limited
problem-solving skills and understanding of new information [2]. The incidence of HD
in Europe is estimated at 5 to 10 cases per 100,000 people. In adults, the first symptoms
appear between 30 and 50 years of age, after which the disease relentlessly progresses over
the next 15–20 years.

The genetic cause of HD is the occurrence of multiple repeats of the CAG nucleotide
sequence within the huntingtin gene (HTT) localized on chromosome 4, which results in the
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elongation of the polyglutamine stretch in the HTT protein. The number of CAG nucleotide
sequence repeats in the healthy population varies from 6 to 35, while the presence of over
36 repeats defines the pathogenic HD allele. In cases with 36 to 39 CAG repeats within the
HTT gene, the symptoms of the disease may be reduced or completely unnoticeable [1].
Moreover, the expansion length of CAG repeats correlates with the onset of the disease [5].
Huntingtin (HTT) is a multi-domain protein with a size of 348 kDa, with the highest
level of HTT, demonstrated in the brain [6,7]. It has also been demonstrated outside the
nervous system, in organs such as skeletal muscles or the heart [3]. The elongation of
the polyglutamine stretch in exon 1 HTT leads to the formation of insoluble huntingtin
aggregates, which are observed in both the early and advanced stages of the disease [8].
Aggregates of the mutated form of HTT (mHTT) have been identified in the brain as well as
the outside central nervous system, e.g., in skeletal muscle [9]. In the CNS, mHTT mainly
affects the basal ganglia region of the encephalon; this is the main region for voluntary and
involuntary motor control, as well as cognition. This mutant protein sensitizes GABAer-
gic neurons, making them vulnerable to NDMA induced excitotoxicity, leading to cell
death. On the cellular level, HTT was found in the nucleus, endoplasmic reticulum, Golgi
apparatus, and endosomes [10–12]. It has been shown that HTT interacts with proteins
involved in gene transcription (e.g., CREB-binding transcription factor (CBP)), intracel-
lular signaling (e.g., HIP14 protein), intracellular transport (e.g., HIP1 protein, HAP1),
endocytosis, and metabolism (e.g., PACSIN1 phosphoprotein, vitamin D-binding receptor,
hepatic X-receptor) [13,14]. Furthermore, HTT is essential during early embryogenesis and
brain development. The inactivation of the HTT gene by targeting exon 1 or 5 is lethal in
mice on embryonic day 7.5 (E7.5) of mouse development [15]. Biochemical and molecular
pathways by which mutant huntingtin affects cellular dysfunction and death remain un-
clear; however, these might be caused not only by cellular mHTT accumulation but also
the loss of HTT function leading to metabolic and signaling cascades impairment. Thus,
in this work, we aimed to summarize the knowledge about the dysfunction of intra- and
extracellular metabolism related to purines in the most affected by Huntington’s disease
systems (central nervous system, heart, skeletal muscle), its role in HD pathophysiology,
and possible applications in HD treatment.

1.2. Purine Nucleotides Metabolism and Signaling

Purines play an important role as metabolic signals, controlling cellular growth and
providing energy to the cell. In the central nervous system (CNS), the balance of nucleotides
depends on a continuous supply of preformed purine and pyrimidine rings, mainly in the
form of nucleosides. These nucleosides can enter the brain through the blood–brain barrier,
or locally supplied by the conversion of extracellular phosphorylated forms (nucleotides)
by extracellular nucleotidases located in the neuronal plasma membrane. The ectonu-
cleotidases are divided into four families that differ in the specificity of the substrate and
cellular location: nucleoside triphosphate diphosphohydrolases (NTPDases), nucleotide
pyrophosphatase/ phosphodiesterases (NPPs), alkaline and acid phosphatases (ALP and
ACP, respectively), and ecto-5′-nucleotidase [16–19]. The NTPDase comprises NTPDase1–
8; however, just NTPDase1, -2, -3, and -8 can efficiently hydrolyze all nucleotides. The
NPP family includes seven members (NPP1–7) but as NTPDASE, only NPP1, NPP2, and
NPP3 can hydrolyze nucleotides [17]. The ALP and ACP families comprise many ectoen-
zymes that dephosphorylate nucleotides (ATP, ADP, and AMP) and diverse substrates.
The human 5′-nucleotides family has seven enzymes, although just one is anchored to
the plasma membrane, known as CD73 [19,20]. Its main function is the production of
extracellular adenosine. Later in the extracellular cascade, this adenosine can be converted
to inosine through ecto-adenosine deaminase (eADA), and later to hypoxanthine by purine
nucleoside phosphorylase (PNP) [21]. Then, after the transport of nucleosides and ino-
sine/hypoxanthine into the cell, they are converted to AMP, ADP, and ATP by the basic
cellular processes similar to those taking place in muscles.
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In skeletal muscles and the heart, high energy phosphate produced in oxidative
phosphorylation is transported from mitochondria to the contractile apparatus via phos-
phocreatine (PCr) shuttle. In the mitochondrial inter-membrane space, the energy of the
high-energy phosphate bond of ATP can be transferred to creatine by mitochondrial cre-
atine kinase (CK) resulting in the formation of PCr. In the cytosol, PCr can be used to
resynthesize ATP from ADP by cytosolic CK. An important aspect of ATP involvement in
energy metabolism is ATP degradation to adenosine-5′-diphosphate (ADP) by ATPases
(e.g., CK, sodium–potassium, or calcium myosin ATPase). There is also a possibility of
further conversion of ADP to AMP that is mediated by adenylate kinase (AK). AMP is a
substrate for two alternative pathways and enzymes: (1) 5′-nucleotidase (5NT) dephos-
phorylating AMP to adenosine that occurs in multiple isoforms, and (2) AMP deaminase
(AMPD) converting AMP to inosine monophosphate (IMP). A unique aspect of purine
nucleotide metabolism in the skeletal muscle is the function of the purine nucleotide cycle
that besides AMPD, involves also adenylosuccinate synthetase, and adenylosuccinate
lyase. This cycle plays an important role in energy balance through the maintenance of
a high ATP/ADP ratio. Higher levels of intracellular AMP may also activate the AMP-
activated protein kinase, an important protein involved in the regulation of cellular energy
metabolism at both protein expression and activity levels. IMP is also the final product
of purine de novo synthesis as well as purine salvage pathway (formation of IMP from
hypoxanthine). The adenosine can be degraded to inosine by adenosine deaminase (ADA).
Afterward, inosine can be converted to hypoxanthine by a purine nucleoside phosphorylase
(PNP). Hypoxanthine can be converted by xanthine oxidoreductase activity to xanthine
and uric acid. Nucleotide breakdown is highly organ and cell-type specific.

In the extracellular space, ATP can act as a signaling molecule by interacting with
purinergic P2X and P2Y receptors. While ADP, UTP, UDP, and UDP-glucose interact with
P2Y receptor subtypes, P2X receptors are ligand-gated cation channels comprised of seven
subtypes (P2X1-7) that assemble in a trimeric structure and upon stimulation allow cations
inflow (such as Na+, K+, and Ca2+). P2Y receptors consist of eight subtypes (P2Y1, 2, 4,
6, 11, 12, 13, 14), in which P2Y1,2,4,6 and 11 receptors couple to Gq proteins, activating
phospholipase C (PLC)-β. Resulting in IP3 and diacylglycerol production, releasing Ca2+

from intracellular stores [22]. Instead, P2Y12,13, and 14 receptors couple to Gi proteins,
inhibiting cAMP production [22]. While adenosine is a ligand for a category of receptors
named P1. This category is composed of A1, A2A, A2B, and A3 subtypes. Within, A1 and
A3 receptors are coupled to Gi/Go proteins, inhibit adenylate cyclase and reduce cAMP
levels upon activation; A2 receptors are coupled to Gs protein activating adenylate cyclase,
increasing intracellular cAMP levels [23].

2. Purines in Huntington’s Disease
2.1. Cellular Changes Related to Affected Huntingtin Expression

In 2014, Ismailoglu et al. investigated the metabolic profile of three syngeneic mouse
embryonic stem cell (mESC) lines: HTT knock-out (KO), extended poly-Q (Htt-Q140/7),
and wildtype mESCs (Htt-Q7/7). They found that HTT KO cells exhibited a 50% decrease in
ATP levels, concomitant with 2-fold increases in both ADP and AMP levels, which demon-
strated that HTT protein activity is critical for the maintenance of high energy phosphates
in the cell. Moreover, HTT KO exhibited unique expression of several molecules involved
in purine synthesis, such as 5-aminoimidazole ribonucleotide (AIR), phosphor-ribosyl-
formyl-glycineamidine (FGAM), formamidoimidazole-4-carboxamide ribotide (FAICAR),
and 5′-phosphoribosyl-4-(N-succinocarboxamide)-5-aminoimidazole (SAICAR). It was
accompanied by increased levels of the 5-aminoimidazole-4-carboxamide ribotide (AICAR)
and the final pathway product of purine biosynthesis, IMP in those cells. Overall, it reveals
a substantial acceleration of purine synthesis and turnover in HTT KO mESCs and suggest-
ing the HTT importance in maintaining its mutual balance [24]. Following these findings,
in 2020, we differentiated HTT KO mESCs to neurons as well as to cardiomyocytes and
established that besides HTT absence, differentiation was successful [25,26]. It suggested
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that HTT is not a fundamental protein in cardiomyocyte development. The previous study
in human pluripotent stem cells suggested that loss of HTT can reduce the induction of
neural and neuronal genes during differentiation [27]. In the case of investigation purine
metabolism, there were no changes in extracellular ATP concentration between HTT KO
and WT neurons [25]. While HTT KO cardiomyocytes exhibited diminished intracellular
ATP pool, which is in the line with data obtained from the mHTT overexpression cellular
model [26,28]. HEK 293T cell line transfected with plasmids expressing the mutant exon 1
of the HTT gene was characterized also by increased ADA activity, which suggested deteri-
orations in intracellular purine metabolism. Increased intracellular levels of metabolites
such as inosine, hypoxanthine, and adenosine were found in HTT KO mESC [24]. Besides
changes in intracellular purine metabolism, HD cells exhibited reduced activities of all ex-
tracellular enzymes, including eNTPD, e5NT, and eADA relative to the control [28]. In the
case of purinergic signaling, the Ca2+ response of P2 receptors is impaired in mouse HTT
KO neurons derived from mESC [25], while the P2Y2 receptor response is only impaired in
the presence of mHTT. Lack of P2Y2 receptor input induces the cells to upregulate their
expression, as a feedback compensation effort [25].

2.2. Purine Nucleotides Metabolism and Signaling in the Central Nervous System in
Huntington’s Disease

One of the pathological hallmarks of the HD-affected brain is the gradual atrophy
of the striatum (caudate nucleus and putamen) [29]. On gross examination, 80% of HD
brains show atrophy of the frontal lobes. Thus, bilateral, symmetric atrophy of the striatum
is observed in 95% of the HD brains [29]. The mean brain weight in HD patients is
approximately 30% lower than in normal individuals. Striatal degeneration may lead to
energy metabolism changes. It is clear that neurons are highly dependent on mitochondria
ATP and Ca2+ buffering to maintain synaptic communication [30]. Moreover, neuronal
mitochondria levels require to renew or adapt by efficient biogenesis and mitophagy during
their lifespan [31]. There are undisputed data that highlighted the intensive deficits in
energy metabolism in the human HD-affected brain. The striatum mitochondrial oxidative
metabolism investigation underlined the selective defect of glycolysis in early and clinical
symptoms in HD patients [31].

Interestingly, further analysis showed a significant correlation between impaired basal
ganglia metabolism and functional capacity of HD patients [32]. Studies concentrated on
lactate metabolism in HD-affected brains are ambiguous. Increased lactate levels were
observed in the striatum of HD patients, which is discussed as inefficient oxidative phos-
phorylation leading to lactate accumulation from pyruvate via lactate dehydrogenase [32].
In contrast, reduced levels of lactate and citrate were shown in cerebrospinal fluid which
may indicate impairment of glycolysis and TCA cycle function in HD subjects [32].

At the molecular level, brain energy metabolism deterioration included mitochondria
dysfunction and trafficking interruption resulted in changes in the activities of molecules
involved in energy balance [33]. In few independent studies of the striatum of mHTT
knock-in mice, HD patients’ postmortem brains, and lymphoblasts, the ATP/ADP ratio
was reduced as a consequence of mHTT aggregation [34–36]. Significant reduction in
mitochondrial spare respiratory capacity was reported in human HD fibroblasts and
immortalized mHTT expressing mouse striatal cells when compared to wild-type cells
indicating that mitochondrial bioenergetics is compromised by mHTT and supporting a
toxic role of mHTT on mitochondrial bioenergetics [37].

Moreover, expression of full-length mHTT in immortalized striatal progenitor cells,
derived from HD mice model HdhQ111, diminished the activity of mitochondrial respi-
ratory chain complex II associated with intense sensitivity to Ca2+-induced decrease in
oxygen consumption and mitochondrial membrane potential [33]. Mitochondrial Ca2+

transport is powered by the mitochondrial proton gradient, and increased neuronal Ca2+

modifies mitochondrial ATP production by uncoupling oxidative phosphorylation. In
healthy conditions, Ca2+ can promote ATP synthesis by assisting pyruvate dehydrogenase,
isocitrate dehydrogenase, α-ketoglutarate dehydrogenase, and ATP synthase complex [31].
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The reduced mitochondrial ATP levels and decreased ATP/ADP ratio found in mHTT-
containing striatal cells is linked to increased Ca2+ influx through N-methyl-D-aspartate
(NMDA) receptors, and cell ATP/ADP ratio is normalized by blocking Ca2+ influx [36].
Mitochondria incubated with mHTT had increased sensitivity to Ca2+-induced opening of
the MPT and release of cytochrome c and apoptosis induction [38], consistent with a direct
effect of mHTT on mitochondrial Ca2+ handling [33]. As demonstrated by mitochondria
isolated from lymphoblast cells of HD patients and HD mouse brain that have a reduced
membrane potential and depolarize at lower Ca2+ concentrations than control mitochon-
dria [39]. Both wild HTT and mHTT bind to the outer mitochondrial membrane in human
neuroblastoma cells and cultured striatal cells [40]. It is established that full-length mHTT
may impair mitochondrial motility in neurons through a toxic gain of loss of function from
the polyglutamine tract [40]. Moreover, in vitro and in vivo models of HD are characterized
by the altered mitochondrial trafficking that precedes neuronal dysfunction [41].

Roles of mitochondria in HD go far beyond ATP production and Ca2+ homeostasis;
they can also regulate the metabolism of the reactive oxygen species (ROS) and apopto-
sis [42]. In addition, mHTT can affect the production of neurotrophins, such as brain-
derived neurotrophic factor (BDNF), impairing neuronal survival [43]. Noteworthy, BDNF
promotes ATP synthesis and mitochondrial efficiency [44,45], which correlates with the
fact that neurons are high-demand energy cells [46].

The reduction of mitochondrial bioenergetics in HD could be also a result of impair-
ment of mitochondrial enzymes. Postmortem studies of the striatum of HD patients as
well as cultured striatal neurons transfected with N-terminus mHTT showed selective
depletion of succinate dehydrogenase associated with decreased complex II enzymatic ac-
tivity [47,48]. The mHTT can interfere with the TATA box binding protein (TBP)-associated
factor 4 (TAF4)/ cyclic adenosine monophosphate (cAMP) response element-binding
protein (CREB) signaling pathway [39]. Data are underlining a reduction in CREB phos-
phorylation and CRE signaling, which may contribute to the down-regulation of molecules
involved in energy metabolism, such as peroxisome proliferator-activated receptor-gamma
coactivator 1 alpha (PGC-1α) in mHTT expressing striatal cells [34]. Moreover, the reduc-
tion in PGC-1α correlates with a diminished number of mitochondria in HD postmortem
brain tissue [49,50]. The mHTT can impair the mitochondria biogenesis through PGC-1α
transcription inhibition as well. Post-mortem HD brain analysis shows lower levels of
PGC-1α [38,51]. In this way, cells increase the anaerobic metabolism in the basal ganglia
of the HD patients, leading to improved lactate generation and its accumulation, thus
promoting local inflammation [32].

AMP-activated protein kinase (AMPK), the main sensor for cellular energy content is
also targeted by mHTT. It is activated by increased AMP/ATP ratios and induces PGC-1α
expression. AMPK is located in the nucleus in the HD striatum, downregulating the Bcl-2
family which leads to apoptosis [52,53].

As previously mentioned, brain capacity for de novo production of purines and pyrim-
idine rings is limited. In this regard, the brain demands constant provision of nucleosides
produced in the liver and that cross the blood–brain barrier [30]. Adenosine and ATP in
the extracellular milieu of the encephalon stimulate P1 and P2 receptors, respectively, acting
as co-neurotransmitters. ATP and UTP can be released to the extracellular environment
by microglia, astrocytes, and neurons themselves. They are also present in vesicles, where
concentrations can be as high as 100 mM (ATP) and 8 mM (UTP) [30]. Thus, the imbalance of
intra/extracellular nucleotides in neurons is related to various neurological disorders, such as
Parkinson’s, Alzheimer’s, and Huntington’s disease [54]. Figure 1 summarizes deteriorations
in purine nucleotides metabolism and signaling in CNS affected by Huntington’s disease.

HD is characterized by GABAergic loss due to excessive calcium response to glu-
tamate stimuli. However, some evidence points to the impairment of some metabolic
pathways link with purines metabolism [55]. Patassini and coworkers, using human post-
mortem brains, underwent metabolomics analyses of many brain areas typically affected
in patients of Huntington’s disease [56]. They found a decreased level of hypoxanthine but
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an increased level of inosine, indicating higher activity of ADA and low PNP. On the other
hand, another study with a transgenic mouse model (R6/1) of HD highlighted an increased
adenosine level in the cerebrospinal fluid in the middle stage of HD [57,58]. Furthermore,
microarray analysis of the prefrontal cortex of HD patients showed a significant reduction
in the transcript of CD73, suggesting that the synaptic adenosine level converted from AMP
might be low. Moreover, the transcript levels of ENTs and AKs in HD patients are higher
than in non-HD subjects [59]. Thus, it seems that regulation of the adenosine modulating
enzymes in HD is still unclear and requires further investigation.
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neurons of the striatum, ATP is heavily produced by mitochondria which also play important role in buffering cytosolic
calcium signaling. In the cytosol, many enzymes (orange boxes) can convert ATP to AMP, ADO, IMP, inosine, and
hypoxanthine. The latter ones can be transported to the extracellular milieu by ENT. Extracellularly, ATP can also be
converted to inosine and hypoxanthine through a similar cascade by extracellular-faced enzymes anchored to the cell
membrane. CD73 is the only extracellular 5NT. Pathophysiology of Huntington’s disease exerts alterations in the activity
of enzymes (marked in green +/−) or by genomic expression (marked in red +/−). In Huntington’s disease condition,
NMDA-glutamate receptors permit uncontrolled Ca2+ influx into cells. The excessive Ca2+ is transported to mitochondria,
where it disrupts the membrane potential, releasing cytochrome c and promoting cell death. P1—Adenosine receptor;
P2X—ATP receptor channel; P2Y—ATP/UTP receptor; ATPases—adenosine-5′-triphosphatases; AK—adenylate kinase;
eNTPD—ecto-nucleoside triphosphate diphosphohydrolase; 5NT—5′ nucleotidase; CD73—ecto-5′ nucleotidase; eADA—
ecto-adenosine deaminase; ADA—adenosine deaminase; PNP—purine nucleoside phosphorylase; ENT—ecto nucleoside
transporter. Created with BioRender.com (accessed on 5 May 20021).

So far, few studies have investigated the role of purinergic signaling in Huntington’s
disease. Regarding the adenosine receptors, A1, which is expressed in neurons, microglia,
astrocytes, and oligodendrocytes is impaired in Huntington’s disease, this receptor usually
protects against degeneration by inhibiting excitatory neurotransmission. A2A receptor is
the most studied in HD; however, this is still controversial. Some studies detected down-
regulated A2A receptor expression in HD rodent models [60–64], while others improved
the motor symptoms by antagonizing the A2A receptor [65,66]. Regarding ATP-sensitive
receptors, the P2X7 receptor has been described as a major player, since its antagonism by

34



Int. J. Mol. Sci. 2021, 22, 6545

Brilliant Blue G or selective P2X7 receptor inhibitors mitigates dyskinesia and body weight
loss while preventing neuronal loss in the Tet/HD94 and R6/1 models [67].

Besides the P2X7 receptor, ATP and UTP-sensitive P2Y2 receptor plays important roles
in HD. The intracellular signaling triggered by this receptor is impaired in neural precursor
cells and neurons of HD human and mouse in vitro models. Moreover, the activity of the
P2Y2 receptor favors the differentiation of neural stem cells towards a GABAergic neuronal
fate [25]. Reestablishment of the activity of the P2Y2 receptor, promoting BDNF release,
may prevent cell death.

2.3. Purine Nucleotides Metabolism and Signaling in Skeletal Muscle and Heart in
Huntington’s Disease

It has been shown that HD patients, except for the central nervous system disor-
ders, are also characterized by a reduced (by about 50%) muscular strength compared to
healthy subjects [68]. Moreover, HD mice models were characterized by skeletal muscle
atrophy [69]. It is also noted that R6/2 mice have altered the ultrastructure of transverse
tubules in skeletal muscle fibers [70]. At the cellular level, aggregation of mHTT, the
inclusion of poly-ubiquitinated proteins were found in myofibers and myonuclei in R6/2
mice [9,71]. The mHTT formation in skeletal muscle leads to defects, such as myofiber size
reduction, type switching, and denervation [69,72–75]. In addition to changes in myofiber
structure, transcriptional deregulation, and deteriorations in energy metabolism occur
linked to impaired adenine nucleotide metabolism [76]. It has been noted that the skeletal
muscles of HD patients are characterized by dysfunction of oxidative metabolism [77].
Studies in experimental mouse models have also shown that mitochondria isolated from
the quadriceps muscle of the R6/2 mice model were characterized by reduced activity of
the respiratory chain complexes [78]. Increased production of energy substrates such as
lactate and acetate were also shown which confirms the presence of oxidative metabolism
disorders [79]. Furthermore, in vitro myocyte cultures revealed disturbances of the mito-
chondrial membrane potential and cytochrome c release [80]. Moreover, increased levels
of the mitochondrial pro-fission factor DRP1 and its phosphorylated active form, and
decreased levels of the pro-fusion factor MFN2 in quadriceps of the R6/2 mice model
were detected [78]. Interestingly, experimental studies have also shown a reduction in the
level of PGC-1α, one of the proteins activated by peroxisomal proliferator gamma (PPAR
γ) in skeletal muscles of HD mice models as well as HD patients [50]. Additionally, the
pharmacological activation of this co-activator led to increased expression of the skeletal
muscle fiber proteins that suggested an important role of energy metabolism abnormalities
in development of HD related myopathy [81]. Recently, Miller et al. report that the de-
crease of adenine nucleotides strictly linked with energy metabolism of the cell may lead to
increased nucleotide degradation and contribute to the general pathophysiology of skeletal
muscle atrophy in numerous disease states and conditions [82].

Besides skeletal muscle pathology, multiple epidemiological studies have shown that heart
failure is the second cause of death in HD patients [83,84]. Reduced cortical and subcortical
blood flow and heart rate have been reported as examples of pathological abnormalities in HD
hearts [85–88]. HD patients’ heart rate variability pattern is consistent with a higher sympathetic
prevalence [89]. Further studies with HD animal models reaffirmed cardiac pathological events,
such as variations in the heart rate and cardiac remodeling [90–92]. HD mouse models also
revealed heart contractile dysfunctions, which might be a part of dilated cardiomyopathy. These
changes were accompanied by an increased expression of fetal genes (the same is observed during
the pathological remodeling of the heart) or the presence of interstitial fibrosis [90]. Interestingly,
hearts of the HD mouse model R6/2 did not react to the same extent upon long-term treatment
with isoproterenol (a compound that causes hypertrophy of the heart), as wild-type mouse hearts,
suggesting the presence of signaling dysfunction that stimulates heart remodeling [93]. Hearts of
HD mice models contained an increased number of apoptotic cells and degree of fibrosis [94].
Cardiomyocytes of the BACHD HD mouse model also showed electromechanical abnormalities,
including prolonged action potential or arrhythmic contractions. Cellular arrhythmia was
accompanied by increased activity of Ca2+/calmodulin-dependent protein kinase II, suggesting
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disturbed calcium metabolism in the cell [95]. Dridi et al. show that intracellular calcium
(Ca2+) leaks via post-translationally modified ryanodine receptor/intracellular calcium release
(RyR) channels may play an important role in HD pathology [96]. Furthermore, abnormalities of
superoxide dismutase activity and glutathione peroxidase in the mitochondria of cardiomyocytes
were observed. Cardiomyocytes from R6/2 mice also showed abnormalities in mitochondrial
structure (loss of longitudinal shape and changes in mitochondrial density) that may lead to
deteriorations in energy metabolism [97]. The studies performed on this model have also shown
that the hearts of these mice are characterized by decreased activity of the mammalian target
of rapamycin kinase complex 1 (mTORC1) that could be the cause of the reduced heart weight
which is observed in this strain as well as the lack of resistance to severe and chronic stress [98].
Nevertheless, Kojer et al. highlighted no changes in mitochondrial oxidative chain complexes in
R6/2 mice hearts [78]. Mechanistically, pathological huntingtin was found to be responsible for
cellular death via inhibition of the proteasome in the cytosol and the nucleus of cardiomyocytes
of R6/2 mice [97]. On the other hand, some studies indicated the mHTT absence may be
the underlying mechanism, as observed in HD mouse hearts [78,90]. Taken together, cardiac
dysfunction in HD might derive not only from autonomic nervous system dysfunction but also
from several cellular and tissue defects, such as energy metabolism impairment, associated with
dysfunctional cardiac purine metabolism and signaling [99]. Figures 2 and 3 illustrate changes in
purine nucleotides metabolism and signaling in Huntington’s disease-related myopathies.
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Figure 2. Purine metabolism and signaling in healthy and Huntington’s disease skeletal muscles. In the skeletal muscles,
ATP is heavily produced by mitochondria and transported to the cytosol through the phosphocreatine shuttle. In the cytosol,
many enzymes (orange boxes) can convert ATP to AMP, ADO, IMP, inosine, and hypoxanthine. The later ones can be
transported to the extracellular milieu by ENT. Extracellularly, ATP can be converted to inosine through a similar cascade
by extracellular-faced enzymes anchored to the cell membrane. CD73 is the only extracellular 5NT. Pathophysiology of
Huntington’s disease exerts alterations in the activity of enzymes (marked in green +/−) or by genomic expression (marked
in red +/−). P1—Adenosine receptor; P2X—ATP receptor channel; P2Y—ATP/UTP receptor; ATPases—adenosine-
5′-triphosphatases; AK—adenylate kinase; eNTPD—ecto-nucleoside triphosphate diphosphohydrolase; AMPD—AMP
deaminase; 5NT—5′ nucleotidase; CD73—ecto-5′ nucleotidase; eADA—ecto-adenosine deaminase; ADA—adenosine
deaminase; PNP—purine nucleoside phosphorylase; ADSL—adenylosuccinate lyase; ADSS—adenylosuccinate synthetase;
ENT—ecto nucleoside transporter. Created with BioRender.com (accessed on 5 May 20021).
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Research with HD patients detected reduced phosphocreatine to inorganic phos-
phate ratio in skeletal muscle of the symptomatic HD patients at rest (analyzed with a
non-invasive 31P-MRS method). Moreover, muscle ATP/phosphocreatine and inorganic
phosphate levels were significantly reduced in both symptomatic and presymptomatic HD
subjects [100]. Furthermore, the maximum rate of mitochondrial ATP production during
recovery from exercise was reduced by 44% in symptomatic HD patients and by 35% in
presymptomatic HD carriers [77]. In the case of experimental models of HD, we have
established that R6/2, as well as HdhQ150 HD mice, exhibited decreased ATP, ADP, and
AMP concentrations in Extensor digitorum longus, Tibialis anterior, and Soleus. Moreover, a
significant reduction of phosphocreatine (PCr) and creatine (Cr) levels and the PCr/Cr ratio
was observed in the examined skeletal muscles [75]. Similar changes were observed in HD
mouse model hearts. We observed decreased concentrations of ATP and phosphocreatine
as well as diminished ATP/ADP ratios. Interestingly, in contrast to skeletal muscles, this
was accompanied by increased AMP levels [101]. Elevated concentration of cardiac AMP
may activate AMP-regulated protein kinase (AMPK), which was shown as an increased
AMPK phosphorylation status and enhanced AMPK mRNA transcript (observed also in
HD-affected skeletal muscle) [102].

The functionality of the ATP-phosphocreatine shuttle, the transcriptional signature of
genes involved in purine metabolism in HD-affected skeletal muscle and hearts were also
assessed [101,102]. In the case of genes involved in purine nucleotide catabolism, skeletal
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muscle mRNA levels of Adenylate kinase 1 exhibited significant down-regulation while
the mRNA levels of ecto-5′-nucleotidase remained unchanged in skeletal muscle (Extensor
digitorum longus, Tibialis anterior, and Soleus). The same parameters were also studied in R6/2
mice hearts and demonstrated similar trends, such as reduced Ak1 (Adenylate kinase 1) and no
changes in Nt5e transcript levels [101]. Nevertheless, cardiac e5NT activity was significantly
reduced [103]. Similarly, cardiac Ampd3 (Adenosine monophosphate deaminase 3) transcript
levels remained unchanged but AMPD activity was significantly reduced in R6/2 mice hearts,
which could be caused by increased functional protein turnover or activity modulation in
HD [101,103]. On the other hand, HD mouse skeletal muscle exhibited a significant up-
regulation of the Ampd3, which could be caused by its alteration by denervation which is
exclusively linked to skeletal muscle atrophy [104]. Moreover, HD mouse model skeletal
muscles and hearts exhibited significant expression down-regulation of two genes involved
in the purine nucleotide cycle-adenylosuccinate lyase (Adsl,) and adenylosuccinate lyase 1.
Expression profiles of selected genes involved in the intracellular adenosine metabolism such
as Ada (Adenosine deaminase) and Adk (Adenosine kinase) were also measured. Significant
up-regulation for the cardiac Ada transcript (no changes in skeletal muscle Ada transcript) and
in the cardiac and skeletal muscle transcription levels of adenosine kinase were noted. This
agrees with observed increased ADA activity, inosine concertation, and reduced adenosine
levels in HD mouse model hearts [103]. Furthermore, mRNA levels of Pnp (Purine nucleoside
phosphorylase) as well as PNP activity, which degrades inosine, remain unchanged in HD
mouse hearts, while Pnp transcript levels were significantly and uniformly up-regulated
in each examined HD mouse skeletal muscle. This observation suggests intensive inosine
degradation to hypoxanthine and its release from the skeletal muscle cell. Extracellular
hypoxanthine influx might activate its degradation by other cells to xanthine and then uric
acid by xanthine oxidase or xanthine dehydrogenase. Moreover, inhibition of xanthine oxidase
should protect against muscle mass loss, thus its activation may implicate opposite effects [105].
Interestingly, the skeletal muscle transcript of Xdh-(Xanthine dehydrogenase) was significantly
up-regulated while in heart was unaltered, which confirms our earlier thesis. Furthermore,
up-regulation of the mRNA levels of one of the enzymes involved in purine synthesis de
novo, such as phosphoribosylglycinamide formyltransferase (Gart), was noted in HD skeletal
muscle. A different observation was obtained in HdhQ150 mouse hearts, in whose Gart
transcription was reduced. Nevertheless, cardiac and skeletal muscle transcript levels of other
genes such as adenine phosphoribosyltransferase (Aprt) and amidophosphoribosyltransferase
(Ppat) mRNA remained unchanged. Acceleration of purine de novo synthesis in HD skeletal
muscle may indicate a greater demand for purine pool reconstruction in the cell. Probably, in
HD mouse hearts, the signaling pathways aiming stabilized normal purine synthesis might be
interrupted. Transcript rate analysis of genes involved in extracellular metabolism of purine
nucleotides revealed significant down-regulation of Entpd2 (Ectonucleoside triphosphate
diphosphohydrolase 2) in investigated HD-affected skeletal muscle and heart. Nevertheless,
eNTPD activity analysis did not reveal any changes in its cardiac activity in R6/2 mice.

In the case of purinergic signaling, there are still no literature data available regarding
its role in skeletal muscle and heart dysfunction related to HD. Nevertheless, it is well
known that enhanced expression of specific purinergic system elements for example in
dystrophic muscles are important for dystrophic pathophysiology and could increase
its severity considerably [106]. Dystrophin mutations in Duchene muscular dystrophy
(DMD) coincide with significant P2X7 upregulation in muscle and alter receptor signaling
in mouse dystrophic myoblasts and myofibers. Thus, P2X7 overexpression combined with
the extracellular ATP-rich environment leads to cell dysfunction and death and ultimately
to ineffective skeletal muscle regeneration [107]. Moreover, Ryten et al. demonstrated
sequential expression of other purinergic receptors, such as P2X5, P2Y1, and P2X2 subtypes
during the process of muscle regeneration [108]. Increased expression of the P2X1 receptor
was reported in the aria of patients with dilated cardiomyopathy [109]. The protective
role of P2X receptor activation (reduction of hypertrophy and increasing a life span)
was highlighted in the calsequestrin overexpression model of cardiomyopathy [110,111].
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Furthermore, roles for P2X7 receptors in dilated cardiomyopathy have been reported
similarly to skeletal muscle pathologies [112]. Based on this data, the role of purinergic
signaling in HD affected skeletal muscle and heart might be a new and interesting topic to
delve into.

3. Purine Nucleotides Metabolism and Signaling as a Target for Huntington’s Disease
Therapies

As presented in this review, there are many changes related to the purine metabolism
in the central nervous system, skeletal muscle, and heart of HD patients, animals as well
as cellular models. Nevertheless, these changes in those systems might involve different
mechanisms. As described earlier, some studies indicated mHTT absence in HD mouse
model hearts. Thus, the cardiac purine metabolism derangement could be caused only
by HTT protein signaling dysfunction not by mutant protein accumulation, while in CNS
and skeletal muscle purine metabolism impairment may be caused by loss of HTT protein
function together with cellular mHTT accumulation. Deterioration in intracellular purine
metabolism leads to the accumulation of purine metabolites that might be released from the
cell via transporters. Indeed, we observed a significant accumulation of purine catabolites
in HD mouse models and patients’ serum, which was strongly correlated with HD progres-
sion [101]. Nucleosides, as well as nucleotides released from the cell, might be degraded
in the extracellular purine metabolism and activate purinergic signaling pathways. In
summary, purine metabolism and signaling impairment might affect the development and
progression of energy metabolism, signaling, and hence function derangements in HD-
affected systems. Therefore, therapies leading to their improvement may have promising
clinical implications in HD treatment.

Based on collected findings, therapeutic strategies may include compounds that
directly correct disrupted ATP levels and lead to adenine nucleotide pool reconstitution in
HD. Compounds, such as the coenzyme Q10 or creatinine, were widely tested and even
investigated in clinical trials, but results were not promising [113]. An alternative might
be the application of PPAR agonists, which have already undergone preclinical studies
for the treatment of CNS, cardiovascular as well as skeletal muscle diseases. In 2016, the
PPAR delta receptor agonist KD3010 was tested in the HD N171-82Q mouse model. Studies
revealed improved motor function, reducing the progression of the neurodegenerative
process and longer survival of treated animals [114]. Interestingly, studies performed by
our team showed that simultaneous administration of adenosine metabolism inhibitors
and substrates for adenine nucleotide synthesis improved mechanical functions of the
heart, energy metabolism, and normalized adenine nucleotide pools [115,116], pointing at
possible applications in HD treatment.

AMPD makes part of another altered purine pathway in HD. Skeletal muscles of
the HD mouse model showed enhanced AMPD activity, while its activity in the heart
was reduced. Pharmacological inhibition, as well as AMPD expression deletion in mice,
led to a substantial enhancement of skeletal muscle contraction, induced mainly by AMP
accumulation [117]. Moreover, AMPD inhibition seems to be also protective in cardiovas-
cular diseases [118,119]. AMPD activity reduction noted in HD mouse model heart led to
increased cardiac AMP levels and AMPK activation, but due to increased ADA activity,
it was not capable of preventing intracellular adenosine pool depletion. Thus, in HD
affected hearts adenosine levels augment, with suggested cardioprotective properties [120].
Interestingly, adenosine has been used to treat also epileptic diseases and seizures that are
commonly observed in the juvenile form of HD. Thus, adenosine might be also a target for
HD-affected CNS [121,122].

Furthermore, drugs increasing not only the intracellular but also the extracellular
adenosine levels in HD-affected brain and heart might be protective. As described earlier,
the most important enzyme that controls extracellular adenosine metabolism balance is
eADA. It is well known that extracellular adenosine pool depletion is an important factor
in the development of cardiovascular pathologies. Recently, we highlighted the therapeu-
tic perspectives of eADA inhibition in the treatment of cardiovascular diseases such as
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atherosclerosis, myocardial ischemia-reperfusion injury, or hypertension [123]. Moreover,
a study underlined that intrastriatal administration of ecto-nucleoside transporter (ENT)
inhibitors increased the extracellular level of adenosine in the striatum of R6/2 mice to a
much higher level, compared to controls, and improved HD mouse survival [124].

Impaired purinergic signaling in HD in CNS concerns mainly P2X7 and P2Y2 re-
ceptors. P2X7 antagonism in HD prevents neuronal death [67]. Nevertheless, only the
P2X7 receptor seems to be important in skeletal muscle as well as heart failure. It is
known that antagonizing or knocking out P2X7 or its downstream effectors, caspase-1 or
NLRP3, in animal models decreased infarct size, improved cardiac function, and enhanced
survival post myocardial infraction via reduced interelukin1β and intereukin18 levels in
the heart [125–128]. Furthermore, genetic ablation and pharmacological inhibition of the
P2X7 axis alleviated dystrophic phenotypes in mouse models of dystrophinopathy and
sarcoglycanopathy [107]. Therefore, its antagonism may be a more suitable approach to
treat not only HD-affected CNS system but also skeletal muscle and heart.
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Abstract: Abnormal trinucleotide expansions cause rare disorders that compromise quality of life and,
in some cases, lifespan. In particular, the expansions of the CGG-repeats stretch at the 5’-UTR of the
Fragile X Mental Retardation 1 (FMR1) gene have pleiotropic effects that lead to a variety of Fragile
X-associated syndromes: the neurodevelopmental Fragile X syndrome (FXS) in children, the late-
onset neurodegenerative disorder Fragile X-associated tremor-ataxia syndrome (FXTAS) that mainly
affects adult men, the Fragile X-associated primary ovarian insufficiency (FXPOI) in adult women,
and a variety of psychiatric and affective disorders that are under the term of Fragile X-associated
neuropsychiatric disorders (FXAND). In this review, we will describe the pathological mechanisms of
the adult “gain-of-function” syndromes that are mainly caused by the toxic actions of CGG RNA and
FMRpolyG peptide. There have been intensive attempts to identify reliable peripheral biomarkers
to assess disease progression and onset of specific pathological traits. Mitochondrial dysfunction,
altered miRNA expression, endocrine system failure, and impairment of the GABAergic transmission
are some of the affectations that are susceptible to be tracked using peripheral blood for monitoring
of the motor, cognitive, psychiatric and reproductive impairment of the CGG-expansion carriers. We
provided some illustrative examples from our own cohort. Understanding the association between
molecular pathogenesis and biomarkers dynamics will improve effective prognosis and clinical
management of CGG-expansion carriers.

Keywords: FXTAS; FXPOI; FXAND; premutation; blood; biomarker; FMR1; FMRP; endocrine;
mitochondria; miRNA; transcription; GABA; telomere

1. The Multiple Faces of FMR1 in Pathology
1.1. Brief Description of the Fragile X-Associated Syndromes

The Fragile X Mental Retardation 1 (FMR1) gene is located on the X chromosome
and encodes the polysome-associated RNA-binding protein FMRP, which plays key roles
in neuronal development and synaptic plasticity through the regulation of mRNAs at
the level of traffic, stability, splicing and both somatic and presynaptic translation [1].
The 5′-UTR of the FMR1 gene contains a stretch of CGG repeats that causes a series of
pathological conditions when exceeding 54 repeats, although there is increasing evidence
of an association between the “gray zone”, ranging from 45 up to 54 triplet copies (which
forms an unstable FMR1 allele that can be expanded in successive generations [2]) with
atypical parkinsonism [3]. The silencing of the FMR1 gene occurs over 200 CGG repeats
(the so-called full mutation, FM), resulting in severe diminished FMRP expression during
development and in consequence the onset of the Fragile X syndrome (FXS, OMIM #300624).
FXS is the most common cause of monogenic intellectual disability, with a high incidence
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of autistic features, hyperactivity behaviour and seizures, and usually accompanied by
macroorchidism and distinct facial features [4].

The so-called premutation (PM), whose carriers can exhibit diverse symptomatology
comprising both neural and non-neural pathological traits with different degrees of severity
and compromised well-being, is defined in the range of 55 and 200 repeats. The worldwide
prevalence of the PM is approximately 1:300 in females and 1:850 in males [5]. The risk to
develop FXTAS (OMIM #300623) is higher in men than in women: from 17% to 75% of the
PM male carriers as age increases, and only from 8 to 16% in PM carrier women [6,7] who
exhibit a diverse phenotype much milder than those observed in men, possibly due to the
female inactivation of chromosome X [8]. FXTAS is a late onset neurodegenerative disorder
characterized by intention tremor usually accompanied by slow movement and parkin-
sonism, which develop into cerebellar gait ataxia and dystonia as the disease progresses,
and by cognitive deficits (e.g., short-term memory loss, executive functions impairment,
language capacity affectation), mood disorders and neuropsychiatric alterations, peripheral
neuropathy, sleep disturbance and other signs [6,9,10]. The main radiological signs consist
of an increased signal in brain white matter, especially in the middle cerebellar peduncles
(MCP) in men [11]. MCP are the main afferent pathway to the cerebellum and are pri-
marily composed by white fibers projected from the contralateral pontine nuclei as part
of the cortico-ponto-cerebellar pathway that control motor tasks, planning and initiation
of movements [12]. In addition, FXTAS patients show smaller volume in overall brain
and particularly cerebellum related to PM carriers without diagnosis [13]. The presence of
eosinophilic intranuclear ubiquitin-positive inclusions in brain, spinal cord and peripheral
tissues is a hallmark of this disorder [14–16].

More prevalent in women is the development of the Fragile X-associated primary
ovarian insufficiency (FXPOI, OMIM #311360): 24% of the PM women whereas the preva-
lence of POI in the general population is 1% [17]. This form is the most common inheritable
ovarian dysfunction, which symptoms include irregular menstruation cycles, reduced
fertility and early menopause onset [18]. More precisely, FXPOI involves ovarian hormonal
dysfunction alongside with follicle depletion before the age of 40 years, having a direct im-
pact on menstrual cycle regularity (that can lead to amenorrhea) and the ability to conceive,
together with a variety of indirect consequences derived from chronic hypoestrogenism,
such as early onset of osteoporosis and bone fracture, impaired vascular endothelial func-
tion, earlier onset of coronary heart disease and increased cardiovascular mortality, and
higher risk of psychiatric symptomatology (e.g., anxiety, depression, etc.) than women
with normal ovarian functionality [19–24].

This review is focused on the adult Fragile X-associated syndromes, starting with a
brief description of the molecular pathogenic mechanisms caused by the CGG expansion,
followed by a discussion about how some molecular and cellular alterations can be mon-
itored at the peripheral level, mainly through the assessment of blood and derivatives:
serum, plasma and peripheral blood mononuclear cells (PBMCs).

1.2. The Molecular Pathogenesis of Adult Fragile X-Associated Syndromes

In FXS, the methylation of the FM together with the neighbouring CpG island of the
FMR1 promoter triggers the silencing of the FMR1 gene, leading to the absence or a drastic
reduction of FMRP during development [25]. In contrast, FXTAS and FXPOI are primarily
gain-of-function disorders, as FM carriers do not develop these syndromes. As we will see
later in the section “Is there a Fragile X spectrum disorder?”, PM carriers may exhibit some
forms of FXS signs. The main actions of the PM are summarized below (Figure 1).
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Figure 1. Summary of the molecular mechanisms proposed for the PM of the FMR1 gene. Arrows indicate in-
creases/decreases of RNA (FMR1 and the long non-coding RNAs ASFMR1/FMR4 and FMR6) or protein (FMRP) in
PM carriers compared to controls. Pink ovals represent free proteins that interact/are sequestered/are aggregated by the
CGG hairpin of the FMR1 mRNA and/or FMRpolyG peptide.

1.2.1. RNA Toxicity

Adult Fragile X-associated syndromes were firstly proposed to be the result of RNA
toxicity, based on the elevated levels of FMR1 mRNA and its presence in the ubiquitin-
positive inclusions across different cell types in PM carriers [26–28]. The mechanism for
FMR1 upregulation in PM carriers is not well understood, and only correlative evidence
for an increase in the binding of epigenetic marks at the FMR1 gene promoter has been
found, as in the case of H3K9ac and H3K9me2 in PM infertile women [29]. As reported in
locus-directed stable cell lines, CGG repeats in the PM size alone is not sufficient to increase
the mRNA levels of a reporter gene [30], therefore additional regulatory mechanisms may
exist. The preferential usage of particular sites for transcription start and 3′-polydenylation
in the brains of PM carriers compared to controls [31] may be indicative of differences in the
regulation of FMR1 gene expression. Another possibility is that preceding downregulation
of specific miRNAs (see section “miRNAs as potential biomarkers in Fragile X-associated
syndromes”) may influence the decay of FMR1 mRNA, as in the case of miR-221 in
synaptosomal preparations from KI mouse model, and miR-139-5p in lymphocyte-derived
cell lines from patients, both with demonstrated capability to interact with the 3′UTR of
FMR1 mRNA [32,33].

Besides FMR1 mRNA, the intranuclear inclusions also contain several proteins, sug-
gesting that their sequestration by the PM RNA (riboCGG) caused a titration effect that
impaired the biological processes in which these proteins are involved. For a detailed dis-
cussion of the role of the sequestered proteins in the FXTAS, see [34,35]. Mass spectrometry
analyses, validated in silico predictions and screens for modulators of neurodegeneration
eye phenotype in Drosophila PM models have provided a comprehensive list of potential
interacting partners with riboCGG that, not surprisingly, included several RNA-binding
proteins [36–41]. The first reported proteomics approach determined the composition
of inclusions isolated from frontal cortex of FXTAS patients by fluorescent-activated cell
sorting (FACS) techniques, taking advantage of the particle characteristics of inclusions
and ubiquitin labelling. This analysis revealed the presence of RNA-binding proteins
(e.g., the heterogeneous nuclear ribonucleoprotein A2/B1 (hnRNP A2/B1) and the my-
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otonic dystrophy-related muscleblind-like splicing regulator 1 (MBNL1)), but also histones
(e.g., H2A, H2B, H4), intermediate filaments and microtubules (e.g., NEFL, laminA/C,
tubulins), and myelin associated proteins (e.g., MBP, CNPase) [36]. The interaction of
hnRNP A2/B1 was later confirmed using a riboCGG in the PM range as a bait for mouse
cerebellar proteins, which appeared besides another RNA-binding protein, Pur-α [37].
However, a subsequent study claimed that most of these proteins bound preferentially to
non-pathogenic short sizes of riboCGG, whereas other proteins that included the DiGeorge
Syndrome Critical Region Gene 8 (DGCR8) seemed to bind exclusively to longer CGG
repeats within the pathogenic range [39] (see the section “miRNAs as potential biomarkers
in Fragile X-associated syndromes”). Lastly, analysis of frontal cortex inclusions from
FXTAS patients (isolated thanks to their autofluorescent properties, avoiding any bias from
immunolabelling) resulted in the identification of > 200 proteins although no one showed
any predominant abundance: histones, ubiquitin, proteins involved in RNA-binding (e.g.,
hnRNA A1 and A3), RNA splicing (e.g., U2AF, SFPQ), and protein turnover (e.g., chaper-
ones and proteasomal-ubiquitin members such as SUMO 2 and p62), DNA damage repair
mediators (e.g., RAD50, RPA1, XRCC6), etc. Of these, only five proteins (SUMO2, p62,
ubiquitin, Myeloid leukemia factor 2 (MLF2) and MBP) were especially enriched in FXTAS
aggregates related to total protein and related to the proteomics profile of control sam-
ples [40]. Based on this observation, the authors of this work postulated that inclusions are
accumulations of proteins ready for removal but instead they aggregate once the capacity
of proteasomal degradation is exceeded [40].

1.2.2. Production of FMRpolyG Peptides

In addition to RNA, a pathogenic role has been proposed for a cryptic polyglycine
peptide, FMRpolyG, that is produced by a repeat associated non-AUG (RAN) translation
process occurring at the 5′-expanded CGG region of FMR1 [42,43]. First discovered in the
ATXN8 gene which is involved in the Spinocerebellar ataxia 8 (SCA8), the products of RAN
translation have been detected in vivo for other genes containing repetitive nucleotides
such as Huntington’s disease (HD), myotronic dystrophy type 1 and 2 (DM1, DM2), amy-
otrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) [44]. In the FMR1 locus,
RAN translation can generate three types of homopeptides depending on the translation
initiation (FMRpolyR, FMRpolyG and FMRpolyA), being the most efficient produced and
the most well characterized the FMRpolyG (reviewed in [35]). In addition, FMRpolyG is
the only species that have been found in intranuclear aggregates in neural and non-neural
tissues (e.g., kidney, heart, thyroid, adrenal gland) [45], and in the cytoplasm of mural
granulosa cells [46]. More recently, a vascular phenotype has been observed in the brain
of PM carriers linked to the detection of FMRpolyG/p62+ inclusions [47]. Evidence for
FMRpolyG toxicity has been collected from Drosophila and mouse models expressing
different variants of engineered FMRpolyG aimed at enhancing or precluding such tox-
icity [42,48]. However, a recent study suggested that the appearance of FMRpolyG in
neuronal intranuclear inclusions is not sufficient per se to trigger a clear phenotype in an
inducible mouse model [49]. This is in contrast with the results obtained in a cellular model
specifically designed to express the FMRpolyG in the absence of a CGG mRNA-dependent
phenotype, in which cell viability was compromised and the nuclear lamina architecture
was disrupted [50]. The C-terminus of the FMRpolyG (consisted on 42 aas after the polyG
stretch) seems to be fundamental to the peptide toxicity as binds to cellular proteins such
as LAP2β, a lamina associated protein, leading to the disorganization of the nuclear lamina
architecture [48] (see the section “Transcriptional dysregulation in Fragile X-associated
syndromes”). Another proposed mechanism for FMRpolyG-mediated toxicity is the accel-
eration of the ubiquitin-proteasome system impairment, as observed in Drosophila and
cellular preparations [51]. This is in apparent disagreement with the proteomics study
described above indicating that the proportion of FMRpolyG in intranuclear inclusions
was too low in comparison with the total amount of proteins, putting into question its
relevance in FXTAS pathogenesis [40].

50



Int. J. Mol. Sci. 2021, 22, 8368

1.2.3. The Potential Role of Long Non-Coding FMR1 Isoforms

Long non-coding RNAs (lncRNAs) are mainly transcribed by RNA polymerase II,
and are often subjected to 5′-end capping, 3′-end polyadenylation and splicing as protein-
coding mRNAs, and can play multiple roles in the regulation of transcription and splicing,
translation, DNA replication and response to DNA damage through their interaction
with RNA-binding proteins, transcription factors and regulatory protein complexes such
as the polycomb repressive complex 2 (PRC2) [52]. This type of transcripts have been
also described for the FMR1 locus, starting with the identification of the antisense FMR1
transcript (ASFMR1) between 2.5 kb upstream and 10 kb downstream of the transcription
start site (TSS) of the FMR1 gene, encompassing exons 1 and 2, intron 1, and upstream
regions [53]. This region also includes FMR4, a non-coding antisense RNA of 2.4 kb which
expression is initiated at the 5′UTR of the FMR1 gene [54] and can be considered one of
the multiple spliced isoforms of ASFMR1. Two additional FMR1-derived lncRNAs have
been detected by using a combination of rapid amplification of cDNA ends (RACE) and
next-generation sequencing (NGS) [55]: FMR5, a sense-oriented and unspliced 800 nt
transcript in which 5′-end starts approximately 1 kb upstream of the TSS of FMR1, and
FMR6, a 600 nt antisense transcript that originates in the 3′UTR of FMR1 gene and ends in
exon 15, sharing the same splice junction with FMR1 mRNA.

The potential relevance of FMR1-derived lncRNAs in Fragile X-related syndromes is
based upon the deregulation observed in PM carriers that can be associated with patho-
logical traits, as further discussed in the section “The molecular outputs of the FMR1
locus as biomarkers in pathology”. Expression of ASFMR1 and FMR4 is increased in the
PM condition compared to controls, but negligible in FM condition in brain, peripheral
blood leukocytes and lymphoblastoid cell lines [53–55]. FMR5 and FMR6 are also widely
expressed across brain areas and peripheral blood samples, but whereas FMR6 expression
was reduced in PM and FM carriers related to controls in post-mortem brain tissue, FMR5
levels did not show differences between the three groups of individuals [55]. In granulosa
cells of PM women, the RNA levels of FMR6 (but not those of FMR4) showed a signif-
icant negative linear correlation with the number of retrieved oocytes and a significant
non-linear association with the number of CGG repeats (with the highest levels in women
with mid-size CGG repeats) [56], indicating the FMR6 may be involved in ovarian dysfunc-
tion. However, the pathogenic mechanisms underlying their contribution in disease are
largely unknown, although there are clues indicating a trans action that is independent on
FMR1 regulation. RNA interference and over-expression assays in transient transfection
experiments revealed that the expression of FMR1 and FMR4 is not influenced by each
other [54]. FMR4 has anti-apoptotic and cell proliferative actions in human cell lines and
neural precursors [54,57] and may have a physiological function during neural devel-
opment [58]. Manipulation of the FMR4 levels in HEK293T cells leads to genome-wide
changes in gene expression and DNA occupancy of H3K4me3 and K27me3, two epigenetic
marks associated with active and silent genes respectively [57,58], indicating that FMR4 is
a trans regulator of gene expression and chromatin modulation. Based on these results, it is
expected that the actions of FMR1-lncRNAs can be altered in PM cells.

In addition, ASFMR1 and FMR4 contains CCG repeats in the complementary strand
that may be deleterious as well: in this regard, ASFMRpolyP and ASFMRpolyA peptides as
a result of RAN translation of the ASFMR1 transcript can be detected in FXTAS brains [59].

1.2.4. Reduction of FMRP Activity

Elevation of FMR1 mRNA has been detected concomitant to a modest reduction
of FMRP in some (although not all) PM individuals [60,61], possibly as a homeostatic
mechanism to minimize the deleterious actions of the mRNA [62]. Such reduction may
act in combination with the gain-of-function component of the PM to exacerbate some
aspects of the complex symptomatology exhibited by the carriers. More specifically, this
contribution has been proposed to potentially explain mental traits as we will discuss below,
due to the role of FMRP in synapse regulation [63]. Noticeably, PM carriers showing both
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FMR1 mRNA increase and FMRP decrease may develop psychotic and bipolar disorder
features that are extremely rare in FXTAS and FXS patients, probably due to a synergistic
effect of the gain- and loss-of-function components of CGG expansion [64].

1.3. Is There a Fragile X Spectrum Disorder?

Some authors have suggested that all clinical manifestations associated with the PM of
the FMR1 gene constitute a spectrum of varying degrees of penetrance and severity of these
clinical signs, in which the final diagnosis of FXTAS or FXPOI may represent extreme forms
of cognitive and endocrine impairment that may be present in other PM carriers in a milder
manner. Therefore, the motor, cognitive and reproductive impairments generally ascribed
to FXTAS and FXPOI diagnoses do not follow a strict boundary between sexes. Meanwhile
PM women who are asymptomatic for classical FXTAS may develop subtle motor and
cognitive impairments that are suspicious to be cerebellar-dependent [65], PM men can
develop intranuclear inclusions in brain as well as in testicular tissues, prominently in
the Leydig cells that are responsible for secreting testosterone to maintain spermatoge-
nesis [15,16,66]. A potential association of such inclusions with cases of infertility [66]
resembles the situation of granulosa cells and POI in PM women. Moreover, there is
also a major risk of macroorchidism in PM men, a clinical feature usually linked to FXS
that has been correlated with lower verbal and intelligence quotient (IQ) in the examined
individuals [67].

Thus, manifestation of specific traits can be largely dependent on unknown genetic
interactions, and/or the degree of mosaicism between the gain- and loss-of-function com-
ponents of the CGG expansion that may differ throughout neural and non-neural tissues.
For instance, patients who presented both FMR1 mRNA increase and FMRP decrease
manifested a symptomatology resembling combined FXS and FXTAS [64], although the
mosaicism of methylated and unmethylated FM alleles can also explain the coexistence of
FXS and FXTAS-related diagnosis in the same individuals [64,68]. It has been documented
that pediatric PM carriers may develop attention deficit hyperactivity disorder (ADHD),
anxiety, autistic features, seizures and other psychiatric symptoms that are reminiscent of
FXS but to a much lesser extent and prevalence compared to FXS patients [69]. Therefore,
PM boys have higher risk to be diagnosed of autism spectrum disorder (ASD) or ADHD
than age-matched PM girls, although in both groups the risk was higher than in controls,
leading to the hypothesis that reduced protein levels of FMR1 are responsible for the mild
signs of the developmental and cognitive impairments observed in PM carriers that are
characteristic of FXS patients [70,71].

However, the majority of PM children do not have psychiatric conditions but they
are at higher risk than the general population to develop them in the mid-adulthood,
independently of a FXTAS diagnosis. The term Fragile X-Associated Neuropsychiatric
Disorders (FXAND) has been coined to group the diverse neuropsychiatric problems
observed in PM carriers that precede the onset of characteristic FXTAS but recognizes a
series of mental disturbances in those PM carriers that do not fall into the diagnosis of
FXTAS and can be more common than expected in these individuals [72]: anxiety, high
sensitivity to external stimuli, depression, ADHD, obsessive-compulsive disorder, chronic
pain and fatigue, sleep disturbance, and drug abuse (probably as part of a self-medicating
behaviour) [72,73]. This term also considers non-neurological symptoms, as in the case of
autoimmune conditions that mainly appear in PM females (hypothyroidism, fibromyalgia,
irritable bowel disease, etc.) [19].

2. Peripheral Blood as Source of Biomarkers for Adult Fragile
X-Associated Syndromes

Due to the pleotropic actions of the FMR1 PM which complex manifestations of symp-
toms is being increasingly recognized in the affected population [9], it is indispensable to
monitor the health status of their carriers through the molecular assessment of biomarkers
that should follow essential requisites of being cost-effective, easily quantifiable in accessi-
ble tissues or fluids, and provide a linear correlation with disease progression (or reversal
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in case of treatment) [74]. In this sense, blood-based biomarkers offer a low-invasive alter-
native to screen and monitor different organ functions and associated diseases in clinical
practice. Accomplishment of such requisites can be challenging in the case of FXTAS, in
which the affected nervous tissues are not accessible and the potential biomarkers depend
on either the non-neural component of the disease or in the extravasation of metabolites and
other molecules to the periphery that should take place in early stages. Thus, interrogation
of the heterogeneous cellular fraction (focused on PBMCs) relies on the assumption that the
molecular events occurring in the affected organs that trigger the manifested symptomatol-
ogy in PM carriers can be shared, or at least have a correlative impact, on these cells. In this
context, plasma and serum can be relatively homogeneous sources of biomarkers, through
the measurement circulating cell-secreted proteins, metabolites, extracellular vesicles and
other components for patient screening. Omics approaches can discover novel and unfore-
seen biomarkers through the description of altered patterns of blood cells RNAs [75,76] and
plasma metabolites in PM carriers compared to controls [77–79], as we will discuss later.

However, interpretation of the results obtained in most of the associative studies
conducted in PM carriers should be taken as preliminary in the absence of a validation in
independent cohorts, due to the small number of recruited volunteers (usually consisted
on few individuals to few dozens) that is characteristic of studies in rare disorders. This
can be an important reason for the lack of significant differences between PM carriers with
or without a diagnosis of FXTAS or FXPOI, unless we consider that molecular alterations
precede the onset of the symptomatology required for a conclusive diagnosis.

2.1. The Molecular Outputs of the FMR1 Locus as Biomarkers in Fragile X-Associated Pathology

The most examined peripheral parameter as a putative biomarker of the vast array
of Fragile X-related symptoms and alterations is the number of CGG repeats in blood
cells. In this sense, the most well-established association using the number of CGG repeats
is the non-linear correlation with FXPOI diagnosis in which PM carriers with medium
size CGG tracks have higher risk for ovarian insufficiency, altered cycles and dizygotic
twinning [17,80]. Quantification of the number of repeats assumes that CGG size is fairly
stable in somatic cells across lifespan [81,82] leading to negligible (or at least correlative)
differences between peripheral blood cells and the affected organ. However, instability
cannot be entirely discarded [83] as this is commonplace in other trinucleotide repeats
disorders [84–86]. In fact, somatic expansion rates in PM alleles have been found to be
different across human and mouse organs, being high in testis and certain brain areas (e.g.,
amygdala and striatum) but relatively stable in lymphocytes [87]. Such difference may
introduce discrepancies in the number of repeats analyzed from blood and tissues of the
same individuals.

Since the realization that FMR1 mRNA was upregulated in blood samples bearing the
PM range compared to controls, concomitant with a reduction in the number of FMRP+

lymphocytes [60], and fueled by early indications of an association of these changes with
cognitive deficits in certain PM carriers [88], it has been usual to implement the examination
of mRNA and/or protein levels besides the number of CGG repeats as potential correlates
of the development of specific symptoms and the severity of the general pathological
phenotype. This is particularly interesting, because such associations allow inferring
whether the gain- and/or loss-of-function components of the FMR1 PM (corresponding to
RNA toxicity and FMRP activity reduction, respectively) can explain the onset of specific
signs. In this direction, there have been attempts to correlate CGG size and FMR1 mRNA
levels with IQ [89] and psychiatric symptoms [90,91]. Of special interest, some studies have
tried to correlate these peripheral parameters with alterations in brain structure and brain
activation patterns as measured using non-invasive imaging techniques. These approaches
also permit the identification of the neural substrates responsible for the altered brain
functions of clinical relevance for the PM carriers. A summary of these studies is shown in
Table 1.
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Table 1. Studies conducted in PM carriers searching for correlation between brain imaging measurements and FMR1-derived
parameters: number of CGG repeats, FMR1 mRNA levels and FMRP expression.

PM Carriers Correlated Signs FMR1 Output Reference

Males
Less voxel density in grey and white matter of brain
areas, including cerebellum, brainstem and others

CGG repeats
(no correlation with mRNA) [92]

Diminished grey matter of amygdala and hippocampal
complex, left thalamus and brainstem

% FMRP+-lymphocytes
(no correlation with mRNA)

Males

Reduced left hippocampal activation during recall task,
correlated with

psychiatric assessment in the absence of hippocampal
volume change

mRNA
(no correlation with CGG repeats) [93]

Males without FXTAS Reduced activity of right ventral inferior frontal cortex in
verbal working memory in both carriers mRNA [94]

Males Decreased parahippocampal activation in working
memory task Blood FMRP levels [95]

Females without FXTAS
Activity of right dorsolateral prefrontal cortex in correct

encoded trials mRNA [96]
Decreased fronto-parietal activity in a magnitude

estimation task
CGG repeats

(no correlation with mRNA)

Males with/without
FXTAS

White matter structural connectivity of thesuperior
cerebellar peduncles in both carriers CGG repeats and mRNA [97]

Males
Cerebellar volume CGG repeats [98]Defective anticipatory postural responses during

stepping mRNA and CGG repeats

Males without FXTAS Motor dysfunction: tremor, balance and brain activation
during random finger tapping (no correlation with mRNA) [99]

Apart from the canonical mRNA for FMR1, the non-coding transcripts generated
from the FMR1 locus have been also screened for clinical associations, based on previous
observations showing increased expression in peripheral leukocytes [53,54]. For instance,
small CGG expansion FMR1 alleles (i.e., gray zone and lower PM sizes) play a significant
role in the development of the parkinsonian-like phenotype that has been associated
with elevated FMR1 and ASFMR1/FMR4 levels in PBMCs, in parallel to deregulation of
mitochondrial genes [100]. Moreover, a spliced variant of ASFMR1 with a 84 nt-deletion
near the TSS was more elevated than the unspliced transcript in PM carriers compared
to controls, and have been tentatively associated with FXTAS diagnosis [101]. Another
highly similar splicing isoform that lacks 131 bp near the TSS (ASFMR1-Iso131bp) was
also higher expressed in PM carriers independently of a FXTAS diagnosis compared to
controls, with a trend to be correlated with tremor intensity as measured in a series of
tasks involving postural and intentional tremor, postural sway, manual coordination, and
reaction time [102]. Despite not showing differences between FXTAS and non-FXTAS
individuals, the increase in the levels of ASFMR1-Iso131bp has been later ascribed to the
acquisition FXTAS symptomatology during a longitudinal study [103].

To add more complexity to the potential contribution of FMR1 RNAs in the etiology of
neural and non-neural symptomatology in PM carriers, up to 49 FMR1 alternative splicing
isoforms have been detected in blood and different tissues (brain, muscle, testis and heart)
thanks to single-molecule long-read sequencing that enabled the mapping of all possible
splicing combinations in a single FMR1 mRNA molecule [104,105]. An important fraction
of these isoforms were increased, and in some cases exclusive, in the PM group [104,105],
thus providing new candidates for peripheral exploration. According to the authors, the
most notable isoforms were those named as Iso10 and Iso10b that, together with isoforms
Iso4 and Iso4b, lack the nuclear export signal (NES) and the glycine-arginine-rich (RGG)
motif involved with RNA binding [106]. As happened with ASFMR1-Iso131bp, these
isoforms increased during the transition from disease-free stage to declaration of FXTAS in
PM men [103], suggesting that they may be candidates as biomarkers of disease progression.
In agreement with this conclusion, there was a significant association between increased
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expression of Iso4/4b with the decreased width of MCP only in those individuals that
become diagnosed of FXTAS during this longitudinal study [103].

Finally, the FMR1 locus contains additional features that have been examined as poten-
tial peripheral biomarkers. The absence of AGG interruptions in the CGG tracts, leading to
uninterrupted CGG repeats that may predispose to germline expansion of low and medium
size PM to produce FM during offspring transmission [107], have shown some correlation
with neurological signs that deserves further confirmation [101]. Moreover, cortical white
matter thickness and executive dysfunction have been associated with changes in the
methylation patterns of CpG dinucleotides located in the first exon/intron boundary in the
peripheral blood in PM women who were asymptomatic for FXTAS [108,109].

2.2. Endocrine Biomarkers in Premutation Carriers

In POI, measurements of serum levels of follicular stimulating (FSH) and anti-Müllerian
(AMH) hormones, estradiol (E2) and inhibin B can be performed using standard protocols
to assess the ovarian reserve [110]. A proteomic approach enlarged the list of possible
candidates as biomarkers of POI with the identification of proteins with potential actions
over reproductive functions (ceruloplasmin, complement C3, fibrinogen α, fibrinogen β,
and sex hormone-binding globin SHBG) [111]. Although measurements of circulating en-
docrine hormones and other compounds can monitor the POI linked to CGG PM (FXPOI),
they hardly discriminate between POI of different origin in the absence of a genetic test for
FMR1 CGG repeats. In other words, the hormone profiles found in FXPOI patients are not
specific of the PM but, instead, they relate to reduced ovarian reserve.

The most well-established change in PM women is the elevation of circulating FSH
levels, as it is one of the requisites for POI diagnosis, that has been shown to be indepen-
dent on the menstrual cycle phase, regularity of menstrual cycles and oral contraception
treatment [112–115], and can explain the decrease in the number of follicles and the re-
duction of the follicle phase and menstrual cycle length [112]. This phenomenon was
reproduced in mouse models in which there was a loss of all types of follicles despite
normal development of the ovary and normal establishment of the primordial follicle
pool [116–118]. In these mice, elevation of FSH led to follicle depletion due to the activation
of the primordial follicle pool and accelerated atresia of follicles, whereas diminished levels
of luteinizing hormone (LH) levels reduced ovulation; thus, murine ovaries showed the
downregulation of genes related to LH-induced ovulation including the LH receptor, to-
gether with a reduction in the phosphorylation of Akt and mTOR [117] that can be relevant
molecular events, given the relevant roles of PI3K-Akt and mTOR signalling pathways
in granulosa cells differentiation and survival, and growth and maturation of the ovary
which dysfunctions can provoke POI [119,120]. In addition, it has been suggested that the
follicular atresia can be due to the imbalance of granulosa cells cycle towards apoptosis
provoked by the PM [121]. FSH is primarily secreted by the anterior pituitary gland that
can contain FMR1-inclusions [66,122], indicating that the deleterious effects of the PM may
perturb the hypothalamic-pituitary-adrenal axis; of interest, studies in a CGG-PM mouse
model revealed that the formation of inclusions in the pituitary and adrenal gland can be
an early event that precedes aggregation in most parts of the brain [123].

In PM women, other hormone alterations have also been detected, such as the re-
duction of AMH [118,124], inhibin A and B and progesterone P4 [112]. Of note, inhibin B
exerts an inhibitory action over FSH secretion [125]. However, measurements of ovarian
dysfunction (FSH levels) and pituitary-adrenal dysfunction (prolactin, cortisol and ACTH
levels) were not correlated with scores in the FXTAS motor rating scale in PM women [91],
suggesting that endocrine and motor alterations in PM carriers do not have a simple rela-
tionship. Finally, no association has been observed between CGG repeats in the normal
range and reproductive parameters (including FSH and AMH levels) [126], but there are
some indications regarding high levels of FSH in cases bearing intermediate CGG sizes
(35–54 CGG repeats) and fecundity problems and amenorrhea [115], an observation that
deserves further confirmation.
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2.3. Mitochondrial Dysfunction and Overproduction of Reactive Oxygen Species in
Premutation Carriers

The mitochondria are responsible for the cellular energy production through the ox-
idative phosphorylation process, play key roles in apoptosis induction and homeostasis
maintenance. During ATP synthesis by oxidative phosphorylation, mitochondria produce
reactive oxygen species (ROS) that are essential for different biological functions as cell
cycle progression, immune response and homeostasis, as well as signalling pathways
mediators during developmental processes like maturation and differentiation [127–129].
However, increases in the production of oxidant agents are related to DNA damage and
cell death, and are associated with human pathologies such as cancer, cardiovascular
disease and neurological disorders [78,130–132]. In the case of FMR1, the ablation of
the gene in a knockout mouse model produced a transient increase in ROS production,
NADH-oxidase activity and altered glutathione homeostasis concomitant to enhanced
lipid peroxidation and protein carbonylation in brain extracts [133]. Primary hippocampal
neurons from CGG-KI mice (with >150 CGG) also showed abnormal mitochondrial traf-
ficking and bioenergetics [134]. Nonetheless, a more detailed description of alterations has
been provided in cultured dermal fibroblasts from PM carriers, including decreased NAD-
and FAD-linked oxygen uptake rates, uncoupling between electron transport and syn-
thesis of ATP, decreased mitochondrial protein expression, increased oxidative/nitrative
stress, higher NADH-dependent hydrogen peroxide production, Zn and Fe transport
impairment, abnormal mitochondrial morphology and increased ROS production that
usually worsen in FXTAS-declared patients and can be correlated with the number of CGG
repeats [78,135–139]. Isolated peripheral lymphocytes also present aberrant mitochon-
dria which can be correlated with clinical hallmarks of FXTAS [140,141] and postmortem
brains of FXTAS patients mirrored the decrease in the levels of mature proteins such as
Sodium/potassium-transporting ATPase subunit β (ATPB), Manganese superoxide dismu-
tase (MnSOD) and frataxin found in skin fibroblasts [135,137]. Moreover, the integrity and
copy number of mitochondrial DNA (mtDNA) can be influenced by ROS production in
pathological processes such as cancer, cardiac conditions and neurodegeneration [142–144].
Meanwhile the deleterious effects of ROS on mitochondrial energy production may cause
an increment of the mitochondria number per cell in an attempt to preserve homeostasis
and the release of cell-free circulating mtDNA, ROS can also promote its degradation de-
pending on the pathological condition [145,146]. In the case of PM carriers, mitochondrial
perturbations were not apparently caused by a reduction in mitochondrial numbers as
measured by citrate synthase activity or mtDNA copy number per cell [135,137,138,140].
However, other studies reported a decrease in mtDNA copy number and an increase in
the rate of deletions in PM carriers compared to controls regardless of FXTAS manifes-
tation [78,141]. It has been suggested that the decrease in mtDNA copy number per cell
is more evident in tissues or cells directly relevant with the clinical manifestations of the
disease. Thus, lower mtDNA copy number per cell was reported in specific brain areas
related to disease progression (cerebellar vermis, dentate nucleus, parietal and temporal
cortex) from asymptomatic PM carriers that were exacerbated in FXTAS-declared patients
but failed to be significantly different in cultured dermal fibroblasts and in the brains of
CGG-KI mice that did not exhibit tremors [147].

Mitochondrial dysfunction in FMR1-dependent ovarian insufficiency has been ad-
dressed by using female mice of the 130R strain bearing an insertion of expanded CGG re-
peats in the Fmr1 gene. Whereas ROS production at the physiological range is necessary for
oocyte maturation, ovarian stereoidogenesis, corpus luteal regulation and luteolysis [148],
the 130R strain showed decreased primordial follicles in adult stages, histomorphomet-
ric evidence of follicle atresia, reduction of granulosa cell number in both growing and
adult follicles, presence of ovarian cysts, and diminished fertility among other abnor-
malities [116,149]. Transmission electron microscopy analysis also revealed a population
of abnormal mitochondria in appearance and structure, with evidence of mitochondrial
gene expression downregulation, together with reduced mitochondrial mass [149]. Finally,
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mtDNA copy number was decreased in granulosa cells and metaphase II eggs of this strain,
concomitant with reduced mitochondrial mass measured by flow cytometry [149].

This vast catalogue of mitochondrial alterations has been proposed to be caused by the
interaction between FMRpolyG-containing aggregates and the mitochondrial membrane,
which was concomitant to negative effects on membrane potential, ATP synthesis, assembly
of respiratory chain supercomplexes composed by complexes I, III and IV, and gene
expression of mitochondrial mRNAs, in the absence of altered mtDNA content in in vitro
preparations [150]. This mechanism is plausible to occur in the ovary as well because
FMRpolyG has been detected in granulosa cells with expanded CGG repeats [46]. In
addition, it is also feasible that the supply of nuclear-encoded mitochondrial genes is
compromised [151]. More recently, it has been described that expression of FMRpolyG in
the HEK293 cell line can altered the content of nuclear-encoded miRNAs in whole cellular
preparations but also in mitochondrial fractions [152], indicating that the altered biogenesis
of miRNAs in CGG PM conditions (as we will discuss in brief) also affect mitochondrial
functions. However, some miRNAs were enriched in the mitochondria but depleted
in whole cell lysates, as in the case of miR-320a, which translocation into the HEK293
mitochondria was apparently increased in response to CGG PM conditions in an attempt
to restore mitochondrial functions but failing to form the functional RISC complexes with
Argonaute 2 (Ago2) required for regulation of mitochondrial transcripts [152].

In support of mitochondrial dysfunction as an early event in FMR1-CGG repeats
disorders, it has been reported that the decreased expression of mitochondrial proteins in
the brains of FXTAS patients required a lesser number of CGG repeats to be manifested
than inclusion formation [137]. Morever, liver steatosis and linked mitochondrial dysfunc-
tion appeared in an inducible transgenic mouse model expressing expanded CGG in a
timing when inclusions were not detected [153]. Based on these observations, together with
the mitochondrial dysfunction observed in carriers without overt symptomatology, we
can hypothesize that the effects of mitochondrial impairment and overproduction of ROS
could be easily quantified at the peripheral level with sufficient anticipation to the onset of
symptoms, providing reliable biomarkers in disease prognosis and therapeutic response.
Noticeably, ROS production and mitochondrial function (e.g., citrate synthase activity, ATP
production, etc.) in lymphocytes showed significant correlations with clinical outcomes
in a cohort of PM women, such as diagnosis of FXTAS and FXTAS stage, diagnosis of
FXPOI, number of CGG repeats, anxiety and full-scale IQ [79], suggesting that peripheral
bioenergetics is directly linked to Fragile X-associated symptomatology. Metabolomics
can go further in tracing the mitochondrial and oxidative perturbations in the plasma of
PM carriers by identifying altered mitochondrial metabolic intermediates of the Krebs’
cycle [154], in addition to other metabolites that can be explained by oxidative stress-
dependent damage to proteins and carbohydrates, indicative of interference with multiple
metabolic pathways (e.g., lower catabolism of carnosine, hyperactivation of the polyol
metabolic pathway, increased activity of urea cycle) and activation of NADH-dependent
antioxidant mechanisms [155]. Another metabolomics study confirmed the increase in
metabolites derived from oxidation of carbohydrates and proteins and the hyperactivation
of the polyol pathway; in addition, cells from FXTAS-declared carriers (but not those
derived from asymptomatic donors) showed significantly higher Tyr nitration of cytoskele-
tal proteins and increased malondialdehyde (MDA), a marker of lipid peroxidation [78].
Following these observations, protein carbonylation in plasma/serum can be an adequate
proxy of ROS overproduction in PM carriers because of ROS release into the bloodstream
(Figure A1 Appendix A). As this phenomenon is tightly linked to lipid peroxidation [156],
a spectrophotometry method may be preferred to measure protein carbonylation that can
be more easily standardised in clinical laboratories [157] than the more sensitive but less
routinary high performance liquid chromatography (HPLC) for MDA measurements [158].
A proteomics approach was also applied to PBMC of PM carriers, reflecting alterations in
components related with glycolysis and carbohydrate and pyruvate metabolism that were
consistent with the Kreb’s cycle alterations found in plasma [79].
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2.4. Inflammation in the Premutation Condition

Neuroinflammation, defined as the inflammatory response within the brain or spinal
cord, is regarded as a relevant contributor of neurodegenerative processes. FXTAS seems
not to be an exception as post-mortem putamen of patients showed signs of microglia
activation, reflected by either the presence of dystrophic/senescent microglia or increased
number of microglia (also detected in other brain areas) related to controls [159]. Moreover,
post-mortem cerebellum contained increased levels of the proinflammatory IL-12 and
TNFα, with a non-significant trend for IL-2, IL-8 and IL-10 [160]. At the peripheral level,
it has been reported an increase in IL-10, an immunosuppressive cytokine that modulate
glial activation to exert both protective and deleterious effects in neurodegenerative disor-
ders [161], in the supernatants of PBMCs obtained from PM males that correlated with the
number of CGG repeats but not with motor clinical scores [162]. In contrast, no changes
were observed for IL-6 and IL-8 [162]. Overall, these few results suggest that exploration of
circulating interleukins and cytokines profiles in Fragile X-associated syndromes can be
worthy in the search of valuable biomarkers of disease progression.

2.5. miRNAs as Potential Biomarkers in Fragile X-Associated Syndromes

The binding of DGCR8 and its partner DROSHA with expanded CGG repeats and
their presence in CGG RNA-containing aggregates indicated that miRNA processing
was affected in PM carriers [39]. DGCR8, a double-stranded RNA binding protein, and
DROSHA, a double-stranded RNA-specific ribonuclease, are part of the microprocessor
complex that process the primary miRNAs (pri-miRNAs) into precursor miRNAs (pre-
miRNAs) that are then exported to the cytoplasm for further processing by Dicer into
mature miRNAs [163]. According to these roles, the partial sequestration of DGCR8 and
DROSHA by CGG repeats led to reduced processing of pri-miRNA into pre-miRNA in
cellular preparations [39], a phenomenon that explained the predominant downregulation
of mature miRNAs observed in a microarray analysis of cerebellar samples from patients
with FXTAS compared to age-matched controls [39].

In contrast to the cerebellar transcriptomics, the pair-wise comparison of peripheral
blood gene profiles between FXTAS patients and control donors revealed the predominance
of upregulation (12 of 14 miRNAs consistently changed in microarray and next-generation
sequencing platforms) [75]. Of these, only miR-27a was also upregulated among the
miRNAs derived from extracellular vesicles or lipoprotein complexes [164] of cell-free
plasma of our own cohort (see Table A1 Appendix A). This miR-27a was also detected in
the serum of individuals affected by age-related macular degeneration [165] and can serve
as a potential candidate for further studies as Fragile X-associated biomarkers.

2.6. Transcriptional Dysregulation in Fragile X-Associated Syndromes

Despite the intranuclear inclusions not containing bona fide transcription factors, the
presence of histones and laminA/C that indicate general chromatin disorganization, RNA-
binding proteins that may regulate gene expression (as in the case of hnRNPs [166]) and
splicing factors that may cause the deregulation of specific variants (as in the case of
TRA2A [41]) suggest that transcriptional dysregulation may be important in PM cells.
Furthermore, miRNA deregulation may modulate the transcript decay of downstream
targets [167]. As we already introduced in the section entitled “Production of FMRpolyG
peptides”, there are reports indicating the disruption of the nuclear lamina architecture, a
dense fibrillar network that participates in chromatin organization among other functions,
which may have a profound impact in transcriptional regulation [168,169]. Such disruption
is caused by altered nuclear distribution of laminA/C, observed in immunocytochem-
istry assays as a loss of the ring-like pattern in the inner nuclear membrane in cultured
skin fibroblasts from PM carriers, both symptomatic and asymptomatic for FXTAS [170].
This observation was concomitant with the upregulation of the stress-related components
CRYAB, HSP27 and HSP70 (that, together with laminA/C, were also present in FXTAS
inclusions [36]). Of note, the inducible expression of a reporter gene bearing the 5′UTR of
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the FMR1 bearing long CGG repeats in neuroblastoma-derived cell lines is sufficient to
compromise cell viability at the same time disrupting the laminA/C architecture [171,172].
Another observation in favour of the importance of altered patterns of gene expression in
PM carriers comes from the global reduction of 5-hydroxymethylcytosine (5hmC), consid-
ered as an intermediate state towards DNA demethylation [173,174], in the cerebellum of
mouse models for FXTAS that partially affected genes involved in neuronal function and
brain development [175].

A microarray analysis revealed that differential gene expression is observable be-
tween FXTAS patients and controls at the peripheral blood level. The results included the
deregulation of the following genes: those encoding for respiratory chain subunits and
superoxide dismutase 1 (SOD1), mTOR signalling pathway components, chromatin remod-
elling and epigenetic modulators, related to cell death and, interestingly, those involved in
other neurodegenerative conditions, in the case of ATXN3, ATXN7, APP and TARDP [76].
Some of these genes were also altered in the brains of mouse models, suggesting that an
undetermined component of the PM-associated transcriptional dysregulation is shared
between central and peripheral cells. Of note, such direct correlation is difficult to observe
in other neurodegenerative disorders and requires additional analytical approaches [176].
Importantly, FXTAS patients showed the downregulation of Interferon Regulatory Factor
2 Binding Protein-like (IRF2BPL)/Early at Puberty 1 (EAP1), firstly described as a neu-
ronal transcriptional regulator of female reproductive function [177] and later associated
with the neurodevelopmental epileptic encephalopathy NEDAMSS (neurodevelopmen-
tal disorder with regression, abnormal movements, loss of speech, and seizures, OMIM
#618088) [178,179] that was also exacerbated in FXPOI patients compared to asymptomatic
PM women [76]. This gene provides an example of a putative biomarker that can be useful
for FXTAS, FXPOI and other forms of PM-associated disorders. However, downregula-
tion of this gene was not statistically significant in our cohort (Figure A2 Appendix A),
exemplifying the difficulties in the validation of peripheral biomarkers.

The same laboratory also reported the gene expression profile of peripheral blood
from PM women with or without FXPOI [180], where differential expression compared
to control donors were apparent inconsistent with the previous transcriptomics analysis
in FXTAS patients [76], probably indicating that tissue-specific phenomena and normal
X-chromosome inactivation may imprint distinct transcriptional signatures in blood cells.
Actually, the authors were not able to identify any significant differentially expressed gene
(e.g., IRF2BPL) between conditions after P-value adjustment, although they proposed that
pathways related to cell cycle, apoptosis, programmed cell death and survival may be
altered in PM carriers with FXPOI when considering the functions associated with the
genes showing trends for alteration [180]. Examination of larger cohorts will determine
the transcriptional signatures linked to PM and whether these signatures share common
components among Fragile X-associated syndromes.

2.7. The GABAergic Dysfuntion in Premutation Carriers

GABA is the main inhibitory neurotransmitter in the brain, which deficits have been
associated with the cognitive dysfunctions dealing with attention, learning, memory, plan-
ning and others that are frequent in neurological disorders including FXS [70,181–183]. In
the PM condition, there is increasing evidence of impairment in GABAA receptor-mediated
transmission. A study using non-invasive brain stimulation protocols in a small cohort of
PM females indicated reduced GABAA-mediated activity inhibition [184]. In mutant mice,
mRNA expression was altered for several subunits encoding GABAA receptors and other
components associated with the GABA signalling pathway: downregulation in the cortex
and to a lesser extent in the cerebellum of Fmr1-null mutant mice [185–187] and upregula-
tion in the cerebellum but not in the cortex in mice carrying the expanded CGG repeats
in the PM range, despite Fmr1 mRNA upregulation in both brain areas [187]. Cultured
hippocampal neurons from PM mice exhibited altered patterns of electrical spontaneous
activity as measured in multielectrode arrays (MEA) that consisted of clustered burst
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firing interspaced with brief periods of inactivity, resulting in higher spike frequency and
longer mean burst duration than wild-type neurons; the patterns of Ca2+ oscillations were
also altered in a similar fashion [188]. This behaviour was linked to an imbalance in the
excitatory mGluR1/5 and inhibitory GABAA-dependent signalling pathways, paralleled
by a decrease in the levels of vesicular GABA and Glu transporters. Either inhibition
of mGluR1/5 receptors by selective antagonists or enhancement of the GABAA receptor
activity by the allosteric modulator allopregnanolone restored the spontaneous firing activ-
ity of PM neurons, meanwhile opposite pharmacological manipulations reproduced the
clustered burst firing in wild-type neurons [188].

In the case of FMR1 PM carriers, individuals of both sexes exhibited a differential
metabolomic profile in plasma compared to controls that indicated a slow tricarboxylic
acid cycle activity, incipient neuronal degeneration and degradation of neuromodulatory
fatty acid amides that may be interrelated [154]. Regarding GABAergic transmission, this
profile included the aforementioned metabolic intermediates of the Krebs’ cycle (e.g., citrate,
aconitate and isocitrate) that might link mitochondrial dysfunction with altered biogen-
esis of Krebs’ cycle-associated neurotransmitters Glu, Asp and GABA, and the bioactive
fatty acid oleamide that can modulate multiple neuronal receptors including GABAergic
ones [189,190]. Restoration of GABA function by allopregnallone treatment can improve
cognition and executive function, working and episodic memories and anxiety in six FXTAS
patients [191], leaving a differential metabolomics signature between pre- and post-treatment
that included metabolites related to oxidative stress, mitochondrial function and GABA
receptor activity [192], demonstrating the feasibility to find biomarkers related to Fragile
X-associated dysfunctions that can be followed up in response to specific treatments.

2.8. Telomere Shortening in Premutation Carriers

Telomere lengths consist of TTAGGG repeats in tandem that are reduced by multiple
conditions including cellular aging, cellular senescence and apoptosis, cancer processes,
heart and lung conditions, Alzheimer’s disease, etc. [193–200]. Shorter telomeres have been
described in PBMCs of PM males compared to controls or FM carriers, regardless of FXTAS
or dementia diagnosis [201–203]. In PM female carriers, this shortening was also present,
although the difference related to control donors was more evident with a FXPOI diagnosis
in young individuals [204]. This observation is tentative to be generalized to any type of
POI, as another study revealed that peripheral leukocytes from women suffering idiopathic
POI (i.e., showing amenorrhea and high levels of FSH before 40 years of age, but without
any known genetic and environmental cause of chromosome instability) were significantly
shorter than controls [205]. Currently, no mechanistic explanation has been offered to
explain telomere shortening in peripheral leukocytes except for a generic acceleration of
cellular senescence, although other factors can contribute such as the postmenopausal
treatment of POI patients with estrogen [206].

3. Conclusions

Intensive studies aimed at identifying appropriate biomarkers to predict and/or mon-
itor the complex diversity of symptomatology outcomes of the adult Fragile X-associated
syndromes have identified interesting correlations between the most affected organs,
mainly focused on neural and reproductive tissues. The expanding catalogue of clinical
signs that also indicate affectation in other organs (e.g., heart) demands an additional
effort to establish new correlations. We already have a large variety of peripheral blood
measurements (e.g., levels for FMR1 mRNA and FMR1-associated lncRNAs, circulating
metabolites and ROS, endocrine hormones, etc.) that can be extended to novel candidates
thanks to the application of proteomics, metabolomics and transcriptomics. However, it
seems that we need to further assess these biomarkers in tailored longitudinal studies to
precisely establish consistent correlations with the development and progression of specific
outcomes in PM carriers. Furthermore, few studies have gone beyond the correlative
evidence by addressing the connection between the organ dysfunction and the peripheral
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alterations from a mechanistic point of view. Additionally, we should keep in mind that
we implicitly assume that the PM and its effects are uniform across the organism and
the peripheral cells behave as nearly carbon-copies of the inaccessible cells of interest.
Enhancing our comprehension regarding the molecular mechanisms of PM toxicity is key
to understand the alterations occurring at the level of both individual cells and cellular
networks, and to provide improved tools for the clinical management of the PM carriers in
a personalized manner.
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Appendix A

Volunteers consisted of a total of six controls (five females and one male) and 11 PM
carriers (eight females and three males) with ages expressed as median (interquartile range)
of 42.5 (5.5) and 44 (21.8), respectively (P-value = 0.88, Mann Whitney U-test). PM carriers
were recruited from family pedigrees with diagnosed cases of FXS, with number of CGG
repeats of 103 (11.5).

Peripheral blood from these donors was collected in Tempus Blood RNA tubes (Ap-
plied Biosystems, Thermo Fisher, Madrid, Spain) and in EDTA-K2 Blood tubes (BD Vacu-
tainer, Madrid, Spain) in parallel. From the Tempus tubes, total blood RNA was purified
with the Preserved Blood RNA Purification Kit I (Norgen Biotek, Thorold, ON, Canada)
(including on-column DNAse I digestion) and reverse transcribed into cDNA using the
RevertAid First-Strand cDNA Synthesis kit (Fermentas, Thermo Fisher, Madrid, Spain),
following manufacturers’ instructions. qPCR was performed in the Rotor-Gene 6000 De-
tection System (Corbett) using PyroTaq EvaGreen qPCR Mix Plus (Cmb-Bioline, Madrid,
Spain). The PCR cycling conditions were as follows: 95 ◦C for 15 min and 40 cycles of 95 ◦C
for 15 s, 60 ◦C for 20 s, 72 ◦C for 20 s. Each independent sample was normalized using
GAPDH and ACTB and the relative quantitative values were calculated according to the
2−∆∆CT method.

From the EDTA-K2 tubes, plasma was obtained after centrifugation at 3000× g 4 ◦C
for 20 min and was kept at −80 ◦C until experimentation. Thirty µL of plasma was used
to determine protein carbonylation as marker of oxidative stress according to the method
described previously [207]. Results were normalized with total protein concentration in
plasma as determined using the Pierce BCA Protein Assay Kit protocol (Thermo Fisher,
Madrid, Spain). Carbonyl content was expressed as nanomoles / mg plasma protein using
a molar extinction coefficient of 0.022 mM−1cm−1. Two hundred µL of plasma was used
to isolate circulating small RNA using the miRNeasy Serum/Plasma Kit (Qiagen, Hilden,
Germany) following manufacturer’s instructions.
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Small RNA was sent to the Genomics Unit of Centro Pfizer-Universidad de Granada-
Junta de Andalucía de Genómica e Investigación Oncológica (GENYO) for library prepa-
ration (TruSeq Small RNA Library Preparation Kit, Illumina, San Diego, CA, USA) and
single-end sequencing (NextSeq, Illumina), following Illumina’s recommendations. After
adapter removal using “Cutadapt” [208], reads were aligned to the human genome (hg38
build) using “Bowtie2” (http://bowtie-bio.sourceforge.net/bowtie2/index.shtml, accessed
on 02-08-2021) at the Bioinformatics Unit of GENYO. The following Bioconductor-based
software packages were used for conversion of BAM files (“RSamtools”) and gene an-
notation (“GenomicFeatures” and “GenomicAlignments”) using the Ensembl annotation
package “Db.Hsapiens.v86” after filtering the “miRNA” gene biotype. Transcriptomics
differential expression was determined between control donors and PM carriers by using
DESeq2 software [209]. Results (adjusted p-value < 0.1) are shown in Table A1 of this
Appendix and were compared to the microarray and RNA-seq data obtained from whole
blood profiling reported in Table S3 of the original publication [75].

Figure A1. Significant increase of protein carbonylation in the plasma of premutation carriers.
Triangles ( ∆), female samples; circles (O), male samples. The mean is indicated as a horizontal bar.
*, p < 0.05, Mann-Whitney U-test.

Figure A2. Relative expression of FMR1 and IRF2BPL genes in whole blood of controls and premu-
tation donors. Triangles (∆), female samples; circles (O), male samples. Of the four males of our
cohort, only three were available for these assays. The mean is indicated (horizontal bar). *, p < 0.05,
Mann-Whitney U-test. n.s., not significant.
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Table A1. Differential expression of miRNAs in the plasma of premutation vs. control donors. Potential common genes
with a previous report comparing the whole blood profiles from FXTAS patients vs. control donors [75] are indicated as
* (upregulation) or ** (downregulation).

miRNA Ensembl ID Fold Change (log2) Adj p-Value

MIR375 ENSG00000198973 −2.58 5.04 × 10−5

MIR483** ENSG00000207805 −2.72 1.06 × 10−2

MIR4664 ENSG00000265660 −4.30 2.58 × 10−2

MIR10B ENSG00000207744 −1.47 3.72 × 10−2

MIR7159 ENSG00000276824 −2.95 3.72 × 10−2

MIR125B2 ENSG00000207863 −1.67 4.82 × 10−2

MIR6730 ENSG00000276830 −4.16 6.60 × 10−2

ENSG00000280773 −5.51 8.17 × 10−2

MIR501 ENSG00000211538 −2.10 9.14 × 10−2

MIR885** ENSG00000216135 −2.63 9.99 × 10−2

MIR27A* ENSG00000207808 1.29 9.98 × 10−2

MIR26A1 ENSG00000199075 0.75 9.72 × 10−2

MIR381 ENSG00000199020 4.10 8.49 × 10−2

MIR655 ENSG00000207646 5.02 8.49 × 10−2

MIR377 ENSG00000199015 4.64 6.60 × 10−2

MIR654 ENSG00000207934 5.00 6.60 × 10−2

MIR376C ENSG00000283279 4.77 6.60 × 10−2

MIR494 ENSG00000194717 2.52 5.56 × 10−2

MIR889 ENSG00000216099 5.12 6.72 × 10−3

MIR134 ENSG00000207993 5.72 5.14 × 10−3

MIR331 ENSG00000199172 5.19 3.57 × 10−3

MIR766 ENSG00000211578 5.53 8.50 × 10−4

MIR877 ENSG00000216101 5.11 1.26 × 10−4

MIR495 ENSG00000207743 5.18 5.74 × 10−5
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Abstract: Fabry disease (FD) is a lysosomal storage disease caused by mutations in the gene for the α-
galactosidase A (GLA) enzyme. The absence of the enzyme or its activity results in the accumulation
of glycosphingolipids, mainly globotriaosylceramide (Gb3), in different tissues, leading to a wide
range of clinical manifestations. More than 1000 natural variants have been described in the GLA
gene, most of them affecting proper protein folding and enzymatic activity. Currently, FD is treated
by enzyme replacement therapy (ERT) or pharmacological chaperone therapy (PCT). However, as
both approaches show specific drawbacks, new strategies (such as new forms of ERT, organ/cell
transplant, substrate reduction therapy, or gene therapy) are under extensive study. In this review, we
summarize GLA mutants described so far and discuss their putative application for the development
of novel drugs for the treatment of FD. Unfavorable mutants with lower activities and stabilities than
wild-type enzymes could serve as tools for the development of new pharmacological chaperones.
On the other hand, GLA mutants showing improved enzymatic activity have been identified and
produced in vitro. Such mutants could overcome several complications associated with current ERT,
as lower-dose infusions of these mutants could achieve a therapeutic effect equivalent to that of the
wild-type enzyme.

Keywords: alpha-galactosidase A; Fabry disease; pharmacological chaperones; rare diseases; enzyme
replacement therapy

1. Fabry Disease

Fabry disease (FD) is an X-linked inherited lysosomal storage disease (LSD). The cause
of the disease is the mutation of the gene that encodes the enzyme α-galactosidase A (GLA),
which leads to a total or partial loss of its function. GLA is a lysosomal enzyme that belongs
to the glycoside hydrolase family, and it is responsible for hydrolyzing alpha-galactosyl
terminal groups of glycolipids and glycoproteins. Its main substrate is globotriaosylce-
ramide (Gb3), a glycosphingolipid consisting of a ceramide attached to a sugar chain of one
glucose and two galactoses. When Gb3 is not properly metabolized, it mainly accumulates
in the lysosomes, endothelial cells being one of the most affected cell types. As a result,
different signs and symptoms associated with the disease begin to manifest [1]. Other
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minor substrates of GLA include a deacylated form of Gb3, called globotriaosylsphingosine
(lyso-Gb3), digalactosylceramide, and blood group B glycosphingolipids.

FD is considered an attenuated disease as patients survive to adulthood. However,
those who lack GLA activity completely have a shortened life expectancy. FD patients
present a wide and diverse spectrum of clinical manifestations, varying from classic FD
in males to asymptomatic disease in females, with several variants between these two
extremes [2]. Currently, more than 1000 different mutations have been described [3], many
of which are “private” as they only occur in one family, resulting in a high heterogeneity
of the disease. Moreover, there is a high phenotypic variability even between individuals
with the same pathogenic variant, which makes it very difficult to establish genotype-
phenotype correlations. Having only one X chromosome, males are hemizygous for the
pathogenic mutation, so they generally develop more severe signs and symptoms. As a
result, the most severe phenotype or “classic phenotype” occurs predominantly in males
and is characterized by zero or minimal residual activity of the enzyme. However, unlike
other X-linked disorders, females may experience significant symptoms of the disease
depending on their residual GLA activity. Clinical manifestations are present in two thirds
of women, who generally suffer from a milder disease. This heterogeneity is explained
by the process of lyonization, which consists of the random inactivation of one of the X
chromosomes in the tissues and organs of the female [4].

Patients with the classic form of FD show no residual enzyme activity [5]. However,
the residual activity threshold resulting in FD has not been clearly established. In this sense,
it has been estimated that a residual activity of 30–35% of the mean normal α-galactosidase
A activity is the cut-off to diagnose Fabry disease [6]. Moreover, such a threshold may
vary between organs and even between patients. The nonspecific, multi-organic nature
and the relatively high population frequency of FD are risks for the wrong attribution
of pathogenicity to certain GLA mutants. This can lead to unnecessary, expensive, and
invasive therapies such as ERT. Therefore, before concluding that a mutant variant is
pathogenic, one must demonstrate evidence of altered sphingolipid homeostasis. Clinical
symptoms are mild at first, which can make diagnosis difficult or delayed, especially
if there is no previous family history [7]. Symptoms are usually progressive and affect
multiple organs. However, due to the heterogeneity of the disease, there are patients who
experience phenotypes in just a single organ (for example, cardiac variant). This occurs
mainly in those patients with significant residual activity [1]. Among the characteristic
symptoms of FD, there are neurological (pain), skin (angiokeratoma), kidney (proteinuria
and kidney failure), cardiovascular (cardiomyopathy and arrhythmia), cochlear-vestibular,
ocular, and cerebrovascular problems (transient ischemic attacks and strokes). In addition,
anhidrosis or hypohidrosis can occur, causing intolerance to heat and exercise [1].

FD presents a complicated diagnosis, particularly in childhood, as the symptoms
are often nonspecific, and the disease is not widely known [8]. Furthermore, some of
the characteristic symptoms such as kidney and heart dysfunction appear only in more
advanced stages of the disease. In males, hemizygous patients, enzyme activity can be
used for diagnosis as it is drastically reduced or does not exist. For this, GLA activity
in leukocytes is measured, and if it is significantly lower than normal values, FD can be
diagnosed. However, in female patients and some variants of males, it is common that
false negatives occur as activity can vary considerably in different cell and tissue types.
Therefore, to diagnose a female, the most reliable method is the sequencing of the GLA
gene [9]. This test can detect a disease-causing mutation in more than 97% of patients [2],
but it has a high cost, making it difficult to use widely. Many attempts have been made over
the years to find an ideal disease-specific marker that could serve as a rapid screening tool,
as well as an indicator of response to the treatment. Gb3 was initially tested as a possible
marker of disease; however, some healthy women showed elevated Gb3 levels in urine,
making it difficult to differentiate FD patients from healthy ones. On the other hand, it was
found that the levels of lyso-Gb3 (product of Gb3 degradation, as well as minor substrate
of GLA) correlate with the clinical condition and the type of mutation, thus making it a
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reliable predictor of the disease [2]. Furthermore, various studies have demonstrated that
the levels of lyso-Gb3 decrease in patients undergoing ERT, particularly in patients with
the classic phenotype [10]. However, even lyso-Gb3 has proven not to be always reliable
as a FD biomarker. For example, a recent study by Bichet et al. showed that lyso-Gb3 is
not a prognostic biomarker of migalastat treatment response in patients with FD [11], a
finding similar to another one published for ERT [12]. These findings would compromise
the usefulness of lyso-Gb3 as a biomarker in treatment follow-up. In this context, other
possible markers (microRNAs, new Gb3 isoforms, and abnormal protein excretion) have
been studied but are not yet widely used due to lack of data [13–15].

2. The Human Gla Enzyme
2.1. Structure of GLA Enzyme

The GLA gene encoding the GLA enzyme is located in the long arm of the X chromo-
some at position Xq22, spans approximately 13 kb, and contains seven exons. The cDNA
contains 1290 bases and, upon translation, results in a protein of 429 amino acids that
include a 31 amino acid signal peptide [16].

In lysosomes, the glycoprotein is presented as a homodimer, in which each monomer
contains two domains. The N-terminal domain spans from residue 32 to 330 and is a classic
(β/α)8 barrel with the active site in its center. The C-terminal domain extends from residue
331 to 429 and consists of an antiparallel β domain. Each monomer contains three N-linked
carbohydrate sites, five disulfide bonds, two unpaired cysteine residues, and three cis
proline residues (P210, P380, and P389) [17].

There are four potential N-glycosylation sites (N139, N192, N215, and N408), but only
the first three (located in the first domain) are occupied by oligosaccharides. Of these,
the third site N215 is significantly important for the solubility of the enzyme, as well as
for its transport from the endoplasmic reticulum to the lysosomes [18]. In the structural
analysis of the oligosaccharides linked to the glycosylation sites, it is observed that the
oligosaccharides of the secreted enzyme are markedly heterogeneous, with structures
containing high levels of mannose, as well as complex or hybrid structures. Furthermore, a
significant number of the oligosaccharides have phosphate monoester groups [19]. The
absorption of the enzyme in the lysosomes is mediated by mannose-6-phosphate receptors
(MPRs), which explains the presence of high levels of mannose-6-phosphate.

Each GLA monomer contains 12 cysteine residues. Ten of them form disulfide bonds
(C52-C94, C56-C63, C142-C172, C202-C223, and C378-C382) within the monomeric subunits,
while the remaining two (C90 and C174) contain free sulfhydryl groups. Disulfide bonds
play important roles for protein structure and stability. Furthermore, cysteine C142 is part
of the active site of the enzyme, which is why the disulfide bond C142-C172 is relevant
for the enzymatic activity. On the other hand, free cysteines play important roles in both
protein structure and function, including dimerization, enzyme catalysis, redox regulation,
and thermal stability [20]. The two free cysteines in GLA are found in different structural
environments within the folded protein, which modulates the function of each one within
it [21]. C90 is completely buried within the structure, while C174 is partially exposed on
the surface of the protein. The active site is formed by the side chains of residues W47, D92,
D93, Y134, C142, K168, D170, E203, L206, Y207, R227, D231, D266, and M267, with C172
making a disulfide bond with C142.

2.2. GLA Synthesis and Trafficking

The GLA enzyme precursor is synthesized in the rough endoplasmic reticulum and
modified in the Golgi apparatus, where newly synthesized GLA acquires mannose-6-
phosphate (M6P) moieties on its N-linked oligosaccharidic chains. These M6P residues
serve as recognition signals for mannose-6-phosphate receptors (M6PRs) that transport
GLA to endolysosomes in clathrin-coated vesicles through a cation-dependent (CD) and a
cation-independent (CI) pathway. While the CD-M6PR appears to act intracellularly (i.e.,
in the trans-Golgi network, TGN, to endosome sorting), the CI-M6PR can mediate GLA
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transport from the TGN, as well as from the cell surface, helping to recapture secreted GLA.
Once in the endosomes, the GLA-M6PR complex dissociates in the acidic environment, and
the receptors recycle to their compartments of origin (plasma membrane and/or TGN) [22].

2.3. Catalytic Mechanism of GLA

The GLA enzyme is an α-retention glycoside hydrolase, because both the substrate
and the product have anomeric carbons with α configurations. The mechanism of these
enzymes occurs by means of a double displacement reaction, where two consecutive
nucleophilic attacks on the anomeric carbon lead to the general retention of the anomeric
configuration. Two carboxylates are required, one acting as a nucleophile and the other as
an acid/base [23]. The first nucleophilic attack on the substrate comes from D170, which
cleaves the glycosidic bond and results in the formation of a covalent enzyme-intermediate
bond. In the second step of the reaction, a molecule of water (deprotonated by D231)
attacks carbon 1 of the covalent intermediate, releasing the second half of the catalytic
product and regenerating the enzyme to its initial state. The enzyme is more effective at
low pH, according to its highly acidic composition and lysosomal location [24].

3. Current Treatments For FD

There have been numerous advances in the knowledge of the disease pathogenesis, as
well as in its treatment. However, current available therapies are not curative, as they only
delay the progression of the disease, in addition to presenting several limitations. Currently,
two therapeutic approaches are approved for FD treatment: enzyme replacement therapy
(ERT) and pharmacological chaperone therapy (PCT).

3.1. Enzyme Replacement Therapy

ERT consists of systemic infusions of recombinant GLA. In this way, it is possible to
replace the enzyme that is absent or deficient and eliminate, or reduce, the accumulation
of Gb3 [25]. Treatment should be started as soon as the diagnosis is made, regardless
of whether there are clinical manifestations or not, as Gb3 deposits already begin in
intrauterine life [2]. Two formulations of recombinant human GLA have been developed:
alpha agalsidase (Replagal, by Shire) and beta agalsidase (Fabrazyme, by Sanofi Genzyme).
The first one is produced by overexpression in human fibroblasts and the second one in
CHO cells. They are administered by intravenous infusions every two weeks (agalsidase
alpha at a dose of 0.2 mg/kg and agalsidase beta at a dose of 1 mg/kg). Both treatments
result in the reduction of Gb3 plasma and urinary levels, as well as decreased storage
of glycosphingolipids in lysosomes. The ERT response in patients can be influenced by
several factors, an important one being the formation of anti-drug antibodies (ADAs). A
high percentage of patients with Fabry disease lack the GLA enzyme completely; therefore,
when the recombinant enzyme is administered, the immune system recognizes it as nonself,
triggering an immune response. The apparition of ADAs may negatively influence the
long-term efficacy of the treatment [26].

Apart from ADA formation, ERT for FD presents other potential limitations. It has a
limited tissue penetration and lacks efficacy if started at advanced stages of the disease.
GLA does not pass the blood–brain barrier and it may induce infusion adverse reactions.
Finally, ERT is a lifelong therapy requiring intravenous administration every 2 weeks,
where it is also associated with a high cost of the treatment.

3.2. Pharmacological Chaperones

On the other hand, PCT is based on the use of small molecules (pharmacological
chaperones, PCs) capable of stabilizing the mutant enzyme to ensure its correct folding.
This prevents the degradation of the enzyme by unproper folding, allowing trafficking to
the lysosomes where the PC and mutant enzyme dissociate, so that the enzyme can exert its
function. The term “pharmacological chaperones” appears to label those molecules that can
act as drugs, facilitating the proper folding of certain mutant proteins with incorrect folding.
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PCs should not be mistaken for molecular chaperones, as they are low-molecular-weight
chemical molecules instead of proteins [27].

Lysosomal storage diseases have become an important target in the study and de-
velopment of PCs, as the ER quality control often recognizes mutant forms of lysosomal
enzymes that present minor modifications in their stability or conformation, but still retain
catalytic activity. It results in a premature enzyme degradation, which prevents trafficking
through the secretory pathway and causes the loss of function.

For PCT to be effective, patients must have susceptible (amenable) mutations, that is,
those with certain GLA residual activity [28]. Currently, there are at least 367 amenable and
711 nonamenable mutations known, based on an in vitro assay [29]. The first studies on
PCT were carried out for FD. In 1995, a study carried out by Okumya et al. [30] showed that
the administration of galactose stabilized GLA mutants, resulting in a higher secretion and
activity. Later, in 1999, a galactose analog (an iminosugar called 1-deoxygalactonojirimycin,
DGJ) was found to be more efficient than galactose in stabilizing GLA mutants [31]. DGJ
binds reversibly and selectively to the active site of GLA with high affinity. Iminosugars
such as DGJ are charged molecules with a low capacity to cross membranes due to a
negative octanol-water partition coefficient. Modifications to enhance lipophilicity with
alkylation have been proposed but resulted in lowered DGJ efficacy [32]. DGJ is a potent
GLA inhibitor, stabilizing the enzyme at both neutral and acidic pH. This means that it can
stabilize the enzyme in the ER, but it can also cause a partial inhibition of the enzyme in the
lysosome [33]. Due to this, for DGJ to be effective, its administration has to be intermittent
as the half-life of most GLA mutants is longer than the half-life of DGJ in vivo. Nowadays,
PCT with DGJ is approved for FD treatment in patients with amenable mutations under
the name “Migalastat,” a drug developed by Amicus Therapeutics.

For amenable mutations resulting in the synthesis of a defective enzyme in which
activity and stability are altered, PCT by orally administered Migalastat might be a better
choice for addressing certain unmet medical needs associated with ERT (like antibody
formation). On the other hand, inhibitors are not the ideal drugs, as they may not be able
to fully revert the phenotype of the disease. As seen, DGJ represents a good starting point
but has several limitations that could be improved. Therefore, the study of novel PCs
could overcome this limitation, increasing therapy effectiveness. Due to this, it has been
proposed to modify first-generation PCs to enhance their therapeutic effects. To test these
(and others) new potential PCs, the identification of amenable mutations and, ideally, their
production as recombinant enzymes is needed.

4. GLA Mutations

Currently, more than 1000 different mutations have been described in the GLA gene.
According to the Human Gene Mutation Database [3], such mutations can be sorted
in different categories: missense/nonsense (~69%), deletions (~19%), insertions (~6%),
splicing defects (~5%), and others (~2%). They are related to several abnormalities, such as
irregular intracellular trafficking, altered protein folding, reduced activity of the active site,
and lower affinity for substrates.

4.1. Most Frequent GLA Mutant Variants

Isolation and sequencing of the entire genomic sequence of the GLA gene allowed
the detection and characterization of the mutations causing FD. Furthermore, diffusion
of screening studies in the high-risk population and in newborns has contributed to the
identification of numerous genetic variants. Among the most frequent variants described
in the GLA gene, there are E66Q, A143T, D313Y, R118C, N215S, M296I, and R112H [4].
However, a percentage of mutations are classified by the scientific community as “genetic
variants of unknown significance” (GVUS), as it cannot be stated with certainty whether
they are benign or pathogenic [34].

The classic phenotype in males can be caused by a diversity of GLA variants, includ-
ing genetic rearrangements of different sizes, splicing defects, and missense/nonsense
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mutations [35]. On the other hand, people with atypical late-onset variants (kidney, cardiac,
or cerebrovascular disease) present mainly missense and splicing mutations that lead to
residual enzymatic activity. However, several pathogenic variants (e.g., R301Q) have been
identified to appear both in individuals with the classic phenotype and cardiac variant,
indicating that there may be other important factors in the manifestation of the disease [36].
Due to this, the correlation between genotype and phenotype is complex as the same
mutation can give rise to different clinical manifestations.

4.2. Most Frequently Mutated Residues

Mutations in the GLA gene can be found throughout the whole sequence. According
to the Human Gene Mutation Database, 69% of the residues of GLA have been found to be
mutated in patients with Fabry disease. There are certain amino acids in which mutations
are most frequently located. Tryptophan is the amino acid with the highest mutation
frequency in the GLA-described mutations. Of the 17 residues of tryptophan within the
protein, 15 of them are found mutated in patients with Fabry disease (94% mutation rate).
They are usually nonsense mutations, which can negatively affect the internal folding of
the protein as tryptophan contributes to the formation of the hydrophobic nucleus.

The second most frequently mutated residue is cysteine. Of the 13 cysteines present
in the protein, only the cysteine of the signal peptide has not been found in any patient
with Fabry disease, which gives a mutation rate of 92%. Numerous mutations in cysteines
involved in disulfide bond formation have been identified, while mutations in free cysteines
are less common. Mutations in cysteine residues that form disulfide bonds result in
incorrect folding of the protein and its complete or partial lack of function, indicating its
importance in protein folding and thermodynamic stability. In most of the cases described,
mutations affecting disulfide bonds lead to the severe form of Fabry disease [37]. Mutations
in free cysteines (C90X, C174G, and C174R) have been described but appear much less
frequently and are associated with a late, attenuated phenotype of the disease [38–40].
Consequently, free cysteine residues play a minor structural role within the protein versus
residues that form disulfide bonds. Studies of recombinant GLA have revealed the tolerance
of free cysteine residues to amino acid change [37]. C90 is completely buried inside the
protein surrounded by relatively large hydrophobic and aromatic residues (L45, Y88, L166,
and F295) and covered by K168. Therefore, this position only tolerates certain conservative
mutations with small side chains such as C90S, C90A, C90T, and C90V. In the case of
C174, the amino acid change causes loss of activity, indicating a greater importance in
the protein. This residue is found on the surface of the enzyme with the sulfhydryl side
chain partially buried. Moreover, it is close to the disulfide bond formed by C142 and
C172, which is part of the active site. This explains the greater impact of mutations in
this position compared to the other free cysteine. Other frequently mutated residues are
glycine and arginine. As glycine is the smallest amino acid, changes to more voluminous
amino acids could result in an alteration in the stability of the protein. Glycine has a
mutation rate of 84% in described mutations, as, of the 33 residues of glycine, 28 have a
described mutation in the Human Gene Mutation Database. Arginine can establish both
hydrophobic and hydrophilic interactions. There are 21 residues of arginine within the
sequence of the protein and 13 are found on the list of point mutations (62% mutation rate).
Lysine is chemically similar to arginine but has a mutation rate significantly lower (35%),
indicating the importance of arginine in the functioning of the enzyme. The explanation
could be that arginine is buried or partially buried inside the protein more frequently than
lysine, which is almost always exposed on the surface. Other residues commonly mutated
are those that are part of the active site of the protein or are close to it. All residues that
participate in the catalytic activity of the protein have been described with mutations in
patients with FD; therefore, the active center is highly sensitive to mutations [41]. In the
case of glycosylation sites, the main site affected by mutations that give rise to disease
phenotypes is N215. However, different clinical manifestations have been described for the
same mutation (N215S), including moderate phenotype [42], attenuated [43], and atypical
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variants [44]. This site, as previously mentioned, is important for the enzyme’s solubility, as
well as for its transport from the endoplasmic reticulum to the lysosomes, which explains
the appearance of the disease. Mutations at this site would alter the correct folding and
transport of GLA, resulting in a nonfunctional protein [45]. The presence of an adjacent
hydrophobic sequence supports the importance of this site in the solubility of the enzyme,
as the hydrophobic zone must be covered by the oligosaccharide to prevent the aggregation
and degradation of the enzyme.

4.3. Nonsense Mutations

Finally, nonsense mutations, where the mutation produces a stop codon, are also
common. Premature termination results in shortened proteins at the C-terminus, and some-
times, the protein cannot be produced, due to early degradation of the mRNA. Generally,
this type of mutation is associated with a severe phenotype. However, removal of the first
residues has been found to give rise to a protein with superior enzyme activity [46,47].

4.4. Location-Dependent Biological Effect of Mutations

Mutations in different locations of the protein can cause different effects. Mutations in
enzyme active site residues result in a significant or total loss of enzymatic activity, while
mutations in hidden residues inside the protein hamper the formation of the hydrophobic
nucleus and affect correct folding. Both types of alterations can lead to the clinical manifes-
tation of the disease. Figure 1 shows the location of described mutations throughout the
GLA monomer. Mutations in the proximity of the active site are common. However, most
of the residues affected by point mutations in FD are distributed throughout the protein
sequence and, mainly, in the hydrophobic nucleus, where more than half of the described
mutations are found [48]. These mutations, which do not directly affect the active site of
the protein, often lead to proteins that retain some residual activity. Residues affecting the
correct folding of the protein have been found throughout the full-length protein, while
mutations directly affecting the activity of the protein occur preferentially within, or in
close proximity to, the active site [49].
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Figure 1. Tertiary structure of GLA monomer, showing (in blue) the location of point mutations
described according to Human Gene Mutation Database [3], as well as the residues involved in the
active site of the enzyme (in pink). Mutations for all residues in the active site have been found and
described. Image obtained using UCSF ChimeraX software, based on PDB: 1R46 structure.

4.5. GLA Mutants with Low Activity and/or Stability

The majority of the above-mentioned GLA mutations are disease-causing. Taking
into account the mechanism of pathogenesis, mutations can be divided into two groups:
mutations that directly affect the active site (“catalytic”) and mutations that affect the correct
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folding of the protein (“noncatalytic”). Between these two, “noncatalytic” mutations are
more prevalent, a fact that leads to the conclusion that FD is mainly a protein folding
disease [1]. Several studies analyzing the activity and stability of these mutants confirmed
that mutations interfering with the correct folding lead to proteins with residual activity
and that are prone to degradation. This results in a loss of function, as they are not able to
escape the ER and travel to the lysosome [28]. Further characterization of the mutants will
allow the development of improved treatments for the disease, particularly in the case of
mutations concerning the structural conformation of the protein.

Mutants as Tools to Develop Pharmacological Chaperones

Pathogenic mutants affecting correct GLA folding are excellent tools to study and
develop the previously mentioned PCT. The current PC used to treat patients with amenable
mutations of GLA is DGJ, which represents a good starting point but has several limitations
that could be improved. In this context, mutants with improper folding produced in vitro
could have an important application used as a tool for the development of new PCs.

The residual activity and stability of GLA mutants have been measured in the presence
or absence of pharmacological chaperones, mainly DGJ, by several authors, demonstrating
the efficacy of this type of therapy in the treatment of FD. In Figure 2, some examples of
known mutants with decreased activity are summarized, showing their enzymatic activity
(in respect of that of the WT enzyme) both with and without DGJ.
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Figure 2. Enzymatic activity of GLA mutants compared with that of wild-type enzyme, and effect of DGJ addition. In white,
residual enzymatic activity without DGJ; in black, enzymatic activity after adding DGJ. The mutants shown are examples
described by several authors.

As can be seen, in all the GLA mutants tested, DGJ had a positive effect on the
enzymatic activity displayed by such mutants. In some cases, enzymatic activity reached
values very close (or even higher) compared to the wild-type enzyme. Moreover, in vitro
prediction of the efficacy of PCs is possible, as the responses obtained by recombinant
mutants of GLA have shown a high degree of consistency with the responses of Fabry
patient’s cells, as indicated in several studies [49,50]. Thus, it can be concluded that
these DGJ in vitro tests are a reliable tool to measure the residual activity ex vivo and
responsiveness to PCs.

Derivates of DGJ with improved therapeutic effect could also be examined. For
example, Yu et al. synthetized a DGJ-thiourea derivate with high efficacy to enhance the
residual activity of FD-associated GLA mutants, reducing the accumulation of the substrate
Gb3 in FD cells. This chaperone, although inhibiting GLA at both neutral and acidic pH,
showed a superior chaperoning effect than DGJ [51]. To avoid the inhibition of the enzyme
in the lysosome, pH-sensitive derivates have been proposed. The strategy suggested by
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Mena-Barragán et al. [52] is based on the incorporation of an orthoester segment into
the iminosugar conjugate to switch the hydrophobic-hydrophilic balance of the molecule
on going from the neutral ER to the acidic lysosome. This has a dramatic effect on the
enzyme binding affinity, leading to irreversible dissociation of the PC-enzyme complex at
the lysosome [52].

Although pH-responsive chaperones could correct the problem of lysosomal inhibi-
tion, the ideal PC would be an allosteric ligand in order to achieve stabilization of missense
mutations without obstructing the active site of the enzyme.

In addition to modifying first-generation PCs, another option to search for new po-
tential molecules with these characteristics is molecular docking. Citro et al. identified an
allosteric hot-spot for ligand binding by in silico docking, where 2,6-dithiopurine (DTP),
a drug-like compound also identified in the study, binds preferentially. DTP showed a
stabilization of lysosomal GLA in vitro also in mutants that do not show responsiveness to
DGJ [53].

Another interesting approach in the search for new molecules for PCT is “drug
repositioning,” which consists of using existing drugs for new therapeutic approaches. This
strategy is particularly interesting for neglected diseases as it can speed up the development
of the drug and lower the costs [54]. In this way, the screening of FDA-approved drugs
could result in the discovery of novel molecules with the ability of assist lysosomal enzymes,
such as GLA, to achieve the proper folding. As a matter of fact, there are several cases in
which small, approved drugs have been successfully repositioned as PCs for rare diseases.
An example is Diltiazem, an antihypertensive, that produces the restoration of mutant
glucocerebrosidase activity in cells from patients with Gaucher disease [55]. In the case of
FD, it was reported that Rosiglitazone (RSG), an antidiabetic approved by the FDA, when
used in monotherapy or in conjunction with DGJ, resulted in a significant enhancement of
mutant GLA activity [56].

Another small molecule identified through high-throughput screening is Ambroxol,
an expectorant approved by the FDA. Ambroxol was found to be an inhibitor and stabilizer
of lysosomal acid glucosylceramidase (Gaucher disease). However, its affinity is much
lower in the acidic pH of the lysosome, allowing its dissociation [57]. Ambroxol has also
showed efficacy for lysosomal GLA, but only in combination with DGJ [56]. This indicates
the possibility of finding drugs that could act in different lysosomal storage diseases. The
explanation for the wide-ranging effect of Ambroxol could be explained by the structural
similarity of lysosomal enzymes, as well as the possible triggering of other stabilizing
mechanisms apart from binding the enzyme.

There are other small molecules that can stabilize missense mutants, such as pro-
teostasis regulators (PRs), which enhance the capacity of the proteostasis network [58].
PRs can activate the protein quality control of the cell so that the availability of molecular
chaperones is increased. Additionally, they can directly enhance the function and activity
of chaperones. This results in reduced protein misfolding due to a high protein folding
capacity [59]. PRs were first tested as therapeutic drugs to treat lysosomal storage diseases.
Seemann et al. investigated PRs for the treatment of FD, which resulted in the identification
of small molecules (proteasome inhibitors such as MG132, BTZ, and CLC and an inhibitor
of the ERAD) able to increase mutant GLA activity in patient-derived fibroblasts [60]. PRs
can also work together with PCs in a synergistic mode of action to revert the disease of
the phenotype, potentiating their therapeutic effect [61]. In the case of FD, the previously
commented PRs identified also acted synergistically with DGJ, demonstrating the potential
of combination treatment in a therapeutic application [60].

As already mentioned, not all GLA mutations can be corrected by PCT. Only patients
with specific responsive, amenable mutations (those affecting correct protein folding and
with residual activity) can benefit from this treatment [28]. Most GLA mutations leading to
the manifestation of FD are private mutations, which makes it difficult to estimate the rate
of responsive mutations. Due to this, further characterization of each described mutation
is needed to determine which mutations are responsive and which are not. As different
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laboratories have developed their own assays to investigate lysosomal glycosidases, assay
parameters (and conclusions) are often controversial. Therefore, a universal assay to check
the responsiveness to PCT is needed. In any case, the current definition for a responsive
mutation is with increases of 20% in the relative enzyme activity and 5% in the absolute
enzyme activity compared to the wild-type enzyme [62].

There is a database, FabryCEP, that provides the comparison of results obtained by
different experimental approaches for hundreds of GLA mutants in response to DGJ [63].
Additionally, if there are no experimental data for a specific mutation, it incorporates a
predictive tool that provides a probability of a given mutation to be responsive to the drug
based on a structural, functional, and evolutionary analysis.

Altogether, there are multiple ways in which PCT can be improved for the treatment of
FD. In any case, the identification, production, characterization, and testing of unfavorable
GLA mutants to test the efficacy of potential drugs with therapeutic effect are required.

4.6. GLA Mutants with Improved Activity and/or Stability

As previously described, most of the GLA mutations have been found in patients
suffering from FD. However, mutations leading to a GLA with improved properties
such as activity, stability, and/or secretion than the wild-type enzyme have also been
described. Such mutations are not detected, as people expressing these “improved mutants”
are expected to be phenotypically healthy and do not develop FD. However, different
works involving the production of recombinant GLA mutants have found and described
mutations rendering improved versions of the GLA enzyme.

For example, Qiu et al. produced in vitro recombinant mutants of GLA with the free
cysteines (C90 and C174) mutated to understand their role in the structure and function of
the protein [37]. Mutations in cysteines involved in disulfide bond formation are common
in FD patients, but mutations in free cysteines appear less frequently. C90 is more tolerant
to changes than C174, due to its structural environment. Conservative mutations at C90 do
not affect protein function and showed even higher enzymatic activities than the wild-type
enzyme did. These mutations were C90T, C90V, C90A, and C90S, and they showed 187%,
181%, 153%, and 119% of enzymatic activity compared to wild-type GLA, respectively
(see Figure 3 panel A). The explanation for the increased catalytic activity could be that
subtle modifications induced by conservative modifications lead to an enhancement of the
conformational flexibility.

Lukas et al. analyzed a significant number of mutations to establish a correlation
with clinical manifestations and identify novel mutations [62]. In this study, two-point
mutations (N139S and R252T) showed higher enzymatic activities (see Figure 3 panel
B) than the wild-type enzyme (148% and 117%, respectively) did. However, N139S was
related to clinical manifestations of the disease in a study carried out by Havndrup et al. [9].
The mutation was found in a woman with asymmetric septal hypertrophy, a significant
left ventricular outflow tract gradient, and chronic obstructive pulmonary disease cardiac
symptoms. N139S is part of the 138GNK140 sequence, a signature sequence in the family
27 of glycoside hydrolases, which could explain the pathogenesis of the mutation. The dis-
crepancy between the higher activity and the presence of possible FD symptoms demands
for further characterization of the N139S mutation.

Furthermore, carboxyl-terminal deletions have been reported to increase GLA en-
zymatic activity. Miyamura et al. produced in vitro mutants with various deletions of
the C-terminus in COS-1 cells to analyze their effect [47]. They reported an increase in
enzymatic activity when the deletion occurs in the last ten residues. In contrast, if the
deletion comprises more than those ten residues, it results in a drastic loss of enzymatic
activity. The GLA activities observed were 420%, 620%, 560%, 230%, 460%, 480%, 270%,
and 280% of those of WT GLA for ∆2, ∆4, ∆5, ∆6, ∆7, ∆8, ∆9, and ∆10, respectively (see
Figure 3 panel C).
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Figure 3. Enzymatic activity of several “improved” GLA mutants, compared to wild-type GLA enzyme. The mutants shown
are examples described by several authors. Abbreviations: WT: wild-type GLA; ∆X: C-terminal deletions corresponding to
“X” missing residues.

Further characterization of the carboxyl-terminal truncations was carried out by
Meghdari et al. [46]. They produced (in the methylotrophic yeast Pichia Pastoris) and
purified the mutant enzymes with deletions of 2, 4, 6, 8, and 10 C-terminal amino acids (∆2,
∆4, ∆6, ∆8, ∆10, respectively) to perform quantitative enzyme assays. The results showed
increases in the kcat and Vmax with deletions of 2, 4, 6, and 10 amino acids (see Figure 3
panel D). However, the deletion of 8 C-term amino acids decreased the kcat. Discrepancies
in this ∆8 mutant with the previous report from Miyamura could be explained due to
experimental differences between them. Meghdari et al. used P. Pastoris as the expression
system, while, in the previous experiment, COS-1 cells were used. Therefore, there could
be differences in GLA post-translational modifications that specifically affect the protein
activity/stability of this mutant in each expression system, as well as the presence of other
proteins in the cytoplasm of P. pastoris or COS-1 cells that could interact with the protein,
affecting its catalytic activity.

The final residues of each monomer in GLA do not have an associated electron density,
and it is likely that it is a disordered region. Furthermore, there is a low sequence homology
between GLA from different species. The C-terminus is located far from the active site,
so mutations in this position do not directly affect the active site. Altogether, it can be
hypothesized that the impact of C-terminus deletions on the activity of the enzyme could
be due to alterations of the enzyme’s three-dimensional structure. This could influence
enzyme dimerization, substrate binding, or potential interactions with other molecules in
the cell.

Putative Applications of Improved Mutants in Innovative FD Therapies

As mentioned before, the current therapy to treat patients suffering from FD, and
particularly those with mutations that are not responsive to PCT, is enzyme replacement
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therapy (ERT). The administration of recombinant GLA decreases Gb3 levels and alleviates
clinical symptoms. However, the appearance of anti-drug antibodies (ADAs) against
recombinant GLA can negatively influence the efficacy of the treatment by changing the
distribution, cellular uptake, cellular localization, or catalytic activity of the administered
enzyme [64]. Thus, further studies exploring the development of ADAs in FD patients
using ERT and the potential impact of such antibodies on the efficacy of the therapy are
necessary.

Vedder et al. reported that administering higher doses of the enzyme resulted in a
stronger decrease in Gb3 with less impact of antibody formation [65]. Therefore, the use of
mutated enzymes with increased activity would be expected to overcome the inhibitory
effect of antibodies on treatment effectiveness. By using an enzyme that is more active on
a per milligram basis, a therapeutic effect equivalent to the wild-type enzyme could be
achievable through infusion of a lower dose. However, this approach is not being explored
despite its apparent benefits. One possible explanation to this could be related to legal
issues regarding the use of mutant enzymes instead of the wild-type enzyme, in terms of
safety, side effects, and efficacy.

Nevertheless, mutants have already been approved for the treatment of other diseases,
such as diabetes. Insulin lispro ([Lys(B28, Pro(B29)]-human insulin) is an insulin analogue
in which the natural amino acid sequence of the B-chain at positions 28 and 29 is inverted,
reducing potential dimerization of the molecule [66]. This allows larger amounts of active
monomeric insulin to be available for postprandial injections. Insulin lispro, based on a
mutation in the C-terminus, was first approved for use in the United States in 1996 and has
proved to be efficient and safe.

As described above, removal of several residues from the C-terminal sequence of wild-
type GLA results in a significant increase in enzymatic activity. Moreover, both agalsidase
beta and agalsidase alfa display some degree of C-terminal heterogeneity with truncated
species lacking either one or two C-terminal residues [67]. Agalsidase beta contains mainly
full-length protein with 7.6% of ∆1 and 22.8% of ∆2, while agalsidase alfa contains only
5.7% full length, with 73.2% of ∆1 and 21.1% of ∆2. These differences most likely occur due
to proteolytic processing of the mature full-length protein, according to the authors. The
significantly increased activity of some of the mutants with C-terminal deletions suggests
the starting point for an improved treatment for FD.

Furthermore, the existence of mutants with higher enzymatic activity raises the pos-
sibility of studying potential combinations of mutations that could lead to even higher
activities. Therefore, further analysis and characterization of the mutations mentioned,
as well as the investigation of novel mutations with similar properties, is required to
determine the improvement that would mean the use of such mutants in ERT.

4.7. Other Modifications in Recombinant GLAs in Innovative FD Therapies

Other strategies to improve ERT have been studied, mainly regarding post-translational
modifications, for example, the use of a recombinant GLA with enhanced sialylation ob-
tained through in vitro glycosylation [68]. Sialic acid capping is essential for proper tissue
targeting and increased half-life in serum as it masks the terminal galactose, preventing it
from being recognized by the asialoglycoprotein receptor in the liver, which would end in
clearance from the blood. Another strategy studied is covalent bonding between two GLA
subunits. Ruderfer et al. studied this approach using PEG-based cross-linkers of various
lengths and, currently, the developed enzyme (Pegunigalsidase alfa, by Protalix) is being
tested in phase III of clinical trials [69]. These strategies could also be implemented with
the use of improved mutants, which could result in a drug with increased stability and
half-life in serum, as well as with the possibility to overcome the inhibitory effect of ADAs
by applying lower doses of the enzyme.
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5. Conclusions

Although important actions have been taken to improve the treatment of FD, a defini-
tive cure is not yet available. An incomplete understanding of disease pathogenesis still
limits the ability to effectively treat FD patients. ERT and PCT are currently approved for
FD; however, these treatments are not curative and show several limitations. Further study
of the mechanisms involved in the disease will allow the development of new therapies, as
well as the improvement of the existing ones. The current availability of animal models
together with the study and characterization of GLA mutants can be used as tools for the
purpose.

In Figure 4, we summarize the putative use of GLA mutants as a tool for the study and
development of novel drugs for the treatment of FD. For a small subset of patients with
specific amenable mutations, treatment with PCs might be a suitable approach. Improve-
ments in this therapy can be assessed by making use of unfavorable mutants with incorrect
folding. Inhibitors such as DGJ (Migalastat) are not the ideal drugs, as they cannot fully
revert the phenotype of the disease. Therefore, the screening of new molecules and in vitro
analysis with GLA mutants could lead to the discovery of novel PCs for the treatment of FD.
Concerning this matter, a useful approach is drug repositioning as it allows the lowering of
the costs and shortening of the duration of the approval process. For the remaining patients,
ERT is still the main treatment of the disease. It is not genotype-dependent, as PCT, but
presents other limitations that influence its effectiveness. One of the main challenges with
ERT (apart from targeted, specific delivery of GLA to difficult sites of pathology such as
the kidney and heart in FD, infusion-associated reactions, and that it is a lifelong therapy
requiring intravenous administration every 2 weeks associated with a high cost) is the
associated formation of anti-drug antibodies (ADAs) against recombinant GLA. The use of
mutated enzymes with increased activity could overcome the inhibitory effect of antibodies
by achieving the same (or even higher) therapeutic effect with lower GLA doses. Such
lower doses of infused enzyme would probably result in lower or reduced ADA formation.
In this sense, the relationship between the amounts of infused GLA and ADAs titer has
already been published—Vedder et al. reported that antibodies were more frequent in
patients treated with agalsidase beta at 1.0 mg/kg than in patients treated with agalsidase
alfa at 0.2 mg/kg (p = 0.005) [65]. Thus, GLA mutations involving C-terminal deletions
seem to be a very promising approach to obtain “improved” versions of the therapeutic
enzyme, allowing a similar therapeutic outcome with lower amounts of infused enzyme.

Enzymatic activity is not the only factor to take into account in order to obtain im-
proved therapeutic enzymes. Other characteristics such as proper biodistribution and
pharmacokinetics or plasma stability, among others, are key to achieve better therapeutic
effects. Such parameters should be deeply characterized for every mutant, apart from their
specific enzymatic activity. For example, Qui et al. showed that mutants C90S, C174S,
and C90S/C174S are enzymatically active, structurally intact, and thermodynamically
stable, as measured by circular dichroism and thermal denaturation [37]. In another study,
C-terminal deletions of the GLA enzyme showed not only better enzymatic performance
but also an equal thermal stability at 30 ◦C, 40 ◦C, and 50 ◦C for wild-type and C-terminal
GLA mutants [46]. These studies show that researchers in the field are fully aware of
the importance of other parameters than only enzymatic activity to check new putative
candidates for ERT in FD.

Different approaches to improve ERT are being investigated. Therefore, the com-
bination of these strategies with the exploitation of favorable mutations could lead to a
recombinant GLA enzyme with much higher activity and stability. One concern about the
use of GLA mutants as drugs for FD treatment is their approval by regulatory authorities.
However, it has great potential to confer clinical benefits and could mean an improvement
in the current methods. Therefore, it may be worth investing more time and efforts, despite
the inconveniences, with the aim of achieving better results. Further investigation should
be addressed to prove its safety and effectiveness. Our understanding of the pathogene-
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sis of the disease is constantly changing and we should be ready to implement possible
innovations.
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Abstract: Mucopolysaccharidosis type II (MPS II) is a lysosomal storage disorder based on a mutation
in the IDS gene that encodes iduronate 2-sulphatase. As a result, there is an accumulation of
glycosaminoglycans—heparan sulphate and dermatan sulphate—in almost all body tissues, which
leads to their dysfunction. Currently, the primary treatment is enzyme replacement therapy, which
improves the course of the disease by reducing somatic symptoms, including hepatomegaly and
splenomegaly. The enzyme, however, does not cross the blood–brain barrier, and no improvement in
the function of the central nervous system has been observed in patients with the severe form of the
disease. An alternative method of treatment that solves typical problems of enzyme replacement
therapy is gene therapy, i.e., delivery of the correct gene to target cells through an appropriate vector.
Much progress has been made in applying gene therapy for MPS II, from cellular models to human
clinical trials. In this article, we briefly present the history and basics of gene therapy and discuss the
current state of knowledge about the methods of this therapy in mucopolysaccharidosis type II.

Keywords: mucopolysaccharidosis II; Hunter syndrome; adeno-associated viruses; genetic therapy;
gene editing; review

1. Introduction
1.1. The Basics

Mucopolysaccharidosis type II (MPS II, OMIM #309900), also called Hunter syndrome,
is a rare monogenic disease belonging to the group of lysosomal storage disorders (LSDs).
The estimated incidence of MPS II is 0.3–0.7/100,000 births [1]. The condition occurs
more often in the countries of East Asia than in Europe [2]. It is inherited in an X-linked
recessive way as the only form among mucopolysaccharidoses. Almost exclusively males
are affected, but there have also been reports of affected females, mainly due to non-random
inactivation of the X chromosome [3–9]. Charles A. Hunter first described this entity in
1917 in two brothers [10].

MPS II is caused by a mutation in the IDS gene, located at Xq28 (OMIM *300823), which
encodes iduronate 2-sulphatase. This enzyme is responsible for catalysing the hydrolysis
of sulphate groups from dermatan sulphate (DS) and heparan sulphate (HS) molecules.
Enzyme deficiency or decreased activity results in the accumulation of glycosaminoglycans
(GAGs) in various tissues and organs, leading to dysfunction [11,12]. Dermatan sulphate
and heparan sulphate accumulated in cells disrupt cellular processes such as endocytosis,
ion balance, and cell movement. In addition, heparan sulphate promotes the accumulation
of GM2 and GM3 gangliosides in the brain, due to which microglial cells are stimulated,
and an inflammatory reaction occurs in the central nervous system (CNS) [13]. On the other
hand, studies on model organisms (Danio rerio, Mus musculus) indicate that a mutation
in the IDS gene may also affect the developmental process differently by influencing the
signalling pathway of the fibroblast growth factor (FGF) [14]. Another factor contributing
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to the development of inflammation is the presence of incompletely degraded GAGs, which
may structurally resemble lipopolysaccharide, an endotoxin of Gram-negative bacteria
that activates the Toll-like receptor 4 (TLR4). This process leads to the secretion of pro-
inflammatory cytokines and the activation of the STAT1/STAT3 protein pathway, increasing
the concentration of tumour necrosis factor α (TNF-α) and inflammation in the affected
tissues [15].

The animal models, mainly mouse models, of mucopolysaccharidosis type II signifi-
cantly contributed to understanding the pathophysiology and the application of therapy
in this disease, including gene therapy [13]. The first preclinical attempts of gene therapy
were carried out in the 1990s [16]. It was also when the first clinical trials began, which
resulted in the further development of Hunter syndrome treatment.

1.2. Clinical Features

Despite its heterogeneity, the disease is usually classified into two main forms: at-
tenuated (without central nervous system involvement) and severe (with central nervous
system involvement). Both conditions show signs of many organs’ dysfunction, such
as hepatosplenomegaly, coarse facial features, skeletal system abnormalities (dysostosis
multiplex), joint stiffness, short stature, carpal tunnel syndrome, heart valve disease, hy-
pertension and other cardiac abnormalities, communicating hydrocephalus and hearing
loss. In addition, patients with MPS II also suffer from frequent respiratory infections and
decreased exercise tolerance. The severe form of the disease, which accounts for about 60%
of cases, is characterized by the child’s normal development until about 2–4 years of age
when cognitive functions deteriorate and the process of acquiring new skills is inhibited.
Attention difficulties are also common in school-age patients with the severe form of Hunter
syndrome. An additional manifestation of CNS damage is frequent epileptic seizures. Pa-
tients with deletions, recombination, frameshift mutations, or splicing abnormalities are
more likely to develop a severe phenotype. In the case of missense mutations, some may
lead to a severe phenotype but most likely predisposed to the attenuated form. Due to the
heterogeneity, in many cases, it is difficult to determine the exact genotype/phenotype
correlation and predict the nature of development in a particular patient [13,17].

1.3. Diagnosis and Management

For the final diagnosis of the disease, biochemical and molecular tests are performed.
First, the level of glycosaminoglycans in a 24-h urine collection is determined and then the
activity of the iduronate 2-sulphatase enzyme, e.g., in peripheral blood lymphocytes, skin
fibroblasts or chorionic cells (as prenatal diagnosis) is assessed [11,13]. Sanger sequencing is
usually performed to detect mutations in the IDS, but the development of Next Generation
Sequencing (NGS) has paved the way to use gene panels to detect the mutation quickly
and exclude other lysosomal storage disorders [11,18,19].

Patients with mucopolysaccharidosis type II, as a disease with a heterogeneous clinical
picture, require multidisciplinary care. Historically, before the pathophysiology of the
disease was known, management was limited to symptomatic treatment and palliative
therapy. In studies conducted on fibroblasts collected from patients with mucopolysac-
charidosis type I (MPS I) and mucopolysaccharidosis type II, normal levels of GAGs
were observed. Researchers discovered the phenomenon, so-called cross-correction, i.e.,
enzyme secretion by some cells and its uptake by others via the mannose-6-phosphate re-
ceptor [20,21]. The discovery of this phenomenon contributed to the acceleration of studies
on therapeutic agents. Currently, the mainstay of treatment is enzyme replacement therapy
(ERT) using human recombinant iduronate 2-sulphatase administered intravenously [1].
Thanks to ERT, it is possible to reduce the concentration of GAGs in the urine, reduce the
size of the liver and spleen, and improve physical tolerance and stabilize the bone and
cardiac abnormalities.

92



Int. J. Mol. Sci. 2021, 22, 5490

Unfortunately, the enzyme itself cannot cross the blood–brain barrier (BBB). Attempts
are made to administer the enzyme intrathecally or intraventricularly. These studies were
successfully performed in the MPS II mouse model. Higuchi et al. [22] showed a reduced
concentration of GAGs in the brain tissue of mice and other organs, such as the heart, lungs,
kidneys, testes, and liver. In addition, they demonstrated an improvement in short-term
memory and learning skills, and in brain autopsy, a reduction in cell vacuolization and the
expression of the lysosomal marker protein LAMP2. Similar research results were obtained
by Sohn et al. [23]. They additionally showed a correlation between the concentration
of HS in the cerebrospinal fluid (CSF) and the GAGs levels in the brain. At a later stage,
clinical trials were carried out in MPS II patients with the administration of the enzyme via
the intrathecal or intraventricular route, along with the standard intravenous drug admin-
istration [24]. In a study conducted by Muenzer’s group [25], the enzyme administered
intrathecally in increasing doses made it possible to reduce the concentration of GAGs
in CSF by 80–90%. Another clinical trial was conducted by the group of Seo et al. [26] in
Japan (JMACCT CTR JMA-IIA00350) on a group of six patients with severe MPS II. They
were administered idursulfase beta into the brain’s lateral ventricle via a CSF reservoir
system implanted under the scalp. The drug was administered in escalating doses from 1
to 30 mg every four weeks from 0 to 24 weeks and then 30 mg to 100 weeks of the study. At
the same time, during the study, patients continued to receive the enzyme intravenously.
The authors assessed the developmental age based on the Kyoto Scale of Psychological
Development 2001 (KSPD). Patients receiving intraventricular idursulfase beta had sta-
bilized CNS function decline compared to patients receiving the enzyme intravenously
only. In addition, HS level in CSF at week 100 was significantly reduced compared to
the baseline. Anti-idursulfase antibodies were not detected in cerebrospinal fluid during
the trial. Apart from a few side effects (pyrexia, vomiting, and upper respiratory tract
infection), the therapy was generally well tolerated. Thanks to this study, intraventricularly
administered idursulfase beta was approved in Japan as Hunterase® [26]. The results of
these studies are promising, but the procedure is more invasive than intravenous injection
and still requires repeated administration of the enzyme.

Another way to bypass the difficulties associated with the blood–brain barrier is to
create a system that allows the drug to pass through the barrier. For this purpose, two
solutions are tried: receptor-mediated transcytosis and the use of carriers [24,27]. The
first option uses a natural process by which proteins enter the central nervous system.
The enzyme is conjugated with an antibody against a specific receptor and can defeat
the BBB by transcytosis via epithelial cells. Clinical trials have been conducted using
iduronate 2-sulphatase combined with an anti-human transferrin receptor antibody (J-
Brain Cargo®, JR-141, JCR Pharmaceuticals) [28] and an anti-insulin receptor antibody
(AGT-182, ArmaGen Technologies). The first outcomes of studies with JR-141 showed a
positive result in reducing the concentration of HS and DS in the cerebrospinal fluid, urine,
and plasma. The positive results of clinical trials conducted in Japan with pabinafusp
alfa (JR-141) [29] enabled the approval of Izcargo®, a system based on J-Brain Cargo®

containing 10 mL of pabinafusp alfa administered intravenously. It is the first agent on the
market that allowed the enzyme to cross the blood–brain barrier [30]. The results of using
AGT-182 have not been published yet [24]. A clinical trial is currently underway using an
enzyme conjugated to an antibody binding site to the transferrin receptor (DNL-310, Denali
Therapeutics). There are 16 patients with Hunter syndrome between the ages of 2 and 18
in the study, and recruitment is still open (ClinicalTrials.gov Identifier: NCT04251026) [31].
Another possibility to overcome the BBB is using a carrier that will deliver the enzyme to
the cell through the surface heparan sulphate receptor. Such a system using a recombinant
enzyme and a guanidinylated neomycin molecule, which has a high affinity for heparan
sulphate proteoglycans, has so far been used in a mouse model of mucopolysaccharidosis
type I (MPS I). Still, no trials have been carried out on MPS II models [32]. An additional
limitation of ERT is the enzyme immunogenicity, against which antibodies in the IgG class
are produced, even in about 50% of treated patients [11,33].
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Another method of causal treatment is hematopoietic stem cell transplantation (HSCT).
Peripheral blood monocytes can cross the blood–brain barrier and settle in the central
nervous system as microglial cells [34]. This property, combined with a single transplant
procedure, is a strong argument for the use of HSCT. However, complications associated
with immunosuppressive therapy and graft versus host disease (GvHD) necessitate careful
consideration of this method.

An alternative to the above therapeutic methods is the constantly developing gene
therapy. Mucopolysaccharidosis type II is a monogenic disease with relatively well-known
pathomechanisms, making it a good candidate as a target for gene therapy. In addition, it
allows avoiding the characteristic difficulties of ERT and HSCT. A comparison of the three
main treatments in MPS II is shown in Table 1. A more detailed discussion of the current
possibilities of gene therapy in MPS II is provided in the next part of the review.

Table 1. Comparison of enzyme replacement therapy, gene therapy, and hematopoietic stem cell transplantation.

Features Gene Therapy Enzyme Replacement
Therapy (ERT)

Hematopoietic Stem Cell
Transplantation (HSCT)

The essence of the method Delivery of the correct gene to
cells by vector

Administration of the correct
enzyme into the organism

Transplantation of donor cells
with the correct gene

Number of
therapeutic interventions Single Multiple Single

The main advantages of
the method

Stable gene expression, single
application with a

long-standing effect,
improvement in the central
nervous system (CNS) and

other organs

Relatively safe route of
administration (intravenous),

the only Food and Drug
Administration

(FDA)-approved method
so far

The ability to deliver the
enzyme to the brain via

monocytes, a
single application

The main disadvantages of
the method

The risk of developing an
immune response against the

vector and elements of the
transgene, the risk of

mutagenesis in the case of
viral vectors

The need for multiple
administration of the enzyme,
the inability of the enzyme to
cross the blood–brain barrier,

the risk of developing
neutralizing antibodies

against the enzyme

Conditioning before HSCT,
immunosuppression, the risk

of graft vs. host disease
(GvHD), limited gene

expression in the central
nervous system

2. Gene Therapy
2.1. The Basics

The term “gene therapy” includes the use of nucleic acids to treat human disease.
Gene therapy is generally divided into in vivo therapy, with the direct administration
of the vector to deliver the correct gene to the cells, and ex vivo therapy, in which cells
are collected from the patient’s body, applied with the vector and re-administered to the
patient. Vectors are classified as viral (e.g., retroviruses, lentiviruses, adeno-associated
viruses) and non-viral (e.g., Sleeping Beauty transposon system, nanoemulsions) [35,36].
Gene therapy was first used in the early 1990s in severe combined immunodeficiency
due to adenosine deaminase deficiency [37]. The first available agent on the market was
Gendicine®, an adenovirus with a human gene encoding p53 protein, introduced in 2004
in China, used in squamous cell carcinoma of the head and neck [38,39]. The first gene
therapeutics approved in Europe was alipogene tiparvovec (Glybera®), introduced in
2012. It is an adeno-associated virus (AAV) vector expressing the human lipoprotein
lipase gene used in familial lipoprotein lipase deficiency [40,41]. Currently, numerous
clinical trials are conducted in many diseases, and several other drugs are available on
the market, including voretigene neparvovec (Luxturna®) in congenital retinal dystrophy,
onasemnogen abeparvovec (Zolgensma®) in spinal muscular atrophy or Strimvelis® in
severe combined immunodeficiency caused by adenosine deaminase deficiency [42].
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2.2. First Attempts Gene Therapy with Retroviruses

The first attempts to create gene therapy for Hunter syndrome were made in the
1990s using retroviral vectors. Initially, good results were obtained in preclinical trials
using lymphocytes and hematopoietic stem cells CD34+ [16,43]. Braun et al. [16] used a
Moloney murine leukaemia virus-derived retroviral vector containing an IDS complemen-
tary DNA (cDNA) under the transcriptional control of a long terminal repeat sequence or
cytomegalovirus early promoter. The vector was applied to peripheral blood lymphocytes
collected from affected persons. The authors assessed the normal activity of iduronate
2-sulphatase and observed the phenomenon of cross-correction between cells. A similar
study using a modified virus was carried out by Hong et al. [43] using human hematopoi-
etic cells as target cells. The IDS was highly expressed in cells. As a result, a clinical
trial was opened but was discontinued due to insufficient gene expression and side ef-
fects [44,45]. The limitation of retroviruses is their integration into the host genome, the risk
of mutagenesis and immunogenicity. However, research using other viral vectors on model
organisms was continued and showed promising results [46–48]. Further clinical trials
are conducted using various forms of gene therapy, including genome editing systems
such as zinc finger nucleases (ZFNs) or Clustered Regularly Interspaced Short Palindromic
Repeat/Cas9 (CRISPR/Cas9) [48].

2.3. Gene Therapy with Lentiviruses

One of the types of gene therapy is the ex vivo method of collecting cells from the
patient to be treated. Usually, for this purpose, laboratories use hematopoietic stem cells
or so-called induced pluripotent stem cells (iPSCs) obtained from already differentiated
somatic cells, e.g., fibroblasts. iPSCs can later differentiate into many cell types, e.g., neu-
rons, myocytes, hepatocytes, etc. [48,49]. After the cells are harvested, the appropriate
genetic modification is made to produce and secrete the correct enzyme. For this purpose,
lentiviruses (derived from retroviruses) are usually used, which provide stable gene ex-
pression and deliver the missing gene to non-dividing cells, e.g., neurons [50,51]. After the
vector has been inserted, the cells are administered to the patient (autologous transplanta-
tion) [48]. This form of therapy was successfully applied in the MPS II mouse model by
Wakabayashi et al. [52]. The administration of hematopoietic stem cells with the lentiviral
vector containing the IDS to mice led to an increase in the activity of iduronate 2-sulphatase
and a decrease in the accumulation of glycosaminoglycans in the central nervous system
and other organs. In addition, the authors demonstrated a reduction in the accumulation
of secondary substances related to autophagy, the p62 protein, and protein and ubiquitin
conglomerates in the cells. Neither was there any deterioration in neuronal function [52].
As discussed above, lentiviral vectors have the advantages that make them frequently
used in gene therapy. However, there is one major limitation. They integrate into the cell’s
genome in a random, non-targeted manner, which is associated with the potential risk of
mutagenesis and neoplastic transformation. There are currently two clinical trials with this
method in mucopolysaccharidosis type I and mucopolysaccharidosis type IIIA (MPS IIIA),
but no clinical trials have been undertaken in Hunter syndrome [53,54].

2.4. Gene Therapy with Adeno-Associated Viruses

Another way to deliver the correct gene to cells is in vivo gene therapy with adeno-
associated viruses (AAVs). They are small viruses (25 nm) belonging to the Parvoviridae family.
They contain a 4.7 kbp genome as a single-stranded DNA molecule [55]. These viruses cannot
replicate on their own and need assistance from another virus, such as an adenovirus or a
herpes virus [56]. Human infection with AAVs occurs naturally. The first contact with the wild
type of this virus appears around 1–3 years of age. Thus far, it has not been shown that they
cause pathology in humans [57,58]. Unlike retroviruses and lentiviruses, they do not integrate
with nuclear DNA but function in the form of extra-chromosomal material—episomes. This
property reduces the potential risk of mutagenesis. They provide stable expression of the
transgene in both dividing and non-dividing cells [11,48,59–61]. The limitation of the AAVs
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is immunogenicity and the risk of generating neutralizing antibodies. Still, of all currently
available viral vectors, these appear to be the most advantageous and are most widely used
in preclinical studies and clinical trials.

One of the first studies on using of AAVs in lysosomal storage disorders, including mu-
copolysaccharidoses, was carried out at the end of the 20th century by research groups led
by Sands [62] and Davidson [63,64]. They conducted studies on mouse models, obtaining
improvements in somatic symptoms and central nervous system function [65].

Cardone et al. conducted the first study using AAVs in an animal model (mouse)
of mucopolysaccharidosis type II [66]. The authors used AAV type 2/8 with an inserted
cDNA for the human IDS gene, under the transcriptional control of the liver-specific
promoter of the TBG gene. Adult mice were injected intravenously with 1.0 × 1011 virus
particles. The mice were evaluated for seven months. The authors showed that iduronate
2-sulphatase activity was restored in plasma and tissues (including the central nervous
system), and the levels of GAGs in urine were normalized. Skeletal abnormalities also
improved. A similar study on a mouse model was carried out by Jung et al. [47], who
used the same vector—AAV type 2/8. In this study, the authors introduced IDS cDNA
into the pAAV2-EF-eGFP-WPRE-polyA plasmid as a substitution for the eGFP element.
As a result, they created pAAV2-EF-hIDS-WPRE-polyA plasmid, which, in addition to
the coding sequence for iduronate 2-sulphatase, contains the human elongation factor 1-a
promoter (EF), woodchuck hepatitis virus posttranscriptional element (WPRE) and a signal
sequence of bovine growth hormone poly(A) chain. As in the study mentioned above,
the viruses were administered intravenously at a dose of 1.0 × 1011 virus particles. The
activity of iduronate 2-sulphatase and the concentration of GAGs were assessed 6 and 24
weeks after applying AAVs. Significantly increased activity of the enzyme and decreased
concentration of GAGs in the liver, brain, kidneys and spleen have been demonstrated.
Additionally, the authors observed a reduction in cell vacuolization in the histopathological
examination of the brain [47].

Another type of adeno-associated virus, AAV type 9, was used in subsequent preclini-
cal studies [67,68]. Motas et al. [69] focused on assessing the improvement in the central
nervous system functions. They used AAV9 with the coding sequence of the IDS, under
the control of the ubiquitous CAG promoter. In this case, a mouse model was also used,
but the viruses were administered directly into the cerebrospinal fluid by injection into
the cisterna magna at a dose of 5.0 × 1010 vector particles. Four months after the virus
administration, the authors assessed the effects of the therapy. Iduronate 2-sulphatase
activity in the central nervous system was determined to be 40% of that in wild-type mice.
In addition, they showed that most vectors are located in neurons and not in microglia or
astrocytes. The concentration of GAGs and the gene expression profile in the brain was
normalized. In addition, the vectors permeated the blood and led to the improvement of
somatic symptoms and the accumulation of GAGs in peripheral organs such as the liver,
lungs and heart. The authors observed an improvement in motor and cognitive functions
and increased overall survival compared to untreated individuals [69].

Promising results from preclinical studies have opened the way to first clinical trials
using AAVs to improve central nervous system function in patients with Hunter syndrome.
Two multicentre (United States, Brazil) phase I/II clinical trials are currently underway
on RGX-121 (Regenxbio Inc.), containing a recombinant AAV9 vector with a cassette
expressing the human iduronate 2-sulphatase gene (AAV9.CB7.hIDS) [70–73].

The first study (ClinicalTrials.gov Identifier: NCT03566043) included patients with
the severe form of MPS II, with central nervous system involvement, from 4 months to
5 years of age. In the course of the study, a three-time single administration of RGX-121
to the cisterna magna or the lateral ventricle is planned in increasing doses, 1.3 × 1010

genome copies (GC)/g brain mass, 6.5 × 1010 GC/g brain mass, and 2.0 × 1011 GC/g brain
mass, respectively [70]. The patients are assessed in this study for safety, tolerance and
efficacy for 104 weeks after administration. Markers of the disease in serum, urine and
cerebrospinal fluid are tested, and the development of the CNS (Bayley Scales of Infant
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and Toddler Development, BSID; Vineland Adaptive Behavior Scales, VABS) are assessed.
Imaging diagnostics are also performed. The six patients who take RGX-121 in this study
tolerate it well, and no severe drug-related adverse events were observed (as of September
2020) [73].

The second study (ClinicalTrials.gov Identifier: NCT04571970) targeted patients with
severe Hunter syndrome aged 5 to 17. In this study, the vector administration route is
also intracisternal or intracerebroventricular injection, but only once at a dose of 6.5 × 1010

GC/g brain mass. Similarly to the study mentioned earlier, the complete safety and efficacy
evaluation will take 104 weeks from the agent’s application [71]. Both of these trials are
still actively recruiting participants.

Adeno-associated viruses are currently the most optimal choice for delivering the
correct gene to affected cells among the viral vectors available. Their ability to provide
stable gene expression, deliver it to both dividing and non-dividing cells, and a low risk of
mutagenesis make their use in clinical trials likely to increase. The apparent limitation of
all viral vectors administered into the body is the risk of developing an immune response
against them. However, the above-mentioned benefits of using AAVs outweigh their
immunogenicity, which is not major anyway.

2.5. Non-Viral Vectors

One way to overcome the limitations of viral vectors in gene therapy is using other
vectors that are not based on viral particles. Non-viral vectors include nanoemulsions,
the transposon system with the Sleeping Beauty transposase or the electro gene transfer
method [35,74]. They are not genotoxic but have limited efficiency in delivering the gene
to cells and maintaining its expression.

In research on MPS II using non-viral vectors, preclinical trials have been carried out
using only gene electrotransfer, i.e., a method of delivering exogenous molecules into cells
through electrical pulses [75,76]. Friso et al. administered 50 µg of plasmid DNA containing
cDNA for the IDS in 50 µL solution into quadriceps of mice. Hyaluronidase was injected
into the muscle before administration of the plasmid itself to increase the effectiveness.
The muscle was electrically stimulated with a current of 75 mA. The procedure proved to
be very effective in protein production in the muscle, unfortunately without the proper
activity of iduronate 2-sulphatase in the blood. Additionally, the authors observed a strong
immune response against the recombinant protein [76]. Thus far, no other research group
have performed studies with non-viral vectors in MPS II. It seems that their use may be
limited due to the low level of expression and difficulties in delivering them to target
tissues, especially the central nervous system. For this mucopolysaccharidosis, the use of
viral vectors has so far been more optimal.

2.6. Genome Editing Methods

Another promising way to obtain the correct gene into cells is genome editing methods
that have been intensively developed in the last decade [77]. Genome editing platforms
applicable to therapeutic trials include zinc finger nucleases, transcription activator-like
effector nucleases (TALENs), and the CRISPR/Cas9 system, and based on it: CRISPR/Cas9-
based editors and CRISPR/Cas9-prime editing. Thus far, only ZFNs and CRISPR/Cas9
have been used in preclinical studies on mucopolysaccharidoses. The essence of these
methods is to make breaks in double-strand DNA in a specific site in the genome and then
repair the damage by two mechanisms: nonhomologous end joining (NHEJ) or homolo-
gous recombination (HR). The first mechanism is characterized by frequent insertions or
deletions and is mainly used for reading frame correction. The second mechanism requires
the template with the intended sequence and homologous sequences to the target site.
Thanks to this, it is possible to correct even a single base without errors (single nucleotide
variant, SNV) [48]. Zinc finger nucleases contain a domain that binds specifically to a
particular DNA sequence and a nuclease domain derived from the restriction enzyme
FokI [78]. In the CRISPR/Cas9 system, Cas9 nuclease binds to a target site through a short
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RNA sequence called guide RNA (gRNA). Additionally, in order to proper assembly, a
short sequence called protospacer adjacent motif (PAM) is needed [79]. The most frequently
used Cas9 nucleases in this technique come from the bacteria Staphylococcus aureus and
Streptococcus pyogenes [80].

Laoharawee et al. conducted a preclinical study in a mouse MPS II model. They used
zinc finger nucleases (ZFNs) to insert the human IDS gene in place of the first intron of
the albumin gene locus in mouse hepatocytes. They applied AAV type 2/8 administered
intravenously in increasing doses, 2.5 × 1011 vector genomes (vg), 5.0 × 1011 vg, and
1.5 × 1012 vg, respectively. The authors demonstrated normal activity of iduronate 2-
sulphatase in blood and other tissues, as well as normalization of GAGs concentration
in urine and organs. Additionally, they found that the applied therapy prevented the
deterioration of neurocognitive functions in the examined mice [81].

Thanks to the positive results of research on model organisms, the first multicentre
phase I/II clinical trial was launched in patients with MPS II (ClinicalTrials.gov Identifier:
NCT03041324) using in vivo gene therapy based on genome editing [82]. This study uses
SB-913 (Sangamo Therapeutics), which contains a zinc finger nuclease system, the correct
IDS gene, and the AAV type 2/6 vector. The target site for IDS is the albumin locus in
hepatocytes. The drug is administered intravenously in increasing doses. The study
includes nine patients aged five years and older, divided into three cohorts depending
on the dose. Currently, the recruitment for the trial is closed [83]. Sixteen weeks after the
administration, in the middle dose group, a decrease in the concentration of GAGs in urine
was observed, but no activity of the enzyme in the blood was found [84].

Genome editing methods are gaining significant interest due to their precision in
reaching the target site in the genome. It seems that they will gain an advantage over
other forms of gene therapy as they do not randomly integrate the correct gene but directly
repair the defective sequence in its locus and provide long-stand gene expression. Genome
editing systems, like their vectors, AAVs, are exogenous particles, and immune response
may be developed against them. However, the benefits of using these precision genetic
modification tools outweigh the potential limitations. A summary of the methods of gene
therapy in mucopolysaccharidosis type II is presented in Table 2.

Table 2. Comparison of current methods of gene therapy in mucopolysaccharidosis type II.

Features Adeno-Associated Viruses Lentiviruses Retroviruses Genome Editing Non-Viral Vectors

The main
advantages

Possibility of delivering the
gene to non-dividing cells,

present in the cell in the
form of an episome, low
immunogenicity, stable

gene expression

Possibility of
delivering the

gene to
non-dividing
cells, stable

gene expression

Stable gene
expression

Ability to precise
correction of

gene
abnormalities

No risk of
mutagenesis, lower
costs of the method

The main
limitations

Immunogenicity, minor risk
of mutagenesis

Random
integration with
the genome, risk
of mutagenesis,

immunogenicity

Random
integration with
the genome, risk
of mutagenesis,

immunogenicity

High costs of the
method,

immunogenicity

Difficulty in
delivering the gene

to the target cell,
low gene

expression,
immunogenicity

Use in clinical
trials in

patients with
mucopolysac-

charidosis
type II

Yes, currently, active
trials [70,71] No Yes, trials

closed [45]
Yes, currently,

active trials [83] No
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3. Challenges and Perspective

Gene therapy for mucopolysaccharidosis type II has made tremendous progress since
the first studies on cell lines in the 1990s. However, there are still a few limitations that
researchers dealing with this topic must face. First, many animal models differ from the
in vivo conditions in the human body. The beneficial effects of the applied therapies in the
mouse model, especially on the central nervous system, may not necessarily be reproduced
in human studies due to the therapeutic threshold, which differs between species.

Another limitation is the risk of generating an immune response that mainly affects
viruses but also elements of genome editing systems. AAVs seem to be the most optimal
viral vector so far. However, neutralizing antibodies have been reported, and they lead
the way to reduce the effectiveness of the entire therapy [85]. Additionally, cells that have
already received the transgene can be eliminated by lymphocytes CD8+. Therefore, it is
worth considering the use of immunosuppression in order to increase the effectiveness of
subsequent gene therapy attempts [48,55]. A solution to this problem could be non-viral
vectors, but so far, they have not been widely used in model organisms in MPS II, so further
studies are needed to assess their efficacy and safety.

The use of retroviral and lentiviral vectors is likely to be abandoned in the near future
due to their random integration into the genome and the risk of mutagenesis. AAVs seem
to be the most optimal vectors. Combined with the precise genome editing method, they
are currently the best form of gene therapy and the only one so far used in human clinical
trials. It is possible that in the next few years, new clinical studies will be opened, and this
process would be significantly accelerated by the positive results of phase I/II trials with
RGX-121 and SB-913.

It is also worth mentioning additional therapy that may play a role in improving
organ functions and quality of life in patients with Hunter syndrome soon. The process
of autophagy, which is disturbed in lysosomal storage disorders, may become a potential
therapeutic target. Maeda et al. [86] analysed the morphology of central nervous system
cells in the MPS II mouse model. They showed an increased number of autophagy vesicles
in an electron microscope and an increased concentration of the autophagy impairment
markers—p62 protein and subunit c of mitochondrial ATP synthetase (SCMAS). The
authors administered chloroquine orally at a dose of 10 mg/day for 25 weeks to improve
the function of neurons. After this period, the vacuolization in neurons was significantly
reduced compared to untreated individuals. Chloroquine can inhibit autophagy. Its use in
MPS II patients may slow down neurodegenerative processes in the CNS. Researchers also
tried to use verapamil and rapamycin (drugs that promote autophagy), but the study had
to be discontinued due to serious adverse effects in mice [86].

4. Conclusions

Mucopolysaccharidosis type II, as a monogenic disease with relatively well-known
pathophysiology, is an optimal example of the possibility of applying gene therapy. Over
the past two decades, this technology has been advanced enough to open up clinical trials
using the most promising methods—genome editing and adeno-associated viral vectors.
Thus far, it has not been possible to come up with an ideal therapeutic agent. Additionally,
gene therapy has some limitations: the immunogenicity of vectors and transgenic elements
and the relatively high cost of developing this technology. However, comparing gene
therapy to the current standard of treatment for Hunter syndrome—enzyme replacement
therapy is essential. A single administration of a vector that will deliver the IDS gene
to target cells and maintain a high expression level far exceeds the need for repeated
intravenous administration of the enzyme. ERT applied intravenously is a heavy burden
on the healthcare system and partially improves somatic symptoms without improving
central nervous system function.

In conclusion, the further development of molecular engineering techniques and the
ongoing clinical trials in humans will likely contribute to the broader use of gene therapy
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in mucopolysaccharidosis type II. Additionally, this will lead to faster achievement of
therapeutic goals and improvement of patients’ quality of life.
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FDA Food and Drug Administration
FGF Fibroblast growth factor
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GvHD Graft versus host disease
gRNA guide RNA
HS Heparan sulphate
HSCT Hematopoietic stem cell transplantation
HR Homologous recombination
iPSCs induced pluripotent stem cells
KSPD Kyoto Scale of Psychological Development 2001
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MPS I Mucopolysaccharidosis type I
MPS II Mucopolysaccharidosis type II
MPS IIIA Mucopolysaccharidosis type IIIA
NGS Next Generation Sequencing
NHEJ Nonhomologous end joining
PAM Protospacer adjacent motif
SCMAS Subunit c of mitochondrial ATP synthetase
SNV Single nucleotide variant
TALENs Transcription activator-like effector nucleases
TLR4 Toll-like receptor 4
TNF-α Tumour necrosis factor α
Vg vector genomes
ZFNs Zinc finger nucleases
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Abstract: Hemophilia is a monogenic mutational disease affecting coagulation factor VIII or factor
IX genes. The palliative treatment of choice is based on the use of safe and effective recombinant
clotting factors. Advanced therapies will be curative, ensuring stable and durable concentrations of
the defective circulating factor. Results have so far been encouraging in terms of levels and times
of expression using mainly adeno-associated vectors. However, these therapies are associated with
immunogenicity and hepatotoxicity. Optimizing the vector serotypes and the transgene (variants)
will boost clotting efficacy, thus increasing the viability of these protocols. It is essential that both
physicians and patients be informed about the potential benefits and risks of the new therapies, and
a register of gene therapy patients be kept with information of the efficacy and long-term adverse
events associated with the treatments administered. In the context of hemophilia, gene therapy may
result in (particularly indirect) cost savings and in a more equitable allocation of treatments. In the
case of hemophilia A, further research is needed into how to effectively package the large factor VIII
gene into the vector; and in the case of hemophilia B, the priority should be to optimize both the
vector serotype, reducing its immunogenicity and hepatotoxicity, and the transgene, boosting its
clotting efficacy so as to minimize the amount of vector administered and decrease the incidence of
adverse events without compromising the efficacy of the protein expressed.

Keywords: hemophilia; advanced therapies; gene therapy; FVIII transgene; FIX transgene; adeno-
associated virus; lentiviral vectors

1. Introduction

Hemophilia A (HA) and hemophilia B (HB) are X-linked hereditary hemorrhagic
disorders arising from mutations in the genes encoding coagulation factors VIII (FVIII) in
HA and IX (FIX) in HB [1]. HA, with a prevalence of one in every 5000 live births, is more
common than HB, which affects one in every 30,000 live births.

The severity of HA and HB is contingent on the functional levels of the corresponding
circulating factors, with levels of FVIII or FIX below 1% considered diagnostic of severe
hemophilia, levels between 1 and 5% diagnostic of moderate hemophilia and those between
5% and 40% of mild hemophilia.

Patients with severe hemophilia tend to experience bleeds into their joints, muscles or
soft tissues following trauma or even without any apparent cause. They may also suffer
life-threatening hemorrhagic episodes such as intercranial bleeding. Persons with mild or
moderate factor deficiencies may experience spontaneous bleeding, with excessive bleeds
occurring only after trauma or an invasive medical procedure.

Residual factor activity is usually well correlated with patients’ clinical characteristics.
However, individuals with the same coagulation factor levels may exhibit varying bleeding
phenotypes. Although HA and HB are considered clinically indistinguishable, several
recent studies have questioned this idea, suggesting that patients with HB could be less
prone to severe bleeds than those with HA with the same plasma levels of residual factor
(identical disease phenotypes) [2].
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Treatment of hemophilia [3] has evolved very rapidly in the last few decades since the
advent of plasma and cryoprecipitates; human plasma-derived clotting factor concentrates,
and more recently recombinant factors, characterized by a high degree of purity and
a longer half-life. These innovations have allowed the development of extremely safe
against emerging pathogens and highly efficient treatments based on the replacement of
the deficient clotting factor. Treatment protocols consist of intravenous administration of
the deficient clotting factor either on-demand upon occurrence of bleeding episodes or
prophylactically two or three times a week. Although they are generally highly effective,
these replacement treatments may occasionally fail due to the presence of the so-called
inhibitors present in up to 30% of hemophiliacs. Inhibitors are neutralizing antibodies that
target exogenously administered coagulation factors.

Next-generation recombinant products offer a longer half-life, which allows for less
frequent dosing and therefore higher adherence to treatment and a better quality of life.
Recombinant FVIII/FIX concentrates are obtained by fusion to polyethylene glycol, IgG1-Fc
or albumin [4].

New treatment strategies have recently been developed as alternatives to replace-
ment protocols. One of these is emicizumab (Hemlibra®), a subcutaneously administered
bispecific monoclonal antibody recently approved for treatment of HA with or without
inhibitors against FVIII. This antibody binds to activated factor X (FXa) and to activated
FIX (FIXa) simulating the function of FVIII. Given emicizumab’s unique structure, its effect
is not likely to be neutralized by inhibitors against FVIII. HAVEN 1, a non-interventional
phase 3 trial involving patients with severe HA and inhibitors, demonstrated that patients
on emicizumab had 87% less bleeding episodes than those without prophylaxis, and 79%
less bleeding episodes than those on previous prophylaxis [5].

On the other hand, recent studies have shown that the natural anticoagulation path-
way (antithrombin and tissue factor pathway inhibitors, protein S and protein C) is capable
of restoring hemostasis in patients with a bleeding disorder [6]. Fitusiran is an RNA in-
terference (RNAi) therapy that targets antithrombin (AT) in the liver and interferes with
the translation of its messenger RNA, preventing AT synthesis and promoting hemostasis.
Preclinical and clinical studies have found that AT suppression leads to a dose-dependent
reduction in AT levels which results in a decreased severity of the bleeding phenotypes in
patients with hemophilia [7,8]. Several phase 1 and phase 2 studies have tested the effective-
ness of Fitusiran in patients with hemophilia with or without inhibitors; phase 3 trials are
now underway with the same goal in mind. A phase 1 clinical trial (NCT02035605) demon-
strated a 61–89% dose-dependent decrease in AT, which was correlated with increased
thrombin generation in patients with HA and patients with HB without inhibitors.

Research is at present also focusing on the tissue factor pathway inhibitor (TFPI), the
main inhibitor of the onset of the coagulation cascade, which has been shown to regulate the
severity of a wide range of hemorrhagic and coagulation disorders. Multiple animal studies
have shown that TFPI inhibition can reduce bleeding in the context of hemophilia [9]. In
this respect, several strategies have been described with a view to inhibiting TFPI by means
of aptamers, fucoidan, monoclonal antibodies and peptide agents [10]. Concizumab, a
humanized monoclonal antibody targeted against TFPI, is the most highly developed of
these strategies. Two phase 2/3 clinical trials are currently underway in patients with
HA and HB with or without inhibitors. Specifically, TFPI inhibits activated FX (FXa)
while activated protein C (APCa) degrades activated factor V (FVa) and activated FVIII
(FVIIIa). APC is a serine protease that can bind to the endothelial protein C receptor,
which approximates it to thrombin for its activation. This means that it acts by decreasing
the amplification of FXa generation and intrinsic thrombin generation by FVa and FVIIIa
proteolysis. APC is regulated by serine protease inhibitors (serpins), the protein C inhibitor
(PCI), protein S and α1-antitrypsin. Available non-clinical data support the use of a serpin
(serpinPC), a monoclonal antibody against APC, and protein S-targeted siRNA. SerpinPC
is currently in the early stages of clinical investigation.
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2. Advanced Therapies in Hemophilia

Advanced therapies comprise a set of novel and innovative strategies such as cell
therapy, gene therapy and regenerative medicine or tissue engineering. They are aimed
at conditions or disorders that currently lack a curative treatment of whose treatment
requires optimization. According to international medicine agencies, the products used
in the context of advanced therapies are drugs for human use that are based on genes,
tissues or cells and that offer innovative solutions for the treatment of some diseases [11]
(Figure 1).
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Figure 1. Advanced therapy strategies. In vivo gene therapy where the (typically organ-specific)
adeno-associated viral (AAVs) or lentiviral (LVs) vectors carried by the “therapeutic gene” are
administered systemically to the patient. In ex vivo gene therapy, autologous or allogenic cells
are transfected in vitro and infused back into the patient following their expansion in the culture
medium. Cell therapy uses stem cells, or already differentiated cells, transfected or otherwise, to
correct a deficiency in the patient’s physiological function. Another alternative is to correct the
defective genes responsible for the disease. To do that, several gene-editing tools are available such
as CRISPR/Cas9 or ZFNs (zinc finger nucleases). Adeno-associated viral vectors are used to insert
guide RNAs and other components necessary to the correction. MSCs, mesenchymal stem cells.
(Created with Biorender.com).

In hemophilia, protocols based on gene and cell therapy have been shown to hold
great potential. Clearly viable cell and gene therapy approaches exist both to address
monogenic and polygenic conditions, and to increase the effective duration of therapeutic
proteins and boost their level of expression. This can be achieved thanks to the availability
of a wide range of varieties and types of target cells and transfection vectors, and because
it is now possible to regulate the gene expression and the characteristics of the transgene,
and in the end, ensure its safety. Investments in investigating these new therapies are
clearly justified as there are multiple chronic and severe conditions for which no treatment
is currently available and others for which the existing treatment either results in severe
side effects or is tedious and/or inconvenient, making adherence difficult.
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Somatic cell therapy is defined as the administration of live autologous, allogenic
or xenogenic non-germline cells that have been minimally manipulated or processed
ex vivo through propagation, expansion, selection, pharmacological treatment or some
other modification of their biological characteristics. The purpose of somatic therapy is to
recover a nonexistent or lost function in a living organism. The cells used in cell therapy
are generally stem cells equipped with a series of special characteristics, such as being
undifferentiated, having the ability to self-renew and to differentiate to different cell lines
or to different embryonic layers [12–15].

Use of induced pluripotent stem cells (iPSCs) in this context is also common as they
present with similar characteristics to those of embryonic cells but without the bioethical
problems associated with them. IPSCs have allowed significant progress in the realm of
HA and HB [16,17].

Of all multipotent stem cells or adult cells, the ones presenting with the highest clinical
application potential are the mesenchymal stem cells derived from adipose tissue, bone
marrow, umbilical cord and placenta, due to their low immunogenicity, their immunomod-
ulatory effect, and the fact that they do not induce an immunogenic response as they
do not express the class II major histocompatibility complex (MHC-II) or T-lymphocyte
costimulatory molecules such as CD40L, CD80 or CD86 [18,19].

As far as gene therapy protocols are concerned, these can be defined as the transfer
to one or more cells of a DNA fragment that encodes a protein and may be able to cure
a certain disease. This simple definition has opened up a whole new dimension in the
treatment of a large variety of conditions, ranging from hereditary diseases to cancer and
infectious, cardiovascular, hepatic and neurodegenerative conditions [20].

Even if gene therapy protocols are often more effective than those of cell therapy, they
are associated with significant difficulties and a greater number of adverse events, mainly
related to the transfer vector. An ideal transfer vector should be immunologically inert;
highly tissue- and cell-specific; integrative; capable of sustainably producing the transgene
and transducing genes to divided or undivided cells; easy to produce at large scale; and
capable of maximum transgene loading. However, at the present time, immunogenicity and
hepatotoxicity of the transfer vector as well as the problems associated with its integration
(insertional mutagenesis) are the most important barriers that must be overcome [21].

Gene therapy protocols can be applied to somatic cells either in vivo, where correction
of the gene, or its insertion into the cells, is performed in the body through a vector;
or ex vivo, where correction of the gene, or its insertion, is carried out previously in a
series of cells harvested from the patient then reimplanted following an expansion and
selection process [20,22].

As regards transfection vectors, gene therapy can be classified into viral and non-viral.
The higher efficacy of viral vectors as compared with non-viral vectors has made them the
better candidates for clinical application [20,23,24]. However, it must be said that retrovirus
(RNA virus)-based vectors are practically absent from clinical practice despite their high
transduction efficacy and their ability to maintain transgene expression over time. Their
drawbacks are related to their high capacity to integrate into the genome and their high
insertional mutagenesis. Adenoviral (DNA virus) vectors are non-integrative and are able
to efficiently package the “therapeutic” gene but present with a very high immunogenic
capacity, which could trigger severe anaphylactic reactions. Adeno-associated virus (AAV)
vectors for their part exhibit the greatest potential for clinical use. They are partially
integrative vectors associated with a low risk of insertional mutagenesis. However, they
are characterized by a high immunogenic response to their capsid and may, in some cases,
be hepatotoxic. Lastly, lentiviral vectors (LVs), based on single-stranded RNA lentiviruses,
are integrative and not very likely to result in insertional mutagenesis, nor do they induce
a significant immune response or produce a hepatotoxic effect. Although, they exhibit the
same low packaging ability as other retroviruses, next-generation LVs, which have been
enhanced and endowed with protection from phagocytosis, have been shown to achieve
optimal FVIII and FIX expression in the liver [25].
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Another alternative to therapies consisting of transferring a therapeutic gene is correc-
tion of the defective genes causing the condition. Several gene-editing tools are currently in
use, such as transcription activator-like effector nucleases (TALENs), zinc finger nucleases
(ZFNs) and CRISPR/Cas9 [26,27]. These tools are based on the induction of DNA double-
strand breaks and are equipped with a restriction endonuclease in charge of mediating the
break and a variable part, which is designed as a complement to the target sequence guid-
ing the endonuclease, where the break is performed. Subsequently, the cell repair system
induces the potential correction into the DNA when repairing the break. As regards the
CRISPR/Cas9 tool, the variable part is nucleotide-based (RNA) rather than protein-based.

As regards correction by gene editing, a phase 1 study has been initiated [28] to
evaluate the long-term safety, tolerability and expression of FIX in patients with severe HB
using an AAV vector. SB-FIX is a ZFN-mediated genome-editing therapy administered by
means of AAV vectors. SB-FIX is intended to function by placing a corrective copy of the
FIX transgene into the genome of the subject’s own hepatocytes, under the control of the
highly expressed endogenous albumin locus, thereby providing a permanent, liver-specific
expression of FIX.

Gene therapy treatments based on siRNA (small interference RNA) are also being
developed. These therapies are intended to modify the translation of messenger RNA,
inhibiting or modifying production of the protein without affecting the encoding gene [29].

Recent work in gene therapy aimed at developing a treatment for congenital coagu-
lopathies has instilled renewed hope in patients with HA and HB [4]. Use of different AAV
vector genotypes has already yielded concrete, nd highly encouraging, results in clinical
trials in terms of the expression levels (moderate phenotype) and expression times (several
months) achieved [30]. However, the problems related to the vectors’ immunogenicity and
hepatotoxicity remain to be solved.

The first gene therapy clinical studies in coagulopathies, which used retroviral, ade-
noviral and non-viral (ex vivo) vectors were associated with transient expressions and
low levels of the coagulation factor [31,32]. These results led to a change in strategy and
to the use of “non integrative” recombinant viruses such as AAVs. This kind of vector
derives from a native non-pathogenic and barely immunogenic AAV of the parvovirus
family which, given its inability to replicate, requires an auxiliary virus to do so [33].

The DNA sequences transported by AAV vectors are stabilized in an episomal form,
so that long-term expression is only possible through delivery into long-living postmitotic
cells. The vector’s DNA integrates at a very low rate and is typically lost from replicating
cells. Recombinant vectors display tropism for a series of target tissues, such as the liver,
which makes them the most commonly used gene therapy viral vectors in hemophilia
(90%), followed by in vivo and ex vivo LVs (10%).

Liver-directed gene therapy may transform congenital hemophilia from an incur-
able disease characterized by a severe phenotype into a moderate or even mild type
of hemophilia. However, it is difficult to anticipate what proportion of patients with
hemophilia may benefit from the gene therapy, as multiple factors have been described
which could restrict its application [34]. For example, very effective treatments such as
extended half-life recombinant products, or the new non-replacement-based therapies, are
palliative treatments which, when administered prophylactically, are capable of boosting
patients’ quality of life. A second hurdle to their implementation is related to the uncer-
tainties around their potential adverse events, mainly derived from transfection vectors
(unknown risks and long-term outcomes, persistence of the therapeutic effect, need to
readminister the vector). To this should be added the lack of experience of healthcare
providers in managing the adverse events derived from the new advanced therapies and
their lack of experience in calculating the cost-effectiveness of gene therapy (eligibility
criteria, predictability of response, unknown risks, long-term complications). There is also
considerable uncertainty as to whether payers will be willing to defray the high upfront
costs of the one-and-done cure promised by gene therapy, especially considering that reim-
bursements are normally made based on real world results. In short, the role of regulatory
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agencies, payers, patients and healthcare providers will be key in identifying the patient
subpopulations most likely to benefit from gene therapy and, therefore, aligning patients’
interests with those of pharmaceutical companies.

Pursuing this strategy will require a definition of variables (serotype/dose of the
viral vector, manufacturing techniques) capable of controlling the integration capacity of
the different vectors and/or the immune response against the AAV capsid, as well as an
evaluation of the patients’ quality of life defined as an improvement in those outcomes that
are most relevant for the patients (chronic pain, yearly infusion rate, mental health). Educa-
tional programs should be introduced to provide all stakeholders with the information they
require about gene therapy as a therapeutic option, including the management of adverse
events and the strategies conducive to ensuring the cost-effectiveness of the treatment.

3. Adeno-Associated Virus, the Vectors of Choice. Optimization

AAVs are currently the vectors of choice in gene therapy, particularly in the context of
congenital coagulopathies. This is due to their good safety profile and their capability for
partial integration, which ensures long-term expression of the transgene.

Nonetheless, some serotypes may be hepatotoxic and more immunogenic [35]. For
that reason, transient immunosuppressive techniques have been developed to blunt the
cell’s immune response against the virus. Paulk et al. [36] reported two AAV serotypes
(NP40 and NP59) capable of improving in vivo transduction of human hepatocytes in
murine models.

Moreover, pre-existing antibodies against AAVs significantly affect the use of AAV
vectors even in the presence of relatively low levels of neutralizing antibodies from natural
parvovirus infections. Such capsid-targeted antibodies have been shown to be capable of
inhibiting transduction of the intravenously administered vector in animal models and
have been associated with limited effectiveness in clinical trials in humans [37]. This is
important to determine the primary eligibility of patients for AAV-based gene therapy
clinical trials.

Immunosuppression using drugs such as corticosteroids is nowadays necessary to en-
sure the clinical benefits of AAV-mediated gene transfer. Nonetheless, immunosuppressive
drugs are associated with metabolic side effects and with an increased overinfection risk.
For this reason, further research is needed to find new, less immunogenic AAV serotypes.

One of the currently most widely accepted hypotheses is that CD8+ lymphocytes may
play an important role in the subject’s immune response against the vector capsid, eliminating
the hepatocytes infected by the virus and triggering an ensuing reduction in the levels of the
transgene and of the circulating therapeutic protein. This has prompted the development
of new strategies aimed at eradicating the parts of the viral vector responsible for inducing
the immune and inflammatory response or providing CD8+ lymphocytes with epitopes that
enable them to bind to AAVs, thus attenuating the T-lymphocytes’ response [38].

In sum, a great deal of research is still needed into the optimization of AAV vectors,
along two different paths. One should be directed at the development of new, less im-
munogenic serotypes, and the other at the standardization of the clinical dose of vector
to be administered. Selecting the first doses of investigative drugs to be administered to
humans on the basis of the results of preclinical studies has been, and still is in the context
of advanced therapies, an important challenge for translational medicine. Despite the
substantial advances made in AAV optimization, significant limitations still exist to the use
of preclinical data to guide dose selection in clinical trials.

Tang et al. recently introduced a series of new concepts and parameters aimed at
optimizing selection of the AAV vector dose [39]. The novel gene efficiency factor (GEF)
concept was developed to describe the efficiency of the in vivo AAV-mediated gene transfer
system. It indicates the number of molecules of the therapeutic protein produced per day
by each genome of the administered vector (vg). The concept encompasses both the
transfection of the virus and the transcription/translation of the transgene required by the
gene therapy product to exert its biological effect, and also allows prediction of the most
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effective dose of the AAV vector for each species. This makes it possible to translate the
biological efficacy observed in animal studies to clinical trials in humans, which provides
a rational basis to determine the initial dose of the new in vivo virus-mediated gene
therapy products.

4. Gene Therapy Educational Programs for Patients

At present, patients with hemophilia benefit from palliative treatments providing
unprecedented levels of safety and efficacy. These are based on recombinant DNA tech-
niques that offer high levels of safety against emerging pathogens, as well as high efficacy
and long half-lives, allowing administration of one single dose every 10 days in the case
of FIX and two doses every 10 days in the case of FVIII. This treatment concept makes
it difficult for both doctors and patients to switch to a different alternative such as gene
therapy, particularly given the uncertainties around its medium- and long-term adverse
events. Moreover, it must be remembered that patients with hemophilia tend to be well
informed about their disease, the treatments and therapeutic options available and even
the management of their disease, as most of them are on home self-treatment. For these
reasons, and given the high prevalence of pre-existing AAV antibodies, recruiting patients
for gene therapy trials is typically challenging. This usually results in small sample sizes
and low statistical significance levels. This highlights the urgency of designing communi-
cation and information campaigns aimed at both the clinical staff practicing in the different
hemophilia units, and at the patients themselves [40]. The information provided must
be objective and realistic, as well as clear and simple, especially when discussing highly
specialized concepts related to the fields of genetics and molecular biology. This will
definitely contribute to promoting a better understanding of the possibilities, potential
risks, benefits and limitations of these new therapeutic protocols.

The information should be conveyed in the form of semi-structured informative
sessions where patients should also be asked open-ended questions about their perceptions
about the new treatments. In a study by Overbeeke et al. [41], the majority of patients
with hemophilia showed a positive attitude toward gene therapy and claimed to be keen
to receive this treatment (40%; n = 8) o (35%; n = 7). The criteria influencing patients’
decisions included the annual bleeding rate, the level of factor, uncertainty about long-term
risks, the impact of treatment on their daily lives and the possibility that prophylaxis
may be discontinued. Consistent use of specific and generally accepted terms and an
optimized narrative (verbal, written and pictorial language) to convey the information
could minimize confusion and facilitate the making of informed decisions on the potential
offered by gene therapy [42].

Other educational programs geared at patients and healthcare providers include more
specific training on matters such as the use of AAVs, whose application in patients with
hemophilia is becoming increasingly common. To be effective, these programs require
the participation of academically experienced specialists [43]. They are often based on
an information handbook that includes information on AAV-mediated gene transfer, the
eligibility criteria for participation in clinical trials, the possibility of anticipating the
adverse events that could occur in the course of a clinical trial following gene therapy, the
parameters that should be monitored during the clinical trial and the long-term effects of
the therapy. Handbooks also include easy-to-read infographic materials that physicians
can use as visual aids during patient consultations. They also review the basic principles of
liver-targeted AAV-mediated gene transfer to facilitate discussions between physicians, or
with patients and their families.

5. The World Federation of Hemophilia Gene Therapy Registry and the Global
Multidisciplinary Consensus Framework on Hemophilia Gene Therapy

Since May 2021, the World Federation of Hemophilia (WFH) has been working on a
Gene Therapy Registry [44,45] intended to put together a worldwide database of patients
with hemophilia receiving gene therapy. The purpose of the Registry is to gain a compre-
hensive insight into the conditions under which gene therapy is administered; the expected,
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unexpected and unknown safety issues; and the duration of the efficacy of therapy over the
long term. Against the background of the imminent approval and release of gene therapy
drugs addressed to patients with hemophilia, the WFH saw the need to carry out this
initiative at a global scale. Every patient will be monitored for 15 years, and any adverse
events occurring from the start of administration of therapy will be recorded at 3, 6, 9,
12, 18 and 24 months, and yearly thereafter. Levels of circulating factor and any bleeding
episodes will also be recorded from the start. The only inclusion criterion will be to have a
diagnosis of HA or HB, with no age distinction, and to have been prescribed gene therapy.

Another important aspect will be reaching a consensus on the use of a multidisci-
plinary approach to the application of the new gene therapy protocols in hemophilia [46].
Treatment of hemophilia has always been multidisciplinary, with the patient at the center
and practitioners from different departments of the hospital working as a team to ensure
the delivery of an optimal standard of care [47]. In the case of gene therapy, this is more
necessary, and the multidisciplinary team should include practitioners from departments
such as molecular biology, clinical pharmacology and virology.

The new gene therapy protocols will require hospital pharmacy departments to revise
their storage, handling and reconstitution processes. At the same time, the gastroenterology
and hepatology departments will have to monitor the hepatic function of recipients of gene
therapy, especially during the first few months of treatment. Physical therapists for their
part will have to follow up the condition of the patients’ joints by means of regular physical
examinations and musculoskeletal ultrasounds.

In a nutshell, careful multidisciplinary planning will be required [48] before any gene
therapy procedures can be applied. The procedure will include an assessment and informed
consent phase, dosing, short- and long-term treatment and follow-up. Adverse events and
fluctuations in hepatic function will have to be properly managed, and requirements in
terms of immunosuppression and availability of resources will have to be met.

6. Cost-Effectiveness of Gene Therapy for Hemophilia

Treatment of hemophilia based on plasma-derived products can be very costly, espe-
cially if such products are of a recombinant nature [49]. In the United States, the annual
cost exceeds USD 300,000 per adult patient. Indirect costs such as the loss of produc-
tion capacity and the costs arising from the physical disability resulting from hemophilic
arthropathy are also considerable. Factor concentrates account for 90% of all direct costs of
treating hemophilia.

Certain strategies have been implemented to reduce the economic impact of hemophilia,
such as disease management programs and programs to control the price of drugs. Production
of longer half-life recombinant coagulation factors capable of reducing dosing frequency has
also greatly contributed to reducing costs, with comparable clinical outcomes [50].

As a potential cure for hemophilia, the new advanced therapies are also associ-
ated with a high cost, which limits their applicability and raises doubts about their cost-
effectiveness and their equitable administration to patients with hemophilia worldwide,
ensuring what the WHO has called “the absence of avoidable and remediable differences
between groups of people” [51].

Machin et al. [52] carried out a study to evaluate the economics of gene therapy in
patients with severe HA as compared with prophylaxis with exogenous FVIII using a
Markov state-transition model to estimate the costs and efficacy of treatment of severe HA
in the United States. They performed several unidirectional and probabilistic sensitivity
analyses to determine the soundness of their results. Over a 10-year period, the total
per-patient cost of gene therapy was USD 1.0 million and 8.33 QALYs (quality-adjusted
life-years, a parameter that measures the burden of disease, including quality of life and
the number of years lived, and evaluates the economic efficiency of medical interventions).
The cost of prophylaxis was USD 1.7 million and 6.62 QALYs. The better results obtained
by gene therapy, which showed itself to be less costly and more effective than prophylaxis,
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could mean that gene therapy-based treatment of severe HA is more economically efficient
than prophylaxis with FVIII.

In the case of hemophilia B, Bolous et al. [53] compared the potential economic
efficiency of AAV-mediated Factor IX-Padua gene therapy in patients with severe HB in the
United States with on-demand FIX replacement and primary prophylaxis with standard
FIX or extended half-life FIX products. The authors built a Markov microsimulation model
using published data as a basis for the transition probabilities between health states and
utilities. Over an 18-year period, gene therapy also showed itself to be more economically
efficient than on demand or prophylactic treatment in patients with severe HB.

Although further economic studies are required to address this dilemma, it would
be misleading to conclude that gene therapy is inherently more costly [54]. A rigorous
economic evaluation of the new therapies requires a careful comparison between the costs
and benefits of gene therapy and the standard of care without adverse events throughout
the patient’s lifetime, including the relevant adjustments for price distortions. This would
allow a better estimation of the cost-effectiveness ratio of every treatment.

7. Current Gene Therapy Clinical Trials in Hemophilia

An important feature of hemophilia treatment is that circulating factor concentrations
need not reach normal concentrations for the patient to obtain a therapeutic effect. Indeed,
a slight increase in plasma levels (to more than 1% of the reference value) is enough to
reduce the morbidity and mortality risk. This reduces the expectations regarding the target
factor correction as it is not necessary to restore circulating factor levels to 100%.

The analysis made in this article is based on some of the clinical trials in progress
on HA or HB reported in the ClinicalTrials.gov repository [55] and the European Union
Clinical Trials Register [56]. A total of over 40 active gene therapy clinical trials were found
on the subject of hemophilia, with an approximate 50/50 split between HA and HB. Table
1 shows the recombinant virus vectors used in the different clinical trials for HA and HB,
and Table 2 includes a list of the most significant clinical trials in progress on HA and HB.

One of these clinical trials, sponsored by the Oxford University Hospitals NHS Foun-
dation Trust, will analyze the potential impact of gene therapy on the lives of persons
with hemophilia and their family members [57]. It is a multiple-cohort research study to
be conducted among diverse groups within the hemophilia community whose lives may
have been impacted by gene therapy. The study has been designed to allow patients and
their families to tell their own life stories through narrative accounts. The narratives will
represent a true sharing of experiences and offer an insight into how these patients and
families have coped with hemophilia following the application of the new therapies.

7.1. Hemophilia A

AAV-based gene therapies for the treatment of HA are at an earlier stage of develop-
ment than those for HB. The main problem in the case of FVIII is related to the packaging
in the vector as the gene of this protein is much larger (7 kb) and exceeds the packaging
capacity of AAVs, which is around 5 kb.

BioMarin Pharmaceutical pioneered the first clinical trial devoted to HA, using hepatic
gene transfer with an AAV serotype 5 (AAV5) vector expressing B-domain deleted FVIII
(BDD-FVIII-DQ, BMN 270) [58]. Many of the patients participating in the trial (88.8%)
experienced a slight increase in their alanine aminotransferase (ALT) levels, which was
accompanied by a reduction in the activity of FVIII in one of the subjects. The company has
started another two phase 3 trials with vector doses of 4 × 1013 and 6 × 1013 vg/kg [59,60].

Pasi et al. [61] obtained long-term efficacy and optimal clinical and histological results
in 15 adult subjects with severe HA who had received different doses of a single infusion of
AAV5-hFVIII-SQ. Three years following the infusion, FVIII expression in patients receiving
the highest dose (6 × 1013 vg/kg) was 20% of the reference value, the median number of
bleeding episodes treated annually was 0 and the use of exogenous FVIII decreased from a
median of 138.5 to 0 infusions a year.
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BioMarin Pharmaceutical also started a phase 1/2 clinical trial (results still unavailable)
to evaluate the effect of administering high doses of the valoctocogene roxaparvovec gene
to patients with HA with preexisting antibodies against the AAV5 capsid [62].

Table 1. Recombinant viral vectors used in the different clinical trials currently in progress on
hemophilia A (HA) and hemophilia B (HB).

Recombinant Vector Type of Hemophilia

Adeno-associated virus serotype 5 vector containing a variant of
B-domain deleted human FVIII a known as BMN 270) HA

Recombinant adeno-associated virus serotype 6 vector encoding
B-domain deleted human FVIII (known as SB-525) HA

Adeno-associated virus serotype 8 vector containing a functional
copy of the codon-optimized FVIII’s cDNA encoding B-domain

deleted FVIII
HA

Recombinant adeno-associated virus vector containing a
bioengineered capsid and a codon-optimized expression cassette

to drive the expression of the SQ form of a B-domain deleted
human FVIII (known as SPK-8011)

HA

Non-replicating adeno-associated virus serotype 2 vector
expressing the Padua variant (R338L) of human FIX b, under the
control of the liver-specific apolipoproteín E/alpha1-antitrypsin

(hAAT) enhancer

HB

Adeno-associated virus serotype rh10 vector containing the
human FIX gene HB

Recombinant adeno-associated virus serotype 3 vector containing
a codon-optimized expression cassette encoding a variant of

human FIX known as FLT180a
HB

Recombinant adeno-associated virus vector containing
codon-optimized FIX-Padua (known as AMT-061) HB

Lentiviral vector encoding human FVIII or FIX HA and HB

a FVIII, factor VIII. b FIX, factor IX.

7.2. Hemophilia B

Generally, the results of the trials carried out so far on the use of AAVs in patients
with HA and HB have yielded promising results. A clinical trial sponsored by the St. Jude
Children’s Research Hospital in patients with HB, which used a scAAV2/8-LP1-hFIXco
vector, was the first to confirm the long-term benefit of gene therapy with this kind of AAV
vector [63,64]. The authors evaluated the stability and long-term safety of the expression
of the transgene in 10 patients with severe HB, all of whom were infused with a single
dose of AAV8 vector. A vector dose-dependent increase in circulating FIX of 1% to 6% was
observed over a mean 3-year period, which made it possible to reduce the frequency of
prophylactic administration of FIX and, in some cases, even suspend it. All the patients,
however, developed capsid-specific antibodies. The main adverse effect encountered was
an increase in hepatic enzyme levels (ALT), which was treated with prednisolone.
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Table 2. Main clinical trials underway in the field of hemophilia A (HA) and hemophilia B (HB).

Title NCT Number Intervention Sponsor

Gene therapy study
in patients with
severe HA with

antibodies against
AAV5 a

NCT03520712

Adeno-associated
virus serotype 5

vector containing a
B-deleted variant of

FVIII b

(valoctocogene
roxaparvovec)

BioMarin
Pharmaceutical

Gene therapy study
in patients with

severe HA
NCT02576795

Valoctocogene
roxaparvovec-BMN

270

BioMarin
Pharmaceutical

Study evaluating the
efficacy and safety of

valoctocogene
roxaparvovec in

patients with HA

NCT03370913 Valoctocogene
roxaparvovec

BioMarin
Pharmaceutical

Study evaluating the
efficacy and safety of

volactocogene
roxaparvovec

combined with
prophylactic

administration of
corticosteroids in HA

NCT04323098 Valoctocogene
roxaparvovec

BioMarin
Pharmaceutical

Single-arm study
evaluating the

efficacy and safety of
a dose of 4 × 1013

vg/kg of
valoctocogene

roxaparvovec in
patients with HA

NCT03391974 Valoctocogene
roxaparvovec

BioMarin
Pharmaceutical

Gene therapy for HA NCT03001830

New
adeno-associated
virus serotype 8

capsid vector
pseudotype encoding

FVIII-V3 (AAV2/8-
HLP-FVIII-V3)

University College,
London/Medical
Research Council

Safety and
dose-escalation study

of an
adeno-associated

virus vector used as
gene therapy in HA

NCT03370172

Adeno-associated
virus serotype 8

(AAV8) expressing
FVIII Factor VIII

(BDD-FVIII)
(BAX 888)

Baxalta, now part of
Shire

Study evaluating the
efficacy and safety of
PF-07055480 in adults

with moderate or
severe HA

NCT04370054

Recombinant
AAV2/6 encoding
B-domain deleted

FVIII cDNA

UniQure Biopharma
BV
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Table 2. Cont.

Title NCT Number Intervention Sponsor

Gene therapy study
of recombinant

AAV2/6 with the
FVIII gene (SB-525) in

patients with
severe HA

NCT03061201

Recombinant
adeno-associated
virus serotype 6

(AAV6) encoding
B-domain deleted

human FVIII cDNA

Pfizer

Study of AAV5-hFIX c

in patients with
moderate or
severe HB

NCT02396342
AAV5 containing the

human FIX gene
(AAV5-hFIX)

UniQure Biopharma
BV

Dose confirmation
trial of

AAV5-hFIXco-Padua
NCT03489291

Recombinant
adeno-associated
virus serotype 5
(AAV5) vector

containing the Padua
variant of a

codon-optimized
complementary

human FIX under the
control of a

liver-specific
promoter (AAV5-

hFIXco-Padua,
AMT-061)

UniQure Biopharma
BV

HOPE-B: Study of
AMT-061 in patients

with moderate or
severe HB

NCT03569891 AAV5-hFIXco-Padua,
AMT-061

UniQure Biopharma
BV

Single ascending dose
of adeno-associated
virus serotype 8 of

FIX in adults with HB

NCT01687608

Adeno-associated
virus serotype 8 for

FIX gene therapy
(AskBio009)

Baxalta now part of
Shire

Phase 1–2 study of
SHP648, an

adeno-associated
virus vector for gene
therapy in patients

with HB

NCT04394286

Adeno-associated
virus serotype 8
(AAV8) vector

expressing FIX Padua
(SHP648)

Baxalta now part of
Shire

Dose-escalation study
of a complementary

adeno-associated
virus gene therapy
vector in patients

with HB

NCT00979238

Self-complementary
adeno-associated
virus serotype 8
(AAV8) vector
expressing a
transgene of

codon-optimized FIX
(scAAV2/8-LP1-

hFIXco)

St. Jude Children’s
Research

Hospital/National
Heart, Lung, and

Blood Institute
(NHLBI)/Hemophilia

of Georgia,
Inc./Children’s

Hospital of Philadel-
phia/University
College, London
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Table 2. Cont.

Title NCT Number Intervention Sponsor

Gene therapy study
of recombinant

AAV2/6 with the
FVIII gene (SB-525) in

patients with
severe HA

NCT03061201

Recombinant
adeno-associated
virus serotype 6

(AAV6) encoding
B-domain deleted

human FVIII cDNA

Pfizer

Study of AAV5-hFIX c

in patients with
moderate or
severe HB

NCT02396342
AAV5 containing the

human FIX gene
(AAV5-hFIX)

UniQure Biopharma
BV

Long-term safety and
efficacy study of

SPK-9001 in patients
with HB

NCT03307980

Non-replicating
adeno-associated
virus serotype 2
(AAV2) vector

expressing the Padua
variant (R338L) of

human FIX under the
control of the
liver-specific

apolipoproteín E
(Apo E) enhancer (PF-
06838435/fidanacogene

elaparvovec)

Pfizer

Study evaluating the
efficacy and safety of

gene therapy with
PF-06838435 in adult
males with moderate

or severe HB

NCT03861273 Fidanacogene
elaparvovec Pfizer

Lentiviral FVIII Gene
Therapy NCT03217032

Lentiviral factor VIII
gene. Modified

autologous stem cells
(YUVAGT-F801)

Shenzhen
Geno-Immune

Medical Institute

Lentiviral FIX Gene
Therapy NCT03961243

Lentiviral factor IX
gene. Modified

autologous stem cells
(YUVA-GT-F901)

Shenzhen
Geno-Immune

Medical Institute

a AAV, adeno-associated viral vector. b FVIII, factor VIII. c FIX, factor IX.

University College London has started a new phase 1/2 clinical trial focused on HB,
using the AAV-F9, FLT180a vector [65].

UniQure Biopharma B.V. recently published the results of a series of clinical trials on
HB using an AAV5 vector that uses the same FIX expression cassette as the Jude Children’s
Research Hospital (AMT-060) but with the Padua variant of FIX [66,67]. The cassette used
in this study was the same wild-type human FIX gene cassette tested previously [68],
also with the AAV5 serotype. The study achieved similar steady-state FIX activity levels
to a previous study by Nathwani et al. [63], who used an AAV8 vector. However, the
highest vector dose used in the UniQure Biopharma BV study was higher than the AAV8
vector dose used by Nathwani et al. The authors concluded that pseudotyped scAAV5
vectors ought to be effective in the treatment of individuals with preexisting immunity
to AAV5 [69,70].

In a recent clinical trial, Konkle et al. [71] analyzed safety, pharmacokinetic profile, FIX
activity and immune response in patients undergoing a gene therapy protocol based on
the AAV virus serotype 8 (AskBio009) [72]. Eight adult males were administered different
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doses of the gene therapy product BAX 335 IV (2.0 × 1011; 1.0 × 1012; or 3.0 × 1012 vg/kg),
with three patients (37.5%) developing severe complications, all of them considered to
be unrelated to BAX 335. No clinical thromboses, inhibitors or immunity reactions were
observed against the Padua variant of FIX.

7.3. Padua Variants of Factor IX. An Exciting Alternative for Gene Therapy in HB

Although the results of AAV-based gene therapy using FIX as a transgene have been
encouraging in the context of HB, increases in hepatotoxicity resulting from the loss of
expression of the transgene are not uncommon, possibly due to adaptative or innate
immune responses against the vector’s capsid.

One alternative to reduce hepatotoxicity is to reduce the vector dose, but this usually
results in a decreased expression efficacy. Another possibility is to modify the transgene
itself to boost the efficiency of the coagulation factor once it has expressed itself. In this
regard, Lombardi et al. [73] recently applied protein fusion engineering to design a FIX-
HSA (human serum albumin) variant that lengthens the half-life of the FIX molecule. This
combination could be used as a transgene in gene therapy protocols in the context of HB.
Yet another alternative would be to use some variant of the protein endowed with greater
clotting capacity, such as the Padua variant of FIX [74]. Juvenile thrombophilia is associated
with the presence of the Padua variant of FIX, which is characterized by the substitution
of leucine by arginine at position 338 (R338L) (FIX-R338L). Plasma concentrations of the
FIX-R338L protein are normal but its clotting activity is approximately eight times higher
than normal. In vitro, the specific activity of recombinant FX-R338L is 5–10 times higher
than that of wild-type recombinant FIX (FIX-WT). Substitution of R338L leads to a gain-of-
function mutation, which in turn results in a hyperfunctional FIX.

The clinical and preclinical experience with FIX-R338L gene therapy in the realm of HB
has not provided evidence of a higher thrombogenic or immunogenic risk [68,75,76]. How-
ever, as the mechanism underlying R338L’s clotting hyperactivity remains unknown, the
potential adverse events associated with a random coagulation pattern and the possibility
of developing thrombotic complications cannot be ascertained. Samelson-Jones et al. [77]
showed that the high specific activity of FIX-R338L requires FVIIIa as a cofactor. The
molecular regulation of the activation, inactivation and FVIIIa-dependence of FIX-R338L
and FIX-WT are similar, but the FVIIIa-dependent hyperactivity of FIX-R338L is the result
of a faster activation rate of FX. These findings helped dispel the fears associated with the
unregulated clotting pattern of FIX-R338L and support its use in gene therapy protocols
addressed at HB. Another study by Samelson-Jones et al. in dogs with HB [78] confirmed
an increased specific in vivo activity of FIX-R338L as compared with FIX-WT following
gene therapy with AAV6.

At present, Pfizer is conducting a clinical trial with the Padua variant of FIX [79,80].
The study is intended to evaluate the efficacy and safety of PF-06838435 (rAAV-SPARK100-
HFIX-PADUA) in male adult subjects with moderate or severe HB, with circulating FIX
concentrations <2%.

Nair et al. [81,82] tested a new modification of the Padua variant of FIX. In clinical trials
with FIX-R338L, they found that some patients showed an increase in liver transaminase
levels, which was correlated with the loss of expression of FIX, even in immunosuppressed
subjects. These results underscore the urgency to look for new, more effective variants that
may allow a reduction in the vector dose and, therefore, prevent potential adverse events.
The study described how new variants could be generated.

Thus, dalcinonacog alpha, a new variant of R338L-Padua also known as CB 2679d-
GT, containing three amino acid substitutions (R318Y, R338E, T343R), was shown to be
more potent than R338L-Padua following AAV-based gene therapy in hemophilic mice. A
significant (five to eight-fold) reduction in bleeding time and of the total amount of blood
lost (approximately four-fold) was obtained compared to R338L-Padua, which allows a
faster and more robust hemostatic correction. FIX expression remained stable for at least
20 weeks, and no significant increases in immunogenicity were observed. This novel gene
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therapy study demonstrated the superiority of CB 2679d-GT, highlighting its potential to
obtain higher levels of FIX activity and superior hemostatic efficiency following AAV-based
gene therapy in patients with HB.

8. Discussion

The current treatment of choice for hemophilia is fundamentally based on intravenous
prophylactic replacement of the deficient factor by exogenous recombinant factors, charac-
terized by their longer half-lives, their robust safety profile against emerging pathogens
and their high efficacy. This has allowed patients to lead normal lives and resume their
social and occupational activities.

The drawbacks of this treatment include its high administration frequency and incon-
venient route of administration, as well as the development of inhibitors by up to 30% of
patients against the infused coagulation factors.

Advanced (gene and cell) therapies could provide a “cure” for many hereditary condi-
tions such as hemophilia. Gene and cell therapy protocols are appropriate for monogenic
and polygenic diseases and should allow expression of the deficient factor over the long
term and the maintenance of steady-state plasma concentrations. Protocols are currently
highly variable on account of the wide range of target cell types and gene transfection
vectors available and the possibility of modifying the transgene to boost its expression
efficacy. The investment and dedication required by these procedures is fully justified as
many of the conditions they are meant to treat are chronic and/or severe and either lack a
curative treatment or are associated with tedious or inconvenient treatments or therapies,
leading to significant side effects which hinder patient adherence.

Although gene therapy protocols are in general more efficient than cell therapy ones,
they may be associated with a higher incidence of adverse events, derived mainly from
the viral transfection vector used. The vector’s immunogenicity and hepatotoxicity and
the problems arising from its integration (insertional mutagenesis) are the main hurdles to
overcome. The choice between a viral or non-viral vector, and between the different kinds
of viral vectors available, must be based on a compromise between the phenotypic features
of the disease and the therapeutic targets pursued. Highly effective vectors usually result
in a faster and more efficient translation to clinical practice. AAV vectors are currently the
ones presenting with the highest potential for clinical use given their partial integration
capacity and their low insertional mutagenesis risk. It must, however, be remembered that
they may lead to an intense immunogenic response and, in some cases, to hepatotoxicity.

One alternative to therapeutic gene-based gene therapy is correction of the defective
genes causing the condition through a wide range of gene-editing tools (TALENs, ZFNs
and CRISPR/Cas9).

The advances made in the last few years by gene therapy for the treatment of congeni-
tal coagulopathies have caused an unprecedented upheaval, specifically in the treatment of
patients with HA and HB. Indeed, the use of AAV vectors has provided extraordinarily
promising results in terms of the clotting factors’ concentrations and expression times.
However, further work will be necessary to address the side effects related to the immuno-
genicity and hepatotoxicity of these therapies, which usually make it necessary to prescribe
concomitant administration of immunosuppressive corticosteroids.

As a result, switching the therapeutic strategy from the current optimized and safe
standard-of-care treatment based on recombinant products to a gene therapy strategy
is not easy, especially considering the uncertainties around the medium- and long-term
effects of gene therapy protocols, the lack of experience with these new procedures and
the potentially unfavorable cost-effectiveness ratio associated with them. For these rea-
sons, further research must be conducted with a view to optimizing AAV vectors, and
should come up with less immunogenic and hepatotoxic serotypes. Concomitant use of
corticosteroid-based immunosuppressants should be avoided given their metabolic side
effects and the fact that they may increase the risk of overinfection [83].
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Providing patients with hemophilia with adequate information is now more necessary
than ever. Information must be objective and realistic, but at the same time clear and easy
to understand, especially when dealing with highly specialized concepts related to genetics
and molecular biology. This will contribute to avoiding unrealistic patient expectations and
promoting a deeper understanding of the potential risks, benefits and limitations of the new
therapeutic protocols. It will also be necessary to keep a detailed record of patients with
hemophilia receiving gene therapy across the world in order to track expected, unexpected
and unknown safety issues and obtain a better insight into the maintenance of the protocols’
efficacy in the long term. Appropriate multidisciplinary planning will also be necessary at
the different stages of the procedure, including evaluation, informed consent, dosing and
short- and long-term treatment and follow-up.

Although treatments based on advanced therapies are costly, several economic fore-
casting studies have demonstrated that they could become less costly than the currently
used regimens. At the same time, every effort should be made to address the current
inequalities in access to treatment by promoting social access and ensuring that patients
receive the treatments they need regardless of geographical or economic factors.

As regards the efficacy of gene therapy protocols in the context of hemophilia, ex-
pectations can be relaxed to some extent as even a small increase in circulating factor
concentrations to more than 1% of the reference value, which corresponds to a severe
phenotype, would result in a significant reduction in morbidity and mortality.

In the case of HA, use of AAV vectors is at an earlier stage of development than in
HB. Solid foundations should be laid to provide an effective solution to the issue of the
FVIII gene that is too large to be packaged into a given vector, using a gene deleted from
the B domain of FVIII. This is not an issue in HB as the FIX gene is smaller than the FVIII
gene. The problem for both HA and HB remains the immunogenicity and hepatotoxicity
of the AAV vector, which are related to the loss of expression of the transgene. Although
one alternative is concomitant treatment with corticosteroid immunosuppressants, these
drugs should be avoided given their poor side effect profile [83]. Reduction in the vector
dose should also be avoided as it is often associated with a less efficient expression of the
protein. A third alternative is to modify the transgene to boost the efficacy of the clotting
factor once it has been expressed. This last possibility, together with the use of variants
with a higher clotting ability, such as the Padua variant of FIX (factor IX-R338L), currently
represents an exciting alternative for HB patients. The greater coagulating activity of the
protein expressed from a transgene variant makes it possible to reduce the vector dose
without affecting expression efficacy, thus minimizing the risk of adverse events.

More recently, a subvariant of FIX-R338L (CB 2679d-GT) that contains three amino
acid substitutions (R318Y, R338E, T343R) has been shown to be more effective in reducing
bleeding times and total blood loss in gene therapy protocols with AAV vectors. FIX
expression persisted for at least 20 weeks and immunogenicity remained unchanged.

Gene therapy could cause a great upheaval in the treatment of patients with hemophilia
and other congenital diseases. Although more work is needed to increase treatment efficacy
and reduce adverse events such as immunogenicity and hepatotoxicity, these protocols
could allow curation of the disease, thereby increasing the patients’ quality of life, and a
reduction in both direct and indirect costs throughout the lifetime of patients suffering
from chronic lifelong diseases [54].

Protocols based on gene therapy have gone from being potentially applicable ideas to
becoming tangible realities [84], and they are bound to herald a new era where analyzing
the specific phenotype of a monogenic hereditary disease such as hemophilia may not
be needed anymore [85]. Gene therapy is indeed a tangible reality and the first gene
therapy-based products targeted at hemophilia will be available in the short term [86].

We are already well into the 21st century, an era in which precision and personalized
medicine [87] are gaining huge momentum in the realm of pharmacology. The rise of gene
therapy is a good example of that. Nevertheless, this has not happened without significant
controversy between its advocates and its critics regarding its promises, limits, possibilities
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and opportunities. Although huge strides have been made in our understanding of
the molecular mechanisms behind diseases and in the development of drugs that have
had a hugely positive impact on the treatment of some types of cancer, many of the
promises of gene therapy remain unfulfilled for other diseases as a result of the hurdles
to the therapy’s widespread use. The high cost of the new therapies could exacerbate
existing inequalities and become a problem for the sustainability of healthcare systems,
particularly in low- and medium-income countries. For that reason, it is of the essence for
the international community to implement the advances made in an equitable way so as to
reduce healthcare disparities [88].

The ultimate goal of the treatment of hemophilia should be a “functional cure”, but also
“healthcare equity”. A “functional cure” means that patients should live as normal a life as
possible, with minimum joint impairment, an absence of spontaneous bleeds, “normal”
mobility, an ability to overcome minor trauma without requiring surgery or any other
intervention and normal hemostasis. At the same time, the principle of healthcare equity
should be upheld. By eliminating the need for (exogenous) plasma-derived concentrates or
recombinant coagulation factors, gene therapy can make healthcare equality possible [89].
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Abstract: Factor V is an essential clotting factor that plays a key role in the blood coagulation
cascade on account of its procoagulant and anticoagulant activity. Eighty percent of circulating
factor V is produced in the liver and the remaining 20% originates in the α-granules of platelets.
In humans, the factor V gene is about 80 kb in size; it is located on chromosome 1q24.2, and its
cDNA is 6914 bp in length. Furthermore, nearly 190 mutations have been reported in the gene.
Factor V deficiency is an autosomal recessive coagulation disorder associated with mutations in the
factor V gene. This hereditary coagulation disorder is clinically characterized by a heterogeneous
spectrum of hemorrhagic manifestations ranging from mucosal or soft-tissue bleeds to potentially
fatal hemorrhages. Current treatment of this condition consists in the administration of fresh frozen
plasma and platelet concentrates. This article describes the cases of two patients with severe factor
V deficiency, and of their parents. A high level of mutational heterogeneity of factor V gene was
identified, nonsense mutations, frameshift mutations, missense changes, synonymous sequence
variants and intronic changes. These findings prompted the identification of a new mutation in the
human factor V gene, designated as Jaén-1, which is capable of altering the procoagulant function of
factor V. In addition, an update is provided on the prospects for the treatment of factor V deficiency
on the basis of yet-to-be-developed recombinant products or advanced gene and cell therapies that
could potentially correct this hereditary disorder.

Keywords: factor V deficiency; parahemophilia; Owren’s disease; mutation analysis; advanced therapies

1. Introduction

Active factor V (FVa), sometimes referred to as labile factor or proaccelerin, is an
essential clotting factor that plays a key role in the blood coagulation cascade on account
of its procoagulant and anticoagulant activity [1–3]. Eighty percent of circulating FVa is
produced in the liver and the remaining 20% originates in the α-granules of platelets [1,4,5].
This means that any disorder affecting the liver will significantly impact the concentration
of FVa in plasma and thus disrupt the coagulation process. FVa shares approximately
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40% functional and structural homology with coagulation factor VIII (FVIII), except in
the B domain region where homology is around 15% [6–8]. Both proteins are structurally
identical in their A1-A2-B-A3-C1-C2 domains and, in both, the large B-domain is cleaved
off the full-length protein as a result of proteolytic activation [7,9].

Circulating FVa is a glycosylated 330kDa polypeptide which loses its B-domain on
activation and, as a result, transforms itself into a dimeric molecule made up of a heavy
105 kDa chain that comprises domains A1 and A2 as well as a light 71–74 kDa chain
comprising domains A3, C1 and C2. The heavy chain interacts with activated factor X
(FXa) and with prothrombin, while the light chain interacts with membrane phospholipids.
Activated protein C acts on three arginine residues of the heavy chain, inhibiting the pro-
coagulant activity of FVa [10]. The presence of mutations at these cleavage sites gives rise
to the so-called FVa Leiden, which creates a state of hypercoagulability [11].

Within the coagulation cascade, FVa is a non-enzymatic cofactor of the prothrombi-
nase complex, which accelerates the conversion of prothrombin into thrombin [1]. This
enzymatic complex is made up of activated FVa, calcium, phospholipids and FXa. FVa
increases the concentration of FXa on the surface of the cell membrane and acts as an FXa
co-receptor that allosterically modifies the active site of FXa, which enhances its ability
to cleave prothrombin [12]. Figure 1 shows the functioning of the blood clotting mecha-
nism according to Hoffman & Monroe’s now generally accepted cell-based model [13,14]
whereby coagulation factors assemble into complexes, whose stability is largely dependent
on calcium and the endothelial membranes [15,16]. Following the purification of human
plasma-derived factor V from plasma and platelets [17,18], recent efforts have resulted in a
human recombinant FVa [19–21]. The possibility that a viable FVa deficient animal model
may be developed in the medium- to short-term will greatly facilitate research into novel
advanced therapies [22–24].
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Figure 1. Blood clotting mechanism. Hoffman & Monroe’s cell-based model of hemostasis according
to which coagulation factors form multimolecular complexes, calcium and the endothelial membranes
playing a key role in the stabilization of such complexes. Abbreviations: P, membrane phospholipids;
TF, tissue factor; F, factor. Created in Biorender.com (accessed on 6 September 2021).

In humans, the factor V gene (F5 gene) is about 80 kb in size and is located on
chromosome 1q24.2. The fact that the F5 and F8 genes are homologous in terms of their
structure and organization suggests that they could be derived from a common ancestor.
The coding sequence of F5 is divided into 25 exons and 24 introns and the length of its
cDNA is 6914 bp [25].

The existence of multiple splicing alternatives was described in 2008 [26] and, ever
since the first mutation in the F5 gene was described in 1998 [27], a total of 190 mutations
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have been reported in the F5 gene, the most numerous ones being missense and non-
sense mutations, followed by small deletions, splicing mutations, small insertions, large
insertions, complex rearrangements and a few large deletions. These mutations in the
F5 gene have been identified and subsequently registered in the 1000 Genomes Browser
database [28]. The large number of mutations leading to a severe deficiency of FVa confirms
the significant allelic heterogeneity of the disease.

Only two large-scale deletions have been reported: an interstitial one in chromosome
1q caused by a drastic reduction of FVa levels to 9%, which produces a nonsense mutation
(p.Ser262Trp) in the other F5 allele [29]; and a heterozygous 205 kb deletion spanning exons
one to seven that is accompanied by a splicing mutation (F5 1975 + 5G > A) and results
in FVa levels of 1% [30]. The striking scarcity of large-scale deletions in the mutational
spectrum of the F5 gene is probably due to the fact that the gene’s rearrangements cannot
be detected using conventional screening methods based on amplification and sequencing
of individual exons.

FVa deficiency, also known as parahemophilia or Owren’s disease, is an autosomal re-
cessive coagulation disorder associated with mutations in the F5 gene [31,32]. Homozygous
and compound heterozygous FVa deficiency has been classified as an ultra-rare disease as it
occurs in only one to nine per million live births (ORPHA:326) [33], although its incidence is
10 times higher in Western Asian countries where consanguinity is more common [34]. The
disease is much less frequent in North America, but it is extremely prevalent in Caucasian
countries, which are home to 67% of affected patients [35]. The greater ability to evaluate
and detect patients in these countries as opposed to countries with limited health resources
could constitute a bias in the calculation of the overall prevalence of the condition.

This hereditary coagulation disorder was first identified in Norway in 1943 by Owren [36],
who posited the existence of a fifth essential component in the formation of fibrin, hence
the term factor V. This is when the practice began of designating coagulation factors by
Roman numerals. Clinically, the disease is characterized by the occurrence of mild to severe
bleeding episodes [1]. Platelet-derived FVa is the best predictor of the severity of the condition
in terms of circulating levels of FVa [37–39], and tissue factor pathway inhibition (TFPI)
could act as an additional phenotypic modulator [40]. Consequently, no correlation can be
established between FVa levels and the severity of clinical symptoms, although it is likely
that the lower the FVa concentration the more severe the symptoms. Although the fastest
and simplest procedure to evaluate potential symptoms or bleeding episodes is based on the
measurement of plasma FVa levels, it is certainly not the best method to predict the evolution
of the disease, which would require consideration of platelet FVa levels. However, plasma FVa
measurement-based methods could provide a fairly accurate idea of the patient’s potential
clinical symptoms.

As with FVIII and factor IX in hemophilia, plasma levels of FVa determine the severity
of the condition in terms of the risk of bleeding episodes and the seriousness of other
symptoms. Here too, three levels of severity can be distinguished: mild (>10% of normally
circulating FVa), moderate (<10% of normally circulating FVa) or severe (<1% of normally
circulating FVa) [1,41,42]. Bleeding episodes usually begin before the age of six and
are associated with a heterogeneous spectrum of hemorrhagic manifestations ranging
from mucosal or soft tissue bleeds (such as epistaxis or hemarthrosis), to potentially fatal
hemorrhages. Abundant nasal and menstrual bleeding are a hallmark in these patients;
heavy bleeding is also common during minor and major surgery as well as in the course of
dental procedures. Hemorrhagic arthropathy, hematomas and cranial or gastrointestinal
hemorrhages are less common [1].

As no plasma-derived or recombinant factor V concentrates are available, current
treatment of this condition consists either in administration of, preferably inactivated, fresh
frozen plasma (FFP) or in the administration of platelet concentrates [43,44]. Octaplas®, a
pharmaceutical product treated through a solvent/detergent process, is a good alternative
to single donor-derived fresh frozen plasma that exhibits a high safety profile against
emerging pathogens [45–47]. It is characterized by an optimal quantitative and qualitative
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composition, which, as a result of its high stability performance, remains unchanged
from batch to batch for up to 4 years at a temperature of ≤−18 ◦C; its high fibrinogen
concentration; and controlled levels of the different clotting and fibrinolytic factors and their
inhibitors (FVa level ≥ 0.5 IU/mL). Apart from FFP, local and systemic antifibrinolytics
such as tranexamic acid can be administered orally or intravenously in order to control
bleeding (especially from mucosae) and prior to invasive surgical procedures. In patients
with persistent menorrhagia, estrogen-progesterone replacement therapy may be used to
reduce menstrual bleeding. Generally speaking, this treatment has not been associated
with serious complications such as allergic reactions to plasma components, anaphylaxis
or problems derived from perfusion of high levels of FFP. Inhibitors (anti- FVa antibodies)
have also been reported, although their occurrence has been rare [48].

This article describes an exhaustive study of two patients with severe FVa deficiency,
and of their parents. A high level of mutational heterogeneity of F5 was identified and non-
sense mutations, frameshift mutation, missense changes, synonymous sequence variants
and intronic changes were found.

These findings prompted the identification of a new mutation in the human F5 gene,
designated as Jaén-1, which can alter the procoagulant function of FVa. The study also in-
cludes a comparative phylogenetic analysis between FVa and FVIII given their high degree
of genetic homology and that they share biogenetic and coagulation cascade pathways. In
addition, an update is provided of the prospects for the treatment of this condition on the
basis of yet-to-be-developed recombinant products or advanced gene and cell therapies
that could potentially correct this hereditary disorder.

2. Results
2.1. Clinical Characteristics of the Two Patients with Factor V Deficiency
2.1.1. Case A History

The first patient is a Caucasian 14-year-old girl from Jaén, in the south of Spain, who
presented with severe FVa deficiency (FV:C <1%). The deficiency was diagnosed a few days
after she was born, following administration of antibiotics to address a urinary infection
which triggered mild gastric hemorrhages. Although her hemogram was normal with a nor-
mal platelet count, clotting tests showed abnormal values for both coagulation pathways.
A determination of coagulation factor levels revealed a severe deficiency of FVa (<1%). The
other clotting factors exhibited normal levels. Screening of the patient’s parents showed
that both were FVa deficient (mild phenotype). The patient did not experience significant
hemorrhagic episodes until she was 8 months old, when she developed a hematoma in her
right upper gingiva. As this occurred precisely when her teeth were erupting, she required
administration of fresh frozen plasma (FFP), which resolved the hematoma within 24 h. At
the age of one, two further bleeding episodes required a FFP transfusion, which immedi-
ately resolved the hematoma. Subsequently the patient was diagnosed with an atrial septal
defect and was referred to the pediatric cardiology department. Corrective surgery was
indicated at the age of two. Prophylactic FFP was administered preoperatively and one
week after surgery. No intraoperative complications occurred, and correction of the cardiac
defect was achieved. In the next few years, the patient presented only with mild episodes
of epistaxis, which coexisted with upper airway infections. Local and oral administration
of tranexamic acid resolved the hemorrhage in all but one of the cases, in which FFP had to
be administered to address the epistaxis. At the age of six she presented with left hip pain
of 12 hours’ evolution. A diagnostic ultrasonogram revealed hemarthrosis in the left hip
and no other previous trauma. Administration of FFP every 12 h during the first 24 h and
every 24 h thereafter over 5 days resulted in progressive improvement. At age seven, she
was admitted with vomiting, abdominal pain and mild yet progressive anemization. While
in hospital, the patient experienced headache. Her family explained that on her birthday
she had sustained a fall leading to mild cranial trauma without loss of consciousness. A
cranial CT-scan revealed a predominantly dense extra-axial collection in the left frontal
region extending to the cerebellar tentorium arising from a left subdural hematoma with
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a biconvex anterior portion, which suggested the possibility of an associated epidural
component. Following examination by the neurosurgical department, it was decided to
correct her coagulation disorder and adopt a watch-and-wait approach. Administration
of FFP every 12 h for 5 days resulted in a slight resorption of the hematoma. The patient
is now 14 years old and in the past 2 years has presented with various bleeding episodes,
some of which required admission to hospital and administration of FFP and Octaplas®

(14 mL/kg), which was initiated around 3 years ago.

2.1.2. Case B History

A 2-year-old Pakistani girl was admitted with cellulitis in the context of a severe FVa
deficiency. There was a history of consanguinity in the family as her parents were cousins
and had been previously diagnosed with mild FVa deficiency in Pakistan. She had two
siblings with very mild FVa deficiency but no severe bleeding symptoms. At the age of
10 months, she had presented with a spontaneous nose-bleeding episode after which she
was diagnosed with severe FVa deficiency. Up to her arrival in Spain, she had received FFP
four times due to mucocutaneous bleeding episodes (two of them secondary to trauma).
The child consulted to the hospital due to a suppurative lesion in her left leg and fever.
There was a mosquito bite in that area, sustained three days before. A physical examination
revealed an ulcerative, suppurative lesion with perilesional erythema and inflammatory
symptoms. Blood cultures showed leukocytosis and neutrophilia; prothrombin time was
50.1 s, prothrombin activity was 10.7%, aPTT was 129.5 s and FVa expression levels were
0.7% of normal. The rest of the clotting factors were present at normal levels. Prior to wound
debridement surgery, administration of FFP, antifibrinolytic and intravenous antibiotic
therapy was determined. As blood cultures obtained at 48 h showed a methicillin-resistant
staphylococcus aureus infection, tailored antibiotic therapy with intravenous clindamycin
was initiated with excellent results. No bleeding problems were observed during admission,
with no further FFP administration being necessary. The drainage was withdrawn after
seven days. The patient was discharged on a four-week regimen of oral antibiotic therapy.
At present, the patient is almost 3 years old and no further bleeding episodes have been
reported.

2.2. Hematological and Coagulation Analysis

All hematological parameters in both the patients and their parents, including
hemoglobin (Hb) concentration, mean corpuscular hemoglobin (MCH), mean corpus-
cular hemoglobin concentration (MCHC), total erythrocyte count (RBC), hematocrit (HCT)
level, mean corpuscular volume (MCV), reticulocyte (RETIC), total white blood cell (WBC)
count, WBC differential count, platelet (PLT) count, mean platelet volume (MPV), platelet
distribution widths (PDW) and plateletcrit (PCT), were within the reference ranges.

A coagulation analysis (Table 1) showed altered values for both extrinsic and intrinsic
coagulation pathways (prothrombin time, prothrombin activity, activated partial thrombo-
plastin time (cephalin time)), the international normalized ratio, and FVa activity in both
patients. Both presented severe FVa deficiency, with FVa activity under 1% of the reference
value. In both patients’ parents, alterations in the coagulation parameters and FVa activity
were correlated with the type of mutation of the F5 gene allele. The parents’ heterozygous
state induced a mild phenotype.
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Table 1. Coagulation parameters and factor V activity.

PT PA aPTT F INR FVa

Patient A * 49.6 16.0 146.5 4.4 4.6 <1

Patient B ** 50.1 10.7 129.5 3.7 5.8 <1

Father A 12.2 83.0 37.8 3.2 1.1 21.0

Mother A 11.0 96.0 34.4 3.6 1.0 62.9

Father B 11.5 86.8 30.3 3.3 1.1 45.9

Mother B 12.0 92.3 26.8 3.7 1.0 46.4
* Patient from Jaén, Spain. ** Patient from Pakistan. PT, prothrombin time (8–13 s); PA, prothrombin activity
(75–120%); aPTT, activated partial thromboplastin time (cephalin time) (24–37 s); F, fibrinogen (2–6 g/L); INR,
international normalized ratio (0.8–1.2); and FVa, factor V activity (60–130% or 0.6–1.3 IU).

2.3. Molecular Study of the F5 Gene in the Two Patients and Their Parents

All deleterious mutations and genetic variants were assigned a nucleotide num-
ber starting at the first translated base of the F5 gene according to reference sequence
NM_000130.4. The variant sequences were termed in accordance with the recommenda-
tions of the Human Genetic Variant Society (HGVS). Mutation screening of the F5 gene
was carried out in the two girls with a severe FVa deficiency. A total of 24 different se-
quence variants were identified in this study including 2 nonsense mutations, 1 frameshift
mutation, 6 missense changes, 8 synonymous sequence variants and 7 intronic changes
(Table 2). Two of them were identified in patient A, as nucleotide substitutions in the exon
13 of the F5 gene involving an amino acid change (arginine or tryptophan) to a stop codon
in the factor V protein: NM_000130.4: c. 2218C>T (p.Arg740*) and NM_000130.4: c.3279G>A
(p.Trp1093*). The mutation found in patient B (NM_000130.4: c.2862del), also located in exon
13 of the F5 gene, was a thymine nucleotide deletion. This deletion generated a frameshift
mutation leading to an amino acid change from serine to alanine at position 955 in the
protein encoded by the F5 gene, resulting in the appearance of a premature stop codon
(p.Ser955Alafs*4).

Seventeen out of the 24 variants have a minor allele frequency (MAF) ≥ 5% as de-
scribed in the above mentioned 1000 Genomes Browser database (5 missense, 7 synony-
mous and 5 intronic variants) (Table 2). The remaining seven changes do not have a MAF
value because they are rare sequence variants and have not been described previously
(1 missense, 2 synonymous sequence variants and 2 intronic changes). Figures 2 and 3
show the genetic map of patient A’s F5 gene and the location of mutations Arg740* and
Trp1093*. Figure 4 shows the genetic map of patient B’s FVa gene and the location of
mutation 2862del. Ser955Alafs*4.

In addition, a familial segregation pattern was detected in the mutations identi-
fied in patient A (Figure 5A). In this patient, both nonsense mutations (p.Arg740* and
p.Trp1093*) were in a compound heterozygous state. One of them was inherited from her
mother (NM_000130.4: c. 2218C>T, p.Arg740*) and the other from her father (NM_000130.4:
c. 3279G>A, p.Trp1093*). Thus, each of her parents have one of these nonsense mutations
in heterozygous state. In patient B, the frameshift mutation in the F5 gene (NM_000130.4:
c.2862del, p.Ser955Alafs*4) is in homozygous state (Figure 5B). Both her brother and her
parents carried this mutation in heterozygous state.
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Table 2. Genetic variants identified in the F5 gene in patient A.

F5 Gene † Exon Intron FV Protein SNP MAF § Polyphen M-Taster SIFT

1 c.237A>G 2 p.Gln79Gln rs6028 23 ** ** **

2 c.952+76C>T 6 * rs2239854 27 ** ** **

3 c.1238T>C 8 p.Met413Thr rs6033 5 Benign Polymorphism Permissive

4 c.1242A>G 8 p.Lys414Lys rs6035 7 ** ** **

5 c.1297-121T>C 8 * rsl0800456 43 ** ** **

6 c.1380C>T 9 p.Asn460Asn rs6015 5 ** ** **

7 c.1397-164C>T 9 * rs7537742 50 ** ** **

8 c.1716G>A 11 p.Glu572Glu rs6036 5 ** ** **

9 c.1926C>A 12 p.Thr642Thr rs6037 5 ** ** **

10 c.2218C>T 13 p.Arg740 * ** ** ** ** **

11 c.2289A>G 13 p.Glu763Glu rs6024 5 ** ** **

12 c.2450A>C 13 p.Asn817Thr rs6018 5 Benign Polymorphism Permissive

13 c.2758A>G 13 p.Arg920Gly ** ** Benign Polymorphism Deleterious

14 c.3279G>A 13 p.Trp1093 * ** ** ** ** **

15 c.3865T>C 13 p.Phe1289Leu ** ** Benign Polymorphism Permissive

16 c.3939C>T 13 p.Ser1313Ser ** ** ** ** **

17 c.3980A>G 13 p.His1327Arg rs1800595 5 Benign Polymorphism Permissive

18 c.4095C>T 13 p.Thr1365Thr rs9332607 26 ** ** **

19 c.4796+50A>C 13 * ** ** ** ** **

20 c.5209-134T>C 15 * ** ** ** ** **

21 c.5290A>G 16 p.Met1764Val rs6030 29 Benign Polymorphism Permissive

22 c.6194-20C>A 22 * rs6013 5 ** ** **

23 c.6529-65A>C 24 * rs2227243 5 ** ** **

24 c.6665A>G 25 p.Asp2222Gly rs6027 5 Benign Polymorphism Permissive

† The nomenclature follows the recommendations of the Human Genome Variant Society (HGVS). The cDNA reference sequence of the F5
gene is NM_000130.4. § MAF: minor allele frequency obtained from dbSNP data base. The predictions were made in silico with the Alamut
visual v.2.6 software that uses the prediction programs Polyphen, Mutation Taster and SIFT. * Not applicable. ** No data available.
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5 c.1297-121T>C  8 * rsl0800456 43 ** ** ** 
6 c.1380C>T 9  p.Asn460Asn rs6015 5 ** ** ** 
7 c.1397-164C>T  9 * rs7537742 50 ** ** ** 
8 c.1716G>A 11  p.Glu572Glu rs6036 5 ** ** ** 
9 c.1926C>A 12  p.Thr642Thr rs6037 5 ** ** ** 

10 c.2218C>T 13  p.Arg740 * ** ** ** ** ** 
11 c.2289A>G 13  p.Glu763Glu rs6024 5 ** ** ** 
12 c.2450A>C 13  p.Asn817Thr rs6018 5 Benign Polymorphism Permissive 
13 c.2758A>G 13  p.Arg920Gly ** ** Benign Polymorphism Deleterious 
14 c.3279G>A 13  p.Trp1093 * ** ** ** ** ** 
15 c.3865T>C. 13  p.Phe1289Leu ** ** Benign Polymorphism Permissive 
16 c.3939C>T 13  p.Ser1313Ser ** ** ** ** ** 
17 c.3980A>G 13  p.His1327Arg rs1800595 5 Benign Polymorphism Permissive 
18 c.4095C>T 13  p.Thr1365Thr rs9332607 26 ** ** ** 
19 c.4796+50A>C  13 * ** ** ** ** ** 
20 c.5209-134T>C  15 * ** ** ** ** ** 
21 c.5290A>G 16  p.Met1764Val rs6030 29 Benign Polymorphism Permissive 
22 c.6194-20C>A  22 * rs6013 5 ** ** ** 
23 c.6529-65A>C  24 * rs2227243 5 ** ** ** 
24 c.6665A>G 25  p.Asp2222Gly rs6027 5 Benign Polymorphism Permissive 

Figure 4. Genetic map of the F5 gene of patient B. (A) Native sequence. (B) Sequence of the patient
with the 2862del, Ser955Alafs*4 mutation (premature stop codon, deletion mutation). Created in
Biorender.com (accessed on 6 September 2021).
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their parents. Mutation c.3279G>A in the father of patient A was related to FVa activity of 
21% of normal; mutation c. 2218C>T in the mother of patient A was associated with FVa 
activity of 62.9% of normal; and mutation c.2862del in both parents of patient B exhibited 
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Phylogenetic studies of different vertebrate species performed as part of this analysis 
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served regions of exon 13 within the B domain of FVa (Figure 6). The zebrafish exhibits 
more differences than other species in their amino acid sequence probably due to the fact 
that, phylogenetically, the species is quite distant from humans. 

Figure 5. Family pedigrees of the FVa deficient Spanish and Pakistani families. FVa levels and
segregation of the identified mutations are shown. (A) Patient A with FVa deficiency and two
mutations in compound heterozygous state with familiar segregation (c.3279G>A mutation inherited
from her father and c.2218C>T from her mother). (B) Patient B with FVa deficiency and mutation in
homozygous state, the c.2862del mutation inherited from both, father and mother.

The type of mutation was correlated to FVa activity levels in both the patients and
their parents. Mutation c.3279G>A in the father of patient A was related to FVa activity of
21% of normal; mutation c. 2218C>T in the mother of patient A was associated with FVa
activity of 62.9% of normal; and mutation c.2862del in both parents of patient B exhibited a
FVa activity of, approximately, 45% of normal.

Phylogenetic studies of different vertebrate species performed as part of this analysis
showed that the three mutations described in the two patients are all located in well-
conserved regions of exon 13 within the B domain of FVa (Figure 6). The zebrafish exhibits
more differences than other species in their amino acid sequence probably due to the fact
that, phylogenetically, the species is quite distant from humans.
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Figure 6. Multiple sequence alignment comparing the different regions of FVa corresponding to the
2218C>T Arg740, 3279G>A Trp1093* and 2862del, Ser955Alafs*4 mutations in Homo sapiens, Canis
lupus familiaris, Oryctolagus cuniculus, Mus musculus, Rattus norvegicus and Danio rerio. The mutated
amino acid is at the center, with an arrow pointing to it. The three mutations described in the two
patients are in exon 13, corresponding to the protein’s B domain, and in well-conserved regions across
the different vertebrate species analyzed. Created in Biorender.com (accessed on 6 September 2021).

3. Discussion

Patients in this study suffered from severe FVa deficiency (<1% of normal factor
levels), caused by mutations in both of the F5 gene’s alleles giving rise to the appearance
of a premature stop codon. In the case of patient A, a compound heterozygous situation
occurred, with one mutation in each allele, one inherited from the father and the other
from the mother. These mutations induced a premature arrest in the synthesis of FVa. In
the case of patient B, a homozygous situation occurred carrying the same mutation.

Of the 24 changes found in the F5 gene mutation screening procedure carried out
in the two girls affected with severe FVa deficiency, three were interpreted as pathogenic
mutations (2 nonsense and 1 frameshift) because they met the pathogenicity criteria (the
occurrence of a stop codon is in itself a pathogenic trait).

According to in silico studies with the Alamut visual v.2.6 software, all the missense
mutations identified in this study should result in a neutral effect. MAF values ≥ 5%
and the benign effect associated with the mutations in the F5 gene were two important
criteria that reinforced the idea that 19 of these 24 changes could be considered benign
polymorphisms, only the remaining five changes being associated to an unknown clinical
effect.

As regards familial segregation, patient A’s mother was heterozygous for the already
studied c.2218C>T, p.Arg740* mutation [49] with FVa plasma levels of 63%, indicative
of a mild phenotype with no noteworthy clinical symptoms. The father, for his part,
was heterozygous for the not-previously-reported c.3279G>A, p.Trp1093* mutation, and
presented with FVa plasma levels of 21%, also pertaining to a mild phenotype without
significant symptoms.

As regards the c.2218C>T, p.Arg740* mutation observed in patient A, it was first
characterized by Lunghi et al. [49] in a patient with FV Leiden. This mutation results in
a truncated non-functional protein lacking the full light chain (A3, C1 and C2 domains).
Lunghi et al. observed the coexistence of the R506Q mutation, which gives rise to the
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Leiden variant and to hypercoagulability, and the c.2218C>T, p.Arg740* mutation, which
produces a deficiency of functional FVa. Although the latter mutation could in some cases
compensate for the Leiden phenotype, the final result is usually plasma hypercoagulability
with a significant resistance to APC. Our present study could be said to be the first to
document the c.2218C>T, p.Arg740* mutation in a patient with a congenital FVa deficiency.

As far as the c.3279G>A, p.Trp1093* mutation is concerned (the second mutation
exhibited by patient A), it is a new, not-yet-reported mutation, which results in a non-
functional protein and in a congenital FVa deficiency. The mutation is currently being
analyzed in our laboratory for possible correction by advanced therapies and gene editing
using CRISPR/Cas9. Both the c.3279G>A, p.Trp1093* mutation and the CRISPR/Cas9
technology, developed to treat coagulopathies arising from this mutation, are protected by
a Spanish patent (Ref. ES2785323B2) with international coverage [50,51].

Patient B’s parents were heterozygous for the same mutation (the previously described
c.2862del, p.Ser955Alafs*4) because there was a high degree of consanguinity between
them [52]. They exhibited FVa plasma levels of 46% without any significant symptoms.
Although both her brother and her parents carried this mutation in heterozygous state, her
older sister was negative for this mutation in the F5 gene.

Transmission of the FV deficiency in patient B is marked by very strong consanguinity
as she is homozygous for the same mutation inherited from her parents who share a
close family connection. In contrast, patient A presents with two different mutations
inherited from her parents, each of whom comes from a close endogamous community.
Homozygosis, particularly in the case of rare or ultra-rare diseases, generally occurs in
countries in Northern Africa, Sub-Saharan Africa, the Arab world, Asia and especially India
and Pakistan, where the culture favors consanguineous marriages for social, economic or
political reasons. In India and Pakistan, consanguineous marriages account for 5–60% and
for more than 73% of total, respectively [53–55]. According to some social science studies,
there could be a direct relationship between a high rate of consanguinity and a higher
incidence of hereditary and disabling conditions [53].

As shown by Naderi et al. [56], this circumstance is particularly striking in the case
of FVa deficiency. These authors analyzed 23 patients with FVa deficiency in the Iranian
Sistan and Baluchestan provinces, home to a population of 2.7 million and an incidence
of FVa deficiency of one in every 50,000 live births, far above the global incidence of the
condition, which is one to nine per million live births. Patients exhibited an overall 91.3%
consanguinity rate; of them, 66.6% presented with second degree consanguinity and 33.3%
were related by first-degree consanguinity. Although consanguinity may have a negative
connotation from a healthcare perspective as compared with other hereditary conditions,
the fact is that there are over one million people worldwide living in societies where
consanguineous marriages are common. In a study of a wide sample of pregnant women,
Raj et al. [57] discussed the benefits that consanguinity could entail considering the WHO’s
definition of health as a state of complete physical, mental and social wellbeing and not just
the notion of absence of disease. In cases like that of patient B, consanguinity seems to have
permitted a less pathological mutation in homozygosis than that observed in patient A.

For the reasons above, the screening of mutations in certain populations and regions
is sometimes extremely challenging, as most mutations causing FVa deficiency have been
identified in single families (“private mutations”). Only the Tyr1702Cys mutation has
shown itself to be recurring, at least among the Italian population [58].

An interesting aspect of FVa deficiency, which separates it from other congenital
coagulopathies like hemophilia, is the lack of a clear correlation between the disease’s
phenotype and its genotype; that is, between the clinical expression of the disease and
the plasma levels of FVa and the mutation associated with the condition [59]. In fact,
some patients present with a milder (or even nonexistent) hemorrhagic phenotype even if
they carry the same mutation, or if they show similar FVa plasma levels. Although both
patients in the present study had FVa levels below 1% (severe phenotype) and mutations
resulting in a non-functional codon producing a truncated protein, the manifestation
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(phenotype) of the disease seemed more severe in the case of patient A, as the medical
history seems to indicate with more frequent, and sometimes more severe hemorrhagic
events. A potential explanation for the difference between both patients may have to do
with the above-mentioned consanguinity factor, although it could also be attributed to
the co-inheritance of FVa deficient alleles with risk factors for thrombophilia and/or with
alleles of the modifier genes, which can influence the overall coagulation cascade [60].

This study has also demonstrated the high heterogeneity of the mutations affecting the
F5 gene. This finding warrants performing a full mutational screening of the gene to obtain
a molecular diagnosis of the disease. This wide range of mutational changes observed in the
F5 gene is related to a large number of highly variable effects at a functional and molecular
level. Some of the consequences of the different mutations include alterations in the stability
of FVa [61]; alterations in the splicing [62,63] and in the biogenesis of FVa [64–67], mainly
due to secretion disturbances; and mutations affecting the binding sites of the protein to
certain activation or inactivation factors [68]. The mutations described in this study are
related to the appearance of the stop codon, which results in a non-functional truncated
protein. An unequal distribution is also observed among exons, with the largest number of
mutations –both pathogenic and otherwise– corresponding to exon 13.

From a phylogenetic standpoint, the fact that two proteins share a common biogenetic
pathway might indicate that the two molecules could present with similar characteristics.
This could for example be the case of FVa and FVIII, both of which are encoded by very
large genes and share a high percentage of sequence identity—approximately 40% in the
A domain and 35–43% in the C domain [69,70]. The B domain is the one characterized
by the lowest level of homology and, evolutionarily, the least preserved one. As a result,
the proteins are very large (containing over 2000 amino acids each) and have a very
similar domain structure, with the A1–A2 domains forming the heavy chain, the B domain
exhibiting a large number of postranslational modifications, and the A3, C1 and C2 domains
forming the light chain [71].

Similarities also exist in terms of functionality, which is in line with the phylogenetic
evolution hypothesis as far as the conservation of these two proteins is concerned. In
both cases, the mechanism of activation is mediated by thrombin, which binds to arginine
residues residing in the B domain and leading to its elimination [71,72]. As regards the
inactivation of FVa and FVIIIa, the process is identical in both cases and based on the
cleavage and elimination of part of the A2 domain of the proteins by APC. Moreover, there
is a functional interaction between both coagulation factors as FVa boosts the inactivation
efficacy of FVIIIa [71–73]. For these reasons, it is not unconceivable that these two proteins
may share one same biogenetic transport pathway, including a transport protein (LMAN1)
and its cofactor (MCFD2) [74,75].

Genetic homology refers to the relationship between two genes that share a common
ancestor; orthologous genes are homologous genes that diverged after a speciation event,
and paralogous genes are homologous genes separated by a gene duplication event [76].
The degrees of conservation observed in the different regions of FVa analyzed in our study
are in line with the findings of other authors [77,78], who have shown that the B domain
tends to be the least conserved one, which is related to its importance in the function of
FVa. Although the sequence alignment analyses indicate a lower homology in the case of
the zebrafish, it must be noted that that is one of the teleost species where a greater number
of orthologous genes are involved in hemostasis [79,80]. That is the reason why zebrafish
has been postulated as a useful model for in vivo coagulation studies [81,82].

FVa deficiency is an ultra-rare disease, which has implications both in the social and
the healthcare sphere. Indeed, research into novel treatments and diagnostic methods is
a challenge for both the scientific community and for society, which are often mutually
dependent. On the one hand every patient with a rare or an ultra-rare disease is considered
unique and a rich source of valuable information, but on the other they are often neglected
because research into these diseases seldom makes economic sense. This is the situation of
patients with FVa deficiency, for whom no specific treatment is currently available [83]. This
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differs from the situation of patients with hemophilia for whom treatment with exogenous
coagulation factors has been used for some time [84]. Current treatment of FVa deficiency
is based on the administration of fresh frozen plasma, platelet concentrates and a pool of
different coagulation factors.

Recombinant factors VIII and IX are nowadays the treatment of choice for hemophilia
A and B, respectively [85]. Work is at present underway to develop a recombinant FVa,
which will hopefully be available in the medium term for treating a wide range of hem-
orrhagic disorders, including FVa deficiency, although it is still in the early phases of
preclinical development [19,20]. Recombinant DNA methods are safe and highly effective
in alleviating the hemorrhagic symptoms and preventing the disabling articular effects
experienced by patients.

Against this background, advanced gene and cell therapies are now able to offer a
“curative,” rather than merely substitutive treatment, as they are capable of correcting
the mutational root cause of many conditions, particularly congenital ones, both mono-
genic and polygenic [86–89] Congenital coagulopathies, many of them rare diseases like
hemophilia or ultra-rare diseases like FVa deficiency, may benefit from these developments.

The new advanced therapies are part of a new concept of customized or individualized
pharmacology. At present, individualized pharmacology is gaining significant momentum
in the treatment of many conditions as it increases the effectiveness of treatments, improves
the patients’ quality of life and contributes to a more rational use of medications, which
leads to cost savings. With advanced therapies it is not only possible to individualize
treatments when the products are already on the market but also during the design phase.
This means that the therapeutic methodology best suited to a given patient can be selected
according to the patient’s clinical characteristics and to a very rigorous risk/benefit assess-
ment. In fact, pharmacogenomics uses genomic information combined with other “omic”
data to individualize the selection and use of medicines with a view to preventing adverse
reactions and maximize their efficacy [90].

It would be ideal to develop a treatment offering maximum safety and efficacy. In
the realm of advanced therapies, particularly gene therapy, increased efficacy is usually
associated with a higher incidence of potential adverse events. Viral vectors [91], which
are highly effective due to their total or partial ability to integrate into the genome, are
prone to a high rate of adverse events. Conversely, non-viral vectors are extremely safe
but not as effective as they rarely allow for therapeutic levels of the expressed protein
to be achieved [92,93]. One could also classify cell therapy protocols as a function of the
target cells used. Thus, pluripotent cells like embryonic stem cells or induced pluripotent
stem cells [94] are the most effective, but at the same time the ones prone to a higher
tumorigenicity risk, while mesenchymal stem cells for example, which could be somewhat
less effective, have been shown to offer the highest levels of patient safety [95].

Very few cell-therapy approaches have been described in the context of congenital
coagulopathies [96]. Our laboratory has obtained highly promising results with trans-
plantable FVa-producing hepatocytes obtained from mesenchymal stem cells (results pend-
ing editorial acceptance).

The greatest strides have been taken in the field of gene therapy, where partially
integrative adeno-associated viral vectors have been successfully used to treat hemophilia
A and B [97]. However, no advanced-therapy approach has as yet been proposed to
address other congenital coagulopathies. Studies are being conducted by our laboratory,
using CRISPR/Cas9 technology, aimed at the correction of the mutations resulting in FVa
deficiency (the results are at an advanced stage of development).

As for other types of therapeutic strategy, it is important to analyze their risk/benefit
ratio. In the case of advanced (cell and gene) therapies, this criterion must be particularly
demanding as their potential long-term adverse events are not known. Consequently,
the inclusion of patients in a clinical trial is contingent on a series of factors. It is not the
same to have an optimal substitutive treatment, such as that available for patients with
hemophilia A and B, as it is to have no treatment whatsoever as in the case of FVa deficiency.
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A compromise must be struck based on obtaining the greatest benefit at the lowest risk,
considering not only whether a treatment is available or not, but taking into account the
phenotype of the disease and the FVa expression levels and expression times sought. In
the case of congenital coagulopathies, the success criteria are not as stringent as for other
conditions. Indeed, converting patients from a severe to a moderate or mild phenotype
should by itself be considered a successful result. This largely conditions the use of gene or
cell therapies and viral or non-viral vectors.

4. Materials and Methods
4.1. Blood Collection

After the parents signed the informed consent documents, blood samples were drawn
from both patients and their parents and placed in tubes containing 0.105 M sodium citrate
(1:9 volume). Plasma was obtained following centrifugation at 2000× g for 20 min, and
subsequently stored in aliquots at −80 ◦C until further analysis.

4.2. Hematological and Coagulation Tests

Hematimetric parameters included: hemoglobin (Hb) concentration, mean corpus-
cular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), total
erythrocyte count (RBC), hematocrit (HCT) level, mean corpuscular volume (MCV), reticu-
locyte (RETIC), total white blood cell (WBC) count, WBC differential count, platelet (PLT)
count, mean platelet volume (MPV), platelet distribution widths (PDW) and plateletcrit
(PCT). All of these parameters were obtained in an automated cell counter (ADVIA®120
Hematology System; Siemens Healthcare GmbH, Zurich, Switzerland). Blood samples
for the analysis of platelet function and bleeding times were collected in evacuated tubes
(Vacutainer, Becton Dickinson & Co, Franklin Lakes, NJ, USA), containing 3.8% citrate and
processed in a Platelet Function Analyzer-100 (PFA-100®; Siemens Healthcare Diagnostics
AG, Zurich, Switzerland) as described by Parri [98]. Collagen/adenosine-5-diphosphate
(CAPD) cartridges (Dade® PFA Collagen/ADP Test Cartridge, Siemens Healthcare Diag-
nostics, AG, Zurich, Switzerland) were brought to room temperature and approximately
1 mL of the total citrated blood was added. Samples were aspirated under constant vacuum
from a reservoir through a capillary and a microscopic opening in a collagen- and ADP-
coated membrane. The PFA-100 test was used to measure the time needed for occlusion of
the aperture by platelet plug formation.

All hemostasis-related parameters such as prothrombin time (PT), prothrombin activ-
ity (PA), activated partial thromboplastin time (aPTT) (cephalin time), fibrinogen (F) and
international normalized ratio (INR), were determined in accordance with the standards
defined by the Hematology Department of the Jaen University Hospital, Spain. HemosIL®

kits were used (Instrumentation Laboratory; Bedford, MA, USA), as per the manufacturer’s
instructions.

HemosIL® RecombiPlasTin 2G was used to measure prothrombin time (PT) and
fibrinogen levels as described by Tripodi [99]. A high-sensitivity thromboplastin reagent
was used, based on recombinant human tissue factor (rhTF). Following reconstitution with
RecombiPlasTin 2G diluents, the PT reagent included in the RecombiPlasTin 2G kit turned
into a liposomal preparation containing rhTF relipidated in a synthetic phospholipid blend
and combined with calcium chloride, buffer and a preservative. As rhTF does not contain
any contaminating coagulation factor, RecombiPlasTin 2G is highly sensitive to extrinsic
pathway coagulation factors, which makes it particularly suited to assays with such factors.
The formulation of RecombiPlasTin 2G makes it insensitive to therapeutic heparin levels.
In the PT test, addition of the reagent to the patient’s plasma in the presence of calcium
ions activates the extrinsic coagulation pathway. This eventually results in the conversion
of fibrinogen into fibrin, with the formation of a solid gel. Fibrinogen must be quantitated
(PT-based method) by relating the absorbance, or light scatter, during clot formation, to a
calibrator. PT results are reported in seconds, activity percentage, or INR; fibrinogen levels,
in g/L.
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HemosIL® APTT-SP (liquid) was used to determine the aPTT value, as described by
Van de Bresselaar [100,101]. The aPTT test utilizes a contact activator (a colloidal silica
dispersion with synthetic phospholipids, buffer and a preservative) that stimulates factor
XIIa production. This activator provides a contact surface for the interaction of high
molecular weight kininogen, kallikrein and factor XIIa. Such contact-based activation
occurs at 37 ◦C over a given period of time. Addition of 0.025 M calcium chloride with a
preservative triggers a series of reactions that will result in clot formation. Phospholipids
are required to generate the compounds that will activate factor X and prothrombin. Results
are expressed in seconds.

HemosIL® FVa deficient plasma was used for the quantitative determination of FVa
activity, as described by Tripodi [99]. FVa activity in plasma was determined using the
modified prothrombin time test conducted in the patient’s citrated diluted plasma in the
presence of FVa immunodepleted human plasma (≤1%). Correction of prolonged coagula-
tion time for the deficient plasma was proportional to the concentration (activity percentage)
of the specific factor (FVa) in the patient’s plasma, which can be obtained by plotting a
calibration curve. FVa reference levels ranged between 60 and 130% (0.60–1.30 IU).

4.3. DNA Extraction

Following informed consent, EDTA anticoagulated blood samples were collected.
Genomic DNA was automatically extracted from peripheral leukocytes using the salting-
out procedure (Qiagen, Düsseldorf, Germany).

4.4. Mutational Analysis

Primers corresponding to the complete coding sequence and intronic adjacent regions
of the F5 gene were designed according to entry NC_000001.11 of the NCBI database to
yield PCR products in a range between 300 and 600 bp approximately (Table 3). PCR am-
plification was performed in a final volume of 25 µL that contained 1.5 mM–2.5 mM MgCl2
(depending on the fragment), 200 µM of each dNTP, 0.2 µM of each primer, 0.5 units of
Taq DNA polymerase (Ecogen, Madrid, Spain) in the recommended buffer and 150–200 ng
of genomic DNA. The thermocycling conditions used were as follows: 94 ◦C for 5 min,
followed by 30 cycles at 94 ◦C for 30 s (denaturation step), 58–60 ◦C (depending on the
fragment amplified) for 30 s and 72 ◦C for 2 min, followed by a 20 min final extension step
at 72 ◦C. When PCR amplification products were completed, any inconsumable dNTPs
and primers remaining in the PCR product mixture were removed by the action of the
ExoSAP digestion enzymes (exonuclease I and shrimp alkaline phosphatase). After the
clean-up procedure was completed, the bidirectional sequencing reaction (forward and
reverse primers) was performed by the Sanger method using BigDye v.1.1. terminator
chemistry. The sequencing reactions of the fragments amplified were cleaned by a Montage
SEQ96 kit on a vacuum manifold, where the unincorporated dye terminators and salts were
removed from sequencing products prior to their subjection to capillary electrophoresis on
an ABI Prism 3500 genetic analyzer (Applied Biosystems, Massachusetts, USA). Sequence
chromatograms were analyzed using SeqScape v.2.1.1. Mutations and genetic variants were
described according to the Human Genome Variation Society (HGVS) nomenclature [102].
All nucleotide changes identified in the patients with FVa deficiency were analyzed by
Alamut visual v.2.6. software (Sophia Genetics, Inc, Boston, USA), which integrates genetic
and genomic information from different sources into one consistent and convenient envi-
ronment to describe variants using HGVS nomenclature and help interpret their pathogenic
status. Furthermore, all changes detected in the patients were studied in both their parents
to determine family segregation.
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Table 3. Primers design for human F5 analysis.

Exon * Primer Sequence 5′ → 3′ Size (bp)

1
F5_1F CACCTGCAGTAA AACAGTCAC

532
F5_1R AGCCATGACATTGCAAAGGG

2
F5_2F ACAGTTTGGGTTTCTACTGTG

461
F5_2R GCATGTGAATGCCAAATTACCC

3
F5_3F AAGTGAGTCAGCCTCAGGAC

451
F5_3R AATGCAGGTCTAGAGGACTC

4
F5_4F TACATGAGCATAGAAATGGGC

528
F5_4R TCAAACAATGATCTGGTCTCC

5
F5_5F CCCCAAAGCAAGAAGGTATC

488
F5_5R CCTTCTTGATAGGGAGTTGC

6
F5_6F AGGGCACAAACTACAACTGG

494
F5_6R TGAGGAAAGTTTGTCTGCGG

7
F5_7F TCTTGCCTTTTCTGGATGCC

463
F5_7R CCAATACATGTGTCCCCTTG

8
F5_8F ATGCAGGAGACAAATCAGAAG

572
F5_8R TTGAGAAACTGTCTCAGATCC

9
F5_9F AATGCTCCTGCCAAGTGATG

442
F5_9R AACTCCTGAAGTGAGAAGGG

10
F5_10F GCAATATTAATTGGTTCCAGCG

413
F5_10R TCTCTTGAAGGAAATGCCCC

11
F5_11F GGAATAGAGAATCCTTTCCC

433
F5_11R AAGTCTTTGGACTGGAAGTG

12
F5_12F AATCACTGCTTTGACACAACC

459
F5_12R TTGAAAGAAAAGCCTGCAGGG

13

F5_13AF TAGGTCACAGACAAGCAGTG
562

F5_13AR CTTTCTGAGGTTCTGCAAGG

F5_13BF TGGCTGCAGCATTAGGAATC
549

F5_13BR CCAGTGTCTTGGCTAGGAAGG

F5_13CF TAAGCATAAGGGACCCAAGG
568

F5_13CR TCTTAGAGGGTGAAAGGTCC

F5_13DF AACAAGCCTGGAAAGCAGAG
501

F5_13DR TTCACTGAGCTCTGGAGAAG

F5_13EF GACACTGGTCAGGCAAGCTG
651

F5_13ER TGGAGAAATGGGCATCTGAC

F5_13FF AGATGCCCATTTCTCCAGAC
577

F5_13FR AGATCTGTCTCACCAAGGTC

F5_13GF CAACCCTTTCTCTAGACCTC
520

F5_13GR AGTCATCTTCACTGCTCTGG

F5_13HF CTTATCCAGACCTTGGTCAG
469

F5_13HR ATAGGGGAACCAGACTGTTC
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Table 3. Cont.

Exon * Primer Sequence 5′ → 3′ Size (bp)

14
F5_14F AGGTCATAGGAAGACTTACC

480
F5_14R TCACCTATAGCTCTCTTGCC

15
F5_15F ACTTGGGCCATATCTCACAG

502
F5_15R GAAATAACCCCGACTCTTCC

16
F5_16F GATCAATCAGAGGAAGGAGG

506
F5_16R GTCTCAGAAGCATCTCATGTC

17
F5_17F GGGAATGCAGAATCATGAGG

449
F5_17R TTTGGGTCTATGGGTTTGCC

18
F5_18F GAAAGCCTCTTGTGAAGCAG

365
F5_18R CAATGCAATCAGACCATGGG

19
F5_19F TTAAGTCAGGGCCACACAAG

357
F5_19R CCCAAATGGAGCTGCTTCAC

20
F5_20F TACAACACAGGTCCTCCAAG

339
F5_20R GCCTCACACTTAGTACTTGC

21
F5_21F AGGCAGTGTGTGACTTGTTG

355
F5_21R CCATATGACCCTTAGAAAGCC

22
F5_22F CTGGAACTGGAATTATCCCC

425
F5_22R CAAAGGTTTTCCTAGGAGCC

23
F5_23F GCCTGAGAACAGTATTTGGC

414
F5_23R ATACTCCTGCTTCCCAGATC

24
F5_24F GAGACTGTGAATCCTAAGGG

420
F5_24R AGAGGTGGTACATGTCACTG

25
F5_25F GTTTAAGGCTGCAGTGAGCC

473
F5_25R CTTACTTACTGGTAGCAAGGAG

* The coding region of the 25 exons and the corresponding exon–intron boundaries were analyzed in the F5 gene.

4.5. Sequence Alignment

A multiple alignment of protein sequences from multiple vertebrate animal species
(Canis lupus familiaris, Oryctolagus cuniculus, Mus musculus, Rattus norvegicus and Danio
rerio) was carried out using the T-Coffee alignment tool [103], which combines different
sequence-alignment methods to find out whether the mutations described are structurally
and functionally important and whether they are located in conserved regions.
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Abstract: β-thalassemias are among the most common inherited hemoglobinopathies worldwide
and are the result of autosomal mutations in the gene encoding β-globin, causing an absence or
low-level production of adult hemoglobin (HbA). Induction of fetal hemoglobin (HbF) is considered
to be of key importance for the development of therapeutic protocols for β-thalassemia and novel
HbF inducers need to be proposed for pre-clinical development. The main purpose on this study
was to analyze Cinchona alkaloids (cinchonidine, quinidine and cinchonine) as natural HbF-inducing
agents in human erythroid cells. The analytical methods employed were Reverse Transcription
quantitative real-time PCR (RT-qPCR) (for quantification of γ-globin mRNA) and High Performance
Liquid Chromatography (HPLC) (for analysis of the hemoglobin pattern). After an initial analysis
using the K562 cell line as an experimental model system, showing induction of hemoglobin and
γ-globin mRNA, we verified whether the two more active compounds, cinchonidine and quinidine,
were able to induce HbF in erythroid progenitor cells isolated from β-thalassemia patients. The
data obtained demonstrate that cinchonidine and quinidine are potent inducers of γ-globin mRNA
and HbF in erythroid progenitor cells isolated from nine β-thalassemia patients. In addition, both
compounds were found to synergize with the HbF inducer sirolimus for maximal production of HbF.
The data obtained strongly indicate that these compounds deserve consideration in the development
of pre-clinical approaches for therapeutic protocols of β-thalassemia.

Keywords: β-thalassemia; fetal hemoglobin; γ-globin; HbF induction; K562 cells; Cinchona alkaloids;
cinchonidine; quinidine; cinchonine; combined treatments

1. Introduction

β-thalassemias are among the most common inherited hemoglobinopathies world-
wide, and are the result of more than 300 autosomal mutations of the gene encoding
β-globin, causing an absence or low-level synthesis of this protein (and consequently
of adult hemoglobin, HbA) in erythropoietic cells [1–5]. The phenotypes range widely
from asymptomatic (β-thalassemia trait or carrier) to clinically relevant anemia, which is
categorized as transfusion-dependent β-thalassemia (TDT, including thalassemia major)
and non-transfusion-dependent β-thalassemia (NTDT, thalassemia intermedia) [1].
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In the therapy of β-thalassemia, the induction of fetal hemoglobin (HbF) is considered
to be of key importance for several concurrent reasons. In rare forms of β0-thalassemia,
particularly those with large deletions responsible for δβ0-thalassemia or hereditary persis-
tence of fetal hemoglobin (HPFH), high γ-globin chain production results in high levels
of HbF, which is associated with a relatively benign phenotype [6–9]. More-recent clinical
studies have disclosed that the naturally higher production of HbF improves the clinical
course in a variety of patients with β-thalassemia [10–14]. Furthermore, approaches using
genome editing are available in a form that is finalized to the induction of HbF following
the elimination of genomic sequences encoding for γ-globin gene transcriptional repressors
or genomic sequences targeted by these regulatory factors [15–19]. In this context, clinical
trials are ongoing, such as NCT03655678 (A Safety and Efficacy Study Evaluating CTX001
in Subjects with Transfusion-Dependent β-Thalassemia), based on the use of autologous
CRISPR-Cas9 Modified CD34+ Human Hematopoietic Stem and Progenitor Cells (hHSPCs)
using CTX001 [20].

While some positive results have been described based on HbF induction by gene editing,
the safety of this approach is still to be determined and, even in the case that its safety is
demonstrated, the expected costs of this therapeutic approach would still be very high [21–23].

Accordingly, the validation of clinical relevance of already known HbF inducers and
the characterization of novel HbF inducers are still projects of great interest [24–27].

In this context, a recent paper was published on the effects of Cinchona alkaloids
(cinchonidine and quinidine) as natural fetal hemoglobin-inducing agents, using the hu-
man erythroleukemia K562 cell line as in vitro experimental model system [28]. In this
study, Cinchona alkaloids showed dose-dependent induction of erythroid differentiation,
increased production of HbF and high contents of γ-globin mRNA. Despite the fact that
this study was based only on the use of K562 cells as a model system, it demonstrated that
Cinchona alkaloids should be considered for the development of therapeutic protocols for
β-thalassemia [28]. In addition, it should be underlined that molecules belonging to this
family have been extensively used in therapy for other indications than β-thalassemia and,
therefore, might be considered as “repurposed drugs” with a facilitated strategy to reach
technology transfer [29–34]. For instance, quinine, quinidine, cinchonidine and cinchonine
alkaloids had a powerful bioimpact as anti-malarial drugs [29–31]. Quinidine is also used
to treat cardiac arrhythmias because it inhibits fibrillation [32–34].

Three are the main objectives of our study: (a) to confirm the data already published
on the effects of Cinchona alkaloids (cinchonidine, quinidine and cinchonine) on K562
erythroleukemia cells; (b) to verify whether these molecules might potentiate the activity
of other HbF inducers; (c) to verify whether the more promising Cinchona alkaloids tested
induce HbF in erythroid progenitor cells isolated from β-thalassemia patients.

In terms of combined treatments, we decided to employ sirolimus (SIR, rapamycin) [35]
in the co-treatment experiments for the following reasons: (a) sirolimus increases HbF in
cultures from β-thalassemia patients with different basal HbF levels [36–39]; (b) sirolimus
increases the overall Hb content per cell [37]; (c) sirolimus selectively induces γ-globin
mRNA accumulation, with only minor effects on β-globin and α-globin mRNAs [36,37];
(d) sirolimus was found to induce HbF in vivo in mouse model systems [40–42]; and,
more importantly, (e) sirolimus was able to increase HbF in sickle-cell disease (SCD) pa-
tients [43,44]. For these reasons, sirolimus obtained the Orphan Drug Designation by the
European Medicinal Agency (EMA, Europe) and by the Food and Drug Administration
(FDA, USA) for both β-thalassemia and SCD. Of relevance for this study, two ongoing
clinical trials are based on sirolimus: NCT03877809 (A Personalized Medicine Approach
for β-thalassemia Transfusion Dependent Patients: Testing sirolimus in a First Pilot Clini-
cal Trial) and NCT04247750 (Treatment of β-thalassemia Patients with Rapamycin: From
Pre-clinical Research to a Clinical Trial) [45]. Finally, it should be noted that sirolimus is a
well-known drug, since it is employed for other therapeutic indications, such as kidney
transplantation [46,47], cardiac [48] and liver [49] transplantation, lupus erythematosus
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(SLE) [50], lymphangioleiomyomatosis (LAM) [51], tuberous sclerosis complex [52] and
different types of cancers [53–55].

2. Results
2.1. Cinchonidine, Quinidine and Cinchonine Induce Differentiation of K562
Erythroleukemia Cells

Figure 1 shows that cinchonidine (CincD), quinidine (QuinD) and cinchonine (CincN)
are all able to induce erythroid differentiation of human K562 cells in a concentration-
dependent fashion. Determinations were performed after 5, 6 and 7 days of differentia-
tion induction.
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After this induction period, cells were stained with benzidine in order to identify the 
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differentiation was found to be associated, as expected, with the inhibition of cell 

Figure 1. Effects of cinchonidine, quinidine and cinchonine on erythroid differentiation of K562 cells.
(A,C,E) Structure of cinchonidine (CincD) (A), quinidine (QuinD) (C) and cinchonine (CincN) (E).
(B,D,F) Effects on erythroid differentiation of K562 cells. K562 cells were cultured in the presence
of the indicated concentrations of cinchonidine (B), quinidine (D) and cinchonine (F) and analysis
of the proportion of benzidine-positive hemoglobin-containing cells was performed after 5, 6 and
7 days of cell culture. The data represent the average ± S.E.M. (n = 3).
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After this induction period, cells were stained with benzidine in order to identify the
hemoglobin-containing cells [26,36–38]. These data confirm the already-reported effects of
these Cinchona alkaloids on the K562 cell system [28]. The induction of K562 differentiation
was found to be associated, as expected, with the inhibition of cell proliferation, as reported
in the K562 cell system for several other HbF inducers, such as hydroxyurea, mithramycin,
rapamycin, cisplatin analogues and trimethylangelicin [25–27,37,56–59]. This effect of
cinchonidine, quinidine and cinchonine on K562 cell proliferation is presented and com-
paratively analyzed in Supplementary Figures S1 and S2. The induction of K562 erythroid
differentiation by the studied Cinchona alkaloids was similar (with respect to the extent of
the induced proportion of benzidine-positive cells) to that of sirolimus (rapamycin), despite
the fact that the effects of sirolimus were appreciable at 100–200 nM (Supplementary Figure
S3). These differences among putative erythroid inducers were fully expected [60]. For
example, butyrates are active at mM concentrations [61].

2.2. Cinchonidine, Quinidine and Cinchonine Potentiate Sirolimus-Induced Differentiation of
K562 Erythroleukemia Cells

In order to verify possible combined effects of Cinchona alkaloids and sirolimus, we treated
K562 cells simultaneously with different concentrations of these molecules. The obtained results
of the treatment, reported in Figure 2, show that CincD, QuinD and CincN were able to further
increase the erythroid differentiation activity of sirolimus, when this HbF inducer was used at
100 nM (Figure 2, panels A, C and E) and 200 nM (Figure 2, panels B, D and F).

In this experiment, K562 cells were cultured with increasing concentrations of cin-
chonidine, quinidine and cinchonine in the presence of 100 nM and 200 nM sirolimus,
as indicated. The proportion of benzidine-positive K562 cells was determined after 5, 6
and 7 days of treatment. The data presented in Figure 2G are related to the use of sub-
optimal concentrations of CincD, QuinD and CincN (60, 40 and 50 µM, respectively) in the
presence of 100 and 200 nM sirolimus. When the inducers (either sirolimus, or cinchoni-
dine, quinidine and cinchonine) were used alone, the proportion of benzidine-positive
hemoglobin-containing K562 cells was about 10–30%. On the contrary, when the inducers
were used in combination, the proportion of benzidine-positive hemoglobin-containing
K562 cells was always found to exceed 50% (the maximum level was reached using cin-
chonidine in combination with 200 nM sirolimus). The increased % of benzidine-positive
cells compared with single administrations was always found to be statistically highly
significant (p < 0.001). Untreated K562 displayed a proportion of benzidine-positive cells
which never exceeded 2–5% (see, for instance, the microphotographs presented in the
left part of Figure 3).

Figure 3 shows a representative microscopic analysis of the benzidine assays per-
formed under some of the different experimental conditions described in Figure 2. The
data give clear evidence that, in addition to the already reported increase in the proportion
of benzidine-positive cells, and additional feature of combined treatments was evident,
i.e., that all the benzidine-positive cells were brightly stained with benzidine-hydrogen
peroxide solution (black arrowheads).

On the contrary, the presence of slightly stained benzidine-positive cells was clearly
appreciable in singularly treated K562 cells (white arrowheads). While the representative
data shown in Figure 3 were obtained using CincD plus SIR combination, the data obtained
using QuinD/SIR and CincN/SIR combinations were found to be very similar (as shown in
Supplementary Figure S4). Although this assay was not quantitative, the results obtained
sustain the concept that the combined treatments lead to the highest levels of increase in
the proportion of brightly stained benzidine-positive K562 cells. In order to verify this
hypothesis using a more quantitative assay, RT-qPCR was performed on isolated RNA.
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Figure 2. Effects of cinchonidine, quinidine and cinchonine on K562 erythroid differentiation induced by sirolimus. K562
cells were cultured with increasing concentrations of CincD (A,B), QuinD (C,D) and CincN (E,F) in the presence of 100 nM
(A,C,E) and 200 nM (B,D,F) sirolimus (SIR). The proportion of benzidine-positive K562 cells was determined after 5, 6 and
7 days of treatment, as indicated. (G) Comparative analysis of the data obtained at day 7 of treatment. The data represent
the average ± S.E.M. (n = 3).

151



Int. J. Mol. Sci. 2021, 22, 13433Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 6 of 17 
 

 

 
Figure 3. Benzidine-positive cells in untreated K562 cell cultures (NT) or in K562 cell cultures treated 
with CincD, SIR and CincD + SIR, as indicated. White arrowheads = slightly benzidine-stained cells; 
black arrowheads = brightly benzidine-stained cells. Magnitude: 20× (upper panels) and 40× (lower 
panels). Scale bar, 20 µm. 
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Figure 3. Benzidine-positive cells in untreated K562 cell cultures (NT) or in K562 cell cultures treated
with CincD, SIR and CincD + SIR, as indicated. White arrowheads = slightly benzidine-stained cells;
black arrowheads = brightly benzidine-stained cells. Magnitude: 20× (upper panels) and 40× (lower
panels). Scale bar, 20 µm.

2.3. The Effects of Cinchonidine, Quinidine and Cinchonine on K562 Erythroid Differentiation Are
Associated with a Modulation of Expression of α-Globin and γ-Globin Genes

Figure 4 shows that the erythroid differentiation induced by cinchonidine, quinidine
and cinchonine was associated with an increase in the production of α-globin (Figure 4A,C,E)
and γ-globin mRNAs (Figure 4B,D,F). The analysis of the expression of α-globin and γ-globin
mRNAs was performed by RT-qPCR.

Interestingly, when used singularly, the increases in the production of both mRNAs
induced by CincD (Figure 4A,B), QuinD (Figure 4C,D), and CincN (Figure 4E,F) were found
to be similar to those found when 100 nM and 200 nM sirolimus was employed (p > 0.05). In
addition, the increased levels of γ-globin mRNAs were similar to those originally described
by Iftikhar et al. [28]. On the contrary, when cinchonidine, quinidine and cinchonine were
used in combination with 100 nM and 200 nM sirolimus, a sharp increase in the content
of α-globin mRNA (p < 0.01) and a less extensive but still significant (p < 0.05) increase in
γ-globin mRNAs were found, fully in agreement with the effects of these compounds on
sirolimus-induced K562 erythroid differentiation (Figures 2 and 3). In Figure 4, relevant
examples of the p values obtained are shown, while the complete statistical analysis is
presented in Supplementary Figures S5–S7.

The effects of CincD, QuinD, and CincN were dose-dependent, but clearly evident
even when sub-optimal concentrations of compounds were employed.

Among the different combinations studied, those based on cinchonidine and quini-
dine were found to be the most effective in terms of inducing increases in the proportion
of benzidine-positive cells and increased expression of globin genes
(Supplementary Figures S5 and S6). Therefore, these two compounds were selected for
further studies using erythroid precursor cells (ErPCs) from β-thalassemia patients as an
experimental model system.
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Figure 4. Effects of cinchonidine, quinidine and cinchonine on α-globin (left) and γ-globin (right) mRNAs. K562 cells were
cultured with increasing concentrations of CincD (A,B), QuinD (C,D) and CincN (E,F) in the presence of 100 nM and 200 nM
sirolimus (SIR) as indicated. After 5 days of treatment, RNA was isolated and RT-qPCR was performed using primers
amplifying α-globin (A,C,E) and γ-globin (B,D,F) sequences. The increase in expression of α-globin and γ-globin mRNAs is
presented as fold change with respect to control untreated cells. The data represent the average ± S.E.M. (n = 3).
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2.4. Cinchonidine and Quinidine Induce HbF and γ-Globin mRNA in Erythroid Precursor Cells
(ErPCs) from β-Thalassemia Patients

Patients were recruited at the Thalassemia Centre of Azienda Ospedaliera-Universitaria
S. Anna (Ferrara, Italy). In total, 10 patients were enrolled. Informed written consent from
all participants was obtained before recruiting them into the study. Different genotypes
were present in the recruited cohort: five patients were β039/β+IVSI-110, two patients were
β+IVSI-110/β+IVSI-110 and three patients were β039/β039. ErPCs were isolated from the
β-thalassemia patients and cultured, as described elsewhere [59], with erythropoietin in the
presence of sirolimus, cinchonidine and quinidine administered alone (this was performed
in ErPC cultures from all the ten patients) or in combination (this was performed in ErPC
cultures from five patients).

In Figure 5, the HPLC profiles of two representative ErPC populations are shown, one
isolated from patient #10 (Figure 5A–C) and the other from patient #5 (Figure 5D–F), exhibiting
a differential response to cinchonidine (Figure 5B,E) and quinidine (Figure 5C,F) treatment.

The ErPCs from patient #10 exhibited a 69.57% and 118.04% increase in HbF after
treatment with cinchonidine and quinidine, respectively (see the raw data shown in Sup-
plementary Table S1). A lower increase in HbF was obtained when the ErPCs from patient
#1 were employed (in this case, the HbF increase was 5.40% and 9.53% for cinchonidine
and quinidine, respectively).
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Figure 6 shows the effects of cinchonidine and quinidine on the ErPCs from all the
10 recruited β-thalassemia patients. All the raw data are reported in Supplementary
Table S1. As clearly evident, increases in the proportion of HbF (% of all the accumulated
hemoglobins) were found in the treated ErPCs from most of the recruited β-thalassemia
patients (Figure 6A).
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Figure 6. Effects of cinchonidine and quinidine on the HbF production and γ-globin gene expression in treated ErPCs.
ErPcs isolated from 10 β-thalassemia patients were treated with 100 nM sirolimus (SIR), 100 µM hydroxyurea (HU), 60 µM
cinchonidine (CincD) and 30 µM quinidine (QuinD) for 7 days. The lysate was analyzed by HPLC for HbF quantification
(% with repect to total HbF produced) and the RNA was analyzed by RT-qPCR for determination of the relative γ-globin
mRNA content. The raw data of HbF content are shown in the Supplementary Table S1. The % of HbF following the
different treatments are reported in (A,B). The increase in γ-globin mRNA content is shown in (C). The results of panels
(B,C) are reported as mean ± S.E.M. (n = 10).

Figure 6B presented this increase in the % of HbF with respect to untreated ErPCs and
gives evidence for an HbF increase comparable to that of sirolimus and the established
HbF inducer hydroxyurea.

In fact, the HbF increase was significant in the treated cells when the obtained values
were compared to those found in untreated cells (Figure 6B).

As expected for HbF inducers, the differences were not statistically significant when
the data of CincD- and/or QuinD-treated ErPCs were compared with those obtained using
SIR or HU.

The HbF increase was, as expected, associated with increase in γ-globin mRNA
(Figure 6C). Moreover, in this case, the increases in γ-globin mRNA (2.26 ± 0.37 and
2.04 ± 0.36 folds for cinchonidine and quinidine, respectively) were similar to the increases
found in sirolimus-treated (2.21 ± 0.29) and hydroxyurea-treated (2.41 ± 0.35) ErPCs. The
expected slight inhibitory effects of CincD and QuinD on ErPC cell proliferation were
similar to those of the validated HbF inducers SIR and HU (Supplementary Figure S8).

2.5. Cinchonidine and Quinidine Potentiate Sirolimus-Mediated Induction of HbF and γ-Globin
mRNA in ErPCs from β-Thalassemia Patients

Figure 7 shows the data obtained when ErPCs from five patients were treated, in addi-
tion to the treatments already mentioned in Section 2.4, with cinchonidine and quinidine in
the presence of 100 nM sirolimus. The data reported are related to increase in the % of HbF
and of γ-globin mRNA content. As clearly evident, the ErPC cultures exhibiting the highest
levels of % of HbF and increased γ-globin mRNA are those treated with the two alkaloids
and sirolimus (the raw data are reported in Supplementary Table S2). For instance, the %
increase in HbF was 66.30 ± 25.09 and 82.30 ± 37.18 in ErPCs co-treated with sirolimus
plus cinchonidine or sirolimus plus quinidine, respectively. These values were higher than
those found when single drugs were added (20.45 ± 13.82, 31.61 ± 11.62 and 54.83 ± 19.52
for sirolimus, cinchonidine and quinidine, respectively). When the values relative to the
treatments with CincD plus SIR and with QuinD plus SIR were compared to the treatment
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with the reference HbF inducers HU and SIR, the differences in the % of HbF incresae
were found to be highly significant (Figure 7A, upper part of the panel). On the contrary,
when the values of CincD or QuinD are compared to HU or SIR, the differences were not
significant (p > 0.2).
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treated with sirolimus or hydroxyurea. An average α-globin peak reduction of 27.98% was 
found with sirolimus, while the % average reduction with hydroxyurea was only 10.78%.   
Higher and more significant reductions (p = 0.024504 and 0.006129, respectively) were 
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Figure 7. Effects of co-treatment of ErPCs with sirolimus and cinchonidine or quinidine. ErPCs
isolated from five β-thalassemia patients were treated, as indicated, for 7 days with 100 nM sirolimus
(SIR), 100 µM hydroxyurea (HU), 60 µM cinchonidine (CincD), 30 µM quinidine (QuinD) or with
SIR + CincD or SIR + QuinD. The lysates were analyzed by HPLC for HbF quantification and the
RNA by RT-qPCR for determination of the γ-globin mRNA content. The average increases in HbF
are reported in (A), the increase in γ-globin mRNA content is shown in (B). The data represent the
mean ± S.E.M. (n = 5).

2.6. Treatment of ErPCs from β-Thalassemia Patients with Cinchonidine and Quinidine Is
Associated with a Sharp Decrease in the Free α-Globin Chains

Reduction in the excess α-globin should be considered as an important objective in
the development of therapeutic interventions of β-thalassemia, since the excess α-globin
decreases the lifespan of the red-blood cells, causes ineffective erythropoiesis and is a major
determinant of the clinical severity of β-thalassemia [42].
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The effects of cinchonidine and quinidine on the free α-globin chains produced by the
ErPCs from the recruited β-thalassemia patients displaying α-globin > 2.5 are summarized
in Figure 8. All the raw data are reported in Supplementary Table S3.
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Figure 8. Effects of cinchonidine and quinidine on the free α-globin chains. ErPCs isolated from
β-thalassemia patients were treated as indicated for 7 days with 100 nM sirolimus (SIR), 100 µM
hydroxyurea (HU), 60 µM cinchonidine (CincD) and 30 µM quinidine (QuinD). The lysates were
analyzed by HPLC (see Figure 5 for representative profiles) for quantification of free α-globin chains.
The data represent the mean ± S.E.M. (n = 10).

As clearly evident, a decrease in the % of the free α-globin peak was found in the
treated ErPCs from most of the recruited β-thalassemia patients (see Supplementary Table
S3). Of great interest is a lower reduction in the free α-globin chains when ErPCs were
treated with sirolimus or hydroxyurea. An average α-globin peak reduction of 27.98% was
found with sirolimus, while the % average reduction with hydroxyurea was only 10.78%.
Higher and more significant reductions (p = 0.024504 and 0.006129, respectively) were
found with cinchonidine and quinidine (49.15% and 58.79%, respectively). These data
suggest that, in addition to increased expression of γ-globin genes and HbF production,
cinchonidine and quinidine might exert their beneficial effects on ErPCs through a decrease
in the excess free α-globin chains.

3. Discussion

Induction of fetal hemoglobin (HbF) is considered a very promising strategy in the
therapy of β-thalassemia and sickle-cell disease (SCD). The gene-therapy-mediated induc-
tion of γ-globin gene expression and HbF production in erythroid cells was described. In
addition, approaches using genome editing are available in forms that are finalized to the
induction of HbF following the elimination of genomic sequences encoding for transcrip-
tional repressors or genomic sequences targeted by these regulatory factors [15–19].

While some positive results have been described based on HbF induction by gene therapy
and gene editing, the safety of these approaches are still to be determined. In addition, it is
expected that the costs of these therapeutic interventions will be very high [21–23].

Accordingly, the validation of the clinical relevance of already-known HbF inducers
and the characterization of novel HbF inducers are still projects of great interest [24–27].
In this context, a paper was recently published by Iftikhar et al. on the effects of Cinchona
alkaloids (cinchonidine and quinidine) as natural fetal hemoglobin-inducing agents in
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human erythroleukemia cells [28]. This study was very interesting, despite the fact that the
key results were obtained using only K562 cells as an in vitro experimental model system.

The key conclusions of our study are the following: (a) cinchonidine and quinidine
are inducers of an increase in the % of HbF in erythroid progenitor cells isolated from
β-thalassemia patients; (b) cinchonidine and quinidine potentiate the activity of sirolimus
(a HbF inducer employed in clinical trials). These data sustain the concept that cinchonidine
and quinidine should be considered for further studies aimed at developing protocols for
the treatment of β-thalassemia patients. Our data show that the HbF induction efficiency
of cinchonidine and quinidine is similar to that of hydroxyurea (the reference HbF inducer)
and sirolimus (Figure 6).

In addition to the induction of changes in HbF expression, cinchonidine and quinidine
might also act through a reduction in the excess free α-globins present in the erythroid
cells of β-thalassemia patients. This reduction should be considered a key objective in
the use of molecules for therapeutic interventions in the management of β-thalassemia,
since the excess α-globin is one of key factors causing short lifespans of the red-blood cells
with associated ineffective erythropoiesis [42]. Interestingly, this therapeutic relevant target
is reached very efficiently using cinchonidine and quinidine, as both are more efficient
in reducing the excess free α-globin than hydroxyurea and sirolimus (Figure 8). Further
studies will clarify whether the reduction in the excess α-globin is associated with the
activation of autophagy, as proposed elsewhere [42].

In terms of combined treatments, we decided to employ sirolimus [35] as this HbF in-
ducer is, at present, employed in two ongoing clinical trials: NCT03877809 (A Personalized
Medicine Approach for β-thalassemia Transfusion Dependent Patients: Testing sirolimus
in a First Pilot Clinical Trial) and NCT04247750 (Treatment of β-thalassemia Patients with
Rapamycin: From Pre-clinical Research to a Clinical Trial) [45]. Further studies will verify
whether the Cinchona alkaloids employed in this study potentiate the activity of other
HbF inducers, including hydroxyurea, that are extensively employed in the treatment of
β-thalassemia and sickle-cell disease [62,63]. One of the limits of our study is that the
mechanism(s) of action was not experimentally evaluated. Further studies are required
to understand this specific issue in our ErPC model system. However, published studies
support the hypothesis that the mechanism(s) of action of Cinchona alkaloids and sirolimus
are sharply different. In fact, Cinchona alkaloids are reported to inhibit cytochrome P450
enzyme 2D6 and the transport protein P-glycoprotein [64,65], while sirolimus is firmly
established as an mTOR inhibitor [35,66].

The data obtained in our study strongly support the concept that cinchonidine and
quinidine might be employed in combination with sirolimus in order to maximize its effects
on in vivo-treated β-thalassemia patients.

In this respect, it is interesting to observe that cinchonidine and quinidine might be more
active than hydroxyurea, which is one of the most important reference compounds when
clinical treatment of β-thalassemia and sickle-cell disease is considered [62,63]. Further studies
employing analyses of the effects on transcriptome and proteome, as well as confirming the
presence of increased HbF within selected cell populations, are needed in order to verify
whether the increase in the % of HbF reported in the present study is accompanied by a
clinically relevant increase in the content of HbF in each treated erythroid cell.

Moreover, in order to propose a possible protocol for therapeutic purposes, a proof-
of-principle showing in vivo effects on animal model systems is highly recommended, as
well as a careful analysis of the relationship between the effects on HbF and the presence of
DNA polymorphisms associated with the predisposition of patients to high HbF induction.
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4. Materials and Methods
4.1. Patients Recruitment

Cultures of erythroid progenitors were derived from the peripheral blood of
β-thalassemia patients. Patients were recruited at the Day Hospital Thalassemia and
Hemoglobinophaties of Azienda Ospedaliera-Universitaria S. Anna (Ferrara, Italy). All
the patients received a patient information sheet to read and time to clarify doubts with
investigators before consenting. All the participants signed an informed consent form
on the basis of approvals of the Ethical Committee in charge of human studies at the
University Hospital. The recruited patients were all transfusion dependent and not under
hydroxyurea therapy. Treatments were performed on cultured ErPCs derived from patients
blood isolated just before transfusion.

4.2. Chemical Reagents for Cell Culture Treatments

The reagents used for K562 treatments (rapamycin (sirolimus, SIR), cat. R0395; hydrox-
yurea (HU), cat. H8627; cinchonine (CincN), cat. 27370; cinchonidine (CincD), cat. C80407;
quinidine (QuinD), cat. 22600) were purchased from Sigma Aldrich (St. Louis, MO, USA).
HU was solubilized in sterile deionized H2O, whereas rapamycin, cinchonine, cinchoni-
dine and quinidine were solubilized in ethanol and stored at −20 ◦C. Stock solution of
rapamycin was prepared at 5 mM and 20 mM for each of the Cinchona alkaloids used. We
used a concentration of sirolimus known to induce both K562 and erythroid precursor cells
from β-thalassemia patients [37]. These stocks were further diluted to the indicated concen-
trations in culture medium prior to experimentation. All the treatments were performed
by adding the compounds once at the beginning of the culturing period.

4.3. Human K562 Cell Cultures

The human leukemia K562 [26,36] cells were cultured in a humidified atmosphere
of 5% CO2/air in RPMI 1640 medium (RPMI 1640 medium; Lonza, Verviers, Belgium)
supplemented with 10% (vol/vol) fetal bovine serum (FBS; Biowest, Nuaille, France)
and 1% penicillin–streptomycin (Euroclone, Milano, Italy). Cell growth was studied
by determining the cell number per ml with a Z2 Coulter Counter (Beckman Coulter,
Fullerton, CA, USA).

4.4. In Vitro Culture of Erythroid Progenitors from β-Thalassemia Patients

The two-phase liquid culture procedure was employed as previously described [37,59].
Mononuclear cells were isolated from peripheral blood samples of β-thalassemia patients:
20–25 mL of peripheral blood were collected before transfusion from patients who gave
informed consent. A mixture of blood and PBS 1× at a 1:1 ratio was stratified on top of
Lympholyte®-H Cell Separation Media (Cedarlane, Burlington, NC, USA). After isolation,
the mononuclear cell layer was washed three times by adding 1× PBS solution and seeded
in α-minimal essential medium (α-MEM; Sigma Aldrich, St. Louis, MO, USA) supple-
mented with 10% FBS (FBS; Biowest, Nuaille, France), 1 µg/mL cyclosporine A (Sigma
Aldrich, St. Louis, MO, USA), 10% conditioned medium from the 5637 bladder carcinoma
cell line culture and stem cell factor (SCF, Life Technologies, Monza, MB, Italy) at the final
concentration of 10 ng/ml. The cultures were incubated at 37 ◦C, under an atmosphere of
5% CO2, with extra humidity. After 7 days in this phase-I culture, the non-adherent cells
were harvested from the flask, washed in 1x PBS, and then cultured in phase-II medium,
composed of α-MEM medium (Sigma Aldrich, St. Louis, MO, USA), 30% FBS (FBS; Biow-
est, Nuaille, France), 1% deionized bovine serum albumin (BSA, Sigma Aldrich, St. Louis,
MO, USA), 10−5 M β-mercaptoethanol (Sigma Aldrich, St. Louis, MO, USA), 2 mM L-
glutamine (Sigma Aldrich, St. Louis, MO, USA), 10−6 M dexamethasone (Dexamethasone
21-phosphate disodium salt; Sigma Aldrich, St. Louis, MO, USA) and 1 U/mL human
recombinant erythropoietin (EPO) (Tebu-bio, Magenta, Milano, Italy) and stem cell factor
(SCF) at the final concentration of 10 ng/mL. Erythroid precursor cells’ differentiation was
assessed by benzidine staining [59].
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4.5. Reverse Transcription and Quantitative Real-Time PCR (RT-qPCR)

For gene expression analysis, 500 ng of total RNA were reverse transcribed using the
TaqMan® Reverse Transcription Reagents kit and random hexamers (Applied Biosystems,
Foster City, CA, USA). The RT-qPCR assay was carried out using gene-specific double
fluorescently labeled probes. The reaction mixture had a final volume of 25 µL and was
composed of Prime Time® Gene Expression Master Mix 1× (IDT, Tema Research, Castenaso,
BO, Italy), the pairs of forward and reverse primers (α, β, γ, together or GAPDH, RPL13A,
ACTB together) used at 500 nM concentration and the probes (α, β, γ, together or GAPDH,
RPL13A, ACTB together) used at 250 nM concentration. The probes that contained 6-
carboxyfluorescein (FAM) and hexachloro-6-carboxyfluorescein (HEX) as chromogenic
molecules at 5′ were quenched by the Iowa Black® FQ molecule at 3′, while probes that
contained indocarbocyanine (Cy5) were quenched by Iowa Black® RQ. After an initial
step for the denaturation at 95 ◦C for 2 min, the reactions were performed for 50 cycles
consisting of two phases, 95 ◦C for 10 s and 60 ◦C for 45 s.

4.6. HPLC Analysis of Hemoglobins

To evaluate the effective quantity of the various types of hemoglobin produced by the
cultured erythroid cells after treatment, High-Performance Liquid Chromatography was
performed. The ErPCs were centrifuged at 2000 rpm for 6 minutes and washed with PBS
(Phosphate buffered saline). The pellet was then resuspended in a predefined volume of
water for HPLC (Sigma-Aldrich, St. Louis, MO, USA). This was followed by 3 freeze/thaw
cycles on dry ice in order to lyse the cells and obtain the protein extracts. Lysates were
centrifuged for 5 min at 14,000 rpm and the supernatant was collected. Hemoglobin
analysis was performed by loading the protein extracts into a PolyCAT-A cation exchange
column, and they were then eluted in a sodium-chloride-BisTris-KCN aqueous mobile
phase using the HPLC Beckman Coulter Instrument System Gold 126 Solvent Module-166
Detector, which allowed us to obtain a quantification of the hemoglobins present in the
sample. The reading was performed at a wavelength of 415nm, and a commercial solution
of purified human HbAF (Sigma-Aldrich) extracts was used as a standard. The values thus
obtained were processed using “32 Karat software”.

4.7. Statistical Analysis

All the data were normally distributed and presented as mean ± S.E.M. Statistical
differences between groups were compared using a paired t-test or a one-way repeated
measures ANOVA (ANalyses of VAriance between groups) followed by LSD post-hoc tests.
Statistical differences were considered significant when p < 0.05 (*) and highly significant
when p < 0.01 (**).
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Abstract: Autosomal dominant polycystic kidney disease (ADPKD) is caused by loss of function of
PKD1 (polycystin 1) or PKD2 (polycystin 2). The Ca2+-activated Cl− channel TMEM16A has a central
role in ADPKD. Expression and function of TMEM16A is upregulated in ADPKD which causes
enhanced intracellular Ca2+ signaling, cell proliferation, and ion secretion. We analyzed kidneys
from Pkd1 knockout mice and found a more pronounced phenotype in males compared to females,
despite similar levels of expression for renal tubular TMEM16A. Cell proliferation, which is known
to be enhanced with loss of Pkd1−/−, was larger in male when compared to female Pkd1−/− cells.
This was paralleled by higher basal intracellular Ca2+ concentrations in primary renal epithelial cells
isolated from Pkd1−/− males. The results suggest enhanced intracellular Ca2+ levels contributing
to augmented cell proliferation and cyst development in male kidneys. Enhanced resting Ca2+ also
caused larger basal chloride currents in male primary cells, as detected in patch clamp recordings.
Incubation of mouse primary cells, mCCDcl1 collecting duct cells or M1 collecting duct cells with
dihydrotestosterone (DHT) enhanced basal Ca2+ levels and increased basal and ATP-stimulated
TMEM16A chloride currents. Taken together, the more severe cystic phenotype in males is likely to be
caused by enhanced cell proliferation, possibly due to enhanced basal and ATP-induced intracellular
Ca2+ levels, leading to enhanced TMEM16A currents. Augmented Ca2+ signaling is possibly due to
enhanced expression of Ca2+ transporting/regulating proteins.

Keywords: TMEM16A; ADPKD; polycystic kidneys; androgen; estrogen; CFTR

1. Introduction

Male gender is a risk factor for progression of autosomal-dominant polycystic kidney
disease (ADPKD) [1,2]. Affected men demonstrate faster loss of renal function and earlier
onset of end stage renal disease, when compared to women [3]. Orchiectomy led to
reduced renal size and cyst volume density, indicating attenuation of renal disease. In
contrast, testosterone substitution was shown to antagonize the protective effect of gonadal
ablation [4]. Moreover, in females, testosterone increased kidney size and cyst growth,
clearly identifying androgens as a progression factor. On the other hand, estrogens have
been proposed as protective hormones [5]. These results have been confirmed in additional
experiments with rats [6,7]. Thus both, androgens and estrogens have an impact on cyst
growth and disease progression in ADPKD.

Evidence has been provided for a crucial role of two chloride ion channels in the
pathology of ADPKD, namely protein kinase A-regulated cystic fibrosis transmembrane
conductance regulator (CFTR) and the Ca2+-activated Cl− channel transmembrane 16A
(TMEM16A). Support for a pro-secretory role of CFTR in ADPKD came from a number of
in vitro studies [8–11], ex vivo experiments in embryonic renal cysts in metanephric organ
culture [12,13], and observations in vivo in animals and humans [12,14,15]. In contrast,
another in vivo study could not confirm a protective effect of missing CFTR-function in
cystic fibrosis for ADPKD [16].
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Subsequent work identified a contribution of purinergic Ca2+ signaling to ADPKD [17–19].
In a series of studies in vitro, in metanephric renal organ cultures, and in mice in vivo,
we demonstrated the essential contribution of TMEM16A to renal cyst formation in
ADPKD [20–24]. We showed that knockout of Tmem16a or inhibition of TMEM16A in vivo
by the FDA-approved drugs such as niclosamide, benzbromarone, and the TMEM16A-
specific inhibitor Ani9 largely reduced cyst enlargement and abnormal cyst cell prolifera-
tion. Based on these results, we proposed a novel therapeutic concept for the treatment of
ADPKD, based on the inhibition of TMEM16A.

In the present study we asked whether enhanced expression or function of TMEM16A,
and/or hormonal regulation may account for the more severe phenotype in male ADPKD.
Typically, loss of PKD1 leads to a more severe phenotype than loss of PKD2 and accounts
for about 85% of all ADPKD. We therefore examined Pkd1−/− animals in the present study.
While loss of PKD1 does not affect expression of PKD2, loss of either PKD1 or PKD2 leads
to similar changes in intracellular Ca2+ signaling [23,25].

In a previous study, androgen-response elements were found in the TMEM16A pro-
moter region, and were shown to be relevant for testosterone-dependent induction of
TMEM16A [26]. Moreover, TMEM16A expression was found to be enhanced in male when
compared to female sympathetic ganglia [27], but lower levels were detected in male than
in female urethral smooth muscle [28]. Apart from the differences in TMEM16A-expression,
CFTR might be expressed at lower levels in female ADPKD individuals, which could con-
tribute to reduced renal cyst growth in females. In fact, a so-called cystic fibrosis (CF)
gender gap describes the higher mortality in females with CF, due to lower expression of
CFTR [29]. Lower CFTR-expression may be caused by estrogen-dependent regulation of
CFTR [30,31].

In ADPKD, cysts occur in different renal tubular segments, yet it is assumed that
most cysts are derived from the collecting duct [32]. In the present study we analyzed
primary epithelial cells isolated from renal medulla and mouse mCCDcl1 collecting duct
cells. We compared the properties of primary cells isolated from male and female mice,
and examined whether gender differences can be reproduced in the mCCDcl1 cell line by
treatment with male (dihydrotestosterone) and female (estrogen) hormones. We detected
enhanced renal cyst growth and cell proliferation in male mice lacking expression of the
polycystic kidney disease gene Pkd1 (polcycystin 1), when compared to female Pkd1−/−

mice. The data suggest enhanced proliferation, increased basal Ca2+ levels, and larger
secretory chloride currents in cells derived from male Pkd1−/− kidneys, which is likely to
contribute to the enhanced progression in male ADPKD patients.

2. Results
2.1. Male Mice Lacking Expression of Pkd1 Show a Larger Number of Renal Cysts, But Similar
Levels of Expression of TMEM16A

The KspCreERT2;Pkd1lox;lox system was used to obtain a tamoxifen inducible tubule-
specific knockout of Pkd1, as described previously [24,33]. Knockdown of Pkd1 in male
and female mice was validated by RT-PCR (Figure 1A,B). Ten weeks old Pkd1−/− mice
demonstrated multiple renal cysts, which were more pronounced in males when compared
to females (Figure 1C,D).
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Figure 1. Renal cysts in male and female PKD1-knockout mice. (A,B) RT-PCR of Pkd1 in renal 
primary epithelial cells from male (M) and female (F) Pkd1+/+ and Pkd1−/− mice, and semiquantita-
tive analysis of expression. (C) HE staining of whole kidneys and analysis of renal cysts by stitch-
ing microscopy. Male Pkd1−/− kidneys had larger sizes when compared to kidneys from female 
Pkd1−/− mice. (D) Cystic index in male and female Pkd1+/+ and Pkd1-/- kidneys. Mean ± SEM (num-
ber of animals in each series). #significant difference when compared to Pkd1+/+ (p < 0.05; unpaired 
t-test). §significant difference when compared to male (p < 0.05; ANOVA with Tukey’s post-hoc 
test). 

In our previous study we reported a crucial role of the Ca2+-activated Cl- channel 
TMEM16A for the development of polycystic kidneys in Pkd1−/− mice and in additional in 
vitro models for ADPKD [20,23,24]. We therefore expected to find higher levels of 
TMEM16A-expression in kidneys from male Pkd1−/− mice. However, both Western blot-
ting of TMEM16A from renal lysates, as well as immunohistochemistry suggested similar 
levels of TMEM16A-expression in kidneys from male and female Pkd1−/− mice (Figure 2). 
Similarly, mRNA-expression for the epithelial Cl- channel cystic fibrosis transmembrane 
conductance regulator (CFTR) was not different between males and females (Figure S1).  

Figure 1. Renal cysts in male and female PKD1-knockout mice. (A,B) RT-PCR of Pkd1 in renal
primary epithelial cells from male (M) and female (F) Pkd1+/+ and Pkd1−/− mice, and semiquan-
titative analysis of expression. (C) HE staining of whole kidneys and analysis of renal cysts by
stitching microscopy. Male Pkd1−/− kidneys had larger sizes when compared to kidneys from
female Pkd1−/− mice. (D) Cystic index in male and female Pkd1+/+ and Pkd1−/− kidneys. Mean ±
SEM (number of animals in each series). # significant difference when compared to Pkd1+/+ (p < 0.05;
unpaired t-test). § significant difference when compared to male (p < 0.05; ANOVA with Tukey’s
post-hoc test).

In our previous study we reported a crucial role of the Ca2+-activated Cl− channel
TMEM16A for the development of polycystic kidneys in Pkd1−/− mice and in additional
in vitro models for ADPKD [20,23,24]. We therefore expected to find higher levels of
TMEM16A-expression in kidneys from male Pkd1−/− mice. However, both Western blot-
ting of TMEM16A from renal lysates, as well as immunohistochemistry suggested similar
levels of TMEM16A-expression in kidneys from male and female Pkd1−/− mice (Figure 2).
Similarly, mRNA-expression for the epithelial Cl− channel cystic fibrosis transmembrane
conductance regulator (CFTR) was not different between males and females (Figure S1).
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Figure 2. Expression of TMEM16A in male and female PKD1−/− mice. (A,B) Western blotting of TMEM16A-expression in 
primary renal epithelial cells from kidneys of male and female Pkd1+/+ and Pkd1−/− mice. (C) Immunocytochemistry of 
Tmem16a in kidneys from male and female Pkd1−/− mice. Bar = 20 µm. Representative images from three mice each. Mean 
± SEM (number of animals in each series). #significant difference when compared to Pkd1+/+ (p < 0.05; unpaired t-test). 

2.2. Cell Proliferation and Basal Ca2+ Levels Are More Enhanced in Renal Epithelial Cells from 
Pkd1−/− Males Than Pkd1−/− Females  

Cell proliferation is enhanced in kidneys from Pkd1−/− mice [24]. We compared the 
cell proliferation in males and females using Ki-67 staining. The results show that cell 
proliferation is enhanced in kidneys of both male and female Pkd1−/− mice, however, pro-
liferation was more enhanced in males (Figure 3A,B). Cellular Ca2+ levels are intimately 
related with cell proliferation, and have been shown to be augmented in renal epithelial 
cells from mice lacking expression of Pkd1, which leads to enhanced expression of 
TMEM16A [23–25]. We therefore compared the basal Ca2+ levels in primary renal epithe-
lial cells from male and female mice. Remarkably, knockout of Pkd1 caused higher basal 
Ca2+ levels in renal epithelial cells from males, but not in cells from female kidneys (Figure 
3C,D). These results suggest a contribution of enhanced intracellular Ca2+ levels to aug-
mented cell proliferation and cyst development in male kidneys.  

Figure 2. Expression of TMEM16A in male and female PKD1−/− mice. (A,B) Western blotting of TMEM16A-expression in
primary renal epithelial cells from kidneys of male and female Pkd1+/+ and Pkd1−/− mice. (C) Immunocytochemistry of
Tmem16a in kidneys from male and female Pkd1−/− mice. Bar = 20 µm. Representative images from three mice each. Mean
± SEM (number of animals in each series). # significant difference when compared to Pkd1+/+ (p < 0.05; unpaired t-test).

2.2. Cell Proliferation and Basal Ca2+ Levels Are More Enhanced in Renal Epithelial Cells from
Pkd1−/− Males Than Pkd1−/− Females

Cell proliferation is enhanced in kidneys from Pkd1−/− mice [24]. We compared the
cell proliferation in males and females using Ki-67 staining. The results show that cell
proliferation is enhanced in kidneys of both male and female Pkd1−/− mice, however,
proliferation was more enhanced in males (Figure 3A,B). Cellular Ca2+ levels are intimately
related with cell proliferation, and have been shown to be augmented in renal epithe-
lial cells from mice lacking expression of Pkd1, which leads to enhanced expression of
TMEM16A [23–25]. We therefore compared the basal Ca2+ levels in primary renal epithelial
cells from male and female mice. Remarkably, knockout of Pkd1 caused higher basal Ca2+

levels in renal epithelial cells from males, but not in cells from female kidneys (Figure 3C,D).
These results suggest a contribution of enhanced intracellular Ca2+ levels to augmented
cell proliferation and cyst development in male kidneys.
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Figure 3. Cell proliferation and intracellular Ca2+ concentrations in renal epithelial cells from Pkd1+/+ and Pkd1−/− mice. (A) 
Analysis of tubular epithelial cell proliferation in kidney sections from male and female Pkd1+/+ and Pkd1-/- mice as indi-
cates by Ki-67 staining. Bars = 50 µm. (B) Summary of Ki-67 positive cells/mm2 tissue area in kidneys from male and female 
Pkd1+/+ and Pkd1−/− mice. Bars = 50 µm. (C,D) Intracellular basal Ca2+ concentrations ([Ca2+]i) as assessed by Fura2 indicates 
higher basal [Ca2+]iI in male Pkd1−/− mice. Mean ± SEM (number of animals/number of experiments in each series). # Sig-
nificant difference when compared to Pkd1+/+ (p < 0.05; unpaired t-test). § Significant difference when compared to male (p 
< 0.05; ANOVA and Tukey’s post-hoc test). 

We further compared the whole cell currents measured in primary renal epithelial 
cells isolated from male and female kidneys. Primary cells were isolated from male and 
female Pkd1+/+ and Pkd1−/− mice. As reported previously, in cells isolated from male or 
female Pkd1+/+ animals, we found little activation of TMEM16A currents by increase of 
intracellular Ca2+, using the purinergic ligand ATP (Figure 4A,B, left panels). In contrast, 
cells isolated from Pkd1−/− animals showed large ATP-activated whole cell currents. We 
noticed that the basal current in male Pkd1−/− cells was significantly larger than that meas-
ured in female Pkd1−/− cells (Figure 4A,B, right panels). This may be explained by the fact 
that male Pkd1−/− cells showed a higher basal intracellular Ca2+ concentration (Figure 
3C,D). We also examined the whole cell currents activated by IBMX and forskolin (IF), 
which both increase intracellular cAMP. No activation of whole cell currents was ob-
served in Pkd1+/+ cells, while a small but significant current was activated in male Pkd1−/− 
cells (Figure 4C,D). Patch clamp ion current data were supported by additional iodide 
quenching data, which also indicated a larger halide permeability in male when compared 

Figure 3. Cell proliferation and intracellular Ca2+ concentrations in renal epithelial cells from Pkd1+/+ and Pkd1−/− mice.
(A) Analysis of tubular epithelial cell proliferation in kidney sections from male and female Pkd1+/+ and Pkd1−/− mice as
indicates by Ki-67 staining. Bars = 50 µm. (B) Summary of Ki-67 positive cells/mm2 tissue area in kidneys from male and
female Pkd1+/+ and Pkd1−/− mice. Bars = 50 µm. (C,D) Intracellular basal Ca2+ concentrations ([Ca2+]i) as assessed by
Fura2 indicates higher basal [Ca2+]iI in male Pkd1−/− mice. Mean ± SEM (number of animals/number of experiments in
each series). # Significant difference when compared to Pkd1+/+ (p < 0.05; unpaired t-test). § Significant difference when
compared to male (p < 0.05; ANOVA and Tukey’s post-hoc test).

We further compared the whole cell currents measured in primary renal epithelial
cells isolated from male and female kidneys. Primary cells were isolated from male
and female Pkd1+/+ and Pkd1−/− mice. As reported previously, in cells isolated from
male or female Pkd1+/+ animals, we found little activation of TMEM16A currents by
increase of intracellular Ca2+, using the purinergic ligand ATP (Figure 4A,B, left panels).
In contrast, cells isolated from Pkd1−/− animals showed large ATP-activated whole cell
currents. We noticed that the basal current in male Pkd1−/− cells was significantly larger
than that measured in female Pkd1−/− cells (Figure 4A,B, right panels). This may be
explained by the fact that male Pkd1−/− cells showed a higher basal intracellular Ca2+

concentration (Figure 3C,D). We also examined the whole cell currents activated by IBMX
and forskolin (IF), which both increase intracellular cAMP. No activation of whole cell
currents was observed in Pkd1+/+ cells, while a small but significant current was activated
in male Pkd1−/− cells (Figure 4C,D). Patch clamp ion current data were supported by
additional iodide quenching data, which also indicated a larger halide permeability in
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male when compared to female Pkd1−/− cells (Figure S2). Taken together, higher basal
Ca2+ concentrations, enhanced proliferation and larger basal Cl− currents may explain the
more pronounced cystic phenotype in male Pkd1−/− kidneys.
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2.3. Testosterone Augments ATP-Induced Whole Cell Currents in Female Pkd1+/+ Cells  
Androgens have been implicated in the severity of the disease phenotype in ADPKD 

[34]. We therefore examined the impact of dihydrotestosterone (DHT) on the ion currents 
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Figure 4. Whole cell patch clamp experiments in primary renal epithelial cells from male and female
Pkd1+/+ and Pkd1−/− mice. (A) Original whole cell overlay currents of basal and ATP (50 µM)—
activated currents in male and female Pkd1+/+ and Pkd1−/− mice. (B) Summary i/v curves of
basal and ATP-activated currents indicating larger ATP-activated currents in Pkd1−/− mice and
larger basal currents in male Pkd1−/− mice. (C) Original overlay currents of basal and IF (100 µM
IBMX and 2 µM forskolin)—activated currents in male and female Pkd1+/+ and Pkd1−/− mice. (D)
Summary i/v curves of basal and IF-activated currents indicating small but significant IF-activated
currents in male Pkd1−/− mice. Mean ± SEM (number of animals/number of experiments in each
series). * Significant activation by ATP and IF, respectively (p < 0.05; paired t-test). # Significant
difference compared to other basal currents (p < 0.05; ANOVA and Tukey’s post-hoc test).

2.3. Testosterone Augments ATP-Induced Whole Cell Currents in Female Pkd1+/+ Cells

Androgens have been implicated in the severity of the disease phenotype in ADPKD [34].
We therefore examined the impact of dihydrotestosterone (DHT) on the ion currents in
primary renal epithelial cells, isolated from female Pkd+/+ mice. Expression of androgen
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receptors in primary renal epithelial cells was determined by RT-PCR (Figure 5A,B). More-
over, different types of estrogen receptors were found to be expressed in these cell (Figure
5C). As expected, ATP-activated whole cell currents were moderate in control cells, but
were significantly enhanced in cells treated with DHT. In contrast, in cells treated with the
inhibitor of androgen receptors, cyproterone acetate (CA), no whole cell currents could be
activated by ATP (Figure 5D,E).
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CFTR, and receptors for testosterone and estrogen (Figure 6A,B). However, the main es-
trogene receptors Esr1 and Esr2 are not expressed in renal epithelial cells, suggesting that 
estrogen-dependent regulation of protein expression is not dominant in kidney.  

Treatment with DHT-enhanced expression of TMEM16A in mCCDcl1 cells (Figure 
6C). In these cells, ATP concentrations as low as 0.1 µM stimulated a whole cell current 
that was not observed in the absence of DHT (Figure 6D–F). Upregulation of ATP-acti-
vated whole cell currents by DHT was also observed in mouse M1 collecting duct cells, 
which also showed a slight but detectable increase in cAMP-activated currents upon DHT 
treatment (Figure S3). No whole Cl- currents could be activated in cells incubated with 
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Figure 5. Effect of dihydrotestosterone on whole cell currents in primary renal epithelial cells from
female Pkd1+/+ mice. (A,B) RT-PCR analysis of expression of the androgen receptor (AR) in primary
renal epithelial cells from male and female kidneys. (C) Expression of estrogen receptors in primary
renal epithelial cells from female Pkd1+/+ mice. (D,E) Whole cell current overlays and corresponding
I/V-curves from primary renal epithelial cells of female Pkd1+/+ mice. ATP (50 µM) -activated
currents were augmented in cells-incubated with dihydrotestosterone (DHT; 10 µM, 24 h), but
were absent in cyproterone acetate (CA, 10 µM, 24 h) incubated cells. Mean ± SEM (number of
animals/number of experiments in each series). * Significant activation by ATP (p < 0.05; paired
t-test). # Significant difference when compared to con (no DHT) (p < 0.05; ANOVA and Tukey’s
post-hoc test).

DHT-dependent regulation of Ca2+-activated Cl− currents was further examined in
mCCDcl1 mouse renal cortical collecting duct cells [35]. These cells express TMEM16A,
CFTR, and receptors for testosterone and estrogen (Figure 6A,B). However, the main
estrogene receptors Esr1 and Esr2 are not expressed in renal epithelial cells, suggesting that
estrogen-dependent regulation of protein expression is not dominant in kidney.

Treatment with DHT-enhanced expression of TMEM16A in mCCDcl1 cells (Figure 6C).
In these cells, ATP concentrations as low as 0.1 µM stimulated a whole cell current that was
not observed in the absence of DHT (Figure 6D–F). Upregulation of ATP-activated whole
cell currents by DHT was also observed in mouse M1 collecting duct cells, which also
showed a slight but detectable increase in cAMP-activated currents upon DHT treatment
(Figure S3). No whole Cl− currents could be activated in cells incubated with estrogen.
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2.4. Testosterone Enhances Intracellular Ca2+ Signals

DHT increased the expression of TMEM16A and enhanced ATP-activated whole cell
currents, which may be due to enhanced intracellular Ca2+ signaling. We measured the
intracellular Ca2+ concentrations in control mCCDcl1 cells, and in cells treated with DHT.
Cells were stimulated by different concentrations of ATP, which caused a concentration-
dependent increase in intracellular Ca2+ concentration (Figure 6G). Notably, DHT did
not further enhance transient Ca2+ increase induced by ATP, but shifted the basal Ca2+

concentration to higher values. This suggests a Ca2+ leakage out of the endoplasmic reticu-
lum (ER) Ca2+ store, or enhanced Ca2+ influx through plasma membrane Ca2+ channels
(Figure 6G).
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Figure 6. Effect of dihydrotestosterone on whole cell currents and intracellular Ca2+ concentrations
in mouse mCCDcl1 cortical collecting duct cells. (A,B) RT-PCR analysis of expression of Tmem16a,
Cftr, androgen receptors (A), and estrogen receptors (B) in Pkd1+/+ mCCDcl1 mouse collecting
duct cells. (C) Western blot from mCCDcl1 cells, indicating upregulation of Tmem16a-expression
by DHT. (D,E) Whole cell current overlays (D), corresponding I/V-curves (E), and summary of
ATP (0.1 µM) -activated whole cell currents (F) from mCCDcl1 cells, indicating larger basal and
ATP-activated currents in DHT (10 µM; 24 h) treated cells. Current densities (pA/pF) were assessed
at the clamp voltage of +100 mV. (G) Basal and ATP (0.1–100 µM)–induced increase in intracellular
Ca2+ concentration in control (con) and DHT-incubated mCCDcl1 cells. Mean ± SEM (number
of experiments). * Significant activation by ATP (p < 0.05; paired t-test). # Significant difference
compared to con (p < 0.05; unpaired t-test).
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We applied a Ca2+ store release protocol to empty the ER Ca2+ store by inhibiting the
sarcoplasmic endoplasmic reticulum ATPase (SERCA), using cyclopiazonic acid (CPA).
Remarkably, removal of extracellular Ca2+ lead to a more pronounced decrease in basal
cytosolic Ca2+ in DHT, but not in EST-treated cells (Figure 7A, left and middle panel).
Subsequent addition of CPA induced a more pronounced Ca2+ store release in DHT-
treated cells, and a largely augmented Ca2+ influx upon re-addition of extracellular Ca2+

(Figure 7A, left and right panel). Thus, Ca2+ store release and store operated Ca2+ influx
were augmented in DHT-treated cells. We analyzed the expression of a number of Ca2+

transporting proteins such as inositol trisphosphate receptors (IP3R1-3), the Ca2+ influx
channels Orai1, TRPC1, TRPV4, and the ER Ca2+ sensor stromal interaction molecule 1
(Stim1). Notably, expression of a number of Ca2+ channels and Stim1 were augmented by
both DHT and EST incubated cells. As shown in Figure 6C, DHT enhanced the expression
of TMEM16A, while EST had no significant effect on TMEM16A-expression (data not
shown). By comparing Ca2+ signals obtained from male and female primary renal epithelial
cells, we also found higher basal Ca2+ levels in male cells, along with larger ATP-induced
Ca2+ transients (Figure S4). Taken together, the more severe cystic phenotype found
in males is likely to be caused by enhanced cell proliferation possibly due to enhanced
basal intracellular Ca2+ levels, which is probably due to enhanced expression of Ca2+

transporting/regulating proteins.
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3. Discussion

In the present study we analyzed the primary epithelial cells isolated from renal
medulla and mouse mCCDcl1 collecting duct cells. We compared the properties of primary
cells isolated from male and female mice, and examined whether gender differences can
be reproduced in the mCCDcl1 cell line by treatment with DHT and EST. We investigated
whether enhanced expression or function of TMEM16A, and/or hormonal regulation may
account for the more severe ADPKD phenotype caused by knockout of Pkd1. As shown
previously, loss of PKD1 or PKD2 led to similar changes in intracellular Ca2+ signaling
which could be reproduced in the present study [23,25]. The present data show a higher
cystic index in kidneys from male Pkd1−/− mice. Although expression of the disease-
associated Ca2+-activated Cl− channel TMEM16A was not different between male and
female Pkd1−/− kidneys, cell proliferation, basal cytosolic Ca2+ levels, and basal Cl−

currents were larger in renal epithelial cells derived from males (Figures 1–4).
Proliferation of renal tubular epithelial cells is enhanced in both male and female

kidneys from Pkd1−/− knockout mice, however, the effect is more pronounced in male
kidneys. Proliferation is predominantly due to the upregulation of TMEM16A-expression
as demonstrated in our recent study [24]. TMEM16A is well-known to enhance proliferation
in different types of cells including cancer cells. This is due to the upregulation of Ca2+

(ATP−) activated chloride currents and upregulated ATP-induced Ca2+ store release [24].
Enhanced Ca2+ signaling is also demonstrated by augmented store release triggered by
cyclopiazonic acid with consecutive increase in store-operated Ca2+ entry. These changes
are observed in both primary renal epithelial cells from male and female Pkd1−/− mice,
however, upregulation of these Ca2+ signals is more pronounced in epithelial cells from
males (Figure S5). Furthermore, a small cAMP-regulated CFTR current was detected in
the cells from male Pkd1−/− kidneys, but was not found in cells from female kidneys.
Expression levels for CFTR were not different between male and female kidneys as detected
by semiquantitative RT-PCR or Western blotting.

Higher TMEM16A currents and small but detectable CFTR currents were also found in
renal epithelial cells upon exposure to dihydrotestosterone, which also enhanced expression
of TMEM16A. Importantly, Cha et al. reported three androgen-response elements in the
TMEM16A promoter region, which are relevant for the DHT-dependent induction of
TMEM16A [26]. Comparable to our previous report showing inhibition of cell proliferation
and renal cyst growth [24], Cha et al. reported inhibition of prostate hyperplasia by siRNA-
knockdown of TMEM16A [26]. In contrast, androgens potentiated renal cell proliferation
and cyst enlargement through ERK1/2-dependent and ERK1/2-independent signaling in
another study [34]. However, in our study we were unable to detect the different levels for
TMEM16A expression in male and female kidneys (Figure 2). A likely explanation might be
that knockout of Pkd1 already induced a strong upregulation of TMEM16A-expression [24],
thereby overrunning androgen-dependent regulation of expression. Notably, in cultured
mCCDcl1 collecting duct cells, where Pkd1 is not knocked out, androgen-dependent
upregulation of TMEM16A is detected (Figure 6).

Enhanced basal (Figures 3, 6 and 7) and ATP-activated (Figures 6 and S4) Ca2+ lev-
els were clearly detectable in male primary renal epithelial cells and androgen-treated
mCCDcl1 cells. Androgens also caused increased intracellular Ca2+ levels in prostate
and skeletal muscle cells [36,37]. A number of previous studies examined the effects of
androgens on cytosolic Ca2+ signaling, and expression of proteins that regulate intracel-
lular Ca2+ levels. Thus androgens upregulated the Ca2+ influx channel Orai1 in MCF-7
breast tumor cells [38], while in LNCaP cells, androgens were shown to increase cytosolic
Ca2+ by enhancing Ca2+ influx through L-type channels [39], and via G-protein-coupled
receptors [40,41]. Moreover, expression of the Ca2+ sensor in the endoplasmic reticulum,
stromal interaction molecule 1 (STIM1), was shown to be regulated by androgens [42].
Conversely, estradiol was shown to inhibit the phosphorylation of STIM1 which attenuated
SOCE [43].
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We found lower expression of TRPV4 upon treatment with estradiol, which may
suggest a role of TRPV4 in differential Ca2+ signaling in male vs. female renal epithelial
cells. Notably, using RT-PCR we also found a reduced expression of TRPV4 in female
Pkd1−/− mice, when compared to male Pkd1−/− mice (data not shown). Interestingly,
enhanced expression of TRPV4 was also found in male hypertensive rats when compared
to female animals [44]. However, given the number of Ca2+ transporting proteins that
differ between cells derived from males and females, enhanced basal Ca2+ levels in males
are likely due to a combination of differentially expressed Ca2+-transporting proteins. We
believe that the differences in basal Ca2+ concentrations could be sufficient to explain the
different basal activity of TMEM16A in male and female cells. Activation of TMEM16A
depends largely on the membrane voltage [45]. Activation of inward currents at hyper-
polarized (physiological) voltages require higher [Ca2+]i than outward currents and are
in the range of 1 µM and higher. However, Ca2+ concentrations related to channel ac-
tivity are typically obtained by Ca2+-sensing dyes, which measure global cytosolic Ca2+

concentrations, such as Fura-2. These global [Ca2+]i do not reflect the true Ca2+ levels
in the TMEM16A-containing subapical compartment. We now know that TMEM16A is
a membrane tether that binds the receptor for inositol trisphosphate (IP3) and thereby
enhances local Ca2+ levels in close proximity to TMEM16A [46]. Using membrane-bound
Ca2+ sensors, remarkably higher Ca2+ concentrations were found in TMEM16A-containing
compartments underneath the cell membrane, causing more pronounced activation of
TMEM16A [47]. Finally, differential expression of splice variants for TMEM16A could be
an additional reason for the larger basal Cl− currents detected in male renal epithelial
cells. For example, Ferrera and collaborators reported differential Ca2+ sensitivity for the
isoforms TMEM16A(a,b,c), and TMEM16A(a,c) [48]. Differential expression of TMEM16A
isoforms should be therefore examined in subsequent studies.

The results of the present study may be summarized as follows: (i) Renal cysts found
in ADPKD caused by knockout of Pkd1, are associated with enhanced basal intracellular
Ca2+ levels and enhanced agonist (ATP)− and CPA-induced Ca2+ store release and SOCE.
(ii) The more severe phenotype in males is related to larger store release and SOCE detected
in cells derived from males when compared to females (Figure S5). (iii) Stimulation of the
androgen receptor by DHT in cells derived from primary female cells and in the mCCDcl1
cell line reproduces the findings obtained in primary male tissues. (iv) Gender-dependent
phenotype differences are not explained by different levels of expression of the ADPKD-
relevant ion channel TMEM16A. (v) Differential Ca2+ homeostasis in kidneys of male and
female ADPKD patients is suggested. (vi) Higher Ca2+ levels not only enhance TMEM16A-
activity, but may also contribute to higher activity of CFTR [49]. (vii) Additional work
will be required to identify the molecular mechanisms underlying the gender-dependent
differences of Ca2+ signaling in ADPKD.

4. Materials and Methods
4.1. RT-PCR

For semi-quantitative RT-PCR total RNA from primary medullary kidney epithelial
cells were isolated using NucleoSpin RNA II columns (Macherey-Nagel, Düren, Germany).
Total RNA (0.5 µg/25 µL reaction) was reverse-transcribed using random primer (Promega,
Mannheim, Germany) and M-MLV Reverse Transcriptase RNase H Minus (Promega,
Mannheim, Germany). Each RT-PCR reaction contained sense (0.5 µM) and antisense
primer (0.5 µM) (Table 1), 0.5 µL cDNA and GoTaq Polymerase (Promega, Mannheim,
Germany). After 2 min at 95 ◦C cDNA was amplified (targets 30 cycles, reference Gapdh
25 cycles) for 30 s at 95 ◦C, 30 s at 56 ◦C, and 1 min at 72 ◦C. PCR products were visualized
by loading on Midori Green Xtra (Nippon Genetics Europe) containing agarose gels and
analyzed using Image J 1.52r (NIH, Bethesda, MD, USA).
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Table 1. Primers used for PCR-analysis.

Gene
Accession Number Primer Size (bp)

Tmem16a
NM_001242349.2

s: 5′-GTGACAAGACCTGCAGCTAC
as: 5′-GCTGCAGCTGTGGAGATTC 406

Cftr
NM_021050.2

s: 5′-GAATCCCCAGCTTATCCACG
as: 5′-CTTCACCATCATCTTCCCTAG 544

Pkd1
NM_013630.2

s: 5′-CTTCTACTTTGCCCATGAGG
as: 5′-CTTCTACTTGCACCTCTGTC 473

Esr1
NM_007956.5

s: 5′-CTCAAGATGCCCATGGAGAG
as: 5′-GTTTCCTTTCTCGTTACTGCTG 441

Esr2
NM_207707.1

s: 5′-GACCTACGCAAGACATGGAG
as: 5′-CTTGGACTAGTAACAGGGCTG 436

Esrra
NM_007953.2

s: 5′-CAGGGCAGTGGGAAGCTAG
as: 5′-GCTACTGCCAGAGGTCCAG 362

Esrrb
NM_011934.4

s: 5′-GTGGTATCATGGAGGACTCC
as: 5′-GTCAATGGCTTTTTAGCAGGTG 388

Esrrg
NM_011935.3

s: 5′-CAGCACCATCGTAGAGGATC
as: 5′-CATGGCATAGATCTTCTCTGG 442

Gapdh
NM_001289726

s: 5′-GTATTGGGCGCCTGGTCAC
as: 5′-CTCCTGGAAGATGGTGATGG 200

4.2. Cell Culture

The mouse collecting duct cell line mCCDcl1 was kindly provided by Prof. Dr.
Johannes Loffing (Institute of Anatomy, University of Zurich, Zurich, Switzerland) and
were grown as described previously [35]. M1 mouse collecting duct cells were grown as
outlined in an earlier publication [50].

4.3. Renal Medullary Primary Cells Isolation

Mice were sacrificed through CO2 inhalation and cervical dislocation and kidneys were
kept in ice-cold DMEM/F12 medium (Thermo Fisher Scientific, Darmstadt, Germany). The
renal capsule was removed under sterile conditions. The medulla was separated from the
cortex and chopped into smaller pieces of tissue using a sharp razor blade (Heinz Herenz,
Hamburg, Germany). Tissues were incubated in Hanks balanced salt solution/DMEM/F12
(Life Technologies/Gibco®, Karlsruhe, Germany) containing 1 mg/ml collagenase type 2
(Worthington, Lakewood, NJ, USA) for 20 min at 37 ◦C. The digested tissue was passed
through a 100 µm cell strainer (Merck KGaA, Darmstadt, Germany), transferred to a 50
mL falcon tube and washed with ice-cold PBS. After centrifugation at 1880 rpm for 4
min/4 ◦C, cells were resuspended and centrifuged 3X at 2260 rpm for 4 min at 4 ◦C.
After washing with ice-cold PBS, tubular preparations were cultured at 37 ◦C/5% CO2 in
DMEM/F12 supplemented with 1% FBS, 1% Pen/Strep, 1% L-glutamine (200 mM), 1%
ITS (100×), 50 nM hydrocortisone, 5 nM triiodothyronine, and 5 nM epidermal growth
factor (Sigma Aldrich, Taufkirchen, Germany). After washing with ice-cold PBS, tubular
preparations were maintained at 37 ◦C/5% CO2 in DMEM/F12 supplemented with 1%
FBS, 1% Pen/Strep, 1% L-glutamine (200 mM), 1% ITS (100×), 50 nM hydrocortisone, 5
nM triiodothyronine, and 5 nM epidermal growth factor (Sigma Taufkirchen, Germany).
After 24 h, primary cells grew out from isolated tubules.

4.4. Animals and Treatments

Animal experiments were approved by the local institutional review board and all
animal experiments complied with the with the United Kingdom Animals Act, 1986, and
associated guidelines, EU Directive 2010/63/EU for animal experiments. Experiments were
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approved by the local Ethics Committee of the Government of Unterfranken/Wuerzburg
(AZ: 55.2-2532-2-823). Mice with a floxed PKD1 allele were generously provided by Prof.
Dr. Dorien J.M. Peters (Department of Human Genetics, Leiden University Medical Center,
Leiden, The Netherlands) [51]. Animals were hosted on a 12:12 h light:dark cycle under
constant temperature (24 ± 1 ◦C) in standard cages. They were fed a standard diet with
free access to tap water. Generation of mice with a tamoxifen inducible, kidney epithelium-
specific Pkd1-deletion was done as previously described [24]. Mice carrying loxP-flanked
conditional alleles of Pkd1 were crossed with KSP-Cre mice in a C57BL/6 background
(KspCreERT2; Pkd1lox;lox; abbreviated as Pkd1−/−). Mice of age 8–10 weeks were used in
the experiments.

4.5. Histologic Analysis, Cystic Index

Photographs from hematoxylin and eosin-stained kidney sections were taken at a
magnification of ×23 and stitched to obtain a single photograph of the whole transverse
kidney sections using a Axiovert 200 microscope (Zeiss, München, Germany). The whole
kidney cortex was defined as the region of interest using ImageJ (version 1.48). Next, we
used an algorithm (ImageJ software version 1.48, NIH, Bethesda, MD, USA) that separates
normal tubule space from cystic area by defining diameters of noncystic tubules < 50
mm [32]. The whole cortex cyst area was divided by the whole cortex area and defined as
the cystic index.

4.6. Immunohistochemistry

Five-micron thick transverse kidney sections were stained. Anti-TMEM16A (rabbit;
1:100; Abcam, Berlin, Germany) antibody was used as described previously [20]. As
secondary antibodies, anti-rabbit IgG Alexa Fluor 546 (1:300; Thermo Fisher Scientific, Inc.,
Erlangen, Germany) was used. Immunofluorescence was detected using an Axiovert 200
microscope equipped with ApoTome and AxioVision (Zeiss, Germany).

4.7. Western Blotting

Proteins were isolated from perfused whole kidneys and from mCCDcl1 cells us-
ing a sample buffer containing 25 mM Tris–HCl, 150 mM NaCl, 1% Nonidet P-40, 5%
glycerol, 1 mM EDTA, and 1% protease inhibitor mixture (Roche, Mannheim, Germany).
Equal amounts of protein were separated using 8.5% sodium dodecyl sulfate (SDS) poly-
acrylamide gel. Proteins were transferred to a polyvinylidene difluoride membrane (GE
Healthcare Europe GmbH, Munich, Germany) using a semi-dry transfer unit (Bio-Rad,
Feldkirchen, Germany). Membranes were incubated with primary anti-TMEM16A (rabbit
1:500; Alomone, Jerusalem, Israel) mouse antibody overnight at 4 ◦C. Proteins were visu-
alized using horseradish peroxidase-conjugated secondary antibody and ECL detection.
Beta-Actin was used as a loading control.

4.8. Ki-67 Assay

Ki-67 staining was performed using a monoclonal anti-ki-67 antibody (rabbit; 1:100,
Linaris, Dossenheim, Germany). Signals were amplified by the use of the Vectastain Elite
ABC Kit (Vector Laboratories, Burlingame, CA, USA) according to the manufacturer’s
instructions. Signals were analyzed with a Axiovert 200 microscope (Zeiss, Germany).

4.9. Patch Clamp

Patch-clamp experiments were performed in the fast whole-cell configuration. Patch
pipettes had an input resistance of 4–6 MΩ, when filled with a cytosolic-like pipette filling
solution [52] containing (mM) KCl 30, K-gluconate 95, NaH2PO4 1.2, Na2HPO4 4.8, EGTA 1,
Ca-gluconate 0.758, MgCl2 1.034, D-glucose 5, ATP 3. The pH was 7.2, and the Ca2+ activity
was 0.1 µM. The extracellular bath perfusion was a Ringer solution containing (mmol/L)
NaCl 145; KH2PO4 0.4; K2HPO4 1.6; glucose 5; MgCl2 1; Ca2+-Gluconat 1.3. The access
conductance was measured continuously and was 30–140 nS. Currents (voltage clamp) and
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voltages (current clamp) were recorded using a patch-clamp amplifier (EPC 9, List Medical
Electronics, Darmstadt, Germany) and PULSE software (HEKA, Lambrecht, Germany) as
well as Chart software (AD-Instruments, Spechbach, Germany). In intervals, membrane
capacitance was measured using the EPC9 device. Data were stored continuously on
a computer hard disc and were analyzed using PULSE software. In regular intervals,
membrane voltages (Vc) were clamped in steps of 20 mV from −100 to +100 mV relative
to resting potential. Current densities (pA/pF) were assessed at the clamp voltage of
+100 mV.

4.10. Iodide Quenching Experiments

For YFP-quenching assays, primary renal cells were infected with lentiviral vectors to
express halide-sensitive YFPI152L, as previously described [53]. Primary renal cells were
isolated and cultured and for each mouse 40 cells were measured. Quenching of the intra-
cellular fluorescence generated by the iodide sensitive enhanced yellow fluorescent protein
(EYFP-I152L) was used to measure the anion conductance. YFP-I152L fluorescence was
excited at 500 nm using a polychromatic illumination system for microscopic fluorescence
measurement (Visitron Systems, Puchheim, Germany) and the emitted light was measured
at 535 ± 15 nm with a Coolsnap HQ CCD camera (Roper Scientific, Tucson, AZ, USA).
Quenching of YFP-I152L fluorescence by I− influx was induced by replacing 5 mM extra-
cellular Cl− with I−. Cells were grown on coverslips and mounted in a thermostatically
controlled imaging chamber maintained at 37 ◦C. Cells were continuously perfused at
8 mL/min with Ringer solution and exposed to I− concentration of 5 mM by replacing
same amount of NaCl with equimolar NaI. Background fluorescence was subtracted, while
auto-fluorescence was negligible. Changes in fluorescence induced by I− are expressed as
initial rates of maximal fluorescence decrease (∆F/∆t). For quantitative analysis, cells with
low or excessively high fluorescence were discarded.

4.11. Measurement of [Ca2+]i

Cells were loaded with 2 µM Fura-2/AM and 0.02% Pluronic F-127 (Invitrogen,
Darmstadt, Germany) in Ringer solution (mmol/L: NaCl 145; KH2PO4 0.4; K2HPO4 1.6;
Glucose 5; MgCl2 1; Ca2+-Gluconat 1.3) for 1 h in the dark at room temperature. Cells were
perfused with Ringer solution at 37 ◦C and fluorescence was detected using an inverted
microscope (Axiovert S100, Zeiss, Germany) and a high-speed polychromator system
(VisiChrome, Puchheim, Germany). Fura-2 was excited at 340/380 nm, and emission
was recorded between 470 and 550 nm using a CoolSnap camera (CoolSnap HQ, Roper
Scientific, Tucson, AZ, USA). [Ca2+]i was calculated from the 340/380 nm fluorescence ratio
after background subtraction. The formula used to calculate [Ca2+]i was [Ca2+]i = Kd × (R
− Rmin)/(Rmax − R) × (Sf2/Sb2), where R is the observed fluorescence ratio. The values
Rmax and Rmin (maximum and minimum ratios) and the constant Sf2/Sb2 (fluorescence
of free and Ca2+-bound Fura-2 at 380 nm) were calculated using 1 µmol/L ionomycin
(Calbiochem, Merck, Darmstadt, Germany), 5 µmol/L nigericin, 10 µmol/L monensin
(Sigma Aldrich, Taufkirchen, German), and 5 mmol/L EGTA to equilibrate intracellular
and extracellular Ca2+ in intact Fura-2-loaded cells. The dissociation constant for the
Fura-2•Ca2+ complex was taken as 224 nmol/L.

4.12. Materials and Statistical Analysis

All compounds used were of highest available grade of purity. Data are reported as
mean ± SEM. Student’s t test for unpaired samples and ANOVA were used for statistical
analysis. p < 0.05 was accepted as the significant difference. Data are expressed as mean
± SEM. Differences among groups were analyzed using one-way ANOVA, followed by a
Bonferroni test for multiple comparisons. An unpaired t test was applied to compare the
differences between the two groups.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22116019/s1. Supplementary Figure S1. CFTR mRNA expression in primary renal
epithelial cells. Supplementary Figure S2. YFP-quenching to assess anion permeability. Supplemen-
tary Figure S3. Ion currents in M1 mouse collecting duct cells. Supplementary Figure S4. Basal
and ATP-induced intracellular Ca2+ in primary renal epithelial cells. Supplementary Figure S5.
CPA-induced store release in male and female primary renal epithelial cells.
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Abstract: Autosomal recessive polycystic kidney disease (ARPKD) is a rare disorder and one of the
most severe forms of polycystic kidney disease, leading to end-stage renal disease (ESRD) in child-
hood. PKHD1 is the gene that is responsible for the vast majority of ARPKD. However, some cases
have been related to a new gene that was recently identified (DZIP1L gene), as well as several ciliary
genes that can mimic a ARPKD-like phenotypic spectrum. In addition, a number of molecular
pathways involved in the ARPKD pathogenesis and progression were elucidated using cellular and
animal models. However, the function of the ARPKD proteins and the molecular mechanism of the
disease currently remain incompletely understood. Here, we review the clinics, treatment, genetics,
and molecular basis of ARPKD, highlighting the most recent findings in the field.

Keywords: ARPKD; cyst; rare monogenic disease; nephrology

1. Introduction

Autosomal recessive polycystic kidney disease (ARPKD) is a severe inherited cystic
disease characterized by the combination of bilateral renal cystic disease and congen-
ital hepatic fibrosis. ARPKD manifests perinatally, or in childhood, as an important
cause of pediatric morbidity and mortality [1]. ARPKD is a rare disease; an incidence
of 1 in 8000 births was calculated in an isolated and inbred population from Finland [2].
However, in the Americas (North, Central, and South), the reported incidence is 1 in 26:485
births, and the annualized prevalence is 1.17 per 100,000 [3]. The widespread prevalence of
ARPKD is estimated to be 1 in 20:000 births [4].

ARPKD is the recessive form of a group of heterogeneous monogenic disorders named
polycystic kidney disease (PKD). The dominant form, autosomal dominant polycystic kid-
ney disease (ADPKD), has a higher epidemiological prevalence and is typically diagnosed
in adults [5].

2. Autosomal Recessive Polycystic Kidney Disease Clinical Presentation

ARPKD is phenotypically highly variable; it can present as a disease of perina-
tal, neonatal, infantile, juvenile, or young adult-onset disease [6], with no known gen-
der or ethnic bias [7]. Typically, the most severe cases of ARPKD present in the late
gestational or neonatal stage, with bilateral massively enlarged and echogenic kidneys
with poor corticomedullary differentiation, retained reniform contour, and multiple tiny
cysts [8–10]. In addition, they can present with oligo- or anhydramnios, resulting in
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the typical “Potter sequence” phenotype with pulmonary hypoplasia, characteristic fa-
cial features, and clubfoot contracted limbs [9,11,12]. In addition to the Potter sequence,
the presence of other extrarenal manifestations is not common [13]. There are no docu-
mented hepatic phenotypes [14], although some associated, such as abdominal dystocia,
have been reported [15].

Detection of severe oligohydramnios is associated with worse outcome due to the high
risk of associated pulmonary hypoplasia. Up to 50% of ARPKD neonates die of respiratory
insufficiency due to pulmonary hypoplasia and thoracic compression. However, after
the perinatal period, survival is high, reaching 1-year and 10-year survival rates of 85%
and 82%, respectively [7,8,12]. The patients who survive the perinatal period require
extensive care by specialists in internal medicine [16]. Note that prenatal diagnosis and
termination of pregnancy are factors to consider in the epidemiology of the disease [15,17].
Another problem derived from kidney enlargement and pulmonary hypoplasia, in addition
to early uremia and pulmonary immaturity, includes the difficulty of enteral feeding that
could complicate nutrition, requiring persistent nasogastric feeding [11,18].

In most cases, the severe problem of ARPKD during the first few months of life is
arterial hypertension, which requires treatment with multiple classes of pharmacological
interventions. Tight blood pressure control is crucial to prevent further kidney damage
from hypertension [11,12]. However, renal failure is not a very common cause of neonatal
demise [19]. Renal disease manifestations include urinary tract infections, macroscopic
hematuria, as well as renal osteopathy early in childhood. In regards to sonography
anomalies, increased echogenicity and renal cysts are usually reported prior to kidney
enlargement [14]. Kidney enlargement is due to extensive dilatations of the distal nephron,
typically in the collecting duct. As the disease progresses, the kidney structure gradually re-
sembles the pattern seen in ADPKD with renal macrocysts of different size and appearance,
often accompanied by interstitial fibrosis [11,20,21]. This situation leads to almost 50%
of end-stage renal disease (ESRD) in the first decades of life, requiring renal replacement
therapy [9,14,17].

Although the disease is called “autosomal recessive polycystic kidney disease,” a cys-
tic liver phenotype plays a significant role in the disease, which explains why the primary
gene is entitled “polycystic kidney and hepatic disease 1 (PKHD1)”, with polycystic liver
disease (PLD) being the principal extrarenal manifestation [22]. These histological changes
are the consequences of a developmental defect of the hepatic ductal plate termed, ductal
plate malformation (DPM) [23,24]. DPM is also a common feature of other ciliopathies [4].
Liver disease appears with increasing age of the patient. The first manifestation ap-
pears as congenital hepatic fibrosis (CHF) with variable dilatations of both intra- and
extrahepatic bile ducts (Caroli syndrome) [23]. Over the course of ARPKD, liver disease
presents with two main manifestations: portal hypertension due to progressive hepatic
fibrosis; and cholangitis [14]. Complications related to portal hypertension can include
splenomegaly, thrombocytopenia, and esophageal varices, producing severe bleeding com-
plications [14,25]. There is some link between adult patients with ARPKD (more than
40 years) and the risk of developing hepatic tumors, especially cholangiocarcinoma [24].
Interestingly, the hepatocellular function normally remains stable, with serum liver en-
zymes in the normal range, except for cholestasis parameters [4,12,23,26]. With the current
clinical methods, this fact makes it difficult to monitor the severity and progression of liver
disease [25].

Although cerebral aneurysms can occur in ~10% of ADPKD patients, only a few cases
have been described in ARPKD [27]. The highest risk factor for an intracranial aneurysm is
hypertension, a condition shared in patients with ADPKD and ARPKD [28]. The early age at
which some of these aneurysms are diagnosed is remarkable since pediatric aneurysms are
very rare [27]. Moreover, other extrarenal and extrahepatic manifestations can be present
in ARPKD patients, including left ventricular hypertrophy, recurrent respiratory infections,
neurological abnormalities, abnormal ocular fundus, abdominal pain, septic episodes,
and deformities of the spine and limbs [14,29].
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While a majority of ARPKD patients show similar disease progression, there are
atypical phenotypes; among the elderly population, some ARPKD cases were reported
as moderately affected or even exclusive or predominant phenotypes of either the liver
or kidneys [4,21]. This is related to the fact that although ARPKD is a recessive disease,
in which heterozygous carriers should not show any clinical manifestation of the disease,
the data suggest heterozygous for PKHD1 mutations have an increased risk of PLD and
mild PKD [30,31].

3. Diagnosis

ARPKD is frequently diagnosed in the prenatal period due to its early and severe
manifestations. In prenatal diagnosis, an ultrasound from second/third trimester can detect
enlarged, echogenic kidneys, and medullary hyperechogenicity, due to the loss of corti-
comedullary differentiation and diffusively increased hepatic parenchymal echogenicity
with fibrous tissue. The presence of oligohydramnios can make it challenging, so ultra-
sonography and MRI are required. The finding of microcysts (5–7 mm) was reported in
30% of ARPKD cases, but macrocysts (>10 mm) are rare and could indicate another differ-
ent ciliopathy. These ultrasound findings are common in other pathologies, like Meckel
syndrome, and mild forms of the disease may not be detected by prenatal ultrasounds. In
these cases, the genetic test offers the possibility of providing an accurate diagnosis [32,33].

Identifying the PKHD1 gene made it possible to perform the genetic diagnosis by direct
DNA sequencing (Sanger method). However, the genetic test for the PKHD1 mutation
is complicated due to the large genomic size and the allelic heterogeneity of the disease-
associated mutations [34]. However, according to the Genetics Work Group, single-gene
testing should be avoided in cases of suspected ARPKD due to its broad overlapping
phenotypic spectrum. As an alternative, methods such as next generation sequencing have
become of interest as techniques that can simultaneously and efficiently analyze multiple
candidate genes in a unique test, at relative low cost. In rare cases, mutations in two genes
can even be observed in children with severe neonatal clinical phenotype [4,33,35].

The outcome of the genetic testing is essential for clinical management of comorbidities
and complications associated with each disease, allowing informed genetic counselling
and, in the future, precision medicine on a more specific basis [4].

4. Differential Diagnosis

The ARPKD phenotype is not only caused by mutations in PKHD1. This makes
diagnosis and management, including care during the perinatal period, a difficult task.
A number of other recessive and dominant genes need to be considered (Figure 1) [4,21,36].
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Figure 1. Schematic representation of ARPKD differential diagnosis. PHKD1 is the main causative gene in ARPKD,
where DZIP1L present milder phenotype. Mutations in other genes can overlap clinical manifestations of ARPKD, such as
PKD1 and PKD2, the main causative genes of autosomal dominant polycystic kidney disease (ADPKD); TSC2, that causes
tuberous sclerosis (TSC); and others for instance HNF1β, nephronophthisis (NPHP) genes and other ciliopathies as Bardet–
Biedl (BBS), Joubert (JS), and Meckel syndrome (MKS). These overlapping phenotypes manifest the physiologic complex
and functional interactions that occur among ciliopathy genes.

4.1. DZIP1L-Related Polycystic Kidney Disease

A moderate manifestation of ARPKD has been described in patients with DZIP1L
mutations [37]. The first reported cases associated with this gene are in the prenatal stage
or in early childhood; however, no cases of perinatal death have been described [4,21,37].

4.2. Early and Severe Autosomal Dominant Polycystic Kidney Disease (ADPKD)

In most cases, ADPKD does not appear clinically before adulthood, but there is a
small portion of cases (up to 5%) where the disease can manifest during childhood or
before birth. There is no established reason that stochastic, epigenetic, and environmental
aspects are believed to alter the phenotype. Families with one child showing early-onset
ADPKD usually have high repetition in other siblings, leading us to believe a familial
modifier, such as complex genetic interactions with second modifiers. A “dosage-sensitive
network” could worsen cell integrity and could explain the more severe clinical course of
these patients [4,21,38,39].

Clinically, there is a significant overlap between ARPKD and ADPKD, but there are
also several characteristic manifestations associated with each disease. ADPKD patients
rarely develop hepatobiliary complications, unlike patients with ARPKD. In addition,
ADPKD patients are more likely to have cardiovascular comorbidities, particularly intracra-
nial aneurysms [21].
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4.3. Early and Severe PKD due to TSC2-PKD1

Mutations in TSC1 and TSC2 genes cause tuberous sclerosis (TSC). This multior-
gan disorder is predominantly associated with epilepsy and cutaneous manifestations.
Patients may develop non-cancerous tumors in the kidney, heart, and brain. Renal manifes-
tations are the main cause of death in adult patients [40,41]. When a deletion in chromosome
16p affects the two adjacent genes (PKD1 and TSC2), it usually causes an early onset of PKD.
Moreover, their close physiologic interrelations can explain the clinical overlap between
PKD and TSC; TSC2 protein function has been shown to play a role in assisting polycystin
1 localization [21].

4.4. HNF1β-Related Disease

Mutations in the HNF1β/TCF2 gene cause prenatal hyperechogenic kidneys and
Potter’s sequence, as well as enlarged polycystic kidneys that can be confused with
ARPKD. One explanation linking these similar phenotypes is that HNF1β is a transcrip-
tion factor that regulates PKHD1 expression, in addition to other polycystic kidney genes.
However, mutations in this gene can cause a wide range of manifestations: renal cysts
and diabetes syndrome; defects in the genital tract; endocrine/exocrine gland disorders,
hypomagnesemia, and an increase in liver enzymes [21,42,43].

4.5. Nephronophthisis (NPHP)

NPHP is classified as an autosomal recessive cystic kidney disease that is characterized
by tubulointerstitial cysts accompanied with fibrosis. To date, about 20 genes are related
with recessive NPHP [36]. Unlike ARPKD, NPHP kidneys remain small. It is common
that cysts and hypertension only manifest in late disease and it is one of the main causes
of ESRD in patients under 25. In some cases, the manifestations may mimic ARPKD
with enlarged kidneys or Potter’s sequence. NPHP proteins work in functional networks
with other ciliopathy proteins; the identification and characterization of NPHP genes has
contributed to the understanding of the molecular mechanisms of cystogenesis [4,21,44,45].

Medullary cystic kidney disease (recently named tubulointerstitial kidney disease
TKD), caused by mutations in MUC1 and UMOD, is considered the autosomal dominant
NPHP, with a later onset than the recessive form [21].

4.6. Mutations in Other Ciliary Genes

Mutations may mimic ARPKD in genes that typically cause other (usually more com-
plex) ciliopathies, such as Bardet–Biedl (BBS), Joubert (JS), and Meckel syndrome (MKS).
BBS phenotype can be heterogeneous, but often presents enlarged and hyperechogenic kid-
neys with a loss of corticomedullary differentiation. The most severe ciliopathies are MKS
and JS, characterized by early-onset developmental disorder and neurological problems,
and many features of ciliopathy, such as liver fibrosis, polydactyly, and cystic kidneys [4,21].

Another example is Von Hippel–Lindau, an autosomal dominant disease caused by
mutations in the VHL gene, a tumor suppressor gene. This causes hemangioblastoma in
the central nervous system accompanied by renal tumors. Affected people also have a
high probability of renal and pancreatic cysts. The similarity between the manifestations
between TSC, VHL, and PKD suggests a functional connection: primary cilium and mTOR
signaling pathway [4,46].

5. Genetics of ARPKD

As we mentioned earlier, ARPKD is caused by mutations in PKHD1 and, the re-
cently discovered, DZIP1L [37,47,48]. PKHD1, located on chromosome 6 (6p12.3-p12.2)
(Figure 2A) [34,48–50], is one of the largest human genes with a genomic segment of
~500 kb. It is predicted to have a minimum of 86 exons assembled in a complicated pattern
of alternative splice variants, transcribing a large full-length mRNA of approximately
8.5 kb–13 kb [49]. Multiple types of mutations characterized as pathogenic have been
identified across the gene. Currently, approximately 750 PKHD1 mutations have been
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identified, of which approximately half are missense changes. A missense mutation in
exon 3 (c. 107C>T; p.Thr36Me) is the most common mutation described, accounting for
more than 20% of all cases [34,51]. This mutation has been observed in the context of
heterozygotes, with a second distinct mutant allele [29]. Most cases are familial, but de
novo mutations are also reported and account for 2 to 5% of cases [34]. Interestingly, in the
context of isolated autosomal dominant polycystic liver disease (ADPLD), Besse and col-
leagues have reported several individuals with PKHD1 mutations in heterozygote carriers,
10 of 102 ADPLD patients of their cohort were explained by PKHD1 mutations, one of
them presented the p.Thr36Me missense variant [30]. According to the clinical observation,
it is a genetic fact that 10% of ARPKD patients present innumerable asymptomatic liver
cysts [31]. However, the data are not sufficient to explain why PKHD1 in ARPKD leads
to severe hepatic and renal phenotype, but not in ADPLD; in this regard, more studies
are needed [52].

Figure 2. ARPKD genes, transcripts, and proteins: (A) PKHD1 and DZIP1L genes and transcripts. The positions of the exons
are illustrated and numbered, and the longest transcript are shown from both: 67 exons for PKHD1 and 16 for DZIP1L;
(B) structure of fibrocystin/polyductin (FPC) and DAZ-interacting protein 1-like protein (DZIP1L). Proteins are not to scale.
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Recently, using genome-wide analysis of SNPs, whole-exome sequencing, and Sanger
sequencing, Lu and colleagues [37] established DZIP1L, located on chromosome 3 (3q22.1-
q23) (Figure 2A), and encoding a 767-amino acid protein as a new gene related to ARPKD
pathogenesis. The authors identified mutations in seven patients (~0.3% of their cohort)
with the ARPKD phenotype without evidence of another mutation in the PKD genes.
They identified homozygous missense mutations that segregate with the disease in two
families (p. Gln91His and p.Ala90Val) and homozygous protein-truncating mutations in
two other unrelated consanguineous pedigrees (p.Gln155* and p.Glu354Alafs*39). The data
suggest that DZIP1L mutations are not a common cause of the disease, but despite this
fact, ARPKD NGS diagnostic multigene panels should target this gene for two reasons:
mutations in DZIP1L may interact with other PKD or ciliopathy loci and would help to
broaden the genetic complex understanding of the disease [37,53].

Genotype-Phenotype Correlation

Establishing a possible genotype/phenotype correlation is complicated by compound
heterozygotes. The most common mutation, c.107C>T (T36M), only explains about 20% of
mutant alleles, but no others are described as a cluster; in fact, many variants are unique to
single lineages. There are plenty of pathogenic variants in PKHD1, including truncating,
missense, and intronic/splice mutation. Typically genotype-phenotype studies are done
regarding the type of mutation more than the specific site of the mutation [54,55].

Patients with two truncating mutations show a severe phenotype with high peri- or
neonatal mortality and the presence of one or two missense mutations generally exhibits
a moderate phenotype. However, there are exceptions, a patient described by Ebner and
colleagues with two truncating mutations in PKHD1 survived the first 30 months of life
without renal replacement therapy or, on the contrary, several cases with two missense
mutations that can be as severe as truncating variants [55–58].

Furthermore, up to 20% of siblings show a marked variation in phenotype, which means
that the genotype is insufficient to explain the phenotypic variability in ARPKD, where com-
plex transcriptional profiles may play an important role [54,59]. Moreover, there is evidence
in ARPKD mouse models with variants in other genes that the disease is modified; for
example, co-inheritance of mutations in Pkhd1 and Pkd1 worsens the phenotype; this cor-
relates in humans where a mutation in the other ADPKD gene (PKD2) also worsen the
kidney manifestation [60,61]. It is also thought that the epigenetics and environmental
factors, as well as genetic variants in other genes associated with PKD, could explain the
inter-and intrafamilial variability.

6. ARPKD Proteins: Structure and Function

The protein product of PKHD1 is fibrocystin/polyductin/FPC (Figure 2B) [34,48],
a membrane protein with a long extracellular N-terminus, a single transmembrane do-
main and a short cytoplasmic C-terminus tail. The extracellular domain contains twelve
TIG/IPT domains (Ig-like domains) that have been described in cell surface receptors [62].
In addition, three potential protein kinase A (PKA) phosphorylation sites were identified
in the cytoplasmic tail that may be relevant for its function [63]. A PKHD1 homologue
was reported, PKHD1L, with an identity of 25% and similarity of 41.5%, which encodes
fibrocystin-L, a receptor with inducible T lymphocyte expression, and has not been impli-
cated in PKD [64]. The longest open reading frame (ORF) of FPC is predicted with a length
of 4074 amino acids [65]. However, the PKHD1 gene undergoes a complicated splicing
pattern and can encode several additional gene products. In the same way, FPC exhibits
a highly complex pattern of Notch-like proteolytic processing validated at the in vitro
level [66] and in the vivo level using mouse models [67], which make the investigation of
PKHD1/FPC particularly difficult.

FPC is a 440 kDa membrane-bound protein that is expressed mainly in the kidney
(cortical and medullary ducts), the liver (intra- and extra-hepatic biliary ducts) and the
pancreas (pancreatic ducts) [65,68,69]. Two alternative FPC products of ~230 and ~140 kDa
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were detected and, more importantly, the ~140 kDa product was found in cellular fractions
of secreted FPC products [65]. At the subcellular level, FPC is expressed in the primary
apical cilia [65,68,70] and the basal body area of cilia [69] in renal epithelial cells and cholan-
giocytes [71]. Furthermore, FPC is also expressed in the apical membrane and cytoplasm
of collecting duct cells [65]. It is controversial whether ARPKD tissues lack FPC expres-
sion, some studies support this idea [48,70], but other evidence suggests otherwise [72],
suggesting a temporal and spatial expression complexity of FPC splicing variants.

The structure of FPC suggests a possible function of the cell surface receptor, which in-
teracts with extracellular ligand through the N-terminus or transduces intracellular signals
to the nucleus through its C-terminus [73]. The cytoplasmic tail can translocate to the nu-
cleus after full-length cleavage [66,74]. However, the intrinsic mechanism of the C-terminus
remains unclear, as its deletion in mouse models did not result in renal or hepatic cystic
phenotype, suggesting that it is not essential for cyst formation in ARPKD [67].

DZIP1L encodes the DAZ (Deleted in AZoospermia) interacting protein 1-like, a zinc-
finger protein with several coiled-coil domains and one C2H2-type zinc finger domain
near its N-terminus [37]. The zinc finger protein DZIP1L is involved in primary cilium
formation [75], and Lu and colleagues suggest a possible function in the polycystins/PCs
(the ADPKD proteins) trafficking [37]. The results highlighted the transition zone of cilia
as a new possible vital point to study ARPKD pathogenesis [53].

7. Pathogenesis of ARPKD/Molecular Basis/Disease Mechanism
7.1. ARPKD Rodent Models: Lessons from Animal Models

To date, several animal models have been developed in which they closely resem-
ble human ARPKD (Table 1). Early models of PKD resulted from spontaneous muta-
tions in non-orthologous genes that mimic the recessive trait and phenotype of the dis-
ease [76]. The first mouse model reported was the congenital polycystic kidney mouse,
or cpk, in 1985 [77]. The development and expression/penetrance of disease and the
genetics in this model were extensively studied [76,78]. The cpk model results in a sponta-
neous mutation in the C57BL/6J (B6) strain, which corresponds with the Cys1 gene [62].
Later, during the 1990s, other models appeared with spontaneous mutations in other loci,
including the well-studied pcy mouse [79] that has a mutation in the locus for Nphp3 [80].
Furthermore, BALB/c polycystic kidney (bpk) [81] and the juvenile cystic kidney model
(jck) [82] were described and characterized, that had spontaneous mutations in Bicc1 [83]
and Nek8 [84] respectively. This was followed by animal models designed by chemical
induction, as the juvenile congenital polycystic kidney (jcpk), which was obtained using a
chlorambucil mutagenesis program [85]. Interestingly, later studies showed that bpk and
jcpk models refined the mutated loci in Bicc1 gene [83,86]. Furthermore, by insertional mu-
tagenesis, the Oak Ridge polycystic kidney or orpk mouse was uncovered from a large-scale
insertional mutagenesis program [87,88].

In the 2000s, and with the discovery of PKHD1 as the main ARPKD gene [47,48],
the first ARPKD animal models appeared. The polycystic kidney rat or PCK rat was ini-
tially proposed as ADPKD model due to its slow progressive kidney and liver disease [89],
but later was confirmed that the Pkhd1 gene was disrupted in the PCK rat [48]. The first
Pkhd1-based transgenic mouse model was Pkhd1ex40 [90], and later, many others appeared,
as well as a Dzip1l-based model (Table 1). Remarkably, the hepatic ARPKD-like pheno-
type was always present in all Pkhd1-based models, but the renal phenotype was often
absent. Interestingly, pancreatic cysts were often present in these models, unlike in patients
with ARPKD [6].

The key or main molecular mechanism of cystogenesis in ARPKD remains unknown.
Nevertheless, animal models have allowed us to expand our understanding of the different
stages of the disease, from cyst formation to cyst progression. Throughout this complex
process, several altered molecular pathways such as fluid secretion, abnormal cellular
proliferation (such as mTOR, RAS-RAF-ERK and AKT), cAMP pathway regulated by
PKA kinase and AC6, alterations in extracellular matrix (ECM), among others have been
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described [91,92]. Therefore, the understanding of the pathophysiology of ARPKD has
improved in recent decades thanks to the existence of a good variety of animal models.
However, the key intrinsic molecular mechanism of cystogenesis in ARPKD remains
unknown, leading to increased interest in understanding the mechanism of the disease
and developing new therapeutic strategies. Next, we review the main molecular pathways
characterized in ARPKD.

Table 1. List of current animal models of ARPKD, or that mimics it phenotype. Animal models were ordered from least to
most recent, according to published data.

Model Name Specie Gene Allele Type
(Mutation Type) Liver Phenotype Kidney

Phenotype
Other

Phenotypes Ref.

Animal models that mimics ARPKD

cpk
(Cys1cpk) * Mouse Cys1 Spontaneous

·Liver cysts
·Dilated bile duct
·Hepatic fibrosis

·Kidney cysts
·Enlarged kidney ·Pancreas cysts [77,93–96]

pcy (DBA/2-pcy/pcy)
(Nphp3pcy) * Mouse Nphp3 Spontaneous None

·Kidney cysts
·Enlarged kidney
·Renal fibrosis

·Intracranial
aneurysm [79,80,97]

bpk
(Bicc1jcpk-bpk) * Mouse Bicc1 Spontaneous ·Enlarged bile

duct
·Kidney cysts
·Enlarged kidney

·Premature
death
·Postnatal
lethality

[81]

jck
(Nek8jck) * Mouse Nek8 Spontaneous ·None ·Kidney cysts

·Enlarged kidney
·Premature

death [82]

orpk
(Ift88Tg737Rpw) * Mouse Ift88 Transgenic

(insertion)

·Abnormal bile
duct morphology
·Liver fibrosis

·Kidney cysts
·Enlarged kidney

·Pancreas cysts
·Polydactyly [87,88]

jcpk Mouse Bicc1 Chemical
induction ·Dilated bile duct

·Kidney cysts
·Dilated renal

tubules

·Dilated
pancreatic

ducts
[85]

ARPKD models

PCK Rat Pkhd1
Spontaneous

(splicing
mutation)

·Liver cysts
·Dilated bile duct
·Hepatic fibrosis

·Kidney cysts
·Enlarged kidney
·Renal fibrosis

·Pancreas cysts [89,98]

Pkhd1ex40 Mouse Pkhd1 Targeted
(KO by insertion)

·Liver cysts
·Hepatic fibrosis ·None ·Portal

hypertension [90]

Pkhd1del2/del2

(Pkhd1tm1Cjwa) *
Mouse Pkhd1 Targeted

(KO by deletion)

·Liver cysts
·Dilated bile duct
·Hepatic fibrosis

·Kidney cysts
·Dilated renal

tubules

·Pancreas cysts
·Pancreatic

duct
abnormalities

[99]

Pkhd1del3−4

(Pkhd1tm1.1Ggg) *
Mouse Pkhd1 Targeted

(KO by deletion)
·Liver cysts

·Hepatic fibrosis
·Kidney cysts
·Renal fibrosis

·Pancreas cysts
·Choledochal

cyst
·Ascending
cholangitis

[60]

Pkhd1del4/del4

(Pkhd1tm1Som)*
Mouse Pkhd1 Targeted

(KO by deletion)

·Liver cysts
·Biliary cysts
·Hepatic fibrosis

·None

·Pancreas cysts
·Pancreas
fibrosis
·Enlarged

spleen

[100]

Pkhd1e15GFP∆16

(Pkhd1tm1Gwu) *
Mouse Pkhd1 Targeted

(KO by deletion)
·Liver cysts

·Hepatic fibrosis

·Kidney cysts
·Dilated renal

tubules
·Renal fibrosis

·Pancreas cysts
·Dilated

pancreatic duct
·Gastrointestinal

ulcer

[101]

Pkhd1lacZ

(Pkhd1tm1Sswi) *
Mouse Pkhd1 Targeted

(KO by deletion)
·Dilated bile duct
·Hepatic fibrosis

·Kidney cysts
·Dilated renal

tubules
·Renal fibrosis

·Pancreas cysts [102]

Pkhd1LSL(-)

(Pkhd1tm2Cjwa) *
Mouse Pkhd1

Targeted
(KO by

insertion)

·Liver cysts
·Hepatic fibrosis

·Kidney cysts
·Dilated renal

tubules
·Unknown [103]
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Table 1. Cont.

Model Name Specie Gene Allele Type
(Mutation Type) Liver Phenotype Kidney

Phenotype
Other

Phenotypes Ref.

Pkhd1∆67 Mouse Pkhd1 Targeted
(KO by deletion) ·None ·None ·None [67]

Dzip1lwpy/wpy

(Dzip1lwarpy) *
Mouse Dzip1l

Targeted
(KO by single

point mutation)

·Abnormal bile
duct morphology

·Kidney cysts
·Dilated renal

tubules

·Polydactyly
·Abnormal eye

morphology
·Cleft upper lip
·Cleft palate

[37]

Pkhd1C642*

(Pkhd1em1Mrug) *
Mouse Pkhd1 Targeted

(KO by deletion)

·Liver cysts
·Biliary cysts
·Hepatic fibrosis

·Dilated renal
tubules
·Proximal

tubule ectasia

·Unknown [67]

* Model name according to MGI (Mouse Genome Informatics) [104]. Ref. = reference. KO = knockout.

7.2. Abnormalities of EGFR-Axis Expression and Fluid Secretion

The first evidence that the epidermal growth factor receptor (EGFR) axis was altered
in PKD was in 1992, by demonstrating that cells from primary cultures of PKD patients
increased cyst expansion [105]. Subsequently, in primary cells isolated from ADPKD pa-
tients, epidermal growth factor (EGF) stimulated cyst formation [106]. In ARPKD, the first
data were obtained from cpk mouse model renal extracts, which showed upregulation
of EGF expression [107]. Progressively, other evidence has shown a significant role for
EGFR in vitro [108] and murine models [88,109,110], and patients with ARPKD [111,112],
where EGFR upregulation was located on the surface of the cystic epithelium. In the
same way, abnormal expression of EGF [113,114] and transforming growth factor-alpha
(TGFα) [115] have been demonstrated in ARPKD, and several members of EGFR family of
receptors (EGFR1, ErbB2, and ErbB4) were found overexpressed in ARPKD rodent mod-
els [72,116] (Figure 3A). This overexpression includes increased mRNA, protein, and recep-
tor activity or phosphorylation [92]. Furthermore, evidence from animal models suggests
similar abnormalities in hepatic cystogenesis of the EGFR axis [117].

EGFR signaling has relevance in cystogenesis, a correlation between upregulation
of EGFR tyrosine kinase activity and cystic growth. A modified orpk model with a point
mutation that decreased EGF tyrosine kinase activity (wa2 mouse) [118], showed a signif-
icant decrease in cyst formation and improvement of renal function [110]. Furthermore,
pharmacological inhibition with EGFR-specific tyrosine kinase inhibitors caused a de-
creased EGFR activity leading to a significant reduction of cyst progression [119–121].
Controversially, the EGFR tyrosine kinase inhibitor in the PCK rat did not slow the pro-
gression of renal cysts [122].

Epithelial secretion is a key physiopathology component of cyst formation. Reduced sodium
uptake in ARPKD net fluid secretion has been proposed as being related to decreased EGF
in the alpha subunit of the epithelial Na channel [123,124]. Nevertheless, conflicting data
have been published on this topic [116]. In cells derived from cysts from patients with
ARPKD, it was suggested that sodium absorption was mediated by the epithelial sodium
channel (ENaC) [125]. Furthermore, this mechanism has been proposed as a regulator of
hypertension in ARPKD [125–127].

On the other hand, in ADPKD, the data show that Cl− secretion occurs through the cys-
tic fibrosis transmembrane conductance regulator (CFTR) [128,129]. However, in ARPKD
this mechanism has no apparent relevance. In the bpk murine model, the absence of CFTR
did not slow the progression of the renal and hepatic cyst [130]. These data suggest that
the mechanisms of Cl− and fluid secretion are different in ADPKD and ARPKD.
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Figure 3. ARPKD molecular pathogenesis: (A) diagram representing the proposed up-, down-, or deregulated pathways
in ARPKD renal epithelial cell and proposed potential therapies; (B) cartoon representing the localization of ARPKD
protein in the cilium of a renal epithelial cell. FPC is located in the primary apical cilia and the basal body area of the
cilia, whereas DZIP1L is located in the transition zone of the basal body of the cilium. (FPC—fibrocystin/polyductin;
DZIP1L—DAZ interacting zinc finger protein 1 like; PC1—polycystin 1; PC2—polycystin 2; TGF—transforming
growth factor; ENaC—epithelial sodium channels; Na+—sodium cation; EGFR—epidermal growth factor receptor;
VEGF—vascular endothelial growth factor; Cl−—chlorine anion; SMURF—SMAD specific E3 ubiquitin-protein ligase;
Nedd4-2—E3 ubiquitin-protein ligase Nedd4-2; SRC—proto-oncogene tyrosine-protein kinase Src; AKT—RAC-alpha
serine/threonine-protein kinase; Ca+—calcium cation; PDE—phosphodiesterase; mTOR—mammalian target of rapamycin;
MAPK—mitogen-activated protein kinases; RAF—rapidly accelerated fibrosarcoma; MEK—mitogen-activated protein
kinase kinase; ERK—extracellular-signal-regulated kinase; Rhoa—Ras homolog family member A; ER—endoplasmic
reticulum; PKA—protein kinase A; cAMP—cyclic adenosine monophosphate (cyclic AMP); ATP—adenosine triphos-
phate; AC6—adenylate cyclase type 6; AQP2—aquaporin 2; V2R—vasopressin receptor 2; AVP—arginine vasopressin;
MMPs—matrix metalloproteinases).

7.3. cAMP and Proliferation

Several studies have shown that adenylyl cyclase adenosine 3′,5′-cyclic monophos-
phate (cAMP) pathway stimulates cell proliferation in the renal epithelium of ARPKD and
ADPKD. Production of cAMP is aberrant in the cyst epithelium, resulting in a large amount
of this nucleotide in the cyst fluid [122,131–133]. cAMP activates the B-Raf, MEK, and ERK
pathways in the cyst epithelium of the kidneys with ADPKD [134–136], and ADPKD and
ARPKD cells in culture [133]. In the same way, these results were complemented with
data showing upregulation at the protein level of MAPK and AKT/mTOR pathways in
several rodent models of ARPKD [137–141]. These facts correlated with the reduction of
intracellular Ca2+ and the phosphorylation of the SCR protein [142–144]. In particular,
blocked intracellular Ca2+ elevated AKT and proliferative activity in ARPKD cells in cul-
ture [143]. This study opened the opportunity to use the level of intracellular calcium
restoration as a therapeutic approach in PKD.

Dysregulation of calcium in PKD causes upregulation of the vasopressin V2 recep-
tor [136,138], which activates the cAMP/PKA cascade [145,146]. In a preclinical trial, the V2
receptor antagonist has demonstrated its efficacy in ARPKD rat model, reducing the renal
cAMP levels and improving cystic renal disease [137] (Figure 3A). This fact has been further
studied, reviewed, and understood in ADPKD, at preclinical [147,148] and clinical lev-
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els [149], to the point that Tolvaptan (an vasopressin V2 receptor inhibitor) was approved
for use in human patients [150] and an ongoing trial for children with ADPKD (Tolvaptan
(NCT02964273)) [151]. ARPKD-related clinical trials will be reviewed later.

7.4. Other Pathways Involved in ARPKD Physiopathology

Other pathogenic features have been identified in ARPKD, as well as alterations in ex-
tracellular matrix (ECM) and metalloproteinase expression (MMPs) [152,153],
upregulation of vascular endothelial growth factor (VEGF) and hypoxia-inducible factor-1
alpha (HIF-1α) in Pkhd1 deficient cells [139], upregulation of peroxisome-proliferator-
activated receptor-γ (PPAR-γ) in animal models [154,155], or metabolic alterations [156].
In a large and interesting study, Kaimori and colleagues published information about novel
functional relationships between FPC and members of the C2-WWW-HECT domain E3
family of ubiquitin ligases. The authors localized FPC in vesicles where Ndfip2 was also
present, a ubiquitin ligase interacting protein implicated in trafficking and regulating the
Nedd4-2 ubiquitin ligase family and SMURF1 and SMURF2. These data may explain differ-
ent universal phenotypes in ARPKD and renal and hepatic fibrosis through TGF-β signaling
pathways, hypertension through to ENaC mediated sodium reabsorption, and cystogenesis
through to RhoA ubiquitination and cytoskeleton organization [127] (Figure 3A). In other
studies, tubular morphogenesis in PKD was associated with an abnormality planar cell
polarity (PCP) [157]. However, later studies have shown contrary results [158].

7.5. Role of Cilia

Figure 3 shows the ARPKD proteins (zinc finger protein DZIP1L and FPC) are located
in the cilia. The cilia are long and microtubular structures emanating from the surface
of mammalian cells. The axoneme of primary cilia contains nine peripheral bundles of
microtubules (9 + 0 pattern). Pathologies related to a loss of proper cilia function are called
ciliopathies, including ARPKD [159]. PC2, also called TRPP2, is a member of the transient
receptor channel (TRP) family and is a calcium-permeable non-selective channel [160].
PC2 and PC1 form a receptor-channel complex, that is involved in the calcium pathway
and cilia response [161–163] (Figure 3B). FPC has been shown to interact with PC2 in
primary cilia and regulates PC2 channel activity [101,164,165]. In addition, it has been
reported that the C-terminus of FPC physically interacts with the N-terminus of PC2
in vivo and in vitro, and that Pkhd1-deficient cells exhibit dysregulation of PC2 channel
activity [101]. However, Wang and colleagues found no differences in PC2 levels in cells
with reduced FPC levels [165]. Other data using a novel Pkhd1 mouse model have shown
that deletion of the last exon of Pkhd1, the PC2 binding site, and the nuclear localization
signal, had no apparent pathologic effects in mice [67]. In addition, the researchers were
unable to co-precipitate FPC-PC2 in kidney samples from the transgenic mouse model.
These results suggest that the PC2 binding domain of FPC is not essential for the fibrocystin
function [67,166].

We have described a genetic interaction between Pkd1 and Pkhd1, linking ADPKD and
ARPKD [60]. Consequently, additional data has reported this genetic interaction between
Pkd1 and Pkhd1 in other rodent models, describing mild cystic disease phenotypes of Pkd1
and/or Pkhd1 enhanced their severity in combination [38,167]. These studies and others
have expanded the relationship between FPC and PC1. Using in-vitro models, the loss of
FPC did not affect the biogenesis and location of PC1, suggesting that the genetic interaction
between Pkd1 and Pkhd1 is indirect [30,167].

The results of these studies appear consistent with the idea that the PKD proteins
form a functional complex in cilia with common downstream signaling pathways [168].
Interestingly, cilia loss suppresses renal cyst growth in murine models of ADPKD and
autosomal dominant polycystic liver disease (ADPLD) murine models [169]. However, in a
recent study, Gallagher and Somlo reported that this loss of cilia does not slow the progres-
sion of liver disease in ARPKD [170]. These data suggest that ADPKD and ARPKD, at least
in the hepatic cystic phenotype, do not share a common cilia-related pathway.
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On the other hand, the DAZ interacting protein 1-like protein (DZIP1L), based on
several cell culture studies, zebrafish, and mice, localizes in centrioles and in the ciliary
transition zone the primary cilia [37]. Lu and colleagues have demonstrated the inter-
action between DZIP1L and septin 2 (SEPT2), a protein involved in the maintenance of
the periciliary diffusion barrier at the transition zone [171] and the co-localization with
tectonic 1 (TCTN1), a ciliary transition zone protein. In DZIP1L mutant cells, the trans-
port of polycystin-1 and -2 from the basal body to the axoneme of the cilia was altered;
both were retained in the basal body when their normal distribution was in the ciliary
axoneme. However, DZIP1L deficiency did not alter the localization or expression of
FPC [37]. These findings suggest a role of DZIP1L in the trafficking of polycystins and new
evidence that links ARPKD with ADPKD.

8. Clinical Trials

As we have noted, the central or key mechanism of cystogenesis in PKD remains
unclear. There is evidence of several pathways involved in the pathogenesis of PKD from
cellular and animal studies. These facts have allowed several drugs to reach the clinical
phase (Table 2).

Table 2. Currently active or complete clinical trials for ARPKD.

Identifier Intervention Study Design
and Characteristics Study Description Sponsor

NCT04782258 Tolvaptan

·Study type: interventional
·Primary purpose: treatment
·Period: April 2021–June 2025

(estimated)
·Patients: 20 (estimated, not

yet recruitment)
·Allocation: non-randomized
·Intervention model: parallel

assignment
·Masking: none (open label)

·The primary objective of this
phase 3 trial is to evaluate the

safety of Tolvaptan (OPC-41061)
in infants and children, 8 days to

less than 18 years old of age,
with ARPKD.

·Participants in this study will be
assigned to Tolvaptan for 18

months and closely monitored
over the course of the study.

Otsuka
Pharmaceutical
Development &

Commercialization, Inc.
Princeton, New Jersey, USA.

NCT04786574 Tolvaptan

·Study type: interventional
·Primary purpose: treatment
·Period: April 2021–July 2025

(estimated)
·Patients: 20 (estimated, not

yet recruitment)
·Allocation: N/A

·Intervention model: single
group assignment

·Masking: none (open label)

·In this Phase 3 trial, the primary
objective is to evaluate safety,

tolerability, and efficacy of
Tolvaptan (OPC-41061) in

pediatric subjects, 28 days to less
than 12 weeks of age, with

ARPKD.
·Participants in this trial will be

assigned to Tolvaptan for 24
months and closely monitored

over the course of the study.

Otsuka
Pharmaceutical
Development &

Commercialization, Inc.
Princeton, New Jersey, USA.

NCT03096080 Tesevatinib

·Study type: interventional
·Primary purpose: treatment
·Period: March 2017–October

2019 (completed)
·Patients: 10

·Allocation: Non-randomized
·Intervention model:

sequential assignment
·Masking: none (open label)

·This trial in Phase 1 evaluates
safety and tolerability of a single
ascending dose of a Tesevatinib

(KD019, XL647) liquid
formulation administered to

pediatric subjects (child with age
5–12 years) with ARPKD.
·To determine safety of the

Tesevatinib liquid formulation in
pediatric subjects with ARPKD,

all participants receive active
study drug on Day 1 of the study

enrollment.

Kadmon Corporation, LLC
Philadelphia, Pennsylvania,

USA.
Milwaukee, Wisconsin,

USA.
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Table 2. Cont.

Identifier Intervention Study Design
and Characteristics Study Description Sponsor

NCT01401998 Observational

·Study type: observational
·Period: July 2011–December

2022 (recruitment)
·Patients: 200 (estimated)
·Observational model: cohort

·Time perspective:
retrospective assignment

·This study captures clinical and
genetic information of ARPKD

patients to expand the
knowledge of disease.

·The primary goal of this trial is
create a clinical and mutational

databases including clinical
information and identifying
genetic mutations from all

patients enrolled in the study.
·Mutational database will be

useful to facilitate genetic
research as genotype-phenotype
correlations, new disease gene

studies, or modifier gene studies.
·Create a tissue resource with

human tissue from both affected
and controls individuals.

Lisa M. Guay-Woodford
(Collaborator:

National Institute of
Diabetes and Digestive and
Kidney Diseases (NIDDK)).

Washington, District of
Columbia, USA.

NCT00068224 Observational

·Study type: observational
·Period: September
2003–February 2021

(completed)
·Patients: 374

·Observational model: cohort
·Time perspective: prospective

·This study evaluated patients
with ciliopathies, including

ARPKD.
· The goal of the study is to

better understand the medical
complications of these disorders
and identify characteristics that
can help in the design of new

treatments.

National Human Genome
Research Institute (NHGRI).
Bethesda, Maryland, USA.

Status according to https://clinicaltrials.gov/, accessed on 6 April 2021.

Based on the results of phase 3 and 4 clinical trials [149,172,173], two clinical trials are
currently underway using the pharmacological intervention of Tolvaptan. The primary
objective of these trials is to evaluate the safety of Tolvaptan in infants (8 days or less)
and children (less than 18 years) (NCT04782258) and in pediatric patients (from 28 days
to 12 weeks of age) (NCT04786574). On the other hand, PKD exhibits an abnormal c-Src
activity, links the cAMP and EGFR molecular ways [174], and its inhibition ameliorates
renal cystogenesis [144]. These data led Sweeney et al. to study the effect of a multi-kinase
inhibitor of EGFR axis, c-Src and VEGFR, called tesevatinib (TSV), as a possible therapy in
preclinical studies for ARPKD obtaining favorable results [175]. The positive and promising
results led to the approval of phase I and II of TSV clinical trials for ARPKD (NCT03096080).
Finally, two observational trials are being carried out to expand the knowledge of the
disease (genotype-phenotype correlations, clinical aspects) and to create more precise
mutational and clinical databases (NCT01401998 and NCT00068224).

9. Conclusions

The ARPKD field has experienced significant progress in the areas of genetics, diagnostics,
and molecular biology. First, the identification of the PKHD1 gene, for several years consid-
ered the only ARPKD gene, and more recently the DZIP1L gene, and its implementation
in genetic diagnosis based on next-generation sequencing (NGS). Second, advances in
the understanding of the function and localization of the fibrocystin/polyductin protein.
Finally, different studies, especially in animal models, begin to elucidate the pathways
involved in the pathogenesis of the disease identifying possible therapeutic approaches.

However, many unanswered questions should be answered in the future. The new
finding of DZIP1L as a second genetic locus for ARPKD leaves open the possibility of the
appearance of new genes that cause ARPKD in this regard it is necessary to apply geneti-
cally unresolved whole exome sequencing (WES) families (GUR) with phenotype ARPKD.
The exact function of the FPC remains unknown, as well as a correct characterization of
all its isoforms. Importantly, the key factor(s) driving cyst formation in PKD are not clear.
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For these reasons, the pathogenicity of ARPKD is poorly understood and, even today, there
is no approved therapy for existing replacement therapy. To explain the genetic and cellular
basis of ARPKD, research on the subject emerges as the only way out of this situation.
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Abstract: Gitelman and Bartter syndromes are rare inherited diseases that belong to the category of
renal tubulopathies. The genes associated with these pathologies encode electrolyte transport proteins
located in the nephron, particularly in the Distal Convoluted Tubule and Ascending Loop of Henle.
Therefore, both syndromes are characterized by alterations in the secretion and reabsorption processes
that occur in these regions. Patients suffer from deficiencies in the concentration of electrolytes in
the blood and urine, which leads to different systemic consequences related to these salt-wasting
processes. The main clinical features of both syndromes are hypokalemia, hypochloremia, metabolic
alkalosis, hyperreninemia and hyperaldosteronism. Despite having a different molecular etiology,
Gitelman and Bartter syndromes share a relevant number of clinical symptoms, and they have
similar therapeutic approaches. The main basis of their treatment consists of electrolytes supplements
accompanied by dietary changes. Specifically for Bartter syndrome, the use of non-steroidal anti-
inflammatory drugs is also strongly supported. This review aims to address the latest diagnostic
challenges and therapeutic approaches, as well as relevant recent research on the biology of the
proteins involved in disease. Finally, we highlight several objectives to continue advancing in the
characterization of both etiologies.

Keywords: Bartter syndrome; Gitelman syndrome; genetics; genetic diagnosis; therapeutic targets;
hyponatremia; hypokalemia; hypercalciuria; hypomagnesemia

1. Introduction

The main function of renal tubules is the control of reabsorption and secretion of
electrolytes, in order to maintain correct homeostasis [1]. There are numerous proteins
involved directly or indirectly in this function. Any impairment that compromises their
correct function will cause, to a greater or lesser degree, a dysregulation of homeostasis [2],
thus, giving rise to different clinical manifestations (kidney tubulopathy).

GS and BS are monogenic diseases belonging the group of inherited renal tubu-
lopathies [2]. Gitelman (GS) and Bartter syndromes (BS) pathognomonic symptoms in-
clude hypokalemia, hypochloremic metabolic alkalosis, hyperreninism and secondary
hyperaldostheronism due to volume-contraction consequences of the activation of the
renin-angiotensin-aldosterone system (RAAS) [3,4]. The overall prevalence of inherited
tubulopathies remains unknown [5]. For GS, the estimated prevalence varies from 1 to 10

205



Int. J. Mol. Sci. 2021, 22, 11414

per 40,000 individuals worldwide [6], whereas, for BS, the data is not well-defined but an
annual incidence of 1 per 1,000,000 is estimated [7].

In 1962, Dr. C. Frederic described the clinical symptoms of a new disease named Bartter
syndrome [8]. Since then, several studies have revealed the great genetic heterogeneity
related to this syndrome and, to date, six genes have been linked to this pathology [9–15],
subclassifying the disease according to the underlying genes (Table 1). On the other hand,
Gitelman syndrome (GS) was first named as an independent clinical entity in 1969 [16].
Despite the fact that the causative gene (SLC12A3) was discovered in 1996 [17], Gitelman
syndrome has been confused with a subtype of Bartter syndrome, leading to misdiagnoses
for many years [18].

Table 1. Bartter syndrome classification, associated genes and encoded proteins. All the UniProtein codes are referred to
Homo sapiens. AR: Autosomal Recessive; DR: Digenic Recessive; and XLR: X-Linked Recessive.

Bartter Subtype OMIM Inheritance Causative Gene Related Protein UniProt Code

Type 1 601,678 AR SLC12A1 NKCC2
(Solute carrier family 12 member 1) Q13621

Type 2 600,359 AR KCNJ1 ROMK
(ATP-sensitive inward rectifier potassium channel 1) P48048

Type 3 607,364 AR CLCNKB CLCNKB
(Chloride channel protein ClC-Kb) P51801

Type 4a 602,522 AR BSND BSND
(Barttin) Q8WZ55

Type 4b 613,090 AR DR CLCNKB + CLCNKA
CLCNKB

(Chloride channel protein ClC-Kb) + CLCNKA
(Chloride channel protein ClC-Ka)

P51801 + P51800

Type 5 300,470 XLR MAGED2 MAGED2
(Melanoma-associated antigen D2) Q9UNF1

2. Renal Physiology of Electrolytes

One of the functions of the kidney is the maintenance and regulation of acid-base
homeostasis [19]. This balance is maintained by the interregulation between glomerular
filtration and tubular reabsorption [20,21], which makes the urine not only a way of
eliminating toxic metabolites but also a complex milieu adapted to these processes [2].
In different segments of the nephron, 99% of the total glomerular filtration volume is
reabsorbed via transcellular (active or passive transporters) or paracellular mechanisms [21].
The force generated by the reabsorption of the solutes is what drives the reabsorption of
water into the interstitium [22]. Urine’s ability to concentrate resides in the loop of Henle,
which creates a hypertonic medullary interstitium [19,23,24]. It is in the thick ascending
loop of Henle (TAL) where active transport of solutes takes place through different co-
transporting channels (Figure 1).

In this process, K+ is the limiting substrate for NKCC2 channels and, in turn, for
total electrolyte reabsorption [19]. Due to the correct K+ concentration gradient between
tubules and the interstitium, a positive electrostatic charge is present in the tubular lu-
men. This charge allows the paracellular reabsorption of Mg2+ and Ca2+ [19,25]. The
distal convoluted tubule (DCT) mediates the correct regulation of electrolytes and their
secretion [26]. The DCT plays an important role in K+ secretion [27] and the transcellu-
lar reabsorption of calcium, via the transient receptor potential cation channel subfamily
V member 5 (TRPV5) [25], and magnesium, via the transient receptor potential cation
channel subfamily M member 6 (TRPM6) [28].

The reabsorption of Mg2+ in this segment depends on the proper function of a sodium-
chloride cotransporter, the NCC channel (encoded by the SLC12A3 gene), which is exclu-
sively located in the cells of the DCT (see Figure 1) [26,29]. NCC, together with uromodulin
and calcineurin, have been described as important regulators of magnesium homeostasis
in the DCT [28]. In “salt-losing tubulopathies”, such as BS and GS, any alteration in this
transport mechanism causes a loss of electrolytes that interrupts the global reabsorption
process, resulting in a wide range of progressive alterations in renal physiology [20,30,31].
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Figure 1. Proteins and channels implicated in the pathogenesis of Gitelman and Bartter syndromes. The electrolyte
transports of the most important channels for the diseases are represented as well as the channels related to the inhibition
by thiazide (NCC) and furosemide diuretics (NKCC2). Each disease is accompanied by the causative gene (in capital letters,
brackets and italics), whereas the corresponding protein is indicated above the channel (only in capital letters). NCC: Solute
carrier family 12 member 3; MAGED2: Melanoma-associated antigen D2; TRPM6: Transient receptor potential cation
channel subfamily M member 6; CLCNKB: Chloride channel protein ClC-Kb; NKCC2: Solute carrier family 12 member 1;
BSND: Barttin; CLCNKA: Chloride channel protein ClC-Ka; and ROMK: ATP-sensitive inward rectifier potassium channel 1.
The positive charge of the DCT makes an electrochemical gradient from the luminal tubule from the interstitium possible.

3. Molecular Basis and Clinical Features of the Diseases

Although GS and the different types of BS share most of their clinical symptoms,
they have different etiologies. Their associated proteins reside in different parts along the
nephron resulting in different pathophysiological mechanisms and compensatory phenom-
ena regarding their loss of function. For example, poor TAL functionality associated with
BS causes a decrease in electrolyte bioavailability, which leads to activation of the juxta-
glomerular apparatus with secondary hyperaldosteronism and glomerular hyperfiltration
due to afferent arteriole dilation [3].

This compensatory effect results in the hypertrophy of the juxtaglomerular apparatus
and a constant elevation of renin and aldosterone in plasma [20]. In contrast, the typical
salt loss of the DCT associated with GS causes volume contraction, leading to hyperaldos-
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teronism with elevated plasma renin levels [25]. In GS, there is no direct involvement of
the juxtaglomerular apparatus [20], which marks a relevant molecular difference from BS.

3.1. Molecular Basis of Gitelman Syndrome and Clinical Consequences

As mentioned previously, GS and BS share pathological conditions, including hy-
pokalemia, hypochloremic metabolic alkalosis, hyperreninemia and secondary hyperaldos-
teronism [3,4]. However, the main difference is that GS also presents with hypocalciuria.
This is due to an increase in Ca2+ reabsorption in an attempt to compensate for the loss of
salts [25]. This compensatory process does not occur in patients with BS, since electrolyte
dysregulation in the TAL causes a lack of the positive light gradient necessary for paracel-
lular Ca2+ reabsorption [25,32]. Active transport of Ca2+ remains unaltered in GS [25,32].

Another relevant molecular characteristic is the presence of hypomagnesemia, mainly
in cases of GS. However, this anomaly is not a complete differentiation between GS and
BS [33] since it can also be found in certain cases of BS [34]. Although this phenomenon
has been studied for more than 20 years [32,35,36], the reason for this magnesium loss is
not completely understood. One of the most accepted hypotheses points to the alteration
in the expression of the TRPM6 channel [28], the principal channel by which Mg2+ is reab-
sorbed in DCT (Figure 1). Moreover, there is a strict correlation between hypomagnesemia
and chondrocalcinosis [37].

Mg2+ is a cofactor of the group of pyrophosphatases, particularly for alkaline phos-
phatase [38]. A decrease in the concentration of magnesium causes a dysfunction of
these proteins, which increases the levels of pyrophosphate. Inorganic pyrophosphate
binds to Ca2+ ions by ionic interaction, resulting in crystal formation. These crystals
are deposited over time, eventually causing chondrocalcinosis [39]. In fact, magne-
sium is a crucial factor in the prognosis of GS, due to the possible development of such
pathological conditions [37].

Historically, GS has been considered a benign disease, which was generally diagnosed
incidentally by the presence of cramps, extreme fatigue, tetany or muscle weakness [5].
However, there is a wide phenotypic variability among patients, ranging from asymp-
tomatic individuals to individuals with a severe phenotype [33]. Furthermore, it was
considered as a “desirable disease” in the sense that patients typically have normal or low
blood pressure [33,40]. For instance, a recent case report described a kidney transplant
from a donor with GS, in which the possibility of lowering the blood pressure in the
recipient was considered beneficial [41]. However, clinical surgeries like this can be seen
as controversial.

Similarly, GS (as well as BS) was considered as a human model of hypotension, since it
was seen that carriers of pathogenic heterozygous mutations in their respective genes were
associated with a lower blood pressure than that of the control population [42]. Interestingly,
a study performed in 2000 had already anticipated that some pathogenic mutations in
SLC12A3 could protect against hypertension, which coincides with the literature [41–46].
Nevertheless, the presence of some homozygous variants is associated with primary
hypertension [47]. A relevant study confirmed the possibility that Gitelman’s patients
may develop hypertension due to continuous activation of the RAAS axis [48]. The role of
zygosity in this process has yet to be elucidated.

In addition to hypertension, several phenotypes have also been related to this disease.
For example, it has been stated that patients with GS have a greater predisposition to viral
infections [49,50], and they are more prone to develop type II diabetes mellitus [28,51,52].
Moreover, it was recently postulated that they also have an abnormal glycosylation pattern
in angiotensin converting enzyme 2 (ACE2), which leads to the activation of RAAS (also
seen in BS patients) [45].

Long-term population studies might provide a better understanding and anticipation
of the comorbidities that Gitelman’s patients might face. It is essential to make a great
effort in the study of genotype-phenotype correlations, emphasizing the correlations with
different levels of blood pressure values.
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3.2. Molecular Basis of Bartter Syndrome and Clinical Consequences

In terms of presentation, Bartter Syndrome has been traditionally grouped into neona-
tal or classic Bartter Syndrome. The neonatal refers to a severe form with an antenatal
presentation that leads to serious polyuria. Consequently, polyhydramnios, premature
delivery and severe cases of electrolyte and water loss occur [53]. The classic type refers
to a more subtle presentation that can occur at any time, but typically in early childhood,
with polyuria, polydipsia, volume contraction and muscle weakness [34]. Currently, the
different forms of Bartter Syndrome are classified into six subtypes based on the underlying
gene. Moreover, the different subtypes can be further grouped into three categories, based
on the similarity between the main molecular mechanisms in which the encoded products
participate and their associated pathophysiology: BS type 1 and 2; BS types 3 and 4; and
BS type 5.

• Bartter syndrome types 1 and 2

The proteins NKCC2 (BS type 1) and ROMK (BS type 2) are the main players in
the reabsorption of solutes in the TAL [19]. When they are disrupted, the physiological
abnormalities lead to an early phenotype, usually with manifestations appearing during
the prenatal stage [54]. The main consequences of its dysfunction in the embryonic stage
includes electrolyte imbalances that can cause polyuria due to isosthenuria, polyhydram-
nios, preterm birth [55] as well as subsequent growth retardation, serious episodes of salt
loss, hypercalciuria and metabolic alkalosis with hypokalemia and hypochloremia [54].
Although type 1 and type 2 share most of these symptoms, the appearance of episodes of
early transient hyperkalemia is seen mostly in type 2 [56].

Newborns with mutations in the KCNJ1 gene may not be able to excrete potassium via
ROMK and other non-canonical mechanisms restore potassium levels later [54]. Due to the
strict correlation and functional of the transporters in the TAL, the loss of function of the
ROMK channels (BS type 2) could lead to the inactivation of NKCC2 (BS type 1) [57], which
could justify the overlapping phenotype in both types. Furthermore, an interaction of both
channels has also been demonstrated in the secretion of uromodulin protein [58,59], which
is decreased in patients with type 2 Bartter [59]. Thus, these results point to a possible role
for uromodulin in tubular disorders.

In addition, new studies on the function of NKCC2 channels have shown that stoi-
chiometry can change due to mutations in the SLC12A1 gene [60]. The type of mutation can
determine differences in electrolyte disorders, which would explain the high phenotypic
variability between individuals. For example, particular genetic alterations could mean
that the Na+ K+ 2Cl− cotransporter changes to the unique Na+ Cl− transport. Genotype-
phenotype correlation studies of large cohorts could help determine the relevance of the
type of mutations in relation to the phenotype.

• Bartter syndrome types 3 and 4

BS type 3 is caused by genetic abnormalities in CLCNKB gene. The transporter
encoded by this gene mediates the reabsorption of chloride from tubular cells to peritubular
capillaries in TAL and DCT [2,34]. This type of BS is one of the most investigated, due to the
clinical similarity with GS and the need to differentiate them for an accurate diagnosis. It is
characterized by enormous clinical variability. Thus, the first manifestations can appear
at any time, from the antenatal to the adult stage, and truncating variants are mainly
associated with early onset of the disease [34].

The central feature of BS type 3 is severe hypochloremia [54]. CLCNKB is one of the
channels necessary for the reabsorption of NaCl [34] in TAL, and its function has to be
intact for the reabsorption of chlorine in DCT [61,62]. In fact, its total genetic inactivation
is incompatible with life [63]. An incorrect reabsorption can affect the functionality in the
HCO3−/Cl− exchanger [54], and thus chloride homeostasis is totally damaged in this
segment of the nephron. CLCNKA cannot compensate for the loss of function in CLCNKB,
on the basis that CLCNKA expression is decreased in orthologous CLCNKB null mice [61].
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BS type 4 can be caused by mutations in BSND (type 4a) or digenic recessive mutations
in CLCK– channels (CLCNKB and CLCNKA, Type 4b). In both cases, congenital deafness
is a differential symptom [64,65], due to the loss of potential load in the inner ear and the
incorrect function of chloride channels.

Furthermore, the BSND is not properly y localized when CLCNK channels are ab-
sent [63]. BSND is a mandatory subunit for the normal function of all CLCNK chan-
nels [12,65], so the phenotype of BS type 4 is more severe than BS type 3. Interestingly,
although BSND is also present in DCT, BS type 4 is generally not confused with GS, as is the
case with type 3 BS. In contrast to the other types of BS, renal failure is mainly associated
with patients with type 4 BS [12].

Since the first discovery in 2004 of recessive digenic inheritance of the CLCNKB and
CLCNKA genes [14,15], only a few cases of BS type 4b have been reported since then.
This is because these types of cases, in addition to being rare, are not usually included
in population-based studies of BS. This complexity can add another intriguing aspect.
Given that large heterozygous deletions of the physically contiguous genes, CLCNKA to
CLCNKB have been reported, the question remains, is CLCNKA actually associated with
the disease? Until now, no homozygous or heterozygous patients with CLCNKA have been
phenotypically reported.

The homozygous inactivation of the orthologous CLCNKA gene in animal models
resembles the phenotype of diabetes insipidus, although the mice do not lose salt [66]. As
in the case of Alport syndrome associated with the contiguous deletion of the COL4A5 and
COL4A6 genes [67], excluding the association of the COL4A6 gene with said syn-drome [68],
it would be interesting to identify the clinical or molecular relevance of the inactivation of
the CLCNKA gene alone in BS. Recently, the p.R83G variant in CLCNKA has been postulated
as the putative gene loci for a major incidence of heart failure in dilated cardiopathy [69].
Except for this association, thus far, no possible phenotypes directly related to the functional
deficiency of the CLCNKA gene have been identified.Bartter syndrome type 5.

The clinical characteristics of patients with mutations in the MAGED2 gene are
very similar to classic Bartter, highlighting polyuria, hyperreninism and hyperaldostero-
nism. However, the most relevant clinical findings consist of severe polyhydramnios,
premature birth and perinatal complications. Despite starting as a severe form of Bartter
syndrome [13], phenotypic restoration occurs spontaneously, without the need for any
specific treatment.

The explanation for this temporal manifestation lies in the fact that the apical lo-
calization of NCC (SLC12A3) and NKCC2 (SLC12A1) depends on MAGED2 during the
developmental stages in humans [13]. It is logical that the diminished ubieties for both
cotransporters bring about a severe phenotype [70]. Two theories have been put forward
on the pathophysiology related to MAGED deficiency. The first is that MAGED2 binds to
Hsp40 to regulate endoplasmic reticulum-associated degradation (ERAD), and therefore
mutations in MAGED2 cause alterations in this process [71] and NCC and NKCC2 are
retained intracellularly.

The second postulates that the mutations in MAGED2 prevent sufficient concentrations
of cyclic adenosine monophosphate (cAMP) for the correct function of the antidiuretic
hormone (ADH), causing the mislocalization of the channels [70]. It is essential to bear
in mind that ERAD, lysosomal degradation and the specific ubiquitination of unfolded
and immature NCC and NKCC2 have also been widely described as key mechanisms of
protein expression and localization [72–75], for which further study of Bartter’s disease
type 5 will contribute to a greater understanding of these fundamental processes. Similarly,
the presence of mutations in the MAGED2 gene could explain the cases of idiopathic
polyhydramnios and unresolved prenatal tubulopathies [76].

3.3. Long-Term Outcomes in GS and BS

Investigation of tubular channels as well as micropuncture and patch clamp studies
have significantly benefited our understanding of GS and BS [27,77–80]. Despite this, it is
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still necessary to continue contributing to basic research on these pathologies. The different
studies that focused on the characterization of these diseases in various stages of the disease
had small sample sizes. Therefore, many unknowns about the progression of these diseases
and their possible complications remain to be clarified.

For example, it is necessary to investigate the systemic consequences of these tubu-
lopathies. Recent studies suggested that SLC12A1 (NKCC2) could be involved in the
pathogenesis of hyperparathyroidism [81,82]. The current evidence is not sufficient to
establish the link, since the sample sizes only reached a dozen patients, and the biochemical
relationship is unproven. It would be interesting to expand these clinical case studies,
paying particular attention to the interactions between NKCC2 and CASR (extracellular
calcium-sensing receptor) (the molecular target of drugs for hyperparathyroidism) [82].
Recent studies have suggested that GS [83–85] and BS [34,85,86] may be associated with
glomerular damage, despite being classic tubulopathies. In both cases, moderate protein-
uria associated with focal lesions of segmental glomerular sclerosis and thickening of the
glomerular basement membrane have been reported [84]. These alterations could be due to
possible glomerular damage due to sustained tubular insufficiency, as occurs, for example,
in Dent’s disease [87]. This can lead to an erroneous clinical diagnosis, and for this reason
it is very important to consider certain diagnostic tools for a correct clinical diagnosis.

4. Diagnostic Approaches

Figure 2 summarizes the main diagnostic methods for Gitelman and Bartter syn-
dromes, as well as the relevant aspects of each to take into consideration.

Figure 2. Main methods for the diagnosis of Gitelman and Bartter syndromes. Each method is
accompanied by its principal benefit and the major drawback.

4.1. Clinical Diagnosis

A differential clinical diagnosis based solely on symptomatology is currently con-
sidered difficult and inaccurate. Since there is phenotypic overlap between GS, and the
different types of BS, as well as great clinical variability between individuals with the
same syndrome. Generally, a prenatal presentation of BS can automatically rule out
BS type 3 however, BS type 3 can, in some cases, lead to an early or prenatal manifestation
of the disorder [54].
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Adding a further degree of complexity, there are other clinical entities that resemble
BS and GS that can be confused and thus lead to inaccurate diagnoses. Among others, auto-
somal dominant familial hypocalcemia stands out, which before the discovery of MAGED2,
it was considered to be the fifth type of Bartter syndrome [25]. Familial hypocalcemia is
caused by pathogenic mutations in the gene CASR, these include activating mutations
(OMIM #601199). This gene encodes a plasma membrane G protein-coupled receptor,
CASR, which in the kidney tubule negatively regulates calcium resorption. The inappropri-
ate activation of the CASR receptor by these activating mutations leads to hypochloremic
metabolic alkalosis, hypokalemia and hypocalcemia, a phenotype that mimics BS [88].

Moreover, the inadequate activation of this receptor entails a reduction in the ac-
tivity of other channels involved in BS, including ROMK [88], NKCC2 [89] and Na+/K+

ATPase [90,91] therefore, this resembles the loss of function of NKCC2 and NCC accom-
plished by mutations in MAGED2 (previously discussed) [88]. Of note, the dominant
inheritance pattern of familial hypocalcemia differs from the characteristic pattern of BS
which is recessive [92].

Given the degree of complexity associated with the physiology of these syndromes,
it is important to prioritize clinical peculiarities that, in some cases, allow a differential
diagnosis, as well as to identify symptoms that characterize other conditions similar
to GS and BS that may be confused with each other [93]. Some of the most relevant
indistinguishable conditions are summarized in Table 2 (for GS) and in Table 3 (for BS).
Furthermore, in Figure 3 we summarize the best differential symptoms that could help to
discern between GS and the different types of BS.

Figure 3. The phenotypic spectrum of GS and BS; principal signs. This figure reflects the high variability that exists among
the different subtypes of BS and GS. (A) Clinical parameters present in several subtypes, with different levels of severity. Red
colour is indicative of a worse severity, whilst orange and green correspond to a lesser disease severity (in this descending
order). (B) Characteristic (but not necessary) clinical parameters of specific subtypes, which can be used for differential
diagnosis (if present). For these cases, there are not differential grades in each subtype.
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Generally, a pattern of electrolyte alterations in the biochemical studies support the
first proof for the clinical diagnosis [94]. Additionally, an elevation in blood of renin,
aldosterone and prostaglandin E2 (PGE2) are specific parameters that can shed light on the
precise clinical diagnosis for GS and BS, disregarding other tubulopathies [95]. One possible
parameter that can provide a differential diagnosis of Bartter and Gitelman over other
diseases that exhibit metabolic alkalosis, includes the assessment on Cl− concentration
in urine, which is persistently high [96]. Moreover, chloride status is considered as an
important biomarker before the start of any pharmacological treatment [85].

Table 2. Clinical entities that mimic Gitelman syndrome.

Gitelman-Like Diseases Clinical Similarities to Gitelman Clinical Differences to Gitelman References

Abuse of thiazide diuretics

Hypochloremic metabolic alkalosis
Hyperaldostheronism
Hypokalemia
Hypomagnesemia

The symptoms will be ruled out after the withdrawal.
Hyperchloruric response as indicative parameter [3,96,97]

ADTKD-HNF1-β

Hypomagnesemia
Hypokalaemia
Hyperparathiroidism
Young adult presentation (but not
mandatory at this ages)

Dominant inheritance pattern
Extrarenal manifestations: MODY type 3
Renal cysts

[98–100]

Cystic fibrosis
Hypochloremic metabolic alkalosis
Hypokalemia
Hypochloremia

Levels of chloride in response to treatment
Similarities are present with hot weather [101,102]

Autoinmune diseases; SLE 1, Sjögren
syndrome, autoimmune thyroiditis

Muscular weakness
Hypokalemia
Hypomagenesemia
Hypocalciuria
Cramping

Presence of auto-antibodies against NCC 2 [103,104]

Congenital Chloride
Diarrhea

Hyponatremia
Hypochloremia

Low chloride in urine but high in stool
Watery stool, similar to urine [105–107]

1 SLE: Systemic Lupus Erythematosus; 2 NCC: Solute carrier family 12 member 3.

Table 3. Clinical entities that mimic Bartter syndrome.

Bartter-Like Diseases Clinical Similarities to Bartter Clinical Differences to Bartter References

Abuse of loop diuretics

Hypochloremic metabolic alkalosis
Hyperaldostheronism
Hypokalemia
Hypercalciuria
Ototoxicity
Hyperuricemiaç

The symptoms will be ruled out after the withdrawal.
Hyperchloruric response as indicative parameter [3,96,97]

Autosomal dominant
hypocalcemia due to CASR

Hypokalemia
Metabolic alkalosis
Hyperreninemia, hyperaldosteronism
Hypocalcemia with hypercalciuria
Nephrocalcinosis

Dominant inheritance pattern
Low concentration of PTH 3 [88,108,109]

ADTKD-REN
Early presentation in life (childhood)
Hyperuricemia
Hypokalemia

Dominant inheritance pattern
Hypoaldosteronism
Hyporeninism

[110,111]

Nephrogenic diabetes insipidus

Polyuria
Failure to thrive
Hypokalemia, hypercalciuria
Nephrocalcinosis

Hypernatremia, hyperchloremia
No response to desmopressin [112–114]

Cystic fibrosis

Hypochloremic metabolic alkalosis
Failure to thrive
Hypokalemia
Hypochloremia

Levels of chloride in response to treatment
Similarities are present in hot weather [101,102,115]

Dent’s disease

Hypokalemic metabolic alkalosis
Hypercalciuria
Hyperreninism
Hyperaldostheronism

Proximal characteristic
Proteinuria with low molecular weights [87,116]

Congenital Chloride Diarrhea

Polyhydramnios
Premature delivery
Hypokalemia
Loss of Na+ and Cl− in urine

Low chloride in urine but high in stool
Watery stool, similar to urine [105–107]
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Table 3. Cont.

Bartter-Like Diseases Clinical Similarities to Bartter Clinical Differences to Bartter References

Aminoglycosides antibiotics:
gentamicin and amikacin

Metabolic alkalosis
Hypocalcemia
Hypomagensemia
Polyuria
Hearing loss (amikacin)

Slow recovery after the finish of the treatment [96,117–119]

3 PTH: Parathyroid hormone.

4.2. Diuretics Tests

Diuretics are active natriuretic principles that modify electrolyte transport and are
widely used for the treatment of hypertension, heart failure, and fluid overload [120,121].
The main idea of conducting a diuretic test is to demonstrate the lack of effect in patients
with GS and BS [122,123]. Specifically, the lack of effect is observed for the diuretics that
block the channels related to the diseases; thiazide diuretics for GS and loop diuretics for
BS (Figure 1). Briefly, thiazide diuretics cannot manifest its effects in GS because NCC
channel has an altered function. In BS, loop diuretics (furosemide as a classic example) will
have no effect because the NKCC2 channel is not at its optimal activity. To analyze this
effect, the natriuretic and chloruretic effect of the drugs are assessed in spot urine samples,
approximately 6 hours after administration [122,123]. The main objective of the clinical trial
NCT00822107 was to evaluate the chloruretic response to thiazide in Gitelman syndrome.
The results were published in April 2019 and revealed that the thiazide response in GS was
null, but only five patients were analyzed (all of them women). This should be considered a
clue, but it does not reflect the usefulness of taking these types of exams. Likewise, clinical
information rescued by these tests is not totally enlightening.

On the one hand, it is difficult to obtain an absolute answer (yes or no) to a drug
treatment. This will only be useful for GS (SLC12A3) or BS type 1 patients (SLC12A1), being
the remaining types of BS only partially interpreted. On the other hand, it is controversial
to withdraw daily treatments to patients (K+ sparing diuretics) to perform the diagnostic
test [124]. In addition, other treatments cannot be withdrawn (such as antiprostaglandins
or antialdosterone) and this could introduce a relevant bias [123]. Finally, in the case of BS,
diuretic tests also carry possible serious side effects, such as severe volume depletion [125].
For GS, this consequence is not very serious but there is a wide variability in the response
for diuretic drugs in GS [123], that can lead to misinterpretation.

4.3. Analysis of Urinary Microvesicles

Another possible recent clinical approach has been the study of urinary microvesicles
in order to diagnose and predict possible biomarkers of GS and BS [126,127]. All the
channels mainly related to these diseases are apical proteins that can be manifestly secreted
into multivesicular bodies (MVBs). Therefore, the vesicular proteomic profile of each
patient can be studied using different proteomic techniques, in order to identify possible
biomarkers of disease. Despite being a non-invasive method, this approach is not yet a
reality in current clinical routine due to its cost and time [128].

4.4. Genetic Diagnosis

Given the high phenotypic inter- and intra-familial variability of these syndromes and
the large number of phenotypes that often lead to confusing them, genetic studies for GS
and BS may be the most conclusive tool for diagnosis. The identification of causal mutations
in any of the associated genes can not only determine the diagnosis, but also allow for
establishing a better prognosis of the disease [37,54] and a better treatment strategy for
the patient [33,125].

In addition, information related to mutations could help to inform about possible
comorbidities. From a public health point of view, genetic studies are also the basis
for prenatal and preimplantation diagnosis. Prenatal tests in BS are very relevant in
prenatal forms of types 1, 2, 4 and 5. In fact, any clinical case with polyhydramnios
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without morphological anomalies must raise suspicions of Bartter syndrome, and the case
is candidate for genetic testing [13,34,71].

Additionally, in GS, prenatal tests would be of great value [129] since some cases have
been reported and diagnosed during pregnancy [130,131], with episodes of hypokalemia
and salt craving. Nevertheless, as we will discuss later, genetic testing is not without
problems and a conclusive diagnosis is not always achieved.

The development and constant improvement of different techniques for the study of
the genome, such as massive sequencing technologies (ultra-sequencing or Next Generation
Sequencing-NGS) and the continuous reduction in cost allows more health systems to
include this type of test as part of the diagnostic routine. The process of searching for
pathogenic mutations generally begins with the sequencing of the known associated genes
by NGS technologies. The GS and BS genes are often part of predesigned panels of known
genes involved in tubulopathies [2], chronic hypokalemia or salt-acid disorders [5].

Another complementary method is the search for CNVs (copy number variations)
in candidate genes, through specific NGS products and software, arrays of SNPs (single
nucleotide polymorphism) or MLPA® (Multiplex Ligation-dependent Probe Amplification),
among others [12,132,133]. This method is of particular interest for CLCNKB gene, where a
large deletion was found to be the most common mutation, particularly among the Chinese
population [34,54,132,134,135]. This strategy will normally end up with the identification
of candidate diagnostic mutations in one of the BS or GS associated genes.

A recent study demonstrated an efficacy greater than 85% in finding the causal BS
mutations [76]. For GS, the diagnostic efficacy is lower, around 62% [5,136–139], and a
considerable number of clinical-diagnosed patients carries only one mutation (around
25%) [136–139]. In both scenarios, it is recommended to carry out a study of carriers of
the variants identified in the parents, in order to determine that each variant is located in
different copies of the gene. In a subset of the cases studied, an inconclusive or negative
result can be obtained.

An inconclusive result refers to studies in which only one candidate variant is found,
or where the variant or variants found are classified as “variants of uncertain significance”
(VUS). VUS are variants for which there is not enough knowledge to predict whether they
could cause a pathogenic effect on the organism, and thus it is not possible to unequivocally
establish a causal relationship between the variant and the patient´s disease. Therefore,
they cannot be classified as pathogenic or neutral [140].

The lack of identification of a second mutation or the absence of any variant may be
due to different situations: (a) the nature of the mutation it is not detected by the technology
used; (b) the pathogenic mutations are in regions of the genome, with an unknown, or little-
known function. These regions are generally excluded from analysis due to the difficulty of
predicting their impact on the phenotype [141]. This may be the case of variants that affect
promoters, poly (A) regions, non-translated regions (UTR) or deep intronic regions, among
others; (c) the causative gene has not yet been discovered and is therefore not included in
diagnostic gene panels. Investigation of unresolved cases and their parents using whole
genome strategies could lead to the discovery of new genes associated with GS or BS; or
(d) the identification of a second mutation is not described since it does not really exist.

As with other disorders, it could be the case that the presence of a single heterozygous
pathogenic variant located in a gene associated with recessive inheritance is associated
with mild forms of the disease. Advances in basic research are providing new insights into
the function of hitherto poorly understood genomic region, which may lead to improved
interpretation of the effect of variants in these regions [142]. In the same way, the constant
improvement in the technology for studying the genome will probably increase the rate of
positive studies.

To date, no large populations of GS have been carried out that allow establishing a
representative genotype-phenotype correlation of the disease [50]. However, peculiarities
of different populations have been identified, such as, such as hotspot mutations in the
Japanese population associated with higher levels of magnesium in the blood than oth-
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ers [50]. Another example is the exclusivity of two mutations in the Roma ethnic group:
SLC12A3 c.1180+1G>T and SLC12A3 c.1939G>A [143].

For BS there is a defined phenotype for each subtype; however, these manifestations
may overlap with others, especially early in the disease [54]. In any case, there is not a strict
correlation for the type of mutation and the disease severity, as in the case of other inherited
diseases such as Autosomal Dominant Polycystic Kidney Disease [144,145]. Perhaps, this
is due to the lower prevalence of GS and BS, which makes it more challenging to study.

Heterozygous Carriers for Gitelman Mutations

Individuals carrying only one heterozygous pathogenic mutation are not considered
as patients of this disease. However, as with other pathologies, it has been described
that these patients may present a mild phenotype [51,146–149]. It is arguable that these
individuals might have a second mutation, but several independent studies have ruled
this out. In a study carried out in 147 carriers in the Amish population [146], lower blood
potassium values were associated with heterozygous carriers.

However, a recent cross-sectional study (with 81 heterozygous individuals) did not
reflect this difference. The lower K+ value shown in this article [146] could be related to
the type of mutation (SLC12A3 p.R642G, rs200697179). However, correla-tion of genotype-
phenotype has not been established in GS to date, and only recent studies are beginning to
determine these variabilities [50]. Another possibility is that either genetic background in
this population or environmental-acquired factor might also play a key role.

As in previous studies, recent publications [51,146,147] highlighted higher resting
heart rates as the main characteristic of heterozygous carriers. In contrast to previous
studies, they did not identify lower values in blood pressure for heterozygotes [148,149].
In one of them, the lower blood pressure was only referenced in children [149]. Although
there is a current debate on this topic, the general conclusions thus far do not relate lower
blood pressure in heterozygotes. Therefore, clinical peculiarities ascribed to SLC12A3 in
heterozygotes may not result in a pathological condition but will be paired with a different
clinical profile. In any case, this situation supports a genetic complexity in GS, rather than
it being a classical recessive inherited disease.

5. Therapeutic Approaches
5.1. Current Pharmacological Treatments

GS and BS are determined by the lack of clinical interventions and therapeutic pos-
sibilities. There is not a definitive treatment and therapeutic interventions are based on
supportive treatments. Furthermore, information on the efficacy of each therapy is scarce
that there is not a well-established algorithm for the treatment of these patients [125]. Thus,
each patient receives a treatment based on the individuals’ effectiveness [20]. The first goal
of any treatment for these syndromes is the restoration of the electrolyte profile. Due to
the genetic nature of the diseases, these disorders are chronic, and the treatment is for the
entire life of the patient.

5.1.1. Oral Salt Supplementation

Water and salt supplements are the first-line approach since their goal is to restore
electrolyte loss. Although the commercially available supplements have improved since
ab libitum salt treatment [33], patients face several problems with such formulations.
For example, the number of tablets and pills per day is often high, which creates an
uncomfortable daily situation. An examination of the electrolyte abnormality profile of
each patient is necessary to prescribe adequate supplementation. KCl is the preferred form
of salt supplementation because it replaces the loss of potassium and chloride (both of
them are affected) [85].

In patients with hypomagnesemia, magnesium supplementation becomes very im-
portant to prevent associated chondrocalcinosis [150]. Magnesium values are not easily
restored and the bioavailability is quite variable depending of the quelant for Mg2+, causing
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adverse effects and ongoing inconveniences such as diarrhoea [151]. Within salt supple-
mentation, it is cruicial to assist the diet that patients follow carefully. The reason is that
patients often have an appetite for salty foods, and continued and uncontrolled intake of
salts can worsen the disease state [95]. In addition, traditional herbal medical preparations
and dietary supplements can be enriched in salts and must therefore be administered with
care or prohibited [24]. Pharmacokinetic studies would be very useful for these patients to
establish the bioavailability achieved by each supplement in each individual.

5.1.2. Non-Steroidal Anti-Inflammatory Drugs (NSAIDs)

Non-steroidal anti-inflammatory drugs (NSAIDs) are medicines widely used to relieve
pain, reduce inflammation and lower the temperature [152]. Its mechanism of action is
based on the non-selective inhibition of the cyclooxygenase (COX), the enzyme that is
involved in the synthesis of PGE2 [153]. Therefore, they are useful to prevent the elevation
of PGE2 that typically occurs in BS patients, as the ones that benefit the most from this
treatment compared with GS patients. However, these drugs are used in both diseases, as
they can alleviate hyperprostaglandinuria, secondary hyperaldosteronism, hypochloremic
hypokalemic metabolic alkalosis, polyuria, hypercalciuria and growth retardation [154].

Indomethacin is the most prescribed NSAID for the treatment of BS [125]. Its use has
showed strong benefits and is crucial at an early start in the treatment. The most relevant
effect is the restoration of electrolyte abnormalities, which improve the development of the
disease. Another important point is the reduction of nephrocalcinosis since indomethacin
is able to reduce the hypercalciuria [155,156].

Although the symptomatology of GS usually appears during later in childhood or
adulthood, there is wide variability in the spectrum of GS and symptoms can appear early
in childhood [157]. In these cases it is common to suffer failure to thrive. Hence, the
use of indomethacin could result as beneficial as for Bartter´s patients. This drug was
also effective in the correction of hypokalemia during adulthood in a study that included
22 Gitelman´s patients [158]. Indomethacin showed better results than eplenerone or
amiloride (discussed later).

The paradox of these treatments is the unavoidable adverse effects of NSAIDs on
the kidney [159,160] and gastrointestinal tract [161], even when administered with pro-
ton pump inhibitors, such as omeprazole [125,152]. Gasongo et al. [156] suggested the
monitoring of renin concentration to achieve the minimal dose with which it is possible
to see a beneficial effect. This proposal points towards a more personalized medicine for
each patient and could be strongly advantageous. This proposal is particularly impor-
tant for affected children with different needs for indomethacin or ibuprofen treatments
to avoid developmental delays. In this scenario, hospital pharmacies are very useful to
prepare the adequate oral suspensions, in relation to the weight and dose required by
these patients [162].

The toxicity of NSAIDs is a logical reason to try alternative medications such as
COXIBs (ciclooxygenase-2 inhibitors) which, in contrast to NSAIDs, can selectively inhibit
COX-2 [163]. However, COXIBs can also cause adverse effects, such as an increased risk
of cardiac problems and, in particular, myocardial infarction [164]. To date, there are no
well-documented records of secondary effects under the treatment of COXIBs in BS or GS
patients. Thus, there is a strong preference to NSAIDs over COXIBs [165], and COXIBs only
supports a better therapy when the use of NSAIDs plus proton pumps inhibitors causes an
uncontrolled severe hypomagnesemia [125].

In summary, NSAIDs constitute one of the most reliable treatments for the symp-toms
of BS and GS, despite not being a definitive pharmacological approach.

5.1.3. Potassium Sparing Diuretics

Potassium sparing diuretics include a series of diuretics without a strong diuretic
effect. However, they are capable of restoring hypokalemia caused by diuretics furosemide
and thiazide, this being the main reason for their use [166,167]. They act in the distal part
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of the nephron and are classically subdivided as aldosterone antagonists or Na+ channel
blockers [166]. Considering the suppressive effect of these drugs on aldosterone and
secondary hyperkalemia, they can be considered as promising pharmacologic agents in
GS and BS. However, if the distal region is blocked, partial reabsorption of Na+ and water
cannot occur, leading to worsened salt loss. Therefore, the patient could be at risk of
life-threating hypovolemia [20,168–170].

The first investigations that deepened the usefulness of these drugs found good
efficacy in the use of amiloride in patients with BS [171–173]. Notably, amiloride was
reported during pregnancy in a few cases [174,175] (B category for pregnancy [176]).
However, a recent study reiterated the dangerous consequences of amiloride treatment,
including hypovolemia and fibrosis in the kidney and heart in long-term treatments [158].
Another complication of its discontinuation is hypotension [169,170]. On the contrary, a
beneficial point of its use is a minor loss of magnesium with this treatment, although only
slight modifications were observed [158].

Essentially, sparing diuretics are only accepted clinically when the other therapeutic
options, such as NSAIDs or supplemental drugs are have no impact on phenotype im-
provement [170,171]. Moreover, cases with a severe phenotype do not improve even with
these treatments [177] and the risk of hypovolemia must be carefully assessed [20,168–170].

5.1.4. Renin-Angiotensin-Aldosterone System Inhibitors

GS and BS are characterized by a constant activation of the RAAS axis in an attempt
to recover lost salt and water [25]. In fact, this alteration is the cause of both hyperreninism
and hypertrophy of the juxtaglomerular apparatus (specific for BS) [20]. Hence, the use
of inhibitors of this axis was proposed as a therapeutic strategy. This clinical approach is
similar to sparing diuretics, because the potential risk of hypovolemia and hypotension
caused by these medications causes restrictions in the prescription of these drugs [20,178].
ACE inhibitors cannot resolve the clinical abnormalities of GS and BS patients. In fact,
they do not improve electrolyte disturbances [179]. Despite this, they can be a therapeutic
possibility for cases of refractory NSAIDs, nephrotoxicity with NSAIDs [180] or even
superior to sparing diuretics [181]. In addition, a possible benefit is the partial correction of
hypomagnesemia, which was described in one case with enalapril [179].

5.1.5. Growth Hormone (GH)

Growth hormone (GH) is intended to prevent growth abnormalities [182]. Im-portantly,
GH is considered only after the failure of NSAID treatment [125] for the same purpose.
GS is a disease in which growth retardation is less frequent than in BS [33] but growth
hormone is considered as beneficial [33,50]. Perhaps, GH shows a more beneficial effect
in GS than in BS due to the worse phenotype in BS in terms of growth retardation. In
fact, Fujimura´s studies [50] stated that GH treatment was not accurate in all patients.
The duration of treatment may need to be longer to achieve visible efficacy even into
adolescence or young adulthood.

This strongly correlates with clinical guidance, in which treatment should be pro-
longed until a coherent mineral density is achieved [183,184]. To date, GH has been proven
in cases of kidney damage and does not impact further damage [185]. However, the major
drawback is the controversy among endocrinologists over the side-effects of the long-term
use of the drug. The most recent guidelines [186,187] have pointed out two essential points:
The relevance of genetic testing to ensure the causes and the possibility of discontinuation
and the improvements in the adherence with lower frequencies in the administration of
the recombinant human growth hormone.

5.1.6. Overview of the Effectiveness of These Treatments

It is important to note that all the current treatments are supportive, and none of them
can solve the main problems later in life. Therefore, more research essential to provide
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better solutions for the patients. Another key point is that BS and GS therapeutics overlap,
sharing the vast majority of possible treatments as reflected in Table 4.

Treatment in GS and BS is based on the administration of a wide range of drugs, which
depends both on the criteria of the physician and on the severity of each patient [33,125].
Therefore, clinicians pay special attention to the manifestations of hypomagnesemia and its
consequences in GS, while in the case of BS, indomethacin is the main approach [125]. In this
scenario, there is no comprehensive understanding of the disease or greater improvements
in the phenotype of the patients. In fact, knowledge is acquired through description of
cases from independent reports, which is why large population studies are required.

Table 4. Currently used pharmacological treatments for Bartter and Gitelman syndromes.

Therapeutic Approaches Gitelman Syndrome Bartter Syndrome

Supplemental electrolyte drugs Mandatory, especially with magnesium loss Mandatory

NSAIDs Possible Indomethacin as principal treatment in BS

Potassium Sparing Diuretics Possible, but not recommendable Possible, but not recommendable

Inhibitors of RAAS axis Poorly described, but possible Possible, especially with nephrotic damage from NSAIDs

Growth Hormone Possible, poor evidence of efficacy Possible, poor evidence of efficacy

On the other hand, currently there is still debate on different topics. There is no
consensus on the treatment of practically asymptomatic patients with GS [95] or the
definition of the threshold that symptomatic patients with salt-wasting tubulopathy must
reach to ensure a good prognosis [20]. For example, one question is what level should be
reached to have a correct intracellular magnesium concentration in GS [188]. In this sense,
the basic concepts in a treatment, such as the “treatment objective” are not yet defined.
The "goal of treatment" is to define the point at which treatment can be interrupted or
discontinued [189]. A relevant study of A. Blanchar et al. [158] argues that a later period of
treatments may improve efficacy.

Perhaps, the correction of the electrolytes in the blood is a gratifying achievement,
as it is the most reliable surrogate endpoint, however, another specific point to consider
should be the prevention of renal and extrarrenal manifestations such as end stage renal
disease (ESRD), chondrocalcinosis or mineral bone fractures. In conclusion, therapeutic
possibilities in GS and BS are dominated by a paradigm with fairly variable prognosis.

Currently, despite the lack of knowledge regarding prognosis, this is usually acceptable
with correct adherence to the respective treatments [85,190]. Gitelman´s patients have
an acceptable prognosis [85], although asthenia and muscle weakness are common daily
manifestations which impair quality of life [33]. Bartter´s patients with early presentations
can start treatment with indomethacin in the 4th–6th week of life, showing a good response
and adequate prognosis [190]. However, BS type 4 shows the worst phenotype, being
possible the appearance of nephrocalcinosis and progression to ESRD [191,192]. There
is no information on the prognosis in the case of lack or suspension of treatments or the
influence of a delayed diagnosis and treatment. Furthermore, there is no information on
the differences among different therapeutic combinations in terms of prognosis.

5.2. Future Therapeutic Perspectives

The clinical trials for GS and BS do not offer new drugs for their treatment. In fact, the
trials inlvolve different combinations of commonly used drugs, and there is no drug with a
newly transitional mechanism of action [193,194].

One of these studies uses acetazolamide (a diuretic that inhibits carbonic anhy-
drase [195]) to alleviate the metabolic alkalosis of BS (NCT03847571). Although the results
have not been yet published, a recent article from the same group suggests the use of acetazo-
lamide as another possible adjuvant of the classical therapies, never as monotherapy [196].

Another study has the intervetion of progesterone to alleviate the hypokalemia
(NCT02297048). In line with this hypothesis, Blanchard et al. [197] have reported that
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adrenal glands adapt their response to levels of hypokalemia and hyponatremia. This
could be the first step towards a better understanding of the pathophysiology and, perhaps,
towards a new therapeutic group.

6. Conclusions

GS and BS are inherited tubulopathies with challenges in their precise diagnosis
since both pathologies have overlapping clinical symptoms. Regarding GS, it used to be
considered as a mild disease, but patients frequently report extreme fatigue, showing an
impaired quality of life. Regarding BS, these patients tend to have a worse clinical outcome.
In fact, symptoms can appear before birth, resulting in delayed growth and propensity
to ESRD.

In terms of diagnosis, genetic tests, regardless of the difficulties they may have, are
the optimal tool for an accurate and definitive diagnosis. On the other hand, prognosis
is poorly known currently, and therefore, population studies that investigate following
up with patients are a huge necessity. Lastly, basic research enables the discovery of the
molecular basis of the pathologies as well as the identification of novel therapeutic targets.
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Abbreviations

ACE2 angiotensin converting enzyme 2
ADH antidiuretic hormone
BS Bartter syndrome
BSND barttin
cAMP cyclic adenosine monophosphate
CASR extracellular calcium-sensing receptor
CLCNKA chloride channel protein ClC-Ka
CLCNKB chloride channel protein ClC-Kb
CNVs copy number variants
DCT distal convoluted tubule
ERAD endoplasmic reticulum-associated degradation
GS Gitelman syndrome
MLPA® Multiplex ligation-dependent amplification probe
MVBs multivesicular bodies
NGS next generation sequencing
PGE2 prostaglandin E2
RAAS renin-angiotensin-aldosterone system
NKCC2 solute carrier family 12 member 1
NCC solute carrier family 12 member 3
ROMK ATP-sensitive inward rectifier potassium channel 1
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SNPs single nucleotide polymorfism
TAL ascending loop of Henle
TRPM6 transient receptor potential cation channel subfamily M member 6
TRPV5 transient receptor potential cation channel subfamily V
UTR non-translated regions
VUS variants of uncertain significance
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Abstract: Multiple endocrine neoplasia type 1 (MEN1) is a rare autosomal dominant inherited
multiple cancer syndrome of neuroendocrine tissues. Tumors are caused by an inherited germinal
heterozygote inactivating mutation of the MEN1 tumor suppressor gene, followed by a somatic loss
of heterozygosity (LOH) of the MEN1 gene in target neuroendocrine cells, mainly at parathyroids,
pancreas islets, and anterior pituitary. Over 1500 different germline and somatic mutations of
the MEN1 gene have been identified, but the syndrome is completely missing a direct genotype-
phenotype correlation, thus supporting the hypothesis that exogenous and endogenous factors, other
than MEN1 specific mutation, are involved in MEN1 tumorigenesis and definition of individual
clinical phenotype. Epigenetic factors, such as microRNAs (miRNAs), are strongly suspected to have
a role in MEN1 tumor initiation and development. Recently, a direct autoregulatory network between
miR-24, MEN1 mRNA, and menin was demonstrated in parathyroids and endocrine pancreas,
showing a miR-24-induced silencing of menin expression that could have a key role in initiation
of tumors in MEN1-target neuroendocrine cells. Here, we review the current knowledge on the
post-transcriptional regulation of MEN1 and menin expression by miR-24, and its possible direct role
in MEN1 syndrome, describing the possibility and the potential approaches to target and silence
this miRNA, to permit the correct expression of the wild type menin, and thereby prevent the
development of cancers in the target tissues.

Keywords: multiple endocrine neoplasia type 1 (MEN1); MEN1 gene; loss of heterozygosity (LOH);
microRNA (miRNAs); miR-24

1. Introduction

Multiple endocrine neoplasia type 1 (MEN1) is a rare autosomal dominant inherited
cancer syndrome that causes the development of multiple endocrine and non-endocrine
tumors in a single patient [1,2]. The main affected organs are parathyroid glands, anterior
pituitary, and the neuroendocrine cells of the gastro-entero-pancreatic tract. Morbidity
and mortality of the disease are related to hormone over-secretion by endocrine function-
ing tumors, leading to the development of specific syndromes, and/or to the malignant
progression of silent tumors, such as non-functioning neuroendocrine neoplasms of the
pancreas and the thymus.

Medical therapies of MEN1 aim to control hormone over-secretion and tumor growth.
Surgery is the main treatment employed for parathyroid adenomas and gastro-entero-
pancreatic neuroendocrine tumors (GEP-NETs) [3]. No therapeutic intervention is defini-
tively resolutive; given the genetic nature of the syndrome and the asynchronous de-
velopment of tumors, MEN1 patients have a high prevalence of post-operative tumor
recurrences, both in the parathyroids and the gastro-entero-pancreatic tract [4]. Therefore,
there is a strong need for novel therapies acting at the molecular level and able to prevent
tumors in the target neuroendocrine cells. The comprehension of molecular mechanisms
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underlying MEN1 tumorigenesis is fundamental to identify possible targets for the design
of novel therapies [2].

In 1997, the causative gene, MEN1, was identified at the 11q13 locus [5]. The MEN1
gene is a classic tumor suppressor gene: The first inactivating heterozygote mutation is
inherited by the affected parent (first hit), while the second copy of the gene is somatically
lost in target neuroendocrine cells (second hit), mainly by a large deletion at the 11q13 locus
or, more rarely, by a second intragenic loss-of-function mutation (loss of heterozygosity;
LOH) [6,7]. The MEN1 gene encodes menin, a nuclear protein which exerts a wide spectrum
of key activities, such as control of cell cycle and apoptosis, regulation of gene transcription
and chromatin structure, and DNA repair [8]. Loss of both wild type MEN1 copies, resulting
in loss of menin functions, appears to be the trigger of tumor initiation in MEN1 target
neuroendocrine cells. However, the absence of a complete genotype-phenotype correlation
and the different tumor manifestations between carriers of the same MEN1 mutation
(even homozygote twins) suggest that other factors concur to cause MEN1 individual
tumorigenesis. Epigenetic factors are the main suspected co-actors in driving tumor
development and progression in MEN1 target neuroendocrine cells [9]. Alterations in the
normal epigenetic regulation of gene transcription (histone modification and/or DNA
methylation), following the loss of wild type menin activity, have been demonstrated to
play an important role in the progression of MEN1 pancreatic neuroendocrine tumors [10].

Among epigenetic regulators of gene expression, microRNAs (miRNAs) have recently
been shown to be involved in the development of various human malignancies, either
acting directly as oncogenes (oncomiRs) or inhibiting the expression of tumor suppressor
genes [11]. These molecules are non-coding small RNAs that normally negatively regulate
gene expression by directly binding the 3′UTR of their target mRNAs [12–14]. Through
the activity of tissue- and cell-specific miRNAs, the organism regulates the expression of
numerous genes, in a spatial and temporal way, granting the correct functionality of various
and important biological processes [15,16]. Alterations of expression and/or activity of one
or more miRNAs can lead to disease development, including cancer. A role of miRNAs
has been demonstrated in the initiation of various human malignancies [17–19] and in
development of metastases [20,21].

In the last two decades, tissue-specific altered activity and/or expression of miR-
NAs have been suggested as possible modulators of MEN1 tumorigenesis [22–25], acting
synergically with the MEN1 mutation, indicating the miR-24 as a possible effector of
tumor development.

Here, we review results from recent studies that demonstrate the existence of an autoreg-
ulatory network between miR-24, MEN1 mRNA, and menin, suggesting possible roles of this
miRNA in MEN1 tumorigenesis, and we discuss the possibility to silence this molecule in
MEN1 mutation carriers to prevent/reduce cancer development and/or progression.

2. The Autoregulatory Network between miR-24, MEN1, and Menin: A Possible
Effector of MEN1 Tumorigenesis

miR-24 is encoded by two separated chromosomal locations: one gene cluster located
on chromosome 9q22, which includes miR-23b, miR-27b, and miR-24-1; and a second gene
cluster located on chromosome 19p13, which includes miR-23a, miR-27a, and miR-24-2 [26].
The two miR-24 mature isoforms are identical in nucleotide sequencing, regardless of the
different chromosomal origin.

Using Miranda, Target Scan, and Pictar Vert prediction software, Luzi et al. predicted
the 599-605 nt position of the 832 nt-3′UTR of MEN1 mRNA as a direct target of miR-
24-1 [27]. The seed site of miR-24-1, which binds to MEN1 mRNA 3′UTR, is highly
conserved in humans, rats, mice, chickens, and dogs. The direct targeting of MEN1
mRNA was demonstrated in vitro for the first time in 2012 by Luzi et al. [27] in the BON1
cells, a human cell line derived from a lymph node metastasis of a serotonin-secreting
pancreatic neuroendocrine tumor [28], via luciferase report assays. Authors showed that
the induced over-expression of miR-24-1, through the transfection of pri-miR-24, inhibited
the expression of menin protein, while the silencing of the endogenous miR-24-1, through
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the transfection of a specific 2′-O-methyl-RNA miR-24-1 antisense, resulted in an increased
expression of menin, suggesting the existence of a direct negative feedback loop between
miR-24-1 and menin, which could have a role in MEN1 tumorigenesis.

Later, in 2016, the same research group [29] demonstrated in BON1 cells that, in
addition to the negative feedback loop between miR-24-1, MEN1 mRNA, and menin, there
was also a feedforward loop in which menin protein directly binds to the pri-miR-24-1 (the
primary mRNA precursor of miR-24-1), promoting the DROSHA-mediated processing to
pre-miR-24-1 and, thus, the biogenesis of mature miR-24-1. Moreover, the specific siRNA-
induced silencing of menin expression in BON1 cells resulted in a complete suppression
of pri-miR-24-1 expression, indicating an essential and direct role of menin in miR-24-1
synthesis, that is exerted by acting both at the transcriptional and at the post-transcriptional
modification levels of the miR-24-1 synthesis. Conversely, when an overexpression of
menin is induced in BON1 cells, this leads to an increased expression of mature miR-24-1.
Authors showed that menin specifically binds to pri-miR-24-1, but not to pri-miR-24-2, and
that the silencing of menin expression had no effect on the pri-miR-24-2 expression and the
processing to pre-miR-24-2.

The proposed autoregulatory network between miR-24-1, MEN1 mRNA, and menin
is shown in Figure 1.
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Figure 1. Schematic representation of the autoregulatory network between miR-24-1, MEN1 mRNA, and menin. (A) menin
binds the upstream region of the miR-24-1-encoding gene cluster on chromosome 9, promoting the transcription of pri-miR-
24-1; (B) menin directly interacts with the primary transcript of miR-24-1, pri-miR-24-1, facilitating the DROSHA-mediated
processing to pre-miR-24-1, in a positive feedforward loop in which menin promotes the maturation of the repressor of its
own expression, miR-24-1. Mature miR-24-1, together with the RISC complex, binds the 3′ UTR of MEN1 mRNA blocking
translation of menin.

The regulatory network between miR-24, MEN1, and menin was demonstrated also
in other species, than humans, in vitro and in vivo [30–32]. Interestingly, Gao et al. [30]
demonstrated, both by Target Scan algorithm-based prediction and by an in vitro study in
neonatal rat cardiac myocytes, that miR-24 targets the CDNK1B mRNA, blocking translation
of the encoded p27kip1 protein, a negative regulator of cell cycle, resulting in a decreased
G0/G1 arrest and in cell hypertrophy. Inactivating mutations of the CDNK1B tumor
suppressor gene are responsible for the development of multiple endocrine neoplasia

231



Int. J. Mol. Sci. 2021, 22, 7352

type 4 (MEN4), a clinical phenocopy of MEN1 [33]. Therefore, miR-24 could also have a
role in MEN4 tumorigenesis.

2.1. miR-24, MEN1 mRNA, and Menin in Parathyroid Glands

Luzi et al. first demonstrated a direct regulation of menin expression by miR-24-1
in parathyroid tissues from MEN1 patients [27], suggesting an epigenetic oncogenic role
of this miRNA in the tissue-specific tumorigenesis of these glands in MEN1 mutation
carriers. The analysis of miR-24-1 expression profiles in parathyroid adenomas from MEN1
mutation carriers, in sporadic non-MEN1 tumor counterparts and in healthy parathyroid
tissue, showed an inverse correlation in the expression profiles of miR-24-1 and menin,
indicating a direct role of miR-24-1 in the post-transcriptional negative regulation of menin
expression itself. This inverse correlation was present only when the wild type copy of the
MEN1 gene was still retained in the tumoral tissue, while in MEN1 adenomas presenting
LOH at the 11q13 locus, menin resulted to be unexpressed and miR-24-1 was expressed at
a very low level. The chromatin immunoprecipitation (ChIP) analysis, with an anti-menin
antibody, in parathyroid tissues from MEN1 patients, showed the occupancy of miR-24-1
promoter region by menin, only in parathyroid adenomas conserving one wild type copy
of the MEN1 gene, but not in tumors presenting MEN1 LOH, and it confirmed menin as a
positive regulator of miR-24-1 expression, as previously demonstrated in BON1 cells [27].

Results from this study suggested that, in MEN1-associated parathyroid tumors, after
the first inherited germinal “hit”, the somatic onset and progression of neoplasia could
be under the control of a negative feedback loop between menin protein and miR-24-
1. Authors hypothesized that this regulatory network could mimic and substitute the
second somatic “hit” of tumor suppressor inactivation in tissues in which MEN1 LOH
has not yet occurred, probably representing an intermediate step before the irreversible
genetic MEN1 LOH. The pathway leading to MEN1 tumor development and progression
could be explained by the proposed negative feedback loop between menin and miR-24-1
acting as a “homeostatic regulatory network” that needs to be “broken” to induce the
somatic LOH “hit” and, consequently, the progression to neoplasia. This mechanism
could explain the proliferative changes in the neuroendocrine cells (hyperplasia) that
precede neoplasia, and this could also be hypothesized for pancreatic, duodenal, and other
MEN1-associated tumors.

Some years later, the same Research Group [34] failed to find both miR-24-1 and
miR-24-2 as differentially expressed between MEN1 parathyroid adenomas with somatic
MEN1 LOH at 11q13 and MEN1 parathyroid adenomas still retaining one wild type copy
of the MEN1 gene when they performed a microarray expression profiling covering about
1890 human miRNAs and using a p-value < 0.05 and a log2 fold change > 1.5 as parameters
of statistical significance.

Grolmusz et al. [23] compared the expression of six potential MEN1-targeting miRNAs,
including miR-24, in MEN1-associated parathyroid adenomas/hyperplasia with a germinal
MEN1 mutation (16), in sporadic counterparts bearing a somatic MEN1 mutation (10) and in
sporadic parathyroid lesions wild type for the MEN1 gene (40). Expression levels of miR-24
and miR-28 were found to be significantly higher in sporadic primary hyperparathyroidism
(PHPT) tissues with respect to MEN1-associated adenomas/hyperplasia, both when all
the sporadic samples were considered and when considering the two sporadic PHPT
subgroups of samples positive for nuclear menin staining or of samples negative for nuclear
menin staining separately. No significant expression differences were found between the
MEN1 mutated vs. the MEN1 wild type nuclear menin-negative sporadic lesions. All
these data seemed to identify the higher expression of miR-24 and miR-28 as two universal
signatures of sporadic non-syndromic parathyroid hyperplasia/adenoma, independent of
their somatic genetic profile.
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2.2. miR-24, MEN1 mRNA, and Menin in the Endocrine Pancreas

In the duodenum and the pancreas, the MEN1 gene-associated heterozygote germline
mutation causes hyperplasia of insulin- gastrin-, somatostatin-, and glucagon-secreting
cells, resulting in a subsequent multifocal development of tumors. The great majority of
tumors analyzed showed allelic deletion/inactivation of the second copy of the MEN1
gene, whereas the precursor lesions retained their MEN1 heterozygosity [35]. Pancreatic
endocrine tumors develop from beta islets, through a stage of islet hyperplasia in which
the wild-type MEN1 allele is still retained. LOH at MEN1 locus has never been found in
these enlarged islets and, therefore, these lesions are considered to be a precursor stage
of the tumors. It is possible that these pancreatic lesions present the same mechanism
evidenced in MEN1 parathyroid glands: The proposed negative feedback loop between
miR-24, MEN1 mRNA and menin.

In 2014, Vijayaraghavan et al. [36] confirmed the presence of a feedback loop between
miR-24 and menin, similar to that identified in parathyroids, in cell lines of endocrine
pancreas (the MIN6 cells derived from a mouse insulinoma and the Blox5 cells, an im-
mortalized cell line produced from a purified population of human pancreas beta cells by
infection with retroviral vectors). Authors confirmed the direct interaction of miR-24 with
the 3′UTR of MEN1 mRNA. Cell transfection with pre-miR-24 increased miR-24 levels and
resulted in a reduction of MEN1 and menin expression, of 35% and 23% in MIN6 cells and
61% and 38% in Blox5 cells, respectively. Conversely, cell transfection with an anti-miR-24
antisense decreased endogenous miR-24 levels, in association with an increased MEN1
expression in MIN6 cells but not in Blox5 cells, and with no significant difference of menin
expression in both MIN6 and Blox5 cells. At the same time, an induced overexpression
of menin increased the expression of mature miR-24 both in MIN6 (2.5-fold increase) and
Blox5 (0.6-fold increase) cells, confirming that miR-24 and menin reciprocally regulate
their expression. The negative effect of menin depletion on miR-24 expression was also
confirmed in vivo in a conditional knockout mouse model with a selective deletion of the
MEN1 gene in pancreas beta cells, in which reductions of about 60% and 90% of miR-24
levels were found in heterozygote and homozygote knocked-out animals, respectively [36].

In the same study, since in the pancreas menin is known to regulate gene expression
in a transcription complex with mixed-lineage leukemia (MLL) factor, the Authors [36]
hypothesized the possibility that the miR-24-1- and miR-24-2-encoding genes could be
targets of menin/MLL complex. The ChiP analysis in MIN6 and Blox5 cells showed that
both menin and MLL proteins were present in the region upstream of miR-24, both on
chromosomes 9 and 19, confirming the importance of the menin/MLL complex in miR-24
expression in pancreas islets.

Finally, since menin is known to negatively regulate cell proliferation by transcrip-
tionally regulating expression of two main cell cycle inhibitors, p27kip1 and p18ink4c, the
Authors also investigated the impact of miR-24 expression on these two proteins. Cell
transfection with pre-miR-24 induced a 42% reduction of both p27 mRNA and protein in
MIN6 cells, and of 57% p27 mRNA, but not protein, in Blox5 cells, and a reduction of 48%
of p18 mRNA, but not protein, in Blox5 cells. No effect on both expressions of p18 mRNA
and protein was found in MIN6 cells. Inhibition of miR-24 expression by transfection with
an anti-miR-24 antisense did not significantly affect p18 mRNA nor protein expression in
MIN6 and Blox5 cells [36]. The fact that an increased expression of miR-24 reduced the
expression of p27 and p18 mRNAs suggested this miRNA as negatively regulating the
expression of these two cell cycle inhibitors in an indirect manner, via the suppression of
menin translation. In this way, the increased expression of miR-24, and the subsequent
silencing of menin, lead to a significantly increased cell proliferation in Blox5 cells, but
not in insulinoma-derived MIN6 cells, in which cell growth is already at such a high level
as to not be further influenced by menin, p27, and p18 inhibition. Considering this, it
can be assumed that an increase in miR-24 expression could be responsible for enhanced
proliferation of beta-cells and hyperplasia of pancreas islets in the first stage of MEN1
tumorigenesis.
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Molecular effects of miR-24 in parathyroid glands and endocrine pancreas and possible
roles in MEN1 tumorigenesis, reported in the currently available studies, are summarized
in Table 1.

Table 1. Molecular effects of miR-24 parathyroid glands and endocrine pancreas, and possible roles in MEN1 tumorigenesis.

miR-24 Target Effect Possible Role in MEN1
Tumorigenesis Reference

Parathyroid glands

MEN1 No effect on MEN1 mRNA expression. Loss of menin
protein expression. Uncontrolled cell proliferation [27]

Endocrine pancreas

MEN1 Reduction of both MEN1 mRNA and menin expression. Uncontrolled cell proliferation [36]

CDKN1B Reduction of expression of both CDKN1B mRNA and of
p27kip1 protein in a mouse insulinoma cell line (MIN6).

Enhanced proliferation of
beta-cells and hyperplasia of

pancreas islets
[36]

CDKN1B
Reduction of expression of CDKN1B mRNA in an

immortalized human pancreas beta cell line (Blox5). No
data on expression of p27kip1 protein.

Enhanced proliferation of
beta-cells and hyperplasia of

pancreas islets
[36]

CDKN2C No effect on expression of both CDKN2C mRNA and of
p18Ink4c protein in a mouse insulinoma cell line (MIN6). Non applicable [36]

CDKN2C
Reduction of expression of CDKN2C mRNA in an

immortalized human pancreas beta cell line (Blox5). No
data on expression of p18Ink4c protein.

Enhanced proliferation of
beta-cells and hyperplasia of

pancreas islets
[36]

2.3. miR-24, MEN1 mRNA, and Menin in Non-MEN1 Tumors

Menin has been found to exert its tumor suppression activity by blocking cell hyper-
plasia in tissues other than those commonly affected by MEN1 syndrome, such as prostate,
breast, lung, liver, and stomach [37].

Using the A549 cells (a continuous cell line derived from a human adenocarcinoma of
the alveolar basal epithelium of the lungs) and the NCI-H446 cells (a cell line derived from
a human small-cell lung tumor), Pan et al. [38] also confirmed the interaction of miR-24
with the 3′UTR of MEN1 mRNA and the miR-24-mediated significant silencing of menin
expression in lung cancer.

The induced overexpression of miR-24 in A549 cells inhibited menin expression and
upregulated SMAD3 and cyclin D1, stimulating cell proliferation and, at the same time,
increased expression of Bcl-2 and inhibited expression of Bax, resulting in the inhibition
of cell apoptosis [38]. Conversely, the induced silencing of endogenous miR-24 increased
menin expression and downregulated SMAD3 and cyclin D1, inhibiting cell growth, and,
at the same time, inhibited Bcl-2 expression and promoted Bax expression, allowing cell
apoptosis [38]. In addition, the induced overexpression of miR-24, in both A549 and
NCI-H446 cell lines, upregulated SMAD3 and MMP2 and significantly enhanced cell
migration and invasion, while downregulation of miR-24 decreased the expression of both
SMAD3 and MMP2, preventing cell migration and invasion. Taken together, these data
indicate miR-24 as an oncogenic effector in lung cancer cells, acting as promoter of both
cell proliferation and metastatic spread.

In the same study, the analysis of surgical specimens from human lung cancer showed
a higher expression of miR-24, and a mirrored lower expression of menin, in tumors with
respect to the adjacent healthy tissues. miR-24 expression inversely correlated with tumor
size and patient overall survival, while patients with a higher menin expression showed a
longer survival rate [38].

Bronchopulmonary carcinoids of the neuroendocrine cells of the bronchial epithelium
arise in approximately 5–8% of MEN1 patients [39]. Despite the different cytological origin
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with respect to lung cancers studied by Pan et al. [38], an involvement of the miR-24-MEN1
mRNA-menin network in the tumorigenesis of these carcinoids in MEN1 syndrome cannot
be excluded.

Although menin has been found to regulate cell proliferation in hepatocellular carci-
noma [40], the exact role of menin in liver carcinogenesis has not yet been widely studied,
and the liver is not a site of primary tumor development in MEN1 syndrome, but only
metastases from pancreas and duodenal MEN1-related neuroendocrine tumors. Ehrlich
et al. [37] studied the miR-24-MEN1 mRNA-menin network in six human cell lines of intra-
hepatic and extrahepatic cholangiocarcinoma (CCA), a biliary epithelial adenocarcinoma
whose cells adopt a neuroendocrine-like phenotype during their proliferation. Both MEN1
mRNA and menin expression resulted significantly decreased in all six CCA-derived cell
lines compared to a human immortalized, non-malignant, cholangiocyte cell line (H69).
A further-induced silencing of menin in tumoral cells increased cell growth, while the
induced menin overexpression reduced the cell proliferation rate together with a decreased
cell migration and invasion.

All the six tumoral cell lines showed a basal overexpression of miR-24 with respect
to the H69 control, as well as human CCA tumor samples compared with their matched
healthy tissues. The induced knock-down of miR-24 was associated with an increase of
menin expression, a decreased expression of pro-angiogenic and pro-proliferative factors,
and a reduction of cell proliferation and migration.

3. Targeting miR-24: A Potential Therapeutic Tool for MEN1 Tumorigenesis

The miR-24-driven post-transcriptional inhibition of menin synthesis, in parathyroid
cells and pancreas beta islets, could represent an intermediate epigenetic step guiding the
MEN1 tumorigenesis. menin has been demonstrated to have a role in the maintenance of
genome stability and DNA repair, protecting cells from DNA damage [41,42]. At the same
time, the epigenetic silencing of wild type menin by miR-24 promotes cell proliferation
and exposes cells to DNA damage, which could result in deletion at the 11q13 locus or
mutation of the second copy of the MEN1 gene, favoring the somatic MEN1 LOH, which
represents a common hallmark of MEN1 cancers in parathyroids and endocrine pancreas.

In light of this, it is conceivable that targeting and silencing the expression of miR-24
at this intermediate, still reversible, step, before the occurrence of the genetic, irreversible,
MEN1 LOH, could restore expression and activity of wild type menin and block neoplastic
initiation and progression, representing a promising innovative tool for preventing tumor
development and progression in MEN1 patients [43].

Silencing of a miRNA that has an oncogenic activity (oncomiR), such as miR-24 in
MEN1, can be obtained by miRNA inhibition target therapies, that include antisense
anti-miRNAs (synthetic anti-miRNA oligonucleotides (AMOs), modified synthetic AMOs,
locked nucleic acids (LNA)-based AMOs, and antagomirs), small molecules miRNA in-
hibitors, miRNA sponges, and miRNA masks. These anti-oncomiR tools, and their charac-
teristics, are depicted in Table 2.
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Table 2. miRNA inhibition target therapies for oncomiRs.

Therapeutic Tool Description Mechanism of Action on the
Target oncomiR Reference

Anti-miRNA
oligonucleotides

(AMOs)

Synthetic single-stranded RNA molecules
complementary to the target miRNA

Competitive inhibition of the target
mature miRNA by base pair [44]

Modified AMOs
AMOs with a chemical modification of the 2′-OH

into 2′-O′methyl- or 2′-O′methoxyethyl- groups, to
increase intracellular stability

Competitive inhibition of the target
mature miRNA by base pair [44]

Antagomirs

AMOs with the 2′-O chemical modification and
phosphorothioate bonds to increase intracellular

stability and with a conjugated cholesterol tail at the
3′-end to favor cell membrane permeation

Competitive inhibition of the target
mature miRNA by base pair [45]

Locked nucleic acids
(LNA)-based AMOs

AMOs containing an additional methylene link
between the 2′-O atom and the 4′-C atom, that locks

ribose into a more thermodynamically
stable conformation

High-affinity base pair with their
target mature miRNA. Inhibition of

miRNA activity
[46]

Small molecules
miRNA inhibitors

Small molecules (chemical compounds) that
interfere with miRNA biogenesis and/or activity

Inhibition of a specific miRNA
biogenesis and/or activity by

chemical structure-based docking to
miRNA precursor or to

mature miRNA

[47]

miRNA sponges
RNA transcripts presenting multiple tandem repeats
of the binding site (seed sequence) of the miRNA to

be targeted

They stably interact with the
endogenous target miRNA,

preventing its interaction with its
target mRNAs

[48]

miRNA masks

Single-stranded 2′-O′methyl-modified antisense
oligonucleotides totally complementary to the

miRNA binding sites in the 3′-UTR of the
target mRNA

They “mask” the target mRNA
from the endogenous miRNA,
preventing the miRNA-driven

suppression of protein translation

[49]

Among the above mentioned oncomiR inhibitor target therapies, transfection of target
cells with RNA antagomirs [45] appears to be a promising tool for miR-24 silencing in
MEN1. Synthetic RNA antagomirs for the in vivo silencing of endogenous miRNAs were
first created in 2005; intravenous injection of these molecules in mice has been shown to con-
siderably reduce the expression of target miRNA, with a silencing effect lasting up to three
weeks after systemic administration [50]. Currently, this technology appears to be a promis-
ing tool for the treatment of different types of human cancer and other diseases [51–53],
also thanks to the fact that antagomirs do not activate any immune response.

RNA antagomirs consist in single strand RNAs, complementary to the target miRNAs
to be inhibited, presenting specific chemical modifications (introduction of a 2′-O-methyl
residue to nucleotides and substitution of an oxygen atom with an atom of sulfur within
the phosphodiester bonds; phosphorothioate bond), to reduce RNA degradation by en-
dogenous ribonucleases and conjugated with a cholesterol tail at the 3′-end to enhance
permeation of cell membrane and intracellular distribution [54,55].

To further improve the efficacy of this exogenous delivery system, it is possible to
conjugate, through electrostatic interactions, the anionic RNA antagomir with polymeric
cations possessing extremely low toxicity and immunogenicity (i.e., polyethylenimine;
PEI), able to grant high efficiency of cell transfection, increase the bond to the target
miRNA, and, at the same time, protect the transfected molecule from intracellular lysosomal
degradation [56,57].

In addition, it is possible to conjugate the RNA antagomir-PEI complex with param-
agnetic nanoparticles (PMNP), which give the RNA antagomir-PEI-PMNP complex the
potential to be specifically conveyed in vivo, after a systemic intravenous injection, to target
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cells and tissues, in which we want to silence the target miRNA, through the application of
external magnetic fields [58–60].

Luzi et al. [29] tested a 2′-O-methyl-modified antisense RNA complementary to hsa-
miR-24-1 in the BON1 cells, measuring the effect of transfection of this molecule on both
miR-24-1 and menin expression. Transfection of this antisense RNA caused a specific
inhibition of activity of the endogenous miR-24-1, with a subsequent over-expression of
menin, with respect to BON1 cells transfected with a scrambled sequence RNA as control.

These preliminary and promising results, obtained in basic research, show the ability
of the anti-miR-24-1 antagomir to target and inhibit the human endogenous miR-24-1
and restore the normal expression of wild type menin, and prompt the possibility to de-
velop and design RNA antagomir-PEI-PMNP complexes against hsa-miR-24, for systemic
administration to MEN1 patients and prevention of tumor development.

A first attempt to evaluate in vivo the therapeutic effect of the miR-24 silencing on
tumor growth was performed by Ehrlich et al. [37] in an athymic nude mouse model in
which the CCA were induced by injection of Mz-ChA-1, a human cell line of extrahepatic
CCA. After the development of tumors, treated mice were injected, three times a week,
with a commercial miR-24 hairpin inhibitor, while the control group received an injection
of a scramble (inactive) hairpin inhibitor. Ten weeks after the first injection, treated animals
showed a significant reduction in tumor size compared to untreated controls, in association
with a decreased nuclear Ki-67 staining in tumor specimens. Quantitative expression
analysis, performed on tumor samples from treated and control mice, showed a decreased
expression of both pro-angiogenic and pro-proliferative factors in treated animals. Results
from this study clearly show that targeting miR-24 represents a promising therapeutic
tool for reducing biliary tumor growth and suggest the possibility of using the same
approach for other tumors, the tumorigenesis of which involves the oncomiR miR-24 and
its inhibitory action on the MEN1 tumor suppressor gene.

4. Future Research Needed in the Field of MEN1 Syndrome and miRNAs

In addition to miR-24, other miRNAs showed to be possibly involved in the MEN1
tumorigenesis or to be deregulated in the sporadic tumor counterparts of the neuroen-
docrine tissues commonly affected in MEN1 syndrome [25], and they should be further
investigated by functional studies, as was done for miR-24, to assess their importance in
MEN1-related tumor development and progression.

In this paragraph we briefly summarized the most promising miRNAs, that could be
involved in the tumorigenesis of the three MEN1 main affected endocrine tissues.

Luzi et al. [34] profiled the expression of 1890 human miRNAs between MEN1 parathy-
roid adenomas with somatic MEN1 LOH or still retain one wild type copy of the MEN1
gene, and with respect to non-MEN1 sporadic parathyroid adenomas. After both the
microarray analysis and the quantitative RT-PCR validation, three miRNAs were identified
as differentially expressed between the two groups of MEN1 tumors. Authors analyzed, by
ComiR tool, the putative gene targets of these three differentially expressed miRNAs, with
a focus on genes known to be involved in parathyroid tumorigenesis. miR-4258 resulted
remarkably downregulated in MEN1 parathyroid adenomas with MEN1 LOH, with respect
to those without MEN1 LOH. miR-4258 was predicted to target the gene encoding the
cyclin D1 (CCND1), a positive regulator of cell cycle and cell growth, suggesting that, in
the absence of wild type menin, cells lose the miR-4258-driven negative control of CCND1
expression, presumably leading to an uncontrolled cell growth. Conversely, miR-664 re-
sulted to be upregulated in MEN1 non-LOH adenomas and down-regulated in MEN1 LOH
adenomas, both with respect to non-MEN1 controls. miR-664 was predicted to target the
CDC73 tumor suppressor gene, whose germinal inactivating mutations are responsible
for the hyperparathyroidism-jaw tumor syndrome [61] and somatic mutations have been
associated with the development of sporadic parathyroid carcinoma [62], and the CDKN2C
tumor suppressor gene encoding the p18ink4c, an inhibitor of the cyclin kinases CDK4 and
CDK6, that negatively controls the cell cycle G1 progression. When a copy of the wild
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type MEN1 gene is conserved, it can be speculated that the over-expression of miR-664
leads to silence these tumor suppressor genes, resulting in promoting cell growth and
favoring tumor initiation. miR-1301 resulted upregulated in MEN1 LOH parathyroid ade-
nomas, both with respect to the MEN1 non-LOH parathyroid adenomas and the non-MEN1
controls. miR-1301 was predicted to target the CDKN1B tumor suppressor gene, whose
inactivating mutations are responsible for MEN4 syndrome, the RET oncogene, whose
activating mutations are responsible for the multiple endocrine neoplasia type 2 (MEN2)
syndrome, the AP2S1 gene, whose loss-of-function mutations have been associated with
familial hypocalciuric hypercalcemia type 3, the CCND2 gene encoding cyclin D2 a positive
regulator of cell cycle, and the CTNNB1 gene encoding the catenin beta 1, involved in the
regulation of cell adhesion. These data on expression and in silico analyses suggested these
three miRNAs as potentially involved in MEN1 parathyroid tumorigenesis. The interaction
of these three miRNAs with MEN1 and menin protein should be functionally investigated,
to better understand the exact role of these epigenetic regulators in the development and
progression of parathyroid tumors, including their possible role in parathyroid carcinoma,
which is extremely rare in MEN1 patients and appeared not to be directly correlated with
the MEN1 mutation. In addition, expression and functional role of these three miRNAs
should be also studied in other MEN1 target tissues, to verify if their possible oncogenic
role is tissue-specific only to parathyroid glands or, as for miR-24, they act in other MEN1-
associated malignancies. Indeed, the CDKN2C gene, which could be a target of miR-664,
has been demonstrated to be frequently lost in pituitary adenomas [63].

Regarding the endocrine pancreas, Lu et al. [64] showed that the miR-17, whose
expression is induced by glucose and hyperglycemia, directly downregulated menin
expression, through targeting the 3′UTR of the MEN1 mRNA, promoting proliferation of
the pancreas beta cells. On the other hand, MEN1 is not only a direct target of miRNAs,
but it has been showed also to regulate the biogenesis of some miRNAs that are involved
in insulin-signaling and insulin-induced proliferation of pancreas beta cells. Through its
direct physical interaction with the arsenite-resistance protein 2 (ARS2), a component of
the nuclear RNA cap-binding complex that stabilizes pri-miRNA, menin facilitates the
processing of pri-let-7a and pri-miR-155 to pre-let-7a and pre-miR-155 [65]. IRS2, a protein
involved in the insulin-signaling pathway, is a target of mature let-7a, and resulted to be
over-expressed when MEN1 expression is lost. miR-155, whose biogenesis is positively
regulated by menin, had been previously showed to be s among the top downregulated
miRNAs in pancreatic neuroendocrine tumors [66], and its downregulation could have a
role also in MEN1 tumorigenesis of the endocrine pancreas.

Two miRNAs, miR-15a and miR-16-1, that had been previously shown as having a
significantly reduced expression in human sporadic pituitary adenomas [67], were reported
to be downregulated also in MEN1 pituitary tumors from Men1+/− mice, with respect to
the healthy pituitary tissue [68]. The expression of these two miRNAs inversely correlated
with the expression of cyclin D1 [68], suggesting their possible tumor suppressor gene-like
role in pituitary tumorigenesis. The Men1 knockdown in the AtT20 mouse pituitary cell
lines resulted in a significantly decreased expression of miR-15a [68], suggesting that the
decrease of miR-15a expression in the pituitary cells of MEN1 patients may be a direct result
of menin expression lost, that may concur to MEN1 pituitary tumorigenesis. Study on
human specimens and functional studies are needed to confirm these preliminary findings.

5. Conclusions

• The absence of a genotype-phenotype correlation in MEN1 syndrome suggested
a possible role of epigenetic factors in the development of the individual clinical
phenotype in any single patient, even in presence of the same MEN1 mutation.

• miRNAs have shown increasing evidence of a direct role in human malignancies, both
for sporadic and hereditary cancers. Several miRNAs resulted to be deregulated in
the sporadic tumor counterparts of the neuroendocrine tissues commonly affected in
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MEN1 syndrome. A role of specific mi-RNA deregulation also in MEN1 tumorigenesis
can be suspected.

• miR-24 has been demonstrated to negatively regulate menin expression in the parathy-
roids and the endocrine pancreas in MEN1 syndrome, and in other non-MEN1 spo-
radic tumors, suggesting it as initiator of menin loss-derived tumorigenesis.

• Targeting/silencing miR-24, during the hyperplastic phase of parathyroid and en-
docrine pancreas tumorigenesis and before the occurrence of the somatic MEN1 LOH,
could by a promising tissue-specific RNA-based anti-cancer therapy, aimed to restore
the correct expression of menin in pre-cancerous cells.
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