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Enzyme replacement therapy (ERT) is a mainstay of treatment for Anderson–Fabry disease (AFD), a pathology with negative effects
on the heart and kidneys. However, no reliable biomarkers are available to monitor its efficacy. Therefore, we tested a panel of four
microRNAs linked with cardiac and renal damage in order to identify a novel biomarker associated with AFD and modulated by ERT.
To this end, 60 patients with a definite diagnosis of AFD and on chronic ERT, and 29 age- and sex-matched healthy individuals, were
enrolled by two Italian university hospitals. Only miR-184 met both conditions: its level discriminated untreated AFD patients from
healthy individuals (c-statistic= 0.7522), and it was upregulated upon ERT (P < 0.001). On multivariable analysis, miR-184 was
independently and inversely associated with a higher risk of cardiac damage (odds ratio= 0.86; 95% confidence interval [CI]=
0.76–0.98; P= 0.026). Adding miR-184 to a comprehensive clinical model improved the prediction of cardiac damage in terms of
global model fit, calibration, discrimination, and classification accuracy (continuous net reclassification improvement= 0.917, P <
0.001; integrated discrimination improvement [IDI]= 0.105, P= 0.017; relative IDI= 0.221, 95% CI= 0.002–0.356). Thus, miR-184 is a
circulating biomarker of AFD that changes after ERT. Assessment of its level in plasma could be clinically valuable in improving the
prediction of cardiac damage in AFD patients.
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INTRODUCTION
Anderson–Fabry disease (AFD) is a rare X-linked lysosomal storage
disorder caused by mutations of the alpha-galactosidase A gene
(GLA), located on the X chromosome (Xq22.1). Deficiency of GLA
causes accumulation of a neutral glycosphingolipid, globotriao-
sylceramide (Gb3), in the lysosomes of various tissues and organs,
including the vascular endothelium, kidneys, heart, eyes, skin, and
nervous system [1]. The spectrum of clinical presentation is
extremely broad. The disease has an early onset, usually in
childhood, and its classical phenotype is characterized by
neuropathic pain, angiokeratomas, cornea verticillata, and gastro-
intestinal disturbances [2]; after the third decade of life, cardiac
involvement, renal failure, and cerebrovascular events may occur
and are the major causes of morbidity and mortality [3]. In
contrast, non-classical AFD presents with a milder, later onset and
a variable phenotype, usually with the manifestation of cardiac
disease. In addition, as a consequence of random X-chromosome
inactivation (lyonization), heterozygous females present with

variable clinical manifestations, ranging from an almost absence
of symptoms to very severe pathologies similar to those observed
in males, albeit usually with a later onset [4].
Enzyme replacement therapy (ERT) and oral pharmacologic

chaperones are the specific treatments for AFD. The most-used
recombinant enzyme (either agalsidase alpha or beta) is
intravenously administered to restore missing enzymatic function,
so reducing the accumulation of Gb3 in tissues and slowing down
disease progression [5]. Pharmacologic intervention before the
occurrence of irreversible manifestations is crucial for improving
biochemical response and outcome [6]. Indeed, organ transplant
may represent the only therapeutic option for advanced AFD.
Recently, globotriaosylsphingosine (lyso-Gb3), which accumu-

lates in the plasma of AFD patients, has been proposed as a
diagnostic biomarker [7] and has become part of a panel of
variables used to decide the optimal time to initiate therapy
[8–10]. However, the relationship between lyso-Gb3 and organ
damage is still uncertain [11]. The discovery of circulating
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biomarkers associated with organ damage and modulated by ERT
could be clinically useful in improving risk stratification and
monitoring ERT efficacy in AFD patients. Small non-coding RNAs,
such as microRNAs (miRNAs), could be used for this purpose. They
are acknowledged to regulate gene expression and have been
implicated in many physiological and pathological processes, like
cell regulation [12], cancer [13], cardiovascular diseases [14], and
renal dysfunction [15]. Several miRNAs have been shown to
contribute to the development and progression of cardiovascular
diseases, including heart failure [16], myocardial infarction [17],
cardiomyopathies [18], arrhythmias [19], and atherosclerosis [20],
as well as renal conditions [21]. Moreover, miRNAs are secreted as
part of the cargo of microvesicles or exosomes from a variety of
cell types, are released from damaged cells, and can be taken up
by recipient cells [22]. Importantly, when they are released into
body fluids, they are protected from RNase-mediated degradation
by multiple mechanisms (e.g., formation of miRNA–protein
complexes), leading them to be stable and, hence, detectable
[23]. For this reason, they have been proposed as biomarkers of
cardiovascular pathology [24], including those associated with
AFD [25, 26].
Here, we selected a panel of miRNAs potentially associated with

cardiac and renal damage as candidate biomarkers of AFD and
ERT response. We first assessed if the circulating levels of these
miRNAs were associated with AFD and modulated by ERT. Then,
we evaluated the independent association of any promising
miRNAs with organ damage and any additional predictive value
when added to a clinical model of AFD.

MATERIALS AND METHODS
Setting
Sixty patients (35 males; 25 females) with a definitive diagnosis of AFD [27]
comprised the whole study cohort: 37 were enrolled by Azienda
Ospedaliero-Universitaria Policlinico Federico II, Naples, and 23 by the
Cardiology Unit, IRCCS Azienda Ospedaliero-Universitaria di Bologna,
Bologna, Italy. Except for those enrolled at first diagnosis (N= 16), all
patients were already on chronic ERT. At the time of enrollment, all
subjects underwent a complete clinical examination. Blood samples were
systematically collected and analyzed for high-sensitivity troponin I (TnI)
and pro-B-type natriuretic peptide (pro-BNP) levels [28]. Plasma lyso-Gb3
levels were measured by liquid chromatography-mass spectroscopy. The
study protocol conformed to the ethical guidelines of the 1975 Declaration
of Helsinki and was approved by the review board of the institutions
involved (protocol #ICH-967); written informed consent was obtained from
all enrolled individuals.

Blood collection for RNA purification
Five ml of peripheral blood was collected in EDTA-containing Vacutainer
tubes for plasma separation. Total RNA, including miRNA, was extracted
from plasma with the miRNeasy Mini Kit (cat. no. 217004, Qiagen), as
described elsewhere [29], and used for droplet digital PCR (ddPCR) testing.

Reverse transcription and droplet digital PCR
Reverse transcription of 8 µl of RNA was performed using the miRCURY LNA
RT Kit (Qiagen, cat. no. 339340), following the manufacturer’s protocol.
Absolute levels of circulating miR-184 were quantified using ddPCR (Bio-Rad).
The QX200 AutoDG Droplet Digital PCR System was used for the amplification
and detection of the target miRNA, following a protocol we developed [30].
An EvaGreen-based assay, in association with an LNA primer (Exiqon-Qiagen),
was chosen to test miRNA expression. We used the following miRCURY LNA
PCR primer set (Exiqon-Qiagen): hsa-miR-1–3p (YP00204344); hsa-miR-133a-3p
(YP00204788), hsa-miR-146a-5p (YP00204688), hsa-miR-184 (YP00204601).
PCR was performed using constant RT volumes in a 20 µl reaction volume.

Study endpoint and definitions
The study’s primary endpoint was cardiac damage, defined as increased LV
mass. LV mass was normalized for the height-to-allometric signals (LVMh)
parameter: a cut-off of 50 g/m2.7 for males (M) and 47 g/m2.7 for females (F)
was used to discriminate patients with or without cardiac damage [31, 32].

Other echocardiographic parameters were defined as follows: left
ventricular hypertrophy (LVH) upon the presence of a maximum LV wall
thickness ≥ 13mm in end-diastole in the absence of any other systemic or
cardiac process capable of producing LVH [33], on standard trans-thoracic
echocardiography; maximal wall thickness (MWT) was defined as the
greatest ventricular thickness, obtained at end-diastole and in short-axis
views, measured at any site in the LV wall; LV mass indexed for body
surface area (LVMi) was calculated by the Devereux formula on the basis of
echocardiographic measurements; ejection fraction (EF) was calculated
using the modified Simpson method; blood pool pulsed Doppler of mitral
valve inflow was used to extract the ratio of early-to-late diastolic flow
velocity and the deceleration time [34]; left atrial volume indexed for body
surface area (LAVi) was measured by Simpson’s biplane method, with a
cut-off of 34 ml/m2 considered to indicate left atrial enlargement [35]; and
LV longitudinal function was assessed by two-dimensional speckle tracking
measurements of LV global longitudinal strain (GLS) taken in the 2-, 3-, and
4-chamber apical views [36]. The endocardial border was traced at end-
systole and manually adjusted to include the entire myocardial wall.
Renal function was evaluated via estimated glomerular filtration rate

(eGFR) and amount of protein excretion in urine: eGFR was calculated
using the CKD-EPI formula for adults and the Schwartz formula for children
up to 18 years of age; albuminuria and proteinuria excretion were
categorized following Kidney Disease Improving Global Outcomes guide-
lines [37–39].
Classical AFD phenotype was defined based on GLA mutation type,

organ or multi-organ involvement, and time of disease onset.

Statistical analyses
Categorical data are expressed as proportions, and continuous variables
are reported as medians and interquartile ranges (25th–75th percentiles).
For comparisons between groups, the Mann–Whitney test was used for
continuous variables and the Chi-square test for categorical variables. In
the validation cohort, the area under the receiver operating characteristic
(ROC) curves (c-statistic) was used to evaluate the diagnostic performance
of candidate miRNAs in differentiating AFD from control patients. Non-
parametric Wilcoxon matched-paired signed-rank test was used to
compare continuous variables before and after ERT. For the whole study
cohort, we also used Spearman’s rank correlation coefficient to evaluate
the correlation between a selected miRNA and clinical variables.
The relation between a selected miRNA and cardiac damage was

investigated with the use of a backward multivariable logistic regression
model adjusted for variables selected at univariable analysis (P < 0.1). The
additional contribution of the selected miRNA to the model for the
prediction of study end-point was evaluated in terms of global model fit,
calibration, discrimination, and classification accuracy. The likelihood-ratio
test was used for global model fit. Model discrimination was assessed
using the c-statistic. Calibration was evaluated by the Hosmer Lemeshow
test, with a χ2 ≥ 20 (P < 0.01) indicating poor calibration. Classification
accuracy was evaluated by measuring continuous net reclassification
improvement (NRI) > 0, integrated discrimination improvement (IDI), and
relative IDI (rIDI) [40]. For the last index, 95% confidence intervals (CIs) were
calculated using bootstraps estimation. Continuous NRI defined any
change in predicted probability as either upward or downward movement,
depending on the direction, whereas IDI took into account a weight for
each movement and was equal to the difference in discrimination slopes
[41]. The rIDI indicated the increase in discrimination slopes divided by the
slope of the model without the selected miRNA. A P < 0.05 in the two-
tailed tests was considered significant. All analyses were performed with
STATA 14.0 software (STATA Corporation).

RESULTS
Identification of candidate circulating miRNA biomarkers
Four miRNAs were selected as potential biomarkers for AFD due to
their role in cardiac and renal damage: hsa-miR-1–3p [42, 43], hsa-
miR-133a-3p [44, 45], hsa-miR-146a-5p [46], and hsa-miR-184
[47, 48]. A pilot screening conducted on a group of patients
sampled before and after ERT administration (N= 12) led to the
selection of miR-184 as the most promising biomarker of response
to ERT (Supplementary Fig. S1). Quantification of the miRNAs in all
patients revealed that miR-184 and miR-146a-5p were differen-
tially expressed in AFD patients vs. control individuals (respec-
tively, N= 60 and N= 42) (Supplementary Fig. S2). Accordingly,
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miR-184 was selected as the candidate biomarker for further
analyses, being both associated with AFD and modulated by ERT.

Validation of miR-184 as an AFD biomarker
Circulating levels of miR-184 were quantified by ddPCR in 16 AFD
patients before and after ERT and in 29 healthy individuals. ROC
curve analysis and relative AUC were used to evaluate the
diagnostic performance of miR-184 in discriminating AFD patients
from healthy controls (Fig. 1A, B). Paired analysis of pre- vs. post-
ERT clinical characteristics and laboratory variables, including miR-
184 level, revealed that the miRNA was significantly increased
upon therapy and that there were no significant changes in any
other clinical variable except for lyso-Gb3, which was modulated
to a minor extent (Table 1 and Fig. 1C). Therefore, miR-184 was
confirmed to be associated with AFD and modulated by ERT.

Prognostic significance of miR-184 and its additional value in
predicting cardiac damage in AFD
Spearman’s correlation analyses revealed that miR-184 negatively
correlated with myocardial mass (LVMi: r=−0.31, P= 0.02; LVMh:
r=−0.30, P= 0.02), LAVi (r=−0.24, P= 0.065) and TnI (r=−0.6,
P < 0.01), and positively correlated with kidney function (eGFR: r=
0.29, P= 0.04); no correlation was observed between miR-184 and
lyso-Gb3 (Supplementary Fig. S3).
In our cohort, only 11 patients had clinically relevant renal

impairment (eGFR ≤ 60ml/min); in contrast, the presence of
cardiac damage was around 60%. Patients with cardiac damage
were older, had a lower level of miR-184, and were on ERT longer
compared to patients without cardiac damage (Table 2). As
expected, cardiac mass and function parameters were consistently
worse in the former. There was no difference in lyso-Gb3 level
between these two sub-groups.
Multivariable logistic analyses revealed an independent and

inverse relationship between miR-184 and the risk of cardiac damage
(Table 3). Of note, although not associated with the study endpoint
at the bivariate level, we forced lyso-Gb3 level into the multivariable
model. The variable was not retained by the backward stepwise
selection method, and the main study findings did not change.
Finally, we estimated the contribution of miR-184 to a clinical

model for the prediction of cardiac impairment. The addition of
miR-184 to other variables independently associated with cardiac
damage (disease phenotype, eGFR, and ERT duration) improved
the model’s performance in terms of global fit, discrimination
power (although not to a statistically significant extent), and
classification accuracy (Table 4). In this regard, classification
accuracy improved by 66% in patients with cardiac damage and

by 25% in patients without damage, leading to a continuous NRI
( > 0) of 91.7%. Although improvement in classification accuracy
was mitigated by indexes that took into account the weight of any
change in predicted probabilities, such as IDI and rIDI, it remained
statistically significant.

DISCUSSION
In this study, we determine whether miR-184 could serve as a
biomarker for risk stratification and the monitoring of treatment

Fig. 1 miR-184 as a biomarker in AFD. A Circulating levels of miR-184, measured by ddPCR, in AFD patients before starting treatment (pre-
ERT) and in healthy controls (ctrl) (N= 16 pre-ERT patients; N= 29 healthy controls). **P < 0.05 (non-parametric Mann–Whitney test). B ROC
curve and relative area under the curve calculation for miR-184 as a biomarker of AFD. C miR-184 is modulated by ERT. The circulating level of
miR-184, measured by ddPCR, in 16 AFD patients before (pre-ERT) and after (post-ERT) the start of ERT. ***P= 0.0004 (non-parametric
Wilcoxon matched-paired signed-rank test).

Table 1. Clinical characteristics of 16 AFD patients before and after
ERT.

Variable pre-ERTa post-ERTa P Value

HR, bpm 73 [64–85] 74 [66–82] 0.349

SBP, mmHg 120 [110–130] 120 [110–125] 0.287

DBP, mmHg 75 [70–80] 75 [70–80] 0.903

BMI, kg/m2 24.2 [22.2–26.47] 24.2 [22.7–27.4] 0.059

miR-184, copies/μl 0 [0–0.065] 0.525 [0.404–0.805] 0.001

proBNP, pg/ml 34.1 [9.1–234.1] 23.84 [14.12–104.3] 0.570

eGFR, ml/min 120.5 [107–125] 120 [107–129] 0.195

lysoGb3, ng/ml 3.1 [1.2–9.3] 2.2 [0.7–3.5] 0.010

tdIVS, mm 10 [8.5–12] 11 [9–13] 0.156

tdPW, mm 9 [8–12] 9 [8–13] 0.739

EDV, ml 120 [81–143] 120 [93–134] 0.594

ESV, ml 43 [30–51] 41 [37–50] 0.533

EF, % 0.64 [0.59–0.69] 0.62 [0.55–0.65] 0.539

LVMi, g/m2 90 [77–118] 91.2 [86.1–106] 0.753

LVMh, g/m2.7 39.0 [32.0–51.5] 39.1 [36.8–50.3] 0.799

LAVi, ml/m2 28 [22.98–31] 30 [28–33] 0.074

sPAP, mmHg 26 [25–35] 26 [25–28] 0.144

GLS, % −17.61 [−19.76–
−14.95]

−15.8 [−19.04–−11.62] 0.433

TnI, ng/l 0.007 [0.004–0.07] 0.03 [0.003–1.53] 0.230

months of ERT 0 14 [9.5–22] –

Abbreviations: MI Body mass index, bpm Beats per minute, DBP Diastolic
blood pressure, EDV End-diastolic volume, EF Ejection fraction, eGFR
Estimated glomerular filtration rate, ESV End-systolic volume, GLS Global
longitudinal strain, HR Heart rate, LAVi Left atrial volume index; LVEDDi,
indexed left ventricular end-diastolic diameter; LVMi/h, left ventricular
mass indexed for body surface area/height2.7; RWT, relative wall thickness,
SBP Systolic blood pressure, sPAP Systolic pulmonary arterial pressure, tdIVS
Tele-diastolic interventricular septum, tdPW Tele-diastolic posterior wall, TnI
Troponin. aData are median [interquartile range].
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efficacy. The main findings of the present study were as follows: (1)
the level of miR-184 is associated with AFD and is also modulated
by ERT; (2) a higher circulating level of miR-184 is independently
associated with a lower risk of cardiac damage in AFD patients; and
(3) adding miR-184 to a comprehensive clinical model improves
the prediction of cardiac damage in AFD patients. These results
suggest that assessment of the plasma level of miR-184 could be of
use for assessing response to ERT and the prognosis of AFD.
AFD manifests with a range of severities and a heterogeneous

spectrum of phenotypes: whereas hemizygous male patients
typically present with severe symptoms, the clinical manifestations
of heterozygous female patients depend on the GLA variant and the
lyonization pattern in tissues [49]. Premature death occurs mostly
due to cardiac complications and end-stage renal disease. ERT—
which is based on intravenous infusions of recombinant forms of
alpha-galactosidase—is an expensive and lifelong treatment option
that has been available since 2001 [50]. The timing of treatment
initiation is critical: indeed, although ERT can slow disease
progression, it cannot reverse permanent damage, at which point
organ transplant is the only therapeutic option. Thus, initiating
therapy prior to irreversible cellular impairment is crucial for

mitigating damage caused by Gb3 deposition [51]. As a matter of
fact, supplementing GLA activity in order to improve Gb3 clearance
was not sufficient to rescue profibrotic signaling and dysregulated
autophagy in a podocyte culture model of AFD [52, 53]. The use of
lyso-Gb3 as a biomarker of AFD and for monitoring of ERT outcome
needs to be better investigated since additional mechanisms
besides Gb3 accumulation may be taking place in AFD [54].
Recently, elevated plasma levels of several proteins, including
inflammatory and cardiac remodeling biomarkers, have been
reported in AFD patients [55]. Among circulating nucleic acids,
some miRNAs were proposed as circulating biomarkers for AFD
diagnosis and prognosis, either in plasma [26] or serum [25], but the
number of samples in the studies was low, and no coupled analysis
of pre- and post-ERT patients were reported.
Here, we conducted a discovery study on a panel of four

candidate miRNAs. In our cohort of 60 patients enrolled at two
different hospitals, we found miR-184 to be significantly reduced in
untreated AFD patients vs. healthy individuals. Moreover, this
miRNA was modulated by ERT when other clinical variables were
still mostly unaltered shortly after initiation of ERT. Therefore, miR-
184 is a sensitive circulating biomarker that is modulated in
response to ERT administration. Furthermore, we found that a lower
miR-184 level is independently associated with the risk of cardiac
damage, and that the incorporation of miR-184 into a clinical model
improves risk prediction of impaired cardiac function, as assessed
by statistical metrics. These results indicate that miR-184 is a
circulating biomarker that could be employed in the clinic for
assessing the response to ERT as well as the severity of the disease.
MiR-184 has been reported in several studies to have a role in

response to the stress of cardiac and renal tissue. The miRNA was
found downregulated in cardiac hypertrophy. Indeed, through
competitive binding with the long noncoding RNA UCA1, miR-184

Table 2. Clinical characteristics of 60 AFD patients under chronic ERT stratified for the presence of cardiac damage.

Variable All populationa (N= 60) Cardiac damagea (N= 33) No cardiac damagea (N= 27) P Value

Age, years 45 [32–55] 54 [42–62] 35 [23–47] <0.001

Males, n (%) 35 (58.3) 22 (66.7) 13 (48.1) 0.191

Months on ERT 23 [14–60] 36 [22–68] 15 [10–24] <0.001

HR, bpm 70 [63–80] 67 [60–80] 70 [65–80] 0.203

SBP, mmHg 120 [110–130] 120 [110–130] 120 [115–130] 0.798

DBP, mmHg 80 [70–80] 80 [70–80] 80 [70–80] 0.607

BMI, kg/m2 25.5 [23.0–28.4] 26.8 [23.9–29.1] 23.9 [22.3–26.7] 0.022

BSA, m2 1.8 [1.7–2.0] 1.85 [1.73–1.93] 1.8 [1.6–2.0] 0.275

miR-184, copies/μl 0.40 [0.01–4.50] 0.03 [0.00–3.0] 0.63 [0.11–10.5] 0.014

proBNP, pg/ml 103.7 [76.8–355.1] 258.3 [101.0–1713.4] 84 [23.84–104.30] <0.001

eGFR, ml/min 90.5 [72.8–111.0] 81.0 [51.8–91.0] 110 [98.5–123.0] <0.001

lysoGb3, ng/ml 2.6 [1.3–8.1] 4.55 [1.25–10.85] 2.20 [1.30–3.70] 0.140

tdIVS, mm 12 [10–15] 15 [13–17] 10 [9–11] <0.001

tdPW, mm 11 [9–13] 13 [12–15] 9.0 [8.8–9.8] <0.001

EDV, ml 98 [79–120] 100 [82–130] 95.0 [73.5–108.0] 0.190

ESV, ml 35 [27–42] 38 [27–47] 31.5 [26.5–40.5] 0.244

EF, % 0.67 [0.63–60] 0.67 [0.63–62.0] 0.66 [0.64–30.36] 0.668

LVMi, g/m2 127.6 [91.7–167.0] 161 [134–194] 90.8 [80.9–98.0] <0.001

LVMh, g/m2.7 51.2 [40.6–70.3] 66.8 [54.3–88.0] 39 [34.8–44.2] <0.001

LAVi, ml/m2 33.9 [28.0–43.0] 41 [37–60] 28.5 [25.1–32.3] <0.001

sPAP, mmHg 29.5 [25.0–36.0] 35 [28–40] 26.0 [25.0–29.5] <0.001

GLS, % −15.8 [−19.0–−11.8] −12.7 [−16.6–−8.5] −18.3 [−20.8–−15.8] <0.001

TnI, ng/l 0.09 [0.01–5.50] 0.20 [0.07–26.0] 0.01 [0.00–0.83] <0.001

Abbreviations: As in Table 1.
aData are median [interquartile range], unless stated otherwise.

Table 3. Independent predictors of cardiac damage in 60 AFD
patients on ERT (multivariable logistic regression).

Odds ratio 95% Conf. interval P Value

miR-184 0.864 0.7598–0.983 0.026

Classical phenotype 10.691 1.379–82.908 0.023

Months of ERT 1.017 0.997–1.038 0.089

eGFR 0.922 0.877–0.970 0.002
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controls the mRNA level of homeobox A9, inducing upregulation
of atrial and brain natriuretic peptide genes in hypertrophic
cardiomyocytes [56]. Exposure to radical oxygen species was
found to induce oxidation-dependent modification of the miR-184
level to regulate apoptosis through the downregulation of Bcl-xL
and Bcl-w in a mouse model of myocardial ischemia–reperfusion
[47]. The miRNA was also found expressed in renal tubules, in
which it induced fibrosis through downregulation of the
phospholipid phosphatase three gene, and its expression was
found to be controlled by albumin, triggering the recruitment of
NF-kB to the miR-184 promoter in diabetic nephropathy [48].
Importantly, miR-184 is released into the circulation, so it can serve
as a disease biomarker [57].
In our study cohort, we did not observe any relationship

between the circulating level of lyso-Gb3 and the risk of cardiac
damage. The reason for this finding is unclear, but it may be related
to our small sample size. Indeed, lyso-Gb3 is a powerful diagnostic
biomarker and has been shown to correlate with phenotype and
organ damage severity in patients with AFD [58, 59]. However, a
relation between lyso-Gb3 changes over time and treatment
outcome (such as in LV mass or eGFR) has not been validated until
now. Neither lyso-Gb3 concentration at baseline or during
treatment nor its absolute decrease have been shown to predict
clinical events or changes in organ damage [2]. Additionally, the
baseline lyso-Gb3 has not emerged as a predictor of myocardial
fibrosis during follow-up in untreated patients [60]. Therefore,
prognostic biomarkers for AFD progression and clinical response to
guide treatment decisions are not available at the moment.
AFD induces multi-organ failure via progressive deposition of

unprocessed material inside the lysosome, which in the heart
leads to hypertrophy and activation of other intracellular
processes associated with inflammation, apoptosis, and pro-
oxidative molecule production [61]. Given that our patient cohort
presented mainly with the classical form of the pathology and
showed predominantly cardiac involvement, with only mild
kidney damage, we put forward that the circulating level of
miR-184 is at least a sensitive and early sensor of cardiac
impairment, and therefore that its measurement could be
clinically relevant for discriminating patients with cardiac damage
due to chronic intracellular glycosphingolipid accumulation.

Limitations
Owing to our small sample size, we could have missed some other
significant relationships, such as that between lyso-Gb3 and
cardiac damage (as mentioned above). However, to the best of

our knowledge, the present study comprises more patients than
previous ones and introduces the novelty of measuring a panel of
miRNAs pre- and post-ERT. Moreover, AFD is associated with the
risk of cardiac and renal impairment. Although we found that miR-
184 level positively correlated with eGFR, the number of patients
with clinically relevant renal dysfunction was very low (N= 11).
This prevented us from building a multivariable model for renal
damage prediction because of the risk of overfitting.
Finally, our observation period of post-ERT samples was limited

to one time-point, so the complete picture of disease progression
is still needed. Future investigations will include multiple
samplings throughout the course of the disease, a dose–res
ponse analysis of ERT, and a longer clinical follow-up to establish
the relationship between changes in circulating miR-184 level and
disease progression. Furthermore, more studies are required to
elucidate whether this miRNA targets specific molecular pathways
inside cells, playing a role in AFD pathogenesis.

Perspectives
Monitoring the efficacy of ERT is still problematic in the
management of AFD. Indeed, we know of no circulating biomarker
that can strongly indicate whether and how ERT is working,
anticipating the mid- to long-term clinical outcomes of the
therapy. In the present study, we have identified a circulating
microRNA, namely miR-184, as a sensitive biomarker of ERT that
adds value to clinical and biochemical parameters in discriminat-
ing significant cardiac involvement in disease progression.
Whether changes in the miR-184 level associated with ERT could
translate into better clinical outcome should be investigated in
properly powerful studies.

DATA AVAILABILITY
The droplet digital PCR data analyzed in the current study are available from the
corresponding authors on reasonable request.

REFERENCES
1. Lidove O, West ML, Pintos-Morell G, Reisin R, Nicholls K, Figuera LE, et al. Effects of

enzyme replacement therapy in Fabry disease—a comprehensive review of the
medical literature. Genet Med. 2010;12:668–79.

2. Arends M, Wanner C, Hughes D, Mehta A, Oder D, Watkinson OT, et al. Char-
acterization of classical and nonclassical Fabry disease: a multicenter study. J Am
Soc Nephrol. 2017;28:1631–41.

3. Breunig F, Weidemann F, Beer M, Eggert A, Krane V, Spindler M, et al. Fabry
disease: diagnosis and treatment. Kidney Int Suppl. 2003;63:S181–5.

Table 4. Additional contribution of miRNA-184 to a clinical model for the prediction of cardiac damage.

Model without miR-184 Model with miR-184

Global model fit:

Likelihood ratio chi-square test 30.31 37.56

Likelihood ratio test P= 0.007

Calibration:

Hosmer–Lemeshow, chi-square 14.48
P= 0.070

10.78
P= 0.214

Discrimination:

c-statistic 0.889 0.925

Δ c-statistic 0.036 (P= 0.250)

Classification accuracy:

Continuous NRI ( > 0) 0.917 (P < 0.001)

IDI 0.105 (P= 0.017)

Relative IDI (95% bootstrap C.I.) 0.221 (0.002–0.356)

Global model fit, calibration, discrimination, and classification accuracy of logistic regression models.
Abbreviations: IDI Integrated discrimination improvement, NRI Net reclassification improvement.

I. Salamon et al.

5

Cell Death and Disease         (2021) 12:1150 



4. Redonnet-Vernhet I, Ploos van Amstel JK, Jansen RP, Wevers RA, Salvayre R,
Levade T. Uneven X inactivation in a female monozygotic twin pair with Fabry
disease and discordant expression of a novel mutation in the alpha-galactosidase
A gene. J Med Genet. 1996;33:682–8.

5. Eng CM, Banikazemi M, Gordon RE, Goldman M, Phelps R, Kim L, et al. A phase 1/
2 clinical trial of enzyme replacement in fabry disease: pharmacokinetic, sub-
strate clearance, and safety studies. Am J Hum Genet. 2001;68:711–22.

6. Eng CM, Germain DP, Banikazemi M, Warnock DG, Wanner C, Hopkin RJ, et al.
Fabry disease: guidelines for the evaluation and management of multi-organ
system involvement. Genet Med. 2006;8:539–48.

7. Rombach SM, Dekker N, Bouwman MG, Linthorst GE, Zwinderman AH, Wijburg
FA, et al. Plasma globotriaosylsphingosine: Diagnostic value and relation to
clinical manifestations of Fabry disease. Biochimica Et Biophysica Acta-Mol Basis
Dis. 2010;1802:741–8.

8. Biegstraaten M, Arngrimsson R, Barbey F, Boks L, Cecchi F, Deegan PB, et al.
Recommendations for initiation and cessation of enzyme replacement therapy in
patients with Fabry disease: the European Fabry Working Group consensus
document. Orphanet J Rare Dis. 2015;10:36.

9. Smid BE, van der Tol L, Biegstraaten M, Linthorst GE, Hollak CE, Poorthuis BJ.
Plasma globotriaosylsphingosine in relation to phenotypes of Fabry disease. J
Med Genet. 2015;52:262–8.

10. Arends M, Wijburg FA, Wanner C, Vaz FM, van Kuilenburg ABP, Hughes DA, et al.
Favourable effect of early versus late start of enzyme replacement therapy on
plasma globotriaosylsphingosine levels in men with classical Fabry disease. Mol
Genet Metab. 2017;121:157–61.

11. Bichet DG, Aerts JM, Auray-Blais C, Maruyama H, Mehta AB, Skuban N, et al.
Assessment of plasma lyso-Gb3 for clinical monitoring of treatment response in
migalastat-treated patients with Fabry disease. Genet Med. 2021;23:192–201.

12. Krol J, Loedige I, Filipowicz W. The widespread regulation of microRNA biogen-
esis, function and decay. Nat Rev Genet. 2010;11:597–610.

13. Anfossi S, Babayan A, Pantel K, Calin GA. Clinical utility of circulating non-coding
RNAs—an update. Nat Rev Clin Oncol. 2018;15:541–63.

14. Colpaert RMW, Calore M. MicroRNAs in cardiac diseases. Cells 2019;8:737.
15. Neal CS, Michael MZ, Pimlott LK, Yong TY, Li JY, Gleadle JM. Circulating microRNA

expression is reduced in chronic kidney disease. Nephrol Dial Transpl.
2011;26:3794–802.

16. Belevych AE, Sansom SE, Terentyeva R, Ho HT, Nishijima Y, Martin MM, et al.
MicroRNA-1 and -133 increase arrhythmogenesis in heart failure by dissociating
phosphatase activity from RyR2 complex. PLoS One. 2011;6:e28324.

17. Yu Y, Liu H, Yang D, He F, Yuan Y, Guo J, et al. Aloe-emodin attenuates myocardial
infarction and apoptosis via up-regulating miR-133 expression. Pharm Res.
2019;146:104315.

18. Calore M, Lorenzon A, Vitiello L, Poloni G, Khan MAF, Beffagna G, et al. A novel
murine model for arrhythmogenic cardiomyopathy points to a pathogenic
role of Wnt signalling and miRNA dysregulation. Cardiovasc Res.
2019;115:739–51.

19. Yamada S, Hsiao YW, Chang SL, Lin YJ, Lo LW, Chung FP, et al. Circulating
microRNAs in arrhythmogenic right ventricular cardiomyopathy with ventricular
arrhythmia. Europace. 2018;20:f37–f45.

20. Di Gregoli K, Mohamad Anuar NN, Bianco R, White SJ, Newby AC, George SJ, et al.
MicroRNA-181b controls atherosclerosis and aneurysms through regulation of
TIMP-3 and elastin. Circ Res. 2017;120:49–65.

21. Chung AC, Huang XR, Meng X, Lan HY. miR-192 mediates TGF-beta/Smad3-driven
renal fibrosis. J Am Soc Nephrol. 2010;21:1317–25.

22. Alexander M, Hu R, Runtsch MC, Kagele DA, Mosbruger TL, Tolmachova T, et al.
Exosome-delivered microRNAs modulate the inflammatory response to endo-
toxin. Nat Commun. 2015;6:7321.

23. Schwarzenbach H, Nishida N, Calin GA, Pantel K. Clinical relevance of circulating
cell-free microRNAs in cancer. Nat Rev Clin Oncol. 2014;11:145–56.

24. Yang Y, Cheng HW, Qiu Y, Dupee D, Noonan M, Lin YD, et al. MicroRNA-34a plays
a key role in cardiac repair and regeneration following myocardial infarction. Circ
Res. 2015;117:450–9.

25. Xiao K, Lu D, Hoepfner J, Santer L, Gupta S, Pfanne A, et al. Circulating microRNAs
in Fabry Disease. Sci Rep. 2019;9:15277.

26. Cammarata G, Scalia S, Colomba P, Zizzo C, Pisani A, Riccio E, et al. A pilot study of
circulating microRNAs as potential biomarkers of Fabry disease. Oncotarget
2018;9:27333–45.

27. Smid BE, van der Tol L, Cecchi F, Elliott PM, Hughes DA, Linthorst GE, et al.
Uncertain diagnosis of Fabry disease: consensus recommendation on diagnosis
in adults with left ventricular hypertrophy and genetic variants of unknown
significance. Int J Cardiol. 2014;177:400–8.

28. Coats CJ, Parisi V, Ramos M, Janagarajan K, O’Mahony C, Dawnay A, et al. Role of
serum N-terminal pro-brain natriuretic peptide measurement in diagnosis of
cardiac involvement in patients with Anderson–Fabry disease. Am J Cardiol.
2013;111:111–7.

29. Roncarati R, Viviani Anselmi C, Losi MA, Papa L, Cavarretta E, Da Costa Martins P.
et al. Circulating miR-29a, among other up-regulated microRNAs, is the only
biomarker for both hypertrophy and fibrosis in patients with hypertrophic car-
diomyopathy. J Am Coll Cardiol. 2014;63:920–7.

30. Ferracin M, Salamon I, Lupini L, Miotto E, Sabbioni S, Negrini M. Circulating
microRNA quantification using DNA-binding dye chemistry and droplet digital
PCR. J Vis Exp. 2016. https://doi.org/10.3791/54102.

31. de Simone G, Devereux RB, Daniels SR, Koren MJ, Meyer RA, Laragh JH. Effect of
growth on variability of left ventricular mass: assessment of allometric signals in
adults and children and their capacity to predict cardiovascular risk. J Am Coll
Cardiol. 1995;25:1056–62.

32. de Simone G, Kizer JR, Chinali M, Roman MJ, Bella JN, Best LG, et al. Normalization
for body size and population-attributable risk of left ventricular hypertrophy: the
Strong Heart Study. Am J Hypertens. 2005;18:191–6.

33. Yousef Z, Elliott PM, Cecchi F, Escoubet B, Linhart A, Monserrat L, et al. Left
ventricular hypertrophy in Fabry disease: a practical approach to diagnosis. Eur
Heart J. 2013;34:802–8.

34. Lang RM, Bierig M, Devereux RB, Flachskampf FA, Foster E, Pellikka PA, et al.
Recommendations for chamber quantification: a report from the American
Society of Echocardiography’s Guidelines and Standards Committee and the
Chamber Quantification Writing Group, developed in conjunction with the Eur-
opean Association of Echocardiography, a branch of the European Society of
Cardiology. J Am Soc Echocardiogr. 2005;18:1440–63.

35. Nagueh SF, Appleton CP, Gillebert TC, Marino PN, Oh JK, Smiseth OA, et al.
Recommendations for the evaluation of left ventricular diastolic function by
echocardiography. Eur J Echocardiogr. 2009;10:165–93.

36. Vijapurapu R, Nordin S, Baig S, Liu B, Rosmini S, Augusto J, et al. Global long-
itudinal strain, myocardial storage and hypertrophy in Fabry disease. Heart
2019;105:470–6.

37. Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF 3rd, Feldman HI, et al. A
new equation to estimate glomerular filtration rate. Ann Intern Med.
2009;150:604–12.

38. Kidney Disease: Improving Global Outcomes (KDIGO) CKD-MBD Update Work
Group. KDIGO 2017 clinical practice guideline update for the diagnosis, evalua-
tion, prevention, and treatment of chronic kidney disease-mineral and bone
disorder (CKD-MBD). Kidney Int Suppl (2011). 2017;7:1–59.

39. Nilsson-Ehle P. Iohexol clearance for the determination of glomerular filtration
rate: 15 years’ experience in clinical practice. EJIFCC 2001;13:48–52.

40. Pencina MJ, D’Agostino RB Sr, D’Agostino RB, Vasan RS Jr. Evaluating the added
predictive ability of a new marker: from area under the ROC curve to reclassifi-
cation and beyond. Stat Med. 2008;27:157–72.

41. Yates JF. External correspondence: decompositions of the mean probability
score. Organ Behav Hum Perform. 1982;30:132–56.

42. Elia L, Contu R, Quintavalle M, Varrone F, Chimenti C, Russo MA, et al. Reciprocal
regulation of microRNA-1 and insulin-like growth factor-1 signal transduction
cascade in cardiac and skeletal muscle in physiological and pathological condi-
tions. Circulation 2009;120:2377–85.

43. Seok H, Lee H, Lee S, Ahn SH, Lee HS, Kim GD, et al. Position-specific oxidation of
miR-1 encodes cardiac hypertrophy. Nature 2020;584:279–85.

44. Care A, Catalucci D, Felicetti F, Bonci D, Addario A, Gallo P, et al. MicroRNA-133
controls cardiac hypertrophy. Nat Med. 2007;13:613–8.

45. Romaine SP, Tomaszewski M, Condorelli G, Samani NJ. MicroRNAs in cardiovas-
cular disease: an introduction for clinicians. Heart 2015;101:921–8.

46. Shimada BK, Yang Y, Zhu J, Wang S, Suen A, Kronstadt SM, et al. Extracellular miR-
146a-5p induces cardiac innate immune response and cardiomyocyte dysfunc-
tion. Immunohorizons. 2020;4:561–72.

47. Wang JX, Gao J, Ding SL, Wang K, Jiao JQ, Wang Y, et al. Oxidative modification of
miR-184 enables it to target Bcl-xL and Bcl-w. Mol Cell. 2015;59:50–61.

48. Zanchi C, Macconi D, Trionfini P, Tomasoni S, Rottoli D, Locatelli M, et al.
MicroRNA-184 is a downstream effector of albuminuria driving renal fibrosis in
rats with diabetic nephropathy. Diabetologia 2017;60:1114–25.

49. Germain DP, Fouilhoux A, Decramer S, Tardieu M, Pillet P, Fila M, et al. Consensus
recommendations for diagnosis, management and treatment of Fabry disease in
paediatric patients. Clin Genet. 2019;96:107–17.

50. Alegra T, Vairo F, de Souza MV, Krug BC, Schwartz IV. Enzyme replacement
therapy for Fabry disease: a systematic review and meta-analysis. Genet Mol Biol.
2012;35:947–54.

51. Ortiz A, Germain DP, Desnick RJ, Politei J, Mauer M, Burlina A, et al. Fabry disease
revisited: management and treatment recommendations for adult patients. Mol
Genet Metab. 2018;123:416–27.

52. Liebau MC, Braun F, Hopker K, Weitbrecht C, Bartels V, Muller RU, et al. Dysre-
gulated autophagy contributes to podocyte damage in Fabry’s disease. PLoS
One. 2013;8:e63506.

53. Braun F, Blomberg L, Brodesser S, Liebau MC, Schermer B, Benzing T, et al.
Enzyme replacement therapy clears Gb3 deposits from a podocyte cell culture

I. Salamon et al.

6

Cell Death and Disease         (2021) 12:1150 

https://doi.org/10.3791/54102


model of Fabry disease but fails to restore altered cellular signaling. Cell Physiol
Biochem. 2019;52:1139–50.

54. Namdar M, Gebhard C, Studiger R, Shi Y, Mocharla P, Schmied C, et al. Globo-
triaosylsphingosine accumulation and not alpha-galactosidase-A deficiency
causes endothelial dysfunction in Fabry disease. PLoS One. 2012;7:e36373.

55. Yogasundaram H, Nikhanj A, Putko BN, Boutin M, Jain-Ghai S, Khan A, et al.
Elevated inflammatory plasma biomarkers in patients with Fabry disease: a cri-
tical link to heart failure with preserved ejection fraction. J Am Heart Assoc.
2018;7:e009098.

56. Zhou G, Li C, Feng J, Zhang J, Fang Y. lncRNA UCA1 is a novel regulator in
cardiomyocyte hypertrophy through targeting the miR-184/HOXA9 axis. Cardi-
orenal Med. 2018;8:130–9.

57. Cuk K, Zucknick M, Heil J, Madhavan D, Schott S, Turchinovich A, et al. Circulating
microRNAs in plasma as early detection markers for breast cancer. Int J Cancer.
2013;132:1602–12.

58. Nowak A, Mechtler TP, Hornemann T, Gawinecka J, Theswet E, Hilz MJ, et al.
Genotype, phenotype and disease severity reflected by serum LysoGb3 levels in
patients with Fabry disease. Mol Genet Metab. 2018;123:148–53.

59. Auray-Blais C, Lavoie P, Boutin M, Ntwari A, Hsu TR, Huang CK, et al. Biomarkers
associated with clinical manifestations in Fabry disease patients with a late-onset
cardiac variant mutation. Clin Chim Acta. 2017;466:185–93.

60. Weidemann F, Beer M, Kralewski M, Siwy J, Kampmann C. Early detection of
organ involvement in Fabry disease by biomarker assessment in conjunction
with LGE cardiac MRI: results from the SOPHIA study. Mol Genet Metab.
2019;126:169–82.

61. Rozenfeld P, Feriozzi S. Contribution of inflammatory pathways to Fabry disease
pathogenesis. Mol Genet Metab. 2017;122:19–27.

AUTHOR CONTRIBUTIONS
IS and NL performed experiments; EB, MS, AP, ER, LT, RD, VA, IC, GLM, NG, and LS
acquired samples and clinical data; EN, GV, EC, PK, and MF performed statistical
analyses of clinical data; IS, EB, NT, and GC wrote the manuscript; IS prepared the
figures; EB, MF, RR, LS, and GC revised the work critically; GC conceived the research
and provided funding.

FUNDING
This work was supported by the Italian Ministry of Health (PE-2013-02356818) to GC

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
The study protocol conformed to the ethical guidelines of the 1975 Declaration of
Helsinki and was approved by the review board of the institutions involved (protocol
#, ICH-967); written informed consent was obtained from all enrolled individuals.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-021-04438-5.

Correspondence and requests for materials should be addressed to Letizia Spinelli or
Gianluigi Condorelli.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

I. Salamon et al.

7

Cell Death and Disease         (2021) 12:1150 

https://doi.org/10.1038/s41419-021-04438-5
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Circulating miR-184 is a potential predictive biomarker of�cardiac damage in Anderson&#x02013;nobreakFabry disease
	Introduction
	Materials and methods
	Setting
	Blood collection for RNA purification
	Reverse transcription and droplet digital PCR
	Study endpoint and definitions
	Statistical analyses

	Results
	Identification of candidate circulating miRNA biomarkers
	Validation of miR-184 as an AFD biomarker
	Prognostic significance of miR-184 and its additional value in predicting cardiac damage in AFD

	Discussion
	Limitations
	Perspectives

	References
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




