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The momentum of gene therapy in Huntington’s disease (HD) deserves biomarkers from

easily accessible fluid. We planned a study to verify whether plasma miRNome may

provide useful peripheral “reporter(s)” for the management of HD patients. We performed

an exploratory microarray study of whole non-coding RNA profiles in plasma from nine

patients with HD and 13matched controls [eight healthy subjects (HS) and five psychiatric

patients (PP) to minimize possible iatrogenic impact on the profile of non-coding RNAs].

We found an HD-specific signature: downregulation of hsa-miR-98 (fold change, −1.5,

p = 0.0338 HD vs. HS, and fold change, 1.5, p = 0.0045 HD vs. PP) and upregulation

of hsa-miR-323b-3p (fold change, 1.5, p = 0.0007 HD vs. HS, and fold change, 1.5,

p = 0.0111 HD vs. PP). To validate this result in an independent cohort, we quantify

by digital droplet PCR (ddPCR) the presence of the two microRNA in the plasma of 33

HD patients and 49 matched controls (25 HS and 24 PP patients). We were able to

confirm that hsa-miR-323b-3p was upregulated in HD and premanifest HD vs. HS and

PP: the median values (first–third quartile) were 4.1 (0.9–10.53) and 5.8 (1.9–10.70) vs.

0.69 (0.3–2.75) and 1.4 (0.78–2.70), respectively, p < 0.05. No significant difference was

found for hsa-miR-98. To evaluate the biological plausibility of the hsa-miR-323b-3p as a

component of the disease pathophysiology, we performed a bioinformatic analysis based

on its targetome and the huntingtin (HTT) interactome. We found a statistically significant

overconnectivity between the targetome of hsa-miR-323b-3p and the HTT interactome

(p = 1.48e−08). Furthermore, there was a significant transcription regulation of the

HTT interactome by the miR-323b-3p targetome (p = 0.02). The availability of handy,

reproducible, and minimally invasive biomarkers coming from peripheral miRNome may
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be valuable to characterize the illness progression, to indicate new therapeutic targets,

and to monitor the effect of disease-modifying treatments. Our data deserve further

studies with larger sample size and longitudinal design.

Keywords: circulating miRNA, huntington disease, biomarkers, digital droplet PCR, bioinformatic analysis

INTRODUCTION

Huntington’s disease (HD) is an autosomal dominant disease
caused by a cytosine, adenine, and guanine (CAG) repeat
expansion in the gene that encodes huntingtin (HTT). Although
HTT is ubiquitously expressed, patients with HD show
predominantly central nervous system (CNS) manifestations,
including abnormal motor symptoms, cognitive decline, and
psychiatric disturbances. The momentum of gene therapy
approaches, in progress or in preparation, calls for informative
biomarkers capable of predicting the disease progression and
the therapeutic response and driving possible “preventive
treatment” in the prodromal phase of the disease (1). The
initial attempts focused on cognitive, motor, and neuroimaging
biomarkers (2–4), which are more useful in subjects with overt
disease, followed at centers with high expertise and dedicated
neuroradiological unit.

To identify handy and easily quantifiable biomarkers,

biofluids were considered, in particular cerebrospinal fluid (CSF),
as a proxy of CNS pathophysiology: mutant HTT was quantified
in CSF and was used as a biomarker of effectiveness in the
first study of gene therapy in HD patients (5). Following
approaches focused on more accessible fluids, such as blood,
and several studies reported informative results: plasma levels
of 24S-hydroxychiolesterol (6, 7), mitochondrial DNA (mtDNA)
(8), and neurofilament light protein (NFL) were described as
potential biomarkers in HD. Especially NFL resulted a reliable
biomarker of axonal damage with a good correlation between
CSF and blood concentrations (9), even though a recent report
showed that CSF NFL appeared to be more sensitive than plasma
NFL in monitoring disease progression (10). The peripheral
blood mononuclear cells (PBMCs) from HD patients were
recently used to study the mutant HTT (mHTT) (11), gene
expression profiles (12), the length of telomers (13), and the DNA
damage response (14), reporting promising results to implement
future peripheral biomarkers.

MicroRNAs (miRNAs) are a class of non-coding RNAs
that represent a major system of posttranscriptional regulation,
by either preventing translational initiation or by targeting
transcripts for storage or for degradation. These single-stranded,
19–25 nucleotide-long RNAs are abundant in the CNS and assist
in various neuronal processes such as synaptic development,
maturation, and plasticity (15, 16). Several studies on microRNA
pathogenic role in HD have been published in the last
two decades, especially in postmortem analyses: besides the
dysregulation of single micro-RNA, such as miR-9/9∗, miR-
132, miR-4488, miR-196a-5p, and miR-549a, among others (17–
22), the alteration of the miRNome in HD CNS seems to be
global because the mHTT affects the action of argonaute-2,
potentially interfering with the biogenesis of all micro-RNA

(23). Micro-RNA levels have also been measured in biofluids
from HD patients, such as CSF (24), PBMC (25), and plasma
(20, 26–28). Previous results on circulating microRNAs are
still preliminary, rather inconsistent, and have been obtained
on small populations. We therefore planned a study with a
stringent experimental setting to verify whether and at what
extent peripheral miRNome may provide useful “reporter(s)” for
the management of HD patients.

MATERIALS AND METHODS

Study Population
Participants in the study were consecutively enrolled at the
Center for Experimental Neurological Therapies, Unit of
Neurology (patients with positive test for HD and healthy
subjects) and at the School of Medicine and Psychology, Unit
of Psychiatry (patients with psychiatric disorders), S. Andrea
Hospital, Department of Neurosciences, Mental Health, and
Sensory Organs, Sapienza University of Rome, Italy. The study
was approved by the local Ethics Committee, and a written
consent was obtained from all participants. The operators were
unaware of the disease state of each sample during processing
and statistical analysis. Eligible subjects for this study were
patients with positive genetic test for HD, healthy subjects, and
patients with diagnosis of schizophrenia or bipolar disorders
under antipsychotic drugs. Exclusion criteria were pregnancy,
breastfeeding, and severe systemic illnesses or conditions.

Plasma Preparation and Affymetrix Gene
Chip miRNA Array
Blood samples were obtained by venous punctures in
ethylenediaminetetraacetic acid (EDTA) tubes for plasma
preparation. Plasma was obtained by centrifugation (1,500 g
for 15min at 4◦C), and 200 µl of supernatant was stored at
−80◦C. RNA was extracted using Plasma/Serum Circulating
RNA Purification Kit (NORGEN) following the manufacturer’s
instructions. RNA quality and purity were assessed with the
use of the RNA 6000 Nano Assay on Agilent 2100 Bioanalyzer
(Agilent). Briefly, 500 ng of total RNA was labeled using FlashTag
Biotin HSR (Genisphere LLC) and hybridized to GeneChip R©

miRNA 2.0 Arrays. The arrays were stained in the Fluidics
Station 450 and then scanned on the GeneChip R© Scanner
3000 (Affymetrix, USA). The statistical analysis was performed
by Transcriptome Analysis Console (TAC) software (Thermo
Fisher Scientific). In order to survey the presence of outliers
that could disturb the dataset, a principal component analysis
(implemented by means of R statistical software) was performed
to identify possible subjects needed to be excluded from the
dataset. MicroRNA probe outliers were defined from the
manufacturer’s instructions (Affymetrix), and further analysis
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included data summarization, normalization, and quality control
using the web-based miRNA QC Tool software (Affymetrix).
The raw dataset is available in the Gene Expression Omnibus
(GEO) repository (GSE167630).

Digital Droplet PCR
RNAs extraction was performed using miRNeasy Serum/Plasma
kit according to the manufacturer’s protocol (Qiagen). Micro-
RNAs analysis (for hsa-miR-98 and hsa-miR-323b-3p) was
performed by digital droplet PCR (ddPCR) (Bio-Rad) using
predesigned TaqMan R© MicroRNA Assay (Life Technologies)
according to the manufacturer’s instructions. The volume of
1.5 µl RNA was reversely transcribed to complementary DNA
(cDNA) with miRNA-specific primers for hsa-miR-98 and hsa-
miR-323b-3p, respectively, in a 15-µl reaction mixture. Twenty
microliters of the reaction mixture containing 5 µl of the RT
product, 10 µl of Digital PCR SupermixTM (Bio-Rad), and 1
µl of TaqMan primer/probe mix (Applied Biosystems) and
diethylpyrocarbonate (DEPC) water were loaded into a plastic
cartridge with 70 µl of QX100 Droplet Generation oil and
then were placed into the QX100 Droplet Generator (Bio-Rad).
The droplets generated from each sample were transferred to
a 96-well PCR plate (Eppendorf, Germany). PCR amplification
was carried on a T100 thermal cycler (Applied Biosystems)
at 95◦C for 10min, followed by 40 cycles of 95◦C for 30 s
and 60◦C for 1min, then 1 cycle of 98◦C for 10min, ending
at 4◦C. The plate was loaded on Droplet Reader (Bio-Rad)
and read automatically. Absolute quantification of each miRNA
was calculated from the number of positive counts per panel
using the Poisson distribution. The quantification of the target
miRNAs was presented as the number of copies per microliter of
PCR mixture.

Bioinformatic and Statistical Analyses
miRNA target set (i.e., targetome; Supplementary Datasheet 1)
was extracted from miRDB (29) via the website:
https://mirdb.org/cgi-bin/search.cgi?searchType=miRNA&search
Box=hsa-miR-323b-3p&full=1. Overconnectivity (method
summary is available at the website: https://portal.genego
.com/help2/wwhelp/wwhimpl/js/html/wwhelp.htm#href=Meta
Core/MetaCore%20Help.1.245.html) and transcription–
regulation analyses (method detail at the website: https://portal.
genego.com/help2/wwhelp/wwhimpl/js/html/wwhelp.htm#
href=MetaCore/MetaCore%20Help.1.246.html#9006259) were
performed using MetaCore v. 20.1 build 70000. The HTT
interactome was extracted from BioGRID (30) via the website: h
ttps://thebiogrid.org/downloadgenerator.php?fileid=143b00f05c
23f53fcaab95cb1d2fd584 (Supplementary Datasheet 2).

Raw data were analyzed using Partek Genomic Suite software.
Looking for differently expressed non-coding RNAs, we found
a candidate HD-specific set compared to both control groups
(HS and PP) (|fold changes|>1.5, p<0.05 with false discovery
rate (FDR) 0.25). Differences in miRs levels between groups were
assessed using Mann–Whitney test because of a non-normal
distribution of the data. We used medians with interquartile
ranges and means ± standard deviations for data presentation.
Receiver operating characteristic (ROC) curves were created and

the area under the curve (AUC) calculated to evaluate themiRNA
classifier capacity for detecting HD. Statistically significant p-
values were set at p < 0.05. All tests were two-sided. The
analyses were performed using R (The R Project for Statistical
Computing) v3.6 and GraphPad Prism v.5.

RESULTS

We performed an exploratory microarray study of whole non-
coding RNA expression profiles in plasma from 9 patients with
Huntington’s disease (HD; 5 male and 4 female, mean age of
48.25 ± 10.47) and 13 controls, including 8 healthy subjects
(HS; 4 male and 4 female; mean age of 49.17 ± 11.79) and 5
psychiatric patients (PP; 3male and 2 female; mean age of 50.25±
11.47), with schizophrenia or bipolar disorder (see demographic
characteristics of each group in Supplementary Table 1). The
HD patients were under antipsychotic drugs, the most effective
treatment option also in PP (we included in the study the
PP control group to minimize a possible iatrogenic impact of
neuroleptic drugs on the profile of non-coding RNAs). We found
an HD-specific signature: downregulation of hsa-miR-98 (fold
change, −1.5, p = 0.0338 HD vs. HS and fold change, −1.5, p
= 0.0045 HD vs. PP) and upregulation of hsa-miR-323b-3p in
HD subjects with respect to control groups (fold change, 1.5, p=
0.0007 HD vs. HS, and fold change, 1.5, p = 0.0111 HD vs. PP;
Figure 1).

To validate this result in an independent cohort, we quantify
by ddPCR the presence of the two microRNA in the plasma of 33
mHHT carriers [mean age, 55.09 ± 13; 18 male and 15 female;
mean Unified Huntington’s Disease Rating Scale (UHDRS) (1),
23.4 ± 18.5; mean CGA repeats, 42.88 ± 2), 25 HS (mean age,
51.3 ± 12.4; 11 male and 14 female), and 24 PP patients (mean
age, 48.3 ± 14; 14 male and 10 female; Table 1). We were able to
confirm that hsa-miR-323b-3p was upregulated in HD compared
to control groups (Figure 2), while no significant difference was
found for hsa-miR-98. No difference emerged for any microRNA
between the two control groups (HS vs. PP). When the mHTT
carriers were divided between manifest and premanifest HD,
both groups showed significant upregulation of hsa-miR-323b-
3p compared to HS and PP, despite the small number of subjects
with prodromal disease (n= 7). The median values (first to third
quartile) in HD and premanifest HD were 4.1 (0.9–10.53) and 5.8
(1.9–10.70) vs. 0.69 (0.3–2.75) and 1.4 (0.78–2.70) in HS and PP,
respectively (p< 0.05; there was no significant difference between
premanifests and HD patients; Table 2).

The potential of hsa-miR-323b-3p to distinguish HD group
and controls was investigating using ddPCR values in an ROC
curve analysis. We observed a trend in predictive capability when
using a univariate logistic regression model that used the hsa-
miR-323b-3p value to predict the disease class (mHTT carriers
vs. controls; Supplementary Table 2). When using 3× cross-
validation and with multiple data splicing initializations, we
saw a large variability in sensitivity and AUC, most likely due
to the low sample size. We did not find correlations between
hsa-miR-323b-3p levels and disease duration, UHDRS, or age
at onset.
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FIGURE 1 | HD-specific signature of circulating miRNA in HD subjects with respect to control groups (HS, healthy subjects; PP, psychiatric patients).

TABLE 1 | Characteristics of HD patients and controls.

mHTT carriers (7 pre-HD; 26 HD patients) Healthy subjects (25) Psychiatric patients (24)

Age, years Mean ± SD 55.1 ± 13 51.3 ± 12.4 48.3 ± 14

M/F 18/15 11/14 14/10

UHDRS-TMS Mean ± SD 24.4 ± 18.65

CAG Mean ± SD 42.88 ± 2

Disease duration Mean ± SD 6.3 ± 4.28

HD, Huntington’s disease; mHTT, mutant huntingtin; pre-HD, individuals in the prodromal phase of the disease; M, male; F, female; UHDRS-TMS, Unified Huntington’s Disease Rating

Scale-Total Motor Score; CAG, cytosine, adenine, and guanine; SD, standard deviation.

FIGURE 2 | Differential plasma levels of miR-323b-3p in Huntington’s disease

(HD), healthy subjects (HS), and psychiatric patients (PP). Values are

expressed as copies/µl. The horizontal line in the middle of each box indicate

the median, whereas the top and bottom black lines the 75th and 25th

percentiles, respectively. Mann–Whitney U test. p < 0.05.

To evaluate the biological plausibility of the hsa-miR-
323b-3p as an actor of the disease pathophysiology, we
performed a bioinformatic analysis based on its targetome
(Supplementary Datasheet 1) and the HTT interactome
(Supplementary Datasheet 2). We found a statistically
significant overconnectivity between the targetome of hsa-
miR-323b-3p and the HTT interactome (p = 1.48e−08), as well
as a significant transcription regulation of the HTT interactome
by the miR-323b-3p targetome (p= 0.02; Table 3).

TABLE 2 | Plasma levels of miR-323b-3p in mHTT carriers and control groups.

Sample (n) miR-323b-3p (median,

1st and 3rd quartiles)

P vs. healthy subjects

Healthy subjects

(25)

0.69 (0.30–2.75) –

Premanifest-HD (7) 5.8 (1.90–10.70) 0.017

Manifest HD (26) 4.1 (0.90–10.53) 0.018

Psychiatric

patients (24)

1.4 (0.78–2.70) 0.42

DISCUSSION

This pilot study showed that hsa-miR-323b-3p is upregulated
in individuals carrying mHTT. The result was obtained in the
context of a stringent experimental setting: a two-stage analysis
of circulating microRNA through an unbiased microarray
approach, followed by a quantitative measurement by ddPCR; a
control for the potential confounding treatment effects, through
the inclusion of a matched population of PP taking drug classes
often prescribed also to HD patients. The narrow range of triplet
repeats (see in section Results) adds another component of
stringency (a homogeneous patient population that minimizes
variability inside HD group).

During the last two decades, several studies were aimed at
clarifying the role of human micro-RNAs in HD, especially in
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TABLE 3 | Overconnectivity analysis (all interactions and transcription regulation only) between two sets of genes.

Set 1 Set 2 Interactions

considered

Actual* R* n* N* Exp* Ratio* z score* P-value*

miR-323b-3p

targets

HTT

interactome

All interactions

from Set 1 to Set 2

and from Set 2 to

Set 1

2,516 41,663 33,446 615,471 2,264 1.111 5.639 1.480E−08

miR-323b-3p

targets

HTT

interactome

Only transcription

regulation of items

in Set 2 by items in

Set 1

146 6,965 3,689 208,888 123 1.187 2.128 0.02

*Abbreviations: Actual, number of links between sets; n, number of incoming links between sets; R, number of outgoing links between sets; N, total number of links in the complete

database or background list; Exp(ected), mean value for hypergeometric distribution (n*R/N); Ratio, connectivity ratio (Actual/Expected); z score = [(actual–expected)/sqrt(variance)];

p-value probability to have the given value of actual or higher (or lower for negative z score).

a neuropathological context (23). However, a role for hsa-miR-
323b-3p has never been reported. The data coming from our
overconnectivity analysis between hsa-miR-323b-3p targetome
and HTT interactome suggest a possible role of this microRNA
in the disease pathogenesis. The small RNAs have been identified
as highly stable in the biofluids (31), being potential “reporters”
of pathogenic loop occurring in the CNS and representing also
potential therapeutic targets to break off detrimental molecular
cascades triggered by mHTT. Our study adds to other works
(20, 26–28) on the potential utility of circulating microRNAs,
as mirrors of the pathogenic processes that take place in the
CNS (18, 20), as well as biomarkers showing quantifiable changes
after symptomatic approaches (28). Moreover, circulating
micro-RNAs may offer potential advantages in terms of
disease specificity compared to other approach, such as
circulating NFL, which was already shown to be a promising
peripheral biomarker for many neurological diseases, including
HD (32, 33).

The limitations of the present work fall within those of
the pilot study. The sample size was informative although not
balanced between premanifest carriers of HTT mutation and
individuals with overt disease. The focus on the narrow range
of HTT expansion length could limit generalizability of the
findings. Future works on a larger sample of cases will allow to
overcome such limitation. Moreover, longitudinal data showing
the dynamics of the hsa-miR-323b-3p over time are missing
in both patients and premanifest HD. These limitations may,
at least in part, account for the lack of correlation between
the hsa-miR-323b-3p blood levels and measures of disease
progression. In fact, a trend (p = 0.09) toward an inverse
relationship between disease duration and has-miR-323b-3p
values emerged (Supplementary Figure 1). These data, together
with the difference in the micro-RNA median values between
overt and premanifest HD (respectively, 4.1 vs, 5.8), suggest
highest values of circulating has-miR-323b-3p in prodromal
disease, followed by a decrease at still higher-than-normal level
in the overt disease. This dynamics may be reminiscent of
our recent studies on a biomarker based on the damage DNA
response in peripheral leukocytes of prodromal HD (14). Future
longitudinal studies with repeated assays in the same subjects and
an adequate number of premanifest HD carriers will allow to

validate the possible use of has-miR-323b-3p as an informative
predictor of disease evolution. This work does not allow to
benchmark hsa-miR-323b-3p against circulating NFL or CSF
mHTT (that are reported as informative biomarkers in biofluids
from HD patients) because we did not assay them in this
pilot study.

The value of the present study stems from its timeliness, in
a landscape of HD management that is rapidly evolving toward
etiological therapies. The availability of handy, reproducible,
and minimally invasive biomarkers, coming from peripheral
blood and easier to obtain than other predictors, may be
valuable to characterize the illness progression, to indicate
new therapeutic targets, and to monitor the effect of disease-
modifying treatments. Future personalized therapies for different
groups of HD patients and possible trials with etiological
approaches in premanifest subjects might pose novel needs,
which will plausibly take advantages from circulating non-coding
RNAs as peripheral biomarkers.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found here: GEO, GSE167630.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Azienda ospedaliera Sant andrea,
Sapienza Università di roma. The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

SR and MF were the study principal investigators. MF, SR, VA,
GR, GS, and MS conceived and designed the study. MF, SR,
MB, EM, CR, and MU were assessing neurologists. RU provided

Frontiers in Neurology | www.frontiersin.org 5 May 2021 | Volume 12 | Article 657973

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Ferraldeschi et al. Circulating hsa-miR-323b-3p in Huntington Disease

bioinformatic analyses. VA, AV, and SG acquired and analyzed
data on miRNA. SR and SG performed the statistical analyses.
GR, SR, MF, and MS contributed to write the manuscript. All
the authors were involved in the assessment and interpretation
of the data.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2021.657973/full#supplementary-material

REFERENCES

1. Ross C. A, Aylward EH, Wild EJ, Langbehn DR, Long JD,

Warner JH, et al. Huntington disease: natural history, biomarkers

and prospects for therapeutics. Nat Rev Neurol. (2014) 10:204–

216. doi: 10.1038/nrneurol.2014.24

2. Paulsen JS, Smith MM, Long JD. PREDICT HD investigators and

Coordinators of the Huntington Study Group. Cognitive decline in prodromal

Huntington Disease: implications for clinical trials. J Neurol Neurosurg

Psychiatry. (2013) 84:1233–9. doi: 10.1136/jnnp-2013-305114

3. Tabrizi SJ, Scahill RI, Owen G. Predictors of phenotypic progression and

disease onset in premanifest and early-stage disease in the TRACK-HD

study: analysis of 36-month observation data. Lancet Neurol. (2013) 12:637–

49. doi: 10.1016/S1474-4422(13)70088-7

4. Niccolini F, Haider S, Marques TR, Muhlert N, Tziortzi AC, Searle GE, et

al.. Altered PDE10A expression detectable early before symptomatic onset in

Huntington’s disease. Brain. (2015) 138:3016–29. doi: 10.1093/brain/awv214

5. Tabrizi SJ, Leavitt BR, Landwehrmeyer DB, Wild EJ, Saft C, Barker RA, et

al. Targeting Huntingtin Expression in Patients with Huntington’s Disease. N

Engl J Med. (2019) 380:2307–16. doi: 10.1056/NEJMoa1900907

6. Leoni V, Mariotti C, Tabrizi SJ, Valenza M, Wild EJ, Henley SMD, et al.

Plasma 24S-hydroxycholesterol and caudate MRI in pre-manifest and early

Huntington’s disease, Brain. (2008) 131:11. doi: 10.1093/brain/awn212

7. Leoni V, Long JD, Mills JA, Di Donato S, Paulsen JS. The members of the

PREDICT-HD study group. Plasma 24S-hydroxycholesterol correlation with

markers of Huntington disease progression. Neurobiol Dis. (2013) 55:37–

43. doi: 10.1016/j.nbd.2013.03.013

8. Disatnik MH, Joshi AU, Saw NL, Shamloo M, Leavitt BR, Qi X, et al. Potential

biomarkers to follow the progression and treatment response of Huntington’s

disease, J Exp Med. (2016) 213:2655–69. doi: 10.1084/jem.20160776

9. Byrne LM, Rodrigues FB, Blennow K, Durr A, Leavitt BR, Roos RAC, et

al. Nfl protein in blood as a potential biomarker of neurodegeneration in

Huntington’s disease: a retrospective cohort analysis. Lancet Neurol. (2017)

16:601–9. doi: 10.1016/S1474-4422(17)30124-2

10. Scahill RI, Zeun P, Osborne-Crowley K, Johnson EB, Gregory S, Parker

C, et al. Biological and clinical characteristics of gene carriers far

from predicted onset in the Huntington’s disease Young Adult Study

(HD-YAS): a cross-sectional analysis. Lancet Neurol. (2020) 19: 502–

512. doi: 10.1016/S1474-4422(20)30143-5

11. Weiss A, Träger U, Wild EJ, Grueninger S, Farmer R, Landles C, et al.

Mutant huntingtin fragmentation in immune cells tracks Huntington’s disease

progression. J Clin Invest. (2012) 122:3731–6. doi: 10.1172/JCI64565

12. Mastrokolias A, Ariyurek Y, Goeman JJ, van Duijn E, Roos RA, van der

Mast RC, et al. Huntington’s disease biomarker progression profile identified

by transcriptome sequencing in peripheral blood. Eur J Hum Genet. (2015)

23:1349–56. doi: 10.1038/ejhg.2014.281

13. Scarabino D, Veneziano L, Peconi M, Frontali M, Mantuano E, Corbo RM.

Leukocyte telomere shortening in Huntington’s disease. J Neurol Sci. (2019)

396:25–29. doi: 10.1016/j.jns.2018.10.024

14. Castaldo I, De Rosa M, Romano A, Zuchegna C, Squitieri F, Mechelli R, et al..

DNA damage signatures in peripheral blood cells as biomarkers in prodromal

Huntington disease. Ann Neurol. (2019) 84:296–301. doi: 10.1002/ana.25393

15. Bartel DP. MicroRNAs: target recognition and regulatory function. Cell.

(2009) 138:673–84.

16. Saraiva C, Esteves M, Bernardino L. MicroRNA: basic concepts and

implication for regeneration and repair of neurodegenerative disease. Biochem

Pharmacol. (2017) 141:118–31. doi: 10.1016/j.bcp.2017.07.008

17. Packer AN, Xing Y, Harper SQ, Jones L, Davidson BL. The

bifunctional microRNA miR-9/miR-9∗ regulates REST and CoREST

and is downregulated in Huntington’s disease. J Neurosci. (2008)

28:14341. doi: 10.1523/JNEUROSCI.2390-08.2008

18. Hoss AG, Labadorf A, Latourelle JC, Kartha VK, Hadzi TC, Gusella JF, et

al. miR-10b-5p expression in Huntington’s disease brain relates to age of

onset and the extent of striatal involvement. BMC Med Genomics. (2015)

8:10. doi: 10.1186/s12920-015-0083-3

19. Johnson R, Zuccato C, Belyaev ND, Guest DJ, Cattaneo E, Buckley NJ.

A microRNA-based gene dysregulation pathway in Huntington’s disease.

Neurobiol Dis. (2008) 29:438–45. doi: 10.1016/j.nbd.2007.11.001

20. Hoss AG, Lagomarsino VN, Frank S, Hadzi TC, Myers RH, Latourelle JC.

Study of plasma-derived miRNAs mimic differences in Huntington’s disease

brain.Mov Disord. (2015) 30:1961–4. doi: 10.1002/mds.26457

21. Sinha M, Mukhopadhyay S, Bhattacharyya NP. Mechanism(s)

of alteration of micro RNA expressions in huntington’s disease

and their possible contributions to the observed cellular and

molecular dysfunctions in the disease. Neuromolecular Med. (2012)

14:221–43. doi: 10.1007/s12017-012-8183-0

22. Dong X, Cong S. The emerging role of microRNAs in polyglutamine diseases.

Front Mol Neurosci. (2019) 12:156. doi: 10.3389/fnmol.2019.00156

23. Pircs K, Petri R, Madsen S, Brattås PL, Vuono R, Ottosson DR, et

al. Huntingtin aggregation impairs autophagy, leading to argonaute-2

accumulation and global MicroRNA dysregulation. Cell. (2018) 24:1397–

406. doi: 10.1016/j.celrep.2018.07.017

24. Reed ER, Latourelle JC, Bockholt JH, Bregu J, Smock J, Paulsen JS, et al.

MicroRNAs in CSF as prodromal biomarkers for Huntington disease in

the PREDICT-HD study, PREDICT-HD CSF ancillary study investigators.

Neurology. (2018) 90:e264-e272. doi: 10.1212/WNL.0000000000004844

25. Chang KH, Wu YR, Chen CM. Down-regulation of miR-9∗ in the peripheral

leukocytes of Huntington’s disease patients. Orphanet J Rare Dis. (2017)

12:185. doi: 10.1186/s13023-017-0742-x

26. Díez-Planelles C, Sánchez-Lozano P, Crespo MC, Gil-Zamorano J, Ribacoba

R, Gonzalez N, et al. Circulating microRNAs in Huntington’s disease:

emerging mediators in metabolic impairment. Pharmacol Res. (2016)

108:102–110. doi: 10.1016/j.phrs.2016.05.005

27. Gaughwin PM, Ciesla M, Lahiri N, Tabrizi, SJ, Brundin P, Bjorkqvist,

M. Hsa-miR-34b is a plasma-stable microRNA that is elevated in

pre-manifest Huntington’s disease. Hum Mol Genet. (2011) 20:2225–

37 doi: 10.1093/hmg/ddr111

28. Aganzo M, Montojo M-T, de Las Hazas M-CL, Martínez-Descals A, Ricote-

Vila M, Sanz R, et al. Customized dietary intervention avoids unintentional

weight loss and modulates 2018 circulating miRNAs footprint in huntington’s

disease.Mol Nutr Food Res. (2018) 62:e1800619. doi: 10.1002/mnfr.201800619

29. Yuhao Chen, Xiaowei Wang. miRDB:an online database

for prediction of functional microRNA targets Nucleic

Acids Res. (2020) 48:D127–D131. doi: 10.1093/nar/gk

z757

30. Oughtred R, Stark C, Breitkreutz B-J, Rust J, Boucher L, Chang

C, et al. The BioGRID interaction database: 2019 update.

Nucleic Acids Res. (2019) 47:D529–D541. doi: 10.1093/nar/gky

1079

31. Wu R, Su Y, Wu H, Dai Y, Zhao M, Lu Q. Characters,

functions and clinical perspectives of long non-coding RNAs. Mol

Genet Genomics. (2016) 291:1013–33. doi: 10.1007/s00438-016-1

179-y

32. Byrne LM, Rodrigues FB, Johnson EB, Wijeratne PA, De Vita

E, Alexander DC, et al. Evaluation of mutant huntingtin and

neurofilament proteins as potential markers in huntington’s disease.

Sci Transl Med. (2018) 10:eaat7108. doi: 10.1126/scitranslmed.aat

7108

Frontiers in Neurology | www.frontiersin.org 6 May 2021 | Volume 12 | Article 657973

https://www.frontiersin.org/articles/10.3389/fneur.2021.657973/full#supplementary-material
https://doi.org/10.1038/nrneurol.2014.24
https://doi.org/10.1136/jnnp-2013-305114
https://doi.org/10.1016/S1474-4422(13)70088-7
https://doi.org/10.1093/brain/awv214
https://doi.org/10.1056/NEJMoa1900907
https://doi.org/10.1093/brain/awn212
https://doi.org/10.1016/j.nbd.2013.03.013
https://doi.org/10.1084/jem.20160776
https://doi.org/10.1016/S1474-4422(17)30124-2
https://doi.org/10.1016/S1474-4422(20)30143-5
https://doi.org/10.1172/JCI64565
https://doi.org/10.1038/ejhg.2014.281
https://doi.org/10.1016/j.jns.2018.10.024
https://doi.org/10.1002/ana.25393
https://doi.org/10.1016/j.bcp.2017.07.008
https://doi.org/10.1523/JNEUROSCI.2390-08.2008
https://doi.org/10.1186/s12920-015-0083-3
https://doi.org/10.1016/j.nbd.2007.11.001
https://doi.org/10.1002/mds.26457
https://doi.org/10.1007/s12017-012-8183-0
https://doi.org/10.3389/fnmol.2019.00156
https://doi.org/10.1016/j.celrep.2018.07.017
https://doi.org/10.1212/WNL.0000000000004844
https://doi.org/10.1186/s13023-017-0742-x
https://doi.org/10.1016/j.phrs.2016.05.005
https://doi.org/10.1093/hmg/ddr111
https://doi.org/10.1002/mnfr.201800619
https://doi.org/10.1093/nar/gkz757
https://doi.org/10.1093/nar/gky1079
https://doi.org/10.1007/s00438-016-1179-y
https://doi.org/10.1126/scitranslmed.aat7108
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Ferraldeschi et al. Circulating hsa-miR-323b-3p in Huntington Disease

33. Khalil M, Teunissen CE, Otto M, Piehl F, Sormani MP, Gattringer

T, et al. J Neurofilaments as biomarkers in neurological disorders.

Nat Rev Neurol. (2018) 14:577–89. doi: 10.1038/s41582-018-0

058-z

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Ferraldeschi, Romano, Giglio, Romano, Morena, Mechelli,

Annibali, Ubaldi, Buscarinu, Umeton, Sani, Vecchione, Salvetti and Ristori. This

is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Neurology | www.frontiersin.org 7 May 2021 | Volume 12 | Article 657973

https://doi.org/10.1038/s41582-018-0058-z
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Circulating hsa-miR-323b-3p in Huntington's Disease: A Pilot Study
	Introduction
	Materials and Methods
	Study Population
	Plasma Preparation and Affymetrix Gene Chip miRNA Array
	Digital Droplet PCR
	Bioinformatic and Statistical Analyses

	Results
	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Supplementary Material
	References


