
Vol.:(0123456789)1 3

Acta Neuropathologica 
https://doi.org/10.1007/s00401-021-02272-9

ORIGINAL PAPER

Huntington’s disease brain‑derived small RNAs recapitulate associated 
neuropathology in mice

Jordi Creus‑Muncunill1,2,3,9 · Anna Guisado‑Corcoll1,2,3 · Veronica Venturi4 · Lorena Pantano5 · Georgia Escaramís1,6 · 
Marta García de Herreros1,2,3 · Maria Solaguren‑Beascoa1 · Ana Gámez‑Valero1 · Cristina Navarrete4 · 
Mercè Masana1,2,3 · Franc Llorens3,7,8 · Daniela Diaz‑Lucena3,7 · Esther Pérez‑Navarro1,2,3 · Eulàlia Martí1,4,6

Received: 12 January 2021 / Revised: 19 January 2021 / Accepted: 20 January 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH, DE part of Springer Nature 2021

Abstract
Progressive motor alterations and selective death of striatal medium spiny neurons (MSNs) are key pathological hallmarks 
of Huntington’s disease (HD), a neurodegenerative condition caused by a CAG trinucleotide repeat expansion in the coding 
region of the huntingtin (HTT) gene. Most research has focused on the pathogenic effects of the resultant protein product(s); 
however, growing evidence indicates that expanded CAG repeats within mutant HTT mRNA and derived small CAG repeat 
RNAs (sCAG) participate in HD pathophysiology. The individual contribution of protein versus RNA toxicity to HD patho-
physiology remains largely uncharacterized and the role of other classes of small RNAs (sRNA) that are strongly perturbed 
in HD is uncertain. Here, we demonstrate that sRNA produced in the putamen of HD patients (HD-sRNA-PT) are sufficient 
to induce HD pathology in vivo. Mice injected with HD-sRNA-PT show motor abnormalities, decreased levels of striatal 
HD-related proteins, disruption of the indirect pathway, and strong transcriptional abnormalities, paralleling human HD 
pathology. Importantly, we show that the specific blockage of sCAG mitigates HD-sRNA-PT neurotoxicity only to a limited 
extent. This observation prompted us to identify other sRNA species enriched in HD putamen with neurotoxic potential. 
We detected high levels of tRNA fragments (tRFs) in HD putamen, and we validated the neurotoxic potential of an Alanine 
derived tRF in vitro. These results highlight that HD-sRNA-PT are neurotoxic, and suggest that multiple sRNA species 
contribute to striatal dysfunction and general transcriptomic changes, favoring therapeutic strategies based on the blockage 
of sRNA-mediated toxicity.
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Introduction

Huntington’s disease (HD) is a polyglutamine (polyQ) 
disorder caused by a CAG trinucleotide expansion in the 
exon-1 of the Huntingtin (HTT) gene [23]. HTT with CAG 
repeats > 36 cause a progressive loss of specific brain cells, 
with the medium-sized spiny neurons (MSNs) from the 
caudate nucleus and putamen (striatum in mouse) as the 
most affected type [21], leading to motor disturbances. 
Conventional wisdom has held that mutant huntingtin pro-
tein (mHTT) is the main causative effector in HD patho-
physiology, through mechanisms including proteome 
disruption, transcriptional perturbations, and neurotrans-
mitter release alterations, among others [37]. In addition, 
RNA gain-of-function has been identified as a relevant 
pathogenic mechanism in HD and other nucleotide repeat 
expansion disorders, such as myotonic dystrophy types 1 
and 2, Fragile X tremor ataxia syndrome, spinocerebel-
lar ataxias 3, 8, 10, 12, 41, 36, Huntington’s disease-like 
2, and C9 amyotrophic lateral sclerosis/frontotemporal 
dementia (for review, see [71]).

Others and we have previously shown that expanded CAG 
repeats assume a toxic gain-of-function at the mRNA level 
in HD through diverse mechanisms [4, 40, 77]. Expanded 
CAG repeats form semi-stable hairpins [35] that affect the 
subcellular localization of the mutant HTT transcript and 
mediate the sequestration of muscleblind-like 1, SRSF6, 
U2AF65, and nucleolin [44]. As a result, defects in alterna-
tive splicing [49, 67] and altered levels of specific genes 
[74] are detected in HD brains. The detrimental effects of 
expanded CAG repeat RNAs are complemented by the neu-
rotoxic activity of small CAG repeated RNAs (sCAG), of 
approximately 21 nucleotides in length. sCAG are processed 
from the mutant HTT transcript by the endonuclease Dicer 
[34] and show damaging, gene-silencing activity [4, 34]. We 
previously showed that blockage of the CAG repeats partly 
ameliorates motor dysfunction in the R6/2 mouse model of 
HD; but the specific contribution of sCAG or expanded CAG 
repeats (hairpin precursor) is not resolved. In addition, the 
pathogenic impact of other classes of bioactive small RNAs 
(sRNA) strongly altered in HD brains [45] is not clear. More 
recently, novel mechanisms beyond RNA gain-of-function 
or polyQ toxicity are emerging as relevant in HD field. 
Repeat associated non-ATG (RAN) translation results in 
the accumulation of toxic proteins in vulnerable regions of 
HD human brains [3]. In light of the potential coexistence 
of multiple neuropathological mechanisms in HD, here, we 
employed a number of strategies aimed at interrogating the 
deleterious role of sRNA species, disentangling RNA versus 
RAN or polyQ toxicity.

Herein, we injected sRNA purified from the putamen of 
non-affected individuals (CTL-sRNA-PT) and HD patients 

(HD-sRNA-PT) into the striatum of wild-type (WT) mice. 
Then, we performed a comprehensive panel of behavio-
ral, biochemical, and transcriptomic assays (see Fig. 1 
for the experimental design). Importantly, we observed 
that HD-sRNA-PT induce motor deficits, accompanied 
by selective neuronal death and inflammation in the stria-
tum, which are typical neuropathological features of HD 
human brains. By selectively blocking sCAG activity, we 
show that these species are partial contributors to the det-
rimental effects of HD-sRNA, expected from our previous 
observations [4, 61], but do not explain other important 
pathogenic outcomes. Moreover, we deeply characterized 
the sRNA composition to identify additional sRNA species 
involved in neuronal toxicity and observed that tRNA frag-
ments (tRFs) are the most abundant representatives in HD 
putamen. Among these, we show that a highly abundant 
tRF derived from an Alanine tRNA compromises striatal 
neuronal viability in vitro, suggesting that diverse classes 
of sRNA may contribute to HD pathophysiology. Collec-
tively, our data underlie the relevance of RNA detrimental 
mechanisms in HD and suggest that RNA species, other 
than sCAG, should be a further priority in translational 
studies.

Materials and methods

Mice

For this study, adult male WT B6CBA mice were used. All 
mice were housed individually, and data were recorded for 
analysis by microchip mouse number. Animals were housed 
with ad libitum access to water and food in a colony room 
maintained at 19–22 °C, 40–60% humidity and under a 
standard 12:12 h light/dark cycle. Mice weight was con-
trolled throughout all the experiments.

Post‑mortem human brain tissue

Frozen samples (putamen, frontal cortex, and cerebellum) 
from HD patients and non-affected individuals were supplied 
by the Neurological Tissue Bank of the Biobank-Hospital 
Clínic-Institut d’Investigacions Biomèdiques August Pi i 
Sunyer (IDIBAPS; Barcelona, Catalonia, Spain). Genotype, 
Vonsattel stage, and sex and age information are provided in 
Online Resource 1.

RNA isolation and small RNA species isolation

Both human and mouse dissected brain areas were placed 
in QIAzol solution (QIAGEN; 79306), followed by RNA 
extraction with the miRNeasy mini kit (QIAGEN; 217004) 
as indicated by the manufacturer. Determinations of RNA 



Acta Neuropathologica	

1 3

quality and quantity were made with a 2100 Bioanalyzer 
(Agilent Technologies) and an ND-1000 spectrophotometer 
(Thermo Fisher Scientific), respectively. All RNA samples 
showed an RNA integrity number (RIN) of 7 or higher. 
Small RNA (sRNA) fractions were purified from total RNA 
with the RNA Clean & Concentrator-5 Kit (Zymo Research; 
R1015) according to the manufacturer’s instructions.

Oligonucleotides

The locked nucleic acid anti-sense oligonucleotides (LNA-
ASO) complementary to the CAG repeat (LNA-CTG) con-
sisted of a 21-nt length oligonucleotide, 5′-CTG​CTG​CTG​
CTG​CTG​CTG​CTG-3′, with an LNA located every third T 
nucleotide and a phosphorothioate-modified backbone [61]. 
LNA-CTG and the analogous control scrambled LNA-modi-
fied sequence (LNA-SCB), 5′-GTG​TAA​CAC​GTC​TAT​ACG​
CCCA-3′, were obtained from Exiqon. Human sRNA were 
co-injected with either LNA-CTG or LNA-SCB in a 1:2 
quantity ratio.

Synthetic RNA oligonucleotides that mimic tRFs 
were purchased from Eurogentec (Liège, Belgium). The 
sequences of the RNAs used are: tRF-Ala-SS 5′-GGG​GGU​
GUA​GCU​CAG​UGG​UAG​AGC​GCG​UGC​-3′, tRF-Ala-AS 
5′-GCA​CGC​GCU​CUA​CCA​CUG​AGC​UAC​ACC​CCC​-3′, 

tRF-Gly-SS 5′- GCG​CCG​CUG​GUG​UAG​UGG​UAU​CAU​
GCA​AGA​U-3′, tRF-Gly-AS 5′-AUC​UUG​CAU​GAU​ACC​
ACU​ACA​CCA​GCG​GCG​C-3′, tRF-Val-SS 5′-GGU​UCC​
AUA​GUG​UAG​UGG​UUA​UCA​CGU​CUG​CUUU-3′ and 
tRF-Val-AS 5′-AAA​GCA​GAC​GUG​AUA​ACC​ACU​ACA​
CUA​UGG​AACC-3′. All sequences present a 5′ modifica-
tion with a phosphate group.

Intrastriatal injection

Mice were anesthetized with isoflurane and placed into a 
stereotaxic apparatus in a flat skull position. During all pro-
cedures, body temperature was maintained constant using 
a heating pad. Stainless steel bilateral cannulas (26-gauge; 
Bilaney Consultants Ltd.) were implanted at the following 
coordinates: anteroposterior (AP) + 0.6 mm, mediolateral 
(ML) ± 2 mm, and dorsoventral (DV) − 1 mm from bregma. 
Cannulas consist in a horizontal plate that joins two guide 
cannulas in which either dummy cannulas (without projec-
tion) or infusion cannulas (1 mm projection) can be intro-
duced. Two screws were located into the skull to serve as 
anchors and the assemblage was fixed in place with dental 
cement. Two removable occluding dummy cannulas were 
inserted into the guide cannulas and were only removed 
prior to infusions. After surgery, all animals received a 

Fig. 1   Schematic diagram of 
the study design. Frozen brain 
tissues from HD patients, as 
well as age-matched unaffected 
individuals were used to purify 
small RNAs (sRNA). Purified 
sRNA were subjected to small 
RNA-sequencing. sRNA were 
injected into the striatum of 
wild-type mice using bilateral 
cannulae. Artificial cerebro-
spinal fluid (ACSF) was used 
as control. Injected mice were 
assessed for motor behavior. 
Brains were processed for 
histopathological evaluation and 
transcriptomic analysis
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subcutaneous injection of meloxicam (Metacam, 0.2 ml of 
2 mg/ml) to provide postoperative analgesia and were kept 
on a warm place until recovered from anesthesia.

Pools of sRNA samples obtained from equivalent amounts 
of n = 10–15 patients per group were prepared (Online 
resource 1) to inject into the mice brain. Infusions were 
performed at 0.25 μl/min using an infusion pump. Bilateral 
infusions of 2 μl of vehicle, CTL-sRNA-PT, HD-sRNA-PT, 
HD-sRNA-PT + LNA-SCB, HD-sRNA-PT + LNA-CTG, 
CTL-sRNA-PT + LNA-SCB, and CTL-sRNA-PT + LNA-
CTG (0.24 µg/µl) were carried out. Another group of WT 
mice received similar intrastriatal injections of pure sCAG 
RNAs or a scrambled, control sequence (sSCB). WT mice 
were analogously injected with sRNA from the cortex 
(CTX) or cerebellum (CB) from non-affected individuals 
(CTL) and HD patients: CTL-sRNA-CTX, HD-sRNA-CTX, 
CTL-sRNA-CB, and HD-sRNA-CB. Artificial cerebrospinal 
fluid (ACSF) (in mM: 125 NaCl, 2.5 KCl, 1.2 NaH2PO4, 1.2 
MgCl2, 2.4 CaCl2, 26 NaHCO3, and 11 glucose; with pH 
adjusted to 7.2) was used as vehicle. Infusions were admin-
istered twice per week, for 2 weeks, and were preceded by a 
vehicle infusion (see experimental design in Fig. 2a). Infu-
sion cannulas were left in place for 5 min after the injection 
to ensure a complete diffusion. Animals were sacrificed 48 h 
after the last infusion, and the cerebral hemispheres were 
processed for histology and protein or RNA extraction.

Behavioral tests

Rotarod

Motor coordination was evaluated on the rotarod appara-
tus at distinct rotations per minute (rpm). Animals were 
trained at distinct constant speeds (4, 8, 16, and 24 rpm) 
for 60 s and the number of falls was recorded. No differ-
ences were detected between groups during this period. 
After training, animals were evaluated once a week at 16, 
24, and 32 rpm, and the latency to fall was registered. Per-
formance was measured as the average latency to fall that 
animals achieved during 3 trials at each speed.

Balance beam

Motor coordination and balance were assessed by meas-
uring the ability of mice to traverse a narrow beam as 
described in Ref. [9], with brief modifications. The beam 
consisted of a long steel cylinder (50 cm) with a 15 mm-
round diameter placed horizontally 40 cm above the floor 
and divided in 5 cm frames. Animals were allowed to walk 
for 2 min along the beam, and the number of slips, the 
total distance traveled, and the latency to cover 30 frames 
were measured.

sRNA incorporation in striatal cells

Purified small RNA fractions (8–10 ng) were labeled using 
the Label IT siRNA tracker intracellular localization kit Cy3 
(Mirus; MIR7212) according to the manufacturer’s instruc-
tions. Two microliters of Cy3-labeled small RNAs (0.24 µg/
µl) were unilaterally infused into the striatum of WT mice 
at 0.25 μl/min using an infusion pump. Animals were sac-
rificed 1 h after the infusion and the cerebral hemispheres 
were processed for histology.

Small RNA‑sequencing of human samples

CTL-sRNA-PT, HD-sRNA-PT, CTL-sRNA-CTX, 
HD-sRNA-CTX, CTL-sRNA-CB, and HD-sRNA-CB 
pools (200  ng) were processed with NEBNext® Small 
RNA Library Prep Set for Illumina® (New England Bio-
labs; E7330S), size selection was performed by Novex® 
Pre-Cast 6% TBE PAGE gel (Thermo Fisher Scientific; 
EC62652BOX) and the bands of interest cut as follows: 
(a) 145–160 bp band (corresponding to adapter-ligated 
constructs derived from the 21 and 30 nt RNA fragments, 
respectively), (b) 160–180 bp band, (c) 180–200 bp band, (d) 
200–300 bp band, and (e) 300–500 bp. Paired-end sequenc-
ing (2 × 50 cycles, CTL-sRNA-PT, HD-sRNA-PT) or single-
end sequencing (1 × 50 nt, CTL-sRNA-CTX, HD-sRNA-
CTX, CTL-sRNA-CB, HD-sRNA-CB) of indexed cDNA 
libraries were then carried out on a HiSeq 2500 machine 
(Illumina), generating at least 50 million reads per sam-
ple. Sequencing was performed using v4 SBS and Clus-
ter Kits (Illumina; FC-401-4002). sRNA sequencing data 
are available at Gene Expression Omnibus with accession 
number GSE165667.

Small RNA‑sequencing of mice samples

Total RNA (800 ng) was isolated from the striatum of mice 
injected with HD-sRNA-PT, CTL-sRNA-PT, or vehicle. 
DNased samples were processed with NEBNext® Small 
RNA Library Prep Set for Illumina® (New England Bio-
labs; E7330S), pooled and purified; size selection was per-
formed by Novex® Pre-Cast 6% TBE PAGE gel (Thermo 
Fisher Scientific; EC62652BOX) and the band of interest 
(145–160 bp) excised from the gel. Single Read 50 (1 × 50 
cycles) sequencing of indexed cDNA libraries was then 
carried out on a HiSeq 2500 machine (Illumina), gener-
ating at least 50 million reads per sample. Sequencing 
was performed using v4 SBS and Cluster Kits (Illumina; 
FC-401-4002).
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Bioinformatic analysis of sRNA data

We used cutadapt [46] to remove 3′ adapter sequence from 
CTL-sRNA and HD-sRNA samples. Sequences that had the 
adapter were analyzed with bcbio-nextgen smallRNA-seq 
pipeline (https​://www.bcbio​-nextg​en.readt​hedoc​s.io/en/lates​
t/, 1.0.2a0-a003647) that uses a series of tools to character-
ize small RNA sequences (seqbuster [52], seqcluster [53], 
STAR [12], multiqc [14]). Sequences with no 3′ adapter 
were analyzed with bcbio-nextgen RNA-seq pipeline to 
measure the RNA quality (STAR [12], qualimap [17], mul-
tiqc [14]) and to quantify the gene expression of the samples 
(sailfish, [55]).

To detect human sRNA in the brain of mice injected with 
vehicle (ACSF), CTL-sRNA-PT, and HD-sRNA-PT, we 
used again bcbio-nextgen smallRNA-seq pipeline to map 
sequences in which the 3′ adapter was found. Sequences 
were mapped to the mouse (mm10) and human (hg19) 
genomes. Statistics of the bam file (aligned reads) were used 
to compare the amount of mapped sequences in each species.

RNA‑sequencing of mice samples

Total RNA (500 ng) from the striatum of injected mice was 
extracted using the RNeasy Mini Kit (QIAGEN; 74104) and 
underwent DNase treatment to prevent genomic DNA con-
tamination. RNA integrity was assessed using RNA 6000 
Nano Chips on a 2100 Bioanalyzer (Agilent; 5067-1511). 
Samples with non-degraded RNA (RIN ≥ 8.5) were used 
for sequencing. Preparation of indexed cDNA sequencing 
libraries was carried out using the TruSeq poly-A mRNA 
method (Illumina; 20020594). Briefly, poly-A mRNA tran-
scripts were captured from total RNA using poly-T beads 
and cDNA was generated using random hexamer priming. 
Paired-end sequencing (2 × 50 cycles) of indexed cDNA 
libraries was then carried out on a HiSeq 2500 machine 
(Illumina), generating at least 50 million reads per sample. 
Sequencing was performed using v4 SBS and Cluster Kits 
(Illumina; FC-401-4002). RNA sequencing data are avail-
able at Gene Expression Omnibus with accession number 
GSE165667.

RNA‑sequencing data processing and analysis

The quality of the fastq files was checked using the FastQC 
software (http://www.bioin​forma​tics.babra​ham.ac.uk/proje​
cts/fastq​c/). An estimation of ribosomal RNA in the raw 
data was obtained with riboPicker [69]. Reads were aligned 
with the STAR mapper (version 2.5.2a) to the GENCODE 
release M14 of the Mus musculus genome (GRHs38/hg38 
assembly). A raw count of reads per gene was also obtained 
with STAR (–quantMode TranscriptomeSAM GeneCounts 
option; [12]). The R/Bioconductor [30] package DESeq2 

[42] was used to assess differential expression between 
experimental groups (Wald statistical test + false discovery 
rate correction). Prior to processing the differential expres-
sion analysis, genes for which sum of raw counts across all 
samples were less than 2 were discarded. Gene ontology 
enrichments were performed using DAVID functional anno-
tation tool [28, 29]. Cell-type enrichment analysis was cal-
culated using Chi-square test. Cell-type specific genes were 
obtained from previously published data [47].

RNA polyadenylation and polymerase chain 
reaction (PCR) amplification of sCAG and miR‑16

Total RNA was treated with TURBO DNA-free kit (Ambion; 
AM1907). In vitro polyadenylation reactions were carried 
out using 1 µg of total RNA or 100 ng of sRNA-enriched 
fraction and poly(A) polymerase (Ambion; AM2030) for 
1 h at 37 °C in the presence of ATP (1 mM). Samples were 
then annealed with a poly-T-adapter primer (5′-CGA​ATT​
CTA​GAG​CTC​GAG​GCA​GGC​GAC​ATG​GCT​GGC​TAG​TTA​
AGC​TTG​GTA​CCG​AGC​TCG​GAT​CCA​CTA​GTC​CTT​TTT​
TTT​TTT​TTT​TTT​TTT​TTT​TTAC-3′) prior to RT reaction. 
A specific primer recognizing the adapter primer (CGA​ATT​
CTA​GAG​CTC​GAG​GCAGG) was used in combination with 
either sCAG6 (CAG​CAG​CAG​CAG​CAG​CAG​) or miR-16 
(ACA​CTC​CAG​CTG​GGT​AGC​AGC​ACG​TAAAT) specific 
primers to allow the amplification of specific RT-PCR prod-
ucts which were resolved on an acrylamide gel [61].

Quantitative PCR (qPCR)

Total RNA from mouse striatum was treated with TURBO 
DNAse I (Ambion, Thermo Fisher Scientific; AM1907) 
and retro transcribed using Transcriptor First Strand cDNA 
Synthesis Kit (Roche; 04897030001) following the manu-
facturer’s instructions. cDNA was mixed with LightCycler 
480 SYBR Green I (Roche, 04707516001) and amplifi-
cation performed in a LightCycler 480 Real-Time PCR 
System (Roche; 05015278001). For each gene, samples 
were analyzed in the same RT-PCR experiment and run in 
quadruplicate.

For proinflammatory and immune-related genes qPCR 
determinations were carried out in 384-well optical plates 
using technical duplicates per cDNA sample in an ABI 
Prism 7900 Sequence Detection system (Applied Biosys-
tems, Life Technologies) following supplier’s parameters: 
50 °C for 2 min, 95 °C for 10 min, and 40 cycles of 95 °C for 
15 s and 60 °C for 1 min. A total volume of 10 μl TaqMan 
reaction contained 4.5 μl cDNA, 0.5 μl 20XTaqMan Gene 
Expression Assays, and 5 μl of 2X TaqMan Universal PCR 
Master Mix (Applied Biosystems) per each sample. Data 
were processed by the Sequence Detection Software (SDS 
version 2.2.2, Applied Biosystems).

https://www.bcbio-nextgen.readthedocs.io/en/latest/
https://www.bcbio-nextgen.readthedocs.io/en/latest/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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Relative quantification (RQ) was calculated with the 
2ΔΔCt method [41] using Hprt or actin as reference gene 
(specified in the corresponding figure legend). RQ was cal-
culated to compare all expression values normalized to the 
reference gene in animals injected with vehicle, HD-sRNA-
PT or CTL-sRNA-PT, HD-sRNA-PT + LNA-SCB, and 
HD-sRNA-PT + LNA-CTG. Primers are listed in Online 
Resource 2.

Protein extraction and western blot analyses

Protein extraction and western blot (WB) were performed 
as described elsewhere [64]. The following primary anti-
bodies were used at indicated dilutions: DARPP-32 (clone 
15; 1:1000; Bd Bioscience, 611520), STEP (clone 23E5; 
1:2000; Santa Cruz Biotechnology; sc-23892), PSD-95 
(7E3-1B8; 1:1000; Thermo Scientific; MA1-046), PHLPP1 
(1:1000; Cayman Chemical; 10007191), DRD2 (1:1000; 
Merck Millipore; AB5084P), ENK (1:1000; Abcam; 
ab85798), and DRD1 (H-109; 1:1000; Santa Cruz Biotech-
nology; sc-14001). All of them were incubated overnight at 
4 °C. Mouse monoclonal antibody against GAPDH (1:2000; 
Merck Millipore; AB2302) was used as loading control. 
After incubation with primary antibody, membranes were 
washed with TBS-T, incubated for 1 h at room temperature 
(RT) with the appropriated horseradish peroxidase-conju-
gated secondary antibody (1:2000; Promega; W4011 and 
W4021), and washed again with TBS-T. Immunoreactive 
bands were visualized using the Western Blotting Luminol 
Reagent (Santa Cruz Biotechnology; sc-2048) and finally 
quantified using a computer-assisted densitometer (Gel-Pro 
Analyzer, version 4, Media Cybernetics).

Primary neuronal cultures and cell viability assay

Brains from mouse E17.5 embryos were obtained and placed 
in Neurobasal medium (Gibco; 21103-049). Striata were 
dissected and gently dissociated with a fire-polished glass 
Pasteur pipette. Neurons were cultured in 96-well plates, 
pre-coated with 0.1 mg/ml poly-d-lysine (Sigma; P0899). 
Cultures were maintained at 37 °C in a humidified atmos-
phere containing 5% CO2 in Neurobasal medium supple-
mented with B27 (Gibco; 17504-044) and Glutamax (Gibco; 
35050-038) until 7 days in vitro (DIV). To determine cell 
viability, CellTiter 96® AQueous One Solution Cell Prolif-
eration Assay (MTS) (Promega; G3580) was used. Primary 
striatal cultures were treated with 200 ng of different tRFs 
and incubated for 1 h. Then, MTS solution was added to 
the media and absorbance was measured at 490 nm. Hydro-
gen peroxide (Sigma; H1009; 200 µM) was used as positive 
control.

Immunofluorescence and immunohistochemistry

Cerebral hemispheres were fixed by immersion in 4% para-
formaldehyde (PFA) solution in 0.1 M sodium phosphate for 
3 days. Tissues were then cryoprotected by immersion for 
24 h in 15% and 30% sucrose in PBS with 0.02% sodium 
azide. Samples were cut into 30 μm serial coronal sections 
on a cryostat after freezing them in dry ice-cooled 2-meth-
ylbutane. Immunofluorescence was performed as described 
elsewhere [62]. Briefly, free-floating brain sections were 
incubated overnight at 4 °C with rabbit anti-cleaved cas-
pase-3 (Asp175; 1:500; Cell Signaling; 9661), rabbit anti-
neuropeptide Y (1:500; Abcam; ab30914), goat anti-choline 
acetyltransferase (1:500; Merck Millipore; AB144P), rabbit 
anti-parvalbumin (1:500; Swant; PV27), rat anti-ctip2 (1:400; 
Abcam; ab18465), rabbit anti-Iba1 (1:500; Wako; 019-19741), 
rabbit anti-Sox9 (1:500; Merck; AB5535), or rabbit anti-Olig2 
(1:200; Millipore; ab9610). After incubation with primary 
antibodies, slices were washed and then incubated for 2 h at 
RT with the corresponding fluorescent secondary antibodies: 
AlexaFluor 555 goat anti-rabbit (1:200; Jackson ImmunoRe-
search Laboratories; 111-165-003), AlexaFluor 488 donkey 
anti-rabbit (1:200; Jackson ImmunoResearch Laboratories; 
711-545-152), AlexaFluor 488 donkey anti-goat (1:200; Jack-
son ImmunoResearch Laboratories; 705-545-003), and Alex-
aFluor 488 goat anti-rat (1:200; Jackson ImmunoResearch 
Laboratories; 112-545-003. As negative controls, slices were 
incubated in the absence of primary antibodies and no signal 
was detected. For nuclear staining, tissue sections were placed 
on coverslips using DAPI Fluoromount-G (Southern Bio-
tech; 0100-20) as mounting medium. Representative images 
were acquired using a Zeiss LSM880 confocal microscope 
or an Olympus BX60 epifluorescence microscope (Olympus, 
Tokyo, Japan) equipped with an Orca-ER cooled CCD cam-
era (Hamamatsu Photonics, Hamamatsu, Japan) and analyzed 
using CellProfiler Analyst software [32].

For diaminobenzidine (DAB) immunohistochemistry, 
brain slices were incubated overnight at 4 °C with mouse 
anti-DARPP-32 (1:1000; BD Bioscience; 611520). After 
primary incubation, an ABC Peroxidase Standard Staining 
Kit (Thermo Fisher Scientific; 32020) was used to obtain 
stained cells by incubation of brain sections with 3,3′-DAB. 
Stained cells were visualized using light microscope and 
morphometric analyses were performed using the Computer-
Assisted Stereology Toolbox (CAST) software (Olympus). 
The stereological evaluation was performed using a morpho-
metric system consisting of an Olympus BX51 microscope 
(Olympus, Tokyo, Japan) equipped with a motorized stage. 
The mean number of stained cells per cubic millimeter of 
tissue was determined for each animal. A minimum of four 
fields from six to eight different coronal sections per animal 
were counted. Sections were spaced at 240 µm apart com-
prising the dorsal striatum.
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For Nissl staining, sections were placed in pre-treated 
slides and immersed in 0.1% cresyl violet (Fluka; 61123) for 
45 min. After dehydration in ethanol solutions of increasing 
concentrations (one step in ethanol 70%, one step in ethanol 
90%, and two steps in ethanol 100%; 5 min each step) and 
two steps in xylol, slides were fitted with coverslips and 
examined with a light microscope. The number of stained 
neurons was identified using morphological criteria [18, 19] 
and counted in four fields of the dorsal striatum from three 
different coronal sections per animal. All images were pro-
cessed with Fiji/ImageJ free software.

Statistics

All data are expressed as the mean ± SEM. Statistical anal-
yses were performed using either ANOVA test or linear 
mixed-effects model (LMM) when technical replicates were 
taken into account [70], followed by Bonferroni’s post hoc 
test as appropriate and indicated in figure legends. A 95% 
confidence interval was used and values of p < 0.05 were 
accepted as denoting statistical significance. Results were 
quantified and represented graphically using GraphPad Soft-
ware (Inc., CA, USA).

Study approval

Human brain samples from HD patients and non-affected 
individuals were supplied by the Neurological Tissue Bank 
of the Biobank-Hospital Clínic-Institut d’Investigacions 
Biomèdiques August Pi i Sunyer (IDIBAPS; Barcelona, 
Catalonia) following the guidelines and approval of the local 
ethics committee (Hospital Clínic of Barcelona’s Clinical 
Research Ethics Committee; HCB/2015/0088). Informed 
consent was obtained from all subjects under study. Regard-
ing mice, all procedures were performed in compliance with 
the NIH Guide for the Care and Use of Laboratory Animals, 
and approved by the local animal care committee of Univer-
sitat de Barcelona following European (2010/63/UE) and 
Spanish (RD53/2013) regulations for the care and use of 
laboratory animals.

Results

Intrastriatal injection of sRNA derived 
from the putamen of HD patients alters motor 
function and recapitulates HD molecular 
abnormalities in wild‑type mice

To investigate whether sRNA generated in the brain of HD 
patients could play a neurotoxic role in vivo, we developed 
a mouse model whereby sRNA purified from human brain 

tissue were intrastriatally injected in WT mice (Fig. 1). 
We obtained a fraction enriched in sRNA from the puta-
men of control individuals (CTL-sRNA-PT) and HD 
patients (HD-sRNA-PT) (Online Resource 1). Equivalent 
amounts of total RNA were mixed to obtain a representa-
tive pool of CTL-sRNA-PT (n = 10–14) and HD-sRNA-PT 
(n = 11–14). Then, sRNA (< 200 nt) were purified from 
each pool using a size exclusion column. RNA electropho-
resis confirmed that purified sRNA pools were smaller than 
200 nt in length and the corresponding electropherogram 
showed that the most concentrated fraction corresponded 
to fragments of less than 40 nt in length (Online resource 
3). The most characteristic symptom in HD patients is 
the alteration of motor coordination, which is associ-
ated with the dysfunction/loss of striatal MSNs [76]. To 
study whether HD-sRNA-PT compromise motor behavior, 
vehicle, CTL-sRNA-PT, or HD-sRNA-PT were bilaterally 
injected into the striatum of WT mice at 4 different days 
(see Fig. 2a) and their motor performance examined using 
the rotarod and balance beam tests (Fig. 2b, c). HD-sRNA-
PT-injected mice showed significant motor alterations in 
both paradigms in comparison with CTL-sRNA-PT- or 
vehicle-injected mice. Motor perturbations in the rotarod 
were already detected following the two first injections 
of HD-sRNA-PT and worsened with the two subsequent 
injections (Fig. 2b). In the balance beam test, HD-sRNA-
PT-injected mice showed alterations in the number of slips 
per frame (Fig. 2c). Remarkably, the performance of CTL-
sRNA-PT-injected mice did not differ from mice injected 
with vehicle, indicating that CTL-sRNA-PT do not induce 
any negative effect on motor function.

To confirm the presence of human sRNA in the injected 
striata, RNA-sequencing analysis was conducted 48 h after 
the last infusion in the three experimental groups of mice. 
The proportion of reads mapping onto the human genome 
in mice injected with human sRNA (CTL-sRNA-PT or 
HD-sRNA-PT) was 6–10% higher than in vehicle-injected 
mice (Online Resource 4), suggesting that human-specific 
sRNA were present in mice striatum during the evaluation 
of motor behavior. We also examined the type of cells 
incorporating human sRNA through injection of fluo-
rescently tagged human CTL-sRNA into the striatum of 
WT mice and evaluation of their localization 1 h after 
the infusion. Interestingly, we observed that sRNA spe-
cies colocalized with Ctip2—(MSNs marker) and Iba1—
(microglial marker), but not Sox9—(astrocytes marker) or 
Olig2—(oligodendrocyte marker) positive cells (Online 
Resource 5), and were preferentially localized in the 
nucleus. These results indicate that exogenous sRNA spe-
cies are preferentially incorporated and integrated by stri-
atal neurons and microglia, at least at 1 h post-injection.

Next, we examined if motor dysfunction induced by 
HD-sRNA-PT was paralleled by perturbations in the 
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expression of neuronal markers characteristically decreased 
in the striatum of HD: DARPP-32 [6, 10], Post-Synaptic 
Density-95 (PSD-95; [15, 73]), STriatal-Enriched pro-
tein tyrosine Phosphatase 46 (STEP46; [11, 43, 64]), and 
PH domain Leucine-rich repeat Protein Phosphatase 1 
(PHLPP1; [61, 63]). Both protein (Fig. 2d) and mRNA 
(Fig. 2e) levels of DARPP-32 and PSD-95 were signifi-
cantly decreased in the striatum of HD-sRNA-PT-injected 
mice compared with vehicle- or CTL-sRNA-PT-injected 
mice. Yet, while STEP46 protein was downregulated by 
HD-sRNA-PT, the corresponding mRNA was reduced in 
both CTL- and HD-sRNA-PT-injected mice.

The reason why certain HD brain regions are more vul-
nerable is still poorly understood. To elucidate if detrimen-
tal HD-sRNA are preferentially produced in vulnerable 
regions or analogously generated in less-affected areas, we 
sought to analyze whether HD-sRNA from the motor cor-
tex (as affected) and the cerebellum (as less-affected) brain 
regions [60] could differently compromise motor function 
in WT mice. We injected CTL-sRNA and HD-sRNA, along 
with vehicle, obtained from the human cortex (CTL- or 
HD-sRNA-CTX) and cerebellum (CTL- or HD-sRNA-CB) 
following the same experimental approach described in 
Fig. 2. Mice injected with HD-sRNA-CTX showed motor 
deficits similar to mice injected with HD-sRNA-PT in con-
trast to mice injected with HD-sRNA-CB, which displayed 
motor deficits only at the most demanding speeds (Online 
Resource 6). In agreement with the results shown in Fig. 2, 
CTL-sRNA did not induce motor abnormalities in any para-
digm. Altogether these data suggest that intrinsic biochemi-
cal properties of the most affected areas may underlie the 
biogenesis of detrimental sRNA, contributing to HD-asso-
ciated profiles of regional vulnerability.

HD‑sRNA‑PT induce selective gene expression 
alterations concordant with an HD‑associated 
transcriptional signature

To identify pathways underlying the detrimental effects of 
HD-sRNA-PT, we used RNA-sequencing to analyze gene 
expression patterns in the striatum of vehicle-, CTL-sRNA-
PT-, and HD-sRNA-PT-injected mice 2 days after the last 
injection. We detected a total of 1846 upregulated genes and 
1358 downregulated genes in HD-sRNA-PT- versus vehicle-
injected mice (n = 8 animals per group, Fold change > 1.5 
or < 1.5, adjusted P < 0.05; Fig. 3a; Online Resource 7) 
that were not significantly dysregulated when comparing 
CTL-sRNA-PT- versus vehicle-injected mice (n = 8 animals 
per group, adjusted P > 0.05; Fig. 3b). Functional annotation 
of these differentially expressed genes (DEGs) revealed that 
downregulated genes were significantly enriched in neuronal 
pathways (Fig. 3c, Online Resource 8), whereas upregulated 
genes were enriched in immune system and inflammatory 
responses (Fig. 3d, Online Resource 9), according to the 
DAVID functional annotation tool [28, 29]. The comparison 
between CTL-sRNA-PT and HD-sRNA-PT experimental 
groups only revealed DEGs (adjusted P < 0.05) enriched in 
the immune response, indicating that immune genes are the 
more consistently altered. We validated through qPCR the 
increase of inflammatory and immune-related genes such 
as Clcx2, Il1b, Ptgs2, and Tnf in HD-sRNA-PT-injected 
mice (Online Resource 10). Transcriptomic analysis con-
firmed the downregulation of the mRNA corresponding to 
Ppp1r1b, Dlg4, and Ptpn5, as shown in Fig. 2e.

To better understand whether specific cell types were 
affected, we analyzed the overlap between the HD-sRNA-
PT DEGs and the genes identified as cell-type specific in a 
previous study [47]. Downregulated genes in HD-sRNA-
PT-injected striatum were enriched in neuronal-specific 
transcripts (Fig.  3e) especially in specific genes from 
MSNs expressing Dopamine Receptor D2 (DRD2-MSNs 
or indirect pathway; P value = 2.2e−15; Chi-square test) 
(Fig. 3e). Additionally, the majority of the upregulated 
genes in HD-sRNA-PT-injected striatum corresponded to 
glial-specific genes, especially enriched in microglial cells 
(p value < 2e−20; Chi-square test) (Fig. 3f, Online Resource 
11). These results suggest that HD-sRNA-PT contribute 
to specific neuronal subpopulation loss and microglio-
sis, both characteristic of HD patients’ putamen [21, 66]. 
Subsequently, to investigate how HD-sRNA-PT signature 
resembles the HD-associated transcriptome, we computed 
the overlap of our DEGs with existing mouse and human 
HD transcriptomic datasets. The expression pattern of most 
DEGs was analogous to that of the human HD putamen 
[13, 25] and the striatum of a knock in HD mouse model 
[38] (Fig. 3g, h). This suggests that human HD-sRNA-PT 

Fig. 2   Intrastriatal injection of HD-sRNA-PT induce motor altera-
tions in wild-type mice and alters the levels of several striatal HD-
related proteins. a Experimental procedure of intrastriatal infusions 
of vehicle or sRNA (CTL-sRNA-PT or HD-sRNA-PT) and motor 
coordination evaluation. b Motor performance in the rotarod test per-
formed at 16, 24, and 32 rpm. Vehicle n = 8; CTL-sRNA-PT n = 16; 
HD-sRNA-PT n = 16. c Motor coordination in the balance beam 
test performed 48  h after the second infusion of vehicle or sRNA. 
d Protein levels of DARPP-32, PSD-95, STEP46, and PHLPP were 
analyzed in striatal lysates by Western blot. GAPDH was used as a 
loading control. Representative immunoblots are shown. Vehicle 
n = 9; CTL-sRNA-PT n = 9; HD-sRNA-PT n = 9. e Expression levels 
of DARPP-32 (Ppp1r1b), PSD-95 (Dlg4), and STEP (Ptpn5) deter-
mined by qPCR. Quantification was normalized to Hprt as a refer-
ence gene. Vehicle n = 6–8; CTL-sRNA-PT n = 8; HD-sRNA-PT 
n = 8. In c–e, each point represents data from an individual mouse. 
All behavioral and biochemical data are shown as mean ± SEM. 
****P < 0.0001, **P < 0.01, *P < 0.05 versus all other groups; cal-
culated by two-way ANOVA in b; by one-way ANOVA in c, d and 
using a linear mixed-effects model in e. In all cases, Bonferroni was 
used as post hoc test
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induce neuronal dysfunction and transcriptional perturba-
tions resembling those taking place in HD.

HD‑sRNA‑PT induces specific neuronal degeneration

Specific loss of striatal MSNs is a major hallmark in HD 
but poorly recapitulated in mouse models [16]. To explore 
whether HD-sRNA-PT could compromise cell viability, we 
counted MSNs, using DARPP-32 immunohistochemistry. 
A reduction in the number of Nissl+ and DARPP-32+ cells 
was found in the striatum of HD-sRNA-PT-injected mice in 
comparison to vehicle- and CTL-sRNA-PT-injected animals 
(Fig. 4a, b), which was paralleled by a significant increase 
of cleaved caspase-3-positive cells (Fig. 4c). Furthermore, 
HD-sRNA-PT induced a significant decrease in DRD2 and 
enkephalin protein levels (Fig. 4d), suggesting a detrimen-
tal effect on the MSNs of the indirect pathway of the basal 
ganglia. These results are in line with the transcriptomic 
analysis showing decreased expression of D2-MSNs-specific 
genes (Fig. 3e). No obvious differences in the protein levels 
of Dopamine Receptor D1 (DRD1; Fig. 4d) and the number 
of neuropeptide Y-, choline acetyltransferase- or parvalbu-
min-positive neurons (Fig. 4e, Online Resource 12) were 
detected in the striatum of mice injected with HD-sRNA-
PT. Thus, the deleterious effect of HD-sRNA-PT may not 
be extensive to MSNs of the direct pathway and striatal 
interneurons, which are less-affected in HD [59]. These 
results are in line with the transcriptomic perturbations pro-
duced by HD-sRNA-PT (Fig. 3e), showing enrichment in 
D2-MSNs-specific genes, among the downregulated genes. 
Altogether, these results provide evidence that HD-sRNA-
PT compromise neuronal functionality and viability in vivo 
and suggest a deleterious effect on the most early affected 
striatal neuronal population in HD, i.e., D2-MSNs [21].

sCAG are partial contributors to the detrimental 
effects of HD‑sRNA

We previously reported that sCAG species (21 nt) are 
increased in the HD human putamen and compromise cell 
viability in vitro [4]. Here, we detected sCAG in the purified 
pools of sRNA, with a moderate increase in the HD-sRNA-
PT pool in comparison with CTL-sRNA-PT pool (Online 
Resource 13), in accordance with the previous studies [4, 
61]. As expected, the injected HD-sRNA-PT pool did not 
contain long-expanded CAG repeats within HTT-exon-1 that 
were detected in the total RNA fraction (Online Resource 
13) [4]. Therefore, the possible detrimental effect of CAG 
repeats contained in the HD-sRNA-PT should be attributed 
to short CAG repeats such as sCAG.

To determine to what extent sCAG were key species 
accounting for motor abnormalities and neuronal toxicity 
observed in HD-sRNA-PT-injected mice, we co-injected 
a locked nucleic acid anti-sense oligonucleotide targeting 
the CAG repeats (LNA-CTG; [61]) or an analogous control 
scrambled oligonucleotide (LNA-SCB), using the experi-
mental approach described in Fig. 2a. Rotarod test evidenced 
a significant delay in the appearance of motor deficits in 
the HD-sRNA-PT + LNA-CTG-injected compared with the 
HD-sRNA-PT + LNA-SCB-injected mice at all speeds tested 
(Fig. 5a). Whereas HD-sRNA-PT infusion caused a rapid 
decrease in the latency to fall immediately after the first 
week of injections (Fig. 2a), HD-sRNA-PT + LNA-CTG-
injected animals did not start presenting a significant motor 
deterioration until the second week of infusions (Fig. 5a). 
In agreement with these findings, in the balance beam test, 
performed after two injections of sRNA, only HD-sRNA-
PT + LNA-SCB-injected mice showed alterations (Fig. 5b).

Correlating with the delay in the appearance of motor 
dysfunction, our data suggest that the decrease in DARPP-32 
protein levels and in the number of DARPP-32 + cells was 
prevented in the striatum of HD-sRNA-PT + LNA-CTG-
injected mice (Fig. 5c). However, the number of cleaved 
caspase-3 + cells was similar between HD-sRNA-PT + LNA-
SCB- and HD-sRNA-PT + LNA-CTG-injected mice 
(Fig. 5d, e). In addition, LNA-CTG administration did not 
prevent the decrease in DRD2 protein levels (Fig. 5f; Online 
Resource 14), nor modified the levels of DRD1. Other mark-
ers strongly decreased by HD-sRNA-PT (Fig. 4d), such 
as Enkephalin, PSD-95, STEP46, or PHLPP1, showed a 
similar trend to decrease in HD-sRNA-PT + LNA-SCB-
injected mice. However, their levels were not modified in 
HD-sRNA-PT + LNA-CTG-injected mice (Fig. 5f; Online 
Resource 14). Moreover, LNA-CTG did not induce signifi-
cant effects in the levels of transcripts strongly altered in the 
HD-sRNA-injected mice (Online Resource 15), including 
Ppp1r1b mRNA levels (Online Resource 16), suggesting 
a post-transcriptional mechanism of action of LNA-CTG. 

Fig. 3   Intrastriatal injection of HD-sRNA-PT leads to transcriptional 
abnormalities resembling the HD-associated transcriptome. Volcano 
plot showing differentially expressed genes in a HD-sRNA-PT- ver-
sus vehicle-injected mice and b CTL-sRNA-PT versus vehicle-
injected mice, 48 h after the last infusion. Dark purple dots represent 
significantly up-regulated genes (fold change > 1.5, adjusted P < 0.05) 
and dark blue dots represent significantly downregulated genes (fold 
change < 1.5, adjusted P < 0.05). GO biological processes associated 
with c down-regulated and d upregulated DEGs in HD-sRNA-PT ver-
sus vehicle-injected mice and not significantly altered in CTL-sRNA-
PT versus vehicle. e Volcano plot showing neuronal-enriched DEGs 
(fold change > 0.5 or < 0.5, adjusted P < 0.05, dark color). Genes 
belonging to D1-MSNs are colored in green and genes belonging 
to D2-MSNs are colored in orange. f Volcano plot showing glial-
enriched DEGs (fold change > 0.5 or < 0.5; adjusted P < 0.05, dark 
color). Genes belonging to astroglia are colored in orange and genes 
belonging to microglia are colored in blue. g Correlation between 
fold changes from HD-sRNA-PT versus vehicle-injected mice (Y 
axis) and two independent HD human transcriptomic datasets. h Cor-
relation between fold changes from HD-sRNA-PT versus vehicle-
injected and mouse transcriptomic dataset
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These data indicate that sCAG do not explain important 
pathogenic effects of HD-sRNA-PT.

Analogous injection of LNA-CTG or LNA-SCB together 
with CTL-sRNA-PT did not result in significant alterations 
on the motor performance (Online Resource 17) nor changes 
in the levels of DARPP-32, PSD-95, STEP46, PHLPP1, 
DRD1, enkephalin, and DRD2 proteins, indicating that 
LNA-ASOs did not influence putative CTL-sRNA-PT 
effects (Online Resource 17).

The partial prevention of the detrimental effects caused 
by HD-sRNA-PT co-administrated with LNA-CTG cata-
lyzed our efforts to further validate the deleterious effects 
of sCAG in vivo. We administered pure sCAG RNAs of 21 
nt (sCAG_21) or a control scrambled RNA sequence (sSCB) 
in the striatum of WT mice, following the experimental 
approach depicted in Online Resource 18. Motor abnormali-
ties were detected in both balance beam and rotarod tests, 
although only at the more demanding speed (32 rpm), in 
sCAG_21-injected compared to vehicle- and sSCB-injected 
mice (Online Resource 18). Alterations in motor coordina-
tion were accompanied by decreased DARPP-32 protein 
levels in the striatum of animals receiving sCAG_21 com-
pared with vehicle- or sSCB-injected mice (Online Resource 
18). However, the number of striatal MSNs remained unal-
tered (Online Resource 19), and accordingly, apoptotic cell 
death was not detected (Online Resource 19). The fact that 
the number of striatal MSNs remains unaltered in sCAG 
injected mice suggests that the detrimental activity of sCAG 
of 21 nt is complemented by short RNA species with CAG 
repeats (< 40) that have been revealed in the HD human 
brain [4] and are likely targeted by LNA-CTG. In addi-
tion, PSD-95, STEP46, PHLPP1, DRD1, enkephalin, and 
DRD2 protein levels were not significantly altered (Online 
Resource 19). Overall, these data suggest that sRNA con-
taining CAG repeats partially contribute to the neuronal 
dysfunction underlying motor deficits. However, specific 
neuropathogenic readouts are complemented by other sRNA 
species within the HD-sRNA-PT pool.

Identification of potentially toxic HD‑sRNA species

To identify sRNA candidates for HD-sRNA-PT neurotox-
icity, CTL-sRNA-PT and HD-sRNA-PT were character-
ized using deep sequencing. The electropherogram of the 
sRNA (< 200 nt) showed that the most abundant sRNA 
were less than 40 nt in length. Bioinformatic analysis 
revealed that the majority of the less abundant RNA frag-
ments (> 40 nt) mapped onto ribosomal RNAs (Online 
Resource 20). However, the composition of the highly 
concentrated sRNA (< 40 nt) was more complex. Size 
distribution analysis of this fraction showed abundant 
sequences of 21–22 nt length in CTL-sRNA-PT sample, 
corresponding to miRNAs. In contrast, species of 32–33 
nt were the most abundant fragments in HD-sRNA-PT 
and mapped onto tRNAs (Fig. 6a). To characterize the 
composition of sRNA < 40 nt we used the SeqCluster 
bioinformatic tool [53] that identifies clusters of co-
expressed sRNA consistently and non-redundantly map-
ping onto the same precursor. Around 1000 clusters were 
identified in CTL- and HD-sRNA-PT samples (Online 
Resource 21), most of which mapped onto miRNAs and 
snoRNAs, followed by tRNA and gene fragments (Fig. 6b) 
(Online Resource 22). Regarding the relative abundance 
of annotated reads within each sample, miRNA-clusters 
were the most abundant type in CTL-sRNA-PT, whereas 
tRNA clusters were the most abundant representatives in 
HD-sRNA-PT (Fig. 6c). The analysis of the tRNA clusters 
showed abundant short sequences specifically mapping 
onto particular regions of different tRNAs, with this defin-
ing tRNA fragments (tRFs) derived from the 5′- or 3′-end 
of the tRNAs (5′-tRFs and/or 3′-tRFs, respectively). Our 
analysis allowed us to identify specific tRFs overrepre-
sented in HD-sRNA-PT compared to CTL-sRNA-PT with 
Ala-, Gly- and Val-5′tRFs showing the highest fold change 
(Fig. 6d, e). Increased expression of diverse tRFs was also 
detected in the HD-sRNA-CTX and HD-sRNA-CB, but 
the fold change was moderate compared with HD-sRNA-
PT (Fig. 6d). These data are in line with previous evidence 
showing activation of tRNA fragmentation under stress 
conditions linked to neurodegeneration [7, 22, 54].

Because diverse HD-sRNA-PT-overexpressed 5′tRFs 
halves have been shown to regulate the neural response 
to stress [7, 22, 31], we evaluated if specific tRFs over-
represented in HD-sRNA-PT were mediating neurotoxic-
ity, employing the in vitro approach, as shown in Fig. 6f. 
Primary striatal neurons at 7 DIV were exposed to sense 
(SS) and anti-sense (AS) versions of 5′tRF-Ala, 5′tRF-
Val, and 5′tRF-Gly, and cell viability was assessed using 
the MTS assay (Fig. 6e). H2O2 treatment was included as 
a positive control. Treatment with 5′tRF-Ala SS resulted 
in decreased cell viability (Fig.  6f). In summary, our 
results show that particular tRFs are overexpressed in HD 

Fig. 4   Intrastriatal injection of HD-sRNA-PT induces selective neu-
ronal loss affecting the indirect pathway. Evaluation of a Nissl and 
b striatal DARPP-32-positive cells. Vehicle n = 5; CTL-sRNA-PT 
n = 3; HD-sRNA-PT n = 3. Representative images are shown. Scale 
bar: 20 μm. c Graph shows the number of cleaved caspase-3-positive 
cells in the striatum in all the conditions analyzed. Vehicle n = 6; 
CTL-sRNA-PT n = 6; HD-sRNA-PT n = 4. Representative images 
are shown. Scale bar: 25  μm. d Protein levels of DRD1, DRD2 
and enkephalin were analyzed in striatal lysates by western blot. 
GAPDH was used as a loading control. Vehicle n = 6–8; CTL-sRNA-
PT n = 8; HD-sRNA-PT n = 8. Representative immunoblots are 
shown. e Graphs showing the quantification of the number of NPY-, 
ChAT-, and PARV-positive cells in the striatum. Vehicle n = 6; 
CTL-sRNA-PT n = 6; HD-sRNA-PT n = 4. Each point represents 
data from an individual mouse. All data are shown as mean ± SEM. 
****P < 0.0001, *P < 0.05 versus all other groups; calculated by one-
way ANOVA with Bonferroni as post hoc test
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putamen and suggest that specific species are toxic for 
striatal neurons, suggesting that diverse classes of sRNA 
contribute to the overall toxicity induced by HD-sRNA.

Discussion

Important gaps remain in understanding the molecular basis 
underlying neurodegeneration in HD. In addition to the dis-
ruption of multiple cell processes induced by mHTT protein 
with expanded polyQ, others and we have provided evidence 
that transcribed CAG repeat RNAs directly participate in 
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HD pathophysiology (for review, see [44]). Neurotoxicity 
produced by CAG repeat RNAs of different lengths may be 
complemented by detrimental effects of strongly perturbed 
sRNA and RAN translation products, thus adding complex-
ity to the mechanisms causing neurodegeneration. Although 
conflicting observations have been reported regarding the 
neurotoxic activity of RAN translation in HD [3, 78], this 
discovery has hindered the differentiation between the tox-
icity produced by CAG repeats-containing RNA and RAN 
polypeptides.

Here, we designed a strategy to analyze the pathogenic 
potential of sRNA directly derived from the putamen of HD 
patients. Our data show that HD-sRNA-PT, when injected 
in the striatum, are sufficient to produce HD-like motor 
and molecular perturbations in naïve mice. Furthermore, 
our results suggest that sRNA from the most affected brain 
regions (putamen and cortex) are more toxic compared 
with sRNA from less-affected brain areas (cerebellum) 
[21]. HD-sRNA-PT induced motor alterations and gene 
expression changes that reflected neuronal dysfunction and 
immune activation. HD-sRNA-PT downregulated genes 
were enriched in neuronal pathways, including synaptic 
transmission, axon guidance, and nervous system develop-
ment. Furthermore, the group of downregulated genes high-
lighted perturbations analogous to those found in HD mouse 
models and patients [1, 5, 8, 13, 20, 24, 25, 36, 38, 39, 51], 
strongly suggesting the participation of sRNA in the overall 
transcriptomic alterations associated with the disease. Loss 
of striatal neuronal markers was accompanied by a signifi-
cant increase in cleaved caspase-3-positive cells, indicating 
activation of apoptotic cell death, which has been shown in 
the striatum of HD patients [56].

Importantly, downregulated transcripts induced by 
HD-sRNA-PT injection were specifically enriched in stri-
atal MSNs of the indirect pathway with confirmed reduc-
tion of enkephalin and DRD2 protein levels. These results 
suggest a preferential detrimental activity of HD-sRNA-
PT on D2-MSNs, the striatal neuronal population to first 
degenerate in HD [58, 59]. It has been speculated that 
cell-type-specific traits account for the differential modu-
lation of toxicity in HD, including specific requirements 
for survival signaling, energy demand, neurochemical 
content, glutamate neurotransmission, and axonal trans-
port [21]. Our data indicate that HD-sRNA-PT injection 
altered genes significantly related to glutamatergic synapse 
function and axon guidance, which could contribute to the 
impairment of pathways, especially relevant for striatal 
D2-MSNs normal function.

Transcripts upregulated by HD-sRNA-PT injection were 
enriched in immune response and inflammatory pathways. 
Although the pattern of cytokine expression favors a proin-
flammatory phenotype, no significant increases in Iba1 and 
GFAP levels were detected (data not shown). Glial activa-
tion might occur at later time-points, since recent studies on 
neuroinflammation show a sequential activation of micro-
glial- and astrocyte-cytokine expression, preceding that of 
Iba-1 and GFAP [50].

Our results point to a partial role of sCAG in the overall 
pathogenic alterations produced by HD-sRNA-PT injec-
tion into the mouse striatum. Motor perturbations were 
partially prevented by intrastriatal injection of LNA-CTG 
and the direct injection of pure sCAG RNAs in the stria-
tum-induced moderate motor coordination deficits. sCAG 
derived from human HD brains may contribute to motor 
dysfunction by targeting DARPP-32 positive neurons, since 
LNA-CTG significantly prevented the loss of DARPP-32 
levels induced by HD-sRNA-PT injection and pure sCAG 
infusion decreased striatal DARPP-32 protein levels. These 
results are in line with the detrimental effects of sCAG spe-
cies in diverse cell models [4, 48] and reinforce the idea of 
sCAG RNAs as contributors to the disease. The neurotoxic 
activity of sCAG in cell models is dependent on the RISC 
gene-silencing machinery [4]. However, the present data 
suggest a post-transcriptional mechanism of action, since 
LNA-CTGs beneficial effects do not induce major changes 
in the transcriptome of HD-sRNA-injected striatum.

In addition, LNA-CTGs did not prevent HD-sRNA-
induced decrease in the protein levels of diverse neuronal 
markers, nor in the glial reactive response, which agrees with 
the effect elicited by the injection of pure sCAG. Further-
more, the lack of effect of sCAG in the number of DARPP-
32 and cleaved caspase-3-positive cells suggests that sCAG 
do not contribute to the HD-sRNA-induced apoptotic cell 
death. In line with this, genetic mouse models expressing 
versions of the HTT exon-1 with expanded CAG repeats [75] 

Fig. 5   Blockage of sCAG from HD-sRNA-PT partially reduces 
motor alterations in WT mice. a Motor performance in the rotarod 
test. Vehicle n = 8; HD-sRNA-PT + LNA-SCB n = 8; HD-sRNA-
PT + LNA-CTG n = 8. b Motor coordination in the balance 
beam test. Vehicle n = 10; HD-sRNA-PT + LNA-SCB n = 7; 
HD-sRNA-PT + LNA-CTG n = 7. c Protein levels of DARPP-32 
were analyzed by Western Blot in striatal lysates. Vehicle n = 5; 
HD-sRNA-PT + LNA-SCB n = 6; HD-sRNA-PT + LNA-CTG 
n = 7. Representative immunoblot is shown. d Evaluation of striatal 
DARPP-32 positive cells. Vehicle n = 3; HD-sRNA-PT + LNA-SCB 
n = 3; HD-sRNA-PT + LNA-CTG n = 4. Representative images are 
shown. Scale bar: 20  μm. e Graph showing the number of cleaved 
caspase-3-positive cells. Vehicle n = 4; CTL-sRNA-PT + LNA-SCB 
n = 4; HD-sRNA-PT + LNA-CTG n = 3. f Protein levels of DRD1, 
DRD2 and enkephalin were analyzed by Western blot in striatal 
lysates. In the representative immunoblots, samples were run on the 
same gel, but lanes were noncontiguous (white line). Vehicle n = 5–6; 
HD-sRNA-PT + LNA-SCB n = 5; HD-sRNA-PT + LNA-CTG n = 6. 
In a, values represent the latency to fall as the mean ± SEM. In b–f, 
each point represents data from an individual mouse. Data are shown 
as mean ± SEM. ****P < 0.0001, **P < 0.01, *P < 0.05 versus all 
other groups; calculated by two-way ANOVA in a, and by one-way 
ANOVA in b–f. In all cases, Bonferroni was used as post hoc test
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or longer versions of the mutant HTT gene [26, 57, 79] dif-
fer in the severity and onset of the motor symptoms, but do 
not show prominent striatal cell death. We hypothesize that 
sRNA other than sCAG, produced in human HD putamen 
expressing full-length mHTT, may participate in important 
HD pathological hallmarks, including striatal neuronal dys-
function and glial activation. This fits with the idea of a 
complex combination of pathogenic sRNA inducing toxicity.

The more likely detrimental species contributing to the 
HD-like neuropathology are those specifically expressed in 
the HD-sRNA-PT pool and virtually absent in CTL-sRNA-
PT pool. Sequencing analysis validated many of the previ-
ously reported HD overexpressed miRNAs, including miR-
196a-5p and miR-615-3p [27]. In addition, HD-sRNA-PT 
pool showed a strikingly over-representation of tRFs, which 
have been shown to accumulate by stress-induced cleavage 
of mature cytoplasmic tRNAs [65, 72] and can interfere 
with neuronal functions [2, 7, 33, 68]. Our data show that 
a 5′-tRF derived from the tRNA-Ala-CGC-3 compromised 
cell viability in striatal primary neurons, suggesting that at 
least this sRNA contributes to HD-sRNA-PT pathogenic-
ity. Nonetheless, additional studies are needed to determine 
whether tRFs are neurotoxic in vivo, in a model organism, 
and if their blockage could be further considered a therapeu-
tic strategy for HD. Our data provide the basis for further 
investigations linking aberrant expression of diverse types 
of sRNA and HD neurodegeneration.

Along with the insights here provided, a limitation of 
the present study is the failure to consider a possible func-
tional interaction of HD-sRNA with other detrimental play-
ers, including the expanded CAG repeats adopting a hairpin 
structure and the expanded polyQ. Furthermore, the real sce-
nario likely involves temporal sRNA expression dynamics 
that our design, analyzing the effect of sRNA accumulated at 

advanced stages of the disease, does not contemplate. In line 
with this idea, expression profiling and functional screen-
ing of sRNA in disease evolution should help to elucidate 
if sRNA-mediated perturbations are an early phenomenon. 
Although we have observed a substantial and acute decline 
of striatal function in mice injected with HD-sRNA, addi-
tional studies to evaluate possible long-lasting detrimental 
effects of HD-sRNA-PT species should be performed.

In summary, the present study indicates that human brain 
HD-sRNA derived from the human putamen trigger motor 
coordination abnormalities in naïve mice and recapitulate 
major HD pathological hallmarks. The present results favor 
the idea that the orchestrated activity of sRNA, including 
sCAG, could be a causative factor in HD and further indicate 
that their blockage should be envisioned as a therapeutic 
strategy.
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