
Molecular and Cellular Probes 81 (2025) 102026

Available online 14 March 2025
0890-8508/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Transcriptomic analysis of intracellular RNA granules and small 
extracellular vesicles: Unmasking their overlap in a cell model of 
Huntington’s disease

Deepti Kailash Nabariya a, Lisa Maria Knüpfer a, Patrick Hartwich b, Manuela S. Killian b ,  
Florian Centler c , Sybille Krauß a,*

a Human and Neurobiology, Department of Chemistry and Biology, University of Siegen, Siegen, Germany
b Chemistry and Structure of Novel Materials, Department of Chemistry and Biology, University of Siegen, Siegen, Germany
c Bioinformatics, School of Life Sciences, University of Siegen, Siegen, Germany

A R T I C L E  I N F O

Keywords:
Extracellular vesicles
RNA granules
Stress granules
Huntington’s disease
Neurodegeneration
RNA binding proteins

A B S T R A C T

Huntington’s disease (HD) arises from the abnormal expansion of a CAG repeat in the HTT gene. The mutant CAG 
repeat triggers aberrant RNA-protein interactions and translates into toxic aggregate-prone polyglutamine pro
tein. These aberrant RNA-protein ineractions also seed the formation of cytoplasmic liquid-like granules, such as 
stress granules. Emerging evidence demonstrates that granules formed via liquid-liquid phase separation can 
mature into gel-like inclusions that persist within the cell and may act as precursor to aggregates that occur in 
patients’ tissue. Thus, deregulation of RNA granules is an important component of neurodegeneration. Inter
estingly, both the formation of intracellular membrane-less organelles like stress granules and the secretion of 
small extracellular vesicles (sEVs) increase upon stress and under disease conditions. sEVs are lipid membrane- 
bound particles that are secreted from all cell types and may participate in the spreading of misfolded proteins 
and aberrant RNA-protein complexes across the central nervous system in neurodegenerative diseases like HD. In 
this study, we performed a comparative transcriptomic analysis of sEVs and RNA granules in an HD model. RNA 
granules and sEVs were isolated from an inducible HD cell model. Both sEVs and RNA granules were isolated 
from induced (HD) and non-induced (control) cells and analyzed by RNA sequencing. Our comparative analysis 
between the transcriptomics data of HD RNA granules and sEVs showed that: (I) intracellular RNA granules and 
extracellular RNA vesicles share content, (II) several non-coding RNAs translocate to RNA granules, and (III) the 
composition of RNA granules and sEVs is affected in HD cells. Our data showing common transcripts in intra
cellular RNA granules and extracellular sEVs suggest that formation of RNA granules and sEV loading may be 
related. Moreover, we found a high abundance of lncRNAs in both control and HD samples, with several tran
scripts under REST regulation, highlighting their potential role in HD pathogenesis and selective incorporation 
into sEVs. The transcriptome cargo of RNA granules or sEVs may serve as a source for diagnostic strategies. For 
example, disease-specific RNA-signatures of sEVs can serve as biomarker of central nervous system diseases. 
Therefore, we compared our dataset to transcriptomic data from HD patient sEVs in blood. However, our data 
suggest that the cell-type specific signature of sEV-secreted RNAs as well as their high variability may make it 
difficult to detect these biomarkers in blood.

1. Introduction

Huntington’s disease (HD) is a hereditary neurodegenerative disor
der caused by a CAG repeat expansion mutation in the Huntingtin (HTT) 
gene encoding an extended polyglutamine motif in the N-terminus of the 

mutant HTT protein. Intracellular aggregates of mutant HTT protein in 
the patients’ brains are a pathological hallmark of the disease. While the 
HTT gene is ubiquitously expressed, the expression of mutant HTT in the 
brain leads to a movement disorder with cognitive decline and behav
ioral abnormalities. In addition non-neuronal peripheral tissues can 

This article is part of a special issue entitled: Extracellular vesicles-based theranostics published in Molecular and Cellular Probes.
* Corresponding author.

E-mail address: sybille.krauss@uni-siegen.de (S. Krauß). 

Contents lists available at ScienceDirect

Molecular and Cellular Probes

journal homepage: www.elsevier.com/locate/ymcpr

https://doi.org/10.1016/j.mcp.2025.102026
Received 5 July 2024; Received in revised form 13 March 2025; Accepted 13 March 2025  

https://orcid.org/0000-0003-0892-4614
https://orcid.org/0000-0003-0892-4614
https://orcid.org/0000-0002-5093-3832
https://orcid.org/0000-0002-5093-3832
https://orcid.org/0000-0002-5653-9289
https://orcid.org/0000-0002-5653-9289
mailto:sybille.krauss@uni-siegen.de
www.sciencedirect.com/science/journal/08908508
https://www.elsevier.com/locate/ymcpr
https://doi.org/10.1016/j.mcp.2025.102026
https://doi.org/10.1016/j.mcp.2025.102026
http://creativecommons.org/licenses/by/4.0/


Molecular and Cellular Probes 81 (2025) 102026

2

show pathological changes [1].
The subcellular localization of mutant RNA is one essential aspect of 

disease development. Generally, RNA-binding proteins determine the 
functional fate of RNAs [2]. RNA-protein complexes can form spherical, 
membrane-less RNA granules (reviewed in [3–7]). RNA granules control 
processes like RNA translation, RNA transport, RNA splicing and RNA 
decay (reviewed in [8]. Cytoplasmic RNA granules are categorized into 
processing bodies (p-bodies), stress granules (SGs), and neuronal RNA 
transport granules.

SGs are approximately 100–200 nm in size (reviewed in [3,9,10]) 
and their formation is induced by different stress stimuli, for example 
viral infections, oxidative stress, ultraviolet (UV) radiation, hypoxia or 
disease-conditions (reviewed in [5]). SGs contain many RNAs and pro
teins including several preinitiation and translation-factors. Their pri
mary function is to promote cell survival by condensing translationally 
stalled mRNAs, ribosomal components, translation initiation factors, 
and RNA-binding proteins (reviewed in [5]).

Initially, formation of aberrant RNA granule in HD was described for 
nuclear foci [11]. Later studies showed that in HD cytoplasmic SGs are 
also deregulated. In HD the mutant HTT protein interacts with 
SG-proteins and is recruited into SGs under endoplasmic reticulum (ER) 
stress. Moreover, SG-associated proteins are overexpressed in cortices of 
HD mouse models and HD patients, for example G3BP1, which initiates 
SG assembly via multimerization [12]. Besides the deregulation of SGs, 
p-body formation is affected in HD as well [13], suggesting that the 
intracellular dynamic system of RNA granule formation is deregulated 
upon expression of mutant HTT.

Besides this intracellular RNA sorting into granules, RNA can also be 
transported between cells. This intercellular transport contributes to 
cell-cell communication and involves extracellular vesicles (EVs). EVs 
can be grouped by their size into small EVs (sEVs, <200 nm in diameter, 
e.g., exosomes) and large EVs (lEVs >200 nm in diameter, e.g., micro
vesicles and apoptotic bodies) [14]. sEVs play an important role in the 
central nervous system, ranging from the removal of biomolecules from 
cells to eliminate waste to intercellular communication. sEVs originate 
from multivesicular endosomes and are secreted under both physio
logical and pathophysiological conditions. During vesiculation, pro
teins, lipids, and nucleic acids are encapsulated within sEVs [15]. 
Especially in the nervous system, sEVs contribute to cell-to-cell inter
action. There is substantial evidence that EVs secreted from neurons, 
astrocytes, microglia, and oligodendrocytes contain different and 
unique sets of proteins and RNAs (reviewed in [16]). sEVs released from 
primary cortical neurons and astrocytes contain proteins, such as the 
prion protein, the L1 cell adhesion molecule, and some subunits of 
glutamate receptors [17]. The presence of the synapsin-I protein in the 
sEVs secreted from glial cells indicates their role in supporting neuronal 
health and axonal outgrowth [18]. sEVs released from oligodendrocytes 
contain myelin proteins as well as a few proteins associated with pro
tection against cell stress [19]. Understanding the release and function 
of sEVs can be of immense biological interest for understanding mech
anisms of cell-to-cell communication and their role in disease develop
ment. With respect to HD, mutant HTT impairs sEV secretion in 
astrocytes [20]. Both HTT protein and RNA are secreted via sEVs [21, 
22]. Involvement of sEVs in disease transmission was demonstrated in 
models where human sEV carrying mutant HTT protein induced 
disease-symptoms and pathogenic protein aggregation in mice [23]. In 
addition, Zhang et al. [22] found that human HEK293 T cells over
expressing mutant HTT-GFP fusion constructs release sEVs containing 
mutant HTT protein and its encoding RNA. Moreover, neural striatal 
cells were able to take up these sEVs and showed an increase in mutant 
HTT RNA. Thus, sEVs are able to deliver mutant HTT RNA from one cell 
to another [22].

All these studies show the potential of examining RNA organelles like 
stress granules and sEVs to gain insights into HD biology. RNA granules 
and sEVs share several characteristics: both originate from cytoplasm, 
are in the similar size range (100–200 nm), have a huge cargo of RNA 

and proteins and there is an overlap of proteins present in RNA granules 
and sEVs. Many RNA-binding proteins that are a part of RNA granules 
help in loading sEVs during their formation. Moreover, liquid-liquid 
phase separation (LLPS), the process by which RNA granules form, 
helps in the sorting of biomolecules for sEVs as well [24–27]. To 
investigate a molecular connection between sEVS and RNA granules, we 
systematically analyzed the transcriptomic content of intracellular RNA 
granule cores and sEVs from an HD cell model and control cells. Our data 
show that intracellular RNA granules and extracellular RNA vesicles 
share content, several non-coding RNAs translocate to RNA granules, 
and the transcriptomic content of RNA granules and sEVs changes upon 
expression of mutant HTT.

2. Materials and methods

2.1. Cell culture

HEK293 cells stably expressing FLAG-tagged HTT exon 1 with 83 
CAG repeats under an inducible Tet-off promoter [28] were cultivated in 
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10 % 
tetracycline free FCS, 2 mM glutamine, 150 μg/mL hygromycin and 10 
ng/mL doxycycline. To prepare the EV depleted media, tetracycline free 
FCS was centrifuged at 100,000×g for 20 h at 40 C. The supernatant was 
filtered with 0.22 μm filters and used for the preparation of culture 
media. 3 × 106 cells were seeded in 150 cm2 culture dishes in EV 
depleted media. 8 dishes were treated with 10 ng/mL doxycycline to 
keep the cells uninduced (control), while the expression of HTT exon 1 
was induced by washing off doxycycline in another 8 dishes (HD). The 
cells were incubated at 370 C and 8 % CO2 for 72 h. After 72 h, the 
medium was collected, and the cells were treated with 0.5 mM sodium 
arsenite and incubated at 370 C at 8 % CO2 for 55 min and then har
vested using a cell scraper in 3 mL PBS. Finally, the cells were pooled, 
pelleted by centrifugation, and the pellet was stored in −800 C.

2.2. Isolation of sEVs and cytoplasmic RNA granule cores from HEK Q83 
cells

sEVs were isolated from the culture medium by using the differential 
ultracentrifugation technique [29]. Briefly, low speed centrifugations at 
300×g for 10 min and 2000×g for 20 min at 4 ◦C were done to pellet 
cells, cell debris, and large vesicles like apoptotic bodies. The superna
tant was then spun at 16,000×g for 30 min to remove larger vesicles like 
microvesicles [29,30]. Then the sEV were pelleted by centrifuging the 
supernatant at 100,000×g for 1 h 10 min at 40 C (AVANTI JXN-30, 
Beckmann Coulter). The pellets were resuspended in 2–3 mL PBS and 
recentrifuged at 100,000×g for 1 h 10 min at 40 C. Finally, the super
natant was removed, the sEVs were resuspended in 300 μL PBS and 
stored at −800 C until further use.

Cytoplasmic RNA granule cores were isolated by adapting the 
isolation procedure established by Namkoong et al. [31]. Briefly, the 
frozen cell pellets were thawed on ice and resuspended in 5 mL ice cold 
RNA granule lysis buffer (50 mM Tris pH 7.6, 50 mM NaCl, 5 mM MgCl2, 
0.1 % NP-40, 1 mM β-mercaptoethanol, 1x EDTA-free protease inhibitor 
cocktail, 0.4 U/mL RNase inhibitor). The cells were then lysed using a 
Dounce homogenizer (30 strokes per mL) and centrifuged at 2000×g for 
2 min to remove the nuclear fraction and cell debris. The nuclear pellet 
was dissolved in nuclease-free water and analyzed as the nuclear frac
tion in the western blot experiments. The supernatant was collected (an 
aliquot of the supernatant was analyzed as the cytosolic fraction in the 
western blot experiments) and centrifuged at 10,000×g for 10 min to 
separate the soluble fraction of proteins from the insoluble RNA granule 
cores/pellet fraction. The resulting pellet was resuspended in 350 μL 
HPLC grade water and stored at −20 ◦C until further use.
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2.3. Characterization of the isolated sEVs and cytoplasmic RNA granule 
cores

The characterization of sEVs was done according to the MISEV 
guidelines 2018 and 2023 [14,32]. sEVs were characterized by detecting 
various positive and negative markers by western blot analysis, the ve
sicular size and particle number were determined using nanoparticle 
tracking analysis (NTA) and the morphology was analyzed by scanning 
electron microscopy (SEM). Cytoplasmic RNA granule cores were 
characterized by western blot.

2.3.1. Nanoparticle tracking analysis (NTA)
NTA was done using the ZetaView® particle analyser. Briefly, sEV

samples were diluted in the ratio of 1:1000 with sterile PBS. The sample 
sensitivity was set to 80.00 and the and shutter to 120. The sample 
chamber was flooded with PBS until no particles were seen. 1 mL sample 
was loaded with a syringe and the particle drift was checked. The 
samples were then measured at 11 positions in 3 cycles and the size 
distribution was obtained.

2.3.2. Scanning electron microscopy (SEM)
For size and morphological characterization of the sEVs, SEM (FEI 

DualBeam Helios NanoLab 600 (FIB)) was used. The sEV samples were 
thawed and dialysed to remove salts and other impurities (Slide-A- 
Lyzer™ MINI Dialysis Device, 2K MWCO, 0.1 mL). Silicon chips were 
cleaned by sequential sonication in acetone, ethanol and distilled water 
for 5 min each and were blow dried in a nitrogen stream. The sEV 
samples were diluted 1:1000 in sterile water and 0.5 μl of samples were 
spread on the cleaned silicon chips. The coated samples were then 
allowed to dry under the sterile hood for 10–15 min. To make the surface 
conductive, they were sputter coated with a gold layer of 5 nm thickness 
(SCD 050 Sputter Coater, BAL-TEC) before imaging by scanning electron 
microscope. Samples on silicon chips were mounted on a SEM stage by 
carbon paste and both close-up and wide-field images were taken at 10 
KV.

2.3.3. Western blotting
For sEVs, equal volumes of RIPA buffer (50 mM TRIS HCL pH: 7,4, 

150 mM NaCl, 1 % Triton X-100, 0,5 % sodium deoxycholate, 0.1 % SDS, 
1 mM EDTA, protease inhibitor (cOmplete™ ULTRA) were added to the 
samples followed by an incubation for 30 min at 40 C. The samples were 
sonicated at 30 % intensity for 20 s. Cytoplasmic RNA granule cores 
were treated with benzonase for 30 min before addition of RIPA buffer. 
The samples were boiled with 2X Laemmli buffer, separated on an SDS- 
PAGE gel and transferred on a nitrocellulose membrane. The membranes 
were blocked with 5 % BSA and incubated with primary and secondary 
antibodies before detection on an iBright imaging system (Invitrogen).

Antibodies used: Anti-AIP/Alix antibody (BD biosciences) at 1:500 
dilution, anti-Calnexin antibody (Abcam) at 1:1000 dilution, anti- 
HSP70 antibody (Enzo) in 1:1000 dilution, anti-Flotillin antibody 
(Abcam) in 1:1000 dilution, anti-elF4E antibody (Cell Signalling Tech
nology) in 1:1000 dilution, anti-FMRP antibody (Cell Signalling Tech
nology) in 1:1000 dilution, anti-G3BP1 antibody (Santa Cruz) in 1:100 
dilution, anti-YB1 antibody (Abcam) in 1:1000 dilution, anti-GAPDH 
antibody (Santa Cruz) in 1:1000 dilution, anti-Lamin A/C antibody 
(Santa Cruz) in 1:1000 dilution, mouse anti-rabbit IgG-HRP conjugated 
secondary antibody (Santa Cruz) in 1:1000 dilution, anti-mouse IgG 
HRP-linked secondary antibody (Cell Signalling Technology) in 1:1000 
dilution.

2.4. RNA isolation

For the isolation of total RNA from sEVs and cytoplasmic RNA 
granule cores, mirVana™ miRNA Isolation Kit (Invitrogen) was used 
according to the manufacturers protocol.

2.5. RNA sequencing and quality control

For sEVs and RNA granules, five biological replicates were per
formed for each induced (HD) and non-induced conditions (control), 
yielding a total of 20 samples for RNA sequencing. For the preparation of 
whole-transcriptome sequencing-ready samples the Illumina stranded 
total RNA library preparation kit was used. Sequencing was performed 
on the Illumina NovaSeq platform, using S1 flow cells and 2x100 bp 
paired-end reads. One HD sEV sample only produced reads in thousands 
and was excluded from further analysis. On average, sEV samples yiel
ded 14.4 million reads and RNA granule samples 45,3 million reads. 
FastQC (Version v0.12.1) was used to assess read quality (http://www. 
bioinformatics.babraham.ac.uk/projects/fastq). Quality trimming and 
filtering was performed in two steps. First, Trimmomatic [33] was used 
to remove adapter sequences and remove bases of quality below 20 from 
both ends of reads. Second, cutadapt [34] was used to cut the first three 
bases from reads, correct for high-quality, but incorrect “G” calls at the 
reads’ 3′ end (option –nextseq-trim = 20), additionally clipping repeats 
of ten “G”s and following sequences from read ends, and to trim poly-A 
and poly-T ends (option –poly-a). Read pairs in which one read was 
shorter than ten bp were discarded. On average, 85.8 % of read pairs 
passed quality filtering for the sEV samples, and 99.3 % for the RNA 
granule samples. Unpaired reads after quality filtering were discarded.

2.6. Quantitative RT-PCR (qRT-PCR)

Total RNA was isolated using the NEB Monarch kit (New England 
Biolabs). cDNA synthesis was done using the TaqMan reverse tran
scription reagents kit (Applied Biosystems), according to the manufac
turer’s instructions and the following temperature profile was used: 
25 ◦C for 10 min, 48 ◦C for 1 h, 95 ◦C for 5 min, and cooling down to 4 ◦C. 
Finally, quantitative real-time PCR was carried out using the SYBRGreen 
PCR master mix (qPCRBIO SyGreen Mix, Nippon). Samples were 
analyzed in triplicates.

Primers used (5′-3′): HSALNT0279541 (LHR1-LNC1610–1): Forward 
primer (FP): CGTGAAGTCCGTGGAAGCCT, Reverse Primer (RP): 
CCCTTCACCATTTCCGACGG; SNHG78: FP: AGCTTCGGGAAGCCTGGA, 
RP: TTGGAGGATTGACCCTGTTCC; HSALNT0088996 (lnc-SLC30A5-6): 
FP: AGTGAGAGGACTGTGGCACG, RP: GGCTGTCCATCTGTCCTCCA; 
HSALNT0398958 (lnc-DUXA-1): FP: TACTGGGCTGAGCTGGCATG, RP: 
TTGGCCTGTAGTGTGGGGTG; SNHG12: FP: ACAGAGATCCCGGC 
GTACTT, RP: GGCAATTCAGATCCCAGGGC; GAPDH: FP: ATG
GAAATCCCATCACCATCTT, RP: CGCCCCACTTGATTTTGG; RPL22: FP: 
TGACATCCGAGGTGCCTTTC, RP: GTTAGCAACTACGCGCAACC.

2.7. RNA-FISH

25,000 cells per well were seeded in poly lysine coated 8 chamber 
slides. The cells were then incubated for 72 h at 370 C and 8 % CO2. For 
studying stress-response cells were treated with 0.5 mM arsenite solu
tion for 55 min. After 55 min, the medium was removed, and RNA-FISH 
was done using the ViewRNA™ Cell Plus Assay Kit (Invitrogen). The 
assay was done according to the manufacturer’s protocol by using 3 
probes: LHR1-LNC1610-1(Alexa flour 546), SNHG7 (Alexa flour 488), 
lnc-DUXA-1 (Alexa flour 647) (Invitrogen™ ViewRNA™). A no probe 
control and a GAPDH probe were used as controls for the experiment. 
The detection of RNAs and the RNA granule protein marker YB1 was 
done by Zeiss LSM 900 (Airyscan 2) (Zeiss). Regions of interest (ROIs) (n 
= 6) were chosen around YB1-positive granules and colocalization 
analysis was done by using the BIOP JACoP image analysis plugin in the 
Fiji ImageJ software. To quantify the colocalization of transcripts in 
YB1-positive granules, Pearson’s (ranges between −1 and +1, 1 =

perfectly, linearly related, −1 = perfectly, but inversely, related) and 
Spearman’s (ranges between −1 and +1, 1 = perfectly, linearly related, 
−1 = perfectly, but inversely, related) coefficients were retrieved.
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2.8. Data analysis

2.8.1. Transcript mapping and quantification
For read alignment and quantification, Salmon [35] (Version 1.10.2) 

was used in mapping-based mode, following the pseudoalignment 
strategy. The reference database was constructed by non-redundantly 
combining GENCODE transcript sequences (Release 44, GRCh38.p14) 
with sequences from RNACentral (Release 22) annotated as “Homo sa
piens (human)”, resulting in 921,552 unique sequences. The index was 
constructed using a k-mer length of 13 (option “-k 13”) and using the 
entire genome as decoy sequence. Mapping and quantification of sample 
reads were then performed choosing IU as the library type and using the 
options “–numBootstraps 100 –seqBias –gcBias”. The average mapping 
rate over all samples was 72.3 %. Salmon transcript output was then 
processed using tximport (Version 1.26.1), in R [36] and collapsed to the 
gene level. Note that by this approach, non-coding RNA transcripts from 
the RNACentral database (incorrectly) appear as ‘genes’ in downstream 
analysis. Hence, when referring to ‘genes’, this always also includes 
non-coding RNAs from here on. To identify genes, which were specific 

for a condition, we only considered genes that were consistently 
detected within at least one of the four conditions tested (sEVs/RNA 
granules, induced (HD) and non-induced (control), termed “consistent 
genes”). Such genes had to have an abundance ≥10 counts in all samples 
belonging to the respective condition, allowing for one mismatch.

For comparing our cell line results with patient data, we obtained 
raw sequencing data from a RNA sequencing study focusing on plasma 
extracellular vesicles [37]. The data set comprised 59 samples grouped 
into four patient classes (21 healthy individuals - ‘control’, 19 HD in
dividuals without clinical signs - ‘pre-HD’, and 19 HD patients with early 
clinical signs - ‘early-HD’). Sequencing data was processed as described 
above, except for trimming ten “T”s at the 5′ end of reverse reads instead 
of 3 bps, and clipping ten “A”s and following sequences from read ends. 
On average, 11.2 million reads were available per sample, of which 99.9 
% passed quality control, and the average mapping rate was 9.3 %. All 
data analysis was performed in R (Versions 4.2.2 and 4.1.2, https:// 
www.r-project.org/).

Fig. 1. Validation of successful sEV and RNA granule isolation: (A) Representative images of an NTA analysis of one control and one HD sEVs sample. The peak 
analysis shows that the size range of particles that were most recurrently measured is 119.6 nm and 115.8 nm, respectively. (B) The table contains mean values from 
the NTA analysis of all five replicates of sEVs. The term median X90 represents the diameter of the particles where 90 % of the distribution has smaller and 10 % has 
larger particle size than the given diameter. (C) Wide-field and close-field SEM images of control and HD sEVs. SEM images show round-shaped morphology of sEVs 
with the expected size range between 50 and 200 nm confirming the presence of sEVs. (D) Western blots of sEV samples. The presence of sEV markers AIP1/ALIX, 
Hsp70, Flotillin and absence of contaminant markers Lamin A/C and Calnexin confirm the presence of sEVs in the samples (right panel). The total protein load was 
visualized by Ponceau staining (left panel). (E) Western blots of RNA granule samples. The successful isolation of cytoplasmic RNA granule cores is shown by the 
presence of EIF4E (SG marker), G3BP1 (SG marker), FMRP (SG/p-body marker) and YB1 (SG/p-body marker) and the absence of Lamin A/C (right panel). The total 
protein load was visualized by Ponceau staining (left panel).
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2.8.2. Differential analysis
We performed two separate analyses to characterize the difference in 

gene content across sEV and RNA granule samples under control and HD 
conditions. The first analysis was based on the presence or absence of 
genes from the respective condition. We focused on genes which were 
consistently detected under HD conditions (i.e., genes had an abundance 
≥10 counts in all HD samples, only allowing for one exception), but not 
under control conditions (i.e., zero counts in all control conditions as the 

strictest choice), or vice versa for both sEV and RNA granule samples. 
This procedure delivers genes that are most discriminative for HD and 
control conditions as best candidates for marker genes.

In the second analysis, gene abundance was additionally taken into 
account by performing a differential gene expression analysis using 
DESeq2 [38] to elucidate changes between control and HD conditions 
for sEV and RNA granule samples. All genes were included in analysis 
that had an abundance of ≥10 counts in at least one sample. An adjusted 

Fig. 2. Composition of detected RNAs in the different conditions: (A) Principal Component Analysis (PCA) plot of gene content in sEV and RNA granule samples 
from control and HD cells to assess similarity in gene composition across samples. (B) Relative composition of the detected RNAs. (C) Distribution of 45,882 
consistently detected genes across all four combinations of sample type (sEV and RNA granules) and condition (control and HD). 12,229 genes were present in all four 
combinations (second vertical bar with vertical line below connecting four dots), while fewer genes were unique to each combination (vertical bars with single dot 
below). Granule samples contained more consistently detected genes than exosome samples (horizontal bars).
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Fig. 3. Differentially expressed genes: (A) Mean count abundance of marker gene candidates that were consistently present in samples of one condition (x-axis), 
but fully absent in the opposing condition (i.e., HD for control samples and vice versa). (B,C) Differential gene expression analysis comparing HD and control 
conditions: Negative fold changes indicate an increase in HD cells, positive fold changes indicate and decrease in HD cells. To improve the visualization by reducing 
noise due to low count genes, fold-changes were reduced using an adaptive shrinkage estimator before plotting. (B) For sEV samples, 707 genes were enriched and 
241 were depleted after HD-induction. (C) For RNA granule samples, 53 genes were enriched, and 33 were depleted (adjusted p-value 0.05). (D) Biotype of marker 
transcripts indicative for respective sample type and condition.
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p-value of 0.05 was chosen and log-fold changes were reduced for 
visualization by applying the adaptive shrinkage estimator ashr [39]. 
We finally merged the differentially expressed genes as obtained by both 
approaches in a unified list of marker genes for the specific conditions 
(see supplementary file, sheet ‘Marker genes’).

2.9. STRING and GO term enrichment analysis

STRING V12.0 was used for performing functional analysis of marker 
gene candidates [40]. On the search mode, the multiple proteins option 
was selected and the query gene names (marker genes (HD sEVs and 
RNA granules, and control sEV and RNA granules as two different 
queries)) were uploaded. The analysis was done in the Homo sapiens 
mode and the interaction score of 0.7 (high confidence rate) was chosen. 
Weak interaction sources like text mining and neighbourhood were 
omitted during the analysis. GO term enrichment analysis was done 
using the Gene Ontology knowledgebase. Panther overrepresentation 
test was done (PANTHER 18.0). Fischer exact test was chosen and false 
discovery rate was calculated [41–43].

3. Results

3.1. Isolation and characterization of sEVs and RNA granules

To perform a comparative analysis of the RNA content of intracel
lular RNA granules and sEVs in response to expression of mutant HTT, 
we made use of an inducible HD cell model, which expresses FLAG- 
tagged HTT exon 1 with 83 CAG repeats under an inducible Tet-off 
promoter. The benefit of using this cell model is that it represents a 
robust human cell system with high expression of mutant HTT exon1, 
meaning a severe phenotype that will give rise to fast results. Any dif
ferences detected in this monoclonal cell model are clearly caused by 
expression of mutant HTT and effects of other factors (e.g., environ
mental factors or genetic variants) affecting composition of RNA gran
ules and sEVs can be excluded.

sEVs and cytoplasmic RNA granule cores were isolated from both 
induced (HD) and non-induced (control) cells. To validate successful 
isolation, different techniques were used. The characterization of sEVs 
was done using three different readout techniques: (I) We performed 
NTA analysis on 5 biological replicates. The average amount of particles 
in control and HD samples were 4,74E+07 particles/ml (1:1000 dilu
tion) and 5.48E+07 particles/ml (1:1000 dilution), respectively. The 
mean diameters of control and HD sEVs were 122.12 nm and 120.24 nm, 
respectively. Thus, these analyses confirmed the expected average par
ticle size (between 50 and 200 nm) (Fig. 1A and B). (II) SEM images 
showed the round-shaped morphology of sEVs with the expected size 
range between 50 and 200 nm (Fig. 1C). (III) The presence of sEV 
markers AIP1/ALIX, Hsp70, Flotillin and absence of the contaminant 
markers like Lamin A/C and Calnexin were shown by western blot 
(Fig. 1D). The successful isolation of cytoplasmic RNA granules cores 
was confirmed by detecting EIF4E (SG marker), G3BP1 (SG marker), 
FMRP (SG/p-body marker) and YB1 (SG/p-body marker) on western 
blot (Fig. 1E). The nuclear and cytoplasmic fractions represent the pellet 
and supernatant from the first centrifugation during the RNA granule or 
sEV isolation, respectively.

3.2. Analysis of RNA content of sEVs and RNA granules

From the successfully isolated sEVs and cytoplasmic RNA granule 
cores, RNA was isolated and subjected to RNA sequencing to analyze 
their RNA content. Out of a total of 303,919 detected genes in all sam
ples, 95,856 genes had an abundance of ≥10 counts in at least one 
sample (31,5 %). sEV and RNA granule samples were clearly separated 
regarding gene content (Fig. 2A). However, no clear separation of con
trol and HD samples was visible. One outlier was detected for sEV HD 
samples. As this condition already contained one sample less than the 

other conditions, we decided to keep this outlier in the analysis. Instead, 
we allowed for one absence in samples and still considered the gene to 
be consistently detected in the respective condition (see Methods). The 
RNA composition only slightly varied between conditions (Fig. 2B). The 
top three fractions were long non-coding RNAs (making up between 62- 
and 68 % of total RNAs), non-coding genes (17–18 %), and protein 
coding genes (7–10 %, Fig. 2, Supplementary File 1). Only in granule 
samples, a minor fraction of miRNAs was detected with a total of 25 
under control conditions (0,012 %) and 23 under HD conditions (0.010 
%).

A total of 45,882 genes were consistently detected across samples 
belonging to at least one condition and subjected to further analysis. 
RNA granule samples featured a higher count in these genes with a 
median of 44,048 genes under control conditions and 44,319 under HD 
conditions than sEV samples with 34,439 under control conditions and 
26,100 under HD conditions (Supplementary Fig. S1A). The composi
tion of consistent genes was identical among conditions. In comparison 
to all detected genes, as reported above, the share of long non-coding 
RNAs was lower (46–49 %) and higher for protein coding genes 
(26–28 %), and the share of non-coding genes remained similar (16–18 
%, Fig. S1B). The difference in gene composition between sEV and RNA 
granule samples also became apparent when comparing unique and 
shared consistent genes between all conditions (Fig. 2C). A large fraction 
with 27,987 genes (61.0 %) was unique to RNA granule samples. 
Another large fraction with 12,229 genes (26.7 %) was consistently 
present under all conditions. When comparing control with HD condi
tions, the majority of genes were common to both conditions and only 
small fractions were exclusive for either condition. For the sEV samples, 
12,505 genes (27.3 %) were common to both conditions and only 5046 
genes (11.0 %) where exclusive for control, and 344 genes (0,7 %) for 
HD conditions. This was even more extreme for the granule samples 
with 36,138 genes (78,8 %) common to both conditions and only 3140 
genes (6,8 %) exclusive for control, and 5626 genes (12,3 %) for HD 
conditions.

3.3. Differentially enriched genes

To identify genes, which were differentially enriched under control 
and HD conditions, we applied two approaches: while only presence or 
absence of genes was considered in the first approach, gene abundances 
were additionally considered in the second approach. For the first 
approach, we examined consistent genes and selected those, which were 
present in either condition but completely absent in any sample of the 
opposing condition. We found between 17 and 81 of such genes across 
the conditions, with varying mean count abundances in the respective 
marked condition (Fig. 3A, Supplementary File 1). For the second 
approach to consider the abundance of genes in the analysis, we per
formed a differential gene expression analysis using DESeq2. Out of 
95,856 tested genes, 948 were found to be differentially abundant in 
control and HD conditions for sEV samples (707 enriched and 241 
depleted under HD conditions), and 86 for RNA granule samples (53 
enriched and 33 depleted, Fig. 3B and C). By combining the differen
tially regulated genes identified by both approaches, we obtained a list 
of 1091 genes, which were erniched or depleted under HD conditions for 
sEVs and/or RNA granules (Supplementary File 1). A total of 58 genes 
were detected by both approaches, while 84 genes were exclusively 
identified by the presence/absence approach, and 949 genes were 
exclusively detected by DESeq2 analysis. Overall, more genes were 
indicative for HD conditions (i.e., they were enreiched under HD con
ditions with 710 genes for sEVs and 74 genes for RNA granules) than for 
control conditions (286 genes for sEVs and 48 genes for RNA granules). 
Long non-coding and non-coding RNAs were the major contributors to 
these marker genes, with the sEV samples additionally featuring a 
sizable fraction of protein coding RNAs (Fig. 3D). A considerable frac
tion of the inferred marker gene list was found to be under regulatory 
control by the transcriptional repressor RE1 silencing transcription 
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factor (REST) according to the TFLink database [44] (139 genes, Sup
plementary File 1). When comparing sEVs with RNA granules, we 
identified six genes which were indicative for HD condition for both 
sample types, and five genes which were consistently indicative for 
control conditions (Supplementary File 1). We confirmed the increased 
abundance of five HD marker genes in RNA granules and sEVs by 
another readout technique, namely qRT-PCR. For RNA granules we 
could confirm an increase in HD samples for all five marker genes. For 

sEVs, while we detected an increase in every single experiment, two out 
of the five transcripts failed a statistically significant effect due to high 
variability between the replicates (Fig. 4). To validate the 
co-localization of the top three selected transcripts based on the mean 
abundance values (LHR1-LNC1610-1, SNHG7 and lnc-DUXA-1) with 
RNA granule markers, RNA-FISH was done. As controls for successful 
staining GAPDH and a no probe control were analyzed at the same pa
rameters (Supplementary Figs. S2, S3, S4 and S5). We found a partial 

Fig. 4. Validation of increased RNA levels in HD RNA granules and sEVs: To validate the RNAseq results, the relative RNA level of the marker genes Lnc- 
SLC30A5-6 (A,B) (nsEVs = 3; nRNA granules = 3), LHR1-LNC1610-1 (C, D) (nsEVs = 5; nRNA granules = 10), Lnc-DUXA-1 (E, F; nsEVs = 3; nRNA granules = 8), SNHG12 
(G, H) (nsEVs = 4; nRNA granules = 15), and SNHG7 (I, J) (nsEVs = 4; nRNA granules = 10) in RNA granule and sEVs fractions from HD cells and controls was measured by 
qRT-PCR. The relative expression level of the marker genes, normalized to a housekeeping gene (RPL22 or GAPDH), is shown in RNA granules (A, C, E, G, I) and sEVs 
(B, D, F, H, J). Columns indicate mean values±SEM. *p < 0,05.
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colocalization of our marker RNA transcripts in YB1-positive RNA 
granules (Fig. 5). This is in line with the fact that stress-induced granules 
show variability in their composition [26]. For quantifying the coloc
alization, different coefficients of correlation were obtained and 
compared in control and HD stressed cells (due to the presence of 
YB1-positive granules). All the 3 transcripts showed higher coefficients 
of correlation in the HD stressed cells when compared to control stressed 
cells (Fig. 5, Supplementary File 2). However, for the transcript SNHG7, 
the coefficients only showed a slight increase, which may be explained 
by relatively high background. Taken together, the colocalization 
studies not only confirmed the colocalization of the transcripts with an 
RNA granule marker, but also showed a substantial increase in the 
colocalization of transcripts in HD conditions.

3.4. Comparison with patient data

To investigate, if the above-mentioned enriched and depleted genes 
that we detected in our monoclonal cell line model are also detectable in 

patient samples, we compared our data to a recently published dataset of 
HD patient samples [37]. The analysis of the RNA sequencing data set 
obtained from plasma EVs from patients contrasting the three conditions 
“control”, “pre-HD”, and “early-HD” revealed a total of 330,551 genes 
over all samples, of which 21,848 genes (6,6 %) had an abundance of 
≥10 counts in at least one sample. We used these data to derive fold 
changes by DESeq2 and to compare the direction of change of our HD 
marker genes between our cell line data and patient data.

To focus on a robust signal in patient data, we only considered genes 
that featured a log2 fold change beyond ±0.5. For our marker genes for 
sEVs, 66 patient genes were available for comparison when contrasting 
“control” vs. “pre-HD” conditions (Fig. 6). Of these, the fold change 
direction agreed for 34 genes (51.5 %). For the comparison “control” vs. 
“early-HD”, 73 genes were available for comparison of which 28 agreed 
(38.4 %). Thus, a better agreement was consistently achieved for the 
“pre-HD” condition, indicating that our system might be more compa
rable to a state of very early HD onset.

To check whether any of our marker genes have been previously 

Fig. 5. RNA-FISH analysis: Images of non-stressed cells and stressed HD cells stained with YB1 antibodies (YB1-positive RNA granules) and probes detecting the 
three HD marker transcripts DUXA1 (A), LHR1 (B) and SNHG7 (C). Right panel: Colocalization analysis of control and HD stressed cells. The graphs show 
comparative analysis of the mean values of Pearson’s coefficients and Spearman’s coefficients. (D, E, F) Representative cells from the images shown in (A, B, C) are 
also shown at a higher magnification. The white arrows indicate sites of colocalization of transcripts DUXA1, LHR1 and SNHG7 with YB1-positive RNA granules.
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linked to HD, we compared the list of our marker genes with a published 
list of the top 20 differentially expressed genes in HD across ten cate
gories [45]. We found two matches: We found the gene PLCB1 to be 
enriched under HD conditions in sEVs (log2FC 0.8), which also has been 
reported as one of the top 20 differentially expressed genes in the 
category “Pluripotent”, although having been reported as being 
down-regulated in HD (log2FC −1.0, [46]). Gene CDH10 (category 
Brain_late_striatal_neuronal_interneuron) is the second match of list of 
the top 20 differentially expressed genes in HD. We found it 
down-regulated under HD conditions for sEVs in our dataset (log2FC 
−3.7).

3.5. STRING and GO term enrichment analysis of the marker genes

The derived marker gene sets being indicative for control or HD 
conditions were subjected to STRING and GO term enrichment analysis 
to elucidate common functional features and any known or predicted 
interactions. While no significant enrichment was detected and no in
teractions were found at the interaction score of 0.7 (high confidence) in 
the control (RNA granule and sEV marker genes) dataset as well as in the 
HD RNA granule data, STRING analysis of HD marker genes from HD 
sEVs showed significantly more interactions than expected with a PPI 
enrichment value of 0.000539 at the interaction score of 0.7 (high 
confidence). GO term enrichment analysis of HD marker proteins from 
sEV also showed hits for terms related to EVs (Fig. 7). Of note, only 
approximately one third of our detected RNA transcripts have an 
Ensembl ID and thus could not be included into the STRING and GO term 
enrichment analysis.

4. Discussion

RNA organelles such as RNA granules and sEVs are an integral part of 
the cell’s regulatory network. Cells under stress respond by RNA granule 
formation, and increased sEV secretion. sEVs and RNA granules meet on 
several common grounds such as their site of origin, cargo, and the 
involvement of LLPS. There is increasing evidence that an overlap of 
content between SGs, p-bodies and sEVs exists. Several studies indi
vidually investigated sEVs and RNA granules in different neurodegen
erative conditions including HD [12,13,23,47,48]. However, their 
shared transcriptomic cargo remains poorly explored. To establish a link 

between these organelles and investigate the crosstalk between them, 
we isolated sEVs and RNA granules from an HD cell model and analyzed 
their transcriptome. Our transcriptomic analysis revealed that the 
largest chunk of RNAs in both sEVs and RNA granules were ncRNAs. 
NcRNAs offer extensive opportunities for early diagnosis and thera
peutic interventions in several neurodegenerative disorders [49]. 
NcRNAs include miRNAs that are involved in the manifestation and 
progression of several diseases. Several recent studies suggest that 
neural-derived sEVs and their miRNA cargo give rise to disease-specific 
signatures in neurodegeneration [50,51]. However, in our dataset, we 
failed to detect miRNAs in sEVS and only detected a minor fraction of 
miRNAs in RNA granule samples. The failure to detect miRNAs in sEVs 
might be related to lower read abundance (approx. factor 3) and lower 
read quality (13.5 percentage point reduction in reads passing initial 
quality filtering) achieved for sEV samples in comparison to RNA 
granule samples. A reason for this may be that we did not use a protocol 
that enriches for small RNAs in our RNA sequencing procedure.

In contrast, in our dataset, lncRNAs had the highest abundance rates 
in both control and HD datasets. LncRNAs are a class of ncRNAs that are 
highly conserved and longer than 200 nucleotides. LncRNAs can form 
complex secondary structures leading to the formation of sites that allow 
intermolecular interactions. These interactions aid several biological 
functions involving growth, development, cell proliferation, differenti
ation and apoptosis [52–54]. LncRNAs interact with biomolecules such 
as proteins and miRNA and modulate their target’s expression at ge
netic, transcriptional and post-transcriptional levels [55]. Since lncRNAs 
are involved in a plethora of biological processes, aberrant regulation of 
lncRNAs contributes to the pathogenesis various neurodegenerative 
disorders including HD. Several studies have validated the contribution 
of lncRNAs in the progression of HD: The nuclear translocation of the 
REST transcription factor is regulated by wild-type HTT. Mutations in 
the HTT gene lead to abnormal nuclear-cytoplasmic transport of REST 
resulting in aberrant expression of REST target genes [56–58]. The 
expression of the lncRNA Human Accelerated Region 1 (HAR1) is 
decreased in the striatum of HD patients. The reason for this is an 
increased cytoplasmic translocation of REST leading to the inhibition of 
HAR1 transcription [59]. Along with HAR1, the expression levels of 
several other lncRNAs like NEAT1 and MEG3 is hindered due to aberrant 
REST translocation [60–62]. Moreover, the lncRNA NEAT1 that plays a 
neuroprotective role in HD was found to be overexpressed in HD patient 

Fig. 6. Comparing log2 fold changes of marker genes: comparison of “control” vs. “pre-HD” (A), and “control” vs. “early-HD” (B). x-axis: Log2 fold change in 
patient data; y-axis: Log2 fold change in data from HD cell line model sEVs. Symbol size indicates mean count abundance in patient data. Only genes with a log2 fold 
change beyond ±0.5 in patient data were considered. Genes marked “exclusive” were absent in the opposing condition, hence no fold change was available and the 
maximal occurring fold change value was used instead for the x-coordinate.
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brains and R6/2 mice [63]. Of these lncRNAs known to relate to HD, we 
found NEAT1 in our dataset, but only in sEVs from control samples. 
NEAT1 is upregulated in HD [63], meaning that its intercellular tran
script level is increased. However, this may not be reflected in an 
increased transcript level in sEVs secreted from HD cells. We detected 
NEAT1 only in sEVs secreted from control cells. While it is presumed that 
lncRNAs, which are abundant in cells, will also be abundant in sEVs, the 
scientific data reports otherwise. Studies have shown that there is a 
selective abundance of certain lncRNAs in sEVs compared to their 
mother cells, suggesting distinct lncRNA loading into EVs [64,65]. Thus, 
one could speculate that HD cells may retain NEAT1 intracellularly due 
to its protective function and therefore do not secrete it. Moreover, a 
considerable fraction of our marker transcripts was found to be under 
regulatory control by REST according to the TFLink database [44], 
highlighting the importance of REST signaling in HD (Supplementary 

File 1).
In our study, we identified RNAs that are present both in sEVs and 

RNA granules. Showing that intracellular RNA granules and extracel
lular sEVs share transcriptomic cargo indicates their presumed associ
ation. One explanation for this shared content may be that sEVs could 
enclose RNA granules to relieve cells from RNA granules in the diseased 
state. Further, we report a specific signature of transcripts in sEVs and 
RNA granules of HD samples. STRING and GO term enrichment analysis 
suggest a functional association between transcripts that get secreted 
from HD cells. Of note, one the major limitation of STRING and GO term 
enrichment analysis of our data is the fact that these tools lack genes 
from RNA Central. In our dataset, we had three times more genes from 
RNA Central than Ensembl. Thus, our downstream analysis using 
STRING and GO term enrichment analysis is limited.

Our study was conducted on a monoclonal HEK cell model. The 

Fig. 7. STRING analysis of HD marker genes in sEV samples: (A) The red bubbles indicate the genes that were associated with extracellular region with a false 
discovery rate (FDR) of 0.00044. (B) GO term enrichment analysis of HD marker genes in sEV samples shows hits for terms related to EVs. The false discovery rate 
(FDR) indicates the number of false discoveries among the set of significant tests. Both the low P-values and FDRs indicate that the results are highly statisti
cally significant.
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Fig. 8. Proposed model: CAG repeat mutations in the HTT gene affect the formation of cytoplasmic RNA granules and sEVs. Intracellular RNA granules and sEVs 
share content, suggesting that formation of RNA granules and sEV-loading may be related. sEVs originate from the early endosome and may take up RNA granule 
content during their maturation inside the multivesicular bodies (MVB). Upon expression of mutant HTT, SG formation and sEV secretion increase. In HD cells, 
specific marker transcripts (indicated as red, blue, green, brown, and purple structures) accumulate inside RNA granules and sEVs. Thus, the composition of RNA 
granules and sEVs changes upon expression of mutant HTT. Of note, both RNA granules and sEVs show a high variability in their transcript cargo. Created with Bior 
ender.com.
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benefit of using such a cell model cell model is that it represents a robust 
human cell system with high expression of mutant HTT exon1, meaning 
a severe phenotype that will give rise to fast results. Different to the 
analysis of patient and control samples (like blood or CSF), any differ
ences detected in this monoclonal cell model are solely caused by 
expression of mutant HTT. This allows a mechanistic analysis of cellular 
pathways affected by expression mutant HTT. However, this cell model 
has its limitations: it is not a neuronal cell line and thus may not present 
brain cell-type specific expression differences in transcripts that are 
affected by expression of mutant HTT. Additionally, our model only 
expresses HTT exon1 and not the full-length transcript. However, several 
studies support that exon1 transcripts are a valuable model, since 
aberrant splicing of mutant HTT generates a small polyadenylated HTT 
exon1 mRNA that encodes the highly pathogenic polyglutamine protein 
in disease tissue [66–68]. Moreover, the situation in patients may be 
different since environmental factors or genetic variants may also affect 
the composition of EVs and RNA granules in patients. Thus, we 
compared our dataset to data from HD patient samples. The comparison 
of our data with a study of EVs isolated from patient biofluids like blood 
[37] revealed a 51,5 % percent overlap with genes differentially 
expressed in pre-HD samples. This overlap is bigger than the overlap 
with genes detected in symptomatic patients (38,4 %). This may be 
explained by the fact that our cell model represents an early phenotype, 
since the mutant HTT construct was expressed for a relatively short (72 
h) interval prior analysis. The observation that we did not detect all the 
genes differentially expressed in pre-HD samples in our HD cell line 
model can be explained by the fact that other factors than solely the 
expression of mutant HTT, e.g., lifestyle or other genetic variants, may 
affect composition of EVs. G3BP1, which has previously been connected 
to HD [12,69] and was found greater than twofold upregulated in 
early-HD [37], was detected in all of our samples and showed a trend of 
increased abundance in HD RNA granules and a decreased abundance in 
HD sEVs. This difference in abundance between our cell model and the 
study by Neueder et al. may be explained be the fact that EVs isolated 
from blood are derived from diverse body cell types, mostly from 
platelets. The study by Neueder et al. revealed a high expression of many 
deregulated proteins in liver indicating that liver may be the main 
source of the observed changes in EV protein content and composition 
[37]. Thus, these gene patterns may not be reflected in HEK cells orig
inating from kidney.

When comparing our list of marker genes with a list of the top 20 
differentially expressed genes in HD across ten categories [45], we found 
two matches: PLCB1 and CDH10. While our data showed PLCB1 to be 
enriched under HD conditions in sEVs, this gene was reported being 
down-regulated in HD [46]. This may be explained by the fact that we 
analyzed the content of sEV-secreted transcripts, while the other studies 
analyzed the intracellular transcript levels.

Both HTT protein and RNA are secreted via EVs [21,70]. Moreover, 
HEK293 T cells overexpressing mutant HTT-GFP fusion constructs 
release EVs containing the mutant HTT protein and its encoding RNA 
[71]. In line with these data, HTT was detected in all our samples. Our 
quantitative analysis showed a trend of increased abundance in HD RNA 
granules and a decreased abundance in HD sEVs. Thus, our data suggest 
that mutant HTT may be stored intracellularly in RNA granules but may 
not be preferentially sorted into sEVs.

Generally, RNA granules that form upon arsenite treatment (stress 
granules) contain both cytosolic proteins and RNAs, with proportionally 
more RNAs than proteins inside stress granule compared to the cyto
plasm [72,73]. In line with our transcriptomic analysis of RNA granule 
cores that formed upon arsenite treatment, different RNA species are 
known to localize into stress granules including mRNAs and lncRNAs 
[74]. While both mRNA and ncRNAs can be targeted to stress granules, 
their targeting efficiency varies from <1 % to >95 % [73]. In line with 
this, our localization studies of the HD marker transcripts showed that 
the three transcripts we tested only partially localized to intracellular 
RNA granules that formed upon cell stress, but a considerable fraction 

was still detected in the cytoplasm outside the RNA granules.

5. Conclusions

Taken together, our study describes the first systematic analysis of 
sEVs and RNA granules in an HD cell model. Our data points towards a 
connection between intracellular RNA granules and sEVs and the 
importance of lncRNAs in RNA granule formation (Fig. 8). Moreover, 
our results suggest that lncRNAs may serve as HD markers. However, our 
qPCR validation experiments showed that there is a high variability in 
technical and biological replicates in analysis of sEV cargo. This should 
be considered as a limitation for the use of sEVs as diagnostic markers. In 
line with this notion, a study of sEVs secreted from platelets from HD 
patients at different stages of the disease showed that platelets do not 
secrete sEVs containing valuable biomarker [75]. Further studies are 
important to understand, highlight and establish the role of these 
lncRNAs in the disease state.
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