
Original Article
CircHTT(2,3,4,5,6) — co-evolving with the HTT
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Circular RNA (circRNA) molecules have critical functions
during brain development and in brain-related disorders.
Here, we identified and validated a circRNA, circHTT
(2,3,4,5,6), stemming from the Huntington’s disease (HD)
gene locus that is most abundant in the central nervous sys-
tem (CNS). We uncovered its evolutionary conservation in
diverse mammalian species, and a correlation between
circHTT(2,3,4,5,6) levels and the length of the CAG-repeat
tract in exon-1 of HTT in human and mouse HD model sys-
tems. The mouse orthologue, circHtt(2,3,4,5,6), is expressed
during embryogenesis, increases during nervous system devel-
opment, and is aberrantly upregulated in the presence of the
expanded CAG tract. While an IRES-like motif was predicted
in circHTT(2,3,4,5,6), the circRNA does not appear to be
translated in adult mouse brain tissue. Nonetheless, a modest,
but consistent fraction of circHtt(2,3,4,5,6) associates with the
40S ribosomal subunit, suggesting a possible role in the regu-
lation of protein translation. Finally, circHtt(2,3,4,5,6) overex-
pression experiments in HD-relevant STHdh striatal cells re-
vealed its ability to modulate CAG expansion-driven cellular
defects in cell-to-substrate adhesion, thus uncovering an un-
conventional modifier of HD pathology.

INTRODUCTION
Global changes in transcription and translation have been associated
with neuronal differentiation and plasticity.1,2 Additionally, a number
of reports have concordantly supported the crucial relevance of alter-
native splicing (AS) regulation in diversifying neuronal transcript iso-
forms and protein complexity, along with its essential role for proper
neurodevelopment and physiology of the adult CNS.3,4 The AS ma-
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chinery is complex and relies on the co-regulated expression of
RNA-binding proteins (RBPs) in a time- and tissue-dependent
manner.5 Interestingly, the spliceosome machinery is not only
responsible for the production of linear mRNA isoforms, but is also
directly implicated in the biogenesis of circular RNAs (circRNAs)
through the process of back-splicing, which generates regulatory
RNAs characterized by a single-stranded circular structure in which
the 30 and 50 ends are joined together through a covalent bond.6,7

Because of such architecture, circRNAs are naturally resistant to
decay by exonucleases, unlike their linear transcript counterparts.6

They have been shown to display several functions depending on
both intracellular localization and nucleotide sequence, including
sponging effects for microRNAs,7,8 and RNA-binding proteins,9–11

regulation of transcription,12 splicing,13 and translation,11 and, in a
few cases, they can be translated themselves.14 CircRNAs are ex-
pressed in a tissue-specific pattern and accumulate in particular in
the adult and aging nervous system.15–17 Mutations in neural RBPs
and splicing regulators, and aberrations in neural AS patterns and
circRNA composition, have been linked to an array of neurological
disorders.18,19

Huntington’s disease (HD) is a paradigmatic fatal neurodegenera-
tive disorder that is truly monogenic, as the genetic cause underly-
ing all cases is an expansion of the CAG trinucleotide repeat in exon
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1 of the HD locus (HTT).20 A polymorphic tract of CAGs up to 27–
30 repeats is found in unaffected individuals, while alleles of 40 or
more repeats inevitably lead to HD. Interestingly, the CAG-repeat
tract exhibits outstanding conservation throughout the course of
evolution, spanning both vertebrate and invertebrate species. Even
Echinodermata and Cephalochordata, which represent some of
the most basal lineages with primitive nervous systems,21,22 carry
a CAG tract in the HTT protein coding region, albeit a very short
one consisting of only two repeats.23,24 Furthermore, species more
closely related to humans tend to have a greater number of CAGs
in their HTT gene orthologue, suggesting a possible correlation be-
tween the length of the CAG tract and the development of a more
complex nervous system.25

Many studies demonstrate that a set of processes are commonly
disrupted in HD cell lines and animal models, as well as in HD pa-
tient cells,26,27 but it is still a matter of debate which one(s) is (are)
primarily responsible for pathogenesis. Lately, RNA processing
dysregulation has emerged as a prevailing feature of HD.28,29 In
particular, we and others have shown that RNA processing, AS,
and back-splicing alterations might affect cellular fitness, thus
contributing to neuronal vulnerability and pathogenesis.29 Hun-
tingtin protein can associate with the WW-containing proteins
FBP11/PRPF40A and PRPF40B,30–32 participating in early spliceo-
somal assembly and 50 splice site recognition. On the other hand,
mis-splicing events in individuals with highly expanded HTT CAG
repeats have been shown to produce the small polyadenylated HTT
exon 1-intron 1 transcript, HTT1a, implicated in the disease.33

Earlier evidence supports a role for mutant huntingtin in dysregu-
lating the expression of four RBPs (PTBP1, SFRS4, RBM4, and
SREK1) in HD postmortem brains, thus correlating with abnormal
splicing in the CNS.34 These data were further corroborated by our
work where, through integrative transcriptomic analyses, we un-
veiled a network of transcriptionally altered micro-RNAs and
RBPs (CELF, hnRNPs PTBP, SRSF, UPF1, and YTHD2), which
might influence the AS machinery and circRNA production,
primarily in neural cells.29

Taken together, it is likely that dysregulation of AS and back-
splicing locally at the HTT locus and/or at genome-wide level
could be critical to the HD pathologic process. Back-splicing is
stimulated by long flanking introns, which are rich in inverted re-
petitive elements.35 Considering that the HTT locus contains many
repeats, it seemed reasonable to expect back-splicing events taking
place at this locus. Indeed, here we describe an evolutionary
conserved circRNA originating from the HTT locus
circHTT(2,3,4,5,6) (484 nt, chr4: 3088665–3109150; GRCh37/
hg19 genome assembly for H. sapiens), with orthologues in mouse
[circHtt(2,3,4,5,6)], pig, cow, goat, and sheep, suggesting a possible
conserved function. From our data, we find that circHTT(2,3,4,5,6)
is a cytosolic circRNA that is strongly enriched and developmen-
tally regulated in the brain, as well as induced by the CAG
trinucleotide repeat expansion in HTT exon 1. We propose that,
by interacting with RBPs and the translation machinery,
2 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
circHTT(2,3,4,5,6) regulates cell morphology through focal adhe-
sions, thus suggesting it as a modifier of HD pathophysiology.

RESULTS
CircHTT(2,3,4,5,6): An evolutionary conserved circRNAmolecule

from the HD gene locus

We recently demonstrated that both canonical linear splicing as well as
back-splicing are affected by the pathologic expansion of the HTT/Htt
CAG-repeat tract.29 Specifically, in mouse neural-progenitor cells
(NPCs), the expression of an elongated CAG tract in the Htt gene
led to a significant alteration in circRNA levels, with 92 circRNAs being
upregulated and the vast majority (478) being downregulated when
compared with controls.29 The HD gene locus has a complex genomic
architecture, with several HTT transcript isoforms reported,36,37

including a short HTT exon 1-intron 1 toxic transcript, HTT1a,33 a
head-to-head antisense AS-HTT transcript that regulates HTT expres-
sion,38 and several long introns enriched for repetitive elements (ALU
repeats). Thus, it seemed conceivable to expect back-splicing events at
this locus. We explored the publicly available circRNA database circ-
BASE (Database: http://www.circbase.org/) and found 89 circRNAs
annotated at the HTT locus (Table S1). Interestingly, none of them
spanned the CAG trinucleotide repeat tract, consistent with the notion
that 50 cap modifications of the transcript interfere with back-splicing
of the first exon. We filtered circRNA candidates to identify (1) those
reported in more than one study; (2) those flanked by long (>7 kb) in-
trons, a hallmark of back-splicing hotspots; and (3) those with
predicted mouse orthologues (Table S1). This narrowed the list to
hsa_circ_0001392, the only circRNA reported in four independent
sequencing studies described in circBase.6,7,15,39 A circRNA corre-
sponding to the identical genomic position was further annotated in
CIRCpedia.v2 (HSA_CIRCpedia_48392) and circBank (hsa_circHTT_
004) (Figure S1A). This circRNA, with a length of 484 nucleotides (nt),
stems from the human chr4: 3088665–3109150 (GRCh37/hg19
genome assembly) and includes exons 2 to 6 of theHTT transcript (Fig-
ure 1A). Therefore, and in accordance with the proposed guidelines to
unify circRNA nomenclature,40 we named it circHTT(2,3,4,5,6). Amu-
rine orthologue circRNA from the corresponding mouseHtt locus was
also identified in the circBank database, with the genomic coordinates
chr5: 34782741–34799515 (mm10 genome assembly), and directly de-
tected by riboCIRC and Oxford Nanopore Technology long reads
sequencing,41 indicating its evolutionary conservation (Figure 1A).
Important hallmarks and predictors for back-splicing events are the
length and composition of flanking intronic sequences.35 Therefore,
using CENSOR,42 we screened the genomic sequences of intron 1
and intron 6, flanking the circularized exons, of both human and
mouse HTT/Htt against a reference collection of repeats. CENSOR
classified introns 1 and 6 in both human and mouse HTT/Htt as
long and especially rich in repetitive sequences (human HTT intron
1: 11,850 base pairs [bp] [56.03% repetitive sequences, of which 51%
are ALUs] and mouse Htt intron 1: 20,632 bp [47.2% repetitive se-
quences]; human HTT intron 6: 7,880 bp [51.1% repetitive sequences,
of which 38% are ALUs], and mouse Htt intron 6: 4,202 bp [41.6%
repetitive sequences]). Thus, this analysis highlighted a potential
circularization hotspot in this genomic region in both organisms

http://www.circbase.org/
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(Figure 1A). Reverse complementary repeats in introns 1 and 6 of
HTT/Htt pre-mRNA could undergo base pairing, promoting covalent
joining of the downstream 50 splice site (SS) at the end of exon 6 with
the upstream 30 SS at the beginning of exon 2. This back-splicing event
generates a uniquely identified junction known as the back-splice junc-
tion (BSJ) (Figure 1B). Employing divergent primers and cDNA from
two different human (hiPSCs-derived neural progenitors: 8330-843 and
SH-SY5Y human neuroblastoma cells) and murine cell lines (STHdh
wild-type44,45 and NPCs), respectively, we experimentally validated
the expression of the circularized molecules, confirming the BSJ’s iden-
tity through Sanger sequencing (Figures 1C and 1D). Since the pres-
ence of the BSJ could also be explained by pre-mRNA trans-splicing
events or template switching by the reverse transcriptase (RT) during
cDNA synthesis,46 we treated total RNA from human HEK293T (Fig-
ure 1E) and mouse striatal STHdh cells (Figure 1F) with the exoribo-
nuclease RNase R to digest linear RNAs, leaving circRNA molecules
intact. Upon cDNA synthesis, we could observe the expected degrada-
tion of linear mRNA control transcripts (human ACTB, GAPDH, and
TBP and mouse Actb, RnapII, and Htt), while the control circRNA
molecules (human cirS-7 and circHIPK3 and mouse circHipk3 and
circHomer1), as well as human circHTT(2,3,4,5,6) and mouse
circHtt(2,3,4,5,6) were enriched in the RNase R treated samples (+)
as compared with mock digestion (�) (Figures 1E and 1F).

Through sequence alignment of exons 2 to 6 and intron length com-
parisons ofHTT gene orthologues, we found indicators for a potential
conservation of circHTT(2,3,4,5,6) in selected vertebrate species
Danio rerio (zebrafish), Gallus gallus (chicken), Ovis aries (sheep),
Capra hircus (goat), Bos taurus (cow), and Sus scrofa (pig), but
not in Drosophila melanogaster and Caenorhabditis elegans (Fig-
ure S1C). We then designed two primer pairs for the predicted
circHTT(2,3,4,5,6) orthologues for each species (Table S2). In addi-
tion, a primer pair for linear HTT and one for housekeeping genes
(GAPDH or ACTB) were designed as controls. Total RNA from brain
tissue samples of the selected species was reverse transcribed and used
as a template for endpoint PCR. Amplification of the linear mRNA
Figure 1. Identification and validation of the evolutionary conserved circHTT(2
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HTT orthologues, as well as the housekeeping gene, was successful
for all the selected species (Figure 1G). Similarly, for all species,
with the exception of D. rerio, at least one of the two primer pairs
that amplify across the BSJ of the predicted circHTT(2,3,4,5,6) ortho-
logues gave an amplicon of the expected size (Figure 1G). In order to
confirm that the resulting amplicons corresponded to the predicted
circHTT(2,3,4,5,6) orthologue, the larger of the two amplicons for
each species was excised, extracted from the gel, and sent for Sanger
sequencing. The reads did align to the predicted sequence of
circHTT(2,3,4,5,6) orthologues and, most importantly, were accu-
rately spanning the BSJ, which is unique to the circular molecules,
in all the species except for G. gallus (Figure 1H). Taking these results
together, we conclude that circHTT(2,3,4,5,6) is conserved in all the
mammalian species analyzed, i.e., O. aries, C. hircus, B. taurus and
S. scrofa, but not inD. rerio andG. gallus, in line with shorter flanking
intronic sequences in the latter two (Figure 1I). Moreover, by
comparing the length of the polymorphic CAG tract (Figure 1I)
with the levels of circHTT(2,3,4,5,6) expression among the different
species, we uncovered a correlation between longer CAG tracts in
exon 1 and higher circularization index between exons 2 and 6
(circHTT/HTT ratio Figure 1J). These data on the one hand suggest
a possible conserved function for circHTT(2,3,4,5,6), at least in mam-
mals, and on the other hand, propose a circularization mechanism,
which conceivably co-evolved with the CAG tract of the HTT
gene,25 and could be dependent on the CAG size in exon 1.

The interpretation of qPCR results assessing levels of circRNA mole-
cules can be biased due to the strand-substitution potential of reverse
transcriptases (RTs), leading to rolling circle amplification and an
overestimation of circRNA abundance (Figures S2A and S2B).46,47

To estimate the impact of this bias, we employed circHtt(2,3,4,5,6)
divergent quantitative (q)PCR primers after use of three different,
commonly used RTs and investigated the sequence composition of
amplicons of unspecific size, thus potentially corresponding to
circRNA concatemers (Figure S2C). Overall, we found that the iScript
cDNA synthesis kit by Bio-Rad (#170–8840) produced considerably
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fewer bands of non-specific size as compared with the other two
tested RTs. None of those amplicons, however, when Sanger
sequenced, revealed any evidence for rolling circle amplification. Pre-
diction through the Quikfold tool by the UNAFold webserver48 calcu-
lated highly complex secondary structures at minimum free energy
for both the mouse circHtt(2,3,4,5,6) and human circHTT(2,3,4,5,6)
circRNA molecules (Figures S2D and S2E). Such highly structured
circRNA molecules may potentially inhibit strand-substitution by
the iScript RT, in line with our experimental findings (Figure S2C).
We therefore concluded that the assessment of circHTT(2,3,4,5,6)/
circHtt(2,3,4,5,6) levels though qPCR analysis represents a valid
approach to study their tissue-specific expression patterns.

circRNA molecules are especially abundant in the CNS of adult ani-
mals.15 Therefore, we determined expression patterns across different
tissues of human circHTT(2,3,4,5,6) and mouse circHtt(2,3,4,5,6) and
compared them with their linear counterparts,HTT andHtt, through
qPCR analysis. We employed a commercially available total RNA
panel from 20 different human tissues (Clontech # 636643) (Fig-
ure 1K) and extracted total RNA from 14 different tissues of adult
male C57BL6J wild-type mice (Figure 1L), synthesized cDNA, and
quantified relative RNA levels of circHTT(2,3,4,5,6)/circHtt(2,3,4,5,6)
and their linear counterpartsHTT/Htt in the different tissues. In both
species, circHTT(2,3,4,5,6) and circHtt(2,3,4,5,6) are most abundant
in the CNS, i.e., brain regions and spinal cord, whereas their levels
are lower in other tissues/organs (Figures 1K and 1L). Interestingly,
and in line with circRNA characteristics, circHTT(2,3,4,5,6) levels
were markedly lower in the fetal brain total RNA sample (Figure 1K).
We then focused on the three mouse brain regions with the highest
levels of circHtt(2,3,4,5,6) and found a stronger enrichment in the
striatum, the most vulnerable brain region in HD (Figure 1L’). Of
note, linear HTT/Htt mRNA showed more ubiquitous expression
throughout all examined tissues, with generally higher levels in brain
(Figures 1K and 1L), indicating that circHTT(2,3,4,5,6) abundance
does not simply reflect the overall level of HTT expression.

LengthenedHTT/HttCAG-repeat tracts correlatewith increased

circHTT(2,3,4,5,6)/circHtt(2,3,4,5,6) circularization

Since we found that the circHTT(2,3,4,5,6)/HTT ratio increased with a
longer CAG trinucleotide repeat tract in mammalian species (Fig-
ure 1J), we predicted a corresponding increased circularization index
Figure 2. Correlation between circHTT (2,3,4,5,6)/circHtt(2,3,4,5,6) levels and C

(A and B) CircHTT(2,3,4,5,6) expression levels assessed by RT-qPCR on induced plurip

controls (n = 3) and HD patients (n = 6/8, Mann-Whitney test in (A), **p < 0.01. (B) Resu

strategy to assess expression levels of different transcripts (i.e., toxic fragment Htt1a, cir

the zQ175 knockinmousemodel for HD. (D) RT-qPCR on brain samples from indicated b

(n = 3 wild-type and 5 zQ175 biological replicates per tissue, one-way ANOVA with Sidak

as mean ± SEM). (E) Experimental strategy to test circHtt(2,3,4,5,6) back-splicing freque

CircHtt fw primer, indicated with letter B in the scheme, can also be used to detect lin

striatal, and cerebellar samples of 6-month-old Q20 (n = 5) and Q111 (n = 5) mice (the re

normalizing on the Pgk1 housekeeping gene and subsequently the circularization freque

ANOVA with Sidak’s multiple comparisons testing, ***p < 0.001; data are plotted as m

calculate circularization frequencies in 6-month Q20 and Q111 mouse tissues (2�DDC

**p < 0.01, *p < 0.05, ns = not significant).
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in neuronal samples from HD patients. To test this hypothesis, we
used human terminally differentiated neuronal (hTDN) samples
derived from induced pluripotent stem cells (iPSCs) of healthy con-
trols (with a CAG tract <36) and HD patients with CAGs varying be-
tween 43 and 180. Indeed, we found significantly increased levels of
circHTT(2,3,4,5,6) in all samples from HD patients when compared
with the non-isogenic controls (Figure 2A). Importantly, these levels
were positively correlated with the number of CAG repeats in exon 1
of HTT (Figure 2B). This increase was not linked to overall increased
transcription at the HTT locus, since linear HTT levels were compa-
rable between control and HD samples (Figure 2A). Thus, consid-
ering circHTT(2,3,4,5,6)’s conservation in mice, we set out to investi-
gate these changes in the well-characterized HD zQ175 mouse model,
harboring a long tract of�210 consecutive CAGs, compared with the
seven CAG/CAAs in wild-type mice.49 We collected brain samples
from the cortex, striatum, and cerebellum of wild-type control and
zQ175 heterozygous animals, at two different time points, 3 and
9 months of age. Then, the RNA levels of linear Htt mRNA,
circHtt(2,3,4,5,6), as well as the toxic Htt exon1-intron 1 splice
variant, Htt1a,50 were analyzed (Figure 2C). Our results revealed
significantly increased levels of circHtt(2,3,4,5,6) in all three brain re-
gions at both time points in the HD model (Figures 2D and S3A). In
contrast,HttmRNA levels were reduced in all three brain areas of the
zQ175 mice at 9 months of age, in line with previous reports.51 When
compared with the levels of Htt1a, a similar expression pattern for
circHtt(2,3,4,5,6) could be observed (Figures 2D and S3A), thus point-
ing to altered linear and back-splicing dynamics associated with the
expanded CAG-repeat tract in exon 1. A direct comparison between
splicing dynamics in wild-type and zQ175 is, however, complicated
due to the genetic architecture of exon 1 in these mutant animals.49

Therefore, we turned to a second, well-characterized mouse model
for HD, the HttQ20 and HttQ111 knockin mouse lines.52 These lines
were genetically modified to carry a chimeric human/mouse Htt
gene and differ exclusively in the length of the CAG-repeat tract,
which in the HttQ20 mouse contains 18 consecutive CAG repeats
(mimicking the healthy human control), whereas in HttQ111 mice
contains 109 consecutive CAGs (mimicking the human HD patient)
(Figure 2E, left). In order to assess a possible regulatory role of the
length of the CAG tract in favoring back-splicing between exons 2
and 6, RT-qPCR experiments on cortical and striatal RNA samples
of these mice were conducted using a set of primers that amplify
AG trinucleotide repeat number

otent stem cell (iPSC)-derived terminal differentiated cortical neurons (hTDNs) from

lts of a linear regression; data are plotted as mean ± SEM). (C) Scheme of qRT-PCR

cHtt(2,3,4,5,6) and linearHttmRNA) from the Htt locus in the brains of wild-type and

rain regions (cortex, striatum, cerebellum) of 9-month-old wild-type and zQ175mice

’s multiple comparisons testing, ***p < 0.001, **p < 0.01, *p < 0.05; data are plotted

ncy-schematic representation of the binding sites of the employed primer pairs (top).

ear Htt when combined with ex7 rv primer. (F) Circularization frequency in cortical,

lative level of expression of circHtt(2,3,4,5,6) and linear isoforms was first calculated

ncy—as ratio between back-splicing and linear splicing—was computed; one-way

ean ± SEM). (G) Normalized relative expression of individual primer sets used to
t values, unpaired two-sided t tests for each primer set individually, ***p < 0.001,
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Figure 3. In vivo and in vitro developmental trajectory

of circHtt(2,3,4,5,6) abundance in the zQ175 HD

mouse model

(A) RT-qPCR analysis across postnatal (P) development in

the wild-type and zQ175 mouse striatum (A, n(P0) = 3 per

genotype, n(P7) = 3 wild-type/2 zQ175, n(P21) = 5 per

genotype, n(P90) = 5 per genotype; transcript levels

normalized to the geometric mean of three housekeeping

genes, Pgk1, Tfrc, and Actb, and to the wild-type levels

at P0; two-way ANOVAs followed by Tukey’s multiple

comparisons test, and simple linear regression to

calculate expression trajectory slopes, ***p < 0.001,

**p < 0.01, *p < 0.05). (B) Primary neuronal culture

experimental layout from wild-type and zQ175 E18

embryos (top). Representative images of primary cortical

neurons at 6 days in vitro (DIV), stained for Tubb3+

differentiating neurons and GFAP+ astrocytes (bottom),

scale bar, 25 mm; (C and D) RT-qPCR results on cDNA

from total RNA of cultured neurons at 0 and 10 DIV;

neuronal maturation markers Psd95, Nrxn1, Cntn1, and

the circular RNA cirS-7 (C); circHtt(2,3,4,5,6) and Htt

mRNA levels in the zQ175 derived neurons at 0 DIV and

10 DIV (D) (n(embryos) = 4 wild-type and 5 zQ175;

transcript levels normalized to the geometric mean of

three housekeeping genes, Pgk1, Tfrc, and Actb, and to the wild-type levels at DIV-0; two-way ANOVA followed by Tukey’s multiple comparisons test, ***p < 0.001,

**p < 0.01, *p < 0.05; data are plotted as mean ± SEM).
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across the splice junctions of exons 1/2 and exons 6/7 on linear Htt
mRNA, as well as primers to amplify circHtt(2,3,4,5,6)’s BSJ 6/2.
Upon normalization to a housekeeping gene, a “circularization fre-
quency” was calculated, reflecting the ratio between the back-splicing
and the average linear splicing events at these specific exonic locations
(Figure 2E, right). We observed significantly increased “circulariza-
tion” frequencies in the HttQ111 mice at the two brain regions tested.
The increased expression in circHtt(2,3,4,5,6) was prominent in
the striatum (Figure 2F), and already significant at 2 months of
age (Figure S3B). Specifically, when assessing the signal of the individ-
ual primer pairs employed, a decrease in exon 1/2 and 6/7 splice junc-
tions can be observed, coupled with a concomitant increase in
circHtt(2,3,4,5,6) levels (Figure 2G). These findings thus suggest
that CAG-repeat length modulates the linear and back-splicing dy-
namics at this locus.

Altered developmental trajectory of circHtt(2,3,4,5,6) in the

striatum of the zQ175 HD mouse model

Overall, circRNA expression is dynamically and spatio-temporally
regulated, with some circRNAs retaining crucial developmental func-
tions.53–55 Furthermore, although typically conceived as a neurode-
generative disease, an increasing body of evidence is pointing to
abnormal neurodevelopment as another player in HD.56–59 There-
fore, and since we observed elevated levels of circHtt(2,3,4,5,6) already
at 3 months of age, i.e., before overt HD-like phenotypic changes,49

we sought to characterize the developmental trajectories of
circHtt(2,3,4,5,6) expression in the early postnatal period (P0, P7),
at the age of weaning (P21) compared with the 3 months expression
levels (P90) (Figure 3A). CircHtt(2,3,4,5,6) expression increases post-
natally, both in wild-type as well as zQ175 striatal tissues. However,
when fitted to a linear regression, circHtt(2,3,4,5,6)’s developmental
increase follows a much steeper slope (0.133, with a 0.009 SEM) in
the mutant brain samples when compared with the wild-type
(0.065, with a 0.005 SEM) (Figure 3A). In contrast, Htt linear tran-
script’s developmental trajectories were overall more similar
between wild-type and zQ175 striatal tissues. Nonetheless, we were
able to identify a significantly reduced slope in the zQ175 line, as pre-
viously reported, representing an opposite effect compared with
circHtt(2,3,4,5,6) (Figure 3A). Thus, CAG-repeat expansion in Htt
exon 1 not only alters the linear and back-splicing frequency of down-
stream exons, but it does so in a developmental stage-dependent
manner, indicating possible neurodevelopmental implications for
circHtt(2,3,4,5,6) in HD pathophysiology. To investigate whether
these changes may correlate with progressive neuronal differentia-
tion, we cultured primary neurons from the developing telencephalon
of wild-type and zQ175 mice at embryonic day (E)18 (Figure 3B). By
comparing expression levels of well-known markers for neuronal
maturation (Psd95,60 Nrxn1,61 Cntn1,61 and cirS-762) between
DIV-0 and DIV-10, we confirmed progressive and comparable
neuronal maturation of the cultured neurons for both genotypes
(Figure 3C). CircHtt(2,3,4,5,6) expression levels were already
significantly increased at DIV-0 in the zQ175 primary neurons,
with comparable levels at DIV-10 (Figure 3D). Instead, and in line
with our previous findings, Htt mRNA levels were significantly
reduced in zQ175 primary neurons at both time points (Figure 3D).
While these data do not show overt circHtt(2,3,4,5,6) increases
during the in vitro neuronal differentiation setting, as observed
in vivo (Figure 3A), they clearly indicate that circHtt(2,3,4,5,6)
expression levels are already significantly higher at embryonic
stages of development in the zQ175 mouse line, further
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highlighting its potential relevance for brain developmental processes
in HD.

CircHTT(2,3,4,5,6)/circHtt(2,3,4,5,6) functional roles in

physiologic conditions

In order to investigate the functional role of circHTT(2,3,4,5,6)/
circHtt(2,3,4,5,6), we inspected the human circHTT(2,3,4,5,6)
sequence for enrichment of miRNA binding sites; however, no
high-score consensus motifs were identified (mirBASE E-value cutoff
>1) (Figure 4A, left). Instead, by initially using circ-Interacto-
meRBP,63 then employing CISBP-RNA motifs PWM,64 and finally
intersecting with eCLIP ENCODE sequence motifs,65 we found that
circHTT(2,3,4,5,6) presents enrichment in RBP binding sites for
8 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
translation regulating factors EIF4A3 (four sites) and EIF4B (two
sites), as well as FMRP (three sites), FXR1, PCBPs (1/3/4), SF3B4,
YTHDC1, and PTBP (Table S3; Figure 4A, middle), as well as a
high-confidence IRES-like site (circRNADb R Score >1.6266), pre-
dicted between 34 and 182 nt (Figure 4A, right). Since this IRES-
like sequence was followed by a predicted open reading frame
(ORF) of 186 amino acids (aa), we investigated if circHtt(2,3,4,5,6)
could be directly translated. We resorted to polysome profiling
from brain cytoplasmic lysates of 6- to 7-month-old wild-type and
the zQ175 mice (Figures 4B–4F), and determined circHtt(2,3,4,5,6)’s
co-sedimentation profile with ribosomes and polysomes. Graphical
representations of typical polysome profiles are shown in Figure 4B.
The first peak contains free cytosolic light components (RNPs),
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followed by the ribosomal subunits (40S and 60S) and monosomes
(80S), all associated with non-translating particles. The remaining
peaks of the profile represent polysomes, which sediment with high
sucrose concentrations and contain the RNAs associated with
ribosomes. First, we confirmed successful fractionation by analyzing
co-sedimentation profiles of the 18S rRNA (Figure 4C), as well as
heavily translated beta actin mRNA (Actb) (Figure 4D). In contrast,
the vast majority of circHtt(2,3,4,5,6) localized to the free cytosolic
light components (RNPs) fractions (80%–85%), with none detected
in translating polysomes (Figures 4E and 4G). Thus, we concluded
that circHtt(2,3,4,5,6) is not translated itself in physiologic conditions,
neither in wild-type nor zQ175 brain tissue. Interestingly, however,
we observed a modest, but consistent fraction (10%–15%) of
circHtt(2,3,4,5,6) co-sedimenting with the 40S small ribosomal sub-
unit in fraction 3 (Figures 4E and 4G). On the other hand, linear
Htt mRNA, as expected, showed a co-sedimentation profile mostly
associated with light polysome fractions, in line with its translation
(Figure 4F). When comparing co-sedimentation profiles of wild-
type and zQ175 brain tissue more globally, we did not observe any
overt difference between the two genotypes. Only a modest shift to-
ward reduced translation was observed, when looking into the 18S
rRNA in fraction 12 as well as the mRNAs Actb and Htt. Of note,
when repeating the experiment employing an alternative buffer
without deoxycholic acid for the preparation of cytoplasmic
extracts, which has previously been shown to preserve polysome
association of FMRP in cortical extracts,67 the circHtt(2,3,4,5,6) co-
sedimentation profile remained essentially the same (data not
shown). Taken together, our results do not support direct
translation of circHtt(2,3,4,5,6) in vivo under physiological condi-
tions; however, they (1) highlight an interesting association of a subset
of circHtt(2,3,4,5,6) with the small 40S ribosomal subunit and (2)
considering the predicted binding sites for translation regulators on
its sequence, (3) point to a potential involvement of circHtt(2,3,4,5,6)
in translation regulation.

CircHtt(2,3,4,5,6) overexpressionmodulates cellular phenotypes

and focal adhesion in the STHdh Q111/Q111 in vitro cell model

for HD

To further investigate potential functional roles of circHTT(2,3,4,5,6)/
circHtt(2,3,4,5,6), we cloned exons 2–6 of HTT/Htt into the
ZKSCAN1 expression vector for circRNAs (Figure S4A).68 We
confirmed the production of a circular transcript through northern
blot analysis (Figure S4B) and used the ZKSCAN1 circHTT(2,3,4,5,6)
vector, together with the empty MCS control vector, for circRNA
overexpression in human HEK293T cells, characterized by low
endogenous circHTT(2,3,4,5,6) levels (Figure S4C). We found that
circHTT(2,3,4,5,6) overexpression did not alter linear HTT mRNA
levels (Figure S4C), nor huntingtin protein abundance, as assessed
by western blot analysis (Figure S4D). Since the HEK293T cells
have little relevance in the context of a brain-enriched circRNAmole-
cule and for HD pathology, we then analyzed the effect of
circHtt(2,3,4,5,6) overexpression in the HD-relevant mouse STHdh
cell line series with cells carrying wild-type Q7/Q7, heterozygous
Q7/Q111, and homozygous Q111/Q111 knockin alleles44 that show
endogenously increased levels of circHtt/Htt ratios (Figure S4E).
Upon transfection of the ZKSCAN1 circHtt(2,3,4,5,6) vector and pu-
romycin selection to obtain polyclonal cell lines with stable overex-
pression, we confirmed successful overexpression of circHtt(2,3,4,5,6)
in cells of all three genotypes (Figure S4F). Next, we investigated
possible effects of circHtt(2,3,4,5,6) overexpression on translation
and/or stability of wild-type and mutant huntingtin protein in the
three different genotypes through western blot analysis (Figure S4G,
left). In line with the results in HEK293T cells (Figure S4D), we could
not observe any significant changes in huntingtin protein abundance
(Figure S4G, right). We additionally investigated the subcellular local-
ization of endogenous circHtt(2,3,4,5,6) in the control MCS STHdh
cell lines and observed strong enrichment in the cytoplasmic cell
compartment (Figure S4H, left). This compartmentalization was
also not substantially affected by circHtt(2,3,4,5,6) overexpression,
although a tendency toward more nuclear retention (as indicated
by a lower cytoplasmic/nuclear ratio) was observed in all three geno-
types of these stable cell lines (Figure S4H, right). Of note, in human
HEK293T cells, at physiologic levels, circHTT(2,3,4,5,6) also primar-
ily localizes to the cytoplasm (Figure S4I). In summary, we could not
observe any significant changes in HTT/Htt linear mRNA transcrip-
tion/stability, huntingtin protein abundance, or subcellular compart-
mentalization changes upon circHTT(2,3,4,5,6)/circHtt(2,3,4,5,6)
overexpression in human wild-type andmouse in vitromodel systems
relevant for HD.

Nonetheless, we wanted to check for possible effects in trans, with
circHtt(2,3,4,5,6) overexpression possibly having an impact on the
HD-related phenotypes previously described in the STHdh cell lines
Q7/Q111 and Q111/Q111. To that end, we employed a live-cell paint-
ing approach using Hoechst, Calcein-AM, MitoTracker, and high-
throughput confocal imaging to assess cellular and nuclear
morphology, as well as mitochondria number and activity in a total
of 8,000–10,000 cells per replicate for each condition (n = 3 biological
and 6 technical replicates each), i.e., untransfected, MCS empty con-
trol, and ZKSCAN1 circHtt(2,3,4,5,6) overexpressing polyclonal cell
lines (Figures 5A–5E, S5A, and S5B). Employing the CustomModule
extension of MetaXpress 6.7.2.290 (Molecular Devices, LLC), single-
cell morphology was analyzed (cytosolic Calcein-AM, Figures 5A–
5C), mitochondrial morphology and intensity were evaluated
(MitoTracker, Figures S5A and S5B), and nuclear morphology was
assessed (Hoechst, Figures 5D and 5E). STHdh Q7/Q111 and, to a
much stronger degree, STHdh Q111/Q111 cells display altered cell
morphological features, i.e., reduced cell area and altered cell
morphology, displaying a more circular shape, accompanied by a
reduced formation of cellular processes (Figures 5A–5C). These phe-
notypes are in line with previous reports, and linked to altered cell-cell
and cell-substrate interactions through focal adhesion (FA), possibly
ascribable to decreased N-Cadherin function, which is directly linked
to an HD-specific defect.69,70 Interestingly, we observed a significant
amelioration of the cell morphological defects in the STHdh Q111/
Q111 cells overexpressing circHtt(2,3,4,5,6) when compared with
the STHdh Q111/Q111 empty MCS controls (Figure 5B, left and
right). Furthermore, the reduced number and length of protrusions
Molecular Therapy: Nucleic Acids Vol. 35 September 2024 9
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in the Q111/Q111 cells were also rescued by circHtt(2,3,4,5,6) overex-
pression (Figure 5C, left and right). Additionally, and possibly as a
consequence of the generally modified cell shape, nuclear shape, as as-
sessed by Hoechst staining (Figures 5D and 5E), responded in a
similar manner to circHtt(2,3,4,5,6) overexpression in the Q111/
Q111 STHdh cells (Figure 5E, right). To dissect these cell morphology
phenotypes in more detail, we directly studied cellular FA. To that
end, STHdh Q7/Q7 and Q111/Q111 untransfected, MCS empty con-
trol and ZKSCAN1 circHtt(2,3,4,5,6) overexpressing cells were seeded
at low density, fixed, and stained for Vinculin, a central component of
FA multiprotein structures that link the intracellular cytoskeleton to
the extracellular matrix (Figure 5F, top). Automated cell segmenta-
tion and quantitative analysis of the number of Vinculin foci per
cell revealed a significant reduction in the number of foci in Q111/
Q111 cells when compared with the wild-type Q7/Q7 (Figure 5F, bot-
tom left). Importantly, while not completely returning to the wild-
type levels, this decrease was significantly modulated in cells overex-
pressing circHtt(2,3,4,5,6) (Figure 5F, bottom left). Instead, the mean
fluorescence intensity of Vinculin signal, which appears significantly
reduced in the Q111/Q111 cells when compared with the wild-type
control, remained comparable in circHtt(2,3,4,5,6) overexpressing
cells (Figure 5F, bottom right). Vinculin can directly interact
with,71 and be recruited to, cellular junctions through N-Cadherin,72

and its reduced expression levels were previously linked to cell
morphological defects in Q111/Q111 cells.70 To explore whether al-
terations in N-Cadherin levels were linked to the observed increase
in Vinculin-positive FA sites in the Q111/Q111 circHtt(2,3,4,5,6)
overexpressing cells, we performed western blot analysis (Figure 5G,
top). Quantification revealed significantly reduced N-Cadherin and
Vinculin levels in the Q111/Q111 mutant cells, when compared
with the wild-type controls, in line with previous reports.69 This
reduction, however, was not modified through circHtt(2,3,4,5,6) over-
expression (Figure 5G, bottom left and right).

Last, we investigated mitochondrial organization and function
by analyzing the MitoTracker signal in the cell painting assay
(Figures S5A and S5B).We observed a significantly decreased number
Figure 5. Overexpression of circHtt(2,3,4,5,6) ameliorates cellular phenotypes
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of MitoTracker positive clusters in STHdh Q111/Q111 cells, which
was slightly, but significantly, counteracted by circHtt(2,3,4,5,6) over-
expression (Figure S5B, left), while the mean fluorescence intensity
was not significantly altered by circHtt(2,3,4,5,6) overexpression
(Figure S5B, right). To further explore a potential function of
circHtt(2,3,4,5,6) in regulating mitochondrial energy metabolism,
we turned to a second, quantitative approach. We dissociated and
stained live cells of the different STHdh lines with the MitoStatus
Red fluorescent dye and quantified the fluorescent signal emitted by
stained mitochondria using the FACSymphony A1 Cell Analyzer
(Figures S5C and S5D). While a clear difference in the distribution
of fluorescence signal, hence mitochondrial membrane potential,
among the three different genotypes could be detected, as previously
reported in the literature,73 we did not observe any significant changes
in the percentages of cells with high vs. low MitoStatus fluorescence
intensities when circHtt(2,3,4,5,6) was overexpressed. Similarly, by
analyzing the expression levels of a panel of genes regulating both
mitochondrial fusion and fission through RT-qPCR, we could
observe a profound deregulation between the Q7/Q111 heterozygous
and, to a much stronger degree, Q111/Q111 homozygous cells when
compared with the Q7/Q7 wild-type, in line with previous studies.73

However, circHtt(2,3,4,5,6) overexpression did not alter any of these
transcriptional signatures of the HD cellular models (Figures S5E
and S5F).

Taken together, our functional assessment of circHtt(2,3,4,5,6) over-
expression in STHdh cells highlights a potential trans regulatory
role of the molecule in modifying cell morphology through FA, but
not mitochondrial energy metabolism.

DISCUSSION
circRNAs were originally perceived as noise produced by the RNA
processing machinery, yet they gained substantial recognition over
the past decade.74 They are found across all eukaryotes (protists,
fungi, plants, and animals),75 and are frequently generated from or-
thologous genomic regions across species, with intricate spatiotem-
poral expression patterns.41,55 circRNA biogenesis is mediated
of the STHdh Q111/Q111 striatal cell model system for HD
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through a circle-forming back-splicing reaction, and is guided
through the canonical splicing machinery, facilitated by reverse com-
plementary repetitive sequences in flanking introns or through bind-
ing of RBPs, promoting pre-mRNA folding.9,35 Due to their circular
structure, circRNAs are protected from the activity of cellular exonu-
cleases, which in mitotically inactive cells, such as neurons, leads to
accumulation during aging.15–17 While for some circRNAs specific
functions covering a wide range of biological roles have been re-
ported,76 experimental evidence for functionally, evolutionary
conserved circRNAs is still very scarce. Our work fits into this focus
area, providing solid proof of circHTT(2,3,4,5,6) conservation among
mammalian species (human, mouse, pig, sheep, cow, and goat), and
correlating its appearance with the presence of species-specific long
flanking intronic sequences. CircHTT(2,3,4,5,6) stems from the HD
gene locus (HTT) and it is produced downstream of exon 1 where
the polymorphic CAG-repeat tract is located.20 From recent studies,
the HTT CAG-repeat tract appears under purifying natural selec-
tion—characterized by the length of an uninterrupted (pure) CAG
repeat—when compared with other CAG-repeat containing genomic
loci.25 This exceptional conservation and purity in the HTT CAG-
repeat also associates with evolutionary expansion,77 which seems
to confer advantageous traits, leading to the generation of more
mature, interconnected, and functional neurons.78 Our data suggest
that the evolutionary expansion of HTT CAG repeats may correlate
with increased levels of circHTT(2,3,4,5,6) circularization, thus sug-
gesting a potential co-evolution of these molecular traits.

However, the evolutionary process aimed at preserving the purity of a
beneficial elongation of the CAG repeat, in rare cases, can lead to an
extreme expansion. When the repeat increases to over 40 units, it is
associated, with full penetrance, to the autosomal dominant genetic
condition known as Huntington’s disease. As a logical corollary of
our hypothesis—that an elongated HTT CAG-repeat tract would
correlate with increased production of circHTT(2,3,4,5,6)—indeed,
we discovered that circHTT(2,3,4,5,6) biogenesis is strongly elevated
when the CAG-repeat numbers reach and exceed pathological expan-
sion in the context of HD, both in human as well as mouse model sys-
tems of the disorder. Interestingly, circHtt(2,3,4,5,6) levels do not
correlate with Htt transcription levels but mimic the abundance of
the highly pathogenic Htt1a fragment, generated by incomplete
splicing,33 suggesting a primary underlying role for the spliceosome
machinery, rather than direct transcriptional regulation. Splicing is
occurring co-transcriptionally, therefore RNA Pol II speed is
emerging as another determinant of splicing regulation and circRNA
production.79 Indeed, genome-wide studies have reported a direct
correlation between RNA Pol II velocity and circRNA biogenesis at
specific loci.80 In other words, fast elongation speeds usually favor
exon exclusion from linear transcripts, and increased circularization
of these linearly excluded exons. Interestingly, stable RNA duplexes,
DNA:RNA hybrid structures and R-loops, frequently associated
with GC-rich sequences and triplet expanded tracts,81 induce tran-
scription stalling during elongation,82 leading to increased repeat
instability,83–85 but also impact local splicing and back-splicing
events. Thus, it might be the architecture of the pure CAG tract, up-
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stream of the circularization hot spot, directly or indirectly control-
ling circHTT(2,3,4,5,6) biogenesis. In fact, the highly structured
CAG-repeat tract might recruit/sponge spliceosome components,
RBPs, and RNA helicases, as previously reported for the HTT
CAG-repeat (i.e., SRSF6,86 PRPF8, and others87,88), thus, in turn,
affecting AS and back-splicing locally in cis and/or at genome-wide
level in trans.29

Incidentally, an independent, complementary study also recently
reported the very same circRNA molecule, composed of HTT exons
2–6, stemming from the HTT locus and increased by lengthened
CAG-repeat.89 These findings additionally strengthen our conclu-
sions and clearly support circHTT(2,3,4,5,6) as a prevalent and
brain-enriched circRNA from the HTT locus.

Assessing functional roles of circRNAs is, in general, challenging. In
order to obtain some initial insights on circHTT(2,3,4,5,6) function
and its relevance for HD pathology, we inspected its sequence search-
ing for predicted miRNA binding sites,90 motifs for RBPs,91 and
IRES-like sequences,92 as previously reported from other circRNA
molecules. No high-score miRNA consensus motif was identified,
while a high-confidence IRES site was predicted between 34 and
182 nt.93 Through subcellular fractionation, we showed clear cyto-
plasmic localization of human circHTT(2,3,4,5,6) and mouse
circHtt(2,3,4,5,6), thus we hypothesized its possible role in the regula-
tion of protein translation (1) in cis, stimulating huntingtin protein
production, (2) in trans, at genome-wide level by sequestering specific
regulatory factors, or (3) being itself directly translated (predicted
ORF 186 aa). With the clear limitations associated with the overex-
pression approach, especially if considering the globally modest
endogenous expression levels of circRNAs, we initially assessed
circHTT(2,3,4,5,6) functionality by overexpression in cellular systems.
At first, we inspected whether a modulatory role in transcription/
translation could be observed in cis at the host gene, HTT. In general,
our findings support a negligible effect on HTT gene transcription
and local protein translation. However, when inspecting cellular
phenotypes in the HD-relevant striatal STHdh model system, a
possible modulatory effect was observed. Specifically, cell morpholog-
ical defects, which were previously associated with the aberrant
N-Cadherin expression in Q111 mutant cells,69 were recovered by
circHtt(2,3,4,5,6) overexpression. Our analysis of FA characteristics
and quantification of N-Cadherin and Vinculin protein levels in
Q111/Q111 cells overexpressing circHtt(2,3,4,5,6) on one hand indi-
cate that a global change in FA and cytoskeletal organization may un-
derlie the modulation of the observed cell morphological defects,
rather than a direct regulation of transcription/translation of Vinculin
and N-Cadherin themselves. On the other hand, Vinculin has over 14
putative binding partners at FA94 and the interaction with those part-
ners is regulated by an auto-inhibitory, intramolecular interaction be-
tween its protein head and tail domains.95 The release of this auto-in-
hibition is believed to require simultaneous binding of multiple
ligands.96 Therefore, a direct transcriptional/translational regulatory
function of circHtt(2,3,4,5,6) on those Vinculin interacting proteins
warrants further investigation.
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We furthermore observed an effect of circHtt(2,3,4,5,6) overexpres-
sion on MitoTracker aggregate number in Q111/Q111 cells, the
MitoTracker orange CMTMRos dye represents an indirect readout
of mitochondrial membrane potential.97 Mitochondria, critical or-
ganelles that control energy production, lipid metabolism, and Ca2+

signaling and buffering, have been intensely studied in the context
of HD, and they occupy an important position in the pathogenesis.98

To explore potential consequences and implications of this
circHtt(2,3,4,5,6) overexpression-induced change in number of
MitoTracker clusters, we further quantified mitochondrial function-
ality through a fluorescence-activated cell sorting (FACS)-based as
well as RT-qPCR-based approach, directly assessing mitochondrial
membrane potential and expression of genes regulating mitochon-
drial fission and fusion processes crucial for cellular energetic meta-
bolism. We observed clear differences between the Q7/Q7 control
and Q7/Q111 and Q111/Q111 mutant cells, however no apparent
specific changes upon circHtt(2,3,4,5,6) overexpression. Thus, a
tangible link between circHtt(2,3,4,5,6) and the energetic metabolic
pathway is still unclear. Additionally, the phenotypes observed and
the rescue through circHtt(2,3,4,5,6) overexpression are predomi-
nantly measurable in the STHdh Q111/Q111 homozygous mutant
context, thus the relevance for the most common heterozygous con-
dition in HD patients needs to be further evaluated. Finally, for all the
comparisons presented here, the effect of circHtt(2,3,4,5,6) overex-
pression in STHdh cells was always evaluated internally, within
each genotype, thus avoiding inter-genotypic comparisons that might
be affected by the previously reported karyotypic alterations in this
model system70; nonetheless, testing the functional impact of
circHTT(2,3,4,5,6) modulation in an independent HD model system
and directly, in HD patients’ cells, will be certainly needed to further
establish its relevance for HD pathophysiology. Due to the extremely
high levels reached by circHtt(2,3,4,5,6) overexpression, the informa-
tive value on cell physiologic functions remains quite limited. In line
with this, circHTT(2,3,4,5,6) overexpression, from an independent
study in HEK293T cells, highlighted significant reduction in
the nuclear area,89 which could not be validated in our HD-relevant
STHdh model system. Taken together, analysis of circHTT(2,3,4,5,6)
function at endogenous levels, possibly capitalizing on the newer
tools for circRNAs knockdown,62,99–102 is absolutely imperative
to obtain reliable conclusions about its relevance for HD
pathophysiology.

In this light, our investigation exploring translation regulation in vivo,
using adult mouse brain cytoplasmic extracts, provides a unique,
unbiased perspective on the functional properties of endogenous
circHtt(2,3,4,5,6) within its proper cellular and tissue context. By
polysome fractionation, we could unequivocally establish that
circHtt(2,3,4,5,6) is unlikely to be directly translated, since an associ-
ation with the heavier polysomal fractions was always negligible
in wild-type and HD-model mouse brains. While a modest (10%–
15%), though reproducible, portion of circHtt(2,3,4,5,6) was
associated with the 40S small ribosomal subunit, the vast majority
(80%–85%) of it remained localized to the free ribonucleo-particles.
Interestingly, this localization was not changed by the increased levels
of circHtt(2,3,4,5,6) in the mutant mice. Of note, other circRNAs102

have been reported to partly associate to the 40S fraction, thereby
“sponging” important players in translation regulation. On the other
hand, other non-coding RNAs, SINEUP molecules, that are able
to increase, in a target-specific manner, protein translation, also asso-
ciate to the 40S ribosomal subunit, sometimes upon stress-response-
mediated cellular reshuffling.103–105 Thus, our initial observations set
the stage for a deeper molecular investigation of the possible func-
tional role of circHTT(2,3,4,5,6) modulation of protein synthesis in
the assembly of the translational machinery, in the regulation of
cap-independent translation in response to stress, or, indirectly,
through binding and sequestration of RBPs and translation regula-
tors. These regulatory mechanisms may be particularly relevant in
brain districts where high levels of circRNA molecules are observed,
pertinent to HD biology, but also instrumental to unveil a new
perspective of circRNA biology, possibly scalable to other RNA
circles.

MATERIALS AND METHODS
Mice

HdhQ20 (now HttQ20, B6.129S1(Cg)-Htttm2Mem/20ChdiJ, Stock No.
02741152), knockin mice and zQ175 (now HttQ175; (B6J.129S1-
Htttm1Mfc/190ChdiJ Stock No. 02741049) knockin mice were pur-
chased from the Jackson Laboratory. The HttQ20 knockin allele was
originally created by Dr. Marcy E. MacDonald (Massachusetts Gen-
eral Hospital) and exhibits a chimeric mouse:human huntingtin
exon 1 (Htt:HTT exon 1) encoding the human version of the polyglut-
amine/polyproline-rich segment with 18 CAG repeats [(CAG)
18CAACAG].106 The HdhQ111 (now HttQ111; B6.129-Htttm5Mem/J,
Stock No. Strain #:00359852) was provided by Vanessa C. Wheeler,
and is different from the HttQ20 knockin line only in the length of
the CAG-repeat tract [(CAG)109CAACAG]; The HdhQ20, HdhQ111,
and zQ175 knockin mouse lines were maintained through crosses of
male C57BL/6J wild-type animals with female knockin animals. Gen-
otyping for the mutant CAG-repeat allele was carried out on extracted
DNA from ear-punch biopsies, using the following primers: Hdh
CAG1 (Q20, Q111) fw 50-ATGAAGGCCT TCGAGTCCCTCA
AGTCCTTC-30, rev 50-GGCGGCTGAGGAAGCTGAGGA-3’; Neo
(Q175) fw 50-CTTGGGTGGAGAGGCTATTC-30, rev 50-AGGTGA
GATGACAGGAGATC-3’; knockin PCRs were performed using
Taq PCR Core Kit (QIAGEN, #201223). For each reaction, positive
and negative controls were included. PCRprotocols followed theman-
ufacturer’s instructions.

Embryonic time points were determined by plug checks, defining em-
bryonic day (E) 0.5 as the morning after copulation. All mice were
housed in groups of 2–5 mice in controlled conditions of temperature
(constant at 20�C–22�C), and 12-h light-dark cycles, in individually
ventilated cages (Techniplast GreenLine) and pathogen-free (SPF), ac-
cording to the FELASA 2014 Guidelines. All animal experiments
were conducted to minimize pain and discomfort, under approved
Institutional Animal Care and Use Committee protocol of the Italian
Ministry of Health (project authorization n. 781/2016-PR and 39/
2023-PR).
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Brain tissue sample collection

We thank Dr. Artur Fabi and his team from the Servizio Veterinario
Aziendale Alto Adige, Italy, for providing brain samples fromO. aries
(n = 2), C. hircus (n = 3), and B. taurus (n = 3). Locally, at the public
slaughterhouse, Bolzano, we collected and flash froze samples from
the prefrontal cortex of these species at 0 to 3 h postmortem. The pub-
lic slaughterhouse Valle Isarco SRL provided cortex samples from
G. gallus (n = 3). All these animals were already destined to slaughter
in the context of routine meat production, thus none were killed
exclusively for this study. All animals met the required health and
safety standards and received approval for slaughter from an on-
site veterinarian on the day of sample collection. Importantly, all an-
imals killed for the procurement of these brain samples were aged a
maximum of 12 months at the time they were killed, an age threshold
that ensures an absence of safety risks associated with prion diseases
in these types of samples. Total RNA from zebrafish whole brain was
provided by Maria Caterina Mione’s Laboratory of Experimental
Cancer Biology at the Department of Cellular, Computational, and
Integrative Biology (CIBIO), whereas Zdenka Ellederova’s Laboratory
of Cell Regeneration and Plasticity at the Institute of Animal Psychol-
ogy and Genetics, Czech Republic, provided brain samples frommini
pigs (S. scrofa). Mouse brain samples were obtained upon cervical
dislocation and rapid dissection on ice, samples were snap-frozen
in liquid N2 and stored at �80�C until use. Human brain RNA was
obtained from a commercially available human tissue panel (Clon-
tech # 636643).

Sequence analysis of HTT orthologues

Alignments and HTT orthologous sequences from the selected spe-
cies (D. rerio, G. gallus, M. musculus, O. aries, C. hircus, B. taurus,
and S. scrofa) were obtained through the UCSC genome browser
(https://genome.ucsc.edu), an interactive website offering access to
genome sequence data from a variety of vertebrate and invertebrate
species and major model organisms integrated with a large collection
of aligned annotations. For those species whose alignments were not
available on this database, the alignments were generated using
BLAST.

Primer design

A comprehensive list of all primers used in this study can be found in
Table S2. Primers were designed using the NCBI Primer designing tool
(https://www.ncbi.nlm.nih.gov/tools/primer-blast). For endpoint PCR,
for each species, two divergent primer pairs for the predicted circHTT
orthologue sequence, targeting the BSJ, one primer pair for linearHTT
orthologue mRNA and one primer pair for a housekeeping gene, were
designed/retrieved from the literature. Standard parameters
(58�C < Tm < 62�C, amplicon sizes between 90 and 250 bps) were
selected. Primers designed in this study were tested for specificity by
endpoint PCR and sequencing before use.

RNA extraction

Total RNA was extracted using TRIzol Reagent (Invitrogen) accord-
ing to the following protocol: frozen tissue (stored at �80�C) was
placed together with a homogenization bead and 1 mL of TRIzol Re-
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agent (Invitrogen) and homogenized for 60 s at 30 Hz. Then, fats were
precipitated through a centrifugation step (5 min, 12,000� g at 4�C).
The supernatant was mixed with 200 mL of chloroform, vortexed for
15 s, incubated for 2–3 min at room temperature, and centrifuged
(15 min at 12,000 � g at 4�C). After phase separation, the aqueous
transparent phase was transferred to a new reaction tube and mixed
with 1.5 volumes of EtOH 100%, then transferred onto a Zymo-Spin
IC column and centrifuged for 20 s at 10,000 � g at room tempera-
ture. The column was then washed with 500 mL 70% EtOH. DNAse
I treatment was performed on the column using DNase I (Thermo
Scientific #89836) (5 U in 50 mL total reaction volume of 70%
EtOH) for 15 min at room temperature. Upon two washing steps us-
ing 700 mL of 70% EtOH, the column was dried by centrifuging for
1 min at 10,000 � g and total RNA was eluted using RNAse-free
H2O. RNA concentration was measured using Thermo Scientific
NanoDrop. Subsequently, RNA integrity was either checked through
gel electrophoresis (1 mg total RNA separated on a 2% agarose gel in
1 � TBE) or using the Agilent 2100 Bioanalyzer. Total RNA was
stored at �80�C until further use.

RNase R treatment

For RNase R experiments, 3 mg of total RNA were either incubated
with 1.2 mL Ribonuclease R (RNase R, 500U, ABM #E049) and corre-
sponding buffer (+samples) or with buffer alone (mock - samples),
together with 0.2 mL RiboLock (40 U/mL Thermo Scientific
#EO0382) in a total volume of 20 mL, at 37�C for 30 min. RNA was
then cleaned up using the RNeasy Micro kit (Quiagen #74004) and
equal volumes of eluted RNA from treated and mock samples were
subsequently reverse transcribed. Upon analysis, ratios between
treated and untreated samples were calculated.

cDNA synthesis

Reverse transcription was performed primarily using the iScript
cDNA Synthesis Kit (Bio-Rad), except for Figure S2C tests for which
the reverse transcriptases RevertAid First Strand cDNA Synthesis Kit
(Thermo Scientific #K1621) and Maxima H Minus (Thermo Scienti-
fic #EP0753) were used. cDNA synthesis was performed on 1 mg of
total RNA according to the manufacturer’s instructions. cDNA sam-
ples were diluted 1:5 for following (q)PCR analysis and stored
at �20�C.

Endpoint PCR and qRT-PCR

EndPoint PCR was performed using Phusion Green Hot Start II
High-Fidelity PCR Master Mix (ThermoFisher #F566L), according
to the manufacturer’s protocol. PCR products were run at 100 V
for approximately 20–30 min on a 1.5% agarose gel in 1 � TAE.
For qRT-PCR, iTaq Universal SYBR Green Supermix (Bio-Rad
#1725121) was used, according to the manufacturer’s instructions.

Cell culture and transfection

HEK293T, SH-SY5Y, and mouse striatal (STHdh Q7/7, Q7/111,
Q111/111) cells were cultured in DMEM supplemented with 2 mM
L-glutamine, 100 U/mL Penicillin/Streptomycin (PenStrep), and
10% fetal bovine serum (FBS). Mouse striatal cell line medium was
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additionally supplemented with 1 mM sodium pyruvate and 0.5 mg/
mL Geneticin and grown at 33�C and 5% CO2. HEK293T and mouse
striatal cell lines were transfected by using Lipofectamine 2000 (Invi-
trogen), according to the manufacturer’s instructions, and were even-
tually harvested for further analysis at 48/72 h post-transfection, or
treated with puromycin to select for stable integration of the
ZKSCAN1 empty and circHtt(2,3,4,5,6) overexpression vectors. Poly-
clonal cells were thereafter passaged 3–5 times for stabilization prior
to use in experiments.

Primary neuronal culture

The primary neuronal culture experiments were performed according
to Beaudoin et al.107 with few modifications. In brief, pregnant female
mice were euthanized through cervical dislocation at embryonic day
(E18), the embryos removed from the uterus, placed in ice-cold 1�
PBS supplemented with 1� PenStrep, and decapitated with sharp
scissors. From each embryo a skin biopsy was collected for subse-
quent genotyping of the zQ175 allele. Dissection of developing fore-
brain tissues and removal of meninges was performed rapidly under a
stereomicroscope in DMEM without phenol red (Gibco #31053028)
with 1� PenStrep, tissue was mechanically fragmented and washed
2� with fresh dissection buffer (tissue fragments were allowed to
settle through sedimentation before buffer changes). Tissue was
dissociated using 500 mL of 0.25% Trypsin-EDTA in a 37�C water
bath for no longer than 15–20 min. Then, DNase 1 was added to
the dissociation buffer and incubated for an additional 5 min at
room temperature. Dissociation media was carefully removed and
the tissue clumps were washed 2� in fresh dissection buffer and
2� in seeding medium (DMEM supplemented with 2 mM
L-glutamine, 100 U/mL Penicillin/Streptomycin, and 10% FBS).
Then, using fire-polished pasteur pipettes, the tissue pieces were trit-
urated 8–10 times (slowly, avoiding any bubbling) until tissue pieces
disappeared. Cell suspension was filtered through a 70-mm cell
strainer to obtain single cells. Cell aliquots were counted using Trypan
blue to determine (1) viability of the cells and (2) cell numbers, and
cells were seeded in seeding medium on either sterilized 10-mm cov-
erslips, coated with PLO/Laminin for staining (5 � 104 cells), or on
PLO/Laminin-coated 12-well tissue culture plates for biochemical
analysis (20 � 104 cells per well). After 4 h, cells were checked for
attachment to the substrate and seeding medium exchanged with
neural maintenance medium (Neurobasal medium, Gibco
#21103049, supplemented with B27, GlutaMax, and PenStrep). Fifty
percent of the medium was then exchanged every 3–4 days for culture
maintenance.

Immunofluorescence and imaging

Primary neurons grown on coverslips at DIV-6 or STHdh cells were
fixed for 10 min in 4% paraformaldehyde, washed 3� in 1� PBS+/+,
permeabilized using 0.25% Triton X-100 in 1� PBS+/+ for 30 min,
and blocked in 2% BSA in permeabilization buffer for 30 min at
room temperature. Subsequently, overnight incubation with primary
antibodies (mouse anti-Tubb3 1:500, GeneTex #GTX85469; rabbit
anti-GFAP 1:500, GeneTex #GTX108711; mouse anti-Vinculin
1:200, V9254) in blocking solution was carried out for 12–18 h at
4�C shaking. Upon 3� 5-min washes in 1� PBS+/+ secondary anti-
body labeling (anti-mouse 594 Invitrogen 1:500, and anti-rabbit 488
GeneTex Daylight 1:500) for 1 h at room temperature was performed.
Finally counterstaining with Hoechst (Thermo Scientific, #62249,
1:1000) and 3� 5-min washes concluded the immunofluorescence
staining. Coverslips were mounted with FluorSaveTM Reagent
(Merck Millipore, #345789) on microscopy slides and images were
taken on a Nikon N-SIM+Ax confocal microscope using a 20� air
and 60� oil-immersion objective. Quantification of number of Vin-
culin foci and mean fluorescence intensity per cell was obtained
upon cell segmentation and employing a custom written Macro using
Fiji image analysis software,108 using the detector module for
TrackMate plugin109 that relies on Cellpose.110 Representative images
were adjusted for brightness and contrast using Fiji image analysis
software.

RNA extraction from primary neurons

RNA extraction from primary neurons was performed using the
RNeasy Micro kit (Quiagen #74004) according to manufacturer’s in-
structions. A total of 700 ng of total RNAwas then reverse transcribed
using iScript cDNA synthesis kit, see above, and used for qPCR
analysis.

ZKSCAN1 overexpression vector and cloning

The pcDNA3.1(+) ZKSCAN1 MCS Exon Vector (Addgene #69901)
was kindly provided by Prof. Jeremy Wilusz.68 Briefly, both
circHTT(2,3,4,5,6) and circHtt(2,3,4,5,6) were cloned between
EcoRV and SacII (ZKSCAN1 MCS Exon) restriction sites. Because
STHdh cells already carry a Neomycin resistance gene,45 this selection
cassette was replaced in ZKSCAN1 (MCS and circHtt) vectors by ex-
ploiting BstBI and SmaI restriction sites and switched with PuroR,
which was previously PCR amplified from a pLKO.1 plasmid. Finally,
all plasmids were Sanger sequenced to confirm successful cloning of
desired sequences.

Northern blot

Northern blot on extracted RNA was performed as previously
described.111 For each sample, a total of 20 mg of RNA was denatured
at 65�C for 15 min in 2–3 volumes of NorthernMax Formaldehyde
Loading Dye, placed on ice to chill for 5 min, and eventually loaded
on a 1.2% agarose-formaldehyde gel in northern gel running buffer.
After running the gel at 95V for about 3.5 h, the gel was washed twice
for 15 min in ultrapure DNase/RNase-free water with gentle shaking,
followed by another two washes in 10� saline sodium citrate (SSC)
with the same conditions. Capillary transfer to a Hybond-N
membrane in 10� SSC was carried out overnight, after which the
membrane was cross-linked with UV light and incubated
with ULTRAhyb-Oligo buffer at 42�C for at least 45 min, with gentle
rotation. During this incubation time, the DNA oligo targeting
circHTT(2,3,4,5,6) (50-TGAGCCAGCTCAGCAAACCTC-30) was ra-
diolabeled with [g-32P] by incubating 1.5 mL DNA oligo (10 mM),
2 mL 10� PNK Buffer, 4 mL [g-32P] ATP, 1 mL T4 polynucleotide
kinase, and 11.5 mL ultrapure DNase/RNase-free water at 37�C for
45–60 min. The reaction was halted by incubation at 95�C for
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5 min, followed by the removal of any excess of [g-32P] using Illustra
MicroSpin G-50 columns according to the manufacturer’s instruc-
tions. Each reaction was then incubated overnight with 15 mL of ra-
diolabeled probes, with gentle rotation. The next day, the membrane
was washed twice with a pre-warmed northern wash buffer (2� SSC,
0.5% SDS) for 30 min at 42�C. Last, membranes were imaged using a
Phosphorimager.

Protein extraction and western blot analysis

Proteins were extracted using RIPA (Sigma #R0278-50ML) supple-
mented with Halt Protease and Phosphatase Inhibitor Cocktail
(Life #78440). Cells were lysed for 30 min on ice, with vortexing every
5–10 min. Genomic DNA was disrupted using sonication in the Bio-
ruptor Pico sonication device (B01060010), quantified using PIERCE
BCA protein assay kit (LifeTech #23225), and 30–50 mg of proteins
were prepared for western blot analysis in 10% DTT (1 M) and Nu-
Page 4� Loading dye. Proteins were separated for at least 3 h at 110 V
on precast NuPAGE 3%–8% Tris-acetate protein gels (Life #EA0375-
BOX) in NuPAGE Tris-Acetate SDS Running Buffer (Life #LA0041)
and plotted onto PVDF membrane (Amersham Hybond P 0.45 mm
#GEH10600023) in Tris-glycine buffer with 5% MeOH at 100 V for
75 min at 4�C. Membranes were blocked for 1 h at room temperature
in 5% milk - 1� PBS-Tween and incubated overnight at 4� with
primary antibodies. The following primary antibodies were used:
anti-Hsp90 (1:1,000, 3C9 monoclonal antibody, Aurogene #BSM-
51215M) and anti-Huntingtin (1:2,000, D7F7, Cell Signaling #5656)
or (1:2,000, MAB2166, Sigma Aldrich), anti-N-Cadherin (1:2,500,
GTX127345, Genetx), and anti-Vinculin (1:2,000, V9254). Upon
washes 3 � 10 min in 1� PBS-Tween, membranes were incubated
for 1 h at room temperature with species-specific secondary anti-
bodies conjugated to HRP (1:10,000) in milk and developed using
ECL Select WB detection reagent (Amersham) on a Chemidoc Imag-
ing system (Bio-Rad). Western blots were quantified using Fiji.

Subcellular fractionation

To perform subcellular fractionations, we employed a published pro-
tocol with fewmodifications.112 All steps were performed leaving cells
on ice and using a refrigerated centrifuge. The cells were washed three
times with ice-cold 1� PBS, then resuspended in 380 mL of ice-cold
hypotonic lysis buffer (HLB, 10 mM Tris-HCl pH 7.5, 10 mM
NaCl, 3 mMMgCl2, 0.3%NP-40 [vol/vol] and 10% glycerol [vol/vol])
and incubated for 30 min in ice, with occasional vortexing. After that,
the cells were centrifuged at 1,000 � g for 50 at 4�C, the supernatant
(cytoplasmic RNA fraction) was carefully isolated and centrifuged
again for 50 at >5,000 � g to pellet any residues, and 1 mL of
RNA precipitating solution (0.5 Ll 3M sodium acetate pH 5.5,
9.5 mL 100% ethanol) was added to the cytoplasmic fraction, which
was eventually incubated at �20�C for >1 h. The nuclei pellet was
instead washed three times with ice-cold HLB and 1 mL of Trizol
was added to the semi-dry pellet. After >1 h at �20�C, the cyto-
plasmic fraction was centrifuged at 18,000 � g for 15 min at 4�C,
then the supernatant was removed and the RNA pellet was resus-
pended in 1 mL of Trizol. RNA was finally extracted following the
manufacturer’s protocol.
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Cell painting assay

Cells and live-cell staining

STHdh cells were seeded in STHdh complete medium into 96-well Cell
Carrier plates at a density of 4,000–6,000 live cells per well, approxi-
mately 24 h before staining. On the day of the cell painting assay, cells
were incubated withHoechst (Thermo Scientific, #62249, 1:1,000), Cal-
cein GREEN-AM (Invitrogen, #C3099, 1:2,000), and MitoTracker or-
ange CMTMRos (Invitrogen, #M7510, 1:1,000) for 1 h at 33�C prior
to imaging.

Imaging and data analysis

Image acquisition was performed using ImageXpress Micro Confocal
High Content System (Molecular Devices, LLC). Maximum intensity
projection of four z stack images per well (six FOV) were acquired
with 20� Plan Apo Lambda 0.75NA objective in confocal mode for
three channels: Hoechst – Blue Ex 377/54 and Em 432/36, Calcein-
AM Green Ex 475/28 Em 536/40, and MitoTracker- Orange Ex
555/28 and Em 600/37. Images were analyzed using the CustomMod-
ule extension of MetaXpress 6.7.2.290 (Molecular Devices, LLC).
Nuclei were counted based on the Hoechst staining, the cytosolic re-
gion was identified from Calcein-AM staining, and mitochondrial ag-
gregates were segmented using MitoTracker staining. The following
parameters were measured and extracted per single-cell object: cell
counting, the nuclear and cellular area, nuclear and cellular shape,
the number of mitochondrial aggregates in the cytoplasm compart-
ment, and their fluorescence intensity. The total number of cells
and the mean of the phenotypic parameters per well were then
calculated, features presented in this article. Representative images
in Figures 5 and S5 were adjusted for brightness and contrast using
Fiji image analysis software. The following parameters are reported:

(1) Cell and Nuclear Area
(2) Cell and Nuclear Shape Factor: A value from zero to one that rep-

resents how closely the object represents a circle. A value close to
zero indicates that the object is flat, whereas a value of one indi-
cates that the object or feature is a perfect circle.

(3) Average Intensity: The average of all the intensity values for the
pixels in the object or feature.

Flow cytometry

Single-cell suspensions of 150,000 STHdh live cells were stained in a
volume of 200 mL complete media at a final concentration of 75 mM
for 20 min at 33�C. Cells were washed 3� with FACS Buffer (1� PBS,
2.5% FBS, 4% glucose, 1�Glutamax, and 1� PenStrep) and placed on
ice until analysis on a BD FACSymphony A1 Cell Analyzer. Data were
analyzed employing FlowJo VX. In brief, upon gating for single cells,
all conditions corresponding to the individual genotypes (i.e., un-
transfected, MCS, circHtt OE) were analyzed together, gating for
high vs. low fluorescence intensity of the MitoStatus dye.

RBP motif prediction

miRNA binding sites were predicted by using the TargetScan Perl
Script,113 using as input the mature circRNA sequences alongside the
miRNA sequences retrieved from miRBase.114 The CircInteractome
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web tool, developed by Dudekula et al.,63 integrates information avail-
able on various online databases in order to facilitate the study of
circRNAs and their interactions with other factors, mainly focusing
on RBPs and miRNAs. First, circRNAs’ information (i.e., ID, coordi-
nates, and best transcript) was recovered from the online database circ-
Base.115 The mature sequences, along with upstream and downstream
regions of 1,000 bp, were obtained from the UCSC genome browser
mirror.116 Next, the datasets for RBPs identified by PAR-CLIP,
HITS-CLIP, or iCLIP were retrieved from starBase v2.0,117 UCSC
browser, and published datasets. Last, to predict RBP binding sites,
the sequences of these RBP CLIP clusters were analyzed against the
mature circRNAs (back-splice junctions included) and the flanking
sequences.

Polysome profiling

Tissue lysis

Cytoplasmic lysates from mouse brain tissue (one brain hemisphere
per animal) were obtained following a protocol presented by Bernabò
et al.118 Mortar and pestle immersed in liquid nitrogen were used to
pulverize frozen tissues. Following this step, 800 mL of mouse tissue
polysomal lysis buffer (10 mM Tris-HCl pH 7.5, 10 mM MgCl2,
10 mM NaCl, 1% Triton X-100, 5 U/mL DNase I [Thermo Scientific
#89836], 600 U/mL RiboLock RNase Inhibitor [Thermo Scientific],
1 mM DTT, 0.2 mg/mL cycloheximide, 1% w/V Na-deoxycholate)
was added. Samples were resuspended 30 times until the powder
was completely dissolved in the lysis buffer and they were incubated
30 min on ice to allow lysis to occur. Lysates were centrifuged for
10 min at 15,249 � g (4�C) to pellet membrane debris, nuclei, and
mitochondria. After supernatant collection, the centrifugation step
was repeated. Cytoplasmic lysates were collected and loaded on su-
crose gradient for polysome profile analysis.

Polysome profiling

A total of 5.5 mL of ice-cold 40% w/v sucrose in Buffer A (100 mM
NaCl, 10 mM MgCl2, 10 mM Tris/HCl pH 7.5, 40% w/V sucrose)
was added to 13.2 mL polyallomer ultracentrifuge tubes (Beckman)
avoiding bubble formation. Tubes were filled with cold 10% w/v su-
crose in Buffer A (100 mM NaCl, 10 mM MgCl2, 10 mM Tris/HCl
pH 7.5, 10% w/v sucrose). To allow the formation of a continuous
gradient, tubes were tilted to the horizontal position and kept in
this position for 2 h. The gradients were then brought back to the ver-
tical position and kept on ice. Samples were loaded on the top of the
gradient and ultracentrifuged for 1.5 h at 40,000 rpm at 4�C on Beck-
man Optima XPN-100 Ultracentrifuge with SW41 rotor. Following
ultracentrifugation, Teledyne ISCOmodel 160 fractionator, equipped
with a UA-6 UV/VIS detector to measure absorbance at 254 nm, was
used to fractionate and collect 12 fractions of 1 mL each.

RNA extraction from polysome fractions

Ten percent of each fraction was collected and pooled as “input” sam-
ple for RNA extraction and subsequent analysis. RNA extraction was
performed using Acid-Phenol:Chloroform (AM9720). In brief,
polysome fractions were incubated with SDS (final conc. 1%) and
Proteinase K (final conc. 200 mg/mL) for 2 h at 37�C. Then, 250 mL
of Acid-Phenol:Chloroform was added to each 1-mL fraction and
mixed thoroughly, followed by a 10-min centrifugation step at
12,750 � g at 4�C. Upon phase separation, the upper aqueous phase
was transferred to a new tube and mixed with the 1 mL isopropanol
and 1 mL Glycogen blue, RNAwas precipitated overnight at�80� and
RNA pellets collected by centrifugation at 15,300 � g for 45 min at
4�C. RNA pellets were dried, washed in 80% EtOH, centrifuged for
10 min at 12,750 � g at 4�C, dried for 30 min, and solubilized in
11.5 mL RNase-free water. RNA concentrations were determined us-
ing a Thermo Scientific NanoDrop.

cDNA synthesis for RNA extracted from polysome fractions

Reverse transcription was performed on 8 mL RNA from each fraction
(independent of concentrations) using the RevertAid First Strand
cDNA Synthesis (#K1621), according to the manufacturer’s protocol
and including the DNase 1 treatment step using 0.5 mL DNase 1 per
reaction. From the “input” sample: 1 mg of total RNA was reverse
transcribed, that sample was also used as –RT control. For follow-
up qPCR analysis, cDNA was 1:5 diluted.

Polysome fractionation: Data analysis

The relative distribution of RNAs of interest was measured as
described in Lauria et al.119

To measure the relative distribution of circHtt(2,3,4,5,6) and
mRNAs along a polysome profile, the following formula was used:
%½RNA�n = ½240�CtRNA�n =

Pn= 12
n= 0 ½240�CtRNA�n .

Where n is the number of fraction and % is the percentage of RNA
(circHtt(2,3,4,5,6), 18S or mRNA) of interest in fraction n. Ct RNA
is the Ct of each RNA in each fraction.

Statistics

Statistical analyses were performed using Microsoft Excel 2016, and
GraphPad Prism10. The D’Agostino-Pearson normality test was used
to evaluate data distribution, means, and standard deviations of the
data. Where applicable, i.e., cell painting and Vinculin analysis, outliers
were identified and excluded using the ROUT (Q = 1%) method. Para-
metric data were analyzed for significance using unpaired two-tailed t
tests, 1-way or 2-way ANOVAs with Sidak’s post hoc test, using
*p < 0.05, **p < 0.01, and ***p < 0.001 for significance, and presented
as bar, box and whiskers, scatter dot plots, and mean ± standard error
of the mean (SEM), unless otherwise specified. Single-cell data are pre-
sented as violin plots with median and quartiles. Simple linear regres-
sions and comparisons between slopes were furthermore performed.
Datasets with non-normal distributions were analyzed using the two-
tailed Mann-Whitney U test or Kruskal-Wallis test. Adjustments for
multiple comparisons were made using post hoc tests.
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Figure S1 - Sequences of exons 2-6 of HTT orthologues are well conserved among vertebrate 

species. A, List of publicly available circRNA databases and their respective ID for the same 

circular RNA stemming from the human HTT locus, chr4: 3088665-3109150, then called 

circHTT(2,3,4,5,6). B, UCSC genome browser sequence alignments of HTT orthologues for 

selected vertebrate species demonstrates high degree of conservation in exons 2-6; C, Schematic 

representation of sequence alignment of human HTT exons 2-6 onto gene orthologues of D. 

melanogaster and C. elegans. Homologous sequences (green) are spread out over a different 

number of incomplete exons in both species, i.e. lower degree of conservation. 
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Figure S2 - Rolling circle amplification bias unlikely in circHtt(2,3,4,5,6)/circHTT(2,3,4,5,6). 

A,B, Schematic representation of the rolling circle amplification bias in the assessment of circRNA 

abundance by RT-qPCR (divergent primers in purple). C, End-point PCR experiments using 

circHtt(2,3,4,5,6) qPCR primers and long elongation times (30 sec) on cDNA generated from total 

RNA of mouse StHdh, as well as brain samples, using three different, commercially available, 

reverse transcriptase (RT) kits (iScript by Bio-Rad #1708890, RevertAid First Strand cDNA 

Synthesis Kit by Thermo Scientific #K1621, Maxima H Minus by Thermo Scientific #EP0753). 

The iScript reverse transcriptase resulted in least unspecific amplicons as reveled by agarose gel 

electrophoresis (left) as opposed to the other two RTs; Unspecific bands from the iScript reactions 

(*, °, +, #) were excised and Sanger sequenced, to test for evidence of rolling circle 

amplification/concatemers. None of the amplicons corresponded to circHtt(2,3,4,5,6) 

concatemeric sequences; D,E, CircRNA secondary structure prediction using the Quickfold tool 

for mouse and human circHtt(2,3,4,5,6)/circHTT(2,3,4,5,6) predicts highly structured circRNA 

conformations at the lowest free energy levels (location of the BSJ indicated in pink).  
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Figure S3 - CircHtt(2,3,4,5,6) expression levels and circularization frequency in the zQ175 and Q111 

mouse models for HD. A, RT-qPCR on total RNA from brain samples of indicated brain regions 

(cortex, striatum, cerebellum) of 3 months old adult wild-type and zQ175 (n= 5 biological 

replicates per tissue and genotype, one-way ANOVA with Sidak`s multiple comparisons testing, 

P < 0.001 =***, P < 0.01 =**, P < 0.05 =*, ns= not significant). B, CircHtt(2,3,4,5,6) 

circularization frequency in the striatum of 2 months old Q20 and Q111 mice (n= 5 per genotype; 

the relative level of expression of circHtt(2,3,4,5,6) and linear isoforms was first calculated 

normalizing on the Pgk1 housekeeping gene and subsequently the circularization frequency as 

ratio between back-splicing an linear splicing was computed, unpaired two-sided t-test, P < 0.05 

=*). 
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Figure S4 - Over-expression of circHtt(2,3,4,5,6)/circHTT(2,3,4,5,6) does not alter Htt/HTT 

transcript or protein levels in HEK293T cells or the STHdh striatal cell model system for 

HD. A, Schematic representation of the ZKSCAN1 vector containing an expression cassette 

composed by two short, artificial introns and an internal multiple cloning site. Linear sequences 

from exons 2-6 from human and mouse HTT/Htt respectively were cloned into the multiple cloning 
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site using EcoRV and SacII. Upon transfection the sequence becomes simultaneously over-

expressed and circularized. B, Northern blot analysis of HEK293T cells over-expressing 

ZKSCAN1 circHTT(2,3,4,5,6) or empty vector (MCS) revealed a clear band of the expected size 

(484 nt) when incubated with an exon 5-targeting probe (24 hours exposure). C, 

CircHTT(2,3,4,5,6) over-expression in HEK293T cells upon transfection of the ZKSCAN1 vector 

does not alter the abundance of linear HTT mRNA (as assessed by qPCR analysis employing 

primers targeting exons 25, 41 or 51 respectively, n= 3 independent transfections). D, Western blot 

analysis of huntingtin protein levels in ZKSCAN1 circHTT(2,3,4,5,6) over-expressing HEK293T 

cells (left: representative blot, right: quantification, n= 3 independent transfections). E, 

CircHtt(2,3,4,5,6)/Htt ratio as assessed by RT-qPCR analysis of cDNA derived from total RNA 

of STHdh striatal cell lines from Q7/Q7 wild-type, Q7/Q111 heterozygous and Q111/Q111 

homozygous knock-in mouse models for HD (n= 3 per genotype, levels were normalized against 

Pgk1 and ratio between the circular and linear transcripts was calculated, one-way ANOVA with 

Sidak`s multiple comparisons testing, P < 0.01 =**, P < 0.05 =*, ns= not significant). F, RT-qPCR 

based assessment of circHtt(2,3,4,5,6) over-expression in polyclonal Q7/Q7, Q7/Q111 and 

Q111/Q111 STHdh cells (n= 3, transcript levels normalized on Actb and MCS empty vector 

control); G, Huntingtin protein levels in circHtt(2,3,4,5,6) over-expressing polyclonal Q7/Q7, 

Q7/Q111 and Q111/Q111 STHdh cells compared to the MCS empty vector (left: representative 

blot, right: quantification, n= 3 biological replicates). H, Subcellular fractionation followed by 

RNA extraction, cDNA synthesis and RT-qPCR analysis of marker RNAs (Actb, Gapdh, cytosol; 

Malat1 for nuclear enriched transcripts) revealed clear segregation of circHtt(2,3,4,5,6) to the 

cytosolic cell compartment at physiologic levels in the MCS empty vector polyclonal cells (left), 

as well as circHtt(2,3,4,5,6) over-expressing cells (right) (data presented as ratio 

cytoplasmic/nuclear fraction, n= 3 per genotype and condition); I, Subcellular fractionation 

analysis of marker RNAs (ACTB, GAPDH, cytosol; MALAT1 for nuclear enriched transcripts) in 

human HEK293T cells, revealing clear cytoplasmic localization of circHTT(2,3,4,5,6) in 

physiologic conditions (data presented as ratio cytoplasmic/nuclear fraction, n= 3). 
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Figure S5 - Mitochondrial morphology and function in the STHdh cells over-expressing 

circHtt(2,3,4,5,6). A, Representative images of MitoTrackerTM (red). B, Quantification of average 
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number of MitoTrackerTM aggregates/cell (left) and mean fluorescent intensity (MFI) of 

MitoTrackerTM signal per cell (right) (A,B, n(cells)= 8000-10000 cells per genotype and condition 

over three biological replicates, each dot represents the average value of all cells from the 

individual replica wells; outliers were removed using the ROUT (Q=1%) method, followed by 

one-way ANOVA with Sidak`s multiple comparisons testing (parametric data) and Kruskal-Wallis 

with Dunn`s multiple comparisons testing (nonparametric data), P < 0.001 =***, P < 0.01 =**, 

P < 0.05 =*, scale bars indicate 100 µm in overview and 25 µm in close ups); C-D, MitoStatus 

Red - Flow Cytometry, representative graph illustrating the intensity distribution of cells stained 

with MitoStatus, i.e. for STHdh Q7/Q7, STHdh Q7/Q111 and STHdh Q111/Q111; (unstained 

negative control in grey, stained untransfected cells in blue, stained MCS empty control in green, 

and stained cells overexpressing ZKSCAN1 circHtt(2,3,4,5,6) in red; each quadrant, 

corresponding to a specific genotype, is delineated by a gate separating low-intensity cell 

populations and high-intensity cell populations) (C). Quantification of percentage of cells 

belonging to these two distinct populations out of a total of 10,000 events detected (n= 4 biologic 

replicates, two-way ANOVA with Sidak`s multiple comparisons testing, ns= not significant); E,F, 

RT-qPCR based assessment of gene expression of regulators of mitochondrial fusion, i.e. Mfn1, 

Mfn2 and Opa1 (E) and fission, i.e. Drp1, Fis1, Mff, Mid49, Mid51 (F) (n= 3, target gene expression 

level normalized on geometric mean of Actb and Pgk1 levels and the Q7/7 MCS control; 2-DDCt levels are 

reported, one-way ANOVA with Sidak`s multiple comparisons testing, P < 000.1=***, P < 0.01 

=**, P < 0.05 =*, ns= not significant); 

Supplemental Tables: 

Table S1: circRNAs stemming from the HTT locus 

Table S2: Primers used in this study 

Table S3: RBP-sites on circHTT 
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