
24 

 370 

 371 

  372 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted December 27, 2021. ; https://doi.org/10.1101/2021.12.27.474266doi: bioRxiv preprint 



25 

Figure 5. Htt-CAG dependent reduction of circRNAs in mNPC.  373 

a) The bar graph reports the number of circRNAs differentially expressed between Htt Q111 374 

versus Q20 genotypes. The comparison is presented for pluripotent (mESC) and neural 375 

committed progenitors (mNPC). The number of circRNAs increasing (Increasing in Q111 - 376 

upper part of the plot), and decreasing their expression in Q111 versus Q20 (Decreasing in 377 

Q111 - lower part of the plot) is depicted. b) The bar chart shows the number of small-RNAs 378 

differentially expressed between Htt Q111 versus Q20 genotypes. The comparison is 379 

presented for pluripotent (mESC) and neural committed progenitors (mNPC). The number of 380 

small-RNAs increasing (Increasing in Q111 - upper part of the plot), and decreasing their 381 

expression in Q111 versus Q20 (Decreasing in Q111 - lower part of the plot) is depicted. c) 382 

The bar chart reports the total number of circRNAs expressed at each differentiation stage 383 

(mESC and mNPC) and for each Htt-CAG genotypes (Q20, Q50, Q92 and Q111). A negative 384 

correlation between the number of expressed circRNAs and Htt-CAG length is observed 385 

(although not nominally significant) in mNPC, but not in mESC cells. Pearson’s correlation 386 

R = -0829, p-value = 0.171. d) Line plot describes the expression pattern of the 12 circRNAs 387 

of mNPC selected by three criteria (decreasing expression and negative correlation with Htt-388 

CAG, significantly different expression by circTest- see Methods for further details). Htt-389 

CAG expansion alleles (Q20, Q50, Q92 and Q111) are presented. e) The line charts report the 390 

ratio (circ/linear) of the expression levels for the selected circRNAs candidates in mNPC 391 

across different Htt-CAG genotypes. RT-qPCRs results of 3 biological replicates are plotted 392 

as normalized circ/linear expression (2
^ΔΔCT

) and average ± standard deviation (SD) is 393 

presented. Htt-Q111 genotype – with lower circ/linear ratios - was used as relativizing 394 

condition. The linear trend lines are presented for the qPCR validation (blue line) and the 395 

corresponding RNAseq data (green line) (qPCR, filled symbols; RNAseq, empty symbols). 396 
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RNAseq data are presented as normalized transcript counts (counts). Pearson’s correlation R 397 

square values are indicated for the two regressions (qPCR and RNAseq). 398 

 399 

Linear and back-splicing alterations correlate with direct and indirect mis-regulation of 400 

RNA-binding proteins and splicing factors. 401 

In order to deepen our understanding of the effects of Htt CAG expansion on linear and back-402 

splicing regulation and to gather new mechanistic insights, we focused on miRNAs, small 403 

RNAs subtype, which are very sensitive to neural differentiation (Fig. 4b) and [already] 404 

reported to control the stability of RNA-binding proteins and splicing factors in neurons 405 

(Weiss et al. 2015; Fukao et al. 2015; Gardiner et al. 2015). Although miRNA expression 406 

strongly decreased following neural differentiation (Fig. 4b and Supplemental_Fig_S8), we 407 

asked whether we could identify differentially expressed miRNAs affected by the expression 408 

of Htt CAG expansion in mNPC. Thus, we compared Q20 versus Q111 mNPCs and 409 

identified 9 significantly differentially expressed miRNAs (Supplemental_Table_S5). By 410 

exploiting the mirDB database (Chen and Wang 2020), we inferred their mRNA targets and 411 

intersected them with mouse splicing factors and RNA-binding proteins (RBPs) lists (see 412 

methods and Suppl. Table 5). We identified 73 transcripts (Fig. 6a), known RNA-binding 413 

proteins and splicing factors (of the Celf, Elav, HnRNPs, Mbnl, Ptbp, Srsf families). These 414 

were also targets of miRNAs dysregulated by mutant huntingtin and showing expression 415 

levels changes with │Log2FC│ > 0.5 and a significant p-value (p < 0.05) (Fig. 6a, Table). 416 

Importantly, significant overlap and enrichment was also identified between miRNA targets 417 

and transcripts showing differential alternative splicing or back-splicing in mNPC 418 

(Supplemental_Fig_S10 and Supplemental_Table_S7), suggesting a possible role for 419 

miRNAs in the regulation of AS and back-splicing events. Strikingly, Ptbp3, usually 420 

expressed in thymus, lymph nodes and digestive system (Uhlén et al. 2015) whose binding 421 
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motifs were significantly enriched in the ± 100bp adjacent to the differentially skipped exons 422 

in both the in vivo and in vitro systems (Fig. 3c,d), was significantly transcriptionally 423 

upregulated (Fig. 6a, Table).  424 

Taken together, while we cannot exclude direct transcriptional alterations of RBPs 425 

and splicing factors by mutant huntingtin, we identified a pool of dysregulated miRNAs, 426 

sensitive to the Htt mutation and possibly targeting linear and back-splicing factors. Thus, our 427 

data support a complex direct and indirect mode of mutant huntingtin regulation of canonical 428 

linear and circular RNA-producing splicing (Fig. 6b). 429 

 430 
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Figure 6. Linear and back-splicing alterations correlate with direct and indirect mis-433 

regulation of RNA-binding proteins and splicing factors.  434 

a) The Venn diagrams reports the overlap between mutant huntingtin’s dysregulated miRNA 435 

targets (4505 transcripts targets of 9 dysregulated miRNAs comparing Q20 versus Q111 Htt-436 

CAG genotypes in mNPC, see Methods and Supplemental_Table_S5), the list of splicing 437 

factors (391) and RNA binding proteins (1140) (see Methods and Supplemental_Table_S5). 438 

The enrichment scores observed for the different lists of splicing regulators is represented as 439 

color-coded within the intersection areas. Color-coded scale bar on the bottom left corner of 440 

the figure. A subset of transcripts with splicing regulator or RBP functions which are targets 441 

of mutant huntingtin’s dysregulated miRNAs (smaller intersection, # 73) are highlighted in 442 

the left table. Log fold change (LogFC) transcripts difference in the reference conditions 443 

(mNPC Q20 versus Q111), associated p-value and targeting miRNAs are shown. b) The 444 

scheme summarizes the main findings and the proposed mechanistic hypotheses of the 445 

current study, supporting a complex, direct and/or indirect, mode of mutant huntingtin 446 

regulation of canonical linear and circular RNA-producing splicing. The summary scheme 447 

was created by using BioRender.com. 448 

 449 

  450 
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DISCUSSION 451 

 Alterations in the choice of splice sites resulting in proteins with different structures 452 

and functions, altered mRNA localization, translation or decay is crucial for the complexity 453 

of the mammalian nervous system (Li et al. 2007; Zheng and Black 2013; Raj and Blencowe 454 

2015; Darnell 2013). Splicing defects impacting the functionality of mature neurons are 455 

increasingly implicated in neurological and neurodegenerative diseases. Thus, there is an 456 

increasing need to better understand these regulatory processes.  457 

 Since the discovery of the causal genetic mutation underlying HD, great efforts have 458 

been made to uncover the functions of both wild-type and mutant huntingtin, which is now 459 

thought to act in a truly pleiotropic manner. The challenge nowadays is to reveal which of 460 

these pathways might exert a crucial early role in the onset and progression of HD pathology. 461 

 Here, we investigated how RNA processing and, specifically, alternative splicing is 462 

affected by mutant huntingtin. By resourcing to publicly available RNA-seq data from in vivo 463 

HD KI mice  (Q20, 80, 92, 111, 140 and 175) with different CAG lengths (Langfelder et al. 464 

2016) and our newly generated RNA-seq from an isogenic panel of mouse ESCs and NPCs, 465 

we uncovered a neural specific, CAG-length dependent alteration in alternative splicing. 466 

Exon skipping and, to a lesser extent, intron retention events were primarily altered. Notably, 467 

the increased total number of AS events was significantly correlated with CAG length (and to 468 

a lesser extent with age) in the striatum, but not within the cortex and liver, hence supporting 469 

preferential striatal vulnerability. Interestingly, significant changes in the AS pattern could 470 

already be detected prior to overt behavioral phenotypes stages (2 months). While previous 471 

reports correlated mutant huntingtin expression to mis-splicing events, locally affecting the 472 

Htt locus (Neueder et al. 2017; Sathasivam et al. 2013; Schilling et al. 2019), and also more 473 

generally altering the whole brain’s transcriptome (Lin et al. 2016; Elorza et al. 2021), this is 474 

the first evidence of a direct correlation between the number of Htt CAG repeats and the 475 
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degree of AS, extending the repertoire of molecular phenotypes directly linked to the CAG 476 

expansion. The concept of CAG-dependency is currently extensively investigated to gain 477 

insights into how Htt CAG repeat length might modify HD pathogenesis (Langfelder et al. 478 

2016; Galkina et al. 2014; Reis et al. 2011; Seong et al. 2005). Notably, our findings 479 

supporting a primary CAG length-dependent effect in striatum – with less involvement of 480 

cortex [and liver] – is well in line with previous observations that highlighted CAG length-481 

dependent modules of co-expressed genes (Langfelder et al. 2016).  482 

 Similarly, the results obtained from the AS analyses, on the isogenic in vitro KI 483 

(Auerbach et al. 2001; Wheeler et al. 1999; White et al. 1997; Duyao et al. 1995; Jacobsen et 484 

al. 2011b) system in the transition from pluripotency to neural committed progenitors, 485 

provided an independent, genome-wide validation of the AS Htt CAG correlation. Further, 486 

we confirmed an increase of AS and SE events with increasing CAG length. However, this 487 

phenotype was limited to mNPCs, which also exhibited a greater number of total AS events 488 

relative to mESCs. These observations globally suggest that (i) neural progenitors activate 489 

prominent neural splicing processes (Weyn-Vanhentenryck et al. 2018), and (ii) the 490 

correlation with CAG length likely requires factors expressed in the neural lineage. 491 

Functional enrichment analyses for transcripts experiencing SE events, in vivo and in vitro, 492 

revealed GO and pathways already associated with HD (Labbadia and Morimoto 2013; 493 

Hodges et al. 2006; Kuhn et al. 2007), with prevalence of transcriptional and neural-related 494 

functions. Taken together, these findings suggest that linear splicing becomes progressively 495 

dysregulated as CAG length increases, specifically in neuronally-committed cells and adult 496 

striatum, thus possibly contributing to HD pathogenesis. 497 

 It has been ascertained that AS regulation is also crucial to the biogenesis of 498 

circRNAs, stable, neuronally-enriched, circular non-coding RNAs (Ashwal-Fluss et al. 2014; 499 

Ivanov et al. 2015), with important roles during neural development (You et al. 2015; Venø et 500 
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al. 2015a) and in brain function (Piwecka et al. 2017; Lu et al. 2019). While their contribution 501 

to brain pathologies and specifically to neurodegenerative diseases is becoming recognized 502 

(Jia et al. 2020; Zhang et al. 2020; Dube et al. 2019), circRNAs remain largely neglected in 503 

HD. We aimed to provide a first characterization of back-splicing regulation in the presence 504 

of mutant huntingtin expression, exploiting the isogenic in vitro KI system. In contrast to 505 

what was observed for linear splicing, we detected a general decrease in circRNA abundance 506 

with increasing CAG length. While the impact of mutant huntingtin on circRNAs biogenesis 507 

is remarkable when comparing the two extreme genotypes (Q20 versus Q111), the genes 508 

affected by AS and back-splicing are largely different, and also enriched in different GO and 509 

pathways terms. However, once again, the more striking phenotype appeared to be confined 510 

to neural progenitors with minimal changes in mESC.s It is unclear at present whether these 511 

circRNAs play known or novel regulatory roles (Wilusz 2018), and whether their depletion 512 

might contribute to HD pathogenesis. 513 

Taken together, our observations demonstrate an opposite correlation of linear AS and back-514 

splicing with the number of CAG repeats, thus suggesting a possible link between the two 515 

splicing types, with contrary/reversed regulation. Previous studies reported exon skipping as 516 

a promoter of skipped-exon circularization (Kelly et al. 2015). However, other data suggested 517 

that alternative splicing is likely in competition with back-splicing (Holdt et al. 2018; 518 

Ashwal-Fluss et al. 2014). Our results support the latter idea, where a global increase of SE 519 

events downregulates back-splicing efficiency although it remains unclear whether the Htt 520 

CAG mutation primarily affect linear splicing, exon circularization, or both simultaneously.  521 

The effect exerted by the Htt CAG expansion on circRNA biogenesis in mNPCs, might be 522 

exacerbated by the higher number of circRNAs detected at this developmental stage, already 523 

reported in a number of studies (Izuogu et al. 2018; Szabo et al. 2015; Venø et al. 2015b). On 524 

the other hand, it might suggest that the Htt CAG expansion could, directly or indirectly, 525 
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regulate some neural splicing factors also implicated in back-splicing control. the Htt CAG 526 

expansion, thus, might induce an abnormal interaction and/or alter the expression levels of 527 

small RNAs, splicing factors or RBP, specifically in neural-lineages (Murthy et al. 2019), in 528 

turn affecting the two types of splicing. 529 

 Here we explored a network of miRNAs and their targets to expose some mechanistic 530 

insights. miRNAs revealed to be altered by neural differentiation and, to a lesser extent, by 531 

the Htt CAG expansion. Interestingly, a fraction of the targets of mutant huntingtin’s-532 

dysregulated miRNAs, were significantly enriched for RBP and splicing factors, with 533 

members of the PTBP, CELF, SRSF and hnRNPs families, also showing transcriptional 534 

alterations (Fig. 6a, Table). This suggests that these AS regulatory elements might be 535 

indirectly (via miRNAs alteration) or directly dysregulated by Htt CAG expansion (Fig. 6 b). 536 

Importantly, targets of mutant huntingtin’s-dysregulated miRNAs also revealed a significant 537 

enrichment for transcripts exhibiting SE and back-splicing events in mNPCs, supporting the 538 

existence of a complex RNA regulatory network by mutant huntingtin (Fig. 6 b). 539 

In conclusion, we identified splicing and back-splicing as highly impacted molecular 540 

alterations in HD model systems. Although previous reports associated mutant huntingtin 541 

expression to linear splicing dysregulation (Lin et al. 2016; Schilling et al. 2019; Elorza et al. 542 

2021), this is the first study reporting the relationship between magnitude of AS alterations 543 

and Htt CAG length and the very first evidence of circRNA deregulation in HD. Moreover, 544 

the identification of aberrantly regulated miRNAs, RBPs, and splicing factors, specifically in 545 

neural committed cells and in combination with Htt mutations, proposes novel molecular 546 

players contributing to HD pathogenesis and delineating new targets of therapeutic 547 

intervention. 548 

  549 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted December 27, 2021. ; https://doi.org/10.1101/2021.12.27.474266doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.27.474266


34 

METHODS 550 

Generation and characterization of mNPC with different Htt CAG sizes 551 

The isogenic panel of wild-type, Htt null Hdh
ex4/5/ex4/5

 and heterozygous Htt CAG knock-in 552 

Hdh
Q20/7

, Hdh
Q50/7

, Hdh
Q92/7

 and Hdh
Q111/7

 mESCs, kindly provided by Dr. Marcy E. 553 

MacDonald (Massachusetts General Hospital and Harvard Medical School, Boston, USA), 554 

were cultured as described previously (Auerbach et al. 2001; Wheeler et al. 1999; White et al. 555 

1997; Duyao et al. 1995; Jacobsen et al. 2011b). Pluripotent cells were maintained in 556 

KnockOut DMEM (Gibco), supplemented with 15% of ESC-grade FBS (Gibco), 2 mM L-557 

glutamine (Gibco), 100 U/ml Penicillin/Streptomycin (Gibco), 1% Non-essential Amino 558 

Acids (Gibco), 0.1 mM 2-mercaptoethanol (Sigma) and 1000 U/ml of leukemia inhibitory 559 

factor (LIF) (Voden), on plates coated with 0.1% gelatin (Millipore) or on a feeder layer of 560 

CF-1 IRR mouse embryonic fibroblast (TebuBio).  561 

Neural differentiation was performed as previously described (Conti et al. 2005). Briefly, 562 

self-renewing mESCs were dissociated and plated onto 0.1% gelatin-coated plates at a 563 

density of 0.5–1.5 10
4
cells/cm

2
 in N2-B27 medium (Ying et al., 2003). After 7 days, cells 564 

were detached using Accutase (Thermo Fisher Scientific) and plated on 3 µg/ml laminin-565 

coated dishes in neural stem (NS) expansion medium [composed by Euromed-N (Euroclone) 566 

supplemented with 20ng/ml FGF (R&D) and EGF (Sigma), 1% N-2 Supplement (Gibco), 2 567 

mM L-glutamine (Gibco) and 100 U/ml Penicillin/Streptomycin (Gibco)] (Conti et al. 2005). 568 

Mouse neural progenitor cells were routinely passaged 1:2-1:4 every 3-5 days using Accutase 569 

and maintained in NS expansion medium on laminin-coated plates (Sigma, 3 μg/ml). Both 570 

mESCs and mNPCs were incubated at 37 °C and 5% CO2. The pluripotency of mESCs and 571 

their differentiation to mNPCs was evaluated by RT-qPCR using stage specific markers (full 572 

list of primers used in Supplemental_Fig_S6). 573 

 574 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted December 27, 2021. ; https://doi.org/10.1101/2021.12.27.474266doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.27.474266


35 

Immunofluorescence 575 

Cells were seeded on a 24-well the day before the experiment and then fixed with 4% PFA 576 

for 15 minutes at room temperature, permeabilized with 0.5% Triton X-100 in 1X PBS and 577 

incubated with blocking solution (0.3% Triton X-100, 5% FBS in 1X PBS) for 1 hour. 578 

Primary antibody incubation was carried out at 4 °C overnight, followed by three washes 579 

with 1X PBS. Proper secondary antibodies were eventually used and images acquired using a 580 

confocal microscope (Leica TCS SP5). The following antibodies were used: rat anti-Nestin 581 

(Santa Cruz Biotechnology), rabbit anti-Sox2 (GeneTex), goat Alexa Fluor 546 and 647 (Life 582 

Technologies). Nuclei were stained using Hoechst 33342 (Life Technologies), diluted 583 

1:20000 in 1X PBS. 584 

 585 

Tissues dissection and isolation 586 

All animal experiments were conducted to minimize pain and discomfort, under approved 587 

Institutional Animal Care and Use Committee (IACUC) protocol of the Italian Ministry of 588 

Health (project authorization n. 781/2016-PR) and the Massachusetts General Hospital. 3 Htt 589 

KI mouse lines with an Htt CAG repeat knock-in allele (Htt
Q20

, Htt
Q111

 and zQ175) (C57BL/6 590 

J inbred background) have been described previously (Wheeler et al. 1999; Lee et al. 2011; 591 

Grima et al. 2017; Menalled et al. 2003). Mice were maintained as heterozygotes and 592 

genotyped according to previously published protocols (Wheeler et al. 1999; Lee et al. 2011; 593 

Grima et al. 2017; Menalled et al. 2003).  594 

Mice were sacrificed by CO2 asphyxiation followed by cervical dislocation. The brain 595 

regions of interest (striatum and cortex) were dissected on ice, rapidly removed, snap frozen 596 

and stored at −80 °C for further use. Each group/genotype included 3 males and 3 females to 597 

avoid sex-dependent bias, were collected at 6 months of age.  598 

 599 
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RNA extraction and reverse transcription  600 

Isolation of total RNA from tissues and cells was performed using TRIzol-based extraction 601 

method according to the manufacturer’s protocol (Thermo Scientific). RNA was resuspended 602 

in nuclease-free water and quantified by a Nanodrop 2000 spectrophotometer (Thermo 603 

Scientific). The quality of RNA was estimated by using the RNA 6000 Nano or Pico 604 

Bioanalyzer 2100 Assay (Agilent). RNA samples with RNA integrity number between 6.8 605 

and 9.5 were used. Unless otherwise noted, 1 µg of total RNA was reverse transcribed using 606 

SensiFAST cDNA Synthesis Kit following the manufacturer’s protocol (Bioline).  607 

 608 

Primer design  609 

Transcripts were searched on Ensembl genome browser 95 610 

(https://www.ensembl.org/Mus_musculus/Info/Index) and primers were designed on the 611 

coding sequence of each gene. Primers for end-point PCR were generated using the default 612 

setting on Primer3web (http://primer3.ut.ee/) and those for quantitative PCR by using Roche 613 

Universal ProbeLibrary for Mouse (https://lifescience.roche.com/). The list of primers used in 614 

this study is presented in Supplemental_Table_S6. 615 

 616 

Quantitative PCR analysis 617 

Quantitative polymerase chain reaction (qPCR) was performed using SensiFAST™ SYBR 618 

No-ROX Kit (Bioline, BIO-98020) according to the manufacturer’s instructions. Data was 619 

normalized with RNA Polymerase II subunit A (Polr2a) as housekeeping gene (ΔCT) and 620 

analyzed with the 40-ΔCT method. The 40-ΔCT method was used to distinguish between 621 

down-regulation and overexpression of markers of mESCs and mNPCs  622 

 623 

Validation of linear AS candidates’ transcripts 624 
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Candidate transcripts presenting differential linear AS among the different conditions were 625 

filtered on the basis of two parameters: (i) the percentage difference between the length of the 626 

target exon – included or excluded - and the invariant adjacent exons should be higher than 627 

25% and (ii) the percentage of target exon inclusion/exclusion difference between Htt
Q111

 and 628 

Htt
Q20

 or Htt
Q175

 and Htt
Q20

 mice should be higher than 25%. For the selected candidates,   629 

primers were designed targeting the invariant adjacent exons to amplify the two splicing 630 

isoforms. RT-PCR was then performed using Phusion Green Hot Start II High-Fidelity PCR 631 

Master Mix (Thermo Scientific) and 20-100 ng cDNA. PCR amplicons were resolved on 2% 632 

agarose gels pre-stained with Xpert Green DNA Stain (Grisp) in 1× TBE buffer (89 mM Tris-633 

borate and 2 mM EDTA, pH 8.3). The intensity of the bands was quantified using ImageJ 634 

software (NIH, Bethesda, MD) and the percent spliced-in value was calculated as (intensity 635 

of band with exon inclusion divided by the sum of the intensity of bands with both exon 636 

inclusion and exclusion) x 100. Replicate experiments (2 or 3) were carried out and statistical 637 

analysis was conducted using Student's unpaired t-test. P ≤ 0.05 (*) or P ≤ 0.01 (**)  638 

 639 

Validation of expression changes for selected circular RNA candidates 640 

For circular RNA validation experiments, 10 μg of total RNA was depleted of rRNAs by 641 

using the Human/Mouse RiboMinus Transcriptome Isolation Kit (Invitrogen). Ribosomal 642 

RNA depletion was confirmed by an Agilent 2100 Bioanalyzer (Agilent). Ribo-depleted 643 

RNA was reverse-transcribed and quantitative PCR was performed by employing iTaq 644 

Universal SYBR® Green Supermix (Biorad). To test the correlation between circular RNAs 645 

candidates and the number of CAG repeats to faithfully recapitulate the bioinformatic 646 

analysis, we considered the expression of both linear and circular isoforms of the selected 647 

transcripts. We designed convergent and divergent primer sets for each candidate 648 

(Supplemental_Table_S6). To specifically target the circular isoform, the backspliced 649 
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junction was selected. Expression values were obtained employing the 2^-∆ ∆ Ct method, 650 

normalizing with Polr2a and Actb housekeeping genes (HKG) and relativizing to Q111. The 651 

selected HKGs were chosen among a panel of 5, showing a more stable expression in our Htt 652 

KI samples. PCR amplicons were loaded on a 2% agarose gel, bands were carefully excised, 653 

purified using PureLink Quick Gel Extraction and PCR Purification Combo Kit” (Bioline) 654 

and eventually Sanger sequenced to finally prove their identity and the back-splice junction. 655 

GraphPad Prism (GraphPad Softwares) was used to establish a regression line between 656 

circular to linear ratios and the CAGs serie (20, 50, 89, 111). Finally, R
2
 values and 657 

corresponding p-values were calculated.  658 

 659 

Library preparation and RNA sequencing 660 

For total RNA, samples were subjected to DNAse I treatment (Ambion) according to 661 

manufacturer instructions. Ribodepletion and barcoded stranded RNA-seq libraries 662 

preparation was performed by the European Molecular Biology Laboratory Genomic Core 663 

facility, following the standard Illumina protocols. Libraries were then sequenced with 664 

NextSeq 500 paired-end, 75bp reads, obtaining ~60M reads/library.  665 

Similarly, miRNA libraries were generated by the European Molecular Biology Laboratory 666 

Genomic Core facility according to standard procedures and were sequenced on the Illumina 667 

HiSeq 2500 using single-end, 50bp reads obtaining ~15M reads/sample. 668 

 669 

RNA-seq data, miRNA-seq and circRNA data analysis  670 

Data from RNA-seq and miRNA-seq on mESC and mNPC allelic series were processed as 671 

follows. Reads filtering (minimum base quality of Q30) and adapter trimming was performed 672 

with Trim Galore (http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). 673 

Remaining reads were then aligned with STAR v2.5.3a  (Dobin et al. 2013) to the mm10 674 
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assembly of the mouse genome coupled to the M14 Gencode genes annotation 675 

(10.1093/nar/gky955). STAR parameters were set as recommended by the DCC pipeline 676 

(doi: 10.1093/bioinformatics/btv656) to allow for the subsequent detection of circRNAs 677 

through chimeric junctions. Reads derived from circular RNA species were extracted from 678 

the WT, KO, and Q20 - Q111 samples of mESC and NPC cells by the DCC pipeline v0.4.4 679 

(Cheng et al. 2016), run with default parameters. Repeats annotation provided to DCC was 680 

obtained from the UCSC Genome Browser (doi: 10.1093/nar/gkx1020), by combining the 681 

RepeatMasker and Simple Repeats track for the mm10 mouse assembly. Reads from 682 

circRNA host genes were also quantified by DCC in the same run. Total transcript mass was 683 

computed for a given transcript as the sum of its linear and corresponding circular RNA reads 684 

count. The relative abundance of the circular form of the transcripts was then computed as 685 

circular RNA read counts / circular + linear RNA read counts. 686 

All p-values were computed by a Wilcoxon rank-signed test unless explicitly stated. 687 

Exons/introns annotation and the number of protein-coding genes per chromosome were 688 

obtained from UCSC (doi: 10.1093/nar/gkx1020) for the mm10 mouse genome assembly. 689 

These annotations were then used to compute circRNAs spliced length and the enrichment of 690 

expressed circRNAs in chromosomes (by a Fisher test).  691 

Gene Ontology and pathways enrichment were computed with the topGO  (Alexa and 692 

Rahnenfuhrer 2021) and clusterProfiler (Yu et al. 2012) R packages, using a BH adjusted p-693 

value threshold of 0.05. 694 

Differential expression of circRNAs was computed by the CircTest R package (Cheng et al. 695 

2016). circRNAs were filtered by requiring at least five reads in at least one sample and at 696 

least 5% of total transcript mass in at least one condition. circRNAs having an FDR lower or 697 

equal to 0.05 were considered to be differentially expressed. 698 

 699 
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Motif analysis 700 

The sequence of the 100nts upstream and downstream of significant skipped exons events 701 

were extracted with the biomaRt R package (Durinck et al. 2009). A motif search was 702 

performed with DREME v4.10 (Bailey 2011), considering only same-strand matches, using a 703 

background sequence set generated by DREME via shuffling of input sequences and a 1.0E-704 

03 threshold on the E-value to select significant motifs. 705 

 706 

Differential Expression and Differential Linear Alternative Splicing Analysis  707 

For the in vivo differential splicing analysis, the raw data from the study of Langfelder P et al 708 

(2016) was used. Striatum (GSE65774), cortex (GSE65770) and liver (GSE65772) mRNA 709 

expression profile datasets were retrieved for the analysis through the online database 710 

HDinHD portal (https:// www.hdinhd.org/). At each of 3 time points (2, 6, 10 months), 8 711 

heterozygous knock-in mice from each of the 6 Htt CAG repeat lengths (Q20, Q80, Q92, 712 

Q111, Q140, and Q175) were used, resulting in 48 samples from each tissue and each time 713 

point. Raw reads were subjected to sequence quality control using FastQC 714 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Removal of low-quality reads 715 

and trimming of the adapter sequences were achieved by Trim Galore 716 

(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). In order to eliminate 717 

variability between sequencing runs the reads were trimmed to 45 bp by Trim Galore, 718 

resulting in the removal of only 4% of the reads. Raw sequences were aligned to mm10 719 

mouse genome assembly (UCSC) with STAR RNA-seq aligner version 2.5.3a (Dobin et al. 720 

2013) using standard settings. The differential alternative splicing (AS) events between each 721 

of 5 samples for Htt CAG repeat lengths (Q80, Q92, Q111, Q140 and Q175) and Q20 (as 722 

control) were identified by rMATS v4.0.1 (Shen et al. 2014) (http://rnaseq-723 

mats.sourceforge.net) that detects five major types of AS events from RNA-Seq data with 724 
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replicates (Shen et al. 2012, 2014). Analyses results were then further processed with 725 

R/Bioconductor. 726 

For the in-vitro differential splicing analysis, both mESC and mNPC samples were subjected 727 

to the same pipelines used for in-vivo differential splicing analysis with same parameters and 728 

tools. For the analysis of the differential alternative splicing (AS) events of 3 samples for Htt 729 

CAG repeat lengths (Q50, Q92, and Q111) Q20 samples were used as control. For the 730 

analysis of the differential alternative splicing (AS) events in knockout cells, wild type 731 

samples were used as control. 732 

Differential expression analysis was performed on striatum samples for in vivo with read 733 

counts output of the alignment which was performed in previous step. edgeR (v3.24.3) was 734 

used within the Bioconductor environment in R and p-values were adjusted for multiple 735 

comparisons using the Benjamini–Hochberg method within each contrast and genes with 736 

FDR-adjusted p-value < 0.05 were considered significantly differentially expressed. To 737 

identify the genes both differentially expressed and alternatively spliced (all the different AS 738 

subtypes were included), differential expression and alternative splicing results were 739 

overlapped.  740 

The functional enrichment analysis of the genes with AS events was performed using the 741 

DAVID functional enrichment tool v6.8 mainly based on GO terms (biological process, 742 

cellular compartment and molecular function), KEGG pathway, InterPro and UniProtKB 743 

keywords. The enriched terms were filtered according to FDR adjusted P-value <0.05. 744 

 745 

DATA ACCESS 746 

The RNA-sequencing runs for mESC and NPC lines were deposited in GEO with ID 747 

GSE175658. 748 
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