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Huntingtin protein, mutated in Huntington’s disease, is implicated in nucleic acid-mediated processes, yet the
evidence for direct huntingtin—nucleic acid interaction is limited. Here, we show wild-type and mutant huntingtin
copurify with nucleic acids, primarily RNA, and interact directly with G-rich RNAs in in vitro assays. Huntingtin
RNA-immunoprecipitation sequencing from patient-derived fibroblasts and neuronal progenitor cells expressing
wild-type and mutant huntingtin revealed long noncoding RNA NEATT as a significantly enriched transcript. Al-
tered NEATT levels were evident in Huntington’s disease cells and postmortem brain tissues, and huntingtin
knockdown decreased NEATT levels. Huntingtin colocalized with NEATT in paraspeckles, and we identified a high-
affinity RNA motif preferred by huntingtin. This study highlights NEATT as a huntingtin interactor, demonstrating
huntingtin’s involvement in RNA-mediated functions and paraspeckle regulation.

INTRODUCTION

Huntington’s disease (HD) is a rare autosomal dominant neurode-
generative disorder with a wide range of motor, cognitive, and
psychological symptoms (I, 2). HD is caused by expansions of a
naturally occurring CAG (cytosine-adenine-guanine) repeat tract
(encoding polyglutamine) in the huntingtin (HTT) gene (3) with
selective vulnerability of layer 5a corticostriatal neurons (4, 5). The
HTT gene has 5 to 35 CAG repeats in unaffected individuals, while
mutant HT'T (mHTT) contains >36 CAG repeats (6, 7). CAG repeat
length is the primary driver of the age of onset in HD with other
genetic factors such as polymorphic variants within DNA repair
genes and repeat tract purity, also influencing the age of onset and
progression of the disease (8, 9).

HTT is a 348-kDa Huntingtin, Elongation factor 3, protein
phosphatase 2A, TOR1 (HEAT) repeat protein thought to scaffold
protein-protein interactions (10, 11). Among these, HAP40 is the
only structurally and biophysically characterized protein interactor,
and forms a stable heterodimer with both HTT and mHTT (12-14).
Notably, the N-terminal HEAT domain of HTT has a positively
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charged solvent-exposed surface, postulated to act as a binding site
for nucleic acids (13). Indirectly, colocalization experiments have
implicated HTT in RNA transport (15, 16) and HTT may interact
with its own mRNA (17).

While HTT has been primarily studied as a cytoplasmic protein,
localization and roles for HTT in nuclear functions are increas-
ingly recognized. Kegel et al. (18) initially demonstrated in 2002
that the HTT protein exhibited diffuse staining within the nuclei of
cultured cells and certain neurons. Phosphorylation of serine resi-
dues in the first 17 amino acids of HTT (N17) has been shown to
facilitate the relocalization of the HTT protein to the nucleus (19)
where it engages in diverse functions such as DNA damage repair
(10) and transcription regulation (20). Although evidence for di-
rect interaction of HTT with RNA is limited, there is substantial
literature implicating HT T in gene expression and stress responses
through mechanisms that could involve HTT-RNA interactions.
Furthermore, many RNA binding proteins, like fused in sarcoma
(FUS) consist of prion-like domains enriched in disordered regions
with low sequence complexity, that are also implicated in the for-
mation of liquid-liquid phase separation (LLPS) (21). Similar to
this, exon 1 of HTT (HTTex1), comprising polyglutamine and
proline-rich prion-like domain regions, is known to undergo LLPS
and transition to form higher-order assemblies, both in vitro and in
cells (22, 23). Both wild-type (WT) and mutant HT Tex1 associate
with Ago2 in P-bodies, suggesting a potential role for HTT in
RNA-mediated gene silencing (24). In addition, HTT functions in
the nucleus and subnuclear speckles, contributing to transcription
repression and RNA processing (18). During oxidative stress, HTT
translocates to the nucleus, colocalizing with SC35* nuclear speck-
les (25). Associations with Caprin-1 and G3BP1, stress granule
markers, could suggest a role for HTT in regulating RNA process-
ing and translation under stress (26, 27). These findings suggest
HTT’s involvement in LLPS with proteins and RNA, potentially af-
fecting cellular RNA-dependent processes such as gene regulation
and stress response.
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To better understand HT'T’s potential role in RNA-mediated pro-
cesses, we used biophysical, biochemical, and cell-based assays to
investigate the interaction of HTT and mHTT with RNA. We dem-
onstrate a direct interaction between HTT and RNA, identifying
NEAT] as a major HTT-binding RNA in cells, supporting a role for
HTT in RNA-mediated stress responses involving NEATI-mediated
nuclear paraspeckles.

RESULTS

HTT-HAP40 interacts with RNA in vitro

We previously reported biophysical and structural studies of re-
combinant HTT (polyglutamine length of 23 or Q23) and expanded
mHTT (Q54), as well as their HTT-HAP40 complexes, a biologically
important proteoform of HT'T and an obligate interaction partner of
HTT (13,28, 29). An intriguing observation was that both HTT and
mHTT samples, extracted from either insect or mammalian cells via
one-step affinity purification, copurified with large amounts of nu-
cleic acid, and additional purification steps were required to yield
highly pure (>98%) HTT protein (fig. S1A).

Using a 5-Carboxyfluorescein (5'-FAM)-labeled, single-stranded
RNA (ssRNA) and 100-base pair (bp) double-stranded DNA (dsDNA)
oligonucleotides with the same random sequence (table S1), we con-
ducted electrophoretic mobility shift assays (EMSAs) with fully pu-
rified, recombinant HTT-HAP40 proteins (fig. SIA). We observed
protein concentration—dependent band shifts indicating the forma-
tion of a complex of HTT-HAP40 with ssRNA, while dsDNA of the
same sequence produced no shift (Fig. 1A and fig. S1B). Quantita-
tive fluorescence polarization (FP) assays using the same oligonucle-
otide substrates confirmed a consistent trend, with HTT-HAP40
binding to ssSRNA {Kj [dissociation constant (binding affinity)] =
1 + 0.6 pM}, while no substantial binding to dsDNA (Kq > 15 pM,
highest titration concentration) (Fig. 1B and fig. S1C). We further
validated this finding using surface plasmon resonance analysis,
yielding a similar trend with K4 values of 0.4 + 0.2 pM and 2.0 +
0.2 pM, for ssRNA and dsDNA, respectively (Fig. 1C and fig. S1D).
Similar binding results were obtained for mHTT-HAP40 (Q54)
compared to the WT protein for both ssRNA (Kgq = 0.5 + 0.3 pM)
and dsDNA (K4 > 15 pM) oligonucleotide substrates. These findings
suggest the limited influence of the polyglutamine tract on the ob-
served interactions.

HTT protein binds RNA and prefers G-rich RNA sequences

To gain insight into the endogenous RNAs bound by HTT in disease-
relevant cells, we performed HTT RNA-immunoprecipitation se-
quencing (RIP-seq) in control and patient-derived fibroblast cells
and isogenic neural progenitor cells (NPCs). Specifically, one WT
(Q19/Q17) and two HD patient-derived fibroblast cell lines (Q40/
Q18 and Q43/Q19) (25) and WT (Q30/Q19) and two isogenic HD
NPC cell lines representing adult (Q45/Q19) and juvenile (Q81/
Q27) disease-onset patients (30) were used. Cells were ultraviolet
(UV)-cross-linked to form covalent bonds between RNA and pro-
tein, followed by immunoprecipitation (IP) of HTT using EPR5526
antibodies, purification of its associated RNA transcripts, and then
sequencing of the prepared RNA libraries (Fig. 1D and fig. S2, A and
B). The antibody EPR5526 used for RIP binds the HT'T N17 domain
(31); in HD patient brains, EPR5526 shows diffuse staining delineat-
ing pyramidal neurons in both control and HD cortices and HTT
aggregates in HD cortices (32). Principle component analysis showed
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grouping distinctions between input and IP samples, as well as the
separation of WT and HD samples in both NPCs and fibroblasts
(fig. S2, Cand D).

In total, 177 and 541 RNA transcripts were commonly and sig-
nificantly enriched across all the WT and HD IP samples of NPCs
(Fig. 1, E and F) and fibroblasts (Fig. 1, G and H), respectively. A
subset of 53 transcripts were common between the isogenic NPCs
and fibroblasts, including NEAT1, ADARBI, EIF4A1, HOTAIRM],
BCL6, DOHH, and CHKB as well as certain other RP11 transcripts,
micro-RNAs, and mitochondrial-encoded RNAs. We found signifi-
cant enrichment of the HT'T RNA transcript in WT NPCs, similar to
a previously reported study (17); however, it was not enriched in any
other samples. Gene Ontology enrichment analysis for biological
processes and cellular components showed that the enriched tran-
scripts were associated with pathways involved in mitochondrial
adenosine 5’'-triphosphate synthesis—coupled electron transport,
RNA splicing, spliceosome machinery, 5" splice site recognition, and
several other mitochondrial functional pathways such as oxidative
phosphorylation, electron transport chain, and cellular respiration
(Fig. 1,Tand ], and fig. S3, A and B).

To delve deeper into HTT-RNA interactions, we sought to de-
termine whether HT'T exhibits a preference for binding to specific
RNA sequence(s). Multiple Expectation maximizations for Motif
Elicitation (MEME) motif sequence analysis (33) identified a G-rich
sequence HTT-binding RNA motif (GGAAGGCGAGGC) in both
NPCs (Fig. 2A) and fibroblasts (Fig. 2B). To evaluate direct binding
of HTT to the identified G-rich RNA motif, we used synthetic, 5'-
FAM-labeled, 25-mer oligonucleotides bearing the identified RNA
motif sequence in an FP assay where HT'T proteins were titrated
(table S1). HTT-HAP40 Q23 exhibited binding to the identified
RNA motif (labeled as Motif-RNA) with a Ky value of 40 + 8.5 nM
compared to the same 100b random ssRNA used above (Fig. 1, A to
C) with a K4 value of 1 + 0.6 pM (Fig. 2C). We also assessed the
binding affinity of HTT-HAP40 Q23 to the RNA motif sequence
within a DNA backbone (labeled as Motif-DNA) which indicated a
much weaker binding affinity (K4 = not calculated), supporting
HTT’s preference for RNA over DNA for this motif (Fig. 2D). We
further tested a region of NEAT]I that had no peaks enriched in our
RIP-seq data (labeled as Low IGV Control), which also showed
weak binding to HTT-HAP40 Q23 (Fig. 2D).

Considering that the preferred RNA motifs were all G-rich, a se-
quence that is prone to secondary structures, we conducted circular
dichroism spectroscopy analysis of the motifs (table S1) to assess for
potential secondary structures (34). The spectral profiles for the
motif sequence with either an RNA or DNA backbone indicated
that they were probably forming G-quadruplexes (fig. S4A), which
could indicate that HT'T has a preference to bind to the RNA form
of these structures. To test whether HTT’s binding is influenced by
G-quadruplex structured elements, we replaced three guanines (G’s)
in the RNA motif with cytosines [(GCAAGCCGAGCC)] (labeled as
G to C mutation), which would disrupt the ability of the sequence to
form a G-quadruplex (table S1). This G to C mutation resulted in
significantly reduced binding of HTT-HAP40 Q23 (K4 = greater
than the highest concentration tested; Fig. 2D).

To validate this finding, we conducted an EMSA assay using
20-mer ssRNA substrates (rG, rU, rC, and rA; table S1) with increas-
ing concentrations of HTT-HAP40 Q23 protein. Our EMSA results
revealed the formation of RNA-protein complexes in the presence of
rG (Fig. 2E). However, no notable RNA-protein complex formation
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Fig. 1. HTT protein binds RNA. (A) Representative EMSA images of increasing HTT-HAP40 Q23 protein (0 to 15 uM) binding with 1 uM of 100-mer random ssRNA. RNA is
in red. EMSA, electrophoretic mobility shift assay. (B) Representative fluorescence polarization (FP) binding curve of HTT-HAP40 Q23 and 100-mer random ssRNA
(Kg =1 + 0.6 pM). (C) Representative surface plasmon resonance binding curve and sensorgram of HTT-HAP40 Q23 and 100-mer random ssRNA (K4 = 0.4 + 0.2 pM).
(D) Schematic showing the protocol for HTT RNA-immunoprecipitation sequencing (RIP-seq) in isogenic neural progenitor cells (NPCs) and fibroblasts. UV, ultraviolet.
(E) Venn diagram representing enriched RNA transcripts from immunoprecipitated (IP) samples of WT and HD NPCs. (F) Bar graph representing unique and overlapped
enriched RNA transcripts from NPC IP samples. (G) Venn diagram representing enriched RNA transcripts from IP samples of WT and HD fibroblasts. (H) Bar graph represent-
ing unique and overlapping enriched RNA transcripts from fibroblasts IP samples. (I and J) Gene Ontology enrichment analysis for biological process (BP) in both WT and
expanded isogenic NPCs (I) and fibroblasts (J). ATP, adenosine 5’-triphosphate; NADH, reduced form of nicotinamide adenine dinucleotide.
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Fig. 2. HTT protein prefers G-rich RNA sequences. (A and B) MEME identified HTT protein binding RNA motif sequences captured by isogenic NPCs (A) and fibroblasts
(B) RIP-seq. (C) Representative FP binding curve of HTT-HAP40 Q23 and 100-mer random ssRNA (Kq = 1 + 0.6 uM) and motif RNA (Kyg = 40 + 8.5 nM). (D) Representative FP
binding curve of HTT-HAP40 Q23 and motif RNA, DNA form of motif RNA (K4 > 15 pM), low Integrative Genomic Viewer (IGV; K4 > 15 pM), and G to C—-mutated RNA (Ky4 > 15 pM).
NG, not calculated, outside of the range of protein concentrations tested. (E) Representative EMSA image of increasing HTT-HAP40 Q23 protein (0 to 15 uM) binding with

1 pM of 20-mer rG. RNA is in red.

was observed in the presence of rU, rC, and rA substrates (fig. S4, B
to D). Thus, our study suggests that HTT-HAP40 Q23 protein ex-
hibits a preference for binding G-rich RNA motifs, aligning with our
motif analysis and FP assay results. These findings contribute to our
understanding of the molecular interactions involving HTT-HAP40
Q23 and its RNAs, particularly those with G-quadruplex forming
sequences.

Long noncoding RNA NEATT1 is a highly enriched

HTT-bound transcript

The long noncoding RNA (IncRNA) NEAT1 was consistently the
topmost significantly enriched transcript across all IP samples from
different genetic backgrounds (Fig. 3, A to C, and fig. S5, A to C).
Previous studies have highlighted the presence of abundant and con-
served G-quadruplex motifs in NEAT1, with RNA binding proteins
such as non-POU domain-containing octamer-binding (NONO)
exhibiting specificity for these motifs (35). NEAT1I displayed a con-
sistent enrichment pattern across all RIP-seq samples (Fig. 3D). We
used reverse transcription quantitative polymerase chain reaction
(RT-qPCR) to quantify the enrichment of the NEAT]I transcript in
the IP fractions compared to the cytoplasmic RNA encoding the 40S
ribosomal protein RPS28, as well as U6 and MALAT1, which are
exclusively nuclear transcripts (Table 1). A robust signal was detect-
ed for NEAT1 transcripts in the IP fractions compared to the house-
keeping genes RPS28, U6, and IncRNA MALAT]I, used as a negative
control (Fig. 3E and fig. S5, D and E).

Given that the HTT-binding RIP-seq motif featured G-rich
sequences (Fig. 2, A and B), and our recombinant HTT-HAP40
preferred G-rich ssRNA and G-quadruplexes (Fig. 2, C to E), we
searched the NEATI RIP-seq data for G-rich sequences. Using
the QGRS mapper tool (https://bioinformatics.ramapo.edu/QGRS/
index.php), employing parameters similar to a previous study (35),
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we identified putative G-quadruplex-forming sequences in NEATI_2.
Analyzing NEAT1 enrichment profiles in NPC IP samples and QGRS
data on the UCSC genome browser, we observed enrichment of
HTT at multiple regions across NEAT1. Notably, these regions ap-
peared to largely overlap with G-quadruplex-forming segments
(Fig. 3F). To further explore the interactions between HTT and
NEAT1 RNA, we synthesized four in vitro transcribed sense RNA
fragments of NEAT1 (Fig. 3F), following the previously described
protocol (36). EMSA of the resultant transcripts revealed that band
shifts were observed in a concentration-dependent manner with
increasing concentration of HTT-HAP40 Q23 protein, providing
further evidence of a direct interaction between HTT protein and
IncRNA NEAT1I (Fig. 3G).

NEATT levels in NPCs, patient-derived fibroblasts, and
human postmortem brain tissues are altered in HD

NEAT] levels are reported to be dysregulated in various neurode-
generative diseases, including HD (37-40). Nevertheless, the as-
sociation between NEATI and HD pathology remains unclear,
with conflicting reports indicating either an increase or decrease in
NEAT1] expression levels in various HD models (40, 41).

The NEAT1 locus produces two isoforms: NEAT1_1 (short, ~3.7 kb)
and NEATI1_2 (long, ~22.7 kb) (Fig. 3D), with NEATI1_2 being an
essential component of paraspeckles (36, 42). We assessed the levels
of NEAT1I in the isogenic NPC allelic series, with RT-qPCR using
NEAT] isoform-specific primers (Table 1). Because the NEATI_I
sequence is identical to the 5" sequence of the longer NEAT1_2, it is
difficult to distinguish between the two (43). Therefore, primers
that amplify the 5’ region of the gene will report on both NEAT1_1
and NEAT1 2 and such results are referred to as total NEAT1I
throughout the text, whereas NEAT1_2 represents the long isoform
(see also Fig. 3, D and F, and Table 1). The qPCR results indicated
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Fig. 3. LncRNA NEATT1 as an HTT-binding substrate. (A to C) Volcano plots showing IncRNA NEATT as a significantly enriched target in the WT and expanded isogenic
NPC IP samples (Log, fold change cutoff: 1; P value cutoff: 0.05). (D) IGV snapshot showing the enrichment profile of NEATT across individual NPC and fibroblast IPs after
autoscaling to their respective Inputs. (E) Reverse transcription quantitative polymerase chain reaction (RT-gPCR) validation of NEATT transcript enrichment in WT and
expanded NPC IP samples compared to U6 control gene. Data were analyzed using two-way analysis of variance (ANOVA) and shown as means + SD; n = 3 (technical
replicates). ***P < 0.001. (F) Isogenic NPCs Q30/Q19 IP data mapped to NEAT1. Quadruplex-forming G-rich sequences (QGRS) mapped to NEATT are shown as tall bars
(in gray) across the top. In vitro transcribed NEATT fragments (black bars underneath enriched peaks) are mapped to the NEATT gene (in blue). (G) Representative EMSA
images of increasing HTT-HAP40 Q23 protein (0 to 15 pM) binding with 0.25 uM of in vitro transcribed NEATT RNA fragments. RNA is in red.

that both total NEAT1 and NEAT1_2 levels were significantly lower
in the polyglutamine-expanded NPCs compared to WT (Fig. 4A).
Similarly, qPCR of WT and HD fibroblast cell lines showed a sig-
nificant reduction of NEAT1 in the HD lines compared to WT
(Q21/Q18), with the homozygous HD line displaying signifi-
cantly lower NEAT1] levels compared to the heterozygous HD cell
lines (Fig. 4B).
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To further investigate this finding, we mined publicly accessible
RNA-seq datasets from both WT and HD cell and animal models.
We found decreased NEAT expression levels in the striatum of HD
Q175 knock-in mice (B6] strain) compared to WT mice. In the Hdh
knock-in mouse allelic series Hdh?%, Hdh®?, and HdhQ*, the
NEAT]1 transcript count decreased in the later stages (10 months)
compared to WT and Hdh?® mice (44). These data align well with
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Table 1. Primer sequences used for RT-qPCR. List of forward and reverse
primer sequences used in this study.

Gene Primer sequence
RPS28f CGATCCATCATCCGCAATG
RPS28r AGCCAAGCTCAGCGCAAC
vef GAGAAGATTAGCATGGCCC
ver AATATGGAACGCTTCACGA
GAPDHf CATGAGAAGTATGACAACAGCCT
GAPDHr AGTCCTTCCACGATACCAAAGT
Total NEATIf CCAGTTTTCCGAGAACCAAA
Total NEATIr ATGCTGATCTGCTGCGTATG
NEAT1 2f CTAGAGGCTCGCATTGTGTG
NEAT1 2r GCCCACACGAAACCTTACAT
MALATIf TGGTGATGAAGGTAGCAGGC
MALATIr ATTGCCGACCTCACGGATTT

the cell line data in Fig. 4 (A and B), demonstrating lower NEAT1
levels in HD cells and models, especially in the later stages of HD.

Subsequently, we conducted qPCR using cDNA from three dis-
tinct brain regions (putamen/caudate nucleus, frontal pole, and cer-
ebellum) derived from postmortem brain tissues of patients with
HD kindly provided by the Neurological Foundation Human Brain
Bank in the Centre for Brain Research, University of Auckland with
full consent from the donor families. These tissues were collected
from patients with HD diagnosed with different grades of disease
(table S2). To normalize the RT-qPCR data, we used age- and sex-
matched unaffected brain tissues (table S2). The qPCR results
suggest a potential relationship between NEAT] and human tissues
from different HD grades, where we observed lower levels of both
total NEAT1 and NEAT1_2in HD grade 1, in all three brain regions.
The NEATI levels seem to increase as the disease progresses from
grade 1 to grade 2, especially the putamen and frontal pole (Fig. 4, C
to E, and fig. S6). This might potentially reflect the heightened stress
on neurons. However, NEATI levels appear to subsequently de-
crease in grade 3, which could possibly be attributed to either neu-
ronal loss or the presence of mHTT (Fig. 4, C to E, and fig. S6).
Larger sample sizes from different brain regions of unaffected and
patients with HD across different grades are required for robust sta-
tistical analysis and to draw any conclusions.

HTT levels influence IncRNA NEAT1 levels

To understand whether there is a relationship between HTT and
NEATI levels, we knocked down HTT in WT (Q21/Q18) and two
HD (Q43/Q17 and Q57/Q17) fibroblast cell lines using both small
interfering RNAs (siRNAs; fig. S7A, C to E) and short hairpin RNAs
(shRNAs; Fig. 5, A to C). HTT knockdown resulted in a reduction
of both isoforms of NEAT1 in both WT and HD fibroblasts. We also
assessed NEAT1 levels in two control cell lines: Human embryonic
kidney (HEK) 293T cells expressing WT HTT and a derivative cell
line null for full-length HTT (fig. S7, B and F) (45), as well as an hu-
man telomerase reverse transcriptase (WTERT) immortalized RPE1
cell line, which is Tet-inducible for HTT knockdown (Fig. 5, A and
D). Again, we observed that NEATI levels were reduced upon
knockdown of HTT in RPE1 cells and in HEK293T HTT null cells
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compared to the parental cells, expressing normal HTT (fig. S7F).
Together, these data suggest that the levels of HT'T protein positively
correlated with the abundance of NEATI IncRNA isoforms in a
variety of cell lines.

We hypothesized that HTT protein may be contributing to the
stability of NEAT1 IncRNA, thereby reducing its half-life under con-
ditions of low HT'T levels. To test this possibility, we used actinomy-
cin D to inhibit transcription in control and HT'T knockdown RPE1
cells and assessed NEAT1 levels over time via qPCR. The abundance
of both NEAT]I isoforms decreased markedly within 2 to 4 hours
with a significantly rapid reduction after HTT knockdown com-
pared to the control cells expressing normal HTT (Fig. 5, E and F).
These findings suggest that HT'T plays a crucial role in maintaining
the stability of NEAT1 RNA following transcription.

HTT and NEAT1 colocalize in RPE1 and fibroblast cell lines

To further understand the relationship between HI'T and NEAT1, we
used fluorescence in situ hybridization (FISH) and confocal micros-
copy to visualize and quantify NEAT] in cells. As previously reported
(42), we observed that both isoforms of NEAT1 are retained in the
nucleus in discrete paraspeckles (Fig. 6). Using RNA probes detecting
either total NEAT1 (5'-NEAT1) or only NEAT1_2 (middle-NEAT1I),
we quantified the number of NEATI paraspeckles in WT fibroblast
cells (Q21/Q18) before and after HTT knockdown. The number of
total NEATI and NEAT1_2 foci was significantly reduced after HTT
protein knockdown in comparison to an short hairpin RNA targeting
Green Fluorescent Protein (shGFP) control (Fig. 6, A and B, and
fig. S8, A and B). These data suggest that HT'T contributes to NEATI-
mediated paraspeckle formation. Moreover, the quantification of
NEAT]I foci number and intensity using FISH revealed a significant
reduction in the homozygous HD fibroblast cell line (Q50/Q40)
compared to the WT (Q21/Q18) and heterozygous HD (Q43/Q17)
fibroblasts (Fig. 6C and fig. S8, C to E), mirroring the qPCR results
(Fig. 4B), and suggesting a potential deficit in NEATI-mediated para-
speckles in homozygous HD cells. Moreover, we detected changes in
NEAT1I paraspeckle morphology between WT and HD fibroblasts.
Measurement of the average area of NEATI_2 paraspeckles (um?)
showed that the size of the paraspeckles was smaller in the two HD
fibroblast cell lines, Q43/Q17 and Q50/Q40, compared to those in the
WT cell line (Q21/Q18; fig. S8, F and G).

Our HTT-IP data suggests that HTT can bind to both isoforms
of NEAT1 (Fig. 3D). To confirm HTT-NEAT1 interaction, we com-
bined immunofluorescence (IF) with RNA-FISH to examine whether
HTT colocalizes with both isoforms, 5’- and middle-NEATI RNA
within the cells. The antibody EPR5526 (Abcam) (31), used for RIP,
shows diffuse staining of huntingtin in the cytoplasm and nucleus
and does not identify speckles suitable for colocalization analysis
with NEATI RNA probes. Therefore, we used another antibody,
termed phospho-N17 as detailed in (10), that recognizes HTT
phosphorylated on serine residues 13 and 16. These modifications
target HTT to the nucleus and thus this antibody enables nuclear
HTT to be visualized by IF, revealing distinct nuclear puncta (10,
25, 46). We observed colocalization of HTT with both 5’- and mid-
dle-NEAT1I probes in WT (Q21/Q18), heterozygous HD (Q43/
Q17), and homozygous HD (Q50/Q40) fibroblasts (Fig. 6D and
fig. S9A). Colocalization was also observed in RPEI cells (fig. S9B).
These results further support direct HTT-NEAT! interaction and
suggest that HTT participates in most NEATI-positive nuclear
paraspeckles.
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Fig. 4. Altered levels of IncRNA NEATT across WT and expanded cell lines and HD human brain samples. (A and B) RT-qPCR quantification of expression levels of
total NEATT and long NEATT (NEAT1_2) isoform in WT and expanded isogenic NPCs (A) and patient-derived fibroblasts (B). U6 was used as the control gene and data were
analyzed using two-way ANOVA. Data are shown as means + SD; n = 3 (technical replicates). **#*P < 0.001 and **P < 0.01. (C to E) RT-qPCR quantification of total NEAT1
and long NEAT1 (NEAT1_2) expression levels in putamen/caudate nucleus (C), frontal pole (D), and cerebellum (E) regions of human unaffected and HD patient brain (at
different HD-grades). Age- and sex-matched unaffected brain tissues for each region were used to normalize data (gray). N = 5 HD (i.e.,, one individual from stage 1 HD,
two individuals from stage 2, and two individuals from stage 3; total = 5 individuals) and N = 5 unaffected individuals per group per tissue, dots on bars represent three
technical replicates per person. Green, blue, and purple colors of the dots indicate striatal neuropathological grade (HD-1 to HD-3); gray dots indicate unaffected controls.
U6 was used as a control gene. See fig. S6 for an alternative figure of the same data. No statistics were applied because of the limited patient sample size.
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Fig. 5. HTT knockdown reduces NEATT levels and HTT stabilizes IncRNA NEAT1. (A) Western blot analysis of HTT knockdown (KD) by short hairpin RNAs (shRNAs) in
WT (Q21/Q18), HD (Q43/Q17) fibroblast, and RPE1 cell lines. (B to D) RT-qPCR quantification of INcRNA NEATT isoforms upon HTT KD by shRNAs in WT (Q21/Q18), HD (Q43/
Q17) fibroblasts, and RPE1 cell lines, respectively. (E and F) Graphs depicting the decay of total NEATT (E) and NEAT1_2 (F) in shGFP control and shRNAs HTT KD RPE1 cells
following actinomycin D treatment. U6 was used as the control gene and data were analyzed using two-way ANOVA. Data are shown as means + SD; n = 3 (technical

replicates). ***P < 0.001, **P < 0.01, and *P < 0.05, ns, not significant.

We performed Pearson’s correlation coefficient analysis on colo-
calization images to assess differences between WT (Q21/Q18)
and HD (Q43/Q17 and Q50/Q40) fibroblast cell lines. The analy-
sis revealed no significant distinctions between the WT and HD
cell lines (fig. S9C). Subsequently, we quantified the percentage of
NEAT] foci colocalized with phospho-N17 HTT in these cell lines,
demonstrating that approximately 75 to 80% of NEAT1 foci colo-
calized with HTT foci. Both HD cell lines exhibited a trend toward
reduced colocalization. While statistical significance was not con-
sistently reached for the heterozygous HD (Q43/Q17) cells, the per-
centage colocalization in homozygous HD (Q50/Q40) cells was
significantly decreased compared to WT (fig. S9D). Again, a stron-
ger phenotype in the HD (Q50/Q40) cells suggests a deficit in
NEATI paraspeckle-related functions for mHTT.

A large proportion of HTT protein also formed nuclear foci
without colocalizing with NEAT1. HTT is also known to associate
with SC35* nuclear speckles (25), while NEAT1 foci are reported
to predominantly localize at the peripheries of SC35* nuclear speckles
(47, 48). Therefore, we assessed if phospho-N17 HTT colocalized
with both SC35* nuclear speckles and NEAT1 paraspeckles. Confirming
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previous studies, we observed that phospho-N17 HT'T colocalized
with SC35% nuclear speckles, in addition to NEATI_2 foci in RPE1
cells (fig. S9E).

DISCUSSION

Our study demonstrates the ability of HT'T protein to directly bind
to RNA species, both in vitro and in cells, suggesting its potential
involvement in RNA-mediated pathways. In our HTT RIP-seq ex-
periments, we identified a G-rich RNA motif sequence with a high
affinity for HTT-HAP40, a major proteoform of HT T in cells (29).
Our results also show that HT'T interacts with NEAT1, which plays
a crucial role as a structural scaffold for paraspeckles. Paraspeckles
are dynamic, membrane-less nuclear bodies that influence various
fundamental cellular functions and gene expression networks, par-
ticularly in response to stress induced by factors such as viral infec-
tions, proteasome inhibition, and mitochondrial stress (21, 37, 49).
NEAT1I harbors conserved G-quadruplex motifs (35), aligning with
our in vitro motif analysis and assays indicating the preference of
HTT for G-rich sequences.
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Fig. 6. HTT colocalizes with NEAT1. (A and B) Representative images (A) and quantification (B) of NEAT1_2-positive foci in Q21/Q18 fibroblast cell lines assessed by
FISH. Scale bars, 10 pm. DAPI, 4',6-diamidino-2-phenylindole. For statistical analysis of the NEATT_2 RNA foci, CellProfiler software was used, and images were processed
using ImageJ (Fiji app). (C) Quantification of NEATT levels in Q21/Q18 (WT), Q43/Q17 (heterozygous HD), and Q50/Q40 (homozygous HD) fibroblast cell lines. Data repre-
sent means + SEM. Data were analyzed by ordinary one-way ANOVA with Tukey'’s test for multiple comparisons. N = 3 (biological replicates). ***P < 0.001. (D) HTT
(Phospho-N17 antibody) colocalizes with both 5’-NEATT and middle-NEATT in WT and HD patient-derived fibroblast cells. Quantitation of HTT and NEATT colocalization
performed using ImageJ (Fiji app). Scale bars, 5 pm.
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Our study has unveiled a reduction of NEATI levels in HD
cell models compared to their WT counterparts. The reduction of
NEATI levels in HD isogenic NPCs may be attributed to de-
creased expression of total HTT protein, as previously observed
in these cell lines with increasing polyglutamine repeats (30). In a
previous study by Cheng et al. (40), it was reported that knock-
down of mHTT in vitro and in vivo restored elevated NEAT1 levels
to the WT levels in BACHD mice. This aligns with our finding
that total HTT protein knockdown reduces NEAT levels, under-
scoring the essential role of HTT in NEAT1-mediated paraspeck-
les. Furthermore, our results indicate a decrease in NEATI foci
numbers, size, intensities, and percentage colocalization in HD
fibroblasts, particularly in the homozygous HD cell line (Q50/
Q40). Again, this decrease may be linked to the reduced levels of
HTT protein in these cell lines, as previously reported (25).
NEAT]I binding proteins such as NONO, SFPQ (splicing factor
proline and glutamine rich), and RBM14 (RNA Binding Motif
Protein 14) are crucial for paraspeckle biogenesis and maintain-
ing the stability of the IncRNA, preventing its degradation (37). In
our study, we found that HTT also plays a role in stabilizing both
short and long NEAT1I isoforms, similarly aiding in preventing the
degradation of NEAT]I.

Recent research has highlighted the multifaceted functions of
paraspeckles, including the regulation of various RNA-centric
cellular processes like mRNA retention, A-to-I editing, mRNA
cleavage, and protein sequestration (43, 49-51). Our HTT RIP-seq
analysis also revealed the enrichment of other transcripts such as
ADARBI, EIF4A1, and DHX58 helicases that are involved in stress
response and other antiviral signaling pathways (52-56). Last, we
identified HTT RNA transcripts enriched in the WT NPCs (Q30),
highlighting the HTT protein's association with its own mRNA
as reported previously (17). This enrichment was specific to the WT
NPCs and not observed in other IP samples. Our analysis also un-
veiled the enrichment of various other IncRNAs such as HO-
TAIRM]I, RP11, RP1, and RP13, along with mitochondrial-encoded
RNAs in all immunoprecipitated samples. These transcripts are
linked to mitochondrial-functional pathways and RNA regulatory
mechanisms, including splicing, transcription, and translation reg-
ulation. Cross-regulation between NEATI-mediated paraspeckles
and mitochondria has been reported earlier, where depletion of
NEAT] substantially affects mitochondrial dynamics and function
by altering the sequestration of mito-mRNAs within paraspeckles
under stress conditions (49). Mitochondrial dysfunction is an early
pathological mechanism in HD, where mHTT disrupts mitochon-
dria releasing mito-RNAs into the cytoplasm. This, in turn, up-
regulates the innate immune response in the most vulnerable cell
type, striatal spiny neurons (4, 5, 57, 58). It is tempting to speculate
that mHTT may lead to compromised paraspeckle function, result-
ing in a reduced ability to cope with mitochondrial stress and
potentially leading to cell death in relevant HD tissues. The func-
tion and mechanisms underlying these interactions, as well as
potential differences in WT and HD conditions, warrant further
investigation.

MATERIALS AND METHODS

Recombinant HTT-HAP40 Q23 purification

The expression of HTT-HAP40 Q23 protein was performed in Sf9
insect cells, as previously described (13, 28, 59, 60). Plasmids were
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transformed into DH10Bac Escherichia coli competent cells and
plated onto LB agar plates, and then, successfully transformed white
colonies were selected and grown in 3 ml of LB media supplemented
with kanamycin (50 pg/ml), gentamicin (7 pg/ml), and tetracycline
(10 pg/ml). Bacmids were purified using a Miniprep kit (Qiagen);
but following cell lysate neutralization, the supernatants were mixed
with 0.8 ml of sterile isopropanol in a fresh tube and incubated on
ice for 10 min to precipitate the bacmid DNA. The DNA was pel-
leted by centrifugation, the supernatant was removed, and the pel-
lets were left to air dry before resuspension in 50 pl of elution buffer
from the kit.

Exponentially growing Sf9 cells were diluted to 4 X 10° cells/ml
in serum-free insect media and 0.5 ml of cell suspension per well
was used to seed a 24-well plate to form a monolayer of cells. Plates
were incubated at 27°C for 1 h. Per well seeded in the 24-well plate,
2 pl of the X-tremeGENE 9 transfection reagent was mixed with
100 pl of supplement-free insect cell growth medium and 10 pl of
a solution (0.2 pg/pl) of recombinant bacmid DNA. The transfec-
tion mixture was incubated for 15 to 20 min to enable complex
formation before the addition of this mixture to a seeded well
in the 24-well plate. Transfection plates were incubated for 4 to
5 hours at 27°C before the addition of 1.5 ml of insect serum-free
medium supplemented with 10% (v/v) of heat-inactivated fetal
bovine serum (FBS) and 1% (v/v) antibiotic-antimycotic [penicillin
(100 U/ml), streptomycin (100 pg/ml), and amphotericin B (0.25 pg/
ml)]. Cells were incubated at 27°C incubator for 72 to 96 h be-
fore harvesting of the P1 virus stocks and the recombinant virus
titer was sequentially amplified by this method to generate P3
virus stocks.

Cells at ~4.5 million cells/ml were infected with 8 ml of P3 re-
combinant baculovirus per 4 liters of culture in a 5-liter reagent
bottle and grown at 37°C until cell viability reached 80 to 85%, nor-
mally ~72 hours after infection. The volume of culture grown can be
scaled according to the required yield of protein. For full-length
HTT-HAPA40, a ratio of 1:1 HTT:HAP40 P3 baculovirus was used
for infection.

For purification, cells were harvested by centrifugation [JLA8.1000
(Beckman), 2500 rpm, 10°C, 10 min] and resuspended in ~40 ml
of lysis buffer [20 mM Hepes (pH 7.4), 300 mM NaCl, and 2.5% (v/v)
glycerol] per liter of production. Cell suspensions were lysed
with two freeze-thaw cycles. Lysates were then diluted threefold in
lysis buffer and clarified by centrifugation [JLA16.250 (Beckman),
14,000 rpm, 10°C, 1 hour]. The supernatant was incubated with
~1 ml of anti-FLAG resin (Sigma-Aldrich) per liter of production
processed and rocked for 2 hours at 4°C. The resin was washed
with ~100 CV lysis buffer, and then proteins were eluted with
5 column volumes (CV) lysis buffer supplemented with 3x FLAG
peptide (250 pg/ml). Crude protein samples from FLAG-eluted frac-
tions were then pooled, concentrated using Amicon spin filters to
~0.1 CV (molecular weight cutoff: 100,000) and purified by size
exclusion chromatography using a Superose 6 Increase 10/300 GL
column (Cytiva Life Sciences) in buffer containing 20 mM Hepes
(pH 7.4),300 mM NaCl, 2.5% (v/v) glycerol, and 1 mM tris(2-carboxyethyl)
phosphine (TCEP). To avoid overloading the gel filtration column,
only 0.5- to 1-ml sample was applied per run. Peaks correspond-
ing to monodisperse protein were pooled, concentrated, and flash-
frozen at 5 to 10 mg/ml and stored at —80°C until use. Sample
purity was assessed by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE).
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Surface plasmon resonance

Studies were performed using a Biacore T200 (GE Health Sciences).
An SA chip was primed with 3X 60-s injection with 50 mM NaOH,
followed by approximately 500 response units (RU) of biotinylated
nucleic acid substrate diluted in assay buffer [20 mM Hepes (pH 7.4),
50 mM KCl, 2 mM MgCl,, 1 mM TCEP, 2.5% glycerol (v/v), and
0.005% Tween 20 (v/v)] coupling to flow channels, with an empty
flow channel used for reference subtraction. Following substrate
capture, the assay buffer was flowed over the chip until a stable base-
line was achieved. Protein dilutions were prepared in assay buffer
and experiments were performed using multicycle kinetics with
600-s contact time, 600-s dissociation time, and flow rate (30 pl/
min) at 20°C. Ky values were calculated using steady-state affinity
fitting with the Biacore T200 evaluation software.

Fluorescence polarization assay

Experiments were performed in 384-well black polypropylene PCR
plates (Axygen) in 20-pl volume. In each well, 18 pl of protein solutions in
assay buffer [20 mM Hepes (pH 7.4), 50 mM KCl, 2 mM MgCl,, 1 mM
TCEP, 2.5% glycerol (v/v), and 0.005% Tween 20 (v/v)] was diluted,
followed by the addition of 2 pl of 50 to 500 nM 5'-FAM-labeled nucleic
acid substrate to each well. Following 1-min centrifugation at 1000 rpm,
the plate was incubated for 10 min before FP measurements with a
BioTek Synergy 4 (BioTek) at excitation and emission wavelengths
of 485 and 528 nm, respectively. The data were processed in Graph-
Pad Prism using Sigmoidal, 4PL, X is log(concentration) fit.

Electrophoretic mobility shift assay

One percent agarose gel was prepared with 2 pl of ethidium bromide
(BioShop Canada Inc., catalog no. ETB444.1). HTT-HAP40 Q23
(WT) protein was serially diluted from 15 to 0.2 pM in the assay
buffer [20 mM Hepes (pH 7.4), 50 mM KCl, 2.5% glycerol (v/v),
2 mM MgCl,, 0.005% Tween 20 (v/v), and 1 mM TCEP]. The ssRNA
and dsDNA oligonucleotide substrates were added to each reaction
tube at a 1 pM final concentration and incubated on ice for 10 min.
For NEAT1I fragments, the concentration used was 0.25 pM. The gel
was run in 0.5X tris-acetate-EDTA buffer at 100 V for 40 min for
shorter oligos and 1 hour for NEATI fragments. The agarose gels
were imaged under a UV transilluminator.

Cell culture
Control and HD patient-derived fibroblasts, i.e., Q40/Q18 (HD),
Q43/Q19 (HD), and Q19/Q17 (WT), that were used for HTT RIP
and sequencing were cultured as detailed in Gall-Duncan et al. (61).
In addition, the hTERT-immortalized control (Q21/Q18) and HD
patient-derived fibroblasts (Q43/Q17, Q50/Q40, and Q57/Q17)
used for investigating the relationship between HTT and NEATI
were generously provided by R. Truant and have been previously
described (25). These cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Life Technologies, #10370) with 15%
(v/v) FBS (Gibco, #12484-028), 1x GlutaMAX (Life Technologies,
#35050), and 1X penicillin-streptomycin (PenStrep) antibiotics. The
cells were grown at 37°C with 5% CO;. RPE1 cells (American Type
Culture Collection) were cultured in 1:1 DMEM/Nutrient Mixture
F-12 (DMEM/F12; Life Technologies, #11330) with 10% (v/v) FBS
(Gibco, #12484-028) and 0.01% hygromycin. Cells were grown at
37°C with 5% CO,.

HEK293T WT and HTT null cells were unauthenticated and a
kind gift from the laboratory of M. MacDonald (45). These cells
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were cultured in DMEM (Life Technologies, #10370) with 10%
(v/v) FBS (Gibco, #12484-028), 1x GlutaMAX (Life Technologies,
#35050), and 1Xx PenStrep antibiotics. Cells were grown at 37°C
with 5% CO,.

Isogenic NPC differentiation

hESCs were plated at a density of 30,000 to 50,000/cm? per well in
NPC* media [equal parts DMEM/F12 (Thermo Fisher Scientific,
catalog no. A4192001) and NeuroBasal medium (Thermo Fisher
Scientific, catalog no. A3582901), BSA (50 pg/ml; Thermo Fisher
Scientific, catalog no. B14), 1x PenStrep (Thermo Fisher Scientific,
catalog no. 15140122), 1xX MEM Non-Essential Amino Acids Solu-
tion (MEM NEAA) (Thermo Fisher Scientific, catalog no. 11140050),
1X N-2 (Thermo Fisher Scientific, catalog no. 17502001), 1x B-27
Supplement Minus Vitamin A (Thermo Fisher Scientific, catalog no.
12587010), human leukemia inhibitory factor (10 pg/ml; Merck
Millipore, catalog no. LIF1010), 2 pM SB431542 (STEMCELL Tech-
nologies, catalog no. 72232), 3 pM CHIR99021 (STEMCELL Tech-
nologies, catalog no. 72052), and 0.1 pM Compound E (STEMCELL
Technologies, catalog no. 73952)] supplemented with 10 uM Y-27632
(STEMCELL Technologies, catalog no. 72304) on Geltrex coated
plates (Thermo Fisher Scientific, catalog no. A1413301). This is
day 1 of differentiation. NPC* medium was replaced on a daily
basis till day 7. On day 7, the cells were passaged using Accutase
(Thermo Fisher Scientific, catalog no. A1110501), split at a ratio of
1:10, and plated in NPC~ medium (NPC* medium without Com-
pound E) with 10 pM Y-27632. The cells were passaged at conflu-
ency >90%. NPCs at passage 5 or higher were then subsequently
used for experiments.

UV cross-linking

A total of 10 x 10° cells were plated on 100-mm culture plates. After
24 hours, the plates were washed with 1X phosphate-buffered saline
(PBS). Thereafter, 2 ml of PBS to each of the plates was added and
placed on a tray of ice. The whole setup was plated inside the UV
cross-linker (VWR, catalog no. 89131-484) without the lid. The
plate was placed 15 cm from the light source. The cross-linker was
operated at 254-nm UV light with an energy setting of 400 mJ/cm*
for 10 min. After cross-linking, the cells were collected with a cell
scraper and centrifuged at 4°C, 300g for 5 min. The supernatant was
discarded, and the pellets were flash-frozen in liquid nitrogen and
stored at —80°C freezer.

RNA immunoprecipitation from isogenic NPCs
and fibroblasts
The pellets were retrieved from —80°C and immediately resuspended
in 1 ml of cold cross-linking and immunoprecipitation (CLIP) lysis
buffer [50 mM tris-HCI (pH 7.4), 100 mM NaCl, 1% NP-40, 0.1%
SDS, 0.5% sodium deoxycholate, 1X protease inhibitor, and RNasin
plus ribonuclease (RNase) inhibitor]. The cells were lysed on ice for
15 min and sonicated in Bioruptor at a “low” setting, 4°C for 5 min
with 30 s on and 30 s off. Four units of deoxyribonuclease (DNase)
were added, and the tubes were incubated in a thermomixer at 37°C
with shaking at 1200 rpm for 30 min. Next, the tubes were trans-
ferred on ice, and, immediately, 50 mM final concentration of EDTA
was added. The tubes were centrifuged at 20,000g at 4°C for 15 min
to pellet debris. The supernatant was transferred to a fresh tube.

One hundred twenty-five microliters of beads for each sample
was washed twice in 500 pl of cold CLIP lysis buffer, the beads were
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resuspended in 100 pl of cold CLIP lysis buffer, and 10 pg of EPR5526
(Abcam) anti-HTT antibody was added to the resuspended mag-
netic beads. The beads were rotated at 4°C for 1 to 2 hours. The tubes
were centrifuged gently and placed on a magnetic rack; the superna-
tant was removed. The beads were further washed twice in 500 pl of
cold CLIP lysis buffer. Beads for control IP (without any antibody)
were prepared in the same way. Fifty microliters of cell lysates was
kept for Western blot input. The remaining cell lysates were added to
the prepared magnetic beads, and the tubes were kept rotating at 4°C
overnight. The next day, the tubes were placed in a magnetic rack,
and the cell lysate flowthrough was collected. Beads were washed
further twice with 900 pl of cold high salt wash buffer [50 mM tris-
HCI (pH 7.4), 500 mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% SDS,
and 0.5% sodium deoxycholate] and once with 500 pl of cold CLIP
lysis buffer. One hundred fifty microliters of proteinase K bufter [50 mM
tris-HCl (pH 7.4), 150 mM NaCl, 1 mM MgCl,, 0.05% NP-40, 1%
sodium deoxycholate, and proteinase K (1.2 mg/ml)] was added to
the beads and incubated at 55°C for 30 min while shaking to digest
proteins. After this reverse cross-linking step, the tubes were gently
centrifuged using a tabletop centrifuge and placed on a magnetic
rack. The supernatants were transferred to new tubes, 600 pl of
TRIzol reagent was added, and the tubes were incubated for 10 min
at room temperature. The RNA was further purified using a Direct-
zol RNA MiniPrep plus kit (Zymo Research, catalog no. R2071). The
purified RNA was eluted in RNases and DNase-free water, and con-
centrations were estimated by nanodrop before library preparation.

SDS-PAGE and Western blotting for IP validation
Fifty micrograms of protein lysate was used per sample. Samples
were prepared using 4X NuPAGE LDS Sample Buffer (Thermo Fisher
Scientific, catalog no. NP0007) and 10X NuPAGE Sample Reducing
Agent (Thermo Fisher Scientific, catalog no. NP0004) and denatur-
ing the samples at 70°C for 10 min. The denatured samples were elec-
trophoresed at 120 V for 3 hours on NuPAGE 4-12% Bis-Tris proteins
gels (Thermo Fisher Scientific, catalog no. NP0321BOX) in NuPAGE
Mops SDS Running Buffer (Thermo Fisher Scientific, catalog no.
NP0001). Samples were run in parallel with Full-Range Rainbow
MW Markers (Thermo Fisher Scientific, catalog no. RPN800OE) and/
or HiMark Pre-stained Protein Standard (Thermo Fisher Scientific,
catalog no. LC5699). Gels were wet-tank-transferred to polyvinyl
difluoride (PVDF) Western Blotting Membranes (Sigma-Aldrich,
catalog no. 3010040001; activated in 100% methanol for 1 to 2 min
before use) in tris-glycine (with 10 to 20% methanol) overnight (16 to
24 hours typically) at 4°C using a constant voltage of 30 V. The next
day, membranes were blocked in 5 to 10% w/v milk dissolved in 1x
tris-buffered saline (TBS) + 0.1% Tween 20 (TBST) for 1 hour at
room temperature. Blots are then incubated with primary antibody at
room temperature for 2 hours using the same solution used for block-
ing, washed three times in 1X TBST at room temperature (10 min per
wash), incubated with secondary antibody at room temperature for
1 hour in the same solution used for blocking, washed three times in
TBST at room temperature (10 min per wash), and then detected
with ECL (GE Healthcare Amersham ECL Prime Western Blotting
Detection Reagent, catalog no. RPN2232) by autoradiograph. Densi-
tometric quantification of bands is performed using Image Studio
Lite Version 5.2 (LI-COR Biosciences).

For HTT IP validation by Western blot from fibroblasts:

Primary antibody: Anti-HTT Clone 1HU 4C8 (1:1000, EMD-
millipore, catalog no. MAB2166).
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Secondary antibody: Peroxidase-AffiniPure Sheep Anti-Mouse
IgG H + L (1:2000; Cedarlane Labs, catalog no. 515035062).

For HTT IP validation by Western blot from NPCs:

Primary antibody: Anti-HTT 2B7 (2:1000; CHDI-90000830-5,
Coriell ID #CH03023).

Secondary antibody: Anti-mouse IRDye 800CW (1:10,000; LI-
COR Biosciences, 926-32210 or 926-32212).

RNA library preparation

RIP-seq libraries were prepared by using SMARTer Stranded Total
RNA-Seq Kit version 2 (Pico Input Mammalian; Takara, 634413) as
per the manufacturer’s instructions. Subsequently, the libraries were
subjected to paired-end sequencing with a read length of 150 bp on
the Illumina HiSeq X Ten platform, ensuring a minimum sequenc-
ing depth of 30 million reads per sample. For both input and im-
munoprecipitated (IP) samples, cDNA synthesis was carried out
using the High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific, 4368814). qPCR was performed using the PowerUp
SYBR Green Master Mix (Applied Biosystems, catalog no. A25742)
on either the StepOnePlus Real-Time PCR System (Applied Biosys-
tems) or the CFX96 Touch Real-Time PCR Detection System (Bio-
Rad). qPCR validation of NEAT1 was performed using the primers
from enriched peaks, NEAT1f: ACCCTTAATGCCAGGGCTAAC
for forward and NEAT1r: TGTCTTCATTTCATGCCCGC for re-
verse primers. To normalize the qPCR data, either U6, RPS28, or
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as
the endogenous control gene. The fold change was calculated using
the AACt method.

High-throughput sequencing data alignment and analysis
RIP-seq reads were aligned to the human reference genome hg38 by
using STAR (version 2.6.1¢) (62) with the reference annotation
GENCODE version 25 (63). The genes bound by HT'T were defined as
genes enrichment fold change [log,(IP/INPUT)] > 1 and P,g; < 0.05.
Functional enrichment analysis was performed through the web
server g:Profiler (64) using annotated genes as background.

MEME motif analysis and sequence annotation

For MEME motif sequence analysis, the protocol used was followed
as in (65) with modifications. Briefly, with the resulting human
genome (hg38) mapped reads as bam files, peaks were called using
MACS?2 with a P value threshold of 0.01. The input and IP reads
were submitted jointly to account for background noise. The peaks
were written out in BED format specifying the location of each peak
in the human genome. Two thousand peaks were sampled using
BEDTools (2.30.0), and flanking regions were extracted from the
sampled peaks. Sequences of sampled peaks and flanking regions
were retrieved, and a background file was generated using fasta-get-
markov -m 0. A de novo motif file was generated using MEME (4.5.1)
with options -rna -nmotifs 20 -w 20 -maxsize 1000000 -mod zoops.

Reverse transcription qPCR

For RT-qPCR, cDNA synthesis was carried out using the High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific,
4368814). qPCR was performed using the PowerUp SYBR Green
Master Mix (Applied Biosystems, catalog no. A25742) on either the
StepOnePlus Real-Time PCR System (Applied Biosystems) or the
CFX96 Touch Real-Time PCR Detection System (Bio-Rad). To
normalize the qPCR data, either U6, RPS28, or GAPDH was used as
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the endogenous control gene. The fold change was calculated using
the AACt method.

RNA preparation from patient brain tissues

Postmortem patient tissues were provided by the Neurological
Foundation Human Brain Bank with institutional ethics ap-
proval no. 011654 (five patients with HD and five unaffected indi-
viduals; striatum, cerebellum, frontal pole) directed by R.L.M.E and
M.A.C. Tissues (stored at —80°C and kept immersed in liquid
nitrogen during handling) were crushed with a frozen metal
mortar and pestle partway buried in dry ice, and frozen crushed
tissues were immediately transferred to a 1.4-mm acid-washed
tube prefilled with zirconium beads and 300 to 1000 pl of TRIzol
reagent. Smaller tissues were directly inserted into tubes without
crushing. Tubes were inverted to ensure immersion of the whole
tissue and were placed at room temperature for 10 min to allow
the TRIzol reagent to denature and remove proteins bound to
RNA. Tubes were placed on ice after 10 min and then placed in
a MagNA Lyser Instrument (Roche; item #03358968001). Tubes
were oscillated at 7000 OSC three times for 20 s each oscillation,
with a 3-min incubation on ice between each 20-s oscillation.
TRIzol was transferred to a different tube, RNA precipitated
by an equal volume of 100% ethanol (EtOH) and then purified
using the Direct-zol RNA purification kit using the manufacturer’s
protocol, which includes in-column DNase treatment (Zymo Re-
search, catalog no. R2071). Whole RNA was reverse-transcribed
using the SuperScript IV First-Strand Synthesis System kit us-
ing the manufacturer’s protocol (Thermo Fisher Scientific, catalog
no. 18091050).

HTT knockdown using siRNAs

siRNAs for HT'T knockdown were purchased from Horizon Discovery
(#M-003737-02-0005), and control siRNAs were purchased from
Sigma-Aldrich (#SIC001-5X1NMOL). A total of 2.5 X 10° cells were
seeded per 2 ml of media per well in a six-well tissue culture plate. The
cells were transfected at seeding by Lipofectamine RNAiMAX Transfec-
tion Reagent (Thermo Fisher Scientific, #13778150), as per the manu-
facturer’s protocol. For every well in six-well plates, 150 pl of OptiMEM
Medium (Gibco, #31985070) was mixed with 9 pl of RNAIMAX re-
agent, and 150 pl of Opti-MEM was mixed with 3 pl of 10 pM siRNA,
separately. The two mixtures were then mixed to form a 300-pl mixture
and incubated at room temperature for 5 min to allow the formation
of siRNA-lipid complexes. The siRNA-lipid complex mixture was
added to the wells at 250 pl per well for each six-well plate.

Cell lines for HTT knockdown by shRNAs (RPE1

And fibroblasts)

HTT shRNA pNT153 and pNT154 from TRCN and negative con-
trol shGFP from H. He’s laboratory, sequences listed below, were
cloned into lentiviral vector Tet-pLKO-neo (Addgene, #21916) us-
ing D. Wiederschain’s protocol (reference: The “all-in-one” system
for the inducible expression of stRNA, Novartis Developmental and
Molecular Pathways, Cambridge, MA, USA).

To produce lentivirus, sShRNA and packaging plasmids were co-
transfected into HEK293 cells using X-tremeGene HP DNA Transfec-
tion Reagent (Millipore, catalog no. 6366236001). Lentivirus was
collected 48 hours later and filtered through a 0.45-pm acrodisc filter.

Tru-HD-Q21/Q18, Tru-HD-Q43/Q17, and RPE1 cell lines were
infected with the virus along with polybrene (8 pg/ml) for 24 hours,
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and then the cells were growing in regular medium for 24 to 48 hours
before screening with neomycin. For Tru-HD-Q21/Q18 and Q43/
Q17, neomycin with a dose of 400 pg/ml was used; for RPE1, neomy-
cin with a dose of 800 pg/ml was used. It took 3 weeks to obtain the
stable cell lines.

pNT153: TRCN0000323037.

Hairpin sequence: 5'-CCGG-GCACTCAAGAAGGACACAATA-
CTCGAG-TATTGTGTCCTTCTTGAGTGC-TTTTTG-3'.

pNT154: TRCN0000350710.

Hairpin sequence: 5'-CCGG-TGGTTCAGTTACGGGTTAATT-
CTCGAG-AATTAACCCGTAACTGAACCA-TTTTTG-3'.

shGFP-hairpin sequence: 5'- CCGG-CCACATGAAGCAGC-
ACGACTT-CTCGAGAAGTCGTGCTGCTTCATGTGG-
TTTTTG-3'.

SDS-PAGE and Western blot analysis

Fibroblast and RPE1 cells after siRNA or shRNA HTT knockdown
were scraped and centrifuged at 4°C at 1500 rpm. Cell pellets were
lysed in a lysis buffer [20 mM tris (pH 8.0), 150 mM NaCl, 10 mM
MgCl,, 1 mM EDTA, 0.5% Triton X-100, 1X protease inhibitor, ben-
zonase, and 1% SDS] for 10 min on ice and centrifuged at 14,000 rpm
for 5 min. The supernatant was collected and total protein concen-
tration was estimated using the Pierce BCA Protein Assay Kit (Ther-
mo Fisher Scientific, #23225). Equal concentrations of total protein
were loaded into a precast NuPAGE 4-12% Bis-Tris gel (Invitrogen,
#NP0323BOX). Proteins were separated by SDS-PAGE in 1X Mops
buffer (Life Technologies, #NP0001) for 3 hours at 120 V and elec-
troblotted onto 0.2 pm of PVDF blotting membrane (Amersham
Hybond, #GE10600021) overnight at 30 V in 1X transfer buffer
(25 mM tris, 192 mM glycine, 0.375% SDS, and 10% methanol). The
next day, the membrane was blocked in 5% (w/v) skimmed milk
prepared in 1x PBST buffer and incubated with primary antibodies
EPR5526 (2:10,000; Abcam, ab109115) or 2B7 (CHDI-90000830-5,
#CHO03023) and/or anti-p-actin (3:10,000; Santa Cruz Biotech-
nology, sc-47778) overnight at 4°C. The membranes were further
washed three times for 10 min with 1x PBST and incubated with
secondary antibodies (1:10 000; anti-rabbit, IRDye 800CW, LI-COR
Biosciences, 926-32211 and 1:10,000; anti-mouse IRDye 800CW,
LI-COR Biosciences, 926-32210 or 926-32212) in blocking buffer
for 1 hour at room temperature. Membranes were washed three for
10 min with 1X PBST and imaged on a LI-COR Odyssey CLx.

RNA-FISH and IF

Cells were grown on 18 mm round #1.5 coverglass in a 12-well
glass-bottom cell culture dishes to approximately 80% confluence
before fixing with 4% paraformaldehyde (PFA) solution in 1X
PBS. The next day, the growth medium was removed, and the cells
were washed with 1x PBS. The cells were then fixed with 4% PFA
and incubated for 10 min at room temperature. The 4% PFA was
removed, and the fixed cells were washed three times with 1x
PBS. Stellaris FISH probes to the NEAT1 5’ region (LGC Biosearch
Technologies, SMF-2036-1) and NEAT1 middle region (LGC Bi-
osearch Technologies, SMF-2037-1), and the FISH was performed
according to the manufacturer’s instructions and as in (36). The
fixed cells were immersed in 70% EtOH for at least 1 hour at 4°C for
permeabilization. After removing the 70% EtOH, wash buffer [2x
saline-sodium citrate (SSC) and 10% formamide] was added and the
coverslips were incubated for 5 min. Then, the 50-pl hybridization
solutions [2X SSC, dextran sulfate (100 mg/ml), and 10% formamide]
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containing Stellaris NEAT1 probes (final concentration: 125 nM)
were dropped onto the coverslips in the humidified chamber and
were incubated for 16 hours in the dark. The coverslips were washed
with wash buffer at 37°C in the dark for 30 min and with 2x SSC at
room temperature for 5 min. For just FISH, the coverslips were
mounted with VECTASHIELD Hard Set Mounting Medium with
4',6-diamidino-2-phenylindole (DAPI; Vector).

The coverslips were subsequently washed with 1x PBS and incu-
bated with blocking solution (Intercept blocking buffer, LI-COR,
#927-70001, and 1x PBST) for blocking at room temperature for
1 hour. Then, the coverslips were incubated with HTT primary anti-
bodies (phospho-N17, 1:250) in blocking solution at room tempera-
ture for 1 hour, washed three times with 1x PBS for 5 min, incubated
with secondary antibody anti-rabbit (Alexa Fluor 488) in blocking
solution at room temperature for 30 min, and washed three times
with 1x PBS for 5 min. The coverslips were mounted with VECTA-
SHIELD Hard Set Mounting Medium with DAPI (Vector). Confocal
images were acquired using a confocal microscope (Leica SP8).

RNA stability assay

For the RNA stability assay, the protocol was followed as in (66) with
modifications. A total of 1 X 10° RPE1 cells containing shGFP and
HTT shRNA plasmids were seeded per well in a six-well plate for five
time points (t = 0 to t = 4 hours). The plate was incubated overnight
at 37°C, and doxycycline (2 pg/ml) was added to each well on the
next day to initiate HTT knockdown. On the fifth day, cells from
t = 0 time point were collected, spun at 470g for 3 min at 20°C, and
frozen at —80°C. To the remaining wells, 30 pl of actinomycin D
(1 mg/ml) was added to obtain a final concentration of 10 pg/ml in
3 ml of culture media. The samples were collected at 1-, 2- and 4-hour
time points and the pellet was frozen at —80°C until use. The RNA
was isolated using the Qiagen RNA Miniprep kit and RT-qPCR was
performed. The fold change was calculated using the AACt method
and all samples were normalized to the control ¢ = 0 time point.

Image processing and NEAT1 paraspeckle count

The z-stack images were acquired using a Leica TCS SP8 confocal
microscope (Leica DMi8 CS inverted stand) with 405-, 552-, and
488-nm lasers. The images were processed and analyzed in LASX
office software (version 1.4.1) and Image]. The NEAT1 paraspeckles
number, size, and intensities were quantified in more than 150 to
200 cells over three trials using an open-source speckle counting
and area pipeline in CellProfiler (version 4.2.6).

Data visualization and analysis

Data analysis and visualization were conducted using R (version
4.0.0), and the packages used are the following: ggplot2_3.4.1, cluster-
Profiler_3.16.1, ComplexUpset_1.3.3 and venn_1.11, and GraphPad
Prism (version 10.1.1). The outcomes of all statistical tests including
P values and number of samples are included in the figure panels or
the corresponding figure legends. Significance was defined as any
statistical outcome that resulted in a P value of less than 0.05 unless
otherwise indicated.

Supplementary Materials
This PDF file includes:

Figs.S1to S9

Tables S1and S2

Legend for data S1
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Other Supplementary Material for this manuscript includes the following:
Data S1

REFERENCES AND NOTES

1. G.P Bates, R. Dorsey, J. F. Gusella, M. R. Hayden, C. Kay, B. R. Leavitt, M. Nance, C. A. Ross,
R. I. Scahill, R. Wetzel, E. J. Wild, S. J. Tabrizi, Huntington disease. Nat. Rev. Dis. Primer 1,
1-21(2015).

2. F.O.Walker, Huntington’s disease. Lancet 369, 218-228 (2007).

3. M.E.MacDonald, C. M. Ambrose, M. P. Duyao, R. H. Myers, C. Lin, L. Srinidhi, G. Barnes,

S. A.Taylor, M. James, N. Groot, H. MacFarlane, B. Jenkins, M. A. Anderson, N. S. Wexler,
J.F. Gusella, G. P. Bates, S. Baxendale, H. Hummerich, S. Kirby, M. North, S. Youngman,

R. Mott, G. Zehetner, Z. Sedlacek, A. Poustka, A.-M. Frischauf, H. Lehrach, A. J. Buckler,

D. Church, L. Doucette-Stamm, M. C. O’'Donovan, L. Riba-Ramirez, M. Shah, V. P. Stanton,
S. A. Strobel, K. M. Draths, J. L. Wales, P. Dervan, D. E. Housman, M. Altherr, R. Shiang,

L. Thompson, T. Fielder, J. J. Wasmuth, D. Tagle, J. Valdes, L. EImer, M. Allard, L. Castilla,
M. Swaroop, K. Blanchard, F. S. Collins, R. Snell, T. Holloway, K. Gillespie, N. Datson,

D. Shaw, P. S. Harper, A novel gene containing a trinucleotide repeat that is expanded
and unstable on Huntington’s disease chromosomes. Cell 72, 971-983 (1993).

4. C.Pressl, K. Métlik, L. Kus, P. Darnell, J.-D. Luo, M. R. Paul, A. R. Weiss, W. Liguore,

T.S. Carroll, D. A. Davis, J. McBride, N. Heintz, Selective vulnerability of layer 5a
corticostriatal neurons in Huntington'’s disease. Neuron 112, 924-941.e10 (2024).

5. K. Matlik, M. Baffuto, L. Kus, A. L. Deshmukh, D. A. Davis, M. R. Paul, T. S. Carroll,

M.-C. Caron, J.-Y. Masson, C. E. Pearson, N. Heintz, Cell-type-specific CAG repeat
expansions and toxicity of mutant Huntingtin in human striatum and cerebellum.
Nat. Genet. 56, 383-394 (2024).

6. J. Donaldson, S. Powell, N. Rickards, P. Holmans, L. Jones, What is the pathogenic CAG
expansion length in Huntington’s disease? J. Huntingt. Dis. 10, 175-202 (2021).

7. C.Kay, J. A. Collins, Z. Miedzybrodzka, S. J. Madore, E. S. Gordon, N. Gerry, M. Davidson,
R. A. Slama, M. R. Hayden, Huntington disease reduced penetrance alleles occur at high
frequency in the general population. Neurology 87, 282-288 (2016).

8. Genetic Modifiers of Huntington’s Disease (GeM-HD) Consortium, Identification of genetic
factors that modify clinical onset of Huntington’s disease. Cell 162, 516-526 (2015).

9. J-M.Lee, K. Correia, J. Loupe, K.-H. Kim, D. Barker, E. P. Hong, M. J. Chao, J. D. Long,

D. Lucente, J. P. G. Vonsattel, R. M. Pinto, K. Abu Elneel, E. M. Ramos, J. S. Mysore, T. Gillis,
V. C. Wheeler, M. E. MacDonald, J. F. Gusella, B. McAllister, T. Massey, C. Medway,

T. C. Stone, L. Hall, L. Jones, P. Holmans, S. Kwak, A. G. Ehrhardt, C. Sampaio, M. Ciosi,

A. Maxwell, A. Chatzi, D. G. Monckton, M. Orth, G. B. Landwehrmeyer, J. S. Paulsen,

E.R. Dorsey, I. Shoulson, R. H. Myers, CAG repeat not polyglutamine length determines
timing of Huntington’s disease onset. Cell 178, 887-900.e14 (2019).

10. T.Maiuri, A.J. Mocle, C. L. Hung, J. Xia, W. M. C. van Roon-Mom, R. Truant, Huntingtin is a
scaffolding protein in the ATM oxidative DNA damage response complex. Hum. Mol.
Genet. 26, 395-406 (2017).

11. Y-N.Rui, Z. Xu, B. Patel, Z. Chen, D. Chen, A.Tito, G. David, Y. Sun, E. F. Stimming,

H. J. Bellen, A. M. Cuervo, S. Zhang, Huntingtin functions as a scaffold for selective
macroautophagy. Nat. Cell Biol. 17, 262-275 (2015).

12. Q. Guo, J. Bin Huang, M. Cheng, T. Seefelder, G. Engler, P. Pfeifer, M. Oeckl, F. Otto,
M. Moser, A. Maurer, W. Pautsch, R. Baumeister, S. K. Fernandez-Busnadiego, The
cryo-electron microscopy structure of huntingtin. Nature 555, 117-120 (2018).

13. R.J.Harding, J. C. Deme, J. F. Hevler, S. Tamara, A. Lemak, J. P. Cantle, M. M. Szewczyk,
N. Begeja, S. Goss, X. Zuo, P. Loppnau, A. Seitova, A. Hutchinson, L. Fan, R. Truant,
M. Schapira, J. B. Carroll, A. J. R. Heck, S. M. Lea, C. H. Arrowsmith, Huntingtin structure is
orchestrated by HAP40 and shows a polyglutamine expansion-specific interaction with
exon 1. Commun. Biol. 4, 1374 (2021).

14. B.Huang, Q. Guo, M. L. Niedermeier, J. Cheng, T. Engler, M. Maurer, A. Pautsch,

W. Baumeister, F. Stengel, S. Kochanek, R. Fernandez-Busnadiego, Pathological polyQ
expansion does not alter the conformation of the Huntingtin-HAP40 complex. Struct.
Lond. Engl. 29, 804-809.e5 (2021).

15. B.Ma, B. P. Culver, G. Baj, E. Tongiorgi, M. V. Chao, N. Tanese, Localization of BDNF mRNA
with the Huntington'’s disease protein in rat brain. Mol. Neurodegener. 5, 22 (2010).

16. J.N. Savas, B. Ma, K. Deinhardt, B. P. Culver, S. Restituito, L. Wu, J. G. Belasco, M. V. Chao,
N.Tanese, A role for huntington disease protein in dendritic RNA granules. J. Biol. Chem.
285, 13142-13153 (2010).

17. B.P.Culver, J. DeClercq, I. Dolgalev, M. S. Yu, B. Ma, A. Heguy, N. Tanese, Huntington’s
disease protein huntingtin associates with its own mRNA. J. Huntingt. Dis. 5,39-51 (2016).

18. K.B.Kegel, A.R. Meloni, Y.Yi, Y. J. Kim, E. Doyle, B. G. Cuiffo, E. Sapp, Y. Wang, Z.-H. Qin,
J.D. Chen, J. R. Nevins, N. Aronin, M. DiFiglia, Huntingtin is present in the nucleus,
interacts with the transcriptional corepressor C-terminal binding protein, and represses
transcription®. J. Biol. Chem. 277, 7466-7476 (2002).

19. T. Maiuri, T. Woloshansky, J. Xia, R. Truant, The huntingtin N17 domain is a multifunctional
CRM1 and Ran-dependent nuclear and cilial export signal. Hum. Mol. Genet. 22,
1383-1394 (2013).

140f 16



SCIENCE ADVANCES | RESEARCH ARTICLE

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

39.

40.

Yadav et al., Sci. Adv. 10, eado5264 (2024)

M. Futter, H. Diekmann, E. Schoenmakers, O. Sadiq, K. Chatterjee, D. C. Rubinsztein,
Wild-type but not mutant huntingtin modulates the transcriptional activity of liver X
receptors. J. Med. Genet. 46, 438-446 (2009).

S. Hennig, G. Kong, T. Mannen, A. Sadowska, S. Kobelke, A. Blythe, G. J. Knott, K. S. lyer,
D. Ho, E. A. Newcombe, K. Hosoki, N. Goshima, T. Kawaguchi, D. Hatters,

L. Trinkle-Mulcahy, T. Hirose, C. S. Bond, A. H. Fox, Prion-like domains in RNA binding
proteins are essential for building subnuclear paraspeckles. J. Cell Biol. 210, 529-539
(2015).

J.Yang, X. Yang, Phase transition of huntingtin: Factors and pathological relevance. Front.
Genet. 11, 754 (2020).

T. R. Peskett, F. Rau, J. O'Driscoll, R. Patani, A. R. Lowe, H. R. Saibil, A liquid to solid phase
transition underlying pathological huntingtin exon1 aggregation. Mol. Cell 70, 588-601.
€6 (2018).

J.N. Savas, A. Makusky, S. Ottosen, D. Baillat, F. Then, D. Krainc, R. Shiekhattar, S. P. Markey,
N.Tanese, Huntington’s disease protein contributes to RNA-mediated gene silencing
through association with Argonaute and P bodies. Proc. Natl. Acad. Sci. U.S.A. 105,
10820-10825 (2008).

C.L-K. Hung, T. Maiuri, L. E. Bowie, R. Gotesman, S. Son, M. Falcone, J. V. Giordano, T. Gillis,
V. Mattis, T. Lau, V. Kwan, V. Wheeler, J. Schertzer, K. Singh, R. Truant, A patient-derived
cellular model for Huntington's disease reveals phenotypes at clinically relevant CAG
lengths. Mol. Biol. Cell 29, 2809-2820 (2018).

R. Gutiérrez-Garcia, S. Koyuncu, F. Hommen, S. Bilican, H. J. Lee, A. Fatima, D. Vilchez,
G3BP1-dependent mechanism suppressing protein aggregation in Huntington’s models
and its demise upon stress granule assembly. Hum. Mol. Genet. 32, 1607-1621 (2023).

T. Ratovitski, E. Chighladze, N. Arbez, T. Boronina, S. Herbrich, R. N. Cole, C. A. Ross,
Huntingtin protein interactions altered by polyglutamine expansion as determined by
quantitative proteomic analysis. Cell Cycle 11, 2006-2021 (2012).

R.J. Harding, P. Loppnau, S. Ackloo, A. Lemak, A. Hutchinson, B. Hunt, A. S. Holehouse,

J. C.Ho, L. Fan, L. Toledo-Sherman, A. Seitova, C. H. Arrowsmith, Design and
characterization of mutant and wildtype huntingtin proteins produced from a toolkit of
scalable eukaryotic expression systems. J. Biol. Chem. 294, 6986-7001 (2019).

B. Huang, M. Seefelder, E. Buck, T. Engler, K. S. Lindenberg, F. Klein, G. B. Landwehrmeyer,
S. Kochanek, HAP40 protein levels are huntingtin-dependent and decrease in
Huntington disease. Neurobiol. Dis. 158, 105476 (2021).

J.00i, S. R. Langley, X. Xu, K. H. Utami, B. Sim, Y. Huang, N. P. Harmston, Y. L. Tay, A. Ziaei,
R. Zeng, D. Low, F. Aminkeng, R. M. Sobota, F. Ginhousx, E. Petretto, M. A. Pouladi,
Unbiased profiling of isogenic Huntington disease hPSC-derived CNS and peripheral
cells reveals strong cell-type specificity of CAG length effects. Cell Rep. 26, 2494-2508.e7
(2019).

H. Aviolat, R. M. Pinto, E. Godschall, R. Murtha, H. E. Richey, E. Sapp, P. Vodicka,

V. C. Wheeler, K. B. Kegel-Gleason, M. DiFiglia, Assessing average somatic CAG repeat
instability at the protein level. Sci. Rep. 9, 19152 (2019).

F. E. Layburn, A.Y.S.Tan, N. F. Mehrabi, M. A. Curtis, L. J. Tippett, C. P. Turner, N. Riguet,

L. Aeschbach, H. A. Lashuel, M. Dragunow, R. L. M. Faull, M. K. Singh-Bains, N-terminal
mutant huntingtin deposition correlates with CAG repeat length and symptom onset,
but not neuronal loss in Huntington’s disease. Neurobiol. Dis. 174, 105884 (2022).

T. L. Bailey, M. Boden, F. A. Buske, M. Frith, C. E. Grant, L. Clementi, J. Ren, W. W. Li,

W.S. Noble, MEME SUITE: Tools for motif discovery and searching. Nucleic Acids Res. 37,
W202-W208 (2009).

R. del Villar-Guerra, J. O. Trent, J. B. Chaires, G-quadruplex secondary structure
obtained from circular dichroism spectroscopy. Angew. Chem. Int. Ed. Engl. 57,
7171-7175 (2018).

E. A.J.Simko, H. Liu, T. Zhang, A. Velasquez, S. Teli, A. R. Haeusler, J. Wang, G-quadruplexes
offer a conserved structural motif for NONO recruitment to NEAT1 architectural IncRNA.
Nucleic Acids Res. 48, 7421-7438 (2020).

T.Yamazaki, S. Souquere, T. Chujo, S. Kobelke, Y. S. Chong, A. H. Fox, C. S. Bond,

S. Nakagawa, G. Pierron, T. Hirose, Functional domains of NEAT1 architectural INcRNA
induce paraspeckle assembly through phase separation. Mol. Cell 70, 1038-1053.e7
(2018).

E.Taiana, D. Ronchetti, K. Todoerti, L. Nobili, P. Tassone, N. Amodio, A. Neri, LncRNA NEAT1
in paraspeckles: A structural scaffold for cellular DNA damage response systems?
Non-Coding RNA 6, 26 (2020).

F. A. Boros, R. Maszlag-Torok, L. Vécsei, P. Klivényi, Increased level of NEAT1 long
non-coding RNA is detectable in peripheral blood cells of patients with Parkinson’s
disease. Brain Res. 1730, 146672 (2020).

M. Zhang, P. He, Z. Bian, Long noncoding RNAs in neurodegenerative diseases:
Pathogenesis and potential implications as clinical biomarkers. Front. Mol. Neurosci. 14,
685143 (2021).

C. Cheng, R. M. Spengler, M. S. Keiser, A. M. Monteys, J. M. Rieders, S. Ramachandran,

B. L. Davidson, The long non-coding RNA NEAT1 is elevated in polyglutamine repeat
expansion diseases and protects from disease gene-dependent toxicities. Hum. Mol.
Genet. 27,4303-4314 (2018).

19 July 2024

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

H. Park, H. Miyazaki, T. Yamanaka, N. Nukina, Non-coding RNA Neat1 and Abhd110s
expressions are dysregulated in medium spiny neurons of Huntington disease model
mice. Neurosci. Res. 147, 58-63 (2019).

T. Naganuma, T. Hirose, Paraspeckle formation during the biogenesis of long non-coding
RNAs. RNA Biol. 10, 456-461 (2013).

Y. Lin, B. F. Schmidt, M. P. Bruchez, C. J. McManus, Structural analyses of NEAT1 IncRNAs
suggest long-range RNA interactions that may contribute to paraspeckle architecture.
Nucleic Acids Res. 46, 3742-3752 (2018).

J. Aaronson, V. Beaumont, R. A. Blevins, V. Andreeva, |. Murasheva, A. Shneyderman,

K. Armah, R. Gill, J. Chen, J. Rosinski, L. C. Park, G. Coppola, I. Munoz-Sanjuan, T. F. Vogt,
HDinHD: A rich data portal for Huntington's disease research. J. Huntingt. Dis. 10, 405-412
(2021).

R.Jung, Y. Lee, D. Barker, K. Correia, B. Shin, J. Loupe, R. L. Collins, D. Lucente, J. Ruliera,

T. Gillis, J. S. Mysore, L. Rodan, J. Picker, J.-M. Lee, D. Howland, R. Leg, S. Kwak,

M. E. MacDonald, J. F. Gusella, I. S. Seong, Mutations causing Lopes-Maciel-Rodan
syndrome are huntingtin hypomorphs. Hum. Mol. Genet. 30, 135-148 (2021).

R.S. Atwal, C. R. Desmond, N. Caron, T. Maiuri, J. Xia, S. Sipione, R. Truant, Kinase
inhibitors modulate huntingtin cell localization and toxicity. Nat. Chem. Biol. 7, 453-460
(2011).

J.N. Hutchinson, A. W. Ensminger, C. M. Clemson, C. R. Lynch, J. B. Lawrence, A. Chess, A
screen for nuclear transcripts identifies two linked noncoding RNAs associated with SC35
splicing domains. BMC Genomics 8, 39 (2007).

C. M. Clemson, J. N. Hutchinson, S. A. Sara, A. W. Ensminger, A. H. Fox, A. Chess,

J. B. Lawrence, An architectural role for a nuclear non-coding RNA: NEAT1 RNA is essential
for the structure of paraspeckles. Mol. Cell 33, 717-726 (2009).

Y.Wang, S.-B. Hu, M.-R. Wang, R-W. Yao, D. Wu, L. Yang, L.-L. Chen, Genome-wide
screening of NEAT1 regulators reveals cross-regulation between paraspeckles and
mitochondria. Nat. Cell Biol. 20, 1145-1158 (2018).

G. Pisani, B. Baron, Nuclear paraspeckles function in mediating gene regulatory and
apoptotic pathways. Non-Coding RNA Res. 4, 128-134 (2019).

N. I. Vlachogiannis, M. Sachse, G. Georgiopoulos, E. Zormpas, D. Bampatsias, D. Delialis,
F. Bonini, G. Galyfos, F. Sigala, K. Stamatelopoulos, A. Gatsiou, K. Stellos, Adenosine-to-
inosine Alu RNA editing controls the stability of the pro-inflammatory long noncoding
RNA NEAT1 in atherosclerotic cardiovascular disease. J. Mol. Cell. Cardiol. 160, 111-120
(2021).

A. Bhambri, A. Pinto, B. Pillai, Interferon mediated neuroinflammation in polyglutamine
disease is not caused by RNA toxicity. Cell Death Dis. 11, 3 (2020).

A.M.Bruns, G. P. Leser, R. A. Lamb, C. M. Horvath, The innate immune sensor LGP2
activates antiviral signaling by regulating MDA5-RNA interaction and filament assembly.
Mol. Cell 55,771-781 (2014).

A. Mazloomian, S. Araki, M. Ohori, A. M. EI-Naggar, D. Yap, A. Bashashati, S. Nakao,

P.H. Sorensen, A. Nakanishi, S. Shah, S. Aparicio, Pharmacological systems analysis
defines EIF4A3 functions in cell-cycle and RNA stress granule formation. Commun. Biol. 2,
1-15(2019).

T. Satoh, H. Kato, Y. Kumagai, M. Yoneyama, S. Sato, K. Matsushita, T. Tsujimura, T. Fujita,

S. Akira, O. Takeuchi, LGP2 is a positive regulator of RIG-I- and MDA5-mediated antiviral
responses. Proc. Natl. Acad. Sci. 107, 1512-1517 (2010).

D. Tauber, G. Tauber, A. Khong, B. Van Treeck, J. Pelletier, R. Parker, Modulation of RNA
condensation by the DEAD-box protein elF4A. Cell 180, 411-426.e16 (2020).

C. Carmo, L. Naia, C. Lopes, A. C. Rego, Mitochondrial dysfunction in Huntington’s disease.
Adv. Exp. Med. Biol. 1049, 59-83 (2018).

H. Lee, R. J. Fenster, S. S. Pineda, W. S. Gibbs, S. Mohammadi, J. Davila-Velderrain,

F.J. Garcia, M. Therrien, H. S. Novis, F. Gao, H. Wilkinson, T. Vogt, M. Kellis, M. J. LaVoie,

M. Heiman, Cell type-specific transcriptomics reveals that mutant huntingtin leads to
mitochondrial RNA release and neuronal innate immune activation. Neuron 107,
891-908.e8 (2020).

M. G. Alteen, J. C. Deme, C. P. Alvarez, P. Loppnau, A. Hutchinson, A. Seitova,

R. Chandrasekaran, E. Silva Ramos, C. Secker, M. Alqazzaz, E. E. Wanker, S. M. Lea,

C. H. Arrowsmith, R. J. Harding, Delineation of functional subdomains of Huntingtin
protein and their interaction with HAP40. Struct. Lond. Engl. 31, 1121-1131

(2023).

A. Hutchinson, A. Seitova, Production of recombinant PRMT proteins using the
baculovirus expression vector system. J. Vis. Exp. JOVE 10.3791/62510 (2021).

T. Gall-Duncan, J. Luo, C.-M. Jurkovig, L. A. Fischer, K. Fujita, A. L. Deshmukh, R. J. Harding,
S.Tran, M. Mehkary, V. Li, D. E. Leib, R. Chen, H. Tanaka, A. G. Mason, D. Lévesque, M. Khan,
M. Razzaghi, T. Prasolava, S. Lanni, N. Sato, M.-C. Caron, G. B. Panigrahi, P. Wang, R. Lau,

A. L. Castel, J.-Y. Masson, L. Tippett, C. Turner, M. Spies, A. R. La Spada, E. . Campos,

M. A. Curtis, F-M. Boisvert, R. L. M. Faull, B. L. Davidson, M. Nakamori, H. Okazawa,

M. S.Wold, C. E. Pearson, Antagonistic roles of canonical and Alternative-RPA in
disease-associated tandem CAG repeat instability. Cell 186, 4898-4919.e25 (2023).

A. Dobin, C. A. Davis, F. Schlesinger, J. Drenkow, C. Zaleski, S. Jha, P. Batut, M. Chaisson,
T.R. Gingeras, STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21 (2013).

150f 16



SCIENCE ADVANCES | RESEARCH ARTICLE

63. J.Harrow, A. Frankish, J. M. Gonzalez, E. Tapanari, M. Diekhans, F. Kokocinski, B. L. Aken,

D. Barrell, A. Zadissa, S. Searle, |. Barnes, A. Bignell, V. Boychenko, T. Hunt, M. Kay,

G. Mukherjee, J. Rajan, G. Despacio-Reyes, G. Saunders, C. Steward, R. Harte, M. Lin,

C. Howald, A. Tanzer, T. Derrien, J. Chrast, N. Walters, S. Balasubramanian, B. Pei, M. Tress,
J. M. Rodriguez, I. Ezkurdia, J. van Baren, M. Brent, D. Haussler, M. Kellis, A. Valencia,

A. Reymond, M. Gerstein, R. Guig, T. J. Hubbard, GENCODE: The reference human
genome annotation for The ENCODE Project. Genome Res. 22, 1760-1774 (2012).

64. U.Raudvere, L. Kolberg, I. Kuzmin, T. Arak, P. Adler, H. Peterson, J. Vilo, g:Profiler: A web
server for functional enrichment analysis and conversions of gene lists (2019 update).
Nucleic Acids Res. 47, W191-W198 (2019).

65. D.D.G.Owens, G. Anselmi, A. M. Oudelaar, D. J. Downes, A. Cavallo, J. R. Harman,

R. Schwessinger, A. Bucakci, L. Greder, S. de Ornellas, D. Jeziorska, J. Telenius, J. R. Hughes,
M. F.T. R. de Bruijn, Dynamic Runx1 chromatin boundaries affect gene expression in
hematopoietic development. Nat. Commun. 13, 773 (2022).

66. M. Ratnadiwakara, M.-L. Anks, mRNA stability assay using transcription inhibition by

actinomycin D in mouse pluripotent stem cells. Bio-Protoc. 8, e3072 (2018).

Acknowledgments: We acknowledge family members who made this work possible through
tissue donations and support. We acknowledge the Neurological Foundation Human Brain
Bank, the Center for Brain Research, and the University of Auckland. We thank M. E. MacDonald
and |. S. Seong from Massachusetts General Hospital for a gift of HTT null HEK293T cells. We
thank R. Truant for providing the TruHD fibroblast cell lines and phospho-N17 HTT antibody.
Funding: This work was supported by the Structural Genomics Consortium a registered
charity (no. 1097737) that receives funds from Bayer AG, Boehringer Ingelheim, Bristol Myers

Yadav et al., Sci. Adv. 10, eado5264 (2024) 19 July 2024

Squibb, Genentech, Genome Canada through Ontario Genomics Institute (OGI-196), EU/EFPIA/
OICR/McGill/KTH/Diamond Innovative Medicines Initiative 2 Joint Undertaking (EUbOPEN
grant 875510), Janssen, Merck KGaA (aka EMD in Canada and the United States), Pfizer, and
Takeda. This research was also supported by the Hereditary Disease Foundation (to CH.A.,,
R.J.H., C.F.B., and T.G.-D.), the Fox Family Foundation (to T.G.-D.), Huntington Society of Canada
(to C.H.A. and M.A.P), the Canadian Institutes of Health Research (FDN154328 to C.H.A. and
ENG191555 to M.A.P), a Mitacs Training Award to M.Y., BC Children’s Hospital Research Institute
(BCCHRI) Investigator Grant Award (IGAP) to M.A.P, a Michael Smith Health Research BC
(MSHRBC) Scholar Award to M.A.P, a MSHRBC Research Trainee Award to G.L.S., and a BCCHRI
Postdoctoral Fellowship Award to G.L.S. Author contributions: Conceptualization: M.Y., R.J.H.,
CH.A, PP, HH.H, CE.P, and T.G.D. Formal analysis: M.Y,, T.L., and X.X. Investigation: M.Y., R.J.H.,
TL, XX, T.G.D, MK, CFB, GLS., S.D., and R.C. Resources: C.FB., G.LS,TY, TH, LT, CT, MAC,
R.L.M.F, S.D.,R.C,, AP, and J.B. Funding acquisition: CH.A., RJ.H., H.H.H., CEP,and MAP.
Supervision: CH.A, RJ.H., HH.H., C.E.P, and M.A.P. Writing—original draft: M.Y., RJ.H., CH.A,,
and P.P. Writing—review and editing: M.Y,, RJ.H., CH.A, HH.H.,, CE.P, M.A.P, PP, T.G.D., and X.X.
Competing interests: The authors declare that they have no competing interests. Data and
materials availability: All data needed to evaluate the conclusions in the paper are present in
the paper and/or the Supplementary Materials. HTT RIP sequencing data generated from WT
and HD isogenic NPCs and fibroblasts are available in the GEO repository (GSE267435).

Submitted 6 February 2024
Accepted 14 June 2024
Published 19 July 2024
10.1126/sciadv.ado5264

16 of 16



	Huntingtin is an RNA binding protein and participates in NEAT1-mediated paraspeckles
	INTRODUCTION
	RESULTS
	HTT-HAP40 interacts with RNA in vitro
	HTT protein binds RNA and prefers G-rich RNA sequences
	Long noncoding RNA NEAT1 is a highly enriched HTT-bound transcript
	NEAT1 levels in NPCs, patient-derived fibroblasts, and human postmortem brain tissues are altered in HD
	HTT levels influence lncRNA NEAT1 levels
	HTT and NEAT1 colocalize in RPE1 and fibroblast cell lines

	DISCUSSION
	MATERIALS AND METHODS
	Recombinant HTT-HAP40 Q23 purification
	Surface plasmon resonance
	Fluorescence polarization assay
	Electrophoretic mobility shift assay
	Cell culture
	Isogenic NPC differentiation
	UV cross-linking
	RNA immunoprecipitation from isogenic NPCs and fibroblasts
	SDS-PAGE and Western blotting for IP validation
	RNA library preparation
	High-throughput sequencing data alignment and analysis
	MEME motif analysis and sequence annotation
	Reverse transcription qPCR
	RNA preparation from patient brain tissues
	HTT knockdown using siRNAs
	Cell lines for HTT knockdown by shRNAs (RPE1 And fibroblasts)
	SDS-PAGE and Western blot analysis
	RNA-FISH and IF
	RNA stability assay
	Image processing and NEAT1 paraspeckle count
	Data visualization and analysis

	Supplementary Materials
	This PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments


