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PRMT5 promotes full-length HTT expression by repressing
multiple proximal intronic polyadenylation sites
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Abstract

Expansion of the CAG trinucleotide repeat tract in exon 1 of the Huntingtin (HTT) gene causes Huntington's disease (HD) through the expression
of a polyglutamine-expanded form of the HTT protein. This mutation triggers cellular and biochemical pathologies, leading to cognitive, motor,
and psychiatric symptoms in HD patients. Targeting HTT splicing with small molecule drugs is a compelling approach to lowering HTT protein
levels to treat HD, and splice modulators are currently being tested in the clinic. Here, we identify PRMT5 as a novel regulator of HTT messenger
RNA (mRNA) splicing and alternative polyadenylation. PRMT5 inhibition disrupts the splicing of HTT introns 9 and 10, leading to the activation of
multiple proximal intronic polyadenylation sites within these introns and promoting premature termination, cleavage, and polyadenylation of the
HTTmRNA. This suggests that HTT protein levels may be lowered due to this mechanism. We also detected increasing levels of these truncated
HTT transcripts across a series of neuronal differentiation samples, which correlated with lower PRMT5 expression. Notably, PRMT5 inhibition
in glioblastoma stem cells potently induced neuronal differentiation. We posit that PRMT5-mediated regulation of intronic polyadenylation,
premature termination, and cleavage of the HTT mRNA modulates HTT expression and plays an important role during neuronal differentiation.
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Introduction

Huntington’s disease (HD) is an autosomal dominant neu-
rodegenerative disease that displays a range of psychiatric,
cognitive, and physical symptoms [1], affecting ~1 in 10,000
people [2]. Characterized by the progressive loss of striatal
neurons [3], HD is caused by the expansion of the CAG trin-
ucleotide repeat tract in exon 1 of the Huntingtin (HTT) gene
beyond a threshold of ~36 repeats, leading to the expression
of a polyglutamine-expanded form of the HTT protein. Dele-
tion of Htt is embryonically lethal in mice [4], and the pro-
tein is known to play important roles in numerous cellular
processes critical for neuronal development [5]. The HTT lo-
cus spans 167 kb, encompassing 67 exons and 66 introns;
thus, accurate RNA splicing regulation is essential for pro-
ducing the mature and functional HTT protein. In the con-
text of HD, the expression of a CAG-expanded but trun-
cated form of HTT (HTT1a), generated by aberrant splicing,
leads to the accumulation of a short polyadenylated messenger
RNA (mRNA), which is translated to produce the toxic exon
1 protein fragment [4]. Other groups have reported a vari-
ety of HTT isoforms produced by alternative splicing [6-12].
More recently, splicing modulation has emerged as a promis-
ing therapeutic approach for lowering levels of HTT, a strat-
egy currently being tested in clinical trials to slow or halt
HD progression [13, 14]. The small-molecule splicing mod-
ulators, Branaplam and PTC-518, promote the inclusion of a
poison pseudoexon within intron 49 in the HTT transcript,
leading to the introduction of premature termination codons
and nonsense-mediated decay (NMD) of the HTT mRNA, ul-
timately resulting in the lowering of HTT protein levels [6—
8]. Nevertheless, the endogenous factors that regulate HTT
splicing in normal physiology and development remain largely
unknown.

Protein arginine methyltransferase 5 (PRMTS) catalyzes
the symmetric dimethylation of arginine residues on target
proteins, including histones, RNA-binding proteins, splic-
ing factors, transcription factors and their complexes, DNA
damage and repair factors, and metabolic regulators. Ma-
jor PRMTS cellular substrates include the spliceosomal Sm
proteins SmD1 (SNRPD1), SmD3 (SNRPD3), and SmB/B’

Truncated HTT mRNA

o — owa

— — » No HTT protein

(SNRPB) [9-11]. Symmetric arginine methylation of these
snRNP proteins is required for their efficient binding to the
SMN protein and assembly into the mature spliceosome [10].
We and others have demonstrated the importance of PRMTS
for the maintenance of RNA splicing fidelity [12, 15-18].
PRMTS inhibition results in widespread intron retention,
leading to global downregulation of proteins implicated in
cell proliferation [15, 17]. Interestingly, both PRMTS and
HTT are essential for neuronal stem cell proliferation and self-
renewal [12, 19, 20]. Since splicing and RNA metabolism have
been shown to play a central role in neurogenesis, neuronal
differentiation, and neurodegenerative diseases [21-26], it is
plausible that PRMTS may regulate these processes via RNA
splicing and that this role may intersect with HTT.

We previously identified PRMTS as a regulator of splicing
and stemness in glioblastoma (GBM) stem cells, and found
that hundreds of intron retention events were the most promi-
nent effect of PRMTS inhibition on splicing [17]. Global pro-
teome surveys linked the mis-splicing induced by PRMTS in-
hibition to a global reduction of proteins involved in cell pro-
liferation. Inspired by this and the recent discoveries of splic-
ing modulators as HTT-lowering agents, we investigated the
effects of PRMTS inhibition on HTT mRNA splicing. Here,
we show that PRMTS inhibition impairs the splicing of HTT
introns 9 and 10, leading to the activation of a cluster of
cryptic alternative polyadenylation (APA) sites within these
introns, resulting in premature cleavage and polyadenylation
(PCPA) of the HTT mRNA and reduction of total HTT pro-
tein levels. Strikingly, we found increased levels of this trun-
cated HTT isoform during neuronal differentiation, concomi-
tant with lower PRMTS levels, suggesting a physiological role
for this regulation.

Materials and methods

Cell culture

Immortalized control and HD patient-derived fibroblasts were
a kind gift from Professor Ray Truant and have been pre-
viously described [27]. TruHD Q43Q17, TruHD Q50Q40,
TruHD Q57Q17, and TruHD Q66Q16 were derived from
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HD patients, while TruHD Q21Q17 was derived from a con-
trol subject. These cells were cultured in Dulbecco’s modi-
fied Eagle medium (DMEM) (Life Technologies #10370) with
15% (v/v) fetal bovine serum (FBS; Life Technologies), 1x
GlutaMAX (Life Technologies #35050), and 1x penicillin
streptomycin antibiotics. Cells were grown at 37°C with 5%
CO;.

G523, G411, and G561 GBM cell lines were grown and
maintained as previously described [17, 28]. GBM cells were
grown in serum-free Neurocult NS-A Basal Medium (Stem
Cell Technologies #05750) that is supplemented with 2 mM
L-glutamine (Wisent #609-65-EL), 75 pg/ml Bovine Serum
Albumin [BSA] (Life Technologies #15260-037), B27 supple-
ment (Life Technologies #17504-44), rthEGF (10 ng/ml, Stem
Cell Technologies #E9644), bFGF (10 ng/ml, Stem Cell Tech-
nologies #02634), N2-hormone mix (Thermo Fisher), and
2 pg/ml heparin sulfate (Sigma #H3149). Upon reaching con-
fluence, cells were dissociated via mechanical trituration or
with Accutase (Sigma, A6964) and re-plated on 10 cm plates
(Corning) pre-coated with poly-L-ornithine (Sigma #P4957,
20 min) and laminin (Sigma #1.2020).

Treatment with PRMT5 inhibitors and control
compounds

GBM, control, and HD patient fibroblasts were treated with
PRMTS inhibitors in six-well plates (Costar 6-well Clear TC-
treated Multiple Well Plates, Corning) unless stated otherwise.
Culture media was refreshed every 2 to 3 days with x 1 treat-
ment.

Control and HD patient fibroblasts were plated in 384-well
plates (Corning) at a density of 1000 cells/well, with four tech-
nical replicates per dose, and cultured across 10 dilution series
(ranging from 1 nM to 10 uM) of PRMTS inhibitors for 7
days. The effects of PRMTS inhibitors on fibroblast cell viabil-
ity were measured using CellTiter-Glo luminescent cell viabil-
ity assay reagent (Promega, catalogue number: G7570). Cells
were grown in 60 ul media. At the endpoint, plates were left
to equilibrate to room temperature for 20 min, then 25 ul of
CellTiter-Glo reagent was added to each well and mixed for a
further 30 min protected from light. The luminescent signal in-
tensity was subsequently read on a CLARIOstar plate reader
(BMG LABTECH). Cell viability values were normalized to
that of the dimethyl sulfoxide (DMSO)-treated controls for
each line. Each data point was plotted using three indepen-
dent biological replicates.

Protein extraction and western blot

Lysis buffer containing 20 mM Tris-HCI (pH 8), 0.1% Tri-
ton X-100, 150 mM NaCl, 1 mM EDTA, 10 mM MgCl,,
1% SDS, protease inhibitor cocktail (in-house), and benzonase
(in-house) was used to harvest total protein for western blot.
Lysis buffer was added directly to cells on the plate and
an aliquot was obtained to determine protein concentration
using the Pierce™ BCA Protein Assay Kit (Catalog num-
ber: 23225). For all western blots, 15-35 pg of protein was
loaded on NuPAGE 4%-12% Bis—Tris protein mini gels (cat-
alog number NP0321BOX) and transferred onto polyvinyli-
dene difluoride (PVDF) membranes. Primary antibodies used
were anti-HTT (Abcam, #EPR5526, 1:1000; CST D7F7
#5656, 1:1000), anti-vinculin Antibody 7F9 (Santa Cruz, #sc-
73614), anti-GAPDH (EMD Millipore, MAB374, 1:5000),
anti-PRMT5 (Abcam, #EPR5772-ab109451, 1:1000), and
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anti-B-Actin (5:10000; Santa Cruz sc-47778). Secondary an-
tibodies used were IRDye® 680RD anti-mouse IgG (LI-COR,
926-68072, 1:5000) and IRDye® 800CW anti-rabbit IgG (LI-
COR, 926-32211, 1:5000). Each western blot was replicated
in at least three independent experiments. Membranes were
visualized on an Odyssey® CLx Imaging System (LI-COR).
Full, uncropped images of the western blots are shown in the
source data file.

PRMT5 knockdown using siRNAs

siRNAs for PRMTS knockdown were purchased from Hori-
zon Discovery (SMARTPool, 5 nM) and negative control siR-
NAs were purchased from Sigma (#SIC001-5 x 1INMOL).
G523 GBM cells at 80% confluency were transfected with
5 ul siRNAs (stock concentration; 20 uM) in 2 ml media using
TransIT-TKO transfection reagent.

Allele separation western blot

To quantify and compare levels of full-length wild-type (WT)
HTT and mutant HTT, we optimized an allele-separating
western blot from [29]. Fifteen to thirty-five micrograms of
lysate were run on 3%-8% Tris-acetate gradient protein gels
(Catalog #: EA03785BOX) for 24 h at 120 V at 4°C until the
250 kDa ladder band ran out of the gel. Cold running buffer
was refreshed twice during the run (25 mM Tris base, 190
mM glycine, 3.5 mM SDS, and 10.7 mM B-mercaptoethanol).
Protein was transferred onto a 0.2 um PVDF membrane (Bio-
Rad) using the NuPAGE transfer buffer (25 mM Bicine, 25
mM Bis-Tris, 1 mM EDTA, and 15% methanol) at 70 V for
2 h. Membrane was then blocked for 1 h with 5% skimmed
milk in phosphate-buffered saline with 0.05% Tween 20
(PBST) at room temperature. Primary antibodies used were
for mutant HTT MW 1 (Milipore # MABN2427). Secondary
antibody use and membrane visualization are the same as de-
scribed above.

RNA extraction and quantitative real-time
polymerase chain reaction

Complementary DNA (cDNA) was generated using the iS-
cript gDNA Clear cDNA Synthesis Kit (Bio-Rad) according to
the manufacturer’s protocol. Five hundred nanograms to 1 pg
of total RNA was treated initially with DNase to eliminate
any residual genomic DNA contamination and then incubated
with iScript reverse transcription supermix to produce cDNA
required for the subsequent steps. For all quantitative reverse
transcription polymerase chain reactions (QRT-PCRs), a no re-
verse transcription (RT) control was included as per the man-
ufacturer’s recommendations to control for residual genomic
DNA contamination in reactions.

A 5x dilution was then made by adding 80 ul of double-
distilled water, and 2 pul of synthesized cDNA was used per
reaction. During qRT-PCR, ¢cDNA template and LUNA mas-
ter mix (NEB) were added into white PCR reaction tubes and
placed in a CFX Maestro (Bio-Rad). All experiments were per-
formed in at least four technical replicates and data were ob-
tained from three to four independent experiments. Primers
were designed to measure fully spliced transcripts and intron-
containing transcripts, and all primer sequences are provided
in Supplementary Table S1. For data analysis, the threshold
cycle (Ct) values obtained during qRT-PCR were used to cal-
culate the ACtACt of intron-containing transcripts relative to
the geometric mean of the expression of housekeeping genes
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GAPDH and U6. Relative RNA expression (AACt) of intron-
containing was calculated by comparing PRMTS inhibitor
treated versus DMSO-treated samples. Statistical comparison
was calculated using two-way ANOVA with Dunnett’s multi-
ple comparisons test compared to the mean of DMSO-treated
cells. Data were collected on a Bio-Rad CFX96 touch and
analyzed by Bio-Rad CFX Manager (v3.1.1517.0823) and
GraphPad Prism versions 8, 9, and 10.

3’-End gRT-PCR

c¢DNA was synthesized using the P7-t25-vn oligo-dT primer
with the following sequence: 5-CAAGCAGAAGACGGCA
TACGAGATTTTTTTTTTTTTTTTTTTTTTTTTVN-3'.
qPCR was performed using the PowerUp SYBR Green Mas-
ter Mix (Applied Biosystems, Cat. #A25742) on the CFX96
Touch Real-Time PCR Detection System (Bio-Rad), with
the P7 primer and 5'-3’ oligonucleotide sequences listed in
Supplementary Table S1.

Proteomics analysis

Mass-spectrometry (MS) analysis was carried out as described
previously [17]. Briefly, GSC lines G561, G564, and G583
were treated for 6 days either with 1 uM of GSK591, 1uM
LLY-283, or the inactive control, SGC2096 (n = 3). Pro-
teins were then extracted with denaturing urea buffer in the
presence of protease and phosphatase inhibitors and digested
with trypsin. Desalted peptides were analyzed by MS, “1D
separation” on the Orbitrap Fusion instrument using liquid
chromatography (LC) gradients. Peptide identification and
label-free quantification were done in PEAKS (version X),
considering relative abundance of all identified peptides for
each protein. Subsequent data analysis was done in R (ver-
sion 4.2.3). The MS proteomics data have been deposited to
the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) and are accessible via the PRIDE part-
ner repository with the dataset identifier PXD021635 [17].

Splicing data analysis

Intron retention data in the HTT gene presented as sashimi
plots were extracted from bulk RNA-sequencing data from
patient-derived GBM stem cells treated with 1 pM GSK591 or
SGC2096 as previously described [17]. We analyzed 297 pub-
lished samples in total as follows: 139 samples from human in-
duced pluripotent stem cell (hiPSC) [30], 40 samples from hu-
man embryonic stem cell (hESC) [31], 83 samples from hPSC-
derived, 35 samples from hiPSC [32], and 288 samples from
hiPSC.

Each dataset was evaluated to identify intron retention
events (measured in PSI, or percentage spliced in) and gene ex-
pression values (in TPM, or transcripts per million). We uti-
lized the vast-tools suite to compute intron retention events
and gene expression values for each sample. Subsequently, we
compared the PSI levels of introns 9 and 10, as well as the gene
expression levels, across various cell types and stages of dif-
ferentiation to identify statistically significant alterations be-
tween these variables. Furthermore, we conducted a thorough
analysis of the VASTdD tissue/cell-line database to determine
reliable intron retention patterns for the specific events in a
panel that accurately depicts different stages of neuronal de-
velopment. We encountered a notable constraint in the quan-
tity of reads collected in the exon—exon and/or exon—intron
junctions of the HTT gene in certain instances. To address

this, we utilized the “vast-tools combine” module to merge
replicates and samples from identical experimental settings to
perform adequate statistical inferences. The post-processing
data analysis and figure-generating stages were performed us-
ing custom Python 3.7 scripts, which can be obtained upon
request.

The RNA-sequencing of the isoHD allelic differentiation se-
ries from Ooi et al. [33] and Tano et al. [34] was used to visual-
ize the expression levels of PRMTS and WDR77 as well as the
introns of HTT. This set included embryonic stem cells (ESCs,
n = 9), neural progenitor cells (NPCs, » = 9), and neurons
(NEU, n = 12). Briefly, gene-level differential expression was
performed using DESeq2 [35]. Junction-level differences in in-
tron 9-10 in HTT were tested using JunctionSeq [36] normal-
ized to other detected junctions, including introns 59-60 and
64-65. To visualize, the gene and exon/intron counts from all
samples were normalized using the variance stabilizing trans-
form from DESeq2 [35] and plotted with the boxplots from
ggplot2. Boxplots represent the median (line), the 25th and
75th percentiles (hinges), and 1.5 times the interquartile range
(whiskers). As in Tano et al. [34], the ESCs and NPCs were
generated and sequenced as one experiment and are directly
comparable. The NEUs were generated and sequenced as a
second experiment.

APA analysis in PRMT5 inhibitor-treated GBM cells

We performed single-cell (sc)RNA-sequencing using the
10x Genomics technology in two patient-derived GBM cell
lines, G549 and G561, treated with vehicle DMSO or 1 uM
LLY-283. We used the MAAPER software package to assign
sequencing reads to the known, curated polyadenylation (PA)
sites [37]. A minimum threshold of 20 reads was set for each
polyA site (PAS), while gene filtering was applied for genes
with at least 40 reads.

Then, we used the APAlog [38] software package in pair-
wise mode to quantify the APA events. This enabled us to as-
sess APA usage across all known PA sites within transcripts.
Using APAlog, we calculated the base 2 logarithm (Log,) of
the fold change to evaluate the significance of differential us-
age between distal and proximal PA sites.

U1 antisense morpholino oligonucleotide
transfection

Ul antisense morpholino oligonucleotide (AMO) (sequence:
5'-GGTATCTCCCCTGCCAGGTAAGTAT-3') and control
AMO (sequence: 5'-CCTCTTACCTCAGTTACAATTTATA-
3’) were purchased from GeneTools, LLC. Endo-Porter PEG
reagent, also purchased from GeneTools, LLC, was used for
AMO transfection. Cells were seeded in six-well plates at 80%
confluency. A 7.5 uM concentration of either U1 or control
AMOs was mixed with fresh media containing 10%-15%
serum and Endo-Porter reagent at a concentration of 6 pM.
Cells were incubated for 3 days, with fresh media contain-
ing the respective AMOs replenished one day prior to cell
collection.

Neuronal differentiation reporter assays

To generate reporters for induction of neuronal lineage differ-
entiation, we used CRISPR-Cas9 genome editing to insert an
H2B-CITRINE coding sequence immediately into the TUBB3,
MAPT (Tau),and DCX loci at the transcription start site (TSS)
of the human GBM stem cell line G523. G523—-CITRINE re-
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porter cells were seeded in poly-L-ornithine + laminin-coated
dishes and treated with either 1 uM GSK591, 1 uM LLY283,
or 0.1% DMSO for 14 days with regular media changes. At
3,10, and 14 days of treatment, cells were collected and fixed
in 1% paraformaldehyde. Flow cytometry on fixed cells was
performed using either a CytoFlex S or CytoFlex LS system
(Beckman Coulter) using Fixable Viability Dye eFluor™ 660
(eBioscience) to gate for cell viability. Analysis was performed
using CytExpert version 2.6 software (Beckman Coulter). Per-
centage of CITRINE-positive cells was determined based on
gating in WT G523 cells (no reporter). All experiments were
performed in triplicate.

Results

PRMT5 inhibition decreases HTT mRNA and
protein levels in GBM models

We previously reported that PRMTS inhibition impaired
splicing and stemness in a large panel of patient-derived GBM
stem cells. RNA-sequencing of GBM stem cells treated with
1 uM GSK591, a potent and selective PRMTS inhibitor, re-
vealed widespread mis-splicing, with intron retention events
being the most prevalent splicing alteration observed. One
of the top affected genes in this study was HTT (Fig. 1A),
which was significantly downregulated following PRMTS in-
hibition with GSK591 in these lines. Proteomics analysis in
three different patient-derived GBM cell lines (G561, G564,
and G583) also showed decreased HTT protein levels fol-
lowing PRMTS inhibition with 1 uM GSK591 or LLY-283
(Fig. 1A). Building on this finding, we validated HTT mRNA
downregulation by RT-qPCR, referred herein as qPCR, in
three different GBM stem cell lines (Fig. 1B). The levels of
HTT mRNA were significantly lower after treatment of GBM
cells with either 1T uM GSK591 or LLY-283 (Fig. 1B), both
PRMTS inhibitors, but not with an inactive control com-
pound, SGC2096, a close chemical analog of the GSK591
chemical probe that is inactive up to 10 uM against PRMTS
[39] (https://www.thesgc.org/chemical-probes/gsk591). West-
ern blots of cell lysates from two patient-derived GBM lines
treated with these compounds showed a consistent decrease
in HTT protein following PRMTS inhibition, corroborating
the mRNA decrease with either GSK591 or LLY-283 (Fig. 1C
and D, uncropped western blot images in Supplementary Fig.
S1). Both inhibitors reduced the symmetric dimethyl-arginine
levels, as assessed by western blots using a pan-SDMA anti-
body (Supplementary Fig. S2). This reduction in HTT mRNA
and protein was also corroborated with siRNA-mediated
knockdown of PRMTS, though to a lesser degree compared
to chemical inhibition (Supplementary Fig. S3).

PRMTY5 inhibition lowers HTT mRNA and protein
levels in control and HD fibroblasts

Prompted by these findings, we next asked whether this phe-
nomenon could also be observed in cell models of HD. We
used h-TERT-immortalized control and HD patient-derived
fibroblast lines [27], with HTT gene CAG repeat tracts be-
tween 40 and 50, close to the most common clinically ob-
served range. PRMTS inhibition with either 1 uM GSK591 or
LLY-283 in these lines resulted in a ~50% decrease of HTT
mRNA compared to DMSO-treated cells (Fig. 2A), paralleling
what we observed in GBM cells. Western blot analysis showed
a consistent reduction in HTT protein levels across the se-
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ries of fibroblast lines tested, including a homozygous HD line
(Q50Q40), a heterozygous WT line (Q21Q18), and three het-
erozygous HD lines (Q43Q17, Q57Q17, and Q66Q16) (Fig.
2B and C, uncropped western blots shown in Supplementary
Fig. S4). Similar to our previous observations in GBM cell lines
[17],LLY-283 produced a larger reduction in HTT protein lev-
els than GSK591 (Fig. 2B and D), consistent with greater po-
tency of LLY-283 over GSK591 for inhibition [17]. Titration
of LLY-283 in this cell line showed that significant HTT low-
ering was evident at 10 nM and peaked at 100 nM (Fig. 2C;
full western blots shown in Supplementary Fig. S4), closely
following the potency of the compound for in-cell target in-
hibition [40]. Cell viability was not significantly affected at
any dose of LLY-283 up to 1 uM, indicating that the observed
HTT lowering is not an artifact of cell death. To investigate
whether the expanded allele of HTT was affected differently
than the WT, we analyzed cell lysates using an allele separa-
tion western blot and the anti-polyglutamine antibody, MW 1
[29,41]. This revealed that the PRMTS inhibitor treatment led
to a total HTT lowering, with approximately equal decreases
in both WT and expanded HTT levels (Fig. 2E; uncropped
western blots shown in Supplementary Fig. S5).

PRMT5 inhibition activates multiple cryptic intronic
PAS leading to PCPA of HTT mRNA

Our previous study showed that PRMTS inhibitor treatment
induces widespread mis-splicing in GBM cells. Therefore, we
reasoned that changes to HTT splicing could be the mecha-
nism by which HTT mRNA and protein levels are lowered by
PRMTS inhibition. Data mining of our bulk GBM RNA-seq
data revealed that two introns [7, 8] of HTT were mis-spliced
upon PRMTS inhibition, with inclusion levels prominently in-
creased in GBM cells treated with PRMTS inhibitors (Fig.
3A). The remaining introns of the HTT gene analyzed were
unaffected (for example, intron 39 and Fig. 3B). Experimen-
tal validation of intron retention by qPCR showed dramatic
and significant increases for both introns 9 and 10 follow-
ing PRMTS inhibition in GBM cells (Fig. 3C and D), com-
pared to control introns (Fig. 3E). Visual inspection of the
read density across introns 9 and 10 revealed that the intronic
reads were diminishing toward the second half of intron 10
(Fig. 3A). Intriguingly, we found the same trend when analyz-
ing RNA-seq data from A549 lung cancer cells treated with
GSKS591 (Supplementary Fig. S6) from another study that in-
vestigated the effect of PRMTS inhibitors on intron reten-
tion [16]. The nature and consistency of the RNA-seq reads
across these two HTT introns suggested transcription termi-
nation occurring in the distal part of intron 10. In support
of this premise, there was a visible decrease in exonic reads
after exon 10 in GSK591-treated GBM and A549 cells (Fig.
3B and Supplementary Fig. S6). These observations suggested
that PRMTS inhibition may result in transcriptional read de-
crease, consistent with increased RNA polymerase termina-
tion or pausing in that intron. A likely explanation for this ob-
servation is the activation of intronic PAS, leading to PCPA of
the HTT mRNA.

To further explore PCPA as a possible mechanism of
PRMTS inhibitor-induced HTT lowering, visual inspection of
the sequences of HTT introns 9 and 10 revealed six poten-
tial APA motifs: four clustered toward the distal part of intron
10 (labeled 10A-D in Fig. 4A) and two in intron 9 (labeled 9A
and B, Fig. 4E). We designed qPCR primers upstream of these
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Figure 1. PRMT5 inhibitor treatment in GBM cell lines causes lowering of HTT protein and RNA. (A) Integration of RNA-sequencing and proteomics
analysis following PRMT5 inhibition in three independent patient-derived GBM lines showing HTT protein and RNA levels are both reduced with PRMT5
inhibitors GSK591 and LLY283. The graph represents average fold change (log,) after PRMT5 inhibition, combining all three G561, G564, and G583 cell
lines and both PRMT5 inhibitors, GSK591 and LLY-283, against SGC2096 (negative control) (n = 3). Gene density is represented by color intensity
(“counts,” logrg). (B) RT-gPCR analysis of patient-derived GBM cell lines treated with DMSO, 1 uM SGC2096 (negative control), T uM GSK591 (PRMT5
inhibitor), and 1T uM LLY-283 (PRMT5 inhibitor) for 5-7 days, n = 3-5 biological replicates of G523, G411, and G561. PRMT5 inhibitors resulted in a
significant lowering of total HTT expression levels relative to DMSO-treated cells. Data are the mean =+ standard error of the mean (SEM) of four
independent biological replicates, each comprising four technical replicates. Statistical significance was calculated using two-way ANOVA with Dunnett's
multiple comparisons test compared to the mean of DMSO-treated cells. ns: not significant P value = .997 ****Pvalue < .0001. (C) Representative
western blots of G411 and G561 showing significant lowering of HTT protein levels upon treatment with 1 uM GSK591 or 1 uM LLY-283. The full blots
are shown in Supplementary Fig. S1. (D) Western blot quantification is shown as a bar graph. HTT protein levels were normalized to vinculin and plotted
relative to levels observed with DMSO control treatment. Data are the mean + SEM of four independent biological replicates of G523, G411, and G561.
Statistical significance was calculated using two-way ANOVA with Dunnett's multiple comparisons test compared to the mean of DMSO-treated cells.
ns Pvalue = .921, ****Pvalue < .0001.
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Figure 2. PRMT5 inhibitors lower HTT in control and HD fibroblasts at both the RNA and protein level. (A) Barplot showing relative HTT mRNA
expression by RT-qgPCR analysis in the indicated TruHD fibroblast cell lines treated with DMSO, 1 uM SGC2096 (negative control), 1 uM GSK591
(PRMT5 inhibitor), and 1 uM LLY-283 (PRMT5 inhibitor) for 5 days. Data were analyzed using two-way ANOVA. Data are shown as mean =+ standard
deviation (sd); n = 3 technical replicates. ***P < .001, **P < .01, *P < .05, ns: not significant. (B) Representative western blot of HTT and vinculin
showing consistent HTT lowering upon treatment with T uM LLY-283 in homozygous, (Q50Q40), heterozygous (Q43Q17 Q57Q17 and Q66Q16), and
control (Q21Q18) fibroblasts. The uncropped western blots are shown in Supplementary Fig. S4. (C) Top panel: western blot analysis of HTT and vinculin
in control and HD fibroblasts after 5 days of treatment with LLY-283 at different concentrations. See also Supplementary Fig. S4. Bottom panel: cell
viability study of Q43Q17 HD fibroblasts showing no cell death within the concentration range of LLY-283 used in experiments. (D) Heatmap comparing
the relative HTT protein lowering in HD (Q50Q40, Q43Q17 Q57Q17 and Q66Q16) and WT (Q21Q18) fibroblasts when treated with T uM PRMT5
inhibitors (LLY-283 or GSK591) or negative control (SGC2096). N = 4-8 biological replicates. (E) Representative western blot probed by antibody
EPR5526 for total HTT protein levels and MW1 for mutant HTT levels in HD fibroblasts. PRMT5 inhibition lowered total HTT levels in HD fibroblasts
expressing mutant HTT (Q50Q40, Q43Q17) and control fibroblasts expressing WT HTT (Q21Q18). Utrophin (UTRN) was used as a loading control. The

full blots are shown in Supplementary Fig.

Sb.
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Figure 3. Increase in specific intronic sequences in the HTT transcript after PRMT5 chemical inhibition. (A) Intron retention data in the HTT gene
presented as sashimi plots [62] were extracted from bulk RNA-seq data from patient-derived GBM stem cells treated with 1 M GSK591 or SGC2096
as described previously [17]. (B) Intron retention data for HTT intron 39 as a control. For both panels (A) and (B), x-axis represents the genomic
coordinates along the chromosome and y-axis shows the normalized read count at each position. The lines with numbers connecting the individual
exons represent the number of reads that map to the exon—-exon junction. Bar plots showing the relative expression of (C) intron 9, (D) intron 10, and (E)
intron 39 as relative fold change (y-axis) across different conditions (x-axis). Data are the mean 4 SEM of three independent biological replicates, each
comprising four technical replicates. Statistical significance was calculated using two-way ANOVA with Dunnett's multiple comparisons test compared
to the mean of DMSO-treated cells. Pvalue > .05 is considered insignificant. **** P value < .0001.

sites and performed qPCRs using total RNA from the GBM
stem cell line G523. We used an oligo-dT primer bearing a P7
adapter for the RT step and the P7 adapter primer coupled to
gene-specific primers for the PCR steps as highlighted in Fig.
4B [42]. We observed very prominent and significant induc-
tion of the intronic PAS sites in HTT intron 10 upon PRMTS
inhibition, compared to the canonical HTT PAS sites (Fig. 4C).
Next, we queried the polyA-site database [43] for the pres-
ence of experimentally curated APA sites in the HTT gene and
found the vast majority mapped within HTT intron 10, and
were identical with the PAS we identified (Table 1). Finally, we
used pseudo-bulk profiles from scRNA-seq data derived from
GBM stem cells treated with LLY-283 to analyze PCPA in the
HTT transcripts [26] (see the “Materials and methods” sec-
tion). Strikingly, all of the identified major APA events mapped
within HTT introns 9 and 10 (Fig. 4D and Table 1). One of
the top-ranked sites by fold change and P-value mapped to in-
tron 9 (labeled 9C in Fig. 4D and Table 1). To investigate fur-
ther, we designed primers for that site (Fig. 4E) and performed
qPCR using the same RT reaction described above. We ob-
served prominent activation of the intron 9 distal PAS site, cor-
responding to the same site identified by scRNA-seq (Fig. 4F,

right panel). Additionally, we found two more proximal PAS
sites in intron 10 (labeled 10E and F in Fig. 4D and Table
1), which we validated by qPCR (Fig. 4F, left panel). Intronic
PA of the HTT transcript could potentially result in truncated
HTT protein products. We investigated this possibility by an-
alyzing cell lysates treated with LLY-283 or vehicle (DMSO)
by western blotting. The complete sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) was trans-
ferred and probed with the HTT antibody, EPR5526, which
recognizes an N-terminal HTT peptide predicted to be re-
tained in the truncated HTT isoform. The putative PRMTS5i-
induced truncated HTT protein product is predicted to retain
the first 428 amino acids and have an additional 19 amino
acids introduced by intronic sequences, resulting in a ~49 kDa
N-terminal HTT fragment. We detected several low molecular
weight N-terminal HTT fragments, but these were unchanged
in the LLY-283-treated cells compared to the DMSO control
(Supplementary Fig. S7). Moreover, we were unable to de-
tect any additional lower molecular weight bands induced in
the LLY-283-treated samples (Supplementary Fig. S7). We also
tested a panel of HTT antibodies recognizing different HTT
epitopes, which similarly did not reveal any additional bands
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Figure 4. PRMT5 inhibition induces activation of APA sites in HTT introns 9 and 10. (A) Schematic of intron 10 APA sites detected in this study by visual
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Table 1. Coordinates of APA sites (PAS) in the HTT gene identified by scRNA-seq analysis of two patient-derived GBM lines treated with 1 uM LLY-283

or DMSO

Experimentally
PAS name PAS coordinates Location Primers validated polyA_DB id
9A Chr4: 3 121 764 Intron 9, 1st proximal PAS #15 =9A No NA
9B Chr4: 3121 776 Intron 9, 2nd proximal PAS No NA
9C Chr4: 3 122 753 Intron 9, distal PAS #16 = 9C Yes Chr4: 3122 753
10A Chr4: 312 727 Intron 10, 1st distal polyA motif #3, #4 10A1, 10A2 Yes NA
10B Chr4: 3 125 021 Intron 10, 2nd distal polyA #5,#6,10B1, 10B2 Yes Chr4: 3 125 021
10C NA Intron 10, 3rd distal polyA #7 =10C Yes NA
10D Ch4:3 125289 Intron 10, 4th distal APA #8 = 10D Yes Chr4: 3125289
10E Chr4: 3 123 822 Intron 10, 1st proximal PAS #13 = 10E No Chr4: 3 123 822
10F Chr4: 3 123 953 Intron 10, 2nd proximal PAS #14 = 10F Yes Chr4: 3 123 953
10G Chr4: 3 124 024 Intron 10, 3rd proximal PAS #14 = 10F No Chr4: 3 124 024

in the LLY-283-treated samples (Supplementary Fig. S8). In
conclusion, these data collectively suggest the induction of
PCPA within introns 9 and 10 of HTT following PRMTS$
inhibition.

Inhibition of U1 snRNA binding via an U1 AMO
phenocopies PRMT5 inhibition and leads to PCPA
of the HTT mRNA transcript

Previous evidence pointed to a role for the U1 snRNP in glob-
ally suppressing intronic PCPA, particularly in long neuronal
genes such as HTT [44-46]. Given that PRMTS methylates
Sm proteins to facilitate spliceosome assembly, we reasoned
that the mechanism of APA induction of the HTT mRNA
by PRMTS5 could be similar to Ul snRNP inhibition (out-
lined in schematic in Fig. 5A). We employed a previously de-
scribed AMO to inhibit Ul snRNA binding in transfections
of the patient-derived GBM stem cell line G523 and the com-
monly used GBM line U87 (see schematic in Fig. SA). We ob-
served increased levels of HTT transcripts retaining intron 9
and 10 sequences (Fig. 5B and Supplementary Fig. S9A) in
both G523 and U87 GBM lines, similar to PRMTS inhibitors
GSKS591 and LLY-283. Interestingly, intron 39 showed the re-
verse trend, i.e. lower levels with Ul AMO, consistent with
lower RNA polymerase II elongation rates past HTT intron
10. This led to a global reduction in HTT mRNA levels (Fig.
5B and Supplementary Fig. S9A), similar to our observations
with PRMTS inhibitors. Strikingly, we observed activation of
the same PAS sites in HTT introns 9 and 10 that we identified
with PRMTS inhibitors (Fig. 5D and Supplementary Fig. S9B).
The PAS site in intron 9 was more prominent with the Ul
AMO, suggesting that this site is more dominant when U1
snRNP is inhibited (Fig. 5D and Supplementary Fig. S9B). We
observed the same trends in the WT (Q21Q18) fibroblast cell
line (Fig. 5C and E), suggesting a conserved mechanism across
cell types. These data indicate that PRMTS and Ul snRNP
suppress PCPA in introns 9 and 10 of the HTT mRNA.

Increased expression of APA HTT isoforms during
neuronal differentiation

We were able to detect truncated APA HTT isoforms with
3'UTRs composed of intron 9 and 10 sequences in the un-
treated control conditions in GBM cells, so we reasoned they
are likely expressed in specific neuronal tissues. To investi-
gate this possibility, we mined VastDB, an alternative splic-
ing database containing a large compendium of vertebrate
gene splice variants and their expression data across different
human tissues [47]. Data mining revealed increased levels of

HTT transcripts with intron 9 and 10 sequences retained dur-
ing early neuronal development (Supplementary Fig. S10A).
Strikingly, PRMTS expression showed the inverse trend, i.e.
its expression was high in neural stem cells and NPCs but de-
creased drastically during early embryonic neuronal develop-
ment (Supplementary Fig. S10B). Prompted by this, we mined
publicly available neuronal RNA-seq datasets [30, 32, 48]
for expression of HTT transcripts retaining these introns. We
found higher levels of APA HTT transcripts with intron 9 and
10 sequences in differentiated neurons as compared to ear-
lier, less differentiated cell types, represented by hiPSCs and
NPCs (Fig. 6A). Interestingly, mixed neuron/astrocyte popu-
lations, which are indicative of inefficient or incomplete neu-
ronal differentiation [49] did not show this increase (Fig. 6A).
Concomitant with this increase in APA HTT transcripts bear-
ing intron 9 and 10 sequences, we saw a significant decrease
of PRMTS expression in neurons compared to cells earlier in
the “differentiation process (Fig. 6B). Decreased PRMTS ex-
pression during neuronal differentiation was also observed by
Braun et al. [15].

We also analyzed a series of isogenic iPSC-derived HD
neuronal cell models [34, 33] and found a stepwise in-
crease in APA HTT transcripts with intron 9 and 10 se-
quences during neuronal differentiation from hESCs to neu-
rons (Supplementary Fig. S11A). In the same neuronal differ-
entiation series, we found that the expression of PRMTS and
its cofactor WDR77 decreased during neuronal differentia-
tion (Supplementary Fig. S11B). We conclude that the trun-
cated APA HTT transcript isoforms bearing 3'UTRs with in-
tron 9 and 10 sequences are increasingly prevalent through
the course of neuronal differentiation and inversely correlate
with PRMTS5/WDR77 levels.

PRMT5 inhibition induces neuronal differentiation
in GBM stem cells

In order to ascertain the functional impact of PRMTS down-
regulation in the differentiation capacity of GBM stem cells,
we generated three different neuronal differentiation reporter
assays by using CRISPR-Cas9 genome editing to insert an
H2B-CITRINE coding sequence immediately into the TUBR 3,
Doublecortin (DCX), and MAPT loci at the TSS of the hu-
man GBM stem cell line G523. Fourteen-day treatment with
1 uM GSK591 or LLY-283 induced a dramatic induction of
the TUBB3, DCX-, and MAPT-Citrine reporters in these cells
(Fig. 6C). This strongly suggests that PRMTS activity is re-
quired to keep the cells cycling and undifferentiated. Thus,
the decrease in PRMTS5 expression we observed in neurons
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Figure 5. U1 snRNP inhibition results in PCPA in HTT introns 9 and 10. (A) Schematic depicting the effect of UT snRNP in suppressing proximal intronic

polyadenylation

(IPA) leading to mRNA PCPA and the effect of UT AMO in promoting IPA and PCPA. Created with BioRender.com

(https://BioRender.com/jknhOzu). RT-gPCR validation with primers specific for the indicated HTT introns in G523 GBM (B) and WT Q21Q18 fibroblast (C)
cells transfected with 7.5 uM U1 AMO or control AMO for 3 days. Effect of UT AMO on the intron 9 and 10 cryptic APA sites using RNA from G523
GBM (D) and Q21Q18 fibroblast (E) cells transfected with the U1 or control AMO. For reference, we used two primers specific for each of the two

canonical HTT sites (indicated as proximal and distal PAS). Data were analyzed using two-way ANOVA. Data are shown as mean + SD; n= 3 technical

replicates. Asterisks indicate statistical significance. ***P < .001, **P < .01, *P < .05, ns: not significant.
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Figure 6. Increased expression of truncated, APA HTT isoforms correlates with lower PRMTS levels during neuronal differentiation. (A) Boxplot showing
the percentage spliced-in (PSI, y-axis) values for each of the evaluated HTT introns (x-axis) across four distinct stages of neuronal development (early
differentiating cells represented as ACC dorsal in white, NPC in light gray, rosettes in medium gray, neurons in gray, and a mixture of neurons plus
astrocytes in dark gray). The bars indicate the statistical significance calculated when comparing neurons with other tissues using two-sample
independent ttest with unequal variance, with asterisks indicating a P-value < .05 and a APSI (PSlheuron — PSlarget) >10. (B) Boxplot showing the
expression in transcripts per million (TPM, y-axis) for PRMT5 across the same four different cell types in distinct stages of neuronal development as in
panel (A) above. The bars indicate the statistical significance calculated when comparing neurons with other tissues, with asterisks indicating a P-value
< .05 and a log2FoldChange(ExpNeuron / ExpTarget) >1 or <—1. (C) PRMT5 inhibition in GBM stem cells induces neuronal differentiation. Tubulin BlII
(TUBB3), Doublecortin (DCX), and MAPT (Tau)-Citrine fluorescence reporter assays in GBM stem cell line G523 showing robust induction of neuronal
differentiation after treatment with either 1 uM GSK591 or 1 uM LLY-283 for 14 days. Cells were collected and processed by flow cytometry at 14 days
of treatment. Data were analyzed using two-way ANOVA. Data are shown as mean & SD; n= 3 biological replicates. Asterisks indicate statistical

significance. ***P < .001, **P < .01, *P < .05, ns: not significant.

(Fig. 6B) appears to be functionally required for neurogenesis
and is further correlated to induction of the truncated APA
HTT isoform.

Discussion

Here, we identify PRMTS inhibition as a novel way to lower
HTT mRNA and protein levels. This was observed for both
full-length WT HTT as well as poly-glutamine-expanded
HTT alleles. The mechanism was mediated by impaired in-
tron splicing, leading to activation of intronic PAS sites and
PCPA of the HTT transcript.

PRMTS inhibition has been reported to induce widespread
mis-splicing in various cell types. A major splicing subtype
affected by loss in PRMTS activity is intron retentions. In-
tron retentions can be detrimental for gene expression as they

not only affect mRNA stability by introducing premature stop
codons that lower gene and protein expression by NMD, but
can also lead to cryptic cleavage of mRNA and activation of
PA sites, ultimately resulting in mRNA truncation or novel
short isoforms [50, 51]. Here, we identified several novel in-
tronic cryptic PAS in introns 9 and 10 of the HTT gene that
are activated by PRMTS inhibition. This results in PCPA of
the HTT mRNA, which may ultimately lead to a decrease in
full-length HTT protein levels. This mechanism contrasts with
the recently reported splicing inhibitors, which lower HTT
protein levels by incorporating a novel pseudoexon that in-
troduces premature termination codons, resulting in NMD.
We identified a dramatic activation of a cluster of cryptic in-
tronic PAS sites in introns 9 and 10 of the HTT transcript upon
PRMTS inhibition. Although we observed this phenomenon
in GBM stem cells and fibroblasts, it is likely conserved in
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many other cell types. In support of this notion, the major-
ity of intronic HTT PAS sites found in the polyA database (a
compendium of experimentally validated PAS sites) [43] map
to HTT introns 9 and 10, and are identical to the ones found in
GBM stem cells and fibroblasts. Moreover, the same HTT in-
trons were identified to be highly retained in a transcriptomic
study of HTT splicing isoforms in post-mortem brains [43].
Notably, the RNA-seq reads in introns 9 and 10 in that study
showed highly abundant transcripts nearly equal in depth to
that of flanking exons [52]. Additional evidence for transcrip-
tion in introns 9 and 10 has been documented in GENCODE
v21 [53]. Altogether, this evidence points to a novel HTT iso-
form terminating in introns 9 or 10 that is produced by the
activation of a cluster of cryptic APA sites in HTT introns 9
and 10, leading to premature termination and mRNA trun-
cation. A similar mechanism, termed preT-IR, for premature
termination-intron retained mRNAs, was recently described
in SFPQ null ALS [51]. Notably, it seems to be prevalent in
neuronal mRNAs, and the preT-IR transcripts accumulate in
neurites [51].

IPA is a well-documented mechanism of gene expression
regulation that can result in either gene/protein downregula-
tion or the creation of truncated proteins with novel 3'UTRs.
We investigated the latter possibility by western blot analysis
using several HTT antibodies, but were unable to detect any
truncated, lower molecular weight HTT protein isoforms en-
riched in the PRMTS inhibitor-treated cell lysates. This may
be due to low expression levels resulting from RNA turnover
mechanisms that cause instability of this isoform, sequestra-
tion or retention of the IPA transcript in the nucleus, and/or
protein fragment aggregation. Further studies are needed to
explore this possibility.

PRMTS regulates the assembly of the spliceosome by sym-
metrically dimethylating SmD1, SmD3, and SmB/B’ proteins,
all of which are snRNP components of the spliceosome. The
majority of PRMTS substrates play a role in RNA process-
ing [54]. The spliceosome machinery interacts with RNA
polymerase to enhance transcription speed and elongation
rate, particularly across long introns in long genes [46]. Re-
cently, the U1 spliceosome has been reported to control RNA
pol II elongation speed and the ability of RNA pol II to
elongate through long AT-rich introns [46]. A propensity for
slower transcription and weak splicing may result in the ac-
tivation and utilization of multiple IPA sites as shown pre-
viously [55]. We tested whether inhibiting U1 snRNP also
induces PCPA in HTT mRNA and observed a similar pat-
tern of PAS activation as seen with PRMTS5 chemical inhi-
bition. This very much resembles the U1 telescripting model
put forward by Dreyfuss and colleagues [44, 45] observed
with U1 snRNP inhibition, where proximal intronic PAS sites
are being de-repressed [45, 56]. Interestingly, this effect was
more evident in long neuronal genes bearing long introns [57],
such as HTT, and PCPA induction was prevalent in activated
neurons, stem cells, and cancer cells [44]. Importantly, neu-
ronal activation caused a transient Ul snRNP shortage, lead-
ing to activation of proximal PCPA and transcript shortening
[44]. This model fits perfectly with our findings of a transient
PRMTS decrease during neuronal differentiation accompa-
nied by HTT mRNA shortening via proximal APA and PCPA
induction. It also suggests that PRMTS5 inhibition may result
in more widespread APA and potential transcriptome shorten-
ing via a similar mechanism. In line with this notion, PRMTS
has been reported to directly methylate mRNA cleavage and
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PA factors [58] and RNA polymerase elongation factors such
as SPTS5 as well as the C-terminal domain (CTD) of RNA poly-
merase Il itself [59], thus directly impacting transcription ter-
mination. Together, our data support a model where PRMTS
inhibition results in de-repression of proximal intronic PAS
sites in the HTT gene, similar to U1l snRNP inhibition.

We found that the truncated PAS mRNA levels increase dur-
ing neuronal differentiation, concomitant with a decrease in
PRMTS levels. Previous studies had also found lower PRMTS5
levels during neuronal differentiation that were associated
with increased levels of intron retention in neurons [15].
Moreover, this decrease in PRMTS5 expression appears to be
important for neurogenesis as inhibition of PRMTS5 activity
potently induced the neuronal marker tubulin BIII (TUBB3)
in GBM stem cells. Thus, lower PRMTS expression/activity in
differentiating neurons seems to be a requirement for neuronal
differentiation to proceed. This is consistent with previous re-
ports for PRMTS, where higher PRMTS activity is required
in neural stem cells and neural progenitor cells, whereas it de-
creases in differentiating neurons as well as oligodendrocytes
and glial cells [15, 60]. The decrease in PRMTS5 expression in
neurons was accompanied with increased HTT intron reten-
tion and proximal APA activation, leading to a truncated HTT
mRNA isoform and lower HTT protein levels. This suggests
that lowering full-length HTT via the production of a trun-
cated isoform is a consequence of lower PRMTS activity dur-
ing neuronal differentiation. Although this may seem counter-
intuitive at first glance for a protein mutated in a neurodegen-
erative disease, there is evidence showing that HTT is required
for neural stem cell division, and lack of HTT promotes neural
stem cell differentiation [19]. Further studies will be required
to investigate the role of HTT isoforms during neuronal dif-
ferentiation. The isoform-switching mechanism we uncovered
has the advantage of being tightly linked to transient spliceo-
somal component imbalances, which may be essential for the
transition from neuronal stem cells to NPCs and, subsequently
to mature neurons [44], and possibly during neuronal regener-
ation [61]. We believe our findings thus provide important in-
sights into HTT regulation during neuronal development and
differentiation.
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