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ABSTRACT

Trimethylguanosine synthase 1 (TGS1) is a highly conserved enzyme that converts the
5 mono-methylguanosine cap of snRNAs to a trimethylguanosine cap. Here, we show
that loss of TGS1 in C. elegans, D. melanogaster and D. rerio results in neurological
phenotypes similar to those caused by Survival Motor Neuron (SMN) deficiency.
Importantly, expression of human TGS1 ameliorates the SMN-dependent neurological
phenotypes in both flies and worms, revealing that TGS1 has the ability to counteract
the effects of SMN deficiency. TGS1 loss in HelLa cells leads to the accumulation of
immature U2 and U4atac snRNAs with long 3’ tails that are often uridylated. ShnRNAs
with defective 3’ terminations also accumulate in Drosophila Tgs1l mutants. Consistent
with defective snRNA maturation, TGS1 and SMN mutant cells also exhibit partially
overlapping transcriptome alterations. Together, these results identify a neuroprotective
function for TGS1, reinforcing the view that defects in snRNA maturation negatively

affect neuronal viability and function.

INTRODUCTION

The correct processing of small noncoding RNAs is essential to prevent severe
neurodegenerative conditions (1). Small nuclear RNAs (snRNAs) are components of the
spliceosomal snRNPs. Defects in the snRNP assembly pathway have been observed in
Spinal Muscular Atrophy (SMA), a neurological disease caused by deficiency of the
Survival Motor Neuron (SMN) protein (2). Another neurodegenerative disorder,
Pontocerebellar hypoplasia type 7 (PCH7), is caused by mutations in the TOE1
deadenylase that prevents accumulation of 3’-end-extended pre-snRNAs (3).

The Sm-class snRNAs include components of both the major (U1, U2, U4, and U5) and
the minor (U11, U12, U4datac) spliceosome. These snRNAs are transcribed by RNA
polymerase Il and the formation of their 3’- ends is co-transcriptionally controlled (4,5).
Nascent U1 and U2 snRNA transcripts are subject to cleavage by the Integrator
complex, resulting in precursors carrying extended 3'ends that are trimmed after export

to the cytoplasm (6-8).
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All snRNAs transcribed by Pol Il acquire an m7 monomethylguanosine cap
(m7G/MMG cap) at their 5’ end. Immediately after transcription, the monomethylated
SnRNA precursors bind the Cap Binding Complex (CBC), and are exported to the
cytoplasm (9,10), where they bind the Gemin5 subunit of the SMN complex (11) that
mediates their assembly with the seven Sm proteins (Sm core) to form snRNPs (12).
The snRNA precursors associated with Gemin5 have extended 3’ tails that can be
oligoadenylated or uridylated (11). The U2 snRNA precursors have 3’ extended tails
including 12 genomic-encoded nucleotides, which are removed by the TOE1

deadenylase (3).

Following interaction with SMN and the Sm core, the MMG cap of snRNAs is
converted to a 2,2,7-trymethylguanosine cap (TMG) by Trimethylguanosine Synthase 1
(TGS1) (13), which physically interacts with SmB and SMN (14). Re-entry of the
snRNPs into the nucleus is mediated by both the TMG cap and the Sm core (15,16). In
somatic cells of Xenopus and mammals, the Sm signal is both necessary and sufficient
for nuclear import, while the TMG cap accelerates the rate of import (17-19). Once in
the nucleus, the snRNPs concentrate in the Cajal bodies (CBs) and undergo further

maturation steps (20).

3’ end processing of snRNAs is thought to occur after TMG cap formation (21)
but whether TGS1 and cap hypermethylation have roles in sSnRNP processing is
unknown. This is a relevant biomedical issue, as abnormal accumulations of 3’ end
extended snRNA precursors have been observed in PCH7 patients (3) and in cells
deficient for SMN (11). To elucidate the role of TGS1 in snRNA maturation and its
functional relationships with SMN, here we explore the phenotypic consequences of
TGS1 loss in human cells and in the Drosophila, C. elegans and D. rerio model
organisms. Collectively our results indicate that TGS1 plays a conserved function,
acting as a neuroprotective factor that can counteract the phenotypic consequences of
SMN deficiency.
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MATERIALS AND METHODS
C.elegans strains

Nematodes were grown and handled following standard procedures, under uncrowded
conditions, at 20°C, on NGM (Nematode Growth Medium) agar plates seeded with
Escherichia coli strain OP50(22). Wild-type animals used in this work were C. elegans
variety Bristol, strain N2. The transgenic strains used in this work were: NA1330 gbls4
[GBF109 punc-25::cesmn-1(RNAI)(200 ng/uL); GB301 pchs-2::GFP (10 ng/uL)] lll;
NA1524 gbEx571 [GBF309 punc-25::cesmn-1(RNAI) (10 ng/pL); GB301 pchs-2::GFP
(10 ng/uL)]; NA1541 gbEx568 [GBF321 punc-25::kal-1(RNAI) (10 ng/uL); GB301 pchs-

2::GFP (10 ng/uL)]; NA1252 gbEx504 [GBF322 punc-119::dsRED (20 ng/uL); pelt-
2::RFP (30 ng/uL)](23); EG1285 oxIs12 [punc-47::GFP; lin-15(+)] X. EG2185 and N2
were provided by the Caenorhabditis Genetics Center (CGC), funded by NIH Office of
Research Infrastructure Programs (P40 OD010440); Is[punc-47::RFP] was kindly
provided by K. Shen (Stanford University, USA).
A complete description of the transgenes obtained in this work is reported in the table

below.
Strain | Transgene Transgene description Notes
name
NA153 | gbEx579 [GBF332 punc-25::tgs-1(RNAIi)(10 ng/uL); | tgs-1 knock-down in D-type
9 GB301 pchs-2::GFP (10 ng/uL)] MNs
NA197 | gbEx647 [GB335 punc-119::hTGS1 (20 ng/uL); hTGS1 overexpression in
2 podr-1::RFP (30 ng/uL)] all neurons
gbEx648 [GB338 punc-119::cetgs-1 (20 ng/uL); ceTGS-1 overexpression in
podr-1::RFP (30 ng/uL)] all neurons
NA153 | gbEx576 [GBF329 pcetgs-1a::GFP (50 ng/ul)] GFP expression under
3 cetgs-1 isoform a promoter
NA153 | gbEX577 [GBF330 pcetgs-1b::GFP (50 ng/ul)] GFP expression under
5 cetgs-1 isoform b promoter
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Transgenic strains

The constructs GBF329(pcetgs-1a::GFP) and GBF330 (pcetgs-1b::GFP) for analyzing
the expression of cetgs-1 isoforms were created by PCR-fusion(24) of two DNA
fragments: the presumptive promoters of cetgs-1 and the GFP sequence. The two
promoters of cetgs-1 isoforms (a or b) have been chosen upstream of the ATG of the
two isoforms, to span 360 bp (cetgs-1a) and 960 bp(cetgs-1b), respectively. The
putative regulatory regions were amplified by PCR using as template wild-type genomic
DNA. The GFP, followed by the 3'UTR of the unc-54 gene to increase the stability of the
constructs, was amplified from plasmid pPD95.75, kindly provided by A. Fire (Stanford
University, USA). The rescue plasmids (GB335 punc-119:: hTGS1 and GB338 punc-
119::cetgs-1) for pan-neuronal expression were created by cloning hTGS1 or cetgs-1
CDS into the plasmid pBY103, kindly provided by O. Hobert (Columbia University, New
York, USA), which contains the pan-neuronal promoter punc-119. hTGS1 and cetgs-1
CDS were amplified by PCR from cDNA libraries and cloned in BamHI site of pBY103.
D-type motoneuron-specific RNAI transgenic lines were obtained as previously
described(23,25). To obtain the specific knock-down of cetgs-1 we used a short form of
unc-25/GAD promoter (180 bp), which is specifically expressed from embryonic to adult
stages only in the 19 D-type motor neurons in the ventral cord and not in other
GABAergic neurons (RME, AVL, DVB and RIS)(23,26). For gene silencing we amplified,
from genomic DNA, the same exon-rich region that was used for the RNAI plasmid
library prepared for RNAI by feeding experiments (27). Exon-rich regions were amplified
in two separate PCR reactions to obtain the sense and antisense fragments. The unc-
25 promoter was amplified using specific primers. The promoter was subsequently
fused to each orientation of the target gene by PCR fusion using internal primers. All
primers are available on request. Germ line transformation was accomplished as
described(28) by injecting into the gonad of adult animals a DNA mixture containing a
transgenic construct together with a phenotypic marker for selection of transgenic
progeny. As co-injection marker we used podr-1::RFP, kindly provided by C. Bargmann,
The Rockfeller University, New York, USA (RFP expression in AWC and AWB neurons)
at 30 ng/pL and GB301 pchs-2::GFP (GFP expression in the glandular pharyngeal g1
and g2 cells, and in m3 and m4 myoepithelial cells)(29) at 10 ng/uL. At least two
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independent transgenic lines were examined for each experiment. Genetic crosses
were made to transfer transgenes to the appropriate genetic background. In all cases,
the presence of the desired transgenes was verified by phenotyping. Two independent
clones with the same genotype were examined after each cross and the mean of the

two clones has been reported in the results.
Behavioral assay

Well-fed, young adult animals were used for backward movement assay (30) to test D-
type motor neurons function. The assay was performed blind on NGM plates, 6 cm in
diameter, seeded with bacteria. Using an eyelash the animal was touched first on the
tail to induce a forward movement and then on the head to test for backward movement.
A defective movement was scored when animals were unable to fully move backward.
For each data set, the percentage of animals with normal locomotion among the total
number of tested animals was calculated. One-way ANOVA test was used for statistical

analysis.
C.elegans microscopy analysis

Animals were immobilized in 0.01% tetramisole hydrochloride (Sigma-Aldrich) on 4%
agar pads and visualized using Zeiss Axioskop or Leica DM6B microscopes. All
microscopes were equipped with epifluorescence and DIC Nomarski optics and images
were collected with Leica digital cameras Hamamatsu C11440. Confocal images have

been collected using DMi8 confocal microscope.

Zebrafish experiments

Zebrafish procedures were approved by the local animal protection committee LANUV
NRW; reference 84-02.04.2012.A251. Experiments for caudal primary motor neuron
(CaP-MN) analysis were performed in the wild-type TL/EK (Tupfel long fin / Ekkwill) line.

Zebrafish injection

Control (non-targeting) and tgs1 MOs were purchased from ( ) using the
tgsl XM_003197865.5 sequence as reference. MO sequences are reported in table S6.
For TGS1 mRNA injection, human TGS1 cDNA (NM_001317902) was cloned into an N-
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terminal flag-pCS2+ mMRNA expression vector. In vitro transcription of capped-mRNAs
was performed using the mMMACHINE SP6 Transcription Kit ( ) following
manufacturer’s protocol and as previously described in (31,32) . Embryos from TL/EK
wild-type crossings were used to visualize the CaP-MN phenotype. Embryos were
injected with the respective dose of MOs or mRNA in and aqueous solution containing
0.05% PhenolRed and 0.05% Rhodamine-Dextran ( ). 6-7hr after injection,

embryos were sorted according to homogeneity of the rhodamine fluorescence signal.
Semi-quantitative RT-PCR

RNA isolation from zebrafish larvae (~34 hours post fertilization - hpf) was performed
following the procedure described in (33). RNA was extracted using the RNeasy kit
( ) and concentrations were determined by RiboGreen method (

). 600ng RNA were reversely transcribed to cDNA with the Quantitect
Reverse Transcription Kit ( ). PCR was performed with 35 cycles to allow
detection of the different tgsl transcripts and as multiplex together with the
housekeeping gene efla (elongation factor 1-alpha). Primers were designed using
Primer-BLAST and purchased from (IDT). Primers
sequences (Drer-tgs1 and Drer efla) are reported in table S6. Amplification products
from semi-quantitative RT-PCR were gel-purified using the QIAquick gel extraction kit
( ) and Sanger sequenced. Densitometric analyses were performed with
ImagelLab 5.2.1 ( ).

Immunostaining of zebrafish caudal primary motor neurons

Zebrafish larvae immunostaining was performed as previously described in (31,32).
Briefly, ~34 hpf zebrafish were manually dechorionated, fixed in 4% PFA-PBS, and
permeabilized by Proteinase K digestion of whole larvae. To visualize CaP-MNs, fish
larvae were blocked in blocking solution (PBS 0.1% Tween + 5% FCS, 2% BSA and 1%
DMSO) and posteriorly incubated overnight at 4°C with mouse a- Znp1 (Synaptotagmin)
antibody diluted 1:150 in blocking solution. After five washes of 1 hour with washing
solution (PBS 0.1% Tween + 1%FCS + 1%BSA), the secondary mouse a-
AlexaFluor488 antibody was diluted 1:250 in blocking solution and incubated at 4°C
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overnight. Following 5 washes of 20 minutes each, stained fish were stored in 80%
glycerol in PBS at 4°C.

For imaging of CaP-MN, fish were laterally embedded in 2% Low Melting Agarose
(LMA) microslides under the binocular microscope. Slides were analysed with the
fluoresce microscope AxiolmagerM2 ( ). The first 10 motor axons posterior to the
yolk sac were considered for quantification. Based on overall appearance CaP-MN
axons were classified as: normal, truncation (shortened axonal projection) or atrophy
(absent axonal projection). Based on terminal branching, axons were classified as
Normal, Mild (branching ventral from midline), Medium (2-3 or more branches at ventral
or midline) or Severe (>3 branches ventral or dorsal from midline). Brigthfield images of
zebrafish larvae were acquired with a S8APO binocular attached to an AxioCam

ERc5s camera ( ).

Drosophila strains and transgenic constructs
The UAS-Smn RNAI construct [P{TRiIP.HMC03832}attP40 (UAS-SmnRNAI)] and the

nsyb-GAL4 driver were obtained from the Bloomington Stock Center

The deficiency that removes the Smn gene (the Smn*” allele) is gift from Dr. Artavanis-
Tsakonas (34).

The UAS-GFP-dTgs1 strain carries the pPGW-Tgs1 construct, generated by cloning the
dTgsl CDS into the pPGW destination vector (Stock number 1077, Drosophila
Genomics Resource Center, supported by NIH grant 2P400D010949), using the
Gateway technology (Thermo Fisher Scientific); the UAS-mst construct (UAS-CTRL)
encoding the unrelated Misato protein is ppGW-GFP-Mst (35).

UAS-hTGS1 construct carrying human TGS1 carries the full-length human TGS1 gene
cloned into the pUAST-attB vector (36). Transgenic flies were obtained by injecting the
constructs into either the w8 or the y* v!; P{CaryP}attP40 (2L, 25C6) strains. All
embryo injections were carried out by BestGene (Chino Hills, CA, USA).
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The dTgs1R! mutant allele were generated by CRISPR/Cas9 genome editing and
described in (37).

The dTgs1¢B® mutant allele is the P{PTT-GB}moiCB02140 insertion(38,39).The Oregon-
R strain was used as a wild type control. All flies were reared according to standard
procedures at 25 °C. Lethal mutations were balanced over either TM6B, Hu, Tb or CyO-
TbA, Cy, Tb (40). All genetic markers and special chromosomes are described in detall

in FlyBase (http://www.flybase.org).

Cell Culture, Transfections, generation of TGS1-CRISPR HelLa cell lines and

Transductions.

HelLa S3 cells were cultured in DMEM supplemented with 10% fetal bovine serum and
Penicillin-Streptomycin at 37°C, in 5% CO2. Lipofectamine 2000 (Life Technologies)
was used for all cDNA transfection experiments. TGS1 or SMN CRISPR cells were
generated by transfection of HelLa cells with pSpCas9-2A-GFP (PX458) plasmid (41)
encoding 3x FLAG Cas9-T2A-GFP and guide RNAs to the TGS1 locus. (TGS1-1:
AGAGAAACATTTCCGCCACG; TGS1-2: TGTCAGAGCGTATCTTCAGC)(42) or the
SMN locus (SMN-1: CACCCCACTTACTATCATGC). GFP-positive cells were single-cell
sorted into 96 well plates by FACS, and clones carrying mutations affecting TGS1
expression were screened by immunoblotting using anti TGS1 or anti- SMN antibody.
respectively.

To generate TGS1 mutants cells stably expressing FLAG-TGS1 (TGS1 rescued cells),
we transfected 293T cells with the pCDH-CMV-PURO-3xFLAG-TGS1 construct (FLAG-
TGS1) and packaging constructs; 48 hours later, viral supernatant was collected and
concentrated using Retro-X (Clontech). HeLa TGS1-mutant clones were transduced in
the presence of 5 pg/ml polybrene and selected in 2 ug/mL puromycin.

For TGS1 knockdown, UMUC 3 cells (43) were treated for up to 10 days (every 72 hrs)
with 50 nM SMARTpool: SSIGENOME TGS1 siRNA or ON-TARGET plus Non-targeting
SsiRNA using Dharmafect | (Dharmacon). The PAPD5 KO cell lines are described in (44)

Western blotting
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For western blotting, 10-50 micrograms of protein extracts were separated by SDS-
PAGE, transferred onto PVDF membrane (GE Healthcare, RPN303F), and blotted
according to standard procedures. 5% milk in PBST (0.1% Tween) was used for all
blocking and antibody incubation steps; PBST (0.1% Tween) was used for all washes.
Detection was performed with the SuperSignal™ West Pico Chemiluminescent
Substrate (Thermo); images were acquired with Chemidoc (Biorad) and analyzed using

the QuantityOne image analysis software (Biorad).

Primary antibodies :

Anti-FLAG mouse monoclonal (clone M2), Sigma, F1804, 1:1000 ;

pimt/TGS1: Bethyl A300-814A (lot 1), 1:1500

Anti-B-Tubulin mouse monoclonal (clone D-10) Santa Cruz, SC-5274

Anti-SMN mouse monoclonal Antibody (clone 2B1), 05-1532 Sigma-Aldrich, 1:1000
Secondary antibodies: HRP-conjugated anti-Mouse or anti-Rabbit 1:5000 (GE Health

Care).

Immunofluorescence staining (IF)

IF experiments were carried out on cells grown on coverslips. Cells were fixed with 4%
paraformaldehyde and permeabilized with 0.5% Triton X-100 in PBS. Coverslips were
incubated with primary antibodies in 3%BSA for 1 hr at room temperature: monoclonal
anti-SMN (05-1532 Sigma-Aldrich clone 2B1, 1:1000); rabbit anti- Coilin (H300 Santa
Cruz SC-32860, 200 ug/mL; rabbit anti- TCAB1 ((45), 25 ng/mL). Coverslips were
washed 3x with PBS and incubated with secondary Alexa Fluor conjugated antibodies
(Jackson Immunoresearch). Coverslips were washed 3x in PBS, counterstained in a
300 nM DAPI solution and mounted in ProLong Gold Anti-fade Mountant. Images were
captured on a Leica wide-field fluorescence microscope and processed using Leica LAS
AF and Photoshop.

RNA immunoprecipitation of TMG capped RNA

10
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Trizol-purified RNA was subjected to IP with the R1131 anti-TMG cap specific antibody
(46). 50 microliters protein G beads were washed with PBS and blocked with 20
micrograms tRNA and 20 micrograms BSA, then washed with NT2 buffer (50mM
Tris/HCI pH 7.5; 150mM NaCl; 1mM MgCI2; 0.05% NP40; 1mM DTT; 100U/mL RNasin
; 400uM VRC, Vanadyl ribonucleoside complexes) and coupled O/N to either 20 pL of
anti-TMG cap antibody or 1 microgram IgG in 250 pL NT2 buffer. Beads were then
briefly washed with NT2 buffer and incubated with Trizol-purified RNA in 250 pL NT2
buffer for 2 hrs at 4 °C, while rotating. Beads were then washed 6 times for 2’ while
rotating with NT2 buffer and precipitated RNA was Trizol-extracted. Both TMG-
immunopurified and input RNAs were then treated with DNase and subjected to

reverse transcription and gRT PCR.

Quantitative Real Time PCR (RTgPCR)

Total RNA was extracted with Trizol reagent (Ambion), treated with Ambion™ DNase |
(RNase-free) extracted with phenol/chloroform. The integrity of RNA samples was
evaluated by gel electrophoresis. 1 microgram of intact RNA (with a 28S:18S rRNA ratio
= 2:1) was reverse transcribed with the RevertAid H Minus Reverse Transcriptase kit
(Thermo Scientific, EP0451). Real-time PCR reactions were performed with the Brilliant
Il SYBR® Green QPCR Master Mix (Agilent, 600828)

The relative quantification in gene expression was carried out using the 2- AACt
method (47). Using this method, we obtained the fold changes in gene expression
normalized to the GAPDH and Actin genes (the amplification efficiencies were not
significantly different for target and reference among all samples). A total of 3
experiments were performed for three biological replicates and the significance was
assessed by one-way or two-way ANOVA: For gRTPCR of immunoprecipitated RNA,
samples were processed as above; Fold change was calculated by normalizing each
RIP sample to the relative input.

Cell fractionation and Northern Blotting

11
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Nuclear extracts (NE) or cytosolic extract (S100) was adopted from the Dignam
protocol, as shown in (48). For northern blotting, total RNA is extracted by resuspending
pelleted cells with TRIzol reagent. Nuclear and cytoplasmic RNA were extracted from
4ug NE and 12 pg S100 respectively with 5x volume of TRIzol. Precipitated RNAs were
dried and resuspended sequentially in 5ul ddH20, and then with 5ul RNA loading dye,
containing 0.1X TBE, 50 mM EDTA, 0.1% Bromophenol blue, 0.1% Xylene Cyanol,
93% formamide. Boiled and rapidly chilled RNAs were fractionated in a 18x24cm 6%
Urea-PAGE (19:1) gel, running at 45V for more than 20 hours until the Bromophenol
Blue run-off. The gel was then transferred to Hybond-N nitrocellulose membrane under
400mA, for 2 hours in the cold room. Post-transfer gel was stained by ethidium bromide
for ribosomal RNAs as loading control. UV-crosslinked membrane is blocked and
hybridized in ULTRAhyb, in a 42°C oven overnight, with P32 end-labeled oligonucleotide
probes (sequence listed in Table S6). The washed membrane is exposed to a
phosphor-imager screen, scanned by a Typhoon scanner, and quantitated with the

TotalLab software.

Nascent RNAend-Seq and steady-state 3’ RACE-Seq

For the isolation of nascent RNA from HelLa cells, cells were pulsed with 1 hr 4SU 250
uM or 4 hr 4SU 50 uM. For chase experiments, 4SU was removed, the cells were
washed in PBS, and 2.5 mM uridine containing media was added. Cells were harvested
and cell pellets resuspended in Trizol. RNA was extracted using standard Trizol
protocol. 100 ug RNA was biotinylated with Biotin-HPDP (Pierce 21341) at 0.5 mg/mL in
40% DMF and 10 mM Tris pH 7.4, 1 mM EDTA, for 1.5 hours at room temperature. In
vitro transcribed luciferase RNA transcribed in the presence of 4SU was spiked into the
biotinylation mixture for a final concentration of 0.01 ng/uL. RNA was extracted using
isopropanol/ethanol precipitation. Biotinylated RNA was immunoprecipitated from total
RNA using mMacs Streptavidin Kit (Miltenyi 130-074-101). The depleted fraction was
recovered using isopropanol/ethanol precipitation. Biotinylated RNA was released from
beads using 100 mM DTT and cleaned using RNeasy MinElute Kit (QIAGEN 74204).
Half of eluted RNA or 600 ng of depleted RNA was ligated to 5 uM of 50 adenylated, 30

12
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blocked adaptor (Universal miRNA cloning linker, NEB S1315S) with 250 units of T4
RNA ligase truncated KQ (NEB M0373S), 25% PEG 8000, and 1 uL RnaseOUT
(ThermoFisher 10777019) in a 20 uL reaction at 25 degrees for 16 hours.

Ligated RNA was cleaned up with RNA clean and concentrator columns (Clontech
740955.50) and DNase treatment, cDNA was synthesized with universal primer and
SuperScript 1l (ThermoFisher 18080093). Amplification was carried out with Phusion
(New England Biosystems M0530) and primer sets universal/specific for the RNA of
interest. PCR products were directly run on an 8% PAGE gel and visualized with SYBR
Gold (ThermoFisher S-11494), or subject to AMPure XP beads (Beckman Coulter
A63881) for PCR cleanup and library preparation. Libraries were prepped using Kapa
Hyperprep Kit (Kapa KK8504), quantified with Qubit and bioanalyzer, and run on
lllumina miSeq at the Stanford Functional Genomics Facility. Reads were paired using

fastg-join tool at Galaxy (http://usegalaxy. org). Reads were binned into the various

forms of each specific SnRNA using custom python scripts
(https://cmroake.people.stanford.edu/linkspython-scripts) and the number of reads in
each bin was normalized to total ShnRNA reads. Primer sequences can be found in table
S6. Data has been deposited at SRA with BioProject ID PRINA628085.

Transcriptome library preparation and RNA-sequencing

TruSeq Stranded mRNA kit (lllumina, San Diego, CA) has been used for library
preparation following the manufacturer’s instructions (library type: fr-firstrand).

RNA samples were quantified and quality tested by Agilent 2100 Bioanalyzer RNA
assay (Agilent technologies, Santa Clara, CA). Final libraries were checked with both
Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA) and Agilent Bioanalyzer DNA assay.
Libraries were then prepared for sequencing and sequenced on paired-end 150 bp
mode on NovaSeq 6000 (lllumina, San Diego, CA).

The number of reads (in millions) produced for each sample is listed in the table below.

Sample name Reads (M)

ID1232_1-1A-CTR1 311.29
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ID1232_2-1B-CTR2 310.44

ID1232_3-2A-TGS1 M1 | 299.96

ID1232_4-3A-TGS1 M2 | 314.74

ID1232_5-4A-SMN C1 358.39

ID1232_6-5A-SMN C2 272.79

Primary bioinformatic analysis includes:

Base calling and demultiplexing. Processing raw data for both format conversion and
demultiplexing by Bcl2Fastq 2.20 version of the Illumina pipeline.
https://support.illumina.com/content/dam/illuminasupport/documents/documentation/soft
ware_documentation/bcl2fastg/bcl2fastg2-v2-20-software-guide15051736-03.pdf
Adapters masking. Adapter sequences are masked with Cutadapt v1.11 from raw fastq
data using the following parameters: --anywhere (on both adapter sequences) --overlap
5 --times 2 --minimum-length 35 --mask-adapter
(http://dx.doi.org/10.14806/ej.17.1.200).

Folder raw_reads contains files with raw reads (R1: first read sequence; R2: second
read sequence) and multigc_report.html file, which aggregates results from primary
bioinformatic analysis into a single report files with parameters that give insight into

overall processing and sequencing quality.

Transcripts reconstruction and analysis

Paired-ended lllumina sequencing was performed on RNA isolated from TGS1 mutant
clones (M1, M2), SMN mutant clones (C1-C2), and parental HelLa cells (CTRL, two
replicates) at a depth of 160 million reads/sample. Mutant samples were clustered
based on both transcript and gene expression profiles (Figure S4) . We mapped reads
to the human reference genome (Gencode annotation v33) using STAR v2.7.1a(49) and
ran Scallop(50) on the resulting BAM files to find all novel transcripts in the data. We
combined the Scallop-detected novel transcripts with the reference transcripts and used
Kallisto (51) to quantify transcript expression levels. Differentially expressed novel and
annotated transcripts were found using Sleuth v0.30.0 (51) (Wald test, FDR adjusted p-
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value < 0.05, beta value > 2). Our analysis revealed significant changes in the
expression levels of 3084 and 351 transcript isoforms in TGS1 and SMN mutant cells,
respectively (Figure 7A and B; TableS1). We found changes in the expression levels of
a large number of unannotated transcripts (1080/3084 for TGS1 and 158/351 for SMN
mutants); 48 of these novel isoforms were found to be affected in both mutant cell types
(Figure 7C; Table S1). We compared the 3’ side of each novel transcript to its closest
annotated transcript to determine whether the novel transcript has a shorter, extended,
or the same 3’ side as compared to the annotated transcript. Notably, 71% and 76% of
the differentially expressed unannotated transcripts in TGS1 and SMN mutants had
extended 3’ sides, respectively (Figure 7A-B; Table S1).

To investigate the extent of global splicing changes induced by TGS1 and SMN
knockouts, we performed differential splicing analysis. We extracted alternative splicing
events from the gtf file containing all novel and annotated transcripts and then used
SUPPA2 (52) to find significantly changed splicing events. We considered all 7 major
categories of alternative splicing events and found the percentage of splicing-inclusion
(PSI) for each extracted splicing event. A differentially spliced event between mutant and
control samples should have a difference in PSI of at least 0.1 and an adjusted p-value
smaller than 0.05. We observed extensive changes in the splicing behavior in TGS1 and
SMN mutant cells (Figure S5A) and that the intron retention (IR) category has the largest
fraction of significantly affected splicing events in both TGS1 (3.5% and 4.5% of
annotated and unannotated IR events, respectively) and SMN mutants (1.2% and 2.1%

of annotated and unannotated IR events, respectively) (Figure S5A-B; Table S2).

Methodological approach used for quantification of intron retention (IR) levels (Figure 7D):
we performed a transcriptome-wide analysis of the expression levels for the major
transcript isoforms in the intron retention events (the transcript without the intron in each
event). IR (as determined by SUPPAZ2) is quantified by Percentage of Splicing Inclusion
(PSI), which is computed as the percentage of reads mapping to the intron-inclusion
isoform, relative to total reads mapping to both intron-inclusion and intron-exclusion
isoforms. Differential expression of the spliced isoforms (intron exclusion) was computed
as the difference in TPM values (dTPM) between mutant and control cells (plotted on the

X-axis in (Figure 7E, F). The expression of the major transcripts in most of the significant
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IR events does not change considerably (small difference in TPM or transcript per million)

between control and mutant samples (Figure 7E, F).

As an independent pipeline for detecting differentially expressed transcripts, we also
used a combination of Salmon (53) for transcript quantification and DESeq2 for
differential analysis. Statistical analyses on individual transcripts were made with the

test implemented in the software.

Statistics

Statistical analyses were performed in GraphPad Prism 6. Type of test, sample size,
data representation and p-values are indicated in figure legends. p <0.0001 is indicated

as ****; p> 0.05 was considered not significant.
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RESULTS

The C. elegans TGS1 ortholog is expressed in motoneurons and required for

neuron survival and worm locomotion

To investigate the role of TGS1 in the nervous system and its relationships with SMN,
we exploited the C. elegans model (23). We first analysed the expression of the
C.elegans ortholog of TGS1, T08G11.4 1, hereafter cetgs-1 (54), using a GFP-reporter
approach (24), in which the promoter regions of the two annotated cetgs-1 isoforms
were fused to GFP (pcetgs-1::GFP a and b). Both isoforms are expressed in ventral
cord motoneurons (MNs), 19 of which are D-type gamma-aminobutyric acid (GABA)
MNs, which are specifically marked by the expression of punc-47::RFP (Figure 1A)
(55,56).

To selectively silence cetgs-1 in the D-type MNs, we generated a strain carrying
the [punc-25::cetgs-1(RNAI)] transgene. This strain is viable, fertile and has a normal
development. As a control we used a transgenic RNAI line that targets kal-1, a
neurodevelopmental gene not expressed in the D-type MNs (57). We also exploited a
cesmn-1(RNAI) line expressing an extrachromosomal RNAI construct (23). D-type MNs
control C. elegans backward movement (58). 86% of wild type controls (wt) and 85%
kal-1-silenced animals, showed normal backward locomotion; this proportion was
reduced to 40% and 25% in cetgs-1(RNAI) and cesmn-1(RNAI) worms, respectively
(Figure 1B), indicating that both cetgs-1 and cesmn-1 are required for proper MN

function and locomotor behavior.

We next asked whether the cetgs-1-dependent locomotion defect is due to an
alteration in MN morphology and survival. We introduced in cetgs-1(RNAIi) animals the
oxIs12[punc-47::GFP] transgene that expresses GFP in D-type MNs, allowing their
visualization in living animals. wt or kal-1-silenced worms invariably showed 19 D-type
MNs, each extending a circumferential commissure to the dorsal side (Figure 1C-E)
(58). In cetgs-1(RNAI) animals the number of visible D-type MNs was in average 7 per
worm, while cesmn-1(RNAi) animals displayed only 4 neurons/worm, as previously
found (23) (Figure 1C, D). The D-type MNs of cetgs-1(RNAI) animals (n = 606)

showed a defect in axonal morphology, consisting of extra branching and guidance
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defects (Figure 1E). This defect was present in 14% of the commissures of cetgs-
1(RNAI) worms but was never observed in control (n = 586) or kal-1(RNAI) (n = 410)
animals (p<0.0001; non-parametric z-test.). Remarkably, a similar defect was found in

knockdown cesmn-1 worms (23).

Next, we expressed in D-type MNs either human TGS1 (punc-119::hTGS1,
referred to as hTGS1) or the red fluorescent protein dsRED that served as a control
(punc-119::dsRED). hTGS1, but not dsRED, partially rescued the MN loss caused by
cetgs-1(RNAI) (from 4 to 9 neurons/animal; Figure 1C,D), indicating that this
phenotype is specifically caused by cetgs-1 silencing and suggesting that the TGS1

requirement for neuron survival is conserved from worms to humans.

Finally, we asked whether the loss of D-type MNs observed in cetgs-1(RNAI)
worms is caused by cell death. Apoptotic MN death in cesmn-1 knockdown animals is
revealed by the accumulation of an endogenous auto-fluorescent marker (23). wt
worms showed no dying MNs, while kal-1(RNAi) worms showed an average 1 dying
MN per animal. In contrast, cetgs-1(RNAI) and cesmn-1(RNAI) worms displayed 7 and
5 dying MNs per worm, respectively (Figure 1F, G).Thus, both cesmn-1 and cetgs-1
prevent D-type MN death.

cetgs-1 overexpression mitigates the defects elicited by cesmn-1 depletion

To determine whether cetgs-1 interacts genetically with cesmn-1, we expressed cetgs-1
under the control of a pan-neuronal promoter (puncl119::cetgs-1, referred to as ceTGS-
1) in worms that also express an integrated cesmn-1 RNAi construct (cesmn-1(RNAi Is)
(23). 62% of the cesmn-1(RNAI Is) worms showed abnormal locomotion. Expression of
ceTGS-1 in these worms lowered the proportion of animals with abnormal locomotion to
28% (Figure 1B), while dsRED expression did not change the frequency of worms with
locomotory defects (68%, p = 0.9) (Figure 1B). In addition, while in cesmn-1(RNAI Is) or
cesmn-1(RNAi Is); dsRED worms, we observed an average of 9 dying MNs/worm, in
the presence of the ceTGS-1 or hTGS1 transgenes, the average number of dying MNs

was slightly but significantly lowered to 7 and 8, respectively (Figure 1F, G). Thus,
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cetgs-1 overexpression partially suppresses the locomotion defects and the neuronal
death caused by cesmn-1 silencing.

Overexpression of dTgs1 ameliorates the Smn loss of function phenotype in

Drosophila

We next assayed the effects of TGS1 overexpression in a fly SMA model. It has been
reported that Drosophila Tgsl (dTgsl) depletion affects motor behavior (37,59,60). We
have previously shown that RNAi against Smn in neurons perturbs the neural circuit
that controls post-eclosion events, leading to a defect in wing expansion (61). A similar
phenotype has been observed in hypomorphic dTgs1l mutants (37). We generated flies
expressing a UAS-Smn RNAI construct in neurons, using the nsyb-GAL4 driver. 16% of
these Smn RNAI flies displayed unexpanded wings (Figure 2A, B), and this percentage
was increased to 44% when RNAI was performed in flies carrying only one copy of
Smn+ (ASmn/+; Figure 2B). We then examined flies co-expressing UAS-Smn-RNAi and
UAS-dTgs1, both driven by nsyb-GAL4. As control, we used flies carrying a UAS-CTRL
construct encoding the unrelated Mst protein (35). An increase in the dosage of dTgs1,
but not of Mst, significantly lowered the frequency of flies with unexpanded wings (from
16% to 9%) (Figure 2B). A human TGS1 transgene (UAS-hTGS1) which fully rescues
the lethality associated with null dTgs1 mutations (37), decreased the proportion of flies
with unexpanded wings from 16% to 10% in Smn*/Smn* flies, and from 44% to 30% in
flies bearing a single copy of Smn (Figure 2B). These results indicate that dTgs1
overexpression partially suppresses the defects caused by Smn downregulation in at
least a subset of fly neurons, and that human TGS1 can substitute for the neuronal

function of its fly ortholog.

TGS1 downregulation in zebrafish causes motor axon defects

To determine the consequences of TGSL1 loss in a vertebrate model, we exploited
zebrafish. To downregulate tgsl, we injected larvae with two antisense morpholino

oligonucleotides (MOs): a translation blocking MO (tgs1 ATG-MO) and a splicing-
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blocking MO (tgs1 Sp-MO) (Figure S1A, B). Each MO was injected at an optimized
dosage and caused little or no effect on the overall larval morphology and development
(Figure S1C).

Injection of 2 ng tgs1l ATG-MO resulted in defects in caudal primary motoneuron
(CaP-MN), including axonal truncations and increased terminal branching. 10% of the
CaP-MNs exhibited truncated axonal projections and 25% showed increased terminal
branching (Figure 3A, B). Negligible CaP-MN defects were observed in uninjected
larvae and in larvae injected with a non-targeting MO (Figure 3A, B). 1.5 ng tgs1l Sp-MO
injection led to 15% CaP-MNs with axonal truncations and 35% with increased terminal
branching (Figure 3B). Notably, these results recapitulate the motoneuron defects
observed in smn morphants (62-64).

We also attempted to perform rescue experiments by co-injecting FLAG-tagged
human TGS1 mRNA and the tgsl Sp-MO. Co-injection of tgsl Sp-MO and 100 pg of
FLAG-hTGS1 mRNA resulted in a significant rescue of the neurological phenotype
(Figure S1 D). However, injection in embryos of FLAG-hTGS1 mRNA (100 to 400 pg)
caused developmental defects in larvae (Figure S1C), preventing a firm conclusion

about the rescue capacity of human TGS1.

Collectively, these results show that TGS1 plays a role in motoneuron

development and survival in zebrafish.

TGS1 deficiency impairs 3’ processing of snRNAs in human cells

Given the similarity between the phenotypes elicited by TGS1 and SMN depletion, we
asked whether TGS1 loss affects snRNP biogenesis like SMN (65). To address this, we
used two HelLa clones carrying CRISPR/Cas9-induced mutations in TGS1 (TGS1 M1,
M2) (42), which decrease TGS1 expression to less than 10% of the normal level but do
not affect the expression of the SMN protein (Figure 4A). We have previously shown
that both mutant lines exhibit a rather diffuse distribution of the Cajal body (CB) marker
coilin and fail to accumulate SMN in the CBs. This defect is rescued by the expression
of FLAG-TGS1 (TGS1 M1R cells, Figure 4A and Figure S2 A, B).
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To determine the effects of TGS1 deficiency on snRNA cap hypermethylation, we
performed RNA-IP with an antibody that specifically recognizes the TMG cap (46).
Quantitative RT-PCR (RT-gPCR) on RNA precipitated with the TMG antibody showed
that the TMG-capped U2 snRNA molecules were 10-fold more abundant in control cells
than in TGS1 mutant cells. Actin mRNA, which has an MMG cap that is not recognized
by the anti-TMG antibody was used as a control (Figure 4B).

RT-gPCR on total RNA from control cells, TGS1 mutant cells (TGS1 M), or TGS1
mutant cells bearing a FLAG-TGS1 rescue construct (TGS1 M1R ) showed no
significant differences in snRNA abundance, with minor changes likely reflecting clonal
variability (Figure 4C). However, Northern Blotting (NB) revealed that TGS1 mutant cells
exhibit slower migrating U2 snRNA species that are likely to correspond to U2 snRNAs
precursors carrying genome-encoded extensions at their 3’ ends (11,21). As shown in
Figure 4D (lanes 1-2), the extended U2 precursors are barely detectable in total RNA
from control cells but are substantially enriched in TGS1 mutant cells.

Next, we analyzed by NB the distribution of the extended U2 species in nuclear
and cytoplasmic fractions of both control and TGS1 mutant cells. While these pre-U2
species were clearly enriched in TGS1 mutant nuclei (Figure 4D, lanes 5, 9, 10), they
were barely detectable in nuclei of control or rescued cells (TGS1 M1R, TGS1 M2R;
Figure 4D, lanes 3, 4, 6, 11 and Figure 4E). The extended pre-U2 species were also
detected in cytoplasmic RNA from control and TGS1 M1R cells (lanes 13,14,15), but
their abundance was greatly increased in TGS1 mutant cells (Figure 4D, lanes 12,16
and Figure 4E). Nuclear or cytoplasmic accumulations of extended U2 precursors were
not observed in cells carrying mutations in the PAPD5 gene that encodes a
deadenylase required to remove oligo-A tails from different noncoding RNAs (44)
(Figure 4D, lanes 7,15). These results indicate that TGS1 deficiency causes aberrant
accumulation of unprocessed U2 precursors that might interfere with spliceosome

activity, as occurs in yeast (66) .

We characterized the 3’ ends of the pre-U2 molecules in total RNA by 3'RACE
and Next-Gen sequencing, as described in (44,67). In control cells, 90% of the reads
mapped to the mature forms of U2, most of which contained 188 nt plus a 3' adenosine

added post-transcriptionally (€189 nt), in agreement with previous results (3,68). The
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remaining 10% of the U2 molecules had extended tails including genome-encoded
nucleotides at their 3’ ends (Figure 5A, B). Consistent with the NB results, TGS1
mutants displayed a 4-fold higher proportion of 3’ extended U2 molecules (41%)
compared to control (10%), with an average tail length of 12 nt (Figure 5A, B). In
TGS1MIR cells, the abundance of the extended U2 molecules was reduced from 41%
to 20%, showing rescue of the mutant phenotype (Figure 5A). 3’RACE and sequencing
performed on nuclear and cytoplasmic RNA confirmed the data obtained by NB (Figures
4E, 5C, D). In the nuclear RNA fractions, the abundance of the U2 extended species
was 18% in TGS1 mutant cells, 7% in control cells and 8% in TGS1M1R cells (Figure
5C). In the cytoplasmic fractions, the extended U2 molecules were 52% in TGS1 mutant
cells, 13% in control cells, and 20% in TGS1M1R cells (Figure 5C). TGS1 mutant cells
showed no variations in the proportion of mature U2 molecules carrying a 3'
untemplated adenosine compared to controls; in both cases the 189/188 ratio was
approximately 80%. Importantly, the finding that the nuclei of TGS1 mutant cells contain
more extended U2 molecules than control nuclei (Figures 4E and 5C) suggests that a
fraction of these unprocessed species completes the cytoplasmic assembly pathway
and is imported in the nucleus.

To assess whether TGS1 deficiency affects processing of the U2 precursors in a
different cell type, we knocked down TGS1 by RNAi in UMUCS cells, which showed a
strong reduction in the TGS1 protein and defective CBs (Figure S2C, D). 3' RACE and
sequencing on total RNA revealed that in TGS1-RNAi cells the proportion of extended
molecules is 3-fold higher than in cells treated with control sSiRNA (Figure 5A).

To confirm that the extended species are precursors of U2 molecules, we
performed metabolic labeling of newly transcribed RNA with 4-thiouridine for 4 hours in
HelLa cells, and affinity-purified this nascent RNA population with thiol-specific
biotinylation and streptavidin-coated magnetic beads (44). Unlabeled RNAs (steady-
state RNA) recovered after this treatment, are enriched in mature RNA species while
labelled RNAs are enriched in short-lived RNA precursors. A comparison of the
sequence profiles showed that extended-U2 molecules are 5-fold more abundant in

nascent RNA samples (59% of total U2 reads) than in steady-state RNA (12%; Figure
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5A, B), indicating that the extended U2 species are immature U2 precursors, not yet
processed at their 3’ ends.

In total RNA from control cells, a small fraction of the U2 reads are extended
molecules carrying non-templated adenosines (0.2%) or uridines (0.6%) added post-
transcriptionally at their 3’ ends. The acquisition of an extra A or U is specific for the
extended molecules with a mean tail length of 12 nucleotides. In TGS1 mutant cells, the
fraction of extended U2 molecules incorporating extra uridines is 6 times and 2 times
higher than in control and TGS1M1R rescued cells, respectively (Figure 5B,E). A 5-fold
increase in uridylated molecules is also observed in TGS1 RNAi UMUCS3 cells
compared to cells treated with nontargeting dsRNA (Figure 5E). These data suggest
that TGS1 affects not only 3’ trimming but also the profile of post-transcriptional
modifications on the U2 precursors. Interestingly, oligo-U extended molecules are 5-fold
more abundant in nascent RNA than in mature RNA, indicating that these modifications
represent an intermediate step in the 3’ processing of U2 precursors (Figure 5E).

We also analyzed the 3’ sequences of the U1 and the U4atac snRNAs. In both
control and TGS1 mutant cells 98% of U1 snRNA molecules were 164 nt long and less
than 1% of these molecules carried untemplated adenosine or uridine residues at their
ends, indicating that TGS1 loss does not affect U1 biogenesis. In contrast, TGS1
mutant cells were enriched in U4atac extended forms showing a mean tail length of 10
nt; these forms were 19% of total reads in TGS1 mutants, 6% in control cells, and 9% in
rescued cells (Figure 5F-G). Moreover, in TGS1 mutant cells 3% of U4atac molecules
incorporated additional uridines, compared to 0.25% in control cells and 0.7% in
rescued cells (Figure 5H). Collectively, these results indicate that TGS1 depletion
results in extended U2 and U4atac snRNAs. However, these snRNAs differ in the type
and proportion of 3' end extensions, most likely reflecting diverse dynamics of their 3’

end processing.

Tgs1 controls 3’ processing of snRNAs in Drosophila.

To ask whether the role of TGS1 in snRNA 3’ processing is conserved in flies, we

exploited dTgs1R?, a presumably null CRISPR/Cas9-induced allele, which, when
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homozygous, causes death in late second instar larvae (37). We also used
dTgs1RY/dTgs1¢B0 heterozygous flies that die as third instar larvae. The lethality of both
mutants is rescued by ubiquitous expression of either a dTgsl or a human TGS1
trangene (37,39).

We characterized the 3’ ends of U2 snRNAs by 3’RACE and RNA sequencing on
total RNA from wild type larvae (CTR), dTgs1R* homozygous larvae and
dTgs1RY/dTgs1BC larvae; as control, we also examined mutant larvae constitutively
expressing dTgsl. dTgsl mutant larvae showed an increase in 3' extended U2 species
compared to either wild type larvae or larvae bearing the rescue construct (Figure 6A).
95% of these extended U2 species displayed one additional uridine at the 3’ end (Figure
6B). The remaining 5% of the extended molecules included species containing longer
tails incorporating both genome-templated and untemplated A or U nucleotides. Thus,
TGSL1 is required for proper 3’ processing of U2 snRNAs also in flies.

In contrast, an analysis of the U1 snRNAs showed that they are substantially
unaffected by dTgsl mutations, consistent with the results obtained with human cells. In
mutant and wild type larvae, extended species represented about 1,5% and 0.5% of
total UL RNAS, respectively.

Aberrant transcripts accumulate in both TGS1 and SMN mutant cells

Studies conducted in different systems demonstrated that SMN deficiency causes
profound perturbations in the transcriptome (69-74). To explore the consequences of
TGS1 loss on mRNA splicing and gene expression, we performed deep sequencing on
total RNA extracted from TGS1 mutant HeLa cells, and from two independent SMN
mutant clones derived from the same HelLa cell line used to generate TGS1 mutant
cells. These lines, designated as SMN C1 and SMN C2, carry CRISPR-induced
mutations in the sixth exon of the gene; SMN C1 has a small deletion in the SMN
proline rich domain, and SMN C2 carries frameshift mutations. Both lines show
reductions in the abundance of the SMN protein (Figure S3A). The protein encoded by
the SMN C2 cells has a lower MW compared to the wild type protein and fails to
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concentrate in the CBs (Figure S3A, B).

Paired-ended Illumina sequencing (160 million reads/sample) was performed on
RNA isolated from TGS1 mutant clones (M1, M2), SMN mutant clones (C1-C2), and
parental HelLa cells (CTR). Independent mutant clones and controls were clustered
based on both transcript and gene expression profiles (Figure S4A-C). We used Kallisto
(75) and Sleuth (51) for transcript quantification and differential analysis, respectively
(see Methods). TGS1 and SMN mutant cells showed a differential expression of both
annotated and unannotated transcripts compared to controls (reconstructed by Scallop
(50); Figure 7A, B; Table S1). The number of differentially expressed (DE) transcripts
was higher in TGS1 mutant cells than in SMN mutant cells (Figure 7A, B), likely
reflecting the higher degree of functional inactivation of TGS1 compared to SMN
(Figures 4A and S3A). Approximately one third of both annotated and unannotated DE
transcripts found in SMN mutant cells was also present in TGS1 mutant cells (Figure
7C; Table S1, see Methods). Notably, many unannotated DE transcripts found in both
TGS1 and SMN mutant cells showed an increased number of reads for intergenic
regions compared to controls (Figure 7A, B; Table S1). These 3’ elongated transcripts
extended beyond the 3’ end of the gene and sometimes included the coding region of
the next gene, likely reflecting an altered transcription termination. Most of the DE
transcripts were also identified using an independent analysis workflow (50,53) (Tables
S3-S5). The mutant cells also exhibited changes in splicing behavior (Figure S5A), with
intron retention being the most frequent defect (Figure 7D-F; Figure S5A, B; Table S2).

To confirm the in silico predictions, we performed targeted validation for 4
transcripts by RT-PCR or RT-gPCR analysis on RNA samples from CTR, TGS1 M and
TGS1 MI1R cells. Amplification products consistent with the predicted novel transcripts
isoforms were enriched in the two TGS1 mutant clones, compared to both the parental
cell line and TGS1 M1 rescued cells (Figures S6 and S7).

DISCUSSION
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We have shown that the highly conserved TGS1 hypermethylase localizes to
motoneurons in C. elegans, and that its deficiency results in abnormalities in neuron
structure and function in both C.elegans and D. rerio. Consistent with these defects,
TGS1 deficiency impairs locomotion in worms and wing expansion in flies, which is
governed by bursicon-expressing neurons (76). Previous work has also shown that
mutations in Drosophila Tgsl cause abnormal larval locomotion (37,59,60).
Furthermore, we found that the phenotypes elicited by TGS1 inhibition in flies, worm
and zebrafish are highly reminiscent of those caused by loss of function of the SMN
gene. Importantly, we showed that TGS1 overexpression ameliorates the neurological
phenotypes elicited by the impairment of the SMN function in both the fly and worm
model systems. These findings suggest commonalities in the molecular and cellular
consequences caused by TGS1 and SMN loss of function. Several studies have linked
neurodegeneration to defective snRNA, snRNP biogenesis and pre-mRNA splicing
(3,65,73,77,78). It has been reported that SMN-depleted cells exhibit an enrichment of
3’ unprocessed snRNA precursors resulting from their impaired assembly into ShRNPs
(11). In a mouse model of SMA, motor neurons display a much greater reduction in the
SnNRNPs levels relative to unaffected spinal cells (79), and their selective death is the
result of converging mechanisms of p53 activation driven by dysregulation of distinct
MRNA splicing pathways (80-82). It has been also reported that mutations in a single
gene of the U2 multicopy cluster (Rnu2-8), result in defective splicing and cause ataxia
and neurodegeneration in mice (77). Unprocessed snRNAs accumulate in cells from
patients affected by pontocerebellar hypoplasia (PCH7), which is also characterized by
motoneuron loss. Interestingly, we show that TGS1 mutant cells accumulate extended
SnRNA species with post-transcriptionally added adenosines or uridines similar to cells
from PCH7 patients (3,83,84).

In both human cells and Drosophila, TGS1 loss results in the accumulation of
untrimmed 3’ extended U2 snRNA molecules but has no effect on U1 snRNAs. TGS1-
deficient human cells also accumulate untrimmed U4atac ShnRNAs. Moreover, TGS1
deficiency results in extensive alterations in the human transcriptome, including
changes in the efficiency of intron removal and accumulation of transcripts with 3’

extensions spanning intergenic regions. Similar alterations are also observed in the
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transcriptome of SMN mutant cells. Recent work has suggested that SMN directly
mediates proper transcription termination by favoring polymerase Il release (85), and
SMN deficiency has been linked to accumulation of R-loops and DNA damage (71,86).
Accumulation of aberrant read-through transcripts is consistent with these results and
may contribute to the neurodegenerative defects observed in TGS1 and SMN mutant
models.

Collectively, our data support a model where TGS1 and SMN play closely related
functions in preventing neurodegeneration (Figure 7G-H). TGS1 plays functions in
snRNA 3’ maturation, pre-mRNA splicing and possibly in transcription termination.
Similarly, SMN promotes assembly of sSnRNA into snRNPs and is essential for splicing
and efficient transcription termination (73,85). Thus, loss of either protein leads to
substantial transcriptome alterations. These alterations may be neurotoxic by directly
affecting specific transcripts important for neuronal survival and function, a scenario
supported by increasing experimental evidence (80-82,87). Importantly, we found that
TGS1 overexpression can partially rescue the neurological phenotypes caused by SMN
depletion. Moreover, previous work has shown that TGS1 directly interacts with the
SMN protein in human cells (14), and that Drosophila Tgs1 physically associates with
most components of the SMN complex in vivo (37). Thus, the physical interaction
between TGS1 and SMN and the similar phenotypes elicited by their deficiency suggest
a functional interaction between these proteins. We hypothesize that TGS1
overexpression in SMN-depleted cells may enhance snRNP biogenesis and possibly
improve the transcription termination fidelity, compensating for the defects caused by
SMN deficiency (Figure 7H).

Recent remarkable advances in the field have led to the approval of disease
modifying therapies for SMA patients, which include direct gene replacement via viral
vector and antisense oligonucleotides designed to promote the production of full-length
SMN (88-90). However, it is evident that these treatments do not represent a cure for
the disease and expansion of therapeutic options for SMA patient is needed. This will
likely require the development of SMN-independent strategies targeting disease-

relevant downstream pathways (88-92). Candidate targets have been emerging from
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studies in model organisms (63,69,81,82,93). Here, we have shown that TGS1
expression can compensate, at least in part, for SMN loss in animal models of
neurodegeneration, suggesting that modulation of TGS1 activity may be a new potential

therapeutic avenue for SMA.
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Custom python scripts for 3’-RACE: https://cmroake.people.stanford.edu/links-python-
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Transcriptome analyses: https://github.com/roozbehdn/TGS1_SMN
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FIGURE LEGENDS

Figure 1. Knockdown of cetgs-1 or cesmn-1 in D-type MNs results in similar

phenotypes that are rescued by ceTGS-1 and hTGS1 overexpression

(A) The promoters of the pcetgs-1a and pcetgs-1b isoforms drive the expression of GFP
in MNs of the ventral cord. D-type (GABA) MNs express RFP under the control of the
MN specific promoter (punc-47). In merged images, the D-type MNs expressing both
cetgs-1 (GFP) and punc-47 (RFP) are marked by asterisks. The cells expressing only
cetgs-1(GFP) are MNs other than D-type (arrowheads). Anterior is left and ventral is

down in all images. Scale bar, 50 uM.

(B) Knockdown of cetgs-1 or cesmn-1 in D-type MNSs leads to similar locomotion defects.
Wild type (Ctr) and kal-1 silenced animals are controls. The locomotion defect elicited by
cesmn-1 silencing is rescued by ceTGS-1 but not by dsRED expression. Bars represent
the fraction of animals with normal backward locomotion + SEM, from at least two
independent lines/clones. Numbers within bars are the animals tested. **** p<0.0001;
(one-way ANOVA).

(C) Transgenic worms expressing GFP [oxIs12(punc-47::GFP)] show 19 D-type MNs of
the ventral cord (Ctr). cetgs-1 (RNAI) worms display fewer GFP expressing MNs in the
ventral cord compared to controls. This phenotype is partially rescued by hTGS1
expression. MNs are indicated by arrowheads; the RNAI construct is not expressed in
the tail, where one GFP positive cell is always detectable (asterisk); the heads
(underlined) express the pchs-2::GFP injection marker in both [cetgs-1 (RNAI)] and
[cetgs-1 (RNAI); hTGS1] worms; the latter were also injected with the podr-1::RFP
marker (arrow). Scale bar, 75 uM.

(D) Quantification of ventral cord D-type MNs. Neuron loss caused by cetgs-1
knockdown is partially rescued by pan-neuronal expression of human TGS1 (hTGS1)
but not of dsRED. Each bar represents the mean number of visible MNs from at least
two independent lines/clones = SEM. Numbers within the bars are the animals tested.
**% P<0.0001; (One-way ANOVA)
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(E) In oxIs12 [punc-47::GFP] transgenic animals, both MN cell bodies and axons are
visible; anterior is right and ventral is down. In control (Ctr) and kal-1(RNAIi) animals,
commissures appear as single, straight axons directed to the upper side. cetgs-1
knockdown worms exhibit commissures with extra branching and guidance defects
(arrows).

(F) Apoptotic autofluorescence signals (arrowheads) in dying MNs of cetgs-1 (RNAI)
and cesmn-1(RNAI Is) animals.

(G) Quantification of dying MNs. Bars represent the average number of dying MNs in
transgenic animals from at least two independent lines/clones £ SEM. Numbers within
and next to bars are the animals tested. **** p<0.0001; (One-way ANOVA).

Figure 2. Tgs1 overexpression ameliorates the wing-expansion defects caused by

neuronal knockdown of Smn in Drosophila

(A) Examples of flies showing wing expansion failure upon nsyb-GAL4 driven (neur>)
Smn RNAI.

(B) Frequencies of the defective wing expansion phenotype in flies co-expressing a
UAS-Smn RNAI (Smn RNAI) construct and the indicated UAS-constructs driven by
nsyb-GAL4 (neur>). UAS dTgsl encodes GFP-tagged dTgsl; UAS hTGS1 encodes
GFP-tagged human TGS1; UAS CTR is a control construct expressing the unrelated
Mst protein. ASmn/+ flies are heterozygous for a deficiency of the Smn locus. Error
bars: + SEM. Numbers within and next to bars are the animals tested. p values: One-

way ANOVA with Tukey’s multiple comparisons test.

Figure 3. Tgs1 downregulation in zebrafish leads to caudal primary motor

neurons defects

(A) Lateral views of whole-mount embryos immunostained with a synaptotagmin
antibody (Znp1l) that labels the caudal primary motor neurons (CaP-MN). Embryos were

untreated or injected with the indicated morpholinos (MO). Injection of either tgs1l ATG-
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MO or tgsl Sp-MO results in truncated or absent motor axons (solid arrowheads) and
terminally-branched axons (open arrowheads). Scale bar, 25 um. See also Figure S1.

(B) Based on overall appearance, CaP-MNs were classified as: normal, short (truncated
axonal projection) or absent (axonal atrophy). Based on terminal branching, axons were
classified as normal, mild (branching ventral from midline), intermediate (2-3 or more
branches at ventral or midline) or severe (>3 branches ventral or dorsal from midline).
Zebrafish larvae injected with 1.5 ng of tgsl Sp-MO or 2 ng tgs1l ATG-MO displayed
CaP-MN defects compared to control (non-targeting) MO and uninjected fish. Results
are percentages from 3 independent experiments (n = axons analysed; N= animals

tested. **** p<0.0001 Chi-square test); n.s. not significant. See also Figure S1D.

Figure 4. TGS1 deficiency affects maturation of U2 snRNAs in human cells

(A) Western blotting (WB) showing TGS1 expression in two independent CRISPR
clones of HeLa cells (M1, M2) . CTR, parental cell line; M1R and CTR R, M1 and
parental line stably expressing FLAG-TGS1. Tubulin is a loading control. The

abundance of the SMN protein is not affected by mutations in TGS1.

(B) Total RNA from control (CTR) and TGS1 mutant cells (TGS1 M1 and M2)
precipitated with an anti-TMG CAP antibody or control IgGs. MMG-capped Actin mRNA
is a negative control. In TGS1 mutant cells, trimethylation of the U2 snRNAs is strongly
reduced compared to controls. Data are from 3 independent experiments; p value: two-
way ANOVA with Sidak's multiple comparisons test.

(C) RT-gPCR showing the abundances of the indicated shnRNAs in TGS1 mutant cells
(TGS1 M1 and M2) or rescued cells (TGS1 M1R). Data from three independent
experiments are relative to parental HeLa cells (set to 1) and normalized to 5.8S rRNA.
The U3 snoRNA (U3) and the uncapped U6 and U6atac ShnRNAs are controls. No
statistically significant differences were observed between TGS1 M and TGS1 M1R
cells (error bars: £ SEM; p values >0.05, calculated as in B)

(D) Northern blots showing U2 snRNA precursors (arrow) in nuclear and cytoplasmic

fractions from HelLa cells of the indicated genotypes; the U3 and 7SL RNAs are loading
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controls for the nuclear and cytoplasmic fractions, respectively. CTR, parental HelLa cell
line; M1 and M2, TGS1 mutant cells. M1R, TGS1 M1 rescued cells. PAPD5, HelLa clone
carrying mutations in PAPDS5, used as negative control.

(E) Quantification of the blots in (D) by densitometric analysis. Bars: percentage of
extended U2 molecules relative to total U2 (x SEM). p values: One-way ANOVA with
post-hoc Tukey’s test.

Figure 5. TGS1 loss leads to an accumulation of 3’ extended U2 and U4atac
snRNAs in human cells

(A) 3’RACE sequencing on total RNA showing that TGS1 mutant HeLa cells
accumulate more U2-extended snRNA molecules than either parental (CTR) or TGS1
M1 rescued cells (TGS1 M1R). UMUCS cells treated with TGS1 siRNAs (siTGS1)
accumulate more U2-extended snRNAs than cells exposed to non-targeting sSiRNAs
(siSCR). Nascent and steady-state RNA fractions were purified from control HeLa cells
(see Methods). Extended U2 molecules carry extra 3’ sequences of templated and /or
untemplated nucleotides . Total reads > 36k. Data are mean values of two independent
clones + SEM. p values: two-sided Student’s t test.

(B) Plots showing the percentage of the different sequence reads of U2 snRNAs in the
same samples as in A. Numbers on the x-axis: additional nucleotides beyond the 189 nt
of the mature form. Position 0 includes mature U2 snRNA species of 188 nt or 188 nt
plus a post-transcriptionally added A. y-axis: percent of total reads. Blue: genomic-
templated nucleotides; green: untemplated adenosine; orange: untemplated uridine.
(C) Characterization of U2 snRNA molecules from nuclear and cytoplasmic fractions
from M1 and M2 mutant (TGS1 M), M1 rescued (TGS1 M1R), or control (CTR) cells.
(D) Tail length and composition U2 snRNAs in the C samples. y-axis: percent of total

reads.

(E) Percentages of U2 molecules with tails ending with post-transcriptionally added

uridines in the RNA samples described in A. Total reads per sample >75k.

(F) Percentages of 3’ extended U4atac snRNAs in the RNA samples described in A.
Total reads per sample >11k.
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(G) Tail lengths and composition of the 3’ ends of U4atac snRNAs in M1 and M2
mutant, M1 rescued (M1R), and control (CTR) cells. Numbers on the x-axis: additional
nucleotides beyond the 130nt of mature U4atac (position 0). y-axis: percent of total

reads.

(H) Percentages of U4atac shnRNA molecules with extended tails ending with

untemplated uridines. Total reads per sample >75k.

Figure 6. 3’ extended U2 snRNA molecules accumulate in Drosophila dTgsl

mutants

(A) Percentage of extended U2 snRNA molecules determined by 3 RACE and
sequencing on RNA from equally aged second or third instar mutant larvae, rescued
mutant larvae (bearing a dTgsl construct), and wild type larvae (CTR). The most
abundant population of U2 snRNAs is 192 nt long. Extended U2 snRNAs are longer than

192 nt and incorporate templated or untemplated nt at their 3’ ends. Total reads > 2900.

(B) Tail length and composition of the 3’ ends of U2 snRNAs for the second and third
instar larvae described in A. Numbers on the x-axis: additional nucleotides beyond the
mature form of 192 nt (position 0). Blue, genomic- encoded nucleotides; green,
untemplated adenosine; orange, templated or untemplated uridine. y-axis: percent of

total reads.

Figure 7. Mutations in TGS1 and SMN cause global changes in RNA expression

and splicing

(A, B) Heatmaps depicting the expression levels (TPM values estimated by Kallisto) for
differentially expressed (DE) transcripts in TGS1 M1 and TGS1 M2 (A), or SMN C1 and
SMN C2 (B) mutant cells, compared to parental HeLa cells (CTR). Transcripts are
classified into 5 types: annotated transcripts per GENCODE (orange); novel transcripts
with extended 3' (magenta) or shortened 3' (blue); novel transcripts with annotated

identical 3' (pink); and other (intergenic and opposite-strand) novel transcripts (purple).
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Transcripts within each group are ranked by unsupervised clustering. Total transcript
number for each group, and the DE status for each transcript (either up- or down-
regulated in mutant cells) are annotated by the green/red sidebar to the right (see also
Table S1).

(C) Venn diagram from data in A and B, showing the number of shared transcript isoforms
between TGS1 and SMN mutant cells. See also Table S1.

(D) Methodological approach used for quantification of intron retention (IR) levels (see

also Methods).

(E, F) Scatter plots showing for each IR event between mutant (TGS1 or SMN) and
CTR cells the differential PSI (dPSI) against the differential expression level (dTPM) of
the major transcript (intron exclusion). The significant IR events are color-coded in the
plots, with significantly upregulated events colored in orange and significantly

downregulated in teal.
(G) Roles of SMN and TGS1 in snRNA biogenesis.

(H) A model for the roles of TGS1 and SMN in prevention of neurodegeneration .The
effects of TGS1 or SMN deficiency on snRNA biogenesis and general transcription
suggest that these proteins play interconnected roles in prevention of

neurodegeneration.
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