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Abstract

GEMINS is essential for core assembly of small nuclear Ribonucleoproteins (snRNPs), the building blocks of spliceosome
formation. Loss-of-function mutations in GEMINS lead to a neurodevelopmental syndrome among patients presenting with
developmental delay, motor dysfunction, and cerebellar atrophy by perturbing SMN complex protein expression and assem-
bly. Currently, molecular determinants of GEMINS5-mediated disease have yet to be explored. Here, we identified SMN as
a genetic suppressor of GEMIN5-mediated neurodegeneration in vivo. We discovered that an increase in SMN expression
by either SMN gene therapy replacement or the antisense oligonucleotide (ASO), Nusinersen, significantly upregulated the
endogenous levels of GEMINS5 in mammalian cells and mutant GEMINS5-derived iPSC neurons. Further, we identified a
strong functional association between the expression patterns of SMN and GEMINS in patient Spinal Muscular Atrophy
(SMA)-derived motor neurons harboring loss-of-function mutations in the SMN gene. Interestingly, SMN binds to the
C-terminus of GEMINS and requires the Tudor domain for GEMINS binding and expression regulation. Finally, we show
that SMIN upregulation ameliorates defective snRNP biogenesis and alternative splicing defects caused by loss of GEMINS
in iPSC neurons and in vivo. Collectively, these studies indicate that SMN acts as a regulator of GEMINS expression and
neuropathologies.
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form the SMN Complex [3, 73]. The SMN complex is
responsible for the biogenesis of small nuclear ribonu-
cleoproteins (snRNPs), which are essential components
of splicing machinery [3, 72, 73].

We, as well as others, previously identified biallelic var-
iants in the gene GEMINS that give rise to a neurological
syndrome which features developmental delay, cerebellar
atrophy, and predominant motor dysfunction along with
hypotonia [28, 48, 50]. GEMINS is a highly conserved
multifunctional protein involved in numerous aspects of
RNA processing that includes the biogenesis of snRNPs
through the SMN complex [4, 23, 72, 74], as well as the
ability to regulate aspects of translation at a global level
[12, 45]. GEMINS interacts with numerous SMN com-
plex members but is directly associated with GEMIN2 and
SMN [17, 42, 71]. The initiator of the SMN complex is
GEMINS, as it specifically recognizes each unique snRNP
code to begin the process of snRNP-core assembly [4, 23,
72, 74]. The majority of GEMINS5 variants appear to cause
loss of function by reducing GEMINS protein expression
and disrupting snRNP-core complex dynamics [28, 48].
In patients with SMA, the disease severity is associated
with the amount of functional SMN protein production
which correlates to the degree of snRNP assembly defects
[6, 32]. Recent advancements have shown remarkable
success in treating SMA patient symptoms through res-
toration of functional SMN expression using either anti-
sense oligonucleotides (ASOs; Nusinersen), small mol-
ecules (Risdiplam), or SMN gene replacement therapies
(Onasemnogene abeparvovec-xioi) [37, 68, 70]. However,
the implications of SMN-upregulating therapies to ame-
liorate snRNP defects in other neuroglial diseases beyond
SMA have yet to be explored.

Here, we identified SMN as a genetic modifier of
GEMINS5-mediated neurodegeneration in vivo and as a
regulator of GEMINS expression in mammalian cells and
iPSC neurons. Specifically, genetic upregulation of SMN
via ectopic expression and administration of the SMN2
FDA-approved antisense oligonucleotide, Nusinersen, sig-
nificantly increased the physiological levels of GEMINS
in mammalian cells. Furthermore, a drastic reduction in
SMN expression in SMA motor neurons revealed a nota-
ble decrease in GEMINS protein. Upregulation of SMN via
lentiviral expression and Nusinersen administration signifi-
cantly increased GEMINS5 expression in loss-of-function
GEMINS patient iPSCs. Importantly, we found the Tudor
domain of SMN is required for GEMINS interaction and
regulation. Finally, ectopic expression of SMN rescued the
snRNP biogenesis defects exhibited in mutant GEMINS
iPSC-derived neurons as well as loss-of-function GEMINS
in vivo. We also show that lentiviral SMN expression signifi-
cantly rescued the inclusion of alternatively spliced isoforms
identified in GEMINS iPSC neurons. Taken together, these

@ Springer

observations provide further insights into the biological
mechanisms of SMN and suggest SMN as a positive regu-
lator of GEMINS-mediated neurodegeneration and GEMINS
expression.

Materials and methods
Drosophila lines

The fly lines used for this study and motor function assay
can be found in Sup table 1. All Drosophila stocks were
cultured on standard media on a 12-h light/dark cycle.

Genetic crosses

The Gal4/UAS system was used for targeted misexpression
of the inducible transgene (Brand & Perrimon, 1993). All
Gal4/UAS crosses were maintained at 25 °C and 29 °C to
sample different induction levels of transgenes [47, 55].
UAS-dicer/CyO; tub-Gal4/TM3 and UAS-dicer/CyO;
GMR-Gal4/Thb stocks were generated to enhance inducible
RNAi potency [10] in UAS-rigkk RNAi or UAS-SMN alone
(FLAG tagged) or both. The GMR-Gal4 drives expression
in the differentiating retinal precursor cells [39], whereas
tub-GAL4 drives expression ubiquitously. The adults were
assessed for phenotypes and frequency analysis was per-
formed. Images of the left eyes of F1 generation, adult
female Drosophila were taken at day 1 (or as indicated for
ageing experiments) using a Leica M205C dissection micro-
scope equipped with a Leica DFC450 camera. External eye
degeneration was quantified using a previously published
scoring system [31]. Briefly, eyes were examined for the
presence or absence of the following features: supernumer-
ary inter-ommatidial bristles, abnormal bristle orientation,
ommatidial fusion, ommatidial pitting, disorganization of
ommatidial array, and retinal collapse. If the following fea-
tures were present, one point was given. Two points were
added if the affected area involved more than 5% of the eye
and four points were added if the affected area was involved
more than 50% of the eye. Comparisons between genotypes
were made using Student’s t test assuming equal variances.
Eye size was measured using ImageJ software (NIH). Adult
fly images were captured at 5X by placing the flies sideways
on a clean slide. The images were taken on an MrC5 color
camera mounted on an Axioimager.Z1 Zeiss Apotome using
a Z-sectioning function of Axiovision software 4.6.3 [21].
The final images were prepared using Adobe Photoshop CS6
software. A detailed description of the fly crosses can be
found in Sup table 2.



Acta Neuropathologica (2023) 146:477-498

479

Larval preparations and immunohistochemistry

Third instar larvae were dissected, fixed, and immunostained
as previously described [1]. Briefly, animals were dis-
sected in ice-cold phosphate-buffered saline (PBS) (Lonza,
#17-516 F), fixed in 4% formaldehyde, washed three times
in PBS, incubated in 5% Triton-X-100/PBS for 20 min,
washed three times in 0.1% PBST (0.1% Triton-X-100/PBS),
and incubated overnight with primary antibodies: Drosoph-
ila coilin (gift from Dr. Joseph Gall, Carnegie Institution for
Science, Baltimore, MD; 1:100) and Drosophila SmB (Y12,
Novusbio, 1:100). Larvae were washed three times in 0.1%
PBST and incubated with secondary antibodies: anti-rabbit
Alexa Flour 568, 1:100 (Invitrogen, #651727); anti-mouse
Alexa Flour 647, 1:100 (Invitrogen, #28181). Stained lar-
vae were mounted using DAPI Fluoroshield (Sigma-Aldrich,
#F6182). Images were collected on a Nikon Al eclipse
T, confocal microscope.

Plasmids

The lentiviral vectors used to express EGFP (pLV[Exp]-
CMYV > EGFP, VB900088-2229upx) and SMN1 (pLV[Exp]-
EGFP-CMV >hSMN1, VB201023-1249tdf) in mammalian
cells were constructed and packaged by VectorBuilder. The
following plasmids were constructed and packaged by
VectorBuilder: HA-GEMINS-WT (VB210409-1232kze),
HA-WD40 (VB210819-1201kfk), HA-ARBS (VB210819-
1225rn), HA-AWD40 (VB211122-1218exw), HA-SMN
(VB220512-1296yke), HA-SMN Ex1-5 (VB220512-
1302gqd), HA-SMN AEx3 (VB220512-1299vvx), and HA-
SMN AEx5 (VB220512-1301jan).

Cell culture and differentiation of iPSCs
into neuronal cells

SMA patient motor neurons: HUVEC iPSC line was a gener-
ous gift from the Kurian Lab [43]. WTC11 line was gener-
ated by the Conklin Lab and purchased from Erasmus MC
iPS Core Facility. CS13iSMA was purchased from Cedars
Sinai iPSC Core Facility. HGK1, HGK4a, HGK13, HGK22,
and HGK27 were generated by Dr. Ludwig Heesen and iPIE-
RIAN [14, 20]. A description of the SMA patient lines can
be found in Sup table 3. Motor neuron differentiation was
performed as described before, with some modifications
[18]. To generate the clumps for embryoid body formation,
similar size squares were scratched on a~90% confluent
well, treated with collagenase type IV, and resuspended in
Essential™6 medium (A1516401, Gibco™) on ultra-low
attachment flask (Corning). The first 2 days of the differ-
entiation, neuronal basic medium (DMEM/F12 and Neu-
robasal supplemented with N2 and B27 without vitamin A)
were supplemented with 3 pM CHIR99021 (4423, Tocris

Bioscience), 0.2 uM LDN-193189 (52618, Selleckchem),
40 pug SB431542 (1614, Tocris Bioscience), and 5 uM
Y-27632 (S1049, Selleckchem). From day 3 on, neuronal
media was supplemented with 0.1 uM retinoic acid (Sigma)
and 500 nM SAG (Merck Millipore). From day 8 on until the
end of the differentiation, BDNF (10 ng/ml, Peprotech) and
GDNF (10 ng/ml, Peprotech) were added to the media. From
day 9 to 16, neuronal media was supplemented with 20 pM
DAPT (2634, Tocris Bioscience). On day 11, clumps with
motor neuron progenitors were dissociated into single cells
for plating on 20 pg/ml laminin-coated wells. From day 17
on, maturation media containing 10 ng/ml of BDNF, GDNF
and CNTF (Peprotech) was added. Every other day media
was changed by replacing half of the medium.

GEMINS iPSC-derived neurons: We used two differ-
ent mutant GEMINS iPSC lines harboring L1068P and
HO913R variants characterized in [28]. In short, we repro-
grammed peripheral blood mononuclear cells (PBMCs)
from a homozygous GEMINS L1068P/L1068P patient
(referred to as GEMIN51%9P) and an unaffected parent
(L1068P/ +, referred to as control) into induced pluripo-
tent stem cell lines (iPSC). In addition, we used CRISPR/
Cas9 to engineer an additional mutant GEMINS cell line,
GEMINS H913R (H913R/+, referred to as control) and
homozygous variant GEMINS H913R/H913R (referred to as
GEMINS"13Ry in a healthy isogenic iPSC line. The iPSCs
were cultured and maintained in mTeSR media (STEM-
CELL technologies) on Matrigel-coated plates. For neuronal
differentiation, ~ 0.6 million cells were plated and let to grow
for up to 80-90% confluency in mTeSR 1 for 2 days. For
the first phase of differentiation, the confluent iPSC cells
were grown for 6 days in N2B27 Neurobasa/DMEM-F12
medium (1:1 v/v) containing 1% N2 (Gibco, 17,502-048),
2% B27 (Gibco, 17,054-044), 1% Glutamax (Gibco), and
non-essential amino acids (NEAA) (Gibco, 11,140,050)
along with 10 uM SB431542 (STEMCELL technologies),
0.1 pM LDN (Sigma SML0559), 1 uM retinoic acid (RA)
(Sigma R2625), and 1 uM smoothened agonist (SAG, Cay-
man chemicals 11,914). For days 7 to 14, cells were grown
in N2B27 media supplemented with 1 uM RA, 1 uM SAG,
10 uM DAPT (Cayman, 13,197), and 16 uM SU5406 (Cay-
man, 131,825). On day 14, cells were dissociated using Try-
pLE/ DNase I (Invitrogen) and cultured on poly-ornithine
and laminin-coated coverslips or plates in neuronal media
containing neurobasal medium, N2, B27, 0.4 mg/ml ascor-
bic acid (Sigma, A4403), 10 pg/ml human brain-derived
neurotrophic factor (BDNF) (Peprotech, 45,002), 10 pg/ml
glial cell derived neurotrophic factor (GDNF) (Peprotech,
45,010), 10 pg/ml ciliary neurotrophic factor (CNTF) (Pep-
rotech, 45,013), 1% Glutamax, and NEAA.
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Lentiviral production and transduction

Lentiviral transfer vectors encoding EGFP and SMN were
co-transfected with Lenti packaging plasmids (OriGene)
into HEK cells using the Turbofectin transfection reagent
(OriGene) according to the manufacturer’s instructions. Fol-
lowing an initial media change, lentiviral supernatant was
collected at 24 and 48 h post-transfection prior to filtration
and overnight incubation at 4 °C with 1X Lenti Concen-
trator Solution (OriGene). The Lenti Particles were then
centrifuged at 4000 x g for 120 min at 4 °C. The result-
ing pellet was recentrifuged at 4000 X g for 5 min prior to
re-suspension in ice-cold, sterile PBS. Pellets were then
allowed to dissolve for 1-2 days at 4 °C. Resuspended len-
tiviral particles were then aliquoted. Neuron transductions
were performed by diluting lentiviral particles at an MOI
of 5 in neuronal differentiation media. Media changes were
performed after 48 h of incubation and all experiments were
initiated at 1204 hours post-transduction.

Transfections and ASOs

HEK?293T cells were transiently transfected with plasmids
using Lipofectamine 3000 (Invitrogen L3000001) and
used 48 h after transfection. All ASOs used in this study
were obtained from Dharmacon (Lafayette, CO, USA), and
encompassed phosphorothioate backbone and 2'OMe mod-
ifications throughout the entire sequence. HEK293T cells
were transiently transfected with control 10’mer and ASO
N1 ASO’s at 25, 50, and 100 nM for 48 h. iPSC neurons
were transiently transfected with control 10’mer and ASO
N1 (Nusinersen) ASO’s at 500 nM for 72 h. The ASO N1
has the same sequence of Nusinersen and was constructed
with 2'-Omethyl RNA Bases and Phosphorothioate back-
bone modifications. ASO sequences are as follows: ASO N1:
5'-AUUCACUUUCAUAAUGCUGG-3'". Control: 5-UUG
CCuuuUCU-3'".

Immunofluorescence

The HEK293T cells and neurons were fixed in 4% paraform-
aldehyde (PFA) for 15 min and blocked in 0.1% Triton-X
in PBS and 5% normal goat serum for 1 h. The cells were
treated overnight with the following antibodies: rabbit anti-
GEMINS (Millipore Sigma HPA037393, 1:1,000), mouse
anti-Smb (Y12) (NovusBio, 1:500), mouse anti-SMN (BD
transduction 610,646, 1:1,000), mouse anti-coilin (Santa
Cruz sc-55594, 1:500), chicken anti- beta-III Tubulin
(NOVUS Biologicals NB100-1612- 1:1,000), and goat anti-
MAP2 (Synaptic System-188 004, 1:1,000). Alexa fluor-
488, -568, and -647 secondary antibodies were used from
Invitrogen. The cells were mounted using fluoroshield™

@ Springer

with DAPI (Sigma) and images were taken at 60 X using
Nikon A1-T216.3 confocal microscope.

Quantification of immunofluorescent staining: Images
used for quantification were acquired at matched exposure
times or laser settings and processed using identical settings.
Quantification of the confocal immunostaining was per-
formed in a blinded fashion and maximum intensity images
were used for analysis in Fiji ImageJ software. Regions of
interest (ROI) were drawn around the nuclear and cytoplas-
mic regions and referred to as “total intensity”. The raw Inte-
grated Density Values were detected for the total intensity
of each cell and normalized to the area of each cell for the
final total intensity value. The nuclear region was identified
by DAPI signal and the cytoplasmic region according to the
plasmid fluorescent reporter construct [16, 49].

Western blot (WB) analysis

Fly heads were collected from each cross and snap-frozen
on dry ice. Heads were crushed on dry ice and incubated
in RIPA buffer (150 mM NaCl, 1% NP40, 0.1% SDS, 1%
sodium deoxycholate, 50 mM NaF, 2 mM EDTA, 2 mM
DTT, 0.2 mM Na orthovanadate, and 1 X Roche protease
inhibitor #11,836,170,001). Lysates were sonicated and
centrifuged to remove debris. Supernatants were boiled in
Laemmli buffer (Boston Bioproducts, #BP-111R) for 5 min
and loaded onto 4%—12% Nupage Bis—Tris gels (Novex/Life
Technologies). Proteins were transferred using the iBlot2
(Life Technologies, #13,120,134) onto nitrocellulose (iBlot
2 NC regular Stacks, Invitrogen, #1B23001). Western blots
were blocked with 2.5% milk solution (BLOT-QuickBlocker
reagent, EMB Millipore, #WB57-175GM) and incubated
with primary antibody overnight: rabbit Drosophila Rig,
1-1:000 (developed by Bio Boster Biological Technology
Co. Ltd, Wuhan, China), rabbit Drosophila Smn (devel-
oped by Bio Boster Biological Technology Co. Ltd, Wuhan,
China), and mouse anti-tubulin, 1:10,000 (66,031, Protein
Tech). Blots were washed and incubated in secondary anti-
body for 1 h and imaged on a Licor imager (Odyssey CLx).
All western blots were run in triplicate using biological rep-
licates. Protein levels were quantified using Image J soft-
ware, and statistical analysis was performed with GraphPad
Prism six software.

HEK?293T cells and differentiated neurons were disso-
ciated in TrypLE/DNase and cells were pelleted down at
250xg at room temperature. The cells were washed with PBS
and lysed in RIPA buffer containing 150 mM NaCl, 50 mM
NaF, 2 mM EDTA, 0.2 mM Na orthovanadate, 1% sodium
deoxycholate, 2 mM DTT, 1% NP40, 0.1% SDS, and pro-
tease inhibitor (Roche 11,836,170,001). The lysates were
sonicated and centrifuged at 10,000 xg for 15 min at 4 °C.
The concentrations of proteins in the supernatant were meas-
ured by Pierce™ BCA protein assay kit (Thermo Scientific
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23,227). Equal concentration of supernatant was boiled with
1X Laemmli buffer and the proteins were separated using
4-12% NuPage bis—Tris gel (Novex/Life Technologies).
Proteins were transferred onto nitrocellulose (Invitrogen
IB23001) using the iBlot2 (Life Technologies 13,120,134).
The blots were blocked in 2.5% QuickBlocker reagent (EMB
Millipore WB57-175GM) and probed overnight with the fol-
lowing antibodies: mouse anti-tubulin (SIGMA, 1:10,000),
anti-beta-actin HRP-conjugated (1:10,000, HRP-60008, Pro-
teintech), anti-GEMINS (Protein Tech p-7210531, 1:1,000),
mouse anti-GEMIN?2 [2E17] (1:2,000), mouse anti-GEMIN4
[F-2] (Santa Cruz sc-166418, 1:1,000), and mouse anti-SMN
(1:3000, 610,646, BD Biosciences).

Secondary antibodies used were anti-rabbit DYLight 800
and anti-mouse 680 (Invitrogen, 1:10,000). The blots were
imaged using Licor imager (Odyssey CLx). All the blots
were run in triplicates and the integrated band densities were
calculated using image studio software (Licor).

RT-PCR and qRT-PCR

Total RNA was isolated using the PureLinkTM RNA
mini kit (Invitrogen). RNA quantity and purity (260/280
and 260/230 ratios) were determined using a NanoDrop
ND-1000 spectrophotometer. The iScript Select cDNA Syn-
thesis Kit (Bio-Rad) was then used to produce cDNA from
500 ng of RNA from each sample. For PCR reactions, the
cDNA was synthesized in 20uL reactions using PCR super-
mix (Invitrogen) following the manufacturer’s instructions.
PCR products were separated on 6% TBE gels (Invitrogen)
and visualized by ethidium bromide staining. Analysis and
quantifications of SMN2 splice products were performed
using ImagelJ software. The primers used in the PCR reac-
tion are outlined in Sup table 4.

For qRT-PCR, all cDNA samples were run on 96-well
plates (Applied Biosystems; 4,306,737) on a 7300 Real-
Time PCR System (Applied Biosystems) using the Bio-
Rad iQ Supermix (170-8862). Cycle threshold (CT) values
were recorded and analyzed following the comparative (CT)
method using Prism 6 (GraphPad Software) for statistical
analyses. All primers for qPCR were designed PrimerQuest
primer design tool (Integrated DNA Technologies). The
primers were designed with the PrimerTime qPCR Assay
tool (Integrated DNA Technologies). IDT PrimeTime gPCR
Assays were used as the primer/probe solutions. The primers
and probes used for qPCR assays are listed in Sup table 4.

Simplex real-time PCR SMN copy number

Simplex real-time PCR analysis was performed as previ-
ously described with some modifications. Human serum
albumin (ALB) was employed as an endogenous reference
gene. Primers and TagMan MGB 50-labeled VIC probes for

the SMN1 and SMN2 exon 7 locus used in this study were
as previously described [2, 44]. Primers and TagMan MGB
50-labeled FAM probe for the reference gene Albumin map
are in exon 12 and have been designed using Integrated DNA
technology software. All primers and probes for the copy-
number assay are in Sup table 4. Sample DNA was diluted
to the final theoretical concentration of 5.0 ng/mL. Simplex
PCR was carried out in quadruplicate for each sample. Each
reaction was performed in a total volume of 20 pL contain-
ing 10.0 ng of genomic DNA, 10 pL iQ multiplex power-
mix (Bio-Rad), 300 nM of the gene-specific primers, and
100 nM of the gene-specific MGB probe. PCR conditions
were 3 min 95 °C and 40 cycles consisting of 15 s 95 °C,
and 1 min 60 °C. The copy number of SMNI or SMN2 was
calculated using the following equation: SMNI (SMN2)
copy number =raw SMNI (SMN2) CT value/(raw albumin
CT value/2).

In vitro snRNP assembly

Cytoplasmic extracts from the differentiated neurons were
prepared using NE-PER nuclear and cytoplasmic extraction
kit (Thermo Scientific 78,835) and the protein concentration
was measured by Pierce™ BCA protein assay kit. UlsnRNA
were transcribed from gel-eluted and linearized DNA tem-
plate by in vitro transcription using T7 RNA polymerase and
m7G cap analogue. pCp-Cy3 (Cytidine-5'-phosphate-3'-(6-
aminohexyl) phosphate) (Jena Bioscience) was transferred
to the 3'-hydroxyl group on UlsnRNA by T4 RNA ligase
(ThermoFisher). The snRNP assembly reaction was carried
out as previously described [28]. In short, 5 pg of pCp-Cy3
labeled UlsnRNAs were incubated with 50 g of cytoplas-
mic extract, 10 pM tRNA, and 2.5 mM ATP at 30 degrees C
for 90 min. The reaction samples were loaded onto a native
6% TBE polyacrylamide gel (Novex/Life Technologies). The
gel was run at 150 V at 4 degrees and was imaged using
Licor imager [28].

RNA sequencing and alternative splicing (AS)
analysis

RNA was isolated from iPSC-derived differentiated neu-
rons from control, mutant GEMIN5"213R iPSC neurons with
EGFP, and EGFP-SMN lentiviral expression using the Pure-
Link™ RNA mini kit (Invitrogen). RNA from all samples
was extracted, assessed for quality control, and sequenced
via paired-end 2 X 150 bases at approximately 60 million
paired-end reads per sample on an Illumina HiSeq platform.
RNA library preparations and RNA sequencing reactions
were conducted at GENEWIZ, LLC. For consistency, we
first performed gene expression analysis for all samples by
mapping to the genome (Ensembl Version GRCh38.96)
using the STAR aligner. Principal Components Analysis
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(PCA) confirmed that the samples were sequentially ordered
in gene expression space, as expected. Alternative splic-
ing analysis was conducted using rMATS (V4.1.1) with
Ensembl gene models [53]. Initially, the categories of alter-
native splicing events, such as skipped exon (SE), mutually
exclusive exon, alternative 5 splice site, alternative 3’ splice
site, and retained intron, were identified and the schematics
were plotted. Further, mapped BAM files were used as an
input to detect differences in specific regions of transcripts
from a particular gene based on the percentage of splicing
inclusion and detect the differential splicing between con-
trols and mutant GEMIN5"!3R neurons with and without
SMN expression. Output from the analysis included both the
reads mapped to splice junctions as well as reads mapped to
both splice junctions and exon body. To gain a systematic
view of the alternative splicing, we retrieved the PSI values
for these events in and created sashimi plots. Sashimi plots
of selecting representative genes as determined by rMATS
analysis were plotted using rmats2sashimiplot wrapper by
calculating the average inclusion level, average read depth,
and the average number of junction-spanning reads of each

group.
Statistical analysis

Statistical analyses were done on GraphPad Prism using one-
way ANOVA (analysis of variance) followed by a Bonferroni
or Tukey post hoc test for comparison between two or more
groups.

Results

SMN is a genetic modifier of GEMIN5-mediated
neurodegeneration in vivo

To investigate if the interacting partners of GEMINS could
compensate for the neurodegeneration associated with the
loss of GEMINS (Rigor mortis, the Drosophila homologue
of human GEMINY) in vivo, we conducted a screen of Dros-
ophila SMN complex members and assessed their impact on
the effects of Rigor mortis (Rig) knock down (KD) (Fig. 1a).
Utilizing the glass multiple reporter (GMR), Rig RNAIi-
expressing animals were crossed with control, Luciferase
(LUC) overexpression (OE) (positive control to rule out gal4
dilution), Smn RNAi, Smn OE, and Gemin2 OE-mediated fly
lines to drive targeted expression of the transgenes to Dros-
ophila eyes. UAS-dicer was used to enhance the KD of Rig
over 50% and resulted in severe external eye degeneration
and ommatidial disorganization phenotypes as compared to
control animals (Fig. 1a, Sup Fig. 1a—c). Overexpression of
Luciferase and KD of Smn had no effect on the external eye
degeneration of Rig KD animals (Fig. 1c-d). Surprisingly,
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ectopic expression of Drosophila Smn significantly sup-
pressed the external eye degeneration phenotypes in Rig
RNAi-expressing animals (Fig. 1e). Contrary to Smn over
expression, we found that ectopic expression of Drosophila
Gemin?2 significantly exacerbated eye toxicity in Rig RNAi-
expressing animals as compared to controls (Sup Fig. 1d-e).
In addition, ectopic expression of Smn significantly restored
the decreased eye size of Rig RNAI expressing animals
(Fig. 1f). Further, we found that Smn overexpression contin-
ued to suppress Rig RNAi induced external eye degeneration
over time (Sup Fig. 1f). We observed a similar suppression
in the loss of Rig phenotype among both male and female
animals.

These results prompted us to examine the expression
levels of Rig and Smn in the Rig RNAi-expressing ani-
mals via qPCR and Western Blot (WB). We found that the
endogenous levels of Rig mRNA (decreased by ~65-70%
with dicer) and protein (Fig. 1g, Sup Fig. 1g-h) were sig-
nificantly reduced upon KD of Rig, as compared to control.
In addition, Smn mRNA (decreased by ~50%) and protein
were also significantly reduced in Rig KD animals (Fig. 1h,
Sup Fig. 1i). WB and qPCR confirmed ectopic expression of
Smn in Rig KD animals and had no effect on the efficacy of
silencing expression of Rig via RNA interference (Fig. 1g-h,
Sup Fig. 1g-1). More importantly, GEMINS appears to be
essential for motor function, as patients with homozygous
mutations manifest neurological symptoms at very early
stages [28, 48, 50]. Thus, we sought to determine if Smn
had any effect on the motor function phenotypes observed
in Rig KD animals. We used Tubulin-GAL4 and UAS-Dicer
(to enhance KD of Rig) to drive ubiquitous expression of
Rig RNAI in flies ectopically expressing Smn (Fig. 1i). We
observed complete pupal lethality of Rig KD animals com-
pared to controls, suggesting severe developmental defects
associated with loss of Rig. Interestingly, upregulation of
Smn significantly ameliorated the developmental defects
observed in Rig KD animals, with up to almost 100% of
animals eclosing to the adult stage (Fig. 1j). Together, these
results indicate that upregulation of Smn in Rig KD animals
rescues morphological defects and motor dysfunction asso-
ciated with the loss of Gemin5 in vivo.

SMN regulates the expression of GEMIN5
in mammalian cells

SMN protein-upregulating therapies have demonstrated
remarkable success in suppressing SMA patient symptoms
caused by loss-of-function mutations in the SMN1 gene [37,
68, 70]. However, these therapies have been limited to only
SMA patients and little is known about how SMN-upregulat-
ing therapies directly affect GEMINS. To further understand
these effects, we transfected HEK293T cells with EGFP
control and EGFP-SMN (dual promoter lentiviral construct
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Fig. 1 Smn upregulation suppresses loss of Gemin5 neurodegenera-
tion in vivo. a Schematic representing the experimental to investi-
gating the genetic manipulation of the Drosophila snRNP complex
proteins in the background of loss of Gemin5 (Rig) animals in vivo.
Drosophila expressing UAS-Rig RNAi were crossed with the GMR-
gal4 driver for targeted expression to the Drosophila eye and Tubu-
lin-gal4 driver for ubiquitous expression. b Representative images of
female Drosophila eyes expressing GMR-gal4 and Rig RNAI crossed
with control (W1118), Luciferase OE, Smn RNAi, and Smn OE. ¢, d,
e Quantification of eye degeneration of control and Rig RNAi flies
combined with (¢) Luciferase OE, (d) Smn RNAi, and (e) Smn OE
(n=20 Drosophila per group, one-way ANOVA w/ Tukey’s multiple
comparisons). Error bars indicate S.E.M. ****p<(0.0001. NS, not
significant. f Quantification of relative eye sizes of control and Rig

resulting in coexpression of SMN and EGFP separately) in a
dose-dependent manner and measured the protein expression
of GEMINS and SMN via WB (Fig. 2a). We found that the

RNAi flies combined with Smn OE (n=5 Drosophila per group,
one-way ANOVA w/ Tukey’s multiple comparisons). Error bars indi-
cate S.E.M. *p<0.05; ****p <0.001. NS, not significant. g, h gPCR
analysis from (n=4 biological replicates of 6 Drosophila heads per
group) confirms significant knockdown of endogenous (g) Rig in
the Rig KD groups and significant overexpression of (h) Smn in the
Smn OE crosses (one-way ANOVA w/ Tukey’s multiple comparisons).
Error bars indicate S.E.M. *p<0.05; ***¥p<(0.0001; NS, not sig-
nificant. i Representative male images of eclosed Drosophila adults
expressing Control, Rig RNAIi (pupal lethality), Rig RNAi in combi-
nation with over expression of Smn, and Smn OE. j The percentage of
eclosed adults for control and Rig RNAIi animals combined with Smn
OE (n=100 Drosophila per replicate, one-way ANOVA w/ Tukey’s
multiple comparisons). Error bars indicate S.E.M. ****p <(.0001

protein levels of endogenous GEMINS were significantly
increased upon ectopic expression of SMN (Fig. 2b). In
addition, we found that EGFP-SMN also notably increased
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Fig.2 SMN expression increases the levels of GEMINS in HEK293T
cells. a WB analysis showing the levels of GEMINS and SMN pro-
teins after ectopic overexpression of EGFP-SMN at 0 ug (untrans-
fected), 1 pg, and 2 pg in HEK293T cells (EGFP alone and untrans-
fected HEK293T cells were used as control). b Quantification of
proteins from panel A showing a significant increase in GEMINS5
SMN after overexpression of SMN (n=3 blots per condition,
unpaired Student’s t test between 0 pg and each condition). Error
bars indicate S.E.M. *p<0.05; **p<0.01; ****p<0.0001. NS, not
significant. ¢ WB analysis showing the levels of GEMINS and SMN
after dose-dependent administration of ASO Control (Ctrl) and the
SMN2 oligonucleotide ASO N1. d, e Quantification of GEMINS
and SMN protein levels after administration of O (untransfected), 25,

the fluorescent intensity of both SMN and GEMINS in
HEK?293T cells (Sup Fig. 2a). Similarly, we asked if ectopic
expression of other SMN complex members had any effect
on the levels of GEMINS. We ectopically expressed HA-
GEMIN2 and HA-GEMIN4 in HEK293T cells and observed
no significant changes in GEMINS expression compared to
controls (Sup Fig. 3a-e).

Based on these results, we asked if upregulation of SMN2
via the FDA-approved Nusinersen (referred to as ASO N1),

@ Springer

50, & 100 nm of (d) control ASO and (e) ASO N1 (n=3 blots per
condition, unpaired Student’s t test between 0 nm and each condi-
tion). Error bars indicate S.E.M. *p <0.05; **p<0.01; ***p <0.001;
*#%%p <0.0001. NS, not significant. f, g Quantification of the mRNA
levels showing a significant increase in (f) GEMINS and (g) SMN
after EGFP-SMN expression (n=3, one-way ANOVA w/ Bonfer-
roni test). Error bars indicate S.E.M. **¥p <0.001; ****p <0.0001.
h, i Quantification of GEMIN5 and SMN2-FL mRNA levels after
administration of 0 (untransfected), 25, 50, & 100 nm of (h) control
ASO and (i) ASO N1 (n=4, unpaired Student’s t test between 0 nm
and each condition). Error bars indicate S.E.M. *p <0.05; **p <0.01;
*##%p <0.001; ****p <(0.0001. NS, not significant

antisense oligonucleotide, had any effects on GEMINS
expression. We treated HEK293T cells with ASO N1 and
a scrambled control ASO (ASO Ctrl) at 3 different concen-
trations (25 nM, 50 nM, 100 nM) and assessed the protein
levels of GEMINS and SMN via WB (Fig. 2¢). Treatment
with ASO N1 resulted in a significant increase in GEMINS
and SMN (Fig. 2e), compared to cells treated with the con-
trol ASO (Fig. 2d). In addition, we found that 25 nm of
Cy3 ASO NI notably increased the fluorescent intensity of
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Fig.3 GEMINS is significantly reduced in motor neurons derived
from SMA patient iPSC lines. a WB analysis showing the levels of
GEMINS and SMN in motor neurons differentiated from iPSCs from
two healthy controls and 6 SMA patients (type 1, type 2 & type 3).
b, ¢ Quantification of (b) GEMINS5 and (¢) SMN showing a signifi-
cant decrease in both proteins in SMA type 1 motor neurons com-
pared to two healthy controls (n=3 biological replicates from three
independent differentiations, one-way ANOVA w/ Tukey’s multiple
comparisons). Error bars indicate S.E.M. *¥p <0.01; ***p<0.001. d,
e Quantification of (¢) GEMINS and (e) SMN showing a decrease in
both proteins in SMA type 2 motor neurons compared to two healthy
controls (n=3 biological replicates from three independent differen-
tiations, one-way ANOVA w/ Tukey’s multiple comparisons). Error
bars indicate S.E.M. *p <0.05. NS, not significant. f, g Quantification
of (f) GEMINS and (g) SMN showing a significant decrease in only
SMN protein in SMA type 3 motor neurons compared to two healthy

controls (n=3 biological replicates from 3 independent differentia-
tions, one-way ANOVA w/ Tukey’s multiple comparisons). Error bars
indicate S.E.M. ****p <0.0001. NS, not significant. h Pearson corre-
lation of SMN and GEMINS levels in the healthy controls and SMA
type 1 motor neurons exhibits a strong positive correlation between
the levels of both proteins across all samples (R=0.93) (n=aver-
age of three biological replications, Pearson correlation coefficient).
i Pearson correlation of SMN and GEMINS levels in the healthy
controls and 2 SMA type 2 motor neurons exhibits a strong positive
correlation between the levels of both proteins across all samples
(R=0.95) (n=average of three biological replicates, Pearson correla-
tion coefficient). j Pearson correlation of SMN and GEMINS levels in
the healthy controls and 3 SMA type 3 motor neurons exhibits a mod-
erate positive correlation between the levels of both proteins across
all samples (R=0.5) (n=average of three biological replicates, Pear-
son correlation coefficient)
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both SMN and GEMINS in HEK293T cells (Fig. S2b). To
determine the effectiveness of the N1-targeting ASO, we
performed PCR analysis to assess the percentage of SMN2
exon 7 inclusion in HEK293T cells after being treated with
0, 25, 50, and 100 nM of the control and ASO N1 ASOs
(Sup Fig. 4a). Treatment with ASO N1 produced an increase
in the inclusion of SMN2 exon 7 with the highest inclusion
percentage being ~80% at 100 nM for ASO N1 compared
to~45% for the control (Sup Fig. 4b).

In addition, to assess if upregulation of GEMINS5 was
restricted to the protein level or also had an effect at the
mRNA level in response to SMN expression, we measured
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the mRNA levels of GEMIN5 and SMN via qPCR. We found
that the mRNA levels of GEMINS (Fig. 2f) were significantly
increased in response to EGFP-SMN (Fig. 2g). Similarly,
we assessed the mRNA expression of GEMINS and SMN2
after ASO N1 treatment in HEK293T cells and observed a
significant increase in both GEMIN5 and SMN2 (Fig. 2i)
mRNA compared to controls (Fig. 2h). These observations
suggest that upregulation of both SMN transcripts (SMN1 &
SMN2) in HEK293T cells significantly increases the overall
expression of GEMINS.

Since we identified increased SMN expression as a
regulator of GEMINS, we asked how a reduction in SMN
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«Fig. 4 Upregulation of SMN rescues the levels of GEMINS in
mutant GEMINS5 iPSC-derived neurons. a Representative blots show-
ing the levels of GEMINS and SMN after lentiviral transduction of
EGFP and EGFP-SMN in unaffected control (H913R/+) and patient
(H913R/H913R) GEMIN5™13R ipSC neurons. b, ¢ Quantification
of (b) GEMIN5 and (¢) SMN proteins from GEMIN5™3R jpSC
neurons in panel A. (n=4 blots per condition, one-way ANOVA w/
Tukey’s multiple comparisons). Error bars indicate S.E.M. *p <0.05;
*p<0.01; ***¥%p<0.0001; NS, not significant. d Representa-
tive blots showing the levels of GEMINS and SMN after lentiviral
transduction of EGFP and EGFP-SMN in mutant GEMINS"!068F
iPSC-derived neurons. e, f Quantification of (¢) GEMINS and (f)
SMN proteins from mutant-derived GEMIN5!9P iPSC neurons in
panel d. (n=8 blots per condition, unpaired Student’s t test). Error
bars indicate S.E.M. **p<0.01; ****¥p<0.0001. g Representa-
tive confocal images of mutant GEMIN5-%P_derived iPSC neu-
rons transduced with EGFP control and lentiviral EGFP-SMN from
the same set of neuronal differentiations. The neurons were probed
for EGFP, endogenous SMN (to assess the level of SMN OE), and
endogenous GEMINS. The cell nuclei were stained with DAPI. Scale
bar=10 pm and 5 pm for zoom. h, i Quantitative analysis displaying
the total intensity of (h) SMN and (i) GEMINS from panel G meas-
ured as integrated density values (IDV) divided by cell area (n=170
neurons, unpaired Student’s t test). Error bars indicate S.E.M.
*##%%p <0.0001. j Representative blots showing the protein levels of
GEMINS and SMN in mutant GEMINS5™'?®*" neurons after adminis-
tration of ASO Control and ASO N1 at 500 nM. K, I. Quantitative
analysis of (k) GEMINS and (I) SMN proteins displaying an increase
in expression after 500 nM of ASO Control or ASO N1 administra-
tion (n=06 blots, unpaired Student’s t test). Error bars indicate S.E.M.
**p<0.01; ***p<0.001. m Representative confocal images of
mutant GEMIN5™%8P_derived iPSC neurons transfected with 500 nm
of Cy3 ASO Control and Cy3 ASO N1 from the same set of neuronal
differentiations. The neurons were probed for, endogenous SMN (to
assess the level of SMN OE), Cy3, and endogenous GEMINS. The
cell nuclei were stained with DAPI. Scale bar=10 um and 5 pm for
zoom. n, o Quantitative analysis displaying the total intensity of (n)
SMN and (o) GEMINS from panel G measured as integrated den-
sity values (IDV) divided by cell area (n=60 neurons, unpaired
Student’s t test). Error bars indicate S.E.M. ****p <0.0001. p Rep-
resentative blots showing the protein levels of GEMINS and SMN in
GEMINS5M98P peurons after 0, 4, 8, 12, and 24 h of cycloheximide
(CHX) treatment. q, r Quantitative analysis of the rate of degradation
of (q) GEMINS and (r) SMN proteins after CHX treatment at 0, 4, 8,
12, and 24 h. (n=3 blots, nonlinear regression-one phase decay)

expression influenced GEMINS levels. To investigate this,
we measured the levels of GEMINS and SMN in 6 SMA
patient iPSC samples harboring LOF mutations in the SMN
gene. We differentiated 2 healthy control iPSC lines and 6
SMA patient iPSC lines (across 3 types of SMA) into motor
neurons and conducted WB analysis (Fig. 3a). The SMA
type 1 neurons displayed a significant decrease in the lev-
els of both GEMINS (~50% reduction) (Fig. 3b) and SMN
(~85% reduction) (Fig. 3c), as compared to the 2 control
motor neuron samples. In addition, GEMINS (~30% reduc-
tion) (Fig. 3d) and SMN (~ 80% reduction) (Fig. 3e) were
also notably reduced in both SMA type 2 motor neurons,
as compared to the controls. Lastly, all SMA type 3 motor
neuron samples did not result in a significant decrease in
GEMINS expression (Fig. 3f), while displaying a drastic

reduction in SMN (~60% reduction) (Fig. 3g). This suggests
the effect of reduced GEMINS expression in SMA motor
neurons to be dosage-dependent, as over a 75% decrease
in SMN expression is needed to significantly influence
GEMINS expression. Furthermore, to confirm these find-
ings, we assessed for the levels of GEMIN2 protein in the
SMA type 1 and type 2 motor neurons. GEMIN2 was also
significantly reduced (over 50%) in both SMA type 1 and
2 motor neuron samples (Sup Fig. 5a-b). Importantly, we
observed a strong positive correlation between the lev-
els of SMN and GEMINS in the SMA type 1 and type 2
motor neurons (Fig. 3h-i), while only exhibiting a moder-
ate positive correlation in the SMA type 3 motor neurons.
These data suggest a strong association between SMN and
GEMINS expression.

SMN upregulation restores the loss of GEMIN5
in mutant GEMINS5 iPSC neurons

We previously reported that patients with biallelic mutations
in GEMINS exhibited a significant reduction in GEMINS
expression levels, resulting in defective SMN complex
formation [28]. We asked if upregulation of SMN had
any effect on the expression levels of GEMINS in mutant
GEMINS iPSC-derived neurons. Utilizing a lentiviral
expression system, we expressed EGFP and EGFP-SMN
in mutant GEMIN5"!3R iPSC-derived neuronal cells and
assessed the expression levels of GEMINS and SMN via
WB. In GEMIN5"13R_derived neurons expressing EGFP
control, we found the expression levels of GEMINS to be
drastically reduced up to-70-80% compared to the unaffected
controls (Fig. 4a). Further, we also observed a reduction in
the protein levels of SMN in mutant GEMIN5™3R peq-
rons expressing EGFP as compared to controls. Surpris-
ingly, lentiviral expression of SMN (increased by ~40%)
(Fig. 4c) in mutant GEMINS"!3R neurons significantly
increased the protein levels of GEMINS (Fig. 4b), as com-
pared to GEMINS"3R neurons expressing EGFP control.
Next, we asked if lentiviral SMN expression had a similar
effect on GEMINS in GEMIN5Y198P ipSC-derived neurons
(Fig. 4d). Lentiviral expression of SMN (increased by ~30%)
(Fig. 4f) in mutant GEMINS5Y98® neurons significantly
increased the protein levels of mutant GEMINS (Fig. 4e),
as compared to GEMIN5%8" neurons expressing EGFP
control. To gain further insights into mechanisms behind
SMN’s influence on mutant GEMINS, we assessed if SMN
expression had any effect on the localization pattern of
GEMINS in mutant GEMINS™%8F ipSC-derived neuronal
cells (Fig. 4g). We previously reported that biallelic muta-
tions in GEMINS result in a loss of cytoplasmic GEMINS
expression [28]. We found a significant increase in total
SMN (Fig. 4h) and GEMINS (Fig. 41) immunoreactivity in
mutant GEMINSY1%8P neuronal cells expressing lentiviral
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EGFP-SMN, as compared to mutant GEMINS5Y1%®P neuronal
cells expressing EGFP control. Furthermore, we asked if
lentiviral SMN expression had any effect on GEMIN5
mRNA in control and mutant GEMINS iPSC neurons. In
neurons harboring GEMIN5™R we found that the levels of
GEMIN5 mRNA were significantly increased in response to
lentiviral EGFP-SMN in both control and mutant GEMINS5
neuronal cells (Sup Fig. 6a-b). Thus, the effect of SMN
upregulation on GEMINS appears to be at the transcriptional
and translational level.

@ Springer

Additionally, we asked if Nusinersen ASO (ASO
N1) exerted similar effects as to lentiviral SMN on the
increase of GEMINS and SMN expression in mutant
GEMIN51%8® neurons (Fig. 4j). To investigate this, we
treated GEMIN5Y1%8® neurons with 500 nM of ASO N1
and scrambled control ASO and found a significant increase
in the expression levels of both GEMINS (Fig. 4k) and SMN
(Fig. 41). To assess the efficacy of ASO N1 administration,
we performed PCR analysis on the GEMIN5%8" neurons
and found that ASO N1 administration at 500 nM reduced
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«Fig.5 The RNA-binding sites of GEMINS5 and the Tudor domain of
SMN are required for the GEMINS5-SMN interaction. a Schematic
illustration of constructed HA-GEMINS constructs. HA-GEMINS-
WT harbors full-length GEMINS protein. HA-WD40 harbors only the
n-terminus of GEMINS containing 13 tryptophan aspartic acid repeat
domains (WD40). HA-ARBS lacks the C-terminus of GEMINS5 and
harbors the N-terminus and the tetratricopeptide repeat (TPR)-like
domains of GEMINS. HA-AWDA40 lacks the N-terminus of GEMINS
and harbors the TPR-like region and the c-terminus containing the
RNA-binding sites of GEMINS. b Representative blots of co-immu-
noprecipitation from HEK cells expressing HA-GEMINS constructs
and EGFP-SMN. Immunoprecipitation with HA antibody showed
SMN in the input samples and pulled down with HA-GEMIN5-WT
and HA-AWD40, but absent from HA-WD40 and HA-ARBS. Immu-
noprecipitation with SMN showed HA-GEMINS in the input samples
and pulled down with HA-GEMINS-WT and AWDA40, but absent
from HA-WD40 and HA-ARBS; * and arrows indicate bands of
interest. ¢ Representative blot of Immunoprecipitated HA-GEMINS5-
WT and HA-AWD40 HEK cell lysates with HA antibody and treated
with RNase A. Treatment with RNase A slightly decreases the inter-
action between SMN and HA-GEMINS-WT and HA-AWD40;
* and arrows indicate bands of interest. d Schematic illustration of
constructed HA-SMN constructs. HA-SMN-WT harbors full-length
SMN protein. HA-SMN Ex1-5 harbors exons 1-5 and lacks exons
6-8 of SMN. HA-SMN AEx3 lacks exon 3 of SMN which harbors
the Tudor domain. HA-SMN AEx5 lacks exon 5 which harbors the
proline-rich region of SMN. e Representative blots of immunopre-
cipitation from HEK cells expressing HA-SMN constructs. Immu-
noprecipitation with HA antibody showed endogenous GEMINS
in the input samples and pulled down with HA-SMN-WT and HA-
SMN AEXS, but absent from HA-SMN Ex1-5 and HA-SMN AEX3.
f Quantitative analysis of immunoprecipitated endogenous GEMIN5
pulled down with the HA-SMN constructs (n=3 blots, one-way
ANOVA w/ Tukey’s multiple comparisons). Error bars indicate S.E.M.
*#%p<(0.001. NS, not significant. g Representative blots of HEK
cells transfected with HA-SMN-WT, HA-SMN AEx5, and HA-SMN
AExX5 showing the levels endogenous GEMINS and SMN. h Quan-
titative analysis shows upregulation of GEMINS and SMN protein
in HA-SMN-WT and HA- SMN AExS only (n=4 blots, one-way
ANOVA w/ Tukey’s multiple comparisons). Error bars indicate S.E.M.
**p <0.01; ¥**p <0.001

exon 7 SMN2 skipping from 50 to 25% (Sup Fig. 6¢-d).
This resulted in about a 25% increase in SMN2 mRNA (Sup
Fig. 6e), which also resulted in a 25% increase in GEMINS
mRNA (Sup Fig. 6f). In addition, we assessed the impact
of ASO N1 administration on the localization patterns of
endogenous SMN and GEMINS in mutant GEMINSL1068P
iPSC-derived neuronal cells (Fig. 4m). Interestingly, admin-
istration of Cy3 ASO N1 significantly increased the fluores-
cent intensity of both SMN (Fig. 4n) and GEMINS (Fig. 40)
in mutant GEMINS5-!%8F iPSC-derived neuronal cells com-
pared to the scrambled Cy3 ASO control. Thus, ASO N1
exerts similar effects as lentiviral SMN in mutant GEMINS
iPSC-derived neurons and increases the expression of both
SMN and GEMINS at the mRNA and protein level.

In addition, to examine other possible underlying
mechanisms responsible for the increased protein levels
of GEMINS in response to SMN expression, we compared
GEMINS’s protein stability between mutant GEMIN5-1068P

neurons expressing EGFP and EGFP-SMN (Fig. 4p). We
assessed the protein expression of GEMINS and SMN after
0,4, 8, 12, and 24 h of cycloheximide (CHX) treatment. We
identified a steady decrease in GEMINS expression in neu-
rons expressing EGFP control after 2 h of CHX treatment,
whereas we observed a higher expression of GEMINS up
to 8 h after CHX treatment in response to lentiviral SMN
compared to controls (Fig. 4q). Likewise, SMN protein lev-
els showed a steady reduction after 2 h of CHX treatment in
EGFP expressing controls, whereas a higher expression of
SMN was observed up to 8 h after CHX treatment in neurons
expressing lentiviral SMN (Fig. 4r).

In patients with SMA, the number of innate copies of
SMN?2 is considered the most important phenotypic modi-
fier of the disease, as an increase in SMN2 copy number
results in a higher expression of functional SMN protein
[7, 11, 46, 69]. Our current findings indicate that the levels
of endogenous GEMINS and SMN present in patients with
mutations in GEMINS may play a role in the regulation of
other SMN complex components and possibly contribute to
GEMINS-mediated neurological phenotypes. To assess the
copy numbers of both SMNI and SMN?2 in the unaffected
parent and the GEMINS5Y 98P patient, we extracted DNA
from the patient iPSCs and conducted simplex Real-Time
PCR SMN copy-number quantification [44, 61]. Interest-
ingly, we found that both the unaffected parent and mutant
GEMINS %8P individual harbor 2 copies of both SMN/ and
SMN2 (Sup Fig. 7a-b), suggesting the reduction in SMN
protein levels in the GEMIN5™1%8 individual to be caused
by the loss-of-function biallelic mutations in GEMINS.
Overall, these findings indicate that upregulation of SMN
influences the levels of GEMINS in mutant GEMINS iPSCs
and may demonstrate that the expression levels of these two
SMN complex components are inter-dependent in neuronal
cell types.

The Tudor of SMN is required for GEMINS5 interaction
and regulation

To identify the domains responsible for GEMINS and
SMN interaction, we co-transfected HEK293T cells with
full-length HA-GEMINS5-WT, HA-WD40 (n-terminus
only), HA-ARBS (deleted c-terminus), HA-AWD40
(deleted n-terminus), and EGFP-SMN, and tested via
co-immunoprecipitation (Fig. 5a). Interestingly, disrup-
tion of the c-terminus of GEMINS which harbors two
RNA-binding sites abolished GEMINS’s interaction
with SMN, suggesting that the functional RNA-binding
sites of GEMINS are required for efficient interaction
with SMN protein (Fig. 5b). To assess if this interaction
was RNA dependent, we treated HA-GEMINS-WT and
HA-AWD40 immunoprecipitated lysates with RNase A.
We found that RNase A slightly decreased the interaction
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«Fig.6 SMN expression alleviates reduced snRNP biogenesis in
GEMINS-mediated disease. a Confocal images of control and
mutant GEMIN5 L1068P neurons transduced with EGFP and lenti-
viral EGFP-SMN from the same set of neuronal differentiations. The
neurons were probed for the snRNP marker Y12 (Sm), GFP, and the
neuronal marker microtubule-associated protein 2 (MAP2). The cell
nuclei were stained with DAPI. Scale bar=10 pm. b Quantitative
analysis observing a significant decrease in nuclear snRNP expression
in L1068P neurons after lentiviral transduction of EGFP. Lentiviral
transduction of EGFP-SMN significantly rescues the levels of nuclear
snRNP expression in L1068P neurons (n=75-100 neurons, one-
way ANOVA w/ Tukey’s multiple comparisons). Error bars indicate
S.EM. *p<0.05; **p<0.01; ****p<0.0001. NS, not significant.
¢ Confocal images of control and mutant GEMINS H913R neurons
transduced with EGFP and lentiviral EGFP-SMN from the same set
of neuronal differentiations. The neurons were probed for the small
nuclear ribonucleoprotein interacting partner, Coilin (cajal bodies,
CBs), GFP, and GEMINS. The cell nuclei were stained with DAPI.
Scale bar=10 pm. d Quantitative analysis observing the average
number of CBs per cell in control and mutant H913R neuronal cells
with EGFP and EGFP-SMN lentiviral expression. Only CBs above
0.2 microns were quantified (n=60-80 neurons, one-way ANOVA w/
Tukey’s multiple comparisons). Error bars indicate S.E.M. **p <0.01;
NS, not significant. e The percentage of cells with CBs in control and
mutant H913R neuronal cells with EGFP and EGFP-SMN expres-
sion (n=60-80 neurons, one-way ANOVA w/ Bonferroni test). Error
bars indicate S.E.M. **p <0.01; NS, not significant. f Representative
gel displaying complete in vitro snRNP assembly formation using 3’
Cy3-biotin-labeled Ul snRNA and the cytoplasmic extract from con-
trol and L1068P neurons with lentirviral SMN and ASO N1 adminis-
tration. Untransfected HEK293T cells and HEK293T transfected with
GEMINS shRNA were used as a positive control for assembly for-
mation. g Representative quantification of 3 biological replicate sam-
ple displaying the intensity of the snRNP assembly between groups
(n=3, one-way ANOVA w/ Tukey’s multiple comparisons). Error bars
indicate S.E.M. *p <0.05; **p <0.01. NS, not significant. h Confocal
images of the ventral nerve cord (VNC) of control and ubiquitously
expressing GEMINS KD Drosophila larvae with and without Smn
over expression stained with the snRNP marker Sm (Y 12) and nuclei
(DAPI). Loss of GEMINS in vivo results in a reduction of nuclear
Sm which is rescued by upregulation of Smn. Scale bar=10 pM. i.
Confocal images of the ventral nerve cord (VNC) of control and ubiq-
uitously expressing GEMINS KD Drosophila larvae with and with-
out Smn over expression stained with the small nuclear ribonucleo-
protein interacting partner, dCoilin (CBs) and nuclei (DAPI). Loss of
GEMINS in vivo results in a drastic reduction of CB formation which
is rescued by upregulation of Smn. Scale bar=10 uM

gene), HA-SMN-AEx3 (deletion of the SMN Tudor
domain), and HA-SMN-AEx5 (deletion of the proline-
rich region of SMN) were transfected in HEK293T cells
and tested by immunoprecipitation (Fig. 5d). Surprisingly,
immunoprecipitation with the SMN2 product (HA-SMN-
Ex1-5 which lacks E7 of SMN) and deletion of the SMN
Tudor domain (HA-SMN-AEx3) completely abolished
the interaction with GEMINS5 (Fig. Se-f). Of note, dele-
tion of the SMN Tudor domain may result in expression
of non-functional SMN protein, which in turn does not
interact with endogenous GEMINS. To assess if the Tudor
domain was also required for SMN regulating GEMINS
expression, we transfected HEK cells with HA-SMN-WT,

HA-SMN-AEXxS5, and HA-SMN-AEx3, and analyzed the
protein expression of both GEMINS and SMN (Fig. 5g).
HA-SMN-WT and HA-SMN-AEX5 both increased the
levels of endogenous SMN, which resulted in an increase
in GEMINS expression (Fig. 5g). These results suggest
that the Tudor domain of SMN is required for efficient
GEMINS binding and regulation of expression.

SMN expression rescues the loss of splicing
machinery and improves alternative splicing defects
in GEMIN5-mediated disease

GEMINS is an essential component of the SMN complex
that is required for biogenesis of the spliceosome snRNP
core. Upon final completion of snRNP-core assembly in
the cytoplasm, the snRNPs are imported into the nucleus
and transiently localize in nuclear body structures termed
Cajal Bodies (CBs) [8, 38, 59]. More importantly, disruption
of snRNP-core assembly resulting from the loss of SMN
complex proteins leads to a destabilized SMN complex and
significant disruptions in CB formation [5, 54]. These find-
ings prompted us to ask if mutations in GEMINS disrupt
snRNP biogenesis and import into CBs. First, we examined
the presence of nuclear U snRNPs in GEMIN51068F pey-
ronal cells by immunostaining for SmB (Y12) (Fig. 6a). We
observed a drastic decrease in nuclear U snRNP expression
in GEMINS51%8F neurons as compared to control. These
findings prompted us to ask if lentiviral SMN had any effect
on U snRNP expression in the GEMIN5“1%3P neurons.
Interestingly, we observed a significant increase in nuclear
U snRNP in both control and mutant GEMIN51068P pey-
rons expressing SMN (Fig. 6b). Since we saw a decrease in
imported U snRNPs in mutant GEMINS neurons, we also
observed for the presence of CBs in mutant GEMINS513R
neuronal cells (Fig. 6¢). GEMINS™3R peyronal cells
expressing EGFP displayed a significant reduction in the
average number of CBs per cell (Fig. 6d) and the percentage
of neuronal cells that harbored CBs (Fig. 6e) compared to
control. Surprisingly, lentiviral expression of SMN restored
the loss of CB formation and increased the percentage of
neuronal cells harboring CBs in mutant GEMIN5"13R pey-
ronal cells. There appeared to be no obvious localization
of GEMINS into the CB structures. Next, we wanted to
assess if SMN upregulation was sufficient to rescue mature
snRNP assembly in GEMINSY%8P neurons. To investi-
gate this, we reconstituted the snRNP core in vitro using
transcribed 3'Cy3-biotinylated-U1snRNA and cytoplasmic
extracts from control and mutant GEMINS5™%8F pneurons
transduced with EGFP-SMN and treated with 500 nM of
scramble control and ASO N1 ASO (Fig. 6f). We also used
cytoplasmic extract from HEK293T cells transfected with
scramble shRNA and GEMIN5 shRNA as a positive con-
trol [28]. Assembly formation was drastically reduced in
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Fig.7 Lentiviral SMN expression significantly impacts the alter-
native splicing profile in mutant GEMIN5"3R neurons. a Rep-
resentative schematic of the five-alternative splicing (AS) event
types reported by rMATS. The types of AS events include retained
intron (RI), alternative 5’ splice site (A5’SS), alternative 3’ splice
site (A3’SS), mutually exclusive exons (MXE), and exon skip-
ping (SE). b The number of significant splicing events with an
increased or decreased inclusion per AS category in GEMIN5™13R
neurons expressing EGFP control and EGFP-SMN compared to
control (FDR <0.05, A¥>5%). GEMIN5™!R peurons express-
ing EGFP-SMN result in a higher number of increased inclusions
and reduce the number of decreased inclusions in GEMIN5H?I3R
neurons expressing EGFP control. ¢ Percentage of splicing events
per category that resulted in an increased inclusion event between
mutant GEMIN5"R neurons with EGFP and SMN OE compared
to control. Mutant GEMIN5™!3R neurons with SMN saw a rescue
in decreased inclusions and an increased percentage in included AS

GEMINSM98P neurons with the scrambled control ASO
compared to control neurons. We observed a significant
rescue in assembly formation in GEMIN5“1%8P neyrons
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events (SE, A5SS, A3SS, and RI) compared to mutant GEMIN5H13R
neurons with EGFP. d Analysis showing the number of genes that
exhibited a significantly improved AS event (increased inclusion) per
category between mutant GEMINS"3R peurons with and without
lentiviral SMN expression (FDR <0.05, A¥Y >5%). e Gene ontology
(GO)-based annotation of the genes with a significantly improved
splicing event after SMN transduction via DAVID (v6.7). The y-axis
represents GO annotations of the up-key words. The x-axis represents
the Fold Enrichment Score for each GO annotation (FDR <0.05). f;
g, h Sashimi plots of the improved exon skipping events after SMN
transduction for the genes (f) FNBPI, (g) EHBPI, and (h) SPTSSB
in GEMIN5"213R peurons. The axes represent the counts of RNA-seq
reads that span the junctions in each genomic region. Red indicates
the GEMIN5™3R neurons with EGFP, while orange indicates the
GEMINS5"3R peurons with SMN overexpression. The estimated W
values are shown on the right

transduced with lentiviral SMN and treated with the ASO
N1 (Fig. 6g).
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To determine if there are also snRNP-core assembly phe-
notypes associated with loss of Gemin5 in vivo, we utilized
the UAS/gal4 system and used Tubulin-GS-gal4 (GeneS-
witch) induced by a mild dose of RU486 to induce ubiqui-
tous expression of Rig KD throughout larval development.
First, we dissected Drosophila larval brains of control, Rig
KD, and Rig KD Smn overexpressing animals in the ventral
nerve cord (VNC) and immunostained for Drosophila U
snRNP (dSmb) and cell nuclei (DAPI) (Fig. 6h). Similarly
to the mutant GEMINS iPSC-derived neurons, we found that
dSmB was drastically reduced in Rig KD animals compared
to control. We therefore investigated if ectopic expression
of Smn rescued dSmB expression in Drosophila brains of
Rig KD animals and observed a noticeable rescue in dSmB
expression (Fig. 6h). Next, we investigated the expression
of Drosophila Coilin in the brains of control, Rig KD, and
Rig KD Smn over expressing larvae. We observed a drastic
reduction in dCoilin expression and CB formation in Rig KD
animals compared to control. Surprisingly, upregulation of
Smn restored dCoilin expression in Drosophila brains of Rig
KD animals (Fig. 6i). These results suggest that mutations
and loss of Gemin5 in vivo disrupt snRNP assembly and
upregulation of SMN partially rescues snRNP phenotypes
associated with GEMINS-mediated disease.

The results above suggest that SMN upregulation res-
cues snRNP defects exhibited in GEMIN5-mediated disease.
Since snRNP biogenesis is a key driver of RNA splicing
events, we investigated the alternative splicing (AS) profile
of mutant GEMINS"13R neurons with lentiviral expression
of EGFP and EGFP-SMN compared to control neurons using
rMATS. rMATS calculates the inclusion of a given differ-
entially expressed exon as percent spliced-in (PSI or ¥) and
assesses the fraction of a gene’s mRNA across five main
alternative splicing patterns, retained intron (RI), alternative
5' splice site (ASSS), 3' alternative splice site (A3SS), mutu-
ally exclusive exon (MXE), and exon skipping (SE) (Fig. 7a,
Sup Dataset 1). Using an FDR 0of <0.05 and a AY > 5%,
we identified a total of 2,950 significant splicing events
(1,758 with a significantly increased ¥ and 1,192 with a
significantly decreased ¥ in mutant GEMINSH1*R pey-
rons. Exon skipping represented the largest number of AS
events between the two groups with a total of 2,009/2,950
(68.1%) (Fig. 7b). Importantly, after lentiviral expression
of SMN in the mutant GEMIN5"13R neurons, we found a
higher number of significant AS events with an increased
inclusion event per each splicing category compared to con-
trols (Fig. 7b). Additionally, we found a lower number of
significant AS events exhibiting a decreased inclusion per
splicing category after lentiviral SMN expression in mutant
GEMINS5H13R neurons compared to controls (Fig. 7b). Exon
skipping resulted in a 7.3% increase in inclusions followed
by an increase in A5’SS (5.3%), A3’SS (10.2%), and RI
(17.45%) AS events in GEMIN5"13R neurons with SMN

vs. control compared to GEMIN5"3R neurons with EGFP
vs. control (Fig. 7¢). Additionally, Exon skipping resulted in
a lower percentage of decreased inclusions (7.4%) followed
by a lower percentage of significant A5’SS (5.4%), A3’SS
(7.1%), and RI (17.42%) events in GEMIN5"13R neurons
with SMN vs. control compared to GEMINS®13R neurons
with EGFP vs. control (Sup Fig. 8). Out of the five AS cat-
egories, we identified 919 total genes that exhibited a sig-
nificant increase in inclusion (or rescued splicing event) with
575 genes of those genes exhibiting rescued exon skipping
events after lentiviral SMN (Fig. 7d). Gene ontology analy-
sis was applied to assess the biologically relevant pathways
impacted by the genes that exhibited an increase in inclusion
after SMN expression. The most affected biological path-
ways involved DNA synthesis, DNA replication, serine/thre-
onine-protein kinases, WD-repeat domain, nucleotide bind-
ing, and transcriptional regulation (Fig. 7e). Collectively,
since SMN upregulation exhibited the largest effect on exon
skipping, we further analyzed increased inclusion events in
this category. We identified three transcripts in this data set
that were also differentially spliced in response to biallelic
mutations in GEMIN5'. Using rmatssashimplot software,
we visualized the exon skipping events of these three genes,
FNBPI (Fig. 7f), EHBPI (Fig. 7g), and SPTSSB (Fig. 7h),
and found them all to result in increased exon inclusion
after SMIN upregulation. Of note, FNBPI and SPTSSB have
recently been implicated in the motor neuron disease amyo-
trophic lateral sclerosis (ALS) [40, 64] and have not been
linked with SMA or other neurodevelopment diseases. Over-
all, SMN expression significantly restored the inclusion of
alternatively spliced isoforms in mutant GEMINS5-derived
iPSC neurons.

Discussion

In our current study, we sought to identify novel regulators
of GEMINS-mediated disease by further investigating the
association between GEMINS and its interacting partners of
the SMN complex. GEMINS is a part of the SMN complex
that is essential for RNA metabolism. The SMN complex
members are thought to be highly conserved throughout
all metazoans [29]. Utilizing a loss-of-function model of
GEMINS5-mediated disease, we conducted a candidate gene
screen of Drosophila SMN complex members and identified
Survival Motor Neuron protein as a regulator of GEMINS-
mediated neurodegeneration in vivo (Fig. 1). Genetic modu-
lation of Drosophila Smn via overexpression significantly
ameliorated the external eye degeneration caused by loss of
Gemin5 protein. In addition, we also observed a significant
reduction in Smn expression in Gemin5 KD animals. In turn,
upregulation of Smn significantly suppressed motor impair-
ments and developmental defects observed in loss of Gemin5
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animals, further supporting our findings that SMN acts a
positive regulator of GEMINS5-mediated disease.

It is hypothesized that neuronal loss attributed to SMA
arises through defects in SMN complex function result-
ing in incomplete snRNP assembly leading to downstream
consequences including a significant decrease in the levels
of spliceosomal snRNPs [13, 22, 51, 67]. Recent advance-
ments toward the development of SMN protein-upregulating
therapies to suppress snRNP assembly defects have shown
remarkable success in ameliorating SMA patient pheno-
types [37, 56, 58, 68, 70]. Currently, little is known about
how SMN-upregulating therapies directly influence the
GEMIN components of the SMN complex. Recent stud-
ies have shown that ASO approaches to increase functional
SMN protein result in increased expression of GEMIN2,
GEMING6, and GEMINS [57, 66]. However, the molecular
effect of SMN overexpression on the impact of GEMINS
has yet to be explored.

To help fill this gap, we examined the expression pat-
tern of endogenous GEMINS in HEK293T cells using
two methods of SMN upregulation (lentiviral expression
of SMN and inclusion of exon 7 SMN2 via ASO N1). We
observed that the expression levels of GEMINS were sig-
nificantly increased in response to ectopic expression of
SMN at both the mRNA and protein levels (Fig. 2). More
importantly, ectopic expression of other SMN complex
members, GEMIN2 and GEMIN4, had no effect on the
expression levels of GEMINS. Interestingly, upregulation
of SMN, via the FDA-approved Nusinersen ASO, signifi-
cantly increased the expression of GEMINS at the mRNA
and protein levels (Fig. 2). These findings agree with the
previous conclusions that highlight the interdependence of
constituent levels within the members of the SMN complex
[30, 54]. Specifically, GEMINS has been shown to bind to
the mRNA of SMN and regulate its expression, suggesting
that these two proteins may autoregulate each other’s levels
[71]. In addition, other DNA/RNA-binding proteins other
than GEMINS have also been shown to influence the levels
of SMN in an independent manner. Changes in the expres-
sion of ZPR1, PLS3, and COROI1C have all been shown
to influence SMN expression and act as disease modifiers
of Spinal Muscular Atrophy [15, 24-26]. Our findings of
increased GEMINS expression upon upregulation of SMN
prompted us to conduct reciprocal experiments and inves-
tigate the levels of GEMINS in SMA iPSC-derived motor
neurons. In motor neurons derived from SMA patients with
loss-of-function mutations in SMN, GEMINS was signifi-
cantly reduced in response to over a 75% decrease in SMN
protein. In addition, GEMINS exhibited a strong positive
correlation with the expression levels of SMN in type 1 and
type 2 SMA motor neurons (Fig. 3). These findings suggest
a strong associate between both proteins and provide further
evidence of SMN being a regulator of GEMINS expression.

@ Springer

GEMINS is a multifunctional RNA-binding protein
that harbors 13 N-terminal tryptophan aspartic (WD)
repeat domains, a middle linker dimerization domain, and
two C-terminal RNA-binding sites [35]. The WD repeats
of GEMINS recognize precursors of small nuclear RNA
(snRNA) via a specific AUy 4 sequence, so they can be
assembled into snRNPs via delivery of the SMN complex [4,
74]. We previously reported individuals with biallelic muta-
tions in GEMINS that appear to cause loss-of-function by
decreased expression of both GEMINS and SMN [28, 48].
We hypothesize that the broad clinical spectrum and variable
disease course across patients could be caused by the differ-
ences in decreased levels of endogenous GEMINS and its
interacting partner SMN. Further, we found that mutations
in GEMINS disrupt the interaction between GEMINS and
SMN (Sup Fig. 9). This suggests a destabilization of the two
proteins leading to decreased expression which may contrib-
ute to the phenotypes observed in GEMINS patients. Since
we observed increased SMN expression regulates GEMINS
in HEK293T cells, we asked if upregulation of SMN exerted
similar effects on GEMINS expression in iPSC neurons
derived from GEMINS patients exhibiting over a 70%
decrease in GEMINS protein expression. Surprisingly, we
observed that lentiviral expression of SMN and upregulation
of SMN via ASO N1 both increased the endogenous expres-
sion levels of GEMINS in mutant GEMINS iPSC neuronal
cells (Fig. 4). We hypothesize that the increase in GEMINS
expression resulting from an increase in SMN is due to the
presence of the Tudor domain of SMN, as the Tudor domain
is required for efficient GEMINS binding and upregulation
(Fig. 5). Furthermore, the significant increase in GEMINS
protein levels in the mutant GEMINS5-derived iPSC neurons
could be a result of increased GEMIN5 mRNA in response
to both methods of SMN upregulation (Sup Fig. 5). It is
possible that upregulation of SMN in mutant GEMINS
iPSC-derived neurons results in a positive impact on the
interaction between GEMINS and its ability to recruit SMN
and other complex members for snRNP biogenesis. Addi-
tionally, SMN may exert protective effects against GEMIN5
protein degradation and enhances protein stability, as len-
tiviral SMN expression increased the half-life of GEMIN5
and SMN protein in mutant GEMINS5-derived iPSC neurons.

Although SMN-mediated suppression of GEMINS
neurodegeneration is novel and interesting, the molecular
mechanism(s) behind these observations remain perplexing.
We identified Smn as a genetic modifier of GEMINS neuro-
pathologies (Rig KD) in vivo, where Rig RNA expression
was genetically disrupted resulting in external eye degen-
eration and developmental defects. These Rig KD pheno-
types were rescued by Smn upregulation and raise multiple
possibilities about the potential protective effects of Smn.
It is possible that loss-of-function (LOF) GEMINS defects
are ameliorated in response to restoration of functional Smn
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levels, as loss of GEMINS results in a significant decrease in
SMN expression in mutant GEMINS iPSC-derived neurons
and in flies. Alternatively, SMN expression may be suffi-
cient to bypass GEMINS5 LOF effects and offer beneficial
effects through an alternative biological pathway. A more
mechanistic understanding of the impact of SMN expres-
sion on suppressing GEMINS5-mediated neurodegeneration
in vivo needs further exploration for testing of therapeutic
interventions.snRNP biogenesis and CB formation strongly
contribute to and influence the organization of the human
genome, as defects in snRNP core assembly and CB deple-
tion have been shown to perturb RNA splicing kinetics [52,
65]. In the nucleus, harbors one of the key structures termed,
CBs, which are the primary site of modification and final
biogenesis of newly constructed U snRNPs that are imported
into the nucleus from the cytoplasm via the SMN complex.
More importantly, individuals with SMA exhibit a signifi-
cant decrease or complete absence of the main CB marker
coilin, which is a key pathological hallmark of SMA [62].
Coilin and SMN interact directly to organize and localize
snRNP assembly factors into CBs for final modification [63].
We previously reported that homozygous mutant GEMINS5
variants exhibit a significant reduction in snRNP assembly,
resulting in global splicing defects in mutant GEMINS iPSC-
derived neurons compared to controls [28]. We hypothe-
sized that these deficiencies could be attributed to defects
in mature importation of U snRNPs into CBs. To test this
hypothesis, we assessed for the presence of U snRNP for-
mation in mutant GEMINS iPSC neurons and Gemin5 KD
animals in vivo. We observed a significant loss in nuclear
Sm expression (U snRNP marker) in both mutant GEMINS
iPSC neurons and Gemin5 KD larvae that was partially res-
cued upon expression of SMN. Furthermore, we observed
a significant loss in the number of CBs and percentage of
neurons harboring CBs in mutant GEMINS iPSC neurons
and in vivo. Interestingly, ectopic expression of SMN has
been previously shown to stimulate the formation of CBs
[19, 34]. Thus, we transduced mutant GEMINS5 iPSC neu-
rons with lentiviral SMN and observed a recovery of CBs
back to the level of control neurons (Fig. 6). In addition, the
loss of CB numbers in neurons or disruption of CB organiza-
tion may reduce the efficiency of snRNP assembly reactions
that occur in these nuclear structures [36, 60], thus leading
to a significant disruption of pre-mRNA splicing processes
in neurons. Using an in vitro reconstitution approach, we
reconstituted the snRNP-core and found that upregulation
of SMN significantly rescued snRNP-core assembly for-
mation in mutant GEMINS iPSC neurons (Fig. 6). Finally,
we investigated the downstream consequences of defective
snRNP biogenesis in mutant GEMINS neurons. We show
that lentiviral expression of SMN significantly influences
the alternative splicing defects exhibited in GEMINS iPSC
neurons, while resulting in a significantly higher proportion

of retained splice events (Fig. 7). We document that upregu-
lating low levels of SMN protein in GEMINS5 iPSC neurons
and a loss-of-function model of GEMINS5-mediated disease
in vivo, restores defective snRNP components and results in
a significant reduction of alternative splicing events.

In conclusion, we have demonstrated that SMN may be a
positive genetic modifier of GEMINS loss-of-function-medi-
ated neurodegeneration. We highlight the novel involvement
of investigating SMN-upregulating therapies in the context
of other diseases outside of SMA. Our results are the first to
show that SMN modifies GEMINS5-mediated neuropatholo-
gies and demonstrate that SMN-upregulating therapies in
GEMINS-mediated disease could be an effective therapeutic
strategy for restoring the SMN complex defects exhibited by
mutant GEMINS.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00401-023-02607-8.
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