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ABSTRACT

RNA provides the framework for the assembly of
some of the most intricate macromolecular com-
plexes within the cell, including the spliceosome and
the mature ribosome. The assembly of these com-
plexes relies on the coordinated association of RNA
with hundreds of trans-acting protein factors. While
some of these trans-acting factors are RNA-binding
proteins (RBPs), others are adaptor proteins, and
others still, function as both. Defects in the assem-
bly of these complexes results in a number of human
pathologies including neurodegeneration and can-
cer. Here, we demonstrate that Silencing Defective
2 (SDE2) is both an RNA binding protein and also
a trans-acting adaptor protein that functions to reg-
ulate RNA splicing and ribosome biogenesis. SDE2
depletion leads to widespread changes in alterna-
tive splicing, defects in ribosome biogenesis and ul-
timately complete loss of cell viability. Our data high-
light SDE2 as a previously uncharacterized essential
gene required for the assembly and maturation of the
complexes that carry out two of the most fundamen-
tal processes in mammalian cells.
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INTRODUCTION

Mammalian cells contain thousands of RNA-binding pro-
teins (RBPs) often fulfilling critical roles in a multitude of
cellular processes from transcription to translation. These
RBPs harbor structural domains that directly interact with
their cognate RNA targets, including RNA recognition mo-
tifs (RRMs), K-Homology domains (KH), cold shock do-
mains (CSD) or Zinc finger CCHC domains (1). However,
more recent biochemical purifications of RNA have iden-
tified RBPs containing no known RNA-binding domains
(2,3). These findings not only highlight unexplored protein
interfaces supporting RNA binding but may also indicate
novel biological functions in RNA biology. Thus, although
the involvement of RBPs across cellular processes is ubiqui-
tous, there remain many enigmatic RBPs that are yet to be
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functionally defined (4). Identifying these RBPs and their
functions provide an opportunity to further delineate some
of the most complex and energy consuming pathways in the
cell including pre-mRNA splicing and ribosome biogenesis.

Ribosomes are assembled from 80 different ribosomal
proteins (r-proteins) and four non-polyadenylated riboso-
mal RNAs (rRNAs) 18S, 5.8S, 28S and 5S through a pro-
cess that requires hundreds of frans-acting factors. Three
of the rRNAs (18S, 5.8S and 28s) are transcribed as a sin-
gle 478 polycistronic precursor transcript from the tandem-
repeat ribosomal DNA (rDNA) arrays by RNA poly-
merase I (Pol I). This 47S precursor undergoes a series
of cleavage events and nucleolytic trimmings to remove
external (5’ETS, 3’ETS) and internal (ITS1, ITS2) tran-
scribed spacers from the transcript to generate the ma-
ture rRNAs (18S, 5.8S and 28S) (5). The rRNA matura-
tion process relies heavily on two major classes of small nu-
cleolar RNAs (snoRNAs), the H/ACA snoRNAs and the
C/D snoRNAs. snoRNAs are bound by additional proteins
to form small nucleolar ribonucleoprotein (snoRNP) com-
plexes which function to regulate the chemical modification,
folding and/or cleavage of rRNA (6). Mature rRNAs are
critical for ribosome structure, with 18S rRNA essential for
the formation of the small ribosomal subunit (SSU) and the
5.8S, 28S and 5S essential for formation of the large ribo-
somal subunit (LSU). Together, these rRNAs provide the
framework for the assembly of the ribosomal proteins, and
ultimately the formation of a fully functional and transla-
tionally competent ribosome. Thus, rRNA maturation is a
requisite step in ribosome biogenesis that is highly depen-
dent on an array of RBPs and snoRNA:s.

The human spliceosome is similar to the ribosome
in structural complexity, consisting of five small nuclear
RNAs (snRNAs) (Ul, U2, U4, U5 and U6) and approxi-
mately 300 protein factors (7). However, these two macro-
molecular machines differ in that, once assembled, riboso-
mal subunits are very stable while the spliceosome is assem-
bled de novo on each substrate RNA and is disassembled
once splicing is complete. The spliceosome functions to cat-
alyze two sequential transesterification reactions that lead
to the cleavage of pre-mRNA at the exon-intron bound-
aries, removal of the intervening intron and ligation of the
adjacent exons to create a mature mRNA transcript (7,8).
This process relies on the intricate coordination between the
trans-acting ribonucleoprotein factors of the spliceosome
and the cis-elements located on the transcript itself. The
most frequently described cis-elements include the 5" and
3’ splice sites, the branch-point sequence and the splicing
regulatory elements (SREs) (7). Changes in the expression
of the splicing regulatory proteins or accessibility of the cis-
elements can lead to significant changes in the cellular tran-
scriptome in the form of differential, or alternative splic-
ing (AS) (9-12). AS not only allows for the formation of
unique mature RNA isoforms from the expression of a sin-
gle gene, but it also increases proteomic diversity, and likely
functions to refine and coordinate complex biological pro-
cesses within the cell (13,14). The physiological relevance of
AS is underscored by the fact that over 90% of human tran-
scripts undergo some form of AS (15,16).

Ribosome biogenesis and pre-mRNA splicing are essen-
tial processes within the cell that require the function of
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hundreds of unique RBPs and trans-acting protein factors.
Approximately 25% of all known RBPs are mutated in vari-
ous human diseases including neurological pathologies and
cancer (17). Therefore, fully defining the catalogue of RBPs
required for both pre-mRNA splicing and ribosome bio-
genesis is essential to our understanding of both basic bi-
ological processes and complex human diseases. Silencing
defective 2 (SDE2) was originally identified in Schizosac-
charomyces pombe and has since been linked to several
cellular processes in eukaryotes including heterochromatin
formation, telomere silencing, DNA replication and pre-
mRNA processing (18-22). Here, we identify SDE2 as a
previously uncharacterized RBP and trans-acting adaptor
protein, with critical roles in both rRNA processing and
pre-mRNA splicing. Moreover, we demonstrate that loss
of SDE2 function causes defects in ribosome biogenesis,
widespread changes in AS and ultimately complete loss of
cellular viability.

MATERIALS AND METHODS
Cell lines

All cell lines were submitted for Short Tandem Repeat
(STR) analysis by ATCC and certificates of authentication
can be provided upon request. HeLa, U20S and 293FT
cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) (10% FBS, 1% penicillin/streptomycin). U20S
cells were engineered to stably express H2B-mCherry and
were a gift from Dr Neil J. Ganem. RPE cells were cultured
in DMEM/F12 (10% FBS, 1% penicillin/streptomycin).
Cell culture media and supplements were obtained from
Gibco Invitrogen and all plasticware came from Corning
(Corning, NY). All cells were maintained at 37°C in a hu-
midified incubator at 5% CO,.

Transfections and siRNA

Cells were seeded at 5 x 10* cells per well in a 6-well plate
and reverse transfected with ON-TARGETplus siRNA
(Dharmacon). Cells were transfected with either 100 nM
(non-targeting control, siSDE2-2) or 20 nM (siSDE2-1)
siRNA using Lipofectamine RNAiMax diluted in Opti-
MEM according to the manufacturer’s instructions. The
next day, the siRNA solution was removed from cells
and replaced with fresh media. Cells were collected for
various downstream applications after 3 days, or col-
lected, subjected to a second reverse transfection and
plated, and collected after another 2 days (5 days total
from the time of the initial reverse transfection). siRNA
target sequences: siSDE2-1 (CUACUAAAUCUCAAAC
AGAJdTdT), siSDE2-2 (GGAAGCUUGUAGAACCCA
AdTdT), ON-TARGETplus Non-targeting siRNA #1 (UG
GUUUACAUGUCGACUAA).

Antibodies and plasmids

The following antibodies and plasmids were used where
indicated. SF3B1 (Bethyl Laboratories A300-997A),
SDE2 (Bethyl Laboratories A302-098A and A302-099A),
GAPDH (Santa Cruz Biotechnologies sc-47724), U2AF1
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(Bethyl Laboratories A302-079A), CUL7 (Bethyl Lab-
oratories A300-223A), PITPNMI1 (Abcam AB254959),
Puromycin (EMD Millipore MABE343), Histone 4 (Ac-
tive Motif #39269), elF2a (Cell Signaling Technology
9722S), Phospho- elF2a—Ser51 (Cell Signaling Technol-
ogy 97218), 4E-BP1 (Cell Signaling Technology 9644S),
Phospho-4E-BP1-Thr37/46 (Cell Signaling Technology
2855S), Cactin (Bethyl Laboratories A303-349A), FBL
(Abcam ab5821), Tubulin (Cell Signaling Technology
2125S), p54 (Santa Cruz Biotechnology sc-126) and
p21 (Santa Cruz Biotechnology sc-6246). The following
plasmids were used: pLKO.1.

Western blotting

Western blots were performed using standard protocols.
Briefly, cells were collected by trypsinization and washed
with ice-cold 1x PBS. Samples were then lysed in 2x
sample buffer and sonicated in a water bath at 4°C
for 5 min (20-s pulse on/30-s pulse off at 100% ampli-
tude), then boiled at 95°C for 10 min. Soluble protein
lysates were then analyzed by western blot using stan-
dard SDS-PAGE techniques and transferred onto PVDF
membranes. Membranes were blocked in TBS-T (1x TBS,
0.1% Tween-20) containing 5% milk for 1 h and then incu-
bated overnight at 4°C with the appropriate primary anti-
bodies. Following overnight incubation with primary anti-
bodies, membranes were washed 3x in TBS-T for 10 min
each, incubated with peroxidase conjugated secondary an-
tibodies for 1 h, then washed 3x in TBS-T for 10 min
each and visualized using enhanced chemiluminescence
reagents from BioRad and Thermo Fisher. Zyagen Hu-
man Tissue Western Blot was probed with the indicated
antibodies.

Cellular fractionation

Cells were collected by trypsinization and lysed in CSK
buffer (10 mM HEPES pH 7.5, 10 mM KCI, 2 mM MgCl,,
300 mM sucrose, 10% glycerol, 0.1% Triton X-100) for 5 min
on ice and then centrifuged for S min at 1400 x gat4°C. The
supernatant was collected and analyzed as the cytoplasmic
fraction. The cell pellet was washed in CSK buffer without
Triton X-100, then centrifuged for 5 min at 1400 x g at 4°C
and supernatant discarded. The remaining cell pellet was
then collected and analyzed as the nuclear fraction.

UV crosslinking and immunoprecipitation

CLIP was performed as previously described with the fol-
lowing modifications (23). Briefly, cells were UV crosslinked
at 254 nm at 150 mJ/cm?. Immediately after crosslinking,
cells were collected via cell lifter and pelleted. Pellet was
resuspended in 1 ml lysis buffer (50 mM Tris-HCI pH 7.4,
100 mM NacCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, 1:1000 SUPERase-IN) and vortexed, then placed on
ice. Next, 4 wl of Turbo DNase and 10 .l of RNase I diluted
1:500 were added to the mixture, and the solution was incu-
bated in a thermomixer for 3 min at 37°C and 1100 rpm.
Following this, 5 pl of SUPERase-IN was added and the

solution was placed on ice for 3 min. Next, the solution was
centrifuged for 10 min at 14,000 rpm at 4°C in a tabletop
centrifuge. The resulting supernatant was then immunopre-
cipitated by incubation with beads for 120 min at 4°C. Beads
were previously prepared by washing in lysis buffer 3x, then
incubating with the appropriate antibody for 60 min at RT.
Here, we used 3 g antibody and 30 wl Dynabeads A per
condition. Beads were removed from solution by magnet
and washed 2x with a high salt wash (50 mM Tris-HCl
pH 7.4, 1 M NaCl, 1 mM EDTA, 1% NP-40, 0.1% SDS,
0.5% sodium deoxycholate), followed by washing 3x with
PNK buffer (20 mM Tris-HCI pH 7.4, 10 mM MgCl,, 0.2%
Tween-20). After removing the last wash buffer, beads were
incubated for 5 min with 4 pl of a radiolabeling mixture
consisting of 0.2 wl T4 PNK and 0.4 pl 10x PNK Buffer,
0.4 pl gamma-32-ATP, 2.8 wl H,O and 0.2 wl SUPERase-
IN. The beads were separated from the radiolabeling mix-
ture by magnet, and the mixture was discarded. Beads were
washed once more with PNK buffer. Beads were then resus-
pended in 30 pl Laemmli’s sample buffer and boiled for 5
min. After boiling, samples were again placed on a magnet,
and the supernatant was subjected to western blotting fol-
lowing standard procedures. After transfer of gel to a PVDF
membrane using the iBlot 2 gel transfer device, membrane
was wrapped in plastic wrap and set into a light-protected
radiographic film cassette. Image was developed using a GE
Healthcare Typhoon FLA 7000.

eCLIP protocol and analysis

eCLIP was performed to the manufacturer’s instructions
with the eCLIP Kit (Eclipse Bioinnovations #ECEKS-
0001) using antibodies for SDE2 and U2AF1 listed above.
eCLIP-Seq short read datasets for SDE2 and U2AF IPs and
their corresponding inputs were first quality and adapter
trimmed using trimmomatic (24) and then assessed for
quality using FastQC (25) and MultiQC (26) packages.
Trimmed libraries were analyzed using the published ana-
lytical pipeline strategy described in (27). Briefly, PCR du-
plicate reads were collapsed by Unique Molecular Identi-
fier (UMI) using the umi-tools package (26). A database of
repetitive elements was constructed included human Rep-
Base sequences (28), snoRNA sequences from snoDB (29),
tRNA sequences from GtRNAdb (30), snRNA sequences
extracted from the GRCh38 reference human genome using
the GENCODE v27 annotation coordinates for genes with
biotype ‘snRNA’, and the rRNA sequences with NCBI ac-
cessions U13369.1 and NR_046235.3. Reads were aligned
against the repetitive element database using STAR and
reads were separated based on whether they align against
this database. Reads that did not align to repetitive elements
were then aligned against the GRCh38 reference genome us-
ing STAR and analyzed with the Yeo lab clipper pipeline
(31) to characterize SDE2 and U2AF binding events to the
non-repetitive genome.

Reads mapping to the repetitive element database were
further analyzed to identify which classes and families
of repetitive elements were enriched in SDE2 and U2AF
IP over input. First, the Yeo lab repetitive element anal-
ysis pipeline (32) was employed to provide family level



quantification of different repetitive element classes. Be-
cause this default pipeline only provides summary infor-
mation on the family level, a custom analysis pipeline was
developed in parallel to further characterize more detailed
binding event information on a per-repetitive-sequence ba-
sis. Briefly, the reads aligned with STAR against the repet-
itive element database allowing a read to have 1000 mul-
timaps were counted for each repetitive element sequence.
Library size normalized counts were computed by divid-
ing the number of aligned reads for each repetitive element
by the total number of reads in each dataset. Repetitive se-
quence level log2 fold change was computed as the log?2 ra-
tio of normalized counts of IP versus corresponding input.
Family (e.g. snoRNAs) and subfamily (e.g. SNORD3 A-D)
log2 fold change was computed similarly by first summing
normalized counts for each family or subfamily member
and then taking the log2 ratio of IP versus input. Finally, the
STAR aligned reads were consolidated into per-base pile-
ups for each repetitive element sequence, where only the 5
base position of each alignment was counted. This strategy
yielded a base-resolution binding profile for each repetitive
element that is not influenced by the repetitive nature of the
sequence database. The code that implements this analysis
pipeline is available at https://bitbucket.org/bucab/sde2/src/
master/analysis/24_eclip.

Phenol toluol extraction (PTex)

Phenol Toluol extraction of RNA was performed as pre-
viously described (33). Briefly, cells were UV crosslinked
at 254 nm at 150 mJ/cm? and immediately collected with
cell lifters. Cells were counted, and 6 x 10° per condi-
tion were centrifuged and resuspended in 1 ml PBS. From
here, 400 wl of cells were collected for input, and the rest
were mixed with 300 pl phenol, 300 wl toluene and 200 wl
1,3-bromochloropropane (BCP). The resulting solution was
shaken in a thermomixer for 1 min at 21°C and centrifuged
at 17 500 x g for 3 min at 4°C. The aqueous phase was
collected and mixed with 5.85 M guanidine isothiocyanate,
31.1 mM sodium citrate, 25.6 mM N-lauroyl-sarcosine and
1% 2-mercaptoethanol and mixed well. Next, 600 .l phe-
nol and 200 pl BCP were added to this solution, and it
was mixed and centrifuged as before. Approximately 3/4 of
the resulting aqueous phase and 3/4 of the organic phase
were removed and discarded; the remaining interphase was
mixed with 200 1 100% ethanol and 400 w1 water, followed
by 400 w1 phenol and 200 w1 BCP. The resulting solution was
mixed and centrifuged as before. Again, 3/4 of the aque-
ous phase and 3/4 of the organic phase were removed from
the solution after centrifugation. The remaining interphase
was mixed with 4.5 ml of ethanol and precipitated at -80°C
overnight. The next day, tubes with ethanol and the remain-
ing interphase were centrifuged at 17 500 x g for 30 min at
4°C. Ethanol was carefully decanted and tubes dried for 5
min in the chemical fume hood, followed by resuspension
in 2x Laemmli sample buffer and subsequent western blot-
ting. To increase detection by western blot, each condition
was run in duplicate (6 x 10° cells per tube, 12 x 10° cells
total) and combined in the last step by resuspension in 2x
Laemmli sample buffer to be run in the same well by west-
ern blot.
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Immunoprecipitation

5 ng of each antibody was incubated with Dynabeads Pro-
tein A (Invitrogen 1001D) suspended in NETN buffer (150
mM NaCl, 20 mM TRIS pH 8.0, 0.5 mM EDTA, 0.5% NP-
40) supplemented with protease inhibitor cocktail (Sigma-
Aldrich P8340) at a 1:100 ratio for one hour at room temper-
ature with gentle rotation. Cells were lysed in NETN buffer
and sonicated in a water bath at 4°C for 15 min (20-s pulse
on/40-s pulse off at 50% amplitude). Lysate was centrifuged
at 12000 x g for 3 min at 4°C and supernatant was collected.
Supernatant was added to Dynabeads-antibody mixture
and allowed to incubate for 16 h at 4°C with gentle rota-
tion. After incubation, beads were collected on a magnet
and supernatant was discarded. Beads were further washed
3x with NETN buffer supplemented 1:100 with protease in-
hibitor complex. After final wash, beads were collected on
a magnet, wash buffer was discarded, and beads were resus-
pended in standard western blot sample buffer.

Lentiviral infection

293 FT cells were seeded at a density of 5 x 10° cells per
well and transfected using Fugene 6 Transfection Reagent
(Promega #E2691). Standard lentiviral packaging plasmids
(0.5 ng pMD2.G, 1.5 pg psPAX2) and 2 pg of indicated
plasmid DNA (pLKO.1 empty vector or shSDE2-30, Sigma
Aldrich TRCN0000370430) were incubated with Fugene 6
diluted in Opti-MEM according to the manufacturer’s in-
structions. Transfection media were removed after 8 h and
replaced with fresh media. Cells were allowed to proliferate
for 48 h before supernatant was collected and filtered us-
ing 0.45 pm filters (Corning #431220). Viral supernatants
were then directly used to infect target cells. RPE cells were
seeded at 7 x 10 cells per well one day prior to 293 FT viral
media collection. RPE media were removed and replaced
with filtered viral media (either undiluted or diluted 1:10
with DMEM/F12) from 293 FT cells. After 24 h, media
were removed from RPE cells and replaced with fresh me-
dia. After a subsequent 24 h, 7 pg/ml puromycin was added
to media for 72 h. After 72 h, media with puromycin were
removed and replaced with fresh media, and the RPE cells
were allowed to proliferate for 7 days before being counted
and processed for downstream application.

RNA electrophoresis and northern blotting

5 ng of RNA in RNA loading buffer [70% v/v formamide
(Fisher Scientific BP228), 7.4% v/v formaldehyde (Fisher
Scientific BP531), 20 mM HEPES/5mM sodium acetate/1
mM EDTA, pH 7.0] was heated at 85°C for 10 min, fol-
lowed by a 10-min incubation on ice. RNA samples were
then separated on a denaturing agarose gel (1.2% agarose
for high molecular weight RNA species or 2.4% agarose
for low molecular weight RNA species, 7% v/v formalde-
hyde, in HEPES /sodium acetate/EDTA buffer) for either 6
h (2.4% agarose gel) or 16 h (1.2% agarose gel) at 55 V. Fol-
lowing electrophoresis, the 1.2% agarose gel was washed
with water, followed by 50 mM NaOH/10 mM NacCl for
10 min, then 2.5x TBE buffer for 10 min, then 10x SSC (1.5
M NaCl,150 mM SSC) buffer. The 2.4% agarose gel was
washed with water, then 10x SSC buffer for 10 min. After
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incubation with 10x SSC buffer, agarose gels were trans-
ferred to positively charged nylon membranes (GE Health-
care RPN 2038S) in 10x SSC buffer by capillary action. Af-
ter transfer, membranes were pre-hybridized for 1 h at 55°C
in hybridization buffer (Invitrogen AM8669). Membranes
were then incubated with DIG-labeled probe (see below)
overnight at 55°C. Sequences of the probes are described
in Supplementary Table S1.

DIG-labeling

Following transfer and UV crosslinking, membranes were
incubated with Dig-labeled DNA probes. DNA probes were
Dig-labeled following manufacturer’s protocol from Sigma-
Aldrich (03353575910) and detected with Sigma-Aldrich
Anti-Digoxigenin-AP (11093274910) and Sigma-Aldrich
chemiluminescent substrate CDP-Star (11685627001). Im-
ages were captured and visualized using a BioRad Chemi-
Doc XRS + imaging system.

Immunofluorescence (IF) imaging

HeLa cells were grown on glass cover slips (Corning Cat
No. 2845-22). Upon processing for IF, cells were washed
in PBS, pre-extracted (in 100 mM NaCl, 300 mM sucrose,
3 mM MgCl,, 10 mM PIPES pH 7.0, 0.1% Triton X-100),
washed with PBS, then fixed with 4% paraformaldehyde in
PBS for 10 min at RT. The cells were then washed again
with PBS and permeabilized with 0.1% Triton X-100 for 10
min at RT. Following this step, cells were washed with PBS
and incubated with blocking buffer (0.5% BSA, 0.2% fish
gelatin) for 1 h at RT. The cells were then incubated with
FBL antibody diluted 1:250 in blocking buffer overnight in
a humidified chamber at 4°C. The following day, cells were
washed with PBS and incubated with secondary antibody
(Abcam ab6564) diluted in blocking buffer for 45 min in a
humidified chamber at RT. The cells were then washed in
PBS and subjected to a final wash in 2x SSC with DAPI
(Sigma-Aldrich D9542) for 10 min, followed by Vectashield
(Vector Laboratories H-1000-10) treatment before mount-
ing slides and imaging with a Zeiss LSM 710 confocal mi-
croscope. Images were visualized with FIJI Image software
package.

Population doubling assays

Cells were seeded at 5 x 10* cells per well and reverse trans-
fected with the appropriate siRNAs. Cells were allowed to
proliferate for 3 days. At this time, cells were collected and
counted, then 5 x 10* cells per well were re-seeded into a
new plate and subjected to a second reverse transfection
with the appropriate siRNAs. After another 3 days, cells
were collected and counted, then used for downstream ap-
plications. To determine population doubling, we used the
formula: Pop. Doubling = 10g(Ngna1/ Ninitia)/10g(2) where
Niinal is the cell count after 3 days and Nipjgar is 5 x 10% cells.

Crystal violet stain

Cells were washed twice with cold PBS, then fixed for 15
min with 100% methanol at -20°C. Methanol was removed

from cells and replaced with 10% crystal violet stain, 25%
methanol for 60 min. Crystal violet stain was removed from
cells and cells were washed with water 6x and left to dry
overnight. The next day, pictures were taken of the cells.

SUnSET assays

Cells were reverse transfected with the appropriate siRNAs
as described above. Sixty minutes before collection, cells
were pulsed with 10 pg/ml of puromycin. For our cyclohex-
imide control, we added 10 pg/ml cycloheximide (Sigma
Aldrich C7698) 10 min before addition of puromycin (70
min before collection of cells). Cells were then subject to
standard western blotting procedures, and puromycin in-
corporation was detected by the anti-puromycin antibody
listed above.

Polysome profiling

10-50% sucrose gradients (in polysome gradient buffer: 20
mM Tris, pH 7.5, 0.125 M NaCl, 10 mM MgCl,) were
poured one day before use and kept at 4°C. HeLa cells were
grown to 80% confluence, then on the day of collection,
were treated with 100 pg/ml cycloheximide for 10 min, then
washed twice in PBS with 100 wg/ml cycloheximide, be-
fore being collected. About 6 x 10° cells were collected in
each condition and lysed in polysome gradient buffer sup-
plemented with 2 mM DTT, 100 pg/ml cycloheximide, 2%
NP-40 and 1x EDTA-free protease inhibitor (Millipore-
Sigma 11873580001). Cells were centrifuged for 10 min at
16 000 x g to collect the cytoplasmic fraction, and super-
natant was extracted and loaded to top of sucrose gradi-
ents. Gradients and lysates were centrifuged at 100 000 x g
for 2 h at 4°C in an ultracentrifuge (Beckman Coulter) with
an SW41 Ti rotor. Following centrifugation, samples were
fractionated into 12 fractions of roughly 1 ml volume each,
using a BioLogic DuoFlow Chromatography System with
continuous measurement of the absorbance at 254 nm.

Live cell imaging

U20S cells stably expressing H2B-mCherry were grown
on glass-bottom 12-well tissue culture dishes (MatTek)
and transfected with either scrambled or SDE2-1 siRNAs
as previously described. Cells were imaged on a Nikon
TE2000-E2 inverted microscope equipped with the Nikon
Perfect Focus system beginning 2448 h following transfec-
tion. The microscope was enclosed within a temperature-
and CO,-controlled environment that maintained an atmo-
sphere of 37°C and 5% humidified CO,. Fluorescence im-
ages were captured from a single focal plane every 10 min
for 4 days with a 10 x 0.5 NA Plan Fluor objective. All cap-
tured images were analyzed using NIS-Elements software.

RT-PCR amplification and gel electrophoresis

Cell pellets for each cell line or siRNA condition were col-
lected from actively growing cells. Genomic DNA (gDNA)
and total cellular RNA were then extracted from the cell
pellets using the QIAamp DNA Mini Kit and RNeasy Mini
Kit protocols according to manufacturer’s instructions. For



RT-PCR experiments, 0.5 wg of total cellular RNA was
converted to complementary DNA (cDNA) using the Su-
perScript IV Reverse Transcriptase protocol (Life Tech-
nologies #18090010) in a volume of 20 wl according to
manufacturer’s instructions. gDNA or cDNA samples un-
derwent three-step PCR amplification using Phusion High-
Fidelity PCR Master Mix according to manufacturer’s in-
structions. PCR reaction parameters were as follows: (i)
0:30 at 98°C; (i1) 0:10 at 98°C; (iii) 0:30 at annealing temper-
ature (58.5°C for ARSA and RFNG, 57.4°C for PITPNM1
and SPATA20, 64.2°C for CUL7, and 55°C for FBF1); (iv)
0:10 at 72°C; (v) repeat steps 2—4 for 31 cycles; (vi) 10:00 at
72°C; (vii) hold at 12°C. PCR products were then resolved
using agarose gel electrophoresis, stained using GelRed and
visualized using a BioRad ChemiDoc XRS + imaging sys-
tem. Sequences of primers are described in Supplementary
Table S1.

Computational alternative splicing profiling

Total RNA was extracted from three biological replicates of
HeLa cells with SDE2 knockdown on day 3 and day 5, us-
ing Qiagen RNeasy Kit (Qiagen 74106). Samples were sub-
mitted to the BU Microarray and Sequencing Core for li-
brary preparation and polyadenylated RNA selection using
Kapa RNA HyperPrep kit with Riboerase, and sequenced
yielding 2 x 75 bp paired-end read datasets. Read library
quality was assessed using FastQC (25) and MultiQC (26)
packages. [llumina adapters were removed and leading and
trailing low quality bases (below quality 30) were trimmed
using Trimmomatic (24). Reads which were <36 bases long
after these steps were dropped. Three tools were engaged in
the AS profiling process: Whippet, IRFinder and rMATS.

Whippet. Annotation (GTF) only index was built us-
ing GENCODE v27 annotations (34) by Whippet (35).
Trimmed reads were then aligned directly to the contiguous
splice graphs built from the hg38 human reference genome,
and Percent Spliced In (PSI) of each AS event was quanti-
fied. After pooling the three PSI results for each biological
sample, the comparison between siSDE2-1 and control, as
well as siSDE2-2 and control were implemented. For both
of these comparisons, three filters were applied. The abso-
lute difference between PSI in knockdown and in control
should be >0.1. The probability of this event happening
as identified by Whippet algorithm should be >0.9, and
the PSI in the knockdown condition should be >0.1. The
filtered results from the two comparisons were then inter-
sected to find the significant events.

IRFinder. The IRFinder (36) reference was built from the
GENCODE v27 annotations and hg38 human reference
genome, prior to aligning trimmed reads to it in FASTQ
mode. The resulted unsorted BAM files from the three repli-
cates were then concatenated and pooled together for each
biological sample, producing quantification of the intron
retention (RI) events for siSDE2-1, siSDE-2 and control.
Next, the comparisons between siSDE2-1 and control, as
well as siSDE2-2 and control were analyzed using the pro-
vided script for small amounts of replicates. For both of the
results, two filters were applied. Events marked as known
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exons or minor isoforms were removed, and events with
FDR <0.05 were selected. The filtered results from the two
comparisons were then intersected to find the significant
events.

rMATS. Mapping the trimmed reads to the reference
genome was completed via STAR (37) using the same anno-
tation and reference genome files as noted above. The pro-
duced BAM files were then used as input for pooling and
contrasting through the rMATS (38) algorithm between
knockdown and control, generating quantitative results of
the five AS categories. Only FDR values <0.05 were con-
sidered for further analysis.

The three sets (Whippet, IRFinder, rMATS) of over-
lapped results were subsequently combined to create an ag-
gregated view with all of the AS events, after removing du-
plicated ones that were identified by more than one tool.
The PST in knockdown was calculated as the average of that
in siSDE2-1 and siSDE2-2, and delta PSI was computed as
the difference between PSI knockdown and PSI control.

Genome-wide intron identification

Only genes that have expression in at least one sample(s)
were chosen for further analysis. Next, for each gene we re-
trieved the coordinates of the unique introns from all of the
transcripts according to the GENCODE v27 annotations.
Finally, only the introns with a length >30 nt were kept to
eliminate inclusion of any false positive candidates that were
actually indels.

Characterization of RI events

Comparison between ENCODE data and SDE2 data. The
IRFinder paper accessed RNA sequencing data from §
shRNA knockdown samples in ENCODE (39), and in-
cluded a presentation of the number of both significantly
increased and decreased RI events under nominal P values
<0.05 for each of the experiments. The same processing was
performed on the SDE2 RNA sequencing data, but only the
increased RI events were selected to show in the figure, as
well as those from the ENCODE data. The individual siR-
NAs against SDE2, the intersection of the two siRNAs, and
the union of the two siRINA were included in the final result.
The raw numbers were divided by the total number of all in-
trons expressed in the genome to compute a percentage of
RIL

Location of the retained introns. Two groups were involved
in the comparison, the significant (Sig) events and the non-
significant (Non-sig) ones. After removing events recog-
nized as known exons and minor isoforms in both the
siSDE2-1 VS control and siSDE2-2 VS control, the Sig
events were selected as the intersected events that have FDR
<0.05, while the Non-sig events were selected as the inter-
sected events that have FDR >0.05. The locations of the RI
events were computed as a fraction of the middle point of
the RI in proportion to the length of the gene, with 0 rep-
resenting the 5 splice site and 1 representing the 3’ splice
site.
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Length of the retained introns. Three groups were included
in the comparison: Sig, Non-sig and Non-AS. The last
group includes all the introns in the genome except for the
events in the Sig and Non-sig groups. Length is calculated
as the difference between the start and end coordinates. The
pairwise statistical comparison was done using the Mann—
Whitney U test.

GC content of the retained introns. Four groups were in-
cluded in the comparison, with the Non-AS events divided
into Non-AS-short and Non-AS-long. The discriminating
threshold is the 75th percentile of the length of the Sig
events, which is 358 nt. Percentage of GC was calculated in
the retrieved sequences and statistical comparison was done
using the Mann—Whitney U test.

Splice site score of the retained introns.  Utilizing the online
portal for the MaxEntScan (40), which is based on the max-
imum entropy modeling of short sequence motifs, scores
were computed with sequences at both the 5" and 3’ splice
sites. At 5’ splice site, each sequence must be 9 bases long (3
bases in the exon and 6 bases in the intron), while at the 3’
splice site, each sequence must be 23 bases long (20 bases in
the intron and 3 bases in the exon). An additional filter was
added to remove any sites that appeared to be a splice site
but were not validated when scrutinizing the sequences. The
satisfying score threshold was determined in such a way that
at least 50% of the sequences falling into the 4+ 0.2 range of
the chosen score should have the correct splicing signal at
the correct position, which led to -7.2 for the 5 splice site
and 1.4 for the 3’ splice site. The statistical comparison was
done using the Mann—Whitney U test.

Code availability

All code written to implement the analyses in this paper are
available at https://bitbucket.org/bucab/sde2/.

RESULTS
Identification of RNA bound by SDE2 via eCLIP

The C-terminus of SDE2 was initially demonstrated to
share a region of homology with both the splicing fac-
tor SF3A3/SF3A60, and also the SAF-A/B, Acinus and
PIAS (SAP) domain (Supplementary Figure S1A) (18,19).
SF3A3 is a subunit of the trimeric SF3A complex which,
together with the SF3B complex, assembles with the core
U2 snRNP to form the U2 snRNP that is assembled into
the spliceosome (41). SAP domains are found in diverse nu-
clear and cytoplasmic proteins and function to mediate nu-
cleic acid binding (2,42,43). These regions of homology pro-
vided early evidence that SDE2 may function to regulate
RNA processing. At the cellular level, SDE2 is distributed
across both the nucleus and the cytoplasm. This pattern of
localization for SDE2 was consistent across several estab-
lished cell lines, including HeLLa, U20S, 293 FT and RPE-1
(Figure 1A).

To determine whether SDE2 directly interacted with
RNA, we performed UV crosslinking and immunoprecipi-
tation (CLIP) analysis. Here, we either left cells untreated or

irradiated them with UV prior to lysis and immunoprecip-
itation using IgG or SDE2 specific antibodies. The precipi-
tated protein—-RNA complexes were subjected to 5’ labeling
using *?P-y-ATP and then visualized by autoradiography
following SDS-PAGE separation and transfer to a PVDF
membrane. Neither the uncrosslinked samples, nor the IgG
control antibody precipitated RNA. However, SDE2 im-
munoprecipitation demonstrated a signal by autoradiog-
raphy, suggesting that SDE2 directly interacts with RNA
(Figure 1B).

To further confirm the interaction between SDE2 and
RNA, we also performed a Phenol Toluol extraction (PTex)
analysis (33). While CLIP protocols require immunoprecip-
itation of the protein of interest, PTex allows for the sep-
aration of RNA, proteins and crosslinked protein-RNA
complexes in biphasic extractions. This eliminates the risk
of non-specific interactions associated with antibodies in
the CLIP experiments, providing an additional and poten-
tially less biased approach to assessing protein—RNA inter-
actions. Following crosslinking and biphasic extractions, we
confirmed that the splicing factor U2AF1 was highly en-
riched in the ribonucleoprotein fraction while the histone
protein H4 was undetectable, thus confirming the purity of
the phases in the extraction process. Consistent with the re-
sults of our eCLIP experiments, we demonstrate that SDE2
is highly enriched in the fraction containing the crosslinked
ribonucleoprotein complexes suggesting that, like U2AF1,
SDE2 is an RBP (Figure 1C).

To gain better mechanistic insight into SDE2 function
and identify unique RNA targets, we performed enhanced
CLIP (eCLIP) in HeLa cells (44). Using SDE2 and U2AF1
antibodies, we performed each eCLIP reaction in duplicate
with corresponding size-matched inputs as controls. Us-
ing a previously published bioinformatic pipeline (31,45,46)
for analysis, we found that approximately half of all us-
able reads from our U2AF1 immunoprecipitations (~44%)
uniquely mapped to the genome and largely corresponded
to mRNA elements (Figure 1D and E). These RNA se-
quences were specifically enriched for proximal introns,
consistent with previously published data and validating the
quality of our own eCLIP profiles (47). In contrast, only
~2% of reads in the SDE2 eCLIP uniquely mapped to the
genome, with the vast majority (~98%) of all usable reads
mapping to repetitive elements (Figure 1D and E). Using
a custom bioinformatic pipeline to analyze repetitive ele-
ments at the gene level, we found that SDE2 immunopre-
cipitations were enriched for non-coding RNAs (ncRNAs)
including ribosomal RNA (rRNA), transfer RNA (tRNA)
and small nucleolar RNAs (snoRNA) (Figure 1F and Sup-
plementary Figure S2). Notably, SDE2’s interaction with
snoRNAs was not universal across the entire family, but al-
most entirely restricted to C/D box snoRNAs.

A role for SDE2 in ribosome biogenesis

There are over 350 C/D snoRNAs in the human genome
ranging in length from 60 to 300 nt (48,49). C/D snoRNAs
are defined by two conserved sequence motifs, a 5 C box
(RUGAUGA) and a 3 D box (CUGA). In addition, some
C/D snoRNAs also contain more centrally located degen-
erate C/D box motifs referred to as C’/D’ box. The C/D
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Figure 1. SDE2 is an RNA binding protein that interacts with ncRNAs. (A) Western blot of SDE2, GAPDH, and H4 following cellular fractionation of
HeLa, U20S, 293 FT and RPE-1 cell lines. GAPDH is used as a marker for the cytoplasmic fraction and H4 is used as a marker for the nuclear fraction.
(B) Radiographic image of 32P labelled RNA from CLIP of SDE2 and IgG in HeLa cells, in both uncrosslinked (-UV) and crosslinked (+UV) conditions.
(C) Western blot of PTex samples in HeLa cells from both uncrosslinked (-UV) and crosslinked (+UV) conditions. U2AF1 is used as a positive control
and DNA-binding protein H4 is used as a negative control. (D) eCLIP usable reads were identified as either ‘unique,’ or ‘repetitive,” and were plotted as
percentages of total usable reads for both IPs and inputs for SDE2 and U2AF1. (E) All (unique and repetitive) elements were filtered for information
content >100. Unique non-repetitive elements correspond to mRNA components including unique proximal intron, unique 3" UTR, unique 5" UTR,
unique intergenic and unique noncoding proximal intron. These unique counts were averaged between IP replicates and plotted at the family level for
both SDE2 and U2AF]1. (F) Using a custom bioinformatic pipeline, repetitive elements from SDE2 and U2AF1 eCLIP were identified at the gene level
by filtering for raw counts >100 and Log, fold change >0 in duplicate IP conditions relative to respective inputs. Normalized counts were calculated and
averaged between replicates and plotted against the average Log, fold change between replicates. Two genes from SDE2 and four genes from U2AF1 were
excluded in (F) because their data points were outside the axis limits. The omission did not alter the overall analysis or interpretation of the data.
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snoRNAs are bound by four core proteins including small
nuclear ribonucleoprotein 13 (SNU13), NOP56 ribonucleo-
protein (NOP56), NOP58 ribonucleoprotein (NOPS8) and
fibrillarin (FBL) to form active snoRNP complexes. While
most C/D snoRNAs function as guide RNAs to promote
the 2’-O-methylation of rRNA by FBL, others do not chem-
ically modify rRNA. Instead, they function to direct the
cleavage and processing of pre-rRNA to promote rRNA
maturation (6). We identified 85 C/D snoRNAs by SDE2
eCLIP, of these, the SNORD3 (A, B, C and D) family and
SNORD118 were highly enriched. These C/D snoRNA
are not only abundant in the cell, but have been demon-
strated to regulate the cleavage and processing of rRNA.
Although the SNORD3 and SNORD118 families share lit-
tle sequence conservation, they both maintain the canoni-
cal C box and D box motifs (50). We found that SDE2 di-
rectly interacts with nucleotides 135-151 of SNORD3 and
between nucleotides 45-52 of SNORD118 (Figure 2A). Re-
markably, these SDE2-binding sites are located immediately
adjacent to the 5" end of the C box in both SNORD?3 and
SNORD118. Given that SDE2 directly interacted with C/D
snoRNAs, we hypothesized that SDE2 would also asso-
ciate with one of the core C/D snoRNA associated pro-
teins, FBL. Therefore, we performed reciprocal immuno-
precipitations with SDE2 and FBL antibodies and analyzed
interactions by western blot (Figure 2B). These reciprocal
immunoprecipitations demonstrated robust interaction be-
tween FBL and SDE2, further supporting our eCLIP anal-
ysis.

Previous studies have demonstrated that SNORD?3 func-
tions to direct the cleavage of the A0 and 1 cleavage sites
within the 5 ETS of the 47S rRNA precursor to promote
rRNA maturation (Supplementary Figure S3) (50). Con-
sequently, loss of SNORD3, or SNORD3 interacting fac-
tors, leads to defects in pre-rRNA cleavage and the accu-
mulation of the 47S and 34S rRNA precursors. Here, we
demonstrate that, similar to loss of SNORD3, depletion of
SDE2 also leads to defects in TRNA cleavage within the
5" ETS region, resulting in the accumulation of both the
47S and 34S rRNA precursors by northern blot (Figure
2C, top panel). SNORD118 is required to promote rRNA
processing within the 5" ETS and also the internal tran-
scribed spacer regions ITS1 and ITS2 to ensure process-
ing of the 5.8S and 28S precursors. Loss of SNORDI118
leads to an accumulation of the 47S precursor and de-
crease of both the 32S and the 12S rRNA precursors
(Supplementary Figure S3) (50). Consistent with defects
in SNORD118, knockdown of SDE2 led to an increase
in 47S and a decrease in the 32S and 12S precursors by
northern blot (Figure 2C, bottom two panels). Notably,
SNORD3 and SNORD118 RNA levels are unchanged fol-
lowing SDE2 depletion demonstrating that SDE2 does not
regulate snoRNA stability (Supplementary Figure S1B).
Taken together, these data demonstrate that SDE2 is crit-
ical for pre-rRNA processing and required for SNORD3
and SNORD118 functions.

Defects in rRNA processing shift the stoichiometry be-
tween rRNA and r-proteins, leading to an excess of un-
bound, or free, r-proteins. These free r-proteins are then
available to bind MDM2 and inhibit p53 degradation,
which activates a ribosomal stress response pathway that

leads to cell cycle arrest (51). Given that loss of SDE2 led
to defects in rRNA processing, we asked whether these de-
fects were sufficient to release r-proteins and trigger p53
stabilization. Here, we silenced SDE2 in RPE-1 cells, a
non-transformed, immortalized, p53 WT cell line, and an-
alyzed p53 by western blot. After knockdown of SDE2, we
observed p53 stabilization and downstream p21 activation
(Figure 2D) in the absence of DNA damage (19), indicative
of a defect in ribosome biogenesis. Many of the r-proteins
that stabilize p53 and function in ribosome biogenesis are
also required for maintaining the structural integrity of the
nucleolus (52,53). The nucleolus forms around the rDNA
arrays and is composed of a fibrillar center (FC), a granular
component (GC) and a dense fibrillar component (DFC)
(54). FBL is enriched in the DFC and is considered a marker
of nucleolar integrity (55,56). We observed defects in nu-
cleolar integrity as measured by FBL immunostaining in
SDE2-depleted HeLa cells (Figure 2E), further supporting
the conclusion that ribosome biogenesis is defective.

Defects in ribosome biogenesis and/or maturation can
be visualized by changes in the sedimentation of the ri-
bosomes with mRNA using polysome profiles. Following
polysome analysis, we show that loss of SDE2 leads to a de-
crease in the relative abundance of the 40S ribosomal sub-
unit and to a lesser extent the 60S subunit. In addition,
we also observe that loss of SDE2 leads to an accumula-
tion of 80S monosomes and a relative decrease in higher
molecular weight polysomes resulting in an approximate 2-
fold decrease in the polysome/monosome (P/M) ratio (Sup-
plementary Figure S1C). We reasoned that these defects in
ribosome biogenesis and/or maturation may drive a con-
comitant decrease in global protein translation. Therefore,
we asked whether loss of SDE2 led to defects in protein
synthesis using SUrface seNSing of Translation, or Sun-
SET assays (57). Following transfection with siRNA for
SDE2, we allowed cells to proliferate for either 3 or 5 days
before pulsing cells with puromycin. Following the incuba-
tion with puromycin, we collected cells and analyzed whole
cell lysates for puromycin incorporation by western blot us-
ing a puromycin-specific antibody. As expected, cells trans-
fected with a control siRNA demonstrated a strong pattern
of active protein synthesis by western blot. However, loss of
SDE?2 led to a significant and progressive decrease in pro-
tein synthesis over the course of 5 days (Figure 2F and G).
This defect in translation was not simply due to the acti-
vation of the integrated stress response that drives transla-
tional repression via the el F2« signaling pathway, nor was it
caused by disruptions in mTOR signaling (Supplementary
Figure S1D and E). Together, our data suggest SDE2 plays a
critical role in maintaining ribosome biogenesis and global
protein synthesis in mammalian cells through regulation of
snoRNA-dependent rRNA cleavage and the maturation of
functional ribosomes.

SDE2 is present in a post-catalytic spliceosome complex

The biological functions of snoRNAs are still largely under-
explored; however, recent studies have demonstrated that,
in addition to functioning in rRNA processing and mod-
ification, some snoRNAs are cleaved into smaller frag-
ments that bind pre-mRNAs and snRNAs to regulate
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pre-mRNA splicing (58—-61). Thus, not surprisingly, a num-
ber of snoRNA interacting proteins have dual functions in
both ribosome biogenesis and pre-mRNA splicing includ-
ing, IBP60, U2AF1, 15.5k/SNU13, FBL and PRP43 (62—
66). While our data identify SDE2 as a snoRNA-interacting
protein, previous studies have identified SDE2 in spliceoso-
mal complexes, suggesting that in addition to rRNA pro-
cessing (Figure 2C), SDE2 may also function in pre-mRNA
splicing. In fact, structural databases highlight a region of
homology between SDE2 and the human splicing factor
SF3A3 (Supplementary Figure S1A), a canonical compo-
nent of the U2 snRNP. In addition, a partial crystal struc-
ture of SDE2 was recently resolved as part of the post-
catalytic spliceosomal P complex, in which disassembly is
blocked just after exon ligation. The intron is also retained
in this complex, together with the U2/U6 snRNAs, sug-
gesting a role for SDE2 in 3’ splice site recognition (22).
Given that spliceosome disassembly is not blocked in our
experiments, it is plausible that we did not detect an enrich-
ment of snRNAs, introns or ligated exons following SDE2
eCLIP. Therefore, we asked whether SDE?2 is associated
with the U2 snRNP complex. Using reciprocal immuno-
precipitation, we detected an interaction between SDE2,
SF3BI1 and U2AF]1, confirming that SDE2 associates with
the U2 snRNP complex (Figure 3A). Moreover, SDE2 pro-
tein interactions extended beyond the U2 snRNP, to pro-
teins critical for 3’ splice site docking including Cactin (Fig-
ure 3A), fueling the hypothesis that SDE2 is intimately in-
volved in the catalytic steps of pre-mRNA splicing. Finally,
we demonstrate that SDE2 expression, while prevalent in all
tissues tested, is specifically enriched in brain, liver, and lung
(Figure 3B), tissues known to be associated with increased
and distinctive patterns of AS (67). Notably, the SDE2 ex-
pression pattern in human tissue mimics that of the splicing
factor and core U2 snRNP component SF3B1, consistent
with the idea that SDE2 is a component of the U2 snRNP.

Depletion of SDE2 modulates RNA splicing patterns

To determine whether loss of SDE2 leads to changes in the
patterns of pre-mRNA splicing, we treated cultured HelLa
cells with one of two unique siRNAs to deplete SDE2 pro-
tein and extracted RNA at 72 h (3 days) and 120 h (5 days) in
preparation for high-throughput polyA + mRNA sequenc-
ing. We identified transcriptome-wide differential alterna-
tive splicing (dAS) events using a custom bioinformatic
pipeline (Supplementary Figure S4A). Briefly, an AS event
is defined as a genomic locus (e.g. an intron) that shows ev-
idence of differential inclusion. For example, an intron in-
volved in an RI event might show evidence of being included
in only 30% of transcripts that originate from that locus.
Such an event would have a ‘percent spliced in” (PSI) of 0.3.
To identify changes in AS, we identified AS events that show
significantly different PSI values, or delta PSI, between con-
ditions. When considering the above example, if in one con-
dition the RI event has a PSI of 0.3, while in another the
PSI is 0.9, the delta PSI is 0.9-0.3 = 0.6. This delta PSI is
large, and thus we infer that there is dAS at this locus. Our
pipeline uses multiple published methods for detecting dAS
events and identifies consensus results from both siRNAs to

arrive at the set of dAS events that are likely the most robust
(see Materials and Methods section for more details).

At the 72-h timepoint, we found that there was a signif-
icant increase in AS with 2431 dAS events affecting 1474
unique genes with an FDR < 0.05 (Figure 3C and D). This
increased to 3577 dAS events consisting of 2288 unique
genes with an FDR < 0.05 at the 120-h timepoint (Supple-
mentary Figure S4B and C). Of the 2431 AS events detected
3 days after knockdown, RI were the most common AS
type, consisting of 1385 events, or 57% of all AS events (Fig-
ure 3C). Also enriched were alternate terminal exons (TE
14%), cassette exons (CE12.7%), and alternative transcrip-
tional start site (TS, 11%). The distribution of dAS event
types was similar at day 5 albeit with an increase in CE (Sup-
plementary Figure S4B and C).

Given that RI were by far the most abundant AS event
following SDE2 depletion, we chose ten candidate genes
at random (ADAMTSL4, ARSA, CUL7, DGKQ, FBF1,
KIFC2, PARP10, PITPNM1, RHBDF1 and SPATA20),
each with at least one significant RT dAS event identified
by our pipeline, to validate using RT-PCR (Figure 3E and
Supplementary Figure S5A). In addition, we also selected
one event from the gene RFNG, predicted to demonstrate
intron retention, but that was not significantly different be-
tween control cells and SDE2 knockdown cells (no change
in delta PSI). We then visualized each of these ten loci in
the integrated genome viewer (IGV) to confirm the predic-
tions from our pipeline (Supplementary Figure S5B). As
predicted by our analysis, ADAMTSL4, ARSA, CUL7,
DGKQ, FBF1, KIFC2, PARP10, PITPNM1, RHBDFI
and SPATA20 all demonstrated robust and significant in-
creases in intron retention at the predicted loci by RT-
PCR following knockdown of SDE2 (Figure 3F,H). In con-
trast, RFNG, which served as a negative control, showed
no change in intron retention between control and SDE2
knockdown cells (Figure 3F,H). To ensure that the AS
events were not cell line specific, we also analyzed the RI
events in all ten of our candidate genes and RFNG in U20S
cells following SDE2 knockdown (Figure 3G,I). Consistent
with the data in HeLa cells, loss of SDE2 in U20S also led
to a significant increase in intron retention in nine out of
ten candidate genes. The tenth candidate gene, PARPI10,
displayed increased intron retention, but was not signifi-
cantly changed with SDE2 depletion, while intron retention
in RFNG remained unchanged.

Previous studies have demonstrated that transcripts with
RIs can exhibit defects in nuclear mRNA export (68,69).
Therefore, we analyzed the cellular localization of 10 of
the transcripts containing an increase in RI events by
RT-PCR. Following SDE2 knockdown, we fractionated
HeLa cells into cytoplasmic and nuclear fractions and
analyzed ADAMTSL4, ARSA, CUL7, DGKQ, FBFI,
KIFC2, PARP10, PITPNMI1, RHBDFI1, SPATA20 and
RFNG RI events by RT-PCR. Consistently, we found that
all transcripts containing increased RI events and RFNG
were localized in both the cytoplasm and the nucleus, sug-
gesting there was not a universal defect in mRNA export
(Supplementary Figure S6A-D).

Our data suggest that SDE2 functions in pre-mRNA
splicing, yet it was unclear how SDE2 activity com-
pared to other established splicing factors. Using publicly
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human tissue samples. (C) Overview of the AS events identified using our custom pipeline after 3 days of SDE2 depletion via siRNA. Pie chart represents
the percentage of each AS type. The total number of significant AS events is annotated at the bottom. (D) Bar plot demonstrating the absolute number of
each AS type. (E) Schematic representation of one gene containing an RI event identified in our analysis pipeline; exons are depicted by peach boxes, the
retained intron is depicted with a thick black line, and the exons flanking the RI event are depicted by larger orange colored boxes. Location of primers used
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available RNA sequencing data from the ENCODE
Project, we asked whether the percent of dAS R1I events fol-
lowing SDE2 knockdown was similar to the percent of RI
events following the knockdown of other known splicing
factors including TIA1, SRSF1, U2AF2, PCBP1, PCBP2,
PTBPI1, SRSF7 and FUS (39). To do this, we calculated
the number of RI events in each knockdown condition us-
ing a custom pipeline and divided that by the total num-
ber of introns within the genome to calculate the percent
of RI each condition (Supplementary Figures S7A,B, §A).
We calculated the percent RI for each SDE2 siRNA indi-
vidually, for the RI events shared between both SDE2 siR-
NAs (intersection), and for the RI events in both SDE2 siR-
NAs combined (union). Regardless of which way we an-
alyzed the SDE2 knockdown condition, the data demon-
strated that between 0.5 and 1.95% of introns within the
genome demonstrate an increase in retention in the absence
of SDE2. This is consistent with the percent RI following
knockdown of the other known splicing factors using the
data from the ENCODE Project. However, loss of SDE2
led to an increase in the percent RI that was most consis-
tent with loss of the core splicing factor U2AF2 suggesting
a role for SDE2 in splicing (Figure 4A).

To determine whether a specific subset of introns was dif-
ferentially affected by loss of SDE2, we analyzed the cis-
characteristics of the RI events. Initially, we noted that sev-
eral of the transcripts demonstrated dAS RI events located
toward the 3’ end of the transcript (Supplementary Figure
S5A). Therefore, we asked whether this 3’ bias was a consis-
tent feature among all of the significant RI-containing tran-
scripts. To address this, we computed the position of each
RI event relative to the gene body length of each gene for
both significant and non-significant dAS RI events (Supple-
mentary Figure S§B). While 8 of our 10 analyzed transcripts
(ADAMTSL4, CUL7, DGKQ, FBF1, KIFC2, PARPI0,
PITPNMI1 and SPATA20) all demonstrated an RI event lo-
cated near the 3’ end of the transcript, the position of the re-
mainder of the dAS RI events was uniform across the gene
body, suggesting that loss of SDE2 does not lead to a sig-
nificant positional bias in splicing efficiency (Figure 4B).

In addition to the perceived positional bias, we also no-
ticed that the introns of all 10 RI events we had initially
validated were relatively short, between 69 and 327 nu-
cleotides in length (Supplementary Figure S5A). There-
fore, we asked whether the introns among the significant
RI events were overall shorter in length than the introns
of the non-significant RI events, as shorter introns follow a
spliceosome assembly pathway characterized by intron def-
inition while exons with longer introns on either side are
recognized via exon definition (70). We found that in the
absence of SDE2, the significant RI events were on aver-
age shorter in length than the non-significant RI events.
Specifically, the significant RI events had a median length
of 136 nucleotides whereas the non-significant RI events
had a median length of 1398 nucleotides. However, the non-
significant group of RI events had almost half of the number
of events as the significant RI events (1265 significant events
versus 717 non-significant events), raising the possibility
that the unequal distribution of events may have skewed
the analysis. To account for this possibility, we included a
third group of introns for comparison. This group consists

of all introns from expressed genes in our RNA-sequencing
analysis that were not alternatively spliced (i.e. not identi-
fied in our AS pipeline) and consists of 333,400 introns (re-
ferred to as ‘non-AS’) (Supplementary Figures S7A,B and
8C). Even when compared to this much larger group, the
introns in the significant RI events group were still signif-
icantly shorter than all non-AS introns combined (signifi-
cant RI events-136 nucleotides versus non-AS events-1438
nucleotides) (Figure 4C).

Short introns have often been associated with differen-
tial GC content and weaker splice site strength (69,71,72).
Therefore, we asked whether the introns in the significant RI
events displayed changes in the GC content as compared
to either the non-significant RI events or the non-AS in-
trons. As with our earlier analysis, we considered the pos-
sibility that the analysis of the GC content in the signifi-
cantly retained introns may be skewed simply because the
introns were on average significantly shorter than both of
the other comparison groups. Therefore, we split the non-
AS intron group into non-AS short and non-AS long in-
trons (Supplementary Figures S7TA,B and 8D). Here, ‘short’
and ‘long’ were determined using the box and whisker plot
from the significant RI events where ‘short’ was defined as
intron lengths less than or equal to the 75th percentile (<400
nt) and ‘long’ was defined as lengths greater than the 75th
percentile (>400 nt). Notably, the significant RI events had
a GC content of 62% whereas the non-significant, non-AS
short, and non-AS long introns had GC contents of 50%,
56% and 42%, respectively (Figure 4D). These data high-
light a high GC content as a defining feature of the signifi-
cant RI events. To determine whether the shorter length and
higher GC content affected the strength of the 5’ and/or 3
splice site we calculated the maximum entropy (MaxENT)
score (73) of each splice site within each intron. A higher
MaxENT score is indicative of a stronger splice site. The sig-
nificant RI events have significantly lower MaxENT scores
as compared to non-significant RI events (MaxENT = 8.05
versus 8.55). Moreover, while the MaxENT scores of the
significant RI events were lower than the non-AS short in-
trons at the 3’ splice site (MaxENT = 8.05 versus 8.25),
there was no difference in MaxENT scores at the 5 splice
site (MaxENT = 8.05 versus 8.1) (Figure 4E, Supplemen-
tary Figure S8E), suggesting that SDE2 may be especially
critical for 3’ splice site definition.

Taken together, our data define the subset of introns that
are retained in the absence of SDE2 as short, GC-rich, and
containing weak 3" splice sites. All of these analyses were
done using the set of RI events that were shared between
each SDE2 siRNA. However, the overall results were iden-
tical if we combined all of the RI events between both siR-
NAs (union) (Supplementary Figure SOA-E). In addition,
the characteristics of these RI events were consistent at 120
h after knockdown, albeit with an increase in total events by
this time (Supplementary Figures SIOA-E and S11A-E).

Depletion of SDE2 leads to impairment of the cell cycle and
cell death

Our functional characterization of SDE2 has demonstrated
that SDE2 is an RBP with critical functions in regulating
specific snoRNA-mediated cleavage in rRNA maturation,
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and that it also associates with the U2 snRNP to regulate
the AS of a specific subset of introns. Given the essentiality
of these pathways in cell viability, we used live cell imaging
to monitor the fate of U20S cells depleted of SDE2. We
found that loss of SDE2 led to an increase in the fraction of
cells that arrested in the cell cycle, as well as an increase in
the number of interphase or mitotic cells that underwent
cell death, relative to controls (Figure SA-C). These de-
fects were observed in almost half (47.8%) of all cells de-
pleted of SDE2 (Figure 5D). The remaining SDE2 depleted
cells that were able to proceed to mitosis exhibited mi-
totic slippage or prolonged mitosis (Supplementary Figure
S12A-D). Unsurprisingly, cells that underwent abnormal
mitosis did not survive multiple rounds of cell division in
culture.

Following the results of our live cell imaging, we asked
whether cells would survive long-term following SDE2 de-
pletion. Not surprisingly, knockdown of SDE2 using two
different siRNAs in HeLa cells led to significant defects in
cellular proliferation and culminated in cell death 6 days
after SDE2 knockdown (Figure SE). Likewise, we used
shRNA to knockdown SDE2 in RPE-1 cell lines and ana-
lyzed viability by clonogenic survival. While cells infected
with empty vector continued to proliferate, the cells in-
fected with shSDE2 demonstrated significant defects in pro-
liferation and increased cell death 12 days after shRNA
knockdown (Figure SF and G). Finally, the recent advances
in CRISPR technology and the release of the DepMap
through the Broad Institute allowed us to ask whether
SDE2 was essential for viability in all cancer cells (74). In
support of our analysis in HeLa and U20S cells, DepMap
confirmed that SDE2 was essential for cellular viability
in 100% of the 625 cell lines analyzed following CRISPR
knockout. Although this loss of viability following CRISPR
knockout was consistent with other genes known to regulate
pre-mRNA splicing and ribosomal biogenesis, essentiality
is not a universal characteristic for all splicing or ribosome
assembly factors, highlighting the critical nature of SDE2
function in pre-mRNA processing and ribosome biogene-
sis (Figure SH).

DISCUSSION

The complex and dynamic nature of ribosome biogene-
sis and pre-mRNA splicing have precluded the identifica-
tion and characterization of every RBP that is critical for
these processes. Therefore, there are likely many proteins
and RNA moieties that function as trans-acting factors in
one or both of these processes that have yet to be defined.
Given that mutations in genes regulating ribosome biogene-
sis and pre-mRNA splicing are strongly associated with hu-
man disease, identifying the proteins that function in these
pathways may lead to the discovery of unrealized genes im-
plicated in disease pathology. Here, we demonstrate that
SDE?2 is an RNA binding protein that directly interacts with
C/D snoRNAs and is required for efficient rRNA process-
ing. In addition, we have identified that SDE2 interacts with
the U2 snRNP complex to regulate pre-mRNA splicing.
SDE2 depletion leads to misprocessed rRINA intermediates,
global loss of translation, and widespread increases in AS.

These deficits overwhelm the cell and result in the complete
loss of cell viability, highlighting the essentiality of SDE2 in
mammalian cells.

Recent biochemical purifications of over one thousand
RBPs have identified that approximately halflack the classi-
cal RNA-binding domains (i.e. RRM, KH, CSD or CCHC)
(2,3). Instead, these RBPs contain classical DNA bind-
ing domains such as the SAP domain, while others con-
tain intrinsically disordered regions (IDRs). Similar to these
RBPs, SDE2 not only contains both an IDR and a SAP do-
main but also demonstrates direct interactions with RNA.
Using eCLIP, we identified that SDE2 directly interacts
with the C/D box subfamily of snoRNAs. C/D snoRNAs
are defined by two highly conserved C and D box motifs
and two less conserved C’ and D’ box motifs. Structurally,
snoRNAs fold to ensure that both the C and D (and C’/D’)
core motifs oppose one another, creating a hairpin struc-
ture. The C/D and C’/D’ box motifs are bound by the core
C/D snoRNP factors NOP56, NOP58, SNU13 and FBL
to regulate a number of functions in snoRNA biogenesis
including the trimming of snoRNA from within introns of
pre-mRNA, localization of snoRNA to the nucleolus and
methylation of the snoRNA cap (75). Conceivably, the SAP
and/or IDR of SDE2 directly interacts with snoRNA near
the C box motif to promote snoRNA biogenesis. Additional
studies will be needed to determine whether SDE2 functions
as a core snoRNP component or an auxiliary factor for dis-
tinct snoRNA.

Within the C/D box class of snoRNA, the SNORD3
family is structurally unique, containing A, A’, Hinge, B, C,
C’ and D sequence motifs. In contrast to other C/D box
snoRNAs, SNORD3 family members fold into a hairpin
structure where the C’ box opposes the D box and the C box
opposes the B box. As a result, SNORD3 maintains both
a C’/D box motif and a unique B/C box motif. The B/C
box is critical for interactions with not only the core C/D
snoRNP factors but also the SNORD?3 specific factor U3-
55K (75). Together, these proteins function to regulate both
SNORD3 stability and the assembly of the small ribosomal
subunit (75,76). In contrast, SNORD118 contains only the
canonical C/D box motif, in which the C box directly op-
poses the D box (77). SDE2 interacted with both SNORD3
and SNORD118 adjacent to and immediately 5" of each C
box. Although the C box sequences are identical, SNORD3
and SNORD118 lack sequence conservation within the re-
gion surrounding the C/D box motifs. This suggests that
the folding and/or structure of the C box flanking regions
play a role in mediating SDE2 interaction, similar to the in-
teraction between the B/C box of SNORD3 with U3-55K
(78). SDE2’s interaction with the 5’ C box flanking regions
suggests that SDE2 binds near these motifs and functions
to regulate C/D snoRNP complexes to coordinate rRNA
processing events including, cleavage, methylation, folding
and/or localization ultimately, providing the framework for
assembly and maturation of the ribosome.

Ribosome biogenesis is a complex process and, while
no single experiment we have performed clearly reveals the
mechanism through which SDE2 functions, our data in ag-
gregate are consistent with a role for SDE2 in this path-
way. Several possible functions that are not necessarily ex-
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haustive, nor mutually exclusive, can be suggested. First,
SDE2 interacts broadly with C/D snoRNAs, and also with
the methyltransferase FBL. FBL is the catalytic core of the
C/D snoRNP complexes and functions to regulate 2'-O-
methylation of a range of RNA species including rRNA,
mRNA and snRNA (79-82). Defects in 2’-O-methylation
are known to impair ribosome biogenesis and protein trans-
lation (80). Therefore, it is tempting to speculate that SDE2
may promote unique 2'-O-methylation events on rRNA
and/or pre-mRNA to regulate processing and/or protein
synthesis. RNA methyl-sequencing approaches are rapidly
expanding and will undoubtedly provide an opportunity for
future studies investigating the genome-wide methylation
events in which SDE2 functions. Second, SDE2 depleted
cells could have defects in the kinetics of ribosomal sub-
unit assembly or produce suboptimal subunits that, while
competent for initiation, may be defective for ribosomal
elongation. Finally, monosomes are known to be enriched
in misspliced mRNAs targeted for nonsense-mediated de-
cay (NMD) (83). Given that SDE2 depleted cells harbor
an increase in RI events, and many of these RI events
contain NMD-triggering premature termination codons, it
stands to reason that these RI events may sequester func-
tional ribosomes and competitively inhibit translation. Fu-
ture studies investigating SDE2 function in ribosome bio-
genesis and/or maturation will aim to provide additional
insight towards these possible mechanisms.

We have found that SDE2 interacts with the U2 snRNP
complex and, likewise, others have identified SDE?2 in bio-
chemical purifications of human and yeast spliceosomal
complexes (20,22,66,84,85). SDE2 is not a constitutive com-
ponent across all spliceosomal purifications, suggesting that
SDE2 may be a dynamic factor that plays a specific role
in the post-catalytic stage of pre-mRNA splicing. Here, we
demonstrate that loss of SDE2 led to an increase in dAS,
with RI being the most significantly enriched dAS event
type. Moreover, our bioinformatics pipeline has allowed us
to capture both novel RI events as well as annotated RI
events. One of the defining characteristics of the significant
dAS RIevents is that they are shorter in length than introns
that were properly spliced, suggesting that SDE2 may be a
trans-acting splicing factor that functions to define splice
site boundaries at short introns. Given SDE2’s interaction
with components of the U2 snRNP, SDE2 function may be
especially critical to define the boundaries of short introns
that have high GC content and weak splice sites. Although
the RI events we identified following loss of SDE2 were
shorter in length, they were not always the smallest introns
within a given AS transcript. Likewise, we identified short
introns that were retained but were not dAS following loss
of SDE2. These data suggest that the short introns that are
not retained, or short RI events that did not demonstrate
dAS, have strong splice sites and lower GC content and are
therefore efficiently spliced during mRNA processing in the
absence of SDE2. Alternatively, there may simply be addi-
tional defining features for the significantly retained introns
as compared to the non-significantly retained introns that
are yet to be uncovered. Our analyses here have focused on
RI events, however, as computational tools continue to ex-
pand, our ability to detect AS events may improve. As a re-
sult, we may uncover novel AS events in the future, that are

significantly enriched in the absence of SDE2 beyond RI
events.

The predicted protein domains contained within SDE2
served as an initial indicator for SDE2’s functions. In ad-
dition to the IDR and SAP domains, SDE2 also contains
an N-terminal ubiquitin-like domain (UBL) (19). Proteins
containing UBL domains are often enzymatically cleaved,
generating a ubiquitin peptide that is then covalently linked
to a substrate protein to regulate various cellular path-
ways, including RNA processing and ribosome biogenesis
(86,87). In fission yeast, the UBL domain of Sde2 is cleaved
by the deubiquitinating enzyme paralogs Ubp5 and UbplS5,
creating an N-terminal UBL fragment and a C-terminal
fragment (20). Likewise, in mammalian cells, SDE2 has
been reported to be cleaved in response to DNA damage,
resulting in both an N-terminal UBL fragment and a C-
terminal SAP fragment (19). While the exact function of
the liberated UBL domain has not been explored, recent
studies highlight a role for the C-terminal fragment in pre-
mRNA splicing. Specifically, SDE2 was identified in a crys-
tal structure of the human spliceosomal P complex, which
is stalled at a post-catalytic step immediately after exon lig-
ation. These studies indicate that removal of the UBL is
required to allow SDE2 to associate with the spliccosome
(22). Our experiments were performed in the absence of ex-
ogenous DNA damage, which limited our ability to detect
this cleavage event. However, our data support a role for
SDE2 in pre-mRNA splicing through an interaction with
both the U2 snRNP complex and the auxiliary factor re-
ported in the resolved crystal structure, Cactin.

Here, we demonstrate that depletion of SDE2 leads to
significant alterations in the pattern of pre-mRNA splic-
ing, leading to an increase in AS and ultimately, cell death.
While we describe R1Is as the most significant event detected
following SDE2 knockdown, our RNA sequencing anal-
ysis was performed on polyA + purified RNA. Therefore,
if defects in splicing led to transcripts that were inherently
unstable and preferentially degraded, we would be unable
to detect them in our analysis. Likewise, the purification of
spliceosomal complexes has placed SDE2 in various com-
plexes throughout the splicing process. If SDE2 were also
to function in late stages of the splicing reaction, it is plau-
sible that defects in the transesterification reactions would
lead to the formation of RNA fragments that might not be
recovered in our polyA + purified RNA. Thus, we may be
underestimating the effects of depleting SDE2 on the tran-
scriptome. Regardless, depletion of SDE2 led to significant
and catastrophic defects in mitosis, protein translation, and
cell viability.

Ribosome biogenesis and pre-mRNA splicing are essen-
tial processes in mammalian cells, and as such, many of the
factors within these pathways are essential genes. However,
some (FUS, TIA1 and RPS26) are not required for viabil-
ity in the vast majority of cancer cells, highlighting a criti-
cal function for SDE2 (74). Though impaired ribosome bio-
genesis and pathologic changes in AS are linked to human
disease, it is unclear on a molecular level the exact mecha-
nism, or mechanisms, by which they lead to loss of cell vi-
ability. Future studies will likely shed light on these mecha-
nisms and provide insight to the highly complex regulation
of these essential processes.
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