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ABSTRACT

The accurate inheritance of genetic material is a basic necessity in all domains of life and an unexpectedly large number of
RNA processing factors are required for mitotic progression and genome stability. NRDE2 (nuclear RNAi defective-2) is an
evolutionarily conserved protein originally discovered for its role in nuclear RNA interference (RNAI) and heritable gene
silencing in Caenorhabditis elegans (C. elegans). The function of the human NRDE2 gene remains poorly understood.
Here we show that human NRDE2 is an essential protein required for suppressing intron retention in a subset of pre-
mRNAs containing short, GC-rich introns with relatively weak 5’ and 3’ splice sites. NRDE2 preferentially interacts with
components of the U5 small nuclear ribonucleoprotein (snRNP), the exon junction complex, and the RNA exosome.
Interestingly, NRDE2-depleted cells exhibit greatly increased levels of genomic instability and DNA damage, as well as de-
fects in centrosome maturation and mitotic progression. We identify the essential centriolar satellite protein, CEP131, as a
direct NRDE2-regulated target. NRDE2 specifically binds to and promotes the efficient splicing of CEP131 pre-mRNA, and
depleting NRDE2 dramatically reduces CEP131 protein expression, contributing to impaired recruitment of critical centro-
somal proteins (e.g., y-tubulin and Aurora Kinase A) to the spindle poles during mitosis. Our work establishes a conserved
role for human NRDEZ2 in RNA splicing, characterizes the severe genomic instability phenotypes observed upon loss of
NRDE2, and highlights the direct regulation of CEP131 splicing as one of multiple mechanisms through which such pheno-
types might be explained.
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INTRODUCTION chinery (Dumesic et al. 2013; Aronica et al. 2015; Akay
et al. 2017). Indeed, the NRDE2 homolog in S. pombe,
Nrl1, was found to associate with RNA splicing and decay
factors to regulate cryptic intronic sequences (Lee et al.
2013; Aronica et al. 2015; Zhou et al. 2015). Nrl1 has also
been linked to genomic instability, possibly through the
regulation of R-loop accumulation (Aronica et al. 2015).

The function of human NRDEZ2 remains poorly understood.

The NRDEZ2 gene was initially discovered in C. elegans for
its role in nuclear RNA\, i.e., the small RNA-directed silenc-
ing of nuclear transcripts (Guang et al. 2010; Burton et al.
2011). Consistent with a co-transcriptional mechanism of
nuclear RNAi (Guang etal. 2010), recent studies have impli-
cated intriguing physical and functional links between
nuclear RNAI factors and components of the splicing ma-
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NRDE2 suppresses intron retention

RESULTS AND DISCUSSION

Here we report the functional and biochemical characteri-
zation of the human NRDE2 (C14ORF102) gene. Unlike
its homologs in nematodes and fission yeast (Guang et al.
2010; Aronica et al. 2015), we demonstrate that NRDEZ2 is
an essential gene in human cells. Depletion of NRDE2 re-
sulted in a complete arrest in cell growth and proliferation
in all cell lines tested (Fig. 1A). si-NRDEZ specificity was
confirmed by the efficient knockdown of NRDE2 mRNA
and protein, and by the rescue of proliferation in cells car-
rying a NRDEZ2 overexpression construct (Supplemental
Fig. TA-C). Following NRDEZ2 depletion, FACS analysis re-
vealed an accumulation of cells with 4N DNA content, in-
dicative of an increase in the number of cells in G2 or
mitosis (Fig. 1B). Cyclin B1 and phosphorylated histone
H3(Ser10)—markers up-regulated in late G2 and early mi-
tosis—were also increased (Fig. 1C), further indicating de-
fective cell cycle progression. To investigate the nature and
extent of the mitotic delay in individual cells, we performed
live cell imaging using RPE-1 (retinal pigment epithelial)
cells expressing H2B-GFP (for chromatin visualization)

and o-tubulin-mCherry (for mitotic spindle visualization);
while 50/51 NRDE2-depleted cells examined did com-
plete mitosis, we observed a greater than threefold in-
crease in mitotic time, with the majority of the delay
occurring during prometaphase (Fig. 1D; Supplemental
Movies).

Prometaphase delays are often associated with chromo-
some missegregation, which can result in micronuclei
formation. Micronuclei are clinically relevant markers of
genomic instability, and have also been implicated as ma-
jor sources of DNA damage (Zhang et al. 2015). Indeed,
NRDE2-depleted HEK293T cells displayed an increased
mitotic index, followed by an increase of cells containing
micronuclei and YH2AX foci (a marker of double-stranded
DNA breaks), as well as activation of p53 (Supplemental
Fig. 1D-F). In MDA-MB-231 breast cancer cells, which
are mutant for p53, NRDE2 depletion resulted in a similar,
gradual accumulation of DNA damage along with a broad
range of aberrant nuclear morphologies characteristic of
mitotic defects (Fig. 1E,F). Taken together with recent re-
ports identifying NRDEZ2 as one of ~1600 core fitness
genes in the human genome (Blomen et al. 2015; Hart
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FIGURE 1. NRDE2 is an essential gene required for mitotic progression and genome stability. (A) MTT assays for cell proliferation following
transfection with control or NRDE2-targeting siRNAs. Twenty nanomolar siRNAs were used in all experiments. Error bars=SD (n=3).
(B,C) Representative FACS analyses of DNA content (B) and western blots (C) of MDA-MB-231 cells collected 5 d post-transfection (n=3).
(D) Mitotic duration was quantified by time-lapse microscopy at 10 min resolution using RPE-1 cells expressing H2B-GFP (for chromatin visuali-
zation) and a-tubulin-mCherry (for mitotic spindle visualization) at 56 d post-transfection (n=50 cells per condition). See also Supplemental
Movies S1-S3. (E) Representative time course analysis of yH2AX levels by western blot (n = 3). (F) Categories and quantification of aberrant nu-
clear morphologies visualized by DAPI 4 d post si-NRDE2 transfection in MDA-MB-231 cells. “Multiple” refers to nuclear abnormalities falling
under multiple categories, the most common being polylobed + micronuclei. (White) DNA. (Green) o-tubulin. More than 300 cells were scored
per condition per replicate (n=3). Bar=10 pm. (*) P<0.05, two-tailed t-test.
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et al. 2015), we conclude that NRDE2 plays an essential
role in ensuring genomic stability and mitotic progression
in most, if not all, human cells.

NRDE2 features a conserved stretch of ~350 amino acids
defined as the NRDE-2 domain, a nuclear localization
sequence, and five HAT (half-a-TPR) repeats, short helical
motifs found in a variety of RNA processing factors (Supple-
mental Fig. 2A; Hammani et al. 2012). While multiple stud-
ies have found that RNA processing factors are the most
enriched functional category of genes required for mitosis
and genome stability (Goshima et al. 2007; Paulsen et al.
2009; Neumann et al. 2010), to our knowledge NRDE2
has eluded the “hits” list of all such screens, possibly
because of the relatively lengthy time to phenotype seen
here (Supplemental Fig. 1E). To begin characterizing the
molecular function of NRDE2, we examined the NRDE2
protein interactome by immunoprecipitation-mass spec-
trometry (IP-MS) in HEK293T cells stably expressing
NRDE2-GFP. Interestingly, NRDE2 interacted almost ex-
clusively with other RNA processing factors (Fig. 2A; Sup-

plemental Fig. 2B,C; Supplemental Table 1). Proteins
copurifying with NRDE2 included known components of
the RNA exosome (e.g., EXOSC10 and SKIV2L2) (Lubas et
al. 2011), the US small nuclear ribonucleoprotein (snRNP)
(e.g., EFTUDZ2) (Fabrizio et al. 1997), and the exon junction
complex (EJC) (e.g., elF4A3) (Fig. 2A; Singh et al. 2012).
SKIV2L2, the most abundant NRDE2-interacting protein
we detected, is a conserved DExH/D box RNA helicase
component of the human nuclear exosome targeting
(NEXT) complex (Lubas et al. 2011); notably, previous pro-
teomic analyses of human SKIV2L2, and its homolog in S.
pombe, have both revealed specific associations with
NRDE2 (Lee et al. 2013; Ogami et al. 2017).

NRDE2 interactions with SKIV2L2, EXOSC10, EFTUD2
and EIF4A3 were confirmed by co-immunoprecipitation
(Fig. 2B), and further supported by indirectimmunofluores-
cence (Fig. 2C). Like many splicing factors (Spector and
Lamond 2011), the subcellular localization of NRDE2 was
nucleoplasmic, reminiscent of nuclear speckles, largely ex-
cluded from nucleoli, and diffuse throughout mitotic cells

B 5%Input  GFPIP
NRDE2-GFP IP peptide counts (coverage) Ee] % el %
(7] ()
. : 55 58
NRDE2 62 (24.3%) | 113 (33.8%) g o £ o
RNA Exosome SKIV2L2 91 (38.3%) | 136 (43.5%) S5 z S5z
EXOSC10 20 (15.6%) 25 (21.9%)
EXOSC7 3(10.7%) 7 (25.1%) -l NRDE2-GFP
Exon Junction Complex EIF4A3 26 (31.4%) 10 (18.2%) [ . .
MAGOH 6 (20.5%) 10 (47.3%) PR — |- sKIv2L2
ACIN1 17_(11.3%) 31 (20.3%)
PNN 25 (21.9%) 25 (23.7%) EXOSC10
Spliceosome (U5 snRNP) |SNRNP200 11 (5.5%) 25 (10.5%) ' -
EFTUD2 17_(15.1%) 21 (18.1%) .“ w|- EFTUD2
PRPF8 21 (8.1%) 41 (14.8%) 19G
SNRNP40 6 (24.4%) 5 (14.3%) ) Eg|F4A3
SKIV2L2 EXOSC10 EFTUD2  EIF4A3  a-tubulin | - B-Actin
D
25+
207 B snRNAs
15 | snoRNAs

o
[V
Q
N
L
=)
x
pz4

[

@
=

Interphase

NRDE2 RNA-IP
(Fold Enrichment vs. control)

0
NANEN N R RN N g

Metaphase

FIGURE 2. NRDE?2 associates with the RNA exosome, the EJC, and the U5 snRNP. (A) Selected proteins copurifying with NRDE2-GFP. Known
components of the RNA exosome, the EJC, and the U5 snRNP detected with >10% coverage in at least one IP replicate are shown; see also
Supplemental Figure 2. The full list of proteins is shown in Supplemental Table 1. (B) Extracts prepared from HEK293T cells and HEK293T cells
stably expressing NRDE2-GFP were subjected to immunoprecipitation with anti-GFP antibodies; samples were analyzed by western blotting with
the indicated antibodies. (n =2, representative blots are shown) (C) HEK293T cells stably expressing NRDE2-GFP were fixed in 3% paraformal-
dehyde, immunostained with the indicated antibodies, and counter-stained with DAPI (blue). Apotome-enabled images were taken on a Zeiss
Axio Observer.Z1 and processed using ZEN software. Approximately 100 cells were analyzed, and representative images are shown. Bar=2
pm. (D) RNA immunoprecipitation with anti-GFP antibodies from HEK293T cells stably expressing NRDE2-GFP followed by qPCR. Data are nor-
malized to control immunoprecipitations with the same anti-GFP antibody in untagged HEK293T cells. Error bars=SD (n = 3).
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(Fig. 2C). Endogenously tagged zsGreen-NRDE2 exhibited
a similar expression pattern (Supplemental Fig. 3A), and
endogenously tagged 3XFLAG-NRDE2 also coprecipi-
tated with SKIV2L2 (Supplemental Fig. 3B). RNA immuno-
precipitation (RIP) of NRDE2 followed by qPCR revealed an
enrichment of NRDE2-bound spliceosomal RNAs, particu-
larly the U5 small nuclear RNA (snRNA), with no detectable
binding of abundant small nucleolar RNAs (snoRNAs) (Fig.
2D). To our knowledge, NRDE2 has not been previously
detected in human spliceosome purifications. Our data
demonstrating the association of NRDE2 with components
of the RNA exosome and the U5 snRNP indicate that
NRDE2 may play conserved roles in regulating RNA splic-
ing and/or stability in human cells.

A number of reports have suggested that the mecha-
nisms linking various splicing factor knockdowns to mitotic
defects converged on the inefficient splicing of a single in-
tron in the CDCAS gene, which regulates sister chromatid
cohesion (Oka et al. 2014; van der Lelij et al. 2014; Watrin
et al. 2014). We thus performed RNA sequencing (RNA-
seq) in NRDE2-depleted cells 48 h post-transfection, a
time point prior to the appearance of mitotic defects and
DNA damage. We examined differential gene expression
as well as intron retention (IR) events; we identified 84
genes deregulated by greater than twofold in NRDE2-de-
pleted cells (Supplemental Table 2). This set was not en-
riched for any biological process or molecular function

by GO term analysis. A panel of these genes were validat-
ed by gPCR using an additional NRDEZ2 siRNA, at a differ-
ent time point (96 h), and in a different (RPE-1) cell line
(Supplemental Fig. 4).

To investigate intron retention (IR) events, we used
the recently refined IRFinder algorithm (Middleton et al.
2017) to assess IR levels in 234,396 introns in the human
genome. Our analysis identified 2172 IR events in MDA-
MB-231 cells, of which 178 (8%) were differentially regulat-
ed upon NRDE2-depletion. 163 (92%) of these introns
showed increased retention (Fig. 3A; Supplemental Fig.
5A; Supplemental Table 3), indicating that NRDEZ is gen-
erally required to suppress IR, i.e., promote splicing. We
next surveyed the sequence properties of these retained
introns. The 2172 retained introns in MDA-MB-231 cells
were significantly shorter, more GC-rich, and contained
weaker 5" and 3’ splice sites (ss) compared to global intron
averages, properties consistent with previous reports ex-
amining IR-prone introns (Fig. 3B; Braunschweig et al.
2014). Intriguingly, these properties were even more pro-
nounced in NRDE2-regulated introns: NRDE2-suppressed
IR events (purple boxes) occurred in introns that were
shorter, more GC-rich, and contained weaker 5 and 3’ ss
even when compared to IR-prone introns (Fig. 3B).

We do note that our ability to detect IR events from the
RNA-seq data is not saturated. For instance, an alternative
IR analysis in SegMonk identified 47 affected IR events
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IRFinder (version 1.2.3) (Middleton et al. 2017) based on gene annotations for the hg19 reference genome; see Materials and Methods for details.
(B) Box plots of intron lengths, GC content, 5" and 3’ splice site strengths for all introns (n = 234,396), retained introns (n = 2172), NRDE2-induced
IR sequences (n = 15), and NRDE2-suppressed IR sequences (n = 163). Splice site strengths were calculated based on the maximum entropy mod-
el (Yeo and Burge 2004). Gray numbers indicate P-values evaluated with the two-sided Mann-Whitney U-test. (C) Bar graphs depicting the log,
expression change (evaluated by DESeq?2) of genes exhibiting IR events either induced (teal) or suppressed (purple) by NRDE2. A subset of gene

names are shown; all genes are listed in Supplemental Table 3.
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following NRDE2-depletion, many of which were not de-
tected by IRFinder (Supplemental Table 4; Supplemental
Fig. 5A). While part of this discrepancy is due to different
intron annotations in different programs, it is almost certain
that increasing RNA-seq read depths will reveal additional
NRDE2-dependent IR events not detected in this study.
Nonetheless, properties of NRDE2-regulated introns re-
mained consistent: 43 of 47 (91%) introns exhibited
increased retention following NRDE2 depletion, again in-
dicating that NRDEZ2 generally suppresses IR. Moreover,
these introns were also significantly more GC-rich and con-
tained weaker 5’ ss compared to global intron averages
(Supplemental Fig. 5B). Global intron levels were not mea-
surably affected by NRDEZ2 depletion (Supplemental Fig.
5C). Thus, unlike many core splicing factors, together these
data suggest that NRDEZ2 is only required for the efficient
splicing of a small subset of particularly weak introns.

Intron-retaining transcripts are susceptible to degrada-
tion via nonsense-mediated decay (NMD) (Ge and Porse
2014), representing a potential mechanism of post-tran-
scriptional gene regulation. Strikingly, in NRDE2-depleted
cells, we found that genes identified by IRFinder exhibiting
increased IR were predominantly down-regulated, where-
as genes exhibiting decreased IR were predominantly
up-regulated (Fig. 3C). Furthermore, GO term analyses re-
vealed thatthe 163 IR events suppressed by NRDEZ2 (which
occurred in 138 unique genes) were enriched in chromo-
some components (Bonferroni-corrected P=0.02), and
included the histone acetyltransferase KAT2A, and the
condensin Il complex subunit NCAPG2, whose mRNA ex-
pression based on RNA-seq analysis were reduced by
~1.6- and ~1.7-fold, respectively (Supplemental Tables
2, 3). These data not only suggest that dysregulated IR
contributes to the gene expression changes in NRDE2-de-
pleted cells, but also that these changes may cumulatively
be an important source of genomic instability.

We used gPCRto confirm IR events in a number of genes
previously implicated in directly promoting accurate chro-
mosome segregation and mitotic progression, including
CEP131 (Staples et al. 2012), TUBGCP2 (Neben et al.
2004), and KIF2C (Fig. 4A; Andrews et al. 2004). We sought
to further investigate the role of NRDEZ2 in regulating
CEP131 (Centrosomal Protein 131) expression, as both of
our IR analyses identified CEP131 as a major NRDE2-regu-
lated transcript. CEP131 was also one of only four genes af-
fected by an IR event identified by IRFinder that increased
greater than twofold and resulted in an IR ratio >0.5 in
NRDE2-depleted cells (Fig. 4B). The IR ratio is defined as
the number of intronic reads divided by those of flanking,
spliced exonic reads. Moreover, CEP131 had previously
been identified as an essential centriolar satellite factor
and regulator of genome stability (Staples et al. 2012).
The IR event suppressed by NRDE2 occurs within the
16th intron of CEP131, where loss of NRDE2 resulted in
intronic RNA levels to nearly those of flanking exons (Fig.
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4C). Critically, RIP-qPCR revealed that NRDE2 preferential-
ly bound to unspliced CEP131 transcripts (Fig. 4D). As the
retained intron in CEP131 contained multiple in-frame stop
codons (Supplemental Fig. 6), we expected NRDEZ2 deple-
tion to reduce CEP131 protein levels. Indeed, a striking loss
of CEP131 protein was observed in NRDE2-depleted
HEK293T and MDA-MB-231 cells (Fig. 4E; Supplemental
Fig. 7A,B). The expression of CEP68, another centrosome
factor, was unaffected (Supplemental Fig. 7B). Taken to-
gether, we conclude that NRDEZ2 is a major regulator of
CEP131 expression, likely through its role in suppressing
IRin CEP131 pre-mRNA.

Interestingly, unlike most other genes exhibiting in-
creased IR, our RNA-seq data indicated that CEP131 tran-
scripts were up-regulated ~1.5-fold in NRDE2-depleted
cells (Supplemental Table 2). We hypothesized that, given
the interactions between NRDE2 and nuclear RNA exo-
some components, NRDE2 may couple the regulation of
RNA splicing and decay of certain transcripts. We thus test-
ed the effect of NRDE2 on CEP131 pre-mRNA stability.
Consistent with a role for NRDEZ2 in promoting pre-mRNA
decay, unspliced CEP131 transcripts were significantly sta-
bilized relative to actin mRNA in NRDE2-depleted cells
(Supplemental Fig. 7C). These data suggest that the in-
crease in unspliced CEP131 transcripts may be due to con-
tributions from both reduced splicing and a reduced rate of
RNA decay. Nonetheless, by 4 d post-NRDEZ2 depletion,
overall CEP131 RNA was reduced to ~60% that of con-
trol-treated cells (Supplemental Fig. 7D), consistent with
the eventual decay of aberrantly spliced transcripts and
the concomitant reduction in CEP131 protein.

Centriolar satellites are thought to regulate protein traf-
ficking to the centrosomes (Tollenaere et al. 2015). Centro-
somes are large proteinaceous complexes critical for
spindle microtubule organization, whose activity and
duplication must be tightly regulated to maintain genome
stability (Nigg and Stearns 2011). We tested whether the
reduction of CEP131 protein following NRDEZ2 depletion
was sufficient to cause defects in mitosis. Indeed, siRNA-
mediated depletion of CEP131, which reduced CEP131
protein to levels comparable to those following si-NRDE2
treatment (Supplemental Fig. 8A), significantly impaired
the centrosomal recruitment of Aurora Kinase A (AURKA),
a major mitotic kinase required for centrosome maturation
(Supplemental Fig. 8B; Hochegger et al. 2013). CEP131
depletion also resulted in the loss of cell proliferation
(data not shown) and a range of aberrant nuclear morphol-
ogies remarkably similar to those induced by NRDE2
depletion (Supplemental Fig. 8C). These results support
previous findings that CEP131 is essential for centrosome
maturation and genome stability (Staples et al. 2012;
Li et al. 2017), and indicate that impaired CEP131 ex-
pression was sufficient to partially explain the genomic in-
stability seen upon NRDEZ2 depletion. However, ectopic
CEP131 cDNA expression failed to rescue a range of
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FIGURE 4. NRDE2 is required for CEP131 pre-mRNA splicing and protein expression. (A) gPCR analysis of IR in CEP131, TUBGCP2, and KIF2C.
Primers detecting spliced transcripts are located on exons flanking the retained intron. Primers detecting unspliced transcripts flanked either the
5’ splice junctions or 3’ splice junctions. Error bars = SD (n = 3). (*) P<0.05, two-tailed t-test. (B) Genes displaying greater than twofold increased IR
following NRDE2 depletion are shown where the IR ratio in NRDE2-depleted cells is >0.5. The IR ratio measures the fraction of transcripts retain-
ing a given intron (Middleton et al. 2017). (C) Integrated Genomics Viewer (IGV) visualization of RNA-seq data from si-Control and si-NRDE2-2
samples at the CEP131 locus. The retained intron is highlighted in pink. (D) RNA immunoprecipitation with anti-GFP antibodies from HEK293T
cells stably expressing NRDE2-GFP followed by qPCR. Data are normalized to control immunoprecipitations with the same anti-GFP antibody in
untagged HEK293T cells. Error bars = SD (n = 3). (E) Representative fluorescent images and quantification of CEP131-immunostained HEK293T
cells 6 d post-si-transfection. More than 70 cells were scored per condition. (*) P<0.05, two-tailed t-test.

NRDE2 knockdown phenotypes (Supplemental Fig. 9),
suggesting that dysregulation of additional genes, at least
in part through IR-dependent mechanisms, cumulative-
ly contribute to the genomic instability following loss of
NRDE?Z2.

Nonetheless, six additional lines of evidence suggest
that the impaired function of centrosomes, which organize
and nucleate spindle microtubules to ensure accurate chro-
mosome segregation, underlie the requirement for NRDE2
in proper mitotic progression. First, we confirmed that
the centrosomal localization of CEP131 was also reduced
in NRDE2-depleted mitotic cells (Fig. 5A). Second, we
confirmed that the centrosomal localization of both active
AURKA (Fig. 5B) and total AURKA (Supplemental Fig.

10A) was similarly reduced. This was a specific centrosomal
recruitment defect, as overall AURKA expression wasin fact
increased (Supplemental Fig. 10B,C), consistent with
AURKA levels peaking during mitosis (Hochegger et al.
2013) and an increased fraction of cells in mitosis following
NRDEZ2 depletion. Third, we observed that centrosomal y-
tubulin, which directly mediates microtubule nucleation
and is recruited to centrosomes by AURKA (Hochegger
et al. 2013; Oakley et al. 2015), was also significantly re-
duced—most notably in mitotic cells (Fig. 5C)—further in-
dicating impaired centrosome maturation. A moderate
reduction in total y-tubulin expression was also observed
(Supplemental Fig. 10D), possibly exacerbating centroso-
mal recruitment defects.
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FIGURE 5. NRDE?2 is required for centrosome maturation, integrity,
and function. (A-D) MDA-MB-231 cells were fixed and stained with
the indicated antibodies 4 d post-transfection. Maximum intensity z-
projections of representative image stacks are shown. Mean foci inten-
sities were measured in a 1-2 pmz circle (depending on the marker)
drawn around the brightest point of each marker. More than 20 foci
were quantified per condition per replicate (n> 3). (E, left) Maximum
intensity z-projections of confocal image stacks of mitotic MDA-MB-
231 cells fixed and stained with the centriole marker centrin-2 4 d
post-transfection. (Right) Quantification of centriole number and the
distance between centriole pairs; at least 70 centriole pairs were ana-
lyzed per condition. All intensity and distance measurements were
performed using the Zen Blue software (Zeiss). Bar=5 um. n.s, not sig-
nificant. (*) P<0.05, two-tailed t-test.

Fourth, we found that CEP192 (Centrosomal protein
192), which is required for both y-tubulin and AURKA re-
cruitment, and therefore central to centrosome function
(Gomez-Ferreria et al. 2007; Joukov et al. 2014), was
notonly reduced at spindle poles but also formed addition-
al, nonmicrotubule-nucleating foci (Fig. 5D), suggesting
impaired centrosome integrity and mislocalization/ag-
gregation of certain centrosome proteins. Interestingly,
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through mechanisms that remain unclear, total CEP192
protein was also considerably reduced, without a major ef-
fect on CEP192 mRNA levels (Supplemental Fig. 10E,F).
Reduced CEP192 expression is known to cause a complete
loss of centrosome function (Gomez-Ferreria et al. 2007),
and thus likely plays a key role (in addition to the loss of
CEP131) in contributing to mitotic defects in NRDE2-de-
pleted cells. Fifth, analysis of the centriole marker centrin-
2 revealed that while centriole duplication was largely
unaffected by NRDE2 depletion, a significantly increased
number of mitotic cells displayed prematurely disengaged
centrioles (Fig. 5E), providing further evidence forimpaired
centrosome integrity. Finally, consistent with multiple cen-
trosome defects, frequencies of aberrant mitotic spindles
were significantly increased following NRDEZ2 depletion
(Supplemental Fig. 10G). We conclude that NRDEZ2 is re-
quired for the function of centrosomes during mitosis.
Lastly, we tested a possible nonmitotic mechanism, the
impaired processing of R-loops, that might also contribute
to NRDE2-dependent genome maintenance. R-loops are
RNA-DNA hybrids known to threaten genomic stability,
and have been shown to be regulated by the NRDE2homo-
log in fission yeast (Lee et al. 2013; Aronica et al. 2015).
However, we did not observe any significant increases in
R-loop accumulation upon NRDEZ2 depletion in human
cells (Supplemental Fig. 11). These data are in agreement
with a recent study (Richard et al. 2018), which also conclud-
ed that the role of human NRDEZ in the DNA damage re-
sponse was likely independent of R-loop processing.
Taken together, our work identifies NRDE2 as a novel
human U5 snRNP-associated splicing factor required for
centrosome function and mitotic progression. Further,
NRDE?2 is directly required for the efficient splicing of a
single intron in an essential centrosome gene (CEP131).
However, there is no reason to believe that NRDE2 is a
specific regulator of mitosis. Our data simply positions
NRDE2 as a peripheral splicing factor required for sup-
pressing IR in a subset of pre-mRNAs, particularly those
with short, weak, GC-rich introns. The fact that NRDE2-reg-
ulated IR events happen to occur in mitotic genes includ-
ing CEP131, TUBGCP2, and KIF2C should nonetheless
provide a partial mechanistic explanation for the mitotic
defects observed following reduced NRDE2 expression
(Supplemental Fig. 12). How might NRDEZ selectively reg-
ulate specific introns? It is interesting that our IP-MS data
uncovered ACINT as a NRDE2-interacting protein (Fig.
2A). ACIN1 is a peripheral EJC component that has been
shown to preferentially bind short, GC-rich introns with
weak splice signals (Rodor et al. 2016)—precisely the types
of introns retained following NRDEZ2 depletion. It will be in-
teresting to determine whether the intron specificity of
NRDE?2 is intrinsic or mediated by its protein partners.
Moreover, it was recently reported that the preferential kill-
ing of spliceosome-mutant cancer cells could be mediated
by a small molecule that induced the retention of short,
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GC-rich introns (Seiler et al. 2018). Whether certain popu-
lations of low NRDE2-expressing cells show specific sensi-
tivities to splicecosome and/or mitotic inhibitors may also
be an interesting area of future investigation.

MATERIALS AND METHODS

Cell culture and siRNA transfections

HEK293T, MDA-MB-231, H23, Hela, and RPE-1 cells were ob-
tained from the American Type Culture Collection (ATCC), grown
at37°Cina5% CO;atmosphere, and passaged according to stan-
dard procedures, in 10% FBS and 1% Penicillin/Streptavidin. All
siRNA transfections were performed at 20 nM concentration,
with Lipofectamine RNAIMAX Transfection Reagent (Thermo
Fisher) according to the manufacturer’s protocol. siRNAs used
were: si-Control (Ambion AM4611), si-NRDE2-1 (Ambion Silencer
Selects30063, 5 GGUGUUGUUUGAUGAUAUUTT 3'), si-NRDE2-
2 (Ambion Silencer Select s30064, 5 GUUUAGUACCUUUUC
GAUATT 3'), si-CEP131 (AZI1) (Ambion Silencer AM16708
5 GCUGAUUGCAAGGCACAAGTT 3)).

Cell proliferation

Cell proliferation was determined by MTT assays according to the
manufacturer’s protocol (Thermo Fisher). Transfected cells were
seeded in 96-well plates 48 h (or 24 h for MDA-MB-231) post-
transfection at ~1000 cells/well. The following day was consid-
ered Day 1 of the MTT assay, to which all A560 readings were
normalized.

RNA extraction, reverse transcription,
and quantitative PCR

Cells were collected in TRIzol (Invitrogen) and total RNA was iso-
lated with Direct-zol RNA Miniprep Plus spin columns (Zymo
Research) according to the manufacturer’s protocol, including
the on-column DNase | treatment. Total cDNA synthesis was per-
formed on 50 ng-1 g total RNA using Superscript IV Reverse
Transcriptase (Thermo Fisher Scientific), with random hexamers.
cDNA was diluted a minimum of 1:2 before expression analysis
by gPCR with SYBR Green | Master Mix (Roche) in a Roche
LightCycler 480 Il (qPCR program: 95°C for 5 min, followed by
45 cycles of [95°C for 10 sec, 54°C for 10 sec, 72°C for 10 sec], fol-
lowed by a melting curve analysis). Fold changes were calculated
using the 27247 method.

For small nuclear/nucleolar RNAs: Total RNA was collected as
above. Polyadenylation-coupled reverse transcription was per-
formed in a standard 20 pL Superscript IV reverse transcription re-
actions, but in 0.5x Superscript IV buffer and with the following
additions: 1 pL poly(A) buffer (NEB #B0276S), 1 pL poly(A) poly-
merase (NEB # MO0276S), 1 mM ATP, and 2.5 uM anchored
oligod(T) primer (5-GCTGTCAACGATACGCTACGTAACGGC
ATGACAGTGTTTTTTTTTTTTTTTTTVN-3). Samples were incu-
bated at 37°C for 1 h, then 85°C for 8 min before placing on ice
prior to gPCR. gPCRs were run using gene-specific forward prim-
ers and a universal reverse primer. All primers were used at a final

concentration of 5 pM each, and their sequences are listed in
Supplemental Table 4.

RNA-seq

Triplicate RNA samples from si-Control and si-NRDE2-2-treated
MDA-MB-231 cells were collected 48 h post-transfection using
the mirVana RNA isolation kit (Thermo Fisher). Libraries were syn-
thesized using lllumina TruSeq Stranded mRNA sample prepara-
tion kits from 500 ng of purified total RNA according to the
manufacturer’s protocol. The final dsDNA libraries were quantified
by Qubit fluorometer, Agilent TapeStation 2200, and RT-qPCR us-
ing the Kapa Biosystems library quantification kit according to
manufacturer’s protocols. Uniquely indexed libraries were pooled
in equimolar ratios and sequenced on an lllumina NextSeq500
with single-end 75 bp reads by the Dana-Farber Cancer Institute
Molecular Biology Core Facilities. The total read depths for the
three control-treated replicates were 61.4, 63.9, and 56.1 M.
The total read depths for the three si-NRDE2-treated replicates
were 57.8, 58.9, and 46.4 M. Sequenced reads were aligned to
the hg19 reference genome assembly; >90% of reads were map-
pable in all samples. Gene counts were quantified using STAR
(v2.5.1b) and differential expression testing was performed by
DESeqg2 (v1.10.1) as part of the VIPER analysis pipeline (https:/
bitbucket.org/cfce/viper/).

Intron analysis (IRFinder)

Intron retention analysis was performed using the IRFinder tool
(version 1.2.3) (Middleton et al. 2017) based on the gene annota-
tions for the hg19 reference genome, using the RNA-seq data ob-
tained from triplicate si-Control and si-NRDE2-2-treated cells. All
potential introns (n=234,396) were tested, and introns were de-
fined as any region between two exon features in any transcript.
The exon coordinates were derived from reference gene annota-
tion files. The Audic and Claverie test for small numbers of repli-
cates was applied to the quantified IR events to determine
differential expression between control and NRDE2 knockdown
conditions. Significant IR events were defined as previously re-
ported (Middleton et al. 2017), according to these criteria:
Benjamini-Hochberg-adjusted P <0.05; [Rratio in either control
or NRDEZ2 knockdown >0.1 (i.e., at least 10% of transcripts exhibit
retention of the intron for at least one of the conditions), and re-
tained introns exhibit a coverage (i.e., intron depth) of at least
three reads after excluding nonmeasurable intronic regions.
Additional details are described in Supplemental Table 3.

Intron analysis (SeqMonk)

Differential expression analysis of 315,405 intronic probes prede-
fined in SeqMonk (Babraham Bioinformatics) was performed with
DESeq?2 on si-Control and si-NRDE2-treated triplicate RNA-seq
samples. Introns that passed all three filters (P <0.01, an average
read count difference of >100, and a minimum threefold change),
were considered significantly deregulated. Removal of seven
probes due to overlap with alternative exons resulted in the iden-
tification of the 47 deregulated introns within 45 different genes
shown in Supplemental Table 4. Average read counts from
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flanking exons, also analyzed by DESeq?2 in SeqMonk, were used
to calculate intron levels relative to flanking exon expression.

Flow cytometry

For cell cycle analysis, cells were harvested 5 d post-transfection,
washed once in PBS, and fixed in 75% ice cold ethanol for >30
min. Cells were then washed once in PBS and stained in 10 pug/
mL Hoechst 33342 (Thermo Fisher) in PBS. DNA content was an-
alyzed by flow cytometry (BD Biosciences FACSCalibur). At least
10,000 events were collected per sample.

Lentiviral production and infection

Generation two lentiviral constructs (0.75 pg of pMD2.G
[Addgene plasmid 12259] and 0.75 ug psPAX2) (Addgene plas-
mid 12260) and 1.5 pg of either NRDE2-mGFP expression plasmid
(Origene RC2248471.2) or a dox-inducible 3xFLAG-CEP131 con-
struct (a kind gift from L. Shi, Tianjin Medical University), were
transfected into HEK293T cells in 6-well plates with Lipofectamine
3000. Media was changed after 6 h and viral supernatant was col-
lected 36—48 h later, 0.2 um filter sterilized and frozen at —80°C.
For NRDE2 expression, HEK293T and MDA-MB-231 cells were
infected with either control GFP (Origene TR30021V) or NRDE2-
GFP lentiviral supernatant. GFP-positive cells were sorted by
flow cytometry ~1 wk post-infection. For generating stable dox-in-
ducible 3XFLAG-CEP131 expressing lines, infected MDA-MB-231
cells were selected and maintained in 1.5 pg/mL of Puromycin.

Immunofluorescence and confocal microscopy

Antibodies used: yH2AX, Millipore 05-636, 1:500; phospho-H3
(Ser10), Cell Signaling Technology #9701, 1:500; o-tubulin, Cell
Signaling Technology #3873, 1:2000; 1:500; y-tubulin, Abcam
ab11317, 1:500; Aurora A, Cell Signaling Technology #14475,
1:200; phospho-Aurora A/B/C, Cell Signaling Technology
#2914, 1:300; CEP-131, Proteintech 25735-1-AP, 1:300; SKIV2L2,
Proteintech 12719-2-AP, 1:600; EXOSC10, Proteintech 11178-1-
AP, 1:300; EFTUD2, Proteintech 10208-1-AP, 1:300; elF4A3,
Proteintech 17504-1-AP, 1:300; CEP192, Proteintech 18832-1-
AP, 1:300; Centrin-2, Millipore 04-1624, 1:300; S9.6, Kerafast
ENHO0O01, 1:100.

Cells were grown on coverslips coated with 0.1% gelatin (Sigma
G-9382) in 6-well plates, fixed in chilled 100% methanol for 7 min
at —20°C (unless otherwise indicated), and washed 3x in PBS.
Fixed cells were blocked in 5% BSA (Sigma) in TBST for 1-2 h at
room temperature and incubated in primary antibodies in 2.5%
BSA in TBST overnight at 4°C. The following day, cells were
washed 3x in PBS, incubated in Alexa Fluor 488/Alexa Fluor
555/Alexa Fluor 647 (Molecular Probes) conjugated secondary an-
tibodies (1:1000 in 2% BSA in TBST) for 1 h at room temperature in
the dark, washed 3x in PBS, and mounted onto microscope slides
with ProLong Diamond Antifade with DAPI (Life Technologies).
For fluorescence microscopy, slides were visualized using a Zeiss
Axio Observer.Z1 under a Plan-Apochromat 63x/1.40 Oil DIC ob-
jective. Fluorescent images were captured using a Hamamatsu
Camera, and processed using the ZEN 2 Blue Edition Software
(2011). For analysis of MDA-MB-231 nuclear morphologies and
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quantification of HEK293T H3S10P-positive mitotic cells, slides
were imaged with a monochrome camera on an EVOS FL
Imaging System under a 20x fixed objective. For confocal analy-
ses, cells were examined under a LSM 880 Laser Scanning
Microscope.

Live cell imaging

RPE-1 cells stably expressing H2B-GFP and a-tubulin-mCherry
were seeded in black 24-well plates (ibidi #82406) 48 h following
siRNA transfections. Two days later, beginning at 96 h post-trans-
fection, plates were mounted on a Nikon Ti-E inverted micro-
scope equipped with the Nikon Perfect Focus system, and cells
were imaged through a 20x 0.75 NA Plan Apo objective using
a Zyla 4.2 sCMOS camera (Andor). Imaging was performed in
an environmentally controlled chamber maintained at 37°C with
humidified 5% CO,. Z-stacks (8-ym volume at 2-um spacing)
were collected at 10-min intervals over a total of 48 h. Mitotic
duration was visually scored from the recorded videos using
MetaMorph (Molecular Devices), beginning with the first sign of
chromosome condensation and ending with decondensed chro-
mosomes in daughter nuclei.

Western blotting

Antibodies used: Monoclonal ANTI-FLAG, M2 (Sigma, F1804); p-
actin (Santa Cruz, sc-47778); Cyclin B1 (Cell Signaling Technology
#12231); phospho-p53(Ser15) (Cell Signaling Technology #9286);
GFP (Abcam, ab290); CEP68 (Proteintech, 15147-1-AP); Antibod-
ies for phospho-H2AX(Ser139), phospho-H3(Ser10), y-tubulin,
CEP-131, CEP192, Aurora A, SKIV2L2, EFTUD2, elF4A3, and
EXOSC10 are the same ones used for immunofluorescence
(above).

Cell pellets were resuspended in RIPA buffer, rotated at 4°C for
30 min, and centrifuged at 13,000 rpm for 20 min. Laemmli buffer
was added to the supernatant and protein samples were separat-
ed by SDS-PAGE and transferred onto nitrocellulose membranes.
Blots were blocked in 5% milk or BSA (for phospho-proteins), and
incubated in primary antibodies overnight at 4°C at 1:2000
dilutions, except for B-actin (1:7500) and DNAPKcs(S2056P)
(1:1000). Blots were then washed 3x in TBST, incubated in HRP-
conjugated secondary antibodies (Santa Cruz) (~1:10000) for
1 h atroom temperature, washed 3x in TBST, and detected by en-
hanced chemiluminescence (BioRad).

Protein/RNA immunoprecipitation

HEK293T, HEK293T(3xFLAG-NRDE?2), and HEK293T(NRDE2-
GFP) cells were grown to confluency in 10 cm dishes, washed
once in cold PBS, and lysed on ice for 5 min in 1x nondenaturing
lysis buffer (Cell Signaling Technology #9803) with freshly added
HALT protease inhibitor (Thermo Fisher #78430). Lysates were
centrifuged at 14,0009 for 10 min and precleared with Protein
G Dynabeads (Thermo Fisher #10003D) for 1 h at 4°C. Five micro-
liters of anti-FLAG M2 (Sigma F1804) or 1 pL of anti-GFP (Abcam
ab290) was added per IP (equivalent of one 10 cm dish) and rotat-
ed overnight at 4°C. The next day, protein G Dynabeads were
added and rotated for 2 h at 4°C. Beads were washed five times
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in lysis buffer for 5-10 min each at 4°C. Protein was eluted in
Laemmli sample buffer (Bio-Rad) with 10% 2-mercaptoethanol
and subjected to analysis by either western blotting (see above)
or mass spectrometry. For RNA immunoprecipitation, the same
procedure was used except all incubations were performed in
the presence of Superase Inhibitor (Invitrogen AM2694), and
RNA was eluted from beads with TRIzol reagent and isolated
with Direct-zol RNA Miniprep Plus spin columns (Zymo Research).

Tagging the endogenous NRDEZ2 locus in HEK293T
cells using CRISPR/Cas9 technology

To insert a 3xFLAG tag at the N terminus of the NRDE2 gene, we
used a CRISPR/Cas? recombination strategy as previously de-
scribed (Cong et al. 2013; Ran et al. 2013). In short, a guide RNA
targeting the 5 end of NRDE2 with the sequence 5-AGCCT
CACTAAGCCCCGCAA-3’ was cloned into the pX458 vector
(Addgene, plasmid #48138) following the protocol described
here  (http://www.genome-engineering.org/crispr/wp-content/
uploads/2014/05/CRISPR-Reagent-Description-Rev20140509.
pdf). The pX458 vector expresses a Cas-9-GFP fusion protein that
can be used as a selection marker. The primers used for the guide
RNA cloning were 5-CACCGAGCCTCACTAAGCCCCGCAA-3
for the forward primer and 5-AAACTTGCGGGGCTTAGTGA
GGCTC-3' forthe reverse. Arepairtemplate thatincluded 1 kb up-
stream of NRDE2 ATG, the in-frame N-terminal 3xFLAG tag, and 1
kb downstream from the ATG was amplified using standard PCR
methods. Then, the repair template was cloned into the Hindlll
and EcoRV sites of a pUC19 vector. To improve the chances of re-
combination, a silent mutation was introduced at the PAM se-
quence in our repair template (from GGG to GGA). Both vectors
were transfected into HEK293T cells at 70% confluency using
Lipofectamine 2000 (Thermo Fisher) following the company’s pro-
tocol for transfections in 24-well plates. The total amount of DNA
transfected into cells was 1 ug (500 ng each vector). After transfec-
tion, cellswereincubated at37°C, 5% CO,for48 hin DMEM media
supplemented with 10% FBS and 100 U/mL penicillin, and 100 ug/
mL streptomycin. Cells were then FACS sorted for GFP-positive
cells into two 96-well plates with a single cell per well. After 2 wk,
clones that grew colonies were then genotyped by PCR for
the presence of the 3xFLAG sequence. Positive clones were sub-
jected to WB to confirm proper 3xFLAG-NRDE2 fusion protein
expression.

To insert the zsGreen tag at the N terminus of NRDE2, we fol-
lowed a similar approach, except the gRNA was cloned into the
pX330 vector (Addgene, plasmid #42230), which has no select-
able marker. The repair template also had 1 kb upstream of
ATG, in-frame zsGreen tag, and 1 kb downstream from the ATG
with the silent mutation in the PAM sequence and cloned into
pUC19 as described above. HEK293T cells at 70% confluency
were transfected with 1 ug (500 ng each vector) total DNA using
Lipofectamine 2000 in 24-well plates. After transfection, cells
were incubated at 37°C, 5% CO, for 48 h in DMEM media supple-
mented with 10% FBS and 100 U/mL penicillin, and 100 pg/mL
streptomycin. Cells were then FACS sorted for zsGreen positive
cells into two 96-well plates with a single cell per well. After
2 wk, clones that grew colonies were then genotyped by PCR for
the presence of the zsGreen sequence. Expression of zsGreen-
NRDE2 was confirmed by fluorescence microscopy. Primers and

sequences of 3xFLAG and zsGreen repair templates are available
upon request.

Mass spectrometry

Immunoprecipitated samples were run on a 10% polyacrylamide
gel; Coomassie Blue-stained bands corresponding to ~25 kDa
(IgG light chain) and ~50 kDa (IgG heavy chain) were excised
and removed; the remaining gel slices were cut into ~1 mm? piec-
es and subjected to a modified in-gel trypsin digestion. Gel pieces
were washed and dehydrated with acetonitrile for 10 min followed
by removal of acetonitrile. Pieces were then completely dried in a
speed-vac. Rehydration of the gel pieces was with 50 MM ammo-
nium bicarbonate solution containing 5 ng/pL modified sequenc-
ing-grade trypsin (Promega, Madison, WI) at4°C. After 45 min, the
excess trypsin solution was removed and replaced with 50 mM am-
monium bicarbonate solution to just cover the gel pieces. Samples
were then placed in a 37°C room overnight. Peptides were later
extracted by removing the ammonium bicarbonate solution, fol-
lowed by one wash with a solution containing 50% acetonitrile
and 1% formic acid. The extracts were then dried in a speed-vac
(~1 h) and reconstituted in 5-10 pL of HPLC solvent A (2.5% ace-
tonitrile, 0.1% formic acid). A nano-scale reverse-phase HPLC cap-
illary column was created by packing 2.6 um C18 spherical silica
beads into a fused silica capillary (100 pm inner diameter x ~30
cm length) with a flame-drawn tip. After equilibrating the column
each sample was loaded via a Famos auto sampler (LC Packings)
onto the column. A gradient was formed and peptides were eluted
with increasing concentrations of solvent B (97.5% acetonitrile,
0.1% formic acid).

As peptides eluted they were subjected to electrospray ioniza-
tion and then entered into an LTQ Orbitrap Velos Pro ion-trap
mass spectrometer (Thermo Fisher). Peptides were detected, iso-
lated, and fragmented to produce a tandem mass spectrum of
specific fragment ions for each peptide. Peptide sequences
(and hence protein identity) were determined by matching pro-
tein databases with the acquired fragmentation pattern by the
software program, Sequest (Thermo Fisher). All databases include
areversed version of all the sequences and the data was filtered to
between a 1%—2% peptide false discovery rate.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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