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SUMMARY

In human cells, the expression of ~1,000 genes is modulated throughout the cell cycle. Although some of
these genes are controlled by specific transcriptional programs, very little is known about their post-tran-
scriptional regulation. Here, we analyze the expression signature associated with all 687 RNA-binding pro-
teins (RBPs) and identify 39 that significantly correlate with cell cycle mRNAs. We find that NF45 and NF90
play essential roles in mitosis, and transcriptome analysis reveals that they are necessary for the expression
of a subset of mitotic mMRNAs. Using proteomics, we identify protein clusters associated with the NF45-NF90
complex, including components of Staufen-mediated mRNA decay (SMD). We show that depletion of SMD
components increases the binding of mitotic mMRNAs to the NF45-NF90 complex and rescues cells from
mitotic defects. Together, our results indicate that the NF45-NF90 complex plays essential roles in mitosis

by competing with the SMD machinery for a common set of mRNAs.

INTRODUCTION

Progression through the cell cycle requires the periodic expression
of ~1,000 genes, which are coordinated by phase-specific tran-
scriptional programs (Whitfield et al., 2002). Some of the best ex-
amples are members of the E2F family (Dyson, 1998), which
mediate the expression of genes necessary for S phase entry
and DNA synthesis (Trimarchi and Lees, 2002). Although the tran-
scriptional control of G1/S transition is well documented, corre-
sponding events mediating G2/M transition are less understood
(Lim and Kaldis, 20183). FoxM1 is a member of the forkhead box
(Fox) superfamily of transcription factors (Hannenhalli and Kaest-
ner, 2009; Myatt and Lam, 2007), and its target genes include
essential regulators of mitosis and components of the spindle as-
sembly checkpoint (SAC) (Sadasivam et al., 2012; Wonsey and
Follettie, 2005). During the G2 phase, FoxM1 recruits a transcrip-
tional co-activator, the histone deacetylase p300/CREB binding
protein, which promotes the expression of genes responsible for
driving mitotic entry (Laoukili et al., 2008). Despite the fact that
the expression of almost half of cell cycle genes peaks in G2
and/or M phases (Whitfield et al., 2002), few transcription factors
were shown to participate in G2/M transition, suggesting addi-
tional mechanisms of regulation.

RNA-binding proteins (RBPs) have emerged as essential reg-
ulators of gene expression (Hentze et al., 2018). Nuclear factor
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(NF) 45 and 90 are, respectively, encoded by the ILF2 and ILF3
genes and interact via their DZF (domain associated with zinc
fingers) (Wolkowicz and Cook, 2012). NF90 also contains two
double-stranded RNA-binding motifs (dsRBMs) and arginine-
glycine-rich (RGG/RG) regions, which mediate nucleic acid bind-
ing (Masliah etal., 2013; Thandapani et al., 2013). NFO0 regulates
the stability of various transcripts, including those encoding
interleukin-2 (IL-2), Tau, vascular endothelial growth factor
(VEGF), and MyoD (Larcher et al., 2004; Shi et al., 2005; Vum-
baca et al., 2008; Zhu et al., 2010). NF45 and NFQ0 are ubiqui-
tously expressed in human tissues (Buaas et al., 1999) and are
upregulated in several malignancies (Guo et al., 2012; Huang
et al., 2014; Ni et al., 2015; Song et al., 2017; Wan et al., 2015).
Genome-wide CRISPR-Cas9 screens revealed that ILF2 and
ILF3 are essential fitness genes (Hart et al., 2015; Wang et al.,
2015). Accordingly, depletion of NF45 or NF90 was shown to
perturb the proliferation of various cell lines (Guan et al., 2008),
but their exact mechanism of action remains elusive.

Here, we show that the NF45-NF90 complex plays an impor-
tant role in mitotic progression and genomic stability. Depletion
of NF45 or NF90 induces pleiotropic cell cycle defects, including
chromosome mis-segregation and frequent failure of cytoki-
nesis. Transcriptome analysis revealed that NF45 and NF90
are necessary for the expression of a cluster of mitotic mRNAs,
which also associate with the NF45-NF90 complex. Using a

Cell Reports 317, 107660, May 19, 2020 © 2020 The Author(s). 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:philippe.roux@umontreal.ca
https://doi.org/10.1016/j.celrep.2020.107660
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2020.107660&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

Please cite this article in press as: Nourreddine et al., NF45 and NFO0 Regulate Mitotic Gene Expression by Competing with Staufen-Mediated mRNA
Decay, Cell Reports (2020), https://doi.org/10.1016/j.celrep.2020.107660

- ¢ CellPress

Cell Reports

correlation with

A 1084 breast tumors 39 cell cycle MRNAs
o __ 70 RNAseq (TCGA)
3 60
o= Gene
> 9 50 selectionle‘g'RBPS
c é’ Most lated i
£ o 40 ost correlate Analysis of No correlation with
22 3 genes (r>0.5) enrichment in ods ~ cell cycle mMRNAs
S @® 2 cell cycle mRNAs
=<
o E o
g R A A A N M AN 0“22‘”«"2\% ARSI ey
B
Expression heatmap -3 I +3
Cc _ H
1 24 DZF domain 370 390 =NF45 = NF90
NF45 | |
15 367 398 467 524 590 640 656 702
NF90 |
DZF domain NLS dsRBM1  dsRBM2 Tri-RG
motif
D {84 E
e HA-NF90 - + - +
CFO
&L Myc-NF45 — — + +
N & e NFOO 1P Ld NFQO(HA) - - - NF90
anti-Myc
e e NF45 y ooee NF45(MyC)  Cell |um oe - == NIEAE
lysate
NF90 i
ol e o=o @B - ™ NF90(HA) S es ape» ape» Tubulin
¢ | opeme® NF45 Cell ShNT + — — + — -
Iysate lvsate o= e NF45 (|V|yC) shNF45 — 1 2 - - =
ara» @ Tubulin y shNF9O - - - - 1 2
e>esa»e® Tubulin
P IP
Myc- Mock NF90 shNF90
NFA5wWt & = + = G & NF45/NF90 b A SINT “3uTR
NF45mut - + - + © NF45/NF45 NF9OWt — — + -
NF45 @ NF45mut/NF90 NF9OOmut — - - +
P (Myc) | NF45
0.101
e NFo0 .
' “’ SR E® -0 NF9o
z Cell e — = - —-endo
NF45 =~ lysate
@D Eme emer u 0.051 NF90
Cell (Mye) o S
lysate | NF90 “= @ @ @ Tubulin
0.00 r v "
0.00 0.01 0.02 0.03
NF45mut: D308R/R319E GFP4o/ Rlucll NF90mut: E312R/R323D

2 Cell Reports 31, 107660, May 19, 2020

(legend on next page)



Decay, Cell Reports (2020), https://doi.org/10.1016/j.celrep.2020.107660

Please cite this article in press as: Nourreddine et al., NF45 and NFO0 Regulate Mitotic Gene Expression by Competing with Staufen-Mediated mRNA

Cell Reports

proteomic approach to characterize the NF45-NF90 interac-
tome, we identified several proteins involved in RNA metabolism,
including Staufen-mediated mRNA decay (SMD). We found that
the NF45-NF90 complex competes with SMD components to
maintain the expression of mitotic mRNAs and promote mitotic
progression.

RESULTS

NF45 and NF90 Form an RNA-Binding Complex that
Correlates with Cell Cycle mRNAs

To identify RBPs that may be involved in the expression of cell
cycle genes, we analyzed the mRNA signature associated with
each of the 687 genes encoding proteins capable of binding
RNA (KW-0694 from UniProt). We analyzed the most correlated
genes (r > 0.5) for potential enrichment in cell cycle mRNAs
(9o.BP:0007049), which resulted in 39 RBPs (~5%) with signifi-
cant values (p > 0.05; Figure 1A; Table S1). Among those, we
identified HUR/ELAVLT (p = 4.61 x 107'%), YBX7 (p = 3.65 x
107%), and DDX3X (p = 3.71 x 1072 as positive hits, which
encode RBPs known to regulate the expression of several cell
cycle genes (Kotake et al., 2017; Lai et al., 2010; Wang et al.,
2000). We also identified ILF2 (p = 1.63 x 1073") and ILF3
(p = 2.42 x 1072), whose expression significantly correlates
with cell cycle mRNAs (Figure 1B). These genes encode NF45
and NF90 (Figure 1C), respectively, which interact in cell via their
DZF domains (Figures 1D and 1E). Mutations within the DZF
domain of NF45 (D308R/R319E) prevent its association with
NF90, as found by co-immunoprecipitation (Figure 1F) and using
a bioluminescence resonance energy transfer (BRET) assay (Fig-
ure 1G). To address the reciprocal regulation of NF45 and NF90,
both proteins were depleted using lentiviral vectors expressing
short hairpin RNA (shRNA). Upon depletion of NF45 using two
different shRNAs, we found a concomitant decrease in NF90
protein levels, despite mRNA levels being mostly unaffected by
NF45 knockdown (Figure 1H). Similarly, we found that NF90
depletion reduced NF45 protein levels without negatively
affecting its mRNA, suggesting that NF45 and NF90 mutually
regulate their abundance in cells. To determine whether NF45
binding to NFO0 was required for this co-regulation, we depleted
cells with a shRNA construct targeting the 3’ untranslated region
(8" UTR) of the NFOO mRNA and expressed either wild-type (WT)
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NF90 or NF90 mutated in its DZF domain (E312R/R323D).
Whereas WT NF90 was able to rescue NF45 levels upon endog-
enous NF90 depletion, we found that mutant NF90 could not
(Figure 1l). NF45 binding to NF90 was previously shown to
enhance double-stranded RNA (dsRNA) binding to NF90 by
~10-fold (Schmidt et al., 2017b), suggesting that NF45 might
simultaneously regulate NF90 levels and function in cells.
Together, these results demonstrate that NF45 and NF90 form
a heterodimeric RNA-binding complex that may regulate the
expression of cell cycle genes.

The NF45-NF90 Complex Is Required for Mitotic
Progression and Cytokinesis

Consistent with previous findings (Guan et al., 2008), we found
that depletion of NF45 or NF90 inhibits the proliferation of
Hela cells (Figure 2A). Although we did not detect major differ-
ences in the proportion of cells at each phase of the cell cycle,
we observed an increase in polyploid cells (>4n) upon NF45 or
NF90 depletion (Figures 2B and 2C). To understand the role of
the NF45-NF90 complex in mitosis, we analyzed cells stably
expressing tubulin-GFP using time-lapse microscopy. During
cytokinesis, cells depleted for NF45 or NF90 show high cortical
instability characterized by blebbing (Figure 2D; Videos S1 and
S2). Mitotic cortical blebbing has been shown to be associated
with cytokinesis failure (Birkenfeld et al., 2007; Charras et al.,
2006). Consistent with this, we found that a large proportion of
cells (~50%) depleted for NF45 or NFO0 undergo cytokinesis fail-
ure characterized by cleavage furrow regression (Figures 2D and
2E; Video S2). In addition, we found a large proportion of mitotic
cells undergoing cell death (~40%-50%; Figure 2F). These
mitotic catastrophes occurred at different phases of mitosis,
including metaphase (Video S3) or after cytokinesis (Video S4),
which corresponds to different programs of mitotic catastrophe
(Vitale et al., 2011).

To identify potential causes of cytokinesis defects, we
analyzed chromosome segregation in cells depleted for NF45
or NF90. We found that chromosome alignment was severely
impaired in NF45- or NF90-depleted cells, with ~45%-60% of
metaphase cells showing one or more chromosomes outside
of the metaphase plate (Figures 2G and 2H). These defects
were almost always accompanied with asymmetric mitotic
spindles of increased longitudinal lengths (Figures 21 and 2J),

Figure 1. NF45 and NF90 Form an RNA-Binding Complex that Correlates with Cell Cycle mRNAs
(A) Expression analysis between genes coding for RBPs (Nextprot ID KW-0694) and cell cycle genes (GO:0007049) from 1,084 breast tumor transcriptomes (The
Cancer Genome Atlas [TCGA] breast adenocarcinoma). RBPs are classified according to the adjusted p value of the enrichment of cell cycle genes among

correlated genes (r > 0.5).

(B) Expression heatmap showing the correlation between ILF2 expression and a subset of cell cycle mRNAs.
(C) Schematic representation of NF45 and NF90 proteins, showing DZF (domain associated with zinc fingers), NLS (nuclear localization signal), dsRBM (double-

stranded RNA binding motif), and Tri-RG motif (arginine-glycine-rich).
(D) Endogenous immunoprecipitation (IP) of NFO0 and NF45 in HEK293 cells.
(E) Exogenous immunoprecipitation (IP) of NFO0 and NF45 in HEK293 cells.

(F) HEK293 cells were transfected with Myc-tagged NF45 (WT or D308R/R319E), and endogenous NF90 was immunoprecipitated using an anti-NF90 antibody.
(G) BRET titration curves were performed in HEK293T cells transfected with a constant amount of NF90-Rlucll or NF45-Rlucll and increasing amounts of NF45
(WT or D308R/R319D)-GFP10. BRET400-GFP10 between NF90-RIucll or NF45-Rlucll and NF45 (WT or D308R/R319D)-GFP10 was measured after the addition
of coelenterazine-400a.

(H) HEK293 cells were depleted for NF45 or NF90 using two different shRNAs, and NF45/NF90 abundance was analyzed by immunoblotting and gPCR.

(I) HEK293 cells were depleted for endogenous NF90 using a shRNA targeting its 3’ UTR, and cells were transfected with HA-tagged NF90 (WT or E312R/R323D).
Abundance of NF45 and NF90 was evaluated by immunoblotting.
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Figure 2. The NF45-NF90 Complex Is Required for Mitotic Progression and Cytokinesis

(A) Proliferation assay using WST-1 of HeLa cells with stable depletion of NF45 or NFO0 over a 72-h time course. Data are expressed as the mean fold-change in
optical density compared to the 0-h time point (A.U., arbitrary units).

(B) Fluorescence-activated cell sorting (FACS) analysis of DNA content of HelLa cells stably expressing shNT, shNF45, or shNF90. Data analysis and quantifi-
cation of cells at different phase of the cell cycle were done using Flowjo.

(C) Quantification of binucleated cells by immunofluorescence in response to NF45 or NF90 depletion. A minimum of 1,500 cells per condition was quantified.
***p < 0.001 (two-tailed t test).

(legend continued on next page)
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suggestive of defective kinetochore-microtubule attachments
(Bharadwaj et al., 2004; Goshima et al., 1999). When such de-
fects occur, cells are halted by the SAC to prevent unequal sep-
aration of the genome in anaphase (Musacchio, 2015). Despite
the presence of unaligned chromosomes in metaphase cells
depleted for NF45 or NF90, the length of time in mitosis was
not significantly affected under these conditions (Figure 2K),
suggesting potential SAC defects. To test SAC functionality in
the context of NF45 or NF90 depletion, we synchronized cells
in mitosis using nocodazole and measured mitotic index by
quantifying histone H3 phosphorylation at Ser10 by flow cytom-
etry (Figure 2L). Although more than 50% of control cells were
blocked in mitosis upon nocodazole treatment, only ~12% of
cells depleted for NF45 or NF90 were positive for histone H3
phosphorylation. Consistent with potential SAC defects, we
observed that a large proportion of NF45- or NF90-depleted cells
(~50%) progressed to anaphase with visible chromatin bridges
(Figures 2M and 2N). Altogether, these results show that deple-
tion of the NF45-NF90 complex leads to pleiotropic mitotic
defects, which likely contribute to polyploidy and/or mitotic
catastrophe.

The NF45-NF90 Complex Regulates the Expression of a
Cluster of Mitotic Genes

NF45 and NF90 have been implicated in different aspects of RNA
metabolism, including transcription, mRNA stability, and transla-
tion (Barber, 2009; Castella et al., 2015). To identify mRNAs that
may be regulated by the NF45-NF90 complex, we analyzed the
impact of NF45 depletion on polyadenylated RNAs using tran-
scriptome data from the ENCODE consortium (Diehl and Boyle,
2016). Interestingly, we found that NF45 depletion was associ-
ated with a >2-fold reduction in the levels of 86 mRNAs, including
ILF2 (Figure 3A; Table S2). As expected, ILF3 levels were unaf-
fected by NF45 depletion (Figure 3A). Using g:Profiler (Reimand
etal., 2016), we analyzed NF45-sensitive transcripts for potential
enrichments in biological functions. Strikingly, we found signifi-
cant enrichments in several Reactome pathways (https://
reactome.org/) related to mitosis (Figure 3B), including “mitotic
cell cycle” (p = 4.7 x 107 and “sister chromatid cohesion”
(p = 1.3 x 107%. We represented significantly downregulated
genes involved in the mitotic cell cycle using STRING (Figure 3C).
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Among this heavily connected cluster, we found genes coding
for mitotic kinases (CDK72, NEK2, and PLK1), kinetochore pro-
teins (CENPE, CENPA, and NUF2), members of the SAC
(BUBT), and the chromosomal passenger complex (BIRCS).
We selected four genes that play essential roles in mitotic pro-
gression and SAC activation (NUF2, CDK1, CCNA2, and
BIRC5) and confirmed their sensitivity to NF45 and NF90 deple-
tion at the mRNA level (Figure 3D). We also observed a decrease
in proteins encoded by these genes in HeLa, MDA-MB-231, and
BT-20 cells depleted for NF45 or NF9O0 (Figures 3E, 3F, and S1A).
Consistent with this, we found that depletion of NF45 or NFQO0 in
MDA-MB-231 and BT-20 cells resulted in pleiotropic mitotic de-
fects (Figures S1B-S1F).

To determine whether the NF45-NF90 complex associates
with mitotic mRNAs, we performed RNA-immunoprecipitation
(RIP) assays on endogenous proteins (Figure 3G). We found
that NUF2, CDK1, CCNA2, and BIRC5 mRNAs were significantly
enriched in endogenous NF45 or NF90 immunoprecipitates
compared to control mMRNAs, suggesting that the NF45-NF90
complex specifically associates with these mitotic mRNAs. To
assess whether this association was dependent on the RNA-
binding domains of NF90, we performed RIP assays on cells
that ectopically express WT NF90 or NF90 lacking one
(ARBM2) or both dsRBMs (ARBM1/2). We found that deletion
of one but preferentially two dsRBMs significantly impaired
mitotic mMRNA enrichment compared to WT NF9O0 (Figure 3H).
To determine whether the RNA-binding properties of NFOO are
necessary for mitotic progression, we generated cells stably ex-
pressing WT NF90, NFOO ARBM2, or ARBM1/2 and assessed
the effect of endogenous NF90 depletion on the frequency of
binucleated cells (Figure 3l). Although we found that expression
of WT NF90 rescues endogenous NF90 depletion, our results
show that NF90 ARBM2 and ARBM1/2 do not reduce polyploidy
(Figures 3J and 3K). These results indicate that the dsRBMs of
NF90 are essential for its role in mitotic progression.

The NF45-NF90 Proximity Interactome Reveals a
Functional Interplay with SMD Components

To identify potential interactors of the NF45-NF90 complex, we
conducted a proximity-dependent biotin identification (BiolD)
screen in HEK293 cells (Roux et al., 2018). For this, NF45 (WT

(D) HelLa cells stably expressing tubulin-GFP (gray) and shNT, shNF45, or shNF90 were grown on glass-bottom culture dishes, followed by time-lapse imaging

during 16 h. Arrows indicate cells undergoing mitosis. Scale bars: 25 um.

(E) Quantification of cytokinesis failure in HeLa tubulin-GFP using time-lapse imaging. At least 100 cells per condition were analyzed. **p < 0.001 (two-tailed t

test).

(F) HeLa cells stably expressing shNT, shNF45, or shNF90 tubulin-GFP were followed by time-lapse imaging during 16 h, and cells undergoing mitotic catas-
trophe were quantified. At least 50 cells per condition were quantified. **p < 0.001 (two-tailed t test).
(G) Hela cells subjected to NF45 or NF90 depletion were stained for tubulin (green), F-actin (red), and DNA (blue) and imaged at 60x magnification. Arrows

indicate unaligned chromosomes at metaphase. Scale bar: 10 pm.

(H) Quantification of cells having unaligned chromosomes in metaphase. At least 50 cells per condition were analyzed. ***p < 0.001 (two-tailed t test).

(I) Quantification of metaphase spindle axial symmetry toward the metaphase plate. At least 25 cells per condition were analyzed. ***p < 0.0001 (one-way ANOVA).
(J) Quantification of metaphase spindle length. At least 25 cells per condition were analyzed. ***p < 0.0001 (one-way ANOVA).

(K) HeLa tubulin-GFP cells were depleted for NF45 or NF9O0. Time in mitosis was determined using live-cell imaging by tracking cells in mitosis. At least 50 mitotic

cells per condition were analyzed.

(L) HeLa cells depleted for NF45 or NFO0 were treated with nocodazole for 16 h and then cells were stained for pH3-Ser10 and DNA (propidium iodide) and
analyzed by FACS. The quantification shows the fraction of mitotic cells for each condition. ***p < 0.001 (two-tailed t test).
(M) HeLa cells were stained for tubulin (green), F-actin (red), and DNA (blue), and cells in anaphase were imaged at 60x magnification. Arrows indicate chromatin

bridges. Scale bar: 10 um.

(N) Quantification of chromatin bridges at anaphase. A minimum of 25 cells per condition were analyzed.
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Figure 3. The NF45-NF90 Complex Regulates the Expression of a Cluster of Mitotic Genes
(A) Transcriptome analysis of HepG2 cells depleted for NF45/ILF2. Red dots indicate genes that are significantly depleted by more than 2-fold change compared

to control.

(B) Classification of mRNAs significantly decreased in HepG2 cells depleted for NF45, based on Reactome Gene Ontology (GO) term enrichments associated

with adjusted p values.

(C) Network representation of mitotic genes significantly decreased (>2-fold change) in response to NF45 depletion. Network edges represent functional

interaction between these genes.

6 Cell Reports 37, 107660, May 19, 2020

(legend continued on next page)



Decay, Cell Reports (2020), https://doi.org/10.1016/j.celrep.2020.107660

Please cite this article in press as: Nourreddine et al., NF45 and NFO0 Regulate Mitotic Gene Expression by Competing with Staufen-Mediated mRNA

Cell Reports

and DZF mutant) and NF90 (WT and DZF mutant) were fused in
frame with a promiscuous form (R118G) of the biotin ligase BirA
(BirA*) (Figure 4A). Each bait was stably integrated in the tetracy-
cline-inducible Flp-In T-Rex HEK293 cell system, and additional
control cell lines (ho BirA* and BirA*-GFP) were generated to
enable data analysis. BiolD coupled with mass spectrometry
(MS) was performed in biological triplicates on these baits grown
under standard conditions (Figure 4A). SAINTexpress (Teo et al.,
2014) was used to define high-confidence proximity interactions,
and only high-confidence interactions (SAINT > 0.80) were
considered further. Using this approach, we identified 63 and
83 prey proteins (false discovery rate [FDR] < 0.05; SAINT >
0.8) for WT NF45-BirA* and WT NF90-BirA*, respectively (Venn
diagram in Figure 4A; Table S3). From these, 44 were found to
be common to both baits, including known interactors of the
NF45-NF90 complex, such as ZFR and PKR (EIF2AK2; Saunders
et al., 2001; Wolkowicz and Cook, 2012). Using the DZF mutant
(D308R/R319E) of NF45 as bait, we observed a large decrease in
identified preys, whereas this was not the case with the DZF
mutant of NF90 (E312R/R323D; dot plot in Figure 4A). These re-
sults suggest that the NF45 proximal interactome depends on
NF90 binding but that NFO0 does not require NF45 for interacting
with most of its partners. Interestingly, most preys common to
NF45 and NF90 are RNA-binding proteins that can be repre-
sented into four functional clusters, including RNA splicing (p =
9.44 x 1079, ribosome biogenesis (p = 8.56 x 10~3), host im-
mune response (p = 1.6 x 1072), and mRNA stability (p =
2.93 x 10~%; Figure 4A). These results suggest that the NF45-
NF90 complex regulates several aspects of RNA metabolism,
including RNA splicing and stability.

To investigate whether the NF45-NF90 complex regulates
mitotic RNA splicing, we performed alternative splicing PCR
(ASPCR) and quantified the relative abundance of spliced iso-
forms in response to NF45 or NF90 depletion. For this, we
have analyzed all mitotic genes found to be downregulated in
the transcriptome of NF45-depleted cells (Figure 3C; Table S2)
but did not find significant splicing alterations (Figure S2A).
NF45 and NF90 are also known to regulate gene expression at
the transcriptional level (Nakadai et al., 2015; Wu et al., 2018).
To determine whether the NF45-NF90 complex regulates mitotic
gene transcription, we performed luciferase assays using FoxM1
(6xDNA-binding motif) or CDK1 (full promoter) reporters, which
were validated using okadaic acid (Figures S3A and S3B; Al-
varez-Fernandez et al., 2011; Liu and Bird, 1998). Using these re-
porter assays, we found that overexpression or knockdown of
NF45 or NF90 did not modulate CDK7 promoter or FoxM1-
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dependent activities (Figures S3C-S3F), indicating that the
NF45-NF90 complex does not regulate mitotic genes at the tran-
scriptional level. The NF45-NF90 complex is known to regulate
translation of XIAP and c/AP1 (Faye et al., 2013). To test whether
the NF45-NF90 complex affects translation of mitotic genes, we
performed ribosome profiling in cells depleted for NF45 or NF9O0.
These experiments did not reveal any translational regulation of
mitotic genes by the NF45-NF90 complex (Figure S4).

In addition to RNA splicing components, we identified Stau1,
Stau2, and UPF1 as proximity interactors of NF45 and NF90,
which are components of the Staufen-mediated mRNA decay
(SMD) machinery (Figure 4A). Staul and Stau2 are known to
bind mRNAs via their 3’ UTR and to recruit the UPF1 helicase,
leading to mRNA decay (Park and Maquat, 2013; Sakurai
et al., 2017). We analyzed enhanced crosslinked immunoprecip-
itation (eCLIP) data for NF90 and UPF1 obtained from the
ENCODE consortium (Figure S5) and found common coordi-
nates in the 3’ UTR of several mitotic genes, such as BIRCS5,
CDK1, and PLK1 (Figure S5C). Although ~30% of UPF1 peaks
were found to intersect with NF90 peaks (Figure S5A), these re-
sults do not necessarily suggest the presence of common mRNA
regions or sequence motifs. To confirm BiolD results related to
SMD components, we performed a streptavidin pull-down of
biotinylated proteins. We confirmed that UPF1 is biotinylated in
NF45-BirA* and NF90-BirA* cells, but not in control cells (Fig-
ure 4B). To further confirm these results, we immunoprecipitated
endogenous UPF1 and determined the presence of endogenous
NF45 and NF90, as well as hemagglutinin (HA)-tagged Stau1
(Figure 4C). We found that the NF45-NF90 complex co-immuno-
precipitates with SMD components and that this interaction is
sensitive to RNase A treatment, suggesting an RNA component
to this interaction (Figure 4C). Consistent with previous findings
(Kim et al., 2005), RNase A treatment did not disrupt the direct
interaction between Stau1 and UPF1 (Figure 4C).

Interestingly, Stau1, Stau2, and NF90 possess dsRBMs, sug-
gesting that they bind similar structures within target mRNAs.
Staul overexpression was shown to negatively affect mitosis
(Boulay et al., 2014), and Stau2 is important for spindle integrity
in mouse oocytes (Cao et al., 2016). To assess whether Stau1
and/or Stau2 affect expression of mitotic mMRNAs regulated by
NF90, we performed gPCR in cells depleted for NFO0 alone or
in combination with Stau1 or Stau2 depletion (Figure 4D). We
found that depletion of Staul, and most importantly Stau2,
rescued mitotic mMRNA levels depleted by NF90 knockdown (Fig-
ure 4D), suggesting that Stau1/2 counteract NF90 in the regula-
tion of mitotic mMRNAs. To assess whether NF90 and Stau1/2

(D) HeLa cells were depleted for NF45 or NF90 using shRNAs, and NUF2, CDK1, BIRC5, and CCNA2 mRNAs were quantified by gPCR. *p < 0.05 (two-tailed t

test).

(E and F) HeLa cells were depleted for NF45 or NF90 using shRNAs. Abundance of NUF2, CDK1, survivin, and cyclin A2 were assessed by immunoblotting (E) and
quantified over a minimum of 3 independent experiments (F). *p < 0.05 (two-tailed t test).

(G) Relative abundance of NUF2, CDK1, CCNA2, and BIRC5 mRNAs immunoprecipitated with control immunoglobulin G (IgG), anti-NF45, or anti-NF90 anti-
bodies, as measured by gPCR and normalized to the level of ACTB. **p < 0.01; ***p < 0.001 (two-tailed t test).

(H) HEK293 cells were transfected with Myc-tagged NF90 (WT, ARMB2, and ARBM1/2). The relative abundance of NUF2, CDK1, CCNA2, and BIRC5 mRNAs

immunoprecipitated with the anti-Myc antibody was then measured by gPCR.
(I) Schematic representation of the knockdown-rescue pipeline.

(J and K) HeLa cells were transduced with GFP or Myc-tagged NF90 (WT, ARMB2, and ARBM1/2), and endogenous NF90 was depleted using a shRNA targeting
its 3’ UTR. Quantification of binucleated cells was done by analyzing at least 1,500 cells per condition (K). NF45 and NF90 abundance was assessed by

immunoblotting (J). ***p < 0.001 (two-tailed t test).
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Figure 4. The Proximity Interactome of NF45 and NF90 Reveals a Functional Interplay with SMD Components

(A) Schematic representation of the BiolD pipeline. Venn diagram showing common and respective preys identified for NF45 and NF90. Dot plot of proximity
interactors for NF45 and NF90 is shown. All high-confidence proximity interactors are organized according to biological functions.

(B) HEK293 stably expressing inducible BirA*, BirA*-GFP, NF45-BirA*, and NF90-BirA* were induced with tetracycline and labeled with biotin during 24 h.
Biotinylated proteins were precipitated using streptavidin beads, and UPF1 was detected using anti-UPF1 antibodies.

(C) HEK293 cells transfected with HA-tagged Stau1 were immunoprecipitated with endogenous UPF1 using anti-UPF1 antibody. Immunoprecipitates were
treated or not with RNase A (10 pg/mL).

(D) gPCR of Hel a cells stably expressing shNT, shNF90, and combination of shNF90/shStau1 or shNF90/shStau2. *p < 0.05; **p < 0.01; ***p < 0.001 (two-tailed t
test).

(E) Relative abundance of NUF2, CDK1, CCNA2, and BIRC5 mRNAs immunoprecipitated with the anti-NF90 antibody in HEK293 cells stably expressing shNT,
shStau1, or shStau2. *p < 0.05; **p < 0.01 (two-tailed t test).

(legend continued on next page)
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compete for binding to the same mRNAs, we performed RIP as-
says on endogenous NF90 from cells that were subjected to
Staul or Stau2 depletion. Compared to control cells (shNT),
we found that Stau2 depletion increased NF90 binding to
BIRC5, CCNA2, NUF2, and CDK1 mRNAs, although Staut
depletion only increased CDK1 binding (Figure 4E). These results
suggest that the NF45-NF90 complex competes with SMD com-
ponents for the expression of mitotic MRNAs. To determine the
biological significance of these findings, we tested whether
Staul or Stau2 knockdown (using 4 different shRNAs) could
reverse the mitotic phenotype induced by NF90 depletion. We
first quantified mRNA levels of ILF3, STAUT, and STAU2 by
gPCR (Figure S2B) and found that all shRNAs lead to knockdown
of the targeted transcripts. Quantification of binucleated cells
showed that shRNAs targeting Stau2 rescued the mitotic defects
observed in NF90-depleted cells (Figure 4F). Together, these re-
sults suggest that the NF45-NF90 complex likely competes with
the SMD machinery for the regulation of important mitotic
mRNAs (Figure 4G).

DISCUSSION

In this study, we identified NF45 and NF90 as RBPs that regulate
the expression of cell cycle mRNAs (Figure 1). We show that
deregulation of the NF45-NF90 complex leads to pleiotropic
mitotic defects (Figure 2) and that the NF45-NF90 complex alters
expression of genes that are essential for mitotic progression
(Figure 3). We find that the NF45-NF90 complex associates
with mitotic mMRNAs and that both dsRBMs of NF90 are required
for mitotic fitness (Figure 3). Using BiolD, we identify SMD com-
ponents as proximity interactors of the NF45-NF90 complex and
find that depletion of Stau2, and to a lesser extent Stau1, en-
hances the association of mitotic mRNAs to NF90 and rescues
mitotic defects observed upon NF90 depletion (Figure 4). These
results indicate that the NF45-NF90 complex competes with
SMD components for mitotic mMRNAs and thereby promotes
mitotic progression (Figure 4G).

Our results indicate that the expression of 39 RBPs signifi-
cantly correlates with cell cycle mRNAs (Figure 1). Among iden-
tified proteins, we found both NF45 and NF90, which form an
obligate heterodimer in cells. Both proteins were shown to corre-
late with cell proliferation in various cellular contexts, including
many tumor tissues (Guo et al., 2012; Hu et al., 2013; Huang
et al., 2014; Jin et al., 2018; Ni et al., 2015; Wan et al., 2015;
Yin et al., 2017). NF90 was shown to positively regulate
CCND1 and CCNET mRNA stability and thereby promote G1/S
transition (Jiang et al., 2015). Furthermore, genome-wide
CRISPR screens have identified ILF2 and ILF3 as essential
fitness genes in both immortalized and cancer cell lines (Hart
et al., 2015; Wang et al., 2014), suggesting that they may be
important therapeutic targets in cancer.

Our results show that the NF45-NF90 complex associates
with several mitotic mMRNAs in a dsRBM-dependent manner
(Figure 3). dsRBMs are 65- to 70-amino-acid-long domains
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that recognize dsRNA via electrostatic interactions and struc-
ture complementarity rather than sequence-specific interac-
tion (Masliah et al., 2013). NF90 tandem dsRBMs have been
crystalized with synthetic dsRNA, which revealed that the
interaction occurs on two RNA minor grooves separated by
10 bp (Masliah et al., 2013). Interestingly, NF45 binding to
NF90 enhances dsRNA binding (Schmidt et al., 2017a), sug-
gesting that NFO0 dsRNA targets might be indirectly modu-
lated by NF45. Using RIP arrays, two groups have determined
the identity of mRNAs that interact with NFOO (Kuwano et al.,
2008; Neplioueva et al., 2010), but results are quite divergent
and may be explained by different methodologies. A recent
study characterized the mRNA targets of the NF45-NF90 com-
plex in mouse embryonic stem cells, which included many
mRNAs encoding mitotic proteins (Ye et al., 2017). NF90 has
been shown to be phosphorylated in mitotic cells (Matsu-
moto-Taniura et al., 1996; Smith and Miskimins, 2011), sug-
gesting that specific mitotic kinases might regulate NF9O0 func-
tion. Altogether, these results indicate that the NF45-NF90
complex plays a ubiquitous role in mitosis, but more experi-
mentation will be required to characterize the spectrum of
mRNAs controlled by the NF45-NF90 complex.

SMD is a mammalian degradation process mediated by Stau1
or Stau2 binding to 3" UTR dsRNA structures on mRNAs (Park
and Magquat, 2013). Stau1 and Stau2 have been shown to be
regulated during the G2/M phase of the cell cycle (Beaujois
et al., 2017; Boulay et al., 2014), and ectopic Stau1 expression
was shown to impair mitotic progression (Boulay et al., 2014),
although Stau2 has been implicated in spindle integrity of mouse
oocytes during meiosis (Cao et al., 2016). Here, we show that
depletion of SMD components rescues the mitotic phenotype
of NF90-depleted cells, suggesting a competition between
both complexes. Besides their roles in mitosis, a broader rela-
tionship between SMD and the NF45-NF90 complex might exist.
SMD is well known to play a role in myogenesis by negatively
regulating the MyoD mRNA (de Morrée et al., 2017; Yamaguchi
et al., 2008). Interestingly, NFO90 knockout mice display impair-
ments in skeletal muscle differentiation due to reduced MyoD
expression (Shi et al., 2005). It would thus be interesting to deter-
mine whether this functional relationship exists in other functions
regulated by SMD, including adipogenesis (Cho et al., 2012),
apoptosis (Sakurai et al., 2017), and myogenesis (de Morrée
et al., 2017; Yamaguchi et al., 2008).
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cence. At least 1,000 cells per condition were quantified. *p < 0.05; **p < 0.01; **p < 0.001 (two-tailed t test).
(G) Schematic model of the competition between the NF45-NF90 complex and Stau1/2-UPF1 complex for the regulation of mitotic fitness.
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DAPI VECTASHIELD Vector laboratories Cat# H-1200
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Biotin Thermo Fisher Scientific Cat# B1595
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Protein A Sepharose

GE healthcare
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Critical Commercial Assays

RNeasy minikit
Secrete-Pair Gaussia Luciferase Assay Kit
Luciferase Assay System
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Genecopeia
Promega

Cat# 74106
Cat# LF032
Cat# E1500
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pLenti-6Myc-NF90 ARMB1/2 This paper

pKH3-HA-Stau1
pcDNAB-6xDB-FLuc
GLuc-SEAP-pEZX-PG04
pRSV-Rev

pMDLg / pRRE

pMD2- VSVG
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Boulay et al., 2014
Laoukili et al., 2005
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Sigma-Aldrich
Sigma-Aldrich
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Sigma-Aldrich
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TRCNO0000157149 TRCN0000153783
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Software and Algorithms

Imaged
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ZEN blue

FACSDiva

FlowdJo v10
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GE healthcare
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https://www.bdbiosciences.com/us/instruments/
research/software/flow-cytometry-acquisition/
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HTseq Anders et al., 2015 https://doi.org/10.1093/bioinformatics/btu638
DESeq2 Love et al., 2014 https://doi.org/10.1186/s13059-014-0550-8
SAINT Choi et al., 2011 https://doi.org/10.1038/nmeth.1541

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Philippe.
P. Roux (philippe.roux@umontreal.ca).

Materials Availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer
Agreement.

Data and Code Availability
Original/source data for RNA-seq (Figure 3), eCLIP (Figure S5) in the paper are available at https://www.encodeproject.org/. Original/
source data for BiolD (Figure 4) in the paper is available in Table S3

EXPERIMENTAL MODEL AND SUBJECT DETAILS

HelLa, MDA-MB-231 and HEK293 cells were maintained at 37°C in Dulbecco’s modified Eagle’s medium (DMEM) (GIBCO) with 4.5 g/
liter glucose supplemented with 5% fetal bovine serum (FBS) and antibiotics. BT-20 cells were maintained at 37°C in Alpha modified
Eagle’s Medium (Wisent) with 10% FBS and antibiotics.

METHOD DETAILS

DNA Constructs

The original plasmids encoding human NF45, NF90 (pCDNA3-NF45 and pCDNA3-NF90) and Stau1 (pKH3-HA-Stau1) were respec-
tively obtained from Dr. Mathews (New Jersey Medical School, NJ, USA) and Dr. Degroseillers (Université de Montréal, QC, Canada).
These DNA constructs were used as template for generating 6Myc-tagged NF45 WT, NF45 mut (D308R/R319D), NFO0 WT, NFO0 mut
(E312R/R323D), NFO0 ARMB2, NFO0 ARBM1/2, Flag-tagged BirA*-NF45 WT, BirA*-NF45 mut (D308R/R319D), BirA*-NF90 WT,
BirA*-NF90 mut (E312R/R323D) in the pcDNA3, pCDNA5-FRT and pLenti backbones. We obtained the 6xDB luciferase reporter
(pcDNAS3) from Dr. Medema (Netherland Cancer Institute, Amsterdam, Netherlands). We purchased the dual CDK1 promoter reporter
(GLuc-SEAP-pEZX-PG04) from Genecopoeia (Rockville, MD, USA).

Immunoprecipitations and Immunoblotting

Cell lysates were prepared as previously described (Roux et al., 2004). Briefly, cells were washed three times with ice-cold phos-
phate-buffered saline (PBS) and lysed in BLB (10 mM K3PO,4, 1 mM EDTA, 5 mM EGTA, 10 mM MgCl,, 50 mM -glycerophosphate,
0.5% Nonidet P-40, 0.1% Brij 35, 0.1% deoxycholic acid, 1 mM sodium orthovanadate [NazVO,], 1 mM phenylmethylsulfonyl fluo-
ride, and a cOmplete protease inhibitor cocktail tablet (Roche). For immunoprecipitations, cell lysates were incubated with the indi-
cated antibodies for 2 h, followed by 1 h of incubation with protein A-Sepharose CL-4B beads (GE Healthcare). Immunoprecipitates
were washed three times in lysis buffer, and beads were eluted and boiled in 2 x reducing sample buffer (5 x buffer is 60 mM Tris-HCI
[pH 6.8], 25% glycerol, 2% SDS, 14.4 mM 2-mercaptoethanol, and 0.1% bromophenol blue). Eluates and total cell lysates were
subjected to 10 to 12% SDS-PAGE, and resolved proteins were transferred onto polyvinylidene difluoride (PVDF) membranes for
immunoblotting. The data presented are representative of results from at least three independent experiments.

Bioluminescence Resonance Energy Transfer (BRET) Assays

BRET assays were performed as described previously (Mercier et al., 2002). For BRET400-GFP10, proteins were fused to RLucll
(donor) and GFP10 (acceptor). Coelenterazine-400a (coel-400a) (Biotium) was used as the luciferase substrate to generate light
with a maximal emission peak at 400 nm, allowing GFP10 excitation (maximum at 400 nm). BRET was measured using a Mithras
LB940 Multimode Microplate Reader (Berthold Technologies) equipped with either a BRET480-YFP filter set (donor 480 + 20 nm
and acceptor 530 + 20 nm filters) or a BRET400-GFP10 filter set (donor 400 + 70 nm and acceptor 515 + 20 nm filters). Briefly, cells
were seeded the day after transfection in a poly-L-ornithine (Sigma-Aldrich)-pretreated 96-well microplate (CulturePlate;
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PerkinElmer Inc.). BRET values were collected after the addition of the luciferase substrate at a final concentration of 2.5 uM. BRET
signals were determined as the ratio of the light emitted by acceptor (YFP or GFP10) over donor (RLuc or RLucll).

RNA-Immunoprecipitation (RNA-IP)

Cells were washed with ice-cold PBS and lysed in RIP buffer (50 mM Tris-HCI at pH 7.4, 300 mM NaCl, 1 mM MgCil,, 0.05% NP-40,
1 mM NazVOy4, 1 mM PMSF, 1 mM DTT, 200 U/mL RNase Out, 100 ug/mL yeast tRNA (Sigma), cOmplete protease inhibitors. For
immunoprecipitations, cell lysates were precleared with protein A-Sepharose beads for 30 min and then incubated with the indicated
antibody for 2 h, followed by 1 h of incubation with protein A-Sepharose beads. Immunoprecipitates were washed six times with RIP
buffer and divided for immunoblotting and RNA extraction. RNA was eluted twice with elution buffer (PK; 50 mM Tris-HCI at pH 7.4,
100 mM NaCl, 10 mM EDTA, 1% SDS, 5 mM DTT, 400 U/mL RNase Out, 0.25 ug/mL yeast) during 15 min at 65°C and digested with
4 mg/mL proteinase K (Roche) for 40 min at 37°C. RNA was then extracted with phenol-chloroform.

Reagents and Antibodies

Anti-NF45 (Bethyl), Anti-N90 (Bethyl), Anti-NUF2 (Abcam), Anti-CDK1 (Santa Cruz), Anti-Cyclin A2 (Santa Cruz), Anti-Survivin (Novus
Biologicals), Anti-Tubulin (Sigma-Aldrich), Anti-Actin (Sigma-Aldrich), Anti-Myc (Sigma-Aldrich), Anti-UPF1 (MBL), phosphor-H3
Ser10 (Cell Signaling), Nocodazole (Sigma-Aldrich), Puromycin (Sigma-Aldrich), DAPI vectashield (Vectorlabs), TexasRed-Phalloidin
(Invitrogen). All secondary horseradish peroxidase (HRP)-conjugated antibodies used for immunoblotting were purchased from
Chemicon.

RNAi and Viral Infections

For shRNA-mediated knockdown of NF45 or NF90, lentiviruses were produced using vectors from the Mission TRC shRNA library
(Sigma-Aldrich) targeting NF45 (TRCN0000014553, TRCN0000329725), NF90 (TRCNO0000014578, TRCNO0000014582), Stau1l
(TRCNO000164920, TRCNO000166217, TRCN0000158514, TRCN0000159567), and Stau2 (TRCN0000157149, TRCNO000153783,
TRCNO0000152870, TRCN0000178809). Cells were infected in the presence of 4 ug/mL polybrene (Sigma-Aldrich), and, 3 d after viral
infection, HeLa, MDA-MB-231 and BT-20 cells were treated and respectively selected with 2, 1.5 and 2 pg/mL puromycin.

Immunofluorescence Microscopy

For immunofluorescence analyses, 6 x 10* HelLa cells were seeded in 24-well plates containing coverslips. Twenty-four hours later,
cells were fixed in 3.7% formaldehyde for 10 min. Cells were washed twice in PBS, permeabilized for 5 min in PBS containing 0.3%
Triton X-100 and blocked with PBS containing 1% bovine serum albumin for 1h. Cells were incubated for 30min with anti-tubulin
Alexa488 (Invitrogen), Phalloidin-Texas Red (Invitrogen) antibodies. Cells were stained with DAPI Vectashield (VectorLabs). Images
were acquired on a DeltaVision microscope (Olympus U Plan S-Apo x 60 aperture) using softWoRXx software equipped with a camera
(CoolSNAP HQ2).

Transfections
HEK293 cells were transfected by calcium phosphate precipitation as previously described (Roux et al., 2004).

Live-cell Imaging

Five x 10* cells were seeded in 8-well Open p-Slide (Ibidi, GmbH) and allowed to adhere overnight. Cells were filmed at 37°C with a
DeltaVision microscope (Olympus U Plan S-Apo x 20/0.75 numerical aperture) using softWoRx software equipped with a camera
(CoolSNAP HQ2). Images were acquired every 10 min for 18 h. Image analysis was done with softWoRx and ImageJ softwares.

Proliferation Assays

For proliferation assays, HelLa cells were grown in medium supplemented with 5% FBS. The relative number of viable cells was
measured every 24 h during four consecutive days using the 2-(4-lodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
inner salt (WST-1), cell proliferation assay from Roche, as shown elsewhere (Julien et al., 2010). The absorbance was measured at
490 nm using a Tecan GENios Plus microplate reader, and the results displayed represent the mean of triplicates + standard error (SE).

Synchronization and Flow Cytometric Analysis of Cell Cycle Distribution

HelLa cells were synchronized in mitosis with a double thymidine block followed by nocodazole (Sigma-Aldrich) treatment for 18 h.
Twenty-four hours after being seeded, cells were exposed to 2 mM thymidine (Sigma Aldrich) for 16 h. Cells were then released for
6 h followed by a second thymidine block for a further 16 h, then HelLa cell were incubated overnight with nocodazole at 1.5 uM. The
DNA and RNA intercalating fluorescent dye propidium iodide (Sigma-Aldrich) was used to quantify cellular DNA content and cell cycle
distribution. After treatment, HelLa cells were harvested and fixed in 95% ethanol at —20 °C. Before analysis, cells were incubated
with RNase A (100 pg/ml; Sigma-Aldrich) and stained with propidium iodide (40 pg/ml) for 30 min. Samples were immediately
analyzed by flow cytometry with a BD FACSCanto Il flow cytometer (BD Biosciences) at low flow rate. A total of 2 x 10* events
was recorded per sample, and the cell fraction GO/G1, S and G2/M phases were quantified with BD FACSDiva software (BD
Biosciences) and plots were done with FlowJo.
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RNA-sequencing (RNA-Seq)

Transcriptome datasets were obtained from the Encyclopedia of DNA Elements (ENCODE) consortium (ILF2 shRNA knockdown in
HepG2 cells followed by RNaseq: ENCSR366FFV; Control shRNA against no target in HepG2 cells followed by RNaseq:
ENCSR305XWT). Gene expression were quantified using HTseq count from the alignment files created by STAR. DESeq?2 version
1.10.1 was then used to identify differentially expressed genes using a Wald test.

Analysis of TCGA Datasets

Using Nextprot (https://www.nextprot.org/), we downloaded a list of annotated RNA-binding proteins (KW-0694), consisting of 687
entries. Using cBioPortal (https://www.cbioportal.org), we analyzed the TCGA breast invasive carcinoma dataset (1084 tumors) and
extracted the mRNAs most correlated to each mRNA encoding RNA-binding proteins (r > 0.5). Using gProfiler (https://biit.cs.ut.ee/
gprofiler/), we assessed the statistical significance of GO term enrichments (Cell cycle; GO:0007049) within the lists of co-expressed
mRNAs.

RNA Extraction and Quantitative Real-Time PCR

Total RNA from cells was extracted by using the RNeasy minikit (QIAGEN). Total RNA was reverse transcribed by using a cDNA
reverse transcription kit (Applied Biosystems) according to the manufacturer’s instructions. Gene expression levels of the endoge-
nous controls glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and beta-actin (ACTB) were determined by using pre-validated
TagMan gene expression assays (Applied Biosystems). Expression levels of queried and control genes were determined by using
assays designed with the Universal Probe Library (UPL) from Roche. PCRs were performed on an ABI Real Time 7900HT cycler
and analyzed with SDS 2.2 software. Quantitative real-time PCR (QRT-PCR) was performed with TagMan gene expression master
mix (Applied Biosystems), and all samples were tested in duplicate. mRNA levels of queried genes were normalized to the averaged
levels of both GAPDH and ACTB.

Alternative Splice Isoform PCR (ASPCR)

RT-PCR were performed by the RNomics Platform of the Université de Sherbrooke. Primers are listed below. Reverse transcription
was done using 10 U of Transcriptor reverse transcriptase, 20 U of RNaseOUT (Invitrogen), 3.2 pg of random hexamers, 1 uM of
dNTPs mix, 1 X Transcriptor RT reaction buffer and 0.2 — 2 ug of total RNA. PCR was done using 0.2 U of Platinium Tag, 0.6 pM
of primers, 1.5 mM of MgCI2, 10 ng of cDNA template, 1X of PCR buffer and 200 uM of dNTPs mix. PCR reactions were performed
on thermocyclers GeneAmp PCR System 9700 (Thermo Scientific-Invitrogen). A first cycle of 15 min at 95 °C was followed by 35
cycles of 30 s at 94 °C, 30 s at 55 °C, and 1 min at 72 °C. The reaction was ended with the extension step of 10 min at 72 °C. Visu-
alization and analysis of amplified products were done using automated chip-based microcapillary electrophoresis on Labchip GX
Touch HT instruments (Perkin Elmer).

Polysomal mRNA Profiling

Sucrose gradient velocity sedimentation was used to isolate the monosomal and polysomal fractions. For experiments using NF45 or
NF90-depleted cells, following selection with puromycin, cells were passaged once in 15-cm dishes and then maintained in DMEM
containing 5% serum and puromycin. HeLa NF45 or NF90-depleted cells were seeded in 15-cm dishes; 24 h later, fresh medium
without puromycin was added, and cells were grown for another 24 h prior to harvesting. Ten minutes before harvesting, 100 ng/
mL cycloheximide was added to the culture medium. Cells were washed in ice-cold PBS supplemented with 100 pg/mL cyclohex-
imide and collected in polysome lysis buffer (PLB; 15 mM Tris at pH 7.4, 250 mM NaCl, 15 mM MgCI2, 1% Triton X-100, 100 ung/mL
cycloheximide, 1 mM DTT, 400 U/mL RNase Out [Invitrogen, Life Technologies], protease inhibitors.) Samples were centrifuged at
10,000 x g for 10 min at 4°C. Protein concentration in the resulting supernatants was measured using the Bradford method, and
equal amounts of protein were layered on a 20%-50% linear sucrose gradient and centrifuged in a Beckman SW41Ti rotor at
92,000 x g for 3 h at 4°C. Following centrifugation, the absorbance at 254nm was continuously monitored and recorded using a
Gradient Station IP (Biocomp) attached to a UV-MII (GE Healthcare) spectrophotometer. Polysomal fractions were collected, and
RNA was extracted using RNeasy minikit (QIAGEN).

Luciferase Assay

HEK?2983 cells were transfected using calcium-phosphate precipitation with the CDK7 promoter reporter or the 6xDB reporter (FoxM1
DNA-binding motif). For NF45 or NF90-overexpressing cells, HEK293 were co-transfected with the CDK1 promoter reporter or 6xDB
reporter and NF45 or NF90. For NF45 or NF90-depleted cells, HEK293 cells were transduced with shNF45 or shNF90. Then, 24h
post-selection, cells were transfected with luciferase reporters. 48h post-transfection luciferase activity was measured according
to Secrete-Pair Gaussia Luciferase Assay Kit (Genecopoeia) and using the plate-reader Infinite 200 PRO (Tecan).

Generation of Stable Inducible Cell Pools and BiolD Labeling

Parental HEK293 FIp-In T-Rex cells and cells expressing GFP-BirA R118G fused to flag tag were provided by Dr. Anne-Claude Ging-
ras (University of Toronto, Toronto, Canada). Stable cell lines were generated in parental HEK293 FIp-In T-Rex cells expressing bait
proteins of interest as described (Kean et al., 2012). Stable cell lines were selectively grown in the presence of 200 pg/mL hygromycin

Cell Reports 317, 107660, May 19, 2020 e5



https://www.nextprot.org/
https://www.cbioportal.org
https://biit.cs.ut.ee/gprofiler/
https://biit.cs.ut.ee/gprofiler/

Please cite this article in press as: Nourreddine et al., NF45 and NFO0 Regulate Mitotic Gene Expression by Competing with Staufen-Mediated mRNA
Decay, Cell Reports (2020), https://doi.org/10.1016/j.celrep.2020.107660

¢ CelPress Cell Reports

up to 80% confluence before expression was induced using 1 pg/mL tetracycline for 24 hours. For the BiolD experiments, 50 uM
biotin was added at the time of induction. Two 150-mm plates were induced with tetracycline and treated with biotin for 24 hours
before harvesting. Cells were pelleted at low speed, washed with ice-cold PBS and frozen at —80°C until purification. Cell pellets
were thawed in 1.5 mL ice cold RIPA buffer containing 20 mM Tris-HCI (pH 8), 137 mM NaCl, 1% NP-40, 0.1% SDS and 0.5% sodium
deoxcycholate. 1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol and a complete protease inhibitor cocktail tablet (Roche)
were added immediately before use, supplemented with 250U of benzonase. The lysates were sonicated using three 10 s bursts
with 10 s rest in between on ice at 20% amplitude. Lysates were centrifuged for 20 min and cleared supernatants were transferred
to 2 mL microcentrifuge tubes, and a 60 pL bed volume of prewashed streptavidin-agarose beads (GE Healthcare) was added to
each sample. Affinity purification was performed at 4°C on a nutator for 3 hours, and the beads were washed twice in RIPA buffer,
and three times in 50 mM ammonium bicarbonate (ABC; pH 8.0). After affinity purification and removal of all washing buffer, beads
were resuspended in 100 pL of 50 mM ABC (pH 8) with 1 pg of trypsin (Sigma-Aldrich) added and incubated at 37°C overnight with
agitation. The next day, an additional 1 ug of trypsin was added to each sample, and the samples were incubated for 4 hours at 37°C.
Beads were pelleted and the supernatant was transferred to a fresh 1.5 mL tube. The beads were then rinsed two times with 100 pL of
MS-grade H,0O, and these rinses were combined with the original supernatant. The pooled fractions were centrifuged, and the su-
pernatant was transferred to a new 1.5 mL tube and dried in a vacuum centrifuge. Tryptic peptides were resuspended in 10 puL of 5%
formic acid.

Mass Spectrometry Acquisition and Data Analysis

Samples were reconstituted in formic acid 0.2% and loaded and separated on a homemade reversed-phase column (150 pmi.d. x
150 mm) with a 56-min gradient from 0%-40% acetonitrile (0.2% FA) and a 600 nl/min flow rate on an Easy-nLC Il (Thermo Fisher
Scientific), connected to an Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher Scientific). Each full MS spectrum acquired
with a 60,000 resolution was followed by 20 MS/MS spectra, where the 12 most abundant multiply charged ions were selected for
MS/MS sequencing. Samples analyzed were converted to mzXML using ProteoWizard 3.0.4468 (Kessner et al., 2008) and analyzed
using the iProphet pipeline (Shteynberg et al., 2011) implemented within ProHits (Liu et al., 2010). The database consisted of the hu-
man and adenovirus sequences in the RefSeq protein database (version 57) supplemented with “common contaminants” from the
Max Planck Institute (https://maxquant.org/downloads.htm) and the Global Proteome Machine (GPM; https://www.thegpm.org/
crap/index.html). The sequence database consisted of forward and reversed sequences. The search engines were Mascot
(2.3.02; Matrix Science) and Comet (2012.01 rev.3 (Keller et al., 2002)), with trypsin specificity and two missed cleavage sites allowed.
Methionine oxidation and asparagine/glutamine deamidation were set as variable modifications. The fragment mass tolerance was
0.01 Da and the mass window for the precursor was + 10 ppm. The resulting Comet and Mascot results were individually processed
by PeptideProphet and combined into a final iProphet output using the Trans-Proteomic Pipeline (TPP; Linux version, v0.0 Develop-
ment trunk rev 0, Build 201303061711). TPP options were as follows. General options were -p0.05 -x20 -PPM -d”DECOY,” iProphet
options were pPRIME and PeptideProphet options were pP. All proteins with a minimal iProphet protein probability of 0.05 were
parsed to the relational module of ProHits. Note that for analysis with SAINTexpress, only proteins with at least two peptides identify
and with iProphet protein probability > 0.95 are considered. This corresponds to an estimated protein level FDR of ~0.5%.

QUANTIFICATION AND STATISTICAL ANALYSIS
Student’s t test was used for comparisons between two groups with at least n = 3. A p value < 0.05 was considered significant for all
parameters tested. Error bars indicate standard deviation (s.d.). For Figures 2I-2L, one-way ANOVA was performed. All experiments

were performed a minimum of three times. Statistical details for each experiment are located in the results, figures, and figure
legends.
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Figure S1. Impact of NF45 or NF9O depletion in breast cancer cell lines. (A) Triple negative
breast cancer cell lines BT20 and MDA-MB-231 cells were depleted for NF45 or NF90 using
shRNAs. Abundance of NUF2, CDK1, CCNA2 and Survivin were assessed by immunoblotting.
(B, C) Quantification of binucleated cells by immunofluorescence in response to NF45 or NF90
depletion. A minimum of 1500 cells per condition was quantified. ***p<0.001 (two-tailed t-test) (D)
BT-20 cells subjected to NF45 or NF90 depletion were stained for Tubulin (green), F-Actin (red)
and DNA (blue) and imaged at 60x magnification. Scale bar 25 pm (E) Quantification of BT-20
cells metaphase spindle length. At least 25 cells per condition were analyzed. ***p<0.0001 (one-
way ANOVA). (F) Quantification of BT-20 cells having unaligned chromosomes in metaphase. At

least 50 cells per condition were analyzed. ***p<0.001 (two-tailed t-test). Related to Figure 3.



o = -
a o o« ﬁ
o @, L] ~ o
= 7, o © s
= (o W T z
w 8 i < <
© K’ = T a
R %
Y .
nvewe - - s

: = N
o % P G <
] 4, = 3 S S
w \“\ w \4.\ q
S o 3 w o = )
= E z = S i =
¥, g 9 =
o o Ve
K e
N " g [
coocococoo — + —
Sccoocooo M e weono g
R8g88sS8
-
z & & S
o b T
w - o % < m
o o) /V\.q !
5 c B % & )
2 x o & o
= 5 2 %,
O i o
“
= (%) o
s e = @D N
- ™
x = & e
g o @ =
- 2 b
= —
8 : : N
o 2 L
S p cooo uy
§ - 8REF i

Figure S2
Nourreddine et al.

- =
(Hadvo 0} pazijewou)
S[oA3] YNYW

CDK1elR1
BUB1e1R2
KIF20A e1R1

nonownonono
e e e I = =

(%) 154




Figure S2. Analysis of mitotic gene alternative splicing in response to NF45 and NF90

depletion.

(A) HeLa cells stably expressing shNT, shNF45 or shNF90 were extracted for RNA and
Alternative Splicing PCR was performed to quantify the different splicing isoforms of mitotic

genes.

(B) gPCR of Hela cells stably expressing shNT, shNF90, and combinations of shNF90/shStaul
or shNF90/shStau?2 using 4 different shRNAs targeting Staul or Stau2. ILF3, STAUL and STAU2

MRNA levels correspond to the conditions found in the functional assay perform in Figure 4F.

Related to Figure 4.
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Figure S3. Transcriptional regulation of mitotic genes in cells with loss- and gain-of-
function in NF45 and NF90. (A, B) HEK293 cells were transfected with plasmids encoding
luciferase under the control of the CDK1 promoter or 6x FoxM1 DNA-binding motifs, and treated
with 20 nM Okadaic acid for 24h or 48h. *p<0.05 ***p<0.001 (two-tailed t-test). (C, D) HEK293
cells were co-transfected with NF45 or NF90 overexpressing vectors and plasmids encoding
luciferase under the control of the CDK1 promoter or 6x FoxM1 DNA-binding motifs. (E, F)
HEK?293 cells stably expressing shRNA targeting NF45 or NF90 were transfected with plasmids
encoding luciferase under the control of the CDK1 promoter or 6x FoxM1 DNA-binding motifs.

**p<0.05 ***<0.001 (two-tailed t-test). Related to Figure 3.
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Figure S4. Translational regulation of mitotic genes in response to NF45 or NF90 depletion.
(A) Ribosome profiling of HelLa cells stably expressing shRNAs targeting NF45 or NF90. (B)
Relative distribution of CDK1, CCNA2, NUF2, BIRC5 and GAPDH mRNA in the different
ribosomal fractions. (C) Normalized distribution of CDK1, CCNA2, NUF2, BIRC5 and GAPDH

MRNAs in the subpolysome and polysome fractions. Related to Figure 4.
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Figure S5. Intersection of NF90 and UPF1l binding regions on target mRNAs. (A)
Overlapping binding sites between ILF3 (GEO: GSE91760) and UPF1 (GEO: GSE91776) eCLIP

datasets from K562 cells obtained from the ENCODE database (www.encodeproject.org). (B)

Gene Ontology analysis of overlapping peaks between ILF3 and UPF1 eCLIP datasets. (C)
Representation of ILF3 and UPF1 eCLIP peaks on CDK1, BIRC5, PLK1 and SERPINEL1 genes
using the UCSC genome browser. Coding exons are showed by blocks connected by lines
representing introns. 5' and 3'UTR are represented as thinner blocks on the leading and trailing

ends of the genes. Related to Figure 4.


http://www.encodeproject.org/

Table S4. List of all primers used for gPCR and ASPCR, Related to STAR Methods.

gqPCR
Gene
ILF2
ILF3
NUF2
CDK1
CCNA2
BIRC5
ATCB
GAPDH

ASPCR
Gene
ANLN
BIRC5.1
BIRC5.2
BUB1.1
BUB1.2
CDK1.1
CDK1.2
CDK1.3
CENPA
CENPE.1
CENPE.2
CETN2
KIF20A.1
KIF20A.2
KIF4A
NEK2.1
NEK2.2
NUF2.1
NUF2.2
PLK1.1
PLK1.2
PLK1.3

Primer Forward
CCTGGTGGTGATACTCAAGATTC
CTGGTGCTGCTGTGTAAGGA
CCAGAAGCTTAAAAATGCCAGA
TGGATCTGAAGAAATACTTGGATTCTA
CCATACCTCAAGTATTTGCCATC
CCGCATCTCTACATTCAAGAACT
ATTGGCAATGAGCGGTTC
AGCCACATCGCTCAGACAC

Primer Forward
TGACCGAAAACCAGATACCAG
TTCAAGGAGCTGGAAGGCTGG
CCACTGAGAACGAGCCAGAC
GGACCCAGTTGATGGAAAGACT
AGTTTGCGGTTCAGGTTTGGC
CTTGGAAATTGAGCGGAGAGCG
TTGCTGAACTAGCAACTAAGAAACC
TGGATTCTATCCCTCCTGGTCA
TTCCTCCCATCAACACAGTCGG
GTTGAACTCACTTCGTGCTGAC
GGAACTAAAAACTGCTCGTATGCT
AGGAAGGGACAGGAAAAATGAACT
CCAGGAGGAGCAAGTGGCA
TGAACATTTGGACACCCAAAAGG
GGGAGAACGGGGAAGGGACATT
TGGGCTGCTTGCTGTATGAGTT
TACAGCTTGCTAAAGGAACGGA
TGATGACGGTTGACGTTTGCTG
GGTCCAGAAGCTTAAAAATGCCA
CGTGTTCGTGGTGTTGGAGC
CCCGATACTACCTACGGCAAAT
CGTGCAGATCAACTTCTTCCAG

Primer Reverse
CTTAGGCTTTCCACGACTTTG
TGCAGTATTTCGTACTTGTCTTCTG
TGATATAACTGCACTTCCAACTGAC
CAATCCCCTGTAGGATTTGG
TCCAGTCTTTCGTATTAATGATTCAG
GCCAAGTCTGGCTCGTTC
TGAAGGTAGTTTCGTGGATGC
GCCCAATACGACCAAATCC

Primer Reverse
TCTCCTCTTGGCTCTTCTCCAT
CACAGGAAGGCTGGTGGCA
GACAGAAAGGAAAGCGCAACCG
AGGTCAATCAGTGCCAAGCCAG
CTGATGAATCTTGGGTCATTGTGG
TCCATAGTTAGTCAATGGGTATGGT
ACTTCATTATTGGGAGTGCCCA
TGGAGTTGAGTAACGAGCTGAC
GCCAGTTGCACATCCTTTGGG
TCTGGTCTTCCTTTTCTCTAAGCAG
ACTTGGTGGTTCTGTCGGTC
CCAGTTTCATCATCATCAAAGAGCT
ACATCGTCATCGGACAGCAAG
ATCAATGGTGAAGGGCTTGGCT
CCAGAGGGCGACAACGCAGC
CGCCTGAATTTGCCTTCTCTGA
TCATGATGTTCTCTTTACTTTCCCCA
CTGGGGAAAGACAAAGTTTCCATC
TTTGAATTGTGCTGTGGCAAGT
ATTTGCCGTAGGTAGTATCGGG
CTGTGCCCTTTCTTGCTCAGC
CTCAGGCGGTATGTGCGGAA
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