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Cell division requires RNA eviction from condensing

chromosomes

Judith A. Sharp“?@®, Carlos Perea-Resa?®, Wei Wang®? and Michael D. Blower?@

During mitosis, the genome is transformed from a decondensed, transcriptionally active state to a highly condensed,
transcriptionally inactive state. Mitotic chromosome reorganization is marked by the general attenuation of transcription on
chromosome arms, yet how the cell regulates nuclear and chromatin-associated RNAs after chromosome condensation and
nuclear envelope breakdown is unknown. SAF-A/hnRNPU is an abundant nuclear protein with RNA-to-DNA tethering activity,
coordinated by two spatially distinct nucleic acid-binding domains. Here we show that RNA is evicted from prophase
chromosomes through Aurora-B-dependent phosphorylation of the SAF-A DNA-binding domain; failure to execute this
pathway leads to accumulation of SAF-A-RNA complexes on mitotic chromosomes, defects in metaphase chromosome
alignment, and elevated rates of chromosome missegregation in anaphase. This work reveals a role for Aurora-B in removing
chromatin-associated RNAs during prophase and demonstrates that Aurora-B-dependent relocalization of SAF-A during cell

division contributes to the fidelity of chromosome segregation.

Introduction
During cell division, chromosomes are dramatically restructured
to facilitate segregation to daughter cells. At the onset of mitosis,
most nuclear transcription ceases through a block of transcription
initiation, causing a runoff of actively elongating RNA polymerase
(Akoulitchev and Reinberg, 1998; Liang et al., 2015; Palozola et al.,
2017; Prescott and Bender, 1962; Segil et al., 1996). During the same
period, interphase chromosome architecture is erased through the
removal of the majority of cohesin complexes from euchromatin
and the loading of condensin complexes (Gibcus et al., 2018). This
coordinated exchange of cohesin and condensin complexes leads
to dramatic chromosome condensation and the characteristic X
shape of mitotic chromosomes (Haarhuis et al., 2014). Collectively,
each of these genome remodeling pathways contributes to the
accurate segregation of chromosomes during anaphase.
Aurora-B is a master regulatory kinase that controls mitotic
chromosome segregation and cytokinesis. Aurora-B is a member
of the “chromosome passenger complex” (CPC) that dynamically
changes localization throughout mitosis. The CPC localizes
throughout the chromosomes at prophase, concentrates at the inner
centromere region at metaphase, and transfers from chromosomes
to the spindle midzone during anaphase (Carmena et al., 2012).
During prophase, the CPC, Plkl, and Cdk1 phosphorylate the
cohesin-associated proteins Sororin and SA2, which allows the co-
hesin release factor WAPL to open cohesin rings and strip cohesin

from euchromatic regions (Haarhuis et al., 2014). In addition to
phosphorylation of cohesin complexes, Aurora-B phosphorylates
histone H3 during prophase to release HP1 from chromatin (Fischle
et al., 2005; Hirota et al., 2005). However, the full spectrum of
mitotic Aurora-B substrates and functions is not currently known.
During interphase, a large proportion of the genome is
transcribed into RNA. Most mRNAs are spliced, capped, poly-
adenylated, and exported from the nucleus. However, a small
fraction of fully processed mRNAs are retained in the nucleus
(Bahar Halpern et al., 2015). Many nuclear transcripts do not
code for proteins but are part of a diverse group of functional
noncoding RNAs (Djebali et al., 2012). Noncoding RNAs influence
gene expression by many mechanisms, including interacting
with both transcriptional activators and repressors, promoting
3D genome organization, coating specific chromosomal domains,
promoting DNA replication origin usage, and silencing an entire
chromosome (Wang and Chang, 2011). Because noncoding RNA
function has been studied primarily during interphase, it is not
clear how genome organization promoted by nuclear RNAs is
regulated during mitosis when chromosomes are restructured.
The prototypical nuclear noncoding RNA is the XIST RNA.
This transcript is expressed from the inactive X chromosome in
female cells and coats the Xi chromosome in cis to silence most
genes (Galupa and Heard, 2015). XIST RNA is tethered to the Xi
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chromosome during interphase through a combination of factors,
including Cizl (Ridings-Figueroa et al,, 2017; Sunwoo et al., 2017),
heterogeneous nuclear RNP K (hnRNP-K; Colognori et al,, 2019;
Pintacuda et al.,, 2017), and hnRNP-U/SAF-A (Hasegawa et al., 2010).
Interestingly, XIST RNA is removed from the mitotic Xi chromosome
in an Aurora-B-dependent manner, but the molecular mechanism is
not known (Hall et al., 2009). Additionally, it is not known if other
nuclear RNAs are also removed from chromosomes during mitosis.

SAF-A is a highly abundant nuclear protein originally iden-
tified as a factor that binds with high affinity to scaffold at-
tachment regions of chromosomes and as a protein that binds to
heterogeneous nuclear RNA (Fackelmayer and Richter, 1994;
Kiledjian and Dreyfuss, 1992). Indeed, SAF-A has been shown to
interact with hundreds of RNAs, and recent mass spectrometry
studies have shown that all cellular SAF-A is complexed with
RNA (Caudron-Herger et al., 2019; Huelga et al., 2012; Xiao et al.,
2012). SAF-A contains a modular domain architecture with an
N-terminal SAP DNA-binding domain, a central AAA+ domain,
and a C-terminal RGG-type RNA-binding domain. SAF-A is im-
portant for restricting XIST RNA localization to the Xi chromo-
some territory during interphase through a mechanism requiring
the SAP and Arginine/Glycine-rich (RGG) domains. The presence
of two spatially and functionally distinct nucleic acid-binding
domains suggested that SAF-A directly tethers XIST RNA to
chromatin (Hasegawa et al., 2010). Subsequently, SAF-A has been
implicated in a wide variety of nuclear RNA regulatory processes:
forming interchromosomal connections through interactions with
the FIRRE noncoding RNA (Hacisuleyman et al., 2014), mRNA
splicing (Ye et al., 2015), and decompaction of euchromatic DNA
through interaction with RNA (Nozawa et al., 2017). Notably, all
described SAF-A functions occur in the interphase nucleus, and
many of these processes are reversed during early mitosis. We
therefore tested whether SAF-A is regulated during mitosis or if
SAF-A-mediated chromosomal structures are remodeled during
chromosome condensation.

In this work, we investigate the molecular mechanisms that
regulate nuclear RNA localization during mitosis. We find that
nuclear RNAs are removed from the surface of prophase chro-
mosomes in an Aurora-B- and SAF-A-dependent manner. We
show that Aurora-B phosphorylates SAF-A at two sites in the
SAP domain to release SAF-A-RNA complexes from chromatin
during mitosis. Additionally, we find that nonphosphorylatable
SAF-A phenocopies the genome-wide retention of RNA on mi-
totic chromosomes observed in Aurora-B-inhibited cells. Finally,
we demonstrate that cells expressing nonphosphorylatable SAF-A
experience a high frequency of chromosome misalignment in
metaphase and chromosome segregation errors in anaphase. Our
results show that removal of SAF-A complexed to nuclear RNAs
from chromatin is a key aspect of mitotic chromosomal restructuring
and is essential for accurate chromosome segregation.

Results

SAF-A-RNA complexes undergo dynamic interactions with
chromatin during the cell cycle

SAF-A is involved in several processes central to interphase
nuclear function, including chromatin-bound RNA localization,
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interchromosomal interactions, and DNA decondensation. Be-
cause these processes are all downregulated or reversed to allow
for chromosome condensation and individualization during
early mitosis, we hypothesized that SAF-A interactions with
DNA or RNA are regulated in a cell cycle-dependent manner.

To test for SAF-A-chromatin interactions, we monitored
SAF-A localization across the cell cycle in human, diploid RPE-1
cells (Fig. 1 a). Interphase cells showed strong nuclear staining of
SAF-A as previously described (Dreyfuss et al., 1984; Hasegawa
et al., 2010). In mitotic cells, we observed that SAF-A was dra-
matically cleared from chromatin in prophase, and that SAF-A
staining of chromatin was absent by prometaphase. The exclusion
of SAF-A from mitotic chromosomes was observed with two dif-
ferent antibodies to detect the native protein (Fig. 1 a and data not
shown), in SAF-A-GFP-transfected cells imaged under both live
and fixed conditions (see Fig. 4 d, Fig. 7 c, and Fig. S2 e), and in
cells expressing a SAF-A-AID-mCherry allele knocked into the
endogenous locus (see Fig. S2 d).

Recent analysis of chromatin-bound transcription factors has
suggested that formaldehyde fixation can alter localization
properties of some transcription factors (Teves et al., 2018). To
confirm that the exclusion of SAF-A from chromatin reflected a
change in its physical association with chromatin during mito-
sis, we immunoprecipitated SAF-A from interphase and mitotic
cell extracts prepared in the absence of formaldehyde cross-
linking, and tested for the presence of the core histones in
both control and a-SAF-A eluates (Fig. 1 b). Histone H3 was
enriched in interphase a-SAF-A immunoprecipitations (IPs)
relative to control IPs using IgG, but was absent in mitotic
a-SAF-A IPs. Furthermore, Coomassie-stained gel analysis of
control and a-SAF-A IPs confirmed the presence of all four core
histones in interphase but not mitotic a-SAF-A IPs. In concor-
dance with our live imaging (see Fig. S2 e), these data demon-
strate that SAF-A is removed from chromosomes in mitosis and
is not a fixation artifact.

Previous work has shown that SAF-A directly binds to hun-
dreds of RNAs (Huelga et al., 2012; Xiao et al., 2012), but has not
addressed whether SAF-A RNA binding is cell cycle regulated.
To determine whether differential chromatin association during
the cell cycle influences SAF-A interactions with RNA, we
modified the proximity ligation assay (PLA) to detect SAF-
A-RNA complexes in asynchronous cell populations (Fig. 1d). In
this scheme, all RNA is labeled with 5-bromouridine (BrU) be-
fore immunostaining with BrU and SAF-A primary antibodies.
PLA detection of SAF-A-RNA interactions is then achieved
through DNA polymerase amplification of oligonucleotide se-
quences conjugated to secondary antibodies. In interphase cells,
SAF-A-RNA interactions were exclusively nuclear, whereas in
mitotic cells, SAF-A-RNA interactions were dispersed through-
out the entire cell (Fig. 1 e). Therefore, SAF-A maintains RNA
interactions throughout the cell cycle, even after removal from
chromosomes during mitosis.

To identify SAF-A-interacting RNAs across the cell cycle, we
immunoaffinity purified native SAF-A-RNA complexes from
interphase and mitotic RPE-1 cell extracts and performed high-
throughput RNA sequencing (RNA-seq; Fig. 1 f). Sequencing
reads from two independent biological replicates showed a high
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Figure 1. SAF-A-RNA complexes undergo dynamic interactions with chromatin during the cell cycle. (a) IF of SAF-A in RPE-1 cells relative to chro-
mosomes (DAPI). Scale bar = 10 um. (b) Western blot analysis of SAF-A and histone H3 levels in cell extracts (lanes 1 and 2) and IPs (lanes 3-6) from cells
arrested in interphase (1) or mitosis (M). Mock IPs included mouse IgG (lanes 3 and 5); a-SAF-A IPs (lanes 4 and 6) were performed with a mouse mAb specific
for SAF-A. (c) Coomassie-stained gel analysis of IgG IPs (lanes 1 and 3) and a-SAF-A IPs (lanes 2 and 4). IgG is denoted by the asterisks. (d) The PLA was
modified to detect interactions between SAF-A and RNA. RPE-1 cells were labeled with BrU and incubated with primary antibodies to SAF-A and BrU. When the
antigens are <150 nm apart, secondary antibodies conjugated to oligos will generate a fluorescent DNA product. () SAF-A-RNA PLA interactions detected in
RPE-1 cells incubated with or without BrU to label RNA. (f) RIP-seq was performed to identify SAF-A-interacting RNAs in interphase and mitotic RPE-1 cell
extracts. To determine which RNAs associated with SAF-A in both interphase and mitosis, the average RNA enrichment in mitosis was plotted against RNA
enrichment in interphase. Average enrichment values were determined from two independent biological replicates; all RNAs greater than or equal to twofold
enriched are gated by the dashed orange line, whereas all RNAs greater than or equal to fourfold enriched are gated by the dashed yellow line. (g) Nuclear
retention of SAF-A-interacting RNAs. SAF-A-interacting RNAs were compared with the nuclear/cytosolic distribution determined for each expressed RNA.
SAF-A-interacting RNAs are shown in blue (fourfold enriched) and red (twofold enriched); total RNA expression is shown in black. A rightward shift on the x
axis indicates a higher degree of nuclear retention for SAF-A-interacting RNAs relative to the total RNA population. P values were calculated using a Wilcoxon
rank-sum test. (h) Summary of SAF-A interactions with chromatin and RNA during interphase and mitosis.
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degree of correlation (Fig. S1, a and b), demonstrating the re-
producibility of our sequencing data. Overall, we identified 1,761
transcripts enriched greater than or equal to twofold in SAF-A
IPs from both interphase and mitotic cell extracts, representing
13% of all expressed RNAs. Quantitative RT-PCR (qRT-PCR)
confirmed the enrichment of specific transcripts in SAF-A IPs
for all RNAs tested (Fig. S1 c). We noted that several prominent
long noncoding RNAs (IncRNAs), such as XIST, NEAT2/MA-
LAT1, and KCNQ10T1, were enriched with SAF-A across the cell
cycle; however, the majority of SAF-A-interacting transcripts
were mature, fully spliced mRNAs (Fig. SI, c-e). SAF-A-associated
RNAs were well correlated in interphase and mitosis (Spearman
p = 0.69), confirming that SAF-A-RNA interactions are stable
throughout the cell cycle.

To determine if SAF-A-associated RNAs are preferentially
retained in the nucleus, we compared our interphase RNA-seq
data with previous data examining relative nuclear enrich-
ment of all RNAs in IMR-90 cells (Fig. 1 g; Djebali et al, 2012).
Indeed, we found a highly statistically significant enrichment
of nuclear-retained RNAs present in the SAF-A-interacting
RNA population, and that a higher SAF-A RNA enrichment
was correlated with a higher nucleus/cytosol localization ra-
tio (Fig. 1 g, see twofold versus fourfold population). Taken
together, our data show that SAF-A-RNA complexes are stable
throughout the cell cycle, that SAF-A associates with hun-
dreds of nuclear-retained mRNAs and IncRNAs during in-
terphase, and that mitotic removal of SAF-A during prophase
releases SAF-A-RNA complexes from condensing chromo-
somes (Fig. 1 h).

Aurora-B triggers relocalization of SAF-A-RNA complexes in
early mitosis

Our data suggested there is a signal during prophase that trig-
gers SAF-A removal from chromatin, prompting us to query
whether inhibition of the Aurora-A, PLK]1, or Aurora-B kinases
that function during early mitosis would alter SAF-A localization
in prometaphase. Whereas mitotic cells treated with DMSO
showed the normal SAF-A chromatin exclusion pattern, treat-
ment of cells with the Aurora-B selective inhibitor barasertib
caused SAF-A enrichment on prometaphase chromosomes
(Fig. 2, a and c). Similar results were observed using siRNAs to
deplete Aurora-B (Fig. 2, b and c). In contrast, Plkl or Aurora-A
inhibition had no discernable effect on SAF-A localization
(Fig. 2 c).

To test whether Aurora-B inhibition caused SAF-
A-interacting RNAs to be retained on chromatin, we treated
cells with barasertib and performed FISH to detect three RNAs
significantly enriched in SAF-A IPs: the XIST and NEAT2/
MALATI IncRNAs and O-linked N-Acetylglucosamine trans-
ferase (OGT) mRNA (Fig. 2 d). In interphase, all three RNAs
showed prominent nuclear retention, either as a chromosome-
sized focus in the case of XIST (Brown et al., 1992) or as multiple
nuclear foci in the case of OGT and NEAT2. We note that, in
contrast to the IncRNAs, OGT mRNA was also present as small
granular cytoplasmic particles, consistent with it being a sub-
strate for translation. In prometaphase cells treated with
DMSO, XIST RNA was dispersed as small cytoplasmic foci; in
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Figure 2. Aurora-B triggers relocalization of SAF-A-RNA complexes in
early mitosis. (a) SAF-A IF in RPE-1 cells incubated with either DMSO or
mitotic inhibitors to Aurora-B (barasertib), Aurora-A (Aurora-A inhibitor 1),
and PIk1 (Bl 2536). Scale bar = 10 um. (b) RPE-1 cells were cultured in the
presence of either control siRNAs or Aurora-B siRNAs. Cells were im-
munostained for SAF-A and Aurora-B. (c) Image quantitation of mitotic SAF-A
localization under the indicated treatments, expressed as a ratio of chromatin-
localized SAF-A versus cytoplasmic SAF-A. For each box plot, the median is
represented by the horizontal solid line within the shaded box; the mean and SD
are represented by the horizontal and diamond-shaped dashed lines, respec-
tively. Data points representing individual mitotic figures are rendered beside
each box plot in circles. DMSO, n = 49; barasertib, n = 43; Aurora-A inhibitor 1,
n = 11; Bl 2536, n = 13; control siRNA, n = 23; Aurora-B siRNA, n = 24. P values
were calculated using a Student’s t test. (d) RNA FISH for the SAF-A-interacting
XIST, OGT, and NEAT2 RNAs was performed in RPE-1 cells incubated with
DMSO or barasertib.

contrast, prometaphase cells treated with barasertib showed an
abnormal accumulation of XIST RNA on the mitotic Xi chro-
mosome, consistent with previous observations (Clemson et al.,
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1996; Hall et al., 2009). A similar trend was observed for OGT
and NEAT2 localization: whereas prometaphase cells showed a
general trend of nuclear RNA disaggregation and cytoplasmic
dispersal, Aurora-B inhibition resulted in markedly increased
overlap of OGT and NEAT2 RNAs with mitotic chromosomes.
Together, these data suggest that the Aurora-B kinase is re-
sponsible for the removal of SAF-A-RNA complexes from
prophase chromatin.

To determine whether Aurora-B has a global role in regu-
lating RNA localization, we labeled cells with a 3-h pulse of 5-
ethynyl uridine (EU; Jao and Salic, 2008) and monitored total
RNA localization in prometaphase cells with or without Aurora-
B inhibition (Fig. 3). In control cell populations, we observed that
EU-labeled RNA was substantially enriched in the nucleus rel-
ative to the cytoplasm, as previously observed (Fig. 3, a and c; Jao
and Salic, 2008; Johnson et al., 2017; Palozola et al., 2017).
However, RNA was excluded from condensed prophase and
prometaphase chromosomes (Fig. 3 b). Strikingly, barasertib-
treated cells showed RNA retention on the chromosome surface,
reminiscent of the SAF-A localization pattern in Aurora-
B-inhibited cells (Fig. 3, b and d). Therefore, Aurora-B releases
a large population of nuclear/chromosomal RNAs from chromo-
somes in prometaphase.

If Aurora-B primarily targets SAF-A to remove RNAs from
chromatin in mitosis, we hypothesized that SAF-A ablation
should result in RNA release from chromatin in Aurora-
B-inhibited cells. To test this, we constructed a human dip-
loid DLD-1 cell line with both copies of endogenous SAF-A
fused to an auxin-inducible degron sequence and mCherry
(SAF-A-AID-mCherry; Fig. S2, a and b; Holland et al., 2012;
Natsume et al., 2016); a doxycycline-inducible TIR1 E3 ligase
was also integrated to enable auxin-mediated degradation of
SAF-A-AID-mCherry. Control experiments demonstrated
that SAF-A-AID-mCherry was homozygous, was expressed at
normal levels, showed a localization pattern identical to the
wild-type protein, and could be depleted within 24 h of
treatment with doxycycline and auxin (indole-3-acetic acid
[1AA]; Fig. S2, c and d). We then tested for EU-RNA localiza-
tion under all combinations of SAF-A-AID-mCherry depletion
and Aurora-B inhibition. In cells expressing SAF-A-AID-mCherry,
EU-RNA was retained on chromatin in the presence of bar-
asertib, as was observed in wild-type cells (Fig. 3 e). How-
ever, in SAF-A-depleted cells, Aurora-B inhibition no longer
caused EU-RNA retention on chromosomes, demonstrating
that Aurora-B is epistatic to SAF-A (Fig. 3, d and e). We
conclude that Aurora-B and SAF-A together define a pathway
that releases RNA from chromosomes en masse during early
mitosis (Fig. 3 f).

Phosphorylation of SAF-A by Aurora-B controls chromatin
association

To test whether Aurora-B promotes chromosomal removal of
SAF-A through direct phosphorylation, we performed a kinase
assay using recombinant Aurora-B-Incenp complex (Bolton
et al., 2002; Rosasco-Nitcher et al., 2008) and immunoaffinity-
captured SAF-A (Fig. 4 a). We observed dose-dependent
phosphorylation of SAF-A in the presence of the active
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Aurora-B-Incenp complex. A low level of SAF-A phosphoryla-
tion was present in reactions lacking Aurora-B-Incenp com-
plex, possibly due to a trace amount of kinase activity
copurifying with SAF-A (Fig. 4 A, lane 5). In contrast, there
were no specific phosphorylation events observed in IgG
control IPs. Therefore, the Aurora-B-Incenp complex can
directly phosphorylate SAF-A.

To identify phosphorylation sites on SAF-A in vivo, we iso-
lated SAF-A from interphase and mitotic cell extracts and used
mass spectrometry to identify modified peptides (Fig. 4 b and
Table S1). We pooled our phosphopeptide data with that from
several phosphoproteomic studies (https://www.phosphosite.
org/homeAction.action) and mapped serine and threonine
phosphorylation sites relative to SAF-A domain structure
(Fig. 4 c and Table S1). Potential Aurora-B sites were then
identified on the basis of whether the proximal amino acids fit
the Aurora-B consensus sequence (K/R-S/T or K/R-X-S/T;
Alexander et al., 2011; Cheeseman et al., 2002; Hengeveld et al.,
2012; Kettenbach et al., 2011). All seven of the putative Aurora-
B sites were located in the N-terminal half of SAF-A, with two
positioned in the SAP domain required for DNA binding (S14,
S26), three positioned in a low-complexity acidic domain (S187,
$267, S271), and two located within the SPRY domain (S326,
S435). Phosphorylated SAF-A S14, S26, S59, S187, and S271 were
overrepresented in mitosis (Table S1; Douglas et al., 2015; Kettenbach
et al., 2011; Olsen et al., 2010).

To determine if the predicted Aurora-B phosphorylation sites
regulate SAF-A-RNA localization during mitosis, we constructed
a series of phosphomutants with single or multiple alanine
substitutions in the SAP domain and acidic domain and analyzed
mitotic HEK293T cells expressing wild-type or phosphomutant
SAF-A-GFP for XIST RNA localization (Fig. 4, d and e). Cells
expressing wild-type SAF-A-GFP showed normal localization of
the tagged protein and XIST RNA: both components showed
nuclear localization during interphase and exclusion from mi-
totic chromosomes. In contrast, we found that mutation of S14A
and S26A, either alone or in combination, significantly increased
the number of cells showing ectopic retention of SAF-A on mi-
totic chromosomes and focal XIST RNA staining on the Xi during
prometaphase (Fig. 4 d). In particular, prometaphase cells ex-
pressing double-mutant SAF-AS1#A S26A_GFP had a 50% fre-
quency of cells with focal, chromatin-bound XIST RNA staining,
nearly a fivefold increase relative to the SAF-A"*-GFP control
(Fig. 4 e). Expression of either SAF-AS#A-GFP or SAF-AS26A-GFP
caused a less dramatic yet significant effect, with both causing a
greater than twofold increase in prometaphase cells with focal
XIST localization. Furthermore, cells expressing SAF-AS26A
S271A_GFP had an XIST RNA localization pattern similar to SAF-
AS26A_GFP, demonstrating that the cumulative effects of mu-
tating two phosphorylatable serines was specific to the SAF-A
SAP domain residues S14 and S26. The other SAF-A phospho-
mutants analyzed had no effect on XIST RNA localization dis-
tinguishable from SAF-A"*-GFP. An alignment of SAF-A from
multiple species showed conservation of S14 and S26 residues
throughout the vertebrate lineage (Fig. S4 a). On the basis of
these data, we conclude that S14 and S26 regulate mitotic SAF-A
localization.

Journal of Cell Biology
https://doi.org/10.1083/jcb.201910148

620z Jequiade( 90 U0 3senb Aq 4pd-g1L0L61.0Z a0/92G71L9L/871L0L610Z8/L L/6LZ/APd-a)o1e/qal/Bio ssaidny//:dpy woly papeojumoq

5 of 26


https://www.phosphosite.org/homeAction.action
https://www.phosphosite.org/homeAction.action
https://doi.org/10.1083/jcb.201910148

« [
5.

DAPI

(=2

EU-RNA

a EU-RNA DAPI merge

-EU

interphase
prometaphase

c p=89x10» d p=25x10"
12 4.4x107
p=44ax10

- 80 - — = ==
= T 10 g
y gt :
g
60 ; £ R 3
e 1y & 0.8 Dl A Y 2
\3‘ / \ < = g N \ é..
> U Z o) . A 3
= n“ ". n: = B l“ ": E
(2] \ 1 <>J~. . \ 5
< 40 \ D Q06 . [ <
2 1 T g :
= 2 |
) E 04 : ¢
& 20 2 . g
- © 02 A N 5
0 = Eﬁ% R 4 I E
o g
+EU -EU DMSO barasertib Bl 2536 Aurora-A + + & - SAF-A E
inhibitor | - + - + barasertib §
e f &
o SAF-A-AID 2
S < Ch N
[e) ™ -m err — \\\ <]
5 < : . RNA 2
< 0 5
9
+ + <
o
c S
2 3
chromatin S
Aurora-B 2
g
-+ g
«Q
(=
&
S
8
@
. . . . Q
+ - chromatin dissociation g
g
N
+ dox + IAA §

barasertib + dox + IAA

Figure 3. Aurora-B and SAF-A together define a pathway for removing RNP complexes from mitotic chromosomes. (a and b) EU-labeled RNA was
detected in interphase and prometaphase DLD-1 cells treated with DMSO or barasertib. Chromosomes were stained with DAPI. Scale bar = 10 um.
(c) Quantitative image analysis demonstrated a 21-fold increase in fluorescence intensity measured in +EU-labeled cell populations (n = 29) relative to control
cells (n = 31). (d) Quantitation of mitotic EU-RNA localization, expressed as a ratio of chromatin-localized RNA versus cytoplasmic RNA. Cells were treated with
DMSO or mitotic inhibitors as shown. DMSO, n = 29; barasertib, n = 28; Bl 2536, n = 34; Aurora-A inhibitor 1, n = 31. P values were calculated using a Student’s
t test. (e) EU-RNA was detected in DLD-1 cells homozygous for a SAF-A-AID-mCherry degron allele. Cells were treated with either DMSO or barasertib, with
or without SAF-A depletion (+dox +IAA) to determine the epistatic relationship of Aurora-B and SAF-A. Quantitation of mitotic EU-RNA localization in SAF-A
degron cells under all conditions is shown in d. SAF-A undepleted + DMSO, n = 20; SAF-A undepleted + barasertib, n = 25; SAF-A depleted + DMSO, n = 20;
SAF-A depleted + barasertib, n = 22. (f) Model for Aurora-B-dependent regulation of SAF-A-RNA chromatin association.
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Figure 4. Aurora-B phosphorylates SAF-A on residues S14 and S26 of the SAP domain. (a) IP kinase assay. Control IgG IPs (lanes 1-4) and a-SAF-A IPs
(lanes 5-8) were incubated with purified Aurora-B-Incenp complex. Phosphorylation of SAF-A was detected using 32P-labeled ATP (upper panel), and SAF-A
was detected using Coomassie blue (lower panel). Aurora-B-Incenp complex was present at 0 nM (lanes 1and 5), 1 nM (lanes 2 and 6), 10 nM (lanes 3 and 7), or
100 nM (lanes 4 and 8). (b) SAF-A was immunopurified from interphase and mitotic cell extracts for mass spectrometric identification of phosphopeptides. IgG
heavy chain is denoted by the asterisk. (c) Phosphorylated serines and threonines were mapped relative to the domain structure of SAF-A as described in the
text. Serines depicted in red fit the Aurora-B consensus sequence (R/K-X-S/T or R/K-X-S/T); serines and threonines depicted in black do not have the Aurora-B
consensus motif. (d) GFP IF for wild-type and phosphomutant versions of SAF-A-GFP expressed in HEK293T cells, combined with XIST RNA FISH. Scale bar =
10 um. (e) Quantitation of the percentage of cells expressing either wild-type or phosphomutant SAF-A-GFP showing retention of XIST RNA on the mitotic Xi.
100 cells were scored for each transfection; the average and SD of multiple independent transfections are shown. Error bars represent the SD. For SAF-
AWt_GFP and SAF-AS14A S26A_GFP, n = 5; n = 3 for all other alleles tested.
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Phosphorylation of the SAP domain reduces SAF-A binding to
DNA

Previous work has demonstrated that SAF-A can bind directly to
AT-rich DNA in vitro and that the N-terminal SAP domain is a
DNA-binding domain (Fackelmayer et al., 1994; Géhring et al.,
1997; Kipp et al., 2000; Romig et al., 1992). To gain molecular
insight into how phosphorylation of residues S14 and S26 on
SAF-A could block DNA binding, we performed molecular
modeling of the SAF-A SAP domain using I-TASSER software,
which uses a combination of ab initio modeling and refinement
based on known structures in the Protein Data Bank (Fig. 5 a;
Yang et al., 2015). I-TASSER identified several close sequence
and structural homologues of SAF-A, all of which featured a SAP
domain with a helix-turn-helix structural motif. Using this
model, we found that S14 is positioned within the first helix,
whereas S26 is positioned in a loop between the first and second
helices (depicted in yellow in Fig. 5 a).

We used the nuclear magnetic resonance structure of the SAP
domain-containing protein PIASI to map the residues contacting
DNA onto the equivalent positions in the SAF-A model (depicted
in green in Fig. 5 a; Okubo et al., 2004), and observed that both
S14 and S26 were positioned on the same molecular surface of
the SAP domain as the residues predicted to contact DNA. To test
whether phosphorylation of residues S14 and S26 altered the
electrostatic surface potential of the SAP domain, we calculated
the surface charge for both the unphosphorylated and phospho-
S14 S26 models of the SAF-A SAP domain. We found that the
unphosphorylated SAF-A SAP domain has an overall net positive
charge (Fig. 5 b, blue) and that this charge is dramatically re-
versed by phosphorylation of S14 and S26 (Fig. 5 b, red). These
data suggest that charge repulsion between the phospho-SAP
domain and the DNA phosphate backbone is a likely mecha-
nism for the release of SAF-A from chromatin after phospho-
rylation by Aurora-B.

To directly test if altered surface charge potential of the
SAF-A SAP domain affects DNA binding, we reconstituted DNA
binding by the SAF-A SAP domain in vitro using GFP-SAP"*and
GFP-SAPSHD 526D expressed and purified from Escherichia coli
(Fig. 5 c). We then employed a DNA electrophoretic mobility
shift assay (EMSA) using a 50-bp AT-rich SAR sequence
(Okubo et al., 2004) to measure the DNA binding affinity of
each protein (Fig. 5, D and E). The SAP"t domain readily bound
the SAR DNA with an apparent K4 of 16.5 pM. In contrast, the
SAPSHD SI8D domain displayed a dramatically reduced DNA
binding, such that we were able to detect only minimal DNA-
binding activity at the highest protein concentration tested
(Kq > 75 pM). We conclude that phosphorylation of the SAP
domain of SAF-A changes the surface charge of the DNA-
binding domain and causes dramatically reduced DNA binding.

The reduced DNA-binding affinity of the phosphomimetic
SAP domain in vitro suggested that a phosphomimetic SAF-A
allele would show reduced chromatin affinity in vivo. We
therefore compared the localization of SAF-A"t-GFP with SAF-
ASD 526D_GFP, with and without barasertib treatment (Fig. 5 f).
In barasertib-treated cell populations, 95% of cells showed SAF-
AWt-GFP retained on prometaphase chromosomes compared
with only 3% of cells treated with DMSO. In contrast, the
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localization of SAF-ASMD S26D_GFP was completely excluded
from mitotic chromosomes with or without barasertib treat-
ment, thus demonstrating that the Aurora-B inhibitor acts
through SAF-A S14 and S26. Taken together, our mutant analysis
data indicate that Aurora-B phosphorylates SAF-A on residues
S14 and S26 in the DNA-binding SAP domain in vivo and that
phosphorylation of these two residues acts additively to disso-
ciate SAF-A-RNA complexes from chromatin during early
mitosis.

Evidence that monomeric SAF-A mediates RNA-DNA tethering
The domain structure of SAF-A includes a central AAA*-type
ATPase domain that controls protein oligomerization through
ATP binding and hydrolysis (Nozawa et al., 2017). Consequently,
mutations in specific Walker box residues can be used to ma-
nipulate the SAF-A oligomeric state (Fig. 6 a). SAF-A exists as a
monomer in its most abundant cellular form, yet it has not been
determined whether the monomeric or oligomeric form of SAF-
A contributes to RNA localization. XIST RNA FISH in mitotic
cells expressing the SAF-A phosphomutant allowed direct vi-
sualization of SAF-A-RNA-chromatin interactions in vivo. To
determine whether SAF-A mediates XIST RNA localization as a
monomer or SAF-A oligomer, we generated SAF-AKS10A_GFP
(monomeric) and SAF-AP58CA_GFP (oligomeric) alleles, either
alone or in combination with the SAF-AS4A S26A_GFP phospho-
mutant, and monitored mitotic XIST RNA localization in trans-
fected cell populations (Fig. 6 b). Interestingly, we found that the
monomeric SAF-A phosphomutant (SAF-AS4A 526A K510A_GFp)
anchored XIST RNA to mitotic chromatin nearly as efficiently as
the SAF-AS!A S26A_GFP allele. In contrast, the oligomeric SAF-A
phosphomutant (SAF-AS4A S26A D5804) wag indistinguishable
from the wild-type allele. These data suggested that the mono-
meric form of SAF-A is sufficient to tether RNA to chromosomes.

To test this idea, we devised an in vitro RNA-DNA tethering
assay and queried whether monomeric SAF-A could bridge in-
teractions between DNA-conjugated beads and RNA. We ex-
pressed and purified full-length monomeric SAF-A protein
(Fig. 6 c) and used a nuclear scaffold DNA sequence coupled to
magnetic beads to capture SAF-A in the absence of ATP to block
oligomerization of SAF-A (MII SAR DNA; Fackelmayer et al.,
1994). SAF-A bound efficiently to DNA-conjugated beads, with-
out detectable binding to control beads (Fig. 6 d). To assay
whether SAF-A bound to DNA could simultaneously bind RNA,
we incubated SAF-A complexed with a fragment of the XIST
RNA with DNA beads (Huelga et al., 2012) and found that XIST
RNA was retained specifically on SAF-A-DNA beads (Fig. 6 e).
These data support the idea that SAF-A has intrinsic RNA-DNA
tethering activity in the absence of protein oligomerization or
accessory proteins. Given that the abundance of SAF-A is esti-
mated to be 2 x 10® molecules per cell (Fackelmayer and Richter,
1994), our data suggest that numerous DNA-SAF-A-RNA bridges
are formed in the interphase nucleus.

Dynamic localization of SAF-A promotes normal chromosome
segregation in mitosis

The data suggested that removal of SAF-A-RNA complexes from
chromatin is a normal feature of prometaphase, prompting us to
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Figure 5. Aurora-B phosphorylation of the SAP domain reduces SAF-A binding to DNA. (a) Molecular modeling of the SAP domain of SAF-A, rendered as a
ribbon model (left) and as a space-filling model (right). Residues S14 and S26 are highlighted in yellow; residues predicted to define the DNA-binding interface
are colored in green. (b) Electrostatic surface charge potential was determined for the unphosphorylated SAP domain (left) or the SAP domain phosphorylated
on residues S14 and S26 (right). The color gradient inset shows the charge distribution as a continuum between red (more negative) and blue (more positive).
(c) Purification of recombinant wild-type (GFP-SAP*Y) and phosphomimetic (GFP-SAPS4P 5260) SAP domains of SAF-A from E. coli. (d) DNA EMSAs for GFP-
SAP“t and GFP-SAPS14D 526D with an AT-rich DNA template. (e) The fraction of bound DNA template versus the protein concentration of GFP-SAP¥t or GFP-
SAPS14D 526D \ya5 plotted to determine the dissociation constant, Ky, and the Hill coefficient. Error bars represent the SD of n = 2 replicates. (f) Wild-type and
phosphomimetic alleles of SAF-A-GFP were expressed in HEK293T cells in the presence of either DMSO or barasertib. SAF-A%-GFP and SAF-AS14D S26D_GFp
were visualized by GFP immunostaining. Scale bar = 10 um.

test whether the role of Aurora-B in determining mitotic local-
ization of SAF-A is important for normal chromosome trans-
mission. For this purpose, we used lentiviruses to integrate
tet-inducible versions of SAF-AW!-GFP or SAF-AS14A S26A_GFp
into the human cell line engineered with the tagged, degradable
SAF-A-AID-mCherry (Fig. 7 a and Fig. S2). To simultaneously
deplete SAF-A-AID-mCherry and reconstitute SAF-A function
with the GFP-tagged alleles, cells were first treated with
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doxycycline for 24 h to induce SAF-A-GFP and TIR1 and then
treated with both doxycycline and auxin for another 24 h to
induce degradation of SAF-A-AID-mCherry before analysis
(Fig. 7 b).

To determine whether the GFP-tagged SAF-A alleles showed
localization properties predicted by our data, we visualized
GFP immunofluorescence (IF) together with RNA localiza-
tion (Fig. 7 c). Inspection of individual mitotic figures revealed
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Figure 6. Monomeric SAF-A is sufficient for
RNA tethering. (a) Model of ATP-dependent
oligomerization cycle of AAA*-type ATPases.
The K510A mutation in the SAF-A Walker A box
inhibits ATP binding and protein oligomerization,
whereas the D580A mutation in the Walker B
box inhibits ATP hydrolysis, trapping SAF-A in
the oligomeric state. (b) Quantitation of the
percentage of cells showing XIST RNA retention
on the mitotic Xi in HEK293T cells transfected
with SAF-A-GFP alleles. 100 cells were scored
for each transfection; the average and SD of
multiple independent transfections are shown.
For SAF-AYt-GFP and SAF-ASI#AS26A_GFP, n = 5;
n = 2 for all other alleles tested. P values were
calculated using a Student’s t test. (c) Purifica-
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that the SAF-A"*-GFP cell line showed exclusion of the pro-
tein and EU-RNA from chromosomes, comparable to endog-
enous RNA and SAF-A localization in untreated wild-type
cells. Conversely, cells expressing the unphosphorylatable mu-
tant SAF-AS14A 526A_GFP showed retention of SAF-A and RNA on
chromosomes, in a pattern that persisted throughout mitosis.
Quantitation of EU-RNA confirmed these observations because
cells expressing the SAF-A phosphomutant had 9.6-fold more
chromosome-associated RNA than SAF-A"t-GFP cells (Fig. 7 d).
These data confirm that the SAF-A allele reconstitution assay
recapitulates the phenotypes predicted by chemical inhibition
data (Figs. 2 and 3) and transient transfection (Fig. 4). Further-
more, the data strongly argue that Aurora-B causes relocalization
of nuclear and chromosomal RNAs during mitosis through tar-
geting S14 and S26 in the SAF-A SAP domain.

To test whether mitotic RNA localization impacts chromo-
some inheritance in anaphase, we stained SAF-AW!-GFP and
SAF-AS1#A S26A_GFP cells with CREST antibodies that label ki-
netochores and scored anaphases in asynchronous cell pop-
ulations (Fig. 7 ). We observed that wild-type DLD-1, undepleted
SAF-A-AID-mCherry cells, depleted SAF-A-AID-mCherry cells,
and cells expressing SAF-A-GFP all displayed a comparable low
frequency of aberrant anaphases (Fig. 7 ). In the case of SAF-
A-AID-mCherry cells, these findings were confirmed in both
DLD-1 and RPE-1 cell backgrounds (Fig. S3).

In contrast to control cell populations, cells expressing SAF-
AS1#A S26A_GFP showed a significant increase in the rate of lag-
ging chromosomes present at the midzone (3.3-fold increase; P =

Sharp et al.
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= & 7 B Asterisks indicate FITC-labeled nucleotides.

Alexa-488 labeled XIST RNA

2.9 x 107%) and the rate of anaphase chromosome bridge for-
mation (fivefold increase; P = 6.0 x 10~%). We conclude that the
proper mitotic localization of SAF-A-RNA complexes is impor-
tant for normal chromosome segregation in anaphase.

Coordination between SAF-A RNA and DNA binding

SAF-AS14A S26A_GFP cells have an abnormal accumulation of
SAF-A and RNA on mitotic chromatin. To determine whether
the chromosome segregation defects in SAF-AS!4A S26A_GFP cells
were attributable to the ectopic retention of SAF-A or RNA on
mitotic chromosomes, we sought to identify a mutation that
would allow SAF-A chromatin binding but block RNA binding.
Previous work demonstrated that SAF-A RNA-binding activity
maps to the C-terminal RGG domain (Kiledjian and Dreyfuss,
1992), which has recently been confirmed in vitro (Ozdilek
et al., 2017). However, the quantitative contributions of vari-
ous RGG motifs to RNA binding are not currently known. The
SAF-A C-terminal RGG domain contains a central cluster of six
perfect RGG repeats and a seventh perfect repeat C-terminal to
the central RGG cluster, followed by a Q/N-rich C terminus
(Fig. 8 a). To determine the quantitative contributions of each
of these sequence features to RNA binding, we examined the
binding of purified recombinant RGG domain deletions to a
fragment of the XIST RNA using RNA EMSA (Fig. 8, a-c; and
Fig. S4 b). The full-length RGG domain bound to RNA with an
apparent affinity of 2.6 uM, consistent with a recent study
(Ozdilek et al., 2017). Deletion of the C-terminal Q/N-rich do-
main resulted in a very modest decrease in RNA binding,
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Figure 7. Dynamic localization of SAF-A promotes normal chromosome segregation in anaphase. (a) SAF-A-AID-mCherry degron cells were transduced
with lentivirus encoding either SAF-A"t-GFP or the phosphomutant SAF-AS14A S26A_GFP_ (b) In this scheme, untreated cells express only SAF-A-AID-mCherry.
Addition of doxycycline and auxin (IAA) induces SAF-A-GFP alleles while also causing degradation of SAF-A-AID-mCherry protein through induction of TIRL.
(c) The SAF-A degron cell line was reconstituted with either SAF-A¥t-GFP or SAF-AS14 S26_GFP. Cells were labeled with EU to detect RNA localization and
immunostained for GFP to detect SAF-A-GFP alleles. Examples of cells in prometaphase and late anaphase are shown. (d) Quantitation of EU-RNA localization
in SAF-A-GFP-reconstituted cell lines, expressed as a ratio of chromatin-associated RNA versus cytoplasmic RNA. The mean and SD are represented by the
horizontal and diamond-shaped dashed lines, respectively. SAF-AYt-GFP, n = 25; SAF-AS14A S26A 1n = 25 The P value was calculated using a Student’s t test.
(e) Chromosome missegregation during anaphase was measured in cells with and without SAF-A-AID-mCherry depletion and in cells reconstituted with SAF-
AW_GFP or SAF-AS1 S26_GFP. Three biological replicates were performed with 200 anaphases scored in each experiment for the incidence of lagging
chromosomes and chromosome bridge formation. Error bars indicate SD. An example of each type of aberrant anaphase is depicted beside the graph with
CREST immunostaining to mark kinetochores. Scale bar = 10 pm.
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consistent with previous work (Kiledjian and Dreyfuss, 1992).
Interestingly, deletion of the central cluster of six RGG repeats
resulted in very little change in RNA binding, but deletion of all
seven RGG repeats resulted in a ninefold reduction in RNA
binding (Fig. 8, c and d). We conclude that deletion of all perfect
RGG repeats is necessary to dramatically reduce RNA-binding
activity of SAF-A and that the C-terminal Q/N-rich domain does
not contribute to RNA-binding activity.

To determine how RNA binding contributes to SAF-A chro-
matin binding in vivo, we constructed cell lines expressing
tet-inducible SAF-ARCCI7A_GFP and SAF-AC*r@A_GFP in the
SAF-A-AID-mCherry background to deplete endogenous SAF-A
(Fig. 8 e). First, we tested for chromatin binding in interphase cells
by comparing relative levels of SAF-A"*-GFP coimmunoprecipita-
tion with histone H3 (Fig. 8 f and Fig. S4 c). Both SAF-ARGGI-7A_GFP
and SAF-ACtermA_GFP showed a greater than sevenfold reduction
in histone H3 interaction relative to SAF-A"*-GFP, indicating
that SAF-A RNA-binding mutations also have reduced chro-
matin binding during interphase.

To assay for mitotic SAF-A chromatin binding, we combined
the nonphosphorylatable SAP domain mutation with the RNA-
binding mutations to generate cell lines expressing SAF-AS4A
S26A RGGI-7A_GFP and SAF-ASI4A S26A CtermA_(GFp (Flg 8 e)' We
then tested for mitotic chromatin binding by examining SAF-
A-GFP allele IF in prometaphase figures. Interestingly, both
SAF-A mutations that prevented RNA binding failed to retain
SAF-A on mitotic chromosomes (Fig. 8 g), again suggesting that
RNA binding by SAF-A is required for chromatin binding
in vivo. On the basis of these data, we speculate that it may not
be possible to genetically separate chromatin and RNA-binding
functions by SAF-A.

Retention of SAF-A-RNPs on mitotic chromosomes causes
metaphase alignment defects

To understand how retention of SAF-A-RNP complexes on mi-
totic chromosomes causes anaphase segregation defects, we in-
tegrated H2B-RFP into SAF-A allele replacement cell lines and
examined chromosome behavior in living cells during mitosis.
Cells expressing SAF-A"t-GFP excluded SAF-A from chromo-
somes during prophase (Fig. S2 e) and progressed normally from
prophase to anaphase onset in 36.4 min, on average (Fig. 9 a). In
contrast, cells expressing SAF-AS!4A S26A_GFP retained SAF-A on
mitotic chromosomes and exhibited defective mitotic progres-
sion (Fig. 9, b-e). In the three examples shown, SAF-AS!#A 526A_
GFP cells exhibited a significant delay in progression through
prometaphase and did not achieve the compact metaphase plate
observed in SAF-A":-GFP cells. In one class of events (Fig. 9 b;
n = 14 for both genotypes), SAF-AS14A S26A_GFP cells were able
to complete anaphase within 60 min, extending the length from
prophase to anaphase onset to an average of 46.4 min (Fig. 9, b
and c). In a second class of events, SAF-AS!4A S26A_GFP cells
displayed poor resolution of individual chromosomes after nu-
clear envelope breakdown (NEBD; Fig. 9, d and e, at 5-min time
point; n = 14 of 28 total movies), a phenotype that was never
observed in SAF-A"'-GFP cell populations. In addition, we could
observe misalignment of individual chromosomes (Fig. 9, d and e,
arrows). We conclude that retention of SAF-A-RNPs on mitotic
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chromosomes leads to delays in early stages of mitosis and
chromosome alignment defects, resulting in an overall delay in
completion of mitosis.

We tested whether the prometaphase delay in SAF-AS4A 526A_
GFP cells reflected a problem with correcting kinetochore-
microtubule attachment errors (Lampson et al., 2004). Cell
populations were treated with monastrol to arrest cells with mo-
nopolar spindles and then released into media containing MG132
to arrest bipolar spindles that formed after monastrol washout
(Fig. S5, a-c). We found that SAF-A"* and SAF-AS'4A 526A_GFP cells
formed bipolar spindles at very similar rates following monastrol
washout (Fig. S5 b), suggesting normal spindle assembly kinetics
in SAF-AS1A S26A_GFP cells. However, at early time points after
monastrol release, we observed that SAF-AS1#A S26A_GFP cells
showed a 2.5-fold increase in chromosome misalignment, indi-
cating a transient defect in kinetochore-microtubule error cor-
rection (Fig. S5 c).

We then tested whether SAF-AS!A 526A_GFP cells have higher
rates of chromosome misalignment by monitoring cells arrested
in metaphase with MG132. SAF-AS4A S26A_GFP cells exhibited a
3.5-fold increase in unaligned, polar chromosomes in metaphase-
arrested cells (Fig. 9, fand g). Spindle assembly defects were not
observed in any genotype (Fig. 9 f and Fig. S4, d-g). We ex-
amined several markers of early mitotic chromatin and kine-
tochores in SAF-A S14A 526A_GFP cells, including condensins I
and II, Aurora-B, and Hecl, but found no gross changes in lo-
calization (Fig. S5, d-h). Taken together, these data show that
the ectopic retention of SAF-A-RNP complexes on chromatin
causes defective metaphase chromosome alignment in a man-
ner that is independent of spindle assembly, condensin locali-
zation, Aurora-B localization/activation, or Hecl recruitment to
kinetochores.

Mitotic phosphorylation of SAF-A promotes chromosome
alignment through centromere protein E (CENP-E) and
chromokinesins

Metaphase chromosome alignment is achieved through the
combined action of several chromokinesins and kinetochore-
bound motor proteins (Maiato et al.,, 2017). To gain insight
into the molecular causes of chromosome misalignment ob-
served in SAF-ASMA S26A cells we examined kinetochore and
chromosomal markers by IF. CENP-E is a kinetochore-localized
kinesin motor important for metaphase chromosome alignment
(Putkey et al., 2002) through establishment of lateral kinetochore-
microtubule attachments (Kapoor et al., 2006). CENP-E stain-
ing at kinetochores was significantly reduced in SAF-AS4A 5264
cells (Fig. 10, a and b), suggesting that a lack of normal CENP-E
levels at kinetochores could contribute to chromosome align-
ment defects.

Chromosomes congress to the metaphase plate through
the combined action of the chromokinesins KIF22 and KIF4
(Levesque and Compton, 2001; Stumpff et al., 2012; Wandke
et al.,, 2012). We therefore tested for altered chromosomal lo-
calization of KIF22 or KIF4 in SAF-ASI4A 5264 ce]ls. KIF22 local-
ization was unchanged in SAF-ASHA 526A cells compared with
cells expressing SAF-A"* (Fig. 10 c). Interestingly, KIF22 colo-
calized with SAF-ASMA S26A at the chromosome periphery
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Figure 8. Interdependency of SAF-A RNA and DNA binding. (a) Cartoon depicting the SAF-A RGG domain and deletions analyzed by EMSA. RGG repeats are
indicated by a red line; the Q/N-rich domain is indicated by a yellow box. (b) Coomassie-stained gel of purified, recombinant RGG domain proteins used for RNA
EMSA reactions. (c) Plot depicting fraction of RNA bound versus protein concentration for various SAF-A RGG proteins. Error bars are the SDs of two ex-
periments. (d) Ky and Hill coefficients were calculated for each RGG construct. (e) Cartoon depicting SAF-A-GFP constructs used to reconstitute DLD-1 SAF-
A-AID-mCherry cells. (f) SAF-A-GFP constructs with or without RNA-binding domain mutations were immunoprecipitated from interphase cells. To compare
chromatin interactions, we used quantitative Western blot analysis to calculate the ratio of SAF-A complexed with histone H3 (Fig. S4 c). The bar graph depicts
the histone H3/SAF-A ratio after normalization of SAF-A%t-GFP; the average and SD were calculated from two independent experiments. (g) GFP IF was used
to monitor chromatin localization of the indicated SAF-A constructs (from e) in prometaphase cells. Scale bar = 10 um.
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cells just after NEBD (n = 14 of 28 total movies). Two examples are shown, depicting an extended prometaphase with chromosome misalignments (arrows).
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cells with polar chromosomes are shown. (g) Quantitation of metaphase chromosome alignment in MG132-arrested cells. For each genotype, >200 cells were
scored in two independent experiments. SAF-AS14A 526A cells showed an average 3.5-fold increase in metaphase cells with polar chromosomes. Error bars
represent the SD (n = 2). P values were calculated using a Student’s t test. Scale bar = 10 pm.
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Figure 10. Mitotic retention of SAF-A RNPs affects CENP-E and chromokinesins. (a) Localization of CENP-E and CREST in SAF-A"t- and SAF-ASIA S26A_
expressing cells. (b) Violin plots depicting normalized kinetochore fluorescence of CENP-E. For replicate 1, SAF-A%t! (n = 761 kinetochores), SAF-
AS14A S26A1 (1 = 1,192 kinetochores); P = 2.2 x 107, In replicate 2, SAF-A"? (n = 1,285 kinetochores), SAF-AS14A S26A2 (n = 1,170 kinetochores); P = 2.2 x 1071,
(c) Localization of KIF22 in SAF-A"t— and SAF-ASIA S26A_expressing cells. (d) Colocalization of KIF22 with SAF-ASIA S26A 4t the chromosome periphery (arrows) in
two different cells. Magnified insets were produced using Adobe Photoshop. (e) Localization of KIF4 in SAF-AWt— and SAF-ASI#A S26A_expressing cells. (f) Violin plots
of spindle length in SAF-A%t- and SAF-AS#A S26A_expressing cells (SAF-A™t [n = 30], SAF-ASMA S26A [ = 30]; P = 8.0 x 10-4). (g) Violin plot depicting the relative
position of kinetochores between the spindle poles in SAF-A"t- and SAF-AS#A S26A_expressing cells (SAF-A%t [n = 998 kinetochores]; SAF-AS14A S26A [ = 736
kinetochores]; P = 6 x 10-2). The distance of each kinetochore to both spindle poles was measured, and the ratio of distances between the two poles was calculated.
The plot depicts the log, value of the ratio of the distance between both poles; thus, a value of 0 is equidistant to both poles. (h) SAF-A%t— and SAF-ASMA
S26A_expressing cells were treated with monastrol and stained for centrin and CREST. SAF-AS14A 526A cells frequently showed disorganized chromosome orientation
within monopolar spindles compared with SAF-A cells. (i) Quantitation of centrosome-to-kinetochore distance in SAF-At and SAF-AS#A S26A cells, For replicate 1,

Sharp et al. Journal of Cell Biology 15 of 26
RNA removal from chromosomes in mitosis https://doi.org/10.1083/jcb.201910148


https://doi.org/10.1083/jcb.201910148

TR
(: k(J
IV

SAF-A"t (n = 1,462 kinetochores), SAF-ASI#A S26A1 (1 = 1,290 kinetochores); P = 2.2 x 1071, In replicate 2, SAF-A%2 (n = 1,295 kinetochores), SAF-ASI#A S26A2 (1 = 1,166
kinetochores); P = 2.2 x 1072, For all violin plots, P values were calculated using a Wilcoxon rank-sum test. Scale bar = 10 um.

(Fig. 10 d), suggesting that chromosomal SAF-A-RNA complexes
could alter KIF22 activity. KIF4 localization was also not affected
in SAF-AS4A S26A cells. Consistent with previous work, KIF4
localized to the chromosome axis (Samejima et al., 2012) and did
not colocalize with SAF-AS4A 8264 (Fig. 10 e).

KIF22 and KIF4 play different roles in ensuring metaphase
chromosome alignment (Samejima et al., 2012; Stumpff et al.,
2012; Wandke et al., 2012); the respective roles of each of these
chromokinesins can be revealed by examining spindle length,
kinetochore positioning, and the chromosome positioning rela-
tive to the centrosomes in monastrol-treated monopolar spin-
dles (Stumpff et al., 2012; Wandke et al., 2012). We found that
spindle length was significantly decreased in SAF-AS!4A 526A cells
(8.91 + 1.5 um versus 10.4 + 1.2 pm in SAF-A"% P = 8.0 x 1073) on
a scale comparable to loss of KIF22 function (Fig. 10 f; Wandke
et al., 2012). To determine the relative position of the kineto-
chore within the spindle, we calculated the distance from each
kinetochore to both spindle poles and examined the ratio be-
tween these distances. Using this measure, a ratio near 0 (log,
[1]) indicates a kinetochore positioned in the middle of the
spindle. Kinetochore alignment in SAF-AS14A 526A cells was not
significantly different from that in SAF-A"* cells, but it did show
more outliers because of polar chromosomes (Fig. 10 g). This
result is also consistent with loss of KIF22 function (Stumpff
et al., 2012).

Chromokinesins KIF22 and KIF4 also influence the kineto-
chore-to-centrosome distance in monopolar spindles (Stumpff
et al., 2012). As a second test to determine whether chromoki-
nesin function was compromised in SAF-ASMA S26A cells, we
examined chromosome positioning in monastrol-treated cells.
SAF-A"t cells exhibited well-formed, rosette-shaped monopolar
spindles with a regular distance of chromosomes to kinetochores
and chromosome arms oriented away from the centrosomes
(Fig. 10 h). In contrast, SAF-AS!4A 526A_expressing cells exhibited
a significantly increased distance of kinetochores to cen-
trosomes (Fig. 10 i; 0.65 + 0.2lym increase; P = 2.2 x 107%),
similar to the increase observed in KIF4-depleted cells (Stumpff
etal., 2012). In addition, SAF-AS14A 526A_expressing cells exhibited
poorly ordered rosette structures and frequently contained chro-
mosomes where the arms were not oriented away from the cen-
trosomes. We conclude that ectopic retention of SAF-A-RNA
complexes on mitotic chromosomes leads to defects in metaphase
chromosome congression through interfering with normal CENP-
E localization and chromokinesin function.

Discussion

In this work, we show that Aurora-B phosphorylates the SAF-A
SAP domain to remove nuclear RNAs from the surface of all
chromosomes during prophase. Furthermore, we demonstrate
that removal of mitotic SAF-A-RNP complexes from the chro-
mosome surface is important for accurate chromosome segre-
gation during anaphase. This study identifies the first pathway
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to control the global removal of RNPs from the surface of
chromatin during mitosis. Our work therefore has identified a
previously unrecognized chromosomal remodeling process that
is temporally correlated with other genome restructuring events
during early mitosis.

During prophase, chromosome structure is dramatically re-
modeled through the coordinated action of several pathways
that impact chromosome condensation, sister chromatid reso-
lution, and transcriptional silencing. Recent work using Hi-C
methods demonstrated that interphase chromosomal struc-
tures such as topologically associated domains and A/B com-
partments are removed from chromosomes during the first
15 min of mitosis and are replaced by a structure of nested loop
domains orchestrated by the condensin I and II complexes
(Gibcus et al., 2018; Naumova et al., 2013; Walther et al., 2018).
During interphase, topologically associated domains are main-
tained by the combined action of the cohesin complex and the
CCCTC-binding factor, which together facilitate interactions
between enhancer and promoter regions (Kagey et al., 2010;
Nora et al., 2017; Rao et al., 2017). Quantitative proteomics of
chromosomal proteins during mitosis showed that the cohesin
complex is removed from chromosome arms at the same time as
condensin complexes begin to associate with chromosomes
(Gibcus et al., 2018; Ohta et al., 2010). Mitotic transcriptional
silencing is synchronous with mitotic chromosomal remodeling
and occurs through the phosphorylation of transcription initi-
ation factors and runoff of elongating RNA polymerase II, which
is facilitated by prophase cohesin removal (Akoulitchev and
Reinberg, 1998; Liang et al., 2015; Perea-Resa et al., 2020; Segil
et al., 1996). Our work shows that in addition to these chromo-
some remodeling events, chromosome-associated RNP com-
plexes are removed during early mitosis. Thus, during prophase,
multiple different pathways function in parallel to erase inter-
phase genome structure and condense chromosomes in prepa-
ration for chromosome segregation.

In early mitosis, Aurora-B regulates chromosome structure
through cohesin removal, condensin I loading, and heterochro-
matin dissociation (Fischle et al., 2005; Giet and Glover, 2001;
Hirota et al., 2005; Lipp et al., 2007; Losada et al., 2002). We now
show that phosphorylation of SAF-A by Aurora-B also contrib-
utes to chromosomal remodeling by releasing chromatin-bound
RNAs. Interestingly, Aurora-B phosphorylates the pluripotency
transcription factor Oct4 in embryonic stem cells to promote
chromatin release during mitosis (Shin et al., 2016). Collectively,
these observations demonstrate that Aurora-B controls many
different pathways important for restructuring interphase
chromatin during early mitosis. The fact that Aurora-B triggers
the release of chromatin-bound RNAs and core transcription
factors suggests that Aurora-B may be a key factor responsible
for resetting the transcriptional program as cells pass through
mitosis. Passage through mitosis is a key step mediating tran-
scriptional reprogramming and cell fate transitions (Egli et al.,
2008; Soufi and Dalton, 2016), and our work suggests that
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phosphorylation of SAF-A may be a key component of this
process. Recent work has demonstrated that there are examples
of RNAs that maintain association with chromatin during mi-
tosis, such as nascent transcripts at mitotically expressed genes
(Palozola et al., 2017) or noncoding RNAs at centromeric loci
(Chan et al., 2012). Whether these RNAs function independently
of SAF-A or whether a phosphatase protects SAF-A from Aurora-B
activity at these loci is a question for future studies.

SAF-A has been implicated in several processes that control
interphase genome structure, all of which are mediated by
SAF-A interactions with RNA. For example, SAF-A impacts in-
active X chromosome structure through the control of XIST
RNA-Xi localization (Hasegawa et al, 2010; Helbig and
Fackelmayer, 2003; Pullirsch et al., 2010). SAF-A is also re-
quired for nuclear localization of the FIRRE RNA, which pro-
motes interchromosomal interactions between a subset of
autosomes (Hacisuleyman et al., 2014). In this study, we identify
1,800 additional RNAs that associate with SAF-A throughout the
cell cycle, therefore significantly expanding the repertoire of
known SAF-A-RNA interactions. Furthermore, because we could
visualize SAF-A-RNA complexes bound to chromosomes in total
RNA labeling experiments, we hypothesize that many of the
SAF-A-RNA complexes we have identified are anchored to
chromatin in a fashion similar to the XIST and FIRRE RNAs.
Indeed, on the basis of cytological evidence (Fig. 3), it appears
that most or all of Aurora-B-regulated, chromatin-associated
RNA localization depends on SAF-A function.

In addition to its role in RNA localization, SAF-A promotes
decondensation of expressed regions of the interphase genome
by interacting with nuclear RNAs (Fan et al., 2018; Nozawa et al.,
2017). Interestingly, the decondensation function of SAF-A is
linked to SAF-A oligomerization through the AAA+ domain and
RNA-binding activity, but it is independent of the DNA-binding
domain (Nozawa et al., 2017). Because this study did not ex-
plicitly address RNA localization, it was not clear how the SAF-A
chromatin decondensation and RNA-tethering activities were
related. We now show that RNA-DNA tethering by SAF-A is
performed by the monomeric form of the protein and that
mutations that trap SAF-A in an oligomeric state cannot tether
RNA to DNA. Additionally, we show that recombinant mono-
meric SAF-A is alone sufficient to tether RNA to DNA. Fur-
thermore, because all cellular SAF-A is complexed with RNA
(Caudron-Herger et al., 2019), these results suggest that at least
two distinct populations of SAF-A-RNA complexes are present
in cells: a monomeric population that tethers RNA to DNA and
an oligomeric population that decondenses transcriptionally
active chromatin. We show that failure to remove the RNA-
tethering form of SAF-A from chromosomes during mitosis re-
sults in chromosome segregation defects. It is currently not clear
how oligomerization of SAF-A is controlled during mitosis, and
this will require further investigation. In addition, we note that
the interactions of both types of SAF-A oligomers with chro-
matin are likely to require RNA binding, but it is currently
unclear how the two different populations are specified.

Our findings show that failure to execute the normal removal
of SAF-A-RNPs from mitotic chromosomes led to significant
defects in metaphase alignment. We hypothesize that the ectopic
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retention of SAF-A-RNPs causes physical changes to the surface
of the chromatin fiber, impacting the function of several com-
plexes involved in mitotic chromosome function. For example,
we found that the amount of CENP-E present at kinetochores
was significantly decreased when SAF-A RNPs were present on
chromosome arms. CENP-E has been reported to be a direct
RNA-binding protein (He et al., 2016), which suggests that the
inappropriate presence of RNPs on chromatin could negatively
regulate its localization to the kinetochore. In addition, we ob-
served that chromatin-bound SAF-A-RNPs led to spindle and
chromosome defects consistent with defects in the function of
the chromokinesins KIF22 and KIF4 in a manner independent of
their overall localization.

Our live imaging data revealed that SAF-AS!44 526A cells show
defects in chromosome individualization during early mitosis in
a stochastic manner. Defects in chromosome individualization
could be caused by persistent interactions between chromo-
somes in trans, which has been shown to be controlled at some
loci by SAF-A (Hacisuleyman et al., 2014). Although the locali-
zation of condensin complexes is not altered in SAF-ASH4A S26A
cells, the presence of chromatin-bound RNPs may reduce the
processivity of condensin complexes. Furthermore, it is possible
that the presence of SAF-A-RNPs on the surface of chromosomes
could change the mechanical properties of the chromatin fiber,
which has been shown to be important for chromosome align-
ment (Jagaman et al., 2010). Additional work will be necessary to
determine the full import through which removal of chromatin-
bound RNPs contributes to normal chromosome segregation.

Materials and methods

Cell culture

hTERT-RPE-1 cells were a gift from Brian Chadwick (Florida
State University, Tallahassee, FL; CRL-4000; American Type
Culture Collection [ATCC]) and were cultured in DMEM/F-12
supplemented with 10% FBS (HyClone Laboratories), penicillin/
streptomycin, 2 mM glutamine, and 7.5% sodium bicarbonate.
HEK293T cells were a gift from Paul Kaufman (University of
Massachusetts Medical School, Worcester, MA; 12022001; Mil-
liporeSigma) and were cultured as recommended by the ATCC.
DLD-1 cells (CCL-221; ATCC) were a gift from Andrew Holland
(Johns Hopkins School of Medicine, Baltimore, MD). Cell lines
were authenticated by microscopic observation of cell mor-
phology and confirmation of the presence and number of Xi
chromosomes, and they were determined to be free of viral in-
fection or mycoplasma contamination after testing by Charles
River Laboratories. Cell lines in the DLD-1 background were
grown on collagen-coated glass coverslips before imaging (A1048301;
Thermo Fisher Scientific). All other cell lines were cultured
on uncoated glass coverslips.

Cell synchronization and drug treatment

Cells were synchronized in interphase by incubating cells in
2 mM thymidine (T-1895; MilliporeSigma) for 24 h. For syn-
chronization in mitosis, cells were arrested first in a single
thymidine block, then washed twice in PBS and released into
thymidine-free media for 6 h, followed by an overnight
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incubation in 50 uM S-trityl-L-cysteine (93450; Fluka). Cells
were harvested the next morning by mitotic shake-off. To ar-
rest cells with monopolar spindles in the error correction assay
(Lampson et al., 2004), cells were treated with 100 pM mon-
astrol for 3 h, washed three times in PBS, and then released into
media containing 5 uM MG132. Cells were then assayed at 30-
min intervals after monastrol release. To arrest cells with bi-
polar spindles, cells were treated with 5 pM MG132 for 2-3 h.
For experiments with kinase inhibitors, cells were incubated in
the presence of the drugs for 3-4 h at 37°C before fixation.

Barasertib (Mortlock et al., 2007; AZD1152-HQPA, Selleck
Chemicals) and Aurora-A inhibitor I (Aliagas-Martin et al.,
2009; S1451; Selleck Chemicals) were each used at 1 M. BI 2536
(Lénart et al., 2007; S1109; Selleck Chemicals) was used at 100
nM. Monastrol (M8515; MilliporeSigma) was used at 100 pM.
MGI32 (S2619; Selleck Chemicals) was used at 5 WM. An
equivalent volume of DMSO alone was added to control cells. All
drug stocks were prepared as 10 mM in DMSO and frozen
until use.

RNA labeling and detection

Total cellular RNA was labeled for 3 h with EU (E10345; Thermo
Fisher Scientific) or BrU (850187; MilliporeSigma). EU-RNA was
detected with Alexa Fluor 488 azide or Alexa Fluor 594 azide
using the Click-iT RNA Imaging Kit (C10329 and C10330; Thermo
Fisher Scientific) according to the manufacturer’s instructions.
When EU detection was combined with SAF-A IF, we performed
the SAF-A IF first, followed by a 10-min fixation with 2% PFA in
PBS. Coverslips were then processed for EU-RNA detection as
described above. SAF-A:RNA complexes were detected in BrU-
labeled cell populations using the rabbit a-SAF-A and mouse
a-BrU antibodies in conjunction with the Duolink PLA kit
(DU092102; MilliporeSigma; Cy3-compatible fluorochrome).

IF and FISH

Cells were washed briefly in PBS and fixed for 10 min in PBS
containing 4% PFA (Electron Microscopy Sciences) at room
temperature. Cells were washed with room temperature PBS
and then gently extracted in PBS containing 0.5% Triton X-100
for 20 min. In the course of this study, we compared several
fixation methods and found these conditions best for preserving
mitotic chromosome structure as well as SAF-A staining and
RNA localization. In particular, we found that extracting the
cells in the presence of hypotonic cytoskeletal buffer caused
extensive swelling of chromatin and suboptimal imaging of
mitotic stages. These conditions were used throughout the study
(SAF-A, RNA FISH, EU-RNA, GFP, CENP-E, and Hecl), except as
noted below.

For NCAPD2 and NCAPH2 IF, cells were washed twice with
PBS, prepermeabilized with PBS + 0.1% Triton X-100 for 1 min at
room temperature, fixed with PBS + 4% PFA for 10 min at room
temperature, and then washed twice with PBS. For KIF22 IF,
cells were washed twice with PBS and then simultaneously fixed
and permeabilized with PBS + 4% PFA + 0.1% Triton X-100 for
10 min at room temperature, followed by two washes in PBS.

For Aurora-B and phospho-Aurora-B IF, cells were incubated
with 1 uM nocodazole for 3 h, collected by mitotic shake-off, and
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then cytospun onto charged slides (500 pl of cells at 0.25 x 10¢
cells/ml; 1,500 rpm for 5 min) using a Shandon Cytospin device.
Cells were fixed in PBS + 4% PFA for 10 min at room temperature
and permeabilized with PBS 0.1% Triton X-100 for 10 min. To
image spindle microtubules in SAF-A-AID-mCherry cells, cells
were simultaneously fixed and permeabilized for 10 min in 4%
PFA, 100 mM Pipes, pH 6.8 (KOH), 10 mM EGTA, 1 mM MgCl,
and 0.2% Triton X-100.

After fixation, cells were blocked briefly in PBS containing 1%
RNase-free BSA (Ambion UltraPure BSA, AM2616; Thermo
Fisher Scientific) and 0.2% Tween. Cells were incubated with
the primary antibody at 37°C and washed three times in PBS +
0.2% Tween. Secondary antibody incubations and washes were
performed similarly. Chromosomes were stained with 40 ng/ml
DAPI. In experiments in which FISH was performed after im-
munostaining, RNAsin (Promega) was added to the blocking
buffer and antibody incubations at 400 U/ml, and DAPI staining
was omitted. Prior to FISH, cells were fixed for 10 min in 2% PFA
to preserve antibody-antigen interactions throughout the FISH
protocol.

For FISH, cells were fixed as described above and dehydrated
sequentially in 70%, 85%, 95%, and 100% ethanol. The XIST RNA
probe was directly labeled with Cy3-dCTP (PA53021; GE Health-
care) using Klenow (BioPrime DNA labeling system; Invitrogen)
and a plasmid template with human XIST cDNA 1-16,474 de-
scribed previously (Xiao et al., 2007). Probes for the NEAT2 and
OGT RNAs were labeled similarly, using a PCR product ampli-
fied from cDNA as the template. Cells were hybridized with the
probe overnight in a humid chamber at 37°C in 50% formamide,
2x SSC, and 10% dextran sulfate. Coverslips were washed twice
with 50% formamide/2x SSC, once with 2x SSC, and three
times with 1x SSC. All washes were performed at 39°C. DAPI
was included in the second 1x SSC wash at 40 ng/ml. Coverslips
were mounted onto slides with VECTASHIELD mounting me-
dium (Vector Laboratories).

IP

After synchronization, cells were washed in PBS and incubated
for 30 min at 4°C in ice-cold lysis buffer (1 ml per 15-cm plate)
containing 25 mM Tris, pH 7.4, 150 mM KCl, 5 mM EDTA, 5 mM
MgCl,, 1% NP-40, 0.5 mM DTT, and protease inhibitors (Roche).
Cells were collected from the plate and passed several times
through a syringe with a 22-gauge needle. Lysates were centri-
fuged for 30 min at 4°C (~22,000 xg) to remove insoluble ma-
terial. The protein concentration of the extract was determined
using a Bradford assay. Cell extracts were normalized to be-
tween 1-2 mg/ml and incubated with 6 pug SAF-A antibody per
ml of extract for 1.5-2 h at 4°C. Control IPs included 6 pg rabbit
or mouse IgG (Jackson ImmunoResearch) per milliliter of ex-
tract, matched to the host species of SAF-A antibody used in
experimental IPs. Immune complexes were collected 1.5-2 h at
4°C, with preequilibrated Dynabeads (Thermo Fisher Scientific;
4.5 pl Dynabeads per pg of antibody) conjugated to either pro-
tein A or protein G, according to whether the antibody to SAF-A
was generated in rabbit or mouse, respectively. The slurry of
beads bound to immune complexes was washed three times in
1 ml lysis buffer before elution.
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For immunoaffinity purification of SAF-A for mass spec-
trometry, we used a rabbit polyclonal antibody to SAF-A and
included protein phosphatase inhibitor cocktails I and III (Mil-
liporeSigma) in cell extracts. Samples were submitted for analysis
to the Taplin Biological Mass Spectrometry Facility (http://taplin.
med.harvard.edu/). Phosphopeptides identified in this study for
both interphase and mitotic SAF-A are detailed in Table S1. The
schematic of SAF-A phosphopeptides mapped relative to domain
structure was assembled from this study (Kettenbach et al., 2011;
Olsen et al., 2010; https://www.phosphosite.org/homeAction.
action and references therein).

To investigate SAF-A-associated RNAs (RNA IP sequencing
[RIP-seq]), we performed IP as described above, except that a
mouse mAb to SAF-A was used. RNAsin (Promega) was added to
the IP at 40 U/ml. Samples were eluted in TRIzol reagent
(Thermo Fisher Scientific) for RNA purification before library
production. The coprecipitation of native SAF-A with chromatin
was also performed with the mouse mAb to SAF-A (Fig. 1, band c).
In SAF-A-GFP-tagged cell lines (Fig. 8 and Fig. S5 b), immune
complexes were collected with GFP-Trap magnetic agarose
beads (GTMAO020; Bulldog Bio). Samples were treated as de-
scribed above, except that immune complexes were formed
during an overnight incubation at 4°C.

qRT-PCR
Superscript III reverse transcription (Invitrogen) was used to
synthesize ¢cDNA at 50°C according to the manufacturer’s in-
structions. For quantitative real-time PCR, we used 0.05 vol of a
cDNA reaction to program a PCR using iQ SYBR Green Supermix
(Bio-Rad Laboratories). PCRs were amplified on a CFX96 Real-
Time System (Bio-Rad Laboratories) and analyzed with the CFX
software package.

Antibodies

Primary antibodies used in this study were as follows: rabbit
mouse a-SAF-A (abl0297; Abcam), rabbit a-SAF-A (ab20666;
Abcam), rabbit a-histone H3 (ab1791; Abcam), mouse a-histone
H3-S10P (ab14955; Abcam), mouse a-tubulin (DMI1A, T6199;
MilliporeSigma), mouse a.-GFP (ab1218; Abcam), mouse a-Aurora-B
(ab3609; Abcam; 611082; BD Transduction Laboratories), mouse
a-mini-AID (M214-3; MBL International), rabbit o-NCAPD2
(HPA036947; MilliporeSigma), rabbit a-NCAPH2 (PA564393; In-
vitrogen), rabbit a-KIF22 (222187; Abcam), mouse a-Hecl (3613;
Abcam), rabbit o-Aurora-B pT232 (600-401-677; Rockland Im-
munochemicals), human a-CREST (HCT-100; ImmunoVision),
mouse o-KIF4 (sc-365141; Santa Cruz Biotechnology), rabbit
a-Centrin (abl01332; Abcam), rabbit a-CENP-E (AKINO4; Cyto-
skeleton), and a mouse antibody with reactivity to BrU (Paulsen
et al,, 2014; 555627; BD Biosciences). SAF-A-AID-mCherry protein
was detected using an alpaca a-RFP antibody conjugated to Atto-
594 (RBA594; Bulldog Bio). Tet-inducible SAF-A-GFP alleles were
detected using alpaca a-GFP conjugated to Atto-488 (GBA488;
Bulldog Bio).

Secondary antibodies used in this study were as follows:
donkey a-rabbit Cy3 (Jackson ImmunoResearch), goat a-rabbit
Cy3 (Jackson ImmunoResearch), goat a-mouse Alexa Fluor
488 (Jackson ImmunoResearch), goat a-mouse Cy3 (Jackson
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ImmunoResearch), goat a-human Alexa Fluor 647 (Jackson
ImmunoResearch), and goat a-mouse Alexa Fluor 647 (Thermo
Fisher Scientific).

Transfections

Full-length, wild-type SAF-A was cloned into pEGFP-N1 (Clon-
tech Laboratories) and confirmed by DNA sequencing. The re-
sulting plasmid encoding SAF-A (pMB918) was used as a
template for site-directed mutagenesis to generate phospho-
mutant and phosphomimetic alleles of SAF-A. Plasmids used for
transfections were as follows: pMB918 (SAF-A"t-GFP), pMB935
(SAF-AS“A_GFP), pMB936 (SAF-AS26A_GFP), pMBIOO03 (SAF-AS14A
526A_GFP), pMB992 (SAF-AS?7!A_GFP), pMBI004 (SAF-AS26A S5271A_
GFP), pMB932 (SAF-AS267A S271A_GFpP), pMB931 (SAF-ASIS7A S188A
TI91A S192A_GFP), pMBI013 (SAF-AS1P S26D_GFP), and pMB1014 (SAF-
ASHE 526E—GFP).

HEK293T cells were plated onto coverslips the day before
transfection at a density of 0.3 x 10° cells per well. Cells were
transfected for 48 h with wild-type or mutant versions of SAF-
A-GFP using 2.5 pg plasmid DNA and 2.0 pl Lipofectamine 3000
(Invitrogen). Multiple independent transfections (n = 2-5) were
analyzed to assess the frequency of the phenotypes reported in
Figs. 4, 5, and 6.

To deplete Aurora-B by RNAi, RPE-1 cells were transfected
using RNAIMAX (Thermo Fisher Scientific) and incubated for 48
h before processing coverslips for FISH and immunostaining.
Cells were transfected using nontargeting siRNA (D-001210-01-
05, 5'-UAGCGACUAAACACAUCAA-3’; Dharmacon) or a pool of
siRNAs specific for Aurora-B (M-003326-08-0005, 5'-CAGAAG
AGCUGCACAUUUG-3’, 5'-CCAAACUGCUCAGGCAUAA-3’, 5'-
ACGCGGCACUUCACAAUUG-3’, 5'-UGGGACACCCGACAUCUU
A-3'; Dharmacon). Transfections were performed in 24-well
format, using 30 pmol siRNA and 1.5 pl Lipofectamine RNAi-
MAX per well.

Microscopy

Cells were visualized on an Olympus microscope (BX61) equip-
ped with a disc-scanning unit spinning disc confocal attachment.
Images were captured as 3D optical stacks (0.2 um per slice)
using a charge-coupled device camera (ORCA-ER, C4742-80;
Hamamatsu Photonics) and MetaMorph software (Molecular
Devices). A 100x oil-immersion lens (NA 1.4) or a 60x oil-
immersion lens (NA 1.42) was used for all images. Coverslips
were mounted using VECTASHIELD mounting medium (H-1000;
Vector Laboratories) and visualized under Olympus immersion
oil. Images were captured at room temperature. Image stacks
were processed and analyzed using the MetaMorph software
package. Some images were further processed using Autoquant
constrained, iterative deconvolution in MetaMorph.

For live-cell imaging, we used SAF-A degron cells expressing
either SAF-A"t-GFP or SAF-AS1#A S26A_GFP. A lentivirus en-
coding H2B-RFP was integrated to image chromosomes. Cells
were grown in 3-cm glass-bottomed plates in RPMI 1640 me-
dium and were imaged under temperature- and CO,-controlled
conditions using a LiveCell Stage Top Incubation System (Bio-
Vision Technologies). To deplete endogenous SAF-A and si-
multaneously induce SAF-A-GFP alleles, cells were treated with

Journal of Cell Biology
https://doi.org/10.1083/jcb.201910148

620z Jequiade( 90 U0 3senb Aq 4pd-g1L0L61.0Z a0/92G71L9L/871L0L610Z8/L L/6LZ/APd-a)o1e/qal/Bio ssaidny//:dpy woly papeojumoq

19 of 26


http://taplin.med.harvard.edu/
http://taplin.med.harvard.edu/
https://www.phosphosite.org/homeAction.action
https://www.phosphosite.org/homeAction.action
https://doi.org/10.1083/jcb.201910148

doxycycline and IAA as described below. For high-resolution
images (Fig. S2 e), a spinning disk confocal microscope (Ultra-
view Confocal Scanner ERS; PerkinElmer) with a charge-
coupled device camera (ORCA-ER; Hamamatsu Photonics) was
employed. Images were acquired as 3D optical stacks (0.8 pm
per slice) using an Apochromat total internal reflection mi-
croscopy 60x oil immersion objective (NA 1.45) and Volocity
software (PerkinElmer). For time-lapse imaging (Fig. 9, a-e),
cells were imaged with a Nikon AIR confocal microscope (Nikon
Instruments Inc.), and pictures were acquired every 5 min for
1h using the Galvano Scanner Detector. Images were acquired as
3D optical stacks (0.8 um per slice) using an Apochromat total
internal reflection microscopy 60x oil immersion objective (NA
1.49) and NIS-Elements software (Nikon Instruments Inc.). All
live images were processed using Fiji software.

For image quantitation, we acquired image series for each
experimental condition using equivalent exposure times. In
each optical stack, we identified a single slice representing the
midpoint of the chromosome rosette. We measured total EU-
RNA or SAF-A fluorescence by subtracting background fluo-
rescence, thresholding the image, marking the cell boundary,
and then summing pixel intensity over the selected area. To
measure chromatin overlap of EU-RNA and SAF-A, DAPI images
were deconvolved and used to select the chromatin area by
thresholding. We then summed pixel intensity of EU-RNA or
SAF-A within the area overlapping chromatin. The chromosome-
localized fluorescent signal was subtracted from the total intensity
to obtain the cytoplasmic fluorescence. EU-RNA or SAF-A local-
ization was then expressed as a ratio of chromosome overlap/
cytoplasmic localization.

For quantitation of Aurora-B, Hecl, and CENP-E centromere
intensity, we acquired images of 220 cells for each genotype. We
then identified kinetochores by CREST signal. Antigen intensity
was quantitated by manually drawing a circle around the cen-
tromere region in Image]. Kinetochore intensity plots were
prepared for each biological replicate using R. To calculate the
distance between kinetochores and centrosomes, we identified
the position between two centrosomes and then calculated the
3D distance from that point to all kinetochores using the
PointPicker plugin in Image].

Aurora-B kinase assay

The Aurora-B-Incenp complex was expressed and purified from
E. coli as described previously (Jambhekar et al., 2014). SAF-A
was immunoaffinity purified from interphase cells using the
a-SAF-A rabbit polyclonal antibody. Kinase assays were per-
formed as described previously (Bolton et al., 2002; Rosasco-
Nitcher et al., 2008).

Molecular modeling

The DNA-binding SAP domain of SAF-A (residues 1-62) was
submitted to the I-TASSER server (http://zhanglab.ccmb.med.
umich.edu/I-TASSER/; Roy et al., 2010; Yang et al., 2015) to
identify structural homologues present in the Protein Data Bank.
We chose the highest ranked of five models for further analysis.
Phosphoserines were modeled onto the SAF-A SAP domain
model using Vienna-PTM 2.0 (http://vienna-ptm.univie.ac.at;
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Margreitter et al., 2013; Petrov et al., 2013). Molecular models of
wild-type and phospho-SAF-A were rendered in PyMOL (https://
pymol.org/2/). Electrostatic surface potential and surface charge
calculations were rendered in PyMOL using the Adaptive
Poisson-Boltzmann Solver plugin (http://www.poissonboltzmann.
org/).

SAF-A SAP domain purification and DNA EMSA

The wild-type SAP domain of SAF-A was amplified by PCR and
cloned into a modified pET30a vector containing GFP using In-
Fusion cloning (pMB1018; Clontech Laboratories). SApS!4P 526D
(pMB1028) was created using site-directed mutagenesis. Clones
were verified by sequencing. Proteins were expressed in BL21
Rosetta 2 cells overnight at 18°C and were lysed using a French
press in PBS containing 300 mM NaCl and EDTA-free protease
inhibitors. Lysates were cleared by centrifugation at 25,000 xg
for 30 min at 4°C. Cleared lysates were bound to Ni-
nitrilotriacetic acid (Ni-NTA) resin (Qiagen) for 1 h at 4°C.
Beads were washed with ~100 column volumes of PBS con-
taining 300 mM NaCl and 10 mM imidazole. Proteins were
eluted using PBS containing 500 mM imidazole. Eluted pro-
teins were immediately loaded onto a Superdex S200 column
equilibrated with 50 mM Tris, pH 7.5, and 150 mM NaCl. Peak
fractions were pooled, adjusted to 10% glycerol, and stored
at -80°C.

The DNA template for EMSA was an AT-rich SAR sequence
(Okubo et al., 2004). 5'-AATTCAGAAAATAATAAAATAAAACTA
GCTATTTTATATTTTTTC-3' was ordered as DNA oligos from
Integrated DNA Technologies. Oligos were annealed and end
labeled with y-32P-ATP using PNK. PNK labeling reactions were
purified using a G50 spin column, then 1 pg of labeled DNA was
gel purified from a 10% native PAGE gel. After elution, labeled
DNA was ethanol precipitated and quantitated by using a
NanoDrop system. Purified DNA duplex was adjusted to 50 nM
and stored at -20°C.

DNA EMSA reactions contained the indicated protein con-
centrations (Fig. 5 d), 5 nM annealed SAR oligos, in a buffer
containing 50 mM Tris, pH 7.5, 50 mM NaCl, 1 mM EDTA, and
4% glycerol. All components were mixed and incubated at room
temperature for 30 min. Reactions were separated in a 10%
native PAGE gel in 1x Tris-borate-EDTA run at 120 V for 1 h. Gels
were dried and exposed to a phosphor screen overnight. Binding
reactions were performed in duplicate. The fraction of the SAF-
A SAP domain bound to the double-stranded DNA SAR template
was calculated using Image], and binding curves were fit to the
data using R.

Expression and purification of SAF-A in Sf9 cells

Full-length SAF-A was cloned into pFB-HTA using InPhusion
cloning (pMB1105). Sf9 cells were grown to a density of 106 cells
per ml and infected with an MOI ~5 from a P2 viral stock. In-
fected cells were grown for 48 h after infection. Infected
cells were collected by centrifugation at 1,000 xg for 15 min.
Cells were washed once with ice-cold PBS and collected by
centrifugation as above. Cell pellets (~10° cells) were re-
suspended in 25 ml PBS (400 mM NaCl final concentration), 1x
protease inhibitors (Roche Complete Mini), Benzonase (50 U;
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MilliporeSigma), and 1% CHAPS. Resuspended cells were lysed
by 10 passages of a tight-pestle Dounce homogenizer. Cells were
centrifuged at 40,000 xg for 15 min at 4°C. A volume of 0.8 ml
Ni-NTA (Qiagen) beads was added to the soluble lysate and in-
cubated in batch at 4°C for 1 h. Beads were collected and washed
in column format with ~50 column volumes of PBS. Protein was
eluted with 1 ml PBS + 50 mM imidazole. Eluted protein was
diluted 2:3 with cold water. Eluted protein was applied directly
to a HiTrap heparin column on a fast protein liquid chroma-
tography instrument (Bio-Rad Laboratories). Bound protein was
eluted with an NaCl gradient from 100 to 1,000 mM NaCl. SAF-A
was eluted in a single peak from the heparin column. Peak
fractions from the heparin column were loaded onto a Sephacryl
S200 column run in 50 mM Tris, pH 8.0, 100 mM NaCl, and
0.5 mM EDTA. Peak fractions were collected and quantified by
Bradford assay. The final yield was 1.5 mg of purified SAF-A
from 1.5 liters of cultured Sf9 cells.

DNA bead-tethering assays

An 875-bp fragment of the MII SAR region (hg38 chr20:
41104718-41105592) was amplified from human genomic DNA
and cloned into pCR2.1 using TOPO cloning (pMBL156). This
fragment was amplified from the plasmid using M13F-biotin and
MI3R. Purified DNA was coupled to M280 streptavidin Dyna-
beads as described elsewhere (Hannak and Heald, 2006) A 935-
nt fragment from exon 1 of human XIST RNA (hg38 chrX:
73845035-73845969) was prepared by in vitro transcription in-
corporating FITC-UTP. Transcribed RNA was purified by LiCl,
precipitation.

Tethering reactions were performed in 25-pl reaction vol-
umes. We first prepared protein-RNA complexes by incubating
purified SAF-A with XIST RNA. Reactions contained 100 nM
XIST RNA, 2 pM SAF-A, 0.1 mg/ml yeast tRNA, 0.1% CHAPS in
50 mM Tris, pH 8.0, 100 mM NaCl, and 1 mM DTT. Reactions
were incubated for 30 min at room temperature, then added to
15 wl DNA (or empty streptavidin beads) and incubated for
30 min at room temperature with occasional flicking. Beads
were washed three times, 1 ml per wash, in 50 mM Tris, pH 8.0,
100 mM Na(l, and 0.1% CHAPS, switching tubes once between
washes 2 and 3. Protein-RNA-DNA complexes were eluted with
1x SDS sample buffer by incubating at 80°C for 5 min. Half the
eluted samples were run on agarose and acrylamide gels for RNA
and protein analyses.

SAF-A RGG expression and RNA EMSA

Full-length SAF-A RGG was cloned into pMB809 to create an
N-terminal fusion with His-GFP-3XHA-PreScission Protease
(pMBI211). Deletion mutants encompassing the central RGG
cluster (pMB1241), full RGG cluster (pMB1240), or C-terminus
(pMB1234) were created using site-directed mutagenesis using
NEB Q5 polymerase.

Plasmids were transformed into BL21 Rosetta 2 cells. Single
colonies were used to inoculate a 50-ml overnight culture in
Luria broth + kanamycin. The next morning, 1 liter of Terrific
Broth was inoculated with the overnight culture and grown to
an OD ~0.6 at 37°C. IPTG was added to 0.1 mM for 4 h at 37°C.
Cells were collected by centrifugation and stored at -20°C. Cell
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pellets were thawed in PBS (500 mM NacCl), 500 mM arginine,
10 mM imidazole, and 1x protease inhibitors. Cells were lysed by
a single passage through a French press (1,500 psi), Benzonase
was added, and cells were centrifuged at 45,000 xg for 20 min at
4°C. Cleared lysate was added to 0.5 ml Ni-NTA beads and bound
at 4°C for 1 h. Beads were collected by centrifugation and washed
in column format (~100 column volume) using lysis buffer.
Protein was eluted from the column using PBS + 500 mM ar-
ginine + 500 mM imidazole. The entire elution was immediately
applied to a Superdex S200 column equilibrated in 50 mM Tris,
pH 8.0,100 mM NaCl, 1 mM EDTA, and 500 mM arginine. Peak
fractions were collected and concentrated using Microcon spin
columns. We found that the isolated SAF-A RGG domain was
extremely aggregation prone and that 500 mM arginine in all
buffers was necessary to stabilize this protein, as has been ob-
served for other aggregation-prone proteins (Boke et al., 2016).

A fragment of human XIST (hg38 chrX:73845035-73845969)
was internally labeled with 32P-UTP by in vitro transcription.
Transcribed RNA was gel purified from a urea PAGE gel. EMSA
reactions were performed in the following buffer: 25 mM Tris,
pH 7.5, 25 mM NaCl, 1 mM EDTA, 4% glycerol, 0.1% CHAPS,
0.1 mg/ml yeast tRNA, and 0.1 nM XIST RNA. Radiolabeled XIST
RNA was denatured by heating in water at 65°C for 10 min, then
cooled on ice for 2 min. All proteins were diluted into Sephadex
S200 column buffer containing 500 mM arginine. Diluted pro-
teins were mixed with reaction mixture and incubated at room
temperature for 30 min. All EMSA reactions contained 250 mM
arginine after addition to diluted proteins. Reactions were sep-
arated on a 7.5% PAGE gel in 1x Tris-borate-EDTA for 60 min at
90 V. Gels were then dried and exposed to phosphor screens
overnight. The screen was developed using a GE Typhoon im-
ager. The fraction of bound RNA was calculated using ImageJ; K4
values were calculated using R. EMSA reactions were performed
for all four proteins at the same time, and a duplicate experi-
ment was conducted on a different day.

SAF-A RIP-seq and bioinformatics

RNA associated with SAF-A was immunoprecipitated as de-
scribed above and purified in TRIzol reagent (Invitrogen). Any
potential contaminating DNA was removed by DNase digestion
(RQ-1; Promega); RNA was subsequently purified on a column
(RNA Clean & Concentrator-25; Zymo Research). rRNA se-
quences were removed using a Ribo-Zero Gold rRNA removal kit
(MMlumina), and the rRNA-free eluate was again column purified
(RNA Clean & Concentrator-5; Zymo Research). RNA libraries
were generated using the NEBNext Ultra RNA Directional Li-
brary (New England Biolabs), PAGE purified, and sequenced
using an Illumina HiSeq 2000 platform.

Reads from RNA-seq libraries were aligned to the human
genome builds hgl9 and hg38 using TopHat (Trapnell et al.,
2012). Reads were counted against UCSC Genome Browser
gene annotations (for hg38). To analyze differential gene ex-
pression, we first filtered our RNA-seq data to eliminate any
genes that had a fragments per kilobase of transcript per million
mapped reads (FPKM) of 0 in any of the eight sequenced li-
braries. All plots were created using R. To identify coding
and noncoding genes in the UCSC Genome Browser genome
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annotation, we extracted a representative RefSeq transcript for
each gene annotation. We categorized genes as being an mRNA
if the representative transcript had a name starting with
“NM_,” and noncoding RNA genes had the format “NR_.”
Comparisons of noncoding RNA overrepresentation were cal-
culated using Fisher’s exact test in R. All sequences and sum-
mary tables generated by high-throughput sequencing have
been deposited in the Gene Expression Omnibus database un-
der accession no. GSE87200.

To compare SAF-A RNA-seq data with nuclear retained RNAs
(Djebali et al., 2012), we downloaded datasets of whole-cell,
nucleus, and cytoplasm RNAs from IMR-90 cells, an untrans-
formed, female diploid primary cell line (SRR534291, SRR534292,
SRR524299, SRR534300, SRR534301, and SRR534302). Reads were
aligned to hg38 using TopHat and counted against UCSC Genome
Browser gene models using Cufflinks as described above. Read
counts were filtered for genes with a FPKM >0 and combined with
SAF-A IP-sequencing data.

Statistics

Two or more independent biological replicates were performed
for all experiments described in this study, with exceptions as
follows. Identification of SAF-A phosphopeptides by mass
spectrometry was performed once and pooled with published
data as described above (Fig. 4, b and c). Molecular modeling of
the SAF-A SAP domain was also performed once (Fig. 5, aand b).
Image quantitation of phospho-Aurora-B, Hecl, spindle length,
and relative kinetochore position were each performed once
(Fig. 10 and Fig. S5). For statistical analysis of quantitative data,
the central tendency is represented by the mean, and variation is
represented by the SD. In all figures (except Fig. 10 and Fig. S5),
P values were calculated using a two-sided Student’s t test
specifying equal variance of the two samples; the number of
individual data points (n) measured for each comparison is
specified in the figure legends. In Fig. 10 and Fig. S5, P values
were calculated using a Wilcoxon rank-sum test. Correlation
statistics for RNA-seq experiments were calculated using Spear-
man’s correlation coefficient in R. Graphs were generated using
Excel, Plotly, and R software.

Data availability

All sequences and summary tables generated by high-throughput
sequencing have been deposited in the Gene Expression Omnibus
database under accession no. GSE87200. https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?token=ghuhkaawdtkxfwf&acc=
GSE87200

Construction of cell lines expressing degron-tagged SAF-A

We targeted the endogenous SAF-A locus for C-terminal tagging
using the CRISPR-Cas9 system as previously described
(Natsume et al., 2016; Ran et al., 2013). In brief, we used an
online CRISPR Design Tool to identify a PAM sequence near the
SAF-A stop codon and to design a corresponding guide RNA for
cloning into the Bbsl sites of pX330-U6-chimeric_BB-CBh-
hSpCas9 (42230; Addgene). The resulting construct, pMB1050,
was used in conjunction with the targeting construct to modify
the SAF-A locus.
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To generate the SAF-A targeting construct, we fused 200-bp
homology arms to a cassette encoding the minimal auxin-
inducible degron sequence fused to the mCherry tag and the
blasticidin-resistance gene. The 5’ homology arm corresponds
to human chromosome 1, nt 244854433-244854462. The 3’
homology arm corresponds to human chromosome 1, nt
244854250-244854449. The tagging cassette was derived from
plasmid pMK294 (mAID-mCherry2-Bsr, 72832; Addgene). All
elements of the targeting cassette were ligated together in the
pBluescript KS+ vector (In-Fusion; Takara Bio) to make
pMBI116.

DLD-1 cells were cotransfected with pMB1050 and pMB1116
using Lipofectamine 3000 transfection reagent (Thermo Fisher
Scientific). After 72 h, cells were selected for 6 d with 5 pg/ml
blasticidin S (Thermo Fisher Scientific). Individual clones were
obtained by FACS sorting mCherry-positive cells at 1 cell/well of
a 96-well plate. Cell lines were then screened by genomic DNA
PCR, Western blot analysis, and live-cell imaging to identify
positive clones expressing SAF-A-AID-mCherry (Fig. S2).

SAF-A-AID-mCherry cells in the DLD-1 background were
transfected with a plasmid encoding codon-optimized, tet-
inducible OsTIR1 (pMK243, 72835; Addgene). Cells were se-
lected with 0.5 mg/ml Geneticin (Thermo Fisher Scientific);
individual drug-resistant colonies were picked for expansion
using cloning cylinders. Positive clones were first screened by
RT-PCR to identify lines that express TIR1 after doxycycline
treatment and were then tested for inducible degradation of
SAF-A-AID-mCherry. We observed that SAF-A degron cells re-
quired 24 h of treatment with 1 pg/ml doxycycline (D3447; Mil-
liporeSigma) and 500 uM auxin (IAA, I-5148; MilliporeSigma) for
optimal depletion of SAF-A-AID-mCherry.

To generate homozygous SAF-A-AID knock-in cells in the
RPE-1 cell background (Fig. S3, a-d), we modified our homology-
directed repair (HDR) cassette to create a P2A fusion between
mAID-mCherry and zeocin resistance (pMB1201). We then used
PCR with 5’ biotin-modified oligos to PCR amplify this repair
cassette. The HDR PCR product was cotransfected with the
SAF-A single-guide RNA plasmid (pMB1050) into RPE-1 cells
using nucleofection. Briefly, 2 ug of the HDR cassette and single-
guide RNA plasmid were nucleofected into 10 cells. Cells re-
covered for 7 h, followed by addition of pfithrin-a (30 uM;
Komarov et al., 1999), pfithrin-p (10 M), or no drug for 3 d. Cells
were then split and selected for zeocin resistance, in the absence of
pifithrin-p or pifithrin-a, for 2 wk. Single-cell colonies were iso-
lated and analyzed for homozygous mAID-mCherry insertion by
Western blot analysis and PCR. We isolated three homozygous
clones in cells treated with pifithrin-a. Both untreated cells and
cells treated with pifithrin-u yielded only heterozygous clones.
Homozygous SAF-A-mAID-mCherry RPE-1 cells were then
transduced with lentivirus expressing tet-inducible OsTirl and
neomycin resistance. Cells were selected for neomycin-resistant
colonies for 2 wk. Inducible SAF-A degradation was monitored by
fluorescence and Western blot analysis.

SAF-A-AID-mCherry depletion and reconstitution
GFP-tagged SAF-A alleles were cloned into the lentiviral ex-
pression vector pLVX-TetOne-puro (Takara Bio) using In-Fusion
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cloning. Lentiviral plasmids used for reconstitution were
pMBLI103 (SAF-A"t-GFP), pMBII09 (SAF-AS1#A S26A_GFp),
pMB1246 (S AF-ARGG 1_7A—GFP), PMB1248 (S AF-ASI4A S26A RGG 1-7A_
GFP), pMB1110 (SAF-AC-termA_GFP), and pMBI1119 (SAF-
AS14A 526A C-termA_GEP) [ entiviral plasmids were cotransfected with
packaging plasmids pLP1, pLP2, and pVSV/G into HEK293T cells
using Lipofectamine 2000 (Thermo Fisher Scientific). Lentivirus-
containing supernatant was collected at 72 h and used to transduce
SAF-A-AID-mCherry cells in the presence of RPMI media supple-
mented with 10% FBS and 6 pg/ml polybrene (H-9268; Milli-
poreSigma). After 48 h, cells were passaged before FACS sorting of
GFP-positive cells. All cells were gated similarly for GFP expression.
Individual clones were then tested by Western blot analysis and
live-cell imaging to confirm SAF-A-GFP expression levels. In ex-
periments in which SAF-A function was reconstituted with GFP-
tagged inducible proteins, cells were first treated with 1 pg/ml
doxycycline for 24 h to induce TIR1 and SAF-A-GFP, followed by
another 24-h incubation in doxycycline and 500 uM IAA to degrade
SAF-A-AID-mCherry.

Online supplemental material

Fig. S1 shows statistical analysis of SAF-A RNA-seq data and
independent validation of SAF-A-interacting RNAs. Fig. S2
shows control experiments to validate SAF-A depletion and
rescue in DLD-1 SAF-A-AID-mCherry cell lines. Fig. S3 includes
control experiments to validate the RPE-1 SAF-A-AID-mCherry
cell line and shows that depletion of SAF-A results in normal
spindle assembly and chromosome segregation rates. Fig. S4
shows SAF-A SAP domain alignments, SAF-A RNA EMSA gels,
and SAF-A RGG mutant interactions with chromatin. Fig. S5
shows analysis of spindle formation and error correction in
SAF-A phosphomutant cells and IF analysis of mitotic regulators
in SAF-A phosphomutant cells. Table Sl lists SAF-A phospho-
peptides identified in this study. Table S2 contains RNA-seq data
from SAF-A IPs in interphase and mitosis.
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Figure S1. RIP-seq was performed to identify SAF-A-enriched RNAs in interphase and mitotic cell extracts; cDNA reads present in SAF-A IPs were
aligned to the human genome. To determine the reproducibility of two biological RIP-seq experiments, we plotted RNA enrichment in SAF-A IPs in the first
experiment against RNA enrichment in the second experiment. (a and b) Correlation plots for RIP-seq data from interphase extracts (a) and mitotic extracts (b).
XIST RNA is highlighted in red. The Spearman correlation value is depicted on each plot. (c) qRT-PCR of SAF-A-interacting RNAs identified by RIP-seq. All SAF-
A-interacting RNAs tested showed significant enrichment in SAF-A IPs relative to their abundance in control IPs. MIF was used as a negative control because
this RNA was not enriched in SAF-A IPs. SAF-A enrichment values represent the average obtained from two independent biological replicates; error bars
represent the SD. (d and e) To determine whether SAF-A primarily interacted with mature or nascent RNA transcripts, we plotted the ratio of exon reads and
intron reads for each transcript in the total extract (x axis) and SAF-A IPs (y axis). Correlation plots are shown for RIP-seq data from interphase extracts (d) and
mitotic extracts (e). Each point represents the average of two biological replicates. The Pearson correlation value is shown on each plot.

Sharp et al.

RNA removal from chromosomes in mitosis

Journal of Cell Biology

https://doi.org/10.1083/jcb.201910148

620z Jequiade( 90 U0 3senb Aq 4pd-g1L0L61.0Z a0/92G71L9L/871L0L610Z8/L L/6LZ/APd-a)o1e/qal/Bio ssaidny//:dpy woly papeojumoq


https://doi.org/10.1083/jcb.201910148

a b P >

g 2

SAF-A gene: () 5)
£o £g

: Qa [m)]
wild-type <_.( § 2. §
g1
5 o« 8 52 @ &2

A C
0.7 kb

SAF-A degron

| -
—> < *
1.2 kb 1.5 kb-
3.6 kb 1.0 kb-
0.5 kb-
(a8
¢ = 2 F=40)
2 2 2«
o oo o8 A+B A+C
£ £EG £s
o [apoy o
z <_F§< 3% d GFP mCherry _ Hoecht A
5 < L L
a-SAF-A: Q [T L 32] W (<,(’ .
SAF-A-AD @ 5 P b H
-mCherry <
SAF-A-GFPE‘ ey s ’—150kD %
SAF-A—| e P
a-AlD — c— — L
| 150 .
o-GFP| - — ]150
o-tubulin] e - - C» o» o= - |_50
dox IAA: - - + = + =

lane: 1 2 3 4 5 6 7

e SAF-A".GFP H2B-RFP

SAF-A-AID-mCherry SAF-A-AID-mCherry

Q
[72)
(0]
¥ g
Q
o
o
" +dox + IAA
(2]
«© > v
s o0 L % »,ai'
8 =g TH
g % (‘.D e®
=
g o%
<
< <<
SAF-ASASZA GEp H2B-RFP £2
) <<
&8 %]
§ 2
@ 29
€ o§ )
g £
o3
3%
ULl
L <
< —
D 4

Figure S2. SAF-A depletion and reconstitution. (a) The endogenous SAF-A locus was targeted for recombination in diploid DLD-1 cells, using CRISPR to
introduce a C-terminal tag encoding both the minimal auxin-inducible degron sequence and mCherry. Clonal isolates were screened for homozygous SAF-
A-AID-mCherry recombinants using the indicated combinations of primers A, B, and C. (b) PCR analysis of genomic DNA from wild-type untransfected DLD-1 cells
and the homozygous SAF-A-AID-mCherry clone used for depletion and reconstitution experiments. () Western blot analysis of SAF-A alleles in DLD-1 cells (lane 1),
SAF-A-AID-mCherry cells (lanes 2 and 3), SAF-A-AID-mCherry + SAF-At-GFP cells (lanes 4 and 5), and SAF-ASMA S26A_GFP cells (lanes 6 and 7). SAF-
A-AID-mCherry cells expressed the recombinant tagged protein at levels comparable to the wild-type untagged protein (lanes 1 and 2); addition of doxycycline
and auxin to cell cultures resulted in extensive depletion of SAF-A-AID-mCherry (lane 3). The exclusive protein expression states represented in Fig. 7 a were
confirmed for all tagged cell lines (lanes 2-7; compare - and + dox IAA), as depicted in the a-SAF-A, a-AID, and a-GFP blots. The relative mobility of all SAF-A protein
species is indicated on the a-SAF-A blot. We note that all AID-tagged cell lines showed some degree of minor degradation bands. (d) Live-cell imaging of cell lines
with and without doxycycline and auxin treatment. SAF-A-AID-mCherry was extensively depleted in all cell lines treated with doxycycline and auxin (+dox +IAA). In
addition, induction of SAF-A-GFP allele expression was observed throughout cell populations containing the wild-type or phosphomutant SAF-A-GFP alleles. Scale
bar = 20 um. (e) Live-cell imaging of SAF-A"-GFP cells and SAF-ASIA S26A_GFP cells. SAF-A localization in live cells is identical to the SAF-A localization patterns
observed in fixed cell populations. Scale bar = 10 pm.
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Figure S3. Normal spindle morphology and chromosome segregation in cells depleted for SAF-A. Recent work reported that SAF-A RNAi leads to
increased chromosome segregation defects in RPE-1 cells (Nozawa et al,, 2017). (a) We constructed an SAF-A-AID-mCherry degron line in the RPE-1 back-
ground, using a strategy similar to that used for the DLD-1 SAF-A degron line. (b) RPE-1 cells expressing SAF-A-AID-mCherry at the endogenous locus were
confirmed by PCR. (c) Addition of doxycycline and IAA to SAF-A-AID-mCherry RPE-1 cultures led to depletion of SAF-A, as demonstrated by Western blot
analysis. (d) Imaging of SAF-A-AID-mCherry RPE-1 cells also showed extensive depletion of SAF-A upon addition of doxycycline and IAA. An arrow depicts an
undepleted cell for comparison. (e and f) IF staining of tubulin revealed normal spindle morphology in SAF-A-AID-mCherry cultures in both RPE-1 and DLD-1 cell
backgrounds, with or without SAF-A depletion. (g and h) We monitored chromosome segregation rates in SAF-A-AID-mCherry cultures, with and without SAF-A
depletion in both RPE-1 and DLD-1 cell backgrounds. Both cell lines showed normal chromosome segregation rates with or without SAF-A depletion. Chromosome
segregation in anaphase was scored in 200 cells for each experimental condition in three independent experiments. P values were calculated using a Student’s t test
and are included on the bar graphs to indicate that there were no statistically significant differences between SAF-A-undepleted and SAF-A-depleted cell pop-
ulations. It is possible that the mitotic defects previously reported in SAF-A RNAi experiments could result from off-target RNAi effects rather than from SAF-A
depletion. Scale bar = 10 pum.
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Figure S4. Analysis of SAF-A nucleic acid binding domains. (a) Alignment of the SAF-A SAP domain indicates strong conservation of serines 14 and 26
throughout vertebrates, except in zebrafish SAF-A, which retains only the second serine. (b) RNA-binding mutants have reduced chromatin interactions. For
each experimental replicate (n = 2), RNA EMSA reactions were performed concurrently for the GFP-SAF-A RNA-binding domain constructs depicted in Fig. 8 a.
Constructs were RGG™t, RGG%, RGGL72, and RGGY/N2, Quantitation of RNA-binding data are shown in Fig. 8, c and d. (c) To test whether SAF-A RNA-binding

mutations still interacted with interphase chromatin, we immunoprecipitated SAF-AWt-GFP, SAF-ARCCLI7A_GFP, or SAF-ACtermA_GFP and examined eluates for

the presence of histone H3. Untagged DLD-1 cells were used as a control. To compare chromatin interactions, histone H3 coprecipitation was measured as a
ratio of histone H3/SAF-A and is shown in Fig. 8 f.
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Figure S5. Cells expressing phosphomutant SAF-A show a transient defect in kinetochore-microtubule error correction but show normal locali-
zation of mitotic factors. (a-c) To test for correction of kinetochore-microtubule attachment errors, SAF-AWt-GFP and SAF-AS#A S26A_GFP cells were
treated with monastrol and subsequently released into media containing MG132. For each time point in the experiment, 100-300 cells were scored.
(a) Examples of each chromosome alignment category scored after monastrol washout. (b) Quantitation of bipolar spindle assembly following monastrol
washout. Error bars are the SD values from two experiments. (c) Quantitation of chromosome alignment following monastrol washout. We observed a 2.5-fold
increase in chromosome misalignment in SAF-AS14A S26A_GFP cells 30 min after monastrol release. Error bars are the SD from two experiments. (d) Localization
of condensin | subunit NCAPD2 in SAF-AVt-GFP and SAF-AS14A S26A_GFP cells. 4x magnification was produced using Adobe Photoshop. (e) Localization of
condensin Il subunit NCAPH2 in SAF-AW-GFP and SAF-AS1#A S26A_GFP cells. 4x magnification was produced in Photoshop. (f) Violin plot depicting normalized
Aurora-B centromere intensity in SAF-A%t-GFP and SAF-AS1A S26A_GFP cells. For replicate 1, SAF-A%t (n = 415 kinetochores), SAF-ASI4A S26A1 (n = 704 ki-
netochores). In replicate 2, SAF-A¥ (n = 1,447 kinetochores), SAF-AS1A S26A2 (1 = 1,927 kinetochores). (g) Violin plot depicting normalized autophosphorylated
Aurora-B (pT232) centromere intensity in SAF-AVt-GFP and SAF-AS#A S26A_GFP cells. For SAF-A™t, n = 535 kinetochores; for SAF-AS14A S26A 1 = 646 kine-
tochores. (h) Violin plot depicting normalized Hecl kinetochore intensity in SAF-A!'-GFP and SAF-AS4A S26A_GFEP cells. For SAF-A", n = 617 kinetochores; for
SAF-ASIA S26A 1y = 644 kinetochores. Scale bar = 10 pm.

Two tables are provided online as an Excel and Text file, respectively. Table S1 lists SAF-A phosphopeptides identified in interphase
and mitosis from purification shown in Fig. 4 b. Table S2 contains RIP-seq data for SAF-A IPs in interphase and mitosis.
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