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controls chromosome passenger complex
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ABSTRACT The Chromosome Passenger Complex (CPC) generates chromosome autono-
mous signals that regulate mitotic events critical for genome stability. Tip60 is a lysine acetyl-
transferase that is a tumor suppressor and is targeted for proteasomal degradation by onco-
genic papilloma viruses. Mitotic regulation requires the localization of the CPC to inner
centromeres, which is driven by the Haspin kinase phosphorylating histone H3 on threonine
3 (H3T3ph). Here we describe how Tip60 acetylates histone H3 at lysine 4 (H3K4ac) to block
both the H3T3ph writer and the reader to ensure that this mitotic signaling cannot begin
before prophase. Specifically, H3K4ac inhibits Haspin phosphorylation of H3T3 and prevents
binding of the Survivin subunit to H3T3ph. Tip60 acetylates H3K4 during S/G2 at centro-
meres. Inhibition of Tip60 allows the CPC to bind centromeres in G2 cells, and targeting of
Tip60 to centromeres prevents CPC localization in mitosis. The H3K4ac mark is removed in
prophase by HDAC3 to initiate the CPC localization cascade. Together, our results suggest
that Tip60 and HDAC3 temporally control H3K4 acetylation to precisely time the targeting of
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the CPC to inner centromeres.

This article was published online ahead of print in MBoC in Press (http://www
.molbiolcell.org/cgi/doi/10.1091/mbc.E21-06-0283) on June 2, 2022.

Author contribution: E.N. performed protein purification, crystallization, data col-
lection, and structure determination and refinement experiments; PT.S. and W.M.
performed ITC experiments and in cell experiments and image analysis under the
supervision of PT.S.; L.L. performed WB experiments and preliminary in cell ex-
periments under the supervision of P.T.S.; Z.M. performed dot blot analysis and
enzymatic assays under the supervision of B.D.S.; CK. and L.L. performed the
H3K4 ChIP experiment under the supervision of PT.S. and; the manuscript was
written by E.N. and P.T.S.

*Address correspondence to: P. Todd Stukenberg (pts7h@virginia.edu).
Abbreviations used: ChIP, chromatin immunoprecipitation; CPC, chromosome
passenger complex; CSN, centromere signaling network; Dox, doxycyclin;
H3K4ac, histone H3 lysine 4; H3T3ph, histone H3 threonine 3; HAT, histone acet-
yltransferase; HDAC3, histone deacetylase 3; INCENP, inner centromere protein;
ITC, isothermal titration calorimetry; PP2A, protein phosphatase 2; PTMs, post-
translational modifications; RT, room temperature.

© 2022 Niedzialkowska et al. This article is distributed by The American Society
for Cell Biology under license from the author(s). Two months after publication it
is available to the public under an Attribution-Noncommercial-Share Alike 4.0
International Creative Commons License (http://creativecommons.org/licenses/
by-nc-sa/4.0).

"ASCB®,"” “The American Society for Cell Biology®,"” and “Molecular Biology of
the Cell®" are registered trademarks of The American Society for Cell Biology.

Molecular Biology of the Cell ® 33:br15, 1-10, August 1, 2022

INTRODUCTION

Posttranslational modifications (PTMs) of histones have emerged
as a central mechanism that regulates both gene expression and
other cellular events. During mitosis, there is a global increase in
histone tail acetylation that controls chromosome condensation
and an increase in histone phosphorylation that controls mitotic
signaling (Zhiteneva et al., 2017). Histone phosphorylation drives
mitotic signaling by recruiting the Chromosome Passenger Com-
plex (CPC) to the inner centromere of every mitotic chromosome
from which it regulates events that ensure faithful chromosome
segregation, including spindle checkpoint signaling, sister chro-
mosome cohesion, and the correction of improper kinetochore-
microtubule attachments (Trivedi and Stukenberg, 2016). While
we understand how histone phosphorylation is used to spatially
identify the location to target the CPC to the chromosome region
between kinetochores, it is unclear how these events are tempo-
rally restricted to the middle of prophase. Moreover, since the
CPC and its histone phosphorylation network are among the
most overexpressed pathways in highly aneuploid breast tumors
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Peptide N Kq [pM] AH (cal/mol) —~TAS (cal/mol)
H3T3phK4me1(1-12) 1.0301 + 0.005 3.10+0.14 4692 + 26 -2820
H3T3phK4me2(1-12) 0.873 £0.004 2.82+£0.16 -6250 + 60 -1310
H3T3phK4me3(1-12) 1.21£0.02 11.5£1.0 -4630 + 90 -2820
H3K4me1(1-12) 1.080 £0.012 9.1+1.0 -2680 + 60 -4200
H3K4me2(1-12) 0.899 £0.010 12.0+0.8 -2610 £ 40 -4110
H3K4me3(1-12) 0.83+0.07 87+ 10 -6000 + 700 -500
H3T3phK4ac(1-12) 0.965 £ 0.009 15.4+0.8 -7300 + 100 -700
H3T3ph(1-12) 1.03 £ 0.002 2.31+£0.08 -4880 + 30 -2800
H3(1-12) 1.214£0.01 9.37+£0.31 -2790 + 20 -4040

Measurements were performed in 25°C in a triple component buffer containing citric acid, HEPES, CHES, and 10 mM B-mercaptoethanol. N, stoichiometry; Ky, dis-
sociation constant; AH, entalphy change; AS, entropy change; T, temperature. Values for H3T3ph(1-12) and H3(1-12) were taken from Niedzialkowska et al. (2012).

TABLE 1: Thermodynamic parameters of interaction between hSurvivin and histone H3 peptides at pH 7.2 at 25°C.

(Pfister et al., 2018), it is important to understand how the events
are dysregulated in cancer.

The acetylation of histone H3 on lysine 4 (H3K4ac) is a poorly
understood histone PTM. In fission yeast, this mark is generated in
late S phase as part of a chromodomain switch that epigenetically
transfers heterochromatin to the next generation (Xhemalce and
Kouzarides, 2010). First, the Chp1/Clr4 complex recognizes H3K9
methylated on an existing histone and methylates H3K9 on neigh-
boring histones deposited during DNA replication. To remove the
Chp1/Clrd methyltransferase, the Tip60 homolog, Mst1, acetylates
H3K4 to disrupt the binding of Chp1/Clr4 to the adjacent H3K9
methylated sites. Whether this mechanism is conserved in verte-
brates and whether the H3K4 mark has additional cell cycle func-
tions are not known.

The CPC is a four-protein complex consisting of the Aurora-B
kinase and three regulatory subunits: the scaffold inner centro-
mere protein (INCENP), Survivin, and Borealin, which are required
for chromatin targeting (Carmena et al., 2012; Hindriksen et al.,
2017). The CPC regulates mitotic events by generating chromo-
some autonomous signals that control the spindle checkpoint and
kinetochore-microtubule attachments to each mitotic chromo-
some (Trivedi and Stukenberg, 2016; Hindriksen et al., 2017). The
majority of the CPC (~75%) is localized to the inner centromere
(Cooke et al., 1987; Mahen et al., 2014), which is located between
sister kinetochore on mitotic chromosomes during prometaphase
and metaphase. There are additional pools of CPC at inner kineto-
chores and on mitotic chromatin (Broad et al., 2020; Hadders
et al., 2020; Liang et al., 2020). The CPC locates to the inner cen-
tromere during prophase by binding two distinct histone phos-
phorylation marks that intersect the mitotic chromosome along
two orthogonal axes. In the first axis, a Haspin kinase phosphory-
lates histone H3 at threonine 3 (H3T3ph), which directly associates
with the Survivin subunit (Dai and Higgins, 2005; Kelly et al., 2010;
Wang et al., 2010). Because Haspin is recruited by cohesin through
Pds5 (Goto et al., 2017), the H3T3ph mark is initially found along a
central “long” axis between sister chromatids (Yamagishi et al.,
2010). A second axis is generated across chromosomes from ki-
netochore to kinetochore by a Bub1 kinase, which phosphorylates
histone H2A on threonine 120 (H2AT120ph) (Yamagishi et al.,
2010; Storchova et al., 2011; Liu et al., 2013). This indirectly re-
cruits the CPC through interaction of the Borealin subunit of the
CPC with Sgo1 that in turn directly binds histone H2AT120ph.
These events are temporally controlled so that the CPC is enriched
at noncentromeric chromatin in late G2 and early prophase;
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however, by the end of prophase the CPC is highly enriched at in-
ner centromeres. The events that temporally control this transition
are not known but recently the acetylation of histones at H2AK118
by Tip60 was shown to inhibit the phosphorylation of H2A on T120
by Bub1 (Lee et al., 2018).

Tip6é0 is a lysine acetyltransferase that is often dysregulated in
human tumors. Tip60 acetylates histone tails and other substrates
and is a coregulator of transcription factors and a modulator of DNA
damage response signals (Sapountzi et al., 2006). Tip60 has also
been implicated in mitotic regulation. Tipé0 directly acetylates Au-
rora B, which stimulates kinase activity by preventing T-loop de-
phosphorylation by PP2A (Mo et al., 2016). Tipé0 is part of the RSF1
complex that temporally regulates Sgo1 binding at mitotic centro-
meres by acetylating histone H2A that prevents Bub1 phosphoryla-
tion of H2A T120, until this mark is removed by the HDAC1 protein
(Lee et al., 2018).

In this study we show that temporal regulation of CPC localiza-
tion to the inner centromere is controlled by H3K4ac. Tipé0 acety-
lates H3K4 in centromeres during S/G2 to both prevent the phos-
phorylation of H3T3 by Haspin (Han et al., 2011) and the association
of Survivin with H3T3ph. HDAC3 removes the H3K4ac in the middle
of prophase to enable CPC targeting to the inner centromere. We
suggest that Tip60 acetylation inhibits CPC localization to inner cen-
tromeres at numerous steps to control the proper timing of CPC
localization and signaling during mitosis.

RESULTS

It has been shown that H3K4 acetylation (H3K4ac) reduces the abil-
ity of the Haspin kinase to phosphorylate H3T3 in vitro (Han et al.,
2011); however, neither the importance of this event nor whether
H3K4ac controls binding of Survivin to the tail is known. We there-
fore determined whether H3K4 PTMs might regulate in vitro the
binding of histones tails by Survivin using isothermal titrating calo-
rimetry (Table 1). Both acetylation and trimethylation of H3K4 inhib-
ited Survivin binding even when the peptides contained H3T3ph. In
contrast, mono- and dimethylation of H3K4 had little effect on Sur-
vivin binding to H3T3ph. Trimethylation of H3K4 is associated with
active promoters (Santos-Rosa et al., 2002), suggesting that this
mark would inhibit CPC binding to transcriptionally active sites.
Since the CPC is normally found at pericentric heterochromatin
(Ruppert et al., 2018), this mark is unlikely to control CPC at centro-
meres. Therefore we focused our investigation on H3K4ac mark,
which had not been examined previously for its impact on Survivin
interaction with H3.
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action between Survivin and the H3 tail
(Figure 1, A and B). We also determined the
structure of Survivin bound to methylated
H3K4 and see subtle changes in the confor-
mation of Survivin E51 and E63 in the com-
plex containing the H3T3phK4me3 peptide;
however, they are within the error range for
the structure resolution and cannot be un-
ambiguously attributed to conformational
changes resulting from histone tail binding
(Supplemental Figure S1, A-C).

We next investigated the occurrence of

H3K4ac across the cell cycle. We confirmed
that the H3K4ac antibody has much higher
reactivity against an H3K4ac peptide than a
set of other modified histone tail peptides
(Supplemental Figure S2A). The antibody
does not recognize a peptide that is both
T3ph and K4ac, which suggests that the pos-
itive signal from Kdac staining comes from
histone H3 tails that are K4 acetylated and
not T3 phosphorylated. We used this anti-
body to probe lysates from U20S cells ar
rested in G1/S (mimosine arrest) or mitosis
(colcemid arrest). These analyses found that

FIGURE 1: Histone H3K4ac disrupts salt bridges between H3K4 and Survivin E51 and E63.

H3K4ac was decreased in mitotic cells
(Figure 2A). We next analyzed the temporal

(A) Structure of human Survivin (green) bound to the unacetylated histone H3 peptide (blue).
Gray sphere represents zinc atom. Inset shows amino acids involved in interaction between the
H3 peptide and the Survivin to highlight the binding interface between Survivin and the histone
H3T3phK4 peptide; yellow dashed lines indicate formation of salt bridges between histone H3
lysine 4 side chain and Survivin glutamic acids E51 and E63. Survivin carbon, nitrogen, and
oxygen atoms are shown as green, blue, and light red sticks, respectively. Histone atoms are
shown in blue; phosphorous and oxygen atoms of phosphorylated T3 are colored orange and
red, respectively. (B) Comparison of Survivin bound histone H3 peptide with and without K4
acetylation. Left, stick representation showing unacetylated (light blue) and acetylated (dark
blue) peptides; center and right, electron density in the vicinity of Survivin histone H3 peptide
binding site with the view on unmodified and acetylated lysine 4. The density around & and
carbon of lysine 4 is absent because unmodified K4 side chain can adopt many conformations
including salt bridge formation between E51 or E63; therefore it appears disordered in the

control of centromeric H3K4ac by chromatin
immunoprecipitation (ChIP). We precipitated
chromatin using the H3K4ac antibody from
cells arrested in G1, S/G2, or M phase and
probed for centromeric chromatin using four
different a-satellite specific primers by quan-
titative PCR. We found that centromeres are
specifically acetylated on H3K4 in S/G2 and
the signal is reduced during mitosis and G1
(Figure 2B). The reduction of H3K4ac during
mitosis was confirmed by immunofluores-
cence. The nuclei of most interphase cells

model. After K4 acetylation there are less possible conformations that can be adopted by
acetylated K4 side chain due to steric effects; therefore lysine side chain appears ordered in

the model. Map is contoured at 1 sigma.

Analysis of the surface of the region interacting with histone H3
tail shows that R2 and K4 form electrostatic interactions with Survivin
side chains (Figure 1, A and B). To define what causes the observed
differences in binding affinities, we determined structure of Survivin
bound to H3T3phK4ac peptide and compared it with the crystal
structures of Survivin bound to H3T3ph peptide (Niedzialkowska
et al., 2012). Both structures were determined to similar resolution
and there were no major conformational changes observed (rmsd
0.199 A) between the two structures. The peptides used in the crys-
tallization experiments were at saturation concentration; they are
refined with occupancy of 1.0 and similar B factors. Therefore the
only difference in binding affinities between H3T3ph and H3T3ph-
K4ac peptides can be attributed to H3K4ac and removal of charge
around ¢ nitrogen of H3K4 after acetylation. The positive charge of
H3K4 is normally distributed between two salt bridges to negatively
charged amino acids (E51 and E63) in the binding pocket of the
Survivin subunit. Acetylation of H3K4 disrupts these salt bridges,
which can explain the measured effect on the strength of the inter-
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had robust H3K4ac staining. The staining
was also high in prophase cells but much
lower in prometaphase cells (Figure 2C;
arrowhead indicates a prophase cell; white
carets indicate two prometaphase cells). In
Supplemental Figure 2B we show a field with two prophase cells, and
one is high in H3K4ac, while the other is low. This suggests that the
mark is removed during prophase, which is the period when the CPC
accumulates at inner centromeres (Wheatley et al., 2001; Li et al.,
2006). We asked whether inner centromeres were deacetylated be-
fore other chromosome regions during prophase by costaining cells
with a centromere marker (anti-CENP-C) and with the H3K4ac anti-
body. Prophase cells were divided into either early or late prophase
based on the average distance between sister CENP-C foci, which
are separated by chromosome condensation during prophase
(Figure 2D; Supplemental Figure S2B). We quantified the CENP-C
and H3K4ac signals in inner centromeres by quantifying along 2 pm
lines between two sister kinetochores but running perpendicular to
the axis defined by the two sister kinetochores (Figure 2D; note white
line in inset merged images and on the chromosome cartoon). Line
graphs of multiple centromeres were normalized and aligned to the
peak of the CENP-C signal. H3K4ac peaked near the inner centro-
meres of all early prophase cells. In contrast, the inner centromere

H3K4ac controls the CPC | 3
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Histone H3K4 is acetylated from S/G2 until midprophase during cell cycle
progression. (A) Histone H3 Kéac level in lysates of U20S either not synchronized (DMSO),
arrested in G1/S with mimosine, or in mitosis with colcemid. (B) ChIP analysis where chromatin
was immunoprecipitated with histone H3K4ac antibodies and probed by real-time PCR with
primers that recognize four unique o-satellite sequences on the specified chromosomes. Note the
increase in K4 acetylation signal in S/G2 (G2) relative to G1 and M phase. Experiment was
performed twice. For statistical analysis an Anova test was applied; p value = 1.1-1075; Tukey test
was performed for pairwise comparisons; ***P < 0.001. (C) Immunofluorescence analysis of
histone H3K4ac shows high level of H3K4ac in prophase cells (white arrowhead) n = (25, 14) but
reduced H3K4ac signal during prometaphase (white carets) n = (25, 14); p value; = (4.488-107,
2.564-107). For statistical analysis Welch's t test was applied; ***P < 0.001. Red cells stained with
anti-H3K4ac; green cells stained with anti-CENP-C; scale bar, 3 um. The two blue-colored dots in
the quantification represent the two experimental replicates. (D) The histone H3K4ac mark is
removed from centromeres in midprophase. Images of an example of early and late prophase
cells that were defined by the distance of CENP-C foci (plot on the right); the white mark in the
merged inset shows a typical line portrayed in the intensity profiles in graphs below; scale bar,

3 pm; inset bar, 0.3 pm. Line graphs below images represent the fluorescent intensities of a
2.5-pm line drawn perpendicular to the axis of sister kinetochores are tiled for cells in either early
or late prophase. Line graphs were normalized between 0 and 1, and the CENP-C peaks were
centered; CENP-C (red, n=12) and histone H3K4 (green, n= 12). A white line on the chromosome
scheme next to line graphs highlights the region taken for analysis. There was enough CENP-C in
inner centromere regions in late prophase chromosomes to define a central peak.

was the lowest point of H3K4ac in late prophase cells (Figure 2D). We
conclude that H3K4ac inhibits CPC binding to histone tails in vitro
(Figure 1) and the levels of this mark in the inner centromere change
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during midprophase (Figure 2). Thus the
H3K4ac mark anticorrelates both spatially
and temporally to the localization of the CPC
to inner centromeres.

We next identified the H3K4 acetyltrans-
ferase that regulates this centromeric mark.
We found inhibitors of Tip60 (Nu9056) but
not GCNS5 (CTPHZ2) or p300/CBP (Inhibitor VI)
resulted in decreased H3K4ac levels in U20S
cells (Figure 3A; Supplemental Figure S3A).
The small amount of H3K4 that remained in
mitotic cells was also sensitive to the Tip60
inhibitor (Figure 3A). Cells depleted of Tip60
by shRNA also reduced H3K4ac (Figure 3B;
Supplemental Figure S3D). Tip60 has been
implicated as an S/G2 H3K4 acetyltransfer-
ase in fission yeast (Xhemalce and Kouza-
rides, 2010), and it also acetylates histone H4
on K118, which is adjacent to the site phos-
phorylated by Bub1 to control Sgo1 binding
(Lee et al., 2018) and indirectly controls CPC
levels. Interestingly, Tipé0 also contains a
chromodomain that binds the H3K9me3
mark, which can target it to heterochromatin
(Xhemalce and Kouzarides, 2010; Rajagopa-
lan et al., 2018) and Aurora B phosphorylates
H3S10 to control binding of this mark by HP1
(Fischle et al., 2005). We confirmed that
Tipé0 acetylates H3K4 in vitro and found that
this activity was retained on H3K9me3 pep-
tides but the signal was missing when Tip60
was incubated with H3T3ph or H3S10ph
peptides (Figure 3C; Supplemental Figure
S3E). The H3K4ac signal was partially recov-
ered on peptides that had both H3K9me3
and H3S10ph (Supplemental Figure S3E).
Thus these data suggest Haspin and Aurora
kinases may inhibit Tip60, which may under-
lie a switchlike response. To test if Tipé0
could generate H3K4ac in vivo we generated
cells that expressed a fusion of CENP-B-GFP
and Tip60 (Figure 3D). CENP-B binds directly
to a-satellite DNA and the fusion protein was
exogenously targeted to centromere. Fusion
of CENP-B to Tip6é0 was sufficient to gener-
ate H3K4ac at mitotic centromeres, where it
is normally low. A control where we targeted
GFP alone did not generate H3K4ac signal
(Figure 3D). We conclude that Tipé0 acety-
lates H3K4 in centromeric heterochromatin in
S/G2 cells.

The CENP-B-GFP-Tip60 fusion construct
also enabled a simple test for whether Tip60
targeting could displace the CPC from
inner centromeres in mitosis. Cells express-
ing this construct had dramatically reduced
levels of Aurora B at prometaphase and
metaphase centromeres relative to controls
(Figure 4A). These experiments were per-

formed in nocodazole to limit regulation associated with mitotic pro-
gression (Figure 4A). We utilized this system to measure the ability of
Tip60 to control most of the identified steps of CPC recruitment.

Molecular Biology of the Cell
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KAT5/Tipé0 (Tip60) is the major histone acetyltransferase (HAT) for H3K4 in
U20S cells. (A) Histone H3 K4 acetylation detected by anti-H3K4ac immunoblot analysis from
asynchronous and mitotic U20S cells treated with Nu9056 inhibitor of Tip60’s acetyltransferase
activity. Bottom cells arrested in nocodazole were treated with Nu9056 for 1 h. (B) Tip60 shRNA
depleted cells show reduced level of histone H3K4ac. Cells were engineered to express an
shRNA against Tip60 after addition of doxycyclin (Dox). (C) In vitro Tip60 HAT activity on
histone H3 peptides was detected using histone H3K4ac immunoblot; 1 pg of each peptide
was incubated with the specified reagents and then transferred to a membrane for
immunodetection. (D) Targeting of Tip60 to centromeres increases histone H3K4ac to that
region of mitotic chromosomes. Cells were engineered to express either CENP-B:GFP (CB-GFP)
or CENP-B:GFP:Tip60 (CB-Tip60) after the addition of doxycyclin. Cells in doxycycline were
stained for the indicated antibodies and mitotic cells were imaged by immunofluorescence. Dark
and light blue dots in the plot represent independent experimental replicates. CB-GFP n=
(16, 14) p value = (0.004; 0.005). For statistical analysis Welch's t test was

(11, 23); CB-Tipb60 n=
applied; **P < 0.01.

Specifically, we compared the levels of regulators with those after
the addition of a Tip60 inhibitor and found that inhibition of Tipé0
stimulated the levels of Aurora B and most of its regulated steps
(Figure 4B). The observed changes to Aurora B levels correlated with
changes in H3T3ph and H2AT120 levels, which is consistent with
Tip60 acetylation of both H3K4 and H2AK118 regulating CPC re-
cruitment (Figure 4B). These data are consistent with the acetylation
of histone H3K4 by Tip60 controlling both the kinetochore- and the
cohesin-based branches of CPC recruitment in addition to prevent-
ing the binding of Survivin (Lee et al., 2018). We conclude that Tip60
is a master negative regulator of CPC localization.
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The histone deacetylase 3 (HDAC3) was
previously shown to remove H3K4ac during
mitosis (Eot-Houllier et al., 2008). We there-
fore asked if HDAC3 acts in opposition to
Tip60 to localize the CPC. Depletion of
HDAC3 by shRNA reduced the levels of Au-
rora B in the inner centromere (Supplemen-
tal Figure S3, B-D), suggesting that HDAC3
must remove H3K4ac to enable CPC local-
ization. Interestingly, inhibition of Tip60 dur-
ing S/G2 in cells depleted of HDAC3 re-
stores CPC levels (Figure 5). The simplest
explanation of these data is that HDAC3 re-
moves the inhibitory mark on H3K4 put
down by Tip60 to control CPC localization.

It was previously shown that CPC levels
are higher in G2 nuclei than G1 nuclei, al-
though the levels are lower than in mitotic
centromeres (Monier et al., 2007). Our data
suggest that Tip60 acetylates H3K4 in S/G2
cells on centromeric sequences. This pre-
dicts that we should find higher levels of
CPC proteins on centromeres of interphase
cells after inhibition of Tipé0. In fact, Aurora
B rarely colocalizes with the ACA centro-
mere marker in interphase cells. However,
both the levels of Aurora B and the number
of Aurora B positive centromeres increased
in cells where Tip60 had been inhibited
(Figure 6, A and B). We conclude that Tip60
prevents premature localization of the CPC
to centromeres.

+ H3K9me3
+ + H3K9me3S10ph

+ + H3T3ph
+ + H3S10ph

+

fiTE

CB-GFP @ :

DISCUSSION

We demonstrate that Tip60 acetylates H3K4
to temporally control the localization of the
CPC. Tip60 acetylates H3K4 during S/G2
and prevents Haspin phosphorylation of
H3T3 and Survivin binding to chromatin to
inhibit CPC localization to centromeres.
During the middle of prophase HDAC3 re-
moves this mark to enable CPC accumula-
tion at inner centromeres (Figure 6C). Tipé0
also inhibits Histone H2A phosphorylation,
which is a second histone mark that controls
CPC localization. These data complement
previous studies that demonstrated that
Tip60 acetylates H2AK118 and can prevent
Haspin phosphorylation of H3T3 in vitro. To-
gether, these data suggest that Tipé0 is a
master negative regulator of CPC recruit-
ment to centromeres (Figure 6D). We also show that HDAC3, which
has previously been shown to deacetylate H3K4 in mitosis, acts in
opposition to Tipb0 to temporally control CPC localization. These
data complement the finding that RSF1/HDACT is localized to mi-
totic centromeres to deacetylate H2AK118 (Lee et al., 2018). Thus
two independent deacetylases (HDAC1 and HDAC3) temporally
control the initiation of CPC localization in prophase (Figure 6D). We
note that many CPC studies were performed in Hela cells where
this regulation would be missing because the E6 protein targets
Tip60 for degradation in cells transformed by oncogenic papilloma
viruses (Jha et al., 2010).

CB-TIP60
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The use of both an inhibitory histone mark and an activating
mark to regulate Survivin histone reading not only adds extra steps
of regulation but also greatly increases the affinity change for this
histone code reader. Survivin binding to H3 is only two- to fivefold
stimulated by phosphorylation (Wang et al., 2010; Niedzialkowska
etal., 2012), so it was unclear how this could generate a switch from
exclusion to the recruitment of the CPC. We suggest that acetyla-
tion of H3K4 actively inhibits recruitment of CPC thereby consider-
ably lowering the affinity of Survivin binding in G2. A positive feed-
back loop between the CPC and Haspin ensures rapid recruitment
of the CPC (Wang et al., 2011). Our data suggest that future studies
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should test whether HDAC3 is a target of
this regulation. The fact that these steps are
both inhibited until midprophase provides a
need for rapid switchlike activation of steps
that localize the CPC.

Our studies suggest a number of impor-
tant areas for future studies. First, it is critical
to understand the mitotic regulation of
HDAC3 and HDAC1. We detect specific
deacetylation of H3K4 at inner centromeres
in prophase that precedes the bulk deacety-
lation that happens by prometaphase. We
suggest that there must be mechanisms to
recruit HDAC3 to the inner centromere in
prophase and independent steps to recruit
HDACT. It is also interesting that Tip60
binds to H3 that is methylated on K9 in re-
sponse to double-strand breaks (Sun et al.,
2005, 2009; Ayrapetov et al., 2014). This
mark might ensure that this regulation is
confined to heterochromatin. Second, it is
also important to determine if the recogni-
tion of Tipé0 is controlled by histone H3 S10
phosphorylation which could inhibit Tip60
binding and tip the equilibrium to HDAC3
to initiate the cascade. Third, a new pool of
the CPC has been identified at the inner ki-
netochore, and it is unclear if Tipb0 also
regulates this pool, which became difficult
to observe after HDAC3 depletion (Broad
et al., 2020; Hadders et al., 2020; Liang
et al., 2020).

Tip60 is an important tumor suppressor,
and, like the CPC, it has been implicated in
chromosome instability (Grezy et al., 2016).
Interestingly oncogenic papillomaviruses
degrade both Tipé0 and p53 and generate
strong chromosome instability (Scheffner
et al., 1990, 1993; Jha et al., 2010). We
suggest that reduced Tipé0 misregulates
CPC to lower the fidelity of chromosome
segregation, while the simultaneous loss of
p53 would allow these cells to remain pro-
liferative to drive tumorigenesis.

MATERIALS AND METHODS

Cell lines

All experiments were performed in U20S
cells unless specified. Since the papilloma
virus expressed E6 targets Tip60 for degra-
dation, it was critical to avoid Hela cells in

these experiments which express high levels of E6 (Jha et al.,
2010). U20S cells were grown in McCoy's 5A modified media (Life
Technologies) supplemented with 10% fetal bovine serum (Life
Technologies). For plasmid transfection cells were grown to 80—
90% confluency. Transfection was performed using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s protocol. The hu-
man lentiviral shRNAmir pGIPZ constructs were obtained from
Open Biosystems and grown and purified according to their proto-
col. The targeting sequences of the shRNAs used in this study are
HDAC3 (AGAAGTCCACTACCTGGTT) and control (nonsilencing,
TCGCTTGGGCGAGAGTAAG). To package virus, 1.5 x 107 Lenti-X

Molecular Biology of the Cell
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FIGURE 5: The histone deacetylase HDAC3 activity opposes Tip60 activity to relocalize Aurora
B from chromatin to inner centromeres. Cells treated to reduce HDAC3 by shRNA had reduced
amounts of Aurora B but this was rescued by concurrent inhibition of Tip60 acetyltransferase
activity. (A) Immunofluorescence images showing Aurora B inner centromeric localization in
prometaphase cells treated with shHDAC3 knockdown with and without Tipé0 inhibition. Note
that most of the Aurora B remains on noninner centromeric (chromosome arm) regions after
HDAC3 depletion. However, if Tip60 was inhibited in the previous S/G2 phase then HDAC3 is
not required to localize Aurora B to inner centromeres; scale bar, 5 pm. (B) Quantification of
Aurora B signal at centromeres after the indicated treatment: shCtrl n= (11, 13); shHDAC3

n= (13, 10); shHDAC3+Nu9056 n = (1 1, 5); P vaIueSth,|_shHDAc3 = (0021 1, 00046),

p valueghcirl.shHpaca+Nugoss (0.49, 0.63). (C) Quantification of chromatin bound Aurora B

signal after the centromeric signals have been subtracted to measure the amount of

Aurora B on chromosome arms after the indicated treatments. shCtrl n=(11, 13); shHDAC3
n=(13, 10); shHDAC3+Nu9056 n= (11, 5); p valueshctrshipacs = (0.02678, 0.00065);

p valuegpcirl-shHpaca+Nugose (0.25, 0.41). For statistical analysis Welch's t test was applied;

ns > 0.05, *P < 0.05. Light and dark blue dots indicate two independent experimental replicates.

293T cells were cotransfected with 18pug pGIPZ plasmid, 6pug
PMD2G plasmid, and 12ug psPAX2 plasmid. Medium were re-
plenished 24 h after transfection and supernatants containing virus
were collected and filtered through 0.2-um filters 48 h after trans-
fection. U20S cells were incubated with virus for 24 h at 50% con-
fluency; 48 h after infection with virus, cells were trypsinized, trans-
ferred to a 10-cm dish, and grown for a week in the presence of
3pg/ml puromycin. For Aurora B localization experiments (Figure
5), U20S cells were incubated with 0.5 pg/ml puromycin and 1 pug/
ml doxocycline for 72 h to induce expression of shRNA; 10 uM of
Nu9056 (Sigma) were added 1 h before fixation. A stable U20S
cell line expressing CENP-B fused to Tipé0 (in pcDNA5.0/FRT/TO-
CB-Tip60) was generated by cotransfecting these constructs with
pOG44 (Invitrogen) into Flp-In U20S T-REx cells and selection with
hygromycin (300 pg/ml, Invitrogen) for 2 wk. For CB-Tipé0 target-
ing experiments (Figure 4), cells were incubated with 1 pg/ml
doxocycline for 24 h and then with 3.3 uM nocodazole for a total 2
h; 10 uM Nu9056 were added for 1 h after 1 h of incubation with
nocodazole, and cells were fixed. request.
Immunoblotting and immunofluorescence

These antibodies were purchased from the following sources and
used for immunoblotting at a dilution as indicated: Aurora-B (1:500
Bethyl, A300-431A), CENP-T (gift from Dan Foltz, 1:1000), tubulin
(Sigma, T4026, 1:5000), histone H3 T3 phosphorylation (Cell Sig-
naling, 1:1:1000), histone H3 K4 acetylation (H3K4ac Millipore,
1:1000), Tip60 (Santa Cruz 1:2000), Aurora-B pT232 (Rockland,
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1:200) ACA (anti-centromere antigen, Anti-
bodies Inc., 15-234-0001, 1:500), Sgo1
(ThermoFisher, 1:250), CENP-C (Millipore
1:1000), CENP-A (Abcam, 1:1000), and
Bub1 (Genetex, 1:250). U20S cells were
synchronized to mitosis with 100 ng/ml col-
cemid for 16 h or arrested in 2 mM thymi-
dine blocked to arrest cells in S phase.

For immunofluorescence U20S cells
were seeded onto coverslips coated with
poly-L-Lysine (Sigma 1 d before staining.
The cells were cofixed with 4% paraformal-
dehyde, PHEM buffer (60 mM PIPES, 25
mM HEPES, 10 mM EGTA, and 4 mM
MgCly, pH 6.9) and 0.5% Triton-X 100 for
20 min at room temperature (RT). After
washing with TBS-T three times, cells were
blocked with 3% bovine serum albumin
(BSA) for 60 min. Immunostaining was per-
formed with the following primary anti-
bodies at the indicated dilution for 1 h at
RT. After washing three times with TBST-T,
cells were incubated with fluorescent sec-
ondary antibodies (Jackson ImmunoRe-
search) for 30 min at RT. After washing two
times with PBS, the cells were counter-
stained with 0.5 pg/ml DAPI for 5 min. Af-
ter two more washes with water, the cover-
slips were mounted onto slides using
ProlongGold Antifade (Invitrogen) and
sealed with nail polish. Image acquisition
was performed using at 63x on Zeiss Ob-
server Z1 widefield microscope. Images
were processed and analyzed using FIJI.
Z stacks were projected using maximum

intensity Z projection. To quantify fluorescence levels at centro-
meres, a thresholding algorithm was used to mark centromeres
on the basis of ACA mask in projected images. Background was
subtracted using the in-built rolling ball algorithm in FIJI. Indi-
cated statistical analysis was performed using R (v.3.6.3). All box
and whisker graphs represent the median (central line), 25th-75th
percentile (bounds of the box), and 5th-95th percentile (whis-
kers). Data for line graphs of prophase U20S cells were gener-
ated using Volocity software (PerkinElmer V6.3). To distinguish
early and late prophase cells, lines were drawn between the two
paired CENP-C spots and the inner centromere distance was cal-
culated for each of the pairs. To visualize the depletion of H3K4
between early and late prometaphase, lines were drawn between
the paired CENP-C foci and the lines were perpendicular to the
plane linking the paired CENP-C centromere foci. Line graphs
were normalized so that they had identical upper and lower inten-
sities and aligned with each of the lines so that the peak of the
CENP-C intensity was centered. The R script is available on

H3K4 ChIP experiments

U20S cells were arrested using double thymidine block and re-
leased for 6 h (5/G2), nocodazole block (M), or nocodazole block
and release (G1). ChIP was performed as described (Kuscu et al.,
2019) using a set of previously described PCR primers against
unique o-satellite repeats at the centromeres of each of the speci-
fied chromosomes (Warburton et al., 1991).
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interphase cells. (A) Inhibition of Tip60 by Nu9056 leads to Aurora B localization at centromeres
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***P < 0.001. (C) A proposed model for Aurora B localization regulated by acetylation of H3K4
of H3 by Tip60. Our data suggest that histone H3K4ac by Tip60 during S/G2 prevents Haspin
phosphorylation of H3T3 (arrow a) and Survivin binding to chromatin to inhibit CPC localization
to centromeres (arrow c). During the middle of prophase HDAC3 removes H3K4ac mark to
enable CPC accumulation at inner centromeres. Previous studies have shown that Tip60 inhibits
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that Tip60 is a master regulator of CPC localization. (D) A model to control the timing of CPC
localization to inner centromeres through changes in chromatin PTMs. Tip60 acetylates histone
H3 on K4 and histone H2A on K118 in S/G2 to prevent CPC localization. In midprophase HDAC1
and HDAC3 deacetylate these histone marks to enable Bub1 phosphorylation and subsequent
Sgo1 recruitment, Haspin phosphorylation of histone H3T3 and subsequent Survivin binding of
H3T3ph. Together these events drive CPC recruitment to inner centromeres in midprophase.

Protein purification, crystallization, and data collection

Protein purification was carried out as described previously (Niedzi-
alkowska et al., 2012). hSurvivin (UniProt ID: O15392) was expressed
from p8HIS vector (DNA sequence confirmed by sequencing) in
BL21(DE3)RIPL cells in the presence of kanamycin 100 pg/ml and
chloramphenicol 34 pg/ml. Protein expression was induced when
the culture reached ODgqp of 1.0 with the final concentration of
0.150 mM of IPTG; 60 pg/l of ZnCl, were added to media to facili-
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‘ : incubated overnight at 18°C. The cell
pellet was resuspended in a lysis buffer
composed of 50 mM Tris, pH = 7.8, 2 mM
imidazole, 120 mM NaCl, and 10 mM B-
mercaptoethanol, and cells were lysed us-
ing Avestin EmulsiFlex C3 homogenizer.
Cell lysate was clarified by ultracentrifuga-
tion for 40 min at 4°C in Beckman Coulter
Type 45 Ti fixed angle rotor at 30 000 rpm.
Lysate was applied on NiNTA resin, and
beads were washed with a wash buffer com-
posed of 50 mM Tris, pH =7.8, 10 mM imid-
azole, 500 mM NaCl, and 10 mM B-
mercaptoethanol. Protein was eluted in the

HZAT12088 elution buffer, and 8His tag was removed by
overnight thrombin digestion during dialysis
«— S901 in a buffer composed of 50 mM Tris, pH =

7.8, 250 mM imidazole, 500 mM NaCl, and
10 mM B-mercaptoethanol. Digested pro-
tein was applied on NiNTA resin equili-
brated with digestion buffer composed of
50 mM Tris, pH = 8.0, 150 mM NaCl, and
10 mM B-mercaptoethanol. Flow-through
containing  hSurvivin - was applied on
Superdex 200 column attached to AKTA
system with a flow 1 ml/min in a buffer com-
posed of 5 mM HEPES 7.5 and 10 mM B-
mercaptoethanol. Fractions containing puri-
fied Survivin were pooled together and
concentrated to 12 mg/ml. For cocrystalliza-
tion and soaking experiments, lyophilized
peptides (GenScript, Piscataway, NJ) were
suspended in bacteriostatic water to 50 mM
concentration. Crystals of hSurvivin were
grown in hanging drops at 16°C using
EasyXtal Tools crystallization plates. The
crystallization drop was composed of 1 pl of
protein in 5 mM HEPES, pH = 7.5, 10 mM
B-mercaptoethanol, and 1 pl of mother li-
quor solution; 33% ethylene glycol in crystal
mother liquor was used as a cryoprotectant;
in the case of hSurvivin in complex with
H3T3phK4me2 LV oil was used. The list of
crystallization solutions is presented in Sup-
plemental Table S1. The complexes of hSur-
vivin - with  H3T3phK4me1(1-12), H3T3ph-
K4me3(1-12), and H3T3phK4ac(1-12) were
obtained from cocrystallization  experi-
ments, while the complex of hSurvivin with
H3T3phK4me2(1-12) peptide was obtained
from soaking procedure.

Data were collected at 100 K on sector
19 and sector 21 at Argonne National
Laboratory (Argonne, IL). Structures of wild-type hSurvivin with
H3T3phK4me1(1-12), H3T3phK4me2(1-12), H3T3phK4me3(1-12),
and H3T3phK4ac(1-12) were solved by molecular replacement us-
ing 3UEC (Niedzialkowska et al., 2012) structure as a model. Data
processing and model building were done with HKL-3000 (Minor
et al., 2006). Molecular replacement was performed using HKL-
3000 and MOLREP (Murshudov et al., 1997). The resulting model
was further refined with REFMACS5 (Murshudov et al., 1997) and
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COOT (Emsley et al., 2010). The structure was validated using
MOLPROBITY (Chen et al., 2010) and ADIT (Yang et al., 2004)
tools. Figures were prepared using PyMOL (www.pymol.org). The
diffraction images are available on the Integrated Resource for
Reproducibility in Macromolecular Crystallography Web site
(https://proteindiffraction.org/) (Grabowski et al., 2016). The li-
gands in the active site and the electron density maps, including
omit maps, can be inspected interactively using Molstack (Porebski
et al., 2018) at https://molstack.bioreproducibility.org/c/YNYK/.

All crystals diffracted to similar resolution (around 2.6 A). Most of
the complexes crystallized in the C2 space group except for H3T-
3phK4me2, which crystallized in the 1222 space group. The former
complex was more difficult to crystallize and handle; the few ob-
tained crystals diffracted poorly and the resulting data and refine-
ment were worse than for other complexes. In all cases, similarly to
previous studies, the electron density for only the first four amino
acids was interpretable. In the case of the structure of hSurvivin in
the complex with H3T3phK4me2 peptide, it was difficult to obtain
crystals of the complex from cocrystallization or soaking experi-
ments and the crystals were very sensitive to any cryoprotectant
used and the process of flash cooling in liquid nitrogen. The data
obtained from diffraction experiments of the crystal of hSurvivin in
complex with H3T3phK4me2 were of poor quality and refinement
statistics. Data collection and refinement statistics are presented in
Supplemental Table S2.

Isothermal titration calorimetry

Before each ITC experiment, the protein was dialyzed overnight
against the proper buffer. Lyophilized peptides (GenScript, Piscat-
away, NJ) with sequences corresponding to the first 12 amino acids
of histone H3 were dissolved in bacteriostatic water to obtain 50
mM stock concentration. Before each experiment the peptides
were diluted with a dialysis buffer to a desired working concentra-
tion. ITC measurements were performed using an ITC200 isother-
mal titration calorimeter (GE Healthcare). The binding experiments
were carried out in 50 mM citric acid, HEPES, and CHES buffer
system at pH equaled 7.2. Citric acid, HEPES, and CHES buffers
were prepared as described (Newman, 2004). Protein concentra-
tion equaled 0.1 mM and the peptide concentration equaled 1
mM. The first titration was carried out using 0.5 pl of peptide solu-
tion, followed by 35 1.5-pl injections applied 180 s apart. Proper
mixing of titrated peptide with protein in a chamber was ensured
by constant stirring applied at the speed of 700 rpms during the
experiment. Titration experiments were conducted at 25°C. Bind-
ing isothermal fit was done with Origin software using single bind-
ing site model with stoichiometry, AH, association constant (Ka) as
variable.

Histone acetylation and antibody dot blot assays

Acetylation reaction was done for 1 h at 30°C. Reaction was done
in a buffer composed of 50 mM Tris, pH 8.0, 0.1 mM EDTA, and 5%
glycerol and contained 0.01 pg/pl Tipé0 (SignalChem, K314-
380G-05), T mM AcCoA (Sigma), 1 mM dithiothreitol, and 10 ng/ul
of BSA. As a substrate 1000, 500, 250, 125, and 62.5 ng of histone
H3 peptide were used. Following the HAT assay, dot blot analysis
was performed as described in that work (Perez-Burgos et al.,
2004) with minor modifications. Briefly, 2 pl of the TIP60 acetylation
reactions were spotted on polyvinylidene difluoride membranes.
The membranes were then blocked for 1 h at RT in TBST (0.1%
Tween) and 3% BSA followed by overnight incubation at 4°C with
the H3K4ac antibody (Millipore) at 1:5000 in the same buffer and
immunoblot detection.
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Accession numbers

PDB ID: 7LBO — hSurvivin with H3T3phK4me1 peptide
PDB ID: 7LBQ — hSurvivin with H3T3phK4me2 peptide
PDB ID: 7LBK — hSurvivin with H3T3phK4me3 peptide
PDB ID: 7LBP — hSurvivin with H3T3phK4ac peptide
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