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during G1 promotes CENP-A deposition
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ABSTRACT Centromeric chromatin is required for kinetochore assembly during mitosis and
accurate chromosome segregation. A unique nucleosome containing the histone H3-specific
variant CENP-A is the defining feature of centromeric chromatin. In humans, CENP-A nucleo-
some deposition occurs in early G1 just after mitotic exit at the time when the CENP-A depo-
sition machinery localizes to centromeres. The mechanism by which CENP-A is deposited
onto an existing, condensed chromatin template is not understood. Here we identify the
selective association of the CENP-A chaperone HJURP with the condensin Il complex and not
condensin |I. We show CAPH2 is present at centromeres during early G1 at the time when
CENP-A deposition is occurring. CAPH2 localization to early G1 centromeres is dependent on
HJURP. The CENP-A chaperone and assembly factor HJURP induces decondensation of a
noncentromeric LacO array, and this decondensation is modulated by the condensin Il com-
plex. We show that condensin Il function at the centromere is required for new CENP-A de-
position in human cells. These data demonstrate that HIURP selectively recruits the conden-
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sin Il chromatin-remodeling complex to facilitate CENP-A deposition in human cells.

INTRODUCTION

Centromere protein A (CENP-A) is a specialized histone H3 variant
that is specifically present in nucleosomes at centromeric chromatin
and is believed to epigenetically define centromeric chromatin.
New CENP-A deposition into centromeric chromatin is uncoupled
from DNA replication in humans and most metazoans. New CENP-A
is loaded at the centromere by its chaperone Holliday junction rec-
ognition protein (HJURP) in early G1 just after the cell exits mitosis
(Jansen et al., 2007; Dunleavy et al., 2009; Foltz et al., 2009). Repli-
cation-independent CENP-A deposition presents the additional
challenge of assembling new CENP-A nucleosomes into a chroma-
tin template that is already assembled with existing nucleosomes
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and presumably condensed chromatin. H3.3 nucleosomes may be
selectively removed in this process to make room for new CENP-A
at the centromeres (Dunleavy et al., 2011).

HJURP recognizes the CENP-A histone H3 variant through a set
of specific amino acids within the centromere-targeting domain of
CENP-A (Black et al., 2007; Foltz et al., 2009; Bassett et al., 2012).
HJURP binds CENP-A via HJURP's N-terminal Scm3 domain, which
is conserved from yeast to vertebrates (Sanchez-Pulido et al., 2009;
Shuaib et al., 2010; Cho and Harrison, 2011; Feng et al., 2011,
Hu et al., 2011; Zhou et al., 2011). The recruitment of HJURP
to chromatin is sufficient to determine the site of new CENP-A nu-
cleosome assembly in human cells (Barnhart et al., 2011). At the
centromere, the selective recruitment of HJURP depends on the
missegregation protein 18 (Mis18) complex (Barnhart et al., 2011;
Bernad et al., 2011). Mis18 binding to the HJURP centromere-
targeting domain is believed to directly couple new CENP-A depo-
sition to the existing CENP-A at the centromere (Zasadzinska et al.,
2013; Wang et al., 2014; Nardi et al., 2016). In addition to binding
HJURP, the Mis18 complex may also influence histone acetylation
at centromeric repeats (Hayashi et al., 2004; Fuijita et al., 2007), thus
priming centromeric chromatin in a way that makes it compliant for
HJURP recruitment and CENP-A deposition. Mis18a. has also been
shown to interact with DNMT3A and DNMT3B and to enhance
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nucleus throughout the cell cycle, whereas
condensin | gains access only upon nuclear
envelope breakdown in prometaphase.
Condensin | gains access to the nucleus
after nuclear envelope breakdown and is
loaded onto mitotic chromosomes after
phosphorylation events by CDK1, Aurora B,
and Polo-like kinases (Kimura et al., 1998;
Giet and Glover, 2001; St-Pierre et al., 2009).
Condensin Il also undergoes multiple phos-
phorylation events by mitotic kinases Mps1,
CDKT1, and Plk1 that contribute to its activity
(Abe et al., 2011; Kagami et al., 2014). The

interaction of condensin | with mitotic chro-

33 hrs

mCherry-CENP-A centromeric intensity (A.U.)

mosomes is more dynamic than that of con-
densin Il, suggesting that these two com-

C mCherry-

plexes interact with chromatin differently
(Gerlich et al., 2006).

In the context of centromeric chromatin,
depleting the common condensin subunits
SMC2 and SMC4 results in a reduction in

siRNA

Condensin Il depletion results in CENP-A deposition defect in human cells.
(A) Schematics of human condensin | and Il protein complexes. (B) Schematic of inducible
mCherry-CENP-A cell line. Cells were treated for 48 h with negative control, HJURP, CAPH, and
CAPD2 (condensin | siRNA) or CAPH2 and CAPD3 siRNA (condensin Il siRNA), and then
mCherry-CENP-A expression was induced by Dox addition for the last 15 h. (C) Representative
images of HeLa-TRex cells expressing inducible mCherry-CENP-A after siRNA to indicated
targets. Cells were preextracted and fixed, then immunostained with CENP-T antibody to
mark centromeres. mCherry-CENP-A signal is scaled evenly between conditions. Scale bar,
5 pm. (D) Quantification of centromeric mCherry-CENP-A intensity from experiment in C;
>5200 centromeres/condition, three biological replicates. Bar represents the mean, and whiskers
mark the SD. Blue dashed line marks the mean mCherry-CENP-A intensity in negative control
siRNA-treated cells. p < 0.0001 as compared with negative control by Kruskal-Wallis test.

DNA methylation within centromeric chromatin and CENP-A
assembly (Gopalakrishnan et al., 2009; Kim et al., 2012). Thus the
Mis18 complex may function to prepare centromeric chromatin for
accessibility by the CENP-A deposition machinery.

The condensin complexes have been extensively characterized
for their fundamental roles in inducing chromatin condensation dur-
ing mitosis, but they are also involved in a variety of nuclear func-
tions in the interphase nucleus (Hirano, 2012a; Piazza et al., 2013).
Two condensin complexes are present in metazoans. The condensin
I 'and Il complexes share the large structural maintenance of chro-
mosomes (SMC) subunits SMC2 and SMC4, which are chromosomal
ATPases (Hirano and Hirano, 2006). Condensin | and Il each contain
three complex-specific subunits—CAPD2, CAPG, and CAPH; and
CAPD3, CAPG2, CAPH2, respectively (Figure 1A; Hirano, 2012b).
Together, the condensin complex proteins form a ring-like structure
(Schleiffer et al., 2003). Condensin Il is largely responsible for the
axial shortening of mitotic chromosomes, and it works alongside
condensin |, which is responsible for lateral compaction of mitotic
chromosomes (Ono et al., 2003). Condensin |l is localized in the
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CENP-A/Cse4 loading in yeast and human
cells (Yong-Gonzalez et al., 2007; Samoshkin
et al., 2009). Depleting specifically the con-
densin Il complex in Xenopus egg extracts
also results in decreased CENP-A loading
(Bernad et al., 2011). This suggests that spe-
cifically the condensin Il complex may have
a unique contribution at centromeric chro-
matin. Whether the condensin Il complex is
selectively involved in CENP-A deposition
and how the complex is specifically linked to
centromeric chromatin in human cells are
not known.

Here we demonstrate a role for conden-
sin Il in human CENP-A deposition. Con-
densin Il is present at early G1 centromeres
in human cells and interacts with the CENP-
A chaperone HJURP. This early G1 centro-
meric enrichment of the condensin Il com-
plex depends on HJURP. Complementary to
this, depletion of the condensin Il complex
reduces HJURP recruitment to centromeres.
We also find that the CENP-A chaperone HJURP induces chromatin
decondensation when targeted to a LacO/TRE array in U20S cells.
The same region of HJURP that induces this decondensation is suf-
ficient to specifically recruit the condensin Il complex, and conden-
sin Il modulates the extent of decondensation. Our data identify a
new step in the epigenetic deposition of CENP-A requiring HJURP
and condensin Il presence at early G1 centromeres for successful
deposition to occur.

RESULTS

Condensin Il depletion results in a CENP-A deposition
defect in human cells

Studies in human tissue culture cells have implicated condensin in-
volvement in the CENP-A deposition pathway but have not delin-
eated the roles of condensin | versus condensin Il (Samoshkin et al.,
2009). Previous studies in Xenopus egg extracts demonstrated that
depleting condensin Il reduces new CENP-A loading at centro-
meres (Bernad et al., 2011). We therefore asked whether specifically
the condensin Il complex has a role in human CENP-A deposition.

Condensin Il in human CENP-A deposition | 55
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mCherry cell line to assess new CENP-A de-
position (Figure 1, C and D, and Supple-
mental Figure S1A; Foltz et al., 2009).
siRNA against either the condensin | or
the condensin Il subunits significantly re-
duced mRNA levels compared with nega-
tive control-treated cells (Supplemental
Figure S1B). Depleting the condensin I
complex by targeting both the CAPH2 and
CAPD3 subunits resulted in a significant de-
crease of the level of newly assembled
mCherry-CENP-A at centromeres. Upon con-
densin Il depletion, the average mCherry-
CENP-A centromeric intensity was reduced
to ~65% of the negative control-treated
intensity (Figure 1D). In contrast, deplet-
ing the condensin | complex resulted in
mCherry-CENP-A levels that were 87% of
those for the negative control-treated cells
(Figure 1D). siRNA treatment against con-
densin | had a mild effect on condensin |I
mRNA levels and may explain the modest
effect of condensin | on CENP-A assembly
(Supplemental Figure S1B). The effect of
condensin Il siRNA on condensin | levels is
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FIGURE 2: CAPH2 is present at centromeres in an HJURP-dependent manner in early G1 cells.
(A) Representative images of HeLa-TRex cells expressing Tet-inducible CAPH2-GFP. Cells were
fixed and then stained with antibody to CENP-T to mark centromeres. Top, CAPH2-GFP
localization pattern in early anaphase mitotic cell. Bottom, CAPH2-GFP localization pattern in
early G1, midbody-positive cells. Percentages are localization percentages in population of

100 cells. Two biological replicates. Scale bar, 5 pm. (B) Representative images of HeLa-TRex cells
stably expressing Tet-inducible CAPH-GFP. Cells were fixed and then stained with an antibody to
CENP-A to mark centromeres. Top, CAPH-GFP localization pattern in midbody-positive cells.
Bottom, localization in early anaphase mitotic cell. Scale bar, 5 pm. (C) Quantification of
experiment in B; 150 centromeres measured per condition. p < 0.0001 by Mann-Whitney test.
(D) Representative images of CAPH2-GFP Tet-inducible cells treated with HJURP or negative
control siRNA for 48 h with Dox added to induce CAPH2-GFP expression for the last 15 h. Cells

mild, whereas the effect on CENP-A deposi-
tion is significant. The converse is not true;
that is, direct siRNA targeting condensin |
has a major effect on condensin | levels but
does not significantly affect CENP-A depo-
sition. Therefore we conclude that, as is the
case in Xenopus, the condensin Il complex
is important for efficient human CENP-A de-
position. However, we cannot completely
rule out a minor role for the condensin |
complex in CENP-A deposition. Compared
with HJURP depletion, the reduction of new
CENP-A observed in the condensin Il siRNA
was intermediate, suggesting that conden-
sin Il may facilitate CENP-A deposition but
not be absolutely essential.

CAPH2 centromeric intensity : Avg Bkg

%". =+{.E:.-

Cb,)f
R TI
%,

siRNA

were fixed and then stained with antibody to CENP-T to mark centromeres. (E) Quantification in

experiment in D. p = 0.0393 by two-tailed t test. Two biological replicates. (F) CAPH2 intensity
measurements at centromeres after 48 h of control or HJURP siRNA treatment. Red line
indicates mean, and whiskers mark SE; >25 centromeres/condition. p = 0.0003 by Mann-Whitney

test.

To determine the role of condensin Il in new CENP-A deposition
in human cells, we depleted the condensin I-specific complex
members CAPH and CAPD2 or the condensin ll-specific complex
members CAPH2 and CAPD3 (Figure 1, A and B) in Hela-TRex cells
expressing inducible mCherry-CENP-A. HJURP depletion was used
as a positive control and served as a benchmark for the degree to
which CENP-A deposition was decreased. Cells were treated with
small interfering RNA (siRNA) for 48 h and then additionally treated
with doxycycline (Dox) to induce Cherry-CENP-A expression for the
last 15 h (Figure 1B). This experimental setup allowed us to specifi-
cally investigate the fate of the newly expressed mCherry-CENP-A
under conditions in which the condensin complexes had already
been depleted. As expected, HJURP depletion resulted in a com-
plete lack of new mCherry-CENP-A deposition at centromeres, con-
sistent with previous reports and validating the use of the inducible
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Condensin Il is present at

centromeres in early G1 and

requires HJURP for recruitment
Although previous work implicated conden-
sin function in centromere assembly, sup-
port for the condensin Il complex acting directly at centromeres was
lacking, and the effect could therefore be indirect. If the condensin
Il complex is specifically required to assist in the process of CENP-A
deposition, we would expect it to localize to centromeres in early
G1, when CENP-A deposition occurs in human cells (Jansen et al.,
2007, Dunleavy et al., 2009; Foltz et al., 2009). To assess whether
this is the case, we used a Hela line that expresses a Dox-inducible
CAPH2—-green fluorescent protein (GFP). As expected, CAPH2-GFP
localized along the arms of chromosomes during mitosis (Figure 2A,
top; Ono et al., 2004). We then analyzed the CAPH2-GFP localiza-
tion pattern in early G1 cell pairs, identified by the presence of a
midbody between the two recently divided cells. Strikingly, CAPH2-
GFP enriched specifically at centromeric loci in 86% of these early
G1 cells, marked by the colocalization between the GFP signal and
CENP-T (Figure 2A). This indicates that condensin Il is present at

Molecular Biology of the Cell
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HJURP interacts with the condensin Il complex. (A) Schematic of U20S-LacO cells
with mCherry-Lacl-HJURP1-748 (mCLI-HJURP) and CAPH or CAPH2-GFP coexpressed.
(B) Representative live-cell images of U20S-LacO cells expressing mCLI-HJURP as bait and
CAPH or CAPH2-GFP as prey protein. Scale bar, 5 pm. (C) Representative images of mitotic
spreads of U20S-LacO cells transfected for 48 h with mCLI-HJURP and CAPH or CAPH2-GFP.
Spreads were fixed and stained with an antibody to CENP-A. (C’) Insets of boxed regions in
C. (D) Quantification of experiment in C, represented as a ratio of GFP intensity at mCLI-HJURP
positive arrays to GFP intensity on the adjacent chromosome arm; 30 arrays, two biological
replicates. p < 0.0002 by two-tailed t test. (E) Representative images of U20S-LacO cells
transfected with mCLI-HJURP as bait for 48 h and then stained with antibody for endogenous
SMC2. mCLI and SMC2 intensities are scaled equally. Scale bar, 5 pm. (F) Quantification of
experiment in E. SMC2 intensity was measured at the array as a ratio over nuclear background
signal to show enrichment. Blue dotted line represents a ratio of 1, or no enrichment. Red lines
mark the mean, and whiskers are the SD; 20 cells, two biological replicates. p < 0.0001 by
Mann-Whitney test. (G) HA immunoprecipitation from HEK cells transfected for 24 h with
HA-HJURP with or without CAPH or CAPH2-GFP. CAPH2-GFP alone was used as a negative
control. Npm1 is shown as an input loading control. Three biological replicates. (H) HA
immunoprecipitation from HEK cells transfected for 48 h with HA-HJURP plus CAPH2-GFP in
the presence or absence of nocodazole for the last 15 h of transfection. CAPH2-GFP alone was
used as a negative control. Npm1 is shown as an input loading control. Two biological replicates.
() HA-IP from HEK cells transfected for 48 h with HA-HJURP and CAPH2-GFP or CAPH-GFP.
Cells were arrested in nocodazole for the final 12 h of transfection. Blots were probed with
antibodies to GFP, HA, and Npm1 as a loading control for the input lanes.

centromeres during the time frame when CENP-A deposition is oc-
curring. In contrast, although CAPH-GFP was expressed to a lower
level than CAPH2, CAPH-GFP was present at mitotic centromeres
but absent at early G1 midbody-positive centromeres (Figure 2, B
and C). This further supports a unique role for condensin Il and not
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condensin | during the early G1 CENP-A de-
position window.

Because the condensin Il complex is
present at G centromeres and contributes
to CENP-A deposition, we asked whether
HJURP is responsible for early G1 enrich-
ment of condensin Il at human centromeres.
To answer this question, we depleted HJURP
from the CAPH2-GFP stable line for 48 h
(Supplemental Figure S1C) and then induced
CAPH2-GFP expression for 12 h and ana-
lyzed early G1 cells for CAPH2-GFP centro-
meric localization. We observed a 50% de-
crease in the percentage of midbody-positive
cells with CAPH2-GFP centromeric local-
ization upon HJURP depletion (Figure 2, D
and E). The intensity of CAPH2-GFP at these
midbody-positive G1 centromeres was also
statistically reduced with HJURP compared
with control siRNA treatment (Figure 2F).

HJURP interacts with the condensin Il
complex

HJURP recruitment to a noncentromeric lo-
cus is sufficient to determine the site of
CENP-A nucleosome assembly and create a
de novo centromere (Barnhart et al., 2011;
Bergmann et al., 2011). Because we observe
an HJURP-dependent recruitment of con-
densin Il to the centromere (Figure 2), and
the condensin Il complex affects CENP-A
deposition (Figure 1), we asked whether
HJURP was sufficient to recruit condensin
to the de novo centromeres. U20S cells
containing a stably integrated LacO array
were cotransfected with mCherry-Lacl-
HJURP'748 (full-length HJURP) and either
CAPH-GFP (condensin | subunit) or CAPH2-
GFP (condensin Il subunit; Figure 3A). Using
live-cell imaging, we looked for condensin
recruitment to the HJURP-positive arrays.
We observed strong recruitment of CAPH2-
GFP to the HJURP arrays. Although CAPH-
GFP levels were lower than those of CAPH2-
GFP, we readily detected GFP signal in the
cytoplasm but observed no recruitment of
CAPH-GFP to the LacO array (Figure 3B).
Because condensin | is excluded from the
nucleus except during mitosis, we wanted
to verify that the specific CAPH2 recruit-
ment was also true in mitotic cells, in which
both the condensin | and the condensin I
complexes have access to the chromatin. To
investigate this, we arrested U20S-LacO
cells cotransfected with mCherry-Lacl-
HJURP'-748 and either CAPH-GFP or CAPH2-
GFP in mitosis with nocodazole and then

prepared them as metaphase spreads. We found that mCherry-Lacl-
HJURP'748 was again specifically able to recruit the condensin |l
subunit, CAPH2-GFP, and not the condensin | subunit, CAPH-GFP
(Figure 3, C, C’, and D). When targeted to mitotic chromatin, we
note and will address that HJURP causes chromatin decondensation

Condensin Il in human CENP-A deposition | 57
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(A) Schematic of HJURP and its known domains. Numbers are amino acids. (B) Representative
images of U20S-LacO cells cotransfected for 48 h with indicated mCLI-HJURP fragments and
CAPH2-GFP. Cells were fixed without preextraction. Scale bar, 5 um. (C) Quantification of
experiment in B. Graph displays intensity of CAPH2-GFP at individual mCLI-HJURP arrays as a
ratio over the average nuclear background. Red bar marks the mean, and whiskers mark the SD
for each condition; 230 arrays/condition. ***p < 0.0001 when compared with mCLI by Kruskal-
Wallis test followed by Dunn’s multiple comparison test. Blue dotted line marks an intensity ratio

HJURP-GFP

pletely rule out the ability of CAPH to inter-
act with HJURP, at least in the case when
HJURP is not bound to chromatin.

We next wanted to determine which re-
gion within HJURP is required to interact
with the condensin Il complex. Full-length
(HJURP'748) and truncations of HJURP
(Figure 4A) were targeted to the LacO array
for 48 h in cells cotransfected with CAPH2-
GFP. We observed that fragments of HJURP
including amino acids 201-748 were suffi-
cient to recruit the condensin Il subunit
(Figure 4, B and C). The minimal region of
HJURP required to recruit statistically signifi-
cant amounts of CAPH2-GFP was mCherry-
Lacl-HJURP352748 (Figure 4, B and C). We
additionally demonstrated in a reciprocal
experiment that tethering mCherry-Lacl-
CAPH2 to the LacO array was sufficient to
recruit HJURP-GFP (Figure 4, D and E).

mCLI Bait

_ Prey

of 1, indicating no array enrichment. (D) Representative images of U20S-LacO cells

cotransfected for 48 h with mCLI-CAPH or CAPH?2 as bait and HJURP-GFP as prey. Cells were
fixed without preextraction. (E) Quantification of experiment in D. Graph displays intensity of
HJURP-GFP at individual mCLI-CAPH or CAPH2 arrays as a ratio over the average nuclear
background. Red bar marks the mean, and whiskers mark the SD for each condition; >20 arrays/
condition, two biological replicates. p < 0.0001 by Mann-Whitney test. Blue dotted line marks

an intensity ratio of 1, indicating no array enrichment.

at the LacO array, indicated by the lengthened array shape (Figure
3, Cand C). To quantify the specific recruitment of CAPH2-GFP, we
measured its intensity at the array and set it as a ratio against the
arm staining. CAPH2 was significantly enriched at the LacO array
compared with the condensin | CAPH subunit (Figure 3D). CAPH-
GFP was expressed at lower levels than CAPH2-GFP but strongly
decorated the arms of the mitotic chromosomes. However, CAPH-
GFP was not enriched at the LacO array when HJURP was targeted
there, underpinning our findings that HJURP interacts preferentially
with condensin Il and not condensin | (Figure 3D). To determine
whether the presence of CAPH2 indicated that the full condensin I
complex was recruited by HJURP, we examined recruitment of the
non-complex-specific condensin subunits SMC2/4 to the mCherry-
Lacl-HJURP748—positive arrays. Endogenous SMC2 was robustly
recruited to mCherry-Lacl-HJURP'7#—positive arrays and was com-
pletely absent at control mCherry-Lacl-alone arrays (Figure 3, E and
F), suggesting that a functional condensin Il complex is assembling
at the array.

HA-HJURP was also able to efficiently immunoprecipitate
CAPH2-GFP from randomly cycling (Figure 3G) and mitotic cell ex-
tracts (Figure 3H). To address whether HA-HJURP could also immu-
noprecipitate CAPH-GFP, we performed immunoprecipitations from

58 | M. C.Barnhart-Dailey et al.

Condensin Il depletion reduces

HJURP centromeric recruitment

We tested whether condensin Il function
influences the ability of HJURP to access
centromeric chromatin in early G1. On
condensin |l depletion, the percentage of
HJURP-GFP centromere—localized cells was
significantly reduced to 6.7% relative to 20% of cells in control siRNA
(Figure 5, A and D). In contrast to HJURP-GFP, the percentage of
Mis180.-GFP centromere—positive cells was unchanged (Figure 5, A
and D). Similarly to parental Hela cell lines, when we targeted the
condensin Il complex by siRNA (subunits CAPH2 and CAPD3) in cells
stably expressing Mis180-GFP or HJURP-GFP, the transcript levels of
both subunits were depleted to ~30% of their endogenous levels
(Figure 5B). This reduction in HJURP centromere recruitment was not
due to a mitotic arrest resulting in fewer cells entering into G1 be-
cause the mitotic index percentage was uniform among all conditions
(Figure 5C and Supplemental Figure S2). Similarly to the decrease in
percentage of cells showing recruitment, the intensity of HJURP-GFP
at centromeres was significantly reduced with condensin Il siRNA
(Figure 5E). Consistent with a reduction in HJURP, endogenous CENP-
A levels were also reduced after condensin Il siRNA in the Hela
HJURP-GFP stable lines (Figure 5F). Therefore we cannot rule out the
possibility that reduction of CENP-A deposition due to condensin ||
depletion leads to fewer binding sites for HJURP in the following cell
cycle, although if this were the case, we would expect a loss of Mis18
as well. These results indicate that interaction between HJURP and
the condensin Il complex is required for HJURP’s proper centromeric
recruitment and stability once it reaches the centromere in early G1.
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replicates. Red line represents mean. p < 0.0001 by Mann-Whitney test.

HJURP alters chromatin compaction

Targeting the CENP-A chaperone HJURP to a noncentromeric,
LacO/TRE array induced CENP-A chromatin establishment and de
novo kinetochore formation at that site (Barnhart et al., 2011). In
addition to recruiting and depositing CENP-A, we observed that
HJURP affected the chromatin compaction state at the LacO/TRE
array as compared with targeting Lacl alone (Figures 3C and 6A).
Because the LacO repeats are a linear array, we expect that the
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unfolding of the LacO locus would result in
an asymmetric extension of the locus.
Therefore the chromatin compaction status
at the array was quantified by taking the
ratio of the longest axis of each array to its
shortest axis (asymmetry axis). Targeting
full-length  mCherry-Lacl-HJURP'748  ex-
panded the LacO array to an asymmetry
index of 2.67, whereas the mCherry-Lacl
alone showed an asymmetry index close to
1, as expected (Figure 6, A and D). Full-
length HJURP recruitment showed a similar
effect on array area (Supplemental Figure
S3). This observation is not limited to inter-
phase because extension of the array was
also seen during mitosis. We noted that
the tip of chromosome 1, where the LacO/
TRE array is integrated, was visibly ex-
tended compared with the remainder of
the mitotic chromosome when mCherry-
Lacl-HJURP'748 was targeted in mitotic
spreads (Figure 3C).

To investigate what aspects of HJURP
contribute to this expansion, we targeted
fragments containing separate portions of
HJURP to the LacO/TRE array (Figure 6, B
and C). Previously we showed that the Scm3
domain-containing fragment of HJURP,
HJURP'-2%8, was sufficient to deposit CENP-
A nucleosomes. Targeting of the HJURP1-208
fragment did not result in extension of the
LacO array; however, a fragment of HJURP
that excluded the CENP-A-binding Scm3
domain (HJURPZ01-748) showed similar exten-
sion of the array to full-length HJURP'-748
(Figure 6, C and D). This demonstrates that
CENP-A deposition is not required for the
HJURP-induced expansion of the array, but
it does require the condensin Ill-binding do-
main HJURP3>2748 (Figures 6, C and D, and
4,B and C, and Supplemental Figure S3).

Targeting the activator protein VP-16 to
LacO arrays has been shown to induce a
chromatin morphology change (Rafalska-
Metcalf et al., 2010). VP-16 induces a char-
acteristic rosette shape of local deconden-
sation associated with transcription initiation
(Tumbar et al., 1999). We therefore used this
as a positive control for chromatin conden-
sation change in our assay (Figure 6, C and
D). Although VP-16 did produce a localized
change in chromatin morphology at the
LacO array as previously observed, HJURP
dramatically extended the LacO arrays in-

stead of just causing a local decondensation event like VP-16. We
additionally verified that condensin Il recruitment was not a general
response to chromatin condensation changes by targeting mCherry-
Lacl-VP-16. Although it changed the chromatin compaction at the
array, mCherry-Lacl-VP-16 was not sufficient to recruit condensin I,
indicating that condensin Il recruitment by HJURP is specific and not
a general response to any type of chromatin condensation change
(Supplemental Figure S4).
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highly abundant in the cell and is difficult
to deplete entirely (Figure 7B). mCherry-
Lacl-HJURP'748 arrays from different repli-
cates displayed highly decondensed char-
acter after condensin Il depletion, some
with lengths between 20 and 30 times their
widths (Figure 7, A and C). However, deple-
tion of condensin Il did not significantly alter
the volume of the endogenous G1 centro-
mere (Supplemental Figure Sé), suggesting
that changes in centromere compaction or-
chestrated by condensin Il may not directly
translate into expansion of the centromere,
and other factors may act to constrain the
locus.

Finally, we tested whether the expansion
of the array induced by mCherry-Lacl-
HJURP at the LacO array was reversible.
We treated mCherry-Lacl-HJURP and GFP-
TetR (independent array marker)-trans-
fected LacO containing cells with control or
condensin Il (CAPH2 and CAPD3) siRNA for
48 h. The size of the array was examined af-
ter 75 min of isopropyl-B-p-thiogalactoside
(IPTG) treatment to remove Lacl-HJURP
from the array. We observed that the chro-
matin at the array was able to return from its
extended shape to a simple round shape in
both the control and condensin Il siRNA-
treated cells (Figure 7D and Supplemental
Figure S7). We conclude that the extension
induced by HJURP when it is targeted to
chromatin is a reversible and actively main-
tained state that can be influenced by con-
densin Il recruitment.

CENP-A

Merge

index (ratio of the longest length of each array to its widest width); >30 arrays/condition, two

biological replicates. Asterisks represent conditions statistically different as compared with
control (mCLI alone), p < 0.0001, by Kruskal-Wallis test followed by Dunn'’s multiple comparison

test.

Condensin Il tempers HJURP chromatin compaction
capabilities

Given that the same region of HJURP (HJURP352748) is responsible
for both condensin Il recruitment and chromatin expansion, we in-
vestigated whether condensin Il depletion influences array expan-
sion in any way. We observed endogenous SMC2 recruited by
HJURP to the LacO array (Figure 3E), suggesting that the endoge-
nous condensin Il complex may be functioning there. If the purpose
of condensin Il complex recruitment is to counteract the chromatin
decondensation induced by HJURP, then depleting the condensin |I
complex should enhance the ability of HJURP to decondense chro-
matin at the array. To test this, we transfected U20S-LacO cells with
mCherry-Lacl-HJURP'748, followed by 48 h of either negative con-
trol siRNA or siRNA to two condensin Il complex subunits, CAPH2
and CAPD3 (Figure 7, A and B). Consistent with our hypothesis, we
observed an increase in the asymmetry index and area of the
mCherry-Lacl-HJURP'748 arrays with condensin Il siRNA treatment
(Figure 7, A and C, and Supplemental Figure S5). The increase in
asymmetry index and area in the population as a whole was modest
but was statistically significantly different from treatment with nega-
tive control siRNA (Figure 7C and Supplemental Figure S5). The
modest effect may be due to the fact that the condensin complex is
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DISCUSSION
Here we demonstrate an interaction be-
tween the condensin Il complex and HJURP
in human cells that supports a specific re-
quirement for condensin Il in CENP-A deposition. We identify a
pool of condensin Il present at early G1 centromeres during the
CENP-A deposition window in human cells. In addition, we show
that the presence of HJURP can induce compaction changes to
chromatin in vivo. The activity of condensin Il complex appears to
work in opposition to the intrinsic decondensation activity of HJURP.
Our data support a model in which the condensin Il complex works
alongside HJURP to facilitate new CENP-A deposition (Figure 8).
HJURP and the Mis18 complex are the major determinants of
CENP-A assembly, providing a connection between the existing
centromere, new CENP-A deposition, and the nucleosome assem-
bly activity necessary to form the new CENP-A nucleosomes (Fujita
et al., 2007; Dunleavy et al., 2009; Foltz et al., 2009). However, be-
cause deposition of new CENP-A occurs into existing chromatin in
human cells, the process of new CENP-A deposition may also re-
quire additional factors to remodel or remove existing H3.3 nucleo-
somes that are believed to occupy centromeric loci in late G2 and
early mitosis (Dunleavy et al., 2011). Condensin |l activity is able to
induce positive supercoiling in DNA, which will destabilize canonical
nucleosomes and may facilitate the removal of H3 nucleosomes and
provide access of HJURP to DNA for CENP-A deposition (Kimura
et al., 1999; Hirano and Hirano, 2006). In addition, the facilitates
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Volume 28 January 1, 2017

@ CENP-A
@ histone H3

Decondensation

G1

Condensation

Model of condensin Il and HJURP at the centromere
during CENP-A deposition. HJURP brings new CENP-A with it to the
centromere. Once at centromeric chromatin, HJURP decondenses the
chromatin there and loads new CENP-A into the chromatin.
Condensin Il is locally enriched with HJURP and recondenses the
chromatin after HJURP deposits CENP-A, leading to stable new
CENP-A assembly. Condensin Il is also involved in stably recruiting or
keeping HJURP at the centromere in early G1, and so they are drawn
as interacting at that time.

chromatin transcription (FACT) complex—nucleophosmin 1, retino-
blastoma binding protein 7 (RBBP7; also known as RbAp46), and
retinoblastoma binding protein 4 (RBBP4, also known as RbAp48),
which have all been implicated in chromatin remodeling—have also
been shown to interact with CENP-A or its deposition machinery.
However, the exact roles of these proteins in centromere assembly
are not well understood (Hayashi et al., 2004; Foltz et al., 2006,
2009; Okada et al., 2006; Fujita et al., 2007; Dunleavy et al., 2009;
Shuaib et al., 2010; Mellone et al., 2011).

HJURP and CENP-A were previously implicated in the repair of
DNA double-strand breaks (DSBs; Kato et al., 2007; Zeitlin et al.,
2009). DNA damage repair is similar to human CENP-A deposition
in that it requires the proteins involved in repair to act on previously
chromatinized DNA templates. HJURP has been shown to bind syn-
thetic Holliday junctions, but the role of HJURP in DNA damage is
unclear (Kato et al., 2007). The condensin Il complex is also required
for efficient DSB repair (Wood et al., 2008). It is possible that the
decondensation phenomenon we characterized here and the inter-
action of HJURP with condensin Il may also be important for the
poorly understood role of HJURP in DNA damage.

In humans, as well as in several other species, the condensin |l
complex is specifically enriched at centromeric, CENP-A-contain-
ing chromatin during mitosis, whereas the condensin | complex is
absent from these regions (Stear and Roth, 2002; Ono et al., 2004;
Sawvidou et al., 2005; Shintomi and Hirano, 2011). This enrichment
of condensin Il at the centromere in human cells requires Aurora B
(Ono et al., 2004). During early G1, we observed that the conden-
sin Il complex is specifically enriched at centromeric chromatin
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(Figure 2). Itis not clear whether mitotic and G1 pools of condensin
Il are the same or condensin Il is recruited to centromeres de novo
during G1. We observed a decrease in HJURP recruitment when
condensin Il is reduced by siRNA (Figure 5). It may be that the activ-
ity of the mitotic pool of condensin Il is required for full access of
HJURP to centromeric DNA. From our experiments, it is not clear
whether the reduction of HJURP is due to less HJURP recruitment
to the centromere or reduced residence time of the protein; both
would explain the reduction in the percentage of cells showing
HJURP recruitment and reduced intensity of HJURP at centromeres
in early G1 (Figure 5).

We observed axial expansion of the LacO array after targeting
HJURP. In chicken cells, tethering of HJURP leads to an expansion of
CENP-A beyond the LacO array (Perpelescu et al., 2015). Although
the axial distortion of the array we observe is reversible, we expect
that the expanded area of CENP-A deposition may not be. There-
fore we believe that these two phenomena are distinct events driven
by HJURP. However, we do not know whether condensin function or
the expansion induced by HJURP may facilitate expanded deposi-
tion of CENP-A.

The expansion did not require the deposition of CENP-A nucleo-
somes (Figure 6). The similarity between vertebrate HJURP and
yeast Scm3 proteins is limited to the Scm3 domain (Sanchez-Pulido
et al., 2009). The Scm3 domain is responsible for CENP-A binding
and is sufficient to direct the deposition of new CENP-A nucleo-
somes (Shuaib et al., 2010; Barnhart et al., 2011; Cho and Harrison,
2011; Hu et al., 2011; Zhou et al., 2011; Bassett et al., 2012). HJURP
amino acids 352-748, which were sufficient to induce chromatin ex-
pansion and also recruit the condensin Il complex, contain the
HCTD domains of human HJURP, one of which contains the centro-
mere-targeting domain of HJURP (Figures 4 and 6; Zasadzinska
et al., 2013). These domains are absent from yeast Scm3. This may
reflect that fact that new CENP-A nucleosome addition to the cen-
tromere in Saccharomyces cerevisiae and Schizosaccharomyces
pombe is coincident with DNA replication and does not necessitate
removal of H3 nucleosomes or remodeling of the existing chromatin
to achieve CENP-A deposition. Therefore we propose that HJURP-
induced decondensation of chromatin and recruitment of the con-
densin Il complex may be unique to vertebrate systems. We pro-
pose that these processes have been necessitated by the uncoupling
of CENP-A deposition from DNA replication and therefore require
remodeling of the centromeric chromatin template in addition to
the accrual of new CENP-A to the centromere.

MATERIALS AND METHODS

siRNA, Western blotting, and quantitative PCR

U20S-LacO or Hela-TRex cell lines stably expressing Mis180.-GFP,
HJURP-LAP, or mCherry-CENP-A were plated at 1 x 10° cells in six-
well plates on polylysine-coated coverslips if used for immunofluo-
rescence (IF). If applicable, cells were transfected with Lipofectamine
2000 as described and then treated with siRNA after 8 h of transfec-
tion. Transfection medium was left in the well. For siRNA treatment
alone without transfection, 24 h after plating, cells were treated with
siRNA. Concentrations in well (3-ml total volume in six-well plate
format) and product information: 50 nM CAPD3 custom Stealth
siRNA from Life Technologies (Carlsbad, CA) (5 CAA GCC UCU
GUU AAC UUG AAU UCC U 3, 33 nM custom Stealth siRNA from
Life Technologies CAPH2 (5" UUC CAG AGA UGA AAU CAA GGG
CCU G 3%), 20 nM HJURP Silencer Select siRNA from Life Technolo-
gies (siRNA ID s30814), or equal amount of Negative Control #2
Silencer Select siRNA from Life Technologies (4390846). RNAIMAX
was used as lipofection reagent. After 24 h, one-third of the plating
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volume DMEM with 10% heat-inactivated fetal bovine serum (FBS)
plus 5% penicillin/streptomycin was added. For CAPH2 plus CAPD3
depletion, existing medium in the well was removed, and a second
siRNA treatment was done at 48 h after plating. For HJURP deple-
tion Western blot analysis, cells were harvested 48 h after siRNA
treatment with phosphate-buffered saline (PBS) plus 3 mM ethyl-
enediaminetetraacetic acid (EDTA) and counted and whole-cell ly-
sates were made in SDS-PAGE sample buffer. Lysates from 1 x 10°
cells/lane were separated on 10% SDS-PAGE gel and transferred to
nitrocellulose. Blots were incubated in primary anti-HJURP (3399) or
anti-tubulin (AA2) antibody overnight at 4°C and in secondary anti-
bodies (Jackson Laboratories) for 1 h at room temperature. For
CAPH2 and CAPD3 depletion analysis, cells were harvested using
PBS plus 3 mM EDTA and were washed once with PBS. RNA was
extracted using Qiagen (Hilden, Germany) RNeasy Mini Kit (74104).
cDNA library was prepared using 1 pg of RNA as input for an iScript
cDNA synthesis kit (1708890; Bio-Rad). Quantitative PCR with prim-
ers to GUS, CAPH2, or CAPD3 from 1 pl of cDNA template was
performed (Sybr Green iQ SYBR Green Supermix; 170-8880).

Cell culture, transfections, and immunocytochemistry

Hela or U20S-LacO cells were plated to polylysine-coated cover-
slips at 1 x 10° cells/well in six-well plates, 0.6 x 10° cells/well in
24-well plates, or 1 x 10¢ cells for 10-cm? plates. Cells were trans-
fected in Opti-MEM 24 h later with 0.2-0.25 pg of plasmid DNA
(24-well plate), 1 pg (six-well plate), or 5.8 ug (10-cm? dish) using
0.4 ul (24-well plate), 2 pl (six-well plate), or 11.6 pl (10-cm? dish) of
Lipofectamine 2000 (11668-027; Life Technologies). Cells were left
in Opti-MEM plus transfection complexes for 9 h, and then medium
was changed to DMEM plus 10% FBS and 5% penicillin/streptomy-
cin. HEK293T cells were transfected in serum-free, penicillin/strep-
tomycin-free DMEM using 4 pg of DNA and 30 pl of Polyfect
(Qiagen 301105) per 6-cm? dish.

Live-cell imaging was conducted on the U20S-LacO cell line at
37°C in Leibovitz’s L-15 medium including 10% FBS after 48 h of
transfection. Images were collected at 6-min intervals on a Delta-
Vision Microscope (Pittsburgh, PA) equipped with a Weatherstation
environmental chamber maintained at 37°C.

For fixation, U20S-LacO and Hela-TRex cells were preex-
tracted with 0.1% Triton-X in PHEM (PIPES [piperazine-N,N'-bis],
HEPES  [4-[2-hydroxyethyl]-1-piperazineethanesulfonic  acid],
EGTA [ethylene glycol-bis[B-aminoethyl ether]-N,N,N’,N'-tet-
raacetic acid], magnesium sulfate) buffer for 3 min, fixed with 4%
paraformaldehyde in PBS for 10 min, and then quenched by addi-
tion of 100 mM Tris-HCI, pH 7.5, for another 5 min at room tempera-
ture. Experiments that were not preextracted are indicated in figure
legends. Cells were blocked in 2% FBS and 2% bovine serum albu-
min in 0.1% Triton plus PBS. Centromeres were visualized with a
rabbit polyclonal anti-CENP-T antibody 1:2000 (3408) or monoclo-
nal CENP-A at 1:1000 dilution (ab13939; Abcam, Cambridge, UK).
DNA was stained with 4’,6-diamidino-2-phenylindole (0.2 mg/ml).
Donkey-anti-rabbit Cy5-conjugated (111175003; Jackson Laborato-
ries, Bar Harbor, ME) or Cy-3 or fluorescein isothiocyanate—conju-
gated goat anti-mouse or secondary antibodies were used for de-
tection, and coverslips were mounted with 4 pl of Prolong Gold (Life
Technologies).

All micrograph images were collected using a 60 or 100x oil-im-
mersion Olympus (Tokyo, Japan) objective lens (numerical aper-
ture 1.40) on a DeltaVision deconvolution microscope using a
Photometrics (Tucson, AZ) CoolSNAP HQ? camera. Acquisition
software used was SoftWoRx (Applied Precision). Images were de-
convolved and are presented as stacked images. All representative
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images within cell lines in figures were collected with identical ex-
posure times and scaled equally for Figures 2-7. Figure 1 mCherry-
CENP-A levels were collected with identical exposure times and
scaled equally. CENP-T levels in Figure 1 were scaled indepen-
dently for visualization. Intensities in live-cell and fixed images
were analyzed using ImageJ. The CRaQ plug-in was used to mea-
sure >5000 centromeres for the mCherry-CENP-A deposition ex-
periment, as well as for the HJURP-GFP and endogenous CENP-A
intensity at centromeres with and without condensin Il knockdown
(Bodor et al., 2012). Details of each analysis method are provided
in the appropriate figure legends.

Mitotic chromosome spreads

U20S-LacO cells were arrested overnightin 0.1 pg/ml nocodazole
in DMEM GlutaMAX medium 32 h after transfection. Mitotic cells
were harvested using a transfer pipette to blow cells off the plate.
Cells were spun down, washed in 1x PBS, and resuspended at 1 x
10¢ cells/ml in a hypotonic solution (20 mM HEPES, pH 7.0, T mM
MgCl,, 0.2 mM CaCly,, 20 mM KCI, LPC, and 0.5 pg/ml no-
codazole/Colcemid). After 10 min in the hypotonic solution, cells
were spun onto glass slides using a cytospin at 2000 rpm for 4 min
(30,000 cells/slide), immediately hydrated with 1x PBS, and then
fixed and immunostained as described. The anti-mouse CENP-A
antibody was used at a 1:1000 dilution (13939; Abcam).

Immunoprecipitations

HEK293T cells were plated to 90% confluency in 6-cm? dishes.
After 24 h, cells were transfected using Polyfect (Qiagen) as de-
scribed. For mitotically arrested populations, 0.1 pg/ml no-
codazole was added to the medium for 12 h. After 24 h, cells were
harvested on ice using PBS plus 3 mM EDTA. Cells were spun
down and then washed once with PBS. Cells were lysed for 10 min
on ice in 1 ml of RIPA buffer with occasional vortexing (150 mM
NaCl, 1% NP-40, 0.3% deoxycholate, 0.15% SDS, 50 mM Tris-HCl,
pH 7.5, 1 mM EDTA, 10% glycerol, 1x Roche (Basel, Switzerland)
protease inhibitors, 200 pM NaV, 0.5 mM phenylmethylsulfonyl
fluoride, 5 mM NaF, 50 mM B-glycerophosphate). Lysates were
sonicated by 2 x 10 cycles of 30 s on/30 s off, using a Biorupter.
Lysates were spun down at maximum speed, and then the full
1-ml supernatant was precleared with 10 pl of Protein A agarose
beads for 1 h on ice. Beads were spun out, supernatants were
transferred to a fresh tube, and 1 pl of hemagglutinin antibody
(HA.11 161312; Covance) or 0.2 pl of immunoglobulin G was
added overnight at 4°C with rotation. The next day, 8 pl of Protein
A Dynabeads (10001D; Life Technologies) was added for 1 h on
ice. Beads were washed once with radioimmunoprecipitation
(RIPA) buffer and three times with PBST. Beads were resuspended
in sample buffer.

Inducible CENP-A, CAPH2, and CAPH cell lines

Hela-TRex cells containing a Dox-inducible mCherry-CENP-A or
CAPH/H2-GFP integration were plated at 1 x 10° cells/well in a
six-well plate, and cells were plated on polylysine-coated cover-
slips for IF wells. Cells were kept in serum-free medium during this
protocol (following the initial plating step) to ensure that inducible
constructs were not expressed until Dox was added. After 24 h,
cells were treated with siRNA plus RNAIMAX. See siRNA treat-
ment described earlier for details. After 32 h of siRNA treatment
(8 h after a second round of siRNA, if applicable), Dox was added
at a concentration of 1 pg/ml to induce the expression of the
mCherry-CENP-A or CAPH/H2-GFP. siRNA was left in the well to
ensure that depletion continued during CENP-A or CAPH/H2
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loading. Cells were induced with Dox overnight and then fixed
and stained.

Antibodies

We used the following antibodies: CENP-A mouse monoclonal
(13939; Abcam), 1:1000, IF; CENP-T rabbit polyclonal (3408),
1:2000, IF; GFP rabbit polyclonal (3404), 1:1000, immunoblotting
(IB); HA mouse monoclonal (HA.11 161312; Covance, Princeton,
NJ), 1:1000, IB; Npm1 mouse monoclonal, 1:10,000, IB; and HJURP
rabbit polyclonal (3399), 1:1000, IF.
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