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Background: A conserved Cdk1 site in CAP-D3 activates condensin II

Results: Mutation of CAP-D3 Thr-1403 in chicken disrupts prophase and leads to chromosome hypercondensation.
Conclusion: Chicken CAP-D3 Thr-1403 sets the balance of chromosomal condensin LIL

Significance: This study represents the first in vivo model altering the chromosomal ratio of condensin I:II and is a rare example

of a mutation causing chromosome hypercondensation.

The condensin complex plays a key role in organizing mitotic
chromosomes. In vertebrates, there are two condensin com-
plexes that have independent and cooperative roles in folding
mitotic chromosomes. In this study, we dissect the role of a
putative Cdkl site on the condensin II subunit CAP-D3 in
chicken DT40 cells. This conserved site has been shown to acti-
vate condensin II during prophase in human cells, and facilitate
further phosphorylation by polo-like kinase I. We examined the
functional significance of this phosphorylation mark by mutat-
ing the orthologous site of CAP-D3 (CAP-D3714%34) in chicken
DT40 cells. We show that this mutation is a gain of function
mutant in chicken cells; it disrupts prophase, results in a dra-
matic shortening of the mitotic chromosome axis, and leads to
abnormal INCENP localization. Our results imply phosphory-
lation of CAP-D3 acts to limit condensin II binding onto mitotic
chromosomes. We present the first in vivo example that alters
the ratio of condensin I:II on mitotic chromosomes. Our results
demonstrate this ratio is a critical determinant in shaping
mitotic chromosomes.

Mitotic chromosome compaction was originally visual-
ized by the German biologist Walther Flemming, who first
described the dynamics of the threadlike structures we now
know as mitotic chromosomes using aniline dyes in salaman-
der cells (1). Despite years of intensive research, how chro-
mosomes compact to their final mitotic state is still far from
clear.

Chromosome condensation is often viewed as a hierarchi-
cal series of events. In vertebrates, the interphase fiber thick-
ens some 70-fold to a 700-nm fiber in metaphase chromo-
somes (2—4). At the most basic level, DNA base pairing
contributes 2-fold to chromosome compaction. The histone
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octamer itself wraps 147 base pairs of DNA contributing to a
6-7-fold compaction and generating 10-nm fibers (5, 6).
The linker histone H1 is a driver of axial shortening, and is
thought to play a role in the transition from 10- to 30-nm
fibers (7, 8). A cascade of histone modifications are also
known to contribute to the folding of mitotic chromosomes
(9). Beyond the 30-nm fiber, non-histone proteins are
thought to guide the folding of DNA into mitotic chromo-
somes. Key members of this group of proteins (collectively
termed the chromosome scaffold), are topoisomerase II,
KIF4A, and the condensins (2).

In vertebrates, there are two condensin complexes, conden-
sin I and II (10-13). Both condensins share the SMC2/SMC4
ATPase subunits that are joined by three auxiliary subunits:
with CAP-H, CAP-D2, and CAP-G in condensin I, and CAP-
H2, CAP-D3, and CAP-G2 in condensin II. A key distinction
between the two condensins is that condensin II is present on
the DNA throughout interphase and mitosis, whereas conden-
sin Iis only bound to the DNA from prometaphase to telophase
(14, 15).

Studies in a variety of eukaryotes show that both condensins
are essential for the correct compaction of chromosomes dur-
ing mitosis, and their faithful segregation during anaphase (16 —
22). Localization and functional studies point to condensin II
functioning from prophase, when axial shortening is most pro-
nounced. Condensin I is not required for prophase condensa-
tion and plays a prominent role in the lateral compaction of
metaphase chromosomes.

The phosphoregulation of the condensin complex is essen-
tial for its ability to compact chromosomes. It has been long
established that a key factor responsible for the induction of
mitotic chromosome condensation is active cyclin-dependent
kinase 1 (cyclin B-Cdk1) (23). A seminal series of in vitro studies
using Xenopus egg extract established that the condensins are a
target of Cdkl and this activation is an essential requirement
for DNA condensation to occur (24, 25).

In general, condensins are the target of several mitotic
kinases including Aurora B, Cdk1, Plk1 (Polo-like kinase)/Cdc5
(cell cycle serine threonine protein kinase 5), and CKII (casein
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kinase II), and evidence for their modification at multiple sites
has emerged from several phosphoproteomics studies (26 —28).
A recent study has provided the important link between Cdk1
phosphorylation and activation of condensin II in mitosis (29).
It identified a Cdk1 site at threonine 1415 in the human CAP-
D3/condensin II subunit as being required to activate the com-
plex during prophase, and allow PIk1 to be recruited along the
chromosome axis. Plk1 recruitment then further phosphory-
lates condensin II. This key event appears an absolute require-
ment for correct prophase condensation. Here, we have further
analyzed the functional significance of this site through its dis-
ruption in chicken DT40 cells. In agreement with the study in
human HeLa cells, we found that prophase condensation is
similarly altered in chicken as in human. However, we found a
striking, but unreported additional phenotype: in chicken cells
bearing the CAP-D3 threonine (T) 1403 to alanine (A) muta-
tion, chromosomes became hypercondensed such that the
width and length of an individual chromosome is often indis-
tinguishable. The reason for the heightened axial compaction
activity appears to be caused by condensin II overloading,
thereby decreasing the ratio of condensin L:II. Our data suggest
that Thr-1403 is a key site in setting the balance of condensin I
and II on mitotic chromosomes.

EXPERIMENTAL PROCEDURES

Cell Culture—DT40 chicken B cells were cultured as
described previously (30). CAP-D3 knock-out (KO) cells were
cultured in 10 ml of medium at 39 °C and doxycycline (Dox)>
was added to a final concentration of 200 ng/ul to repress the
wild type CAP-D3 gene as previously described (17). CAP-D3
GEP cells (CAP-D3Y™) have been previously described (17).

Mutagenesis of CAP-D3 (T1403A) and Transfection of CAP-D3
KO—Primers (5'-CGTGCAATCAGCGCACCAGAACAGAC-
3, 3"-GTCTGTTCTGGTGCGCTGATTGCACG-5') were
selected to mutate the CAP-D3-GFP-TrAP plasmid (31) at Thr-
1403, using QuikChange® Site-directed Mutagenesis kit (Ag-
ilent Technologies). CAP-D3 KO cells were co-transfected
with CAP-D37'*°34 and blasticidin constructs by elect-
roporation, allowed to recover for 24 h, then expanded into
96-well plates (Thermo Scientific) with blasticidin (20 pg/ml
of RPMI) selection for 10-14 days. The CAP-D3 mutant
clones were initially screened by a Leica DMIRB inverted
microscope to detect CAP-D3 GFP signals in 96-well plates.
GFP positive clones were then further screened by immu-
noblot using an anti-CAP-D3 antibody to select for clones
expressing similar levels to parental (wild type) DT40 cells.

Pulldown Assay and Immunoblotting—Western blot was
performed on cell lysates (10° cells) (32). Pulldown assay was
performed as described before using asynchronous cells (29,
33). Antibodies used were the rabbit anti-CAP-D3 (1:2500),
mouse anti-phosphothreonine-proline (1:5000, CST), mouse
anti-a-tubulin (1:1000, Sigma), with goat anti-rabbit IgG-HRP
and rabbit anti-mouse IgG-HRP as secondary antibodies
(1:5000).

3 The abbreviations used are: Dox, doxycycline; CENP-O, centromere protein
O; INCENP, inner centromere protein; NEBD, nuclear envelope breakdown;
SBP, streptavidin-binding peptide; Topo lla, topoisomerase llca.
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Immunofluorescence—All DT40 mitotic chromosome spreads
were methanol:acetic acid fixed and prepared as described previ-
ously (34). Antibodies (dilution) used were rabbit anti-KIF4A
(1:400) and rabbit anti-Topo Ile (1:400) (35). For INCENP,
CENP-O, and CAP-D3 detection, cells were spun onto slides and
fixed with paraformaldehyde to preserve GFP signal before co-
staining with anti-INCENP (1:400) or CENP-O (1:400) (36). For
CAP-H staining, cells were cytospun and processed (37) using rab-
bit anti-CAP-H (1:800) (38). To score prophases, cells were grown
on slides and fixed (17) and stained with anti-phosphohistone H3
(Ser-10) (1:800) and anti-Lamin B1 (1:400).

Live Cell Imaging—CAP-D3%" and CAP-D37'%34 cells
were analyzed with a live cell imaging system (DeltaVision
widefield deconvolution microscope, Applied Precision, GE
Healthcare) equipped with an environmental control chamber.
Images were taken at 2-min intervals with three sections at each
time point in 3-h movies. Images were deconvolved using
DeltaVision SoftWoRx 4.1, and displayed as two-dimensional
projections. The time of nuclear envelope break down (NEBD)
was scored as the beginning of obvious CAP-D3-GFP foci in
nuclei until either appearance of condensed chromosomes or
discontinuousness of the nuclear boundary. The metaphase to
anaphase time was determined from NEBD until cells with
nuclei were separated into two individual cells.

Image Analysis and Microscopy—Image stacks of whole cells
were taken with 0.2-um Z-section as described previously (39).
Images were deconvolved using DeltaVision SoftWoRx 4.1 and
displayed as two-dimensional projections. Total CAP-D3-GEP
intensity was measured for all chromosomes in the cell (n = 10
cells each), and also the largest chromosome (chromosome 1)
from individual cells (# = 14) for both wild type and mutant.
The intensity of fluorescence signals was measured by the Polygon
function of DeltaVision SoftWoRx 4.1, and normalized to the
intensity of DAPI In summary, [CAP-D3-GFP/DAPI] =
[GFP — GFP background of the same area]/[DAPI — DAPI
background of the same area] and [CAP-H/DAPI] = [TRITC —
TRITC background of the same area]/[DAPI — DAPI back-
ground of the same area]. Comparisons were conducted using
Student’s ¢ test (unpaired). p values less than 0.05 were consid-
ered as a statistically significant difference.

RESULTS

Generation of Chicken DT40 CAP-D3™"*%34 Mutants—Chicken
CAP-D3 cDNA, and CAP-D3 conditional knock-out cells, and
GFP-tagged CAP-D3 have been previously described (17, 40).
The Cdkl phosphosite at position 1403 in chicken is highly
conserved in vertebrates (Fig. 14). Thr-1403 was mutated to
Ala-1403 in CAP-D3 cDNA, orthologous to the Cdkl site in
human CAP-D3 at Thr-1415 (29). A streptavidin-binding pep-
tide (SBP) GFP tag was engineered into the chicken CAP-D3
DNA at the C terminus for localization and purification pur-
poses (33). The CAP-D3-T1403A SBP-GFP construct was then
transfected into CAP-D3 KO cells. GFP positive clones were
selected and screened in immunoblots with CAP-D3 antibody
to select for clones that expressed CAP-D3 of a similar level to
parental DT40 cells (Fig. 1B). Five independent mutant cell
lines expressing CAP-D3"'%%34 were isolated and used for phe-
notypic analyses. Thereafter, we will abbreviate the CAP-D3
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FIGURE 1. Generation of CAP-D37"%°32 chicken DT40 cells. A, conservation
of the CAP-D3 Cdk1 site in metazoans. The conserved threonine, is high-
lighted in red. B, Western analysis of CAP-D37"%°*A mutants used in the study
along side parental DT40 and CAP-D3"" cells. Note, CAP-D3"" and CAP-
D3"4%3A were grown in Dox for 48 h extinguishing the untagged CAP-D3 and
leaving only the tagged form (hence the band shift between parental and
transgenic cell lines). The percentage of hypercondensed chromosomes is
listed below for each cell line. C, pulldown analyses show Thr-1403 is a phos-
phosite in chicken DT40 cells. CAP-D3"" and CAP-D3""%3A cells were pulled
down using the SBP tag and analyzed with a specific phosphothreonine-
proline (pTP) antibody. Pulldowns were performed in duplicate with calf
intestinal phosphatase (CIP) added to one at 37 °C for 30 min. The pTP mouse
monoclonal antibody was used first and the blot was reprobed with rabbit
anti-CAP-D3 antibody to confirm the specificity of the band and ensure
equivalent loading.

KO CAP-D3-T1403A-SBP-GFP construct or cells to CAP-
D3"1434 and CAP-D3 KO WT SBP-GFP to CAP-D3%". In
these cell lines, a WT untagged copy of CAP-D3 can be
switched off by the addition of doxycycline (+Dox), leaving
cells expressing the tagged form only. CAP-D3 KO cells with-
out or with addition of Dox are designated CAP-D3°™ and
CAP-D3°FF, respectively.

CAP-D3™'%934 Does Not Affect Cell Survival but Causes a
Dramatic Hypercondensation of Mitotic Chromosomes—
Chicken DT40 chromosomes containing CAP-D37*%*4 dis-
played a striking phenotype. From five independent mutant
clones treated with doxycycline for 48 h, spreads contained
severely hypercondensed chromosomes (Fig. 24). Of the five
clones analyzed, the percentage of hypercondensed chromo-
somes present ranged from 20 to 70%, suggesting that the var-
iation was independent of the level of CAP-D3, as judged by
immunoblotting (Fig. 1B). To confirm that Thr-1403 is a phos-
phosite in chicken CAP-D3, we examined pulldowns of CAP-
D3%¥T and three independent clones of CAP-D3"**** using an
antibody that recognizes the phosphorylated Cdk1 signature
motif (Fig. 1C). The immunoblot showed a band overlapping
CAP-D3 was detected by an antibody specific to phosphothreo-
nine-proline in wild type. This band was not present in CAP-
D3Y" pulldowns treated with phosphatase. However, no phos-
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phoband corresponding to CAP-D3 was detected in CAP-
D371934 pulldowns, implying Thr-1403 is a phosphosite in
chicken DT40 cells.

The hypercondensed chromosome phenotype was present
on average 50% in (—Dox) cells (containing both CAP-D3 wild
type transgene and CAP-D3"'*%%) compared with 55%
(+Dox) (CAP-D3"4%34 only). Therefore CAP-D3"*%4 s a
dominant mutant in chicken DT40 cells. CAP-D3" %34 cells
with or without Dox did not display high levels of the wiggly/
curly chromosome morphology that is the hallmark phenotype
of condensin II null chromosomes (17, 41). Remarkably, analy-
sis on fixed cells also revealed no significant increase in lagging
or chromosome bridges in CAP-D371%%34 cells compared with
wild type cells (Fig. 2B), despite the abnormal nature of the
mitotic chromosomes.

To determine whether CAP-D3""%%34 affected cell survival,
we added Dox to CAP-D3 KO cells expressing CAP-D3714034
over 3 days with time points taken every 24 h (Fig. 2C). Cells
expressing only CAP-D3™*%34 were viable and showed similar
growth rates to control cells. The growth difference when cells
expressed both wild type and CAP-D37'*%** (0 Dox) was indis-
tinguishable. Thus, despite showing such abnormal chromo-
somes, chicken DT40 cells with CAP-D37'**** do not affect
cell survival and show no obvious growth defects.

To quantitatively assess the impact of the mutation on chro-
mosome compaction, we examined the length and width distri-
bution of the largest chromosome between parental DT40,
CAP-D3Y7T, and CAP-D3""*%34 in the presence of Dox (Fig. 3).
To accurately measure width and length, we stained methanol/
acetic acid chromosome spreads with the scaffold marker
KIF4A and counterstained with DAPI (Fig. 3, A—C). The axial
stain was necessary, as often it was difficult to determine which
was the axis in the hypercondensed chromosomes of CAP-
D371%934 based on DNA staining alone.

Scatter plot analysis showed CAP-D3%" and parental DT40
cells have a very high concordance between width and length
measurements, with the distribution almost overlapping (Fig.
3B), confirming observations that the GFP-tagged transgene
can fully rescue function. There was a striking difference
between the length and width of chromosomes from CAP-
D37T1934 cells and parental DT40 and CAP-D3¥7 cells. On
average, CAP-D3""'*%34 mitotic chromosomes are nearly half as
long and almost twice as wide as controls. We previously
reported CAP-H knock-out cells had shorter and wider chro-
mosomes (17), suggesting the mutation in CAP-D3 produces a
phenotype reminiscent, but significantly more severe than
CAP-H null chromosomes.

CAP-D3™'%%34 Shortens Prophase but Metaphase to Ana-
phase Proceeds Normally—The analogous mutation in human
cells (CAP-D3"*1%4) has previously been reported to cause a
disrupted prophase, curly metaphase chromosome, and severe
anaphase defects; a phenotype reminiscent to removing
CAP-D3 entirely (17, 29, 41). Our study also found a similar
prophase defect in cells expressing CAP-D3" %%, There was a
clear shortening of prophase in mutants compared with CAP-
D3%T cells (Fig. 44). Prophase was measured as when the DNA
(marked by CAP-D3 GFP) shows visible condensation until the
nuclear envelope was dispersed (as seen by differential interfer-
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FIGURE 2. Mutation of CAP-D3 T1403A in chicken DT40 results in hypercondensed mitotic chromosomes. A, chromosome phenotypic analysis of
chromosome spreads from DT40 parental, CAP-D3"T, CAP-D3 KO (CAP-D3°™°FF), and CAP-D37"%3A asynchronous cells, in the presence or absence of Dox (at
48 h +Dox for all cell lines, except for CAP-D3 KO cell line at 24 h +Dox due to cell death). A total of five independent CAP-D37%%3A clones were used in the
analysis. Representative images of normal, hypercondensed, and wiggly chromosomes are shown on the right. Scale bar represents 5 wm. B, analysis of
chromosome bridge defects in WT, CAP-D3 WTSF?, CAP-D3 KO, and CAP-D3""4%* cell lines. Five independent CAP-D3"'%3A clones were used for scoring, and
20 anaphases were scored per cell line. Examples of normal and bridged anaphases are depicted on the right. Scale bar represents 5 um. C, growth curves of
CAP-D3 KO, CAP-D3%T, and CAP-D3""*%3A cell lines +Dox for 72 h, with time points taken every 24 h. Three CAP-D3"'%3” cell lines were used in the analysis and

the plot represents the average division time for each mutant.

ence contrast microscopy). In CAP-D3T!*%34 cells, duration of

prophase lasted an average of 2 min, compared with 10 min in
CAP-D3YT cells (Fig. 4B).

Live-cell imaging also revealed that despite a shortened pro-
phase, CAP-D37'*%34 cells proceed from prometaphase to ana-
phase with normal kinetics, taking on average ~25 min in both
CAP-D3YT and CAP-D3"*%3*A (Fig. 4B). Also, there was no
significant difference in mitotic index between wild type and
mutant cells using fixed cell analysis (Fig. 4C). Together, these
observations argue against a prolonged period in metaphase as
the cause of chromosome hypercondensation. Furthermore,
our live-cell imaging experiments also revealed no chromo-
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some missegregation events in CAP-D3714034

ment with our fixed analyses (Fig. 2B).

Fixed cells were also used to score prophase configurations.
To detect prophase cells antibodies to lamin B1, the phospho-
rylation of histone H3 on serine 10 (phospho-H3) were used
with DNA counterstained with DAPI (Fig. 54). We divided the
scoring into early and late prophase based on the amount of
visible chromosome condensation. Early prophase was scored
as nuclei that are showing phospho-H3 positive staining on
DNA with minimal chromosome condensation, whereas late
prophase was scored as nuclei that are phospho-H3 positive
with clear chromosome condensation and lamin B1 intact. In

cells, in agree-
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FIGURE 3. Measurements of chromosome length and width in CAP-D37'%°32 cells. A, the chromosomal scaffold protein KIF4A was used as a marker to
identify and measure the length (axis) of mitotic chromosomes, whereas the width was measured by DNA stained with DAPI. KIF4A staining is shown on the left
panels and DAPI on the right panels. For scoring purposes, the largest chromosome (chromosome 1) in each spread was measured for length using KIF4A and
width using DAPI for DNA (examples in inset). Scale bar represents 5 um. B, scatter plot analyzing parental DT40, CAP-D3"T, and CAP-D3"'%%* chromosomes
from asynchronous cells. To calculate the width and length, the longest chromosome from each spread (chromosome 1) was analyzed and plotted. Mutant and
wild type cells were treated with Dox for 48 h. Two representative CAP-D37'#%3” clones were used. All cells were fixed with methanol:acetic acid and dropped
onto slides before immunostaining with anti-KIF4A. C, merged example of immunofluorescence of CAP-D3"" and CAP-D37"4%3* spreads stained with KIF4A

(red) and DAPI (blue) for DNA and used for scoring in A.

line with our live-cell imaging (Fig. 44), the CAP-D3™ %34 cells
showed a significantly higher proportion of prophase cells with
little or no condensation (Fig. 5B). In CAP-D3%", the reverse
was true, with more prophase cells showing strong chromo-
some condensation. The analysis shows CAP-D3"'4%%4
mutants have a prophase equivalent to CAP-D3 null DT40 cells
and agrees with findings in the orthologous CAP-D3 Cdkl
mutation in human HeLa cells (29). In general, all defects
observed were present to a similar extent in either cells with
only mutant CAP-D3 present (+Dox) or cells with both wild
type and mutant CAP-D3 (—Dox), suggesting that in chicken
DT40 cells CAP-D3"%%34 is a dominant-negative mutation.
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CAP-D3™'%934 Alters the Localization of INCENP—Inner
centromere protein (INCENP) is a member of the chromosome
passenger complex. The complex plays key roles during mitosis
including correction of faulty microtubule attachments, activa-
tion of the spindle assembly checkpoint, and orchestration of
the contractile apparatus during cytokinesis (42). Under nor-
mal conditions, INCENP is transiently localized to the arms
during prophase, then accumulates at the centromeres follow-
ing nuclear envelope breakdown (43). Our previous work (17)
showed that removing CAP-D3/condensin II alters the binding
of INCENP, with the protein not concentrating at the centro-
meres and appearing evenly distributed along the chromosome
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FIGURE 4. Live cell imaging and analysis of CAP-D3"™ and CAP-D37"%%3A, A, examples of CAP-D3"" and CAP-D3""%°** live cell imaging analysis during
mitosis. Images were taken every 2 min up to prophase. After prophase, selective images are shown for metaphase, anaphase, telophase, and cytokinesis from
the same movies. Note that CAP-D3™4%*” cells segregate chromosomes normally. B, quantitation of time in prophase and time from NEBD to anaphase for
CAP-D3"T and CAP-D3"'%%3A, Note the very short prophase of mutant relative to wild type. There is no statistical significance between CAP-D3"" and
CAP-D3"'%34 for the metaphase to anaphase transition. C, the mitotic index for CAP-D3W", CAP-D37'%°34, and CAP-D3 KO cells. This was calculated as the
percentage of phospho-H3 positive cells from total cells. Our calculation of mitotic index includes anaphase and telophase cells. Five independent CAP-

D3""493A clones were used for the scoring.

arms. As CAP-D3"1%%34 3150 showed abnormal prophase kinet-
ics (similar to CAP-D3 null cells), we reasoned that INCENP
might also not accumulate on the centromeres and maintain its
prophase-specific staining.

Our results showed that INCENP in CAP-D3"'%%34 cells
during metaphase appears noticeably broader, less punctate,
and spread out onto the chromosome arms, rather than being
concentrated at the centromeres (Fig. 6A). Quantitation
showed 73% of CAP-D3"'*°34 metaphases display diffuse
INCENP staining at the centromere compared with 12% in
CAP-D3YT (p = 2.61E-04). The more diffuse staining of
INCENP in CAP-D371%34 cells is likely to be a result of a short-
ened prophase, which may provide insufficient time for
INCENTP to completely transfer from the chromosome arms to
the centromeres. Unlike chicken DT40 CAP-D3 null cells,
INCENP in CAP-D3"4%34 cells is still detectable at the centro-
mere, albeit more diffuse. These results, and previously pub-
lished data (17) from our condensin II DT40 null cells, together
suggest that perturbation of condensin II can disrupt the re-lo-
calization of INCENP from the chromosome arms to the
centromere.

We also examined binding of the kinetochore protein
CENP-O staining, which is a constitutive centromere mark in
vertebrate cells (44). The staining was similar between CAP-
DYT and CAP-D3""*%** cells (Fig. 6B), suggesting the kineto-
chore structure is not overtly compromised.
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CAP-D3™"#%34  Causes CAP-D3 to Overload Mitotic
Chromosomes—TIt has previously been shown that removal of
condensin II affects axial condensation with chromosomes
becoming longer and thinner (17, 45). Therefore, we reasoned
that overloading condensin II onto mitotic chromosomes
might have the reverse effect; with chromosomes overcompact-
ing and becoming significantly shorter. To test our hypothesis,
we performed quantitative immunofluorescence on mutant
and CAP-D3Y7T cells using CAP-D3-GFP to assess CAP-D3
loading onto mitotic chromosomes, and also anti-CAP-H anti-
body for condensin I (Figs. 7, A and B, and 8, A and B). Analysis
of both, total chromosomes in a given cell (Fig. 7B, left), and also
the largest individual chromosome in that cell (Fig. 7B, right),
showed an ~2-fold increase in the amount of CAP-D3 loaded
onto CAP-D3T'%34 mitotic chromosomes compared with
CAP-DYT. There was no significant difference in the amount
of CAP-D3 in interphase nuclei between CAP-D3"*%34 and
CAP-DYT (Fig. 7, Cand D), suggesting mutation of the putative
Cdk1 site affects mitotic chromosome condensin II loading
specifically. The data provides a mechanistic insight linking
mitotic chromosome hypercondensation with increased bind-
ing of CAP-D3. Conversely, CAP-H/condensin I binding is
reduced on chromosomes in CAP-D3"%%34 compared with
CAP-D3YT" (Fig. 8, A and B), suggesting additional CAP-
D394 may impede the loading of condensin 1. Our results
therefore agree with experiments using Xenopus egg extracts in
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FIGURE 5. Analysis of prophase stages using phospho-H3 staining. g, cells are fixed and stained with anti-phospho-H3 serine 10 (green), lamin B1 (red), and
DAPI (blue) for DNA. After NEBD, the nuclear envelope is dispersed, and therefore only cells with intact lamin B1 and positive for phospho-H3 are included.
Prophase analysis is divided into early (with no or weak DNA condensation) and late (moderate to strong). Scale bar represents 5 um. b, quantitation of early
and late prophase images from fixed analyses for parental DT40, CAP-D3 KO, CAP-D3"T, and CAP-D37'4%A cells. Five independent CAP-D37'%%3A clones were

used for the scoring and 20 prophases were scored per cell line.

a cell-free system, which show the relative ratio of condensin I
to Il is one of the key determinants in shaping mitotic chromo-
somes (45).

Topoisomerase Il (Topo Ila) is another scaffold protein
involved in the axial shortening of chromosomes and is
dependent on condensin for correct localization (40, 46).
Abnormal Topo Ila activity might therefore be responsible for
the excessive shortening of the mitotic axes seen in CAP-
D371%934 chromosomes.

To test this hypothesis, we stained for Topo Ila on CAP-
D3%T and CAP-D3"'*%34 cells (Fig. 8C). The characteristic
axial staining pattern of Topo Ila was retained in CAP-
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D3T!934 chromosomes (Fig. 8C). There was a slight but statis-

tically significant increase in the amount of Topo Ila on mutant
compared with wild type mitotic chromosomes (Fig. 8D). How-
ever, the difference between CAP-D3%¥T and CAP-D3T11034
chromosomes for Topo Ila was not nearly as obvious as for
condensin I and condensin IIloading. This was reflected in both
the broadly similar distribution in the scatter plot for Topo I«
binding between CAP-D3%" and CAP-D3"'*%** and the rela-
tively less significant value for analogous comparisons (conden-
sin II binding p = 7.15E-06, condensin I binding p = 2.18E-06,
Topo Ilabinding p = 2.15E-02). Together, these results suggest
Topo IIa might be an additive factor, but is not the driving
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FIGURE 6. INCENP staining is abnormal in CAP-D37"4%3 cells. A, asynchronous CAP-D3"T and CAP-D37"#%3A cells were grown in medium with Dox for 48 h
and subjected to a hypotonic treatment, then cytospun and fixed with 4% paraformaldehyde. Cells were stained with anti-INCENP antibody (red), with
chromosomes counterstained with DAPI (blue). GFP (green) represents CAP-D3 signal. Representative images are shown. Scale bar is 5 um. B, asynchronous
CAP-D3"T and CAP-D37'%3A cells were grown in medium with Dox for 24 h and subjected to a hypotonic treatment, then cytospun and fixed with 4%
paraformaldehyde. Cells were stained with anti-CENP-O antibody (red), with chromosomes counterstained with DAPI (blue). GFP (green) represents CAP-D3

signal. Representative images are shown. Scale bar represents 5 um.

factor for the chromosome hypercondensation observed in
CAP-D3"1934 cells.

DISCUSSION

Understanding the forces working to compact chromosomes
remains a key challenge in biology. It has been clear during the
last two decades that condensins are a key component of the
process. Our data shed light on the significance of a key modi-
fication to the complex, and how this impacts mitotic chromo-
some structure. Nature has used phosphorylation as a front line
tool in controlling protein regulation and function, and the task
now is to understand the functional significance of these
phosphosites.

The most striking result of this study is the appearance of
hypercondensed chromosomes as a result of the T1403A muta-
tion in chicken CAP-D3. At first glance, a plausible conclusion
would be the shortened chromosomes seen in chicken CAP-
D3714934 cells are a result of an abnormal prophase. However,
in CAP-D3/condensin II null cells, there is a very abbreviated
prophase but chromosomes become longer and also curlier in
appearance (14, 17, 41). What is intriguing from this study is
that despite a prophase equivalent to condensin II nulls, chro-
mosomes in CAP-D3"%%34 cells manage to shorten their axis
significantly beyond metaphase chromosomes in wild type
cells. Our results show this is not the result of a prolonged
period in metaphase, as is the case in of a mitotic block, where
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chromosomes become more condensed the longer they are
blocked (20).

This work provides a molecular mechanism behind the
shortened chromosomes seen in chicken CAP-D3"*%3* cells.
Analysis of mitotic chromosomes of the CAP-D3 GFP signal,
found an approximate 2-fold increase in overall CAP-D3 load-
ing in CAP-D3"**%34 compared with CAP-D3Y™. This sug-
gests that phosphorylation of CAP-D3 Thr-1403 might act to
limit condensin II binding to mitotic chromosomes. For
chicken chromosomes containing CAP-D37'*%*4 we envisage
axial compaction is more pronounced with additional conden-
sin II molecules loaded. This might result in further interac-
tions between neighboring complexes. Although the ability for
condensins to associate with neighboring complexes has yet to
be shown in vivo in eukaryotic systems, it has been long hypoth-
esized as a means to explain overall compaction and sculpting
of the mitotic chromosomes (47), and has been shown in vivo in
the bacterial condensin-like complex MukBEF (48).

Another contributing factor for the observed chromosome
hypercondensation in CAP-D3™4%34 cells is that condensin I
binding is also reduced in the mutant background, with previ-
ous studies showing when condensin I is removed chromo-
somes become shorter and wider (17). Condensin I binds after
prophase, so one would presume this is a downstream effect of
condensin II overloading. Indeed, genome-wide mapping stud-
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FIGURE 7. CAP-D3 is overloaded on CAP-D37'%%*A mitotic chromosomes. A, asynchronous CAP-D3"T and CAP-D3"'4%3* cells were grown in medium with
Dox for 48 h and subjected to a hypotonic treatment, then cytospun and fixed with 4% paraformaldehyde with DNA stained with DAPI (blue). Scale bar
represents 5 um. GFP (green) represents CAP-D3 signal. GFP and DAPI intensity were measured as described under "Experimental Procedures.” B, box plot are
the relative intensity of CAP-D3"T to DAPI of whole cells (p = 0.0053, n = 10). Scatter plot and relative intensity of CAP-D3"T/DAPI of the largest individual
chromosomes to the ratio of chromosome length/width (p = 7.15E-06 and 2.16E-08, n = 18). C, asynchronous CAP-D3"" and CAP-D3™"4%*A cells were grown
in medium with Dox for 24 h and subjected to hypotonic treatment, cytospun, fixed with 4% paraformaldehyde, and the DNA stained with DAPI. Scale bar, 5
um. Interphase cells were selected, GFP and DAPI intensity were measured as described under "Experimental Procedures.” D, box plot of the relative intensity

of CAP-D3-GFP to DAPI of interphase cells (p = 0.103,n = 10).

ies of condensin I and II find that they occupy different loca-
tions, but also significantly overlap (notably at promoter
sequences) (32, 49, 50), although is not yet clear if condensin I
and II interact directly at the same locus, or bind separately at
different stages of mitosis. Whether the observed overconden-
sation of mitotic chromosomes is due to increased activity of
condensin II or reduced activity of condensin I, or a combina-
tion of both, remains to be determined. What is clear, as previ-
ously shown in vitro using Xenopus egg extracts and naked
DNA (45), is that altering the ratio of condensin I and II on
chromosomes can drastically alter the shape of the mitotic
chromosome. Our results confirm this conclusion in vivo.
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A very elegant study of the biochemistry of the orthologous
CAP-D3 Cdk1 site in human HeLa cells CAP-D3 has previously
been published (29). Analysis of the CdK1 site and Plk1 binding
box show the sites are highly conserved in human and frog (Fig.
1A). Our study in chicken DT40 cells found a similar prophase
defect, but differed significantly in three key aspects. 1) The
chicken DT40 study showed no increase in anaphase defects
when the mutant CAP-D3 was expressed, whereas in the HeLa
cell study, the level of chromosome missegregation in mutant
cells was comparable with CAP-D3 knock-out cells. 2) The
same study in HeLa cells found an increase in curly chromo-
somes in CAP-D3 mutant cells, which is the signature pheno-

SASBMB

VOLUME 290+NUMBER 10-MARCH 6, 2015



Altering Condensin I:Il Causes Chromosome Hypercondensation

CAP-D3WT

CAP-D3T1403A

b
_ —~15
o 16 p=0.0078 =3 * CAP-D3WT
< __14 Qe + CAP-D3T1403A
o3 S 510 *
ST == agh *p = 2.18E-06
TS TS “*p = 2.91E-06

% =10 - a Eos
G 08 S<

(OB il e

0 10 15
N D
SO Length/width
NS o
(@) Q°
o™
¢ Topolla DAPI Merge d

- 2.0] +CAP-D3WT
> ‘ «CAP-D3T1403A
E 15, *p = 2.15E-02
< K3 . **p = 3.94E-08
O 1.0}* ‘ .
< .
g 0.5‘
- k%
‘% oL ‘ ‘
] 0 5 10 15
% Length/width

FIGURE 8. CAP-H is reduced on CAP-D37"%%3A mitotic chromosomes. A, asynchronous CAP-D3"Y" and CAP-D3""%3A cells were grown in medium with Dox for
48 h and subjected to a hypotonic treatment, cytospun, and stained with anti-CAP-H antibody (red), with chromosomes counterstained with DAPI (blue), scale
bar represents 5 um. CAP-H and DAPI intensity were measured as described under "Experimental Procedures.” B, box plots are the relative intensity of CAP-H
to DAPI of whole cells (p = 0.0078, n = 10). Scatter plot and relative intensity of CAP-H/DAPI of the largest individual chromosomes to the ratio of chromosome
length/width (p = 2.18E-05 and 2.91E-08, n = 14). C, representative image of Topo lla binding in mitotic chromosome spreads of asynchronous CAP-D3"" and
CAP-D3""934 cells stained with Topo lla (red) and DAPI (blue). Scale bar, 5 um. D, scatter plot of the relative intensity of Topo lla/DAPI of the largest individual
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type of CAP-D3/condensin II null cells. Our study showed no
increase in wiggly/curly chromosomes in the mutant. 3) The
hypercondensation phenotype observed in our chicken study
was not reported in the orthologous human CAP-D3 Cdkl
mutant. In general, the signature phenotypes reported in
human CAP-D3 null cells (prophase condensation defect,
curly/wiggly chromosomes, anaphase bridges) were also
seen in the analogous mutation in CAP-D3 in human cells
(CAP_D3T14~15A).

The differences in the phenotypes between the studies might
be explained by intrinsic differences in the cell lines. One diffi-
culty with using HeLa cells is that there is an inherent amount
of chromosome instability in the derived cell line, with the
reported study showing over 30% missegregation as a back-
ground level in the parental cells (29). This means teasing out
phenotypes can be more difficult, as transgene expression is
easily lost, resulting in a heterogeneous population of express-
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ing cells. Therefore, RNAi knockdown might be occurring in
HeLa cells not expressing the GFP-tagged CAP-D3, leading to
null phenotypes. We would argue our Tet off/mutant system is
avery clean and homogenous way of analyzing mutants in a cell
line (chicken DT40) that has a very stable karyotype (51).

The differences between the studies might also be explained
by the difference in behavior between chicken and human con-
densins. In chicken, quantitative proteomics has found conden-
sin II is only 10% of total condensin in mitotic chromosomes
(52), whereas in nuclear extracts of human HeLa cells, the ratio
of condensin LIT is 1:1 (41). As defined using a cell-free system
in Xenopus, the ratio of condensin L:II is 5:1 (45). The difference
in ratio between species could mean the behavior of the con-
densins alters in different species in response to different post-
translational modifications such as the phosphorylation of
CAP-D3 at Thr-1403. Indeed, it is not unprecedented in meta-
zoans to show species-specific differences in condensin behav-
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ior. For instance, in Drosophila, condensin I accumulates in
prophase when there are visible signs of condensation (53),
whereas all other metazoans examined show condensin I only
binds DNA after NEBD (14, 15, 19). Therefore, differences in
behavior of the condensins across vertebrate classes are not
unexpected. Furthermore, although the orthologous site in
human is phosphorylated by Cdk1 and our own data show Thr-
1403 is a phosphosite, phosphorylation specifically by Cdk1 at
CAP-D3 Thr-1403 in chicken DT40 cells needs to be further
confirmed. Future studies will address whether the cascade of
Cdkl-mediated Plk1l hyperphosphorylation of condensin II
subunits seen in human, is conserved in chicken and other
vertebrates.

Our study identifies a key site in CAP-D3 in chicken DT40
cells that helps lock condensation levels. This fits in with our
belief that condensin II acts to determine mitotic chromosome
rigidity by establishing a scaffold axis during prophase (17).
Fluorescence recovery after photobleaching data show conden-
sin I is significantly more stable on mitotic chromosomes than
condensin I (14). The observed stability of condensin II sup-
ports a model of establishing a scaffold upon which the mitotic
chromosome is built. Our data in chicken suggest that phos-
phorylation of CAP-D3 Thr-1403 might act to seal this lock by
establishing a threshold level for condensin II binding mitotic
chromosomes.

This work shows that condensins act to establish and also to
maintain chromosome condensation levels, as pioneering
experiments using in vitro assays have suggested (54). We show
that altering a residue on the condensin II complex can drasti-
cally alter the activity of the complex and result in a gain of
function mutation leading to chromosome hypercondensation.
This is a rare example of a mutation that causes chromosome
hypercondensation, which is not the result of a prometaphase
arrest. A chemically induced mutation of the catalytic subunit
of protein phosphatase 1 in Drosophila also produces hyper-
condensed chromosomes (55), but to our knowledge there are
no other reported examples. Future studies will reveal if the
chromosome hypercondensation phenotype of this conserved
Cdkl site is observed in other species aside from chicken. What
is clear is that Thr-1403 is a key and essential requirement for
prophase condensation, and an essential modulator of conden-
sin II function.
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