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CDKS5RAP2 functions in centrosome to spindle pole
attachment and DNA damage response
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he centrosomal protein, CDK5RAP2, is mutated
in primary microcephaly, a neurodevelopmental
disorder characterized by reduced brain size. The
Drosophila melanogaster homologue of CDK5RAP2,
centrosomin (Cnn), maintains the pericentrio|or matrix
(PCM) around centrioles during mitosis. In this study, we
demonstrate a similar role for CDK5RAP2 in vertebrate
cells. By disrupting two evolutionarily conserved domains

of CDK5RAP2, CNN1 and CNNZ2, in the avian B cell line
DT40, we find that both domains are essential for link-
ing centrosomes to mitotic spindle poles. Although struc-
turally intact, centrosomes lacking the CNN1 domain

Introduction

The centrosome consists of a pair of centrioles surrounded by
the pericentriolar matrix (PCM). In most animal cells, it is the
main microtubule-organizing center. Before mitosis, the centro-
some duplicates and matures to facilitate assembly of a bipolar
mitotic spindle (Stearns, 2009). Bipolar spindles can form in the
absence of centrosomes through a chromatin-dependent spindle
assembly pathway (Heald et al., 1996; Carazo-Salas et al., 1999,
2001; Khodjakov et al., 2000; Mahoney et al., 2006; O’Connell
and Khodjakov, 2007). However, when present, centrosomes
are associated with the spindle poles and act as the dominant
site of microtubule nucleation in mitosis (Heald et al., 1997).
The positioning of centrosomes within spindle poles and the
focusing of microtubule minus ends are under the control of a
noncentrosomal large multiprotein complex that comprises the
spindle pole—organizing protein NuMA (nuclear mitotic appa-
ratus protein), the minus end—directed microtubule motor cyto-
plasmic dynein, and its activator complex, dynactin (Gaglio et al.,
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fail to recruit specific PCM components that mediate
attachment to spindle poles. Furthermore, we show that
the CNNT domain enforces cohesion between porentc:|
centrioles during interphase and promotes efficient DNA
damage-induced G2 cell cycle arrest. Because mitotic
spindle positioning, asymmetric centrosome inheritance,
and DNA damage signaling have all been implicated
in cell fate determination during neurogenesis, our find-
ings provide novel insight into how impaired CDK5RAP2
function could cause premature depletion of neural stem
cells and thereby microcephaly.

1995; Merdes et al., 1996, 2000; Gordon et al., 2001; Quintyne
and Schroer, 2002; Silk et al., 2009). The centrosomal localiza-
tion of dynein is facilitated by dynactin (Quintyne and Schroer,
2002), whereas NuMA is transported to the spindle poles in a
dynein-dependent manner (Merdes et al., 2000).

CDKS5RAP2 is a centrosomal gene mutated in primary
microcephaly (Woods et al., 2005), a neurodevelopmental dis-
order characterized by a decrease in brain size (Bond et al.,
2005). CNN1 (CNN motif 1) at the N terminus of CDK5RAP2
is highly conserved. Although fission yeast and Drosophila
melanogaster have only one CNN1-containing protein, Mod20
and centrosomin (Cnn), respectively, vertebrates have two:
CDKS5RAP2 and myomegalin. All of these proteins localize to
centrosomes or spindle pole bodies (Heuer et al., 1995; Li and
Kaufman, 1996; Verde et al., 2001; Andersen et al., 2003; Sawin
et al., 2004). Cnn and its higher eukaryotic homologues also
share a C-terminal homology domain, CNN2 (Kao and Megraw,
2009). In flies, Cnn maintains the PCM and astral microtubules
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around the centrioles during mitosis (Lucas and Raff, 2007).
In mammalian cells, CDK5RAP?2 is required for cohesion be-
tween parental centrioles until centrosome separation at the
G2/M transition (Meraldi and Nigg, 2001; Graser et al., 2007).

Microtubule assembly is nucleated by y-tubulin complexes
that reside within the PCM. Mod20, Cnn, and CDK5RAP2 have
been shown to recruit y-tubulin complexes to microtubule-
organizing centers, a function dependent on the CNN1 domain
(Megraw et al., 1999; Sawin et al., 2004; Fong et al., 2008).
In addition, the anchoring of y-tubulin complexes within the
centrosome requires several PCM components, including the two
pericentrin-AKAP450 centrosomal targeting (PACT) domain—
containing coiled-coil proteins, pericentrin/kendrin and CG-NAP/
AKAP450, as well as ninein and NEDD1 (Takahashi et al.,
2002; Zimmerman et al., 2004; Delgehyr et al., 2005; Liiders
et al., 2006; Haren et al., 2009).

In this study, we address the function of CDK5SRAP2 in
the vertebrate centrosome. Using reverse genetics in the avian
B cell line DT40, we disrupted the CNN1 and CNN2 domains
of CDK5RAP2. We demonstrate that both these domains of
CDKS5RAP?2 are essential to maintain a link between the centro-
some and the mitotic spindle poles. Our results indicate that the
CNNI1 domain is critical for the centrosomal recruitment of
both AKAP450 and the dynactin subunit p1508", thereby pro-
viding centrosomal anchorage of mitotic spindle pole proteins.
Finally, we establish a novel role for CDK5SRAP2 in a DNA
damage—-induced G2 cell cycle checkpoint.

Results

Disruption of the cdk5rap2 locus

in DT40 cells

To investigate CDK5SRAP2 in a clean genetic background, we
assayed CDK5RAP?2 function using targeted gene disruption
in the chicken B cell line DT40. DT40 cells exhibit a high
ratio of homologous versus nonhomologous targeting events,
thus making it an ideal system to carry out precise genetic
knockouts. cdk5rap? is a large, 44-exon gene in chicken that
spans 89 kb (Fig. 1 A). Gallus gallus and human CDK5RAP2
proteins share significant sequence homology (41% overall
identity) and domain organization (Fig. S1 and Fig. S2 A).
We hypothesized that the function of CDK5RAP2 could re-
quire its evolutionarily conserved CNN1 and CNN2 domains
(Li and Kaufman, 1996; Verde et al., 2001; Sawin et al.,
2004; Zhang and Megraw, 2007). We disrupted these two do-
mains using the gene-targeting strategies shown in Fig. 1 A.
In the case of CNNI1 disruption, two homozygous-targeted
clones were obtained: the first clone in DT40 cells (cnnl ~/~;
Fig. 1 A and Fig. S2 B) and the second clone in a DT40 cell line
that stably carries inducible Cre recombinase (Cre-cnnl '~
Fig. S2 C). We transiently introduced Cre recombinase into
the cnnl ™/~ clone to remove the antibiotic-resistance cas-
settes and thereby derived the cnn1'* cell line (Fig. 1 A and
Fig. S2 D). In the case of CNN2 disruption, we obtained
multiple homozygous-targeted clones (cnn2~'~; Fig. 1 A and
Fig. S2 B). We also created a double-cnn1'cnn2 ™/~ knock-
out cell line (Fig. 1 A).
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On Western blots, CDK5RAP2 antibody recognized a
protein of ~200 kD in wild-type (wt) DT40 cells (Fig. 1 B).
Immunostaining revealed that CDKSRAP2 was centrosomal
throughout the cell cycle in wt cells and that we could de-
tect a diffuse staining in the proximity of the centrosome
during interphase, which is reminiscent of the Golgi appara-
tus (Fig. 1 C). In cnnl ™"~ and cnnl'* cells, no CDK5RAP2
protein was detectable by Western blotting or immunostain-
ing (Fig. 1 B). In cnn2 ™~ cells, a truncated protein product
(ACNN2) was detectable by Western blotting that was absent
from interphase centrosomes. However, centrosomal ACNN2
signal was present on separated centrosomes before nuclear
envelope breakdown (NEBD; Fig. S2 E), and the protein was
detectable in mitotic centrosomes (16 = 9% of wt levels; fluor-
escent intensity was measured in 18 centrosomes; Fig. 1,
B and C). Because the targeted region in cnnl ™'~ and cnn1'™
cells overlaps with the recognition site of our antibody, this
antibody could fail to detect a truncated protein lacking the
CNN1 domain. Thus, we introduced a protein G—encoding
tag (GS-TAP; Fig. S2 F) in frame into a single allele of the
cdk5rap2 gene in cnnl' (tag-cnnl'™) and wt (tag-wt) cells
(Biirckstiimmer et al., 2006). The protein G moiety allowed
detection by anti—protein G antibody. Western blots of tag-wt
and tag-cnnl'® cell extracts revealed a prominent band of
210 kD in tag-wt cells and the presence of a protein product
(tag-ACNN1) in tag-cnn1'™ cells (Fig. 1 D). In immunostain-
ing, anti-protein G antibodies stained both interphase and
mitotic centrosomes in tag-wt cells. In the tag-cnnl'™ cell
line, tag-ACNNI protein was present in mitotic centrosomes
(Fig. 1 E) corresponding to ~35 = 19% of tag-CDK5RAP2
levels (fluorescent intensity was measured in 42 centrosomes).
Although we could not detect tag-ACNN1 protein in most
interphase cells, a weak centrosomal signal was visible on
separated centrosomes in G2 (Fig. S2 E). In summary, both
cnnl'™ and cnn2 ™'~ cells express truncated protein products
(Fig. 1 F) and therefore represent powerful tools to study the
respective roles of the CNN1 and CNN2 domains.

CDKS5RAPR2 connects centrosomes to
mitotic spindle poles

We examined the morphology of the mitotic spindles in our
mutants. In prophase, centrosome-associated microtubule as-
ters appeared indistinguishable between wt and mutant cells
(Fig. 2 A). However, in prometaphase, centrioles failed to co-
localize with spindle poles in cnnl " and cnn2 ™ cells, indi-
cating that mutant centrosomes were not tightly associated with
spindle poles (Fig. 2 B). Partial and complete detachment
of centrosomes (Fig. 2 B) from the mitotic spindle poles oc-
curred in both cnn1~'~ and cnn2™'~ cells. cnn1'*cnn2 ™/~ and
Cre-cnnl~'~ cells displayed centrosome phenotypes identical to
those seen in cnnl '~ cells (Fig. S2 G). To determine whether
abnormal centrosome attachment affects chromosome align-
ment, mitotic cells with different centrosome phenotypes were
scored for the presence of the spindle assembly checkpoint
component BubR1 (Taylor et al., 1998; Chan et al., 1999).
Our data revealed an inverse correlation between centrosome
abnormalities and chromosome congression (percentage of


http://www.jcb.org/cgi/content/full/jcb.200912163/DC1
http://www.jcb.org/cgi/content/full/jcb.200912163/DC1

A cdk5rap2 locus

- 89kb -~
—2:2kb —38Kb |
; 2 3 4 5 6 7 8 3940 41 42 43 44
: I ! II - T T \ \ I " u I,
! I ! I l Il i \‘ \\ [ ] Ill K
1 1 1 . h
! ! ! 1 Targeting constructs ! ro/

cnn2 ® Pure
STOP STOP

cnn1” targeted locus cnn2” targeted locus
1 2

6 ’ 1 38 3940 41 43 44
—OERH—H— - -0 |- O i
;’ E’ (E ‘[;E STOP STOP

A B C/D

cnni'* targeted locus cnn1'cnn2’ targeted locus

1 2 6 7 8 44 1 2 6 3940 41 43 44
| b+—{H—--- —-1 - - bR
== = e STOP STOP
A F G
B wt cnni”-cnni'™ wt cnn2+-cnn2” C CDK5RAP2 merged CDK5RAP2 merged
210 kD — DN < — CDK5RAP2
«— ACNN2
110kD
wb:
: g CDK5RAP2
55kD— ... onn2*
atubulln
interphase mitosis
D & E protein G protein G
& & (tag- (tag-
CDK5RAP2 merged  CDK5RAP2) merged
— tag-CD AP2/ tag-wt
210kD (_tag ic

protein G

protein G
(tag-ACNN1) merged

protein G merged

tag-ACNN1)
72kD— tag-cnni'
55kD— wb:
o-tubulin interphase mitosis
F bce
ODIO
O c O
cell lines protein protein interphase mitotic
product detectable | centrosome | centrosome
wit CDK5RAP2 v v v
tag-wt tag-CDK5RAP2 v v v
cnnt”- ACNN1 ? ? ?
tag-cnn1ilox tag-ACNN1 v X v (35%) v yes
cnn2-- ACNN2 v X v (16%) [[X no
cnniloxcnn2/- | ACNN1ACNN2 ? ? ? 7 not known

Figure 1. Disruption of the cdk5rap2 gene in DT40 cells. (A) Schematic representation of the gene-argeting strategies. The CNN1 domain maps to
exons 2-4 of cdk5rap2 (blue bars). Exons 3-5 (black) were replaced by antibiotic-resistance cassettes. Antibiotic-resistance cassettes flanked by lox sites
(triangles) were removed by Cre recombinase (cnn1'™). The CNN2 domain maps to exons 42-44 of cdk5rap2 (green bars). Exons 41-43 (black) were
replaced by antibiotic-resistance cassettes flanked by inframe STOP codons. The same targeting constructs were introduced into cnn1'* cells to create
the cnn1'*cnn2 /" cells. (B) Western blots (wb) of wt and mutant cells. o-Tubulin serves as the loading control. Bands marked by asterisks are nonspecific
because in situ tagging of CDK5RAP2 does not give rise to bands of these sizes (see D). (C) Subcellular localization of wt CDK5RAP2 and ACNN?2.
Blue, DNA; red, CDK5RAP2; green, y-ubulin. (D) Western blot of wt, cnn1*%, tag-wt, and tag-cnn1'* cell extracts. tag-wt and tag-cnn1'* cells contain a
protein G-encoding tag in one cdk5rap?2 allele. a-Tubulin serves as the loading control. (E) Subcellular localization of tag-CDK5RAP2 and tag-ACNNT.
Blue, DNA,; red, protein G; green, y-tubulin. (F) Summary of the mutant cdk5rap2 alleles generated. Not known means that these truncated protein products
cannot be tracked because of disrupted antibody recognition sites. Percentages in brackets refer to the amount of protein at the centrosome relative to wt.
Bars, 5 pm.
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Figure 2. Centrosomes detach from mitotic spindle poles in cnn1~/~ and cnn2~/~ cells. (A) wt and cnn1~/~ cells are indistinguishable in prophase. Blue,
DNA; green, pT288Aur-A; red, a-tubulin. (B) In wt cells, anti-centrin-3 antibody staining colocalizes with spindle pole regions marked by anti-TACC3
antibody (fop). In mutant cells, centrosomes partially (yellow asterisks) or fully (blue asterisk) detach from spindle poles. Blue, DNA; red, TACC3; green,
centrin-3. The graph shows quantification of the centrosome phenotypes seen in prometaphase/metaphase cells. (C) In anaphase cnnl1~/~ cells, pT288Aur-A
staining is located near the cortex away from the spindle poles (arrow). Blue, DNA; green, a-tubulin; red, pT288Aur-A. The graph shows quantification of
centrosome phenotypes in anaphase cells. (D) Centrosomal levels of tag-ACNN1 protein do not correlate with centrosome detachment in tag-cnn1'* cells.
Arrow marks a detached centrosome. Blue, DNA; green, y-tubulin; red, protein G. n = 4; 150 cells per experiment. Error bars represent SD. Bars, 5 pm.

BubR1-positive mitotic cells with normal, partially detached,
and fully detached centrosomes were 43%, 86%, and 100%,
respectively; 165 mitotic cells were scored). Centrosome de-
tachment worsened during mitosis in mutant cells, and by ana-
phase, almost half of cnnl ™/~ spindles had lost both of their
centrosomes (Fig. 2 C). The presence of detached centrosomes
in telophase raised the question of whether centrosomes are
unevenly segregated into daughter cells. We could not find
individual cnnl ™~ cells that contained no centrosomes, but
we noted a slight increase in both centrosome number (wt,
0.3 + 0.4%: cnnl '~ cells with greater than two centrosomes,
2.7 +0.8%; n =5; 100 cells were scored per experiment) and
the frequency of multipolar spindles (wt, 4.6 + 3%; cnnl ™",
10 £ 3%; n = 6; 100 cells were scored per experiment). Cells
with multiple centrosomes could arise from centrosome mis-
segregation or failed mitosis and possible tetraploidization.

The percentage of cells with multiple centrosomes and spindle
poles remained constant over several passages, suggesting that
centrosome missegregation is a rare event or that such cells are
eliminated from the population.

Truncated forms of CDKS5RAP2, tag-ACNNI, and
ACNN?2 associated with detached centrosomes but not with
spindle poles (Figs. 1 E and 2 D). Levels of tag-ACNNI1 at
the centrosome did not correlate with centrosome detach-
ment, arguing that this phenotype is not caused by an overall
decrease in CDK5RAP2 protein levels (Fig. 2 D). To confirm
that the mitotic defects in cnnl '~ cells are linked to the dis-
ruption of the cdk5rap2 gene, we transfected cnnl'* cells
with a construct encoding Flag-tagged, full-length human
CDK5RAP2 (Flag-FL). Complementation of the cnn1'* cell
line with a stably integrated Flag-FL rescued the detached
centrosome phenotype (Fig. S3).
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Centrosome detachment is a dynamic and
reversible event
Because the centrosome detachment phenotype was more se-
vere in cnnl ™~ than in cnn2 ™/~ cells, we focused our detailed
analysis on cnnl ™'~ cells. To study the dynamics of centrosome
detachment, time-lapse imaging was performed on cnnl ™/~
cells transiently expressing GFP—a-tubulin (GFP-tubulin).
After NEBD, cnnl '~ cells were able to build a bipolar spindle
with similar efficiency to wt (Videos 1-3). However, within a
few minutes, a small aster would detach from one or both spin-
dle poles (Fig. 3 A). Based on the striking similarities between
spindle structures in live and fixed cells, we made the assump-
tion that these small asters correspond to centrosomes. Bipolar
spindle formation occurred simultaneously (within the same
time point) in three out of eight cells and preceded centrosome
detachment by 1-4 min in four cells and by 26 min in one cell.
When fully detached from spindle poles, centrosomes moved
rapidly around the cortex while still nucleating microtubules
(Fig. 3 A, middle; and Video 2). Centrosomes were observed to
detach and reattach to spindle poles, indicating that detach-
ment is a dynamic and reversible event. cnnl~'~ cells with nor-
mal centrosome behavior progressed through mitosis with
similar timing to wt cells, whereas cnnl '~ cells with centro-
some detachment phenotypes took longer to initiate anaphase
(Fig. 3 B). Centrosome detachment was not caused by extended
mitotic arrest in the mutants, as detachment became apparent
within 9 min after NEBD in seven out of eight cells and after
28 min in one cell. Finally, to visualize microtubules and cen-
trosomes simultaneously, we cotransfected cnnl ™/~ cells with
mCherry—a-tubulin and a GFP fusion of PACT, the centrosomal
targeting domain of AKAP450 (Gillingham and Munro, 2000).
The GFP-PACT signal detached from the mitotic spindle poles as
soon as a bipolar spindle became visible (Fig. 3 C and Video 4).
CDKS5RAP2 has been reported to regulate microtubule
behavior via its interaction with the microtubule plus end-binding
protein EB1 (Fong et al., 2008, 2009). Therefore, we tested
whether abnormal microtubule dynamics contributed to centro-
some detachment in cnnl ™~ cells. Microtubule dynamic insta-
bility was suppressed with a low dose of taxol (Jordan et al.,
1993; Derry et al., 1998). 2 h treatment of cnnl '~ cells with 5 nM
taxol interfered with chromosome congression to the metaphase
plate without inducing multipolarity (Fig. 3 D). 5 nM taxol in-
creased the proportion of cnnl '~ cells with fully detached cen-
trosomes (Fig. 3 D). Thus, dynamic microtubules are not essential
for centrosome detachment, but instead, they may promote cen-
trosome reattachment to spindle poles.

Mitotic spindle pole organization

and centrosome structure are intact

in cnn1~’~ cells

Because the connection between centrosomes and spindle poles
is lost in cnn1 ™'~ cells, we hypothesized that spindle pole orga-
nization or centrosome structure could be defective in these
mutants. Spindle microtubules remain focused in cnnl~~ cells
despite centrosome detachment (Fig. 3 C). To see whether spin-
dle pole organization is intact in cnn1~'~ cells, we examined the
localization of dynactin and NuMA. In both wt and cnnl ™/~

cells, the dynactin subunit p150¢"*! and NuMA localized in a
crescent shape at the spindle poles (Fig. 4 A). A weak NuMA
signal could also be detected in the detached centrosome, but
we were unable to visualize the centrosomal fraction of p1502'*¢
in DT40 cells. Nonetheless, CDK5RAP?2 is dispensable for the
spindle pole localization and the microtubule-focusing activi-
ties of the NuMA—dynein—dynactin complex.

We investigated whether aberrant centrosome structure
could underlie the centrosome detachment phenotype of cnnl ™"~
cells. Transmission electron microscopy on serially sectioned
mitotic cnnl~'~ cells revealed normal-looking, orthogonal cen-
triole pairs (Fig. 4, B and C; and Fig. S4). An electron-dense
area was visible around the centrioles in both wt and cnnl ™/~
centrioles, suggesting that PCM was recruited by cnnl '~ cen-
trioles. One cnnl ™'~ centrosome was located near the cortex
and associated with microtubules that were running along the
cortex (Fig. 4 D). This pattern looked strikingly similar to the
detached centrosome phenotype seen in immunofluorescence.

CDKSRAP2 is critical for the

centrosomal localization of AKAP450

and p1509“*“/dynactin

We noticed in human cells that CDKSRAP2 and the centro-
somal scaffolding protein AKAP450 colocalized at the centro-
some and the Golgi (Fig. 5 A; Keryer et al., 2003; Rivero et al.,
2009). This reflects a molecular interaction because CDKSRAP2
antibody coimmunoprecipitated endogenous AKAP450 protein
from HeLa cell extracts (Fig. 5 B). To see whether AKAP450
localization was perturbed in cnnl~/~ cells, we introduced a
GS-TAP tag in frame into the akap450 locus of wt, cnnl',
and cnn2”’" cells (tagAKAP-wt, tagAKAP-cnn1™, and
tagAKAP-cnn2 ™'~ cells; Fig. S5 A). This was necessary because
mammalian AKAP450 antibodies did not cross react with the
chicken protein despite extensive homology. Anti—protein G
antibodies revealed a protein product (tag-AKAP450) of >210 kD
in all three cell lines on Western blots (Fig. 5 C). Anti—protein G
antibodies stained mitotic centrosomes in tagAKAP-wt but
not in tagAKAP-cnn1'™ and tagAKAP-cnn2 ™'~ cells (Fig. 5 D
and Fig. S5 B). Prominent centrosomal staining was visible in
interphase tag AKAP-wt and tagAKAP-cnn2 ™~ cells along with
a signal reminiscent of the Golgi (Fig. S5 B). However, the
same antibody gave a much weaker and highly variable staining
in interphase tagAKAP-cnn1'* cells (Fig. S5 B). When fused to
GFP, the centrosomal targeting domain of AKAP450, PACT,
was present in the centrosome of cnnl~'~ cells (Fig. 3 C). Thus,
the PACT domain in isolation is recruited to centrosomes indepen-
dently of CDKSRAP2, but CDK5SRAP2 mediates the centrosomal
localization of the full-length AKAP450 protein.

Indeed, levels of AKAP450 were substantially reduced
in CNN1-deficient centrosomes purified from nocodazole-
arrested cells (79.5% of wt and 80% of cnnl ™/~ cells were
in G2/M by flow cytometry; Fig. 6 A). Because PCM compo-
nents could be affected by CNN1 deficiency, centrin signal in
fractions 3 and 4 was used for normalization. In addition to a
decrease in AKAP450 levels, the p1502"* subunit of dynactin
was absent from CNNI-deficient centrosomes (Fig. 6 A).
AKAP450 has been previously shown to interact with p150¢"*
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Figure 3. Centrosome detachment is dynamic and reversible in cnn17/~ cells. (A) Stills from time-lapse videos of wt (Video 1) and cnn1~/~ (Videos 2 and 3)
cells transfected with GFP-tubulin. Note that partially detached centrosomes (yellow arrows) appear soon after NEBD and precede the detached centrosome
phenotype (blue arrows). (bottom) The cell shown initiates anaphase but fails to go through cytokinesis. (B) Summary of results from A. For cnn1~/~ cells, mitotic
timing and outcome are shown according to centrosome phenotypes. The criteria for classification were the following: partial, cells that developed partially de-
tached centrosomes at any point during filming; detached, cells with at least one fully detached centrosome. The three cnn1~/~ cells with detached centrosomes
were followed for an average of 105 min after NEBD, but they failed fo initiate anaphase during filming. (C) Stills from time-lapse video of cnn1~/~ cells (Video 4)
transfected with mCherry-tubulin (red) and GFP-PACT (green). (D) Low dose taxol treatment of wt and cnn1~/~ cells. Blue, DNA; red, TACC3; green, a-tubulin.
Centrosome phenotypes were scored in fixed cells. n = 2; at least 150 cells were counted per experiment. Error bars represent SD. Bars, 5 pm.

(Kim et al., 2007), and this interaction is maintained during mi- that AKAP450 could act as a receptor for dynactin in the mitotic
tosis (Fig. 6 B). Although CDKSRAP2 did not coimmunopre- PCM, thereby establishing a stable link between spindle poles
cipitate with p150g“ (Fig. 6 B), our results raise the possibility and the centrosome.
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Figure 4. Mitotic spindle pole organization and centrosome structure are normal in cnn1~/~ cells. (A) Spindle pole-organizing proteins, p1509¥<d (left),
and NuMA (right) localize normally in cnn17/~ and cnn2~/~ cells even when centrosomes fully detach (yellow arrows). (left) Blue, DNA; red, p150; green,
TACCS3. (right) Blue, DNA; red, NuMA; green, y-tubulin. Bars, 5 pm. (B) Transmission electron micrographs of serially sectioned prometaphase/metaphase
cells. Two sections (i and ii) are shown for a single wt (left) and cnn1/~ cell (right). (bottom) Microtubules are highlighted in red to aid visualization. Higher
magnification of electron micrographs and respective images of whole cells are shown in Fig. S3. Although a large number of microtubules focus in the wt
centrosome, microtubules focus outside of the cnn1~/~ centrosome (arrows). Note that these are likely to be spindle microtubules, as they occupy a position
between the centrosomes and the chromosomes (see whole-field view in Fig. S3 B). (C) Both wt and cnn1~/~ centrioles are surrounded by an electron-dense
matrix. (D) This cnn17/~ centrosome is close to the cortex and associates with microtubule bundles. Bars, 500 nm.

The CNIN1 domain of COK5RAP2 is CDKSRAP?2 has been mapped to the CNN1 domain, we expected
dispensable for microtubule nucleation and y-tubulin recruitment to be perturbed in cnnl ™'~ centrosomes
centrosome maturation (Fig. S1); Fong et al., 2008). However, we could not detect any
AKAP450 and CDK5RAP2 have been implicated in anchoring abnormalities in y-tubulin localization in interphase cnnl ™/~
v-tubulin complexes within the centrosome (Takahashi et al., cells (Fig. S6 A). In G2 and mitosis, the mean fluorescent signal

2002; Fong et al., 2008). Because the y-TuRC-binding site of of y-tubulin was similar between wt and mutant centrosomes,
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Figure 5. CDK5RAP2 interacts with and targets AKAP450 to the centrosome. (A) CDK5RAP2 colocalizes with AKAP450 in Hela cells. Blue, DNA; red,
AKAP450; green, CDK5RAP2. Bar, 10 pm. (B) CDK5RAP2 coimmunoprecipitates with AKAP450 from Hela cell extracts. A rabbit IgG mix was used as
negative control. Input lane shows cytoplasmic extract before immunoprecipitation (IP). Input and supernatant correspond to 10% of the pellet. CDK5RAP2
antibody immunoprecipitated 26% of total CDK5RAP2 and 40% of total AKAP450 protein. The extent of CDK5RAP2 immunoprecipitation may be under-
estimated because the CDK5RAP2 signal is saturated. SN, supernatant; P, pellet. (C) Western blots (wb) of wt, cnn1'%, cnn2~/~, tag AKAP-wt tagAKAPcnn 1'%,
and tagAKAP-cnn2~/~ cell extracts. a-Tubulin serves as the loading control. (D) Anti-protein G antibody stains the mitotic centrosomes of tag AKAP-wt but
not of tagAKAPcnn1° and tagAKAP-cnn2~/~ cells. Blue, DNA; red, protein G (AKAP450); green, y-ubulin. Bar, 5 pm.

whereas the total volume of centrosomal y-tubulin staining was
slightly reduced in cnnl ™"~ centrosomes (Fig. S6 A). Because
y-tubulin is a key factor in centrosomal microtubule nucle-
ation, we evaluated the nucleation ability of cnnl ™/~ centro-
somes (Raynaud-Messina and Merdes, 2007). Microtubule
recovery from nocodazole-induced depolymerization was in-
distinguishable between mitotic wt and cnnl ™/~ centrosomes,
indicating that cnn1~'~ centrosomes are not defective in micro-
tubule nucleation (Fig. S6 B). Furthermore, y-tubulin was
highly enriched in CNN1-deficient centrosomes purified from
a mitotic-enriched cell population (Fig. 6 A). Perturbations in
centrosomal y-tubulin levels are therefore unlikely to explain
the centrosome detachment phenotype. Finally, we also as-
sayed the localization of ninein, a centrosomal protein required
for microtubule anchoring and nucleation during interphase
(Delgehyr et al., 2005), but again, it was unperturbed in cnnl '~
centrosomes (Fig. S6 C).
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In Drosophila somatic cells, Cnn is essential for centro-
some maturation and is codependent for its centrosomal localiza-
tion with polo kinase (Dobbelaere et al., 2008). Immunoblotting
of purified centrosomes and immunostaining of mitotic centro-
somes with an antibody against polo-like kinase 1, the verte-
brate orthologue of polo, failed to reveal a difference between
wt and cnnl '~ cells (Fig. 6 A and Fig. S6 D). The localization
of aurora A, a protein kinase involved in centrosome maturation
and separation (Barr and Gergely, 2007), was also unperturbed
in cnnl1™'~ centrosomes (unpublished data). Moreover, aurora A
kinase autophosphorylates its Thr 288 residue, and an antibody
recognizing this phospho residue colocalized with cnnl '~ cen-
trosomes (Fig. 2, A and C; Barr and Gergely, 2007). Our results
indicate that the role of the CNNI1 domain in centrosome to
spindle pole attachment is independent of centrosome matura-
tion. TACC3 staining often appeared disorganized between
partially detached centrosomes and spindle poles (Fig. 2 B), a
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of nocodazole-arrested Hela cells. A rabbit IgG mix was used as negative control. Input lane shows cytoplasmic extract before immunoprecipitation (IP).

wb, Western blotting.

pattern likely to reflect the presence of microtubule minus ends
because TACC proteins concentrate at spindle regions rich in mi-
crotubule minus end (Gergely et al., 2000; Cullen and Ohkura,
2001; Barros et al., 2005). The TACC3-binding partner, ch-Tog,
is also recruited normally to cnnl~'~ centrosomes (Fig. S6 E).
Therefore, in contrast to Drosophila, the CNN1 domain is dis-
pensable for the centrosomal targeting of TACC3 and ch-Tog in
vertebrates (Zhang and Megraw, 2007).

AKAPA450 maintains centrosome cohesion
during interphase

To determine whether CDK5RAP2 and AKAP450 are co-
dependent for their localization in mammalian cells, we depleted
the two proteins in HeLa cells by siRNA (Fig. 7 A). Depleting
AKAP450 did not perturb the localization of CDKSRAP2
in HeLa cells. In contrast, when CDK5RAP2 levels were
depleted, AKAP450 localized normally in interphase but
failed to concentrate on mitotic centrosomes (Fig. 7 A). Thus,
CDKS5RAP?2 is required for the mitotic localization of AKAP450
in both DT40 and HeLa cells, but the interphase targeting of
AKAP450 seems independent of CDKSRAP2 in mammalian
cells. One possibility is that depletion of CDK5SRAP?2 is in-
complete in HeLa cells, and a small amount of CDKSRAP2
can maintain AKAP450 localization. Indeed, in most de-
pleted cells, residual CDK5SRAP2 staining is visible in the

centrosome (metaphase and anaphase cells; Fig. 7 A), which
may also explain the lack of centrosome detachment in these
cells. Another possibility is that the second vertebrate Cnn ho-
mologue, myomegalin, functions redundantly with CDK5SRAP2
in HeLa cells. Although myomegalin is expressed in DT40
cells (unpublished data), we have so far been unable to iden-
tify a CNN1 domain in the G. gallus myomegalin gene using
various expressed sequence tags and genomic databases. Thus,
in DT40 cells, CDK5SRAP2 may be the only CNN1 domain—
containing protein.

We noted that AKAP450-depleted cells displayed loss
of cohesion between parental centrioles in interphase (termed
centrosome splitting hereafter; Fig. 7 B). The extent of this
effect was very similar to that reported in CDK5RAP2-depleted
human cells (Graser et al., 2007). Thus, although AKAP450
and CDK5RAP2 may be targeted independently to the inter-
phase centrosome, both proteins must be present for cohesion
between parental centrioles (termed centrosome cohesion here-
after). Split centrosomes were also more frequent in cnnl '~
than in wt cells (Fig. 7 C). As this could be caused by either a
delay in G2 or loss of cohesion between disengaged centri-
oles, we costained cells with anti—y-tubulin and anti-TACC3
antibodies. Like its human counterpart, chicken TACC3 anti-
body associates with G2 centrosomes (Gergely et al., 2000,
2003). We found no evidence for a G2 delay in cnnl ™~ cells,
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Figure 7. AKAP450 is required for centrosome cohesion. (A) Western blots (wb) showing siRNA-mediated depletion of CDK5RAP2 (CDK5R2) and
AKAP450 (akap) in Hela cells. Depletion of CDK5RAP2 does not interfere with the localization of AKAP450 to the Golgi and the centrosome during inter-
phase, but it prevents its accumulation in the mitotic centrosome (arrowheads). Depletion of AKAP450 does not prevent the localization of CDK5RAP2
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Blue, DNA; red, CDK5RAP2; green, AKAP450. Bar, 10 pm. (B) Graph shows quantification of centrosome splitting in mock and specific siRNA-treated
cells. n = 3; at least 150 cells per experiment. (C) Centrosomes split in cnn1~/~ DT40 cells. Anti-CDK5RAP2 antibody does not stain the centrosome in
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but when scoring TACC3-negative cells, we observed an in-
crease in split centrosomes. Loss of cohesion between centro-
somes is specific to the disruption of the CNN1 domain because
cnn2 '~ cells behaved as wt. How the truncated ACNN?2 prod-
uct maintains centrosome cohesion and recruits AKAP450 to
interphase centrosomes is an interesting question, as ACNN2
product seems absent from interphase centrosomes (Fig. 1 C
and Fig. S5 B). Thus, these functions may require only small
amounts (below detection level) of ACNN2. Alternatively, it
may be during mitosis when the CNN1 domain of CDK5SRAP2
establishes centrosome cohesion and primes the centrosome
for subsequent AKAP450 recruitment. The extent of centro-
some splitting was less prominent in DT40 than in HeLa cells,
representing a 2.5-fold instead of a 3.5-fold increase over
background, but the small cytoplasmic volume of B cells may
limit the distances split centrosomes can travel.

The CNIN1 domain is essential for normal
proliferation and clonogenic potential

We tested the capacity of individual cells to give rise to clones
(i.e., clonogenic potential) by seeding single cells into 96-well
plates and recording the percentage of cells that produced
visible clones after 7 or 10 d (Fig. 8 A). cnnl ™", cnn1'*, and
cnnl1'cnn2 ™'~ cell lines displayed reduced clonogenic poten-
tial. This phenotype was not caused by impairment in cell-to-
cell attachment because we did not detect floating cells in the
wells. In contrast, wt and cnn2 ™/~ cells had similar clonogenic
potential. Time-lapse differential interference contrast micros-
copy confirmed a proliferation defect in cnnl ™/~ cells. When
followed over a 26-h period, we observed fewer cell divisions
in cnnl ™'~ cells (42% of wt and 17% of cnnl ™~ cells divided
twice in 26 h). Moreover, cnnl '~ cells were also more prone
to cell death; within 26 h, 11% of cnnl ™~ cells died compared
with 1% in wt cells (9 out of 77 cnnl /" cells and 1 out of 92 wt
cells). Although we observed mitotic death in some cnnl ™~
cells (two out of nine cells), the majority of cells died in inter-
phase (seven out of nine cells), indicating that an increased rate
of spontaneous cell death is likely to account for the lower pro-
liferation potential.

The CNIN1 domain is required for effective
DNA damage-induced G2 arrest

Despite both cnnl '~ and cnn2 ™/ cells displaying abnormal
centrosome to spindle pole attachments, only cnnl ™'~ cells
are growth impaired. Thus, the mitotic phenotype cannot ac-
count solely for this impairment. A decrease in proliferation
rate has been observed in knockouts of cell cycle checkpoint
genes such as chkl in DT40 cells (Zachos et al., 2003). Sev-
eral centrosomal components have been reported to partici-
pate in maintaining G2 arrest in response to DNA-damaging
agents (Fletcher and Muschel, 2006). To address whether
CDKSRAP?2 plays a role in this process, we irradiated asyn-
chronous DT40 cells. The irradiation dose of 20 Gy causes
extensive DNA damage in DT40 cells, but as these cells are
deficient for p53, they cycle through S phase and accumulate
in G2 phase in a Chkl kinase—dependent manner (Takao
et al., 1999; Zachos et al., 2003). After irradiation, cells were

incubated in nocodazole for 10 h to trap cells that entered
mitosis after DNA damage. The mitotic index of these cells is
therefore in inverse relation with their ability to arrest in G2.
Consistent with a tight cell cycle arrest, mitotic indices of wt
and cnn2 '~ cells did not increase after irradiation (Fig. 8 B).
In marked contrast, such an increase was detected in cnnl ™/~
and cnnl™cnn2™" cells, which is indicative of an impaired
G2 checkpoint (Fig. 8 B).

Early mitotic events rely on the cdc25 phosphatase—
dependent activation of cyclin B-Cdkl at the centrosome
(De Souza et al., 2000; Jackman et al., 2003). Chk1 kinase at
the centrosome mediates the inhibition of cdc25 phosphatases
to prevent premature mitotic entry during unperturbed cell
cycles as well as in the presence of DNA damage (Krdmer et al.,
2004; Tibelius et al., 2009). Therefore, we asked whether lev-
els of centrosomal Chk1 were affected in cnnl '~ DT40 cells.
Anti-Chkl antibody did not recognize mitotic centrosomes
and gave a very weak and variable staining in interphase DT40
cells, which we were unable to use for quantification (unpub-
lished data). Centrosomes purified from mutant cells contained
less Chkl than those from wt cells (Fig. 8 C). These centro-
somes were isolated from a nocodazole-arrested population
(same experiment as in Fig. 6 A) in which 79.5% of wt and
80% of cnnl1~"~ cells were in G2/M based on flow cytometry.
Thus, at least 20% of purified centrosomes originate from
cells in G1 or S phase. Because we cannot detect Chkl in
mitotic centrosomes, it is likely that the signal in purified
centrosomes in Fig. 8 C is mostly contributed by interphase
centrosomes. Centrosome overduplication requires the accu-
mulation of Chkl kinase in the centrosome and intact ataxia
telangiectasia mutated (ATM)/ATM- and Rad3-related (ATR)
kinase activities (Dodson et al., 2004; Bourke et al., 2007;
Loffler et al., 2007). DT40 cells are known to overduplicate
their centrosomes in the presence of DNA replication fork—
stalling agents such as aphidicolin (Dodson et al., 2004). After
a 16-h aphidicolin treatment, 74% of wt DT40 cells contained
two or more centrosomes, but, consistent with lower levels of
centrosomal Chk1, this value was only 44% in cnnl ™" cells
(Fig. 8 D). ATM/ATR kinases mediated overduplication in
both wt and cnnl '~ cells because cotreating cells with aphidi-
colin and caffeine, an inhibitor of ATM and ATR kinase activi-
ties, abolished centrosome overduplication. In summary, we
show that although the CNN1 domain is required for efficient
DNA damage—induced G2 arrest, the CNN2 domain is not,
thereby revealing another example of nonoverlapping func-
tions of these two domains (Fig. 8 E).

Discussion

CDKSRAP2 is a critical regulator

of the AKAP450-dynactin complex

in the centrosome

Our results suggest that CDK5SRAP?2 enables the centrosome
to remain connected to spindle poles in the presence of micro-
tubule-based forces such as the tension generated by kinetochore
capture and biorientation. We believe that the molecular inter-
play between AKAP450 and CDK5RAP2 explains many of the
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Figure 8. CDK5RAP2 promotes G2 arrest
in the presence of DNA damage. (A) Colony-
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phenotypes of cnnl ™~ cells. Loss of AKAP450 from mitotic
centrosomes correlates with centrosome detachment defects in
cnnl'™ and cnn2 ™/~ cells. Because AKAP450 interacts with
p150g™ (Kim et al., 2007) and the NuMA—dynein—dynactin
protein complex is required for centrosome to spindle pole
attachment (Merdes et al., 1996; Silk et al., 2009), AKAP450
could connect centrosomes with spindle poles by acting as a
PCM-resident receptor for spindle pole—associated dynactin
molecules. The absence of p150g™ from cnn1'™* centrosomes
clearly favors this possibility (Fig. 6 A). Similar to their role on
the Golgi (Kim et al., 2007; Rivero et al., 2009), dynactin—
AKAP450 complexes could also contribute to microtubule
anchoring in the mitotic PCM. Although both the CNN1 and
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CNN2 domains are required for the mitotic recruitment of
AKAP450, the weaker centrosome detachment phenotype of
cnn2~’~ cells indicates that an intact CNN1 domain can par-
tially aid centrosome attachment even when AKAP450 is ab-
sent. Intriguingly, the depletion of the centrosomal protein
Cep72 has been shown to delocalize centrosomal AKAP450
during mitosis, leading to impaired spindle pole focusing and
centrosome detachment from spindle poles (Oshimori et al.,
2009). AKAP450 has been shown to be important for centriole
duplication in mammalian cells (Keryer et al., 2003), but our
data from DT40 cells suggest that this function is likely to be
independent of CDK5SRAP2 or at least of the CNN1 and CNN2
domains. However, we show that AKAP450, like CDK5RAP2



(Graser et al., 2007), is required for interphase centrosome
cohesion in human cells. Our results also reveal an inverse cor-
relation between interphase centrosomal levels of AKAP450
and centrosome cohesion in cnnl ™'~ and cnn2~'~ cells (Fig. 8 E).
CDKS5RAP2 and AKAP450 could be part of an intercentriolar
linker (Graser et al., 2007) or mediate centrosome cohesion by
other means, for instance by regulating microtubule anchoring
or dynamics (Meraldi and Nigg, 2001; Fong et al., 2009). Inter-
estingly, inhibiting dynactin function has also been found to
impair centrosome cohesion (Quintyne and Schroer, 2002).
AKAP450, CDK5RAP2, and dynactin could therefore be es-
sential components of a molecular pathway that mediates centro-
some cohesion during interphase and centrosome to spindle pole
attachment during mitosis.

The role of COK5RAP2 in DNA damage-
induced G2 arrest

In response to DNA damage or replication-blocking agents,
eukaryotic cells trigger checkpoint responses that facilitate
DNA repair and delay cell cycle progression. The phenotypes
observed in cnnl ™'~ cells, in particular, the inefficient G2
arrest after irradiation, are reminiscent of findings reported in
Chk1 knockout DT40 cells (Zachos et al., 2003). However,
unlike Chk1 knockout cells, the majority of cnnl~/~ cells can
still arrest in G2. This is to be expected because cnnl '~ cells
exhibit only a reduction instead of a complete loss of centro-
somal Chk1 (Fig. 8 C). Nonetheless, CDK5RAP2 facilitates
the G2 checkpoint, and its role in this process is likely to in-
volve the recruitment or maintenance of Chk1 at the centrosome.
This is a particularly exciting possibility because pericentrin
and microcephalin, two centrosomal proteins implicated in
primary microcephaly (Jackson et al., 2002; Rauch et al.,
2008), have also been found to mediate Chk1 localization to
the centrosome (Tibelius et al., 2009). The role of the centro-
some in DNA damage signaling could therefore be critical
during the rapid proliferation of early neural progenitors, a
developmental process profoundly affected by deficiencies in
DNA repair (McKinnon, 2009).

Linking the mitotic function of CDK5RAP2
to microcephaly

Why do mutations in cdkSrap2 perturb cell division specifically
in the neuroepithelium when CDK5RAP?2 is a ubiquitously ex-
pressed protein? We cannot exclude that in humans, a CNNI1-
independent pathway connects spindle poles with centrosomes
in all cell types but neural progenitors. However, we favor the
explanation that CDK5RAP?2 functions redundantly with myo-
megalin. The CNN1 domain is absent from at least two splicing
variants of human myomegalin. Thus, if these variants are ex-
pressed in the developing neuroepithelium (or if myomegalin is
not expressed at all), CDK5SRAP2 may be the only CNN1-
containing protein available in the progenitors. In mouse brain,
the orientation of the mitotic division plane determines whether
apical progenitors undergo self-renewing or neurogenic cell
divisions in the neuroepithelium (Farkas and Huttner, 2008).
Moreover, asymmetric centrosome inheritance (i.e., old vs.
new centrosome) has been found to be decisive in cell fate

determination in mouse brain (Wang et al., 2009). Disrupting
the link between centrosomes and mitotic spindle poles would
not only prevent centrosomal microtubules from positioning the
mitotic spindle but would also randomize the inheritance of the
old and new centrosome by daughter cells. Therefore, the com-
bined roles of the centrosome in cell fate determination and
DNA damage signaling could underlie the pathogenesis of in-
herited microcephalic syndromes.

Materials and methods

Cell culture and drug treatments

DT40 cells were maintained in suspension in RPMI (Invitrogen) supple-
mented with 10% FBS, 1% chicken serum, penicillin, streptomycin, and
1075 M B-mercaptoethanol at 40°C with 5% CO,. Hela cells were main-
tained in DME (Invitrogen) supplemented with 10% FBS, penicillin, and
streptomycin. Nocodazole (Sigma-Aldrich) was used at 0.5 pg/ml unless
otherwise stated. Taxol (paclitaxel; Sigma-Aldrich) was used at 5 nM,
whereas RO3306 (Enzo Life Sciences, Inc.) was used at 6 pM.

Generating cnn1~/~ DT40 cells
To make the targeting construct, left and right arm homology regions were
PCR amplified from DT40 genomic DNA using polymerase (LA; Takara Bio
Inc.). The primers used to amplify the left arm were 5'-GATATCACCAT-
GAAGGACTAAGAAAATGTAAGC-3" and 5'-GGATCCTGAGCCAAC-
TACGTCATGAGTTTC-3". The primers used to amplify the right arm were
5'-ACTAGTGTGAGTGCCTAAAATGGAATGAAT-3" and 5-GCGGCCG-
CAGAGCTCCTTACTCCACACAGCCT-3'. Homology arms were cloned
into pBluescript Il SK™, with the left arm between EcoRV and BamHI sites
and the right arm between Spel and Notl sites. Selection markers (neomy-
cin, puromycin, or blasticidin resistance cassettes) were cloned info these
vectors between BamHI sites. Two rounds of targeting were performed to
disrupt the two alleles. Gene targeting was performed by electroporation
using a gene pulsar (Bio-Rad Laboratories). In brief, 60 pg linearized DNA
was mixed with 2 x 107 cells in chilled PBS in a 4-mm cuvette and electro-
porated at 550 V and 25 pF. DT40 or Cre recombinase—expressing DT40
cells were plated info six 96-well plates. After 24 h, antibiotics were added
for 7-10 d at the following concentrations: 1.5 mg/ml neomycin (Invitro-
gen), 0.5 pg/ml puromycin (Acros Organics), and 50 pg/ml blasticidin
(Invitrogen). Antibiotic-resistant clones were expanded, and genomic DNA
was extracted. Targeted integrations were screened by PCR amplification
using the following primers (letters in parentheses correspond to the abbre-
viations used in Fig. 1 A): neomycin (D), 5-CTGAATGAACTGCAGGAC-
GAG-3’; puromycin (E), 5-ACGACCCCATGGCTCCGACCGAAG-3’;
and CDK5RAP2CHK (A), 5'-CTGCTGGTATTCCCTGGGATG-3'.

cnn1~/~ knockout was generated with neomycin and puromycin
cassettes, whereas Cre-cnn17/~ clone was generated with blasticidin and
puromycin cassettes. cnn1' cells were generated by removal of antibiotic-
resistance cassettes from cnn17/~ cells. 30 pg pCre recombinase (pro-
vided by J.-M. Buerstedde, Institute for Molecular Radiobiology, Neuherberg,
Germany) was mixed with 3 x 10° cells in nucleofection solution T (Lonza).
Cells were transfected using the nucleofector and recovered in medium.
24 h after transfection, cells were counted and plated at a density of
one cell per well of a 96-well plate. Cells were incubated for 1 wk after
which colony-containing wells were expanded and analyzed for loss of
drug resistance. Those colonies that lost resistance to both puromycin and
neomycin were further analyzed by PCR for loss of drug resistance cas-
settes (Fig. S2 D).

Generating cnn2~/~ and cnn1*cnn2~/~ DT40 cells

Primers used to amplify the left homology arm were 5'-ATCGATT-
GCCCTGCTGCCAGCAG-3' and 5'-GAATTCTTGCAGCGATCACTG-
GTCTGGTAC-3'. Primers used to amplify the right homology arm were
5'-ACTAGTAAGGCTAGATGAAACCTGGAAG-3' and 5-GCGGCCGC-
GATAGAGCTGTGAGCAG-3'. Homology arms were cloned into pBlue-
script Il SK™, with the left arm between Clal and EcoRI and the right arm
between Spel and Notl sites. Selection markers (neomycin or puromycin
resistance cassettes) were cloned into these vectors between BamHI sites.
The cnn2 knockout constructs were introduced sequentially into wt DT40 cells
to generate cnn2~/~ or into cnn 1/ DT40 cells to generate cnn1'cnn2~/~
cells. Targeting was performed as described in Generating cnnl1~/~
DT40 cells. Targeted integrations were screened by PCR amplification using
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the following primers: neomycin (C), 5'-CTGAATGAACTGCAGGAC-
GAG-3’; puromycin (D), 5'-ACGACCCCATGGCTCCGACCGAAG-3’;
and Rev_CNN2 (A), 5'-TTGCTTCGGAGCATCTCG-3'.

Generating tag-wt and tag-cnn1'* DT40 cells
Primers used to amplify the left homology arm were 5-GAATTCGT-
CAGTTTCTAGTTCCAG-3" and 5'-TCTAGAGAGAATCCTTTTTTTIGCT-3'.
Primers used to amplify the right arm were 5-ACTAGTTGAAGGAGA-
AAGGTCCAC-3’ and 5'- GCGGCCGCCACTCTGCACATGGAATG-3'.
Homology arms were cloned into a vector carrying the GS-TAP cas-
sefte (provided by K.J. Patel, Medical Research Council Laboratory of Mo-
lecular Biology, Cambridge, England, UK), with the left arm between EcoRl
and Xbal and the right arm between Spel and Notl sites. Selection markers
(neomycin or puromycin resistance cassettes) were cloned into these
vectors between BamH| sites. Constructs were transfected into cells as
described in Generating cnn1~/~ DT40 cells.

Generating tag-AKAP DT40 cells
Primers used to amplify the left homology arm were 5'-GAATTCCCAG-
CAGCAAACTGTTGC-3" and 5'-TCTAGATCTTCTCATAGCAGAGTG-3'.
Primers used to amplify the right arm were 5'-ACTAGTTCCATCACTG-
GCAGCGAT-3’ and 5'-GCGGCCGCTTATATTGGAGTTTATTC-3".
Homology arms were cloned into a vector carrying the GS-TAP cas-
sefte (provided by K.J. Patel), with the left arm between EcoRl and Xbal and
the right arm between Spel and Notl sites. Selection markers (neomycin,
blasticidin, and puromycin resistance cassettes) were cloned into these vec-
tors between BamHI sites. Constructs were transfected into wt, cnn1%~,
and cnn27/~ cells as described in Generating cnn1~/~ DT40 cells.

Plasmid transfection into DT40 cells

For transient transfections of GFP-tubulin (provided by P. Coopman, Centre
National de la Recherche Scientifique, Montpellier, France), the nucleofec-
tor was used as described in Generating cnn1~/~ DT40 cells. Cells were
imaged 16-24 h after transfection. For random integration of Flag-tagged
Homo sapiens CDK5RAP2 into cnn 1'%, 10 pg plasmid was mixed with 107
cells in PBS in a 4mm cuvette. Cells were electroporated using a gene
pulser (Bio-Rad Laboratories) at 250 V and 950 pF. Cells were plated out
into three 96-well plates. After 24 h, neomycin selection was added to a
final concentration of 1.5 mg/ml. After 7-10 d, drug-esistant colonies
were selected and screened for the presence of insertion.

RNA interference and transfection in mammalian cells

Cells were seeded the day before transfection such that they would be
40% confluent on the day of transfection. Cells were washed three times in
PBS and put info fresh OPTIMEM (Invitrogen). 15 pmol siRNA was trans-
fected per 24-well using Oligofectamine (Invitrogen) with the volumes and
concentrations recommended by the manufacturer. 4 h after transfection,
the medium was changed. Cells were processed 72 h affer transfection.
siRNAs used in this study were CDK5RAP2 (#132391; Applied Biosys-
tems) and AKAP450 (5-AUCCCUUGCCAGCACAUGATT-3’; based on
Larocca et al., 2004).

Antibody generation and primary antibodies

Antibodies were raised in rabbits against bacterially expressed and puri-
fied glutathione Stransferase or maltose-binding protein (NEB) fusion pro-
teins that contained amino acids 40-375 of the H. sapiens CDK5RAP2
protein and amino acids 126-442 of G. gallus TACC3. Antibodies were
produced by Eurogentec and were subsequently affinity purified against
fusion proteins. Additional primary antibodies used in this study were
AKAP450 (BD), pT288 aurora A (BD), aurora A (Abcam), BubR1 (pro-
vided by W. Earnshaw, Wellcome Trust Centre for Cell Biology, University
of Edinburgh, Edinburgh, Scotland, UK), CDK5RAP2 (Bethyl Laboratories,
Inc.; used for immunoprecipitations in Figs. 5 and 6), centrin-1 (Sigma-
Aldrich), centrin-2 and centrin-3 (Abnova), Chk1 (Sigma-Aldrich), ch-Tog
(provided by L. Cassimeris, Lehigh University, Bethlehem, PA; Cassimeris
and Morabito, 2004), Flag-M2 (Sigma-Aldrich), GM130 (BD), NuMA
(BD and Abcam), p1509" (BD), protein G and protein G-HRP (Abcam),
ninein and phospho-histone H3 and Plk1 (Abcam), TGN46 (Abnoval),
a-tubulin (Dm1a; Sigma-Aldrich), and y-tubulin (GTU88; Sigma-Aldrich).
DNA was detected with Hoechst (Sigma-Aldrich). All antibodies were
stored as a 50% glycerol stock.

Immunofluorescence

DT40 cells were spotted onto poly-L-lysine~coated coverslips and left to set-
tle for 10-15 min at 40°C. For visualization of mitotic spindles and centro-
somal proteins, cells were fixed in 100% methanol for 5 min at —20°C. For
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anti-Plk1, -Chk1, and -ninein antibody stainings, DT40 cells were extracted
in PBS/1% Triton X-100/0.5% NP-40 for 5 min after methanol fixation. To
visualize p1509% in cells (Fig. 4 A), DT40 cells were fixed in 3% para-
formaldehyde in PHEM buffer (60 mM Pipes, 25 mM Hepes, 2 mM MgCl,,
and 1 mM EGTA, pH 6.9) containing 0.2% Triton X-100 at RT for 20 min
followed by further permeabilization with PBS/0.2% Triton X-100. All
primary antibodies were diluted 1:1,000 in blocking buffer and incubated
with coverslips for 2 h at 37°C or overnight at 4°C. Secondary antibodies
conjugated fo Alexa Fluor 488, 555, and 637 were diluted 1:1,000 in
blocking buffer and incubated with coverslips for 1 h at 37°C. Coverslips
were mounted using antifade medium (Prolong Gold; Invitrogen) contain-
ing 1.5 pg/ml Hoechst. Cells in Fig. S6 B were first stained with antibodies
against phospho-histone H3 and centrin-3 and washed in PBS/0.1%
Tween eight times for 30 min per wash. Cells were stained with Dm1a and
secondary antibodies and processed as before. For immunofluorescence
of Hela cells, cells were grown on coverslips and were fixed and treated
as in Barr and Gergely (2008).

Image acquisition and analysis

For fixed cell analysis, images were acquired as z stacks (0.4-ym steps)
using a microscope (Eclipse 90i; Nikon) fitted with a camera (Eclipse C1S;i;
Nikon). Images were acquired using EZ-C1 software (Nikon). Hela and
DT40 cells were imaged using a 60x oil 1.40 NA (Nikon) and a 100x oil
1.40 NA (Nikon) objective, respectively. Inages were imported into Voloc-
ity (version 4.0; PerkinElmer) and exported as 2D volume-rendered images
info Photoshop (CS3; Adobe). Images were adjusted to use the full range
of pixel intensities in Photoshop. All images from a single experiment were
treated in exactly the same way. The fluorochromes used in this study were
Alexa Fluor 488, 555, and 637 (Invitrogen). DNA was visualized by
Hoechst staining.

For time-lapse imaging, DT40 cells were settled onto 60-ym dishes
(Ibidi). Cells were imaged in Leibovitz medium (Invitrogen) containing
10% FBS. Imaging was performed with a 100x oil 1.40 NA objective
(Nikon). Cells were kept at 40°C in a hit incubation chamber (Tokai).
mCherry-tubulin was provided by V. Draviam (University of Cambridge,
Cambridge, England, UK) and GFP-PACT was provided by S. Munro
(Medical Research Council Laboratory of Molecular Biology). For imag-
ing GFP-tubulin or mCherry-tubulin/GFP-PACT-expressing DT40 cells, we
used a spinning-disc confocal system (PerkinElmer) mounted on an in-
verted microscope (Eclipse TE2000-S; Nikon) equipped with an electron
microscopy charge-coupled device digital camera (C9100-13; Hama-
matsu Photonics). Images were acquired at 1-min (Fig. 3 A and Videos
1-3) or 2-min (Fig. 3 C and Video 4) intervals as z stacks (1.5-pm steps)
using Volocity. 2D volume-rendered image sequences were exported as
QuickTime files. For video stills, snapshot images were taken in Volocity
and processed as described in the previous paragraph. For differential
inferference contrast microscopy of DT40 cells, images were acquired on
a microscope (Eclipse TE2000-E; Nikon) fitted with a digital sight camera
(DS-2MBW; Nikon) using a 60x oil 1.40 NA objective (Nikon) with
advanced research software (NIS-Elements; Nikon). Images were ac-
quired every 15 min at 40°C and 5% CO,.

For all quantifications, z-stack images were acquired on a confocal
microscope (Nikon) and imported into Volocity. To quantify CDK5RAP2
and protein G levels in the centrosomes of wt, tag-cnn1'*, and cnn2~/~
cells (Fig. 1, C, E, and F), ytubulin—positive 3D volumes (cut-off value of
1,300; range of 0-4,095) were selected, and the mean signal intensities
of CDK5RAP2 (Fig. 1 C) or protein G (Fig. 1 E) were determined across the
volume. To quantify «- and y-tubulin signals in Fig. Sé (A and B), we
selected volumes that contained a-tubulin staining intensity over the cut-off
value of 1,500 or y-tubulin staining intensity over the cut-off value of 900,
thus defining - and y-tubulin—positive volumes. Volumes were converted to
micrometers cubed. In the case of a-tubulin, the cutoff value was deter-
mined to allow separation of centrosomal asters from chromatin-associated
microtubule asters. In the case of y-tubulin, the cut-off value allowed us to
exclude contribution from spindle-bound protein.

Electron microscopy

DT40 cell pellets were fixed in prewarmed 1% glutaraldehyde in PHEM
for 1 h at 37°C. Cell pellets were washed in 0.1 M Na cacodylate buffer,
pH 7.2, at RT for 5 min. Pellets were postfixed in 1% osmium tetroxide in
Na cacodylate buffer for 1 h at RT. Pellets were washed in Na cacodylate
buffer two times for 30 min. Pellets were dehydrated in a graded ethanol
series from 50, 70, 90, and 3x 100% ethanol. Dehydrated cell pellets
were embedded using the Epoxy Embedding kit (Fluka) according to the
manufacturer’s instructions.



Microtubule regrowth in DT40 cells

Microtubules were depolymerized by addition of 2 pg/ml nocodazole for
2 h at 40°C. Cells were washed three times in ice-cold PBS (supplemented
with 1:1,000 vol DMSO) by centrifuging at 1,100 g for 2 min. Cells were
resuspended in 100 pl prewarmed culture medium and spotted onfo poly-
L-lysine—coated coverslips. Coverslips were incubated at 40°C for 5 min
before methanol fixation. Fixed cells were immunostained for centrin-3 and
phospho-histone H3 and poststained with Dm1a antibodies.

Taxol treatment of DT40 cells

DT40 cells were treated with 6 pM of the Cdk1 inhibitor RO3306 for 3 h
to ensure that cells to be scored for spindle morphology entered mitosis in
the presence of taxol. Cells were washed three times in prewarmed culture
medium to remove RO3306 and resuspended in fresh medium containing
either 5 nM taxol or DMSO. Cells were incubated in taxol or DMSO for
2 h before being fixed and processed for immunofluorescence.

Western blotting and immunoprecipitation

DT40 cell pellets were lysed in hypotonic buffer (10 mM Tris-HCI, pH 7.4,
10 mM KCI, 1.5 mM MgCl,, 10 pM B-mercaptoethanol, and protease in-
hibitor cocktail [Sigma-Aldrich]) by passing cells through a 19-G needle.
Cytoplasmic extracts were obtained by pelleting (16,000 g for 15 min at
4°C) and discarding chromatin. Extracts were separated by SDS-PAGE
using 3-8% Tris-acetate NuPAGE gels (Invitrogen) and blotted to nitro-
cellulose as described previously (Towbin et al., 1979). Blots were incu-
bated with primary antibodies at 0.5 pg/ml final concentration. Secondary
antibodies conjugated to HRP (Dako) were diluted 1:2,000. Antibody
binding was detected using an ECL system (Lumilight; Roche) according to
the manufacturer’s instructions. For immunoprecipitation, Hela cells were
lysed at 4°C in lysis buffer (25 mM Tris-HCI, pH 7.4, 0.5% NP-40, 100 mM
NaCl, 5 mM MgCly, 5 mM NaF, 1 mM DTT, and protease inhibitor cock-
tail). Chromatin was pelleted and discarded. Antibodies were cross-linked
with protein G Dynabeads according to the manufacturer’s instructions
(Invitrogen) and were incubated with cell lysates for 2 h at 4°C. Bound
protein complexes were eluted using 0.1 M glycine, pH 2.2, and neutral-
ized with Tris-HCI, pH 8.0. Extracts were separated by SDS-PAGE. Quanti-
fication of chemiluminescence signal was performed using Image) software
(National Institutes of Health).

Centrosome purification

Centrosome purification was performed as described previously (Bornens
and Moudijou, 1999) with the following modifications. In brief, 8 x 107
tagAKAP-wt and tagAKAP-cnn 1'% DT40 cells were arrested in mitosis by
incubation with 500 ng/ml nocodazole for 12 h. Cell lysates were spun
onto 2 ml 60% sucrose cushion in a rotor (SW40; Beckman Coulter) at
10,000 g for 30 min. The discontinuous sucrose gradient consisted of 1 ml
70% sucrose, 600 pl 50% sucrose, and 600 pl 40% sucrose. After addi-
tion of the centrosome-containing supernatant onto this gradient, samples
were centrifuged for 2 h at 120,000 g in a rotor (SW55 Ti; Beckman
Coulter). 400 pl fractions were collected by punching a small hole in the
bottom of the centrifuge tube and collecting droplets. After addition of
10 mM Pipes-KOH, pH 7.2, centrosomes in each fraction were pelleted at
115,000 g in a rotor (MLA 55; Beckman Coulter) in an ultracentrifuge
(Beckman Coulter). The supernatant was discarded, and centrosome
pellets were resuspended in 40 pl boiling SDS Laemmli buffer.

Cell cycle andlysis, colony formation, and ionizing radiation assays

For analysis of cell cycle profiles, samples were centrifuged at 800 g for
3 min, and cell pellets were resuspended in 0.75 ml 70% ethanol and
fixed at —20°C overnight. Tubes were topped up with 1x PBS and spun at
800 g for 5 min. The supernatant was removed, and cell pellets were re-
suspended in 0.5 ml of PBS/0.1% Triton X-100 containing 20 pg/ml prop-
idium iodide (Sigma-Aldrich) and 0.2 mg/ml RNase A (Sigma-Aldrich).
Cells were filtered into 5-ml falcon tubes (BD) through the filter cap to re-
move cell clumps. Samples were analyzed using FACS (Calibur and
FlowJo; BD). For colony-formation assays, DT40 cells were diluted and
seeded at a density of 40 cells per 96-wells. Cells were incubated at 40°C
for 7 or 10 d, and the number of colonies per plate was scored. To assess
the efficiency of G2 arrest affer DNA damage, 10° cells were either irradi-
ated with 20 Gy using a caesium-137 +y-irradiator and treated with 1 pg/ml
nocodazole for 10 h or treated with nocodazole only or DMSO only for
10 h. Cells were fixed in methanol, processed for immunofluorescence,
and stained with anti-phospho-histone H3 antibodies and Hoechst. Tiled
images of slides were acquired using the iCys system (CompuCyte) cou-
pled to a microscope (IX71; Olympus) fitted with a charge-coupled device

camera (Sony). Images were acquired using a 40x air 0.75 NA objective
(Olympus). Analysis of phospho-histone H3-positive cells was performed
in an automated fashion using the iCys software.

Online supplemental material

Fig. ST shows alignment of the human and chicken CDK5RAP2 proteins.
Fig. S2 shows key controls to prove gene-targeting events. Fig. S3 dem-
onstrates that centrosome detachment in cnn17/~ cells is rescued by com-
plementation with human CDK5RAP2 protein. Fig. S4 shows high
magnifications of electron micrographs from Fig. 4 B. Fig. S5 illustrates the
targeting strategy for the generation of tag-AKAP cell lines and provides
additional localization data. Fig. Sé demonstrates that microtubule nucle-
ation and maturation are not impaired in cnn1~/~ cells. Videos 1-3 cor-
respond to Fig. 3 A, and Video 4 corresponds to Fig. 3 C. Video 1 shows
mitosis in a wt DT40 cell transfected with GFP-a-tubulin. Videos 2 and 3
show mitosis in a cnn17/~ DT40 cell transfected with GFP—a-tubulin. Video
4 shows mitosis in a cnn17/~ DT40 cell fransfected with mCherry-tubulin
and GFP-PACT. Online supplemental material is available at http://www
.jcb.org/cgi/content/full/jcb.200912163/DC1.
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