DTL/CDT2 is essential for both CDT1
regulation and the early G2/M checkpoint
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Checkpoint genes maintain genomic stability by arresting cells after DNA damage. Many of these genes also
control cell cycle events in unperturbed cells. By conducting a screen for checkpoint genes in zebrafish, we
found that dtl/cdt2 is an essential component of the early, radiation-induced G2/M checkpoint. We
subsequently found that dtl/cdt2 is required for normal cell cycle control, primarily to prevent rereplication.
Both the checkpoint and replication roles are conserved in human DTL. Our data indicate that the
rereplication reflects a requirement for DTL in regulating CDT1, a protein required for prereplication complex
formation. CDT1 is degraded in S phase to prevent rereplication, and following DNA damage to prevent origin
firing. We show that DTL associates with the CUL4-DDB1 E3 ubiquitin ligase and is required for CDT1
down-regulation in unperturbed cells and following DNA damage. The cell cycle defects of Dtl-deficient
zebrafish are suppressed by reducing Cdtl levels. In contrast, the early G2/M checkpoint defect appears to be
Cdtl-independent. Thus, DTL promotes genomic stability through two distinct mechanisms. First, it is an
essential component of the CUL4-DDB1 complex that controls CDT1 levels, thereby preventing rereplication.

Second, it is required for the early G2/M checkpoint.
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DNA damage is caused by radiation, exogenous genotox-
ins, free radicals generated during normal cellular me-
tabolism, and errors in cell cycle progression. A critical
protective response to DNA damage is to prevent cell
cycle progression until DNA is repaired, and failure to
properly execute this DNA damage response leads to ge-
nomic instability and cancer. In fact, mutations in genes
encoding essential components of DNA damage check-
points cause several inherited cancer susceptibility syn-
dromes such as ataxia telangiectasia (ATM), Seckel syn-
drome (ATR), Li-Fraumeni syndrome (p53), and Fanconi
anemia (FANC proteins) (Kastan and Bartek 2004). To
activate cell cycle arrest, complex networks of proteins
sense damaged DNA and coordinately inhibit key factors
required for DNA replication or the G1/S or G2/M tran-
sitions. Importantly, many of the pathways that inhibit
cell cycle progression after DNA damage also inhibit cell
cycle regulators during the unperturbed cell cycle,
thereby maintaining the proper order and timing of cell
cycle events.

CDT1 is an example of an essential component of the
cell cycle machinery that is inhibited as part of the DNA
damage response. CDT1 is required for the formation of
the prereplication complexes (pre-RC) that mark poten-
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tial origins of DNA replication, and proper regulation of
CDT1 is essential to ensure that the genome is repli-
cated only once per cell cycle (Bell and Dutta 2002). To
prevent rereplication, origins of replication are estab-
lished in G1, and then pre-RC formation is inhibited
during S phase. As an important part of this process,
CDT1 is inhibited through two distinct mechanisms.
First, a protein called geminin, which appears during S
phase and is degraded during mitosis, binds and inhibits
CDT1 (McGarry and Kirschner 1998; Wohlschlegel et al.
2000). Second, the ubiquitin protease system (UPS) de-
stroys CDT1 at the onset of S phase (Nishitani et al.
2001; Li and Blow 2004). In addition to the normal cell
cycle regulation of CDT1, DNA damage profoundly af-
fects CDT1 protein stability. Exposing cells to ultravio-
let or ionizing radiation induces the destruction of CDT1
by the UPS within 15 min (Higa et al. 2003; Hu et al.
2004).

During S phase, two distinct E3-ubiquitin ligases mark
CDT1 for destruction by the proteasome (Nishitani et al.
2006; Senga et al. 2006). The first is the SKP1-CULI1-F-
box protein (SCF) complex. SCF is the archetype for the
ring-finger/cullin-based class of E3 ligases (Skowyra et al.
1997). 1t has three constant components—a ring finger
protein (ROC1), a scaffold protein (CUL1), and an adapter
protein (SKP1). This core complex associates with mul-
tiple substrate recognition proteins (F-box proteins) to
allow targeting of specific substrates. The substrate rec-
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ognition protein for CDT1 is Skp2 (Liu et al. 2004). The
second E3-ubiquitin ligase for CDT1 is the CUL4-DDBI1
complex (Arias and Walter 2005). The core structure of
this complex is similar to that of SCF; it is comprised of
a ring finger protein (ROC1), a scaffold protein (CUL4),
and an adapter protein (DDB1). Three different WD40
proteins (AtDET1, CSA, and DDB2) have been identified
as specificity factors for the human CUL4-DDBI com-
plex, but the specificity factor that recruits CDT1 to the
CUL4-DDBI ligase has not been identified (Groisman et
al. 2003; Wertz et al. 2004).

In normal cell cycles, the SCF-SKP2 and CUL4-DDB1
complexes have been reported to play overlapping roles
in regulating CDT1 stability. Specifically, knocking
down CUL4 alone in HeLa cells is insufficient to cause a
change in the timing of expression of CDT1, whereas
knocking down both CUL4 and SKP2 prevents the deg-
radation of CDT1 during S phase (Nishitani et al. 2006).
However, in Caenorhabditis elegans embryos, loss of
Cul4 causes rereplication, suggesting that the degree to
which SCF-Skp2 or geminin can compensate for Cul4-
Ddb1 loss is cell-type- or species-specific (Zhong et al.
2003). In contrast to CDT1 regulation during normal cell
cycle progression, the destruction of CDT1 after DNA
damage specifically requires CUL4-DDBI1 (Nishitani et
al. 2006). Even in the absence of exogenous DNA-dam-
aging agents, deregulated expression of CDT1 causes
profound cell cycle defects. Overexpression of CDT1 or
the depletion of geminin causes overt rereplication (as
evidenced by >4N cells), DNA damage, and the subse-
quent activation of a prolonged G2/M checkpoint (Vaziri
et al. 2003; Melixetian et al. 2004; Zhu and Dutta 2006).

It is well established that the mammalian G2/M
checkpoint is achieved through activation of early and
prolonged responses that both impinge upon the mitotic
kinase CyclinB/CDC2. The early, transient G2/M
checkpoint represents the arrest of cells that were in G2
at the time of damage. Although requirements for this
checkpoint are not completely understood, proteins nec-
essary for the initiation (BRCA1 and CtIP) and transduc-
tion (ATM and CHK1) of the DNA damage signal are
essential for inhibiting mitotic entry within 1 h of DNA
damage (Xu et al. 2002; Zhao et al. 2002; Yu and Chen
2004). The rapid response of this checkpoint results from
the inhibition of Cyclin-B/CDC2 through phosphoryla-
tion and ubiquitination of upstream regulators including
Cyclin B, PLKl, WEEl, CDC25A, CDC25B, and
CDC25C (Peng et al. 1997; Sanchez et al. 1997; Raleigh
and O’Connell 2000; Smits et al. 2000; Lee et al. 2001;
Zhao et al. 2002). In contrast, the late, prolonged G2/M
checkpoints take several hours to establish and thus re-
flect the G2 arrest of cells that were in S phase at the
time of damage (Xu et al. 2002; Freie et al. 2004). Two
pathways contribute to this late G2/M checkpoint. The
first pathway requires p53 and involves the induction of
p21<™! and the repression of CDC2 and Cyclin B1 (Tay-
lor and Stark 2001). The second pathway requires FANC
proteins (FANC-C and FANC-D2) and leads to the down-
regulation of active CyclinB/CDC2 kinase through un-
known mechanisms (Freie et al. 2004). Molecular studies
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have demonstrated that rereplication triggers prolonged
G2 arrest through activation of the p53 or FANC path-
ways (Vaziri et al. 2003; Zhu and Dutta 2006).

Despite the existing complexity of DNA damage net-
works, it is likely that additional components have yet
to be identified. Since zebrafish are amenable to genetic
screens, we reasoned that we could use this organism to
identify vertebrate DNA damage response genes. We de-
termined that zebrafish embryos respond to IR by acti-
vating an ATM/ATR-dependent G2/M checkpoint
analogous to the early, transient mammalian G2/M
checkpoint, and we screened for zebrafish mutant em-
bryos that failed to activate this checkpoint. This screen
led to the identification of two zebrafish lines that have
mutations in a gene called denticleless (dtl). We report
here that DTL is essential for the early G2/M checkpoint
in both zebrafish and human cells. Furthermore, loss of
DTL also causes an array of cell cycle phenotypes in
unirradiated cells, including rereplication and a delay in
G2, which are indicative of a failure to inhibit CDT1
during S phase. Consistent with these observations, our
data show that DTL is a component of the CUL4A-
DDBI1 complex in human cells and is required for CDT1
down-regulation during S phase and following DNA
damage. However, our data suggest that deregulation of
CDT1 does not itself cause the G2/M checkpoint defect.
Therefore, we propose that a CUL4-DDBI-DTL com-
plex also ubiquitinates another key cell cycle regulator
in G2 as part of the activation of the G2/M checkpoint.

Results

Ionizing radiation activates a G2 checkpoint
in zebrafish embryos

Vertebrates possess a complex network of proteins and
pathways that are required for the DNA damage re-
sponse (Kastan and Bartek 2004). Many of these factors
were identified through genetic screens in lower eukary-
otes or as genes disrupted in human developmental and/
or cancer syndromes. We reasoned that we could use the
zebrafish to conduct genetic screens for vertebrate DNA
damage checkpoint genes. To determine whether we
could easily assay a DNA damage checkpoint in ze-
brafish, we exposed developing embryos to IR and as-
sessed their mitotic index by whole-mount staining with
an antibody against phosphorylated (Ser 10) histone H3
(pH3). The phosphorylation of histone H3 predomi-
nantly occurs during mitosis, with extensive phosphory-
lation beginning in late G2, peaking during metaphase
and then declining through anaphase (Hendzel et al.
1997). At 32 h post-fertilization (hpf), ~3% of the cells in
unirradiated zebrafish embryos were intensely stained
with an anti-pH3 antibody (Fig. 1A,F). To visualize mi-
totic chromatin and spindles, we stained embryos with
the anti-pH3 and anti-a-tubulin antibodies, respectively.
The majority of the pH3-positive cells had condensed
chromatin and mitotic spindles, confirming that these
cells were mitotic (data not shown).

We next tested whether exposure to IR would decrease
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Figure 1. Insertional mutations in the zebrafish dtl gene cause a G2 DNA damage checkpoint defect. (A) An early G2 checkpoint
response was verified by labeling mitotic cells using an anti-pH3 antibody in untreated (-IR), IR-treated (+IR), and caffeine-pretreated/
IR-treated (+IR; +Caffeine) 32-hpf wild-type zebrafish embryos. (B) Scheme of the shelf screen used to identify recessive lethal
insertional mutants with G2 checkpoint defects. (C) Analysis of embryos derived from hi3627 and hi447 heterozygous crosses showed
a presence of a robust early G2 checkpoint response in wild-type (+/+; +/-) but not mutant (-/-) clutchmates. (D) The positions of the
hi447 and hi3627 insertions relative to the first three exons of the zebrafish dtl gene. Analysis of total mRNA by RT-PCR showed
decreased dtl mRNA, relative to the mrpL13 loading control, in 28-hpf hi3627 and hi447 mutant embryos. (E) dtl morpholinos reduce
dt]l mRNA levels and impair the IR-induced G2 arrest in 28-hpf embryos. (F) Nonirradiated (-IR) and irradiated (+IR) wild-type (+/+;
+/-) and hi3627 mutant (-/-) clutchmates were maintained in the absence or presence of nocodazole for 2 h, and the percentage of
pH3-positive cells was quantified by FACS (mean = SD; n = 20,000 counts in each of three embryos).
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the mitotic index. pH3-positive cells almost completely tantly, these experiments show that a dysfunctional
disappeared from irradiated embryos within 1 h of the IR checkpoint is easily scored using the IR-pH3 assay.

exposure (Fig. 1A). We have demonstrated that the aver-
age duration of G2 in embryos at this developmental
stage is longer than 1 h (see below). Therefore, the loss of
pH3-positive cells 1 h after ionizing radiation exposure

A genetic screen for zebrafish mutants
with a defective IR response

represents a G2 checkpoint. In human cells, a rapidly We have previously generated a collection of ~500 ze-
initiated G2 checkpoint requires the ATM kinase (Xu et brafish lines that carry stable viral insertions (Golling et
al. 2002). To further characterize this DNA damage al. 2002). These lines are fully viable as heterozygotes;
checkpoint in zebrafish, we tested whether checkpoint however, when the viral insert is brought to homozygos-
activation could be disrupted by treatment with caffeine, ity, we have observed developmental defects between 1
an ATM/ATR inhibitor (Sarkaria et al. 1999). While the and 5 d post-fertilization that were typically lethal. In
IR-induced loss of pH3-positive cells was unaffected by most cases, the developmental defect has been linked to
treatment with the vehicle alone, the caffeine-treated, a proviral insert within a specific gene. The collection
irradiated embryos maintained a similar level of pH3- contains mutations within 335 different genes, one-fifth
positive cells to the unirradiated controls, indicating of which have unknown functions (Amsterdam et al.
that the ATM/ATR kinases are required for this check- 2004). Many of the known genes have cell-essential func-
point (Fig. 1A). Thus, zebrafish embryos respond to IR by tions including regulating cell viability or proliferation,
activating an early, ATM/ATR-dependent G2/M check- but the homozygous mutants survive for a few days post-
point similar to their mammalian counterpart. Impor- fertilization because of maternally contributed stores.
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This is notable because several mammalian checkpoint
genes, including ATR and Chk1, are also required for cell
viability and proliferation (Liu et al. 2000; Takai et al.
2000; Brown and Baltimore 2003).

We conducted a pilot screen on 75 lines from the Hop-
kins insertional mutant collection. These were selected
because they had detectable developmental defects at 36
hpf but remained viable. We also focused on lines that
contained mutations within genes of unknown function.
For the screen, we collected 50 or more embryos from
each heterozygous intercross, and then looked for lines
in which approximately one-quarter of the clutch re-
tained a high degree of pH3 staining after IR treatment
(Fig. 1B). We then PCR-genotyped the embryos to deter-
mine whether the defective response occurred in em-
bryos homozygous for the mutant insert. Using this
screen, we found that hi3627 (Hopkins insertion line
3627) homozygotes failed to show the normal decrease in
pH3-positive cells following IR exposure (Fig. 1C). In
contrast, the hi3627 heterozygotes respond like their
wild-type clutchmates (data not shown). Costaining
with anti-pH3 and anti-a-tubulin antibodies confirms
that the pH3-positive cells in the hi3627 homozygous
mutants are mitotic (data not shown). Thus, we refer to
this phenotype as Mitosis After Irradiation (MAI).

The hi3627 mutants have general developmental de-
fects, including apoptosis in the central nervous system
and a dorsally curved tail, which appear by 28 hpf (Fig.
1C; Golling et al. 2002). Injection of a morpholino that
blocks p53 translation is sufficient to delay these devel-
opmental phenotypes by ~12 h, indicating that p53 con-
tributes to the ensuing apoptosis (data not shown). By
performing the IR-pH3 assay at earlier developmental
time points, we found that the MAI phenotype in the
hi3627 mutants occurs as early as 16 hpf, well before the
appearance of any developmental defects (data not
shown). Thus, the MAI defect precedes the p53-depen-
dent apoptosis.

The hi3627 line carries a retroviral insertion at the
splice donor of exon 2 in the zebrafish denticleless ho-
molog gene (dtl). The dtl gene was described in Dro-
sophila melanogaster as a heat-shock-responsive gene
that was required for embryonic development, and a
highly similar gene exists in Schizosaccharomyces
pombe called cdt2 (Cdc10-dependent transcript 2) (Kur-
zik-Dumbke et al. 1996). In the dtI"*°?” mutants, the dt]
mRNA is barely detectable by RT-PCR at 28 hpf (Fig.
1D). Importantly, the Hopkins mutant collection con-
tains a second dtl mutant line, hi447, in which the ret-
rovirus inserted into the third intron of the dtl gene (Fig.
ID). The developmental defects of the dtI™3¢?” and
dtI"**7 embryos are similar, and RT-PCR analysis con-
firms that the hi447 viral insert also substantially re-
duces dtl mRNA abundance (Fig. 1D). Consistent with
the notion that dt! disruption caused the MAI pheno-
type, the hi447 homozygotes also failed to show the nor-
mal decrease in mitotic index after IR exposure (Fig. 1C).
As further verification, we knocked down dtIl mRNA
using a morpholino oligonucleotide that targets the exon
6 splice donor in the dtl pre-mRNA. Injection of the dtl
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morpholino at the two-cell stage causes a partial reduc-
tion in dtl mRNA levels by 28 hpf and yielded a high
mitotic index following IR exposure (Fig. 1E), underscor-
ing our conclusion that the MAI phenotype results from
a reduction in Dt] expression.

We reasoned that the MAI phenotype in the dt! mu-
tant lines could arise through two possible mechanisms:
a failure to prevent entry into mitosis following DNA
damage or a failure to efficiently exit mitosis. To distin-
guish between these two possibilities, we performed no-
codazole-trapping experiments. Specifically, dt]?i3¢27
mutants and wild-type clutchmates were irradiated and
then incubated with or without nocodazole for 2 h before
quantifying the level of pH3-positive cells by FACS (Fig.
1F). Nocodazole treatment causes early to mid-mitotic
arrest; hence, an accumulation of pH3-positive cells dur-
ing nocodazole treatment demonstrates that cells are en-
tering mitosis. The level of pH3-positive cells was simi-
lar in untreated wild-type versus dt/"**2” mutants, and
nocodazole treatment increased the percentage of pH3-
positive cells by fourfold in wild-type embryos and three-
fold in mutant embryos (Fig. 1F). This confirms that no-
codazole treatment inhibits mitotic exit in both wild-
type and dt/"3°27 mutant embryos. As described above,
IR treatment greatly reduced the level of pH3-positive
cells in the wild-type zebrafish (Fig. 1F). This was com-
pletely unaltered when the embryos were placed in no-
codazole immediately after irradiation, indicating that
the G2 checkpoint is activated rapidly. In contrast, the
irradiated dt! mutants retained a high mitotic index
without nocodazole, and this was further elevated by
nocodazole treatment. These data demonstrate that the
MALI phenotype of the dtl mutants reflects a genuine
defect in their ability to arrest in G2 following DNA
damage.

Disruption of dtl causes multiple cell cycle defects

DNA damage checkpoint genes are often required for
normal cell cycle progression. Consistent with this prin-
ciple, further analysis of the hi3627 and hi447 lines re-
vealed that the unirradiated dt! mutants had a variety of
cell cycle abnormalities. First, FACS analysis revealed
that cells derived from 24-hpf dtI"®27 and dtI**4” mu-
tant embryos had a dramatic increase in the percentage
of cells with >4N DNA content (Fig. 2A). We did not
observe a significant number of polyploid cells; instead,
the majority of the aneuploid cells had between 4N and
8N DNA. This >4N DNA suggests a partial rereplication
of the genome. We have also observed this phenotype in
dtl morpholino-injected embryos (morphants), albeit at
later time points (36 hpf) and with reduced penetrance
consistent with the higher residual levels of dtl mRNA
in morphants versus insertional mutants (Fig. 1, cf. D
and E). Partial rereplication is a frequently observed phe-
notype when pre-RC assembly factors such as CDT]1 are
not inhibited appropriately during S phase; therefore,
these data suggested that Dtl was necessary for inhibit-
ing Cdtl after DNA replication initiation (Vaziri et al.
2003; Melixetian et al. 2004; Zhu et al. 2004).
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Figure 2. Dtl is required for normal cell cycle progression in zebrafish embryos. (A) Cell cycle profiles of cells from 32-hpf hi3627
mutant (-/-) and wild-type clutchmate (+/+; +/-) zebrafish embryos showing an increase in 4N and >4N cells in the mutants. (B) The
S-to-M transition was slower in hi3627 mutant (-/-) versus wild-type (+/+; +/-) clutchmates, as assessed by pulse labeling with BrdU,
incubating for the indicated times, and determining the fraction of pH3-positive (mitotic) cells that had incorporated BrdU (mean = SD;
n =5 embryos). (C) Nuclear diameter was increased in hi3627 mutant (-/-) versus wild-type (+/+; +/-) 32-hpf clutchmates (n = 40 cells
in each of five embryos). (D) Mitotic cells in 32-hpf hi3627 mutants stained with anti-pH3 (green) and anti-a-tubulin (red) have
supernumerary spindle poles. (E) Quantitation of prophase, metaphase, or anaphase cells (mean = SD; n =3 embryos), based on
chromatin and spindle morphology, revealed a significant loss of anaphase cells in hi3627 mutants (-/-).

We have already shown that the unirradiated dtl mu-
tants do not have an increased mitotic index, suggesting
that the increase in 4N cells represents a delay in G2
(Fig. 1F). To test this possibility, we pulsed 28-hpf em-
bryos with BrdU; incubated the embryos 1, 2, 4, or 6 h;
and then counted the number of BrdU-positive mitotic
cells in whole-mount stained embryos. The rate at
which BrdU-positive cells entered mitosis reflects the
duration of S and G2. Between the first and second hours
following the BrdU pulse, the percentage of pH3-positive
cells with BrdU rose from 20% to 80% in wild-type em-
bryos, indicating that the average duration of G2 in wild-
type embryos is between 1 and 2 h (Fig. 2B). In contrast,
very few of the BrdU-positive cells in the dt/ mutants
had reached mitosis within 2 h of the pulse, and by 4 h,
less than half of the BrdU-positive cells had entered mi-
tosis. Thus, Dtl loss causes a significant delay in the
transition from S phase to mitosis. Taken together, these
data demonstrate that there is a significant G2 delay in
the dtl mutants. Importantly, a G2 delay is consistent

with CDT1 deregulation, as CDT1 overexpression or
geminin depletion is known to cause DNA damage, and
the initiation of prolonged p53- or ATR/FANCA-depen-
dent G2 checkpoints in human cells (Vaziri et al. 2003;
Melixetian et al. 2004; Zhu and Dutta 2006).

We have also observed several other cellular abnor-
malities in the unirradiated dtl mutants that are similar
to phenotypes caused by deregulated CDT1 expression.
First, we observed a significant increase in the diameter
of nuclei in dtl mutants compared with wild-type
clutchmates (Fig. 2C). This has been observed in D. me-
lanogaster, C. elegans, and human cells when geminin is
depleted and in C. elegans embryos when CUL4 is
knocked down (Zhong et al. 2003; Melixetian et al. 2004;
Yanagi et al. 2005). Second, while the mitotic index of
the dtl mutants is not significantly different from wild-
type controls (Fig. 1F), examination of anti-pH3/anti-a-
tubulin double-labeled cells in the mutant embryos re-
vealed striking mitotic abnormalities. Specifically, mi-
totic cells within dtl mutants frequently had multipolar
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spindles (Fig. 2D). This is in stark contrast to wild-type
embryos in which, to date, we have not seen multipolar
spindles (data not shown). Additionally, anaphase cells
were significantly underrepresented in the dtl mutants
(p < 0.0005), as judged by quantifying the fraction of pH3-
positive cells that were in prophase, metaphase, or ana-
phase based on chromatin and mitotic spindle morphol-
ogy (Fig. 2E). These mitotic defects could be caused by
the G2 delay/rereplication because prolonged G2 reten-
tion is known to allow centrosome overduplication, and
the subsequent formation of multipolar spindles causes
mitotic catastrophe and the loss of anaphase cells (Cast-
edo et al. 2004; Dodson et al. 2004). Consistent with this
notion, small interfering RNA (siRNA) knockdown of
geminin in human cells causes centrosome overduplica-
tion in addition to rereplication and G2 checkpoint ac-
tivation (Tachibana et al. 2005).

DTL associates with the CUL4A-DDB1 E3 ubiquitin
ligase

The preceding analysis shows that unirradiated dtl mu-
tant embryos display numerous defects including G2 de-
lay, rereplication, enlarged nuclei, multipolar spindles,
and a deficiency of anaphase cells. As we describe above,
these cellular defects resemble those observed in human
cells with the knockdown of geminin or the overexpres-
sion of their downstream target CDT1 (Vaziri et al. 2003;
Melixetian et al. 2004; Tachibana et al. 2005; Zhu and
Dutta 2006). Given these facts, we hypothesized that
DTL is required for CDT1 inhibition during S phase.
This hypothesis was supported by the recent finding that
Cdt2 (the S. pombe DTL homolog| is required for the
Pcu4-Ddb1 E3 ubiquitin ligase (the S. pombe equivalent
of CUL4-DDBI) to ubiquitinate an inhibitor of ribo-
nucleotide reductase called Spd1 during S phase and after
DNA damage (Liu et al. 2005). Therefore, we hypoth-
esized that DTL is a component of the CUL4-DDBI1
complex required for CDT1 ubiquitination.

To determine whether vertebrate DTL associates with
the CUL4-DDBI E3 ligase, we purified DTL complexes
using the tandem affinity purification method (TAP)
(Puig et al. 2001). We selected human cells for these stud-
ies because of the availability of antibodies against
CUL4-DDBI1 complex components. We generated a vari-
ant of HeLa-S3 cells that stably expressed an N-termi-
nally tagged TAP-DTL fusion protein. This TAP-DTL
was expressed at a comparable level to the endogenous
DTL and showed the appropriate nuclear localization
(Fig. 3A; Cheung et al. 2001; data not shown). We af-
finity-purified TAP-DTL, or the TAP control protein,
and then screened for DDB1 and CUL4A by immuno-
blotting (Fig. 3A). In each case, DDB1 and CUL4A copu-
rified with TAP-DTL, but not with TAP alone, indicat-
ing that DTL interacts with both of these proteins in
human cells.

To verify that this complex exists in vivo, we con-
ducted immunoprecipitation experiments with the en-
dogenous DTL protein. For these experiments, we gen-
erated a mouse polyclonal antiserum against the C-ter-
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Figure 3. Human DTL interacts with the CUL4A-DDBI com-
plex. (A) TAP alone or TAP-DTL expressed in HeLa-S3 cells was
purified from whole-cell lysates using a TAP procedure. Immu-
noblotting shows DTL, DDBI1, and CUL4A in the input lysate
copurified with TAP-DTL but not the TAP control. The aster-
isk indicates endogenous DTL. TEV protease cleavage caused a
slight change in TAP-DTL’s size. (B,C) Whole-cell lysates were
prepared from either unirradiated (-IR) or irradiated (+IR) HeLa
cells, and endogenous DTL (B) or CUL4A (C) was immunopre-
cipitated. Input lysate and the immunoprecipitates were then
screened for DTL, DDB1 and CUL4A proteins by immunoblot-
ting.

minal half of the human DTL protein and confirmed that
it detected an ~80-kDa protein that was depleted in HeLa
cells transfected with siRNA targeting the DTL mRNA
(Fig. 4A). This anti-DTL polyclonal, but not control
mouse, serum coimmunoprecipitated DTL, DDBI, and
CUL4A from HeLa cells (Fig. 3B). We also performed
reciprocal immunoprecipitation experiments with a
polyclonal antibody against CUL4A, demonstrating
that DTL and DDBI1 both coimmunoprecipitate with
CUL4A (Fig. 3C). We therefore conclude that DTL is a
component of the CUL4A-DDBI1 complex in human
cells.

The CUL4-DDBI1 complex ubiquitinates CDT1 upon
DNA damage, but the mechanism by which the complex
is activated is not completely understood. In S. pombe,
IR exposure causes an increase in Cdt2 protein levels
within 1 h (Liu et al. 2005); therefore, we tested whether
DNA damage increased the abundance of DTL in human
cells or stimulated the interaction of DTL with the
CUL4-DDBI1 complex. Exposing HeLa cells to IR 1 h
before the immunoprecipitations did not cause an ap-
preciable change in DTL protein levels overall or in
the extent of interaction between DTL and CUL4-
DDBI1 (Fig. 3B,C). Thus, unlike the Pcu4-Ddb1-Cdt2



Dtl is an essential checkpoint protein

A ) siDTL  siDTL B siGFP siDti(#1)  siDtl(#2-5)
SIGFP (#1) (#2'5) G0-G165% GO0-G141% GO0-G137%
- + - + - + IR S 26% S 29% S 27%

3 G2-M 9% G2-M 31% G2-M 37%
) o))
52 2
T JV YN
0w
9' 3 © G0-G138% G0-G132% G0-G126%
- ! ~— S 44% S 43% S 42%
= G2-M 17% G2-M 17% G2-M 17%
> - - >4N 2% >4N 8% >4N  15%
w " . Lk
DNA Content >
C D
A SiGFP -IR SiGFP +IR 3 {B-R
_ o m+IR
.2 25 S l
o g 2
= r 1.5
E o
= I
o | [sDTL#1) -IR | [siDTL@#1) +IR Q 11
T ' N
SIGFP = siDTL  siDTL
#1)  #2-5)

DNA Content (PI)

Figure 4. DTL is required for regulating CDT1 and activating the G2 checkpoint in human cells. (A) HeLa cells were transfected with
single siRNAs, siGFP, or siDTL(#1), or a pool of four distinct siRNAs [siDTL(#2-#5)], and after 72 h, the levels of DTL and CDT]1,
relative to the B-actin (ACTB) loading control, were determined by immunoblotting of whole-cell lysates. (B) Cell cycle profiles of
siDTL(#1)- or siDTL(#2-#5)-transfected HeLa cells (72 h post-transfection) or HCT-116 cells (96 h post-transfection). (C,D) HeLa cells
were transfected with siRNAs as described in A, and half of the cells were exposed to 10 Gy of ionizing radiation (+IR) and then
incubated for 1 h before labeling with anti-pH3 and PI. (C) The percentages of pH3-positive cells were calculating using FloJo software.
(D) Averages from four separate experiments are shown (mean = SD; n = 20,000 counts in each experiment).

complex in S. pombe, the activation of CUL4-DDBI1-
DTL does not involve an immediate change in DTL ex-
pression.

DTL is required for CDT1 destruction in human cells

Having shown that DTL binds to CUL4A-DDBI, we
sought to determine whether DTL is required for this E3
ligase to target CDT1 for degradation. In the normal cell
cycle, the CUL4A-DDBI and SCF-SKP2 complexes both
contribute to the ubiquitination and degradation of
CDT1, and consequently the loss of CUL4-DDBI alone
is thought to be insufficient to affect CDTI1 levels
(Nishitani et al. 2006; Senga et al. 2006). In contrast,
CDT1 degradation after DNA damage is solely depen-

dent on the CUL4A-DDBI ligase (Higa et al. 2003; Hu et
al. 2004; Nishitani et al. 2006). Thus, to test whether
DTL is required for the CUL4A-DDBI1-dependent degra-
dation of CDT1, we examined CDT1 levels in vy-irradi-
ated HeLa cells in which the DTL protein was knocked
down using siRNAs. A pool of four separate siRNAs
[siDTL(#2-#5)] or a single, distinct siRNA [siDTL(#1)]
caused dramatic, but not complete, knockdown of DTL
protein by 72 h after transfection in HeLa cells (Fig. 4A).
Irradiation of HeLa cells that were transfected with a
control siRNA (siGFP) caused a pronounced down-regu-
lation of CDT1 protein within 1 h. In contrast, CDT1
protein levels were completely unaffected by DNA dam-
age in either the siDTL(#1)- or siDTL(#2—#5)-transfected
cells (Fig. 4A). These results demonstrate that DTL is
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required for the CUL4A-DDBI1-dependent degradation of
CDT1 after DNA damage.

DTL is required for the normal cell cycle regulation
of CDT1 in human cells

The cell cycle defects that we have observed in zebrafish
dtl mutants suggest that the Scf-Skp2 complex cannot
completely compensate for the loss of Dtl in unper-
turbed cells. Thus, we questioned whether DTL is re-
quired for the normal cell cycle regulation of CDT1 in
human cells. We found that siRNA knockdown of DTL
in human cells yielded cell cycle defects that are consis-
tent with a failure to appropriately down-regulate CDT1
and recapitulated the cell cycle defects we observed in
the dtl mutant zebrafish. Transfection of HeLa cells with
the siDTL(#2—#5) pool caused a reproducible increase in
both the level of CDT1 and in the percentage of cells in
G2 (Fig. 4B). The G2 peak also showed a subtle >4N
shoulder suggestive of partial rereplication. Transfection
of the single siDTL(#1) caused a less pronounced in-
crease in 4N cells and no detectable affect on CDT1 lev-
els (Fig. 4A), suggesting that there is a subtle difference
in the potency of siDTL(#1) versus the siDTL(#2-#5)
pool. In a second human cell line, HCT-116, these
siRNAs displayed a similar difference in their relative
efficacy but gave more pronounced phenotypes, yielding
first an accumulation of G2 cells (72 h after the trans-
fection) (data not shown) and subsequently the appear-
ance of cells with >4N DNA content (96 h) (Fig. 4B).
Thus, DTL is required for both CDT1 degradation and
inhibition of rereplication during the normal cell cycle of
human cells.

DTL is required for the early G2/M checkpoint
in human cells

Having demonstrated that DTL is required to prevent
rereplication in both zebrafish embryos and human cells,
we then tested whether the G2/M checkpoint function
of DTL was also conserved. These experiments were
conducted using HeLa cells transfected with siGFP ver-
sus siDTL(#1) or siDTL(#2-#5). For these experiments,
the cells were treated with IR, and 1 h later, the fraction
of pH3-positive cells was quantified by FACS (Fig. 4C,D).
Without IR, the control- and siDTL-transfected cells had
similar mitotic indexes (Fig. 4D). IR treatment caused an
eightfold decrease in pH3-positive cells in the control
siGFP-transfected cells (Fig. 4D), indicating that the
early G2 checkpoint had been activated. In contrast, IR
exposure caused only a 2.3-fold or 1.3-fold reduction in
pH3-positive cells in siDTL(#1)- or siDTL(#2—#5)-trans-
fected cells, respectively (Fig. 4C,D). Thus, in a similar
manner to the zebrafish, human DTL is required for the
IR-induced, early G2 checkpoint response.

Cdt1 contributes to the cell cycle, but not
the checkpoint, defects of the Dtl mutants

Loss of DTL causes CDT1 deregulation and G2 check-
point failure, two seemingly unrelated phenotypes, in
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both zebrafish embryos and human cells. We wished to
determine whether the inappropriate stabilization of
Cdt1 contributes to the early G2 checkpoint defect of dtl
mutant zebrafish. To address this question, we used
morpholino oligonucleotides that block the splicing of
the zygotic pre-mRNAs to probe the interplay between
cdtl and dtl in zebrafish. Consistent with Cdtl being
essential for DNA replication, injection of zebrafish em-
bryos with 1 pmol of cdtI morpholino causes a highly
penetrant arrest by 6 hpf (60% epiboly) (data not shown).
This phenotype is much stronger than that observed in
the dtl morphants (Fig. 5A). Thus, to determine whether
cdtl contributes to the dtl mutant phenotypes, we ti-
trated down the dose of injected cdtl morpholino to
cause partial knockdown. Injection of 200 fmol of cdt1
morpholino yielded embryos that lived to 28 hpf but
were severely apoptotic/necrotic and displayed a signifi-
cant accumulation of cells in G1 (data not shown). A
further reduction to 50 fmol consistently yielded 28-hpf
embryos that had no significant cell cycle defect (Fig.
5A). Real-time PCR analysis shows that the level of ma-
ture cdtl mRNA was reduced by 60% in these mor-
phants (Fig. 5C). As previously described, injection of the
dtl morpholino causes a partial knockdown of the dtl
mRNA (Fig. 5D) and accumulation of 4N cells by 28 hpf
(Fig. 5A). When we injected 50 fmol of cdt1 morpholino
together with the dtl morpholino, we observed near
complete suppression of the 4N cell accumulation in the
dtl morphants (Fig. 5A). This strongly suggests that ex-
cessive Cdtlcauses the G2 defects arising in the dtI mor-
phants.

In parallel with this cell cycle analysis, we also exam-
ined the checkpoint phenotypes of cdtl and dtl mor-
phants (Fig. 5B). As we have described, the dt] morphants
had the same phenotype as the dtI"32°7 and dtI*#77 ho-
mozygous mutant embryos: pH3-positive cells were
present at normal levels in unirradiated dt! morphants,
but they were not down-regulated in response to IR treat-
ment. Injection of c¢dtl morpholino alone had no effect
on either the mitotic index of the unirradiated 28-hpf
embryos or the checkpoint response after IR treatment.
In the case of the dtl/cdtl double morphants, even
though the reduced CDT1 dosage was sufficient to sup-
press the G2 progression defect of the dtI morphants (Fig.
5A), it had no effect on the defective IR-induced, G2
checkpoint response (Fig. 5B). This strongly suggests that
the role of Dtl in the early G2 checkpoint is Cdtl inde-
pendent.

Discussion

In this study, we have used zebrafish as a model organ-
ism to study cell cycle control and DNA damage re-
sponse. We first established that zebrafish embryos acti-
vate a robust G2/M DNA damage checkpoint within 1 h
of IR treatment. Like the mammalian early G2/M check-
point response, this G2 arrest is caffeine-sensitive, indi-
cating that it is ATM/ATR-dependent. We conducted a
genetic screen for zebrafish mutant embryos that failed
to appropriately activate this checkpoint. From this
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Figure 5. Knockdown of cdt1 rescues 4N accumulation in dtl morphants but not the G2 checkpoint defect. (A) Zebrafish embryos
were injected with vehicle (Control), dtI morpholino, cdt1 morpholino, or both (dtl + cdt1). Cell cycle profiles of cells dissociated from
those morpholino-injected embryos at 28 hpf are shown. (B) Mitotic cells in 28-hpf zebrafish embryos, which were morpholino-injected
as in A, were labeled with an anti-pH3 antibody 1 h after the embryos were exposed to 15 Gy of IR. (C,D) Total RNA was prepared
from morpholino-injected embryos at 28 hpf and, using B-actin as a control, were analyzed for cdt? mRNA by real-time PCR (C)

(mean + SD; n = 4) or dtI mRNA by RT-PCR (D).

screen, we identified two mutant alleles of the dtl gene
that cause G2/M checkpoint failure. Our subsequent
analysis of both the zebrafish mutants and siRNA
knockdown in human cells showed that DTL loss causes
phenotypes that are conserved between zebrafish and hu-
mans. DTL is required for the rapid G2 checkpoint re-
sponse and also normal cell cycle control, and these two
functions appear to arise through the regulation of dis-
tinct downstream targets.

A critical role for DTL in preventing rereplication
through the regulation of CDT1

The depletion of DTL causes rereplication, G2 delay, and
the appearance of multipolar spindles. Strikingly, these
phenotypes have all been observed in other systems in
which CDT1 is inappropriately regulated. CDT1 inhibi-
tion by geminin and the UPS is critical for preventing de
novo replication origin formation during S phase; conse-
quently, overexpressing CDT1 or depleting geminin
causes rereplication (Vaziri et al. 2003; Melixetian et al.
2004; Zhu et al. 2004). Through unknown mechanismes,
rereplication leads to DNA damage and the subsequent

activation of prolonged G2/M checkpoints (Zhu and
Dutta 2006). Furthermore, depletion of geminin causes
centrosome overduplication that may also indirectly re-
sult from rereplication, since supernumerary centro-
somes and multipolar spindles can result from extended
G2 arrest (Dodson et al. 2004; Tachibana et al. 2005).
Therefore, the array of phenotypes that we observed in
undamaged DTL-depleted zebrafish embryos or human
cells strongly suggested that DTL was an inhibitor of
CDT1. Consistent with this notion, we found that
knockdown of DTL in HeLa cells causes CDT1 overex-
pression and completely abrogates the DNA-damage-in-
duced destruction of CDT1. We also demonstrated that
DTL is part of the CUL4A-DDB1 E3 ubiquitin ligase
that ubiquitinates CDT1 during S phase and following
DNA damage. Finally, knockdown of Cdtl suppresses
the cell cycle defects in Dtl-depleted zebrafish embryos.
Together these data demonstrate that DTL is an essen-
tial component of the CUL4-DDBI1 complex that targets
CDT1 for destruction. Additionally, these data suggest
that the cell cycle defects that we have observed in un-
damaged, DTL-depleted cells are entirely caused by the
deregulation of CDTI1. Contemporaneous with our
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study, others have shown that DTL/CDT?2 is one of sev-
eral DDBI1- and CUL4-associated factors (DCAFs) and
that DTL/CDT?2 is required for CDT1 degradation (An-
gers et al. 2006; Higa et al. 2006; Jin et al. 2006).

CUL4-DDBI1-DTL is essential for preventing
rereplication in vertebrates

Our data provide insight into the essential mechanisms
that prevent rereplication in human cells. Cul4 is nec-
essary to prevent rereplication in C. elegans larvae, but
recent reports have suggested that geminin or SCF-Skp2
compensates for the loss of CUL4-DDBI1 to properly
regulate CDT1 in vertebrates, suggesting that CUL4-
DDBI1-dependent regulation of CDT1 during normal cell
cycle progression is redundant (Zhong et al. 2003; Nishi-
tani et al. 2006). We have demonstrated that loss of ze-
brafish Dtl causes overt rereplication, indicating that the
Cul4-Ddb1-Dtl complex plays a nonredundant role in
the regulation of Cdtl in zebrafish embryos. Moreover,
depletion of DTL in human HCT-116 and HeLa cells is
also sufficient to cause rereplication. Thus, in addition
to playing an essential role in DNA-damage-induced
CDT1 destruction, the CUL4-DDB1-DTL complex
plays an indispensable role in the regulation of CDT1
during normal cell cycle progression in vertebrates.

Geminin depletion or CDT1 overexpression causes
the activation of robust, prolonged G2 checkpoints and
dramatic decreases in the numbers of pH3-positive cells
(Vaziri et al. 2003; Zhu and Dutta 2006). In contrast, we
find that DTL down-regulation can cause CDT1 stabili-
zation and G2 defects, but the cells are still able to enter
mitosis. This disparity could result from the presence of
low levels of residual DTL in our knockdown cells or
differences in the degree of rereplication or DNA damage
response in the various cell types used for these experi-
ments. Alternatively, Dtl-deficient cells may continue
entering mitosis because they have a reduced ability to
initiate or maintain the prolonged G2/M DNA damage
checkpoint. This is an intriguing possibility given that
dtl mutants also fail to halt mitotic entry following ex-
posure to IR.

DTL is required for the early G2/M DNA damage
checkpoint

We originally identified dtl as a gene required in ze-
brafish embryos for the initiation of an IR-induced G2/M
checkpoint; subsequently, we also demonstrated that
depletion of DTL abrogates the early G2/M checkpoint
in human cells. However, DTL loss also triggers a G2
delay that is consistent with the activation of a pro-
longed G2/M checkpoint. Thus, our data show that DTL
depletion in zebrafish or human cells both abrogates and
activates G2/M checkpoints. This is seemingly contra-
dictory, but there is good reason to believe that this re-
flects the influence of DTL loss on two distinct G2
checkpoint pathways: an early checkpoint and a pro-
longed checkpoint. As we described above, rereplication-
induced DNA damage is known to promote G2 arrest
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through activation of the prolonged p53- or ATR/FANC-
dependent checkpoints (Vaziri et al. 2003; Zhu and
Dutta 2006). In contrast, the rapid IR-induced G2 arrest
for which DTL is required has been shown to be p53- and
ATR/FANC-independent. Therefore, we propose that
DTL is required for an early G2/M checkpoint that is
distinct from the prolonged G2/M checkpoints initiated
by rereplication.

While Cdtl deregulation profoundly affects the cell
cycle, there is no evidence that it prevents the activation
of the early G2/M checkpoint. However, it is possible
that the robust, prolonged G2/M checkpoints activated
by geminin depletion or CDT1 overexpression preclude
detection of an early G2/M checkpoint defect. Therefore,
as a first step toward understanding the role of Dtl in the
early G2/M checkpoint, we used the zebrafish to assess
whether the checkpoint failure is a consequence of Cdtl
deregulation. In these experiments, a reduction in Cdtl
dosage was sufficient to rescue the cell cycle defect of dtl
morphant zebrafish, but it had no appreciable affect on
the G2/M checkpoint failure. This strongly suggests that
the checkpoint defect reflects a Cdtl-independent role of
Dtl. One caveat of this experiment is that it necessarily
involves partial Cdtl knockdown, since Cdtl loss is le-
thal at 65% epiboly. Thus, it is formally possible that the
residual Cdtl in these morphants is sufficient to inhibit
the G2 checkpoint. As a reciprocal approach, we at-
tempted to assess the G2 checkpoint in zebrafish em-
bryos in which Cdtl is overexpressed (C.L. Sansam and
J.L. Shepard, unpubl.). However, injection of cdt1 mRNA
caused lethality at 65% epiboly, underscoring the impor-
tance of maintaining appropriate Cdtl levels (too much
or too little is equally lethal) but precluding analysis of
the G2 checkpoint. Since a reduction in zebrafish Cdtl
rescued the cell cycle, but not the checkpoint defect of
dtl morphants, and there was no a priori evidence that
CDT1 deregulation promotes DNA damage checkpoint
failure, we hypothesize that the G2 checkpoint defect
represents a CDT1-independent function of DTL (Fig. 6).

At a broader level, the essential function of DTL in the
early G2/M checkpoint could reflect its role in the
CUL4-DDBI1 complex (presumably targeting one or
more other substrates) or it could be CUL4-DDBI inde-
pendent. We favor the former model because there is
strong evidence that the CUL4-DDBI ligase plays mul-
tiple roles in the DNA damage response. We, and others,
have shown that the DNA-damage-induced degradation
of CDT1 or Spdl is absolutely dependent on the human
(CUL4-DDBI1-DTL) or S. pombe (Pcu4-Ddb1-Cdt2) ver-
sions of the DTL-containing complex (Liu et al. 2005;
Higa et al. 2006; Jin et al. 2006). Additionally, CUL4-
DDBI1 ligases that include two other substrate recogni-
tion proteins, CSA or DDB2, are also modulated by DNA
damage and play essential roles in the repair of ultravio-
let (UV)-damaged DNA. Given these observations, we
attempted to test whether the CUL4-DDBI1 core com-
plex is required for the early G2 checkpoint by knocking
down DDBI in zebrafish and human cells. However, the
resulting phenotypes (lethality at 60% epiboly or com-
plete G2 arrest and loss of pH3-positive cells) precluded
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Figure 6. DTL is required both for the down-regulation of
CDT1 during S phase and for the activation of the early G2/M
checkpoint. The CUL4-DDBI-DTL complex inhibits CDT1
during S phase. Loss of DTL causes inappropriate expression of
CDT1 during S phase, leading to rereplication, prolonged G2
checkpoint activation, multipolar spindles, and mitotic catas-
trophe. DTL loss also prevents the activation of the IR-induced
early G2/M checkpoint in a CDT1-independent manner.

examination of the G2 checkpoint (C.L. Sansam and J.L.
Shepard, unpubl.). Notably, these defects were much
stronger than those resulting from DTL knockdown.
This could reflect differences in the efficiency of knock-
down, or that DDBI is required for more functions than
DTL. The latter possibility seems likely since DDBI is a
core component of the CUL4 E3 ligase and DTL is just
one of multiple specificity factors for this complex (An-
gers et al. 2006; Jin et al. 2006). Clearly, additional stud-
ies will be required to understand how DTL contributes
to the rapid G2 checkpoint, and if it indeed reflects a
novel role for the CUL4-DDB1-DTL complex, identify
the relevant target(s).

Materials and methods

G2 checkpoint assays

To initiate a DNA damage response, zebrafish embryos and
HeLa cells were exposed to 15 Gy or 10 Gy of IR, respectively,
from a %°Co source. One hour after irradiation, the zebrafish
embryos or HeLa cells were prepared for pH3 analysis. The pro-
cedure for whole-mount immunostaining of zebrafish embryos
with anti-pH3 (Santa Cruz Biotechnology; sc8656R) was previ-
ously described (Shepard et al. 2005). For FACS analysis, em-
bryos were sorted based on developmental phenotypes into mu-
tant (-/-) or wild-type (+/+; +/-) groups, and pools of 20 embryos
were triturated in 0.25% Trypsin/l mM EDTA. Suspensions of
zebrafish embryo cells or HeLa cells were prepared for pH3/
propidium iodide FACS analysis according to a previously de-
scribed protocol (Xu et al. 2002). To test whether caffeine could
inhibit the zebrafish G2 checkpoint, 32-hpf embryos were
placed in 2 mM caffeine and incubated for 30 min at 28.5°C
before the IR/pH3 assay.

Zebrafish maintenance, collection, and genotyping

Zebrafish were maintained as described (Amsterdam et al.
2004). For the screen, heterozygous insertion carriers were in-
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crossed, and 24-hpf embryos were dechorionated and incubated
in 1-phenyl-2-thiourea (PTU, 0.003%) to inhibit pigmentation.
At 32 hpf, 60 embryos from each clutch were subjected to G2/M
checkpoint analysis. The dtI"3?” embryos that retained pH3
staining post-radiation were individually PCR-genotyped
(hi3627 forward [F|, CCCTTCTTCGTTGGCTACAG; hi3627
reverse [R], GTCTCTGCTGGACGGCTATG,; provirus reverse,
TGATCTCGAGTTCCTTGGGAGGGTCTCCTC).

Morpholino injections

Splice-blocking morpholinos (Gene Tools) were injected to re-
duce expression of dtl-exon 4 (AAAGTACCTTTTTTACTG
CATCTTG) or cdtl-exon 3 (TGAGCAGCTATCCTCACC
GTTCCTG). Knockdown of the dtl mRNA was confirmed by
RT-PCR (F, AGCACTGGAGGCAGAGATGG; and R, GATAG
GCCTGTAGAGGCAGG), and knockdown of the cdt1 mRNA
was measured by two-step real-time RT-PCR with SYBR Green
I Dye (Applied Biosystems) (F, CTGAGACACAGCCTGCA
ACT; and R, GGGCACATCCTGAGCTAAA) and normalized
against zebrafish B-actin (F, CATCAGCATGGCTTCTGCTC
TGTATGG; and R, GACTTGTCAGTGTACAGAGACACC
CTG).

Cell cycle analysis

For DNA content analysis, zebrafish cell suspensions were pre-
pared as described above for the pH3/PI FACS procedure. Sus-
pensions of zebrafish embryo cells, HeLa cells, or HCT-116 cells
were processed for DNA content FACS analysis as described
(Pozarowski and Darzynkiewicz 2004). The cells were analyzed
using a FACScan machine (Becton-Dickinson), and the data
were analyzed using ModFit LT software (Verity Software). The
BrdU pulse experiments and whole-mount staining of embryos
with anti-pH3 and anti-a-tubulin were performed as previously
described (Shepard et al. 2005).

Cell culture and siRNA transfections

HelLa cells were maintained in DMEM with 10% fetal bovine
serum. HeLa-S3 cells were maintained in SMEM with 10% bo-
vine calf serum. The following siRNAs were generated by Dhar-
macon: siGFP, UCCCGGCUAUGUGCAGGAGUU; siDTL(#1),
AAGGUUCCUGGUGAACUUAAAUU; siDTL(#2), ACUCCU
ACGUUCUCUAUUAUU; siDTL(#3), GUAUGGGAUUUACG
UAAGAUU; siDTL(#4), AGAAGGCUUUGUUCGAUUGUU;
siDTL(#5), GCUAAUUGCACAGACGAUAUU; and siDDBI,
GGACCUGCUGUUUAUCUUGUU. The individual siRNAs
were transfected at 100 nM, while each siRNA in the siDTL(#2—
#5) pool was at 25 nM. All siRNAs were transfected with Oli-
gofectamine (Invitrogen) according to the manufacturer’s in-
structions.

Generation of anti-DTL antiserum

To generate polyclonal antiserum for immunoblotting and im-
munoprecipitation of human DTL, a 6x His-tagged fragment of
human DTL (NP_057532, amino acids 388-690) was expressed
in bacteria, purified over Ni?*-nitrilotriacetic acid-agarose resin
(Qiagen), and used to immunize BALB/c mice. The resultant
polyclonal antiserum was tested for its ability to detect endog-
enous Dtl protein in HeLa cells, and the specificity of the anti-
serum was confirmed using lysates from DTL siRNA-trans-
fected HeLa cells.
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Protein preparation, TAP-tag purification,
and immunoprecipitation

To generate the TAP-DTL expression vector, the human DTL
c¢cDNA was PCR-amplified and cloned into pENTR/D-TOPO
(Invitrogen) according to the manufacturer’s instructions. The
cDNA was then transferred to the pDS_MSCVmacs4-TAP-XB
retroviral expression vector (ATCC #10326361) using the stan-
dard Invitrogen Gateway LR reaction. TAP or TAP-DTL retro-
virus, which was packaged using Phoenix cells as described (Fas-
sati et al. 1994), was used to infect HeLa-S3 cells, and low-
expressing cells were selected by FACS sorting cells surface-
labeled with FITC anti-CD4 (Miltenyi Biotec). Expression of
TAP or TAP-DTL was confirmed using peroxidase anti-peroxi-
dase (Sigma) or DTL antiserum. Whole-cell lysates were pre-
pared with 0.1% NP-40 lysis buffer and subjected to the previ-
ously described TAP-tag purification procedure (Puig et al.
2001). Coimmunoprecipitations were performed using 0.1%
NP-40 lysis buffer and antibodies against CUL4A (Rockland;
rabbit) or DTL. Immunoblotting was performed using anti-
DDBI (Genetex; rabbit), anti-CUL4A, or anti-DTL.
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