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Cyclin dependent kinase 5 (Cdk5) is a determinant of PARP inhibitor and ionizing radiation (IR) sensitivity. Here we
show that Cdk5-depleted (Cdk5-shRNA) HeLa cells show higher sensitivity to S-phase irradiation, chronic hydroxyurea
exposure, and 5-fluorouracil and 6-thioguanine treatment, with hydroxyurea and IR sensitivity also seen in Cdk5-
depleted U2OS cells. As Cdk5 is not directly implicated in DNA strand break repair we investigated in detail its proposed
role in the intra-S checkpoint activation. While Cdk5-shRNA HeLa cells showed altered basal S-phase dynamics with
slower replication velocity and fewer active origins per DNA megabase, checkpoint activation was impaired after a
hydroxyurea block. Cdk5 depletion was associated with reduced priming phosphorylations of RPA32 serines 29 and 33
and SMC1-Serine 966 phosphorylation, lower levels of RPA serine 4 and 8 phosphorylation and DNA damage measured
using the alkaline Comet assay, gamma-H2AX signal intensity, RPA and Rad51 foci, and sister chromatid exchanges
resulting in impaired intra-S checkpoint activation and subsequently higher numbers of chromatin bridges. In vitro
kinase assays coupled with mass spectrometry demonstrated that Cdk5 can carry out the RPA32 priming
phosphorylations on serines 23, 29, and 33 necessary for this checkpoint activation. In addition we found an association
between lower Cdk5 levels and longer metastasis free survival in breast cancer patients and survival in Cdk5-depleted
breast tumor cells after treatment with IR and a PARP inhibitor. Taken together, these results show that Cdk5 is
necessary for basal replication and replication stress checkpoint activation and highlight clinical opportunities to
enhance tumor cell killing.

Introduction

Cyclin dependent kinase 5 (Cdk5), a proline directed serine/thre-
onine kinase, modulates many different physiological process includ-
ing migration,1 survival and synaptic functions2 in neurons. A link
between Cdk5, DNA repair and cell cycle regulation has also been
shown with Cdk5 phosphorylating Ape1,3 ATM and STAT3.4-6 In
non-neuronal cells the absence of Cdk5 was associated with a sensiti-
zation to campthotecin, cisplatin, poly(ADP) ribose polymerase
(PARP) inhibitors7,8 and ionizing irradiation (IR)8 but not to methyl
methane sulphonate or neocarzinostatin.8 Thus although a high level
of Cdk5 expression has been associated with tumor progression and

metastasis,9-12 the sensitivity of Cdk5 depleted cells would suggest
that the low Cdk5 levels found in some tumors could be exploited
for therapeutic benefit.

Previous studies from Turner et al. showed that Cdk5 is required
for an efficient intra-S checkpoint in response to DNA damage.7

Cdk5 is however not directly required for either DNA double strand
break (DSB)7 or single strand break (SSB) repair8 suggesting that
Cdk5 is necessary for an earlier step in the replicative stress response.
One of the key steps is the priming phosphorylation of replicating
protein A (RPA) subunit RPA32 on serines 23 (S23), 29 (S29) and
33 (S33) by cyclin-Cdk complexes and ATR followed by the hyper-
phosphorylation on serines 4 (S4) and 8 (S8) that is mostly
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dependent onDNA-PK.13 This sequential modification of RPA32 is
necessary for checkpoint activation and DNA repair. Indeed the
reduced hyper-phosphorylation at RPA-S4S8 has a direct conse-
quence on Rad52 and Rad51 loading and recombination repair after
replicative stress.14-16

In the present study we sought to further characterize the
impact of the absence of Cdk5 on cell survival, and determine
cell cycle dynamics under basal growth conditions and in
response to replicative stress. In addition we have assessed
whether Cdk5 levels in breast tumors are associated with metasta-
sis free survival (MFS) and using an in vitro approach examined
the impact of Cdk5 depletion on cell survival in 2 breast tumor
models after treatment with IR and a PARP inhibitor.

Results

The depletion of Cdk5 expression results in lower cell
survival and altered S-phase dynamics

The S-phase radioresistance, evaluated by the ratio of the sur-
viving fraction after exposure to 2 Gy (SF2) for unsynchronised

cells vs synchronized cells, was significantly lower in HeLa cells in
which Cdk5 was stably depleted (Cdk5-shRNA) compared to
Control cells8 (ratio 1.5 § 0.16 for Control cells vs 1.06 § 0.20
for Cdk5-shRNA cells, P D 0.004) (Fig. 1A and E).

The Cdk5-shRNA HeLa cells also showed an increased sensi-
tivity to chronic hydroxyurea (HU) exposure, and 5-fluorouracil
(5-FU) and 6 thioguanine (6-TG) treatment (Fig. 1B-D), all
agents that disrupt replication. In order to assess whether a simi-
lar phenotype was seen in another cell model we used the same
shRNA expression system to stably deplete Cdk5 in U2OS cells
and found that asynchronous Cdk5-depleted U2OS cells were
more sensitive to the cell killing effects of HU and IR (Fig. S1A
and B).

The depletion of Cdk5 in the HeLa cell model on cell growth
and replication was further characterized and found to be associ-
ated with a slower basal rate of cell proliferation (Fig. S2A) and
S-phase (Fig. S2B). The underlying causes were a significantly
slower replication velocity in the Cdk5-shRNA cells compared to
Control cells (median velocity 1.06 § 0.03 Kb/min for Control
and 0.87 § 0.02 Kb/min for Cdk5-shRNA cells) as assessed by

Figure 1. Clonogenic cell survival of Control and Cdk5 deficient cell lines to increasing doses of (A) 137Cs gamma rays (B) Hydroxyurea (HU) (C) 5-fluoro-
uracil (5-FU) and (D) 6-thioguanine (6-TG). (A) Asynchronous or synchronized in S-phase (double thymidine block) cells were irradiated and colonies
were allowed to grow for 10–15 days. (B) Asynchronous cells were exposed to increasing concentrations of HU present in the culture medium until col-
ony fixation or to (C) 5-FU or (D) 6-TG for 24 h followed by fresh medium and colony growth. Data represents the combined mean §SD from at least 2
independent experiments using 2 different HeLa Cdk5 clones for each experiment in triplicate for all conditions. (**P < 0.01; ***P < 0.001; Unpaired t-
test). (E) Representative western blot showing the depletion of Cdk5 protein in the 2 Cdk5-shRNA cell lines used compared to the 2 Control clones. Ku80
was used as a gel loading control.
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DNA combing (Fig. 2A) and fewer active origins per megabase
of DNA (Fig. 2B). These data show for the first time that Cdk5
plays an active role in the regulation of replication dynamics
under basal growth conditions.

Cdk5 is necessary for full activation of checkpoint signaling
In the light of the survival profiles of the Cdk5-depleted cells

to agents that generate replicative stress and in order to investi-
gate Cdk5’s role in the activation of the intra-S phase checkpoint
in more detail, we treated cells with HU that inhibits ribonucleo-
tide reductase causing a rapid depletion of the dNTP pool result-
ing in a slowing of fork rate progression17 and the activation of
ATR-dependent DNA replication checkpoints.18 In contrast to
basal growth conditions, after the induction of replicative stress
Cdk5-shRNA cells show a faster recovery than Control cells
(Fig. 2C). The proportion of cells remaining in the S-phase 8 h
after HU release was higher in
Control compared to Cdk5-
shRNA cells (P D 0.016). This
deficiency was also reflected in the
statistically higher proportion of
Cdk5-shRNA cells in G2/M (P D
0.02) seen from 8 h to 16 h after
HU release (Fig. 2C) and a dou-
bling of the number of mitotic
cells (P D 0.0015) (Fig. 2D) 16 h
after HU release compared to
Control cells. The observation
that a similar cell cycle profile was
observed when cells were treated
with aphidicolin, that disrupts
replication by inhibiting DNA
polymerases19 (Fig. S3A), rules
out the possibility that the differ-
ences between the Cdk5-shRNA
and Control cells are related to
dNTP pool sizes. These results
support a role for Cdk5 in the
activation of the intra-S check-
point as previously reported.7

Two parameters that ensure the
activation of the intra-S check-
point are the replication fork
velocity and fork density which
are essential to maintain replica-
tion fork stability and block the
initiation of latent origins.20-22

As expected,17 HU treatment
reduced the fork speed in Control
cells (Fig. 2A) from 1.06 Kb/min
in untreated cells to 0.80 Kb/min
after HU treatment and resulted
in a decrease in fork density from
8.4 to 5.6 forks/Mb in HU treated
Control cells (Fig. 2B). HU treat-
ment however had a negligible

effect on the already slower fork speed in Cdk5-shRNA cells with
the velocities seen comparable to those in HU treated Control
cells (0.87 Kb/min in untreated Cdk5-shRNA cells, 0.78 Kb/
min in HU treated Cdk5-shRNA cells and 0.80 Kb/min in HU
treated Control cells). In contrast a significant increase in fork
density after HU treatment in the absence of Cdk5, from 6.4 in
untreated cells to 8.7 forks/Mb, was observed. These results sug-
gest that Cdk5 is required to inhibit the firing of late origins dur-
ing replicative stress, providing an explanation as to why Cdk5-
shRNA cells recover faster from a HU-block than Control cells.

Impaired RPA32 phosphorylation in Cdk5-shRNA cells
after replicative stress

One of the first signals of replication stress is the accumulation
of ssDNA at the replication fork that arises from the uncoupling
of the replicative helicases and DNA polymerases.23,24 Once

Figure 2. Cdk5-shRNA cells show a faster progression through S and G2 after exposure to HU. (A) Replication
fork speed distribution in Control and Cdk5-shRNA cells in treated (HU 2mM, 2 h) or untreated cells. 100 to
250 DNA fibers were scored per condition. The numbers correspond to the median (shown as a horizontal
line) replication speed. P values are indicated (NS - not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P
<0.0001, Mann-Withney test). Data are based on 2 independent experiments for each Cdk5-shRNA clone,
mean values of the 4 experiments have been calculated. (B) Increased fork density in Cdk5-shRNA cells after
HU (2 mM, 2 h) treatment: Control and Cdk5-shRNA cell lines were treated or not, then labeled with succes-
sive pulses of IdU and CldU for 30 min each. Fork density was determined as the number of forks per Mb in
the S-phase DNA population. More than 100 Mb was measured per condition. Data are the combined means
§ SD from 2 independent experiments for each Cdk5 clone, mean values of the 4 experiments have been
calculated. (C) Cells were treated with HU (2 mM) for 24 h, released into fresh medium (0 h corresponds to
24 h HU treatment) then pulse labeled with BrdU (10 mM, 15 min) at different times post release before col-
lection and the percentage of Controls and Cdk5-shRNA cells in S and G2/M phases were determined by
FACS analysis. Data are means § SD from 3 independent experiments for 2 different HeLa Cdk5 clones. (*P
< 0.05; **P < 0.01; ***P < 0.001; Unpaired t-test). (D) Mitotic entry after HU release. Control and Cdk5 cells
were treated with 2 mM HU for 24 h and released into medium containing Nocodazole (50 mg/ml). The per-
centage of mitotic cells was analyzed by FACS by phospho-H3 content. Data are means § SD from 2 inde-
pendent experiments for 2 different HeLa Cdk5 clones. (*P < 0.05; **P < 0.01; ***P < 0.001; Unpaired t-test).
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formed this ssDNA is coated by RPA and acts as a signaling plat-
form for the recruitment of the ATR-ATRIP complex, the activa-
tion of ATR and the subsequent phosphorylation of down-
stream effector proteins required for the activation of the DNA
replication damage checkpoint.25,26 In order to analyze the con-
sequences of Cdk5 depletion on this cascade of ATR-dependent
signaling events, we next assessed the early steps during and up to
24 h after an HU block. Six h after the start of the block a clear
reduction in the level of the phosphorylation of Chk1-S317 was
seen in the Cdk5-shRNA cells providing an explanation for the
higher fork density observed compared to the Control cells
(Fig. 3A) and by 24 h significantly lower maximum levels of
SMC1-S966 and RPA32-S33 and -S29 phosphorylation were
seen in the Cdk5-shRNA cells compared to the Control cells
(Fig. 3B). Reduced RPA32-S4S8 and -S33 and SMC1-S966
phosphorylation was also observed 24 h after aphidicolin
(2.5 mg/ml) treatment in the Cdk5-shRNA HeLa cells
(Fig. S3B–C). However no clear differences in the dephosphory-
lation patterns of these proteins between the Controls and the
Cdk5-shRNA HeLa cells were noted after release from the HU
block.

The lower in vivo levels of RPA32 phosphorylation in
Cdk5-shRNA cells led us to investigate whether Cdk5 could

phosphorylate RPA32 on the same sites as reported for
Cdk1 and Cdk227-29 and ATR.30 Using in vitro kinase
assays followed by mass spectrometry analysis we found that
Cdk5 phosphorylated RPA32 (Fig. 3C) on positions S23,
S29 and S33 (Fig. 3D, Fig. S4A–C). Under the same exper-
imental conditions, active Cdk1 and Cdk2 can also phos-
phorylate these 3 positions but a significantly lower relative
frequency of these events was detected compared to that
seen with Cdk5 (Fig. S4D). These results suggest that these
3 priming phosphorylations that normally requires the syn-
ergistic action of the cyclin-Cdks and PIKK13 can be carried
out by Cdk5.

Depletion of Cdk5 expression impacts on the later steps of
the DNA damage response

The altered RPA32 phosphorylation profile in response to
HU in the absence of Cdk5 led us to compare the levels of
global DNA damage in the HeLa cell model using the alkaline
comet assay.31 No significant difference in the level of IR
induced DNA damage was noted and identical damage levels
remained 1 h post-radiation (Fig. S5A) suggesting that DNA
strand break repair per se was not deficient in the Cdk5-shRNA
cells. The early signaling events in the DNA DSB response were

also compared in the Cdk5-
shRNA vs Control cells after treat-
ment of asynchronous cell popula-
tions with 2 and 5 Gy of gamma
irradiation. We confirmed Turn-
er’s observation that Cdk5 was not
required for the activation of
ATM following gamma irradiation
(Fig. S5B) and also confirmed this
in S-phase synchronised cell popu-
lations (Fig. S5C). In contrast to
gamma irradiation that induces
DNA damage that directly acti-
vates the ATM-Chk2 signaling
pathway,32-34 HU stress leads to
fork stalling followed by resection
that activates the ATR signaling
cascade. After a 24 h HU treat-
ment a significantly lower level of
DNA damage was seen in Cdk5-
shRNA compared to Control cells,
as seen by the lower mean tail
moment in the alkaline comet
assay and at all subsequent time
points assessed (Fig. 4A). This
result was confirmed using 3 addi-
tional endpoints. Firstly the
gamma-H2AX signal intensity
observed 24 h into the HU block
and up to 12 h after release was
lower in Cdk5-shRNA cells com-
pared to Control cells (P < 0.001
to <0.05 respectively) (Fig. 4B).

Figure 3. Decreased ATR and Cdks-dependent phosphorylation of Replication Protein A upon HU treatment
in Cdk5 depleted cells. (A) Representative western blot analysis of phospho-SMC1-S966, phospho-Chk1-
S317 and phospho-RPA-S29 and S33 in protein extracts from Control and Cdk5-shRNA cells during a 24 h
HU block (2 mM) and over the following 24 h after release from the block. Total Tubulin was used as a load-
ing control. (B) Quantification data are ratios of intensities of treated to non-treated cellular extracts after
normalization with tubulin intensity, data are means § SD from 2–3 independent experiments using 2 dif-
ferent HeLa Cdk5-shRNA clones have been calculated. (*P < 0.05; **P < 0.01; Unpaired t-test). (C) In vitro
kinase assay showing the phosphorylation of purified RPA32 protein by Cdk5/p25 recombinant kinase after
30 min at 25� C. The image is representative of 3 independent experiments. The phosphorylation of histone
H1 by Cdk5 was used as a positive control. (D) Sites of phosphorylation of the RPA protein by Cdk5 in vitro
(same experimental settings as in 3C), identified by mass spectrometry: S23, S29 and S33. All three sites
were detected in 7 independent experiments (full spectra are shown in Fig. S3).
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Secondly, although the propor-
tion of cells with RPA foci was
higher in S-phase Cdk5-shRNA
cells under basal growth condi-
tions compared to Control cells,
in agreement with the increased
spontaneous replication stress in
Cdk5-shRNA cells and their
reduced S-phase kinetics, a
smaller percentage of Cdk5-
shRNA cells contained ssDNA as
assessed by the analysis of RPA
foci after HU treatment com-
pared to Control cells (P �
0.0001) (Fig. 4C). Finally using
a BrdU labeling technique under
native conditions, we could show
a reduce amount of ssDNA in
Cdk5-shRNA compared to Con-
trols cells (Fig. 4D). These obser-
vations would suggest that the
resection step is also compro-
mised in the absence of Cdk5
after a HU block. Such a defect
would directly impact on the
amount of ssDNA formed and
the activation of the ATR signal-
ing cascade, thus reducing the
intra-S checkpoint activation
under conditions of HU stress.

Prolonged HU exposure leads
to fork breakage and DSB forma-
tion. The resection of these DSBs
can be assessed using as an end-
point the quantification of
RPA32-S4S8 phosphorylation
and the subsequent accumulation
of Rad51 foci formation after
HU treatment.35 RPA32-S4S8
phosphorylation as measured in
protein extracts of cells treated
with HU showed a slower induc-
tion and reached significantly
lower levels in the Cdk5-shRNA compared to the Control cells
(P D 0.0019 at 24 h) (Fig. 5A). An altered profile of RPA32-
S4S8 phosphorylation profile was also seen during HU treat-
ment in Cdk5-depleted BT549 breast cancer (Fig. S3D).

In addition a statistically lower number of RPA32-S4S8
foci was observed in S-phase Cdk5-shRNA compared to Con-
trol HeLa cells after the HU block and also 8 h after release,
the time point when DSB repair occurs36 (Fig. 5B). In agree-
ment with this lower number of RPA32-S4S8 foci, S-phase
Cdk5-shRNA cells had statistically fewer Rad51 foci after the
HU block and 8 h after release (P < 0.0001) (Fig. 5C), indi-
cating a reduction in homologous recombination (HR) activ-
ity. The Cdk5-shRNA cells did however show a higher

number of Rad51 foci 24 h after release compared to Control
cells, indicating the persistence of some unrepaired residual
breaks.

In order to investigate the longer term effects of Cdk5
deficiency, we quantified the formation of sister chromatid
exchanges (SCEs) which relies on a functional HR pathway
in cells after HU treatment (Fig. 6A and B). HU treatment
induces a 7-fold increase in SCE numbers in Control cells
compared to untreated cells but only a 3-fold increase in
Cdk5-shRNA cells. This lower level of HU-induced HR is in
agreement with the results from the other endpoints that
demonstrate that Cdk5 is necessary for promoting the full
and timely activation of the cascade of events initiated in

Figure 4. Compromised Cdk5 expression impacts on the processing of DNA Damage after HU treatment. (A)
DNA strand break formation and persistence measurement in the Cdk5-shRNA and Control cells using the
alkaline Comet assay 24 h after treatment with HU (2 mM). The data correspond to the mean tail moment.
Mean values are represented as horizontal lines. 200 cells for 2 different HeLa Cdk5 clones were scored per
condition. Mean values for the 2 Cdk5-shRNA clones have been calculated. P values are indicated (NS - not
significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001) using unpaired t-test. (B) The induction of
gamma H2AX was assessed using immune-coupled FACS analysis to quantify total gamma H2AX levels using
fluorescence intensity in the cells as a read-out. Cells were collected at the times indicated during HU treat-
ment (2 mM) and after 24 h of treatment when cells were released into a fresh medium containing nocoda-
zole (50 mg/ml). Mean and SD values are presented from 3 independent experiments using 2 different HeLa
Cdk5 clones analyzed using an unpaired t-test (*P < 0.05; **P < 0.01; ***P < 0.001). (C) Decreased number of
cells with RPA foci in Cdk5-shRNA cells after HU treatment. Cells were released from HU treatment (24 h,
2 mM), and immediately fixed and immunostained for RPA 32 and the number of RPA foci determined. Data
are the percentage of cells with more than 5 foci (median § SE), from 3 independent experiments with a
minimum of 300 cells analyzed per experiment. Mean values of the 2 Cdk5-shRNA clones have been calcu-
lated. Statistical analysis was carried using an unpaired t-test (****P < 0.0001). (D) Reduced ssDNA in Cdk5-
shRNA cells after prolonged exposure to HU. BrdU (10 mM) was incorporated for 2 complete cell cycles
before the HU treatment (2 mM for 24 h, followed by a release for 0 min or 4 h in fresh medium) and
detected in native condition by immunofluorescence using an anti-BrdU antibody. The graph illustrates the
proportion of BrdU-positive cells detected without DNA denaturation, expressed as a percentage of the total
cells analyzed. No ssDNA positive cells were detected in HU untreated cells. More than 600 cells per condi-
tion were scored; mean values of 3 independent experiments with the 2 Cdk5-shRNA clones and a Control
clone § SD are shown using an unpaired t-test (**P < 0.01; ***P < 0.001).
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response to replication stress. One additional consequence of
replication stress when DNA signaling and repair is reduced,
is the accumulation of anaphase chromatin bridges.37 Our
results show that, while the level of chromatin bridges is sim-
ilar in the absence of stress in Control vs Cdk5-shRNA cells,
we observe a higher number of chromatin bridges after
inducing replication stress in the Cdk5-shRNA cells
(Fig. 6C–D). This response profile is similar to that observed
in RAD51-deficient cells,38 suggesting that in the absence of
Cdk5, the broken forks remain unrepaired, leading to chro-
mosome breaks and chromatin bridge formation that may
ultimately lead to cell death, and further suggests that the
main sources of DNA damage in the Cdk5-depleted cells
after HU stress are replication dependent.

Lower Cdk5 expression is
associated with higher MFS in
breast cancer patients and
increased in vitro sensitivity to
cell killing by PARP inhibition
and IR

As many cytotoxic anti-cancer
treatments target proliferating
cells by interfering with DNA
replication and Cdk5 appears
essential for this response, we
investigated whether its expres-
sion profile in a panel of 456
breast tumors was associated
with clinical outcome in terms
of MFS. Low Cdk5 mRNA lev-
els (�3.8 fold relative to that
seen in normal tissues) was asso-
ciated with longer MFS (P D
0.0078; Fig. 7A). In a sub-set (n
D 233) of tumors, Cdk5 protein
expression was also evaluated
using Reverse Phase Protein
Arrays and a similar association
between lower Cdk5 expression
and longer MFS observed (P D
0.047; data not shown). No
association between high Cdk5
expression (>3.8 fold) and age
of onset or Scarff Bloom
Richardson histological grade
were found but high Cdk5
expression was more frequently
seen in tumors in which ERBB2
was over-expressed, ERBB2 posi-
tive molecular subtypes and in
highly proliferating tumors with
high KI67 mRNA levels
(Table S1).

In order to investigate whether
Cdk5 depletion could impact on
cell survival after treatment with

IR or a PARP inhibitor, we transfected HCC1954 and BT549
breast tumor cells, chosen from a panel of over 30 breast cancer
lines based on their relatively low Cdk5 mRNA levels (Bieche
et al., unpublished data), with either a Cdk5 targeting or control
siRNA and assessed cell numbers using a colony forming assay.
In these 2 cell lines, Cdk5 depletion or PARP inhibition
both reduced colony numbers compared to the transfection
of the parental line with a control siRNA (P < 0.05 or P <

0.001) (Fig. 7B). In the HCC1954 cell line, the inhibition
of PARP activity in the Cdk5 depleted cells resulted in a fur-
ther reduction (P < 0.05). In contrast in the BT549 cells,
the depletion of Cdk5 had a significantly greater impact com-
pared to PARP inhibition and no additional lowering of col-
onies numbers was noted when PARP activity was inhibited

Figure 5. Lower RPA S4S8 phosphorylation and Rad51 foci formation in Cdk5-shRNA cells after HU treatment.
(A) Representative western blot of phospho-RPA S4S8 levels in protein extracts from Control and Cdk5-shRNA
during HU block (2 mM,) and up to its removal from the culture medium. RPA S4S8 was detected using a
phosphospecific antibody. Actin expression was used as a gel loading control. (B) Phospho-RPA foci forma-
tion: Cells were released from HU (2 mM, 24 h) at the indicated times, fixed and immunostained for RPA
S4S8. The figures are representative of 2 independent experiments with 2 different clones. The mean percent-
age of cells carrying more than 5 foci are presented, with SEM. Only BrdU positive cells (S-phase) were quanti-
fied with 350 to 600 cells analyzed (****P < 0.0001; P < 0.0001, unpaired t-test). (C) Formation and
persistence of RAD51 foci in Cdk5-shRNA and Control cells. Cells were treated or not with HU (2 mM, 24 h)
and Rad51 foci quantified using a 2D Spinning-Disc/Tirf/Frap system after a pulse labeling with BrdU (10 mM,
15 min) at the indicated times. Data are representative of 4 independent experiments using 2 different Cdk5-
shRNA clones with between 600 and 3,000 cells analyzed for each condition and represent the number of
BrdU positive cells carrying more than 5 foci, compared by t-test between the different treatment groups
(***P< 0.001; ****P < 0.0001).
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in the Cdk5 depleted cells. In
both cell models the depletion
of Cdk5 was associated with
increased radiation sensitivity
(Fig. 7C), as seen in the HeLa
and U2OS Cdk5 depleted cells.
This radiation sensitivity could
be furthered lowered by the
combined treatment of IR and
PARP inhibition in the Cdk5
depleted cells.

Discussion

Recent studies have demon-
strated that Cdk5 is functionally
important in different types of
cells and in various physiological
and pathophysiological con-
texts39,40 and can impact on cell
growth and migration,41,42 apo-
ptosis,43,44 tumor progression,9-12

cell cycle regulation and DNA
damage response.7,8,45 Our study
has identified a novel role for
Cdk5 in S-phase cell cycle progres-
sion under basal growth condi-
tions in the absence of genotoxic
stress. The observations that the
proportion of cells with RPA foci
was higher and more RPA32-S4S8
foci/cell were seen in S-phase
Cdk5-shRNA cells under basal
growth conditions compared to Control cells is in agreement
with the increased spontaneous replication stress in Cdk5-shRNA
cells and the reduced S-phase kinetics observed under basal con-
ditions. In addition we have shown that Cdk5 is necessary for
full checkpoint activation in response to replication stress.

There are a number of reports in the literature that support
a role for Cdk5 in basal replication. Cdk5 was identified as a
partner of the proliferating cell nuclear antigen, a key replica-
tion protein46 and Xu et al.42 recently reported impaired pro-
liferation in Cdk5 depleted breast cancer cells. Nagano and
colleagues showed a direct in vivo interaction of Cyclin I and
Cdk5 and the involvement of Cyclin I in S-phase cell cycle
proliferation.45 Thus it is tempting to speculate that Cdk5
may interact with Cyclin I during the replication process. The
observation of higher PAR levels in Cdk5 depleted cells8 could
provide an explanation for the slower fork velocity under basal
growth conditions. However, as PARG depleted cells provide
no evidence for an impact of higher polymer levels on cell
cycle progression,47 this is unlikely to be the cause.

In addition to a slower S-phase progression under normal
growth conditions, the absence of Cdk5 is associated with a per-
turbation of S-phase dynamics after treatment with both

transient and prolonged HU treatment. The inhibition of ribo-
nucleotide reductase by HU has distinct consequences depending
on the treatment time: transient exposures result in the stalling of
replication forks requiring an ATR-RPA dependent pathway to
stabilize the stalled forks, whereas prolonged HU exposure leads
to fork collapse requiring either the initiation of dormant origins
or the repair of collapsed forks through HR for replication
restart.35,36,48,49 The absence of Cdk5 impacted on both treat-
ment profiles highlighting its central role in replication dynamics.
Under transient HU exposure the reduction in fork velocity seen
in Control cells was less marked in Cdk5-shRNA cells but was
accompanied by a reduced phosphorylation of RPA32 on S33
and S29 in vivo. This is in agreement with observations that RPA
phosphorylation can inhibit DNA replication50-52 and suggests
that DNA synthesis arrest after HU induced replication stress
may be mediated in part by the phosphorylation of RPA32 by
Cdk5. The sequential phosphorylation of RPA32 is a key event
in checkpoint activation and DNA repair with the priming phos-
phorylations on S23, S29 and S33 being an essential step.13 It
has been reported that S23 and S29 can be phosphorylated in
vitro by Cdk1 and Cdk227-29,53 and ATR is considered as the
PIKK that phosphorylates S33.54 Our in vitro data suggests that

Figure 6. Level of HU-induced SCEs and chromatin bridges in Cdk5-shRNA cells compared to Control cells.
(A) Number of SCEs per chromosome in untreated or HU treated (2 mM HU, 24 h) Control or Cdk5-shRNA
cells (2 different clones). Between 2372 and 4499 chromosomes from 3 independent experiments were ana-
lyzed for each condition, mean values of the 2 Cdk5-shRNA clones were calculated. Error bars represent stan-
dard errors of the means. (****P < 0.0001, unpaired t-test). (B) Representative images of SCE in Control and
Cdk5-shRNA cells, without and after HU treatment (2 mM, 24 h) Chromosomes were observed with a Leica
DMRB microscope at 100x magnification. (C) Representative immunofluorescence deconvoluted z projection
images of anaphase cells presenting chromatin bridges (white arrows). DNA was visualized by DAPI staining.
Scale bar: 5 mm. (D) Cells were treated or not with HU (2 mM for 24 h), followed by a release for 16 h in a
fresh medium. The proportion of chromatin bridges positive cells (DAPI-positive) is expressed as a percent-
age of the total cells analyzed. At least 80 cells per condition were scored; mean values § SD of 3 indepen-
dent experiments with one control and one Cdk5-shRNA clone are shown. **P < 0.01; ****P < 0.0001.
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while Cdk1, Cdk2 and Cdk5 can phosphorylate all these serines,
Cdk5 shows a higher affinity for the 3 sites. Taken together
with the in vivo data, our results confirm Cdk5 as a novel mem-
ber of the Cdk/PIKK families necessary for the S-phase DNA
damage response through a mechanism involving RPA32
phosphorylation.

In terms of the phosphorylation cascades initiated in response
to replication stress, Chk1 is a direct target of ATR’s kinase activ-
ity resulting in its phosphorylation on S317. This phosphoryla-
tion event is essential for the inhibition of origin firing through a
mechanism involving Cdc25A phosphatase stability.55 In the
absence of Cdk5 Chk1-S317 phosphorylation was delayed dur-
ing the early stages of the HU block, although by 24 h into the
HU block no differences between the Control and Cdk5-shRNA
depleted cells were seen. These results would suggest that Cdk5 is
necessary for the initial step of resection and the priming phos-
phorylation of RPA32 and suggests that full RPA32

phosphorylation is not necessary
for Chk1 activation, in agree-
ment with observations of Sleeth
et al.15 The lower levels of these
RPA32 priming phosphoryla-
tions impact on the hyper-phos-
phorylation on S4/S8 seen after
prolonged HU treatment. This
hyper-phosphorylation is a key
step in the activation of HR initi-
ating events, and reduced HR
events, as measured by Rad51
foci and SCE levels, were seen in
the absence of Cdk5. It has been
reported that PARP-1 binds to
and is activated by stalled replica-
tion forks to promote replication
fork restart after release from
replication blocks.56 However
despite the observations that
Cdk5-shRNA cells have higher
levels of DNA damage induced
polymer compared to Control
cells,8 we could not find any evi-
dence that the absence of Cdk5
impacts on fork restart (Fig. S6).
We also observe less ssDNA
formed during HU treatment in
Cdk5-shRNA compared to Con-
trol cells. The formation of
ssDNA is a marker of the
functional uncoupling of the rep-
licative helicases and DNA poly-
merases and this lower level
raises the possibility that Cdk5
promotes this process at stalled
replication forks, a function that
has also been attributed to the
helicase MCM.57

Based on the cellular and molecular phenotype of Cdk5-
shRNA cells, it is tempting to speculate that the absence of Cdk5
in tumors could be exploited for therapeutic benefit as such
tumors are more likely to be sensitive to killing by certain treat-
ments. Cdk5 loss was identified as a determinant of sensitivity to
PARP inhibitors.7 Our results support a role for Cdk5 in the acti-
vation of the intra-S and also the G2/M checkpoint as previously
reported.7 It has been suggested that some determinants of PARP
inhibition sensitivity are involved in the G2/M checkpoint such
as PLK3, MAPK12/P38g,7,58 thus associating this cell cycle
checkpoint to PARP inhibitor sensitivity. Here we suggest that
the role of Cdk5 in the signalisation of the replication checkpoint
could also impact on PARP inhibition sensitivity.

A better understanding of the gene interactions and func-
tional buffering that occur in tumor cells, together with a
measure of the heterogeneity found between different tumors,
is important for the development of new therapeutic

Figure 7. Survival of patients with breast tumors and breast cancer lines depending on Cdk5 expression pro-
file. (A) MFS curves for breast tumor patients with high (NCdk5 > 3.8) and low (NCdk5 � 3.8) tumor expression
levels of Cdk5mRNA. The mean patient follow-up was 9.5 years (range 5 months to 33 years) and 169 patients
in the cohort developed metastases. (B) Survival of HCC1954 and BT549 breast tumor cell lines. Cells were
transfected either with a siRNA control or a siRNA directed against Cdk5 expression. 72 h later they were
plated and left to attach for 4 h before treatment with or without the PARP inhibitor ABT888 (10 mM). 24 h
after treatment cell culture medium was changed and colonies grown for 8 days and counted. Data are the
mean numbers of colonies counted § SD from 2 independent experiments each in triplicate (*P < 0.05; **P <
0.01; ***P < 0.001, unpaired t-test). (C) Clonogenic cell survival of HCC1954 (left panel) and BT549 (right panel)
breast tumor cells depending on Cdk5 expression after increasing doses of gamma-irradiation in the presence
or not of a PARP inhibitor. Cells were transfected with either a control or Cdk5 siRNA as in panel (B) and then
the PARP inhibitor ABT888 (10 mM) added 1 h prior to radiation. 24 h after treatment cell culture medium
was changed and colonies grown for 8 days and counted. Data are the mean survivals of 2 independent
experiments each in triplicate (*P< 0.05; **P< 0.01, unpaired t-test). (D) Representative western blot of breast
cancer cell lines after transfection with siRNA control or Cdk5.
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approaches.59 Over the past few years significant advances
have been made to directly target such changes through for
instance the use of DNA repair and cell cycle inhibitors.
Whether inter-individual differences in tumor Cdk5 expres-
sion profiles can be exploited to clinical advantage remains to
be fully investigated. Recently Levacque et al.60 reported that
Cdk5 expression levels predicts the survival of relapsed multi-
ple myeloma patients to the proteasome inhibitor bortezo-
mib, with individuals with Cdk5 expression in the bottom
quartile having significantly higher survival compared with
those with Cdk5 in the top quartile. Our observation that
significantly longer MFS was associated with breast tumors
with lower Cdk5 mRNA expression is in agreement with
Liang et al.10 who found in a panel of 108 breast tumors
that the over-expression of Cdk5 protein expression was sig-
nificantly correlated with several poor prognosis markers (ER-
(P < 0.001), basal-like (P < 0.001) and high grade of malig-
nancy (P < 0.001). It has to be noted however that differen-
ces exist between the 2 studies in some associations which
may be due to differences in study sizes, the distribution of
the breast tumor subtypes within the cohorts and the criteria
for overexpression. As no Cdk5 inhibitors with specificity
and selectivity are available to date61 and based on the mech-
anistic role of Cdk5 in the response to replicative stress, the
therapeutic use of PARP inhibitors combined with radiother-
apy could be one promising avenue for tumors with low
Cdk5 expression. Such an approach would exploit the S-
phase cell cycle dependency of PARP inhibition62 and the
increased S-phase radiosensitivity associated with the loss of
Cdk5 expression. In the 2 breast tumor models tested the
radiation sensitivity was increased by PARP inhibitor and fur-
ther increased when Cdk5 was depleted. While clearly such
an approach exploiting replicative stress would require further
validation and optimization in more models, it could be
applicable to many of the different tumor types in which
Cdk5 expression has been shown to be down-regulated.

Materials and Methods

Cell lines and drugs
shRNA design and cloning in pEBVsiRNA vectors carrying a

hygromycin B resistance cassette, the establishment and growth
of stable knockdown Cdk5-shRNA clones and HeLa cells carry-
ing the pBD650 plasmid that expresses an inefficient shRNA
sequence that were used as Controls, was carried out as previously
described.8,63 The RNAi targeted sequences for Cdk5
(NM_004935) were nucleotides 703–721 for clone 1499 and
nucleotides 455–473 for clone 1500. Both HeLa Cdk5-shRNA
clones were used in the different experimental approaches. Cdk5
was depleted in U2OS cells, established from a healthy donor,64

by transfecting the pEBV siRNA vector63,65 targeting Cdk5
nucleotides 703–721. Breast cancer cells BT549 and HCC1954
were obtained from T. DuBois (Transfer Department, Institut
Curie, Paris, France). All tissue culture reagents were from

Invitrogen and 5-FU (F6627), HU (H8627) and 6-TG (A4882)
from Sigma-Aldrich.

Cell growth and colony formation survival assays
To assess cell growth, cells were plated in complete medium

(3.105 per 25 cm2 flask/line) and counted each day. For clono-
genic survival after treatment with DNA damaging agents, Con-
trol (800 cells) and Cdk5-shRNA (1600 cells) cells were plated
in 25 cm2 flasks in triplicate, and allowed to adhere for 4 h at
37�C before treatment. Flasks were either irradiated at room
temperature using a 137Cs gamma irradiator or treated with
increasing concentrations of various drugs added directly to the
culture medium. To assess cell survival when irradiated in the
S-phase of the cell cycle, cells were synchronized at the G1–S
junction by treating them 13 h with 10 mM thymidine (T9250,
Sigma-Aldrich), then washed and placed in fresh medium for 9 h
and reblocked with 10 mM thymidine for 20 h. Two hours after
removal of thymidine, cells were harvested for plating and clono-
genic assays. In order to confirm synchronization, cell cycle distri-
bution was monitored by fluorescence activated cell sorting
(FACS) analysis using a FACSCalibur cytofluorometer (Becton-
Dickinson Biosciences) after bromodeoxyuridine (BrdU) pulse
labeling (10 mM, 15 min) as described previously.66 To assess
cell survival after the depletion of Cdk5, HCC1954 and BT549
cells were transfected with siRNA (20 mM) directed against
Cdk5 (Table S2) or a negative control (siRNA duplex, 5 nmol,
SR-CL000–005, Eurogentec) using INTERFERin reagent (409–
50, Polyplus transfection) following manufacturer’s instructions.
72 h post-transfection 3000 cells were plated in 25 cm2 flasks in
triplicate, left to attach for 4 h and treated or not with the PARP
inhibitor ABT888, (ALX-270-444-M001, Enzo Life Sciences,
10 mM) for 1 h prior to irradiation. The cell culture medium
was changed 23 h later and cells grown under standard culture
conditions (37�C and 5% CO2 in a humidified incubator) for
8 days to allow colonies to grow. Colonies were fixed in metha-
nol and stained with 0.05% Coomassie brilliant blue in 3:1:6
ethanol/acetic acid/water and those with more than 50 cells
counted.

The colony count relative to mock-irradiated cells (relative cell
survival) was adjusted for best fit to the classical linear-quadratic
equation (Ln S D ¡a.D ¡ b.D2) where D is the radiation dose
and a and b adjustable parameters characterizing the response,
using Kaleidagraph software (Synergy Software). Relative cell sur-
vival curves after other treatments were fitted with a linear qua-
dratic fit.

Flow cytometry analysis
To assess the mitotic ratio, cells were treated with HU (24 h,

2 mM), transferred to fresh medium containing 50 mg/ml noco-
dazole (M1404, Sigma-Aldrich) and analyzed at the indicated
times as described66. Phospho-histone H3 immunostaining of
mitotic cells and BrdU immunostaining were carried out as
described.66 Flow cytometric analysis was performed using a
FACSCalibur cytofluorometer (Becton-Dickinson Biosciences).
At least 104 events were recorded and data analysis was done with
CellQuest Pro software (Becton-Dickinson Biosciences).
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Western blotting
Total protein extracts were obtained after collection of cells by

scraping in extraction buffer (62.5 mM Tris HCl, 2% SDS 10%
Glycerol, 50 mM DTT, 0.01% bromophenol). Protein expres-
sion and phosphorylation was analyzed and quantified as
described.66 Full details of antibodies used are given in Table S3.

Immunofluorescence protein detection
For the detection of Rad51 and phospho-RPA foci, cells

grown on coverslips were pulse-labeled (10 mM BrdU, 30 min),
and incubated (1 h) with primary antibodies for Rad51 or RPA
or phospho-RPA32 S4S8. After incubation with secondary anti-
bodies cells were fixed (5 min, 1% paraformaldehyde) and
stained with anti-BrdU antibody. Coverslips were mounted with
Vectashield containing DAPI 1.5 mg/ml (H-1200, Vector Labo-
ratories). Images of fields were acquired automatically on a SPIN-
NING-DISC/TIRF/FRAP system, based on a Nikon Ti Eclipse
stand, equipped with a 60 £ /1.48 objective and a Yokogawa
CSU confocal scanning head. Sets of images were acquired using
an Evolve EM-CCD camera (Photometrics), under control of
the Metamorph software (Molecular Devices) using its “mosaic
scan” option. At least 500 cells were analyzed per experimental
condition. The number of foci was quantified using a macro in
arbitrary units (A.U.) using Image J software. For phospho-
RPAS4S8 foci and Rad51 foci only cells in S-phase were analyzed
as determined by BrdU staining intensity.

RPA and Cdk5 kinases Assay
For in vitro kinase assays 1–4 mg purified RPA32 recombi-

nant protein (ab40323, Abcam) was incubated (30 min, 30�C)
with 0.5 ng active Cdk5 (14–477, Millipore), Cdk1 (14–450,
Millipore) or Cdk2 (14–448, Millipore) in the presence of
10 mCi [g-32P]-ATP and separated by SDS-PAGE. The phos-
phorylation of substrates was analyzed by autoradiography. His-
tone H1 was used a positive control.

Mass spectrometry analysis
Samples were analyzed using a LTQ Orbitrap XL mass spec-

trometer (MS, Thermo Scientific) coupled to a nano-Liquid
Chromatography system (LC, Ultimate 3000, dionex). Details of
the separation and MS parameters are provided in the Supple-
mentary Experimental procedures.

Sister Chromatid Exchange Assays
The measurement of Sister Chromatid Exchanges (SCEs) was

carried out as previously described.38 In brief cells were grown on
coverslips in the presence or not of HU (2 mM) and 5-BrdU
(10 mM). After 46 h, colchicine (C9754, Sigma-Aldrich) was
added to a final concentration of 0.1 mg/ml for 1 h. Cells were
then incubated in a hypotonic solution (1:6 (vol/vol, FBS/dis-
tilled water) and fixed with methanol/acetic acid dilutions. After
staining with 10 mg/ml Hoechst 33258 (Sigma-Aldrich) in dis-
tilled water for 20 min, cells were rinsed with 2 x SSC (Eurome-
dex) and exposed to UV light at 365 nm at a distance of 10 cm
for 105 min, rinsed in distilled water, stained with 2% Giemsa
solution (VWR) for 16 min, rinsed in distilled water, dried, and

mounted. Chromosomes were observed with a Leica DMRB
microscope at 100x magnification. Metaphases were captured
with a SONY DXC 930 P camera, and SCEs counted manually
by 2 observers blind to the knowledge of cell line status.

Molecular Combing
Molecular combing was performed as previously described67

with some modifications to the protocol. Briefly asynchronous
cell populations were labeled with Iododeoxyuridine (IdU) and
chlorodeoxyuridine (CldU) (30 min pulse labeling of first
20 mM IdU then 100 mM CldU). Agarose plugs were digested
by proteinase K (48 h at a dose of 1 mg/ml) then b-agarase
(48 h at 42�C). Chromatin fibers were combed and incubated
with rat anti-BrdU antibody (1:25, OBT0030, clone BU1/75
ICR1; AbD Serotec) and FITC-conjugated mouse anti-BrdU
(1:5, 347583, clone B44; BD Biosciences) for 1 h at 37�C. After
a short wash step (0.5 M NaCl, 20 mM Tris at pH 7.8, and
0.5% Tween 20), the fibers were incubated with goat anti-mouse
Alexa 488 (1:50, A-11029; Invitrogen) and goat anti-rat Alexa
594 (1:50, A-11007; Invitrogen) for 1 h. DNA counter-staining
was performed by using anti-DNA antibody (1:20, MAB3034,
clone 16–19; Millipore) and the following 2 secondary antibod-
ies: rabbit anti mouse 350 (AlexaFluor) and goat anti rabbit 350
(AlexaFluor). For each condition, at least 200 fibers were ana-
lyzed. Images were acquired with a Leica DM RXA microscope
equipped with a motorized XY stage, using an X40 PlanApo N.
A. 1.25 objective and a CoolSNAP HQ interline CCD camera
(Photo-metrics). For each slide, a mosaic of 10£10 partly over-
lapping images was collected with a Metamorph software
(Molecular Devices) routine developed in-house. Image collec-
tions were assembled into a mosaic with the ‘Stitching 2D/3D’
plugin32 (available from http://fly.mpi-cbg.de/~preibisch/soft-
ware.html) for ImageJ software (Rasband, W.S., ImageJ,
US National Institutes of Health, http://rsb.info.nih.gov/ij/,
1997–2009).

Comet assay
Cells were either grown on coverslips, treated in situ with

2 mM HU and collected by trypsinization, and then suspended
in 0.5% low melting point agarose and transferred onto a micro-
scope slide precoated with agarose or treated directly with
gamma-radiation on the agarose slides. Comets were performed
in alkaline conditions as described previously.68 The tail
moment, defined as the product of the percentage of DNA in the
tail and the displacement between the head and the tail of the
comet, was measured for more than 200 cells for each experimen-
tal condition in 2 independent experiments.

Gamma-H2AX measurement by FACS
HU-induced gamma-H2AX intensity was assessed as

described.69 Mean gamma-H2AX intensity was calculated at
each time-point for each cell line in 3 independent experiments.

Single-stranded DNA labeling by BrdU immunodetection
The experiment was performed as described.35 Briefly, cells on

glass coverslips were grown in the culture medium containing
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10 mM BrdU (Sigma) for 40 h, corresponding to 2 cell cycles.
BrdU were removed with PBS washes and fresh medium with or
without 2 mM HU was added, for 24 h. For the release point,
cells were washed with PBS and fresh medium was added for
4 h. To finally detect non denaturated single-stranded DNA
(ssDNA), the coverslips were processed for immunofluorescence
detection using an anti-BrdU antibody. Images were acquired
with a Leica DM RXA microscope equipped with a motorized
XY stage, using an X40 PlanApo N.A. 1.25 objective and a Cool-
SNAP HQ interline CCD camera (Photo-metrics). For each
slide, a mosaic of 10£10 partly overlapping images was collected
with a Metamorph software (Molecular Devices) routine devel-
oped in-house. And more than 600 cells per condition were
scored as BrdU positive or not.

Chromatin bridge quantification
Controls and Cdk5-shRNA cells grown on coverslips were

treated or not with HU (2 mM for 24 h), followed by a release
for 16 h in a fresh medium. Immunofluorescence staining and
analysis were performed as previously described.70 Nuclear
DNA was detected by mounting slides in Prolong Gold anti-
fade reagent supplemented with DAPI (Invitrogen). Cell images
were acquired with a 3-D deconvolution imaging system con-
sisting of a Leica DM RXA microscope equipped with a piezo-
electric translator (PIFOC; PI) placed at the base of a 63£
PlanApo N.A. 1.4 objective, and a CoolSNAP HQ interline
CCD camera (Photometrics). Stacks of conventional fluores-
cence images were collected automatically at a Z-distance of
0.2 mm (Metamorph software; Molecular Devices). Images are
presented as maximum intensity projections, generated with
ImageJ software, from stacks deconvolved with an extension of
Metamorph software.71

Patients and Biological Samples

Primary unilateral non-metastatic breast carcinoma samples
were obtained from 456 patients (mean age 61.7 years, range
31–91) who had surgery at Institut Curie’s Ren�e Huguenin Hos-
pital (Saint-Cloud, France) between 1978 and 2008 in accor-
dance with national law and institutional guidelines under a
protocol approved by the local Ethics Committee. Samples were
immediately stored in liquid nitrogen until RNA extraction and
considered suitable for inclusion if the proportion of tumor cells
was more than 70% as assessed by histology.

All individuals met the following criteria: availability of com-
plete clinical, histological and biological; no radiotherapy or che-
motherapy before surgery; full follow-up. 291 patients (63.8%)
underwent modified radical mastectomy and 165 (36.2%) had
breast-conserving surgery with loco-regional radiotherapy.
Patients underwent physical examinations and routine chest radi-
ography every 3 months for 2 years, then annually. Mammo-
grams were done annually.

Ten specimens of adjacent normal breast tissue from 10 breast
cancer patients or normal breast tissue from women undergoing

cosmetic breast surgery were used as sources of RNA for compar-
ative purposes.

RNA extraction and Quantitative Real-time PCR
Total RNA was extracted from breast samples using the acid-

phenol guanidinum method as described elsewhere.72 Primers
for TBP (Genbank accession NM_003194), encoding the TATA
box-binding protein and used as an endogenous RNA control,
and the Cdk5 gene are given in Table S2. The cDNA synthesis,
PCR reaction conditions and quantification of transcript levels
were carried out as previously.73 Results, expressed as N-fold dif-
ferences in Cdk5 gene expression relative to the TBP gene,
termed “NCdk5”, were determined by the formula: NCdk5 D
2DCtsample, where DCt value of the sample was determined by
subtracting the average Ct value of the Cdk5 gene from the aver-
age Ct value of the TBP gene. The NCdk5 values of the samples
were subsequently normalized such that the median of the 10
normal breast tissue NCdk5 values was 1.

Statistics

To compare data from Control and Cdk5-shRNA cells and
for combing analysis a Mann-Whitney test was used. The com-
parison between Cdk5 mRNA expression levels and clinical
parameters was assessed using nonparametric tests: the Mann-
Whitney U test (between 1 qualitative parameter and 1 quanti-
tative parameter) and the Spearman rank correlation test
(between 2 quantitative parameters).To visualize the efficacy of
Cdk5 mRNA levels to discriminate between patients that devel-
oped/did not develop metastases in the absence of an arbitrary
cut-off value, data were summarized in a receiver operating
characteristic curve.74 The area under the curve (AUC) was cal-
culated as a single measure to discriminate efficacy. MFS was
determined as the interval between initial diagnosis and detec-
tion of the first relapse metastasis. Survival distributions were
estimated by the Kaplan-Meier method,75 and the significance
of differences between survival rates was ascertained using the
log-rank test.76 All others data presented, were analyzed using
unpaired T-tests using Prism Graph Pad 5.0b software (Graph-
Pad Software Inc.).
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