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Abstract

The radiation and radiomimetic drugs used to treat human tumors damage DNA in both cancer

cells and normal proliferating cells. Centrosome amplification after DNA damage is well

established for transformed cell types but is sparsely reported and not fully understood in

untransformed cells. We characterize centriole behavior after DNA damage in synchronized

untransformed human cells. One hour treatment of S phase cells with the radiomimetic drug,

Doxorubicin, prolongs G2 by at least 72 hours, though 14% of the cells eventually go through

mitosis in that time. By 72 hours after DNA damage we observe a 52% incidence of centriole

disengagement plus a 10% incidence of extra centrioles. We find that either APC/C or Plk

activities can disengage centrioles after DNA damage, though they normally work in concert. All

disengaged centrioles are associated with γ-tubulin and maturation markers and thus, should in

principle be capable of reduplicating and organizing spindle poles. The low incidence of

reduplication of disengaged centrioles during G2 is due to the p53 dependent expression of p21

and the consequent loss of Cdk2 activity. We find that 26% of the cells going through mitosis after

DNA damage contain disengaged or extra centrioles. This could produce genomic instability

through transient or persistent spindle multipolarity. Thus, for cancer patients the use of DNA

damaging therapies raises the chances of genomic instability and evolution of transformed

characteristics in proliferating normal cell populations.
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Introduction

The centrosome is the primary microtubule-organizing center (MTOC) of the interphase

mammalian cell. In preparation for mitosis the centrosome duplicates, and the sister

centrosomes later determine the essential bipolarity of the spindle. Since centriole pairs
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collect the pericentriolar material (PCM) that forms the MTOC, the duplication of the

centrosome as a whole is determined by the duplication and separation of centriole pairs

(Sluder and Rieder, 1985).

Centriole duplication starts with the functional separation, or disengagement, of mother from

daughter centrioles during anaphase; this event is necessary to “license” both centrioles for

duplication in the following S phase (reviewed in Nigg and Stearns, 2011). Centriole

disengagement is mediated by APC/C activity that leads to the degradation of securin

thereby releasing the proteolytic activity of separase (Zou et al., 1999; Tsou and Stearns,

2006). Separase activity opens the centromeric cohesin complexes and cleaves the PCM

scaffolding elements kendrin/pericentrin B (Matsuo et al., 2012; Lee and Rhee, 2012).

Additionally Plk1 activity in early mitosis also contributes to separase dependent and

independent centriole disengagement. Although APC/C and Plk1 activities can individually

cause centriole disengagement, they normally work in concert to ensure the timeliness and

fidelity of disengagement in anaphase (Tsou et al. 2009; Hatano and Sluder, 2012).

Centriole overduplication or reduplication leads to the formation of extra centrosomes

(centrosome amplification) that increases the chances that the cell will assemble a multipolar

spindle at mitosis, which can lead to whole chromosome gains and losses (reviewed in

Brinkley, 2001; Cimini et al., 2001; Nigg, 2002; Ganem et al. 2009). Also, spindle

multipolarity, even transient multipolarity, leads to lagging chromosomes in anaphase. Such

laggards often become micronuclei that show delayed or incomplete DNA synthesis and

consequently such chromosomes become grossly damaged when the cell enters mitosis

(Ganem et al., 2009, Crasta et al., 2012). The resulting genomic instability can lead to loss

of normal alleles for tumor suppressor genes and other genetic imbalances that promote

unregulated growth characteristics and diminished apoptotic response to cellular damage

(reviewed in Orr-Weaver and Weinberg, 1998; Nigg, 2002). Indeed, pre-invasive

carcinomas and most late-stage human solid tumor cells show a high incidence of

centrosome amplification that is thought to contribute to multi-step carcinogenesis (Lingle

and Salisbury, 2000; Pihan et al., 2001; Pihan et al. 2003; Lengauer et al., 1998; Lingle et al.

2002; Kramer et al., 2002; D’Assoro et al., 2002; Goepfert et al., 2002; Weaver et al., 2007;

Basto et al., 2008).

Cancer victims are often treated with DNA damaging agents, such as ionizing radiation or

radiomimetic drugs before or after surgery. Although tumor cells are the intended targets,

systemic DNA damaging drugs also hit normal proliferating cells in naturally regenerating

tissues. Post surgical radiation therapy can cause DNA damage in cells of healing surgical

wounds. If the DNA damage leads to defects that influence genomic stability, these

proliferating cells could begin to evolve transformed characteristics. Indeed, formation of

secondary tumors after DNA damaging therapies is a recognized problem for cancer victims.

For example, the genesis of therapy-related acute myeloid leukemia after treatment for non-

Hodgkin lymphoma is a reported problem (reviewed in Krishnan and Morgan 2007).

Centrosome amplification after DNA damage is a well-established phenomenon that has

been studied almost entirely in various transformed cell types. It is associated with a Chk1

dependent prolongation of G2 phase (Dodson et al., 2004; Bourke et al., 2007; Inanc et al.,
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2010). The incidence of centrosome amplification reported for irradiated transformed cells

ranges from 15–65%, depending on the dose and time after irradiation (Sato et al., 2000;

Kawamura et al., 2004; Bourke et al., 2007; Shimada et al., 2010). Although the basis for

centrosome amplification after DNA damage has been uncertain, recent studies provide

evidence for several, and perhaps not mutually exclusive, pathways in transformed cells.

Loffler et al (2012) report for human lung adenocarcinoma cells that DNA damage leads to

the de novo formation of centrin containing centriolar satellites that may serve as platforms

for the assembly of extra centrioles that later organize complete centrosomes. Inanc et al.

(2010) report that DNA damage leads to the loss of an inhibitory signal that normally blocks

centriole reduplication. Another possibility is that centrosome amplification after DNA

damage is the consequence of the cells spending extra time in G2. When cells (without DNA

damage) are held in G2 with the Cdk1 inhibitor RO-3306, rising Plk1 activity leads to

repeated centriole disengagement and reduplication resulting in a 50–60% incidence of

centrosome amplification (Loncarek et al., 2010, Prosser et al., 2012). Plk1 activity also

promotes APC/C activity (Hansen et al., 2004; Moshe et al., 2004), which can separately

mediate centriole disengagement and subsequent reduplication of the mother centrioles

(Hatano and Sluder, 2012). Prosser et al. (2012) report that both Plk1 and APC/C activities

participate in causing centrosome amplification after DNA damage in HeLa cells.

Although DNA damage induced centrosome amplification is well established for

transformed cells, its occurrence in untransformed cells has been sparsely reported and not

thoroughly investigated. After DNA damage, the incidence of extra centrioles has been

reported to range from 5–10% and there can be a 5–15% incidence of disengaged but not

duplicated centrioles (Kawamura et al., 2006; Sugihara et al., 2006; Saladino et al., 2009).

Even this level of centrosome amplification could pose a threat to the organism if some cells

repair the DNA damage and continue to proliferate.

We systematically characterized centriole behavior after DNA damage in synchronized

untransformed human cells. We were particularly interested in several issues. We wanted to

test the roles of Plk and APC/C activities separate from each other in centriole

disengagement after DNA damage. We also asked why the reported incidence of extra

centrosomes for untransformed cells after DNA damage is lower than that found in

transformed cells. If centrosome amplification after DNA damage is simply the consequence

of the cells spending extra time in G2, we wanted to know why the incidence of centrosome

amplification after DNA damage is significantly lower than that in cells without damaged

DNA that are arrested in G2 with a Cdk1 inhibitor. We also examined why centriole

disengagement after DNA damage does not lead to much reduplication. Lastly, continuous

time-lapse observations also allowed us to precisely determine the behavior of the low

percentage of untransformed cells that escaped G2 arrest and divided - some with extra

centrosomes.

Materials and Methods

Cell culture, drug treatment, and RNAi

HTERT-RPE1 cells stably expressing GFP-centrin1 were cultured in F12/DME (1:1)

medium supplemented with 10% FBS and 1% Penicillin-Streptomycin. Cells were
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synchronized by mitotic shake-off or in G1/S-phase with 2.5mM thymidine (Sigma). To

arrest cells in mitosis 1.6µm Nocodazole (Sigma) was used. Click-iT EdU assay (Invitrogen)

was used to determine cells that had entered S-Phase. DNA damage was induced with a 1

hour 0.5µM Doxorubicin treatment. Plk1 activity was inhibited with 200nM BI2536

(ChemieTek); APC/C activity was inhibited with 12µM proTAME (R&D Systems), Cdk2

activity was inhibited with 10µm Roscovitine (AG Scientific). The siRNA oligo duplex used

to target human p53 was an ON-TARGETplus siRNA (J-003329-14, Dharmacon). A final

concentration of 50nM siRNA was transfected using RNAiMAX (Life Technologies)

according to manufacturers instructions. Fresh media was added 4 hours after transfection.

Protocols for cell collection, siRNA transfection, drug treatments, and fixation times are

shown diagrammatically at the top of corresponding figures and described in the text and

figure legends.

Immunofluorescence

Cells were grown on glass coverslips and fixed in methanol at −20°C for >5 min. Primary

antibodies used were: C-Nap1 (Santa Cruz; sc-135851) at 1:100; γH2AX (Millipore; #05–

636) at 1:1000; γ-tubulin (Santa Cruz; sc-51715) at 1:200; SAS-6 (Santa Cruz; sc-81431) at

1:100; CEP170 (Invitrogen; #41–3200) at 1:500; p21 (AbCam; ab7960) at 1:200; p27 (Cell

Signaling; #3698) at 1:1000. Secondary antibodies conjugated to AlexaFluor 594 (Life

Technologies) were used at 1:1000. Hoechst 33258 (Sigma) was used to label DNA. Cell

preparations were observed with a Leica DMR microscope equipped for phase contrast and

epifluorescence. A 10X NA 0.3 or 100X NA 1.3 objective lens was used to collect Z stacks

(0.2 mm steps) and the images shown are maximum intensity point projections series

compiled with Slidebook software (Intelligent Imaging Innovations). Distances between

centrioles were also measured using Slidebook software.

Live cell imaging

Cells were grown on glass coverslips and assembled into chambers containing F12/DME

(1:1) medium as previously described (Uetake and Sluder, 2012). Groups of cells were

circled on the coverslips with a diamond scribe and followed at 37°C with BH2 (Olympus),

or DMEXE (Leica) microscopes equipped with phase-contrast optics using 10X objectives/

0.3–0.32 NA. Image sequences were taken with Orca ER (Hamamatsu Photonics); Retiga

EX (Qimaging, Corp.); or Retiga EXi Fast (Qimaging, Corp.) cameras. Images were

acquired every 3 min with C-imaging software (Hamamatsu Photonics) and were exported

as QuickTime videos using CinePak compression (Apple).

Results

DNA damage prolongs G2

We used untransformed human cells (RPE1) stably expressing GFP-centrin 1 to tag

individual centrioles. These cells have an intact p53 pathway; centriole duplication and

mitosis are normal.

We first characterized the extent to which DNA damage prolongs G2. To avoid the

ambiguities of interpreting the various behaviors of cells from asynchronous populations, we

Douthwright and Sluder Page 4

J Cell Physiol. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



shook off mitotic cells to provide synchronized populations. Twelve hours later, a time when

85% of cells were EdU positive (had at least entered S phase), we treated them with the

radiomimetic drug Doxorubicin for 1 hour to induce DNA damage (Fig. 1A). Four hours

after drug washout all cells had γH2AX foci in the nuclei confirming DNA damage (Fig.

1A, images). Whereas, 90% showed numerous γH2AX foci, the remainder had at least

several foci. We continuously followed 97 Doxorubicin treated cells for 3 days by time-

lapse video microscopy and found that 100% remained in interphase through the first 24

hours. At 48 hours 90% were still in interphase and by 72 hours 86% had failed to enter

mitosis. The remaining 14% all divided and cleaved in a bipolar fashion. Seventy six percent

of the resulting daughter cells arrested in interphase and never progressed onto mitosis. The

other 24% divided once again in a bipolar fashion before the filming runs were terminated.

Thus, DNA damage led to a substantial and variable prolongation of G2 in all cells but did

not permanently arrest 14% of them.

Centriole disengagement and maturation during prolonged G2

We fixed synchronized cell populations at 24, 48, and 72 hours after Doxorubicin washout

and immunostained for C-Nap1, a protein that participates in linking sister centrosomes

together (Figure 1A protocol diagram). Centriole disengagement was determined by the

spacing of GFP-centrin foci as well as the ratio of centrin to C-Nap1 spots (Tsou and

Stearns, 2006). When mother-daughter centrioles are engaged, two closely paired centrin

spots are associated with a single C-Nap1 spot (2:1 Centrin:C-Nap1). When centrioles

disengage, the centrin spots are further apart and there is a C-Nap1 spot associated with each

centrin spot (1:1 Centrin:C-Nap1).

Control G2 cells at 17hrs after mitotic shake-off exhibited 1% incidence of disengaged

centrioles. For cells in G2 after DNA damage the incidence of disengaged centrioles

increased to 22% at 24 hours and to 52% at 72 hours (Figure 1B) as seen by separation of

individual centrin foci each associated with a C-Nap1 spot (3 experiments – 200 cells scored

per experiment) (Figure 1C). Many cells showed four separated centrin foci and others

contained two separate centrin foci and two closely paired foci indicating that centrioles in

only one G2 centrosome had disengaged. The range of distances between GFP-centrin foci

rose from 0.26–0.65um in control G2 cells to 0.33–33um in cells 24 hours after Doxorubicin

washout (Figure 1D).

Wang et al (2011) reported that daughter centrioles go through Plk1 dependent

“modification” indicative of maturation during mitosis, which is required for them to

duplicate and organize a MTOC during the following cell cycle. These modifications

include the loss of SAS-6 as well as the recruitment of C-Nap1 and γ-tubulin. We wanted to

determine if the disengaged centrioles in our experiments, particularly the daughters,

matured during the prolonged G2 and thus, could in principle duplicate thereby amplifying

centriole number. We fixed cell populations 48 hours after Doxorubicin washout and

immunostained separately for SAS-6, a cartwheel protein found in daughter centrioles;

CEP170, an appendage protein found on mother centrioles; and γ-tubulin. These cells were

compared to control G2 cells (14 hours after shake-off) containing two pairs of engaged

centrioles. We observed that 92% of control G2 cells have 2 SAS-6 spots (one at each
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daughter centriole), while 94% of Doxorubicin treated cells with disengaged centrioles

showed no SAS-6 staining at disengaged centrioles (Figure 2, top). Ninety-eight percent of

the control cells contained two CEP170 spots, while 91% of Doxorubicin treated cells with

disengaged centrioles showed 4 CEP170 spots (Figure 2, middle). Lastly, 98% of

Doxorubicin treated cells contained 4 γ-tubulin clouds associated with the separate centrin

spots, while 96% of control cells showed only 2 γ-tubulin clouds (Figure 2, bottom).

Together these observations indicate that disengaged daughter centrioles are “modified”

during prolonged G2 and should, in principle, be capable of duplicating again.

Plk and APC/C activities in centriole disengagement after DNA damage

Precisely how centrioles disengage after DNA damage has been unclear. When transformed

and untransformed cells (no DNA damage) are arrested in G2 with the Cdk1 inhibitor

RO-3306 (hereafter RO), Plk1 and APC/C activities mediate centriole disengagement,

which allows centriole reduplication (Loncarek et al., 2010; Prosser et al., 2012; Hatano and

Sluder 2012). Therefore, we tested whether Plk and APC/C activities, alone or in

combination, promoted centriole disengagement after DNA damage.

We synchronized cells in S with thymidine for 17 hours, released them, and 3 hours later

pulsed with Doxorubicin for 1 hour. Immediately after the Doxorubicin pulse we added the

Plk inhibitor (BI 2536), an APC/C inhibitor (proTAME), or both (Figure 3A). BI 2536 at the

200nM concentration we used should completely inhibit Plk1 activity and largely block Plk2

and Plk3 activities (Steegmaier et al., 2007). To empirically test the efficacy of proTAME in

inhibiting APC/C activity we treated thymidine synchronized control cultures (no DNA

damage) with 12uM proTAME after thymidine release and followed 50 cells by time-lapse

video microscopy. 80% of the cells arrested in prometaphase for 12 hours, 60% remained in

prometaphase for 24 hours, and 48% arrested in prometaphase for at least 30 hours.

Inhibition of Plk activity alone slightly diminished the incidence of centriole disengagement

24 hours after Doxorubicin treatment (Figure 3B). In contrast, inhibition of APC/C activity

alone resulted in a decrease in centriole disengagement at this time (Figure 3B). 48 hours

after Doxorubicin treatment, the incidences of centriole disengagement after Plk or APC/C

inhibition singly were similar to those found after Doxorubicin treatment only (Figure

3B,C). However, when Plk and APC/C activity were both inhibited, there was a marked

decrease in the incidence of centriole disengagement at 24 and 48 hours after Doxorubicin

treatment (Figure 3B,C). These observations indicate that APC/C activity is the primary

driver of centriole disengagement in the first 24 hours and by 48 hours either Plk or APC/C

activity singly can drive centriole disengagement. Thus, Plk1 and APC/C activity play

independent, but redundant roles in centriole disengagement after DNA damage in RPE1

cells (also see Hatano and Sluder, 2012).

Centriole reduplication during prolonged G2

We characterized the extent to which disengaged centrioles reduplicate after DNA damage.

Since we found that all disengaged centrioles were associated with the maturation markers,

they should in principle be capable of duplicating during G2. We fixed cells at 24, 48, and

72 hours after Doxorubicin treatment and counted cells exhibiting more than 4 centrin foci
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(3 experiments – 200 cells scored per time point). Control G2 populations (no DNA

damage) exhibited a 0.5% incidence of extra GFP-centrin foci. 24 hours after Doxorubicin

treatment 3.5% of the cells contained 5–8 GFP-centrin foci. At 48 hours, 4.8% contained

extra centrin foci and by 72 hours after treatment the incidence of extra foci rose to 10%

(Figure 4A,B). For all cells, every centrin focus was associated with γ-tubulin indicating that

they were centrioles not centrin containing pericentriolar satellites (Loffler et al., 2012)

(Figure 4A,C).

We previously noted that by 72 hours after DNA damage 14% of the cells eventually

overcame the G2 arrest and went through mitosis. Cleavage failure has been reported for

cells dividing after DNA damage (Varmark et al., 2009). Two sorts of observations indicate

that simple cleavage failure is not the source of extra centrioles in our DNA damaged cells.

First, induction of cleavage failure in RPE1 cells invariably leads to binucleate cells in the

first post cleavage failure cell cycle (Krzywicka-Raka and Sluder, 2011); none of the cells

containing extra centrioles after DNA damage were binucleate. Second, we circled fields of

cells after Doxorubicin treatment and continuously followed them for 72 hours before fixing

and immunostaining for γ-tubulin and C-Nap1. We relocated 100 cells that remained in

interphase for the entire duration of the films and found 10% contained extra centrin foci, all

colocalizing with γ-tubulin or C-Nap1 (Figure 4C). This confirms that extra centrioles

assembled during prolonged G2 after DNA damage.

Limits on the reduplication of disengaged centrioles

The 10% incidence of centriole reduplication we observe after DNA damage is substantially

less than the 60% incidence found when RPE1 cells without DNA damage are held in G2 by

inhibition of Cdk1 activity (Loncarek et al., 2010) and less than the 15–65% incidence of

centrosome amplification after DNA damage in transformed cell lines (Sato et al., 2000;

Kawamura et al., 2004; Bourke et al., 2007; Shimada et al., 2010). These differences

prompted us to investigate what limits the reduplication of disengaged centrioles that should

in principle be capable of doing so.

DNA damage in untransformed cells leads to p53 accumulation and the consequent

expression of the Cdk inhibitor p21 (reviewed in Zhou and Elledge, 2000). Cdk2 activity

initiates centriole duplication (reviewed in Hinchcliffe and Sluder 2002) and is needed for

centrosome amplification after DNA damage (Hanashiro et al., 2008; Bourke et al., 2010).

To test if p53 activity after DNA damage suppressed duplication of disengaged centrioles,

we knocked down p53 in Doxorubicin treated cells and assayed for changes in the incidence

of centriole reduplication. This allowed us to cleanly assess the role of p53 in untransformed

cells without the suite of defects found in cancer-derived cells. This also served as a model

for normal cells that may suffer loss of heterozygosity for tumor suppressing genes during

chemotherapy with DNA damaging agents.

We transfected asynchronous cultures with siRNA for p53 and 12 hours later shook-off

mitotic cells. Twelve hours later these cells were treated with Doxorubicin for 1 hour and

then continuously followed by time-lapse video microscopy. For 48 hours after the

Doxorubicin treatment 54% remained in interphase while the rest of the cells entered mitosis

between 24 and 48 hours. The duration of mitosis (cell rounding to the onset of daughter cell

Douthwright and Sluder Page 7

J Cell Physiol. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



flattening), averaged 45 minutes in control cells and was prolonged 2 – 12 hours in 55% of

the treated cells. Of the cells that underwent prolonged mitosis, 5% failed cleavage and 18%

divided in a multipolar (15% tripolar; 3% tetrapolar) fashion.

To assay for centriole amplification in p53 knock down cells after DNA damage we

followed marked fields of cells for 34 hours after Doxorubicin treatment (a time when 87%

of cells were still in interphase). At this time preparations were fixed and immunostained for

γ-tubulin to complement the GFP centrin signals. We relocated the fields of cells previously

followed in vivo and counted centriole number in 152 cells we knew had remained in

interphase. We found that 27% of such cells contained 5 to 8 centrin foci, all colocalizing

with γ-tubulin, compared to 3% at this time for Doxorubicin treated cells with an intact p53

response (Fig 5A,B).

We tested for p21 expression after DNA damage for cells treated with Doxorubicin only (no

siRNA for p53). We found that by 12 hours after the Doxorubicin pulse 95.5% of cells

exhibited expression and nuclear localization of p21, compared to only 10% of G2 control

cells 15 hours after mitotic shake off. Seventy-two hours after Doxorubicin treatment, 93.5%

of the cells still exhibited nuclear p21 staining, a time when 52% of cells exhibit disengaged

centrioles (Figure 5C, middle row of images). We did not observe increased expression and

nuclear localization of p27 as was reported for neuroblastoma cells after ionizing radiation

(Sugihara et al., 2006) (Figure 5C, lower row of images). We also observed that p21

expression levels after DNA damage were diminished by p53 knock down. For cultures

transfected with siRNA for p53, 24% of the cells showed nuclear p21 signal at 34 hours

after Doxorubicin addition compared to over 90% for Doxorubicin treated cells with an

intact p53 response (300 total cells were counted for each condition).

Lastly, we repeated the p53 knockdown, treated with Doxorubicin and continuously treated

with 10µm Roscovitine, a Cdk2 inhibitor. Thirty-four hours later the incidence of extra

centrioles was reduced from 27% to 9% (Figure 5B). Together these results indicate that

duplication of disengaged centrioles in prolonged G2 after DNA damage is diminished by

p53 mediated expression of p21 and the consequent inhibition of Cdk2 activity.

Mitosis after DNA damage

Time lapse imaging of Doxorubicin treated cells revealed that even though most arrested in

G2, 14% eventually enter mitosis within 72 hours after DNA damage. Since we observe a

52% incidence of centriole disengagement plus a 10% incidence of extra centrioles in G2

cells at this time, we wanted to know if cells that progressed into mitosis contained

disengaged and/or amplified centrioles. We synchronized cultures in S phase with thymidine

for 17hrs, and three hours after release pulsed with Doxorubicin. Since a small percentage of

cells enter mitosis at variable times after DNA damage, we added Nocodazole 48 hours after

the Doxorubicin pulse to accumulate in mitosis cells escaping from prolonged G2. Twenty-

four hours later we fixed the cells and immunostained for γ-tubulin to complement the GFP

centrin signal. We imaged 53 mitotic cells and found 12 cells with at least one pair of

disengaged centrioles and 2 cells that contained supernumerary centrioles (6 centrioles). In

75 control mitotic cells all contained 2 pairs of engaged centrioles (For complete breakdown

see Table 1). Since individual centrioles can organize spindle poles (Sluder and Rieder,
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1985), 26% of the cells entering mitosis after DNA damage contained extra potential spindle

poles.

Discussion

The radiation and radiomimetic drugs currently used to treat human tumors not only damage

DNA in the cancer cells but also impact proliferating untransformed cells. Although

centrosome amplification after DNA damage is well established for transformed cells, its

occurrence in untransformed cells has been sparsely reported and not fully characterized

(Kawamura et al., 2006; Sugihara et al., 2006; Saladino et al., 2009). We more thoroughly

characterized the practical consequences of DNA damage for centrosome behavior in

untransformed human cells. Our study differed from previous ones in at least two ways.

First, we focused on centriole behavior, because after disengagement individual centrioles,

when mature, can each organize a MTOC and at mitosis disengaged centrioles can organize

multipolar spindles (Sluder and Rieder, 1985; Prosser et al., 2012). Second, we damaged

DNA in synchronized cell populations to avoid the uncertainties in interpreting the

responses of cells experiencing DNA damage at various points in the cell cycle.

Doxorubicin as used here damaged DNA in all cells and continuous time lapse observations

revealed that 86% of the cells arrested in G2 for at least 72 hours. In the G2 arrested

populations, there was an increasing incidence of mother-daughter centriole disengagement

that rose to 52% by 72 hours. On top of this we observed a 10% incidence of extra

centrioles, consistent with values previously reported. Since all disengaged and reduplicated

centrioles were associated with γ-tubulin, the total incidence of functional centrosome

amplification in prolonged G2 rose to 62% by 72 hours after DNA damage. This is

substantially higher than the 5–15% incidence of centrosome amplification previously

reported in studies on asynchronous untransformed cells after DNA damage (Kawamura et

al., 2006; Sugihara et al., 2006; Saladino et al., 2009). The 10% incidence of extra centrioles

we observed arose from reduplication during G2, not from cells that entered mitosis and

failed cleavage.

The basis for centrosome amplification in transformed and untransformed cells has been

uncertain. Proposed explanations include centrosome specific signaling, de novo centriole

assembly, and centriole disengagement/reduplication due to G2 arrest (Inanc et al., 2010;

Loffler et al., 2012, Prosser et al., 2012). Our results reveal that mother-daughter centriole

disengagement after DNA damage is dependent on APC/C and/or Plk activities while the

cells are arrested in G2. Blocking both activities almost completely suppressed centriole

disengagement. Even though these activities normally act synergistically to disengage

centrioles late in mitosis (Tsou et al., 2009), we found that either acting alone can eventually

mediate disengagement after DNA damage. In the first 24 hours after DNA damage APC/C

activity appears to be the primary driver of disengagement, but by 48 hours either APC/C or

Plk activities can cause centriole disengagement. These observations are consistent with the

report that without DNA damage either Plk or APC/C activity alone is sufficient to

disengage centrioles during prolonged S or G2 phases, albeit more slowly than both acting

together (Hatano and Sluder, 2012, also see Loncarek et al., 2010 and Prosser et al., 2012).

Which members of the Plk family participate in centriole disengagement after DNA damage
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is not certain. Plk1 activity is reported to be suppressed after DNA damage and Plk2 and

Plk3 activities are reported to rise (Smits et al., 2000; reviewed in Bahassi, 2011). We did

not observe obvious signs of possible de novo centriole assembly as indicated by the

presence of supernumerary centrin foci lacking or weakly staining for γ-tubulin and C-Nap1

(Loffler et al., 2012). In our system all centrin foci showed robust co-localization of C-Nap1

and γ-tubulin.

In our experiments we noted a high incidence of centriole disengagement without

reduplication; most cells contained just 4 separated centrioles and only 10% contained extra

centrioles. This was curious because all the disengaged centrioles showed maturation

characteristics, such as loss of SAS-6, the presence of CEP170, and accumulation of γ-

tubulin, suggesting that they should in principle have been capable of reduplication (see

Wang et al., 2011). Also, when these untransformed cells (without DNA damage) are

arrested in G2 by inhibition of Cdk1 activity, the rate of centriole reduplication is ~60%

(Loncarek et al., 2010). The results of our investigation of this issue indicated that a limit to

reduplication of disengaged centrioles after DNA damage involves the p53 dependent

expression of p21 resulting in the inhibition of Cdk2 activity. Knocking down p53 in

Doxorubicin treated cells allowed an almost 10 fold increase in the incidence of centriole

reduplication during prolonged G2, and this increase could be reversed by inhibiting Cdk

activity with Roscovitine. Cdk2 inhibition by p21 (reviewed in Maugeri-Saccà et al., 2013)

is the likely limit for centriole reduplication, because inhibition of Cdk1 activity alone

promotes supernumerary centriole assembly during G2 (Loncarek et al., 2010). Also, Cdk2

activity not only initiates normal centriole duplication (reviewed in Hinchcliffe and Sluder,

2002) but also is needed for centrosome amplification after DNA damage (Hanashiro et al.,

2008; Bourke et al., 2010). p21 depletion in U2OS cells increases centrosome amplification

after ionizing radiation (Shimada et al., 2011). An additional limit to centriole reduplication

is suggested by reports that DNA damage leads to p53 mediated downregulation of Plk4, a

kinase essential for the assembly of daughter centrioles (Li et al., 2005, Nakamura et al.,

2013).

Putting these observations together, we propose that p53 mediated p21 expression after

DNA damage arrests the cells in G2, a cell cycle phase in which natural increases in Plk and

APC/C activities leads to the gradual disengagement of mother-daughter centrioles in most

cells. However, the reduplication of these disengaged centrioles does not occur in most cases

due to the inhibition of Cdk2 activity by p21. This explains why RO induced G2 arrest

without DNA damage allows for a high incidence of centriole reduplication and why DNA

damage in transformed cells with defects in the p53 – p21 pathways leads to a higher

incidence of centriole reduplication than we find for untransformed cells.

We note that not all RPE1 cells exhibited centriole disengagement 72 hours after DNA

damage. The gradual increase in the incidence of disengagement from 24 to 72 hours

suggests that the disengagement process is slow and had we followed cells longer, we

perhaps could have seen a greater percentage of cells with centriole disengagement. We also

found that ~10% of the cells showed centriole reduplication during prolonged G2 after DNA

damage. The substantial prolongation of G2 in these cells speaks for p53 activity and one
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could thus ask why any showed centriole reduplication. We speculate that the inhibition of

Cdk2 activity in those cells was not complete.

We were interested in whether DNA damaging therapies could have practical consequences

for proliferating normal cells in cancer patients. Time lapse observations of Doxorubicin

treated cells revealed that ~14% eventually entered mitosis after spending substantial time in

G2. We found that 26% of these cells went through mitosis with disengaged and extra

centrioles, which would predispose them to assemble multipolar or transiently multipolar

spindles. However, our time lapse records showed that all cells in the end cleaved in a

bipolar fashion. This is not surprising given that this cell type efficiently bundles

centrosomes at mitosis (see Uetake and Sluder, 2004; Krzywicka-Racka and Sluder, 2011).

Nevertheless, transient spindle multipolarity can lead to lagging chromosomes in anaphase

and formation of micronuclei that do not fully replicate DNA, resulting in profound

chromosome damage at mitosis (Ganem et al., 2009; Crasta et al., 2012). Therefore, DNA

damage in proliferating normal cells during therapy with radiation or radiomimetics could

lead to genomic instability through spindle pole amplification. Also, if the DNA damage

compromises the p53– p21 pathways in any of these cells, they could tolerate mistakes and

start to evolve transformed characteristics.
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Figure 1.
Doxorubicin induced DNA damage leads to centriole disengagement during prolonged G2

phase. (A) Diagram of experimental protocol. Left image shows a 10X field of cells stained

for γH2AX (red) and DNA by Hoechst (blue) 4 hours after the 1 hour Doxorubicin pulse.

Right image is an enlargement of a portion of left image showing range of γH2AX labeling.

Scale bars= 40µm. (B) Incidence of G2 cells with disengaged centrioles at 24, 48, and 72hrs

after DNA damage. Disengagement determined by a 1:1 ratio of Centrin:C-Nap1 spots.

Histogram bars indicate the average from at least 3 experiments with 200 cells counted for

each condition. Error bars are one standard deviation. (C) Representative images of

centrioles in control G2 cells and cells with disengaged centrioles 48hrs after Doxorubicin

treatment. GFP-centrin (green), C-Nap1 (red). Scale bar=1µm. Images are maximum

intensity point projections from Z series images. (D) Graph representing the distances

between mother and daughter centrioles in control G2 cells and cells 24hrs after

Doxorubicin treatment. Each dot represents the distance between one pair of mother-

daughter centrioles. Microns between centrioles are shown along the X axis. Forty centriole

pairs were measured for each condition.
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Figure 2.
Disengaged centrioles display markers of maturation after DNA damage. Numbers shown

represent percentage of cells that contain 0, 2, or 4 foci of SAS-6 (top), CEP170 (middle), or

γ-tubulin (bottom) associated with centrin foci for control G2 cells and cells 48 hours after

Doxorubicin treatment. Percentages are based on 150 cells observed per condition. Images

of centrioles in control cells and disengaged centrioles in Doxorubicin treated cells show

GFP-centrin in green and SAS-6, CEP170, or γ-tubulin in red. Chosen images represent

most prevalent phenotype for each condition. Scale bars=1µm. Images are maximum

intensity point projections from Z series images.
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Figure 3.
Centriole disengagement after DNA damage is due to the independent activities of Plk and

APC/C. (A) Diagram of experimental protocol. (B) Incidence of G2 cells with disengaged

centrioles at 24 and 48 hours after addition of Doxorubicin with indicated treatments.

Disengagement determined by a 1:1 ratio of Centrin:C-Nap1 spots. Histogram bars indicate

the average from at least 3 experiments with 200 cells counted for each condition. Error bars

are one standard deviation. *p≤ 0.05, **p≤ 0.01, ***p≤ 0.001, determined by a two-tailed

unpaired Student’s t test. (C) Representative images of centrioles in a control G2 cell and in

cells 48 hours after Doxorubicin treatment or 48hours after treatment with Doxorubicin plus

either 200nM BI 2536, 12µM proTAME, or both. GFP-Centrin (green), C-Nap1 (red). Scale

bar=1µm. Images are maximum intensity point projections from Z series images.
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Figure 4.
DNA damage leads to low levels of centriole reduplication during prolonged G2. (A)

Representative images of centrioles in a control G2 cell and extra centrioles in a cell 48hrs

after Doxorubicin. GFP-centrin (green), γ-tubulin (red). Scale bar=1µm. Images are

maximum intensity point projections from Z series images. (B) Incidence of cells with more

than four centrin foci colocalizing with γ-tubulin at 24, 48, and 72hrs after addition of

Doxorubicin. Histogram bars indicate the average from at least 3 experiments with 200 cells

counted for each condition. Error bars are one standard deviation. (C) Correlative phase

contrast/immunofluorescence images of G2 arrested cells exhibiting more than four centrin

foci colocalizing with γ-tubulin (upper panels) or C-Nap1 (lower panels). Phase contrast

images were taken at 10X magnification and corresponding immunofluorescence images

were acquired at 100X magnification. Arrows depict cell that was followed. GFP-centrin

(green), γ-tubulin (red), C-Nap1 (red). Scale bars= 20µm and 1µm respectively. hr:min

shown in upper left corner of each frame represents time after Doxorubicin pulse.

Fluorescence images are maximum intensity point projections from Z series images.
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Figure 5.
Low incidence of centriole reduplication after DNA damage is due to p53-mediated

inhibition of Cdk2 activity. (A) Correlative phase contrast/immunofluorescence images of a

p53 knock-down cell 34hrs after Doxorubicin treatment showing extra centrioles. Phase

contrast image was taken at 10X magnification and corresponding fluorescence images were

taken at 100X magnification. GFP-centrin (green), γ-tubulin (red). Scale bars= 20µm and

1µm respectively. Fluorescence images are maximum intensity point projections from Z

series images. (B) Incidence of cells with >4 centrin foci with indicated treatments 34hrs

after Doxorubicin treatment. Histogram bars indicate the average from at least 3 experiments

with 50 cells counted for each condition. Error bars are one standard deviation. *p≤ 0.05,

determined by a two-tailed unpaired Student’s t test. (C) Representative images of a control

cell 14hrs after mitotic shake-off stained for p21 (upper row) and cells 72hrs after

Doxorubicin treatment stained for p21 (middle row) and p27 (bottom row). Inserts are

magnifications of all centrioles in each cell shown. GFP-centrin (green), p21 (red), p27

(red). Merge panels include DNA stained by Hoechst (blue). Scale bar=20µm. Images are

maximum intensity point projections from Z series images.
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Table 1

Centriole configurations in control mitotic cells and cells that enter mitosis after DNA damage

Cell Number Centriole Configurations

Control

75 Two pairs of engaged centrioles

0 One pair of disengaged centrioles

0 Two pairs of disengaged centrioles

0 More than four centrioles

DNA Damage

39 Two pairs of engaged centrioles

5 One pair of disengaged centrioles

7 Two pairs of disengaged centrioles

2 More than four centrioles
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