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Introduction

Given that the integral mission of the cell division cycle is a faith-
ful and error-free completion of genome duplication, a disrup-
tion in a cell cycle checkpoint and subsequent perturbation of 
the normal cell cycle progression can often result in unforeseen 
and often detrimental cellular consequences, including neoplas-
tic transformations and carcinogenesis. Hexavalent chromium 
[Cr(VI)] is an established human carcinogen and has been associ-
ated with the occurrence of a number of cancers.1-3 Although not 
the only viable route of exposure, inhalation remains one of the 
primary exposure means,4 and Cr(VI)-induced tumors as well as 
elevated levels of the metal are often found at lung bifurcation 
sites.5 Despite the existence of vast epidemiologic and experimen-
tal evidence regarding its adverse effects on human health,6 the 
exact mechanism by which Cr(VI) causes neoplastic transforma-
tion remains largely unclear.

Chromium is capable of inducing DNA damage in the form 
of double- and single-strand breaks, Cr adducts and oxidized 
nucleotide bases.1-3,7 These genotoxic events are all very likely to 
trigger the action of cell cycle checkpoints that monitor cell cycle 
progression in normal cells.8-10 However, the mutagenic proper-
ties of Cr can lead to either inactivation or altered expression of 
key genes involved in the checkpoint response. Compromised 
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checkpoint responses frequently cause genomic instability during 
cell division, resulting in neoplastic transformation.11 We have 
previously reported that arsenic trioxide [As(III)] treatment sig-
nificantly affects S-phase function and inhibits the activation of 
the spindle checkpoint.12 Given that Cr(VI) induces cell cycle 
arrest,10 we asked whether it plays a role in the perturbation of 
the spindle checkpoint activation, DNA replication and chromo-
somal stability.

Using a combination of cellular and molecular approaches, 
we observed that chronic exposure to Cr(VI) at non-cytotoxic 
concentrations induced a variety of chromosomal abnormali-
ties, including chromosome breaks, premature sister chromatid 
separation and the presence of lagging and misaligned chromo-
somes. Mitotic arrest induced by nocodazole was significantly 
attenuated when the cells were co-treated with Cr(VI), leading 
to an enrichment of S-phase cells. Moreover, Cr(VI) suppressed 
expression of Emi1 and activation of the spindle checkpoint by 
nocodazole, which was correlated an increased APC/C activity. 
Cr(VI) also perturbed the level and/or activity of geminin and 
Cdt1, the latter being a licensing factor for DNA replication. Our 
combined studies strongly suggest that chromosomal instability 
caused by Cr(VI) exposure is likely due to an unscheduled activa-
tion of APC/C as the result of BubR1-dependent spindle check-
point suppression and Emi1 expression.
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(Fig. 1C). These data suggest that Cr(VI) induces 
major manifestations of chromosome instability.

To understand how Cr(VI) increased chro-
mosomal instability, we first examined whether 
Cr(VI) would affect mitotic progression. 
Overnight (16 hours) treatment with 10 μM 
Cr(VI) did not cause overt morphological differ-
ences compared with the vehicle-treated control 
(Fig. 2A). As expected, the majority of cells treated 
with nocodazole, a mitotic inducer, arrested 
at mitosis, characterized by their rounded-up 
appearance. Intriguingly, co-treatment with 
Cr(VI) significantly suppressed the rounding-up 
of HeLa cells induced by nocodazole, suggest-
ing that this metal toxicant may interfere with 
mitotic arrest.

To confirm that Cr(VI) suppressed mitotic 
arrest, we treated HeLa cells with Cr(VI) in the 
presence or absence of nocodazole. Cells with 
various treatments were fixed and stained with 
an antibody to phosphorylated serine 10 of his-
tone H3 (p-H3S10), a known mitotic marker.13 
Whereas a low percentage of p-H3S10-positive 
cells was present in the vehicle group or the 
Cr(VI)-treated control group, the vast majority of 
HeLa cells were positive for p-H3S10 when they 
were treated with nocodazole (Fig. 2B). However, 
co-treatment with Cr(VI) significantly reduced 
the fraction of p-H3S10-positive cells induced 
by nocodazole (Fig. 2B). To eliminate the pos-
sibility that Cr(VI) might preferentially induce 
cells to undergo apoptosis or mitotic catastrophe, 
we determined the viability of cells treated with 
nocodazole and/or Cr(VI). MTT assays revealed 
that cells treated with Cr(VI) and nocodazole 
did not exhibit any noticeable decrease in the cell 
viability (Fig. 2C), suggesting that Cr(VI) does 
not promote mitotic cell death. Combined, our 
studies strongly suggest that Cr(VI) is capable of 
compromising mitotic arrest.

We next measured the cell cycle distribution 
of HeLa cells with various treatments by flow cytometry. Cr(VI) 
treatment alone significantly enriched S-phase cell population 
(Fig. 3A), which is consistent with the notion that this metal 
toxicant can form DNA adducts and cause DNA strand breaks, 
thus potentially leading to the activation of S-phase checkpoint. 
As expected, nocodazole treatment alone arrested the majority 
of cells at the G

2
/M phase, based on the DNA content analysis. 

However, nocodazole-induced enrichment of the G
2
/M popula-

tion was significantly suppressed when the cells were co-treated 
with Cr(VI). In the meantime, the S-phase cell population 
remained high when the cells were co-treated with nocodazole 
and Cr(VI). These observations thus suggest that Cr(VI) may 
attenuate the effect of nocodazole-induced mitotic arrest by 
either blocking cells at the S phase or promoting mitotic exit.

Results

In order to study the effect of Cr(VI) exposure on chromosomal 
stability during cell division, we chronically exposed HeLa cells 
by culturing them in medium containing a non-cytotoxic con-
centration (0.25 μM) of the chemical. After exposure to Cr(VI) 
in culture for one month, HeLa cells were subjected to mitotic 
chromosome spread analysis. We observed that cells exposed to 
Cr(VI) contained major chromosomal abnormalities, including 
premature sister chromatid separation and chromosome breaks 
(Fig. 1A and B) as compared with the control cells cultured in 
the absence of Cr(VI). Fluorescence microscopy revealed that 
acute treatment of cells with Cr(VI) (10 μM) also significantly 
increased misaligned or lagging chromosomes in mitotic cells 

Figure 1. Chronic exposure to non-cytotoxic concentrations of Cr(VI) induced chromo-
somal instabilities. (A and B) HeLa cells were cultured in the medium containing Cr(VI) at a 
final concentration of 0.25 μM for one month. Cells were then prepared for the analysis of 
metaphase chromosomes. Major chromosomal abnormalities, including premature sister 
chromatid separation and chromosome breakage, were examined. Representative im-
ages (A) were shown. Insets show magnified images. percent of cells with premature sister 
chromatid separation and chromosome breakage were summarized (B). (C) HeLa cells 
were acutely exposed to Cr(VI) at a final concentration of 10 μM for 24 hours. Cells were 
then collected and stained with the antibody to phosphorylated H3 serine 10 (p-H3S10, 
Red). DNA was stained with DApI (Blue). Representative images are shown.
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To study whether Cr(VI) would have a similar effect on per-
turbing cell cycle distributions in normal cells, we treated human 
primary lung epithelial cells with nocodazole in the presence or 
absence of Cr(VI) for 48 h. Compared with that of vehicle-treated 
control, Cr(VI) and nocodazole treatment significantly enriched 
S-phase and G

2
/M cells, respectively (Fig. 3B). Again, Cr(VI) 

treatment significantly compromised the G
2
/M arrest induced by 

nocodazole, resulting in a reduction in G
2
/M cells with a con-

comitant increase in the S-phase cell population. Combined, 
these studies suggest that Cr(VI) suppresses cell cycle progres-
sion of both normal lung epithelial cells and transformed cells 
and compromises their mitotic arrest, likely by blocking them in 
the S phase.

Cr(VI) induces DNA damage in the form of strand breaks,3,14 
which should provoke the activation of the S-phase checkpoint. 
The observation that Cr(VI) enriches S-phase population is 
consistent with an activated DNA damage checkpoint. We next 
determined if co-treatment of HeLa cells with Cr(VI) and caf-
feine would have an effect on modulating cell cycle distribu-
tions, because caffeine is capable of weakening the DNA damage 
checkpoint by inhibiting activities of ATM/ATR.15,16 Caffeine 
treatment alone did not have any noticeable effects on perturbing 
cell cycle distribution, whereas Cr(VI) greatly enriched S-phase 
cells (Figs. 3A and 4A). On the other hand, caffeine significantly 
reduced the percentage of S-phase cells induced by Cr(VI) with a 
concomitant increase in the G

2
/M population (Figs. 3A and 4A). 

Moreover, the addition of nocodazole further increased the 
mitotic fraction when HeLa cells were also co-treated with 
Cr(VI) and caffeine (Fig. 4A).

We next examined the status of the spindle checkpoint in 
HeLa cells treated with nocodazole, Cr(VI) and/or caffeine. 
BubR1 is a key component of the spindle checkpoint, and com-
promised BubR1 activity causes chromosomal instability and 
malignant transformation.17,18 BubR1 is known to be phos-
phorylated (p-BubR1) after treatment with nocodazole, and 
its phosphorylation is a reliable indicator of checkpoint activa-
tion.19 Neither Cr(VI) nor caffeine induced activation of BubR1 
(p-BubR1); however, Cr(VI) induced a low level of accumula-
tion of cyclin B1 (Fig. 4B). As expected, nocodazole treatment 
resulted in a marked increase of p-BubR1 as well as cyclin B1 
(Fig. 4B). However, Cr(VI) co-treatment, but not caffeine co-
treatment, significantly decreased p-BubR1 levels. Consistent 
with the deregulation of mitotic arrest by Cr(VI), cyclin B1 lev-
els induced by nocodazole were also significantly reduced in cells 
co-treated with the metal (Fig. 4B), suggesting the activation of 
APC/C. Intriguingly, co-treatment with nocodazole and caf-
feine, but not chemicals of other combinations, strongly induced 
a modified BubR1 (BubR1-M), the nature of which remained 
unknown. As a control, we also examined expression of Cdc2. 
No changes in the level of Cdc2 were observed in cells treated 
with nocodazole, caffeine and/or Cr(VI).

Compromised BubR1 activity results in the premature activa-
tion of APC/C,17 which negatively regulates, by polyubiquitina-
tion, several substrates, including geminin, securin and cyclin B. 
Because Emi1 also suppresses APC/C activity, and its expression 
is modulated during the cell cycle,20 we determined whether 

Figure 2. Cr(VI) suppresses mitotic arrest induced as the result of 
microtubule disruption. (A) HeLa cells were treated with nocodazole 
(50 ng/ ml) and/or Cr(VI) (10 μM) for 16 hours. At the end of treatment, 
cells were examined under a light microscope. Representative cell imag-
es are shown. (B) HeLa cells seeded in chamber slides were treated with 
nocodazole (Noc) and/or Cr(VI) for 16 hours. At the end of treatment, 
cells were fixed and stained with an antibody to phosphorylated serine 
10 of histone H3 (p-H3S10). DNA was stained with DApI. Representative 
images are shown. (C) HeLa cells were treated with Cr(VI) (10 μM) and/or 
nocodazole for 24 hours. Cell viability was evaluated by the Mtt assay. 
the data were summarized from three independent experiments.
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DNA replication origin.20,21 It is conceivable that APC/C plays an 
important role in regulating DNA replication through control of 
activities as well as levels of geminin and Cdt1. Immunoblotting 
revealed that Cdt1 was heavily phosphorylated in mitotic shake-
off cells, whereas it remained largely unphosphorylated in asyn-
chronous cells (Fig. 5, vehicle lane), which is consistent with 
the report that phosphorylation by Cdks is a mechanism that 
negatively regulates Cdt1.22 During mitotic release, Cdt1 was 
converted to the active (dephosphorylated) form much earlier 
(e.g., 2.5 and 5 h time points) in cells treated with Cr(VI) than 
the untreated control cells (Fig. 5). By 9 h post release, Cdt1 
was completely converted to its dephosphorylated form, either 
with or without Cr(VI), and these cells were apparently no 

Cr(VI) affected its steady-state levels in the cells. Mitotic shake-
off cells (collected after treatment with nocodazole for 16 h) were 
released into medium with or without Cr(VI) for various times. 
Immunoblotting reveals that Emil levels were greatly reduced by 
Cr(VI) (Fig. 5). Because reduced levels of Emi1 as well as sup-
pressed BubR1 activation would predict an increase in APC/C 
activity, we determined the ubiquitination status of geminin, an 
APC/C substrate. Consistent with the prediction, geminin poly-
ubiquitination was enhanced in cells treated with Cr(VI) com-
pared with the control cells (Fig. 5).

Cdt1 is a critical component of the pre-replicative complex 
and licenses DNA for replication.20 Geminin directly interacts 
with and inhibits Cdt1 activity, thereby blocking re-firing of 

Figure 3. Suppression of mitotic arrest by Cr(VI) is correlated with an 
increase in S-phase population. (A) HeLa cells treated with Cr(VI)  
(10 μM) and/or nocodazole (50 ng/ml) for 16 hours were then collected, 
fixed and processed for cell cycle distributions by flow cytometry. 
Representative data are shown. (B) Normal human lung epithelial cells 
were treated with Cr(VI) and/or nocodazole for 48 h. the treated cells 
were fixed and processed for analysis for their DNA content by flow 
cytometry.

Figure 4. Suppression of nocodazole-induced mitotic arrest and BubR1 
activation by Cr(VI) is attenuated by caffeine. (A) HeLa cells were treated 
with Cr(VI) (10 μM), caffeine (3 mM) and/or nocodazole (50 ng/ml) for 
16 hours. Cells were then collected, fixed and processed for cell cycle 
distributions by flow cytometry. (B) HeLa cells were treated with Cr(VI), 
caffeine and/or nocodazole for 16 hours. equal amounts of the lysates 
from different treatments were blotted for BubR1, cyclin B1, Cdc2 and 
β-actin. Arrow p-BubR1 denotes the activated, phosphorylated form. 
Arrow modified denotes a BubR1 band (BubR1-M), the nature of which 
remains unclear.
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and chromosomal instability remains poorly understood. Given 
that chromosomal instability is believed to be a major driving 
force of malignant transformation and tumor development,30,31 
additional studies on the regulation of the APC/C substrate 
geminin should shed light on chromium carcinogenesis. It is 
of importance to note that chronic exposure to a non-cytotoxic 
concentration of Cr(VI) can induce a variety of chromosomal 
abnormalities. The presence of premature sister chromatid sepa-
ration and chromosome breaks will compromise cell division and 
survival of these cells. One frequent outcome is the formation 
of bi-nucleated/polyploid cells. It is generally believed that aneu-
ploid cells are derived from unstable tetraploid cells. Recent stud-
ies strongly suggest that there is a synergistic interaction between 
chromosome instability and p53 inactivation during malignant 
transformation.30,32 Whereas p53 is required for the maintenance 
of chromosomal stability during tetraploidization,32 chromosome 
missegregation due to checkpoint deficiency favors the selection 
of cells with mutated/null p53 allele during colonic tumorigen-
esis.30 It is conceivable that p53 mutations or loss of its activity is 

longer mitotic, as very little p-H3S10 signal was left (Fig. 5). 
Interestingly, Cr(VI) treatment also caused significant reduction 
of Cdt1 during mitotic release.

Discussion

APC/CCdc20 is inhibited by the spindle checkpoint of which 
Bub1 and BubR1 are major checkpoint components.23-25 
Haploinsufficiency of BubR1 results in the activation of APC/
CCdc20 and the reduction of securing,17 a major substrate of the 
ubiquitin E3 ligase complex. APC/CCdh1 activity is primarily 
inhibited by Emi1 during S, G

2
 and early mitosis, so that its 

key substrates, including cyclin B and geminin, can be stabi-
lized. Premature activation of APC/CCdh1 by depletion of Emi1 
during S, G

2
 and early mitosis has a positive effect on DNA re-

replication due to an increased activity of Cdt1, a major DNA 
replication licensing factor, following polyubiquitination and 
subsequent degradation of its inhibitor geminin.20 Based on our 
data as well as those reported in the literature, we propose the 
following model to explain the mode of action of Cr(VI) in the 
induction of chromosomal instability during cell division (Fig. 
6). Cr(VI) exposure suppresses expression and activation of Emi1 
and BubR1, respectively, which lead to unscheduled activation 
of APC/C activities. The enhanced APC/CCdc20 activity causes 
polyubiquitination and degradation of securin, leading to prema-
ture sister chromatid separation. APC/CCdh1 activity also polyu-
biquitinates geminin, which inevitably perturbs phosphorylation 
and activation status of Cdt1. Aberrant DNA re-replication, 
including repeated firing of the origin of DNA replication, fre-
quently results in DNA replication fork collision and double-
strand breaks. Cells, if they survive, are frequently aneuploid.

It is of interest to observe that Cr(VI)-induced DNA damage 
checkpoint can significantly countermand the activation of the 
spindle checkpoint. The co-treatment with caffeine and Cr(VI) 
significantly reduced the percentage of S-phase cells, with a con-
comitant increase in mitotic cells in the presence of nocodazole, 
thus suggesting that the suppression of the DNA damage 
checkpoint by a cell cycle inhibitor, such as caffeine, can lead 
to the release of previously arrested cells into mitosis. Moreover, 
nocodazole is a potent inducer of the spindle checkpoint charac-
terized by activating/phosphoyrlating BubR1.19 Cr(VI) treatment 
completely blocks phosphorylation of BubR1 in cells exposed to 
nocodazole (Fig. 4B), indicating its ability to override the spindle 
checkpoint activation by the microtubule disrupter. Given that 
human exposure to Cr(VI) is not only limited to the occupa-
tional setting (i.e., environmental contamination), it is essential 
to elucidate the mechanisms by which Cr(VI) affects the spindle 
checkpoint activation and diminishes mitotic arrest induced by 
microtubule poisons.

Cr(VI) is known to have a plethora of effects on cells, includ-
ing activation of the mismatch repair system26,27 and induction 
of oxidative stress.28,29 Cr(VI)-induced oxidative stress appears 
to perturb the activities of transcription factors, including 
NFκB, AP-1, p53 and HIF-1.29 However, the molecular basis 
by which Cr(VI) causes deregulation of cell cycle checkpoints 

Figure 5. Cr(VI) reduces expression of emi1 and perturbs regulation of 
geminin and Cdt1. HeLa cells were treated with nocodazole (50 ng/ml) 
for 16 hours. Mitotic cells collected by shake-off were released into fresh 
medium supplemented with or without Cr(VI) (10 μM) for various times. 
Cell lysates were prepared at the end of treatment. Interphase (vehicle) 
and mitotic (Noc) cell lysates were also prepared. equal amounts of 
cell lysates were blotted for emi1, geminin, Cdt1 and phorsphorylated 
histone H3. Ubiquitinated geminin and phosphorylated Cdt1 were also 
indicated. the blot was stained as a loading control.
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one month were treated with nocodazole (100 ng/ml) for 4 hours. 
Cells were collected and incubated in 3.7 mM KCl at 37°C for 
15 min. Cells were finally suspended in a fixative solution (glacial 
acetic acid/methanol in a ratio of 1:3) prior to spreading onto 
microscope slides (Fisher Scientific). Chromosome spreads were 
counter-stained with DAPI. Chromosomal images were captured 
with a Leica TCS SP5 confocal microscope or a Leica AF6000 
fluorescence microscope. For each treatment, at least 100 meta-
phase spreads were examined.

Fluorescence microscopy. Fluorescence microscopy was 
essentially performed as described in reference 33 and 34. 
Following the respective chemical treatments, cells were fixed 
at room temperature in 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 10 min. After fixation, they were per-
meabilized with 0.1% Triton for 10 min., followed blocking with 
2% bovine serum albumin (BSA) at room temperature. The cells 
were then incubated with anti-human phosphorylated serine 10 
of histone H3 (p-H3S10) monoclonal antibody (PharMingen, 
BD Bioscience, San Jose, CA) in PBS containing 2% BSA over-
night at 4°C. Afterwards, they were washed and stained with 
Alexa Fluor 555-labeled secondary antibody (Invitrogen) at room 
temperature for 1 h in the dark; cells were finally stained with 
4',6-diamidino-2-phenylindole (1 μg/ml, Fluka, St. Louis, MO). 
Images were captured with a Leica TCS SP5 confocal microscope 
or a Leica AF6000 fluorescnce microscope.

Flow cytometry analysis. Cells were initially fixed in 75% 
ethanol, then suspended in a solution of PBS containing 100 μg/
ml of RNase A (Sigma Chemical Co., St. Louis, MO) and 
10 μg/ml of propidium iodide (Molecular Probes, Eugene, OR) 
and kept at room temperature for 1 h. Cellular fluorescence was 
then measured using Beckman Coulter® Epics XL-MCLTM Flow 
Cytometer (Fullerton, CA). DNA frequency distribution his-
tograms were deconvoluted using Muticycle software (Phoenix 
Flow System, San Diego, CA) to estimate percent of cells in dif-
ferent phases of the cell cycle.

Protein gel blot analysis. Cells were harvested and lysed in 
a lysis buffer as previously described in reference 35. Cell lysates 
were then centrifuged at 12,000 g for 15 min at 4°C, and their 
supernatants were collected. Approximately equal amounts of pro-
tein were subjected to a sodium dodecyl sulphate-polyacrylamide 
gel electrophoresis (SDS-PAGE) followed by an electrotransfer to 
PVDF membranes. Protein blots were probed with antibodies to 
BubR1, cyclin B, Cdc2, Emi1, Cdt1, Geminin, phosphorylated 
histone H3 and β-actin (Santa Cruz Biotechnology, Santa Cruz, 
CA). Specific signals were detected using horseradish peroxidase-
conjugated goat-anti-rabbit (or anti-mouse) secondary antibodies 
(Sigma) and enhanced chemiluminescence reagents (Amersham 
Pharmacia Biotech, Pittsburgh, PA).

Cell viability assay. Cell viability was assayed using the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay method. HeLa cells (1 x 104 cells/well) were seeded 
in a 96-well plate in sextuplicates. Cr(VI) was added to the cell 
cultures at indicated concentrations for 24 h. MTT (15 μl) was 
supplied to each well. Following an additional 3 h incubation 
at 37°C, the medium was removed. MTT formazan precipitates 
were dissolved in 150 μl of dimethyl formamide solution. The 

likely to accelerate the development of aneuploid cells, which, in 
turn, facilitates the selection of rare clones with growth advan-
tages, leading to neoplastic transformation.

Materials and Methods

Cell culture and treatment. HeLa cells were obtained from 
the American Type Culture Collection (Manassas, VA). HeLa 
cells were cultured in dishes or on Lab-Tek II chamber slides 
(Fisher Scientific, Pittsburgh, PA) in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal bovine serum 
(FBS) with 5% CO

2
 at 37°C. Na

2
CrO

4
 (Sigma Chemical Co., 

St. Louis, MO) was dissolved in 0.9% (w/v) NaCl at the con-
centration of 10 mM as a stock solution. Nocodazole (Sigma 
Chemical Co.) was dissolved in dimethyl sulphoxide (DMSO). 
Maximal final concentration of DMSO used in cell culture 
was kept below 0.1%. Caffeine (Sigma Chemical Co.) was pre-
pared in DMEM without serum at a concentration of 80 mM. 
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bro-
mide (MTT,) was dissolved in PBS at a concentration of 5 mg/
ml. For chronic exposure, HeLa cells were cultured in medium 
containing Cr(VI) at a final concentration of 0.25 μM for one 
month. For acute exposure, HeLa cells were treated with differ-
ent chemicals, including Cr(VI), nocodazole, caffeine or their 
combinations for 16 hours. Human lung bronchial epithelial cells 
(NHBE) obtained from ATCC were maintained in bronchial 
epithelial growth media (Lonza, Walkersville, MD) in tissue cul-
ture flasks/dishes in an ambient condition as described above. 
NHBE cells of either the third or the fourth passage were treated 
with Cr(VI) at a concentration of 10 μM and/or nocodazole 
(or vehicle) for 2 days. At the end of the treatment, cells were 
collected and processed for DNA content analysis by flow  
cytometry.

Cytogenetics. To obtain mitotic chromosome spreads, HeLa 
cells cultured in the presence or absence of Cr(VI) (0.25 μM) for 

Figure 6. A model depicting the proposed mode of action of Cr(VI) in 
the induction of chromosomal instability during cell division. Arrows 
(→) denote positive regulation and blocks (┤) indicate negative regula-
tion. ApC/C denotes anaphase-promoting complex/cyclosome; pSS 
denotes premature sister chromatid separation.
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optical density of the dissolved samples was measured at 570 nm 
using a plate reader.

Statistical analysis. The Student’s t-test was used to evalu-
ate the significance of difference between two groups. A value of 
p < 0.05 was considered to be statistically significant.
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