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Abstract
The centrosome directs chromosomal migration by a complex process of tubulin-chromatin binding.
In this contribution centrosomal abnormalities, including centrosomal amplification, were explored
in Chinese Hamster Ovary (CHO) and Normal Human Mammary Epithelial (NHMEC) cells exposed
to the antiretroviral drug zidovudine (3’-azido-3’-deoxythymidine, AZT). Centrosomal
amplification/fragmentation was observed in both cell types and kinetochore positive micronuclei
were found in AZT-exposed CHO cells in correlation with dose. Normal human mammary epithelial
cell (NMHEC), strain M99005, previously identified as a strain that incorporates high levels of AZT
into DNA (High incorporator, HI), showed greater centrosomal amplification when compared with
a second strain, NHMEC M98040, which did not incorporate AZT into DNA (Low incorporator,
LI). Additionally, an abnormal tubulin distribution was observed in AZT-exposed HI cells bearing
multiple centrosomes. Immunofluorescent staining of human cells with Aurora A, a kinase involved
in the maturation of the centrosome, confirmed the induction of centrosomal amplification and
revealed multipolar mitotic figures. Flow cytometric studies revealed that cells bearing abnormal
numbers of centrosomes and abnormal tubulin distribution had similar S-phase percentages
suggesting that cells bearing unbalanced chromosomal segregation could divide. Therefore, AZT
induces genomic instability and clastogenicity as well as alterations in proteins involved in
centrosomal activation, all of which may contribute to the carcinogenic properties of this compound.
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Introduction
The centrosome is an organelle that regulates migration of chromosomes to the daughter cells,
and is also a microtubule organizer. Based on the multiple proteins residing in the centrosome-
associated protein matrix, centrosomes have been implicated in other cellular functions
including cell-cycle transitions, such as G1 to S-phase, G2 to mitosis and metaphase to anaphase
[1,2]. Cells normally have one centrosome, which duplicates synchronously with the phases
of the cell cycle to generate two new centrosomes, each of which is comprised of a pair of
orthogonally placed centrioles. Inhibition of centrosomal duplication generates incomplete
mitotic spindles lacking cell polarity. Conversely, a multiplicity of centrosomes will generate
aberrant mitotic spindles with chromosomes migrating to numerous poles, hence causing
aneuploidy. Most human carcinomas have an abnormal centrosomal number that contributes
to the genomic instability characteristic of transformed cells [3-6]. Additionally, it has been
reported that malfunction of the centrosome induces delay in the G1-S progression of the cell
cycle [7,8].

Zidovudine (3’-azido-3’-deoxythymidine, AZT), the first nucleoside reverse transcriptase
inhibitor (NRTI) used for HIV-1 therapy has been shown to induce micronuclei, chromosomal
aberrations, mutations and telomeric attrition in vitro and in vivo [9,10]. Additionally AZT
becomes incorporated into eukaryotic DNA [11,12] and induces cell cycle arrest with
accumulation of cells in S-phase [13-17]. Since AZT has been shown to be a transplacental
carcinogen of moderate potency in mice [10,11] it is important to understand the mechanisms
underlying the carcinogenic potential of this drug.

Here, we report for the first time the ability of AZT to act as a centrosome disruptor. By
immunohistochemistry (IHC), hamster CHO cells and human NHMEC strains, exposed to
AZT for 24 hr, showed centrosomal disruption evidenced by pericentrin staining and multipolar
mitotic figures, with additional aberrations in tubulin polymerization in cells bearing abnormal
centrosomes. In addition, the presence of kinetochore positive micronuclei suggest the potential
of the drug to act as an aneugen. The consequences of these events and their occurrence at
therapeutic concentrations in human patients remain to be established.

Materials and Methods
Culture, exposure and cytotoxicity of normal human mammary epithelial cells (NHMECs)

NHMECs were cultured from organoids derived from tissues obtained at reduction
mammoplasty by the Cooperative Human Tissue Network. The NHMEC strains used here
have been previously characterized [18]. Cells were grown at 37°C in 5% CO2 and serum free
Mammary Epithelial Cell Medium (Cambrex, Rockland, ME) supplemented with growth
factors, insulin and pituitary extracts (Cambrex). AZT (Sigma-Aldrich Co, St Louis, MO) was
dissolved in phosphate buffered saline (PBS) pH 7.2 (Biosource, Rockville, MD) and the final
concentration was calculated from absorbance at 266 nm with a molar extinction coefficient
of 11,500. Two NHMEC strains were selected for these experiments, based on their ability to
incorporate AZT into DNA [19]. Low incorporator (LI) strain M98040 cells and high
incorporator (HI) strain M980005 cells were cultured for 6 passages, grown to 75% confluency
and exposed in duplicate for 24 hours to 0, 10 or 200 μM AZT. For survival studies, cells were
seeded in triplicate, trypsinized, and a fraction of the cell suspension was counted in a Coulter
Particle Counter (Model Z1, Coulter Electronics, Luton, UK). Cell survival was expressed as
percentage of viable cells in comparison to the unexposed control.
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Culture, exposure and cytotoxicity of Chinese Hamster Ovary (CHO) cells
CHO cells, obtained from the American Type Culture Collection (ATCC, Manassas, VA),
were cultured in HAM F12 medium (Lonza Walkersville, Inc. Walkersville, MD) and
supplemented with 10 % Fetal Bovine Serum (ATCC), and antibiotics. For cytotoxicity assays,
75% confluent monolayers of CHO cells were exposed to 0, 200, 400 or 800 μM AZT for 24
hr on in duplicate experiments and processed as described above. CHO has been the cell line
of choice for this study because centrosome re-duplication occurs despite blockade of DNA
synthesis. With the aim of establishing if normal human cells are affected by NRTI treatment,
NHMECs were used. The selection of two NHMECs strains with different abilities to
incorporate AZT, due to their TK-1 status aimed to determine the role of AZT in the induction
of centrosomal amplification.

Aberrant mitotic figures in CHO cells
CHO cells, seeded in 4-chamber slides (BD Biosciences, Bedford, MA) at a density of 20,000
cells/well were treated in duplicate experiments with 0, 200, 400 and 800 μM AZT for 20 hours.
AZT was removed and cells were allowed to progress to mitosis for an additional 4 hours.
Slides were washed with PBS and fixed with 70% alcohol for 15 min. Scoring of multipolar
mitoses and lagging chromosomes was performed in 500 cells stained with Giemsa.

CHO and NHMEC centrosomal integrity determined by immunohistochemistry (IHC) staining
CHO cells and the two NHMEC strains, HI and LI were seeded in 4-chamber slides. CHO cells
were exposed as described above. NHMECs were exposed to 0 and 200 μM AZT for 24 hr.
For both cell types medium was removed and cells were washed 2 times with PBS and once
with PBS-Tween (0.05%). Monolayers were fixed with ice cold methanol for 30 min at −20°
C, followed by washes with PBS-Tween, and extraction by 0.1% Triton-X100 in 1X PBS for
4 minutes. Slides were then blocked with 2% BSA in PBS for 1 hr. Anti-pericentrin (Covance,
Emeryville, CA, 1:300 dilution) and anti-β-tubulin (Sigma-Aldrich, 1:200 dilution) were used
as primary antibodies for 2 hours at room temperature. Following washes in PBS-Tween, the
secondary antibodies, anti-rabbit Alexa 488 (Invitrogen, Carlsbad, CA) for pericentrin, and
anti-mouse rhodamine red for tubulin (Invitrogen), were applied for 30 min. DAPI (Invitrogen),
was used to visualize DNA [20]. Staining by this procedure will produce blue nuclei (DAPI),
red tubulin (rhodamine red) and punctate green centrosomal signals (Alexa 488) throughout
the cytoplasm. A total of 1,200 cells with visible centrosomes was scored for each treatment
group for both the CHO cells and the NHMEC strains.

Centrosomal integrity in CHO cells determined by transmission electron microscopy (TEM)
CHO cells seeded in 6-well plates were exposed to 0, 200, 400 and 800 μM AZT for 24 hours.
After incubation, cells were scraped, collected by centrifugation, fixed for 2 hours with 2.5 %
glutaraldehyde (Polysciences Inc., Warrington, PA) and post-fixed in 1% osmium tetroxide
for 1h at 4°C. Cells were then dehydrated by ethyl alcohol, incubated with propylene oxide,
and embedded with Spurr's low viscosity embedding mixture (Polysciences Inc.). Polymerized
blocks were obtained after an overnight incubation at 70°C. Semi-thin sections of 0.5 μm
stained with toluidine blue were used to select the best preserved structures which were then
further trimmed to 500Å thin sections, stained with uranyl acetate and lead citrate and observed
under a CM 100 Philips electron microscope (TEM) at 80kv (Core facility, USUHS). Electron
micrographs were obtained and scanned for further ultrastructural analysis. Numbers of
centrosomes and pericentriolar satellites were counted in situ, in the TEM screen at a 10,500
X magnification, in predetermined areas identified at low magnification as containing
centrioles. In order to avoid counting repeated areas during morphometric analysis, only 1 of
the 3 grids was analyzed for each experimental condition, and only 1 of 15 whole sections was
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studied in each grid [21,22]. A total of 50 untreated cells, 60 cells exposed to 400 μM AZT
and 55 cells exposed to 800 μM AZT were scored.

Aurora A and Aurora B staining in NHMECs
NHMECs cultured in 4-well polystyrene chamber slides were exposed to 0, 10 or 200 μM AZT
for 24 hours, fixed with ice cold methanol for 30 min at −20°C, and washed with PBS-Tween.
Cells were permeabilized for 5 min with 0.025% SDS and 0.1% Triton in PBS, washed with
PBS-Tween and blocked for 1 hr at room temperature (Blocking solution: 10% goat serum,
1% BSA, 0.02% sodium azide in PBS) before incubation with: a rabbit polyclonal anti-Aurora
A antibody (Cell Signaling Technology, Inc. Danvers, MA) at 1:250 dilution in 1%BSA in
TBS solution (Tris Buffer Saline :0.05 M Tris-HCl 0.15 mM NaCl, pH 7.6.), at 4°C overnight;
or a rabbit polyclonal anti-Aurora B antibody (Abcam, Cambridge, MA) at 1:200 dilution in
1%BSA in PBS/Tween solution at 4°C, overnight. An anti-rabbit Alexa 488-conjugated
antibody (Invitrogen) was used as the secondary antibody at a 1:500 dilution for Aurora A or
a 1:400 dilution for Aurora B, for 30 min at room temperature. DAPI was used to visualize
DNA. Additionally, percentage of cells in different phases of the mitosis was scored in ∼4000
cells from which 200 NHMEC were mitotic,exposed to 200 μM AZT stained with Aurora B
(Table IV). The star indicates statistical significance (p= 0.002) for that group compared with
the corresponding unexposed controls.

CHO and NHMEC kinetochore staining by IHC
CHO cells and NHMECs cultured in 4-well polystyrene chamber slides, were fixed with ice
cold methanol for 30 min at −20°C and permeabilized for 4 min with 0.1% Triton-x100 in
PBS. Then cells were incubated overnight at 4°C with human anti-kinetochore CREST
(calcinosis, Raynaud's phenomenon, esophageal dysfunction, sclerodactyly, telangiectasia)
antibody (Antibodies Incorporated, Davis, CA) at a 1:40 dilution in blocking solution. Slides
were washed as above and incubated for 90 min at room temperature with anti-human Alexa
488 (Invitrogen 1:500) secondary antiserum in blocking solution (10% goat serum, 0.01%
Sodium azide, 1% Bovine serum albumin in PBS). DAPI was used to visualize nuclei and
micronuclei [23]. Scoring of 1000 cells per treatment allowed identification of micronuclei
with or without kinetochore (CREST) positive green signals.

Fluorescent and Confocal Microscopy
For fluorescence microscopy cells were visualized and analyzeed using a Nikon Eclipse E-400
(Nikon, Inc, Melville, NY) microscope fitted with a Plan Apo 100x objective with a 1.40
numerical aperture. Stained cells were photographed on a Zeiss Axiovert 100M microscope
equipped with a Zeiss Plan Apochromat 100x/1.4 oil Dichromic objective. Confocal images
were generated using a Zeiss LSM 510 scanning laser microscope. The LSM 510 zoom
software was used to produce a final magnification of 2000x. Images shown are 3-dimensional
maximal projections generated from a series of images through the Z-plane.

Flowcytometric analysis of NHMEC cell cycle in cells with abnormal tubulin polymerization
NHMECs, exposed to 10 and 200 μM AZT for 24 hr in T75 flasks, were trypsinized and pelleted
by centrifugation at 860g for 5 min. Fixation was accomplished by adding ice-cold methanol
to pre-chilled cells with gentle vortexing, incubation on ice for 30 min and then centrifugation
and resuspension in 0.5% BSA for 10 min at room temperature. Anti-β-tubulin antibody (1:25
dilution, Cell Signaling Technology, Inc.) was added and suspensions incubated for 60 min at
room temperature. After washing and spinning, cells were incubated with Alexa Fluor 488 goat
anti-rabbit IgG (H+L) (Invitrogen) at a 1:1000 dilution for 30 min at room temperature. Finally,
cells were washed, incubated with RNAse (Qiagen, Valencia, CA) and stained with propidium
iodide 10 μg/ml (Sigma-Aldrich) at 4°C, overnight. Cells were analyzed on a FACSCalibur
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flow cytometer (BD Biosciences, San Jose, CA) using the doublet discrimination module. Data
were acquired using CellQuest Pro (BD Biosciences) software. The cell cycle was modeled
using ModFit software (Verity Software, Topsham, ME) and tubulin was measured using
FlowJo software (TreeStar, Ashland, OR).

Statistical analysis
Results were expressed as mean □ SE of three separate experiments unless otherwise indicated.
The Student's t-test was used for statistical analysis for the scoring of centrosomal amplification
by EM, and ANOVA was used to obtain statistical significance in percentage of mitotic phases
in CHO cells (Table IV).

Results
Cytotoxicity and aberrant mitotic figures in CHO cells

For CHO cells, survival was 81.0, 71.5 and 67.5% at 24 hr of exposure for 200, 400 and 800
μM AZT respectively. Analysis of abnormal mitotic figures was carried out in CHO cells grown
in 0, 200, 400, and 800 μM AZT for 20 hours, and then grown in AZT free media for 4 hours
to permit entry into mitosis. An increase in the presence of aberrant cells, including multipolar
metaphases/anaphases and cells bearing lagging chromosomes was observed in correlation
with increasing doses of AZT. Table I shows the scoring of 500 Giemsa-stained cells. There
were no abnormal cells in the unexposed cultures, and average percentages of 0.8%, 1.8% and
5.3 % of cells with aberrant mitotic figures were found in cultures exposed in duplicate
experiments to 200 μM, 400 μM and 800 μM AZT, respectively.

Centrosomal abnormalities in CHO cells determined by IHC
When compared to untreated CHO cells (Figure 1 A), CHO cells exposed to 200 μM AZT for
24 hours showed an increase in the number of pericentrin positive structures (Figure 1 B, C).
Moreover, multiple signals of smaller size were observed in some cells (Figure 1 C) and defined
as centrosomal fragmentation. Centrosomal abnormalities were observed in cells exposed to
all doses of AZT, and were frequently accompanied by an aberrant aggregation of tubulin (red)
(Figure 1 C, thin arrow). Additionally a third type of aberrant centrosomal structure involving
the observation of multiple centrosomes associated together was defined as aggregation (Figure
1 C arrow head). Scoring for cells containing > 2 centrosomes is presented in Table I. Untreated
cells had a 0.2% of cells bearing the abnormality, while values for abnormal cells reached
0.4%, 1.2% and 1.9% in cells exposed to 200, 400 and 800μM AZT, respectively.

Amplification of CHO cell centrosomes was confirmed by visualization of EM images. Figure
2 shows photomicrographs that are representative of multiple images captured and analyzed.
Panel A shows cells exposed to 400 μM AZT for 24 hours, where black arrows point to
centrioles embedded in a proteinaceous pericentriolar matrix. The photos are from an area of
cytoplasm close to the nucleus and contain 3 centrioles. Centrioles show cross-sectional
microtubule disposition (A, white arrows), or cylindrical longitudinal and oblique orientation.
Numerous small round electro-dense structures are also observed (B, white arrow head and
insert). These are considered to be pericentriolar satellites, non-membranous organelles located
close to the centrosome, which in some cases have organized distribution in semicircle. Panels
B shows cells exposed to 800 μM AZT for 24 hr. The centrioles (5) are indicated by black
arrows and pericentriolar satellites are indicated by white arrowheads.

Scoring of 75 photos/treatment showed an increased of centrosome number in relation to the
AZT concentration. These are defined as supernumerary centrosomes in (Table I) and varied
from 1.1% ± 0.8 in unexposed cells to 2.8% ± 0.8 and 4.4% ± 0.5 for 400 μM and 800 μM
AZT respectively (p<0.001). The percentage of cells showing pericentriolar satellites (Table
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I), the specific electro-dense round oval structures associated with the centrosomes, also
increased with AZT dose to: 4.8% ± 0.5 and 7.0% ± 0.5 for 400 μm and 800 μm AZT
respectively (p<0.02), compared with 0.4% ± 0.2 in unexposed cells (p<0.001).

Centrosomal abnormalities induced in NHMECs
Two NHMEC strains LI and HI were chosen for these experiments, based on their different
abilities to incorporate AZT into DNA when exposed to 200 μM AZT for 24 hours. At the
doses used, 10 and 200 μM, cytotoxicity was very low, with a viability of ∼85% for both cell
strains when exposed to the highest dose for 24 hrs (Table II).

NHMECs were stained with pericentrin, as described above for CHO cells, to identify
centrosomal amplification and the results are shown in Table II and Figure 1 D-G. Pericentrin
positive signals were scored for the total number of cells with visible centrosomes observed in
both NHMEC HI and LI strains. HI Cells bearing >2 centrosomes were 6.3%, 14.8% and 21.3%
of cells exposed to 0, 10 and 200 μM AZT, respectively (Table II). Figure 1 D shows unexposed
HI cells, and Figure 1 E shows HI cells exposed to 200 μM AZT. LI cells bearing >2
centrosomes were 5.3%, 8.0% and 12.2 % of cells exposed to 0, 10 and 200 μM AZT
respectively (Table II). Figure 1 F shows unexposed LI cells and Figure 1 G shows LI cells
exposed to 200 μM AZT.

β-tubulin distribution in NHMECs with centrosomal amplification
In addition to centrosomal amplification, some NHMEC cells exposed to 200 μM AZT
exhibited a decreased signal for β-tubulin (Figure 1 E). These cells were labeled pericentrin
(+)/β-tubulin(−). Cells with normal distribution of tubulin and multiple pericentrin signals,
were labeled pericentrin (+)/β-tubulin (+). It would be important to emphasize here that the
nomenclature (+) or (−) refers to the lack of visible red signal in the cytoplasm and not to the
lack of tubulin in the cell. An apparent lack of β-tubulin staining was observed in a large
proportion of AZT-exposed LI and HI NHMECs showing centrosomal amplification. Figure
1 E (circles) shows two cells with multiple pericentrin positive bodies that lack the red signal
for β-tubulin. In these cells the tubulin and pericentrin signals co-localize, as determined by
the yellow signals at the centrosome. Scoring of pericentrin (+)/β-tubulin(−) cells was
performed using both NHMEC strains (Table II), and β-tubulin(−) cells appeared stained green
due to lack of red signal for β-tubulin (Figure 1 H). In the HI cells there was an increase in β-
tubulin(−) cells from 3.5% in the unexposed cells to 23.2 % in the AZT-exposed cells. In
contrast, in the LI cells the percentage of β-tubulin (−) cells did not differ between AZT-
exposed and unexposed cells (Table II).

In order to understand the nature of the aberrant tubulin staining, fixed AZT-exposed cells that
had not been extracted with Triton were processed for immunohistochemistry using the anti-
β-tubulin antibody. Typically Triton extraction will leave intact a system of microfilamentous
bundles and the detergent-resistant cytoskeleton [24]. Two possible outcomes were expected
from this experiment: 1.) un-polymerized β-tubulin could be retained in the cytoplasm of un-
extracted cells and appear as a diffuse red staining, or 2.) the absence of all β-tubulin (either
polymerized or un-polymerized) would result in unstained cells. In Figure 1 I, a group of un-
extracted AZT-exposed HI cells shows a diffuse positive staining for β-tubulin (red color),
indicating that the defect previously observed was based on inability of the protein to
polymerize and not due to its absence. Hence the un-permeabilized cells retained un-
polymerized tubulin and were stained with a faint red color (Figure 1 I).

Cell cycle profile in pericentrin (+)/ β-tubulin (−) cells
Flow cytometry was used to separate pericentrin (+)/ β tubulin (−) and pericentrin (+)/ β-tubulin
(+) cells found in AZT-exposed and unexposed LI and HI NHMECs. The results presented
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here (for HI cells only, Figure 3) revealed that the cell cycle in pericentrin (+)/ β-tubulin (−)
cells is identical to that exhibited by pericentrin (+)/ β- tubulin (+) cells from the same culture.
This observation is true for the unexposed cells (Figure 3a), cells exposed to 10 μM AZT
(Figure 3b) and cells exposed to 200μM AZT (Figure 3c). Both β-tubulin (+) and β-tubulin (−)
populations, represented on the top and bottom of a, b and c panels of Figure 3 exhibited similar
patterns of distribution. Figure 3 (right side) also shows values for percentages of cells in S-
phase, and it is evident that both β-tubulin (+) and β-tubulin (−) cultures exposed to 200μM
AZT had an increase in the percentage of cells in S-phase compared to unexposed controls, as
previously reported [9]. Both β-tubulin (+) and β-tubulin (−) cells in S-phase were 24% with
10 μM AZT and 42% with 200 μM AZT. The control values were 21% and 23% for β-tubulin
(−) and β-tubulin (+) respectively.

Aneuploidy assessed by kinetochore (CREST) positive micronuclei in CHO cells and
NHMECs

Micronuclei induced by AZT in CHO cells and NHMECs were scored in 1,000 cells of both
cell types. From those, a subset of micronuclei was found to contain kinetochore (CREST)
positive signals. Figure 1J shows a CHO cell exposed to 800 μM AZT with a kinetochore-
bearing micronucleus. NHMECs, HI cells exposed to 200 μM AZT are illustrated in Figure
1K. A kinetochore-bearing micronuclei is observed as blue (DAPI) circles containing multiple
green (CREST antibody) signals, additionally Figure 1K shows a different type of aberration
consisting of a large body still attached to the nucleus containing 3−4 CREST positive signals.
Values for the frequency of CREST positive micronuclei are shown in Table III. An increase
in the number of micronuclei from 20 to 50/1000 cells was observed in CHO cells with
increasing doses of AZT, however the increase in total of CREST positive containing
micronuclei was only significantly different from the controls at the highest dose of 800 μM.
In contrast NHMEC scoring demonstrated significant increases in CREST positive micronuclei
in AZT-exposed LI and HI cells at both doses (Table III)

Aurora A, Aurora B and multipolar spindles in NHMECs
In addition to the evaluation of centrosomal amplification, the distribution of the centrosomal
kinases Aurora A and B was examined by immunohistochemistry. NHMECs exposed to 0, 10
and 200 μM AZT for 24 hr were stained with anti Aurora A and B antibodies. Multipolar
spindles and multiple centrosomal bodies were observed in AZT-exposed NHMEC HI cells
and were identified by Aurora A-positive signals in NHMECs exposed to 200 μM AZT (Figure
1 L) and 10 μM AZT compared to unexposed controls. Unexposed cells exhibited an average
of 6.5% abnormal cells (with > 2 Aurora positive signals or multiple spindles) while 14.6% of
cells exposed to10 μM AZT and 21.7% of 200 μM cells were abnormal. A Western blot analysis
of NHMEC lysates (Figure 4) revealed an increase in protein expression of Aurora A in HI
cells with both 10 μM and 200 μM AZT, while in LI cells, there is a modest increase in
expression induced by the high dose only. Similarly, Western blot analysis performed with
Aurora B revealed a clear increase of the expression of the kinase in HI treated cells with both
AZT doses (Figure 4, right panel) while LI cells did not show a change in the expression level
with any dose (Figure 4, left panel).

Aurora B-stained NHMECs revealed such abundant distribution of the protein that quantitation
and comparison among treatments was impossible. Nonetheless mitotic figures were scored
and identified by their characteristic pattern (Table IV). Percentage of cells in prophase,
metaphase, anaphase and telophase was based on observation of 2,000 cells and shown for
both cell strains. A statistically significant difference in the percentage of NHMEC HI cells in
prophase (25 %) was revealed in cells exposed to 200 μM AZT compared to 15% in unexposed
cells (p= 0.002). NHMECs in LI cells did not show any significant changes in the distribution
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of mitotic figures. Similarly the rest of the phases analyzed for HI cells did not show statistical
significant differences (Table IV)

Discussion
The highly-effective nucleoside reverse transcriptase inhibitor AZT is a DNA replication chain
terminator that induces genomic instability, cell cycle arrest, micronuclei, sister chromatid
exchanges, and shortened telomeres [10]. Here we report a novel centrosomal amplification
and fragmentation that occurs both in hamster and human cells and results in chromosome
missegregation and aneuploidy. The ability of AZT to induce these types of aberrations is
reported here for the first time in studies that employed both hamster (CHO) and human
NHMECs.

In CHO cells, in addition to centrosomal fragmentation and amplification the presence of
numerous pericentriolar satellites was observed. Pericentriolar satellites are described as
electro-dense bodies associated with the centrosome [25] and further characterized as rich in
the centrosomal protein pericentriolar material-1 (PCM-1), having a potential role in
centrosomal replication. [26]. Inhibition of PCM 1 with specific antibodies revealed that the
protein plays an important role in cell cycle regulation, fulfilling an essential function for cells
to complete interphase [27].

Incorporation of AZT into NHMEC-DNA and characterization of the incorporators has been
documented previously [19]. The deficient incorporation on LI is due to the inactivation of
thymidine kinase-1 ( TK-1), the enzyme needed for the initial phosphorylation of AZT.
However, mitochondrial TK-2 mediated phosphorylation could have occurred facilitating
AZT-DNA incorporation under the level of detection of the radioimmunoassay used in the
experiments. NHMECs treated with 200 μM AZT for 24 hr exhibited an increase in the number
of centrosomes, identified by positive pericentrin signals. Furthermore, the centrosomes
exhibited other anomalies such as aggregation and fragmentation that co-localized with
abundant tubulin, a phenomenon that has been interpreted to indicate an altered nucleation
capacity [28].

Abnormal chromosomal distribution was observed in CHO and NHMEC cells revealed by the
presence of CREST positive micronucleus, (Figure 1-J-K) evidenced by increased positive
signal for kinetochores within micronuclei of cells exposed to AZT. This suggests
malfunctioning of the mitotic spindle and as a consequence multiple poles, generated by the
migration of numerous centrosomes in an aberrant pattern instead of the typical bipolar mitotic
spindle. Multipolar spindles were visualized in NHMECs with immunofluorescence staining
using Aurora A, a kinase involved in the maturation of the spindle (Figure 1L). The fact that
the cells divide as evidenced by cells in mitosis (Figure 1,L), indicates that in many cases
centrosomal amplification does not impair cell division. However the fact that the mitosis is
delayed by the presence of a significant number of prophase cells indicates an abnormality in
the mitotic process.

Analysis of NHMECs showed disruption of centrosomes, accompanied by abnormal
chromosome distribution and aneuploidy as demonstrated by CREST positive micronuclei;
and altered ability of tubulin to polymerize. Two different strains of NHMEC were selected
for these experiments, HI cells with the ability to incorporate AZT into DNA and LI cells,
lacking that capacity. In both cases, cells exhibited centrosomal amplification after 24 hr of
AZT exposure; however, the LI cells had less prominent centrosomal amplification suggesting
that AZT-DNA incorporation could play a role in this abnormality. Additionally, a cytoskeleton
disorder manifested by abnormal distribution and polymerization of tubulin was observed in
23% of the HI (Figure 1-H) cells compared to a 3.8% in LI cells exposed to 200 μM AZT. This
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last phenomenon suggested a correlation between the capacity of AZT to interact with the
ability of tubulin to polymerize and the ability of the drug to incorporate into DNA. Cells
exhibiting a lack of signal for β-tubulin staining [defined as pericentrin (+)/β-tubulin (−)] were
analyzed by flow cytometry and revealed a similar distribution of cells in S-phase to those with
normal tubulin signal [pericentrin (+)/β-tubulin (+)], suggesting that cells bearing centrosomal
amplification and abnormal β-tubulin staining are able to cycle in a similar fashion to those
with a normal β-tubulin staining.

Western blots, carried out with Aurora A and B indicated that in NHMEC, Aurora A and Aurora
B protein expression was up-regulated in HI cells treated with both 10 μM and 200 μM AZT.
No change in protein expression was observed for Aurora B in LI cells and a minor change in
Aurora A was observed in cells exposed to 200 μM AZT in LI cells (Figure 4). Dysfunctional
centrosomes and insufficient tension at the kinetochore-spindle connection with subsequent
mitotic arrest mediated by the Aurora B-Survivin complex have been reported [29].
Furthermore arrest in pro-metaphase has been observed as a consequence of a depletion of
Survivin from the Survivin-Aurora B complex by siRNA [30]. Similarly, in our experiments
a statistically significant increase in prophase figures was observed (Table IV). Staining
NHMECs with Aurora B allowed the identification of cells in different phases of mitosis, and
showed a statistically significant increase of cells in prophase in AZT treated HI cells (Table
IV). This indicates that although the cells completed mitosis they do it abnormally, most likely
due to the arrest induced by an active mitotic check point.

Aneuploidy is an expected consequence of the defects described above. CREST kinetochore
positive micronuclei were observed in CHO cells and NHMECs, however a peculiar distinction
should be mentioned between observations in the two cell types. Although the micronuclei
observed in CHO correspond to the classical described micronuclei (separated from the main
nucleus, small in size not to exceed 25 % of the nucleus), the ones found in NHMEC look
somewhat different. Some of them are larger and also show a connection with the main nucleus.
They resemble a protrusion of the nucleus rather than a separate body as if the protrusion would
culminate in strangulation. Most of them bear CREST positive signals, in many instances,
many signals have been visualized (Figure 1- K).

In summary, AZT induced centrosomal amplification is documented in hamster and human
cells for the first time. Mechanistically studies performed with higher drug concentration
revealed supernumerary centrosomes as well as pericentriollar satelites. Cells bearing the
aberration were able to cycle in a similar fashion that unaffected cells, evidenced by the
presence of multipolar mitotic figures. Both, amplification and abnormal mitotic figures were
observed in the presence of therapeutically relevant doses of AZT. The presence of kinetochore
bearing micronuclei suggests that unbalanced chromosomal segregation or aneuploidy takes
place. It could be speculated then, that aneuploidy could be one of the mechanisms underlying
the carcinogenicity of AZT. Experiments aimed to determine if this is a phenomenon
exclusively linked to AZT or shared by different nucleoside analogs are in progress.

Acknowledgments
The authors would like to thank Dr. Dan Sackett from the Laboratory of Integrative and Medical Biophysics, NICHD,
NIH, for guidance and critical reading of the manuscript. The work was supported, in part, by the Intramural Research
Program of the NIH, National Cancer Institute, Center for Cancer Research.

Abbreviations
AZT, Azidothymidine, 3’-azido-3’-deoxythymidine
BSA, Bovine Serum Albumin
CHO, Chinese Hamster Ovary

Borojerdi et al. Page 9

Mutat Res. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



CREST, calcinosis, Raynaud phenomenon, esophageal dysmotility, sclerodactyly, and
telangiectasia
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Figure 1. AZT-exposed CHO cells and, NHMEC strains visualized by confocal microscopy
(A-C): CHO cells incubated with anti-pericentrin antibodies (green), anti-β-tubulin antibodies
(red), and DAPI to stain DNA (blue). Co-localization of pericentrin and β-tubulin appears
yellow. (A) Untreated cells. Arrows indicate the presence of centrosomes (B): CHO cells
exposed to 400 μM AZT for 24 hr. Circles indicate: centrosomal amplification (top);
centrosomal fragmentation multiple pericentrin-positive signals (bottom). (C): CHO cells
exposed to 800 μM AZT for 24 hr. Arrow head indicates multiple coalescent pericentrin
signals; thin white arrow indicates pericentrin aggregation. (D-E): NHMEC HI cells. (D):
Untreated cells, arrows indicate centrosomes. (E): Cells exposed to 200 μM AZT for 24 hr,
circles indicate 2 cells with amplified signal for pericentrin suggesting the presence of multiple
centrosomes with co-localizing signal for tubulin. (F-G): NHMEC LI cells. (F): Unexposed
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cells, arrows indicate centrosomes. (G): Cells exposed to 200 μM AZT for 24 hr, circles
indicate 2 cells with amplified signal for pericentrin suggesting the presence of multiple
centrosomes and normal β-tubulin staining. (H): NHMEC HI cells, stained with anti-β-tubulin
antibodies and rhodamine (red); some cells appear green due to the lack of rhodamine staining.
(I): NHMEC HI cells, stained as in H but without triton extraction (soluble β-tubulin is retained
in cells that have not undergone extraction). The tubulin staining red indicates that green cells
in H contained un-polymerized β-tubulin. Bars = 10 μm. (J-L): Kinetochore staining with
CREST antibody. (J): CHO cell, exposed to 800 μM AZT for 24 hr. Solid arrowheads indicate
the presence of 2 small CREST-negative micronuclei, and a white circle indicates a large
micronucleus with two CREST-positive kinetochores (white arrows) inside a large
micronucleus. (K): NHMEC HI cells showing 2 large circled bodies on top containing
kinetochore positive signals (arrows). (L): Triradial spindle revealed by the abnormal
multipolar distribution of Aurora A, in a cell treated with 200 μM AZT for 24 hr; DAPI (blue)
staining shows abnormal multipolar chromosomal distribution. Bars: J-K = 5 μm, L = 1.5μm,

Borojerdi et al. Page 13

Mutat Res. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Borojerdi et al. Page 14

Mutat Res. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Electronmicroscopic images of CHO cells
(A) CHO cells exposed to 400 μM AZT for 24 hr Black arrows indicate three centrioles in
cross section or cylindrical and/or oblique orientation. Numerous small round electro-dense
structures are also observed (white arrowheads). Insert: detail of small round electro-dense
structure indicate by a box. (B) CHO cells exposed to 800 μM AZT centrioles indicated by
black arrows and pericentriolar electro-dense bodies with irregular distribution are indicated
by white arrowheads. Picture bars = 200 nm, insert bar = 70 nm.
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Figure 3. Flow cytometry of β-tubulin (+) and β-tubulin (−) NHMEC HI cells
(a) unexposed, (b) exposed to 10 μM AZT (c) exposed to 200 μM AZT. Percentage of cells in
S phase for both populations (top and bottom of each panel) is shown on the right. Both β-
tubulin (+) and β-tubulin (−) populations show an increase in the percentage of cells in S-phase
compared to unexposed controls. Cells deprived of β-tubulin staining, (bottom of each panel)
and cells with positive β-tubulin staining, (top of each panel) exhibit similar patterns of
distribution, hence, similar cell cycle.
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Figure 4. Western blots for Aurora A and Aurora B proteins in NHMECs
Western blot of NHMECs LI cells (left) and HI cells (right), exposed to 0, 10 and 200 μM AZT
for 24 hr. Antibodies used to determine protein expression: top panel Aurora A, middle panel
Aurora B and bottom panel actin.
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Table I
Centrosome amplification and pericentriolar satellites in CHO cells exposed for 24 hr to AZT.

Treatment AZT μM % cells w/
aberrant mitotic

figuresab

% cells bearing > 2
centrosomesc

% cells w/
supernumerary

centrosomes (EM)

%cells w/
pericentriolar

satellites (EM)d

0 (control) 0 0.2 1.1 ± 0.8 0.4 ± 0.2

200 0.8 0.4 NAe NA

400 1.8 1.2 2.8 ± 0.8 4.8 ± 0.5

800 5.3 1.9 4.4 ± 0.5 6.9 ± 0.5
a
n = 500 mitotic figures, including multipolar mitoses and cells bearing lagging chromosomes

b
mean of 2 experiments

c
n = 200 cells with visible centrosomes

d
n= 50, 60 and 55 cells with visible centrosomes for 0, 200 μM AZT and 400 μM AZT, respectively

e
NA= Not assayed
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