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ABSTRACT: Haloacetonitriles (HANs) are a chemical class of Negative control
drinking water disinfection byproducts (DBPs) that form from
reactions between disinfectants and nitrogen-containing precursors,
the latter more prevalent in water sources impacted by algae bloom and
municipal wastewater effluent discharge. HANS, previously demon-
strated to be genotoxic, were investigated for their effects on the
mammalian cell cycle. Treating Chinese hamster ovary (CHO) cells
with monoHANS followed by the release from the chemical treatment
resulted in the accumulation of abnormally high DNA content in cells
over time (hyperploid). The potency for the cell cycle alteration
followed the order: iodoacetonitrile (IAN) > bromoacetonitrile (BAN)
> chloroacetonitrile (CAN). Exposure to 6 M IAN, 12 uM BAN and
900 uM CAN after 26 h post-treatment incubation resulted in DNA  Monohaloacetonitriles
repair; however, subsequent cell cycle alteration effects were observed.
Cell proliferation of HAN-treated cells was suppressed for as long as 43
to 52 h. Enlarged cell size was observed after 52 h post-treatment
incubation without the induction of cytotoxicity. The HAN-mediated
cell cycle alteration was mitosis- and proliferation-dependent, which
suggests that HAN treatment induced mitosis override, and that HAN-
treated cells proceeded into S phase and directly into the next cell
cycle. Cells with multiples genomes would result in aneuploidy (state
of abnormal chromosome number and DNA content) at the next
mitosis since extra centrosomes could compromise the assembly of
bipolar spindles. There is accumulating evidence of a transient
tetraploid state proceeding to aneuploidy in cancer progression.
Biological self-defense systems to ensure genomic stability and to eliminate tetraploid cells exist in eukaryotic cells. A key tumor
suppressor gene, pS3, is oftentimes mutated in various types of human cancer. It is possible that HAN disruption of the normal
cell cycle and the generation of aberrant cells with an abnormal number of chromosomes may contribute to cancer induction and
perhaps be involved in the induction of adverse pregnancy outcomes associated with long-term consumption of disinfected water.
Here we present the first observation of the induction of hyperploidy by a class of DBPs.
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B INTRODUCTION

The disinfection of water protects public health against
waterborne pathogens, however, water disinfection also results
in the formation of toxic disinfection byproducts (DBPs).'
Exposure to DBPs is associated with the induction of bladder
and colon cancers and adverse pregnancy outcomes.” * The
haloacetonitriles (HANs) form from reactions between

mammalian cell assays demonstrated that the HANS,
haloacetamide and halonitromethanes were more cytotoxic
and genotoxic than regulated trihalomethanes (THMs) and
haloacetic acids (HAAs).'*~" Population growth and increased
water supply demand is putting stress on the availability of
pristine water sources. As a result, water providers are

disinfectants (e.g., chloramines) and dissolved nitrogen
precursors (e.g, amino acids) (Figure S1 in Supporting
Information (SI)).~” Interest in nitrogenous DBPs (N-
DBPs) has increased because recent quantitative in vitro
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increasingly using source waters impacted by algae blooms and
municipal wastewater effluent discharge, which promotes N-
DBP formation due to elevated levels of organic nitrogen
content.*>'*7'¢ Utilities exploit disinfectant combinations to
reduce the formation of regulated DBPs but some of these
disinfection schemes results in enhanced N-DBP formation.®
HANs measured in the nationwide occurrence studies of 12
U.S. water treatment plants were at concentrations of up to 14
ug/L (median: 3 /tg/L).17 HANs were also measured in
chlorinated municipal wastewater treatment plant effluents
(median: 16 pg/L) as well as in chloraminated wastewater
effluents (median: 0.3 pg/ L).'8 Recently HANs were shown to
form as electrochemical oxidation byproducts of landfill
leachate."” HAN's can also form in biological systems in vivo
from residual hypochlorite in drinking water.”* HANs formed
in swimmin§ pool water can be absorbed through dermal
exposure.m’2

A review of the metabolism and toxicity of HANs>® revealed
that several HANSs directly interact with DNA,** and are
mutagenic in Salmonella typhimurium,”>~>’ genotoxic in
mammalian cells,"***” clastogenic,”® and developmentally
toxic.”*® Dichloroacetonitrile (DCAN), but not dibromoace-
tonitrile (DBAN), was shown to be an effective inducer of
aneuploidy in oocysts of Drosophila melanogaster.>* DBAN was
recently shown to be carcinogenic®” and the contribution of
HANs to lifetime risk of cancer was calculated to be
approximately 3- to 10-fold more potent than that of
trihalomethanes (THMs).>* Chloroacetonitrile (CAN) and/or
its metabolites were shown to cross the placenta and
accumulate in fetal brain tissues in mice, and induced oxidative
stress and neural apoptosis.a"h35 A systematic quantitative
toxicity study on HANs demonstrated that in vitro mammalian
cell toxicity expressed a descending rank order of DBAN >
bromoacetonitrile (BAN) = iodoacetonitrile (IAN) > bromo-
chloroacetonitrile (BCAN) > DCAN > CAN > trichloroace-
tonitrile (TCAN) for chronic cytotoxicity, and IAN > BAN ~
DBAN > BCAN > CAN > TCAN > DCAN for acute
genotoxicity. 1

DNA damage in eukaryotic cells is highly associated with cell
cycle modulation. A damage-response pathway triggered by
genetic insult regulates cell cycle arrest and apoptosis, which
controls the activation of DNA repair pathways.*® The
eukaryotic cell cycle consists of interphase (Go/G;, S, and
G,) and mitotic (M) phase (SI Figure S2). Each chromosome
is duplicated during S phase and cell division occurs in M
phase, in which chromosome condensation, alignment, and
chromosome separation, and daughter cell separation (cytoki-
nesis) occur. The cell cycle is controlled in a directional and
sequential pattern by cell cycle regulators, complexes of
proteins called cyclins, and cyclin-dependent kinases (Cdks).
These cyclin/Cdk complexes are responsible for promoting cell
survival by protecting the cell from replicating damaged DNA
or from mutations that may lead to aberrant and uncontrolled
cell growth (neoplasia). Each cyclin/Cdk complex in the cell
cycle acts as a checkpoint and can halt progression through the
cell cycle and either arrest progression or induce apopto-
sis.””™* Since HANSs are mutagenic, genotoxic, and clasto-
genic,""**7* we hypothesized that the mammalian cell cycle is
affected by HAN treatment. The objective of this study was to
determine if monoHANSs affected the cell cycle profile of
Chinese hamster ovary (CHO) cells, and determine if the cell
cycle alteration was associated with genomic damage induction.
Flow cytometry was used to measure the DNA content

distribution of monoHAN-treated cells, combined with plating
efficiency measurements and DNA strand break analyses. This
is the first study that identified cell cycle alterations by a class of
DBPs, with all three halogens included (I, Br, and Cl).

B MATERIALS AND METHODS

Chemicals and Reagent. General reagents were purchased
from Fisher Scientific Co. (Itasca, IL) and Sigma-Aldrich Co.
(St. Louis, MO). IAN (98%, CAS# 624-75-9), BAN (97%,
CAS# 590-17-0) and CAN (99%, CAS# 107-14-2) were
purchased from Sigma-Aldrich, diluted in dimethyl sulfoxide
(DMSO) at a concentration of 1 M, and stored at —22 °C.
Ethyl methanesulfonate (EMS, CAS# 62-50-0) was diluted in
DMSO at 2.5 M and stored at —22 °C. Cytosine-f-p-arabino-
furanoside hydrochloride (AraC, CAS# 64-74-9) was dissolved
in Ham’s F12 medium at 100 mM and stored at —22 °C.
Propidium iodide (95%, CAS# 25535-16-4, Acros Organics,
Morris Plains, NJ) was dissolved in sterile distilled—deionized
water at 1.0 mg/mL and stored at 4 °C.

Cell Culture. Chinese hamster ovary (CHO) cell line ASS2
clone 11—4—8*"* was maintained in modified Ham’s F12
medium (Mediatech, Inc.,, Manassas, VA) supplemented with
5% heat-inactivated fetal bovine serum (FBS), 1% L-glutamine
and 1% antibiotic-antimycotic solution (Invitrogen, Carlsbad,
CA) at 37 °C in a humidified atmosphere of 5% CO,. The cells
exhibit normal morphology, express cell contact inhibition, and
grow as a monolayer without expressing neoplastic foci.

Cell Treatment for Flow Cytometric Analysis of Cell
Cycle. Unsynchronized CHO cells were plated in sterile flat-
bottom 6-well tissue culture plates at 2 X 10° cells/(2 mL F12
+ 5% FBS)/well or 5 X 10* cells /(2 mL of F12 + 5% FBS)/
well. After 16—20 h of incubation, cells were rinsed twice with 1
mL of divalent cation-free Hank’s balanced salt solution
(HBSS), and treated with each chemical in 1 mL of serum-
free F12 for 4 h at 37 °C, 5% CO,. Multiple wells were used per
treatment group as needed. A sheet of sterile AlumnaSeal (RPI
Corporation, Mt. Prospect, IL) was pressed over the wells
before covering the plate with a lid to prevent crossover
contamination between wells due to volatilization. After the 4-h
treatment, the treatment solution was aspirated, and the cells
were washed twice with 1 mL HBSS. The cells were harvested
immediately (0 h sample) with 0.025% trypsin +0.1 g/L EDTA
(Hyclone Laboratories, South Logan, UT). Alternatively, 2 mL
of drug-free F12 + 5% FBS were added and incubated for
designated post-treatment times. An aliquot of the harvested
cells was used for cell number count with Beckman Coulter Z1
Particle Counter (Beckman Coulter, Inc., Brea, CA) and for
determination of acute cytotoxicity using the trypan blue dye
exclusion assay.'”*® The rest of the harvested cells were fixed in
70% ice cold ethanol and stored at —22 °C for up to 1 week.
The fixed cells were rinsed twice with cold phosphate buffered
saline (PBS) and incubated for 30 min at 37 °C with 50 pg/mL
of the DNA fluorochrome, propidium iodide, in a solution
containing 200 yg/mL of RNase A (Life Technologies, Grand
Island, NY). Cell fluorescence was measured with a Biosciences
LSR 1I flow cytometry analyzer (San Jose, CA) equipped with
BD FACSDiva software. The sample flow rate was set at 12 yL/
min or increased to allow for a good cell counting. Propidium
iodide was excited by a 488 nm laser line (laser diode) and
fluorescence emission was collected through a 695/40 nm
band-pass filter. For each sample, approximately 10 000 events
were collected, and aggregated cells were gated out. The
collected data were analyzed by multicycle DNA analysis using
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FCS Express Software version 4 (De Novo Software, Los
Angeles, CA) and the best fit model was chosen to determine
the fraction of subpopulations.

Cell Visualization. CHO cells were treated as described
above and adherent cells at 0, 26, and 52 h of post-treatment
incubation were imaged using phase contrast (100X) in an
inverted microscope (Olympus, Center Valley, PA). The
resulting images were saved as 8-bit grayscale files in TIFF
format.

Plating Efficiency. Cells after 4-h exposure to HANs were
transferred to a new 96-well microplate at the density of 3000
cells/(200 puL F12+FBS)/well. The resulting cell density after
72 h was compared to the concurrent negative control. The
detailed procedure is presented in the SI For each HAN
concentration, eight replicates were conducted with three
independent repeated experiments.

Genomic DNA Damage. Genomic DNA damage of cells
exposed to HAN was measured with the single cell gel
electrophoresis (SCGE) assay. The detailed procedure is
presented in the SI. Cells immediately after 4-h treatment
and after 26 h post-treatment incubation were collected for
genomic DNA damage analysis. The percentage of DNA in the
tail (% tail DNA) was the primary measurement as the DNA
genomic damage since it bears a linear relationship to DNA
strand Eiia;k frequency, and is relatively unaffected by threshold
setting.””

B RESULTS AND DISCUSSION

HANSs are known to induce genomic DNA damage detectable
by the SCGE assay'' and thus assessing the association of
genotoxic damage with cell cycle alteration was of interest.
CHO cells were treated with CAN, BAN or IAN, and
subsequent cell cycle profiles were observed using flow
cytometry, which quantifies DNA content in individual cells
by measuring the incorporated propidium iodide. Cell cycle
distribution of HAN-treated cells was always compared to its
concurrent negative control.

Careful attention was given to the initial cell loading because
CHO cells grow as a monolayer and they express cell contact
inhibition when they become confluent. Xenobiotics can exhibit
growth phase-specific cell-cycle effects.** With an initial cell
loading of 2 X 10° cells/well, negative control cells could grow
(increase in number) exponentially up to 26 h of post-
treatment incubation (Figure 1). When the post-treatment
incubation exceeded 26 h, the initial cell loading for the
negative control was reduced to 5 X 10* cells/well. The cell
loading for each HAN treatment group was kept at 2 X 10°
cells/well since the cell number did not reach confluency for 52
h.

The HAN concentrations for cell treatment were empirically
optimized. All three HANs shifted the cell cycle distribution
toward hyperploidy in a concentration-dependent manner.
Concentrations of 900 yuM CAN, 12 uM BAN, and 6 yuM IAN
were chosen because these concentrations induced cell cycle
alteration without cytotoxicity. After 4-h treatment with each
HAN, cells were rinsed and incubated in fresh F12 + 5% FBS
for 0, 8, 17, 26, 34, 43, and 52 h. The post-treatment incubation
allowed the time for cells to express altered cell cycle effects
(Figure 2; SI Table S1). For all HAN-treated cells, DNA
content distribution shifted toward high DNA content
compared to the concurrent negative control. All HAN
treatments induced 8N DNA containing cells while suppressed
2N DNA containing cell population. Concurrent negative
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Figure 1. CHO cell viability (top) and growth (bottom) curves during
the post-treatment incubation after treated without or with 900 uM
CAN, 12 uM BAN, 6 uM IAN, and 10 mM EMS.

control cells did not show the accumulation of an 8N cell
population. Over the 52 h post-treatment incubation, no
cytotoxicity was observed in any HAN-treated cells, while cell
growth was greatly suppressed (Figure 1). It is worth noting
that a 4-h noncytotoxic treatment with the HANs induced such
long-lasting suppression of cell division with massive impacts
on cell ploidy.

Plating efficiency of HAN-treated cells was examined (SI
Figure S3). Post-treated cells were seeded onto a new
microplate. The resulting cell density after 72 h was compared
to the concurrent negative control. The concurrent negative
controls had their mean density set to 100%. At the HAN
concentrations used for cell cycle analysis, the mean (£SE) cell
densities were 14.0 + 0.8%, 28.9 + 1.8%, and 27.2 + 1.8% for
900 uM CAN, 12 uM BAN, and 6 uM IAN, respectively (SI
Figure S3).

HAN treatment changed the cell morphology to an elliptical
shape (Figure 3). After 26 h of post-treatment incubation,
HAN:-treated cells still expressed this altered morphology.
Interestingly, HAN-treated cells became prominently elongated
(>100 pm) after an additional 26 h incubation period. Negative
control cells exhibited consistent cell size and normal spindle-
shape morphology at 0, 26, and 52 h post-treatment incubation.
Treatment with the positive controls 10 mM EMS or 50 yuM
AraC did not change the morphology of CHO cells after the 4-
h treatment, but these agents also increased cell size at 26 and
52 h post-treatment incubation.

We initially hypothesized that genomic DNA damage
induced by HANs'' would affect cell cycle. Genomic DNA
damage induction was measured for HAN-treated cells with
and without 26 h post-treatment incubation. Treatment with
900 uM CAN, 12 uM BAN and 6 M IAN induced % tail DNA
of 66.4 + 4.2, 45.5 + 5.9 and 25.3 + 1.6, was reduced to 15.6 +
0.5, 24 + 02 and 1.6 + 03 after 26 h post-treatment
incubation, respectively (Figure 4). Since the altered cell cycle
persisted longer than 26 h, our hypothesis that cells with HAN-
damaged DNA delayed cell cycle progression was rejected.

HANs are known to form DNA adducts* and it was
hypothesized these adducts may contribute to cell cycle
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Figure 2. CHO cell cycle distributions at 0, 8, 17, 26, 34, 43, and 52 h post-treatment incubation. Flow cytometric diagram obtained with LSR II flow
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Figure 3. Microscopic images of adherent cells with phase contrast
(100x%).

alterations by HANS. The rank order of cell c?rcle alteration and
the rank order of DNA damage induction'’ follow the same
order (IAN > BAN > CAN), which indicates a mechanism that
involves displacement of a HAN halogen atom at the a-carbon

11665

by a Sy, reaction.”’” HAN treatment was compared to EMS, a
well-known monofunctional alkylating agent that forms adducts
at the N- and O-atoms in DNA bases.*®* Cells treated with
noncytotoxic but a genotoxic concentration of EMS>**!
expressed G, blockage at 26 and 52 h post-treatment
incubation times (Figure S; SI Table S2). However, EMS-
treated cells did not express a large percentage of 8N cell as
seen with HAN-treated cells. Treatment of CHO cells with 10
mM EMS suppressed the cell growth (Figure 1 and SI Figure
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Figure S. Cell cycle distributions of CHO cells without or with 10 mM EMS at 0, 26, and 52 h post-treatment incubation. Flow cytometric diagram

obtained with LSR II flow cytometer.

Table 1. DNA Content Distribution (Percentage) in HAN-Treated CHO Cells with Different Initial Loadings at 26 H Post-

Treatment Incubation®

2 X 10° cells/well

4 X 10° cells/well

Treatment group 2N 2N to 4N 4N

Negative control 34.58 53.27 12.15
CAN 900 uM 18.22 17.73 64.05
BAN 12 uM 6.22 35.11 40.33
IAN 6 uM 1.12 8.39 46.30

>4N 2N 2N to 4N 4N >4N
0 65.72 26.09 8.18 0
0 20.85 21.12 58.03 0
18.34 21.65 43.66 17.75 16.94
44.19 32.34 28.06 18.49 21.11

“DNA content distribution was obtained with LSR II flow cytometer. The cell cycle distributions were calculated using the FCS Express software.

S3) and resulted in larger cell size compared to the concurrent
negative controls after 26 and 52 h of post-treatment
incubation (Figure 3). This lack of accumulation of an 8N
cell population in EMS-treated cells indicated that direct
alkylation of DNA cannot account for the cytogenetic toxicity
of the HANG.

Initial cell loading was doubled to 4 X 10° cells/well and the
HAN effect on cell cycle was examined. CHO cells are not
neoplastic and express cell contact inhibition of cell division.
Concurrent negative control cells after 26 h post-treatment
incubation exhibited a suppressed S phase population frequency
(53.3% from 2 X 10° cells/well as opposed to 26.1% for 4 X 10°
cells/well), indicating cell contact inhibition was exerted with
the higher initial cell loading (Table 1). BAN- and IAN-treated
cells showed distinctly different cell cycle profiles when initial
cell loading was doubled. When the initial cell loading was 4 X
10° cells/well, IJAN- and BAN-treated cells did not show the
accumulation of hyperploidy cells as opposed to when 2 X 10°
cells/well was initially plated. These results demonstrated a
density-dependence on HAN-mediated cell cycle alternation,
although it is somewhat less stringent in CAN-treated cells than
observed in BAN- and IAN-treated cells. Also, when CHO cells
were treated at confluency and subsequently incubated in fresh
serum-free F12 medium for 24 h, cells were able to endure as
high as 60 uM IAN, 60 yM BAN, and 1200 uM CAN, which
was too cytotoxic when treated at low cell density and
incubated in complete medium afterward (unpublished data).
This demonstrated that the suppression of cell proliferation by
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cell contact inhibition and serum starvation increased the
resistance of CHO cells to HANs. Importantly, these results
indicated that cell cycle alteration was neither DNA damage-
dependent nor alkylation-dependent, but cell mitosis- and
proliferation-dependent.

Andreassen and colleagues treated mitotic CHO cells with
chemical agents that inhibit different stages of mitosis, and the
mitostatic chemicals forced CHO cells out of mitosis without
undergoing cell division.>* Moreover, after two additional cell
cycles, tetraploid cells remained viable and rapidly became
aneuploid.”> The study by Sakaue-Sawano et al. demonstrated
that the inhibition of DNA topoisomerase II halted normal
murine mammary gland (NMuMG) cells at the G,/M
checkpoint. However, the NMuMG cells then overrode the
checkpoint and progressed from G,/M to G, without
undergoing cell division, which increased the cellular genome
DNA content.> Animal cells have self-defense systems to
eliminate tetraploid cells that arises from abortive cell cycle.**
The tetraploid state itself acts as a checkpoint to arrest cells in
G, regardless of the induction mechanism of tetraploidy.>> This
tetraploid checkpoint enhances the fidelity of cell proliferation
by preventing aneuploidization by inducing the tetraploid cells
to withdraw from the cell cycle before DNA replication.’>*° G,
arrest involved inactive Cdk2 kinase (required for G;-S
progression), hypophosphorylated retinoblastoma protein
(pRB) (a gatekeeper of the pathway of activation of S phase
and entry into a new cell cycle), and elevated levels of cell cycle
progression regulating protein p21"4™! and cyclin E.*® Arrest in
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the G, phase of the cell cycle is mainly mediated by the p53
tumor suppressor, a transcription factor that induces cell cycle
arrest, damage repair, and apoptosis.””>* The pS$3-dependent
induction of p21 in response to DNA damage is the major
mechanism enforcing arrest in G, in response to DNA
damage.*” Thus, the blockage of cell cycle progression upon
abortive mitosis requires intact p53.°° Andreassen et al.
observed indefinite tetraploid G, arrest in nontransformed
REF-52 (rat embryo fibroblast), mouse NIH3T3, and human
IMR-90 cells after mitosis was inhibited by drug treatment.>®> A
transformed derivative of REF-52 cells with inactivated pS3
(pS3DD cell) did not arrest but accumulated with 8N DNA
content with mitotic activity. After release from the drug
treatment, pS3DD cells proceeded through a full cell cycle and
became highly aneuploid with DNA content ranging from <2N
to 4N.>> CHO cells also became tetraploid after being treated
with protein kinase inhibitor, microtubule assembly inhibitor,
topoisomerase II-dependent DNA decatenation inhibitor, or
actin assembly inhibitor, and all became aneuploid within 30 h
after release from treatment. Another mechanism for the
generation of aneuploid cells is by the action of spindle
poisons.60

The cell line used for this study, CHO ASS2 is derived from
CHO-K1.¥ A single missense mutation at position 633 (codon
211) in CHO-K1 corresponds to an amino acid change from
threonine (ACA) to lysine (AAA) in the DNA-binding domain,
which compromises the ability to induce G, checkpoint.®'~%
Since CHO-K1 is the parental cell line of CHO ASS2, it is most
likely that the gene encoding pS3 in ASS2 carries the same
mutation as in K1 cell line. HAN-treated CHO ASS2 cells in
this study showed accumulation of cells with >4N DNA
content after 17 h of post-treatment incubation. The hyperploid
cells accumulated with time but the proportion of hyperploid
cells went down after 34 h of post-treatment incubation. It is
not likely that 8N cells could segregate normally to become
diploid. Polyploid cells cannot overcome the issue of multipolar
mitosis, which leads to aneuploidy.>* The accumulation of 4N
and 8N DNA containing cell population, combined with the
increased cell size and proliferation-dependency, indicates the
inhibitory effect of HANs into M phase of the cell cycle, and
that the cell cycle progression was not halted due to the lack of
pS3-dependent G, arrest in CHO ASS2 cells.

Mutations of the p53 tumor suppressor gene are common in
various types of human cancer.>® Polymorphism in wild-type
pS3 exists at codon 72 that presents the arginine (CGC) or
proline (CCC) genotype, which has been associated with
increased risk or urothelial cancer in smokers.** Aneuploidy is a
hallmark of tumorigenesis,39 and there is accumulating evidence
of transient 4N state proceeding aneuploidy in cancer
progression.*”® It is possible that HAN-mediated cell cycle
alteration may impose an elevated threat to vulnerable
subpopulation with compromised p53 function.

Epidemiological studies associated DBPs with urinary
bladder cancer but rodent single-chemical bioassays have not
been able to demonstrate tumor induction at the same organ
sites.”® This discrepancy may be an artifact due to the use of
regulated DBPs as an indicator of DBP exposure in
epidemiology. Induction of aneuploidy in HAN-treated cells
suggests that HANs play a role in cancer induction and adverse
pregnancy outcomes associated with long-term exposure to
disinfected drinking water. Further research to elucidate the
molecular bases of the toxic action of HAN is needed since

compromised source waters for use in the generation of
drinking water will enhance HAN formation.
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