
ABBREVIATIONS: CHO, Chinese hamster ovary; SGM, salts/glucose medium; Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; SSF,
strand scission factor; CLF, crosslink factor.
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SUMMARY
Alkaline elution studies demonstrated CaCrO4-induced DNA sin-
gle strand breaks and DNA-protein crosslinks. DNA single strand
breaks increased following treatment with 1 0-400 �M CaCrO4 in
Chinese hamster ovary cells maintained with a minimal salts/
glucose medium. DNA single strand breaks were rapidly repaired
when extracellular CaCrO4 was removed even following expo-
sure levels of CaCrO4 (200 �M for 2 hr) which reduced survival
to 0.6%. Under these exposure conditions the trypan blue exclu-
sion was greater than 80%, whereas cell growth was inhibited
by 46% within 24 hr. The DNA-protein crosslinks induced by 10
�sM CaCrO4 were repaired in the absence of metal within 24 hr.
In contrast, the amount of DNA-protein crosslinks measured 24
hr after a 2-hr treatment with 50, 1 00, and 200 �M CaCrO4
remained unchanged at the 50 �M level or increased at the two
higher concentrations. Thus, at concentrations of 50 �M or
greater there was no repair of the DNA protein crosslinks, and

this may have been due to cytotoxicity of the metal. CaCrO4 at
1 0 or 25 jsM exposure for 6 hr also induced DNA-protein cross-
linking in Chinese hamster ovary cells maintained in normal tissue
culture growth media. The lack of repair of DNA-protein cross-
links at the 25 jsM level, which did not substantially reduce cell
survival, indicated the persistence of these lesions in a noncy-
totoxic form. Uptake of CaCrO4 was linear with all of the concen-
trations tested. Analysis of the cell cycle sensitivity to CaCrO4
revealed that cells in early S phase were the most sensitive to
the cytotoxic and strand breaking activity of CaCrO4. Compared
with other phases of the cell cycle, there was also an elevated
level of DNA-protein crosslinks when cells were treated in early
S phase and incubated 24 hr without CaCrO4. These results
implicate the DNA-protein crosslink as an important lesion that
may be responsible for the cytotoxic and carcinogenic properties
of chromate.

Chromium (VI) compounds are potent toxic and carcinogenic
agents (1). Epidemiologic studies have shown that industrial
workers exposed to chromium (VI) had a higher incidence of
lung cancer than the normal population (2, 3). Renal and
hepatic toxicity has also been reported in workers exposed to
chromium (VI) (4). Chromium (VI) compounds induce muta-
tion in bacteria (5) and transform mammalian cells in vitro (6).

Hexavalant chromium (VI) is thought to be more toxic and
carcinogenic than the trivalent form because it readily enters
the cells by the sulfate transport system (7, 8). Since hexavalent

chromium (VI) is reduced to the trivalent form (III) intracel-
lularly, the trivalent form is thought to be the ultimate toxic
and carcinogenic ion (7, 8). Chromium (VI) compounds induced
DNA single strand breaks and DNA protein crosslinks in vivo
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(9) and in cultured mammalian cells (10-12). However, the role

of these DNA lesions in the toxicity of chromium compounds

is currently not understood. A number of metals and their

compounds block cell cycle progression in S phase (7). However,

the DNA lesions induced during various phases of the cell cycle
have not been studied and it is not clear whether S phase is

associated with the production of differing DNA lesions or just

a greater magnitude of the same lesion. Not all DNA lesions

induced by metals such as chromate may have similar conse-

quences, not only in their effects on cell cycle progression, but

also in their cytotoxic and carcinogenic action.

In the present study we have shown that CaCrO4 induced

DNA single strand breaks and DNA-protein crosslinks in intact

cells. The breaks occurred rapidly and were easily repaired. In

contrast, the DNA-protein crosslinks developed slowly and

were not as easily repaired. Both single strand breaks and

DNA-protein crosslinks were induced during all phases of the

cell cycle. The breaks were more prevalent during S phase than

during the other phases of the cell cycle. DNA-protein cross-

links initially did not exhibt a cell cycle-specific pattern, but
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compound, cells were exposed to various concentrations of

incubation of cells for 24 hr following an initial treatment of

synchronized cells also indicated that the highest levels of these

crosslinks were eventually produced when cells had been
treated with CaCrO4 in early S phase.

Materials

Experimental Procedures

The radioisotopes [‘4Cjdeoxythymidine (58 mCi/mmol) and Na2
Cr�’O4 were obtained from New England Nuclear Corp. (Boston, MA)
and ICN Chemical Co. (Irvine, CA), respectively. Free acid EDTA and

sodium dodecyl sulfate were acquired from Sigma Chemical Co. (St.

Louis, MO). Tetrapropyl ammonium hydroxide (10% aqueous solution)

was procured from RSA Chemical Co. (Ardsley, NY). Polycarbonate
filters were from Nucleopore (Pleasanton, CA), while Polyvinyl chlo-

ride filters were from Millipore Corp. (Bedford, MA). Proteinase K was
obtained from EM Laboratories, Inc. (Elmsford, NY). Bovine serum,

a-minimal essential medium, and trypsin were obtained from Gibco,

Inc. (Grand Island, NY). Liquiscint was from National Diagnostic

(Sommerville, NJ).

Methods
Cell culture. The AA8 CHO cells were maintained in a humidified

atmosphere of 95% air/5% CO2 at 37� in a-minimal essential medium

supplemented with 10% fetal bovine serum and 1% penicillin/strepto-
mycin/Fungizone (Gibco, Inc.). In some instances synchronized or log

phase cultures of cells were placed in SGM (50 mmol/liter of Hepes

buffer at pH 7.2 containing 100 mmol/liter of NaC1, 5 mmol/liter of

KC1, 2 mmol/liter of CaCl2, and 5 mmol/liter of glucose) prior to
treatment of cells with a freshly prepared solution of CaCrO4. Treat-

ment of cells with metals in this SGM prevented the binding of the
metal to components present in culture medium which could have

decreased metal uptake into cells. In other instances cells were treated

with CaCrO4 in complete tissue culture medium. CHO cells were plated

at 2 x iO� cells/150-mm tissue culture dish in order to assure a larger
proportion of cycling cells. Forty-eight hours after plating, Colcemid

(0.03 �g/ml) was added for 6 hr and metaphase cells were dislodged by

gently pipetting the overlying medium. Mitotic cells were collected by

centrifugation and then washed twice with ice-cold medium. The re-
sulting mitotic index was more than 85%. Mitotic cells were plated into

100-mm-diameter culture dishes and treated with CaCrO4 for 2 hr in

SGM beginning at 2, 6, 10, and 14 hr after the initial plating, to analyze

DNA lesions and cytotoxicity during the G,, early S, late S and G2

phases of the cell cycle, respectively (13, 14).
Alkaline elution. Analysis of DNA lesions by alkaline elution was

performed, as described by Kohn et al. (15) with minor modifications.

Cells were seeded into 100-mm tissue culture dishes and incubated for

48 hr with [‘4CJthymidine (0.02 MCi/ml). For experiments on loga-
rithmically growing cells, cultures were washed and incubated in corn-

plete medium without the radioactivity for 2 hr prior to treatment with
CaCrO4. For cell cycle experiments, [‘4Cjthymidine-labeled cells were
synchronized as described above. Following treatment, cells were

washed twice and removed by scraping with a rubber policeman into

ice-cold Puck’s saline A (5 mM NaHCO3, 6 mM glucose, 5 mM KC1,

and 140 mM NaC1, pH 7.2). In the analysis of strand breaks a volume

containing 1.0 X 106 cells was deposited onto 25-mm polycarbonate

filters or polyvinyl chloride filters when DNA-protein crosslinks were

analyzed. Filters were rinsed with cold saline A and cells were lysed

directly on the filters by passage of 5 ml of 2% sodium dodecyl sulfate
containing 0.025 M EDTA. DNA was eluted with 25 ml of a solution

containing 0.025 M EDTA plus 2% (final concentration) tetrapropyl-

ammonium hydroxide (pH 12.15) at a flow rate of 0.028 ml/min.

Fractions of approximately 2.5 ml were collected and radioactivity was

determined by scintillation counting in 7 ml of Liquiscint containing
0.7 ml of glacial acetic acid. The filters were digested for 1 hr at 60’ in

0.4 ml of 1 N HC1 and neutralized with 2.5 ml of 0.4 N NaOH at 25’

for 1 hr. The radioactivity was determined by scintillation counting in

10 ml of Liquiscint containing 1.0 ml of glacial acetic acid. The degree

and nature of DNA crosslinks were assessed by utilizing a test dose of

X-rays (600 rads) and proteinase K as previously described (15). To
quantitate the extent of DNA single strand breaks and DNA-protein

crosslinks, the SSF and CLF were calculated from the alkaline elution

patterns utilizing the following relationship: SSF = log A/B, CLF =

[log A-log AX]/[log B-log BX], were A = amount of DNA retained

in the sixth fraction of untreated sample and B = DNA retained in the
sixth fraction of the CaCrO4-treated samples, AX = amount of DNA
retained in the sixth fraction of untreated X-irradiated and BX =

amount of DNA retained in the sixth fraction of CaCrO4-treated X-

irradiated sample.

Colony-forming assay. Following treatment with CaCrO4, cells
were rinsed twice with SGM and subsequently trypsinized. The cell

number was determined with a Coulter particle counter or hemocytom-

eter. An appropriate number of cells (200-4000 cells) was then plated
into 60-mm dishes and allowed to form distinct colonies (8-10 days).

Cells were then fixed with 95% ethanol and stained with a 0.2% crystal
violet solution. The number of surviving colonies (>50 cells) was

determined in each plate and the percentage of survival was calculated
by expressing this as a function of the total number of cells plated.

Cellular uptake of 51Cr. CHO cells were incubated with 20 �sCi of

51Cr at various concentrations for 2 hr in SGM. Following treatment,
cells were washed twice with SGM and dislodged from the dishes by

scraping, and the cell number was determined as described above. The

cellular uptake of 51Cr was determined by assessing radioactivity in a
Beckman gamma counter in which the counting efficiency was 95%.

Results

Asynchronous CHO cells were treated with CaCrO4 for 2 hr
in SGM and the DNA damage was measured by alkaline

elution. As shown in Fig. 1, CaCrO4 produced a time- and
concentration-dependent induction of DNA single strand

breaks. Some of the DNA single strand breaks may have
originated from alkali-labile sites since the elution curves of
DNA from CaCrO4-treated cells were nonlinear and exhibited

a concave kinetic pattern when compared to the elution curves
of DNA from X-irradiated cells. Additionally, previous studies

from our laboratory have demonstrated that chromium induces

alkali-labile sites (12).
Fig. 2 shows that treatment of cells with CaCrO4 for 2 hr in

SGM resulted in DNA-protein crosslinks because of the in-
creased retention of DNA from irradiated cells treated with the

metal. There was an absence of DNA interstrand crosslinks,

because essentially all of the crosslinks were eliminated by the

addition of proteinase K in the lysis solution. As shown in Fig.
3, the CLF induced by this metal increased 1.21, 2.21, and 2.65

in cells treated with 10, 50, and 100 sM CaCrO4, respectively,
for 2 hr. However, the CLF decreased from 2.65 to 1.98 in cells

treated with 100 and 200 �sM CaCrO4, respectively. Cells were
incubated for 2 hr in 5GM with varying concentrations of
CaCrO4 (10-200 �zM) containing the radioisotope 51Cr and the
intracellular level of this metal was estimated by assessing the
radioactivity found in 106 cells. Fig. 3 shows the relationship

between the cellular uptake ofchromium (VI) and the induction

of DNA lesions. Chromium (VI) uptake increased in a linear
proportion with concentration. The concentration-dependent
uptake of chromium (VI) was consistent with the induction of
DNA single strand breaks which also depended on the metal
levels.

To examine further the relationship between the induction
of DNA lesions by CaCrO4 and the cytotoxicity induced by this
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Fig. 1. Alkaline elution analysis of DNA single strand breaks in CHO cells treated with CaCrO4. Cells were treated for 2 hr in SGM with varying levels
of CaCrO4 (A) or with a fixed concentration of CaCrO4 (200 �M) for selected time intervals (B). Following this treatment, cellular DNA was analyzed
by the alkaline elution method. Prior to elution, cell lysates were incubated with proteinase K to eliminate the retention of DNA caused by the
induction of DNA-protein crosslinks.

CaCrO4 for 2 hr in SGM, and their ability to form colonies was
determined (Table 1). There was no loss of cell survival in
chromium-treated cells at concentrations up to 10 sM. How-

ever, the survival decreased to 27.3, 6.8, and 0.6% at 50, 100,
and 200 �sM CaCrO4, respectively. When the effect of CaCrO4

on the growth of CHO cells was examined at 24 hr after its
removal, percentage of growth decreased to 60, 48, and 46% at

50, 100, and 200 �tM CaCrO4, respectively. When trypan blue

exclusion was utilized as a test of cytotoxicity, more than 80%

of the cells were viable following 2 hr treatment with CaCrO4

at 200 �zM in SGM followed by a 24-hr incubation in complete

growth medium.

To determine whether the DNA lesions induced by CaCrO4

were repaired, cells were treated with CaCrO4 for 2 hr in 5GM

and then incubated in metal-free complete growth medium for

various time intervals. Fig. 4 shows that DNA single strand

breaks induced by 200 �M CaCrO4 were about 50% repaired

within 1 hr, and completely repaired when CaCrO4 was removed

for 24 hr. Fig. 5 indicates that DNA-protein crosslinks induced

by 10 ,sM CaCrO4 were repaired within 4 hr after metal removal.

However, treatment with concentrations of CaCrO4 in excess
of 50 zM induced DNA-protein crosslinks that remained at the

same level (50 jzM) or increased to a higher level (100 and 200

zM), 24 hr after metal removal (Fig. 5). The persistence of this

lesion may be due in part to the cytotoxicity of CaCrO4,

although single strand breaks were repaired at these high doses.
However, Table 2 compares the initial levels of strand breaks

and DNA-protein crosslinks with those present 18 hr after the

metal was removed, and then relates these DNA lesions to cell

survival. At 25 �zM exposure to CaCrO4 for 6 hr there was

essentially no decrease in cell survival, and the single strand

breaks were repaired 18 hr later, but at this time there was

essentially no repair of DNA-protein crosslinks. Although the

lack of repair of DNA-protein crosslinks at higher concentra-

tions of CaCrO4 may be due to cytotoxicity, the results of the

25 sM exposure level (Table 2) illustrated that the DNA-protein

crosslink was a poorly repaired lesion, when most of the cells

did not die.

To study whether there was any cell cycle-specific sensitivity

in the formation of DNA lesions or in the cytotoxicity of

CaCrO4, cells were synchronized in mitosis and then treated
with 100 sM CaCrO4 for 2 hr in 5GM beginning at 2 (Gi phase),

6 (early S phase), 10 (late phase), and 14 (G2 phase) hr following

their release from mitosis. Table 3 shows that CaCrO4 induced

DNA single strand breaks in cells during all phases of the cell

cycle immediately after treatment. During early S phase, there

was a significant increase in SSF when compared to the Gi

phase (p < 0.05) or the G2 phase (p < 0.01) of the cell cycle.

The level of 5SF in late S phase increased significantly when

compared to the G2 phase (p < 0.01), but this increase was not

significantly different from that in Gi or early S phase. How-

ever, DNA single strand breaks induced by CaCrO4 in early S
phase were repaired within 24 hr after treatment even though

the cells in early S phase were the most sensitive to DNA single

strand breaks.

Table 4 shows that CaCrO4 rapidly induced DNA-protein

crosslinks in cells during all phases of the cell cycle. Initially,

there was no significant difference in CLF during each of the

cell cycle phases examined. Since the level of DNA-protein

crosslinks at higher concentrations of CaCrO4 (100 or 200 zM)

exhibited a striking increase with time, we examined the

amount of this lesion remaining 24 hr after an initial 2-hr
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Fig. 3. Comparison in CHO cells of the uptake of
51Cr, with the incidence of DNA single strand breaks
and DNA-protein crosslinks. Cells were treated in
SGM for 2 hr with various concentrations of CaCrO4.
The cellular uptake of chromium was estimated by
utilization of the isotope 51Cr (#{149}#{149})(Experimen-
tal Procedures). DNA single strand breaks and DNA-
protein crosslinks were expressed as SSF
(A-A) and CLF (0- -0), respectively.
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Fig. 2. Measurement of DNA-protein crosslinks by alkaline
elution in CHO cells treated with CaCrO4. Cells were
treated in SGM for 2 hr with selected concentrations of
CaCrO4 as indicated in each quadrant. Following treatment,
cellular DNA was analyzed by the alkaline elution method.
Cells were either lysed directly (#{149})or exposed to X-ray
(600 rads) and then lysed in the absence (A) or presence
(Li) of proteinase K.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 5, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


0
I.-
C)

z
-I
(I)
U)
0

C.)

Ir#/#��#{149}200pM

ll______& 100pM

0

a Logarithmic CHO cells were incubated for 2 hr in SGM containing various

concentrations of cacro4. Following this treatment, cells were plated to form
coloniesfor 8-10 days as described in Experimental Procedures. Each value shown
in the table represents the mean ± SD.

a Following treatment with CaCrO4 for 2 hr in 5GM, cells were washed with
SGM and incubated in CaCrO4-free complete growth medium for 24 hr. The cell
number of each plate was determined with a Coulter counter particle analyzer or a
hemocytometer. The number of cells in each plate was normalized to 1 00% growth
of untreated cells. Each value shown in the table represents the average of two
experiments.

C ND, not determined.
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TABLE 1

Effect of CaCrO4 on plating efficiency and cell growth of CHO cells

CaCrO4 concentration
Percentage of surv�

(% of contrc�

Percentage of cell growth
(% of controI)�

;iM

1 105±14.2 NDC

10 97.6± 6.4 ND
50 27.3± 4.8 60

100 6.8± 2.2 48
200 0.6 ± 0.2 46

Fig. 4. Alkaline elution analysis of the repair of DNA single strand breaks
following treatment with CaCrO4. Cells were treated for 2 hr with 200
MM CaCrO4 in SGM and cellular DNA was analyzed by alkaline elution
either immediately after treatment or after incubation of the cultures in
fresh medium for time intervals varying from 4 to 24 hr. Prior to elution,
the cell lysate was incubated with proteinase K to eliminate the retention
of DNA caused by the induction of DNA-protein crosslinks.

treatment of syncronized cells. As shown in Table 4, DNA-

protein crosslinks induced at all phases of cell cycle were not

repaired. In fact, in some instances the extent of DNA-protein

crosslinks increased with time. The CLF in early S phase was

significantly higher than that in late S phase (p < 0.05). The
percentage increase in CLF from 2 hr to 24 hr after the metal
was less in cells exposed during early S (39%) than during G2
(56%) phase. However, since cells were synchronized in mitosis

it was difficult to obtain a good G2 population of cells due to

the dispersion of synchrony with time. These results illustrate

that single strand breaks induced by CaCrO4 exhibit cell cycle

specificity during S phase. Cells in G2 and early S phase were

more readily fixed into DNA-protein crosslinks than those at

other phases of the cell cycle.

INCUBATON T!IIE ( HR )
Fig. 5. Formation and repair of DNA protein crosslinks following CaCrO4
treatment. Cells were treated for 2 hr with various concentrations of
CaCrO4 in SGM and the cellular DNA was analyzed by alkaline elution
either immediately after treatment or after cultures were incubatedd for
additional time intervals in fresh medium (4, 24 hr). DNA-protein cross-
links were expressed as CLF (Experimental Procedures).

Since DNA strand breaks were cell cycle specific, we exam-

med whether the colony formation of cells was affected by

CaCrO4 in a cell cycle-specific manner. Table 5 demonstrated
that the survival of cells in the early S phase was significantly

decreased after 100 �tM CaCrO4 relative to the cell survival at
each of the other cell cycle phases. When trypan blue exclusion

was utilized as a test of cytotoxicity, more than 82% of cells

were viable after 2 or 24 hr even when they had been treated
with a high level of CaCrO4 (100 �zM). However, there was a

lack of proportionality in correlations made among the strand
breaks, crosslinks, and cytotoxicity. Cells in early S phase were
2.5-, 1.8-, and 2.2-fold more sensitive to the effects of CaCrO4

on cell survival than cells in Gi, late 5, and G2 phase, respec-

tively. DNA single strand breaks or DNA-protein crosslinks in

early S phase increased only 1.4-, 1.1- and 2-fold (5SF) or

1.2-, 1.5-, and 1.26-fold (CLF) when compared to Gi, late 5,
and G2 phases, respectively.

Discussion

Previous studies demonstrated that chromium (VI) com-

pounds induced DNA-protein crosslinks, DNA single strand

breaks, and alkali-labile sites in cultured mammalian cells (10-

12). DNA interstrand crosslinks were also observed in vivo but

have not been reported in cultured mammalian cells (9, 10). In

both of these systems, the DNA single strand breaks were

repaired quickly, whereas the DNA-protein crosslinks were not

as readily repaired (9, 10). Cytotoxicity was thought more likely

to correlate with the DNA-protein crosslinks because single

strand breaks were not observed until cells were exposed to

substantially toxic levels of chromate (16, 17). In the present

study, CaCrO4 induced DNA single strand breaks that were

rapidly repaired even at highly cytotoxic levels of CaCrO4 (200

�LM). The DNA single strand breaks increased in a dose-de-
pendent manner but did not correlate with the logarithmic

decrease in cell survival. Cells synchronized in S phase, partic-

ularly those in early S phase, exhibited, in the presence of
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TABLE 2

Comparison of the incidence of strand breaks and DNA protein crosslinks with cell survival following treatment with CaCrO4

DNA �ngie strand breaks DNA protein crossinks

CaC;O4concentration
Percentage of survival

(%ofcontrol)a

(5SF) (CL.F)

6�tw Treatment
18trafterlniti�

me�se 6.1w Treatment
18�rafterlntii�

�se

)LM

10 98.3 ± 2.5 NDb ND 1.17 ± 0.24 ND

25 79.7 ± 8.7 0.036 ± 0.01 1 ND 2.33 ± 0.25 1 .72 ± 0.24
50 32.0 ± 3.3 0.064 ± 0.007 0.004 3.25 ± 0.58 2.57 ± 0.49

a CHO cells in the logarithmic stage of cell growth were incubated for 6 hr with CaCrO4 in complete culture medium. Following treatment, cells were plated to form

colonies as descnbed in Experimental Procedures. Additionally, cellular DNA was analyzed by alkaline elUtiOn immediately after 6 hr treatment or following an 18-hr
incubation in CaCrO4-free fresh medium. DNA single strand breaks and DNA protein crosslinks were expressed as SSF and CLF, respectively. Each value shown in the
table is the mean ± SD for at least three separate experiments.

a ND, not determined.

TABLE 3

Induction and repair of DNA single strand breaks by CaCrO4 during
various stages of the cell cycle
Cells were synchronized in metaphase as described in Experimental Procedures.
The mitotic block was released by washing and replating the cultures in fresh
medium. Cells were incubated for 2 hr with CaCrO4 in SGM. DNA was analyzed
by alkaline elution immediately after 2 hr treatment or following an addi�ond 24-hr
incubation in CaCrO4-free medium as described in Experimental Procedures. DNA
single strand breaks were expressed as SSF. Each value shown in the table is the
mean ± SE for at least four determinations.

. . . 24rTreatment 24 hr after lnite treatment
Cal cyde � Concentration �

MM

G1 (2-4 hr) 100 0.095 ± 0.01 0 ND
Early S (6-8 hr) 100 0.133 ± 0.010#{176} 0.005
LateS(10-l2hr) 100 0.120±0.012 ND
G2 (14-16 hr) 100 0.066 ± 0.010 ND
a ND, not determined.
5p < 0.05 compared to the Gi phase (Student’s t test).

TABLE 4
Induction and Repair of DNA-protein crosslinks following treatment
with CaCrO4 in cells at different phases of their cell cycle
Cells were synchronized in mitosis as described in Experimental Procedures. The

mitotic block was released by washing and replating the cultures in fresh medium.
Cells in each phase of the cell cycle were incubated for 2 hr with 100 MM CaCrO4
in 5GM. Cellular DNA was analyzed by alkaline elution after incubation of the
cuftures for an additiOnal time interval (24 hr) in fresh medium. The DNA protein
crosslinks were quantitated as described in Experimental Procedures. Each value
shown in the table is the mean ± SE for at least four determinations.

24w 24twafter
Cal cycle position Concentration Treatment Initial treatment Increase

(CLF) (CLF)

MM

G1 (2-4 hr) 100 3.41 ± 0.59 3.85 ± 0.22 13
Early S (6-8 hr) 100 3.40 ± 1 .19 4.71 ± 0.49a 39
Late S (10-12 hr) 100 2.97 ± 0.54 3.13 ± 0.17 5

G2 (14-16 hr) 100 2.41 ± 0.34 3.75 ± 0.46 56
ap < 0.05 compared to Late S phase (Students t test).

CaCrO4, the least cell survival and the greatest amount of single
strand breaks; however, there was a lack of proportionality

among these two parameters. In logarithmically growing cells,
cytotoxicity correlated with the onset of repair-resistant DNA-

protein crosslinks. The synchronized S phase CHO cells were
significantly more sensitive to the cytotoxicity of CaCrO4 and
to the buildup of DNA-protein crosslinks. However, neither the

DNA single strand breaks nor the DNA-protein crosslink in-
duced in each phase of the cell cycle correlated quantitatively
with the cytotoxicity. These results suggest that the DNA

damage induced by CaCrO4 may contribute to the cytotoxicity

but apparently cannot totally account for the cell death induced

TABLE 5

Survival of CHO cells following treatment with CaCrO4 during
various stages of the cell cycle
Cells were treated for 2 hr with 100 MM cacro4 in 5GM. Following treatment,
appropriate numbers of cells were plated and allowed to form colonies for 8-10
days as described in Experimental Procedures. Each value shown in the table is
the mean ± SD.

Cel cycle position Concentration
Percentageof surviv�

(% of controls)

MM

G1 (2-4 hr)
EarlyS(6-8hr)
Late S (1 0-1 2 hr)
G2 (14-16 hr)

100
100
1 00
100

9.11 ± 3.75

3.59 ±0.81a
6.46 ± 1 44b
7.78 ± 3.03

ap < 0.01 compared to Gi ,late S, and 02 (Student’s t test).
bp < 0.05 compared to G1 , (Student’s t test).

by this compound. Cell growth at high concentrations of

CaCrO4 (100 and 200 �zM) was approximately one-half that of
untreated cells, whereas percentage of survival measured by
colony formation in cells treated with 50, 100, and 200 tzM

CaCrO4 decreased logarithmically to 27, 6.8, and 0.6%, respec-
tively. At 24 hr after treatment, the trypan blue viability of

cells exposed to CaCrO4 was more than 80% even at the highest

concentration tested (200 �tM). These results indicate that there

are large differences in results obtained between the trypan

blue exlusion assay and the colony-forming assay, and also
suggest that the effect of CaCrO4 on the cytotoxicity in cells

may require considerable time to take effect.

The DNA-protein crosslinks measured immediately after a

2-hr exposure to CaCrO4 increased with concentration up to

100 �tM but did not exhibit a further elevation at the higher
concentrations tested. This lack of concentration-dependent

DNA-protein crosslinks at 100 and 200 �zM CaCrO4 was not
due either to limited cellular uptake of the metal or to the loss

of cells containing these lesions since cells treated with CaCrO4

exhibited linear uptake ofCaCrO4 and the trypan blue exclusion
assay indicated that greater than 80% of cells survived these

treatments, even at the highest concentration of CaCrO4 (200

1uM). When cells were incubated for 4 hr in fresh complete

medium after the CaCrO4 treatment, the DNA-protein cross-

links induced by 10 �M CaCrO4 were repaired. However, the

amount of DNA-protein crosslinks induced by 50, 100, and 200

�M CaCrO4 either remained at the same level (50 tiM) or

increased approximately 2- or 5-fold (100 �M or 200 MM, re-
spectively) 24 hr after removal of CaCrO4. In experiments

conducted by exposure of cells to CaCrO4 in complete growth
medium (Table 2), at the 25 �M CaCrO4 exposure level, there
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4 P. Sen and M. Costa, unpublished observations.

was not a significant decrease in cell survival, yet there was a
high degree ofDNA-protein crosslinks which were not repaired.
These findings illustrate that the DNA-protein crosslinks le-

sion resists repair even at noncytotoxic levels of CaCrO4. It is

possible that at higher concentrations of CaCrO4 the rate of
formation of DNA-protein crosslinks exceeded their rate of

repair. Alternatively, the high concentrations of CaCrO4 may

have directly interfered with enzymic processes involved with

this repair. An inhibition of such repair by CaCrO4 would be

consistent with enhancement of cytotoxicity at higher metal

levels. However, DNA single strand breaks were repaired even

at highly cytotoxic concentrations of CaCrO4. Enzymes in-
volved in the repair of single strand breaks may differ from

those that repair DNA-protein crosslinks. Alternatively, several
studies have shown that chromium (VI) must be reduced to

chromium (III) before it can form a stable ternary complex
with DNA and protein (8, 10). The conversion of chromium

(VI) to chromium (III) may be rate limiting in the formation

of DNA-protein crosslinks but not limiting in the induction of

strand breaks. The DNA single strand breaks induced by
CaCrO4 were apparent after only 30 mm of treatment and were

related directly to the concentration and cellular uptake of

chromium (VI). These results suggest that strand breaks may

be induced directly by chromium (VI), whereas DNA-protein

crosslinks may require time-dependent metabolism. This is

consistent with the observation that the hexavalent but not the
trivalent form of chromium-induced DNA single strand breaks

in isolated nuclei (10).

More strand breaks were induced in early S phase than in

other phases of the cell cycle. In contrast, DNA-protein cross-

links were not initially cell cycle specific, but 24 hr after the

initial chromate treatment these lesions also exhibited a similar
cell cycle-specific pattern as the strand breaks. During the S

phase, cells may be more susceptible to DNA damage by chro-

mium because the unfolded DNA becomes accessible to binding
of the metal with phosphate groups and bases (12). When cells

in each cell cycle phase were incubated in fresh media for 24

hr following the chromate treatment, the CLF in early S phase

increased significantly. The strand breaks induced in this phase

were all repaired. Twenty-four hours after treatment the CLF
in early S and G2 phase increased 39 and 56%, respectively,

when compared to those present at 2 hr following treatment.
However, the CLF in Gi and late S phase only increased to 13
and 5%, respectively. It is not clear what effect there may be
on the passage of cells through the cell cycle during this 24-hr
incubation period. However, this increase in CLF in early S

and G2 phase may be due to either an interference with repair
mechanism or a requirement for reductive metabolism (see
above). It should be noted that synchronization of cells in the

G2 phase of the cell cycle is difficult, and there is considerable

dispersion of synchrony at this stage since mitotic selection

was utilized.
Several agents damage DNA in a cell cycle-specific manner

(13, 14, 18, 19). Ultraviolet radiation induced DNA-protein

crosslinks during early S phase (20). In contrast, NiCl2 induced

DNA-protein crosslinks in the late S phase (14). Cells in late

S phase were also more sensitive to the cytotoxicity of NiCl2.

Interestingly, ultraviolet light and chromium (VI) compounds

are potent mutagens, whereas nickel compounds are not mu-

tagenic (21). The difference in mutagenicity may be related to

the fact that the maximum mutation frequency was universally

observed in cells treated during the Gi/early S phase of the
cell cycle (22-28). Since genetically active euchromatin is rep-

licated during early S phase, mutations are very likely to occur.
Thus, ultraviolet light and chromium compounds may be more

mutagenic than nickel compounds because they induce DNA

damage in early S phase, whereas nickel damages DNA during

the late S phase. This hypothesis is supported by observation

that nickel compounds are not mutagenic in mammalian and

bacterial systems (29), and they induce chromosomal aberra-
tions including gaps, breaks, and exchanges preferentially in

the heterochromatic centromeric regions of autosomes and the
heterochromatic long arm of the X-chromosome (13). CaCrO4
induced the same types of chromosomal aberrations, but these
lesions were distributed randomly throughout the chromo-

somes.4

It is known that the frequency of transformation is related
to the degree of DNA damage present when cells attempt to

replicate their DNA (30). Since the DNA single strand breaks
induced by CaCrO4 were repaired even at the highly cytotoxic

treatments, whereas DNA-protein crosslinks were resistant to
repair, the DNA-protein crosslinks have a high propensity to

be present during DNA replication. Alterations of DNA struc-
ture and function, as well as the effect of DNA-protein cross-

links on replication, may be related to the carcinogenicity of

chromium compounds.
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