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The TdT-mediated dUTP Nick End Labeling Assay Precisely Assesses the DNA
Damage in Human Tumor Xenografts
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Cultured HL-60, HeLa S3 and WiDr cells grown in male BALB/cnu/nu mice were studied by con-
ventional and field-inversion DNA gel electrophoresis (FIGE), as well as by means of cytomorpho-
logical approaches, including TdT-mediated dUTP nick end labeling (TUNEL) assay.
Chemosensitivity tests revealed HL-60 to be sensitive to vindesine (VDS), and HelLa S3 and WiDr
to mitomycin C (MMC). Although VDS-treated HL-60 exhibited condensation of chromatin and a
DNA ladder, MMC-exposed HL-60 cells showed apoptotic figures without typical DNA ladders.
With MMC-treated WiDr cells, neither DNA ladders nor apoptotic figures were observed. Cells
characterized by chromatin condensation were TUNEL-positive in both treated and untreated
cases with the exception of the MMC-treated WiDr case, in which many TUNEL-positive cells
were observed without cytomorphological changes. On FIGE, DNA fragments of approximately
50, 300 and 400 kbp were detected in groups treated with both effective and ineffective drugs, as
well as in untreated controls. Furthermore, change of the time parameters in FIGE resulted in dif-
ferent sizes (550 and 850 kbp) of DNA fragments. These findings indicate that i) cell death is not
always detectable in terms of apoptotic figures or DNA oligonucleosomal fragmentation, ii) only
the TUNEL assay is a reliable tool to detect DNA damage and, iii) FIGE does not provide accu-
rate size profiles of macromolecular DNA fragments.
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A variety of approaches have been utilized to investi-agein vitro. Althoughin vitro systems for studying cancer
gate the modes of DNA damage leading to cell death. Irare less time-consuming and expensive than those/o,
the past, apoptosis has been characterized biochemicalthere is difficulty in deciding drug concentrations for test-
by the production of DNA oligonucleosomal fragments.ing chemosensitivit}?*® In contrast, human tumor
However, this now appears to be an oversimplification. xenograft systems do not permit overdosage due to the
Investigators™” using pulsed-field gel electrophoresis existence of maximal tolerable dosés? and hence are
have observed DNA fragments of 50 and/or 300 kbp bottsuitable for studies of cancer chemotherapy.
with and without oligonucleosomal fragments in cells As an alternative assay method for apoptosis or pro-
showing morphological features of apoptosis. Macromo-grammed cell death, the TdT-mediated dUTP-biotin nick
lecular DNA breaks are considered to be generated bgnd labeling (TUNEL) assay has been introduéetdihe
activation of topoisomerase 2l,whereas endonucleases DNA fragmentation end-point is also typical of necrotic
are responsible for production of oligonucleosomal frag-cells/ ") so that care must be taken with interpretation,
ments. Changes in the integrity of DNA can be evaluatedut this assay has the marked advantage of providing
by using pulsed-field gel electrophoresis, which allowssitu information. In the present study, representative
analysis of DNA with lengths up to 10 MBpThe equip- human tumor cell lines were transplanted into nude mice
ment for this purpose is very expensive, however, whereaand chemosensitivity tests were carried out to select effec-
field-inversion gel electrophoresis (FIGE) requires only ative agents. In order to compare the modes of DNA dam-
pulse controller in addition to a power supply and gelage among cell lines and anti-cancer agents, samples of
chamber, which are used for conventional DNA gel electhe tumors were taken for conventional and field-inver-
trophoresis, and can distinguish DNA fragments up to 1sion DNA gel electrophoresis as well as cytomorphologi-
Mbp 9 cal examination, includingn situ TUNEL assays. The

Up to the present, investigatd® have mainly applied modes of DNA alteration of tumor cells in the region of
pulsed-field gel electrophoresis for detecting DNA dam-“central necrosis” and normal cells of untreated mice

were also investigated.

3To whom correspondence and requests for reprints should be
addressed.
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MATERIALS AND METHODS kg; vincristine (Shionogi Co.), 1 mg/kg and 5-fluorou-
racil, 50 mg/kg (q4€3, Kyowa Hakko Co.). All agents
Cell culture HelLa S3, WiDr and HL-60 cells were pur- were given intraperitoneally except for adriamycin,
chased from Dai-Nippon Seiyaku Co., Ltd. (Tokyo) andadministered intravenously. Tumor diameters and body
maintained in Dulbecco’s modified Eagle’s medium (Nis- weights were monitored for 21 days after initial treatment
sui, Tokyo) or RPMI1640 medium (Nissui) in the HL-60 and then inhibition rates (IR) were calculated by using the
case, both containing penicillin G X80° U/ml, Gibco  formula; IR=(1-T/C)x100 (%), whereT and C are the
BRL, Gaithersberg, MD), streptomycin (5 mg/ml, Gibco mean tumor weights of the treated and untreated groups.
BRL) and 10% fetal bovine serum (Bioserum, Victoria, The response to anti-cancer agents was considered to be
Australia). Cells were cultured at 37°C under 5%,@0 good when the IR was more than 58%. At the termina-
a fully humidified atmosphere. tion, mice were killed under diethyl ether anesthesia and
Animals, tumor implantation and chemosensitivity test  tumors were removed. Tissue was processed for morpho-
Male BALB/c nunu mice, five weeks old, were pur- |ogical examination, includingn situ TUNEL assays and
chased from Charles River Japan Inc. (Yokohama) an@®NA analysis by gel electrophoresis.
maintained under specific pathogen-free conditions in an situ TUNEL assay In the present study, “ApopTag
laminar air flow system at a constant temperatureDirect,” an apoptosis detection kit (Oncor, Gaithersburg,
(25+1°C) and humidity (585%). They received food and MD) was used to perform TUNEL assays following the
water ad libitum Tumor cells (¥107) were injected into  recommended protocol. Briefly, histological sections were
subcutaneous tissue of the mice and after about 30 daygeparaffinized and protein was digested with “Protein
tumors which had grown to approximately 1 cm in diame-Digesting Enzyme” (Oncor, 2Qug/ml) for 15 min at
ter were removed. After trimming, the tumors were room temperature followed by staining steps. Positive
minced into fragments of 2-mm diameter and transplante¢ontrol slides were prepared by nicking DNA with
into subcutaneous tissue of 30-40 mice using a trocaDNase | (Sigma Chemical Co., St. Louis, MO). For
When the estimated tumor weightX\W*x0.5) reached observation, a fluorescence microscope with a 515-565
100-150 mg, mice were divided at random into groups ohm (green) and a 575-640 nm (red) band-pass filter was
five animals and the tumor sizes and the body weightemployed.
were noted. Conventional electrophoresis of cellular DNA Samples
Anti-cancer drugs were administered at the MTD levelwere minced in ice-cold Tris-buffered saline and homoge-
for male BALB/c nu/nu mice! They were adriamycin nized with a laboratory homogenizer (Kinematica, Littau,
(Kyowa Hakko Co., Tokyo), 8 mg/kg; mitomycin C Switzerland) at 5,000 rpm for 30 s. They were filtered
(MMC; Kyowa Hakko Co.), 6 mg/kg; cisplatinum (Bris- and washed twice with ice-cold Tris-buffered saline fol-
tol-Myers Squibb Co., Tokyo), 8 mg/kg; cyclophospha- lowed by resuspension in 5@ of lysis buffer containing
mide (Shionogi Co., Osaka), 120 mg/kg; nimustine500 mv Tris-HCI (pH 9.0), 2 Ml EDTA, 10 nM NacCl,
(Sankyo Co., Tokyo), 30 mg/kg; etoposide (Bristol-Myers 1% sodium dodecyl sulfate (SDS) and 1 mg/ml proteinase
Squibb Co.), 50 mg/kg; vindesine (Shionogi Co.), 3 mg/K (Wako Chemical, Osaka). After incubation at 50°C for

Table I. Inhibition Rates (IR) for Human Tumor Xenografts and Maximal Weight Loss
in BALB/c nunu Mice

Drug HL-60 (%) HelLa S3 (%) WiDr (%)
Adriamycin 21.29.49 (3.9))  34.93.7 (9.1) 12.37.1 (5.4)
Cisplatin 39.%11.5 (4.4) 41.917.2 (7.0) 38.59.4 (6.8)
Mitomycin C 30.85.7 (17.5)  83.0+9.4 (16.2)  87.9+10.1 (18.7)
Cyclophosphamide 6584.9 (2.3) 52.211.4 (3.7) 23.110.5 (3.0)
Nimustine 2.031.2 (4.2) 24.56.7 (0.8) 33.88.9 (1.5)
5-Fluorouracil 47.314.3 (1.7) 50.610.6 (1.7) 38.512.4 (2.5)
Etoposide 38.64.0 (7.6) n.t. n.t.
Vincristine 94.8+1.9 (10.2) n.t. n.t.
Vindesine 99.9+0.1 (18.5) n.t. n.t.

a) IR (for details, see “Materials and Methods") are represented ast8&ah=5).

b) Maximal weight loss is the difference of the lowest mouse body weight during the
assay period (21 days) from the initial weight.

¢) IR over 58% (defined as effective for the study).

n.t.: not tested.
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20 h, samples were extracted twice with phenol, oncenl proteinase K (Wako Chemical) at 50°C for 48 h. Runs
with phenol-chloroform and finally with chloroform, and were performed in 1% pulsed-field grade agarose (Nippon
aliquots (1 ug) were loaded on 1.5% agarose (NipponGene) at 5 V/cm in 06 TBE buffer (10°C) using a hori-
Gene, Tokyo) gels. Electrophoresis was performed for 3 lzontal gel chamber GNA-200 (Pharmacia Biotech, Upp-
at 6 V/cm in 0.5 TBE buffer. Gels were stained with 0.5 sala, Sweden) with a 15 min continuous forward pulse
pg/ml ethidium bromide (30 min) and photographed followed by 0.3 s forward to 0.1 s reverse (3:1 ratio) with
under UV light (312 nm). a ramp factor of 0.1 s applied, increasing the forward
FIGE FIGE was carried out using a programmablepulse time up to 30 s and reverse phase to 10 s. Under
power inverter, PPI-200 (MJ Research, Watertown, MA).these conditions, DNA fragments ranging in size from 50
Agarose plugs containingxa® cells were prepared and to 400 kbp could be resolved within 48 h. DNA fragments
digested in buffer containing 0/@ EDTA (pH 9.0), 1% ranging from 50 to 850 kbp were separated with a 75 s
sodiumN-lauroyl sarcosinate (Wako Chemical) and 1 mg/maximal forward pulse time and reverse phase of 25 s.

Fig. 1. Light microscopic appearance of HL-60, HeLa S3 and WiDr cells as human tumor xenografts in nude mice treated with anti-

cancer agents (for details, see “Materials and Methods,” HLE)). In all the untreated controls, cells with shrinkage of cytoplasm,
chromatin condensation and nuclear fragmentation are seen in a mass in the areas of “central necrosis,” as well as thattered in
intact tumor tissue. A-D, HL-60 cells (A, control; B, VDS at 48 h; C, ADM at 48 h; D, MMC at 48 h). Apoptotic figures aeel mark
with VDS, but less marked with MMC and lacking in the ADM-treated specimen. E-H, HelLa S3 cells (E, control; F, CDDP at 48 h;
G, ADM at 48 h; H, MMC at 48 h). Apoptotic figures are apparent after MMC and CDDP-treatment, but not in the ADM-treated spec-
imen. I-L, WiDr cells (I, control; J, CDDP at 48 h; K, ADM at 48 h; L, MMC at 48 h). Morphological changes are minimal in all
cases. Apoptotic figures are seen only in the area of “central necrosis.”
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Fig. 2. In situ TUNEL assay results for HL-60, HeLa S3 and WiDr cells (for details, see “Materials and Methb@3)” In all the

control cases, cells in the area of “central necrosis” are markedly positive in amass (). Some positive cells are seleim sicatter

intact tumor tissue4 ). Positive cells in the “central necrosis” of the treated cases are also indicated byzarrows ( ).68-d2lIslL-

(A, control; B, VDS at 48 h; C, ADM at 48 h; D, MMC at 48 h). VDS-treated samples show diffuse positive cells, although they ar
fewer in the MMC or ADM-treatment case. E-H, HelLa S3 cells (E, control; F, CDDP at 48 h; G, ADM at 48 h; H, MMC at 48 h).
MMC and CDDP-treated samples show more positive cells than in the ADM-treatment case, but fewer than in the HL-60 case in gen-
eral. I-L, WiDr cells (I, control; J, CDDP at 48 h; K, ADM at 48 h; L, MMC at 48 h). Diffuse positive cells are evident dméy in
MMC-treated sample except in the area of “central necrosis.”

Molecular weight markers (“PULSE MARKER,” 50— mM EDTA) and run at 5 V/cm for 15 min followed by 2
1,000 kb) were purchased from Sigma Chemical Co. Gel¥//cm for 8 h. Gels were stained with Q&g/ml ethidium
were stained with 0.5g/ml ethidium bromide (30 min) bromide (30 min) and photographed under UV light (312
and photographed under UV light (312 nm). nm).

Alkaline gel electrophoresis Gels containing 1.5% aga-

rose, 50 M NaCl and 1 v EDTA were prepared and RESULTS

soaked in alkaline buffer (20 vh NaOH/4 nM EDTA)

over 30 min before runs. DNA samples (fj) were  Chemosensitivity testing Data for anti-tumor activities
applied immediately after being mixed with loading buffer of the different drugs against HL-60, HeLa S3 and WiDr
(25% glycerol/0.05% bromocresol green/5MnNaOH/1  cells in nude mice are summarized in Table I. Among the
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Fig. 3. Conventional agarose gel electrophoresis of the DNA from HL-60, HeLa S3 and WiDr cells in nude mice (for details, see
“Materials and Methods”). The marker lane (M) shows DNAs of 23,130, 9,416, 6,557, 4,361, 2,322, 2,027 and 564 bp. C, control
untreated cells; L, liver cells of an untreated mouse; SP, spleen cells of an untreated mouse. A: HL-60 cells, 1 to Btdmmafie

with VDS, typical ladder patterns are evident. Note the lack of a DNA ladder in ADM and MMC-treated samples. B: HeLa &3 cells,
ladder pattern is present after MMC-treatment and only smears are apparent in ADM and CDDP-treated samples. C: WiDr cells, only
slight smears are apparent in all groups.

ADM and CDDP for the following experiments. Body
weight loss was less than 20% in the assay period (21
days).

Morphology and in situ TUNEL assay results Morpho-
logical findings for HL-60, HeLa S3 and WiDr cells are
represented in Fig. 1. In all cell lines, condensation of
chromatin and nuclear fragmentation were observed in
areas of so-called “central necrosis.” In HL-60, chromatin

CDDP day 5
ADM day 5
MMC day 5

11.6 kbp —

4.7 kbp — condensation and nuclear fragmentation were prominent
33 kbp— in the VDS-treated group, but were less so with MMC-
2.2 kbp — treatment and were rare or lacking with ADM. In HelLa

S3, these features were similarly noted for MMC and
CDDP-treatments, but were rare or lacking with ADM. In
WiDr, on the other hand, minimal morphological changes
were observed in both treated and non-treated groups
except for areas of “central necrosis,” which showed con-
densation of chromatin. Comparison with the results of
the TUNEL assays (Fig. 2) showed apoptotic figures to
contain a multitude of'SOH DNA ends. However, in the
Fig. 4. Alkali gel electrophoresis of WiDr cells in nude mice. MMC-treated WiDr case, diffuse TUNEL-positive cells
The marker lane (M) shows DNAs of 11,565, 4,708, 3,279,were also observed without apoptotic figures on light
2,181, 1,161, 1,014 and 282 bp. C, control untreated cells; SRnjcroscopy. TUNEL-positive cells were observed in the
spleen cells of an untreated mouse. Note the lack of DNA Iadtreated groups as well as in the areas of the “central
ders. necrosis” in untreated controls.

DNA fragments in conventional, field-inversion and

alkali gel electrophoresis With conventional DNA gel
agents tested in the present study, cyclophosphamide, virelectrophoresis (Fig. 3), oligonucleosomal fragments were
cristine and vindesine (VDS) were effective for HL-60, apparent in samples of VDS-treated, but not in ADM- or
and only MMC for HeLa S3 and WiDr. Adriamycin MMC-treated HL-60 cells. Although the control speci-
(ADM) and cisplatinum (CDDP) were ineffective. mens showed only a slight degree of smearing, this was
Accordingly, HL-60 was treated with VDS, ADM and not attributable to a technical error, because mouse spleen
MMC and HelLa S3 and WiDr were treated with MMC, DNA showed no smear pattern. Hence the DNA smears

1.2kbp —
1.0 kbp —

0.3 kbp —
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Fig. 5. FIGE of DNA from HL-60, HeLa S3 and WiDr cells grown in nude mice (for details, see “Materials and Methods”). The
marker lane (M) shows DNAs of 50, 100, 150, 200, 250, 300, 350 and 400 kbp (“PULSE MARKER,” 50-1,000 kb from Sigma
Chemical Co.). C, control untreated cells; L, liver cells of an untreated mouse; SP, spleen cells of an untreated moéfecellsHL-

B: HeLa S3 cells. C: WiDr cells. Untreated tumor cells of all lines show DNA fragments of approximately 50, 300 and 40-kbp, wi
out any influence of effective drugs (i.e. VDS for HL-60 and MMC for HeLa S3 and WiDr). Mouse spleen and liver cells show DNA
fragments of the same sizes.

in the non-treated control were considered to be derive@ISCUSSION
from cells in the area of the “central necrosis.” Since
WiDr cells did not show DNA ladders with any drug, A number of investigatots’ have noted that cells
alkali gel electrophoresis was performed to detect singleshowing apoptotic figures contained DNA fragments of
strand DNA breaks. However, in this assay too, no DNA50-300 kbp with or without oligonucleosomal fragments.
ladders were detected (Fig. 4). Most of these studies uséd vitro systems, in which all
Portions of the same samples were subjected to FIGEells are considered to grow exponentially and to be
(Fig. 5). Similar sizes of DNA fragments with molecular immortal in the absence of cytotoxicity. There are diffi-
weights of approximately 50, 300 and 400 kbp wereculties in deciding appropriate drug concentrations when
observed for all three cell lines. There was no influence othemosensitivity is testeith vitro,'>-'® because high con-
anti-cancer agents, and furthermore, untreated controlsentrations could modify the mode of DNA damage. For
showed DNA fragments of the same sizes. Similar resulténstance, high doses of ethyl alcohol resulted in DNA
were obtained for spleen and liver cells of untreated micesmears in HL-60 cells, instead of the DNA ladders
Mouse liver and spleen cells, and cultured HL-60,0bserved at low dosés vitro.18 19
HelLa S3 and WiDr cells were then prepared for agarose Human tumor xenograft systems for studies of
plugs and digested at 50°C for 48 h in buffer containingcancei**® in contrast, do not permit overdosage due to
0.5M EDTA (pH 9.0), 1 or 10 mg/ml proteinase K (Wako the limit of the maximal tolerable dose and thus provide
Chemical) and 1 or 10% sodiui-lauroyl sarcosinate good models for chemotherapy. In solid tumors, spontane-
(Wako Chemical). FIGE was then performed at a 3:1 ratioous cell death, which is generally called “central necro-
with 30 or 75 s maximal forward pulse time (Fig. 6). sis,” is attributed mainly to an insufficiency of neo-
DNA fragments of approximately 300 and 400 kbp werevascularization. Recent studies have revealed that the
recognized in all samples, but especially in spleen cellgell death is of apoptotic tyge.This can only be investi-
with a 30 s maximal forward pulse time. In contrast, withgatedin vivo. In the present study, tumors taken from
a 75 s maximal forward pulse time, DNA fragments of mice were carefully trimmed to eliminate areas of “central
approximately 550 and 850 kbp were seen. necrosis.” However, cells showing apoptotic figures and
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Fig. 6. FIGE of DNA from mouse liver and spleen cells and cultured HL-60, HeLa S3 and WiDr cells (for details, see “Materials an
Methods”). The marker lane (M) shows DNAs of 50, 100, 150, 200...kbp (“PULSE MARKER,” 50-1,000 kb from Sigma Chemical
Co.). L, liver cells of an untreated mouse; SP, spleen cells of an untreated mouse; EPS, samples digested in buffel0dohtaining
EDTA (pH 9.0), 1 mg/ml proteinase K and 1% sodilrtauroyl sarcosinatex10P, containing 10 mg/ml proteinase K in digestion
buffer, otherwise the sam&10S, containing 10% sodiufdlauroyl sarcosinate in digesting buffer, otherwise the same. A: 30 s maxi-
mal forward pulse time. DNA fragments of approximately 300 and 400 kbp are apparent, especially in the spleen cell casa- Augmen
tion of proteinase K or sodiumN-lauroyl sarcosinate was without effect. B: 75 s maximal forward pulse time. DNA fragments of

approximately 550 and 850 kbp are recognizable in every sample. Augmentation of proteinase K oNdadiayl sarcosinate was
also without effect.

TUNEL positivity were seen in all treated samples oftive cells in the spleen or liver of untreated mice (data not
tumor tissue, as well as in untreated controls. The latteshown). Augmentation of proteinase K or sodilitau-
showed slight DNA smears in conventional gel electro-royl sarcosinate to the digesting buffer did not change the
phoresis and DNA fragments of molecular weights of 50,fragment sizes. Change of the maximal forward pulse
300 and 400 kbp in FIGE, presumably because not altime on FIGE gave different ranges of resolution of the
spontaneously dead cells could be removed by the trimbNA fragments. When the marker DNA fragments of 50—
ming procedure. 400 kbp were resolved (30 s maximal forward pulse

Drugs which act as inhibitors of topoisomerase Il havetime), approximately 50, 300 and 400 kbp fragments were
been reported to produce a cleavable complex whiclseparated from samples. In contrast, 75 s maximal for-
splits DNA at 50-300 kbp2V In the present study, un- ward pulse time resolved the marker DNA fragments of
treated xenograft tumors contained DNA fragments with50-850 kbp, and fragments of approximately 550 and 850
molecular weights of approximately 50, 300 and 400 kbpkbp were detected in the same samples. Since the change
on FIGE, probably due to inactivation of the topoisomerasen timing parameters of the pulse controller gave different
Il in spontaneously dead cells. Compared with ineffectiveoutcomes, the estimation of macromolecular sizes of
drugs or untreated controls, however, effective drugs didDNA fragments detected on FIGE can not be concluded
not change the size of the macromolecular DNA frag-to be always reliable, so that this approach is not informa-
ments, with or without oligonucleosomal fragmentation. tive. Some other method for pulsed-field gel electro-

Furthermore, spleen or liver cells of the untreated micephoresis, e.g. contour-clamped homogenous electric field
showed no DNA damage on conventional gel electrogel electrophoresi®) might solve this problem. In any
phoresis, but DNA fragments of approximately 300 andcase, the macromolecular DNA sizes assessed with FIGE
400 kbp were seen on FIGE. There were no TUNEL-posiwere not reliable in this study.
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While MMC was an effective agent againsiDr cells  ated with apparent tumor reduction in nude mice. Neither
in the stug, neither DNA ladders, massive smears northe light microscopic findings nor the results of DNA gel
apoptotic figures were observed. In the TUNEL wgssa electrophoresis could predict the cytotoxicity of MMC
howeve, many positive cells were apparent 48 h afteragainstWiDr cells. At present, we therefore consider that
MMC-treatment. These findings suggest tNdDr cells the TUNEL assay may be the most accurate tool for
killed by MMC contained only high-molecular-weight detecting DNA damage and chemosensitjvélthough it
DNA fragments and did not show typicapoptdic fig- is difficult to carry out a quantitative analysis in iansitu
ures. If the MMC-treated DNA oliDr cells were broken  study.
into low-molecular-weight fragments, apoptotic figures

would be seen, as in cells in the areas of “central necrogReceived April 21, 18Revised June 3, 18PAccepted June
sis.” Nevertheless, this type of DNA damage was associi0, 1998)
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