
LaFeO, (111) superlattice. However, the 
magnetization value of 3 p B  per site is too 
large to attribute to a ferrimagnetic order. 
The dependence of M on the magnetic field 
(hysteresis curve) of LaCr03-LaFe03 artifi- 
cial superlattice (111 sequence) on substrate 
(111) is shown in Fig. 4. Hysteresis was 
observed in the M-H curves in the temper- 
ature region from 6 to 350 K. The M is 
saturated under the applied field above 5 
kOe (Fig. 48). In the enlarged hysteresis 
curve (Fig. 4A), the relnllailt M of the 
superlattices decreases with increasing tein- 
perature up to 375 K. Above a Tc of 375 K, 
it shows a paramagnetic character. These 
features are typical of FM materials. Our 

results provide further evidence that the 
FM spin order is realized in the artificial 
lattice with a one by one layer stacking 
combination. 
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Inducible Repair of Thymine Glycol Detected by 
an Ultrasensitive Assay for DNA Damage 

X. Chris Le,* James Z. Xing, Jane Lee, Steven A. Leadon, 
Michael Weinfeld* 

An ultrasensitive assay for measuring DNA base damage is described that couples 
immunochemical recognition with capillary electrophoresis and laser-induced fluores- 
cence detection. The method provides a detection limit of 3 x 10-" moles, an im- 
provement of four to five orders of magnitude over current methods. Induction and repair 
of thymine glycols were studied in irradiated A549 cells (a human lung carcinoma cell 
line). Exposure of these cells to a low dose of radiation (0.25 Gray) 4 hours before a 
clinically relevant dose (2 Gray) enhanced removal of thymine glycols after the higher 
dose. These data provide evidence for an inducible repair response for radiation-induced 
damage to DNA bases. 

DNA damage and its cellular repair are key 
determinants in the early stages of carcino- 
genesis, cancer therapy, and aging. '4s a 
result, Inally assays for DNA damage have 
been developed over the past 30 years; each 
has ~ t s  advantages and disadvantages (1, 2).  
A~nong the important criteria to consider 
when assessing the usefuliless of an assay are 
its specificity, sensitivity, and simplicity. 
Measurement of oxidative DNA damage 

L z  

generated by ionizing radiation illustrates 
the relative importance of each of these 
criteria. Ionizing radiation produces a wide 
assortment of DNA lesions. including a " 
large number of base modifications, strand 
breaks, and DNA-protein crossli~lks (3). 
Because of their specificity, techniques such 
as gas chromatography-mass spectrometry, 
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high-performance liquid chromatography 
with electroche~nical and mass spectrorne- 
try detection, postlabeling, and immunoas- 
says have proven extremely useful for ana- 
lyzing modified bases (4) .  However, they 
curre~~tly lack the sensitivity required to 
monitor repair of the DNA of cells treated 
with clinically relevant doses of radiation- 
that is, 5 2  Gray (Gy). In addition, the first 
three methods involve a series of chemical 
derivatization or enzymatic hydrolysis and 
labeling steps, which means that great care 
must be taken to ensure that there is min- 
imal i~ltroductio~l of oxidative DNA lesions 
by the procedure itself and that digestion 
and labeling reactions are optimized (5). 
On  the other hand, electrophoretic ap- 
proaches, such as pulsed-field gel electro- 
phoresis and single-cell gel electrophoresis 
(the comet assay), have the capacity to 
detect damage at lower radiation doses but 
for the most part are restricted to measure- 
ment of strand breaks (6). 

To monitor damage to DNA bases re- 
sulting froin therapeutic doses of radiation, 
we have developed an assay that takes ad- 
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phoresis coupled with laser-induced fluores- 
cence detection (7, 8), combined with the 
specificity provided by monoclonal anti- 
bodies to a single lesion. Sample manipula- 
tion is limited to DNA extraction, incuba- 
tion with antibodies, and capillary electro- 
phoresis, thereby reducing potential arti- 
facts caused by chemical or enzymatic DNA 
digestion. Notably, the technique requires 
only nanogram amounts of DNA. 

To test the feasibility of the assay, we 
used mouse monoclonal antibodies to bro- 
modeoxyuridine (BrdU) (9), because we 
could generate model DNA antigens con- 
taining a specified quantity of this modified 
base, and tetra~nethylrhodamine (TMR)-la- 
beled secondary antibodies because of the 
convenient fluorescence wavelengths. To 
prepare the antigens, we cleaved pUC18 
plasinid molecules with Sal I, filled in the 
overhanging termini by incorporating nu- 
cleotides including BrdU, and then ligated 
the plasmid molecules (1 0). Thus, two mol- 
ecules of BrdU were incorporated per mol- 
ecule of pUC18 [2690 base pairs (by)]. Cap- 
illary electrophoresis separates the unbound 
secondary antibody (Fig. lA,  ~ e a k  I ) ,  the 
coinplex of secondary and primary antibody 
(Fig. lB, peak 2), and the complex of anti- 
gen with the primary and secondary anti- 
bodies (Fig. IC,  peak 3). The signal in peak 
3 (Fig. IC)  was produced by -3 x 10-19 
in01 of BrdU. 

We compared the signals produced by 
BrdU-containing plasmid DNA at a con- 
centration of 0.05 pg/ml in the absence 
(Fig. ID) or presence (Fig. IE) of unmodi- 
fied pUC18 DNA (450 pg/ml), which cor- 
respoi~ds to a final ratio of 2 BrdU mole- 
cules per 2.42 X 10' bp. The large excess of 
undamaged DNA did not alter the signal in 
peak 3. Because the sample concentration 
of plasmid DNA antigen was 0.05 p,g/ml 
and 1 nl was injected into the capillary, the 
signal in peak 3 represents -6 X lo-*' mol 

*To Lvhom correspondence should be addressed, E.mall: vantage of the high sensitivity (zeptomole, of ~ r d ~ . .  The detection limit, based on a 
xc.le8ualberta.ca and mweinfel8gpu.srv,ualbeira.ca or lop2' mol) afforded by capillary electro- signal-to-noise ratio of 3, was 3 X lopz1 
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Fig. 1. Electropherograms slio\p~~ng separation of 90 B C D E 
fluorescently labeled seconda~] antlbody (peak 11, 2 
the complex of prlma~] and seconda~] antibody [peak 5 8o 2). and the complex of antgen wlth prlmary and sec- - 2 
ondary ant~body [peak 3). (A) TMR-labeled anti- ,$ 
mouse secondarji antibody (0.8 pg: 1 n of 0.8-p,g./ml 70 

solution) (Cablochem, La Jola, CA) in 30 mM ttis-HCI 
buffer (pH 7.3). 18) A m1xture of [A) and 0.4 pg of $ 60 
mouse lnonoclonal antibody to BtdU !9). !C) A mixture 5 
of !B) and 0.25 pg of pUCl8 p asmid DNA containing 8 
BrdU, (D) A nixture containing 0.8 pg of TMR-labeled g 50 

anti-mouse secondary ant~body, 0.4 pg of inouse $ 
rnonoclona plasniid DNAcontaning antibody to BrdU. BrdU. and (E) A 0.05 mxture pg of of pUCl8  (D) and 40 J/[ jiL J/! 
450 pg of unmodified pUCl8  DNA. Peak 4 is due to 30 ---- 
the free TMR in the secondary antbody reagent so- 0 1 2 3 4 5  0 1 2 3 4 5  0 1 2 3 4 5  0 1 2 3 4 5  0 1 2 3 4 5  

luton. The presence of t hs  fluorescent compound in Time (min) Time (min) Time (min) Time (min) Time (rnin) 

all assays rnakes t a good internal standard to correct 
for changes in instrument sensit\/ity. The electropherograms were obtaned 20-pm inner diameter, and 145-p,m outer diameter fused s ica  capilla~! at an 
with acaplan/ electrophoresis systern built in the laborato~/with laser-induced electrrc f~eld of 400 V!cm. The detection wndow was 35 cm froni the Injection 
fluorescence detection similar to that described previously (81, except without end of the capillary. The separation buffer (pH 10.5) contained 20 mM borate 
the use of a sheath flow cuvette. Separaton was carred out in a 42-cm-ong, and 10 mM trs-HC. Electrok~netically injected sample volume was -1 n .  

mol,  a h i c h  represents a n  ~mprovemen t  o f  4 
t o  5 orders o f  magnitude over currently 
ava~lable assays for DNA base damage. 

W e  next  performed expe r~~ l l en t s  n r i t l ~  an- 
tibodies t o  5,6-dil1ydrox~--5,6-il1hydrothy- 
mine [ t h~ -m ine  glycol (Tg) ]  t o  determine a 
detection limit in terms o f  radiation dose and 
to  compare the yield o f  T g  induced in cellu- 
lar DNA versus naked DNA4. T h e  p r i~ l l a r y  
antibodies were lllouse ~ n o ~ l o c l o l l a l  antibod- 
ies against Os04-treated polydeoxythymi- 
d ine (1 I ) ,  n r h ~ c h  are h ~ g h l y  spec~fic for T g  
against a b a c k g r o ~ ~ n d  o f  unmodif ied thymine 
in DNA. W e  used ca l ib ra t~o i l  based o n  BrdU 
DNA standards to  quantify T g  f rom mea- 
sured fluorescence intensities (12). U s ~ n g  
the BrdU calibration, we determined that 
irradiation o f  A4549 cells w i t h  1 G y  yields 
0.9 0.2 T g  per 10' DNA bases. Th is  agrees 
w i t h  a previous report (13) sho~v i i lg  tha t  
irradiation o f  11~1lnan fibroblasts w i t h  10 G y  
o f  x-rays produces 0.95 1 0.12 T g  per 1G6 
DNA bases. A typical series o f  electrophero- 
grams obtained w i t h  DNA extracted f rom 
~madiated h u m a n  lung carcil lolna cells 
(A549 cell l ine) is shown in Fig. 2. T h e  
signal w i t h  un i r rad~ated DNA was so l o x  
that, despite the use o f  a fair ly protracted 
extraction protocol  (14), i t  was possible t o  
detect T g  at doses below 0.05 GJ-. T h e  T g  
signal detected after 0.05-Gy irradiation cor- 
respoi~ds to  4.3 T g  per 109 bases. T h e  detec- 
t i on  l im i t ,  based o n  a signal-to-noise rat lo o f  
3, was -1 T g  per 10"ases. 

W e  coinpared the dose response for the 
J-ield o f  T g  produced by  LIP t o  1-Gy irradl- 
a t io i l  for naked DNA and c e l l ~ ~ l a r  DNA 
(Fig. 3).  For naked DNA, elther isolated 
f rom A4549 cells or  f r om a commerciall\- 
available preparation o f  cal f  thymus DNA, 
there was a l inear response u p  t o  1 GJ-, and 
thereafter saturation was observed unless 
the DNA was d i lu ted or the amounts o f  
secondary and  prlrnarJ- ant~bodies were in- 

5 o h R - - r n - ~ ~  
0 1 2 3 4  0 1 2 3 4  0 1 2 3 4  0 1 2 3 4  0 1 2 3 4  0 1 2 3 4  
Time (rnin) Time (min) Time (rnin) Time (min) Time (min) Time (min) 

Fig. 2. Representative electropherograms showng the y e d  of Tg in A549 huinan lung carcinoma 
cells rradated with increasng doses (0.01 to 0.2 Gy) from a '"Cs y a y  source. A sample of the 
extracted cellular DNA was incubated w ~ t h  the TMR-abeled anti-mouse secondary tnonoclonal 
antibody in 10 mM tris-HC (pH 7 .3 )  for 5 m n  at room temperature (20'to 25'C) and further ncubated 
w t h  a prniary mouse monoclonal antibody to Tg ( 7  7 )  under the same condtons for another 20 n i n .  
A I -nl sample of the m~xture containng 25 p g  of DNA per m~l l~ l~ ter  was injected Into the caplary for 
the assay. 

Fig. 3. Comparison of the g 12 12 
yield of Tg generated by ir- .a 
radaton (0.01 to 1 Gy) of 5 l o  
calf thyrnus DNA (A), naked 
DNA extracted froni A549 = 

v, .E 
cells (B), and A545 cells ( C )  6 

Left vertical axls IS for (A) 
and (B )  and right axs I S  for 
(C). Calf thymus DNA (Sg- 

4' ' 
2 -0 2 

ma) n aqueous solution 
was directly irradiated w t h  F 0 

the specfied doses and the 0.0 0.2 0.4 0.6 0.8 1.0 0 2 4  
Tg was then assayed. A549 Doses of irradiation (Gy) Time (min) 
cells and the naked DNA 
extracted froni A549 cells were separately rradlated w ~ t h  the spec~f~ed doses and the Tg was then 
assayed. The ratos of the slopes of the n e a r  curves are 72 (rato of A to C! and 122 (,.atlo of B to C), 
respectively, which represents the protect~on factor afforded by the cells to the DNA. Cornparison of 
irradiated I5 Gy; cali thymus DNA before (D) and after (E) treatment with E. col; endonuclease I l l  (6 ny 
of enzyme per microgram of DNA1 confrnis that peak 3 is due to Tg. 
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creased. LKJe observed linearity with DNA4 
from irradiated A549 cells up to and includ- 
ing 5 Gy, the highest dose examined. T h e  
slopes of the three curves indicate that 1 Gy 
induces 0.9 Tg per l G 7  bases in cellular 
DNA, 11 Tg per 10"ases in naked D N A  
extracted from '4549 cells, and 6.5 Tg per 
10"ases in calf thymus D N A  in dilute 
aqueous solution. Thus, the cell affords 
about 70- to 120-fold protection to  its 
DNA, which is consistent with previous 
data (1L7, 15).  

W e  obtained confirmation that the assav 
rvas measuring Tg by incubating irradiated 
D N A  (Fig. 3D) with Escherichin coli endo- 
nuclease 111, which resulted in almost com- 
plete loss of peak 3 (Fig. 3E). 

Eukaryotic cells are known to have a n  
inducible or adaptive response that enhanc- 
es their radioresistance after a low priming 
dose of radiation 116). There is also evi- 
dence suggesting that a substantial compo- 
nent of radioresistance shown bv tumor 
cells may be inducible rather than consti- 
tutive (1 7, 18) .  Because hydrogen peroxide, 
another D N A  damaging agent, similarly en- 
hances resistance to subsenuent x-irradia- 
tion (19))  and because the adaptive re- 
sponse appears to be inhibited by agents 
that inhibit D N A  repair and protein syn- 
thesis (1 8-20), enhanced D N A  repair, es- 
pecially that of double-strand breaks (21) ,  
has been implicated as a mechanism under- 
lying the inducible response. However, this 
phenomenon has not  been examined di- 
rectly by monitoring the repair of D N A  
base lesions. 

Toward this end, we irradiated '4549 
cells with either a typical clinical dose of 2 
Gv or with 0.25 Gv 4 hours before the 2-Gv 
irradiation. W e  then monitored removal of 

Incubation time (hours) 

Fig. 4. Comparison of removal of Tg by A549 cells 
with and without a priming dose of radiation. We 
irradiated A549 cells with 2 Gy and then incubated 
them at 37°C for the specifled time before the 
DNA was extracted (0). or we gave a priming dose 
of 0.25 Gy and incubated the cells at 37°C for 4 
hours before the 2-Gy dose and then alovied the 
cells to carry out repair (0). (Itiset) An expanded 
reglon between 0 and 4 hours. Error bars repre- 
sent one standard deviation from six replicate as- 
says of duplicate sets of cells. 

T g  over a 24-hour period. Without prior 
lo\v-dose irradiation there was a reasonably 
rapid removal of up to  80% of Tg over the 
first 4 hours (Fig. 4 ) ,  although there was a 
perceptible lag in repair over the first 30 
min. Prior low-dose irradiation did not  alter 
the initial induction of Tg after the 2-Gy 
dose, but it clearly enhanced the initial rate 
of lesion removal, reducing the time for 
50% removal from -100 to  -50 min. 
A4uch of this appears attributable to  the 
absence of a n  early lag period. Thus, our 
experiments suggest that there is an induc- 
ible repair response for radiation-induced 
D N A  base damage. 

'7 

In human cells, the predominant mode 
of repair for Tg is considered to be the base 
excision repair pathway, and hNth ,  the hu- 
man homoloe of E. coli endonuclease 111, is " 
the  major glycosylase that removes the 
inodified base from D N A  122). However. , , 

Tg also appears to be recognized in vitro by 
enzymes of the nucleotide excision reoair 
pathway (23) ,  and there is strong e v i d e k e  
that repair in actively transcribed genes 
may be coupled to  transcription (13).  It 
remains to be seen whether the observed 
inducible response reflects increased expres- 
sion of h N t h  activity or an alternative 
illechanism possibly coupled to  n~~c leo t ide  
excision repair or one or more cell-cycle 
checkpoints (24).  

T h e  ultrasensitive assay described here is 
not  limited to detection of Tg but conceiv- 
ably could be extended to  other base le- 
sions, provided that appropriate affinity 
probes are available. In addition to poten- 
tial clinical application, this assay could 
allow D N A  damage to be a direct biomar- 
ker for human exposures to  carcinogens. 
Rather than the current reliance on  extrap- 
olation of orders of magnitude from high- 
dose bioassays with rodents (25) ,  a suffi- 
ciently sensitive measure of D N A  damage 
could allow for a more realistic assessment 
of environmental risk. Wi th  further auto- 
mation, our assay could monitor specific 
D N A  damage from environmental and oc- 
cupational exposures in large cohorts. 
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Inhibitory Function of p21 Cipl/WAFI in 
Differentiation of Primary Mouse Keratinocytes 

Independent of Cell Cycle Control 
Ferdinand0 Di Cunto, Gabrielle Topley, Enzo Calautti, 

Jimmy Hsiao, Lydia Ong, Prem K. Seth, G. Paolo Dotto* 

The cyclin-dependent kinase inhibitor p21Cip'/WAF' has been implicated as an inducer 
of differentiation. However, although expression of p21 is increased I n  postmitotic cells 
immediately a d j a c e n t  to the proliferative compartment, its expression is decreased in 
cells further along the differentiation program. Expression of the p21 protein was de- 
creased in terminally differentiated primary keratinocytes of mice, and this occurred by 
a proteasome-dependent pathway. Forced expression of p21 in these cells inhibited the 
expression of markers of terminal d i f f e r e n t l a t i o n  at both the protein and messenger RNA 
levels. These inhibitory effects on differentiation were not observed with a carboxyl- 
terminal truncation mutant or with the unrelated cyclin-dependent kinase inh~bitor 
p16INK4", although all these molecules exerted similar inhibition of cell growth. These 
findings reveal an inhibitory role of p21 in the late stages of differentiation that does not 
result from the effects of p21 on the cell cycle. 

A precise coupling between cell growth 
and differentiation is required during em- 
bryonic development and in self-renewing 
tissues of the  adult. T h e  cyclin-dependent 
kinase (CDK) inhibitor p21C'~11'"'r\F1 inhib- 
its cell growth and, in some circumstances, 
promotes differentiation (1 ) .  Hoa,ever, in 
Inany tissues, expression of p21 in  vivo cor- 
relates with the  onset but no t  necessarily 
the  establishment of the  terminally differ- 
entiated phenotype (2 ,  3).  For instance, in 
the  intestine, p21 expression is induced in 
post~nitotic cells adjacent to  the  prolifera- 
tive compartments, but is down-modulated 
a t  later stages of differentiation. Similarly, 
in hair follicles of the  skin, p21 is highly 
expressed in  a narrow zone of postmitotic 
keratinocvtes next to  the  oroliferatin~ cells 
of the  lolder bulb, whereasklittle or n o i 2 1  is 
expressed in the  differentiated keratino- 
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cytes of the  upper region (2 ) .  
LVe exa~nined the  f~lnctional meaning of 

decreased p21 expression a t  late stages of 
differentiation in mouse keratinocytes. Ad-  
dition of calcium (1.2 to 2 mM)  to  cultures 
of primary keratinocytes triggers a terminal 
differentiation program that includes early 
structural changes, such as des~noso~ne  for- 
mation and reorganization of keratin cables, 
as well as later events. sucE as ~ r o w t h  arrest 
and expression of maikers of tKe upper dif- 
ferentiated layers of the  epidermis (4 ) .  In- 
creased expression of p21 occurs 4 to  8 
hours after exposure to  calcium, along with 
inhibition of CDK and block of the  cell 
cycle a t  the  GI  phase (5, 6) .  After 24 hours, 
despite a sustained increase in p21 m R N A  
expression, the  p21 protein returns to basal 
amounts or less (6) .  

Primary keratinocytes cultured in low- 
calciu~n medium (0.05 mA4 calcium) consist 
of taro populations: continuously proliferat- 
ing attached cells and terminally differenti- 
ated detached cells (7). T h e  p21 protein was 
present in the attached keratinocytes but was 
almost undetectable in the  detached popu- 
lation (Fig. 1A).  No change was detected in 
the amount of the closely related CDK in- 
hibitor p27, nor of p53 or cyclin A ,  the 
amount of which decreases after detachment 
in other cell types (8) (Fig. 1'4). T h e  
alnounts of p21 m R N A  in the detached and 
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attached populations were similar (Fig. 1B). 
Human and mouse keratinocytes can be in- 
duced to terminally differentiate when they 
are artificially brought into suspension by 
trypsinization (7,  9) .  Amounts of the  p21 
protein were decreased even under these 
conditions (Fig. l C ) ,  with a time course 
similar to that of expression of terminal dif- 
ferentiation markers (1 0). Expression of p2 1 
was similarly reduced in the detached versus 
attached pop~llations of keratinocytes de- 
rived from p53 null mice (Fig. ID) .  

T h e  p21 protein is a substrate for ubiq- 
uitination and proteasome-dependent deg- 
radation 11 1 ). Primary keratinocvtes were 
treated fo; 2'4 hours arith taro chemically 
unrelated proteasome inhibitors, N-acetyl- 
leucinyl-leucinyl-norleucinal (LLnL) and 
lactacvstin 112). or with an  inhibitor of , , 

cysteine proteinases devoid of any inhibito- 
ry activity toward the  proteasome, L-trans- 
epoxysuccinic acid (E64) (13).  T h e  latter 
c o m ~ o u n d  had n o  effect o n  the  amount of 
p21 in  either attached or spontaneously 
detached keratinocytes (Fig. 1E). By con- 
trast, the  amount of p21 was increased in  
attached keratinocytes from cultures treated 
with either LLnL or lactacystin, a t  concen- 
trations as low as 3 kA4. Similar large 
amounts of p2 1 protein were also present in  
the  corresponding detached populations. 
Moreover. in  extracts of keratinocvtes treat- 
ed with proteasome inhibitors, b l t  not  in  
those with E64, antibodies to 021 (anti-  

L ,  

p21) recognized specific bands of larger mo- 
lecular size that are likely to correspond to  
ubiquitinated forms of p21 (Fig. 1E). Treat- 
ment  with Droteasome inhibitors led to  n o  
increase in expression of p21 mRNA,  but 
rather a slight decrease (Fig. IF) .  Protea- , 

some inhibytors also counteracted the  de- 
crease in  the  amount of 021 nrotein that 
occurred when keratinocytes were artificial- 
ly brought into suspension by trypsinization 
(1L7). Thus, a specific proteasome-mediated 
nathwav contributes to decreased exnres- 
:ion of p21 in differentiated keratinoci-tes. 

T o  assess the  biological meaning of de- 
u - 

creased p21 expression in  differentiation, 
\ve infected primary keratinocytes with a 
control adenovirus expressing a bacterial 
P-galactosidase gene (Ad-lac 7) and a n  ad- 
enovirus expressing full-length human p21 
(Ad-p21) (14).  Infection of cells with the  
Ad-021 virus caused inhibition of D N A  
synthesis by 24 hours after infection; n o  
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