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Summary 
The Ku autoantigen is a heterodimer of 70- and 80-kD proteins recognized by autoantibodies 
from patients with systemic lupus erythematosus and related diseases that is the DNA-binding 
component of a DNA-dependent protein kinase. The catalytic activity of DNA-dependent protein 
kinase is carried by a 350-kD subunit (p350). In light of the recently described role of Ku in 
repairing double-strand DNA breaks, we investigated the regulation of Ku and p350 levels in 
neutrophils, a terminally differentiated cell type destined to undergo apoptosis. Since the appearance 
of double-strand DNA breaks is characteristic of apoptosis, we were interested in the possibility 
that Ku might oppose programmed cell death. Analysis of peripheral blood cells by flow cytometry 
using anti-Ku and anti-p350 monoclonal antibodies revealed that neutrophils were unstained, 
whereas resting (GO) lymphocytes were positive. The absence of Ku in mature neutrophils was 
confirmed by Western blotting and enzyme-linked immunosorbent assay for Ku antigen. In contrast, 
the human promyelocytic leukemia line, HL-60, which undergoes differentiation toward neutrophils 
after dimethylsulfoxide treatment, was positive for Ku and p350. In view of the short lifespan 
of neutrophils and the prolonged half-life of Ku and p350 (>5 d), these data suggested that 
Ku was actively degraded during myeloid differentiation. Analysis of HL-60 cells by flow cytometry 
revealed that Ku staining was bimodal. Cells in G1/G0, S, or G2/M were all stained positively, 
whereas cells with a subdiploid DNA content characteristic of apoptosis were Ku negative. Similar 
results were obtained with phytohemagglutin-stimulated human lymphocytes. These data suggest 
that the Ku antigen is actively degraded in both myeloid cells destined to undergo apoptosis 
and apoptotic lymphocytes, raising the possibility that degradation of Ku may help to prevent 
the inappropriate repair of fragmented nuclear DNA during apoptosis. 

T he Ku autoantigen is a heterodimer of 70- and 80-kD 
proteins (p70 and p80, respectively) recognized by auto- 

antibodies from sera of certain patients with scleroderma- 
polymyositis overlap syndrome, SLE, and related diseases (1, 
2). Ku is the DNA-binding component of a DNA-dependent 
protein kinase, the catalytic activity of which is carried by 
a 350-kD protein (p350) (3-5). DNA-dependent protein kinase 
phosphorylates a variety of DNA-binding proteins in vitro 
(6, 7), although its substrates in vivo are not yet well defined. 
Eukaryotic cells with a mutant p80 subunit have been shown 
recently to be defective in double-strand DNA break repair 
and V(D)J recombination (8-11). 

In addition to its role in repairing double-strand DNA 
breaks, the Ku antigen may play a role in regulating cell 
proliferation (12-14). Charge variants of the p70 and pS0 pro- 
teins have been described, and the levels of these variants de- 
pend on the cell's proliferative state (12, 13). Moreover, p70 

and p80 gene expression is increased during mitogen-induced 
activation of quiescent (GO) human lymphocytes to a prolifer- 
ative state, and it is inactivated by phorbo| ester-induced mono- 
cytic differentiation of HL-60 cells (15). However, despite dra- 
matic changes in Ku mRNA expression, the total level of 
Ku has been reported to be similar in quiescent and prolifer- 
ating cells, possibly because the antigen is highly stable (12-15). 
In the present study, we report that, although the promyelo- 
cytic leukemia cell line HL-60 and PBLs are positive, mature 
peripheral blood neutrophils and apoptotic lymphocytes con- 
tain no detectable Ku antigen. The absence of Ku in these 
cells may reflect active degradation before or during apoptosis. 

Materials and Methods 

Preparation of PBLs and Neutrophils. Blood samples were ob- 
tained from healthy volunteers, and lymphocytes and neutrophils 
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were separated on Ficoll-Hypaque gradients (16, 17). In some ex- 
periments, monocytes were depleted by incubating the cell suspen- 
sion in plastic dishes for 1 h at 37~ in RPMI 1640/10% fetal 
bovine serum and collecting the nonadherent cells (17). In other 
experiments, peripheral blood nucleated cells were separated by dex- 
tran sedimentation followed by hypotonic RBC lysis and Ficoll- 
Hypaque gradient centrifugation (17). Purity of the cell popula- 
tions was determined by staining with antibodies specific for CD16 
(neutrophils and NK cells) or CD3 (T cells) (see below). Cell via- 
bility was >90% by trypan blue exclusion. 

Cell Lines and mAbs. The HL-60 (human promyelocytic 
leukemia) and K562 (human erythroleukemia) cell lines were ob- 
tained from the American Type Culture Collection (Rockvitle, MD) 
and maintained in RPMI 1640/10% fetal bovine serum sup- 
plemented with t-glutamine and penicillin/streptomycin. Murine 
anti-Ku mAbs 162 (IgG2a anti-p70/p80 dimer [2, 18]), 111 (IgG1 
anti-pS0 [2, 19]), and N3H10 (IgG2b anti-p70 [19, 20]) were de- 
scribed previously. Murine anti-p350 mAb 25-4 was kindly provided 
by Dr. Timothy Carter (St. John's University, Jamaica, NY) (4). 
Polyclonal rabbit anti-p350 serum was a gift from Dr. Carl An- 
derson (Brookhaven National Laboratory, Upton, NY) (3). Purified 
murine anti-human CD3 (SK7, IgG1) and CD16 (GO22, IgM) 
mAbs were purchased from Becton Dickinson and Co. (Mountain 
View, CA). Murine mAb BM6.5 is an IgG2a antihistone H1 
(Rapoport, R. G., ]3. Kotzin, and P. L. Cohen, unpublished data). 
Murine mAb Y2 (IgG2a anti-Sm B'/B and D) was provided by 
Dr. Joan Steitz (Yale University, New Haven, CT) (21). mAb PAb 
101 (TIB 117, murine IgG2a anti-SV40 large T antigen; American 
Type Culture Collection) was used as an isotype control. 

Determination of Ku Half-life. K562 cells were pulse labeled with 
[35S]methionine and cysteine (DuPont/New England Nuclear, 
Boston, MA) as described previously (15). Briefly, 1.4 x 107 cells 
were washed twice with PBS, preincubated for 30 min in 2 ml 
of methionine-free RPMI 1640 containing 10% PBS-dialyzed fetal 
bovine serum, and labeled for 15 min at 37~ by adding 1.5 mCi 
of [3SS]methionine and cysteine. After pulse labeling, 45 ml of ice- 
cold tLPMI 1640 was added, and the cells were collected by cen- 
trifugation and washed with PBS. 1 aliquot of pulse-labeled cells 
(2 x 106 cells) was harvested immediately, and the remaining ali- 
quots of cells were cultured at 37~ in five tissue culture flasks 
containing 5 ml of complete medium. One flask (2 x 106 cells) 
was harvested after 1, 2, 3, 4, and 5 d of chase. The cells were 
washed once with PBS and frozen. The cells were later thawed 
and sonicated in 0.15 M NaC1 NET/NP-40 (0.5 M NaC1, 2 mM 
EDTA, 50 mM Tris-HC1, pH 7.5, 0.3% NP-40). Extracts were 
cleared by centrifugation, and lysates derived from 5 x l0 s 
starting cells (i.e., at the time of pulse labeling) were immunopre- 
cipitated with 5/xl of mAbs 162, 111, or N3H10 ascitic fluid, or 
with 30 BI of 25-4 culture supernatant as described (15, 18). Im- 
munoprecipitates were washed three times with 0.15 M NaC1 
NET/NP-40 buffer and once with NET buffer alone, and analyzed 
by SDS-PAGE. Gels were fluorographed and bands were quantified 
using a Phosphorlmager with Image Quant software (Molecular 
Dynamics, Inc., Sunnyvale, CA). 

PHA Stimulation of PBLs. PBLs were separated on Ficoll- 
Hypaque gradients (17) and washed twice with PBS. The cells were 
depleted of plastic adherent cells as above and resuspended in RPMI 
1640/10% fetal bovine serum with 10/xg/ml PHA (Gibco BILL, 
Gaithersburg, MD) in RPMI 1640. Cells were harvested 4 d later 
and analyzed by flow cytometry for DNA content and Ku antigen 
(see below). 

Immunoblotting. Immunoblot analysis of p70 and p80 was per- 
formed using anti-Ku mAbs N3H10 and 111 (19) and cell extracts 

derived from equal numbers of neutrophils or PBLs. Briefly, the 
cells were sonicated in lysis buffer (2.5% SDS, 0.1 M dithiothre- 
itol, 50 mM Tris-HC1, pH 7.5) or in 0.01 M sodium phosphate, 
pH 7.2, 0.1 M dithiothreitol, 1% SDS, and 6 M urea containing 
protease inhibitors (0.5 mM PMSF, 0.5/~g/ml leupeptin, and 0.3 
trypsin inhibitor units/ml aprotinin, all from Sigma Chemical Co., 
St. Louis, MO), followed by SDS-PAGE and transfer of the pro- 
teins to nitrocellulose membrane. The blots were probed with 
N3H10 or 111 ascitic fluid (1:500), followed by washing and incu- 
bation with 1:1,000 alkaline phosphatase-conjugated goat anti- 
mouse IgG antibodies (Tago, Inc., Burlingame, CA) and substrate. 

Sandwich ELISAforKu Antigen. The ELISA for quantitating 
Ku antigen was described previously (2). Briefly, wells of 96-wetl 
polystyrene plates (MaxiSorp; Nunc, Inc., Naperville, IL) were 
coated with 50/zl of,,ol0 #g/ml purified mAb 162 in 20 mM Tris 
buffer at pH 8.0 and incubated at 4~ for 16 h. After blocking 
the wells, serial dilutions of cell lysates were added to the wells 
for 90 rain, followed by washing and incubation for 90 min with 
mAb 111 (1:500). The wells were again washed, followed by incu- 
bation with 1:1,000 alkaline phosphatase--conjugated goat anti- 
mouse IgG1 (3' chain-specific) antibodies (Southern Biotechnology 
Associates, Birmingham, AL). Substrate was added and absorbance 
was determined 45 min later at 405 nm using an ELISA reader 
(Molecular Dynamics, Inc.). 

Analysis of DNA Content and Ku Antigen Level by Flow Cytom- 
etry. Double staining for intracellular protein and DNA was per- 
formed as described (22, 23). Briefly, cells were washed twice with 
PBS and fixed with 70% methanol at -20~ for 5 rain, and then 
washed three more times with PBS, resuspended in staining buffer 
(HBSS containing 3% fetal bovine serum, 15 mM Hepes, pH 7.3, 
and 0.1% sodium azide), and incubated for 15 rain. The cells were 
then incubated 45 rain with anti-Ku antibodies (1:100 ascitic fluid 
or 1:1 culture supernatant) and washed with HBSS, 0.5% fetal bo- 
vine serum, and 0.1% sodium azide, followed by 45 rain of incuba- 
tion with appropriate isotype-specific FITC-labeled second anti- 
bodies (Southern Biotechnology Associates). The cells were then 
washed again and fixed with 1% (wt/vol) paraformaldehyde in PBS. 
DNA content was determined by propidinm iodide (PI) 1 staining 
after treating the cells with ribonuclease A (Sigma Chemical Co.) 
(22, 23). FITC intensity in gates placed on G1, S, and G2/M regions 
of the DNA histogram was determined by flow cytometry using 
a FACSCAN | (Becton Dickinson and Co.) with data acquisition 
software (Cicero; Cytomation, Fort Collins, CO). In some experi- 
ments, HL-60 cells were double stained with PI plus mAb 162, 
BM6.5, Y2, or PAbl01 in the same manner. FITC gates were placed 
on the subdiploid region of the DNA histogram (apoptotic ceils), 
or on the G1, S, plus G2/M regions (nonapoptotic cells), and FITC 
fluorescence was plotted on a 4-decade logarithmic scale. 

Analysis of Apoptotic Cells. Apoptotic cells appeared in the <2N 
DNA peak (24) and were distinguished from necrotic cells by 
analyzing the light scatter profile. Necrotic cell death resulted in 
a large drop in forward light scatter (fcs) and side scatter (ssc), 
whereas cell death by apoptosis resulted in a smaller decline in fsc 
and an initial increase in ssc (25). Samples were collected in list 
mode so that, when phenotypic markers were used, the percentage 
of cells undergoing apoptosis could be determined by gating on 
FITC-stained cells and subsequently analyzing DNA staining. Data 
were plotted on a 4-decade logarithmic scale, except for DNA 

1Abbreviations used in this paper: fsc, forward light scatter; PCNA, 
proliferating cell nuclear antigen; PI, propidium iodide; ssc, side light scatter. 
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staining, which was plotted linearly. At least 25,000 events were 
collected per sample. 

Double Staining for Surface Markers and Ku Antigen. Cells were 
frst stained for the surface markers CD3 or CD16 (1:100 for 45 
min on ice) using PE-conjugated isotype-specific second antibodies 
and then fixed with 1% paraformaldehyde as above. The fixed cells 
were permeabilized by incubating for 30 min in 45% ethanol (22), 
stained for Ku as above using FITC-conjugated isotype-specific an- 
tibodies, and fixed for an additional 15 min in 1% paraformalde- 
hyde. The cells were then analyzed by flow cytometry as above. 
The specificities of the isotype-specific second antibodies were 
confirmed in all experiments. 

Resu l t s  

While examining the intracellular staining of human pe- 
ripheral blood nucleated cells with mAbs specific for the Ku 
antigen, we unexpectedly found that different cell popula- 
tions exhibited wide variations in the intensity of Ku staining. 
Of particular interest was an apparent lack of Ku in some 
cells. To identify this cell population, double staining experi- 
ments were performed. 

Lack of Ku Staining in Mature Human Neutrophils. Prelim- 
inary analysis of fsc and ssc of the Ku-positive and -negative 
cell populations suggested that these might correspond to 
lymphocytes and neutrophils, respectively (data not shown). 
That possibility was confirmed by double immunofluores- 
cent staining of purified neutrophils and lymphocytes (Fig. 
1). The neutrophil fraction after Ficoll-Hypaque gradient cen- 
trifugation was 96% CD16 positive. Double staining with 
mAb 162 revealed that the CD16-positive cells did not stain 
for p70/p80 heterodimer (Fig. 1, left). Similar results were 
obtained with N3H10 (anti-p70) and 111 (anti-pS0) (not 

shown). Staining of PBLs with anti-CD3 (Fig. 1, right) re- 
vealed both positive and negative populations, as expected, 
consistent with the presence of T cells and non-T cells (B 
lymphocytes plus monocytes and NK cells), respectively. Both 
the CD3 + (T) and CD3- (non-T) cells stained positively 
with mAb 162, but the staining of CD3- cells (primarily 
B lymphocytes and monocytes) was weaker than that of the 
CD3 + T cells (Fig. 1, right). The somewhat more hetero- 
geneous staining of non-T than T cells by 162 may reflect 
the heterogeneity of the non-T cell population. 

These results indicated that the Ku-positive and -negative 
cell populations corresponded to lymphocytes (possibly along 
with monocytes and NK cells) and neutrophils, respectively. 
The lack of neutrophil Ku staining might be explained by 
a true absence of the antigen, neutrophil-specific masking 
of Ku due to the binding of other nuclear antigens, or the 
loss of the Ku antigen from neutrophils, but not lympho- 
cytes, during fixation. To distinguish between these possibil- 
ities, neutrophils were purified and extracts of the cells were 
analyzed for the presence of Ku by Western blot and ELISA. 

Absence of Ku Antigen in Neutrophils. For Western blot 
analysis, cell lysates from neutrophils or PBLs were fraction- 
ated by SDS-PAGE, blotted onto nitrocellulose membrane, 
and probed with a mixture of anti-Ku mAbs N3H10 (anti- 
p70) and 111 (anti-pS0). The p70 and pS0 proteins were un- 
detectable in extracts derived from 0.5, 1.0, or 2.0 x 106 
neutrophils (Fig. 2, lanes 2, 4, 6), but were readily detectable 
in extracts derived from the same numbers of PBLs (Fig. 2, 
lanes 1, 3, 5). Since the cells were lysed directly in buffer con- 
taining strong denaturants, the Western blot studies suggested 
that masking by other antigens was not responsil~le for the 
absence of Ku in neutrophils seen by flow cytometry (Fig. 
1). However, although the cell extracts used for Western blot- 
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KU STAINING 
Figure 1. Staining of neutrophils and lymphocytes with anti-Ku mAb. Human neutrophils were stained for surface expression ofCD16 (mAb GO22, 
left), and lymphocytes were stained for surface expression of CD3 (mAb SK7, right) followed by fixation, permeabilization, and staining for intracellular 
expression of Ku with mAb 162. Surface staining was detected using PE-conjugated goat anti-mouse IgG1 (to detect SK7) or IgM (to detect GO22) 
antibodies (y-axis). Intracellular Ku staining was detected with FITC-conjugated goat anti-mouse IgG2a antibodies (x-axis). Staining was analyzed 
by two-color flow cytometry. 
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Figure 2. Western blot analysis of Ku antigen in lymphocytes and neu- 
trophils. Extracts from 0.5 (lanes 1 and 2), 1.0 (lanes 3 and 4), or 2.0 
(lanes 5 and 6) x 106 cells were analyzed by SDS-PAGE and transferred 
to nitrocellulose. Blots were probed with a mixture ofmAbs N3HI0 (anti- 
p70) and 111 (anti-pS0), both at 1:500, followed by alkaline phosphatase-con- 
jugated goat anti-mouse IgG antibodies. Lanes I, 3, and 5, human lym- 
phocyte extract; lanes 2, 4, and 6, human neutrophil extract. Positions 
of p70 and p80 are indicated. 

ting were prepared by immediately boiling cell pellets in buffer 
containing 1% SDS, 6 M urea, and a cocktail of protease 
inhibitors, the possibility remained that proteases in the neu- 
trophil extract might have degraded Ku. That possibility was 
examined by mixing studies using a sandwich ELISA to quan- 
titate Ku antigen. As shown in Fig. 3, K562 cells contained 
high levels of Ku antigen (solid squares). A slight decrease in 
the Ku activity exhibited by K562 cell lysate was observed 
when nondenatured K562 and neutrophil cell lysates were 
mixed at a ratio of 1:1 in the presence of the same protease 
inhibitors used for Western blotting (open squares). However, 
neutrophil lysate by itself contained no detectable Ku antigen 
at all dilutions tested (open circles). Resting PBLs (solid tri- 
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Figure 3. Quantitation of Ku antigen by sandwich ELISA. ELISA was 
performed as described in Materials and Methods. Human cell extracts 
derived from 107-101 K562 cells (solid squares), HD60 cells (solid circles), 
lymphocytes (solid triangles), or neutrophils (open circles) were tested. Ex- 
tract from K562 cells was also mixed 1:1 with neutrophil extract (open 
squares) to evaluate whether proteases in the neutrophil extract degraded 
Ku in K562 lysate. In that case, cell number (x-axis) represents the number 
of K562 cell equivalents added per well. 
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angles) contained somewhat less Ku on a per cell basis than 
proliferating K562 cells. The human promyelocytic leukemia 
cell line HL-60, which can be induced to differentiate to- 
ward neutrophils by DMSO treatment (26, 27), had a lower 
level of Ku than K562 cells (solid circles). However, the level 
of Ku in HL-60 was higher than that in resting PBLs, and 
considerably higher than that in neutrophils. Taken together, 
the flow cytometry, Western blot, and ELISA data all indi- 
cated that Ku antigen was not present in mature neutrophils. 

Relationship of Ku Staining to DNA Content. Because of 
the presence of Ku antigen in resting PBLs and its absence 
in mature neutrophils, it seemed unlikely that the loss of Ku 
antigen was an attribute of GO cells in general. The relation- 
ship between the level of Ku or p350 and position in the 
cell cycle was examined further by double staining PBLs with 
PI and mAbs 162 or 25-4, respectively. Staining of freshly 
isolated resting PBLs with PI revealed a single population 
of cells with G1/GO DNA content (Fig. 4, top). When PBLs 
were cultured for 4 d in RPMI 1640 + 10% fetal bovine 
serum (Fig. 4, middle), the majority of the cells remained in 
G1/G0, although small numbers of cells had S (8.9%) or 
G2/M (9.5%) DNA content, and 9.3% of the cells had a 
subdiploid DNA content typical of cells undergoing apop- 
tosis (24). Activation of the cells with PHA for 4 d increased 
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Figure 4. DNA content of PBLs. PI staining of freshly isolated PBLs 
(top), or PBLs cultured for 4 d in medium alone (4D-MED) or in medium 
containing PHA (4D-MED+PHA). Cells in G1, S, and G2/M are indi- 
cated. The percentages of apoptotic cells in resting PBLs, PBLs cultured 
4 d in medium, and PBLs cultured 4 d in medium with PHA are shown. 
APO, cells with subdiploid DNA content characteristic of apoptosis. 
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the numbers of cells in S and G2/M, as expected (Fig. 4, 
bottom). Mitogen activation also increased the number of apop- 
totic cells dramatically, as reported previously (28). Less than 
1% of fresh PBLs exhibited a subdiploid DNA content, com- 
pared with 9.3% of PBLs cultured for 4 d in medium alone 
and 31% of cells cultured 4 d in medium plus PHA. 

Double staining of fresh PBLs, PBLs cultured for 4 d in 
medium alone, and PBLs grown in medium containing PHA 
is presented in Fig. 5 (A-C, D-F, and G-I, respectively). 
Fresh PBLs all exhibited G1/G0 PI staining (Fig. 5, A-C) 
and were stained with mAbs 162 (anti-p70/pSO dimer, B) 
and 25-4 (anti-p350, C). After 4 d of in vitro culture in RPMI 
1640 + 10% fetal bovine serum, nearly all PBLs remained 
positive for Ku (162 staining, compare E and D) and p350 
(25-4 staining, compare F and D). Small numbers of cells 
with S or G2/M DNA content appeared after 4 d in culture, 
consistent with the weak mitogenic effect of fetal bovine 
serum. In addition, the intensity of both Ku and p350 staining 
in the G1/G0 population increased after 4 d in culture, sug- 
gesting that the levels of both Ku and p350 are higher in 
G1 lymphocytes than in resting (GO) lymphocytes (B-E and 
C-F, respectively). 

PBLs activated for 4 d with PHA showed a strikingly 
different staining pattern. As shown in Fig. 5 G, PI staining 
revealed increased numbers of cells with S and G2/M DNA 
content, consistent with the data shown in Fig. 4. In addi- 
tion, a prominent population of cells with subdiploid DNA 
content was apparent after staining the mitogen-activated PBLs 
with PI (Fig. 5 G). Double staining of the PHA-activated 
cells with mAb 162 plus PI (Fig. 5 H) showed that the cells 
with G1, S, and G2/M DNA content were strongly positive 
for p70/pSO dimer, whereas the cells with a subdiploid DNA 

content failed to stain above background. Similarly, PHA- 
activated PBLs in G1, S, and G2/M stained positively with 
anti-p350 mAb 25~ whereas the cells with subdiploid DNA 
content were negative (Fig. 5/). These data indicated that 
both Ku antigen (p70/p80 heterodimer) and p350 were lost 
over a period of 4 d or less during apoptosis. Since mature 
neutrophils are destined to undergo programmed cell death 
(29, 30), the lymphocyte staining data raised the possibility 
that the absence of Ku antigen in neutrophils might reflect 
their entry into an apoptosis pathway rather than terminal 
differentiation. That possibility was addressed by double 
staining of ilL-60 cells, a Ku antigen-positive (Fig. 3) human 
promyelocytic leukemia cell line that undergoes a low level 
of spontaneous myeloid differentiation and apoptosis (27). 

Absence of Ku in Apoptotic HL-60 Cells. As seen in the 
case of PHA-activated PBLs, analysis of the staining of HL- 
60 cells by anti-Ku mAb 162 in relationship to DNA con- 
tent by flow cytometry revealed the presence of Ku-positive 
and Ku-negative cell populations. Analysis offsc and ssc sug- 
gested the presence of two populations of HL-60 cells (Fig. 
6, top), one consisting of cells in G1, S, and G2/M (top right, 
population I) and showing greater relative fsc (top left, popu- 
lation I), and the other consisting largely of apoptotic cells 
with a subdiploid DNA content and exhibiting relatively less 
fsc (Fig. 6, top, population II). Staining of HL-60 with both 
anti-Ku (162) and PI showed a Ku-positive population corre- 
sponding to cycling (G1, S, and G2/M) cells (Fig. 6, bottom 
right, population I), and a Ku-negative population with sub- 
diploid DNA content characteristic of apoptotic cells (24) 
(Fig. 6, bottom, compare population II with control). Fixa- 
tion with paraformaldehyde revealed a similar pattern of 
staining, suggesting that the absence of Ku in apoptotic cells 
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Figure 5. Level of Ku and p350 in PBLs in relation- 
ship to DNA content. Freshly isolated PBLs (A-C), or 
PBLs grown in culture medium without (D-F) or with 
(G-/) PHA were stained for DNA content with PI 
(x-axis). The y-axis of A,/~ and G shows costaining of 
the cells with FITC-conjugated goat anti-mouse IgG 
second antibody alone. The y-axis of/3, E, and H shows 
costaining with mAb 162 (anti-Ku, p70/p80 dimer) fol- 
lowed by the FITC-conjugated second antibody. The 
y-axis of C, F, and I shows costaining with mAb 25-4 
(anti-p350) followed by the FITC-conjugated second anti- 
body Cells in GO, G1, S, and G2/M as well as cells with 
a subdiploid DNA content characteristic of apoptosis 
(A/K)) are indicated in A, /3I and G. 



F i g u r e  6. Staining of cycling and apoptotic HL-60 cells for Ku. (Top) 
Analysis of fsc and ssc vs DNA content. (Left) Analysis of fsc and ssc in 
Hb60 cells. (Right) DNA content of the same cells was determined by 
Pl staining. Cells with G1, S, and G2/M DNA content (population I) 
are shaded gray, and cells with subdiploid DNA content characteristic of 
apoptosis (APO, population II) are shaded black. (Bottom) Staining with 
anti-Ku mAb. Hb60 cells were stained with second antibody alone (left, 
Control) or with PI plus anti-Ku mAb 162 (right). Ku staining of cell popu- 
lation I (G1, S, and G2/M DNA content) is indicated by gray shading. 
Ku staining of cell population 1I (subdiploid DNA content) is indicated 
by black shading. Note that Ku staining of population II is the same as 
seen with second antibody alone, whereas Ku staining of population I 
is higher than that of control. 

was not due to looser binding to some nuclear structure and 
subsequent loss during fixation, as seen in the case of prolifer- 
ating cell nuclear antigen (PCNA) (31). 

To evaluate further the possibility that the decreased staining 
of Ku in apoptotic cells did not merely reflect leakage of nu- 
clear proteins from the permeabilized apoptotic cells, staining 
of HL-60 cells for histone H1 and for components of U small 
nuclear ribonucleoproteins (the Sm B'/B and D proteins) (32), 
was performed (Fig. 7). By gating on the subdiploid (apop- 
totic) cells, it was confirmed that staining with anti-Ku mAb 
162 was no different than that of an isotype control (Fig. 
7, top left), whereas positive staining was found for both his- 
tone H1 (Fig. 7, middle left) and Sm antigen (Fig. 7, bottom 
/eft). Nonapoptotic cells stained brightly for Ku (top right) 
as well as histone H1 (middle right) and Sm (bottom right). 
The intensity of H1 and Sm staining was somewhat reduced 
in the apoptotic compared with nonapoptotic cells (compare 
Fig. 7, left vs right, middle, and bottom), a finding which is 
consistent with the loss of some nuclear material in the form 
of apoptotic blebs (33). However, the complete loss of Ku, 
in contrast to the modest reduction of antihistone and anti- 
Sm staining, suggests that loss of Ku staining did not reflect 
a general "leakiness" of apoptotic cells. This interpretation 
was further supported by the staining of necrotic K562 cells 
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Figure 7. Staining of apoptotic Hb60 cells with anti-Ku, histone, and 
Sm mAbs. HL-60 ceUs were double stained with PI (DNA content) and 
the IgG2a mAbs 162 (anti-Ku), BM6.5 (anti-histone H1), Y2 (anti-Sin 
B'/B and D), or PAbl01 (isotype control, anti-SV40 large T antigen), 
followed by FITC-conjugated goat anti-mouse IgG2a. Samples were ana- 
lyzed by FACSCAN | (Becton Dickinson and Co.), placing FITC gates 
on the subdiploid (apoptotic) region of the DNA histogram (left) or on 
nonapoptotic cells having G1, S, or G2/M DNA content (right). (Top) 
FITC fluorescence histogram of anti-Ku (162, solid line) vs control (PAbl01, 
dotted line) staining of apoptotic (left) and nonapoptotic (right) ceils. (M/dd/e) 
FITC fluorescence histogram of anti-histone (BM6.5, solid line) vs control 
(dotted line) staining of apoptotic vs nonapoptotic cells. (Bottom) FITC fluores- 
cence histogram of anti-Sin (Y2, solid line) vs control (dotted line) staining 
of apoptotic vs nonapoptotic cells. 

with anti-Ku mAbs. After treatment with 0.5% sodium azide, 
necrotic cells were identified by PI uptake followed by meth- 
anol fixation and were found to stain positively with mAb 
162 (data not shown), suggesting that the loss of Ku staining 
was not due to nuclear leakage or proteolysis as a nonspecific 
consequence of  cell death. 

Half-life ofKu andp350. The loss of Ku in apoptotic cells 
might reflect either a shutdown of de novo synthesis of pro- 
teins with a relatively short half-life or else active degrada- 
tion of proteins with a long half-life. To distinguish between 
these possibilities, the turnover of Ku and p350 was exam- 
ined in K562 (human erythroleukemia) cells by pulse labeling 
and immunoprecipitating cell extracts derived from aliquots 
of cells obtained after 1, 2, 3, 4, or 5 d of chase (Fig. 8) using 
an excess of mAb 162 (anti-Ku) or 25-4 (anti-p350). It should 
be noted that each extract was derived from an equal number 
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at different time points during chase revealed little turnover 
of the newly synthesized Ku up to 5 d after its synthesis (Fig. 
8 B), findings which were consistent with our previous ob- 
servations (15). Likewise, little turnover of newly synthesized 
p350 was seen until the fifth day of chase (Fig. 8 B). Studies 
of the turnover of Ku and p350 in resting and PHA-stimulated 
PBLs indicated that the antigens were not synthesized at de- 
tectable levels in resting PBLs, whereas all three proteins were 
synthesized in mitogen-activated PBLs. The turnover of the 
three proteins was more rapid in PHA-activated PBLs than 
in K562, but considerable amounts of Ku and p350 antigen 
remained at 5 d (data not shown). The interpretation of Ku 
turnover in PHA-activated PBLs was complicated, however, 
by Ku loss related to the high level of programmed cell death 
in these cells. Taken together, these data indicated that the 
rate of turnover of Ku and p350 was too slow to account 
for the disappearance of Ku during apoptosis. 

Figure 8. Turnover of Ku and p350 antigens. K562 cells were pulse 
labeled with 3sS and divided into equal aliquots. Cells were harvested at 
0, 1, 2, 3, 4, and 5 d after pulse labeling, and extracts were analyzed for 
Ku or p350 by immunoprecipitation with mAbs 162 or 25-4, respectively. 
(A) Autoradiographs showing turnover p70 and pS0 bands immunopre- 
cipitated by mAb 162 (right) or p350 band immunoprecipitated by 25-4 
(left). Delayed association of pulse-labeled p350 with p70/p80 heterodimer 
and lower intensity of p70 than of p80 after pulse labeling (right, lane 
0) due to an endogenous pool of free p70 subunits have been reported 
previously (15). (/~ top) Quantitation of radioactivity remaining associated 
with p70 (open circles) and pS0 (closed circles) over time. (Bottom) Quantita- 
tion of p350 radioactivity over time. 

of cells pulse labeled at day 0, and that the total number of 
cells per flask increased with time because of continued cell 
proliferation during chase. Immunoprecipitations of cell ex- 
tracts obtained 0-5 d after pulse labeling revealed that the 
turnover of both Ku and p350 is slow (Fig. 8 A). Quantita- 
tion of the amount of pulse-labeled p70 and p80 remaining 
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Discussion 

The present studies indicate that mature peripheral blood 
neutrophils do not express the p70 Ku, p80 Ku, or p350 anti- 
gens, as determined by both the lack of fluorescent staining 
and the absence of the protein subunits by Western blot anal- 
ysis and ELISA. In contrast, the promyelocytic leukemia line 
HL-60 and PBLs both expressed Ku antigen but lost it during 
programmed cell death. 

Mechanism of Ku Disappearance in Neutrophils. Stability of 
the Ku antigen has been noted previously in human epidermal 
basal cells, which contain a significant amount of Ku but do 
not synthesize it (12). The present studies suggest that the 
half-life of Ku antigen in K562 cells is >5 d (Fig. 5). Since 
the postmitotic life span of neutrophils is ,,06.5 d and their 
half-life in the blood is 'o10 h (34), it is unlikely that the 
absence of Ku in neutrophils was the consequence of normal 
Ku turnover in GO cells. Moreover, the life span of neutro- 
phils is shorter than that of Ku-positive PBLs. The long half- 
life of Ku and the relatively high level of Ku in resting PBLs, 
in contrast to its absence in short-lived neutrophils, argue 
that, although the levels of both p70 and p80 mKNA are 
reduced dramatically in HL-60 cells undergoing DMSO- 
induced differentiation toward neutrophils (14), the disap- 
pearance of Ku protein during myeloid differentiation is a 
consequence of enhanced degradation. In contrast, the dis- 
appearance of c-myc protein during myeloid differentiation 
of HL-60 (27) is mediated largely at the level of transcrip- 
tion, because of its extremely short half-life (35, 36). 

The presence of Ku antigen in HL-60 cells and its loss during 
terminal differentiation or apoptosis are somewhat reminis- 
cent of the staining pattern of HL-60 for the c-myc protein, 
which has been implicated in some forms of apoptosis (37, 
38). Moreover, resting lymphocytes have low but detectable 
levels of both c-myc (37, 39) and Ku, and the expression of 
both proteins is increased in PHA-stimulated PBLs (refer- 
ence 39 and Fig. 5). Expression of bcl-2 prevents apoptosis 
induced by c-myc (40) and is restricted to early myeloid cells 
(41, 42). The absence of bcl-2 in mature neutrophils is also 



reminiscent of the expression of Ku reported here. It is in- 
teresting to note that, like Ku antigen and c-myc, bcl-2 is 
normally expressed in quiescent circulating lymphocytes, 
which is consistent with a role of bcl-2 in maintaining lym- 
phocyte survival (43). 

Association of Ku Degradation with Apoptosis. The similar 
patterns of Ku and bcl-2 protein expression in lymphocytes 
and myeloid cells raise the possibility that, like bcl-2, Ku an- 
tigen might play a role in some forms of apoptosis. The ab- 
sence of both Ku (Fig. 6) and p350 in apoptotic HL-60 cells 
and PBLs (Fig. 5) is consistent with the possibility that Ku 
is involved in regulating programmed cell death, possibly 
acting as an inhibitor. However, since apoptosis generally ac- 
companies terminal granulocytic differentiation (29, 30), and, 
in culture, "~5% of ilL-60 cells exhibit spontaneous differen- 
tiation into myelocytes, metamyelocytes, or banded or seg- 
mented neutrophils (27), it is difficult to completely exclude 
the possibility that the loss of Ku was a consequence of differen- 
tiation. However, terminally differentiated epithelial cells and 
other types of cells contain high levels of Ku (references 12 
and 44 and Reeves, W. H., unpublished data), suggesting 
that, if loss of Ku is a differentiation marker, it must be rela- 
tively specific for the myeloid lineage. 

The absence of Ku in apoptotic PBLs provides strong evi- 
dence that disappearance of Ku is a marker of apoptosis rather 
than of terminal differentiation, and it suggests that the degra- 
dation of Ku is not a unique feature of apoptosis in myeloid 
cells. The absence of Ku in the apoptotic cell population 
resulting from activation with the T cell mitogen PHA sug- 
gests that the Ku-deficient lymphocytes may have been pre- 
dominantly T cells. However, further studies will be needed 
to determine whether Ku loss is associated with apoptosis 
in T lymphocytes, B lymphocytes, or both. It will also be 
of interest to determine whether the kinetics of Ku disap- 
pearance in lymphocytes and neutrophils undergoing apop- 
tosis is similar. 

There are several potential explanations for the loss of Ku 
from apoptotic cells. Loss of Ku from apoptotic cells due to 
nonspecific nuclear leakage or proteolysis is unlikely because 
other nuclear DNA-binding (histone H1) and non-DNA- 
binding (Sin B'/B and D) proteins were detected readily in 
cells undergoing apoptosis (Fig. 7). Moreover, necrotic cells 
stained positively for Ku despite their permeability to PI. It 
is also possible that Ku is redistributed within apoptotic cells, 
such that it is more readily extracted from the cell. For ex- 

ample, cell cycle-regulated redistribution of PCNA is respon- 
sible for the apparent lack of that antigen in resting cells (31). 
Ku antigen dissociates from condensing chromosomes during 
early prophase (45), raising the possibility that the chromatin 
condensation characteristic of apoptosis likewise causes Ku 
to dissociate from chromosomes, making it more readily ex- 
tracted during fixation. Although this possibility cannot be 
excluded completely, Ku staining was absent in apoptotic cells 
fixed with paraformaldehyde, whereas PCNA is retained in 
resting cells fixed in this manner (31). In addition, im- 
munofluorescence studies indicate that Ku is not extracted 
from the cytoplasm of mitotic HeLa cells during methanol 
fixation (reference 45 and Ajmani, A.K., unpublished obser- 
vations). The most likely explanation for the loss of Ku in 
apoptotic HL-60 cells and lymphocytes is that enhanced Ku 
degradation accompanies and/or plays a role in some forms 
of apoptosis. In view of the enhanced susceptibility of DNA- 
bound pS0 Ku to site-specific proteolysis (46), it is possible 
that DNA fragmentation accompanying apoptosis increases 
the fraction of Ku bound to DNA, thereby accelerating its 
degradation by proteases involved in programmed cell death, 
such as IL-1/3-converting enzyme (47, 48) or calpain (49). 
However, it should be noted that nearly all peripheral blood 
neutrophils in the present study had a G1/G0 DNA content, 
suggesting that they had not yet begun to undergo apop- 
tosis, a finding which is in agreement with previous observa- 
tions that apoptotic neutrophils are removed rapidly from 
the circulation (50). Thus, the absence of Ku and p350 in 
neutrophils suggests that these antigens are degraded either 
before onset of apoptosis or at an early stage before DNA 
fragmentation and intracellular proteolysis. Further studies 
will be necessary to determine whether the loss of Ku pre- 
cedes apoptosis in all cell types or if the early loss of Ku is 
an event unique to the differentiation ofneutrophils, rendering 
these cells more susceptible to the initiation of apoptosis. In 
view of the recently described role of Ku antigen in double- 
strand DNA break repair (8-11), degradation of Ku during 
apoptosis may prevent the repair of the double-strand DNA 
breaks that are a central feature of programmed cell death 
(51). The inability of mature neutrophils, unhke resting PBLs, 
to repair DNA strand breaks induced by y irradiation (52) 
may be related, in part, to the absence of Ku. Thus, the loss 
of Ku antigen and/or p350 may be an important feature of 
certain forms of apoptosis that allows nucleases to cleave nu- 
clear DNA unopposed by DNA repair mechanisms. 

We thank Dr. Larry Arnold (University of North Carolina) for assistance and advice in the use of the 
FACS | for cell cycle analysis, and Dr. Eric Hendrickson (Brown University, Providence, ILl), Dr. Antony 
Rosen (Johns Hopkins University, Baltimore, MD), and Dr. Wael Jarjour (University of North Carolina) 
for helpful discussions. We are also grateful to Dr. Timothy Carter for supplying mAb 25-4, Dr. Carl 
Anderson for supplying rabbit anti-p350 antiserum, Dr. Mark Knuth (Promega Corporation, Madison, 
WI) for providing mAb N3H10, and Dr. Joan Steitz for mAb Y2. 

This work was supported by grants P50-AR42573, R01-AR40391, P60-AR30701, and RR00046 from 
the United States Public Health Service. 

2056 Loss of Ku Antigen during Apoptosis 



Address correspondence to Westley H. Reeves, Division of Pdaeumatology and Immunology, University 
of North Carolina at Chapel Hill, 3330 Thurston Building, CB# 7280, Chapel Hill, NC 27599-7280. 

Received for publication 19 December 1994 and in revised.form 9 February 1995. 

References 
1. Mimori, T., M. Akizuki, H. Yamagata, S. Inada, S. Yoshida, 

and M. Homma. 1981. Characterization of a high molecular 
weight acidic nuclear protein recognized by autoantibodies from 
patients with polymyositis-scleroderma overlap.J. Clin. Invest. 
68:611-620. 

2. Reeves, W.H. 1985. Use ofmonoclonal antibodies for thechar- 
acterization of novel DNA-binding proteins recognized by 
human autoimmune sera. J. Exl~ Med. 161:18-39. 

3. Lees-Miller, S.P., Y.R. Chen, and C.W. Anderson. 1990. 
Human cells contain a DNA-activated protein kinase that phos- 
phorylates simian virus 40 T antigen, mouse p53, and the 
human Ku autoantigen. Mol. Cell. Biol. 10:6472-6481. 

4. Carter, T., I. Vancurova, I. Sun, W. Lou, and S. DeLeon. 1990. 
A DNA-activated protein kinase from HeLa cell nuclei. Mol. 
Cell. Biol. 10:6460-6471. 

5. Gottlieb, T.M., and S.P. Jackson. 1993. The DNA-dependent 
protein kinase: requirement for DNA ends and association with 
Ku antigen. Cell. 72:131-142. 

6. Dvir, A., S.R. Peterson, M.W. Knuth, H. Lu, and W.S. Dynan. 
1992. Ku autoantigen is the regulatory component of a 
template-associated protein kinase that phosphorylates RNA 
polymerase II. Proc. Natl. Acad. Sci. USA. 89:11920-11924. 

7. Anderson, C.W. 1993. DNA damage and the DNA-activated 
protein kinase. Trends Biochem. Sci. 18:433-437. 

8. Taccioli, G.E., T.M. Gottlieb, T. Blunt, A. Priestley, J. De- 
mengeot, R. Mizuta, A.R. Lehmann, F.W. Alt, S.P. Jackson, 
and P.A. Jeggo. 1994. Ku80: product of the XRCC5 gene and 
its role in DNA repair and V(D)J recombination. Science (Wash. 
DC). 265:1442-1445. 

9. Rathmell, W.K., and G. Chu. 1994. Involvement of the Ku 
autoantigen in the cellular response to DNA double-strand 
breaks. Proc. Natl. Acad. Sci. USA. 91:7623-7627. 

10. Smider, V., W.K. Rathmell, M.R. Lieber, and G. Chu. 1994. 
Restoration of X-ray resistance and V(D)J recombination in 
mutant cells by Ku cDNA. Science (Wash. DC). 266:288-291. 

11. Boubnov, N.V., K.T. Hall, Z. Wills, S.E. Lee, D.M. He, D.M. 
Benjamin, C.R. Pulaski, H. Band, W.H. Reeves, E.A. Hen- 
drickson, and D.T. Weaver. 1995. Complementation of the 
ionizing radiation sensitivity, DNA end binding, and V(D)J 
recombination defects of double-strand break repair mutants 
by the p86 Ku autoantigen. Proc. Natl. Acad. Sci. USA. 92: 
890-894. 

12. Celis, J.E., P. Madsen, S. Nielsen, G.P. Patz, J.B. Lauridsen, 
and A. Celis. 1987. Levels of synthesis of primate-specific nu- 
clear proteins differ between growth-arrested and proliferating 
cells. Exp. Cell Res. 168:389-401. 

13. Stuiver, M.H., J.E. Celis, and PC. van der Vliet. 1991. 
Identification of nuclear factor IWKu autoantigen in a human 
2D-gel protein database. FEBS (Fed. Eur. Biochem. Soc.) Lett. 
282:189-192. 

14. Yaneva, M., and S. Jhiang. 1991. Expression of the Ku protein 
during cell proliferation. Biochim. Biophys. Acta. 1090:181-187. 

15. Satoh, M., A.K. Ajmani, C.H. Chou, J. Wang, and W.H. 

Reeves. 1995. Role of posttranslational stabilization of newly 
synthesized p80 and cell cycle regulation in the assembly of 
Ku-p350 protein complexes. Fur. J. Cell Biol. 66:127-135. 

16. Jackson, A.L., and N.L. Warner. 1986. Preparation, staining, 
and analysis by flow cytometry of peripheral blood lympho- 
cytes. In Manual of Clinical Laboratory Immunology. N.R. 
Rose, H. Friedman, andJ.L. Fahey, editors. American Society 
for Microbiology, Washington, DC. 226-235. 

17. Coligan, J.E., A.M. Kruisbeek, D.H. Margulies, E.M. Shevach, 
and W. Strober. 1991. Current Protocols in Immunology. John 
Wiley & Sons, Inc., New York. 

18. Wang, J., M. Satoh, A. Pierani, J. Schmitt, C.H. Chou, H.G. 
Stunnenberg, R.G. Roeder, and W.H. Reeves. 1994. Assembly 
and DNA binding of recombinant Ku (p70/p80) autoantigen 
defined by a novel monoclonal antibody specific for pT0/pS0 
heterodimers. J. Cell Sci. 107:3223-3233. 

19. Wang, J., C.H. Chou, J. Blankson, M. Satoh, M.W. Knuth, 
R.A. Eisenberg, D.S. Pisetsky, and W.H. Reeves. 1993. Mu- 
fine monoclonal antibodies specific for conserved and non- 
conserved antigenic determinants of the human and murine 
Ku autoantigens. Mol. Biol. Re F 18:15-28. 

20. Knuth, M.W., S.I. Gunderson, N.E. Thompson, L.A. 
Strasheim, and R.R. Burgess. 1990. Purification and charac- 
terization of PSE1, a transcription activating protein related 
to Ku and TREF that binds the proximal sequence element 
of the human U1 promoter. J. Biol. Chem. 265:17911-17920. 

21. Lemer, E.A., M.R. Lemer, C.A. Janeway, andJ.A. Steitz. 1981. 
Monoclonal antibodies to nucleic acid-containing cellular con- 
stituents: probes for molecular biology and autoimmune dis- 
ease. Proc. Natl. Acad. Sci. USA. 78:2737-2741. 

22. Danova, M., A. Riccardi, and G. Mazzini. 1990. Cell cycle- 
related proteins and flow cytometry. Haematologica. 75:252-264. 

23. Darzynkiewicz, Z., and F. Traganos. 1990. Multiparameter flow 
cytometry in studies of the cell cycle. In Flow Cytometry and 
Sorting. Second edition. M.R. Melamed, T. Lindmo, and M.L. 
Mendelsohn, editors. Wiley-Liss, Inc., New York. 469-501. 

24. Nicoletti, I., G. Migliorati, M.C. Pagliacci, F. Grignani, and 
C. Riccardi. 1991. A rapid and simple method for measuring 
thymocyte apoptosis by propidium iodide staining and flow 
cytometry. J. Immunol. Methods. 139:271-279. 

25. Mower, D.A., D.W. Peckham, V.A. Illera, J.K. Fishbaugh, L.L. 
Stunz, and R.F. Ashman. 1994. Decreased membrane phos- 
pholipid packing and decreased cell size precede DNA cleavage 
in mature mouse B cell apoptosis.J. Immunol. 152:4832-4842. 

26. Collins, S.J., F.W. Ruscetti, R.E. Gallagher, and R.C. Gallo. 
1979. Normal functional characteristics of cultured human 
promyelocytic leukemia ceils (HL-60) after induction by dimeth- 
ylsulfoxide. J. Ex F Med. 149:969-974. 

27. Collins, S.J. 1987. The HL-60 promyelocytic leukemia cell line: 
proliferation, differentiation, and cellular oncogene expression. 
Blood. 70:1233-1244. 

28. Wesselborg, S., O. Janssen, and D. Kabelitz. 1993. Induction 
of activation-driven death (apoptosis) in activated but not resting 

2057 Ajmani et al. 



peripheral blood T cells, f Immunol. 150:4338-4345. 
29. Martin, S.J., J.G. Bradley, and T.G. Cotter. 1990. HL-60 calls 

induced to differentiate towards neutrophils subsequently die 
via apoptosis. Clin. Ext~ Immunol. 79:448-453. 

30. Nanmovski, L., and M.L. Cleary. 1994. Bcl2 inhibits apop- 
tosis associated with terminal differentiation of HL-60 myeloid 
leukemia cells. Blood. 83:2261-2267. 

31. Bravo, K., and H. Macdonald-Bravo. 1987. Existence of two 
populations of cyclin proliferating cell nuclear antigen during 
the cell cycle: association with DNA replication sites. J. Cell 
Biol. 105:1549-1554. 

32. Craft, J. 1992. Antibodies to snRNPs in systemic lupus 
erythematosus. Rheum. Dis. Clin. North Am. 18:311-335. 

33. Casiola-Rosen, L.A., G. Anhalt, and A. Rosen. 1994. Autoan- 
tigens targeted in systemic lupus erythematosus are clustered 
in two populations of surface structures on apoptotic keratino- 
cytes. J. Exp. Med. 179:1317-1330. 

34. Bainton, D.F., J.L. Ullyot, and M.G. Farquhar. 1971. The de- 
velopment of neutrophilic polymorphonuclear leukocytes in 
human bone marrow: origin and content of azurophil and 
specific granules. J. Extx Med. 134:907-934. 

35. Rogers, S., R. Wells, and M. Rechsteiner. 1986. Amino acid 
sequences common to rapidly degraded proteins: the PEST hy- 
pothesis. Science (Wash. DC). 234:364-368. 

36. Ciechanover, A., J.A. DiGiuseppe, B. Bercovich, A. Orian, 
J.D. Richter, A.L. Schwartz, and G.M. Brodeur. 1991. Degra- 
dation of nuclear oneoproteins by the ubiquitin system in vitro. 
Proc. Natl. Acad. Sci. USA. 88:139-143. 

37. Dent, G.A., L,H. Ayscue, K.A. High, M.C. Leglise, and D.W. 
Ross. 1988. Flow cytometric correlation of the c-myc on- 
coprotein and cell cycle kinetics of HL-60 leukaemia during 
maturation with cytosine arabinoside and dimethylsulphoxide. 
Cell Tissue Kinet. 22:1-11. 

38. Evan, G.I., A.H. Wyllie, C.S. Gilbert, T.D. Littewood, H. 
Land, M. Brooks, C.M. Waters, L.Z. Penn, and D.C. Han- 
cock. 1992. Induction of apoptosis in fibroblasts by c-myc pro- 
tein. Cell. 69:119-128. 

39. Kelly, K., B.H. Cochran, C,D. Stiles, and P. Leder. 1983. Cell- 
specific regulation of the c-myc gene by lymphocyte mitogens 
and platelet-derived growth factor. Cell. 35:603-610. 

40. Bissonnette, R.P., F. Echeverri, A. Mahboudi, and D.K. Green. 
1992. Apoptotic cell death induced by c-myc is inhibited by 
bcl-2. Nature (Lond.). 359:552-554. 

41. Delia, D., A. Aiello, D. Soligo, E. Fontanella, C. Melani, F. 
Pezzella, M.A. Pierotti, and G. Della Porta. 1992. Bcl-2 proto- 
oncogene expression in normal and neoplastic human myeloid 
cells. Blood. 79:1291-1298. 

42. Lagasse, E., and I.L. Weissman. 1994. bcl-2 inhibits apoptosis 
of neutrophils but not their engulfment by macrophages. J. 
Exl~ Med. 179:1047-1052. 

43. Reed, J.C., T. Miyashita, M. Cuddy, and D. Cho. 1992. Regu- 
lation of p26-Bcl-2 protein levels in human peripheral blood 
lymphocytes. Lab Invest. 67:443-449. 

44. Francoeur, A.M., C.L. Peebles, P.T. Gompper, and E.M. Tan. 
1986. Identifcation of the Ki (Ku, p70/p80) autoantigens and 
analysis of anti-Ki autoantibody reactivity. J. Immunol. 136: 
1648-1653. 

45. Reeves, W.H. 1987. Antinuclear antibodies as probes to ex- 
plore the structural organization of the genome.J. R heumatol. 
14(Suppl. 13):97-105. 

46. lhilhrd, S., and F. Strauss. 1993. Site-specific proteolytic cleavage 
of Ku protein bound to DNA. Proteins Struct. Funct. Genet. 
15:330-337. 

47. Yuan, J., S. Shaham, S. Ledoux, H.M. Ellis, and H.R. Hor- 
vitz. 1993. The C. elegans cell death gene ced-3 encodes a pro- 
tein similar to mammalian interleukin-1 beta-converting en- 
zyme. Cell. 75:641-652. 

48. Miura, M., H. Zhu, K. Rotello, E.A. Hartwieg, andJ. Yuan. 
1993. Induction of apoptosis in fibroblasts by IL-1 beta con- 
verting enzyme, a mammalian homolog of the C. elegans cell 
death gene ced-3. Cell. 75:653-660. 

49. Squier, M.K., A.C. Miller, A.M. Malkinson, andJ.J. Cohen. 
1994. Calpain activation in apoptosis, j .  Cell. Physiol. 159: 
229-237. 

50. Savill, J.S., A.H. WyUie, J.E. Henson, M.J. Walport, P.M. 
Henson, and C. Haslett. 1989. Macrophage phagocytosis of 
aging neutrophils in inflammation: programmed cell death in 
the neutrophil leads to its recognition by macrophages.J. Clin. 
Invest. 83:865-875. 

51. Cohen, J.J., K.C. Duke, V.A. Fadok, and K.S. Sellins. 1992. 
Apoptosis and programmed cell death in immunity. Annu. Rev. 
Immunol. 10:267-293. 

52. Terai, C., D.B. Wasson, C.J. Carrera, and D.A. Carson. 1991. 
Dependence of cell survival on DNA repair in human mono- 
nuclear phagocytes, j .  Immunol. 147:4302-4306. 

2058 Loss of Ku Antigen during Apoptosis 


