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Summary 

To determine the physiological processes in which the 
transcription factor c-Rel may act, we have examined 
its pattern of expression in the avian embryo by in 
situ hybridization. These studies showed that c-rel is 
expressed ubiquitously at low levels and at high levels 
in isolated cells undergoing programmed cell death by 
apoptosis or autophagocytosis. To further establish a 
functional link between expression of c-rel and cell 
death, we examined the biological consequences of 
c-rel overexpression in vitro. In primary avian fibro- 
blasts, overexpression of c-rel leads to transformation 
and dramatic life span extension. In contrast, bone 
marrow cells expressing high levels of c-rel undergo 
a process of programmed cell death displaying fea- 
tures of both apoptosis and autophagocytic cell death. 
Thus, these experiments suggest a critical role for c-rel 
not only in the control of cell proliferation, but also in 
the induction of cell death. 

Introduction 

Central to our understanding of cellular growth control and 
differentiation is the identification of the genes involved 
in the regulation of these processes. It has become clear 
that oncogenes play key roles in the control of normal 
growth (Reddy et al., 1988). One such gene, c-rel, has 
been implicated in the regulation of normal hematopoiesis 
by virtue of its pattern of expression and the transforming 
properties of its viral homolog, v-rel. Northern blot analysis 
of embryonic and adult avian t issuesshowed that c-relwas 
expressed predominantly in hematopoietic organs such as 
the bursa of Fabricius, thymus, spleen, and bone marrow 
(Brownell et al., 1987; Moore and Bose, 1989; Grumont 
and Gerondakis, 1990a, 1990b). v-rel causes rapidly fatal 
leukemia in birds and in vitro transforms and extends the 

life span of avian hematopoietic cells and fibroblasts (Beug 
et al., 1981; Lewis et al., 1981; Morrison et al., 1991). Inter- 
estingly, v-rel-transformed bursal lymphocytes become re- 
sistanttoapoptosis induced by radiation, dexamethasone, 
or calcium ionophore (Neiman et al., 1991). These data 
strongly suggest a role for the Rel proteins in the control 
of cell growth, cell death, or both. 

The biochemical mechanism by which c-rel regulates 
cell growth can be inferred from its homology to a growing 
family of transcription factors. This family includes the NF- 
KB subunits p50 and ~65 (Kieran et al., 1990; Nolan et 
al., 1991), re/B (Ryseck et al., 1992), Iyt-70, the product 
of a gene first identified in a chromosomal translocation 
associated with chronic lymphocytic leukemia (Neri et al., 
1991), and the Drosophila morphogen dorsal (Steward et 
al., 1985). These genes share homology over an amino 
terminal region of about 300 amino acids, termed the Rel 
homology domain, and exhibit similar biochemical proper- 
ties. C-Rel, like NF-KB, is part of a multiprotein complex 
(Simek and Rice, 1988; Morrison et al., 1989; Davis et 
al., 1990, 1991; Kochel et al., 1991; Nolan and Baltimore, 
1992). Two members of this complex, IKB and ~124 (the 
avian homolog of the mammalian ~105 NF-KB precursor), 
are ankyrin repeat-containing proteins which may be in- 
volved in cytoplasmic sequestration and inhibition of DNA 
binding (Baeuerle, 1991; Kerr et al., 1991; lnoue et al., 
1992; Capobianco et al., 1992; Rice et al., 1992). Both 
c-Rel and NF-KB bind consensus KB oligonucleotides and 
have been postulated to regulate transcription of a number 
of different genes (reviewed by Baeuerle, 1991; Hannink 
and Temin, 1990; Capobianco and Gilmore, 1991; lnoue 
et al., 1991; Ballard et al., 1992; Fujitaet al., 1992; Hansen 
et al., 1992; Kochel and Rice, 1992; Nakayama et al., 
1992; Tan et al., 1992; Perkins et al.,1992). 

To understand the functional role of c-rel in normal cell 
growth and differentiation, we have taken two approaches. 
First, we examined the pattern of expression of c-rel in 
the developing embryo by in situ hybridization and show 
here that c-fel is expressed ubiquitously at low levels in the 
developing embryo. Surprisingly, high levels of expression 
are observed in cells undergoing two kindsof programmed 
cell death: apoptosis and autophagic degeneration. While 
these results suggest a role for c-ret in the process of cell 
death, they do not prove a functional .link. Therefore, to 
demonstrate the direct involvement of c-reel in the process 
of programmed cell death, we analyzed the consequences 
of c-ret overexpression in vitro in two different cell types. 
Infection of avian fibroblasts with a c-re/-containing retrovi- 
rus leads to morphological transformation and, most re- 
markably, a dramatic extension of their life span in culture. 
In contrast, bone marrow cells overexpressing c-Rel un- 
dergo a process of programmed cell death which displays 
features of both apoptosis and autophagocytic degenera- 
tion. Thus, we propose that under certain conditions, the 
transcription factor encoded by c-ret may induce pro- 
grammed cell death, perhaps by activating a set of death 
genes. 



Figure 1. Examples of the Variety of Cellular Types Undergoing Apoptosis 

Transverse sections through a chick embryo at E3 were hybridized with an antisense c-rel probe and stained with a DNA fluorescent dye. Sections 
were observed under ultraviolet illumination to determine the nuclear morphology (A, C, and E) and dark-field illumination to visualize silver grains 
(B, D, and F). Bars represent 40 urn. 
(A and B) Cells within the spinal chord (arrows) and among migrating neural crest cells (arrowhead) colonizing the dorsal root ganglion (drg) exhibit 
high levels of ore/ expression. 



ore/, Apoptosis, and Avian Development 
901 

Results 

c-rel Is Highly Expressed in Cells Undergoing 
Programmed Cell Death 
The pattern of expression of the protooncogene c-rel dur- 
ing avian development was studied by in situ hybridization 
using [%S]RNA probes against full-length c-rel RNAs and 
a c-relspecific 2.8 kb probe (see Experimental Procedures 
for details). Under high stringency conditions, these two 
probes gave the same results, qualitatively and quantita- 
tively. Therefore, we consider the patterns obtained either 
with the full-length or the 2.8 kb probe reflective of c-rel 
expression without any cross-reaction with other NF-KB 
family members. 

c-rel expression was studied in chicken embryos from 
embryonic stage E3 to E9.5. The distribution and density 
of silver grains indicate that c-rel is expressed at low levels 
in most t issues at every stage of development studied. 
While the levels of expression were quite low, comparison 
with control sense probe hybridizations revealed that 
these low levels of expression were nonetheless signifi- 
cant. In contrast, a strong hybridization signal was ob- 
served in various parts of the embryo in some isolated 
cells that shared a common nuclear morphology. Staining 
with the intercalating dye Hoechst 33258 showed that the 
nuclei were fragmented into two or more pieces of variable 
size, each fragment having a round shape and containing 
highly condensed chromatin. In some cases, the nuclei 
were not fragmented, but the chromatin was condensed 
and localized close to the nuclear envelope. These two 
nuclear morphologies are typical of cells dying by 
apoptosis (Wyllie et al., 1980). At E3 and E4.5, apoptotic 
cells were found in a number of t issues including the epi- 
thelium of the third and fourth branchial furrows, the mes- 
enchyme of the branchial arches, the chord, the central 
nervous system, the migrating neural crest (Figures 1 A- 
1 D), some nervous ganglia, the mesenchyme in the vicin- 
ity of some vessels (Figures 1 E and 1 F), the cephalic mes- 
enchyme, the spleen primordia, and the gonad primordia. 
In all these tissue types, different as they are, the majority 
of apoptotic cells expressed ore/ at high levels. 

Since the occurrence of apoptosis at these early stages 
of development is not well documented, we investigated 
the expression of c-rel in the limb bud for which pro- 
grammed cell death has been described in great detail. 
In the limb bud, there are four major areas of cell death 
(Hinchliffe and Ede, 1973): the anterior and posterior ne- 
crotic zones, the opaque patch in the central limb mesen- 
thyme, and the interdigital necrotic zones. On  morphologi- 
cal grounds, Clarke (1990) distinguished three types of 
developmental cell death: type 1, which represents bona 
fide apoptosis since the destruction of the cell is achieved 

primarily by heterophagy; type 2, characterized by the 
presence of autophagic vacuoles; and type 3, which 
shares several common features with necrosis. We exam- 
ined c-relexpression in these four areas of cell death from 
E5 to E9.5, in the hind limb as well as in the forelimb. We 
observed apoptotic cells labeled with the ore/probe in the 
opaque patch, particularly at E5 (Figure 2A), in the anterior 
and posterior necrotic zones (data not shown), and in the 
interdigital mesenchyme (Figures 2D and 2F). In this last 
tissue, apoptotic bodies were a minority, scattered among 
numerous atypical cellular fragments, which contained 
noncondensed chromatin. These fragments may be au- 
tophagiccells(type2), which by in situ hybridization clearly 
express higher levels of c-rel than does the surrounding 
healthy mesenchyme (Figure 28). 

The Presence of the c-Rel Protein in Chicken 
Tissues Is Confirmed by Western Blot 
To demonstrate the presence of c-Rel protein in the tissues 
examined, Western blots were performed using extracts 
of total embryos at E3 and E4.5, brain, heart, liver, and 
intestine of E8 embryo and limb buds from E5.5 to E9.5. 
Blots were incubated with a purified antibody directed 
against the 15 amino acids at the carboxy terminus of the 
c-Rel protein (P. E., unpublished data). As can be seen 
(Figures 3A and 38) in all t issues this serum reacts with 
a major band of 68 kd, the chicken c-Rel protein (Simek 
and Rice, 1988). The additional lower molecular weight 
proteins may represent nonspecific cross-reactive spe- 
cies. Clearly, c-Rel proteins are detected in tissues where 
programmed cell death occurs as well as in tissues where 
it does not, such as the liver at E6 (Figure 3A, lane 5). 
Therefore, proteins detected by Western blot analysis pre- 
sumably included those of healthy and dying cells. 

Cleavage of Nuclear Chromatin 
In situ hybridization experiments described above re- 
vealed an intense hybridization signal over apoptotic cells 
in the young embryo and in the developing limb bud. How- 
ever, the identification of apoptotic cells relied here only 
on morphological criteria. To confirm that apoptosis oc- 
curred in these tissues, we examined a biochemical 
marker for apoptosis: the cleavage of nuclear chromatin 
by an internucleosomal endonuclease. Such cleaved DNA 
is resolved as a ladder composed of 180 bp fragments 
and multiples thereof (Wyllie et al., 1980). DNA ladders 
have never been documented in chick embryos, presum- 
ably because apoptotic cells are scarce, as shown in Fig- 
ures 1 and 2. Therefore, to increase the sensitivity of detec- 
tion of chromatin cleavage, we radioactively end-labeled 
DNA preparations from embryos with Klenow polymerase 
(R&l, 1992). As a positive control, we used S49.1 cells 

(C and D) Higher magnification of the same section showing that the neural crest cell expressing high levels of c-rel has an apoptotic, fragmented 
nucleus. 
(E and F) High magnification of an area in the vicinity of a vessel (v) where apoptotic cells expressing high levels of c-relare often found. Erythrocytes 
(e) in the vessel lumen display nonspecific light scattering. 



Figure 2. c-rel Expression in the Hindlimb 

Limbs were sectioned longitudinally, hybridized with an antisense (A, 6, D. and F) or a sense (E) c-ml probe, and stained with a DNA fluorescent 
dye. Sections were observed under ultraviolet illumination only (C and G) or under ultraviolet plus dark-field illumination (A, B, D, E, and F). 
(A) The limb bud at E5 contains apoptotic cells expressing high levels of ore/ (see arrows) in the opaque patch at the opposite of the apex. 
(B and C) In the limb bud at E7, c-rel is expressed less in the healthy mesenchyme than in the loose interdigital mesenchyme (arrows) that appears 
to degenerate by autophagic cell death. 
(D) In other areas of the interdigital mesenchyme at E7, a few cells expressed we/ at a high level. 
(E) Serial section hybridized with a control sense probe. 
(F and G) Higher magnification of section D shows that the cells expressing c-rel have the morphology of cells dying by apoptosis (arrowheads). 
Bars represent 40 WM. 
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Figure 3. Western Blots of Embryonic Chicken 

1 Proteins Stained with an Anti-&e1 Antibody 
and Characterization of DNA Ladders 

(A) Western blot of proteins from total embryos 
1 at E3 (lane l), E4.5 (lane 2) and brain (lane 3) 

heart (lane 4). liver (lane 5) and intestine (lane 
-900 6) all at E6. 
4 720 
;I 540 

(6) Western blot of proteins from the forelimb 
at E5.5, E7, E8, and E9.5 (lanes 1, 3, 5, and 

1360 7, respectively) and from the hindlimb at the 
1234567 same stages (lanes 2, 4, 6. and 8). The ~68”” 

protein is indicated with a bold arrow. The addi- 
tional lower and upper molecular weight proteins may represent cross-reactive species. 
(C) 32P-end-labeled total DNA from different tissues was analyzed on a 1.8% agarose gel. Total DNA from S49.1 cells, in which apoptosis was 
induced by 1 nM dexamethasone during 24 hr, was used as a control. The gel was loaded as follows: E3, 1 trg (Lane 1); E4.5, 
1 &g (Lane 2); hindlimb at E5.5, E6, and E7, 0.75 ng (lanes 3, 4, and 5, respectively); liver at E7, 0.5 ng (Lane 6); and S49.1, 0.5 pg 
(Lane 7). 

(Figure 3C, lane 7) a mouse lymphoma line which under- 
goes apoptosis in response to glucocorticoids (Ucker, 
1987). As shown in Figure 3C, typical chromatin fragmen- 
tation can be observed in DNA extracted from total em- 
bryos at E4.5 (Fig 3C, lane 2) and from hindlimbs at E5.5, 
E6, and E7 (Figure 3C, lanes 3, 4, and 5, respectively). 
The weak intensity of bands reflects the small number of 
apoptotic cells observed on histological sections. At E3 
(Figure 3C, lane l), for example, no ladder is detected, 
probably because apoptotic cells are too scarce. In con- 
trast, the liver at E7 is negative (Figure 3C, lane 6) consis- 
tent with the fact that apoptotic bodies were never ob- 
served in this tissue at that stage. 

Biological Consequences of Overexpression of 
we/ In Vitro 
Having demonstrated high levels of c-relin embryonic cells 
undergoing programmed cell death, we sought to estab- 
lish a functional link between c-rel expression and cell 
death. Previous reports suggested that overexpression of 
avian c-relin vitro failed to transform chicken embryo fibro- 
blasts or spleen cells (Capobianco et al., 1990). However,  
these experiments were carried out using a replication- 
defective c-relvirus that required helper virus for propaga- 
tion. Weand others(Barth and Humphries, 1988; Morrison 
et al., 1989) showed previously that helper virus cytotoxic- 
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ity has a profound effect on the biological activity of v-rel. 
Thus, in these studies, we used a replication-competent 
viral vector RCAS (Hughes et al., 1987) that was used 
previously to show transformation of avian fibroblasts and 
bone marrow cells in vitro by v-rel (Boehmelt et al., 1992; 
Morrison et al., 1989). 

Construction and Expression of RCAS-we/ 
The avian c-re/cDNA, molecularly cloned from bursal and 
HP46 cDNA libraries (Kabrun et al., 1990) was placed 
in the viral vector RCAS (RCAS-ore/ in Figure 4A) and 
transfected into normal chicken embryo fibroblasts. After 
four passages, cells were tested for exogenous c-relgene 
expression by Western blot with polyclonal antibody 
(SB66) that recognizes c-Rel and v-Rel (Morrison et al., 
1989). High levels of ~68”.“’ were seen in RCAS-c-rel- 
transfected cells (Figure 48) as compared with endoge- 
nous levels in control RCAS vector-transfected chicken 
embryo fibroblasts (CEFs) (Figure 48). Positive control 
RCAS-v-rel-transfected fibroblasts were also examined 
(Morrison et al., 1989). 

Subcellular Localization and Biochemical 
Properties of Overexpressed c-Rel in 
Chicken Embryo Fibroblasts 
Before characterizing the biological consequences of c-rel 

Figure 4. Schematic Representation of RCAS- 
c-relor RCAS-v-re/ Retroviral Expression Vector 
(A) LTR, GAG, POL, and ENV represent re- 
gions of proviral DNA required for replication, 
gene expression, or both. Rel represents either 
exogenousc-relorv-re/cDNAcloned intoaGlal 
site downstream of the envelope gene, where it 
is expressed from a subgenomic message; 
S. D. is splice donor and S. A. is splice ac- 
ceptor. 
(8) Expression of c-Rel or v-Rel protein in CEFs 
infected with RCAS, RCAS-c-rel, or RCAS-v- 
rel virus, Cells infected with RCAS (lane 1). 
RCAS-c-rel (lane 2) or RCAS-v-rel (lane 3) 
were lysed in sample buffer and subjected to 
Western blot analysis. Blots were probed with 
SB66, a polyclonal antibody that recognizes 
both c-Ret and v-Rel proteins. The positions of 
~68”.“’ and p59’.“’ are indicated. 
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overexpression, it was critical to demonstrate that the pro- 
tein was biochemically functional. Therefore, the localiza- 
tion and DNA binding properties of overexpressed c-Rel 
was analyzed in avian fibroblasts. lmmunofluorescent 
staining of RCA.%c-rel-infected, RCAS-v-rel-infected, 
and control RCAS-infected cells was carried out as de- 
scribed in Experimental Procedures using the polyclonal 
antibody SB66 (Morrison et al., 1989). As can be seen in 
Figure 5A, and as previously reported, v-Rel is found at 
high levels in the nucleus of RCAS-v-rel CEFs (Gilmore 
and Temin, 1986; Morrison et al., 1992, 1989). While the 
majority of the overexpressed c-Rel protein localized in 
the cytoplasm, there appeared to be a significant quantity 
in the nucleus as well (see below). The marginal staining 
of control RCAS CEFs probably represents endogenous 
c-Rel since secondary antibody showed little background 
staining. To confirm these localization results, cytoplasmic 
and nuclear fractions (Morrison et al., 1992, 1969) from 
RCAS-c-rel CEFs were analyzed by Western blot. As can 
be seen in Figure 58, endogenous c-Rel was present in 
the cytoplasm of RCAS CEFs; however, at the resolution 
of this assay, no detectable protein was observed in the 
nucleus. In sharp contrast, the nuclear fraction from RCAS- 
c-rel CEFs contained c-Rel protein at detectable levels, 
confirming the immunofluorescence results. As expected, 
high levels of c-Rel were found in the RCAS-c-rel cyto- 

Figure 5. Biochemical Characterization of Mel 
and v-Rel 

(A) RCAS-infected, RCAS-c-re/-infected, or 
RCAS-v-rel-infected CEFs were fixed with 
paraformaldehyde, permeabilized, and stained 
with anti-rel polyclonal SB66, = and a second- 
ary fluorescein-conjugated goat anti-rabbit im- 
munoglobulin. Alternatively, the secondary an- 
tibody was used alone as a control (labeled 
secondary). 
(B) RCAS-infected or RCAS-c-rel-infected 
CEFs were biochemically separated into nu- 
clear and cytoplasmic fractions. Fractions were 
subjected to Western blot analysis and probed 
with SB66 polyclonal antibody. Cytoplasmic 
fractions (lanes 1 and 2) or nuclear fractions 
(lanes 3 and 4) are indicated above the figure. 
The position of ~66’~ is indicated to the right 
of the figure. 
(C) Electrophoretic mobility shift asays were 
done utilizing nuclear (lanes 3,4. 7, and 6) and 
Si 00 (lanes 1,2,5, and 6) extracts from RCAS- 
infected (lanes l-4) or RCAS-c-rel-infected 
(lanes 5-6) CEFs and a double-stranded oligo- 
nucleotide containing a rcB-binding site se- 
quence (Kabrun et al., 1991). Gel shift reac- 
tions were carried out in the presence (lanes 
2, 4, 6, and 6) or absence (lanes 1, 3, 5, and 
7) of antibody to re/ (SB66). F and B, represent 
free and bound KB probe, respectively. B, rep- 
resents a supershifted band with reduced mo- 
bility in the presence of antibody to c-Rel or 
v-Rel. 

plasmic fraction. Lower molecular weight proteins ob- 
sewed probably represent proteolytic cleavage products 
of p68”‘. 

As with NF-kB, cytoplasmic sequestration of inactive 
c-Rel is thought to occur via association with either of the 
inhibitor proteins IKB or ~124, the avian equivalent of the 
NF-KB precursor ~105 (Davis et al., 1991; Nolan and Balti- 
more, 1992; Rice et al., 1992). Since most of the c-Rel 
protein in RCAS-c-rel CEFs was sequestered in the cyto- 
plasm, we wanted to determine if cytoplasmic c-Rel, nu- 
clear c-Rel, or both were able to bind to a consensus KB 
site. Electrophoretic mobility shift assays were performed 
using SlOO or nuclear extracts from RCAS or RCAS-c-rel 
CEFs and a radioactively labeled oligonucleotide con- 
taining the consensus rcB-binding site (Dignam et al., 
1983; Kabrun et al., 1991). While the SlOO fraction from 
RCAS CEFs (Figure 5C, lane 1) contained no detectable 
KB binding activity, RCAS nuclear extracts exhibited an 
activity (Figure 5C, lane 3) unrelated to Rel as it was not 
recognized by the SB66 antiserum (Figure 5C, lane 4). At 
high protein concentrations, however, a nuclear species 
could be detected in normal cells that is reactive with the 
SB66 antibody (data not shown). 

As can be seen in Figure 5C (lane 5) RCAS-c-rel Sl 00 
extract contained very little DNA binding activity, sug- 
gesting an inhibition of cytoplasmic c-Rel perhaps due to 
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Figure 6. Morphology and Actin Staining of WAS-Infected, RCAS- 
c-rel-Infected, or WAS-v-fel-Infected CEFs 
CEFs transfected with the indicated plasmids (see top of figure) and 
passaged in culture for various times (indicated at left of figure) were 
photographed to demonstrate morphology. Alternatively, late passage 
cells were stained with rhodamine-conjugated phalloidin to stain actin 
cables (bottom three panels). Note the reduced actin organization in 
v-rel-infected and particularly c-rel-infected CEFs as compared with 
control RCA.5infected CEFs. 

~124, active 11~6, or both in the cytoplasm. In contrast, 
RCAS-c-rel nuclear extracts gave rise to multiple protein 
DNAcomplexes, all of which were recognizable by anti-Rel 
polyclonal antibody (6, in Figure 5C, lane 8) and a Rel- 
reactive monoclonal antibody (data not shown). While 
these multiple complexes contain Rel-related proteins, 
their exact composition is unclear at present. The specific- 
ity of this interaction was demonstrated by competition 
with wild-type KB, mutant K6, or a pheromone response 
element oligonucleotide (data not shown). Thus, nuclear 
c-Rel from RCAS-c-rel CEFs has the ability to bind to a 
consensus KB site, while the majority of the protein local- 
ized in the cytoplasm exhibits little DNA binding. 

Biological Effects of Overexpression of c-rel in CEF 
We next wanted to determine if overexpression of c-rel had 
a detectable effect on normal cell growth, either inducing 
transformation or cell death as suggested from in situ hy- 
bridization studies. v-rel induces a transformed phenotype 
in infected CEFs characterized by alterations in morphol- 
ogy, changes in the organization of actin cables, and an 
extension of life span in vitro (Franklin et al., 1977; Mor- 
rison et al., 1989). Therefore, we examined RCAS-c-rel- 
infected fibroblasts for the expression of these same pa- 
rameters. As can be seen in Figure 6, RCA.%v-rel and 
RCAS-c-reel cells express a characteristic fusiform mor- 

phology which becomes more cuboidal on passage, typi- 
cal of late passage v-rel-transformed ceils (see progress 
from early to late passage cells in Figure 8). Interestingly, 
the onset of the transformed phenotype was delayed in 
RCAS-c-rel cells. Late passage RCAS-c-rel CEFs and 
control RCAS or RCAS-v-rel CEFs were next stained with 
rhodamine-conjugated phalloidin to examine actin cable 
organization. As can be seen in Figure 6, control late pas- 
sage RCAS CEFs express well defined actin bundles. In 
sharp contrast, RCAS-c-rel CEFs exhibit extensive actin 
fiber breakdown, while RCAS-v-relcells lie between these 
two extremes, showing substantial but not complete disor- 
ganization. 

Finally, the life span of RCAS-c-rel-transformed CEFs 
was assessed and compared to RCAS-v-rel and control 
RCAS CEFs. RCAS CEFs survived approximately 20-30 
passages in culture, at which point, the cells became vacu- 
olated and senesced (note the presence of vacuolated 
cells in the late passage RCAS CEFs in Figure 6). Both 
RCAS-v-rel and RCAS-c-rel fibroblasts, however, contin- 
ued to grow in culture for more than 60 passages (more 
than 6 months). Taken together, these experiments sug- 
gest that overexpression of c-rel induces a phenotype in 
CEFs similar to we/. Most notably, like RCAS-v-re/CEFs, 
the life span of RCAS-c-rel CEFs is dramatically in- 
creased. 

Biological Effects of Overexpression of c-rel in 
Avian Bone Marrow Cells 
While the pattern of we/ expression during avian em- 
bryogenesis suggested a role for we/ in developmental 
cell death, we/ clearly extended the life span of avian 
fibroblasts. Because it was possible that c-Rel induced 
cell death in a cell type-specific way, we examined the 
consequences of overexpression of c-Rel in another cell 
type, normal avian hematopoietic cells. 

Freshly isolated, total bone marrow cells were coculti- 
vated with RCAS or RCAS-c-rel CEFs, as described in 
Experimental Procedures. After 21 days, no outgrowth was 
observed in RCAS-c-rel bone marrow cultures, while a 
marginal but reproducible cell outgrowth was observed in 
normal and RCAS cultures (data not shown). While sug- 
gesting that RCAS-c-rel was inducing a biological pheno- 
type, these experiments were not conclusive. Therefore, 
we developed culture conditions that allowed the sus- 
tained outgrowth of normal bone marrow cells, which were 
then infected with RCAS and RCAS-c-rel virus and ana- 
lyzed phenotypically. 

Normal bone marrow grown in the presence of trans- 
forming growth factor a (TGFa) and stem cell factor (SCF) 
(Hayman et al., 1993; Williams et al., 1992) could be main- 
tained in culture for periods up to 4 weeks long. Cells, 
grown under these defined conditions for several days, 
were then cocultivated with RCAS or RCAS-c-rel CEFS 
in the presence of TGFa and SCF. Two days after coculti- 
vation, RCAS-c-m-infected bone marrow cells began to 
assume an irregular morphology and settled, while RCAS- 
infected bone marrow remained in suspension. This mor- 
phology became more pronounced with time, and Figure 
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7A shows representative areas within these cultures 6 
days after infection. 

Given the phenotype observed, it was important to dem- 
onstrate that c-Rel was in fact overexpressed in these 
cells. Equal numbers of RCAS-c-rel-infected and RCAS- 
infected TGFalSCF cells were harvested 3-4 days after 
infection and analyzed by Western blot using the poly- 
clonal antibody SB66 that recognized c-Rel. As can be 
seen in Figure 78, RCAS-c-rel bone marrow cells contain 
high levels of c-Rel (~68”“‘) when compared to RCAS- 
infected cells. Proteins at lower molecular weight probably 
represent proteolytic cleavage products of c-Rel. These 
results suggest that the phenotype observed in RCAS- 
c-rel-infected TGFalSCF bone marrow cells is the result 
of overexpression of c-rel in these cells. 

To characterize the profound morphological changes 
induced by c-Rel in more detail, RCAS and RCAS-c-rel 
bone marrow cells were cytospun onto glass slides and 
stained with the histological dye Dif-Quick (Baxter). As can 
be seen in Figure 7C, RCA.5infected bone marrow cells 
are heterogenous, containing blast-like cells with large nu- 
clei, granulated cells reminiscent of promyelocytes, and 
cells which resemble eosinophils; see arrowed cells in 
Figure 7C, RCAS (Lucas and Jamroz, 1961). In contrast, 
RCAS-c-rel bone marrow cells are more homogeneous, 
with very few blast-like cells or granulocytes apparent. 
Strikingly, in contrast with the RCAS cultures, the majority 
of the cells contain darkly staining condensed nuclei (see 
arrowed cells in Figure 78, RCAS-c-rel), a morphology 

Figure 7. Characterization of RCAS-Infected 
and RCAS-c-&Infected Bone Marrow Cells 

A) Bone marrow ceils from 4- to lo-day old 
chicks infected with RCAS or RCAS-c-rel by 
cocultivation with infected CEFs were main- 
tained for 6 days in culture, at which time they 
were photographed. RCAS-infected and 
RCAS-c-reCinfected cultures are indicated. 
Each was photographed at a magnification of 
400x. 
(B) Western blot analysis of RCAS-infected and 
RCAS-ore/-infected bone marrow cells. Equal 
numbers of bone marrow cells infected as de- 
scribed with RCAS or RCAS-c-rel virus were 
lysed 3-4 days after infection, analyzed by 
Western blot, and probed with the polyclonal 
antibodySB66. The c-relprotein, p66”‘“‘, is indi- 
cated. 
(C) Bone marrow cells (1 x 105) infected as 
described above were cytospun onto glass 
slides and stained with Dif-Quick histological 
stains. RCAS and RCAS-c-rel cultures are as 
indicated. Arrowsdemonstratecellscontaining 
large nuclei and granules in the RCAS cultures. 
Condensed darkly staining nuclei are indicated 
with arrows in the RCAS-c-rel culture. 

which suggested that RCAS-c-rel bone marrow cells were 
dying, perhaps through programmed cell death or a termi- 
nal differentation event. Therefore, we examined the nu- 
clear morphology and growth properties of the cells in 
greater detail. 

RCAS-c-rel and RCAS bone marrow cells, infected as 
described above, were stained using the intercalating 
DNA dye DAPI. As can be seen in Figure 8A, the nuclei 
of bone marrow cells infected with the RCAS virus exhibit 
a relatively uniform distribution of heterochromatin and 
are generally rounded in shape. Very occasionally, a cell 
was observed which had either a fragmented or con- 
densed, brightly staining nucleus (data not shown). In con- 
trast, the nuclear staining of RCAS-c-rel bone marrow 
cells was heterogeneous. A large number of the cells had 
fragmented nuclei, as typified by the arrowed cells in Fig- 
ure 8A, RCAS-c-rel magnified 40x, while the majority 
of the nuclei had brightly staining margins, suggestive of 
chromatin margination (Figure 8A, RCAS-c-rel magnified 
100 x ). These morphological features are characteristic of 
cells undergoing the process of programmed cell death 
(Cohen, 1991; Ellis et al., 1991). 

To confirm these observations, an examination of the 
cells at a more detailed level was required. Therefore, 
bone marrow cells infected for 6 days with RCAS or RCAS- 
c-rel virus were prepared for examination by electron mi- 
croscopy (Figure 88). As can be seen, the nuclei (labeled 
N) within RCAS-infected bone marrow cells contain large 
amounts of heterochromatin throughout the nucleus. In 
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RCRSc-rel 

labeled with [3H]thymidine (4 f.tCi/ml) as described and 
harvested for counting. As can be seen in Figure 8C, 
WAS cells incorporated PHJthymidine as effectively as 
did the positive control cells, NPB4, a lymphoid cell line 
transformed by v-rel (Morrison et al., 1989). In contrast, 
very little incorporation was observed with the WAS-c-rel 
cells, suggesting that overexpression of c-rel in bone mar- 
row cells led to cessation of their growth and induced pro- 
grammed cell death. 

Discussion 

In this report, we show that c-rel is expressed at low levels 
in most t issues of the chick embryo from E3 to ElO. In 
contrast, high levels are observed in cells undergoing pro- 
grammed cell death by apoptosis and autophagocytic de- 
generation. During embryonic development, programmed 
cell death contributes to sculpturing the body form and 
provides a means by which unwanted cells can be elimi- 
nated without triggering an inflammatory reaction. It is re- 
sponsible for the destruction of abnormally differentiated 
cells, like neurons that have made inadequate synaptic 

RCRSc-ml 

contrast, a ring of condensed chromatin can be observed 
around the periphery of the nucleus in WAS-c-rel cells. 
It should also be pointed out that RCA.%c-rel cells are 
much larger than the RCAS cells; however, the organellar 
organization seems similar. Both RCAS and RCAS-c-rel 
cells have easily identifiable mitochondria and rough en- 
doplasmic reticulum whereas RCAS-c-rel cells appear to 
have more cytoplasmic inclusions and vacuoles (labeled 
V). RCAS-c-rel cells show very little, if any, contraction 
of the cytoplasm. Thus, the RCAS-c-rel bone marrow cells 
share some but not all of the morphological features attrib- 
uted to cells undergoing apoptosis. In addition, we have 
been unable to demonstrate an RCAS-c-m-specif ic DNA 
ladder (data not shown). The cytoplasmic changes ob- 
SefWd are, in fact, reminiscent of autophagocytosis, 
which correlates well with our in vivo findings. 

These morphological changes suggested that RCAS- 
c-rel bone marrow cells were undergoing programmed cell 
death. As an extension of our analysis, we carried out a 
thymidine incorporation assay to confirm that these cells 
were not replicating their DNA. RCAS or RCAS-c-rel bone 
marrow cells harvested 6 days after infection were pulse 

Figure 6. Characterization of Nuclear Mor- 
phology and Growth Properties of RCAS and 
RCAS-c-rel Bone Marrow Cells 

(A) Bone marrow cells infected as described 
were harvested 6 days after infection and 
stained with the intercalating DNA dye DAPI. 
Examples of RCAS and RCAS-c-rel cells pho- 
tographed at high magnification are shown 
(RCAS and RCAS-c-rel, 100 x ), A lower mag- 
nification of the RCAS-c-rel cells (40x) is 
shown to demonstrate the number of cells with 
the fragmented nuclei in the culture (See ar- 
rowed cells). 
(B) RCAS-infected or RCAS-c-rel-infected 
bone marrow cells harvested 6 days after infec- 
tion were prepared for electron microscopy as 
described in Experimental Procedures. Thin 
sections were examined at 5,962 x magnifica- 
tion for RCAS and 2,650x magnification for 
RCAS-c-fel cells. N = nucleus, v = vacuole, 
I = inclusion body (granule). 
(C) RCAS-infected or RCAS-c-reCinfected 
bone marrow cells were harvested 6 days after 
infection and labeled as described in Experi- 
mental Procedures with [3H]thymidine. The 
level of incorporation of [W]thymidine was de- 
termined as counts per minute (cpm x 104). 
RCAS and RCAS-c-rel samples are indicated. 
As a positive control, v-m-transformed hema- 
topoietic cells, NPB4, were also included (Mor- 
rison et al., 1969). 
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connections, and the elimination of lymphocytes carrying 
self-reactive receptors (reviewed by Wyllie et al., 1980; 
Tomei and Cope, 1991). The distinction between apoptosis 
and autophagocytic cell death is purely morphological and 
system specific (Clarke, 1990). The first cytologically visi- 
ble events during apoptosis are chromatin condensation 
and cytoplasmic compaction. Characteristic fragmenta- 
tion of the nucleus and cytoplasm into apoptotic bodies 
follows and may be, but is not necessarily, associated with 
cleavage of nuclear chromatin into nucleosome-length 
DNA fragments (Wyllie et al., 1984). Cells undergoing au- 
tophagic degeneration exhibit numerous autophagic vac- 
uoles, enlarged organelles, and nuclear pyknosis. While 
these morphological distinctions are useful in classifying 
cell death, it is not unusual to find situations that differ 
from the typical cases just described. For example, 
apoptosis may occur without characteristic DNA fragmen- 
tation (Ellis et al., 1991). Features of both autophagocytic 
cell death and apoptosis may be found in the same cell, for 
example within the chick limb bud (Clarke, 1990). Indeed, 
some cell types, such as chick spinal motor neurons, dis- 
play great variability in the morphologies of their deaths 
(Ellis et al., 1991). Thus, differences in the morphology or 
kinetics of dying cells might reflect distinct mechanisms 
of cell death or simply differences in the types of cells 
that are dying. Currently, it is not clear how many distinct 
mechanisms cause cell death. 

Apoptosis occurs as a response to numerous signals, 
including changes in hormones or cytokine levels or modi- 
fications of cell-cell or cell-extracellular matrix interac- 
tions. For example, apoptosis in the posterior necrotic 
zone of the avian limb bud depends on the overlaying 
ectoderm (Rowe et al., 1982; Hurle and Ganan, 1986; 
Brewton and MacCabe, 1988) whereas nerve cell death 
depends on nerve growth factor concentrations (Oppen- 
heim et al., 1988; Batistatou and Greene, 1991). It is not 
known whether these various stimuli activate different in- 
tracellular pathways leading to apoptosis or whether they 
activate one common pathway. Our  in situ hybridization 
results revealed that c-rel is expressed in apoptotic cells 
in different t issues and in interdigital cells dying by auto- 
phagic degeneration. Thus, these studies suggest that 
c-rel might be involved in more than one type of cell death 
triggered by a variety of signals. 

While in situ hybridization data suggested a role for c-rel 
in the process of cell death, it did not establish a functional 
link. To approach this question, we examined the conse- 
quences of c-rel overexpression in vitro in two different 
cell types, avian fibroblasts and bone marrow cells. We 
ascertained that overexpressed c-Rel in CEFs was regu- 
lated normally, since it localized predominantly in the cyto- 
plasm and exhibited DNA binding activity when in the nu- 
cleus. Three criteria were used to assess the effects of 
c-fel overexpression in CEFs: morphology, organization 
of actin cables, and life span. As described, c-rel overex- 
pression induced a transformed phenotype in CEF very 
similar to v-rel, albeit with slower kinetics. We do not be- 
lieve that this delay is due to poor virus spread since the 
levels of v-rel and c-rel protein expression were equivalent 
at the same passage numbers. Perhaps the temporal ex- 

pression of the transformed phenotype is a reflection of 
differential regulation of the transcriptional activity of the 
two proteins. Overexpression of c-rel failed to induce 
apoptosis in CEFs. This is in sharp contrast with overex- 
pressed c-myc, which induces cell death in Rat-l fibro- 
blasts, but only when the cells are grown in low serum. 
(Evan et al., 1992). Interestingly, RCAS-c-rel CEFs grow 
well at both high and low serum concentrations. 

While v-rel and c-rel appeared to transform CEFs in a 
similar manner, we were unable to demonstrate any bone 
marrow-transforming activity associated with c-relexpres- 
sion. In fact, we noted that RCAS-c-m-infected bone mar- 
row cultures routinely failed to grow. On  the basis of this 
observation, we postulated that either RCAS-c-rel bone 
marrow cells required additional growth factors or we/ 
overexpression prevented the outgrowth of infected cells. 
To address these questions, we developed culture condi- 
tions that allowed normal bone marrow cells to grow for 
a period of several weeks. When these cells were infected 
with RCAS or RCAS-c-relvirus, RCAS cultures continued 
to grow and incorporate thymidine. In contrast, RCAS- 
c-rel cultures failed to grow, suggesting that c-rel overex- 
pression prevented cell growth, perhaps through a pro- 
cess of programmed cell death or by inducing terminal 
differentiation. 

By several criteria, it was clear that the c-rel bone marrow 
cells were undergoing programmed cell death. Most strik- 
ingly, 6 days after infection, the cells exhibited dramatic 
nuclear changes, including chromatin margination, nu- 
clear condensation, and ultimately nuclear breakdown. In 
addition, the cells failed to incorporate [3H]thymidine, sug- 
gesting that they were unable to replicate DNA. These 
nuclear changes are similar to those which were reported 
to occur during the process of apoptosis (Williams, 1991). 
However,  RCAS-c-rel-infected bone marrow cells became 
larger than the normal cells, organellar structures were 
maintained, and the cells contained numerous vacuoles, 
reminiscent of autophagocytic cell death (Clarke, 1990) 
and correlating well with our in vivo results. 

Clearly, the biological effects of c-fel overexpression in 
vitro are cell-type specific; while in vivo, dying cells in a 
wide variety of t issues express high levels of c-rel. Taken 
together, these results suggest that expression of the 
same gene may lead to physiologically different conse- 
quences depending upon the cell type or developmental 
stage at which it is expressed or the extracellular signals 
(cytokines, matrix, and cell-cell interactions) received by 
the cell. Three situations provide support for this notion. 
Tumor necrosis factor, despite its name, triggers apoptosis 
in several cell types. In others, it causes activation or differ- 
entiation rather than cell death (Laster et al., 1988). While 
tumor necrosis factor acts at the cell surface to signal 
these processes, little is known about the downstream 
effecters which must ultimately be involved in the regula- 
tion of gene expression, perhaps genes such as c-rel. Sec- 
ondly, studies on the clonal abortion of autoreactive B 
cell clones demonstrated that the same signal acting at 
different developmental stages results in either prolifera- 
tion and differentiation or cell death (Cohen, 1991; Ellis 
et al., 1991). If a pre-B cell rearranges its immunoglobulin 
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genes to produce functional immunoglobulin, it will ex- 
press surface lmmunoglobulin M before lmmunoglobulin 
D. If it sees antigen at this stage, it will be deleted by 
apoptosis rather than stimulated. If B cell clones survive 
this stage, however, and see antigen later, they proliferate 
and differentiate to mature antibody-producing cells. Fi- 
nally, in the developing avian limb, it was shown that mes- 
enchymal cells of the opaque patch undergo normal cell 
death in vivo and in organ culture. However,  monolayer 
culture of these cells results in their rescue from cell death. 
In addition, the cells are prevented from dying by the addi- 
tion of fibroblast growth factor to organ culture (MacCabe 
et al., 1991). Thus, the cell type-specific phenotype in- 
duced by c-reloverexpression in fibroblasts and bone mar- 
row cells may represent the differential response of these 
cells to the signals that govern proliferation or cell death. 
This system provides a model in which we can now begin 
investigating these differences at a biochemical level. For 
example, the transcription of c-rel-regulated genes may 
be different in the two cell types; perhaps they are gov- 
erned by alternative protein-protein interactions. Further 
investigation into the functional properties of c-rel and rel 
family members during development will undoubtedly pro- 
vide greater insight into the role of transcription factors in 
these key processes. In addition, examination of models 
such as this will provide further understanding of the mech- 
anism of cell type-specific gene regulation. 

Experimental Procedures 

cDNA Cloning and Expression 
A bursal cDNA library was constructed using the Stratagene ZAP 
cDNA synthesis kit according to instructions of the manufacturer. The 
resulting cDNA was packaged using Gigapack 2 Gold packaging ex- 
tracts (Stratgene) and screened with a v-rel (Xbal-Nrul) probe. The 
largest c-rel clone (c-rel38) contained all but 88 bp of 5’ coding se- 
quence. To construct a full-length clone, the 5’ end of c-rel derived 
from a HP46 cell line cDNA library (Kabrun et al., 1990) was ligated 
to the c-rel3B clone at the unique Seal site. These sequences are 
identical to previously published sequences (Capobianco et al., 1990) 
except that they encode an isoleucine (lie) to leucine (Leu) change at 
amino acid 205, a Glutamine (Gln), Leu to histidine (His), Valine (Val) 
change at amino acids 367 and 368, and a glycine (Gly) to serine (Ser) 
change at amino acid 410. To express the c-rel cDNA in avian cells, 
pBSc-re/ was digested with Kspl and Nael to release the coding se- 
quences of c-rel, which were blunt ended using standard protocols 
(Ausubel et al., 1987)and ligated into pRCAS, a replication-competent 
retroviral vector (Hughes et al., 1987). 

Synthesis of rS]RNA Probes 
The chicken full-length c-rel cDNA was cloned into the expression 
vector Bluescript SK- (Stratagene) which has both T3 and T7 RNA 
polymerase promoters. Because c-Rel protein is 70% homologous 
In the amino terminal region to the two components of the NF-KB 
transcription factor complex (Ghosh et al., 1990; Nolan et al., 1991), 
probes specific for c-rel were required to ensure the specificity of hy 
bridization. Therefore, the full-length cDNA was digested by BarnHI, 
which removes the 5’ 1 kb fragment containing the conserved part 
of the molecule. The remaining c-rel-specific 3’ 2.8 kb fragment was 
subcloned into the Bluescript expression vector. [35S]RNA probes were 
transcribed from 2 vg of linearized plasmids by 20 U of either T7 RNA 
polymerase for antisense probes or T3 RNA polymerase for sense 
probes in a 20 VI reaction mixture containing 200 DCi [35S]GTP (1300 
Ci/mmol), 20 mM UTP, ATP, and GTP for 2 hr at 39°C. To facilitate 
their penetration into cells, probes were submitted to a limited alkaline 
hydrolysis, generating fragments of approximately 150 bases as rec- 
ommended by Cox et al. (1964). 

Embryonic Tissue Preparation and In Situ Hybridization 
Brown leghorn chicken eggs were incubated at 37“C in a humidified 
chamber. The age of embryos is indicated as El, E2, etc. (El corre- 
sponding to 24 hr of incubation, E2 to 48 hr, etc.). Whole embryos or 
dissected tissues were fixed at 4OC for 18 hr in 4% paraformaldehyde 
in phosphate-buffered saline (PBS) (N&HPOI-NaHPO, 0.1 M  [pH 
7.4]), embedded in paraffin, and processed for histological sections. 

In situ hybridization was adapted from the method of Cox et al. 
(1984), as described by Q&a et al. (1992). Briefly, after being deparaf- 
finized and rehydrated, sections were incubated in 0.1 M  Gly, 0.2 M  
Tris-HCI (pH 7.4) for 10 min at 20°C, treated with 1 pg/ml proteinase 
K (Boehringer Mannheim) for 15 min at 37OC, post-fixed in 4% para- 
formaldehyde, washed in PBS, acetylated for 10 min with 0.25% acetic 
anhydride in 0.1 M  triethanolamine, washed in 2 x SSC (20 x SSC = 
3M NaCI, 0.3M sodium citrate), and dehydrated by ethanol. 

[35S]RNA probes were denatured at 80°C and diluted in the hybrid- 
ization buffer (Coxet al., 1984)at aconcentration of 50 pg/pl. Hybridiza- 
tion was performed at 6O“C for 18 hr. After a wash in 4x SSC at 
20°C, slides were treated with 10 pglml of RNAase A (type Ill A, Sigma) 
for 30 min at 37’C, subsequently washed in 0.1 x SSC at 60°C, dehy- 
drated by ethanol, anddipped in nucleartrack emulsion (Kodak NTBZ). 
The slides were exposed at 4°C for 2-4 weeks. After developing, 
slides were stained with a DNA intercalating fluorescent dye (Hoechst 
33258), mounted, and observed under dark-field and ultraviolet illumi- 
nation with a Zeiss microscope. 

Cell Culture 
CEFs were grown in Dulbecco’s modified Eagle’s medium supple- 
mented with 10% heat-inactivated fetal calf serum, 2% heat-inactivated 
chicken serum, 100 U of penicillin/ml, 100 pg streptomycin/ml, 1 mM 
sodium pyruvate, 0.1 mM nonessential amino acids and, additionally, 2 
mM L-glutamine (all tissue culture media were purchased from GIBCO 
Laboratories) at 37’C. CEFs were prepared and cultured as described 
previously (Morrison et al., 1989). Transfection of CEFs with RCAS 
or RCAS-c-rel plasmid DNA was carried out following the procedures 
of Chen and Okayama (1987). Bone marrow cells were isolated from 
4-to lo-day old chicks as described previously (Boehmelt et al., 1992; 
Morrison et al., 1989). Subsequently, they were grown for 4 days in 
S.13 Dulbecco’s modified Eagle’s medium (Larsen et al., 1992) and 
supplemented with TGFa (Promega) at a concentration of 5 nglml and 
avian SCF (provided by Dr. F. Martin, Amgen) at a concentration of 
50 nglml. Cells were fed daily with fresh medium and growth factor. 

Infection of bone marrow was carried out by cocultivation with RCAS 
or RCAS-c-rel virus-producing CEFs. After 2 days of cocultivation, 
bone marrow cells were removed from the fibroblast monolayer and 
propagated in S13 Dulbecco’s modified Eagle’s medium, supple- 
mented as described above, with TGFa and SCF. Infected bone mar- 
row cells (1 x lo5 cells) were cytospun onto glass slides 6 days after 
infection and stained using Dif-Quick (Baxter). They were then photo- 
graphed using Kodak 160-T film. 

lmmunofluorescence 
Cells, fixed by the addition of 3% formaldehyde in PBS (0.15M NaCI, 
O.lM NazHPO,, O.lM NaH2P04), were stained with the affinity purified 
primary rabbit antibody SB66 at a dilution of 1150 followed by second- 
ary fluorescein isothiocyanate-conjugated goat anti-rabbit antibody 
(ICN Biomedical), as described previously (Morrison et al., 1989). To 
stain for actin cables, cells were stained with rhodamine-conjugated 
phalloidin according to the instructions of the manufacturer (Molecular 
Probes). 

Cell Fractionation and Western Blotting 
Cell fractionation was carried out following the protocols described in 
Morrison et al., (1989). Whole cells or nuclear and cytoplasmic frac- 
tions were subjected to Western blot analysis (lowbin et al., 1979) 
and probed with a polyclonal antibody SB66 that recognizes both v-rel 
and c-rel (Kabrun et al., 1991; Morrison et al., 1989). Detection of 
protein antibody complexes was carried out using the Enhanced 
Chemiluminescence system (ECL, Amersham). Alternatively, total em- 
bryos or individual organs at various developmental stages were dis- 
sected in PBS, transferred to a solution containing 0.06 M  Tris-HCI 
(pH 6.8), 5% B-mercaptoethanol, 2% SDS-polyacrylamide gel, 10% 
glycerol, 0.002% bromophenol blue, and suspended by dounce ho- 
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mogenization; samples were then sonicated, centrifuged at 10,000 x 
g, and equal amounts of protein were subjected to Western blot anal- 
ysis (Towbin et al., 1979). Nitrocellulose filters were probed with a 
1:2000 dilution of purified serum SB 146 specifically directed against 
the carboxy terminal 15 amino acids of chicken c-Rel protein (P. E., 
unpublished data). Detection of protein-antibody complexes was ac- 
complished using horseradish peroxidase-conjugated swine anti- 
rabbit immunoglobulin (1:500, Dakopatts) and incubation in diamino- 
benzidine (30 mg in 100 ml 0.05 M  Tris-HCI [pH 7.41, 0.01% HZ02). 

Electrophoretic Mobility Shift Assays 
Electrophoretic mobility shift assays were performed essentially as 
described previously (Kabrun et al., 1991) using nuclear or SIOO ex- 
tracts from transfected CEFs, prepared as described by Dignam et 
al. (1983). Incubation buffer contained 0.5 ug salmon sperm DNA, IO 
mM Tris-HCI (pH 7.5) 5 mM NaCI, 1 mM dithiothreitol, 1 mM EDTA, 
5% glycerol, and 3 mM dGTP. Oligonucleotide sequences are as pub- 
lished previously (Kabrun et al., 1991). 

DAPI Staining 
Bone marrow cells (1 x 105) infected for 6 days with RCAS or RCAS- 
c-rel virus were stained using the intercalating DNA dye DAPI (Boer- 
hinger Mannheim), following the manufacturets protocol. After stain- 
ing, the cells were mounted on glass slides in Mowiol (Hoescht) and 
photographed. 

Electron Microscopy 
Bone marrow cells (1 x 106) infected for 6 days with RCAS or RCAS- 
c-fe/virus were fixed in 3% glutaraldehyde in PBS overnight and pro- 
cessed for electron microscopy following the procedures outlined in 
Hayat (1974). 

rH]Thymidine Uptake 
Bone marrow cells (2 x 1 04) infected for 6 days with RCAS or RCAS- 
c-relvirus were suspended in 50 ul of S13 Dulbecco’s modified Eagle’s 
medium, incubated with PH]thymidine (4 Q/ml, Amersham) for 2 hr, 
and harvested onto glass fiber filters as described (Leutz et al., 1964). 

Characterization of DNA Degradation 
Embryos, dissected in PBS, were Dounce homogenized in STE (Tris- 
HCI 10 mM [pH 7.51, NaCl 10 mM, EDTA 10 mM). High molecular 
weight DNA was prepared following standard protocols (Ausubel et al., 
1987). Total DNA (1 ug) was labeled with 32P using Klenow polymerase 
according to Rosl (1992). Samples were electrophoresed on 1.8% 
agarose gels and the DNA visualized by autoradiography. As a positive 
control, we used DNA from dexamethasone-treated S49.1 mouse thy- 
mocytes (Ucker, 1987). 
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