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Using a subtractive cloning scheme on cDNA prepared from primary pro-B and pre-B cells, we identified
several genes whose products regulate apoptosis. We further characterized one of these genes, encoding protein
kinase Ch (PKCh). PKCh transcripts were readily detected in pro-B cells but were absent in pre-B cells.
Although both a full-length and a truncated form of PKCh were detectable in bone marrow pro-B cells,
transition to the pre-B-cell stage was associated with increased relative levels of truncated PKCh. We found
that PKCh is proteolyzed in apoptotic lymphocytes, generating a kinase-active fragment identical to the
truncated form which is capable of inducing apoptosis when expressed in a pro-B cell line. Caspase-3 can
generate an identical PKCh cleavage product in vitro, and caspase inhibitors prevent the generation of this
product during apoptosis in transfected cell lines. Inducible overexpression of either the full-length or trun-
cated form of PKCh results in cell cycle arrest at the G1/S transition. These results suggest that the expression
and proteolytic activation of PKCh play an important role in the regulation of cell division and cell death
during early B-cell development.

B-cell development is characterized by the ordered assembly
of immunoglobulin (Ig) heavy- and light-chain genes from
their component gene segments by a site-specific DNA rear-
rangement reaction known as V(D)J recombination (61). This
reaction is regulated such that heavy-chain genes assemble
before light-chain genes, and an individual B cell expresses
only one functional gene of each type (allelic exclusion [44,
46]). Heavy-chain protein is expressed on the surfaces of de-
veloping pre-B cells along with surrogate light chains and the
signal transduction molecules Iga and Igb in a complex known
as the pre-B-cell receptor (pre-BCR). The pre-BCR is a critical
regulator of development, responsible for the activation of
Ig-light-chain locus rearrangement and the inactivation of al-
lelic heavy-chain locus rearrangement (35, 49, 52). Mutational
inactivation of any of the components of the pre-BCR leads to
developmental arrest at a distinct stage of B-cell development
(13, 23, 24).

Developing pro-B cells which fail to assemble the pre-BCR
undergo apoptosis, whereas cells expressing the pre-BCR in-
crease expression of the anti-apoptotic Bcl-xL gene and survive
for an extended period (10). Furthermore, the ongoing expres-
sion of surface Ig is essential for B-cell viability (26). Due to
the sum of these processes, the great majority of developing B
cells fail to survive.

In addition to regulating gene rearrangement and cell sur-
vival, the pre-BCR signals specific alterations in the transcrip-
tion of several developmentally regulated genes, including
those encoding Bcl-x, TdT, and l5, and the germline k light
chain locus (10, 27, 58). In order to more fully define the set of
genes regulated by expression of the pre-BCR, we isolated
developmentally arrested pro-B cells from RAG1-deficient
mice, pre-B cells from RAG1-deficient/m-transgenic mice (58)
and mature B cells from wild-type spleen, and used RNA from

these cells to perform representational difference analysis
(RDA [19, 29]). This approach led to the isolation of a large set
of cDNA fragments whose expression was either positively or
negatively regulated by expression of the pre-BCR. Strikingly,
many of the genes encode proteins involved in apoptosis. We
report here on the regulated expression and posttranslational
modification of one of these genes, encoding protein kinase Ch
(PKCh), and present evidence suggesting that PKCh may be
involved in the regulation of programmed cell death by the
pre-BCR.

MATERIALS AND METHODS

Purification of CD191 B cells. B cells were purified from the bone marrow of
RAG1-deficient and RAG1-deficient/m-transgenic mice (58) and from the spleen
of wild-type mice by using biotinylated monoclonal rat anti-mouse CD19 anti-
body (25) and streptavidin paramagnetic beads (MiniMacs system; Milltenyi
Biotech) as previously described (54). In some experiments, less-mature bone
marrow B-lineage cells were purified by the depletion of secretory IgM-positive
(sIgM1) cells by using a monoclonal rat anti-mouse IgM antibody, yielding a
mixed population of pro-B and pre-B cells, followed by selection with biotinyl-
ated anti-CD19 antibody. In addition, wild-type pro-B and pre-B cells were
processed in a fluorescence-activated cell sorter (FACS) with anti-CD19, -CD43,
and -IgM antibodies. The purity of selected populations was assessed by flow
cytometry by using biotinylated monoclonal rat anti-mouse CD19, fluorescein
isothiocyanate-conjugated monoclonal rat anti-mouse CD43 (17), and phyco-
erythrin-conjugated goat anti-mouse IgM antiserum (Southern Biotech).

RDA procedure. Cells were pelleted and poly(A)1 RNA was directly purified
with the Micro-FastTrack mRNA Isolation Kit (Invitrogen). Poly(A)1 RNA was
converted to double-stranded cDNA by using the cDNA Synthesis System
(Gibco BRL) according to the manufacturer’s instructions. cDNA (2 mg) was
then digested with DpnII, phenol extracted, ethanol precipitated, and resus-
pended in 20 ml of TE (10 mM Tris [pH 8.0], 0.1 mM EDTA). The digested
cDNA (12 ml) was then used for RDA as previously described (19). Final
difference products after two rounds of subtraction were digested with DpnII and
cloned into the BamHI site of pBluescript II KS(1) (Stratagene). Plasmid DNA
was obtained by miniprep purification, digested with BamHI, and analyzed on
1.2% agarose gels. Inserts were gel purified, radioactively labelled by random
priming (Boehringer Mannheim), and hybridized to Southern blots of amplified
cDNA representing pro-B- and pre-B-cell populations. Inserts displaying differ-
ential expression were sequenced with an ABI Dideoxy Terminator Cycle se-
quencing apparatus (Applied Biosystems), and resulting sequences were com-
pared to the GenBank database with the BLAST program (2).

Library screening. The RAG1-deficient/m-transgenic cDNA library was pre-
pared in lgt22A by using the SUPERSCRIPT lambda system for cDNA synthe-
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sis and l cloning (Gibco BRL). Plaque hybridizations were performed with
replica nitrocellulose filters from plates containing 104 cDNA clones. Subtracted
RDA probes (described above) were labelled by random priming (Boehringer
Mannheim). Hybridizations were carried out for 3 days at 42°C in 25 mM
NaH2PO4-Na2HPO4 (pH 7.0), 53 SSC (13 SSC is 0.15 M NaCl plus 0.015 M
sodium citrate), 13 Denhardt’s solution, 250 mg of denatured salmon sperm
DNA per ml, 50% formamide, 10% dextran sulfate, and 2% sodium dodecyl
sulfate (SDS). Washings were performed in 23 SSC–0.1% SDS for 45 min at
68°C, followed by autoradiography. Clones hybridizing to subtracted probes were
picked and replated for a secondary screen.

Plasmids. Full-length PKCh (FL-PKCh) cDNA (a kind gift from J. F. Mushin-
ski, National Institutes of Health [NIH]) was constitutively expressed in 220-8
cells by using the pEFB expression vector (38) modified by addition of the
neomycin resistance gene. FL-PKCh, truncated PKCh (T-PKCh), and mutant
T-PKCh (muT-PKCh) were conditionally expressed in 220-8 cells (53) by using
a tetracycline-regulated system. 220-8 cell clones containing the pcDNA-tTak
regulatory plasmid (57) were provided by Ann Sheehy. FL-PKCh, T-PKCh, and
muT-PKCh were cloned into pTet-Splice (57) modified by addition of the neo-
mycin resistance gene. T-PKCh was generated by PCR by using FL-PKCh
plasmid DNA as a template, and its integrity was confirmed by DNA sequencing.
The primers for this amplification (GCTCTAGAAGCTTGGCAGGGATGGG
TCTCC and GGAATTCCTACAGTTGCAATTCCG) included restriction en-
zyme sites for cloning and were used to amplify 50 ng of plasmid DNA in a
25-cycle PCR at 94°C for 1 min, 66°C for 2 min, followed by a 10-min final
extension at 72°C. muT-PKCh was generated by using the Altered Sites II in
vitro mutagenesis system (Promega) and was sequenced to confirm mutation.
The sequence of the oligonucleotide used to mutate the ATP binding site of
PKCh was AGAACTGTACGCCGTGAATTCGCTGAAGAA.

Immunological reagents. Antibodies used in this study were polyclonal rabbit
anti-mouse PKCh directed against the unique carboxyl terminus of mouse PKCh
(amino acids 669-683) (Santa Cruz Biotechnology) followed by polyclonal don-
key anti-rabbit IgG conjugated to horseradish peroxidase (Amersham) and poly-
clonal anti-human poly(ADP-ribose) polymerase (PARP) from patient sera (a
gift of Antony Rosen) followed by polyclonal goat anti-human IgG conjugated to
horseradish peroxidase (Southern Biotechnology Associates, Inc.).

Cell cycle analysis. For cell cycle analysis, cultured cells were pulsed with 10
mM bromodeoxyuridine (BrdU) (Sigma) for 1 h in RPMI-1640 (Mediatech)
supplemented with 10% heat-inactivated fetal calf serum, penicillin-streptomy-
cin, and 50 mM b-mercaptoethanol (RPMI–10% fetal calf serum) at 37°C and
5% CO2. Cells were then fixed in ice-cold 70% ethanol (EtOH) and incubated
for 20 min at room temperature, washed with phosphate-buffered saline (PBS)
containing 0.5% bovine serum albumin (BSA) (wash buffer), and centrifuged.
The pellet was resuspended in 0.5 ml of denaturing solution (2 M HCl, 0.5%
BSA), incubated for 20 min at room temperature, centrifuged, and incubated for
2 min at room temperature in 0.5 ml of 0.1 M sodium borate. Cells were washed
once in wash buffer and incubated with mouse anti-human BrdU monoclonal
antibody (Pharmingen) in wash buffer plus 0.5% Tween 20 for 20 min at room
temperature. Cells were then washed once with wash buffer and incubated for 20
min with fluorescein isothiocyanate-conjugated goat anti-mouse IgG at room
temperature. After a final wash, cells were resuspended in 7-AAD (a fluorescent
dye used to measure DNA content) at 15 mg/ml of PBS. All analyses were
performed on a Becton-Dickinson FACScan instrument with CellQuest soft-
ware.

Gel electrophoresis and immunoblotting. Cells were washed once with PBS
and then lysed in SDS sample buffer (5 3 106 cells/80 ml of sample buffer; 10%
glycerol, 3% SDS, 50 mM Tris [pH 6.8]). Protein concentrations were deter-
mined by the bicinchoninic acid protein assay (Pierce) with BSA as a standard.
SDS–7.5% polyacrylamide gel electrophoresis (SDS-PAGE) was performed, and
the product was transferred to nitrocellulose (Schleicher and Schuell) in Tris-
glycine-methanol buffer. Membranes were blocked in PBS–0.1% Tween contain-
ing 5% nonfat dry milk. Membranes were incubated with a 1/500 dilution of
primary antibodies, followed by incubation with a 1/5,000 dilution of donkey
anti-rabbit or goat anti-human horseradish peroxidase-conjugated antibodies
and detection by enhanced chemiluminescence (Amersham).

Cell culture and induction of apoptosis. 220-8 cells (53) were cultured at 37°C
with 5% CO2 in 10% RPMI medium. Apoptosis was induced by using two
different protocols: (i) irradiation for 5 min with UV-B (0.5 mW/cm2) in PBS
followed by incubation at 37°C with 5% CO2 in 10% RPMI medium for 24 h or
(ii) incubation at 37°C with 5% CO2 in 10% RPMI medium supplemented with
2 mg of etoposide per ml (Sigma) for 48 h. Cell death by apoptosis was confirmed
by ethidium bromide visualization of internucleosomal DNA cleavage on 0.7%
agarose gels. DNA was purified as previously described (50). 220-8 cells harbor-
ing the tetracycline-regulated plasmids were maintained in 10% RPMI medium
supplemented with 0.5 mg of G418 per ml, 1.2 mg of mycophenolic acid per ml,
250 mg of xanthine per ml, 15 mg of hypoxanthine per ml, and 1 mg of tetracy-
cline-HCl (Sigma) per ml. For protein induction, cells were washed and cultured
in 10% RPMI medium in the absence of tetracycline.

Protease inhibitors. Leupeptin (stock concentration, 4.2 mM in water), pep-
statin A (1.4 mM in dimethyl sulfoxide [DMSO]), chymostatin (10 mM in
DMSO), and the caspase inhibitors Ac-YVAD-CHO (50 mM in water), Z-VAD-
FMK (50 mM in methanol), and Z-DEVD-FMK (50 mM in DMSO) were
purchased from Calbiochem. Tosyl-L-lysine chloromethyl ketone (TLCK) (100

mM in water) and tosyl-L-phenylalanine chloromethyl ketone (TPCK) (57 mM in
EtOH) were obtained from Boehringer Mannheim. Iodoacetamide (10 mM in
water) was obtained from Sigma. Protease inhibitors were added to culture
medium immediately after UV-B irradiation.

In vitro translation and caspase cleavage. PKCh was in vitro translated from
pBluescript vector by using the TnT T7 Quick System (Promega) according to
the manufacturer’s instructions. Recombinant caspase-3 with an activity of 250
relative fluorescence units/min/ml when DEVD-AMC was used as a substrate
was provided by Christine Kikly (SmithKline). Cleavage reaction mixtures con-
tained 4 ml of in vitro-translated PKCh and 3 ml of purified recombinant
caspase-3. Caspase reaction buffer (100 mM HEPES [pH 7.5]–10% sucrose–
0.1% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate [CHAPS]-
10 mM dithiothreitol) was added to bring the total volume of reaction to 30 ml.
Reactions were carried out at 37°C overnight (;15 h). Samples were separated
by SDS-PAGE and analyzed by Western blot analysis.

In-gel protein kinase assays. In-gel kinase assays were performed as described
with minor modification (9, 12). Protein extracts were subjected to electrophore-
sis on an SDS–4% polyacrylamide stacking gel and an SDS–7.5% polyacrylamide
separating gel. Myelin basic protein (MBP) (0.5 mg/ml; Sigma) was added to the
separating gel just prior to polymerization. Following electrophoresis, SDS was
removed from the gel by washing five times in 50 mM Tris-HCl (pH 7.6) for 15
min each. The gel was subsequently incubated in a solution containing 40 mM
Tris-HCl (pH 7.6), 0.1 mM EGTA, 0.1 mM EDTA, 10 mM MgCl2, 0.4 mM
dithiothreitol, and 250 mCi of [g-32P]ATP for 2 h at 25°C. Gels were washed
three times with a solution containing 40 mM Tris-HCl (pH 7.6), 1 mM EDTA,
2.5 mM sodium pyrophosphate, and 5% (wt/vol) Dowex 2 3 8 resin (20/50 mesh;
Fluka) for 1 h to remove unincorporated 32P. The gel was briefly rinsed with
deionized water and fixed with three washes in 10% (wt/vol) trichloroacetic acid
at 70°C for 1 h. The gel was then sealed in a plastic bag and exposed directly to
film.

RNA PCR analysis. RNA was prepared from cells by a modification of the acid
guanidine thiocyanate-phenol-chloroform extraction method (52). RNA PCR
assays were performed with randomly primed cDNA (51). Then 2 ml of cDNA
was amplified in a 25-ml reaction mixture by using previously described condi-
tions (52). Primers for control H-2 PCR and for the germline kappa transcript
were identical to those used previously (52). The PKCh primers were ATGTC
GTCCGGCACGATGAA and GACACCGAATATGTACTTC.

RESULTS

Isolation of pro-B-cell- and pre-B-cell-specific cDNA clones.
We used the subtractive cDNA cloning strategy of RDA to
identify genes whose activity is affected by expression of Ig-
heavy-chain protein during B-cell development (19, 29). In
wild-type mice, pro-B cells (fractions A to C) are CD431/
CD191, while pre-B and later-stage B cells are CD432/CD191

(fractions D to F [17]). In RAG1-deficient mice, B-cell devel-
opment is arrested at the CD431 pro-B-cell stage, while ex-
pression of a transgenic heavy-chain protein (m) in RAG1-
deficient/m-transgenic mice allows progression to the CD432

pre-B-cell stage (Fig. 1A) (58). Using biotinylated anti-CD19
antibodies and streptavidin paramagnetic beads, we purified
CD191/CD431 cells from RAG1-deficient mouse bone mar-
row (Fig. 1A) (pro-B, fractions A to C) and CD191/CD432

cells from RAG1-deficient/m-transgenic mice (pre-B, fraction
D). In addition, we purified CD191 surface IgM1 cells (frac-
tions E and F) from wild-type spleen. cDNA synthesized by
using RNA obtained from these various purified cell fractions
was used in a series of RDA experiments. We then used sub-
tracted RDA sequences to probe a RAG1-deficient/m-trans-
genic pre-B-cell cDNA library.

A total of 95 clones were analyzed: approximately 36 were
identified directly by RDA and the remainder were identified
by screening the cDNA library with RDA-derived probe pop-
ulations. Expression patterns of the selected cDNAs were de-
duced by Northern blot analysis and reverse transcription-PCR
(RT-PCR) (data not shown). The genes corresponding to 25 of
these cDNA fragments are listed in Table 1. Several of these
genes, including those encoding RAG2, the lambda light chain,
and Sox4, were previously known to be regulated during B-cell
development. Interestingly, several genes revealed by this
screen encode proteins with activities related to the redox
potential of the cell and to the induction of apoptosis. These
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FIG. 1. PKCh expression during B-cell development. (A) Two-color flow cytometric analysis of isolated murine bone marrow cells (upper panels). Unfractionated
wild-type bone marrow cells were resolved into fractions A to F by staining with anti-CD19 and either anti-IgM or anti-CD43 monoclonal antibodies (14) (lower panels).
CD191 cells were purified from the bone marrow of RAG1-deficient (Rag12/2) and RAG1-deficient/m-transgenic (RAG12/2/m) mice by using biotinylated anti-CD19
antibody and streptavidin paramagnetic beads. Purified cells were analyzed by staining with anti-CD19 and anti-CD43 antibodies. (B) RT-PCR analysis of PKCh
expression. Equivalent amounts of total RNA purified from the indicated organs (lanes 1 through 4), IgM1 splenocytes (mature B cells, lane 5), CD191 IgM2 bone
marrow (pro-B and pre-B cells, lane 6), RAG1-deficient CD192 bone marrow (pro-B cells, lane 7; lower panel part A) and RAG1-deficient/m-transgenic CD191 bone
marrow (pre-B cells, lane 8; lower panels part A) were reverse transcribed and analyzed by PCR with primers specific for PKCh and H-2 (an MHC class I transcript
used to confirm the integrity and equivalence of each sample). Controls included PCR analysis of genomic DNA (lane 9) and a mock cDNA reaction (no RNA).
Products were separated by gel electrophoresis, blotted to nylon filters, and hybridized with radioactive probes specific for each transcript. Phosphorimages of the blots
are shown. (C) RT-PCR analysis of PKCh expression in RNA purified from sorted wild-type pro-B and pre-B cells. Pro-B and pre-B cells were purified by FACS from
wild-type bone marrow by using anti-CD19, anti-CD43, and anti-IgM antibodies, and RNA was purified. Aliquots of randomly primed cDNA generated from these
RNAs were analyzed for transcription of PKCh, the germline kappa transcript (ko), and H-2. Both undiluted and 1:10-diluted cDNA was analyzed as indicated. Lane
1 contained H2O in place of template. The phosphorimage of PCR product blots is shown.
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include proteins located in the mitochondria such as cyto-
chrome c, NADH-ubiquinone oxidoreductase, and F1-ATPase.
Cytochrome c has been shown to induce apoptosis in cell
extracts (30), NADH-ubiquinone oxidoreductase is a potent
generator of reactive oxygen species (47), and inhibitors of
F1-ATPase have been shown to induce apoptosis in the WEHI
231 B cell line (39). Galectin 9 is a recently identified member
of a family of proteins which have been shown to stimulate
superoxide production (62) and to induce apoptosis of T cells
(42, 43). A similar set of genes was also identified in a screen
for transcripts induced by p53 expression before the onset of
apoptosis (45).

Additional gene products identified by our screen have also
been implicated in apoptosis. Increased levels of inositol 1,4,5-
triphosphate receptor have been shown to mediate apoptosis
in lymphocytes (21). The lysosomal aspartic protease cathespin
D has been shown to induce apoptosis in HeLa cells when
overexpressed (8) and in PC12 cells following serum depriva-
tion (55). The effector cell protease receptor-1 shares extensive
homology with a recently identified gene that functions as an
apoptosis inhibitor, survivin (3). Activated Raf kinase, known
to regulate cell proliferation and apoptosis, induces the hyper-
phosphorylation of stathmin and the reorganization of micro-
tubule networks (32). Expression of the antiproliferation gene
encoding TIS21 is induced upon DNA damage in cell lines,

while cells with a targeted disruption in the TIS21 gene fail to
undergo cell cycle arrest in response to DNA damage (48). In
addition, TIS21 expression is induced in kidney and liver dur-
ing acute pancreatitis and is thought to play a role in the
control of apoptosis progression in these tissues (11).

Stage-specific expression of PKCh during B-cell develop-
ment. We chose to further characterize one gene from the
group implicated in apoptosis, the gene encoding PKCh. To
examine the pattern of expression of PKCh mRNA, we per-
formed RT-PCR analysis on RNA purified from various mu-
rine tissues. Amplification of a major histocompatibility com-
plex (MHC) class I gene transcript expressed at similar levels
in all cells showed that there were similar amounts of ampli-
fiable cDNA in each sample (Fig. 1B, H-2 lanes). We found
high levels of PKCh transcripts in thymocytes, IgM2 bone
marrow-derived B-cell precursors from wild-type mice, and
bone marrow-derived pro-B cells from RAG1-deficient mice
(Fig. 1B, PKCh). Interestingly, we detected extremely low lev-
els of PKCh transcripts in pre-B cells purified from RAG1-
deficient/m-transgenic bone marrow. We confirmed this differ-
ence between pro-B and pre-B expression levels by analyzing
RNA purified from wild-type CD191/CD431 pro-B and
CD191/CD432 IgM2 pre-B cells. We found that pro-B cells
expressed approximately 10-fold more PKCh mRNA than
pre-B cells (Fig. 1C, compare lanes 2 and 3 with lanes 4 and 5).
IgM1 splenic B-cell RNA contained a higher level of PKCh
transcripts than did unfractionated splenocyte RNA, suggest-
ing that mature T lymphocytes express lower levels of PKCh
mRNA than do mature B lymphocytes (Fig. 1B, lanes 4 and 5).
We also detected expression in cells harvested from brain and
kidney (lanes 1 and 2), thus confirming and extending previous
reports characterizing the broad pattern of expression of
PKCh (4, 36).

PKCh is cleaved during B-cell development. We used anti-
sera specific for PKCh to examine PKCh expression in lym-
phocytes at the protein level. We detected a single 80-kDa
protein, corresponding in molecular mass to FL-PKCh, in thy-
mocytes and splenocytes (Fig. 2A, lanes 1 and 3). However, the
pattern of PKCh expression detected by Western blot in
RAG1-deficient pro-B cells, RAG1-deficient/m-transgenic
pre-B cells, and a mixture of wild-type pro-B and pre-B cells
was more complex. In addition to the 80-kDa band corre-
sponding to FL-PKCh, we also detected a 50-kDa immunore-
active species (Fig. 2B, PKCh lanes 1 to 3). Since our anti-
PKCh antiserum was raised against a peptide corresponding to
amino acids 669 to 683 in the carboxy terminus of mouse
PKCh, we hypothesized that the 50-kDa band contains the
C-terminal kinase domain of PKCh. Both the 80- and 50-kDa
Western blot bands were specific in that they could be com-
peted by the immunogenic peptide (data not shown).

Because PKC isoforms d and u are substrates for proteolysis
during apoptosis (7, 9), we asked whether the 50-kDa species
observed in developing B cells by Western blot analysis might
be due to apoptosis-induced PKCh proteolysis. As an initial
test of this idea, we subjected thymocytes and splenocytes to
gamma irradiation and performed Western blot analysis of
protein lysates. Extracts from irradiated (apoptotic) thymo-
cytes contained a 50-kDa immunoreactive species in addition
to 80-kDa FL-PKCh (Fig. 2A, lane 2). This 50-kDa species
comigrates with a 50-kDa band detected in lysates of RAG-
deficient and wild-type CD191 bone marrow cells (data not
shown). The 50-kDa species is also present at low levels in
irradiated primary splenocytes (Fig. 2A, lane 4). Detection of
different levels of the 50-kDa fragment in developing T lym-
phocytes from thymus versus mature splenocytes suggests that

TABLE 1. Subtracted genesa

Pre-B-cell-specific genes
Group I

Effector cell protease receptor 1
Stathmin
Calpactin
Topoisomerase II
Inositol triphosphate receptor 1
Ki-67
LPS-inducible gene
Cyclin-dependent kinase
Rag 2

Group II
Mi-2
Y-box transcription factor
ZNF 131
TIS 21
ALL-1
SAM synthetase
p78 kinase
Sox-4
Tax-1
21-kDa polypeptide
Cytochrome c
NADH-ubiquinone oxidoreductase
Ubiquitin carboxyl-terminal hydrolase
TAT-binding protein
F1-ATPase
CD33
Lambda light chain

Pro-B-cell-specific genes (group I)
Cathepsin D
TdT
Galectin 9
BCR-1
Lactotransferrin
PKCh

a Group-I genes were identified by RDA. Group-II genes were cloned from a
pre-B-cell cDNA library probed with RDA-subtracted cDNA. Genes printed in
bold have been implicated in apoptosis. Only cDNA showing differential expres-
sion patterns are listed. Detailed references for each gene are available upon
request.
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susceptibility to irradiation-induced apoptosis and proteolysis
of PKCh might be developmentally regulated.

The ratio of FL- to cleaved PKCh was much lower in pre-B
cells than in pro-B cells (Fig. 2B, compare lanes 1 and 2). Thus,
FL-PKCh mRNA and protein are expressed at the pro-B-cell
stage, while the cleaved protein remains detectable at the pre-
B-cell stage of development, despite greatly diminished levels
of transcript. Figure 2B also shows the same protein immuno-
blot stripped and reprobed with antibodies directed against
PARP. PARP is a substrate known to be cleaved during apo-
ptosis in a number of cell culture systems (5, 59). We were
unable to detect cleavage of PARP in any stage of B-cell
development, although proteolytic cleavage of PARP in
PKCh-transfected 220-8 cells undergoing UV-B-induced apo-
ptosis was easily detectable (Fig. 2B, lane 4). These observa-
tions led us to hypothesize that PKCh might be involved in
apoptosis during lymphocyte development with its cleavage
occurring prior to or independent of PARP cleavage.

PKCh cleavage is induced by various proapoptotic stimuli
in a transfected pro-B cell line. We used the Abelson virus-
transformed pro-B cell line 220-8 to further examine the rela-
tionship between PKCh and apoptosis. Endogenous PKCh was
undetectable in 220-8 cells by Western blot analysis but was
readily detectable after stable transfection with an expression
vector containing the FL-PKCh cDNA (Fig. 3A, compare
lanes 1, 5, 7, and 9). Treatment of cells with the anticancer drug
etoposide, a DNA-damaging agent, results in the induction of
apoptosis (5, 63). In 220-8 PKCh transfectants, etoposide-in-
duced apoptosis was associated with cleavage of PKCh to a
50-kDa fragment (Fig. 3A, lanes 6, 8, and 10) and the charac-
teristic internucleosomal cleavage of chromosomal DNA (Fig.
3B, lanes 2 and 4). Similar results were obtained with apoptosis
induced by the DNA-damaging agent camptothecin and by
UV-B irradiation (Fig. 2A, lane 5; Fig. 2B, lane 4; and data not
shown). This 50-kDa apoptosis-induced cleavage product
comigrates with the 50-kDa PKCh species expressed in devel-
oping B cells (Fig. 2B).

Protease inhibitors block UV-B-induced cleavage of PKCh.
Genetic and biochemical studies have demonstrated that pro-
teases of the caspase family are involved in the induction of
apoptosis (34, 65). The finding that proteolytic cleavage of
PKCd and PKCu occurs between aspartic acid and asparagine

FIG. 2. Western blot analysis of PKCh expression in developing lympho-
cytes. (A) PKCh expression in gamma-irradiated lymphocytes. Single cell sus-
pensions from thymus and spleen were either cultured directly (lanes labelled 2)
or subjected to 1,000 rads of gamma irradiation and cultured for 15 h (lanes
labelled 1). Cells were lysed, and equal amounts of protein (20 mg) were
subjected to immunoblot analysis with anti-PKCh antiserum. Lane 5 contains a
lysate of a pro-B cell line transfected with an expression vector containing the
PKCh cDNA (clone A4) and induced to undergo apoptosis by UV-B irradiation.
Arrows indicate FL-PKCh (80 kDa) and a smaller polypeptide which specifically
reacts with anti-PKCh antisera (50 kDa). (B) (Upper) PKCh expression in
purified B-cell populations. Cells from the bone marrow of RAG1-deficient
(pro-B), RAG1-deficient/m-transgenic (pre-B), and wild-type (pro-B plus pre-B)
mice were harvested, and B-cell precursors were purified by positive selection
based on the expression of CD19 and negative selection for surface IgM (see
Materials and Methods). The lane labelled A4/UV-B shows lysates prepared
from transfected pro-B cell clone A4, as described above. Identical cell equiva-
lents (106) were analyzed by immunoblotting by using anti-PKCh antisera. Ar-
rows indicate the 80-kDa FL-PKCh and the 50-kDa immunoreactive fragment.
(Lower) The immunoblot shown in panel A was stripped and reprobed with
anti-PARP antisera. Arrows denote full-length PARP (113 kDa) and cleaved
PARP (89 kDa).

FIG. 3. PKCh is cleaved to a 50-kDa fragment during apoptosis. (A) Western
blot analysis of 220-8 pro-B cells transfected with a PKCh expression vector and
induced to undergo apoptosis. Untransfected (lanes 1 and 2), empty-vector
transfected (vector clone B1, lanes 3 and 4), and PKCh-transfected 220-8 cells
(clones A4, A5, and A6, lanes 5 to 10) were cultured in the absence (2) or
presence (1) of 2 mg of etoposide per ml for 48 h. Lysates were subjected to
immunoblot analysis with anti-PKCh antisera. Arrows indicate FL-PKCh (80
kDa) and cleaved PKCh (50 kDa). Equivalent amounts of protein (20 mg) were
analyzed. (B) Etoposide treatment leads to apoptosis, as evidenced by DNA
fragmentation. Control untransfected (lanes 1 and 2) and PKCh-expression-
vector-transfected 220-8 cells (lanes 3 and 4) were treated with etoposide as
described above. DNA was harvested and equal amounts (1 mg) were electro-
phoresed through 0.7% agarose gels and visualized with ethidium bromide stain-
ing.
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at sites similar to one cleaved in caspase-1 (9, 18) raised the
possibility that a caspase family member was involved in cleav-
age of PKCh. To address this issue, PKCh-transfected 220-8
cells were stimulated to undergo apoptosis by UV-B irradia-
tion in the presence of various protease inhibitors. Chymosta-
tin, pepstatin A, and leupeptin did not prevent cleavage of
PKCh (Fig. 4A, lanes 11 to 13). In contrast, TPCK, TLCK, and
iodoacetamide abolished the cleavage of PKCh (Fig. 4A, lanes
5 to 10). Thus, the sensitivity of PKCh cleavage to protease
inhibitors is identical to that observed for PARP and U1-70-
kDa cleavage in apoptotic cells (5, 20).

We next examined the effects of peptide caspase inhibitors
on UV-B-induced proteolysis of PKCh in transfected 220-8
cells. While Ac-YVAD-CHO is a specific inhibitor of
caspase-1, Z-VAD-FMK and Z-DEVD-FMK are broader in

their inhibitory activity, inhibiting caspase-1, caspase-3, and
other caspases with varying efficiencies (33). Cleavage of PKCh
was insensitive to lower concentrations of Ac-YVAD-CHO but
was inhibited at higher concentrations (Fig. 4B, lanes 3 to 6).
Z-VAD-FMK and Z-DEVD-FMK, both irreversible inhibi-
tors, completely blocked proteolytic cleavage at all concentra-
tions tested (Fig. 4B, lanes 9 to 12 and 15 to 18, respectively).
These findings suggest the involvement of a caspase family
member either directly or indirectly in PKCh cleavage.

To further investigate the possibility that PKCh might serve
as a caspase substrate, we subjected in vitro transcripts of the
PKCh cDNA to in vitro translation and digested the reaction
products with purified recombinant caspase-3. In addition, we
generated a mutant PKCh cDNA which utilizes an internal
ATG initiation codon present in the third variable region (V3)
of PKCh (see Fig. 6A). This construct was designed to gener-
ate a C-terminal PKCh fragment of a size similar to that of the
apoptosis-associated cleavage product. This T-PKCh cDNA
was also transcribed and translated in vitro and then subjected
to recombinant caspase-3 cleavage. T-PKCh was several kilo-
daltons smaller than the in vivo cleavage product of FL-PKCh,
suggesting that the cleavage site in vivo is closer to the N
terminus than the artificial start site used in the T-PKCh con-
structs (Fig. 4, compare lanes 1 and 4). Treatment of FL-PKCh
with caspase-3 produced a 50-kDa proteolytic fragment which
comigrated with the in vivo apoptosis-associated fragment of
PKCh (Fig. 4C, lanes 1 and 3). A second in vitro cleavage
product was also detected, but this fragment was never de-
tected in vivo. In contrast, T-PKCh was not susceptible to
recombinant caspase-3 digestion in vitro (Fig. 4C, lane 5).
Thus, PKCh is a substrate for caspase-3 in vitro, cleaving a site
in or upstream of the V3 region.

Cleavage of PKCh is associated with activation of its kinase
function. To explore the biological significance of PKCh cleav-
age in developing B cells, we assessed whether cleavage of
PKCh during apoptosis resulted in activation of its kinase
function. An in-gel kinase assay was used to detect phosphor-
ylation of a known substrate for all PKC isoforms, myelin basic
protein (9). Kinase activity was restricted to PKCh-transfected
cells induced to undergo UV-B-induced apoptosis (Fig. 5B,
lane 6) and comigrated with the 50-kDa fragment detected by
immunoblot analysis in apoptotic cell lysates (Fig. 5A, lane 2).
As predicted, the FL-PKCh protein did not have kinase activ-
ity in the absence of added coactivators. Taken together, these
findings indicate that cleavage of PKCh during apoptosis in
220-8 cells is associated with activation of its kinase function.

Inducible expression of either FL-PKCh or T-PKCh in
transformed pro-B cells alters cell cycle progression. To de-
termine whether PKCh contributes to apoptosis, we expressed
FL-PKCh, T-PKCh, and a kinase-deficient muT-PKCh (Lys-
383 in the ATP-binding site mutated to Asn) in 220-8 cells by
using a tetracycline-regulated expression system (57). A dia-
gram of the FL-PKCh, T-PKCh, and muT-PKCh constructs is
shown in Fig. 6A. These constructs were expressed under the
control of the tTA transactivator, comprised of the Escherichia
coli tetracycline repressor fused to the transactivation domain
of the herpes virus VP16 protein. The addition of tetracycline
to the culture medium blocks transcription of PKCh by pre-
venting binding of tTA to tetO operator sequences present
within the promoter of the PKCh expression construct. We
used Western blot analysis to confirm the expression of the
various PKCh constructs upon tetracycline withdrawal (Fig.
6B). As described above, T-PKCh and muT-PKCh migrated
with slightly faster mobility on an SDS-polyacrylamide gel than
the UV-B-induced 50-kDa cleavage product of FL-PKCh.

The induction of FL- and T-PKCh protein expression led to

FIG. 4. Effect of protease inhibitors on PKCh cleavage. (A) PKCh-trans-
fected 220-8 cells (clone A4) were irradiated with UV-B and incubated for 24 h
in growth medium containing the indicated protease inhibitors. Cells were then
lysed, and equivalent amounts of protein (20 mg) were immunoblotted with
anti-PKCh antisera. Lysates from a control culture (no protease inhibitors, lane
1) or cultures with the various drug diluents (lanes 2 to 4) are shown. The arrows
indicate FL- and cleaved PKCh. (B) Caspase inhibitors block the generation of
the 50-kDa PKCh fragment. The caspase inhibitors Ac-YVAD-CHO (lanes 3 to
6), Z-VAD-FMK (lanes 9 to 12), and Z-DEVD-FMK (lanes 15 to 18) were
added to cells described in panel A during a 24-h culture period after UV-B
treatment, and cells were lysed, and subjected to immunoblot analysis with
anti-PKCh antisera. The open triangle indicates increasing levels of inhibitor (25,
50, 100, and 200 mM). Control samples with no protease inhibitor (lanes 2, 8, and
14) or drug diluent (lanes 1, 7, and 13) are shown to the left of each set. The
arrows indicate FL- and cleaved PKCh. (C) Recombinant caspase-3 cleaves
PKCh in vitro. In vitro-translated FL-PKCh (lanes 2 and 3) or T-PKCh (lanes 4
and 5) was incubated for 15 h at 37°C in the absence (lanes 2 and 4) or presence
(lanes 3 and 5) of purified recombinant caspase-3 and subjected to immunoblot
analysis with anti-PKCh antisera. Lane 1 contains a lysate of PKCh-transfected
cells (clone A4) induced to undergo apoptosis in response to UV-B irradiation.
The arrows indicate the intact (80 kDa) and proteolysed (50 kDa) forms of
FL-PKCh.
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marked decreases in the proliferation of 220-8 cells as com-
pared to empty vector control and muT-PKCh transfectants.
The doubling time of control cells was, on average, 12 h,
whereas cells expressing FL-PKCh or T-PKCh doubled every
18 and 20 h, respectively (data not shown). MuT-PKCh ex-
pression had no effect on the growth rate of transfected cells.
Previous studies showing that NIH 3T3 fibroblasts expressing

FL-PKCh exhibit diminished growth rates are consistent with
these observations (31). To further characterize this effect, we
labelled cells in culture with the thymidine analog BrdU and
used flow cytometry to analyze cell cycle status. BrdU-pulsed
cells were harvested, permeabilized, and stained with anti-
BrdU antibody and 7-AAD. FACS analysis of control cells
showed a normal pattern of cell cycle distribution (Fig. 7A).
However, induction of expression of either FL- or T-PKCh
decreased the number of cells that progressed from the G0/G1
phase into the S and G2/M phases of the cell cycle (Fig. 7A and
B). Expression of muT-PKCh had little effect on cell growth.
Taken together, these results indicate that expression of either
FL- or T-PKCh causes a block in cell cycle progression at the
G1/S transition and that this activity requires its kinase func-
tion. Moreover, these data suggest a possible role for PKCh in
cell cycle regulation in developing B cells.

Induction of apoptosis by overexpression of PKCh catalytic
fragments. Having found that PKCh was cleaved into a kinase-
active form during apoptosis, we sought to clarify the role of
the catalytic fragment of PKCh in contributing to apoptosis
itself. We assayed the transfectants described above for endo-
nucleolytic cleavage of nuclear DNA by agarose gel electro-
phoresis (Fig. 7C). Induction of T-PKCh expression was asso-
ciated with DNA fragmentation indicative of apoptosis (lanes
10 and 12). This was not observed upon induction of FL-PKCh
(lanes 5 to 8) or control-vector transfectants (lanes 1 to 4).
Furthermore, the kinase-inactive muT-PKCh failed to induce
DNA fragmentation (lanes 13 to 16), supporting a role for the
C-terminal kinase domain of PKCh in the apoptotic pathway.

DISCUSSION

Members of the PKC family are serine and threonine ki-
nases with a wide range of physiological functions. These en-

FIG. 5. Apoptosis activates a 50-kDa kinase in PKCh-transfected 220-8 cells.
(A) Western blot analysis of PKCh-transfected 220-8 cells induced to undergo
apoptosis by UV-B treatment. PKCh-transfected (clone A4; lanes 1 and 2) and
untransfected (lanes 3 and 4) 220-8 cells were treated with UV-B, cultured for
24 h, and lysed. Equal amounts (20 mg) of lysate were subjected to immunoblot
analysis with anti-PKCh antisera. Asterisks denote the 80-kDa and 50-kDa FL-
and cleaved PKCh proteins, respectively. (B) In-gel kinase assay. Lysates (20 mg)
from cells described in panel A were electrophoresed through gels containing 0.5
mg of myelin basic protein per ml incorporated in the gel matrix. Following gel
electrophoresis, SDS was washed from the gels, and a kinase reaction with
[g-32P]ATP was carried out in vitro. After unincorporated radioactive material
was removed, the gel was fixed and exposed to film. A phosphorimage of the gel
is shown.

FIG. 6. Tetracycline-regulated expression of PKCh in transfected cell lines. (A) Schematic of PKCh. The FL-PKCh construct contains both the regulatory regions
(V1 and C1) and the kinase regions (C3, V4, C4, and V5) separated by V3. The truncated constructs (T-PKCh and muT-PKCh) contain only the kinase region and
use internal ATGs present in the V3 region to initiate translation. MuT-PKCh contains Asn substituted for Lys403 in the ATP binding site. The putative site for
apoptosis-induced cleavage is shown upstream of the ATG in V3. (B) Western blot analysis of tetracycline-regulated expression of PKCh. Extracts (20 mg) from
vector-transfected (vector clones 1 and 2; lanes 1 to 4), FL-PKCh-transfected (clones 6 and 13; lanes 5 to 8), T-PKCh-transfected (clones 2 and 3; lanes 9 to 12), and
muT-PKCh-transfected (clones 4 and 8; lanes 13 and 14) 220-8 cells grown for 96 h in the presence (1) or absence (2) of 1 mg of tetracycline per ml were subjected
to immunoblot analysis by using anti-PKCh antisera. The last lane, labelled A4/UV-B, shows PKCh-transfected clone A4 induced to undergo apoptosis by UV-B
treatment. Arrows denote 80-kDa FL-PKCh, 50-kDa cleaved PKCh, and a slightly smaller T-PKCh fragment.
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FIG. 7. T-PKCh expression arrests cell cycle progression in G1 and induces apoptosis. (A) Flow cytometric analysis of cell cycle status. Cells (as described in the
legend to Fig. 6B) were grown in the absence of tetracycline for 96 h and pulsed with 10 mM BrdU for 1 h. Cells were then permeabilized, stained with monoclonal
anti-BrdU antibody and 7-AAD, and analyzed for DNA content by flow cytometry. Representative analyses of empty-vector transfected control cells (clone V2) (left)
and T-PKCh-transfected cells (clone T2) (right) are shown with the boxed regions indicating cells in G0/G1, S, and G2/M. Each cell culture was subjected to identical
analysis. (B) The percentage of cells in each phase of the cell cycle is depicted in a bar graph. The identity of each clone is indicated below each set of bars. Flow
cytometry data was gated on live cells by using forward and side-scatter criteria. (C) Cells (as described in the legend to Fig. 6B) were grown for 96 h in the presence
(1) or absence (2) of 1 mg of tetracycline per ml, and DNA fragmentation was monitored by gel electrophoresis in 0.7% agarose gels. A digital photograph of the
ethidium-stained gel is shown.
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zymes are activated upon external stimulation of cells by var-
ious ligands, including hormones, neurotransmitters, and
growth factors (reviewed in reference 40). The 11 known iso-
forms of PKC have been divided into the classical (cPKC; a, b,
and g), novel (nPKC; d, ε, h, u, and m), and atypical (aPKC; z
and l) groups (1). The Ca21-dependent cPKCs contain the
conserved regulatory regions C1 and C2, while the Ca21-inde-
pendent nPKC and aPKC isoforms lack the Ca21-binding C2
domain (40).

Proteolytic cleavage is known to regulate the activity of sev-
eral PKC isoforms. cPKCs undergo cleavage in V3 by the
calcium-activated proteases calpain I and II, deleting the C1
and C2 regulatory regions and resulting in kinase-active frag-
ments (22). Other studies have shown that the PKCd and u
isoforms are cleaved and activated by the cysteine protease
caspase-3 in cells induced to undergo apoptosis (7, 9).
Caspase-3-mediated cleavage of PKCd at a DMQD/N site, and
PKCu at a DEVD/K site, deletes the C1 regulatory domain.
Overexpression of the anti-apoptotic proteins Bcl-2 and Bcl-xL
blocked cleavage of both kinases, while overexpression of the
cleaved, kinase-active PKCu fragment resulted in apoptosis (7,
9).

We found that PKCh mRNA is expressed at high levels in
purified pro-B cells and early-stage thymocytes, and at lower
levels in purified pre-B cells, mature B cells, and unfraction-
ated spleen (Fig. 1). Analysis of PKCh at the protein level
revealed a more complex pattern of expression (Fig. 2). FL-
PKCh was predominant in purified bone marrow pro-B cells
and nearly absent from pre-B cells. The truncated form of
PKCh was present in similar amounts at both developmental
stages, but the ratio of cleaved to full-length protein was clearly
increased in pre-B cells.

Thymocytes and unfractionated bone marrow cells cleave
endogenous PKCh into a 50-kDa fragment in response to
gamma irradiation (Fig. 2A and data not shown). While not
expressed in a variety of transformed pro-B cell lines, PKCh is
cleaved in a pro-B cell line transfected with PKCh cDNA and
induced to undergo apoptosis with a variety of DNA-damaging
agents. Surprisingly, PKCh was relatively resistant to irradia-
tion-induced cleavage in mature splenic lymphocytes, suggest-
ing that susceptibility of PKCh to irradiation-induced apopto-
sis and proteolysis may be a developmentally regulated
characteristic of B and T lymphocytes.

Inducible expression of either FL- or T-PKCh in 220-8 cells
led to a cell cycle arrest (Fig. 7B). In the case of the truncated
protein, this arrest was accompanied by apoptotic cell death
(Fig. 7C). Both of these effects required intact kinase activity,
as the kinase-inactive mutant failed to induce cell cycle arrest
or apoptosis. Previous reports have shown that ectopic expres-
sion of FL-PKCh in NIH 3T3 fibroblasts blocked phosphory-
lation of Rb protein and inhibited cell growth in quiescent
cultures restimulated to enter the cell cycle (31). PKCh inhi-
bition of cell growth in these systems correlated with increased
expression of cyclin E and of the cyclin-dependent kinase in-
hibitors p21 and p27. Furthermore, in contrast to control NIH
3T3 cells, cells transfected with PKCh could be induced to
undergo adipocyte differentiation. In the epidermis, high levels
of PKCh expression are detected in the suprabasal layers
where keratinocytes undergo differentiation (41). These data
are consistent with a model where altered expression of cell
cycle-related genes may contribute to the ability of PKCh to
promote cellular differentiation. Thus, PKCh can regulate the
cell cycle, promote differentiation, and contribute to apoptosis.
The existence of two forms of PKCh, having overlapping and
distinct effects, complicates analysis of the potential roles of
PKCh in B-cell development, however.

How is the truncated form of PKCh generated in developing
B cells? It is possible that T-PKCh is generated by the initia-
tion of translation at an internal ATG within its mRNA. Ex-
amination of the nucleotide sequence of PKCh revealed an
ATG codon which might generate a protein of the approxi-
mately correct size. We do not think this is the case, however,
for the following reasons. First, in vitro translation of FL-
PKCh mRNA did not lead to the generation of a 50-kDa
protein (Fig. 4C). Second, our engineered truncated protein
uses the ATG in question and generates a fragment signifi-
cantly smaller than the T-PKCh generated by the induction of
apoptosis in cells expressing the full length protein (Fig. 4C
and 6B). Finally, at the pre-B-cell stage in B-cell development
where we detect the greatest fraction of cleaved PKCh, we fail
to detect any PKCh mRNA (Fig. 1B and 2B).

The correlated appearance of the 50-kDa form of PKCh
with the induction of apoptosis suggests that it may be the
proteolytic target of a caspase. In fact, our inhibitor studies
show that inhibitors which specifically block caspase-3 prevent
the generation of the 50-kDa PKCh fragment (Fig. 4A and B).
Also, FL-PKCh is cleaved by purified recombinant caspase-3
in vitro (Fig. 4C). In this regard it is worth noting that although
PKCh lacks the preferred caspase-3 cleavage site DEXD, a
potential caspase-3 site (NKVD) occurs at amino acids 228 to
231 (4). Aside from a stringent requirement for Asp in P1,
caspase-3 can accommodate other amino acids in P2-4 (60).
Hence, both in vivo and in vitro studies point to caspase-3 as
the protease which cleaves PKCh in developing B cells. We are
currently attempting to determine the in vivo cleavage site by
direct peptide sequence analysis. Finally, it remains possible
that caspase-3 activates a different protease that is directly
responsible for PKCh proteolysis.

Does PKCh proteolysis regulate apoptosis of developing B
cells? Death is a frequent outcome for cells at each stage of
B-cell development. Pro-B cells that fail to generate an in-
frame heavy-chain-gene rearrangement die by apoptosis.
Forced expression of the anti-apoptotic gene encoding Bcl-xL
rescues these cells but does not promote their further devel-
opment (10). Pre-B cells which fail to generate an in-frame
light-chain-gene rearrangement also fail to survive. This is
most obvious in RAG1-deficient/m-transgenic mice where mu-
tant pre-B cells are continuously generated and cannot mature
but achieve steady-state numbers nonetheless (;10 to 20% of
nonerythroid marrow) (56, 58). Immature B cells expressing
autoreactive surface IgM either successfully edit their recep-
tors or undergo apoptotic cell death (reviewed in reference
14). Finally, it was shown recently that continuous expression
of surface Ig is required for survival of mature peripheral B
cells (26). Hence, B cells at every stage in their development
are poised to undergo apoptosis.

During apoptosis, specific cellular proteins including PARP,
U1-70 kDa, and lamin A are targeted for proteolysis by
caspases (reviewed in reference 6). The consequences of these
proteolytic events, in particular whether the proteolytic frag-
ments themselves play a role in the execution pathway, in many
instances remain uncertain. The results reported in this paper
may shed some light on this question.

A decline in PKCd, -ε, and -u levels and generation of pro-
teolytic fragments were reported to occur during later stages of
Fas-mediated apoptosis (37), suggesting that the generation of
these fragments and reduced expression occurs after commit-
ment to the execution stage of apoptosis. The diminished levels
of PKCh mRNA and increased fraction of cleaved PKCh pro-
tein we observed in RAG1-deficient/m-transgenic and wild-
type pre-B cells suggest that PKCh might be playing a role in
the apoptosis of pre-B cells in vivo. Surprisingly, we failed to
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detect PARP cleavage at this stage in development. PARP is a
known substrate for cleavage during Fas-mediated apoptosis
(16) and is cleaved in PKCh-transfected 220-8 cells undergoing
UV-B-induced apoptosis (Fig. 2B). Our results suggest that
PKCh cleavage might occur prior to PARP cleavage during
apoptosis in B cells. Alternatively, cleavage of PKCh may oc-
cur independently of PARP cleavage during an alternative
pathway of apoptosis. This PARP-independent apoptosis path-
way may be limited to a specific stage of B-cell development. It
is also possible that PKCh cleavage in bone marrow pre-B cells
is a developmentally regulated event unrelated to apoptosis. If
this were the case, the cleaved form of PKCh might serve some
other role in these cells.

We detected the greatest proportion of cleaved PKCh in
RAG1-deficient/m-transgenic pre-B cells. This led us to con-
sider at which corresponding stage of wild-type B cell devel-
opment PKCh might be involved. RAG1-deficient pro-B cells
cannot assemble the pre-BCR due to their absolute block in
gene rearrangement. These pro-B cells must be dying, since
they are continuously generated and do not escape to the
periphery, but their overall numbers within the marrow do not
inexorably increase (58, 64). Wild-type pro-B cells that fail to
productively rearrange a heavy-chain gene undergo apoptosis
which can be partially blocked by bcl-x (10). Detection of some
PKCh cleavage product in RAG1-deficient pro-B cells leads us
to suggest that PKCh cleavage may be involved in this type of
pro-B-cell apoptosis.

Upon initial expression of the pre-BCR, developing B cells
undergo a period of proliferative expansion during which gene
rearrangement is suspended (15). This is followed by a period
of quiescence and active V(D)J recombination during what is
called the small, resting pre-B-cell stage (17, 28, 35). Pre-BCR
expression results in the transcriptional inactivation of l5 ex-
pression and the subsequent loss of the pre-BCR (28, 58). We
propose that unless the surrogate light chains are replaced by
a true light chain (the product of successful k or l gene re-
arrangement), these pre-B cells are destined to undergo apo-
ptosis. We believe that it is this apoptotic event which pre-
dominates in the RAG1-deficient/m-transgenic pre-B-cell
population since, due to their RAG-deficiency, these cells are
unable to generate a functional light-chain gene. PKCh cleav-
age may be involved in an apoptosis pathway which deletes
wild-type cells unable to generate a functional light chain.
Genetic experiments in which PKCh expression is disrupted in
developing B cells should shed more light on its precise role in
the development of this lineage.
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30. Liu, X., C. N. Kim, J. Yang, R. Jèmmerson, and X. Wang. 1996. Induction of
apoptotic program in cell-free extracts: requirement for dATP and cyto-
chrome c. Cell 86:147–157.

31. Livneh, E., T. Shimon, E. Bechor, Y. Doki, I. Schieren, and I. B. Weinstein.
1996. Linking protein kinase C to the cell cycle: ectopic expression of PKC
eta in NIH3T3 cells alters the expression of cyclins and Cdk inhibitors and
induces adipogenesis. Oncogene 12:1545–1555.

32. Lovric, J., S. Dammeier, A. Kieser, H. Mischak, and W. Kolch. 1998. Acti-
vated raf induces the hyperphosphorylation of stathmin and the reorganiza-
tion of the microtubule network. J. Biol. Chem. 273:22848–22855.

33. Margolin, N., S. A. Raybuck, K. P. Wilson, W. Chen, T. Fox, Y. Gu, and D. J.
Livingston. 1997. Substrate-and inhibitor specificity of interleukin-1 beta-
converting enzyme and related caspases. J. Biol. Chem. 272:7223–7228.

34. Martin, S. J., and D. R. Green. 1995. Protease activation during apoptosis:
death by a thousand cuts? Cell 82:349–352.

35. Melchers, F., D. Haasner, U. Grawunder, C. Kalberer, H. Karasuyama, T.
Winkler, and A. G. Rolink. 1994. Roles of IgH and L chains and of surrogate
H and L chains in the development of cells of the B lymphocyte lineage.
Annu. Rev. Immunol. 12:209–225.

36. Mischak, H., W. Kolch, J. Goodnight, W. F. Davidson, U. Rapp, S. Rose-
John, and J. F. Mushinski. 1991. Expression of protein kinase C genes in
hemopoietic cells is cell-type- and B cell-differentiation stage specific. J. Im-
munol. 147:3981–3987.

37. Mizuno, K., K. Noda, T. Araki, T. Imaoka, Y. Kobayashi, Y. Akita, M.
Shimonaka, S. Kishi, and S. Ohno. 1997. The proteolytic cleavage of protein
kinase C isotypes, which generates kinase and regulatory fragments, corre-
lates with Fas-mediated and 12-O-tetradecanoyl-phorbol-13-acetate-induced
apoptosis. Eur. J. Biochem. 250:7–18.

38. Mizushima, S., and S. Nagata. 1990. pEF-BOS, a powerful mammalian
expression vector. Nucleic Acids Res. 18:5322.

39. Nishihara, T., S. Akifusa, T. Koseki, S. Kato, M. Muro, and N. Hanada.
1995. Specific inhibitors of vacuolar type H(1)-ATPases induce apoptotic
cell death. Biochem. Biophys. Res. Commun. 212:255–262.

40. Nishizuka, Y. 1988. The molecular heterogeneity of protein kinase C and its
implications for cellular regulation. Nature 334:661–665.

41. Osada, S., Y. Hashimoto, S. Nomura, Y. Kohno, K. Chida, O. Tajima, K.
Kubo, K. Akimoto, H. Koizumi, Y. Kitamura, et al. 1993. Predominant
expression of nPKC eta, a Ca(21)-independent isoform of protein kinase C
in epithelial tissues, in association with epithelial differentiation. Cell Growth
Differ. 4:167–175.

42. Perillo, N. L., K. E. Pace, J. J. Seilhamer, and L. G. Baum. 1995. Apoptosis
of T cells mediated by galectin-1. Nature 378:736–739.

43. Perillo, N. L., C. H. Uittenbogaart, J. T. Nguyen, and L. G. Baum. 1997.
Galectin-1, an endogenous lectin produced by thymic epithelial cells, induces
apoptosis of human thymocytes. J. Exp. Med. 185:1851–1858.

44. Pernis, B., G. Chiappino, A. S. Kelus, and P. G. Gell. 1965. Cellular local-
ization of immunoglobulins with different allotypic specificities in rabbit
lymphoid tissues. J. Exp. Med. 122:853–876.

45. Polyak, K., Y. Xia, J. L. Zweier, K. W. Kinzler, and B. Vogelstein. 1997. A
model for p53-induced apoptosis. Nature 389:300–305.

46. Rajewsky, K. 1996. Clonal selection and learning in the antibody system.
Nature 381:751–758.

47. Rao, P. V., C. M. Krishna, and J. S. Zigler, Jr. 1992. Identification and
characterization of the enzymatic activity of zeta-crystallin from guinea pig
lens. A novel NADPH:quinone oxidoreductase. J. Biol. Chem. 267:96–102.

48. Rouault, J. P., N. Falette, F. Guehenneux, C. Guillot, R. Rimokh, Q. Wang,
C. Berthet, C. Moyret-Lalle, P. Savatier, B. Pain, P. Shaw, R. Berger, J.
Samarut, J. P. Magaud, M. Ozturk, C. Samarut, and A. Puisieux. 1996.
Identification of BTG2, an antiproliferative p53-dependent component of
the DNA damage cellular response pathway. Nat. Genet. 14:482–486.

49. Schatz, D. G., M. A. Oettinger, and M. S. Schlissel. 1992. V(D)J recombi-
nation: molecular biology and regulation. Annu. Rev. Immunol. 10:359–383.

50. Schlissel, M., A. Constantinescu, T. Morrow, M. Baxter, and A. Peng. 1993.
Double-strand signal sequence breaks in V(D)J recombination are blunt,
59-phosphorylated, RAG-dependent, and cell cycle regulated. Genes Dev.
7:2520–2532.

51. Schlissel, M. S., L. M. Corcoran, and D. Baltimore. 1991. Virus-transformed
pre-B cells show ordered activation but not inactivation of immunoglobulin
gene rearrangement and transcription. J. Exp. Med. 173:711–720.

52. Schlissel, M. S., and T. Morrow. 1994. Ig heavy chain protein controls B cell
development by regulating germ-line transcription and retargeting V(D)J
recombination. J. Immunol. 153:1645–1657.

53. Serunian, L. A., and N. Rosenberg. 1986. Abelson virus potentiates long-
term growth of mature B lymphocytes. Mol. Cell. Biol. 6:183–194.

54. Shaffer, A. L., and M. S. Schlissel. 1997. A truncated heavy chain protein
relieves the requirement for surrogate light chains in early B cell develop-
ment. J. Immunol. 159:1265–1275.

55. Shibata, M., S. Kanamori, K. Isahara, Y. Ohsawa, A. Konishi, S. Kametaka,
T. Watanabe, S. Ebisu, K. Ishido, E. Kominami, and Y. Uchiyama. 1998.
Participation of cathepsins B and D in apoptosis of PC12 cells following
serum deprivation. Biochem. Biophys. Res. Commun. 251:199–203.

56. Shinkai, Y., S. Koyasu, K. Nakayama, K. M. Murphy, D. Y. Loh, E. L.
Reinherz, and F. W. Alt. 1993. Restoration of T cell development in RAG-
2-deficient mice by functional TCR transgenes. Science 259:822–825.

57. Shockett, P., M. Difilippantonio, N. Hellman, and D. G. Schatz. 1995. A
modified tetracycline-regulated system provides autoregulatory, inducible
gene expression in cultured cells and transgenic mice. Proc. Natl. Acad. Sci.
USA 92:6522–6526.

58. Spanopoulou, E., C. A. Roman, L. M. Corcoran, M. S. Schlissel, D. P. Silver,
D. Nemazee, M. C. Nussenzweig, S. A. Shinton, R. R. Hardy, and D. Balti-
more. 1994. Functional immunoglobulin transgenes guide ordered B-cell
differentiation in Rag-1-deficient mice. Genes Dev. 8:1030–1042.

59. Tewari, M., L. T. Quan, K. O’Rourke, S. Desnoyers, Z. Zeng, D. R. Beidler,
G. G. Poirier, G. S. Salvesen, and V. M. Dixit. 1995. Yama/CPP32 beta, a
mammalian homolog of CED-3, is a CrmA-inhibitable protease that cleaves
the death substrate poly(ADP-ribose) polymerase. Cell 81:801–809.

60. Thornberry, N. A., T. A. Rano, E. P. Peterson, D. M. Rasper, T. Timkey, M.
Garcia-Calvo, V. M. Houtzager, P. A. Nordstrom, S. Roy, J. P. Vaillancourt,
K. T. Chapman, and D. W. Nicholson. 1997. A combinatorial approach
defines specificities of members of the caspase family and granzyme B.
Functional relationships established for key mediators of apoptosis. J. Biol.
Chem. 272:17907–17911.

61. Tonegawa, S. 1983. Somatic generation of antibody diversity. Nature 302:
575–581.

62. Yamaoka, A., I. Kuwabara, L. G. Frigeri, and F. T. Liu. 1995. A human
lectin, galectin-3 (epsilon bp/Mac-2), stimulates superoxide production by
neutrophils. J. Immunol. 154:3479–3487.

63. Yoshida, A., R. Takauji, M. Inuzuka, T. Ueda, and T. Nakamura. 1996. Role
of serine and ICE-like proteases in induction of apoptosis by etoposide in
human leukemia HL-60 cells. Leukemia 10:821–824.

64. Young, F., B. Ardman, Y. Shinkai, R. Lansford, T. K. Blackwell, M. Men-
delsohn, A. Rolink, F. Melchers, and F. W. Alt. 1994. Influence of immuno-
globulin heavy- and light-chain expression on B-cell. Genes Dev. 8:1043–
1057.

65. Yuan, J., S. Shaham, S. Ledoux, H. M. Ellis, and H. R. Horvitz. 1993. The
C. elegans cell death gene ced-3 encodes a protein similar to mammalian
interleukin-1 beta-converting enzyme. Cell 75:641–652.

5618 MORROW ET AL. MOL. CELL. BIOL.


