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Minimal ectopic expression of a 58-kDa protein kinase (PITSLREb1), distantly related to members of the
cdc2 gene family, induces telophase delay, abnormal chromosome segregation, and decreased growth rates in
Chinese hamster ovary cells. Here we show that this decrease in cell growth rate is due to apoptosis. Apoptosis
is also induced by ectopic expression of an amino-terminal deletion mutant containing the catalytic and
C-terminal domains of PITSLREb1 but not by other mutants lacking histone H1 kinase activity or by other
members of the cdc2 gene family. However, unlike the wild-type PITSLREb1 overexpressors, ectopic expression
of the N-terminal PITSLREb1 mutant does not result in telophase delay or abnormal chromosome segrega-
tion. These results suggested that the function of this protein kinase could be linked to apoptotic signaling. To
test this hypothesis, we examined levels of PITSLRE mRNA, steady-state protein, and enzyme activity in
human T cells undergoing apoptosis after activation with the anti-Fas monoclonal antibody (MAb). All were
substantially elevated shortly after Fas MAb treatment. In addition to new transcription and translation,
proteolysis contributed to the increased steady-state levels of a novel 50-kDa PITSLRE protein, as suggested
by the diminution of larger PITSLRE isoforms observed in the same cells. Indeed, treatment of the Fas-
activated T cells with a serine protease inhibitor prevented apoptotic death and led to the accumulation of
larger, less active PITSLRE kinase isoforms but not the enzymatically active 50-kDa PITSLRE isoform.
Finally, induction of apoptosis by glucocorticoids in the same cell line, as well as by Fas MAb treatment of
another T-cell line, led to a similar induction of 50-kDa PITSLRE protein levels over time. These findings
suggest that (i) PITSLRE kinase(s) may lie within apoptotic signaling pathway(s), (ii) serine protease acti-
vation may be an early event in Fas-activated apoptosis of human T cells, and (iii) some PITSLRE kinase
isoforms may be targets of apoptotic proteases.

Programmed cell death (PCD), or apoptosis, involves the
activation of a specific suicide program within a cell (8, 18, 43,
44, 46, 58). Apoptosis is responsible for such diverse activities
as the elimination of cells during normal embryological devel-
opment and determination of the immune receptor repertoire
(8, 37, 47). Apoptosis can be triggered in multiple ways, but it
is not yet known whether different inducers of apoptosis have
a common pathway or whether there are multiple pathways
with, perhaps, some common component(s) (30, 59).
Strong similarities between some of the early events of mi-

tosis and PCD (i.e., nuclear envelope dissolution), as well as a
potential link between cell cycle checkpoint control and apop-
tosis, suggest possible associations between cell cycle regula-
tors and mediators of apoptosis (26, 32, 34, 39). Indeed, the
p34cdc2 kinase has recently been shown to be associated with
the initiation of PCD (49). While the function of most p34cdc2-
related cell cycle kinases appears to be prominently linked to
the control of cell division, the role of others remains unclear
(11, 16, 17, 22, 34, 39, 55, 57). Minimal ectopic expression of
one member of the p34cdc2 gene family, the p58 (PITSLREb1)
protein kinase, in eukaryotic cells resulted in the failure of
these cells to undergo normal cytokinesis as well as an appar-
ent mitotic delay at late telophase (7). These transformants
were also found to contain approximately 20-fold more
multinucleated cells, and/or micronuclei, than their parental
counterparts. When the rate of cell growth was measured in
the PITSLRE overexpressors, the cell doubling time was also
increased three- to fourfold and DNA replication was dimin-

ished. These results suggested that PITSLRE protein kinase
function was somehow linked to normal regulation of the cell
cycle, possibly as a negative regulator in checkpoint control
during mitosis or cytokinesis (7).
Recently, 10 isoforms of the p58 PITSLRE subfamily of

protein kinases have been isolated by molecular cloning (7,
61). The discovery of multiple p58 isoforms has led to the
renaming of these kinases according to an established nomen-
clature system which is based on the single amino acid codon
designation of the conserved PSTAIRE box region of p34cdc2

(39). Furthermore, depending on which of the three PITSLRE
genes produces the protein, the cDNA and protein are desig-
nated a, b, or g (i.e., PITSLRE A gene, a; PITSLRE B gene,
b; and PITSLRE C gene, g). Some of the isoforms, such as
PITSLREa1 (T cells) and PITSLREb1 (B cells and brain), are
expressed in specific cell types, while the others are expressed
ubiquitously (61).
The locus expressing these kinases consists of three dupli-

cated and tandemly linked genes spanning approximately 90 kb
(28). Two of these genes are almost complete duplications
(including both exons and introns), and both express nearly
identical products. The sequence of the third gene diverges
completely outside of the conserved catalytic and C-terminal
domains. These genes are located on human chromosome
1p36.3, a region that is deleted in neuroblastoma and many
other human tumors (3, 4, 13, 14, 21, 28, 35, 50, 53). Deletion
of this chromosome region occurs late in oncogenesis and is
correlated with aggressive tumor growth, suggesting that one
or more tumor suppressor genes may reside here. In a study of
human neuroblastoma cell lines, deletion and/or translocation
of one allele of the PITSLRE gene locus was observed in all
cell lines with 1p36 alterations and N-myc gene amplification
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(28). Abnormalities in the expression of PITSLRE polypep-
tides from the remaining allele were apparent in several of
these cell lines as well.
Here we show that Chinese hamster ovary (CHO) cells en-

gineered to express the PITSLREb1 protein kinase, as well as
structural mutants, induce apoptosis when ectopically ex-
pressed. These data led to the hypothesis that some of the
PITSLRE isoforms might serve as effectors of an apoptotic
signaling pathway(s). This hypothesis was tested by using hu-
man T-cell lines that could be triggered to undergo apoptosis
by using a Fas monoclonal antibody (MAb) (54). PITSLRE
kinase mRNAs, steady-state protein levels, and enzyme activity
were found to increase dramatically upon activation of Fas. In
addition to induction of PITSLRE transcription and transla-
tion, proteolysis of specific, larger PITSLRE isoforms contrib-
uted significantly to increased steady-state levels of a novel,
processed 50-kDa PITSLRE isoform during Fas-induced PCD.
Finally, similar induction of the 50-kDa PITSLRE isoform was
observed when apoptosis was induced by glucocorticoids in
these cells or by the Fas MAb in another human T-cell line.
These results suggest that several of the PITSLRE protein
kinase isoforms may function as effectors in an apoptotic sig-
naling pathway(s) and that this activity is mediated by this
novel processed 50-kDa isoform.

MATERIALS AND METHODS

Deletion mutagenesis and antibody production. Site-directed mutagenesis of
K111N and D224N was performed with oligodeoxynucleotides 59-GTGGCTC
TAAACCGGCTGAAC-39 and 59-AAGGTGGGTAACTTCGGGCTG-39, re-
spectively (64). Deletion of the N-terminal domain of PITSLREb1 (correspond-
ing to amino acids 1 to 74) was performed by PCR amplification using the
oligodeoxynucleotides 59-GATGCTGCAGGGCTGCCGGAGCGTC-39 corre-
sponding to nucleotides 204 to 224 of human PITSLREb1 (7, 15). The testis-
specific lactate dehydrogenase (LDH) tag (41) was added to the C-terminal end
of PITSLREb1, using the oligodeoxynucleotide 59-GC TTC AGC CTC AAG
TTC CCA TGG TGT GAG CAG CTC ATC GAG AAG CTG ATC GAGGAC
GAG TGAAG GTCAGAGTGGAC-39, with the underlined nucleotides corre-
sponding to amino acids from the C-terminal end of the protein and nucleotides
from the 39 untranslated region of PITSLREb1 (7, 15). The intervening nucle-
otides encode the LDH peptide sequence EQLIEKLIEDDE, which was fused, in
frame, to the C-terminal end of PITSLREb1, and to which the affinity-purified
LDH antiserum was prepared as described previously (40). All mutated DNAs
were sequenced for confirmation. PITSLRE antibody production and character-
ization have been reported previously (61). Three of these PITSLRE antibodies,
GN1, GC41, and PP8, were used in these studies. The GN1 antibody corresponds
to amino acid residues 1 to 72 of PITSLREb1, the GC41 antibody corresponds
to amino acid residues 232 to 249 of PITSLREb1, and the PP8 antibody corre-
sponds to a synthetic peptide corresponding to amino acid residues 121 to 137 of
PITSLREb1 (61).
Cell culture, expression of PITSLRE constructs, flow cytometry, and chromo-

some analysis. The PITSLRE constructs were cloned into the XbaI restriction
site of pMT-neo, which follows the metallothionein promoter and precedes a
poly(A) addition sequence from simian virus 40 (12). CHO(dhfr2) cells were
cultured and electroporated as previously described (7, 56). Cells were selected
in 500 mg of G418 per ml for 3 weeks and then maintained in 400 mg/ml. All
experiments were performed on cells grown in medium lacking heavy-metal
supplements, because of the toxicity of the induced gene product. Flow cytomet-
ric analysis of the CHO cells and transfectants was performed by analyzing
approximately 50,000 cells from polyclonal populations for each sample (36).
The phenotype analysis of the human T-cell lines was performed by staining with
commercially available antibodies for various cell surface and intracellular mark-
ers followed by fluorescence-activated cell sorting (FACS) analysis. For the
growth curves, 4 3 104 cells were plated in triplicate and grown in the presence
of 10% serum. Each point represents the average of three determinations 6
standard error of the mean. Human CEM-C7 and Jurkat T cells were grown at
a density of 2 3 106 cells per ml and treated with a Fas MAb monoclonal
antibody (Upstate Biotechnology, Inc.) at 100 ng/ml. CEM-C7 cells were treated
with 5 3 1025 M dexamethasone as described by others (23). For nuclear
staining, cells were fixed on coverslips, treated with Hoechst 33258, and then
photographed. For chromosome analysis, cells were blocked in mitosis with 0.1
mg of colcemid per ml for 2 h. Metaphase chromosome spreads were prepared
and stained with 0.05 mg of Hoechst 33258 per ml. Ploidy was determined by
analysis of at least 100 chromosome spreads. For cells expressing the wild-type
and DNH2 PITSLREb1 genes, chromosome numbers were determined for both

single cell clones and polyclonal populations. The results from the polyclonal
population are shown.
Kinase assays, Western blot (immunoblot) analysis, and Northern (RNA) blot

analysis. PITSLRE protein kinase activity was measured by immunoprecipita-
tion of 200 mg of whole cell protein extracts, using either the affinity-purified
LDH antibody to detect the exogenously expressed and tagged kinase molecules
or one of the three affinity-purified PITSLRE antibodies described previously
(61). PITSLRE kinase activity was competed for with a 1 mM concentration of
the peptide or 2 mg of fusion protein per ml. The LDH antibody was prepared
as described by others (40). Kinase assays were performed as previously de-
scribed (7). The CHO and CEM-C7 cell lysates were precleared with protein A
beads (41), but some background kinase activity was still observed in the CHO
cells because of the relatively long exposure times needed to observe kinase
activity from these cells. The gels in Fig. 1b and c were exposed for 6 h at 2808C
on Kodak X-AR5 film. Cerenkov counts were determined after excision of the
histone H1 band from the gel to determine relative changes in kinase activity.
Quantitation of PITSLRE protein kinase activities from the human T cells
(assays in Fig. 3 and 4) was performed by use of phosphoimaging. The gels were
visualized with a Molecular Dynamics 400A PhosphorImager, and the relative
kinase activity was determined by quantitation of the labeled histone H1 bands
by using the ImageQuant software. Cdk (p34cdc2 and p33cdk2) kinase activities
were determined by binding to p13suc1 beads as described by Arion and col-
leagues (1). Western blot analysis was performed with the PITSLRE GN1 anti-
body and a commercial p34cdc2 polyclonal antibody (Santa Cruz, Inc.), using the
ECL (enhanced chemiluminescence) reagent system and Hyperfilm (Amersham)
as described elsewhere (7, 61). Equivalent numbers of cells (2 3 107) were
collected and used for RNA isolations for each time point. RNA was isolated
from the CEM-C7 cells as described previously (7, 61), with the exception of the
addition of RNase-free DNase I (Boehringer Mannheim) to remove contami-
nating DNA from the later time points of Fas induction. Northern blot analysis
was performed with the human p58 (PITSLREb1) cDNA and a human b-actin
cDNA (7). The probes were prepared by using a random labeling kit (Strat-
agene) as specified by the manufacturer. The blots were visualized by using a
Molecular Dynamics 400A PhosphorImager. Exposure times were 2 h for the
PITSLRE cDNA and 20 min for the b-actin cDNA.
Determination of apoptotic phenotype and treatment of cells with TPCK. For

the DNA gel analysis, 5 3 105 cells were lysed and the extracted DNA (51) was
electrophoresed on 1.5% agarose–13 Tris-borate-EDTA gels and stained with
ethidium bromide. Fluorescence labeling of nicked DNA and analysis of cells by
using in situ nick translation was performed as described by Gold et al. (24).
N-Tosyl-L-phenylalanine chloromethyl ketone (TPCK) was added at a final con-
centration of 250 mM as described by others (45). Human CEM-C7 and Jurkat
T cells were treated with TPCK either in the presence or in the absence of the
Fas MAb. Equivalent numbers of cells (106) were collected for each time point.
Protein was isolated and protein kinase assays were performed as previously
described (7, 61).

RESULTS

Analysis of CHO cells ectopically expressing wild-type and
mutant PITSLREb1 kinases. Previous studies indicated that
minimal ectopic expression of wild-type p58 (PITSLREb1) pro-
tein kinase in CHO cells resulted in a dramatic phenotypic change
involving late telophase delay, decreased cell growth rates, and
abnormal chromosome segregation (7). PITSLREb1 is a mem-
ber of a larger subfamily of protein kinases, with at least 10 p58
(PITSLRE) isoforms generated by alternative splicing from
three duplicated and tandemly arrayed human genes (28, 61).
Most of the differences between these various PITSLRE

isoforms are found at the N-terminal end of the molecule. For
this reason, a series of PITSLREb1 mutants (Fig. 1a), synthe-
sized with an LDH tag at the C terminus, were introduced into
cells and assayed for kinase activity and effects on cell growth
(Fig. 1). Cells transfected with wild-type PITSLREb1 had el-
evated kinase activity (Fig. 1b, lane 1) which was approximately
the same as the kinase activity from cells transfected with an
N-terminal deletion mutant (DNH2 PITSLREb1) (Fig. 1b,
lane 3). Although only low levels of protein kinase activity were
observed, histone H1 was found to be a better substrate for the
enzyme than casein, myelin basic protein, and several high-
mobility-group proteins. Both RNAs and proteins from all of
the transfected PITSLRE constructs (wild type and mutant)
were expressed at equivalent low levels, as judged by reverse
transcription-PCR and immunoprecipitation of labeled pro-
teins with the same antiserum (data not shown). Two other
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PITSLREb1 point mutants (K111N and D224N) lacked kinase
activity (Fig. 1b, lane 2; Fig. 1c, lanes 4 and 5), and they did not
induce the phenotypic changes observed in the cells expressing
either the wild type or the DNH2 mutant (data not shown).
Under all conditions tested, an antiserum to a synthetic

peptide comprising the PITSLRE motif of PITSLREb1 also
precipitates a relatively low level of histone H1 kinase activity
from CHO cells (Fig. 1c, lanes 1 and 7), which is increased only
modestly (about twofold) in cells transfected with an expres-
sion vector encoding full-length PITSLREb1 (Fig. 1c, lanes 3
and 8). Competition with the synthetic peptide reduced the
activity to background levels (lanes 9 and 10). These results
suggested that high levels of kinase activity were not tolerated
by normal cells or those engineered to overproduce the en-
zyme. Nonetheless, overproducer cells exhibit a characteristic
phenotype involving a marked telophase delay, formation of
tubulin midbodies, mitotic abnormalities and aneuploidy, ab-
normal cytokinesis, and retarded cell growth (7) (see below).
Cells transfected with the wild-type gene collected in telo-

phase had an abnormally high DNA content (Fig. 1d) and grew
slowly (Fig. 1e). By contrast, those expressing DNH2 PITSL
REb1 had a DNA content characteristic of normal CHO cells
(Fig. 1d) but still proliferated at a reduced rate (Fig. 1e). The
basis for these differences cannot definitely be established at
this time, but one possibility is that deletion of the N-terminal
end of the PITSLREb1 kinase dissociated its effects on mitosis
and cell growth. Closer examination revealed that cells ex-
pressing both the wild-type and DNH2 PITSLREb1 cDNAs
undergo apoptosis, as indicated by fragmented and condensed
nuclei (Fig. 2b) and DNA ladders (Fig. 2c, lanes 1 and 2).
These nuclear and DNA changes were not observed in cells
expressing the vector alone or other kinase-defective PITS
LREb1 mutants (Fig. 2c). Apoptosis was not induced in the
CHO cells by ectopic expression of several other p34cdc2 family
members, including p34cdc2 itself, cdk4, and PCTAIRE-3, in
agreement with previous reports (20, 26). However, it has been
shown that cotransfection of both p34cdc2 and its regulatory
partner, cyclin B, can lead to premature mitosis, resulting in
DNA fragmentation and cell death (26). In addition, it has
recently been shown that activation of the p34cdc2 kinase is a
very early event in apoptosis, induced by a lymphocyte granule
protease (49). The mechanism of protease activation of p34cdc2

in these experiments is unknown, since this kinase was not
shown to be a target of specific proteolysis. Additionally, tran-
sient expression of either the PITSLREa1 or PITSLREb2
cDNA in CHO cells does not appear to induce apoptosis (62).
Also, unlike expression levels of the PITSLREb1 and DNH2

FIG. 1. Constructs expressed in CHO cells and analysis of their growth. (a)
Shown are the location of the LDH tag, the positions of the mutated lysine (K111)
and aspartic acid (D224) residues, and the location of the translation initiation
codon for the DNH2 construct. The scale below indicates length in amino acids.
p58wt, wild-type p58. (b) Kinase activity associated with LDH-tagged PITS
LRE-1 kinases. Shown are anti-LDH precipitation and kinase assay of LDH-
tagged protein from cells expressing the wild-type gene (lane 1), K111N mutant
(lane 2), DNH2 mutant (lane 3), and pMT-neo (lane 4). Quantitation by Ceren-
kov counts of excised bands is shown below the autoradiograph. (c) PITSLRE
protein kinase activity in parental CHO cells and cells expressing the wild-type
gene. A peptide antibody (PP8) made to the conserved peptide surrounding the
PITSLRE box was used to assay PITSLRE kinase activity from parental CHO
cells (lanes 1, 7, and 9) and cells transfected with pMT-neo (lane 2), the wild-type
gene (lanes 3, 8, and 10), the D224N mutant (lane 4), the K111N mutant (lane
5), and the DNH2 mutant (lane 6). The presence (1) or absence (2) of peptide
antigen is indicated. Quantitation by Cerenkov counts of excised bands is shown
below the autoradiograph. (d) Cell cycle analysis of asynchronous populations of
the indicated nonclonal transfected cell lines. (e) Growth curves of the cell lines
used for panel d as well as two additional subclones of the wild-type kinase (wt-1
and wt-3).
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PITSLRE proteins, which were very low and not readily de-
tectable by Western blotting without immunoprecipitation,
both the PITSLREa1 and PITSLREb2 proteins could be ex-
pressed, at least transiently, at very high levels by using an
expression vector containing a cytomegalovirus promoter.
Thus, only the shorter PITSLREb1 and DNH2 PITSLRE mu-
tant induce apoptosis in these cells.
Continuously grown CHO cells overexpressing the wild-type

PITSLREb1 gene rapidly become aneuploid, while those over-
producing the DNH2 PITSLREb1 kinase do not (Fig. 2d).
Therefore, the DNH2 mutant induced apoptosis in the ab-
sence of chromosomal segregation abnormalities. Apoptosis
was observed in the presence of serum and was not poten-
tiated by serum starvation (Fig. 2c, lanes 9 to 11), contrasting
with data obtained from cells overexpressing c-myc, which
die at accelerated rates in the absence of growth factors (2,
19).
Induction of PITSLRE mRNA, protein, and kinase activity

during apoptosis. The results described above suggested that
the PITSLRE kinase(s) might function in an apoptotic signal-
ing pathway. To test this hypothesis, human CEM-C7 (imma-
ture T) cells, which express the Fas receptor and undergo
apoptosis within 3 to 5 h of treatment with a MAb to Fas, were
used to examine PITSLRE kinase regulation in response to
apoptotic signals (54). Apoptotic death of the T cells treated
with the Fas MAb was confirmed by using flow cytometry,
which showed incorporation of fluorescein isothiocyanate
(FITC)-labeled nucleotides (indicating DNA strand breaks)
accompanied by the appearance of cells with subnormal DNA
content, reduced volume, and increased granularity (Fig. 3A,
right) (24, 51, 60). DNA ladders, also characteristic of apop-
totic cells, were observed, albeit at a later time point than the
DNA damage and cell size changes noted by the FACS analysis

(Fig. 3A, left). Northern blotting of RNA from anti-Fas-
treated CEM-C7 T cells revealed that PITSLRE mRNAs were
induced within the first 30 min of treatment and reached max-
imal levels at 4 h (Fig. 3B). Because of the extensive sequence
identity between PITSLRE kinase isoforms and the fact that
all 10 of the known PITSLRE isoforms are encoded by two
(3.5- and 3.7-kb) nearly identical mRNAs, we do not know the
identity of the induced mRNA(s). However, Western blotting
experiments, detailed below, using cells treated with the serine
protease inhibitor TPCK address this point. Steady-state levels
of a;50-kDa PITSLRE protein species was markedly induced
after 2 to 4 h of treatment, which is consistent with the earlier
increases in steady-state PITSLRE mRNAs (Fig. 3B and C).
This 50-kDa PITSLRE protein species migrates just below
the PITSLREb1 protein (Fig. 3C) and is also seen when a
PITSLRE C-terminal antibody (GC41) is used (data not
shown) (61). Additionally, as will be shown below, not all of the
increase in steady-state p50 to p55 protein levels is due to new
protein synthesis.
After 6 h of treatment with the Fas MAb, PITSLRE kinase

activity had increased 16-fold, as measured by using the
PITSLRE peptide antibody (Fig. 3D). A similar increase in
PITSLRE kinase activity (;20-fold) was observed with a sec-
ond PITSLRE antibody corresponding to the N-terminal do-
main of the kinase (GN1) but not with a PITSLRE antibody
generated to much of the catalytic and C-terminal domains
(GC41) (Fig. 3D). This latter result is most likely due to the
potential inactivation of the protein kinase catalytic domain
from which it is derived. The preimmune controls for this
experiment were identical to the results obtained with the
PITSLRE C-terminal antibody (Fig. 3D). Conversely, substan-
tial increases in the steady-state level of p34cdc2 were not ob-
served, but the corresponding cyclin-dependent kinase activity

FIG. 2. Characterization of apoptosis. (a and b) Hoechst staining of nuclei from cells expressing the vector (pMT-neo) (a) or wild-type (wt) PITSLREb1 gene (b).
Arrows indicate apoptotic nuclei. (c) Agarose-gel electrophoresis of genomic DNA isolated from cells expressing the wild-type PITSLREb1 gene (lane 1), the DNH2
mutant (lane 2), the K111N mutant (lane 3), the D224N mutant (lane 4), PCTAIRE-3 (lane 5), p34cdc2 (lane 6), or pMT-neo (lane 7). DNA marker is shown in lane
8. In the lanes at the right, cells expressing the wild-type gene were cultured in 10% serum (lane 9), 5% serum (lane 10), or 0.5% serum (lane 11). DNA markers are
shown in lane 12. (d) Analysis of chromosome number of the various transfected CHO cell lines.
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precipitated on p13suc1 beads was elevated ;2-fold (Fig. 3C
and D). Studies with cytotoxic T-lymphocyte-mediated apop-
tosis have shown that p34cdc2/cyclin activation occurs early on,
apparently promoted by inappropriate Tyr-15 dephosphoryla-
tion (49). Thus, the increase that we observe in p13suc1-asso-
ciated kinase activity at later time points is consistent with
these data and suggests that p34cdc2 or p34cdc2-related kinase
activity remains elevated for several hours in Fas-activated T
cells.
The dramatic increase in steady-state PITSLRE protein lev-

els in dying CEM-C7 cells was always accompanied by dimi-
nution of at least three additional PITSLRE isoforms, the

58-kDa (PITSLREb1) isoform, the 65-kDa (PITSLREa1) iso-
form, and the 110-kDa (PITSLREa2-b2) isoforms (Fig. 3C).
The PITSLREa2,b2 isoforms are ubiquitously expressed in
growing cells, but the PITSLREa1 and PITSLREb1 isoforms
appear only after the CEM-C7 cells are induced to undergo
apoptosis. The 65- and 58-kDa proteins can be faintly seen in
Fig. 3C, but the PITSLREa1 isoform is much more pro-
nounced in cells treated with a protease inhibitor (see below).
In contrast, steady-state levels of a 90-kDa PITSLRE isoform,
PITSLREa2-4, were not altered during the course of the ex-
periment (Fig. 3C). Furthermore, when a PITSLREa2-1,b2-1-
specific antibody was used, this 110-kDa protein species disap-

FIG. 2—Continued.
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peared completely during Fas- and glucocorticoid-induced
apoptosis (data not shown).
To determine whether proteolytic processing of any of the

PITSLRE isoforms was occurring and contributing to the in-
duction of the 50-kDa PITSLRE protein, the Fas-activated
CEM-C7 cells were treated with TPCK, a serine-specific pro-
tease inhibitor (47). Cells treated with the Fas MAb in the
presence of TPCK did not undergo substantial apoptosis (Fig.
4A). The use of cysteine protease inhibitors had no effect on
either Fas-mediated death or processing of the PITSLRE ki-
nases (data not shown). It is relevant that inhibitors of serine
proteases prevent endonucleolysis accompanying apoptotic
death in thymocytes (5). The induction of the 50-kDa
PITSLRE protein and kinase activity were substantially re-
duced in Fas1 TPCK1 T cells, levels of the 110-kDa PITSLRE
isoform were not decreased, and the induction of the 65-kDa
PITSLRE kinase isoform was easily seen (Fig. 4B and C). This
65-kDa PITSLRE kinase (PITSLREa1) has been cloned and
found to be virtually identical to the PITSLREb1 protein, with
the exception of 22 additional amino acids which are found at
the N terminus and 4 distinct amino acid changes in the C
terminus (61). When this PITSLREa1 cDNA was in vitro
transcribed and translated, it produced a 65-kDa protein spe-
cies when analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) (61). Expression of the 65-
kDa PITSLREa1 isoform in these T cells is consistent with
previous results demonstrating that its mRNA is expressed
primarily in T cells, monocytes, and fibroblasts, whereas
mRNA corresponding to the PITSLREb1 isoform is expressed
most abundantly in B cells and brain (61). Therefore, on the
basis of our observations with TPCK, we designate the apop-
totic PITSLRE protein species p50 PITSLRE to reflect the
multiple isoforms that potentially contribute to its induction in
these cells.
A smaller, but still substantial, increase in PITSLRE kinase

activity was observed in CEM-C7 cells treated with TPCK (Fig.
4C). This did not substantially change when these same cells
were simultaneously treated with TPCK and the Fas MAb
(Fig. 4C). This TPCK-induced increase in kinase activity may
be linked either directly or indirectly to posttranslational mod-
ification(s) of some or all of the PITSLRE isoforms (i.e., phos-
phorylation, proteolysis, etc.) which may be important for ac-
tivation of these kinases. Since the larger PITSLREa2,b2

FIG. 3. Induction of PITSLRE kinase(s) during apoptosis in human
CEM-C7 T cells. (A) Demonstration of apoptotic death of T cells treated with
the Fas antibody. The left-hand panel shows the characteristic DNA ladder of
apoptotic death from cells collected at various times following Fas antibody
treatment. The right-hand panel shows flow cytometric analysis of the same cells

either treated with or without Fas antibody. Forward scatter (FSC) (5cell size;
x axis) and intensity of dUTP-FITC fluorescence (FL1; y axis) are illustrated.
Incorporation of dUTP-FITC (indicating DNA strand breaks), seen as early as 1
h post-Fas treatment, and the decrease in cell size are typical of apoptosis. The
proportion of apoptotic cells increases with time. (B) Northern blot analysis of
PITLSRE kinase mRNA from Fas antibody-treated CEM-C7 cells. Thirty mi-
crograms of total RNA isolated from control and Fas-activated T cells is shown
in the right-hand panel stained with ethidium bromide (EtBr). This RNA was
transferred to a Duralose membrane and sequentially hybridized with the indi-
cated probes in the panels at the left. Time post-Fas activation is shown above
each lane. The size of the PITSLRE mRNA is shown, as are the 28S and 18S
rRNA species. (C) Western blot analysis of PITSLRE protein kinases and
p34cdc2 from control CEM-C7 cells and Fas-activated CEM-C7 cells. Total cel-
lular protein (100 mg) was analyzed by Western blotting with the GN1 antibody
and a commercial antibody to p34cdc2. Identical gels were run simultaneously for
this analysis. The times listed below the GN1 blot indicate cellular exposure time
to the Fas antibody. These times are identical for the p34cdc2 blot. Molecular
weight markers are indicated on the left, and the positions of the various
PITSLRE protein kinase isoforms detected by the GN1 antibody are shown on
the right. A novel 50-kDa PITSLRE isoform was induced, just below the position
indicated for p58 PITSLREb1. (D) Kinase assays of preimmune and PITSLRE
kinase (GN1, PP8, and GC41) immunoprecipitations from Fas-activated
CEM-C7 cells corresponding to the indicated times. Kinase assays of p13suc1-
bound kinases were performed with the same cells as in panel A for the indicated
times. Histone H1 was used as the substrate in all assays.
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isoforms are always present in the cell nucleus (61), it is pos-
sible that these isoforms are the source of the background
kinase activity seen with TPCK. TPCK could alter the turnover
rate of either the PITSLRE a2 or b2 isoform or of protein(s)
responsible for posttranslational modifications that are impor-
tant for their activity. At this time, we cannot definitively an-
swer this question.
Induction of PITSLRE protein levels in glucocorticoid-

treated CEM-C7 cells. One of the characteristics of the human
CEM-C7 cell line is its ability to undergo apoptosis when
treated with the glucocorticoid dexamethasone (6). However,
apoptotic response to glucocorticoids is not nearly as rapid or
complete as that seen when the same cells are treated with the
Fas MAb (54). These changes are most likely due to unknown
differences in the pathways or mechanisms of induction of
apoptosis by these agents (9, 10, 37, 46). Such distinctions, how-
ever, provide an opportunity to examine whether PITSLRE
protein kinases are altered in response to a different apoptotic
signal. Because of the extended time course required for this
experiment and the limited synchrony of the onset of apopto-
sis, only Northern blot analysis of PITSLRE RNAs and West-
ern blot analysis of PITSLRE protein levels were performed
(Fig. 5). Substantial apoptosis did not appear until 36 to 48 h
after initiation of glucocorticoid treatment, as judged by the
FACS-based assays and DNA ladder appearance (data not
shown). No increase in the level of PITSLRE mRNAs was
noted (Fig. 5A). The probe used on this Northern blot was
identical to the one used on the Northern blot of the Fas
MAb-treated cells. Conversely, we observed an increase in
the steady-state level of the p50 PITSLRE protein by West-
ern blotting with the GN1 antibody that was comparable
to that seen in the Fas MAb-treated cells (Fig. 5 and 3). A
substantial decrease in the PITSLREa2,b2 proteins was
also observed in this experiment. These results are similar
to the Fas-induced apoptosis and suggest that induction of the
p50 PITSLRE kinase is a conserved feature of both PCD
pathways.
Induction of PITSLRE protein levels and proteolytic pro-

cessing in Jurkat cells. To determine whether induction of
PITSLRE protein kinase(s) occurs in other T-cell lines that are
responsive to Fas-mediated death, we examined apoptotic
events in the human T-cell line Jurkat. A comparison of the
cellular phenotype of CEM-C7 and Jurkat cells, with regard to
well-characterized cell surface markers including the Fas re-
ceptor, was made (Table 1). Both cell lines express phenotypic
features of human thymocytes. However, there are phenotypic
differences which include the presence of cell surface CD3
T-cell receptor complex and nuclear terminal deoxynucleoti-
dyltransferase in the Jurkat cells and their absence in CEM-C7
cells. Most importantly, the Fas receptor is present at similar
levels in both cell lines. Western blot analysis of cellular pro-
teins from Jurkat cells treated with the Fas MAb demonstrated
in induction of steady-state p50 PITSLRE protein levels that is
comparable to that seen in the CEM-C7 cells (Fig. 6A versus
Fig. 4C). The time courses of this induction following Fas MAb
treatment are also identical. In addition, the level of the
PITSLREa2 protein decreased, PITSLREa1 was barely de-

FIG. 4. Treatment of Fas-activated CEM-C7 cells with TPCK. (A) Demon-
stration of a block in apoptotic death of Fas-activated T cells in the presence of
the serine protease inhibitor TPCK. The left-hand panel shows the characteristic
DNA ladder of apoptotic death in Fas-activated T cells but not in T cells treated
with TPCK alone or the Fas MAb plus TPCK. The right-hand panel shows flow
cytometric analysis of the same cells either treated with TPCK only, Fas MAb
only, or Fas MAb plus TPCK. Untreated control cell profiles were identical to
those shown in Fig. 3. The x and y axes, as well as additional parameters, are
exactly as described for Fig. 3. (B) Western blot analysis, using the GN1 antibody,
of PITSLRE protein kinases from Fas-activated T cells in the presence or
absence of TPCK, as indicated below the blot. Time post-Fas MAb treatment is
also shown below each lane. The novel 50-kDa PITSLRE isoform does not
accumulate, but the 65-kDa PITSLREa1 species that is only transiently seen in
Fas-activated cells in the absence of TPCK is readily apparent. Additionally, the

110-kDa PITSLREa2 species does not decrease in intensity with Fas antibody
treatment. Sizes are indicated in kilodaltons at the left. (C) Kinase assays of cell
lysates from CEM-C7 cells treated with Fas MAb only, TPCK only, or Fas MAb
plus TPCK. The presence or absence of each of these agents is indicated below
the panel showing the phosphorylated histone H1 protein. Directly below is the
quantitative analysis of this kinase activity for each treatment. The presence or
absence of Fas MAb and/or TPCK is indicated.
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tectable, and steady-state PITSLREa2-4 protein levels were
unaltered. Therefore, the overall pattern of PITSLRE protein
expression was quite similar to what was observed in the ap-
optotic CEM-C7 cells.
When the Jurkat cells were treated with the Fas MAb in the

presence of the serine protease inhibitor TPCK, the PITSL
REa1 protein became readily detectable and the PITSLREa2
protein level was not affected (Fig. 6B). Furthermore, changes
in the steady-state levels of the p50 PITSLRE protein species
were not observed. These results are identical to what was
observed when the CEM-C7 cells were treated with the Fas
MAb in the presence of TPCK (Fig. 4C).

DISCUSSION

Careful examination of the phenotype of CHO cells ectopi-
cally expressing the PITSLREb1 protein kinase revealed changes
in growth parameters that were due to apoptosis. This helps to
explain why stable CHO cell lines expressing either wild-type
PITSLREb1 or its N-terminal truncation mutant were difficult
to establish, since even low levels of these forms of the kinase
are lethal. However, we did establish stable cell lines express-
ing these protein kinases at very low levels. One possible ex-
planation is the requirement for additional posttranslational
modifications for kinase activation. In the wild-type PITSLRE
b1 expressors, this may be due to, in part, posttranslational
modifications such as proteolysis and/or phosphorylation. The
N-terminal mutant may also require some of the same post-
translational modifications, such as phosphorylation, but per-
haps not all. Additional removal of essential protein sequence

at the N terminus may yield a kinase with reduced affinity for
its substrate or substantially alter its in vivo activity. We have
noticed that CHO cells expressing either of these kinases (b1
and the N-terminal mutant) do not die as readily when they
come into contact with one another (27a). This finding argues
that some signal for kinase activity is provided by the cellular
environment and perhaps explains why these cells can grow,
albeit poorly, in culture.
The ability of a PITSLREb1 N-terminal mutant, but not

kinase-inactive mutants, to induce apoptosis in the absence of
DNA damage or cell cycle delay suggested that these kinases
may have functional roles in an apoptotic signaling pathway.
To test this possibility, human T-cell lines that express the Fas
receptor, which regulates apoptosis in these cells, were exam-
ined for changes in PITSLRE mRNA, protein, and kinase
activity following activation of the Fas-regulated PCD path-
way. Substantial increases in PITSLRE transcription and trans-
lation, as well as significant proteolysis of specific existing and
newly synthesized PITSLRE isoforms were observed. Addi-
tionally, PITSLRE protein kinase activity was elevated in these
cells as a function of Fas-induced apoptosis. Glucocorticoid-
induced death of the CEM-C7 cells did not induce PITSLRE
mRNA expression, but it did induce the p50 PITSLRE protein
species. This finding suggests that the p50 PITSLRE protein
kinase can originate from other PITSLRE isoforms in the cell
that may have unique functions and can circumvent any re-
quirement for new synthesis.
Our experiments in CHO cells with the PITSLREb1 N-

terminal mutant also support the possibility that specific pro-
teolytic cleavage in the N-terminal domain results in an active
protein kinase that can induce apoptosis. Removal of this do-
main did not impair the ability of this kinase to induce apop-
tosis. In fact, expression of this N-terminal mutant resulted in
apoptosis in the absence of cell cycle delays and/or apparent

FIG. 5. PITSLRE protein expression in dexamethasone-treated CEM-C7
cells. (A) Human CEM-C7 T cells were treated with 53 1025 M dexamethasone
(Dex) for the time indicated above each lane. These cells were split into two
tubes for either RNA or protein isolation. Total RNA (40 mg) was hybridized
with the PITSLREb1 cDNA probe. This blot was rehybridized with a b-actin
control probe. (B) Total cell lysates (100 mg) were analyzed by SDS-PAGE and
then Western blotted with the PITSLRE GN1 antibody. The sizes of the mo-
lecular weight standards are indicated on the left, and the positions of the various
PITSLRE isoforms are indicated on the right. Induction of a novel 50-kDa
PITSLRE isoform can be seen after;48 to 60 h, and its position is indicated just
below the p58 PITSLREb1 isoform.

TABLE 1. Phenotypes of immature T-cell lines used in this study

Markera
% of cells labeledb

CEM-C7 Jurkat

CD7 95 88
CD5 .99 .99
CD2 ,1 .99
CD1a 23 97
CD4 .99 16
CD8 ,1 ,1
CD3 (surface) 5 98
TCRab (surface) 3 94
CD3 (cytoplasm) .99 98
TCRb (cytoplasm) .99 95
TCRd ,1 ,1
TdT ,1 50
Fas .99 83

a FITC-conjugated CD7 (Leu9), CD2 (Leu5b), CD5 (Leu1), CD4 (Leu3a),
and isotype-matched nonreactive control antibodies were from Becton Dickin-
son (San Jose, Calif.); CD3 (UCHT1) and CD8 (DAKO-T8) were from Dako-
patts (Carpinteria, Calif.); anti-T-cell receptor ab (TCRab) (BMA031), anti-
TCRb (bF1), and anti-TCRd (TCRd1) were from T Cell Diagnostics
(Cambridge, Mass.). Terminal deoxynucleotidyltransferase (TdT) was detected
with a rabbit antiserum from Supertechs (Potomac, Md.) followed by a goat
anti-rabbit immunoglobulin antiserum conjugated to tetramethyl rhodamine
(Southern Biotechnology Associates, Birmingham, Ala.). CD1a (IOT2) was from
AMAC (Westbrook, Maine), and anti-Fas was from Upstate Biotechnology
(Lake Placid, N.Y.); their binding was visualized with an FITC-conjugated goat
anti-mouse immunoglobulin antiserum (Jackson, West Grove, Pa.).
b Percentage of cells labeled by antibody compared with isotype-matched non-

reactive control. TdT staining was examined by fluorescence microscopy; all
other markers were analyzed with a FACScan flow cytometer (Becton Dickin-
son).
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chromosomal abnormalities. These experiments imply that re-
moval of a portion of the PITSLRE N-terminal domain does
not impair either kinase activity or its ability to induce apop-
tosis (Fig. 2), which is consistent with the in vivo N-terminal
proteolysis of these kinases to generate the p50 PITSLRE
kinase that we observed in two different apoptotic pathways. It
will be of interest to determine whether, and how, the p50
PITSLRE protein kinase is induced in additional apoptotic
pathways. Thus, apparent differences in the mechanisms in-
volved in apoptosis triggered by different agents may reflect
subtle differences, as well as similarities, between these differ-
ent pathway(s).
The increase in PITSLRE kinase activity in these cells could

be due to any of several PITSLRE isoforms, eight of which
contain identical catalytic and C-terminal domains (61). How-
ever, marked induction of a novel and apparently proteolyti-
cally processed 50-kDa form of this protein kinase coincides
with apoptosis and increased kinase activity. Additionally, our
data suggests that this processed p50 PITSLRE protein can be
derived from at least four PITSLRE isoforms, a1, b1, a2, and
b2. Examination of the peptide sequence for these isoforms
indicates the presence of possible protease cleavage sites just
upstream of the kinase domain and downstream of possible
regulatory domains in the N-terminal regions of these proteins
(Fig. 7) (48). It is important to also note that the PITSLRE
a2-4 isoform (which does not undergo proteolysis) contains
protein sequence identical to PITSLREa1, -b1, -a2-2, and

-b2-2 in this region. This finding suggests that proteolysis of
these latter PITSLRE isoforms is specific and may be relevant
to their function. These possible proteolytic cleavage sites do
not remove a significant portion of the protein which was used
to generate the GN1 antibody, as indicated by the ability of the
GN1 antibody to detect the p50 PITSLRE protein. Yuan and
Horvitz have demonstrated that the ced-3 death gene in Cae-
norhabditis elegans corresponds to the mammalian interleukin-
1b-converting enzyme, a cysteine protease (63). In fact, ectopic
expression of this protease is sufficient to induce apoptosis in
fibroblasts (40a). Selective proteolytic processing of some, but
not all, of the PITSLRE kinase isoforms implies that these
kinases may be targets of protease action during apoptosis and
is consistent with protease-directed apoptosis. Further studies
are planned to examine this point more closely. The timing of
proteolytic processing of the PITSLREa1, -a2, and -b2 iso-
forms coincides with the appearance of DNA ladders in the
CEM-C7 and Jurkat T cells, which may suggest that the
PITSLRE kinases are not involved in the initial signaling
events associated with an activated Fas receptor. Instead, they
may function downstream of other receptor-associated protein
kinases.
The proteolytic processing of several PITSLRE isoforms

may also be relevant to the activation of these kinases. Others
have shown that removal of regulatory domains from protein
kinases by proteolysis results in their activation (29, 42). A
similar mechanism may be responsible for the activation of the
PITSLRE kinase(s) during apoptosis. This notion is consistent
with experiments in which the N-terminal truncation mutant of
PITSLREb1 induced apoptosis in the absence of cell cycle
delays or abnormal chromosome segregation when ectopically
expressed in CHO cells. In addition, the transient expression of
full-length PITSLREa1 in CHO cells does not induce apopto-
sis, which is consistent with the observation that only the b1
isoform and its N-terminal truncation mutant induce apoptosis
in these cells.
Our data support the role for certain PITSLRE kinase iso-

forms as effectors of an apoptotic signaling pathway. First,
PITSLRE kinase expression and activity are induced in re-
sponse to activation of a cell surface receptor involved in trig-
gering PCD. Second, newly synthesized, as well as existing
pools of PITSLRE proteins, appear to be targets of specific
proteolysis following Fas-induced and glucocorticoid-induced
apoptosis in human T cells. This observation agrees with ex-
perimental evidence from other laboratories that suggests a
role for proteolysis in the initial onset of Fas- and glucocorti-
coid-mediated PCD (27, 46, 51). Finally, ectopic expression of
certain PITSLRE isoforms in eukaryotic cells leads to apop-
tosis. This later observation qualifies the PITSLREb1 and its
N-terminal mutants as killer genes (46). Attempts to block
Fas-induced apoptosis with antisense oligonucleotides to sev-
eral PITSLRE isoforms have, so far, been unsuccessful. This
may be due to technical complications and/or the inability to
negate the effects of proteolysis of preexisting pools of PITS
LRE proteins. Experiments designed to determine whether
regulated expression of antisense and dominant negative forms
of the PITSLREa1 and -b1 proteins can block Fas-mediated
apoptosis may be informative.
Of some interest is the potential role of the PITSLRE ki-

nases as tumor suppressors and the possible function of some
of the isoforms in apoptotic signal transduction. On the basis
of deletion and molecular alteration of this locus in human
neuroblastoma cell lines, we have proposed that one or more
of the genes encoding the PITSLRE protein kinases function
as a tumor suppressor(s) (28). Others have shown that even
partial abrogation of the function of certain tumor suppressor

FIG. 6. PITSLRE protein expression in Jurkat cells treated with the Fas
MAb in the absence (A) and presence (B) of TPCK. Cells were treated with the
Fas MAb and with or without TPCK, as indicated at the bottom. Total cell lysates
(100 mg) were analyzed by SDS-PAGE and then Western blotted with the
PITSLRE GN1 antibody. The sizes of the molecular weight standards are indi-
cated on the left, and the positions of the various PITSLRE isoforms are indi-
cated on the right. Induction of a novel 50-kDa PITSLRE isoform is observed in
both panels, and its position is indicated just below the p58 PITSLREb1 isoform.
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genes (ca. p53) can result in a marked change in the ability of
cells harboring these alterations to undergo apoptosis (31–33).
This loss of function in apoptotic signaling results in substan-
tially enhanced growth characteristics for these tumor cells.
Thus, deregulation of apoptotic signaling pathway(s) may rep-
resent one way to enhance tumorigenesis by preventing the
elimination of these cells through normal checkpoint control.
In conclusion, our results show that (i) ectopic expression of

certain PITSLRE kinase isoforms can induce apoptosis, (ii)
expression and activity of PITSLRE kinase(s) are normally
induced in response to Fas activation, leading to apoptosis, (iii)
activation of a serine protease(s) may be an early response to
Fas activation in human T cells, and (iv) certain PITSLRE
kinases are targets of proteolysis during Fas-induced apoptosis.
Criteria for classification as a killer gene include induction of
a gene product and its activity during apoptosis and trigger-
ing of apoptosis by the ectopic expression of such a protein
(46). The results of this study suggest that certain PITSLRE
kinase isoforms fit these criteria, thus qualifying them as bona
fide killer genes. Results presented here also suggest that cer-
tain PITSLRE isoforms function as effectors of what may be
an apoptotic signal transduction pathway(s) in immature T
cells.

ACKNOWLEDGMENTS

We thank E. Coustan-Smith and G. Richmond for excellent techni-
cal assistance, C. Sherr, J. Cleveland, and two anonymous reviewers for
helpful comments and suggestions regarding the manuscript, R. Ash-
mun for assistance with the flow cytometric analysis, and J. Downing
for providing the CHO-PCTAIRE-3 overexpressors.
This research was supported by a grant from the NIH (GM44088) to

VJK, by a Cancer Center CORE grant from the NIH (CA21765), and
by the American Lebanese Syrian Associated Charities of St. Jude
Children’s Research Hospital.
The first two authors contributed equally to this work.

REFERENCES

1. Arion, D., L. Meijer, L. Brizuela, and D. Beach. 1988. cdc2 is a component
of the M phase-specific histone H1 kinase: evidence for identity with MPF.
Cell 55:371–378.

2. Askew, D. S., R. A. Ashmun, B. C. Simmons, and J. L. Cleveland. 1991.

Constitutive c-myc expression in an IL-3-dependent myeloid cell line sup-
presses cell cycle arrest and accelerates apoptosis. Oncogene 6:1915–1922.

3. Atkin, N. B. 1986. Chromosome 1 aberrations in cancer. Cancer Genet. Cyto-
genet. 21:279–285.

4. Bishop, J. M. 1991. Molecular themes in oncogenesis. Cell 64:235–248.
5. Bruno, S., G. Del Bino, P. Lassota, W. Giaretti, and Z. Darzynkiewicz. 1992.
Inhibitors of proteases prevent endonucleolysis accompanying apoptotic
death of HL-60 leukemic cells and normal thymocytes. Leukemia 6:1113–
1120.

6. Bulva, C. J., J. Printen, G. Melnykovych, L. Cutts, B. G. Barisas, and D. A.
Roess. 1991. Corticosteroid effects on lipid lateral diffusion in CEM-C1 and
CEM-C7 acute lymphoblastic leukemia cells. Biochim. Biophys. Acta 1094:
134–137.

7. Bunnell, B. A., L. S. Heath, D. E. Adams, J. M. Lahti, and V. J. Kidd. 1990.
Increased expression of a 58-kDa protein kinase leads to changes in the
CHO cell cycle. Proc. Natl. Acad. Sci. USA 87:7467–7471.

8. Cohen, J. J. 1991. Programmed cell death in the immune system. Adv.
Immunol. 50:55–85.

9. Cohen, J. J. 1992. Glucocorticoid-induced apoptosis in the thymus. Semin.
Immunol. 4:363–369.

10. Collins, M. K. L., and A. L. Rivas. 1993. The control of apoptosis in mam-
malian cells. Trends Biochem. Sci. 18:307–309.

11. Desai, D., Y. Gu, and D. O. Morgan. 1992. Activation of human cyclin-
dependent kinases in vitro. Mol. Biol. Cell 3:571–582.

12. Dickerson, I. M., K. W. Peden, and R. E. Mains. 1989. Metallothionein-I
promoter—directed expression of foreign proteins in a mouse pituitary cor-
ticotrope tumor cell line. Mol. Cell. Endocrinol. 2:205–212.

13. Dracopoli, N. C., P. Harnett, S. J. Bale, B. Z. Stanger, M. A. Tucker, D. E.
Housman, and R. F. Kefford. 1989. Loss of alleles from the distal short arm
of chromosome 1 occurs late in melanoma tumor progression. Proc. Natl.
Acad. Sci. USA 86:4614–4618.

14. Eipers, P. G., B. L. Barnoski, J. Han, A. J. Carroll, and V. J. Kidd. 1991.
Localization of the expressed human p58 protein kinase chromosomal gene
to chromosome 1p36 and a highly related sequence to chromosome 15.
Genomics 11:621–629.

15. Eipers, P. G., J. M. Lahti, and V. J. Kidd. 1992. Structure and expression of
the human p58clk-1 protein kinase chromosomal gene. Genomics 13:613–621.

16. Elledge, S. J., R. Richman, F. L. Hall, R. T. Williams, N. Lodgson, and J. W.
Harper. 1992. CDK2 encodes a 33-kDa cyclin A-associated protein kinase
and is expressed before CDC2 in the cell cycle. Proc. Natl. Acad. Sci. USA
89:2907–2911.

17. Elledge, S. J., and M. R. Spottswood. 1991. A new human p34 protein kinase,
CDK2, identified by complementation of a cdc28 mutation in Saccharomyces
cerevisiae, is a homolog of Xenopus Eg1. EMBO J. 10:2653–2659.

18. Ellis, R. E., J. Yuan, and H. R. Horvitz. 1991. Mechanisms and functions of
cell death. Annu. Rev. Cell Biol. 9:663–698.

19. Evan, G. I., A. H. Wyllie, C. S. Gilbert, T. D. Littlewood, H. Land, M. Brooks,
C. M. Waters, L. Z. Penn, and D. C. Hancock. 1992. Induction of apoptosis
in fibroblasts by c-myc protein. Cell 69:119–128.

20. Ewen, M. E., H. K. Sluss, L. L. Whitehouse, and D. M. Livingston. 1993.

FIG. 7. Possible protease cleavage sites located in the PITSLREa1, -b1, -a2, and -b2 isoforms. A comparison of the amino acid sequences of these isoforms
indicates that several potential cleavage sites (similar to that reported for granzyme B [48]) are nested within an ;30-amino-acid stretch. Additionally, a number of
casein kinase II (CKII) phosphorylation sites are also clustered within this region.

10 LAHTI ET AL. MOL. CELL. BIOL.



TGFb inhibition of cdk4 synthesis is linked to cell cycle arrest. Cell 74:1009–
1020.

21. Fong, C.-T., N. C. Dracopoli, P. S. White, P. T. Merrill, R. C. Griffith, D. E.
Housman, and G. M. Brodeur. 1989. Loss of heterozygosity for the short arm
of chromosome 1 in human neuroblastomas: correlation with N-myc ampli-
fication. Proc. Natl. Acad. Sci. USA 86:3753–3757.

22. Gabrielli, B. G., L. M. Roy, J. Gautier, M. Philippe, and J. L. Maller. 1992.
A cdc2-related kinase oscillates in the cell cycle independently of cyclins
G2/M and cdc2. J. Biol. Chem. 267:1969–1975.

23. Garvy, B. A., W. G. Telford, L. E. King, and P. J. Fraker. 1993. Glucocor-
ticoids and irradiation-induced apoptosis in normal murine bone marrow
B-lineage lymphocytes as determined by flow cytometry. Immunology 79:
270–277.

24. Gold, R., M. Schmied, G. Rothe, H. Zischler, H. Breitschopf, H. Wekerle,
and H. Lassman. 1993. Detection of DNA fragmentation in apoptosis: ap-
plication of in situ nick translation to cell culture systems and tissue sections.
J. Histochem. Cytochem. 41:1023–1030.

25. Hartwell, L. H., and T. A. Weinert. 1989. Checkpoints: controls that ensure
the order of cell cycle events. Science 246:629–634.

26. Heald, R., M. McLoughlin, and F. McKeon. 1993. Human Wee1 maintains
mitotic timing by protecting the nucleus from cytoplasmically activated Cdc2
kinase. Cell 74:463–474.

27. Krammer, P. H., I. Behrmann, P. Daniel, J. Dhein, and K.-M. Debatin. 1994.
Regulation of apoptosis in the immune system. Curr. Biol. 6:279–289.

27a.Lahti, J. M. Unpublished data.
28. Lahti, J. M., M. Valentine, J. Xiang, B. Jones, J. Amann, J. Grenet, G.

Richmond, A. T. Look, and V. J. Kidd. 1994. Alterations in the PITSLRE
protein kinase gene complex on chromosome 1p36 in childhood neuroblas-
toma. Nat. Genet. 7:370–375.

29. Levine, S., and N. E. Sahyoun. 1987. Characterization of a soluble Mr 30,000
catalytic fragment of the neuronal calmodulin-dependent protein kinase II.
Eur. J. Biochem. 168:481–486.

30. Liu, Z.-G., S. W. Smith, K. A. McLaughlin, L. M. Schwartz, and B. A.
Osborne. 1994. Apoptotic signals delivered through the T-cell receptor of a
T-cell hybrid require the immediate-early gene nur77. Nature (London)
367:281–284.

31. Lowe, S. W., T. Jacks, D. E. Housman, and H. E. Ruley. 1994. Abrogation of
oncogene-associated apoptosis allows transformation of p53-deficient cells.
Proc. Natl. Acad. Sci. USA 91:2026–2030.

32. Lowe, S. W., and H. E. Ruley. 1993. Stabilization of the p53 tumor suppressor
is inducible by adenovirus 5E1A and accompanies apoptosis. Genes Dev.
7:535–545.

33. Lowe, S. W., H. E. Ruley, T. Jacks, and D. E. Housman. 1993. p53-dependent
apoptosis modulates the cytotoxicity of anticancer agents. Cell 74:957–967.

34. Maller, J. L. 1991. Mitotic control. Curr. Opin. Cell Biol. 3:269–275.
35. Mathew, C. G., B. A. Smith, K. Thorpe, Z. Wong, N. J. Royle, A. J. Jeffreys,

and B. A. J. Ponder. 1987. Deletion of gene on chromosome 1 in endocrine
neoplasia. Nature (London) 328:524–525.

36. Matsushime, H., M. F. Roussel, R. A. Ashmun, and C. J. Sherr. 1991.
Colony-stimulating factor 1 regulates novel cyclins during the G1 phase of
the cell cycle. Cell 65:701–713.

37. McConkey, D. J., M. Jondal, and S. Orrenius. 1992. Cellular signaling in
thymocyte apoptosis. Semin. Immunol. 4:371–377.

38. Meikrantz, W., S. Gisselbrecht, S. W. Tam, and R. Schlegel. 1994. Activation
of cyclin A-dependent protein kinases during apoptosis. Proc. Natl. Acad.
Sci. USA 91:3754–3758.

39. Meyerson, M., G. H. Enders, C.-L. Wu, L.-K. Su, C. Gorka, C. Nelson, E.
Harlow, and L.-H. Tsai. 1992. A family of human cdc2-related protein
kinases. EMBO J. 11:2909–2917.

40. Milarski, K., and R. I. Morimoto. 1989. Mutational analysis of the human
HSP70 protein: distinct domains for nucleolar localization and adenosine
triphosphate binding. J. Cell Biol. 109:1947–1962.

40a.Miura, M., H. Zhu, R. Rotello, E. A. Hartwig, and J. Yuan. 1993. Induction
of apoptosis in fibroblasts by IL-1b-converting enzyme, a mammalian ho-
molog of the C. elegans cell death gene ced-3. Cell 75:653–660.

41. Pagano, M., R. Pepperkok, F. Verde, W. Ansorge, and G. Draetta. 1992.
Cyclin A is required at two points in the human cell cycle. EMBO J.11:961–971.

42. Planas-Silva, M. D., and A. R. Means. 1992. Expression of a constitutive
form of calcium/calmodulin dependent protein kinase II leads to arrest of
the cell cycle in G2. EMBO J. 11:507–517.

43. Raff, M. C., B. A. Barres, J. F. Burne, H. S. Coles, Y. Ishizaki, and M. D.
Jacobson. 1993. Programmed cell death and the control of cell survival:
lessons from the nervous system. Science 262:695–700.

44. Reed, J. C. 1994. Bcl-2 and the regulation of programmed cell death. J. Cell
Biol. 124:1–6.

45. Sarin, A., D. H. Adams, and P. A. Henkart. 1993. Protease inhibitors selec-
tively block T cell receptor-triggered programmed cell death in a murine T
cell hybridoma and activated peripheral T cells. J. Exp. Med. 178:1693–1700.

46. Schwartz, L. M., and B. A. Osborne. 1993. Programmed cell death, apoptosis
and killer genes. Immunol. Today 14:582–590.

47. Shaw, E., M. Mares-Guia, and W. Cohen. 1965. Evidence for an active-
center histidine in trypsin through use of a specific reagent, 1-chloro-3-
tosylamido-7-amino-2-heptanone, the chloromethyl ketone derived from
N-a-tosyl-L-lysine. Biochemistry 4:2219–2224.

48. Shi, L., C.-M. Kam, J. C. Powers, R. Aebersold, and A. H. Greenberg. 1992.
Purification of three cytotoxic lymphocyte granule serine proteases that
induce apoptosis through distinct substrate and target cell interactions. J.
Exp. Med. 176:1521–1529.

49. Shi, L., W. K. Nishioka, J. Th’ng, E. M. Bradbury, D. W. Litchfield, and A. H.
Greenberg. 1994. Premature p34cdc2 activation required for apoptosis. Sci-
ence 263:1143–1145.

50. Simon, D., B. B. Knowles, and A. Weith. 1991. Abnormalities of chromosome
1 and loss of heterozygosity on 1p primary hepatomas. Oncogene 6:765–770.

51. Smith, C. A., G. T. Williams, R. Kingston, E. J. Jenkinson, and J. J. T. Owen.
1989. Antibodies to CD3/T-cell receptor complex induce death by apoptosis
in immature T cells in thymic cultures. Nature (London) 337:181–184.

52. Stadler, T., S. Hahn, and P. Erb. 1994. Fas antigen is the major target
molecule for CD41 T cell-mediated cytotoxicity. J. Immunol. 152:1127–
1133.

53. Takeda, O., C. Homma, N. Maseki, M. Sakurai, N. Kanda, M. Scwab, Y.
Nakamura, and Y. Kaneko. 1994. There may be two tumor suppressor genes
on chromosome arm 1p closely associated with biologically distinct subtypes
of neuroblastoma. Genes Chromosomes Cancer 10:30–39.

54. Trauth, B. C., C. Klas, A. M. Peters, S. Matzku, P. Moller, W. Falk, K.-M.
Debatin, and P. H. Krammer. 1989. Monoclonal antibody-mediated tumor
regression by induction of apoptosis. Science 245:301–305.

55. Tsai, L-H., E. Harlow, and M. Meyerson. 1991. Isolation of the human cdk2
gene that encodes the cyclin A- and adenovirus E1A-associated p33 kinase.
Nature (London) 353:174–177.

56. Urlaub, G., and L. A. Chasin. 1980. Isolation of chinese hamster cell mutants
deficient in dihydrofolate reductase activity. Proc. Natl. Acad. Sci. USA 77:
4216–4220.

57. van den Heuvel, S., and E. Harlow. 1993. Distinct roles for cyclin-dependent
kinases in cell cycle control. Science 262:2050–2054.

58. Williams, G. T., and C. A. Smith. 1993. Molecular regulation of apoptosis:
genetic controls on cell death. Cell 74:777–779.

59. Woronicz, J. D., B. Calnan, V. Ngo, and A. Winoto. 1994. Requirement for
the orphan steroid receptor Nur77 in apoptosis of T-cell hybridomas. Nature
(London) 367:277–281.

60. Wylie, A. H. 1980. Glucocorticoid-induced thymocyte apoptosis is associated
with endogenous endonuclease activation. Nature (London) 284:555–556.

61. Xiang, J., J. M. Lahti, J. Grenet, J. Easton, and V. J. Kidd. 1994. Molecular
cloning and expression of alternatively spliced PITSLRE protein kinase
isoforms. J. Biol. Chem. 269:15786–15794.

62. Xiang, J., J. M. Lahti, and V. J. Kidd. Unpublished data.
63. 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.

64. Zoller, M. J., and M. Smith. 1984. Modified methods for performing site-
directed mutagenesis. DNA 3:479–488.

VOL. 15, 1995 PITSLRE PROTEIN KINASE ACTIVITY 11


