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have been detected in specialized cell populations of
ZPK is a recently described serine/threonine protein various adult mouse organs (3). In addition, during mu-

kinase that is thought to be involved in the regulation rine embryogenesis, the ZPK gene exhibits remarkable
of cell proliferation and differentiation. To directly de- patterns of cell type- and developmental stage-specific
termine whether ZPK exhibits any effect on cell expression in neuronal tissues, as well as in the epithe-growth, NIH 3T3 fibroblasts were transfected with an lia of organs that rely on inductive interactions for theirexpression vector harboring the murine ZPK cDNA.

development (6). In these tissues, the ZPK mRNA wasStable expression of this construct led to a dramatic
primarily localized in areas undergoing terminal cellreduction in the proliferative capacity of these cells
differentiation.as measured by a colony formation assay in monolayer

To further investigate the role of ZPK in the controlculture. By contrast, overexpression of a ZPK cDNA
of cell growth and differentiation, we examined the ef-with a mutation in the ATP-binding domain did not
fects of the constitutive overexpression of the ZPK geneaffect clonal expansion of the transfected cells. These
in NIH 3T3 cells by means of a colony formation assayfindings suggest that the ZPK gene may act as a nega-
in monolayer culture. Our results revealed that deregu-tive regulator of cell growth and that this function may
lated expression of this gene leads to growth arrest.be mediated in part by the intrinsic kinase activity of

the ZPK protein. q 1997 Academic Press

MATERIALS AND METHODS

Plasmids. Wild-type and mutated mouse ZPK cDNAs (3) were
ZPK is a non-receptor serine/threonine kinase be- subcloned under the transcriptional control of the Moloney murine

longing to the mixed-lineage (MLK) family of protein sarcoma virus long terminal repeat in the previously described ret-
roviral vector LXSN (7). The LXSN vector contains a neomycin (neo)kinases (1,2). The protein structure of the members in
resistance gene driven by the simian virus 40 (SV40) promoter. Thethis subfamily is characterized by the presence of
ATP-binding mutant of ZPK, designated ZPK[K/R], was constructedamino acid sequence motifs that are potentially in- by introducing a point mutation resulting in the conversion of a

volved in protein-protein interactions, such as leucine lysine to an arginine at amino acid 185 in the catalytic domain of
zipper domains and proline-rich regions. Originally, the enzyme.
the ZPK gene was identified in a human teratocarci- Cell transfection. Mouse NIH 3T3 cells, grown in Dulbecco’s mod-
noma cell line after a search for protein kinases differ- ified Eagle’s medium (DMEM) supplemented with 8% Fetal Bovine

Serum (FBS), were plated at a density of 7.5 1104 cells/ml in 100-entially expressed during neuronal development (1).
mm dishes and transfected 24 h later by calcium phosphate precipita-Recently, the mouse and rat counterparts of human
tion (8) with the indicated amounts of the plasmid LXSN, LXSN-ZPK have been cloned and partially characterized at ZPK or LXSN-ZPK[K/R]. After overnight incubation, the medium

the molecular level (3-5). Sequence analysis revealed was removed and replaced with fresh medium. Forty-eight hours
extensive homology between the different species, and after transfection, 400 mg/ml G418 was added to the culture medium

and drug selection was carried out for up to 2-3 weeks. At the enda conservation of the structural features of MLK family
of the selection period, the plates of transfected cells were fixed andmembers.
stained with 2% (w/v) crystal violet/1% (w/v) ammonium oxalate/20%Although no physiological function for ZPK has been ethanol.

clearly established, recent expression studies have sug-
gested a role in the regulation of cell growth and differ- RESULTSentiation. By in situ hybridization, ZPK transcripts

In an effort to directly determine whether ZPK could
have an effect on cell growth properties, an expression1 To whom correspondence should be addressed. Fax: (819) 821-

8049. vector containing the entire coding region of mouse
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FIG. 1. Growth suppressive activity of ZPK in NIH 3T3 cells. NIH 3T3 cells, transfected with either the empty LXSN (20 mg) vector or
the LXSN-ZPK (20 mg) expression construct, were cultured in selection medium containing G418 for three weeks and then stained with
crystal violet.

ZPK cDNA was transfected into NIH 3T3 fibroblasts. of protein kinases (9) was replaced by an arginine. This
After three weeks of selection in the presence of the substitution was expected to result in loss of protein
antibiotic G418, the plates of transfected cells were kinase activity as previously reported for several other
stained with crystal violet and the number of neomycin members of this family (10,11). This mutant cDNA,
resistant colonies was scored. As shown in Fig. 1, the designated ZPK[K/R], was inserted into the LXSN ex-
yield of colonies transfected with the LXSN-ZPK ex- pression vector and then transfected into NIH 3T3 fi-
pression vector was much lower than in cells trans- broblasts. In contrast with wild-type ZPK, NIH 3T3
fected with an equal amount of the respective empty cells transfected with LXSN-ZPK[K/R] gave rise to a
plasmid (LXSN). Growth inhibition, as measured by number of G418-resistant colonies comparable to that
reduced colony yield, was seen with multiple indepen-
dent preparations of LXSN-ZPK, as well as in similar
experiments with the murine neuroblastoma cell line
Neuro-2a (data not shown).

To examine whether the growth suppressive activity
of the ZPK gene was dose-dependent, different concen-
trations of LXSN and LXSN-ZPK were transfected in
NIH 3T3 cells and the number of G418-resistant colo-
nies determined 15 days later. As shown in Fig. 2, the
increase in the concentration of LXSN-ZPK DNA corre-
lates with a decrease in the number of G418-resistant
colonies in the culture. At the highest dose tested for
each plasmid, the control LXSN gave rise to approxi-
mately 330 G418-resistant colonies per 100-mm-diam-
eter dish, whereas LXSN-ZPK gave rise to only approx-
imately 8 resistant colonies. These results indicate that
overexpression of the ZPK gene has a negative effect FIG. 2. Dose-dependent effect of ZPK on cell growth. NIH 3T3

cells were cotransfected with different amounts of LXSN and LXSN-on cell growth.
ZPK expression vectors. The total amount of DNA was kept constantTo determine whether the intrinsic kinase activity
at 20 mg. Cells were cultured in selection medium containing G418 forof the ZPK protein was required for growth suppres- two weeks and then stained with crystal violet to score the number of

sion, we constructed a mutant ZPK cDNA in which the resistant colonies. Data represent the mean { S.E. of two indepen-
dent experiments.lysine codon (Lys 185) found in the ATP-binding site
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SAPKs and p38s are two newly discovered subfamilies
of MAPKs capable of phosphorylating and regulating
the activity of several transcription factors and other
protein kinases (14). These kinases are potently and
preferentially activated by inflammatory cytokines
(e.g. tumor necrosis factor a, interleukin 1b) and vari-
ous forms of cellular stresses (e.g. heat shock, hyperos-
molarity, UV and ionizing irradiation) that are known
to induce cell cycle delay, cellular repair, and/or
apoptosis (14). Accordingly, it is tempting to suggest
that the dramatic reduction in the number of G418

FIG. 3. ZPK requires an intact ATP-binding site to inhibit cell resistant colonies observed after transfection with the
growth. NIH 3T3 cells were transfected with either the empty LXSN ZPK expression vector could be attributed to the activa-
(20 mg) vector or the indicated expression constructs (20 mg) and tion of these kinases which, in turn, elicit growth arrest
cultured in selection medium containing G418 for three weeks. Cul-

or cell death. It will be worth establishing cell linestures were then stained with crystal violet and the number of G418
expressing the ZPK gene under the control of an induc-resistant colonies was scored. The columns show the relative effect

of the different expression constructs on colony formation expressed ible promoter to determine whether the negative effect
as percent of colonies obtained with LXSN alone. Data represent the of the ZPK protein on cell growth reflects its true physi-
mean { S.E. of three independent experiments. ological role, and whether growth arrest is due to a

block of the cell cycle or due to a loss of cell viability.

seen with the control empty vector (Fig. 3). Therefore, ACKNOWLEDGMENTS
these findings suggest that the enzymatic activity of
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