Casein Kinase lla Transgene-Induced Murine
Lymphoma: Relation to Theileriosis in Cattle
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Infection of cattle with the protozoan parasite Theileria parva results in a fatal lympho-
proliferative syndrome that is associated with the overexpression of casein kinase Il. The
role of this enzyme in the pathogenesis of lymphoproliferative disorders was investigated
by expressing the catalytic subunit in lymphocytes of transgenic mice. Adult transgenic
mice displayed a stochastic propensity to develop lymphoma; co-expression of a c-myc
transgene in addition to casein kinase Il resulted in neonatal leukemia. Thus, the casein
kinase Il gene can serve as an oncogene, and its dysregulated expression is capable of
transforming lymphocytes in a two-step pathway with c-myc.

Casein kinase 1I (CKII) is a heterotet-
rameric serine-threonine protein kinase
that is composed of two catalytic subunits
(o or a’) and two regulatory B subunits (1).
The nucleotide and amino acid sequences
of CKlla are highly conserved throughout
evolution: The human and rat proteins are
identical for the first 328 of 389 amino
acids; the mammalian and Drosophila pro-
teins show 90% similarity (2). The unusual
degree of sequence conservation and ubig-
uitous expression of CKII suggest that the
enzyme may play a critical role in cell func-
tion. CKII has been postulated to regulate
multiple pathways of cellular metabolism
and gene expression (3), and it may itself be
regulated during the cell cycle (4). Rapidly
proliferating cells appear to show high lev-
els of CKII activity; some human leukemias
(5) and solid tumors (6) exhibit increased
levels of CKII, suggesting a potential role in
tumorigenesis.

A parasitic disease of cattle in eastern
and central Africa has provided another ex-
ample of an association between the dys-
regulated expression of CKII and a patho-
logical process. Cattle infected with the
tick-borne protozoan parasite Theileria parva
develop a T cell lymphoproliferative disor-
der, termed theileriosis or East Coast fever,
that is fatal within 3 to 4 weeks (7). Para-
site-infected cells assume the appearance of
lymphoblasts and are tumorigenic in nude
mice. However, the timely treatment of in-
fected animals with antiparasitic drugs can
cure this pseudoleukemia; thus, the process
is termed reversible lymphocyte transforma-
tion. Parasite-infected lymphoblastoid cells
contain markedly increased amounts of
CKII mRNA and protein relative to nonin-
fected cells (8). To assess both the patho-
physiological role of CKII in this process and
its oncogenic potential, we have expressed
the a catalytic subunit of CKII in the lym-
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phoid compartment of transgenic mice.
With oligonucleotide primers based on
the human CKlla nucleotide sequence (2)
and the use of the polymerase chain reaction
(PCR), we amplified and cloned the mouse
CKlla coding sequence from first-strand
spleen complementary DNA (cDNA) (9).
Sequencing of the product revealed that the
mouse and human coding regions are 94%
identical at the nucleotide level; their pre-
dicted protein products share an amino acid
identity of 97%. To confirm that the PCR
product encoded a biologically active en-
zyme subunit, we expressed the mouse
CKlla ¢cDNA in bacteria (10). The recom-
binant protein had a molecular mass of 42
kD (Fig. 1A), consistent with the predicted
size of CKlle, and it reacted on an immu-
noblot with antibodies to human CKlla
(Fig. 1B). Whereas most of the recombinant
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Fig. 1. Analysis of recombinant mouse CKlla.. (A)
Polyacrylamide gel electrophoresis of 5 pl of
transformed bacterial lysates revealed a band of
~42 kD in induced cells (|) that was not present in
uninduced cells (U). The migration of molecular
size standards (in kilodaltons) is shown on the left.
(B) Immunoblot analysis of 0.2 ul of the induced
bacterial lysate demonstrated that the recombi-
nant material was cross-reactive with rabbit poly-
clonal antibodies to human CKlle. (C) The catalyt-
ic activity of the soluble recombinant protein (Sol.)
and the detergent-extracted insoluble bacterial
pellet (In.) was determined by the incorporation of
radioactivity from [y-33P]ATP into a CKIl substrate
peptide (70).
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protein was insoluble, the nondenatured sol-
uble fraction was able to phosphorylate a
CKII substrate peptide (Fig. 1C).

The CKlla ¢cDNA was cloned into a
vector (11) in which an immunoglobulin
heavy chain promoter and enhancer direct
expression to lymphocytes (Fig. 2A), and
the construct was injected into the pronu-
clei of fertilized FVB/n mouse oocytes. Two
transgenic founders were identified; they
passed the gene to their offspring, creating
the TG.CKA and TG.CKB lines (12). Ri-
bonuclease protection analysis with a probe
capable of distinguishing transgenic from
endogenous CKlla transcripts (Fig. 2ZA) re-
vealed that the transgene was expressed in
the lymphoid organs of animals of both
lines, more abundantly in the thymus than
in the spleen (Fig. 2B). Even in the thymus,
the abundance of the transgene CKlla
mRNA was <10% of that of the endoge-
nous CKlla mRNA. Mice of these lines
develop and breed normally, but patholog-
ical examination of organs from older mice
suggests hyperplasia of the white pulp of the
spleen.

CKlla transgenic mice from both lines
develop lymphoma in a stochastic manner.
Of 139 mice examined for a median of 9
months, nine (6%) developed clinical and
histological evidence of lymphoma. An ad-
ditional 12 mice (9%) that did not show
clinical evidence of lymphadenopathy or
organomegaly were found dead; thus, the
true incidence of lymphoma in this popula-
tion lies between 6 and 15%. The earliest
onset of disease was at 6.5 months. Most of
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Fig. 2. Expression of a CKlla transgene. (A) The
CKllo cDNA, subcloned into a vector with immu-
noglobulin promoter (hPw) and enhancer (MEw
and hEp) sequences as well as simian virus 40
intron and polyadenylate (SV40pA) sequences
(71), was used to establish two lines of transgenic
mice, TG.CKA and TG.CKB. (B) RNA prepared
from tissues of wild-type (WT) and transgenic
[TG.CKA (a) and TG.CKB (b)] mice was subjected
to ribonuclease protection analysis with the anti-
sense riboprobe indicated in (A). The endogenous
CKllae mRNA protects a band of 320 bases (End.),
whereas the transgene mRNA protects a band of
420 bases (TG).



the affected mice develop diffuse disease
characterized by massive splenomegaly,
hepatomegaly, thymic enlargement, and ex-
tensive lymphadenopathy, but generally
without significant involvement of the pe-
ripheral blood. Histological examination of
lymphoid organs revealed the effacement of
normal architecture by monomorphic infil-
trates of lymphoblastic cells with prominent
nucleoli and frequent mitotic figures (Fig.
3A). Similar cells invade visceral organs
including liver (Fig. 3B), kidneys, lung,
bone marrow, and pericardium. Three of
the mice developed more localized thymo-
mas with the same histology; one mouse
had a cutaneous lymphoma and thymoma
with an atypical epithelioid histology.

We characterized the lineage of these
tumors by immunofluorescent flow cytom-
etry (13). Analyses of malignant cells dis-
persed from tissues of affected animals
showed that they generally exhibit the cell
surface phenotype of immature cortical thy-
mocytes (Fig. 4, A and B). No B cell lym-
phomas have been detected. To assess the
clonality of this lymphoproliferative dis-
ease, we looked for rearrangement of the T
cell receptor JB gene. The wild-type and
premalignant transgenic animals showed
only the germline band in DNA prepared
from lymphoid and nonlymphoid organs
(Fig. 5), indicating that the T cells in those
tissues had no single predominant rear-
rangement. In contrast, DNA from the T
cell lymphomas showed novel bands, indic-
ative of clonal rearrangements. The immu-
noglobulin W locus usually retained the
germline configuration, as would be expect-
ed for T lineage tumors (Fig. 5). The ab-
normal T cells were uniformly tumorigenic
on transplantation into syngeneic FVB/n
hosts, confirming their malignant nature.

These results demonstrate that dysregu-
lated expression of CKlla within lympho-
cytes can result stochastically in lymphoma.
To investigate the possibility that the pro-
cess of transformation might involve the
further up-regulation of CKII, we assayed
CKII in tumors derived from the transgenic
mice. Ribonuclease protection analysis re-
vealed an increase in transgenic CKlla
mRNA to 20% of the amount of endoge-
nous CKIla mRNA, consistent with either
a modest up-regulation of transgenic
mRNA or the enrichment of transgene-
expressing cells in tumors. In concordance
with the ribonuclease protection data, no
significant increase in total CKlla antigen,
as assessed by immunoblot analysis, or in
CKII enzymatic activity was observed in
tumors from five different mice. Converse-
ly, the tumors still required CKII, as dem-
onstrated by the effect of antisense oligonu-
cleotides to CKII on the growth of CKlla
tumor cell lines (14). The antisense oligo-
nucleotides significantly inhibited the in-

Fig. 3. Histology of the lympho-
proliferative disease in CKlla
transgenic mice and in bi-trans-
genic CKlla X c-myc offspring.
(A) A lymph node from an adult
CKlle. transgenic mouse that
developed lymphoma shows
the typical infiltrate of large lym-
phoblasts with prominent nu-
cleoli and frequent mitotic fig-
ures. (B) Similar cells invaded
visceral organs such as the liver,
particularly in perivascular loca-
tions, but minimal host reaction
or necrosis was apparent. Leu-
kocytosis was not pronounced.
(C) The peripheral blood of
TG.CKA X TG.EB (c-myc) bi-
transgenic offspring revealed
that the disease presents as an
acute lymphocytic leukemia at
birth, with white blood cell
counts of >400,000/mm3. (D)
The livers of these neonatal bi-
transgenic mice were also ex-

tensively invaded, with marked hepatocellular damage apparent.

Fig. 4. Two-color flow cytometry analyses of the
expression of lymphoid cell surface markers (13).
(A) Normal thymus from a wild-type control mouse
stained with antibodies to CD4 and CD8. About 4%
of the cells were unstained, double-negative pro-
thymocytes (lower left quandrant), 68% were more
mature, double-positive thymocytes (upper right
quandrant), and 18 and 10% were mature CD4* or
CD8*, single-positive T cells, respectively (upper
left and lower right, respectively). (B) Thymus from a
representative CKlla transgenic mouse with lym-
phoma. The thymus was populated aimost entirely
with malignant cells bearing both CD4 and CD8. A
few unstained cells, which may have been residual
pro-thymocytes or non-T cells, were apparent, but
no single-positive mature thymocytes were detect-
ed. The tumor cells also expressed T200, Thy1,
CD2, CD3, and the aB T cell receptor. (C and D)
Analysis of a tumor cell line established from the
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bi-transgenic progeny of a TG.CKB (CKlla) X TG.EB (c-myc) mating that developed lymphoma at <6
weeks of age. B220 and CD3 were co-expressed on all cells (C). These cells also expressed surface
immunoglobulin w chains and the af T cell receptor complex simultaneously (D), as well as « light chains
and low levels of CD4. Although the cells expressed FeyRIl receptors, staining with antibodies to B220,
u, k, CD3, and the T cell receptor was not affected by preincubation with the FeyRIl blocking antibody
2.4G2 (22). The original tumor expressed low levels of B220 and CD3, but no other markers that were

examined.

Fig. 5. Analysis of T cell receptor and immunoglob-
ulin gene rearrangements in tumors. DNA prepared
from tumors and wild-type control tissue was di-
gested and subjected to Southern blot analysis. T
cell receptor JB chain rearrangements (lanes 1 to 3)
were detected with a probe (23) that identifies a
single band in the germline configuration of genom-
ic DNA digested with Hind lll. Immunoglobulin
heavy chain rearrangements (lanes 4 to 6) were
detected with a probe (24) that identifies a single
band in the germline configuration of genomic DNA
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digested with Eco RI. Lane 1, transgenic tail DNA illustrating the germline JB band (G). Lane 2, an example
of a CKlla: tumor whose DNA contained both the germline band and a prominent clonally rearranged JB
band. Lane 3, DNA from a CKlla X ¢c-myc bi-transgenic tumor. Lane 4, tail DNA showing the germline p.
band. Lane 5, the germline w. configuration is preserved in most CKlla tumors. Lane 6, the same tumor
DNA as in lane 3 showed p rearrangements in addition to the JB rearrangement.
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corporation of [PH]thymidine into DNA,
whereas the corresponding sense oligonu-
cleotides or mutated antisense oligonucleo-
tides had no significant effect (Fig. 6).

Thus, although CKII expression is re-
quired for ongoing proliferation of the tu-
mor cells, the mechanism of transformation
in the transgenic mice does not involve
further up-regulation of CKII. Transforma-
tion, therefore, must depend on the occur-
rence of one or more somatic events, such
as the activation of other oncogenes or the
deletion of anti-oncogenes. One candidate
for a collaborating oncogene is c-myc,
which has a demonstrated oncogenic role in
lymphoma (11, 15), is able to synergize
with the serine-threonine protein kinase—
encoding oncogenes pim-1 (16) and raf
(17), and may itself be regulated by CKII
(18). To test whether c-myc might be capa-
ble of collaborating with CKII in lym-
phomagenesis, we mated together CKlla
and c-myc transgenic mice. The c-myc
transgenic line TG.EB (11) has a human
c-myc transgene that is also under transcrip-
tional control of the immunoglobulin pro-
moter and enhancers. TG.EB mice develop
pre-B cell and, occasionally, T cell lympho-
mas at 4 to 9 months of age.

The co-expression of both of these trans-
genes resulted in a marked increase in the
rate of onset of fatal lymphoproliferative
disease. Bi-transgenic offspring resulting
from the mating of heterozygous TG.CKA
and TG.EB mice die by postnatal day 3,
whereas their mono-transgenic littermates
are healthy. Peripheral blood smears of 2- to
3-day-old bi-transgenic mice revealed acute
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Fig. 6. Inhibition of tumor cell line proliferation by
antisense CKII oligonucleotides (74). For the cell
line shown, the antisense oligonucleotides (anti.)
inhibited the incorporation of [H]thymidine into
DNA by 98% relative to the incorporation ob-
served with medium alone (med.). Control oligo-
nucleotides, including the sense sequences
(sense) and the antisense sequences with three
nucleotide mutations (mut.) that have been shown
to abrogate the antisense inhibition, had no signif-
icant effect. Inhibition of proliferation by antisense
oligonucleotides was statistically significant in five
of six tumor cell lines tested (P < 0.05) and was
=90% in four of the six lines.
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lymphocytic leukemia, with white blood
counts in excess of 400,000/mm> (Fig. 3C).
Histological sections showed that the livers
and spleens are full of lymphoblasts and
revealed extensive hepatic necrosis (Fig.
3D). Bi-transgenic offspring of TG.CKB
mice and TG.EB mice also exhibit the ac-
celerated onset of disease, although some
survive to adulthood.

Not only is co-expression of these two
oncogenes rapidly transforming, but it can
result in marked disruption of the regulation
of lymphocyte gene expression. For exam-
ple, one bi-transgenic TG.CKB X TG.EB
tumor appeared to have a mixed lineage,
with low-level surface expression of both
B220 and CD3. Analysis of cells from this
tumor in culture revealed that B220 and
CD3 were strongly co-expressed on all cells
(Fig. 4C), as were both surface immunoglob-
ulin M (p and k chains) and the T cell
receptor af3 complex (Fig. 4D). The T cell
coreceptor CD4 was also expressed at low
levels. The co-expression of two different
receptor complexes was substantiated at the
molecular level by analysis of tumor genom-
ic DNA, which showed rearrangements in
both the immunoglobulin and T cell recep-
tor loci (Fig. 5). Thus, the coordinated ac-
tion of the CKlla and c-myc transgenes can
result in the expression of elements of two
normally exclusive programs of lymphoid
differentiation.

The genes that encode the subunits of
human CKII are located on chromosomes
20p13 (a), 16p13.3-13.2 (a’), and 6p21.1
(B) (19). Rearrangements of chromosome
20p13 have been detected in both acute
and chronic lymphocytic leukemia and
non-Hodgkin’s lymphoma as well as acute
myelogenous leukemia (20). Chromosome
16p13 has also been shown to be affected in
some individuals with acute leukemia (20).
Pulmonary hamartomas have been identi-
fied that have rearrangements of chromo-
some 6p21 (21). It will be important to
investigate the potential role of CKII, per-
haps in cooperation with other oncogenes
such as c-myc, in the pathogenesis of these
and other human cancers.
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Selfish Behavior of
Restriction-Modification Systems

Taku Naito, Kohji Kusano, Ichizo Kobayashi*

Plasmids carrying gene pairs encoding type Il DNA restriction endonucleases and their
cognate modification enzymes were shown to have increased stability in Escherichia
coli. The descendants of cells that had lost these genes appeared unable to modify a
sufficient number of recognition sites in their chromosomes to protect them from lethal
attack by the remaining restriction enzyme molecules. The capacity of these genes to
act as a selfish symbiont is likely to have contributed to the evolution of restriction-

modification gene pairs.

Type II restriction endonucleases intro-
duce double-strand breaks at specific short
recognition sequences in duplex DNA pro-
vided that the sequences have not been
modified by cognate methylases (1). Genes
that encode cognate restriction-modifica-
tion (rm) enzymes are normally tightly
linked. The conventional hypothesis is that
the rm gene pairs evolved under selection
pressure to protect cells from infection by
foreign (for example, viral) DNA. But it is
not clear whether such a “cellular defense”
hypothesis explains the extreme diversity
and the exceptionally high specificity in
their sequence recognition. This hypothesis
cannot readily explain the evolution of the
“rare cutter” restriction enzymes whose
long recognition sequences (~8 base pairs)
are unlikely to be present in many bacterial
viruses. We present evidence for an alter-
native hypothesis that the evolution of
some rm gene pairs has been driven by their
behavior as “selfish” genetic units.

During an analysis of the role of DNA
double-strand breaks in homologous recom-
bination in E. coli (2), we observed that a
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plasmid carrying the rm genes of Pae R7
could not be readily displaced by a second
plasmid devoid of the Pae R7 recognition
sequence 5'-CTCGAG-3'. In the initial
experiments, the resident r*m* plasmid
pIK137 [P PAORM3.8 in (3)] and the intro-
duced plasmid pIK52 were incompatible,
because both plasmids are driven by a
ColE1 replicon. Plasmid pIK52 showed a
much lower transformation efficiency when
the E. coli host carried pIK137 as compared
to pBR322, a plasmid without the r*m™
genes (Table 1). In addition, the majority of
the colonies transformed with pIK52 DNA
(42 of 52) were small, and all 24 of the
transformants examined retained the resi-
dent r*m™ plasmid as well as the intro-
duced plasmid (Fig. 1A). When the resi-
dent plasmid was an r"m* version of
plK137 (pTN4), the transformation effi-
ciency was not reduced, none of the 300
transformed colonies was small, and none of
the 12 transformants examined retained a
visible amount of the initially resident plas-
mid (Fig. 1B). These results suggested that
restriction was responsible for the stable
retention of the r*m™ plasmid.

When replication of the introduced and
resident plasmids was driven from different
compatible replicons, the presence of an r*
gene as well as an m* gene in the resident
plasmid did not influence the transforma-
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tion efficiency (Table 1). Thus, the low
transformation efficiency of pIK52 in the
initial experiment was likely due to the
resident plK137 plasmid’s enhanced stabil-
ity, conferred by the rm genes.

To determine whether the r*m* genes
could stabilize a plasmid in the absence of a
challenge by an incompatible plasmid, we
inserted wild-type (r*m*) and mutant
(r"m™) alleles of the Pae R7 rm genes into
two different plasmid vectors, one
(pBR322) driven by a ColEl replicon, the
other (pHSG415) driven by a pSC10lts
replicon (4). The insertions into pBR322
were large, and the r'm* version was less
stable than pBR322. Nevertheless, the
r*m* version was found to be considerably
more stable than even pBR322 itself (Fig.
2A). The r gene also had a pronounced
stabilizing effect on pHSG415 (Fig. 2B).
This pattern was reproduced with another
type II rm gene pair, Eco RI (Fig. 2C).

On the basis of these results, we postu-
lated the following mechanism to explain
the plasmid stabilization. With successive
generations, the descendants of a cell that
has lost its r*m™ plasmid will contain fewer
and fewer molecules of modification en-

Table 1. Resistance of a Pae R7 r*m™* plasmid
to displacement. Escherichia coli strain JC8679
(7) carrying the indicated plasmids were trans-
formed by electroporation (2) with 500 ng of
plK52 (9) or 0.5 ng of plK134 (70). Transfor-
mants were selected on LB agar supplemented
with kanamycin (50 wg/ml) or chloramphenicol
(25 ng/ml), respectively.

Transformation efficiency

Resident plasmid pIK52 (-m-)* pIK134 (r-m-)

(incompatible)  (compatible)
pBR322 (r_m™) 1 1
plK137 (r*m*) (3) 0.11 2.3
pTN4 (r—m*) (8) 4.0 1.8
None 52 2.1

*Average of two experiments; differences between the
values obtained were no greater than 10%.
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