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Hijacking of Host Cell IKK
Signalosomes by the
Transforming Parasite Theileria
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Parasites have evolved a plethora of mechanisms to ensure their propagation
and evade antagonistic host responses. The intracellular protozoan parasite
Theileria is the only eukaryote known to induce uncontrolled host cell prolif-
eration. Survival of Theileria-transformed leukocytes depends strictly on con-
stitutive nuclear factor kappa B (NF-kB) activity. We found that this was
mediated by recruitment of the multisubunit IkB kinase (IKK) into large, ac-
tivated foci on the parasite surface. IKK signalosome assembly was specific for
the transforming schizont stage of the parasite and was down-regulated upon
differentiation into the nontransforming merozoite stage. Our findings provide
insights into IKK activation and how pathogens subvert host-cell signaling

pathways.

Theileria parva and Theileria annulata are
tick-transmitted protozoan parasites of cattle
that cause severe lymphoproliferative diseas-
es in large areas of Africa and Asia. Unpro-
tected animals that become infected almost
invariably succumb to theileriosis. Theileria
spp. are closely related to other apicomplexan
parasites, such as Plasmodium, Toxoplasma,
and Babesia spp. The intracellular schizont
stages of T parva and T. annulata possess the
capacity to transform the target host cells
they infect. 7. parva transforms T cells or B
cells, whereas T. annulata induces uncon-
trolled proliferation of cells of monocyte/
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macrophage lineage and B cells. The pro-
nounced pathology and mortality caused by
Theileria infections is tightly associated with
the parasite’s transforming capacity. Theile-
ria-transformed cells acquire a metastatic
phenotype, allowing them to proliferate in
nonlymphoid as well as lymphoid host tis-
sues, and also to form tumors when injected
into immunocompromised mice (I).

Among its many functions, the transcrip-
tion factor NF-kB also contributes to the
regulation of genes that prevent apoptosis (2).
Stimuli that trigger NF-kB activation all con-
verge onto a multisubunit kinase complex
called IKK (IkB kinase) that consists of two
catalytic subunits, IKK1 (IKKa) and IKK2
(IKKB), and a modulating subunit NEMO
(IKKv). IKK phosphorylates IkBs, the cyto-
plasmic inhibitors of NF-«kB, tagging them
for proteasomal degradation, thus allowing
NF-kB to translocate to the nucleus (3). In
Theileria-transformed cells, NF-kB is consti-
tutively activated in a parasite-dependent
manner (4, 5). This results in the expression
of a number of kB-dependent genes, includ-
ing several anti-apoptotic genes such as c-
FLIP, c-iap, and xiap (6). Interference with
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the NF-«B pathway in Theileria-transformed
cells results in rapid apoptosis (7). Although
the biological relevance of constitutive NF-
kB activity in the survival of Theileria-trans-
formed leukocytes is obvious, the way in
which the parasite induces NF-«kB activation
is still unknown.

. In contrast to most other apicomplexan
parasites, which are enclosed in parasitopho-
rous vacuoles, Theileria schizonts inhabit the
host cell cytoplasm (8), where they are ex-
posed to the cytosol and cytoskeleton of the
infected cell. Several drugs, described in oth-
er systems to interfere with upstream compo-
nents of the NF-«kB activation cascade, fail to
block Theileria-induced NF-«kB activity (9),
suggesting that the parasite might short-cir-
cuit the NF-kB activation pathway. We
performed dual-staining confocal immuno-
fluorescence microscopy using antibodies di-
rected against a parasite surface protein, PIM,
in combination with antibodies directed
against subunits of the IKK complex (Fig. 1).
Surprisingly, we found the 7. parva schizont
to be decorated with macromolecular foci
detected by antibodies to IKK1 (Fig. 1A),
IKK2, and NEMO (fig. S1). The number of
IKK foci clustered at the parasite surface
correlated with the size of the schizont, which
can differ considerably from cell to cell. In
addition, the size of the foci varied from
structures that were barely detectable by light
microscopy to particles with an apparent di-
ameter of several hundred nanometers. V5-
epitope—tagged forms of bovine IKK 1, IKK2,
or NEMO expressed in 7. parva—transformed
T cells became incorporated into the parasite-
associated foci (shown for IKK2 in Fig. 1B),
demonstrating that the foci can accommodate
the different bovine IKK components. IKK
foci could also be detected in T. parva—trans-
formed B cells, as well as in monocyte/mac-
rophage-derived cell lines and B cell lines
transformed by 7. annulata (Fig. 2).

The IKK complex is often referred to as
the “IKK signalosome” because of its size
(10), but activated signalosomes have not
been visualized so far. Using in vitro kinase
assays, we detected robust IKK activity in T.
parva—transformed T cells (/7). More impor-
tantly, phospho-specific antibodies readily
detected phosphorylated forms of IKK (P-
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Fig. 1. Activated IKK signalo-
somes associate with the in-
tracellular parasite Theileria.
Confocal  immunofluores-
cence microscopy analysis
of T. parva-transformed T
cells. (A) Anti-IKK1 reveals
the assembly of IKK foci
(red) at the surface of the
Theileria schizont (detected
by anti-PIM, green). "Merge”
represents an overlay of the
two images. "DNA" indi-
cates staining of host cel IKK1 PIM Merge Merge + DNA NEMO + DNA
and parasite nuclei with
Hoechst DNA Dye. (B) V5-
epitope—tagged IKK2 (red)
colocalizes with parasite-
associated IKK foci detected
by anti-NEMO (green). Co-
localization, indicated by the
appearance of a yellow color
(merge), is only observed in
the transfected (upper) cell
(C) Parasite-associated IKK
foci (NEMO, red) are specif-
ically phosphorylated (P-
IKKaB, green), reflecting ac-
tivation. (D) Acztiyated IKI;
signalosomes  (IKK1, red +

also contain phosphorylated DNA Vs
IkBar (P-IkBa, green). (E) IKK

signalosomes (NEMO, red)
cannot be detected in cells c
that do not harbor the par-
asite (parasite nuclei are ab-
sent in the upper cell). The
presence of parasite-associ-
ated IKK signalosomes cor-
relates with the nuclear
presence of NF-kB (detect-

ed by anti-p65, green). NEMO \} Merge Merge IKK1 . Merge Merge
+ DNA + DNA

Fig. 2. The assembly of parasite-associated IKK sig- A (days) 0 2 4 6 8 C 0 2 4 6 8

nalosomes is specific for the transforming schizont

stage of the parasite. (A) T. annulata-transformed Tp 2 IKK1

o e e ST -

cells were exposed to heat shock (41°C) for 8 to 10 hsp70 " : S ot d

days to induce differentiation to the merozoite stage 5P

of the life cycle. Immunoblot analysis shows that this DS —— | |

is accompanied by a gradual increase in hsp70 ex- Tams *

pression and the strong induction of the merozoite-

specific surface antigen Tams1. (B) Confocal immu- SR = — | NEMO

nofluorescence analysis showing the association of )

IKK signalosomes (detected by anti-NEMO, red) with tubulin

the T. annulata schizont (detected by an antibody

directed against the schizont protein 11E, green) in
cells cultured at 37°C (dO, left). Schizonts that are
still present after 6 days of heat shock (labeled “S”,
d6, middle) are still decorated with IKK signalosomes
(NEMO, red), whereas parasites undergoing merog-
ony ("M"; labeled with anti-Tams1, green) are not.
After 10 days of heat shock (d10), the cells contain
almost exclusively merozoites (multiple parasite nu-
clei stained by Hoechst DNA dye, blue) that are
detectable by anti-Tams1 (red); in such cells, staining
with anti-p65 (green) reveals that NF-«B is cytoplas-
mic and is not detectable in the host cell nucleus.
“Merge"” represents an overlay of the different stain-
ing patterns for the same cell, showing the presence
of merozoites and NF-kB in the cytoplasm (yellow-
orange), and the host and parasite nuclei stained
blue. (C) In cells harboring differentiating parasites,
the reduction in the levels of IKK1, IKK2, and NEMO is more pronounced than that of host cell tubulin.

NEMO + NEMO + ‘ Tams Merge
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IKK) and its substrate IkBa (P-IkBa) in
parasite-associated foci (Fig. 1, C and D),
demonstrating that these represent activated
IKK signalosomes. Because IkBa is con-
stantly being phosphorylated, degraded, and
expressed de novo in T. parva—infected cells
(5), the P-IkBa observed in IKK signalo-
somes most likely reflects the steady-state
pool of phosphorylated IkBa.

Occasionally (<5%) the schizont is not par-
titioned between daughter cells during mitosis,
and cells without the parasite cease to prolifer-
ate and eventually undergo apoptosis (/). IKK
signalosomes were not seen in cells that did not
contain schizonts, and NF-kB was also absent
from the nucleus of these cells (Fig. 1E). The
transformed phenotype of Theileria-infected
leukocytes and accompanying persistent NF-
kB activity depend on the continuous presence
of the parasite and can be reversed by treating
cells with the theilericidal compound BW720c
(1). The drug interferes specifically with the
parasite’s electron transport chain, inducing
parasite death and elimination from the host cell
(12). This was reflected by the gradual disap-
pearance of parasite proteins from cell lysates
(fig. S2). Cells cured of the parasite ceased to
proliferate within 3 to 5 days (/3), and micro-
scopically visible IKK complexes disappeared
over 24 to 48 hours (fig. S1). This coincided
with decreased translocation of NF-kB to the
host cell nucleus (fig. S3). Levels of NEMO
and IKK remained largely constant, suggest-
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ing a redistribution of IKK proteins in the cell
rather than a process of active degradation
(fig. S2).

Proliferation of Theileria-transformed
cells is tightly linked to the schizont stage of
the parasite. In the 7. annulata—transformed
cell line D7, heat-induced differentiation of
schizonts to merozoites (the erythrocyte-
infective stages of the parasite) is accompa-
nied by the expression of the merozoite sur-
face antigen Tamsl (Fig. 2A) and gradual
loss of the transformed phenotype (14). As
merogony progressed over a period of 8 to 10
days, host cells ceased to proliferate, and
parasite-associated IKK signalosomes de-
creased steadily (Fig. 2B). In cells containing
merozoites, nuclear staining with anti-p65
was also low. This process was accompanied
by a marked reduction in the levels of IKK
proteins (Fig. 2C) coincident with an increase
in the parasite protein Tams].

During immunofluorescence analysis, we
noticed that the number of parasite-associated
IKK signalosomes fluctuated in the course of
the host cell cycle. In cells in metaphase,
anaphase, or telophase, few IKK signalo-
somes were seen as compared to cells in
interphase or early prophase. Furthermore,
parasite-associated IKK foci were detected in
only 4.3% of cells arrested in mitosis by
colchicine treatment, as compared to 64% for
interphase cells (fig. S4). IKK signalosomes
were associated with the parasite throughout

Fig. 3. Interference with A

NF-kB activation path- 160 o

ways upstream of KK < 1401

does not affect parasite- & ]

induced NF-kB activa- & 120 % g B &

tion; blocking at the level £ 100 7 J.-f i ':]_L

of the IKK complexdoes. & 80 -

(A) Relative luciferase 8 |

activity (%) measured in =~ @

T. parva—transformed '§ 401

cells cotransfected with = 20 -

a kB-dependent lucif- 0

erase reporter construct m‘E'E'E'E'mrmvalﬁv&yﬁ‘%'

and plasmids encoding 2 2 2 2 £ 3 % & z c B 8

. - o £ £ £© @© 23 =2 < c o o

either wild-type (wt) or o F F F £E 2 2 = S g g
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tant (dn) forms of differ- B

ent components of the 1607

NF-kB pathway that _ 4,

function upstream of &

IKK. (B) Cells were co- 2 1207 ‘}
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wt or catalytically inac- § 60

tive (ci) YopJ, or witha 5 49|

mutant form of IkBa 3

(15324) that cannot be 20 "h
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erase activity in cells
transfected with con-

structs expressing wt or dn mutant forms of RIP2. In control experiments, all constructs were capable of
blocking classic NF-«B activation pathways in uninfected bovine leukocytes (fig. S5).
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host cell interphase, irrespective of whether
cells were in S phase or G,/G,.

IKK activation pathways triggered by pro-
inflammatory mediators, such as tumor necrosis
factor-a (TNF-a), interleukin-1 (IL-1), and li-
popolysaccharides, have been shown to involve
common upstream adaptor proteins such as
TRAF?2 or TRAFS, as well as a range of kinases
and regulatory molecules (3, 15). To determine
whether upstream components participate in
parasite-induced NF-kB activation, we overex-
pressed dominant-negative mutant forms of
these molecules and monitored kB-dependent
reporter gene expression. Overexpression of
dominant-negative mutant forms of TRAF6
and TRAF2, the ubiquitin conjugase Ubc13, or
RIP did not interfere with NF-kB—dependent
reporter gene expression, nor did the negative
regulator A20 (/6) (Fig. 3A). Wild-type or
mutant forms of POSH (/7), an SH3-contain-
ing scaffold protein and target of Rac, also
failed to block parasite-induced NF-kB tran-
scriptional activity. In addition, catalytically in-
active forms of the IKK kinases MEKKI,
NAK, and TAK all failed to block constitutive
NF-kB activity (). Kinase-defective NIK has
been shown to block NF-kB activation induced
through several pathways, but its precise role is
still enigmatic (3, 15). NIK is probably not an
essential component in 7. parva—induced con-
stitutive NF-kB activation, because overexpres-
sion of kinase-defective NIK reduced luciferase
reporter gene activity by only 25% (II). In
addition, the phosphatidylinositol 3-kinase/
protein kinase B pathway, although constitu-
tively active in Theileria-transformed leuko-
cytes, is not involved in parasite-induced NF-
kB activation (/8). Importantly, RIP2 (also
called RICK, CCK, or CARDIAC) (79), a ki-
nase with an important function in innate and
adaptive immunity (20, 2/) and NF-kB activa-
tion in response to intracellular bacteria (22),
did not contribute to Theileria-induced NF-kB
activation (Fig. 3B).

In contrast, interference at the level of the
IKK signalosome itself blocked parasite-
induced NF-«kB activity (Fig. 3B). Overex-
pressing kinase-inactive IKK2, but not IKK1,
inhibited NF-kB transcriptional activity by
~50%. As has been reported in other systems
(23, 24), overexpression of both wild-type and
COOH-terminally—truncated NEMO also re-
sulted in reduced NF-«kB—dependent reporter
gene expression. Moreover, YopJ, an IKK2-
binding protein secreted by Yersinia pestis (25),
was capable of overriding Theileria-induced
NF-«B activation, whereas the catalytically in-
active mutant YopJ-C172A did not inhibit NF-
kB activation. The strongest inhibition (up to
80%), however, was obtained by overexpress-
ing IkBS324, a degradation-resistant repressor
form of IkBa (Fig. 3B) (7). Incubation of T.
parva—transformed T cells with a cell-perme-
able inhibitor peptide (NBD-peptide) corre-
sponding to the NEMO-binding domain of IKK
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(26), but not with the control peptide, reduced
the number of parasite-associated IKK signalo-
somes containing P-IkBa. by 83%. These data
confirm a role for NEMO in parasite-associated
IKK signalosome activation. Taken together,
our observations strongly indicate that the par-
asite bypasses the common upstream adaptor
proteins and kinases that link surface receptor
stimulation to IKK activation. This mechanism
is compatible with a model called “proximity-
induced activation,” in which the enforced oli-
gomerization of IKK components or adaptor
proteins suffices to induce NF-kB activation (3,
15, 27-29).

Despite extensive efforts, a direct associ-
ation between parasite proteins and IKK
could not be demonstrated. The focal pattern
of IKK association with the parasite, together
with the cell cycle-dependent appearance of
activated IKK signalosomes, suggests that
host cell molecules other than IKK may par-
ticipate in the interaction.

Pathogen-derived products have been
shown to interact directly with host cell signal-
ing pathways at different levels. Theileria per-
verts the NF-kB pathway through an unusual
mechanism involving the aggregation of critical
pathway components at the surface of the trans-
forming schizont stage. In contrast, the mero-
zoite no longer requires host cell survival and
ceases to activate the NF-kB pathway. Para-
site-induced NF-«B activity is clearly cru-
cial for the survival—and potentially also
the proliferation—of Theileria-transformed
cells (7). It can also be predicted, however,
that NF-kB-dependent activation of in-
flammatory genes will contribute to the
pathogenesis of theileriosis.
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RNA Polymerase Il Transcription
in Murine Cells Lacking the
TATA Binding Protein

Igor Martianov, Stephane Viville, Irwin Davidson*

Inactivation of the murine TATA binding protein (TBP) gene by homologous
recombination leads to growth arrest and apoptosis at the embryonic blasto-
cyst stage. However, after loss of TBP, RNA polymerase Il (pol Il) remains in a
transcriptionally active phosphorylation state, and in situ run-on experiments
showed high levels of pol Il transcription comparable to those of wild-type cells.
In contrast, pol | and pol lil transcription was arrested. Our results show a
differential dependency of the RNA polymerases on TBP and provide evidence
for TBP-independent pol Il transcriptional mechanisms that allow reinitiation
and maintenance of gene transcription in vivo.

In vertebrates, TBP and the TBP-like factor
(TLF, also called TBP-related factor 2 or
TRF2) are two closely related proteins in-
volved in RNA pol II transcription (/). Both
proteins share an evolutionarily conserved
saddle-like core domain responsible for DNA
binding and interaction with the general tran-
scription factors. TBP is a subunit of the pol
IT transcription factor TFIID and is thought to
play a general role in pol II transcription as
well as in pol I and pol III transcription (2).

In the African clawed toad Xenopus laevis
and the zebrafish Danio rerio, both TBP and
TLF are involved in gene expression at the
onset of zygotic pol II transcription and dur-
ing subsequent embryonic development (3,
4). In contrast, murine TLF is neither ex-
pressed (fig. S1) nor required (5) during early
embryogenesis, whereas murine TBP is ex-
pressed at all stages.

The gene encoding murine TBP was inac-
tivated by homologous recombination after

Institut de Génétique et de Biologie Moléculaire et
Cellulaire (IGBMC), CNRS/INSERM/ULP, B.P. 163,
67404 lllkirch Cédex, Communauté Urbaine de Stras-
bourg, France
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insertion of the hygromycin resistance gene
into exon III (6) (fig. S2A). Embryonic stem
cell clones bearing the inactivated allele were
identified by Southern blot analysis, and
TBP*~ mice (fig. S2B) were generated.
TBP*~ mice were born at Mendelian fre-
quency, were of normal size and weight,
displayed no obvious abnormalities, and were
fertile (7).

Crossing TBP*/~ mice failed to generate
viable newborn TBP”~ mice (fig. S2B).
However, at day 3.5 postcoitum (E3.5), an
approximately Mendelian ratio of TBP~
blastocysts could be detected with a polymer-
ase chain reaction (PCR) strategy (Fig. 1A).
When examined by immunofluorescence for
expression of the TBP protein, blastocysts
were detected that were totally negative for
TBP labeling (Fig. 1B, upper and middle
panels). TBP was absent in explanted blasto-
cysts grown for 1 day in vitro (Fig. 1C).
Strongly reduced TBP levels were also de-
tected at E2.5 in 8-cell-stage embryos (Fig.
1D), which indicates that the maternal TBP
pool was significantly depleted at this stage
and was undetectable by the blastocyst stage.

Blastocysts from TBP*/~ crosses were ex-
planted at E3.5 (day 0) and cultivated in vitro
(6). Approximately 25% of the blastocysts
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