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Fig. 4. Loss of TbMP52 blocks RNA editing. (A)
Growth of induced (black squares) and non-
induced (white squares) parasites. Total RNA
was prepared from samples taken at the time
points indicated (76). (B) Diagram showing RT-
PCR primer locations relative to the edited
region. (C) Polyacrylamide gel analysis of RT-
PCR products from RNAs that are normally
edited in bloodforms (A6, ND7, and RPS12) and
ND4 RNA, which does not get edited (76). Fully
edited (E), partially edited (PE), and unedited
(UE) molecules were identified by cloning and
sequencing.

apeutic targets for kinetoplastid pathogens,
which employ RNA editing (such as African
and American trypanosomes and Leishmania).
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Table 1. Growth in mice of T. brucei with induced or
non-induced TbMP52. C57 BL/6 mice were infected
by intraperitoneal inoculation with 10> cultured
bloodstream-form T. brucei clones 1B3 or 1-5 (the
parental clone with one endogenous allele plus the
ectopic allele). Dox (200 pg/ml) and/or 5% sucrose
was added to the drinking water beginning 1 week
before infection for induction. Parasites were count-
ed with a hemocytometer.

Parasites (<108

Geno- per milliliter of blood)

tvpe dox
yp 66 81 105 128
hours hours hours hours
1B3 - 3 1 0 0
- 16 41 0 0
+ 10 232 *
+ 0 4 78 955*
1-5 - 26 395 *
- 14 239 *
+ 4 266 *

*These mice died of the infection or were killed because
of high parasitemia.
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Defective Lymphotoxin-3
Receptor-Induced NF-kB
Transcriptional Activity in
NIK-Deficient Mice

Li Yin," Lin Wu,? Holger Wesche,? Cora D. Arthur,’
J. Michael White,? David V. Goeddel,? Robert D. Schreiber'*

The role of NF-kB—-inducing kinase (NIK) in cytokine signaling remains controver-
sial. To identify the physiologic functions of NIK, we disrupted the NIK locus by gene
targeting. Although NIK~~ mice displayed abnormalities in both lymphoid tissue
development and antibody responses, NIK~~ cells manifested normal NF-kB DNA
binding activity when treated with a variety of cytokines, including tumor necrosis
factor ( TNF), interleukin-1 (IL-1), and lymphotoxin-B (LTB). However, NIK was
selectively required for gene transcription induced through ligation of LTP receptor
but not TNF receptors. These results reveal that NIK regulates the transcriptional
activity of NF-xB in a receptor-restricted manner.

The transcription factor NF-kB is activated
by a variety of cell surface receptors (/).
Although different receptors often use dis-

tinct combinations of intracellular proteins to
initiate NF-kB activation, the signals con-
verge downstream into a common pathway
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that leads to activation of the IkB kinase
(IKK) complex and the phosphorylation and
degradation of IkB (inhibitor of NF-kB) (2—
8). The upstream kinases that activate the
IKK complex are not defined (/, 9). Howev-
er, the serine-threonine kinase NIK has been
suggested to fulfill this role (/0, /7). NIK
was identified by its interaction with TRAF2,
an adapter protein that interacts with TNF
receptors (/0). NIK was thought to be an
integral component of the NF-«kB signaling
pathway because, when overexpressed in
cells, wild-type NIK interacted with the IKK
subunits IKKa and IKKB, enhanced IKK
complex kinase activity (5), and caused li-
gand-independent activation of NF-kB (70,
11). Moreover, kinase-inactive NIK inhibited
NF-kB activation in cells treated with a va-
riety of ligands (/0, I1). Recent studies of
alymphoplasia (aly/aly) mice, which have de-
fective lymphorganogenesis and express a
point mutant form of NIK that retains cata-
lytic potential, suggest that NIK may function
in NF-kB activation in a cell- or receptor-
specific manner (/2-15). However, the pres-
ence of the catalytically active mutant NIK
protein in the aly/aly mouse makes it difficult
to draw firm conclusions about the precise
functional role of this protein.

To determine whether NIK plays an oblig-
atory role in signal-induced NF-kB activa-
tion, we generated NIK™/~ mice by gene
targeting (/6). Disruption of the NIK gene
was verified by Southern and Western blot
analyses. Although NIK™/~ mice were born
in Mendelian proportions and were grossly
normal, they displayed abnormal lymphor-
ganogenesis similar to that observed in aly/
aly mice and mice lacking the LTB receptor
(LTBR) (12, 17). Specifically, they lacked all
lymph nodes (including cervical, inguinal,
mesenteric, popliteal, and axillary lymph
nodes) and did not develop Peyer’s patches
(/8). In addition, they showed an abnormal
architecture of spleen and thymus, and
formed only poor antibody responses upon
immunization (/8).

To assess whether NIK was required for
TNF or IL-1 signaling, we treated NIK ™'~ or
wild-type mouse embryonic fibroblasts
(MEFs) with each ligand and assessed NF-kB
DNA binding activity by electrophoretic mo-
bility-shift assay (EMSA). No substantial dif-
ferences were observed between the two cell
types, even when different durations of stim-
ulation or different doses of cytokine were
used (Fig. 1, A and B). Moreover, activation
of the IKK complex and c-Jun NH,-terminal

'Center for Immunology, Department of Pathology
and Immunology, Washington University School of
Medicine, St. Louis, MO 63110, USA. 2Tularik Inc., 2
Corporate Drive, South San Francisco, CA 94080, USA.

*To whom correspondence should be addressed. E-
mail: schreiber@immunology.wustl.edu
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kinase (JNK) enzymes, which are known to
be stimulated by these ligands, occurred
equivalently in NIK ™/~ and wild-type MEFs
(Fig. 1C). TNF and IL-1 also induced com-
parable biologic responses in NIK™'~ and
wild-type cells, including apoptosis (Fig. 1D)
and production of IL-6 (Fig. 1E) or nitric
oxide (Fig. IF). Thus, NIK does not play an
obligate role in either TNF or IL-1 signaling
in fibroblasts. This conclusion was generaliz-
able to other cell types from the NIK™'~

mouse, such as bone marrow—derived mac-
rophages (BMMs) and T cells, which devel-
oped wild-type levels of NF-kB DNA bind-
ing activity after TNF stimulation (Fig. 2A).

We also considered the possibility that
NIK functioned to induce NF-kB DNA bind-
ing activity in a receptor-specific manner. As
shown by EMSA, MEFs and BMMs from
NIK ™/~ and wild-type mice formed equiva-
lent amounts of DNA binding complexes af-
ter treatment with a variety of known NF-
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Fig. 1. NIK~/~ MEFs display unimpaired signaling and biologic responsiveness to murine TNF and
IL-1B. (A and B) Comparable activation of NF-kB DNA binding activity in NIK~/~ or wild-type MEFs
treated with TNF (A) or IL-1 (B) (10 ng/ml each) for the indicated numbers of minutes (top panel),
or treated with the indicated doses of cytokines for 30 min (bottom panel). EMSA was performed
as described using a probe derived from the immunoglobulin k promoter (27). (C) In vitro kinase
assays showing comparable activation of the kinase activity (KA) of the IKK complex and JNK in
NIK~/~ or wild-type MEFs incubated for 5 min with either IL-1 (50 ng/ml) or TNF (100 ng/ml). The
IKK complex and JNK were immunoprecipitated, and kinase activities in the immunoprecipitates
were determined using recombinant IkB or c-Jun proteins as substrates. IKKa, IKKB, and JNK
protein levels were assessed by Western blotting (WB). (D) NIK™ /= and wild-type MEFs are similar
in their sensitivity to TNF-dependent cytotoxicity. This assay was performed on cycloheximide-
treated MEFs as described (22). TRAF2~/~ MEFs were used as a pathway control. (E) Unimpaired
cytokine-induced IL-6 production in NIK™/~ cells. NIK™/~ or wild-type MEFs were stimulated with
various amounts of TNF or IL-1 for 24 hours, and IL-6 levels in culture supernatants were
determined using the IL-6—dependent T1165 cell line. (F) Normal TNF- or IL- 1—induced nitric oxide
production by NIK™/~ cells. MEFs were cultured with various amounts of TNF or IL-1 in the
presence of murine interferon-y (250 ng/ml), and the level of nitrite in the supernatants was
determined as described (23).
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among those represented in the mCK-5 template upon LTBR mAb treatment. (C and D) Immor-
talized MEFs were transiently transfected using Superfect reagent (Qiagen) with 1 pg of an
(NF-kB),-Luc reporter construct (25) together with 1 g of pRL-TK (Promega) for transfection

normalization. The transfected wild-type cells (open bars) or NIK-

/= cells (filled bars) were

stimulated with TNF (10 ng/ml) (C) or LTBR mAb (1 pg/ml) (D) for 6 to 8 hours, and luciferase
activity was determined and normalized. Data are presented as relative induction of luciferase

activity over the unstimulated control.

kB-activating stimuli (Fig. 2A). In contrast,
NIK™"" B cells developed normal levels of
NF-kB DNA binding activity after 1 hour of
treatment with antibody to CD40 but showed
reduced levels (relative to wild-type cells) 4
hours after stimulation. However, because B
cells in NIK™"~ mice are abnormal, it is not
possible to determine whether this defect is
attributable to an abnormality in signaling or
cellular development. Because mice lacking
NIK displayed a phenotype that was similar
to LTBR-deficient mice, we studied LTBR
signaling in the former in more detail.
NIK "~ MEFs produced wild-type levels of
NF-kB DNA binding activity after treatment
with different doses of LTBR monoclonal
antibody (mAb) or with the natural ligand for
the LTBR (i.e., the LTa,B, complex) (Fig.
2B). Thus, NIK is not required for promoting
NF-kB DNA binding activity by a variety of
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receptors on different cells.

We next examined whether NIK regulates
the transcriptional activity of the activated
NF-kB complex. To test this hypothesis, we
monitored the capacity of TNF or LTBR
mADb to induce expression of representative
NF-kB-responsive genes in wild-type and
NIK~’~ cells. In wild-type MEFs, both
LTBR mAb and TNF induced the genes en-
coding IkBa (Fig. 3A) and monocyte che-
moattractant protein—-1 (MCP-1, Fig. 3B).
These genes were also induced by TNF in
NIK ™'~ cells. In contrast, ncither gene was
induced in NIK™'~ MEFs after LTBR mAb
stimulation.  Further experiments  tested
whether this unresponsiveness was due to a
defect in the transcriptional activity of the
NF-kB complex. Using a luciferase reporter
gene construct driven by an NF-kB respon-
sive element, we found that TNF induced

VOL 291

DNA binding activity was then assessed by EMSA. (B) NIK /7
wild-type MEFs were stimulated with the indicated doses of LT3R
mAD, irrelevant mAb (C, 1 pg/ml), or LT, B, (Sigma; 100 ng/ml) for
1 hour and assayed by EMSA.

NIK ¢ “’U_“ q
NIK- - H““ q

Stimulus C 0 01 03 1 - LTof,

alLTBR (pg/ml)

or

comparable levels of luciferase in wild-type
and NIK™"" MEFs (Fig. 3C). Reporter gene
activation was also consistently observed in
wild-type MEFs trcated with LTBR mAb
(Fig. 3D). In contrast, no reporter activity was
observed in NIK * MEFs treated with a
wide range of doses of LTBR mAb (Fig. 3D).
Thus, even though engagement of LTBR in-
duces normal DNA binding activity of NF-
kB in NIK " cells, the activated NF-«kB in
these cells cannot transactivate (at least
some) NF-kB-regulated genes.

These results show that NIK is not the
common upstream kinase that activates IKKs
in the NF-kB signaling pathway, as previous-
ly proposed (70, 11). Rather, NIK acts in a
receptor-selective manner, and its function is
limited in the case of the LTBR to promoting
the transcriptional action of the NF-kB com-
plex. Hence, the function of NIK in LTBR
signaling may be similar to that of glycogen
synthase kinase—3f or the T2K/TBK1/NAK
kinase, which function in TNF and IL-1 sig-
naling to induce NF-kB transcriptional activ-
ity without altering IkB degradation or NF-
kB nuclear translocation (/9, 20). Thus, dif-
ferent receptors that signal through NF-xB
may use distinct serine kinases to regulate the
transcriptional activity of the activated NF-
kB complex. In this manner, the NF-kB sig-
nal emanating from cach type of receptor
may be slightly different and thercby effect
distinctive cellular response patterns after re-
ceptor stimulation.
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Dyslexia: Cultural Diversity and
Biological Unity
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The recognition of dyslexia as a neurodevelopmental disorder has been ham-
pered by the belief that it is not a specific diagnostic entity because it has
variable and culture-specific manifestations. In line with this belief, we found
that Italian dyslexics, using a shallow orthography which facilitates reading,
performed better on reading tasks than did English and French dyslexics. How-
ever, all dyslexics were equally impaired relative to their controls on reading
and phonological tasks. Positron emission tomography scans during explicit and
implicit reading showed the same reduced activity in a region of the left
hemisphere in dyslexics from all three countries, with the maximum peak in the
middle temporal gyrus and additional peaks in the inferior and superior tem-
poral gyri and middle occipital gyrus. We conclude that there is a universal
neurocognitive basis for dyslexia and that differences in reading performance
among dyslexics of different countries are due to different orthographies.

Developmental dyslexia is increasingly ac-
knowledged to be a disorder of genetic origin
with a basis in the brain (/). However, there
continues to be doubt about the universality
and specificity of the syndrome because be-
havioral studies have shown that the nature
and prevalence of dyslexia differs across lan-
guages (2). The prevalence estimates of dys-
lexia in different countries seem to be related
to the shallowness of the orthography. For
instance, using one of the most respected
behavioral definitions of dyslexia (word rec-
ognition accuracy in relation to 1Q), the prev-
alence of dyslexia in [taly was half that in the
United States (3).
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Current theories of dyslexia favor a neuro-
cognitive explanation with the implicit assump-
tion of a universal application. There is consid-
erable agreement that a causal link between
brain abnormality and reading difficulties in-
volves phonological processing deficits (4, 5).
The cause of these deficits is, however, less
clear. Recently, more general perceptual prob-
lems have been postulated, either auditory (6)
or visual deficits associated with dysfunction
of the magnocellular system of the brain
(7). At a neurological level, it has been
shown that dyslexics have microscopic cor-
tical abnormalities, particularly in the peri-
sylvian language areas in the form of cor-
tical ectopias and dyslamination of cortical
layers (&). These diffuse neurological ab-
normalities may reduce corticocortical con-
nectivity, as suggested by recent positron
emission tomography (PET) and magnetic
resonance imaging (MRI) studies (9, 10).
Until now, most of the biological studies
used English-speaking subjects; none have
directly compared dyslexics across differ-
ent orthographies.

In languages with transparent or shallow
orthography (e.g., Italian), the letters of the
alphabet, alone or in combination, are in most
instances uniquely mapped to each of the
speech sounds occurring in the language (/7).
Learning to read in such languages is easier
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than in languages with deep orthography
(e.g., English and French), where the map-
ping between letters, speech sounds, and
whole-word sounds is often highly ambigu-
ous (/2, 13). Adult skilled readers show a
speed advantage in shallow orthographies
(14, 15). Differences have also been demon-
strated at the physiological level (/5).

Our aim was to contrast dyslexic and nor-
mal adult readers in deep (English and
French) and shallow (Italian) orthographies
in order to explore similarities and differenc-
es at both the behavioral and neurophysiolog-
ical level. If dyslexia has a universal basis,
then substantial similarities should be found,
either at the cognitive or the brain level, or
both. We investigated single-word reading at
explicit and automatic levels, because differ-
ential response to the written word is the most
widely agreed defining behavioral feature of
dyslexia. Given that stimuli differ between
different orthographies, and given that ortho-
graphic depth affects reading difficulty, any
commonality found in underlying physiolog-
ical responses in dyslexics would be strong
evidence for a unitary biological basis.

Normal controls and subjects with dyslex-
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Arithmetic E | UK
Digit symbol
Vocabulary

Object assembly
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Block design
Comprehension

Picture completion

preetet

Effect size

Fig. 1. Effect size (Z-scores) of the differences
between dyslexic and normal readers in each
country on Wechsler scale subtests. Z-scores
were derived from the group differences ex-
pressed in standard deviation (SD) units using
pooled SDs. Negative Z-scores represent im-
paired performance. The dyslexics were only
impaired on subtests involving phonological
short-term memory.
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