
Molecular Cell, Vol. 9, 637–648, March, 2002, Copyright  2002 by Cell Press

Peptide-Induced Negative Selection of Thymocytes
Activates Transcription of an NF-�B Inhibitor

must be carefully regulated through a developmental
selection program termed negative selection (von Boeh-
mer, 1991). Those TCRs that recognize self-MHC mole-
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In mammalian cells, certain apoptotic pathways re-
quire gene transcription whereas others do not. Exam-
ples of the former are dexamethasone- or superantigen-Summary
induced lymphocyte death, while apoptosis triggered by
CD95 is an example of the latter (Vaux and Korsmeyer,Negative selection eliminates thymocytes bearing auto-

reactive T cell receptors (TCR) via an apoptotic mecha- 1999). Since TCR triggering leads to the induction of
gene expression, transcription factors would also benism. We have cloned an inhibitor of NF-�B, I�BNS,

which is rapidly expressed upon TCR-triggered but expected to play a role in thymocyte development and
selection. The transcription factor IRF-1 appears to benot dexamethasone- or � irradiation-stimulated thy-

mocyte death. The predicted protein contains seven involved in both positive and negative selection (Pen-
ninger et al., 1997), while nur77, another transcriptionankyrin repeats and is homologous to I�B family mem-

bers. In class I and class II MHC-restricted TCR trans- factor, is involved in negative selection processes (Liu
et al., 1994; Amsen et al., 1999). Deletion of the nur77genic mice, transcription of I�BNS is stimulated by pep-

tides that trigger negative selection but not by those gene in vivo (Lee et al., 1995) does not result in impaired
thymic selection, implying that other pathways may beinducing positive selection (i.e., survival) or nonselect-

ing peptides. I�BNS blocks transcription from NF-�B operative in negative selection. In this regard, NF-�B
transcription factors have been implicated in providingreporters, alters NF-�B electrophoretic mobility shifts,

and interacts with NF-�B proteins in thymic nuclear both survival and death signals (Ghosh et al., 1998) and
are expressed at high levels in the thymus in a constitu-lysates following TCR stimulation. Retroviral trans-

duction of I�BNS in fetal thymic organ culture enhances tively active state (Voll et al., 2000).
To identify additional key genes expressed in thy-TCR-triggered cell death consistent with its function

in selection. mocytes undergoing peptide-triggered selection, we
have utilized a TCR transgenic mouse system in which
antigen-induced negative selection could be inducedIntroduction
(Ghendler et al., 1998) to perform representational differ-
ence analysis (RDA) (Lisitsyn et al., 1993; Hubank andApoptosis is a morphologically stereotyped form of pro-

grammed cell death utilized by metazoan organisms Schatz, 1994). A subtracted library was prepared, and
a cDNA which encodes a functional inhibitor of NF-�B,during normal development as well as for homeostasis

(Kerr et al., 1972; Horvitz et al., 1982; Vaux and Kors- termed I�BNS, was cloned.
meyer, 1999). Excess cells at each stage of organogene-
sis are eliminated by this mechanism. Within the hema- Results
topoietic system, this phenomenon is well described
(Cohen et al., 1992). cDNA Cloning of I�BNS

In T lymphoid development, �� T cell receptors (TCR) Homozygous N15 TCRtg RAG-2�/� H-2b mice (hereafter
are generated by a stochastic process of rearrangement of referred to as N15 TCRtg) bearing a TCR specific for
variable gene segments. Through combinatorial diversity, the VSV8 peptide bound to the H-2 Kb MHC class I
billions of different TCRs are generated, ensuring pro- molecule were previously established to investigate pro-
tection against a myriad of infectious agents without a cesses of negative selection (Clayton et al., 1997; Ghen-
requirement to encode all TCR specificities in the germ- dler et al., 1998; Sasada et al., 2000). These studies
line (Davis and Bjorkman, 1988). One potential hazard showed that DP thymocytes underwent apoptosis within
of this diversity-generating mechanism is the creation 3 hr of a single 24 �g VSV8 administration (Clayton et
of self-reactive TCRs. Thus, T cell repertoire generation al., 1997). DP thymocytes were isolated by fluorescence-

activated cell sorting from N15 TCRtg RAG-2�/� TCR
transgenic mice on an H-2b or H-2d MHC background.3 Correspondence: linda_clayton@dfci.harvard.edu
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Figure 1. Scheme of N15 TCRtg RAG-2�/�DP Thymocyte Interactions with Selecting versus Nonselecting Thymic Stromal Cells

Details are described in the text.

The N15 TCRtg mice were injected 1 hr previously with as aligned in Figure 2A. Therefore, we have termed this
gene product I�BNS. The clone encodes a 327 aminoVSV8 peptide to induce negative selection. The resulting
acid protein of approximately 35 kDa containing sevenRNAs from DP thymocytes were used to perform RDA
ankyrin domains (labeled A–G, Figure 2), four potential(Lisitsyn et al., 1993; Hubank and Schatz, 1994) with the
protein kinase C phosphorylation sites ([S/T]-X-[R/K]VSV8-stimulated N15 TCRtg RAG-2�/� H-2b RNA as the
at aa 20–22, 43–45, 220–222, and 289–291), and onetester and the unstimulated N15 TCRtg RAG-2�/� H-2d

potential casein kinase II phosphorylation site ([S/T]-RNA as the driver. The mRNA pool from the N15 TCRtg
X(2)-[D/E] at aa 214–217). The I�BNS protein sequenceRAG-2�/� H-2d mice is representative of DP thymocyte
has highest similarity (43%) with “molecule-possessingtranscripts but, importantly, lacks those mRNAs in-
ankyrin repeats induced by lipopolysaccharide” (MAIL,duced via TCR activation since the N15 TCR cannot be
or I�B� or Interleukin-1-inducible nuclear ankyrin-repeattriggered on the H-2d background (Figure 1). The mRNA
protein [INAP]), an inducible I�B protein (Kitamura et al.,pool of the N15 TCRtg mice 1 hr after VSV8 peptide
2000; Yamazaki et al., 2001; Haruta et al., 2001). Otherinjection contains the same DP thymocyte mRNAs plus
I�B family members have 29%–39% similarity by BLASTmRNAs induced during TCR-triggered negative selec-
search. The Figure 2B dendrogram shows that aftertion. Thus, RDA using these two DP thymocyte popula-
MAIL, human Bcl-3 is most similar.tions will preferentially amplify cDNA copies of mRNAs

A comparison of the ankyrin domains of six I�B familyinduced during negative selection.
members is presented in Figure 2A. Ankyrin repeatsResultant PCR products were size fractionated and
span over 33 residues and are highly divergent (Bork,subcloned to create a subtracted library. Of these in-
1993) but contain a basic core motif of two antiparallelserts, 80% hybridized with a nur77 probe and were ex-
� helices connected by a tight-hairpin loop. When an

cluded from further analysis. Plasmid DNAs were pre-
alignment using the entire I�BNS protein sequence is

pared from randomly chosen colonies of the remaining
performed, the first six of seven ankyrin domains in

20% and inserts used to probe Northern blots of total I�BNS align with ankyrin domains 1 through 6 of the
thymus RNA from N15 TCRtg RAG-2�/� H-2d and VSV8- structurally characterized I�B protein, I�B� (1nfi) (Ja-
injected N15 TCRtg mice. One insert showed strong cobs and Harrison, 1998). Repeats B, C, E, and F are
induction in the VSV8-injected N15 TCRtg RNA but did the most conserved whereas the N-terminal (A) and
not hybridize to the N15 TCRtg RAG-2�/� H-2d RNA (see C-terminal (G) are much less conserved. Ankyrin repeats
below). Reanalysis of the nur77-unrelated clones in the do not behave independently but associate in tandem to
subtracted library showed that half hybridized with this provide stabilizing interactions (McDonald and Peters,
cDNA. The 176 bp insert of this clone was used to isolate 1998; Zhang and Peng, 2000). The C-terminal and
a full-length clone from a thymic cDNA library. N-terminal ankyrin repeats interact only with one neigh-

boring repeat and therefore are less evolutionarily con-
strained.

Comparison with Known I�B Proteins Ankyrin repeat D of I�BNS deserves special attention.
The predicted protein sequence of this cDNA is highly I�BNS and MAIL have an insertion in ankyrin repeat D

within the tight �-turn of the ankyrin repeats of p100,homologous to members of the I�B family of proteins
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Figure 2. Multiple Sequence Alignment of I�BNS

(A) The full sequence of I�BNS is shown. Numbering refers to I�BNS. The ankyrin domains of I�BNS are boxed and labeled from A to G.
Secondary structure (ss) predictions for I�BNS are shown above the alignment with the inner helix of the ankyrin repeat core shown in gray
and the outer in blue. Secondary structure motifs of I�B� were obtained from pdb 1NFI (Jacobs and Harrison, 1998) and are shown below
the alignment. Sequences were aligned using the program ClustalX ( Thompson et al., 1997 ), and the secondary structure prediction of I�BNS

was determined using PSI-PRED (Jones, 1999). Amino acid positions with identities or similarities in five or more of the six proteins aligned
are highlighted in black with yellow letters. Amino acid positions with identities or similarities in four or more of the six proteins are highlighted
in gray. For this analysis, V/L/I, S/T, N/Q, D/E, K/R, and W/F are considered equivalent. Residues shown are for human I�B� aa 66–287, for
human Bcl-3 aa 31–278, for murine I�B� aa 292–629, for human p105 aa 522–756, and for murine p100 aa 467–705.
(B) A dendrogram of the figure is displayed with I�B� as the root and was derived using the Neighbor-joining method (Saitou and Nei, 1987).
(C) Comparison of mouse (top) and hypothetical human (bottom) I�BNS protein sequences. The human sequence is derived from a tBLAST
search against the human genome database using mI�BNS as the query sequence and shows 91% identity between murine and human
sequences.

p105, Bcl-3, and I�B� (Figure 2). Secondary structure I�BNS gene exists and likely serves a comparable func-
tion to the mouse counterpart.predictions indicate, however, that I�BNS has an ex-

tended outer helix rather than a long loop insertion be-
tween the inner and outer helices of the ankyrin repeat. Analysis of I�BNS mRNA Expression

Using the 176 bp RDA product as a probe, we examinedIf this is the case, the packing of the ankyrin repeats
would be interrupted at this point, and a second tandem the tissue distribution of this gene as shown in Figure

3A. While faint hybridization to spleen mRNA was noted,of ankyrin repeats would start at ankyrin repeat E and
terminate with ankyrin repeat G. heart, brain, lung, liver, skeletal muscle, kidney, and

testis were negative. Thus, this gene appears to have a
narrow tissue distribution relative to the �-Actin positiveHuman Homolog

A BLAST search revealed high similarity with a human control. In addition, very low levels can be detected in
RNA from control C57BL/6 thymus (Figure 3B, rightgenomic sequence in Genbank consisting of 39,163 bp

from human chromosome 19. I�BNS matches this human panel, Ctl lane), perhaps as a consequence of ongoing
negative selection. However, in N15 TCRtg RAG-2�/�chromosome 19 sequence in discontinuous stretches

over a large area (from bp 23,000 to bp 33,500), sug- H-2d or N15 TCRtg (data not shown) animals, I�BNS mes-
sage is not detected in the thymus of control animalsgesting the presence of a homologous human gene with

seven or more exons. Comparison of the murine I�BNS but is apparent within 1 hr of i.v. injection of VSV8 pep-
tide into N15 TCRtg mice (Figure 3B, left panel). Similarly,protein sequence with that of the hypothetical human

protein shows 91% identity (Figure 2C). Hence, a human I�BNS message is strongly induced within 1 hr of pigeon
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Figure 3. RNA Blot Analysis of I�BNS Ex-
pression

(A) A mouse multiple tissue Northern was
probed with I�BNS (upper panel) or �-Actin
control probe (lower panel). Each lane con-
tains 2 �g of polyA� mRNA. The I�BNS blot
was exposed for 4 days; the �-Actin blot was
exposed for 4 hr. The position of a 2.0 kb
marker is indicated.
(B) Ten micrograms of total thymic RNA
was run in each lane. RNA was isolated
from the thymus of untreated N15 TCRtg
RAG-2�/� H-2d animals, N15 TCRtg animals
1 hr after i.v. injection of 24 �g VSV8, un-
treated TCRCyt5CC7-I-RAG-2�/� H-2a ani-
mals, TCRCyt5CC7-I-RAG-2�/� H-2a animals
1 hr after i.v. injection of 24 �g PCC peptide,
untreated C57BL/6 animals, and C57BL/6 an-
imals 1 and 2 hr after injection of 0.5 mg dexa-
methasone or 500 rads whole body � irradi-
ation.
(C) Four micrograms of total thymic RNA iso-
lated from N15 TCRtg FTOC was run in each
lane. RNAs were prepared from FTOC after
2 hr incubation with 10 �M of the indicated
peptides. The position of the 18S ribosomal
RNA band is indicated.

cytochrome c (PCC) peptide (aa 88–104) injection into dai virus-derived peptide that binds Kb with an affinity
equal to that of VSV8 but is not recognized by the N15TCRCyt5CC7-I-RAG-2�/� H-2a mice which bear a TCR-

recognizing PCC bound to the I-Ek class II MHC molecule TCR, serves as a control peptide. As shown in Figure
3C, the negatively selecting peptides, VSV8 and I4, result(Seder et al., 1992) (Figure 3B, middle panel). Under

these conditions, PCC peptide administration induces in I�BNS mRNA induction within 2 hr of addition to N15
TCRtg FTOC. In contrast, the L4 and Nor4 peptides thatnegative selection of DP thymocytes in TCRCyt5CC7-

I-RAG-2�/� H-2a mice (our unpublished data). Note the induce positive selection and the control nonselecting
SEV9 peptide do not upregulate steady-state expres-absence of I�BNS message in the basal state. These

results demonstrate that induction of negative selection sion of the I�BNS mRNA. Induction of I�BNS mRNA there-
fore correlates with the process of negative selection inin both class I- and class II-restricted TCR transgenic

animals results in increased levels of I�BNS mRNA. This thymocytes.
message is also induced in thymic RNA isolated from
C57BL/6 mice treated in vivo with anti-CD3	 monoclonal I�BNS Protein Expression and Localization

Thymic lysates were prepared from N15 TCRtg mice 0.5,antibody, a treatment known to induce death in DP thy-
mocytes (data not shown) (Smith et al., 1989). While 1, and 2 hr after injection of VSV8 peptide and uninjected

mice and analyzed for expression of I�BNS by Westernapoptotic death of immature thymocytes is also induced
by glucocorticoids (Wyllie, 1980) and � irradiation (Sel- blot using a mAb produced for this purpose. Figure 4A

shows that I�BNS protein (�35 kDa) is induced withinlins and Cohen, 1987), thymic RNAs from mice treated
with 0.5 mg dexamethasone or 500 rads show essen- 30 min of VSV8 treatment. The amount of protein con-

tinues to increase up to 2 hr. I�BNS protein peaks attially no induction of I�BNS when mRNA levels are nor-
malized with GAPDH message (Figure 3B). Thus, I�BNS about 2 hr postinjection and then begins to decrease

(data not shown). For comparison, the same Westernis induced only by TCR-triggered events in immature
thymocytes. Analyses of the N15 TCRtg mice using vari- blot was examined for I�B� expression and for �-Actin

as a loading control. Regulation of I�B� protein is medi-ant peptide ligands have demonstrated that the VSV8
peptide p4 position is critical in determining thymic se- ated through phosphorylation-ubiquitination processes

resulting in its degradation and activation of NF-�B (re-lection outcomes (Ghendler et al., 1998; Sasada et al.,
2000). This residue is centrally located in the VSV8/Kb viewed in Karin and Ben-Neriah, 2000). The DSGL[D/G/

E]S motif targeting phosphorylation of serines 32 andpMHC complex and contacted by the CDR3 loop regions
of the N15 TCR V� and V� domains (Teng et al., 1998). 36 found in I�B�, �, and 	 is not present in I�BNS (Figure

2). Furthermore, there are no lysines equivalent to ly-Hence, small changes in the peptide there can be
sensed by the TCR. While VSV8 and the isoleucine vari- sines 21 and 22 in I�B�, which can serve as targets for

ubiquitination (Karin and Ben-Neriah, 2000), implyingant (I4) induce negative selection in FTOC using N15
TCRtg mice, leucine (L4) or norvaline (Nor4) substitu- that I�BNS is insensitive to this degradation pathway. In

addition, control of the basal I�B� protein level istions result in positive selection (Clayton et al., 1997;
Ghendler et al., 1998; Sasada et al., 2000). SEV9, a Sen- through a PEST sequence located in the carboxy-termi-
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Figure 4. Analysis of I�BNS Protein Expres-
sion and Subcellular Localization

(A) Western blot analysis of I�BNS and I�B�

in thymic lysates from N15 TCRtg mice unin-
jected (0) or 0.5, 1, and 2 hr after in vivo VSV8
treatment. Twenty micrograms of thymic ly-
sate proteins was run per lane on SDS/PAGE
and transferred to PVDF membranes. The fil-
ter was Western blotted with an anti-I�BNS

mAb, 138, and then stripped and reprobed
with anti-IkB� and then anti-�-Actin.
(B) Western blot analysis of nuclear and cyto-
plasmic subcellular fractions of thymic ly-
sates isolated from N15 TCRtg mice unin-
jected or 2 hr after in vivo VSV8 treatment.
For SDS/PAGE analysis, each lane was
loaded with proteins equivalent to 2 
 106

cells, transferred to PVDF membranes and
blotted with an anti-I�BNS mAb, and then se-
quentially stripped and reprobed with anti-
Lamin B as a nuclear marker followed by anti-
�-Actin as a cytoplasmic marker.
(C) Fluorescence microscopic analysis of sub-
cellular localization of eGFP-I�BNS fusion
protein. HeLa cells were transfected with a
construct encoding an eGFP-I�BNS fusion
protein and examined by differential interfer-
ence contrast (DIC) microscopy, DAPI stain-
ing, and eGFP fluorescence for the subcellu-
lar location of eGFP-I�BNS fusion protein.
Arrowheads indicate transfected cells.

nal portion (reviewed in Karin and Ben-Neriah, 2000) but nuclear, instead revealing a diffuse cellular distribution
(data not shown). These results are consistent with anot found in I�BNS. Western blot analysis of I�B� in

thymic lysates demonstrates expression of I�B� in thy- nuclear location for I�BNS.
mocytes of uninjected N15 TCRtg mice (Figure 4A); TCR
triggering by VSV8 results in substantial degradation of NF-�B Inhibition by I�BNS

The major function of I�B� is to bind NF-�B in the cyto-this protein at 0.5 and 1 hr poststimulation (to 1/3 the
basal level at each time point). By 2 hr, the I�B� level plasm and prevent its nuclear translocation and subse-

quent DNA binding by blocking these sites on NF-�B.has returned to that seen in the uninjected animals as
judged by densitometry scanning. In contrast, I�BNS To determine if I�BNS has a similar inhibitory function,

we assayed an NF-�B-sensitive luciferase reporter inlevels in N15 TCRtg thymocytes are minimally detected
in the basal state, increase 6-fold by 0.5 hr after VSV8 Cos-7 cells cotransfected with I�BNS. NF-�B activity was

induced by a 7 hr treatment of transfected Cos-7 cellsinjection, and continue to increase up to 2 hr postinjec-
tion (�8-fold at 1 hr and �10-fold at 2 hr). Both the with 50 ng/ml phorbol-12-myristate-13-acetate (PMA)

prior to analysis of luciferase activity. PMA-treatedabsence of I�B�-like degradation signals in the I�BNS

protein and the rapid kinetics of I�BNS RNA induction Cos-7 cells showed an increase of approximately 5- to
10-fold in NF-�B luciferase activity relative to untreatedsuggest that I�BNS is likely under tight transcriptional

control. cells (Figure 5A). Cotransfection with an I�BNS construct
or with an I�B� construct reduced PMA-induced NF-�B-To determine the cellular localization of I�BNS, we

performed Western blot analysis on nuclear and cyto- driven luciferase activity in Cos cells. I�BNS also reduced
the activity of NF-�B-sensitive reporter constructs insolic fractions from N15 TCRtg thymocytes isolated from

untreated mice and from mice 2 hr after VSV8 injection transiently transfected Jurkat T cells (data not shown).
To further assay I�BNS function, we tested the effects(Figure 4B). As controls, the same blot was probed for

Lamin B, a marker for the nucleus, and �-Actin as a of a chimeric GST-I�BNS fusion protein on NF-�B elec-
trophoretic mobility shift assays (EMSAs). NF-�B gelcytoplasmic marker. Figure 4B shows that I�BNS is se-

lectively found in the nuclear fraction of thymocytes from shift analysis was performed on nuclear extracts from
N15 TCRtg mice 1 hr after VSV8 injection (Figure 5B).VSV8-injected mice. Interestingly, Lamin B, a known 70

kDa substrate for caspases (Rao et al., 1996), is cleaved Addition of GST-I�BNS and GST-I�B� but not GST
blocks the gel shift band in N15 TCRtg thymic nuclearto generate a 50 kDa product in the VSV8-treated thymo-

cytes indicative of caspase activation by VSV8-triggered extracts. Although not shown, GST-I�BNS also blocks
NF-�B binding in nuclear lysates of anti-CD3	 mAb-negative selection as was previously observed (Clayton

et al., 1997). Furthermore, a chimeric protein containing treated C57BL/6 animals. Addition of 100
 cold NF-�B
probe blocks formation of the NF-�B band, but 100
eGFP fused to the amino terminus of I�BNS localizes

predominantly to the nucleus when expressed in HeLa cold AP-1 probe has no effect, demonstrating the speci-
ficity of this gel shift. The GST-fusion proteins have nocells (Figure 4C), whereas the GFP protein alone is not
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and RelB proteins are barely detectable in the nuclear
fraction in control animals. Within 10 min of TCR trig-
gering, however, all are readily observed in the nucleus.
Presumably, triggering through the TCR has induced
degradation of cytosolic I�B� and allowed translocation
of these proteins to the nucleus. Both c-Rel and p52
show similar patterns of expression to those in Figure
6A, although p52 is detectable in the nuclear fraction of
the 0 time point (data not shown).

GST, GST-I�BNS, and GST-I�B� were incubated with
the thymic lysates and interacting proteins identified by
Western blot analysis (Figure 6B). GST protein (Ctl) does
not interact with any of the proteins analyzed. Aside
from some basal p50-I�BNS interaction, the interaction
of GST-I�BNS and GST-I�B� with p50, p65, and RelB
proteins is largely dependent on TCR triggering. The
presence of endogenous cytosolic I�B� at the 0 time
point likely blocks interaction with the GST-I�B� and
GST-I�BNS fusion proteins. In the cytosolic fraction, in-
teraction of p50 and RelB are readily detected in the
I�BNS pull-down experiment at 10, 30, and 60 min. How-
ever, no p65 association is detected at any time point
tested even though p65 is present in this fraction (Figure
6A) and can interact with I�B� (Figure 6B). The prefer-
ence of I�BNS for p50 and I�B� for p65 is borne out in
interaction analysis on in vitro-translated proteins (Fig-
ure 6C). Moreover, GST-I�B� binds all three proteins in
the cytosol consistent with its ability to interact with
various NF-�B heterodimers. The amount of cytosolic
p50 bound to GST-I�BNS and GST-I�B� is approximately
equivalent, while more cytosolic RelB is bound by GST-
I�B� than by GST-I�BNS. Although not shown, the pat-
tern of interaction with cytosolic c-Rel is exactly likeFigure 5. I�BNS Inhibits NF-�B-Induced Expression of Luciferase in
that of RelB for both GST-I�BNS and GST-I�B�.Transfected Cos-7 Cells and NF-�B EMSAs

Within the nuclear fraction, however, GST-I�BNS dis-(A) Cos-7 cells were cotransfected with pRL null and (kB3) NF-�B/
luciferase constructs plus empty vector or, alternatively, cotrans- plays surprisingly similar NF-�B binding compared to
fected with pRL null and (kB3) NF-�B/luciferase constructs plus that of GST-I�B�, interacting with p50, p65, and RelB
I�BNS or I�B� constructs. Twenty-four hours after transfection, PMA (although binding more p50). While the amounts of total
was added to induce NF-�B activity. After 7 hr, Cos-7 cells were p50, p65, and RelB proteins are approximately equal in
lysed and luciferase activity determined. The relative light units

both nuclear and cytoplasmic compartments (Figure 6A)(RLU) are shown 
10�3 on the ordinate. One representative experi-
(aside from the 0 time point where no p65 or RelB isment out of five is shown.

(B) Nuclear thymic lysates were prepared from N15 TCRtg animals detected in the nuclear fraction of control mice), I�BNS

untreated (Control) or 1 hr after i.v. injection of 24 �g VSV8 (VSV8) binding is more apparent in the nuclear than cytosolic
and assayed by EMSA with no additions (Control and �), 1 �g of fractions. GST-I�BNS binds to p52 only in the nuclear
GST protein, 1 �g of GST-I�BNS, or 1 �g of GST-I�B�. Also added fraction, and the pattern of interaction with c-Rel is
were a 100-fold excess of cold NF-�B probe or cold AP-1 probe.

exactly like that of RelB (data not shown). That the GST-The upper panel uses an NF-�B probe and the lower panel an AP-1
I�BNS interaction differs between the nuclear and cyto-probe. A probe-only lane (Probe) without lysate is shown.
solic fractions is noteworthy. In the nucleus, NF-�B
proteins may be bound to DNA and, hence, the confor-
mation in the presence of DNA altered to allow inter-effect on the AP-1 gel shift, but the 100
 cold AP-1
action with I�BNS in the nuclear fraction. A second possi-probe inhibits formation of this band. Collectively, these
bility is that there may be TCR triggering-induceddata suggest that I�BNS and I�B� can bind NF-�B com-
modification of NF-�B proteins that allows an interactionponents and prevent subsequent DNA binding.
with GST-I�BNS in the nucleus. A third possibility might
involve a distinct protein(s) within the nucleus that facili-Interaction of I�BNS with NF-�B Family Members
tates the interaction of I�BNS with p65 and RelB (andTo examine the specificity of I�BNS binding in vivo, thy-
c-Rel) in this compartment.mic cytosolic and nuclear extracts were prepared from

N15 TCRtg mice 10, 30, or 60 min after i.v. VSV8 injection
or from uninjected animals and used for Western blot Retroviral Transduction of I�BNS Disrupts Thymocyte

Development and Increases Anti-TCR-Inducedanalysis of I�BNS- and I�B�-interacting proteins. The
total cellular levels of p50, p65, and RelB proteins are Death in FTOC

To determine the functional consequence of I�BNS ex-shown in Figure 6A. There is little change in their cyto-
solic level upon VSV8 injection; in contrast, p50, p65, pression on thymocyte development, we retrovirally
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Figure 6. Analysis of the Interaction of GST-
I�BNS or GST-I�B� with NF-�B Components
In Vivo and In Vitro

Nuclear and cytosolic thymic lysates were
prepared from uninjected N15 TCRtg mice or
mice 10, 30, or 60 min after VSV8 peptide
injection.
(A) Western blot analysis of cytosolic and nu-
clear lysates for p50, p65, and RelB NF-�B
proteins. The same amount of protein was
added to each lane.
(B) Cytosolic and nuclear fractions of thymic
lysates were incubated with GST (Ctl), GST-
I�BNS, or GST-I�B� proteins bound to beads
and the interacting proteins identified by
Western blot analysis with the indicated
subunit-specific antibodies following SDS-
PAGE.
(C) Analysis of the interaction of I�BNS and
I�B� with in vitro-translated p50 and p65 pro-
teins. [35S]Radiolabeled murine NF-�B pro-
teins were produced by in vitro translation
and incubated individually or in combination

with 5 �g GST, GST-I�BNS, or GST-I�B� coupled to beads. Associated proteins were identified by autoradiography after SDS-PAGE. In each
pair of lanes incubated with an NF-�B protein(s), the left lane shows binding to the GST control beads, and the right lane shows interaction
with GST-I�BNS (upper panel) or GST-I�B� (lower panel) beads.

transduced DN fetal thymocytes with a bicistronic con- no such differential loss (data not shown). Thus, I�BNS

expression increases the sensitivity of DP thymocytesstruct encoding I�BNS and eGFP (Res et al., 1996; Heems-
kerk et al., 1997) and used these progenitors to repopu- to anti-CD3	-induced death. As the loss of I�BNS-ex-

pressing thymocytes is even more pronounced afterlate FTOC. As shown in Figure 7, transduction of day
14 fetal thymocytes by either LZRS-eGFP (control vec- anti-CD3	 treatment of I�BNS-transduced cells, addi-

tional TCR-triggered cellular factors most likely contrib-tor) or LZRS-I�BNS-eGFP results in eGFP� thymocytes
in all four CD4/8 thymocyte subsets after repopulation ute to the apoptotic process.
of fetal thymic lobes. The same cultures contain non-
transduced eGFP� thymocytes serving as internal con- Discussion
trols. FTOC from LZRS-eGFP-transduced thymocytes
contain 16% DN, 58% DP, 18% CD8SP, and 8% CD4SP NF-�B transcription factors are a highly conserved fam-

ily of dimeric proteins found in many cell types. Thesethymocytes in the eGFP� fraction; these percentages
are almost identical to those of the eGFP� fraction from inducible transcription factors activate various genes in

response to proinflammatory and noxious stimuli (re-the same transduction as well as to the eGFP� cells
from the LZRS-I�BNS-eGFP transduction. In contrast, viewed in Ghosh et al., 1998; Karin and Ben-Neriah,

2000). The remarkable ability of NF-�B proteins to re-the eGFP� cells from the LZRS-I�BNS-eGFP transduc-
tion (i.e., the I�BNS-expressing thymocytes) consistently spond quickly to cell surface perturbations is a function

of the regulation of NF-�B transcriptional activity bycontain lower percentages of DP and SP thymocytes
(20%–40% overall reduction) and an increased percent- inhibitors called I�B proteins. NF-�B exists in the cyto-

plasm complexed with an I�B protein; upon the cellage (�2-fold) of DN thymocytes. Thus, expression of
I�BNS alters the development of thymocytes in FTOC. As receiving a signal to activate NF-�B, I�B is phosphory-

lated and degraded via the proteasome. The free NF-�Bretroviral transduction of DN fetal thymocytes in hanging
drops does not alter the number of viable cells in the then enters the nucleus and activates gene transcription

by binding particular DNA sites. Six I�B proteins termedinitial suspension culture or the absolute number of DN
cells in subsequent FTOC, this perturbation cannot be I�B�, I�B�, I�B	, I�B�, Bcl-3, and MAIL (reviewed in

Ghosh et al., 1998; Karin and Ben-Neriah, 2000; Kitamuraa consequence of developmental arrest at the DN stage.
Equivalence of the four DN subpopulations based on et al., 2000; Yamazaki et al., 2001; Haruta et al., 2001)

have been identified. I�B� is the best characterizedCD44/CD25 profiling are consistent with this view (data
not shown). In contrast, the absolute number of trans- member of this family and functions by blocking the

nuclear localization signal and DNA binding of NF-�Bduced DP thymocytes as marked by eGFP in LZRS-
I�BNS-eGFP- versus LZRS-eGFP-transduced thymo- proteins, thus preventing nuclear entry and NF-�B-

induced gene transcription in the absence of appro-cytes is reduced by more than 1 order of magnitude.
These data suggest that I�BNS expression primarily ar- priate cell stimulation (Ghosh et al., 1998; Karin and Ben-

Neriah, 2000). The I�B family members may function byrests thymocyte development at the DP stage. In addi-
tion, treatment of the LZRS-I�BNS-eGFP-transduced different mechanisms. For example, I�B�, I�B�, and

I�B	 bind strongly to p65- or c-Rel-containing dimers,FTOC with anti-CD3	 antibody results in a markedly
greater loss in the eGFP� DP thymocytes than in the and Bcl-3 more strongly interacts with p52 and p50

homodimers (Ghosh et al., 1998). Whereas I�B� main-eGFP� DP thymocytes (Figure 7). Treatment of LZRS-
eGFP-transduced thymocytes with anti-CD3	 results in tains the balance of cytoplasmic versus nuclear NF-�B
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I�B� has a limited distribution and is not well character-
ized (Ghosh et al., 1998).

The role of the NF-�B/I�B transcriptional regulatory
pathways in T cell development is currently unclear.
Targeted gene disruptions of individual NF-�B family
members do not demonstrate marked defects in lym-
phocyte development, but this lack of a thymic pheno-
type may result from redundancy in this important gene
family (Ghosh et al., 1998). Double knockouts demon-
strate more severe phenotypes, suggesting that this is
the case (Gerondakis et al., 1999). The current consen-
sus is that NF-�B proteins play a role in lymphocyte
development and affect survival of developing thymo-
cytes through effects on proliferation, protection from
TNF-induced apoptosis, and regulation of antiapoptotic
genes such as bcl-xL (Hettmann et al., 1999; Senftleben
et al., 2001; Voll et al., 2000).

The distribution of I�BNS expression suggests a more
restricted role for this protein in NF-�B regulation during
T cell development. Consistent with this notion is the
inability of anti-CD3	 mAb to stimulate I�BNS mRNA in
spleen T cells (data not shown). Furthermore, the corre-
lation of I�BNS induction with TCR-induced negative se-
lection signals and the ability of retroviral transduced
I�BNS to enhance TCR-triggered thymocyte death im-
plies a key function in determining death/survival of im-
mature thymocytes. What is the function of I�BNS and
how does this protein affect NF-�B activity during nega-
tive selection? If NF-�B provides survival signals to de-
veloping thymocytes, then induction of an inhibitor of
this activity would clearly result in cell death. However,
an I�B� super-repressor transgene prevented anti-
CD3	-triggered cell death (Hettmann et al., 1999). Thus,

Figure 7. Retrovirally Transduced I�BNS Impairs Thymocyte Devel-
simply inhibiting NF-�B activation does not appear toopment in FTOC and Increases the Sensitivity of Thymocytes to
result in TCR-triggered thymocyte apoptosis, at leastAnti-CD3	-Induced Cell Death
as stimulated by anti-CD3	 mAb crosslinking. To theDay 14 DN fetal thymocytes were treated with IL-7 and SCF and
contrary, these findings suggest that NF-�B activationtransduced with LZRS-eGFP or LZRS-I�BNS retroviral constructs.
is required for TCR-triggered thymocyte apoptosis. OneTransduced thymocytes were placed in a hanging drop culture with

a fetal thymic lobe from �c�/�/RAG-2�/� mice for 2 days and then explanation is that I�BNS may behave in a different man-
transferred to gelfoam cultures and incubated for 7 days prior to ner than I�B�. I�BNS, like Bcl-3, with which it is most
FACS analysis. The GFP� and GFP� thymocytes from LZRS-eGFP structurally homologous (Figure 2), binds to p50 and p52
(upper panel) were analyzed separately for CD4 and CD8. Similar

homodimers. As described above, these NF-�B com-analysis was done for thymocytes transduced with LZRS-I�BNS
plexes act as inhibitors of transcription by blocking NF-(middle panel) and for thymocytes transduced with LZRS-I�BNS and
�B sites on DNA. I�BNS may remove these inactivethen treated for 18 hr with 200 �g/ml anti-CD3	 (bottom panel). The

percentages of cells in each quadrant are shown. The total numbers complexes from DNA and redirect TCR-triggered gene
of thymocytes were 2.4 
 106 for the LZRS-eGFP culture, 1.9 
 106 transcription (Franzoso et al., 1992; Bours et al., 1993;
for the LZRS-I�BNS culture, and 4 
 105 for the LZRS-I�BNS plus Fujita et al., 1993). Alternatively, I�BNS may also act as
anti-CD3	 culture. The percentage of GFP� cells was 20% in the a bridging component between NF-�B dimers and other
LZRS-eGFP-transduced FTOC, 0.5% in the LZRS-I�BNS-transduced

proteins. The interaction of the I�BNS-GST protein withFTOC, and 0.66% in the LZRS-I�BNS culture treated with anti-CD3	.
p50 and p65 selectively within the nucleus implies thatNote that the LZRS-eGFP and LZRS-I�BNS viral titres are similar
this is the case (Figure 6).based on quantitation of GFP� thymocytes in suspension 72 hr

after transduction. Results are representative of three independent With respect to peptides tested, a similar pattern of
transduction experiments. mRNA induction occurs for I�BNS and nur77, a transcrip-

tion factor also linked to negative selection processes
(Liu et al., 1994; Amsen et al., 1999). Thus, the same

by a dynamic shuttling process (Johnson et al., 1999), TCR signal may induce nur77 and I�BNS either as a
Bcl-3 is instead a nuclear protein that acts to increase consequence of activation of a very early upstream gene
transcription, perhaps by removing the inhibitory p50 or that regulates both or by TCR-triggered posttransla-
p52 homodimers from DNA. Furthermore, Bcl-3 contains tional modification of a protein(s) that then activates
transactivation domains and may form activating com- these two genes directly. Nur77 and I�BNS account for
plexes with p50 and p52 (Bours et al., 1993; Fujita et the vast majority of differentially expressed clones
al., 1993). Other nuclear coregulators bind Bcl-3, sug- among our RDA products.
gesting that Bcl-3 may act as a bridging factor between A strength of the TCR transgenic system used herein

is the detailed knowledge available concerning the ef-these proteins and p50 or p52 (Dechend et al., 1999).
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these class I-restricted transgenic animals, all CD4� cells are DP.fects of structural alterations of peptide sidechains on
DP thymocytes were sorted on a MoFlo (Cytomation, Fort Collins,the signal transmitted to thymocytes (Ghendler et al.,
CO), and RNA was prepared as previously described (Lerner et al.,1998; Sasada et al., 2000). This information has allowed
1996). The RNA was polyA selected using the polyA Spin mRNA

us to correlate the induction of I�BNS with those peptide Isolation Kit (New England Biolabs, Beverly, MA) and used for RDA
stimuli that trigger negative selection in N15 TCRtg (Lisitsyn et al., 1993; Hubank and Schatz, 1994). Due to limiting

amounts of mRNA, we did not proceed to difference product 3 andtransgenic mice. Similarly, in the class II system,
instead prepared a subtracted library using difference product 2.TCRCyt5CC7-I-RAG-2�/� H-2a mice injected with the
For this purpose, difference product 2 was size fractionated andnegatively selecting PCC peptide also express I�BNS
DNA from one gel slice containing an obvious PCR band ligatedmessage in the thymus within 1 hr of treatment. Thus,
to pZErO-1 (Invitrogen, San Diego, CA), transformed, and colonies

I�BNS serves as a molecular marker of negative selection screened with a full-length nur77 probe (our unpublished data). DNA
in both class I and class II TCR transgenic mice. In was prepared from nur77-negative clones, sequenced, and used as

probes in Northern blot analysis.nontransgenic mice, I�BNS is induced by anti-CD3	 mAb
injection, and retroviral transduction of I�BNS in FTOC
enhances such TCR-triggered apoptosis, indicating a Constructs

Full-length I�BNS was obtained by screening a thymus cDNA libraryrole for I�BNS in negative selection of wild-type mice as
in �ZAP Express (Stratagene, La Jolla, CA) prepared from anti-CD3	-well. That I�BNS gene expression is strongly linked to
treated C57Bl/6 mice (our unpublished data). To produce an eGFP-TCR-triggered negative selection and not other forms
I�BNS fusion protein or a retroviral construct, I�BNS was subcloned

of apoptosis is clear from the observation that � irradia- into pEGFP-C1 (Clontech, Palo Alto, CA) or pLZRS-eGFP, respec-
tion and dexamethasone fail to induce I�BNS message tively. For protein detection, a Flag tag was added to I�BNS by PCR
in thymocytes. and the product subcloned into pcDNA3.1 (Invitrogen). To produce

a fusion protein with GST, Flag-tagged I�BNS was subcloned intoThat TCR triggering differentially induces transcrip-
pGEX-4T-1 (Amersham Pharmacia Biotech, Uppsala, Sweden).tion of genes and biochemical signaling events predi-
GST-I�BNS was purified following the procedures recommendedcated on the extent of TCR-crosslinking or ligand affinity
by Amersham Pharmacia Biotech and used as an immunogen to

is well documented (Meuer et al., 1984; Fujita et al., produce a Western blotting anti-I�BNS monoclonal antibody (termed
1986). The TCR signal required to induce positive selec- 138) in Balb/c mice (Li et al., 1998). The superinhibitor I�B� from
tion necessitates a weaker TCR-pMHC interaction than CD2 MAD (Hettmann et al., 1999) was PCR’d and subcloned into

pcDNA3.1 and pGEX-4T-1, respectively. GST-I�B� protein was puri-that required for negative selection (Alam et al., 1996).
fied as described above.I�BNS appears to be a qualitative transducer of divergent

TCR ligation signals: those signals resulting in negative
Production of Retroviral Supernatantselection induce transcription of this gene while nonse-
The retroviral Phoenix-E ecotropic packaging cell line (1 
 106 cells)lecting or positively selecting peptides for which the
was transfected with LZRS plasmid DNA (20 �g) using the calciumTCR has less affinity do not. Although not directly stud-
phosphate method (GIBCO-BRL). Two days posttransfection, cells

ied here, differences in the number of pMHC complexes were trypsinized and grown under puromycin selection in Iscove’s
presented to the thymocytes (i.e., VSV8 Kb versus L4 Kb) medium to 80% confluency. Medium was replaced with FTOC me-

dium (Iscove’s medium with 20% FCS/nonessential aa/50 �Mon stromal cells cannot be the basis of the observed
�-mercaptoethanol/4 mM L-glutamine, penicillin, and streptomycin),differential I�BNS transcription, since all altered peptide
and cells were incubated 15 hr more at 37C. FTOC medium wasligands tested had identical anchor residues and Kb

collected, incubated on ice for 10 min, and centrifuged for 5 min atbinding affinity (Ghendler et al., 1998). The basis of thy-
1500 rpm. Viral supernatants were aliquoted and stored at �80C.

mocyte fate determination stimulated by peptides can
now be addressed in explicit molecular terms and the

FTOC and Retroviral Transduction
ability to manipulate repertoire generation through mod- For N15 TCRtg FTOC, fetal thymii were removed at day 15.5 (obser-
ulation of this NF-�B inhibitory pathway investigated. vation of vaginal plug is day 1) and cultured in AIM-V media (In-

vitrogen, Carlsbad, CA) in Transwell dishes (Costar, Cambridge MA)
Experimental Procedures in a humidified atmosphere with 5% CO2 for 5 days. On day 5,

peptides were added to 10 �M. Thymocytes were harvested 2 hr
Animals after peptide addition and RNA prepared (Qiagen RNeasy Mini Kit,
N15 TCRtg RAG-2�/� H-2b and N15 TCRtg RAG-2�/� H-2d mice were Qiagen, Valencia, CA).
generated as previously described (Ghendler et al., 1998). C57BL/6 For OLA129 
 Fvb FTOC and retroviral transduction, fetal thymii
and TCRCyt5CC7-I-RAG-2�/� mice were obtained from Taconic were removed at day 17, dissociated, and placed in FTOC medium
(Germantown, NY). Mice were maintained and bred under sterile at 100,000 cells/well (volume of 100 �l) with 50 ng/ml IL-7 and SCF
barrier conditions at the animal facility of the Dana-Farber Cancer in a 96-well plate. 100 �l of viral supernatant containing 20 �g/ml
Institute. The OLA129 
 Fvb mice used for retroviral transduction Lipofectamine (GIBCO-BRL) was added and the plate centrifuged
and FTOC were maintained at the Netherlands Cancer Institute. at 1800 rpm for 45 min at 30C, then incubated at 37C overnight.

Cells were collected by centrifugation and 30 �l/well placed in a
Terasaki plate. Another 30 �l of cells was grown in 200 �l FTOCPeptides
medium with 50 ng/ml Il-7 and SCF and analyzed by FACS after 2SEV9, PCC, VSV8, and VSV8 variant peptides were synthesized
days for eGFP expression to determine transduction efficiency. Oneby standard solid phase methods on an Applied Biosystems 430A
freshly isolated day 14 �c�/� RAG-2�/� fetal thymic lobe was placedsynthesizer (Foster City, CA) and authenticity verified as described
in each well and the plate inverted and incubated at 37C for 2 days.(Sasada et al., 2000). For in vivo injections, 24 �g peptide in PBS
The lobes were then transferred to ATTP 0.8 �M filters (Millipore)was injected intravenously into mice.
on gelfoam (Pharmacia and Upjohn Company) preincubated 2 days
in FTOC medium. After 7 days, thymocytes were analyzed by FACS.RDA

Thymii were dissected from 3-week-old N15 TCRtg mice 1 hr after
i.v. injection of 24 �g VSV8 peptide or from untreated 3-week-old Northern Analysis

Total thymic RNA was prepared and Northern blots performed asN15 TCRtg RAG-2�/� H-2d mice. Dissociated thymocytes were
stained with anti-CD4 mAb (BD Pharmingen, San Diego, CA). In previously described (Lerner et al., 1996; Clayton et al., 1997).
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Transfections, Fluorescence Microscopy, and Luciferase Assays in PBS/0.1% Triton X-100/1 mM PMSF. After washing, associated
proteins were analyzed by 10% SDS-PAGE followed by autoradiog-Cos-7 cells were transfected using calcium phosphate (Turner et

al., 1990) in six-well dishes with 0.2 �g pRL null (Promega, Madison, raphy.
Mice were injected i.v. with VSV8 peptide or left untreated andWI) plus 5 �g (kB)3 luciferase plasmid (Plaisance et al., 1997). 10 �g of

pcDNA3.1 or pcDNA3.1-I�BNS or pcDNA3.1-I�B� was cotransfected sacrificed at various time points. Single-cell suspensions and ex-
tracts of thymocytes were prepared as described above under RDAwith the two luciferase plasmids. 24 hr later, cells were left untreated

or activated with 50 ng/ml PMA for 7 hr. Cell lysates were prepared and EMSA, respectively. Protein concentrations were determined
using the Micro BCA Protein Assay Reagent Kit (Pierce). Extractsusing the Dual-Luciferase Reporter Assay System (Promega) and

luciferase activity measured on a Monolight 2010 luminometer (Ana- were adjusted to 20 mM HEPES (pH 7.9)/150 mM NaCl/0.1% Triton
X-100/1 mM PMSF (final volume 750 �l) and precleared with Gluta-lytical Luminescence Laboratory, San Diego, CA). The pRL null vec-

tor served as an internal control for transfection (Behre et al., 1999). thione Sepharose 4B beads for 1 hr at 4C. Subsequently, extracts
were incubated with GST, GST-I�BNS, and GST-I�B� beads for 1 hrFor nuclear localization studies, HeLa cells were plated on sterile

glass coverslips and transfected as above with 10 �g of pEGFP-C1 at 4C. Finally, beads were washed with 20 mM HEPES (pH 7.9)/
150 mM NaCl/0.1% Triton X-100/1 mM PMSF, boiled in standard(Clontech) or pEGFP-C1-I�BNS. 24 hr later, cells were fixed in 1%

paraformaldehyde in PBS for 15 min at 4C. The coverslips were RSB, and analyzed by Western blot with the indicated antibodies
(p52, p65, c-Rel, and RelB antibodies from Santa Cruz; p50 antibodywashed with PBS and incubated with 300 nM DAPI (4�,6-diamini-

dino-2-phenylindole, dihydrochloride, Molecular Probes, Eugene, from Stressgen, Victoria, BC).
OR) in PBS for 30 min at RT in the dark. After extensive washes
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