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Abstract—We have demonstrated that transcription factors Egrl and NFAT2 cooperate in regulation of the early stages of
T-lymphocyte development, whereas the related factors Egr2 and Egr3 do not cooperate with NFAT2. Egrl and NFAT?2 are
shown to cooperatively control gene expression of the regulatory factor Id3 and recombinase Rag2, whose functions are crit-
ical for T-lymphocyte differentiation. Thus, the concerted action of the transcription factors Egrl and NFAT2 can play a
crucial role in regulation of the T cell differentiation in vitro due to the cooperative regulation of /d3 and Rag2 gene expres-

sion.
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The development of T cells is an important and
ceaseless process in the immune system of vertebrates. In
the initial stages, precursor cells migrate from the bone
marrow into the thymus. During the differentiation,
immature T cells undergo a number of proliferation
cycles and also rigorous selection, which result in produc-
tion of mature T-lymphocytes [1].

The differentiation of T cell can be subdivided into
separate stages (DN I, DN II, DN III, DN 1V, DP, SP)
characterized by expression of surface marker molecules
[2] (Fig. 1a). There are three crucial checkpoints that are
required for effective development of T cells (B-selection,
negative and positive selection). During the first stage of
the thymocyte development, the B-chain gene of the T
cell receptor (TCR) is rearranged and the so-called pre-
TCR is formed.

A signal transduced via the pre-TCR induces a
rearrangement in genes of the TCR a.-chain locus, which
results in generation of a functional a-chain. Moreover,
the pre-TCR activation regulates the differentiation pro-
gram through activation of various transcription factors,
such as NF-kB, Egr, NFAT, E-proteins, 3-catenin/TCF-

Abbreviations: DN) double negative; DP) double positive; Egr)
early growth response; FACS) fluorescence activated cell sort-
ing; NFAT) nuclear factor of activated T cells; SP) single posi-
tive; TCR) T cell receptor; pre-TCR) pre-T cell receptor.

* To whom correspondence should be addressed.

1, Myb, and GATA-3 [3-11]. The hierarchy and order of
the interaction of these transcription factors are insuffi-
ciently studied.

Egr proteins are expressed by many cell types and
regulate diverse functions of cells. Thus, Egr proteins are
activated in response to pre-TCR signals and play an
important role in regulation of the TCR a-chain
rearrangement. Functions of Egr proteins are overlap-
ping and degenerate, so that genetic knockout of each of
these genes in mice does not dramatically destroy T-lym-
phocyte development [12, 13]. However, inhibition of
activities of all Egr proteins completely stops the devel-
opment in the B-selection stage [14]. Moreover, Egr-pro-
tein overexpression promotes the B-selection of T-lym-
phocytes even in the absence of signals from the pre-
TCR [14-16]. Egr proteins consist of a number of
domains and are capable of complexing with other tran-
scription factors. Although Egr proteins play an impor-
tant role in T-lymphocyte development, in particular in
B-selection, their interactions with other signaling path-
ways and different regulators of gene expression are still
unclear.

The NFAT family proteins also are transcription fac-
tors, which are, in particular, activated in response to pre-
TCR signals and also play an important role during [3-
selection [4]. Using knockout mice, it has been shown
that NFAT-proteins perform important and overlapping
functions during T-lymphocyte differentiation [17-22].
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Fig. 1. Stages of T-lymphocyte development (a) and the scheme of
signal transduction from the pre-T cell receptor (b).

Thus, NFAT?2 plays the most important role in regulation
of the development of T cells from double negative (DN)
to double positive (DP) [18, 22]. Moreover, Egrl- and
NFAT-proteins can cooperate in regulation of expression
of various genes, such as /L-2, TNF, CD154, and FasL
[23-26].

We supposed that the Egrl and NFAT signaling
pathways should interact in thymocytes and demonstrat-
ed that Egrl and NFAT2 cooperated in regulation of 3-
selection. Thus, an enhanced expression of Egrl together
with NFAT?2 in the Scid.adh cell line (taken as a suitable
model of the intrathymus T cell development) consider-
ably down-regulated the expression of CD25 (the B-
selection marker). We have also shown a cooperation of
Egrl and NFAT?2 in the regulation of expression of the
1d3 and Rag?2 genes, which play the most significant role
during the early stages of T-lymphocyte development.
Thus, based on our findings, Egrl and NFAT2 are sug-
gested to co-regulate B-selection and subsequent differ-
entiation of early T-lymphoma in vitro.

MATERIALS AND METHODS

Cell cultures. The Scid.adh cell line expresses a
chimeric receptor TAC:CD3¢ consisting of an extracellu-
lar domain of the human IL-2(CD25) receptor a.-chain
and the cytoplasmic region of the CD3 receptor g-chain
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which is a component of the T cell receptor complex
[27]. The Scid.adh cells were cultured in Iscove complete
DMEM medium containing 10% fetal calf serum, anti-
biotics (penicillin/streptomycin, 100 U/ml each), L-glu-
tamine (2 mM), essential amino acids (0.1 mM), and -
mercaptoethanol [14]. The cells were incubated at 37°C
in the presence of 5% CO,. To stimulate the cells, we used
mouse monoclonal antibodies (10 pg/ml) to the chimeric
receptor TAC. Antibodies were preincubated overnight in
phosphate buffer saline in a 24-well plate. Then cell sus-
pension was added for subsequent stimulation during
24 h [27]. The hybridoma (hd 245/332) producing anti-
bodies to the chimeric receptor TAC was obtained from
the American Collection of Cell Cultures, with permis-
sion of Dr. T. Waldman (National Institutes of Health,
USA).

To elucidate roles of individual signaling pathways in
T-lymphocyte differentiation and expression of Egr and
TCR-o genes, the stimulated cultures were incubated in
the presence of dimethylsulfoxide (control) or one of the
following inhibitors: a calcineurin inhibitor, cyclosporin
A (2 uM) [28]; a protein kinase Src inhibitor, PP2 (1 uM)
[29]; a protein kinase MEK inhibitor, UO126 (5 uM) [30,
31]; a protein kinase p38 inhibitor, SB203580 (25 uM)
[30]; a protein kinase JNK inhibitor, INKII (1 uM) [32].
The most efficient but the least toxic for the cells concen-
trations of each inhibitor were determined by titration.
The cells were cultured for 24 h, and the differentiation
level was assessed measuring expression of the CD25 sur-
face marker by flow cytometry (FACS). The cells were
stained with a commercial antibody (BD PharMingen,
USA) conjugated with a corresponding fluorescent dye
and analyzed using a BD LSRII or FACSVantage
cytometer (BD PharMingen), on staining with propidium
iodide (PI) to exclude dead cells.

Plasmids. A retroviral vector MSCV-GFP-NFATcl
encoding the NFATcl (NFAT2) full-size ¢cDNA was
described earlier [33]. cDNA of Egrl containing on the
C-end a sequence encoding the marker protein was
cloned into the retroviral vector LZRS-YFP by poly-
merase chain reaction (PCR) according to the standard
protocol. This vector contains the internal ribosomal
entry site (IRES) which provides for an independent
translation of two proteins: Egrl and the marker protein
(yellow fluorescent protein (YFP)). The retroviral vector
LZRS-YFP was kindly provided by Dr. D. Vignali (St.
Jude Children’s Research Hospital, Nashville, USA).

Production and transduction of retroviruses. The
packing cells Phoenix E kindly provided by Dr. G. Nolan
(Stanford University, USA) were transfected with retrovi-
ral vectors using the calcium phosphate method as
described in [34]. The transfection efficiency was deter-
mined evaluating percent of the GFP- or YFP-positive
cells by flow cytometry (FACSVantage SE; BD
Biosciences, USA). All cell lines were cultured in the
complete Iscove medium as described above. The
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Scid.adh—TAC:¢ cells (10° cell/ml) were infected by cen-
trifugation for 45 min at 30°C with the retroviral super-
natant supplemented with polybrene (8 pg/ml) as
described in [35]. Thirty hours after infection the cells
were analyzed or sorted by flow cytometry to analyze the
gene expression.

Measurement of gene expression. RNA was isolated
using an RNAEasy purification kit (Qiagen, USA) and
treated with DNase I (Invitrogen, USA). Then the first
chain of cDNA was synthesized using a Superscript II
reverse transcriptase (RT) according to the random
primers Protocol (Invitrogen). Expression of the NFAT
family genes was measured by RT-PCR using the follow-
ing primers: NFAT1 (Fw 5'-ATCACTGGGAAAACG-
GTCACC-3', Rv 5'-TTAGGCTGGCTCTTGTCTT-
TAATCC-3"), NFAT2 (Fw 5'-CCAAGTCTCTTTCCC-
CGACATC-3', Rv 5'-TCAGCCGTCCCAATGAACAG-
3), NFAT3 (Fw 5'-GGATTACTGGCAAGATGGTG-
GC-3', Rv 5-AGTCTGGCAGGAAGTTGGAACC-3"),
NFAT4 (Fw 5'-CAGGGAAAAATGTCAAGGGGC-3',
Rv 5'-CAACTGTGGCAAATGGGTGGAG-3'), Actin
(Fw 5'-CCTAAGGCCAACCGTGAAAAG-3', Rv 5'-
TCTTCATGGTGCTAGGAGCCA-3').

The reaction products were analyzed upon elec-
trophoresis in 1% agarose gel in the presence of ethidium
bromide. The gene expression was measured by real-time
TagMan-PCR using commercial synthetic primers and
probes (ABI, USA). The reactions were performed thrice
for each gene. The expression level of each gene was nor-
malized relatively to the actin gene expression. The find-
ings are presented as the ratio of expression of a specific
gene in the stimulated cells to its expression in the
unstimulated ones.

RESULTS

Inhibition of the calcineurin signaling pathway com-
pletely blocks T cell differentiation but has virtually no
effect on Egrl expression. Egr proteins play an important
role in transduction of pre-TCR signals during p-selec-
tion (Fig. 1) [12, 14, 15, 36]. Nevertheless, transcription
factors capable of controlling T cell development in
cooperation with Egr proteins are still unknown. To
detect them, we used the Scid.adh cell line [27]. The
stimulation of these cells mediated through a chimeric
receptor imitates a signal from the pre-TCR, and this
decreases the surface expression of CD25 [37]. We were
mainly interested in biochemical inhibitors of signaling
pathways that disturb T cell differentiation but do not
influence Egr gene expression in response to activation
through the pre-TCR. Such signaling pathways can
potentially functionally interact with Egr proteins,
whereas the pathways concurrently suppressing both the
thymocyte differentiation and Egr activation seemed to
converge on the level preceding Egr proteins.
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Fig. 2. Effects of inhibitors of calcineurin, protein kinases Src,
Erk, and JNK (a-d, respectively) on differentiation of Scid.adh
cells: 7) anti-TAC stimulation; 2) anti-TAC stimulation +
inhibitor; 3) unstimulated cells.

The pre-TCR activates various signaling pathways,
including signaling cascades MAP2K, MEK/Erk, and
PI3K/AKT, as well as the pathways with involvement of
phospholipase C and protein kinase C (Fig. 1b).

The effects of different inhibitors on T-lymphocyte
differentiation are shown in Fig. 2. Inhibition of protein
kinases Src and Erk and of calcineurin arrested T cell
development at the DN III stage and, consequently, pre-
vented -selection. But inhibition of protein kinase JNK
(Fig. 2) and protein kinases C, p38, PI3K, mTOR, and
phospholipase Cyl (data not presented) did not affect T
cell differentiation. Thus, signals mediated through cal-
cineurin, Src, and Erk are important for regulation of 3-
selection.

To elucidate the influence of signaling pathway inhi-
bition on expression of the genes required for 3-selection,
we have analyzed changes in expression of the Egr family
genes (Egrl, Fgr2, Egr3) and also of the TCR a-chain
gene (TCR-a) using real-time PCR. Expression of these
genes was determined in the Scid.adh cells stimulated
with antibodies to the TAC chimeric receptor and treated
with biochemical inhibitors. Note that among inhibitors
affecting the differentiation, only the calcineurin inhibitor
cyclosporin A partially inhibited expression of the gene of
an early response protein Egrl. However, such inhibitors
as UO126 (the MEK/Erk-signaling pathway) and PP2 (an
inhibitor of protein kinase Src) also suppressed the further
differentiation of T-lymphocytes and expression of all Egr
family genes and of 7CR-a (Fig. 3). Strong inhibition of
protein kinase Src seems to be caused by its location on
the top of many signaling cascades (Fig. 1b).
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The inhibition of the calcineurin—NFAT signaling
pathway completely blocked the differentiation but only
partially inhibited the Egrl gene expression; therefore,
Egrl could not be a target gene for this signaling pathway
and, consequently, could cooperate with NFAT in regula-
tion of the early stages of T cell development.

Egrl and NFAT cooperate in regulation of p-selec-
tion. Calcineurin regulates the activity of the transcrip-
tion factor NFAT, which plays an important role in T-
lymphocyte development. The Scid.adh cell line was
shown by RT-PCR to express NFAT1, NFAT2, and
NFAT4 (data not presented). Of these factors, only
NFAT?2 is involved in regulation of differentiation of DN
T-lymphocytes to DP cells [18, 22]. Therefore, to eluci-
date whether Egrl could interact with NFAT2, we
expressed both Egrl and NFAT?2 in the Scid.adh cell line
using retroviral vectors with different fluorescent markers
(YFP and GFP). The packing Phoenix E cell line was
transfected with a retroviral vector encoding the full-size
cDNA of Egr or NFAT and the fluorescent protein. The
retrovirus production, as well as expression of each Egr
protein or NFAT?2, was assessed using flow cytometry by
expression of the fluorescent markers YFP and GFP,
respectively (Fig. 4a). Usually, the transfection efficiency
of the Phoenix cells was 20-30%. This allowed us to pre-
pare the desired viral supernatant with the virus concen-
tration sufficient for infecting the Scid.adh cells. Then
Egr1-YFP, Egr2-YFP or Egr3-YFP, and NFAT-GFP
were co-transduced into the Scid.adh cell line as compo-
nents of the corresponding retroviruses (Fig. 4b). Note,
that the co-expression of two transcription factors result-
ed in a markedly more pronounced decrease in the CD25
expression than their separate expression (Fig. 5a).
Consequently, the transcription factors Egrl and NFAT?2
can cooperate in regulation of T-lymphocyte -selection
in vitro.

No cooperative action was observed when NFAT?2
was co-expressed with Egr2 or Egr3 (Fig. 5, b and c¢).
However, Egr2 or Egr3 overexpression itself caused T-
lymphoma differentiation significantly stronger than the
overexpression of Egrl.

NFAT2 and Egr1 cooperatively regulate gene expres-
sion. To understand the molecular mechanism of the
cooperative action of the transcription factors Egrl and
NFAT2, we decided to identify target genes whose
expression was cooperatively regulated by these transcrip-
tion factors. First of all, we paid attention to the genes the
expression of which had been earlier shown to change
during B-selection and whose functions were important
during this stage. It was interesting to reveal the Rag2 and
1d3 genes among the genes analyzed. Rag?2 is an enzyme
that catalyzes recombination of the TCR .- and -chain
genes [38]. The regulatory factor Id3, in turn, suppresses
activities of E-proteins, which is essential for $-selection
[39]. Thus, functions of these two genes are extremely
important for regulation of transition from the DN III to
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the DN IV stage. We found that the Rag2 expression
decreased much more strongly in the presence of both
Egrl and NFAT2 than in the presence of each factor
alone. However, the expression of the Id3 gene was high-
er in the presence of the two factors (Fig. 6a). The activa-
tion of the gene /d3 expression or the gene Rag2 suppres-
sion in the concurrent presence of both Egrl and NFAT?2
was greater than the sum of the individual Egrl and
NFAT?2 effects (p < 0.05).

The activation of Egrl gene expression in the pres-
ence of the Egrl and NFAT complex (Fig. 6b) was a
rather interesting observation, which could be explained
by existence of the so-called feedback loop. A complex
consisting of Egrl and NFAT?2 seemed also to markedly
activate expression of the Egrl gene. But this hypothesis
has to be additionally tested. No significant changes were
observed in the Egr2 and Egr3 gene expression in response
to co-expression of Egrl and NFAT?2 (Fig. 6b).

DISCUSSION

The pre-TCR activates a number of signaling cas-
cades, which regulate the early stages of T-lymphocyte
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differentiation including p-selection. Interaction of tran-
scription factors and their cooperative or individual bind-
ing with promoter regions of DNA seems to be a possible
mechanism of integrating information from different sig-
naling pathways. The cooperation between NFAT and the
transcription factor AP-1 [40] or between NFAT and
FoxP3 [41] exemplify such an interaction. However, it is
difficult to identify particular molecules responsible for
integration of the intracellular signal. In the Scid.adh cell
line, B-selection is regulated by Egrl, and on this model
we succeeded in detecting a factor which regulates the
early stages of T cell development in cooperation with
Egrl. This factor is NFAT2.

Functions of Egr proteins were earlier shown to be
necessary for -selection of thymocytes and their further
development [12, 14, 15]. Mice genetically deficient in

any Egr genes manifested no disorders during the early
stages of T-lymphocyte development. However, domi-
nant negative mutants with affected functions of all Egr
proteins completely inhibited B-selection, suggesting the
existence of overlapping functions within the Egr family
[12, 13]. Moreover, overexpression of any of the Egr pro-
teins, including Egrl, which virtually replaced a pre-TCR
signal, was sufficient for transition from the DN III to the
DN IV stage [14, 15]. Nevertheless, up to now the func-
tional interaction of Egr proteins with other transcription
factors during regulation of the early T cell differentiation
has not been characterized in detail.

The NFAT family members, in particular NFAT?2,
are important effector molecules in the signal transduc-
tion from the pre-TCR [4]. The genetic knockout of the
NFAT?2 gene was shown to disrupt the DN III to DN 1V
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transition [18, 22]. Moreover, it was shown that NFAT?2
in cooperation with Egrl regulated expression of such
immunologically important genes as [L-2, TNF-«,
CD154, and matrix metalloproteinase MTI-MMP [23,
26, 42, 43]. We have shown that co-expression of Egrl
and NFAT?2 accelerates the differentiation of the early T-
cell lymphoma in vitro significantly stronger than a sepa-
rate expression of any of these factors. We have also
shown that regulation of the B-selection and T cell differ-
entiation is based on the interaction of Egrl and NFAT2
and their cooperative influence on expression of the Id3
and Rag2 genes.

And what is a molecular basis of the cooperative effect
of Egrl and NFAT2? Based on the available data, several
possible mechanisms can be supposed. Thus, a physical
interaction of Egrl with NFAT?2 has been shown, and this
complex can activate /L-2 and TNF [23]. Moreover,
NFAT2 can also bind with the transcription factor FOXP3,
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and this complex can regulate the CD25 gene promoter
activity [41]. Secondly, Egrl and NFAT can also bind with
composite sites recognizable only by a certain complex of
transcription factors. In particular, such is the regulation of
the FasL expression [44]. The third example is presented
by regulation of the CD 154 gene expression via binding dif-
ferent sites located closely to one another [26]. Owing to
diversity of target genes whose expression is regulated by
NFAT and Egrl, it is possible that there are several alter-
native mechanisms of the cooperative action of these fac-
tors during T cell differentiation.

Thus, it has been shown that the effects of two tran-
scription factors involve their cooperative regulation of
expression of the /d3 and RagZ2 genes products, which are
essential for B-selection. 1d3 is an HLH-factor that forms
heterodimers with E-proteins HEB and E2A, preventing
their binding with DNA [39, 45]. Inhibition of the E-pro-
tein activities is also important during [B-selection. It
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seems that Id3 and the related products are essential for
regulation of the early thymocyte differentiation.
Activation of the Rag genes is necessary for rearrange-
ment of the TCR a- and B-chain genes [38]. Upon the
successful completion of the TCR genes, the Rag gene
expression sharply decreases.

Because 1d3 occurred to be an important target gene
for Egrl and NFAT2, we performed a computerized
analysis of the gene /d3 promoter sequence based on the
data on this promoter regulation in myoblasts [46]. We
have not detected in it composite binding sites of Egrl
and NFAT2 or independent binding sites of NFAT.
Nevertheless, the promoter contained conservative Egrl

sites; therefore, a cooperative activation of Id3 via the
Egrl and NFAT?2 binding with the composite or adjacent
sites was unlikely. Possibly, the /d3 expression in thymo-
cytes is regulated with involvement of an unidentified sig-
naling molecule, which is activated under conditions of
Egrl and NFAT?2 co-expression.

Egrl and NFAT2 are independently regulated by
Erk-MAPK and calcineurin signaling cascades. In turn,
the Egrl and NFAT?2 interaction during -selection can
provide a mechanism for integration of information from
these two signaling pathways.

This work was supported by the National Institutes
of Health, USA (grants CA73656 and CA87407).

BIOCHEMISTRY (Moscow) Vol. 72 No. 9 2007



TRANSCRIPTION FACTORS COREGULATE MATURATION OF T-LYMPHOMA

REFERENCES

Von Boehmer, H. (2004) Adv. Immunol., 84, 201-238.

2. Godfrey, D. 1., Kennedy, J., Suda, T., and Zlotnik, A.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

(1993) J. Immunol., 150, 4244-4252.

Anderson, M. K. (2006) Immunol. Rev., 209, 191-211.
Aifantis, 1., Gounari, F., Scorrano, L., Borowski, C., and
von Boehmer, H. (2001) Nat. Immunol., 2, 403-409.
Barndt, R., Dai, M. E, and Zhuang, Y. (1999) J. Immunol.,
163, 3331-3343.

Verbeek, S., Izon, D., Hofhuis, F., Robanus-Maandag, E.,
Te, R. H., van de, W. M., Oosterwegel, M., Wilson, A.,
MacDonald, H. R., and Clevers, H. (1995) Nature, 374,
70-74.

Okamura, R. M., Sigvardsson, M., Galceran, J., Verbeek,
S., Clevers, H., and Grosschedl, R. (1998) Immunity, 8, 11-
20.

Xu, Y., Banerjee, D., Huelsken, J., Birchmeier, W., and
Sen, J. M. (2003) Nat. Immunol., 4, 1177-1182.

Bender, T. P., Kremer, C. S., Kraus, M., Buch, T., and
Rajewsky, K. (2004) Nat. Immunol., 5, 721-729.

Pearson, R., and Weston, K. (2000) EMBO J., 19, 6112-
6120.

Pai, S. Y., Truitt, M. L., Ting, C. N., Leiden, J. M.,
Glimcher, L. H., and Ho, 1. C. (2003) Immunity, 19, 863-
875.

Xi, H., and Kersh, G. J. (2004) J. Immunol., 172, 964-971.
Bettini, M., Xi, H., Milbrandt, J., and Kersh, G. J. (2002)
J. Immunol., 169, 1713-1720.

Carleton, M., Haks, M. C., Smeele, S. A., Jones, A.,
Belkowski, S. M., Berger, M. A., Linsley, P., Kruisbeek, A.
M., and Wiest, D. L. (2002) J. Immunol., 168, 1649-1658.
Miyazaki, T. (1997) J. Exp. Med., 186, 877-885.

Miyazaki, T., and Lemonnier, E A. (1998) J. Exp. Med.,
188, 715-723.

Xanthoudakis, S., Viola, J. P, Shaw, K. T., Luo, C.,
Wallace, J. D., Bozza, P. T., Luk, D. C., Curran, T., and
Rao, A. (1996) Science, 272, 892-895.

Yoshida, H., Nishina, H., Takimoto, H., Marengere, L. E.,
Wakeham, A. C., Bouchard, D., Kong, Y. Y., Ohteki, T.,
Shahinian, A., Bachmann, M., Ohashi, P. S., Penninger, J.
M., Crabtree, G. R., and Mak, T. W. (1998) Immunity, 8,
115-124.

Rengarajan, J., Tang, B., and Glimcher, L. H. (2002) Nat.
Immunol., 3, 48-54.

Peng, S. L., Gerth, A. J., Ranger, A. M., and Glimcher, L.
H. (2001) Immunity, 14, 13-20.

Ranger, A. M., Hodge, M. R., Gravallese, E. M., Oukka, M.,
Davidson, L., Alt, E W,, dela Brousse, E C., Hoey, T., Grusby,
M., and Glimcher, L. H. (1998) Immunity, 8, 125-134.
Ranger, A. M., Oukka, M., Rengarajan, J., and Glimcher,
L. H. (1998) Immunity, 9, 627-635.

Decker, E. L., Nehmann, N., Kampen, E., Eibel, H.,
Zipfel, P. F,, and Skerka, C. (2003) Nucleic Acids Res., 31,
911-921.

BIOCHEMISTRY (Moscow) Vol. 72 No. 9 2007

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

961

Rengarajan, J., Mittelstadt, P. R., Mages, H. W., Gerth, A.
J., Kroczek, R. A., Ashwell, J. D., and Glimcher, L. H.
(2000) Immunity, 12, 293-300.

Dzialo-Hatton, R., Milbrandt, J., Hockett, R. D., Jr., and
Weaver, C. T. (2001) J. Immunol., 166, 4534-4542.

Cron, R. Q., Bandyopadhyay, R., Genin, A., Brunner, M.,
Kersh, G.J., Yin, J., Finkel, T. H., and Crow, M. K. (2006)
J. Immunol., 176, 811-818.

Carleton, M., Ruetsch, N. R., Berger, M. A., Rhodes, M.,
Kaptik, S., and Wiest, D. L. (1999) J. Immunol., 163, 2576-
2585.

Beals, C. R., Clipstone, N. A., Ho, S. N., and Crabtree, G.
R. (1997) Genes Dev., 11, 824-834.

Fagerholm, S., Hilden, T. J., and Gahmberg, C. G. (2002)
FEur. J. Immunol., 32, 1670-1678.

Frantz, B., Klatt, T., Pang, M., Parsons, J., Rolando, A.,
Williams, H., Tocci, M. J., O’Keefe, S. J., and O’Neill, E.
A. (1998) Biochemistry, 37, 13846-13853.

DeSilva, D. R., Jones, E. A., Favata, M. F, Jaffee, B. D.,
Magolda, R. L., Trzaskos, J. M., and Scherle, P. A. (1998)
J. Immunol., 160, 4175-4181.

Han, Z., Boyle, D. L., Chang, L., Bennett, B., Karin, M.,
Yang, L., Manning, A. M., and Firestein, G. S. (2001) J.
Clin. Invest., 108, 73-81.

Neal, J. W.,, and Clipstone, N. A. (2001) J. Biol. Chem.,
276, 3666-3673.

Haks, M. C., Belkowski, S. M., Ciofani, M., Rhodes, M.,
Lefebvre, J. M., Trop, S., Hugo, P., Zuniga-Pflucker, J. C.,
and Wiest, D. L. (2003) J. Immunol., 170, 2853-2861.
Coelen, R. J., Jose, D. G., and May, J. T. (1983) Arch.
Virol., 75, 307-311.

Xi, H., and Kersh, G. J. (2004) J. Immunol., 173, 340-348.
Von Boehmer, H., Aifantis, 1., Feinberg, J., Lechner, O.,
Saint-Ruf, C., Walter, U., Buer, J., and Azogui, O. (1999)
Curr. Opin. Immunol., 11, 135-142.

Mombaerts, P., lacomini, J., Johnson, R. S., Herrup, K.,
Tonegawa, S., and Papaioannou, V. E. (1992) Cell, 68, 869-
8717.

Norton, J. D., Deed, R. W., Craggs, G., and Sablitzky, F.
(1998) Trends Cell Biol., 8, 58-65.

Rao, A., Luo, C., and Hogan, P. G. (1997) Annu. Rev.
Immunol., 15, 707-747.

Wu, Y., Borde, M., Heissmeyer, V., Feuerer, M., Lapan, A.
D., Stroud, J. C., Bates, D. L., Guo, L., Han, A., Ziegler,
S. E, Mathis, D., Benoist, C., Chen, L., and Rao, A.
(2006) Cell, 126, 375-387.

Macian, F., Garcia-Rodriguez, C., and Rao, A. (2000)
EMBO J., 19, 4783-4795.

Alfonso-Jaume, M. A., Mahimkar, R., and Lovett, D. H.
(2004) Biochem. J., 380, 735-747.

Li-Weber, M., Laur, O., and Krammer, P. H. (1999) Eur. J.
Immunol., 29, 3017-3027.

Engel, 1., and Murre, C. (2001) Nat. Rev. Immunol., 1, 193-
199.

Yeh, K., and Lim, R. W. (2000) Gene, 254, 163-171.



