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Fic. 4. GATAS is rapidly degraded via a 26 S proteasome-dependent pathway. A, GATA3 is degraded in a 26 S proteasome-dependent
manner. Myc-tagged GATA3 was introduced into COS cells. The transfected cells were harvested at the indicated time after treatment with
cycloheximide (100 pM) and proteasome inhibitor MG132 (50 um). Nuclear and cytoplasmic extracts were prepared, and the amount of Myc-tagged
GATA3 was assessed by immunoblotting (IB) with anti-Myc mAb. Arbitrary densitometric units are shown below each band. B, splenic CD4 T cells
were stimulated under Th2— conditions for 4 days. The cells were then treated with CHX (100 uM) in the presence or absence of MG132 (20 uM)
for the indicated times. Total cell extracts were prepared using RIPA lysis buffer. The amount of GATA3 protein was assessed by immunoblotting
with anti-GATA3 mAb. Arbitrary densitometric units are shown below each band. C, developing Th2 cells prepared as in B were treated with CHX

(100 pM) in the presence or absence of MG132 (20 uM) or lactacystin
schematic representation of Myc-tagged GATAS3 mutants. Wwild type G.

(20 uM) for 2 h. The amount of GATA3 protein was assessed as in B. D,
ATA3 (WT) and three mutants (dCT, dCF, and dZF) are shown with the

location of the Myc tag (Myc), the transactivation domain (TAD), and the two zinc finger domains (N and C). E, degradation and MG132-induced
rescue of GATA3 mutants. Myc-tagged GATA3 mutants were transfected into COS7 cells, and the transfectants were treated with the indicated
inhibitors for 2 h. The amounts of Myc-tagged GATAS were assessed as in A. Arbitrary densitometric units are shown below each band. Four

independent experiments were performed with similar results.

blotting with anti-Ub mAb was performed after anti-FLAG
immunoprecipitation (Fig. 5A). Significantly increased levels of
multiubiquitination (appears as smear) were observed in the
wild type GATAS transfectants compared with control vector,
and the levels were significantly increased in the presence of
MG132 (Fig. 5A, compare lanes 3 and 4). The levels of multiu-
biquitination appeared to be equivalent in the case of the dCT
mutant (Fig. 54, lanes 5 and 6), slightly decreased in the dCF
mutant (lanes 7 and 8), and greatly reduced in the dZF mutant
(lanes 9 and 10). The levels of FLAG-tagged protein in total
(nuclear and cytoplasmic) lysates were not reduced in these
transfectants (Fig. 54, right panel). Thus, multiubiquitination
of GATA3 protein can be readily demonstrated, and it appears
that the dZF mutant is the least modified among the mutant
forms tested. The multiubiquitination on truncated GATA3
mutants was further assessed by anti-FLAG immunoblotting
(Fig. 5B). The levels of multiubiquitination were slightly de-
creased in the dCF mutant and greatly reduced in the dZF
mutant, indicating again that the C-terminal region of GATAS,
including the zinc finger region (residues 261-315), is critical
for ubiquitination.

We performed an in vitro ubiquitination assay as a further
demonstration of the multiubiquitination on GATA3. 293T
cells were transfected with FLAG-tagged GATA3, and 3 days
later, the cells were treated with MG132 for 2 h. In wvitro
ubiquitination was performed after anti-GATA3 immunopre-
cipitation, and ubiquitinated GATA3 was detected by immuno-
blotting with anti-GATA3 (Fig. 5C, left panel). Concurrently,
anti-FLAG immunoprecipitation and anti-FLAG immunoblot-

ting were done (Fig. 5C, right). Although variable levels of
multiubiquitinated GATA3 were detected without in vitro ubig-
uitination (Fig. 5C, lane 4), significantly increased signals with
new bands (indicated by *) were detected after in vitro ubig-
uitination (lane 8). Similarly, increased ubiquitination was
readily detected after in vitro ubiquitination in the anti-FLAG
immunoblot (Fig. 5C, compare lanes 12 and 14).

Next, in order to examine the involvement of activation of the
ERK-MAPK cascade in the GATA3 ubiquitination, we assessed
the effect of PMA to activate the MAPK cascades and U0126 to
inhibit selectively the ERK-MAPK cascade on the ubiquitina-
tion of GATAS3. 293T cells transfected with FLAG-tagged
GATAS3 were treated with PMA in the presence or absence of
U0126, and then the levels of ubiquitination on GATA3 were
assessed (Fig. 5D). Treatment with PMA resulted in a reduc-
tion in the degree of ubiquitination of GATA3, and this effect
could be reversed significantly by the addition of U0126, sug-
gesting that the ubiquitination of GATA3 is regulated by the
activation of ERK MAPK. Similarly, in developing Th2 cells,
the ubiquitination of GATAS protein was detected when the
cells were treated with MG132 (20 um) for 2 h, and the levels in
ubiquitination were enhanced in the presence of U0126 (data
not shown).

Mdm2 Acts as a Ubiquitin E3 Ligase for GATA3—We wanted
to identify possible E3 ligase for GATAS in developing Th2
cells. Since the association with specific substrates is critical
for the function of E3 ligases (32, 45), we first examined the
physical association of GATA3 with known E3 ligases that are
expressed in lymphocytes (Mdm2, Itch, E6-AP, and Cbl-b).



Ubiquitin-dependent Degradation of GATA3 29415
A B
. -Ub 8: anti-F1
8: ant %8 18: anti-Flag 18: anti-Flag

: i Yotal tear and cytosol) lysal e T
it anti-Flag otal {(nuclear and cytosol) lysate 1p: anti-Flag Tatal ysate
Conwal WY €CT dCF  dZf Conwal  WT  &CT  dCF  a2F T — —_—
SO —_— e —— Flag-GATA3 WTACTICF dZF 0w WYGGTAGE dZF

HGIRZ w b & o fo om0 LR R N e L

- B 8D b B e
e 1.0 1.6 11 08

0.0 00 1.0 10 12 12 12 12 1.0 10

igH B
R
C D
18: anti-Flag 18: anti-Flag
18:anti-GATA3 1B:anti-Flag
cont.  anti- cont.  anti- cont.  antl- w: enti-Flag Total lysate
B: 153G GATAY IgG GATA3 .., IgG  Fleg U128 @ = ¢ = @ % I
lavitroUbh = =& = a $ ¢ 4 4 lyeate + 4+ + + PUA o + b @ &+ & wm b b oa b A
FlagGATAS = ¢ = ¢ = ¢ = 4 = + LR N - e o+

5 6 7T 8 9 10 112 13 14

Fic. 5. GATA3 was ubiquitinated in vivo and in vitro. A, ubiquitination of GATAS in vivo. 293T cells were transfected with expression
plasmids encoding FLAG-tagged GATA3 wild type (WT) and mutants (dCT, dCF, and dZF), and 72 h later were treated with MG132 (50 M) for
2 h. FLAG-tagged GATA3 was immunoprecipitated (IP) with anti-FLAG mAb, and the level of ubiquitination was assessed by immunoblotting (IB)
with anti-Ub mAb (left panel). The levels of FLAG-tagged transfected protein in the total (nuclear and cytoplasmic) lysates were also assessed by
anti-FLAG immunoblotting (right panel). Arbitrary densitometric units are shown below each lane. B, FLAG-tagged GATA3 mutants were
immunoprecipitated with anti-FLAG mAb, and the levels of ubiquitination were visualized by immunoblotting with anti-FLAG mAb. The positions
of migration of ubiquitinated GATA3 (Ub-GATAS3), nonubiquitinated GATA3 wild type (WT), and mutants (WT', dCT, dCF, and dZF), and IgH are
indicated. Total (nuclear and cytoplasmic) lysates (3 ul) were also run in parallel. Arbitrary densitometric units are shown below each lane. C,
ubiquitination of GATAS in vitro. 293T cells were transfected with FLAG-tagged GATA3, and 72 h later the cells were treated with MG132 (50 pan)
for 2 h. Immunoprecipitates with anti-GATA3 or anti-FLAG mAb were subjected to in vitro ubiquitination assay. Ubiquitinated GATA3 was
visualized by immunoblotting with anti-GATA3 or anti-FLAG mAb. The positions of migration of ubiquitinated GATA3 (Ub-GATAS3), nonubig-
uitinated GATA3 (GATAS3), and IgH are indicated. The Ub-GATAS3 bands that appeared after in vitro ubiquitination are indicated by asterisks.
Total lysates (10 ul) were also run in parallel. D, ERK-MAPK cascade controls GATA3 ubiquitination. 293T cells were transfected with
FLAG-tagged GATAS3. Three days after transfection, the cells were treated with PMA (10 ng/ml) and U0126 (20 uM) for 3 h and then treated with
MG132 (50 um) for 2 h. GATA3 was immunoprecipitated with anti-FLAG mAb and visualized with anti-FLAG immunoblotting. Arbitrary
densitometric units of the major Ub-GATAS band are shown below each lane. Total lysates (3 ul) were also run in parallel.

Freshly isolated splenic CD4 T cells were stimulated with
immobilized anti-TCR mAb under Th2—- conditions for 3 days
in the presence or absence of U0126. Immunoprecipitates with
anti-GATA3 mAb were subjected to immunoblotting with anti-
Mdm2 mAb and anti-GATA3 mAb (Fig. 64) and with specific
antibodies for several E3 ligases (Fig. 6B). Large amounts of
Mdm2 were detected in the GATA3— precipitates from U0126-
treated cells, suggesting association of Mdm2 with GATAS,
although the amount of GATAS is significantly reduced (~1/3)
in the U0126-treated cells (Fig. 6A). Although there were sub-
stantial amounts of E6-AP, Itch, or Cbl-b molecules in devel-
oping Th2 cells, no significant quantity of E6-AP, Itch, or Cbl-b
was detected in the anti-GATAS immunoprecipitates under the
conditions where substantial amounts of Mdm2 were detected

(Fig. 6B). Thus, the association of Mdm2 with GATA3 appeared
to be more selective than that of other E3 ligases (Itch, E6-AP,
and Cbl-b).

To characterize further the Mdm2 association with GATA3,
293T cells were transfected with FLAG-tagged GATA3 and
their mutants (dCT, dCF, and dZF) and were treated with
MG132 for 2 h. Immunoprecipitates with anti-FLAG mAb were
immunoblotted with anti-Mdm2 mAb. As shown in Fig. 6B,
upper panel, association of Mdm2 with GATA3 was readily
detected, and the association was apparently decreased in the
dCF mutant and almost undetectable in the dZF mutant. The
amounts of Mdm2 and FLAG-GATAS protein in these trans-
fectants were similar (Fig. 6B, middle and bottom panels). Thus
Mdm?2 appears to be constitutively associated with wild type
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Fic. 6. Mdm® acts as an E3 ligase for GATAS. A, Mdm2 is associated with GATAS in developing Th2 cells. Splenic CD4T cells were cultured
under Th2— conditions for 3 days in the presence (U) or absence (C) of U0126 (20 uM). Immunoprecipitates with anti-GATA3 mAb from the cultured
cells were subjected to immunoblotting (/B) with anti-Mdm2 and anti-GATA3. Total lysates were also run in parallel. Arbitrary densitometric units
are shown below each band. B, splenic CD4T cells were cultured under Th2— conditions for 3 days in the presence of U0126 (20 uM).
Immunoprecipitates with anti-GATA3 mAb were subjected to immunoblotting with anti-Mdm2, anti-E6-AP, anti-Itch, anti-Cbl-b, and anti-GATA3
antibodies. Total lysates were also run in parallel. Arbitrary densitometric units are shown below each band. C, Mdm2 is associated with GATA3
in 293T cells. 293T cells were transfected with FLAG-tagged GATA3 and mutants (dCT, dCF, and dZF). Three days after transfection, cells were
treated with MG132 (50 um) for 2 h. Immunoprecipitates (I[P} with anti-FLAG mAb were immunoblotted with anti-Mdm2 mAb. Total lysates (10
ul) were run in parallel. Arbitrary densitometric units of the band are shown below each band. D, Mdm2 acts as E3 ligase for GATA3. 293T cells

were transfected with FLAG-tagged GATA3 and Myc-tagged wild type (

WT) Mdm2 or Myc-tagged RING finger-deleted Mdm?2. Three days after

transfection, cells were treated with MG132 (50 pM) for 2 h. Immunoprecipitates with an anti-FLAG mAb were subjected to immunoblotting with
anti-FLAG mAb. Mdm2 was detected by immunoblotting with anti-Myc mAb. The positions of migration of ubiquitinated GATA3 (Ub-GATA3),
nonubiquitinated GATA3 (GATA3), IgH, and Myc-tagged wild type Mdm2 (WT) and Myc-tagged RING finger-deleted Mdm?2 (dR) are indicated.
Arbitrary densitometric units of the major Ub-GATA3 band are shown below each lane. E, overexpression of ARF suppressed multiubiquitination
of GATAS. 293T cells were transfected with FLAG-tagged GATA3 and Myc-tagged ARF. FLAG-tagged GATA3 were immunoprecipitated with
anti-FLAG mAb, and the levels of ubiquitination were visualized by immunoblotting with anti-FLAG mAb. Transfected Myc-tagged ARF was
detected by immunoblotting with anti-Myc mAb. The positions of migration of ubiquitinated GATA3 (Ub-GATA3), nonubiquitinated GATA3
(GATA3), IgH and Myc-tagged ARF (ARF) are indicated. Arbitrary densitometric units of the major Ub-GATA3 band are shown below each lane.

GATAS in 293T cells, and the C-terminal region including the
zinc finger domain is important for association.

To assess whether Mdm2 has E3 ligase activity for GATA,
FLAG-tagged GATA3 and Myc-tagged wild type and a RING
finger-deleted Mdm2 were expressed in 293T cells. The RING
finger domain of Mdm2 is critical for E3 ligase activity for pb3
(46). Immunoprecipitates with an anti-FLAG mAb were sub-
jected to immunoblotting with anti-FLAG mAb. Overexpres-
sion of wild type Mdm2 led to increased levels of multiubiquiti-
nation of GATA3 (Fig. 6C, Ist two lanes). More interestingly,
the ubiquitination of GATA3 was greatly reduced when the
RING finger-deleted Mdm2 was expressed. The levels were
much lower than those in cells without Mdm2 transfection,
suggesting a dominant-negative feature of the RING finger-
deleted Mdm2 to endogenously expressing Mdm?2 in 293T cells.
The efficiency of expression of the transfected RING finger-
deleted Mdm2 was considerably high (Fig. 6C, right panel),
probably because of the inhibition of ubiquitination itself
(47, 48).

It is known that cyclin-dependent kinase inhibitor 24, a
tumor suppressor molecule (p19°FF in the mouse and pl4ARF in
human cells), binds tightly to Mdm2 and prevents Mdm2-
mediated p53 ubiquitination (49). Consequently, we tested the
effect of expression of ARF in the GATA3 ubiquitination. As
shown in Fig. 6D, left panel, the introduction of ARF resulted in
nearly complete inhibition of the multiubiguitination of GATA3
in 2937 cells. Collectively, these results support the notion that
Mdm?2 has E3 ligase activity for GATAS.

Mdm2 Is Involved in GATAS Ubiquitination in T Cells—In
order to provide additional evidence to support the role of

Mdm2 as a major E3 ligase, we attempted the inhibition of
GATAS ubiquitination in T cells by using Mdm2 RNA interfer-
ence. Mdm2 siRNA was introduced in a T cell line TG40 at a
high level. The expression levels of Mdm2 protein were reduced
significantly upon the introduction of the Mdm2 siRNA as
compared with the control (Fig. 7A, right top panel). As antic-
ipated, GATA3 ubiquitination was reduced substantially by the
Mdm?2 siRNA treatment (Fig. TA, left panel, lane 1.0 versus
0.4). These results help to confirm the involvement of Mdm2 in
GATAS ubiquitination in TG40 T cells.

Finally, we wanted to address the function of Mdm?2 in pri-
mary developing Th2 cells. The mRNA expression of Mdm2 was
similar between developing Thl and Th2 cells (data not
shown). Our attempts to silence Mdm2 by RNA interference
were unsuccessful with the primary T cells, probably because of
robust proliferation of developing Th2 cells in the in vitro
cultures. Thus we took an alternative approach to inhibit
GATA3 ubiquitination and to facilitate Th2 cell differentiation
by introducing a RING finger-deleted Mdm2 (Mdm2-dR) into
developing Th2 cells (Fig. 7, B and C). There was substantial
expression of endogenous Mdm2 in primary developing Th2
cells, and furthermore, the level of introduced Mdm2-dR by a
retrovirus vector was lower than that of endogenous Mdm2
(Fig. 7B, right top panel). Nevertheless, GATAS3 ubiquitination
was significantly reduced (Fig. 7B, left panel, lanel.0 versus
0.6). Moreover, there was significant increase in the generation
of IL-4-producing Th2 cells (38.4 versus- 54.0%) with higher
mean fluorescence intensity in IL-4 fluorescence (114.3 versus
163.6) when Mdm2-dR was expressed in developing Th2 cells
(Fig. 7C). Thus, we conclude that Mdm2 is involved in GATA3
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Fic. 7. Mdm2 is involved in the ubiquitination of GATAS in T cells. A, inhibition of GATA3 ubiquitination with siRNA for Mdm2. Mouse
T cell line TG40 cells were transfected with siRNA specific for Mdm2. Three days after transfection, cells were cultured at 37 °C for 2 h in the
presence of MG132 (20 um). Then the ubiquitination of GATAS was assessed. Arbitrary densitometric units of the major Ub-GATAS3 band are shown
below each lane. The expression of Mdm2, GATAS3, and a-tubulin is shown on the right panels. IP, immunoprecipitation; /B, immunoblot. B, effect
of a dominant-negative (Ring-finger deleted) form of Mdm2 (Mdm2-dR) on the ubiquitination of GATAS in developing Th2 cells. Splenic CD4 T cells
were stimulated as described in Fig. 1, and the cells were infected with retrovirus encoding Mdm2 mutant bicistronically with human NGFR. Three
days after infection, the NGFR-positive population was enriched by MACS and cultured at 37 °C for 2 h in the presence of MG132 (20 um). Then
the ubiquitination of GATA3 was assessed. Arbitrary densitometric units of the major Ub-GATAS band are shown below each lane. The expression
of Mdm2 (WT and dR), GATAS, and a-tubulin is shown on the right panels. C, expression of dominant-negative Mdm2 enhanced Th2 cell
development. Freshly prepared splenic CD4 T cells were stimulated under Th2— skewed conditions and infected with retrovirus encoding
Mdm2-dR bicistronically with EGFP on day 2. Three days later, the cells were stimulated with anti-TCR and were subjected to cytoplasmic

IFNy/IL-4 staining. Mean fluorescence intensity (MFI) of IL-4-staining is also indicated.

ubiquitination in primary Th2 cells and control Th2 cell
differentiation.

DISCUSSION

In this paper, we provide evidence indicating that TCR-
mediated activation of the Ras-ERK MAPK cascade controls
GATA3 protein stability through the ubiquitin-proteasome
pathway. The induction of GATA3 protein in developing Th2
cells is crucial for the differentiation of Th2 cells (18, 19).
IL-4-induced STAT6 activation initiates transcription of
GATAS3 (50). However, among the issues that remain to be
clarified is how the expression of GATAS protein is controlled
in developing Th2 cells. Here we demonstrate the following. (i)
GATAS protein is very unstable with a short half-life (~1 h) in
transfectants (Fig. 4A) and developing Th2 cells (Fig. 4B). (ii)
The degradation of GATAS is dependent on the 26 S protea-
some pathway (Fig. 4, A-C). (iii) GATAS is ubiquitinated both
in vivo and in vitro (Fig. 5). (iv) The deletion of the possible
ubiquitination sites of GATAS3 led to stable expression of
GATA3 and reduced ubiquitination (Fig. 4E and Fig. 5, A and
B). From these results, we conclude that the fate of GATA3 in
developing Th2 is highly dependent on degradation through
the ubiquitin-proteasome system. Concurrently, we show that
activation of the ERK-MAPK cascade facilitated GATA3-medi-
ated chromatin remodeling at the Th2 cytokine gene loci (Fig.
1) and inhibited the degradation (Figs. 2 and 3) and ubiquiti-
nation of the GATA3 molecule (Fig. 5D). Because the Ras-ERK
MAPK cascade in naive CD4 T cells is activated by stimulation
of TCR and not of IL-4R (11), the activation of the Ras-ERK
MAPK cascade detected in the experiments must be a conse-
quence of TCR-mediated signaling. Therefore, stabilization of
GATAS by the activation of the Ras-ERK MAPK cascade could
be the mechanism that accounts for an essential role for TCR-
mediated signaling in Th2 cell differentiation.

Our studies identify Mdm2 as a possible E3 ligase for
GATA3. Mdm2 was shown to be associated with GATA3 in
developing Th2 cells and 293T cells (Fig. 6, A-C). The overex-
pression of wild type Mdm2 induced increased ubiquitination
on GATAS, whereas that of RING finger-deleted mutant Mdm2
resulted in the inhibition of GATA3 ubiquitination in 293T
cells (Fig. 6D). Overexpression of ARF, an inhibitor of Mdm2,
resulted in almost complete suppression of multiubiquitination
of GATA3 in 293T cells (Fig. 6E). Moreover, the introduction of
siRNA for Mdm2 into the T cell line TG40 resulted in the
reduction in the ubiquitination of GATAS3 protein (Fig. 7A). The
generation of IL-4-producing Th2 cell was enhanced by the
expression of RING finger-deleted mutant Mdm2, suggesting a
physiological role for Mdm2 in Th2 cell differentiation
(Fig. 7C).

Mdm?2 is known to promote degradation of p53 through a
ubiquitin-dependent proteasome pathway (49, 51). Mdm2 acts
as an E3 ubiquitin ligase specific for p53 in vitro (51). The
RING finger domain of Mdm?2 is critical for E3 ligase activity
for p53 (46). The phosphorylation of p53 at serine 15, threonine
18, and serine 20 led to the reduction of Mdm2 binding and
enhancement of p53 stabilization and accumulation (49). Most
interestingly, amino acid residues 9-20 (SVEPPLSQETFS) of
human p53, which are reported to be important for the binding
for Mdm2, are highly homologous to amino acid residues 131~
142 of human GATA3 (SVYPPASSSSLS) and mouse GATA3
(SVYPPASSSSLA). In these regions, serine/threonine phos-
phorylation sites and surrounding proline residues (indicated
in boldface above) occur in similar patterns between p53 and
GATA3. Moreover, GATA3 has other structural similarities
with p53, e.g. possible lysine ubiquitination sites at the C-
terminal region (364390 in p53 and 396-422 in GATA3) and
a proline-rich regulatory region (69-101 in p53 and 146178 in
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GATA3), which are reported to have important roles in post-
translational modification and functions of p53 (52, 53). Thus,
it is reasonable to expect that a similar set of molecular events
operating in ubiquitination of p53 would occur in the case
of GATA3

In our experiments with truncation mutants, truncation of
the above-mentioned lysine ubiquitination sites in the C-ter-
minal region 396-422 in GATA3 (dCT mutant) resulted in
small effects on degradation (Fig. 4E) and multiubiquitination
of GATAS (Fig. 5, A and B). A small but significant effect was
observed in the dCF mutant (Fig. 5, A and B). A more promi-
nent effect was observed by deletion of residues 261-443 (dZF
mutant) (Fig. 4 and Fig. 5, A and B). The 261-315 region
contains three lysine residues (293, 303, and 305 in human
GATA3) and a nuclear localization signal (KPKRR). It is known
that the degradation of p53 is controlled also by the localization
of p53 and Mdm2 (54, 55). Thus, similar to p53, the degradation
of GATA3 appears to be controlled by both the ubiquitination
process and nuclear/cytosol localization of the protein.

The Ras-ERK MAPK cascade regulates stability of various
proteins, including Myc, MKP-1, ATF2, and p53 through a
mechanism involving serine phosphorylation (56-61). In addi-
tion, ERK MAPK-dependent phosphorylation and the subse-
quent enhancement of the transcriptional activities for GATA2
and GATA4 have been suggested (62, 63). GATA3 was phos-
phorylated by activated p38 MAPK in cAMP-treated T cells,
suggesting a possible regulatory role for the MAPK cascade in
GATAS function (64). In fact, our preliminary results indicate
that an active form of ERK2 directly phosphorylates GATA3
protein in vitro, and PMA-induced GATA3 phosphorylation
was significantly inhibited by U0126 in transfected COS7
cells.2 GATAS3 protein contains numerous Ser/Thr residues (93
residues out of 444 residues) and possesses 35 putative phos-
phorylation sites, and thus the precise location of eritical amino
acid residues responsible for the MAPK-dependent phosphoryl-
ation remains unclear at this time. Thus, it appears to be
reasonable to surmise that the activation of the ERK-MAPK
cascade induces GATA3 phosphorylation and prevents its ubig-
uitin-mediated degradation through the 26 S proteasome.

Qur studies with primary T cells indicated that the ERK-
MAPK cascade plays a major role in the regulation of GATA3
protein expression. Although we observed the activation of the
p38 MAPK cascade after PMA treatment in developing Th2
cells,2 a specific inhibitor for the p38 MAPK cascade
(SB203580) did not affect the GATA3 protein expression. How-
ever, it is still possible that the activation of the p38 MAPK
cascade may have some effect on the expression of GATA3
protein as well as the function of GATA3 (64).

In summary, TCR-mediated activation of the Ras-ERK
MAPK cascade controls the stability of GATA3 protein by a
ubiquitin-proteasome-dependent mechanism. IL-4-induced
STATS activation is required for the induction of GATAS tran-
scription. Thus, efficient activation of both signaling pathways
and resulting stable GATA3 expression, therefore, are crucial
for chromatin remodeling at the Th2 cytokine gene loci and
successful Th2 cell differentiation.
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Schnurri (Shn) is a large zinc finger protein implicated in cell growth, signal transduction,
and lymphocyte development. Vertebrates possess at feast three Shn orthologues (Shn-1,
Shn-2, and Shn-3), which appear to act within the bone morphogenetic protein,
transforming growth factor B, and activin signaling pathways. However, the physiological
functions of the Shn proteins remain largely unknown. In Shn-2-deficient mice, mature
peripheral T cells exhibited normal anti-T cell receptor—-induced proliferation, although
there was dramatic enhancement in the differentiation into T helper type (Th)2 cells and a
marginal effect on Th1 cell differentiation. Shn-2-deficient developing Th2 cells showed
constitutive activation of nuclear factor kB (NF-«B) and enhanced GATAS3 induction. Shn-2
was able to compete with p50 NF-«B for binding to a consensus NF-kB motif and inhibit
NF-«B—driven promoter activity. Thus, Shn-2 plays a crucial role in the control of Th2 cell
differentiation by regulating NF-«B function.

CD4 T cell-dependent immune responses are
controlled by the balance of antigen-specific
Tht and Th2 cells (1-3). IL-12—induced activa-
tion of STAT4 is crucial for Thi cell differenti-
ation, whereas [L-4—induced STAT6 activation
is crucial for Th2 cell differentiation (4-8). In
addition to cytokine-induced signals, the acti-
vation of the TCR-mediated signaling is indis-
pensable for both Th1 and Th2 cell different-
ation. In particular, Th2 cell differentiation is
largely dependent on the activation of p56,
calcineurin, and the Ras-ERK MAPK signal-
ing cascade (9-11). A negative regulator of the
above signaling pathways, SHP-1, also controls
the efficiency of Th2 cell differentiation and
Th2 cell-dependent immune responses (12).
Master transcription factors for Th1 and Th2
cell differentiation have been revealed, 1.e,
GATAS3 for Th2 cells and T-bet for Thi cells
(13-17).

In Drosophila, Mad-Medea and Schnurri
(Shn), a large zinc finger protein, are reported
to interact with each other and act as nuclear
targets in the Drosophila decapentaplegic sig-
naling pathway (18-20). In vertebrates, the
Drosophila decapentaplegic signaling pathway
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may equate to the bone morphogenetic protein/
TGF-B/activin signaling pathways that play
diverse roles in developmental processes (21).
Vertebrates have at least three orthologues of
Shn: Shn-1 (also known as HIV-EP1, MBP-1,
PRDII-BF1, and aA-CRYBP1), Shn-2 (also
known as HIV-EP2, MBP-2, AGIE-BP1, and
MIBP1), and Shn-3 (also known as HIV-EP3,
KRC, and ZAS3). The mRNA expression of
Shn-2 was detected mostly in the brain, heart,
and spleen (22-24). Recently, the requirement
of Shn-2 in positive selection of thymocytes
was reported (25) and Shi-3-deficient CD4"
CD8* thymocytes were shown to exhibit a
defect in cell survival (26). However, the pre-
cise physiological roles of these Shn family
members remain largely unknown.

NE-kB is a critical transcription factor
that regulates Th2 cell differentiation and Th2
cell-dependent airway inflammation (27--29).
NE-kB—deficient (p50 subunit—deficient) mice
were unable to mount OVA-induced airway

~ inflammation (28). The lack of inflammation

was not due to defects in T cell priming, T cell
proliferation, or expression of important cell
adhesion molecules, but rather to the impaired
induction of GATA3 (30). Recently, one of
the Shn family members, Shn-3 (KRC), was
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reported to associate with TNF receptor-associated factor
(TRAF)2 to repress nuclear translocation of NF-«xB (31). In
addition, Shn-3 (ZAS3) was shown to bind to the NF-«kB

A non-skewed

Th2-skewed

motif directly, and the competition with NF-kB binding re-
sulted in the repression of transactivation of the NF-«kB tar-
get gene (32, 33). A direct repressive activity of Shn-3 was

Thi-skewed
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Figure 1. Enhanced Th2 cell differentiation in Shn-2 / X D011.10
TCR Tg T cells. (A) Naive (CD44°%) CD4 T cells from Shn-2 /- X DO11.10
Tg mice were purified by celf sorting and stimulated with antigenic OVA
peptide (Loh15: 0.1 wM}and irradiated BALB/c APCs for 5 d. Th2 cell-skewed
{IL-4 with anti-IL-12 mAb and anti-IFN-y mAb), Th1 celi-skewed {IL-12
with anti-IL-4 mAb), and nonskewed (IL-2 with anti-IL-4 mAb, anti-IL-12
mADb, and anti-IFN-y mAb] conditions were used. Intracellular staining was
performed with FITC-conjugated anti-IFN-y mAb and PE-conjugated anti-
IL-4 mAb. Under the typicat Th2 cell-skewed conditions, the levels of Th2
cell differentiation in five experiments were 17.5 = 2.9% in Shn-2'/* cul-
tures and 38.0 = 11.8% in Shn-2 7 cultures. P < 0.006. {B} A portion of
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the same differentiated cell cultures used in A were restimulated with anti-
genic peptide and APCs for 24 h, and the concentrations of cytokines (IL-4,
IL-5, and {FN-v) in the culture supernatant were determined by ELISA.
(C) Naive {CD44°~) CD4 T cells from Shn-2 /- x D011.10 Tg mice were
stimulated with a specific OVA peptide {Loh15: 0.1 wM) and irradiated nor-
mal BALBfc APCs in the presence of indicated doses of iL-4. Intracellular
staining profiles of IFN-y and IL-4 are shown with percentages of cells in
each area. (D) Purified naive (CD44%%) CD4 T cells were stimulated with indi-
cated doses of specific OVA peptides (Loh15: 0.3 and 1.0 uM} and irradiated
BALB/c APCs in the presence or absence of 30 U/ml of exogenous IL-2. Two
independent experiments were performed with similar results.

TH2 CELL DIFFERENTIATION CONTROLLED BY SCHNURRI-2 | Kimura et al.
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also demonstrated (33). These emerging findings suggest that
the Shn protein is involved in NF-kB activation and/or NF-
kB—mediated gene transactivation.

Here, we investigate the role of Shn-2 in Th1/Th2 cell
differentiation by using Shn-2—deficient (Shiz-27/7) mice.
Our results suggest that Shn-2 plays crucial roles in the con-
trol of Th2 cell differentiation by regulating NF-kB activa-
tion and GATAJ expression.

RESULTS

Phenotypic and functional characterization of peripheral
CD4 T cells in Shn-2-deficient (Shn-2—/") mice

Shn-27/" mice were previously shown to have a defect in T
cell generation due to the impairment of positive thymic se-
lection (25). However, we found that moderate numbers
of CD4 and CD8§ T cells were present in Shn-27/" mice
of a BALB/c background (Fig. St A, available at http://
www jem.org/cgi/content/ full/jem.20040733/DC1). The
cell surface expression of TCR-B, CD3g, common vy (YC),
IL-4Ra, CD25, CD6Y, CD44, and CD62L on splenic CD4
T cells was found to be comparable to those of controls (Fig.
S1 B). The TCR V{3 chain repertoire in the peripheral Shu-
27/7T cells was similar to that of Shn-2*/* T cells (Fig. Si
C). Anti-TCR-B- or anti-CD3e—-induced proliferative re-
sponses were the same in Shn-2*/* and Shn-27/7 CD4 T
cells (Fig. S2 A). Furthermore, the phosphorylation status of
MAPKSs (Erkt and Erk?2) after TCR cross-linking in Shn-27/~
CD4 T cells was comparable to that of controls (Fig. S2 B).
Thus, no obvious defect in the phenotype or the activation
of Shu-27""splenic CD4 T cells was noted. The expression
of Shn-2 mRNA was detected in freshly prepared CD4 T
cells, and it was decreased after anti-TCR stimulation in
Tht and Th2 cell differentiation cultures (Fig. S3).

Enhanced Th2 cell differentiation in Shn-27/- X D011.10
transgenic (Tg) naive CD4 T cells

Next, we assessed the capability of Shn-2-'7CD4 T cells to
differentiate into Th1/Th2 cells. Naive splenic CD4 T cells
(CD4% CD44%) were purified by cell sorting (purity
>98%) and then subjected to in vitro Th1/Th2 cell differ-
entiation culture and analyzed by intracellular cytokine
staining and ELISA. Naive CD4 T cells from Shu-27/7 %
OVA-specific TCR-af Tg (DO11.10 Tg) mice were stim-
ulated with 0.1 wM of antigenic OVA peptide and irradi-
ated BALB/c splenocytes in the presence of appropriate
cytokines and anti-cytokine mAbs under three different
conditions: Th2-skewed (IL-4 with antu-IL-12 mAb and
anti—-IFN-y mAb), Thl-skewed (IL-12 with anti-IL-4
mADb), and nonskewed (IL-2 with anti—~IL-4 mAb, anti~IL-
12 mAb, and anti-IFN-y mAb) conditions. As shown in
Fig. 1 A, Th2 cell differentiation was enhanced substantially
in Shi-27'~ T cells (17.3 vs. 37.1%), whereas Thl cell dif-
ferentiation was unaffected (83.0 vs. 80.5%). Under non-
skewed conditions, the baseline levels of IL-4—producing
and IFN-y-producing cells were increased in Shn-27" T
cell cultures (Fig. 1 A, left). Portions of the same cell cul-

JEM VOL. 201, February 7, 2005

tures that were used for intracellular cytokine staining were
restimulated, and cytokine production was measured by
ELISA. Basically, a similar pattern among cultures was ob-
served (Fig. 1 B). The production of IL-4 and IL-5 was in-
creased about twofold in Shi-27/ Th2 cells, whereas simi-
lar levels of IFN-vy production in Thl cells were detected.
The levels of IL-4 and IFN-y production in nonskewed
cultures were very low, but they were slightly increased in
the Shn-27'" cultures.

To examine further the effect on Th2 cell differentiation,
naive CD4 T cells from Shn-27/7 X DO11.10 Tg mice
were stimulated with a minimum dose of antigenic peptide
(0.1 p.M) and APCs in the presence of graded doses of exog-
enous IL-4. As shown in Fig. 1 C, IL-4—producing Th2 cells
were generated in an exogenous IL-4 dose-dependent man-
ner in wild-type Slin-2*/* T cell cultures. As expected, the
generation of Th2 cells in Shn-27/~ mice was dramatically
enhanced at all doses of exogenous IL-4. The number of [L-
5—producing cells was also enhanced in Shn-27/" T cell cul-
tures (not depicted). Also, we detected increased numbers of
IFN-y-producing cells at all groups. Next, we examined the
effect of the concentration of antigenic peptide and IL-2 in
the culture. Naive CD4 T cells purified by cell sorting were
stimulated with two different doses of antigenic peptide (0.3
or 1.0 wM) and irradiated APCs from normal BALB/c mice
in the absence of exogenous IL-4. A dramatic increase in the
numbers of 1L-4—producing Th2 cells was observed in Shn-
27/7 cultures at either dose of antigenic peptide (Fig. 1 D,
left). In the presence of exogenous IL-2, Th2 cell generation
was enhanced in both Shu-2%/*and Shi-27/~ T cell cultures,
although the levels were substantially higher in Shn-27/7
groups as compared with Shn-2*/%.

Enhanced Th2 cell differentiation in Shn-27/~splenic CD4

T cells after anti-TCR mAb stimulation

To further assess the efficiency of Th2 cell difterentiation in
the splenic Shn-27/7 T cells, purified splenic naive CD4 T
cells (purity >98%) were stimulated with immobilized anti—
TCR-P mAb in the presence of graded doses of exogenous
IL-4. No APCs were added. 30 U/ml of exogenous IL-2
was added to the differentiation cultures. As shown in Fig. 2
A, IL-4—producing Th2 cells were generated in an exoge-
nous IL-4 dose-dependent manner in the Shn-2*/* wild-
type T cell cultures, and as expected, the generation of Th2
cells in Shi-27/~ mice was substantially enhanced in the cul-
tures at all doses of exogenous 1L-4 (Fig. 2 A). These results
suggest that the ability to differentiate into Th2 cells was en-
hanced in Shn-2777 splenic CD4 T cells. The number of
Th2 cells generated in Shu-27/~ X STAT67/~ T cell cul-
tures was insignificant, suggesting that the enhanced Th2 cell
differentiation in Shu-27'" T cell cultures was STAT6 de-
pendent (not depicted).

To assess the effect on Thl cell differentiation m a non-
TCR Tg system, Shn-27'"splenic CD4 T cells were stimu-
lated with anti=-TCR-3 mAb in the presence of various
doses of exogenous IL-12 and and-IL-4 mAb (Fig. 2 B).
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Figure 2. Enhanced Th2 cell differentiation in Shn-2~/-T cells.

(A) Splenic naive CD4 T cells from Shn-2 /" mice were stimulated with
immobilized anti-TCR-B mAb, 30 U/ml of exogenous IL-2, and indicated
concentrations of [L-4 for 5 d. Intracellular staining profiles of IFN-+ and
IL-4 are shown with percentages of cells in each area. The absolute numbers
of cells harvested in these cultures were similar. Three independent experi-
ments were performed with similar results. (B) Splenic naive CD4 T cells
from Shn-2/" mice were stimulated with immobilized anti-TCR-B mAb in
the presence of indicated doses of IL-12 and anti-IL-4 mAb. Intracellular
staining profiles of IFN-y and IL-4 are shown with percentages of cells in
each area. The absolute numbers of cells harvested in these cultures were

400

similar. Three independent experiments were performed with similar results.
(C) Splenic naive CD4 T celis were labeled with CFSE and stimulated with
immobilized anti-TCR-B mAb in the presence of IL-4 and IL-2. After cuftur-
ing for the indicated times, cells were restimulated and subjected to intra-
cellular staining with APC-conjugated anti-IL-4 mAb. Percentages of the
cells in the gates representing numbers of cell division (0-7} and percent-
ages of IL-4-producing Th2 cells in each gate are shown in the right panels.
Percentages of [L-4-producing cells in total {without gating) are 0.70%

(24 1), 5.4% (48 1), 28.6% (72 h), and 29.3% (96 h) in Shn-2'/* cultures
and 0.6% (24 h), 5.4% (48 h), 36.3% (72 h), and 37.9% (96 h) in Shn-2 /"
cells. Two independent experiments were performed with similar results.
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Figure 3. The function of Shn-2 -/~ APCs. (A) OVA-pulsed immature
or mature BMDCs were cocultured with DO11.10 Tg CD4 T cells for 72 h.
{3H] thymidine (37 kBq/well) was added to the stimulation culture for the
last 16 h. The results (mean and standard deviation) of [*H]thymidine in-
corporation are shown. Three independent experiments were performed
with similar results. (B) OVA-pulsed immature or mature BMDCs (2 X 10
cells} were cocultured with DO11.10 Tg naive (CD44%*) CD4 T cells (2 X 10°
cells) under nonskewed, Th2 celi-skewed, and Th1 cell-skewed conditions
for 5 d. Intracellular staining profiles (IFN-+/IL-4) of the cultured cells are
shown with percentages of the celis in each quadrant. Three independent
experiments were performed with similar results. (C) Naive (CD44) CD4 T
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Moderate increases in the generation of Thi cells were ob-
served in groups with no exogenous IL-12 or a low dose of
IL-12 (1 U/ml). However, no further increases but rather a
slight decrease in the number of Thl cells generated was ob-
served at higher doses of [L-12 (10 or 100 U/ml). A similar
pattern was obtained in STATG6-deficient Thl cell cultures
(not depicted). We observed similar enhancement in the
generation of Th2 cells in Shi-27/~ mice with either a B6
background or a B6 X BALB/c background (not depicted).

Anti-TCR~induced cell division of Shn-27/~CD4 T cells
Because some cycles of cell divisions are reported to be re-
quired for the generation of 1L-4-—producing Th2 cells (34),
we examined the anti-TCR~induced cell division of Shn-
27/~ CD4 T cells. Carboxyfluorescein diacetate succinimidyl
ester (CFSE)-labeled naive CD4 T cells were stimulated
with anti-TCR-B mAb in the presence of IL-2 and IL-4
(Th2 cell-skewed condition), and 24, 48, 72, and 96 h later,
IL-4 production in the developing Th2 cells was assessed
(Fig. 2 C). 24 h after the stimulation, most cells had not un-
dergone cell division (cell division no. 0), and [L-4—produc-
ing Th2 cells were not detected. At 48 h, cells had under-
gone up to three cell diwsions, and there was a slight
increase in the numbers of cells with three cell divisions de-
tected in Shn-2=/~ CD4 T cells. The percentages of IL-4—
producing T cells generated were not apparently different
between Shi-2-/"and Shn-2%/* CD4 T cell cultures at this
time point. After 72 and 96 h in culture, the rate of cell divi-
sion appeared to be slightly increased in Shn-27-CD4 T
cells, and the generation of IL-4-producing T cells was
higher at all numbers of cell division. These results suggest
that although Sim-27/~ CD4 T cells show a slightly in-
creased rate in cell division, the enhanced Th2 cell genera-
tion in Shi-2=/~ CD4 T cells could not be simply explained
by the difference in the number of cell divisions that the de-
veloping Th2 cells had undergone.

We reported previously that CD28 costimulation in-
duced increased Th2 cell differentiation (35) and induced
NF-kB activation and enhanced GATA3 expression in de-
veloping Th2 cells to facilitate chromatin remodeling of the
IL-5 gene loci (36). Shu-27'" T cells were stimulated with
anti-TCR. plus anti-CD28 mAb under Th2 cell-skewed
conditions (Fig. $4, available at http://www jem.org/cgi/
content/full/jem.20040733/DC1). Shin-27/" T cells showed
increased levels of Th2 cell differentiation without anti-
CD28 mAb as compared with wild-type (46.2 vs. 32.4%).
No obvious additional enhancement of Th2 cell differentia-
tion was detected in the presence of CD28 costimulation
under the conditions where the CD28-mediated enhancing
effect was observed in Shn-2*/* T cell cultures.

celis (1.5 X 104 cells) were purified from Shn-2 /- X D011.10 Tg mice by
cell sorting and stimulated with indicated doses of specific OVA peptides
{Loh15: 0.1 M) and irradiated CD4 ~ spleen cells (105 cells) from non-
D011.10 Tg Shn-2*/* or Shn-2"/* mice. Two independent experiments
were performed with similar results.
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No functional defect was observed in DCs

from Shn-27/"mice

The results thus far suggested that the observed enhancement
of Th2 cell differentiation is due to an alteration in T cells
because we used purified T cells (Figs. 1 and 2) and APCs
from normal mice (Fig. 1). However, Shn-2 mRNA is ex-
pressed in both CD4 T cells and APCs (not depicted), and
thus, we wished to evaluate the effect of Shi-2 deficiency on
APC function using bone marrow—derived DCs (BMDCs).
The expression levels of CD11c, I-A9, H-2K9, CD40, B7-1,
B7-2, and Fas were comparable between Shn-2*/+* and Shy-
27" BMDCs (not depicted). OVA-pulsed BMDCs from
Shn-2*"* or Shn-27/~ mice were cocultured with DO11.10
Tg CD4 T cells, and proliferative responses of T cells were
assessed by [*H]thymidine uptake. Under these conditions,
the APC function of both immature and mature BMDC;s
was found to be comparable between Shi-27/~ or Shn-2+/+
mice (Fig. 3 A). We then examined the ability of OVA-
pulsed BMDCs as APCs to induce Th1/Th2 cell differentia-
tion. Stimulation with either immature or mature BMDCs
resulted in similar levels of Th1/Th2 cell differentiation in
the cultures with Shn-2*/* and Shn-27/~ BMDCs (Fig. 3 B).

To further evaluate the APC function of Shn-2-/- mice,
spleen cells were irradiated and tested for their ability to in-
duce Th1/Th2 cells. The numbers of Th2 cells generated
were found to be comparable between cultures with Shn-2-/-
and Shn-2*/* APCs (Fig. 3 C). Taken together, the en-
hanced Th2 cell generation in Shir-2"/~ T cell cultures ap-
pears to be due to an alteration in CD4 T cells themselves
and not to any change in APC function.

Hyperactivation of NF-«B in Shn-2-/-CD4 T cells

We examined the NF-«B activation in Shn-2-/~CD4 T cells
by electrophoretic mobility shift assays (EMSAs). CD4 T cells
from Shn-2*"*and Shn-27/" mice were stimulated with anti-
TCR and ant-CD28 for 3 h, and subsequently, nuclear ex-
tracts were prepared. To facilitate the stimulation of the TCR.
complex on naive T cells, we used both anti-TCR_ and anti-
CD28 mAbs. The NF-kB DNA binding activity was found
to be increased after TCR stimulation in Shn-2*/* CD4 T
cells (Fig. 4 A, lanes 2 and 3, and B, lanes 2 and 14). In con-
trast, in Shi-27/7 CD4 T cells, substantial levels of binding
activity could already be detected even in nonstimulated T
cells (Fig. 4 A, lane 4, and B, lanes 7 and 17), and an only
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Figure 4. Hyperactivation of NF-kB in Shn-2/-CD4 T cells.

(A and B) Splenic CD4 T cells were incubated with medium alone overnight
and then stimulated with immobilized anti-TCR-&3 mAb in the presence
or absence of agonistic anti-CD28 antibody for 3 h. Nuclear extracts of the
cuitured cells were prepared and subjected to EMSAs with NF-«B probes.
The supershift assays were performed with antibodies specific for NF-«B
P50 and pB5 subunit detection. Three independent experiments were per-
formed with similar results. (C} Splenic CD4 T cells were incubated with
medium alone overnight and then stimulated with immobitized anti-TCR-B
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mADb for 3 h. Subsequently, both cytosol and nuclear extracts were pre-
pared and these were subjected to immunoblotting usirig anti-p50, anti-p6s,
anti-tubulin-a, and anti-histone H1 antibodies. Arbitrary densitometric
units are shown under each band. (D) RNAs were prepared from fresh
splenic CD4 T cells, resting CD4 T cells that were incubated with medium
alone overnight, and anti-TCR-stimulated CD4 T cells, and then quantita-
tive PCR assay was performed. The expression levels of p50 and p65 were
normalized with 185 expression. Two independent experiments were per-
formed with similar results.
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moderate elevation in activity was observed after TCR. stim-
ulation (Fig. 4 A, lanes 5 and 6, and B, lanes 8 and 18). We
performed a supershift assay to determine the specifiaity for
NF-kB subunits and observed a substantial supershift with the
anti-p65 antibody (Fig. 4 A, lanes 8 and 9, and B, lanes 4 and
15). A small, but reproducible shift was detected in Shn-27/7
nonstimulated samples (Fig. 4 A, lane 10, and B, lane 9). In-
creased amounts of p65 supershift band were detected after
anti-TCR stimulation in Shi-27/~ T cells. Furthermore, an
EMSA with anti-p50 antibody revealed that most of the NF-
kB EMSA band detected in nonstimulated Shn-27/" T cells
contained the p50 subunit (Fig. 4 B, lane 11). There was a
substantial increase in the level of the p50 band after anti-
TCR stimulation (Fig. 4 B, lane 12). These results suggest
that NF-kB is constitutively activated in Shn-27/~ CD4 T
cells and it is hyperactivated after anti-TCR stimulation. We
did not observe any obvious disappearance of specific bands
in Shu-27/~ groups. This could be due to an insufficient
amount of Shn-2 for visualization in the EMSA assay.

An assessment of the protein expression levels of NF-kB
p50 and p65 subunits in the cytosol and in nuclear fractions
revealed that no obvious difference was detected between
Shn-2*"* and Shn-27/~ T cells before or after anti-TCR
stimulation, suggesting that the nuclear translocation of the
NF-kB p50 and p65 subunits is not altered in the absence of
Shn-2 (Fig. 4 C). Furthermore, transcriptional levels of p50
and p65 were compared by quantitative RT-PCR assay us-
ing freshly prepared CD4 T cells, resting CD4 T cells, and
those after anti-TCR stimulation for 3 h (Fig. 4 D). In all

cases, basically no difference was detected berween Shn-2*/*
and Shn-27/" groups.

We also examined the activation of AP-1, CREB, and 1L-4
NFAT in Shn-27/7CD4 T cells by EMSA (Fig. S5, avail-
able at http://www jem.org/cgi/content/full/jem. 20040733/
DC1). The DNA binding ability of AP-1 was slightly, but re-
producibly, enhanced in Shnu-27/~ T cells, whereas the DNA
binding activity of CREB and IL-4 NFAT appeared to be
similar in Shn-2%/%and Shi-27'"T celks.

Enhanced expression of GATA3 in anti-TCR-activated
Shn-2-/-CD4 T cells

Because the levels of GATA3J expression are critical for Th2
cell differentiation (14) and because GATAJ3 expression is
regulated by NF-«B (30), we next assessed the protein ex-
pression of GATA3 in cultured Shu-27'" T cells under Th2
cell-skewed condition. Splenic CD4 T cells from Shn-277~
mice were stimulated with anti-TCR -3 mAb and IL-4, and
16 h later, the expression of GATA3 was assessed by immu-
noblotting with specific antibodies. The levels of GATA3J
protein were found to be reproducibly increased in Shn-27""
T cells (Fig. 5 A). No detectable GATA3 protein was ob-
served in freshly prepared Shn-27/7 CD4 T cells (not de-
picted). Concurrently, the mRNA levels were assessed by
semiquantitative RT-PCR analysis, and increased GATA3
mRNA levels were detected (Fig. 5 B). These results suggest
that enhanced induction of GATA3 takes place in early de-
veloping Shn-27/7 Th2 cells as compared with that of con-
trol Shn-2*/* Th2 cells.
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Figure 5. Increased GATA3 expression in Shn-2-/~ developing Th2
cells. {A) Splenic CD4 T cells were cuitured under Th2 celi-skewed conditions
for 16 h. The cells were lysed, and cell lysates with threefold serial dilutions
of cell lysates were subjected to immunoblotting using anti-GATA3 or
anti-tubulin-a antibodies. Arbitrary densitometric units are shown under
each band. (B) Splenic CD4 T celis were cultured under Th2 cell-skewed
conditions for 6 h, and the expression levels of GATA3 mRNA were deter-
mined by RT-PCR. Arbitrary densitometric units are shown under each
band. (C) Expression of NFAT1 and NFAT2 in Shn-27/"Th2 cells. Splenic
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fresh 6 16
Thi-skewed (hrs)

CD4 T celis were stimulated under Th2 cell-skewed conditions for 2 or 5 d,
and then both cytosol and nuclear cell lysates were prepared. Immuno-
blotting was performed with anti-NFAT1 or anti-NFAT2 antibodies. Arbi-
trary densitometric units are shown under each band. (D) Spienic CD4 T
cells were cultured under Th1 cell-skewed conditions for 6 or 16 h, and
the expression levels of T-bet mRNA were determined by quantitative PCR
assay. The expression was normalized with 18S expression. Two indepen-
dent experiments were performed with similar results.
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We examined the cytosolic or nuclear protein expression
levels of NFAT! and NFATZ in developing Th2 cells (Fig. 5
C). In either cytosolic or nuclear lysate, there was no clear
difference in the expression of NFAT1 detected between
Shi-2*/* and Shu-27/7 T cells, suggesting normal nuclear
translocation of NFAT! occurs. The nuclear translocation of
NFAT?2 was, however, slightly impaired in Shn-27/7 T cells.
An assessment of the expression of other molecules that may
regulate Th2 cell differentiation directly or indirectly, such as
JunB, cMaf, Bcl-6, and TRAF2, revealed no clear difference
in mRINA expression levels in Shin-27/~ developing Th2 cells
(not depicted). In addition, mRNA levels of several NF-«B
target genes (IL-6, IL-1f, TL-15, and IL-17) are increased in
Shn-2—deficient T cells (not depicted). The levels of T-bet in
the Shn-2*/* and Shn-27'7 cells cultured under Thl cell-
skewed conditions are shown in Fig. 5 D. No significant dif-
ference was observed in the levels of T-bet mRNA.

Shn-2 inhibits an NF-«B-dependent transcriptional activity
The ability of Shn-2 protein to bind to the consensus NF-kB
binding motf was assessed. 293 T cells were transfected with
a pAct-Flag-hShn-2 vector, and 2 d later, nuclear extracts
were prepared. Biotinylated NF-«B and control AP-1 oligo-
nucleotides were absorbed on to streptavidin-agarose beads
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Figure 6. Inhibition of NF-xB-dependent transcriptional activity
by Shn-2. (A) 293 T cells were transfected with a control pAct or a pAct-
Flag-hShn-2 vector, and 2 d later, their cell lysates were prepared. Biotin-
ylated NF-kB and control AP-1 oligonucleotides were absorbed by
streptavidin-agarose beads, and then the beads were incubated with cell
tysates. The amount of Shn-2 protein in the precipitates was assessed by
immunoblotting with anti-Flag mAb. Total cell lysates (10®equivalent/
lane) were also run as controls (input). Three independent experiments were
performed with similar results. {B) Nuclear extracts were prepared from
293 T cells transfected with pAct-Flag-hShn2 or pCMX-pS0 vectors. The
extracts were mixed in a certain ratio and then incubated with NF-«B oli-
gonucleotides absorbed with streptavidin-agarose beads. The numbers
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and incubated with the nuclear extracts. The amount of Shn-2
protein in the precipitates of agarose beads was assessed by
immunoblotting with anti-Flag mAb. Total nuclear extracts
were also run in parallel as loading controls. As can be seen in
Fig. 6 A, a substantial binding of Flag-Shn-2 protein to NF-
kB oligo was observed. This result suggests that Shn-2 protein
is able to bind to a consensus NF-«B binding motif.

Next, we wished to examine whether Shn2 competes ef-
fectively with p50 NF-«B for binding to a consensus NF-«kB
binding motif. Nuclear extracts were prepared from 293 T
cells that were transfected with pAct-Flag-hShn2 or pPCMX-
P50 vectors. The extracts were mixed in specific ratios and
then incubated with NF-«B oligonucleotides absorbed with
streptavidin-agarose beads. The bound protein was detected
by immunoblotting with an anti-Flag mAb for Shn-2 and an
anti-p50 mAb for p50 protein. As shown in Fig. 6 B, left,
the binding of p50 to NF-kB oligonucleotides was inhibited
by Shn-2-containing extracts in a dose-dependent manner.
In addidon, the binding of Shn-2 to NF-«B oligonucle-
otides was inhibited by the presence of p50 (Fig. 6 B, right).
These results clearly suggest that Shn-2 competes with p50
for binding to a consensus NF-«xB motif.

Consequently, to determine whether Shn-2 protein plays
a functional role in NF-«B-dependent transcription, NF-
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represent the volume of cell lysates (pl; 1 pl = 5 X 10° cell equivalent).
none, nontransfected 293 T lysates. The bound protein was detected by
immunoblotting with an anti-Flag mAb for Shn-2 and an anti-p50 mAb
for p50 protein. Total cell lysates were also run as controls (input). The po-
sition of Shn-2 and p50 are indicated. Three experiments were performed
with similar results. (C) 293 T cells were transfected with 25 ng of the 5X NF-
kB reporter constructs with the indicated doses of a pAct cantrol vector
(Mock) or a pAct-Flag-hShn-2 vector (Shn-2). Additionally, 1 ng pRL-TK
vector was added into each transfection as an internal control. 24 h after
the transfection, cells were stimulated with 50 ng/ml PMA and 500 nM
ionomycin or 10 ngfm! TNF-a for12 h and then assayed for luciferase
activity.
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«B-induced luciferase assay was performed with 293 T cells
transfected with the 5X NF-kB reporter constructs along
with graded doses of pAct-Flag-hShn-2 vector after stimula-
tion with PMA plus ionomycin or TNF-a (Fig. 6 C). Some
level of luciferase activity was detected without stimulation,
and a significant inhibition was observed in the presence of
Shn-2. After PMA plus ionomycin stimulation, the luciferase
activity was increased and this was efficientdy inhibited by
Shn-2 (Fig. 6 C, middle). The luciferase activity was -
creased dramatically by stimulation with TNF-a, and this was
moderately inhibited in the presence of Shn-2 protein (Fig. 6
C, right). These results suggest that Shn-2 protein is able to
inhibit the NF-kB-dependent transcriptional activity.

DISCUSSION

In this report, we demonstrated a crucial role for Shn-2 in
Th2 cell differentiation. Shn-2 appears to control NF-«B
DNA binding activity and subsequent GATA3 induction in
early developing Th2 cells.

The DNA binding of NF-kB was enhanced in Shn-2-
deficient CD4 T cells (Fig. 4, A and B). The enhancement
was already apparent in nonstimulated Shn-2-deficient CD4
T cells. However, we found the NF-kB protein equally ex-
pressed in the nucleus and cytoplasm of nonstimulated and
stimulated Shn-2—deficient CD4 T cells (Fig. 4 C). Thus, the
enhanced DNA binding of NF-«kB might be regulated by
nuclear events such as those involved in the DNA binding
process. A previous report suggested that Shn-3 binds to a
NE-kB motif and represses transactivation of NF-kB—depen-
dent genes (33). We show here that Shn-2 protein is able to
bind to a consensus NF-kB motif (Fig. 6 A) and compete
with p50 for DNA binding in a dose-dependent manner
(Fig. 6 B). In addition, we detected significant inhibition of
the NF-kB—dependent transcriptional activity in 293 T cells.
Thus, it is conceivable that Shn-2 is able to bind to NF-«B
DNA binding motifs and thus compete with the binding of
NF-kB complexes or to repress directly the transactivation
of the NF-kB-dependent genes in early developing Th2
cells. This might be a mechanism to account for the elevated
NE-kB DNA binding activity in nonstimulated Shir-2-defi-
cient CD4 T cells (Fig. 4, A and B).

In addition, we detected a further enhancement of DNA
binding of NF-kB after TCR stimulation (Fig. 4, A and B).
This could explain the enhanced induction of GATA3 in
early developing Shir-27'~ Th2 cells (Fig. 5, A and B). A sim-
ilar regulation was demonstrated in an experimental system
using p50~/~ mice (30). In our preliminary results, the gener-
ation of IL-4—producing Th2 cells in wild-type BALB/c CD4
T cell cultures was increased by the ectopic expression of both
p50 and p65 (unpublished data). Thus, it appears probable
that the enhanced induction of GATA3 by NF-kB hyperacu-
vation is a mechanism that is responsible for the enhanced
Th2 cell differentiation observed in Shn-2—deficient T cells.

Another interesting possibility for the molecular targets
of Shn-2 is the involvement of TRAF2-mediated NF-kB
activation. A previous report suggested that there is a physi-
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cal association of Shn-3 with TRAF2 (31). Our preliminary
results suggest that a physical association of Shn-2 with
TRAF2 in 293 T cells can be demonstrated (unpublished
data). Thus, Shn proteins may bind to TRAF2 and inhibit
the TNFR -induced NF-xB activation and nuclear translo-
cation in T cells. However, this appeared to be unlikely be-
cause no obvious difference in the protein expression of p50
and p65 was observed n the cytosol or nucleus before or af-
ter anti-TCR. stimulation between Shn-2*/* and Shn-27/7
T cells (Fig. 4 C). Lieberson et al. (37) have reported
that Th2 cell responses are enhanced in dominant-negative
TRAF2 Tg CD4 T cells. This result would appear to be
contradictory to the above hypothesis. However, the domi-
nant-negative TRAF2 used in the study by Lieberson et al.
inhibits [NK activity efficiently, but it does not affect NF-«B
activity very significantly (38). Thus, it is still possible that
the Shn-2—-TRAF complex is formed in T cells and that it is
involved in the control of Th2 cell differentiation by regu-
lating NF-kB activation. A more precise investigation is
needed to clarify this issue.

As for the signaling pathways in which Shn-2 1s n-
volved, Shn-2 may regulate outcomes of both the TCR-
and TNF-dependent pathways if the major function of
Shn-2 is mediated by a mechanism proposed above, namely,
competition with NF-«kB for DNA binding in the nucleus.
In this paper, we focused our analysis mostly on T cells
where the TNF-dependent signaling pathway is not acti-
vated efficiently, and thus, further investigation will be re-
quired to address this issue. In addition, we did not observe
CD28 costimulation-mediated enhancement of Th2 cell dif-
ferentiation in Shm-27"" cells (Fig. S4). CD28 costimulation
induced NF-«B activation and enhanced GATAS3 expression
in developing Th2 cells (36). Thus, it is possible that the ef-
fect of CD28 costimulation was masked by hyperactivation
of NF-kB in Shn-27'" T cells.

It has been established that the expression of GATA3 is
crucial for the efficient Th2 cell differentiation (16). GATAJ
plays an essential role in chromatin-remodeling processes,
such as acetylation of histone H3 and H4 of the Th2 cell cy-
tokine gene loci (36). The activation of STAT®6 is most crit-
ical for the induction of GATA3J transcription (16, 39).
More recently, several regulatory molecules for GATA3
transcription have emerged. One is the NF-«B activation
discussed above (30). We reported previously that a poly-
comb group gene product, mel-18, controls Th2 cell differ-
entiation by regulating GATA3 transcription (40). Shn-2 is
another example of a protein that regulates GATA3 tran-
scription and expression in developing Th2 cells. Further in-
vestigation of the regulation of GATA3 expression is likely
to provide a clearer molecular view of the initiation of Th2
cell differentiation.

Recombinant TGF-f inhibited Th2 cell differentiation
of normal and Shn-2—deficient T cells very efficiently (un-
published data). In addition, Smad7 expression was not
changed in Shi-2—deficient T cells (unpublished data). Thus,
Shn-2 may not be involved in the TGF-B-mediated signal-
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ing pathway in T cells, at least not in the TGF-B—mediated
inhibition of Th2 cell differentiation. However, because
mammalian Shn has three orthologues (Shn-1, Shn-2, and
Shn-3), it is still possible that Shn-1 and/or Shn-3 could sub-
stitute for the function of Shn-2 in Shi-2-deficient T cells.

As for the effects of Shn-2 deficiency on Thl cell differ-
entiation, Shn-2 may not play critical roles in Th1 cell dif-
ferentiation. No effect was observed in typical Thl cell-
skewed cultures containing excess amounts of 1L-12 (Fig. 1
A). However, we observed some enhancement in Thi cell
differentiation when IL-12 is limiting (Fig. 2 B). Also, IFN-
Y-producing cells generated under Th2 cell-skewed condi-
tions were increased consistently (Fig. 1 C). Thus, it is still
possible that Shn-2 may act as a negative regulator of the
generation of IFN-y—producing cells.

In summary, the results of this study indicate that Shn-2
plays crucial roles in the control of Th2 cell differentiation
by regulating the activation of NF-kB and subsequent
GATA3 induction in early developing Th2 cells.

MATERIALS AND METHODS

Mice. Sim-2-deficient (Shn-27"") mice were described previously (25).
Animals used in this scudy were backcrossed to BALB/¢ more than 12 times
and were 6-8 wk old. Ant-OVA-specific TCR-af (DO11.10) Tg mice
were provided by D. Loh (Washington University School of Medicine, St.
Louis, MO; reference 41). Shn-27/" X DO11.10 Tg mice were used at 10—
12 wk of age. STATG-deficient (STAT6™'") mice were provided by S.
Akira {Osaka University, Osaka. Japan; reference 39). All mice used in this
study were maintained under specific pathogen-free conditions. Animal
care was in accordance with the guidelines of Chiba University.

Immunofluorescent staining and flow cytometry analysis. In gen-
eral, 10° cells were incubated on ice for 30 min with the appropriate stain-
ing reagents according to a standard method (42). The reagents used in
this study were as follows: anti-CD4~PE (RM4-1-PE), anti-CD4-FITC
(RM4-1-FITC), ant-CD44-FITC (IM7-FITC). anti-CD44-PE (IM7-
PE). anti-CD69-FITC (H1.2F3), anti-CD62L-FITC (MEL-14), anti-
CD25-FITC (7D4), anti—IL-4Ra antihody, and anti-yC antibody-PE were
purchased from BD Biosciences. Anti—rat Ig-FITC was purchased from
CAPPEL. Anti-TCR-B-FITC (H57-FITC), and-CD3-FITC (2C11-FITC).
and anti-CD8-Cy5 were prepared in our laboratory. Flow cytometry anal-
ysis was performed on a FACSCalibur (Becton Dickinson), and results were
analyzed with CELLQuest software (Becton Dickinson). Intracellular stain-
ing of IL-4 and IFN-y was performed as described previously (11). FITC-
conjugited anti~IFN-vy antibody (XMG1.2), APC-conjugated anti-I1-3
antibody, and PE-conjugated anti-IL-4 antibody (11B11; all from BD Bio-
sciences) were used for detection.

Cell purification. Splenic CD4 T cells were purified by using magnetic
beads and an Auto-MACS Sorter (Miltenyi Biotec) yielding a purity of
>98%. Where indicated. CD4 T cells with niaive phenotype (CD44lov)
were isolated from spleens on a FACSVantage cell sorter (Becton Dickin-
son) yielding a purity of >98% as described previously (11).

Bone marrow DC cultures. A moditied method of Inaba et al. (43) and
Chen-Wouan et al. (44) was used for bone narrow DC cultures. In brief.
bone marrow cells depleted of FeR* cells {0.5-1.0 X 10 cells) were cul-
tured in 1 ml medium in the presence of 10 ng/ml GM-CSF. The culture
medium was changed every other day by gently swirling the plates, aspirat-
ing ~75% of the medium. and adding back fresh medium with cytokines.
On day 6. the cells were harvested and then CD11c? cells immature DCs)
were purified using anti-CD11c mAb-conjugated micro beads and a MACS
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LS column (Miltenyi Biotec). The purified immature CD11¢' DCs were
cultured for an additional 2 d with 10 ng/ml GM-CSF and 1 pg/ml LPS to
allow further maturation and were used as mature DCs.

Proliferation assay. 2 X 10°splenic CD4 T cells were stimulated i1 200-
pl cultures for 40 h with immobilized anti-TCR-B mAb (H37-597) and
anti-CD3e mAb (2C1H). Imnuature or mature DCs were puised with | pM
OVA peptide for 2 h at 37°C and then cocultured with CD4 T cells from
DOTL.10 Tg mice for 72 h. [*H]thymidine (37 kBq/well) was added ta the
stimulation culture for the last 16 h. and the incorporated radioactivity was
measured by using a B plate (40).

ELISA for the measurement of cytokine concentration. The pro-
duction of IL-2, IL-4, 1L-53, IL-13, and IFN-v was measured by ELISA as
deseribed previously (40).

In vitro Th1/Th2 cell differentiation cultures. Naive splenic CD4 T
cells were simulated with 3 pg/ml of immobilized anti~TCR-B mAb
(H57-597) in the presence of 30 U/ml 1L-2 and =100 U/ml 1L-4 as de-
scribed previously (10). Where indicated, naive splenic CD4 T cells were
labeled with CFSE (Molecular Probes) using the same procedure as de-
scribed previously (40). For Thl cell differentiation, naive splenic CD4 T
cells were stimulated with 3 pg/ml of immobilized anti-TCR-B mAb
(H57-597) in the presence of 30 U/ml [L-2, IL-12, and ant~IL-4 mAb. 1.5 X
10* sorted DO11.10 Tg CD44% CD4 T cells were stimulated with anti-
genic OVA peptide (Loh15, OVA; 323-339) and 10° irradiated (3,000 rad)
normal BALB/¢ splenocytes. For stmulation with purified DCs, 2 X 103
sorted DOTL.10 Tg CD44™* CD4 T cells were cocultured with 2 X 104
OVA-pulsed immature or mature DCs. Appropriate cytokines and anti-
cytokine antibodies were added in Th1/Th2 cell differentiation cultures as
described previously (11). In typical DO11.10 Tg T cell cultures, Th2 cell~
skewed (IL-4 with anti-IL-12 mAb and ant-IFN-y mAb). Thl cell-
skewed (IL-12 with anti-IL-4 mAb), and nonskewed (IL-2 with anti~IL-4
mAb, anti-1L-12 mAb, and anti-1FN-y mAb) conditions were used.

Immunoblotting. The Immunoblotting for the detection of GATA3, tu-
bulin-a, NFAT1, and NFAT2 was performed as described previously (43).
For NF-«B detection, anti-p65 (F-6), anti-p50 (E-10), and anti-histone H1
(AE-4, all from Santa Cruz Biotechnology, Inc.) antibodies were used.

EMSA. EMSAs were performed using Gel Shift Assay Systems (Promegu)
according to the manufacturer’s instructions. Iy brief, nuclear extracts were
incubated at 4°C with *P-labeled double-stranded oligo (NF-«B oligo:
AGTTGAGGGGACTTTCCCAGGC, AP-1 oligo; CGCTTGATGAGT-
CAGCCGGAA, CREB oligo; AGAGATTGCCTGACGTCAGAGAG-
CTAG, IL-4 NFAT; oligo; and GTAATAAAATTTTCCAATGTAAA) in
DDNA binding bufter (Promega). For supershift assays, nuclear extracts were
incubated with anti-p30 (C-19; Santa Cruz Biotechnology. Inc.) or anti-
p65 (F-6: Santa Cruz Biotechnology, Inc.) antibody at 4°C for 60 nin and
then incubated with 2P-labeled NF-kB double-stranded oligo at 4°C. Elec-
trophoresis was performed on a 4% native polyacrylamide gel (0.5X TBE;
acrylamide/bisucrylamide, 29:1). and the radioactivity was visualized by
autoradiography.

Pull-down assay. A detiled protocol was described elsewhere (46). In
brief, 293 T cells were mansfected with 1.0 pg pAct or pAct-Flag-hShn-2,
and 2 d later. the transfected cells were lysed for immunoblotting with anti-
Flag mAb (M2: Sigma-Aldrich). Cell lysates were incubated with biotinyl-
ated oligonucleotides of NF-kB (AGTTGAGGGGACTTTCCCAGGC)
and AP-1 (CGCTTGATGAGTCAGCCGGAA). The bound protein were
eluted and separated on an SDS polyacrylamide gel and then subjected to
inumunoblot analysis using specific antibodies (anti-Flag Tag: M2; Sigma-
Aldrich). For the competton assay shown in Fig. 6 B, 293 T cells were
transtected with pAce-Flag-hShn-2 or pCMX-p30. and their cell extracts
were mixed in certain ratios and then the mixed extracts were incubated
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with NF-kB oligonucteotides as described above. pPCMX-p50 was provided
by J. Inoue (University of Tokyo, Tokyo, Japan). And-Flag Tag (M2,
Sigma-Aldrich) mAb and anti-p30 (E-10; Santa Cruz Biotechnology, Inc.)
mAb were used for detection.

Transfection and luciferase assays. 293 T cells were tansfected with
5X NF-xB luciferase reporter plasmid together with pAct vector or pAct-
Flag-hShn-2 vector and pRL-TK as normalization control. Transtected
cells were stimulated with or without 50 ng/ml PMA and 500 nM ionomy-
cin or 10 ng/ml TNF-a for 12 h before luciferase assays (Promega).

PCR analysis. Total RNA was isolated from cultured cells using the TR~
1zol reagent. Reverse transceription was performed with Superscnpe I RT
(Invitrogen). Threefold serial dilutions of template ¢cDNA were performed.
The PCR reaction was performed as described previously (46). The primers
used are as follows: B actin forward, GAGAGGGAAATCGTGCGTGA-3';
B actin reverse, 5'-ACATCTGCTGGAAGGTGGAC; GATA3 forward,
gAAggCATCCAgACCCAAAC-3"; GATAD reverse, 5'-ACCCATgg-
CgeTgACCATgC; Shn-2 forward, ggAAAgAgeeAAAgeAgAgATTCA-
CggAgAT-3'; and Shn-2 reverse, 3'-ATCTgAgTgTCATCACAAgAgT-
CACTggeT.

For quantitative PCR assay, first-strand ¢cDNA was synthesized using
random primers and Superscript 11 RT (Invitrogen). Samples were then
subjected to real-time PCR analysis on an ABI PRISM 7000 Sequence De-
tection System (Applied Biosystems) under standard conditions, The primi-
ers and TagMan probes for the detection of p50. p65, T-bet, and 18S were
purchased from Applied Biosystems. p30, p65, and T-bet expression were
normalized using the 185 signal.

Online supplemental material. Fig. S1 shows the phenotypic feature of
splenic CD4 T cells from Sim-27'~ mice. (A) The yields of thymocytes and
splenocytes are shown in boxed numbers. (B) Each histogram depicts the
expression of the indicated marker antigens on clectronically gated splenic
CD4 T cells. Background staining is shown as hatched areas. (C) The histo-
gram shows the percentages of indicated V@ cells among splenic CD4 T
cells. Fig. S2 shows the proliferative responses and Erk phosphorylation sta-
tus after TCR stimulation. Arbitrary densitometric units are shown under
each band in B. Fig. S3 shows the expression of Shn-2 mRNA in develop-
ing Th1 and Th2 cells. The mRNA levels were determined by RT-PCR
with threefold serial dilutions of template cDNA. Fig. S4 shows the effects
of CD28 stimulation on Th2 cell differentiation. Gel shift assay for AP-1.
CREB, or IL-4 NFAT are shown in Fig. S5. Figs. S1-53 are available at
heep:/ /www jem.org/ gt/ content/ full /jem.20040733/DC1.
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ABSTRACT: Natural killer type-1 (NK1)/NK2 terminology was proposed as an analogy to T helper type-1
(Th1)/Th2 subsets of CD4 T cells. In addition to well recognized IFN-y—producing NK1 cells, recent accumu-
lating evidence suggests the presence and the regulatory function of NK2 cells, which produce type-2 cytokines,
such as IL-5 and IL-13. Most studies on the production of cytokines by NK1/NK2 subsets have been performed
in the human system. Recently, a mouse in vitro NK1/NK2 cell differentiation system was established. A linear
“2-0-1" model has been proposed for the differentiation of NK1/NK2 cell subsets, but the branching NK1/NK2
cell differentiation model, comparable to Th1/Th2 cell differentiation, remains a likely explanation. In this review,
we summarize the evidence indicating the unique features of NK1/NK2 cells and discuss the above two NK cell
differentiation models. In addition, we point to interesting similarities in the expression of transcription factors that

regulate cytokine production in NK cells and CD8 T cells.

KEY WORDS: type-2 cytokine, linear “2-0-1" differentiation model, branching NK1/NK2 differentiation

model, GATA3, ROG, immune regulation

I. INTRODUCTION

Natural killer type-1 (NK1)/NK2 terminology
was proposed as an analogy to T helper type-1
(Th1)/Th2 subsets of CD4 T cells.! Thl cells
produce IFN-y to control cell-mediated immunity
against intracellular pathogens. Th2 cells produce
IL-4,1IL-5, and I1.-13 and are involved in humoral
immunity and allergic reactions.>® It has been
well documented that NK cells produce IFN-y
and play crucial roles during infection and in
antitumor immunity. There are excellent recent
reviews.*” However, there is accumulating evi-
dence to indicate that some human NK cells
produce type-2 cytokines as well. Recently, we
established an 7 vitro mouse NK1/NK2 cell dif-
ferentiation system and reported that in vizro dif-
ferentiated mouse NK2 cells produce I1L-13 and
IL-5, but not IL.-4 or IFN-y.® Although the roles

1040-8401/05/$35.00
© 2005 by Begell House, Inc.

for NK2 cells in host-defense immune responses
remain undetermined, the unique cytokine pro-
duction profile of NK2 cells suggests that these
cells may play important roles in specific immune
responses, including the regulation of allergic or
autoimmune diseases. In this review, we summa-
rize the current understanding of the features of
NK1/NK2 cells and discuss two proposed NK1/
NK2 cell differentiation models.

Ii. EVIDENCE FOR THE PRESENCE OF
NK1/NK2 CELL SUBSETS

Tt has been well documented that activated NK
cells produce IFN-y, TNF-a, and GM-CSF.*-1!
From the late 1990s, various investigators have
reported evidence indicating the presence of type-2
cytokine-producing NK cell subsets, particularly
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in human systems (Table 1). Proliferating human
NK cells were shown to produce IL-5, and the
production of IL-5 was augmented by IL-4 and
inhibited by IL-12 and IL-10.*2 Human NK cells
cultured with IL-12 produce IL-10 and IFN-y,
whereas those cultured with IL-4 produce IL-5
and I1.-13.1 Sirhilarly, human NK cells stimulated
with IL-12 produce increased levels of IFN-y and
decreased levels of I1.-4, whereas IL.-4 stimulation
inhibits IFN-y and increases the level of IL.-13.13
Intracellular staining analysis revealed that about
2% of human peripheral NK cells produce I1L-13
in response to IL-2. These findings are reminis-
cent of the cytokine-mediated counter-regulation
of Th1/Th2 subsets. In addition, separate studies
tocused on NK cell ontogeny identified the pres-
ence of IL-5/IL-13-secreting NK cells, which can
be defined by their CD161 expression.’> Single
cell analysis of adult and neonatal human NK cells
revealed CD161* IL-13-producing NK cells to be
a nonoverlapping population with IFN-y-produc-
ing NK cells expressing CD56.1¢ The size of the
IL-13* NK cell subset was expanded by IL-4, and
this expansion was inhibited by IL-12. Also, the
size of the IFN-y-producing subset was down-
regulated by IL-4 and IL-13. Thus, similar to the
generation of Th1/Th2 cells, cytokines in the
local microenvironment appear to control the
development of distinct cytokine-producing NK
cell subsets. Taken together, it now seems reason-
able to accept type-2 cytokine-producing NK2
cells as a distinct subset within NK cells.

. UNIQUE CYTOKINE PRODUCTION
PROFILES IN NK1/NK2 CELLS

It is recognized that NK2 cells produce significant
amounts of IL-5 and IL-13 but little IL-4 in both
human®2!* and mouse.® This production profile
1s different from that of Th2 cells.?? From studies
with mouse NK1/NK2 cells, we proposed a pos-
sible molecular mechanism to explain the unique
production profiles of type-2 cytokines in NK2
cells.? In vitro mouse differentiated NK2 cells
produce IL-5 and IL-13, but the levels on a per-
cell basis are 20 times lower than those of in vigro
differentiated Th2 cells. In addition, no detect-
able IL-4 is produced. In developing NK2 cells,
the expression levels of GATA3 are significantly
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higher than in fresh NK, NKO, or NK1 cells but
significantly lower than in Th2 cells. Other GATA
family members, such as GATA1 and GATA2,
are not expressed in NK cells. Th2 cell differen-
tiation is known to be highly dependent on the
expression levels of GATA3.17-1* GATAS3 is re-
quired for chromatin remodeling of the IL.-4/
IL-13 gene loci in Th2 cells and Tc2 cells?*?! and
the IL-5 gene locus in Th2 cells.? In fact, one of
the indicators of chromatin remodeling, the levels
of histone H3/K9 acetylation of the 1L.-4, 11.-13,
and IL-5 gene lodi, is impaired in 7 vizro differ-
entiated NK2 cells.? In addition, GAT A3 is known
to be very important for the transcription of the
IL-13 and IL-5 genes.172324 Thus, we believe that
the unique type-2 cytokine production profiles of
NK2 cells could be associated with the low expres-
sion level of GATA3 in developing NK2 cells.
However, there should be another factor that
regulates the selective production of IL-5 and
IL-13 among the three type-2 cytokines (I1.-4,
IL-13, and IL-5) in NK2 cells.

A POZ/BTB-domain—containing zinc finger
transcriptional repressor, repressor of GATA
(ROG), has been reported to inhibit GATA3
function® and to play crucial roles in cytokine
expression and chromatin remodeling in develop-
ing type-2 cytokine-producing CD8 T (Tc2) cells.?!
The expression levels of ROG in activated CD8
T cells are ten times higher than those in CD4 T
cells. ROG is highly expressed in NKO, NK1, and
NK2 cells, with expression levels much higher
than those in Th2 cells and equivalent to those in
Tcl and T¢2 cells.® Thus, the lack of detectable
IL-4 production in NK2 cells may be due to both
the low-level induction of GATA3 and the high-
level expression of ROG. This is reminiscent of
the limited IL-4 production and substantial IL-13
and IL-5 production in CD8* Tc2 cells.?!

In in wvitro differentiated mouse NK1 and
NK2 cells, STAT6 has been found to be required
for the differentiation of NK2 cells.® IL-5/1L-13—
producing NK2 cells are not generated from
STAT6-deficient mouse splenic NK cells, whereas
IFN-y-producing NK1 cells are generated nor-
mally. Thus, STAT6 and GATAS3 appear to play
important roles in the differentiation of NK2
cells.® In fact, IL-4 and IL-13 induce STAT6
activation and STAT6-containing protein DNA
complexes in NK cells.?® As for GATAS3, roles in
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