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Abstract
[Purpose]

Recent studies have found that BCG is not effective against adult tuberculosis. Thus, the development of a
new vaccine is necessary for the eradication of tuberculosis. The highest priority for the development of a
new vaccine is the identification of a novel target molecule and the understanding of its mechanism. In this
study, we will identify M. tuberculosis pathogenic agent, and a host factor that interacts with M. tuberculosis
pathogenic agent.

[ Method]

NCGM2242 project: A genome analysis of Erdman strain and its mutant strain (NCGM2242) were performed.
PE_PGRS62 project: A complementary strain of the M. tuberculosis gene knockout strain was constructed.
We identified Hornerin as PE_PGRS62 binding protein. To identify the host protein(s) interacted with the
mycobacterial PE_PGRS62 protein, we perform an immunoprecipitation of protein complexes followed by
liquid chromatography— tandem mass spectrometry (LC-MS/MS).

Peroxiredoxin 1 project: Peroxiredoxin 1 deficient mouse with BALB/c background was constructed.

[Result]

NCGM2242 project: We describe a specific 16S rRNA mutation, U1406A (U1399A: M. tuberculosis
number), which confers resistance to kanamycin while highly attenuating M. tuberculosis virulence. We also
demonstrated that this attenuated strain, not observed in clinical isolates, induced greater protection against
virulent M. tuberculosis than the M. bovis strain bacille Calmette-Guérin. This 16S rRNA mutation not only
affected ribosome maturation but decreased the expression of ~20% (n = 361) of mycobacterial proteins,
including central metabolic enzymes and virulence factors, antigen 85 complexes and ESAT-6. Furthermore,
the reduced expression of mycolic acid biosynthesis enzymes resulted in alterations in mycolic acid structure.

PE_PGRS62 project: We observed the recovery of PE_PGRS62 expression in A62Comp. We checked any
difference among WT, A62/mock and A62Comp. Although we confirmed no difference among these strains
grown in 7H9/ADC culture medium, A62/mock mutant showed reduced the survival of intracellular
mycobacteria in J774 cells. To evaluate the virulence attenuation of APE_PGRS62 in mice, we injected WT
or APE_PGRS62 into tail vein of mice. There was a significant delayed in survival with the APE_PGRS62
mutant relative to WT in BALB/c and SCID mice. These results demonstrate that PE_PGRS62 is required for
M. tuberculosis virulence. We identified a host Hornerin/S100A18 protein as the mycobacterial PE_PGRS62
protein binding protein.

Peroxiredoxin 1 project: Peroxiredoxin 1 deficient mouse was susceptible to M. tuberculosis infection.
BALBI/c background exhibited greater susceptibility to M. tuberculosis infection than C57BL/6.

[Discussion] As U1406A is mutation in rrs gene of NCGM2242 strain, we are concerned for revertant
mutation in this strain. Further mutation is required for live vaccine development. We will disrupt
PE_PGRS62 gene in NCGM2242 strain. It might be easy to evaluate the attenuation of M. tuberculosis
mutant in Peroxiredoxin 1 deficient mouse, especially with BALB/c background.
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Abstract

The human ZFAT gene was originally identified as a susceptibility gene for autoimmune thyroid disease. Mouse Zfat is a
critical transcriptional regulator for primitive hematopoiesis and required for peripheral T cell homeostasis. However, its
physiological roles in T cell development remain poorl)/ understood. Here, we generated Zfat”*-LckCre mice and
demonstrated that T cell-specific Zfat-deletion in Zfat”'-LckCre mice resulted in a reduction in the number of
CD4*CD8*double-positive (DP) cells, CD4*single positive cells and CD8'single positive cells. Indeed, in Zfat”-LckCre DP
cells, positive selection was severely impaired. Defects of positive selection in Zfat-deficient thymocytes were not restored in
the presence of the exogenous TCR by using TCR-transgenic mice. Furthermore, Zfat-deficient DP cells showed a loss of
CD3({ phosphorylation in response to T cell antigen receptor (TCR)-stimulation concomitant with dysregulation of
extracellular signal-related kinase (ERK) and early growth response protein (Egr) activities. These results demonstrate that
Zfat is required for proper regulation of the TCR-proximal signalings, and is a crucial molecule for positive selection through
ERK and Egr activities, thus suggesting that a full understanding of the precise molecular mechanisms of Zfat will provide
deeper insight into T cell development and immune regulation.
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Japanese and Korean population [7,8] and several common
diseases including hypertension and cancer [9,10]. Of great
interest is that a genetic variant of {FAT is reported to be strongly
associated with interferon-B responsiveness in multiple sclerosis
[11] and the severity of Hashimoto’s disease [12]. However, the
exact functions of ZFAT during T cell development remain
unknown.

Introduction

ZFAT was originally identified as a candidate susceptibility gene
for autoimmune thyroid disease [1]. JFAT contains 18 zinc-finger
domains and one AT-hook and is an evolutionally conserved gene
from fish to humans, and the Zfat protein is highly expressed in the
thymus and the spleen in adult mice [2]. We previously reported
that Zfat-deficient (Zfar ’~) mice are embryonic lethal by
embryonic day 8.5, and Zfat is a critical transcriptional regulator
for primitive hematopoiesis [3], and that ZFAT is functionally
involved in the regulation of apoptosis of mouse embryonic

T cells must be reactive to foreign pathogens, but tolerant to
self-antigens. These features are formed during T cell development
in the thymus [13]. CD4"CD8"double-positive (DP) cells express-
ing complete afTCR complexes undergo positive selection, for

fibroblasts and MOLT —4 cells [4,5].

Just recently, we generated Zfal”*-Cd4Cre mice [6], and showed
that Jfat-deficient mice exhibited a reduction in the number of
peripheral T cells with decreased surface expression of IL-7Ra and
T cell antigen receptor (TCR)-stimulation-induced expression of
CD25 and IL-2, indicating that Zfat is required for peripheral T
cell homeostasis [6]. On the other hand, genetic variants of FAT
have also been reported to be associated with adult height in
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differentiation into mature CD4*single positive (CD4SP) cells or
CD8"single positive (CD8SP) cells [14-16]. DP cells that recognize
self-peptide and major histocompatibility complex (pMHC)
molecules with low affinities receive survival signals and differen-
tiate into mature single positive cells; this process is known as
positive selection. Accumulating evidence suggests that mitogen-
activated protein kinase (MAPK) signaling pathways and the
molecules in this pathway play critical roles in the regulation of the
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cellular fate during T cell development [17]. Extracellular signal-
related kinase (ERK) is activated by phosphorylation through
sequential activation of Ras, Raf and MEK transduced by TCR-
stimulation, and proper ERK activation is essential for positive
selection [18-20].

Egrl, Egr2 and Egr3 are zinc-finger transcription factors of the
carly growth response protein (Egr) family, and they are rapidly
induced in response to TCR-stimulation [21-23]. Egrl- or Fgr2-
deficiency was reported to result in defects of positive selection and
survival of T cells [24,25]. Egr5-deficiency was reported to cause
the impaired proliferation of thymocytes during transition from
DN to DP cells [26]. Thus, TCR-stimulation-induced Egr
expression is thought to be essential for the proper progression
of T cell development in the thymus.

In this study, we generated Zfat”"-LekCre mice and showed that
they exhibited a loss of CD3{ phosphorylation with dysregulation
of ERK and Egr activities leading to impaired positive selection.
This is the first report demonstrating that Zfat is required for
proper regulation of the TCR-proximal signalings, and is a crucial
molecule for positive selection in the thymus.

Results

Reduction in the Number of Thymic DP, CD4SP and
CD8SP cells in Zfat™-LckCre Mice

To clarify the physiological roles of Zfat in T cell development
in the thymus, we crossed Zfal”" mice [6] with LekCre transgenic
mice. The deletion of Zfat in Zfat’"-LekCre thymocytes was
confirmed by an immunoblot analysis. While Zfat was detected
specifically in the nuclear fraction of Zfa”* thymocytes, the protein
was hardly observed in Zfal”"LckCre thymocytes (Figure 1A),
indicating the efficient deletion of Zfat in the thymocytes of Zfal”'-
LckCre mice. During the transition of DN stages in the Zfa”" mice,
the Zfat expression levels in the DN1 (CD25~CD44") and DN2
(CD25"CD44") subsets was low, whereas Zfat expression in the
DN3 (CD25"CD44 ™), DN4 (CD25~ CD44 ") and DP subsets was
detected at a higher level (Figure 1B). In contrast, in Zﬂlt‘yf—LckCre
mice, Zfat expression in the DN3 subset was slightly decreased
compared with that of Zfa”" mice, whereas Zfat expression in
DN4 and DP subsets was apparently decreased compared with
that of ,'(vfatf/f mice (Figure 1B). These results indicated that the
Zfat expression in Zfal’"-LekCre mice was abolished at the DN4
stage.

In Zfal”"-LckCre mice, the proportions of CD4SP and CD8SP
cells, but not DP cells, were remarkably reduced and the total
number of thymocytes, DP cells, CD4SP cells and CD8SP cells
was significantly decreased compared with that of Zfa”" mice
(Figure 1C, 1D). On the other hand, the proportion and total
number of DN cells in Zfal”"-LckCre mice seemed to be slightly
increased compared with those of %tm mice, however, the
difference of the total number of DN cells was not statistically
significant (Figure 1C, 1D). Consistent with the decreased
proportions and total number of CD4SP and CD8SP cells in
the ,{']?ztf/*;Lcka'e thymus, a reduction in the proportion of
TCRB™T cells in both the spleen and lymph nodes (LNs) was
observed in Zfat”"™-LckCre mice (Figure 1E). The proportion and the
total number of CD4*or CD8'T cells in the spleen and LNs were
significantly reduced in @(hl/‘f/f—LEkCM mice in comparison to those
of Zfat”" mice (Figure 1E, 1F). These results demonstrated that
Lfat-deficiency results in impaired T cell development in the
thymus.

In the thymus, a slight reduction in the expression levels of 1L-
7Ra on CD4SP and CDS8SP cells in Zfal”™-LekCre mice was
observed compared with those from Zfa’" mice (Figure S1A).
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However, a difference in the expression levels of Bcl-2, a pro-
survival factor induced by IL-7-mediated signaling [27,28], was
not observed between the genotypes (Figure S1B), suggesting that
the reduced expression of IL-7Ra did not play a functionally
significant role in the reduction of T cells in the thymus of Zfal”-

LckCre mice.

Zfat-deficiency did not Affect the Transition of thymic DN
to DP Cells

As the proportion and number of DN cells in Zfa”"-LekCre mice
seemed to be slightly increased compared with those of Zfal”* mice
(Figure 1C, 1D), we next analyzed whether LekCre-mediated Jfat-
deficiency would affect the T cell development at the DN stage.
The proportions and total numbers of the DN subsets, i.e., DNI,
DN2, DN3 and DN4, in Zfal”"-LckCre mice did not show
significant differences with those of Zfaf”" mice, although the total
numbers of DN3 and DN4 subsets seemed to be slightly elevated
in Zfal”*LekCre mice (Figure 2A, 2B). At the DN3 stage,
thymocytes undergo B-selection through the pre-TCR signaling,
leading to the transition from DN3a (CD25"CD44~ CD27°FSC")
to DN3b (CD25'CD44~ CD27MFSCM) cells [29,30]. The propor-
tion of DN3b cells was comparable between the genotypes
(Figure 2C), and the expression levels of intracellular TCRf
(icTCRP) in Zfat”"-LekCre mice were comparable to those of Zfat”"
mice during the transition from the DN3 (CD25%icTCRB") to
DN4 (CD257icTCRB") stage (Figure 2D), which together
indicated that the thymocytes in Zfa”"-LckCre mice normally
passed through B-selection and transition from DN3 to DN4 cells.

We then addressed the transition from the DN4 to DP stage by
analyzing an ex viwo culture system using Tst-4/DLLI cells, which
can support T cell development to the DP stage [31]. DN4 cells
were sorted and then cultured on a monolayer of Tst-4/DLLI
cells. After 3 days of the culture, we confirmed a decline in Zfat
expression in the thymocytes sorted from Zfal”*LekCre thymus
(Figure 2E), and observed the comparable proportions of the
production of DP cells between Zfat”" and Zfat”"-LekCre thymo-
cytes (Figure 2F), indicating no blockade of the transition of DN4
to DP cells in Zfat”"LckCre mice. Taken together, Zfat-deficiency
did not affect the transition of thymic DN to DP cells including -
selection and transitions from DN3 to DN4 cells, and from DN4 to
DP cells. In agreement with a decrease in DP cells in vivo
(Figure 1D), however, the total number of the produced DP cells of
Zfatf/f-LgkCre mice in ex viwo culture system was significantly
reduced compared with that of Zfal”" mice (Figure 2G), suggesting
that there may be a defect in the proliferation or survival during
the transition from DN to DP stage in the <fat-deficient
thymocytes.
Impaired Positive Selection in Thymocytes of Zfat”"
LckCre Mice

Loss of Zfat did not affect the DN to DP transition, in spite of
significant reduction in the number of DP cells. We next analyzed
an involvement of Zfat in positive selection of the DP cells. During
the positive selection, TCRB™CD69~ DP cells initially show a
TCRB™CD69 transitional phenotype (P-I; Figure 3A) after the
TCR/pMHC interaction. After the positive selection, P-I cells
become TCRBMCD69 cells (P-II; Figure 3A) and then differen-
tiate into CD4SP or CD8SP cells (TCRBMCD69™) (P-IIL;
Figure 3A) [20]. A considerable reduction in the proportion of
P-I cells in thymocytes (1.4% versus 3.87%, respectively,
Figure 3A) and DP cells (1.65% versus 4.35%, respectively,
Figure 3B) from Zﬂztf/f—l,ok(]re mice was observed compared with
that of Zfatf/f mice, indicating the existence of impaired positive
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Figure 1. Reduction in the number of thymocytes and peripheral T cells in Zfat"*-LckCre mice. (A) An immunoblot of Zfat in nuclear (N) or
cytoplasmic (C) fractions of thymocytes from Zfat”" and Zfat”*-LckCre mice. CREB1 and PLCy1 were used as controls of nuclear and cytoplasmic
fractions, respectively. (B) An immunoblot of Zfat in DN1 and DN2 (DN1,2: CD4 CD8 CD44"), DN3 (CD4 CD8 CD25'CD447), DN4
(CD4~CD8™CD25CD44 ™) or DP thymocytes from Zfat”® and Zfat”"-LckCre mice. Actin was used as a loading control. (C) Flow cytometry analysis
of the surface expression of CD4 and CD8 on thymocytes from Zfat”* (top) and Zfat”"-LckCre (bottom) mice at 6 to 7 weeks of age. Data are
representative of three independent experiments. (D) Total numbers of thymocytes, thymic DP, DN, CD4SP or CD8SP cells from Zfat”® (black bars) and
Zfat™-LckCre (white bars) mice at 6 to 7 weeks of age. The data are the mean = standard deviation (s.d.); n=6; * P<<0.05; ** P<0.01; n.s., not
significant. (E) Flow cytometry analysis of TCRB'T cells and B220"B cells (left) or CD4*and CD8'T cells (right) in the spleen and LNs of Zfat™* (top) and
Zfat”*-LckCre (bottom) mice. Data are representative of three independent experiments. (F) Total numbers of CD4*T, CD8'T or B220"B cells in the
spleen from Zfat”" (black bars) and Zfat”*-LckCre (white bars) mice. The data are the mean *+ s.d.; n=6; ** P<0.01; n.s., not significant.
doi:10.1371/journal.pone.0076254.9001

selection in the <Zfat-deficient DP thymocytes. However, no
obvious alterations in the rearrangements of TCRachains (Figure
S2), the surface expression of TCRP (Figure 3C) and CD45

(Figure 3D) [32] on DP thymocytes were observed between the
genotypes. In addition, the expression levels of CD5, which is
known to be correlated with the avidity of TCR/pMHC

A Zfat™ Zfat"-LckCre C D E Zfat™ zfatmLckcre G —~ 8 *x
- )
7.73 2.55 7.42 2.6 27
A . 4 zfat = Ze
15 1291 £116.35 5 5
= ga
5 Zfat It . Actin — 23
e s = 2
31541 31
p- “1 381 | 265
o R o
B CD25 > e e 2l Zfat " Zfat "L ckCre
=100 | D8 ‘ «{ 289 | 7.61
& 90 .
x 80 n.s. 10t
- 70 Zfat™
g8 -LckCre
E 40 & . w
2 30 # o] 312 32.3 <
= 20 | M ns 3 e - i 8. ’
2 10 [ SrrEree——" B e — O o e
[} 0 ——] = e
DNA1 DN2 DN3  DN4 CD27 — > CD25 ———p cD8 >

Figure 2. Zfat-deficiency did not affect the transition of thymic DN3 to DP cells. (A) Flow cytometry analysis of the surface expression of
CD44 and CD25 on CD4~CD8™ DN thymocytes from Zfat”" and Zfat”-LckCre mice at 6 to 7 weeks of age. The numbers in the quadrants indicate the
percent DN1 (upper left), DN2 (upper right), DN3 (lower right) or DN4 (lower left) subsets in DN thymocytes from the indicated genotypes. Data are
representative of three independent experiments. (B) Total numbers of DN1, DN2, DN3 or DN4 cells from Zfat”® (black bars, n=3) and Zfat""LckCre
(white bars, n=3) mice at 6 to 7 weeks of age. The data are the mean *+ standard deviation (s.d.); n.s., not significant. (C) Flow cytometry analysis of
the surface expression of CD27 and forward scatter (FSC) of DN3 thymocytes. The gated area indicates DN3b (CD27"FSC™) subsets. Data are
representative of three independent experiments. (D) Flow cytometry analysis of TCRB-negative DN (CD4 CD8 TCRB™) cells. The intracellular
expression of TCRP (icTCRP) and surface expression of CD25 are shown. Data are representative of three independent experiments. (E-G) Sorted DN4
cells were co-cultured with Tst-4/DLL1 cells for 3 days and analyzed by an immunoblot of Zfat (E) and flow cytometry for the surface expression of
CD4 and CDS8 (F). The proportions (F) or total numbers (G) of CD4*CD8*DP thymocytes from Zfat” (top, black bar, n=3) or Zfat”*-LckCre (bottom,
white bar, n=3) mice are shown. The data are the mean * standard deviation (s.d.); ** P<<0.01. * P<<0.05.
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interaction [33], on DP, CD4SP and CDS8SP cells were
comparable between the genotypes (Figure 3E). These results
strongly indicated that the afTCR recombination and TCR/
pMHC avidity are normal during T cell development in Zfal”™-
LckCre mice.

To further confirm the impaired positive selection in Zfal”™-
LckCre mice, we crossed ovalbumin (OVA)-specific MHC class I-
restricted TCR transgenic (OT-I) [34] or MHC class II-restricted
TCR transgenic mice (OT-II) [35] with Zfal”"-LekCre mice, and
examined the developmental fate of thymocytes in OT-I Zfatf/f-
LekCre and OT-I1 Zfat”"-LekCre mice. Tt is known that DP cells pass
through the CD4"CD8™ transitional stage before complete
differentiation into either CD4SP or CDS8SP cells [14]. As
expected, not only the proportions but also the total numbers of
CD8SP and CD4"CD8™ cells were significantly decreased in OT-
I Zfal”"LekCre mice compared with those of OT-TI Zfa”" mice
(Figure 3F), suggesting that MHC class I-restricted positive
selection in OT-1 Zfat”*LekCre mice was impaired. In addtion,
MHC class Il-restricted positive selection in OT-II Zfat”“LckCre
mice was also impaired, as both the proportions and the total
numbers of CD4SP and CD4"CD8™ cells were remarkably
reduced in OT-I1 Zfal""-LekCre compared with those of OT-II

PLOS ONE | www.plosone.org

Zfat”" mice (Figure 3G). Together, these results confirmed that
positive selection is impaired in the {fat-deficient thymocytes.

Zfat-deficiency Impaired CD3( Phosphorylation with
Defects in ERK1/2 Activation

To elucidate mechanisms of the impaired positive selection
observed in Zfal”"-LckCre DP cells, we examined phosphorylation
of molecules working at the signaling transduced by TCR-
stimulation. Phosphorylations of ERK1/2 induced by TCR-
stimulation, which is known to be critical in the positive selection,
were markedly decreased in Zfat”-LekCre thymocytes compared
with those of Zfatm thymocytes (Figure 4). In agreement with the
defects in ERK1/2 activation, the phosphorylations of both
MEK1/2 and c-Raf, which are located upstream of the ERK
signaling pathway, were also reduced in the Zﬁztf/f—LckCre
thymocytes compared with those of Zfaf”’" thymocytes (Figure 4).
Furthermore, the phosphorylations of Zap70 and PLCyl were
diminished in Zfat’"LekCre thymocytes (Figure 4). Finally, TCR
stimulation-induced phosphorylation of CD3{ was virtually
ablated in the Zfatf " LekCre thymocytes, and the phosphorylated-
CD3C at non-stimulated status was also apparently diminished due
to the Zfat-deficiency (Figure 4). However, phosphorylated status
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at Tyr505 of Lck, which phosphorylates tyrosine residues in
ITAMs of CD3({ in response to TCR-stimulation [36], was
comparable between the genotypes. Taken together, these results
indicate TCR signaling cascade is strikingly attenuated in 5‘?1[{/{-
LckCre DP cells at CD3C phosphorylation concurrent with ERK1/
2 phosphorylation. Moreover, the impaired positive selection in
Zfatf/f—LﬂkCre DP cells is thought to be attributed to defects in the
activation of ERK1/2 induced by TCR-stimulation.

TCR-stimulation-induced Egr Expressions were Impaired
in the Zfat-deficient Thymocytes

Next, we examined the expression levels of Egrl, Egr2 and
Egr3, which are known to be induced by TCR-stimulation.
Both the Egrl and Egr? expressions were robustly increased in
the Zfai”" DP cells after the stimulation with anti-CD3g and
anti-CD28 antibodies i vitro (Figure 5A), whereas expression
levels of both Egrl and Egr2 in the Zfat”"-LekCre DP cells after
the stimulation were not much induced compared with those of
Zfat”" DP cells. In addition, it appeared that the Egrl
expression level before the stimulation was also decreased in
the Zfal”*-LckCre DP cells compared with that of the Zfal’" DP
cells (Figure 5A). On the other hand, Egr3 was constitutively
expressed and slightly increased in the Zfa”" DP cells after the
stimulation, whereas the expression levels of Egr3 in the Zfal”*-
LckCre DP cells were constitutively lower compared with those of
@fatm DP cells and rarely enhanced by TCR-stimulation
(Figure 5A). These results indicated that Jfat-deficiency causes
dysregulated expression of Egr protein in the DP cells before
and after TCR-stimulation. Similar experiments were performed
on the thymocytes from OT-II Zfaf”*-LekCre mice. Phosphory-
lation of ERK induced by TCR-stimulation in the thymocytes
from OT-II Zfal”*-LekCre mice was decreased compared with
that of OT-II Zfaf”" mice (Figure S3A). Furthermore, the levels
of TCR-stimulation-induced Egrl, Egr2 and Egr3 expression in

OT-1I thtf/t—LE/iCM thymocytes were all decreased compared
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with those of OT-II Zfa’" mice (Figure S3B), and together
these findings suggested that the impaired phosphorylation of
ERK and Egr expression induced by TCR-stimulation was
caused by molecules other than TCR itself.

To address whether MEK activation is essential for ERK
mediated Egr inductions under the TCR-stimulated condition, we
stimulated DP cells in the presence of U0126, an inhibitor of
MEKI1/2 [37]. We found that the inductions of Egrl and Egr2
were considerably reduced by the treatment with U0126 both in
Zfal”" and Zfal”*-LekCre DP cells (Figure 5B), indicating that the
enhancements of Egrl and Egr2 expression by TCR-stimulation
were essentially regulated by the MEK-ERK axis. On the other
hand, the Egr3 induction was just partly reduced by the treatment
with U0126 in Zfat”" DP cells, whereas the Egr3 expression in the
Zfatf "L LckCre DP cells seemed to be slightly increased or unaltered
by TCR-stimulation in the presence of U0126 (Figure 5B). These
results suggested the possibility that Egr3 expression may be
regulated by other signaling pathways in addition to the MEK-
ERK pathway.

While the levels of Egr mRNA expression in the unstimulated
DP cells were comparable between the @‘atm and Zﬁzt‘yf;l,ckCre
genotypes (Figure 5C), each of the Egrl, Egr? and Egr3 mRNA
inductions by TCR-stimulation were robustly suppressed in Zfal”*-
LekCre DP cells compared with those of Zfa”" DP cells (Figure 5D),
suggesting that Zfat is required for proper FEgr gene expression
induced by TCR-stimulation. However, considering the fact that
the expressions of Egr proteins were slightly decreased in the
unstimulated %tf/f-LckCre DP cells (Figure 5A), Jfat-deficiency
might affect the turnover or degradation of Egr proteins as well as
the expression of Egr mRNAs. Taken together, these results
indicated that impairment of the TCR-stimulation-induced Egr
inductions in the Jfat-deficient thymocytes leads to the defects of
positive selection.

Zfat " Zfat"-LckCre Zfat Zfat"-LckCre
anti-CD3¢ anti-CD3¢
(min) 0135 10 0 1 3 5 10 (min) 0135 10 0 1 3 5 10
i : =46  PZap70 e oy §
P-ERK1/2 —— ——— =58
=g Zap70 U S ————  _ 55
ERK1/2 m 1.0 26 29 25 1.4 0.7 1.0 1.6 2.0 1.4
ERK1
1.0 14 27 4.0 1.2 1.3 6.3 6.1 2.7 1.0
(44kDa) p-PLCy1 — =178
ERK2
1.0 18 30 7.4 1.2 0.8 11 18 5.5 0.6 -
(42kDa) PLOYI  S———
p-MEK1/2 - -46 1.0 3.3 26 1.5 0.8 1.0 1.5 1.4 0.9 0.7
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Figure 4. Zfat-deficiency impaired CD3({ phosphorylation with defects in ERK1/2 activation. Inmunoblots for phosphorylated or total
protein of ERK, MEK1/2, c-Raf, Zap70, PLCy1, CD3( and Lck before or at the indicated time points after the stimulation with cross-linking anti-CD3¢
antibody in thymocytes from the indicated genotypes. The values below each image represent the relative ratio of the amount of phosphorylated
protein to total protein. Data are representative of three independent experiments.

doi:10.1371/journal.pone.0076254.g004
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Figure 5. TCR-stimulation induced Egr expressions were impaired in the Zfat-deficient DP thymocytes. (A)lmmunoblots for Egr1, Egr2
and Egr3 before or at the indicated time points after the stimulation with plate-bound anti-CD3¢ and anti-CD28 antibodies in DP cells from the
indicated genotypes. Actin was used as a loading control. Data are representative of three independent experiments. (B) Immunoblots for Egr1, Egr2
and Egr3 in DP cells from the indicated genotypes before or at the indicated time points after the stimulation with plate-bound anti-CD3¢ and anti-
CD28 antibodies under the condition with U0126 in DMSO or with DMSO alone. Actin was used as a loading control. Data are representative of three
independent experiments. (C, D) Quantitative RT-PCR analysis of Egr1, Egr2 and Egr3 expression before (C) or at the indicated time points after the
stimulation with anti-CD3¢ and anti-CD28 antibodies (D) in DP cells from Zfat”f and Zfat”"-LckCre mice. The relative expression for each gene was
normalized by the expression of Actb. The results are presented as the value relative to the unstimulated DP cells from Zfat”" mice. The data are the
mean * s.d.; n.s., not significant.

doi:10.1371/journal.pone.0076254.g005

Discussion dysregulated signaling downstream of TCR itself. TCR-stimula-
) ) . tion triggers activation of the ERK pathway through sequential
In this study, we demonstrated that Zfat is required for the ;c(vation of Ras, Rafand MEK [17]. Activation of ERK s critical
proper phosphorylation of CD3(, and is a critical regulator for T in the TCR-mediated signaling cascades and an essential
cell development in the .thymus, esp_ecially for pqsitive selection. requirement for positive selection in the thymus [19,20].
,The .molecuki.r mechgmsm by Wthh. <fat-deficiency leads to Both Egrl and Egr2 expression are critically regulated by
impaired positive selection would be mainly dependent on the loss activated ERK transduced by TCR-stimulation and [;lay pivotal
of CDSCphosphorylatiop leadi.ng to the impaired ERK activation roles in positive selection and survival of DP cells [24,25,38].
transduced by TCR-stimulation. Furthermore, activated ERK- i inoly e identified the defects of TCR-stimulated ERK
mediated expression of Egrl and Egr, which are crmc?/l phosphorylation and Egr inductions in {fat-deficient DP thymo-
Iregulators for positive selection, were also decreased in the Jfal cytes, indicating that impaired Egr induction was at least partially
._Lc,k Cre thym(?cytes. Taken together, t'hese results suggest that L fat resp(;nsible for the defects of positive selection in Zfat”"-LekCre
® 1n\{olved o t.he proper regula.tl‘on of t.he T CR-proximal mice. Moreover, Egr3 was also dysregulated in Zfat-deficient
signalings, which is required for positive selection in the thymus. th tes. Eord-d f‘ ient mice have b § ted t hibit
@”at‘/f—LckCre mice showed a considerable reduction in the ymocytes. Bgrorcelicienit fuee Rave beeh reported o exiubit a
number of DP thymocytes. We could not find apparent defects in d.CfCCt " Fhe thymocytes proliferation and a partlal. bl.OCk n
T cell development at DN stage or transition of DN to DP cells in differentiation at the DN3 stage [26]. Therefore, a possibility that
Zfat plays an important role in the proliferation of thymocytes

Lfat-deficient thymocytes in vivo and ex vivo experiments. There- . o . . o
fore, the reduction in the number of DP cells in Zfat”"-LckCre mice durlmi (tihe DN to DP transition through Egr3 induction is not
excluded.

may be due to the {fat-deficiency at the DP stage. However, Zfat Decrexs hosohorvlati £ CD3C ot h

expression was not completely abolished in the Zfatf/f-LckCre DN3 C(.ZI‘CA_SCd phosphory '%Uon 9 CD3C in Lfat -.Lc/c‘Cre.t ymo-

thymocytes, and thus the possibility that Zfat is necessary for cytes induced by TCR-stimulation was observed, indicating that
LZfat-deficiency results in impaired activation of TCR signaling at

proper development at the DN stage cannot be excluded. - - . e
Impaired positive selection in Jfat-deficient thymocytes was not proximal level. Tyrosines in ITAMSs of CD3 are phosphorylated

restored in the presence of OT-I TCR or OT-II TCR transgene, by Src family kinase Lck, and.then. the tyrosine—phosphorylated
which promote positive selection and differentiation of DP cells ITAMs of CD.BC serve as docking sites for Zap70 in response to
into CD8SP or CD4SP cells. These results strongly indicated that TCR st1mulz'1t1on (36]. However, .Zfat—deﬁmency did not affect
positive selection is impaired in Zfat-deficient mice, and also phosphorylagon status of Lck in the. thymf(/)fcytes, whereas
suggested that the defect of positive selection is caused by the phosphorylation of Zap70 was reduced in fat”-LckCre thymo-
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cytes. We have not elucidated how exactly Zfat affects the
CD3Cphosphorylation in this study. Activation of CD3({ is
negatively regulated by SHP—1 and SHP—-2 (SH2 domain-
containing phosphatase-1 and -2) through dephosphorylation
[39,40]. Moreover, c-Cbl E3 ubiquitin ligase reduces CD3( levels
at the plasma membrane by stimulating internalization [39,41].
Considering that Zfat is expected to be a transcriptional regulator
in the nucleus [2,3], Zfat might affect the expressions of the genes
involved in the regulation of CD3( phosphorylation, such as SHP-
1, SHP-2 and c-Chl. However, elucidation of the precise
molecular mechanisms of Zfat function in regulation of TCR
signaling should await future studies.

Proper activation of TCR signaling is also required for negative
selection in the thymus. Thus, Zfat might be involved in the
negative selection since Kfat-deficiency results in the defect in
proximal molecules of TCR complex. However, we have not seen
obvious differences in the T cell developments between H-Y Zfat”*
and H-Y Zfal”"-LekCre male mice in preliminarily experiments
(data not shown). To establish a role for Zfat in the negative
selection, further studies should be required in the future.

In conclusion, we demonstrated that Jfat-deficiency in DP cells
results in a loss of CD3C phosphorylation with dysregulation of
ERK and Egr activities leading to impaired positive selection in
the thymus, suggesting that Zfat is a pivotal molecule in T cell
development. As the activation of ERK-Egr pathway was not
completely impaired in the {fat-deficient thymocytes, the possibil-
ity that Zfat plays crucial roles in particular signaling pathways
other than ERK-mediated pathway does exist. Thus, a full
understanding of the roles and precise molecular mechanisms of
the transcriptional regulator Zfat will lead to a better understand-
ing of the orchestrated gene expression programs and provide
deeper insight into T cell development, immune regulation and a
wide variety of diseases.

Materials and Methods

Mice

Zfat”* mice were originally generated as described previously [6]
and backcrossed to a C57BL/6 background over seven genera-
tions. Zfal”" mice were crossed to Lek-Cre mice from Taconic to
generate T-cell-specific Zfat knockout (Zfar”"LekCre) mice in the
C57BL/6 background. All the animal experiments were approved
by the Animal Care and Use Committee of the NCGM Research
Institute, and the experiments on mice were carried out under the
guidelines of the Institutional Animal Care and Use Committee of
Fukuoka University.

Immunoblotting

The nuclear and cytoplasmic fractions from thymocytes were
prepared using NE-PER Nuclear and Cytoplasmic Extraction Kit
(Pierce). Separated cells were lysed in RIPA buffer [50 mM Tris-
HCI, pH 7.5, 150 mM NaCl, 1% NP—40, 0.5% deoxycholate,
0.1% SDS, protease inhibitor cocktail (Roche)]. Equal amounts of
total lysates were electrophoresed in 7, 8.5 or 4-20% SDS-
polyacrylamide gels, and transferred to a nitrocellulose membrane
(GE Healthcare). The antibodies used for immunoblotting analysis
and their specificities were as follows: Egr3, phosphorylated ERK,
antibodies for phosphorylated and total Zap70, PLCy1, c-Raf, and
Lck (all from Cell Signaling Technology); CREBI (C-21), Erk (K-
23) and Egrl (C-19; all from Santa Cruz); total and phosphor-
ylated MEK1/2 (from New England Biolabs); Actin (A2066; from
Sigma); Egr2 (from Proteintech Group); CD3( (from Exbio);
phosphorylated CD3( (A0468; from Assay biotech). Anti-Zfat
antibody was prepared as described previously [2]. The horserad-
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ish peroxidase-conjugated secondary antibody (GE Healthcare)
and SuperSignal West Pico Chemiluminescent Substrate (Thermo
Scientific) were used for the detection. The quantitative analysis of
the immunoblotting was done using the integration value of each
blot with Image J software (version1.46, US National Institutes of
Health) [42].

Flow Cytometry

Cells from the spleen, lymph nodes and the thymus were
depleted of erythrocytes by hypotonic lysis and stained with
fluorophore-conjugated antibodies. A Cytofix/Cytoperm kit (BD
Biosciences) was used for analysis of the intracellular detection of
TCRP. Data were collected with a cytometer (FACSAria II; BD
Biosciences) and analyzed with FlowJo software (Tomy Digital
Biology). The fluorophore-conjugated antibodies used for flow
cytometry analysis and their specificities were as follows: CD4
(RM4-5), CD8 (53-6.7), B220 (RA3-6B2), CD25 (PC61), CD44
IM7), CD27 (LG.3A10), TCRB (H57-597), CD69 (H1.2F3),
CD45 (30-F11) and CD5 (53-7.3; all from Biolegend).

In vitro Differentiation of DN3 Cells

Tst-4/DLL1 stromal cells (RCB2118) were provided by the
RIKEN BRC through the National Bio-Resource Project of the
MEXT, Japan. Cells were plated and co-cultured with sorted DN4
(CD4~CD8 CD25 CD447) cells. DN4 cells (1x10%) were
cultured at 37°C with 5% COg in RPMI 1640 medium containing
10% FCS, penicillin-streptomycin-glutamine (Life Technologies)
and B-mercaptoethanol (50 nM; Sigma) supplemented with
recombinant mouse IL-7 (0.5 ng/ml; Pepro Tech) and SCF
(1 pg/ml; R&D Systems).

In vitro TCR-stimulation

Thymocytes (1x107) from mice were stimulated at $7°C with
anti-CD3g antibody (10 pug/ml, 145-2C11; Biolegend) cross-linked
with goat anti-hamster IgG (80 pug/ml; Southern Biotech) in
RPMI 1640 medium containing 10% FCS, penicillin-streptomy-
cin-glutamine (Life Technologies) and f-mercaptoethanol (50 nM;
Sigma). For the stimulation with plate-bound anti-CD3¢ and anti-
CD28 antibodies, plates were coated overnight with anti-CD3e
(1 ug/ml) and anti-CD28 (3 pug/ml, 37.51; Biolegend) antibodies.
DP cells (5x10° were stimulated with plate-bound anti-CD3g and
anti-CD28 antibodies under the condition with U0126 (100 uM;
Calbiochem) in DMSO or with DMSO alone.

Quantitative RT-PCR

Total RNA was extracted by TRIZol reagent with PureLink
RNA Mini Kit (Life Technologies). Superscript VILO ¢cDNA
synthesis kit (Life Technologies) was used for reverse transcription.
Quantitative RT-PCR was performed by using Thunderbird
SYBR qPCR Mix (TOYOBO) with ABI PRISM 7900HT
(Applied Biosystems). The PCR primers used for Egr! 5'-
AGGACTTGATTTGCATGGTATTGGA-3" and 5'-ATG-
CAGGGCAGGGTTCTGAG-3', Egr2 5-GAACCAGGA-
CACCGTGAGATGA-3" and 5'-GTAGTGTTGGCAGCTCG-
GACAG-3', Egr3 5'-GACTCGGTAGCCCATTACAATCAGA-
3" and 5'-GAGAGTTCCGGATTGGGCTTC-3" and Actin 5'-
CATCCGTAAAGACCTCTATGCCAAC-3"  and 5'-ATG-
GAGCCACCGATCCACA-3".

Statistical Analysis
Data are presented as the means * s.d. and statistical analysis
was performed using an unpaired Student’s &-test when comparing
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the means of two groups. Differences of P<<0.05 were considered
to be statistically significant (*<<0.05; **P<0.01).

Accession Number
GenBank mRNA sequences: Zfat, NT_078782.

Supporting Information

Figure S1 Surface expression of IL-7Ra and intracellu-
lar expression of Bcl-2. Flow cytometry analysis of the
expression of surface IL-7Ra (A) and intracellular Bcl-2 (B) in
the DP, CD4SP and CD8SP cells from Zfal”" (gray-filled) and
Zfatf " LekCre (black line) mice at 6 to 7 weeks of age (left). Data of
thymocytes from Zfa”’" (black bar) and Zfat”™-LckCre (white bar)
mice were measured as the mean fluorescence intensity (MFI)
(right). The fluorophore-conjugated antibodies used for flow
cytometry analysis and their specificities were as follows: IL-7Ra
(A7R34) and Bcl-2 (10C4; all from Biolegend). Data are
representative of three independent experiments. The data are
the mean * s.d.; * P<<0.05; ** P<0.01; n.s., not significant.

(TTF)
£/f

Figure $2 Rearrangements of TCRa chains in Zfat'" or
Zfat""_LckCre thymocytes. Semiquantitative RT-PCR analy-
sis of Ja-to-Coo rearrangements in DP thymocytes from the
indicated genotypes. Co-Co amplification within a Co region
served as the control. Gapdh, an internal control. Primer sequences
used for amplifications were as follows: Va3 5'-CCCAGTGGTT-
CAAGGAGTGA-3', Ta6 5-CTGACTCATGTCAGCCTGA-
GAG-3', T8 5'-CAACAAGAGGACCGAGCACC-3', Tal4 5'-
TGGGAGATACTCAGCAACTCTGG-3', V19 5'-
CTGCTTCTGACAGAGCTCCAG-3' and Co 5'-TTCAAAGA-

References

1. Shirasawa S, Harada H, Furugaki K, Akamizu T, Ishikawa N, et al. (2004) SNPs
in the promoter of a B cell-specific antisense transcript, SAS-ZFAT, determine
susceptibility to autoimmune thyroid disease. Hum Mol Genet 13: 2221-2231.

2. Koyanagi M, Nakabayashi K, Fujimoto T, Gu N, Baba I, et al. (2008) ZFAT
expression in B and T lymphocytes and identification of ZFAT-regulated genes.
Genomics 91: 451-457.

3. Tsunoda T, Takashima Y, Tanaka Y, Fujimoto T, Doi K, et al. (2010) Immune-
related zinc finger gene ZFAT is an essential transcriptional regulator for
hematopoietic differentiation in blood islands. Proc Natl Acad Sci U S A 107:
14199-14204.

4. Doi K, Fujimoto T, Koyanagi M, Tsunoda T, Tanaka Y, et al. (2011) ZFAT is a
critical molecule for cell survival in mouse embryonic fibroblasts. Cell Mol Biol
Lett 16: 89-100.

5. Fujimoto T, Doi K, Koyanagi M, Tsunoda T, Takashima Y, et al. (2009) ZFAT
is an antiapoptotic molecule and critical for cell survival in MOLT —4 cells.
FEBS Lett 583: 568-572.

6. Doi K, Fujimoto T, Okamura T, Ogawa M, Tanaka Y, et al. (2012) ZFAT plays

critical roles in peripheral T cell homeostasis and its T cell receptor-mediated

response. Biochem Biophys Res Commun. 425: 107-112.

Cho YS, Go MJ, Kim Y]J, Heo JY, Oh JH, et al. (2009) A large-scale genome-

wide association study of Asian populations uncovers genetic factors influencing

eight quantitative traits. Nat Genet 41: 527-534.

8. Takeuchi F, Nabika T, Isono M, Katsuya T, Sugiyama T, et al. (2009)

Evaluation of genetic loci influencing adult height in the Japanese population.
J Hum Genet 54: 749-752.

9. Ramakrishna M, Williams LH, Boyle SE, Bearfoot JL, Sridhar A, et al. (2010)
Identification of candidate growth promoting genes in ovarian cancer through
integrated copy number and expression analysis. PLoS One 5: ¢9983.

10. Slavin TP, Feng T, Schnell A, Zhu X, Elston RC (2011) Two-marker association
tests yield new disease associations for coronary artery disease and hypertension.
Hum Genet 130: 725-733.

11. Comabella M, Craig DW, Morcillo-Suarez C, Rio J, Navarro A, et al. (2009)
Genome-wide scan of 500,000 single-nucleotide polymorphisms among
responders and nonresponders to interferon beta therapy in multiple sclerosis.
Arch Neurol 66: 972-978.

12. Inoue N, Watanabe M, Yamada H, Takemura K, Hayashi F, et al. (2012)
Associations Between Autoimmune Thyroid Disease Prognosis and Functional
Polymorphisms of Susceptibility Genes, CTLA4, PTPN22, CD40, FCRLS3, and
ZFAT, Previously Revealed in Genome-wide Association Studies. J Clin
Immunol 32: 1243-1252.

~

PLOS ONE | www.plosone.org

Role of Zfat in Positive Selection

GACCAACGCCAC-3" with Co Rv primer 5'-TTCAGCAG-
GAGGATTCGGAG-3', Gapdh Fw 5-GAACG-
GATTTGGCCGTATTG-3' and Gapdh Fw 5'-
GATGATGACCCTTTTGGCTC-3'. Data are representative
of three independent experiments.

(TTF)

Figure S3 Reduced ERK activation and Egr induction in
OT-II Zfat”*.LckCre thymocytes. (A) Immunoblots for
phosphorylated or total protein of ERK before or the indicated
time points after the stimulation with cross-linking anti-CD3e
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ies in DP cells from the indicated genotypes. Actin was used as a
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Abstract

Themis (also named Gasp) is a newly identified Grb2-binding protein that is essential for thymocyte positive selection.
Despite the possible involvement of Themis in TCR-mediated signal transduction, its function remains unresolved and
controversial. Themis contains two functionally uncharacterized regions called CABIT (cysteine-containing, all-B in Themis)
domains, a nuclear localization signal (NLS), and a proline-rich sequence (PRS). To elucidate the role of these motifs in
Themis's function in vivo, we established a series of mutant Themis transgenic mice on a Themis ™/~ background. Deletion
of the highly conserved Core motif of CABIT1 or CABIT2 (Corel or Core2, respectively), the NLS, or the PRS abolished Grb2-
association, as well as TCR-dependent tyrosine-phosphorylation and the ability to induce positive selection in the thymus.
The NLS and Corel motifs were required for the nuclear localization of Themis, whereas Core2 and PRS were not.
Furthermore, expression of ACorel- but not ACore2-Themis conferred dominant negative-type inhibition on T cell
development. Collectively, our current results indicate that PRS, NLS, CABIT1, and CABIT2 are all required for positive
selection, and that each of the CABIT domains exerts distinct functions during positive selection.
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Introduction

T cells develop through positive and negative selection in the
thymus to become either class II MHG-restricted helper
CD4"CD8" [CD4-single positive (CD4SP)] or class I MHC-
restricted cytotoxic CD4~ CD8" (CD8SP) cells [1]. However, the
molecular mechanisms of TCR-mediated selection in developing
T cells are not yet fully understood.

Themis (thymocyte-expressed molecule involved in selection)
was identified as a novel mandatory factor for positive selection by
five independent groups in 2009 [2-3-4-5-6]. We identified Themis
(initially named Gasp) from a set of uncharacterized genes whose
expression was restricted to the thymus [2]. Themis knockout mice
exhibited significantly reduced numbers of CD4SP and CD8SP T
cells both in the thymus and periphery [2-3-4-5-6]. Inhibitory
effects of Themis deficiency on negative selection and T cell
activation were controversial among the reports [2-3-4-5],
nevertheless, they were much slighter than that for positive
selection. Thus, Themis is a unique molecule that is essential for
positive selection, but not for negative selection. Expression of
Themis was significantly lower in regulatory T cells (Tregs)
compared to conventional T cells [7], however, study of a natural
mutant rat revealed the importance of Themis on the function of
Tregs [8]. Since Themis-deficient mice did not exhibit inflamma-
tory bowel disease or autoimmune diseases observed in Treg-
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deficient mice, functional requirements for Themis in Tregs could
be different between rat and mouse.

Themis is constitutively associated with Grb2 and is tyrosine-
phosphorylated by Lck and ZAP-70 upon TCR stimulation [5-9-
10]. Some groups reported constitutive association of Themis with
Vavl [9], Itk, and PLC-y1 [5-10-11]. Furthermore, we and other
groups (Fig. S3) demonstrated association of Themis with PLC-y1,
LAT, and SLP76 [5-9-10-11] upon TCR-stimulation, indicating
that Themis would be a component of the SLP76-LAT
signalosome. From these results, Themis is likely to be involved
in TCR-mediated signal transduction. Accordingly, TCR-depen-
dent activation of ERK and NFAT, as well as production of 11.-2
was significantly reduced in Themis knockdown Jurkat cells [10].
In the Themis-knockout mice, however, results were different. We
and other groups observed unaltered activation of ERK and
calcium influx in Themis deficient immature DP thymocyte upon
anti-CD3 antibody stimulation [2-3-4], although one group
reported impaired activation of these signaling events [3].
Moreover, recent study showed that TCR-dependent activation
of ERK, p38 and Vavl were reduced in Themis deficient CD4SP
and CD8SP thymocytes [9]. After all, results were not consistent
between different groups possibly because of different experimen-
tal systems, and therefore no consensus has been reached about
the effect of Themis on TCR-mediated signal transduction.
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Themis contains two novel cysteine-based CABIT (cysteine-
containing, all beta in Themis) domains [4], a bipartite type
nuclear localization sequence (NLS), and a proline-rich sequence
(PRS). The CABIT domain is a newly designated domain
structure conserved among metazoans, and it could adopt an
all-beta-strand structure with at least 12 strands, which suggests
either an extended beta-sandwich-like fold or a dyad of six-
stranded beta-barrel units [4]. In mammals, the CABIT domains
are conserved among three Themis family proteins (Themis/
Themisl, ICB1/Themis2 and 9130404H23Rik/Themis3) har-
boring two tandemly-repeated CABIT domains (CABIT1 and
CABIT?2) and two Fam59 proteins (Fam59a and b) containing one
CABIT domain [4]. Although a number of proteins containing
CABIT domains have been identified, their function is totally
unknown. Therefore, elucidation of the function of CABIT
domains has long been awaited.

In order to reveal the function of Themis in positive selection,
we investigated the function of each structural domain and motif
in Themis. In the present study, we generated a series of transgenic
(Tg) mice expressing mutant Themis proteins lacking each domain
on a Themis™’~ background. Deleted motifs were the PRS and
the highly conserved cysteine-containing Core motif of the
CABIT1 or CABIT?2 domain (Corel and Core2, respectively).
We found that the PRS, Corel, and Core2 motifs were all
required for Grb2-binding and TCR-dependent tyrosine-phos-
phorylation, as well as for positive selection in the thymus.
Interestingly, the Corel and NLS motifs were required for nuclear
localization of Themis, whereas Core2 and PRS were not.
Furthermore, Corel- but not Core2-deleted mutant exhibited a
dominant negative inhibitory effect on T cell development even in
the presence of wild-type Themis. These results indicate that each
structural motif in Themis exerts an essential but distinct role in T
cell development, and that the two CABIT domains in Themis
have distinct functions.

Materials and Methods

Mice

Themis /™ mice have been previously described [2]. For
generation of Themis transgenic mice, PCR-cloned c¢DNA
fragments encoding WT or APRS,ANLS, ACorel, ACore2, or
CAB2-1 mutants of Themis were inserted into the hCD2-VA
vector [12]. The transgenes were purified and microinjected into
the pronuclei of fertilized eggs from mixed background mice
[BDF1 (SLC)xThemis™’~ mice on a C57BL/6 background]
using standard procedures. The embryos were transferred to the
oviducts of pseudopregnant ICR female mice. Previous studies
have shown the human CD2 promoter/enhancer directs the
expression of transgenes in mice to the T cell lineage [12]. The
APRS, ACorel, and ACore2-Tg mice used in the study were
homozygous for transgene (APRS-Tg**, ACorel-Tg"™*, ACore2-
Tg**) with the exception of ACorel-Tg" ™ in the Fig. S4.
Instead, the ANLS-, WT, and CAB2-1-Tg mice were heterozy-
gous for transgene (ANLS-Tg" ™, WT-Tg" ™, CAB2-1-Tg" ™).
All mice were housed under specific pathogen-free conditions. All
animal experiments were approved by the Animal Care and Use
Committee of the National Center for Global Health and
Medicine (NCGM) Research Institute, and conducted in accor-
dance with institutional procedures.

TCR Stimulation

Thymocytes were pre-treated with biotin-conjugated anti-CD3¢
(145-2C11, Biolegend) and anti-CD4 (RM4-4, eBioscience)
antibodies (10 pg/mL each) at 4°C for 30 min. Cells were then
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washed, resuspended in RPMI-1640 complete medium, and
stimulated with streptavidin (BECKMAN COULTER, 10 pg/
mL) at 37°C for the indicated times. Ice-cold PBS or paraformal-
dehyde (final concentration of 2%) was added to stop stimulation.

Immunoprecipitations and Western Blot Analysis

Cells were lysed with lysis buffer (50 mM Tris-HCI1 [pH7.5],
150 mM NaCl, 10 mM MgCly, 0.5% Nonidet P-40) containing
protease and phosphatase inhibitor cocktail (Thermo Scientific)).
Cell lysates were immunoprecipitated with antibodies conjugated
to protein G-sepharose beads (GE). Antibodies used for immuno-
precipitation were anti-Themis pAb (06-1328, Millipore) and anti-
Themis mAb 2E7. 2E7 is a rat monoclonal antibody produced
against recombinant full-length Themis from mice [2]. Antibodies
used for western blotting are as follows: anti-Grb2 (MS-20-3,
MBL), anti-phospho-tyrosine 4G10 (05-321, Millipore), anti-
PLCy-1 (2822, Cell Signaling), anti-LAT (9166, Cell Signaling),
anti-CRK (610035, BD), anti-PARP (ab6079, Abcam), anti-
SOS1/2 (SC-259, SantaCruz), and anti-HA (3F10, Roche).
Horseradish peroxidase-conjugated anti-IgG secondary antibodies
against rabbit, rat, or mouse IgG (GE) were used with Lumigo
substrate (Cell signaling).

Flow Cytometry

For cell-surface staining, the following Abs were used: anti-
CD25 (PC61), anti-CD62L (MEL-14), anti-CD4 (RM4-5 and
GK1.5), anti-CD8a (5H10-1 and 53-6.7), anti-Foxp3 (FJK-16a),
anti-TCRP (H57-597), anti-CD69 (H1.2F3), anti-CD44 (IM7)
Abs. All antibodies were purchased from eBioscience or Biolegend.
To examine ERK phosphorylation, cells were fixed and
permeabilized with 90% methanol and stained with anti-
phospho-ERK (197G2, Cell Signaling) Ab. Foxp3 staining was
performed using the FOXP3 staining kit (00-5523-00, eBioscience)
according to the manufacturer’s protocol. Cells were analyzed
using a FACS Cantoll (Becton Dickinson), and the data were
analyzed using Flow]Jo software (Tree Star).

Subcellular Protein Fractionation

Nuclear and cytoplasmic fractions were isolated from total
thymocytes or sorted DP thymocytes using the Subcellular Protein
Fractionation Kit (Pierce) following the manufacturer’s protocol.

Immunofluorescence Confocal Microscopy

Thymocytes were fixed with 2% paraformaldehyde and
permeabilized with 0.1% saponin, and stained with anti-Themis
antibody (06-1328, Millipore) or isotype control antibody, followed
by staining with Alexa-fluor 647-conjugated anti-rabbit IgG
(A21246, Molecular Probes, 5 ug/mlL) and DAPI (0.2 ug/mL).
Images were collected with an Olympus FV-1000 multitracking
laser scanning confocal microscope (Olympus Japan) with a 100 x
oil objective (NA 1.4), giving a resolution of 0.9 um in the X, Y —
plane.

Statistical Analysis

All data are represented as means = SEM. Flow cytometric
data were analyzed using the Unpaired T test (GraphPad Prism
version 5.0). Asterisks in all figures are as follows: ¥*P<<0.05; **P<
0.01; **P<<0.001. N.S.; not significant.
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Results

Establishment of Mutant Themis Transgenic Mouse Lines

To determine whether the structural motifs of Themis
contribute to its function, we generated a series of transgenic
mice expressing mutant Themis proteins lacking each domain
(Fig. 1A, Fig. S1). The Themis mutants used in the present study
were as follows: APRS (lacking the PRS: aa 555-563), ANLS
(lacking the NLS: aa 345-349), ACorel (lacking the Core region of
CABIT1 domain: aa 150-174), ACore?2 (lacking the Core region of
CABIT2 domain: aa 411-434), and CAB2-1 (swapping entire
region of CABIT1 [aa 1-261] and CABIT2 [aa 262-521]). These
mutant proteins were expressed under the control of the human
CD?2 promoter [12]. Each Tg line was then bred with Themis ™~
mice to replace endogenous wild-type Themis with each mutant
Themis. As shown by Western blotting analysis in Fig. 1B,
expression of mutant Themis protein in each Tg line was almost
comparable to the endogenous Themis™™* level, although expres-
sion of ACore2 and CAB2-1 were more comparable to Themis* ™
level. As has been reported [9], introduction of a CD2-driven wild-
type Themis transgene into Themis /™ mice successfully recov-
ered defective positive selection in the knockout (Fig. 2A), proving
that this transgenic approach is useful to evaluate the function of
Themis mutant proteins i vivo.

The PRS, NLS, Corel, and Core2 Motifs in Themis are all
Required for Positive Selection

First, we analyzed positive selection using these mutant mice.
Themis™’~ mice showed a marked reduction of CD4SP and
CD8SP thymocytes and splenocytes (Fig. 2A) as has been reported
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Figure 1. Generation of Themis '~ mice expressing mutant

Themis proteins. (A) Schematic representation of the mutant Themis
proteins. (B) Analysis of Themis protein expression by immunoblot
using sorted CD69~ DP thymocytes from Themis™*, Themis™ ",
Themis™~ and Themis™™ mice expressing APRS, ACorel, ACore2,
ANLS, CAB2-1 mutant, or WT Themis. Data are representative of more
than three independent experiments.

doi:10.1371/journal.pone.0089115.g001
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[2-3-4-5-6]. Although the transgenic expression of WT Themis
completely restored T cell development in Themis ™ mice
(Fig. 2A), none of the mutants (APRS, ANLS, ACorel, ACore2,
CAB2-1) could restore positive selection. In the thymus, genera-
tion of CD4-SP in these mutants was the same or even less than
the knockout (Fig. 2A-B, Fig. S2A) with the exception of the NLS
mutant which showed some recovery of CD4-SP thymocytes
(Fig. 2A-B). In the APRS mutant, peripheral CD4SP cells were
significantly recovered despite the defective positive selection in
the thymus, suggesting that PRS might not be critical in peripheral
expansion and survival of mature T cells. The NLS mutant also
showed some recovery of CD4-SP in the periphery, possibly
because of the milder defect of positive selection in the thymus.
Interestingly, ACorel mutant mice exhibited a severer inhibition
of T cell development than the Themis deficient mice. These mice
also showed decreased numbers of thymic DP, which was not seen
in Themis knockout mice. Also, post-selected (CD69™, TCR") DP
thymocytes were significantly fewer in the ACorel mutant mice
(Fig. S2C). Indeed, all of the T cell subsets in ACorel Tg mice
were fewer than the knockout (Fig. 2B). From these results, loss of
the Corel motif in Themis resulted in a severer phenotype than
the loss of entire Themis. Finally, complete loss of positive
selection in CAB2-1 mutant indicates that even the order of the
two CABIT domains is critical for its function. Collectively, the
PRS, NLS, Corel, and Core2 are all required for Themis’s
function, and each motif may have different roles.

PRS, NLS, CABIT1, and CABIT2 are Required for Tyrosine-
phosphorylation and Grb2-association

We and other groups previously reported that Themis
constitutively associates with Grb2 [2,3,9-11], and is tyrosine-
phosphorylated upon TCR stimulation [5,9-11]. We then
investigated whether the deletion of each motif affects Grb2-
association and tyrosine-phosphorylation. We observed that
endogenous wild-type Themis constitutively associated with
Grb2 in thymocytes, and was tyrosine-phosphorylated upon
stimulation with anti-CD3 plus anti-CD4 antibodies (Fig. 3A) as
previously reported [2-5,9-11]. In addition, we observed stimula-
tion-dependent association of Themis with PLC-y1 and SOS (Fig.
S3A), suggesting a possible involvement of Themis as a component
of the SLP76/LAT-signalosome complex [11]. As shown in
Fig. 3A, we could successfully immunoprecipitate APRS, ANLS,
ACorel, ACore2, and CAB2-1 Themis mutant proteins, but all of
these mutant Themis proteins lost constitutive association with
Grb2. Additionally, all five mutants also lost tyrosine-phosphor-
ylation upon TCR stimulation (Fig. 3A). These results indicate
that the PRS, NLS, Corel, and Core2 motif, as well as order of
the two CABIT domains are all critical for Grb2-association and
tyrosine-phosphorylation of Themis.

Because a previous i vitro study reported that Themis binds to
Grb2 via its PRS motif [11], inability of ANLS, ACorel, ACore2
and CAB2-1 mutants to associate with Grb2 was quite surprising.
Therefore, we decided to reinvestigate the biochemical basis of the
Themis-Grb2 interaction in thymocytes. We utilized our mono-
clonal antibody (mAb) against Themis (clone 2E7) [2], which
recognizes an epitope around the PRS (aa 555-563) (Fig. 3B). We
found that the 2E7 mAb binds only to Grb2-unbound Themis, but
not to Grb2-bound Themis by sequential immunoprecipitation
experiments (Fig. 3C). These results strongly indicate that 2E7
mAb and Grb2 compete for binding to the PRS, supporting direct
association of Grb2 with the PRS of Themis in thymocytes.
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doi:10.1371/journal.pone.0089115.g002

The Core1 but not Core2 Motif is Required for Nuclear

Localization

Although initial experiments using a GFP-fusion protein of
Themis exhibited cytosolic localization of Themis protein [2-4],
Western-blotting results by subcellular fractionation proved that
endogenous Themis exists in the nucleus as well as the cytosol [3-
9]. In fact, we also confirmed the existence of endogenous Themis
protein in nuclear fractions by Western blotting (Fig. 4A).
Furthermore, existence of Themis in the nucleus was also
confirmed by immunostaining analysis by confocal fluorescence
microscopy. As shown in Fig. 4B, Themis was visualized in cytosol,
as well as in the nucleus as punctate staining. Staining of DNA and
Themis appeared mutually exclusive, suggesting that Themis exists
unassociated with DNA in the nucleus. We next investigated
nuclear localization of each mutant Themis protein in thymocytes
by subcellular fractionation. As shown in Fig. 4C-D, APRS and
ACore2 mutant Themis successfully translocated to the nucleus
similar to wild-type Themis, whereas ACorel and ANLS mutant
existed only in the cytosol (Fig. 4C-D). Although the importance of
the NLS motif on nuclear localization of Themis protein has been
reported by another group [9], we further showed the Corel motif
to be essential for nuclear translocation of Themis. Furthermore,
the order of the two CABIT domains was also critical for the
translocation. From these results, we conclude that not only NLS
but also the Core motif in the CABIT-1 domain are important for
nuclear translocation of Themis.

PLOS ONE | www.plosone.org

Dominant Negative Inhibitory Effect of ACorel Mutant

on T Cell Development

We observed that ACorel mutant Tg mice in Themis /™
background showed severer and distinct defects on T cell
development when compared to Themis ’~ mice (Fig. 2A).
These results indicate that ACorel mutant protein could affect T
cell development in a dominant negative fashion. To confirm this
possibility, we investigated the phenotype of ACorel Tg mice on a
Themis™* background. Indeed, positive selection of both CD4SP
and CD8SP thymocytes was significantly decreased in ACorel-Tg
Themis*’* mice, whereas ACore2-Tg Themis™* mice did not
exhibit any significant change (Iig. 5A). Absolute numbers of DP
thymocytes in ACorel-Tg Themis** were also reduced, which is
totally different from the phenotype of Themis deficiency. In
addition, numbers of peripheral CD4SP and CD8SP cells were
severely reduced in ACorel-Tg mice. In ACorel-Tg Themis**
mice we also observed a strong reduction of the earliest post-
selected DP (CD69™ TCR™) thymocytes, whereas the reduction
was slight in the ACore2-Tg Themis** mice (Fig. 5B). Expression
of CD25 and CD44 on DP thymocytes was somehow increased in
ACorel-Tg, but not in ACore2-Tg Themis™* mice (Fig. 5C). In
the periphery of ACorel-Tg Themis*’* mice, memory CD4SP
and CD8SP cells (CD44" CD62L"°) were strongly increased with a
concomitant decrease of naive populations (CD44' CD62L"™),
possibly because of homeostatic expansion in lymphopenic mice
(Fig. 5D). Again, this increase of the memory population was
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+

observed only in ACorel-Tg, but not in ACore2-Tg Themis"’
mice. Since ACorel-Tg Themis™* mice showed a strong defect in
positive selection, we investigated TCR-dependent activation of
ERK [13], which is critical in the process. As shown in Fig. 5E,
anti-CD3 plus anti-CD4 mAb stimulated phosphorylation of ERK
was strongly inhibited in the presence of ACorel mutant Themis
but not of ACore2 mutant. Therefore, decreased positive selection
in ACorel-Tg mice could partly be due to the impaired ERK
activation. We also found that the absolute number of
CD25%Foxp3™ natural regulatory T cells (nTreg) in the thymus
was significantly reduced in ACorel-Tg, but not in ACore2-Tg
Themis™* mice (Fig. 5F). Differentiation of NKT and y8-T cells
in Themis*’* ACorel mice was not changed (data not shown).
Collectively, expression of Corel-deleted Themis in immature
thymocytes caused dominant-negative type inhibition of T cell
development, possibly by interfering with signaling related to ERK
activation. All of these analyses were carried out using transgene
homozygous (ACorel-Tg™" or ACore2-Tg"*) mice. Because
expression levels of mutant protein in ACore2-Tg"* were
significantly less than that of ACorel-TgH * mice, one can assume
that the absence of dominant negative effects in ACore2-Tg mice
was simply due to the fewer expression of less ACore2 mutant
protein. Therefore, we compared transgene heterozygous
(ACorel—Tg+/7) mice with homozygous (ACoreQ—Tg+/ M
As shown 1n Fig. S4A, protein expression level of mutant Themis
protein in ACorel-Tg™ ™ mice and ACore2-Tg** mice were the
same, which were equivalent with that of Themis™ ™ mice.
Although expression of the two mutant proteins were the same

mice.
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level, only ACorel-Tg showed dominant negative effects (Fig.
S4B-C), proving that the effect is specific to the ACorel mutant
protein. Since the dominant negative inhibitory effects were only
observed in ACorel-Tg but not in ACore2-Tg, our current results
clearly indicated distinct functions for CABIT1 and CABIT2
domains.

Discussion

Themis contains an NLS, PRS, and two CABIT domains. The
CABIT domain, which was identified by Schwartz’s group, is
conserved through protozoa and is predicted to form either an
extended beta-sandwich-like fold or a dyad of 6-strand beta-barrel
structures [4]. Themis family proteins (Themis, Themis2, and
Themis3) contain two CABIT domains and a PRS. A recent
report demonstrated that Themis and Themis2 were functionally
interchangeable in terms of T cell development [9], indicating the
important function of CABIT domains. Therefore, in the present
study, we focused on the function of CABIT domains, especially
on differences in the two CABIT domains in Themis.

To elucidate the involvement of each domain/motif in Themis
on its function in positive selection, we established several mutant
Themis Tg lines. Because Themis™ ™~ mice showed an interme-
diate effect on positive selection between Themis*’* and
Themis™ /™ mice [2], it is obvious that the expression level of
Themis protein in thymocytes critically affects the result of positive
selection. Therefore, the expression level of mutant protein in
these Tg mice is important for evaluating their function. We
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Themis protein ratio compared with Themis™*
noted in the graphs. *p<<0.05.
doi:10.1371/journal.pone.0089115.g004

screened a large number of founder lines of each mutant transgene
and managed to establish lines with comparable protein expression
(Fig. 1B).

Very recently, the PRS motif was reported to be important for
Grb2-association, tyrosine-phosphorylation, and positive selection,
using irradiation-mediated chimeric mice reconstituted with
retrovirally transduced bone marrow cells [11]. It would be
difficult to evaluate the expression level of mutant Themis protein
in reconstituted thymocytes, however, our present results using
APRS-Tg mice with equivalent protein expression with endoge-
nous Themis (Fig. 1B) strongly supported their observations.
Despite strong inhibition of positive selection in the thymus of
APRS mice, the number of CD4SP in the periphery was
significantly increased compared to Themis™ /™ mice, suggesting
that the PRS motif in Themis is critical in positive selection in the
thymus, but may not be important in peripheral survival and
maintenance of mature T cells.

We firstly demonstrated that the consensus motif of CABIT2
domain (Core2) was crucial for positive selection. Furthermore,
deletion of the Corel motif resulted in a much severer inhibition of
T cell development than seen in Themis ’~ mice. Therefore, we
next investigated the phenotype of ACorel- and ACore2-Tgs on a
wild-type background. The ACorel-Tg mice in Themis*™*
background showed decreased numbers of DP thymocytes, strong
inhibition of CD8SP thymocyte development, reduced numbers of

PLOS ONE | www.plosone.org 6

mice. Data are representative of more than three independent experiments. Significant differences are

thymic nTregs, and an increased memory population (CD44"
CD62LY°) of peripheral mature T cells. The DP thymocytes from
ACorel-Tg showed decreased ERK activation upon TCR
stimulation. These phenotypes were not observed in Themis ™~
mice, suggesting that the ACorel mutant inhibits T cell
development in a Themis-independent manner. Instead, the
ACorel mutant may perturb the function of unidentified protein(s)
that compensate the residual T cell development in Themis ™/~
mice. Lastly, and most importantly, the dominant negative
inhibitory effects were not observed in either the ACore2-Tg
mice or the wild-type Themis-Tg mice, indicating that the loss of
the Core motif of either CABIT1 or CABIT2 domains induces
qualitatively different effects. It is possibly explained by differential
protein association with ACorel and ACore2, or because of the
lack of nuclear interaction of ACorel with another protein.
Because two independent lines of ACorel Tg mice showed the
identical phenotype, the phenotype must not be an artifact caused
by the destruction of other genes by the insertion of Tg vector.
The dominant negative effects were not due to higher protein
expression of the ACorel versus the ACore2 mutant, because
heterozygous ACorel-Tg+/— mice, having equivalent protein
expression with homozygous ACore2-Tg+/+ mice, also showed
the same dominant negative phenotypes (Fig. S4A-C). Collective-
ly, in the present study, we clearly demonstrated differential
functions for CABIT1 and CABIT2 domains.
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Figure 5. The CABIT1 and CABIT2 in Themis have different functions. (A) CD4 and CD8 profiles of thymocytes and splenocytes of Themis**,
Themis™* ACore1, and Themis™* ACore2 mice. Numbers in plots show the frequency of cells in the indicated area. Bar graphs show absolute number
of total thymocytes and thymocyte subsets from Themis**, Themis™* ACore1, and Themis™* ACore2 mice (mean * SEM). Data are representative of
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independent experiments. (C) Surface expression of CD25 and CD44 on gated DP thymocytes. Data are representative of four independent
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Representative histogram overlays of phosphorylation of ERK. DP thymocytes were stimulated with anti-CD3 plus anti-CD4 Abs for 1min, then
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three independent experiments. (F) Absolute number of thymic CD4"25'Foxp3™ Treg cells (mean = SEM). Data are representative of four
independent experiments. Significant differences are noted in the graphs. *p<<0.05, **p<<0.01. N.S.=not significant.

doi:10.1371/journal.pone.0089115.g005

We demonstrated that Themis constitutively associates with
Grb2 in thymocytes. Themis2 also associates with Grb2 [9],
therefore Grb2-association must be an important feature of
Themis family proteins. In the recent peptide inhibition study,
the PRS motif of Themis was shown to directly interact with the
C-terminal SH3 motif of Grb2 [11]. The result from immuno-
precipitation experiments using our own anti-Themis monoclonal
antibody (2E7) also supported direct binding of Grb2 to the PRS
motif of Themis (Fig. 3B). As has been recently reported [9], we
also observed defective association of the APRS mutant Themis
with Grb2 in thymocytes (Fig. 3A). More surprisingly, not only
APRS,; but also all other mutants lost the ability to associate with
Grb2 (Fig. 3A). These results suggest that the intra-molecular
interaction of these domains is crucial to form the proper three-
dimensional structure to associate with Grb2. Moreover, all of the
five mutants in the present study lost not only Grb2 binding, but
also tyrosine-phosphorylation. It should be noted that these five
mutants also lost weak basal phosphorylation of the protein in
unstimulated thymocytes (Fig. 3A).

From our sequential immunoprecipitation experiments, a half of
Themis binds to Grb2 (Fig. 3C, Fig. S3C), and about one tenth of
Grb2 binds to Themis (Fig. S3B). A recent study with T cell-
specific Grb2-deficient mice revealed that Grb2 is critical for
positive selection [14]. Although Grb2 has been reported to
associate with several molecules (e.g. Sos, Shc, FAK) other than
Themis [15-17], deficiency of Shc or FAK does not inhibit positive

PLOS ONE | www.plosone.org

selection. Involvement of Sos in positive selection was also recently
shown to be nonobligatory because Sosl/Sos2 DKO exhibited
normal positive selection [18]. Therefore, Themis and Grb2 may
be cooperatively required for positive selection. Further analysis of
Themis/Grb2 DKO would clarify whether Themis and Grb2 are
functionally complementary during positive selection.

We demonstrated that the PRS, NLS, Corel, and Core2 motifs
were all required for Grb2-association, tyrosine-phosphorylation,
and positive selection, whereas NLS and CABIT1 are required for
nuclear translocation. The CABIT1 domain might be important
for the interaction of Themis with nuclear transporter proteins. So
far, the causal relationship between positive selection, Grb2-
association, and tyrosine-phosphorylation is not yet understood,
however, our results demonstrated that all of these are tightly
correlated to one another. On the contrary, the current study
demonstrated that positive selection and nuclear translocation of
Themis are not directly correlated. As a matter of fact, it should be
noted that deletion of the NLS motif exhibited the least effect on
positive selection compared to the deletion of other motifs,
indicating that nuclear translocation of Themis may be less
important for positive selection.

Finally, this is the first report that describes the significance of
the CABIT domain in cellular events. Furthermore, two CABIT
domains exist in Themis are functionally different and not
interchangeable. Although the structural basis for the function of
CABIT domains remains to be elucidated, our study clearly
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demonstrated that the two CABIT domains in Themis are pivotal
and serve distinct roles i its function for driving T cell
development.

Supporting Information

Figure S1 The amino acid sequence used for generation of
mutant Themis transgenes.

(EPS)

Figure 82 Characterization of Themis transgenes lacking the
Corel, Core2, PRS, or NLS motif in Themis ™/~ background
mice. Bar graphs represent numbers of (a) thymocyte and (b)
splenocyte subsets (mean £ SEM). (c) Proportion of post-selected
CD69"TCRPB" DP cells in cach mutant. Results are representative
of more than three independent experiments. Only significant
differences in mutant-Tgs against —/— are noted in the graphs.
*p<<0.05, *¥p<<0.01, ***p<0.0001.

(EPS)

Themis interacts with the LA'T signalosome complex
-

Figure S3
in thymocytes. (a) Thymocytes from Themis*’* and Themis
mice were stimulated with anti-CD3/anti-CD4/anti-CD8 Abs for
indicated times at 37°C. Proteins were immunoprecipitated with
anti-Themis pAb and analyzed by immunobloting with the
indicated Abs. (b) Immunoprecipitates with anti-Themis Ab from
Themis™* thymocytes were immunoblotted with anti-Grb2. Bar
graphs show the relative density of the immunoblots of Grb2 from
total lysate, immunoprecipitates with anti-Themis (IP), and the
supernatant after the immunoprecipitation (Sup). (¢) Cell lysates
from Themis™* thymocytes were sequentially immunoprecipitat-
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