PP6 Controls T Cell Development and
Homeostasis by Negatively Regulating Distal
TCR Signaling
This information is current as
of March 10, 2015.

Jian Ye, Hao Shi, Ye Shen, Chao Peng, Yan Liu, Chenyu Li,
Kejing Deng, Jianguo Geng, Tian Xu, Yuan Zhuang, Biao
Zheng and Wufan Tao
J Immunol 2015; 194:1654-1664; Prepublished online 21
January 2015;
doi: 10.4049/jimmunol.1401692
http://www.jimmunol.org/content/194/4/1654

References
Subscriptions
Permissions
Email Alerts

http://www.jimmunol.org/content/suppl/2015/01/20/jimmunol.140169
2.DCSupplemental.html
This article cites 48 articles, 22 of which you can access for free at:
http://www.jimmunol.org/content/194/4/1654.full#ref-list-1
Information about subscribing to The Journal of Immunology is online at:
http://jimmunol.org/subscriptions
Submit copyright permission requests at:
http://www.aai.org/ji/copyright.html
Receive free email-alerts when new articles cite this article. Sign up at:
http://jimmunol.org/cgi/alerts/etoc

The Journal of Immunology is published twice each month by
The American Association of Immunologists, Inc.,
9650 Rockville Pike, Bethesda, MD 20814-3994.
Copyright © 2015 by The American Association of
Immunologists, Inc. All rights reserved.
Print ISSN: 0022-1767 Online ISSN: 1550-6606.

Downloaded from http://www.jimmunol.org/ at Fudan Univ Sch of Pharm/Shanghai on March 10, 2015

Supplementary
Material

The Journal of Immunology

PP6 Controls T Cell Development and Homeostasis by
Negatively Regulating Distal TCR Signaling
Jian Ye,* Hao Shi,* Ye Shen,* Chao Peng,* Yan Liu,* Chenyu Li,* Kejing Deng,*
Jianguo Geng,† Tian Xu,*,‡ Yuan Zhuang,*,x Biao Zheng,{ and Wufan Tao*

T

cell development and activation are tightly regulated by
signals initiated from the TCR. The strength and duration
of TCR signals depend on the TCR affinity to peptide–
MHC and are further modulated by the downstream signaling
molecules consisting of the proximal and distal signaling cascades
(1). TCR signal strength is a critical determinant for thymic
positive and negative selection, during which insufficient or excessively strong signals will lead to elimination of useless or
potentially autoreactive T cells, respectively (2, 3). Upon maturation, most T cells are thought to maintain their naive state by
sensing tonic TCR signals, which are necessary for survival and
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homeostatic proliferation without premature activation (4). During
pathogenic infection, Ag-specific T cells are clonally activated by
a strong TCR signal. T cell activation leads to clonal expansion of
short-lived effectors and differentiation into the long-lived memory cells, which provide the host with immediate and future
protection against the pathogen, respectively.
Protein phosphorylation is an important protein modification
that regulates TCR signaling (1). Protein tyrosine kinases and protein Ser/Thr kinases are mostly involved in positive regulation of
proximal and distal TCR signaling, respectively, and their roles in
this process have been well established. Protein phosphatases
(PPs) are largely responsible for negative regulation of TCR signaling. Based on their substrate specificity, PPs can be mainly
classified into three subgroups: protein tyrosine phosphatases
(PTPs), dual-specificity phosphatases (DUSPs), and Ser/Thr PPs.
Four PTPs including PTPN2, PTPN6 (SHP-1), PTPN12 (PTPPEST), and PTPN22 (PEP) have been demonstrated to function
as key signaling modulators attenuating proximal TCR signaling
during positive selection and T cell activation. CD45 (PTPRC),
a special PTP, regulates proximal TCR signaling in both positive
and negative manners. CD45 deficiency blocks TCR signaling and
early T cell development in thymus (5). DUSPs are negative
regulators of MAPKs; however, all reported DUSP-deficient mice
do not exhibit any detectable defect of thymocyte development
(6). The roles of PPs in regulating TCR signal cascade still remain
to be investigated.
PP2A subfamily, a major class of PPs, consists of three phosphatases: PP2A, PP4, and PP6 (7). The physiological functions of
PP2A in T cell biology have so far not been reported. PP4 can
inhibit NF-kB activity by dephosphorylating IKKb in Jurkat
T cells (8). T cell–specific deletion of PP4 in mice impaired
positive selection of thymocytes and compromised Ag-specific
T cell proliferation by attenuating activation of PLCg1 and ERK
(9). Until now, there were only a limited number of reports describing PP6 functions at cellular or biochemical levels. The holoenzyme of PP6 is composed of a catalytic subunit, a SAPS
domain subunit, and an ankyrin repeat subunit (10). PP6 regulates
chromosome segregation in mitosis through inhibiting Aurora A
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T cell development and homeostasis are both regulated by TCR signals. Protein phosphorylation and dephosphorylation, which are
catalyzed by protein kinases and phosphatases, respectively, serve as important switches controlling multiple downstream pathways
triggered by TCR recognition of Ags. It has been well documented that protein tyrosine phosphatases are involved in negative
regulation of proximal TCR signaling. However, how TCR signals are terminated or attenuated in the distal TCR signaling
pathways is largely unknown. We investigated the function of Ser/Thr protein phosphatase (PP) 6 in TCR signaling. T cell
lineage-specific ablation of PP6 in mice resulted in enhanced thymic positive and negative selection, and preferential expansion
of fetal-derived, IL-17–producing Vg6Vd1+ T cells. Both PP6-deficient peripheral CD4+ helper and CD8+ cytolytic cells could not
maintain a naive state and became fast-proliferating and short-lived effector cells. PP6 deficiency led to profound hyperactivation of
multiple distal TCR signaling molecules, including MAPKs, AKT, and NF-kB. Our studies demonstrate that PP6 acts as a critical
negative regulator, not only controlling both ab and gd lineage development, but also maintaining naive T cell homeostasis by
preventing their premature activation before Ag stimulation. The Journal of Immunology, 2015, 194: 1654–1664.
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Materials and Methods
Generation of PP6-deficient mice
To construct the PP6 gene–targeting vector, we isolated a genomic DNA
fragment containing exons 3–7 of PP6 from the 129/Sv mouse genomic
phage library (Stratagene). In the gene targeting vector, a nuclear b-gal
reporter gene with a splicing acceptor and a neomycin expression cassette
flanked by Flp recombination target (FRT) sites were inserted after exon 4.
Splice acceptor was derived from exon 2 of mouse En2 gene. A pair of
LoxP sites was also inserted at SpeI and BamHI sites flanking exons 5 and
6, and a diphtheria toxin A expression cassette was used as a negative selection marker. The linearized PP6 targeting vector was electroporated into
mouse embryonic stem (ES) cells (W4/129S6 ES; Taconic Transgenic),
and the recombinant ES cell clones were screened by PCR and further
confirmed by Southern blot analysis. Two recombinant ES clones were
injected into C57BL/6J blastocysts to produce chimera mice. PP6+/galeo
mice were crossed with Act-Flpe transgenic mice (stock no. 003800) to
delete the b-gal and neo cassette to generate PP6+/F mice. PP6+/F mice
were backcrossed with C57BL/6 for six generations before crossing with
Lck-Cre (17) or CD4-Cre (18) transgenic mice. PP62 null allele was generated after removal of the fragment containing exons 5 and 6 by introducing a Cre transgene driven by universal Pgk promoter or T cell–specific
Lck or CD4 promoter. Deletion of exons 5 and 6 led to a frame shift and
multiple stop codons in exon 7 in truncated PP6 mRNA. Oligos pp6-FRT-F1
(p1: 59-TGTGGATTCTGGGGTTCAAAGTC-39); PP6-loxP2-R1 (p2: 59CAGCACCTGACTCCATTATGTTGG-39); and pp6-FRT-R1 (p3: 59- GGTTCAGTTCTCAGTAGCCATAGGG-39) were used for genotyping of PP6F
allele and PP62 null allele by PCR.

times before being lysed with radioimmunoprecipitation assay buffer
containing 1 mM PMSF and 13 proteinase inhibitor (Roche). Immunoblots were performed as described previously (21) with Abs to p-ERK
(4370), ERK (4695, 9107), p-JNK (4668), JNK (9258), p-p38 (4511),
p38 (8690), p-c-Raf (9427), p-MEK1/2 (9154), p-MEK4 (9156), p-MEK3/
6 (9231), MEK1/2 (9126), p-IKKa/b (2697), IKKa (2682), p-p65 (8242),
p65 (3033), p-IkBa (2859), IkBa (4814), p-IkBε (4924), IkBε (9249),
p-Zap70 (2717), Zap70 (3165), p-LAT (3584), LAT (9166), p-LCK (2751),
LCK (2787), p-PLCg1 (2821), and PLCg1 (5690) purchased from Cell
Signaling. Anti-PP6 (07-1224) was from Millipore, and anti–b-Actin (AC15) was from Sigma-Aldrich. Images were acquired with Tanon-5200 or
Biorad ChemiDoc MP System, and the density of the bands was quantified
by ImageJ.
For surface marker analysis, cells were stained with indicated Abs in PBS
containing 2% FBS. Intracellular staining was performed according to the
manufacturer’s instructions. Abs to Bcl-2 (3F11), CD4 (RM4-5), CD8b
(H35-17.2), CD3ε (145-2C11), TCRb (H57-597), TCRgd (GL3), CD5
(53–7.3), CD24 (30-F1), CD69 (H1.2F3), CD25 (PC61.5), CD44 (1M7),
CD62L (MEL-14), CD45.1 (A20), CD45.2 (104), TCRVb5 (MR9–4),
TCRVb8 (KJ16), TCRVb11 (C21), TCRVa2 (B20.1), IL-7R (SB/199),
TCRVg1 (2.11), TCRVg4 (UC3-10A6), TCRVg5 (536), CCR6 (140706),
CD27 ((LG.7F9), IFN-g (XMG1.2), IL-4 (11B11), IL-17 (TC11-18H10),
Foxp3, and Ki67 Kit were purchased from BD or eBioscience. Anti-TCR
Vg6 was a gift from Dr. Robert E. Tigelaar at Yale University. The staining
of Vg6+ gd T cells has been described previously (22). Dead cells were
excluded during analysis according to their light-scattering characteristics
and/or 7-aminoactinomycin D (7AAD) staining.
For staining of mitochondria, lymphocytes were incubated with 20 nM
MitoTracker Green (Invitrogen) at 37˚C for 20 min. Reactive oxygen
species were measured by incubation with 10 mM dihydroethidium
(Sigma-Aldrich) at 37˚C for 30 min. CFSE labeling was performed by
incubating sorted cells with 5 mM CFSE (Invitrogen) at 37˚C for 20 min
followed by adoptive transfer into B6.SJL mice. Flow cytometry data were
acquired on FACSCalibur or LSRII (BD) and were analyzed with FlowJo
software (Tree Star). CD4+ T cells were isolated from splenocytes with
anti-CD4–coated magnetic microbeads (Miltenyi Biotec). gd T cells were
sorted on FACSAria II (BD Biosciences).

Adoptive transfer
For adoptive transfer, freshly isolated splenocytes containing an equal
amount of wild type (WT) or PP6-deficient CD4+ T cells or CFSE-labeled
purified CD4+ T cells were i.v. injected into B6.SJL as described previously (23).

X-gal staining
PP6+/galeo mice were used for X-gal staining to determine the expression
pattern of PP6. Tissue processing, frozen section, X-gal staining, and
immunofluorescent microscopic analysis were performed as described
previously (24).

Quantitative RT-PCR
Total RNA was isolated from T cells using the RNeasy Mini Kit (Qiagen),
and first-strand cDNA was synthesized using the Sensiscript Reverse
Transcription Kit (Qiagen). The abundance of mRNA for each gene was
determined by real-time quantitative PCR using SYBR Green master mix
(Applied Biosystems) in Prism 7500 (Applied Biosystems). A pair of
primers specific for PP6 was separately located in exons 5 and 6. Primer
sequences will be provided upon request. Expression values were calculated
using the 22DCt method with Actinb as an endogenous control.

Other transgenic mice

BrdU incorporation assay

Pgk-Cre (19) transgenic mice were described previously. Act-Flp transgene
mice and B6.SJL (stock no. 002014) mice were purchased from The
Jackson Laboratory. The OT-II and OT-I TCR transgenic mice were kindly
provided by Dr. Xuetao Cao. Mice at 6–10 wk old were used for experiments unless otherwise noted. Bone marrow chimeras were generated
by i.v. transfer of T cell–depleted bone marrow into sublethally irradiated
B6.SJL mice as described previously (20). All mice were kept in specific
pathogen-free conditions, and animal-related procedures were approved by
the Animal Care and Use Committee of the Institute of Developmental
Biology and Molecular Medicine at Fudan University.

Mice were i.p. (for adults) or s.c. (for neonates) injected with 50 mg/kg
BrdU two times with a 2-h interval. The thymus and spleen were taken
24 h after the first injection. Cells were first stained with surface markers,
then fixed and stained with a BrdU staining kit (BD) followed by FACS
analysis.

Immunoblot, flow cytometry, and cell sorting
T cells were stimulated with 100 ng/ml PMA plus 1 mM ionomycin or
soluble anti-CD3ε plus anti-CD28 or anti-CD4 (10 mg/ml each) for various

Calcium flux
Calcium flux was measured using the Fluo-4 Direct Calcium Assay Kit
(Invitrogen). In brief, 2 3 107 thymocytes were resuspended in 500 ml
Fluo-4 Direct calcium reagent with 6 mM Fura Red and incubated at 37˚C
for 30 min. After washing, the cells were labeled with anti–CD4-PerCy7
and anti–CD8-allophycocyanin for 15 min on ice followed by a 30-min
incubation at room temperature. Calcium influx was analyzed by FACS.
After measurement of baseline levels for 30 s, anti-CD3 and anti-CD28
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activity (11) and facilitating the repair of DNA double-strand
breaks by activating DNA-activated protein kinase (DNA-PK)
and dephosphorylating g-H2AX in HeLa cells (12, 13). Involvement of PP6 in modulating NF-kB activity is suggested by findings that the PP6 protein interacts with and protects IkBε from
TNF-a–induced degradation in Cos7 cells (14). PP6 also suppresses IL-1–stimulated TAK1 activation by dephosphorylating
TAK1 in 293 cells (15). Recent evidence suggests that PP6 may
also regulate Hippo signaling via interaction with MOB1B (16).
However, the physiological functions of PP6, especially in T cell
biology, are not known.
In this study, we investigated functions of the PP6 gene in
T cells by generating and analyzing PP6-deficient mice. Whereas
conventional deletion of PP6 led to early embryonic lethality,
T cell–specific ablation of PP6 revealed essential regulatory roles
for PP6 in both T cell development and activation. Both positive
and negative selection events are enhanced during ab T cell development, and fetal-derived, IL-17–producing Vg6Vd1+ T cells
are preferentially expanded in PP6F/F;Lck-Cre mice. In peripheral
lymphoid organs, PP6-deficient mature T cells are no longer able
to maintain their naive state and become short-lived effectors. PP6
deficiency leads to a profound hyperactivation of multiple signaling molecules distal to the TCR. Collectively, our study demonstrates that PP6 is a major negative regulator of TCR signals by
controlling multiple downstream pathways in the distal end of the
TCR signaling cascade.
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plus anti-Armenian hamster IgG (eBioscience) as cross-linking Ab were
added. Events were collected for a total time of 10 min.

Statistics analysis
Statistical analysis was conducted using an unpaired t test by GraphPad
Prism. The p values ,0.05 were considered significant.

Results
Essential role of PP6 in embryonic development

Abnormal thymocyte development in PP6F/F;Lck-Cre mice
To study the function of PP6 in T cells, we crossed the PP6F allele
into Lck-Cre mice to produce PP6F/F;Lck-Cre mice. Genomic
PCR and Western blot analyses showed that PP6 was deleted
efficiently in the thymocytes of PP6F/F;Lck-Cre mice (Supplemental
Fig. 1E, 1F). T cell–specific ablation of PP6 resulted in abnormal
thymocyte development. Both proportion and numbers of CD4

Effects of PP6 deficiency on thymic positive and negative
selection
The effects of PP6 deficiency on thymocyte development were
further examined with the maturation and activation markers:
CD5, CD24, and CD69. CD5 expression at the DP stage is proportional to TCR signaling strength during positive selection (26),
whereas CD69 upregulation in DP cells is indicative of positive
selection in response to TCR signaling (27). CD5 expression was
increased in PP6-deficient DP cells, and CD69 expression was
elevated in both mutant DP and SP cells (Fig. 2A). CD24 expression in SP cells decreases upon their maturation (28). We
found that the proportion of CD24lo SP thymocytes was increased
in the PP6F/F;Lck-Cre mice (Fig. 2A). Collectively, these observations suggest that PP6 deficiency may promote positive selection and enhance thymocyte maturation.
To further examine the effect of PP6 deficiency on thymocyte
positive selection and to overcome the difficulty of evaluating
thymocyte selection in mice with a diverse T cell repertoire, we
introduced MHC-II–restricted OT-II or MHC-I–restricted OT-I
TCR transgenes into PP6F/F;Lck-Cre mice to test MHC class II
and class I–mediated positive selection, respectively. Thymocytes

FIGURE 1. Defective thymocyte development in PP6F/F;Lck-Cre mice. (A) Flow cytometry and cellularity of thymocytes in PP6F/F and PP6F/F;Lck-Cre
mice. Numbers in quadrants (left panel) indicate percent cells in each. n = 8 for each genotype. (B) Cellularity of CD4+ and CD8+ lymphocytes from spleen,
lymph node (LN), and blood of PP6F/F and PP6F/F;Lck-Cre mice. n = 8 for each genotype. (C) Flow cytometry of thymocytes gated on DN cells (CD42
CD82 TCRgd2 CD11b2 NK1.12B2202) and frequency of DN thymocyte subpopulations from PP6F/F and PP6F/F;Lck-Cre mice. Numbers in quadrants
(left panel) indicate percent cells in each. n = 4 for each genotype. (D and E) Percentage and cellularity of Tregs gated on CD4 SP thymocytes (D, left
panels) or CD4+ splenocytes (D, right panels) from adult PP6F/F and PP6F/F;Lck-Cre mice or CD4+ T cells of LNs from 1-wk-old PP6F/F and PP6F/F;LckCre mice (E). n = 4 for each genotype. Data shown are representative from at least three (A, B, D, and E) and two (C) independent experiments. Data are
presented as mean 6 SD. *p , 0.05, **p , 0.01, ***p , 0.001. n.s., not significant.
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We first generated a PP6 mutant allele, PP6galeo, in mouse ES cells
(Supplemental Fig. 1A, 1B) using a “conventional first, conditional ready” gene-targeting strategy (25). RT-PCR analysis indicated that PP6galeo allele is a hypomorphic allele (Supplemental
Fig. 1C). In PP6galeo allele, the expression of b-gal reporter
is under the control of the endogenous PP6 promoter, and b-galactosidase is in-frame fused with the first 78 aa of the PP6
protein after splicing. This knocked-in b-galactosidase reporter
revealed that PP6 was highly expressed in the brain and testis
(Supplemental Fig. 1G). When PP6+/galeo mice were intercrossed,
PP6galeo/galeo embryos were recovered with the expected ratio at
embryonic day 10, frequently lost at embryonic day 14.5, with
remaining ones occasionally exhibiting exencephaly (Supplemental
Fig. 1D and data not shown), and rarely found after birth (at
postnatal day 10 WT:HET:HO = 103:159:3). The PP6F conditional allele was generated after removing the b-gal reporter gene
and neomycin expression cassettes with Flp/FRT-mediated recombination (Supplemental Fig. 1A). PP6F/F mice were phenotypically indistinguishable from WT littermates and used as controls
in the studies described later. Germline deletion of the PP6F allele with Pgk-Cre resulted in lethality at early embryonic stages
(Supplemental Fig. 1H), confirming the critical function of PP6
in embryonic development.

single-positive (SP) cells, CD8 SP cells, and CD4+CD8+ (doublepositive [DP]) cells, as well as numbers of total thymocytes, were
significantly reduced in PP6F/F;Lck-Cre mice (Fig. 1A). In contrast, the proportion and number of CD42 CD82 (doublenegative [DN]) cells were increased in the mice. However, further analyses revealed that DN subpopulations of PP6F/F;Lck-Cre
thymocytes appeared normal after removing gd T cells (Fig. 1C),
indicating that the increase of gd T cells should be the reason for an
apparent upsurge of DN thymocytes in PP6F/F;Lck-Cre mice (see
Increased IL-17–producing gd T cells in PP6F/F;Lck-Cre mice). The
PP6F/F;Lck-Cre mice had considerably fewer peripheral T cells
(7–12% that of the control; Fig. 1B and Supplemental Fig. 2A).
Numbers of regulatory T cells (Tregs) were also decreased in the
thymus and periphery of PP6F/F;Lck-Cre mice (Fig. 1D). Although the proportion of peripheral Tregs increased in adult
PP6F/F;Lck-Cre mice, it is still significantly lower in the 1-wk-old
mice (Fig. 1D, 1E, and Supplemental Fig. 2B, 2C). These data
indicate that PP6 plays important roles in T cell development.
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expressing the OT-II TCR are positively selected along the CD4
lineage (29). FACS analysis showed that the proportion and
numbers of total CD4 SP cells, OT-II–specific TCRVb5+ thymocytes, and CD69hi and CD24lo CD4 SP cells were increased in
PP6F/F;Lck-Cre;OT-II mice in comparison with the control mice
(Fig. 3B and Supplemental Fig. 2D). These results suggest that
PP6 deficiency enhances positive selection of the MHC-II–restricted thymocytes. OT-I TCR–expressing CD8+ thymocytes are
favored for positive selection in OT-I transgenic mice (30). In OT-I
mice, PP6 deficiency resulted in an increase of proportion of
CD69hi DP and CD8 SP cells (Supplemental Fig. 2E), indicating
enhancement of positive selection of PP6F/F;Lck-Cre;OT-I thymocytes. In OT-I mice, PP6 ablation also led to a higher proportion of TCRVa2hi and CD24lo CD8 SP cells (Fig. 2C, middle

panels, and Supplemental Fig. 2E) and a higher ratio between post
selected OT-I–specific TCRVa2hi CD8 SP cells and the preselection stage cells, including DP and the CD4 transitional thymocytes (31) (Supplemental Fig. 2F), implying that more CD8 SP
cells become phenotypically mature cells. However, an overall
reduction of total thymocyte, DP, and CD8 SP thymocytes was
also observed (Fig. 2C, bottom panels). All these observations are
consistent with the previously described behavior of the OT-I
thymocytes expressing a constitutive NF-kB. Enhancement of
OT-I signals by constitutive activation of NF-kB pushed a portion
of positive selecting thymocytes into negative selection, a phenomenon called pseudonegative selection (32).
Thymocytes bearing high-affinity TCRs for self-Ags undergo
clonal deletion or negative selection. To investigate whether PP6 is
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FIGURE 2. Enhanced positive and negative selection in PP6-deficient mice. (A) Surface expression of CD5, CD24, and CD69 on PP6-deficient and
control thymocytes gated as indicated. n $ 4 for each genotype. (B) Flow cytometry (top panel) and cellularity (bottom panel) of thymocytes in PP6F/F;OTII and PP6F/F;Lck-Cre;OT-II mice. Numbers in quadrants (top panel) indicate percent cells in each. (Middle panel) Staining with Ab to the OT-II–specific V
region Vb5. n = 5 for each genotype. (C) Flow cytometry (top panel) and cellularity (bottom panel) of thymocytes in PP6F/F;OT-I and PP6F/F;Lck-Cre;OT-I
mice. Numbers in quadrants (top panel) indicate percent cells in each. (Middle panel) Staining with Ab to the OT-I–specific V region Va2. n = 4 for each
genotype. (D) Flow cytometry of thymocytes and percentage of DP thymocytes of P6F/F and PP6F/F;Lck-Cre mice 48 h after administration of 10 mg antiCD3 mAb or PBS. n = 4 for each genotype. (E and F) Statistical analysis of the percentage of Vb5+, Vb11+, and Vb8+ thymocytes gated on CD4 SP (E) or
CD8 SP (F) in PP6F/F (Ctr) and PP6F/F;Lck-Cre (KO) mice with (H-2b/d) or without (H-2b/b) expression of MHC molecule I-Ed. Deletion of Vb5+ and
Vb11+ cells by superantigen only occurs on H-2b/d, but not H-2b/b backgrounds. Vb8+ cells are not affected. Each symbol represents a single mouse; small
horizontal lines indicate the mean. Data shown are representative from two independent experiments. (B and D) Data are presented as mean 6 SD. *p ,
0.05, **p , 0.01, ***p , 0.001. n.s., not significant.
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required for clonal deletion, PP6F/F;Lck-Cre or control mice were
injected with the CD3 Ab to mimic high-affinity TCR signals.
Under the experimental condition, DP thymocytes in PP6F/F;LckCre mice were almost completely eliminated, whereas 30% of DP
thymocytes in control mice survived (Fig. 3D). To further confirm
the effect of PP6 deficiency on negative selection, we analyzed
PP6-deficient thymocyte development in a superantigen-mediated
deletion model. Superantigen Mtv-8 and Mtv-9 specifically lead to
deletion of the Vb5+ and Vb11+ TCR clonotypic thymocytes in
the presence of the class II MHC molecule I-Ed (33). MHC I-Ed is
absent in C57BL/6 mice (H-2b/b) but present in BALB/c mice

(H-2d/d). Enhanced deletion of Vb5+ and Vb11+ clones was observed for both CD4 and CD8 SP thymocytes in PP6F/F;Lck-Cre;
H-2b/d mice, whereas Vb8+ thymocytes that did not recognize the
superantigen were not affected (Fig. 2E, 2F). This outcome supports the conclusion that negative selection is enhanced in the
absence of PP6, which may account for the overall reduction of
mature CD4 and CD8 SP cells in the thymus of the mutant mice.
Increased IL-17–producing gd T cells in PP6F/F;Lck-Cre mice
In contrast with the severe reduction of ab T cells, gd T cells were
dramatically increased in the thymus (Fig. 3A) and the periphery
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FIGURE 3. Increased IL-17–producing Vg6Vd1+ T cells in PP6F/F;Lck-Cre mice. (A) Flow cytometry and cellularity of ab and gd T cells in the thymus
with indicated genotype. n = 5 for each genotype. (B) Cellularity of gd T cells in spleen and lymph node (LN) from PP6F/F and PP6F/F;Lck-Cre mice. n = 5
for each genotype. (C) Cellularity of Vg1+, Vg4+, Vg5+, and Vg6+ gd T cells from thymus in PP6F/F and PP6F/F;Lck-Cre mice. n = 4 for each genotype.
(D) FACS analysis of intracellular expression of IL-17 and surface expression of IL-7R of gd T thymocytes, with indicated genotypes. (E) The cellularity of
gd T cells in the thymus from fetal or postnatal PP6F/F and PP6F/F;Lck-Cre mice. n $ 3 for each genotype at indicated ages. (F) Flow cytometry analysis of
thymus of B6.SJL recipient mice transplanted with a mixture of equal number of bone marrow cells from PP6F/+; CD45.1.2+ or PP6F/F;Lck-Cre;CD45.2.2+
mice. Numbers adjacent to outlined areas indicate the gd T cell percentage of the gated CD45.1.2+ or CD45.2.2+ thymocytes. n = 4 for each genotype. (G)
Percentage of BrdU+ gd T cells from PP6F/F and PP6F/F;Lck-Cre mice at P2, which were injected s.c. with BrdU 24 h before sacrificed for flow cytometry.
n = 4 for each genotype. (H and J) Proliferation and apoptosis of CD24hi and CD24lo gd thymocytes from adult mice (6–8 wk) with indicated genotypes
were evaluated flow cytometrically by measuring BrdU incorporation (H) or Annexin V staining (J), respectively. n = 3 for each genotype. (I) Number of
BrdU+ CD24hi and BrdU+ CD24lo gd T cells in thymus from adult mice (6–8 wk) with indicated genotypes. n = 4 for each genotype. Data shown are
representative from two (C and F) or three (A and D) independent experiments. (A–C, E, and G–J) Data are presented as mean 6 SD. *p , 0.05, **p , 0.01,
***p , 0.001. n.s., not significant.
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Chronic T cell activation, hyperproliferation, and enhanced
apoptosis of effector T cells in PP6-deficient mice
To examine functions of PP6 in peripheral T cells, we switched to
the CD4-Cre model, in which a significantly higher number of
peripheral T cells were found in comparison with the Lck-Cre
model. The total numbers of splenic CD4+ and CD8+ T cells in
PP6F/F;CD4-Cre mice were ∼70 and 42% of the PP6F/F controls,
respectively (Fig. 4A). Naive CD4+ or CD8+ T cells are significantly reduced in PP6F/F;CD4-Cre mice (Fig. 4B). Most T cells
showed activated phenotype based on increased expression of
activation markers including CD69 and CD44 (Fig. 4B, 4C).
PMA/ionomycin stimulation of ex vivo culture revealed a significant increase in numbers of IFN-g–producing effector CD4+ or
CD8+ cells in PP6-deficient splenocytes (Fig. 4D). The same

analysis also revealed a small increase in IL-4– or IL-17–producing effector CD4+ cells (Fig. 4E, 4F). Consistent with these
effector phenotypes, PP6-deficient CD4+ and CD8+ T cells were
found highly proliferative based on increased fractions of Ki67+
cells (Fig. 4G). Enhanced proliferation of the effector T cells was
further confirmed by CFSE dilution assay of PP6-deficient OT-II
T cells. Upon adoptive transfer, PP6-deficient OT-II T cells underwent faster proliferation than PP6-sufficient T cells within 3 d
of OVA323–339 peptide stimulation (Fig. 4H). These results indicate that PP6 deficiency promotes T cell activation and proliferation under normal homeostatic conditions, leading to quick
depletion of the naive T cell pool.
To further determine the cause of overall reduction of peripheral
T cells in PP6-deficient mice, we examined whether T cell
hyperactivation leads to faster turnover of the effector T cells.
Annexin V/7AAD FACS analysis showed a decreased viability
of PP6-deficient CD4+ and CD8+ T cells in ex vitro culture
(Fig. 5A). Adoptive transfer test further demonstrated an intrinsic
survival defect of PP6-deficient CD4+ and CD8+ T cells (Fig. 5B).
The increase in cell death is correlated with an increased loss of
mitochondrial membrane potential, increased production of reactive oxygen species, and reduced expression of Bcl-2 (Fig. 5C,
5D). Collectively, these experimental evidences indicate that PP6
deficiency leads to activation, differentiation, proliferation, and
apoptosis of the peripheral T cells in the absence of exogenous
TCR signals.
Downregulation of proximal TCR signaling and TCR
expression in PP6-deficient T cells
The overall increase in thymocyte positive and negative selections and T cell activation strongly suggest that PP6 functions as
a negative regulator in TCR signaling. To determine how PP6
modulates TCR signaling events, we first assessed the expression
and activation status of proximal TCR signaling molecules in
PP6F/F;Lck-Cre thymocytes. The surface expressions of TCRb
and CD3 were reduced in PP6-deficient thymocytes (Fig. 6A).
Upon TCR stimulation, the phosphorylations of Zap70, LAT, and
LCK proteins were reduced in PP6-deficient cells (Fig. 6B). Activation of PLCg1, which is responsible for the production of the
second messenger diacylglycerol and the initiation of Ca2+ signaling in T cells, was decreased (Fig. 6B). Consequently, TCRinduced calcium flux was also reduced in these thymocytes
(Fig. 6C). The similar results were also obtained for the peripheral
T cells of PP6F/F;CD4-Cre mice (Supplemental Fig. 4A–C, 4E).
Thus, the hypoactivation of proximal TCR signaling observed in
PP6-deficient T cells suggests that PP6 is unlikely involved in
negative regulation of the proximal TCR signaling.
Negative regulation of distal TCR signaling by PP6
TCR signals consist of both membrane-proximal events and
multiple distal pathways. To further understand the molecular
mechanism(s) by which PP6 regulates T cell development, we
examined the activation of ERK in thymocytes from PP6F/F;LckCre mice by intracellular staining. The analysis showed that regardless of PMA stimulation, enhanced phosphorylated ERK was
detected in both gd and ab thymocytes from PP6-deficient mice
(Supplemental Fig. 4F). Then, we further verified ERK hyperactivation and evaluated the activation status of other distal TCR
signaling molecules in PP6-deficient thymocytes by Western blot.
We found that the phosphorylation levels of ERK, JNK, p38, and
AKT were all higher in intensity and retained for a longer duration
in PP6-deficient thymocytes after PMA/ionomycin (Fig. 7A) or
TCR stimulation (Supplemental Fig. 4G). Moreover, the upstream
kinases of MAPKs including c-Raf, MEK1/2, MKK4, and MKK3/
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of PP6F/F;Lck-Cre mice (Fig. 3B and Supplemental Fig. 3A). To
determine whether this increase affects all or only subsets of gd
lineages, we examined the repertoire of gd T cells in the PP6F/F;
Lck-Cre thymus first by quantitative real-time RT-PCR analysis of
seven individual Vg genes. We found that the expression of Vg5
and Vg6 fragments increased ∼30 and ∼50 times, respectively, in
the gd T cells purified from PP6F/F;Lck-Cre thymus in comparison with those of the control mice (Supplemental Fig. 3B). Vd1
expression was also found to be increased ∼40-fold (Supplemental
Fig. 3B). FACS analysis with Vg-specific Abs revealed that the
dramatic increase of gd T cell numbers in PP6F/F;Lck-Cre thymus
is primarily due to an increase of Vg6+ cells, even though numbers
of Vg1+ and Vg5+ cells also increased (Fig. 3C and Supplemental
Fig. 3C, 3D). gd T cells expressing Vg6, which are normally pairs
with Vd1, represent the major IL-17 producers among gd lineage
T cells and can be identified based on high-level expression of IL7R and CCR6 (a marker for IL-17–producing T cells) and lowlevel expression of CD27 (a marker of IFN-g–producing gd
T cells) (34). Indeed, we found that most PP6F/F;Lck-Cre gd
T cells were IL-7Rhi, CCR6hi, and CD27lo IL-17 producers (Fig. 3D
and Supplemental Fig. 3E). Vg6+ T cells are typically generated in fetal thymus in WT mice (34, 35). However, this population appeared to be continuously increased in PP6F/F;Lck-Cre
mice only after birth (Fig. 3E and Supplemental Fig. 3F). To
determine whether the increase of Vg6+ IL-17–producing gd
T cells is a result of enhanced postnatal development or expansion
of fetal-derived cells, we performed an adoptive transfer test using
bone marrow donors derived from the PP6F/F;Lck-Cre mice. Although the mutant donor cells showed defects in ab lineage development similar to that observed in PP6F/F;Lck-Cre mice
(Supplemental Fig. 3H), they failed to recapitulate the mutant
phenotype of PP6-deficient gd T cells (Fig. 3F). Therefore, the
increase of gd T cells in PP6F/F;Lck-Cre mice is most likely due
to continuing expansion of fetal-derived Vg6+ gd T cells in the
postnatal life. To directly assess the proliferation status of these
cells, we pulse-labeled the mice with BrdU. Increased BrdU labeling was observed among both immature (CD24hi) and mature
(CD24lo) gd T cells in PP6F/F;Lck-Cre mice at the neonatal stage
(Fig. 3G). In young adult mice (6–8 wk), there were still a higher
percentage of BrdU+ immature gd T cells, but the proportion of
BrdU+ mature gd T cells was reduced (Fig. 3H). However, the net
quantity of BrdU+ mature gd T cells, which composed the majority of gd T cells in PP6F/F;Lck-Cre mice (Supplemental Fig.
3I), was still 35 times more than the controls (Fig. 3I). In addition
to the overall increase in cell proliferation, we found that PP6deficient mature gd T cells were less susceptible to apoptosis
(Fig. 3J). Therefore, we concluded that PP6 deficiency promotes
a continuing expansion of pre-existing Vg6+ gd T cells in the
adult life.
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6 were also hyperactivated in these cells (Fig. 7B). Similarly,
enhanced activation of MAPKs and AKT was observed in the
PP6-deficient periphery T cells from PP6F/F;CD4-Cre mice
(Supplemental Fig. 4D, 4J), in which the activation of these signals was critical to promote their proliferation and cytokine production (36, 37). These data suggest that hyper and prolonged
upregulation of MAPKs and AKT activities may account for enhanced thymocyte positive/negative selection and hyperactivation
of T cells in PP6-deficient mice.

PP6 has been shown to directly regulate TAK1 and Aurora A (11,
15). TAK1 is essential for the activation of JNK, p38, and NF-kB
in T cells (23). Aurora A has been shown to activate AKT (38, 39)
and ERK (38–41) in cancer cell lines. TAK1 phosphorylation was
markedly reduced in PP6-deficient thymocytes after PMA/
ionomycin stimulation (Fig. 7C), indicating that hyperactivation
of JNK and p38 in PP6-deficient T cells is not due to overactivation of TAK1. In contrast with TAK1, Aurora A in PP6deficient T cells was observed to be constitutively active with
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FIGURE 4. Hyperactivation of PP6-deficient T cells in the periphery. (A) Cellularity of CD4+ and CD8+ lymphocytes from spleen and lymph node (LN)
of PP6F/F and PP6F/F;CD4-Cre mice. n = 8 for each genotype. (B) Flow cytometry for CD62L and CD44 expression and percentage of CD44hiCD62Llo and
CD44loCD62Lhi splenic CD4+ and CD8+ T cells from PP6F/F and PP6F/F;CD4-Cre mice. n = 4 for each genotype. (C) CD69 expression on splenic CD4+
and CD8+ T cells from PP6F/F and PP6F/F;CD4-Cre mice. (D–F) Flow cytometry and percentage of IFN-g+CD4+ or IFN-g+CD8+ (D), IL-4+CD4+ (E), and
IL-17+CD4+ (F) splenocytes after PMA/ionomycin stimulation for 6 h. (G) Intracellular staining of Ki67 in CD4+ and CD8+ splenocytes with indicated
genotypes. n = 3 for each genotype. (H) Purified splenic CD4+ T cells from PP6+/F;OT-II and PP6F/F;Lck-Cre;OT-II mice were labeled with CFSE and i.v.
transferred into B6.SJL mice. CFSE dilution was analyzed by FACS 2 and 3 d after stimulated with 40 mg OVA323–339 peptide per recipient mice. Data
shown are representative from three (B–E, H) or two (G) independent experiments. (A, B, and D–G) Data are presented as mean 6 SD. *p , 0.05, ***p ,
0.001.
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FIGURE 5. Reduced viability of PP6-deficient periphery T cells. (A)
Cell viability of CD4+ and CD8+ splenocytes from PP6F/F and PP6F/F;
CD4-Cre ex vivo cultured for indicated time. Annexin V2/7AAD2 cells
were considered viable. Four pairs of mice were used for each independent
experiment. (B) Flow cytometry of CD4+ T cells from spleen and lymph
node (LN) 3 d after adoptive transfer of splenocytes (with equal number of
CD4+ T cells) from PP6F/+;CD45.1.2+ and PP6F/F;CD4-Cre;CD45.2.2+
mice into B6.SJL (CD45.1.1+) recipient mice. Numbers above boxed areas
indicate percent cells originated from control and mutant mice. For statistical analysis, viability of PP6-deficient cells was normalized to the
control (B, right panels). n = 5 for each genotype. (C) FACS analysis of
CD4+ and CD8+ T cells from PP6F/F and PP6F/F;CD4-Cre mice, stained
with MitoTracker Green (left) or dihydroethidium (right). n = 4 for each
genotype. (D) FACS analysis of Bcl-2 intracellular staining and statistical
analysis of the mean fluorescent intensity (MFI) for Bcl-2 expression in
splenic CD4+ and CD8+ T cells with indicated genotypes. Three pairs of
mice were used for each independent experiment. Data shown are representative from two (A, B, and D) and three (C). (A, B, and D) Data are
presented as mean 6 SD. **p , 0.01, ***p , 0.001.

or without PMA/ionomycin (Fig. 7E) or TCR stimulation
(Supplemental Fig. 4H). Thus, PP6 might downregulate distal TCR
signals, for example, the ERK and AKT signals, by suppressing
Aurora A activity (see Discussion).
The NF-kB pathway also plays critical roles in thymocyte selection and T cell activation (42, 43). Constitutive activation of
NF-kB activity in thymocytes pushes the most thymocytes into
negative selection (32). The phosphorylation of NF-kB (p65) in
PP6-deficient thymocytes was higher than that in the control
with or without TCR stimulation (Supplemental Fig. 4I) and can
be further enhanced by PMA/ionomycin stimulation (Fig. 7D),
whereas its upstream kinase, IKKb, was hyperactivated in response to TCR (Supplemental Fig. 4I) or PMA/ionomycin stimulations (Fig. 7D). Our further analysis showed that phosphorylation
of IkBa in PP6-deficient thymocytes stimulated by PMA/ionomycin

In this article, we present genetic and molecular evidences that PP6
is critical for the regulation of T cell development and homeostasis. Our data show that PP6 deficiency results in enhanced
positive/negative selection accompanied with a dramatic reduction
of ab thymocytes, an expansion of gd T cells, and loss of homeostasis of peripheral T cells. Mechanistically, ablation of PP6
leads to hyperactivation of distal TCR signaling involving MAPKs,
AKT, and NF-kB pathways. These findings place PP6 at a major
control point of distal TCR signaling.
Although distal TCR signals are markedly increased in PP6deficient cells, the activation of proximal TCR signals are paradoxically decreased and the expressions of TCRb and CD3 on the
surface of PP6-deficient thymocytes and peripheral T cells are
lower than the control. One possible explanation for this paradoxical phenomenon could be that the cells expressing higher
levels of TCR and CD3 are preferentially eliminated by PP6 deficiency–mediated enhanced negative selection, whereas only
those with lower levels of TCR survive. Another explanation
could be that hyperactivation of distal TCR signaling in PP6-deficient T cells may increase trafficking of TCR–CD3 complexes to
lysosomes for degradation because overexpression of constitutive
active LckY505F was reported to reduce TCR surface expression by
this mechanism (44). Currently, we also cannot rule out the possibility that PP6 positively regulate the activities of proximal TCR
molecules. Further studies are needed to test these possibilities.
Positive and negative selection is defined by the ability of TCR
to sense relatively weak and overly strong signals, respectively.
However, the regulation, particularly negative regulation, of distal
TCR signaling cascade in positive and negative selection of thymocytes is not completely known. The test of positive selection
using OT-II transgenic TCR demonstrates that PP6 deficiency
enhances positive selection of thymocytes. However, the total
number of CD4 SP cells, along with CD8 SP and DP thymocytes,
in non-TCR transgenic PP6F/F;Lck-Cre mice is decreased. This
discrepancy suggests that enhanced positive selection applies only
to a fraction of developing T cells in PP6-deficient thymi, presumably those expressing relatively low-affinity TCR such as OTII. PP6-deficient thymocytes expressing higher-affinity TCR, such
as OT-I, may undergo negative selection instead of increased
positive selection as observed in our analysis of PP6F/F;Lck-Cre;
OT-I mice. Our finding is reminiscent to that observed in thymocytes expressing a constitutively active NF-kB, which is sufficient to push a portion of positively selecting CD4 and CD8 SP
thymocytes into pseudonegative selection (32). Our analysis of
distal TCR signaling pathways indicates that PP6 negatively
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was comparable with the control (Fig. 7D), and its degradation in
thymocytes could not be efficiently stimulated by TCR engagement (Supplemental Fig. 4I). We also found that IkBε was robustly phosphorylated in the mutant thymocytes after PMA/
ionomycin stimulation (Fig. 7D). This result is consistent with
the previous report that PP6 negatively regulated phosphorylation
and degradation of IkBε in HeLa cells (14). However, we do
not think that PP6 deficiency–mediated deregulation of IkBε in
T cells may contribute much to the developmental defect of
PP6-deficient T cells (see Discussion).
Collectively, these data indicate that PP6 negatively regulates
TCR signaling through modulating multiple pathways distal to the
initial TCR signal events. Removal of PP6 leads TCR-dependent
hyperactivation of MAPKs, AKT, and NF-kB pathways, and
consequently enhances positive/negative selection and T cell activation.
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regulates multiple pathways known to be involved in either positive (e.g., ERK pathway) or negative (e.g., NF-kB and JNK
pathways) selection. Thus, the TCR distal signaling pathways
responsible for both positive and negative selection are attenuated
by the PP6 phosphatase.

Our study has shown that the number of gd T cells dramatically
increased in both thymus and peripheral lymphoid organs of PP6F/F;
Lck-Cre mice. However, the expansion of gd T cells was mainly
restricted to the IL-17–producing Vg6+ gd T cells, with mild or no
increase of other Vg subpopulations. One possible explanation could

FIGURE 7. Hyperactivation of distal TCR signaling in PP6-deficient thymocytes. (A and B) Immunoblot analysis for the activation of MAPKs, AKT (A),
and their upstream molecules including c-Raf, and MAP2Ks (MEK1/2, MKK4 and MKK3/6) (B) in PMA/ionomycin-stimulated thymocytes from PP6F/F
and PP6F/F;Lck-Cre mice using indicated Abs. Total thymocytes were stimulated with PMA/ionomycin for indicated time. Actin was served as a loading
control. (C and E) Immunoblot analysis for the activation of TAK1 (C) and Aurora A (E) with the same lysates in (A) using indicated Abs. Total TAK1 or
Aurora A was served as loading controls. (D) Immunoblot analysis for the activation of NF-kB signaling pathway with the same lysates in (A) using
indicated Abs. Numbers below lanes represent band intensity relative to the respective total proteins. Data are representative of four (A) and three (B–E)
independent experiments.
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FIGURE 6. Attenuation of proximal TCR signaling in PP6-deficient thymocytes. (A) Surface expression of TCRb (top) and CD3 (bottom) on the DP,
CD4 SP, and CD8 SP thymocytes from PP6F/F and PP6F/F;Lck-Cre mice. (B) Immunoblot analysis for the activation (phosphorylation) of Zap70, LAT,
LCK, and PLCg1 in thymocytes from PP6F/F and PP6F/F;Lck-Cre mice. Total thymocytes were stimulated with anti-CD3/CD28 mAbs for the indicated
time. Total Zap70, LAT, LCK, and PLCg1 were served as loading controls. Numbers below lanes represent band intensity relative to the respective total
proteins. (C) Flow cytometry for calcium flux in DP, CD4 SP, and CD8 SP thymocytes from PP6F/F and PP6F/F;Lck-Cre mice. The cells were stained with
calcium indicators Fluo-4 and Fura Red followed by stimulation with anti-CD3/CD28 mAbs. Data are representative of four (A), three (B), and two (C)
independent experiments.
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be that PP6 deficiency might extend the window of using Vg6 gene
fragments beyond embryonic stage. However, our finding that PP6deficient gd T cells were not increased in bone marrow recipient
mice argues strongly against this possibility. The second possible
explanation is that the differential effects of PP6 deficiency on each
Vg subset might depend on their corresponding affinities to selecting
ligands. Vg1Vd6.3 is thought to be a high-affinity TCR (45),
whereas Vg6Vd1 may be an intermediate-affinity TCR, because
Vg6+ T cells, which composed a majority of gd T cells in PP6F/F;
Lck-Cre mice, expressed a lower level of CD5 (Supplemental Fig.
3J). Correspondingly, the number of Vg1+ T cells was only slightly
(1.5-fold) increased, and Vg6+ T cells upsurged .100-fold in PP6F/F;
Lck-Cre mice (Fig. 3C). Thus, we postulate that PP6 deficiency–
mediated hyperactivation of distal TCR signaling (e.g., ERK) may
have greater impact on IL-17–producing Vg6+ gd T cells than other
gd T cells that possess different affinity of gd TCR. Our postulation
is consistent with the previous report that stronger TCR signal
promotes the development of gd T cells in Vg6Vd1 TCR transgenic
mice (46). In contrast, the reduced Zap70 activity in the SKG mouse
(47) or attenuated ERK activation in RasGRP12/2 mice (48) results
in decreased proportion of IL-17–producing gd T cells and an increased proportion of IFN-g–producing gd T cells.
Our study shows that multiple distal TCR signal pathways such
as MAPKs, AKT, and NF-kB pathways were all hyperactivated in
PP6-deficient T cells. We have also found that two known direct
targets, Aurora A kinase and IkBε, of PP6 phosphatase are
hyperphosphorylated in these cells. Although the IkB« null mutation results in dramatic hyperactivation of NF-kB and can
augment the T cell developmental defect of IkBa-null mutant
mice (49), the IkB« null mice do not display any abnormality of
T cell population except for a 50% reduction of the DN3 (CD442
CD25+) T cell subspecies (50). The population and cell number of
ab T cells at DN stage are not affected in our PP6F/F;Lck-Cre
mice. Therefore, we do not think that robust phosphorylation and
sped-up degradation in PP6-deficient T cells contribute much to
the altered behavior of PP6-deficient T cells. Regarding Aurora A,
we think that its overactivation may account for part of the
hyperactivation of distal TCR signaling resulting from PP6 deficiency. However, due to the extremely low viability of ex vivo
cultured PP6-deficient T cells, we failed to use ex vivo cultured
PP6-deficient T cells to test whether reduction or inhibition of
Aurora A could rescue or partially rescue PP6 deficiency–mediated mutant phenotypes. Further evaluation of T cell development
and status of distal TCR signal in PP6 and Aurka double-knockout
mice will help to uncover the role of PP6-Aurora A signaling in
the regulation of T cell development and homeostasis. Furthermore, additional targets of PP6, particularly those involved in
regulating the MAPKs, still remain to be defined. Results presented in this study of PP6-deficient mouse model reveal that PP6
must be a major negative regulator involved in modulating multiple TCR distal pathways. This negative regulator is critical to
balance the positive TCR signals, ensuring generation and maintenance of a stable population of naive T cells.
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M. Rhodes, D. J. Kappes, J. C. Zúñiga-Pfl€ucker, and D. L. Wiest. 2009. Marked
induction of the helix-loop-helix protein Id3 promotes the gammadelta T cell
fate and renders their functional maturation Notch independent. Immunity 31:
565–575.
46. Hayes, S. M., L. Li, and P. E. Love. 2005. TCR signal strength influences
alphabeta/gammadelta lineage fate. Immunity 22: 583–593.
47. Wencker, M., G. Turchinovich, R. Di Marco Barros, L. Deban, A. Jandke,
A. Cope, and A. C. Hayday. 2014. Innate-like T cells straddle innate and
adaptive immunity by altering antigen-receptor responsiveness. Nat. Immunol.
15: 80–87.
48. Chen, Y., X. Ci, B. Gorentla, S. A. Sullivan, J. C. Stone, W. Zhang, P. Pereira,
J. Lu, and X. P. Zhong. 2012. Differential requirement of RasGRP1 for gd T cell
development and activation. J. Immunol. 189: 61–71.
49. Goudeau, B., F. Huetz, S. Samson, J. P. Di Santo, A. Cumano, A. Beg, A. Israël,
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IkappaBepsilon-deficient mice: reduction of one T cell precursor subspecies and
enhanced Ig isotype switching and cytokine synthesis. J. Immunol. 163: 5994–
6005.

Downloaded from http://www.jimmunol.org/ at Fudan Univ Sch of Pharm/Shanghai on March 10, 2015

36.

PP6 CONTROLS T CELL DEVELOPMENT BY REGULATING TCR SIGNALING

