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            Abstract
An imbalance in the lineages of immunosuppressive regulatory T cells (Treg cells) and the inflammatory TH17 subset of helper T cells leads to the development of autoimmune and/or inflammatory disease. Here we found that TAZ, a coactivator of TEAD transcription factors of Hippo signaling, was expressed under TH17 cellâ€“inducing conditions and was required for TH17 differentiation and TH17 cellâ€“mediated inflammatory diseases. TAZ was a critical co-activator of the TH17-defining transcription factor RORÎ³t. In addition, TAZ attenuated Treg cell development by decreasing acetylation of the Treg cell master regulator Foxp3 mediated by the histone acetyltransferase Tip60, which targeted Foxp3 for proteasomal degradation. In contrast, under Treg cellâ€“skewing conditions, TEAD1 expression and sequestration of TAZ from the transcription factors RORÎ³t and Foxp3 promoted Treg cell differentiation. Furthermore, deficiency in TAZ or overexpression of TEAD1 induced Treg cell differentiation, whereas expression of a transgene encoding TAZ or activation of TAZ directed TH17 cell differentiation. Our results demonstrate a pivotal role for TAZ in regulating the differentiation of Treg cells and TH17 cells.
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                    Figure 1: The TH17 subset shows enrichment for TAZ, and TAZ is associated with TH17 cellâ€“mediated autoimmune diseases.[image: ]


Figure 2: TAZ enhances TH17 cell differentiation but attenuates Treg cell differentiation in vitro.[image: ]


Figure 3: TAZ potentiates TH17 cellâ€“mediated autoimmune diseases.[image: ]


Figure 4: Smad proteins and STAT3 synergistically upregulate TAZ expression.[image: ]


Figure 5: TAZ binds to RORÎ³t and enhances its transcriptional activity.[image: ]


Figure 6: TAZ blocks the acetylation of Foxp3 and promotes its degradation.[image: ]


Figure 7: TAZ activates RORÎ³t by blocking the inhibitory effect of Foxp3 on RORÎ³t.[image: ]


Figure 8: TEAD sequesters TAZ from RORÎ³t to promote Treg cell development.[image: ]
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	20 July 2017
In the version of this article initially published, the description of Figure 1d,e in the first subsection of Results was incorrect; "...(Lck-Cre): Tazfl/flLck-Cre mice) immunized with KLH exhibited a larger TH17 population and fewer Treg cells than that of their Tazfl/fl littermates..." should read: "...(Lck-Cre)): Tazfl/flLck-Cre mice immunized with KLH exhibited a smaller TH17 population and more Treg cells than that of their Tazfl/fl littermates...". Also, the second sentence of the panel legend for Figure 1a incorrectly identified the numbers in the plots on the top row as "percent TH7 cells..."; this should read "percent TH17 cells...". These errors have been corrected in the PDF and HTML versions of this article.


	14 February 2018
In the version of this article initially published, the institution name for affiliation 3 (Maryland Anderson Cancer Center) was incorrect. The correct institution is MD Anderson Cancer Center. The error has been corrected in the HTML and PDF versions of the article.


	18 October 2017
Nat. Immunol. 18, 800â€“812 (2017); published online 15 May 2017; corrected after print 20 July 2017 In the version of this article initially published, the description of Figure 1d,e in the first subsection of Results was incorrect; â€œ...(Lck-Cre): Tazfl/flLck-Cre mice) immunized with KLH exhibited a larger TH17 population and fewer Treg cells than that of their Tazfl/fl littermates.
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Integrated supplementary information

Supplementary Figure 1 Characterization of mice with conditional knockout of MST1/2 or TAZ in T cells.
(a) Flow cytometric analysis (top panel) and quantification (lower panel) of thymocytes from 8-week-old Mst1f/fMst2f/f mice or Mst1f/fMst2f/f Ox40-Cre mice, stained with anti-CD4 and anti-CD8 antibodies. (b-d) Flow cytometric analysis (b) and quantification of CD3+CD4+ or CD3+CD8+ T cell (c), the naÃ¯ve T cell (CD62LhighCD44low) and the effector T cell (CD62LlowCD44high) (d) populations in the spleen or lymph node from Mst1f/fMst2f/f mice and Mst1f/fMst2f/f Ox40-Cre mice, with the indicated antibodies. (e and f) Photograph of 10-month-old Mst1-/- KO mice with SjÃ¶grenâ€™s syndrome (e, left panel). Representative H&E-stained eye sections with associated lymphocytic cell infiltration of the lacrimal gland (e, right panel). Relative mRNA levels of Taz, Ifng, Il17a, Il17f and Il23r genes in the lacrimal gland by Real-time quantitative PCR (f). Scale bars, 500Î¼m. The data are representative of three independent experiments with similar results (a-f). The data represent mean Â± s.d. (n=3). ns, not significant (P > 0.05); *P < 0.05, **P < 0.01 and ***P < 0.001 compared with control, Studentâ€™s t-test.


Supplementary Figure 2 Characterization of T cells from Tazf/fLck-Cre mice.
(a) Flow cytometric analysis (top panel) and quantification (lower panel) of thymocytes from 8-week-old Tazf/f mice or Tazf/f Lck-Cre mice, stained with anti-CD4 and anti-CD8 antibodies. (b-d) Flow cytometric analysis (b) and quantification of B220+ B cells, CD3+CD4+ or CD3+CD8+ T cell (c), the naÃ¯ve T cell (CD62LhighCD44low) and the effector T cell (CD62LlowCD44high) (d) populations in the spleen or lymph node of Tazf/f mice and Tazf/f Lck-Cre mice, with the indicated antibodies. (e-f) Flow cytometry analysis of the activation markers CD69, CD25, CD62L, and CD44 on cell surfaces (e) and enzyme-linked immunosorbent assay of IL-2 or IFNÎ³ production (f) in culture medium of CD4+ T cells isolated from 8-week-old Tazf/f mice or Tazf/f Lck-Cre mice, stimulated with anti-CD3 or anti-CD3 plus anti-CD28 antibodies for 24 hours. Data were assessed with Studentâ€™s t-test and are represented as mean Â± s.d. ns, not significant. (g) CFSE proliferation assay of CD4+ T cells isolated from 8-week-old Tazf/f mice or Tazf/f Lck-Cre mice, stimulated with anti-CD3 plus anti-CD28 antibodies for 48 hours. (h) CFSE proliferation assay of Th17 or Treg cells differentiated from Tazf/f mice or Tazf/f Lck-Cre naÃ¯ve T cells, stimulated with anti-CD3 plus anti-CD28 antibodies for indicated time. (i and j) Quantification of intracellular or ELISA assay of IL-17F expression (i) or Real-time quantitative PCR analysis of the expression levels of indicated genes in CD4+ naÃ¯ve T cells from Tazf/f mice or Tazf/f Lck-Cre mice differentiated under TH17. (k and l) H&E (k) and anti-CD3 (l) staining for lymphocyte infiltration in the spinal cord of Tazf/f mice and Tazf/f Lck-Cre mice subjected to EAE by MOG immunization. Scale bars, 100Î¼M. (m and n) Proliferation rate (m) and IL-2 production (n) of responder CD4+ naÃ¯ve T cells cocultured with CD4+CD25+ Treg cells from Tazf/f mice or Tazf/f Lck-Cre mice and wild-type irradiated spleen cells and stimulated with anti-CD3 antibodies. The data are representative of three independent experiments with similar results. The data represent the mean Â± s.d. (n=3). ns, not significant (P > 0.05); *P < 0.05, **P < 0.01 and ***P < 0.001 compared with control, Studentâ€™s t-test.


Supplementary Figure 3 Smad3 and STAT3 synergistically upregulate Taz expression.
Identification of Smad3 and STAT3 by mass spectrometry in streptavidin-precipitation assays using biotinylated Taz gene 1-kb promoter (Taz p1000) DNA fragments in lymphoid tissue lysates of WT mouse. The control DNA was amplified from PGL3-Basic vectors using the same primer set. The DNA gel in the bottom shows the input of biotinylated DNA fragments. M, molecular size markers. The data are representative of three independent experiments with similar results.


Supplementary Figure 4 TAZ directly binds to RORÎ³t and enhances its transcriptional activity.
(a) Identification and the list (the right panel) of TEAD3, TEAD4, RORÎ³t, Foxp3 and Tip60 by mass spectrometry in a Flag-tagged TAZ-precipitation assay in lymphoid tissue lysates of WT or Taz Tg mice. *, migration of TAZ; IP, immunoprecipitation; IB, immunoblot analysis; M, molecular size markers. (b, c) Immunoassays of 293T cells expressing various combinations (above lanes) of GFP-tagged RORÎ³t and full-length (FL) or the truncated fragment of Flag-TAZ as indicated; immunoprecipitation with anti-Flag and analysis by immunoblot with the indicated antibodies; below, immunoblot analysis of total cell lysates (TCL) without immunoprecipitation. (d) Immunoassays (as in b, c) of 293T cells expressing various combinations (above lanes) of GFP-tagged TAZ and full-length (FL) or the truncated fragment of Flag-RORÎ³t as indicated. (e) Super-resolution immunofluorescence imaging (SIM) of HeLa cells transfected with nuclear localization sequence (NLS)/Flag-tagged TAZ (red), full-length, DBD, Hinge or LBD fragment of RORÎ³t (green). Scale bars, 20 Î¼m. The data are representative of three independent experiments with similar results (a-e), or with ~50 cells (e)


Supplementary Figure 5 TAZ blocks acetylation of Foxp3 and promotes its degradation.
(a) Real-time quantitative PCR (RT-qPCR) analysis of the expression levels of Foxp3 in CD4+ naÃ¯ve T cells cultured with anti-CD3/CD28 antibodies in the presence of TGF-Î² (2.5 ng/ml) or TGF-Î² plus IL-6 (30 ng/ml) for 1 and 2 days. Data were assessed with Studentâ€™s t-test and are represented as mean Â± s.d. ns, not significant. (b) Immunoassays of 293T cells expressing various combinations (above lanes) of HA-tagged Tip60, and full-length (FL) or the truncated fragment of Flag-TAZ as indicated; immunoprecipitation with anti-Flag and analysis by immunoblot with the indicated antibodies; below, immunoblot analysis of total cell lysates (TCL) without immunoprecipitation. (c) Immunoassays (as in b) of 293T cells expressing various combinations (above lanes) of GFP-tagged TAZ, full-length (FL) or the truncated fragment of Flag-Tip60 as indicated. (d) Immunoassays (as in b) of 293T cells expressing various combinations (above lanes) of GFP-tagged Foxp3, and full-length (FL) or the truncated fragment of Flag-Tip60 as indicated. (e) Immunoassays (as in b) of 293T cells expressing various combinations (above lanes) of Myc-tagged Tip60, Flag-Foxp3 and increasing doses of HA-tagged TAZ. (f) SIM of HeLa cells transfected with NLS/Flag-tagged TAZ (purple), HA-tagged Tip60 (red) or Flag-Foxp3 (green); Scale bars, 20 Î¼m. The data are representative of three independent experiments with similar results (a-f), or with ~50 cells (f).


Supplementary Figure 6 TAZ activates RORÎ³t by blocking the inhibitory effect of Foxp3 on RORÎ³t.
(a) Immunoassays of 293T cells expressing various combinations (above lanes) of GFP-tagged Foxp3, and full-length (FL) or the truncated fragment of Flag-TAZ as indicated. immunoprecipitation with anti-Flag and analysis by immunoblot with the indicated antibodies; below, immunoblot analysis of total cell lysates (TCL) without immunoprecipitation. (b) Immunoblot analysis (as in a) of Foxp3 and various forms of TAZ in total lysates (bottom) and anti-Flag immunoprecipitates (top) from 293T cells expressing GFP-tagged Foxp3 and Flag-tagged TB-WW or the TB fragment of TAZ. (c) Immunoassays (as in a) of 293T cells expressing various combinations (above lanes) of GFP-tagged TAZ and full-length (FL) or the truncated fragment of Flag-Foxp3 as indicated. (d) Immunoassays (as in a) of 293T cells expressing various combinations (above lanes) of GFP-tagged RORÎ³t, mCherry-tagged Foxp3WT or Foxp3LL/AA and Flag-tagged TAZ. (e) SIM of HeLa cells transfected with NLS/Flag-tagged TAZ (purple), mCherry-tagged Foxp3 (red) and GFP- RORÎ³t (green); Scale bars, 20 Î¼m. (f) A proposed working model showing dimerized/polymerized TAZ required for the assembly of the Foxp3-TAZ-RORÎ³t complex. The data are representative of three independent experiments with similar results (a-e), or with ~50 cells (e).


Supplementary Figure 7 TEAD sequesters TAZ from the TH17 master regulator RORÎ³t to promote the development of Treg cells.
(a) Immunoassays of 293T cells expressing various combinations (above lanes) of Flag-tagged RORÎ³t, Foxp3 or TEAD1 and HA-tagged TAZ; immunoprecipitation with anti-Flag and analysis by immunoblot with the indicated antibodies; below, immunoblot analysis of total cell lysates (TCL) without immunoprecipitation. (b) Immunoassays (as in a) of 293T cells expressing various combinations (above lanes) of Flag-tagged TAZWT or TAZS51A, GFP-tagged TEAD1 or increasing doses of GFP-tagged RORÎ³t. (c) SIM of HeLa cells cotransfected with NLS/Flag-tagged TAZWT or TAZS51A (purple), HA-tagged TEAD1 (red) or GFP-tagged Foxp3 (green); outlined areas are enlarged 4Ã— in the corner insets. Scale bars, 20 Î¼m. (d) Immunoassays (as in a) of 293T cells expressing various combinations (above lanes) of Flag-tagged TAZ, HA-tagged Tip60 or increasing doses of HA-tagged TEAD1. (e) Immunoassay (as in a) of 293T cells expressing various combinations (above lanes) of HA-tagged Tip60, HA-tagged p300, Flag-tagged Foxp3 and/or GFP-tagged TAZ or HA-tagged TEAD1, treated with DMSO or the histone deacetylase inhibitors Trichostatin A and Nicotinamide (TSA&NAM). immunoprecipitation with anti-Flag and analysis by immunoblot with anti-K-Ace (Î±-K-Ace), anti-Flag (Î±-Flag), anti-HA (Î±-HA) or anti-GFP (Î±-GFP); below, immunoblot analysis of total cell lysates (TCL) without immunoprecipitation.
(f) Immunoblot analysis of TEAD1 in CD4+ naive T cells infected with a retrovirus expressing shRNA for knocking down TEAD1 or control shRNA, differentiated under Treg -polarizing conditions. The data are representative of three independent experiments with similar results (a-f), or with ~50 cells (c).


Supplementary Figure 8 A proposed working model showing TAZ-mediated regulation of TH17 or Treg cell differentiation.
TAZ potentiates TH17 differentiation through direct transcriptional activation of RORÎ³t and promoting Foxp3 degradation by reducing Tip60-mediated acetylation of Foxp3, while under Treg-skewing conditions, upregulated TEAD1 sequesters TAZ from RORÎ³t, Tip60 and Foxp3, thereby negatively regulating TAZ-mediated TH17 differentiation but promoting Treg differentiation.
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