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Introduction
Calcineurin (protein phosphatase 2B) is the only serine/threonine 
protein phosphatase regulated by intracellular calcium (1). Calci-
neurin participates in a variety of signal transduction pathways 
regulated by cytoplasmic Ca2+, and performs various physiologi-
cal functions by interacting with distinct substrates (2). As a major 
substrate of calcineurin, nuclear factor of activated T cells (NFAT) 
is widely distributed in various tissues and cell types (3). Activated  
calcineurin directly dephosphorylates NFATs in the cytoplasm 
and induces their translocation to the nucleus (4–6). In addition 
to dephosphorylating NFATs, calcineurin is recruited to the T cell 
receptor (TCR) signaling complex, where it reverses the inhibi-
tory phosphorylation of lymphocyte-specific protein tyrosine 
kinase (LCK) on serine 59 (7, 8). Calcineurin-mediated signaling 
is involved in a diverse range of biological processes, including 
T cell maturation and reactivity (9). Calcineurin is also required 
for development of the nervous (10), skeletal muscle, and cardio-
vascular systems (11–13). Calcineurin is composed of a catalytic 
calcineurin A (CNA) subunit and a Ca2+-binding regulatory cal-
cineurin B (CNB) subunit. CNA includes a calmodulin-binding 
(CaM-binding) domain and an autoinhibitory domain (AID). 
Once bound to Ca2+, CNB and CaM are thought to induce a struc-
tural change in the AID, thereby releasing its inhibitory effect on 
the catalytic activity of CNA (14). However, whether the release 

of AID from the catalytic domain is sufficient for calcineurin 
activation remains poorly understood. Additionally, the lack of 
activation markers has hindered the discovery of more selective 
inhibitors of calcineurin.

A wide range of regulatory proteins has been reported to regu-
late calcineurin activity (15). A well-known family is the regulators 
of calcineurin (RCAN), which interacts with CNA via the hydro-
phobic pocket (16, 17). A-kinase anchor proteins (AKAPs) and  
Cabin 1 also exert inhibitory effects on activated calcineurin 
(18–20). Previous evidence has revealed that calcineurin can be 
phosphorylated by casein kinase I (CKI) and protein kinase C 
(PKC) (21, 22), but the physiological function of this phosphory-
lation remains unclear. In this study, we found that CNA is highly 
modified by nonproteolytic ubiquitination in resting T cells. The 
resulting polyubiquitin chain is rapidly removed in response to  
elevated calcium concentrations. The ubiquitination of CNA dis-
rupts its interaction with NFATs. Furthermore, the deubiquitina-
tion of CNA is mediated by ubiquitin carboxyl-terminal hydrolase 
16 (USP16), which selectively binds 2 isozymes of CNA encoded 
by PPP3CB (3CB) and PPP3CC (3CC).

USP16 is a deubiquitinase (DUB) that has been found to be 
required for chromosomal segregation in mitosis (23). USP16 
promotes the localization and maintenance of polo-like kinase 
1 (PLK1) on kinetochores, which are important for proper chro-
mosome alignment. USP16 can also deubiquitinate histone H2A 
and regulate gene expression when coupled with protein regula-
tor of cytokinesis 1 (PRC1) (24, 25). Dysregulated expression of 
USP16 is associated with Down Syndrome (DS), a congenital dis-
ease characterized by the triplication of chromosome 21 (HSA21) 
(26). However, no evidence has clarified why children with DS 
have an increased risk of developing acute lymphoblastic leu-
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lysine residues, we substituted the lysine residues with arginine 
residues (R) to generate point mutants of CNA. As shown in Fig-
ure 1F and Supplemental Figure 1D, the K327R mutation resulted 
in the loss of ability of the fragment to be polyubiquitinated. Inter-
estingly, K327 is conserved among all 3 CNA isozymes (Figure 1G) 
and among different species (Figure 1H). Consistent with the find-
ings obtained from 3CB, mutation of 3CA or 3CC at this conserved 
lysine residue also resulted in a reduced level of ubiquitination 
(Supplemental Figure 1, F and G).

The NMR structure of 3CB revealed that K327 is located within 
a hydrophobic pocket that binds to the short linear motif (PxIxIT) 
of NFATs (Figure 1I). Thus, we hypothesized that CNA ubiquitina-
tion is potentially involved in its interaction with substrates. Coim-
munoprecipitation (coIP) assays demonstrated that defective ubiq-
uitination of CNA led to an elevated recruitment of NFAT2 (Figure 
1J). The AID of CNA inhibits NFAT recruitment to the active site of 
CNA. However, K327 mutant of CNA did not affect the binding of 
AID with the catalytic domain (Supplemental Figure 1H). Collec-
tively, these data indicate that deubiquitination of CNA at K327 is 
critical for NFAT recruitment in activated T cells.

USP16 is selectively associated with CNA encoded by PPP3CB 
and PPP3CC. To identify the potential DUBs that regulate CNA 
deubiquitination, we screened for interactions between CNA 
and 46 individual DUBs in HEK293T cells. The coIP results indi-
cated that only ectopic USP16 was associated with endogenous 
CNA (Figure 2A and Supplemental Figure 2A). As shown in pre-
vious studies, cysteine 205 (C205) in human USP16 is required 
for its catalytic activity (29–31). Transfection of wild-type 
USP16 (USP16-WT), but not the catalytically inactive USP16C205S 
mutant (USP16-CI) resulted in higher P/I-induced NFAT activity  
in CD4+ T cells, as demonstrated by NFAT luciferase reporter 
assays (Figure 2B and Supplemental Figure 2B). In the absence 
of a stimulus, the coIP results showed no interaction between 
endogenous USP16 and CNA, whereas TCR ligation rapidly 
(within 2 minutes) induced USP16 binding to CNA (Figure 2C). 
We further determined the subcellular distribution of USP16 and 
its colocalization with CNA by confocal microscopy. In resting 
CD4+ T cells, USP16 was mainly localized in the nucleus and sep-
arated from cytosolic CNA (Figure 2D). After TCR stimulation 
for 3 hours, significant colocalization of USP16 with CNA was 
observed in the cytoplasm, which was demonstrated by a mark-
edly increased Pearson’s correlation coefficient (Figure 2D and 
Supplemental Figure 2C). In cotransfected HEK293T cells, coIP 
assay results revealed that USP16 physically associated only with 
3CB and 3CC, but not 3CA (Figure 2E). To confirm the lack of 
association between USP16 and 3CA in T cells, we used a specific 
antibody against 3CA for coIP assay. We combined the lysates of 
peripheral CD4+ T cells and subjected them to IP using anti-CNA 
or anti-3CA antibody. In contrast to anti-CNA antibody, anti-
3CA antibody indicated no interaction between USP16 and 3CA 
in peripheral CD4+ T cells or thymocytes (Supplemental Figure 
2D). The association of overexpressed USP16 with 3CB or 3CC 
was constitutive in HEK293T cells, which was different from 
that in mature T cells. Confocal images revealed that transfected 
USP16 was mainly distributed in the cytoplasm in the absence 
of stimulation, similar to what was observed in activated T cells 
(Supplemental Figure 2E). Additional ionomycin stimulation 

kemia (ALL) (27). Data obtained in this study demonstrate that 
peripheral CD4+ T cells from patients with distinct autoimmune 
diseases display elevated levels of USP16. We further present 
biochemical evidence showing that USP16 functions as a DUB 
of CNA in activated T cells and that USP16 deficiency results in 
impaired calcineurin activity. USP16 is recruited to CNA upon 
TCR stimulation and selectively removes K29-linked polyubiq-
uitin chains from 3CB and 3CC. USP16 acts as a critical regulator 
of T cell activation and T cell–mediated autoimmune diseases.  
T cell–specific USP16 knockout (USP16-KO) mice exhibit a 
severely reduced number of peripheral T cells coupled with 
diminished autoimmune symptoms. In contrast to previous find-
ings (28), USP16 deficiency did not result in suppression at meta-
phase, but rather directly attenuated TCR-induced calcium sig-
naling and NFAT activation in our study. Therefore, our findings 
demonstrate what we believe is a novel function and mechanism 
for USP16 in regulating mature T cell activation, and suggest that 
USP16 might serve as a novel therapeutic target in the treatment 
of T cell–mediated autoimmune diseases.

Results
Nonproteolytic ubiquitination represses calcineurin activity and 
NFAT recruitment. Calcineurin is known to be involved in T cell 
activation and calcium-dependent signal transduction (5). How-
ever, the detailed mechanism and modification indicating calci-
neurin activation remain poorly understood. Interestingly, our 
findings demonstrated that in murine primary CD4+ T cells, the 
catalytic subunit of CNA was rapidly deubiquitinated upon TCR 
or PMA/ionomycin (P/I) stimulation without any change in its 
protein level (Figure 1A and Supplemental Figure 1A; supple-
mental material available online with this article; https://doi.
org/10.1172/JCI123801DS1). Consistently, human CD4+ T cells 
obtained from the peripheral blood mononuclear cells (PBMCs) of 
healthy donors exhibited similar CNA deubiquitination after P/I 
stimulation for 5 minutes (Figure 1B and Supplemental Figure 1B). 
As shown in Figure 1C, calcineurin is a heterodimer of regulatory 
subunit CNB and catalytic subunit CNA, which can be encoded by 
any of 3 genes (PPP3CA, PPP3CB, and PPP3CC). To identify the 
potential modification sites on CNA, we evaluated ubiquitination 
levels obtained with distinct truncations of CNA. Taking 3CB as an 
example, we found that the polyubiquitination level was markedly 
reduced when the amino acids at positions 326-351 were deleted 
(Figure 1D and Supplemental Figure 1C). These results suggest 
that potential ubiquitination sites are located at residues 326-351. 
Ubiquitination usually results in the attachment of ubiquitin to 
lysine residues (K) on substrate proteins or itself. Therefore, we 
analyzed the lysine residues in the sequence NNKAAVLKYENN-
VMNIRQFNCSPHPYW. As indicated in Figure 1E, we identified 
only 2 lysine residues K327 and K332 in this fragment. To confirm 
the ubiquitination sites of CNA, we isolated CNA from naive CD4+ 
T cells and identified ubiquitination sites using mass spectrome-
try. As shown in Supplemental Figure 1E and Supplemental Table 
3, mass spectrometry analysis revealed K61 and K327 was ubiq-
uitinated. Additionally, 70% of the fragment NNKAAVLK was 
ubiquitinated. These data supported our conclusion that ubiquiti-
nation is a critical process for CNA to avoid its autoactivation. To 
further study the functional significance of CNA at these specific 
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and 3CB (1-351, 1-401, 1-474, and 22-C). Results of co-IP using 
HEK293T cells revealed that the association between CNA and 
USP16 was dependent on the catalytic domain of CNA and the 
peptidase domain of USP16 (Figure 2, F and G). We also identified 
5 consecutive amino acids, TMIEV, which are conserved between 
3CB and 3CC, but not in 3CA (Figure 2, H and I). If these 5 amino 
acids were deleted, no association was detected between USP16 
and 3CBΔ86-91 (Figure 2J). Thus, TCR engagement triggers the 
selective binding of USP16 to 3CB or 3CC in activated T cells.

only induced a weak enhancement of the interaction between 
USP16 and 3CB in these HEK293T cells (Supplemental Figure 
2F). All of these data suggested that P/I- or TCR-triggered trans-
location of USP16 from the nucleus to the cytoplasm is essential 
for its binding with CNA during T cell activation.

USP16 contains a peptidase domain and a zinc finger ubiq-
uitin-binding domain (Znf-Ubp). To map the crucial domains 
of CNA and USP16 that are responsible for their interaction, we 
generated different truncated forms of USP16 (1-142 and 184-C) 

Figure 1. T cell activation is associated with the deubiquitination of calcineurin A. (A) IB analysis of the deubiquitination of calcineurin A (CNA) in mouse 
splenic CD4+ T cells upon αCD3/αCD28 or PMA/ionomycin (P/I) stimulation. Whole-cell lysate (WL) was subjected to IP using anti-CNA or rabbit IgG control 
as nonspecific control (NC), followed by IB analysis of the ubiquitination (Ub) level. (B) Human CD4+ T cells isolated from the peripheral blood of healthy 
donors were activated with P/I. The same Ub assay was performed as described in A. Immunoprecipitated CNA was detected by Trueblot. (C) Calcineurin 
is composed of calcineurin B (CNB) and CNA, and the latter is encoded by PPP3CA, PPP3CB, or PPP3CC. (D) HEK293T cells were transfected with a distinct 
truncation mutant of CNA encoded by PPP3CB (3CB) along with HA-tagged Ub. WLs were subjected to IP using anti-FLAG antibody followed by Ub analy-
sis. The WLs were also subjected to direct IBs (bottom 2 panels). (E) Schematic representation of the different domains of human 3CB. (F) Wild-type 3CB 
(3CB-W) and Ub site mutants were transfected into HEK293T cells. Whole-cell lysates were subjected to IP using anti-FLAG followed by Ub analysis. (G) 
Comparison of the amino acid sequences around potential Ub sites on human CNA catalytic subunit. (H) Sequence alignment of Ub sites on CNA orthologs 
of different species. (I) Crystal structure of the CNA: NFAT2 PxIxIT complex. The potential Ub sites are shown in yellow. (J) Interaction assay of in vitro 
translational NFAT2 with the ubiquitinated catalytic domain (CD) of WT or mutant 3CB, which was isolated from transfected HEK293T cells. Data are 
representative of 4 independent experiments with 4 mice in each group (A, B), 4 experiments (D, F), and 3 experiments (J).
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failed to deubiquitinate 3CB (Figure 3D). We further examined 
which subtypes of ubiquitin chains were conjugated to CNA and 
regulated by USP16 in HEK293T cells. As shown, USP16 selec-
tively removed K29-linked polyubiquitin chains from 3CB, and 
conversely increased K33- and K63-linked ubiquitination (Figure 
3E). To confirm the specificity of ubiquitin types, we transfected 
HA-tagged K29- or K29R-linked ubiquitin expression constructs 
into WT CD4+ T cells. Ubiquitination assay revealed that CNA was 
mainly modified by K29-linked ubiquitin, but not K29R mutant 

USP16 specifically removes the K29-linked polyubiquitin chain 
of CNA. To characterize the DUB activity of USP16, we analyzed 
the ubiquitination level of CNA after cotransfection with USP16 
in HEK293T cells. The results indicated that USP16-WT, but not 
USP16-CI, could deubiquitinate 3CB and 3CC (Figure 3, A and 
B). Due to the lack of interaction, USP16 did not promote the deu-
biquitination of 3CA (Figure 3C). In vitro deubiquitination assays 
also demonstrated that the USP16-mediated deubiquitination 
of 3CB required its DUB activity, because the USP16-CI mutant 

Figure 2. USP16 selectively associates with CNA encoded by PPP3CB and PPP3CC. (A) HEK293T cells were transfected with 3CB and distinct HA-tagged 
deubiquitinase (DUB) expression plasmids. IB of 3CB was followed by IP with anti-HA antibody in whole-cell lysates (WLs). (B) WT CD4+ T cells were 
transfected with NFAT luciferase reporters along with WT USP16 (USP16-WT) or its catalytically inactive mutant (USP16-CI) expression plasmids using 
nucleofection. The P/I-induced readouts were normalized to Renilla luciferase activity and are presented as fold change relative to unstimulated T cells. 
(C) WT CD4+ T cells were stimulated with αCD3/αCD28, and WLs were subjected to IP using anti-CNA antibody or rabbit IgG control (NC), followed by IB 
analysis of USP16. The cell lysates were also subjected to direct IB analyses (bottom 3 panels). Immunoprecipitated CNA was detected by Trueblot. (D) 
Confocal microscopy analysis of the colocalization of USP16, CNA, and DAPI in WT CD4+ T cells stimulated with αCD3/αCD28 as indicated. Scale bar: 5 μm. 
(E) HEK293T cells were transfected with indicated plasmids. IB of FLAG was performed followed by IP with anti-HA antibody in WLs. (F–G) Full-length 
and various truncated mutants of USP16 (F) or 3CB (G) expression plasmids were cotransfected in HEK293T cells. The interaction of these molecules was 
detected through the indicated IP and IB analyses. (H) Comparison of the amino acid sequences of the potential USP16-interacting motifs of 3 distinct 
CNA subunits. (I) Crystal structure of the CNA motif responsible for its interaction with USP16. (J) Full-length CNA and a USP16-interacting defective 
mutant (3CB-Δ86-91) were coexpressed with USP16 in HEK293T cells. IB of USP16 was performed followed by IP with anti-FLAG antibody in WLs. Data are 
representative of 3 independent experiments with 3 mice in each group (C–D) and 3 experiments (A, B, E–J).
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ure 3F). Although no effect was detected on the protein levels of 
CNA and CaM (Figure 3F), USP16 deficiency partially suppressed 
the deubiquitination of CNA triggered by TCR stimulation (Fig-
ure 3G and Supplemental Figure 2H). As with the observation in 
HEK293T cells, we did not detect any signal corresponding to 
K63-linked ubiquitination of endogenous CNA (Supplemental 
Figure 2I). We then transfected USP16-deficient CD4+ T cells with 
a retroviral vector encoding the WT or catalytically inactive form 
of USP16. The data indicated that USP16-WT, but not the USP16-
CI mutant, could promote the deubiquitination of CNA during 

ubiquitin in resting CD4+ T cells (Supplemental Figure 2G). These 
additional data support our conclusion that inactive CNA partic-
ipates in K29-linked ubiquitination, which could be removed by 
USP16 in T cells.

To further confirm the critical role of USP16 in the deubiq-
uitination of endogenous CNA, we generated USP16fl mice, and 
crossed them with Cd4-Cre mice to delete USP16 in T cells. As 
expected, IB analyses revealed a defect in USP16 expression in the 
USP16-KO T cells. Additionally, TCR stimulation did not affect 
the protein levels of USP16 in WT T cells at an early stage (Fig-

Figure 3. USP16 promotes the deubiquitination of CNA. (A–C) HEK293T cells were transfected with HA-tagged ubiquitin along with the HA-tagged  
USP16-WT or USP16-CI expression plasmids. 3CA, 3CB, and 3CC were isolated by IP with anti-FLAG antibody under denaturing conditions, and followed 
by the detection of ubiquitin levels with anti-HA. The cell lysates were also subjected to direct IB analyses (bottom 3 panels). (D) In vitro deubiquitina-
tion assays were performed to detect the USP16-mediated deubiquitination of 3CB. In vitro translated WT or catalytically inactive USP16 was mixed with 
ubiquitinated 3CB, which was isolated from transfected HEK293T cells. Deubiquitination of 3CB was detected by direct IB of HA-tagged ubiquitin. (E) 
HEK293T cells were transfected with multiple HA-tagged ubiquitin mutants, including K6, K11, K48, K63, K29 and K33, along with the indicated expression 
plasmids. FLAG-tagged 3CB was isolated by IP, and followed by IB detection of ubiquitin. (F) IB analyses of the indicated proteins in WL of CD4+ T cells 
from WT and USP16-KO mice stimulated with αCD3/αCD28. (G) IB analyses of TCR-triggered deubiquitination of CNA in WT and USP16-deficient CD4+ T 
cells. CNA was isolated by IP and followed by IB detection of ubiquitin. (H) USP16-deficient CD4+ T cells were reconstituted with USP16-WT or USP16-CI 
using nucleofection. After stimulation with αCD3/αCD28 as indicated, CNA in these reconstituted T cells was isolated by IP and followed by IB detection of 
ubiquitin. Immunoprecipitated CNA in panels G and H was detected by Trueblot. Data are representative of 3 independent experiments with 3 mice in each 
group (F–H) and 3 independent experiments (A–E).
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TCR stimulation (Figure 3H). Together these results suggest that 
USP16 is specifically involved in the K29-linked deubiquitination 
of 3CB and 3CC.

USP16-mediated CNA deubiquitination is indispensable 
for NFAT activation. To clarify the underlying mechanism of 
USP16-mediated deubiquitination of CNA in activated T cells, we 
first assessed the P/I- or TCR-induced crucial signaling events. 
USP16-deficient CD4+ T cells displayed comparable activation 
levels of MAP kinase phosphorylation (Supplemental Figure 3A) 
and canonical NF-κB activation (Supplemental Figure 3, B and C).  
USP16 was also not involved in TCR-proximal signaling trans-
duction, such as phosphorylation of LCK or zeta-chain-associated 
protein kinase 70 (ZAP70) (Supplemental Figure 3D).

We then evaluated Ca2+ flux in primary CD4+ T cells. FACS 
analysis indicated that USP16 deficiency did not lead to impair-
ment of the upstream Ca2+ flux (Figure 4, A and B). Consistent 
with the prior observation in vitro, USP16-deficient CD4+ T cells 
showed reduced activation and nuclear translocation of NFAT1 
and NFAT2 stimulated by TCR (Figure 4C and Supplemental Fig-
ure 4A) or P/I (Supplemental Figure 4, B and C), which resulted in 
reduced induction of NFAT-targeted cytokines (Figure 4D). Cur-
rent evidence indicates that store-operated Ca2+ entry (SOCE) 
controls the proliferation of T cells through activation of the PI3K-
AKT kinase-mTOR nutrient-sensing pathway (32). However,  
USP16 did not impair the phosphorylation of AKT in our study 
(Supplemental Figure 3D). In reconstituted USP16-deficient 

Figure 4. USP16 regulates NFAT activation by controlling its recruitment to CNA. (A and B) Recordings of Ca2+ flux in WT and USP16-deficient CD4+ T cells 
cultured in Ca2+-free medium, and stimulated by crosslinking biotinylated P/I (A) or αCD3/αCD28 (B) along with addition of 2 mM CaCl2. (C) IB analysis of 
the cytoplasmic and nuclear NFAT levels in WT and USP16-deficient CD4+ T cells activated by αCD3/αCD28. (D) qPCR analysis of Il2 and Ifng mRNA levels in 
WT or USP16-deficient CD4+ T cells in response to plate-coated αCD3/αCD28. The qRT-PCR data are presented as fold changes relative to the Actb mRNA 
level. (E) USP16-deficient CD4+ T cells were reconstituted with USP16-WT or USP16-CI using nucleofection. IB analysis of nuclear translocation of NFAT2 
upon P/I stimulation. (F) The interaction between CNA and NFAT2 was assessed in WT and USP16-deficient T cells activated by αCD3/αCD28. WLs were 
subjected to IP using anti-CNA antibody or rabbit IgG control (NC), followed by IB analyses of the associated NFAT2. (G–H) EL4 T cells were infected with 
retrovirus carrying WT (3CB-W) or K327R mutant 3CB (3CB-M). GFP+ cells were sorted by FACS, and USP16 expression was silenced by lentiviruses carrying 
USP16-specific shRNAs. After puromycin selection, these EL4 cells were stimulated with αCD3/αCD28 as indicated. The nuclear translocation of NFAT2 
was evaluated by direct IB analyses. The recruitment of NFAT2 to CNA was assessed in these reconstituted EL4 cells in response to αCD3/αCD28 stimula-
tion. Immunoprecipitated CNA in F–H was detected by Trueblot. Data are representative of 3 independent experiments with 3 mice each group (A–F) and 
3 experiments (G and H). The error bars show the mean ± SEM. The significances of differences were determined by 2-tailed Student’s t test. Significance 
was determined by the 2-tailed Student’s t test. *P < 0.05.
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CD4+ T cells, USP16-WT, but not USP16-CI, rescued the defec-
tive activation of NFAT2 (Figure 4E). Collectively, these findings 
indicate that USP16 is specifically required for the activation of 
NFATs without affecting other critical signaling cascades.

To further confirm the role of USP16 in regulating NFAT 
activation, we examined the molecular interaction of endog-
enous CNA with CaM or NFAT2. As shown in Figure 4F, the 
USP16-mediated deubiquitination of CNA was dispensable for 

its interaction with CaM. Conversely, USP16 deficiency com-
pletely disrupted the TCR-triggered recruitment of NFAT2 to 
CNA (Figure 4F). Consistent with TCR stimuli, extrinsic Ca2+ 
also promoted the USP16-dependent formation of CNA-NFAT2 
complex (Supplemental Figure 4D). To clarify the connection 
of ubiquitination of CNA with NFAT2 activation, we recon-
stituted murine T cell line EL4 with WT (3CB-WT) or K327R 
mutant 3CB (3CB-M) expression constructs, and then knocked 

Figure 5. USP16 is indispensable for peripheral T cell maintenance and homeostasis. (A) USP16 expression in various immune cells was monitored by 
qRT-PCR and IB. (B) Flow cytometric (FACS) analyses of the frequency and absolute cell numbers of subpopulations of cells in the spleen and thymus of 
6- to 8-week-old WT and USP16-KO mice. (C) qRT-PCR analyses of the absolute copy numbers of PPP3CA, PPP3CB, and PPP3CC in distinct tissues. The 
standard curves were generated with different copies of eukaryotic expression plasmids. The same primers were used to measure the expression of 3 
CNA isoforms. (D) IB analysis of NFAT2 level in the nucleus of WT and USP16-deficient thymocytes stimulated with P/I as indicated. (E) The cell numbers 
of T cell subpopulation in the spleen or inguinal lymph nodes (iLNs) from WT and USP16-KO mice evaluated by FACS. (F–G) RAG1-KO recipient mice (6 to 
8 weeks old) were adoptively transferred with BM cells derived from 6- to 8-week-old WT or USP16-KO mice (CD45.2+) along with those of B6.SJL mice 
(CD45.1+). The frequency of CD45.1+ or CD45.2+ cells in single-positive population in thymus was measured by FACS (F). The frequency of CD45.1+ or CD45.2+ 
cells in distinct subpopulations of splenic T cells was measured by FACS (G). Data are representative of 3 independent experiments with 3 mice in each 
group (A, D, F, G) and 4 independent experiments with 6- to 8-week-old mice (n = 4–5; female) in each group (B, C, E). The error bars show the mean ± 
SEM. The significance of the difference in C was determined by Dunnett’s multiple comparisons test (1-way ANOVA). The significances of differences in 
2-group comparisons including B, E, and G were determined by 2-tailed Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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erably reduced numbers of T cells in the spleen and peripheral 
lymph nodes without changes in the ratio of CD4+ to CD8+ T cells 
(Figure 5B and Supplemental Figure 5, B and C). In addition to 
reduced numbers of effector T cells, USP16-KO mice displayed 
a defect in regulatory T (Treg) cells (Supplemental Figure 5D). 
Unexpectedly, FACS analyses indicated comparable frequen-
cies of double-negative (DN) (Supplemental Figure 5E), double- 
positive (DP), and single-positive (SP) CD4+ and CD8+ thymo-
cytes (Figure 5B), which suggested that USP16 is not involved in 
T cell development in the thymus. To clarify the differential reg-
ulation of thymocytes and peripheral T cells by USP16, we evalu-
ated the expression levels of 3CA, 3CB, and 3CC in these tissues. 
qPCR analysis of the absolute copy numbers of these isozymes 

down USP16 expression using USP16-specific shRNAs. Similar 
to that observed in USP16-deficient CD4+ T cells, USP16 silenc-
ing suppressed the recruitment of NFAT2 to 3CB-WT, but not to 
3CB-M (Figure 4, G and H). Thus, USP16 appears to be a critical 
regulator of CNA activity via the regulation of NFAT recruit-
ment and activation.

USP16 deficiency leads to impaired peripheral T cell main-
tenance. As an essential regulator of calcineurin, USP16 was 
found to be mainly distributed in tissues of the immune sys-
tem, particularly in the spleen and lymph nodes (Supplemental 
Figure 5A). Analysis of the mRNA and protein levels of USP16 
also revealed that USP16 was uniformly expressed in distinct 
immune cells (Figure 5A). However, USP16-KO mice had consid-

Figure 6. USP16 regulates T cell proliferation and cell-cycle entry. (A) Naive CD4+ T cells (CD44loCD62Lhi) were isolated from WT and USP16-KO mice 
by FACS sorter. These T cells were labeled with 5 μM CFSE and stimulated with αCD3/αCD28 as indicated. The proliferative ratio was assessed as CFSE 
dilution by FACS. (B) USP16-deficient CD4+ T cells were infected with retrovirus carrying WT (USP16-WT) or inactive USP16 (USP16-M) for 48 hours, and 
were selected with puromycin. After resting for 6 hours, the CFSE assay was used for measuring the proliferative capacity of these T cells stimulated with 
αCD3/αCD28 for 72 hours. (C and D) Cell-cycle processes and genome replication of naive WT or USP16-deficient CD4+ T cells in vivo (C) and in vitro (D)were 
evaluated by bromodeoxyuridine (BrdU) staining. (E) Naive CD4+ T cells were isolated from WT and USP16-KO mice, and were stimulated for 4 days with 
αCD3/αCD28 under different polarization conditions. The frequency of T cell differentiation was analyzed by FACS based on intracellular staining of the 
indicated cytokines or specific transcriptional factors. (F) WT or USP16-deficient CD4+ T cells were infected with retrovirus carrying constitutively activated 
NFAT2 (Ca-NFAT2), and were selected with puromycin. After stimulation with anti-CD3/CD28 for 72 hours, the proliferative capacity of these T cells was 
measured by CFSE assay. Data are representative of 3 independent experiments with 3 mice in each group (A, C–F) and 4 independent experiments with 4 
mice in each group (B). The error bars show the mean ± SEM. The significance of difference in B was determined by Dunnett’s multiple comparisons test. 
The significances of differences in all other 2-group comparisons were determined by 2-tailed Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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tal Figure 5F). These results suggest that USP16 is only required 
for the maintenance of peripheral T cells, but not the develop-
ment of thymocytes.

In addition to dysregulated T cell maintenance, USP16-KO 
mice exhibited a significantly reduced frequency of peripheral 

revealed that 3CA is mainly expressed in thymocytes, whereas  
3CC is mostly distributed in peripheral T cells in the spleen or 
lymph nodes (Figure 5C). Because 3CA did not bind USP16, 
USP16-deficient thymocytes exhibited a comparable nuclear 
level of NFAT2 after P/I stimulation (Figure 5D and Supplemen-

Figure 7. USP16 deficiency alleviates T cell–mediated colitis. (A) Immunofluorescence images of USP16 and CD4 staining in human colon tissue sections 
from healthy donors or from patients with ulcerative colitis (UC) or Crohn’s disease (CD) (n = 5). Scale bar: 50 μm. (B) PBMCs or CD4+ T cells in peripheral 
blood from patients with UC or CD, or healthy donors were collected. qRT-PCR analysis of USP16 mRNA levels in these cells. (C) Spearman correlation 
analysis of USP16 mRNA levels and CD activity index (CDAI) scores. (D–E) Rag1–/– mice (6 to 8 weeks old) were intraperitoneally injected with CD4+CD25–

CD45RBhi T cells (5 × 105) isolated from 6- to 8-week-old WT or USP16-KO donor mice (female, n = 5/group). Body weight (D) and survival curve (E) were 
monitored weekly. (F) Four weeks after the injection, the colon length was measured and presented as a summary graph. (G) Representative H&E slides of 
proximal colon sections. Scale bar: 200 μm. (H) FACS analysis of CD4+ T cells in spleen and mesenteric lymph nodes (mLNs) of the recipient mice. Data are 
representative of 3 independent experiments with 3 different patients (A), 1 experiment with 5 mice each group (D and E), and 3 independent experiments 
with 3 mice each group (F and H). The error bars show the mean ± SEM. The significance of difference in B was determined by Dunnett’s multiple com-
parisons test. Gehan-Breslow-Wilcoxon test was used for E. The significances of differences in all other 2-group comparisons were determined by 2-tailed 
Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001.
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and then cotransferred into RAG1-deficient mice (Supplemental 
Figure 6A). Six hours later, FACS analysis revealed no significant 
difference in the proportions of CD45.1+ and CD45.2+ T cells in the 
lymph nodes or spleen (Supplemental Figure 6B), which indicated  
that USP16 is dispensable for mature T cell migration from the 
thymus to peripheral organs.

It is well established that peripheral T cells undergo self- 
renewal through TCR-mediated cell division. Thus, we assessed 
the proliferative capacity of naive WT and USP16-deficient CD4+ 
T cells stimulated with agonistic antibodies against CD3 and 
CD28. CFSE-labeled USP16-deficient T cells failed to prolifer-
ate, as shown by the lack of reduction in CFSE intensity (Figure 
6A). Only WT USP16 restored the proliferative capacity of USP16- 
deficient CD4+ T cells (Figure 6B), suggesting that the catalytic 
activity of USP16 is essential for T cell proliferation. BrdU incor-
poration assays indicated that peripheral T cells from USP16-KO 
mice were unable to enter the cell cycle both in vivo (Figure 6C) 
and in vitro (Figure 6D). Similar results were obtained from USP16- 

memory T cells (Figure 5E and Supplemental Figure 5G). To fur-
ther examine the intrinsic role of USP16 in T cells, we generated 
bone marrow (BM) chimeric mice by transferring BM cells from 
USP16-KO mice (CD45.2+) and from WT B6.SJL mice (CD45.1+) 
into recombination activating gene 1–deficient (RAG1-deficient) 
mice. Two months later, FACS analysis revealed comparable 
levels of CD45.1+ and CD45.2+ thymocytes in these chimeric 
mice (Figure 5F and Supplemental Figure 5H); however, USP16- 
deficient CD45.2+ cells yielded a substantially lower frequency of 
mature T cells both in spleen (Figure 5G). In conclusion, USP16 
mediates peripheral T cell maintenance and homeostasis via a 
cell-intrinsic mechanism.

USP16 is essential for T cell activation and proliferation. To 
clarify the detailed mechanism of USP16 in the regulation of T 
cell activation, we first evaluated the migratory capability of WT 
and USP16-deficient peripheral T cells by employing a mixed 
T cell transfer approach. CFSE-labeled WT (SJL, CD45.1+) and 
USP16-deficient (CD45.2+) CD4+ T cells were mixed at a 1:1 ratio, 

Figure 8. USP16 deficiency in T cells impairs CNS inflammation. (A) Box 
plot of USP16 expression in multiple sclerosis (MS) patients (using public 
data set GDS3920; n = 27). (B) Clinical scores of 6- to 8-week-old WT and 
USP16-KO mice (female, n = 15 per group) after the induction of experimen-
tal autoimmune encephalomyelitis (EAE) with MOG35–55. (C) H&E staining 
of spinal cord sections on day 30. Scale bar: 500 μm. (D) FACS analyses and 
summary of immune cell infiltration into the brain and spinal cord of mice 
with EAE (n = 4, day 14 postimmunization). (E and F) Proliferation and 
cytokine secretion of splenic T cells from mice with EAE stimulated in vitro 
with MOG35–55 (10 μg/ml) were measured by CCK8 assay and ELISA, respec-
tively, on day 15. Data are representative of 3 independent experiments 
with 3 mice in each group (C–F), and 2 experiments with 15 mice each 
group (B).The error bars show the mean ± SEM. The significance of differ-
ence in B was determined by Sidak’s multiple comparisons test. The signif-
icances of differences in all other 2-group comparisons were determined by 
2-tailed Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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To further examine the roles of USP16 in T cell–mediated 
inflammation, we assessed USP16 expression in other auto immune  
diseases, including multiple sclerosis (MS), systemic lupus erythe-
matosus (SLE), and rheumatoid arthritis (RA). qPCR assays and pub-
lic data sets revealed higher expression of USP16 in CD3+ T cells in 
patients with MS or SLE than in healthy donors (Figure 8A and Sup-
plemental Figure 8, A and B). Although the mRNA level of USP16 was 
elevated in CD3+ T cells from patients with RA, no significant increase 
in USP16 was observed in their synovial tissues (Supplemental Fig-
ure 8, C and D). Employing a T cell–dependent autoimmune disease 
model of experimental autoimmune encephalomyelitis (EAE), we 
immunized WT and USP16-KO mice with a myelin oligodendrocyte 
glycoprotein (MOG) peptide (MOG35–55) plus pertussis toxin. USP16-
KO mice exhibited a significantly delayed onset of EAE, demon-
strated by the assessment of EAE clinical scores (Figure 8B), and 
a substantially reduced level of central nervous system infiltration 
(Figure 8C). In the spinal cord, USP16-KO mice displayed a severe 
defect in infiltrating T cells, and a moderate increase in myeloid 
cells (CD11b+CD45hi) (Figure 8D). Consistently, USP16-deficient  
T cells showed a profound defect in recall responses with the MOG 
peptide, which induced robust proliferation of WT T cells (Figure 
8E). Furthermore, the levels of inflammatory cytokines produced 
by peripheral T cells from USP16-KO mice with EAE were clearly  
reduced after stimulation with MOG peptide (Figure 8F). Taken 
together, these results suggest that USP16 is required for mature  
T cell proliferation and T cell–mediated autoimmune diseases.

Discussion
Calcium signaling is well established as an essential and ubiqui-
tous cellular signal that regulates various physiological responses 
in eukaryotes (2, 37). Specific signals can open calcium channels 
in the endoplasmic reticulum (ER) and trigger a rapid increase 
in Ca2+ levels in the cytoplasm (38–40). The elevated amount of 
Ca2+ binds with CaM, which alters the activity of calcineurin in 
the calcium signaling pathway (5). As a critical phosphatase, cal-
cineurin has been identified to interact with many substrates (41). 
One well-known substrate of calcineurin in activated T cells is 
the NFAT family of transcription factors (3, 9). NFAT activation is 
critical for thymocyte development, T cell activation, differentia-
tion, exhaustion, and self-tolerance (42–44). Cytoplasmic NFATs 
are constitutively phosphorylated in resting T cells. After dephos-
phorylation by calcineurin, NFATs translocate to the nucleus and 
induce the expression of numerous genes, such as IL-2 and IFN-γ. 
Calcineurin is also required for the maintenance of NFAT activity 
in the nucleus upon intracellular Ca2+ stimulation. The established  
model of calcineurin activation is that elevated intracellular  
calcium promotes CaM binding to CNA, and induces a conforma-
tional change in CNA that leads to the replacement of AID with 
NFATs (2, 15, 37). However, many remaining questions regarding 
the detailed mechanism regulating the activation of calcineurin 
need to be investigated. One of the major questions is whether 
the interaction between calcineurin and CaM is sufficient for its 
activation. Our findings in the present study suggest that deubiq-
uitination is an essential posttranslational modification of CNA 
that is indispensable for subsequent NFAT recruitment. Interest-
ingly, this deubiquitination is not required for the CaM binding– 
triggered release of the AID.

deficient T cells stimulated with P/I (Supplemental Figure 7, A and 
B). To exclude a potential function of USP16 in T cell maturation, 
we crossed USP16fl/fl mice with tamoxifen-inducible Cre (ERCre) 
mice to generate inducible-KO USP16fl/fl ERCre mice. After treat-
ment with 4-hydroxy-tamoxifen (4-OH), the rates of cell division 
obtained from mature USP16-deficient T cells were markedly 
lower than those from WT mice (Supplemental Figure 7C). Con-
sistent with defective proliferation, naive USP16-deficient CD4+ T 
cells (CD44loCD62LhiCD25–) were completely unable to polarize 
into Th1 and Th17 cells in vitro (Figure 6E). Consistently, USP16 
deficiency caused impairments in Th2 polarization (Supplemen-
tal Figure 7D). Similar to suppressed IL-4 expression, induction 
of the Th2-specific transcription factor GATA3 was suppressed 
in USP16-deficient T cells (Supplemental Figure 7E). These data 
were consistent with previous findings that NFAT1 and NFAT2 
are both positive regulators of IL-4 gene transcription (33, 34) and 
indicate that USP16-deficient T cells might lose their physiologi-
cal function during the immune response.

Our prior results showed that USP16 regulates T cell prolifer-
ation by controlling NFAT activation. Thus, we reconstituted WT 
and USP16-deficient T cells with a retroviral vector encoding con-
stitutively activated NFAT2 (Ca-NFAT2), which mutates multiple 
serine residues to alanine residues in the SRR and SPXX repeat 
motifs. Ca-NFAT2 significantly restored the proliferative capacity 
of USP16-deficient T cells to their WT control levels (Figure 6F).

USP16 deficiency attenuates T cell–mediated autoimmune dis-
eases. Given the potential importance of USP16 in T cell–mediated 
inflammation, we first analyzed the expression of USP16 in intes-
tinal tissue collected from healthy individuals or patients with 
inflammatory bowel disease (IBD). In healthy controls, USP16 is 
present mainly in intestinal epithelial cells. Conversely, inflam-
matory conditions triggered an increase in expression of USP16 
in colon-infiltrating CD4+ T cells, as demonstrated by a markedly 
higher fusion signal in the UC and CD sections (Figure 7A). We 
then assessed the mRNA level of USP16 in PBMCs from patients 
with autoimmune diseases. As shown in Figure 7B, the mRNA 
levels of USP16 were clearly higher in patients with IBD than in 
healthy control individuals. Current evidence suggests a major 
contribution of T cells to the pathogenesis of IBD (35, 36). To con-
firm expression of USP16 in pathological T cells, we next exam-
ined the mRNA level of USP16 in CD4+ T cells isolated from the 
peripheral blood of healthy donors or patients with IBD, including 
Crohn’s disease (CD) and ulcerative colitis (UC). Statistical anal-
ysis revealed increased expression of USP16 in CD4+ T cells from 
the patients with CD but not UC (Figure 7B). Consistently, patients 
with higher USP16 mRNA levels in CD4+ T cells had a significantly 
higher CD activity index (CDAI) (Figure 7C).

To assess the in vivo function of USP16 in inflammatory dis-
eases, we established a colitis model by transferring effector T 
cells. The transfer of naive CD45RBhi CD4+ T cells from USP16-
KO mice into RAG1–/–mice did not induce body weight loss or 
inflammation-triggered death to the same extent as in WT con-
trols (Figure 7, D and E). Consistently, USP16-deficient T cells did 
not lead to the shortening of colon length (Figure 7F) or epithelial 
denudation (Figure 7G). Reduced frequencies of USP16-deficient 
T cells were also detected both in spleen and mesenteric lymph 
nodes (mLNs) (Figure 7H).

https://www.jci.org
https://www.jci.org
https://www.jci.org/129/7
https://www.jci.org/articles/view/123801#sd
https://www.jci.org/articles/view/123801#sd
https://www.jci.org/articles/view/123801#sd
https://www.jci.org/articles/view/123801#sd
https://www.jci.org/articles/view/123801#sd
https://www.jci.org/articles/view/123801#sd
https://www.jci.org/articles/view/123801#sd
https://www.jci.org/articles/view/123801#sd
https://www.jci.org/articles/view/123801#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

2 8 6 7jci.org   Volume 129   Number 7   July 2019

which USP16 regulates the activation of the calcineurin-NFAT 
axis in calcium signaling, and plays a critical role in peripheral 
T cell maintenance. Notably, our findings demonstrate a novel 
molecular mechanism that might be beneficial for the develop-
ment of immunosuppressive drugs.

Methods
Mice and cell lines. USP16fl/fl mice were purchased from the Model Ani-
mal Resource Information Platform, Model Animal Research Center 
of Nanjing University. The generation of USP16fl/fl mice was previously 
described (25). The USP16fl/fl mice were further crossed with Cd4-Cre 
mice (all from Jackson Laboratory, C57BL/6 background) to generate 
T cell–conditional USP16-KO mice (USP16fl/flCd4-Cre, USP16-KO). 
RAG1−/−, ERCre, and SJL mice were from the Model Animal Research 
Center of Nanjing University. Heterozygous mice were bred to gen-
erate littermate controls and conditional KO mice for experiments. 
Outcomes of animal experiments were collected blindly and recorded 
based on ear-tag numbers of the experimental mice. Mice were main-
tained in specific pathogen-free facility.

The mouse T cell line EL4 and HEK293T cell lines were provided by 
Shao-cong Sun (MD Anderson Cancer Center, Houston, Texas, USA).

Patients. Clinical biopsies were obtained from inflamed and normal 
areas of patients with distinct autoimmune diseases and from healthy 
controls. The samples were immersed in OCT and frozen at –80°C. Anti-
coagulated blood samples (10 ml) were also obtained after overnight 
fasting from the patients and healthy controls. The blood was used for 
PBMCs and CD3+ T cell isolation. All patients were from Sir Run Run 
Shaw Hospital, Zhejiang University School of Medicine (Hangzhou, Chi-
na). The diagnosis was based on clinical, radiological, and endo scopic 
examination and histological findings. The severity of diseases was 
assessed according to international standard criteria such as Crohn’s dis-
ease activity index (CDAI) for the diagnosis of patients with CD.

Antibodies and reagents. Antibodies against USP16 (B-3), IKBα 
(C-21), p65 (C-20), Lamin B (C-20), ERK (K-23), phospho-ERK 
(E-4), JNK (C-17), p38 (H-147), p105/p50 (C-19), AKT1 (B-1), ZAP70 
(1E7.2), NFAT2 (7A6), NFAT1 (4G6-G5), CaM (G-3), and Ubiquitin 
(P4D1) were from Santa Cruz Biotechnology. Antibodies against pan- 
calcineurin A (2614), IKKβ (L570), BCL10 (C78F1), CARMA1 (1D12), 
phospho-P65 (Ser536, 93H1), phospho-AKT (Ser473; D9E), phospho- 
IκBα (Ser32; 9241), phospho-JNK (Thr180/Tyr185; 9251), phospho-p38 
(Thr180/Tyr182; 9211), phospho-p105 (Ser933, 18E6), phospho-ZAP70 
(Tyr319; 2701), phospho-PLC-γ (Tyr783, 2821), and phospho-IKKα/β 
(Ser176/180, 16A6) were purchased from Cell Signaling Technology 
Inc. Antibodies against calcineurin A encoded by PPP3CA (ab71149) 
were purchased from Abcam. Anti-Actin (C-4), anti-HA (12AC5), anti-
FLAG (M2), anti-HA HRP (3F10), and anti-FLAG HRP (M2) were from 
MilliporeSigma. Fluorescence-labeled antibodies are listed in the sec-
tion describing flow cytometry and cell sorting.

Plasmids. The retroviral expression vector for HA-tagged human 
USP16 was provided by Zhang Long (Life Science Institute, Zheji-
ang University, China). This plasmid was used as a template for cre-
ating the catalytically inactive USP16 variant C205S by site-directed 
mutagenesis. Sequences encoding full-length USP16 isoform 1 and 
its truncated variants (184-C, 1-142) were subcloned into the HindIII  
and XbaI sites of the HA-tagged pCDNA vector by PCR. Human 
PPP3CA, PPP3CB, and PPP3CC plasmids in 2×FLAG -tagged PXF2F 
vector were provided by Zhao Bin (Life Science Institute, Zhejiang 

In calcium signal–dependent cell types, both protein level 
and activity of calcineurin are controlled by various ubiquitin 
ligase complexes. Atrogin-1 associates with S-phase kinase- 
associated protein 1 (SKP1), Cullin 1 (CUL1), and RING-box 
protein 1 (RBX1) to assemble the E3 ubiquitin ligase SCFatrogin-1, 
which promotes the ubiquitin-dependent proteolysis of CNA in 
cardiac muscle (45). CNA is also ubiquitinated and degraded  
by muscle RING-finger 1 (MuRF1), and thereby negatively reg-
ulates cardiac hypertrophy in response to pressure overload 
(PO) (46, 47). In addition to CNA, the regulatory subunit of 
calcineurin CNB has been found to be degraded by interacting 
with TNF-receptor associated factor 3 (TRAF3) (48). All of these 
previous studies focused on the regulation of protein stability, 
but none has revealed the physiological role of nonproteolytic 
ubiquitination in calcineurin activity. Here, we demonstrate 
that CNA in resting T cells exhibits constitutive K29-linked 
ubiquitination, which can be reversed by USP16. During T cell 
activation, USP16 rapidly binds to CNA encoded by PPP3CB 
and PPP3CC. Our results also suggest that modification of 
3CA in thymocytes is not regulated by USP16 due to the lack of 
interaction with USP16. Therefore, USP16 regulates peripheral  
T cell maintenance, but is not involved in the positive or nega-
tive selection of T cells in the thymus.

In addition to the role of USP16 in calcium signaling, several  
important questions emerged from our study, which must be 
addressed in future studies. First, the E3 ubiquitin ligase that 
mediates K29-linked ubiquitination of CNA in resting T cells has 
not yet been identified. Although we clarified the role of USP16 
in TCR-triggered CNA deubiquitination through store-operated 
calcium (SOC) channels, our data in Figure 3G revealed that the 
basal ubiquitination level of CNA was higher than that in the WT 
control. Multiple studies have revealed that resting lymphocytes 
maintain a low Ca2+ concentration of 100 ± 7 nmol/l (49–51). 
Under resting conditions, Ca2+ influx into T cells occurs through 
special constitutively active Ca2+ channels (L-type voltage- 
dependent Ca2+ channels), which are distinct from the receptor- 
activated SOC channels (52–54). This calcium flux under rest-
ing conditions may trigger the partial deubiquitination of CNA 
in WT T cells, which explains the presence of nonubiquitinated  
CNA in CD4+ T cells before activation. This flux is also the rea-
son for the high basal level of CNA ubiquitination in USP16- 
deficient T cells and the defect in peripheral T cells, even naive 
T cells, in USP16-KO mice. These data implied that USP16 might 
be involved not only in SOC-dependent Ca2+ signal activation 
but also in calcium signals mediated by voltage-dependent Ca2+ 
channels in the resting stage. Second, USP16 deficiency induced 
a weak or moderate impairment in p105 phosphorylation upon 
TCR stimulation. Thus, the function of USP16 in other signaling 
pathways, particularly in calcium-insensitive cell types, needs to 
be further investigated. Third, current evidence indicates that 
USP16 phosphorylation mediated by some mitosis-related kinas-
es, such as Aurora B or PLK1, enhances its DUB activity (23, 55). 
However, the expression levels of Aurora B and PLK1 were unde-
tectable at the early stages of T cell activation (56). Thus, wheth-
er any posttranslational modifications of USP16 are required for 
its activation and translocation during T cell activation remains 
to be investigated. In summary, we elucidated the mechanism by 
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CD4+ T cell differentiation. Naive CD4+ T cells (CD4+CD44loC-
D62Lhi) were isolated from spleens and LNs of WT or USP16-KO mice 
and stimulated with plate-coated anti-CD3 (1 μg/ml) and anti-CD28  
(1 μg/ml) under Th1 (10 ng/ml IL-12 and 5 μg/ml anti–IL-4), Th2 (10 ng/ml 
IL-4, 25 U/ml IL-2 and 5 μg/ml anti–IFN-γ), TGF-β Th17 (1 ng/ml TGF-β  
10 ng/ml IL-6, 5 μg/ml anti–IFN-γ, and 5 μg/ml anti–IL-4), IL-1β Th17  
(10 ng/ml IL-1β, 10 ng/ml IL-6, 20 ng/ml IL-23, 5 μg/ml anti–IFN-γ, and 
5 μg/ml anti–IL-4), or Treg cell (1 ng/ml TGF-β and 10 ng/ml IL-2) condi-
tions. After 4 days of differentiation, cells were subjected to intracellular 
cytokine staining (ICS) and flow cytometry analyses.

CD4+ T cell proliferation. Naive CD4+ T cells were isolated from 
spleens and LNs of WT or USP16-KO mice. For CFSE dilution assay, 
T cells were labelled in 5 μM CFSE (Life Technologies) in 37°C and 
washed with PBS 3 times. The cells were normalized and cultured in 
96-well plates with plate-coated anti-CD3 (1 μg/ml) and anti-CD28  
(1 μg/ml) or with PMA (0.5 μg/ml) and ionomycin (0.5 μg/ml) for 48 
and 72 hours. For BrdU incorporation assay, sorted T cells were cul-
tured with 10 mM BrdU for 18 and 24 hours prior to harvest, stained 
with BrdU staining kit as per manufacturer’s protocol (BD Pharmin-
gen, 559619), and analyzed by flow cytometry. For the in vivo BrdU 
assay, 120 μl of 10 mg/ml BrdU was intraperitoneally injected into 
the WT and USP16-KO mice. Twenty-four hours later, the mice were 
sacrificed and the thymus, spleen, and lymph node cells were stained 
with BrdU staining kit.

T cell homing. CD4+ T cells from WT (CD45.1+ SJL) and USP16-KO 
(CD45.2+) mice were stained with 5 μM CFSE and washed with PBS 3 
times. The T cells (107/mouse) were mixed 1:1 and given by tail intrave-
nous injection to RAG1−/− mice, which were lethally irradiated (9.5 Gy). 
After 6 hours, the recipient mice were sacrificed and the spleen and 
lymph node cells were stained with CD45.1 and CD45.2 and analyzed by 
flow cytometry.

Induction and assessment of EAE. For active EAE induction, age- and 
sex-matched mice were immunized s.c. with MOG35-55 peptide (300 μg) 
mixed in CFA (Sigma-Aldrich) containing 5 mg/ml heat-killed Mycobac-
terium tuberculosis H37Ra (Difco). Pertussis toxin (200 ng, List Biologi-
cal Laboratories) in PBS was administered i.v. on days 0 and 2. Mice were 
examined daily and scored for disease severity using the standard scale: 
0, no clinical signs; 1, limp tail; 2, paraparesis (weakness, incomplete 
paralysis of one or 2 hind limbs); 3, paraplegia (complete paralysis of 2 
hind limbs); 4, paraplegia with forelimb weakness or paralysis; 5, mor-
ibund or death. After the onset of EAE, food and water were provided 
on the cage floor. Mononuclear cells were prepared from the CNS (brain 
and spinal cord) of EAE-induced mice and analyzed by flow cytometry. 
The CNS-infiltrating CD4+ T cell was defined as CD4+CD45hi; the CNS- 
infiltrating CD8+ T cell was defined as CD8+CD45hi; the CNS-infiltrating 
myeloid cell was defined as CD11b+CD45hi; the resident microglia cell 
was defined as CD11b+CD45mid.

T cell adoptive transfer model of colitis. CD4+CD25–CD45RBhi cells 
from WT and USP16-KO mice were prepared by FACS sorting and 
adoptively transferred (via i.v. injection) into RAG1−/− mice (5 × 105 
cells/mouse). Recipient mice were observed daily, and body weight 
was measured weekly. At the end of the experiment (4 weeks), all 
mice were sacrificed and intestines were removed for flow cytometry  
analysis, H&E staining, and histology analysis.

ELISA and qRT-PCR. Supernatants of in vitro cell cultures were 
analyzed by ELISA using a commercial assay system (eBioScience). 
For qRT-PCR, total RNA was isolated using TRI reagent (Molecular 

University, China). PPP3CB-encoded calcineurin and its truncated  
variants (1-325, 1-351, 1-401, 1-474, 22-C) were subcloned into the 
XbaI and BamHI sites of the P3 FLAG-tagged CMV7 vector by PCR. 
PPP3CB-encoded calcineurin mutants harboring K-to-R substi-
tutions (K327R, K332R, and delta 86-91) were generated by site- 
directed mutagenesis using the p3CMV7-FLAG-PPP3CB template and 
the mutations were confirmed by sequencing. HA-tagged ubiquitin, 
K11, K29, K33, K48, and K63 plasmids in PRK5 vector and HA-tagged 
ubiquitin mutants harboring lysine-to-arginine point mutations 
(K29R) were provided by Shao-cong Sun (MD Anderson Cancer Cen-
ter, Houston, Texas, USA).

Flow cytometry, cell sorting, and intracellular cytokine staining (ICS). 
Single cells were subjected to flow cytometry using CytoFlex (Beck-
man Coulter) and the following fluorescence-labeled antibodies from 
eBioscience: PB-conjugated anti-CD4; PE-conjugated anti-B220, 
anti-CD45; PerCP5.5-conjugated anti-Gr-1 (Ly6G), anti-CD45.2 and 
anti-CD8; APC-conjugated anti-CD3, anti-TCR, and anti-CD62L; 
APC-CY7–conjugated anti-CD11b and anti-CD45.1; FITC-conjugated 
anti-CD44, anti–IFN-γ, and anti-Foxp3.

In spleen and iLNs of normal WT or USP16-KO mice, CD4+ T cells 
were defined as total CD3+CD4+ and CD8+ T cells as CD3+CD8+. CD4+ 
memory (M) T cells were defined as CD4+CD44hiCD62Llo; CD8+ effec-
tor memory (EM) T cells were defined as CD8+CD44hiCD62Llo; CD8+ 
central memory (CM) T cells were defined as CD8+CD44hiCD62Lhi; 
and Treg cells were defined as CD4+Foxp3+. In thymus of normal WT 
or USP16-KO mice, DN cells were defined as CD4–CD8–; DP cells were 
defined as CD4+CD8+; CD4+ SP cells were defined as CD4+CD8–; and 
CD8+ SP cells were defined as CD4–CD8+. Among DN thymocytes, 
group 1 was defined as TCRβloCD69lo; group 2 was defined as TCRβmid-

CD69lo; group 3 was defined as TCRβmidCD69hi; group 4 was defined 
as TCRβhiCD69hi; group 5 was defined as TCRβhiCD69mid.

For ICS, T cells were stimulated with PMA (0.5 μg/ml) plus ion-
omycin (1 μg/ml) for 3 hours and monensin (eBioscience, ×1000) for 
another 3 hours, and then subjected to intracellular IFN-γ and IL-17A 
by flow cytometry analysis. Th1 indicates IFN-γ–expressing CD4+ T 
cells and was defined as CD4+IFN-γ+IL-4–; Th17 (TGF-β) indicates 
TGF-β–induced IL-17A–expressing CD4+ T cells and was defined as 
CD4+ IL-17A+IFN-γ–; Th17 (IL-23) indicates IL-23–induced IL-17A–
expressing CD4+ T cells and was defined as CD4+ IL-17A+IFN-γ–; and 
Treg cells were defined as CD4+ Foxp3+IL-17A–.

T cell isolation and stimulation. Primary CD4+ T cells were isolated  
from the spleen and LNs of young adult mice (6 to 8 weeks old) 
using anti-CD4 magnetic beads (Miltenyi Biotec). Naive CD4+ cells 
were further purified by flow cytometric cell sorting based on CD4+ 
CD44loCD62Lhi surface markers, respectively (Aria II). The cells 
were stimulated with plate-bound anti-CD3 (1 μg/ml) and anti-CD28  
(1 μg/ml) in replicate wells of 96-well plates (0.2 million cells per well) 
for T cell proliferation and apoptosis; 48-well plates (0.4 million cells 
per well) for T cell differentiation; 12-well plates (106 cells per well) for 
quantitative RT-PCR (qRT-PCR); and 6-well plates (5 × 106 per well) 
for RNA-Seq assay. Where indicated, the cells were acutely stimulated 
using an antibody cross-linking protocol.

Bone marrow chimeras. RAG1−/− mice were sublethally irradiated 
(9.5 Gy) and adoptively transferred with WT (CD45.1+ SJL) mixed with 
WT and USP16-KO (CD45.2+) bone marrows (1:1) to generate WT and 
KO chimeric mice, respectively. After 8 weeks, the WT and KO chime-
ric mice were analyzed by flow cytometry.
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1000 UPLC system. The peptides were subjected to NSI source fol-
lowed by tandem mass spectrometry (MS/MS) in Q Exactive Plus 
(Thermo) coupled online to the UPLC. The electrospray voltage 
applied was 2.0 kV. The m/z scan range was 350 to 1800 for full scan, 
and intact peptides were detected in the Orbitrap at a resolution of 
70,000. Peptides were then selected for MS/MS using the NCE set-
ting as 28, and the fragments were detected in the Orbitrap at a res-
olution of 17,500. A data-dependent procedure alternated between 1 
MS scan followed by 20 MS/MS scans with 15.0s dynamic exclusion. 
Automatic gain control (AGC) was set at 5E4.

Confocal microscopy. CD4+CD25–CD45RBhi cells from WT and 
USP16-KO mice were collected and seeded on a 12-well plate without 
or with plate-coated anti-CD3 (1 μg/ml) and anti-CD28 (1 μg/ml) for 3 
to 12 hours. Cells were fixed in prewarmed 4% paraformaldehyde for 
30 minutes. After blocking with 5% BSA, cells were stained overnight 
with anti-USP16 and anti-calcineurin (1:100). Staining was detected 
using DyLight 488- and DyLight 549-labelled secondary antibodies 
(1:1000; Multiscience). Nuclei were costained with DAPI (Roche). All 
the samples were imaged on a LSM710 (Carl Zeiss) confocal micro-
scope outfitted with a Plan-Apochromat ×63 oil immersion objective 
lens (Carl Zeiss). The data were collected using Carl Zeiss software 
ZEN 2010. Colocalization analyses were performed on more than 10 
cells was expressed as a Pearson’s coefficient (R).

Calcium flux. Thymocytes or naive CD4+ T cells from spleen and 
lymph node in suspensions (3 × 106) were labeled for 1 hour at 37°C with 4 
g/ml Fluo4 (Invitrogen), then were washed with ice-cold PBS and resus-
pended in PBS. Cells were incubated with biotinylated anti-CD3 (5 μg/
ml; 145-2C11; eBioscience) and anti-CD28 (5 μg/ml; 37.51; BioLegend), 
and warmed for 20 minutes at room temperature before flow cytometry 
(Cytoflex). After 30 seconds, the cells were crosslinked with streptavi-
din (25 μg/ml) or were stimulated with PMA (phorbol 12-myristate 13- 
acetate; 0.5 μg/ml) and ionomycin (0.5 μg/ml) during the cytometry. 
CaCl2 was added to the tube 180 seconds later, and the Ca2+ concentration 
was 2 mM. The detection was maintained for 480 seconds. Mean fluores-
cence ratios were plotted after analysis with FlowJo software (TreeStar).

Statistics. Statistical analysis was performed using Prism software. 
For 2-group comparison, 2-tailed unpaired t tests were performed. 
For multiple group comparison, Dunnett’s multiple comparison 
test (1-way ANOVA) was performed. The Gehan-Breslow-Wilcoxon 
test was used for the animal survival assay. In the EAE model, clini-
cal scores were analyzed by Sidak’s multiple comparison test (2-way 
ANOVA) with 90% power and a significance level of 5%. All statistical 
tests are justified as appropriate, and data meet the assumptions of the 
tests. The groups being statistically compared show similar variance. 
P values less than 0.05 were considered significant. Levels of signifi-
cance were indicated as *P < 0.05, **P < 0.01, and ***P < 0.001. 

Study approval. All animal experiments were conducted in 
accordance with protocols (no. 12077) approved by the Institutional 
Animal Care and Use Committee of Zhejiang University. For human 
studies, written informed consent was obtained from all subjects 
before the study protocol.
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Research Center, Inc.) and subjected to cDNA synthesis using RNase 
H-reverse transcriptase (Invitrogen) and oligo (dT) primers. qRT-PCR 
was performed in triplicate, using iCycler Sequence Detection System 
(Bio-Rad) and iQTM SYBR Green Supermix (Bio-Rad). The expres-
sion of individual genes was calculated by a standard curve method 
and normalized to the expression of Actb. The gene-specific PCR 
primers (all for mouse genes) are shown in Supplemental Table 1.

Preparation of nuclear versus cytosolic fractions. Cells were lysed 
in buffer B lysis buffer (10 mM Hepes pH 7.9, 10 mM KCl, 0.1 mM 
EDTA, 0.4% NP-40, 1 mM DTT, 0.1 mM PMSF), and left on ice for 15 
minutes. After spinning (12,000 rpm) for 15 seconds, the supernatant 
was transferred into a new tube (cytosol fraction). The nuclear pellets 
were washed with 500 μl buffer B 3 times. After removing the washing 
buffer, buffer C (20 mM Hepes pH 7.9, 0.4 mM NaCl, 1 mM EDTA, 1 
mM DTT, 1 mM PMSF) was added to the nuclear pellets. These pellets  
were shaken vigorously for 10 minutes on a vortex shaker (4°C). Fol-
lowing centrifugation (12,000 rpm) for 1 minute, the supernatants 
were collected and transferred into a new tube (nuclear extract).  
β-actin and Lamin B were used as loading controls for the cytoplasm 
and nucleus, respectively.

IB, IP, and kinase assays. Whole-cell lysates or subcellular extracts 
were prepared and subjected to IB and IP assays as previously described 
(57). In immunoprecipitated (IP) experiments, we pulled down calci-
neurin A in all primary T cells or the T cell line (EL4) by using pan- 
calcineurin A antibody (anti-CNA). In transfected 293T cells, we used 
FLAG antibody to immunoprecipitate the tagged CNA (3CA, 3CB, or 
3CC), as indicated in the Figures. The samples were resolved by 8.25% 
SDS-PAGE. After electrophoresis, separated proteins were transferred 
onto PVDF membrane (Millipore). For immunoblotting, the PVDF 
membrane was blocked with 5% nonfat milk. After incubation with 
specific primary antibody, horseradish peroxidase–conjugated sec-
ondary antibody was applied. The positive immune reactive signal 
was detected by ECL (Amersham Biosciences). See complete unedited 
blots in the supplemental material.

Ubiquitination assays. Cells were lysed with a Nonidet P-40 lysis 
buffer (50 mM Tris-HCl, pH 7.5, 120 mM NaCl, 1% Nonidet P-40,  
1 mM EDTA, and 1 mM DTT) containing 6 M urea and protease 
inhibitors. This lysis was subsequently diluted with NP-40 lysis buf-
fer before immunoprecipitation. Pan-calcineurin or FLAG was iso-
lated by IP with anti-calcineurin or anti-FLAG. The ubiquitinated  
proteins were detected by IB using an antiubiquitin (Santa Cruz Bio-
technology, P4D1) antibody.

In vitro transcription-coupled translations. USP16 protein and its 
USP16C205S mutant were synthesized with pcDNA3-HA-USP16 
as a template in rabbit reticulocyte lysates, and programmed with 
the corresponding RNA using transcription-coupled translations 
(TNTs) in vitro translation kits (Promega). NFAT2 and the AID 
domain of CNA were produced similarly based on the protocol 
from the kit described as above. The gene-specific PCR primers are 
shown in Supplemental Table 2.

LC-MS/MS analysis. The tryptic peptides were dissolved in 0.1% 
formic acid (solvent A), directly loaded onto a homemade reversed-
phase analytical column (15-cm length, 75 μm i.d.). The gradient was 
comprised of an increase from 6% to 23% solvent B (0.1% formic 
acid in 98% acetonitrile) over 16 minutes, 23% to 35% in 8 minutes, 
and climbing to 80% in 3 minutes then holding at 80% for the last 3 
minutes, all at a constant flow rate of 400 nl/min on an EASY-nLC 
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