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USP22 controls iNKT immunity through MED1
suppression of histone H2A monoubiquitination

Yana Zhang!, Yajun Wang?, Beixue Gao', Yueqgi Sunt, Liang Cao*®, Samantha M. Genardi*®, Chyung-Ru Wang*®, HuaBin Li°, Zhaolin Sun’®,
Yanjie Yang*®, and Deyu Fang'®

The ubiquitin pathway has been shown to regulate iNKT cell immunity, but the deubiquitinase involved in this process has not
been identified. Herein we found that ubiquitin-specific peptidase 22 (USP22) is highly expressed in iNKT cells during their early
developmental stage 1. USP22 deficiency blocked the transition from stage 1 to 2 during iNKT cell development in a cell-
intrinsic manner. USP22 suppression also diminishes iNKT17 and iNKT1 differentiation but favors iNKT2 polarization without
altering conventional T cell activation and differentiation. USP22 interacts with the Mediator complex subunit 1 (MED1), a
transcription coactivator involved in iNKT cell development. Interestingly, while interacting with MED1, USP22 does not
function as a deubiquitinase to suppress MED1 ubiquitination for its stabilization. Instead, USP22 enhances MED1 functions
for IL-2RB and T-bet gene expression through deubiquitinating histone H2A but not H2B monoubiquitination. Therefore, our

study revealed USP22-mediated histone H2A deubiquitination fine-tunes MED] transcriptional activation as a previously
unappreciated molecular mechanism to control iNKT development and functions.

Introduction

Invariant natural killer T (iNKT) cells play an important role in
linking innate and adaptive immune responses and have been
implicated in infectious disease, allergy, asthma, autoimmunity,
and tumor surveillance. iNKT cells express a highly restricted
TCR that specifically responds to CD1d-restricted lipid ligands.
In contrast to the conventional T cells, which are selected by
peptide antigens in complex with MHC class I or II molecules
present on the surface of thymic epithelial cells, NKT cells de-
velop following selection by self-glycolipid antigens in complex
with the MHC class I-like molecule CD1d presented by
CD4*CD8* double-positive (DP) thymocytes (Bendelac et al.,
2007). Upon activation, mature iNKT cells rapidly differentiate
into NKT1, NKT2, and NKT17, and secrete a broad range of T cell
lineage-specific cytokines, such as IFN-y, IL-4, and IL-17, re-
spectively (Engel et al., 2012; Kadowaki et al., 2001; Lee et al.,
2013). The ubiquitin pathway has been shown to play important
roles in regulating iNKT cell development and functions. The
ubiquitin-modifying enzyme A20, an upstream regulator of TCR
signaling in T cells, is an essential cell-intrinsic regulator of
iNKT development (Drennan et al., 2016). A20 is differentially
expressed during NKT cell development, regulates NKT cell

development maturation, and specifically controls the differen-
tiation and survival of NKT1 and NKT2 but not NKT17 subsets,
possibly through modulating the transcriptional activation of
NF-«B. The RING-finger containing E3 ubiquitin ligase Cbl-b has
been identified to promote monoubiquitination of CARMAL, a
critical signaling molecule in NF-xB activation, to suppress
iNKT cell activation, and induces iNKT cell tolerance to tumor
antigen (Kojo et al., 2009). In addition, the targeted deletion of
Roquin E3 ligase impairs iNKT development and iNKT2 differ-
entiation (Drees et al., 2017). However, the ubiquitin-specific
peptidase that reverses the ubiquitin conjugation involved in
iNKT cell development and activation remains to be identified.
Ubiquitin-specific peptidase 22 (USP22) was initially identi-
fied as a death from signature genes involved in cancer devel-
opment, metastasis, and chemotherapy resistance (Glinsky et al.,
2005). USP22 is ubiquitously expressed in adult mammalian
tissues and is predominantly enriched within the nucleus (Lee
etal,, 2006), and its expression level is up-regulated in a variety
types of tumors (Melo-Cardenas et al., 2018). USP22 is an evo-
lutionarily conserved ubiquitin hydrolase, both in sequence and
function, which deubiquitinates and stabilizes the histones and
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transcription factors to achieve its biological functions. USP22
can also be assembled into the Spt-Ada-USP22 acetyltransferase
(SAGA) complex as a transcription coactivator for transcription
of genes involved in cell proliferation and survival. The pre-
dominant function of USP22 and its orthologues, Nonstop
(Drosophila melanogaster) and Ubp8 (Saccharomyces cerevisiae),
is the removal of H2Bubl to promote gene transcription
(Atanassov et al., 2009; Zhang et al., 2008; Zhao et al., 2008).
More recent studies show that USP22 also removes histone 2A
monoubiquitination (H2Aub; Atanassov and Dent, 2011; Lang
et al., 2011) and modulates the level of polyubiquitination of
several nonhistone substrates such as Sirtl, cyclin Bl, PU.1, and
TRF6 (Atanassov and Dent, 2011; Lin et al., 2012, 2015; Melo-
Cardenas et al., 2018). The tissue-specific physiological func-
tions of USP22 remain largely unknown.

In the current study, we generated a strain of mice with a
T cell-specific USP22 gene deletion and discovered that USP22 is
essential for iNKT development. Loss of USP22 function di-
minished the transition of iNKT cells from stage 1 to stage
2 transition during iNKT development. We further discovered
that USP22 regulates iNKT cell development through its inter-
action with and activation of the mediator of RNA polymerase II
transcription subunit 1 (MEDI), a transcription coactivator that
is found to play an important role in the early stage of iNKT cell
development through promoting the transcription of T-box
transcription factor (T-bet) and IL-2 receptor B chain (IL-2Rg;
Yue et al., 2011). Our studies define a previously unappreciated
epigenetic mechanism that drives iNKT cell development.

Results

USP22 is required for iNKT cell development

We first analyzed the expression of USP22 in T cells and
iNKT cells and detected its highest expression in iNKT cells
(Fig. 1, A and B). Further analysis demonstrated that USP22
expression is up-regulated during iNKT developmental stage 1,
which is further increased at stage 2 (Fig. 1 C), indicating that
USP22 may play important roles in iNKT immunity.

Our laboratory has recently generated a strain of USP22
conditional mutant (USP22 floxed) mice (Melo-Cardenas et al.,
2018). To further investigate the role of USP22 in immune reg-
ulation, we generated the T cell-specific USP22 conditional KO
(USP22 cKO) mice by breeding the USP22 floxed mice with Lck-
Cre transgenic mice, whose Cre recombinase expression driven
by the Lck promoter mediates USP22 deletion from the CD4/
CD8 double-negative stage (Hennet et al., 1995). The obligation
of USP22 protein expression in thymic T cells was validated by
Western blotting (Fig. S1 A). Flow cytometry analysis did not
detect any changes in the percentages and absolute numbers of
cells at CD4/CD8 double-negative, DP, and single-positive T cells
in the thymus of USP22 cKO mice (Fig. S1, B-D). Further intra-
cellular staining analysis showed that the percentages of
CD4*CD25*FoxP3* regulatory T (T reg) cells in the thymus from
WT and USP22 cKO mice were also comparable (Fig. S1 B). In
addition, a comparable percentages and numbers of the CD4*
and CD8* T cells in the spleen between USP22-null and WT
littermate control mice were further confirmed (Fig. S1, E-G).
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The frequency of CD4*CD25"FoxP3* T reg cells and y8§ T cells
were unaltered by USP22 deletion (Fig. S1, H and J). Further
analysis of T cells by CD44 and CD62L cell surface expression did
not detect any changes in chronic T cell activation (Fig. S11). As
expected, both the frequency and numbers of B220* B cells in
the spleen of USP22 cKO mice were unaltered (Fig. S1, K and L).
These results imply that USP22 is dispensable for conventional
T cell development and maturation in mice.

Interestingly, flow cytometry analysis detected a >90% re-
duction in the TCRB- and NK1.1-positive iNKT cell population in
the thymus of USP22 cKO mice compared with their WT litter-
mate controls (Fig. 1, D and E). Further analysis using a CD1d-
aGalCer tetramer confirmed the diminished iNKT cell popula-
tion in thymus (Fig. 1, F and G), indicating that USP22 is essential
for generation of iNKT cells in mice. This defect in iNKT de-
velopment could not be compensated in the periphery, as indi-
cated by a profound decrease in iNKT cell frequencies and
numbers in the spleen and liver of USP22 cKO mice (Fig. 1). It has
been shown that USP22 suppression suppresses cancer cell
proliferation and induces their apoptosis (Lin et al., 2012).
However, the impaired iNKT cell development was unlikely due
to the reduction in cell proliferation and the elevated cell death,
as neither the BrdU incorporation nor annexin V* populations of
iNKT cells in the thymus, spleen, and liver were altered by
USP22 gene deletion (Fig. S2). Therefore, these results indicated
that USP22 is required for the development of iNKT cells inde-
pendent of cell growth and death in mice.

USP22 regulates iNKT cell development in a cell-intrinsic
manner

To determine whether USP22 regulates iNKT cell development
in a cell autonomous manner, we generated bone marrow chi-
meras by reconstituting lethally irradiated CD45.1* congenic WT
recipients with a L:1 mixture of CD45.1* congenic WT and
CD45.2* USP22 cKO bone marrow cells. We analyzed chimeras 10
wk after the adoptive transfer to determine whether USP22 cKO
CD4*CD8* DP thymocytes developed into iNKT cells in the
presence of normal DP thymocytes. As shown in Fig. 2, the donor
bone marrow cells from USP22 cKO poorly reconstituted the
iNKT cell compartment in thymus, spleen, and liver even in the
presence of WT cells (Fig. 2 A). As a consequence, both the
frequency and absolute numbers of CD45.2 iNKT cells are
largely diminished in the thymus, spleen, and liver when com-
pared with the CD45.1 iNKT cells in the same recipient (Fig. 2,
B-E). These studies indicate that USP22 regulates iNKT devel-
opment in a cell-intrinsic manner.

USP22 promotes iNKT development during the

maturation stage

iNKT cells originate from CD4*CD8* DP thymocytes and are
positively selected by CD1d expression (Chiu et al., 1999; Exley
et al., 1997). We then speculated that USP22 deficiency impairs
iNKT cell development due to the reduced CD1d expression;
however, the cell surface CD1d expression levels on the
CD4*CD8* thymocytes were comparable between WT and USP22
cKO mice (Fig. 3, A and B). In addition, since USP22 functions
are critical for the proliferation and survival for cancer cells
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(Melo-Cardenas et al., 2016), we then questioned whether USP22
gene deletion resulted in the increased cell death and reduced
growth of CD4*CD8* iNKT processors. However, the percentage
of annexin V* CD4*CD8* cells was not altered by targeted USP22
gene deletion even after 24-72 h in culture. In addition, the BrdU
incorporation into CD4*CD8* DP cells was unaltered by USP22
deletion in mice (Fig. 3, C and D). These results largely excluded
the possibility that USP22 promotes iNKT cell development by
promoting the growth or survival of iNKT precursors.

iNKT cells undergo several well-defined developmental
stages in the thymus through analyzing their cell surface ex-
pression profile of CD24, CD44, and NKL1. The earliest detect-
able CD1d tetramer-positive cells are CD24PMCD44-NKL.1- (stage
0). Subsequently, the cells progress through three develop-
mental stages: (1) CD241°CD44'°NKL1, (2) CD24°CD44MNK1.1-,
and (3) CD24°CD44MNK1.1* (Benlagha et al., 2005; Bezbradica
et al., 2005; Egawa et al., 2005). The presence of a few residual
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iNKT cells in the thymus of USP22 cKO mice allowed us to further
characterize the transition from earlier to later stages during iNKT
development. As shown in Fig. 3 E, in contrast to the WT thymus,
in which ~1% of CD1d tetramer-positive iNKT cells were at stage 0,
an average of 15% of CD1d tetramer-positive iNKT cells were at
stage 0 in the thymus of USP22 cKO mice (Fig. 3, E and F). However,
despite this dramatic accumulation of iNKT cells at the stage 0 in
thymus of USP22 knockout mice, their absolute number was not
altered due to a >90% reduction in total iNKT cells (Fig. 1 and
Fig. 3 G). Similarly, while the percentage of CD24°CD44°NK1.1-
stage 1 iNKT cells was increased from 2.5 to 20.5%, their absolute
numbers were comparable between WT and USP22 cKO mice.
Importantly, even with a slight but statistically significant increase
in the percentage of CD24'°CD44MNK1.1- stage 2 iNKT cells, their
absolute numbers were decreased >80%. As a consequence, both
the percentage and the absolute numbers of CD24'°CD44MNK1.1*
stage 3 iNKT cells are largely reduced (Fig. 3, E-H). Further
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analysis demonstrated that neither the BrdU incorporation nor the
annexin V* apoptotic cells at each developmental stage during
iNKT cell development were altered by USP22 deletion in mice
(Fig. 3, I and J). These findings indicated that USP22 function
is essential for the transition from stage 1 to 2 during iNKT
development.

USP22 functions are involved in regulating iNKT but not the
conventional CD4 T cell differentiation

Next, we analyzed the effects of USP22 deficiency on iNKT dif-
ferentiation. As reported, analysis of the expression levels of
promyelocytic leukemia zinc finger (PLZF) and T helper (Th) 17
cell lineage-specific transcription factor ROR-yT in the gated
TCRP and CD1d tetramer-positive thymic iNKT cells by intra-
cellular staining allowed us to define PLZF°"ROR-yT~ NKTI,
PLZFMROR-yT- NKT2, and PLZFMROR-yT* NKT17 cells (Wang
et al., 2017). Interestingly, USP22 deficiency resulted in signifi-
cant reductions in the percentages of NTK1 (from 80.7% to
47.2%) and NKT17 (from 2.1% to 0.01%). In contrast, the per-
centage of NKT2 cells was increased from 15.8 to 51.3%, sug-
gesting that USP22 is required for NKT1 and NKT17
differentiation, but loss of USP22 functions facilitates iNKT cell
differentiation toward NKT2 (Fig. 4, A and D). To support this
notion, analysis the Thl cell lineage-specific transcription factor
T-bet by intracellular staining confirmed the significant reduc-
tion (from 79.1% to 48.9%) in PLZF*"Tbet* NKTI cells in USP22
cKO mice (Fig. 4, B and D). In addition, intracellular staining of
GATAS3, the Th2 cell lineage-specific transcription factor, de-
tected a significant increase of PLZFMGATA3* NKT2 cells in
USP22 cKO mice (Fig. 4, C and D). Consistent to the reduced
percentages, there is a significant reduction in the absolute
numbers of NKT1 and NKT17 in USP22 cKO thymus. Despite a

Zhang et al.
USP22 controls iNKT immunity

D Figure 2. USP22 regulation of iNKT cell de-
84 velopment is cell intrinsic. Bone marrow cells
from USP22 cKO mice and CD45.1-congenic B6/

o _}. SJL mice were mixed in a 1:1 ratio, and adoptively
E} transferred into the lethally irradiated B6/SJL
L mice. 10 wk after transfer, recipients were eu-

thanized. iNKT cells in the gated CD45.1 (WT)
and CD45.2 (USP22 cKO) populations from thy-
mus (Thy), spleen (Spl), and liver were analyzed
2 $dek by CD1d-aGalCer tetramer and TCRB. (A-E) The
representative images (A), the percentages (B
and C), and absolute numbers (D and E) of
iNKT cells from six recipient mice are shown.
Each symbol (B-E) represents an individual
mouse. Error bars represent mean + SD. Stu-
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significant increase in NKT2 percentages, their absolute num-
bers were also decreased due to a >90% reduction in total
NKT cell populations in USP22 cKO mice (Fig. 4, D and E). Fur-
ther analysis of the lineage-specific cytokine production vali-
dated a significant reduction in IFN-y production iNKT1 cells and
increase in IL-4-producing iNKT2 cells in USP22-null mice.
Since the percentage of iNKT17 is extremely low, while our IL-17
intracellular staining analysis detected a similar trend of de-
creased IL-17-producing iNKTI17 cells by USP22 deficiency, sta-
tistical analysis did not reach significant changes from five pairs
of mice (Fig. 4, F and G). However, USP22 gene deletion affected
neither CD4 T cell proliferation (Fig. S3, A and B) nor their
in vitro differentiation toward Thl, Th2, Thl7, and T reg cells
(Fig. S3, C and D). These results suggest an important role of
USP22 in specifically reprogramming iNKT cell differentiation.

USP22 suppresses H2A monoubiquitination for the expression
of genes driving iNKT development

To define the molecular mechanisms underlying how USP22
regulates iNKT cell development and functions, we analyzed the
expression levels of genes that have been shown to be critical for
iNKT cell development, maturation, and survival (Godfrey et al.,
2010). As shown in Fig. 5 A, real-time RT-PCR analysis detected
significantly reduction in the expression of T-bet and IL-2Rf in
USP22 cKO thymic iNKT cells compared with WT iNKT cells. We
also detected a significant increase in EGR2 and PLZF expression,
both of which are involved in promoting early stages of iNKT cell
development (Hu et al., 2010). The expression of several other
transcription factors including RUNXI, ROR-yT, NF-«B family
transcription factor RelA and p50, GATA3, VDR, and c-Myc, as well
the Tec kinase ITK, the transcription coactivator MED], and the
anti-apoptotic factors Bcl2 and Bclxl, were not altered by loss of
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maturation in WT and USP22 cKO mice. (A-D) Five
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USP22 functions, indicating that USP22 specifically regulates a
limited number of factors critical for iNKT development. As a
control, the mRNA expression of USP22 was completely dimin-
ished in USP22 cKO iNKT cells, further confirming efficient
USP22 gene deletion by Cre recombinase driven by the Lck pro-
moter (Fig. 5 A). We then confirmed the differences in protein
expression levels of T-bet, IL-2Rf, PLZF, and EGR2 in WT and
USP22 cKO iNKT cells by flow cytometry. Consistent with our
real-time quantitative PCR (qPCR) analysis, the protein expres-
sion levels of T-bet and IL-2RP were significantly lower in USP22
cKO iNKT cells compared with WT cells (Fig. 5, B and C). We also
confirmed that the protein expression levels of both PLZF and
EGR2 in thymic iNKT cells were dramatically increased by USP22
deletion (Fig. 5, B and C). Both PLZF and EGR2 are enriched
during the early stages of iNKT development, raising a possi-
bility that their elevated expression is due to the developmental
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blocked to early stages by USP22 deletion (Benlagha et al., 2005;
Seiler et al., 2012). However, analysis of the expression in T-bet,
IL-2RB, PLZF, and EGR2 at each developmental stage further
confirmed a similar reduction in T-bet and IL-2Rp, as well as a
similar increase in PLZF and EGR2 expression at each stage,
largely excluded the possibility that the altered expression is a
consequence of the blockade in the transition from stage 1 to
2 during iNKT development by USP22 deficiency (Fig. 5 D).
Collectively, our data indicate that USP22 may promote iNKT cell
development possibly through, at least partially, regulating the
expression of T-bet, IL-2RB, PLZF, and EGR2.

As a transcription coactivator component, USP22 is often
recruited to the promoter region of target genes (Lang et al.,
2011; Zhang et al., 2008; Zhao et al., 2008). We then tested
whether USP22 binds to the promoter of genes whose expres-
sion is altered in USP22-null iNKT cells. Indeed, the binding of
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USP22 to the promoters of both T-bet and IL-2RS gene was de-
tected by chromatin immunoprecipitation (ChIP) assay (Fig. 5
E). In contrast, while USP22 deletion increased EGR2 and PLZF
transcription, ChIP analysis failed to detect USP22 binding to
their promoters, implying that USP22 suppresses EGR2 and PLZF
transcription through an indirect mechanism. USP22 has been
shown to regulate gene transcription through suppressing the
monoubiquitination of histone H2A or H2B or both (Zhang et al.,
2008; Zhao et al., 2008). While it would be ideal to analyze the
levels of H2AUb or H2BUb at T-bet and IL-2RB promoters in
USP22-null iNKT cells, it is technically difficult as the numbers
of iNKT cells from USP22 cKO mice are extremely limited. To
overcome this, we used an shRNA-mediated knockdown ap-
proach to knock down USP22 expression in DN32.D3 cells, a
mouse iNKT hybridoma cell line. Real-time RT-PCR and Western
blotting analysis confirmed that the shRNA efficiently inhibited
>85% of USP22 mRNA and protein expression in DN32.D3 cells

Zhang et al.
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(Fig. 5, F and G). Further analysis confirmed that USP22 sup-
pression resulted in a significant reduction in T-bet and IL-2Rj
but elevated EGR2 and PLZF expression, as we observed in pri-
mary USP22-null iNKT cells (Fig. 5 H). Importantly, USP22
suppression resulted in a dramatic increase in the levels of
histone H2A but not H2B monoubiquitination at the promoter
region of T-bet and IL-2Rg (Fig. 5, I and J), indicating that USP22
promotes the expression of genes required for iNKT develop-
ment through suppressing histone H2A monoubiquitination.
Similar to our finding that USP22 is not recruited to both PLZF
and EGR2 promoters, neither H2A nor H2B monoubiquitination
levels on their promoters were altered by USP22 knockdown in
DN32.D3 cells (Fig. 5, I and J).

USP22 interacts with MED1 in iNKT cells
As a transcription coactivator, USP22 is often recruited to the
specific gene promoter through interacting with transcription
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Figure 5. USP22 regulates iNKT cell gene expression
through repressing histone H2A monoubiquitination.
(A) TCRB and CDId tetramer-positive iNKT cells were
sorted from the thymus of WT and USP22 cKO mice. mRNA
expression levels of each indicated gene were analyzed by
real-time RT-PCR. Error bars represent the standard error
of the mean of three independent experiments. (B-D) The
expression of T-bet, IL-2RB, PLZF, and EGR2 in thymic
iNKT cells were analyzed. Representative images (B) and
the average MFI (C) from five pairs of mice are shown. Their
expression at each developmental stage is analyzed and
representative data are shown (D). (E) Primary mouse
iNKT cells were sorted, and the binding of USP22 to the
promoter of each indicated gene was determined by ChIP
analysis. (F and G) DN32.D3 cells were infected with virus
that carries an USP22-specific shRNA. 3 d after infection,
GFP* cells were sorted. The expression levels of USP22
mRNA (F) and protein (G) were determined. (H) The ex-
pression levels in USP22 KD and control DN32.D3 iNKT cells
were determined by real-time RT-PCR. (I and J) The levels
of histone H2A (1) or H2B (J) at the promoter region of each
indicated gene was analyzed by ChIP using specific anti-
bodies. Error bars represent mean + SD. Student’s t test
was used for statistical analysis. *, P < 0.05; **, P < 0.01;
*** P < 0.001. Data are representative of three experi-
ments in A, three experiments with five pairs of mice for C,
and four independent experiments for E, F, and H-J. KD,
knockdown; Sh-Ctrl, small hairpin control.
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factors or coactivators. Indeed, we discovered that USP22 in-
teracts with MEDI, a transcription coactivator that has been
shown to be critical for iNKT development (Yue et al., 2011), in
transiently transfected HEK293 cells (Fig. 6 A). The interac-
tion between the endogenous USP22 and MED1 was further
validated in mouse primary iNKT cells because MED1 was
detected in anti-USP22 immunoprecipitates but not the nor-
mal rabbit IgG controls (Fig. 6 B), indicating a possibility that
USP22 regulates iNKT cell development through, at least
partially, MED1 interaction. However, we are aware that,
unlike USP22, whose deletion blocks iNKT cell development
from stage 1 to 2 transition, MEDI promotes iNKT develop-
ment from CD4*CD8* processor to stage O transition (Yue
et al.,, 2011). Interestingly, real-time RT-PCR analysis indi-
cated that MEDI is constitutively expressed in all stages during
iNKT development. In contrast, USP22 expression remained at
alower level during the early stages of iNKT development and
is significantly up-regulated from stage 1, which is further
increased at stages 2 and 3 (Fig. 6 C). Since it is technically
challenging to obtain sufficient iNKT cells at each develop-
mental stage (in particular in stages 0 and 1) due to their low
frequency to analyze USP22 protein expression levels, we
compared the USP22 protein expression in pan-iNKT cells
with that in CD4*CD8* cells. Consistent with our real-time RT-
PCR analysis, an average of fourfold to fivefold increase in
USP22 protein expression was confirmed in iNKT cells, but
the expression levels of MED1 were comparable between iNKT
and CD4*CD8" cells (Fig. 6 D). These results partially explain
the reason why USP22-deficency impairs iNKT development
at a later stage comparing to that of MEDI loss of function. As a
ubiquitin-specific peptidase, USP22 often stabilizes its inter-
action partners through suppressing their ubiquitination (Lin
et al., 2012, 2015). However, USP22 expression failed to sup-
press the levels of MEDI1 ubiquitination (Fig. 6 E). Consistent
with this observation, USP22 expression did not increase the
half-life of MEDI protein (Fig. 6 F). In addition, MEDI protein
expression levels were not increased by USP22 knockdown in
iNKT cells (Fig. 6 G). Therefore, it is unlikely that USP22
regulates iNKT cell development through MED] stabilization.

USP22 regulates the expression of genes driving iNKT
development partially through MED1

Since USP22 interacts with MED], both of which are transcrip-
tion coactivators involved in promoting T-bet and IL-2R gene
transcription in iNKT cells, we then asked whether MED1 binds
to the promoters of T-bet and IL-2Rf in a USP22-dependent
manner, or vice versa. To achieve this, we used an shRNA ap-
proach and generated the MEDI knockdown DN32.D3 cells, in
which MED]I mRNA and protein expression were largely di-
minished (Fig. 6, H and I). Similar to that in USP22 knockdown
DN32.D3 cells, the expression levels of both T-bet and IL-2RS
genes were dramatically reduced by MEDI suppression (Fig. 6 J).
However, unlike USP22 knockdown, MED1 suppression did not
alter the expression of EGR2 and PLZF (Fig. 6 J). These results
suggest that USP22 promotes T-bet and IL-2R gene transcription
in a MEDI1-dependent manner, but it suppresses EGR2 and PLZF
expression independent of MEDI.

Zhang et al.
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Notably, MED1 knockdown significantly reduced the levels of
USP22 binding to both T-bet and IL-2RB promoters (Fig. 6 K). In
contrast, the binding of MEDI to T-bet and IL-2R promoters was
unaltered by USP22 suppression (Fig. 6 L). These results clearly
indicate that USP22 is recruited to T-bet and IL-2RB promoters
through MED] interaction. To support this notion, we further de-
tected a dramatic increase in the levels of histone H2A but not H2B
monoubiquitination at the T-bet and IL-2R3 promoters in MED1
knockdown DN32.D3 iNKT cells (Fig. 6, M and N). Collectively, our
data indicate that USP22 regulates the expression of genes driving
iNKT development partially through MEDI interaction.

Va14-Ja18 TCR transgenic expression bypasses iNKT cell
defects in USP22 cKO mice

It has been shown that the developmental defect of iNKT cells in
MEDI-null mice can be rescued by the forced expression of an
iNKT cell-specific Val4-Jal8 TCR transgene (Yue et al., 2011). If
USP22 promotes iNKT development through MEDI, we would
expect that the forced expression of an iNKT cell-specific Val4-
Ja18 TCR transgene could rescue iNKT development in USP22
cKO mice. Therefore, we crossed USP22 cKO mice with trans-
genic mice expressing Val4-Jal8 TCR transgene under the con-
trol of CD4 promoter. Indeed, both the relative proportion and
their absolute numbers of iNKT cells were largely restored in the
thymus, spleen, and liver of USP22 cKO mice by the Val4-Jal8
TCR transgene (Fig. 7, A-C). Val4-Ja18 TCR transgenic expression
resulted in accumulation of iNKT cells during the early devel-
opmental stages (Egawa et al., 2005), and further analysis de-
tected a similar iNKT developmental pattern in the thymus of
WT and USP22-null mice (Fig. 7, D and E). We also detected a
slight but statistically significant decrease in T-bet and IL-2Rf
and increase in PLZF and EGR2 in USP22-null Vai4-Jal8 TCR
transgenic iNKT cells (Fig. 7, F and G), but their changes by
USP22 deficiency are rather modest compared to those in mice
without the Val4-Jal8 TCR transgene, implying that Val4-Jal8
TCR transgenic expression largely rescued USP22 deficiency. To
further delineate how Val4-Jal8 TCR transgenic expression
partially rescues iNKT cell development, we analyzed the TCRa
rearrangement in USP22 KO mice in the absence of Val4-jal8
TCR transgene. However, the levels of Val4-Jal8 TCR rear-
rangement were comparable in the iNKT precursor CD4 CD8 DP
T cells between WT and USP22 KO mice (Fig. S4 A). In addition,
analysis of the TCR VP repertoire did not detect any changes by
USP22 deficiency in Val4-Jal8 TCR transgenic mice (Fig. S4, B
and C), suggesting that the rescue of USP22 deficiency by Vai4-
Jo18 TCR transgenic expression is not due to the altered TCR VB
repertoire.

Based on the observation, we proposed a model for USP22 in
regulating iNKT cell development and functions (Fig. 7 H).
USP22 is recruited to the T-bet and IL-2Rf promoters through its
interaction with another transcription coactivator, MEDL. In-
stead of deubiquitinating and stabilizing MED1, USP22 inhibits
the histone H2A monoubiquitination to promote expression of
genes that are required for iNKT development, including T-bet
and IL-2RB. As a consequence, targeted deletion of USP22 gene
resulted in iNKT developmental defect by largely blocking its
transition from stage 1 to 2.
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Figure 6. USP22 interacts with MEDL1 to regulate T-bet and IL-2RB transcription in iNKT cells. (A) MED1 interaction with USP22 in transiently transfected HEK293
cells was determined by coimmunoprecipitation with anti-Flag and Western blotting with anti-MED1 (top panel). The same membrane was reprobed with anti-USP22
(middle panels), and the expression of MED1 in the whole cell lysate was detected by Western blotting with anti-MED1 (bottom panel). (B) The interaction of endogenous
USP22 with MED1 in DN32.D3 cells was determined using anti-USP22 and control rabbit IgG as described in A. (C and D) The expression levels of USP22 and MEDI in sorted
CD4*CD8* DP cells and iNKT cells at each stage were determined by real-time RT-PCR (C). The protein expression levels of USP22 and MED1 in sorted CD4*CD8* cells and
iNKT cells were determined by Western blotting, and the numbers indicate the relative levels of USP22 protein expression (D). (E) MED1 and HA-ubiquitin (Ub) expression
plasmids were cotransfected with or without USP22, and the ubiquitin conjugation on MED1 was determined by coimmunoprecipitation with anti-MED1 and Western
blotting with anti-HA (top panel). The same membrane was reblotted with anti-MED1 (middle panel), and the levels of USP22 protein in the whole cell lysates were
determined (bottom panel). (F) The effect of USP22 expression on MED1 protein stability was determined in HEK293 cells treated with cychloheximide (CHX) for different
times. (G) The expression levels of MED1 in USP22 KD cells were determined with B-actin as a loading control. (H and I) MED1-specific knockdown DN32.D3 cells were
generated and validated by real-time RT-PCR (H) and Western blotting (1). (J) The expression levels of each indicated genes in the MED1 knockdown (KD) and WT control
(Ctrl) cells were determined by real-time RT-PCR. (K and L) The promoter-binding of USP22 in MED1 KD cells (K) and MED1 in USP22 KD (L) cells were determined by ChiP.
(M and N) The levels of H2A (M) and H2B (N) monoubiquitination at the promoters of T-bet and IL-2R8 were analyzed by ChIP. Error bars represent mean + SD from three
experiments (A-N). Student’s t test was used for statistical analysis. *, P < 0.05; **, P < 0.0L; ***, P < 0.001.
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Discussion supported by the following innovative observations: first, ge-

Our current study has defined a previously unappreciated epi-
genetic mechanism essential for regulating iNKT development
and differentiation by the deubiquitinase USP22-mediated sup-
pression of histone H2A monoubiquitination. This conclusion is

Zhang et al.
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netic USP22 suppression specifically blocks iNKT cell develop-
ment without affecting conventional T cell selection in a cell
autonomous manner; second, the targeted deletion of USP22 re-
sulted in the reduced NKT1 and NKT17 cells, in contrast the
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percentages of NKT2 cells are increased in the USP22 cKO mice;
third, USP22 promotes the expression of genes required for iNKT
development including T-bet and IL-2RS through suppressing
target specific histone H2A but not H2B monoubiquitination; and
last but not least, USP22 is recruited to specific promoters
through its interaction with another transcription coactivator,
MED], the functions of which are also essential for iNKT devel-
opment and functions.

USP22 appears to regulate iNKT cell development and func-
tions through, at least partially, its interaction with another
transcription coactivator, MED1. Both in USP22- and MEDI-
deficient iNKT cells, T-bet and IL-2Rf expressions are mark-
edly reduced, most probably accounting for the development
block in the final maturation of thymic iNKT cells as well as
iNKT1 differentiation. Indeed, T-bet deletion in mice blocks
iNKT cell terminal maturation and hemostasis (Townsend et al.,
2004; Yokoyama, 2004). At the molecular level, USP22 is re-
cruited to T-bet as well as IL-2R promoters through its inter-
action of MED], as a consequence the levels of histone H2A but
not H2B monoubiquitination is repressed to turn on T-bet and
IL-2Rf gene transcription. Despite this, USP22-null mice did not
perfectly phenocopy MEDI knockout mice in iNKT cell devel-
opment because USP22 suppression blocks iNKT development
during stage 1 transition to 2, but loss of MED1 functions resulted
in an earlier blockade at stage 0. This is partially because USP22
expression level is up-regulated at stage 1 during iNKT devel-
opment; in contrast, MED1 is constitutively expressed at all
stages. Loss of T-bet leads to a higher iNKT turnover as both
proliferation (BrdU incorporation) and apoptosis (Townsend
et al., 2004; Yokoyama, 2004). In contrast, neither MEDI nor
USP22 deletion, while they lead to the reduced T-bet expression,
affected iNKT cell turnover in mice.

USP22 deletion resulted in the elevated expression of EGR2
and PLZF, both of which are important for iNKT development
and functions. However, MED1 suppression did not alter the
expression of EGR2 and PLZF. These discrepancies suggest a
MEDI-independent mechanism underlying USP22 regulation of
iNKT development. In fact, in addition to MED1 and T-bet,
several transcription factors have been discovered critical for
earlier stages of iNKT development, including EGR2 (Lazarevic
et al., 2009), Runx! (Egawa et al., 2005), PLZF (Savage et al.,
2008), c-Myb (Hu et al., 2010), and some of the NF-«B proteins
(Beraza et al., 2009; Elewaut et al., 2003; Schmidt-Supprian
et al., 2004; Sivakumar et al., 2003; Vallabhapurapu et al.,
2008; Yue et al., 2005). Further studies are needed to eluci-
date whether USP22 regulates the transcriptional activation of
any of these transcription factors to control iNKT cell develop-
ment and activation.

We have recently shown that the lysine acetyltransferase
GCN5 plays a critical role in iNKT development and functions
(Wang et al., 2017). Since both GCN5 and USP22 are components
of the SAGA transcription coactivator complex, USP22 may
regulate iNKT cell development and functions through SAGA-
mediated transcriptional activation. Indeed, targeted deletion of
either USP22 or GCN5 largely impaired both iNKT1 and iNKT17
differentiation but enhanced iNKT2 populations (Wang et al.,
2017). However, GCN5 appears to promote iNKT development

Zhang et al.
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at an earlier stage. More importantly, GCN5 functions as an
acetyltransferase of EGR2 to promote iNKT development. Loss of
GCN5 functions resulted in the diminished EGR2 transcriptional
activity without altering EGR2 expression. In contrast, USP22
suppression even significantly increased EGR2 expression. In
addition, GCN5 is required for EGR2 target genes RUNXI and
PLZF expression, but USP22 deletion did not alter RUNXI ex-
pression and even enhanced PLZF expression. Therefore, USP22
is likely to regulate iNKT development through a distinct mo-
lecular pathway from GCNS5.

While both EGR2 and PLZF are up-regulated in USP22-null
iNKT cells, USP22 suppresses EGR2 and PLZF though an indirect
mechanism because USP22 binding to either EGR2 or PLZF
promoter in iNKT cells was not detected. Since EGR2 regulates
PLZF transcription upon GCN5-mediated acetylation (Wang
et al., 2017), it is possible that the increased PLZF expression is
a consequence of the elevated EGR2 expression in USP22-null
iNKT cells. In addition, it has been shown that USP22 interacts
with the c-Myc transcription factor in cancer cells (Zhang et al.,
2008), and genetic c-Myc suppression impairs iNKT develop-
ment but with increased PLZF expression (Dose et al., 2009;
Mycko et al., 2009), raising the possibility that USP22 represses
PLZF expression through its interaction with c-Myec. If in this
the case, one would expect that USP22 would be recruited onto
the promoter of the PLZF gene. However, ChIP analysis failed
detect USP22 binding to PLZF promoter DNA, together with the
fact that USP22 interaction with c-Myc enhances but not sup-
presses c-Myc transcriptional activity (Zhang et al., 2008),
largely excluding the possibility that USP22 inhibits PLZF tran-
scription through c-Myc. Further studies are need to dissect the
molecular mechanisms underlying how USP22 represses EGR2
and PLZF expression as well as its functional consequences in
iNKT cells.

Similar to that observed in MEDI KO mice (Lazarevic et al.,
2009), the Val4-Jal8 TCR transgene largely rescued USP22 de-
ficiency in iNKT development. In addition, while the underlying
molecular mechanisms remain largely unknown, Va14-Jal8 TCR
transgenic expression under the CD4 promoter could rescue
iNKT developmental defects by targeted deletion of several
genes. It has been shown that c-Myb suppression impairs TCR
Val4-Jal8 rearrangement; therefore, it can be rescued by trans-
genic expression of the prerearranged Val4-Jal8 TCR (Hu et al.,
2010). However, USP22 deficiency did not alter the TCR Val4-
Jal8 rearrangement in mice, suggesting the rescue of USP22
deficiency is likely through a different mechanism. In addition,
USP22 appears not to regulate the iNKT cell TCRP chain reper-
toire, largely excluding the possibility that TCR Val4-jal8
transgene rescues USP22 deficiency through altering the TCR
repertoire. Further studies are needed to dissect the molecular
mechanisms underlying how TCR Val4-Jal8 transgene rescues
USP22 deficiency in iNKT development.

In summary, our study identified a surprisingly lineage-
specific function of genetic cofactor USP22 in iNKT develop-
ment. USP22 appears to promote iNKT development through, at
least partially, its interaction with another transcription co-
activator, MEDI. Specific inhibitors that suppress the deubi-
quitinase catalytic activity of USP22 may have therapeutic
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potential in the treatment of iNKT-mediated immune disorders,
including autoimmune diseases.

Materials and methods

Mice

USP22 floxed mice were generated using C57/BLé6/j ES cells and
used as recently described (Melo-Cardenas et al., 2018). T cell-
specific USP22-null mice (USP22 cKO) were then generated by
breeding USP22 floxed mice with Lck-Cre transgenic mice. LCK-
Cre transgenic (stock no. 003802) mice and CD45.1 congenic B6/
SJL mice (stock no. 002014) were purchased from Jackson Lab-
oratory. LCK-Cre*USP22*/f or LCK-Cre*USP22*/* littermates
were used as controls. Primers used for genotyping the geneti-
cally modified mice are listed in the Table S1 A. The Val4Tg mice
on a B6 background were a kind gift by A. Bendelac (University
of Chicago, Chicago, IL) and used as reported (Egawa et al.,
2005). ValdaTg and T cell-specific USP22-null mice (Vol4*
USp22f/f LCK-Cre*) were then generated by breeding USP22
cKO mice with Val4Tg mice. Val4*USP22ff LCK-Cre* and their
littermate controls (Val4*USP22*/+ LCK-Cre*) were used for
the experiments. All mice used in this study were at the C57/
Blacké genetic background and housed at the Northwestern
University (Evanston, IL) mouse facility under pathogen-free
conditions according to institutional guidelines. The animal
study proposal has been approved by the Institutional Animal
Care and Use Committee of Northwestern University.

Cells, antibodies, and plasmids

Human HEK293 cells were cultured in DMEM with 10% FBS.
Mouse iNKT hybridoma DN32.D3 cells were cultivated in
RPMI1640 with 10% FBS. Antibodies specifically against USP22,
Flag, and HA were from Santa Cruz, and against MED1 and
acetylated lysine were from Cell Signaling. Fluorescence-
conjugated antibodies used for cell surface marker analysis
and intracellular staining including CD3, CD4, CD8, NKL.1,
CD24, CD45.1, CD45.2, CD44, IL-2RB/CD122, T-bet, PLZF, EGR2,
and antibodies against each specific isotype of mouse immu-
noglobulin are listed in Table S1 C. USP22 expression plasmid
was purchased from Addgene, and MEDI1 expression plasmids
were used as reported previously (Chen et al., 2009).

Flow cytometry analysis

Single-cell suspensions of thymus or spleen were used for the
analysis of the cell surface markers including CD3, TCRB, NKL.1,
CD24, and CD44 by labeling with fluorescence-labeled anti-
bodies specific to each cell surface marker, followed by flow
cytometry analysis. CD1d/PBS57 tetramers were obtained from
the National Institutes of Health tetramer facility and used for
identification of iNKT cells as reported previously (Zhao et al.,
2014). For the analysis of transcription factors including T-bet,
PLZF, GATA3, ROR-YT, and EGR2 in primary iNKT cells, intra-
cellular staining was performed using a Biolegend intracellular
staining kit. For the analysis of iNKT cells from liver, mice were
euthanized, and the liver was infiltrated with collagenase. Liver
tissues were homogenized and filtered, and the resident lym-
phocytes were isolated by Percoll purification as reported
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(Zhang et al., 2009). All the antibodies used for flow cytometry
analysis are listed in the Table S1 B.

Bone marrow chimera and adoptive transfer

WT marrow cells were isolated from the CD45.1* congenic Swiss
Jim Lambert (SJL) mice and mixed with these isolated from
USP22 cKO (CD45.2) mice at a 1:1 ratio. A total of 107 mixed cells
were adoptively transferred into lethally irradiated SJL mice by
intravenous injection. 10 wk after adoptive transfer, recipient
mice were euthanized, and the iNKT cells in thymus, spleen, and
liver were analyzed by flow cytometry using fluorescence-
labeled CD45.1, CD45.2, TCRP, and CD1d-tetramer.

Real-time qPCR analysis

Total RNA from the sorted mouse primary iNKT cells or
DN32.D3 cells were extracted using Trizol (Invitrogen). mRNAs
were reverse-transcribed using a cDNA synthesis kit purchased
from Invitrogen. The expression levels of genes were analyzed
by real-time qPCR. All primers used in the study are listed in
Table S1 A.

Coimmunoprecipitation and Western blotting analysis

Experiments were performed as reported previously (Lin et al.,
2012). Briefly, transient transfection of DN32.D3 cells was per-
formed using Lipofectamine 2000 (Invitrogen). 2 d after
transfection, cells were collected and lysed in NP-40 lysis buffer
(1% NP-40, 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA,
and freshly added protease inhibitor cocktail). The cell lysates
were precleaned and then incubated with antibodies (1 pg) for
2 h on ice, followed by the addition of 30 pl of fast-flow protein
G-Sepharose beads (GE Healthcare Bioscience) overnight at 4°C.
Immunoprecipitates were washed four times with NP-40 lysis
buffer and boiled in 30 pl 2x Laemmli buffer. Samples were
separated by 8% or 10% SDS-PAGE and electro-transferred onto
nitrocellulose membranes (0.45 pm; Bio-Rad). Membranes were
probed with the indicated primary antibodies, followed by
horseradish peroxidase-conjugated secondary antibodies.
Membranes were then washed and visualized with an en-
hanced chemiluminescence detection system (Bio-Rad). When
necessary, membranes were stripped by incubating in strip-
ping buffer (Thermo), washed, and then reprobed with other
antibodies as indicated. All antibodies used for coimmunopre-
cipitation and Western blotting analysis are listed in Table S1 C.

chip

DN32.D3 cells were cross-linked with 10% formalin and sub-
jected to ChIP using the Chromatin Immunoprecipitation Assay
Kit (Millipore) as reported previously (Kong et al., 2015). In brief,
2 x 10° cells were lysed in SDS lysis buffer. Cell lysates were
sonicated, and 3% of each sample was used to determine the total
amount of target DNA. The remaining cell lysate was diluted in
ChIP dilution buffer. Immunoprecipitation was performed with
each of the indicated antibodies (3 pg) at 4°C overnight. Immune
complexes were then mixed with a salmon sperm DNA/protein
agarose 50% slurry at 4°C for 1 h. After immunoprecipitates were
washed sequentially with low-salt buffer, high-salt buffer, LiCl
wash buffer, and Tris EDTA, DNA-protein complexes were
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eluted with elution buffer, and cross-linking was reversed.
Genomic DNA was extracted using phenol/chloroform, and
ethanol-precipitated DNA was resuspended in Tris EDTA. qPCR
was then performed with specific primers. All primers and the
antibodies used for ChIP are listed in the Table S1.

Online supplemental material

Fig. S1 shows that USP22 deletion did not alter the congenital T
lymphocyte development in mice. Fig. S2 shows that USP22 is
not involved in iNKT cell proliferation and survival in vivo. Fig.
S3 shows that USP22 is dispensable for in vitro activation and
differentiation of congenital T cells. Fig. S4 shows that USP22 is
not involved in regulating TCR rearrangement and repertoire of
iNKT cells in Val4 transgenic mice. Table Sl lists the primers
and antibodies used.
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Figure S1.  Analysis of lymphocyte development in USP22 cKO mice. (A) USP22 protein expression in the total thymocytes from WT and USP22 cKO mice
was determined by Western blotting. (B-D) CD4 and CD8 expression of the thymocytes was analyzed by flow cytometry. The FoxP3*CD25* T reg cells were
analyzed on the gated CD4 single-positive T cells (B). Representative flow images are shown (B). The percentages (C) and absolute numbers (D) of each sub-
population from seven pairs of mice are indicated. (E-G) Analysis of T cells in spleens of WT and USP22 cKO mice. The percentages and absolute numbers of
CD4 and CD8 T cells are shown. (H and 1) The FoxP3*CD25* T reg cells (H) and memory T cells (I) were analyzed on the gated CD4 T cells. (J) The ratios of a
and y8 T cells on the gated CD3e* T cells were analyzed. (K and L) The B220* B cells in spleens were analyzed. Error bars represent data from six or seven pairs
of mice. Student’s t test (unpaired) was used for statistical analysis. In A-L, data are pooled from three independent experiments. SSC, SSSC, side-
scattered light.
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Figure S2.  USP22 suppression has no effects on iNKT proliferation and survival. Seven pairs of WT and USP22 cKO mice were injected with BrdU. 24 h
after treatment, mice were euthanized, and single-cell suspensions from their thymus (Thy) were stained with anti-TCRB, CD1d-aGalCer tetramer, anti-BrdU,
and annexin V. The BrdU* and annexin V* populations were analyzed on the gated iNKT cells. (A-D) The BrdU incorporation and (C and D) annexin V* cells
were analyzed. Representative images (A and C) and data from seven pairs of mice (B and D) are shown. Student’s t test was used for statistical analysis. In
A-D, data are pooled from three independent experiments. Spl, spleen.
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Figure S3.  USP22 suppression on CD4 T cell activation and differentiation. CD4* T cells were sorted from the spleen of WT and USP22 cKO mice. (A and
B) the sorted CD4* T cells were stained with CFSE and cultivated with anti-CD3 or anti-CD3 plus anti-CD28. Cell proliferation was determined by CFSE dilution
(A). The proliferation and division index were analyzed from four independent experiments (B). (C) The IL-2 production was determined by intracellular
staining. (D) CD4* T cells were cultured under each polarization condition and analyzed by flow cytometry. All experiments were repeated at least three times,
and representative data are shown. NC, negative control; SSC, side-scattered light; iTreg, induced T regulatory cells.
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Figure S4. Analysis of TCR rearrangement and repertoire of iNKT cells in Val4 transgenic mice. (A) RNA was extracted from total thymocytes or sorted
CD4*CD8" cells from WT and USP22 KO mice. The levels of Val4 Jal8 region were determined by real-time PCR. Data from three pairs of mice are shown. (B
and C) The expression levels of Vb2, Vb7, and Vb8 on gated CD3*CD1d-tetramer* iNKT cells from thymus (B) and spleens (C) of Val4 and Val4 USP22 KO mice
were analyzed using isotype controls. Representative flow images and data from three pairs of mice are shown. Student’s t test was used for statistical

analysis. ***, P < 0.001. (A-C) Data are representative of three independent experiments.

Table S1is provided online as a Word file and lists primers used for the study, antibodies used for the flow cytometry analysis, and
antibodies used for Western blotting, ChIP, and immunoprecipitation.
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