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Abstract
Foxp3-expressing regulatory T (Treg) cells are essential for averting autoimmune diseases and maintaining immune
homeostasis. However, the molecular mechanisms underlying the development and maintenance of Treg cells are still
unclear. Here, we found that T cell-specific deletion of the gene encoding the deubiquitinase POH1 compromised the
development of mature T cells, especially CD4+Foxp3+ Treg cells. Moreover, POH1 deficiency significantly attenuated the
transition of CD25+ Treg cell precursors into Foxp3+ Treg cells accompanied by downregulation of interleukin 2 (IL-2)-
STAT5 signaling. Deletion of POH1 in generated CD4+Foxp3+ Treg cells led to an early onset of fetal autoimmune
disorders and a decrease in the pool size of peripheral Treg cells in mice, which were mostly due to decreased expansion of
these cells. Thus, these results revealed that POH1 has a pivotal role in the development and maintenance of CD4+Foxp3+

Treg cells and contributes to immune tolerance.

Introduction

CD4+ Foxp3-expressing regulatory T (Treg) cells play a
central role in preserving immune tolerance. Impaired
generation and maintenance of Foxp3+ Treg cells lead to
severe autoimmune disorders [1–4]. Natural Treg (nTreg)
cells originate from the thymus and are characterized as a
distinct T cell lineage that represents 5−10% of peripheral
CD4+ T cells. The thymic development of nTreg cells can
be divided into two sequential stages based on the depen-
dence of TCR signaling [5, 6]. The high affinity interaction
of T cell antigen receptor (TCR) with self-antigens and
costimulatory molecule CD28 generates the CD25+ Treg

cell precursors and remodels the chromatin at the Foxp3
locus via the NF-κB-c-Rel transcription factors [7–11]. A
subsequent increased responsiveness to interleukin 2 (IL-2)
signals results in the transition of Treg cell precursors into
Foxp3+ Treg cells dependent on the STAT5 transcription
factor and finalizes the development of Treg cells [5, 6, 12,
13]. In addition, it has been reported that expression of the
tumor-necrosis factor (TNF) receptor superfamily
(TNFRSF) on Treg cell progenitors enhances their sensi-
tivity to IL-2, thereby supporting the conversion of Treg cell
precursors into Foxp3+ Treg cells [14]. After egress to the
periphery, Treg cells proliferate at a high rate and differ-
entiate into effector Treg cells to maintain host homeostasis
[15]. The proliferation of Treg cells is regulated by cyto-
kines, including IL-2 and IL-7, and the CD28 coreceptor
[16–18]. It has been demonstrated that TCR signaling also
contributes to the expansion and function of peripheral Treg
cells, especially for effector Treg cells [19]. Impaired TCR
signaling in mature Treg cells leads to decreased pro-
liferation and suppressive function. Although great advan-
ces have been made for understanding the mechanisms
underlying the differentiation and expansion of Treg cells,
the precise molecular events responsible for regulating these
processes remain unclear and need to be fully elucidated.

POH1/rpn11/PSMD14 is a deubiquitinase in the 19S
regulatory particle of the proteasome and regulates various
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biological processes, including protein stability, double-
strand DNA break repairs and drug resistance [20–22]. Our
previous study has demonstrated the role of POH1 in the
promotion of tumor formation via deubiquitinating and
stabilizing E2F1 [23]. Recently, it has been found that
POH1 positively regulates TRIM21-mediated NF-κB acti-
vation and TNF-α production in AdV/IgG-stimulated mur-
ine embryonic fibroblasts [24]. However, there is much less
information about the effect of POH1 on T cells.

To investigate the function of POH1 in the develop-
ment of Treg cells, we generated mice with a T cell-
specific deletion of the gene encoding POH1. Deletion of
POH1 in T cells resulted in downregulation of CD25 and
defective proliferation in CD4Single+ thymocytes in
response to TCR stimulation. Moreover, POH1 deficiency
led to lower frequency of CD25+ Treg cell precursors and
defective transition of precursors into Foxp3+ Treg cells
accompanied by impaired activation of IL-2-STAT5 sig-
naling. Deletion of POH1 in T cells resulted in a profound
defect in Treg cell proliferation and decreased pool size of
Treg cells. Furthermore, conditional deletion of POH1 in
generated Foxp3+ Treg cells impaired cell-cycle pro-
gression of Foxp3+ Treg cells and resulted in fatal auto-
immune disorders. Overall, our findings indicated that
POH1 has a pivotal role in the development and main-
tenance of CD4+Foxp3+ Treg cells.

Methods and materials

Mice

The generation of POH1 flox/flox (poh1fl/fl) mice has pre-
viously been described [23]. Cd4Cre, Foxp3gfp, and Fox-
p3YFPCre mice (B6 background) were purchased from the
Jackson Laboratory (Jackson Laboratory, Bar Harbor,
Maine). Pathogen-free mice were housed under specific
pathogen-free conditions and fed regular food and water.
All of the experiments involving mice were performed in
accordance with the guidelines approved by Shanghai
JiaoTong University Animal Care commission. Genotyping
was performed by PCR with the standard protocol and the
proper primers.

Flow cytometry and cell sorting

Single-cell suspensions were prepared from the thymus,
spleen, and lymph nodes. Nonspecific staining was blocked
with monoclonal antibody to mouse CD16/CD32 (BD
Biosciences Pharmingen, San Joes, CA, USA) and cells
were stained with Peridinin chlorophyll protein (Percp)-
conjugated anti-CD4 (100432, GK1.5, from biolegend,
Santiago, USA), fluorescein isothiocyanate (FITC)-

conjugated anti-GITR (11-5874-82, DTA-1), anti-Ki67 (11-
5698-82, SolA15), and anti-CD44 (11-0441-81, ZM7), PE-
conjugated anti-CD8 (12-0081-85, 53–6.7), anti-CD103
(12-1031-81, 2E7), anti-IL-17 (12-7177-81, eBio17B7),
anti-OX40 (12-1341-81, OX-86), anti-CD80 (12-0801-82,
16-10A1) and anti-CD86 (12-0862-82, GL1), phycoerythrin
Cy7 (Pecy7)-conjugated anti-CD25 (25−0251-81, PC61.5)
and anti-B220 (25−0452-82, RA3-6B2), allophycocyanin
(APC)-conjugated anti-CD25 (17-0251-42, PC61.5), anti-
CD8 (17-0081-82, 53–6.7), anti-CD45.1 (17-0453-82,
A20), anti-CXCR3 (17-1831-82, CXCR3-173), anti-IFN-γ
(17-7311-82, XMG1.2), anti-CTLA4 (17-1522-80, UC10-
4B9) and anti-CD62L (17-0621-81, MEL-14) (all from
eBioscience, Santiago, USA). FITC-, PE-, or APC-
conjugated anti-Foxp3 (FJK-16s) staining set
(eBioscience, Santiago, USA) was used for Foxp3 staining
according to the manufacturer’s recommendations. For
intracellular staining of p-STAT5, cells were stimulated
with or without IL-2 (50 U/ml) for 15 min, and then fixed in
2% formaldehyde, permeabilized in 90% methanol and
labeled with FITC-conjugated anti-p-STAT5 monoclonal
antibody (612598, 47/Stat5(pY694), BD Biosciences
Pharmingen). For sorting of different subsets of thymocytes,
thymocytes from poh1fl/flCd4creFoxp3gfp or control mice
were depleted of CD8+ T cells with anti-CD8 microbeads
(Miltenyi Biotec, Bergisch Gladbach, Germany) and the
remaining cells were stained with anti-CD4 and anti-CD25
(all identified above). The CD4Single+CD25−Foxp3-GFP−,
CD4Single+CD25+Foxp3-GFP− Treg cell precursors,
CD4Single+CD25+Foxp3-GFP+ Treg cells were sorted. Flow
cytometry was done with Calibur or LSR Fortessa (BD
Biosciences). Cell sorting was done with MoFlo XDP
(Beckman Coulter). Results were analyzed using FlowJo
software (TreeStar).

BrdU incorporation assay in vivo

Mice were injected intraperitoneally with 1.5 mg of bro-
modeoxyuridine (BrdU; BD Biosciences Pharmingen) 16 h
before analysis. For detection of BrdU, cells were first
stained with anti-Foxp3 followed by intracellular staining of
BrdU with an anti-BrdU antibody and 7AAD using a BrdU
flow kit according to the manufacturers’ instructions (BD
Biosciences Pharmingen). Samples were analyzed by flow
cytometry.

CFSE labeling assay

Isolated CD4Single+CD25−Foxp3-GFP− T cells from thy-
mocytes were resuspended in PBS containing 0.1% BSA at
107 cells/mL. Carboxyfluorescein diacetate succinimidyl
ester (CFSE; Invitrogen, Carlsbad, CA) was added at a final
concentration of 5 μM, and the cells were incubated for
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Fig. 1 Effects of POH1 ablation on thymic Foxp3+ Treg cell generation.
a Western blot analyzing the expression of POH1 and β-actin with or
without stimulation of anti-CD3 and anti-CD28 in splenic CD4+ T cells.
Data are representative of three independent experiments with similar
results. b Flow cytometry analyzing the percentage of CD4Single+ and
CD8Single+ T cells in thymocytes derived from 4-week-old poh1fl/flCd4cre

and poh1+/+Cd4cre control littermates. c Percentages of various thymo-
cyte subsets derived from 4-week-old poh1fl/flCd4cre and control litter-
mates are presented (n= 9 per genotype). The results from four separate
experiments were pooled. d BM cells from poh1fl/flCd4cre (CD45.2+) or
poh1+/+Cd4cre mice (CD45.2+) were mixed 1:1 with BM from WT
(CD45.1+) C57BL/6 mice, and these cells were injected into lethally
irradiated CD45.1+ mice to generate bone marrow chimeras. Eight
weeks later, the proportion of CD4Single+ and CD8Single+ T cells among

the thymocytes from the same origin is shown. The results from three
separate experiments were pooled. e Flow cytometry analyzing the
percentage of Foxp3+ Treg cells among CD4Single+ thymocytes from 4-
week-old poh1fl/flCd4cre and control mice. f Pooled data from
e representing four separate experiments (n= 8 per genotype). g BM
cells from poh1fl/flCd4cre (CD45.2+) or poh1+/+Cd4cre mice (CD45.2+)
were mixed 1:1 with BM fromWT (CD45.1+) C57BL/6 mice, and these
cells were injected into lethally irradiated CD45.1+ mice to generate
bone marrow chimeras. Eight weeks later, the proportion of Foxp3+

Treg cells among the CD4Single+ thymocytes from the same origin is
shown. The results from three separate experiments were pooled.
Numbers adjacent to outlined areas show the percent of cells in each.
Each symbol represents a single mouse, and horizontal bars represent the
mean. *P < 0.05; ***P < 0.001, two-tailed unpaired Student’s t test

Requirement for POH1 in differentiation and maintenance of regulatory T cells 753



10 min at 37 °C in 5% CO2. The stain was terminated using
ice-cold complete RPMI1640 medium at 4 °C for 5 min.
The cells were then washed three times with PBS contain-
ing 0.1% BSA, resuspended in complete RPMI 1640
medium and stimulated with plate-bound anti-CD3 and
anti-CD28 (BD Biosciences Pharmingen) for 4 days.
Division of cells was determined with a FACS Calibur and
analyzed using FlowJo software.

Cell culture conditions

Cells were resuspended in complete RPMI 1640 medium
supplemented with 10% FCS, 100 U/mL penicillin, 100 μg/
mL streptomycin, 50 μM 2-mercaptoethanol and 2 mM L-
glutamine (Gibco, Grand Island, NY, USA).

CFSE-labeled CD4Single+CD25−Foxp3-GFP− T cells
were stimulated with plate-bound anti-CD3 (5 μg/mL) and
anti-CD28 (3 μg/mL) for 4 days (all from BD Biosciences
Pharmingen). Cells were then collected, and the expression
of CD25 and division were analyzed. For the inducible Treg
cell assay, CD4Single+CD25−Foxp3-GFP−T cells were sti-
mulated with plate-bound anti-CD3 (5 μg/mL) and anti-
CD28 (3 μg/mL) in the presence or absence of TGF-β (2 ng/
mL; R&D systems, Minneapolis, MN, USA) and IL-2
(20 U/mL; Peprotech NJ, USA) for 4 days. The expression
of Foxp3 was detected by flow cytometry.

To examine cytokine production, cells were stimulated
with PMA (20 ng/mL; Sigma-Aldrich, St Louis, MO) and
ionomycin (1 μg/mL; Sigma-Aldrich) for 4 h and analyzed
via flow cytometry.

RNA sequencing

Splenic CD4+Foxp3+ (YFP+) cells were sorted from 2-
week-old poh1fl/flFoxp3Cre (n= 10) or poh1+/+Foxp3Cre

(n= 5) mice using the MoFlo XDP. Total RNA was
extracted by TRIzol and was subjected to RNA-seq ana-
lysis for each group. Total RNA was used for Illumina
TruSeq paired-end sequencing library construction fol-
lowing manufacturer’s protocols at the Shanghai Bio-
technology Corporation. Samples were sequenced on the
Illumina HiSeq 2500. Approximately 50 million clean
reads were obtained and then mapped to the mouse gen-
ome (mm10). The mapped fragments of genes were cal-
culated using HTSeq followed by trimmed mean of M
value normalization to evaluate gene expression by nor-
malized Reads Per Kilobase of exon per Megabase of
library size (RPKM). Significant differential expression
genes between POH1-sufficient and POH1-deficient Treg
cells were identified as those with fold-change ≥ 2 and a
false discovery rate ≤ 0.05 using edgeR software. RNA
sequencing data were uploaded to the GEO database
(accession code GSE110084).

Bioinformatics analysis of RNA-seq

‘TCR-upregulated’ (i.e., TCR-dependent) genes [19] were
defined as genes upregulated (a change in expression of at
least 1.75-fold, Padj ≤ 0.05) in TCR-sufficient CD44high Treg
cells relative to their expression in TCR-deficient CD44high

Treg cells with a FDR-adjusted P value of ≤0.05
(GSE61077).

Statistical analysis

Comparison between two groups was performed by an
unpaired Student’s t test. A value of P < 0.05 was con-
sidered significant.

Results

POH1 deletion impairs thymic foxp3+ treg cell
development and T cell homeostasis

POH1 expression was upregulated in mouse CD4+ T cells
upon stimulation of anti-CD3 and anti-CD28 antibodies
(Fig. 1a), suggesting that POH1 might have a physiolo-
gical function in T cells. To this end, we crossed mice
carrying loxp-flanked POH1 (poh1fl/fl) with Cd4cre trans-
genic mice to generate mice with a T cell-specific ablation
of POH1 (poh1fl/flCd4cre). We confirmed the efficient
deletion of poh1 in CD4Single+ and CD8Single+ thymocytes
by DNA detection (Fig. S1a) and real-time PCR
(Fig. S1b). poh1fl/flCd4cre mice exhibited lower fre-
quencies of CD4Single+ and CD8Single+ thymocytes com-
pared to their control littermates (Fig. 1b, c). The
percentages of CD4+ and CD8+ T cells in the periphery
were profoundly reduced in poh1fl/flCd4cre mice (Fig. S1c).
We further generated mixed bone marrow (BM) chimeras
to corroborate the effects of POH1 deletion on thymocyte
development and peripheral homeostasis. Briefly, donor
BM cells from poh1fl/flCd4cre (CD45.2+) or poh1+/+Cd4cre

(CD45.2+) mice mixed with wild-type (WT) (CD45.1+)
BM cells were transferred into lethally irradiated CD45.1+

host mice. Eight weeks after reconstitution, the fre-
quencies of CD4Single+ and CD8Single+ T cells among
thymocytes derived from poh1fl/flCd4cre mice were lower
than those from CD45.1 WT mice in the mixed chimeras
(Fig. 1d). Moreover, a substantial decrease in the pro-
portions of CD4+ and CD8+ T cells was observed in
splenocytes and lymph nodes from POH1-deficient BM
chimeras compared to control chimeras (Fig. S1d). The
peripheral CD4+ T cells in poh1fl/flCd4cre mice contained a
higher proportion of activated CD44highCD62Llow cells
than that in poh1+/+Cd4cre mice (Fig. S2a and b).
Accordingly, the production of pro-inflammatory
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cytokines, including interferon (IFN)-γ and IL-17, in
POH1-deletion peripheral CD4+ T cells was higher than
that in control CD4+ T cells (Fig. S2c).

While a considerable decrease was observed in the
frequencies of thymic CD4Single+ T cells in poh1fl/flCd4cre

mice, a more apparent reduction in the percentages of
Foxp3+ Treg cells, which reached an approximate 10-fold

decrease, occurred in the CD4Single+ thymocytes (Fig. 1e,
f). More importantly, the mixed bone marrow experiments
showed that POH1 deficiency in T cells resulted in a
drastic decrease in the proportion of Foxp3+ Treg cells in
T cells, indicating that the decline in the number of Foxp3
+ Treg cells in poh1fl/flCd4cre mice was due to the cell-
intrinsic effects of POH1 deletion (Fig. 1g and S3a).
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Therefore, these results demonstrated that POH1 is
essential for T cell homeostasis and the generation of
nTreg cells.

POH1 deficiency inhibits the differentiating ability
of thymic treg precursors

We next focused on the role of POH1 in the development of
nTreg cells. We examined if POH1 functions in the devel-
opment of nTreg cell precursors. POH1 deficiency resulted
in a decline in the frequency of CD25+Foxp3− Treg cell
precursors and a more pronounced decrease in the propor-
tions of Foxp3-expressing cells (Fig. 2a, b), suggesting a
defect in the transition of Treg precursors to Foxp3+ Treg
cells in the context of POH1 deficiency. We bred poh1fl/
+Cd4cre mice to mice containing the Foxp3 knock-in allele,
Foxp3gfp (expressing Foxp3-tagged with green fluorescent
protein (GFP)), and generated poh1fl/flCd4creFoxp3gfp mice
and control mice were used for purification of CD4Single
+CD25−Foxp3-GFP− conventional T (Tcon) cells. Con-
sistently, upon stimulation with anti-CD3 and anti-CD28
antibodies, thymic Tcon cells in the absence of POH1 were
unable to induce the expression of CD25 (Fig. 2c) and failed
to proliferate (Fig. 2d). We then further evaluated if POH1
has an effect on the transition of Treg cell precursors into
Foxp3+ Treg cells. We purified thymic CD4Single+CD25
+Foxp3-GFP− Treg cell precursors from poh1fl/flCd4cre-

Foxp3gfp mice and their littermates, and we modeled the
second step of nTreg cell differentiation with IL-2 stimula-
tion and then determined the expression of Foxp3. Twenty-

four hours after stimulation with IL-2, only approximate 4%
of cells from cultured poh1fl/flCd4cre Treg cell precursors
acquired the expression of Foxp3, which was in contrast to
16% of those from control cells (Fig. 2e). The IL-2-STAT5
signaling is suggested to be critical for the transition of
thymic Treg precursors into Foxp3+Treg cells. More spe-
cifically, phosphorylation of STAT5 (p-STAT5) binds to the
first intron and promoter of the gene encoding Foxp3 and is
critical for initiating Foxp3 expression [12, 13]. In response
to IL-2, POH1-deficient Treg cell precursors showed a
considerable decline in p-STAT5 levels compared to POH1-
sufficient Treg cell precursors (Fig. 2f). Given that the
members of the TNFRSF on Treg progenitors are also
involved in the differentiation of Treg cells [14], we exam-
ined the expression of the TNFRSF members, GITR and
OX40, on the CD4Single+CD25+Foxp3− subset. The results
showed a pronounced downregulation in the expression of
the TNFRSF members on POH1-deficient Treg cell pre-
cursors compared to that on control cells (Fig. 2g). There-
fore, these results indicated that POH1 deficiency
compromises the expression of GITR and OX40 on the
precursors of Treg cells as well as IL-2-STAT5 signaling,
resulting in decreased efficiency in the transition of pre-
cursors into Foxp3+ Treg cells.

POH1 deletion impairs thymic treg cell expansion

We next examined the phenotype of POH1-deficient
thymic CD4+Foxp3+ Treg cells. While the expression of
several signature molecules of Treg cells, including
GITR, OX40, and CTLA4, was unaffected in POH1-
deficient thymic Treg (tTreg) cells (Fig. 3a), the frequency
of CD44highCD62Llow cells in these Treg cells was
approximately 50% of that in POH1-sufficient Treg cells
(Fig. 3b). Because proliferating Treg cells were restricted
to the CD44high subset [25], we next determined if POH1
deficiency affects the proliferation of tTreg cells. tTreg
cells in the poh1fl/flCd4cre background showed drastically
decreased expression of the proliferation marker Ki67 in
comparison to that in their littermates (Fig. 3c, d).
Accordantly, these POH1-deleted tTreg cells did not
incorporate the thymidine analog BrdU (Fig. 3e, f). These
results suggested that the reduction of tTreg cells in
poh1fl/flCd4cre mice is, in part, caused by impaired cell
proliferation. Given the pivotal role of POH1 in the dif-
ferentiation and proliferation of tTreg cells, we next
investigated if POH1 is essential for the generation of
induced Treg (iTreg) cells. We sorted CD4Single+

CD25−Foxp3−GFP− cells from poh1fl/flCd4creFoxp3gfp

mice and their littermates, and we cultured the cells with
or without TGF-β and IL-2 in the presence of anti-CD3
and anti-CD28 antibodies. POH1 deficiency substantially
inhibited the generation of iTreg cells (Fig. 3g). Thus,

Fig. 2 POH1-deficiency impairs the transition of precursors into Treg
cells. a Flow cytometry analyzing the percentage of CD25+Foxp3−,
CD25−Foxp3+ and CD25+Foxp3+ cells among CD4Single+ thymo-
cytes derived from 4-week-old poh1fl/flCd4cre or poh1+/+Cd4cre mice. b
Pooled data from a representing three separate experiments. Each
symbol represents a single mouse, and horizontal bars represent the
mean. c, d Flow cytometry analyzing the expression of CD25 (c) and
CFSE labeling (d) in sorted CD4Single+CD25−Foxp3-GFP−thymocytes
from poh1fl/flCd4cre or poh1+/+Cd4cre mice. Cells were stimulated with
plated bound anti-CD3 and anti-CD28 for 4 days. The numbers above
bracketed lines indicate the percentage of proliferated cells. Data are
representative of two independent experiments with similar results. e
Flow cytometry analyzing the Foxp3 expression in purified thymic
CD4Single+CD25+Foxp3-GFP−Treg cell precursors from poh1fl/flCd4cre

mice and control littermates after stimulation with or without IL-2 for
24 h. Data are representative of three independent experiments with
similar results. f Flow cytometry analyzing the p-STAT5 in purified
thymic CD4Single+CD25+Foxp3-GFP− Treg cell precursors from
poh1fl/flCd4cre mice and control littermates after stimulation with or
without IL-2 for 15 min. Data are representative of two independent
experiments with similar results. g Flow cytometry analyzing the
expression of GITR and OX40 in CD4Single+CD25+Foxp3-GFP−Treg
cell precursors from the thymus of 4-week-old poh1fl/flCd4cre or poh1
+/+Cd4cre mice. Data are representative of four independent experi-
ments with similar results. Numbers adjacent to outlined areas show
the percent of cells in each. **P < 0.01; ***P < 0.001, two-tailed
unpaired Student’s t test
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these findings suggest that POH1 is indispensable for the
generation of both tTreg and iTreg cells.

We further assessed the characteristics of peripheral CD4
+Foxp3+ Treg (pTreg) cells in poh1fl/flCd4cre mice and
found that the levels of the Treg cell signature molecules,
GITR, OX40, and CTLA4, in these cells were comparable
to those in poh1+/+Cd4cre pTreg cells (Fig. S3b). The pro-
portion of CD44highCD62Llow effector/memory Treg cells
was significantly higher in the absence of POH1 than in the
presence of POH1 (Fig. S3c). In addition, surface expres-
sion of the CD103 and CXCR3 activation markers was
higher in POH1-deficient Treg cells than in POH1-sufficient
Treg cells (Fig. S3d). The activated phenotype of POH1-
ablated peripheral Foxp3+ Treg cells might be a con-
sequence of the lymphopenic environment in these mice.

Mice with treg-specific deficiency of POH1 develop
lethal autoimmunity

To further corroborate the requirement of POH1 in
the maintenance of differentiated Foxp3+ Treg cells, we

generated mice with Treg-specific deficiency of POH1
(poh1fl/flFoxp3Cre) by crossing poh1fl/fl mice with mice
expressing the YFP-Cre fusion recombinase from the Foxp3
locus (Foxp3YFPCre). In the absence of POH1 in Treg cells,
mice became sick as indicated by a hunched posture,
reduced body size and decreased mobility as well as crusted
ears, eyelids and tails (Fig. 4a left). The highly aggressive
and overwhelming autoimmunity manifested by shrinking
of the thymus, lymphadenopathy, and splenomegaly led to
the death of mice at 3−4 weeks of age (Fig. 4a right and
Fig. 4b). poh1fl/flFoxp3Cre mice showed inflammatory cell
infiltration in peripheral organs, including the kidneys,
lungs, and livers (Fig. 4c). Of note, poh1fl/flFoxp3Cre mice
contained a larger proportion of the CD44highCD62Llow

effector/memory population in peripheral CD4+ T cells
compared to control littermates (Fig. 4d). Furthermore,
deletion of POH1 in Treg cells resulted in higher production
of the pro-inflammatory cytokine, IFN-γ, but not IL-17 in
CD4+ T cells from the spleen and lymph nodes (Fig. 4e).
Accordingly, the expression levels of the CD80 and CD86
costimulatory molecules on B cells were increased in the

Fig. 3 POH1 is required for Treg cell expansion. a, b Flow cytometry
analyzing the expression of GITR, OX40, CTLA4 (a), CD44 and
CD62L (b) in CD4Single+Foxp3+ Treg cells from the thymus of poh1fl/
flCd4cre mice and control littermates. Data are representative of three
independent experiments with similar results. c Flow cytometry ana-
lyzing the expression of Ki67 in CD4Single+Foxp3+ Treg cells from the
thymus of poh1fl/flCd4cre mice and control littermates. d Pooled data
from c representing three separate experiments. Each symbol repre-
sents a single mouse, and horizontal bars represent the mean. e Flow
cytometry analyzing the incorporation of BrdU in CD4Single+Foxp3+

Treg cells from the thymus of poh1fl/flCd4cre mice and control

littermates. f The percentage of BrdU+ cells in thymic Treg cells from
poh1fl/flCd4cre mice and control littermates is shown. Data are shown as
the mean+ SD (n= 3 per genotype) and are representative of two
independent experiments. g Flow cytometry analyzing Foxp3
expression in CD4Single+CD25−Foxp3-GFP− thymocytes from poh1fl/
flCd4cre or oh1+/+Cd4cre mice. Cells were stimulated with or without
TGF-β and IL-2 in the presence of plated bound anti-CD3 and anti-
CD28 for 4 days. Data are representative of three independent
experiments with similar results. **P < 0.01; ***P < 0.001, two-tailed
unpaired Student’s t test
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poh1fl/flFoxp3Cre mice (Fig. 4f). These results indicated a
critical role for POH1 in generated Treg cells.

The frequency of tTreg cells in CD4Single+ T cells from
poh1fl/flFoxp3Cre mice was comparable to that from poh1
+/+Foxp3Cre mice, which may have resulted from a ‘car-
ryover’ effect. In contrast, the expression of Foxp3 among
CD4+ T cells in the spleen and lymph nodes was pro-
foundly diminished in poh1fl/flFoxp3Cre mice compared to
its expression in poh1+/+Foxp3Cre mice (Fig. 5a). CD25

expression on pTreg cells was not affected by POH1
deficiency (Fig. 5b). To directly evaluate if POH1 deletion
affects the responsiveness of Foxp3+ Treg cells to IL-2,
we isolated splenic Treg cells based on YFP expression
from poh1fl/flFoxp3cre and poh1+/+Foxp3cre control mice.
The cells were cultured with or without IL-2 for 15 min,
and p-STAT5 levels were then determined. POH1-
deficient and POH1-sufficient Treg cells had a compar-
able level of p-STAT5 after IL-2 stimulation (Fig. 5c).

Fig. 4 Treg-specific deficiency of POH1 leads to lethal autoimmune
inflammation. a Typical littermate and poh1fl/flFoxp3Cre mice (left).
Thymi, spleens and lymph nodes from 19-day-old poh1fl/flFoxp3Cre

mice and poh1+/+Foxp3Cre control littermates (right). The images are
representative of 20 independent mice with similar observations. b
Survival of poh1fl/flFoxp3Cre and control mice monitored for 50 days
(n= 9 mice per genotype). c Hematoxylin and eosin staining of kid-
ney, lung and liver sections from 19-day-old poh1fl/flFoxp3Cre mice and
control littermates. Data are representative of four independent
experiments with similar results. d Flow cytometry analyzing the
expression of CD44 and CD62L in CD4+ T cells from the spleens and
lymph nodes of 19-day-old poh1fl/flFoxp3Cre mice and control

littermates. Data are representative of five independent experiments
with similar results. e Flow cytometry profiles of spleens and lymph
nodes from poh1fl/flFoxp3Cre mice and poh1+/+Foxp3Cre control lit-
termates showing expression of IFN-γ and IL-17 in CD4+ T cells
stimulated for 4 h with PMA and ionomycin in the presence of bre-
feldin A. Data are representative of four independent experiments with
similar results. f Flow cytometry analyzing the CD80 and CD86
expression in B cells from spleens of 19-day-old poh1fl/flFoxp3Cre mice
and control littermates. Data were pooled from two independent
experiments. Each symbol represents a single mouse, and horizontal
bars represent the mean. *P < 0.05; ***P < 0.001, two-tailed unpaired
Student’s t test
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The increased frequency of CD44lowCD62Lhigh naive-like
Foxp3+ cells in pTreg cells was found in the absence of
POH1 (Fig. 5d). Several characteristic factors of Treg
cells, including GITR, OX40, CTLA4, and PD1, were
also assessed. The expression of GITR, CTLA4, and PD1
was lower in POH1-deficient Treg cells than in POH1-
sufficient Treg cells (Fig. 5e). We then speculated if
POH1 ablation affects the proliferation of pTreg cells. A
significantly lower frequency of Ki67+ proliferative Treg
cells in poh1fl/flFoxp3Cre mice was found compared to that
in their control littermates (Fig. 5f). In addition, POH1
deficiency substantially decreased proliferation of Treg
cells resulting from cell-cycle arrest at the G1-S transition
(Fig. 5g, h).

Alterations in the transcriptional profile of POH1-
deficient foxp3+ treg cells

To investigate the potential mechanisms underlying the
defective proliferation conferred by POH1 deficiency, we
sorted pTreg cells from poh1fl/flFoxp3cre and poh1
+/+Foxp3cre control mice and analyzed gene expression by
high-throughput RNA sequencing (RNA-seq). The gene
expression profile of POH1-deficient Treg cells (poh1−/−

Foxp3+) was markedly different than that in POH1-
sufficient Treg cells (poh1+/+ Foxp3+) (Fig. 6a). Compar-
ison to a previously defined TCR signature [19] demon-
strated that a set of TCR-activated genes was
transcriptionally downregulated by POH1 ablation in Treg

Fig. 5 POH1 maintains the pool size of generated Treg cells. a Flow
cytometry analyzing the expression of Foxp3 among CD4+ T cells
from the thymi, spleens and lymph nodes of 19-day-old poh1fl/
flFoxp3Cre mice and control littermates. Data were pooled from three
independent experiments. b Flow cytometry analyzing the expression
of CD25 in Foxp3+ Treg cells from spleens of poh1fl/flFoxp3Cre mice
and control littermates. Data are representative of four independent
experiments with similar results. c Flow cytometry analyzing p-
STAT5 in purified splenic Foxp3+ Treg cells from spleens of poh1fl/
flFoxp3Cre mice and control littermates after stimulation with or

without IL-2 for 15 min. Data are representative of two independent
experiments with similar results. d–f Flow cytometry analyzing the
expression of CD44, CD62L (d), GITR, CTLA4, OX40, PD1 (e), and
Ki67 (f) in peripheral Foxp3+ Treg cells from poh1fl/flFoxp3Cre mice
and control littermates. Data are representative of three independent
experiments with similar results. g Flow cytometry analyzing the cell
cycle of splenic Foxp3+ Treg cells from poh1fl/flFoxp3Cre mice and
control littermates. h Cell cycle analysis of splenic Foxp3+ Treg cells
from poh1fl/flFoxp3Cre mice and control littermates. Each symbol
represents a single mouse, and horizontal bars represent the mean
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cells (Fig. 6b–e). Accordingly, POH1 deletion in Treg cells
also caused altered expression of the genes related to cell-
cycle progression. p21, encoded by the Cdkn1a gene and
responsible for cell-cycle arrest at the G1-S transition, was
transcriptionally upregulated in poh1fl/flFoxp3cre Treg cells
relative to poh1+/+Foxp3cre Treg cells (Fig. 6d, e). The
RNA-seq data were validated by real-time PCR (Fig. 6e). In
addition, the gene sets downregulated in POH1-deficient
Treg cells included those encoding certain cell surface
receptors and intracellular molecules involved in migration,
suppressive function, and properties of Treg cells [26]
(Fig. S4).

Discussion

The development of Foxp3+ Treg cells is a tightly regu-
lated process that is essential for immune homeostasis.
The ubiquitin-dependent pathway has an important role in
mediating the differentiation and maintenance of Foxp3+

Treg cells. Our present study demonstrated that the deu-
biquitinating enzyme, POH1, is an important factor that
regulates the differentiation of tTreg cells. Deletion of
POH1 in T cells leads to a less efficient transition
from Treg cell precursors to Treg cells accompanied
by decreased activation of IL-2-STAT5 signaling.

Fig. 6 RNA-seq analysis of POH1-deficient and POH1-sufficient Treg
cells. a Gene expression (log2 normalized) in Treg cells from poh1fl/
flFoxp3Cre mice (poh1−/− Foxp3+) or poh1+/+Foxp3Cre control litter-
mates (poh1+/+ Foxp3+). b Empirical cumulative distribution function
for the change in expression (log2 values) of all genes expressed in
POH1-deficient Treg cells and for the subsets of genes upregulated
(TCR up) in a TCR-dependent manner. Numbers in parentheses (key)
indicate total genes in each group. c Expression of selected genes
upregulated in a TCR-dependent manner in POH1-deficient or control

Treg cells. d Expression of selected genes associated with cell cycle. e
Validation of RNA-seq data. Genes were selected from the RNA-seq
data, and the mRNA expression was analyzed by real-time PCR in
Treg cells from 2-week-old poh1fl/flFoxp3Cre mice or poh1+/+Foxp3Cre

control littermates. mRNA levels were normalized with GAPDH, and
mRNA levels in control Treg cells were arbitrarily set to 1. Data are
shown as the mean+ SD and are representative of two independent
experiments
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Furthermore, POH1 is required for the proliferation of
generated Treg cells.

POH1 deficiency in T cells resulted in a lower fre-
quency of CD4Single+ and CD8Single+ T thymocytes, indi-
cating that POH1 has a significant role in the development
of T cells. Moreover, POH1 ablation caused a more
substantial decrease in Treg generation than that of Tcon

cells in the thymus, suggesting that POH1-mediated reg-
ulation is particularly critical for the differentiation of
nTreg cells. Accumulated evidence has demonstrated that
TCR and IL-2 signals are required for the differentiation
of nTreg cells. TCR signaling is essential for generation
of CD25+ Treg cell progenitors, while IL-2 signaling is
required for the transition of Treg cell precursors into
Treg cells [5, 6]. We observed a less efficient transition
from progenitors to Treg cells in response to IL-2 in the
absence of POH1, which may have reflected a direct
inhibition of signaling via IL-2R because downstream p-
STAT5 was also reduced. Given that activated STAT5
directly binds to the first intron and promoter of Foxp3
and initiates its expression [12, 13], we hypothesize that
POH1 regulation of the transition of Treg cell precursors
to Treg cells is at least partially through modulating IL-2-
STAT5 signaling. A previous study has demonstrated that
Treg cell progenitors have high expression of the mem-
bers of TNFRSF, including GITR, OX40, and TNFR. Co-
stimulation with GITRL, OX40L, and TNF increases the
sensitivity of progenitor cells to IL-2, thereby enhancing
IL-2-dependent activation of STAT5 [14]. Accordingly,
downregulation of GITR and OX40 caused by POH1
deficiency might contribute to a decreased response of
Treg cell progenitors to IL-2 and low efficiency in the
conversion of progenitors to Treg cells. Further studies
are needed to clarify if other events underlie POH1 reg-
ulation of the transition.

We generated poh1fl/flFoxp3cre mice to study the role of
POH1 in generated Foxp3+ Treg cells. A large number of
Treg cells in poh1fl/flFoxp3cre mice had a naive-like phe-
notype and defective proliferation, suggesting that effec-
tor differentiation and expansion of Treg cells are
dependent on the presence of POH1. Indeed, our results
showed that TCR-driven transcription was weakened in
POH1-defieient Treg cells, suggesting that TCR signaling
is impaired in peripheral POH1-ablated Treg cells.
Although the IL-2 activation of STAT5 was significantly
decreased in POH1-deleted Treg cell precursors upon IL-2
stimulation, the strength of IL-2-STAT5 signaling in
generated Treg cells (poh1fl/flFoxp3cre) was not remark-
ably changed in the absence of POH1, indicating the
complexity of POH1-mediated regulation at different
stages of Treg cell development. Moreover, this phe-
nomenon is reminiscent of generated Treg cells lacking
TCR signaling that display impairment in cell

proliferation but not in the activation of IL-2-STAT5
signaling [19]. Nevertheless, our data suggest that the
compromised proliferation of POH1-deficient Treg cells
and their naive-like phenotypes are at least partly due to
defective TCR signaling.

The impaired proliferative activity of Treg cells caused
by POH1 ablation was associated with defective cell-cycle
progression. p21, the p53-regulated cyclin-dependent kinase
inhibitor, causes cell-cycle arrest at the G1-S transition and
has an important role in controlling the proliferation of
many cell types, including colonic Treg cells [27]. It has
been reported that POH1 negatively regulates the expres-
sion of p21 in H1299 cancer cells [28]. In our study, we
observed that POH1 ablation in Treg cell resulted in upre-
gulation of p21 expression. It is also noteworthy that the
other major regulators of cell proliferation, including cyclin
E-CDK2 and cyclin D1-CDK4/6 genes, were down-
regulated in POH1-ablated Treg cells. These data suggested
that POH1 in Treg cells has a role in promoting cell-cycle
progression.

Currently, several reports have demonstrated that
aberrantly high expression of POH1 in tumor cells con-
tributes to the development and progression of certain
human cancers [23, 29, 30]. However, the clinical rele-
vance of POH1 function in the maintenance of immune
homeostasis remains uncertain. More specifically,
although we reveal that POH1 expression is required for
the generation and maintenance of Treg cells in mice, it is
unclear whether POH1 expression is dysregulated and
thereby causally related to inappropriate function of Treg
cells in clinical patients. Intriguingly, a previous study
showed that the transcript abundance of POH1 in PBMCs
of patients with the autoimmune diseases is decreased in
comparison with that of healthy individuals [31]. How-
ever, more detailed delineations of the expression pattern
and biological function of POH1 in different types of
human immune cells are certainly required for addressing
the importance of POH1 in regulating immune responses
and pathogenic processes. Therefore, the clinical sig-
nificance of POH1 in immune cells warrants further
investigation.
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