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Cimetidine down-regulates stability of Foxp3 protein via Stub1 in Treg cells
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ABSTRACT
Foxp3-expressing Treg cells have been well documented to provide immune regulation by promoting
immune tolerance and suppressing immune over-reaction. Cimetidine (CIM), used to inhibit stomach acid
secretion, has been reported to promote immune responses and suppress Treg cell function in several
studies. However, the underlying mechanism is unknown. To investigate CIM effects on the suppressive
function of Treg and Foxp3, here we used CIM to stimulate human CD4CCD25C Treg cells and Jurkat T cells
and evaluated changes of Foxp3 expression and stability. Our data showed that CIM leads to a reduction of
Foxp3 via E3 ligase Stub1-mediated proteosomal degradation, which is dependent on an activated PI3K-AKT-
mTOR pathway. Thus, CIM affects the suppressive function of Treg cells by destabilizing their Foxp3
expression.
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Introduction

Balanced immunity is critical in all host immune system since
imbalance leads to host damage. Inflammation is primarily a
protective response that involves immune cells, blood vessels,
and molecular mediators. The function of inflammation is fre-
quently the elimination of pathogenic microorganisms before
they can cause disease or the clearing out of necrotic cells to
avoid tissue damage. However, if the inflammatory response is
over-reactive, it can become destructive and contribute to dis-
ease. Hence, protective immunity requires self-regulation to
avoid such over-reactions. We have reported that the anti-
inflammatory drug Cimetidine (CIM) modulates immunity, at
least in part, by reducing regulatory T cell (Treg) levels1 and
here we clarify the mechanism.

CIM, an H2-histamine receptor antagonist, was approved in
the USA by the FDA for inhibition of gastric acid secretion in
1979. It has since also been widely used to treat peptic and other
gastric ulcers and gastroesophageal reflux,2 herpes zoster 3 and
burn injury.4 Additionally, studies have indicated that CIM could
also suppress tumor growth.5,6 Early studies had shown that
CIM is capable of inhibiting suppressor cell effector function7

and expansion8 and that regulatory T cells possess the H2 recep-
tor.9-11 Experimentally, CIM has been shown to enhance a vari-
ety of immunologic functions both in vivo and in vitro,
including decrease in the relative abundance or function of Treg
cells in several studies.12-14 Indeed, Wang J et al.14 reported that
the use of CIM as a vaccine adjuvant in mice could induce
expression of pro-inflammatory cytokines such as IL-6 and IL-12
and down-regulate expression of anti-inflammatory cytokines,
including IL-10 and TGF-b. The immune adjuvant effects of

CIM have been confirmed by several other groups.1,15-18 Further-
more, the adjuvant effects were found to be mediated not only
by facilitation of inflammation-related immune activation, but
also by impairment of CD4CCD25C Treg cell-mediated suppres-
sion.19,20 Therefore, CIM apparently has an important capacity
to down-regulate these Treg cells.

Foxp3 is known to serve as a master regulator for the devel-
opment and function of CD4CCD25C Treg cells.21 Fontenot JD
et al.22 demonstrated that the expression of Foxp3 is highly
restricted to this subset of T cells and correlates with suppressor
activity. Constitutive and antigen-induced Foxp3C Treg cells are
specialized cells that control adaptive immunity to avoid autoim-
mune and allergic diseases.23 When Jeong Kim et al.24 depleted
mice of Foxp3C Treg the mice developed severe autoimmune
disorders. In a feedback experiment the autoimmunity could be
reversed by adoptive transfer of Tregs into Foxp3C Treg-depleted
hosts. Sakaguchi S et al.25 showed that animals depleted of
Foxp3C Treg developed severe autoimmune inflammatory bowel
disease (IBD) and replacing the Foxp3-expressing Treg cells
could reverse such disease. Fontenot et al.22 had found that
under certain conditions Foxp3 expression and Treg cell function
might be unstable. These studies laid a groundwork for subse-
quent direct demonstration that Foxp3 is a crucial transcription
factor for Treg cells. Foxp3 belongs to the Forkhead box (FOX)
protein family of master regulators involved in the development
and function of regulatory T cells.21

Despite these findings, there has been no direct evidence to
explain the relationship between the effects of CIM and the regula-
tion of Foxp3 expression. In this study, we asked how CIM affects
Foxp3 expression. We observed that CIM inhibits Treg cells by up-
regulating AKT which results in the degradation of Foxp3 by the
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E3 ligase Stub1 (STIP1 homology and U-Box containing protein 1,
which is also known as CHIP, C terminus of Hsc70-interacting
protein)-mediated proteosomal degradation pathway.

Results

Cimetidine stimulation reduces Foxp3 expression

To understand how CIM could enhance immune responses as a
vaccine adjuvant and reduce the suppressive function of Treg
cells,1,14 we first tested whether Foxp3 protein expression could
be affected by CIM treatment. We used HA-Foxp3-expressing
Jurkat T cells, which stably express HA-tagged Foxp3 under
the control of the constitutive ubiquitin promoter, and stimu-
lated them with 0.5, 1, 2.5, 5, 10 and 25 mg/ml of CIM for 12 h.
Foxp3 protein expression was assessed by Western Blot analysis
and optical intensity ratio was calculated by Image-pro Plus
(Fig. 1A). The optimum concentration of CIM to drive down
the level of Foxp3 expression was found to be 5 mg/ml and was
used in the rest of study. The optimum duration of treatment
to demonstrate the reduction in expression of HA-Foxp3 in

Jurkat T cells was found by Western blot analysis to be 12 h
(Fig. 1B).

We tested if this was also consistent in human primary Treg
cells (CD4CCD25hiCD127lo). The cells were isolated from the
peripheral blood mononuclear cells of healthy donors by using
FACS ARIA II cell sorter (BD Biosciences, City, USA) and cul-
tured for 2 d at 2 £ 106/ml per well then stimulated with 5 mg/
ml CIM for 12 h. We found that the expression of Foxp3 was
similarly reduced by 12 h stimulation in these cells (Fig. 1C).
The effect was confirmed by intracellular staining; the level of
intracellular Foxp3 decreased by almost 15% under the CIM
stimulation (Fig. 1D). Thus we found that CIM reduced Foxp3
expression in both the isolated human Treg cells and the
human T cell line.

Cimetidine leads to Foxp3 protein degradation rather than
inhibition of its expression

Since we had observed Foxp3 protein reduced under CIM stimula-
tion, we sought to distinguish if the CIM effects were on Foxp3 pro-
tein synthesis or degradation. We first assessed the effects of CIM

Figure 1. Foxp3 is destabilized by stimulation with cimetidine. A. Decrease in Foxp3 in Jurkat cells stimulated with different doses of CIM. HA-Foxp3 Jurkat T cells were
adjusted to 2£106/ml, and stimulated with 0.5, 1, 2.5, 5, 10, 25 mg/ml cimetidine for 12 h. Four hours before the end of incubation, PMA (50 ng/ml) and ionomycin
(1 mg/ml) were added to activate the stimulated cells. The level of Foxp3 protein in cell lysates was detected by immunoblotting (Left). The expression relative to b-actin
was analyzed as intensity ratio by Image-Pro Plus, HA/b-actin (Right). B. CIM-induced Foxp3 loss in Jurkat cells treated for different length of time. HA-Foxp3 Jurkat T cells
were adjusted to 2£106/ml, and stimulated with cimetidine (5 mg/ml) for 4, 8, 12, 24, or 48 h. PMA (50 ng/ml) and ionomycin (1 mg/ml) were added 4 h before cell har-
vest. Foxp3 protein in cell lysates was normalized and detected by immunoblotting. C. Decrease in Foxp3 in CIM-stimulated primary human Treg cells. Human primary
Treg cells were purified from peripheral blood mononuclear cells of healthy donors at the Shanghai Blood Center and separated by fluorescence cell sorting (FACS) to
obtain CD4CCD25hiCD127lo Treg cells. The Treg were then stimulated with cimetidine (5 mg/ml) for 12 h. Foxp3 protein in cell lysates was immunoblotted with FOXY-anti-
body. D. CIM-induced decrease in the percentage of primary human Treg cells that stained with Foxp3. Human Treg cells stimulated with CIM were stained with CD4,
CD25 and CD127 and analyzed by FACS. The sequential changes in percentage of Foxp3C cells during stimulation are summarized. Data are expressed as means SD from
3 independent experiment. Statistical significance was calculated using t-test (��P < 0.01 and �P < 0.05).
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on foxp3 gene expression.We extracted total RNA fromCIM-stim-
ulated HA-Foxp3 Jurkat T cells and human Treg cells at intervals
and analyzed it by qRT-PCR. As depicted in Figure 2A, the CIM
treatment might have slightly affected the foxp3 gene expression
but this was not statistically significant.

To assess the influence of CIM on Foxp3 protein synthesis,
HA-Foxp3 Jurkat T cells were stimulated with or without CIM
or CHX, an inhibitor of protein biosynthesis in eukaryotic
organisms.26 After simultaneous addition of CHX and CIM
and incubation of the cells for 4, 8 and 12 h, we observed that
CIM had still slightly reduced Foxp3 protein levels after 8 h
when compared with the cells treated with CHX alone
(Fig. 2B), suggesting that the reduction of protein level caused
by CIM is most likely independent of Foxp3 synthesis.

This led us to assess if Foxp3 protein was degraded by pro-
teasomes. When we treated the HA-Foxp3 Jurkat T cells with
5 mM of MG132, a proteasome inhibitor, during the time of
the stimulation with 5 mg/ml CIM, we found that the level of
Foxp3 protein was sustained (Fig. 2C). Thus it appeared that
the reduction of Foxp3 protein in T cells caused by CIM was
mainly due to its effect on proteasome-dependent degradation,
whereas neither the transcription nor the translation were
affected by CIM treatment.

Stub1 mediates the ubiquitination and degradation of
Foxp3 under cimetidine stimulation

Having demonstrated the effect of CIM on FOXP3 degradation,
we investigated if the ubiquitin ligase Stub1 could be affected in
consequence since this protein was reported to be involved in
Foxp3 stability.27 The HA-Foxp3 Jurkat T cells were either
transfected with a pLV-shStub1 construct to knock down the
endogenous Stub1 expression, or with a control construct
encoding shGFP. After stable transfection, Stubl expressions
was down regulated in the Jurkat T cells with the shStub1-HA-
Foxp3, but not in cells with the control construct shCK-HA-
Foxp3 (Fig. 3A and B, labeled IB-stub1). These transfected cells
were then stimulated with CIM and analyzed by Western Blot.
We observed that the level of Foxp3 protein in the cells with
the shStub1 knock-down was stable against the CIM treatment
(indicated by IB-HA tag detection), but was reduced after 6 hrs
by the CIM treatment in the ShCK cells (Fig. 3A and B). We
also observed that the level of Stub1 protein was also increased
after 6 h CIM treatment (Fig. 3A and C). The data demonstrate
that the Stub1 protein is sensitive to the CIM and the increase
in Stub1 after CIM treatment might lead to the degradation of
Foxp3. Thus, our results suggest that the reduction of Foxp3

Figure 2. Cimetidine stimulation of cells leads to Foxp3 degradation rather than expression inhibition. A. Minimal decrease in foxp3 gene expression in response to CIM
stimulation. Total RNA was isolated from HA-Foxp3 Jurkat T cells and Human Treg cells at intervals during stimulation with CIM then reverse-transcribed to cDNA and
then qPCR for foxp3 and reference gene GAPDH transcripts was carried out. Normalized-fold changes compared to time zero are shown, and t-test used to analyze the
correlation between the groups. The two-tailed P value of Jurkat groups and Treg groups are 0.0614 and 0.1271, respectively. B. Protein synthesis inhibitor CHX enhances
the decrease in Foxp3 protein seen during incubation with CIM. HA-Foxp3 Jurkat T cells were stimulated with CIM (5 mg/ml) for 0, 4, 8, or 12 h in the presence or absence
of CIM (5 mg/ml) or CHX (5 mg/ml). Cell lysates were normalized for protein content and subjected to Western Blotting. C. Proteasome inhibitor MG132 suppressed the
reduction of Foxp3 protein in CIM-stimulated Jurkat cells. HA-Foxp3 Jurkat T cells were stimulated with CIM (5 mg/ml) in the presence or absence of MG132 (5 nM). Cell
lysates were normalized for protein content and subjected to Western Blotting. The relative expression of HA bands compared to b-actin bands was analyzed as intensity
ratio by Image-Pro Plus (D). Depicted are the representative results of at least 3 independent experiments. Data are expressed as means with SD from 3 independent
experiment. Statistical significance was calculated using t-test (��P< 0.01 and �P < 0.05).
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protein by CIM is mainly via the regulation of ubiquitin-ligase
Stub1 activity.

Cimetidine reduces Foxp3 by modulating the PI3K-Akt
pathway

Sauer S. et al. had demonstrated that constitutive PI3K-Akt-
mTOR activity antagonized Foxp3 induction 28 and our previ-
ous study revealed that CIM could activate PI3K-Akt-mTOR
pathway,17 therefore we reasoned that CIM might enhance
Stub1 activity to destabilize the Foxp3 protein via the same
pathway. To assess the relationship of the CIM-induced Foxp3
reduction to Stub1 and PI3K-Akt-mTOR changes, we per-
formed an immunoblotting analysis of the cell lysates of HA-
Foxp3 Jurkat T cells after stimulation with CIM. As depicted in
Figure 3A, we observed that although the level of Akt was
increased, this was not statistically significant (Fig. 4A). In
contrast, its phosphorylated form, pAkt, was increased signifi-
cantly (Fig. 4A). The progressive increase in level of pAkt up
to 12 h reciprocally reflected the decreasing level of Foxp3
protein. This result was consistent with our previous observa-
tion,17 suggesting that the pAkt activation may affect the
Foxp3 protein.

To explore this, we added a PI3K-Akt pathway specific
inhibitor LY294002 into the system and observed that the level
of Foxp3 protein was not affected at 12 h (Fig. 4B and C). How-
ever, the treatment with CIM and LY294002 could reduce the
Stub1 level after 8 h and there were no changes at Foxp3 pro-
tein level at the same time points (Figs. 4B and 3C). The data

thus indicated that pAkt inhibition could also suppress the level
of Stub1 protein and lead to the stabilization of Foxp3 protein.
It further suggested that the CIM-induced Foxp3 destabiliza-
tion likely could be due to the activation of PI3K-Akt-mTOR
pathway which in turn activated Stub1-induced ubiquitination
and degradation.

Discussion

Our study demonstrated that the H2-histamine receptor antag-
onist CIM could reduce Foxp3 expression in Treg cells through
E3 ligase Stub1-mediated proteosomal degradation, and this
reaction was dependent on the PI3K-Akt pathway. We found
that CIM reduced the level of Foxp3 protein in the first 12 h of
exposure, without any effect on the level of Foxp3 transcription
during that period. These two observations, that degradation of
Foxp3 under CIM treatment was dependent on Stub1 and
involved the PI3K-Akt pathway in Treg cells, were consistent
with a previous report29 that Stub1-induced degradation is
accompanied by Akt activation and they clarify the mechanism
involved.

The regulation of Foxp3 expression and its protein modifi-
cations have not been completely understood until recently.
Chen ZJ et al. observed that the level of Foxp3 protein could be
down-regulated in response to inflammatory signals 27 and that
this regulation was dependent on the ubiquitination of Foxp3
by the E3 ligase Stub1 that is also known as CHIP. They also
observed that the suppressive function of Treg could be up reg-
ulated by either pharmacologically inhibiting the activity of

Figure 3. Stub1 mediates the ubiquitination and degradation of Foxp3 during stimulation with cimetidine. A. Stub1 is needed for CIM-induced reduction of Foxp3.
ShStub1-HA-Foxp3 Jurkat T cells and ShCK-HA-Foxp3 Jurkat T cells were stimulated with CIM (5 mg/ml) for the indicated time period. Cell lysates were normalized for pro-
tein content and subjected to Western Blotting. The expression relative to b-actin was analyzed as intensity ratio by Image-Pro Plus: HA/b-actin (B) and Stub1/b-actin (C).
Depicted are the representative results of at least 3 independent experiments. Data are expressed as means with SD from 3 independent experiments. Statistical signifi-
cance was calculated using t-test (��P< 0.01 and �P < 0.05).
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kinase Pim-2, which phosphorylates Foxp3, leading to
decreased suppressive functions of Treg cells, or by genetically
knocking out Pim-2 in rodent Treg cells. Additionally, defi-
ciency of Pim-2 activity increased murine host resistance to
DSS-induced colitis and a small molecule kinase inhibitor for
Pim-2 also modified Treg functions.30 It was reported that the
over-expression of Stub1 could activate Akt and inhibit the
FoxO transcription factors FoxO1, FoxO3, and FoxO4. Inhibi-
tion of PI3K by an antagonist revealed that these events may be
critical for Stub1-induced apoptosis resistance.29 Our present
results indicated that CIM could activate and elevate Stub1,
leading to the degradation of Foxp3, and that Stub1 is an indis-
pensable molecule for the Foxp3 reduction induced by CIM.

Ammann, J et al. reported that inhibition of TCR activation
and PI3K/Akt pathway signaling by the use of butyrophilin-
related protein Btn2a2, which plays a role in modulation of T
lymphocytes, could lead to induction of Foxp3 expression in a
dose-dependent manner.31 This indicated that a reduced PI3K/
Akt pathway may enhance Foxp3 expression. Therefore, the

function of Treg cells could be modulated through changes in
the level of Foxp3 protein that are induced by the PI3K/Akt
pathway under the influence of local inflammation or various
other microenvironmental factors.

The results from our previous study and this one showed
that the effect of CIM on Foxp3 could involve the PI3K-Akt-
mTOR pathway.17 In this study, we showed that the PI3K
inhibitor LY294002 could block the effect of CIM on Foxp3
degradation. This suggested that CIM-induced Foxp3 destabili-
zation likely was due to the activation of PI3K-Akt-mTOR
pathway which in turn activated Stub1-induced ubiquitination
and degradation. The PI3K-Akt-mTOR pathway is a cell cycle
regulating intracellular signaling pathway in which the activa-
tion of PI3K phosphorylates and activates Akt.

Besides maintaining Stub1-mediated proteosomal degrada-
tion, the activation of Akt has several downstream effects such
as activating CREB (cAMP response element-binding pro-
tein),32 which could improve cAMP signaling for downstream
responses. Zhang W et al. reported that CIM stimulation

Figure 4. Cimetidine reduces Foxp3 by modulating the PI3K-Akt pathway. A. Decrease in Foxp3 is accompanied by increase in pAkt during stimulation with CIM. HA-
Foxp3 Jurkat T cells were stimulated with CIM (5 mg/ml) for 0, 4, 8 or 12 h then cell lysates were normalized for protein content and subjected to Western Blotting of the
Foxp3 (HA), pAkt, Akt and b-actin (left). The expression of Akt and pAkt relative to b-actin was analyzed as intensity ratio by Image-Pro Plus (Right). B. Inhibition of PI3K
prevents the decrease of Foxp3 that is induced by stimulation with CIM. HA-Foxp3 Jurkat T cells were stimulated with CIM (5 mg/ml) for the indicated periods in the pres-
ence or absence of PI3K blocker LY294002 (50 nM). Cell lysates were normalized for protein content and subjected to Western Blotting. Image-Pro Plus was employed to
analyze the relative ratio for HA/b-actin (C) and Stub1/b-actin (D). Data are expressed as means with SD from 3 independent experiments. Statistical significance was cal-
culated using t-test (��P< 0.01 and �P < 0.05).
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increased cAMP in DC cells and led to activation of PI3K-
Akt.17 Modulation of cAMP may be involved in the PI3K-Akt-
mTOR pathway modulated by CIM that leads to Foxp3 degra-
dation with consequent loss of Treg function. However, we
have not ruled out the possibility that other pathways may be
also involved in the regulation since the PI3K inhibitor
LY294002 used may have some other effects.

Additionally, CIM might interfere with the histamine stimu-
lation of immune cells by affecting the H2 receptor. Kumar, A.
reported that suppressive T lymphocytes possess histamine2
(H2) receptors and contribute significantly to the function of
immune system.11 Jutel M et al. proposed that histamine,
through its H2 receptor, positively interferes with the periph-
eral antigen tolerance that is induced by regulatory T cells via
several pathways.33 However, it is uncertain whether histamine
is also involved in CIM-stimulated Foxp3 reduction.

In summary, the results from our studies provide direct evi-
dence that effects of CIM on Treg cells mainly occur via desta-
bilizing Foxp3 through activation of E3 ligase Stub1-mediated
proteosomal degradation and that activation of Stub1 is a con-
sequence of activation of the PI3K-Akt-mTOR pathway by
CIM.

Materials and methods

Quantitative real-time PCR

Total RNA was isolated with the TRIzol reagent (Ambion,
Carlsbad, USA) according to the manufacturer’s instructions.
RNA was quantified, concentration adjusted, then reverse tran-
scribed to complementary DNA with the cDNA archive kit
(Applied Biosystem, Foster City, USA) according to the manu-
facturer’s instructions. Quantitative real-time PCR reactions
for detecting human genes were accomplished by using SYBR
green mix (DRR063A, TAKARA, Shiga, Japan) on ABI Prism
7900 Sequence Detection System. Relative gene expression was
quantified by using the formula 2-DCT normalized to GAPDH
expression. The primers for human gene transcription were as
follows: foxp3-forward: 50-tcccagagttcctccacaac-30 and foxp3-
reverse: 50-attgagtgtccgctgcttct-30; gapdh-forward: 50-ccatgttcgt-
catgggtgtgaacca-30 and gapdh-reverse: 50-gccagtagaggcagggat-
gatgttc-30.

Cell culture and stimulation

Human primary Treg cells were purified from peripheral blood
mononuclear cells of healthy donors at the Shanghai Blood
Center. By using a fluorescence cell sorting (FACS) ARIA II
cell sorter (BD Biosciences, CA, USA), we obtained human
CD4CCD25hiCD127lo cells. These purified human Treg were
cultured in X-vivo medium with anti-CD3/CD28 beads (Invi-
trogen, CA, USA) and 500 U/ml IL-2 (R&D, Minn, USA). The
Treg cells were expanded by incubation with 100 U/ml IL-2 for
2 d followed by stimulation with the drugs as indicated.

Jurkat T cells were grown in RPMI 1640 supplemented
with 10% FCS, penicillin/streptomycin, sodium pyruvate,
non-essential amino acids and L-glutamine. HA-Foxp3
Jurkat, shStub1-HA-Foxp3 Jurkat and shHSP70-HA Jurkat
cells were constructed in Dr. Bin Li’s lab. Cells were

adjusted to 2–4 £ 106 cell/ml and incubated with 5 mg/ml
CIM, which was dissolved in PBS at pH 6 and the pH then
adjusted to 7 when the drug was totally dissolved. The cells
were treated with PMA (50 ng/ml) and ionomycin
(1 mg/ml) for 4 h before culture finished.

Cell lysis and western blot analysis

Cells were lysed in RIPA buffer (50 mM Tris/HCl, pH 7.4, 1%
NP-40, 0.5% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA,
with 1 mM PMSF, 1 mM Na3VO4, 1 mM NaF) and protease
inhibitor (Sigma, St. Louis, USA) followed by BCA protein
quantification (Beyotime, Shanghai, China). Proteins were
denatured by boiling for 10 min in SDS-PAGE loading buffer,
subjected to SDS-PAGE electrophoresis, then analyzed by
Western blotting. The antibodies used for Western Blot were as
follows: anti-HA (F-7, Santa Cruz, Texas, USA), anti-GAPDH
(1C4, Sungene Biotech, Tianjin, China), anti-Foxp3 (hFOXY,
eBioscience, CA, USA) and anti-Stub1 (H-231, Santa Cruz).
MG132 was purchased from Merck and LY294002 was from
Beyotime.
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