
p21
Cip1 up-regulated during histone deacetylase inhibitor-induced

CD4
+ T-cell anergy selectively associates with mitogen-activated

protein kinases

Introduction

The induction of T-cell anergy results in the inability to

respond to antigen-stimulated proliferative signals.

Regardless of the method used to induce T-cell anergy

the resulting proliferative unresponsiveness is associated

with G1 cell cycle blockade.1–4 Examining the connection

between G1 blockade and anergy induction led to the

finding that the histone deacetylase (HDAC) inhibitor

and G1 blocker n-butyrate could itself induce proliferative

unresponsiveness in CD4+ T cells.5–7 The n-butyrate-

induced anergy process required new protein synthesis,

and was only induced in antigen-activated CD4+ T cells,

not resting CD4+ T cells.8,9 Unlike these earlier studies,

the antigen alone control group included in the current

study helped to prove that the observed phenomenon was

anergy and not the unresponsiveness due to the recent

antigen stimulation.

As an HDAC inhibitor, n-butyrate alters the expres-

sion of a number of genes and their resulting proteins.

Among these proteins, the one best known to inhibit

proliferation is the cyclin-dependent kinase (cdk) inhibi-

tor p21Cip1.10 p21Cip1 was up-regulated in T helper type

1 (Th1) cells anergized by exposure to n-butyrate.8

Recent studies in this model showed that p21Cip1-defi-

cient CD4+ T cells were less sensitive than p21Cip1 wild-

type CD4+ T cells to n-butyrate-induced anergy.11

p21Cip1 was not needed for the initial cell cycle blockade

involved in anergy induction by HDAC inhibitors, but

was required to maintain proliferative unresponsiveness

when the anergic CD4+ T cells were restimulated with

antigen. The mechanism by which p21Cip1 inhibited
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Summary

Histone deacetylase inhibitor n-butyrate induced proliferative unrespon-

siveness in antigen-stimulated murine CD4+ T cells. T cells anergized by

n-butyrate demonstrated reduced interleukin-2 (IL-2) secretion and

decreased activating protein 1 (AP-1) activity upon restimulation. Mecha-

nistic studies determined that the cyclin-dependent kinase (cdk) inhibitor

p21Cip1 was up-regulated in the anergic CD4+ T cells. p21Cip1 is known to

inhibit the cell cycle through its interaction with cdk, proliferating cell

nuclear antigen (PCNA) or c-Jun N-terminal kinase (JNK). p21Cip1 did

not preferentially associate with PCNA or cdk in anergic T helper type 1

(Th1) cells. Instead, among the three interaction partners, p21Cip1 was

found to interact with phospho-JNK and phospho-c-jun selectively in the

anergic CD4+ T cells. The activity of c-jun and downstream transcription

factor AP-1 were suppressed in the anergic Th1 cells. In contrast, p21Cip1

and the two phospho-proteins were never detected concurrently in the

control CD4+ T cells. The n-butyrate-induced p21Cip1-mediated inhibition

of JNK and c-jun represents a novel potential mechanism by which proli-

ferative unresponsiveness was maintained in CD4+ T cells.

Keywords: anergy; signalling/signal transduction; T cells; tolerance

Abbreviations: AP-1, activating protein-1; APC, antigen-presenting cells; cdk, cyclin-dependent kinase; CM, interleukin-2-
containing concanavalin A-stimulated conditioned medium; ELISA, enzyme-linked immunosorbent assay; HDAC, histone
deacetylase; HRP, horseradish peroxidase; IgG, immunoglobulin G; IL-2, interleukin-2; JNK, c-Jun N-terminal kinase; KLH,
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proliferation in the anergic CD4+ T cells was not

defined, nor was it clear how p21Cip1, which is up-regu-

lated under stimulatory as well as tolerogenic conditions

in CD4+ T cells, albeit with different kinetics, inhibits

proliferation in the latter but not the former.

p21Cip1 can inhibit cellular proliferation through at

least three different mechanisms. As a cdk inhibitor,

p21Cip1 selectively inhibits the enzymatic activity that is

required for retinoblastoma protein phosphorylation and

S phase entry. In accordance with this activity, over-

expression of p21Cip1 has been shown to suppress cdk

activity and cause G1 cell cycle arrest.12 p21Cip1 is also a

potent inhibitor of the proliferating-cell nuclear antigen

(PCNA), which is the processivity factor that functions as

the sliding clamp on the DNA polymerase delta, the prin-

cipal replicative DNA polymerase. In resting T cells

PCNA is low, whereas upon stimulation, PCNA expres-

sion increases 1000-fold during mid-G1
13 Inhibition of

PCNA by p21Cip1 has been reported to inhibit the cell

cycle in both G1 and G2 phases in Jurkat T cells.14

The third mechanism by which p21Cip1 can block the

cell cycle is through the inhibition of c-Jun N-terminal

kniase (JNK). p21Cip1 has been shown to interact with

JNK in vitro and to inhibit JNK activity in several cell

types, including fibroblasts and T cells.15–17 JNK is a

member of the mitogen-activated protein kinase (MAPK)

signalling pathway that is activated by antigen stimulation

in T cells. Triggering of the MAPK pathway in T cells

normally leads to the activation of transcription factors

such as activation protein 1 (AP-1), and to an associated

increase in interleukin-2 (IL-2) transcription. However, in

anergic T cells, defective IL-2 production has been linked

to defects of JNK function, AP-1 activity and AP-1-

dependent transactivation of IL-2 promoter,18–20 although

the mechanisms for the defects observed are still unclear.

Here, we examined whether the proliferative unrespon-

siveness observed in CD4+ T cells rendered anergic by

exposure to n-butyrate was mediated by p21Cip1 through

the inhibition of members of the MAPK pathway, JNK in

particular, or through the inhibition of its classical inter-

action partners PCNA and cdk. Also, the expression

kinetics and protein associations of p21Cip1 in activated

and anergic CD4+ T cells were compared to address the

question why p21Cip1 interferes with cell division in the

latter, but not the former.

Materials and methods

Animals and reagents

Male C57BL/10 mice at 6–8 weeks of age were pur-

chased from Harlan Sprague Dawley (Indianapolis, IN).

Protocols for the use of mice were approved by the Uni-

versity of Arkansas for Medical Sciences Animal Care

and Use Committee. Keyhole limpet haemocyanin

(KLH) (Imject) was purchased from Pierce (Rockford,

IL). The antibodies specific for p21Cip1 [clone SMX30,

mouse immunoglobulin G1 (IgG1)], mouse IgG1 (clone

A85-1, rat IgG1), CD3 (clone 145-2C11, hamster IgG1),

CD28 (clone 37.51, hamster IgG2), p27Kip1 (clone G173-

524, mouse IgG1) and the horseradish peroxidase (HRP)

-labelled goat anti-mouse IgG antibody were purchased

from BD Biosciences (San Jose, CA). The anti-cdk2 anti-

body (rabbit IgG), anti-cdk6 antibody (rabbit IgG), anti-

actin antibody (clone C-2, mouse IgG1), anti-cyclin D2

antibody (clone34B1-3, rat IgG2a), anti-cyclin D3 anti-

body (clone 18B6-10, rat IgG2a), anti-cyclin E antibody

(rabbit IgG), HRP-labelled goat anti-rat IgG antibody,

anti-PCNA antibody (clone PC-10, mouse IgG2a) and

anti-U1 SnRNP antibody (goat IgG) were purchased

from Santa Cruz Biotechnology (Santa Cruz, CA). The

HRP-labelled goat anti-rabbit IgG was purchased from

BioRad (Hercules, CA). The anti-cdk4 monoclonal anti-

body (clone C-22, mouse IgG1), anti-p-JNK antibody

(rabbit IgG), anti-p-c-jun antibody (rabbit IgG), anti-

JNK (clone G9, mouse IgG1) were purchased from Cell

Signaling Technology (Beverly, MA). Sodium butyrate

(n-butyrate) and anti-p38 (clone P38-YNP, mouse

IgG2b) was purchased from Sigma (St Louis, MO). Goat

anti-rabbit IgG Fc antibody was purchased from Jackson

ImmunoResearch (West Grove, PA). The JNK inhibitor

SP600125 was purchased from Calbiochem (San Diego,

CA).

Th1 clones

The KLH-specific Th1 cells (clone D9) were developed as

described previously21 using C57BL/10 mice and KLH

as the antigen. The Th1 clones were passaged every

6–10 days using 25 lg/ml KLH, irradiated syngeneic sple-

nic antigen-presenting cells (APC) and 20% IL-2-contain-

ing concanavalin A (Con A) -stimulated conditioned

medium (CM).

Inducing tolerance in Th1 cells

The Th1 cells were incubated in primary cultures at

5 · 105 cells/ml along with 5 · 106/ml irradiated syn-

geneic spleen cells as APCs, with KLH (50 lg/ml) in 10%

CM. The next day n-butyrate (Sigma) was added to the

cultures at 1�1 mM. Control primary cultures either

received antigen and APCs in CM without n-butyrate or

received n-butyrate alone. After incubation in primary

cultures for 2–6 days, the viable cells were washed and

reincubated in the secondary cultures at 5 · 105/ml along

with 5 · 106/ml irradiated syngeneic spleen cells as APCs

and increasing concentrations of KLH. After 24 hr, the

Th1 cells were pulsed with [3H]thymidine for 12 hr to

assess their proliferative capacity. In some experiments,

Th1 cells were instead stimulated with streptavidin-coated
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magnetic beads (Dynal, Great Neck, NY) that had been

previously incubated (1 hr at 4�) with biotinylated anti-

CD3 and anti-CD28 antibody to asses the proliferative

capacity of the Th1 cells.

Lysis

Th1 cells were harvested at different time-points either

during the course of primary cultures or in the secondary

cultures. The cells were passed over Ficoll–Hypaque to

remove the irradiated APCs, counted and disrupted with

modified lysis buffer containing 10 mM KCl, 10 mM

HEPES, 1% Nonidet P-40, 1 mM NaVO4, aprotinin

(10 mg/ml), leupeptin (10 mg/ml), and 0�5 mM phenyl-

methylsulphonyl fluoride. In some cases, the cells were

lysed with hypotonic buffer (20 mM HEPES; pH 7�5,

5 mM NaF, 0�1 nM ethylenediaminetetraacetic acid, 10 lM

Na2MoO4 and protease inhibitors) and the nuclei were

pelleted with centrifugation at 14 000 g for 10 min. Fol-

lowing the removal of the cytoplasmic fraction, nuclear

proteins were then extracted from the isolated nuclei in

modified lysis buffer by sonification followed by agitation

on a horizontal rotator on ice for 20 min.

Western blotting

Equivalent amounts of protein (50–100 lg) from Th1 cell

lysates were separated on 12% sodium dodecyl sulphate–

polyacrylamide gel electrophoresis (SDS–PAGE) Ready

Gels (BioRad). The proteins were electrotransferred onto

nitrocellulose (Amersham Life Sciences, Buckinghamshire,

UK) and subsequently immunoblotted with different

primary antibodies (1–3 lg/ml) and appropriate second-

ary antibodies: HRP-conjugated goat anti-mouse IgG (1 :

1000), HRP-conjugated goat anti-rabbit IgG (1 : 1000) or

HRP-conjugated goat anti-rat IgG (1 : 500). Immuno-

detection was performed by Super Signal West Pico

Chemiluminescent Substrate (Pierce). To test for

appropriate protein loading, some blots were stripped

with the Western blot recycling kit (BioRad) and

reprobed with the anti-actin antibody. To test for appro-

priate cytoplasmic/nuclear fractionation, some blots were

stripped and reprobed with the anti-U1 SnRNP 70

antibody.

Immunoprecipitation

Streptavidin-coated magnetic beads (Dynal) (30 ll) were

incubated (30 min at 4�) with the appropriate biotiny-

lated secondary antibody (either goat anti-rabbit IgG Fc

Ab or rat anti-mouse IgG1 mAb) followed by incubation

(30 min at 4�) with the appropriate primary antibody

directed against the target protein. The Th1 cell lysates

(100–200 lg/sample) were then incubated with the beads

overnight at 4�. The magnetic beads with the immuno-

precipitated protein were washed three times in lysis

buffer, boiled with loading buffer for 5 min, resolved on

12% SDS–PAGE and immunoblotted with antibodies spe-

cific for p21Cip1 and the immunoprecipitated proteins.

The p-c-jun immunoprecipitates could not be immuno-

blotted for p-c-jun to confirm the success of immuno-

precipitation due to the immunoglobulin heavy chain

interference and unavailability of a monoclonal anti-p-c-

jun antibody.

Cytokine production

Following anergy induction in the primary cultures, aner-

gic and control Th1 cells were harvested, washed, counted

and restimulated with streptavidin-coated magnetic beads

(Dynal) that had been previously incubated for (1 hr at

4�) with biotinylated anti-CD3 and anti-CD28 antibody

at 1 : 1, 1 : 2 or 1 : 4 bead to cell ratio in the presence of

anti-IL-2 receptor-a antibody to prevent the attachment

of secreted IL-2 to the cells. After 24 hr, cell culture

supernatants were collected and analysed for the cytokine

content by flow cytometry using a Mouse Th1/Th2

Cytokine Cytometric Bead Array (CBA) kit (BD, San

Diego, CA) according to manufacturer’s protocol on

FACSCalibur.

Transcription factor enzyme-linked immunsorbent assay

Following primary cultures, control or anergic Th1 cells

were isolated and restimulated using anti-CD3 and anti-

CD28 antibody-coated magnetic beads at 1 : 4 bead to

cell ratio for 0–24 hr. Nuclear lysates were then prepared

using Nuclear Extract kit (Active Motif, Carlsbad, CA).

Previously untreated resting Th1 cells were also included

as a measure of the baseline level of transcription factor

activity. c-Fos and c-jun activity was measured using

TransAM Transcription Factor Activity Assay kits (Active

Motif) according to the manufacturer’s protocol. Briefly,

duplicate wells of 96-well plates to which the consensus-

binding site oligo has been immobilized were incubated

with 20 lg lysate/sample. The wells were then washed and

the transcription factor of interest that was bound specifi-

cally to the coated oligonucleotide was detected by pri-

mary antibody specific for an epitope on the bound and

active form of the transcription factor. Subsequent incu-

bation with secondary antibody and developing solution

provided a colorimetric readout that was acquired at

450 nm.

Data analysis

Data are presented as mean ± standard deviation (SD).

The statistical analysis of the data was performed using

that paired Student’s t-test. A P-value � 0�01 was consid-

ered significant.
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Results

n-Butyrate induced unresponsiveness in Th1 cells

n-Butyrate effectively blocked the proliferation of antigen-

stimulated cells in primary cultures (Fig. 1a). In

accordance with earlier studies,5,8 Th1 cells that were

antigen-stimulated in the presence of n-butyrate in pri-

mary cultures were largely unresponsive when restimulated

with antigen in the absence of n-butyrate in secondary

cultures (Fig. 1b). In contrast, the Th1 cells that were

stimulated with antigen in the absence of n-butyrate in

the primary cultures proliferated in the secondary cultures

as well as previously untreated Th1 cells. Although unre-

sponsive to antigen stimulation, anergic Th1 cells prolifer-

ated in response to exogenous IL-2, indicating no loss in

cell viability.

In later experiments, antigen restimulation was pre-

ferred when possible because it was more physiological.

However, when measuring parameters that involve short-

term stimulation and preparation of cell lysates antibody-

coated beads were used for restimulation of CD4+ T cells

eliminating the requirement of separating the APCs. Irra-

diated splenocytes that were used as a source of APCs in

our experiments could be treated with Ficoll–Hypaque

and separated from the CD4+ T cells only after 1 day in

cultures. In preparation for later experiments, Fig. 1(c)

was included, showing that anergy could be demonstrated

using beads instead of antigen to stimulate secondary

cultures.

In addition to proliferative unresponsiveness, Th1 cells

stimulated with antigen in the presence of n-butyrate

demonstrated a 37–77% decrease in IL-2 and a 26–55%

decrease in interferon-c secretion when stimulated in sec-

ondary culture with three different stimulation indices

(Fig. 1d). Hence, n-butyrate-induced anergy was demon-

strated by a loss of both antigen-induced proliferation

and cytokine production.

p21Cip1 induced by n-butyrate was maintained in
anergic Th1 cells; other cell cycle proteins were not
altered

It has been reported previously that n-butyrate increased

p21Cip1expression in antigen-stimulated Th1 cells.8 How-

ever, p21Cip1 is also induced in antigen-stimulated Th1

cells in the absence of n-butyrate. Consequently, the

kinetics of p21Cip1 up-regulation was studied in antigen-

stimulated Th1 cells in the presence and absence of

n-butyrate during the 6-day primary cultures to compare

the two groups for any possible difference in p21Cip1

expression. When antigen was added in the initiation of

the primary culture (day 0), p21Cip1 was up-regulated in

control Th1 cells by day 1, remained high on day 2, but

decreased significantly by day 3 and was back to resting
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Figure 1. n-Butyrate induced anergy in T helper type 1 (Th1) cells.

Th1 cells were stimulated with keyhole limpet haemocyanin (KLH)

in the presence or absence of n-butyrate in primary cultures. (a) Fol-

lowing 24 hr in the primary cultures, proliferation was measured as

a function of [3H]thymidine incorporation. (b) Following 6 days in

primary cultures, Th1 cells were isolated, and along with previously

untreated Th1 cells, were stimulated in equivalent numbers for 24 hr

with KLH or with interleukin-2 (IL-2) -containing conditioned med-

ium. Proliferation results are presented as mean ± standard error.

This experiment was repeated nine times with similar results. Aster-

isk indicates statistical difference between anergic and control Th1

cells. (c) Following 6 days in primary cultures, Th1 cells were iso-

lated and were stimulated in equivalent numbers for 24 hr with anti-

CD3 and anti-CD28 antibody-coated beads at a 1 : 4 bead to cell

ratio or with IL-2-containing conditioned medium. (d) Following

6 days in primary cultures, Th1 cells stimulated with antigen ±

n-butyrate were restimulated with anti-CD3 and anti-CD28 anti-

body-coated beads at a 1 : 1, 1 : 2 or 1 : 4 bead to cell ratio for

24 hr. Culture supernatants were collected and IL-2 and interferon-c
levels were measured.
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levels by day 5 (Fig. 2a). In contrast, when antigen was

added on day 0 and n-butyrate was added on day 1, the

p21Cip1 levels remained elevated in anergic Th1 cells dur-

ing the entire 6-day primary culture.

p27Kip1 is another cdk inhibitor thought to play a role

in T-cell anergy. As expected, p27Kip1 was high in resting

Th1 cells. Its level decreased with the antigen stimulation

and was later restored to resting levels in control Th1

cells by day 5 of the primary cultures. In contrast, p27Kip1

levels failed to be completely restored in Th1 cells

incubated with antigen and n-butyrate in 6-day primary

cultures (Fig. 2b). Hence, because p21Cip1 rather than

p27Kip1 was high in the anergic Th1 cells at the end of

the 6-day primary cultures, subsequent experiments were

focused on the role of p21Cip1 in maintaining proliferative

unresponsiveness.

The kinetics of other cell cycle proteins was also stud-

ied to assess their possible involvement in n-butyrate-

induced T-cell anergy. No significant differences between

the antigen-stimulated control and anergic Th1 cells were

observed in the expression of cdk2, cdk4, cdk6, cyclin D2,

cyclin D3 and cyclin E (Fig. 2b). In summary, the kinetics

studies on cell cycle proteins revealed that the most

detectable difference between anergic and control Th1

cells was the high level of p21Cip1 maintained throughout

the primary cultures in the anergic Th1 cells.

p21Cip1 was found in both cytoplasm and nucleus of
anergic Th1 cells

Localization of proteins such as p21Cip1 in the cell can

have important functional consequences.22 Among the

interaction partners of p21Cip1, active cyclin-cdk com-

plexes and PCNA are localized in the nucleus, whereas

most MAPK are localized to the cytoplasm. Phosphory-

lated JNK (p-JNK) can be found in the nucleus as well as

in the cytoplasm. Following a 6-day primary culture,

anergic Th1 cells contained p21Cip1 in both cytoplasmic

and nuclear fractions, although there was more p21Cip1 in

the cytoplasmic fraction than the nuclear fraction (Fig. 3).

In contrast, control Th1 cells contained little p21Cip1 in

either fraction at the end of the 6-day primary culture.

The presence of U1, a small nuclear ribonuclear protein

of molecular weight 70 000 (SnRNP 70) in the nuclear

fractions from both anergic and control Th1 cells con-

firmed efficient nuclear fractionation.
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Figure 2. p21Cip1 induced by n-butyrate was maintained in anergic

T helper type 1 (Th1) cells. The Th1 cells were stimulated with key-

hole limpet haemocyanin (day 0). n-Butyrate was added to some of

the Th1 cells on day 1 (D1). Total cell lysates were prepared daily

during the 6-day primary culture and Western blot analysis of

p21Cip1 (a) and other cell-cycle proteins (b) was performed. Because

n-butyrate was added to the cultures at the end of day 1, there is a

common day 1 (D1) lane for the two groups. As there was insuffi-

cient material, the D1 level of some proteins could not be included.

Densitometric analysis of the p21Cip1 levels was performed and the

are results presented as per cent adjusted volume (PAV). Day 6 levels

of p21Cip1 were studied in four separate experiments with consistent

results.

60
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0
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Figure 3. p21Cip1 was detected in both cytoplasmic and nuclear frac-

tions of anergic T helper type 1 (Th1) cells. The Th1 cells were incu-

bated in primary cultures with antigen ± n-butyrate. Following

6 days in primary cultures, viable cells were isolated and cell lysates

were prepared. Western blot analysis of p21Cip1 and U1 SnRNP 70

was performed. This experiment has been repeated once with similar

results.
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p21Cip1 interaction with cdk was not altered in
anergic Th1 cells

The mechanistic significance of the p21Cip1 detected in

the anergic Th1 cells was examined in the next series of

experiments. As p21Cip1 was found in both cytoplasm and

nucleus of anergic Th1 cells, all three interaction partners

of p21Cip1 known to mediate cell cycle inhibition, namely

cdk, PCNA and JNK, were examined for their association

with p21Cip1 in these cells.

p21Cip1 was first examined for its ability to bind to cdk.

Cdk2, cdk4 and cdk6 were examined for coprecipitation

with p21Cip1 in anergic and control Th1 cells following

antigen restimulation. The restimulation period was

extended to 36 hr to allow enough time for the control

Th1 cells to up-regulate p21Cip1. The upper blots demon-

strated that the cdk were immunoprecipitated efficiently

such that very little of the relevant cdk remained in the

supernatant (Fig. 4). It was noted that anergic Th1 cells

contained little cdk2, probably because of the requirement

for IL-2 in cdk2 up-regulation. As expected, p21Cip1 was

found associated with cdk2, cdk4 and cdk6 in control

Th1 cells 36 hr after antigen stimulation. However,

p21Cip1 in the anergic Th1 cells did not demonstrate an

increased association with cdk compared with the control

Th1 cells. Proliferative unresponsiveness in the anergic

Th1 cells therefore could not be attributed to preferential

p21Cip1 interaction with cdk.

Considering the possibility that p21Cip1 interaction with

cdk could have taken place in the anergic Th1 cells earlier

in the secondary cultures before p21Cip1 was up-regulated

in the control cells, the p21Cip1–cdk interactions were

examined in lysates obtained from anergic Th1 cells resti-

mulated for only 2 hr. Control lysates were obtained from

Th1 cells that were restimulated for 24 hr to up-regulate

sufficient p21Cip1 levels for detection (Fig. 5a). p21Cip1

was immunoprecipitated from the lysates and examined

for binding partners. All experimental groups, including

24-hr-stimulated control Th1 cells, anergic Th1 cells

before restimulation and anergic Th1cells following 2 hr

of restimulation, contained p21Cip1 that was immunopre-

cipitated successfully from all three lysates (Fig. 5b).

Examination of cdk2 interaction revealed that most of

this protein was not associated with p21Cip1 and the

amount of cdk2 that was associated with p21Cip1 was not

higher in the anergic Th1 cells than in control Th1 cells.

This result confirmed the earlier finding that in the aner-

gic cells p21Cip1 did not appear to be acting through cdk

inhibition.

p21Cip1 did not interact with PCNA preferentially in
the anergic Th1 cells

To determine whether p21Cip1 inhibited proliferation in

the secondary cultures through interaction with and inhi-

bition of PCNA, p21Cip1 coprecipitation with PCNA was

also examined. Most of the PCNA did not associate with

p21Cip1 in either control Th1 cells or anergic Th1 cells,

regardless of restimulation (Fig. 5b). In addition, the

amount of PCNA that was associated with p21Cip1 was

not higher in the anergic Th1 cells than the control cells.

This result suggested that in the anergic Th1 cells p21Cip1

was not acting through preferential PCNA binding and

inhibition.

p21Cip1 interacted with p-JNK and p-c-jun in the
restimulated anergic Th1 cells

As a third possible mechanism, p21Cip1 interactions with

members of the MAPK pathway were studied. Under the

same experimental conditions in which p21Cip1–cdk2 and

p21Cip1–PCNA interactions were studied, p21Cip1–JNK

coprecipitation was examined. The majority of JNK pro-

tein was not associated with p21Cip1 in any of the groups.

However, a small amount of JNK coprecipitated with

p21Cip1 in 2-hr restimulated anergic Th1 cells (Fig. 5b).

As a control, another MAPK that is reported to interact

with p21Cip1 in vitro,15 namely p38, was examined for its

interaction with p21Cip1 in the anergic Th1 cells. Little

p38 could be detected in the p21Cip1 immunoprecipitates

except a small band that was present equally in all groups

(Fig. 5b). Most of the p38 in all the lysates was not asso-

ciated with p21Cip1. This result suggested that the low

p21Cip1

IP SN

Ag Ag
IP-cdk2

cdk2

p21Cip1

IP-cdk4

cdk4

p21Cip1

IP-cdk6

cdk6

Ag + nb Ag + nb

Figure 4. p21Cip1 did not preferentially interact with cyclin-depen-

dent kinases (cdk) in anergic T helper type 1 (Th1) cells. The Th1

cells were incubated in primary cultures with antigen ± n-butyrate.

Following 6 days in primary cultures, viable Th1 cells were isolated

and then restimulated with antigen for 36 hr. Following restimula-

tion, whole cell lysates were prepared, and cdk2, cdk4 and cdk6 were

immunoprecipitated from the lysates. The immunoprecipitated pro-

teins (IP) and the proteins remaining in the lysate supernatant (SN)

were separated by sodium dodecyl sulphate–polyacrylamide gel elec-

trophoresis and then immunoblotted with antibodies specific for

p21Cip1 and the respective cdk.
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level p21Cip1–JNK interaction observed in the anergic res-

timulated Th1 cells was specific for JNK and did not

encompass another MAPK p38.

Unlike JNK and p38, which are present in relatively

unchanged levels throughout T-cell activation, phosphor-

ylated versions of MAPK such as p-JNK and p-c-jun are

only found in T cells for the initial few hours following

stimulation. The interaction of p21Cip1 with JNK in the

anergic Th1 cells was detected early in restimulation and

was not present in the absence of restimulation, so the

possibility that p21Cip1 preferentially associated with

p-JNK was explored. Among the three experimental

groups, only the 2-hr restimulated anergic Th1 cells

contained p-JNK as expected (Fig. 5b). Interestingly,

more than half of the p-JNK in the anergic restimulated

Th1 cells was found to be associated with p21Cip1. The

interaction between p21Cip1 and p-c-jun was also exam-

ined. Similar to p-JNK, only the 2-hr restimulated anergic

Th1 cells contained p-c-jun. Almost all of the p-c-jun in

the anergic group appeared to be associated with p21Cip1.

Hence, unlike cdk and PCNA, certain members of the

MAPK pathway, especially in their phosphorylated forms,

appeared to bind p21Cip1 in anergic Th1 cells.

p21Cip1 interaction with p-JNK and p-c-jun in the
anergic Th1 cells was confirmed in reciprocal
immunoprecipitations

To further examine the interaction of p21Cip1 with p-JNK

and p-c-jun in anergic Th1 cells, reciprocal immunopre-

cipitation experiments were performed. The anergic and

control Th1 cells were restimulated for 2 hr to up-regu-

late p-JNK and p-c-jun levels. Control cells that were

stimulated for 2 hr did not contain p21Cip1 yet, whereas,

the anergic cells that were restimulated for 2 hr contained

high levels of p21Cip1 (Fig. 6a). A significant proportion

of the p21Cip1 in the restimulated anergic Th1 cells was

found to be associated with p-JNK. Similarly, reciprocal

p-c-jun immunoprecipitation was performed. Again, a

significant amount of the p21Cip1 in the restimulated

anergic Th1 cells was found to be associated with p-c-jun

(Fig. 6b).

p21Cip1and p27Kip1 share similar N-terminal domains

but show no resemblance in their C termini.23 That is
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Figure 5. p21Cip1 preferentially interacted with phosphorylated c-Jun

N-terminla kinase (p-JNK) and p-c-jun in anergic T helper type 1

(Th1) cells. (a) The Th1 cells were stimulated with anti-CD3 and

anti-CD28 antibody-coated beads for 0–24 hr, lysed at different

time-points, separated by sodium dodecyl sulphate–polyacrylamide

gel electrophoresis (SDS–PAGE)and immunoblotted with antibody

specific for p21Cip1. (b) The Th1 cells were stimulated with antigen

in the presence or absence of n-butyrate in primary cultures. Viable

control or anergic Th1 cells were then isolated. Control Th1 cells

were stimulated for 24 hr with anti-CD3 and anti-CD28 antibody-

coated beads (lane 1). febs_Half of the anergic Th1 cells were lysed

at the end of primary cultures (lane 2) and the other half were resti-

mulated with anti-CD3 and anti-CD28 antibody-coated beads for

2 hr before lysis (lane 3). Cell lysates were prepared from the three

different groups and p21Cip1 was immunoprecipitated from the

lysates. The immunoprecipitated p21cip1 as well as the remaining

lysate supernatant (SN) were separated on SDS–PAGE and then

immunoblotted with antibodies specific for p21Cip1, cdk2, PCNA,

JNK, p38, p-JNK and p-c-jun. This experiment was repeated once

with similar results.
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why p27Kip1 does not possess PCNA binding activity;

because p21Cip1 interacts with JNK through its N-termi-

nal,15 such interaction could be shared with p27Kip1.

However, in contrast to p21Cip1, p27Kip1 did not co-

precipitate with p-JNK or p-c-jun in the anergic Th1 cells

(Fig. 6a,b). This finding underlined the selectivity of the

p21Cip1–p-JNK and p21Cip1–p-c-jun interactions.

c-fos and c-jun transcription factor binding is
inhibited in the anergic Th1 cells

If the interaction of p21Cip1 with p-JNK and p-c-jun had

functional consequences, then it should be possible to

detect changes in the activity of the downstream tran-

scription factors such as AP-1. Initial experiments were

conducted to determine maximum activity kinetics of

c-fos and c-jun, two components of AP-1, using an elec-

trophoretic mobility shift assay alternative enzyme-linked

immunosorbent assay (ELISA) -based method. Maximum

activity of c-fos occurred 2 hr following Th1 cell stimula-

tion, whereas maximum activity of c-jun was observed

1 hr after Th1 cell stimulation (data not shown). Nuclear

cell lysates from anergic and control Th1 cells restimulat-

ed for the appropriate time periods were then prepared

and the transcription factor activities in the two groups

were compared. Unstimulated resting Th1 cells yielded

low activity for both c-fos and c-jun (Fig. 7a). As

expected, restimulated control Th1 cells showed increased

activity levels compared with resting Th1 cells. Interest-

ingly, a significant decrease was detected in the activity of

both AP-1 components in the anergic Th1 cells compared

with the control Th1 cells upon restimulation. The bind-

ing levels detected for both transcription factors decreased

down to baseline levels upon addition of the wild-type

oligonucleotides, but were not altered by the addition

of mutated oligonucleotides, confirming the specificity of

the assay.

The results presented suggested that p21Cip1 interacted

with members of the MAPK pathway, specifically p-JNK

and p-c-jun, resulting in an inhibition in proliferation

and IL-2 secretion in anergic Th1 cells. To demonstrate

that inhibition of JNK function is sufficient to inhibit

Th1 cell proliferation in this model, the specific JNK

inhibitor SP60012524 was used. At a non-toxic concentra-

tion of inhibitor (5 lM), SP600125 significantly sup-

pressed the proliferation of anti-CD3 and anti-CD28
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p-JNK
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p27Kip1
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Figure 6. p21Cip1 interacted with phosphorylated c-Jun N-terminal

kinase (p-JNK) and p-c-jun in anergic T helper type 1 (Th1) cells in

reciprocal immunoprecipitations. Th1 cells from primary cultures

stimulated with antigen in the absence (lane 1) or presence (lane 2)

of n-butyrate were restimulated with anti-CD3 and anti-CD28 anti-

body-coated beads for 2 hr before lysis. p-JNK (a) and p-c-jun (b)

were immunoprecipitated from lysates, separated by sodium dodecyl

sulphate–polyacrylamide gel electrophoresis and then immunoblotted

with antibodies specific for p21Cip1, p27Kip1and p-JNK.
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Figure 7. c-Fos and c-jun activity was inhibited in the anergic

T helper type 1 (Th1) cells. (a) Th1 cells were stimulated with anti-

gen ± n-butyrate in primary cultures. The Th1 cells were then resti-

mulated using anti-CD3 and anti-CD28 antibody-coated beads for

2 hr for c-fos assay and 1 hr for c-jun assay. Nuclear lysates were

prepared from restimulated Th1 cells as well as from unstimulated

resting Th1 cells (group R). c-fos and c-jun activity was measured

using TransAM Transcription Factor Activity Assay kits. This experi-

ment was performed twice with consistent results. Statistical differ-

ences between control and anergic Th1 cells are indicated as

**P < 0�01 or *P < 0�05. (b) Th1 cells were stimulated with immo-

bilized anti-CD3 and anti-CD28 antibodies in the presence or

absence of 5 lm SP600125 for 24 hr. Proliferation was measured by

[3H]thymidine incorporation. This experiment has been repeated

twice with similar results. Asterisk indicates statistical difference dif-

ferences between Th1 cells incubated in the presence or absence of

SP600125.
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antibody-stimulated Th1 cells (Fig. 7b). Antibody stimu-

lation was used instead of antigen stimulation to demon-

strate the direct effect of the inhibitor on Th1 cells and to

discount the indirect effects on APCs. Inhibition of JNK

activity by SP600125 was sufficient to suppress the prolif-

eration of the KLH-specific Th1 cells, indicating that Th1

cells used in this model are no different from primary

CD4+ T cells in that the inhibition of JNK alone is suffi-

cient to block proliferation.

In conclusion, p21Cip1-mediated suppression of JNK

activity in anergic Th1 cells is a novel potential mecha-

nism that could account for the proliferative unrespon-

siveness found in these cells.

Discussion

This manuscript examined the role of p21Cip1 in main-

taining the proliferative unresponsiveness found in Th1

cells anergized by exposure to antigen and n-butyrate.

The results presented in this work suggest that p21Cip1

functions in these Th1 cells primarily through the

inhibition of members of the MAPK family rather than

inhibition of its classical interaction partners, namely cdk.

p21Cip1 has long been described as a negative regulator of

the cdk-mediated G1 to S phase transition.25 However,

based on the association pattern of p21Cip1 and cdk in

anergic compared to control Th1 cells, the p21Cip1 inhibi-

tion of cdk activity does not appear to be the primary

mechanism for cell cycle inhibition. Instead, the results

suggest that p21Cip1 specifically interacts with p-JNK and

p-c-jun in antigen-restimulated anergic Th1 cells.

The role of p21Cip1 in the normal cell cycle has been

at variance in different studies. Eventually, a dual role

has been suggested for p21Cip1 in which low levels of

p21Cip1 facilitated the cell cycle by promoting cdk–cyclin

complex assembly whereas high levels inhibited cdk

activity.25–27 The role of p21Cip1 in normal T-cell activa-

tion is not clear. T cells from the p21Cip1-deficient mice

exhibited enhanced homeostatic proliferation and

increased the frequency of cycling T cells.28 Another

study using p21Cip1-deficient mice reported that p21Cip1

did not affect primary proliferation of naı̈ve T cells, but

was required for the regulation of activated/memory

T-cell proliferation.29 In the present study, control Th1

cells stimulated for 36 hr with antigen contained appre-

ciable amounts of p21Cip1, much of which associated

with cdk2, cdk4 and cdk6. It would therefore seem likely

that at least some of the regulatory effect of p21Cip1 in

stimulated control Th1 cells in our system involves

interaction with cdk. The amount and timing of p21Cip1

induced in activated T cells may be sufficient to pro-

mote cdk–cyclin assembly but not enough to block cdk

activity. Alternatively, p21Cip1 may be up-regulated in

activated T cells as a fail-safe mechanism in case some

kind of cellular stress necessitates regulation of DNA

replication or repair. In either case the p21Cip1 in acti-

vated T cells would be subjected to proteasome-medi-

ated degradation and/or diluted in actively dividing

T cells. In contrast, in anergic Th1 cells, p21Cip1 persists

and is available to bind to inhibit the MAPK important

in early T-cell activation.

In addition to partnering with cdk, p21Cip1 can form a

binary complex with PCNA.30 PCNA is induced in acti-

vated T cells and when T-cell proliferation ceases, synthe-

sis and accumulation of PCNA also stops.13 In case of

genetic damage, p53-dependent up-regulation of p21Cip1

leads to cdk-independent inhibition of PCNA-dependent

DNA replication allowing time for DNA repair.30,31

p21Cip1 interaction with PCNA results in the inhibition of

PCNA and thereby causes G1 and G2 block in T cells.14,32

There was some association of p21Cip1 with PCNA in

stimulated control Th1 cells, but the functional signifi-

cance of this low-level interaction was not determined.

The interaction between p21Cip1 and PCNA was not

increased in anergic Th1 cells, which suggests that PCNA

inhibition by p21Cip1 is probably not the cause of prolif-

erative unresponsiveness in these Th1 cells.

p21Cip1 in anergic Th1 cells instead appears to work via

the inhibition of MAPK, specifically p-JNK and p-c-jun.

In T cells, productive antigen stimulation triggers the

activation of MAPK including extracellular signal-regu-

lated kinase, p38 and JNK.33 The JNK is activated

through the dual phosphorylation of its Thr and Tyr resi-

dues by mitogen-activated kinase kinase 4 (MKK4) and

MKK7. Activated JNK in turn phosphorylates c-jun in its

N terminus, activating the c-jun-containing AP-1 com-

plexes.34 Activation of AP-1 transcription factor eventu-

ally results in increased IL-2 transcription. Others have

shown defective expression and function of the AP-1

transcription factor as well as reduced JNK activity in

anergic T cells.18–20,35 In accordance with these earlier

studies, c-fos and c-jun activity was decreased in Th1 cells

anergized by exposure to n-butyrate. Although an ELISA-

based method was used, the readout reflects the activity

rather than the binding of the transcription factors

because the primary antibody provided with this kit is

specific for an epitope on the bound and active form of

the transcription factor. p21Cip1 has been shown to inter-

act with JNK and inhibit its activity.15,16 p21Cip1-deficient

fibroblasts had higher basal levels of JNK1 than controls,

an effect that was reversed if the cells were transfected

with p21Cip1.16 In T cells JNK activation following release

from G1 arrest correlated with dissociation from

p21Cip1.17 In T cells, JNK not only promotes IL-2 gene

transcription through the activation of c-jun and AP-1,36

but also directly promotes IL-2 messenger RNA stabil-

ity.37 Consequently, the finding that p21Cip1 interacts with

p-JNK and p-c-jun in Th1 cells anergized by exposure to

n-butyrate could explain the lack of IL-2 production and

related proliferation in these Th1 cells. p21Cip1 is not
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known to inhibit the janus kinase and signal transducer

and activator of transcription (JAK-STAT) pathway, so

IL-2 signalling probably takes place normally in anergic

Th1 cells. Consequently, a mechanism by which p21Cip1

binds to and inhibits AP-1 components should not block

the ability of anergic Th1 cells to proliferate in response

to exogenous IL-2 in secondary n-butyrate-free cultures.

In contrast to anergic Th1 cells, there was no p21Cip1 in

control Th1 cells before restimulation. p21Cip1 gradually

accumulated in the control Th1 cells, demonstrating very

low levels at the early time periods at which p-JNK or

p-c-jun were up-regulated in response to antigen restimu-

lation. Therefore, in the control Th1 cells, early activation

events were completed before p21Cip1 reached detectable

levels, possibly explaining why p21Cip1 did not block ini-

tial cell division in control Th1 cells unlike the anergic

Th1 cells.

In the immunoprecipitation experiments, most of the

JNK in the cell lysates did not associate with p21Cip1

except for a small amount in the anergic Th1 cells resti-

mulated for 2 hr. Normally, only a small portion of JNK

present in the cell becomes phosphorylated upon T-cell

receptor stimulation. As the JNK antibody used in this

study recognizes p-JNK as well as unphosphorylated JNK,

the thin band of JNK that was associated with p21Cip1 in

the restimulated anergic group could represent the phos-

phorylated form of JNK. p21Cip1 interaction with p-JNK

and p-c-jun was demonstrated in this study. It is

not clear why p21Cip1 would bind preferentially to the

phosphorylated forms of these proteins, but phosphory-

lation-dependent confirmation changes may be in effect

regulating this interaction. This interaction was confirmed

in reciprocal immunoprecipitations.

Unlike p21Cip1, p27Kip1 did not seem to associate with

the MAPK in the anergic Th1 cells. p27Kip1 has been sug-

gested to be a mediator of T-cell tolerance in a study of

human alloantigen-specific T-cell tolerance in which over-

expression of p27Kip1 in primary cultures was shown to

result in unresponsiveness in T-cell clones upon rechal-

lenge in secondary cultures.3 In addition, p27Kip1 was

recently shown to be required for transplantation toler-

ance induced in vivo by costimulation blockade.38 Yet in

one study, the role of p27Kip1 in T-cell anergy was ques-

tioned by investigators who showed that anti-TCR anti-

body could induce tolerance in p27Kip1-deficient CD4+ T

cells in vitro.39 In our model, anergy induced by exposure

to HDAC inhibitors, known to be potent stimulators of

p21Cip1, seems to primarily rely on this CDK inhibitor

rather than p27Kip1. The levels of p27Kip1 were not higher

in the anergic Th1 cells than control Th1 cells at the end

of 6-day primary cultures. p27Kip1 down-regulated rather

than up-regulated in T cells treated with antigen and

n-butyrate appeared to contradict reports in the literature

describing an increase in p27Kip1 following exposure to

n-butyrate. The apparent discrepancy may be because the

n-butyrate is added 16–18 hr after the initial setting up of

the anergy experiments as this delay in n-butyrate addition

increased the yields in the anergy group significantly. The

regulation of p27Kip1 by n-butyrate occurs post-transla-

tionally via the suppression of Skp1–Cul1–F-box-protein

(SCF) (skp2) ubiquitin ligase that targets p27Kip1 for

destruction.40 In the anergy group, p27Kip1 might have

been already ubiquitinylated or degraded before the addi-

tion of n-butyrate.

HDAC inhibitors are undergoing clinical trials as

antitumour agents. Recent studies highlighted their

anti-inflammatory effects through the modulation of den-

dritic cell function41 and regulatory T-cell numbers and

function.42 This study focused on the anergic effects of

the HDAC inhibitor n-butyrate on KLH-specific CD4+ T

cells. The results presented describe a mechanism by

which p21Cip1 could maintain proliferative unresponsive-

ness in anergic CD4+ T cells by interfering with the sig-

nalling pathways downstream of the T-cell receptor,

particularly through the inhibition of MAPK and preven-

tion of IL-2 synthesis. Aside from T-cell anergy induced

by HDAC inhibitors, other anergy-inducing methods such

as exposure to anti-CD3 antibody have been shown to

up-regulate p21Cip1.43 The in vivo significance of p21Cip1

was underlined in studies showing that a peptidyl mimic

of p21Cip1 inhibited T-cell proliferation and abrogated

autoimmune disease development,44 while a p21Cip1 defi-

ciency promoted autoimmune disease and enhanced the

expansion of activated/memory T-cells.29,45 By describing

an interaction between p21Cip1 and MAPK in anergic

CD4+ T cells the results provide a mechanism by which

p21Cip1 could maintain proliferative unresponsiveness and

demonstrate cross-talk between two pathways that regu-

late the cell cycle in T cells; signalling cascades down-

stream of T-cell receptor ligation and basic cell cycle

machinery composed of cdk inhibitors.
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