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We have previously shown that in differentiated T-helper (Th)1 and Th2 cells, polycomb

group (PcG) proteins are associated differentially with the promoters of the signature

cytokine genes. The correlation of the binding activity of PcG proteins with gene expres-

sion is unusual, since they are well known as epigenetic regulators that maintain tran-

scriptional silencing. Here we show that in Th17 cells, the more phenotypically flexible Th

lineage, the PcG proteins Mel-18 and less strikingly Ezh2 are associated differentially with

the Il17a promoter. Using the RNAi approach, we found that Mel-18 and Ezh2 positively

regulate the expression of Il17a and Il17f. The inducible binding of Mel-18 and Ezh2 at the

Il17a promoter was dependent on signaling pathways downstream of the TCR. However, a

continuous presence of TGF-b, the cytokine that is necessary to maintain Il17a expression,

was required to preserve the binding activity of Mel-18, but not of Ezh2, following resti-

mulation. The binding of Mel-18 at the Il17a promoter was correlated with the recruitment

of the lineage-specifying transcription factor RORct. Altogether, our results suggest that in

Th17 cells the TCR and polarizing cytokines synergize to modulate the binding activity of

Mel-18 at the Il17a promoter, and consequently to facilitate Il17a expression.
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Introduction

Naive Th cells (CD41) can differentiate into effector or regulatory

lineages, each characterized by distinct expression pattern of

cytokines [1–4]. The effector Th1, Th2 and Th17 cells express in a

TCR-dependent manner the signature cytokines IFN-g, IL-4 and

both IL-17A and IL-17F, respectively. Th17 cells play a critical

role in host protection, mainly in eradication of extracellular

pathogens, but are also involved in the pathogenesis of

autoimmune diseases [5–9]. The differentiation of Th17 cells,

as of other Th cells, is most efficiently promoted by the cytokine

milieu; a combination of TGF-b and the proinflammatory

cytokine IL-6 strongly potentiates the Th17 pathway [10–16].

IL-6 activates STAT3, a crucial transcription factor for Th17

development, which can also be activated following differentia-

tion by IL-21 in an autocrine manner or IL-23 after acquisition of

the IL-23R expression. IL-23 appears to expand or maintain the

Th17 cell population, and it is required for the maintenance of

Th17 function and Th17-mediated autoimmunity in vivo

[10, 13–15, 17–23]. RORgt and RORa are the Th17 lineage-

specifying transcription factors, and similar to T-bet in Th1 cells

and GATA3 in Th2 cells, establish the lineage fate [24, 25].

However, the phenotypes of differentiated Th cells present a

higher degree of plasticity than it was previously appreciated

[3, 26–34], especially Th17 cells, which are mainly prone to

acquire the Th1 phenotype in vitro and in vivo [35–45].

Differentiation of Th cells is accompanied by lineage-specific

epigenetic marks at cytokine genes [46–49]; Il17a and Il17f are

differentially associated with permissive chromatin modifications in

Th17 cells [42, 43, 50, 51]. However, these histone modifications
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are unstable in the presence of the opposing polarizing cytokines

[42]. But since the decline in cytokine expression precedes the

alteration in histone modifications, it is not clear whether the

epigenetic regulation is the cause or the consequence of the tran-

scriptional status, and how sensitive is the epigenetic machinery to

changes in the cytokine milieu.

Polycomb group (PcG) proteins are epigenetic regulators that

are involved in the maintenance of repressive chromatin states

during development [52–59]. The Hox genes were their most

studied targets for many years, but more recent studies have

revealed additional targets, most of them are regulators of

development [60–65]. We have previously demonstrated unusual

binding pattern of PcG proteins at the signature cytokine genes in

Th1 and Th2 cells; PcG proteins were associated with Ifng

promoter in Th1 cells and Il4 promoter in Th2 cells in correlation

with gene expression [66]. PcG proteins form two major

complexes: PcG repressive complex 1 (PRC1), which contains the

core proteins Bmi-1, Mel-18, M33, Ring1A and Ring1B, and

PRC2, with the core proteins Suz12, Ezh2 and Eed. Ring1B is

histone H2A ubiquitin E3 ligase and Ezh2 is histone methyl-

transferase of H3 on lysine 27 (H3K27me3) [67–70].

Here we show that Mel-18 and Ezh2, representatives of two

PRCs, positively regulate Il17a and Il17f expression following

restimulation of differentiated Th17 cells. They were associated

more strongly with the Il17a promoter than with Il4 or Ifng

promoters. The binding of Mel-18 at the Il17a promoter was

induced by signaling pathways downstream to the TCR; however,

continuous presence of TGF-b was necessary to maintain Il17a

gene expression and Mel-18 binding activity 18 h following

restimulation. In contrast, the binding activity of Ezh2 18 h

following restimulation was TGF-b independent. The binding

activity of Mel-18 at the Il17a promoter was also correlated with

the binding of RORgt. All together our results show that PcG

proteins support, possibly directly, the expression of Il17a in

Th17 cells. However, they also possess distinct functions, and in

accordance with that their recruitment can be differentially

regulated. The regulation of the binding activity of Mel-18 inte-

grates signaling pathways downstream to the TCR and TGF-b.

Results

Inducible association of PcG proteins with Il17a in
restimulated Th17 cells

In order to determine how general the phenomenon of selective

association of PcG proteins is with promoters of active cytokine

genes in differentiated Th cells, we assessed the binding pattern

of Mel-18 and Ezh2 at the Il17a promoter in Th17 cells. Freshly

isolated CD41 T cells were differentiated for 5 days under Th17-

skewing conditions, verified by the high amounts of Il17a and

Il17f mRNAs and low amounts of Ifng and Il4 mRNAs following

restimulation with anti-CD3 and anti-CD28 antibodies in

comparison to their expression levels in Th1 and Th2 cells

(Fig. 1A). The expression levels of Mel-18 and Ezh2 mRNAs were

significantly increased in developing Th17 cells, peaking around
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Figure 1. Differential and inducible association of Mel-18 and Ezh2 with cytokine genes. (A) Quantitative RT-PCR for the indicated mRNAs in 5-day
differentiated Th1, Th2 and Th17 cells. The cells were restimulated with anti-CD3 and anti-CD28 antibodies for 2 h. The results were normalized to
b2m. The expression levels of Ifng in Th1 cells, Il4 in Th2 cells and Il17a and Il17f in Th17 cells were set as 1. (B) Quantitative RT-PCR for Mel-18 and
Ezh2 in differentiating and restimulated differentiated Th17 cells. The results were normalized to b2m. The expression on day 2 was set as 1.
(C) ChIP experiment assessing the binding activity of Mel-18 and Ezh2 at the indicated cytokine promoters in resting and restimulated (1 h with
PMA and ionomycin) 6-day differentiated Th17 cells. The binding activity of Mel-18 at the Il17a promoter in stimulated cells was set as 1.
Differences in the binding activity with p-values r0.05 (Student’s t-test) are indicated with an asterisk. (D) ChIP experiment assessing the binding
activity of Mel-18 and Ezh2 at the Il17a promoter in restimulated Th17 cells in the presence or absence of CsA. The binding of Mel-18 without CsA
was set as 1. Differences in the binding activity are indicated with asterisks (�po0.05, ��po0.01, Student’s t-test). Results are presented as the mean
1SD of two or three independent experiments.

& 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu

Eur. J. Immunol. 2011. 41: 2424–2435 Molecular immunology 2425



the second day and then maintained at lower levels (Fig. 1B).

Using chromatin immunoprecipitation (ChIP) assay we found

that Mel-18 and Ezh2 were bound to the Il17a promoter

following PMA and ionomycin stimulation. The binding of

Mel-18, and to a lesser extent of Ezh2, was higher at the Il17a

promoter than at the promoters of Ifng and Il4 (Fig. 1C). Thus,

the association of PcG proteins with Il17a was correlated with

gene expression. Addition of cyclosporine A (CsA) before

restimulation, to impair the translocation of NFAT to the nucleus,

decreased the binding of Mel-18 and Ezh2 at the Il17a promoter

(Fig. 1D). Therefore, the binding activity of PcG proteins at the

Il17a promoter in Th17 cells was regulated by factors down-

stream to the TCR, similar to the regulation of their binding

activity at the signature cytokine genes in Th1 and Th2 cells [66].

PcG proteins positively regulate the expression of Il17a
and Il17f

To examine the functional role of Mel-18 and Ezh2 in the

regulation of Il17a and the adjacent cytokine gene Il17f

expression, we used the RNAi approach. Freshly purified

CD41 T cells were transduced simultaneously with their first

stimulation under Th17 conditions with lentiviral particles

expressing shRNA directed to either Mel-18 or Ezh2 (Fig. 2A

and B). As control we used scrambled shRNA and set the results

as 1. In 5-day differentiated and restimulated Th17 cells, the

expression of Mel-18 mRNA was reduced to 30–50% with two

different shRNAs (Fig. 2A), as well as the expression of Mel-18

protein (Fig. 2C, left). Mel-18 probably supports proliferation or

cell survival in Th17 cells, since we received �50% more live

cells in the control (data not shown).

Knockdown of Mel-18 resulted in a decreased expression of

Il17a mRNA to �40% with the more efficient shRNA, and less

strongly with the second shRNA. The amount of IL-17A protein

was reduced as well (Fig. 2C, right). The expression of Il17f

mRNA was reduced to �50–60% with either shRNA, and that of

Rorc, which encodes RORgt, to�60%. In contrast, the expression

of Hoxa7, a known target of PcG proteins, was derepressed

significantly by �3- to 5-fold following Mel-18 knockdown.

These results show that Mel-18 positively regulates the expression

of the Th17-signature cytokines and of the key transcription

factor Rorc, but negatively regulates the expression of Hoxa7.

The expression of Ezh2 was knocked down to�25% with two

different shRNAs (Fig. 2B); its protein level was also reduced

(Fig. 2D, left). Unlike the knockdown of Mel-18, downregulation

of Ezh2 did not decrease the cell numbers (data not shown).

However, similar to Mel-18, Ezh2 positively regulated the

expression of key genes in Th17 cells; its knockdown resulted in

declined expression levels of Il17a, Il17f and Rorc mRNAs

(Fig. 2B). The amount of IL-17A protein was reduced as well

(Fig. 2D, right). In contrast to the results with Mel-18, the

amount of Hoxa7 mRNA was unchanged or reduced following

Ezh2 knockdown. The expression level of Hoxa7 mRNA was

decreased following stimulation of normal naive cells under Th17

polarizing condition, and slightly again following restimulation

(Fig. 2E). Mel-18 and Ezh2 were bound to the Hoxa7 promoter

region directly (Fig. 2F). These results suggest that Mel-18 and

Ezh2 have common but also independent activities in Th17 cells,

or alternatively, that the silencing of Ezh2 was not efficient

enough to reveal some of its functions. These results also suggest

that Mel-18 can function as conventional transcriptional repres-

sor in Th cells in a gene-dependent context.

We did not notice any changes in the expression levels of Ifng

or Il4 mRNAs as a result of Mel-18 or Ezh2 knockdown in Th17

cells (Fig. 2G and H). We neither found any changes in the

expression levels of the two Gata3 transcripts [71] (data not

shown). The mRNA level of Tbx21, encoding T-bet, was increased

in some experiments following Ezh2 knockdown (data not

shown), but this result was inconsistent. In summary, our results

show that PcG proteins positively regulate the expression of Il17a,

Il17f and Rorc in restimulated Th17 cells. Considering the binding

pattern of PcG proteins at the promoter of Il17a, a direct tran-

scriptional regulation is suggested, but the involvement of addi-

tional indirect regulatory pathways is also possible.

The expression of Il17 cytokines is unstable 18 h
following restimulation in the absence of TGF-b

The inducible binding activity of Mel-18 and Ezh2 at the Il17a

promoter was regulated by factors downstream to the TCR

(Fig. 1). However, since PcG proteins are expressed non-

differentially in Th1, Th2 and Th17 cells (here and [66]), the

lineage selectivity of their binding pattern is probably instructed by

the polarizing cytokines. We aimed therefore to determine whether

the presence of the polarizing cytokines is required for the binding

activity of PcG proteins at the Il17a promoter in differentiated Th17

cells. First, we wanted to examine the requirement of these

cytokines to maintain Th17 phenotype under our experimental

conditions. Freshly purified CD41 T cells were differentiated under

Th17 conditions for 6 days (TGF-b and IL-6 including IL-23) and

then were restimulated with PMA and ionomycin for 2 h in either

the presence of Th17 skewing cytokines, without cytokines or in the

presence of the Th1 polarizing cytokine IL-12 (data not shown). We

did not observe statistically significant changes in the expression

levels of the mRNAs of Rorc, Rora, Il17a and Il17f. Similar results

were observed when the cells were restimulated 2 h with anti-CD3

and anti-CD28 antibodies (data not shown). Therefore, shortly

after restimulation Th17 cells maintain their ability to express the

specific cytokines and transcription factors in the absence of

polarizing cytokines.

Next we wanted to determine whether a continuous presence

of the polarizing cytokines is necessary to maintain the Th17

transcriptional program during a longer restimulation. Freshly

purified CD41 T cells were differentiated with TGF-b, IL-6 and

IL-23 for 6 days and then were restimulated with anti-CD3 and

anti-CD28 antibodies for 18 h in the presence of different cyto-

kines as indicated in Fig. 3A. In comparison to their mRNA levels

in the continuous presence of the polarizing cytokines, under all
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conditions where TGF-b was absent during restimulation –

without cytokines or in the presence of either IL-23 or IL-12 – the

amounts of Il17a, Il17f, Rorc and Rora mRNAs were severely

decreased. In the presence of either TGF-b alone or in combina-

tion of TGF-b and IL-12, the changes in the expression levels were

more modest. These results are in agreement with previous data

showing that TGF-b is a critical factor for the maintenance of the

Th17 phenotype [35]. The expression levels of Ifng and Tbx21

B

A

HG

F

E

0.5

1.0

1.5

R
el

at
iv

e 
bi

nd
in

g

IgG

α Mel-18
α Ezh2

Hoxa7 P

100 10 1 102
0

20

40

60

80

100

Mel-18

R
el

at
iv

e 
ce

ll 
nu

m
be

r

C Ez1 Ez2

Ezh2

α tubulin

C Ez1 Ez2

D

R
el

at
iv

e 
m

R
N

A
 e

xp
re

ss
io

n

Th17
Ezh2 kd

shRNA(Ez1)

shRNA(Ez2)

Ezh2
Il1

7f
Il1

7a
Hoxa7

Rorc

0.5

1.0

1.5

2.0

shRNA(M1)

shRNA(M2)

Th17
Mel-18 kd

R
el

at
iv

e 
m

R
N

A
 e

xp
re

ss
io

n

0.5

1.0

1.5

2.0

Mel-18
Il17a

Il17f
Rorc

Hoxa7

5.
7±

1.
7

3.
2±

0.
8

***

***
** **

* **
*

** **

***
***

*

** **

**

**
*

shRNA(Ez1)

shRNA(Ez2)

shRNA(C)

Il4

0.5

1.0

1.5

Th2 Th17

R
el

at
iv

e 
m

R
N

A
 

ex
pr

es
si

on

Ifng

0.5

1.0

1.5

Th1 Th17

R
el

at
iv

e 
m

R
N

A
ex

pr
es

si
on

**

**

shRNA(M1)

shRNA(M2)

shRNA(C)Ifng

0.5

1.0

1.5

Th1 Th17

R
el

at
iv

e 
m

R
N

A
ex

pr
es

si
on

Il4

0.5

1.0

1.5

R
el

at
iv

e 
m

R
N

A
ex

pr
es

si
on

Th2 Th17

*

*

Hoxa7

d2

1

2

3 Hoxa7

Naiv
e

d6
 re

st

d6
 1h

 st
im

R
el

at
iv

e 
m

R
N

A
ex

pr
es

si
on

IgG

shRNA(C)
shRNA(M1)
shRNA(M2)

C shRNA(C)

shRNA(M1)

**

500

1000

1500

2000

IL
-1

7A
 p

g/
m

l

shRNA(C)

shRNA(Ez2)
*

500

1000

1500

2000

IL
-1

7A
 p

g/
m

l

Figure 2. Knockdown of Mel-18 and Ezh2 downregulates the expression of key genes in Th17 cells. (A) Quantitative RT-PCR for the indicated
mRNAs following Mel-18 knockdown by Mel-18-directed shRNAs M1, M2 or control non-silencing scrambled shRNA during Th17 differentiation.
The results were normalized to b2m and are presented relative to the control, defined as 1. The cells were transduced on day 0 simultaneously with
stimulation and differentiation under Th17 skewing conditions, and after 3 days of puromycin selection, on the fifth day, they were restimulated
with anti-CD3 and anti-CD28 antibodies for 2 h. Differences between knockdown and control are indicated with asterisks (�po0.05, ��po0.01
���po0.001, Student’s t-test). (B) The experiment in Fig. 2A was performed for Ezh2 using the shRNAs Ez1 and Ez2. (C) Left: Intracellular staining of
Mel-18 in the indicated transduced Th17 cells, as in Fig. 2A. (c) Scrambled shRNA. Right: ELISA for IL-17A in the supernatants of 4-h-stimulated
(aCD3 and aCD28) Th17 cells (0.5� 106/mL) with or without Mel-18 knockdown. The asterisk indicates pr0.05 (Student’s t-test). (D) Left: Western
blot for Ezh2 in the indicated transduced Th17 cells, as in Fig. 2B. (c) Scrambled shRNA. a-Tubulin was used as the loading control. Right: ELISA for
the levels of IL-17A with or without Ezh2 knockdown as in Fig. 2D. (E) Quantitative RT-PCR for Hoxa7 in differentiating and restimulated Th17 cells.
(F) ChIP experiment assessing the binding of Mel-18 and Ezh2 at the Hoxa7 promoter in restimulated Th17 cells. The binding of Ezh2 was defined as
1. (G and H) Quantitative RT-PCR for Ifng and Il4 following Mel-18 and Ezh2 knockdown at the conditions described in Fig. 2A. Results presented are
the mean1SD of two to four independent experiments, except Fig. 2C and D left panels, which are representative.
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mRNAs were increased significantly only in the presence of IL-12

(Fig. 3B), yet were significantly lower than in 1-wk differentiated

Th1 cells (Fig. 3C).

In accordance with the mRNA measurements, the presence of

the polarizing cytokines during restimulation influences the

number of IL-17A1 cells. Six-day differentiated Th17 cells were

either left unstimulated or were restimulated with anti-CD3 and

anti-CD28 antibodies in the presence or absence of the Th17-

polarizing cytokines for 18 h (Fig. 3D). Then all cells were

restimulated again with PMA and ionomycin for intracellular

flow cytometric analysis of IL-17A and IFN-g expression.

Approximately 19% of the cells that were not restimulated for

18 h were IL-17A1. Following 18 h of restimulation without

cytokines only �11% were IL-171 cells, and following 18 h of

restimulation in the presence of cytokines�25% of the cells were

IL-17A1. These results show that the fraction of the IL-17A1 cells

increased in the presence of polarizing cytokines during resti-

mulation, but also that in their absence less cells express IL-17A.

All together, these results show that shortly after restimula-

tion (2 h) TGF-b is unnecessary for the inducible expression of the

Th17 cytokines Il17a and Il17f and the lineage specifying tran-

scription factors Rorc and Rora. However, a longer restimulation

of 18 h requires a continuous presence of TGF-b to maintain the

transcriptional program of Th17 cells. At these stages, IL-12 is

mostly required for the upregulation of the Th1-specific genes

Tbx21 and Ifng.

TGF-b maintains the binding activity of Mel-18 at the
Il17a promoter

Next we wanted to assess whether the polarizing cytokines

modulate the expression of PcG proteins or their binding activity

at the Il17a promoter. The expression levels of Mel-18 mRNA

(Fig. 4A) or protein (Fig. 4B) following restimulation were

comparable in either the presence or absence of Th17 polarizing

conditions, or even in the presence of IL-12. However, the

binding of Mel-18 at the Il17a promoter was significantly

diminished if the restimulation occurred in the absence of the

polarizing cytokines, regardless of the presence or absence of

BA

0.5

1.0

1.5

TGFβ+IL-6+IL-23
TGFβ

IL-23

no cy
tokin

es

TGFβ+IL-12
IL-12

R
el

at
iv

e 
m

R
N

A
 e

xp
re

ss
io

n Rorc

Rora

Il17a

Il17f

TGFβ+IL-6+IL-23
TGFβ

IL-23

no cy
tokin

es

TGFβ+IL-12
IL-12

1

2

3

4

5

R
el

at
iv

e 
m

R
N

A
 e

xp
re

ss
io

n

Tbx21

Ifng

Ifng

Tbx21

Il17a

0.5

1

1.5

Th1 Th2 Th17 Th17+IL-12

R
el

at
iv

e 
m

R
N

A
 e

xp
re

ss
io

n

C

****
**
****

*

***

***
***

***

***

***
***

***

***

***
***

***

*
***

D

IFNγ

IL
-1
7A

Th17 cells restimulated
in Th17 conditions (3)

Th17 cells restimulated
without cytokines (4)Unstained cells (1) Th17 cells (2)

10

20

30

1 2 3 4

%IL-17A+
cells

Figure 3. Continuous presence of TGF-b is required to maintain the expression of key genes in Th17 cells shortly after restimulation regardless of
the presence of IL-12. (A and B) Six-day differentiated Th17 cells (10 ng/mL IL-6, 5 ng/mL TGF-b and 10 ng/mL IL-23) were restimulated with anti-
CD3 and anti-CD28 antibodies for 18 h in the presence of either the indicated cytokine combinations (at specific concentrations of 10 ng/mL IL-6,
5 ng/mL TGF-b, 10 ng/mL IL-23, 10 ng/mL IL-12, 10 ng/mL IL-23) or in the absence of cytokines and presence of neutralizing antibodies
(no cytokines: 10 mg/mL anti-IL-4 and 10 mg/mL anti-IFN-g). The results were normalized to b2m. The mRNA expression levels in the presence of
TGF-b1IL-61IL-23 during restimulation were defined as 1. The results are the mean1SD of four to six independent experiments. Differences
between knockdown and control are indicated with asterisks (�po0.05, ��po0.01 ���po0.001, Student’s t-test). (C) Quantitative RT-PCR for the
indicated mRNAs in differentiated Th1, Th2 and Th17 cells following 18 h of restimulation with anti-CD3 and anti-CD28. The results were
normalized to b2m. Ifng and Tbx21 in Th1 cells and Il17a in Th17 cells were defined as 1. The results are the mean1SD of two independent
experiments. (D) Intracellular staining of IL-17A and IFN-g in cells that were differentiated under Th17 conditions as in Fig. 3A, and then left
unstimulated (Th17 cells) or were restimulated with anti-CD3 and anti-CD28 for 18 h in the presence of either Th17 polarizing cytokines or without
cytokines. Finally, all cells were restimulated for 5 h with PMA and ionomycin. Data represent one of two independent experiments with the
average showing on the right graph.
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IL-12 (Fig. 4C). We did not observe significant decrease in the

binding activity of Mel-18 at the Rorc promoter in the absence of

cytokines, which in general was lower than at the Il17a promoter

(Fig. 4D). Although we previously showed that Mel-18 is

associated with Ifng promoter in correlation with gene expression

[66], we neither observed significant changes in the binding

activity at the Ifng promoter nor at Tbx21 promoter in the

presence of IL-12 (Fig. 4E and F). These results suggest that the

early expression of Ifng following restimulation is Mel-18

independent, or alternatively the fraction of cells that started to

express Ifng at this early stage was too low to allow detection of

changes by ChIP assay. Under Th17 conditions, the binding of

Mel-18 at the Ifng promoter was much lower than at the Il17a

promoter (Fig. 4H). We did not notice changes in the binding

activity of Mel-18 at Hoxa7 promoter in the presence or absence

of Th17 polarizing cytokines (Fig. 4G).

As with Mel-18, there were no significant changes in the

expression levels of the mRNA or protein of Ezh2 if the resti-

mulation was either in the presence of Th17 conditions or IL-12

(Fig. 5A and B). But in contrast to Mel-18, the binding activity of

Ezh2 at the Il17a promoter was not decreased without cytokines

(Fig. 5C). The binding of Ezh2 at the Rorc, Ifng, Tbx21 and Hoxa7

promoters was also not significantly altered between the different

conditions (Fig. 5D–G). Ezh2 was associated more strongly with

the Il17a promoter than with the Ifng promoter (Fig. 5H), but the

differences were smaller in comparison to the differential binding

activity of Mel-18 at these promoters (Fig. 4H).

To determine whether the signaling pathways downstream to

TGF-b were sufficient to maintain the high level of the binding

activity of Mel-18 at the Il17a promoter, Th17 cells were resti-

mulated without cytokines or in the presence of either TGF-b
alone or combination of TGF-b, IL-6 and IL-23 (Fig. 6A). The

binding of Mel-18 was only modestly decreased when the resti-

mulation was in the presence of TGF-b alone than with the

cytokine combination. When the cells were restimulated without

cytokines, the binding was further reduced almost to the level of

unstimulated cells (resting). These results show that TGF-b is

required for the maintenance of the binding activity of Mel-18 at

the Il17a promoter beyond the early TCR-dependent stage.

Nevertheless, the presence of TGF-b in the absence of TCR
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Figure 4. Continuous presence of the Th17-polarizing cytokines is necessary to maintain the binding activity of Mel-18 at the Il17a promoter 18 h
following restimulation. (A) Quantitative RT-PCR for Mel-18 in Th17 cells following 18 h of restimulation with anti-CD3 and anti-CD28 in the
presence or absence of the indicated cytokines. The results are the mean1SD of two independent experiments, and they were normalized to b2m.
(B) Western blot for Mel-18 in Th17 cells at the same conditions as in Fig. 4A. (C–G) ChIP experiment assessing the binding of Mel-18 at the
indicated promoters at the same conditions as in Fig. 4A. The binding of Mel-18 at the Il17a promoter following restimulation in the presence of
TGF-b1IL-61IL-23 was set as 1. The results are the mean1SD of four independent experiments. Differences between the binding activity are
indicated with asterisks (��po0.01, ���po0.001, Student’s t-test). (H) Comparison between the binding activities of Mel-18 at the Il17a and Ifng
promoters following restimulation under Th17 conditions, as in panels (C) and (E).
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stimulation, as in the resting conditions, is insufficient to induce

the binding activity of Mel-18 at the Il17a promoter.

The binding activity of RORgt was correlated with this of

Mel-18; RORgt was associated with the Il17a promoter when the

Th17 cells were restimulated for 18 h in the presence of the Th17

polarizing cytokines but not in their absence (Fig. 6B). The

decrease in the binding activity of RORgt may reflect the reduced

expression of Rorc mRNA following restimulation without TGF-b
(Fig. 3A). However, we did not recognize substantial changes in

the expression levels of RORgt protein at this time point

(Fig. 6C). Therefore, as early as 18 h following restimulation the

recruitment of RORgt, and not its expression, is regulated by the

polarizing cytokines.

Discussion

TGF-b is critical for Th17 cell differentiation and the maintenance

of Th17 transcriptional programs [27], although a less efficient

generation of Th17 cells expressing both RORgt and T-bet was

demonstrated in vivo in the absence of TGF-b signaling, but in the

presence of the combination of IL-6/IL-1b/IL-23 [72]. We

showed here that continuous presence of TGF-b was required

following restimulation to maintain the inducible binding activity

of the PcG protein Mel-18 at the Il17a promoter. In its absence,

the binding of Mel-18 18 h following restimulation was compar-

able to that in resting cells. However, TGF-b was not sufficient to

induce the binding activity of Mel-18 at the Il17a promoter in the

absence of TCR stimulation. Therefore, signaling pathways

downstream to the TCR and polarizing cytokines synergize to

induce and maintain, respectively, the binding activity of Mel-18

at the Il17a promoter, and consequently to promote its

expression. Eighteen hours following restimulation, the down-

regulation in the expression of the Th17 cytokines and transcrip-

tion factors was IL-12-independent. IL-12 was more important for

the upregulation of the expression of the Th1 key genes Tbx21

and Ifng. In accordance with that, IL-12 only modestly increased

the detachment of Mel-18 from the Il17a promoter.

It was previously shown that the differentiation of Mel-18-

deficient Th2 cells is impaired [73]. Our recently published

results demonstrated that PcG proteins positively regulate

the expression of the signature cytokine genes in Th1 and
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Figure 5. Absence of Th17-polarizing cytokines does not affect the binding activity of Ezh2 at the Il17a promoter in restimulated Th17 cells.
(A) Quantitative RT-PCR for Ezh2 in Th17 cells following 18 h of restimulation with anti-CD3 and anti-CD28 in the presence or absence of the
indicated cytokines. The results are the mean1SD of two independent experiments and they were normalized to b2m. (B) Western blot for Ezh2 in
Th17 cells at the same conditions as in Fig. 5A. (C–G) ChIP experiment assessing the binding of Ezh2 at the indicated promoters at the same
conditions as in Fig. 5A. The binding of Ezh2 at the Il17a promoter following restimulation in the presence of TGF-b1IL-61IL-23 was set as 1. The
results are the mean1SD of three independent experiments. (H) Comparison between the binding activities of Ezh2 at the Il17a and Ifng promoters
following restimulation under Th17 conditions, as in panels (C) and (E). Differences between the binding activity are indicated with an asterisk
(�po0.05, Student’s t-test).
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Th2 cells [74]. The knockdown experiments here showed that

Mel-18 positively regulates the expression of Il17a in restimu-

lated Th17 cells. Considering that: (i) Mel-18 was associated with

Il17a in correlation with gene expression and (ii) its binding was

regulated synergistically by signaling pathways crucial for Il17a

expression – our results support the idea that Mel-18 functions

directly to increase Il17a expression, but indirect effects cannot

be excluded.

The binding activity of Ezh2 at the Il17a promoter was

dependent on signaling pathways downstream to the TCR, but in

18 h-restimulated Th17 cells the binding was TGF-b independent.

Yet, knockdown of Ezh2 resulted in the downregulation of Il17a.

Since Ezh2 is associated with Il17a promoter, a direct regulation

of Il17a expression is suggested. However, as with Mel-18, it is

also possible that Ezh2 indirectly regulates the expression of

Il17a, for example by modulating the TCR signaling pathway;

Ezh2 interacts with Vav [75] and is involved in actin poly-

merization [76]. Ezh2 may also have a context-dependent func-

tional role at the Il17a gene; it can function as transcriptional

activator in the presence of Mel-18 but following its removal in

the absence of TGF-b, Ezh2 may turn into a conventional PcG

repressor. It was shown indeed that H3K27me3 is increased at the

Il17a promoter in the presence of IL-12 and absence of TGF-b
[42]. However, this change requires a longer kinetics of 48 h, and

therefore it was suggested by the authors that this is probably not

the earliest event that initiates the repression of Il17a. This

modification might have a maintenance function to propagate the

Il17a silencing to the progeny cells.

Although the binding activity of Ezh2 at the Il17a promoter

was higher than at the Ifng promoter, we recognized some

binding activity of Ezh2 at the Ifng and Tbx21 promoters.

Therefore, a dual activity of Ezh2 as transcriptional activator of

Il17a and repressor of the alternative cytokine genes, is feasible,

albeit we have not observed derepression of the opposing cyto-

kine genes Ifng and Il4 following the knockdown of Ezh2. It is

possible that a more severe silencing of PcG expression is

necessary to reveal their repressive activities. With regard to

Tbx21, in some experiments we did find upregulation of its

expression following Ezh2 knockdown, but this finding was not

consistent, and currently we cannot draw any conclusions in that

aspect. Published results using reporter mouse strain mapping the

fate of cells that have activated IL-17A demonstrated that IL-17A

expressing Th cells have distinct extent of plasticity in different

inflammatory setting in vivo: they can either acquire the Th1

effector functions instead or in addition to their Th17 phenotype

[41]. However, the Th17 cells can also shut off their Th17 tran-

scriptional profile without turning on other lineage-specific

programs [41]. Probably, the mode of the reprogramming

process is affected by the external cytokine milieu.

Intrinsic factors, which can be modulated during differentia-

tion, may also influence the stability of the Th17 phenotype, and

can underlie some conflicting estimations as to the extent of the

plasticity of the Th17 lineage in vivo [36, 40, 41, 45]. In our

in vitro experiments, we found that the differentiation of Th17

cells in the presence of TGF-b and IL-6 but in the absence of IL-23

resulted in a more stable expression pattern of Rorc mRNA 18 h

following cytokine-free restimulation (data not shown); namely,

the expression of Rorc mRNA was not reduced 18 h following

restimulation in the absence of TGF-b, if the cells were differ-

entiated with TGF-b and IL-6 but in the absence of IL-23 (although

the expression of Rora and of both Il17a and Il17f mRNAs did

decrease). These results suggest that even though the changes in

the expression of Rorc in cells differentiated with or without IL-23

are initially invisible, the presence of IL-23 during differentiation

may potentiate a subsequent more flexible Rorc repression pattern.

Indeed the involvement of IL-23 in promoting Th17 plasticity is

starting to emerge. In vivo models of genetic ablation of Il23

revealed that IL-23 drives the Th1-IFN-g inflammatory axis [77],

and in its absence the differentiation of T cells into both Th1 and

Th17 cells is severely impaired [78]. Moreover, the IL17A1IFN-g1

double positive CD41 T-cell population was significantly reduced

in Il23r�/� mice [18], and experiments in IL-17A fate mapping
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Figure 6. TGF-b is required to maintain the binding activity of Mel-18
at the Il17a promoter in restimulated Th17 cells. (A) ChIP experiment
assessing the binding of Mel-18 at the Il17a promoter. Six-day
differentiated Th17 cells were left unstimulated or were restimulated
with anti-CD3 and anti-CD28 for 18 h in the absence or presence of the
indicated cytokines. The binding of Mel-18 at the Il17a promoter
following restimulation in the presence of TGF-b1IL-61IL-23 was set as
1. The results are the mean1SD of three independent experiments.
��po0.01 (Student’s t-test). (B) ChIP experiment assessing the binding
RORgt at the Il17a promoter in 18 h restimulated Th17 cells in the
absence or presence of the indicated cytokines. The binding of RORgt
in the presence of cytokines was set as 1. The results are the mean1SD
of three independent experiments. ��po0.01 (Student’s t-test).
(C) Western blot for RORgt at the conditions as in (B).
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mouse strain confirmed that IL-23 enhance the emergence of this

double positive population [41]. In vitro, IL-23 was associated with

the transition of Th17 cells to progeny that extinguishes IL-17

expression and enhances IFN-g expression under conditions of low

or absent TGF-b [35]. Given that IL17A1IFN-g1 double-positive

population has an important effect on pathogenesis, the crucial

role of IL-23 in autoimmunity can be understood.

Since under our experimental conditions, the Th17 cells were

differentiated in the presence of IL-23, the expression of Rorc

mRNA was reduced in one-round differentiated Th17 cells in the

absence of polarizing cytokines. But as early as 18 h following

restimulation, the expression level of RORgt protein was similar

in the presence or absence of the polarizing cytokines, yet its

binding activity at the Il17a promoter was decreased signifi-

cantly. Therefore, the regulation of the recruitment of RORgt

preceded the decline in its expression and might be an early step

for Il17a silencing. The subsequent silencing of Rorc probably

establishes the quiescent status of the Th17 phenotype.

The interrelation between the lineage specifying transcription

factors and the generally expressed epigenetic regulators as the

PcG proteins in the maintenance of the Th-transcriptional

programs, and the way the polarizing cytokine regulate the asso-

ciation of these factors with key genes should be further studied.

Materials and methods

Mice

Female BALB/c mice were purchased from Harlan Biotech

(Israel) and maintained under pathogen-free conditions in the

animal facility of the Faculty of Medicine, Technion-Israel

Institute of Technology. The studies have been reviewed and

approved by the Inspection Committee on the Constitution of the

Animal Experimentation at the Technion (IL-108-09-10).

In vitro Th-cell differentiation

CD41 T cells were purified from the spleen and lymph nodes of

3- to 4-wk-old mice with magnetic beads (Dynal). For Th

differentiation, the cells were stimulated with 1mg/mL anti-

CD3e (145.2C11, hybridoma supernatant) and 1 mg/mL anti-

CD28 (37.51, BioLegend) in a flask coated with 0.3 mg/mL goat

anti-hamster antibodies (ICN) as described [66]. Th1 and Th2

differentiation was performed as described [66]. For Th17

differentiation, the cells were stimulated in the presence of

10 ng/mL IL-6 (Prospec), 10 ng/mL IL-23 (R&D Systems), 5 ng/

mL TGF-b (Peprotech), 10 mg/mL purified anti-IL-4 antibodies,

10 mg/mL purified anti-IFN-g antibodies and 10mg/mL purified

anti-IL-12 antibodies. After 2 days, the medium was expanded

(fourfold) in the absence of anti-TCR or anti-CD28 antibodies,

but in the continued presence of cytokines and other antibodies,

which included 12 U/mL IL-2 for Th1 and Th2 only. The medium

was then expanded every other day. After 6 days, the cells were

left unstimulated or were restimulated with either PMA (15 nM)

and ionomycin (0.75 mM) or with anti-CD3e and anti-CD28

antibodies. When indicated, 1mM CsA was added 0.5 h before

stimulation.

Chromatin immunoprecipitation (ChIP)

The ChIP analysis was carried out as previously described [66].

Quantitative PCR was performed using Absolute Blue SYBR-

Green ROX mix (Thermo Scientific, ABgene), according to the

manufacturer’s instructions, and a Corbett Rotor gene 6000

(Qiagen). The dissociation curves after amplification showed that

all the primer pairs generated single products. The amount of

PCR product amplified was calculated relative to a standard curve

of the input. The following antibodies were used: anti-Mel-18

(Santa Cruz; sc-8905), anti-Ezh2 (Santa Cruz; sc-17270, sc-

17268) and anti RoRg (Santa Cruz; sc-28559). The following

primer sets were used: Il17a promoter: 50-TGGTTCTGT

GCTGACCTCAT-30 and 50-TCGTGTGAGGTGGATGAAGA-30; Rorc

promoter: 50-GTGGAAACTGGGAGAGACCA-30 and 50-TTGGG

AATTGGACATTGGAT-30; Ifng promoter: 50-CTGTGCTGTGCT

CTGTGGAT-30 and 50-GTGCCATTCTTGTGGGATTC-30. Tbx21

promoter 50-ACCTGCCACCTGAAACTC-30 and 50-AGGCGTGA-

GAATGCTCAG-30. Hoxa7 exon 1: 50-GCGGACAGGTTACAGAG-30

and 50-CCCCGACAACCTCATACC-30.

RNA interference

The knockdown was performed with lentiviral shRNA (MISSION,

Sigma). The lentiviral particles were produced by the calcium

chloride-mediated transfection of HEK-293T cells. The super-

natants were collected 24 h post-transfection for 8 h and used

immediately for transductions. For naı̈ve Th-cell transduction,

freshly purified CD41 T cells were isolated and incubated in six-

well plates coated with anti-hamster antibodies, viruses, poly-

brene (8 mg/mL), and anti-CD3 and CD28 antibodies under

skewing conditions for 16–18 h. The medium was then replaced

with fresh skewing medium, and 24 h later, the medium was

replaced again with selection medium, containing puromycin

(8 mg/mL, Sigma) for three more days. Our tests confirmed that

only the transduced cells survived the puromycin selection. The

following shRNA sequences were used: Mel-18 shRNA; (M1)

CGCTACTTGGAGACCAACAAA, (M2) CAAAGTTCCTCCGCAAC

AAA. Ezh2 shRNA; (Ez1) CGGCTCCTCTAACCATGTTTA, (Ez2)

CCGCAGAAGAACTGAAAGAAA. Control scrambled shRNA; CAA

CAAGATGAAGAGCACCAA.

RNA extraction and real-time PCR

Total RNA was extracted, reverse-transcribed and amplified. Melt

curves were run to ensure amplification of a single product. The
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ratio between the transcripts following silencing was calculated as

DDCt ¼ ½ðCtðgene of interestÞ � Ctðb2mÞÞPcG � ðCtðgene of interestÞ

� Ctðb2mÞÞnormalizer� ð1Þ

Fold increase ¼ 2�DDCt ð2Þ

PcG refers to the results obtained with shRNAs directed to PcG as

indicated, and normalizer to the results obtained with the

scrambled shRNA. In each sample, the results were first normal-

ized to the Beta-2-microglobulin (b2m). In other experiments using

quantitative PCR, similarly, the results were first normalized to

b2m and then to the samples that were set as one as indicated in

the figure legends. The efficacy of the primers (10�1/slope) was

around 1.95. The following primer sets were used: Mel-18: 50-

AGCTGAACCCTCACCTCATGTG-30 and 50-TACGATGCAGGTTTT

GCAGAAG-30; Ezh2: 50-AGTCGCCTCGGTGCCTATAAT-30 and 50-

AAAGTGCCATCCTGATCCAGA-30; Beta-2-microglobulin: 50-TTC

TGGTGCTTGTCTCACTGA-30 and 50-CAGTATGTTCGGCTTCC-

CATTC-30; Rorc: 50-AGCTTTGTGCAGATCTAAGG-30 and 50-

TGTCCTCCTCAGTAGGGTAG-30; Rora: 50-TGACGCCCACCTACAA-

CATC-30 and 50-CATCCATATAGGTGCTGAGGTCAT-30; Il17f: 50-

GTGTTGATGTTGGGACTTGCC-30 and 50-TCACAGTGTTATCCTC-

CAGG-30; Il17a: 50-CTCCAGAAGGCCCTCAGACTA-30 and 50-

GGGTCTTCATTGCGGTGG-30; Il21: 50-GGACCCTTGTCTGTCTGG-

TAG-30 and 50-TGTGGAGCTGATAGAAGTTCAGG-30; Ifng: 50-

GCGTCATTGAATCACACCTG-30 and 50TGAGCTCATTGAATGCTT

GG-30; Il4: 50-CCAAGGTGCTTCGCATATTT-30 and 50-ATCG

AAAAGCCCGAAAGAGT-30; Tbx21: 50-GGTGTCTGGGAAGCTGA-

GAG-30 and 50-GAAGGACAGGAATGGGAACA-30; Hoxa7: 50-

GAAGCCAGTTTCCGCATCTA-30 and 50-CGTCAGGTAGCGGTT-

GAAAT-30.

Western blot analysis

Total protein was extracted using a Norgen kit (Cat no. 23000)

and the samples were separated by SDS-polyacrylamide gel

electrophoresis, transferred to PVDF membranes and probed with

anti-Mel-18 (Santa Cruz; sc-8905), anti-Ezh2 (612667, BD), anti-

RoRg (Santa Cruz; sc-28559) and anti-a-tubulin (Sigma; T-9026)

antibodies.

Intracellular flow cytometric analysis

Intracellular staining was performed using the BD Cytofix/

Cytoperm kit, according to the manufacturer’s instructions. The

cells were stained with anti-Mel-18 (sc-10744, Santa Cruz), FITC-

anti-IFN-g (505806, BioLegend) and APC-anti-IL17A (506916,

BioLegend) antibodies.

Cytokine ELISA

The ELISA kits were purchased from BioLegend.
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