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Epigenetic modifications, such as posttranslational modifications
of histones, play an important role in gene expression and regula-
tion. These modifications are in part mediated by the Trithorax
group (TrxG) complex and the Polycomb group (PcG) complex,
which activate and repress transcription, respectively. We herein
investigate the role of Menin, a component of the TrxG complex in
T helper (Th) cell differentiation and show a critical role for Menin
in differentiation and maintenance of Th17 cells. Menin™'~ T cells
do not efficiently differentiate into Th17 cells, leaving Th1 and Th2
cell differentiation intact in in vitro cultures. Menin deficiency
resulted in the attenuation of Th17-induced airway inflammation.
In differentiating Th17 cells, Menin directly bound to the l/17a
gene locus and was required for the deposition of permissive his-
tone modifications and recruitment of the RNA polymerase 1l tran-
scriptional complex. Interestingly, although Menin bound to the
Rorc locus, Menin was dispensable for the induction of Rorc ex-
pression and permissive histone modifications in differentiating
Th17 cells. In contrast, Menin was required to maintain expression
of Rorc in differentiated Th17 cells, indicating that Menin is essen-
tial to stabilize expression of the Rorc gene. Thus, Menin orches-
trates Th17 cell differentiation and function by regulating both
the induction and maintenance of target gene expression.
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N aive CD4 T cells adopt distinct cell fates including differ-
entiation into T helper 1 (Th1), Th2, Th17, and regulatory
T cells, and direct immune responses to facilitate the elimination
of microorganisms (1, 2). Effector functions of these Th cells are
defined by production of their signature cytokines and expres-
sion of lineage-specific transcription factors. Thl cells express
T-bet (encoded by the 7bx2]1 gene) and produce IFN-y (3), and
Th2 cells express GATA-3 and secrete interleukin 4 (IL-4), TL-5,
and IL-13 (4-6). Th17 cells were identified by their ability to
produce IL-17A and express high amounts of the RAR-related
orphan receptor-y, named RORyt, that is essential for Th17
differentiation (7-10). Although Th17 cells contribute to host
defense against fungi and extracellular bacteria, the pathoge-
nicity of IL-17-producing T cells has been recognized not only in
autoimmune diseases but also in allergic diseases (11-13).
Although lineage-specific transcription factors are key regu-
lators of helper T-cell differentiation, epigenetic modifications,
such as the methylation of DNA and posttranslational mod-
ifications of histones, also play crucial roles (14, 15). Trithorax
group (TrxG) and Polycomb group (PcG) genes were origi-
nally discovered in Drosophila melanogaster as activators and
repressors of Homeobox genes, respectively (16). It has been
recognized that epigenetic modification and chromatin accessi-
bility mediated by the PcG or TrxG complexes is a critical factor
for the commitment of helper T-cell lineages (17, 18). Mixed-
lineage leukemia (MLL), which is a mammalian homolog of
the Drosophila trithorax, controls the maintenance of Th2
cytokine gene expression by memory Th2 cells (19). MLL forms
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a multicomponent complex that includes Menin, and mediates
its epigenetic transcriptional effector functions via SET domain-
dependent histone methyltransferase activity (20). MLL specifi-
cally methylates lysine 4 in the N-terminal tail on histone H3,
a modification typically associated with transcriptionally ac-
tive regions of chromatin (16). Menin protein is encoded by
multiple endocrine neoplasia 1 (Menl), and mutation of this
gene is the cause of multiple endocrine neoplasia type 1 in humans
(21). Menin is a highly specific partner for MLL proteins and
is an essential component required for DNA binding of the
TrxG/MLL complex (22). The binding of the Menin/TrxG complex
is required for the maintenance of Gata3 expression and Th2
cytokine production in established Th2 cells (23), and the same
mechanism was also recently found to function in human Th2
cells (24). However, it remains unclear whether the Menin/TrxG
complex is involved in the differentiation and maintenance of
other Th cell subsets. We herein show that Menin-deficient
(Menin™") T cells displayed reduced ability to differentiate into
Th17 cells in vitro, and that development of Th17 cell-mediated
airway mﬂammatmn was attenuated in mice transferred with
Menin™~ Th17 cells. We found that Menin recruitment to the
1l17a locus was crucial for histone modification, RNA poly-
merase IT (RNAPII) accumulation, and the subsequent expres-
sion of Il17a mRNA. The binding of Menin to the Rorc gene
locus was required for the long-term maintenance of Rorc ex-
pression. Thus, these data point to a mechanism by which Menin
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regulates both the induction of Th17 differentiation and main-
tenance of Th17 cell function after differentiation.

Results

Menin Is Required for Th17 Cell Differentiation. Menin is an essen-
tial component of the MLL/TrxG complex that is required for
DNA binding (25). In the context of Th2 cells, we have reported
that Menin is crucial for the maintenance of Gata3 expression
and the function of Th2 cells after differentiation (23). However,
it remains unclear whether the Menin/TrxG complex is involved
in the differentiation or maintenance of function of Th17 cells.
To address this question, we assessed the ability of Menin™~
naive CD4 T cells to differentiate into Thl, Th2, and Th17 cells.
In in vitro Th1/Th2 cultures, Th1l and Th2 cell differentiation of
Menin™~ T cells were not impaired as evidenced by IFN-y and
IL-4 production, respectively (Fig. 51 4 and B) (23). In contrast,
a dramatic reduction in the number of IL-17A~producing cells
was observed in Menin™~ Th17 cell cultures (Fig. 14, Left and
Center). Likewise, a substantial decrease in [/17a mRNA ex-
pression was found in Menin™~ Th17 cells (Fig. 14, Right).
Moreover, at all concentrations of IL-6 tested, Menin™~ Th17
cells showed less IL-17A-positive cells compared with WT
controls (Fig. 51C). As IL-1p, especially in synergy with IL-23,
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Fig. 1. Menin is required for Th17 cell differentiation. (A) Naive CD4 T cells
from WT or Menin-deficient (Menin™") mice were cultured under Th17
conditions for 5 d. The cultured cells were restimulated with phorbol
12-myristate 13-acetate plus ionomycin for 4 h, and IL-17A protein expres-
sion was analyzed by intracellular staining (Left). IL-17A protein expression
data from five independent experiments are shown with mean values
(Center). Expression //77a mRNA was determined by quantitative RT-PCR
(Right). The levels of transcripts normalized to Hprt signal in Menin™" cells
were depicted as the fold changes compared with those in WT cells. Mean
values with SDs (n = 3) are shown. (B) Naive CD4 T cells were cultured under
Th17 conditions in the presence of IL-23 (10 ng/mL) and IL-18 (10 ng/mL) for
5 d. The cultured cells were harvested and tested for intracellular staining
(Left) and quantitative RT-PCR analysis (Right) as described in A. (C) Naive
CDA T cells from WT or Menin-deficient DO11.10 OVA-specific TCR Tg mice
were cultured with splenic APCs under Th17 conditions in the presence of
the indicated concentrations of OVA peptides (0.1-1.0 uM) for 6 d. IL-17A-
and IFN-y-secreting cells were assessed by intracellular staining. Three in-
dependent experiments were performed with similar results (B and C). (D)
Control and MenT siRNA were transfected into naive CD4 T cells from WT
mice. These naive CD4 T cells were cultured under Th17 condition for 1or2d
before analysis. The IL-17A~producing cells (Left) and mRNA expression level
of Men1 (Right) were assessed by intracellular staining on day 2 or quanti-
tative RT-PCR on day 1, respectively. Two independent experiments were
performed with similar results.
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plays an essential role in the induction or expansion of IL-17A
producers both in murine and human systems (26, 27), we ex-
amined whether IL-17A production by Menin™~ T cells was
normalized by IL-1p and IL-23 under Th17 culture conditions.
As shown in Fig. 1B, Menin™~ CD4 T cells showed decreased
numbers of IL-17A-producing cells and reduced expression of
1l17a even in the presence of IL-1p and IL-23. Menin™~ CD4
T cells showed a tendency for increased IFN-y—producing cells
in the culture, although anti-IFN-y neutralizing antibody was
added in this condition (Fig. 1B). The strength of T-cell receptor
(TCR) signaling is also known to regulate IL-17 production
(28, 29). We therefore investigated whether alteration of TCR
stimulation could affect the reduced generation of IL-17-pro-
ducing cells in Menin™"~ T-cell cultures. OV A-specific DO11.10
TCR transgenic (Tg) CD4 T cells from WT or Menin-deficient
mice were stimulated with various concentrations of antigenic
OVA peptide together with antigen-presenting cells (APCs).
Fig. 1C shows that, in Menin™~ CD4 T-cell cultures, the gen-
eration of IL-17A-producing cells was markedly reduced to-
gether with a slight increase in IFN-y-producing cells at all
concentrations of OVA peptide tested. Menin™~ CD4 T cells
showed decreased generation of IL-17A~producing cells even
at the early time points of the culture (day 2 and day 3; Fig. §1
L3 and F). Slightly accelerated cell division was detected in
Menin™~ CD4 T cells compared with WT CD4 T cells (Fig. S1F).
Knockdown experiments using Men! siRNA in peripheral CD4
T cells confirmed that Menin is required for the differentiation
of Th17 cells (Fig. 1D). Together, these results indicate that
Menin is required for efficient differentiation of Th17 cells.

OVA-Induced Neutrophilic Airway Inflammation Is Attenuated in Mice
Transferred with Menin™'~ Th17 Cells and in Menin-Deficient Mice.
Based on our in vitro results, we reasoned that Menin could be
an important factor regulating IL-17-dependent pathology in
vivo. Some patients with severe asthma appear to have IL-17A~
mediated airway inflammation with increased airway neutrophils,
mucous cell metaplasia in airway epithelial cells, and increased
airway hyperreactivity (30). Therefore, we next used a model of
airway inflammation in which Th17 cells are key mediators of
neutrophilic inflammation and pathology (31). We adoptively
transferred Th17 cells from DO11.10 TCR Tg WT or Menin-
deficient mice into syngeneic BALB/c recipient mice. First, we
accessed the accumulation of transferred CD4 T cells before
and after OVA challenge (¥Fig. $24). Comparable numbers of
Menin™" T cells were engrafted in the lung, and 1 d after the
last OVA challenge, a substantial increase was detected in the
numbers of WT CD4 T cells but not Menin™~ CD4 T cells (Fig.
52B). There was little difference in the expression level of homing
receptors between WT and Menin™~ Th17 cells (Fig. $2C). We
assessed airway inflammation in BALB/c recipient mice, which
were adoptively transferred with Th17 cells from DO11.10 TCR
Tg WT or Menin-deficient mice followed by OVA inhalation
(Fig. 82 D and £). The levels of IL-17A in bronchoalveolar la-
vage (BAL) fluid samples from mice that received Menin™~
Th17 cells were dramatically reduced (P < 0.01) in comparison
with BAL fluid samples from mice that received WT Th17 cells
(Fig. 24). The total number of infiltrating leukocytes in the BAL
fluid was significantly decreased (P < 0.01) in the group trans-
ferred with Menin™~ Th17 cells (Fig. 2B). Moreover, we detected
a large increase in the number of neutrophils in the BAL fluid
from mice transferred with WT Th17 cells that was absent from
the mice transferred with Menin™~ Th17 cells (Fig. 2B). The
mRNA expression levels of Muc5ac, Muc5b, and Gob5, molec-
ular markers for goblet cell hyperplasia and mucus production,
were decreased in the lungs of mice receiving Menin™~ Th17
cells (Fig. 2C). Consistent with these findings, deletion of Menin
in Th17 cells resulted in diminished infiltration of mononuclear
cells around the peribronchiolar and perivascular regions of the
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Fig. 2. Neutrophilic airway inflammation is attenuated by deficiency of Menin. (4) Airway inflammation was induced as described in Materials and Methods
and Fig. $20. The concentration of IL-17A in the BAL fluid was measured by ELISA. Mean values with SDs (n = 3) are shown (*P < 0.01). N.D., under the
detection levels; t.f., transfer. (B) The cell number of eosinophils (Eos), neutrophils (Neu), lymphocytes (Lym), and macrophages (M¢) in the BAL fluid are
shown. Mean values with SDs (n = 3) are shown (*P < 0.01). (C) The data represent the mean values of the indicated gene expression in the lungs of mice that
received WT or Menin™~ Th17 cells (*P < 0.01). (D) The level of OVA-induced airway inflammation in recipient mice was examined by histological analysis
(H&E staining). (Scale bars: 50 um.) Data are representative of at least three independent experiments (A-D). (E) A schematic overview of the study protocol
for the induction of steroid-resistant neutrophilic inflammation. p.o., per oral. (F) The concentration of IL-17A in the BAL fluid was measured by cytometric
bead array (CBA). Mean values with SDs (n = 6) are shown (*P < 0.05). (G) The cell number of eosinophils {Eos), neutrophils (Neu), lymphocytes (Lym), and
macrophages (Md) in the BAL fluid are shown. Mean values with SDs (n = 3 for control group, n = 6 for WT, and n = 4 for Menin™~ group) are shown (*P <
0.05). (H) Antigen-induced leukocyte infiltration into the lungs was evaluated by H&E staining. (Scale bars: 50 um.)

lungs (Fig. 2D). Next, to determine whether the impaired ability
of transferred Menin™~ Th17 cells to induce airway inflam-
mation is due to impaired expansion of Th17 cells or decreased
IL-17A production in Thl7 cells, we examined how many WT
Th17 cells needed to be transferred to induce inflammation at
the same level as transfer of 1 x 10° Menin™~ Th17 cells. We
found that the number of neutrophils in the BAL fluid from mice
transferred with 0.2 x 105 WT Th17 cells was comparable to that
from the mice transferred with 1 x 10° Menin™~ Th17 cells (Fig.
52F). In the lungs of these recipient mice, the number of WT
CD4 T cells was significantly lower (P < 0.05) than that of
Menin™~ CD4 T cells (Fig. S2¢). These results indicate that
WT Thl7 cells in the lung could induce inflammation with smaller
number of cells than Menin™~ Th17 cells. Thus, we concluded
that the impaired ability of transferred Menin™~ Th17 cells to
induce airway inflammation was most likely due to decreased
IL-17A production in Th17 cells rather than impaired expansion
of Th17 cells in lung. Next, we examined neutrophilic airway
inflammation directly in CD4-Cre*Menin™" mice by using a
previously reported steroid-resistant neutrophilic airway inflam-
mation model (Fig. 2E) (32). The levels of IL-17A in BAL fluid
samples from CD4-Cre*Menin™" mice were dramatically re-
duced (P < 0.05) in comparison with BAL fluid samples from
WT mice (Fig. 2F). In CD4-Cre™Menin™ mice, the total num-
ber of infiltrating leukocytes in the BAL fluid was significantly
decreased (P < 0.05) compared with that in WT mice (Fig. 2G).
Moreover, CD4-Cre*Menin™® mice showed a significant de-
crease in neutrophils in the BAL fluid compared with WT mice.
Histological analysis also revealed that infiltration of mono-
nuclear cells around the peribronchiolar and perivascular regions
of the lungs was dependent on the ability of CD4 T cells to ex-
press Menin (Fig. 2H). Thus, Menin is required for the induction
of Th17 cell-mediated neutrophilic airway inflammation in vivo.
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Menin Does Not Control the Expression of Other Key Transcription
Factors That Can Regulate Th17 Cell Differentiation. To further in-
vestigate the nature of the defect in IL-17A production in
Menin™~ T cells, we next focused on the transcription factors
involved in Th17 cell differentiation. Th17 cell differentiation is
associated with the expression of several transcription factors
(33). Despite the decrease of IlI7a in Menin™~ Th17 cells,
mRNA expression levels of all of these transcription factors in-
cluding Rorc appeared to be normal in Menin™~ Th17 cells (Fig.
34 and Fig. $34). The protein level of RORyt was also compa-
rable (¥Fig. 538, Top). IL-6-mediated phosphorylation of STAT3
in Menin™~ Th17 cells was equivalent to those in WT Th17 cells
(Fig. 838, Middle). Moreover IL-6-mediated phosphorylation of
STATS3 in freshly isolated Menin™~ CD4 T cells was not altered
(¥ig. 83C). These results indicate that the expression of key tran-
scription factors for Th17 cell differentiation, including the pro-
tein encoded by Rorc, was not affected by Menin deficiency.

Menin Is Required for the Formation of Permissive Histone Modifications
at the //17a Gene Locus. To further understand the possible mecha-
nism whereby Menin functions to regulate Il17a expression,
we next assessed the binding of Menin and the histone mod-
ification states around the 1/77a and Rorc gene loci together with
the Actb and Ccl2 loci as heritably active and silent genes in
Menin™~ Th17 cells by chromatin immunoprecipitation (ChIP)
assays (Fig. 54 4 and B). Five-day culture of WT cells under
Th17-inducing conditions resulted in enhanced Menin binding
at both the 11172 and Rorc gene loci compared with control
Th2-inducing conditions (Fig. 3B). The accumulation of Menin
at the Il17a gene locus was detected even after 48 h of stimu-
lation (¥ig. S4C). Levels of histone H3 trimethylated at Lys4
(H3-K4Me3) and histone H3 acetylated at Lys9 (H3-K9Ac), which
frequently correlate with transcriptional activation, were decreased
at the I117a gene locus in Menin~~ Th17 cells compared with WT
cells 5 d after TCR stimulation (Fig. 3C, Left). In addition,
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increased trimethylated histone H3 at Lys27 (H3—K27M63),
which correlates with genomic silencing was detected in Menin™~
Th17 cells (Fig. 3C, Left). In sharp contrast, loss of Menin had
little effect on epigenetic histone modifications at the Rorc locus
(Fig. 3C, Center).

Menin interacts specifically with RNAPII (34). In addition,
eukaryotic gene expression is regulated by RNAPII through the
phosphorylation of its carboxyl-terminal domain (CTD) (35).
Ser-2 phosphorylation (2P) marks the clongation state, whereas
Ser-5 is phosphorylated (5P) in the initiation phase (36). Therefore,
we examined whether Menin is required for the recruitment of
RNAPII to the I/17a gene locus in Th17 cells. The binding levels
of Menin to the [lI7a and Rorc gene loci in WT Th17 cells
restimulated with an immobilized anti-TCRp were similar to the
binding levels in cells that had not been restimulated (Fig. 3D,
Upper). Interestingly, however, the recruitment of RNAPII to the
1l17a gene locus, but not to the Rorc gene locus, was markedly
up-regulated after TCR restimulation (Fig. 3D, Lower, and Fig.
5413, Bottom). This is consistent with the observation that [/17a
expression, but not Rorc, was up-regulated by TCR restimulation
(Fig. 3F). The H3-K4Me3 and H3-K9Ac histone modifications
at these gene loci were not altered by TCR restimulation (Fig.
5483, Top and Middle). Next, we assessed whether Menin was
required for recruitment of RNAPII to the Il17a and Rorc gene
loci. Compared with WT cells, the levels of RNAPII Ser-5 and
Ser-2 phosphorylation togethex with a total RNAPII at the /l17a
gene were much lower in Menin™~ Th17 cells restimulated
with anti-TCRp antibody (Fig. 3F) In contmst the reduction of
RNAPII at the Rorc gene locus in Menin™~ Th17 cells was much
less dramatic. These results indicate that, in Th17 cells, Menin
is primarily required for RNAPII accumulation and Ser-2/Ser-5
double phosphorylation at the /l17a gene locus.

STAT?3 directly regulates not only gene expression but also
epigenetic modifications of numerous genes involved in Th17
cell differentiation (37, 38). In the case of the II17a and Rorc
gene loci, STAT3 directly binds the promoter and also intergenic
regions and induces alterations to the epigenetic signature
of these genes. Consistent with these studies (37, 38), loss of
STATS3 resulted in the disappearance of IL-17A-producing cells
(Fig. S5 ;) The binding of STAT3 to 117a and Rorc gene loci in
Menin™~ Th17 cells was similar to that in WT cells (Fig. 83B).
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However, the binding of Menin to these loci in STAT3™~ Th17
cells was reduced (Fig. 85C). IL-6 stimulation alone could not
induce Menin accumulation at the 1/77a locus (Fig. 8513). These
results indicate that STAT3 binding to the Il/7a and Rorc gene
loci was independent of Menin expression, whereas STAT3 in
combination with TGF-f stimulation is required for the re-
cruitment of Menin to these two gene loci.

Menin Is Crucial for Maintaining the Expression of Rorc and Permissive
Histone Modifications at the Rorc Gene Locus in Differentiated Th17 Cells.
We have previously shown that, once Th2 cell differentiation
takes place, Gata3 expression and Th2 function is maintained via
recruitment of the Menin/TrxG complex to the Gata3 gene locus,
even in the absence of IL-4-mediated STATG activation (23).
We examined whether the expression of Rorc is maintained in
a similar fashion via the binding of the Menin/TrxG complex in
an IL-6/STAT3-independent manner. As TGF-1 has been
shown to be important, and IL-6 has been shown to be dis-
pensable for the maintenance of IL-17A expression by Th17 cells
(39), we cultured Th17 cells in the absence of IL-6 after the first
cycle of Thl17 differentiation. After initial differentiation, Th17
cells generated from WT T cells maintained the ability to pro-
duce IL-17A throughout two extra cycles of culture in the absence
of IL-6 (Fig. 44, Upper). Decreased numbers of 1L-17A~producing
cells and decreased expression of the I/17a gene were also ob-
served throughout the culture period in Menin™~ Th17 cells
compared with WT Th17 cells (Fig. 4 A, Lower, and B). The
addition of IL-6 or IL-23 to the second culture did not rescue the
number of IL-17A-producing Menin™" cells (Fig. $64; see 66.0%
vs. 32.6% or 67.0% vs. 36.1%). The levels of histone H3-K4Me3
and H3-K9Ac at the I117a gene locus were also lower in Menin™~
Th17 cells after the second cycle of culture without IL-6, and this
defect appeared to be even more pronounced compared with
that observed after initial differentiation (Figs. 3C, Left and 4C,
Left). The levels of H3-K27Me3 were also higher in Menin™ -
Th17 cells after secondary culture (Fig. 4C, Left). Expression of
Rorc in WT Th17 cells - was efficiently maintained, whereas Rorc
expression in Menin™~ Th17 cells was rapidly lost during ex-
tended culture in the absence of IL-6 (second and third cycles,
Fig. 4B). In addition, the levels of H3-K4Me3 and H3-K9Ac at
the Rorc gene locus in Menin™~ Th17 cells clearly decreased in

Rore locus J et Gz
Fig. 3. Menin is required for the formation of
permissive histone modifications and RNAPII accu-
mulation at the //717a locus. (A) Naive CD4 T cells
from WT or Menin-deficient mice were cultured
under Th17 conditions for 5 d. Expression of //17a
and Rorc mRNA were determined by quantitative

RT-PCR as described in Fig. 1A. Data from six in-
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dependent experiments with mean values are
shown. (B and C) The binding levels of Menin and
RNAPII, and modification of the histone H3-K4Me3,
H3-K9Ac, and H3-K27Me3 levels at several regions
around the //17a, Rorc, Actb (active), and Cc/2 (si-
lent) gene loci were determined by ChiP assays with
quantitative PCR (gPCR) analysis. For ChIP with
gPCR assay, percentages of input DNA ([specific
antibody ChIP — control Ig ChIP)/input DNA; mean
of three samples) is shown with SDs. (D and E)
Menin and RNAP!l binding or transcripts of the
/117a and Rorc genes were determined by gPCR in
WT Th17 cells stimulated with (+) or without ()
immobilized anti-TCRp mAb for 4 h. (F) RNAPII
binding was measured after 4-h restimulation
with TCRB in WT or Menin™" Th17 cells. Three in-
dependent experiments were performed with sim-
ilar results (B-F).
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the second cycle of culture (Fig. 4C, Mzddle) Furthermore, the
expression of RORyt protein in Menin ™~ Th17 cells was shown
to be decreased after the second cycle of cultivation (Fig. 4D).
Thus, these results indicate that Menin is essential for the main-
tenance of Rorc expression and permissive histone modifications
at the Rorc gene locus.

Discussion

Previous work has established that the MLL/Menin/TrxG com-
plex plays a critical role in the maintenance of Th2 cell function
in murine and human systems (17, 19, 23, 24, 40). We extended
this research and herein report a crucial role for Menin in the
regulation of Th17 cell differentiation and function. Our results
show that Menin bound to the IlI7a gene locus and induced
subsequent histone modifications at the I/17a locus together with
the expression of I{17g in the differentiation phase. Menin was
not required for the induction of permissive histone mod-
ifications at the Rorc gene locus. In sharp contrast to the initial
differentiation phase, Menin was required to preserve expression
of Roryt after differentiation. In vivo, Th17 cell-mediated neu-
trophilic airway inflammation was limited by the abrogation of
Menin in Th17 cells, suggesting a physiological role of Menin
in the regulation of IL-17-mediated pathology. Thus, these
results point to an important role for Menin in the regulation
of Th17 cell differentiation and function and also IL-17-
dependent pathology.

An interesting finding of the present study is that Menin
appeared to function differently at the I117a locus and the Rorc
locus during the initial Th17 cell differentiation phase. Menin
was not required for the induction of permissive histone mod-
ifications and transcriptional expression of the Rorc locus during
Th17 cell differentiation, even though Menin bound strongly to
the Rorc loci in WT Thl7 cells. In the case of Th2 cells, the
Menin/TrxG complex did not affect the expression of either the
Gata3 locus or Th2 cytokine loci during the naive to effector Th2
differentiation phase (23). The polycomb protein Ezh2, which
can antagonize TrxG function and specifically trimethylate
H3K27 to induce repressive histone modifications, appears to
regulate effector Th1/Th2 cell differentiation primarily via con-
trol of the expression of lineage-specific transcription factor
genes rather than the cytokine genes (18). Although the un-
derlying mechanisms that determine which genes the TrxG and
PcG complexes functionally target remain unclear, the binding
of these chromatin-modifying complexes alone does not always
correlate with the expected modification of histones or tran-
scription. Our preliminary results indicate that the II17f locus
behaves in a similar fashion to the Rorc locus in terms of the
binding of Menin and the state of histone modifications, i.e.,
Menin was not required for the induction of 1/17f expression and
permissive histone modifications in differentiating Th17 cells.
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In contrast to the initial induction phase of Th17 cell differ-
entiation, the Menin/TrxG complex plays a crucial role in the
maintenance of Rorc expression and permissive histone mod-
ifications that are required to support appropriate function of
Th17 cells. Indeed, IL-6 is required for the induction of Th17 cell
differentiation but not for the maintenance of Th17 function
(39), indicating that the underlying mechanisms governing the
expression of Rorc and [l17a are likely to be different between
the differentiation and maintenance phases. Our previous report
showed that the Menin/TrxG complex is essential to retain Gata3
expression after differentiation, whereas IL-4—mediated STAT6
activation is dispensable (23). GATA3 expression is required for
the maintenance of Th2 cell function during long-term culture
(23) and also during the memory phase in both mouse and hu-
man systems (24, 41). Our finding that STAT3 deficiency in Th17
cells results in impaired Menin binding to the IlI7a and Rorc
loci, indicates that STAT3 and TGF-p-mediated recruitment
of Menin is likely an important mechanism in the induction of
permissive histone modifications at these genes in differentiating
Th17 cells.

It has been reported that the Menin/TrxG complex binds to
DNA through RNAPII (22, 40). We demonstrate that Menin
directly bound to the IlI7a gene locus and induced permissive
histone modifications in differentiating Th17 cells (Fig. 3 and
Fig. 54). Menin may bind to DNA through low levels of RNAPII
bound to the Il17a gene locus in differentiating Th17 cells.
However, we also found that Menin is required for TCR
restimulation-induced RNAPII recruitment and Ser-2/Ser-5
double phosphorylation of RNAPII at the l17a gene locus that
accompanies the dramatic induction of [l17a expression after
TCR restimulation (Fig. 3E). This reveals a previously un-
identified unexpected mechanism for the Menin/TixG complex in
the regulation of gene expression, i.., Menin is essential for rapid
recruitment of the RNAPII transcription complex and high-level
transcription of target genes such as IlI7a. The sequential re-
cruitment of the Menin/TrxG complex and the RNAPII tran-
scription complex appears to be important to establish a fully
active transcriptional state capable of rapidly inducing target gene
expression after exposure to an external stimuli such as TCR
stimulation. It will thus be important to determine to what extent
Menin retains this function as a facilitator of RNAPII re-
cruitment at other genes and in other cell types.

We found that Th17 cell-mediated neutrophilic airway in-
flammation is markedly attenuated in the mice transferred with
Menin~~ Th17 cells and CD4-Cre*Menin™" mice (Fig. 2). The
dramatic effect observed in these experimental settings may re-
flect the decreased numbers of IL-17A—producing cells and also
the impaired maintenance of Th17 cell function of the Menin™'~
Th17 cells. Noneosinophilic asthma associated with neutrophilic
inflammation is generally refractive to treatment with steroids

2nd

Acth Colz Fig. 4. Menin™" Th17 cells fail to maintain the

expression of Rorc. (A and B) Th17 cells (first, sec-
ond, and third cycle) were generated as de-
scribed in Materials and Methods. IL-17A- and
IFN-y-secreting cells were assessed by FACS (A),
and //17a and Rorc mRNA expression were de-
termined by quantitative RT-PCR (B). Four in-
dependent experiments were performed with
similar results (A and B). Mean values with SDs
(n = 3) are shown (A). (C) The binding of Menin and
levels of histone modifications after the second
culture cycle at the indicated gene loci were de-
termined by ChIP assays with qPCR as described in
Fig. 3B. (D) The level of RORyt protein expression
were determined by FACS. Data are representative
of two independent experiments (C and D).
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(42, 43). Multiple mechanisms have been identified by which
Th17 cells can cause steroid-resistant asthma (44). It is recog-
nized that IL-17 family members induce granulopoiesis, neu-
trophil chemotaxis, and the antiapoptotic properties of G-CSF
(45, 46). Our study revealed that neutrophilic airway inflam-
mation induced by Th17 cells was attenuated in the mice trans-
ferred with Menin™~ Th17 cells and CD4-Cre*Menin™" mice.
Menin may also play an important role in some types of neu-
trophilic airway inflammation in humans.

In summary, our study highlights that Menin regulates both
the induction and maintenance of Th17 differentiation and func-
tion in vitro, and contributes II.-17-mediated pathogenicity in
vivo. Thus, the components of Menin/TrxG complex could rep-
resent unique therapeutic targets for the treatment of Th17 cell-
mediated steroid-resistant asthma in humans.

Materials and Methods

C57BL/6 and BALB/c mice were purchased from CLEA. Menin™ mice (47) were
purchased from The Jackson Laboratory and backcrossed at Chiba University
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