CIITA is a transcriptional coactivator
that is recruited to MHC class II
promoters by multiple synergistic
interactions with an enhanceosome

complex
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By virtue of its control over major histocompatibility complex class IT (MHC-II) gene expression, CIITA
represents a key molecule in the regulation of adaptive immune responses. It was first identified as a factor
that is defective in MHC-II deficiency, a hereditary disease characterized by the absence of MHC-II
expression. CIITA is a highly regulated transactivator that governs all spatial, temporal, and quantitative
aspects of MHC-II expression. It has been proposed to act as a non-DNA-binding transcriptional coactivator,
but evidence that it actually functions at the level of MHC-II promoters was lacking. By means of chromatin
immunoprecipitation assays, we show here for the first time that CIITA is physically associated with
MHC-II, as well as HLA-DM, Ii, MHC-I, and B,m promoters in vivo. To dissect the mechanism by which
CIITA is recruited to the promoter, we have developed a DNA-dependent coimmunoprecipitation assay and a
pull-down assay using immobilized promoter templates. We demonstrate that CIITA recruitment depends on
multiple, synergistic protein—protein interactions with DN A-bound factors constituting the MHC-II
enhanceosome. CIITA therefore represents a paradigm for a novel type of regulatory and gene-specific

transcriptional cofactor.
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Major histocompatibility complex class II (MHC-II) mol-
ecules are heterodimeric (o chain/B chain) cell-surface
glycoproteins specialized in the presentation of peptide
antigens to CD4" T helper cells. These molecules play
central roles in the initiation and propagation of CD4*
T-cell-mediated immune responses, as well as in the de-
velopment and homeostasis of the CD4" T-cell popula-
tion. Tightly regulated MHC-II expression therefore rep-
resents a key parameter in the control of the immune
response. This is exemplified by the fact that a lack of
MHC-II expression results in a severe immunodeficiency
disease, whereas inappropriate expression is associated
with autoimmune diseases. Elucidation of the mecha-
nisms that regulate MHC-II expression therefore repre-
sents a major challenge in molecular immunology and
immunopathology.

The genes encoding the a and B chains of all MHC-II
isotypes (HLA-DR, HLA-DQ, and HLA-DP) are in gen-
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eral coregulated. In addition, the genes encoding the in-
variant chain (Ii) and HLA-DM are coexpressed with
MHC-II genes. The latter play important accessory roles
for antigen presentation by MHC-II molecules. Two
modes of MHC-II, Ii, and HLA-DM expression, consti-
tutive and inducible, are generally recognized (Benoist
and Mathis 1990; Glimcher and Kara 1992; Ting and
Baldwin 1993; Mach et al. 1996; Boss 1997). Constitutive
expression is largely restricted to specialized cells of the
immune system, including thymic epithelial cells and
professional APC such as B cells, macrophages, and den-
dritic cells. The majority of other cell types lack MHC-II
molecules, but can be induced to express them by expo-
sure to various inducing agents, of which the most po-
tent and well known is interferon-y. Both modes of ex-
pression are controlled primarily at the level of transcrip-
tion.

The major transcriptional control element is a short
150-bp regulatory module that has been conserved in the
promoter proximal regions of all MHC-II, Ii, and HLA-
DM genes (Benoist and Mathis 1990; Glimcher and Kara
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1992; Ting and Baldwin 1993; Mach et al. 1996; Boss
1997). This regulatory module consists of four cis-acting
sequences known as the W, X, X2, and Y boxes, which
are conserved in their sequence, orientation, and spacing
with respect to each other. The W-X-X2-Y region be-
haves as a single functional unit in which all four ele-
ments contribute synergistically to optimal promoter ac-
tivity (Vilen et al. 1991, 1992; Reith et al. 1994b). Inter-
estingly, a conserved homologous region has also been
recently identified in promoters of the B,-microglobulin
(Bom) and MHC-I genes (van den Elsen et al. 1998).
MHC-I and B,m form heterodimers that are exposed at
the cell surface and present antigens to CD8" T lympho-
cytes. Contrary to MHC-II, MHC-I and B,m genes are
constitutively expressed in virtually all nucleated cells,
and their transcription is predominantly driven by cis-
acting sequences situated outside of the W-X-X2-Y re-
gion (David-Watine et al. 1990; Singer and Maguire 1990;
Ting and Baldwin 1993). Not surprisingly, the homology
between MHC-I and MHC-II promoters has long escaped
attention.

A great deal of our current understanding of the mo-
lecular machinery that regulates transcription of MHC-II
genes has come from studies of the defects underlying
MHC-II deficiency (also called the Bare Lymphocyte syn-
drome), which is a hereditary disease of MHC-II gene
regulation (de Preval et al. 1985; Mach et al. 1996). Elu-
cidation of the molecular basis for MHC-II deficiency
has led to the identification of CIITA and RFX, two es-
sential transactivators of MHC-II expression (Mach et al.
1996). RFX is a ubiquitously expressed X box-binding
protein consisting of three subunits called RFX5,
RFXAP, and REXANK (REX-B| (Reith et al. 1988; Steimle
et al. 1995; Durand et al. 1997; Masternak et al. 1998;
Nagarajan et al. 1999). RFX binds in concert with two
other transcription factors, NF-Y and X2BP, which rec-
ognize, respectively, the Y and X2 boxes of MHC-II, Ii,
and HLA-DM promoters. NF-Y (CBF, CP1) is a well char-
acterized, ubiquitous CCAAT-binding protein that asso-
ciates with a wide variety of eukaryotic RNA Pol II pro-
moters (Maity and De Crombrugghe 1998; Mantovani
1999). The X2-binding protein (X2BP) belongs to a large
family of bZip transcription factors. A number of these
factors are capable of binding to the X2 boxes of MHC-II
promoters in vitro (Benoist and Mathis 1990; Mach et al.
1996; Boss 1997) and the precise identity of X2BP has for
long remained unclear. At least one member of the bZip
family, the cAMP responsive element-binding protein 1
(CREB-1), may be considered as a bona fide candidate for
X2BP, because chromatin immunoprecipitation experi-
ments demonstrated that it associates with MHC-II pro-
moters in vivo (Moreno et al. 1999). CREB-1 also acti-
vated transcription of a reporter gene in an X2-dependent
manner (Moreno et al. 1999).

Binding of RFX, X2BP, and NF-Y to the promoter DNA
is highly cooperative and results in the formation of a
remarkably stable higher-order nucleoprotein complex
(Reith et al. 1994a,b; Louis-Plence et al. 1997) that can be
regarded as the MHC-II enhanceosome (Thanos and Ma-
niatis 1995). In the absence of RFX, the enhanceosome
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cannot form such that MHC-II promoters remain unoc-
cupied in vivo (Kara and Glimcher 1991, 1993). Enhan-
ceosome assembly is essential but not sufficient for
MHC-II expression, which ultimately depends on CIITA
(Steimle et al. 1993), a highly regulated master control
factor that determines the level, cell type specificity, in-
ducibility, and extinction of MHC-II expression (Steimle
et al. 1993, 1994; Silacci et al. 1994; Mach et al. 1996;
Boss 1997; Otten et al. 1998). The complex control of
CIITA transcription is in its turn achieved by the differ-
ential activation of multiple alternative promoters
(Muhlethaler-Mottet et al. 1997).

The biological role of CIITA as a master controller of
MHC-II genes has now been firmly established. On the
other hand, despite >6 years of research, relatively little
has been learned about its mode of action. CIITA does
not bind to DNA (Steimle et al. 1993). Instead, it is be-
lieved to function as a transcriptional coactivator that is
recruited to MHC-II promoters by interactions with pro-
moter-bound factors (Riley et al. 1995; Zhou and
Glimcher 1995; Scholl et al. 1997; Brown et al. 1998).
However, data supporting this hypothetical working
model has remained disappointingly indirect. Evidence
consistent with the model was provided by studies sug-
gesting that CIITA contains amino-terminal acidic and
proline/serine/threonine-rich transcription activation
domains that can contact general transcription factors
and coactivators (Riley et al. 1995; Zhou and Glimcher
1995; Bontron et al. 1997b; Chin et al. 1997; Mahanta et
al. 1997; Brown et al. 1998; Kretsovali et al. 1998; Wright
et al. 1998; Fontes et al. 1999). On the other hand, no
convincing proof for a direct physical interaction be-
tween CIITA and MHC-II promoter-binding factors has
yet been provided. Here we demonstrate that CIITA is
associated with MHC-II and related promoters in living
cells. CIITA recruitment is mediated by multiple weak
interactions between its carboxy-terminal moiety and
several different components of the MHC-II enhanceo-
some. RFX, NF-Y, X2BP, and W box-binding proteins all
participate in the generation of the CIITA interaction
surface.

Results

CIITA is recruited to MHC-II and related promoters

in vivo

To determine whether CIITA is physically associated
with MHC-II promoters in living cells, we performed
chromatin immunoprecipitation assays (Orlando et al.
1997). Briefly, formaldehyde cross-linked chromatin
fragments were isolated from B cells, immunoprecipi-
tated with antibodies directed against CIITA, and ana-
lyzed by PCR for the presence of specific DNA sequences
corresponding to various promoters. The experiments
were performed in parallel with two B-cell lines, RJ2.2.5
and RJ6.4. RJ2.2.5 is a mutant MHC-II-negative cell line
lacking CIITA (Steimle et al. 1993). RJ6.4 was generated
by stable complementation of RJ2.2.5 with a CIITA ex-
pression vector and is MHC-II positive. The promoters of
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three MHC-II genes (HLA-DRA, HLA-DRB1, and HLA-
DPB1) were analyzed. All MHC-II promoters were im-
munoprecipitated with anti-CIITA antibodies in experi-
ments performed with RJ6.4 cells, but not with RJ2.2.5
cells (Fig. 1). This demonstrates for the first time that
CIITA is recruited to MHC-II promoters in vivo. Addi-
tionally, CIITA was found to be physically associated
with other promoters containing the W-X-X2-Y homol-
ogy region, such as the promoters of the class II-related
genes HLA-DMB and Ii, the MHC-I genes HLA-A and
HLA-B, and the B,m gene (Fig. 1).

In parallel, we also performed chromatin immunopre-
cipitation assays to analyze the binding of RFX, a well-
established component of the MHC-II enhanceosome.
As expected, all of the MHC-II and related promoters
were immunoprecipitated with anti-RFX5 antibodies. In
contrast to CIITA, however, the association of RFX with
these promoters was equivalent in RJ6.4 and RJ2.2.5
cells (Fig. 1). This is consistent with previous in vivo
footprinting studies demonstrating that the enhanceo-
some is a stable feature of MHC-II promoters in B cells,
and that its assembly in these cells is independent of the
presence of CIITA (Kara and Glimcher 1991). The B-cell-
specific promoter III of the MHC2TA gene (Muhlethaler-
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Figure 1. CIITA is associated with MHC-II and related promot-
ers in vivo. Cross-linked chromatin isolated from CIITA-posi-
tive RJ6.4 cells and CIITA-deficient RJ2.2.5 cells was immuno-
precipitated with antibodies against CIITA and RFX5. Immuno-
precipitates were analyzed by PCR for the presence of promoter
sequences of the MHC-II genes HLA-DRA, HLA-DRB1, and
HLA-DPBI, class II-associated genes HLA-DMB and Ii, MHC-I
genes HLA-A and HLA-B, and the B,m gene. Input chromatin
(Total) and a sample without chromatin (-) were included as
PCR controls. PCR amplification of promoter III of the
MHC2TA gene (CIITA pr. III) was used as a control for the
specificity of the immunoprecipitation.
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Mottet et al. 1997; Ghosh et al. 1999) is not activated by
RFX or CITA and was not immunoprecipitated with
either the CIITA or RFX5 antibodies (Fig. 1). This con-
firms the specificity of the assay.

CIITA binds to the assembled MHC-II enhanceosome

Classical protein—protein interaction studies have, to a
large extent, failed to demonstrate direct contacts be-
tween CITA and individual MHC-II promoter-binding
proteins. There is, in fact, only one report suggesting the
existence of an interaction between CIITA and RFX5.
However, this study was not conclusive because the in-
teraction was observed with a severely truncated non-
functional version of RFX5, but not with the full-length
wild-type RFX5 protein (Scholl et al. 1997). We hypoth-
esized that the failure to demonstrate interactions be-
tween CIITA and isolated MHC-II promoter-binding fac-
tors reflects the weakness of individual interactions. Ef-
ficient recruitment of CIITA may require the synergistic
contribution of several weak contacts with multiple
components of the MHC-II enhanceosome. To test this
possibility, we set out to analyze the interaction of
CIITA with the entire enhanceosome, rather than with
isolated factors. Enhanceosomes were allowed to as-
semble with crude B-cell extracts and DNA templates
encompassing the W-X-X2-Y region of the HLA-DRA
promoter (Fig. 2A). After enhanceosome formation, pro-
teins were immunoprecipitated with anti-CIITA anti-
bodies (Fig. 2B, lane 1), with antibodies directed against
the RFXAP subunit of the RFX complex (lane 3), or with
preimmune serum (lane 5). In negative control reactions,
HLA-DRA promoter fragments were replaced by random
DNA (Fig. 2B, lanes 2,4,6). Immunoprecipitates were
analyzed for the presence of CIITA, RFX, and NF-Y. The
latter two factors are well-defined components of the
enhanceosome and are both stable heterotrimeric com-
plexes. To detect RFX and NF-Y by immunoblot, we
therefore used antibodies specific for the RFX5 and NF-
YB subunits. Efficient coimmunoprecipitation of RFX,
NF-Y, and CIITA is observed only when the promoter
DNA template was included (Fig. 2B, lanes 1,3). It is not
observed in control reactions lacking the promoter tem-
plate (Fig. 2B, lanes 2,4). The trace amounts of CIITA
apparent in the RFXAP immunoprecipitation done with-
out promoter template (lane 4) do not reflect a specific
RFX-CIITA interaction because they are also seen with
preimmune serum (Fig. 2B, lanes 5,6). In contrast, the
small amount of NF-Y that copurified with RFX in the
absence of DNA template (lane 4) is not observed with
preimmune serum (Fig. 2B, lanes 5,6). This suggests that
a weak interaction between these two proteins occurs in
solution, which is in line with previous observations
(Wright et al. 1994).

The DNA-dependent coimmunoprecipitation experi-
ments demonstrated formally that at physiological con-
ditions found in cell extracts, CIITA interacts physically
with the assembled enhanceosome rather than with iso-
lated components such as RFX or NF-Y. To confirm the
interactions observed in DNA-dependent coimmunopre-
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Figure 2. CIITA interacts with the MHC-II enhanceosome. (A)
The -150 to -30 HLA-DRA promoter fragment used for enhan-
ceosome assembly contains the W, X, X2, Y, and octamer (O)
sequences. Factors (RFX, X2BP, NF-Y, OCT, OBF-1) binding to
these sequences are shown. The W-binding factor remains un-
defined. (B) DNA-dependent coimmunoprecipitation of enhan-
ceosome components and CIITA. RJ6.4 extract was incubated
with the HLA-DRA promoter fragment shown above (A). Pro-
tein complexes assembled on promoter DNA templates (+) or in
the presence of nonspecific DNA (-) were immunoprecipitated
with antibodies against CIITA, the RFXAP subunit of RFX, or
preimmune serum (P.I.). Immunoprecipitates were analyzed by
immunoblotting with antibodies against CIITA, RFX5, and the
B subunit of NF-Y. (C) Recruitment of CIITA to HLA-DRA
promoter fragments immobilized on magnetic beads. RJ6.4 ex-
tract (Input) was subjected to a pull-down assay with immobi-
lized promoter DNA templates (+DNA) or with empty magnetic
beads (-DNA). Proteins purified on magnetic beads were ana-
lyzed by immunoblotting for the presence of CIITA, RFX5,
RFXAP, and NF-YB. A total of 1% of the input extract was
analyzed in parallel to visualize the enrichment obtained.

cipitation experiments, we developed a pull-down assay
using HLA-DRA promoter templates immobilized on
magnetic beads (Fig. 2C). Recruitment of CIITA to the
enhanceosome is demonstrated by copurification of
CIITA with RFX and NF-Y from a B-cell extract that was
incubated with the immobilized templates (Fig. 2C, lane
2). CIITA recruitment occurred also in extracts from
MHC-II-negative fibroblasts transfected with CITA
(data not shown), indicating that the enhanceosome
components required for recruitment are not B-cell-spe-
cific. This is consistent with the finding that transfec-
tion of CIITA is sufficient to activate MHC-II expression
in various MHC-II-negative cells (Silacci et al. 1994;
Mach et al. 1996; Boss 1997; Piskurich et al. 1999; Villard
et al. 1999). The interactions observed in the pull-down
assay between promoter DNA, enhanceosome compo-
nents, and CIITA are specific, as no purification of any of
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the factors was observed when empty magnetic beads
were used (Fig. 2C, lane 3) or when a nonspecific DNA
was used as immobilized template (data not shown). The
specificity of the assay for CIITA and enhanceosome
components was further demonstrated by the fact that
different unrelated factors, such as the transcription fac-
tor JunB, subunits of TFIID (TBP, TAF250), or the coac-
tivator CBP, were not purified by this procedure (data not
shown).

Recruitment of CIITA to the promoter requires
multiple enhanceosome components

To identify sequence elements critical for CIITA recruit-
ment, mutated HLA-DRA promoter templates were im-
mobilized on magnetic beads and tested in pull-down
assays. Mutations of the W, X2, and Y boxes all strongly
reduced CIITA recruitment (Fig. 3A, lanes 3,5,6 and B,
lane 4). The Y mutation specifically eliminated binding
of NF-Y, indicating that this protein is crucial. The dras-
tic effect of the W and X2 mutations also demonstrates
the importance of X2BP and W-binding factors for CIITA
recruitment. These factors are likely to provide direct
contacts with CIITA because the X2 and W mutations
did not interfere with binding of RFX or NF-Y. The W-
binding factor could not be assayed because its identity
remains unknown. Concerning X2BP, a recent report has
proposed that it contains CREB-1 (Moreno et al. 1999).
We observed some X2 box-dependent binding of CREB-1
to the HLA-DRA promoter templates in the pull-down
assay (Fig. 3B, cf. lanes 2,3 with 4). However, in contrast
to RFX and NF-Y, CREB-1 was not enriched in the pull-
down assay (Fig. 3B, cf. lanes 1 and 2). Moreover, the
efficiency of CITA recruitment was not affected in
CREB-1-depleted extracts (data not shown), which sug-
gests that CREB-1 is not obligatory for enhanceosome
formation and CIITA recruitment. Perhaps X2BP func-
tion can also be provided by other members of the CREB/
ATF family of transcription factors.

The octamer-binding site of the HLA-DRA promoter
is required for maximal expression in B cells (Sherman et
al. 1989; Tsang et al. 1990) and has been proposed to bind
the lymphoid-specific factor Oct-2 (Abdulkadir et al.
1995) together with the coactivator OBF-1, also referred
to as Bob-1 or OCA-B (Gstaiger et al. 1995; Luo and
Roeder 1995; Strubin et al. 1995; Fontes et al. 1996). The
fact that OBF-1 is retained on the HLA-DRA promoter
fragment in our pull-down assay is consistent with this
hypothesis (Fig. 3A, lane 2). Binding of OBF-1 to the pro-
moter does not require CIITA, because the loss of CIITA
recruitment does not affect binding of OBF-1 (Fig. 3A,
lanes 3,5,6). To study the potential role of octamer-bind-
ing proteins in CIITA recruitment, we performed pull-
down assays with a promoter fragment lacking the oct-
amer site. Removal of the octamer site abolished reten-
tion of OBF-1, but had no detectable effect on binding of
CIITA (Fig. 3A, lane 7). We conclude that the octamer
site and its cognate activator proteins are not required for
tethering of CIITA to the promoter. This is not surpris-
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Figure 3. Recruitment of CIITA requires multiple promoter
binding factors. (A,B) Mutations in the W, X, X2, or Y boxes, and
a deletion of the octamer site (AO), were tested for their effect
on CIITA recruitment in a promoter pull-down assay. Mutated
or wild-type (wt) promoter fragments immobilized on magnetic
beads were incubated with RJ6.4 extract and the purified pro-
teins were analyzed by immunoblotting with CIITA, RFX5, NF-
YB, and OBF-1 antibodies (A) or with CIITA, RFX5, NF-YB, and
CREB-1 antibodies (B); (n.s.) nonspecific signal. A total of 3% (A)
or 1% (B) of the input extract were run in parallel (lane 1). (C)
Mutations in the W, X2, or Y boxes were tested for their effect
on the cooperative retention of RFX on a HLA-DRA promoter
template containing a mutated X box. Wild-type (wt) HLA-DRA
promoter fragments, or promoter fragments carrying mutations
in selected sequences (boxes), were tested in a pull-down assay
as in A. Five percent of the input extract was loaded in lane 1.

ing considering the fact that the HLA-DRA promoter is
the only MHC-II promoter that contains an octamer site.

Unexpectedly, the X mutation had no effect on CIITA
recruitment. However, this was not informative with re-
spect to the role of RFX in CIITA recruitment, because
the X mutation did not eliminate binding of RFX (Fig.
3A, lane 4 and B, lane 3). The lack of effect of the X
mutation on binding of RFX in the pull-down assay was
unanticipated, because the same mutation is known to
abolish binding of RFX in gel-retardation experiments
(Reith et al. 1994b). It seemed likely that the explanation
for this discrepancy resides in the strong cooperative
binding interactions that RFX entertains with other en-
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hanceosome components (Reith et al. 1994a,b; Louis-
Plence et al. 1997). These interactions could be sufficient
to retain RFX on the promoter despite the mutated X
box. Interactions with NF-Y and X2BP were demon-
strated previously to stabilize binding of RFX to severely
mutated X boxes as well as to the natural low-affinity X
boxes present in many MHC-II promoters, such as those
of the HLA-DQA, HLA-DPB, and HLA-DRB genes
(Reith et al. 1994a; Louis-Plence et al. 1997). We have
actually shown here that binding of RFX to such low-
affinity target sites occurs readily in vivo (see Fig. 1). To
establish the contribution of particular enhanceosome
components to the retention of RFX on the mutated X
box, we introduced additional mutations into the HLA-
DRA promoter and analyzed these multiple-mutated
templates in a pull-down experiment (Fig. 3C). Binding
of RFX to an X box-mutated template (Fig. 3C, lane 4)
was nearly abolished by a concomitant Y-box mutation
(lane 7). This is not surprising, as RFX binding in vitro
and in vivo is known to be stabilized by NF-Y (Reith et
al. 1994b; Wright et al. 1994). RFX binding was also re-
duced by the W-box mutation (lane 5), whereas the effect
of the X2-box mutation was less apparent (lane 6). As
anticipated from previous studies (Kobr et al. 1990), the
wild-type X box of the HLA-DRA promoter was suffi-
cient for RFX binding independently of the W, X2, and Y
boxes (Fig. 3C, lane 3). Unsurprisingly, none of the mul-
tiple-mutated templates was able to sustain CIITA re-
cruitment (Fig. 3, lanes 3,5-7), whereas OBF binding re-
mained unaffected by the mutations in the W, X, X2, and
Y boxes.

To determine whether the RFX complex is actually
required for CIITA recruitment, we used cell lines de-
rived from MHC-II deficiency patients having mutations
in the genes encoding its three subunits (Steimle et al.
1995; Durand et al. 1997; Masternak et al. 1998; Naga-
rajan et al. 1999). Binding of RFX and recruitment of
CIITA were not observed in pull-down assays performed
with extracts from the RFX5-deficient cell line SJO
(Steimle et al. 1995). Similar results were obtained with
cell lines lacking REXAP or RFXANK (data not shown).
Binding of RFX, recruitment of CIITA, and MHC-II ex-
pression were restored in SJO cells complemented with
RFX5 (Fig. 4A,B). This confirms that incorporation of
RFX into the enhanceosome is essential for recruitment
of CIITA and promoter activation.

Interactions of CIITA mutants with the enhanceosome

To determine the molecular basis of the phenotypes ex-
hibited by known CITA mutants, we performed pro-
moter pull-down assays with a CIITA-deficient cell ex-
tract (R]J2.2.5) that was supplemented with recombinant
wild-type or mutant CIITA proteins expressed in a Vac-
cinia virus-T7 RNA polymerase system (Fuerst et al.
1986). Two dominant-negative mutants (Bontron et al.
1997b) lacking the amino-terminal transcription activa-
tion domains were tested (Fig. 5A). Transfection of
MHC-II-positive cells with NLS-L335 and NLS-D5 leads
to a tenfold reduction in MHC-II expression (Bontron et
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Figure 4. RFX is essential for CIITA recruitment and MHC-II
expression. (A) Pull-down assays were performed with the wild-
type promoter and extracts from SJO cells or SJO cells trans-
fected with RFX5. A total of 2% of the input extract (-) and
proteins purified by the pull-down assay (+) are shown. (B)
MHC-II expression was analyzed by flow cytometry in SJO cells
(open profile) and complemented SJO cells (gray profile).

al. 1997b). NLS-D5 and NLS-L335 retained the ability to
bind to the enhanceosome, indicating that the carboxy-
terminal moiety of CIITA is sufficient for this function
(Fig. 5C). Remarkably, recruitment of NLS-D5 and NLS-
L335 was considerably more efficient than that of wild-
type CIITA, indicating that their dominant-negative
phenotype can be explained by an increased affinity for
the enhanceosome. This would lead to competitive in-
hibition of wild-type CIITA recruitment in transfected
cells, which typically express the mutant proteins at lev-
els greater than that of the endogenous protein (Bontron
et al. 1997D).

Two loss-of-function mutants isolated from MHC-II
deficiency patients BLS-2 and BCH (Steimle et al. 1993;
Bontron et al. 1997a) were also tested. They contain
small in-frame deletions situated adjacent to or within a
putative protein-protein interaction domain consisting
of leucine-rich repeats. The BCH and BLS-2 mutants
were recruited less efficiently than wild-type CIITA (Fig.
5D). Deletion of sequences involved in recruitment thus
accounts, at least in part, for their loss-of-function phe-
notype. However, additional functions of CIITA could
also be affected by these mutations. For instance, a re-
cent report has indicated that the BLS-2 mutation affects
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nuclear import (Cressman et al. 1999). The finding that
the BLS-2 and BCH mutations inhibit recruitment only
partially suggests that CIITA contains more than one
region involved in binding to the enhanceosome. This is
in agreement with the fact that multiple DNA-binding
proteins form the landing pad for CIITA (Figs. 3,4).

Discussion

The data presented in this study demonstrate that, at
physiological concentrations, CIITA recruitment to the
MHC-II enhanceosome requires multiple protein—pro-
tein interactions with the DNA-bound activators (Figs.
3,4). Factors binding to the W, X, X2, and Y sequences are
all involved in creating the CIITA docking interface (Fig.
6). The contribution of these proteins is synergistic be-
cause elimination of any one of them leads to a dramatic
loss of recruitment. This explains previously published
data demonstrating that CIITA exerts its function via all
of these four promoter elements (Riley et al. 1995; Zhou
and Glimcher 1995; Brown et al. 1998).

Each individual interaction between CIITA and one of
the isolated enhanceosome components is too weak on
its own to permit recruitment in vivo. Interactions be-
tween CIITA and RFX in solution, or between CIITA and
NF-Y, are not observed in coimmunoprecipitation ex-
periments performed with cell extracts containing physi-
ological concentrations of these proteins (Fig. 2). To de-
tect these interactions by coimmunoprecipitation, it is
necessary to work with extracts in which the interaction
partners are strongly overexpressed (S. Hake and V.
Steimle, in prep.). When overexpressed, we found that
CIITA can interact with two RFX subunits (RFX5 and
RFXANK) and two NF-Y subunits (NF-YB and NF-YC),
thereby confirming the existence of multiple CIITA-en-
hanceosome contacts (S. Hake and V. Steimle, in prep.).
Although the W and X2 boxes are essential for recruit-
ment, physical interactions between CIITA and the W-
and X2-binding factors have not been assayed.

The carboxy-terminal region of CIITA is required for
recruitment (Fig. 5D), a finding that is consistent with

A B
acidic P/S/T GTP LLR
{:; N _.-. : : c Figure 5. Mutations of CIITA affecting recruit-
L335 — — ment. (A) Schematic representation of wild-type
(wt) and mutant CIITA proteins. The acidic and
BLS2 O e — | - proline/serine/threonine rich activation domains,
BCH [ ¥ ' 100 10! T0° 04 GTP-binding cassette, and leucine-rich repeat re-
gion (LRR) are indicated. (B) MHC-II expression
was analyzed by flow cytometry in RJ2.2.5 cells
C D (open profile) and Raji cells transfected with empty
——recombinant CITA— ——recombinant CITA—  expression vector (gray profile) or NLS-L335 (black
wt A5 L335 wt BLS-2 profile). (C,D) Pull-down assays were performed
pulldown: - + - + - 4 pulldown: - + " T4 with RJ2.2.5 extracts supplemented with the indi-
CITA Wt » == CIITA - cated recombinant CIITA proteins. A total of 1%
CliTAdn } el - of the input extract (-) and proteins purified by the
REX5F == - 8 RFX5 - - @ pull down assay (+) were analyzed by immunoblot-
ting. In C, a carboxy-terminal-specific CIITA anti-
NF-YB - - - NF-YB - - -

body was used for immunoblotting.
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MHC class Il
DM, li

Figure 6. Recruitment of CIITA to MHC-II promoters. A pro-
totypical MHC-II promoter (HLA-DRA) is represented sche-
matically with the W, X, X2, and Y sequences conserved in all
MHC-II, Ii, and HLA-DM promoters. RFX, X2BP, NF-Y, and an
as yet undefined W-binding protein bind cooperatively to these
sequences and assemble into a stable higher order nucleoprotein
complex referred to here as the MHC-II enhanceosome. CIITA
is tethered to the enhanceosome via multiple weak protein—
protein interactions with the W, X, X2, and Y-binding factors.
The octamer site found in the HLA-DRA promoter (O), and its
cognate activators (Oct and OBF-1) are not required for recruit-
ment of CIITA. CIITA is proposed to activate transcription (ar-
row) via its amino-terminal activation domains (AD), which
contact the RNA polymerase II basal transcription machinery.

previous experiments demonstrating that this region of
CIITA mediates specificity for MHC-II promoters (Zhou
and Glimcher 1995). We show that at least part of the
CIITA-enhanceosome interactions must involve the leu-
cine-rich repeat (LRR) region of CIITA, which is a known
protein—protein interaction motif. Mutations within or
near this region reduce the efficiency of recruitment (Fig.
5D). The latter result is in agreement with the fact that
the LRR motif is essential for the function of CIITA
(Bontron et al. 1997a). However, as pointed out earlier,
an inhibition of CIITA recruitment may not be the sole
consequence of mutations affecting the LRR region. A
recent report has demonstrated that the LRR region is
also involved in nuclear import (Cressman et al. 1999).

Multiple CITA-enhanceosome interactions are ex-
pected to exert a reciprocal stabilization effect. They
would not only enhance binding of CIITA, but also con-
tribute to promoter occupancy by stabilizing interac-
tions between the components of the enhanceosome.
Stabilization of the enhanceosome by CIITA could un-
derlie a number of unexplained observations. First, in
certain cell types, in vivo occupation of MHC-II promot-
ers requires expression of CIITA (Silacci et al. 1994;
Wright et al. 1998; Villard et al. 1999). Second, in some
RFX-deficient cells, overexpression of CIITA leads to a
partial rescue of MHC-II expression (van den Elsen et al.
1998). Finally, Rfx5~/~ mice exhibit residual MHC-II ex-
pression in such cell types as activated B cells and den-
dritic cells, which are likely to express high levels of
CIITA (Clausen et al. 1998).

Under the conditions used here for the promoter pull-
down assays, typically <1% of the CIITA was recruited
to the wild-type HLA-DRA template. This modest effi-
ciency reflects the low affinity of the CIITA-enhanceo-
some interaction. The concentration of CIITA was found
to be the limiting factor for the interaction (data not
shown). This is consistent with previous findings indi-
cating that the levels of CIITA and MHC-II expression
show a nearly linear correlation in vivo (Otten et al.
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1998). The low affinity of the CIITA-enhanceosome in-
teraction ensures that the level of MHC-II expression is
proportional to the CIITA concentration. In fact, a high-
affinity interaction between CIITA and the enhanceo-
some would not have been expected because this would
not permit quantitative control of MHC-II expression.

The approaches we have developed here can now be
exploited to address a number of subsequent unresolved
issues concerning the mode of action of CIITA. These
include which additional known or unknown factors it
brings to the MHC-II promoter, which general transcrip-
tion factors it is capable of recruiting, and how it col-
laborates with the other enhanceosome components to
activate transcription. They will also contribute to the
identification of the functionally relevant W-binding fac-
tor. The data presented here demonstrate that the ability
to collaborate with RFX, X2BP, and NF-Y in tethering
CIITA to MHC-II promoters must represent a key char-
acteristic of a candidate W-binding factor.

Synergistic recruitment by DNA-bound activators is
characteristic for the RNA Pol II general transcription
factor complex (Carey 1998). This mechanism has also
been described recently for recruitment of the RNA Pol
Il holoenzyme-associated general coactivators CBP/p300
to the interferon-B enhanceosome (Merika et al. 1998).
CIITA however, is a gene-specific regulatory factor and is
not known to be associated with the general transcrip-
tion machinery. The type of recruitment described here
for CIITA has not been documented previously for other
regulatory factors functioning as transcriptional coacti-
vators.

Coactivators are usually ubiquitously expressed pro-
teins that are pleiotropic in their function, and are re-
cruited to many unrelated promoters by interactions
with a diverse array of DNA-bound activators (Roeder
1998; Wu and Hampsey 1999; Xu et al. 1999). In general,
coactivators simply serve as relays or effectors mediating
chromatin remodeling or transcription activation
(Roeder 1998; Xu et al. 1999); they usually do not play a
regulatory role. Regulation is instead almost invariably
achieved by the combinatorial control exerted by mul-
tiple DNA-binding activators assembling on promoters
and/or enhancers (Carey 1998). The situation is strik-
ingly different in the MHC-II system, in which transcrip-
tional regulation relies entirely upon a coactivator. The
MHC-II enhanceosome consists of constitutively ex-
pressed DNA-binding proteins. In contrast, CIITA is ex-
pressed in a complex and highly regulated pattern that
governs all spatial, temporal, and quantitative aspects of
MHC-II expression (Steimle et al. 1994; Mach et al. 1996;
Boss 1997; Otten et al. 1998). CIITA is thus a paradigm
for a novel type of coactivator that acts both as a master
regulator exerting a tight qualitative and quantitative
control, and as a specificity factor recognizing the pro-
moter via the macromolecular surface of the enhanceo-
some. This finding raises a number of intriguing and un-
resolved questions. Why has the mechanism controlling
MHC-II expression evolved such a strict dependence on
a coactivator rather than relying on DNA-binding acti-
vators as is the most common situation in other sys-



tems? Is this situation unique, or have cofactors with
similar properties not yet been identified in other sys-
tems? Examples of other coactivators that share some of
the unique features of CIITA are rare. These include tis-
sue-specific cofactors, such as OBF-1 (Bob-1, OCA-B) in B
cells (Gstaiger et al. 1995; Luo and Roeder 1995; Strubin
et al. 1995), ACT in testis (Fimia et al. 1999), and PGC-1
in brown adipose cells (Puigserver et al. 1998). Like
CIITA, these coactivators exhibit a restricted pattern of
expression and show selectivity with respect to the
DNA-bound activators with which they interact.

We show here that CIITA is recruited in vivo to the
promoters of the coregulated MHC-II, Ii, and HLA-DM
genes (Fig. 1). However, CIITA and RFX were also found
to be associated with the promoters of the B,m and
MHC-I genes, which share the W-X-X2-Y homology re-
gion, but are not coregulated with MHC-II genes. MHC-I
transcription depends, to a large extent, on cis-acting se-
quence elements that lie outside of the W-X-X2-Y region
(David-Watine et al. 1990; Singer and Maguire 1990;
Ting and Baldwin 1993). Functional evidence for the in-
volvement of CIITA in the regulation of MHC-I expres-
sion is conflicting. On one hand, CIITA up-regulates
MHC-I expression in cell lines that express MHC-I at
low levels, and has been shown to activate MHC-I pro-
moter-driven reporter gene expression in transient co-
transfection assays (Gobin et al. 1997; Martin et al.
1997). On the other hand, MHC-I expression is affected
neither in CIITA knockout mice (Chang et al. 1996;
Williams et al. 1998; Itoh-Lindstrom et al. 1999), nor in
cell lines derived from MHC-II deficiency patients in
group A (Mach et al. 1996). Thus, the effect of CIITA on
MHC-I expression may vary, depending on the species,
genetic background, and cell type, confirming that the
regulatory pathway implicating CIITA plays only an ac-
cessory role in the system. Further studies will be needed
to determine the actual importance of this pathway for
MHC-I expression in vivo. Apart from its fundamental
role in MHC-II expression, and a possible involvement in
fine tuning of MHC-I expression, CIITA may be impli-
cated in the regulation of other genes as well. A recent
report suggests that CIITA down-regulates the expres-
sion of Interleukin 4 and possibly other cytokines during
T-cell differentiation (Gourley et al. 1999).

Via its decisive control over MHC-II expression,
CIITA plays a key role in the regulation of adaptive im-
mune responses. We demonstrated here that CIITA in-
teracts with a macromolecular complex assembled on
MHC-II promoters. In the future, defining the protein-
protein contacts that contribute to CIITA recruitment
will be of major medical relevance. This is anticipated to
lead to the development of novel immunosuppressive
drugs that function by interfering with these protein—
protein interactions.

Materials and methods

Cell lines, transfections, and flow cytometry

The B-cell lines Raji, RJ2.2.5, SJO, and SJO transfected stably
with RFX5 have been described (Accolla 1983; Steimle et al.

Recruitment of CIITA to MHC promoters

1993, 1995; Villard et al. 2000). The RJ6.4 cell line was produced
by stable transfection of RJ2.2.5 with CIITA tagged at its amino
terminus with a haemagglutinin epitope. Cell culture, transfec-
tions, selection with hygromycin, and flow cytometry using
HLA-DR antibodies were done as described (Steimle et al. 1993;
Durand et al. 1997; Bontron et al. 1997b).

Chromatin immunoprecipitation assay

Chromatin was prepared as described (Orlando et al. 1997) with
several modifications. B cells (4 x 10%) were treated with 1%
formaldehyde for 10 min at room temperature. Glycine was
added to 0.125 M to stop the cross-linking. The cells were
washed once with cold PBS and lysed in TE buffer (10 mm Tris-
HCI at pH 8.0, 1 mm EDTA) containing protease inhibitors and
0.5% NP-40. Nuclei were pelleted and lysed in TE buffer con-
taining 0.5 M NaCl, 1% Triton X-100, 0.5% sodium deoxycho-
late, and 0.5% sarcosyl. Cross-linked chromatin was resus-
pended in TEN buffer (10 mm Tris-HCI at pH 8.0, 1 mm EDTA,
100 mm NaCl), sheared by sonication, and cleared by 2 cycles of
centrifugation at 15,000g for 15 min. The resulting chromatin
supernatant was supplemented with 0.1% sarcosyl and stored at
-70°C. Immunoprecipitations were done at room temperature.
Chromatin supernatant ([2.5 pg, corresponding to 3 million
cells) was diluted 10 times with IP buffer (20 mm Tris-HCI at pH
8.0, 200 mm NaCl, 2 mm EDTA, 0.1% sodium deoxycholate,
0.1% SDS, 1 mm PMSF) containing 50 pg/ml salmon sperm
DNA, 100 pg/ml Escherichia coli tRNA, and 1 mg/ml BSA.
After preincubation with protein A-Sepharose beads (Pharma-
cia) for 30 min on a rotator, supernatant was cleared by cen-
trifugation and supplemented with 5 pl of anti-CIITA or anti-
RFX5 serum. Immune complexes were allowed to form for 3 hr,
protein A-Sepharose beads were added, and incubation was con-
tinued for 1 hr. Beads were washed twice with IP buffer, twice
with IP buffer with 500 mm NaCl, twice with 20 mm Tris-HCl
(pH 8.0), 0.25 m LiCl, 2 mm EDTA, 0.5% NP-40, 0.5% sodium
deoxycholate, and once in TE containing 0.1% NP-40. Immune
complexes were eluted with 100 mm Tris-HCI (pH 8.0), 1% SDS
for 10 min at 65°C, diluted twofold with 400 mm NaCl, 200
ug/ml proteinase K, digested for 1 hr at 37°C, and incubated
O/N at 65°C to reverse the cross-links. After extraction with
phenol/chloroform and chloroform, DNA was precipitated with
isopropanol in the presence of 5 ng of glycogen, washed in 80%
ethanol, and resuspended in TE. Immunoprecipitated DNA
(corresponding to 100 ng of input chromatin supernatant)
and input chromatin (10 ng) were analyzed by PCR using
promoter-specific primer pairs. The following primers were
used: HLA-DRA, 5-GTTGTCCTGTTTGTTTAAGAAC-3'
sense and 5-GCTCTTTTGGGAGTCAG-3' antisense; HLA-
DRB1*0301, 5"-CAACTGGTTCAAACCTTTCAAGTAC-3’
sense and 5'-AGTCTCACTCAGGGAGAACTATGAAC-3' an-
tisense; HLA-DPB1, 5 -ATGAGTATCACTGTCTTTCCT-
CCG-3' sense and 5'-GAGACCATGAACCCAAGTAGTC-
TTC-3' antisense; HLA-DMB, 5'-CTACGGAAATCTACTG-
GTTGTTCTG-3' sense and 5'-ATTAAATCTGTTCCTTCC-
AGCTCAC-3" antisense; Ii, 5-GGTGTCTTCTGTTTCAA-
AGTGCTTTC-3' sense and 5-CACTCCGCCCACTTGGTA-
GAT-3" antisense; HLA-A, 5'-TCCGCAGTTTCTTTTCTCCC-
3’ sense and 5-GGAGAATCTGAGTCCCGGTGG-3' anti-
sense; HLA-B, 5'-TCTCAGGGTCTCAGGCTCCGAG-3' sense
and 5'-TGCGTGGGGACTTTAGAACTGG-3' antisense; Bom,
5-CATGCCTTCTTAAACATCACGAGAC-3' sense and 5'-
CAGGCCAGAAAGAGAGAGTAGCG-3" antisense; MHC2TA
promoter III, 5-TAACCAGTCACCAGTTGGGAGCCCG-3’
sense and 5'-CTGGCACCAGTGCGGTTCCATTGTG-3’ anti-
sense.

GENES & DEVELOPMENT 1163



Masternak et al.

Extracts and recombinant CIITA expression

Cells were resuspended in two packed cell volumes of a buffer
containing 50 mm HEPES at pH 7.9, 400 mm KCI, 1 mm EDTA,
1 mm EGTA, 2 mm DTT, 5 pg/ml leupeptin, 1 mm PMSF, 0.5
mMm NaF, 0.5 mm NazVO,, 0.01% NP-40, 20% glycerol, and a
cocktail of antiproteases (Complete, Roche Diagnostics). Whole
cell extracts were obtained by three freeze-thaw cycles, cleared
by centrifugation, and stored at -80°C. Recombinant CIITA pro-
teins were expressed in HeLa cells using a Vaccinia-T7 system
(Fuerst et al. 1986), and extracts from these cells were prepared
as above.

HLA-DRA promoter templates

Wild-type and mutated HLA-DRA promoter fragments were
constructed by PCR on a DRsyn template (Tsang et al. 1990).
The W-box sequence GGACCCTTTGCAAG was mutated to
TACATAGCGTACGT. The X2-box sequence TGCGTCA was
mutated to GACAAGT. The mutations in the X and Y boxes
were described previously (Durand et al. 1994; Reith et al. 1994).
The AOct template (-150 to -56) was obtained by digestion of
the wild-type DRsyn fragment with BgIIL.

DNA-dependent immunoprecipitation and promoter
pull-down assays

All steps were done at 4°C. For immunoprecipitation experi-
ments, extracts (15 ul, 0.5-0.6 mg) were diluted twofold with a
buffer containing 20 mm HEPES at pH 7.9, 9 mm MgCl,, 1 mm
DTT, 20% glycerol, 0.01% NP-40, and a cocktail of antiprote-
ases (Complete, Roche Diagnostics). Diluted extracts were
cleared by centrifugation and supplemented with 0.15 mg/ml
single-stranded E. coli DNA and 0.15 mg/ml poly[d(I-C)]. HLA-
DRA promoter fragments (2.5 pmoles), or an equivalent amount
of salmon sperm DNA (0.2 pg), were added and protein-DNA
complexes were assembled for 2 hr. Before immunoprecipita-
tion, extracts were preincubated with protein A-Sepharose
beads for 30 min and cleared by centrifugation. Supernatants
were then incubated for 1 hr with anti-RFXAP or anti-CIITA-N
antibodies coupled to protein A-Sepharose. The beads were
washed three times with buffer D (20 mm HEPES at pH 7.9, 100
mmM KCl, 6 mm MgCl,, 1 mM DTT, 20% glycerol, 0.01 % NP-40)
containing 1 mg/ml BSA, and proteins were eluted with SDS-
PAGE sample buffer. For pull-down assays, protein-DNA com-
plexes were assembled, washed, and eluted as described above,
except that the promoter templates biotinylated at the 5’ end of
the upper strand and coupled to streptavidin-coated magnetic
beads (Promega) were used. In experiments with recombinant
CIITA, extracts from CIITA-negative RJ2.2.5 B cells and from
HelLa cells expressing the recombinant proteins were mixed be-
fore adding the remaining reaction components. Concentra-
tions of recombinant CIITA added to the assembly reactions
were comparable with the endogenous CIITA concentration in
B-cell extracts. Conditions of the pull-down assay were set up
such that retrieval of RFX and NF-Y from crude cell extracts
was, respectively, 100% and 20%-50%. Under these condi-
tions, typically <1% of the CIITA was recruited to the wild-type
HLA-DRA template. Experiments shown in Figures 2, 3, and 4
were performed with extracts from RJ6.4 cells expressing two to
three times more CIITA than our model B-cell line Raji. This
led to a proportional increase in CIITA recruitment, yielding
neater results with a higher signal-to-noise ratio. Notwithstand-
ing, the results obtained with Raji cells were essentially iden-
tical. Extending the promoter template upstream to position
-196 or downstream to +51 did not affect enhanceosome assem-
bly or recruitment of CIITA.
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Antibodies and immunoblotting

Polyclonal anti-CIITA and anti-RFX5 sera, and the immunoaf-
finity-purified RFXAP antibodies have been described (Steimle
et al. 1995; Bontron et al. 1997b; Masternak et al. 1998). Anti-
bodies specific for the amino terminus of CIITA (anti-CIITA-N,
used in Figs. 2, 3, 4, and 5D) were obtained by affinity purifica-
tion of the anti-CIITA serum on an amino-terminal His,-tagged
CIITA fragment (amino acids 25-300) covalently coupled to
Sepharose beads. Antibodies specific for the carboxyl terminus
of CIITA (anti-CIITA-C, used in Fig. 5C) were retrieved from the
unbound fraction by a second affinity purification step using
full-length recombinant CIITA. The NF-YB antibody was a gift
from Roberto Mantovani (Universitd di Milano, Italy). The TBP
antibody was a gift from Pierre Chambon (IGBMC, Strasbourg,
France). The other antibodies were purchased from Santa Cruz
Biotechnology (a-OBF-1, sc-955; «-CREB-1, sc-271; a-CREB-1,
sc-186; a-CREB-1, sc-58; a-JunB, sc-46; a-CBP, sc-583; a-hTAFII
p250, sc-735). Proteins were analyzed by immunoblotting ac-
cording to standard protocols. In immunoblots done with B-cell
extracts (Figs. 2 and 3), CIITA is detected as a double band,
probably due to the use of alternative initiation codons.
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