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Major histocompatibility complex class II (MHC-II) molecules occupy a pivotal position in the adaptive
immune system, and correct regulation of their expression is therefore of critical importance for the control of
the immune response. Several regulatory factors essential for the transcription of MHC-II genes have been
identified by elucidation of the molecular defects responsible for MHC-II deficiency, a hereditary immunode-
ficiency disease characterized by regulatory defects abrogating MHC-II expression. Three of these factors,
RFX5, RFXAP, and RFXANK, combine to form the RFX complex, a regulatory protein that binds to the X box
DNA sequence present in all MHC-II promoters. In this study we have undertaken a dissection of the structure
and function of RFX5, the largest subunit of the RFX complex. The results define two distinct domains serving
two different essential functions. A highly conserved N-terminal region of RFX5 is required for its association
with RFXANK and RFXAP, for assembly of the RFX complex in vivo and in vitro, and for binding of this
complex to its X box target site in the MHC-II promoter. This N-terminal region is, however, not sufficient for
activation of MHC-II expression. This requires an additional domain within the C-terminal region of RFX5.
This C-terminal domain mediates cooperative binding between the RFX complex and NF-Y, a transcription
factor binding to the Y box sequence of MHC-II promoters. This provides direct evidence that RFX5-mediated
cooperative binding between RFX and NF-Y plays an essential role in the transcriptional activation of MHC-II
genes.

Major histocompatibility complex class II (MHC-II) mole-
cules are heterodimeric (a-chain–b-chain) transmembrane gly-
coproteins occupying a pivotal position in the adaptive im-
mune system. They play several key roles in the homeostasis of
the CD41-T-cell population. First, MHC-II molecules present
antigenic peptides derived from exogenous proteins to the
receptors of CD41 T lymphocytes, thereby leading to T-helper
cell activation and to the initiation and propagation of antigen-
specific immune responses (14). Second, MHC-II expression in
the thymus drives the positive- and negative-selection events
that generate and shape the mature CD41-T-cell repertoire
(30). Finally, expression of MHC-II molecules in the periphery
affects CD41-T-cell survival (8, 60, 70). In addition, engage-
ment of MHC-II molecules by the T-cell receptor also partic-
ipates in the activation of the antigen-presenting cells on which
they are expressed (61). Considering these central functions, it
is of no surprise that correctly regulated MHC-II expression is
of critical importance for the control of the immune response.
For instance, the loss of MHC-II expression severely cripples
the immune system (20, 34, 54) while inappropriate MHC-II
expression is frequently observed in tissues that are attacked

during the course of certain CD41-T-cell-mediated autoim-
mune diseases (6, 26).

Two modes of MHC-II expression, constitutive and induc-
ible, are generally recognized (5, 25, 39, 71). Constitutive ex-
pression is largely restricted to specialized cells of the immune
system, including thymic epithelial cells, B cells, macrophages,
and dendritic cells. The majority of other cell types lack
MHC-II expression but can be induced to express MHC-II by
exposure to a variety of agents, of which the most potent and
well known is gamma interferon. Both modes of expression are
controlled primarily at the level of transcription by a conserved
promoter-proximal enhancer consisting of four cis-acting DNA
sequences known as the S, X, X2, and Y boxes (Fig. 1) (5, 25,
39, 71). The presence, orientation, and spacing of these regu-
latory sequences relative to each other are highly conserved in
all MHC-II promoters and are critical for activity (5, 25, 39,
71).

Identification of the transcription factors that activate
MHC-II promoters via the S-X-X2-Y enhancer has been
greatly facilitated by the study of cell lines derived from pa-
tients suffering from a rare hereditary immunodeficiency dis-
ease called MHC-II deficiency (20, 34, 39, 54). This disease is
characterized by a complete absence of MHC-II expression,
and it results from mutations in transcription factors that are
essential for activation of MHC-II promoters. Patients have
been classified into four complementation groups (A, B, C, and
D) corresponding to four genetic defects (3, 23, 37, 64). The
molecular defects in group A patients reside in the gene en-
coding the class II transactivator (CIITA), a non-DNA-binding
coactivator that functions as a molecular switch controlling the
cell type specificity and inducibility of MHC-II expression (Fig.
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1) (45, 46, 68, 69). In contrast, patients in the remaining three
groups are characterized by a deficiency in regulatory factor X
(RFX), a heterotrimeric DNA binding complex that binds to
the X boxes of all MHC-II promoters (Fig. 1) (19, 29, 42, 56,
67). The molecular defects in groups B, C, and D lie, respec-
tively, in the genes encoding the RFXANK (42, 47), RFX5
(67), and RFXAP (19, 72) subunits of the RFX complex.
RFX5 was the fifth member of the RFX family of DNA bind-
ing proteins to be identified (21). All members of this family
share a characteristic DNA binding domain (DBD) referred to
as the RFX motif (21, 22). In contrast to RFX5, RFXANK and
RFXAP do not contain the RFX motif and consequently do
not formally belong to the RFX family. However, they derive
their names from the fact that their association with RFX5 is
essential for the binding activity and function of the RFX
complex (19, 42).

Although genetic and biochemical studies have demon-
strated that all three RFX subunits are essential for the acti-
vation of MHC-II promoters and are required for the assembly
and binding of the RFX complex (19, 42, 47, 67), the precise
roles of the different subunits are not well understood. RFX5
is of special interest because it is the largest subunit (616 amino
acids) and contains a DBD that is involved in tethering the
RFX complex to the X box of MHC-II promoters (67). How-
ever, this DBD covers only 74 amino acids within the N ter-
minus of RFX5, and until now no well-defined function has
been mapped to the remainder of the 616-amino-acid protein.
Outside of the DBD, RFX5 contains no obvious functional
motifs. Besides a proline-rich region reminiscent of certain
transcription activation domains, no known protein-protein in-
teraction motifs are evident. Yet RFX5 is known or suspected
to interact with several other proteins. These include the other
two subunits of the RFX complex (19, 42, 72), CIITA (62), and
other transcription factors that are known to bind to MHC-II
promoters (Fig. 1). The last include the X2 box binding protein
X2BP (28), which was recently shown to contain CREB (43),
and the Y box binding protein NF-Y (16, 40, 41, 75, 76).
Indeed, in vitro binding studies have previously shown that the
RFX complex plays a central role in promoting cooperative
binding interactions required for stable occupation of MHC-II
promoters by NF-Y and X2BP (18, 38, 44, 55, 57).

To further our understanding of the mode of action of
RFX5, we have undertaken a structure-function analysis of the

protein. To facilitate this analysis we isolated the mouse RFX5
gene in order to identify conserved regions and optimized a
number of genetic and biochemical approaches to dissect the
function of the RFX5 protein. Our results allowed us to dis-
tinguish between two functionally distinct domains within
RFX5. First, there is a highly conserved N-terminal region that
encompasses the DBD and is sufficient for assembly of the
RFX complex and for its binding to the MHC-II X box target
site. This conserved domain is, however, not sufficient to re-
store expression of the endogenous MHC-II genes in a func-
tional assay relying on the genetic complementation of cells
derived from a MHC-II deficiency patient lacking RFX5. To
reactivate MHC-II expression in this assay, a second, consid-
erably less strongly conserved region of RFX5 is required. We
show that this second poorly conserved domain is essential
because it mediates cooperative binding with NF-Y. This find-
ing provides direct evidence that cooperative binding between
RFX and NF-Y plays an essential role in the transcriptional
activation of MHC-II genes in vivo.

MATERIALS AND METHODS

Isolation of mouse RFX5 cDNA clones. Full-length mouse RFX5 cDNA clones
were isolated from a BALB/c mouse spleen cDNA library (58) by screening with
a probe consisting of the DBD of the human RFX5 gene. Several independent
cDNA clones were sequenced on both strands.

Construction of RFX5 expression vectors. A wild-type RFX5 cDNA clone was
first subcloned between the ApaI and NotI sites of pBluescript (Stratagene). A
sequence encoding a hemagglutinin (HA) tag (MGYPYDVPDYASLGGPHH)
was fused to the N terminus of RFX5 via an NdeI site introduced at the ATG
initiation codon. N- and C-terminally truncated versions of RFX5 were amplified
by PCR from the HA-RFX5 construct by using the following 59 (N-terminal
deletions) and 39 (C-terminal deletions) primers (coordinates in the nucleotide
sequence of the published human RFX5 cDNA [67] are indicated; the N1 and
N2 primers contained an NdeI site, while the C1 to C5 primers contained a SalI
site [underlined]): N1, 59-CGAAGAACATATGCCAGGTGGTGCTGAGGC
T-39, nucleotides 215 to 233; N2, 59-CGAAGGACATATGAAGGCCGTGCA
GAACAAAG-39, nucleotides 279 to 297; C1, 59-CGTATCTGTCGACTTTGG
TATGCTGGGAAC-39, nucleotides 1819 to 1801; C2, 59-CCTGAATGTCGAC
CCCTCCAGCTGAGTTG-39, nucleotides 1703 to 1688; C3, 59-CCTCGATGT
CGACTAATGCTGTATCCTCTATACT-39, nucleotides 1541 to 1521; C4, 59-
CAGTAATGTCGACTACCGGGGCTGAGTGAGTCC-39, nucleotides 1391
to 1372; and C5, 59-CGTACATGTCGACTACACAGGGCACCTGAAGAAA
G-39, nucleotides 1242 to 1224.

PCR was performed with the Expand high-fidelity PCR system (Boehringer
Mannheim). The two N-terminal deletions were amplified by PCR using C5 as
the 39 primer. The resulting PCR products were digested with NdeI (59 primer)
and XhoI (nucleotide 748 in RFX5) and subcloned into the pBluescript HA-
RFX5 construct between NdeI and XhoI. The C1 to C5 deletions were amplified
by PCR using the M13 reverse primer of pBluescript as the 59 primer. The PCR
products were digested with XhoI (nucleotide 748 in RFX5) and SalI (39 primer)
and subcloned into the pBluescript HA-RFX5 construct between XhoI and SalI.
The C6 deletion was generated by deleting the coding region downstream of the
XhoI site (nucleotide 748 in RFX5) in pBluescript HA-RFX5. All constructs
were verified by sequencing. The wild-type and C-terminally deleted HA-tagged
RFX5 constructs were then subcloned either into the episomal EBS expression
vector or into a bicistronic lentiviral vector (see Fig. 4). To construct the latter
vector, the internal ribosomal entry site (IRES) from the encephalomyocarditis
virus (EMCV) (31) was first inserted in front of the mouse CD8 gene from
p1704-Lyt2 (mCD8) (generous gift from J.-K. Wang) and the IRES-mCD8
construct was introduced between the BamHI and XhoI sites of pHR9CMV (49,
50). HA-RFX5 constructs were then inserted in front of the IRES-mCD8 with an
adapter.

Cell culture and complementation assays. The B-lymphoblastoid cell line Raji
and the Epstein-Barr virus-transformed B-cell line SJO derived from an RFX5-
deficient patient (10, 11, 67) were grown in RPMI 1640. HeLa cells used for the
production of recombinant RFX subunits and 293T cells used for the production
of virus were grown in Dulbecco modified Eagle medium. All culture media were
supplemented with glutamine, 10% heat-inactivated fetal calf serum, and anti-
biotics. Cells were grown at 37°C in 5% CO2.

For complementation with EBS-based expression vectors (see Fig. 3), 10 mg of
plasmid was transfected by electroporation into SJO cells with a Bio-Rad elec-
tropulser using a 300-V and 960-mF pulse. Transfected cells were selected with
50 to 150 mg of hygromycin per ml for 10 to 15 days and were then analyzed by
fluorescence-activated cell sorting (FACS) as described previously (68).

Production of virus from the bicistronic plasmids was done as follows. The
packaging plasmid (pCMVDR8.91) (49, 79) was used to provide all of the viral

FIG. 1. Schematic representation of a typical MHC-II promoter. The S, X,
X2, and Y boxes conserved in all MHC-II promoters and the factors that bind to
these sequences are indicated. Elucidation of the molecular defects in MHC-II
deficiency complementation groups A, B, C, and D have led, respectively, to the
identification of the non-DNA-binding coactivator CIITA and the three subunits
(RFXANK, RFX5, and RFXAP) of the RFX complex. The trimeric RFX com-
plex binds cooperatively with the X2 box binding protein X2BP, which has
recently been shown to contain CREB, and the Y box binding protein NF-Y.
Here we define two distinct functional domains in RFX5. A highly conserved
N-terminal region (N) encompassing the DBD is sufficient for assembly and
binding of the RFX complex. A less well-conserved C-terminal region (C) me-
diates cooperative binding with NF-Y.
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proteins except for the envelope protein. A third plasmid was used to provide the
heterologous envelope G glycoprotein of vesicular stomatitis virus (49, 51). Virus
was generated by cotransfection of 293T cells in 10-cm-diameter plates with 5 mg
of the pHR9CMV-IRES-mCD8 vectors encoding the wild-type construct or
RFX5 deletion constructs, 3 mg of pCMVDR8.91, and 1 mg of the vesicular
stomatitis virus glycoprotein pseudotyped envelope plasmid (48–50). FUGENE
6 (Boehringer Mannheim) was used for transfection. Supernatants were col-
lected 24 and 48 h after transfection, filtered, and concentrated by ultracentrif-
ugation at 20,000 rpm for 90 min in a SW 28 rotor. Virus pellets were then
resuspended in a 1/50 volume of RPMI 1640. One hundred thousand SJO cells
were infected by incubation with 1 ml of the concentrated supernatants in culture
dishes that had been previously coated with recombinant fibronectin fragments
(Retronectin; Takara) as described previously (27). One week after infection,
transduced cells were washed twice in phosphate-buffered saline and stained with
the HLA-DR monoclonal antibody 2.06 (12) and then with fluorescein isothio-
cyanate-conjugated rabbit anti-mouse immunoglobulin G (Serotec) and with
phycoerythrin-conjugated rat anti-mouse-CD8a (Ly-2) monoclonal antibody
(Pharmigen). After being washed in phosphate-buffered saline, the cells were
analyzed by FACS. For purification of transduced cells, 20 3 106 cells were
stained with biotin anti-mouse CD8a (Ly-2) antibodies (Pharmigen) and sorted
with streptavidin-coated Dynabeads (Dynal). Sorted cells were reanalyzed by
FACS 3 to 5 days later.

Production and analysis of recombinant proteins. R. Mantovani provided
recombinant NF-Y. The three subunits of NF-Y (NF-YA, NF-YB, and NF-YC)
were produced in Escherichia coli and purified as described previously (36, 41).
Recombinant RFX subunits were produced as follows. HeLa cell monolayers
were infected in 5-cm-diameter dishes with 2 to 5 PFU of a vaccinia virus
recombinant expressing T7 RNA polymerase per cell as described previously
(24). At 1 h postinfection, medium was replaced with a transfection mix consist-
ing of 2 mg of pBluescript plasmids containing the wild type or truncated RFX5,
RFXAP, and RFXANK cDNAs cloned downstream of the T7 promoter and 10
ml of transfectase as previously described (15). After 24 h, whole-cell extracts
were prepared as described previously (35). Isolated RFX subunits were synthe-
sized separately, and the RFX complex was then reconstituted by mixing the
extracts.

Western blotting experiments were used to monitor the synthesis of recombi-
nant RFX proteins. Whole-cell extracts were prepared from 5 3 106 to 10 3 106

cells as described previously (35). Ten to 50 mg of extract was separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 7.5% polyacryl-
amide gels. Proteins were transferred to polyvinylidene difluoride membranes
(Immobilon-P; Millipore) using a Trans-Blot semidry transfer cell (Bio-Rad) for
30 min at 15 V. Membranes were incubated with the diluted antibodies indicated
below in 13 blocking solution overnight at 4°C and washed in 13 washing buffer
(digoxigenin buffer set; Boehringer Mannheim). The monoclonal anti-HA anti-
body 12CA5 (Babco) was used at a 1/8,000 dilution. A polyclonal rabbit anti-
RFX5 antibody (19) was used at a 1/5,000 dilution. A polyclonal rabbit anti-
RFXAP antibody (19) was used at a 1/1,000 dilution. A polyclonal rabbit
antibody directed against two N-terminal peptides of RFXANK (QTPASELG
DPEDPGEEC and CTPEPVNPEPDASVSS) was prepared by Eurogentec and
used at a 1/5,000 dilution. Signals were revealed using a peroxidase-labeled
anti-rabbit antibody diluted 1/5,000, followed by enhanced chemoluminescence
detection (Amersham).

For the immunoprecipitation experiments, the RFX complex was assembled
by mixing equal amounts of recombinant RFX5, RFXAP, and RFXANK. The
mixture was first preincubated with protein A-Sepharose beads for 30 min and
cleared by centrifugation. Supernatants were then immunoprecipitated with an
anti-RFXAP or a control antibody (polyclonal VP16 antiserum; Clontech) by
classical procedures. The immunoprecipitates were analyzed by Western blotting
as described above by using a monoclonal anti-HA antibody (12CA5; Babco) at
a 1/800 dilution to detect HA-RFX5 and HA-RFXAP and a monoclonal anti-
FLAG antibody (Sigma) at a 1/200 dilution to detect FLAG-RFXANK.

EMSA. With the exception of the following modifications, electrophoretic
mobility shift assays (EMSA) were performed essentially as described previously
(55, 57). EMSA were performed with 8 mg of whole-cell extract per sample.
Whole-cell extracts were prepared as described previously (35) from 5 3 106 to
10 3 106 transfected SJO cells or from HeLa cells overexpressing the three RFX
subunits. To reconstitute the RFX complex in vitro, HeLa whole-cell extracts
containing the isolated RFX subunits were mixed in equal quantities prior to
EMSA. To generate the RFX–NF-Y complexes, 1 ng (see Fig. 8D) or 10 ng (see
Fig. 8C and 9) of recombinant NF-Y was added to the EMSA reaction mixtures
set up with the HeLa cell extracts containing the reconstituted RFX complex.
Binding mixtures were preincubated for 30 min prior to the addition of 40,000
cpm of the suitable 32P-labeled oligonucleotide probes and then incubated for a
further 30 min to allow binding to proceed to completion. The probes used for
binding of RFX (DRA-XX2 probe) or for binding of NF-Y and RFX–NF-Y
(DRA-XY probe) and the wild-type and mutated X box competitor oligonucle-
otides have been described previously (29). For the dissociation rate experi-
ments, the reaction mixtures were supplemented after binding was completed
with a 500-fold molar excess of specific unlabeled fragment and then incubated
at room temperature for various times prior to gel electrophoresis. For the
supershift experiments, 20-ml binding reaction mixtures were set up as usual,
reactions were allowed to proceed for 30 min at 0°C, and then the mixtures were

supplemented with appropriate dilutions of the anti-HA, anti-RFX5, anti-
RFXAP, or anti-RFXANK antibody described above.

Nucleotide sequence accession number. Nucleotide and amino acid sequences
of mouse RFX5 have been submitted to GenBank under accession number
AF209854.

RESULTS

The C-terminal moiety of RFX5 is poorly conserved yet
essential for its function. The sequence of the mouse RFX5
gene has not yet been reported. We therefore isolated the
mouse gene in order to facilitate the identification of con-
served regions within RFX5. Full-length RFX5 cDNA clones
were isolated from a mouse spleen cDNA library, and several
independent clones were sequenced. All exons in the genomic
mouse RFX5 gene were also isolated and sequenced. Identity
between the human and mouse RFX5 genes was confirmed on
the basis of sequence homology (Fig. 2), Southern blotting
experiments (data not shown), and the ability of the mouse
RFX5 cDNA to complement the genetic defect in RFX5-
deficient cells derived from MHC-II deficiency patients (data
not shown). The last factor confirmed that the mouse gene
could fully substitute for human RFX5 in restoring expression
of all the endogenous MHC-II genes (data not shown).

Mouse RFX5 cDNAs contain a 657-amino-acid open read-
ing frame (Fig. 2). Alignment between the human and mouse
sequences is quite informative concerning conservation of
RFX5 (Fig. 2). The N-terminal third of the protein exhibits
very high conservation (.90% amino acid identity), particu-
larly within the region encompassing the DBD (99%), which is
to date the only domain in RFX5 of which the function is
known. In striking contrast, the C-terminal two-thirds of the
protein is considerably less well conserved. This is evident at
the level of overall amino acid identity (only 55%). Moreover,
a 12-amino-acid deletion and a 53-amino-acid insertion in the
mouse gene interrupt the proline-rich region that was previ-
ously noted in RFX5 (67). Conserved amino acids are clus-
tered in discreet blocks exhibiting greater (70 to 90%) homol-
ogy.

Loss-of-function mutations affecting the RFX5 genes in five
MHC-II deficiency patients have been characterized (Fig. 2).
In all of the patients, the mutations lead to a severe truncation
of RFX5 (17, 52, 53, 67, 73). In two patients, P5 and P6, the
mutations lead to the synthesis of truncated RFX5 proteins
which retain intact the highly conserved N-terminal region but
lack the poorly conserved C-terminal moiety (52, 67). Together
with the finding that the mouse RFX5 gene can complement
the genetic defect in cells from RFX5-deficient patients, the
mutations identified in P5 and P6 indicate that the conserved
N-terminal region is not sufficient for function. Clearly, al-
though very divergent, the C-terminal region must also contain
domains with essential functions.

Functional dissection of the C-terminal moiety of RFX5. To
study the function of the poorly conserved C-terminal region of
RFX5, we prepared a series of C-terminal deletions (C1 to
C5). The endpoints were chosen such that the deletions would
progressively remove blocks of sequence exhibiting greater
than average homology between the human and mouse genes
(Fig. 2). To study the repercussions of these C-terminal dele-
tions on the function of RFX5, we used a genetic approach
relying on the complementation of RFX5-deficient SJO cells.
In this system, the ability of the mutated RFX5 proteins to
reactivate expression of the endogenous MHC-II genes was
evaluated. This complementation approach was chosen for
three reasons. First, the readout is the ability to activate ex-
pression of the endogenous genes in their native genomic con-
text. In terms of biological relevance, the complementation
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FIG. 2. Sequence conservation between human and mouse RFX5. (A) Alignment of the human (top) and mouse (bottom) amino acid sequences. Arrowheads
indicate positions at which the protein is truncated in patients P1 (and sibling P2), P3, P4, P5, and P6. The DBD is boxed. The proline-rich region is underlined. Arrows
indicate endpoints of the N (N1 and N2)- and C (C1 to C5)-terminal deletions. Asterisks indicate amino acid identity. Dashes represent gaps introduced to maximize
homology. (B) Schematic maps of the human and mouse RFX5 proteins indicating the same features as those described above. The percentages of amino acid identity
in relevant regions are indicated below.

VOL. 20, 2000 COOPERATIVE BINDING MEDIATED BY RFX5 3367



approach is greatly superior to classical transient-transfection
experiments in which the trans-activation of reporter gene con-
structs is assayed. Second, the effect on all MHC-II genes
(including the a- and b-chain genes encoding the HLA-DR,
HLA-DQ, and HLA-DP molecules) can be analyzed simulta-
neously. Finally, activation of MHC-II genes can be scored
simply, reliably, and quantitatively by FACS analysis of cell
surface MHC-II expression.

In initial complementation experiments, episomal Epstein-
Barr virus-based expression vectors were used. Figure 3 shows
the results obtained with the EBS vector (4), in which the
strong Sra promoter drives expression. Identical results have
also been obtained with the EBO vector (68), in which expres-
sion is controlled by the weaker simian virus 40 promoter,
indicating that expression levels are not limiting (data not
shown). As judged by the mean fluorescence intensity of the
complemented cells, the C1, C2, and C3 constructs retained
the ability to restore HLA-DR expression to levels that were
identical to that observed with wild-type RFX5 (Fig. 3). The
last 156 C-terminal amino acids of RFX5 are therefore not
essential. In contrast, the C4 and C5 deletions clearly affected
the ability to restore HLA-DR expression. Reactivation of
HLA-DR expression was strongly reduced for C4 and practi-
cally lost for C5 (Fig. 3). The same results were obtained when
the deletions were tested for their ability to reactivate expres-
sion of HLA-DQ and HLA-DP (data not shown). The proline-
rich region (removed in C5) and a 51-amino-acid sequence
situated immediately downstream of it (removed in C4) are
thus essential for the function of RFX5.

A number of problems were encountered during the course
of complementation experiments performed with the episomal
expression vectors. First, most cell lines derived from MHC-II
deficiency patients, including the SJO cell line used here, grow
poorly, exhibit high sensitivity to antibiotics, and are exceed-
ingly difficult to transfect efficiently (67). Second, the episomal
RFX5 expression vectors appeared to be unstable because it
was difficult to maintain transfected cell populations exhibiting
a stable complemented phenotype, even following prolonged
hygromycin selection (Fig. 3). Consequently, the fraction of
cells that were complemented was variable and rarely greater
than 50%, even for the wild-type RFX5 construct. Because of
this problem, it was not possible to determine whether differ-
ences observed in the fractions of complemented cells (com-
pare results for examples C2 and C3 in Fig. 3) were significant.
We therefore developed a second complementation system
relying on stable transduction of SJO cells with a bicistronic
lentivirus expression vector (49, 50) (Fig. 4A). This system has
several advantages. First, the use of a retroviral vector permits
stable integration of the expression constructs, thus avoiding
the instability observed with the episomal vectors. Second, we
designed the vector such that an mCD8 selectable marker
cistron was inserted downstream of the RFX5 expression cas-
sette. The IRES of EMCV controls translation of this mCD8
cistron so that cell surface expression of mCD8 represents an
excellent internal control for expression of the RFX5 protein
encoded by the first cistron. Finally, selection with antibiotics is
avoided and purification of the transduced cell populations can
be achieved readily by sorting with one round of anti-CD8
antibodies and magnetic beads.

Complementation of SJO cells with the bicistronic lentiviral
vectors was very efficient. Sorting of the transduced SJO cells
allowed the isolation of populations in which almost all of the
cells expressed mCD8 at the cell surface (Fig. 4B). When the
construct encoding wild-type RFX5 was used, the majority of
the CD8-positive cells also exhibited restored MHC-II expres-
sion (Fig. 4B). Moreover, in the complemented cells, expres-

sion of all three MHC-II isotypes was restored, although re-
activation of HLA-DR appeared to be somewhat more
efficient than that of HLA-DQ and HLA-DP (Fig. 5).

Transduction of SJO cells with bicistronic lentiviral vectors
encoding the truncated RFX5 constructs allowed us to confirm
and refine the results obtained with the episomal expression

FIG. 3. Complementation of SJO cells with episomal expression vectors en-
coding wild-type (WT) and C-terminally truncated (C1 to C5) versions of RFX5.
Nontransfected SJO cells (top left, black profile), the MHC-II-positive control
cell line Raji (top right, grey profile), and the transfected SJO cells were analyzed
for HLA-DR expression by FACS. Transfected cells were selected for prolonged
times (up to 20 days) with hygromycin. Arrows indicate the position of comple-
mented MHC-II-positive SJO cells. Schematic maps of the wild-type and trun-
cated versions of RFX5 are indicated at the right. The sizes of the deletions (in
amino acids) are indicated. HA, HA tag; P, proline-rich region.
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vectors (Fig. 4B and 5). Experiments with C3 did not give
consistent results, and this deletion was therefore excluded
from further analysis. Complementation with C2 was clear,
albeit slightly less efficient than with wild-type RFX5. A stron-
ger reduction in complementation efficiency was observed with

C4 and C5. This reduction was particularly evident when the
mean fluorescence intensity of the transduced cell population
was examined. Although less evident, it was also observed at
the level of the percentage of cells that scored positive for
MHC-II expression. As observed with the episomal vectors,
the loss in efficiency was severe for C4 and almost complete for
C5. The results obtained were identical irrespective of whether
expression of HLA-DR, HLA-DQ, or HLA-DP was examined
(Fig. 5).

The RFX5 C-terminal region is dispensable for assembly
and binding of the RFX complex. To confirm that the wild-type
and truncated RFX5 proteins were produced in the transduced
SJO cells, we performed EMSA with extracts prepared from
the sorted CD8-positive cells. These binding experiments re-
vealed not only that the different RFX5 proteins were indeed
synthesized but also that they were in each case incorporated
into functional RFX complexes that were capable of binding to
the X box (Fig. 6A). As expected, the mobility of the RFX-
DNA complex progressively increased (wild type , C2 , C4 ,
C5) as a function of the size of the deletion introduced into
RFX5. The RFX-DNA complex observed with cells trans-
duced with wild-type RFX5 comigrated with that formed by
the native RFX complex found in normal MHC-II-positive
cells (data not shown).

The RFX complexes regenerated in the transduced cells
contained all three RFX subunits (Fig. 6B). Since all RFX5
constructs contained an N-terminal HA tag, the presence of
the transduced RFX5 proteins could be demonstrated by su-
pershift experiments with an anti-HA antibody. The RFXAP
and RFXANK subunits were also shown to be present by
means of supershift experiments performed with the appropri-
ate antibodies. Their presence is shown in Fig. 6B for the RFX
complex generated with C5 but has also been shown for the

FIG. 4. Complementation of SJO cells with bicistronic lentiviral constructs.
(A) Schematic representation of the vectors used. The vectors contain a cyto-
megalovirus (CMV) promoter driving an expression cassette encoding wild-type
or truncated RFX5 in the first cistron and mCD8 in the second cistron. Trans-
lation of mCD8 is under the control of the IRES of EMCV. LTR, long terminal
repeat. (B) SJO cells transduced with bicistronic lentiviral vectors encoding
wild-type (WT) or truncated (C2, C4, and C5) RFX5 were analyzed by FACS for
HLA-DR and mCD8 expression. The analysis was done before (left) and after
(right) the transduced CD8-positive cells were sorted out. The percentage of
cells that are CD81 and DR1 is indicated in each case.

FIG. 5. Complementation of SJO cells with bicistronic lentiviral constructs
encoding wild-type (WT) or truncated (C2, C4, and C5) RFX5. Transduced cells
were sorted for expression of CD8 and then analyzed by FACS for expression of
HLA-DR, HLA-DP, and HLA-DQ. FACS profiles for noncomplemented SJO
cells transduced with a negative-control construct are included at the top.
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complexes containing the less severely deleted C2 and C4 pro-
teins (data not shown). Thus, complete RFX complexes are
assembled in the transduced cells by the association of the
transduced RFX5 proteins with the endogenous RFXAP and
RFXANK subunits.

Although a certain amount of variability was evident in the
levels of the RFX complexes that were generated by transduc-
tion of SJO cells with the different truncated versions of RFX5
(Fig. 6A), these variations in abundance are unlikely to ac-
count for the observed differences in complementation effi-

ciency (Fig. 4 and 5). In the case of C2 it cannot be excluded
that the lower abundance of the RFX complex was responsible
for the mild reduction in complementation efficiency. How-
ever, this possibility cannot be the case for C4 and C5. For
example, the wild-type and C4 complexes occurred in equal
levels of abundance yet complementation was severely im-
paired with C4. Similarly, although the C2 and C5 complexes
occurred in similar levels of abundance, complementation with
C2 was only mildly affected while complementation with C5
was almost completely abolished.

The binding experiments described above imply that the
C-terminal region of RFX5 is not required for its association
with RFXAP and RFXANK, for assembly of the RFX com-
plex, or for binding of this complex to DNA. The availability of
cDNAs encoding all three subunits of RFX allowed us to test
this directly with the wild-type and truncated RFX complexes
reconstituted in vitro from recombinant proteins. We em-
ployed a vaccinia virus-T7 RNA polymerase (Vac-T7) expres-
sion system to synthesize recombinant RFX subunits in HeLa
cells (see Materials and Methods). The Vac-T7 system was
chosen rather than the approach we reported previously when
we used in vitro-translated subunits (42). The reason for this
was that the recombinant RFX complexes prepared with in
vitro-translated subunits do not behave normally in EMSA
(42). In contrast, the RFX complex reconstituted from wild-
type subunits synthesized with the Vac-T7 system is indistin-
guishable from the native RFX complex found in extracts from
normal cells (see below).

RFXANK, RFXAP, RFX5, C2, C4, and C5 proteins were all
synthesized separately using the Vac-T7 system. Western blot-
ting was used to monitor and quantify synthesis of the recom-
binant proteins (Fig. 7A and data not shown). To reconstitute
RFX complexes, extracts containing intact or truncated RFX5
were mixed in equal amounts with extracts containing RFXAP
and RFXANK. The binding activities of these in vitro-recon-
stituted RFX complexes were then studied by EMSA (Fig. 7).
In this system, the reconstitution of functional RFX complexes
capable of binding required all three subunits (Fig. 7A). The
RFX-DNA complex obtained with wild-type RFX5 comigrated
with the band formed by the native HeLa cell RFX (Fig. 7A
and B). As observed with extracts from complemented SJO
cells (Fig. 6), the mobility of the RFX-DNA complex progres-
sively increased (wild type , C2 , C4 , C5) as a function of
the size of the deletion introduced into RFX5 (Fig. 7B). The
truncated C2, C4, and C5 complexes were generated as effi-
ciently as the wild-type complex (Fig. 7B). Moreover, dissoci-
ation rate measurements indicated that the wild-type and trun-
cated complexes had indistinguishable affinities for the X box
target site (see Fig. 9A). We conclude that removal of 256
amino acids from the C terminus of RFX5 (deletion C5) has
no adverse effect on either the assembly or the binding activity
of the RFX complex.

The conserved N-terminal domain of RFX5 is sufficient for
assembly and binding of the RFX complex. To delimit more
precisely the region of RFX5 that is sufficient for assembly
and binding of the RFX complex, we prepared additional de-
letions using the Vac-T7 expression system. A deletion (C6)
lacking essentially all of the C-terminal region downstream of
the DBD retained its ability to associate with RFXAP and
RFXANK and to generate an RFX complex capable of bind-
ing specifically to the X box in EMSA. Supershift experiments
demonstrated that this complex contains both C6 and the other
two RFX subunits (Fig. 8A). Specificity was maintained, be-
cause binding of the C6 complex could be eliminated by an X
box competitor oligonucleotide but not by an oligonucleotide
containing a mutated X sequence (Fig. 8B). Finally, C6,

FIG. 6. Assembly of RFX complexes exhibiting DNA binding activity in
transduced SJO cells. (A) RFX complexes are restored in SJO cells transduced
with the bicistronic lentiviral constructs encoding wild-type (WT) and truncated
(C2, C4, and C5) versions of RFX5. No RFX complex is detected in SJO cells
transduced with a negative-control construct (stuffer). Binding of the RFX com-
plexes was analyzed by EMSA with an oligonucleotide probe containing the X
box of the DRA gene. The whole-cell extracts used for the experiments were
prepared from the transduced cells after purification of these cells by sorting for
CD8 expression. Only the region of the gel containing specific RFX-DNA com-
plexes is shown. All lanes are from the same gel and at the same exposure. A
weak nonspecific (ns) complex migrating just below the band due to wild-type
RFX is indicated. (B) The mixtures of binding reactions performed as described
above were supplemented with preimmune serum (PI), antibodies specific for
the HA tag, or antibodies specific for the two other subunits of the RFX complex,
RFXANK and RFXAP. The anti-HA antibody supershifts complexes containing
the transduced wild-type, C2, C4, and C5 RFX5 proteins. The complex contain-
ing C5 is also supershifted by the antibodies directed against RFXAP and
RFXANK.

3370 VILLARD ET AL. MOL. CELL. BIOL.



RFXAP, and RFXANK could be efficiently coimmunoprecipi-
tated in the absence of DNA, indicating that the three subunits
assemble into a stable complex prior to binding (Fig. 8C).

The analysis of two additional N-terminal deletions (N1 and
N2) allowed us to narrow down further the region required for
assembly and binding. Both of these deletions could be incor-
porated efficiently into a functional RFX complex (Fig. 8D).
Taken together, these results define a 155-amino-acid segment
(amino acids 39 to 194) of RFX5 that is sufficient both for
stable assembly of the RFX complex and for its X box-specific
binding activity. This region of RFX5 encompasses the DBD
and is embedded in the most conserved segment of the protein.
In complementation experiments, N1 was fully functional
while N2 showed no complementation. However, we cannot
exclude the possibility that the lack of complementation ob-
served with N2 was due to a problem with the stability of the
protein rather than the loss of a functionally important domain
(data not shown).

The C terminus of RFX5 mediates cooperative binding be-
tween RFX and NF-Y. Taken together, the results of the
complementation assays and binding experiments indicated
that the C-terminal region must mediate a crucial function that
is distinct from the association of RFX5 with the other two
RFX subunits and from binding of the resulting RFX complex

to the MHC-II X box. One potential function that was likely to
be affected was the ability of RFX to bind cooperatively with
other MHC-II promoter binding factors such as NF-Y. In vitro
binding experiments have indicated that cooperative binding
between RFX and NF-Y leads to the generation of multipro-
tein-DNA complexes exhibiting strongly enhanced stability
(18, 38, 57). We therefore examined the effect of truncating the
C terminus of RFX5 on the stability of the RFX–NF-Y–DNA
complex.

RFX–NF-Y–DNA complexes were formed in EMSA by us-
ing a probe containing both the X and Y boxes and by mixing
in vitro-reconstituted RFX complexes with recombinant E.
coli-produced NF-Y (Fig. 7C). When high concentrations of
NF-Y were added, most of the RFX was driven into the higher-
order complex. At these high NF-Y concentrations, the higher-
order RFX–NF-Y–DNA complex could be formed equally
well with all of the C-terminal deletions (Fig. 7C). However, at
a 10-fold lower excess of NF-Y, the RFX–NF-Y–DNA com-
plexes were found to form less efficiently with the C4 and C5
complexes than with the wild-type and C2 complexes (Fig. 7D).
These results suggested that deletions C4 and C5 might affect
the stability of the higher-order complex. The relative stabili-
ties of the RFX–NF-Y–DNA complexes formed with the dif-
ferent deletions were therefore compared by examining their

FIG. 7. Binding of RFX complexes assembled in vitro from recombinant proteins produced in HeLa cells using a Vac-T7 expression system. (A) Extracts from HeLa
cells programmed to synthesize the RFX subunits indicated at the top were mixed in equal amounts and analyzed by Western blotting (left) or EMSA (right). Positions
of the RFX subunits detected by Western blotting are indicated at the left. The band resulting from binding of the RFX complex is indicated at the right. A weak band
resulting from binding of the native RFX complex is visible in the HeLa cell extract (left lane) and the extract lacking RFX5 (middle lane). This native complex
comigrates with the band resulting from binding of the RFX complex that is assembled from the three recombinant subunits (right lane). Unbound DNA is visible at
the bottom of the gel. (B) EMSA was performed with RFX complexes that were assembled as described above using equal amounts of wild-type (WT), C2, C4, and
C5 versions of RFX5. Only the region of the gel containing specific RFX-DNA complexes is shown. Binding of the native RFX complex derived from the HeLa cells
is indicated by a star. (C) RFX complexes were assembled as described above and then mixed with an excess (10 ng) of recombinant NF-Y. Binding of the resulting
NF-Y and RFX–NF-Y complexes were analyzed by EMSA using an oligonucleotide probe containing both the X box and the Y box. Under these conditions, where
NF-Y is in large excess, most RFX complexes are driven into the higher-order protein-DNA complexes containing both RFX and NF-Y. (D) Binding of higher-order
RFX–NF-Y complexes was examined as described above, except that a 10-fold lower excess (1 ng) of recombinant NF-Y was added. Under these conditions, formation
of the higher-order RFX–NF-Y complex is less efficient for complexes containing C4 and C5.
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dissociation rates (Fig. 9B). In this assay, the C2 deletion had
no significant adverse effect. The C4 deletion, on the other
hand, clearly led to a major reduction in stability, which is
evident from the fact that the 25-min half-life observed for
complexes containing wild-type RFX5 was reduced over five-
fold, to less than 5 min, for C4. The half-life that was observed
for complexes containing C5 was identical to that observed for

C4, indicating that the C5 deletion does not lead to a further
loss in stability.

The half-life of less than 5 min obtained for RFX–NF-Y–
DNA complexes containing C5 and C4 is identical to the half-
life observed for RFX bound on its own in the absence of
NF-Y (compare Fig. 9A and B). This indicates that the C4 and
C5 deletions abolish stabilization of RFX by NF-Y, such that
dissociation of the complexes containing these truncated RFX
molecules is independent of the adjacently bound NF-Y.

The effect of the C4 deletion on cooperative binding with
NF-Y could also be observed by comparing extracts prepared
from SJO cells transduced with the wild-type RFX5 and C4
constructs (Fig. 9C). In this case, the multiprotein-DNA com-
plexes were assembled from RFX and NF-Y proteins that were
synthesized in vivo at physiological concentrations in the trans-
duced cells. As observed for complexes assembled with recom-
binant proteins, the C4 deletion abolished the enhanced sta-
bility of the RFX–NF-Y–DNA complex (Fig. 8C).

DISCUSSION

Genetic evidence has established that RFX5 is absolutely
essential for activation of MHC-II promoters. Mutations of
RFX5 that abrogate MHC-II expression have been identified
in at least five unrelated MHC-II deficiency patients and in one
in vitro-generated mutant cell line (7, 17, 52, 53, 67, 73). RFX5
knockout mice are also characterized by a severe deficiency in
MHC-II expression (13). Genetic and biochemical evidence
has also demonstrated that RFX5 combines with two other
unrelated proteins, RFXAP and RFXANK, to form RFX, a
heterotrimeric DNA binding protein that binds to the X box
cis-acting element of MHC-II promoters (19, 42, 56). How-
ever, until now little has been known about how RFX5 con-
tributes to assembly of the RFX complex and how it mediates
activation of MHC-II promoters. We have therefore under-
taken a systematic study of the structure and function of
RFX5. In this report, we define two domains serving two dif-
ferent essential functions of RFX5. A highly conserved N-
terminal region of RFX5 is sufficient for its association with
RFXANK and RFXAP, for assembly of the RFX complex in
vivo and in vitro, and for binding of this complex to the
MHC-II X box (see the model in Fig. 1). However, this N-
terminal region is not sufficient for activation of MHC-II ex-
pression. This requires an additional, considerably less well-
conserved C-terminal region. One of the functions of this
C-terminal domain is to promote cooperative binding between
the RFX complex and NF-Y, a transcription factor that binds
to MHC-II promoters (see the model in Fig. 1).

The conserved N-terminal domain of RFX5 encompasses a
74-amino-acid segment that has previously been identified as
the DBD of the protein (39, 67). This DBD is called the RFX
motif because it was first identified in other members (RFX1
to RFX4) of the same family of DNA binding proteins (21, 22).
That this DBD is implicated in specific binding of RFX5 to the
MHC-II X box has been demonstrated previously (67). How-
ever, the RFX5 DBD is not by itself sufficient for tethering of
the RFX complex to the X box. This insufficiency is demon-
strated by the observation that DNA binding activity requires
the association of RFX5 with RFXAP and RFXANK (Fig. 7A)
(42). The region of RFX5 that is required for assembly of an
RFX complex containing all three subunits has been reduced
here to a 155-amino-acid segment (amino acids 39 to 194)
encompassing the DBD (amino acids 94 to 167) (Fig. 8). The
DBD of RFX5 and the regions situated immediately upstream
and downstream of it are thus necessary and sufficient for the
association with RFXANK and RFXAP, for correct assembly

FIG. 8. Delimitation of the region of RFX5 that is sufficient for assembly and
binding of the RFX complex. (A) Recombinant RFX complexes were assembled
as described for Fig. 7 with the C6 deletion of RFX5. Binding activity was
analyzed by EMSA. The presence of the three subunits was confirmed by the
addition of anti-HA (to detect HA-C6), anti-RFXAP, and anti-RFXANK anti-
bodies. Preimmune serum (PI) was used as a negative control. (B) The specific-
ities of wild-type RFX and of the RFX complex assembled with C6 were ana-
lyzed by EMSA using competitor oligonucleotides containing a wild-type (X) or
mutated (Xm) X box sequence. (C) RFX complexes were assembled in solution
from recombinant C6, RFXAP, and RFXANK and were immunoprecipitated
with anti-RFXAP (1) or control (2) antibodies. The immunoprecipitates were
analyzed by Western blotting for the presence of the three subunits. (D) RFX
complexes were assembled with the wild-type, N1, or N2 version of RFX5 and
were tested for binding activity by EMSA.
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of the RFX complex in solution, and for specific binding to the
X box target site. These results are consistent with the finding
that amino acid substitutions in a leucine-rich segment situated
just upstream of the DBD (amino acids 62 to 68) destroy the
function of RFX5 and eliminate the binding activity of the
RFX complex (7).

It remains unclear exactly how RFXANK and RFXAP con-
tribute to the binding activity of the RFX complex. Neither of
these two subunits contains a recognizable DBD, and only
RFX5 has been shown to exhibit site-specific DNA binding
activity (67). Yet efficient binding of RFX requires the combi-
nation of all three subunits. Several non-mutually exclusive
explanations may reconcile these findings. First, it is possible

that RFXAP and/or RFXANK does not mediate sequence
specificity but that it contributes only by providing nonspecific
protein-DNA interactions required for stable binding. This
possibility would be consistent with the observation that all
three RFX subunits can be cross-linked to DNA in the vicinity
of the X box (74). Second, perhaps RFXAP and/or RFXANK
mediates dimerization of RFX5. All other known members
(RFX1 to RFX4) of the RFX family bind as dimers to palin-
dromic recognition sites conforming to a well-defined consen-
sus sequence (21). Surprisingly, the MHC-II X box target site
of RFX5 also conforms to the same palindromic consensus
sequence, yet RFX5 lacks the conserved domain that is known
to mediate dimerization of the RFX1 to RFX4 proteins. This

FIG. 9. Deletions C4 and C5 eliminate the enhanced stability observed for cooperatively bound RFX and NF-Y. Dissociation rates were determined for
protein-DNA complexes containing recombinant RFX complexes produced as described for Fig. 7B (A), recombinant RFX–NF-Y complexes produced as described
for Fig. 7C (B), and RFX–NF-Y complexes formed in extracts from SJO cells transduced as described for Fig. 4 (C). As indicated at the left, the complexes analyzed
contained the wild-type, C2, C4, or C5 version of RFX5. Reaction mixtures were first incubated to allow binding to proceed to completion and then supplemented with
an excess of unlabeled competitor DNA; the reactions continued for 0, 5, 10, 15, 30, 60, and 120 min prior to gel electrophoresis. The gels shown at the left were
quantified by phosphorimager analysis. The percentages of the protein-DNA complexes remaining are plotted as a function of time (graphs at right). The amount of
complex bound at time zero (addition of unlabeled competitor DNA) was considered 100%.
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finding raises the interesting possibility that RFXAP and/or
RFXANK is there to replace the missing dimerization domain.
Finally, a third possibility is that interactions with RFXAP
and/or RFXANK facilitates binding because it induces a con-
formational change in RFX5. In this respect it may be relevant
that RFXANK contains ankyrin repeats (42). In the het-
erodimeric DNA binding protein GABP, an ankyrin repeat-
containing subunit, GABPb, greatly enhances the affinity of
the DNA binding subunit GABPa for its binding site (2).
Delimitation of the minimal region of RFX5 required for the
assembly and binding of the RFX complex will certainly con-
tribute to the elucidation of the respective roles of the three
RFX subunits.

The C-terminal moiety of RFX5, although dispensable for
assembly and binding of RFX, is nevertheless essential for
activation of MHC-II expression. Removal of a protein seg-
ment between amino acids 410 (deletion C4) and 515 (deletion
C2) leads to a severe reduction in the function of RFX5 (Fig.
3 to 5). We have shown here that this domain within the C
terminus of RFX5 mediates cooperative binding with NF-Y.
Elimination of this domain abolishes the stabilization that is
observed in vitro when RFX and NF-Y bind together to the
same DNA fragment (Fig. 9). The finding that a functionally
important domain within RFX5 plays a key role in cooperative
binding between RFX and NF-Y provides the first direct evi-
dence that this cooperative binding interaction is critical for
activation of MHC-II promoters. Until now, the importance of
this cooperative binding in the activity of MHC-II promoters in
vivo could only be inferred from two indirect lines of evidence.
First, cell lines from MHC-II deficiency patients lacking RFX
are characterized by bare MHC-II promoters in which all cis-
acting sequences, including the Y box, remain unoccupied (32,
33). Second, disruptions of the Y box in stably transfected
MHC-II promoter constructs leads to a reduction in the occu-
pation of the X box (75).

Cooperative binding between RFX and NF-Y suggests the
existence of a protein-protein interaction between these two
complexes. The C terminus of RFX5 may contribute in a
number of ways to this protein-protein interaction. First, it may
provide the major contact with NF-Y. Second, it may provide
only one of several weak contacts acting together in synergy.
Third, it may be required to generate an RFX complex having
the correct stoichiometry for the interaction to occur. Finally,
it may be required to induce a suitable conformational change
in RFXAP and/or RFXANK. In the last two cases, direct
contacts with NF-Y may in fact be provided by RFXAP and/or
RFXANK rather than by RFX5. To take all of these possibil-
ities into account, we have performed protein-protein interac-
tion studies with intact RFX and NF-Y complexes rather than
with isolated subunits. We have used coimmunoprecipitation
experiments both with native RFX and NF-Y complexes in
crude cell extracts and with recombinant RFX and NF-Y com-
plexes assembled in vitro from Vac-T7- and E. coli-produced
proteins. These experiments have not allowed us to detect a
direct interaction between RFX and NF-Y, even when high
concentrations of recombinant proteins were used to force the
interaction and when the immunoprecipitations were per-
formed under very mild conditions (unpublished data).

A number of explanations may account for our inability to
detect direct protein-protein interactions between RFX and
NF-Y. First of all, these interactions may be too weak in
solution to be detected readily in the absence of DNA. In this
respect it should be mentioned that a stable interaction be-
tween RFX and NF-Y in the absence of DNA would in any
case not be expected to occur, because this would defeat the
purpose of the synergistic and combinatorial control resulting

from cooperative binding. It may also be relevant that the
region of RFX5 that is implicated here does not contain any
motifs known to mediate high-affinity protein-protein interac-
tions, such as leucine zippers (1), ankyrin repeats (63), and
leucine-rich repeats (9). A second possibility is that the pro-
tein-protein interaction interfaces need to be unmasked by
conformational changes that are induced by binding of RFX
and/or NF-Y to their target sites. Finally, it is possible that
cooperative binding is mediated by a conformational change of
the DNA rather than by direct protein-protein contacts. For
instance, binding of RFX may be enhanced by a structural
alteration induced in the DNA by NF-Y. In this respect it may
be relevant that binding of NF-Y is known to distort DNA (40).
If the last explanation is correct, our results suggest that the
C-terminal region of RFX5 may render the RFX complex
sensitive to the conformation of the DNA. It may do this either
by contacting the DNA or by conferring a suitable conforma-
tion on the RFX complex.

NF-Y is a ubiquitously expressed transcription factor that
has been reported to be involved in the regulation of a wide
variety of eukaryotic genes, including MHC-II genes (16, 40,
65). Previous evidence for the role of NF-Y in the expression
of MHC-II genes was derived from in vitro binding studies,
classical transactivation assays, and in vitro transcription ex-
periments (40, 41, 75, 76). However, direct genetic evidence
such as that available for RFX and CIITA was lacking for
NF-Y. The data presented here now provide indirect genetic
evidence by demonstrating the existence of a physical link
between NF-Y and a domain within RFX5, a factor that has
been defined genetically to be an essential component of the
molecular machinery regulating MHC-II expression. Our find-
ings make a strong argument in favor of a functional role of
NF-Y at MHC-II promoters. NF-Y is a heterotrimeric tran-
scription factor consisting of three subunits, NF-YA, NF-YB,
and NF-YC. Domains required for DNA binding and tran-
scriptional activation have been mapped within these NF-Y
subunits (36, 66, 77). The experiments presented here now also
pave the way for the identification of the subunits and regions
of NF-Y that mediate cooperative binding with RFX.

It is likely that cooperative binding with NF-Y is not the only
function that is mediated by the C terminus of RFX5. This
possibility is implicit in the fact that the function of RFX5 is
lost progressively rather than suddenly as C-terminal deletions
of increasing size are introduced. In particular, a comparison
between the effects of deletions C4 and C5 argues for a distinct
role of the proline-rich region situated between the endpoints
of these two deletions. Thus, C4 eliminates cooperative bind-
ing with NF-Y yet it retains residual activity in the functional
assays. This residual activity is abolished by C5, although the
effect of C5 on cooperative binding with NF-Y is not greater
than that observed for C4. One candidate function for the
proline-rich region is a protein-protein interaction with the X2
box binding protein X2BP. As described for NF-Y, X2BP
binds cooperatively with RFX to MHC-II promoters (18, 38,
44, 55). Until recently, it has been difficult to address this
possibility directly because X2BP remained a binding activity
detected in nuclear extracts. However, the recent finding that
X2BP contains CREB (43) will help to resolve this question. A
second important function that may be mediated by the C
terminus of RFX5 is recruitment of CIITA. While the function
of CIITA as a key transactivator of MHC-II expression is now
well established, its mode of action remains obscure. Although
CIITA is believed to function as a non-DNA-binding coacti-
vator that is recruited to MHC-II promoters by protein-protein
interactions with DNA-bound factors such as RFX (39, 59, 78),
it remains to be formally demonstrated that this is indeed the
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case. One study has reported an interaction between the C-
terminal moiety of RFX5 and CIITA, but the region impli-
cated in RFX5 was not precisely defined (62). It will be of key
importance to explore further the possibility of an interaction
between RFX5 and CIITA, because whether CIITA is actually
recruited physically to MHC-II promoters and how this may be
achieved remain major unresolved questions. Finally, addi-
tional functions of the C-terminal region of RFX5 must also be
considered. It may for instance be involved in nuclear import,
be the target of modifying activities such as phosphorylation,
be implicated in the dimerization of RFX5, or influence the
stoichiometry of the assembled RFX complex.

The bicistronic lentiviral vectors we describe here have
proved to be efficient for the mapping of functional domains
within RFX5. They will certainly also be very useful for similar
studies of CIITA and the other two subunits of RFX. In ad-
dition, their usefulness extends to a more clinically relevant
application, namely, the development of gene therapy for
MHC-II deficiency. Gene therapy for MHC-II deficiency is a
valid and attractive alternative to bone marrow transplanta-
tion, which has a low rate of success with this disease. Lenti-
viral vectors of the type used here are currently among those
that are the best suited for gene therapy. In contrast to other
retroviral vectors, such as those based on murine leukemia
virus, lentiviral vectors are efficient at transducing quiescent
and nondividing cells, including the hematopoietic stem cells
that would have to be corrected in MHC-II deficiency (48–50,
79). Vectors such as those described here might be used to
deliver RFX5, RFXAP, RFXANK, or CIITA to hematopoietic
stem cells derived from MHC-II deficiency patients. The use of
bicistronic vectors encoding a selectable marker such as green
fluorescent protein in the second cistron would be very useful
for enriching the transduced stem cells. Stably corrected stem
cells could then be anticipated to reconstitute the entire he-
matopoietic system with cells capable of reexpressing MHC-II
molecules.
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